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C. WILLIS, F. P. LOSSING, and R.  A. BACK. Can. J. Chern. 54, 1 (1976). 
Measurements of the heat of formation of N2H2 from the appearance potential for ~ n / e  30 ion 

from N2H4 give irreproducible results. Using NrH2, reproducible values for the appearance 
potentials of /ll/e 30, 29, and 28 ions were obtained. These values yield an ionization potential 
of N2H2, IP(N2H2) = 9.7 i 0.1 V, a heat of for~nation of N2H2, AHf(NrH2) = 36 i 2 kcal/mol 
and a proton affinity of N2, PA(N2) = 5.6 eV. An estimate of the ionization potential of NIH 
radical, IP(N2H) = 7.6 V, was also obtained. 

C. WILLIS, F. P. LOSSING et R. A. BACK. Can. J. Chem. 54, 1 (1976). 
La inesure de la chalenr de formation de N2H2, B partir d r ~  potentiel d'apparition de I'ion 

de nl/e = 30 provenant de N2H4, donne des risultats non-reproductibles. Utilisant du N2H2, 
011 peut obtenir des valeurs reproductibles pour les potentiels d'apparition des ions de m/e 30, 
29 et 28. Ces valeurs permettent d'ivaluer le potentiel d'ionisation de &Hz, IP(N2H2) = 
9.7 i 0.1 V,  la chaleur de formation de NzHz, AHf(N2H2) = 36 i 2 Itcal/mol et I'affinitC du 
proton par N2, PA(N2) = 5.6 eV. On a aussi obtenu un estimC du potentiel d'ionisation du 
radical N2H, IP(N2H) = 7.6 V. 

[Traduit par le journal] 

Introduction 

The gas-phase heat of formation of diimide, 
N2H2, is not well established. The ionization 
potential, 9.59 V, has recently been obtained 
from its photoelectron spectrum (I), and in prin- 
ciple this can be combined with the appearance 
potential (AP) of N2H2+ (m/e 30) fragment ion 
from hydrazine to obtain the heat of formation, 
according to the reaction 

Unfortunately the appearance potential for this 
process is rather uncertain, and values for 
AH*(N2H2) obtained in this way range from 55 to 
80 kcal/mol(2). Similar estimates based on nz/e 
30 ion from methyl substituted hydrazines show 
even wider variations (2). Because of the current 

- 

INRCC No. 14961. 

interest in diimide and its reactions, new inea- 
surernents of the AP(N2H2+) from hydrazine and 
of the AP's for the m/e 28,29, and 30 peaks from 
diiinide were undertaken in order to obtain more 
reliable thermochemical information. 

Experimental 
Ionization efficiency curves were obtained as described 

earlier (3) using an energy-resolved electron beam from a 
double-hemispherical electrostatic energy selector, coupled 
to a quadrupole mass filter. tram-Diimide was prepared 
by passing anhydrous hydrazine vapor (Matheson, 
Coleman, and Bell) through a weakly-coupled microwave 
discharge (4). Small samples were collected at  -196 O C  

and then vaporized into a 5 1 bulb connected to  the mass 
spectrometer inlet. Since the half-life of diimide in this 
system was only about 3 min, it was necessary to scan 
the appearance potential curve over the initial portion a t  
a rapid repetition rate. Using a mini-computer to  provide 
a staircase voltage and to record the ion currents (5), 
repetitive scans of an  0.8 V electron energy range were 
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made, with ion c~lrrent readings at 0.02 V intervals. Each 
scan required about 6 s, and forty scans were found to 
give a satisfactory signal-to-noise ratio. The energy scale 
was calibrated against Itrypton. 

The diiniide prepared in the way described was always 
nlixed with a b o ~ ~ t  a five-fold excess of ammonia (4), 
which, however, caused no serious interference. The 
amount of hydrazine impurity was negligible. 

Results 

Merrsurenietits ,~~it l i  N2H4 
Attempts to obtain a reliable appearance 

potential for N2H2+ from hydrazine were un- 
successful. Freshly-introduced samples of hydra- 
zine gave an AP(m/e 30) of about 10.5 V. This 
value decreased with time in a n  irreproducible 
manner, perhaps as the result of formation of 
N2H2 by decomposition of hydrazine 011 metal 
surfaces in the ion source. This method for 
estimating ilHf(N2H2+) was therefore abandoned. 

Measraetnetzts 1citl7 NzH2 
The following reproducible appearance po- 

tentials were obtained from dii~nide 

I I I / ~  Ion AP (V) 

Discussion 

The appearance potential found in this work 
for the parent ion of diimide, m/e 30, lies be- 
tween the ionization potential 9.59 V recently 
measured by photoelectroil spectroscopy (1) and 
the earlier electron impact value of 9.85 V (6). 
Because of low ionization cross-section at the 
threshold it must be considered to be a less 
accurate measurement than the PES value. 

Assuming that the AP for nz/e 28 corresponds 
to the process 

and assuming no excitation of the products, we 
obtain 

with an estimated uncertainty of * 2  kcal/mol. 
This is in fair agreement with group additivity 
estimates based on the heats of formation of 
NH3, alkyl arnines, and azoalkanes which give 

32-38 kca l /~no l .~  Fro111 our value, a mean N-H 
bond energy of 68 kcal/mol is obtained. This 
rather low value offers a n  explanation of the 
high reactivity of dii~nide in concerted hydro- 
genation reactions (7). Taking D(N2-H) = -9 
kcal/mol from a recent theoretical estimate (8), 
AHI(NZH2) = 36 kcal/mol leads to D(HNN-H) 
= 77 kcal/rnol, which is close to D(H2NNH-H) 
=78 kcal/mol in hydrazine. A rather weak bond 
in diimide is in accord with recent observations 
of very fast abstraction of H from diimide and 
methyl dii~nide in their photocheinical decom- 
positions (9, 10). 

For the process 

the AP (t77/e 29) of 10.98 V leads to AHf(N2Hi) 
= 237 kca1,t'inol. This corresponds to a proton 
afinity PA(N2) = 5.6 V. From relative reaction 
rates in flowing afterglow experiments, Roche 
et al. (11) found that the PA(N2) lies in the 
sequence 4.9 V < PA(N2) < 5.5 V. The lower 
limit conles from the observation that the re- 
action 

is fast, and hence exothermic. From this, Shan- 
non and Harrison (12) calculated AH[(N2H+) 5 
253 kcal/inol, giving PA(N2) = 4.9 V. Recal- 
culating the exothermic limit for the heat of 
this reaction, using more recent heat of forma- 
tion data AHf(CH4+) = 274 kcal/mol (2) and 
AHf(CH3) = 34 kcal/mol (l3), gives AHf(NzH+) 
< 240 kcal/mol and hence PA(N2) 2 5.46 V, in 
close agreement with the present result. The 
upper limit of 5.5 V proposed by Roche et al. 
(11) is derived from the ionization potential of 
D N O  obtained in a co~lve~ltional electron i~npact 
source (14). Measurements of this kind are 
typically too high by a few tenths of a volt as a 
result of low energy-resolution in the electron 
beam. If this were the case, the result would be to  
lower Kohout and Lampe's (14) value for 
ilHf(DNO+) and to increase PA(N0) corre- 
spondiilgly above 5.5 V. It would seem therefore 
that our value of PA(N2) = 5.6 V is compatible 
with the rate data of Roche et NI. 

Finally, from D(N2-H) = -9 kcal/rnol (8) 
one can derive AHf(N2H) = 61.1 kcal/mol. 

2This form of estimation of heat of formation was 
suggested to us by N. C. Baird; via private communi- 
cation. 
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WILLlS ET AL.: ON N2H2 A N D  N ?  3 

Fro111 this, a n d  o u r  value of  AHf(N2H+) = 237 
kcal/mol,  t h e  ionization potential o f  t h e  N2H 
radical would b e  7.6 V. 
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Kinetic study of the spin orbit states of atomic germanium, 
Ge(4Po, by time-resolved attenuation of atomic resonance radiation 

ADAM BROWN AND DAVID HUSAIN 
Depar.ttnet~t of Pl~ysical Cl~et,~istq*, Ut1iversit)j of Cat,lbri(lge, Letlsjelrl Road, Cambridge CBZ IEP, Brglatld 

Received April 30, 1975 

ADAM BROWN and DAVID HUSAIN. Can. J. Chem. 54,4  (1976). 
Gernianiu~ii atoms in all tlie three spin orbit states arising from the 4p2 ground state con- 

figuration, @Po, (557 cni-I), and 43P2 (1410 cm-I), have been generated by the pulsed 
irradiation of GeBr4 and ~ilonitored photoelectrically in absorption by time-resolved attenua- 
tion of atomic resonance radiation derived from a microwave discharge. The decays have been 
monitored in tlie presence of added gases and absolute second order rate constants for the 
removal of all three atomic states reported for the collision partners, He, Xe, 02, CO, NO, 
and GeBr4. These rate constants constitute tlie first detailed rate data for germanium atoms in 
any specific quantum state. 

ADAM BROWN et DAVID HUSAIN. Can. J. Chem. 54, 4 (1976). 
On a gCnCrC par irradiation pulsCe du GeBr4, des atonies de gernia~liuni dans les trois Ctats 

de spin orbitalaire (43P0, 43P1 B 557 cm-1 et d3P2 h 1410 cni-1) dirivant de la configuration 4p2 
de 1'Ctat fondamental; on les a aussi enregistrC photoClectriquement en absorption par une 
attinuation rCsolue en fonction du temps de radiation de rCsonance atomique d6rivCe d'une 
d'Ccharge B micro-ondes. On a aussi enregistri les affaiblissements en prCsence de gas addi- 
tionnCs et on rapporte les constantes absolues de vitesse du deuxikme ordre pour 1'6limination 
des trois Ctats atomiques par les partenaires de collision He, Xe, 02, CO, NO et GeBr4. Ces 
constantes de vitesse sont les preniikres donnCes dCtaillCes de vitesse i~npliquant des atomes de 
germanium et ce quel que soit leur Ctat quantique spCcifique. 

[Traduit par le journal] 

Introduction 

The kinetic study of spin orbit states arising 
from the gross electronic structure of the ground 
state configuration constitutes part of a wider 
growing developillent in recent years, designed 
to reach a general understanding of the relation- 
ship between electronic structure and atomic 
reactivity (1-4). A major experimental objective 
in such a general approach is to  obtain collisional 
rate data on all the low lying states fro111 the 
ground state configuration for all the atoms 
within a given group of the periodic table. One 
purpose of such an  approach is to investigate 
how the change in kinetic behavior with in- 
creasing atomic weight can be explained by a 
change of dominance froin weak spin orbit 
coupling effects for light atoms (4, 5) to (J,Q) 
coupling for heavy atoms (4). 

With particular regard to the spin orbit states 
of Group IV eleinents (rzp2), detailed kinetic in- 
vestigations have been carried out on Sn(53Po,I,2) 
(6) and Pb(63Po,1,2) (7-11). The resulting rate 
data, together with those for the nlore energized 
low lying 'So and ID2 states of tin (12-15) and 
lead (16-19), have been found to be in accord 

with correlations based on (J,Q) coupling (4, 15). 
Whilst the 3PJ states of germanium have been 
detected photographically by Callear and Old- 
man (20) followi~lg flash photolysis, detailed 
collisional rate data have not been reported. In  
this paper, we describe a nlethod for monitoring 
the individual states, Ge(4p2 3Po,l,2), photoelec- 
trically and report the first detailed collisional 
rate data for atomic germanium in specific 
electronic states. 

Experimental 
The experimental arrangement was similar to that 

eniployed in previous studies of tin atoms in the Sn(jlDz) 
(12, 13) and Sn(51So) (14, 15) states. Germanium atoms 
in the 4p2 'PO, 3P1, and 3P2 states ()PO, 0;  )PI,  557; 
3P2, 1410 cm-1) (21) were generated by the pulsed irradia- 
tion of low pressures of GeBr4 in a coaxial lamp and 
vessel assembly (E = 500 J ,  pic, = 1.3 kN m-'), the 
common wall being constructed of high purity quartz 
(Spectrosil) which allowed photolysis at x > 165 nm. An 
excess of helium buffer gas (ca. 50 000 : 1) was always 
employed in order to ensure no significant temperature 
rise on irradiation. The  PI and 3P2 states are highly 
metastable with respect to spontaneous emission (22). 
The Einstein coefficients for magnetic dipole emission, 
those for quadrupole emission being negligible, (22) have 
been calculated to be 0.0031 and 0.0082 s-I for the 3 P ~  
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BROWN AND HUSAIN: KINETIC STUDY OF Ge(4'Po,l,?) 

TABLE 1. Atomic resonance transitions employed 

Atomic transition X (nm)* 10-8gA (s-I)* ?-value 

and 3P2 levels. Hence, all the three states in the 4p2 3P, 

manifold could be monitored by the time-resolved 
absorption of the atomic resonance transitions at the 
wavelengths listed in Table 1. Concentrations of all three 
transient atomic species that were produced were suffi- 
ciently high to permit kinetic analyses in the single-shot 
mode. 

An intense atomic emission spectroscopic source was 
provided by a microwave discharge through a flow system 
of GeC14 in helium ( p ~ e c ~ r  = 4.0 N m-2, pzoLal ,,.itl, 

= 400 N ~n-2). As the strength of the 3Po transition 
was lower than that of the other two transitions (Table I), 
a higher incident microwave power (3P2, 3P1, 100 W;  
3P0, 140 W) was used to produce this line at an intensity 
suitable for kinetic measurements. The atomic lines were 
optically separated with a grating monochromator (Hilger 
and Watts, Monospek 1000) and the resonance absorp- 
tion monitored by means of a photomultiplier (E.M.I. 
9783 B) mounted on the exit slit of the instrument. The 
output was fed to a current-to-voltage converter employ- 
ing a fast settling operational amplifier (24) and then to a 
rapid response precision logarithmic amplifier (25, 26). 
The advantages of this system, even in the single-shot 
mode, have been discussed previously (27). The resulting 
signals of In (lo/l,,), where the symbols have their usual 
meaning within the context of the modified Beer-Lambert 
law (28) 

[I1 Itr = I 0  exp (- ~ ( c 1 ) ~ )  

were subsequently stored in a transient recorder (Bioma- 
tion Model 610B), displayed on an oscilloscope for 
inspection, and transferred to an XY recorder (Bryans 
Ltd.) for kinetic analysis. The scattered light from the 
photolysis pulse, even after considerable narrowing of 
the slits which was permitted by the high intensity of the 
spectroscopic source, prevented kinetic measurements 
being made during the first 80-100 ps following pulsed 
irradiation. 

Maie~.inls 
GeBr4 (Koch-Light) was thoroughly degassed, redis- 

tilled it! mclio, and then fractionally distilled from an 
ice-bath (0 "C) to liquid nitrogen temperature (- 196 "C). 
GeC14 (Koch-Light) was simply degassed and redistilled 
it2 vaclro before use in the atomic flow lamp. He, Xe, 02, 
CO, and NO were prepared as described previ- 
ously (12, 13). 

Results and Discussion 

Figure 1 shows typical transient recorder traces 
for the decay of Ge(43P2, 43P1, and 43Po) follow- 
ing the pulsed irradiation of GeBr4. Standard 

FIG. 1. Typical transient recorder traces for the decay 
of (A) Ge(43Po) (X = 249.8 nm); (B) Ge(43P1) (X = 
259.3 nm); (C) Ge(43P2) (X = 275.5 nm) in the presence 
of excess helium; p,o,:,l ,, = 3.33 kN m-2; E = 
500 5 ;  time scale = 1 0 0 ~  per division for all traces 
starting at t = 50ps; pGeBr, (N m-2): ( A )  0.033; (B) 
0.058; (C) 0.11 (leading edge = scattered light from 
photolysis pulse). 

plots (28) (In (In (lo/Itr))l= 0 vs. In pc,nr,) yielding 
y-values (eq. 1) for the three atomic transitions 
employed (Table 1) are given in Fig. 2. Figure 3 
gives an exanlple of first order kinetic plots for 
the decay of Ge(43P2) in the presence of molecu- 
lar oxygen. Similar sets of plots were obtained 
for Ge(43Pl) and Ge(43Po) with this added gas. 
These first-order plots, in particular, those for 
the 3P1 and 3Po levels, are not sufficiently sensi- 
tive with the present technique t o  permit signifi- 
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35l -2.0 
I I 

-1.0 0.0 1 .o 
In (PGeLl /arb. units 

FIG. 2. Beer-Lambert plots for light absorption by the 
individual spin orbit states of Ge(43P,), (p,,,,, Iv i th  

= 3.33 k N  m-'). A, 5sPP10 +- 4p2('Po) (A = 249.8 nm); 
0, 5d3Pz) + 4pq3P1) (A = 259.3 nm); C, 5s(3Pl) +- 

(A = 275.5 nm). 

FIG. 3. Pseudo first-order plotsfor the decay of Ge(43P2) 
in the presence of oxygen; pccur, = 0.05 N m-2, 
Ptotnl ,,.ith HG = 3.33 k N  m-2; E = 500 J .  po,(N m-2); 
0, 0.0; 0, 0.27; A,  0.38; 0, 0.42. 

cant detection of contributions to  growth arising 
from relaxation from higher spin orbit states. 
Further, no significant yields of either Ge(41D2) 
or Ge(4lSo) were detected using the resonance 
absorption technique applied to these states at 

tinles during which decays of the spin orbit 
states were investigated ( r  > 80-100/ls), and 
hence relaxation of the singlet states into the 
4 3 P ~  manifold will have no significant effect on 
the kinetics, particularly for the jP2 level. Further 
the longer observed life time of the 3Po level, 
resulting from its higher absolute concentration, 
at least per~llits some rate measurements on this 
state by the time in which the other atomic states 
have relaxed. Hence the data for the 3P1 level is 
111ost sensitive to error. In general, the observed 
decays for the individual 4 3 P ~  states are treated 
as processes first order overall in kinetics, as 
supported by plots such as those in Fig. 3. 

The slopes of the first order plots (-yk') can, 
with the appropriate y-values (Table 1). be 
expressed in the form 

where k' is the observed first order decay co- 
efficient and k~ is the absolute second order rate 
constant for re~lloval of the particular spin orbit 
state by an added gas, M. K may be taken as 
constant for a given series of kinetic experiments 
in which [MI is varied and will include first order 
contributions to losses by diffusion, weak spon- 
taneous e~llission (22), and collisional quenching 
by the parent molecule, products of photolysis: 
and impurities. The variation of k' (yk') with 0 2  

for Ge(43Po,1,2) are given in Fig. 4. Linear plots 
sinlilar to those givenin Fig. 4 were obtained for 
the decays of Ge(43P2), Ge(43Pl), and Gi.(43P~) 
in the presence of CO, NO, and GeBr,, the 
values of kM for the different states clearly being 
derived from the slopes of such plots. Decays of 
all three J states were investigated in the presence 
of both H2 and D2 but sinlple kinetics were not 
observed. This conlplex behavior presunlably 
arises, in part, from a chain reaction between 
products of photolysis, say, Br(42P~/2) and 
Br(42P3/2) with the hydrogen isotopes. The re- 
sulting absolute collisional rate constants ( k ~ )  
obtained in this investigation are given in Table 2. 
The quoted errors in kJ1 are sinlply derived fro111 
weighted least squares analyses of plots of the 
type given in Fig. 4. The upper lilllits represent- 
ing removal of the atomic states by helium and 
xenon are derived from the intercepts of plots of 
the type given in Fig. 4, after correction due to  
removal by the parent molecule, GeBr4. 

The low efficiency for electronic-to-transla- 
tional (E-T) transfer between Ge(43P~) + He 
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BROWN AND HUSAIN: KINETlC STUDY OF GC(~'~ 'O.I ,?)  

TABLE 2. Second order rate constants (k,,, cm3 molecule-1 s-1, 300 K) for the 
collisional removal of Ge(43Pl), Ge(43P1), and Ge(43Po) by added gases, M 

(0 A )  P O , / N ~ - ~  

FIG. 4. Pseudo first order rate coeficients (?k') for 
the decay of Ge(43PJ) in the presence of oxygen; p c c n r ,  
= 0.05 N m-1, p ,,,, ,%.,,,, ,,, = 3.33 kN m-2; E = 500 J .  
0,  Ge(43P2); 0, Ge(43P1); A,  Ge(43P~).  

and Xe (Table 2) is expected in view of the pre- 
sunled repulsive nature of the interaction. The 
transfer of large quantities of electronic energy 
to translation can only occur if the potential 
curves describing the initial and final states either 
cross or approach sufficiently closely for quan- 
tum mechanical tunnelling to  be of high prob- 
ability. This may even occur with transfer from 
light atoms, as in the case in this group, of the 
highly efficient quenching of C(2'Dz) by xenon 

(29) where states, which would cross in Hund's 
coupling cases (a )  or (b) would mix in case (c). 
The effect of such a n~echanisn~ is clearly not 
significant here (Table 2). Discussion of the 
collisional behavior with molecules of individual 
spin atomic orbit states in terms of potential 
energy surfaces must, of necessity, employ (JQ) 
coupling as J splittings are neglected in the weak 
spin orbit coupling approximation. At the same 
time, we may expect, by analogy. with the chem- 
istry of the atomic states of arsenic (27), that that 
of germanium will be intermediate between the 
weak (e.g. as for C(23P~,  21D2, 2lS0) (30, 31) and 
strong spin orbit (e.g. Sn and Pb 3 P ~ )  (6-11) 
coupling cases. 

Preliminary inspection of the rate data, in par- 
ticular, the closeness to equality observed for the 
various rate constants of the atomic states with a 
given collision partner (Table 2) might lead one 
initially to  conclude the presence of equilibrium 
between the three J levels. Experiment does not 
support this. Firstly, a formal kinetic analysis on 
this basis, similar to that given hitherto for 
Sn(43P.r) and Pb(63PJ) (6) shows that this should 
yield equality in the tneasured first order decay 
coefficients (k') for the J levels in a given experi- 
ment. This was not generally observed. Secondly, 
in such an analysis, low and high pressure limits 
for, say, 02 ,  CO, or NO, should yield decay rates 
which are determined solely by GeBr4. This is the 
principal purpose for deterinining rate data for 
the parent molecule. Neither is this borne out by 
experiment. 

In the absence of any dramatic difference in 
the quenching rate data for the three spin orbit 
states with a given nlolecule (Table 2), there is 
clearly a liinit to the scope for detailed discussion 
in   no st individual cases. Chemical reaction of 
Ge(43P~) + CO or NO would be endothermic. 
Hence removal of both the 3P2 and 3Pl levels 
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FIG. 5. Correlation diagram connecting the states of 
Ge + 0 2  and GeO + 0 using iJ,o) coupling for reac- 
tants and products (not drawn to scale). 

must involve crossings of the appropriate A' and 
A" surfaces (in (J,Q) coupling) for CO or the 
Ell2 surfaces for NO leading to  physical relaxa- 
tion via nonadiabatic conditions. In  the case of 
Ge(43P2) with CO or NO, considerations of the 
relevant energetics, including the appropriate 
Boltzmann fractions of collisions providing the 
energy defect from translation, indicate that the 
data is not inconsistent with E + V (v" = 0 + 1) 
transfer. Surprisingly, in the case of 0 2 ,  where 
kO, is taken from the initial slope of Fig. 4, for 
experimental reasons given above, a near- 
resonance E-V transfer process 

K 
[3] Ge(43P2) + Or(v" = 0) + Ge(43Po) + 02(v1' = 1) 

where 4E = + 146 cm-l, does }lot cause an 
equilibrium (K = 9.9 X lo-') to  be rapidly 
established for processes [3] and [-31. The 
curvature in Fig. 4 inay arise from some role 
played by 02(v1' = 1) at higher Po,. On the 
basis of (J,Q) coupling, we would clearly expect 
kinetic differences between Ge(43P2) and Ge(43Pl) 
as seen from the appropriate correlation diagram 
(Fig. 5). The absence of such difTerences demon- 
strates the limitation of what is, at present, the 
general vehicle for considering the collisioilal 
behavior of spin orbit states. When dealing with 
relatively small J splittings, as in the third row of 
the periodic table, coupled with the large number 
of surfaces and surface crossings arising from the 
loss of spin degeneracy, correlations resulting 
from (J,O) coupling are not seen t o  be highly 
restrictive. 
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A simplified form of Stokes-Robinson equation 
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CHAI-FU PAN. Can. J. Chem. 54, 9 (1976). 
In non-associated dilute aqueous electrolyte solutions, the deviation from ideality is princi- 

pally attributed to the interionic interactions and hydration of ions. Stokes and Robinson 
combined Bjerrum's thermodynamic treatment of ion-solvent interactions with Debye-Hiickel 
treatment of interionic interactions to obtain a two-parameter equation. In very dilute regions, 
the Stokes and Robinson's equation reduces to a much simpler form, i.e. 

Activity coefficients of an electrolyte at lower concentrations, say up to 0.1 m,  can be calculated 
from the equation provided suitable values of B and / I  are available. Solutions of hydrogen 
chloride and sodium chloride were chosen as examples. The results agree with the existing 
data very satisfactorily. 

CHAI-FU PAN. Can. J. Chem. 54, 9 (1976). 
Dans des solutions aqueuses diluies et non-associees d'electrolytes, on attribue la dCviation 

de l'idialite principalement B des interactions interioniques et B l'hydratation des ions. Stokes 
et Robinson ont combine le traitement thermodynamique de Bjerru~n des interactions ion- 
solvant avec le traitement de Debye-Hiickel des interactions interioniques et ont ainsi obtenu 
une equation B deux paramktres. Dans les rigions trks diluees, 1'Cquation de Stokes et de 
Robinson se reduit B une forme beaucoup plus simple, i.e. 

log -,, = log f ,  + 0.0156m(h - v / 2 )  

On peLlt calculer les coefficielits d'activitk d'un electrolyte ?i basse concentration, par exernple 
jusqu'i 0.1 rn, B partir de I'Cquation, B condition que des valeurs appropriCes de Bet h soient dis- 
ponibles. On a choisi des solutions de HC1 et de NaCl comme exemples. Les rCsultats obtenus 
sont en trks bon accord avec les donnkes existantes. 

[Traduit par le journal] 

The nlodern theories of electrolytes date from 
the theory of Debye and Huckel (1) in 1923. 
However, the theory is valid only for solutions 
of electrolyte at infinite dilutions. There are now 
no theories easily applicable to  any real solu- 
tions of given concentration since their behavior 
is influenced by several inseparable factors. The 
thermodynanlic properties of these solutions are 
mainly obtained by experimental measurements. 

The concept of hydration is one of the sinlplest 
and nlost effective modifications of the Debye- 
Huckel theory. Stokes and Robinson (2, 3) 

- log [1 - 0.018(11 - v)t?z] 

in which -y+ is the mean molal activity coefficient, 
f+ is the mean rational activity coefficient calcu- 
lated fro111 the Debye-Hiickel equation, h is the 
hydration number, v is the stoichiometric ion 
nuillber of the electrolyte, a ,  is the activity of 
water, and 171 is the nlolality of the solution. 
The Debye-Hiickel equation (3) is 

employed an- empirical approach based 04 ~lz+z-1 fl 
Bjerrum's ideas of ion solvation (4) and the [21 1 o g . f  = - 

Debye-Hiickel treatment of interionic inter- 
1 +  ~ d d 7  

actions. By taking the Debye-Huckel equation where I is the molar ionic strength of the s o h -  
to account for the mean rational activity coeffi- tion, z+ and z are charge numbers on cation 
cient of the solvated ions, they were able to  and anion, respectively, and A and B are con- 
derive a two-parameter equation. Their equa- stants. For aqueous solutions a t  25 "C, A = 

tion in dilute solutions takes the form (3) 0.51 15, and B = 0.3291 X lo8 (3). 
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CAN.  J. CHEM. VOL. 54. 1976 

TABLE 1. Mean activity coefficients in dilute l~ydrocl~loric acid solutiolls 
at 25 "C (d = 4.47 A, h = 8.0) 

Y* 

/? I  -log f, 0.0156ti1(h- v/2) Eq. [6] Reference 6 Reference 7 

TABLE 2. Mean activity coefficients in dilute aqueous sodium cllloride solutions 
at  25 "C (d = 3.97 A, h = 3.5) 

Y+ 

Eq. [6] Reference 5% Reference 7 

0.9650 0.965 
0.9517 - 0.952 
0.927 1 0.9281 0.928 
0.9157 0.9169 - 
0.9020 0.9029 0.903 
0.8706 0.8720 0.872 
0.8493 0.8504 
0.8330 0.8342 - 
0.8197 0.8207 0.822 
0.8085 0.8101 - 
0.7988 - 
0.7903 0.7917 - 

0.7827 - - 
0.7759 0.7768 0.779 

*The original data were mean rational activity coefficie~lts (/+) which are related to mean m o l d  
activity coefficients by the equation (3): /* = ?+(I + 0.018~111) 

If we wish to use molal concentrations to trations below 0.1 171, i t  causes negligible errors 
calculatefk at non-vanishing concentrations we in calculating -y+_ from [l] by putting 4 = I in 
use (3) the following 

- vm4 
[41 log a ,  = 2.303 x 55.508 

1 + 0.001m W2 
- VI?? - - 2.303 X 55.508 

in which W2 is the molecular weight of solute, Also 
0.018 M is the molarity, and cl is the solution density. 

[51 log [I - 0.018(h - v)n71 = In most cases, in dilute solutions of concen- 2.303 (h - v)nz 
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PAN: A SIMPLIFIED STOKES-ROBINSON EQUATION 11 

By substituting [4] and [5] into [I], we obtain Acknowledgment 

[6] log yk = log f+ + 0.0156m(h - v / 2 )  

Therefore, in dilute solutions the Stokes- 
Robinson two-parameter equation may be re- 
duced to  a simpler form, [6]. In applying the 

I derived equation to  calculate the mean molal 
activity coefficients of electrolytes in dilute 
regions, aqueous solutions of hydrogen chloride 
and sodium chloride were chosen as examples. 
The molar ionic strength in [2] is calculated 
from [3], but the density of water (do) is used 
for (1; at 25 "C,  (lo = 0.99707 g/ml (3). Values 
ofa" and h for these electrolytes were taken from 
Robinson and Stokes (3). The calculated values 
of y+ agree very satisfactorily with the values 
obtained or compiled by Brown and MacInnes 
(5), Harned and Owen (6), and Hamer and Wu 
(7) throughout the concentration range studied 
(Tables 1 and 2). 

The author is grateful t o  one of the referees 
who provided the particular derivation of [6] ,' w e n  
here. He also demonstrated that the derivation 
of a slightly different equation given in earlier 
versions of this paper was inaccurate. 
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The formation of cycloheptenone and cycloheptadienones from 
bicyclo [3.2.0]heptanone derivatives. 

An acid-catalyzed, two carbon ring expansion reaction1 

KENNETH E. H I N E ~  AND RONALD F.  CHILDS 
Department of Cltetnistry, McMaster Uttiversity, Harlliltor~, Or~tario L8S 4MI 

Received August 1, 1975 

KENNETH E. HINE and RONALD F. CHILDS. Can. J. Chem. 54, 12 (1976). 
In strong acids, such as FSO3H and 96% HzS04, bicyclo[3.2.0]heptan-6-one and bicyclo- 

[3.2.0]hept-2-en-7-one undergo a clean isomerization to form protonated cyclohept-2-enone 
and cyclohepta-2,4dienone, respectively. Substituted derivatives undergo comparable ring 
expansions when dissolved in these strong acids. The seven-membered ring ketones can be 
recovered on quenching the acid solutions with a NaHCO3-ether mixture. In contrast, bicyclo- 
[3.2.0]hept-2-en-6-one when dissolved in FSO3H rearranged to give protonated l-acetylcyclo- 
pentadiene. The mechanism and synthetic utility of these reactions is discussed. 

KENNETH E. HINE et RONALD F. CHILDS. Can. J. Chem. 54, 12 (1976). 
Dans les acicies forts comme FSO3H et HlS04 96y0 la bicyclo[3.2.0]heptanone-6 et la 

bicyclo[3.2.0]heptkne-2 one-7 subissent des isornerisatio~~s propres conduisant respectivement 
aux formes protonCes de la cycloheptkne-2 one et de la cycloheptadikne-2,4 one. Des derives 
portant des substituants subissent des extensions de cycle comparables lorsque dissous dans 
ces acides forts. On peut rCcupCrer les cCtones cycliques a sept chainons en traitant les solutions 
acides par un melange NaHCOs-Cther. Par ailleurs le traitement de la bicycIo[3.2.O]heptkne-2 
one-6 par FSO3H conduit k la forme protonee de l'acetyl-1 cyclopentadikne. On discute 
du mecanisme et de l'utilite en synthiese de ces reactions. 

[Traduit par le journal] 

There are numerous examples of fused bicyclic 
ring systems in which one of the rings is a cyclo- 
butanone moiety. Indeed, one common and 
facile synthetic entry into this type of ring system 
involves the cycloaddition of a ketene to  a 
cycloalkene (I). If a means could be found of 
inducing cleavage of the cyclobutanone bond 
that is conunon to  both rings, then combined 
with this ketene addition, we would have a route 
t o  functionalized monocyclic systems possessing 
a ring two carbons larger than that of the alkene 
used in the original cycloaddition. A viable two 
carbon ring expansion reaction would be of value 
in general syntheses of medium size rings (2). 

Ring expanded products 

LThe Chemistry of Cycloheptadieno~~es, Part VIII. 
2Present address: Central Research Laboratories, 

Canadian Industries Limited, McMasterville, Quebec 
J3G 1T9. 

The well known interconversion of cyclobutyl, 
cyclopropylcarbinyl, and open chain cationic 
systems (3) suggested t o  us that one method of 
inducing the desired cleavage of the cyclobu- 
tanone bond would be to  react this carbonyl 
function with an electrophile. There are several 
reports of the isomerization of cyclobutanones 
upon protonation and it would appear that in 
nlany of these rearrangements the carbon-carbon 
bond /3 to the carbonyl group is cleaved (4). In 
view of our interest in the chemistry of the mono- 
cyclic, unsaturated, seven-membered ring ketones 
(5 ) ,  we have examined the effect of protonation 
on several bicyclo[3.2.0]heptan-6-ones and bi- 
cyclo[3.2.0Jheptenones and report here the results 
of this study. 

Results 

Careful solution of bicyclo[3.2.0]heptan-6-one, 
1, in FS03H at  -78 "C yielded a clear yellow 
solution whose pmr spectrum at  +20 "C (Table 
1) was conlpletely consistent with the formation 
of the hydroxycyclobutyl cation 1H. On allowing 
the solution to stand a t  room temperature for 
several hours, 1H cleanly rearranged to  a further 
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HlNE AND CHILDS: CYCLOBUTANONE REARRANGEMENTS 13 

TABLE 1 .  Proton chemical shifts of neutral and protonated ketonesg 

Position 

Compound Vinyl H Other H's 

( J =  12&5.5Hz) 5.80L1(1) 
(J=12&5.OHz) 6.89"(1) 

5.60(1) 
5.56(1) 
5.32(1) 
5.66(1)  

( J = 9  Hz) 5.58d(l)  
( J = 5 . 5  H z )  5.77"l) 

6 .60(2)  

*Ketones in CCII, TMS internal standard; protonated ketoncs i n  FSOnH at -50 "C, CH?CI? taken as 5.30 6 as intcrnnl standard (s, ainglct; 
d,  doublet; t ,  triplct; integrations givcn in  parcntlicscs). 

t l n  FS03H-SO2CIF ( 1  :3) .It -SO "C. 

cation, whose pnlr spectrum at +20 OC displayed 
resonances at 8.39, 6.92, 3.31, 3.08, and 2.09 6 
with relative areas of 1 : 1 :2:2:4, respectively. The 
two low field signals were nlutually coupled 
( J  = 12 Hz) and are typical in both position and 
nlagnitude of their mutual coupling to that found 
for the vinyl proton resonances of protonated, 
a,p-unsaturated ketones (6). Double resonance 
experiments showed further that the resonance 
at 8.39 6 was coupled to the resonance at 3.08 6 
( J  = 5 Hz). This evidence, taken together with 
the positions and integrations of the remaining 
resonances, suggested that the cation produced 
on isomerization of 1H was protonated cyclo- 
hept-2-enone, 2H. The plnr spectrum of proto- 
nated cycloheptenone, reported by Olah and 
Liang (7) was similar to that of 2H. 

On neutralization of the acid solution of the 
rearranged product, a pale yellow oil was ob- 
tained whose plnr and ir spectra were virtually 
identical to those reported for 2 (8). Gas-liquid 
partition chronlatography (glpc) analysis of this 
oil showed it to consist of 2, 927,, 1,40j,, and an 
unidentified minor product, 4%. In separate re- 
actions, the anlount of residual 1 detected by glpc 
was reduced still further by allowing the isomeri- 
zation to proceed for a longer period of time. The 
half-life for rearrangement of 1 H  to 2H at 20 OC 
was found to be ca. 25 min. 

When 1 was dissolved in FS03D and the cation 
produced, ID, allowed to rearrange to give 2D, 
no incorporation of deuteriunl (other than on the 
oxygen) could be detected by pinr. 

An analogous type of reaction was observed 

with the cyclobutanone 3 except that the thermal 
isomerization of 3H occurred at very much lower 
temperatures. In order to observe a pnlr spec- 
trum of 3H it was necessary to  protonate 3 by 
extracting it from CD2C12 into a FS03H-S02C1F 
mixture (1 :3 v/v) at  - 100 OC. The pnlr spectrunl 
of the solution so obtained, recorded at tempera- 
tures below -80 OC, was consistent with the 
formation of 3H (Table 1). At -75 OC, 3H 
isomerized, with a half-life of ca. 25 min., to give 
protonated cyclohepta-2,4-dienone, 4H. The plnr 
spectrum of the rearranged product, 4H, was 
identical in all respects to that obtained by pro- 
tonation of authentic 4 (5). Cyclohepta-2,4- 
dienone, 4, was obtained on careful neutraliza- 
tion of the acid solution and this was identical in 
all respects to an authentic sample (5, 9). Other 
acids, such as FS03H or H2SO4, could be used to  
effect this isomerization; however, with H2S04 
some charring occurred on the initial dissolution. 
In these reactions no other product could be de- 
tected in the pmr spectra of the acid solutions 
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14 CAN. 1. CHEM. VOL. 54. 1976 

even whcn the t~mplitucle of the instr~unent was 
adjusted to obtain the maximum possible sen- 
sitivity. 

The trimethyl derivative 5 dissolved in FS03H 
to form 5H. At -55 "C, 5H isomerized, with a 
half-life of 15 min, to give a protonated trimethyl- 
cycloheptadienone, identified as 6H. The struc- 
tural assignments of 6H and 6, the product 
obtained on quenching the acid solution of 6H, 
are based upon the spectral properties of these 
materials and an elemental analysis of 6. In the 
pmr spectruiil of 6H, the H3 and H4 proton 
resonances displayed an AB pattern, J = 9.0 Hz. 
The Cl and C5 methyl signals were sharp singlets 
whereas the C6 methyl signal was a doublet, 
J = 7.2 Hz. A11 the resonances of 6H occurred 
in the regions of the spectrum expected for a 
protonated cyclohepta-2,4-dienoiie (5). 

The infrared spectrum of 6 exhibited a car- 
bony1 absorption at 1655 cm-l and the uv spec- 
trum, A,,,,, (MeOH) 318 nm, are again both 
typical of a conjugated cycloheptadienone. The 
resonance position and coupling patterns found 
in the pnlr spectrum of 6 are fully consistent with 
its assigned structure. 

When a solution of 7 in CD2C12-S02C1F was 
mixed with FS03H-S02CIF (1:3 v/v) at 
- 130 "C, a clear, yellow solution was obtained. 
The pmr spectrum of this solution, obtained in 
less than five min~ites at - 117 "C, could not be 
understood in terms of a cation such as 7H. 
Three one proton inultiplets were observed at 
9.04, 8.08 and 7.25 6,  together with a two proton 
multiplet at 3.78 6 and a sharp three proton 
singlet at 2.94 6. The spectrunl was tenlperature 
invariant up to -30 "C. In separate experiments, 
the same protonation was carried out using 
FS03H or H2S04 as solvents and once more very 
similar pnlr spectra were observed, even when 
the samples were kept at +20 "C for several 
hours. Protonation of the 7,7-dideuterio deriva- 
tive of 7 in FS03H gave a product with a pmr 
spectrum which only differed from that described 
above for the protonation product of 7 in the 
relative intensities of the various resonances. The 
signal at 2.94 6 was now found by integration to 
have an area corresponding to slightly more than 
one proton. 

The product arising from the protonation of 7 
has been assigned the structure 8H. The positions 
of the various proton resonances and coupling 
constants, derived from double resonaiice experi- 
ments are in full accord with this structure. 

Careful, low-temperature neutralization of the 
acid solution containing 8H followed by a rapid 
work up procedure, gave an unstable oil. To  
obtain the pmr and ir spectra of this product it 
was necessary to work rapidly and use dilute 
CC14 solutions. The ir spectrum displayed a 
strong absorption at 1670 cm-l, suggesting a 
conjugated carbonyl group. Moreover, this ir 
spectrunl was very sinlilar to that reported for 
1-acetylcyclopentadiene, 8, by Hafiler et al. (10). 
The pmr spectrum contained a singlet at 2.27 6 
and nlultiplets at 3.20, 6.60, and 7.13 6 in relative 
areas of 3:2:2:1, corresponding to methyl, 
methylene, and vinyl protons respectively. The C

an
. J

. C
he

m
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
21

0.
87

.2
54

.1
05

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HlNE AND CHILDS: CYCLOBUTANONE REARRANGEMENTS l j  

positions of these resonances agree well with 
those reported for 8 and other similar cyclopen- 
tadienes (10, 1 I). 

Dissolution of 7 in DFS03  a t  - 78 O C  gave the 
cation 8D, the pmr spectrum of which indicated 
that a deuterium atom had been incorporated 
into the methyl group. Careful integration of the 
signal a t  2.94 6 showed that it corresponded to 
only two protons. No further reduction in the 
intensity of this resonance could be detected upon 
standing of a DFS03  solution of 8D a t  room 
temperature for several hours. 

Discussion 

The results presented above leave two ques- 
tions to be answered, namely what determines 
whether a five- or seven-membered ring product 
is formed and why d o  the rates of these isomeri- 
zations vary. 

The chenlistry of the cyclobutyl cation is in- 
timately linked with that of the closely related 
cyclopropylcarbinyl and allylcarbinyl cations (3). 
Indeed the products obtained upon solvolysis of 
a cyclobutyl ester can be understood in terms of 
the interconversion and nucleophilic capture of 
these three types of cations. 

The equilibriunl position between these three 
types of cations is determined by the nature and 
position of any substituents. Thus the charge 

I stabilizing ability of a hydroxy or methoxy group 
situated on Cl of a cyclobutyl cation has been 
found to be sufficient to make this the predom- 
inant form present (12). Similarly in this work, 
where the initial product of protonation could be 
observed, the cations existed predominantly as 
their cyclobutyl valence tautomers. Thus, for 
example, the pmr spectrum of 3 in FS03H 
showed that 3H was the major species present 
and not 9, 10, 11, or 12. It is interesting that the 
vinyl proton resonances of both 3 and 5 are sub- 
stantially deshielded on protonation (Table l), 
indicating some homoconjugative participation 

I of the double bond in charge delocalization (13). 
Such a downfield shift is of a 111uch greater mag- 

, nitude than can be accounted for with just an  
I inductive effect. 

The rearrangement of these protonated bi- 
I 

cyclic ketones would most reasonably involve 
cyclopropylcarbinyl and allylcarbinyl interme- 

diates, there being ample precedent for this in the 
products that have resulted from the io~~izat ion 
of related bicyclic systems in nucleophilic media 
(3, 14). As is shown for 3H there are two ways in 
which the rearrangement of this cation could pro- 
ceed that differ in the cyclobutane bond invol-ved. 
In practice only 4H was found as a product and 
no cation such as 13 could be detected. 

The auestion of which of the cvclobutane 
bonds will be involved in this type of rearrange- 
ment has been considered extensively in the sol- 
volysis of related bicyclic systems (3, 14) and it 
has been shown that the stereochemistry of the 
leaving group plays a major role in deternlining 
which bond is broken. However, with these long 
lived hydroxy cations such considerations have 
little meaning and additional factors nli~st be 
examined. 

One possible reaction scheme th21t can account 
for the selectivity in the rearrangements of these 
bicyclic ketones is shown for 3H in Scheme 
 his involves an equilibriuin between the various 
cyclopropylcarbinyl and allylcarbinyl cations and 
3H, the latter predominating as was discussed 
earlier, and a rate determining final step or steps 
in which the product is formed. Evidence to 
suggest that the hydride shift involved in the 
fo&ation of 4H is ;ate detern~ining comes from 
a conlparison of the rates of rearrangement of 
3H and 5H. With the latter system a methyl 
migration is required and as would be expected 
if this occurs during the rate determining step, 
the rate of the overall transformation of 5H to 
6H is substantially less than that of 3H t o  4H 
(15). The overall rate would also, of course, be 
dependent on the equilibrium concentrations of 
the various intermediary cations; however, the 
additional methyl substituents involved with 5H 
would not be expected to change the populations 
by a large factor as compared to  those encoun- 
tered with 3H. 

The transformation of 10 t o  4H can be con- 
sidered to be a [1,2], or [1,6] suprafacial shift, a 
type of rearrangement that occurs very readily 
in related cationic systems (15). However no such 
ready isomerization of allylcarbinyl species such 
as 12 t o  13 can be envisaged but rather a series of 
protonation and deprotonation steps would be 

3Homoconjugative interactions and cyclopropyl par- 
ticipation have not been indicated on the diagrams in this 
or other schemes solely for reasons of clarity. Such inter- 
actions would undoubtedly be expected with these ions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54. 1976 

required. No t  only are such steps unlikely to  
compete with a concerted intran~olecular hydride 
shift involved in the transformation of 10 to  4H 
but it could well be expected that cations such as 
11 and 12 might be less stable than 9 and 10 and 
thus be present to  a smaller extent in equilibrium 
with 3H. 

The rearrangement of 1H to  2H can be con- 
sidered in a similar manner to  that outlined for 
3H above and the same preference for the forma- 
tion of a seven-me~nbered ring would be expected. 
The lack of deuterium incorporation when the 
iso~nerization was carried out in F S 0 3 D  would 
suggest that the final step in the reaction sequence 
is an intra~nolecular 1,4 hydride shift (16). Such a 
transannular hydrogen si~ift  is well precedented 
(17). 

1.4 shift ,,r - do" 
The rearrangement of 7H t o  8H is of interest 

in that in this case the external cyclobutane bond 
is broken. From a consideration of the same type 
of equilibria (Scheme 2) it is apparent that the 
transformation of 16 t o  4H would be expected t o  
be difficult. Thus if this isonlerization were t o  be 
an  intran~olecular process, then the presence of 

the extra double bond in 16 as compared to  15 
necessitates that orbital symmetry by considered. 
Such a suprafacial [1,4] hydride shift is syillnletry 
forbidden in the ground state and would thus be 
expected to involve a high activation energy (18). 
The alternate route for the tra~lsforination of 16 
to  4H would involve a protonation-deprotona- 
tion mechanisin and while the dication which 
would result froill carbon protonation of the en01 
has been iinplicated in the rearrangement of 
protonated cyclohepta-3,s-dienone to  4H, it was 
formed only at  inuch higher temperatures than 
are encountered for the rearrangement of 7H. 

The observed isonlerization of 7H and 8H 
must also involve a protonation-deprotonation 
sequence as is evidenced by the incorporation of 
deuterium when FS03D is used as the acid 
mediuin. Evidence has recently been presented to  
show that dications related t o  17 can be formed 
a t  low temperatures in FS03H (19) and it is 
possible that such a species is involved in the 
isonlerization of 7H. It might well be expected 
that a dication such as 17 which could adopt a 
conformatioil whereby interaction between the 
two positive centres is minimized, would be pre- 
ferred over a more rigid one derived by protona- 
tion of 16. The alternative deprotonation-proto- 
nation sequence is of course also possible with 
this system; however, with related ketones it has 
been found that, in FS03H,  proton removal from 
carbon is a slow process and that diprotonated 
species are frequently involved (5). 

The observed rates of isomerization of lH,  3H, 
and 7H can also be accounted for on the basis of 
the type of reaction sequence suggested here. The 
presence of the 'extra' double bond in 3H as 
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compared to  1H would be expected to  stabilize 
intermediates such as 9 and 10, so increasing their 
relative concentrations, and possibly, moreover, 
facilitate the rate determining hydride shift (20). 
The difference in the rate of isomerization of 3H 
and 7H could possibly result from a difference in 
their relative ground state energies. As has al- 
ready been pointed out, there is spectral evidence 
that 3H is stabilized by a homoallylic interaction 
of the ketone carbon with the double bond in the 
five-membered ring. Such a stabilization would 
not appear to be possible with 7H (13). 

Conclusion 
I11 an earlier paper in this series we described 

(5) a synthesis of cyclohepta-2,4-dienone which 
although effective for the parent system, was of 
limited value for the preparation of substituted 
cycloheptadienones. The acid-catalyzed ring 
opening reaction of bicyclo[3.2.0]hept-3-en-6- 
ones described in this present paper can poten- 
tially be used as a basis for the preparation of a 
variety of substituted systems. 

Experimental 
Getreral 

Proton magnetic resonance spectra were recorded on 
VarianHAlOO or T60 spectronleters using TMS as 
internal reference standard. Probe temperatures were 
measured with a methanol sample or a thermocouple 
inserted at the appropriate depth in a nonspinning pmr 
tube. Infrared spectra were recorded on a Perkin-Elmer 
Model 521 grating spectronleter and uv spectra on a 
Cary 14 instrument. An Aerograph A90-P3 preparative 
gas chromatograph equipped with a Carbowax ZOO0 M 
column was used for all glpc work described. 

Fluorosulphuric acid (Allied Chemicals) was treated 
as previously described (5). All other solvents were used 
as supplied. 

The following compounds were prepared by literature 
procedures: bicyclo[3.2.0]hept-3-en-6-one (22), bicyclo- 
[3.2.0]hept-2-en-6-one (23), and cyclohepta-2,4-dienone 
( 5 )  and 2,2,5-trimethylbicycl0[3.2.0]hept-3-en-6-011e (130). 
Bicycl0[3.2.0]11eptan-6-one was prepared by hydrogena- 
tion of 3 (23 'C, 1 atm) in absolute ethanol; ir (thin film) 
2960, 2865, 1775, 1315, 1285, 1237, 1195, 1078, 788, 760, 
and 730 cm-1. 7,7-Dideuteriobicyclo[3.2.0]l~ept-2-en-6- 
one was prepared fro111 the 7,7-dicbloro derivative by the 
method of Grieco (23) using deuteroacetic acid. Mass 
spectral analysis of 3 so prepared showed it to be a mix- 
ture of 895'L dl ,  7% dl, and 47, do species. All compounds 
were purified by glpc and had spectroscopic properties 
wliich agreed with those reported in the literature. 

The synthesis of cyclohept-2-enone 2 has bees :i jFg:g) Co,Cl, (0.2j ml) added 'pproached i n  a of different slowly to FS03H (0, 5 lml) at -78 "C in an nmr tube. The 
ways nlost of which involve a fairly difficult pmr spectrum of the resulting solution (Table 1) remained 
separation of 2 from related byproducts ( 8~1 ,  21). unchanged up to +20 T when an isornerization to 2H 
The ring expansion route described here can was detected. After isornerization was complete as judged 

routinely 2 ill 96y0 purity and by pmr analysis, the acid solution was neutralized by 
adding it dropwise to a stirred suspension of excess 

the problems of the separation of isomeric mix- N~HCO, in diethylether (10 ml, at -65 0 ~ .  ~h~ resultant 
tures. mixture was allowed to.warm up to 0 "C and poured 

Before the ~ e n e r a l  applicability of this two into 5% aqueous NaHCO3 solution at  0 "C. The ether 

carbon ring expallsion can be claimed, it will bc laye' was separated, dried (MgS04) and the ether evapo- 
rated it2 vacllo to give an  oil (39 mg) identified as 2; 

necessary to extend these studies to other ring ir (CC1,) 3035, 2950, 1665, 1450, 1420, 1390, 1245, and 
systems so as to assess more colnpletely the s64cm-1. 
factors deternlining the observed mode of re- Reacriolr o ~ 3  ill FSO~H 
arrangement. Compound 3 was protonatcd in a FSO3H-SO2CIF 
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(1:3  v/v) mixture a t  -130 "C and the 11mr spectrum 
observed at temperatures below -75 "C. Rearrangement 
of 3H to 4H occurred at -75 "C and the resulting solu- 
tion was quenched in a similar manner to that described 
above to give 4 with identical properties to those previ- 
ously described (5) .  

Recrctioi~ of 5 ill FSO3 H 
Compou~icl 5 was protonated, the pnir spectrum 

observed before and after rearrangement, and the solu- 
tion quenched as outlined for 3 above. The resulting oil 
was identified as 6 ;  ir (CCl4) 2965, 2930, 1655, 1455, 
1378, 1260, 1250, 1208, 1090, 1000, and 865 cm-1, pmr 
spectra given in Table 1 .  Ai~(rl. Calcd. for C I O H I ~ O :  
C 79.96; H 9.39; found: C 79.83; H 9.35. 

Rerrctio~l of 7 irl FSO3 H 
Compound 7 was protonated ill FSO3H-S02CIF 

(1:3) at -130°C in a comparable manner to that 
described above for 3. Observation of the pmr spectrum 
at - 117 "C five minutes after sample preparation showed 
that the material had co~npletely rearranged to 8 H .  The 
acid solution was quenched as described before, all 
manipulations being carried out rapidly and keeping the 
solutions as cold as possible. The resulting ether solution 
of 8 was evaporated under reduced pressure keeping the 
temperature below 0 "C and the resulting oil was immedi- 
ately dissolved in CClj for spectral characterization. 
Infrared (CC14) 1670, 1515, and 1510 cm-1 . 
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Effets des cations alcalins et pseudo-alcalins sur quelques Cquilibres 
et en particulier sur 1'Cquilibre d'extraction de l'acide 

thiocyanique par la mCthylisobutylcCtone 

LOUISE SCHRIVER 
Laborrrtoire rle Clritr~ie XI I I ,  U~iiversitc' Pierre et Marie Clrrie, 8,  Rue C1tvier.- 75005 Paris 

LOUISE SCHRIVER. Can. J. Chem. 54, 19 (1976). 
La constante de l'eq~~ilibre d'extraction de l'acide thiocyanique par la mithylisobutylcitone 

varie :d force ionique coilstante avec la nature des cation alcalins presents en phase aqueuse. 
Tout se passe comme s'il existait des paires d'ions thiocyanate cation pour lesq~~elles on pour- 
rait calculer une constante d'association K,,. Cependant, I'etude d'autres kcl~~ilibres ne verifie 
pas cette hypothkse: I'extraction du thiocyanate de chlorpromaziniun~ par le m&me solvant! 
la formation du complexe mono-thiocyanate de zirconiun~ IV ,  ne sont pas modifies par la 
nature des Clectrolytes. Le phinomkne observC dans le cas de I'acide thiocyanique qui existe 
Cgalement lors de I'cxtraction des acides cl~lorhydrique et perchloriq~~e par la n~ethylisobutyl- 
citone apparait donc du aux variations d'activiti des diRCrentes esp'eces sous I'effet des cations. 

LOUISE SCHRIVER. Can. J .  Chem. 54, 19 (1976). 
The equilibrium constant for the extraction of thiocyanic acid by methylisobutyl ketone at  

constant ionic strength, depends on the nature of alkaline cations present in the aqueous phase. 
The phenon~enon could be explained by the existence of ion pairs for which the association 
constant K, is derivable. However the extraction of chlorpron~azinium thiocyanate by the 
same solvent and the formation of the monothiocyanate complex of zirconium in aqueous 
phase are both independent of the nature of the electrolyte. The observed variations for the 
extraction of thiocyanic acid which exist also for the extraction of I~ydrochloric and perchloric 
acids by methylisobutyl ketone, result from the variation of species activities with a change in 
the identity of the cations. 

L'extraction par solvant d'espkces chimiques 
varie dans certains cas, en fonction de 1'Clectro- 
lyte dissout en phase aqueuse (1). Ainsi, l'ktudc 
qualitative de l'extraction d'acide forts contenant 
de gros anions, par des solvants organiques de 
faible constante diklectrique, a permis h Diamond 
(2) en s'appuyant sur les travaux de Nimethy et 
Schgraga (3) de supposer l'existence de nouvelles 
"paires d'ions" en phase aqueuse par renforce- 
nlent des l ia iso~~s eau-eau entre Lln anion et un 
cation assez volun~ineux et peu c11argCs. 

Nous nous sommes proposis d'Ctudier qunnti- 
tativement les variations apportCes par diffirents 
cations alcalins ou pseudo-alcalins sur l'iquilibre 
d'extraction de l'acide thiocyanique par la 
~llithylisobutylcCtone et d'Ctendre cette i tude 2 
d'autres Cquilibres oh interviennent soit des ions 
thiocyanate, soit des protons. 

cyanique de solutions aqueuses contellant un 
thiocyanate alcalin et Lln acide miniral fort (4). 
Pour des concentrations en thiocyanate in- 
firieures i lo-' M e t  pour une aciditi totale telle 
que l'acide thiocyanique soit totalenlent dissociC 
en phase aqueuse, on peut dCfi11ir Line constante 
de partage (4, 5 )  

[HSCN] 
KIISCN = [H+] [SCN-] 

L'acide thiocyanique est en fait extrait avec une 
molicule d'eau, sous fornle d'un complexe tCtra- 
n~oldculaire: 

H . .  .O=C 
/ 

S=C=NH. . . . . 0 
/ \, 

Extractiolz rle I'r~cirle thiocj~r~tziq~~e pcrr /(I t1z6tIzj~l- '\ 

isobutylc6totze comme nous l'avons precCdem111ent montri par 
La n~CthylisobutylcCtone solvant de faible spectroscopie infrarouge (6). 

constante diilectrique ( E  13.1 1) et de nlo~nent La constante d'extraction KllscN a CtC mesurCe 
dipolaire 2.79 D, extrait fortenlent l'acide thio- avec des solutions aqueuses: ( i )  HC1, LiSCN, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



20 CAN. J. CHEM. VOL. 54. 1976 

TABLEAU 1. Va le~~rs  des constantes KIIscN 

Cation alcalin 
M i  I  = 1.5 1 = 3  I  = 4.5 

LiC1, (ii) HC1, NaSCN, NaC1, (iii) HCl, 
KSCN, KC1 et (iv) HC1, NH4SCN, NH4C1. 

La force ionique I est nlaintenue constante B 
l'tquilibre; la concentration en thiocyanate est 
trks infirieure B 10-I M pour tviter sa dinlirisa- 
tion (5) et I'aciditC totale est de l'ordre de 0.1 M. 
L'extraction des chlorure et thiocyanate alcalins 
coinme celle de l'acide chlorhydrique est ntgli- 
geable devant celle de HSCN, aux conditions 
expCri~llentales choisies. 

Tous les rtactifs utilists d a m  le cadre de cette 
Ctude sont de qualit6 analytique. Le thiocyanate 
de lithiunl a CtC prCparC B partir de solutioi~s 
aqueuses de lithine et d'acide thiocyailique puis 
recristallisC deux fois. La nlCthylisobutylcCtone a 
Ctt distillie avant son utilisation. 

L'extraction est rCalisie par agitation de 
voluines Cgaux de solution aqueuse et de solvant. 
L'tquilibre est trks rapidenlent atteint et aprks 
quelques essais prCli~llinaires le temps d'agitation 
a CtC choisi de 5 min. Les deux phases sont 
sCparCes par centrif~rgation. Toutes les expCrien- 
ces ont CtC effectuCes dans une pikce thermostatte 
B 20 + 1 "C. 

En dose B l'iquilibre le thiocyailate dans les 
deux phases par spectro~llttrie avec Fe(II1). 
L'aciditt totale en phase aqueuse B 1'Cquilibre est 
coilnue par dosage avec de la soude en prCsence 
de rouge de mCthyle. L'Ccart entre les valeurs de  
Krlscs obtenues pour cinq B huit exptriences 
dans chaque nltlange considCrC est infCrieur B 
1 %. L'ensemble des risultats B diffkrentes forces 
ioniques est indiqui tableau I .  La constante 
d'extraction KllscN croit avec la force ionique 
mais B une force ionique dtterminte, dinlinue 
quand la taille du cation augmente, cette dernikre 
variation ttant d'autant plus sensible que la force 
ionique est tlevCe. 

A force ionique constante 1.5, nous avons fait 
varier la concentration des ions an~rnoniun~, en 
rempla~ant le cation NH4+ par le proton ceci 
jusqu'h [H+] = 0.6 M, la forination de HSCN 
n'ttant plus negligeable pour une acidit6 supt- 
rieure (7, 8). Nous avons ainsi vCrifiC que I'ex- 

FIG. 1. Variation de l/KIIscx en fonction de la con- 
centration en [NH4'] k force i o n i q ~ ~ e  1.5. 

traction augmente quand la concentration en 
NH4+ diininue. 

D'autre part, nous constatoils que la variation 
de ~ / K I I ~ C N  est une fonction IinCaire de la con- 
centration du cation ammonium coinrne le 
nlontre la figure 1. Le traitement des donnCes 
IIKIISCN, [ N H 4 ~ ]  par une nlithode des nloindres 
carrts IinCaires pondCris et extrapolation B 
[NH4+] = 0 donne la valeur thiorique KOrrsc~ 
B influence nulle des cations alcalins soit pour 
I = 1.5, KOIIsCN = 11.70 valeur trks proche de 
KIlscx obtenue en milieu lithium. Pour une force 
ionique respectivement de 3 et de 4.5 la variation 
de l/K1lscs =f(M+) conduit B K O ~ r s C ~  = 41 et 
KOrlsc~ = 140. 

Uile partie du thiocyanate senlble donc ne plus 
Etre libre en prCsence de Lir, Na+, Kf ,  N H 4 ~  et  
ceci pourrait nous conduire B supposer I'existence 
de paires d'ions thiocyanate cation d'autant plus 
stables que le rayon du cation est grand (9). 
Cependant, avant d'interpriter quantitativement 
nos risultats, nous avons choisi d'examiner 
d'autres Cquilibres oh interviennent, soit des ions 
thiocyanate, soit des ions H i  en prCsence des 
difftrents cations alcalins utilisCs. 

Extraction clrr thiocycrnate cle chlor~~ro~~~nzit~irrrn 
par la t~1ktl1y1i~obrrtylce'tot~e 

Nous avons utilist en inilieu chlorure, l'tqui- 
libre d'extraction du thiocyanate de chlorproma- 
zinium 

- 
HPCl + SCN- + HPSCN + CI- 

le cation chlorpro~llaziniurll 
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SCHRIVER: L'EXTRACTTON DE L'ACIDE THIOCYANIQUE 2 1 

- 
[HPSCN] i [HPCl] 2 [SCN-Iaa [HPSCN][C~-] 

[HPCI] total l'kquilibre l'iquilibre l'iquilibre K = - 
Cation (MX102)  (h.1 X 103) ( M X 1 0 3 )  ( M X 1 0 3 )  [HPCI][SCN-] 

en abrCgt HPT a d t j i  t t t  utilisC par S. Tribalat et 
A. Janiard pour 1'Ctude de la stparation des ions 
perrhknates et des ions rhCni1iexachlorure (10, 
11). 

D a m  toutes nos stries d'extraction, lious avons 
des conditions exptrimentales telle que tout le 
chlorpronlazinium soit totalenlent extraitpar lc 
solvant organique ([HP] total = [HPCl] + 
[HPSCN]); les concentrations initiales des rCac- 
tifs sont alors: (i) [HPCI] total -- lo-", (ii) 
[MSCN] -- 5 X M et (iii) [HCI] -- 5 X 

M ;  la force ionique Ctant maintenue con- 
stante i 3 par un sel alcalin MCl (M+ Ctant 
succcssive~lle~lt Li--, Naf,  NH4'). L'acide clilor- 
hydrique ajoutt Cvite qu'en milieu neutre le 
cation HPi se transforme en sa base co~ijuguCe P. 
On dose SCN- clans les deux pl~ases par spectro- 
photo~iittrie avec Fe(lI1) aprks Line double ex- 
traction par la mCtliylisobutylctto~ie en nlilieu 
basique de fason B tliminer HPC1. La concen- 
tration de est connue par difftrence entre 
[HPCl] total et [HPSCN] for~i i t .  Les rksultats 
indiquis dans le tableau 2 montrent que la 
constante K, 

[HPSCN] [Cl-] 
K =  - 

[HPCl] [SCN-] 

est la m&me B 5 7 ,  prks en milieu Li+, Na i ,  NH4+. 
On pourrait supposer ici que les ions thiocyanate 
et chlorure prtsc~ltent le m&me degrC d'associa- 
tion pour chaque cation considtrt, or il a t t t  
11lontrC que la constante de l'tquilibre HP+ + 
C1- + HPCl ne varie pas en fonction de la 
nature des cations alcali~is? 

Equilibre rle fbrrnotion clu rlliocj)rr17are rle zircor~i~rri~ 
en pllase aqlrelrse 

Nous avons dijh montrt que le zirconium(1V) 
formait avec les ions thiocyanate en solution 
aqueuse acide un co~nplexe 1-1 (12): 

Zr(OH)J+ + SCN- + Zr(OH)(SCN)2i- 

[C. Piolet, observation non publike. 

[Hi],, B [HC104] l'iquilibre [H-I D - 
Cation (MX 10) (MX 10) [H7] 

ce co~iiplexe absorbe dans I'uv, sa constante de 
stabilitk est tgale ?I 11.5 B force ionique 3.5. Pour 
[HCI] = 2 M,  [Zr] = lo-", [SCN-] = 10-?M 
et [MCI] = 3 M ( M i  Ctant successivement Lit, 
Na+, NH4+), nous avons mesurC l'absorption du 
complexe fornit, et n'avons trouvC aucune varia- 
tion. La concentration du complexe est donc la 
m&me quel que soit le cation il n'y a pas variation 
de  la concentration en thiocyanate libre. 

Par ailleurs, la constante fi' de formation du 
coniplexe B une aciditt donnCe varie avec l'aciditt 
selon 

(K:\ constante d'aciditt de l'acide thiocyanique). 
L'ttude de  cette variation qui revient, B force 
ionique constante, h reniplacer H+ par un cation 
alcalin, nous donne une droite, ce qui est in- 
compatible avec l'existence de  paires d'ions 
thiocyanate cation. 

Exiracf ion rle l'acicle perchloriqlic p a r  In 1n4rl?l;l- 
isoburylce'rone 

Nous avons dttcrmini le coefficient de partage 

h force ionique niaintenue Cgale B 1.5 par MC104 
(M+ Ctarlt successivelllent Lit, Na+, NH4+); la 
concentration initiale d'acide est de  l'ordre de 
2 X 10-I M afin de pouvoir nCgliger la dissocia- 
tion de I'acide dans la mktliylisobutylcCtone dont 
la constante est de l'ordre de 3 X 10-4 (13). Les 
risultats sont indiquts dans le tableau 3. 
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22 CAN. J .  CHEM. VOL. 54. 1976 

Nous constatons ici que dela m&me f a ~ o n  que 
pour HSCN, l'extraction diminue quand la taille 
du cation augmente et la difftrence observCe dans 
le cas de l'acide perchloriq~~e est encore plus 
importante que dans le cas de I'acide thiocyani- 
que. 

Extlactioiz c/e ('acirle chlor1g)clriqiie pa r  /ri in&thj~/- 
isobirtj,lce'tone 

L'acide chlorhydrique est tr is  faibleiilent ex- 
trait par la ~nithylisobutylcCtone. S. Tribalat et 
A. Jamard ont CtudiC son extraction dans ce 
solvant a force ionique 5 (HC1 + NaCl) en 
fonction de la concentration d'acide (HCl de 
0.5 a 5 M) (1 1). Ils ont constatt que la variation 
du coefficieilt de partage D: 

D = [ m l +  [H'] 
[H+l 

WI FIG. 2. Variation de DHcl en follction de [HC]-112 
= Ke[Cl-] + fi- B force ionique 5 (HCI + M+C!- = 5 ;  M+ = Li+, Na+, 

dniq NH4+). 

qui devrait &tre une fonction linCaire de [Hi]-'/' 
ne l'est plus pour des concentrations de  H+ 
supkrieures B 2 M. 

Nous avons repris I'extraction de I'acide chlor- 
h y d r i q ~ ~ e  par la n~CthylisobutylcCtone dans les 
mtmes conditions expirimentales mais succes- 
sivement avec LiCl, NaCl, NH4CI pour main- 
tenir la force ionique. L'aciditC totale en phase 
solvant est dosCe par une base forte aprks avoir 
rCagitC la mCthylisobutylcCtone avec un petit 
volun~e d'eau. Les courbes D = .flH+]-l/' ob- 
tenues sont reprksenttes figure 2. 

On constate, conme pour HSCN et HC104: 
( i )  d'une part, que toutes autres conditions 
Cgales, le coefficient de partage diminue quand la 
taille du cation auginente; (ii) d'autre part, que 
pour un m&me cation, D diminue avec la con- 
centration en cation, cette variation n'itant sen- 
sible que lorsque l/[H+] varie trks peu (de [H+] 
5 M 2 2 M ) .  

Conclusion 
L'extraction de l'acide thiocyanique par la 

rntthylisobutylcCtone comme celle des acides per- 

chlorique et chlorhydrique varie sensiblenlent 
quand on inodifie la nature de la concentration 
des cations alcalins de la phase aqueuse. La 
variation IinCaire de  ~/KIISC'N en fonction de la 
concentration du  cation B force ionique con- 
stante, pourrait laisser supposer l'existence de  
paires d'ions thiocyanate cation pour lesquelles 
il serait possible de calculer une constante d'as- 
sociation 

K - 
[SCNM] 

" - [SCN-] [M+] 

i l'aide de ]'equation: 

KllsCN et KorrscN Ctant connus. 

Cependant, 1'Ctude d'autres Cquilibres-extrac- 
tion du thiocyanate de  chlorpromaziniuln par la 
mCthylisobutylcttone, formation de thiocyanate 
de zirconium, inontre que cette hypothbe aussi 
skduisante soit-elle. ne peut &tre retenue: pour 
ces tquilibres, aucune variation du thiocyanate 
libre n'est observCe quand on modifie la nature 
des cations. 

Les variations observtes pour les trois acides 
considtrts apparaissent donc dues essentielle- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHRIVER: L'EXTRACTION DE L'ACIDE THIOCYANIQUE 23 

lnent aux variations d'activiti des ions H+ et des 
anions correspondants en phase aqueuse, quand 
aux forces ioniques inlportalltes cl~oisies, 011 
modifie la nature du cation. En milieu potassium, 
les coefficients d'activitk de H i  et de SCN- sont 
plus faibles qu'en milieu lithium, cation plus 
hydrate, et l'extraction est nloins bonne. Par 
ailleurs, les effets des Clectrolytes sur la tension de 
surface des deux phases cau-1116thylisobutyIcC- 
tone peuvent igalen~ent contribuer B modifier la 
distribution des acides. 
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Carbarnates and 2-oxazolidinones from tertiary alcohols and isocyanates 

THOMAS FRANCIS] A N D  MELANIE P. TI-IORNE' 
Ot~tario Researcl~ Forrtirlntiotl, Slleridatr Park, Otzmrio L5K IB3 

Received July 22, 1975 

THOMAS FRANCIS and MELANIE P. THORNE. Can. J. Chem. 54, 24 (1976). 
Organo-tin catalysts have been used to prepare a large number of new carbamates of tertiary 

alcohols. Cyclization of carbamates of unsaturated tertiary alcohols leads to the formation of 
2-oxazolidinones, and provides a new synthetic route for some of these compounds. 

THOMAS FRANCIS et MELANIE P. THORNE. Can. J. Chem. 54, 24 (1976). 
On a utilisb des catalyseurs organostanniques pour preparer un grand no~nbre de nouveaux 

carbamates d'alcools tertiaires. La cyclisation des carbarnates d'alcools tertiaires non-saturCs 
conduit a la formation d'oxazolidinones-2 et fournit ainsi une nouvelle rnbthode de synthkse 
pour quelques-uns de ces composbs. 

[Traduit par le journal] 

Preparcrrion of Carbanzrrtes using Orgaizo-tin 
Catalysts 

N-Substituted carbamates of prinlary and 
secondary alcohols have been widely used in 
organic chemistry as a means of characterizing 
alcohols and, industrially, in the medical and 
agricultural fields. In contrast the carbamates of 
tertiary alcohols have received scant attention 
due, presumably, to  the difficulties encountered 
in their preparation. Reaction of an organic 
isocyanate with a tertiary alcohol often leads to 
dehydration of the alcohol in addition to or 
instead of carbanlate formation, [I.]. For the 

[I] RNCO + R'OH -+ RNHCOOR' 

most part, even in the presence of basic catalysts 
such as anlines or sodium acetate (1) yields of 
carbanlates are low when R'OH = tert-alcohol. 
tert-Ethynyl carbinols provide the exception by 
reacting stoichiometrically with phenyl isocyan- 
ate in the presence of N-methylpyrolidinone (2) 
and with alkyl isocyanates in the presence of 
sodium or potassium acetate and triethylaniine 
(3) to yield the expected carbamates. 

Griffith (4) has reported that the lithium al- 
koxide of the tert-alcohol will catalyze the re- 
action 1 for R = phenyl or I-naphthyl. He 
obtained yields of about 75% for catalyst con- 
centrations of up to 14 n1017,. 

We have found that yields of up to 907, can be 

'Present address: Faculty of Food Science, University 
of Toronto, Toronto, Ontario M5S 1Al. 

?Present address: Chemistry Department, University 
of Keele, Keele, Staffs., England ST5 5BG. 

obtained using the organo-tin catalysts which are 
well known, particularly in the polyurethane 
industry, as catalysts for the isocyanate and 
primary or secondary alcohol reactions. There 
are no literature reports that these catalysts have 
been used before to prepare carbamates from 
fert-alcohols and we report here the preparation 
of a number of new carbamates fro111 saturated 
and unsaturated tert-alcohols and aryl- or alkyl- 
isocyanates. 

As a measure of the catalytic efficiency of three 
organo-tin conlpounds, tert-butyl alcohol was 
treated with phenyl isocyanate in refluxing ben- 
zene in the presence of stannous octoate (stan- 
nous-2-ethylhexanoate), stannous oleate, dibutyl- 
tin dilaurate, an  anline catalyst (N-methylmor- 
pholine) and in the absence of added catalyst. 
The percentage yields of tert-butyl-N-phenylcar- 
barnate were 94, 96, 80, 55 ,  and 46 respectively. 
Stannous octoate and oleate also proved to be 
eflicient catalysts for the tert-butyl alcohol-2,4- 
tolylene diisocyanate reaction in contrast to 
N-methyln~orpholine, N,N-dimethylaniline, and 
triethylamine all of which failed to  effect con- 
densation. In the preparations reported in Tables 
1 and 3 stannous octoate was used exclusively as 
the catalyst; the reaction medium was usually 
refluxing benzene. 

For carbamates of 1,l-diphenylethanol and of 
2-n1ethyl-2-hydroxy-3-butanone large quantities 
of diphenylurea were obtained when preparations 
were done in refluxing benzene. Carbanlate yields 
were improved by carrying out the reactions a t  
room temperature. Similarly stannous octoate in 
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TABLE 1. Carbamates from tertiary alcohols and n~onoisocyanates, RL-N-C-OC-R3 
I 
R2 

mp (bp) Yield Crystallization 
C (%) H (%) N (%I 

RI R2 R3 ("c) (%) solvent Calcd. Obsvd. Calcd. Obsvd. Calcd. Obsvd. 

CH3 

CH3 

CH3 
CH3 

CsHs 

CH3 
CH3 
CH3 
CH3 
C6Hs 
CsHs 

CH3 1 
CH3 

CH3 1 
CH3 ) 
CH3 1 

CH3 

C2HS 

G C H  
CH=CH2 

G H s  

C2HS 
CH--CH2 
e C H  
COCH3 
CH3 
G H s  

C2Hs 1 
CH3 

G C H  1 

32 "C/O .04 92 
Torr 

44 "C/O .04 82 
Torr 

50 92 
60-65 "C/O. 3 . 92 

Torr 
167 82 

42.5-43 90 
61-62 90 
103.5 95 
80.5 95 
123-124 78 
175-178 95 

74-75 80 
31-32 85 
76.5-77 95 
60-61 85 
66.5-67.5 90 

11 1 94 

48.5 92 
93 88 
117-118.5 91 
87 90 

Heptane 
- 

Heptane 
Heptane 
Benzene-heptane 
Petroleum etherd 
Petroleum etherd 
Benzene-heptane 

Heptane 
Heptane (sublimed) 
Heptane 
Heptane (sublimed) 
Toluene-heptane 

Heptane 

THF-benzene 
THF-benzene 
THF-benzene 
Petroleum etherd 

Petroleun~ etherd 
Petroleum etherd 

Petroleum etherd 
Petroleum etherd 

OLil. mp 42 O C  (rcf. 16). 
bLit. mp 102-103 'C (rcf. 2). 
CLil. mp 124-125 "C (rcf. 3). 
  pet role urn ether bp 60-80 ' C .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 2. Dicarbarnates from tert-alcohols and diisocyanates 

Isocyanate 
Tertiary Dicarbarnate Yield Crystallization 

C (76) H (%I N (%I 
alcohol rnp ("C) (7;) solvent Calcd. Obsvd. Calcd. Obsvd. Calcd. Obsvd. 

3,3'-Diniethoxy-4,4-diphenylene 
diisocyanate tert-Butyl 175-177 87 Ethyl acetate 64.84 64.64 7.25 7.42 6.30 6.11 

3,3'-Dirnethoxy-4,4-diplienylene o 
diisocyanate tert-Pentyl 116.5-1 18.5 86 Heptane 66.08 66.26 7.68 7.41 5.93 5.75 p 

3,3'-Dinietliyl-4,4'-diphenylene ? 
diisocyanate tert-Butyl 192-193 95 Benzene 69.87 70.18 7.82 7.95 6.79 6.73 

3,3'-Dimethyl-4,4'-diphenylene 
diisocyanate tert-Pentyl 164.5-166 63 Heptane 70.87 70.92 8.24 8.36 6.36 6.41 @ 

1,6-Hexane diisocyanate tert-Butyl 102.5-103.5 98 Heptane 60.74 60.92 10.20 10.37 8.86 8.92 . 
I,6-Hexane diisocyanate tert-Pentyl 64.5-66 77 Heptane 62.77 62.57 10.56 10.50 8.13 8.02 6 
m-Phenylene diisocyanate tert-Butyl 142-144 90 Benzene-heptane 62.54 62.53 7.87 8.07 9.12 9.02 r 
nl-Phenylene diisocyanate tert-Pentyl 72-74.5 90 Heptane 64.47 64.57 8.42 8.53 8.36 8.20 g 
2,4-Tolylene diisocyanate tert-Butyl 159-161 83 Ethyl acetate-heptane 63.33 63.03 8.13 8.19 8.69 8.80 1 
2,4-Tolylene diisocyanate /err-Pentyl 122-123 8 1 Benzene-heptane 65.11 65.42 8.63 8.78 7.99 8.06 
Diphenylrnethane-4,4'- 

diisocyanate tert-Butyl 192-193 98 Ethyl acetate 69.32 69.50 7.59 7.82 7.03 6.88 
Diphenylrnethane-4,4'- 

diisocyanate tert-Pentyl 144.5-145.5 92 Ethyl acetate-heptane 70.39 70.14 8.03 8.04 6.57 6.82 
3,3'-Dirnethyldiphenylrnethane- 

4,4'-diisocyanate tert-Butyl 183-185 99 Ethyl acetate-heptane 70.40 70.39 8.04 8.10 6.57 6.80 
3,3'-Dirnethyldiphenylrnethane- 

4,4'-diisocyanate tert-Pentyl 131-132.5 97 Heptane 71.33 71.54 8.43 8.42 6.16 6.08 
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FRANCIS AND THORNE: CYC 

cold benzene catalyzed the formation, in 95% 
yield, of triphenylmethyl N-phenylcarbamate 
from triphenyl carbinol and phenyl isocyanate, 
but in refluxing benzene the product was N- 
triphenylmethyl aniline [2]. 

[2] PhNCO + (C~HS)ICOH -t P~NHC(C~HS)I + COz 

The products were identified by elemental 
microanalysis, by ir and nmr spectra, and, for 
known compounds, by melting point. Infrared 
absorption bands (C=O) were observed in the 
regions 1740-1750 cnl-I for solutions in CC14 and 
1680-1700 cm-I for KBr pellets. A similar shift 
in C=O absorption on going from solution to 
solid has been noted by Chen and Benson ( 5 ) .  
Bands at  3300-3440 cm-I are attributed to N-H 
and, in the ethynyl carbamates, at  2120 cm-I to 
C=C stretching vibrations. These absorptions 
agree well with those reported for other N-sub- 
stituted carbamates (3, 5-7). The proton chemi- 
cal shifts for the nmr spectra of the rert-butyl 
carbamates have already been reported (9). 
Structural variations in the other carbamates 
gave the expected variations in the nmr spectra 
In all cases the H-N absorption appeared a t  
about S = 6.5 ppm; frequently as a broad band. 

The carbamates are thermally stable up to 
about 150-200 "C when they deconlpose to  yield 
olefins, amines, and carbon dioxide. Thus they 
can provide useful intermediates in the prepara- 
tion from tertiary alcohols of olefins which re- 
arrange under acid-catalyzed dehydration con- 
ditions. Their lower deco~nposition temperatures 
and ease of preparation offer advantages over 
acetates and xanthates which have been used 
previously (8). A kinetic study of the thermal 
degradation of the monocarbamates has already 
been reported (9, 10). 

Olefins are not produced in two cases. The 
triphenylnlethyl carbamates having no 0-hydro- 
gens deconlpose therlllally to yield a secondary 
anline and the ketonic carbainates cyclize 011 

heating to yield 4-hydroxy-2-oxazolidinones (see 
below). 

Cyclization of Acetylenic Cclrballzates 
That N-arylcarban~ates of propargyl alcohols 

can be cyclized to  give 4-alkylidene-2-oxazolidi- 
nones is well established (3, 11, 12); the ilmr 
spectra of the products having been shown (3, 
12, 13) to be in agreement with the structure con- 
taining a five-membered ring and an exocyclic 
double bond [3]. The conditions necessary for 

:LIZATION OF CARBAMATES 27 

the reaction vary from heating to 140 "C (for 
R1 = R Z  = H ;  Ar = phenyl) to use of basic 
catalysts such as sodium acetate or pyridine 
(R1 = R2 = alkyl; Ar = dichlorophenyl) or so- 
diuinmethoxide (RI  = R2 = alkyl; Ar = phenyl). 

The 3-aryl-4-methylene-5,5-dimethyl-2-oxazo- 
lidinones reported in Table 3 were prepared by 
heating the carbamates in boiling pyridine; so- 
dium acetate in refluxing dioxan failed to bring 
about cyclization. Interestingly, however, sodiu~ll 
acetate would catalyze the formation of the 
oxazolidinones directly f r o n ~  the isocvanate and 
acetylenic alcohols witl~out prior isolation of the 
carbamate. 

The aliphatic isocyanate, n-butyl isocyanate 
also reacted with the acetylenic alcohol, in the 
presence of stannous octoate, to  give the desired 
carbamate, which was not cyclized after boiling in 
pyridine for 8 h. In the presence of the sodium 
salt of the acetylenic alcohol. however, the N- 
alkylcarbamate did rearrange to  give the oxazo- 
lidinone. 

Carbarnates of the olefinic alcohol, 3-methyl- 
but-1-en-3-01 have not previously been reported 
and consequently cyclization of these compounds 
to yield 4-alkyl-2-oxazolidinones [4] is also re- 
ported here for the first time. 

II 
F-0 

\ ,CH3 
[41 RNHCOOC(CHj)2CH=CH2 - RN, /C, 

F\ CH3 
H CHI 

A strong base, such as the sodiunl salt of the 
olefinic alcohol was required to bring about the 
cyclization reaction, which then occurred in good 
yield. 

This reaction provides a much simpler and 
more convenient method of preparation of 4- 
alkyl-2-oxazolidinones than thk catalytic hydro- 
genation under pressure of 4-alkylidene-2-oxazo- 
lidinones previously used. 

When the carbamates of thc ketonic alcohol, 
2-methyl-2-hydroxy-3-butanone are heated in 
boiling water, crystalline compounds having 
~uelting points different from those of the carba- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Yield Crystallization 
C (%I H ('%) 

mP (bp) 
N (%) 

RI Rz R3 ("c)  (%) solvent Calcd. Obsvd. Calcd. Obsvd. Calcd. Obsvd, 

G H s  

I 
130.5 68 Ethanol-Hz0 70.90 70.91 6.41 6.48 6.90 6.94" 0 

p-CIGHs 130 70 Ethanol 60.63 60.75 5.05 4.82 5.89 5.84O $ 
rn-C1GHs 100 80 Petroleunl ether 60.63 60.96 5.05 5.11 5.89 5.94 & 

(60-80) 
108 

C) 
o-C1GHs =CH? 83 Benzene 60.63 60.48 5.05 5.03 5.89 6.07 g 
p-CH3GHs 139 86 Petroleunl ether 71.89 71.72 6.91 7.11 6.45 6.48 3 

(6G80) 
N-GH9 8G82 "C/O. 3 95 - 65.57 65.53 9.29 9.56 7.65 7.69 

Torr r 
VI 

G H s  102-103 70 Benzene-heptane 70.24 70.42 7.30 7.51 6.83 7.08 
p-ClC2Hs 65 Petroleum ether 60.15 60.13 5.85 5.95 5.85 5.85 :: (4G60) m 

p-CH3GHs 50 Petroleum ether 71.23 71.23 7.76 7.93 6.39 6.22 
(60-80) 

n-C4Hg 72-74 "C/O. 3 100 - 64.86 64.76 10.27 10.41 7.57 7.38 
Torr 

G H s  129.5 100 Water 65.16 65.00 6.79 6.97 6.33 6.37c 
p-CIGH4 OH] CHI] 133.0 100 Water 56.25 56.31 5.47 5.53 5.47 5.55 
p-CH3GH4 139.0 100 Water 66.38 66.32 7.23 7.32 5.96 6.13 

OLit. mp 130-133 "C (rer. 2). 
bReported mp 98-99 "C believed (o be in  error (1.d. I I). 
?Lit. mp 133-135 "C (rer. 14). 
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FRANCIS AND THORNE: CYCLIZATION O F  CARBAfvIATES 

mates are formed in theoretical quantities. These 
products were identified by nmr spectra as 4- 
hydroxy-4-methyl-2-oxazolidinones [ 5 ] .  Easton 

0 

R = aryl or  butyl 

et a/. (12) nlentioned the formation of a com- 
pound ofthis type (R1 = R2 = R3 = CH3;  Ar = 

11-chlorophenyl) as an internlediate in the prepa- 
ration of 4-alkylidene-2-oxazolidinones, but they 
did not isolate it. Saettone (14) cyclized phenacyl 
N-benzylcarbamate (R3 = phenyl; R1 = R2 = 
H ;  Ar = benzyl) in the presence of a base, but 
found that the corresponding N-phenylcarba- 
mate would not cyclize. Saettone attributed this 
to the lower nucleophilicity of the anion inter- 
mediate. In a later publication Nutti and Saettone 
reported the preparation of 3-phenyl-4-hydroxy- 
4-methyl-2-oxazolidinones by hydrolysis of the 
4-alkylidene-2-oxazolidinones in dilute acid at  
roonl tenlperature (15). 

The ease with which [ 5 ]  occurs does depend on 
the nature o f the  aryl group. Thus for R I  = R? = 

R3 = CH3, the N-(p-chloropheny1)carbarnate is 
conlpletely cyclized at roo111 tenlperature after a 
few weeks storage, the N-phenylcarbarnate is 
converted Inore slowly and the N-p-tolylcarba- 
mate is storage stable for at  least two years. 

When phenylisocyanate and 2-methyl-2-hy- 
droxy-3-butanone were heated in pyridine. both 
the 4-hydroxy-4-methyl- and the 4-alkylidene-2- 
oxazolidinones were formed. N o  carbanlate 
intermediate was isolated. The two products 
were easily separated by dissolution of the 
hydroxy compound in water. 

Conversion of the 4-hydroxy-4-methyl-oxazo- 
lidinone into the unsaturated 4-alkylidene oxazo- 
lidinone [ 6 ]  can be achieved by refluxing in 
glacial acetic acid, or in xylene i n  the presence of 
p-toluenesulphonic acid. 

0 
II :: 

Cyclization of the carbanlates of ketonic al- 
cohols thus represents a simple route to the 
4-hydroxy-2-oxazolidinones. 

Experimental 

Reagent grade materials obtained from the usual conl- 
mercial suppliers were used in the preparation of the 
compounds. The solvents were dried over sodium, 
redistilled from sodium, and stored over sodium. Stan- 
nous octoate was obtained from Metal and Termit 
Corporation as catalyst T9, and from Albright and 
Wilson. Infrared spectra were done in carbon tetra- 
chloride solution or as KBr pellets using a Perkin-Elmer 
model 137 or a Unicarn 200G spectrophotorneter. Nuclear 
magnetic resonance spectra were obtained in deuterio- 
chloroform solution on a Varian A-60 spectrometer 
using trimethylsilane as the internal standard. 

re,(-Blrfjl atrd tert-Petltjlcarbat~~nfes 
A solutio~l of the isocyanate (0.20 mol) in dry benzene 

(150 ml) was added dropwise over a 15-30 mi11 period to 
a stirred refluxing solution of the alcohol (0.40 niol) in 
dry benzene (150 ml) co~itainilig about 0.1 g of catalyst, 
after wliich time a further 0.1 g of catalyst was added and 
the mixture was refluxed for 2 11. If tlie reaction product 
failed to crystallize on cooling the solution, the solvent 
was evaporated under reduced pressure and the residue 
recrystallized from a suitable solvent (see Tables 1 and 2). 
The lower boiling (err-pentyl carbamates were often 
obtained as oils from wliich pure crystalline compounds 
were obtained by vacuuni sublimation. For 111- and 
p-nitroplienyl derivatives, the commercially available 
samples of the isocyanates were not sufficiently pure to 
dissolve co~iipletely in the solvent. Thus for carbanlates 
from these conlpounds tlie isocyanate solutions were 
obtained by heating the crushed commercial material in 
boiling be~lzene for 1 h and filtering off the i~isoluble 
inipurities. tert-Pentyl-N-(p-nitropheny1)carbamate de- 
composed on attempted sublimation and was purified by 
recrystallization from a well cooled 5:l petroleum ether 
(60-80) -toluene mixture after treatment of a toluene 
solution with activated charcoal. 

I ,  I-Diplietr~~lerlr~l- atrd Tripl~et~yltnetl~ylcarbntnn tes 
A similar procedure using stoichionletric quantities of 

the alcohol and isocyanate was employed. The reaction 
mixture was stirred at room temperature for 48 h. 

Ccrt.bat~~ates of Utrsatrrruted Alcolrols 
A similar method was employed using a 105; excess of 

alcohol. For tlie 2-methyl-2-hydroxy-3-butanone conden- 
sations, tlie solve~it was cold toluene and the reaction 
time 24 11; a nitrogen atmosphere was used to prevent 
coloration of the products. Crystallization solvents are 
reported in Table 2. 

4-Alkylidet1e-2-oxa:o/idi11o,res 
4-Alkylidene-2-oxazolidinones were prepared by cycliz- 

ation of the appropriate carbamates of 3-methylbut-l- 
yn-3-01. For the 3-aryl derivatives the N-arylcarbamates 
(20 g) were heated in boiling pyridilie (100 ml) for several 
hours. The solvent was evaporated under reduced pres- 
sure and the product recrystallized from a suitable 
solvent and identified by nmr. 

For tlie 3-11-butyl derivative a solution of tlie N-butyl- 
carbarnate (10 g) in 10 nll of 3-metliylbut-1-yn-3-01 was 
added slowly to a refluxing solution of sodium (0.05 g) 
in methylbutynol(20 ml). A vigorous reaction took place. 
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After the addition was complete the mixture was refluxed 
for 30 min, cooled and diluted with ether (200 ml). The 
solution was washed with water, dried over sodium sul- 
phate and evaporated. V~CLILIIII  distillation of the residual 
oil yielded a fraction boiling at 79-82 "C/0.3 Torr which 
was shown by nmr to be the desired 3-butyl-4-rnethyle~le- 
2-oxazolidinone. 

4-Alk~l-2-oxn:olir/it1011e.s 
The carba~uates of 3-methylbut-1-en-3-01 were cyclized 

in the presence of the sodium salt of the alcohol by the 
method described above. The 3-aryl-oxazolidi~~ones were 
recrystallized from a benzene-heptane mixture and the 
3-butyl-oxazolidino~~e was purified by vacuunl distillation 
(bp 70-74 "C/0.3 Torr). The products were identified 
by nmr. 

4- H~~drosy-2-osa:olirlii1ot1es 
The N-arylcarban~ates of 2-methyl-2-hydroxy-3-buta- 

none were heated in boiling water for I5 min, during 
which time a clear solution was formed from which the 
oxazolidinone (identified by nmr) crystallized out in 
100';; yield on cooling. 

D e l ~ r l r o ~ i o i ~  0/'4-H~~rlro.~~~-2-oso~oli~iit1ot1es 
The compounds (1 g) were refluxed in glacial acetic 

acid (10 ml) for 2 11. The acetic acid was evaporated off 
under vacuum and the solid product washed with 109; 
s o d i ~ ~ m  carbanlate and with water. The 4-alkylidene-2- 
oxazolidinones thus formed were recrystallized and 
identified by nmr. 
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The vc0 absorption of ketones in cooled solution 
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J. WEINMAN, M. MAILLOUS, and S. WEINMAN. Can. J .  Chem. 54, 31 (1976). 
The infrared spectra of diluted solutions of acetone, acetone-(16, cyclopentanone, cyclo- 

pentanone-(14, and cyclohexanone have been n~easi~red in the C=O stretching region from 
290 to 90 K. As the sol~~tions are cooled, several new bands appear at lower and lower frequen- 
cies. An interpretation of these spectra is given in terms of molecular association and an- 
harmonic resonances. 

J. WEINJIAN, M. MAILLOUS et S. W E I N ~ ~ A N .  Can. J. Chem. 54, 31 (1976). 
Les spectres infrarouge de l'acitone, de I'acCtone-(16, de la cyclopentanone, de la cyclo- 

pentanone-(14 et de la cyclohesanone ont dtt enregistrks dans la region de la vibration de 
valence vco, i I'etat dissous, de 290 h 90 K. L'abaisse~nent de la tenlperature provoqile I'ap- 
parition de noi~velles bancles 2 des friquences de 111~1s en plus basses. L'interpretation cles 
spectres est basic sur les rBles respectifs des associations moleculaires et de la rCsonance 
anharmonique. 

Introduction 
The infrared absorption of the ketonic car- 

bony1 group in dif~erent physical states has been 
extensively investigated. However, no study has 
been made of the influence of temperature on 
the C=O stretch fundanlental of ketones in 
solution. We have ~iildertaken this for sonle 
alipl~atic and alicyclic ketones. 

Experimental 
Most of the ketones are co~llnlercially available com- 

pounds: acetone (Mcrck, Uvasol), acetone-(16 (C.E.A., 
France, 995; deuterium), cyclope~ltanone (Eastman- 
Kodak) purified by tl~stillation, cyclohexanone (Merck, 
reference substance for GC). We prepared cyclopenta- 
none-aaolfa'-(14 as Kartha ct (11. (1); thc amount of 
cl4-compound was near 905,, h being the major impurity. 
Prior to use, each substance was dried by co~ltact with 
n~olecular sieve for 48 hand storecl in a scaled Pyrex tube. 

The ketones were dissolved in the mixture isopentane- 
methylcyclopentane 2:l at an average concentration of 
2.5 x 10-2 M. 

A variable low ten~perature unit RIIC was used for 
the measurements; the sample thickness was 0.2 mm. 

Infrared spectra were recorded on a Perkin-Elmer 
model 180 spectrophotometer flushed with dry nitrogen 
produced by boiling off liquid nitrogen; in the spectrum 
of the residual water vapor, in single beam mode, tile od 
was 0.010 at 1751.4 cm-1 and 0.020 at 1695.9 cm-1. The 
spectra of the solvent and solutions were recorded in 
double bean1 mode between 1820 and lG6O cm-1 with a 
real resolut~on of 2 cm-1, at 290, 180, 140, 120, and 90 K. 
Solvent and solutions remain transparent in this range 
of temperatures with formation of a glass near 115 K. 
The spectra were retraced point by point, plotting 
log l o / l  vs. frequency. Graphic deconvolutio~ls using a 
Lorentzian profile were effected in some favorable cases. 

Results 
The spectra are shown in Figs. 1, 2, and 3 and 

the frequencies listed in Tables 1, 2, and 3. 
At 290 K two broad bands are observed in the 

spectra of acetone and acetone-c16, while cyclo- 
pentanone, cyclopentanone-c14, and cyclohex- 
anone exhibit one wide band ( A v ~ / ~  - 11 t o  
13 c111-~) which is very asymmetric. As the 
temperature is lowered the absorption becolnes 

ACETONE I 

FIG. 1. The vc0 absorption of acetone and acetone-d6. 
-, 290; ---, 180; -.-.-, 148; and ..., 90K.  
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TABLE 1. uc0 freq~~encies cf acetone and acetone-(16 

((1) Infrared frequencies (cm-1) in 
l i q ~ ~ i d  state at 300 K from ref. 2 

Acetone Acetone-(16 

(O) Infrared frequencies (cm-1) in solution 

T Acetone Acetone-(16 

(K) "1 "2 "3 "4 "I "2 "j "4 

'Obta~ned by dccomposit io~~ of thc  cspcrimcnlnl curve. 

(c) Infrared and Raman freq~iencies (cn-1) in solid state 
at 84 K from ref. 3 

Acetone Acetone-(16 

Infrared liaman Infrared Raman 

CYCLOPENTANONE 
0.3 

0.2 

0.1 

-01- 
m - 

0.3 

0.2 

0.1 

1750 T700 cm-1 
FIG. 2. The vco absorption of cyclopentanone and 

cyclopentanone-d4. -, 290; -.-.-, 140: ---, 120; and 
. . ,  90K.  

-4- 
8' , 1 1 , * 1 ' 1 1 ' -  - n CYCLOHEXANONE 
0.3 - 

0.2 - 

0.1 - 

1750 1700 cm-1 
FIG. 3. The vm absorption of cyclohexanone. -, 290; 

- - -  , 180; ---, 120; and . . ., 90 K. 

more complex with additional bands and 
shoulders appearing in the spectra and there is 
an overall shift to  lower frequency. At 90 K the 
absorption profile is significantly different from 
that a t  290 K and a major part of the change 
takes place over a narrow temperature range. 
For the cyclic ketones the major change occurs 
with glass formation of the solutioll at - 115 K, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WEINMAN ET AL.: vco IN COOLED SOLUTION 

TABLE 2. YCO frequencies of cyclopentanone and cyclopentanone-(14 

(a) Raman frequencies (cnl-1) in liquid state 
at 300 K from ref. 4 

Cyclopentanolle Cyclopentauone-il, 

1741s 1744mr' 
1726s 1731s 

'The graphic dccomposi~ion by which these fre- 
quencies arc obtained is justified by thc shift of 
a s y ~ ~ u ~ i e t r y  between 290 and 140 I<. 

(b) Infrared frequencies (an-1) in solutioll 

T Cyclopentanone Cyclopenta~~one-d4 
(K) v1 Y? v3 "4 "1 v2 v3 v4 v~ v6 

290 1756s 17521n* 1728vw 1757n1"752s 1747m* 
180 1752.51s 1728w 1757wz 1750.5~s 1747mX 1740m 
140 1753mz 1749vs 1730n1 1 7 5 9 ~  17501n" 1747s 1739.5s 
120 1748s 1730.5s 1760w 1750111 1747s 1739s 1732w 1722w 
90 1747s 1730s 1746m 1736s 1732s 1724m 
- 

'See footnote to ( (1 )  

(c) Infrared frequencies (cm-1) in solid 
state at 84 K from ref. 4 

Cyclopentallone Cyclopentanone-d4 

I TABLE 3. Infrared vc0 frequencies (cm-1) of cyclol~exanone 

(a) In solid and liqu~d state from ref. 3 

Physical T 
state (K) Frequency (cm-I) 

Liquid 300 1718vs 1707vs 
Solid 84 1724111 1716n1 1708s 

1702vs 1698s 

(b) In solution state 

but for acetone and acetone-d6 the major 
change occurs at - 150 I<, well above the 
temperature for glass formation. 

Discussion 
In the search for an explanation of the splitting 

of the absorption and the changes observed 
upon lowering the temperature, several pheno- 
mena can be eliminated: (i) Overlapping of 
overtones or combinations; these bands are 
illuch too weak to  be seen at the concentrations 

T Frequency (cnl-1) used. (ii) Interactions between ketonic and 
(K) PI v2 "3 v4 enolic forms; the stabilization of an appreciable 

amount of en01 is unlikely at the given tempera- 
290 1725s 1722nl" 
180 1724.5~s 1720s 1708111 tures. (iii) Coexistence of conforniers; very little 
140 1724.5s 1719s 1708m is known about the conformer equilibrium of 
120 1724m 1718.5s 1709m ketones, but it is improbable that such small 
90 1 7 2 3 . 5 ~ *  1717~1  1706~s - 1 6 9 7 ~  structural differences could result in such great 
'Obtained by deco~nposition. perturbations of the vco vibration. 
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Houcver, two phenomena could produce the 
modifications seen in the spectra: molecular 
association and anharmonic resonances. 

Molec~ilci/~ Associcition 
In a solution, cooling causes local fluctuations 

of concentration which induce the fornlation of 
molecular groups with different stoichiometry 
(5); the number, size, and rate of formation of 
these groups increase as the temperature is 
lowered. The process ends with either crystal- 
lization or glass formation. In glasses, zones of 
relatively high order are separated from one 
another by zones of less order (6). We identify 
the major change observed in the absorption 
profile with the appearance of a high percentage 
of the solute molecules in a state of 'semi order' 
which lies somewhere between the rigid crystal- 
line structure and the 'free' molecule in solution. 

The similarity between some frequencies of 
the low-temperature solutions and those of the 
crystalline solid is striking (Tables 1-3). Given 
this similarity, the possibility of microcrystal- 
lization must be considered. However, differen- 
tial thermal analysis of the solvent and ketone 
solutions has shown that below 10-I M no 
crystallization takes place during a slow con- 
trolled cooling; only a second order transition 
attributable to  glass formation is observed in 
the range 118-1 13 K (7)) 

In the solutions of acetone and acetone-[I6, a 
definitive ordering is indicated a t  150 I<. This 
occurs a t  a much higher temperature than the 
.lass formation; moreover, it is also observed 
? 
In isopentanc, a nonglass-forming solvent. 

For cyclic ketones, the transformation is Inore 
gradual than for the acetones. The solution 
vitrifies before all of the lnolecules have been 
converted to  a semi-ordered state. Thus, at  90 K ,  
in addition to  the bands of the semi-ordered 
lnolecules which resemble the bands of the 
crystalline solid, there remain weak shoulders 
a t  frequencies which correspond to  bands that 
have been prominent earlier in the cooling 
process. We propose that some of these weak 
bands can be attributed to the existence of a 
slnall percentage of the molecules which remain 
in a nonordered or free state even in the glass 
at  90 K. It is significant that this heterogeneity 

lThe glass transition is essentially caused by a relaxa- 
tion effect which prevents the ready attainment of the 
internal equilibrium of the material. 

agrees exactly with the structure of glass as 
described by Valenkov and Porai-I<oshits (6). 

These considerations lead us to  postulate that 
the transition which occurs in the spectrum can 
be attributed to  the appearance in solutio~l of a 
semi-ordered state. Comparison of the frequen- 
cies observed in solution and in the solid state 
supports the idea that, in cooled solutions, 
interactions similar to those existing in the 
crystalline solid may occur. This is consistent 
with the fact that dipolar interactions arise 
because of the higher concentration of the polar 
molecules in the groups formed at  low tempera- 
tures. Such ordering occLlrs at different tempera- 
tures depending on  the nature of the solute 
molecule and the concentration of the original 
solution. 

Anhcirinonic Resoncinces 
Le Corff (8) was the first t o  have used Fermi 

resonances t o  explain the splitting of the band of 
liquid cyclopentanone and the strong asymmetry 
of this same band in cyclohexanone. In  the case 
of cyclopentanolle this hypothesis was confirmed 
by Inally subsequent studies (9-15). Recently, 
Kidd and Jones (4) showed that, contrary to  
previous assumptions, a weak anharmonic 
resonance was present in the vcO band of liquid 
cyclopentanone-(14; they attributed the colnplex 
v C 0  solid spectra of these two co~llpounds to  
nlultiple resonance. Forel and Fouassier (16) 
also explained the splitting of acetone and 
acetone-c16 by a n  anharmonic resonance between 
vCO and the combination vcc + 8 ~ ~ .  With these 
interpretations in mind, we examine our results 
below, in order to  determine the eventual role 
of the anharmonic resonance in the splitting of  
the absorption in ketone solutions. 

The existence of strong and weak anharmonic 
resonances in the region of the C=O stretching 
fundamental is, then, a factor which contributes 
to  the colnplexity of the carbonyl absorption. 
The C=O stretching frequency is sensitive to  
solvent effects. and with cooling it can be antici- 
pated that the unperturbed frequency of 'free' 
n~olecules in the liquid solution will change with 
changing conditions. Even if the anharmonic 
force field remains unchanged this will lead to  
changes in the nature of the frequency coinci- 
dences between perturbing levels, and accom- 
panying changes in the observed intensities of 
the transitions. 
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TABLE 4. Calculated frequencies for acetone and acetone-& at 90 K 

Acetone Acetone-& 

Unperturbed levels Unperturbed levels 
Doublets* A t  RS Writ§ (cm-1) A t  RS W7,8 (ern-1) 

"I VZ 7 1 3.5 1710.5-1710.5 4 0.62 1.9 1699.5-1698.5 
~ 2 ~ 3 1 1  3 0.84 1.5 1705.5-1705.5 2.5 0.52 1.2 1696.2-1695.3 
v2v4 9.5 0.62 4 1703.4-1701.1 8 . 5  0.51 4 1694.2-1691.3 

Overtone or cornbinatioll levels 1701, 1690-1695? 

'Frcqucncies arc  given in  Table I ;  the stroligcst band is commonly nssocinted with the C=O strctcliing fundanicntal. Frcqucncies calculated 
from s11~2, elvr, and v j s i  arc similar to either Y ~ I ' ?  01. I,?IJ,. 

t A  is tlie separation in cm-I of the observed bands. 
$R is the ratio of the intensities of the two bands as checked after graphic decon\,olution. 
5 Il'ni is tlie value of the matrix element of the perturbation term as calculated from A and R (12). 
liNote the theoretical incompatibility bctweeli the weak 11'7Li and the close perturbing levels. 

We have proposed that the observed spectrum 
is the sumnlation of several individual spectra, 
each of which corresponds to  the various degrees 
of order in the solution. Now it is necessary to  
recognize the added co~nplication that each 
individual spectrum consists of a multiplet pro- 
duced by anharnloilic resonance. The band 
widths in these multiplets decrease with lower 
temperature, and weak perturbations which 
could not be observed at roonl temperature 
become resolved. 

If we assume that the strong bands of the 
spectra in the glass a t  90 K can be attributed t o  
~nolecules in a single state of order we can 
attempt an analysis of the multiplet structure in 
terms of a~lharnlonic resonance. Bertran et 01. 
(12) have detailed a method for evaluating 

, anharnlonic constants for a Fermi-doublet fron; 
the ratio of the intensities of the pair. If we 
assunle that the ~nultiplet band system consists 
of the C=O stretching fundamental in pair-wise 
resonance with a number of overtone or com- 
bination bands then we can carry out the 
analysis given in Table 4 for acetone. The values 
obtained for the cubic force constants all fall 
within an acceptable range (4) but the assump- 
tions are rather too simplistic for such a complex 
problem. 

I t  is preferable to limit the discussion to  a 
qualitative consideration of the possible existence 
of overtone or combination bands which have 
frequency coincidence with the C=O stretch. 
The strong absorption of the mixture isopen- 
tane-methylcyclopentane prevents the recording 
of fingerprint bands for the ketones diluted in 

I 
I 

this solvent. The frequencies of the ketones in 
other physical states can be used since there are 

I only snlall shifts in the spectrum in this range. 

The overtones or conlbinatio~ls nlust have the 
saine symmetry as the carbonyl stretching 
fundamental; however, there are some ambi- 
guities in the vibrational assignment; further- 
more, one does not know if the molecular 
structure remains unchanged during cooling and, 
therefore, whether the ketone always belongs to  
the saine symmetry group. 

In spite of these reservations, we suggest solne 
perturbing levels. 

Using the results of Cossee and Schachtsch- 
neider (17), Dellepiane and Overend (18), Fore1 
and Fouassier (19), and Harris and Levin (20), 
we have found no suitable levels for acetone; 
for acetone-d6 two combinations are possible: 

and 
2vccc(2 X 690 - v.8-) + accc(324) 

= 1704 - v, cm-I (1 9) 

where v, whose value is unknown represents the 
anharmonicity. 

Based on the results of Howard-Lock and 
King (21) and Kartha et a/. (I), we confirin the 
possibility of perturbation by the con~binations 
proposed by Kidd and Jones (4) for the inter- 
pretation of the spectrum of the cyclopentanones 
in the solid state. 

In the case of cyclohexanone, the vibrational 
analyses of Rey-Lafon and Forel (22) and 
Fuhrer el a/. (23) suggest as perturbing levels: 
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Thus. in all the cases studied, anharmonic 
resonances seem t o  be possible. 

In summary, at  least two mechanisms cause 
the complsxity of the vco absorptioil in the 
ketone solutions. 

Through cooling, molecules tend to  form more 
or less ordered groups because of dipolar inter- 
actions. The occurrence of these interactions 
can explain the presence of several vCO bands at 
lower and lower frequencies in the same spectrum. 

However, anharrnonic resonances taking place 
simultaneously could be another possible cause 
of the splitting of the vco absorption: the more 
coinplex the absorbing molecule, the more 
numerous the possibilities of anharmonic res- 
onances. 
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A. M. OSMAN, S. A. M. METWALLY, and M. S. K. YOUSSEF. Can. J. Chern. 54, 37 (1976). 
5H-Oxazolo[4,5-b]phenoxazine (5) was synthesized by the reaction of 3-amino-2-hydroxy- 

phenoxazine hydrochloride (2) with formarnide. A series of styryl-oxazolophenoxazines (9) 
were prepared by condensation of 2-rnetliyl-5-acetyloxazolo[4,5-blphenoxaze rnethiodide (8) 
with aromatic aldehydes. By contrast, 2-aryl-oxazolophenoxazines (14) were synthesized by 
reaction of 3-arninophenoxaz-2-one (1) with the appropriate aldehydes in the presence of an 
acid-base catalyst. The biological activities of some of these compounds were tested. 

A. M. OSMAN, S. A. M. METWALLY et M. S. K. YOUSSEF. Can. J. Chern. 54, 37 (1976). 
On a synthCtisC la 5H-oxaz010[4,5-b]~henoxazine (5) par reaction du chlorhydrate de 

I'amino-3 hydroxy-2 phenoxazine (2) avec de la formarnide. On a prepare une serie de styryl- 
oxazolophenoxazines (9) par condensation du rnethiodure de la methyl-2 acetyl-5 oxazolo- 
[4,5-blphenoxazine (8) avec des aldehydes arornatiques. D'autre part, on a synthitise des aryl-2 
oxazolophenoxazines (14) par interaction de l'arnino-3 phCnoxazone-2 (I)  avec les aldehydes 
appropries en presence de catalyseurs acides ou basiques. On a verifit les activites biologiques 
de quelques-uns de ces cornposCs. 

[Traduit par le journal] 

Oxazolophenoxazines, as polycondensed di- 
heterocyclic compounds, may be of considerable 
importance in the fields of dyes? optical bright- 
ners, photographic sensitizers, or as reagents in 
biological assays. 

The parent compound, 5H-oxazolo[4,5-01- 
phenoxazine (5) was successfully prepared by 
heating 3-amino-2-hydroxyphenoxazine hydro- 
chloride (2) with formamide in the presence of 
hydrogen chloride gas as a catalyst. Other 
methods described for similar cases in the litera- 
ture (I), such as using formic acid-sodium 
forrnate instead of formamide, were not success- 
ful. The reaction with formamide was smooth 
and it could be stopped at intermediate stages, 
namely the formation of mono- and diformyl 
derivatives (3 and 4 respectively) by conducting 
the reaction for short periods at a moderate 
temperature (100 "C) and separating the products 
by thin layer chromatography. This clarifies the 
inechanism of the reaction which is represented 
in Scheme 1. 

3-Amino-2-hydroxyphenoxazine hydrochloride 
(2), a very unstable ainine salt, was prepared by 
acidic reduction of 3-arninophenoxaz-2-one. 
This salt is easily reoxidized in the presence of 

lFor part VII see ref. 14. 
2Author to whom all correspondence should be 

addressed. 

oxygen to the aminoquinone (1). The chemical 
structure of 5H-oxazolo[4,5-blphenoxazine (5) 
was deduced from its analytical data, in con- 
junction with other chemical and physical 
properties. The ir absorption spectrum indicated 
the absence of carbonyl or primary ainino 
groups, but showed a strong absorption band at 
3260 cm-1 characteristic of a secondary amino 
group (2). The bands at 1590, 1220, and 1200 
cm-1 indicated the presence of an oxazole ring 
structure (3). This assignment is further sup- 
ported by the nmr spectrum which showed a 
singlet at T 1.96 due to the oxazole proton (4). 
The mass spectrum of (5) sllowed a molecular 
ion at tn/e 224, thus confirming the above 
findings. 

It is of interest to point out that the hydrogen 
atom of the oxazole ring in 5 is quite active and 
this is shown by the coupling reaction of 5 with 
benzene diazonium chloride in neutral medium. 
The resulting azo dye was found to lack the 
oxazole proton as indicated by nmr spectra. 

Attempts to prepare 2-methyl-5H-oxazolo- 
[4,5-blphenoxazine by fusion of 2 with acetamide 
were not successful. Instead, 2-methyl-5-acetyl- 
oxazolo[4,5-blphenoxazine (7) was obtained by 
heating 5-acetyl-3-diacetylamino-2-acetoxy-phe- 
noxazine (6) above its melting point (190 "C) 
where it lost the equivalent of an acetic anhydride 
fragment giving the corresponding oxazolophe- 
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SnCI2 -HCI 
C 

EtOH 
I 

~ ~ ~ O C H O  
H2NCOH-HCI OCHO 

NHCHO 2 
I 

noxazine (7). The tetraacetate 6 was prepared by 
reductive acetylation of 3-aminophenoxaz-2-one 
(1). The structure of 6 was elucidated by ele- 
mental analysis, ir, uv, and inass spectroscopy 
which indicated a inolecular weight of 382. 

2- Methyl-5 -acetyloxazolo[4,5-blphenoxazine 
(7), though stable under normal conditions, is 
cleaved by hot dilute hydrochloric acid to give 
3-acetylaminophenoxaz-2-one (10). On the other 
hand, attempted condensation of 7 with aro- 
nlatic aldehydes to form the corresponding 
styryl base was not successful. However, the 
methyl group of 7 could be activated by quater- 
nization using methyl iodide and the active 
methyl derivative, 8, reacted easily with aromatic 
aldehydes in the presence of anhydrous zinc 
chloride to give the corresponding styryl- 
oxazolophenoxazines (9). The above reactions 
can be represented by Scheme 2. 

The styryl-oxazolophenoxazines (9) are brown 
to reddish-violet in color with high melting 
points and exhibited strong violet fluorescence in 
organic solvents. The absorption spectra of the 
compounds studied ranged between 400 and 
450 nm, in general with one single broad band. 
These properties may be considered as quite 
satisfactory for a photosensitizer (5). Spectral 
and analytical data are given in Table 1. 

The investigation was carried further to 
prepare 2-aryl-oxazolo[4,5-blphenoxazines (14) 
which form the basis for the preparation of 
different dyes and which may be of use as medi- 
cinal components. The preparation was accom- 
plished by the reaction of aromatic aldehydes 
and 3-aminophenoxaz-2-one (1) in the presence 
of glacial acetic acid as a solvent and a suitable 
catalyst. Usually such reactions are conducted 
in the presence of either acidic (6) or basic 
catalysts (7) depending on the type of molecules 
used, but from our thorough investigation in 
this area, we have found that the best results are 
obtained by using acid-base catalysts such as 
ammoiliu~n or amine salts of organic acids. Also, 
the weakly basic compound acetarnide was found 
to be an effective catalyst in these condensations. 

The mechanism of formation of such oxazole 
derivatives apparently involves an amino-alde- 
hyde addition reaction forming an intermediate 
hydroxy derivative, 11. This intern~ediate is 
expected to undergo a hydride shift to give the 
unstable dihydroxy Schiff's base 13. At this stage 
the ~nolecule attains its stability by the loss of a 
water molecule with the formation of oxazolo- 
phenoxazines (14). The course of the reaction 
may be represented by Schenle 3. 

The elemental analyses, uv, ir, and the strong 
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Reductive acetylation OCOCH3 
1 

N(COCH3)z 

I ArCHO 
ZnClz 

fluorescence of these products in solutions (8) hydrochloric acid yieldin2 3-aminophenoxaz-2- 
are in agreement with the oxazolophenoxazine one (1) via autoxidation of the intermediate 
structure 14. Chemical evidence for such a struc- aminophenol 2. 
ture was obtained by mild hydrolysis with dilute The fluorescence spectra of the oxazolo- 



TABLE 1. Spectral and analytical data 

Analytical data 
Solvent Calculated (%) Observed (%) 

Aldehyde used in preparation of crystal- A,,,,? v (ir) 
of styryl cyanines lization* (nm) (cm-1) C H N I C H N I 

Benzaldehyde 

Anisaldehyde 

Salicy laldehyde 

Cinnamaldehyde 

*A, glacii~l AcOH: B, pyridine-w;itur; C, pyridinc-eth;~nol; D, pyridinc-methanol; E, meth;inol-cther. 
ti,,,,, in pyridioc. 
:Analysis for  Cl: citlcd. 6.5%; found 6.6%. 
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phenoxazines (14) were found to be a mirror 
image of their ultraviolet spectra (9). It was 
found that the salt-forming groups such as NH2, 
OH,  and 0 C H 3  increase the fluorescence of 14 
to a marked extent. On the other hand, the 
electron-attracting groups diminish the fluores- 
cence of such compounds. 

The mass spectra of oxazolopl~enoxazines (14) 
were determined. As expected from such stable 
cyclic structures, the molecular ions are the base 
peaks (10). The spectra are characterized by the 
presence of doubly charged ions of considerable 
intensity. The general feature of the fragmenta- 
tion patterns of these compounds under electron 
impact is the for~nation of a stable ion with the 
structure C I I H 7 N 0  ( I I I / ~  169). This ion has 
exceptional stability as indicated by a doubly 
charged ion at /n/e 84.5 (1 1). 

T o  test the validity of oxazolophenoxazines 
(14) as optical brightners especially for syn- 
thetic fibres, derivatives containing the triazine 
nucleus were prepared (12). This was achieved 
by reaction of cyanuric chloride or its amino 
derivatives with 14. 

Some of the hitherto prepared oxazolophe- 
noxazines (14) were tested irz vifro for their 
biological activities on some fungi, yeasts, and 
bacteria. The best results were obtained with 
2-(o-anisy1)- and 2-(0-nitropheny1)-5H-oxazolo- 
[4,5-blphenoxazines, respectively, and at con- 
centrations of M gave 100% inhibition. 

Experimental 
 melting points were taken on a Mel-Temp electrically 

heated ~nelting point unit and are uncorrected. Infrared 
spectra were measured on a Perkin-Elmer Model 21 
Spectrophotometer. Ultraviolet and visible spectra were 
nleas~~red on a No. 2 Hardy General Electric spectro- 
photonieter in benzene. Emission spectra were measured 
on an H@M Fluorimeter. Nuclear magnetic resonance 
spectra were obtained on a Varian A-60 spectrophotom- 
eter in deuterated chloroform. Mass spectra were 
obtained using an AE1 MS 9 mass spectrometer operating 
at  70 eV. Samples were introduced through a heated 
inlet system. 

3-A1~ihro-2-lryclroxypI1et~oxa-itre H~clt~oclrlot.icle, 2 
Five grams of 3-arninophenoxaz-?-one (1) (13) were 

dissolved in a mixture of 150 rnl ethyl alcohol and 20 rnl 
of concentrated hyd~ochloric acid. A solution of 3 g 
stannous chloride dissolved in 30 ml dilute HCI was 
added to the previous solution. The mixture was heated 
under reflux until the red color changed to pale yellow. 
The solution was cooled and the product was collected 
and crystallized from dilute HCl to give colorless clusters 

rnp 164 "C (dec.). This salt is unstable and it is easily 
oxidized by air oxygen to give the aminoquinone 1. 
v,:,, 3430 cm-1 (OH), 3265, and 1599 cln-1 (NH). Atrnl. 
Calcd. for CI?HION?O~HCI : C, 57.48 ; H, 3.99; CI, 14.17; 
N, 11.17: found: C, 57.64; H ,  4.12; CI, 14.35; N, 11.37. 

5H-Oxn:olo[4,5-b]plletro,~n:it1~~, 5 
3-Amino-2-hydroxyphenoxazine Iiydrochloride (2) (0.5 g) 

was dissolved in formamide (30 ml) and heated at 120 "C 
for 2 11 in the presence of dry HCI gas. The greenish 
brown mixture was cooled, diluted with water, and 
neutralized with dilute sodium bicarbonate. The product 
was collected and crystallized from petroleum ether 
(bp 60-95 'C) to give pale green needles, nip 207 "C, 
yield 0.3 g. Atrnl. Calcd. for C13HsNr02: C, 69.64; 
H ,  3.57; N, 12.5; found: C, 69.51; H ,  3.53; N, 12.54. 
Spectral data: 1.96 (oxazole proton); v,,,,, 1535 and 
1680 cnl-1 (oxazole ring) (3); uv A,,,, 325 nm, log E 3.99. 
When the reaction was carried out at  about 100 "C, 
interrupted after 45 min and the reaction mixture diluted 
with water, a precipitate formed. It was collected and 
chromatographed using a plate coated with a thin layer 
of Kieselgel and a toluene-acetone 5:l mixture used as 
eluent. Three products were identified. The first product 
with an R ,  value of 0.71 was identified as the oxazole 5. 
The second product with an R, value of 0.54 was separated 
and identified as the rnonoformyl derivative 3: colorless 
needles recrystallized from ethanol mp 215 "C. A~rnl. 
Calcd. for C I S H I O N ~ O ~ :  C, 64.46; H ,  4.12; N, 11.57; 
found: C, 64.62; H, 4.51; N, 11.31. The third product 
with an R,  value of 0.33, was characterized as the diformyl 
compound 4: colorless needles crystallized from benzene, 
mp 241 "C. Atral. Calcd. for C I ~ H I O N ~ O ~ :  C, 62.22; 
H ,  3.7; N, 10.37; found: C, 62.53; H ,  4.11; N, 10.45. 

Corrpli~rg of 5H-Osa:olo[4,5-b]plre11oxc1zi1re, 5 ,  loitlr Bell- 
retie Diazotrirrtn Chloride 

Aniline (0.05 g) was dissolved in dilute HC1 (20 ml) 
and cooled to 0 "C; sodium nitrite (0.12 g) was added 
and the diazoniu~n salt was kept in ice for 15 min. This 
mixture was combined with 0.1 g of 5 dissolved in 
methanol (20 ml). The mixture was neutralized with 
dilute sodium carbonate, and a brown dye separated. I t  
was collected and crystallized from ethanol to give fine 
brown needles, rnp 267 "C. Atrnl. Calcd. for C I ~ H I I N J O ~ :  
C, 69.51; H ,  3.65; N, 14.02; found: C, 69.73; H, 3.82; 
N, 14.11. Spectral data: v,,:,, 3252 and 1592 cm-1 (NH); 
visible A,,,,, 455 nm, log e 3.98. The nmr indicated the 
absence of the oxazole ring proton at  r 1.96. 

5-Acet~l-3-clicrcet~Intii,ro--7-~rce1o~~~~Iret~oxazi1re, 6 
3-Aminophenoxaz-2-one (0.5 g) was dissolved in acetic 

anhydride (10 ml), zinc dust (2 g) was added to the hot 
solution, and the mixture was heated for a few niinutes, 
whereby it acquired a yellowish color. Excess zinc dust 
was removed by filtration and the filtrate was allowed to 
reflux for 20 min in the 11resence of fused sodium acetate 
(5 g). Glacial acetic acid (5 ml) was added and heating 
was continued for 10 min after which the reaction mixture 
was added to ice-cold water and the precipitate filtered, 
washed thoro~~ghly with water, and dried. It was crystal- 
lized from ethyl alcohol into colorless needles, mp 185 "C, 
yield quantitative. Atral. Calcd. for CzoH1~06N2: C, 62.82; 
H ,  4.71; N, 7.2; found: C, 62.61; H, 4.80; N, 7.31. 



TABLE 2. Analytical and spectral data of 2-aryl-SH-oxazolo[4,5-bJphenoxazines :: 
Analytical data 

Aryl group of Solvent Xm:ts (nm) Calculated (o&) Observed ('j;) 
2-aryl-5 H-oxazolo- mp of crystal- A,,,,t (em~ssion v (ir) 
[4,5-bJphenoxazine ("C) lization* (nm) loge spectra) (cm-1) C H N C 1  C H N C 1  

N H  3280 76.0 4.0 
C=N 1600 
C-0-C 1065 
NH- 3400 72.73 4.24 
C=N 1600 
O H  3360 72.15 3.80 
C=N 1600 
C H  3400 72.15 3.80 
C=N 1590 
c-0-C 1100 

72.15 3.79 
NH- 3305 68.16 3.29 
C=N 1595 
C-0-C 1090 

68.16 3.29 
68.16 3.29 
76.43 4.46 
76.43 4.46 
76.43 4.46 

NH- 3320 66.09 3.19 
C=N 1600 
NO2 1540 
NH- 3260 66.09 3.19 
C=N 1598 
NO2 1550 
C-N 1600 66.09 3.19 
NH 3400 
NO2 1540 
C=N 1615 72.38 4.13 

3410 
NIG 3470 

72.38 4.13 

'A, benzene; B, 11-butanol; P, pyridinc; C.  ethanol-water; D, dilutc AcOH; E, isonrnyl alcohol; F. benzene - petroleum ether. 
t A,,,,, in benzenc. 
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2-Metl~l-5-aceiyl-o,~nzoIe[4,5-l~]p/et1oxnit1e, 7 
A pure sample of the tetraacetate G (5 g) was heated 

in a porcelain dish at 190 "C until no more acetic an- 
hydride was evolved. The dark brown melt was cooled, 
extracted with ethyl alcohol, then diluted with water to 
yield a precipitate after 2 h. The product was collected 
and crystallized from dilute ethyl alcohol to give colorless 
needles, rnp 130-132 "C. Atral. Calcd. for C I ~ H I Z O ~ N Z :  
C, 68.57; H,  4.28; N, 10.0; found: C, 68.66; H ,  4.30; 
N, 9.93. 

2 - M e i l y l - 5 - a c e i y l - o x a z o I 0 [ 4 , 5 - b ] p h e , l ,  8 
A pure sample of the methyloxazolophenoxazine 7 

(5 g) was suspended in excess methyl iodide (50 ml) and 
heated in a sealed tube in an electric furnace at 120 OC 
for 3 h. The reactants dissolved at  110 "C, giving a 
yellowish orange color to the mixture and the quaternary 
salt was precipitated at 120 "C in the course of 30 min. 
The product was collected, washed with ether, and dried. 
It was crystallized from acetone to give yellow needles, 
mp 260-261 "C, yield, quantitative. Atlal. Calcd. for 
C I ~ H I S N I O ~ I :  C, 48.34; H,  3.55; N, 6.64; I, 30.1; found: 
C, 48.57; H, 3.61; N, 6.48; I ,  29.89. 

Siyryl Bases of Owazolophetlozasit~es, 9 
2-Methyl-5-acetyl-oxazolo[4,5-b]phenoxazine-3-metli- 

iodide (8) was mixed with the aromatic aldehyde, then 
refluxed for 5-10 min in the presence of a small amount of 
anhydrous zinc chloride. The reaction mixture was 
cooled, triturated with few rnl of alcohol, the solid 
product was collected and washed several times with 
ethyl alcohol, then recrystallized from the proper solvent. 
The results are listed in Table 1. 

2-Aryl-5H-oxa:olo[4,5-D]p/ret1oxalir~es, 14 
The ami~~ophenoxazone 1 (1 mol) was mixed with the 

aromatic aldehyde (I rnol) and the mixture was dissolved 
in 99.874 glacial acetic acid (240 ml) in the presence of 
acetamide (0.5 mol). The solution was placed in a 
modified Claisen flask and distilled slowly for 4 h, heating 
being regulated so that the temperature of the vapor 
remained between 105 and 115 "C. The reaction mixture 
was cooled and the solid product was collected, washed 
thoroughly with water, and dried. The spectral and 
analytical data are listed in Table 2. 

2-Aryl-5-(3',5'-~iicI1Ioroirin:it1~~I)-o.~n~o/0[4,5-b]pI1et1oxn- 
zb~e  

2-Aryl-5H-oxazolo[4,5-b]pl1e11oxazine (0.1 rnol) was 
dissolved in acetone (50 ml) and the solution was cooled 
to 0 'C. Cyanuric chloride (0.1 mol) was added, while 
the solution was stirred and 0.1 N sodium hydroxide 
added  until just alkaline. The buff precipitate was col- 
lected and dried. 

The following compounds were prepared. (a) 2-Phen- 
yl- 5-(3',5'-dichlorotriaziny1)-oxazolo[4,5- b]phenoxaze: 
pale brown plates from benzene, mp 289°C. Atlal. Calcd. 
for Cr~H1102NsClr: N, 15.63; C1, 15.85; found: N, 15.40, 
CI, 15.64. (b) 2-o-Anisyl-5-(3',5'-dichlorotriaziny1)-oxa- 
zolo[4,5-blphenoxazine: pale brown plates from benzene, 
rnp 315-317 "C. Atlal. Calcd. for C23H1303NsC12: 
N, 14.64; C1, 14.85; found: N, 14.47; CI. 15.40. 
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1,3-Dipolar cycloadditions with diazomethylphosphonates. Double 
pyrazolines derived from norbornadiene 

HUGUETTE COHEN AND CLAUDE BENEZRA' 
Depnrt~lierlt o f  Ci~er,listr:,., U~liversity of Ottn~va,  Ottn~rw, Cmlnrlrr I<liV 6 N j  

Received July 24, 1975 

HUGUETTE COHEN and CLAUDE BENEZRA. Can. J. Chem. 54, 44 (1976). 
Four new exo- double pyrazolines 3-5 have been prepared from norbornadiene and diniethyl 

phenyldiazornethylpl~osphonate; their str~~ctures have been proven by nnir spectroscopy. There 
is a strong predominance of the isomers with the two aryl groiIps S J I I  to  the bridge. When the 
two aryl groups were different no electronic interaction between them could be detected by uv 
spectroscopy. Direct photolysis of the double pyrazolines leads to the corresponding d o ~ ~ b l e  
cyclopropanes with retention of configuration. 

HUGUETTE COHEN et CLAUDE BENEZRA. Can. J. Chem. 54, 44 (1976). 
Quatre nouvelles doubles pyrazolines e.uo 3-5 ont CtC prCparCes B partir du norbornadikne et 

du p11CnyldiazornCthylpl~osphonate de dimkthyle; leur structure est dCduite des spectres de rmn. 
I1 y a une forte predominance des isomkres dans lesquels les deux noyaux aryles sont S ~ I I  par 
rapport au pont. Quand les deux groupes aryles sont diffirents il n'a CtC detect6 aucune interac- 
tion Clectronique entre les noyaux aromatiques par spectroscopie uv. La photolyse directe des 
doubles pyrazolines conduit aux doubles cyclopropanes correspondants, avec retention de 
configuration. 

Norbornadiene provides a good model for 
studying 1,3-dipolar cycloadditions (1) with 
dimethyl aryl- and alkyldiazomethylphos- 
phoilates RC(N2)P(0)(OMe)2 (2). The adducts 
(A1-pyrazolines) have a defined geoinetry which 
can be deduced mostly from nmr spectra making 
use of the reported vicinal 31P-C-C-lH 
couplings (3) and of stereospecific honzoa/lylic 
SJr.ir couplings (4). The stereoche~nical results 
with R = alkyl are in agreement with Huisgen's 
theory for a concerted nlechanis~n (2, 5) since 
steric factors are mainly responsible for the 
anti:sylz2 ratio of pyrazolines 1 and 2, but other 

effects seem to operate when an uryl (R = Aryl) 
diazo compound is being used (2). Usually the 
reaction was carried out with a large excess of 

1To whom all correspondence concerning this and 
related work should be directed. New address: Institut de 
Chirnie, UniversitC Louis Pasteur de Strasbourg, 1 Rue 
Blaise Pascal, 67008 - Strasbourg, France. 

2The prefixes crrrti and S J I I  refer to the relative position 
of the bridge (Cs) and the dimethylphosphono group. 

norbornadiene with methylene chloride as a 
solvent: under those conditions, only nlono 
adducts were detected. Nevertheless, if an 
equimolar amount of norbornadiene and diazo 
compound was used clo~lble pyrazolines were 
also formed. 

In this paper, we report the preparation of 
several double pyrazolines obtained either from 
norbornadiene or from the anti-pyrazoline 1. 
In the latter case, it was deemed interesting to 
look for a possible electroilic interaction (6,7) 
between aryl nuclei with different substituents. 

Results and Discussion 

Do~tble P~.ruzolines jiom Ditnet /~~~l  
Phenyldiazoi~ietl~iIpho.s~~l~o~zate 

When norbornadiene was heated for two 
weeks with phenyldiazomethylpl~osphonate in 
benzene at 55-60 "C, it was possible to detect 
the formation of mono-pyrazolines 1 and 2. 
These partly disappeared and four double 
pyrazolines were formed, as shown by tlc 
monitoriilg and column chromatography separa- 
tion on silica gel. 

Monoaddition to norbornadiene resulted in 
the exclusive formation of exo-pyrazolines (2). 
If the assun~ption is made that only exo-adducts 
are formed (as it was shown), there are, in 
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principle, six double pyrazolines which can be 
formed 3-6 (X = Y = H). Two are called 
atzti,anri using the convention mentioned in note 
2 (3  and 4): one, 3, has a U-plane of symmetry, 
it will be called the U-crnti,ntzti double pyrazoline, 
the other, 4, has a C2 axis of symmetry, it will be 
called the C2-anti,ntzti double pyrazoline. Two 
have the ntzti,sytz geometry (two 5 differing one 
froni the other by the attachment of the azo 
group either to the 6 or to the 5 carbon atom and 
finally there can be two sytz,sytz 6 derivatives 
(attachment of N=N either to the 5 or 6 position). 

In fact, besides the mono-pyrazolines 1 and 2 
(R=phenyl), only ,four. double pyrazolines were 
formed, namely 3, 4, 5 (two pyrazolines) in the 
approximate ratio of 1 : 1 : 1. The pyrazolines 3 
and 4 were actually separated (see Experimental) 
while 5 was analyzed as a mixture of two atzti,sytz 
pyrazolines. The structure assignment rests, be- 
sides analytical and spectral (ir, LIV) data, on the 
nmr spectra. All of the pyrazolines isolated had 
the exo attachment as co~n~nonly  found in radical 
(8), ionic (9), and cycloaddition reactions (10) in 
bicyclo[2.2.1]heptene systems and also in 1,3- 
dipolar cycloadditions with diazoalkylphos- 
phonates (2). This was shown' by the clear 
absence of coupling between the bridgehead 
hydrogens 4,7 and the hydrogens 5,6,9, and 10 
(-90" angle, see ref. 11). 

The ntzti attachment is shown by a large (19-20 
Hz) 31P-C-C-I H coupling (2, 3) compared 
with a small (6-8 Hz) 31P-C-C-1H coupling 
in the sj9n arrangement, in accordance with a 

Karplus-type behavior of vicinal P C C H  coupling 
in phosphonates (3). Differentiation between the 
U-ntzti,atzti and the C2-crtzti,citzti derivatives is 
mainly based on the presence of o~ily one 
bridgehead signal in the C2 isomer 4 (hydrogens 
4 and 7 are made equivalent by the C2 symmetry) 
at 6 2.61 and only one signal for hydrogens 9 and 
5 CY to the N=N group at 6 4.96. In the case of 
the U-anti-atlti derivative 3, there are tit30 bridge- 
head signals at 6 1.69 and 3.67 and two signals for 
the hydrogens 9 and 6 CY to the azo group. All 
nnlr chenlical shifts of the double pyrazolines are 
assembled in Table 1, the coupli~ig constalits in 
Table 2. Interesting to  note is the dramatic shift 
of the bridge hydrogens which appear at higher 
field than the TMS signal. Compared to the same 
hydrogens in the tnotzo-pyrazoline 1 (2), this 
represents a cn. 1 ppm upfield shift. This dramatic 
shift is probably due to  the diamagnetic aniso- 
tropy of the phe~iyl ring with the sinl~~ltaneous 
presence of the a systems of the two azo groups. 
This probably correspo~ids to  a preferred orien- 
tation of the phenyl ring which, as shown on 
Dreiding models, correspo~ids to the minimum 
steric interaction. 

Structures 5 can also be deduced from nmr. 
The two pyrazolines were isolated as a mixture 
(with o n e  isomer preponderant). The signal for 
H l o  was a four line signal with a 20.0 Hz, P ,Hlo 
coupling and that for H5 (or H6) showed a 5.8 Hz 
coupling correspoliding to  a ca. 120" dihedral 
P,H angle (3). 

There was no trace of the sytz,.s)~tz isomers 6. 
This was not unexpected in view of the known 
95:5 ratio of cit7ti:s)ln mono-pyrazolines 1 and 
2 (2), the likelihood for having double sytz 
addition being therefore extrenlely small. 

The same four pyrazolines 3 to  5 were also 
obtained from the addition of C6H~C(N2)P(0)- 
(OMe)* to  the anti-~ilono-pyrazoline 1, but not in 
tlze sntlze pr.o/~or.tions. There was much less 
atzti,syt~ double pyrazoline 5: while this repre- 
sented 29% of the total double adducts in the , 

direct addition to norbornadiene, there was only 
12% isolated froni the mono-pyrazoline 1. This 
is not surprising in view of the fact that the 
mono-pyrazolines 1 and 2 are intermediates in 
the double cycloaddition (as shown by tlc 
monitoring) and part of the anti,syn double 
pyrazolines 5 are formed from the sytz pyrazoline 
'7 
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TABLE 1. Nuclear magnetic resonance of double pyrazolines 

Chemical shiftsa 

7($-g) 8($-C2) 
3(u) 4(c2) 5(nlixt.) X = OCH3 X = OCH3 

Hydrogens X = Y = H  X Z Y = H  X = Y = H  Y = COOCH3 Y = COOCH3 

0.34 (AB q ;  
46=0.48 
6,=0.58 
6,=0.10) 
2.61(dd) 

Aromatic 

Aromatic OCH3 

"Espresscd in 6 ppm units with TMS as intcrnal standard, in CDC13 solutions; s, singlet, d, doublet; t, triplet, q, quartet, m, multiplet. 
b ~ p p e a r s  as a triplet (IH-"P decoupling causes i t  to collapse into a d). 
<There is clearly a predominant isomer. 
dX = Y = P; only main peaks are given. 
"idden under the OCHl's signals. 
fPeaks with ;~sterisks are furthcr coupled with pl~ospt~orur.  

TABLE 2. Nuclear magnetic resonance of double pyrazolines 

Coupling constants in Hz 

3( u)  4(c2) 5(mixt.) 7($-u) 8($-C2) 
X = H  X = H  X = H  X = OCH3 X = OCH3 

Couplings Y = H  Y = H  Y = H  Y - COOCH3 Y = COOCH3 

9,lO = 5,6 5.6 6 .5  5.8 7 .O 7 .O 
P,10 19.5 19.5 20 .O 1 9 . F  19.0a 
p,5 19.5 4 .O 5.8 19.5 19 .O 
P,6 3.9 19.5 5.8 n m b  4 .O 
p,9 3.9 4.0 3.5 nm* 4 .O 
POCH3 10.5 10.5 10.4 10.5 10.8 
P,H,r - - - -1.5 -11 5 

Of 0.5 Hz. Since the signals are broad it was not possible to measure the coupling constants mole ;~ccur;ltely 
bNot mcasurablc; appears as five equidistant lines collapsing into a dd by 'HplP)  irradiation. 

Double Pyrozolines witlz Plzenyl S~rbsiitirtecl electronic interaction (6, 7). In  view of the fact 
Diozo~~iet ly[y lzosy/zo~es  that, in Dreiding models, the phenyl ring of th: 

Aryl groups located closely in space can show orzti,orzti pyrazolines 3 and 4 are less than 5 A 
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COHEN AND BENEZRA: DIAZOPHOSPHONATES 47 

apart from each other, it was thought interesting structure 8 ('+-C?') to the double pyrazoline, 
to make pyrazolines with different X and Y where H4 and H7 are nearly equivalent and 
substitutents. The starting material was a mono- consequently, structure 7 to the one remaining. 
pyrazoline 1 (R  = p-Y-C6H4) to  which was add- Consistently, in the addition of dimethyl p- 
ed an aryldiazomethylphospho~late RC(N2)P(0)- methoxyphenyldiazon~ethylphosphonate to  the 
(OMe):! (R = p-X-C6H4). Only two double mono-pyrazoline 1 (Y = COOMe),3 decomposi- 
pyrazolines were formed and separated by tion products of the diazo compound were 
fractional crystallization, the anti,atztiderivatives isolated but their structure could not be deter- 
7 and 8: there was no trace of an irnti,sjvz isonler mined. 
such as 5 formed. This result is quite interesting In order to allow conlparison between the 
and might indicate some sort of acceptor-donor double pyrazolines and the 'isolated' chromo- 
interactions between the aryl rings in the transi- phores which constitute them, we prepared 
tion state, favoring the isomers where both aryl saturated pyrazolines 9 (Y = OMe) and 10 
rings are s jn  to  the CH2 bridge. (X = COOMe) from the unsaturated ones l ( 2 )  

Structures 7 and 8 which are called respectively by catalytic hydrogenation. These were also 
+-U-crtzti,~nti and +-C2-anti,rrtzti by analogy with photolyzed (as described previoi~sly for 
3 and 4 (see above) are deduced from co~llbustion X = Y = H,  ref. 12) to  give conlpou~lds 11. 
analysis, ir and uv data (see below) and essen- The sjw-cyclopropane 12 was also prepared from 
tially by consideration of the nnlr spectra the sytl saturated pyrazolines (12). The nlnr data 
(results are collected in Tables 1 and 2). The on these mono-adducts are sunl~narized in 
atzti,atzti configuration in both c o ~ ~ ~ p o u n d s  is Table 3. 
secured by the large vicinal P,H coupling: 
19.5 Hz in 7, 19.0 Hz in 8. The evidence for the Photo'ysis oj'the 

L + - ~ ? Y  and d+-u' assignnlent is the appearance of When the double pyrazolines r/tzti,citzti 3 and 4 

the signals for the bridgehead protons in both dissolved in benzene were separately irradiated 
conlpounds: ill of cllelll~ca~ at 350 11111 in a Rayonet apparatus, using a Pyrex 

of Hq and H7 fire very close ( 6  2.54 alld 2.60) filter, the same double c ~ c l o ~ r o ~ n e  l3 was 

while in the other one, they are far apart from obtained with the mzti,ccizti structure as shown by 

each other. ( 6  1.69 and 3.69). It has been shown a large 31PCC'Hl~ coupling of 15.0 Hz (I2), and 

above that bridgeheads were equivalellt i n  the an  extremely simple nmr spectra indicating a 

C2-rmti,nnti derivatives (for symmctry reasons) 3Also in some other addition with this diazophos- 
and far apart (1.69 and 3.67) in the c-rrnti,at~ti phonate as will be described later (H. cohen and C. 
double adduct. For these reasons, we assign Benezra, unpublished results). 

v Y 
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TADLE 3. Nuclear magnetic resonance of monoadduct derivatives 

Chemical shift (couplings in Hz) 

10 
Hytlrogens Y = COOMe 

S 0.43(AB q )  
A6=0.44 
6A=0.21 
613=0.64 
(J,, = 11 .O) 

4 1 .8Za or 
2.97(s) 

1 0 2.56(tltl)b 
(J9,loy7 .o) 
(.Ip,lo = 20 .O) 

7 2.97 or 
I . S2(s) 

POCHs 3.49(d) 
3.67(d) 
(Jp,=10.5) 

Aromatic OCH, 3.89(s) 

9 4.90(dd)c 
(Jp,9=4.0) 

Aromatic hydrogens 7 .73tE7 .81E 
7.99,8.08 

9 11 11 
Y = OMe Y = COOMe Y = OMe 

"I3ccause this signal is strongly i~lfcctcd when one goes from the o,lri-dcri\,ati\,c to  the sj.11-dcriv:rti\.c (A6 > I ppm) it sccms rcuson;~blc t o  
assign it to  H: ,  tlic bridgchcad 11)drogcn closer t o  the cpimcric ccnrcr C ? :  also thc irrndi;rtion o f  tlic lo~vcr  field signal (1.97 ppm) hils some 
clkct  on I-lo (u~ipublishccl works from this labor;rtol.y). 

bF~rrtllcr doubled by l011g r i~ r ig~ '  HS ,HIO c o u ~ l i ~ i g  (1.5 HZ). 
C A ~ ~ c a r s  i~c tu i l l l~  ns ;I ddr because of long range coupling H3 ,H9  illid also so11ic coupli l~g witli tlic hri(/.~c/fc~(/ H i :  ir~i~diirtiorr ol' tlie sigriill i l L  

1.97 ci~uscs tliis o/q~orettr ddt ( in  actu;~l fact a dddd) to  collnpsc into n ddd. 
L1~A'13B'X(X = >'P) m: only ths  main pcaks are  given. 
<Furthcl. coupled to "P (4J13H coupling = 2.0 Hz). 
IH:  and I-li are  equivalent as  a consequence ol' tlic presence ol'a plane ofsymlncrry rhrough the bridge and cyc1oprop:lnc. 

high symmetry. This high stereoselectivity for 
'direct' photolysis (13) has already been shown 
in the mono-pyrazoline series. This can be 
interpreted as indicating the formation of a 
singlet diradical (from cach pyrazoline part) 
short-lived enough not to allow any rotation of 
the C10-C3 bond (14). I n  the same way, the 
u~lti,s)-~z mixture led to  a single compound, the 
a~lti,s)-~z-biscyclopropane 14: only apparent 
couplings of 6.0 Hz and 11.5 Hz were measured 
on the nmr spectra. In the 100 MHz spectrum, 
protons 2,4 and 6,7 respectively were accidently 
equivalent and P,H coupling could not be de- 
duced directly from the splitting. 

A 1 : 1 mixture of the ~t7ri,anti-pyrazolines 7 
and 8 was irradiated under the same conditions 

findings from this laboratory that non-sensitized 
(or direct) photolysis lead to complete retention 
of configuration of the cyclopropanes. Attempts 
to  perforill the photolysis in the presence of 
benzophenone with compounds 3, 4, 5, 7, or 8 
led to  intractable mixtures of biscyclopropanes 
and the sensitized reaction was not studied any 
further. Nuclear magnetic resonance results are 
summarized in Table 4. 

Ulrrrrviolet S~~ecri-a 
I n  order t o  detect a possible electronic inter- 

action between close aromatic rings, uv spectra 
of all the cotnpounds described above were 
taken and the results are summarized in Table 5. 
There was no evidence of any special effect due 

as above, leading to  the double cyclopropane 15 to an electronic interaction ofthe donor-acceptor 
which also has the ~tzti,nnti configuration (large (6,7) type. Comparison spectra were taken by 
PCCH coupling). using the double adducts 7 or 8 in one cell and 

All these photolysis results confirm previous an equirnolecular mixture of the saturated ~0111-  
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COHEN AND BENEZRA: DIAZOPHOSPHONATES 

TABLE 4. Nuclear magnetic resonance data for the double cyclopropanes 

Chemical shifts (couplings in H z ) ~  
- 

Hydrogens 13 14 15 

Aromatic 7.15(s) 

-0.15(AB q) 
~ s ~ 0 . 1 9  
6.$=0.037 
6,=--0.34 
(J,\, =13 .O) 

2.00 or 2.08(d) 
(Jpa=15.0) 
2.08 or 2.00(d) 
(JpH=15.0) 
2.70(s) 

3 .56(d) 
3 .57(d) 
(J,, =10.5) 
2 AA'BB'XY systenls 
main lines a t  7:90, 
7.82,7.28b,7.20b, 
7.10b,7.O2b36.76 and 
6.68 
3.68 
3.83 

~Spec l ra  in CDCll solutions, chemical shifts in 6 ppm units, couplings i n  Hz. 
bFurtlier coupled to phosphorus (-1.0 Hz). 

TABLE 5. Ultraviolet spectra in methanol solution 

Compound A,,, in nm (log E) 

aShouldcrs, characteristic of aronlatic derivatives at  260. 266, 274. 
bshoulders at 257. 263. 269, and  274. 
cShoulders a t  256, 264, 271, and 280. 

ponents 9 (Y = OMe) and 10 (Y = COOMe). in the 'IC/-r' isorn~r 7, almost the van der Waals 
A straight line was observed. The same was true contact (15), 4.5 A in the dicyclopropane IS)." 
for the comparative uv spectra of comuound 15 
on the one 'hand and anAequimolecula; mixture 

'+These distances were measured approximately on (' = OMe) + l1 (Y = On the Dre~dinp models. It was not possible to measure em~ssion 
other This lack of interaction is su r~ r i s i n s  spectra because t l ~ e  pyrazolines are photoreactive (Dr. 
in view of the proximity of the aryl rings (-3.6 A Szabo, personal communication). 
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Conclusion 

CAN. J. CHEM. 

It has been shown that the trend observed for 
1,3-dipolar cycloadditions with dimethyl aryl- 
diazomethylphosphonates (2), namely the pre- 
dominant for~llation of the crtzti-isomer, was a 
quite general one. Aryl derivatives give ~nainly 
the stereoisomer corresponding t o  the less 
sterically favorable transition state. A possible 
interpretation that this might be due to  a 
favored phenyl, azo cis relationship such as 16 
in the transition state has found recent support in 
CNDO/2 calculations on model com- 
pounds: phenyldiazo~nethane and d i a z ~ e t h a n e . ~  
This work has also confirmed that direct photol- 
ysis of A1-pyrazolines was stereospecific. 

Experimental 
The diazophosphonates were prepared as described 

previously (2, 16). Melting points (mp) are ~~ncorrected. 
Silicic acid from Merck (0.05-0.20 mm) was used for 
column chromatography. The ir spectra were recorded on 
a Beckman-20 ir spectrometer either in chloroform solu- 
tion or as Nujol mulls. The nmr spectra were run on a 
HA-100 Varian Spectrometer in CDCII solutions; 6 in 
ppm relative to  TMS. Analyses were performed in 
Chemalytics Laboratories, Tempe, Arizona. 

Reacfiotl of Ditnetlryl Phet~ylciin:otnerl~ylphosp/~o~~~~te ~vitlr 
Norbortraclietle. Isolnriotl of Cotnpolrtrcls 1,  2, 3, 4, 
~I I IN '  5 

A solution of diazopl~osphonate C6H5C(N2)P(O)(OCH3)2 
(1 5 .0  g, 66 mmol) and norbornadiene (4.0 g, 43 mmol) in 
benzene (80 ml) was heated for 8 days in an  oil bath whose 
temperature was kept a t  55-60 "C. The reaction mixture 
was poured as such on a 410 g silica gel column prepared 
with ether. Elution was done with ether and ether- 
methanol mixtures. 

Successively eluted were (weight, millimoles, and 
eluent): (i) unreacted diazophosphonate (7.10 g, ether); 
(ii) a 95:5 mixture of atlti-syil mono-pyrazoline 1 and 2 
(2.33 g, 8.10 mmol, 9 5 5  ether-methanol), identified with 
authentic samples (2) by tlc, nmr; (iii) decompositioil 
products (0.53 g); (iv) syt~-crtrri double pyrazolines 5 
(mixture of the two; 2.18 g, 4.00 mmol, 90:10 ether- 
methanol); (v) the at~ti-atifi double pyrazolines 3 and 4 
(5.33 g, 9.78 mmol, 8020  ether-methanol); the nmr 
showed clearly a 1 :1 mixture of 'a' and 'C2'. 

No attempt was made to separate further the syr~,nt~ti 
double pyrazoline 5. The 100 MHz nmr spectrum clearly 

5J. Bastide, H. Cohen, and C. Benezra, unpublished 
results. 

VOL. 54. 1976 

showed that one isomer was strongly predominant 
(attachment of the azo group at Cs or Cg) but it could not 
be decided which was which. The mixture melted at  
216-218 "C. Atlnl. Calcd. for C ~ ~ H I O N ~ O G P ?  (mw 544.74): 
C, 55.11; H ,  5.55; N, 10.28; P,  11.38; found: C, 55.19; 
H ,  5.42; N, 10.55; P, 11.54. The nmr data are reported in 
Tables 1 and 2; ir 1595 (arom.), 1545 (N=N), 1240 
(P=O), and -1000-1100 (POC). 

Further separation of the 'Cr' and 'a' ai~ri,or~ri-pyrazo- 
lines 3 and 4 was effected as follows. The 5.33 g mixture 
from the above chromatography was recrystallized in hot 
ether-methanol; after cooling, 1.70 g crystals precipitated 
out and were sllown by nmr to be pure a-rrriti,mrri isomer 3 
(see theoretical part); mp 196-198 "C. Arml. Calcd. for 
C25H30N406P2 (mw 544.74): C, 55.15; H ,  5.55; N, 10.28; 
P,  11.12 (11.38); found: C, 55.11; H ,  5.47; N, 10.57; 
P, 11.12. Nuclear ~nagnetic resonailce data are reported in 
Tables 1 and 2; ir 1595 (arom.), 1550 (N=N), 1240 
(P=O), and 1000-1 100 (POC). 

The mother liquors of the above are evaporated to  dry- 
ness and recrystallized in acetone which, after cooling 
yielded 2.56 g of pure C2-arrti,crrlri isomer 4 as shown by 
100 MHz nnu (see theoretical part); mp 152-153 O C .  
Arlal. Calcd. for C ~ S H I O N ~ O ~ P ~  (mw 544.74): N, 10.28; 
P, 11.38; found: N, 9.80; P,  11.66; ir 1600 (arom.), 1550 
(N=N), 1250 (P=O), and -1000-1100 (POC). 

Reactiotr of Ditnetlyl Pl~etylriia:otnetl~ylp/~ospl~o~~nte wit11 
tire arlti-Motlo-pyrazolitle I (X = Y = H) 

A solution of the nt~ti-mono-pyrazoline 1 (6.00 g, 19.0 
mmol) and dimethyl phenyldiazomethylphosphonate 
(6.00 g, 26.5 mmol) in benzene (40 ml) was heated in an 
oil bath maintained at  55-60 "C for 8 days. Chromato- 
graphic separation was effected as above on a 400 g silica 
gel column. In  order of elution, the successive fractions 
were (in brackets weight, millinloles and eluent): (i) unre- 
acted diazophosphonate (4.19 g, 18.5 mmol, ether); 
(ii) unreacted pyrazoline 1 (3.40 g, 10.7 mmol, ether- 
MeOH 955) ;  (iii) mixture of double pyrazolines 3,4, and 
5 (3.15 g, 5.8 mmol, ether-MeOH 90:lO); (iv) unidentified 
decomposition products (0.420 g). 

The above mixture of 3,4, and 5 was further chromato- 
graphed on a 200 g silica gel column using an ether- 
methanol solution. Eluted first is the syt~,atlti-pyrazoli~~e 5 
(0.370 g, mmol, ether-methanol 9:1), then a mixture of 
the atlti,ar~ti-pyrazolines 3 and 4 (2.75 g, 5.0 mmol, 
ether-methanol 82) .  This mixture (shown by ilmr to be a 
~ 5 0 : 5 0  mixture of and C2) is separated as described 
above, by recrystallization during which some decom- 
position occurs. Thus it was obtained: 0.970 g of the 
a-nt~ti,atrfi-derivative 3 (crystallization solvent ether- 
methanol), 0.960 g of the C2-crtrri,crt1ri-derivative 4 (with 
acetone) and evaporation of the mother liquors gave 
0.420 g of unidentified decomposition products. 

Additiot I of Dirr~etlr)~l p-A4etl1o,~ypl1et1ylciiazotnetl1yl- 
pl~osphorzate fo tile citrti-p-Carbot~~etI~ylpl~et~~~l 
Pyrazolit~e I (Y = COOCH3) 

A solution of the diazophosphonate (8.0 g, 23 mmol) 
and of the pyrazoline 1 (Y = COOCH3, 8.10g, 21.5 
mmol) in methylene chloride (80 ml) was heated for 15 
days at 55-60 "C in an  oil bath. The reaction mixture was 
poured as such on a 400 g silica gel column prepared with 
ether. Eluted were, successively, (i) unreacted diazo conl- 
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COHEN A N D  BENEZRA: DIAZOPHOSPHONATES 51 

pound (4.20 g, 12.1 mmol, ether); (ii) unreacted arlti- the cyclopropane 11 (Y = OCH3, 0.910 g) mp 98-99 "C. 
pyrazoline 1 (4.28 g, 11.3 mmol, ether-MeOH 953);  Arlal. Calcd. for C17H2304P (mw 322.17): C, 63.33; 
(iii) diazo decomposition products (-1.24 g, nrnr: only H ,  7.20; P, 9.61; found: C, 63.16; H, 7.20; P, 9.68; ir 
aromatic protons, and OCH3 and POCH3); (iv) double 1600, 1500, 1230, and -1000-1100; for uv data see 
pyrazolines (5.16 g, 7.1 mmol, ether-MeOH 80:20). The Table 5. 
nmr showed the mixture to be a 1:l mixture of '$-U' and 
'$-Cz' atlti,arzti-pyrazoli~les 7 and 8. ( v )  unidentified 
decomposition products (0.520 g). 

Compounds 6 and 7 were analyzed as a 1 :1 mixture 
after further chromatography on a short silica gel column. 
Anal. Calcd. for C ~ S H ~ ~ N ~ O ~ P Z :  C, 53.17; H, 5.42; 
N, 8.86; P, 9.79; found: C, 53.16; H ,  5.48; N, 8.89; 
P, 9.42. 

Separation of the '$-U' and the '$-Cz' isomers was 
effected as follows. Fraction 4 (mixture of 6 and 7, 5.16 g) 
was suspended in ether (120 ml) and enough methanol 
was added to the warm solution to solubilize the prod- 
ucts). After 24 h at room temperature and filtration, 
1.05 g of crystals were isolated and shown to be pure 
'$-u'-a~ti,arlti-pyrazoline 7; mp 210 "C; ir and nmr data 
are shown in Tables 1 and 2 the uv data in Table 5. 

After concentrating the resulting solution, letting it 
stand overnight at room temperature, a second precipitate 
was formed and filtered (1.50 g, crystals); it was shown by 
nmr to be pure'+-Cz' derivative; mp 183-184 "C; ir 1710, 
1595, 1550, 1270, 1230, and 1000-1100; nrnr data are 
collected in Tables 1 and 2; uv data in Table 5. 

Preparatior~ of rile Saturated Pyrazolirles 9 (Y = OCH3) 
arldlO (Y = COOCH3) 

The anti-pyrazoline 1 (Y = COOCH3, 1.70 g) prepared 
from norbornadiene (2) was dissolved in methanol (50 ml), 
150 mg of Pd/C catalyst was added and hydrogenation 
was conducted in a Parr apparatus (-3 atm pressure) for 
1 h 15 min, After filtration and chromatography on a 
silica gel column (100 g), 1.35 g of pure saturated pyrazo- 
line 10 (Y = COOCH3) was obtained; mp 128-129 "C. 
A11ol. Calcd. for C I S H ~ ~ N ~ O S P  (mw 379.37): C, 56.99; 
H ,  6.11; N, 7.30; P, 8.16; found: C, 56.88; H ,  6.11; 
N, 7.41 ; P, 8.20; nmr data in Table 3, uv data in Table 5. 

The same procedure was followed for pyrazoline 1 
(X = OCH3) obtained from previous work. From 1.79 g 
starting pyrazoline (same amount of solvent, catalyst) were 
obtained 1.45 g of saturated pyrazoline 9 (Y = OCH3); 
mp 146-147°C. Anal. Calcd. for C17H23N204P (mw 
351.36): C, 58.11; H, 6.60; N, 7.97; P, 8.81; found: 
C, 58.11; H ,  6.62; N, 8.05; P, 8.95; ir 1610, 1560, 1250, 
and -100G1100; nmr data in Table 3, uv data in Table 5. 

Direct Photolysis of MOIIO-pyrazolir2e 10 (Y = COOCH3) 
and 9 (Y = OCH3) 

The pyrazoline 10 (2.83 g, 7.46 mmol) dissolved in 
spectrograde benzene (100 ml) was irradiated in a Rayonet 
apparatus, at 350 nm, using a Pyrex filter, for 5 h 15 min. 
Evaporation of the benzene, chromatography on a 
150 g silica gel column and elution with ether-methanol 
8:2 mixture, afforded 2.07g of the cyclopropane 11 
(Y = COOCH3); mp 150-151 "C. Arlal. Calcd. for 
C18H2305P (mw 350.42): C. 61.71: H. 6.62: P. 8.82: 

Direct Photolysis of the Dolrble Pyrazolirles: Isolatiorl of 
Cor?lporlrlds 13,14, a r ~ d  15 

(a) A solution of the U-nrlti,ar~ti double pyrazoline 3 
(X = Y = H;  0.750 g, 1.4 mmol) in 100 ml benzene was 
irradiated for 8 h in a Rayonet apparatus with a 350 nm 
monochromatic lamp, using a Pyrex filter. The crude 
product was chromatographed on a silica gel column 
giving 0.654 g (1.3 mmol) of the double cyclopropane 13 
(X = Y = H) mp 199 "C. Arlal. Calcd. for C25H3006Pz 
(mw 488.46): C, 61.47; H, 6.19; P, 12.68;found:C, 61.11; 
H ,  6.15; P, 12.58; ir 1590, 1440, 1230, and -1000-1100; , 
nrnr data collected in Table 4; uv data in Table 5. 

(b )  The same experiment carried out on the Cr-rir~ti,(iirti- 
derivative (0.240 g, 0.40 mmol) in 100 ml benzene for 8 h 
under identical conditions led, after chromatography to 
pure double cyclopropane 13 (X = Y = H,  0.190 g, 
0.40 mmol), identical in all respects with the double 
cyclopropane from (a) (tlc, nrnr, ir). 

(c) The mixture of ar~ti,syr~-pyrazolines 5 (X = Y = H ;  
0.180g, 0.3 mmol) dissolved in 75 rnl benzene and 
irradiated for 8 11 gave, after chromatography on a 60 g 
silica gel column the arlti,syrr double cyclopropane 14 
(X = Y = H,  0.135 g, 0.28 mmol); mp 214-215 "C. Anal. 
Calcd. for C2sH3~06Pz (mw 488.46): C, 61.47; H ,  6.19; 
P, 12.68; found: C, 61.79; H ,  6.18; P, 12.61; ir 1590, 
1440, 1230, and -1000-1100; uv data in Table 5; nrnr 
data in Table 4. 

Direct Pl~otol~~sis of the '$-a' a11cl '$-Cz' Do~tble 
Pyrazolirles 7 and 8 (X = OCH3, Y = COOCH3): 
Forrnatio~l of Cyclopropa~le 15  

A 1 :l  mixture of the two pyrazolines 7 and 8 (0.620 mg) 
dissolved in anhydrous benzene (110 ml) was irradiated in 
a Rayonet apparatus at 350 nm, using a Pyrex filter, 
during 16 h. Most of the solvent is then evaporated and 
the remaining concentrated solution is poured on a 120 g 
silica gel column prepared with ether. The double cyclo- 
propane 15 (0.510 mg) is eluted with an 8:2 ether- 
methanol mixture, mp 208-209 "C. Arlal. Calcd. for 
C~sH3409R (mw576.52): C, 58.33; H ,  5.94; found: 
C, 58.12; H ,  5.90; ir 1700,1590,1490, 1220 and 1260, and 
-1000-1100; uv data in Table 5, nmr data in Table 3. 
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found: C, 61.92; H ,  6.59; P, 8.40;'ir 1'710, 1600; 1270; 
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The same procedure was followed for pyrazoline 9 (1963); 2, 633 (1963). 
(X = OCH3) (1.05 g, 3.00 mmol), irradiation was con- 2. H. COHEN and C. BENEZRA. Can. J. Chem. 52, 66 
ducted for 4 h 30 min. Chromatography as above afforded (1974). 
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Heavy transition metal complexes of biologically important molecules. 
I. The crystal and molecular structure of trans-dichloro(bis(isopropyl)- 

sulfoxide-S)(1-methylcytosine-N)platinum(II) 

COLIN JAMES LYNE  LOCK^ AND ROBERT ANTHONY SPERANZINI 
Itrstitrrte for Matet~icils Reseorcll, McMcrster Utriversity, Hatniltotr, 0trtcrt.io L8S 4 M l  

AND 

JOHN POWELL 
Lasll Miller Cl~ernical Labot.atories, Utriversity of Tomrto,  Toro~tto, Otrtcirio iW5S IAl 

Received June 18, 1975 

COLIN JAMES LYNE LOCK, ROBERT ANTHONY SPERANZINI, and JOHN POWELL. Can. J .  Chem. 
54, 53 (1976). 

The crystal and molecular structure of trat~s-dichloro(bis(isopropyl)sulfoxide-S)(l-niethyl- 
cytosine-N)platinum(Il) has been determined by single cry$al X-ray difYraction. The crystals 
are triclinic with a = 16.205(5), 0-= 8.078(2), c = 6.776(2) A, 0 = 106.53(2), 0 = 96.35(2), -y = 
98.54(2)'. The space group is P1 and there are two molecules per unit cell. A total_of 2294 
independent reflections, of which 2023 were observed, were examined on a Syntex P1 diffrac- 
tometer. The structure was refined by full matrix least squares analysis to an  Rz value of 0.0427. 
The ligands form a rough square around the platinum atom with Pt-CI(l), 2.304(3), Pt-C1(2), 
2.287(4), Pt-S, 2.232(2), Pt-N, 2.058(7). Distances within the ligands are normal. The plane 
of the cytosine ring is at  8 4 . P  to the plane formed by the ligands around platinum. 

COLIN JAMES LYNE LOCK, ROBERT ANTHONY SPERANZINI et JOHN POWELL. Can. J. Chem. 54, 
53 (1976). 

On a determine, par diffraction de rayons-X sur Lln cristal unique, la structure cristalline et 
rnoliculaire du trcrt~s-dichloro(bis(isopropyl)s~~lfoxide S )  (methyl-1 cytosine I?) de platine(I1). 
Les cristaux sont tricliniques avec ci = 16.205(5), b, = S,078(2) c = 6.776(2) A, 0 = 106.53(2), 
0 = 96.35(2), -y = 98.54(2)". Le groupe d'espace est P1 et il y a deux molicules par maille. 
On a examini un total de 2294 reflexions itlgipendantes B partir desquels 2023 ont i t6 obser- 
vies ?I I'aide d'un diffractomktre Syntex P1. On a afint': la structure par la mithode des 
rnoindres carries (matrice complbte) jusqu'8 ulie valeur de R? de 0.0427. Les ligands forl~ient 
approximativement un carri autour de I'atorne de platine avec Pt-CI(l), 2.304(3), Pt-C1(2), 
2.287(4), Pt-S, 2.232(2), Pt-N, 2.058(7). Les distances internales des ligarlcls sont norrnales. 
Le plan du cycle de la cytosine est $ 84.4" avec le plan formi par les ligands autour ~ L I  platine. 

[Traduit par le journal] 

Introduction 
It is possible to 'see' heavy transition metal 

atoms using the electron microscope (1) and the 
fornlation of heavy metal atoll1 conlplexes with 
DNA might allow sequencing of the bases on a 
DNA strand, if one can design conlpou~lds which 
form co~nplexes preferentially with a particular 
base.' In addition some heavy transition metal 
con~plexes, particularly those of platinum, show 
potent anti-tumor activity (2-4). This activity is 
postulated to  be caused by the formation of 
complexes between n~olecules of the type cis- 
Pt(NH3)2C12 and the D N A  strands. The forma- 

!TO whom correspondence should be addressed. 
2DNA is deoxoribonucleic acid. 

tion of the complex is supposed to  prevent the 
unwinding of the two strands of the double 
helix and thus prevent replication (4). While in 
both cases above specificity is postulated to 
depend prinlarily on kinetic factors (4).3 clearly 
structural effects may be important. In order to  
obtain structural information which may be used 
in modelling the nature of the metal-DNA 
interaction, we are undertaking a series of X-ray 
structural studies of heavy transition metal 
conlplexes of D N A  bases. We report here the 
structure of trans-dichloro(bis(isopropyl)sulfox- 
ide-S)(1-methylcytosine-N)platinum(II). 
-- 

3J. Powell, unpublished results. 
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Experiments 

Preparatio~l oftr.ri~rs-Dichloro(bis(isoprop~l)s~~~oxide-S)- 
(I-metI?ylc~~tosb~e-N)plati~zrr~n(ll), 

P~cA((cH~)~cH)~so(oC!.N.C(NH~).(CH)~.~(~CH~) 
Potassium tricl~loro(bis(isopropyI)suIfox~de)plat~nate- 

(11) was prepared according to the method of Kukushlan 
et al. (5) for potassium trichloro(dimet11ylsulfoxide)- 
platinate(I1). T o  an aqueous solution of potassium 
trichloro(bis(isopropyl)sulfoxide)platinate(II) (0.36 g in 
10 ml) was added an aqueous solution of 1-methylcytosine 
(0.1 15 g in 15 ml) and the mixture stirred for 0.5 h. The 
mixture was then evaporated to dryness and the residue 
washed with a little water to remove excess HCI. Re- 
crystallization of the residue from an isoproponal-water 
mixture gave the required product as yellow prisms 
(70%), mp 220-224" (dec.). Anal. Calcd, for CIIH~ICIZ- 
N302SPt: C 25.2, H 4.03; found: C 25.2, H 4.0. 

Collectior~ of the Diffractiorl Data 
A yellow crystal of the title compound, selected after 

examin_ation_on a polarizing microscope was bounded by 
the (110), (110) faces, 0.13 mrn apart and by ( loo ) ,  
0.10 mm apart, and (OOl), 0.18 mm apart. 

Weissenberg and precession photographs using MoKa 
radiation revealed no lattice symmetry, nor did a Delaunay 
reduction show any hidden symmetry. The possible space 
groups were thus Pl[C:, No. 11 or Pl[C;, No. 21. The 
second space group was assumed and confirmed by the 
successful refinement of the structure in this space group. 

The crystal was transferred to a Syiitex P1 diffrac- 
tometer and accurate unit cell parameters were obtained 
by least squares refinement from 15 centered medium 
angle reflections. The density of a few crystals was 
measured by flotation in a degassed methylene iodide - 
carbon tetrachloride mixture. Crystal data were 
C I I H ~ I C I , N ~ O ~ P ~ S  fw = 525,O 
Triclinic, a = 16.205(5), b = 8.078(2), c = 6.776(2) A, 
a = 106.53(2_), 0 = 96.35(2), 7 = 98.54(2)", V = 

834(1) A3, Pl(C:, NO; 2), P ,  = 2.08(2), Z = 2, pc = 2.09 
(22 'C, x = 0.71069 A, = 68.9 cm-I). 

Intensity data were recorded on the Syntex diffrac- 
tometer using graphite monochromatized MoKa radia- 
tion for the hemisphere defined by h, i k ,  i l, up to 28 = 
50". Data were collected by executing a coupled 8;crystal)- 
28(counter) scan l o  011 either side of the peak, scan rates 
varying from 8 to 24 deg min-1. The stability of the 
system was monitored by measuring a standard reflection 
after each 50 reflections. The counting esd of the standard 
peak was 1.2y0 and an analysis of the standard counts 
showed an overall esd of 1.4% with no systematic varia- 
tion with time. The intensity of a reflection, I ,  and its 
esd, u,, were calculated as outlined previously (6). A 
total of 2294 symmetry-independent reflections were 
measured and 95 were rejected, 94 because they were 'not 
significantly above background' and one because it was 
so intense that significant errors would have arisen from 
counter dead time. A further 176 reflections had I < 3 ~ ,  
and were called unobserved. Such reflections were only 
used in the refinement if Fc > Fo for the reflections. In 
the final refinement 81 unobserved reflections were used 
with the 2023 observed reflections. Corrections were made 

for absorption4 assuming the crystal had the dimensions 
listed above. 

Unscaled structure factor an~plitudes, F,  and their 
standard deviations, UI:, were calculated from the expres- 
sion F = (l/Lp)1/2, 

L,, the Lorentz-polarization factor is (1 + cos? 20)l 
(2 sin 28). 

Sol~rtior~ of the Strlrctrlre 
The coordinates of the platinum atom were found 

from a tluee-dimensional Patterson synthesis and three- 
dimensional electron density and difference maps 
revealed the two chlorine atoms, the sulfur atom, and 
the nitrogen atom. Least squares refinenlent of these atom 
positions followed by further three-dimensional electron 
density synthesis and difference calculations, and calcula- 
tions of the likely geometries of the ligands revealed all 
the remaining nonhydrogen atoms. At this stage the 
temperature factors which were isotropic for all atoms in 
the initial stages of the structure solution, were made 
anisotropic for the Pt CI, and S atoms. Further refine- 
ment, using a Cruickshank weighting scheme with 
weights equal to 

and full matrix least square refinement, minimizing 
Zw( IF, I - IF, 1)' was terminated at RI = 0.0459, R2 = 
0.0464.5 In the last cycle of refinement no parameter 
shifted by more than 1/20 of its esd. Examination of the 
data showed correction for secondary extinction was 
not required. 

The final difference map revealed a number of peaks 
between 0.6 and 1.0 e/A3 near probable hydrogen posi- 
tions and attempts were made to locate hydrogen atom 
positions. Only small improvenlent was made in the 
struct~lre and the errors in hydrogen bond lengths and 
angles were so large that we have not reported the results 
here. Other than the peaks near hydrogen atom positions 
the largest peaks were 0.60 e/43 (0.33, 0.04, 0.10) be- 
tween Pt and Cl(1) and 0.55 e/A3 (0.21, 0.13, 0.21) b~ 
tween Pt and Cl(2). The deepest valleys were -0.65 e/A3 
(0.21, -0.04, 0.08) between Pt and S and -0.60e/A3 
(0.31, 0.21, 0.21) between Pt and N(1). 

Throughout the refinement the scattering curves used 
were those from the I~~ter~zatiorrcrl Tctblcs ,for X-/,a): 
Cryst~llogrcrplry ((8 and the anomalous dispersion correc- 

4All calculations were carried out on a CDC 6400 com- 
puter. The programs DATC03, ABSORB, and DATRDN 
from the X-RAY 71 package were used for preliminary 
treatment of data. The full matrix least squares program 
CUDLS and Fourier program SYMFOU were written 
locally by J .  S. Stephens and J. S. Rutherford, respec- 
tively. Least square planes were calculated by the local 
program PALS by P. G. Ashmore and diagrams were 
prepared by the program ORTEP by C. K. Johnson (7). 
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LOCK ET AL.:  HEAVY TRANSITION METAL COMPLEXES. I 

TABLE 1 
(a) Atom parameters for PtClz((i-pr)zSO)(l-methylcytosine) ( X  lO3)* 

Atom x Y z u (Az) 

Pt 272.66(3) 92.57(6) 156.11(7) 
C U )  399.6(2) 31.8(4) 6 1 .4(5) 

153.4(2) 164.7(5) 283.7(6) 
S c1(2) 205.4(2) - 138.2(4) -111.0(4) 

239.5(5) 
O(') 341.8(5) 

- 162(1) - 307(1) 41(2) 

0(2) 339.916) 
461(1) 16411) 47(2) 

N(1) 305(1) 396(1) 28(2) 
403.8(6) 

N(2) 335.2(8) 
607(1) 496(1) 340)  

N(3) 159(1) 639(2) 52(3) 
c(1)  360.4(7) 459(1) 344(2) 260) 
c(2)  426(1) 605(2) 694(2) 4x3)  

407(1) 457(2) 749(2) 
c(3) 360.4(7) 

41(3) 
(34) 306(1) 592(2) 31(3) 

423(1) 772(2) 443(2) 58(4) 
-332(2) - 28(2) 40(3) 

(37) -499(2) -210(2) 50(3) 
C(8) 158(1) -338(2) 147(3) 634)  
(39) 94(1) - 130(2) - 174(2) 420)  
C(10) 48(1) - 293(2) - 339(2) 52(4) 
C(11) 92( 1) 360)  -243(2) 61(4) 

(6) Anisotropic temperature factors Uij ( X  103)f 

ul I UZZ u33 ul2 UI 3 u23 

'Estimated standard deviations from the least squares programs are given in parentheses. 
tThe  telnpernture factor pnralncters Uij  were obtained from pij= 2a26i6jUij where pij's appear as a temperature effect through 

exp I-@llh2 + . . . + 2p1?lrk+ . . .)] in tlie structure factor expression and bi arc the reciprocal lattice vectors. 

tions from the Itltertlatiot~al Tables for X-ray Crystal- 
lograptly (9) were applied to  the curves for Pt, Cl, and S. 
The atom parameters from the final refinement without 
hydrogen atoms are listed in Table 1, and the correspond- 
ing moduli of F, and F, are listed in Table 2.6 

Discussion 
Selected bond lengths and angles are given in 

Table 3 and the molecule is illustrated in Fig. 1. 
It can be seen that the platinum is in rough 
square planar coordination with the chlorine 
atoms trarzs. The bis(isopropy1)sulfoxide mole- 
cule is bonded to the platinum atom through the 
sulfur atom and the 1-rnethylcytosine7 ring is 

6 ~ a b l e  2 is available, at a nominal charge, from the FIG. 1. The molecular structure of the title compound 
CISTI, showing the plane of the cytosine ring almost perpendicu- 

Research Canada, Ottawa, Canada 0S2. lar to the plane defined by the atoms bonded to  platinum. 
'The ring numbering follows the IUPAC definitive ~h~ labelling of the atoms is as in ~ ~ b l ~  1. 

rules B-2, 11, example 17, ref. 10. The esuivalence 
between the cbnventibnal numbering of the Aoms and C2, C(1); 0 2 ,  O(2); N3, N(1); C4, C(4); N4, N(3): 
our numbering of the atoms in the structure is N1, N(2); C5, C(3); C6, C(2). 
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TABLE 3. Selected distances and a~lgles for PtCl?(i-pr):SO)(l-metl~ylcytosine) 
(esd's are given in parentheses in terms of the least significant figure) 

Atoms Distance (A) Atoms Distance (A) 

Bonded distances 
Pt-CI(1) 2.302(3) Pt-N(1) 2.0337) 
Pt-Cl(2) 2.288(4) N(l)-C(l) 1 .39(2) 
Pt-S 2.231(2) C(l)-N(2) 1.37(1) 
S--0(1) 1.46(1) C(1)-0(2) 1.23(2) 
S-C(6) 1 .82(2) N ( 2 e C ( 2 )  1 .35(2) 
S-C(9) 1.83(1) N(2)-C(5) 1.47(2) 
C(6)-C(7) 1.51(2) C(2)--C(3) 1.35(2) 
C(6)-C(8) 1 .54(2) c(3)--c(4) 1.42(1) 
C(9)-C(10) 1 .50(2) C(4)-N(l) 1 .33(2) 
C ( 9 F C ( l l )  1 .54(2) C(4)-N(3) 1.33(2) 

Nonbonded distances 
Cl(1)-S 3.19(1) CI(1)-N(1) 3.04(1) 
Cl(2)-S 3.35(1) C1(2)--N(1) 3 . OO(1) 

Ato~ns Angle (deg) Atoms Angle (deg) 

attached to the platinum atom through the other 
ring nitrogen atom. The four nearest neighbor 
ligand atoins are close to planar although there is 
a slight distortion towards the tetrahedral arrange- 
ment. Cl(1) and Cl(2) lie 0.035(4) and 0.033(4) A 
below the best plane through the four atoll12 
while S and N(l) lie 0.032(3) and 0.037(7) A 
:hove the plane. The platinum aton1 lies 0.022(1) 
A above the plane. The 1-n~ethylcytosine ring is 
planar (within the errors) and lies almost at right 
angles to the Cl(l)C1(2)SN(l) plane (83.4"), as is 
shown clearly in Fig. 1. 

There are some deviations fro111 the ideal 
square planar angular arrangement. Cl(1)-Pt- 
Cl(2) is only 174.3(1)", such that the chlorine 
atoms bend away from the bulky bis(isopropy1)- 
sulfoxide group with Cl(2)-Pt-S being 95.7(1)", 
apparently because of the Cl(2)-C(l l)(rnethyl) 

repulsion. The S-Pt-N(l) angle of 177.2(3) A 
is much closer to the ideal angle. 

The Pt-C1 bond lerdgths are normal (the 
range 2.289(7)-2.361(5) A was observed in refs. 
11-19), and the Pt-S bond lengtho agrees well 
with the values (2.244(2), 2.229(2) A) found by 
Melansoil and Rochon (19) for ~ i s -P tCl~(dmso)~ .  
The distances and angles fouild in the bis(isopr0- 
py1)sulfoxide group agree fairly well with equiva- 
lent values found by Melanson and Rochon (19), 
(S-0, 1.469(6), 1.454(9); S-C 1.786(1 l), 
1.767(1 l), 1.783(1 l), 1.790(12) ; Pt-S-0, 
112.4(3), 117.3(3); Pt-S-C, 11 1.8(4), 113.5(4), 
11 1.4(4), 108.2(4); 0-S-C, 110.3(5), 108.5(5), 
107.6(5), 107.9(5); C-S-C, 99.5(5), 103.3(5)), 
although the S-C distances in our conlpound 
may be slightly longer. The bis(isopropy1)sulf- 
oxide group is arranged to minimize interaction 
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LOCK ET AL.: HEAVY TRANSITION METAL COMPLEXES. I 

FIG. 2. Stereogram (stereoscopic pair of perspective projections) of PtCll(i-Pr?SO)(I-methylcyto- 
sine). The contents of one unit cell are shown plus portions of other n~olecules to show the packing. 
6 and a:' are parallel to the top and side of the page respectively, and the view is down cs:.  The cell 
outline shown is shifted by :,$,: from the cell used in the structure determination. 

with the chlorine atoms, the Pt-S-O(1) plane 
making an  angle of about 40" with the CI(1)- 
C1(2)SN(l) plane. This means the biggest inter- 
action is between Cl(2) and the groups attached 
to  C(9), as noted above. 

The Pt-N distance of 2.058(7) A is about the 
expected value. S-bonded sulfoxides have a 
relatively low tratzs-influence (15), about equal 
to C1-. Although we have found no structures in 
which there is an  aromatic system bonded to 
Pt(11) through nitrogen and in which the 
aromatic group is trans to a ligaild with small 
trans-influence, typical values for other nitrogen 
ligands bonded to Pt(I1) and subjectedo to a 
weak trrrits-influence are 2.04(1)-2.10(1) A (13- 
18: 20-27). 

An excellent and very comprehensive review 
has been made of bond lengths and bond angles 
found in cytosine rings, hemiprotonated cytosine 
rings, and fully protonated cytosine rings (29), 
and we shall not repeat the data here. Com- 
parison of the bond lengths within the l-methyl- 
cytosine ring in our conlpound with those 
reported for 1-n~ethylcytosine hydrobromide (28) 
and those in ref. 29 shows there are no significant 
differences. Comparison of bond angles, how- 
ever, suggests that the l-methylcytosine ring in 
our compound is more like that in various neutral 
cytosines, rather than the protonated species. 
Thus, there are significant differences between 

the angles C(l)N(l)C(4), (C2N3C4); N(l)C(4)- 
C(3), (N3C4C5); C(3)C(2)N(2), (C5C6N 1) in 
our compound and those in 1-metl~ylcytosine 
hydrobromide (1 27(1), 117(1), 127.5(6) respec- 
tively) and the angles N(2)C(l)N(l), (NlC2N3);  
C(l)N(l)C(4), (C2N3C4) ; N(l )C(4)C(3), (N3C4- 
C5) in our compound are probably different 
from the average values for protonated cytosines 
(1 13.7(4), 125.3(1 l), 118.4(1) respectively) (29). 
Although an electrophile, the PtC12((i-Pr)2SO) 
group clearly has very little effect on the structure 
of the cytosine ring, unlike the proton. Finally, 
the bond lengths and angles in our coillpouild 
are in relatively good agreement with those pre- 
dicted by Spencer (30) and favor the Spencer 
model over that of Pauling (31), where there are 
significant differences. 

The packing of the molecules is shown in 
Fig. 2. In the a direction there are two main types 
of contact. Near x = 0.5 contact is priillarily 
between the cytosine rings, which lie parallel to 
each other, and which are interspersed with 
Cl(1) atoms. At s = 0 contact is primarily 
between the C(10) and C(11) methyl groups 
interspersed with Cl(2) atoms. In the b direction 
contact is primarily between the Cl(1) on one 
nlolecule and O(2) and the C(5) methyl group on 
the next. In the c direction packing is primarily 
between pairs of cytosine rings on adjacent 
molecules. All contact distances mentioned above 
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are at  or greater than the van der Waals contact 
distance. There are no short distances t o  N(3), 
suggesting no intermolecular hydrogen bonding. 
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Donor-acceptor interactions in biomolecules. 11. Spectroscopic and 
molecular orbital studies of amino acid - nicotinamide adenine 

dinucleotide complexes 
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JAYANTI NAGCHAUDHURI and RASHMI SURI. Can. J. Chern. 54, 59 (1976). 
The nature of complex formation between aromatic amino acids and some of their com- 

ponents with NADi (nicotinamide adenine dinucleotide) have been studied by spectroplioto- 
metric methods. A comparison of the stability of these complexes with that of the complexes 
of the same donors with a model compound of NAD+ i.e. N-metl~yl-3-carboxamide pyridinium 
chloride (MCP) has been carried out by examining the type of complexes formed and their 
geometry. Simple molecular orbital calculations have been done to determine the quantity of 
charge transfer 6Q and stabilization energy 6E and to show the significance of mutual orienta- 
tion of donor and acceptor in determining the stability. The enhanced stability of tryptophan- 
NADi complex in comparison to indole-NADi complex Iias also been explained. 

JAYANTI NAGCHAUDHURI et RASHMI SURI. Can. J. Chem. 54, 59 (1976). 
On a CtudiC, par des mithodes spectrophotoniCtriques, la nature de la formation de com- 

plexes entre des acides aminis aromatiques et quelques-uns de leurs composants avec la NADC 
(nicotinamide adCnine dinucleotide). On a fait, i partir de considirations sur le type de com- 
plexe formi et de leur gConiCtrie, une comparaison de la stabiliti de ces complexes avec celle 
de complexes des mCmes donneurs avec le composC n~odkle de NADi soit le chlorure du 
N-rnCthyl carboxarnide-3 pyridinium (MCP). On a fait des calculs simples d'orbitales rnolCcu- 
laires pour determiner la quantitC de transfert de charge 6Q et 1'Cnergie de stabilisation 6E et 
pour rnontrer I'importance de l'orientation mutuelle du donneur et de I'accepteur en vile de 
dCternliner la stabilitC. On explique la stabilitC accrue du coniplexe tryptophane-NAD+ par 
comparaison avec celle du complexe indole-NAD+. 

[Traduit par le journal] 

Introduction 
In a previous paper (I), a systenlatic and 

con~plete study of the characteristics of the 
interactions of some enzyme-coenzyme nlodels 
(e.g. aronlatic amino acids and N-rnethyl-3- 
carboxa~nide pyridinium chloride (MCP)) was 
reported. Since MCP is a model compound for 
the pyridine coenzynle nicotinamide adenine 
dinucleotide, NAD+, it was felt that we should 
next investigate the nature of the complex forma- 
tion of NAD+ itself with the sanle aromatic 
amino acids under similar experimental condi- 
tions and compare these results with those 
obtained for the model co~npound MCP as 
acceptor. Such studies are necessary to be able 
to draw any conclusion regarding the nature of 
enzyme-coenzyme (NADf) interactions from 
the observations made in simple systems. 

Cilento and co-workers (2,3) have reported 
the spectral changes when NAD+ is added to 
some indole derivatives and have attributed 
these changes to charge-transfer interaction. 

They also have mentioned con~plex formation of 
tyrosine with NAD+ (4). Fulton and Lyons (5) 
found evidence of such interaction between 
indole and NAD+ and have roughly estimated 
the charge-transfer (C-T) absorption maximum 
at 310 nm. A more detailed study of non- 
enzymatic interactions of various indoles with 
NAD+ has been carried out by Alivisitos et,al. 
(6). Their spectral data indicate a 1 : 1 stoichio- 
nletry for the complexes, and the association 
constants for indoles with a side chain at the 
3-position are found to be 3 to 4 times larger 
than those obtained for the indole-NADf 
complex. This prompted the111 to suggest that 
the ethylanline side chain of indole may enhance 
the association and also that the groups asso- 
ciated with the nicotina~nide nloiety of NAD+ 
may play an important role. Recently, Boers and 
Verhoeven (7) observed a difference in the 
relative intensities of two absorption bands 
obtail~ed by resolution of the C-T band due to 
addition of MCP and NAD+ respectively to 
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rabbit muscle glyceraldehyde phosphate de- 
hydrogenase and have attributed this difference 
to  dissinlilarities in the relative orientation of 
the nicotinamide ion of MCP and NAD+ 
respectively, with respect t o  the tryptophan 
molecule. In any of these observations however, 
no systematic studies have been made to  corre- 
late and compare the nature of interaction of all 
aromatic amino acids with MCP and that of the 
same donors with NAD'. The significance of 
the anlino acid chain in nlodifying the association 
strength of NAD+ as well as possible effects of 
the adenosine portion of NAD+ in such inter- 
actions have also not been further investigated 
except for a recent paper by Urneyama et 01. (8) 
in which M O  studies of the interaction of indole 
with the adenine and nicotinamide nloieties of 
NAD+ have been reported. 

In the present study therefore, we have 
investigated all the above mentioned points from 
both experinlental and molecular orbital ap- 
proaches. 

Experimental 

&Ia/er.irrls 
The amino acids were purchased from B.D.H. or 

E. Merck and the NADi used was an imported chemical 
purchased from V.P. Chest Ii~stitute, Delhi. These were 
used without further purification. All spectral studies were 
made in aqueous medium except in the case of the 
tyrosine-NADi system, where 2 IM HCI was used. The 
solutions were prepared just prior to the experiment and 
measurements were made with a Beckman DU2 spec- 
trophotometer at room temperature using a matched pair 
of 10 nlm quartz cells. 

- 

A4etllods 
The calculations for association constants, K,  and 

tnolar extinction coefficients, e ,  were done using the 
equation of Foster et (11. ( 9 ) ,  corrected by a least-squares 
procedure and also by the Rose and Drago method (10). 
The details of these equations and their significance for 
evaluation of K  and E have been discussed in a previous 
report (1). In order to ensure the accuracy of these 
parameters, they were also calculated using Scatchard's 
equation (11). In all these experiments the concentration 
of NAD+ was kept constant and at a much lower value 
than the varying concentration of the donor. The Foster 
equation could not be applied in the study of the indole- 
NAD+ system as the extremely low solubility of indole in 
water prevented any appreciable concentration variation, 
which was necessary for such measurements. Hence the 
Ke value was calculated by measuring the net absorbance 
of the con~plex, AOD (OD,,,, - O D ,  - OD,,), for a 
series of equimolar solutions "CI" of indole and NADi, at 
two different wavelengths and plotting AOD/a versus a 
according to the equation, 

FIG. 1. Ratio of the absorbance, AOD, to concentration, 
CI, plotted against conce~~tration a when the concentration 
of both reactants, indole and NAD+ were varied (0.83 X 
10-3 IM to 5 X 10-3 M). 

for a >> C, where C is the concentration of the conlplex. 
This plot is found to be a straight line (Fig. 1) proving 

1:l stoichiometry of the complex. Then K  was estimated 
fro111 the slope, substituting the value of E from the 
Alivisitos et al. (6) data at  380 nm. 

Molecular Orbital Calculations 

The M O  calculatio~ls have been done by the 
Hiickel molecular orbital nlethod including 
hyperconjugation. The Pullman (12) parameters 
were used in calculations except that the value 
of 6H3 was taken to be -0.2 and that of 6C,li,1, 
0.0. The H M O  calculations were done only o n  
the N-i11ethyl-3-carboxamide pyridiniunl moiety 
of NAD+. The stabilization energies 6E and the 
quantities of charge-transfer 6Q of various conl- 
plexes have been calculated using the following 
equations as given by Nagata et crl. (13), 

OCC vac v a c  occ 

j e  j l :  I 
occ v a c  vnc occ 

.7 1: j 1; I 

where Cj,.,,--- are the coefficients of the rth, 
tth, ----- atomic orbitals in the jth molecular 
orbital and e l j  is the energy of the j th nlolecular 
orbital of nlolecule 1; C" ,,,,.--- are the co- 
efficients of the sth, uth, ---- atomic orbitals in 
the kt11 molecular orbital and e2,. is the energy of 
the kth molecular orbital of the molecule 2 and 
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NAGCHAUDHURI AND SURI: AMINO ACID - NADf COMPLEXES 

FIG. 2. The net charges at various positions (1,2,3----) of MCP, phe~lylalanine, tyrosine, and 
tryptophan molecules. The values marked with asterisk are net charges for the ions. The values within 
parentheses are net charges for the respective compounds without the amino acid chain, K. 

R = -H1C-CH-COOH, R' = -OH 

C°CC and CvnC are respectively the summa- 
tion of the occupied and vacant orbitals, as- 
s u ~ i n g  the n~olecules are in parallel planes, 
3 A apart. llP1 is the resonance integral between 
the orbital at the 7th atom of nlolecule 1 and 
sth aton1 of the nlolecule 2 and p' is the magni- 
tude of resonance integral between the atomic 
orbitals of carbon atoms of the charge-transfer 
con~plex. The respective values of Ix - y/lc - c, 
as estimated by Nagata el al. (13) fro111 the 
consideration of the table of overlap integrals 
of Mulliken el al. (14) have been used in our 
calculations. All calculations were done using 
an I.B.M. 360 (model 44) computer. 

The calculations of 6E and 6Q were done 
taking Karreman's (15) view into consideration 
that the relative orientation of donor and 
acceptor, and hence the structure of the con~plex, 
would be governed to a large extent by the com- 
plinlentarity of electronic charges so as to 
maximize electrostatic or dipole attraction. The 
net charges on the nlolecules concerned are 
given in Fig. 2 and the various points of overlap 
between N-methyl-3-carboxanlide pyridinium 
chloride and various donors for the most 
electrostatically favorable orientations are given 
in Table 1 (part i). 

Results and Discussion 
The difference spectra of the complexes be- 

tween various donors and NAD+ have been 
nleasured between 285 and 360 nm (the con- 
centration of NADf is -- 1-2 X 10-3 M and 
the concentration of donors -- 1-50 X M ) .  
These measurements were always repeated a t  
least twice keeping the concentration the sanle 
and the reproducibility of A,,,, was found to be 
within* 3 nm. These A,,,,, values as well as the 
association constants, K, and the n:olar extinc- 
tion coeficients, E ,  of the complexes, as calcu- 
lated by the Foster, Scatchard, and Rose-Drago 
equations at several wavelengths are given in 
Table 2 (high absorbances of the conlponents as 
well as of the C-T complex prevented such 
measurements to be made at A,,,3x). The data 
within parentheses in each colun~n denotes the 
corresponding parameters for that donor and 
MCP conlplex (1). Figures 3 and 4 represent 
characteristic plots of data for the phenylalanine- 
NAD+ system by application of the Foster 
equation, Scatchard equation. and by the Rose 
and Drago method respectively, indicating 1 : 1 
complex formation. The close correspondence of 
K and E values obtained by different methods 
shows the accuracy and reliability of these param- 
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TABLE 1. ALo~nic location of MCP where overlap of molecular orbitals is assumed to occur 

Atomic location of MCP ( X )  

(i) C o m p o ~ ~ n d  1 2 3 4 5 6 

Phenylalanine (benzene) 6 1 - 7 3 4 5 
Tyrosine (phenol) 6 I 2 3 4 5 
Tryptophan (indole) 6 5 4 3 2 1 

(ii) Ions Points of charge, complimentarity in ion orientations 

Phe~~ylalanine (benzene) 3 2 1 6 5 4 
Tyrosine (phenol) 6 I 2 3 4 5 
Tryptophan (indole) 1 6 5 4 3 - -J 

TABLE 2. The absorption rnaxirn~lm XI,,:,,, association constants K and molar extinction coefficients e ol' 
charge-transrer complexes of respective donors with NAD' 

Donor X m a l  (11111) I(ha (I mol-1) tka  (I mol-1 cnl-1) Kk"1 mol-I) ekb (I mol-I cm-I) 
- - 

L-Phenylalanine 296.0(287 .O) 13.71310(0.25) 106.66310(106.60) 13.51310 110.00310 
13.84310,14.05" 74.97310,72 .69d 14.29310 72.00310 
15.38330 49.83330 15.38330 50.00330 
12.00340 37.18340 13.33340 36.00340 

L-Ty ros~ne 296.0(293 .o) 1 .So315 324.5631s 1.72315 330.00315 
2.05330(1. IS) 194.50330(169.60) 2.13330(1 .20) 190.00330(170) 
1 .47340,1.61" 178,84340,169.51~ 1.61340 170.00340 
2.73350 87.45350 2.86350 SO . O O ~ S O  

lndole 301.0(300 .0) 3.873s0(2.77) 534 .I8370 - - 

430 .0O3soC(686 .67) 
L-Tryptophan 30s .0(305 .O) 16.66330 4-19 .SO330 17.80330 -150.00;;0 

17.64340 362.08340 18.18340 360.00340 
18.51350(3.33) 293.88350 18.183jo(3.2-1) 295.00350(760) 
17.46370,17.33" 217.97370,224.13" 17.86370 220.00370 

"Fostcr plot. 
"osc-D~ago plot. 
CTnkcn from ref. 6. 
'iScntcli;l~d plot. 

eters. It is evident from Table 2, that the 
association constants for phenylalanine-NAD+ 
and tryptophan-NAD+ complexes are of much 
higher order than those of corresponding MCP 
con~plexes, while K values for tyrosine-NAD'. 
although larger, are comparable with those of the 
tyrosine-MCP con~plex. Indole also shows 
slightly enhanced complexing capacity with 
respect to NAD+ than with MCP. Alivisitos 
el al. (6) have also observed the difference in 
magnitude of K between indole-NAD+ and 
some indole derivative-NAD+ con~plexes, al- 
though no definite explanation has been drawn 
by them regarding the origin of such differences. 
I n  order to  arrive a t  a more definite conclusion, 
we have not only studied the conlplex fortuation 
between the three aron~atic ailxino acids and 
indole with MCP and NAD+ respectively by 

spectrophotolnetric methods but also have done 
molec~~lar orbital calculations on the system. 
The assumption was ~nade  that the differences 
between these two sets of colnplexes are similar 
to those between the weak outer co~uplexes 
with partial charge-transfer and strong inner 
charge-transfer complexes in which charge- 
transfer is almost complete and stabilization is 
due to electrostatic attraction between the NAD-1- 
free radical (assuming that the odd electron is 
not localized on any particular atom, but is 
distributed over the whole niolecule. cJ: ref. 12, 
p. 526) and the donor cation (16). One set of 
calculations has, therefore, been done for 
donor-MCP complexes where the quantity of 
charge-transfer 6Q and the stabilization energy 
6E due to charge-transfer have been calculated 
according to the principle described in the pre- 
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TABLE 3. The frequency of charge-transfer maxima (v,,,,), the energies of HOMO, 
quantities of charge-transfer (6Q) and stabilization energies (6E) of some complexes 
of amino acids and their components with N-methyl-3-carboxamide pyridinium 

chloride (MCP) 

"ma, HOMO 6Q 6E 
Donor (crn-1) (p units) +4"/P' -P2/S 

Benzene 35398 .20a 1 .OOO 0.225 0.355 
Phenol 33726.81a 0.790 0.410 0.519 
Indole 33333.33b 0.534 0.515 0.649 
Phenylalanine 34843.20b 0.908 0.289 0.416 
Ty rosine 34129 .69b 0.727 0.405 0.513 
Tryptophan 32786.88b 0.479 0.547 0.668 

0 . 0 5  0.10 0- I5  0 10 

AOD --r 

FIG. 3. (a) Foster plot for the phenylalani~~e-NADf 
complex in water at  320 nm. The concentration of 
phenylalanine is varied from 1.5 X 10-2 M to 10.5 X 
10-2 M. The concentratio11 of NAD+ is 3.80 X 10-3 M .  
( b )  Scatchard plot for the above system. 

vious section. These values along with the 
experimentally observed v,,,,, (cm-l) for the C-T 
complex (1) and HOMO (highest occupied 
nlolecular orbital) of donors are given in 
Table 3. The v,,,,, (cm-l) for benzene and phenol 
are that of the intranlolecular conlplex, i.e., 
N-(0-X-phenylethy1)-3-carboxamide pyridinium 
chloride, where X is H and OH respectively (17). 
The variation of 6Q and 6E with v,,,, (cnl-l) for 
conlplexes and also with the HOMO of donors 
as shown in Fig. 5, proves their charge-transfer 
nature to be consistent with weak outer type 

FIG. 4. Rose-Drago plot for the phenylalanine-NAD+ 
complex at 320 nm. 

complexing. The much stronger complexing 
ability shown by aronlatic amino acids with 
respect to NADf on the other hand, is attributed 
to strong inner coillplex formation with conl- 
plete transfer of charge. Another set of calcula- 
tions for the net charges for donor cations 
and NAD+ free radicals have, therefore, been 
done. These data, denoted in Fig. 2 with asterisks, 
clearlv show that the enhanced-stabilitv of these 
conlplexes is due to greater charge complimen- 
tarity between donor cations and the NAD+ 
free radical when these are in juxstaposition 
according to the atomic locations given in 
section (ii) of Table 1. It should be noted that 
the orientations of the donors with respect to  
MCP as shown in section (i) are different than 
those of donor cations and NAD-+ free radical 
shown in section (ii). This is assumed to be the 
case in NAD+ conlplexes, except in the case of 
tyrosine, where the- orientation is the same in 
both cases. This is significant in the sense that 
experimentally the stability of tyrosine-MCP 
conlplex and tyrosine-NAD+ complex have also 
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/ T Y R  

FIG. 5. A plot of v,,:,, (cm-1) vs.  6E(A)  and 6Q(A) respectively and HOMO vs .  6E(O) and 6Q(0) 
respectively for donor-MCP complexes. 

been found to be comparable. Boers and Ver- 
hoeven (7), in their study of the binding of NAD' 
and MCP respectively, with rabbit-muscle glycer- 
aldehyde phosphate dehydrogenase have pre- 
dicted such differences in the relative orientation 
of nicotinamidium ion of NAD+ and M P C  wit11 
respect t o  tryptophan. 

It is thus evident froin these siinple molecular 
orbital calculations that MCP, being unhindered 
by any side groups, has more mobility in its 
conlplexing with amino acids and forms com- 
paratively loose con~plexes due to  partial transfer 
of charge from donor to  acceptor. I11 fact, we 
have also calculated 6E and 6Q values for several 
other orientations of MCP and each of the 
donors, and have found that these quantities do 
have significant values, although the largest 6Q 
and lowest 6E are those corresponding to  the 
orientation given in Table 1. The nicotinamidium 
moiety of NAD', however, has a large side 
group (adenosine part) and is known t o  exist in 
a stacked conformation. I t  is therefore possible 
that only a very specific orientation of the 
nicotina~nidiuin moiety of NAD' with respect 
t o  donors would cause coinplexing and when 
this occurs, the more specific and rigid orienta- 
tion of coinponeilts will lead to  almost co~llplete 
transfer of charge fro111 donor t o  acceptor (an 
interesting discussion by Herriott et nl. (18) 
about the importance of coulombic forces and 
of specific geoinetry between the components in 

such complexes is worth noting in this connec- 
tion). Recently, U~neyanla et 01. (8) have studied 
the interactio~l of NAD' with indole by a inore 
sophisticated M O  nlethod for several orienta- 
tions of indole and M C P  and have reported the 
calculated wavelengths for the C-T absorption 
froill 298.1 t o  316.7 nm. They have chosen a 
preferred orientation that gives calculated wave- 
lengths in close corresponde~lce t o  the experi- 
mentally observed values by previous workers. 
In our simple calculation scheme we have 
estimated 6Q and 6E for the orientation which is 
very similar to their preferred orientation and 
have found 6Q = f0.188 and 6E = -0.686. 
I t  is interesting to note that our experimentally 
observed value, A,,,,, of 300 + 3 nin is in good 
agreement with that obtained by them for an 
orientation very similar t o  the one chosen by us 
(Table 1, part i). These workers have also pre- 
dicted the C-T wavelengths of 344.6 and 302 I I ~ I  

for the adenine-nicotinamidiu~n moiety (3.4 A 
apart) in the stacked confornlation of NAD+, the 
oscillator strength of the former band being 
extremely small. We have studied the charge- 
transfer complex formation of adenine and M C P  
in aqueous illediunl and have found the value of 
K t o  be -4.0 1 mol-I (both for a Foster as well 
as  for a Rose-Drago plot), 6,  -73.0 I mol-l 
crn-I and A,,,,, as 300 f 3.0 nm. This coillplex 
although fairly strong in isolated molecules, 
apparently, according to  the calculations of the 
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above mentioned workers, would aff'ect only 
slightly the indole-nicotina~nidium complexing 
when N A D +  is the acceptor (C-T maximum of  
indole-nicotinamidium h a s  been predicted t o  be 
red shifted by 1.3 n m  only by stacking of adenine). 

T h e  fact tha t  t h e  indole-NAD+ conlplex has  a 
K value much smaller t h a n  tryptophan-NAD+, 
shows tha t  the  amino  acid chain also has a n  
effect in determining co~nplex ing  ability. This  
effect call be visualized by not ing the  changes in  
net charge a t  the  carbon a t o m  t o  which the  side 
chain is attached. This ca rbon  which is a high 
negative center in indole a n d  t ryptophan mole- 
cules beconles a fairly s t rong electron deficient 
center (net charge being positive) in  ions, 
t ryptophan having the more positive ca rbon .  In 
the case of  t ryptophan it can  be shown, by steric 
models for  the  orientation chosen by us, tha t  
this carbon is quite close t o  the negative carbonyl 
oxy.gen of  C O N H ?  group  of  the nicotin~unidiilm 
moiety a n d  this causes a n  extra center o f  chal,ge 
co~nplinlentarity a n d  hence enhanced stabiliza- 
tion: No experi~nental  da ta  a re  available for K 
values for ~ h e n o l - N A D +  or  benzene-NAD+ 
co~nplexes t o  make  a c o ~ n p a r i s o n  with corre- 
sponding tyrosiue-NADf or  phenylalanine- 
N A D +  complexes but similar considerations 
show that ,  for the  chosen orientations of these 
complexes, the carbon a tom having the  side 
chain, although a positive center in both amino 
acid ions, is sterically not in close proximity to 
the carbonyl oxygen. 

I n  conclusion, we have shown tha t  simple 
MO c a l c u l a t i o ~ ~ s  can ~ r o v i d e  a reasonable ex- 
planation of the  nature of  conlplex formation of 
amino  acids with M C P  a n d  N A D +  respectively, 
a n d  also of the role of  the  anlino acid chain of  
t ryptophan in colnplexing with NAD+.  Such 
in for~ua t ion  will enhance a better understanding 
of enzyme-NADi interaction a n d  of the  role of  
MCP.  when it is used a s  a probe for conforma- 
tional studies of proteins. 

A more  detailed study involving the calcula- 
tions of oscillator strengths fron; the  charge- 

transfer bands is in progress, no t  only for these 
complexes but  also for  various protein-NAD-' 
systems a n d  will be reported in a futurc com- 
munication. 
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Deconlposition of butyl dixanthogen in the presence of cationic micelles 
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LUIS SEPULVEDA and SERGIO CONTRERAS. Can. J. Cl~em. 54, 66 (1976). 
The decomposition of butyl dixanthogen in the presence of cetyl trin~ethylarnmoni~~m 

bromide (CTA) at p H  10.5 is studied. CTA micelles strongly catalyze the decomposition. 
A great difference is also fo~lnd between freshly prepared dixanthogen and that stored pure 
or dissolved in dioxane for more than one month. A general mechanism is proposed to 
account for the results obtained. 

LUIS SEPULVEDA et SERG~O CONTRERAS. Can. J. Chern. 54, 66 (1976). 
On a CtudiC, B un p H  de 10.5, la dCconlposition du dixanthogkne de butyle en prCsence de 

bromure de ~Ctyltrimithylammonium (CTA). Les micelles de CTA agissent comme un puissant 
catalyseur pour la dCcomposition, On trouve aussi une grande diffirence entre L I ~ I  dixanthro- 
gkne fraicllement prepart! et d'autres conservCs h 1'Ctat pur ou en solution dam le dioxanne 
pour plus d'un mois. On propose un mecanisme gCnCral pour expliquer les rCsultats obtenus. 

[Traduit par le journal] 

Introduction 
The problem of the chemical stability of di- 

xanthogen is of interest not only in organic 
chemistry but also in surface physical chemistry 
in its application to  mineral flotation. In this 
process the hydrophobic qualities exhibited by 
the minerals are attributed to the adsorption of 
dixanthogen fornied at the expense of the 
xanthate added as collecting agent. For this 
reason the xanthate-dixanthogen system has 
been the subject of several investigations during 
recent years. Pomianowski and Leja (I), for 
example, arrived at the conclusion that dixantlio- 
gen is spontaneously reduced to xanthate ac- 
cording to the scheme: 
[I] 2R-0-C-S-S-C-0-R + 40H- --t 

Tipman (2), on the other hand, has postulated 
that dixanthogen decomposes as follows: 
[7] R-0-C-S-S-C-0-R + OH- --t 

I I 
S 

I I 
S 

R-0-C-S-OH + R-0-C 

1Present address: UniversitC Libre de Bruxelles, 
Faculti des Sciences, Brussels, Belgium. 

In this work we intend to  demonstri~te that the 
spontaneous decomposition of dixanthogen in 
aqueous solution is far more complex than the 
~iiechaiiism proposed by both Pomianowski and 
Tipman. 

One of the ~ i i a i ~ i  difficulties encountered when 
dealing with aqueous solutions of dixanthogen is 
its high insolubility in water. We have solved this 
problenl by adding cetyl t r i~ i i e thy la~ i lmon i~ i~~ l  
bromide (CTA) to the system. This cntionic de- 
tergent in its micellar form can solubilize di- 
xantliogen or any other hydrophobic compound. 
One ;~lso would expect the CTA micelles to  be 
capable of inhibiting the chemical decomposition 
of dixanthogen as a result of the solubilization 
phenomenon. 

Experimental 

Aged butyl dixanthogen, (BuX)?, was prepared by 
oxidizing an  aqueous solution of potassium butyl xan- 
thate with iodine (1). The product was extracted wit11 
ether, the ether evaporated 017, and the yellowish oily 
liquid obtained was stored in a closed t ~ ~ b e  for inore than 
one month before using it.  Dixanthogen 111~1s prepared 
was dissolved in dioxane and 0.01 1111 of this solution was 
added to a cell of 1 cm path length containing 3 1111 of 
solution at the given p H  and CTA concentration. The 
solutions were buffered with 0.01 M sodium borate and 
the p H  adjusted by adding NaOH or HCI. The reaction 
was followed at 25 "C and at 350 nm in a Beckman DU-2 
spectrophoton~eter and the spectra were obtained either 
on this instrument operated manually (Figs. 3 and 4) or 
on a Zeiss I'M QII  spectrophotometer (Fig. I). 

Fresh butyl dixanthogen, (BuX)lf, was prepared in 
exactly the same way as the (BuX)?" but it was used no 
more than 1 h after its preparation. We shall also give 
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SEPULVEDA AND CONTRERAS: BUTYL DIXANTHOGEN 

FIG. 1. Spectra after the addition of (BUX)~" dissolved 
in dioxane to a 0.01 IMCTA solution at p H  10.5. Curve A :  
spectrum immediately after the mixing. Curves B,C,D,E,F, 
and G, spectra at 3,5,7,11,17, and 25 min after tlie mixing. 

the name (BuX)zl to the reagent prepared i l l  s i t r r  in the 
spectrophotometer cell as will be described below. 

CTA was purified by recrystallization from ethanol- 
ether solutions. Unless otherwise stated all the experi- 
ments were carried out in 0.01 M CTA solution at 
p H  10.5. 

Results and Discussion 

Figure 1 shows several spectra obtained at 
different tiriles after the addition of (BLIX)?~ to a 
solution of CTA. An unexpected barid at  350 nnl 
is observed which increases in intensity from 
Curve A to G. No meclianis~il known for the 
decornpositioii of dixanthogen can explain the 
appearance of this band. The first order rate 
constants for the appearance of the compound 
absorbing at 350 nrn are shown in Fig. 2 as a 
function of the concentration of CTA. It is 
observed that CTA catalyzes the reaction from 
concentrations near to  its CMC (8 X lo-' M). 
The decrease of the rate beyond certain concen- 
trations of ~nicelles has been interpreted as a 
characteristic behavior of biiiiolecular reactions 
due to the decrease in the surface concentration 
of reactants as the concentration of micelles 
increase (3). It is interesting to  note that CTA 
micelles enhance the rate of the reaction rather 
than depress it. Dixanthogen is highly hydro- 
phobic and one would have expected that it 
would be incorporated inside the micelle to  avoid 
the attack of water or hydroxyl ions. 

I I< 

2 4 6 8 1 0  40 

[ C T A ]  r 10" 

FIG. 2. First-order rate constants for the decomposition 
of (BuX):" as a fiinction of the concentration of CTA at 
pH 10.5. 

When ( B L ~ X ) ~ "  was added to a CTA solution it 
was found that the rate of appearance of the 
band at 350 nrn was about 500 fold less than for 
(BLIX)~" (a half life of 5 1 h as co~iipared to 6 nlin). 
This difference was more obvious when enough 
iodine was added to a xanthate-CTA solutio~i 
contained in the spectrophotoiileter cell to oxi- 
dize all the xantliate. Tlie spectra of this solution 
at  different ti~iies after the addition of iodine were 
very similar to those shown in Fig. 1 in the region 
below 320 n u .  However no band was observed 
at 350 nm even after 4 h. 

One further difference between (BuX)la and 
( B U X ) ~ ~  was found when the spectra of their reac- 
tion products were compared before and after 
acidification with a drop of concentrated HC1 
(Fig. 3). The spectra of the products differ 
mainly by the band at  350 nm presented by the 
products of (BuX)?" (curve A and A'). This band 
disappeared after acidification giving in turn a 
band at  about 300 nni (curve B'). The big band at 
300 nm of both dixanthogen products also dis- 
appeared after acidification. On the other hand, 
the acid solution of ( B u X ) ~  gave no band at  
about 300 nm (curve B). This behavior could be 
interpreted by assuming that the con~pound 
absorbing at 350 nln gave, after deconlposition 
in acid media, a new one absorbing at 300 nm. 
This hypothesis was confirnled after measuring 
the absorbances of samples withdrawn at  differ- 
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In J 

FIG. 3. Spectra of decomposed butyl dixanthogen in a 
0.01 M CTA solution at  p H  10.5. Curves A and A': 
spectra of decomposed (BuX)lf and (BuX)~". Curves B 
and B': spectra of deconiposed (BuX)~ '  and (BLIX)~" 
after acidification. 

ent tinles fro111 a (BuX)&CTA solution. Each 
sample was read at 350 nm before acidification 
and at 300 nil1 after acidification. The plot of one 
absorbance against the other gave a straight line 
suggesting a close correspondence between the 
conlpound absorbing at 350 11111 and the one 
appearing in acid media. No xanthate can be 
present in acid solution (4) so deconlposition of 
butyl dixanthogen gives products which are not 
necessarily xanthates. A similar conclusioil was 
achieved when a portion of a solution contaiiliilg 
the products of the reaction of (BuX)f7 was 
extracted with chlorofor~n and the other portion 
acidified with concentrated HC1. The spectra of 
the chloroform phase, its aqueous residue and 
the acidified portion are shown in Fig. 4. Alillost 
all the absorbing products are extracted by 
chloroform, with the aqueous fraction exhibiting 
only a small absorption at  350 nm. If butyl 
xanthate were a product of the reaction it would 
be present in the aqueous phase with its charac- 
teristic band at 301 nm. In the acidified portion 
we found, as before (Fig. 3), that the conlpound 
absorbing at  350 nrn disappeared yielding the 
one stable in acid media with a band at about 
300 nm. 

I . . )  

240 280 120 360 100 

A Inm) 

FIG. 4. Spectra of decomposed (BuX)?" in a 0.01 M 
CTA solution at p H  10.5 after extraction with chloroform. 
Curve A: chloroform phase. Curve B: aqueous phase. 
Curve C :  acidified portion of the decomposed solution. 

One of the probable n~echanisms that can be 
proposed in order to account for the present 
results is the following: 

kl 
[3] (BuX)2 -+ Y (non aqueous solvent or 

~nicellar phase) 

k2 
[4] (BLIX)~  -+ 300 nm band plus deep minima 

at 270 nm (aqueous detergent solution) 

[51 
k3 k4 

Y -+ 350 nm band + 300 11111 band 
H i  

(aqueous detergent solution) 

where Y would be a compound that would be 
formed slowly at a rate kl while dixanthogen is 
stored pure or dissolved in a non polar solvent. 
Y also would be fornled in the interior of ~nicelles 
at the rate kl ;  its decomposition, to give the 
350 nm absorbing compound, would be strongly 
catalyzed by CTA micelles and highly p H  de- 
pendent. It would also be required that k2 >> kl, 
k3 =: k2, and k3 >> kl. According to this schenle 
the rates shown in Fig. 2 correspond to k3, and 
the rate which we have referred to as having a 
half life of -51 h corresponds to kl because this 
would be the rate determining step when reac- 
tions 3 and 5 are occurring simultaneously, i.e. 
when fresh butyl dixanthogen is added to the 
aqueous CTA solution. 

Finally, we can conclude that (a) decomposi- 
tion of dixanthogen begins just after its prepara- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SEPULVEDA AND CONTRERAS: BUTYL DIXANTHOGEN 69 

t ion,  a n d  (6) under  t h e  conditions studied, Research Gran t  Educat ion is gratefully acknowl- 
xanthate is not  a product of  the decomposition of  edged. 
dixanthogen. Other  compounds are  f o r ~ n e d .  1. A. POMIANOWSKI and J. LEJA. Can. J. Chem. 41, 2219 

(1963). 
2. N. R. TIPMAN. Ph.D. Thesis. The University of British 
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Linear oligopeptides. XXVII.' Contribution to the circular dichroism of 
internal peptide chromophores 

Receivecl June 5. 1975 

CLAUDIO TONIOLO and GIAN MARIA BONORA. Can. J. Chcln. 54, 70 (1976). 
The contribution to the c i rc~~lar  dichroism of L-Ala-L-Ala, L-Nva-L-Nva, L-Val-L-Val, 

L-Leu-L-Leu, L-lle-L-lle, L-Cys(Mc)-L-Cys(Me), L-Met-L-Met, ancl L-Phc-L-Phe internal peptide 
chromophores in 1,1,1,3,3,3-l~cxall~1oropro~~a1~-2-ol were calci~lated by subtracting the total 
molar ellipticity values of N- and C-protected homo-trimers from those of the pertinent pro- 
tected homo-tetramers. 

The circular dichroism of the internal peptide chromophore of aliphatic hydrocarbon- and 
s~llfur-containing peptides, each of the L-configuration, show a negative band at  21 5-230 nm 
accompanied by a more intense negative band near 200 nm. A structi~red wcak and negative 
band near 260 nm along with bands at 240 nm (negative), 222 nm (positive), and 210.5 nm 
(negative) of progressively increasing intensity are apparent in the circular dichroic spectrilln 
of L-Phe-L-Phe internal peptide chro~nophore. The elfect of solvent polarity is discilssed in thc 
case of L-Val-L-Val and L-Ala-L-Ala internal peptide chromophores. 

Among the protected ho~no-trimers and tetramers only those of L-alanine are soluble in 
aqileoils solution; consequently, the effect of water as a function of temperature, urea, and 
guanidinium chloride on the L-Ala-L-Ala internal peptide chromophore circular dichroism 
was established. 

CLAUDIO TONIOLO et GIAN MARIA BONORA. Can. J. Chem. 5'470 (1976). 
On a calci~le la contribution des chro~nophores peptidiques internes ail dichroismc circillaire 

de L-Ala-L-Ala, L-Nva-L-Nva, L-Val-L-Val, L-Leu-L-Leu, L-lle-L-lle, L-Cys(Me)-L-Cys(Me), 
L-Met-L-Met et L-Phe-L-Phe dans I'hexalli~oro- 1 ,1, l,3,3,3 propanol-2 en soustrayant les 
valei~rs de I'ellipticitC molaire totale des homo trimkres N- et C-protCg6s de celles des homo 
ti tra~ntres protCgCs appropriis. 

Le dichroism circi~laire des chromophores peptidiqiies internes de peptidcs, chacun de 
contigi~ration L, contenant tin hydrocarbure aliphatiqi~e oil dc soi~frc montre une bande nCga- 
tive plus intense prks de 200 nm. Une faible bande stri~cti~rCe et negative prks de 260 nm de 
mCme quc des bandes 5 240 nm (nigative). 222 nm (positive) et 210.5 nm (negative) d'intensiti 
croissant progressivemcnt sont apparentes dans le spectre dc clichroi'sme circi~laire du chromo- 
phore peptidique interne de la ~-Pl le-~-Pl le .  On disci~te de l'effet dc la polarit6 clu solvant dans 
le cas des chromophores peptidiques internes des L-Val-L-Val ct L-Ala-L-Ala. 

Parmi les homo trimkres et tetramkres protCgCs seulement cells de la L-alaninc sont solubles 
dans des solutions aqueuses; par consCquent I'effet dc I'ea~i cn fonction de la temperature, 
I'effet cle I'urCe et du chlorure de guanidinium sur le dichro'istne circi~laire du chromophore 
peptidique interne du L-Ala-L-Ala a pu @tre Ctabli. 

[Traduit par le journal] 

Introduction 

Recently, work has been carried out with thc 
explicit purpose of determining the circular 
dicliroism (cd) spectra to  190 nm of amino acid 
residues (2) or peptide chromophoresz occupying 
an internal position in a randomly coiled poly- 
peptide c l i a i ~ i . ~  

1For the previoils paper in this series see ref. 1. 
'W. L. Mattice and W. H .  Harrison 111, personal 

communication to one of 11s (C.T.). 
'The following abbreviations were used in the text: 

cd, circular dichroism; ord, optical rotatory dispersion; 

The present work represents an extension of 
this approach in which-wc describe the cd con- 
tribution to 190 nm of L-Ala-L-Ala, L-Nv~-L-  
Nva, L-Val - L -  Val, L -  Leu - L -  LCLI, L- Ile - L -  Ile, 
L-Cys(Me)-L-Cys(Me), L-Met-L-Met, and L-Phe- 

BOC, tet.t-butyloxycarbonyl; MEEA, 2-methoxy-[2- 
ethoxy-(2-ethoxy)]-acetyl; Ac, acetyl; OMe, methyl ester; 
Mo, morpholine amide; HFIP, 1,1,1,3,3,3-hexafluoro- 
propan-2-01; TFE, 2,2,2-trifltioroetha11ol; MeOH, meth- 
anol; EtOH, ethanol; PrOH, 11-propanol; BuOH, 11- 

butanol; TFA, trilluoroacetic acid: GuHCI, guanidinium 
chloride; Gly, glycine; Ala, alanine; Nva, norvaline; 
Val, valine; Leu, leucine; Ile, isoleucine; Cys(Me), 
S-methylcysteine; Met, methionine; Phe, phenylalanine. 
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L-Phe internal pcptide chromophores. Tempera- 
ture and solvent effects were also examined. 

Experimental 
Sy~rtl~esis of Peptides 

The BOC-(L-X)3-OMe were synthesized from 
BOC-L-X-OH and H-(L-X)2-OMe by the 
dicyclohexylcarbodiimide method (4, 5); the BOC- 
(L-X)4-OMe were synthesized fro111 BOC-(LAX):- 
NHNH? and H-(L-X)2-OMe by the modilied acid 
azide method (6). The detailed description of the various 
preparations, along with the elemental analytical data 
and physical properties of all trimers and tetramers, were 
reported in previous papers (7-14). The characterization 
of these compounds gave evidence of their chemical 
and optical purities. 

Measuret,ie~rts of Cirr~rlcir Dicl~r~oisti~ 
Circular dichroism spectra were recorded ~lsing a Cary 

Model 61 circular dichroic spectrophotometer. The 
spectra were obtained  sing cylindrical f ~ ~ s c d  quartz 
cells of 0.5 mm, 1 mm, and 10 m111 path-lengths. Dry 
prepurified nitrogen was employed to keep the instrument 
oxygen-free during the experiments. A complete base line 
was recorded for every measurement using the same cell 

in which the sample had been replaced with solvent. The 
calibration was based L I ~ O I I  [B]290 = 7.840 deg.cm? 
dmol-1 for a purified sample at ci-10-camphorsulfo~~ic 
acid (Fluka, Buchs) in 0.1(;; aqueous solution (15). The 
temperature was controlled by circulating water from a 
constant temperature bath through a hollow metal cell 
holder. The temperature in the cell was determined using 
a Philips thermistor. No thermal degradation of the 
sample occurred, as shown by regeneration of the original 
spectra upon cooling. Solutions of 10-2 to 10-3 IM peptide 
were prepared by placing the weighed peptide in a 
volumetric flask and adding the appropriate solvent. 
Whenever a solution was diluted, the spectra of thc con- 
centrated and d i l ~ ~ t e  sol~~tions were measured in over- 
lapping regions of the spectrum. The cd properties were 
independent of peptide concentration in every case. The 
cd data employed in the computations represent average 
values from at lcast fo~lr  recordings. The values for each 
oligomer were calc~~latcd on a total molar ellipticity basis 
(the molecular weight of each compound was ~ ~ s e d  for 
the computations, not that of the consti t~~ent amino acid 
residue). Thcn, thc total molar ellipticity values of 
BOC-(L-X),-OMe were subtracted fro111 those of the 
pertinent BOC-(L-X)?-OMe giving the ellipticity/n~ol 
of peptide chromophore, [el,: 

[ellt = [el,, C-,,,, -o,I, - [O]BOC-(S)~-OSI~ 
where 

100 X measured ellipticity (deg) 
[ ~ l ~ o ~ - ( ~ ~ , ~ - o ~ l c  = cell path (cm) X molar concentration of BOC-(X),,-OMe 

The Lorentz refractive index correction was not applied 
(15). 

The solvcnts used for the cd measurements were TFE 
(Fluka, Buchs), HFII' (DLI Pont and Company, Wilming- 
ton, Del.), MeOH (Merck A.G., Darmstad), EtOH, 
11-PrOH, and 11-BuOH (Erba, Milan), and double distilled 
water. All solvents werc of the highest purity conimer- 
cially available and were used without further purifica- 
tion. Urea (16) and GuHCl (17) were p~~rchased from 
Fluka (Buchs) and purified in the standard conditions. 

Results and Discussion 

Brand and Erlanger in 1950 first suggested that 
each kind of amino acid residue in a polypeptide 
chain shoi~ld have a characteristic residue optical 
activity at  any wavelength, and that the molar 
optical activity of a randomly coiled polypeptide 
chain should just be tlic sum of the intrinsic 
residue optical activities of the constituent amino 
acids (18). They also made the first systematic 
study of D-line rotations of various series of 
oligopeptides (19). Later on, Tanford and co- 
workers were able to demonstrate that the amino 
acid composition affects the ord properties from 
unordered regions of protein chains (20). The 
approach of Brand and co-workers (18, 19) was 
extended by Beacham et al. (21), Schechter and 

Berger (22) and Beecham (23). 
I t  shoiild be stressed that studies in this area 

have dealt almost exclusively with ord. Also, 
i~s i~al ly  the measurements did not penetrate in 
the region of T --', T*  peptide transition (24). 
Notwithstanding the well-established superiority 
of cd over ord and the rclcvant amount of infor- 
mation which one can obtain from the spectral 
region below 220 nm (24) o~i ly  two papers have 
appeared with the explicit purpose of detcrmin- 
ing the cd spectra to 190 nm of amino acid 
residues (2) or peptide chromophores2 occupying 
an internal position in a randomly coiled poly- 
peptide chain. 

As corrcctly pointed out by Schechter and 
Berger (22), although the Brand and co-workers 
treatment (18, 19) describes the situation fairly 
well, it clearly represents an oversiniplification of 
the problem. In fact, it introduces an artificial 
concept, namely a residue optical activity as an 
additive parameter assigned to  an asymmetric 
carbon atom. Since the chirospectroscopic prop- 
erties of peptide molecules derive mainly from 
the contribution of their aniide (peptide) chromo- 
phores, it is more correct t o  assign additive 
optical activity parameters to  these chromo- 
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phores. Therefore, the concept of a 'peptide 
cllro~llophore parameter' should be introduced 
as defined by the two amino acid residues form- 
ing the peptide bond. 

Thus, in a cd study the total molar ellipticity 
of a randomly coiled polypeptide chain lnust be 
represented at ally wavelength by an equation of 
the form. 

[O]T = C ili[O]R 
I 

where izi is the number of peptide chromophores 
of type i ,  and [O]R thc intrinsic (internal and 
terminal) peptide chromophore ellipticity. 

In this paper we illustrate the illtrillsic cd to  
190 nm for L-Ala-L-Ala, L-Nva-L-Nva, L-Val- 
L-Val, L-Leu-L-Leu, L-Ile-L-Ile, L-Cys(Me)-L- 
Cys(Me), L-Met-L-Met, and L-Phe-L-Phe internal 
peptide chromophores. To calculate the internal 
[elR values wc subtracted the total molar ellipti- 
city values of N- and C-blocked homo-tripep- 
tides from those of corresponding homotetra- 
peptides. This approach is analogous to that 
described by Schechter and Berger (22) (see their 
P3 parameter). For this study we used the tert- 
butyloxycarbonyl as the N-protecting group and 
the methyl ester as the C-protecting group for 
practical reasons connected with the synthesis of 
peptides. The contributioil to  cd of the urethane 
and ester chromophores was eliminated in using 
our treatment. The influence of charged terminal 
groups, which arc known to  affect thc environ- 
ment of a peptidc chromophore a t  some distance 
into the chain (3),  was also removed. 

The present method of analysis, which makes 
use of tripeptides and tetrapeptides, can be con- 
sidered as the simplest method giving [O]R values 
of internal peptide chromophores. 111 this con- 
nection it should be recalled that termit~al ~ e ~ t i d e  . . 
chromophores of a chain are solvatecl differently 
froin internal peptide chromopl~ores and con- 
sequently may have different cd properties (20,25). 

The cd contribution of internal peptide chro- 
mophores can be influenced, even in a statisti- 
cally unordered conformation, by the nature of 
the residues i~nlnediately adjacent to  them (2, 20). 
Thus, the cd patterns of -the various internal 
peptide chromophores described in this paper 
represent rigorously only those of the corres- 
ponding ho~no-polypeptides in a randomly coiled 
conforn~ation (usually expressed as mean residue 
ellipticity), provided solvent and tenlperature are 
the same. Consequently, the extension of our 

-25  , , , , , , , , , , , , -25 
)90 ZW 210 220 290 240  WO 200 210 220 2-30 240 

A (nm) A (nm) 

FIG. 1 .  Ci rc~~ la r  dichroism of L-Ala-L-Ala ( A ) ,  L-Leu- 
L-Leu (B), L-Nva-L-Nva (C), L-Val-L-Val (D), and 
L-Ile-L-Ile (E) internal peptide cl~rornopllores in HFIP 
at 21 "C. 

results to protein chains should be considered as 
an approximation. 

Our approach has also the disadvantage that 
the [O]R values of the internal peptide chromo- 
phores studied here, with the only exception of 
L-Ala-L-Ala, could not be obtained in water 
solution because of the poor solubility of the 
various homotrimers and homo-tetramers in this 
solvent. 

A sulnnlary of the pertinent data which we 
have been able to find is given in Figs. 1-4 and 
discussed below. 

A. St~rclies in HFIP 
HFIP, a highly fluorinated alcohol, is a weak 

acid with a pK, of 9.30 (26). This solvent does 
not support ordered secondary structures in 
short oligopeptides (1, 9-11, 27-29). Clearly, 
proto~latioil of the peptidc backbone is ruled out 
in HFIP; but the competitive hydrogen bonding 
of this structure-disrupting solvent to the recep- 
tive sites of amide groups of peptide nlolecules 
largely determines its solvent power. Therefore 
the conformation of oligopeptides in HFIP is 
assumed to  be a solvated unordered coil. For this 
reason and because of its transparency in the 
~lltraviolet region to  190 11111 (30, 31) it was em- 
ployed in our cd study. 

Iizterizal Peptide Chrotnophore Circular Di- 
chroistn of Pepticles Cotltuining Aliphatic 
Hj~c/rocarboi~ Sick Chaitls 

The cd spectra of L-Ala-L-Ala, L-Nva-L-Nva, 
and L-Leu-L-Leu internal peptide chromophores 
are characterized by two negative bands of 
different intensities centered a t  about 220 1lm 
(n + Z* amide transition) (24) and 198 nil1 
(Z -> Z* ainide transition) (24), respectively 
(Fig. 1). The [O]220/[O]197.5 ratios range from 0.13 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TONIOLO AND BONORA: LlNEAR OLIGOPEPTIDES. XXVll 73 

o chromophoric group and their assignments dis- 

- 5  cussed (32). Furthermore, several bands are 
7 present in the cd spectrum of S-rnethylcysteine, 

D 
r - 1 0  O f whereas the curve of methionine is much simpler 
B 

-15 
-2 (32). In  particular, the strong 220 nm band of 
- S-methylcysteine, assigned t o  a transition of the 

- 20 
- 6  

sulfur atom dissymmetrically perturbed by the 
centre at  C-2, is not observed in the spectrum of 
methionine. In this context it is significant that 

FIG. 2. Circular dichroisnl of ~-Cys(Me)-L-Cys(Me) in methionine the sulfilr chromophore is Separate 
(F), L-Met-L-Met (G), and L-Phe-L-Phe (H) internal pep- from the asy~llnletric carbon atom by one more 
tide chromophores in HFIP at 21 OC. methylene groups than in S-methylcystei~~e. 

L-Plle-L-Plze Iizternnl Pe/>ticle Clzrot~~o~~lzore 
for L-Ala-L-Ala t o  0.38 for L-Nva-L-Nva. In all Cii.culnr Diclrroism 
cases the is negative from 250 to Among the internal peptide chron~opl~ores  of 
192 nm. aromatic peptides, we have investigated L-Phe- 

A similar general trend is observed for the cd L-Phe contains benzylic side ( ~ i ~ .  2). 
of internal peptide chrolnophores of P-branched 

Ill the 280-235 nm region a weak 
peptides (Fie. '1. negsltivc band a t  about 260 nm is apparent 

ever, in these cases the two dichroic bands are in the L-Phe-L-Phe internal peptide chromophore 
located near 215 nnl and at  200 nm, respectively. cd (24, 33, 34), corresponding to t h e ~ ~ 2 , ,  .+IA~, 
Also, the ['I215/['1200 ratios are collsiderably benzene transition in the platt notation (35). 
higher than those above for The negative band at approximately 240 11m, 
A1a, L-Nva-L-Nva, "d L-Leu-'-Leu> being wllicll does not have any coullterpart i n  the 
situated in the range 0.50-0.60. This latter finding uv absorption spectrum of phenylalanine pep- 
is mainly due t o  the fact that the negative a -> a* tides (8), is assigned to a n  overlapping of the two 
cd band is rlluch less intense for L-Val-L-Val and more intellse s~lort-wavelengt~l bands o ~ o p p o s ~ t e  
L-lle-L-Ile. sign. These latter Cotton effects are both 

It is also of interest that the L-Ala-L-Ala cd contributions froln peptide and 
above 195 nm is definitely the least negative bellzyl c ~ r o m o p ~ l o r e s ~  
among those shown in Fig. 1. The most interesting feature of L-Phe-L-Phe 

Ii2tel'll(l/ Pellticle C/zroi77ol1/?ore Circrilcrr Di- internal peptide c]lromophore cd resides un- 
clzroism of Srrlfiir-coiztaiiziizg Pepticles doubtedly in the strong positive dichroism 

The cd curves of L-Met-L-Met and ~-Cys(Me)- ill the 230-217 nm rcgion and below 
L-Cys(Me) internal peptide ch romo~hores  are 207 nm (2, 20). Conseq~~ently,  the cd curve of a 
illustrated in Fig. 2. The L-Met-L-Met cd closely peptide molecule abundant in ~ - p ] ~ e - ~ - P h e  bonds 
resembles those of aliphatic hydrocarbon pep- will reflect these properties and exhibit a pattern 
tides discussed above. Two negative bands are below 230 nlll much less negative than those of  
visible at  228 nnl and 200 nm, respectively. The po[ypeptides devoid of this arolnatic sequence. 
[']228/[']200 ratio (0.10) is near that of L-Ah- 
L-Ala. B. Strrclies in V N ~ ~ O L I S  AICOIZOIS 

Also the cd spectrum of L-Cys(Me)-L-Cys(Me) The effect of solvent polarity was examined in 
is always negative above 196 11111. But, its pattern some detail in the case of L-Val-L-Val. and a 
presents a distinctive mark in the pronounced number of alcohols, the polarity of which ranges 
broadness o f the  a-+ a* band. The [0]220/[8]203 fro111 BuOH t o  HFIP, were used for this in- 
ratio (0.34) approxi~nates that of isosteric vestigation. The resulting composite internal 
L-Nva-L-Nva. peptide chro~nophore cd is shown in Fig. 3. AS 

In discussing the cd of sulfur-containing pep- for HFIP (Fig. 1) the cd pattern is characterized 
tides attention should be drawn to the fact that by a pro~lounced negative shoulder at approxi- 
the thioether chromophore also absorbs in the mately 215 nm followed by a more intense maxi- 
190-250 nm region. Actually, a number of uv mum of the same sign near 200nm. In the 
absorption bands have been reported for this spectral region examined (25G195 nm) the ellip- 
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FIG. 3. Composite circular dichroism curves of L-Val- 
L-Val internal peptide chromophore in HFIP, TFE, 
MeOH, EtOH, PrOH, BuOH at 21 "C. 

ticity is always largely negative. We were not 
able to observe any distinct trend on gradually 
changing the solvent polarity. 

C. Stirdies irz Aqireo~rs Sol~ition 
Norvaline, valine, leucine, isoleucine, rne- 

thionine, S-methylcysteine, and phenylalanine 
homo-trimers and homo-tetramers exhibit poor 
solubility in water, so that we were forced to  
confine our cd study in aqueous solution ex- 
clusively to the L-Ala-L-Ala internal peptide 
chromophore (Fig. 4). 

The L-Ala-L-Ala cd curve in water at ambient 
temperature presents a large negative maximum 
at 195 nrn accompanied by a less intense positive 
maximum at 219 nnl. An additional extrenlely 
small Cotton effect (negative) is visible near 
235 nm. The differences between this spectrum 
and the corresponding one in HFIP are marked 
above 210 nm. In particular, the main feature 
distinguishing the cd in water is represented by 
the positive dichroisn~ in the 212-230 nrn region. 

The temperature effect on L-Ala-L-Ala internal 
peptide c h r o n ~ o ~ h o r e  cd is also illustrated in 
Fig. 4. At 65 "C the spectral region of positive 
dichroism disappears and the cd above 230 nrn 
also becomes more negative. Interestingly enough, 
these findings do not seem to be. associated with 
an increase in the negative ellipticity of the high- 
energy n + n* band with increasing temperature. 
Actually, just the opposite was observed. 

At variance with the behavior as a function of 
temperature, the gross features of L-Ala-L-Ala 
cd at  21 "C are essentially unaffected in 8 M 
urea or 6 M GuHC1 (Fig. 4). 

FIG. 4. Circular dichroism of L-Ala-L-Ala internal 
peptide chromophore in water at  21 OC (AI), in water at  
65 "C (Al), in 8 M urea at  21 "C (A3), and in 6 M GuHCl 
at 21 "C (A4) .  

FIG. 5. Circular dichroism of L-Ala-L-Ala internal 
peptide cluon~ophore in water at  room temperature: 
A, this work; B,  calculated from Fig. 11 in ref. 36; C ,  
from Glyz-Alaz-Glyz (ref. 2); D, from Glyr-Ala-Glyz 
(ref. 2); E,from Ac-(Ala)3-4--0Me.Z The various curves 
are not directly comparable (see text for a discussion). 

Figure 5 compares the L-Ala-L-Ala internal 
peptide chromophore cd in water shown in 
Fig. 4 with those reported by Lord and Cox (2) 
and Mattice and H a r r i s ~ n , ~  and with that cal- 
culated by us from Fig. l l in ref. 36. 
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It should be noted that Mattice and Har- 
rison2 measured the cd properties of the series 
Ac-(Ah),,-OMe, while Goodman and co- 
workers (36) examined a similar series, namely 
MEEA-(Ala),L-Mo. Also, the approach used 
by Mattice and Harrison2 is strictly analogous 
to that enlployed by us in the calculation of 
L-Ala-L-Ala cd from BOC-(Ala),,-OMe (this 
paper) and MEEA-(Ah),,-Mo (36). Thus, it 
is not surprising that the cd patterns reported 
in Fig. 5 (curves A,  B, and E)  are quite similar. 
In particular, the positive Cotton effect at 216- 
219 nm and the large negative Cotton effect at 
194-196 nnl are present in all cases. The 20% 
difference in ellipticity found below 200 nm 
could be reasonably ascribed to the relatively 
low signal to noise ratios exhibited by the 
oligopeptides in that spectral region. 

The method enlployed by Lord and Cox (2) 
is different in the sense that they calculate the cd 
of an  internal L-alanine residue (not of a n  
L-Ala-L-Ala internal peptide chromophore) by 
measuring the cd curves of the unblocked 
Gly2-L-Ala-Gly2 and Gly2-~-Ala?-Gly~ (in the 
latter case the experimental values were divided 
by the number of optically active residues in the 
peptide). In fact, according to Lord and Cox (2), 
two glycyl residues are required to remove 
charge effects of a-carboxyl or a-amino groups. 
Their data are shown in Fig. 5 (curves C and D). 
It is noteworthy that in both cases the dichroism 
is always negative; however, the spectrum from 
Gly2-~-Ala?-Gly~ is different from that of 
Gly?-L-Ala-Gly2 in the sense that in the former 
the ellipticity above 205 nil1 is clearly less nega- 
tive, thereby approaching more closely that of 
curves A,  B, and E. This latter finding illustrates 
well the fact that the intrinsic peptide chromo- 
phore cd can be influenced, even in a statistical 
coil conforn~ation, by the nature of the amino 
acid residues immediately adjacent to it. In 
addition, it is of interest that if one subtracts 
the spectrunl of Gly2-L-Ala-Gly2 from that of 
Gly2-~-Ala2-Glyl a positive dichroisn~ is apparent 
in that region around 215-220 nm (2). 

We believe that at  the present stage of the 
research in this area it is impossible to indicate 
conclusively the origin of the positive dichroisn~. 
In fact, irtter alia the assignn~ent of the electronic 
transition responsible is still a matter of con- 
troversy (37). In any case our cd results on short, 
unionized alanine derivatives substantiate pre- 

vious findings (2, 37)2 that it is definitely not 
essential to claim the occurrence of ordered 
secondary structures for explaining the onset of 
a positive ellipticity near 215-220 nm (38-40). 

As far as the temperature dependence of the 
L-Ala-L-Ala cd is concerned,. in accordance with 
Mattice (37)' we assign it to the increasing 
populatioil of the higher energy rotalners of the 
conformational map as the temperature in- 
creases. Also, our results, indicating a very 
small effect of 8 M urea and 6 M GuHCl on the 
chirospectroscopic properties of oligopeptides 
without charged side chains, parallel previous 
findings reported by Hooker (41). In this context 
it should be recalled that little difference is 
apparent in the cd of rigid bicyclic lactalns in 
water and in 8 M urea (42). In addition, these 
data exclude a change in association as a factor 
responsible for the observed temperature effect. 

The cd spectrum of poly-L-alanine in the 
solvated randoinly coiled confor~nation in 100% 
T F A  is always negative in the 190-250 nnl 
region (3, 43), closely resenlbling that of L-Ala- 
L-Ala internal peptide chrornophore in HFIP 
shown in Fig. 1. o n  the contrary, the cd spec- 
trum of L-Ala-L-Ala internal peptide chromo- 
phore in water exhibits yositive ellipticity around 
215-220 nnl (Fig. 4). We interpret this solvent 
dependence as arising from simultaneous con- 
formatioilal and solvation processes; however, 
invoking the occurrence of preferred conforma- 
tions (38-40) is absolutely not required by the 
above statement. 

Finally, it is of interest to note that a positive 
dichroisln around 215 nm is also exhibited .by 
a n  internal L-glutamyl residue (2) and an 
L-Lys-L-Lys internal peptide chromophoreZ in 
water, but only in the p H  regions where the 
side chains are ionized. 
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Photosensitization by Cd(3Po,,) atoms. 
111. Gas phase decomposition of cyclopentane' 
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Received November 16, 19732 

BANS[ L. KALRA and ARTHUR R. KNIGHT. Can. J. Chem. 54, 77 (1976). 
The triplet cadmium photosensitized decomposition of cyclopentane in the vapor phase has 

been studied at 355 "C and has been shown to give rise to cyclopentyl radicals and hydrogen 
atoms with close to unit efficiency in the primary process. Subsequent reactions of these species, 
including an important contribution from unimolecular decomposition of cyclopentyl radicals, 
yield the observed volatile products, hydrogen, methane, ethylene, ethane, propylene, and 
cyclopentene. As a result of significant olefin scavenging of H-atoms product yields are strongly 
time dependent. The system has been shown to be unaffected by addends. The temperature 
dependence of the rate of product formation is consistent with the known energetics of cyclo- 
pentyl radical decomposition. 

BANS L. KALRA et ARTHUR R. KNIGHT. Can. J. Chem. 54, 77 (1976). 
On a Ctudii, a 355 "C, la dicomposition, photosensibilisCe par le cadmium a l'etat triplet, 

du cyclopentane en phase vapeur et on a montri qu'elle conduit i des radicaux cyclopentyles 
et des atomes d'hydrogkne avec une efficacitC proche de l'uniti pour le processus primaire. 
Des riactions subskquentes de ces espkces, y compris une contribution importante de la decom- 
position unimoliculaire des radicaux cyclopentyles, conduisent aux produitsvolatiles observis 
soit l'hydrogkne, le methane, l'ithylkne, l'ethane, le propylene et le cyclopentkne. 11 risulte 
d'une Clinlination importante des atomes d'hydrogkne par les olifines que les rendements en 
produits dCpendent fortement du temps. On a montrC que le systkme n'est pas affect6 par des 
adduits. La dipendance sur la tempirature des vitesses de formation des produits est en accord 
avec les Cnergies connues pour la decomposition du radical cyclopentyle. 

[Traduit par le journal] 

Introduction 

In a previous paper (1) it was shown that the 
deconlposition of cyciohexane by triplet cad- 
mium atoms a t  3261 A generally exhibited the 
same characteristics as the analogous triplet 
mercury sensitized system. Very few cadmium 
sensitized systems have been examined, however, 
and it is inlportant t o  establish whether this 
similarity extends t o  other cyclic hydrocarbons, 
as well as t o  examine the cyclopentane system in 
its own right. In the present investigation, there- 
fore, we have studied the triplet cadnliun~ sensi- 
tized Gecomposition of cyciopentane vapor a t  
3261 A. 

In an attempt t o  elucidate inore fully the role 
of olefinic products from this reaction, experi- 
ments with added propylene were conducted. 
These necessitated a correction t o  the observed 
product yields for competitive quenching of the 
sensitizer. There are, however, significant difficul- 

ties in such con~putations because of the dearth 
of meaningful cross-section data. I t  has been 
shown recently (2, 3), in studies of cadnliu~n 
atoms produced in the flash photolysis of 
dimethyl cadmium, that there is very rapid 
equilibration of Cd(3Po) and Cd(3Pl) atoms. 
Thus quenching cross sections determined o a  the 
basis of fluorescence measurements a t  3261 A are 
likely significantly in error. Furthermore, the 
quenching efficiencies of hydrocarbons in general 
for triplet cadmium atoms is quite small, and the 
quenching rate constants in most cases are either 
effectively zero or too minute t o  be determined 
by any presently available technique. In the 
absence of definitive data we have carried out a 
brief series of experiments t o  determine the 
approximate relative quenching cross section of 
cyclopentane by competitive quenching Ineasure- 
inents to  allow a tentative correction of product 
yields in the added propylene experiments. 

N o  previous investigations of the triplet cad- 
. 

IFrom the Ph.D. thesis of B. L. Kalra, University of mium~cyclopentane s$telll have been reported. 
Saskatchewan, Saskatoon, 1973. The mercury photosensitized reaction has been 

2Revision received August 21, 1975. investigated, both a t  room temperature (4-7) and 
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at  temperatures up to  400 "C (8, 9). Cyclopentyl 
radicals and H-atoms are formed in the primary 
process, leading to  molecular hydrogen, cyclo- 
pentene, and bycyclopentyl. Above 250 "C,  the 
cyclic radical undergoes unimolecular decompo- 
sition and various other products, including 
ethylene, propylene, and propane can be detected. 

Experimental 
The apparatus and procedures have been described 

previously (1). The cadmium-containing reservoir attached 
to the reaction cell was maintained at  315 "C, while the 
cell itself was at 355 i 2 'C in the experinlents at fixed 
temperature. 

The absorbed light intensity was determined to be 
4.0 + 0.4 X 10-3 ,ueinstein min-1 by measuring the initial 
rate of cis-tmt~s isomerization of butene-2 (lo), taking 
9 = 0.50 for that process (11, 12). 

The cyclopentane (BDH) was subjected to low tem- 
perature distillation in the vacuun~ line and was purified 
prior to each experiment by preparative scale gc using a 
25 ft din~ethylsulfolane column. 

A number of relatively non-volatile products, notably 
bicyclopentyl and ally1 cyclopentane, which have been 
deterniined in the Hg-sensitized systeliis using an it1 sit[/ 
gc sampling technique (S), would not have been detected 
here. 

No detectable dark reactions were observed when 
thermal blanks were run with cyclopentane and with the 
various cyclopentane-addend niixtures studied. 

Results 

The decomposition of cyclopentane vapor 
photo2ensitized by triplet cadmium atonls at  
3261 A and 355 "C yields the following products 
that could be detected in this system: hydrogen, 
methane, ethylene, ethane, propylene, cyclopen- 
tene, and a product tentatively identified from 
its mass spectrunl as cyclopentadiene. Propane 
was detected in trace quantities but was not 
analyzed for, quantitatively. 

Figures 1 and 2 show the pressure dependence 
of product yields. The methane qila~ltunl yields 
are not shown, cI,(CH4) renlaining constant at  
0.010 + 0.003 over the pressure range investi- 
gated. Because of the low absorbed intensity, 
exposure times of 3 h were required to  give at 
small cyclopentane pressures suficiently large 
product yields for accurate analysis. However, at  
the highest pressure studied, the atnount of 
hydrogen formed corresponds t o  only 0.37, of 
the starting material decomposed. On the basis 
of the variation in the hydrogen and cyclopen- 
tene quantum yields, it would appear that 
quenching is complete at around 150-200 Torr 

0  B 0  1 6 0  2 4 0  3 2 0  

C Y C L O P E N T A N E  P R E S S U R E ,  tor r  

FIG. 1. Quantum yield of C,Hq, C; C ~ H G ,  @; and CZHG, 
0; as a function of reactant pressure in the Cd-photo- 
sensitized decomposition of cyclopentane vapor at 355 "C 
and 3261 A for 36 h. 

0  B 0  160 2 4 0  3 2 0  

C Y C L O P E N T A N E  P R E S S U R E ,  torr 

FIG. 2. Quantum yield of H2, @; cyclo-CSHS, C; and 
cyclo-CsHs, 0; as a function of reactant pressure in the 
Cd-photosensitized ~ecomposition of cyclopentane vapor 
at 355 "C and 3261 A for 36 11. 

and that additional influences are operative a t  
higher pressures. 

The effect of the extent of reaction was ex- 
anlined in two series of runs. Figure 3 shows the 
quan tu~n  yields observed in the linlited product 
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ICALRA AND ICNIGHT: PHOTOSENSI 

s 

EXPOSURE T I M E .  h 

FIG. 3. Quantum yield of HI, 0 ;  CzH4, 0 ;  C2H6. 0 ;  
and C3H6, Q;  as a function of exposure time in the 
Cd-~hotosensitized decompositipn of 139 Torr cyclopen- 
tane vapor at 355 "C and 3261 A. 

0 8 1 6  2 4 3 2 

EXPOSURE T I M E ,  h 

FIG. 4. Quantum yield of cyclo-CsHs, Q ; C2H4, 0 ; 
and C3H6, Q;  as a f~~nc t ion  of exposure time in the 
Cd-photosensitized decompositipn of 269 Torr cyclopen- 
tane vapor a t  355 "C and 3261 A. 

TIZATION BY Cd('Pn,l) ATOMS. 111 79 

E X P O S U R E  T I M E ,  h 

FIG. 5. Quantum yield of H2, 0 ;  C1H6, Q ;  and 
c ~ c ~ o - C ~ H ~ ,  @ ;  as a function of exposure time in the 
Cd-photosensitized decomposition of 269 Torr cyclopen- 
tane vapor at 355 "C and 3261 A. 

analysis in a series of runs at various exposure 
times using 139 Torr cyclopentane. A similar 
series of experiments wherein a more colilplete 
analvsis was carried out was conducted at  269 
Torr cyclopentane and the product yields there- 
from are displayed in Figs. 4 and 5 .  Because of 
the minute amounts of products formed at  the 
shorter exposure tinles the scatter in the observed 
values is considerable for those experiments. The 
largest uncertainty is associated with the quan- 
tun1 yields for cyclopentene at 269 Torr substrate, 
because of the diificulty in separating this product 
quantitatively from the large quantity of un- 
reacted cyclopentane. These experiments defini- 
tively establish the very strong time (extent of 
reaction) dependence of hydrogen and cyclic 
olefin yields. 

To  establish the effect in general of inert gases 
to  assist in the interpretation of the competitive 
quenching experiments, a series of runs was 
carried out wherein CF4 was added to  the re- 
action cell. Carbon tetrafluoride has an effective 
quenching cross section of zero for triplet 
mercury atollis (13) and was shown previously 
(1) not to influence the rates of product forma- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54, 1976 

of the two quenchers can be obtained from the 
relation: 

CARBON M O N O X I D E  PRESSURE, torr 

FIG. 6. Quantuln yield of C2H4, 4); and C3H6, 0; 
as a function of CO pressure in the Cd-photosensitized 
decolnposi~ion of 139i'orr cyclopentane Gapor at  355 "C 
and 3261 A. 

tion in the Cd-sensitized cyclohexane decompo- 
sition. 

Here 139 Torr of cyclopentane was photolyzed 
in the presence of CF4 at pressures from 50 to 
530 Torr and the yields of C3H6 and cyclo-C5H8 
as representative products measured. In these and 
subsequent quenching experiments, 139 Torr 
cyclopentane was employed. This pressure is 
likely just below the complete quenching region, 
but unfortunately, higher pressures of the sub- 
strate would not have allowed for accurate 
analysis of the cyclopentene product. Consider- 
ing the other uncertainties in these measurements, 
however, the potential error introduced by the 
possible s~nall alnount of incomplete quenching 
is not significant. As with cyclohexane, the yields 
remained constant within experimental error. 

Having thus demonstrated that an inert gas 
does not decrease product yields by deactivation 
of excited lnolecules or radicals, the decreases in 
yields observed when another addend is present 
can appropriately be ascribed to conlpetitive 
quenching of the sensitizer. 

Carbon monoxide was chosen for such experi- 
ments. Figure 6 shows yields of ethylene and 
propylene as a function of CO pressure for the 
decompositioll of 139 Torr cyclopentane. Ascrib- 
ing the decrease observed to co~npetitive quench- 
ing, a ratio of the quenching cross sections, uI2 
for cyclopentane and u~~ for carbon monoxide, 

where and a. are the quantunl yields of 
ethylene or propylene in the presence and absence 
of CO respectively,pl and ul* are the pressure and 
cross section of cyclopentane andp2 and u22 refer 
to CO. On the basis of the @/ao values ob- 
served for the two products analyzed, u12/u22 
= 1.4. On the basis of the literature values for 
the quenching cross s~ct ion of CO for triplet 
cadplium atoms, 0.14 A2 (14) and for propylene, 
29 A2 (14), the ratio of the quenching cross sec- 
tions of cyclopentane and propylene would be 
@cyclopentane/@proIIY,pne = 0.0069. In conjunction 
with [I.] then these values can be used to  correct 
yields observed in the presence of propylene for 
conlpetitive quenching. Because of the conlrnellts 
indicated earlier with respect to the considerable 
uncertainties in the absolute values of these 
quenching cross sections, it would appear in- 
appropriate to quote the values that could be 
calculated from the data available here but rather 
to restrict the use of the data to determine relative 
values to correct yields observed in the presence 
of propylene. 

Table 1 lists the observed product quantum 
yields in a series of experiments in which the 
decoinposition of 139 Torr cyclopentane was 
studied in the presence of propylene. The hydro- 
gen quantunl yields corrected for colllpetitive 
quenching on the basis of the above approach 
and [ l ]  have also been included. These corrected 
values show a trend quite different from the 
analogous data reported for the cyclohexane 
system (Table 3 of ref. 1). In that case, however, 
a nluch larger value for the quenching cross 
section of the hydrocarbon was used, and it 
would appear on the basis of the results here that 
the smaller, by a factor of about 10, relative 
value determined here by actual quenching ex- 
periments is more appropriate. Alllong the other 
reaction products observed in the cyclopeiltane 
system and listed in Table 1, the appearance of 
significant yields of propane, even before any 
corrections might be applied, is consistent with 
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I<ALRA AND KNIGHT: PHOTOSENSITIZATION BY Cd('Po,l) ATOMS. 111 

TABLE 1. Effect of propylene on the cadniium sensitized photodecognposition of 
139 Torr cyclohexane vapor for 36 11 at 355 'C and 3261 A 

Quantum yield 
P(C3H6) 
(Torr) Hza Hzb C2H4a C2H6a C3HP 

0 0.21 0.21 0.16 
0.45 0.048 0.075 0.023 
0.58 0.071 0.12 0.052 
1 .OO 0.053 0.12 0.043 
1 .OO 0.076 0.17 0.048 
2.50 0.047 0.19 0.016 
6 .OO 0.031 0.26 0.004 

"Uncol-rectcd. 
bCorrcctcd for eo~~~pet i t ivc  r~ucnching of Cd* by propylcnc, scc test. 

T E M P E R A T U R E ,  O C  

FIG. 7. Quantum yield of C2H4, 0; C I H ~ ,  8; and 
C2H6, 8 ;  as a function of reaction temperature in the 
Cd-photosensitized decompo$tion of 139 Torr cyclopen- 
tane vapor for 36 h at 3261 A. 

the importance of hydrogen at0111 scavenging by 
the olefin in this system. 

In an  effort t o  deternline the apparent overall 
activation energy for the decomposition of cy- 
clopentyl radicals, the effect of temperature on 
the production of ethylene, propylene, and 
ethane was exanlined and the results are shown 
in Fig. 7. The temperature range that can be 
examined in this systenl is quite restricted be- 
cause of the necessity of using temperatures high 
enough t o  give sufficient cadnliunl vapor pressure 
but low enough to prevent significant thermal 
decomposition. 

Discussion 
The primary process in this system is un- 

doubtedly reaction 2, 

followed by unin~olecular deco~llposition of the 
cadmium hydride. The formation of CdH in a 
number of hydride systems has been confirmed 
spectroscopically (2, 15-17). The alternative, a 
process involving the direct production of H- 
atoms and cyclopentyl radicals is certainly less 
favorable energetically, having an activation 
energy of at  least 15 kcal/mol. The lack of de- 
pendence of the quanti~lll yields on the pressure 
of added CF4  would indicate that any type of 
'excited molecule' mechanism can be ruled out. 

Hydrogen atoms formed in the initial decom- 
position abstract from cyclopentane t o  form the 
observed product, ~nolecular hydrogen, in re- 
action 3. 

which also provides an additional source of 
cyclopentyl radicals. Thus the net result of the 
energy transfer process is the formation of one 
n~olecule of hydrogen and two cyclopentyl radi- 
cals for each molecule of cyclopentane initially 
decomposed. 

I t  is thus apparent that the major features of 
this systenl are similar to those observed in the 
Hg-sensitized deconlposition of this compound 
and our previously reported behavior of the 
Cd-sensitized deconlposition of cyclohexane 
vapor to  which reference has been made pre- 
viously. 

T o  explain the nature and relative yields of the 
final products of the deconlposition here, a 
variety of reactions must be considered in order 
to  demonstrate that our observations are con- 
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sisteilt with the proposed initial radical producing 
steps in the mechanism and with the known 
behavior of the reactive species that are impor- 
tant in this decomposition. The fact that the 
reaction is taking place at 355 "C requires con- 
sideration of a nu~nber  of reactions with relatively 
high activation energies that nevertheless would 
be expected to  be ilnportallt at elevated tempera- 
tures. It is iilstructive to  consider initially the 
reactioils of the cyclopentyl radical. 

I11 addition t o  deco~nposition modes of the 
cyclo-C5H9 radical t o  be enumerated presently, 
one must also consider those reactions which 
would be expected to  be important at all tem- 
peratures, nanlely recombination and dispropor- 
tionation, both mutual and with H-atoms. 

In this systein reaction 5 is the most important 
source of cyclopentene. In the mercury photo- 
sensitized reaction the bicyclic product from 
reaction 4, a product that would not have been 
detected in this systenl, amounts to  20-40y0 of 
the cyclopentene yield depending on conditions 
(6). 

It is not possible t o  gauge the contribution 
froin reactions 6 and 7. Although the overall 
observable decomposition quantum yield would 
appear to approach iinity at short exposure 
times,3 the iincertainty is such that reaction 6 
could be responsible for some diminution of the 
overall efficiency of the decomposition. There 
is no way in this system of distingi~ishing between 
the molecular hydrogen that may be formed in 
process 7 from that arising via other routes, and 
the reaction must be included as a possible 
source of H Z  

]The quantum yield of hydrogen approaches 0.8 
(Fig. 3) at 139 Torr and it is apparent from Fig. 2 that 
this yield would be larger at higher cyclopentane pressures. 

Three uninlolecular decomposition reactions 
of the cyclopentyl radical must be considered, 
namely: 

In his study of the decomposition of this species, 
Gordon (18) obtained evidence for all three 
processes. Reaction 8 was reported to have 
E, = 37.7 kcal mol-I and log A = 14.5. Data  
on the other two reactions are less definitive; 
Gordon suggests that the activation energy for 
process 10 has a minimum value of 38 kcal 
11101-l, while for process 9, E, is 35-40 kcal 
with a preexponential about 0.1 that of reaction 
8. Thus in this system, where the nature of the 
products indicates that reaction 8 is occurring 
t o  an appreciable extent, processes 9 and 10 
nlust also be considered as contributing t o  
the mechanism as well. On the other hand, the 
relative rates of the various reactions of the pro- 
ducts of reactions 8-10 would be expected to  be 
appreciably different in this system, where ini- 
tially H-atoms and cyclopentyl radicals are 
formed at the same time, as opposed to Gordon's 
investigation where cyclopentyl radicals are 
for~ned by inethyl radical abstraction and the 
only source of H-atoms is reaction 10. 

For  the ally1 radicals formed in reaction 8 
there are several possibilities. 

[111 2C3Hs + C3H4 + C ~ H G  

[I21 2C3Hs + CGHIO 

1131 C I H ~  + H + CiHs 

Data obtained by Laidler and Wojciechowski 
(19) indicate that reaction 13 would be the most 
important. These authors report that k13/k12 = 

10 and k13/kll = 3.2 X 101° at  600 K and the 
three processes should not have a strong teniper- 
ature dependence. The absence of allene as a 
product indicates that reaction 11 does not occur 
to  a significant extent here. The product 1,3- 
hexadiene from process 12 would not have been 
detected in this system. However, the reaction 
likely does occur to  some extent; the diene 
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KALRA AND KNIGHT: PHOTOSENSITIZATION BY C C I ( ~ P O , I )  ATOMS. 111 8 3 

originating in this fashion was found by Gordon 
(18). The occurrence of significant yields of 
propylene in the system requires that reaction 13 
be invoked. The alternative route to  propylene, 
abstractions by ally1 radicals from cyclopentane, 

would lead t o  a chain reaction with cyclopentyl 
radicals as carrier and therefore to  decomposition 
quantum yields far in excess of those observed. 

The pronounced time dependence of the ole- 
finic products indicates that olefinic scavenging 
of H-atoms via reaction 15 

is an  important influence on the decomposition. 
Subsequent reactions of the Re radicals formed 
in reaction 15 readily account for the minor 
hydrocarbon products. The importance of re- 
action 15 is also evidenced by the results obtained 
when propylene is added. Even without competi- 
tive quenching corrections, the yield of propane 
originating with the radical formed in reaction 15 
is observed to  increase significantly with pro- 
pylene pressure. 

The relative importance of the various possible 
reactions of H-atoms is not quantitatively evi- 
dent. I n  addition to  reactions 5, 6 , 7 ,  and 15, two 
other abstractive processes, 

cannot be excluded. 
The cyclopentenyl radicals formed in reactions 

9 or 17 can, according to  evidence adduced by 
Gordon (IS), undergo a further decomposition 
to  yield cyclopentadiene, one of the mlnor prod- 
ucts observed here, in a process that provides yet 
another, if minor, source of H-atoms. 

The hydrogen yields observed in the presence 
of propylene are somewhat dificult t o  interpret 
because of the uncertainties in the quenching 
corrections. Although the formation of propane 
is evidently the result of H-atom scavenging, the 
apparent constancy of cIl(H2) within the large 
uncertainty here, would suggest that reactions 16 
and 17 may be involved. A further difficulty in 
interpretation of these particular results is that 

they were obtained at relatively large extents of 
decomposition where the relative yields are not 
necessarily indicative of the initial quantum 
yields. Hirokami and Sato (20), report no hydro- 
gen from the Cd-sensitized decomposition of 
pure propylene, but in view of the very small 
absolute Hz yields, a relatively small contribution 
from such a process would have an inordinately 
large effect on the corrected H2 yields calculated 
here. 

Finally, the temperature dependence data for 
the C2 products shown in Fig. 7 may be used t o  
make a comparison with the apparent activation 
energy for reaction 8, reporteh-by Gordon. An 
Arrheni~ls plot of the total quantum yield of 
C2H4 i ~ n d  C2H6 from the data in the figure is 
linear, except for the point at  317 "C where the 
very small difference in temperature between the 
cell and cadmium reservoir may have led to  
changes in the cadmium vapor pressure. How- 
ever,there is appreciable scatter in the points and 
although the graph can be drawn within experi- 
mental error so that the line yields a slope giving 
a value of 37 kcal mol-I for the activation 
energy, the data provide only a tentative con- 
firmation of that value. These data also support 
the proposal that the C2 and C3 products ori- 
ginate with the radical decomposition step whose 
importance would be expected to increase with 
temperature. 

In conclusion, perhaps the most important 
feature of the da ta  obtained in this svstan. and 
that reported earlier for cyclohexane, is with 
respect t o  their implications for the technique of 
cadnlium sensitization as a method of determin- 
ing the effect of sensitizer energy. There are no 
really significant differences in the two cyclic 
hydrocarbons under cadmium and mercury 
photosensitization. Evidently any potential dif- 
ferences in the two cases arising from the change 
in sensitizer encrgy (one would not anticipate any 
alterations in the mechanism of the primary 
sensitizer - acceptor interaction) are outweighed 
by the higher temperature, and consequent larger 
energy input, in the case of the cadmium systems, 
and therefore at  which the mercury system must 
be examined for comuarison. 0; the basis of 
these two investigations, at least, it would appear 
that investigations of the effect of triplet sensiti- 
zer energy on gas phase hydrocarbon decomposi- 
tions could be more profitably carried out by 
making use of sensitizers whose reactions could 
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be compared at lower temperatures. The situation 
is further complicated by the difficulties in ob- 
taining in cadmium-sensitized systems, results of 
sufficient accuracy t o  make detailed and quanti- 
tative comparisons. 

For the cyclopentane system itself, however, it 
has been demonstrated that the sensitized de- 
con~position initiated by triplet cadmium atoms 
proceeds with such high quantum efticiency, 
likely unity, that the energy transfer gives rise t o  
H-atoms and cyclopentyl radicals, the latter un- 
dergoing unimolecular decomposition along with 
other reactions, these processes giving rise t o  
products whose relative importance and occur- 
rence are entirely consistent with the reactions 
known to  be associated with these reactive 
species. 
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Spectroscopic studies of benzoxazole-2-thione complexes. Derivatives of 
cobalt(I1) and nickel(I1) halides 
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Istitrrto di Cl~irnica Getlerale ed Itrorgnr~ica, Uttiversity of Modella, 41100 Modetra, Italy 

Received July 21, 1975 

CARLO PRETI and GIUSEPPE TOSI. Can. J. Chem. 54, 85 (1976). 
The preparation of some conlplexes of benzoxazole-2-thione with halides of cobalt(I1) and 

nickel(1I) is reported. The complexes of cobalt(l1) and nickel(I1) are tetrahedral of the type 
ML2Xz with the exception of NiLBr2. The con~plexes have been studied by means of magnetic 
susceptibility measurements, infrared and far ir spectra, electronic spectra, and conductivity 
measurements. The ligand behaves as monodentate N-bonded. The various ligand field para- 
meters, D9, B', and p show about 60 and 80% of covalency in the cobalt(I1) and nickel(I1) 
complexes respectively and suggest a medium strong ligand field. The spectroscopy parameters 
of cobalt and nickel derivatives confirm the presence of CoN2X2 and NiNlX2 chromophores. 

CARLO PRETI et GIUSEPPE TOSI. Can. J. Chem. 54, 85 (1976). 
On rapporte la preparation de quelques complexes de la benzoxazolethione-2 avec des 

haloginures de cobalt(I1) et de nickel(I1). Les complexes du cobalt(I1) et du nickel(I1) sont 
tCtraCdriques et du type ML2X2 B l'exception de NiLBr2. On a CtudiC les complexes B I'aide 
de mesures de susceptibilitC magnetique, de spectres infrarouges et infrarouges lointoins, de 
spectres Clectroniques et de rnesures de conductivitC. Les ligands se cornportent comme des 
ligands lies B I'azote et monodentates. Les divers parametres de champ de ligands, Dq, 13' et p 
rnontrent qu'il y a approximativement 60 et 807; de covalence respectivement dans les com- 
plexes de cobalt(11) et de nickel(I1) et suggkrent un champ de ligand moyennement fort. Les 
parametres spectroscopiques des dCrivCs du cobalt et du nickel confirrnent la presence des 
chromophores du C O N ~ X ~  et du NiN2X2. 

[Traduit par le journal] 

In view of the importance of the oxazole group 
in biological systems, we have begun a study of 
the coordination behavior of benzoxazole-2- 
thione. This molecule has a marked bacterio- 
static and fungicidal activity and is very important 
as a regulator for plant growth and development. 
Furthernlore this heterocyclic base is very 
important as a stabilizing or antifogging agent 
in photographic en~ulsions adsorbed on silver 
bromide (1, 2). 

The benzoxazole-2-thione forms a variety of 
interesting con~plexes with transition inetal ions; 
complexation potentially could occur through 
either the nitrogen or the oxygen atom of the 
oxazole ring or via the sulfur atom. The inter- 
actions of several oxazole or isoxazole containing 
ligands with metal ions are being studied in these 
laboratories. We report here an investigation of 
the con~plexes formed by this ligand with 
cobalt(I1) and nickel(I1) halides. The nature of 
bonding has been ascertained by ir studies and 
electronic spectral measurements. 

The ligand exhibits thiol-thione isomerism 
involving -N=C-SH and -NH-C=S 

Thiol form Thione form 

It has been demonstrated from the ir spectra 
that this ligand exists in the solid state as  a 
hydrogen-bonded thioamide complex, which 
partially breaks down in carbon tetrachloride 
solution (3). The ir spectra do not show a v(SH) 
peak in the region of 2500 cm-l but a strong 
absorption around 3400 cm-I corresponding t o  
the v(NH) stretch. Thione coinpounds contain- 
ing the H-N-C=S skeleton give rise to four 
thioainide bands: around 1550, 1300-1200, 1000, 
and 750-800cn1-~ (4-7). The presence of ir 
bands in such regions indicates that our ligand 
exists in the thione form in the solid state. It is 
possible that in the ligand molecule only two 
atoms could act as bonding sites, i.e. the thio- 
carbonyl sulfur atom and the nitrogen atom. 
Since the lone pairs on the oxygen atom present 
in the skeleton of the ring are involved in the 
resonating structures of the molecule, it is 
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CAN. 1. CHEM. VOL. 54. 1976 

TABLE I .  Analytical data and other physical properties 

Found (9;) Calculated (r/c) 
p Melting point 

Compound Color C H N C H N (B.M.) ('C) 
- - 

[Cobot2C12] .H2O Green 37.6 2 .7  6.2 37.4 2.7 6 . 2  4.5 160-162 
[Cobot?Br2] Bright green 32.1 2.1 5 .3  32.3 1.9 5.4 4.5 164-166 
[CobotzI2] .Hz0 Dark green 26.5 1 .6  4 .3  26.6 i . 9  4.4 4.6 170-172 
[Nibot:C1.].3H20 Dark brown 34.7 3 .2  5 .9  34.6 3.3 5 .8  3.5 202-204 
[NibotBrl] Green-grey 22.7 1 . 4  3.6 22.7 1 . 4  3.8 3.6 > 350 
[Nibot.I,] .6H20 Dark brown 23.4 2.9 3.7 23.3 3.1 3.9 3.6 > 350 

TABLE 2. Solid state electronic spectra (cm-1) 

Compound Absorption bands' 

*sh = shoulder. 

TABLE 3. Most important visible peaks and crystal field parameters (cnl-1)" 

Compound ~3 ~2 .I 7 Dq B I P 

4A2(F) + ~ T I ( P )  ?Az(F) + 4fi(F) ?A2(F) + 4T2(F) 
[Cobot2Clr] .H20 16000 9090 5490 549 575 0.59 
[CobotzBr:] 15550 8660 5200 520 574 0.59 
[Cobot212] .H20 14815 7935 4720 472 572 0.59 

* B  is rakcn lo be 967 cm-' for ~ l i c  Co2- free ion and 1041 cm-' for the Ni2+ flee ion. 
tCalcularcd valucs. 

expected that it should have very weak coordinat- the parameters Dq, B', and /3 have been derived, 
ing ability (8). are presented in Tables 2 and 3 respectively. 

With the cobalt and nickel halides, complexes 
Results and Discussion of essentially tetrahedral geonletry are fornled; 

The complexes obtained, analytical data, their magnetic n1oments and solid state elec- 

roonl temperature magnetic moments, and other tronic spectra are in accord with those expected 

physical properties are reported in Table 1. The for this stereochemistry. 

electronic spectra are listed in Tables 2 and 3. The Dq values (Table 3 )  for the conlplexes 

The most important ir bands are given in Tables suggest the order 

5 and 6.  he com~ounds are n~crocrvstalline. C1 > Br > 1 

soluble in nitronlkthane, ~ , ~ ' - d i m e ~ h ~ l f o r n ~ ~  
amide, less soluble in nonpolar solvents. All for the halides in the spectrochemical series and 

the con~plexes are paramagnetic. this order is consistent with the generally 
accepted sequence. In order to determine the 

Electronic Spectral Sl~icly posiiion of the ligand in the spectrocherl~ical 
The spectral data and the values chosen for series, the Dq values of the conlplexes were conl- 

the energies ~1 and v3, from which the values of pared with the Dq values of known tetrahedral 
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PRETl A N D  TOSI: SPECTROSCOPIC STUDIES O F  BENZOXAZOLE-2-TWIONE COMPLEXES 8 7 

TABLE 4. Comparison of Dq and 6' values 

CoL2C12 CoL2Br2 CoL212 

L ::: Dq B' Dq 6' Dq B' Reference 

btt 559 586 523 612 504 616 9 
bot 549 575 520 574 472 572 This work 
2-Mebi 529 588 524 572 514 526 10 
3-Me-5-Phisox 520 511 523 470 588 387 11 
abi 492 643 452 669 435 637 12 
ts 467 722 451 670 430 643 13 
ttz 460 660 410 710 360 710 14 
3,s-diMeisox 454 632 440 647 426 623 15 
tzsz 400 737 387 732 382 719 13 

*btt = benzorhii~zolc, bot = bcnzosazolc-2-thionc. 2-Mebi = 2-metl1ylbcrizi111icIi1zolc, 3-Mc-5-  
Phisox = 3-methyl-5-phcnylisoxazolc. abi = 2-iiminobenzimicli~zolc, rs = thionio1~pholin-3-lhione. 
tlz = rhiazolidinc-2-rhionc, 3,5-diMcisox = 3,5-dimcrl~ylisoh.azole, rzsc = rhiazolidinc-2-sclcno~ie. 

halide complexes of cobalt(I1). Table 4, which calculated the ligand field para~neters i~sing only 
lists the Dq and B' values of the co~nplexes the v2 transition and the vis~lally estimated 
suggests the following order for the ligands frequencies of the centers of gravity of the split 
(9- 1 5) : bands corresponding to v3 L I S ~ I I ~  the equations 

proposed b i  underhill and ~ f i l i n g  (16). The benzothiazole > benzoxazole-2-thione > 2-methylbenzi- . 
rnidazole > 3-~et[ly~-j-p~eny[isoxazo~e > 7-an1ir,oben- asslgillnellt of v l  is made dinicult by the presence 
zirnidazole > thiomorpholi~l-3-tllione > thiazolidine-2- of vibrational modes in the range where this 
thione 3,s-di~nethylisoxazole > thiazolidine-2-selenone transition should be expected. The calculated vl 

Table 3 shows that the B' values for all the 
co~llplexes here studied are of the order of 
59-807, of the free ions values (967 cm-I for 
Co(I1) and 1041 cm-I for Ni(II)), which suggests 
that there is a considerable orbital overlap in 
the metal-ligand CT bond. Tlle ligands can be 
placed in the nephelauxetic series in the order 

thiazolidine - 2 - selenone > thioniorpllolin - 3 - thione > 
thiazolidine - 2 - thione > 2 - aniinobenzimidazole > 3,s - 
din~ethylisoxazole > 2-methylbenziniidazole > benzoxa- 
zole-2-thione > 3-methyl-5-phenylisoxazole 

It shoi~ld be noted that our ligand is at  the 
beginning of the spectroche~nical series and at 
the end of the nephelauxetic series. This fact 
can be explained as the former is a ineasure of 
the electrical field produced by the ligand while 
the latter is a measure of the covalency of the 
metal-ligand bond. 

In the cobalt derivatives the bands at 16 670- 
14 390cm-I inay be assigned as the 4A2(F)-> 
JTl(P) transition, the second at 9090-7935 cm-I 
as the 4Az(F) 4 JTl(F) transition. These bands 
passing from the chloro- to iodo-derivative are 
shifted towards lower energies. The v3 transition 
is split because of the distorted tetrahedral 
structure of the complexes and this splitting 
decreases fro111 chloride to  iodide. We have 

wave numbers are reported in Table 3. 
From the analysis of the electronic spectra we 

could determine the mode of bonding of the 
ligand by comparison of Dq values reported for 
CoLzXz co~nplexes and C O L ~ ' ~  and Cox4'- ions 
(17, 18). 

Tables 3 and 4 show that Dq values are in 
good agreement with the literature data for 
CoL2X2 derivatives c o ~ l t a i n ~ ~ l g  cobalt-nitrogen 
bonds. 

A pseudo-tetrahedral stereochenlistry has been 
assigned to  the nickel-derivatives on the basis 
of their electronic spectra (14, 16, 19, 20). The 
medium strong band in the range 7490-7280 cm-I 
can be attributed to  the 3Tl(F) -> 3Az(F) transi- 
tion (u,), while the band present at  15 270- 
14 535 cm-I may be assigned to the v3 transition 
3Tl(F)-, 3Tl(P). The values of Dq and B' have 
been calculated ilsing u2 and v3 only, the assign- 
ment of v l  very often being ambiguous because 
of the presence of vibratioils due to the l i ~ a n d  
itself in the region near 4000 cm-I ; the calculated 
vl  values are listed in Table 3. Conlpariso~l of 
the electronic spectra of our complexes with 
those of derivatives involving Ni-S bonds and 
Ni-N bonds confirms that these derivatives are 
N-bonded as the band energies are at  higher 
values than in S-bonded derivatives (17, 21). 
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TABLE 5. Most important infrared bands (cm-I) 

Infrared (cm-1) 0 
P 

Compound v(NH) Thioamide I:\(C=S) + G(NCS) Thioamide II t  v(COC),,, Thioamide 1111 v(COC),,, Thioamide IV§ 2 
? 

Solid 3250s 1505vs 1282s 1245ms 1095vs 1010s 820ms 745vs 0 

CHC13 3450s - 1285s 1100s 1013s - - 2 
[Cobot~Clz] -Hz0 3220s 1510s 1285s 1245ms 1098s lOllms 818m 747vs 
[CobotzBrz] 3210s 1510s 1290s 1248111s 1 1 OOms 1013ms 8201-11 749vs < 
[CobotzIz] .Hz0 3200rns 1510s 1289s 1242111 1 100ms 1012m 8171-11 749vs 

3130vs 1505mw 1289rn 1242111s 10951-11 1010n1 818m 745vs 
; 

[Nibot~C12] . 3 H ~ 0  VI 

[NibotBrz] 3240vs 1510s 1282s 1250ms 1 100s 1012n1 820m 745vs e 

[NibotzIz] .6HzO 3140m 1505n1 1285m 1240111 1098111 1OIOm 815m 745vs ... 
'D 
-4 0, 

*Thionniide I has contribution from 6(NH) + 6(C-H) + v(C=N). 
tThioaniidc I1 has contribution from V(CZN) + 6(NH) + 6(C-H) + v(C=S). 
XThioamidc 111 has contribution Crom v(C=N) + v(c==S). 
$Thioamide IV has contribution from v(C--S). 
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PRETl AND TOS1: SPECTROSCOPIC STUDIES OF BENZOXAZOLE-2-THIONE COMPLEXES 89 

TABLE 6. Far infrared spectra (400-120 cm-1) 

Conlpound v(M-X) v(M-L) Other bands 

bot - - 425ms, 264111, 237m 
[CobotX12].HzO 329111, 307mw 226m 425rns, 260mw, 235m 
[CobotzBrz] 248m, 219m 225m 422ms, 256m, 24Osh 
[CobotzIz] .Hz0 212m, 206m 222ms 424ms, 258m, 230sh 
[Nibot2C12] .3H20 309n1, 286m 221111s 427ms, 265m, 236mw 
[NibotBr~] 199s t, 166vs b, 143m b 219ms 428ms, 264m,236mw 
[Nibo t~I~] .  6H2O 202ms 220ms 428sh, 265w, 238w 

Magnetic anrl Conrlzlctivity St~rrlies 
The inagnetic susceptibility results, 4.5-4.6 

B.M., of the cobalt coinplexes fall within the 
normal range for tetrahedral high-spin coin- 
plexes of divalent cobalt. The p values of the 
nickel derivatives, in the range 3.5-3.6 B.M., are 
as expected for nickel(I1) high-spin pseudo- 
tetrahedral complexes. 

The molar conductances suggest that these 
complexes are not conducting in N,N1-dimethyl- 
formamide solution (A lying below 30 ohm-' 
crn2 mol-I for all compounds) and are true 
molecular addition compounds. 

Infiarerl Spectral Stzlrlies 
The spectra of the ligand in the solid state 

and in chloroform solution show a noticeable 
difference in the position of v(NH) stretching 
frequency, clearly indicating intermolecular hy- 
drogen bonding between the hydrogen of the 
NH group and the sulfur of the thioketo group. 
The v(NH) in the complexes is shifted towards 
lower wave nunlbers by about 300 cm-l using as 
reference the value of 3450cm-I for v(NH) for 
the free ligand in chloroforn~ solution, or by 
about 100 cm-I using the 3250 cm-' value 
obtained from the solid phase spectrum of the 
free ligand. The extensive hydrogen bonding 
disappears after dissolution in chloroform and 
after complexation. 

According to Singh and Rivest (22) a sharp 
NH band in the metal derivatives is indicative 
of the absence of hydrogen bonding and a com- 
parison of these values with the v(NH) solution 
frequency of the ligand could be used to suggest 
a coordination through the nitrogen atom. In 
our complexes sharp bands are present in the 
range 3240-3130cm-I and a comparison with 
the v(NH) value of 3450cm-I would indicate 
a M-N coordination. 

This negative shift in the NH stretching fre- 
quency clearly suggests a coordination through 

the nitrogen atom both in the cobalt and in the 
nickel con~plexes. The coordination mode can 
be distinguished by an analysis of the positions 
and intensities of the thioainide bands, Table 5. 
The directions of the shifts in the position of all 
the bands in the spectra of the complexes are 
the same. This fact indicates that the bonding 
pattern in the complexes must be similar. 

The band at 1505 cm-', assigned to thioamide 
I, shows in the complexes snlall positive shifts 
and there is ample evidence that this band shifts 
to higher wave numbers whenever the coordina- 
tion takes place through the nitrogen atom (22). 
Coordination via the thiocarbonyl sulfur atom 
can be excluded because the thioamide I1 band, 
having major contribution from v(C=N), is at 
the same wave number as in the free ligand while 
it undergoes a red shift in the case of a sulfur 
coordination. Furthermore the thioarnide bands 
I11 and IV, having their main contribution from 
v(C=S), are not shifted towards lower energies 
while a red shift should be present if the sulfur 
atom were involved in the coordination to the 
metal (14, 23-26). 

The bands at 1095 and 820 cm-l, attributed 
to the prevailing contribution of v(C0C) sym 
and asym, are at the same wave numbers or show 
small blue shifts, thus excluding the possibility 
of coordination through the oxygen atoll1 of the 
oxazole ring. 

Further confirmation of this assumption of 
coordination through the nitrogen atom comes 
out from the far infrared spectra. No bands are 
present in the ranges where v(M-S) and 
v(M-0) usually lie for cobalt and nickel deriva- 
tives, but new halogen independent bands are 
present in the ranges expected for v(Co-N) and 
v(Ni--N) respectively, Table 6, in very good 
agreement with the literature data (13, 27). 

These assignments are strongly supported by 
the above discussed results reported in Table 4. 
We can see that the Dq and B' values for cobalt 
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clerivativcs are in thc cxpcctcd range and agree 
very well with the other data reported for tetra- 
hedral C O L ~ X ~  complexes containing Co-N 
bonds. Thc same conclusion may be reached 
from the inspection of Tablc 3 for nickel com- 
plexes 

As for the metal-halogen strctclii~ig modes, 
Table 6.  they arc in accord with thc litcraturc 
clata for tetrahedral monomeric co~npountls for 
the complexes having a 1 :2 metal :ligand ratio. 
In thc complex [NibotBr?] the values found at  
I66 a n d  143 cm-I arc typical f ~ r  halide bridged 
nickcl(1l) complexcs; the stretching mode at  
199 cm-I is CILIC  to terminal bromiclc (28, 29). 
Wc can thcreforc assign to this last complex a 
tetrahcclral dimcric structure involving terminal - 

ligancls and terminal and bridging halicle atoms. 
The mcclii~m strong bands prcscnt in the rangc 

3440-3460 em-I. v(OH), a n d  arouncl 1630 cm-I. 
6(HOH). in all the water containing complexes, 
(Tablc 1)  clcarly confirm tlic presence of water 
of crystallization, which is p~lrcly lattice and not 
coordination water as confirmed by thc abscncc 
of wagging. twisting, and rocking modes typical 
of coordinated water. 

Experimental 
The ligaud bot, supplied by Fluka, was purified by 

recrystallization from ethanol: mp 192-194 "C (lit. (30) 
193 "C). 

All compounds were obtained by reaction of the cor- 
responding metal salt in molten ligand in the required 
stoichion~etrical ratio. The complexes have been purified 
by means of repeated washing with ethyl ether and dried 
over P401o. 

Their spectra have been recorded in the range 4000-120 
cm-1 with Perkin-Elmer 457 and 225 and Hitachi-Perkin- 
Elmer FIS3 spectrophotometers. The spectra in the range 
4000-400 cm-1 were measured for KBr discs or CHCI, 
solution. Far ir spectra were measured for Nujol n1~1lls 
supported between polyethylene sheets. Atmospheric 
water was removed from the spectrophotometer housing 
by flushing with dry nitrogen. The electronic spectra have 
been recorded with a Shimadzu MPS-5OL spectrophoto- 
meter in the solid state in the range 4000-27 000 cm-1. 

Magnetic susceptibility measurements were carried out 
by Gouy's method at room temperature. Molecular 
susceptibilities were corrected for diamagnetism of the 
component atoms using Pascal's constants. Conductivity 
measurements were carried out with a WTW LBR type 
conductivity bridge at 25 "C for 10-3 M solutions in 
N,N1-dimethylfor~~~a~~~ide. 
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Photoamidation of 2,3,4,6-tetra-O-acetyl-d-deoxy-~-ar.nbii~o-hex-d- 
enopyranose and of (2)-3-deoxy-3-C-(methoxycarbony1)methylene- 

1,2:5,6-di-0-isopropylidene-a-D-vibo-hexof uranose 

ALEX ROSENTHAL AND M.  RATCLIFFE 
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ALEX ROSENTHAL and M. RATCLIFFE. Can. J. Chem. 54,91 (1976). 
The acetone-initiated photochemical addition of formamide to 2,3,4,6-tetra-0-acetyl-1- 

deoxy-D-arnbi~ro-hex-1-enopyranose (1) afforded 3,4,5,7-tetra-0-acetyl-2,6-anhydro-D-glycero- 
D-ido-heptonamide (2), 3 , 4 , 5 , 7 - t e t r a - O - a c e t y l - 2 , 6 - a n h y d r o - ~ - ~ / o - e p t o n a 1 i i i d e  (3), 
and 4,5,6,8-tetra-O-acety~-3,7-anhydro-l-deoxy-2-metl~yl-~-~Iycero-~-ralo-octito (4), in 55, 
7, and 23';; yields, respectively. Reduction of 2 with diborane followed by acetylation yielded 
l-acetamido-3,4,5,7-tetra-O-acetyl-2,6-anhydro-I-deoxy-~-gl~~cero-~-i~lo-heptitol (7) in 7OC,', 
yield. Deacetylation of 2 and 3 with sodium methoxide yielded the unsubstituted heptonamides 
5 and 6.  

Photoamidation of (Z)-3-deoxy-3-C-(metl1oxycarbonyl)~e-I,2:5,6,-di-O-isopropyli- 
dene-a-D-ribo-hexofuranose (8) yielded 3-C-[R and S-carban~oyl(methoxycarbo~~yl)methyl]- 
3-deoxy-1,2:5,6-di-0-isopropylidene-a-~-alofuranose (9) and (10). 

ALEX ROSENTHAL et M. RATCLIFFE. Can. J. Chem. 54, 91 (1976). 
L'addition photochimique, initiie par I'acCtone, de la formamide au titra-0-acetyl- 

2,3,4,6 dCoxy-1 D-arnbbro-hexkno-1 pyrannose (1) conduit au tetra-0-acCtyl-3,4,5,7 anhydro-2,6 
D-g1ycL;r.o-D-ido-heptonamide (2), au titra-0-acetyl-3,4,5,7 anhydro-2,6 D - ~ / ~ c ~ I ' o - D - ~ ~ ~ / o -  
heptonamide (3) et au tCtra-0-acetyl-4,5,6,8 anhydro-3,7 dioxy-1 mCthyl-2 D-glj,ce'ro-D-taio- 
octitol (4) avec des rendements respectifs de 55, 7 et 23%. La reduction de 2 par le diborane, 
suivie par une acetylation, conduit i I'acetamido-1 tCtra-0-acityl-3,4,5,7 anhydro-2,6 dkoxy-1 
D-giyciro-D-irlo-heptitol (7) avec un rende~nent de 70%. La dCacCtylation de 2 et de 3 par le 
mithylate de sodium conduit aux heptonamides 5 et 6 non-substitub. 

La photoamidation du (Z) dCoxy-3 (mCt11oxycarbonyl)mCthylkne-3-C di-o-isopropylidkne- 
1,2:5,6 a-D-ribo-hexofura~~nose (8) conduit aux [R et S-carbamoyl(rnithoxycarbonyl)~~~ithyl]- 
3-C dCoxy-3 di-0-isopropylidkne-1,2:5,6 a-D-allofuranoses (9) et (10). 

[Traduit par le journal] 

The photoamidation (1, 2) of unsaturated car- 
bohydrates provides a facile procedure for 
achieving anti-Markovnikov liydrocarbamoyla- 
tion (hydrogen and carbamoyl (O=C--NH2)) of 
carbon-carbon double bonds. Thus, application 
of this reaction to 3-deoxy-1,2:5,6-di-0-isopro- 
pylidene-a:-D-eqjtho-hex-3-enofuranose (3) af- 
forded branched-chain products in which the 
carbamoyl group had added exclusively to  C-3, 
and trans addition of the addends occurred. 
Similarly, photoamidation of 1,2,4,6-tetra-0- 
acetyl -3 -deoxy -a: -D -erythro -hex -2 -enopyranose 
(4) yielded anti-Markovnikov products exclusive- 
ly, but both trarzs and cis addition of the addends 
took place (the major product occurred via cis 
addition). When both carbon atoms of the un- 
saturated group bear hydrogen, the addition is 
non-selective (5). 

Irradiation of 2,3.4,6-tetra-0-acetyl-1-deoxy-D- 
artrbino-hex-1-enopyranose (1) in the presence of 

1,3-dioxolane gave only ozdo cis-addition prod- 
ucts (6). It therefore appeared to  be interesting to 
extend the photoamidation reaction to  1 to  
determine if there exists ally generalizations of 
the stereocliemistry of the addition of different 
addends t o  the same starting compound. 

When a solution of compound 1 in acetone 
containing formamide and [err-butyl alcohol was 
irradiated through a Pyrex filter for 24 h accord- 
ing to  the previously published procedure (3, 5), 
a mixture of three products, 2, 3, and 4 was 
formed (Scheme 1) in 55, 7, and 23% yields, 
respectively. The principal product 2 was readily 
obtained pure by fractional crystallization of the 
product mixture fro111 ethanol - petroleum ether 
(bp 30-60 "C). Column chromatography of the 
mother liquors on silica gel with 10:5 : 1 benzene - 
ethyl ether - ethanol afforded the remaining com- 
ponents in pure form. 

The structures of the photoproducts were 
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B 
I / H,COR HzCOR HzCOAc 

HCNH? RO 
Me2C0 + R 0  RO + AcO 

(1 

C=O C=O Me-C-OH 
I I 

ACO- AcO 

TABLE 1. Nuclear magnetic resonance spectral data of 2, 3, 4, and 7 

Chemical shifts in T valuea 

Protons 2 

5.48 (d) 
4.93 (q) 
4.38 (t) 
5.19 (t) 
5.32-5.6 (m) 
5.65-5.95 (0) 

7.94,7.95 

2.9 and 3.3 (s) 

5.51 (d) 

11 :1-(!8 (m) 

6.01 
5.6-5.91 (m) 

7.88, 7.94, 
8 .O, 8.04 
3.14, 3.46 (s) 

6.63 (d) 
4.4 (q) 
5.02 (q) 
4.75 (t) 
6.37 (m) 
5.8 (m) 
8.79 (s) 
7.89, 7.90, 
7.96,8.04 

Coupling constants in Hz 

6.36-6.65 (m) 
5.5-6.0 (overlapping) 
4.90 (q) 
4.70 (t) 

{",::6.0 

7.9, 7.92, 7.96, 8.0 

4.15 (s) 

"s, singlet; d, doublet; 1 ,  triplet; m, multiplct; o, octet. 
bThese data were obtained in CDC13 and in ((CDI)?CO)* by the use of tetramethylsilane as the internal standard. 

readily deduced by analysis of their ir and pmr amide peaks. The pinr spectra of 2, 3, and 4 (see 
spectra. Compounds 2 and 3 showed ainide Table 1) clearly showed doublets which were 
peaks at  3575, 3450, and 1700 cm-I, whereas 4 attributed to a single methine hydrogen, thus 
exhibited a hydroxyl peak at  3600 cm-I and no establishing that the carballloyl and ketyl radical 
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ROSENTHAL A N D  RATCLIFFE: PHOTOAMIDATION 9 3 

( ( C H ~ ) ~ ~ O H )  had added exclusively to  C-1 of 1. 
Irradiation of the doublets in the plnr spectra of 
the heptonamides 2 and 3 led to  a collapse of the 
H-3 quartets to  doublets having J3 .4  = 7.5 and 
4.4 Hz, respectively.Therefore, H-3 of 2 must be 
in the axial orientation and H-3 of 3 must be in 
the equatorial orientation. The much larger J 2 , 3  

of compound 2 (5.2 Hz) than of compound 3 
(2 Hz) suggests that H-2 of 2 probably exists in 
the equatorial orientation and H-2 of 3 un- 
doubtedly is in the equatorial orientation. Cor- 
roboration that the configuration of C-2 of both 
compounds was the same was provided by the 
fact that compounds 5 and 6 (deacetylated 2 and 
3) exhibited positive Cotton effects in their 
circular dichroism spectra. Furthermore, reduc- 
tion of 2 followed by acetylation afforded an 
acetanlido derivative 7 which was different from 
the known 1-acetamido-3,4,5,7-tetra-0-acetyl- 
2,6-anhydro- 1 -deoxy-D-glycero-D-g~rlo-heptitol 
(C-2 epimer of 7) previously reported (7). A first- 
order analysis of the plnr spectrum of 7 showed 
that it had the ~-g/ycero-~-ic/o-co1lfig~1ri1tion. 
Thus compound 2 must be 3,4,5,7-tetra-0-acetyl- 
2,6-anhydro-D-g/j,ce,.o-D-iclo-heptonande and 
con~pound 3 is 3,4,5,7-tetra-0-acetyl-2,6-anhy- 
dro-D-gbcero-D-lalo-heptonamide. 

A first-order analysis of the pmr spectrum of 
the hydroxyalkylation photoproduct 4 readily 
showed that it had approximately the same J3,4 
(0.8 Hz) and J 4 , 5  (5 HZ) values as the J 2 , 3  and 
J3,4 values of compound 3. Thus, the configura- 
tion of C-3 and C-4 of 4 must be the same as the 
configuration of C-2 and C-3 of 3 and compound 
4 must be 4,5,6,8-tetra-0-acetyl-3,7-anhydro-1- 
deoxy-2-i11ethyl-~-g~ycero-~-tnlo-octitol. I t  is in- 
teresting to  note that the carbamoyl and ketyl 
radicals have added to  C-1 of the 2-hydroxy-l- 
enopyranosyl ring from the a-side exclusively 
whereas the 1,3-dioxolan-2-yl radical was found 
to  add from both the a- and p-side of the ring (6). 
Although cis addition of the ketyl and hydrogen 
addends occurred to  yield 4 (similar cis addition 
of the 1,3-dioxolan-2-yl and hydrogen radicals t o  
1 took place (6)), both cis and trans addition of 
the carbamoyl and hydrogen radicals occurred. 

The crystalline unblocked heptona~nides 5 and 
6 were obtained by treatment of 2 and 3 with 
sodium methoxide in anhydrous methanol fol- 
lowed by deionization with Amberlite IR-120 
(H+), filtration, and removal of the solvent. 

Irradiation of (2)-(or of Z,E)-3-deoxy-3-C- 

(methoxycarbony1)-methylene- 1,2:5,6-di-0-iso- 
propylidene-a-D-do-hexofuranose (8) afforded a 
n~ixture of two amides 9 and 10 and an hydroxy- 
alkyl product. Chromatographic separation of 
the products on silica afforded a~llides 9 and 10 
in about equal yield (457, combined). The hy- 
droxyalkyl product could not be obtained in pure 
form. The pmr spectra of 9 and 10 showed 
triplets at T 5.08. and 5.13 which were attributed 
t o  H-2, thus establishing that the carbamoyl 
radical had addcd exclusively to  the a-carbon 
near the ester group. The large coupling con- 
stants of 3.7 and 4.0 Hz for & established that 
the sugar had the cillo configuration. Thus com- 
pounds 9 and 10 are 3-C-[R and S-carbamoyl- 
(methoxycarbonyl)n~ethyl]-3-deoxy- 1,2:5,6-di-0- 
isopropylidene-a-D-allofuranose. In order to  es- 
tablish the chirality of the branched-chain moiety 
of 9 and 10, the amides were subjected to Hof- 
nlann rearrangement reactions to  afford the 
glycos-3-yl ainino acids 11 which were expected 
to  be similar to  those previously synthesized. 
Because these reactions were unsuccessful, the 
a ~ u i d e  10 was partially unblocked and the diol 
then acetylated to  yield a 5,6-di-0-acetate. Ace- 
tolysis of the latter compound with trifli~oroacetic 
acid followed by acetylation afforded two y-  
lactones 12 and 13 which were separated by 
chromatography. Compound 12 was readily 
established, by ir and pmr, to  possess the ester 
and lactone functionalities, whereas 13 possessed 
the amide and lactone groupings. A first-order 
analysis of the prnr spectrum of 12 showed that 
H-3 had a large J 2 , 3  = 6 HZ and a small = 

2 Hz. Thus, the a-carbon of the lactone must 
possess R chirality and co~npound 12 is tenta- 
tively assigned the structure depicted. This de- 
duction is corroborated by the fact that J3,1' of 
the lactone 13 was 11luch larger (4 Hz) as ex- 
pected and thus the chirality of the exocyclic 
carbon of 13 is S. Therefore compound 10 is 
3- C- [S-carban~oyl(n~ethoxycarbonyl)methyl]-3- 
deoxy- 1,2:5,6-di- 0-isopropylidine-a-D-allofura- 
nose. 

Surprisingly, the orientation of addition of the 
carbamoyl radical was exclusively toward the a -  
carbon atom of the a,@-ilnsaturated ester side 
chain. With aliphatic a,p-unsaturated esters the 
mode of addition of the carbamoyl radical is 
toward the p-carbon atom, except for the cinna- 
mate, where the orientation is toward the a- 
carbon (2). 
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11 
HC-NH, 
Me2C=0 . 

I1 

Experimental 
Getrerat Cotlditiot~s 

These have been described previously (5). 

Irradiatior~ of 2,3,4,6-Tetra-O-acetyt-l-deoxy-~-ar~1bit10- 
l~ex-I-et~op~rat~ose, I 

Following an established procedure (4, 5), a mixture 
of compound 1 (2 g), formamide (30 ml), tert-butyl 
alcohol (15 ml), and acetone (15 ml) was added dropwise 
to a mixture of formamide (200ml), tert-butyl alcohol 
(10 ml), and acetone contained in the photolysis cell. 
Irradiation was continued during the addition and pro- 
longed for 24 h. After the solution had been concentrated 
to remove tert-butyl alcohol and acetone by evaporation 
(30 Torr at 50 "C), the resulting mixture was diluted with 
saturated aqueous sodium chloride (200 ml). The result- 
ing solution was then extracted with dichloromethane 
(4 X 200 ml). The combined dichloromethane extract 
was concentrated to 100 ml and the resulting solution 
was washed with saturated aqueous sodium chloride 
(50 ml), dried over anhydrous sodium sulfate, filtered, 
and evaporated under diminished pressure to a syrup 
(2.1 g). The main product 2 (0.4g, 18%) was obtained 
by fractional crystallization from ethanol - petroleum 
ether (bp 30-60 "C). A second recrystallization of 2 from 

the same solvent mixture afforded analytically pure 
3,4,5,7-tetra-O-acetyl-2,6-ad1ydro-~-gt~~cero-~-ido-hep- 
tonamide, mp 158-159 "C, $16.5' (c 0.38, chloro- 
form); v,,, (Nujol) 3570,3450, and 1700 cm-1 (CONH?). 
Atlat. Calcd. for 2, CISH~INOIO:  C, 48.00; H, 5.64; N, 
3.73; found: C, 47.80; H ,  5.53; N, 3.53. 

After product 2 had been removed from the recrystal- 
lization solvents, the mother liquor was evaporated to a 
syrup (1.6 g). This syrup was chromatographed on tlc 
silica gel (24.5 x 6.5 cm), with 10:5:1 benzene - ethyl 
ether -ethanol as a developer to afford the amide 2 
(0.8 g, 36C,;), the amide 3 (0.16 g, 7%), and the alcohol 4 
(0.540 g, 23yi). 

Compound 3 was recrystallized from ethyl ether - 
ethanol to yield pure 3,4,5,7-tetra-0-acetyl-2-6-anhydro- 
D-glycero-D-talo-heptonamide, mp 150.5-152 "C; [aID2= 
$3.0" (c 0.37, chloroform); v,,, (Nujol), 3595, 3460, 
and 1700 cm-1 (CONH2). Atlal. Calcd. for 3, CISH~INOIO:  
C, 48.00; H ,  5.64; N, 3.73; found: C, 47.88; H, 5.70; 
N, 3.50. 

Compound 4 was recrystallized from ethanol - petro- 
leum ether (bp 30-60 "C), mp 139-140 "C; [a]D'6 - 18.5' 
(C 0.2, chloroform); v,,, (Nujol) 3600-3400 cm-I (OH). 
Anal. Calcd. for 4, C17H26010: C, 52.30; H ,  6.71; found: 
C, 52.16; H ,  6.76. 
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ROSENTHAL AND RATCLIFFE: PHOTOAMIDATION 9 5 

2,6-At1I1)~rlro-~-gl)~cero-~-iclo-~rcl/ltorrar11ic~e, 5, N I I ~  2,6-All- 
lr).(Iro-D-gI),cero-D-rcrlo-lrcyro~~crrriirle, 6 

To a so l~~ t ion  of compound 2 (0.04 g) in 2 ml of anhy- 
drous mnethanol was added a catalytic amount of sodium 
methoxide. After the resulting solution was stirred for 
10 min, the sodiulu ions were removed with Amberlite 
1R-120 (H+) resin. After filtering o f  the resin, removal 
of the solvent left a syrup (0.027 g). An analytical sample 
of 5 was crystallized fro111 n~ethanol-water, mp 219.5- 
221 "C; +128' (C 0.34, water); T (DzO), 5.33 
(d, lH,  H-2, J 2 , 3  = 1.5); cd l c  +0.48 ( V  ,,,, 223 nm, 
water), [0]22330 +1585. Arrcrl. Calcd. for 5, C7H13N06: 
C,  40.58; H ,  6.32; N, 6.76; found: C, 40.86; H,  6.43; 
N, 6.45. 

Compound 3 (0.021 g) was deacetylated as described 
above for the preparation of 5 to afford conlpound 6 
(0.01 1 g), rnp 212-214 "C; + 11.7" (C 0.17, water); 
cd Ae +500 (V ,,,,, 208 nm, water), [6]2,s30 +500; T 

((CD3)2CO), 5.86 (t, lH ,  H-3, J 2 , 3  = 1.5), 6.02 (d,  lH ,  
H-2, J 2 , 3  = I), 6.1-6.6 (overlapping peaks, 5H). 

I-Acetarni~lo-3,4,5,7-te1ru-O-ace1~~l-2,6-atrl~ydro-I-droxy-~- 
glycero-D-ido-Ireprilol, 7 

A solution of compound 2 (0.5 g) in 15 ml of anhy- 
drous tetrahydrofuran was added dropwise to a cooled 
solution (0 "C) of diborane (9) in tetrahydrofuran (10 ml, 
0.5 molar in BH3) under dry nitrogen. After the resulting 
solution was refluxed for 3 h, a 0.1 M HCI aqueous 
solution (10 ml) was added dropwise to the cooled solu- 
tion (-5 OC) with stirring. After 30 min, the solution 
was heated to evaporate most of the remaining tetra- 
hydrofuran and to conlplete hydrolysis. After the result- 
ing aqueous solution was evaporated to near dryness, the 
residue was diluted with methanol (4 X 50 ml) and the 
solvent removed irl vrrc~ro. The resulting residue (0.175 g) 
was thoroughly dried under reduced pressure, dissolved 
in pyridine ( 5  ml) and acetic anhydride (2 ml), and stirred 
at  ambient temperature for 24 h. The solution was then 
evaporated to dryness and the residue taken up in water 
(10 ml) and extracted with dichloron~ethane (2 X 50 ml). 
The combined organic extracts were dried over anhydrous 
sodium sulfate, filtered, and the filtrate evaporated to  
dryness to yield a syrup (0.375 g, 7056 yield) which was 
crystallized from ethyl ether, mp 124.5-125 "C; 
+56.3" (c 0.19, chloroform); v,,, (Nujol) 3370, 
3300, and 1690 cm-I (-CONH-). Arral. Calcd. for 
C I ~ H ~ ~ N O I O ~ ~ H ~ O :  C, 49.51; H,  6.33; N, 3.39; found: 
C, 49.56; H, 6.33; N, 3.32. 

Irrucliatiorr of (Z)-(or of Z,E)-~-D~OXJ-~-C-(~I~~~~IOX~- 
carbor~yl) n1er11)~lerre- 1,2:5,6-rli-0-isopropyIi(ierre-a-D- 
ribo-lrexofirrurrose, 8 to Yield Atrlicles 9 urrd 10 

Compound 8 (10) (1 g) was irradiated and the product: 
separated following the same procedure already described 
above. The three products were an acetone addition 
product (0.24g, 21%), and two formamide products 
9 and 10 in about equal yields (0.5 g, 45%). Compound 9 
was crystallized from ethyl ether-petroleunl ether 
(bp 30-60 "C), mp 105- 107 "C; [a],30 +82" (c 0.15, 
chloroform); v,,,, (CHC13) 1750 cm-1 (COlMe), 3520, 
3420, and 1700 cm-1 (CONH2); nmr data (CDC13) T 3.90 
(broad s, 2H, NH2, exchanges with DzO), 4.25 (d, lH,  
H-1, J I - 2  = 3.7), 5.08 (t, lH ,  H-2, J2.3 = 3.7), 6.22 (s, 3H, 
CH3), 6.47 (d, lH,  H-l', J11,3 = 10) 7.22 (q, l H ,  H-3), 

8.48, 8.6, 8.65 (3s, 12H, CH3). Irradiation at T 4.25 
changed the signal at T 5.08 to a doublet. Irradiation at  
T 5.08 produced a singlet at T 4.25 and a doublet at T 7.22. 
Irradiation at  T 7.22 produced a doublet at  T 5.08 and a 
singlet at T 6.47. Arrcrl. Calcd. for C I ~ H ~ S N O S :  C, 53.48; 
H,  7.01; N, 3.90; found: C, 53.29; H ,  7.01; N, 3.60. 

Compound 10 was recrystallized from ethyl ether - 
petroleum ether (bp 30-60 "C), mp 75-77 "C; [ c x ] , , ~ ~  
+ 25.2" (c 0.6, chloroform); v ,,,, (CHC13), 3510, 3420, 
1700 cm-1 (CONH?), 1750 cm-I (C02Me); nmr data 
(CDC13) T 3.8 (broad s, 2H, exchanges with DzO), 4.2 
(d, lH ,  H-1, JI,? = 4), 5.16 (t, lH,  H-2, J 2 , 3  = 4), 6.22 
(s, 3H, CH3), 6.36 (d, IH, H-1', J I , , ~  = 8), 7.3 (q, l H ,  
H-3), 8.45, 8.57, 8.68 (3s, 12H, CH3). Irradiation at T 4.7- 
produced a doublet at T 5.16. Irradiation at  T 5.16 pro- 
duced a singlet at T 4.2 and a doublet at T 7.3. Irradiation 
at T 7.3 produced a doublet at T 5.16 and a singlet at 6.36. 

The acetone addition product was not characterized. 

Arterrlprrcl Corrversiorr of Arrlides 9 urrd 10 irlro Glycosyl 
Arnirro Acih  11 

The glycosyl amides 9 and 10 were unaffected by treat- 
ment with ( I )  6% aqueous sodium hypochlorite, (2) 
bromine and sodium methoxide in methanol, (3) lead 
tetraacetate in anhydrous N,N-dimethylformamide. 

Forniurior~ of 2 , 3 - r - L r r c ~ ~ ~ ~ e s , f r ~ r ~ ~  Atnirle 10 
The pure amide 10 (0.015 g) was dissolved in 665; 

aqueous acetic acid (1 ml) and left at room temperature 
for 12 h. The solvent was removed under diminished 
pressure and the resulting residue was dissolved in chloro- 
form (3 ~ n l )  and the organic solution was washed with 
water (1 ml). After drying the organic solution with 
anhydrous sodium sulfate, filtering and removal of the 
solvent under diminished pressure, the residue was dis- 
solved in pyridine (1 ml) and acetic anhydride (0.1 ml). 
After the solution was left standing for 30 min at room 
temperature, the solvent was removed under diminished 
pressure. The residue was dried by co-distillation with 
toluene (1 ml) and the resulting syrup (0.01 g) was then 
dissolved in 80y0 trifluoroacetic acid at 0 "C. After allow- 
ing the solution to warm to room temperature, the solvent 
was removed under diminished pressure and any remain- 
ing trifluoroacetic acid removed by successive co- 
distillation with toluene (2 X 1 1-111) under reduced 
pressure. The resulting syrup (0.008 g) was acetylated as 
described above to give two compounds which were 
separated by chromatography on tlc silica (10 X I cm) 
using 1 :1 benzene - ethyl acetate as developer. The major 
component was tentatively assigned the structure 
I ,5,6-tri-O-acetyl-3-deoxy-3-C-[(R)-acetoxy(methoxycar- 
bonyi)methy~]-2,3-r-~actone-~-~-a~~ofurano~e (12) (0.005 g); 
[aIDzS -2.7" (c 0.4 chloroform); v,,,(CHC13) 1795 cm-1 
(ylactone) and 1742 cm-1 (OAc); nmr data (COCI3) 
T 3.60 (s, l H ,  H-1), 4.93 (d, lH ,  H-2, J 2 , 3  = 6), 6.27 (s, 
3H, CH3) 6.4 (q, l H ,  H-3, J~ , I '  = 2) 7.36, 7.87, 7.94 
(3s, 9H, OAc). 

The minor component was tentatively assigned the 
structure of 1,5,6-tri-0-acetyl-3-deoxy-3-C-[(S)-carboxy- 
(~arbamoyl)methyl]-2,3-~-lactone-a(and 0)-D-allofuranose 
(13) (0.003 g); [a],'S -42" (c 0.1, chloroform); v,,, 
(CHC13) 3480, 3270, and 1700 cm-1 (CONH?), 1780 cm-I 
(ylactone), 1745 cm-1 (OAc); nmr data (CDC13) T 3.48 
(d, lH ,  H-1, JI.,~ = 4), 3.6 (s, IH, H-lg), 4.35 (broad s, 
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2H, NHz), 6.18 (d, 1, H-l'p, J I ' , ~  = 4), 6.44 (q, lH,  
H-3/3, J2,3 = lo), 7.86, 7.92 ( 3 ,  9H, OAC). 
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Ormosia alkaloids. VII. Total synthesis of ormosanine, piptantkine, 
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HSING-JANG LIU, YASUHIKO SATO, ZDENEK VALENTA, JEROME SUTHERLAND WILSON, and 
TERRY TA-JEN Yu. Can. J. Chem. 54, 97 (1976). 

A stereoselective synthesis of ormosanine (I), identical in all respects with the naturally 
occurring racemic alkaloid of 0 .  jatitaicettsis, has been accomplished. Subsequent transforma- 
tion of synthetic ormosanine into racemic piptanthine (2) and into d,l-panamine (3) is described. 
18-Epiormosanine (22) has also been prepared by total synthesis. Some unusual stereochen~ical 
effects allowing the control of configuration at  C6, Cll, and CIS are discussed. 

HSING-JANG LIU, YASUHIKO SATO, ZDENEK VALENTA, JEROME SUTHBRLAND WILSON et 
TERRY TA-JEN Yu. Can. J. Chem. 54,97 (1976). 

On a realisi une synthese stireoselective d'une ormosanine (1) identique en tous points a 
l'alcaloide racimique que l'on retrouve dans 1'0. jamaicettsis. On decrit aussi la transformat~on 
substquente de l'ormosanine de synthese en pipthantine racemique (2) et en d,l-panamine (3). 
On a aussi prepare par synthese totale 1'Cpi-18 ormosanine (22). On discute de quelques effets 
stiriochimiaues inusitis Dermettant de contraler la configuration au niveau des carbones C6, 

[Traduit par le journal] 

Introduction Our choice of synthetic desian was strongly 

We wish to  report an eleven-step total syn- 
thesis of ormosanine (1) (2-6), a widely occurring 
C20 Ortrzosia alkaloid,Qising ethyl 2-pyridine- 
acetate as starting material. N o  relays were used 
in the synthesis and the correct configuration of 
all relevant asymmetric centers was achieved 
either exclusively or in strong preference. Since 
naturally occurring ormosanine is racemic ( 3 ,  no 
resolution was required. Subsequent transforma- 
tion of synthetic ormosanine into natural racemic 
piptanthine (2) (7-10, 13-15) and d,l-panamine 
(3) (2, 5, 9-11) has also been p e r f ~ r i n e d . ~  The 
work, hence, also represents the total syntheses 
of these two additional Orn7osia bases. 

lFor part VI in this series, see ref. 1. 
2A part of this work has been reported in preliminary 

form (1). 
'It is interesting to note that, until recently, racemic 

piptanthine had not been reported as a naturally occur- 
ring base. (Natural piptanthine from P. ~tottrrs is levo- 
rotatory (8).) Recently, racemic piptanthine was found in 
0. semicasrrara (13, 14) and later in traces in Templerottia 
rerrrsa (Vent.) (15). An exchange of samples with Professor 
S. McLean, University of Toronto, established the iden- 
tity of the natural and synthetic racemic base. Only levo- 
rotatory panamine has been isolated from nature up to 
date (5); its absolute configuration is now known (15). 

- .  
influenced by the following co~Tsiderations. 

(a) The presence of three basic groups in ormo- 
sanine and related alkaloids makes the com- 
pounds relatively unstable. It was therefore 
decided to carry the nitrogen atonls through 
most of the synthesis in the form of lactams 
and/or pyridines. 

(b) The azabicyclo[3.3.l]nonane systeill repre- 
sents a special feature of the Ortnosia alkaloid 
skeleton. It appeared desirable to  form it in an  
efficient way in the early stages of the synthesis, 
keeping in mind that the C9-C18 bond must be 
prefornled and that the forination of the C15-C16 
bond could present special difficulties. 

(c) Stereochemical control is obviously crucial 
in the synthesis of a compound with six asyrn- 
metric carbons allowing 16 geoilletrically possible 
diastereoisomers. The stereochemical problem is, 
however, significantly simplified by previous 
work on the structure, interconversion, and con- 
figuration of Ormosia alkaloids. S o ~ n e  time ago, 
we have been able to achieve a catalytic epimer- 
ization at  C6  which converted ormosanine into 
the alkaloid piptanthine (2) (10). Thus, the 
preparation of compounds with C6-H trans t o  
the C7-C9 bridge would lead to the synthesis of 
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both orrnosanine (1) and piptanthine (2), while been converted in our laboratory into five of the 
the less favorable exclusive formatioil of corn- eight theoretically possible diastereoisorners of 
pounds with C6-H cis to the C7-C9 bridge could the general formula 5 (10). This reduction study 
at least allow the synthesis of piptanthine (2). encouraged us to expect that the configuration at 
Furthermore, the dipyridine 4 obtained by a centers Cll, CI6, and CI8 could be controlled at 
mild catalytic dehydrogenation of ormosanine the appropriate later stages of the total synthesis 
(1) (16) and related alkaloids (6),  had previously through a proper choice of reagents. 
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Synthesis of' the Skeleton 
An efficient construction of four of the five 

rings of orinosanine (1) was achieved in three 
synthetic steps. Following Clemo et al. (17), 
ethyl 2-pyridineacetate was treated with ethyl 
orthoformate in boiling acetic anhydride to give 
an 867, yield of the yellow crystalline ester 6.4 
Selective hydrogenation with palladium-on- 
charcoal in ethanol then efficiently co~lverted 6 
into a mixture of isomers represented by the 
general formula 7. Intermediate 7 contains rings 
C, D,  and E of ormosanine with the two nitrogen 
atoms suitably protected; furthermore, the doubly 
activated hydrogen atoll1 a t  Cg and the ester 
grouping a t  C7 provide functionalities suitable in 
principle for the attachment of rings A and B. 
Before the synthetic elaboration of 7 is described, 
its stereochemistry and purity deserve comment. 

An extensive chromatographic analysis of 7 
revealed the presence of two major isomers (out 
of the theoretically possible four) which proved 
difficult to separate effi~iently.~ One was charac- 
terized as the corresponding p i ~ r a t e . ~  Since all 
isomers of 7 should be interconvertible under 
conditions which allow equilibration at C7 and 
Cg, crude oily 7 was used in further synthesis. 
Treatment of 7 with sodium hydride and ethyl 
acrylate in N,N-dimethyl formamide gave the 
crystalline en01 ester 8;"o detectable trace of 
the C6-epimer could be found in the mother 
liquors. The overall yield of the two step con- 
version 6 + 8 was 42% of pure crystalline 
material. The structure of 8 follows unarnbigu- 
ously from its analysis and from its spectral 
properties; a sharp singlet corresponding to  one 
hydrogen atom at  T -2.2 in its nuclear magnetic 
resonance (ninr) spectrum is characteristic of the 
chelated hydroxyl group (l8), while the presence 
of infrared maxima at  1640 (lactam) and 1660 
cm-I (en01 ester) and the complete absence of 
carbonyl absorption above 1700 cm-I show that, 
interestingly, the keto ester grouping is fully 

enolized (19). The ultraviolet spectrum showing 
a maximum at  254 nm (log E 4.1) shifting in base 
to 280 nm is also in full agreement with the 
proposed structure (20). 

As far as stereochemistry is concerned, the 
conversion of 8 into ormosanine and several of 
its isomers together with the physical properties 
of these pentacyclic compounds rigorously estab- 
lishes that the C6-hydrogen aton1 in 8 is trans to 
the C7-C9 bridge. Details of this assignment are 
described in the stereochenlistry section. I t  
should be noted that we originally made an  incor- 
rect stereochemical assignment for the C6-proton 
in a preliminary communication written before 
the synthesis of pentacyclic trialnines was 
achieved (21). The reason for this error is inter- 
esting. Ester 8 was subjected to acid hydrolysis 
to give in 80% yield the crystalline ketone 9 
which on subsequent vigorous reduction with 
lithium aluminum hydride gave an oily inixture of 
hydroxy amine epimers 10. This mixture shows 
strong bands in the 2800 cm-I region of its infra- 
red (ir) spectrum taken in chloroform, character- 
istic of at  least two hydrogen atoms situated a to 
the tertiary nitrogen and antiparallel to the 
nitrogen electron pair (22). Since, in the penta- 
cyclic alkaloid series, all bases containing the 
C6-hydrogen atom cis to the C7-C9 bridge show 
these strong bands in solution while the corre- 
sponding bases with a trans arrangement d o  not 
(lo), and since 10 does not differ greatly from the 
alkaloids in the proximity of the tertiary nitrogen 
atom, we felt that an extrapolation to  the tetra- 
cyclic series was justified. The completion of the 
ormosanine synthesis and the ir study of all 
synthetic pen<acyclic bases described below now 
not only rigorously establishes the stereochem- 
istry of 8 a t  C6, but shows that the ir bands in the 
2800 cnl-I region must be interpreted with 
caution, particularly in systems possessing con- 
figurational and conformational instability. Based 
on the now established stereochemistry, the ir 
result shows that 10 is ~ r e s e n t  in solution in 

4All analytical data are recorded in the experimental form 100 (or the corresponding boat-forln cycle- 
section; only those of special relevance are discussed. hexanol) rather than l ob  or loc. 5Although the present evidence cannot be considered 
rigorous, we believe that our inability to prepare a pure Our  evidence does lead an  unique ex- 
isomer 7 arises from equilibration at  C9 during chro- planation of the fact that the formation of 8 is 
matographic purification. Attempts to prepare the stereospecific with ethyl acrylate adding to C9  
Cs-epimer of 8 by vigorous base treatment of 7 before exclusively from a direction cis to the C6-hydro- 
acrylate addition have so far proved unsuccessful. 

"11 synthetic compounds described in this paper are gen atom. One possible rationalization is pro- 
racemic. One absolute configuration is arbitrarilv chosen vided the that the - 
for illustrations. products 7 are epimeric only at  Cg, that the 
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COOEt COOEt COOEt 

hydrogen atoms at C6 and C7 in both esters 7 are 
cis as a result of hydrogenation, and that the 
ester group at C7 does not epiinerize before ethyl 
acrylate adds to C9. The enolate 110 + 116 might 
well add acrylate exclusively from the observed 
direction and this addition could then be fol- 
lowed by epimerization a t  C7 and cycl izat i~n.~ 

The ease of the three-step coilversion of ethyl 
2-pyridineacetate into tetracyclic compounds 
suitable for the synthesis of Ortnosirr alkaloids 
encouraged us to study the condensation step in 
more detail. The possibility of condensing 7 with 

10h 10c 

co~npounds of the type 12 (R = Me, H, or Ac) 
appeared particularly tempting. However, no 
condensation of a preforined ring A with lactan1 
7 could be achieved. It was found that inethyl and 
ethyl vinyl ketone could be used instead of ethyl 
acrylate in the condensation step, but the prod- 
ucts, forined in low yield, did not offer the 
synthetic versatility of en01 ester 8. 

With the synthesis of the tetracyclic intermedi- 
ates 8 and 9 completed, it now remained to 
annelate ring A and, finally, to perform several 
reduction steps under stereochernical control. 
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LIU ET AL.: ORMOSlA ALKALOIDS. VII  

13 RI = H, R2 = CH2CH2COOEt 
14 RI = R2 = CHzCHzCOOEt 
15 RI = Br, R2 = CHzCHzCOOEt 

After extensive initial difficulties, two methods 
were developed leading to  the complete skeleton. 
The preparatively si~ilpler one will be described 
here and used for the coiilpletio~i of ormosanine 
synthesis. The secoiid method, involving a 
photo-addition fragmentation sequence (21, 23), 
will be described i11 detail in a separate com- 
munication. 

Michael addition of 9 t o  ethyl acrylate with 
sodiu~li hydride in benzene at 70°C gave the 
desired oily keto ester 13 in good yield. A small 
amount of the crystalline dialkylation product 14 
was also obtained. Ester 13 was purified and 
characterized via the corresponding crystalline 
acid. Bromination of 13 with bromine in carbon 
tetrachloride gave the crystalline bronio ketone 
15 which was subjected to  dehydrobromination 
with boiling pyridine. The resulting crystalline 
olefin 16 was obtained in 70% yield for the last 
three steps. The endocyclic nature of the double 
bond in 16 follows rigorously from the sharpness 
of the nmr signal for the vinyl hydrogen atom, 
from the fact that 16 is also obtained (21) in an 
entirely different synthetic sequence in which the 
double bond position at Cll-C16 is unarnbigu- 
ous, and from subsequent transformations. 

It can now be seen that ester 16 contains all the 
carbon atoms of ormosanine and that, ill order to  
complete the synthesis of the required skeleton. a 
nitrogen atoiii has t o  be incorporated at  Cll .  This 
incorporati011 could be achieved simply by a pro- 
longed passing of ammonia gas through an 
ethailolic solution of ester 16 which led to  
crystalline keto dilactam 17, n ~ p  245-247 "C, in a 
70YG yield. The structure (but not stereochem- 
istry) of dilactam 17 follows rigorously fro111 
spectral and analytical data and from its subse- 
quent transformations. 

Thus, ethyl 2-pyridiiieacetate has been con- 
verted into keto dilactam 17 containins the 
complete skeleton of C20 O P I ~ O S ~ C I  alkaloids in 
eight synthetic steps and a 14y0 overall yield. The 
synthesis involves esseiitially the condensation of 
two ~llolecules of ethyl 2-pyridiiieacetate, one 
molecule of ethyl orthoforniate, two ~liolecules of 
ethyl acrylate and one molecule of ammonia. 

The stereochemistry at CI I  and at GIG in 
dilacta~n 17 must now be discussed. The follow- 
ing considerations strongly favor the configura- 
tion at  CI1 indicated in formula 17. Firstly, 
inspection of stereoforniula 160 (corresponding 
t o  16), shows that the addition of ammonia 
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should be expected to proceed axially fro111 the 
less hindered exo side.7 If this assignnlent is 
correct, the configuration at CI6 follows: the 
coupling constant of ClI-H in the nrnr spectrum 
of 17 (4 Hz) only agrees with a cisoid attachment 
of ring A. Secondly, keto dilactam 17 proved 
stable to attenlpted epinlerization at CI6 by mild 
acid or base. This is expected for stereochemistry 
17 (see stereofor~nula 170). A similar stability 
order at C16 had previously been observed for 
the epimeric pair tetrahydro-ormojanine - iso- 
tetrahydro-or~nojanine (10). The only other pos- 
sible isomer with a cisoid attachment of ring A, 
18, could clearly be expected to epimerize to  19 
(10). Finally, a mild reduction sequence in which 
the keto group of dilacta~n 17 was removed by 
treatment with sodiunl borohydride, dehydration 
of the resulting alcohol and hydrogenation did 
not lead to ormosanine (I), piptanthine (2), or 
any other known Cz0H35N3 base (10) containing 
the ClI-H atom cis to the C7-C9 bridge.8 

Reclliction to Ortnosanine 
The above stereochemical arguments consti- 

'It should be noted that ammonia must be added to the 
double bond directly since the primary amide corre- 
sponding to ester 16 was found not to form dilactam 17 
under the reaction conditions. 

sunpublished results in this department. 

tute, in our opinion, strong evidence that the 
configuration of dilactam 17 at Cll is opposite to 
that of ormosanine (1). Rather remarkably, 
however, this 'incorrect' configuration proved no 
obstacle to a preparatively simple three-step con- 
version of 17 into orinosanine. Wolff-Kishner 
reduction of 17 using the Huang-Minlon modifi- 
cation (24) resulted in the renloval of the ketone 
carbonyl giving a crystalline dilactanl 20, inp 
268-270 "C, in a 42y0 yield. Catalytic hydrogena- 
tion of this conlpound with Adams' catalyst in 
glacial acetic acid gave, in 87% yield after 
chromatography, an oily nlixture of two Cls 
isomers of dilactarn 21. The estimated ratio of 
these two isomers is 30:l. The nlajor isomer 
could be crystallized and melted at 181-181.5 "C. 
On reduction with diborane in tetrahydrofuran 
at room temperature (25), the mixture of isomers 
furnished two products. Tlle nzajor procllict, 
obtainecl in 45% y i ~ l d ,  was fo~ii~cl to be icleizticnl 
rvith nat~iral racetnlc ort~iosaniize (1) by nzelting 
point, nlixecl ineltino Joint, thin lcryer chro- .. 1. 
tilatograj~lzy, mzcl by rrzjrcrrecl, nuclear inngnetic 
resonance, crtzc1 inass spectra. Epimerization of 
synthetic ormosanine (1) at c6-was performed 
under the reported conditions (10) and gave 
racemic piptanthine (2), identical in solution 
spectra with natural optically active piptanthine 
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(8) and in all respects with natural racenlic pip- 
tanthine (14). The structure of the two synthetic 
bases was further confiriiied by their coilversion 
to the corresponding cyclic ureas, hotnoxyormo- 
sanine, and honloxypiptanthine (10). 

The minor diborane reduction product was 
obtained in 1.3% yield. Since it originates, to- 
gether with ormosanine, fro111 the pure, con- 
figurationally homogeneous, crystalline dilactani 
20, this additional synthetic C10H35N3 base could 
readily be assigned the 18-epiorn~osanine struc- 
ture (22). This assignnlent is fully confirmed by 
correlation of 22 with other Ortnosin bases of 
known config~rat ion.~ As this synthesis was 
being completed, a new C20H35N3 base was 
isolated froni 0 .  setnicastrc~tcr by S. McLean et 01. 
(13). Its identity with synthetic 18-epiorn~osanine 
(22) could be established by direct conlparison of 
the natural and synthetic bases and their homoxy 
derivatives. 

Stereochemistry 
With the synthesis of ormosanine (I), pip- 

tanthine (2), and 18-epiormosanine (22) com- 
pleted, it is now necessary t o  discuss some 
stereochemical aspects of the reported synthesis 
in more detail. 

Obviously, the most serious remaining prob- 
lem is the fate of CI1 during the conversion 
1 7  + 20 -> ormosanine (1). This sequence, in- 
volving a Wolff-Kishner reduction, gave ex- 
clusively the configuration at Cl l  and at CLG 
required for ormosanine and piptanthine; the 
eleven-step conversion of ethyl 2-pyridineacetate 
into ormosanine is therefore highly stereoselec- 
tive and proceeds in a 2.37, overall yield. The 
fact remains, however, that our evidence clearly 
indicates that keto dilactam (17) has a configura- 
tion at CI ,  opposite to that of or~nosanine (vide 
slrpra); it follows that an inversion of configura- 
tion must take place at CII during the conversion 
of 1 7  into ormosani~ie. Of the three reactions 
involved in this sequence, only the Wolff-Kishner 
reduction can reasonably be implicated in this 
inversion. Such an efficient inversion during the 
catalytic reduction of the pyridine ring (20 4 21) 
or during the diborane reduction of the lactam 
groups (21 -> 1) is not chemically reasonable, 
nor has it been observed during similar reactions 
of isomeric compounds (10).8 

It must thus be assumed that, under the Wolff- 
Kishner reduction conditions, keto dilactam 
(17 = 170) first undergoes an efficient conversion 
into 19 (or the corresponding hydrazone) and 
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that this is then followed by a normal reduction 
to dilactanl 20 (stereofor~nula 20a). The postu- 
lated initial conversion 17 + 19 is clearly plaus- 
ible from the thermodynamic standpoint. Con- 
cerning a possible mechanism, there are, in 
addition to the unlikely simple abstraction of the 
Cll-H atom and reprotonation after inversion, 
four 'fragmentation' - cyclization pathways avail- 
able: (a) breakage of the Cll-N bond by 
p-elimination followed by recyclization of the 
resulting primary a~n ide  enone;g (b) breakage of 
the ClI-CIG bond by a reverse Manilich reaction 
with an electron flow towards the keto group; 
(c) and ((1) breakage of the Cg-Cll bond by an 
electron flow towards the a-picoline carbon (Cg) 
by elimination p to  the keto group or in a reverse 
Mannich reaction. When all possible conforma- 
tions of 17 and its corresponding enolate ion and 
anlide anion are considered, pathways a9 and b 
appear particularly plausible on stereo-electronic 
grounds. 

Clearly, from a purely structural standpoint, 
these events are sufficiently complicated as to 
render the synthesis of little value for the con- 
firmation of ornlosanine stereochemistry at  Cl l  
and CI6.  From the synthetic standpoint, however, 
the favorable fact renlains that keto dilactam 1 7  
can, at  least in principle, be used as a starting 
material for the preparation of Orr?7osia bases of 
either configuration at CI1. 

The configuration at  C6  in en01 ester 8 and all 
subsequent synthetic compounds follows unam- 
biguously from three lines of evidence. The 
alkaloids synthesized (ormosanine and 18-epi- 
ormosanine) are known t o  contain the C,;H 
atom tratzs t o  the C7-C9 bridge. Two catalytic 
inversions at CG, previously done with natural 
alkaloids (10) (ormosanine -+ piptanthine; dasy- 
carpine +- isotetrahydro-ormojanine) are known 
to  lead unan~biguously to  products containing a 

9The involvement of this isornerization pathway is, 
however, now made improbable by our finding that the 
primary amide corresponding to ester 16 is completely 
destroyed under the Huang-Minlon conditions. No 
dilactam 20 is produced. An attempt to  achieve the 
17 -+ 19 conversion under the drastic conditions in the 
absence of hydrazine also led to complete destruction of 
material. We are now preparing a large amount of keto 
dilactam 17 in order to study this reduction in greater 
detail. We hope, in particular, that it will be possible to 
find critical (milder) Wolff-Kishner conditions under 
which the keto group will be removed without epimeriza- 
tion at CII. 

CG-H atom cis to  the C7-Cg bridge (10). Finally, 
and rnost importantly, ir analysis of all penta- 
cyclic Ormosiu bases shows that, without excep- 
tion, any pair of compounds in this series 
differing only in the configuration at  C G  can be 
distinguished by bands in the 2800 cm-I region 
(22) of the solution spectra, the co~llpound with 
the C6-H atoll1 cis to  the C7-Cg bridge (e.g. 
piptanthine 20) showing prominent bands and 
the C6-epimer (e.g. or~nosanine l a  + lb)  show- 
ing no bands or bands of greatly reduced inten- 
sity. All our synthetic pentacyclic bases, before 
their subsequent epilllerizatioll at  C6, were found 
to  belong to the latter category. 

It now remains to  colnrnent on the pronounced 
stereoselectivity observed during the catalytic 
reduction of the pyridine ring of the dilactanl 20. 
Since, after subsequent diborane reduction, or- 
mosanine (1) is obtained in a 45Y0 yield and 
18-epiormosanine (22) in a 1.37, yield, it follows 
that the nlajor product of the catalytic reduction 
has the configuration 21a and that a very 
efficient conformational control must be involved 
in the process. 

Model inspection of dilactam 20a clearly 
shows that a hydrogen bond between the pyridine 
nitrogen and the NH-group present in ring A 
would lead to a conformation of the nlolecule 
which, on catalytic reduction from the less 
hindered (bottom) side, would give a C18- 
configuration opposite to  the one actually ob- 
tained. The observed stereoselectivity can, how- 
ever, be explained in the following simple way. 
Since the hydrogenation is carried out in acidic 
medium, a pyridinium ion can be postulated as 
the reactive species; a hydrogen bond between 
the protonated pyridine nitrogen and the tertiary 
lactan1 oxygen as indicated in stereofor~nula 20b 
then leads to  a nlolecular conformation which 
can be expected to  reduce fro111 the direction 
shown by arrows in 20b and to lead preferentially 
t o  the observed product. 

Clearly, this postulate could be tested by 
si~llply reversing the last two reduction steps of 
the synthesis. Treatment of dilactam 20a with 
diborane in tetrahydrofuran gave the diamino 
pyridine 23 isolated in the form of its hydro- 
chloride. Hydrogenatio~l of the crude hydro- 
chloride with platinum oxide in glacial acetic acid 
followed by treatment with phosgene to  prepare 
the corresponding cyclic ureas (10) gave, after 
purification, two crystalline compounds in a 
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5:3 ratio. The major one was identified as 
hon~oxy-18-epiorn~osanine 24 and the minor one 
as ho~noxyorn~osanine (10). Thus, the selectivity 
at Cls has in fact been reversed and the involve- 
ment of the tertiary lactain group during the 
catalytic reduction of dilactam 20a is made more 
plausible. It seems reasonable t o  assume that the 
preferential formation of 18-epiormosanine (22) 
during the catalytic reduction of 23 can be ex- 
plained by a slightly preferred conformation 
indicated in stereoformula 23a. 

Synthesis of cl,l-Panamine 
With the synthesis of ormosanine completed, 

it became desirable to  study its possible oxidative 
conversion into panamine (3) (10-12). It has now 
been found (1) that this could be accoinplished 
simply by reacting ormosanine (1) with N-chloro- 
succinin~ide in methylene chloride. The racemic 
panamine (3) thus obtained in a 747, yield was 
identified by comparison of ir, nmr, and mass 
spectra, as well as by thin layer chromatography, 
with the natural levo-rotatory alkaloid. 
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Since, as noted briefly above, ormosanine (1) 
was dehydrogenated to dipyridine (4) (6, 16) and 
the latter was converted reductively to four 
ormosanine stereoisoillers in addition to pip- 
tailthine (2) (lo), the present work also represents 
a formal total synthesis of these four unnatural 
C20H35N3 bases. 

Experimental 

General 
Melting points were determined on a Kofler hot stage 

apparatus and are uncorrected. The ir spectra were 
recorded on Perkin-Elmer spectrophotometers, Models 
137B and 2378; chloroform was used for all solution 
spectra. The uv spectra were taken in 95% ethanol solu- 
tion using a Beckman double-beam spectrophotometer, 
Model DK-2. The nmr spectra were recorded on Varian 
HR-60 and T-60 instruments using tetramethylsilane as 
internal standard and chloroform-D as solvent. The mass 
spectra (ms) were determined on a Hitachi-Perkin-Elmer 
Model RMU-6D Spectrometer and an A.E.I. Model 
MS-2 Spectrometer. The abbreviations s, d, t, q ,  and m 
refer to singlet, doublet, triplet, quartet, and multiplet, 
respectively. 

Etl1yl4-0xo-3-(2'-pyridyl)-p)~ridocolb1e-l-carboxylafe, 6 
As described by Clemo et 01. (17), ethyl 2-pyridine- 

acetate (320 g, 1.94 mol), ethyl orthoformate (300 g, 
2.02 mol), and acetic anhydride (360 ml) were heated on 
a steam bath for 20 h under N2 atmosphere. The product 

was poured into a solution of potassium carbonate 
(400g) in warm water (500 ml) and extracted with 
chloroform. The extract after drying (MgS04), filtration, 
and concentration gave a viscous oil (325 g) which 
crystallized from ethanol to give yellow crystalline 6 
(245 g, 86.070), mp 126-127 "C; uv A,,, 265 nm (log 6 
4.3); ir 1715 (unsaturated ester), 1660 (lactam), 1640 
(double bonds), and 1590 cm-1 (pyridine); nmr + 0.52- 
2.83 (9H, aromatic), 5.65 (q, 2H, -COOCH2CH3), and 
8.64 (t, 3H, -COOCHrCH3). 

Hydrogerlafion of 6 
Crystalline 6 (45 g, 0.15 mol) in ethanol (750 ml) was 

hydrogenated over 10% Pd-C (15 g; pre-saturated with 
hydrogen) at room temperature and normal pressure. The 
reaction was stopped after 4 mol of hydrogen had been 
taken up. The catalyst was filtered and washed thoroughly 
with ethanol. The filtrate was evaporated it1 kaclro to dry- 
ness to give an oil (45 g) which was chromatographed on 
neutral alumina (Grade 111). Elution with ether gave the 
configurationally impure ester lactam 7 (36.5 g, 79.OyO) 
which showed two spots of about equal intensity on tlc 
analysis, but no other impurities. Extensive tlc, column, 
and short column chromatography failed to resolve the 
mixture cleanly. Mol. Wf. Calcd. for C I ~ H Z Z N ~ O ~ :  
302.1630; found (high resolution ms): 302.1630. 

Picrate: mp 162-163 "C (recrystallized from ethanol, 
yellow feather pIates). Anal. Calcd. for CnHzzNz04- 
CeH3N307: C, 51.97; H,  4.73; N, 13.17; found: C ,  51.88; 
H, 4.68; N,  13.23. 

Preparation of Keto Ester 8 
To a solution of chrornatographed 7 (17.35 g, 57.4 
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rnrnol) in anhydrous N,N-dimethyl formamide (120 ml), 
was added sodium hydride (4.90g, 114.1 mmol, 56% 
dispersion in mineral oil). After the vigorous evolution of 
hydrogen ceased, ethyl acrylate (I 1.54 g, 115.4 mmol) was 
added dropwise over a 5 mi11 period. The resulting mix- 
ture was heated at  110 "C under N? atmosphere for 15 11, 
cooled to room temperature, poured into water containing 
chopped ice, and extracted with ether to remove mineral 
oil and impurities. The aqueous layer was then extracted 
with chloroform. The chloroform solution after drying 
(MgSOd), filtration, and concentration it1 vacuo gave a 
viscous oil (17.26 g) which was chromatographed on 
silica gel. Elution with ether afforded the crystalline keto 
ester 8 (10.84 g, 52.85;), mp 155-156 "C (recrystallized 
from isopropyl ether, colorless prisms). Mol. Wt .  Calcd. 
for C2oH24N204: 356.1736; found (high resolution ms): 
356.1733. Ultraviolet A,:,, 254 nni (log c 4.1); ir 1660 
(hydrogen-bonded unsaturated ester), 1640 (lactam and 
double bond), and 1590 and 1580 cm-1 (pyridine); nnlr 
T -2.20 (s, IH, enolic), 1.56 (d, lH ,  aromatic), 2.54 (n1, 
2H, aromatic), 2.93 (m, lH,  aromatic), 5.40 (m, lH ,  
C2-eq.-H), 5.83 (q, 2H, -COOCH2CH3), and 8.77 (t, 3H, 
-COOCH2CH3). Atrcll. Calcd. for C2oH24N~04: C, 67.39; 
H, 6.78; N, 7.85; 0 ,  17.95; found: C, 67.44; H, 6.65; N, 
7.83; 0 ,  18.15. 

Decarbetlrosylatiot~ of Keto Ester 8 
The keto ester 8 (20 g, 56.1 mmol) was refluxed with 

stirring in 1OC/;, aqueous sulfuric acid (400 ml) for 15 h. 
After cooling to room temperature, the solution was 
made basic with ice-cold 4 N aqueous sodium hydroxide 
and extracted with chloroform. Removal of the solvent, 
after drying the extract over magnesium sulfate and 
filtration, gave a solid (14.35 g). Recrystallization from 
ethyl acetate gave the pure ketone 9 (12.76 g, 80.55;), mp 
174-175 "C, colorless prisms. Mol. Wt .  Calcd. for 
C17H20N202: 284.1525; found (high resolution ms): 
284.1517. Infrared 1715 (ketone), 1630 (lactam), and 1590 
and 1530 cm-1 (pyridine); nrnr T 1.47 (d, IH, aromatic), 
2.20-2.97 (m, 3H, aromatic), and 5.20 (m, IH, C2- 
equatorial). Atlctl. Calcd. for C17H20N202: C. 71.80: H. 
7.08; N, 9.85; 0 ,  11.25; found: C, 71.75; H, 6.91; N; 
9.77; 0 ,  11.51. 

Alkylnriotl of Ketotze 9 
The ketone 9 (2.0 g, 7.04 mmol) and sodium hydride 

(314 mg, 7.33 mmol, 56% dispersion in mineral oil) were 
reacted in boiling anhydrous benzene for 15 h under N2 
atmosphere. A solution of ethyl acrylate (705 mg, 7.04 
mmol) in anhydrous benzene (5 ml) was then added, the 
resultant mixture was heated at  70°C for 0.5 h, cooled to 
room temperature, poured into ice-cold water, and 
extracted with chloroform. Removal of the solvent after 
drying the extract over magnesium sulfate and filtration 
gave an oily mixture (2.62 g). Chromatography on silica gel 
gave, on elution with ether, the dialkylated ketone 14 
(98 mg, 10.55;); mp 100-101 "C (recrystallized from 
cyclohexane or cyclohexane - ethyl acetate, colorless 
prisms). Mol. Wt .  Calcd. for C Z ~ H ~ G N ~ O ~ :  484.2573; 
found (high resolution ms) 484.2566. Infrared 1725 (two 
esters), 1700 (ketone), 1640 (lactam), and 1590 and 
1580 cm-I (pyridine); nrnr 1.41 (d,  lH ,  aromatic), 2.60 
(m, 3H, aromatic), 5.28 (nl, IH, C2-equatorial), 5.84 (q, 
4H, -COOCHzCH3), 8.77 (t, 3H, -COOCH2CH3), 

and 8.84 (t, 3H, -COOCH2CH3). At~nl. Calcd. for 
C17H36N206. ~CaHl~(cyclohexane): C ,  68.11; H, 8.07; N, 
5.31; found: C, 68.37; H, 8.09; N, 5.28. Further elution 
with ether gave the keto ester 13 (621 mg, 84.0YG). Mol. 
Wt .  Calcd. for C22H?sN204: 384.2049; found (high 
resolution ms): 384.2056. Infrared 1710 (broad, ketone 
and ester), 1625 (lactam), and 1590 and 1575 cm-1 
(pyridine); nmr T 1.41 (d, l H ,  aromatic), 2.14-2.90 (m, 
3H, aromatic), 5.14 (m, lH ,  C2-equatorial), 5.84 (q, 
2H, -COOCH2CH3) and 8.74 (t, 3H, -COOCH2CH3). 
Unchanged starting material (1.453 g) was the final ether 
eluate. 

The acid derivative of compouild 13 had rnp 216-217 "C 
(recrystallized from ethanol, colorless prisms). Mol. Wt .  
Calcd. for C2oH24N~04: 356.1736; found (high resolution 
ms): 356.1744. Atrnl. Calcd. for C20H24N204: C, 67.39; 
H, 6.78; N, 7.86; found: C, 67.13; H ,  6.85; N, 7.72. 

Brotnitrcrtiotr of Keto Ester 13 
A solution of 13 (1.10 g, 2.86 mmol) and bromine 

(0.9 g, 5.62 mmol) in carbon tetrachloride (25 ml), was 
stirred at  room temperature for 111. It was then made 
basic with saturated sodium bicarbonate, extracted with 
chloroform, washed with brine, and dried over sodium 
sulfate. Removal of solvent gave a powder, 15 (1.32 g, 
loo%), rnp 146-147 "C (recrystallized from ethyl acetate, 
colorless prisms). Mol. Wt .  Calcd. for C22H~N204Br: 
462.1 145; found (high resolution ms): 462.1 145. Infrared 
1727 (broad, ketone and ester), 1635 (lactam), and 1590 
and 1575 cm-1 (pyridine); nrnr 1.47 (d, IH, aromatic), 
2.20-3.00 (m, 3H, aromatic), 5.24 (m, IH, Cz-equatorial), 
5.84 (q, 2H, -COOCHzCH3), and 8.84 (t, 3H, 
-COOCH2CH3). Atlcrl. Calcd. for C X H ~ ~ N ~ O J B T :  C, 
57.02; H ,  5.87; N, 6.05; found: C,  56.97; H ,  5.79; N, 5.94. 

Delryclrobrotnitratio,r of Bt.otvo Ketotre I5 
The above bromide 15 (1.32 g,  2.85 mmol) was refluxed 

with stirring in anhydrous pyridine (25 ml) for 4 h. The 
solution was evaporated to dryness under reduced 
pressure and saturated aqueous sodium bicarbonate was 
added. Extraction with chloroform followed by the usual 
work-up gave an oil (1.16 g). Chromatography on silica 
gel afforded, on elution with ether, the keto ester 16 
(904 mg, 83.0();), mp 97-98 "C (recrystallized from 
ether~yclohexane, colorless prisms). Mol. Wt .  Calcd. for 
C ~ ~ H ~ G N Z O ~ :  382.1893; found (high resolution ms): 
382.1887. Infrared 1725 (ester), 1675 (unsaturated ketone), 
1635 (lactam and double bond), and 1590 and 1580 cm-1 
(pyridine); nlnr T 1.44 (d, l H ,  aromatic), 2.13-2.90 (m, 
4H, I vinyl and 3 aromatic), 5.34 (d of t, l H ,  C2-equa- 
torial), 5.S9 (q, 2H, -COOCH2CH3), and 8.78 (t, 3H 
-COOCH2CH3). Atrcrl. Calcd. for CllH26N204: C, 69.08; 
H, 6.85; N, 7.32; found: C, 69.04; H, 6.87; N, 7.32. 

Prepurutiotr oj'Keto Dilactnt?~ 17 
Compound 16 (7.0 g, 18.32 mmol) was dissolved in 

absolute ethanol (500 ml) in a flask fitted with a gas-inlet 
tube and a KOH drying tube as gas outlet. At room 
temperature, a stream of anhydrous ammonia gas (dried 
by passing through a KOH tower) was allowed to pass 
through the solutiorl for one week. Removal of the 
solvent afforded an oil (7.32g). Chromatography on 
silica gel with ether as eluent resulted in partial recovery 
of starting material (1.05 g). Elution with methanol-ether 
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(1:20), gave the lteto dilactam 17 (3.85g, 70.1';1), mp 
245-247 'C (recrystallized from ethanol, colorless prisms). 
~Mol. CVt. Calcd. for C?0H?3N303: 353.1739; found (high 
resolution ms): 353.1727. Infrared 3400-3250 (lactam 
NH), 1710 (ketone), 1635 (lactam carbonyls), and 1593 
and 1575 (pyridine); nmr 7 1.40 (d, lH ,  aromatic), 2.10- 
2.87 (m, 3H, aromatic), 5.04 (C,,-H, J = 4 Hz), and 
5.10 (m, lH ,  C2-eq~~atorial). A I I ~ ~ .  Calcd. for C20H~jN303: 
C, 67.96; H ,  6.51; N, 11.87; 0 ,  13.60; found: C, 67.77; 
H ,  6.50; N. 11.97; 0 ,  13.68. 

Wolff-Kish~le, Reclrrctiolr of Iceto Dilcrctcr~ll 17 
A solution of 17 (100 mg, 0.283 mmol), powdered 

KOH (20 mg, 0.511 mmol) and 99-100GG hydrazine 
hydrate (0.2 ml, 4.00 mmol) in triethylene glycol (2 ml) 
was heated at 190 'C for 2 h. The solution, after cooling 
to room temperature, was poured into water and ex- 
tracted with chloroform. Drying (M~SOJ) ,  filtration, and 
evaporation gave a foam (73 mg). Chromatography on 
alumina (type G) afforded, on elution with 20% ethanol 
in isopropyl ether, dilactam 20 (40 mg, 41.6'i), mp 
268-270 "C (crystallized from ethyl acetate, colorless 
prisms). iWl. CVr. Calcd. for C Z O H ~ ~ N ~ O ? :  339.1947; 
found (high resolution ms): 339.1951. Infrared 3415 
(NH), 1640 (lactams), and 1585 and 1575 cm-1 (pyridine); 
nmr T 1.62 (d, lH ,  aromatic), 2.78 (m, 3H, aromatic), 
3.66 (s, lH ,  NH), 5.10 (m, lH ,  C2-equatorial), and 5.75 
(broad, IH, CII-H). A~rnl. Calcd. for C ~ O H ~ S N ~ O ? :  C, 
70.77; H ,  7.42; N, 12.37; found: C, 70.80; H ,  7.30; N, 
12.16. 

Cntn1)'tic Hyclt~oge~lnrioir of Dilnctcr~n 20 
Dilactam 20 (270 mg, 0.796 mmol) in glacial acetic 

acid (10 ml) was hydrogenated over platinum oxide 
(280 mg, 1.230 mmol) at room tenlperature and normal 
pressure for 20 h.  The solution was filtered, concentrated, 
and made basic with saturated sodium bicarbonate. 
Extraction wit11 chloroform gave, after work-up of the 
extract in the usual manner, dilactam 21 (240 nlg, 87.2'7;), 
mp 181-181.5 "C (recrystallized fro111 ethyl acetate, 
colorless prisms). A4ol. 144. Calcd. for C2oH31Ni02: 
345.2416; found (high resolution ms): 345.2421. Infrared 
3400, 3300 (NH's), and 1625 cm-I (lactams); nmr no 
signal for aromatic protons. Thin layer chromatography 
and the following experiment showed crude 21 to be a 
mixture of two CIS-epimers in a ratio of about 30:l. 

Diborn~~e Reclrrctio~l of Dilcrctn~li 21 
The mixture of 21 (240 nlg, 0.696 nlmol) was treated 

with a solution of diborane in tetrahydrofuran (15 1111, 
15 n ~ n ~ o l )  at room temperature under N2 atmosphere for 
three days. An excess of methanolic HCI was then added. 
After further stirring for 4 h ,  the reaction mixture was 
concentrated under reduced pressure, made basic with 
4 N aqueous NaOH, and extracted continuously with 
ether. Removal of the solvent gave a foam (150 mg) con- 
sisting of two products whose separation was performed 
by preparative tlc on alumina, using 205.6 methanol in 
ether as eluent. The faster-moving fraction (R, 0.7; 100 
mg, 45.4$6) crystallized from benzene-ether, melted at 
179-180 "C and was found to be identical with natural 
ormosanine (1) in tlc, mp, mixture mp, ir, nmr, and ms. 

The slower-moving fraction (3 mg, 1.37;) was CIS- 
epiormosanine (22); ms M+ 317; ir 3200 cm-1 (NH's), no 
carbonyl and pyridine absorption bands. 

Iso~i~erizatio~l of Sy~~tlletic Or117osa11iile, I ,  to 
Piptci~rthi~le, 2 

Synthetic ormosanine (1) (20 mg) was isomerized under 
the reported conditions (10) to crystalline piptanthine 
(8 mg, 40.0',6): mp 217-218 'C, identical with natural 
optically active base in tlc, ir, nmr, and rns and with the 
natural racemate in ~ n p .  

Pt.epcrratio11 of Ureu Derivcrtives of S).irtlletic Or~noscirli~le, 
1, Pip t~~~l l r i~ l e ,  2 ,  C I I I ~  I ~ - E ~ ~ ~ ~ I ~ I o s ( I I ~ ~ I I ~ ,  22 

The urea derivatives were prepared by the procedures 
used for the natural alkaloids (10). TIILIS, after the 
phosgene treatment, synthetic ormosanine (1) (100 mg) 
gave crystalline l ~ o ~ ~ ~ o x y o r ~ ~ ~ o s a n i n e  (10) (50 mg, 46.356), 
mp 171-173 "C. Synthetic piptanthine (2) (8 mg) afforded 
homoxypiptanthine (10, 13) (5  mg, 58.155), mp 153- 
154 "C and synthetic 18-epiortnosa~~ine (22) (8 ~ n g )  gave 
rise to homoxy-18-epiormosanine (24) (4 mg, 46.5%), 
n ~ p  218-220 "C (crystallized from ether); nls M' 343; ir 
1610 cm-1 (urea). 

Diborcr~le Recl~rctio~r oJ'Dilcrct~~ii 20 
Dilactam 20 (97 mg, 0.286 m~nol) was treated with a 

solution of diborane in tetrahydrofuran (5 ml, 5 mmol) 
under N? atmosphere at  room temperature for three days. 
The reaction mixture was evaporated under reduced 
pressure to dryness. An excess of methanolic HCI was 
added to the residue and the resultant solution was 
stirred for 4 h. Removal of the solvent ill vcrcrro gave the 
hydrochloride of diamino pyridine 23 which without 
purification was subjected to  hydrogenation. 

P~,epn~,crtio~l of HOI?IOX-~OI.II?O~~I~~I~~ nlld 
Ho1iioxy-18-epior1i1oscr1li11e, 24, fro/>r Dicr~ili~ro 
Pyrirlilre, 23 

A solution of the above hydrochloride of 23 in glacial 
acetic acid ( 5  ml) was hydrogenated with platinum oxide 
(50 mg) at room temperature and normal pressure for 
one day. The solution was filtered, concentrated, made 
basic with aqueous NaOH and continuously extracted 
with ether for 24 h. Removal of the solvent gave a residue 
(75 mg) which was dissolved in benzene (50 ml). Tri- 
ethylamine (5 ml) was added, phosgene was bubbled 
through for 10 min, and the solution was then allowed 
to stand at room temperature for 24 11. The reaction 
mixture was diluted with benzene and extracted with 
aqueous HCI. The aqueous solution was made basic with 
ammoniunl hydroxide and extracted with chloroform. 
Work-up of the extract in the usual manner gave a foam 
(50 mg). Preparative tlc on silica gel, using 20ci: methanol 
in ether as eluent, resulted in the separation of I~omoxy- 
ormosanine (6 mg, 6(yG) and homoxy-18-epiormosanine, 
24 (10 mg, 107;). 

Co~lversio~r oJ' Or~iioscr~li~re, I, illto Pa~lcr~ni~re, 3 
A solution of orrnosanine (1) (2 g, 6.31 mmol) and 

N-cl~lorosuccinimide (840 mg, 6.31 ~nmol) in methylene 
chloride (100 nll) was stirred at room tenlperature for 2 11. 
The solvent was removed under reduced pressure and 
aqueous sodium bicarbonate was added to the residue. 
Extraction with chloroform gave, after drying over 
sodium sulfate, filtration and evaporation, a foam (2.1 g)  
which was chromatographed on silica gel. Elution with 
3yG diethylamine in petroleum ether gave starting material 
(1.165 g). Elution with 5';; diethylamine in petroleum 
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ether afforded oily d,l-panamine (3) (622 mg, 74.4Cj,), 
I identified by comparison of tlc, ~ r ,  nmr, and ms with the 

natural alkaloid. 
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Vibrational spectra of 7'-cyclopentadienyldicarbonyl(thiocarbony1)- 
manganese(1) and ~'-cyc1opentadieny1carbony1(dithiocarbony1)- 

manganese(1) I s '  

G. G. B A R N A , ~  I. S. BUTLER, AND K. R. PLOWIVIAN 
Depnrtt>letlt of Clletnistry, McGill Ut~iversity, P.O. Bos 6070, Statioti A ,  A4011trea1, Quebec H3C 3Gl 

Received August 11, 1975 

G. G .  BARNA, I. S. BUTLER, and K. R. PLOWMAN. Can. J. Chem. 54,110 (1976). 
The ir and laser Rarnan spectra of rlj-CjHjMn(C0)2(CS) and q5-CjHjMn(CO)(CS)2 have 

been investigated. In the case of the monothiocarbonyl complex, vapor phase, solution, and 
solid-state measurements were made, while for the dithiocarbonyl, only solid-state data were 
obtained. The vibrational spectra of both co~nplexes have been assigned satisfactorily in terms 
of the Cj, and C, local symmetries of the v5-C5Hj-Mn and Mn(CO)z(CS) (or Mn(CO)(CS)2) 
moieties, respectively. The effect of change of state on the spectra of the monothiocarbonyl 
complex is discussed. 

G.  G. BARNA, I .  S. BUTLER et K. R. PLOWXIAN. Can. J. Chem. 54, 110 (1976). 
On a etudie les spectres ir et Ra~nan  laser des vj-CjHsMn(C0)2(CS) et , ,~ -C~H~MII (CO)(CS)~ .  

Dans le cas du complexe du mo~~ot l~ ioca rbo~~y le ,  on a fait des mesures en phase vapeur, en 
solution et B I'Ctat solide alors qu'avec le complese dithiocarbonyle, on n'a obtenu que des 
donnces k I'Ctat sol~de. On a attribuC d'~lne f a ~ o n  satisfaisante les spectres vibrationnels des 
de~ i s  complexes en termes de symitrie locale C,, ~ L I  ,Ij-C5Hj-Mn et C, du Mn(CO)z(CS) 
(OLI MII(CO)(CS)?). On d i sc~~ te  de I'efTet de changement d'Ctat sur le spectre clu complexe du 
monothiocarbonyle. 

[Traduit par le journal] 

Introduction 

The first transition metal thiocarbonyl com- 
plexes were discovered in 1966 (1). Since then. 
over one hundred of these conlplexes containing 
terminal CS groups have been synthesized en- 
co~llpassing cssentialiy all the transition metals 
(3-19, for a review on the chemistry of transi- 
tion nletal thiocarbonyls, up to March 1973, 
see ref. 2). Whereas the vibrational spectra of 
the related transition metal carbonyls have been 
widely studied (20), little attention has been paid 
to the spectra of the thiocarbonyls apart froin 
the assignnlent of the ir-active CS stretching 
fundamentals. T o  date, a detailed study of the 
vibrational spectra of a metal thiocarbonyl com- 
plex has not been reported, although a recent 
preli~ninary comtnunication indicates that an 
analysis of the complete vibrational spectra of 

'This paper is dedicated to Professor C. A. Winkler of 
McGill University on the occasion of his sixty-fifth 
birthday by one of his colleag~~es (I.S.B.). 

2Taken in part from the Ph.D.Thesis of G.G.B., McGill 
University, 1973. Presented in part at  the 165th National 
Meeting of the American Chemical Society, Dallas, 
Texas, April, 1973. 

jPresent address: Texas Instruments Inc., Dallas, 
Texas. 

(r16-C6HjC02Me)Cr(CO)I(CS) is forthconling 
(21). 

Several years ago, we discovered the mangan- 
ese carbonylthiocarbonyls, 175-C~H~Mn(CO)2(CS) 
and v5-CjHSMn(CO)(CS)2, and reported ir data 
for the Y(CO) and v(CS) nlodes (22, 23). We 
have now investigated the corllplete ir and laser 
Ramail spectra of these conlplexes in various 
phases and present here our proposed assign- 
ments for the spectra. 

Experimental 

The yellow, crystalline thiocarbonyl complexes were 
prepared from a5-C5H5M~~(C0)j (a generous gift from 
Ethyl Corp.) by the  neth hods described in the l~terature (9) 
and were sublimed (25 'C/O.Ol Torr) immediately prior 
to recording their spectra. Spectrograde solvents, freshly 
distilled under nitrogen, were used for all the solution 
spectra. 

The ir spectra in the 4000-350 cm-I region were re- 
corded on a Perkin-Elmer 521 grating spectrophotometer 
using the 1653.3 cm-1 band of water vapor and the 667.3 
cm-1 band of CO2 as calibrations. The accuracy of the 
measurements is f 2 cm-1 (4000-2000 cm-I region) and 
+ 1 cm-1 (2000-350 cn--1 region). The far-ir spectra 
GOO-33 CIII-1) were recorded on a Perkin-Elmer FIS-3 
spectrometer. The observed bands were calibrated 
against the low frequency bands of water vapor (accuracy 
+ 2 cm-1). The sample handling conditions employed for 
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BARNA ET A L . :  VIBRATIONAL SPECTRA OF I ) ~ C ~ H ~ ~ V ~ ~ ( C O ) ~ C S  AND I) '-C~H~M~CO(CS): 111 

FIG. I .  Vibrational spectra of 115-C5HjMn(C0)2(CS). ( A )  Infrared spectrum of vapor at -100 'C. 
( B )  Kaman spectrum of solid (Kr+ excitation, 647.1 nm (-50 mW)). Conditions ( X  2.5 scale): slit 
widths, 5.0 cm-1; time constant, 7 s ;  scan speed, 50 cm-1 min-1. 

the various ir spectra are indicated in the tables. 
The solid-state Raman spectra were recorded at room 

temperature for powdered samples in a spinning cell 
( v ~ - C ~ H S M ~ ( C O ) ~ ( C S ) )  or in a capillary tube (7-5-CsHiMn- 
(CO)(CS):) on a Jarrell-Ash 25-300 spectrometer eq~~ipped 
with a Coherent Radiation Ltd. Kr+ laser (model 52K) 
using 647.1 nrn excitation (-50 mW). Unfortunately, 
solution data were difficult to obtain (even with the laser 
beam drastically detuned) owing to rapid decomposition 
of the complexes at high laser powers and the relatively 
low concentrations which had to be employed. Neverthe- 
less, the frequencies and polarizations of the major bands 
in the CS2 solution Ranla11 spectrum of the nionothio- 
carbonyl conlplex could be determined. The observed 
Raman spectra were calibrated against either the 730.1 
and 533.7 cm-1 peaks of indene or tlie emission lines from 
a neon lamp (accuracy f 1-2 cni-I). 

Results and Discussion 
The vibrational spectra of numerous v5-cyclo- 

pentadienylmetal carbonyl complexes have been 

analyzed quite successf~~lly by the local sym- 
metry approach (24, 25, and their references). 
Therefore. we will initially examine the spectra 
of the two manganese carbonylthiocarbonyls in 
terms of the vibrations of the Cj, v5-CjHj-Mn 
and C, Mn(CO)2(CS) or MII(CO)(CS)~ moieties. 
As exa~llples of typical spectra, the vapor phase 
ir and solid-state Raman spectra of v5-CjHjMn- 
(CO)?(CS) are shown in Fig. 1. The actual fre- 
q~iencies and the proposed assignments for all 
the spectra recorded are collected together in 
Table 

"he table shown here colitai~is only data for the 
fundamental vibrations. A complete listing of all the 
observed frequencies, including tlie binary overtones and 
combinations, is available at a noniiiial charge from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 
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112 CAN. J. CHEM. VOL. 54, 1976 

TABLE I .  Vibrational spectra (cm-1) of ?15-C5H5Mn(C0)2(CS) and ?15-C5H5Mn(CO)(CS)2a 

~ ~ - C ~ H ~ M ~ ( C O ) Z ( C S )  
?15-C5H5Mn(CO)(CS)2 

Infrared 
Infrared 

CS2 Solid-state Rarnan (solid-state, Raman 
Vapor solution (KBr disk) (solid-state)" KBr disk) (solid-state) Assignnlent 

3130 s nl C H  str. (vl) 
3119 vw 3121 s 3120 w 3115 rn, sh 3110 vw { el C H  str. ( v ~ )  

3095 w e, C H  str. (v,) 

2025 vs 2007 vs 2009 vs 1990 n, (2012 p) } S  1::;) w o1 CO str. 
1980 

1979 vvs 1956 vs 1933 vs 1958 111 (1954 dp) a" CO str. 
1425 vvs* 1440 vw 1424 w el CC str. (v,) 
1359 w, shb e2 CC str. (vI2) 

1279 vs 1266 vs 1260 vs 1242 vw 1298 I,vse 
1289 sli i 

a' CS str. 

n" CS str. 

1113 ~n nl ring breath. (v3) 
e2 CH bend (1) (VII) 
el CH bend ( 11 )  ( ~ 6 )  
e2 ring dist. (11) ( ~ ~ 3 )  

840 w, sh el C H  bend (1) ( v 7 )  
834 w a l  C H  bend (1) (v2 

1 

1060 vw 
1011 vw 
923 vw 
845 vw, s11 
832 rn 
625 w 

590 nl 

}MIICO and MnCS bends 

494 
478 rnw 

a' Mn-CO str. 462 s (463 p) 

441 rn (438 dp) 437 s''l, at' Mn-CO str. 
428 1 
404 rn a" Mn-CS str. - ~~~ 

359 rn n' Mn-CS str. 
350 vw, sh el ring tilt 
321 vvs nl ring-Mn str. 

"Some of the lists of f~.equcncies have been divided into sectio~is and  the  intensities given are relntivc to the most intense peak within each 
sectio~i. 

bln CClr solution. 
Cln benzene solution. 
dCS? solution darn are  sliown in  parentheses. 
eFrom ref. 9 :  v(C0) 1991 s, 4CS) I305 s a n d  1135 vs (in CS? solution); v(C0) 1996 r, "(CS) 1308 s and 1240 s cm-I (in Nujol mull). 

a5-Cj~~lol~e~ltcrclie~zj~l Ring Vibrations 
The nlolecular vibrations for a 115-C5H5-Mn 

lnoiety 011 the basis of C5,. local synlinetry are 
distributed as &I, (ir/Raman) + 02(inactive) + 
5el (ir/ Raman) + 6e2(Raman) (20). Two of these 
nlodes are the crl ring- Mn stretch and the el 
ring tilt, while the other fourteen modes are all 
associated with the vibrations of the +-C5H5 
ring itself. 

The vibrational spectra of the closely related 
tricarbonyl conlplex, ?15-C5H5Mn(C0)3, have 

been the subject of several investigations (24, 
26-29) culminating in the recent extensive study 
by Parker (30). In Table 2, we have compared 
our assignments for the ring vibrations of the 
monotl~iocarbonyl conlplex with those of Parker 
for ? I ~ - C ~ H ~ M ~ ( C O ) ~ .  I t  is inlnlediately evident 
that ?15-C5H5Mn(C0)2(CS) vapor obeys the C5" 
selection rules reasonably well with four (vl, v2, 
vg, v6) of the seven expected ir-active nlodes and 
only one (vll) of the seven fornlally ir-inactive 
modes being observed. O n  the other hand, like 
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TABLE 2. Coniparison of the +-cyclopentadienyl ring vibrations (cni-1) or s5-C5H5M~i(CO)j and 
775-C5H5 Mn(CO)r(CS) 

q5-C5H5Mn(CO)ja +-C5H5Mn(C0)2(CS) 

Infrared Infrared 
Vibrational Ranian of Raman of 

mode Vapor Solutionb Solidd solidc Vapor0 Solutionc Solidt1 solidc 

UData from ref. 30. 
bIn CCI; solution. 
CIn CS: solution. 
dAt room tempcraturc (Csl disk). 
CUsing Kr+ 617.1 n m  excitation. 
/Using KrT 568.1 nm excitation. 
oln n 10-cm pathlength Bccknlan gas ccll llaatcd to -100 "C 
hAt room tempcraturc (KBr disk). 

V ~ - C ~ H ~ M ~ ( C O ) ~ ,  the solution ir data clearly 
indicate that CsL. l ~ c a l  symmetry may only be 
regarded as an  approximation because bands 
attributable to  several of the strictly ir-inactive ea 
modes (vs-vl4) were detected. Surprisingly, the 
solid-state ir and Rarnan data evidence only a 
slight breakdown of Csa selection rules, but this 
luay well be due t o  the broadness of some of the 
bands and the weak spectral activity of certain 
of the modes. 

The assignlneilts proposed for the ring vibra- 
tions of the dithiocarbonyl conlplex (Table 1) 
follow directly fro111 those given for +-C5H5Mn- 
(CO)3 and v5-C5H5M~~(C0)1(CS). The solid- 
state data are indicative of little relaxation in 
the C5, selection rules, but this might also be 
attributable to  accidental degeneracies and the 
weak spectral activity of some modes. 

A few comnlents on the assignnlents of the 
as-C5H5 ring modes of the thiocarbonyls are now 
in order. First, it is possible that the a:! inode 
(vq) of V ~ - C ~ H ~ M ~ ( C O ) ~ ( C S )  is masked by the 
intense v(CS) absorption in the ir spectra at 

- 1270 cm-1. However, this seems unlikely be- 
cause v1 is definitely not observed in the solid- 
state ir spectrum of the dithiocarbonyl. Second, 
in an earlier study on the vibrational spectra of 
various structurally related ?15-cyclopentadienyl- 
metal carbonyl complexes, Parker and Stiddard 
(24) constructed a series for the order of decreas- 
ing local symmetry of the a5-C5Hs-~~~etal  moiety 
on the basis of solid-state ir data. The thio- 
carbonyls would fit in this series at  about the 
same place as ?lS-C5H5V(CO)4. Consequently, we 
consider it unlikely that any of the bands at  
-600 cm-I are due to v14, the ea 1 ring distortion 
(observed for the tricarbonyl at  609 cm-' (30)), 
because this mode only becollles ir-active much 
further down the series. 

Again, by analogy with the previous results 
for 115-C5H5Mn(CO)3 (29, 30), we have assigned 
the a l  ring- Mn stretching modes of the thio- 
carbonyls to  the extremely intense bands in the 
solid-state Raman spectra at  -330 crn-l. In the 
case of the monothiocarbonyl, the corresponding 
band in the CS2 solution R a ~ n a n  spectrum (at 
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TABLE 3. Spectral predictions for the fundamentals 
of the C, local symmetry Mn(C0)2(CS) and 

Mn(CO)(CS)z moieties 

Type (and No.) of fundamentals 
for Mn(CO)?(CS) moietya Symmetryb 

OFor the modes of  the lvln(CO)(CS)? moiety, interchange the 0 and 
S atoms. 

h~ct i \ . i t ies  for Cs symlnctry: n ancl n" (ir/Raman). 
c7-hesc lnotlcs at-e expected in the region below 150 cm-'. However, 

bccailse of  the complexity of  the spcctva in this region, no attcmpt has 
been made to ;~ssign the obser\,ccl bands although the bands are 
rcporrccl in  the complctc version o f  Table I .  

337 cm-l) is strongly polarized, thus confirming 
the a1 symmetry. Also, we have attributed the 
weak ir/Raman band at -390 cm-l for the 
monothiocarbonyl and the very weak shoulder 
at 350 cm-I in the solid-state Raman spectrum 
of the dithiocarbonyl to the el ring tilt modes. 
Parker's values (30) for the corresponding modes 
of v5-C5H5Mn(C0)3 are: a1 ring - Mn stretch, 
-350 cm-I ; el ring tilt, -370 cm-l. 

MIZ-C-0 nrzd MII-C-S Vibrntions 
The fundamentals predicted for the M ~ I ( C O ) ~ -  

(CS) and M~I(CO)(CS)~ ~noieties on the basis of 
C, local symmetry are shown in Table 3. 

In all the ir and Rarnan spectra of v5-C5H5Mn- 
(C0)2(CS), there are two bands in the CO 
stretching region (2150-1900~rn-~). We have 
assigned these, in order of decreasing energy, 
to the (1' and a" v(C0) modes, respectively. 
These assigninents follow directly from the CS2 
solution Raman polarization measurements and 
from our previous approximate force field calcu- 
lations using ir data from the uv-light induced 
CO exchange reaction of the monothiocarbonyl 
complex with C180 (25). The a' v(C0) mode of 
the dithiocarboilyl (at - 1990 crn-l) is split into 
a triplet in the solid-state ir spectrum and a 
doublet in the solid-state Raman spectrum; 
these splittings almost certainly arise from factor 
group effects. 

The v(CS) modes have been assigned by 
analogy with the v(C0) modes. For the solid- 
state ir spectra, these assignments are: v5-C5H5- 
Mn(C0)2(CS), 1260 vs (a'); .r15-C5H5Mn(CO)- 

(CS)2, 1298 vs/ 1289 sh (a') and 1220 vs cm-l 
(a"). One band of very low intensity was ob- 
served in the v(CS) region (at 1242 cm-l) in the 
solid-state Raman spectrum of the rnonothio- 
carbonyl coinplex using the spiilniilg cell tech- 
nique. We have attributed this band to tlle 
a' v(CS) mode, but it could possibly be due to 
the e2 CH bend (vlO) (observed for tlle tri- 
carbonyl at 1218 vvw cm-l (30)). No bands were 
detected in the v(CS) region for either complex 
using the capillary tube method, even at -78 OC; 
there was insufficient sainple available to use the 
spinning cell for the dithiocarbonyl complex. 

From both physical (31, 32) and cheinical 
evidence (e.g., 2, 3, 14), CS appears to be a 
better U-donor and a-acceptor ligand than CO. 
The v(CS) modes of metal thiocarbonyls seem 
to reflect the well-known 'synergistic effect' (33) 
of the v(C0) modes of metal carbonyls. Thus, 
the v(C0) and v(CS) modes of v5-C5H5Mn(C0)2- 
(CS) (2009 vs, 1933 vs, 1260 vs (ir spectrum, 
KBr disk)) occur at appreciably lower wave- 
numbers than the identical inodes of the iso- 
electronic, catioilic species (v5-CsH5Fe(C0)2- 
(CS))+, under the same conditions (2092 vs, 
2058 vs, 1347 vs (34)). 

The a-acid character of the CS ligand is 
presumably responsible for the gradual increase 
in the primary Cotton-Kraihanzel CO force 
constants down the series ?75-C5H5Mn(C0)3 
(1 5.6 l), v5-C5H5Mn(C0)2(CS) (1>.83), and v5- 
C5H5Mn(CO)(CS)2 (16.00 i11dyil A-l) (35). Fur- 
thermore, since no CS force constants have yet 
been reported for metal thiocarbonyls, it is 
worth inentioiling here that the Cotton-Kraihan- 
zel values (provided that the assuillption of 
energy factoring still holds for bands at  - 1300 cm-1) for the following species are: 
?75-C5H5Mn(C0)2(CS) (8.24), ?75-C5H5Mn(CO)- 
(SS)2 (8.30), and ?75-C5H5Mn(CS)3 (8.33 lndyn 
A-1) (35). It seems that increasing the extent of 
CS substitution has relatively little effect on the 
primary CS force constants in contrast to the 
significant changes in the primary CO force 
constants. 

I t  is difficult to make definitive assignments 
for the spectra below 750 cm-I in the absence of 
isotopic data or conlplete force field calculations. 
However, we feel that we can make the tentative 
assignments shown in Table 1 following a com- 
parison of the spectra of the thiocarbonyls with 
those of .r15-C5H5Mn(C0)3 and keeping in mind 
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the three points below. (a) Fro111 our previous 
work on ~~-C5H5M11(CS)(Polyphosphine) com- 
plexes, it appears that the G(MnCS) nlodes lie 
in the 550-530 cm-I region, some 60 cm-I lower 
than the G(MnC0) modes in the corresponding 
metal carbonyl complexes (11). (b) In general, 
G(MC0) fundamentals of metal carbonyls are 
at higher energies than the v(M-C) modes. 
Also, the bending modes are more intense in the 
ir, while the reverse is true in the Raman (36, 37). 
(c) The heavier mass of sulfur compared to 
oxygen should result in v(M-C(S)) modes 
appearing at somewhat lower frequencies than 
v(M-C(0)) modes. 

There are three bands in the 465-340cm-I 
region of the solid-state Ra~nan  spectra of the 
thiocarbonyls which have yet to be assigned. 
This is the region where we expect to find the 
v(Mn-C) modes. From Table 3, there should be 
one v(Mn-C(S)) (a') and two v(Mn-C(0)) 
(a' + a") nlodes for ?15-C5H5Mn(C0)2(CS). OW- 
ing to the mass effect discussed above, we have 
assigned the lowest energy band at 373 cm-I to 
the a' v(Mn-C(S)) fundamental. Since totally 
symmetric vibrations are usually more intense 
in the Raman than antisymmetric vibrations, we 
have attributed the 462 and 441 crn-I bands to 
the a' and a" v(Mn-C(0)) modes, respectively. 
The CS2 solution Rainan polarization measure- 
ments are in accord with these assignments. 
Following similar arguments, the proposed 
assignments for the dithiocarbonyl co~nplex are: 
v(Mn-C(O)), 428 (a'); v(Mn-C(S)), 404 (a") 
and 359 cm-I (a'). 

In the higher energy region usual1 y associated 
with G(MC0) modes, there are four bands in the 
solid-state ir spectruin of ?15-C5H5Mn(C0)2(CS) 
and six bands in that of ?15-C5H5Mn(CO)(CS)2. 
Reference to Table 3 shows that there should-be 
four (2a' + 20") and two (a' + a") G(MnC0) 
nlodes for these complexes, respectively. We 
suspect that the four extra bands in the case of 
the dithiocarbonyl are illost probably due to the 
four expected G(MnCS) modes (2a' + 20"). 
There should also be two G(MnCS) modes 
(a' + a") for the monothiocarbonyl, meaning 
that in all there should be six bands observed 
for this complex as well. Froin the data given in 
Table 1, it is clear that while there are only four 
bands observed in the vapor phase ir and solid- 
state ir, and Raman spectra, these are not 
always the same four bands. There are five very 

strong bands in the CS2 solution ir spectrunl but 
the sixth band expected at -470 cm-I was ap- 
parently too weak to be detected. In any event, 
it seems reasonable to conclude that the six 
predicted G(MnC0) and G(MnCS) fundamentals 
for the thiocarbonyls Fall in the following ranges: 
?15-C5H5Mn(C0)2(CS), 65 1-473 cm-I ; 7+C5H5- 
M~I(CO)(CS)~, 625-448 cnl-I. More specific as- 
signments for these spectral ranges are unwar- 
ranted at this time. 

Binary Overtones and Cor17binations 
The binary overtone and combination regions 

of the CS, solution ir spectrum of T ~ - C ~ H ~ M I I -  
(C0)2(CS) have also been investigated. The 
observed frequencies and the proposed assign- 
nleilts are given in the complete Table which is 
lodged in the Depository of Unpublished Data 
(vide s r ~ p r a ) . ~  With only one exception, all the 
overtone and combination bands can be assigned 
without requiring combinations between funda- 
mentals associated with the $-C5H5 ring and the 
M~I(CO)~(CS) moiety. On the other hand, the 
al  ring- Mn stretch and the el ring tilt do 
apparently coinbine with vibrations of both the 
+-C5H5 ring and the MII(CO)~(CS) fragment. 
These observations provide some support for 
the applicability of the method of local sym- 
metry in interpreting the vibrational spectra of 
?15-C5H5Mn(CO)2(CS). 

Solverlt Eflects 
A solvent shift study on the ir-active funda- 

inentals of the monothiocarbonyl conlplex was 
also carried out. The solvents einployed were 
CS2, C6H12, CC14, CbH6, CH2CI2, CHC13, CH3I. 
CH3CN, and CH3N02. While none of the shifts 
observed with respect to the vapor phase data 
were really appreciable, the largest shift (24 cm-I) 
was for the a l  1 CH bending mode (vZ) Neither 
the v(CS) nor the v(C0) modes were particularly 
solvent sensitive indicating little interaction with 
the solvents and thereby implying low bond 
polarities for these groupings. 

Conclusions 
The vapor phase ir data for 115-C5H5Mn(C0)2- 

(CS) indicate that there is hardly any coupling 
between the modes of the ? I ~ - C ~ H ~ - M ~  and 
MII(CO)~(CS) moieties. The partial breakdown 
in C5" selection rules for the ring modes of this 
complex in solution may be explained by weak 
solute-solvent interactions. Since solid-state vi- 
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bratioilal spectra are usually inore complex than 
solution or vapor phase spectra, the apparent 
sinlplicity of the solid-state spectra of +- 
C5H5Mn(C0)2(CS) (and also those of 115- 

C S H ~ M ~ ( C O ) ( C S ) ~ )  nlost probably results from 
accidental degeneracies and the weak spectral 
activity of certain of the fundamentals. 

Overall, the  neth hod of local symmetry works 
quite well in explaining the vibrational spectra 
of the two ~5-cyclopentadie~~y1~1~ai1ga~~ese carbo- 
nyl-thiocarbonyls. I n  addition, we have satisfied 
our original objective by providing reasonable 
assignments for the v(CS) and v(Mn-C(S)) 
modes and by locating the G(MnCS) region. It 
is also worth pointing out here that, as is the 
case for metal carbonyls in general, the G(MnCS) 
nlodes appear to be strong in the ir and weak in 
the Raman, while the converse applies to the 
v(Mn-C(S)) modes. 

On the basis of absolute integrated ir intensity 
measurements: we have shown earlier (38) that 
the intensities of the v(C0) and u(CS) modes in 
V ~ - C ~ H ~ M ~ ( C O ) ~ ( C S )  are comparable. The same 
appears to  be qualitatively true for the cor- 
responding modes in the ir spectra of the 
dithiocarbonyl reported here. However, in the 
Raman, the u(CS) modes are decidedly weaker 
than the v(C0) modes; in fact, no v(CS) peaks 
could even be detected for the dithiocarbonyl 
complex. These results are particularly surprising 
because sulfur is generally considered to be a 
more polarizable atom than oxygen and so CS 
vibrations would be expected to  be at least as 
intense as CO stretching vibrations in the Rarnan, 
provided, of course, that the bonding in these 
groupings is similar. For (sG-C6H5C02Me)- 
Cr(C0)2(CS), a medium-intense Rarnan band at 
1205 cm-I (with a corresponding very strong 
band in the ir at 1215 cm-l) was assigned to the 
CS stretching vibration (21). However, from 
our work on approxiillately twenty thiocarbonyl 
complexes of several different transition metals, 
extremely weak or non-existent Rarnan activity 
seems to be a general property of the v(CS) modes 
in metal thiocarbonyls. We will discuss this 
phenomenon more fully in a forthcoming paper 
on the complete vibrational spectra of the 
Group VIB complexes, M(C0)5(CS) (M = 

Cr, W) and ~ ~ N ~ I s - W ( C O ) ~ ( ~ ~ C O ) ( C S )  (39). 
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Structure electronique de derive's sulfures. 
XVIII. Influence de l'environnement sur la reactivite nucleophile 

du groupement thiocarbonyle 

DANIELLE GONBEAU~ ET G E N E V I ~ V E  PFISTER-GUILLOUZO 
Lnb01.atoir.e (Ie Cllirnie Orgat~iqrre PI~j.siq~re, Itlstitrrt Utli~lersitnire cle Recllerche Sciet~tifiqrre, 

Avenue Pllilippot~, 64016 Parr, Frnt~ce 

R e ~ u  le 12 juin 1975 

DANIELLE GONBEAU et GENEVIBVE PFISTER-GUILLOUZO. Can. J. Chem. 54, 118 (1976). 
Les effets d'hCtCroatornes diffkrents en a sur le caractkre nuclCophile du groupe~nent thio- 

carbonyie ont CtC examinks. Trois types d'environnements sy~nCtriques ont CtC considCrCs: 
environnernent par des atonles d'azote, de soufre et d'oxygkne. 

L'analyse de donnCes thCoriques dCduites de calculs CND0/7  ainsi que l'examen des interac- 
tions orbitalaires rnises en jeu ont permis de vtrifier pour cette rCaction le caractkre de contrble 
par les orbitales fronthes.  

DANIELLE GONBEAU and GENEVIBVE PFISTER-GUILLOUZO. Can. J. Chern. 54, 118 (1976). 
The effects of different heteroatorns in the a position to the thiocarbonyl group on nucleo- 

philic behavior of sulfur atom have been studied. Three synlmetrical environments have been 
considered: nitrogen, sulfur, and oxygen atoms. 

The theoretical treatment by the CND0/2  method and the analysis of orbitals interactions 
show a frontier orbital control for the reaction studied. 

Introduction des rtactions de mtthvlation de  difftrents com- 

Ce travail se place dans le cadre d'une t tude  
d'ensemble sur la rtactivitt nucltophile du  
groupement thiocarbonyle (1). 

Dans Lin article prickdent nous avons pu, par 
une approche thtorique, d'une part vtrifier que 
le mtcanisme de  S-mithylation Ctait de type 
S,2, et d'autre part examiner l'influence de  la 
nature du rtactif attaquant CH3X (1). 

Nous nous proposons d'analyser l'influence 
des effets tlectroniques sur ce intcanisme. Ceux 
ci peuvent Etre envisagts comme seuls facteurs 
B l'origine des difftrences de rtactivitt, dans la 
mesure o h  les effets sttriques sont du  mEme 
ordre. 

Dans ce but, nous avons choisi des substrats 
aussi co~llparables que possible; nous avons 
ainsi exanlint l'approche de CH3C1 sur la 
dirntthylthiourte (Y = NHCH3), le trithiocar- 
bonate de  mtthyle (Y = SCH3) et le thionocar- 
bollate de mtthyle (Y = 0CH3).  

Exptriinentalernent par une Ct~ide cinttique 

1Ce travail fait partie de la these de Doctorat ks- 
Sciences de D. Gonbeau enregistrie au C.N.R.S. sous 
le no A 0  9786. 

posts thiocarbonylts, par l'iodure de lntthyle en 
milieu acttonique, Arbelot et co11. (2) ont mis en 
tvidence que la nucltophilie des thiones varie 
selon la nature de l'atome en a: dans l'ordre 
suivant: N > C > S > 0 .  

Par ailleurs, 1'~ine d'entre nous a montrt  
l'existence d'une corrtlation entre les potentiels 
d'ionisation des orbitales de type n dttermints 
par spectroscopie phototlectronique et les con- 
stantes de  vitesse de S-mithylation de ces mErnes 
composts (3). 11 nous a paru par lB mEme 
inttressant B c8tt  des donntes thtoriques re- 
cueillies d'analyser la nature des interactions 
orbitalaires rnises en jeu pour les trois environ- 
nements considtrts. 

Analyse des donnees theoriques 
Nous avons travail16 dans le cadre de la 

mtthode C N D 0 / 2 ,  la paramttrisation utiliste 
Ctant celle adoptte lors des Ctudes anttrieures 
(1, 4). Nous avons dans tous les cas, aussi bien 
en ce qui concerne les molCcules isoltes que les 
'rnod2les d'approche', minimist l'tnergie totale 
des syst2mes par rapport B l'ensemble des para- 
m2tres gtomttriques (longeurs et angles). 

Proclltits ini t ia~tx,  procluitsfinaltx 
En premier lieu nous avons examini la 

topologie priviltgite des rtactifs. 
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En ce qui concerne la dimithyl thiourie la ,,, H3C 
conforn~ation la plus stable correspond B un / 

-Y 
\ 

CHI-Y 
environnement sylnitrique (forme A) (fig. l), C - S  \ 
Toutefois, la difference Cnergttique entre les deux /C = S 

conformations (A et B) est faible et con~patible -Y -Y 
avec la prisence de deux formes en iquilibre en \ H ~ C  \H,C 
solution. Ce risultat est en accord avec les 
risultats expirinlentaux obtenus en risonance Forrne A Forrne B 
lnagnCtique i1ucltaire sur l a  dimitllyl thiourCe (5). FIG. 1 .  Conformations ellvisagees pour les rkactifs. 

Dans le cas du trithiocarbonate de mithyle et 
d u  thionoc.lrbonate de ln~thyle ,  nous avons l'itat final et observi l'apparition de barrikres 

constati que la forlIle B etait inergitiquement pour les trois riactions examinees. 

nettenlent privilegiie. Par centre, au niveau du LO'S de l ' a ~ ~ r o c h e  loilltaine du  chlorure de  

produit final de mithylation nous trouvons une inithyle vers la fonction thiocarbonyle nous 

disposition priviligiie des groupelllents alkyles avons constatC un gain de  stabiliti par rapport 

identique pour les trois compos~s  aux riactifs initiaux; i l  existe aiilsi une disposi- 

(forme B). tion priviligike des deux nlolCcules qui cor- 

A~~~~ fa i t  l~hypotllkse d!une planti t i  des respond B un puits de potentiel atteint par 

systbmes i tudi is  et dtune g ~ o n l ~ t r i e  fixe des ininiinisation des parainktres suivants: cI(C2-S1), 

groupeinents mithyles nous avons procCdC B une c1((C~-Y3), (I(C2--Y4), ~ ~ ( S I - C I ~ ) ,  (l(C13-C117), 
minimisation des energies totales des riactifs Y3C2S19 Y4C2S1j a C 2 S ~ C ~ 3 >  PS~C13H) 
(Y = NHCH3, SCH3, 0 C H 3 )  et des produits (gConlitrie a). 

finaux par variation indipendante des paranlktres Pour dCcrire ensuite le chemin de riaction et 

structuraux (cl(C2-S,), d(C2-Y3), cl(CZ-Y4). atteindre le produit final nous avons inlposi un 
C1(~5-~3) ,  c l ( ~ 6 - ~ 4 ) ,  c / ( ~ I - ~ 1 3 ) r  s1c2y3 ,  allongement B la longueur C-C1 et minilnisk 
L S I C ~ Y ~ ,  L C Z Y ~ C ~ ,  L C Z Y ~ C ~ ,  L C U C ~ S ~ C ~ ~ ,  les autres paramktres: ~(C~--SI), cI(C2-Y3), 
I PSICI3H). Les giomitries ainsi optinlistes ant c1(C2-Y4)y c1(S1-C13)r L Y3C2S~. L Y4C2Sl, 
i t 6  reporties dans le tableau 1. L ~ C Z S I C ~ ~ ,  L P S I ~ I ~ ~ .  

~ ' e k a m e n  de  ce tableau ne fait apparaitre 
aucune corrilation possible entre les paramktres 
gkometriques ou leur ivolution entre le riactif 
initial et le produit final et la diffirence d e  
riactiviti entre les trois compos6s examinis. 

De m@me l'analyse des termes des matrices 
densiti en particulier des charges obtenues au 
niveau de  l'atome de  soufre ne permet aucune 
interpritation des donnies expCriinentales et 
montre par 18 meme qu'il est diflicile d'apprillen- 
der de  f q o n  simple la riactiviti de ces composis. 

Chernin cle reactioi~ 
Afin d'analyser de  manikre plus pricise les 

effets Clectroniq~ies dus 8 la nature des h i t i ro-  
atomes en a du groupement thiocarbonyle, nous 
avons examine l'allure des chemins riactionnels 
pour les trois composis Ctudiis lors de l'approche 
de l'halogenure d'alcoyle. 

Selon le procidi  utilisi antirieurement (1) en 
prenant en considiration les effets de solvant par 
application du forinalisnle de Born selon la 
relation de  Jano (6) nous avons obtenu les 
variations d'Cnergie depuis l'itat initial j~isqu'8 

Conjig~rratiorzs gPornPtriques ol~tin7ales obterzrres 
Les gioinitries opti~nisCes en difftrents points 

du chemin de  riaction ont i t6  reporties dans le 
tableau 2. 

Aprks une approche priviligiie de CH3C1 dans 
le plan de la molCcule et selon l'axe de la liaison 
C=S (puits de potentiel, gComCtrie a) on con- 
state en imposant un allongement la longueur 
C-C1 une riorganisation structurale trks im- 
portante au  voisinage de  l ' itat de  transition 
concernant en particulier les angles a et P. 

On observe ainsi une inversion du groupement 
mithyle avec passage par un Ctat d'hybridation 
sp2 au  niveau de I'Ctat de  transition. 

O n  peut noter que dans le cas de  la dirnithyl 
thiourCe le passage par l'itat de  transition 
s'accompagne d'une rotation du groupenlent 
nlithyle autour de la liaison C-N, l'tdifice 
moliculaire adoptant ainsi la conformation 
priviligiie du produit final. 

Bien que les principaux paran~ktres giomitri- 
ques prennent des valeurs trks voisines dans les 
trois Ctats de transition, on peut reinarquer 
quelques points intiressants. 
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Gtonittries rninirniskes des rtactifs et des produits finaux 

( 1  

Angle (deg) 
% 

Longeur de lien (A) .S; 

Etat ~ 2 - s ~  ~ 2 - y ~  C 2 Y 4  CS-YS G-Y~ CIS-SI Y~CZSI Y~CZSI CZY~CS CZY~G ~ C Z S I C I ~  PSICI~HIS $ 
Initial VI P 

Y = NHCHS 1.785 1.351 1.351 1.410 1.410 120.7 120.7 122.1 122.1 - w 

Initial 4 0\ 

Y = SCHS 1.691 1.758 1.756 1.821 1.819 125.1 131.6 98.9 99.7 
Initial 

Y = OCHs 1.756 1.332 1.333 1.387 1.377 121.2 122.5 107 108.3 
Final 

Y = NHCHs 1.802 1.340 1.339 1.410 1.410 1.812 123.3 110 122.1 122.1 100.2 108.8 
Final 

Y = SCHS 1.733 1.743 1.736 1.821 1.819 1.810 129.2 128.2 98.9 99.7 100.1 108.8 
Final 

Y = OCHS 1.785 1.321 1.319 1.387 1.377 1.811 121 120 107 108.3 100 108.7 
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TABLEAU 2. GComCtries optimisies en diffkrents points du chemin de rCaction 

Etat 

Longeur de lien (A) Angle (deg) 

c2-Sl c2-Y3 c2-Y4 sl-cl3 c13-Cl17 Y3Czsl y4c2s1 a B 

NHCH3 

Etat de 
transition 

SCH3 

Etat de 
transition 

ocH3 

Etat de 
transition 

GeomCtrie a 

{ 
C-CI = 2.05 4 
C-Cl = 2.150A 
C-CI = 2.2 A 

Geomitrie a 

{ 
c-Cl = 2.1 /? 
c-Cl = 2.2/? 
C-CI = 2.3 A 

GCo~nCtrie a 
c-Cl = 2.1 4 
C-Cl = 2.2  /? 
C-Cl = 2.3 A C
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En exalninant la liaison qui se coupe C-CI, on 
note q ~ ~ c  le dtplacement de l'atome de chlore 
par rapport B sa position initiale dans CH3C1 est 
moins important dans le cas de la dimethyl 
thiourte que pour les deux autres composts. 
Ceci est en accord avec les regles d'Haberfield 
(7) et les conclusions diduites des travaux 
experi~nentaux sur les basicitts relatives des trois 
dirivts. En  effet, selon Haberfield Lln accroisse- 
ment dans la basiciti CILI nucltophile conduit B 
Ltn Ctat de transition plus proche des rCactifs 
initiaux. 

Par ailleurs on constate par rapport B l'itat 
initial des perturbations au niveau des liaisons 
C-Y et des angles L YCS. On peut noter que 
ces modifications sont du ni@me type pour 
Y = NHCH; et Y = 0 C H 3  (raccourcissement 
des liaisons, climinutions des angles); par contre 
dans Ic cas oh Y = SCH3 les variations des 
m&mes paramktres g k o ~ n t t r i q ~ ~ e s  sont nettement 
diffkrentes. 

Enfin les structures gCo11l6triques obtenues 
pour l'itat de transition paraissent nettement 
plus proches des produits finaux que des riactifs; 
il apparait si l'on observe la liaison qui se forme 
S-C que l'on se trouve plus proche du produit 
final dans le cas d'un environnement par des 
a t o m s  d'azotc que dans celui d'un environne- 
nlent par des a t o m s  de soufre ou d'oxygene, 
l'tdifice moliculaire corrcspondant h Y = 0 C H 3  
s'en trouvant le plus iloigne. 

Str.ltct1tr.e~ Plectr.o~liq~tes 
Pour les trois environnements dans l ' ttat de  

transition la distribution tlectronique parait 
correspondre a u  sclitma Xs-. . . Ys'f. . . Zs-. 
On remarque que la charge negative sur l'atome 
de C1 suit l'ordre dc rtactiviti 

Dans lc cas de la dime'thyl thiourte et du 
thionocarbonate dc  mttliyle l'atome de chlore 
acquiert une charge negative aux dtpens de  
l'atome de  soufre et du groupement mithyle, la 
charge totale des atomes d'azote et d'oxygene 
n'itant que tres peu modifite. 

Par contre, dans le trithiocarbonate de  
mtthyle, on  observe une intervention tr?s nette 
des a to~nes  de soufre places en a du groupement 
thiocarbonyle. Ainsi l'atome de chlore voit sa  
charge negative s'accroitre en passant de  l ' ttat 
initial l ' ttat de transition aux dipens du  
groupenicnt n~ithyle,  du soufre thiocarbonyle 
~ n a i s  igalement des deux atomes de soufre 
divalents, la participation globale de ces der- 
niers Ctant iquivalente B celle de  l'atome de 
soufre du groupement thiocarbonyle. 

On note que les modifications essentielles sont 
localistes au niveau (T (paires libres dans le plan 

.>C=S,. Y 

Par ailleurs un examen des indices de Wiberg 
des liaisons S1-C13 et Cl3-ClI7 report& dans le 
tableau 3 permet de voir que les valeurs de ces 
indices sont les plus voisincs dans le cas o h  
Y = NHCH3 et les plus diffirentes quand 
X = 0CH3.  

Cette remarque est en accord avec la regle d e  
symbiose (8) selon l aq~~e l l e  un  edifice moltculaire 
est d'autant plus stable que les liaisons mises en 
jeu autour de l'atome central ont Lln caractere 
voisin. L'ttat de transition le plus stabilist cor- 
respondrait ainsi B celui o h  Y = NHCH3. 

Re'sultcits Cne'rge'tiqlres 
L'examen des valeurs des barrieres calculCes 

(tableau 4) (difinies comme les differences entre 
le point le plus bas du che~nin de reaction e t  
l'itat de transition) conduit au  classement 
suivant quant B l'ordre de rtactivitt de ces 
dCrivCs 

N S 
\c=s > \c=s > O\ 

N/ S/ Odc=S 

Ces risultats sont en parfait accord avec 
Une analyse ditaillie des ~nodifications dans la I'tchelle de nucltophilie itablie expCrimentale- 
repartition ilectronique des systemes depuis ment. Par un examen de la partition de I'inergie 
l'ttat initial jusqu'i 1'Ctat de transition, nous a totale (selon le for~nalisme de Fischer et Kollniar 
permis de  constater le r6le t r t s  diffirent suivant (9)) nous avons chercht B prtciser h quel niveau 
leur nature des htte'roatomes en a du groupe- se traduisait cette ditrtrence de rtactivitt entre 
merit thiocarbonyle. les trois composts. 
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TABLEAU 3. Indices de Wiberg des liaisons 
S . . .Ce t  C. . .CI  

Indices 

Liaison NHCH3 SCH3 OCH3 

Nous avons ainsi pu constater que le terme 
qui permettait d'interprkter les variations de 
1'Cnergie totale, et par suite les diffkrences de 
barrikres d'activation, Ctait celui q i ~ i  reprisentait 
la soinme des energies associees aux liaisons 
S1 . . . CI3 et C13 . . . ClI7. 

Plus prCcisCment alors qile la destabilisation 
de la liaison C13 . . . ClI7 est du mcme ordre pour 
les trois dCrivCs on constate que dans l'Ctat de  
transition le caractere liant de la liaison qui se 
foriue S1 . . . C13 est plus important pour Y = 

NHCH, que pour Y = SCH3 ou Y = 0 C H 3 ,  ce 
dernier environiiement correspondant au carac- 
tere liant le plus faible. L'influence d'hktkro- 
atonles differents en cr du  soufre thiocarbonyle 
se traduit done par la seule stabilisation de la 
liaison S1 . . . C13 qui se fornle dans l'Ctat de  
transition. 

Analyse des interactions orbitalaires 
L'Ctude thCorique rkaliske ayant nlis en Cvi- 

dence que la stabilisatioil plus ou moins grande 
de  la liaison covalente S1 . . . CI3 qui se fornlait 
Ctait B l'origine de la rCactivitC differente des 
con~posCs nous avons cherchk h prCciser les 
principales interactions orbitalaires stabilisantes 
et destabilisailtes iiiises en jeu lors de la formation 
de cette liaison. 

Pour une fonction thiocarbonyle isolCe les 
energies des paires libres de  l'atome de soufre 
sont nettement diffCrenciCes. 

Ainsi pour le thioformaldehyde d'aprks les 
donnees de spectroscopie photoClectroniq~ie (10) 
les Cnergies des paires ns et zs sont respective- 
inent de  9.33 et 11.90 eV. 

Par ailleurs, l'itude des spectres photoklec- 
troniques de  diffirents co~nposCs thiocarbonyles 
(11-14) a ~ n i s  en evidence la t r t s  grande sen- 
sibilitt de  ces premieres baildes B la nature des 
hCtCroatonies en cr du groupenlent thiocarbonyle. 
Ainsi les potentiels d'ionisation relatifs aux 
orbitales ns et zs pour les trois environnements 
considkr6 sont les suivants: 

Potentiels d'ionization (eV) 

Con1posC " s  "S 

N\ 

NdC=S 
S .08 8.08 

Par rapport au thioformaldehyde ces valeurs 
peuvent s'interprtter par une analysc des inter- 
actions eiltre les paires de l'atome de soufre et 
celles des hit iroatomes Y (fig. 2). 

En ce qui concerne les orbitales 11s et rs les 
interactions destabilisantes suivantes sent B 
envisager: interaction de type 1 de l'orbitale ns 
avec la cornbinaison antisymitrique des orbitales 
1). des hCtt2roaton1es Y principalernent localistes 
sur les Liaisons uc-,; interaction de type 2 d e  
l'orbitale zs avec la cornbirlaisotl sy~nCtrique des 
orbitales z,. 

Compte tenu des energies associkes aux or- 
bitales uc-, et TI-, les interactions les plus im- 
portantes interviennent pour Y = SCH? et les 
plus faibles pour Y = OCH,. On s'attendrait 
donc, en ce qui concerne les potentiels d'ionisa- 
tion relatifs aux orbitales ns et rs B obte~iir  
l'ordre suivant : 

S\ 0 
c=s > N\c=s > \C=S 

S/ N/ O/ 

Toutefois des interactions supplCmentaires d e  
nature stabilisantes sont susceptibles d'intervenir: 
la combinaison antiliante issue de  l'interaction 
de type 1 peut interrtagir avec les coinbirlaisons 
antisymCtriques des orbitales p,* et p,* des 
hCtCroatoiiies Y ;  la co~nbinaison ailtiliarlte issue 
de l'interaction de typc 2 peut interrkagir avec 
la combinaison synlktrique des orbitales ry2:. 

Ces interactions seront les plus illlportailtes 
dans le cas d'un environnement par des atomes 
de  soufre et sensiblenlellt du m&me ordre dans 
le cas d'environnements par des atomes d'azote 
011 d'oxygkne. 

Cette analyse qualitative des interactions 
orbitalaires permet d'interprkter le classenlent 
observe experimentalement, ordre d'ailleurs re- 
trouvi thCoriquement. 
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TABLEAU 4. Donntes tnergttiques 

Etota~c ESOIV. Barritre 
Systtrne Etat (u.a.) (u.a.) (kcal/rnol) 

Dirntthyl thiourte + CH3C1 -87.1222 -87.1640 
Gtornttrie a -87.1578 -87.1999 

C-C1 = 2.05 4 -87.0885 -87.1575 
-87.0665 -87.1543 28.6 
-87.0565 -87.1564 

Etat final -86.8652 -87.2481 
Trithiocarbonate de rnethyle 

+ CH3CI -83.6231 -83.6326 
Gtomttrie a -83.6564 -83.6697 

C-Cl = 2 . 1 0 4  -83.5676 -83.6104 
-83.5432 -83.6047 40.7 
-83.5226 -83.6079 

Etat final -83.3375 -83.7045 

Thionocarbonate de tnithyle 
+ CH3Cl -99.0669 -99.1091 

Gtornttrie a -99.1031 -99.1463 
C-c1 = 2.10 4 -99.0139 -99.0832 

-98.9888 -99.0732 45.8 
-98.9678 -99.0754 

Etat final -98.7795 -99.1781 

FIG. 2. Dtfinition des paires libres de l'atorne de soufre. 

Nous avons ensuite examin6 lors de l'approche 
du chlorure de n1Cthyle vers le groupement 
thiocarbonyle les interactions intervenant entre 
l'atome de soufre de la fonction thiocarbonyle 
et CH3C1. 

L'interaction prCpondCrante destabilisante 
concerne l'orbitale fortement 1ocalisCe sur la 
paire n de l'atome de soufre et celle u ~ - ~ ~  de 
CH3C1; elle peut ttre CvaluCe sensiblenient de la 
mtme importance pour les trois composCs; 
coillpte tenu des positions CnergCtiques de la 
paire n de soufre dans les trois environnements 
et de UC-~ ,  cette interaction a CtC schCmatisCe 
sur la fig. 3. 

Toutefois une interaction de nature stabilisante 
intervient entre la combinaison antiliante ainsi 

FIG. 3. Interactions orbitalaires dtstabilisantes rnises 
en jeu. 

formCe et la premittre orbitale vacante u ~ - ~ ~ *  de 
CH3C1; son importance selon la nature de  
1'hCtCroatome en CI du thiocarbonyle variera de 
la nlanikre suivante: N > S > 0, reflitant ainsi 
les diffirences de barrieres d'activation observCes 
expirimentalement. 
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U n e  illustration d e  l'importance d e  cette inter- 
action peut  &tre trouvCe dans  l ' t l irnent S,,P,, 

I entre  le soufre thiocarbonyle et  le carbone d u  
groupement rntthyle. u 

D'aprks les valeurs d e  ces indi$es pour  les 
trois ensembles rnolCculaires B 0.1 A d e  l ' t ta t  d e  
transition nous avons l 'ordre suivant: 

I 
I Conclusions 

Cette  stabilisation est en relation directe avec 
l'tnergie des paires n d e  l 'atome d e  soufre d u  
groupement  thiocarbonyle, conclusion en accord 
avec la  correlation Ctablie ant t r ieurement  B 
partir des  dorintes d e  la spectroscopie photo-  
tlectronique. 
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ALAN J. JONES, C. P. BEEMAN, M. U. HASAN, A. F. CASY, and M. M. A. HASSAN. Can. J. Chem. 
54, 126 (1976). 

Thel3C magnetic resonance spectra of a series of methyl and phenyl substituted morpholines, 
their hydrochlorides, and methiodides have been determined. The effects of methyl substitution 
adjacent to oxygen and nitrogen are reasonably equivalent and substituent induced chemical 
shift parameters derived for the series sliow favorable agreement with those previously observed 
in both alicyclic and heterocyclic systems. Results for the cis and trails isomers of phendimet- 
razine (3,4-dimethyl-2-phenylmorpholine), confirm the preferred chair conformations and 
configurations cis-3-CH3, cis-2-phenyl (cis) and trat:s-3-CH1, cis-2-phenyl (trails) for these 
isomers. The preferred course of quaternization of nitrogen in these systems was determined as 
axial, using deuterionlethyliodide as a label. This 13C-ZH technique relies on the observation of 
the r-sjt:-axial effect and is clearly unambiguous and superior to other methods used in evaluat- 
ing this mechanism. Product ratios and consequently free energies of this reaction were meas- 
ured from proton and deuterium nmr spectra. 

ALAN J. JONES, C. P. BEEMAN, M. U. HASAN, A. F. CASY et M. M. A. HASSAN. Can. J. Chem. 
54, 126 (1976). 

On a dCterrninC les spectres rmn du 13C d'une sCrie de morpholines mCthylees et phCnylies 
ainsi que de leurs chlorhydrates et de leurs mkthiodures. Les effets de substitution par un 
rnCthyle adjacent de l'oxygkne et de l'azote sont assez Cquivalents et les paramktres de dCplace- 
lnents chimiques induits par les substituants dCrivCs de la sCrie sont en bon accord avec ceux 
observCs antkrieurement dans des systkmes alicycliques et h6tCrocycliques. Les resultats obtenus 
avec les isomkres cis et trrrtrs de la phendimCtrazine (dimethyl-3,4 phCnyl-2 morpholine) con- 
firnment les conformations chaises prCfCrCes et les configurations au niveau cis-CH3(3), cis- 
phCnyl(2) (cis) et trails-CH3(3), cis-phCnyl(2) (trails) de ces isomkres. Utilisant l'iodure de 
deutCriomCthyle cornme rnarqueur, on a determini que le sens prCf6rC pour la quaternisation 
de l'azote dans ces systkmes est la face axiale. Cette technique 13C-ZH se base sur I'observation 
de l'effet r-syti-axial; elle est non ambigue et supCrieure i d'autres mkthodes utilisCes pour 
Cvaluer ce mCcaliisme. Utilisant les spectres rmn du proton et du deuterium, on a mesure les 
quantitCs relatives de produits desquelles on peut dCduire les energies libres de cette rCaction. 

vraduit  par le journal] 

In our continuing interest concerning the ap- 
plication of 13C magnetic resonance techniques 
to conformational analysis (1) we have investi- 
gated a series of pharmacologically active com- 
pounds (2) and their precursors (3) and have 
illustrated the use of substituent-induced chemi- 
cal shift additivity relationships in establishing 
stereochemistry. 

'Address correspondence to this author: National 
NMR Centre, Australian National University, Canberra, 
2601, Australia. 

2Present address: Norfolk and Norwich Hospital, St. 
Stephens Rd., Norwich, U.K. NR1 3SR. 

We now report the investigation of a series of 
substituted rnorpholines in which the hetero- 
cyclic ring contains both oxygen and nitrogen. 
Additivity paranleters derived from this data 
confirill the preferred conformation, in solution 
of the isomers of the pharmacologically active 
phendi~netrazine (3,4-dimethyl-2-phenylmorpho- 
line), 6 .  These results supplenlent our initial 
efforts to demonstrate the potential of the 13C 
nmr technique for conformational analysis of 
inolecules in which there exists a stereo-structural 
activity relationship (2, 3). The morpholines 1-6: 
their hydrochlorides and methiodides form the 
basis of this study. 
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JONES ET A L . :  MORPHOLINES 127 

(a) R = H (b) R = CH3 

There has been considerable controversy con- 
cerning the preferred course of quaternization 
of N-heterocyclic coillpounds (4-6). In the 
present paper we describe an isotopic labelling 
experiment using deuteriomethyliodide which 
relies on the well-established observation (1, 2 ,7)  
that an axial methyl group 13C resonance will be 
shifted to high field due to the y-gauche inter- 
actions. We have applied this method to a series 
of piperidines, tropinones, and the morpholines 
in order to demonstrate its general validity in 
resolving the assignment of configuration to 
pairs of diastereoisomeric quaternary salts. The 
method is clearly unainbiguous and is superior 
to other methods (5) used in resolving configura- 
tional assignments. During the course of this 
work Wenkert (8) briefly reported a similar study 
on a series of tropane derivatives. 

Experimental 
Carbon-13 and deuterium spectra were obtained in the 

Fourier mode using a Bruker HFX-90 spectrometer 
operating at  22.63 and 13.81 MHz, respectively, as 
described in previous papers (2,9). Spectra were obtained 
for solutions in either deuteriochloroform or deuterium 
oxide with 2-5% tetramethylsilane (TMS) or dioxane- 
TMS mixture respectively added as internal reference. 
In the variable temperature studies deuteriochloroform 
and carbon disulphide were employed as mixed solvents 
in order to enhance the effective low temperature range. 
In the case of the deuterium nmr studies deuterium oxide 
was used as reference. Commercially available morpholine 
(Fisher Scientific Co.) and 2,6-dimethylrnorpholine 
(Aldrich Chemical Co.) were used without further 
purification. 2-Phenylmorpholine was prepared according 
to the method of Bailey et al., (10) and exhibited identical 
physical characteristics to those reported (10). 2-Methyl- 
and 3,3-dimethylmorpholine were prepared following 
Cottle et a[. ( l l ) ,  2-methylmorpholine, bp 130-131 "C, 

705 Torr (lit. (11) bp 135-136 "C, atmospheric pressure); 
3,3-dimethylmorpholine bp. 52 "C, 30 Torr (lit. (11) bp 
143-144 "C, atmospheric pressure). Pure cis-2,4,6- 
trimethylmorpholine was obtained by the method of 
Booth and Gidley (12). 4-tert-butyl-hl-methylpiperidine 
was kindly donated by Dr. M. L. Stein (13). All piperidines 
and tropines were obtained from com~mercial sources as 
bases and were treated with methyl iodide in ether to 
obtain the appropriate salt. 

Results 

The observed 13C chemical shifts in the mor- 
pholines 1-6, their hydrochlorides and respective 
rnethiodides are presented in Table 1. The 
conventional labelling system (see 1) for the 
morpholine ring is employed throughout this 
discussion. Prime numbers refer to  methyl sub- 
stituents at the respective ring carbons. To avoid 
ambiguity, the 1-position in the phenyl ring is 
designated C-q and the remaining phenyl car- 
bons C-o, C-m and C-p. 

The13C spectrum of morpholine exhibits lines 
of equal intensity at 68.09 pprn and 46.74 ppm 
downfield from internal TMS, which are assigned 
to carbons C-2,6 and C-33, respectively, on the 
basis of comparison with shifts for 1,4-dioxane 
(67.1 ppm) and the a-carbons in piperidine 
(48 pprn) (14). Subsequent assignments were 
inade using conventional techniques (15). Data 
for 2,6-dimethyl- , 30, and 2,4-6-trimethy1111or- 
pholine, 3b, were obtained for inixtures of 
cis- and trans-isomers. In all cases the resonances 
due to both isomers were clearly distinguish- 
able on the basis of chemical shift se~arat ion 
and relative intensities. Comparison with data 
for pure cis-2,4,6-trimethylinorpholiile identified 
the cis-isomer as the major coinponent of the 
mixtures as also indicated in earlier pmr studies 
(12). Low temperature (- 80 "C) conditions 
were enlployed to resolve the rapidly equilibrat- 
ing 3,3-dimethylmorpholine, 5, and its deriva- 
tives, and consequently distinguish the axial 
and equatorial 3-methyl groups. Assignment 
of the carbons C-3 and C-5 in 2-phenyl-, 50, 
and 4-methyl-2-phenyln1orpholine? 5b, were 
confirmed by comparison of the observed 
chemical shifts with those predicted using the 
N-methylation parameters derived in this work. 
The assignments for aromatic carbons C-o and 
C-m in 5 and 6 are based on the pattern of shifts 
generally observed in substituted benzenes (16) 
but are not unequivocal. 
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TABLE 1. Carbon-13 chemical shifts in substituted morpholineso 

Structure Solvent 

l a  

HCI 

l b  

HC1 
Me1 

20 

HCI 

26 
HCI 

Me1 

3a(cis) 

HCI 

3n(rrans) 

HCI 

3b(cis) 
HCI 
Me1 

3b(rru1zs)~ 
HCI 

4a 

HCI 
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TABLE 1 (Co~~cll~dcd) 

Structure Solvent C-2 C- 3 C- 5 C- 6 N--CHI C-2',6' C-3',3" C-q C-o C-177 c-P 

4b CDCIj 77.84 53.02 50 .OO 67.86 37.38 - 

HCI CDCIj 73.90 60.20 49.79 64.41 36.68 - 

D20 73.97 60.86 49.37 64.58 36.31 - 

Me1 D20 70.30 68.41 59.24 61.40 47.86 - 

5a CDCI3 79.38 53.32 45 .80 68.44 - - 

HCI CDCIj 75.29 48.47 42.81 63.99 - 

5b CDCIj 78 . l l  62.30 54.80 67.05 46.17 - 

HCI CDCIj 75.09 58.31 52.70 63.87 43.75 - 

Me1 D20 72.35 65.01 60.48 61.08 j - 

6(cis) CDCIj 81.84 58..82 47.14 67.39 42.80 - 

HCI CDCI3 77.74 59.95 46.69 64.29 41.11 - 
Me1 Dl0 74.24 68.95 55.14 61.62 I; - 

6 1 )  CDCI3 85.14 63.61 56.22 67.12 43.16 - 

HCl CDCI3 81.69 64.80 54.60 63.88 41.49 - 

Me1 D20 78.23 70.46 63.61 60.91 711 - 

"Given i n  p p m  downfield relative t o  TMS. 
bNonequivalent N-methyl carbons at 48.02 ppm (axial) and 57.19 p p m  (equ;rtorial). 
CNonequivirlent N-methyl carbons at 48.83 pprn (axial) and 57.14 p p m  (equatorial). 
dOnly the cis-methiodide was isolated. 
cChemical shifts a t  193 K: 76.77, 48.90, 41.1 1, 67.81, and 21.90 pprn (axial) and 27.24 ppn l  (equ;~lorial). 
fchemicirl sh i f~s  at 198 K: 72.88, 54.00, 38.57, 63.44, and 19.69 pp ln  (axial) i ~ n d  22.98 pp ln  (etluatoriill). 
 chemical shifts at 193 K: 77.84, 52.87. 49.36, 67.70. 37.28, and 12.02 pp ln  (axial) and 24.22 p p m  (equatorial). 
"Broadened, nonequivalent methyl carbons at ambient temperature: 16.83 ppm (axial) and 21.01 p p ~ n  (equ;~torial). 
iNonequivalent methyl carbons ;rt ;~rnbient temperature: 15.28 pprn (axial) and 20.40 ppm (equatorial). 
lNonequivalent N-methyl carbons at 48.08 p p m  (axial) and 57.25 pprn (cquntorinl). 
~Noncquiv;rlent N-methyl carbons at 50.12 ppm (axial) and 54.33 ppm (equ;~tori i~l). 
1[1ora-Carbon resonance unresolved. 
"'Nonequivalent N-methyl c;rrbons at 42.52 ppm (axial) and 54.71 ppm (equatorial). 
nObservcd resonance split due to nitrogen coupling (JljN - = 2.7 HZ, JrdN - r l C H 3  = 3.9 Hz). 
I'Broadening o f  resonance observed. 
PPirrenthcses indicate th;rt uneqi~ivocal assignments were not m i~dc .  C
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TABLE 2. Substituent parameters in substituted morpholinesa 

Substituent ffe ff n Pe 8 3  Ye 73. 

N-CH3 9.13 -1.24b 
C-CH,(O) 5.09 -2.31 5.50 3.72 (-5.9)c 
C-CH3(N) 4.41 1.50 6.78 3.48 -5.98d 
C-dO) 11.29 6.58 

aIn ppm A ncgativc sign indicotcs a n  upficld shift. (0) Substitution adjaccnt to oxygen. (N) Substi- 
t u t ~ o n  adjacent to nitrogcn. 

bDocs not include the ncgligiblc shift obscrvcd in rmr~s-2,4,6-trimctliyl1norpliolinc. 
CRcfercncc 76. 
dThe value -8.54 ppm occurs in  cis-6 whcrc addirional stcric compression factors contributc ro 

tlic shirts. 

Discussion 
It is necessary that the stereochemistry of 

selected conlpounds be well established if they 
are to serve as valid models for studying con- 
formational features. It is well established that 
the heterocyclic ring in morpholine bases exists 
predominantly in the chair for111 (17-20). How- 
ever, there is considerable disagreement con- 
cerning the configuration of the N-R group 
(R = H or CH3) (17-21). While we do not 
presume to assess this configuration in the 
hydrides (R = H), it is clear froin the evidence 
in the following section that the N-methyl group 
prefers the eq~~ator ia l  configuration. 

(a) S~ibstituent Ejjkcts 
All substit~~ent paraineters derived in this 

study are su~nnlarized in Table 2. 
N-Methyl substituent 7- and 0-effects are 

observed at C-2,6 (- 1.0 ppm) and C-3,5 (9 ppm) 
in N-methyln~orpholine, compared with mor- 
pholine. These values are allnost identical to 
those observed in the N-methylpiperidines (- 1.2 
and 8.9 ppm) (3) and N-rnethylpiperazines 
(- 1.0 and 9.1 pprn) (22). The magnitude of the 
?-parameter enlphasizes the predonlinantly equa- 
torial configuration of the N-methyl group, since 
larger 7-effects (-6.4 ppm) (7) are observed in 
cases where 7-gauche (1,3-steric) interactions 
occur between diaxial groups. The generally 
observed 7- and P-N-methyl induced shifts 
throughout the series 1-6 are - 1.2 and 9.1 pprn, 
respectively. In addition, the observed chemical 
shifts for the N-methyl carbons occur over a 
narrow range (0.6 ppm), further indicating the 
equatorial N-methyl configuration throughout 
the series. 

The effects of methyl substitution at ring 
carbons are observed in co~npounds 2-4. In 
2-rnethyli11orpholine, 20, in which the nlethyl 

group is expected to be predominantly equa- 
torial, induced downfield shifts are observed for 
carbons C-2 (4.90ppm) and C-3 (6.29 ppm) 
relative to morpholine. Snlall induced shifts (less 
than 1.0 ppm) are observed for the remaining 
ring carbons, C-5 and C-6. The cis-isomer of 
2,6-dimethylmorpholine, 30, in which both 
inethyl groups are established as equatorial (l2), 
exhibits downfield shifts, relative to morpholine, 
for carbons C-2,6 (5.09 ppm) and C-3,5 (5.50 
ppm). The a-parameter obtained froin this data 
(5.00 ppm downfield) coinpares with that ob- 
served for ~nethylcyclohexanes (5.96 ppm) (7a) 
methylpiperidines (5.4 pprn) (3), and methyl- 
piperazines (5.7 ppm) (22). The illagnit~~de of the 
induced shift (0-parameter) at the 0-carbons 
(5.90 ppm) might be considered anoillalous in 
view of this parameter (9.1 ppm) derived froin 
the N-methylation data. However, a sinlilarly 
attenuated parailleter was observed in 2-tert- 
butyl-5-methyl-1,3-dioxane ( la)  and 2-methyl- 
piperazine (22) and it is clear that the substituent 
effect at 0-carbons is reduced (compared to 
methylcyclohexanes) when these carbons are 
adjacent to oxygen or nitrogen. 

The tlmzs-2,6-dirnethylmorpholine isomer, 30, 
is a mixture of rapidly inverting and energetically 
equivalent chair forms as shown by the occur- 
rence of only one inethyl resonance in the 13C 
spectrum. Therefore, the shifts at C-2,6 (- 1.56 
ppm) and C-3,5 (4.61 ppm), coinpared to mor- 
pholine, are the average of axial and equatorial 
methyl contributions. The a- and p-axial nlethyl 
substituent parameters derived from these data 
are -2.31 and 3.72 ppm, respectively. The shifts 
at C-2,6 in tmns-3a illust include an effect froin 
7-gauche 1,3-steric interactions, which is as- 
sumed to be of the order of -5.9 ppm, by 
analogy with this contribution in 3,5-dimethyl- 
tetrahydropyran (7b). The uncertainties involved 
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JONES ET AL.: MORPHOLINES 131 

in the derivation of the axial a-methyl parameter 
preclude further discussion, though the p-term 
may be reasonably compared to that observed 
in the inethylcyclohexanes (7a).3 

The gem-dimethyl effect (2.19 ppm) observed 
at C-3 in 3,3-dimethylmorpholine (4~1) is at- 
tenuated, though reasonably characteristic of 
sinlilar effects observed in the methylcyclo- 
hexanes (2.9 ppm) (7) and 1,3-dioxanes (3.5 ppm) 
(la). Lowering the temperature of the solutions 
of the 3,3-dimethylmorpholine series (4a, b) froze 
out the chair conformation (-80 "C) which 
characterized the axial and equatorial methyl 
groups and provided the average, and typical 
(7b) y-gauche parameter of -5.98 ppln at C-5 
in 40, b. 

A phenyl substituent on a ~norpholine ring is 
expected to adopt the equatorial configuration. 
The observed che~nical shifts in 2-phenyl-, (Sa), 
and 4-inethyl-2-phenyl11lorpholine, 56, are con- 
sistent with this configuration since substituent 
induced shifts in these conlpounds are negligible 
except at the sites a- and p- to the substituent. 
The downfield shifts for carbons C-2 (1 1.29 ppm) 
and C-3 (6.58 ppm) in 5a are taken as equatorial 
a- and p-phenyl substituent effects and may be 
compared with those observed in l-methyl-4- 
phenylpiperidine (17.7 and 6.7 ppm) (2). Pre- 
sumably, the s~naller a-effect in the 2-phenyl- 
morpholine is due to the higher degree of sub- 
stitution at the p-positions (23) in 5a co~npared 
with 1-methyl-4-phenylpiperidine. 

(b) The Pltenclimetrazines 
The chemical shifts for the phendinletrazine 

isomers, 6, their hydrochlorides, and methio- 
dides are also given in Table 1. The isomers of 6 
are suggested to differ only in the configuration 
of the 3-methyl group, cis (axial methyl) or trans 
(equatorial methyl) (24). Proton (24) and 13C 
magnetic resonance data, to be discussed, con- 
firm these configurations. 

Two features in the data for 6 should be noted: 
(i) the observed chemical shifts for the phenyl 
carbon, C-q, are identical in the two isomers and, 

'It would be interesting to compare this data with its 
equivalent tratrs-isomer of 2,6-dimethylpiperazine. Un- 
fortunately, Ellis and Jones (22) reported the observation 
of only a three line spectrum for this compound and for a 
solution of a cis-trrrt~s mixture of 2,5-dimethylpiperazine 
and made no distinction between axial or equatorial 
substituents. 

moreover, are identical to those observed for the 
equatorial phenyl groups in 5; and (ii) the large 
upfield shifts a t  C-5 (9 ppm) and C-3' (12 ppm) 
in the cis- compared to the trans-isomer are 
indicative of a change in configuration at C-3. 
The identical shifts for the phenyl substituents 
in the phendi~netrazines confirnl their equatorial 
configuration and may be contrasted with those 
in a- and p-l,2-dimethyl-4-phei1ylpiperidi11-4-01 
(2~1) in which an upfield shift of approxi~nately 
5 ppin was observed at C-q in the a-isomer 
(axial phenyl) relative to the p-isomer (equatorial 
phenyl). The second feature clearly establishes 
the axial 3-methyl configuration in the cis-isomer. 
The magnitudes of the steric shifts (compare the 
characteristic 5-6 ppm (7b) and - 5.98 ppm, 
Table 2) suggest a greater interaction between 
the 3-methyl group and the C-5 axial proton 
probably due to  additional steric co~npression 
induced by the adjacent phenyl group. The lower 
stability4 of the cis- conlpared with the trcrizs- 
isomer has been attributed to the destabilizing 
nonbonded interaction between the phenyl and 
3-methyl groups (24). Further evidence of this 
interaction is apparent in the observed upfield 
shifts in the phenyl ring (1.4 ppm average for 
C-o and C-m in the cis- compared with the 
trcms-isomer). 

Establishment of the configurations for the 
phendirnetrazine isomers permits derivation of 
parameters for equatorial and axial nlethyl sub- 
stitution adjacent to  nitrogen in the morpholines. 
Thus, for the trans-isomer, the shift at C-2 
(18.07 pp111 downfield) co~nprises contributions 
from equatorial a-phenyl and p-methyl sub- 
stituents. Taking the a-phenyl parameter (11.29 
ppm), derived previously, the calculated P-methyl 
parameter is 6.78 pprn. Upfield shifts of the 
N-methyl(3.40 pprn) and C-3' methyl (4.16 ppnl 
relative to cis-2,4,6-trimethylnlorpholine) car- 
bons may be attributed to  their diequatorial 
interactions. The average upfield shifts of the 
two methyl carbons (3.52 ppm) compares favor- 
ably with that in 1,3-diinethylpiperidine (3.78 
ppm) (3), 1,2-diinethyl-4-piperidone (3.55 ppm) 
(3), and methylcyclohexanes (2.82 pprn) (7). 
This steric interaction also influences the shift at 
C-3. Assuming the same proportional decrease 

4Treatment of the cis-isomer with strong acid causes 
inversion at the benzylic carbon to form the more stable 
trans-isomer (24). 
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in magnitude for the induced shift at C-3 relative 
to C-3', as observed in methylcyclohexanes (2.82 
to  2.45 ppm), then the modified shift paranleter 
(3.06 ppnl upfield) is obtained. This value and 
the P-phenyl paralileter per~iiit calc~~lation of the 
equatorial a-methyl paranieter (4.41 pprn down- 
field) for substitution adjacent to  nitrogen. 

From the data for cis-phendimetrazine an 
axial p-methyl substituent effect (3.48 ppm down- 
field) is derived in an analogous manner. The 
upfield shift at C-5 (8.54 ppni) in this isomer 
results from 1,3-xyil axial interactions with the 
C-3' methyl group and this steric effect conlpares 
with that in Qphenylpiperidine (7.9 ppm) (2a). 
The upfield shift at C-3' (13.67 pp~i i  relative to  
the axial methyl in trcms-2,4,6-trimethylmor- 
pholine) coniprises this saliie effect and the 
additional steric conipression fro111 the adjacent 
phenyl group. The ~ilagnitude of the latter 
paratneter (5.13 pprn upfield) is surprisingly 
sinlilar to  other steric parameters (7). The 
N-methyl shift (3.81 ppm upfield relative to  
trails-2,4,6-triniethylniorpholine) is slightly larger 
than that in the tmzs-isomer reflecting an in- 
creased steric interaction for equatorial-axial 
methyl relative to  equatorial-equatorial ~ilethyl 
(7). Assuming that the induced shift for the two 
interactions increases proportionally to the sanie 
extent as in n~ethylcyclohexanes (2.45 t o  3.43 
ppni) (7) the axial a-methyl substituent param- 
eter is calculated to  be 1.50 ppm downfield. 

The observed chemical shifts in the phendi- 
metrazines are consistent with the application of 
the parameters given in Table 2 thus confirming 
the predominantly chair conforn~ations and 
configurations cis-3-CH3, cis-2-phenyl (cis) and 
trmzs-3-CH3, cis-2-phenyl (tmzs) in these isomers. 

(c) Solveizt Effects and Hyclroch1oricles 
The presence of two electronegative centers 

with nonbonded electrons in the ~norpholines is 
expected to be ~nanifested in solubility behavior 
and solvent induced chemical shifts. In the case 
of rnorpholine a change of solvent from deu- 
teriochloroform t o  deuterium oxide results in 
chemical shift differences at carbons C-2,6 (0.76 
ppm, upfield) and C-3,5 (1.64 pp1i1 upfield). 
N-Methylation of lnorpholine has little effect on 
the observed solvent behavior (Table 1) and the 
highly polar nature of the corresponding hydro- 
chloride is evidenced by its insolubility in the 
weakly polar deuteriochloroform. In 2,6-di- 

methylmorpholine it is apparent that the ~ilethyl 
groups sterically hinder polar solvent association 
at the oxygen since only s~ilall changes are 
induced in the shifts at C-2,6 (0.15 ppm) while 
large changes occur at C-3,5 (2.00ppm), with 
change of solvent. The re~iloval of one site of 
solvent association is further indicated by the 
solubility of the hydrochloride in both deuterio- 
chlorofor~il and deuterium oxide. 

Since the changes in observed chemical shift 
appear to  parallel the solubility behavior it is 
assu~ned that they are true solvent induced shifts 
rather than the result of changes in conformation. 
To  obviate the possibility of large solvent con- 
tributions to  chemical shifts between the bases 
and hydrochlorides solutions in the two solvents 
were conlpared where possible. The additivity 
parameters derived in this work, therefore, suffer 
no loss of validity in those cases (most notably 
the nitrogen quaternization data, Section el) in 
which solvent shifts are unavoidably incor- 
porated. 

Characteristic upfield shifts of 2.3 and 3.28 
ppn1 are observed at the carbon atoms C-2,6 and 
C-33, respectively, on protonation of the nitro- 
gen atoll1 in this series. The usual exceptions of 
deshielding occur when the positions adjacent 
(C-3,5) to  the nitrogen atom are substituted (as 
in 4 and 6), presumably the consequence of 
additional steric compression. In the 2-phenyl 
substituted syste~ils 5 and 6 it is noteworthy that 
the shielding effects at C-2 are marginally larger 
than the average and furthermore that the 
quaternary carbons C-q shift upfield by 3.55 
ppm. Only small upfield shifts (av. 0.48 ppni) 
occur at the methyl carbon atoms in the same 
position. All of these values appear consistent 
with the charge polarization interpretation 
recently discussed by Morishima, el cil. (25). 

(Cl) Tlze Preferreel Steric Coi~rse of' 
Qlraterrzizatiorz 

The effects of quaternization of the n~orpho-  
lines studied using methyl iodide are given in 
Table 1. First, it is observed that the resonances 
of the carbon atoms bonded directly to  nitrogen 
exhibit splitting and/or broadening due t o  
coupling between the 13C and 14N nuclei. Similar 
effects have been reported in the spectruni of 
choline (26) in which the quaternized nitrogen is 
bonded only to carbon. Second, the trends in the 
chemical shifts of the ring carbons induced upon 
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- -  - - 

813C ppm 

FIG. 1. The 13C spectrum of 2,4-dimnethylmorpholine 
quaternized by (a) methyl iodide (b) deuteriomethyl 
iodide. 

quaternization are quite consistent with addi- 
tivity trends described for other nitrogen mono- 
cycles (3). Thia,  the induced shifts at  C-2 and 
C-6 are upfield in the range 4.9-6.3 pplll and 
those at C-3 and C-5 are downfield 2.7-5.7 ppm 
(p-methyl axial effect). Furthermore, the N- 
nlethyl shifts, relative to the respective bases, in 
4-piperidone methiodides (1 1.2 and 2.1 ppm) (3) 
are in close agreement with those reported 
here (1 1.1 and 2.4 ppm). The smaller N-methyl 
shift (5.6 ppm) observed in N-methylmorpholine 
illethiodide clearly is the average value produced 
by rapid interconversion of the contributing 
conformers. 

Of much greater significance is the preferred 
course of quaternization of the morpholines and 
other N-heterocyclic con~pounds. Figure 1 con- 
trasts the observed 13C spectra of 20 obtained 
after quaternization with methyl iodide (Fig. la)  
and trideuterionlethyl iodide (Fig. lb). Clearly 

FIG. 2. Free energy difference at the transition state 
shown in relation to  the mode of methylation. 

the C2H3 signal is much reduced in intensity 
(washed out) as a result of 13C-W coupling. In 
addition, the large chemical shift difference 
between axic11 (steric compression) and eqlin- 
tori01 methyl groups (1, 2, 7) enables clear 
assignment of these resonances. In the corre- 
sponding proton spectra of these C2H3 quater- 
nized species, where 2-isomers are produced in 
differing amounts, the N-methyl signal of re- 
duced intensity must be the one replaced 
(preferentially) by NC2H3. The position (axial or 
equatorial) that this occupies is clear from the 
13C spectrunl and hence accurate proton assign- 
ments can be made and the relative distributions 
of the isomers determined by integration of the 
two proton N-methyl signals. Corresponding 
isomer ratios nlay be obtained in an analogous 
manner from the deuterium spectra which as 
anticipated were not as well resolved. 

Table 3 summarizes proton, deuterium, and 
13C chemical shifts in a series of selected N- 
heterocycles including the morpholines. The 
product ratios, obtained from integration of their 
proton and deuterium resonances, were analyzed 
following the Curtin-Hammett principle (6). 
That is, the free energy differences at the transi- 
tion state were obtained using the scheme shown 
in Fig. 2. These energy differences (Table 3) 
clearly indicate the preferred course of the 
reaction in the systems studied. Thus, in the 
selected piperidines the l3C results corroborate 
the earlier proton studies showing that axial 
attack of the inconling methyl iodide preponder- 
ates and the higher field position of the axial 
N-methyl (IH) is proved. In the tropines the 
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TABLE 3. Proton, d e u t e r i ~ ~ n ~ ,  and 13C chemical shifts, the ratios of the epimeric p rod~~c t s  and the free energy dill'erences 
at the transition states (a/e) obtained from quaternization of cyclic six-memberecl bases 

6 ppm a,ea P r o d ~ ~ c t  ratios -ac:s 

Co~iipound ' H  2 H 13C P L  f'e cal/mol 

4-1ert-B~1tyl-N-n1ethylpi11eridine 3.44,3.54 - 47.04J6.27 78 -- 7 7 745 
62 1,2-Dimethylpiperidine 3.02,3.20 1.81,1.63 42.1J3.6 65 

38 \ 
350J 326 

1,3-Dimethylpiperidi11e 3.3q3.49 1.66 48.1J6.6 80 20 815 
1,4-DimethyIpil,eridine 3.34,3.49 1.73 4 7 . 9 3 . 7  75 25 647 
Tropine 3.52,3.48 1.69 44.25,50.99 20 80 -815 
2-Tropinone 3.51,3.54 1.66 46.02,50.72 10 90 - 1291 

3-Tropinone 3.81,3.63 1.58,1.38 45.1,51.5 45 1 -231 
36 64hJ 

2,4-Dimetl~ylmorpholine 3 . 6 6 ~  1.45 48.02,57.19 - - - 
2,4,6-Tri~iiethylmorpholine 3.69,3.71 1.45 47.97,57.1 80 20 815 
3,3,4-Trimethylniorpholine 3 . D  1.56 47.1" - - - 

2-Phenylmorpholine 3.46,3.35 1.45 48.08,57.3 SO 20 815 
cis-Phendinietrazine 3.92,3.55 1.27 50.1,54.3 90 10 1291 
tr.ntls-Phendimetrazine 3.28,3.32 1.59 42.36,54.7 68 3 2 443 

"'H and  "C chcmic;~l sliirls given rclativc to TMS. 'H rclativc to D?O and shielded 
"Determined using 'H spcclru. 
COnly one broad 'H signal prevented dctcr~ninnlion of  isomer ratio. 
dNot rcsolvcd. 

negative value of AG indicates that equatorial 
attack is preferred. Again these results corrobo- 
rate earlier findings (4). In the morpholines axial 
attack preponderates and the otherwise con- 
fusing order of the proton N-methyl signals is 
resolved. 

The type of analysis described above is clearly 
applicable to  quaternary salts derived from other 
base systems. In general it can be stated that the 
config~~ration of pairs of diastereoisomeric 
quaternary salts may be readily and unambig- 
uously determined by the above method. 

Conclusions 

The results for the phendimetrazine isonlers 
further denlonstrate the value of 13C inagnetic 
resonance spectroscopy for conformational 
analysis of phar~nacologically active compounds. 
The particular sensitivity of the carbon nucleus 
to sterically induced charge polarization inakes 
it especially useful for observing non-bonded 
interactions in these molecules, especially in the 
quaternized derivatives. The substituent parain- 
eters derived from the lnorpholine series support 
the view that 13C substituent effects in alicyclic 
and heterocyclic compounds are generally 
equivalent. 
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A convenient synthesis of the flavor and scent material (A)-7-(2)-6- 
dodecenolactone and some analogs via N-chloroamide thermolysis 
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MICHAEL BENN and KANWAL NAIN VOHRA. Can. J. Chem. 54, 136 (1976). 
N-Cl~loro-h~-propyl-tI1reo-6,7-dibrornododecanarnide, prepared by the successive brornina- 

tion and N-chlorination of N-propyl-(Z)-6-dodecenarnide, was subjected to  thermolytic 
homolysis in aqueous dioxane to yield a mixture of products from which, after zinc debrornina- 
tion, r-6-(Z)-dodecenolactone was isolated. Some analogs of this lactone were similarly pre- 
pared. 

MICHAEL BENN et KANWAL N A ~ N  VOHRA. Can. J. Chem. 54, 136 (1976). 
On a sournis le N-chloro N-propyl tllre'o-dibromo-6,7 dodicanamide, prepare par une 

brornuration suivie du N-chloruration du N-propyl (Z)-dodickne-6 amide, i une thermolyse 
homolytique dans le dioxanne aqueux; cette reaction conduit B un  melange de produits B partir 
duquel on a pu isoler, aprks debromuration par le zinc, la r-(Z)-dodCcbno-6 lactone. On a 
prepari, de la mime manikre, quelques analogues de cette lactone. 

[Traduit par le journal] 

Dihydro - 5 - [(Z)- 2'- octenyl] - 2(3H)- filranone 
('y-(Z)-6-dodecenolactone'), 1, and the side- 
chain saturated derivative ('y-dodecanolactone'), 
2, are two odiferously interesting natural prod- 
uctsl which we needed in connection with some 
studies of olfaction in animal behavior. In 
contrast to  2, 1 is commercially unavailable, and 
not readily obtainable. Only a single synthesis 
of 1 appears t o  have been described, and in this, 
the key coupling of methyl-4-oxobutanoate with 
1-bromo-2-octyne, via a Grignard reaction 
yielded a mixture from which, after seini- 
hydrogenation and lactonization, 1 was isolated 
by preparative glc as a minor product with 3 
predominating (77:22) (6). 

There are a multitude of routes to  y-lactones 
but, serendipitously, during a study of the 
cyclization of some N-chlorolactams, we had 
noted that the therinolytic homolysis of N-chloro- 
N-methylvaleramide in aqueous dioxane, con- 
taining suspended calcium carbonate, gave a 

- 

lVery recently it has been reported that the butterfat of 
cows fed a special lipid diet, high in linoleic acid, is 
enriched in 1 and 2 ( I ) ,  while the taint to the meat of 
lambs fed a similar diet has been attributed to 1 (2). 
Apart from the occurrence of 1 and 2 as normal trace- 
components of butterfat (3), 1 has been reported to be the 
major pheromonal component of the tarsal-tuft scent of 
blacktailed deer (4), and 2 has been identified in the 
pygidial secretion of a rove-beetle, where it may play a 
role in defence against predators, or as a regulator of the 
algal colonies which these beetles maintain (5). 

fair yield of y-valerolactone (7). This reaction 
Ion is analogous to  the photochemical cycliz~t '  

of N-haloamides to  iminolactone lactone salts, 
followed by hydrolysis (8), and presulllably 
follows the same sequence of steps (7)2 (see 
Scheme 1). 

The si~nplicity of the N-chloramide thermolysis 
procedure attracted us and we decided t o  explore 
the utility of this approach by applying it to  the 
synthesis of 1, and the analogs 2 and 4. 

Under our usual thernlolysis conditions (7) 
decomposition of N-chloro-N-methyllauramide, 
6, was conlplete within 1 h, when glc analysis 
revealed that the reaction products contained 
the desired 2 (429/0), accompanied by the amide 
7 (5070).3 Pure 2 was isolated from the mixture 
by column chromatography. 

Before attempting the synthesis of 1 we first 
examined the synthesis of its analog 4 from 
oleic acid. The N-propyl ainide 8 was prepared 
in high yield by the inixed anhydride procedure, 

*However, in contrast to the photolytic route to 
r-lactones (8), we found (for N-alkyl-N-chlorovalera- 
mides) no significant advantage to employing N-tert- 
butyl arnides. 

3A small amount (ca 8yo) of 6-dodecalactone was also 
present, arising by abstraction of a hydrogen atom from 
the 6-carbon atom by the amidyl radical: a process dis- 
favored with respect to  abstraction from the ?-carbon 
atoms at C-9 or C-10. However, the carbonyl region of the 
is quasi sevenmembered rather than six, cf. ref 8b and 
references therein. 
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BENN AND VOHRA: N-HALOAMIDES 

R' R' 
I I 

H NCI 

7 R = hexyl, R' = methyl 6 R = bexyl, R' = methyl 
8 R = (Z)-5'-tctradcccnyl, R' = propyl LO R = /h1~c~o-9,10-dibromotetradecy1. 
9 R = tl~~,c,o-9.10-dibroniotctradccyl. R' = propyl 

R' = propyl 11 v 

11 R = (Z)-2'-octcnyl. R' = propyl or 
1 

1 R = (Z)-2'-octenyl 
2 R = octyl 
3 R = 1'-vinylpentyl 
4 ,R = (Z)-5'-tetradecenyl 

SCHEME I .  Lactonc synthcsis via chloroamide homolysis. 

but attempts to convert it to the corresponding 
N-chloro derivative using a variety of reagents, 
including sodium hypochlorite and 1er.l-butyl 
hypochlorite, gave coinplex mixtures. Presum- 
ably these conlplications arose from olefinic 
function, and possibly allylic chlorination, since 
after conversion of 8 to the threo-dibromo 
derivative 9 the N-chloro derivative 10 could be 
prepared without trouble. Therrnolysis of 10 
gave a mixture of products4 which was de- 
brominated with zinc dust, and then subjected 
to preparative tlc, by which means two products 
were isolated in approximately equal amount. 
On the basis of spectroscopic evidence one of 
these (46%) was identified as the anlide 8, while 
the other (41%) was the desired 7-lactone 4, 
dihydro-5-[(Z)-5'-hexadecenyl]-2(3H)-furanone. 

- 

4In principle in this situation macrocyclic lactones 
might arise: if the amide carbonyl displaced the bromine 
atoms at C-9 or C-10. However, the carbonyl region of the 
infrared spectrum of the crude thermolysis products from 
10, and its analog from 11, contained only a weak 
absorption at 1730 cm-1 (6-, and macrocyclic lactones, or 
esters), together with strong absorptions at  1770 (?- 
lactone) and 1630 cm-1 (amide). 

Following this experience, the synthesis of 1 
was straightforward. 6-Dodecynoic acid was 

u 

prepared by a sequence of reactions similar to 
that used to prepare 6-hendecynoic acid (9). 
After conversion of the acetvlenic acid to its 
N-methyl amide, semi-hydrogenation gave N- 
methyl-(Z)-6-dodecenoanlide, 11. By the pro- 
cedure used to convert oleic acid to 4, 11 yielded 
1(21%), the parent amide being the major (and 
thus recyclable) side-product. 

As the success in achieving the synthesis of 
our target conlpounds reveals, the thermolysis of 
N-chloroamides merits attention as a prepara- 
tively convenient route to aliphatic 7-lactones. 

Experimental 
Melting points were determined on a Kofler hot-stage 

and are, like the boiling points, uncorrected. Infrared 
spectra were measured on a Perkin-Elmer Model 337 
spectrometer using solutions in chloroform in a 0.1 mm 
path-length cell, unless otherwise stated. 

The pmr spectra were obtained using Varian A-60 or 
HA-100 spectrometers and deuteriochloroform solutions. 
Tetrarnethylsilane was used as an internal reference and 
chemical shifts are reported on the 6 scale in ppm. Mass 
spectra were recorded on a Varian-MAT CH5 spectrom- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



138 CAN. J. CHEM. VOL. 54, 1976 

eter with a direct inlet, at  70 eV ionization potential. 
Significant ions are quoted as t i~ /e  values in amu, with 
their approximate relative abu~lda~lce in parentheses. 
Gas-liquid cl~ron~atograpl~ic analyses were carried out 
with a Bendix Model 2500 instrument, using 6 f t  X : in. 
glass columns containing 5'/, Versamid 900 on HMDS 
treated Chromosorb W, at 200 "C. Preparative glc separa- 
tions were performed with a Varian-Aerograph A-700 unit 
and 8 ft X 2 in. columns of 30% SE-30 on Chromosorb 
W, at  a flow rate of ca. 50 ml/min. Thin layer chroma- 
tography was done with silica gel GPF?,,, and spots de- 
tected with iodine vapour. The dioxane was distilled from 
sodium, and final traces of peroxide were removed by 
percolation througll Woelm Grade I neutral alumina 
before use, however this final purification can be omitted. 

N-iMe!lr~llalrrati~ide, 7 
This conlpound was prepared from methylamine and 

lauric acid by the mixed anhydride method (cb prepara- 
tion of 8) and obtained as a colorless solid (90%) rnp 
69°C (lit. (10) mp 68.4"C); v,,~,, 3300 and 1650 cm-1, 6 6.0 
(1H broad, N-H), 2.8 (3H, d, J = 5 Hz, CH3-N), 2.2 
(2H, t, J = 6 Hz, H-2), 1.3 (18H, m, CHI), and 0.9 (3H, 
distorted t, J = 6 Hz, CH3); rille 213 (28) and 73 (100). 

r-D~(lecalactorie, 2 
The amide 7 (5 g, 0.023 mol) in carbon tetrachloride 

(50 ml) was treated, at 0 "C and in the dark, with tert- 
b ~ ~ t y l  11ypoc11lorite (2.8 g, 0.024 rnol). After 4 11 tlc re- 
vealed that conversion was complete, and after removing 
the solvent  under reduced pressure, titrimetric assay 
corresponded to a 98:& yield of 6. The chloroamide was 
dissolved in dioxane-water (4:1 v/v) containing sus- 
pended calcium carbonate (5 g), and benzoyl peroxide 
(50 mg), and heated to 85 "C under an  atmosphere of 
nitrogen. After 2 11 titrimetry revealed that all of 6 had 
been destroyed. The mixture was then filtered, and the 
filtrate evaporated under reduced pressure to a residual 
oil (4.6 g) which partially crystallized on standing: v,,,  
(film) 1780(s), 1740(sh), and 1650(s) cm-1. Gas-liquid 
chromatography using authentic specimens of 7, 2, and 
6-dodecalactone revealed the product to be a mixture of 
these three co~npounds in ca. 50:42:8 ratio. 

When kept at -5 'C for 30 min, a pentane solution of 
the crude product deposited white crystals, rnp 68 "C, of 
the amide (1.5 g), and evaporation of the filtrate then 
yielded an oil (3.1 g). This oil was c1~romatograpl~ed on a 
column of silica gel, from which benzene and ether eluted 
material corresponding to the r-lactone (2.6 g). Distilla- 
tion with a micro-spinning band column gave r-dodeca- 
lactone (2.1 g 4574) bp 84-88 "C; v,,,, (film) 1775 cm-1; 
glc > 98% pure, with the same retention time as authen- 
tic 2 ;  rn/e 198 and 85 (100). 

N-Propylolearrii~le, 8 
Ethyl chloroformate (1.86g; 0.017 rnol) was added 

dropwise to a stirred solution of oleic acid (4.9 g, 0.017 
mol) and triethyla~nine (1.72 g, 0.017 mol) in T H F  (100 
ml) cooled to -5 "C. The mixture was stirred for 30 min 
and then rr-propylamine (1.08 g, 0.018 mol) was added at 
0-5 "C. After having kept the reaction for 2 11 at  room 
temperature, the triethylanline hydrochloride was re- 
moved by filtration and the filtrate evaporated under 
reduced pressure. An ethereal solution of the residue was 

washed with aqueous sodium hydroxide (5%) (2 X 40 ml), 
then with dilute l~ydrochloric acid (lo::, 20 ml) and 
finally with water (50 ml). The dried (MgSO4) ether solu- 
tion on evaporation gave an oil which solidified on 
cooling; mp 30-32 "C, (lit. (1 1) mp 32 "C); yield 4.438 g 
(96y0), v,,, (film), 3300, 3080, and 1650 cm-1, 6 6.4 ( lH,  
br, NH), 5.10 (2H, t, J = 4 Hz), 3.0 (2H, q ,  J = 7 Hz, 
N-CH?), 2.0 (6H, rn, H-2, H-8, and H-11), 1.3 (24H, br 
m, CHI), and 0.8 (6H, br t, J = cn. 7 Hz, CH3). 

N-Propyl-tlireo-9,10-dib,~or,~oole&, 9 
T o  a solution of oleamide 8 (225 mg, 7 mmol) in 

carbon tetrachloride (25 ml) was added bromine (115 mg, 
7.1 mmol) in carbon tetrachloride (5 ml). After stirring 
for 15 luin the orange solution was concentrated it1 vncno 
to give dibromo amide 9 (310 mg, 97%) as an  oil: v,,,, 
(film) 3300 and 1650cm-I: 6 6.75 ( lH ,  br, NH), 4.20 
(2H, d, J = l O H z ,  H-9,10), 3.15 (2H, q, J = G H z ,  
NCHI), 2.2-1.30 (30H, m, CHI), and 0.95 (GH, distorted 
t, J = 6 Hz, CHI). Atial. Calcd. for C ~ I H ~ I B ~ ~ N O :  N 2.90; 
found: N 2.77. 

r-Z-Octadeceriolactor/c. (4)  
The dibromooleamide 9 (300 mg, 0.6 mmol) was treated 

with 72 mg (0.66 mmol) of ter.1-butyl hypochlorite in car- 
bon tetrachloride and the mixture left in the dark for 1 h. 
Removal of solvent gave an oil (320 mg); v,,,, (neat) 
1680 cm-1, and no N H  absorption. Thiosulfate titration 
indicated 797, conversion to the N-chloroderivative. 
This product was taken up in aqueous dioxane (1 :4, v/v, 
50 ml) containing calcium carbonate (3 g) and bellzoyl 
peroxide (20 mg, 0.01 mmol) and thermolyzed at 80 O C  

under nitrogen. The reaction was titrimetrically complete 
after 105 min. Work up of the reaction gave an oil (280 
mg): v,,, ,  (film) 3350, 1770, 1730, and 1650 cm-1. The 
crude thermolysis product (275 mg) was dissolved in 
absolute etlianol (25 1111) and heated under reflux with 
zinc dust (500 mg) for 1 11. Filtration followed by evapora- 
tion of the alcohol gave an oil (191 mg, 70%). Thin layer 
chromatography (ethyl formate - benzene 1 : l  v/v) exami- 
nation showed two major components (R, ca. 0.75 and 
0.50) and these were separated by plc (with the same 
eluant system). 

The higher R, co~nponent was obtained as an oil (80 
mg, 415E), v,:,, (film), 1780(s), and 165O(w). It was still 
impure as judged by tlc and was therefore rechromato- 
graphed on a silica gel plate to yield 52 rng (26'%,) of an oil, 
homogeneous on tlc: v,,,, (film) 1775 cm-1; 6 5.3 (2H, 
seeming t, J = 5 Hz, H-9, H-lo), 4.35 ( lH ,  m, H-4), 2.30 
(2H, t, J = 6 Hz, H-2), 2.0 (4H, br, rn, H-8, H-11), co. 1.2 
(20H, m,  CHI), and 0.85 (3H, distorted triplet, J = 6 Hz, 
CH3); rrl/e 280 (25) and 85 (100). This data is consistent 
with the assignment of structure 4 to this product. 

The lower R, component was also obtained as an  
impure oil (92 mg) from which, on repeated plc, was 
isolated pure 8 (54 mg) (ir spectrum superimposable on 
that of the authentic amide). 

Pt.epamtior1 of 6-Dodecyrioic Acid 
In a 3 1, three-neck round bottom flask fitted with a 

stirrer, dropping funnel, gas inlet tube and solid COz 
condenser cooled with a chloroform - dry ice mixture, 
was placed liquid ammonia (1500 1111). While stirring, 
ferric nitrate (0.3 g) and sodium (1 g) were added. Dry air 
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was bubbled through the solution for a few nunutes until 
the blue color was discharged, after which an additional 
amount of sodium (14.6 g, 0.68 g atom total) was added 
slowly in small portions. After the reaction had been in 
progress for 30 niin, sodium peroxide (1 g) was added. 
After 2: h the reaction mixture turned grey and the 
conversion of the sodium to sodamide was con~plete. To 
this solution was added 1-heptyne (Chemical Samples 
Co., 48 g, 0.50 mol), dropwise with stirring, over a period 
of 2 h and, after an additional interval of 3 11, l-chloro-4- 
iodobutane (117 g 0.54 mol) was added over 4 11. Stirring 
was continued 4 11 longer, and the mixture was then 
allowed to stand at  room temperature until the anin~onia 
had evaporated. Water (100 ml) was added cautiously, 
and the organic layer collected in ether. The ether solution 
was washed free from inorganic halides with water, then 
dried (MgS04) and evaporated. Distillation of the residual 
oil on a Nester-Faust spinning band column resulted in 
fractionation to give a main fraction of l-chloro-5- 
undecyne, (37.6 g 40%) bp 114 "C/12 Torr 6 3.5 (2H, t, 
J = 6 Hz, H-1), 2.15 (4H, rn, H-4, H-6), err. 1.6 (lOH, m, 
CH,), and 0.95 (3H, t, J = 6 Hz, CH3); tlile 188 (0.2), 
186 (0.5), 159 (I), 157 (5), 95 (35), and 41 (100). 

To a solution of sodi~lnl cyanide (16 g, 0.33 mol) in 
water (125 ml) was added 95'6 ethanol (115 ml) and 
1-chloro-5-~lndecyne (28 g, 0.15kol).  The mixture was 
refluxed until the bulk of the chloride had been converted 
to the inorganic form (20 h), after which sodium hy- 
droxide (20.5 g, 0.5 mol) was added, and the refluxing 
continued overnight. Most of the alcohol was then dis- 
tilled off, water added, and the alkaline solution extracted 
with ether (2 X 100 ml). Acidification of the aqueous 
solution caused the separation of an  oily liquid which was 
taken up in ether, and fractionated to give 6-decynoic 
acid, bp 130-132 "C/0.1 Torr ; 20 g (67%); II,,'~ 1.4585; 
v,,, (film) 3150 (broad), 1705 together with broad 
absorption in the region 2800-2500 cm-1; 6 2.3 (2H, t, 
J = 7 Hz, H-21, 2.1 (4H, m, H-5, H-8), ca. 1.5 (lOH, m, 
CHz), and 0.95 (3H, t ,  J = 6 Hz, CH3); tn/e 196 (2), 179 
(2), 140 (81), 95 (50), 81 (loo), and 67 (95). Atirrl. Calcd. for 
C12H2002: C 73.45, H 10.28; found: C 73.72, H 10.39. 

The identity of the acid was further confirnied by its 
conversion with diazomethane to a methyl ester, bp 
95 "C/0.1 Torr; v,,, (film) 1740 cm-1; nmr 6 3.6 (3H, s, 
OCHj), 2.2 (6H, m, H-2, H-5, H-7) 1.5 (lOH, m, CH2) and 
0.95 (3H, t, J = 6 Hz, CH3). Atr~l. Calcd. for C13H2202: 
C 74.24, H 10.54; found: C 73.82, H 10.61. 

N-Pt,op~~l-6-rlorlecyt~nttiirle 
Ethyl chloroformate (1.2 g, 0.01 1 rnol) was added to a 

stirred solution of the acetylenic acid (1.96 g, 0.01 rnol) 
and triethylamine (1.12 g, 0.011 rnol) in 50 ml of T H F  at 
-2 "C. After the addition was complete the reaction 
mixture was stirred for another 30 min, then 11-propyla- 
mine (0.66 g, 0.1 1 rnol) was added, in one portion. After 
being kept overnight, the reaction was worked up, as for 
8, giving an oil (2.21 g, 937,), bp 130 "C/0.01 Torr; v,,, 
(film) 3300, 3075, 1650, and 1 5 5 0 ~ m - ~ ;  6 7.85 ( lH ,  br, s, 
NH), 3.15 (2H, q, J = 6 Hz, NCH'), 2.10 (6H, m, H-2, 
H-5, H-8), cn. 1.45 (12H, m, CH2), and 0.95 (6H, t, 
J = 7 Hz, CH3); ni/e 237 (20), 194 (14), 180 (38), 166 
(20), 152 (14), 128 (27), 114 (46), 102 (41), 95 (68), 79 (73 ,  
67 (loo), and 60 (70). Atlal. Calcd. for C15H27N0: C75.97, 
H 11.40, N 5.90; found: C 75.85, H 11.96, N 5.74. 

N-Prop~~l-6-rlorlecet1r11tiirle, I 1  
The acetyle~iic a~nide  (1.2 g, 0.005 mol) was hydro- 

genated using Lindlar's catalyst (40 mg) and quinoline 
(95 mg) in methanol (100 1111). The hydrogenation ceased 
after 25 min, exactly one equiv. of hydrogen having been 
taken up. The catalyst was removed by filtration and, 
after distilling off the solvent and quinoline, N-propyl-6- 
dodecenamide, 11, was obtained, bp 140 "C/0.01 Torr, 
1.1 g (91C/,), homogeneous by glc; 6 5.31 (2H, apparent t, 
J = 4 Hz, H-6, H-7), 3.15 (2H, q, J = 6 Hz, NCHz), 
2.10 (6H, rn, H-2, H-5, H-S), cn. 1.5 (lZH, rn, CH?), and 
0.9 (6H, t ,  J = 6 Hz, CHj); t?l/e 239 (16), 114 (64), 101 
(loo), 86 (40), and 55 (27). AtloI. Calcd. for C15H2gNO: 
C75.26,H 12.21,N5.85;found:C75.11,H12.56,N6.15. 

~-'~ro~~l-fl1reo-6,7-rIiOrott~odorIe~r1t1attii~Ie, 10 
A solution of bromine (700 rng, 4.4 M) in carbon 

tetrachloride (10 ml) was added to a solution of 11 (1.0 g, 
4.2 mmol) in the same solvent (10 rnl). Removal of solvent 
left a colorless viscous liquid (1.55 g, 90%): v,,,;,, (film) 
3300, 1655, and 1560 cn1-1; 6 7.5 ( l H ,  broad s, NH), 4.25 
(2H, m, H-6, H-7), 2.23 (2H, q ,  J = 7 Hz, NCH?), 2.20- 
1.2 (18H, m, CHr), and 0.95, (6H, distorted t, CH3); tn/e 
401 (I) ,  399 (2), 397 ( I ) ,  320 (IS), 318 (20), 238 (60), and 
114 (100). 

(Z)-6-Dorlecet1olrrcfot1e, I 
The dibromoamide 10 (1.5 g) was chlorinated with 

!err-butyl hypochlorite, as described for 9. The oily 
product (1.8 g) which gave a titrimetric assay correspond- 
ing to 957& N-chloroamide was dissolved in aqueous 
dioxane (1 :4 v/v) (40 ml) containing calcium carbonate 
(5 g), and benzoyl peroxide (25 mg) and tl~ermolyzed 
under a nitrogen atmosphere at  85 "C until all the N- 
chloro coinpound had been consumed. Work-up as 
before (cf. for 2) gave an oil (1.3 g), v,,,, (film) 3300,1780, 
1740, 1650, and 1550 cm-1. This material was boiled 
under reflux with zinc dust (200 mg) in absolute ethanol 
(40 ml) for 2 h. Removal of ethanol afforded an oily 
mixture (0.82 g) of y- lac to~~e and arnide, as revealed by 
characteristic absorptions at  1770 and 1640 cm-1 respec- 
tively. Gas-liquid chromatographic analysis on SE30 
revealed two components, the faster corresponding to 
7-lactone and the slower one to the amide. The mixture 
was separated by thick layer chromatography (silica gel 
PF254, ethyl acetate - benzene 1 :l v/v) to yield the two 
components. 

The amide 11 (360 mg, 36%) was recovered from the 
band R, ca. 0.60, and tGe 7 - l i t one  (175 mg, 2156) from 
the band R, cn. 0.08. The lactone had bp 85 "C/0.01 
Torr ; v,,, (film) 1775 cm-I ; 6 5.47 (2H,m, H-6, H-7), 4.45 
(IH, apparent t, J = 6 Hz, H-4), 2.4 (4H, m, H-5, H-8), 
2.10 (2H, m, H-2), 1.35 (8H, m, CH2), and 0.90 (3H, 
distorted t, J = 6 Hz, CH3); tn/e 196 (17) (M+), and 
85 (100); all consistent with structure 1. 

A small sample of the above lactone (15 mg) in meth- 
anol (10 ml) was hydrogenated over palladiunl-charcoal 
at  atmospheric pressure. The product had an infrared 
spectrum, and retention time on gas chromatographic 
analysis, identical with those of authentic y-dodecalac- 
tone. 
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RUSSELL A. BELL and MARCEL FBTIZON. Can. J. Chem. 54, 141 (1976). 
A partial synthesis of methyl lambertianate from the 13-keto-degradation product 1 from 

methyl agathate is described. The furan ring is synthesized by the method of Burlless, and 
involves hydroxymethyleneation of methyl ketone 1, acetal formation, glycidic ester condensa- 
tion, and final pyrolysis of the glycidic ester-acetal 5 to give methyl 16-carboxylambertianate. 
Methyl lambertianate was obtained in moderate yield by copper-quinoline decarboxylation. 

RUSSELL A. BELL et MARCEL FBTIZON. Can. J. Chern. 54, 141 (1976). 
On dicrit une synthkse partielle du lambertianate de mkthyle h partir du produit de dCgrada- 

tion 1 contenant un groupernent cktonique en position 13 et provenant de l'agathate de mithyle. 
On synthCtise le noyau furannique par la mEthode de Burness; ceci implique une hydroxy- 
mCthylCnation de la mCthyle cCtone 1, la formation d'un acCtal, une condensation glycidique et 
une pyrolyse finale de l'ester glycidique-acCtal 5 pour conduire au carboxy-16 lambertianate de 
mkthyle. On obtient le lambertianate de mCthyle, avec un rendement modire, par une de- 
carboxylation en prisence de cuivre et de quinolkine. 

r r adu i t  par le journal] 

The naturally occurring furano-diterpenoids 
are an interesting group of compounds of which 
vinhaticoic acid (I), vouacapenic acid (2), poly- 
althic acid (3), marrubiin (4), and lambertianic 
acid2 76 (5) have been synthesized, either totally 
or via formal total syntheses. The general 
methodology of the syntheses has been t o  
incorporate the furan ring either as an intact, 
preformed unit (3-5) or to  generate the ring 
from carbons already present in the forming 
diterpenoid skeleton (1, 2).3 We wish to  report 
here a novel alternative partial synthesis of 
methyl lambertianate 7a which uses the latter 
mode of furan ring construction. 

The general method of attack was patterned 
after the sequence used by Burness (8) for the 

'Recipient of a Canada-France Scientific Exchange 
Award. 

2Lambertianic acid (6) is the optical enantiomer of 
daniellic acid (7). 

T h e  method of Garst and Spencer (13) for the forma- 
tion of furans from t~-butylthiomethylene derivatives of 
ketones and dimethylsulphonium methylide has been 
applied to the synthesis of perillene and dendrolasin but 
has not yet been reported for the synthesis of a diter- 
penoid. The method has most attractive possibilities for 
the synthesis of compounds such as lambertianic acid. We 
thank a referee for drawing our attention to reference 13. 

synthesis of 3-methylfuran, and the intermediates 
employed for the present synthesis are shown in 
Scheme 1. The starting material was the bicyclic 
keto-ester4 1 which was itself readily available 
by the carefully controlled selective oxidation of 
methyl agathate with KMn04.= The hydroxy- 
methylene derivative 2 of keto-ester 1, obtained 
in routine fashion (10) and in 95% yield by the 
action of sodiunl hydride - ethyl formate on the 
ketoester in anhydrous benzene, was treated 
with thionyl chloride - pyridine in anhydrous 
methanol (11) a t  room temperature to  afford a 
mixture of the ketone-acetal 3 (proton magnetic 
resonance (pmr) spectrum: 6 4 . 6 4 ~ ~ 1 ~ 1 ,  t, J14,15 

= 5.5 Hz, H-15) and the enol-ether 4 (pmr 
spectrum: 6 = 5.40 ppm, d, J14,15 = 12.0 Hz, 
H-14; 7.41 pprn, d,  H-15). The relative propor- 
tions of the acetal and enol-ether varied depend- 
ing on the concentration of pyridine used, and 
although this latter base was not required for 
the acetalization reaction, it was included in 

4Keto-ester 1 has not been totally synthesized, but the 
corresponding 19-methyl compound has been totally 
synthesized by Bigley et ai. (9) and via a novel photo- 
chemical route by FCtizon (unpublished results). 

5M. FCtizon, N. Moreau, C. Mayer, and K. Man Duc 
Do, unpublished results. 
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order to  buffer the reaction inixture to prevent 
acid-catalyzed isoinerization of the exocyclic 
8,17-double bond (9, 12). Since the following 
reaction was intended to be a Darzens glycidic 
ester condensation with sodiunl inethoxide as 
base, the enol-ether 4 would be interconvertible 
with acetal3 via a Michael addition of inethoxide 
ion: and therefore no attempt was made to 
separate the two species. Instead, the inixture 
of 3 and 4 was submitted to the Darzens glycidic 
ester condensation with sodium methoxide - 
ethyl chloroacetate in ether-dimethoxyethane 
(10:3) as solvent. The crude glycidic ester showed 
no low field olefinic absorptions in its prnr 

spectrum, indicating that enol-ether 4 had indeed 
undergone Michael addition with inethoxide ion 
prior to its condensatioil with chloroacetate 
anion. Repeated atteinpts to purify the glycidic 
ester 5 resulted in excessive decomposition and 
it was therefore subjected to  pyrolytic cyclization 
by heating at 160 OC for 10 inin under reduced 
pressure to  produce the furan-ester 60. A possible 
pathway for this reaction is shown in Scheme 2 
where the first step is depicted as inethailol 
elimination from the acetal to give the enol- 
ether-epoxide 8. Acid-catalyzed opening of the 
epoxide ring is plausibly followed by closure to 
the cyclic acetal 10 via the stabilized allyl-oxy 
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cation 9, and a final 1,4-elimination of methanol 
then leads to the furan ring. The methanol 
formed during the reaction had a deleterious 
effect on the purity of the furan product 6a since 
some 10-15% of the C-16 ethyl ester was trans- 
formed by acid-catalyzed exchange into the 
corresponding inethyl ester. In the event, mild 
base hydrolysis of 6a produced the mono-acid 
6b in 657, overall yield from the keto-acetal 3. 
Removal of the 16-carboxyl group was carried 
out i11 the normal manner (2) using copper 
powder and quinoline at 220 "C under nitrogen, 
and gave a 63% yield of methyl larnbertianate 7 
which was identical in its infrared, pmr and 
mass spectrum with a sample of 7 prepared 
from natural larnbertianic acid.6 

Summary 
A novel method for the synthesis of methyl 

lambertianate 7a fro111 the 13-ketone 1 has been 
carried out following the Burness (8) approach 
to the synthesis of 3-substituted furans. Forma- 
tion of the 13-keto-15-dii~lethylacetal 3 from the 
hydroxyinethylene 2 allowed a glycidic ester 
condensation to  take place at  the 13-position. 
Mild pyrolysis of the glycidic esteracetal resulted 
in the formation of methyl 16-carboxylambertia- 
nate 6b in good yield. Methyl lambertianate was 
obtained in inoderate yield by copper-quinoline 
catalyzed decarboxylation of 6b. 

6We thank Professor W. G. Dauben for supplying this 
sample of lambertianic acid. The synthetic methyl lam- 
bertianate prepared here (diazomethane treatment) also 
showed identical spectroscopic properties with another 
sample of methyl lambertianate prepared by an alternative 
synthetic sequence (5). 

Experimental 
Spectra were recorded in the following solvents and 

instruments: ir (CHCI3) Perkin-Elmer 337; pmr (CDC13, 
CCI4) Varian Associates T-60 and HA-100, and Jelco 
60C, tetramethylsilane (TMS) as internal standard; cmr 
Bruker WH-90 Fourier transform spectrometer, TMS as 
internal standard; mass spectra, C.E.C. 21-110. In the 
experimental descriptions to follow, the organic sub- 
strates were isolated by extraction with the appropriate 
solvent (2X) followed by washing of the combined solvent 
layer with water, saturated brine, and finally drying with 
anhydrous Na2S04. The solvents were removed by 
evaporation at reduced pressure on a Buchi Rotavapor. 

Metllyl 15-Hydrox~~-16-11orInbdn-8(17),14-die1z-13- 
otle-19-onte, 2 

A modification of the method of Ireland and Schiess 
(lob) was used. Sodium l~ydride (0.190 g, 7.92 mmol, 
oil dispersion) was washed with three 3 rnl portions of dry 
benzene and then 10 ml of dry benzene, 2.5 ml of dry 
(from CaH2) dimethoxyethane, and 1.554 g (5.08 mmol) 
of methyl 1 5,16-norlabd-8(17)-en-13-one-19-oate 1 added 
under a nitrogen atmosphere. The whole was heated to re- 
flux for 30 min,cooled, and 1.180 g(13.7 mmol) of freshly 
distilled ethyl formate added, and the mixture allowed to 
stir at  room temperature under nitrogen for 36 h. The 
small excess of NaH was decomposed with ice, and after 
dilution with ether the aqueous layer separated and the 
organic layer further washed (2X) with 1 M NaOH. The 
aqueous layers were combined, cooled with the addition 
of ice, and acidified with 1 M HC1. Extraction of the 
acidified mixture with ether-benzene and the usual work- 
up gave 1.652 g (97%) of the hydroxymethylene derivative 
2 as a colorless waxy solid, mp 73-77 "C. Crystallization 
from ethyl acetate - pentane gave 2 as colorless micro- 
prisms, mp 76-78 "C; ir v,,,, 3375 (OH), 3010 (=CH), 
1725 (ester C=O), 1690 (unsaturated CO), 1650 (C=C), 
1230, 1160, and 910~111-1; pmr G(CDCI3) 0.532 (s, 
20-CH3), 1.187 (s, 18-CH3), 3.605 (s, ester CH3), 4.50 
(s, brd, 17-HA), 4.87 (s, brd, 17-H,), 5.48 (d, J l 4 , l 5  = 

4.OHz, 14-H), 7.87pprn (d, J14,1, = 4.OHz, 15-H); 
cmr 12.4 (20-CH3), 19.3 (6-CHz), 19.9 (2-CHz), 
26.2 (11-CH2), 28.6 (18-CH3), 38.1 (7-CHz), 38.4 (12- 
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CHI), 38.6 (I-CH?), 39.0 (3-CHr), 40.3 (10-C), 44.2 
(4-C), 50.8 (19 ester CH,), 55.4 (5-CH), 56.2 (9-CH), 
101.5 (14-CH), 106.2 (17-CH?), 147.1 (8-C), 174.5 
(15-CH), 176.9 (19-CO), and 199.3 ppm (13-CO); mass 
spectrum, 117/e 334 (Mi, calcd. for: C?oH3004, 334.21439; 
found: 334.216 19). 

iMefl1~1 15,15-Db~ret/roxy-l6-rlorlr1bd-8(17)-e1r-13- 
orre-19-ode, 3 ,  nlrd Metlr)ll 15-Metlro.ry-16- 
rrorlabdn-8(l7),14-rlie~1-13-0rre-19-onte, 4 

A modification of the method of Hata et nl. (11) was 
used. To a solution of 1.650 g (4.91 mmol) of dry (benzene 
azeotroped) lhydroxymethylene ketone 2 in 10 ml of 
anhydrous methanol (from Mg(0Me)~)  was added 0.5 g 
anhydrous pyridine and 0.25 g thionyl chloride, and the 
whole stirred at room temperature under a nitrogen 
atmosphere for 18 h. The bulk of the methanol was re- 
moved by evaporation at reduced pressure (bath tempera- 
ture 40 "C), and the residue taken up in benzene, washed 
with 1 M NaOH, saturated NaHC03, water (3X), and 
dried in the usual manner. Evaporation of the organic 
solvent afforded 1.50 g (80% based on 3) of a colorless oil 
which from its pmr spectrum was a mixture of approxi- 
mately 30% acetal 3 and 7052 enol-ether 4. A sample of 
0.075 g of the reaction mixture was taken up in anhydrous 
methanol (3 ml) containing 0.1 g of sodium methoxide 
and the whole allowed to stand at room temperature 
overnight under an atmosphere of nitrogen. Work-up via 
extraction with ether gave 0.072 g of 3 as a light tan oil 
which appeared greater than 955; pure from its pmr 
spectrum. The nmr absorptions assigned to 3 were: pmr 
6 (CDC1,) 0.533 (s, 3H, 20-CH3), 1.167 (s, 3H, 18-CH,), 
2.80 (d, 2H, J14.,, = 5.3Hz, 14-CH?), 3.30 (s, 6H, 
15-OCH,), 3.58 (s, 3H, C-19 ester 0CH3),  4.43 (s, brd, 
l H ,  17-HA), 4.75 (t, lH ,  .Il4,,, = 5.3 HZ, 15-H), and 
4.85 ppm (s, brd, IH, 17-H,); crnr A (CDCI,) 12.51 
(20-CH3), 17.39 (C-6), 20.08 (C-2), 26.38 (C-11), 28.92 
(C-18), 38.34 (C-7), 38.83 (C-1), 39.18 (C-3), 40.49 (C-lo), 
42.93 (C-12), 44.39 (C-4), 46.70 (C-14), 51.08 (19-ester 
CH,), 53.75 (15-acetal CH3), 55.56 (C-5), 56.47 (C-9), 
101.9 (C-15), 106.55 (C-17), 147.85 (C-8), 177.6 (C-16 
ester CO), and 207.76 ppm (C-13 ketone CO). 

The enol-ether 4 was never obtained in greater than 
70% purity as a colorless oil. The pmr absorptions 
assigned to 4 were: 6 (CC14) 0.487 (s, 20-CH,), 1.15 
(s, 18-CH,), 3.56 (s. 19-ester CH,), 3.65 (s, 15-OCH,), 
4.46 (s. brd, 17-HA), 4.81 (s, brd, 17-H,), 5.40 (d, J14,15 = 
12.0 Hz, 14-H), and 7.41 ppm (d, .II4,,, = 12.0 Hz, 
15-H). In other experiments carried out for differing 
reaction times and containing variable quantities of 
SOClr, the ratio of 3 to 4 changed from 9:l to 1:3. Since 
all ratios of 3 to 4 gave the same reaction product upon 
subjection to the Darzens glycidic ester condensation, no 
attempt was normally made to separate 3 and 4. 

Metlyl 16-Cnrboetlros~~-l3,16-epoxy-15,16- 
dit~~etlro,rylnbd-8(17), 13(16),14-trierr-19-onte, 5 

To a cooled (ice-salt bath) slurry of NaH (0.084g, 
3.49 mmol) in 7 ml of dry ether and 3 ml of dry dimeth- 
oxyethane (from CaH2) was added a solution of 0.500 g 
(1.32 mmol) of the mixed keto-acetal 3 and enol-ether 4 
in 3 ml of dry ether. A mixture of 0.490 g (4.0 mmol) of 
ethyl chloroacetate and 0.085 g (2.68 mmol) of dry 
methanol was then added dropwise via a syringe over a 

period of 2 min, and the whole stirred at the ice-salt bath 
temperature under a nitrogen atmosphere for 5 h. The 
reaction mixture was then allowed to slowly warm to room 
temperature and stirred for a further 12 h. Excess benzene 
(50 ml) was then added and the reaction mixture de- 
composed by the addition of 7% aqueous acetic acid. 
The organic layer was washed with dilute NaHC03 and 
the reaction products, isolated in the usual way, afforded 
0.520 g (84%) of 5 as a light tan oil. The crude glycidic 
ester 5 appeared particularly susceptible to decomposition 
and resisted attempts at purification by either column or 
thin layer chromatography. A small sample of 5 showed: 
pmr 6 (CC14) 0.475 (s, 3H, 20-CH,), 1.15 (s, 3H, 18-CH3), 
1.30 (t, 3H, J = 7.5 Hz, ester CH,), 3.24 (s, 6H, acetal 
OCH,), 3.40 (s, lH ,  epoxide H-16), 3.562 (s, 3H, C-19 
ester CH,), 4.69 (q, 2H, J = 7.5 Hz, ester CHr), 4.425 
(t, lH ,  J14,15 = 4.0Hz, H-15), 4.50 (s, brd, lH ,  H,-17). 
and 4.825 ppm (s, brd, lH,  H.4-17). 

Metlryl 16-Carboxylamber.riar1ate, 66 
A sample of 0.500 g (1.07 mmol) of the crude glycidic 

ester 5 was heated at 160-165 'C under a water pump 
vacuum for 20 min. At this point all apparent decomposi- 
tion and gas evolution (CH3OH) had ceased. The residue 
was cooled and the crude 16-carboethoxylambertianate, 
60, hydrolyzed by dissolution in 7 ml of 2 M KOH in 
CH30H, careful degassing, and heating at reflux for 4 h 
under a nitrogen atmosphere. After cooling the dark 
solution was taken up in 100 ml of 1 :l ether-benzene and 
extracted with 5% NaOH (3 X). The combined base layer 
was acidified to p H  2 with 10yo HCI and the 16-carboxy- 
lambertianate 66 isolated via benzene extraction giving 
0.470 g of the crude acid as a dark gum. Chromatography 
on 10 g silica gel and elution with CH2C12 gave 0.121 g of 
non-furan containing material, and elution with 1 :I 
methylene chloride - ethyl acetate gave 0.314 g (7gr;) of 
the acid 66 as a viscous oil. The acid showed: p m  
6 (CDC13) 0.571 (s, 3H, 20-CH,), 1.18 (s, 3H, 18-CH3), 
3.605 (s, 3H, 19-ester OCH3), 4.55 (s, brd, lH ,  17-HA), 
4.88 (s, brd, lH ,  17-H,), 6.09 (s, brd, lH ,  14-H), and 
6.84 ppm (s, brd, lH ,  15-H); cmr 6 (CDCI,) 12.58 
(20-CH3), 19.96 (C-2), 21.78 (C-6), 24.43 (C-12), 26.23 
(C-ll) ,  28.80 (18-CH,), 38.20 (C-7), 38.65 (C-1), 39.17 
(C-3), 40.31 (C-lo), 44.37 (C-4), 51.20 (19-ester CH,), 
55.78 (C-5), 56.30 (C-9), 97.07 (C-14), 106.69 (C-17), 
138.40 (C-13), 143.66 (C-15), 147.46 (C-8), 172.26 
(16-COzH), 175.74 (C- 16), and 177.95 ppm (C-19 ester 
CO); mass spectrum, m/e 374 (M+, calcd. for C22H3005: 
374.20931 ; found: 374.20781). 

Meflr)d Lntnberfiarrate 7 
A sample of 0.045 g (0.12 mmol) of chromatographed 

16-carboxylambertianate 6b was mixed with 0.150 g 
distilled, dry quinoline and 0.034 g copper powder. The 
whole was heated at 225 "C under a nitrogen atmosphere 
for 25 min, cooled to room temperature and placed under 
vacuum (10-'Torr) for 3 h to remove the bulk of the 
quinoline. The residue was then heated at 220 "C under 
10-4 Torr in a micro sublimation apparatus. In this way a 
sample of 0.025 g of methyl lambertianate 7 (63%) was 
obtained as a colorless oil. The sample showed: w,,, 
(film) 1724 (C=O), 1642 (C=C), 1153, 1070, 1028, 889, 
and 875 cm-1; pmr 6 (CDCI3) 0.50 (s, 3H, 20-CH,), 1.18 
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(s, 3H, 18-CH,), 3.62 (s, 3H, 19-ester CH,), 4.58 (s, brd, 
lH ,  H,-17), 4.89 (s, brd, l H ,  HI,-17), 6.25 (s, brd, IH, 
H-14), 7.20 (s, brd, lH ,  H-16), and 7.34 ppm (s, brd, lH ,  
H-15); mass spectrum nl / e  330 (M+, calcd. for C21H3~03 : 
330.21948; found: 330.21873), 271 ( M  - C02CH3, calcd. 
for C,,H,,O : 271.20617; found : 27 1.20593), 249 
( M  - C5H40 (furan ring plus C-12 metllylene), calcd. for 

1 C16H2502: 249.18544; foulld: 249.18587). 
The spectral properties of synthetic 7 were ~dentical 

in all respects with a sample of authentic methyl lamber- 
t~anate prepared by the actlon of diazometl~ane on 
lambertianic acid 7b. 

In another experiment the quinol~ne was omitted and 
although a high yield (>80:,) of decarboxylated product 
was obtained the pmr spectrum showed the presence of 
ca. 40% of the 47.8-double bond isomer (6 (CDCI,), 0.77 
(20-CH,), 1.26 (18-CH,), 2.64 (19-ester CH,), and 5.42 

I 
ppm (H-7 alkene) (12)). 
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Analyse conformationnelle de trithiolanne~-l,2,4~ 
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Repu le 25 avril 1975 

M. F. GUIMON, C. GUIMON, F. METRAS et G. PFISTER-GUILLOUZO. Can. J.  Chem. 54, 146 (1976). 
L'etude conformationnelle du trithiolanne-1,2,4 et de son derive tktramethyle a pu &tre 

realisde a I'aide des spectroscopies de vibration et phototlectronique uv (HeI). L'analyse des 
spectres de vibration montre l'existence d'une forme unique possedant une symetrie C2 ou C, 
(forme demi-chaise ou enveloppe). A partir des donnees des spectres photoelectroniques, on 
peut conclure que la forme prefkrentielle a I'etat gazeux est la forme demi-chaise (C,). 

M. F. GUIMON, C. GUIMON, F. METRAS, and G. PFISTER-GUILLOUZO. Can. J. Chem. 54,146 (1976). 
A conformational study of 1,2,4-trithiolane and its tetramethyl derivative was carried out by 

vibrational and uv photoelectron spectroscopy (HeI). Analysis of the vibrational spectra shows 
the existence of a single form with C2 or C, symmetry (half chair or envelope form). From the 
photoelectron data, we can conclude that the preferential form in the vapor phase is the half chair 
(C2). 

L'analyse conformationnelle d'hktkrocycles a 
cinq chainons se rkvile tris souvent fort dklicate 
compte tenu des barriires de pseudo-rotation 
trks faibles que prksentent ces composks. En 
particulier, les possibilitks actuelles de la reso- 
nance magnetique nucleaire ne permettent pas 
d'atteindre les barriires d'interconversion et par 
suite d'identifier la nature des formes preferen- 
tielles. 

Ainsi dans le cas de trithiolannes-l,2,4, cette 
technique a permis antkrieurement a S. B. Tjan 
et al. (21 de mettre en kvidence l'existence 
vraisembiable d'une pseudo-rotation rapide 
mais ces auteurs n'ont pu determiner par cette 
techniaue la ou les formes en kauilibre. 

Par analogie avec les formes proposkes pour 
le cyclopentane, on peut en effet envisager pour 
le trithiolanne-1,2,4 diffkrentes formes que l'on 
peut classer suivant les groupes de symktrie 
auxquels elles appartiennent (fig. 1): ( A )  la 
forme plane de symktrie C2,; (B) une forme 
enveloppe, de symetrie C,, dans laquelle l'atome 
de soufre S, serait hors du  plan defini par les 
quatre autres atomes du cycle; (C) une forme 
demi-chaise de symktrie C2 dans laquelle les 
atomes S1 et S, se trouvent de part et d'autre 
du plan dkfini par les atomes C,, S, et C,; 
(D) d'autres formes enveloppe ou demi-chaise 
ne prksentant pas d'klkment de symktrie et par 
conskquent appartenant au groupe Cl. 

'Partie XX de Structure klectronique de derives sulfurts; 
partie XIX, rtf. I .  

Nous nous proposons d'examiner ce problkme 
par l'utilisation conjointe de la spectroscopie 
de vibration et de la spectroscopie photo- 
electronique en examinant le trithiolanne-1,2,4 
lui-mCme et son dkrivl tktramethylk. 

Etude par spectroscopies infrarouge et Rainan 
Le trithiolanne- 1,2,4 posskde 21 vibrations 

fondamentales et le tktramkthyl-3,3,5,5 trithio- 
lanne- 1,2,4, 57 vibrations. Nous avons reportk 
dans le tableau 1, pour les diffkrentes formes 
possibles, leur activitk thkorique en spectro- 
scopies infrarouge et Raman. Les frkquences 
observkes a l'etat liquide sont reportees dans 
le tableau 2. 

On remarque que le nombre de bandes 
relativement faible laisse prksumer de la pre- 
sence d'une seule forme pour chaque compose. 
Cette hypothise est d'ailleurs confirmee par 
l'examen des spectres infrarouges des composes 
a l'etat solide ( -  180 "C) pour lesquels le 
nombre de bandes est identique a celui des 
composes l'ktat liquide. On n'observe en effet 
aucune disparition de bandes mais seulement 
quelques variations d'intensitk qui peuvent Ctre 
attribukes au changement d'ktat. 

Admettant l'existence des trithiolannes ktu- 
dies sous une seule conformation, nous allons 
tenter par l'analyse comparative des donnees 
infrarouge et Raman d'kliminer certaines des 
formes possibles, compte tenu de leur symktrie. 

Si l'on envisage une forme plane, on peut 
attendre quatre vibrations actives seulement en 
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FIG. 1. Differentes formes envisagees pour les trithiolannes-1,2,4. A, forme enveloppe (C,); B, forme 
demi-chaise (C,); C, forme plane (C,,); D, formes asymmetriques (C,). 

TABLEAU I. Classement et activite des vibrations du trithiolanne-1,2,4 et du 
tttramtthyl-3,3,5,5 trithiolanne-1,2,4 

Formes Trithiolanne-1,2,4 Tttramtthyl-3,3,S,S trithiolanne-1,2,4 

Plane C,, rc," = ~AI[IR,R(P)I + 4A,[R(dp)l rc," = 16A,[IR,R(p)l + 13Az[R(dp)l 
+ 6Bl[IR,R(dp)l + 4Bz[IR,R(dp)l + 1 3Bl[IR,R(dp)] + 15B,[IR,R(dp)] 

Enveloppe C, T,, = 1 lA'[IR,R(p)] + IOA"[IR,R(dp)] Tcs = 29A'[IR,R(p)] + 28A"[IR,R(dp)] 

Demi-chaise C, T,, = llA[IR,R(p)] + 10B[IR,R(dp)] T,, = 29A[IR,R(p)] + 28B[IR,R(dp)] 

Asymtrtriques C, Tc, = 21 A[IR,R(p)] T,, = 57A[IR,R(p)] 

Raman (et non polariskes) pour le trithiolanne- tetramethyl-3,3,5,5 trithiolanne- 1,2,4 active 
1,2,4 et 13 pour le derive tetramethyle. I1 seulement en Raman et que nous attribuons a 
apparait (tableau 2) que toutes les vibrations une vibration vs-, toujours d'intensitk tr6s faible 
sont actives en Raman et en infrarouge a en infrarouge. Cette forme ne peut donc Stre 
l'exception de la bande a 529 cm-' pour le retenue. 
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TABLEAU 2. Frtquences des vibrations du trithiolanne-1,2,4 et du titramethyl-3,3,5,5 
trithiolanne-1,2,4 (etat liquide)* 

Trithiolanne-1,2,4 TCtramtthyl-3,3,5,5 trithiolanne-1,2,4 

Frequences ir Frequences Friquences ir Frequences 
(cm-') Raman (cm-') Attribution (cm-') Raman (cm-') Attribution 

Vibrations 
de 

squelette 

221(f) 
2 7 0 ~ 7  
313(f) 
323 (ep) 

554(m) 
646(m) 
69 1 (m) 
896(f) 
94307 

1002(f) 
1090(m) 
1125(F) 
1 137(ep) 
1 146(ep) 
1 153(F) 
1363(F) 
1380(F) 
1434(F) 
1438(ep) 
1448(F) 
1455(ep) 

Vibrations 

de 

squelette 

*AbrCviations utilisees: P, polarisee; DP, depolarisee; TF, trits fort; F, fort; m, moyen; f, faible; tf, trks faible; ep, bpaulement; 
v, vibration de valence; 6, vibration de cisaillement (scissoring); t, vibration de torsion (twisting); r, vibration de balancement dans 
le plan (rocking); w, vibration de balancement perpendiculaire au plan (wagging). 

D'autre part, si le trithiolanne-1,2,4 appar- 
tenait au groupe C, (formes enveloppe et demi- 
chaise ne presentant pas d'klements de symetrie), 
toutes les bandes devraient 2tre polarisees en 
Raman. Or, tant pour le trithiolanne-1,2,4 
que pour son derivC tetramethyle, les vibrations 
se repartissent en nombre a peu pres egal en 
vibrations polarisees et vibrations non pola- 
risees. 

I1 semble donc compte tenu des donnkes du 
tableau 1 que la seule hypothese envisageable 
soit que le cycle trithiolanne- 1,2,4 existe sous une 
forme de symktrie C, (forme enveloppe) ou 
une forme de symktrie C2 (forme demi-chaise). 

Etude par spectroscopie photoelectronique 
Les deux formes envisagees (C2 et C,) 

different entre autres par l'angle diedre forme 
par les paires libres des atomes S, et S2 (8 = 0' 
pour la forme enveloppe et 8 2 0 pour la 
forme demi-chaise); la spectroscopie photo- 
electronique semblait particulierement bien 
adaptee pourleurdifferenciation. Onsait, eneffet, 
que l'interaction entre les orbitales atomiques 
associees aux paires libres de deux hkteroatomes 
contigus est like directement a l'angle diedre 
existant entre ces paires (3-12). L'eclatement 
entre les deux composantes antiliante et liante 
resultant de cette interaction est minimum 
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I Forme demi. chaise [c,] Forme enveloppe [Cs] 
I 

FIG. 2. Diagramme qualitatif des interactions paire-paire dans les deux formes envisagtes du tri- 
thiolanne-l,2,4. 

pour un angle voisin de 90". Experimentalement, 
pour la liaison disulfure les valeurs de AEl-, 
sont voisines de 0.3 eV pour un angle de 84.7" et 
de 1.80 eV pour un angle de 30" (acide lipoi'que) 
(12). 

- H\ /H 0 7 

- 
Forme demi-chaise Forme enveloppe 

A c6te de ces interactions de type 1-2, on 
peut envisager une interaction de type 1-3 
entre les atomes du groupement disulfure et 

l'atome de soufre S4. Comme precedemment 
I'eclatement resultant depend du recouvrement 
des orbitales associees aux paires libres. Ici 
encore l'orbitale la plus stable correspondra A 
la combinaison liante (4, 13, 14). De par la 
symetrie des deux conformeres, l'orbitale 
atomique non liante de l'atome S4 ne pourra 
intereagir qu'avec la combinaison liante des 
d e w  orbitales atomiques considerees de S1 et S,. 
Ces deux types d'interaction sont schematises 
dans la fig. 2. Dans ces schemas, nous n'avons 
considere qu'une perturbation du premier ordre, 
c'est-a-dire le cas ou le barycentre des orbitales 
non perturbees (paires libres des atomes isoles) 
est a la meme position que celui des orbitales 
aprks interaction. Ceci est une approximation 
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(7) qui permet de traduire qualitativement 
l'importance de ces interactions. Pour &tre 
plus precis et obtenir des rtsultats quantitatifs, 
il faudrait considkrer la perturbation du second 
ordre qui introduit le recouvrement entre les 
orbitales (5, 15). 

A ces interactions s'ajoute une contribution 
du squelette carbonk. Dans le cas du dimer- 
capto methane (14) pour lequel la conformation 
privilegike est non plane, nous avons pu mettre 
en evidence que l'interaction spatiale (1.07 eV) 
etait tres superieure A l'interaction par les 
liaisons (-0.1 eV). Pour les deux conformeres 
envisages du trithiolanne-1,2,4 l'angle diedre 
formi: par les paires libres des atomes de soufre 
S, et S, est certainement inferieur a celui 
prksente par le dimercapto methane. I1 s'en 
suit que l'interaction spatiale est moins im- 
portante et que l'interaction par les liaisons 
n7est plus negligeable. Toutefois, il faut re- 
marquer que les interactions entre les orbitales 
n-o,s2, et n+(,,,,, et les combinaisons anti- 
symetriques et symktriques des orbitales pseudo 
.n localisees sur les groupements methylenes (16) 
doivent 6tre sensiblement du m&me ordre. I1 en 
rksulte une legere destabilisation des trois 
orbitales considerees (fig. 3). Par ailleurs, le 
recouvrement et par suite l'interaction entre 
les paires libres .n des atomes de soufre et les 
liaisons a,-, sont pour les deux conformations 
examinees suffisamment faibles pour pouvoir, 
en premiere approximation, &tre negliges. 

Cette evaluation qualitative des interactions 
mises en jeu est d'ailleurs confirmee par les 
donnees theoriques d'un calcul CNDO/S (17). 
Cette paramktrisation s'est rCvClee en effet 
beaucoup plus satisfaisante pour traduire, dans 
le cadre du theoreme de Koopmans l'ordre 
des potentiels d'ionisation observes experi- 
mentalement. 

Les spectres photoClectroniques des deux 
composes CtudiCs prksentent, entre 8 eV et 11 
eV, quatre bandes fines bien rksolues (tableau 3 
et fig. 4). A l'ttat gazeux, comme en solution 
ces composks n'existent donc que sous une 
seule forme; un Cquilibre conformationnel con- 
duirait en effet A un dkdoublement de ces bandes 
(14, 18). Pour les deux composks les trois pre- 
mieres bandes ~euven t  6tre attribukes aux trois 
orbitales molCculaires resultant des interactions 
entre paires libres des atomes de soufre; la 
quatribme bande provient de l'ionisation d'un 

-* 

FIG. 3. Diagramme qualitatif des interactions entre 
les paires libres x des soufres et les pseudo-orbitales x des 
groupements mkthylkne dans le trithiolanne-1,2,4. 

All I I I I 

FIG. 4. Spectre photot.lectronique du trithiolanne-1,2,4. 

electron a des liaisons C-S. Les valeurs des 
potentiels d'ionisation observes pour cette bande 
(10.36 eV et 11.06 eV) sont en effet a rapprocher 
de celles obtenues pour le dithia-2,4 pentane 
(10.95 eV et 12.14 eV) et le dimercapto methane 
(1 1.90 eV et 13.40 eV). 

On remarque ainsi que l'ecart entre la premiere 
et la troisieme bande est respectivement de 1.47 
eV pour le trithiolanne-1,2,4 et 1.66 eV pour le 
tetramethyl-3,3,5,5 trithiolanne- 1,2,4. On peut 
essayer d'evaluer grossierement l'importance 
des deux types d'interaction d'apres la position 
des trois premieres bandes toujours dans l'ap- 
proximation d'une perturbation au premier 
ordre. Un calcul ClCmentaire conduit aux 
valeurs de 1.23 eV (interaction 1-2) et 0.48 eV 
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G U I M O N  I ITAL. :  ANALYSE CONI~OIiMAI'IONNELL.l< 

TABLEAU 3. Potentiels d'ionisation thkoriques (CNDO/S) et 
exptrimentaux (verticaux) 

P.I. calcules (eV)* P.I. observes (eV) 

Forme Forme 
enveloppe demi-chaise 

'Les valeurs sont calculees pour le trithiolanne-1,2,4 

(interaction 1-3) pour le trithiolanne et 1.35 eV 
(interaction 1-2) et 0.63 eV (interaction 1-3) 
pour le tetramethyl-3,3,5,5 trithiolanne. Ces 
deux valeurs de AE,, (1.23 eV et 1.35 eV) 
inferieures A celle observke pour l'acide lipoi'que 
ne peuvent correspondre qu'a la conformation 
demi-chaise du trithiolanne- 1,2,4. D'apres la 
courbe de correlation etablie antkrieurement 
entre la valeur de I'eclatement AE,-, et l'angle 
diedre 0 forme par les paires libres des deux 
atomes lies la valeur approximative de cet angle 
serait d'environ 50" pour les trithiolannes- 
1 ,2,4., 

Conditions experimentales 
Spectromktrie dhbsorption infrarouge 

Les spectres ont ete enregistres a l'aide d'un spectromttre 
Perkin-Elmer modele 521 tquipb de deux reseaux. L'in- 
certitude sur les frtquences est de + 2  cm-'. 

Les spectres a l'ttat solide ont kt6 etudits sous forme de 
film cristallin obtenu par refroidissement du compost 
liquide par un melange acetone-carboglace puis par l'azote 
liquide. 

Spectromitrie de dtffusion Rayleigil 
Les spectres ont 6tt realisbs l'aide d'un spectrometre de 

marque Coderg "type Physique" equip6 d'un laser "rouge" 
a gaz (Helium-Neon) de marque OIP modtle 18/E Cmettant 
a 6328 A avec une puissance de 150 mW. 

Spectromktrie pitotoilectronique 
L'appareil utilise est un spectromttre Perkin Elmer PSI, 

muni d'une source a Helium I (21.21 eV). La rtsolution 
est d'environ 20 m eV. Les spectres ont ete ttalonnes avec 
les pics 'P,,, et 2P3,2 du Xtnon (12.127 eV et 13.427 eV) et 
de 1'Argon (15.755 eV et 15.943 eV). 

geometriques utilises ont, pour chaque forme, 
ete determines par optimisation energetique par 
la methode de plus grande pente (CND0/2) 
(19) et sont reportes ci-dessous 

Paramttres gComCtriques de 

Parametre Forme enveloppe Forme demi-chaise 

Wemerciements 
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Etude comparee du rapport isomerique du 84m3fRb produit dans une cible 

Introduction 

d'yttrium 89 par des protons et des particules a 

Division de Radiochimie, Institut de Physique Nucliaire, B.P. N" 1, 91406 Orsay, France 

R e ~ u  le 16 mai 1975 

JEAN-CLAUDE KRUPA. Can. J. Chem. 54, 153 (1976). 
Une mtthode de separation physique des elements alcalins s'effectuant a I'interieur de la source 

d'ions a effet de thermoionisation d'un separateur d'isotopes a permis de mesurer le rapport des 
sectiocs efficaces de formation des ttats isomeriques de 84m.rRb produits par reactions nucleaires 
dans des cibles de 89Y par des protons et des particules a. Le domaine d'energie explore s'etend 
de 40 a 160 MeV environ. 

L'examen de la variation de ce rapport en fonction de I'energie des projectiles incidents a 
permis dans un premier temps de degager parmi les nombreux mtcanismes possibles, les pro- 
cessus prtpondtrants. Ensuite, les previsions du modele statistique du gaz de Fermi et d u  modele 
"Independent Pairing", lorsque ces reactions proctdent par formation du noyau compose, ont 
pu ttre testtes en confrontant les valeurs du parametre de "spin cut off a" estimees a partir de 
I'experience a celles dtduites des calculs effectues sur la base de ces modtles avec le formalisme 
de Huizenga et Vandenbosch. Enfin, I'effet du moment cinttique a pu Stre mis en evidence en 
comparant les reactions induites par les protons a celles induites par les particules a auxquelles 
sont toujours associees des quantitts de mouvement plus importantes. 

JEAN-CLAUDE KRUPA. Can. J. Chem. 54, 153 (1976). 
A physical method for separation of alkali metals, carried out inside a surface ionization ion 

source of an electromagnetic isotope separator, was used to determine the isomeric ratio of 
83msrRb produced in "Y targets bombarded by protons and a-particles of energies between 40 
and approximately 160 MeV. 

The variation of isomeric ratio with energy of the incident particles enabled the principal 
reaction to be differentiated from other possible mechanisms. With compound nucleus formation 
as the mechanism and the use of a statistical Fermi-gas model, the spin cut-off parameters were 
deduced, based on the Huizenga-Vandenbosch formalism. The kinetic momentum effect was 
investigated by a comparison of the proton and a-particle induced reactions. 

Un des principaux interkts des reactions 
induites par des particules a reside dans l'im- 
portance relative de moment cinktique pouvant 
etre transfer6 au cours de l'interaction. Lorsque 
le parametre d'impact est egal au rayon du 
noyau cible, le moment angulaire maximal du 
noyau de fusion peut s'exprimer par la relation: 

dans laquelle R, est le rayon du noyau cible, 
R, le rayon du projectile, p la masse reduite 
du systkme, E l'energie de la particule incidente 
et B la barriere coulombienne. 

A l'inverse, les reactions induites par des 
protons sont caracteriskes par de tris faibles 
moments angulaires resultants ce qui permet en 
premiere approximation de negliger les effets de 
ce facteur. Aussi, afin d'en apprecier l'influence, 
il nous a semblk interessant de comparer les 
rapports des sections efficaces de formation des 

etats isomtriques d'un mkme noyau produit par 
ces deux types de particules. En effet, la valeur 
du rapport isomkrique est en premier lieu con- 
ditionnee par la loi de conservation de moment 
angulaire. Ceci resulte du fait que deux etats 
isomeriques sont toujours caracterises par une 
difference importante de moment angulaire 
alors qu'il presente une faible difference d'ener- 
gie. Le probleme consiste donc a savoir pour- 
quoi un niveau est peuple preferentiellement a 
l'autre. Le formalisme developpe par Huizenga 
et Vandenbosch (1) repond en partie a cette 
question. I1 est bast sur le modele statistique 
du noyau compose et traite la dtsexcitation 
en termes de moment angulaire en calculant 
a chaque Ctape du processus la distribution des 
moments angulaires des noyaux residuels. Le 
peuplement preferentiel de chacun des d e w  
niveaux finaux est alors suppose s'effectuer lors 
de l'emission du dernier photon selon la regle 
empirique de la variation la plus faible de 
moment angulaire. 
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SIrtim. 
Introduction 

Four d'mncrinta 
Alirnentotion an courant 

du tube ioncsant 

n rure & bore 

~ i t r u r e '  de bore 

FIG. 1. Schema de la source d'ions du separateur d'isotopes. 

C'est ce mode de traitement que nous avons 
adopte pour interpreter les rapports isomeriques 
de 8"msfRb produit par reactions du type ( X ,  
Xan)  induites dans des cibles de 89Y par des 
protons et des particules a ,  dans un domaine 
d'knergie allant de 40 a 160 MeV environ. I1 est 
evident que son domaine d'application est 
reduit a la region des faibles energies ou le 
mecanisme de formation du noyau compose est 
preponderant. Dans cette region, la compa- 
raison des resultats experimentaux et calcules 
permet d'approfondir la relation qui existe 
entre densite de niveaux et moments angulaires 
J (2 )  : 

[2] p ( 4  = p0(2J + 1) exp [ -  J + i ) 2 / 2 ~ ]  

en rendant possible une estimation du parametre 
a de "suin cut off '. 

ferentiellement vers les faces. 11s sont alors dirigbs vers une 
surface metallique incandescente choisie telle que le travail 
d'extraction d'un electron de cette surface soit superieur au 
potentiel d'ionisation du rubidium (4 = 4.16 eV) et in- 
ferieur i celui des autres elements volatilises: une selection 
s'opkre ainsi a u  niveau du metal ou seuls les atomes alcalins 
sont ionises de faqon preponderante. Les ions alcalins 
form& sont extraits et acceleres par un champ electrique 
intense et analysts en masse par une induction magnetique. 

Le rubidium 84 separt est collecte sur des feuilles d'alu- 
minium de 5pm. L'activite des deux etats isomeriques est 
ensuite mesuree i l'aide d'un detecteur NaI(T1) de 3 x 3 
"inches" associe i une chaine electronique conventionnelle. 

L'Ctat metastable 6+ (T,,, = 20 min) est ca rac th id  par 
trois pics photoClectriques respectivement d'energie 216, 
248 et 464 keV. Les mesures sont effectuees avec une 
geometrie voisine de 1% sur le pic de 464 keV qui corres- 
pond 35% de I'activite total (4). L'activitC de l'etat fonda- 
mental 2- (T,,, = 33 jours) est mesuree a l'aide du rayonne- 
ment de 880 keV du krypton 84 associb a 73.4% des desinte- 
grations du niveau fondamental du 84Rb (5). 

De $us, et d'une faqon gknkrale, la valeur du RCsultats expkrimentaux. Incertitudes 
rapport isomktrique est trks sensible a la nature 
des mecanismes mis en jeu; l'etude de sa varia- Les figs 2 et 3 representent la variation du 

tion en fonction de l'energie des projectiles rapport isomerique du 84m,fRb produit dans des 

incidents permet donc de dkgager les principaux cibles de 89Y en fonction respectivement de 

processus regissant les reactions etudikes. l'knergie des protons et des particules a incidents. 
La vrincivale erreur commise dans la deter- 

Techniques exgrimentales mination d; rapport isomerique est inhkrente 
aux schkmas de dksintegrations. Cependant, 

Les irradiations ont etC effectuees au synchrocyclotron de cyest 18 une erreur systematique qui n'a pas ete 
1'Institut de Physique Nucleaire a Orsay. La separation du 
rubidium produit en tres faible quantite dans les cibles prise en consideration dans le calcul. Seules ont 
d'vttrium a realisee a 17interieur de  la source d'ions g kt6 retenues l'erreur statisticlue introduite l0rS 
emission thermoionique d'un separateur d'isotopes (fig. 1). du comutage des activites et l'erreur affectant 
La separation est basee sur la grande volatilite-et le faible la dpl'eficacite du detecteur. L'ensemble 
potentiel d'ionisation de cet element (3). Elle s'effectue en de ces deux erreurs peut conduire a une in- mettant i profit successivement ces deux proprietes. Dans un 
premier temps, la cible est portke haute temperature et les certitude maximum sur la valeur du 
elements les plus volatils produits en son sein diffusent pre- isomerique d'environ 10%. 
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Calcul du rapport isomkrique. Discussion 
A partir du seuil de la reaction, la valeur du 

rapport isomerique croit lorsque l'energie des 
particules incidentes augmente. Ceci est en 
accord avec un schema de formation du noyau 
compose et les previsions du modele statistique. 
En effet, des particules de grande quantiti: de 
mouvement peuvent transfkrer des moments 
angulaires importants (mu x d) permettant 
ainsi d'atteindre prkferentiellement l'etat de 
haut spin. 

Lors de l'interaction, la distribution des 
moments angulaires, JB,  des noyaux composes 
d7Cnergie EB peut Ctre calculee a partir de 
l'expression suivante (6) : 

dans laquelle: R = est la longueur 
d'onde de la particule incidente d'knergie E~ et 
de spin s; S, le module du vecteur spin du 
canal d'entrke S = J ,  + s; J,, le spin du noyau 
cible; et TI(ti), le coefficient de transmission de 
l'onde partielle d'ordre 1 associke a la particule 
incidente. 

Les noyaux composks ainsi formes poss6dent 
une energie d'excitation uniforme, mais une 
variete de moments angulaires. Les barycentres 
des configurations (E', J )  Ctant loin de la ligne 
"Yrast", la dksexcitation va s'operer par emis- 
sion prkferentielle de particules suivie de 1'Cmis- 

I I I 
50 100 150 

Ep (MeV) 

FIG. 2. Variation du rapport isomirique en fonction de 
I'tnergie des protons incidents. 

50 ' 100 150 
Ea. (MeV) 

FIG. 3. Variation du rapport isomerique en fonction de 
I'energie des particules a incidentes. 

0.3 , I I I 

0 50 I00 150 
E p  (MeV) 

FIG. 4. Variation du rapport isomerique pour la reaction 
89Y(P, pan)84m8rRb en fonction de I'energie des protons 
incidents. Les points (0, A, 0, *) representent les valeurs 
calculees sur la base d'un mecanisme de formation du 
noyau compose et modele du gaz de Fermi, les points (a) 
sur la base de IPM; les points (@), les valeurs experi- 
mentales. La droite en pointille est la droite thtorique 
representative de la reaction de diffusion quasi-elastique 
(P, pan). 

sion de rayonnements Clectromagnetiques; le 
dernier photon peuplant soit 1'Ctat metastable, 
soit l'etat fondamental. Suivant Hafner et al. 
(7), le rapport isomerique est alors donne par 
la relation suivante dans laquelle P[Jr(,, -. ,,I est 
la distribution normaliske des moments angu- 
laires des noyaux rksiduels avant l'emission du 
dernier photon : 
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pour J,,, - J, impair 

J,., 

P[Jf + q] + C P[Jf(N, - , , I  pour J, - J, pair 
J .  - J ,  

J, + - + i 
2 

J, et J, etant respectivement les spins des etats 
metastable et fondamental. 

C'est a l'aide de ce formalisme que les calculs 
ont ete tentes pour exploiter les resultats 
experimentaux obtenus. I1 fait appel a de 
nombreux paramktres pour lesquels nous avons 
adoptk les valeurs suivantes. 

Parametre de densite de niveaux 
Conformement aux valeurs necessaires pour 

interpreter les densites de niveaux dans les 
noyaw magiques ou voisins de la magicite des 
valeurs de a comprises entre A/8 et A112 MeV-' 
ont ete adoptees dans le calcul. 

Energie des particules kvaporees 
En accord avec Bishop (8), nous avons 

suppose d'une part que le neutron etait emis 
avec une energie cinetique moyenne egale a 
deux fois la temperature nucleaire et d'autre 
part que l'energie des particules chargees satis- 
faisait a la relation : 

dans laquelle Be,, est la barrikre coulombienne 
efficace. Nous avons adopte pour celle-ci les 
valeurs proposees par Williams et Thomas (9) 
representees par une fonction croissante de 
l'energie d'excitation. 

Ce mode d'evaluation de l'energie de la 
particule evaporee a ete utilisk chaque fois que 
le bilan energetique E *  = Z ( E ~  + Bi + Si) est 

i 
respecte (Si etant l'energie de separation de la 
particule 1). Mais pour des energies d'excitation 
telles que ce bilan ne peut Etre satisfait, seule la 
partie du spectre en energie conduisant a la 
reaction envisagee a ete retenue. Ce calcul sup- 
pose l'equilibre statistique obtenu et ne tient 
donc pas compte des phknomknes precomposb 
pendant lesquels l'emission de particules de 
grande energie peut intervenir. 11s representent 
au maximum 10% de la section efficace totale 
(10). 

Coeficients de transmission 
Les coefficients de transmission ont ete 

calculCs a partir du modkle optique en utilisant 
une version du programme ABACUS-2 (11). 
Pour les neutrons et les protons, nous avons 
adopte pour la partie reelle du potentiel 
nucleaire une repartition de la matikre nucleaire 
en forme de puits arrondi de Saxon-Wood et 
pour la partie imaginaire une forme gaussienne. 
Pour les particules cr nous les avons supposes 
toutes deux de forme identique representees 
par un puits de Saxon-Wood. 

Nombre et multipolaritk des photons emis 
Nous faisons l'hypothkse selon laquelle l'emis- 

sion de photons intewient toujours lorsque 
l'evaporation de particules devient Cnergetique- 
ment impossible. Ceci est justifik par le fait que 
dans les chaines de desexcitation des noyaw 
consideres, le barycentre des configurations 
(E *, J )  se dkplace toujours bien au-dessus de la 
courbe Yrast, diminuant ainsi la probabilitt 
relative d'kmission y. 

Dans ces conditions, le nombre de photons 
emis est fonction de l'knergie d'excitation du 
noyau residue1 issu de la dzrnikre Ctape 
d'evaporation de particule. I1 peut Etre deter- 
mink en calculant l'knergie moyenne emportee 
par chaque photon selon l'expression (12): 

ou plus directement, en utilisant l'expression 
proposke par Strutinski et al. (13): 

[71 my = (aE*)1'2/(1p + 1) 

dans laquelle 1, est la multipolaritk du photon 
et my le nombre moyen de photons emis. 

Dans les reactions considerees, les moments 
angulaires mis en jeu Ctant relativement faibles, 
nous avons consider6 que les photons Cmis sont 
tous dipolaires (1, = 1). 
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Parametre de "spin cut o r '  a 
C'est le parametre le plus important et le 

plus sensible dans l'kvaluation du rapport iso- 
mtrique. Dans le cadre le plus simple du gaz de 
Fermi, il est exprime par la relation suivante: 

t Ctant la temperature thermodynamique satis- 
faisant A l'kquation d'etat: E* = at2 - t; c 
Ctant dtfini a travers ch2 qui a les dimensions 
d'un moment d'inertie (14) I, donc: 

Pour des nuclions se deplaqant librement dans 
un puits de potentiel carre et de profondeur 
infinie, le modele prCvoit que I est &gal au 
moment d'inertie d'une sphere rigide: 

[lo1 I,,, = 5 m ~ ~ 2  

m Ctant la masse du nucleon, A le nombre de 
masse et R le rayon du noyau calcule a partir de 
la relation R = roA'l3, avec r, = 1.25 fermi. 
Cependant, des travaux antkrieurs (15, 16) et 
nos rksultats experimentaux montrent que des 
Ccarts importants peuvent apparaitre avec la 
thkorie. Pour minimiser ces Ccarts, il convient 
alors de considerer des valeurs reduites de a, 
donc une fraction rkduite du moment d'inertie: 

Cettereduction du moment d'inertieest genkrale- 
ment attribuee aux forces d'appariement. C'est 
ainsi que Lang et Le Couteur (17) ont elabore 
pour les noyaux deformes et par extension pour 
les noyaux spheriques, un modele (IPM) dans 
lequel les nucleons sont organises en paires de 
mtme nature. L'knergie d'excitation est alors 
mesurte a partir d'un niveau de rtference situk 
sous le fondamental, mtme pour les noyaux 
Pair-Pair. Elle est donnee par les relations 
suivantes : 

E* = U + Ag(26)' + Pair-Pair 
[12] E* = U + Ag(26)' + 6 + Impair-Pair 

E* = U + Ag(26)' + 26 + Impair-Impair 

avecg = 6a/n2 et 26 = 3.36 - 0.0084A (MeV) 
pour A > 40 (18). Dans ce modele a s'exprime 
par la relation: 

avec toujours E* = at2 - t. 
C'est a l'aide de ces deux modeles que le 

calcul a ete mene pour la reaction induite par 
les protons. 

Reactions induites par les protons: 8g Y(p, 
par~)~~"**Jib 

Mecanismes d'interaction 
Aux faibles energies, a partir du seuil de la 

reaction jusqu'a environ 60 MeV (fig. 4), l'aug- 
mentation du rapport isomerique avec l'energie 
des protons incidents est la consequence de la 
formation du noyau compose avec en particulier 
l'evaporation d'une particule ci. La courbe passe 
ensuite par un maximum et tend vers un palier. 
Nous attribuons le maximum a un phknomine 
de competition entre les mkcanismes de forma- 
tion du noyau compose et d'interaction directe 
mettant en jeu plusiers nucleons de cascade 
dont la particule a emise. Ce dernier processus 
devient preponderant a partir de 70 MeV. Des 
lors, l'independance du rapport am/(am + a,) 
en fonction de l'energie laisse supposer un 
mecanisme de diffusion quasi-elastique sur une 
sous-structure ci considCree comme libre dans 
le potentiel nuclkaire. L'ejection de la particule 
a est suivie de l'kvaporation d'un neutron. 
Ce mecanisme aboutit a une repartition des 
moments angulaires residuels JB independante 
de l'energie de la particule incidente: 

si J A  est le spin du noyau cible et J le moment 
angulaire de la particule a ejectee. 

Valeur du rapport isomirique 
Dans la region d'knergie ou prkdomine la 

formation du noyau compose, un systeme de 
parametres a = A110 MeV-' et 6 = 0 .90 ,~~  (fig. 
4) conduit a des valeurs compatibles avec les 
rksultats experimentaux. Cette derniere valeur 
a laquelle correspond I,,, = 0.81rig est com- 
parable a celle rapportee par Kanda (19) et 
par Esterlund et Pate (20) pour des noyaux de 
nombre de masse voisin. 

Ce mtme jeu de parametres applique a la 
reaction de diffusion quasi-klastique (p, Pan) 
fait apparaitre une valeur J = 5h pour le 
moment angulaire orbital de la particule ci 

ejectee lors de cette interaction de "knock out". 
De plus, afin de tester les prCvisions du modele 
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0 4  I I I I 
0 50. 100 150 

E, (MeV) 

FIG. 5. Variation du rapport isomerique pour la reaction 
s9Y(u, 2 ~ n ) ~ ' " ~ ~ ~ b  en fonction de I'energie des a incidents. 
Les courbes en trait plein representent les valeurs calculees 
sur la base d'un mecanisme de formation du noyau composi: 
sans tenir compte de I'energie de rotation; la courbe en 
pointill6 (0) est issue du m&me calcul avec introduction 
de E,,,. Les points (a) sont les resultats exptrimentaux. 

"Independent Pairing" (IPM) une sCrie de cal- 
culs a etC entreprise avec les valeurs de a 
definies dans ce modkle [eqs 12 et 131 pour les 
noyaux posskdant une Cnergie d'excitation 
ClevCe alors qu'en fin de chaine de dksexcitation, 
au voisinage de 1'Cnergie de liaison du neutron, 
les valeurs moyennes proposees par Gilbert et 
Cameron (21) ont ete adoptkes. Les points cal- 
culCs ont ete report& sur la fig. 4. 

Rkactions induites par ci : 89 Y(ci, 2~in)~~",*Rb 
L'analyse comparative de la variation du 

rapport isomkrique en fonction de 1'Cnergie des 
protons et des particules ci incidents conduit a 
deux remarques: d'une part, l'allure gCnCrale 
de la courbe (fig. 5) permet de supposer que les 
mkcanismes prCpondCrants sont identiques a 
ceux envisages pour la reaction 89Y(p, pan)- 
84m3fRb et d'autre part, conformement a la 
quantitk de moment angulaire transfere, le 
rapport isomerique est en moyenne plus ClevC 
pour la reaction induite par le projectile le plus 
lourd. 

Afin d'apprkcier quantitativement cet effet, 
nous avons reporti: sur la fig. 6 la repartition 
des moments angulaires des noyaux composes 
formes par des captures respectives de protons 
et de particules ci de m&me Cnergie (40 MeV 
dans le laboratoire) par des noyaux de 89Y. 

FIG. 6. Distribution normalisee des moments angulaires 
des noyaux composis "Y + (40 MeV)p et "Y + (40 MeV)u. 

I1 apparait une difference d'environ 7 h  entre 
les moments angulaires moyens alors mis en 
jeu. Cet ecart dans le modkle simple du corps 
rigide, correspond a une difference d'energie de 
rotation de plusieurs MeV. Cette difference 
augmente lorsque le moment d'inertie efficace, 
I,,, n'est plus qu'une fraction du moment 
d'inertie rigide conformement a la relation: 

A ~ ( J  + +12 
Era, = 

2ICff 

Calcul du rapport isomkrique 
Deux series de calcul ont ete tentees pour 

expliciter les resultats experimentaux obtenus. 
Dans un premier temps, les calculs ont etC 
men& sans tenir compte des effets dQs a la 
rotation du noyau. 11s ont ete effectuks dans le 
domaine des basses energies sur la base d'un 
mecanisme de formation du noyau compose 
suivi de l'evaporation de deux ci et d'un neutron; 
ce processus pouvant &tre favorise par des 
moments angulaires importants. 

Pour a = A110 MeV-' et a = a,,,, un desac- 
cord d'environ 20 MeV apparait entre les 
maxima des courbes calculCes et experimentales 
(fig. 5). Cet ecart important nous a conduit a 
prendre en consideration les effets dQs a la 
rotation du noyau en recalculant d'une part 
1'Cnergie d'excitation efficace (22) : 

et d'autre part, l'energie cinktique moyenne 
effective des particules evaporkes (9) : 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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T,,, Ctant dCfini par la relation: 

avec o(Eeff*, J) = (25 + l)p(Eeff*, J )  et p 
ktant la masse rkduite du systeme. 

Dans ces conditions un jeu de parametres 
a = 0 . 9 0 , ~ ~  et A = A110 MeV-' conduit a un 
accord plus satisfaisant entre les valeurs theo- 
riques et experimentales. 

Conclusion 
Au vu de cet accord, nous pouvons conclure 

que l'effet du moment angulaire dans le cas 
des reactions induites par des particules cr n'est 
plus negligeable, meme aux basses energies, 
alors qu'il l'est pour les reactions induites par 
les protons. De plus, l'ensemble des resultats 
est assez parfaitement reproduit en utilisant les 
previsions du modkle du gaz de Fermi simple 
compte tenu des approximations utiliskes. 
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Isotope effect on the thermodynamic quantities of gaseous uranium hexafluoride 
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JAN BRON. Can. J. Chem. 54, 160 (1976). 
For gaseous UF, changes in the thermodynamic quantities AG (= AA), AH(= AU), AC, (= AC-), 

and AS upon isotopic substitution can be determined by using the spectroscopically determined 
geometry and force field. The differences AG etc. are defined as (G,,, - G,), where 238 and 
x (x = 235, 234, 233, and 232) are the masses of the central uranium atom. The changes in the 
thermodynamic quantities are related to the logarithm of the partition function ratio of the UF6 
species compared. The logarithm of the partition function ratio can be conveniently expressed 
as a series in temperature and hence, by using statistical mechanical relationships, the changes 
in thermodynamic quantities can be expressed as a series in temperature. 

Since these changes form examples of heavy isotope effects the validity and utility of the first 
quantum correction can be investigated. Uncertainties and trends in the magnitudes of the 
differences in the thermodynamic quantities due to uncertainties or changes in spectroscopic 
parameters are discussed by means of the first quantum correction. It has been found that the 
first quantum correction has little quantitative value in the lower temperature region, but it can 
be used in that range to explain some observed trends in the isotope effects. Some of the con- 
clusions can also be applied to kinetic and equilibrium heavy isotope effects. 

JAN BRON. Can. J. Chem. 54, 160 (1976). 
Pour le UF6 a l'ttat gaseux, on peut dtterminer, en faisant appel aux gtomttries et aux forces 

de champs tvalutes spectroscopiquement, les changements dans les quantitts thermodynamiques 
AG (= AA), AH (= AU), AC, (= AC,) et AS qui se produisent par substitutions isoto~iques. 
On dtfinit les difftrences AG etc. comme (G,,, - G 3  ou 238 et x (x = 235, 234, 233 et 232) sont 
les masses de l'atome &uranium central. On relie les changements dans les quantitts thermo- 
dynamiques avec le logarithme du rapport des fonctions de partition des esptces UF6 compartes. 
On peut exprimer facilement le logarithme du rapport des fonctions de partition comme une 
serie en temperature et ainsi, utilisant les relations de la mtcanique statistique, ces changements 
dans les quantites thermodynamiques peuvent &tre exprimkes comme une strie en temperature. 

Comme ces changements correspondent a des effets isotopiques lourds, on peut ttudier la 
validite et I'utilitt de la premiere correction quantique. On discute, en faisant appel i la premiere 
correction quantique, des incertitudes et des tendances dans les grandeurs des difftrences dans 
les quantitts thermodynamiques dues a des incertitudes et des changements dans la parametres 
spectroscopiques. On a trouvt que la premiere correction quantique a peu de valeur quantitative 
dans la rtgion des basses temperatures mais qu'elle peut Etre utiliste dans cette zone pour expliquer 
quelques tendances observees dans les effets isotopiques. Quelques-unes des conclusions peuvent 
aussi s'appliquer a w  effets isotopiques lourds cinttiques et d'tquilibre. 

[Traduit par le journal] 

Introduction 
Many processes involving molecules only 

differing in isotopic substitution are determined 
by the partition function ratio of the species 
concerned. Examples, may be isotope exchange 
equilibria (1) and vapor pressure isotope effects 
(2). Because of the practical importance of UF, 
it is worthwhile to determine the partition 
function ratios for various UF, molecules 
containing different isotopes of uranium. Dif- 
ferences in thermodynamic quantities of iso- 
topically different molecules, which, depending 
upon the process, determine the ease of isotope 

separation, can all be expressed in terms of the 
logarithm of the partition function ratio (3). 

If the logarithm of the partition function 
ratio of two molecules differing in isotopic 
substitution is defined as 

where q is the molecular partition function (4) 
and the subscript 2 refers to the heavier isotope, 
then the equations for the differences in thermo- 
dynamic quantities are 

[2] A G = G z - G I = - R T l -  = A A  
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BRON: ON GASEOUS UF, 161 

and 

[51 ~c~ = (cp)2 - (cp)l 

In order to evaluate r a t  various temperatures 
for UF,, the geometry and force field of this 
species must be known (5) .  Recently a reliable 
force field for UF, has become available (ref. 6 
and references quoted therein). Since many other 
force fields for UF, have been published 
previously the effects of uncertainties or varia- 
tions in the force field and geometry of UF, on 
r and the thermodynamic quantities will be 
investigated. 

General Considerations 
The expression for r within the framework of 

the harmonic approximation ( l , 7 )  is 

In this expression u, = (hc lkqw, .  The Planck 
constant is h, the Boltzmann constant is k ,  the 
velocity of light is c, the harmonic frequency 
of vibration of normal mode i is mi, and mij is 
the atomic mass of the jth atom of species i. 

Although [6] is readily evaluated if the vibra- 
tional frequencies are known, its expansion in 
terms of ui in connection with kinetic isotope 
effects (8) has been discussed in great detail. 
If ui is small compared to unity the first term 
in ui in the expansion is 

The sum 3C In (mZj/mlj)  has been replaced by 
the symbol /3. The quantity ci is called the first 
quantum correction since classically ( r  - p) is 
equal to zero. It may be anticipated that the 
first quantum correction ci will have little 
quantitative value since the condition that ui is 
small compared to unity will be seldom met in 

the temperature range of chemical interest. 
However, as will be discussed below, a may be 
used to explain or predict trends and changes 
in r caused by uncertainties or changes in 
spectroscopically determined parameters. 

By means of the matrix equation (5)  

[8] GFL = LA (Ai  = 47c2c2wi2) 

where G and F are matrices defined by Wilson 
and A is the eigenvalue matrix, the theorem 
that the trace of a matrix is invariant under a 
transformation (9) 

and the assumption that the force field of a 
molecule does not change upon isotopic sub- 
stitution [7] can be written as 

The constant K is equal to (h/27ck)'(24)-'. 
This last equation is more useful to explain 
changes in ( r  - p) caused by changes or un- 
certainties in geometry and force field than [6],  
although it is only a poor approximation of 
( r  - p).  Since for UF, deviations of certain 
quantities from their classical values are 
examples of heavy isotope effects for which [ lo ]  
may be more applicable, an opportunity is 
presented to investigate the value of the first 
quantum correction. 

Calculations and Results 

The frequencies of vibration have been 
calculated by means of Wilson's FG matrix 
method (5) .  The harmonic force field and 
geometry for UF, have been taken from a 
paper by McDowell et al. (6) .  The symmetry 
coordinates used are the ones listed by Pistorius 
(10). Only two triply degenerate frequencies 
(Flu) w3 and a,, are isotope dependent. The 
values of these isotope dependent frequencies 
for the "UF, ( x  = 238, 235, 234, 233, 232) 
molecules have been listed in Table 1. The other 
computed isotope independent frequencies are 
(6)  

wl (Al , )  = 671.70 cm-' 
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TABLE 1. Isotope dependent, triply de- Hence the differences AG, AH.  AS,  and AC,. 
generate harmonic frequencies of vibration 

of "UF, molecules in units of cm-' 
to the accuracy implied i n . ~ a b l e  3, can also & 
computed by using [14]-[17] and the coefficients 
in Table 2. 

By means of [6] and the frequencies in Table 1, 
can be evaluated at different temperatures. 

To avoid long listings of r at various equally 
spaced temperatures, a curve of the equation (3) 

[12] r = c , I n r + c 2 r - '  + c 3 + c 4 z + c 5 z 2  

where = T/500, has been fitted to the values 
of between 200 and 1000 K by the method 
of the least squares. The quantity for UF, is 
defined as 

It may be observed that P in this case is equal 
to $ In (2381~). The coefficients in the expansion, 
ci, are listed in Table 2 for x = 232, 233, 234, 
and 235. Equation 12 reproduces as calculated 
by [6] with a mean deviation of less than 0.001% 
in the temperature range of 200 to 1000 K. 

AG, AH,  AS, and AC, for 238UF6 US. 23sCTF6, 
computed by means of [I]-[6], are listed in 
Table 3. Another way of calculating the thermo- 
dynamic quantities is by expressing them in 
terms of the coefficients ci (3). The use of [12] 
and [2]-[5] leads to the results (R is the gas 
constant) 

Discussion 
As 238UF6 and 235UF6 are the most im- 

portant uranium hexafluorides only the dif- 
ferences between these two fluorides will be 
discussed unless stated otherwise. As an approxi- 
mation of ( r  - p) the first quantum correction, 
ci, is inadequate for all cases especially at low 
temperatures. The equality ci = ( r  - P) should 
be expected to be a better approximation at 
very high temperatures. In the temperature 
range considered (200-1000 K) the value of 
ci(238UF6 ; 235UF6) is always larger than (I- - P). 
For example, at 200 K ci is 25% greater than 
( r  - p) and only 1% greater at 1000 K. Similar 
differences are obtained for the other isotopes. 
Hence. the quantitative value of ci seems to be 
limited. 

The magnitude of is always small. It varies 
from 0.023 (200 K) to 0.019 (1000 K). This 
smallness is expected on the basis of the 
relatively small change in mass, when 238U is 
replaced by 235U in UF,. Since quite a few 
force fields for UF, have appeared (6), it is use- 
ful to analyze how r is affected by changes or 
uncertainties in the force constants. Equation 10 
is more useful for the purpose of discussion of 
variations in with respect to changes in force 
constants. A change in r with respect to Fij can 
be written by means of the first quantum cor- 
rection, [lo], as 

[16] A S  = R(c, + c, In r + c3 + 2c4z In this equation the superscript (1) refers to 
+ 3c5z2) lighter isotope as mentioned above and hij is 

[17] AC, = R(c, + 2c4r + 6csz2) the Kronecker 6 symbol. Hence, within the 

TABLE 2. Coefficients of the expansion 
In [q(238UF,)/q(xUF6)] = c, In r + c,r-' + c3 + c,r + c5r2 
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199 
2.6 3.8 5.0 

~ ~ ~ ( r n d ~ n / H )  
FIG. 1. The dependence of the logarithm of the partition 

function ratio, l- of 238UF6 and 235UF6 on F33. r has been 
calculated by means of [l] and [6] at 401 K. The literature 
value (ref. 6) for F3, is 3.84 mdyn/A. 

TABLE 3. Differences* in thermodynamic properties 
238UF6 and 235UF6 

T ( K )  -ACT -AH AS A C , X ~ O ~  

200 38.8 11.6 0.136 21 .O 
267 48.2 10.2 0.142 20.2 
334 57.8 8 .9  0.147 17.5 
40 1 67.8 7.8 0.149 14.5 
468 77.9 7 .0  0.152 11.9 
535 88.1 6 . 2  0.153 9 . 8  
602 98.3 5 . 6  0.154 8 . 2  
669 108.7 5 .1  0.155 6 . 9  
736 119.1 4 . 7  0.155 5 . 8  
803 129.5 4 . 3  0.156 5 .0  
870 140.0 4.0 0.156 4 . 3  
937 150.5 3 .8  0.157 3 .8  

1004 161 . O  3.5 0.157 3 . 3  

*Differences are for example defined as AG = G(""BF,) - 
G(235UF6). 

t u n i t s  are for AG (= AA) and AH (= A@, J mol-l; A S  and 
AC, (= AC,), J mol-I K-'. 

framework of the first quantum correction a 
plot of 4j us. I' should give (approximately) a 
straight line, the change in I' should only 
depend on the magnitude of 6Fij and changes 
should be additive. Since the magnitude of 
stretching force constants are always larger 
than bending force constants, a 10% un- 
certainty in a stretching force constant should 
introduce a larger error than a 10% uncertainty 
in a bendin force constant, if the difference 8 (Gij") - Gij' )) is about the same for the partic- 
ular stretching and bending modes. 

By using 

and [18], it can be seen that a plot of diagonal 
force constant, Fii, us. I' should give a positive 
slope, since in [18] 

pk(i) is the reciprocal mass of the kth atom and a 
is either x, y, or z. The B matrix defines the 
transformation from internal (S) to Cartesian 
coordinates (X). Figure 1 is a plot of T, cal- 
culated by means of the 'exact' eq. 6, us. F,,. 
The relationship is almost linear, which is 
encouraging since [18] should be only approxi- 
mately true. It can also be seen in Fig. 1 that a 
10% change in F,, results only in a 0.5% 
change in T, which is in good agreement with 
a calculation based on [18]. For off-diagonal 
force constants the relationship between I' and 
F,j is more difficult to predict. However, off- 
diagonal force constants are usually much 
smaller than diagonal ones and less important 
in determining isotope effects. 

The change or uncertainty in I' caused by a 
change or uncertainty in a geometrical param- 
eter, 6R, can be written by means of [lo] as 

Equation 21 is not easy to interpret, but it may 
be anticipated that 6 r  will vary slowly with R 
since 6T is proportional to the derivative of the 
diference of the two matrix elements Gii(') and 
Gii2). This prediction is consistent with the 
observation that isotope effects are not very 
sensitive towards geometry (1 1, 12). Figure 2 
shows the dependence of T (eq. 6) upon the 
bond lengths of the six U-F bond distances. 
It can be seen that even for very large changes 
T does not change appreciably and therefore, 
say, a 1% uncertainty in the U-F bond 
distance will have almost no effect on T. 

Equation 10 can be written by means of [19] 
as 

I t  is assumed that only the kth atom differs in 
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isotopic substitution. Then for a given geometry, 
force field, and temperature, is proportional 
to the difference of the reciprocal masses of the 
atoms differing in isotopic substitution.' Figure 
3 is a plot of p,'"' - pk'238), where (left to right 
in Fig. 3) x is equal to 238, 235, 234, 233, and 
232 respectively, us. calculated by means of 
[6]. It may be observed that the relationship is 
linear on the scale used. 

Table 3 lists the differences in thermo- 
dynamic quantities between 238UF6 and 235UF6. 
As expected these differences are small. The 
differences between the thermodynamic quan- 
tities for the molecules 238UF6 and "UF, can 
be calculated by means of the coefficients as 
listed in Table 2. But [17] for AC, holds only 
for temperatures below 600 K. Since AG, AH, 
AS, and AC, are related to via [2]-[5] a similar 
mass relationship (eq. 22) exists for these 
quantities. For example, if M, is defined as 

then the value of Mx is 5.374 x for x = 235 
and 10.887 x for x = 232. By using the 
exact value at 200 K for AG(238,235) from 
Table 3 a magnitude of - 77.7 J/mol is obtained 
for AG(238,232) by the simple proportionality 
of AG to Ms. This compares well with the exact 
value of -77.3 J/mol for AG(238,232) and the 
error amounts to only 0.5%. For the calculation 
of ACp(238,x) the mass relationship gives better 
values for AC, than [17] over the whole tempera- 
ture range of 800 K. More specifically the 
values computed for AG, AH, AS, and AC, from 
the linear mass relationship agree to well 
within 1% with the exact values for these 
quantities. 

If [lo] is substituted in [2] and [3], then it can 
be shown that the change in AH, caused by a 
change in Fij, is twice as large as the change 
in AG at the same temperature. Calculations 
show that this is only true at 1000 K. Similarly 
to r, relatively large uncertainties or changes 
in the geometry or force field of UF, result in 
much smaller changes or  uncertainties in AG, 
AH, AS, and AC,. It is estimated on these 

IIt may not be immediately obvious why the relationship 
between $ In (mzj/mlj) and (m,j-' - mzj-') should be 
linear. This may be seen as follows. In the case of 238UF6 
and 'UF,, is equal to q In (2381~) = 4 In [l + (238 - x)/ 
x] E $(238 - x)/x. Hence a plot of 4 In (2381~) us. 
(x-' - 238-I) will be approximately a straight line with 
slopes x 238. 

FIG. 2. The variation of T(Z38UF6,Z35UF6) as a function 
of the UF, bond distance. r has been calculated by means 
of [I] and [6] at 401 K. The equilibrium bond distance for 
UF, is 1.999 + 0.003 t! (ref. 6). 

" 
0 5 10 15 

l o 5 ( ~ X - ~ 2 3 8 )  

FIG. 3. A plot of T(401 K) us. (p, - p238), where x is 
equal to 238 (T = O), 235, 234, 233, and 232. Left to right 
in the figure, the dots represent the values of T, which 
increase with decreasing x .  

grounds that the error in the thermodynamic 
quantities, calculated by means of [2]-[6], 
should be less than 10%. 

Equation 6 has been referred to as 'exact', 
while in fact many assumptions and simplifica- 
tions are implicit in this equation. These have 
been discussed in detail (1) and in analogy 
with these findings and the fact that the effect 
discussed in this paper is a heavy isotope effect, 
the corrections for r and the thermodynamic 
quantities, due to these approximations, will be 
quite small. The smallness of the correction 
factors for r, say the corrections due to 
anharmonicity of vibration, is the result of 
cancellation. This is reasonable, since the isotope 
effect on the correction factors for the partition 
functions of the UF, species that define l- 
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BRON: ON GASEOUS UF, 165 

should be small. The small isotope effect on the 
correction factors is caused by the relatively 
small difference in mass between the various 
uranium isotopes. More quantitative arguments 
are not possible since the required data have 
not been published yet. 

From the above discussion it may be con- 
cluded that the first quantum correction has a 
limited quantitative value in the lower temp- 
erature region. It is, however, of use to explain 
or predict trends in isotope effects. Some of the 
methods used in this paper to  explain trends in 
r and the differences in thermodynamic quan- 
tities can also be applied, after only minor 
modifications, to equilibrium and kinetic isotope 
effects. 
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Mercaary(1) chemistry. Part 1. Complexes of the mercurous ion with some arenes 
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PHILIP A. W. DEAN, DAVID G. IBBOTT, and J. B. STOTHERS. Can. J. Chem. 54, 166 (1976). 
A wide range of arene complexes of the mercurous ion has been prepared from mercurous 

hexafluoroarsenate and the appropriate arene in liquid sulfur dioxide. Raman spectroscopy 
confirmed the integrity of the dimeric HgZ2+ cation in these complexes. 13C nuclear magnetic 
resonance spectroscopy showed that Hg,,+-arene complexes exist in sulfur dioxide solution. 
The 13C data allowed the estimation of formation constants for the hexamethylbenzene, p-xylene, 
and p-dichlorobenzene complexes together with the 13C chemical shifts for the bound substrates 
in these cases. The 13C chemical shift changes (relative to the free substrate) on addition of HgZ2+ 
to SO, solutions of various methylated benzenes are compared with those occurring on complex- 
ation of the same arenes by the argentous ion and the Cr(CO), moiety. In mercurous ion-arene 
complexes, it is concluded that the cation is involved in a localized interaction with the arene and 
that there are preferred binding sites. These sites may be identified by the complexation shifts for 
the Ag+- and HgZ2+-arene complexes. 

PHILIP A. W. DEAN, DAVID G.  IBBOTT et J. B. STOTHERS. Can. J. Chem. 54, 166 (1976). 
On a prepare une grande variete de complexes d'artnes avec des ions mercureux en faisant 

rtagir de l'hexafluoroarsenate mercureux et des artnes appropries dans l'anhydride sulfureux 
liquide. La spectroscopie Raman a confirme l'integritt du cation dimtre HgZ2+ dans ces complexes. 
La rmn du I3C montre que des complexes Hg,"-arene existent en solution dans I'anhydride 
sulfureux. Les donnees 13C permettent d'estimer les constantes de formation des complexes avec 
I'hexamkthylbenztne, ie p-xylene et lep-dichlorobenztne de m&me que les deplacements chimiques 
13C pour les substrats lies dans ces cas. Les changements dans les dkplacements chimiques 13C 
(par rapport au substrat libre) par addition de HgZ2+ aux solutions dans le SO, pour les divers 
benzenes methyles sont compares avec ceux qui se produisent lors de la complexation des m&mes 
artnes avec des ions argenteux et des moitits Cr(CO),. Dans les complexes ion mercureux - arene, 
on en conclut que le cation est implique dans une interaction localisee avec l'arene et qu'il y a des 
sites de liaisons preferees. On a identifie ces sites par les dtplacements de complexation pour des 
complexes Ag+- et Hgz2+-arene. 

[Traduit par le journal] 

Introduction bonding of the arene to one of the mercury 
The paucity of organometallic compounds of 

mercury(1) contrasts markedly with the 
very extensive organometallic chemistry of 
mercury(I1). Until recently only the subvalent 
organomercurials, (RHg),, of unknown struc- 
ture (1) and a few arene complexes of the 
mercurous ion had been reported. The arene 
complex "C6H6~A1C1,~HgC1" (now recognized 
as containing the dimeric mercurous ion, HgZ2+) 
was apparently first prepared by Gulewitsch 
(2) who used a reducing Friedel-Crafts synthesis, 
a method also shown to be suitable for preparing 
similar complexes of toluene and the xylenes. 
Turner and Amma (3) offered an alternative 
route to (C6H6)2Hg2(AlCl,)2, gave preliminary 
X-ray diffraction data for this compound, and 
considered three possible ideal bonding geo- 
metries for the HgZ2+-arene complex. Briefly, 
the bonding models considered are: (i) central 

atoms, a geometry most commonly found for 
transition metals (4) but also known for some 
nr2 metal ions (ref. 5 and references therein); 
(ii) localized bonding, where one C-C linkage 
of the arene is bound to one mercury atom, an 
arrangement similar to that found for both 
cuprous (6) and argentous (7) complexes with 
arenes, and (iii) the unique bonding geometry 
found in the bis(benzene)dipalladium chloro- 
aluminates (8) where both metal ions of the 
dimeric cation are equally associated with each 
arene molecule. While the preliminary X-ray 
data did not allow distinction between these 
possibilities, the authors rejected the type (i) 
geometry on the grounds that the lowest-lying, 
6sa,, acceptor orbital of the HgZ2+ ion is in- 
compatible in symmetry with the highest energy, 
el, filled orbital of benzene. Recently (9) we 
reported a synthetic route appropriate for a 
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wide range of mercurous ion-arene complexes 
and demonstrated the utility of 13C nmr 
spectroscopy for solution studies of this type of 
complex; on the basis of our preliminary data, 
we favored the type (iii) bonding geometry 
for the mercurous complexes. Our completed 
study, which we now present, provides evidence 
that the HgZ2+-arene interaction is, in fact, of 
type (ii). 

Results and Discussion 
Preparation of the Complexes 

The complexes were synthesized by mixing 
solutions of the hydrocarbon and mercurous 
hexafluoroarsenate (10) in liquid sulfur dioxide: 

In many cases the complexes precipitated im- 
mediately on mixing and most of the materials 
isolated in this way had 1: 1 arene: HgZ2+ 
stoichiometries (arene = benzene, biphenyl, 
naphthalene, 2-methyl- and 2,6-dimethyl- 
naphthalene, acenaphthene, fluoranthene, fluo- 
rene, phenanthrene, anthracene, 9,lO-dimethyl- 
anthracene, and m-dinitrobenzene). In some 
cases (arene = benzene, biphenyl, fluorene, 
fluoranthene, and naphthalene and its deriva- 
tives) more soluble n: 1 complexes seemed to 
form with excess arene but these are, as yet, 
uncharacterized. With the anthracenes decom- 
position occurs if the preparations are attempted 
using excess hydrocarbon. No 1 : 1 complex was 
found with 9,lO-benzophenanthrene ; instead 
1 : 2 and 3 : 1 complexes form. 

Several arene complexes were soluble in 
liquid SO,; these were studied using 13C nmr. 
Raman Spectra 

Most of the complexes isolated decomposed 
in the beam of both He-Ne and Ar' lasers, but 
the mercury-mercury stretching region of the 
Raman spectrum could be obtained for a few 
examples; the results are given in Table 1. 
These spectra all exhibited a t  least one intense 
Raman line attributable to the mercurous ion, 
showing that the dimeric metal cation is intact 
in the arene complexes. The infrared spectrum 
of the m-dinitrobenzene complex indicated that 
the nitro groups are involved in bonding to the 
Hg,,' ion. The asymmetric stretching mode of 
the NO, groups decreases on complexation, 
from 1542 to 1512 cm-' with a 1525 cm-' 

TABLE 1. Mercury-mercury stretching frequencies in the 
Raman spectra of some mercurous ion - arene complexes 

v(Hg-Hg) 
Compound (cm-')'-* 

Hg,(AsF,), -benzene 166 
Hg,(AsF,),.biphenyl 169, 157 
Hg,(AsF,),. naphthalene 134 
Hg,(AsF,), - phenanthrene 124 
Hg,(AsF,), .m-dinitrobenzenec 200, 184 

" + 2 c m - ' .  
bG Hg,(AsF,),, v(Hg-Hg) = 180 cm-'. 
'For discussion of this compound see text. 

mode, at 1347 cm-', is unaffected by complex- 
ation. The infrared snectra of carboxvlato 

d -  

complexes (ref. l l and references therein) and 
of nitrobenzene solvates of divalent metal ions 
(12) suggest that behavior of the NO, groups in 
a monodentate 0-bonded manner should cause 
an increase in va,(N02), if anything. The de- 
crease observed in v,,(NO,) thus rules out the 
monodentate bonding mode, indicating the 
presence of either chelate or bidentate bridging 
nitro groups in the m-dinitrobenzene complex. 
The bonding of the NO, groups could be addi- 
tional to, or instead of, bonding to the aromatic 
ring. 

The value of v(Hg-Hg) in the other com- 
plexes is arene-dependent, demonstrating that 
the mercurous ion is  bound to the hydrocarbon. 
v(Hg-Hg) appears to decrease as the electron- 
donating ability of the arene (as measured, for 
instance, by anodic half-wave potentials)' in- 
creases. This is the expected trend if there is 
significant electron transfer from the arene into 
the a* orbital of the mercurous ion. 

13C Nuclear Magnetic Resonance Spectra 
If no precipitation occurs on mixing SO, 

solutions of Hg,(AsF,), and an arene, 13C 
n.m.r. can be used to demonstrate Hg,,'-arene 
complexation. Typically, shifts, relative to the 
free arene, are observed in arene solutions con- 
taining the mercurous ion. In no case could 
separate signals for free and complexed arene be 
observed at ambient probe temperature. 
The observed exchange-averaged 13C shift, 
Abc(= bcobsd - bcarene) of any resonance in a 
given system is dependent on the arene: HgZ2+ 
ratio, as well as on the reactant concentrations. 
The variation of Ab, with reactant ratio pro- 

shoulder, whereas the symmetric stretching 'For a review see ref. 13. 
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vides information about the stoichiometry and 
stability of the complexes formed, while the 
signs and relative magnitudes of Ah, for the 
different carbon nuclei in an arene give structural 
information. 

Formation Constants and Stoichiometries of 
Some Typical Complexes 
The variation of A6, with arene: Hg2,+ ratio 

was studied in detail for hexamethylbenzene 
(HMB), p-xylene (p-X), and p-dichlorobenzene 
(p-DCB). Figure l a  shows the results for the 
resonance of the quaternary carbon nuclei in the 
system HMB-Hg2(AsF,),. A shift to lower field 
occurs as HMB : HgZ2+ decreases but A6, does 
not change mon~tonically.~ The shape of the 
curve is inexplicable in terms of a single complex 
having arene: HgZ2+ of either 1 : 1 or 2 : 1. 
However, using the program LISA (14), the 
data in Fig. l a  were analyzed statistically in 
terms of two labile equilibria: 

K, 
111 HgZ2+ + arene e Hg,(arene)'+ 

Kz 
[21 Hg,(arene)'+ + arene e Hg,(arene),'+ 

Both the formationconstants, K, and K2, and the 
bound shifts3 in the 1 : 1 and 2: 1 complexes A, 
and A,, were obtained and are given in Table 2. 
Shapiro and co-workers (ref. 15 and references 
therein) have discussed the accuracy of the 
parameters derived from statistical analyses 
using LISA: if, as in the HMB system, K2 is 
2 500, K1/K2 is well-determined and the bound 
shifts are accurate, but both K, and K2 are ill- 
determined. Thus the values of the stability 
constants must be regarded as semiquantitative 
at best. This is especially true since we have been 
unable to take account of either (a) changes in 
activity as the concentration of Hg2(AsF6), 
changed or (b) equilibria involving ion-pairing 
or specific solvation of the arene by SO,? 
Despite these cautions it is clear that HMB 
complexes of the mercurous ion have con- 
siderable stability in liquid SO,. 

'The methyl carbon resonance also inoved downfield, but 
the maximum shift of only 1.8 ppm precluded meaningful 
statistical analysis. 

3The bound shift in a complex is the incremental shift 
which would be found if the arene was present entirely as 

( a )  

Heromethylbenzene C * - C H ~  

A, 7 7 p p r n  

A2' 6 0 ~ ~ r n  

t 
06 

Oo I - : A ; ;  
CHEMICAL SHIFT 01FFERENCE.A6c 

I I 8 ,  
0 1 2 3 

CHEMICAL SHIFT DIFFERENCE A6,  

FIG. I .  Dependence of the downfield shift, Ah,, of (a) 
the aryl carbon of HMB, and (b) the unsubstituted carbon 
of p-DCB, on the Arene:HgZZ* ratio in SO, solution a t  
32 "C. The best statistical fit in each case is represented by 
a solid line (see text). (Arene concentrations are: A, 0.75 M ;  
0, 0.15 M.) 

that complex. 
4We note, however, that according to the work of Andrews For the system p-xylene-Hg,(AsF6), the A6, 

and Keefer (1 6) the solvation must be virtually complete in titration curves for both C-H and C-Me were 
liquid SO,. similar in overall shape to the curve found for 
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TABLE 2. Bound shifts and formation constants for some arene complexes of mercury(1) in SO, 

Arene I3C resonance K, (M-') K, (M-') A, (ppm) A, (ppm) 
- - 

Hexamethylbenzene c1," 9 . 4  x 104 3 .5  lo3 7 . 7  6 . 0  
C1 ,/ 12.6b 10.Ob 

p-Xyleneb 2 . 9  x lo3 1 . 5 ~ 1 0 2  
C2,3,,,6d 2 .4b 1 .9b 
C1.4J 20.7 p-Dichlorobenzenee 0 .22  
Cz,,,,,6J 9 . 2  

"Standard deviation of fit to titration curve = 0.15 ppm. 
bThe formation constants given are the averages weighted by the standard deviations for the two curves. The 

bound shifts are calculated using the weighted average formation constants. 
'Analysis of the curve for C,.d gives K ,  = 6.7 x 10) M - I ,  K , / K ,  = 19, A, = 12.6 ppm, and A2 = 9.9 ppm. 

The standard deviation of the fit was 0.18 ppm. 
dAnalysis of the curve for C,,,,,,, gives K ,  = 1.5 x 10) M - I ,  K , / K ,  = 19, A, = 2.4 ppm, and A, = 2.0 pprn. 

The standard deviation of the fit was 0.07 ppm. 
'Both curves can be fit to a one step process. Both analyses give K, = 0.22 M 1 .  
'The standard deviation of the fit was 0.03 and 0.08 ppm for C , ,  and C,,,,,,,, respectively. 

the HMB system. Analysis in terms of the forma- 
, tion, but again the maximum shift (1.1 ppm) 
, parameters listed in Table 2. The methyl 
I 

I 
resonance moved to lower field on complexa- 

I 
tion, but again the maximum shift (1.1 ppm) 
was too small to allow meaningful analysis. 

I Titration curves for both C-Cl and C-H in 
! the p-DCB-Hg2(AsF6), system were quite dis- 
I 
I similar from those for the aryl carbons of either 

HMB or p-X, since Ad, changed smoothly with 
! 

i 
the p-DCB: HgZ2+ ratio as shown in Fig. 1 b for 
the C-H resonance. The smooth curves are 

I readily interpreted in terms of the formation of 
I a 1 : 1 complex only (i.e. equilibrium (1) above); I the results of the analysis are given in Table 2. 

The relative sizes of the formation constants, 
i.e. HMB > p-X > p-DCB for K,, are in the 
expected order, assuming that the extent of 

i complexation depends on the n-electron donor 
ability of the arene. It is not completely certain 
that the HgZ2+ is bound to the aromatic ring 
and not the chlorine in the p-DCB complexes. 
However, for chlorobenzene, at least, both 
argentation (17) and protonation (18) occur on 
the aromatic ring, and this seems the more 
likely site for ~ g , "  binding to p-DCB also. 

I The interaction of the mercurous ion with 
I 
I various other halogenated substrates is currently 
I 

I under investigation. 

I The Structure of the Mercurous Ion - Arene 
i Complexes 

Our thesis is that the variation of the 13C 
1 

shifts in an arene upon complexation should be 
1 dependent on the type of metal-arene interac- 

tion involved. Accordingly we have determined 
shifts occurring on complexation of a repre- 

sentative range of arenes by HgZ2+, and have 
compared these with the shifts produced for 
arenes bound to Cr(O), in (arene)Cr(CO),, and 
to Ag+ (from AgAsF,), in argentous complexes. 
The chromium complexes, chosen to typify type 
(i) b ~ n d i n g , ~  have been well-studied by 13C 
nrnr (19, 20); the arene in this type of complex 
is nonlabile and many bound shifts are known. 
For the labile silver complexes, chosen to 
typify type (ii) bonding, only the exchange- 
averaged shifts, (i.e. Ad,) have been reported 
(21,22); the present study confirms the rapid 
exchange of free and complexed ligands in 
Ag+ -arene complexes at ambient temperatures. 
The bis(benzene)dipalladium complexes are 
apparently known only in the solid state (8) so 
nonmr data are available; it seems reasonable 
to invoke bonding of type (iii) only if the data 
for the mercurous complexes cannot be recon- 
ciled with either of the two much better-known 
types, (i) and (ii). 

Except for the HMB, p-X, and p-DCB 
complexes we have not determined the bound 
shifts for the mercurous complexes. Instead, we 
have used the more economically obtained 
values of Ad, to give the relative shifts occurring 
at different carbon nuclei of the same substrate 
upon c~mplexat ion.~ Values of Ad, for some 

SThere have apparently been no reports of the shifts 
induced by centrally-bound ns2 metal cations. 

6When both 1 : 1 and 2: 1 complexes form in solution, the 
value($ of Ad, will, of course, depend on the different bound 
shifts in these two complexes as well as on the values of the 
formation constants. However, our data for the p-X com- 
plexes (Table 2) show that the relative shifts for different 
carbons are the same in both complexes, i.e. A(C-H) < 
A(C-Me) and so the correct relative order will be given by 
Ad,. 
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TABLE 3. 13C chemical shifts, A6,, induced in substituted benzenes by Hg2(AsF,), and AgAsF," 

As,  ( P P ~ Y  
Metal Arene: salt 

Substituent(s) cation ratiob c, c2 c3 c4 c5 c, CH3 

Hexamethyl 

1,2,4,5-Tetramethyl 
(Durene) 

1,3,5-Trimethyl 
(Mesitylene) 

1,2-Dimethyl 
(0-Xylene) 

1,3-Dimethyl 
( m - X ~ l e n e ) ~  

1,4-Dimethyl 
@-Xylene) 

I-Methyl 
(Toluene) 

I-Trifluoromethyl 
(Benzotrifluoride) 

[5.87] 
[-0.831 

[6.98] 
[ I .  191 

[13.73] 
[I .90] 

[3.97] 
[2.22] 

[4.92] 
[I .75] 

[9.44] 
[2.46] 

[3.931 
[2. lo] 

Not observed 
Not observed 

"SO, solutions with [arene] = 0.75 M;  Ad, = 6,obY' - dCamc; spectra measured at 32 "C except where noted. 
bChoice of one of the two common ratios was made on the bas~s of solubility. 
'Chemical shifts of the free arenes are given in the Experimental section. Square brackets denote substituted carbons. Estimated error due to spectral measurement 20.06 

ppm. Van Dongen and Beverwijk (21) have reported Ad, extrapolated to a 1 : 1 ratio for benzene, toluene, and the xylenes with AgBF, in CDCI,. 
*Incremented shifts were also measured with Arene:salt = 5. 
'At 5:1, C,_, = [2.30];CH3 = 0.40 ppm. 
'At 5: 1, C ,,,,, = [5.40]; C ,,,, , = -0.87; CH, = 0.40 ppm. 
Bm-Xylene spectra measured at 38 "C. 
hAt 5: 1, C,,, = [3.81]; C,,,,,., = 0.79; CH, = 0.16 ppm. 
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series of substrates are considered. The results 
support the conclusion ofTurner and Amma (3), 
that the mercurous ion is not centrally bound to 
the arene. 

~ ~ , ' + - a r e n e  systems are given in Table 3 
together with data for the corresponding silver- 
containing systems. 

A comparison of the data in Table 3 with those 
reported (19,20) for (arene)Cr(CO), shows 
little similarity. Complexation of an arene by 
the Cr(CO), moiety produces upfield shifts of 
all carbon nuclei relative to the free substrate, 
whereas for the HgZ2+ and Ag+ complexes both 
upfield and downfield shifts are observed when 

A comparison of the data for mercurous and 
argentous complexes is more fruitful. The 
apparently dissimilar shifts produced when 
HMB is coordinated to the mercurous ion (a 
downfield shift) and to the argentous ion (an 
upfield shift) have been noted earlier (9). How- 
ever, a pattern clearly emerges from the results 
for a series of less symmetrically substituted 
benzenes complexed with the Hgz2+ and Ag+ 
cations. With arenes for which internal com- 
parison is possible, methyl-substituted carbons 
display the most positive AS, values (i.e. down- 
field complexation shifts) for both systems. 
Also, with one exception, ordering the carbons 
according to their AS, values produces the same 
sequence for both HgZZ+ and Ag+ complexes, 
e.g. for toluene,ASCc1 > ASCC2 > AS:" AScc4. 
The single exception occurs for the m-xylene 
complexes for which the positions of ASCC4 and 
ASCC5 are reversed; in all other respects the data 
for the m-xylene complexes fit in well. The 
similarity of the AS, patterns in the mercurous 
and argentous complexes provides good evi- 
dence for a fundamental parallelism between 
Hgz2+ and Ag+ complexes ofarenes. Accordingly 
it seems that localized, type (ii) bonding, repre- 
sented diagrammatically in 1, must occur in the 
mercurous complexes, as it does in argentous 
complexes. 

r 1 7 t  

Ad, for the HMB complexes of HgZ2+ and Ag', 
the related observation that the values of AS, 
for the silver complexes are less positive than 
those for the analogous mercurous complexes, 
and the origins of the AS, patterns observed for 
the various arenes studied. Any discussion of 
the data must recognize that the bound shifts, 
either measured directly or inferred from AS, 
values, are themselves averages. Facile exchange 
of free and coordinated arenes ensures the ready 
equilibration of both chemically equivalent and 
isomeric complexes : 

The observed bound shifts will thus depend on 
the shifts in each of theentities in equilibrium and 
on the distribution of the various species. 

Interestingly, our data show that at a constant 
arene: Hgz2+ ratio the weighted average value 
of AS,, AS,"" (= + 1 with the summation 

i 

for all aromatic carbon nuclei) for the various 
methylated benzenes is of the same sign and 
order of magnitude. For instance, with 
arene:HgZ2+ = 2, AScave is 5.9, 4.3, 5.8, and 
4.3 pprn for HMB, durene, mesitylene, andp-X, 
respectively, and the total range of AS, in 
these complexes is 15.8 ppm, while with 
a r e n e : ~ ~ , "  = 5, Ah,"" is 2.3, 2.3, 1.4, 1.8, 
1.8, and 1.3 pprn for HMB, mesitylene, o-, 
m-, and p-xylene, and toluene, respectively, and 
the total range is 6.3 ppm. In the latter sequence 
the m-xylene complex clearly behaves regularly. 
A corresponding situation holds for the silver 
complexes; the values of AS, for all of the silver 
complexes are similar, though different from 
the values for the mercurous complexes, e.g. 
with arene: Ag' = 2, AScave is -0.8, -2.3, 
- 1.0, and - 1.2 pprn for HMB, durene, mesi- 
tylene, and p-X re~pectively,~ and the range of 
AS, is 8.8 ppm, and with arene:Ag+ = 5, 
AS,"" is 1 .O, 0.9, and 0.9 pprn for o- and m-xylene, 
and toluene respectively, the total range being 

Features of the data in Table 3 which warrant 71n crist el (22) found = - 1.0 ppm 
further discussion include the dissimilarities in for benzene:AgBF, = 1 in CH,Cl,. 
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6.5 ppm. As in the mercurous complexes, the 
m-xylene complex is regular in its AS,"'" value. 
The similarity of the AS,"'%alues for complexes 
of a given metal ion is particularly remarkable 
as the various AS, values take no account of the 
(presumably) different formation constants of 
complexes with different hydrocarbons. How- 
ever, for the mercurous complexes at least, 
ASea'~eflects the weighted average bound shifts 
fairly accurately, e.g. the weighted average 
bound shifts are 7.7 and 5.8 ppm for the 1 : 1 
complexes of HMB andp-X, respectively (from 
~ a b i e  2). 

Though in HMB (and benzene) complexes 
with type (ii) bonding the metal ion may be 
attached to any C-C linkage with equal 
probability, not all C-C bonds can be equally 
probable binding sites for complexes of a less 
symmetrically substituted benzene. Since AS,"'" 
is similar for complexes of various methylated 
benzenes with a given metal ion, this must mean 
that complexation with that cation produces 
approximately the same weighted average shift 
for all equilibrating isomers. This strongly 
implies that roughly the same range of com- 
plexation shifts occurs in any isomer of any 
methylated benzene, i.e, the complexation shift 
for a carbon resonance depends primarily on 
the position of that particular carbon nucleus 
relative to the metal ~ a t i o n . ~  Clearly the dis- 
similarities in AS, for HMB complexes of 
HgZ2+ and Ag+ are but one example of the 
different A6,a'~alues found for HgZ2+ and Ag+ 
in general, and according to the preceding argu- 
ments, the differences in AS,"'%ave as their root 
the difference in the ways an arene is perturbed 
when involved in a localized bond to one or the 
other of the two metal cations. 

To assess the effect of a localized interaction 
on the 13C resonances of an  arene it seems 
plausible to regard the bound arene as a com- 
bination of a bound olefin and a perturbed diene. 
According to this model either greater deshield- 

'This is also true for protonated methylbenzenes. In the 
case of toluene, mesitylene, and HMB, proton exchange can 
be stopped at low temperatures and the "C nmr spectra 
of the static a-complexes observed (ref. 23 and references 
therein). These three arenes and benzene share an approxi- 
mately constant weighted average complexation shift: 
17, 18.2, 19.3, and 20.3 ppm for benzene, toluene, mesitylene, 
and HMB, respectively (calculated from the data of ref. 23), 
the total range of complexation shifts being ca. 130 ppm for 
each case in which this could be determined. 

ing of the 'dienic' carbons, or greater deshielding 
of the 'olefinic' carbons, or both, in the mercurous 
complexes than in the argentous complexes 
could result in the observed A6,"'~ifferences. 
Silver(1) is thought to act mainly as a o-acceptor 
in its complexes with olefins (ref. 24 and 
references therein), and a variety of physico- 
chemical evidence suggests that H ~ ~ ~ +  is also 
primarily a o-acceptor, H ~ ~ ~ +  being a stronger 
Lewis acid than Ag+ if the two cations are 
compared as the hexafluoroarsenate salts (25). 
A consideration of the contributing structures 

leads to the conclusion that, on complexation, 
charge will be withdrawn from the n-system of 
the diene, more charge being withdrawn by the 
better Lewis acid, HgZ2+. As the accumulation 
of p~sitive charge in a n-system of sp2 carbons 
causes downfield shifts (26), the 'dienic' carbons 
in both the Elg2'+ and the Ag+ complexes should 
be deshielded, relative to the free substrate, but 
this effect should be larger for the mercurous 
complexes. 

Generally, complexation of a symmetrically 
alkyl-substituted olefin by Ag(1) produces shield- 
ing of the olefinic carbons9 (27). With asym- 
metrically alkyl-substituted olefins, silver com- 
plexation causes deshielding of the more highly 
substituted carbon and shielding of the less 
substituted carbon, but, on balance, there is a 
net shielding effect (27). AS,"'" for the arene 
complexes of silver(1) is negative and, thus, 
according to the proposed model, the shielding 
of the 'olefinic' carbons in these complexes more 
than offsets the deshielding of the 'dienic' 
carbons. The effect of the Hg22+ on the shielding 
of the 'olefinic' carbons is more difficult to 
judge a priori. However, since some carbons in 
the series of methylated benzenes are shielded on 
complexation (see Table 3), whereas the model 
suggests that carbons remote from the site of 
complexation are deshielded, the 'olefinic' 
carbons in the mercurous-arene complexes must 
be shielded. The deshielding of the 'dienic' 

'The sole reported exception appears to be C,Me, for 
which the olefinic carbon resonance moves downfield on 
complexation (27). 
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carbons appears to more than compensate for 
the shielding of the bound carbons; the net 
effect, reflected by the positive value of A6,"" 
for the HgZ2+ complexes, is deshielding. Thus 
the difference in the Lewis acidity of HgZ2+ and 
Ag', with the resultant differing effect on the 
shieldings of the 'dienic' carbons, is a t  least 
partly responsible for the dissimilarities between 
A6,"" in the two series of complexes. 

These arguments imply that when complexes 
of a given arene with either Hgz2+ or Ag' 
equilibrate rapidly, as in 2, those carbons most 
closely associated with the metal ion (on a 
time-average) will be shielded most. Further- 
more, the A6,pattern observed for a given arene 
must reflect the preference of the metal ion for 
the various possible chemically different binding 
sites. Since the patterns observed for complexes 
of HgZ2+ and Ag' are so similar, it can be con- 
cluded that the two metal ions have similar 
preferences, a not unexpected result if the 
bonding is of the same type for each. It  seems 
reasonable to expect that the binding site for 
the mercurous ion in the insoluble complexes 
obtained in this study will, in most cases, be the 
same as those for silver in the corresponding 
silver complexes, which have been more exten- 
sively studied (7). 

It is of particular interest to try and determine 
the preferred binding sites where chemically 
distinct'' C-C bonds occur. Our results for 
toluene and the xylenes suggest the following 
preferred binding sites (indicated by the thick 
lines) : 

Significantly, these are just the sites predicted by 
the well-supported (7) theoretical study made 
by Fukui et al.  (28) for argentous-arene com- 
plexes. 13C nmr therefore seems to offer a 
viable alternative t o  X-ray crystallography for 
determining points of attachment in arene 
complexes of both HgZ2+ and Agf . 

"In HMB and mesitylene complexes all C-C bonds are 
equivalent, but the data for mesitylene suggest that given 
a choice the metal ions prefer the unsubstituted end of the 
C-C bonds. 

Experimental 
Reagents 

Sulfur dioxide (Matheson) was stored in the gas phase 
over Linde 3A Molecular Sieves at least 12 h prior to use. 
All arenes were obtained commercially and purified by 
standard methods. Mercurous hexafluoroarsenate, 
Hg,(AsF,),, was prepared by reaction of elemental mercury 
with an excess of arsenic pentafluoride in liquid sulfur 
dioxide as described previously (10). Satisfactorily pure 
silver hexafluoroarsenate, AgAsF,, was prepared in a 
directly analogous manner which was somewhat simpler 
than an alternative method of preparation (29) involving 
reaction of arsenous oxide with bromine trifluoride and 
silver metal. Anal. Calcd. for AgAsF,:Ag 36.35; found (by 
standard Volhard titration): 36.19. 

Preparation of Cornplexes Insoluble in SO, 
Reactions were carried out in baked-out (140 "C) glass 

vessels similar to that described previously for the reactions 
of tin(I1) fluoride with Lewis acid fluorides (30). Solid 
reagents and products were handled in a nitrogen-filled 
glove box, the atmosphere of which was circulated through 
liquid nitrogen traps. Liquid reagents were added by volume 
via a syringe through rubber serum caps. Transfer of solvent 
was carried out on a glass-Teflon vacuum line using standard 
techniques. All of the products are exceedingly moisture- 
sensitive. A typical preparation is described below for the 
1 : 1 biphenyl: Hg,(AsF,), complex. 

Hg,(AsF,), (0.779 g, 1 mmol) was added to the side arm 
of the reaction vessel containing the magnetic stirrer, and 
biphenyl (0.231 g, 1.5 mmol) was added to the other arm. 
The apparatus was attached to the vacuum line via Swagelok 
fittings and a suitable amount of SO, ( -  15 ml) was con- 
densed in before both side arms were sealed off. The reaction 
vessel was allowed to warm up to room temperature and the 
SO, solution of biphenyl was added to the SO, solution of 
the mercurous salt. The pale yellow precipitate was washed 
repeatedly with SO, and the product, Hg,(C1,Hlo)(AsF6),, 
isolated. Anal. Calcd. for As,Cl,H,,Fl,Hg,: C 15.45, 
H 107, Hg 42.92; found: C 15.34, H 1.22, Hg 42.62. 

In general, preparation of other complexes was similar. 
However, for the preparation of the 1 : l  anthra- 
cene:Hg,(AsF,), complex, an excess of Hg,(AsF,), was 
essential to avoid decomposition of the arene, probably by 
oxidation. (An SO, solution of Hg,(AsF,),.Anthracene 
showed, on standing, the characteristic esr spectrum of the 
anthracene cation, Cl,Hlo+ (31).) In order to isolate the 
3: 1 9,lO-benzophenanthrene: Hg,(AsF,), complex in a pure 
form it was essential that the arene be in excess at all times 
during mixing of reactants and similarly it was essential 
that the mercurous ion be in excess at all times during pre- 
paration of the 1 :2 9,lO-benzophenanthrene: Hg,(AsF,), 
complex. The complexes prepared and results of analyses 
are given in Table 4. 

Raman Spectra 
The Raman spectra of the solids were obtained at 

McMaster University on a Spex Industries Model 1400 
Spectrometer with He-Ne (6328 A) and/or Ar' (5145 A) 
laser excitation. The solids were contained in glass capillary 
(melting point) tubes. 

Preparation of 13C Nuclear Magnetic Resonance Samples 
The samples for chemical shift titrations (see text) and 

for some of the earlier single measurements of A6, were 
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TABLE 4. Analyses of some prepared complexes 

Analysis (%) 
- 

Theoretical Found 

Complex Formula Color C H Hg C H Hg 0 
P 

White 8.41 0.70 7.84 0.80 
z 

H~,(AsF,), . benzene AszC6H6F~2Hgz c 
Hg2(AsF6), -naphthalene A ~ Z C I O H , F ~ ~ H ~ Z  Yellow 13.24 0.88 44.23 13.08 1.01 44.40 n 
Hg,(AsF,),.2-methylnaphthalene A ~ Z C I I H I O F I Z H ~ ~  Yellow 14.35 1.09 14.23 1.18 5 
Hg2(AsF,),.2,6-dimethylnaphthalene A ~ z C I Z H I Z F I Z H ~ ~  Yellow 15.41 1.29 15.22 1.43 5 
Hg,(AsF6), . acenaphthene A ~ z C I Z H I O F I Z H ~ ~  Yellow 15.44 1.08 14.72 1.27 < 
Hg,(AsF,),.fluoranthene A ~ z C I ~ H I O F I ~ H ~ Z  Yellow 19.58 1.02 40.80 19.66 1.22 40.78 r 0 

Hg,(AsF,), fluorene As2C13H12F12Hg2 Yellow 16.53 1.06 42.37 16.34 1.25 44.28 VI P 

16.66 1.06 Hg,(AsF,), . phenanthrene AszC14HloFlzHgz Yellow 17.57 1.05 - 
Red 17.57 1.05 41.84 17.81 1.28 41.64 

\D 
Hg,(AsF,),. anthracene A ~ z C I ~ H I O F I ~ H ~ ~  4 O\ 

Hg,(AsF,), -9,lO-dimethylanthracene A ~ z C I ~ H I ~ F I Z H ~ Z  Red 19.51 1.42 40.65 19.61 1.55 40.96 
Hg2(AsF6),.m-dinitrobenzene As,C6H4F12N204Hg, White 7.61 0.42 42.28 7.67 0.63 42.49 
Hg2(AsF6),.3(9, 10-benzophenanthrene) As2C.54H36F12Hg2 Red 44.31 2.46 44.46 2.56 
2(Hg,(AsF6),).9, 10-benzophenanthrene A ~ ~ C I , H I Z F Z ~ H &  Yellow 12.11 0.67 44.84 12.29 0.84 45.17 
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DEAN ET AL.: MERCURY(1) CHEMISTRY. PART I 

TABLE 5. 13C chemical shifts of free arenes" 

Chemical shifts (ppm) 

Arene 

Hexamethylbenzene 
Durene 
Mesitylene 
o-Xylene 
m-Xylene 
p-Xylene 
Toluene 
Benzotrifluoride 
p-Dichlorobenzene 

[134.3] 
[134.9] 
[138.9] 
[137.6] 
[138.9] 
[135.7] 
[138.9] 

Not observed 
[132.7] 

"Square brackets denote substituted carbons. Assignments are those used in ref. 32. 

prepared in custom-made (Wilmad Glass Co. Inc.) nmr 
tubes (10.00 mm 0.d. and 7.99 mm i.d.), each fused, initially 
to a Rotaflo stopcock. The large amounts of solutes required 
for these samples reduced the percentage error arising from 
the difficulty of weighing in a very dry atmosphere (esti- 
mated at f 5 mg). 

Typical weights of reagents are illustrated for the hexa- 
methylbenzene (HMB) system wherein 0.195g of HMB 
was used together with 0.934 to 0.187g of Hg,(AsF,),. 
Solid reagents were added in the dry box and then attached 
to the vacuum line via the attached Rotaflo stopcock. Sulfur 
dioxide was condensed into the tube at - 196 OC. The tube 
was allowed to warm up to room temperature. The molarity 
of the arene was held constant by adjusting the solution 
level to a constant height in the tube before freezing the 
solution using liquid N, and separating the tube from the 
stopcock by sealing off. 

In later single measurements of Ad, it was found more 
economical and convenient to use coaxial nmr tubes with 
the inner, sample-containing tube made of 4 mm 0.d. tubing, 
the outer tube being a standard 5 mm nmr tube. Arene con- 
centrations were held constant at  0.75 M by adjusting the 
solution height as before. 

13C Nuclear Magnetic Resonance Spectra 
The proton-decoupled 13C spectra were obtained using a 

Varian XL-100-15 system operating in the Fourier trans- 
form mode. All measurements were taken with a probe 
temperature of 32 "C except for the m-xylene system for 
which the temperature was 38 OC. The 10-mm sample 
tubes were placed coaxially in a 12-mm sample tube; the 
annulus contained a dioxane-D,O solution (10/90% v/v). 
The D,O signal was used as the lock while the dioxane signal 
was used as the external reference. With [arene] = 0.75 M, 
good spectra were obtained in approximately 1 h for samples 
in 10-mm 0.d. tubes, while samples in 4-mm 0.d. tubes typi- 
cally required about 5 h. Peak positions are estimated to be 
accurate to f0.06 ppm. The major source of error in peak 
positions in the mixtures is considered to arise from weighing 
errors in sample preparation. Assignments were made 
either by a comparison of the intensities with those of the free 
substrate or by extrapolating incremental shifts back to 
HgZZ+:arene = 0. The chemical shifts of the free arenes 
wereconverted to theTMS scale usingG,(TMS in SO,, int) = 
G,(dioxane in D,O, ext) + 67.8 and are given in Table 5. 

Analysis of 13C Nuclear Magnetic Resonance Data 
The exchange-averaged shifts observed were fit to the 

appropriate form of the fast-exchange equation, 

Ad, = So-' niciAi 
i = l  

where So is the total arene concentration, N is the number of 
different complexes in solution, ni is the number of arene 
molecules in the particular complexes, ci is the concentration 
of the particular complexes, and Ai is the bound shift of the 
particular complexes. Iterative fits were made to the appro- 
priate form of the above equation using the program LISA 
(14), the best agreement (in the least-squares sense) between 
observed and calculated Ad, values giving values of equi- 
librium constants and bound shifts (A). 

Analyses 
Microanalyses were carried out by Alfred Bernhardt, 

Mikroanalytisches Laboratorium, Miilheim, West Germany 
or by Chemalytics, Inc., Tempe, Arizona. 
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Mercury(1) chemistry. Part II. Reactions of the mercurous ion with 
some ligands having the heavier Group VA or VIA elements as donor atoms 
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PHILIP A. W. DEAN and DAVID G. IBBOTT. Can. J. Chem. 54, 177 (1976). 
The reactions of Hg,(AsF,), with P(CF,),, PF,, PCl,, P(CF,)Ph,, PClPh,, PPh,, P(OMe),, 

AsPh,, SbPh,, SPPh,, SPb-C,H,F),, and SePPh, in liquid sulfur dioxide have been studied. 
The last five ligands form insoluble 1: 1 complexes, Hg,(AsF,),.L, if L: Hg,,' < 1, but dispro- 
portionation of the mercurous ion occurs if L:HgZ2+ > 1; the 1: 1 mercurous complexes have 
been characterized by analysis and vibrational spectroscopy. There is no evidence for complexation 
of P(CF,),. PPh, and P(OMe), cause disproportionation of the mercurous ion under all conditions; 
Hg(PPh,),,+ and Hg(P(OMe),),,+ have been characterized by 13C and 'H nmr respectively. 
When P(CF,)Ph,:Hg;+ < 1 soluble Hg2(P(CF,)Ph2)2+ is formed; the lgF and 13C nnlr spectra 
of this complex are reported, as are those of Hg(P(CF,)Ph2)22+. In the system PF,-Hg,(AsF,),-SO, 
no disproportionation occurs; lgF nmr provides evidence that Hg,PF,,+ and, probably, 
Hg,(PF,),,+ are formed. 'J(P-F) in mercurous and silver(1) complexes of PF, is of unusually 
large magnitude. The '" nmr spectra of Hg(PPh,),'+, Hg,(P(CF,)PPh,)'+, and Hg(P(CF,)Ph2)22+, 
are consistent with the occurrence of little metal-to-phosphorus back-bonding in these phosphine 
complexes. The relationship between the net electron donating ability of a phosphine and the nature 
of its interaction with the mercurous ion is discussed. 

PHILIP A. W. DEAN et DAVID G. IBBOTT. Can. J. Chem. 54, 177 (1976). 
On a Ctudie les reactions, dans l'anhydride sulfureux liquide, du Hg,(AsF,), avec P(CF,),, 

PF,, PCl,, P(CF,)Ph,, PCIPh,, PPh,, P(OMe),, AsPh,, SbPh,, SPPh,, SP(p-C,H,F), et du SePPh,. 
Les cinq derniers ligands forment des complexes 1 : 1 insolubles, Hg,(AsF,),.L, si L: HgI2+ < 1, 
mais une disproportionation de l'ion mercureux se produit si L:  HgzZ+ > 1 ; on a caracterise les 
complexes mercureux 1 : 1 par analyse et spectroscopie vibrationnelle. I1 n'y a aucune evidence 
indiquant qu'il y a une complexation avec du P(CF,),. PPh, et P(OMe), causent une disproportiona- 
tion de I'ion mercureux dans toutes les conditions; on a caracterise les ions Hg(PPh,),,+ et 
Hg(P(OMe),)22+ respectivement par rmn du 13C et du 'H. Quand P(CF,)Ph,: Hg,,+ ,< 1, il se forme 
du Hg2(P(CF3)Ph2)2+. On rapport6 les spectres rmn du 19F et du 13C de ce complexe de mime que 
ceux du Hg(P(CF,)Ph,),'+. Dans le systbme PF,-Hg,(AsF,),-SO, aucune disproportionation 
ne se produit. La rmn du 19F fournit une preuve qu'il y a formation de Hg,PF,,+ et probable- 
ment de Hg2(PF3)22+. La constante 'J(P-F) dans les complexes mercureux et de l'argent(1) avec 
PF, est trts grande. Les spectres rmn du 13C du Hg(PPh3),2+,, Hg,(P(CF,)PPh,)'+ et Hg(CF3)- 
Ph,),", sont en accord avec l'existence d'une faible quantlte retro de liaison metal a phosphore 
dans ces complexes de phosphine. On discute de la relation qui existe entre l'habilitt nette a donner 
des electrons pour une phosphine et de la nature de son interaction avec l'ion mercureux. 

[Traduit par le journal] 

Introduction 
The complex chemistry of the mercurous ion, 

Hg22+, is restricted by the ease with which dis- 
proportionation occurs in the presence of 
ligands strongly complexed by the mercuric ion. 
Prior to the present work, mercurous complexes 
with group VA and VIA donors were limited 
to those with nitrogen and oxygen donors 
(1-5); previous attempts to prepare complexes 
with a variety of heavier donor atoms were 
unsuccessful (5). We have recently shown that 
arene complexes of the mercurous ion are pre- 
parable in liquid sulfur dioxide, a very weak 
donor solvent, though they disproportionate in 
the more common donor solvents (6). It was 

therefore of interest to determine whether, 
using liquid SO, as a solvent, we could obtain 
evidence for mercurous complexes with ligands 
containing the heavier group VA and VIA 
elements as donor atoms. Part of this work 
has been reported in a preliminary com- 
munication (7). 

Results and Discussion 
Reactions of Hg2(AsF6), with Phosphines in 

Liquid Sulfur Dioxide 
Triphenylphosphine 
When SO, solutions of triphenylphosphine 

and mercurous hexafluoroarsenate (8) are mixed, 
finely divided (black) mercury is formed at the 
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point of mixing. Provided that PPh, : Hg2,+ < 1, 
the mercury disappears on shaking leaving a 
clear yellow solution. However, when 
PPh,: Hg,,' > 1 the mercury remains per- 
manently. When the reactant ratio is greater 
than unity, it is clear that disproportionation 
has occurred. The overall reaction can be 
represented by [l] (n 2 2) 

[I] ~ g , , +  + nphosphine @ Hg(Phosphine):+ + Hgl 

In the region 1 < PPh,: Hg2,' < 2, n = 2 (see 
below), but higher coordination numbers may 
occur with a greater excess of ligand. 

The absence of metallic mercury in the solu- 
tions where PPh,: HgZ2' < 1 cannot be used 
to show the absence of disproportionation, 
since mercury is known to react with Hg2(AsF6), 
in SO, to give the yellow cation (8) and 
other polynuclear mercury cations (9, 10). 
Thus one or both of the following reactions 
could have occurred in the yellow phosphine 
solutions : 

[3] HgZ2+ + Phosphine $ tHg(Pho~phine),~+ + Hg3,+ 

Reaction 4 would result in permanent dispro- 
portionation at 

[4] HgzZ+ + Phosphine P H g ( P h o ~ ~ h i n e ) ~ +  + Hg] 

PPh,: Hg,,' > 0.5 and thus does not occur. 
In an attempt to distinguish between [2] and [3] 
we have obtained the 13C nmr spectrum of a 
solution with PPh, : HgZ2' = 0.667 as shown in 
Fig. la. In this spectrum the resonances due to 
C,, C2,6, and C,,, are 'triplets'. This type of 
'triplet' fine structure is characteristic of a 
'virtually-coupled' bis(phosphine) complex; the 
13C nmr spectrum is of the AA'X (A = A' = ,'P; 
X = 13C) or [A],X (11) type. We therefore 
assign the 13C nmr spectrum to Hg(PPh,),,+ 
with, presumably, linear coordination about 
mercury. This assignment is confirmed by the 
identity of the spectrum with that of an authentic 
sample of [Hg(PPh,),](AsF,), produced by the 
reaction 

[5] HgI, + ZAgAsF, + 2Phosphine 

[2] HgZ2+ + Phosphine $ Hg,(Ph~sphine)~+ 
so2 - [Hg(Phosphine),](AsF,), + 2AgIJ 

I I I 

148 133 128 118 108 

FIG. 1. The 32 "C 25.2 MHz 13C nmr spectra of SO, solutions in which (a) PPh,/Hg,(AsF,), = 0.667, 
(b) CF3PPh2/Hg2(AsF6), = 0.83. 
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TABLE 1. Aryl carbon chemical shifts for PPh,, P(CF,)Ph,, and some of their 
compounds and complexes" 

Chemical shift (ppm) 

Compound (solvent) c1 c2 c3 c4 

PPh, (CS, + (CD,)2CO)b 137.8' 
PPh3 (SO2) 134.9d 
[H~(pph3)21 iAsF612 (so,] 121. Id 
(OC),MOPP~,".~ 136.4 
0 =PPh, (CDCl# 135.6 
H2C=PPh3 (C6D6 + Et20)h 132.3 
[MePPh,]I (CDCl,)' 118.8 
P(CF,)Ph, (CDCl,)" 138.4 
P(CF,)Phz (So,)' 137.gd 
[Hg-Hg-P(CF,)Ph,] [AsF,], (SO# 1 16. 2d 
[Hg(P(CF,)Phz)zl [A~F,I, (SO,)' -113.0d 

"Relative to internal TMS: increasine freouencv is taken as oositive. This work unless otherwise soecified. - . -  
'Reference 25. 
'Data converted to internal TMS scale using G,(TMS,int) = G,(CS,,int) + 192.8 (26). 
dSpectra initially referenced to external 1 :9 dioxane:D,O and converted to internal TMS using G,(TMS 

in >O,,int) = G,(dioxane in D,O,ext) + 67.8. 
Reference 22. 

'Solvent not specified. 
@Reference 27. 
hReference 28. 
'Reference 29. 
'The I3C resonance of CF, was not observed 

TABLE 2. Aromatic 13C-31P nuclear spin coupling constants in PPh,, P(CF,)Ph2, 
and some of their complexes" 

Coupling constant 

Compound (solvent) c1 c2 c3 c4 

PPh, (CS, + (CD3)2CO)b - 12.51 19.65 
PPh3 (SO,) 2.9 16.7 
[Hg(PPh3)21 [AsF6]2 (SO21 65. 6d 13.7d 
(OC), MoPPh,' 36 13 

"In Hz. This work unless otherwise specified. Estimated error in new data + 1.0 Hz. 
bReference 25. 
'Not resolved. 
*lJ(P-C) + J(P'-C)I. 
'~eference  27. 
'The I3C resonance of CF, was not observed. 
gCould not be determined with certainty due to weakness ol'signal. 
hWidth at half-height. 
'Incompletely resolved fine structure. 

Evidently [3] has occurred in the solution with 1 3 C  nmr parameters for the Hg(PPh,),'+ cation 
PPh, : HgZ2+ = 0.667. The Hg(PPh,),'+ cation are given in Tables 1 and 2. 
persists when a greater than equimolar amount The 1 3 C  nmr spectrum of a yellow solution 
of PPh, is present; the 1 3 C  nmr spectrum of the of PPh, itself in SO, deserves further comment. 
supernatant liquor from a mixture where Both the chemical shift of C,, and J(31P-Cl), 
PPh,: HgZZ+ = 1.33 is identical to Fig. la. The are dissimilar from the values in other solvents. 
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For instance, the resonance due to C, occurs 
at higher applied field in SO, than in CS, 
(Table l), and J(31P-Cl) is much smaller in 
SO, than in CS, (Table 2). 6,(C1) of PPh, is 
known to decrease to a greater or lesser extent 
on coordination, as demonstrated by the data 
in Table 1 and discussed further below. In 
addition, the sign of J(31P-C,) has been shown 
to change on coordination (12). Our data for 
PPh, in SO, suggest that the PPh, is coordinated 
to the SO,, the sulfur presumably acting as 
an acceptor as it does in various SO, (amine) 
complexes (ref. 13 and references cited therein). 
In 0,s +- PPh, J(31P-C,) must be close to 
the crossover in sign. The PPh,-SO, complex 
is evidently not very strong; in a mixture of 
composition 4CS2 : 60, : PPh,, 6,(C1) and 
J(31P-Cl) do not have the values found in 
pure SO, but rather are 137.3 ppm and 9.5 Hz, 
respectively. 

Diphenyltrif7uoromethylphosphine 
When CF,PPh, is added to HgZ2+ in excess 

of an equimolar ratio disproportionation occurs, 
metallic mercury being formed. Clearly [l] is 
occurring. However, when CF,PPh,: HgZ2+ < 1 
no permanent deposit of mercury occurs but 
rather a clear yellow solution is formed. The 
13C nmr spectrum of a solution with CF,PPh,: 
Hg,,+ = 0.83 is shown in Fig. 16; 13C spectral 
parameters are given in Tables 1 and 2. The 
chemical shift of C, in Fig. l b  relative to the 
corresponding value in the free phosphine 
(Table 1) shows the presence of a coordinated 
phosphine in the mercury-containing solution. 
The signals due to C,, C2,6, and C3,5, in Fig. lb 
are doublets suggesting the occurrence of a 
species containing a single coordinated phos- 
phine, though doublet splitting is also possible 
in a bis(phosphine) species if J(P-P') = 
J(P1-C) = 0 (14). The latter possibility can 
be ruled out in the present instance by com- 
parison of the spectrum in Fig. lb  with the 
spectrum of an authentic sample of the 
Hg(CF3PPh2)22+ cation. Such a sample can be 
produced via [5], and its 19F nmr spectrum 
(Fig. 2a), being of the classic X,AA'X,' (or 
[AX,], (1 1)) type (15) readily confirms the 
presence of the desired cation. The fluorine 
spectrum can be analyzed by well-established 

FIG. 2. The 32 "C 94.1 MHz 19F nmr spectra of SO, methods (I5) give the nmr parameters listed solutions of (a) the Hg(P(CF3)Ph2)22+ cation, with theoreti- 
in Table 3. The phenyl region in the 13C nmr cal spectrum below, (6)  the Hg2(P(CF3)Ph2)2+ cation. 
spectrum of Hg(CF3PPh2)22f is unfortunately (* = impurity.) 
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TABLE 3. 19F nrnr parameters for CF,PPh,, 
Hg,(CF3PPh,)2+ and H~(CF,PP~,) ,~+ in liquid SO2 

19F chemical Nuclear spin coupling 
Compound shift (ppm)" constants (Hz) 

"Relative to CFCI,; upfield shifts are taken as positive. Spectra 
were initially referenced to the high field component of the CF,H 
si nal and converted using G(CFC1,) = G(CF,H) + 78.2. 

' ~hese  asslgnrnents are tentative. 

not well resolved, even when the 19F nrnr 
spectrum is, but the 13C chemical shifts of the 
cation (Table 1) differ significantly from those 
of the spectrum in Fig. lb. The species giving 
rise to the spectrum in Fig. lb  is therefore not 
Hg(CF3PPh2)22+ and so must be 1, a phosphine 
complex of mercury(1). This conclusion is 

confirmed by the 19F nrnr spectrum, shown in 
Fig. 2b, of the solution which gives rise to the 
13C spectrum in Fig. lb. In Fig. 2b can be seen 
a doublet, each component of which is sym- 
metrically flanked by two pairs of satellites. The 
total satellite intensity is 17.2% close to the 
16.9% expected if the satellites arise from 
coupling to lg9Hg (I = t ;  16.86% abundant). 
Thus the CF, group is coupled to two chemically 
distinct lg9Hg nuclei as it must be in 1. The nrnr 
parameters derived from Fig. 2b are given in 
Table 3. The larger value of J(lg9Hg-F) is 
tentatively assigned to the short-range coupling, 
,J(Hg-F), while the smaller is assigned to 
4J(Hg-F). 

The data in Table 3 show that 'J(P-F) in 1 
is larger than the corresponding coupling in the 
free phosphine in contrast to previously reported 
CF,PPh, complexes (16) where 'J(P-F) is 
smaller in magnitude in the coordinated phos- 
phine than in the free. We find that the magni- 
tude of 'J(P-F) also increases in the system 
AgAsF,-CF,PPh,-SO,, the maximum value 
observed in this rapidly-exchanging system 
being 86 Hz. Because 'J(P-F) in the silver(1) 
system increases continuously up to its limiting 

value, there can be no change in the sign of 
this coupling on coordination of CF,PPh, to 
Ag+, and the same is presumably true in the 
mercurous complex. An earlier explanation of 
the effect of coordination on 2J(P-F) of 
CF,PPh, appears to preclude the possibility of 
I 'J(P-F) I increasing except in the unlikely 
event that 'J(P-F) changes sign on coordina- 
tion (16). Our results show that this explanation 
is not general; further theoretical study of the 
phenomenon appears desirable. 

TriJEuorophosphine 
PF, dissolves in liquid SO, giving colorless 

solutions stable for long perlods at room 
temperature. The 0 "C 19F nrnr spectrum of 
PF, in SO, is a doublet, 'J(P-F) = 1403 f 2 Hz, 
centered at 35.6 4. Mixtures of colorless 
Hg,(AsF,), and PF, in SO, are yellow; they 
are unstable at room temperature, decomposing1 
over a period of a few hours to give PF, and 
AsF, (identified by 19F nrnr as a doublet, 
J = 944 + 2 Hz, at 68.0 4, and a broad line 
at 47.8 4, respectively) as well as reduced 
mercury species including, eventually, the visu- 
ally identifiable Hg,,,,AsF,(lO). The mixtures 
could, however, be studied by 19F nrnr at 0 "C, 
at which temperature they are stable. When 
PF, : Hg,(AsF,) < 1, ' J(P-F) is 1555 f 2 and 
the chemical shift is 47.7 4. Little change in 
these values occurs up  to equimolarity, after 
which both 'J(P-F) and the chemical shift 
decrease, moving closer to the value for free 
PF,. The variation of 'J(P-F) is shown in 
Fig. 3. Clearly PF, and HgZ2+ initially combine 
in a 1 : 1 ratio, which is consistent with the 
occurrence of either (or both) of [2] and [3]. 
As no metallic mercury is formed when 
PF, : HgZ2+ > 1 this rules out [3],' leading to 
the conclusion that the solutions initially con- 
tain Hg-Hg-PF,2+. The PF, complex must 
be involved in rapid exchange of PF, with free 
PF,, as an averaged signal is seen after the 1 : 1 
ratio even down to - 80 "C, the lowest tempera- 
ture attainable. The presence of rapid exchange 

lColorless mixtures of "ByNAsF, and PF, are stable 
indefinitely. The decomposition in the mercurous ion 
solutions may involve oxidation by the HgZ2+ cation 
directly, or metal ion catalyzed reduction of the AsF,- 
anion by PF, followed by disproportionation of the Hg:+ 
and then reduction of the mercuric ion by PF,. 

'In addition we find that HgZ+, as HgF(AsF,), immediately 
oxidizes PF,. 
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c 
1 4 0 0 ~ 1 2 3 4 5 6 7  

Molar Ratio PF3/Catlon 

FIG. 3. The variation in 'J(P-F) with change in the PF,: 
cation ratio for the systems Hg,(AsF,),-PF,-SO, (0) 
and AgAsF,-PF3-SO, (A) at 0 O C .  In all cases SO,: 
PF, = 17.2. Solid material was present in the region 
represented by the dashed line. The solid line is the varia- 
tion expected if a single stable but labile 1:  1 complex, 
AgPF,+, with 'J(P-F) = 1487 Hz is formed in the silver(1) 
system. 

m- 

ICMO- 

TGO 

1500- 

accounts for the absence of observable three- 
and four-bond mercury-fluorine couplings 
which might be expected for static Hg,PF,'+. 

At the PF, concentrations used (S02:PF3 = 
17.2) a white precipitate forms when 2 < PF,: 
HgZ2+ < 4. It seems that a second, probably 
2: 1 PF, : HgZ2+ complex, occurs in the system; 
the discontinuity seen in Fig. 3 at PF, : HgZ2+ = 
2 or thereabouts is support for this proposal. 
After PF, : HgZ2+ 2 4, ' J(P-F) and the chemical 
shift continue to decrease with increasing molar 
ratio, providing evidence that the 2 : 1 PF, : HgZZ+ 
complex also undergoes facile PF, exchange. 
Even at large values of PF3:HgZ2+ 'J(P-F) 
remains greater than that of free PF,, showing 
that the 2: 1 complex also has a larger value of 
'J(P-F) than PF, itself. 

The 2: 1 complex could not be isolated. 
When the volatiles are allowed to escape in vacuo 
from a precipitate-bearing sample in which, 
initially, 2 < PF, : HgZ2+ < 4, we firstly observe 
dissolution of the precipitate yielding a clear 
yellow solution. Further removal of volatiles 
from this solution under gentle conditions 
yields a pale yellow moisture-sensitive material 
which slowly loses further PF,. In SO, solution 

this yellow material has a 19F nmr spectrum 
m o  P F ~  Complexes with 'J(P-F) = 1553 Hz and it thus contains 

OCI A Ag A s F ~  Hg,PF,'+, possibly solvated. The impure 

o Hg2(AsF6)2 Hg,PF,'+ salt has a Raman band at 138 cm-' 
tl - attributable to v(Hg-Hg), and bands at 968 

and 936 cm-' in the infrared spectrum (Nujol 
4, . mull) which we tentatively assign to P-F . 

The increase in IIJ(P-F)I when PF, co- 
ordinates to HgZZ+ is most unusual and gives 
rise to what is, to our knowledge, a uniquely 
large one-bond phosphorus-fluorine coupling. 
Generally I ' J(P-F) I decreases when PF, be- 
comes coordinated (17, 18). The increase in 
IIJ(P-F)I in the mercurous complexes cannot, 
however, be associated with the unusual di- 
meric nature of HgZ2+, since we have observed 
a similar increase (to a maximum value of 
1487 Hz) in the system PF3-AgAsF,-SO, as 
shown in Fig. 3. (As can be seen by the full line 
in Fig. 3,, the behavior of the silver(1) system is 
close to that expected if a single stable but labile 
silver complex AgPF,' is formed in the system 
and is involved in rapid PF, exchange with free 
PF, .)4 

Evidence presented below suggests that little 
mercury-to-phosphorus back-bonding occurs in 
H~,(CF,PP~,) ,~+,  and this is probably true for 
Hg,PF,'+ also. Similarly, proton nmr studies 
of argentous-olefin complexes have been inter- 
preted as meaning that Ag+ is a good a-acceptor 
but a poor n-donor (ref. 19 and references cited 
therein). It may well be then that the large values 
of 'J(P-F) in the PF, complexes of HgZ2+ and 
Ag+ are to be associated with the occurrence 
of very little n-backbonding in the metal- 
phosphorus bonds of these complexes. 

stretching. If the Hg,PF,'+ salt is pumped for 
an extended period at room temperature all of 
the PF, is lost (as indicated by the infrared 

1 0  1 
spectrum) and the Raman spectrum shows only 
the 180 cm-' mercury-mercury stretching fre- 
quency of Hg,(AsF,), itself (8). The PF,-HgZ2+ 
system in SO, can clearly be described by 

1420 - reaction 6: 

,In calculating the full line no allowance has been made 
for the PF, in the gas phase in the sealed nmr tube. 

4[AgPF3][AsF,] can be isolated, impure, by gently 
removing volatiles from an SO, solution in which PF3/ 
Ag+ > 1. It is characterized by P-F stretching frequencies 
of 932 and 907 cm-' and a 19F chemical shift of 38.5 4. 
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Trimethylphosphite 
The behavior of the trimethylphosphite- 

Hg,(AsF,), system in SO, resembles that of the 
corresponding PPh, and CF,PPh, systems; no 
permanent deposit of mercury is observed until 
P(OMe), : ~ g , "  > 1. The proton nmr spectrum 
of a freshly-prepared SO, solution of P(OMe), 
consists of a doublet J z 12 Hz, 6 z 3.5 ppm.5 
However in mercurous ion-containing solutions 
the free phosphine resonances are absent, being 
replaced by a 'triplet' at 6 = 4.10 with apparent 
coupling 12.8 Hz. Such 'triplet' fine structure 
is diagnostic of a virtually-coupled bis(tri- 
methylphosphite) complex (see, for instance, 
ref. 20). The presence of Hg(P(OMe),),,+ is 
thus indicated, and is confirmed by comparison 
with the identical spectrum of a solution of 
Hg(P(OMe),):+ prepared by [5]. Evidently the 
mercurous ion in SO, disproportionates in the 
presence of trimethylphosphite even when 
P(OMe), : Hg," ,< 1. 

Other Phosphines 
Tris(trifluoromethyl)phosphine, P(CF,),, in 

SO, has a 19F nmr spectrum consisting of a 
doublet, J = 83 Hz, at 52.2 4. This spectrum 
is insensitive to the addition of Hg,(AsF,),, 
and the mercurous ion is not decomposed by 
excess P(CF,),. It seems highly unlikely that 
complexation would produce no change in the 
fluorine spectrum of P(CF,),, and it must be 
concluded that this phosphine is too poor a 
ligand to complex the mercurous ion under the 
experimental conditions used. 

Both trichlorophosphine and chlorodiphenyl- 
phosphine undergo halogen exchange on treat- 
ment with Hg,(AsF,), in SO, solution. The 
reactions of the Hg,(AsF,), with a variety of 
halogenated substrates will be the subject of a 
later paper in this series. 

The Relationship Between the Net Electron 
Donor Abilities of the Phosphines and Dis- 
proportionation of the Mercurous Ion 

Our results show [l] to be important for the 
phosphines PPh,, CF,PPh,, and P(OMe), when 
phosphine : Hg,,+ > 1, though no dispropor- 
tionation occurs with excess PF,, and no com- 
- 

5P(OMe)3 is unstable in SO, solution and decomposes 
completely in ca. 30 min at room temperature. The nmr 
spectrum of the decomposition products partly overlaps 
that of P(OMe),. SO, solutions of Hg(P(OMe),),2+ are 
stable for much longer periods. 

plexation with P(CF,), in excess or otherwise. 
When phosphine:Hg22+ 6 1, however, dis- 
proportionation according to [3] still occurs 
with PPh, and P(OMe),, but mercurous com- 
plexes of CF,PPh, and PF, are stable. Tolman 
(21) has shown that, towards the Ni(CO), 
moiety at least, the 'electron donor-acceptor 
properties' (i.e. the net electrondonating abilities) 
of the phosphines are in the order P(CF,), < 
PF, << CF,PPh, < P(OMe), < PPh,, thevalues 
of ELi (21) being 58.8, 54.6, 28.2, 23.1, and 
12.9 cm-', respectively, for these phosphines. 
It appears that those ligands (P(OMe), and 
PPh,) which are relatively good donors always 
cause disproportionation of Hg,,', while those 
which are weaker donors (CF,PPh, and PF,) 
cause disproportionation only when present in 
excess, if at all. Judging by the ZAi values, there 
appears to be quite a fine line between phos- 
phines exhibiting these alternate behaviors (cf. 
CF,PPh, us. P(OMe),) and an equally fine line 
between those phosphines which coordinate to 
HgZ2+ and those which do not (cf. P(CF,), us. 
PF3). 

13C Nuclear Magnetic Resonance Spectra and the 
Question of Mercury-to-phosphorus Back- 
bonding in Mercurous and Mercuric Com- 
plexes with Phenyl Phosphines 

In addition to 13C chemical shift data for 
PPh,, CF,PPh,, and some of their mercury 
complexes, Table 1 includes data for a variety 
of other compounds and complexes of PPh, 
for comparison. Of particular interest are the 
chemical shifts of C, and C, in the various 
species; no readily discernible trends occur in 
the data for C, and C,. Of all the triphenyl- 
phosphine compounds listed, PPh, itself, in 
the inert solvent CS,, has the largest value for 
S,(C,), and also the smallest value of 6,(C4). 
Increasing the coordination number of phos- 
phorus causes 6,(C1) to decrease and 6,(C4) to 
increase relative to free PPh,. The changes in the 
case of (Ph,P)Mo(CO), have been remarked 
upon previously (22). 

Both Lauterbur (23) and Spiesecke and 
Schneider (24) have examined the 13C spectra 
of a variety of monosubstituted benzenes. These 
authors concur in attributing changes in the 
para carbon shielding to changes in the n-effects 
of the substituents; n-donors cause increased 
shielding and n-acceptors decreased shielding. 
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It is thus apparent that, for all the PPh, com- 
pounds in Table 1, the n-density in the phenyl 
rings is reduced when PPh, becomes coordinated. 
Notably large effects are seen in MePPh,' and 
Hg(PPh,),'+. 

In monosubstituted benzenes, changes in 
6,(C1) have been shown to depend upon both 
the effects of magnetic anisotropy occurring in 
the region of the carbon-substituent bond and 
the electronegativity of the substituent, in- 
creased electronegativity causing decreased 
shielding of C, (24). Clearly the changes 
observed in the various PPh, compounds (Table 
1) are in the wrong direction to be ascribable 
to the increased electronegativity of phosphorus 
occurring with increased coordination. The 
changes must reflect changes in local magnetic 
anisotropy. If the magnetic anisotropy of the 
phosphorus is reduced on coordination, an 
upfield shift is expected, as observed. The 
shielding in this case reflects the difference in 
the magnetic anisotropies of the phosphorus 
'lone pair' and the phosphorus-substituent 
bond (24). 

The triphenylphosphine compounds in Table 
1 fall into two groups: those ((OC),MoPPh,, 
O=PPh,, H,C=PPh,) for which the change in 
6,(C,) upon coordination is 5 6 ppm, and those 
(MePPh,' and Hg(PPh,),'+) for which A6,(C,) 
is Z 14 ppm. Partial back-bonding between the 
substituent and phosphorus is expected in 
O=PPh, and H,C=PPh, and, from the data 
in Table 1, seems to occur in (OC),MoPPh, 
also. In contrast, only a cr-bond between the 
phosphorus and the methyl group is expected in 
the phosphonium cation, and the great similarity 
between the spectrum of this and the mercuric 
cation speaks strongly for the absence ofmultiple 
Hg-P bonding in the latter cation also. This 
explanation is consistent with observed changes 
in the shielding of C4 (see above); the positive 
charge on phosphorus will most likely be larger 
in those compounds where no back-bonding to 
phosphorus occurs and this should lead to 
greater polarization of the aromatic n-density, 
as reflected by 6,(C4). 

The shielding of C, and deshielding of C4 
which occur when either the mercuric or 
mercurous complex of CF,PPh, is formed, 
are of comparable magnitude to the changes 
accompanying formation of Hg(PPh,),'+. Ac- 
cordingly, the interpretation of the previous 

paragraph holds, i.e. little, if any, Hg-to-P 
back-bonding occurs in either the mercurous or 
mercuric complexes of CF,PPh,. 

Reactions of Hg2(AsF6), with Triphenyl- and 
Tris (p-fluoropheny1)phosphine Sulfides, Tri- 
phenylphosphine Selenide, Triphenylarsine, 
and Triphenylstibine in Liquid Sulfur 
Dioxide 

When a greater than equimolar amount of 
Ph,PS, (p-FC6H4),PS, Ph,PSe, Ph,As, or Ph,Sb 
is added to Hg2(AsF6), in SO,, permanent dis- 
proportionation is observed to occur. With an 
excess of Hg,(AsF,),, however, the reaction 
with each ligand proceeds as follows: mercury 
is formed at the point of contact of the two 
solutions but readily dissolves on shaking to 
give a clear yellow solution from which, on 
standing for a few minutes, a white or pale 
yellow solid precipitates. The products all have 
the stoichiometry Hg,(AsF6),.L. Addition of 
traces of water or other strong donor solvent 
to the 1 : 1 complexes causes decomposition, 
metallic mercury being observed. This dis- 
proportionation is good evidence that the 
products contain the mercurous ion. The Raman 
spectra of the adducts (Table 4) provide further 
evidence for the integrity of the mercury- 
mercury bond; in each spectrum a very intense 
band is observed in the mercury-mercury 
stretching region. Though this band is almost 
certainly not due to a pure Hg-Hg stretching 
vibration, it does signify the presence of the 
dimeric cation. 

TABLE 4. Partial Raman and infrared spectra of some new 
mercurous complexes, Hg,(AsF6),.L (cm-') 

Infrared 
Raman 

L v(Hg-Hg)" v(P-S(S~))~ AV(P-S(S~))~ 

"Probably not a pure vibration; + 2  cm-'. 
b+2cm-L.  
'v(P-S(Se))r,, ligand - v(P-S(Se)),omp~cx ; k 3 cm-'. 
*Sample repared b removing solvent from an equimolar mixture 

of H~,(As&), and c ~ ~ P P ~ ,  in SO,: 
'Could not be assigned with certainty. 
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The sensitivity of v(Hg-Hg) (Table 4) to the 
group VA or VIA donor atom present in the 
ligand is good evidence that this donor atom is 
indeed coordinated to the mercurous ion; the 
lowering of v(P-S(Se)) in the infrared spectra 
of the phosphine chalcogenide adducts (Table 4) 
provides corroboration of this for these com- 
plexes. The infrared spectra, in the phenyl 
region, of all the adducts (see Experimental 
section) bear great resemblance to those of the 
uncoordinated ligands, ruling out the possibility 
of phenyl coordination in addition to coordina- 
tion by the more normal donor atom. All the 
evidence is consistent with Ph,M (M = As, Sb) 
acting as monodentate ligands in their mer- 
curous complexes, which presumably have struc- 
tures analogous to 1. The phosphine chalco- 
genides very probably act in a similar mono- 
dentate manner through the chalcogen. If so, 
the relatively large values of Av(P-S(Se)) can 
reasonably be ascribed to a combination of the 
'mass effect' and the pronounced Lewis acidity 
of the mercurous ion (30). However, chalcogen- 
bridged structures for the Ph,PS(Se) adducts 
cannot be ruled out with certainty; the magni- 
tude of the changes in v(P-S(Se)) are not 
inconsistent with this possibility (30, 31). 

The adducts prepared here are clearly true 
mercurous complexes, apparently the first re- 
ported with sulfur, selenium, arsenic, or anti- 
mony as donor atoms. The complexes may be 
stable in solution, but it is also possible that 
they owe their existence to their insolubility in 
SO, which would force equilibrium [2] to the 
right and hence equilibrium [3] towards the left 
(cf. the stability of very insoluble mercurous 
compounds in water (1-3)). 

Experimental 
Reagents 

Sulfur dioxide (Matheson) was stored in the gas phase 
over Linde 3A Molecular Sieves at least 12 h prior to use. 
Triphenylphosphine, -arsine, -stibine (Eastman) were re- 
crystallized from ethanol before use, while phosphorus 
trifluoride (Matheson) and trimethylphosphate (Alfa) were 
used as obtained commercially, as was tris(4-fluoropheny1)- 
phosphine (Maybridge Research Chemicals), the melting 
point and infrared and 19F nmr spectra of which showed 
the absence of the phosphine oxide. Triphenylphosphine 
sulfide, tris(4-fluorophenyl)phosphine sulfide, and triphenyl- 
phosphine selenide were prepared by literature methods (ref. 
32 and references cited therein). Diphenyltrifluoromethyl- 
phosphine was prepared by the reaction of diphenylchloro- 
phosphine with trifluoroiodomethane (33). Tris(trifluor0- 

methy1)phosphine was the gift of C. J. Willis of this depart- 
ment. Mercurous hexafluoroarsenate and silver hexafluoro- 
arsenate were synthesized as described previously (6, 8). 
Tetramethylammonium hexafluoroarsenate, Me,NAsF,, 
was obtained by reaction of tetramethylammonium chloride 
with arsenic pentafluoride in anhydrous hydrogen fluoride. 
The product, sparingly soluble in SO,, showed a single 
resonance in the 'H nmr spectrum a t  3.16 ppm relative to 
internal TMS. Fluoroform (Matheson) was used as obtained. 

Preparation of Complexes Insoluble in SO, 
The preparative technique was identical to that described 

previously for the preparation of insoluble arene complexes 
of Hg,(AsF,), (6) except that the molar ratio of ligand to 
metal salt was kept below unity. Analysesand partial infrared 
spectra of the new complexes are given in Table 5. 

Preparation of 19F and 13C Nuclear Magnetic Resonance 
Samples 

The samples for 19F nmr studies of PF, and Hg,(AsF,), or 
AgAsF, were prepared in 5 mm 0.d. thick-walled nmr 
tubes, each fused initially to a small length of a in. medium- 
wall glass tubing. Amounts of metal salt used ranged from 
1.5 to 0.08 g of Hg,(AsF,), and 0.57 to 0.03 g of AgAsF,. 
The metal salts were added in the dry box from which the 
tubes were removed after capping with rubber serum caps. 
The 19F nmr reference material, hexafluorobenzene (19F 
chemical shift = 164.9 $), was added via a syringe and 
the tube attached to the vacuum line. Sulfur dioxide and 
PF, were condensed into the tube a t  - 196 "C and the 
nmr tube separated from the a in. tubing by flame-sealing. 
The molality of PF, was held constant by adding the same 
volume of PF, and SO, each time. Preparation of 19F nmr 
samples of the systems CF,PPh,-Hg,(AsF,),-SO, and 
CF,PPh,-AgAsF,-SO, was essentially identical, the phos- 
phine being added by weight from a syringe, and fluoroform, 
CHF, (19F chemical shift = 78.2 4, ,J,, = 79.5 HZ), being 
used as internal reference. Samples of (MeO),P-Hg,- 
(AsF,),-SO, for proton nmr were prepared similarly, 
using,Me,NAsF, (6 = 3.16 ppm) as internal reference. 

For 13C nmr, samples of PPh, in SO,, or in CS, or  in 
CS2-SO, mixtures, and samples containing Hg,(AsF,),- 
PPh, mixtures in SO,, were prepared in 10 mm 0.d. sample 
tubes. 13C nmr samples of CF,PPh, or Hg,(AsF,),-CF,- 
PPh, were prepared and run in 4 mm 0.d. coaxial nmr tubes 
as described previously (6). 

The apparatus used for (51 (see text) consisted of a glass 
tube reaction chamber separated from the appropriate nmr 
tube by a fine sinter. In the dry box, all necessary solids 
were added to the glass tube which was then capped, 
removed from the box, and attached to the vacuum line. 
Following addition of SO, (and CHF, for I9F nmr samples), 
the reaction vessel was flame-sealed and allowed to warm 
up to room temperature. After reaction the solution was 
filtered through the sinter into the attached nmr tube and 
frozen down to allow flame-sealing and separation of the 
nmr tube. 

,PPh, was found to react with liquid SO, at a rate depen- 
dent on the PPh, concentration; a 0.25 M solution was 
decomposed slightly after ca. 12 h but a 2.5 M solution 
was extensively decomposed after ca. I h a t  32 "C. PPh, 
has been shown previously to react with SO, a t  elevated 
temperatures yielding OPPh, and SPPh, (34). 
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TABLE 5. Analyses and infrared spectra of complexes preparedo 

Analysis (%) 

Theoretical Found 

Complex Formula Color C H X C H X Infrared spectra" 

Hg,(AsF,),.triphenylphosphine 
sulfide 

Hg,(AsF,),.triphenylphosphine 
selenide 

Hg,(AsF6),.tris(4-fluoropheny1)- 
phosphine sulfide 

-- 

A s , C ~ ~ H ~ ~ F ~ 2 H g ~  White 19.92 1.39 20.06 1.55 1579w, 1570w, 1445s, 1435m, 1335w, 
1321w, 1316sh, 1307sh, 1277w, 1193m, 
1 162w, 1079m, 1025w, 1017m, 1003m, 
999111, 994m,990m, 945m, 790s, 786s, 
760s, 755s, 735m, 699m,687sh, 615vw, 
473111, 467s (v,,C-As), 456w. F 

As,C,,H,,F,,Hg,Sb Yellow 19.09 1.34 10.75(Sb) 19.23 1.42 11 .Ol(Sb) 1574s, 1478m,sh, 1440s, 1426s, 1337w, 2 
? 

35.44(Hg) 35.58(Hg) 1331w, 1319vw, 1193w, 1066m, 1050m, o 
1019m, 998m, 990s, 940w,924vw, 784m,sh, 
779m, 750m,735m,sh, 689m,sh,613m, 
460m,sh, 447s. 

f 
4 
0 

As,C,,H,,F,,Hg,PS White 20.14 1.41 2.99(S) 20.28 1.34 2.93(S) 1483m,sh, 1445s, 1338w, 1310w, 1199w, ' VI 

P 1186w, 1164w, 1124w, 1 l02s, 1022vw,sh, - - 
995m, 751m,sh,740m,sh,723m, 710~1,  ~3 .J 

615w, %Ow, 552s (vP=S), 515s (v,,C-P), O' 

445w,sh, 430vw, sh (v,C-P). 

As,C,,H,,F,,Hg,PSe Yellow 19.30 1.34 7.05(Se) 19.04 1.39 7.21(Se) 1479m,sh, 1442m,1333w, 1310w, 1194w, 
1186w,sh, 1164w, 1124w, 1095s, 1022w, 
1016w, 994m,747w, 739w, 720m,704m,sh, 
609vw, 525s (vP=Se), 512s (v,,C-P), 
444w,sh, 429w,sh (v,C-P). 

As,C,,H,,F,,Hg,PS White 19.18 1.07 2.84(S) 19.29 1.23 2.97(S) 1493111, 1401w, 1 3 0 7 ~ .  1294vw, 1261m, 
1250s, 1162s, 1102s, 1002w, 947vw, 844m, 
830m, 714m,sh, 690m,634m, 613w, 540s, 
533m,sh, 524m,sh, 510w, 464m, 452111. 

"16W-300 cm-' region; bands attributable to the anion have been omitted. 
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DEAN AND IBBOTT: MERCURY(1) CHEMISTRY. PART I1  187 

Spectroscopic Measurements 7. P. A. W. DEAN and D. G. IBBOTT. Inorg. Nucl. Chem. 
The 19F nmr spectra were obtained using a modified 

Varian HA-100 nmr spectrometer operating at 94.1 MHz. 
Measurements were taken with a probe temperature of 
32 "C except for measurements on PF, samples which were 
made at 0 "C. 

'H nmr spectra were recorded on a Varian T-60 with a 
probe temperature of 32 "C. 

The 32 "C proton-decoupled 13C spectra were obtained 
using a Varian XL-100-15 system operating in the Fourier 
transform mode. Both the 10 and 4 mm sample tubes 
were placed coaxially in appropriate tubes. The external 
reference and deuterium lock were contained in a dioxane- 
D,O solution (10190% v/v) in the annulus. 

Raman spectra were obtained on a Cary 82 Raman 
spectrometer with Ar' (5145 A) laser excitation. The 
solids were contained in glass capillary (melting point) 
tubes. 

Infrared spectra were obtained using Nujol mulls between 
potassium bromide plates on a Perkin-Elmer 621 grating 
infrared spectrometer and/or on a Beckman IR-2OA 
spectrometer. 

Acknowledgments 
Acknowledgement is made to the donors of 

the Petroleum Research Fund, administered 
by the American Chemical Society, and to the 
National Research Council of Canada for 
financial support of this research. We thank 
Professor J. B. Stothers for obtaining many 
of the 13C nmr spectra and for helpful dis- 
cussions, and Mrs. H. Schroeder for technical 
assistance with the lgF nmr spectra. 

1. D. J. CARDIN. In MTP international review of science. 
Inorganic chemistry, Series 1, Volume 1. Edited by 
M. F. Lappert. Butterworth and Co., Ltd., London. 
1972. p. 45 et seq. 

2. B. J. AYLETT. In Comprehensive inorganic chemistry. 
Vol. 3. Pergamon Press Ltd., Oxford. 1973. p. 286. 

3. F. A. COTTON and G. WILKINSON. Advanced inorganic 
chemistry. 3rd ed. Interscience Publishers, New York. 
1972. p. 510. 

4. D. L. KEPERT and D. TAYLOR. Aust. J. Chem. 27, 
1199 (1974) and references cited therein. 

5. R. A. POTTS and A. L. ALLRED. Inorg. Chem. 5, 1066 
(1966). 

6. P. A. W. DEAN, D. G. IBBOTT, and J. B. STOTHERS. 
Can. J. Chem. This issue. 

Lett. 11, 119 (1975). 
8. B. D. CUTFORTH, C. G. DAVIES, P. A. W. DEAN, R. J. 

GILLESPIE, P. R. IRELAND, and P. K. UMMAT. Inorg. 
Chem. 12, 1343 (1973). 

9. B. D. CUTFORTH, R. J. GILLESPIE, and P. R. IRELAND. 
J. Chem. Soc. Chem. Commun. 723 (1973). 

10. I. D. BROWN, B. D. CUTFORTH, C. G. DAVIES, R. J. 
GILLESPIE, P. R. IRELAND, and J. E. VEKRIS. Can. J. 
Chem. 52, 791 (1974). 

11. C. W. HAIGH. J. Chem. Soc. A, 1682 (1970). 
12. W. MCFARLANE. Proc. R. SOC. London, Ser. A, 306, 

185 (1968). 
13. D. VAN DER HELM, J. D. CHILDS, and S. D. CHRISTIAN. 

Chem. Commun. 887 (1969). 
14. D. A. REDFIELD, J .  H. NELSON, and L. W. CARY. 

Inorg. Nucl. Chem. Lett. 10, 727 (1974). 
15. F. A. L. ANET. J. Am. Chem. Soc. 84, 747 (1962); 

R. K. Harris. Can. J. Chem. 42, 2275 (1964). 
16. A. J. REST. J. Chem. Soc. A, 2212 (1968). 
17. J. F. NIXON. Adv. Inorg. Chem. Radiochem. 13, 452 

(1970). 
18. E. R. ALTON, R. G. MONTEMAYOR, and R. W. PARRY. 

Inorg. Chem. 13, 2267 (1974). 
19. R. G. SALOMON and J. K. KOCHI. J. Am. Chem. Soc. 

95, 1889 (1973). 
20. G. M. BANCROFT and E. T. LIBBEY. Can. J. Chem. 51, 

1482 (1973). 
21. C. A. TOLMAN. J. Am. Chem. Soc. 92, 2953 (1970). 
22. 0. A. GANSOW and B. Y. KIMURA. Chem. Commun. 

1621 (1970). 
23. P. C. LAUTERBUR. J. Am. Chem. Soc. 83, 1846 (1961). 
24. H. SPIESECKE and W. G. ~ C H N E I D E R .  J.  Chem. Phys. 

35, 731 (1961). 
25. T. BUNDGAARD and H. J. JACOBSEN. Acta Chem. 

Scand. 26,2548 (1972). 
26. J. B. STOTHERS. Carbon-1 3 N.M.R. spectroscopy. 

Academic Press, New York. 1972. p. 49. 
27. G.  A. GRAY. J. Am. Chem. Soc. 95, 7736 (1973). 
28. T. A. ALBRIGHT, W. J. FREEMAN, and E. E. SCHWEIZER. 

J. Am. Chem. Soc. 97, 940 (1975). 
29. T. A. ALBRIGHT, W. J. FREEMAN, and E. E. SCHWEIZER. 

J. Am. Chem. Soc. 97, 2942 (1975). 
30. P. M. BOORMAN and D. Pons .  Can. J. Chen~. 52, 2016 

(1974). 
31. P. M. BOORMAN and K. J. REIMER. Can. J. Chem. 49. 

2926 (1971). 
32. G. M. KOSOLAPOFF. Organophosphorus compounds. 

J. Wiley and Sons, Inc., New York. 1950. p. 99. 
33. M. A. A. BEG and H. C. CLARK. Can. J. Chem. 40,283 

(1962). 
34. B. C. SMITH and G. H. SMITH. J. Chem. SOC. 5516 

(1965). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



J ERRATUM 

/Erratum: A photoelectron investigation of acyl silanes: the photoelectron 
spectra of trimethylsilyl phenyl ketone and phenyl tevt-butyl ketone 

R. S. BROWN 
Departn~et~t of Cl~en~istry, Ut~iversity of Alberta, Edtnotztotl, Alberta T6G 2El 

Received October 3, 1975 

(Ref.: Can. J. Chem. 53, 2446 (1975)) 

The correct structure 3 is that given below and not as shown in the article. 

/ Erratum: Synthesis and characterization of some dibasic tridentate 
Schiff base ligands 

ELMER C. ALYEA AND ABDUL MALEK 
Deprrrttnetl/ oJ'Cl~etnistry, Utliversity of Guelph, GlrelpA, Ot~tario NIG 2WI 

Received October 30, 1975 

(Ref.: Can. J. Chem. 53, 2809 (1975)) 

The name of Professor J. M. Fresco was spelled illcorrectly in the text of the original erratum. 
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COMMUNICATIONS 

The environment of tertiary alcohols from nuclear magnetic resonance 
spectral sliifts on formation of trichloroacetylcarbamates 

DAVID R.  TAYLOR 
C11ernirtr.y Departn~etzt, Utriversity oJ Albertcr, Eclrnotrtor~, Alberta T6G 2G2 

Received August 29, 1975 

DAVID R. TAYLOR. Can. J. Chern. 54, 189 (1976). 
Reaction of tertiary alcohols with trichloroacetylisocyanate causes a marked downfield shift 

of the nrnr signals of protons 0 to the hydroxyl group. This can be used to reveal the presence of 
methyl groups adjacent to a tertiary hydroxyl group and of other 0 protons which are sufficiently 
deshielded to be observed. This method has also been used to assign the geometry of the double 
bond of an allylic alcohol. 

DAVID R. TAYLOR. Can. J. Chern. 54, 189 (1976). 
La rCaction des alcools tertiaires avec I'isocyanate de trichloroacCtyle produit un dkplacernent 

important vers les bas champs des signaux rrnn des protons en 0 du gro~lpe hydroxyle. On peut 
utiliser cette propriCtC pour rnettre en Cvidence la prisence de groupes rnkthyles adjacents au 
groupe hydroxyle tertiaire et d'autres protons en 0 qui sont sufisamrnent diblindees pour &tre 
observCs. On a aussi utilisC cette mtthode pour attribuer la gCornCtrie de la double liaison d'un 
alcool allylique. 

[Traduit par le journal] 

The facile reaction of alcohols with trichloro- 
acetylisocyanate (TAI) to yield carbarnates in 
which the NH signal in the nmr spectrum ap- 
pears at 6 8-9 has been ~ ~ s e d  by Goodlett (I) and 
Bose and co-workers (2) to determine the num- 
ber and type of hydroxyl groups in a ~nolecule by 
the number of NH signals formed and by ob- 
serving the downfield shifts of the (Y protons. 
Mak and Rogers (3) have recently reported the 
use of this reagent for determining chain branch- 
ing in epoxy resins. We now report that the nmr 
signals of protons f l  to  tertiary alcohols undergo 
significant downfield shifts on reaction of the 
alcohol with TAI. These shifts can be useful in 
defining the environment of tertiary alcohols and 
can thus aid in structure determination. 

Trichloroacetylcarban~ates are particularly at- 
tractive derivatives for nmr study because, as has 
been pointed out (l,2), they are readily formed in 
minutes from even hindered secondary and 
tertiary alcohols on adding TAI to a solution of 
the alcohol in the nlnr tube, and because TAI is 
devoid of protons. Conversion of tert-butyl 
alcohol into its trichloroacetylcarban~ate in this 
way causes the signal for the methyl protons 
(6 (CDC13) 1.28) to shift to 6 1.56, a downfield 
shift of 0.28 ppm. In all the other tertiary alco- 
hols examined (see Fig. I), the signals of the 

methyl groups adjacent to the tertiary alcohol 
shifted by more than this amount, the range 
found being 0.29-0.44 ppm. Other methyl groups 
shift considerably less (cf'. 1 and 5). This method 
allowed us to decide readily between the alterna- 
tive structures, 8 and 9, for the monomethyl 
ether of 7. Reaction of the monomethyl ether of 
7 with TAI caused only negligible shifts in the 
signals for the methyl groups and this is only 
consistent with the structure 8. As shown in 
Fig. I, the signal for the tertiary methyl group in 
7 shifts downfield by 0.37 ppnl and 9 would be 
expected to  show a similar shift. 

Other protons f l  to  a tertiary hydroxyl group 
also show large downfield shifts on formation of 
trichloroacetylcarban~ates. Thus H-24 in sapelin 
A diacetate, 6 (4), is shifted downfield by 0.70 
ppm on reaction with TAI. Even larger shifts are 
shown by the nlethine hydrogen of the isopropyl 
group in 7 and 8' (see Fig. 1). The C-7 proton 
(H,) in cedrol, 4, is hidden ~inder the methylene 
envelope. On reaction with TAI, however, H, 
can be seen as a broadened doublet at 6 2.50 
(J = 4.5 Hz). The C-9 protons, HI, and H,, also 
become visible but form too conlplex a pattern 

'The shifts are given as a range in Fig. 1 since therneth- 
ine hydrogens in 7 and 8 are obscured by other absorption. 
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190 CAN. J. CHEM. VOL. 54, 1976 

0 H 

9 10 I 1  
FIG. 1. Positive numbers in parentheses represent downfield shifts (in ppnl) of the protons indicated on addition 

of TAI to solutions in CDCI3. 

to reveal chemical shifts. The downfield shifts of on adding TAI can be useful in cases where a and 
f l  vinylic protons have the same or almost the 
same cheinical shifts. Thus, in the allylic alcohol 
lO,'H, and Hb form a complex pattern froin 
which Jab is not easily obtained. On addition of 
TAI to  10, the chemical shifts of H, and Hb 
became sufficiently different for Jab t o  be ob- 
served (15.5 Hz) and the trans geometry assigned. 
I n  many similar allylic alcohols, the geometry of 
the double bond was either assumed or proven 
by inore laborious  neth hods (7). The inagnitude 
of the downfield shifts of H, and HI, could not be 
reliably obtained, but, interestingly, H, (the a 
vinylic proton) underwent a slightly larger shift 
than did Hb (the f l  vinylic proton). These results 
show the danger of using TAI shifts for deter- 
mining the substitution of the double bond in 
allylic alcohols. 

510 was formed from (-)-delobanone, 11, (W. K. Chan 
and D. R. Taylor, unpublished results) via singlet oxygen 
oxidation. 

sirnilar protons in some dammarane triterpenes 
on addition of TAI have been recently reported 
without comment by Lavie and co-workers (5 ) .  

Bose and co-workers (2) have made the gener- 
alization that reaction of allylic alcohols with 
TAI causes a downfield shift of vinyl protons f l  to 
the hydroxyl group of 0.08-0.17 ppm' while a 
vinyl protons are largely unaffected. Our results 
011 nerol, 2, manool, 3,3 and g4 indicate that this 
does not hold for all allylic alcohols. Although 
the shifts of the viilylic protons in allylic alcohols 
are variable, the si~nplification of the spectru~n 

'In ref. 2, the range given was 10-15 Hz while the one 
case cited showed a shift of 9 Hz. However, the frequency 
of the spectrometer was not specified. In a later paper (6), 
the range of 5-10 Hz (at 60 MHz) was given, and an 
example of a 5 Hz shift was quoted. 

3Not surprisingly, manool, 3, showed virt~~ally the 
same shifts of the corresponding vinyl protons as nerol, 2. 

4We could not distinguish between the two vinylic 
protons in 8. 
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Asymmetric induction in the Sommelet rearrangement of chiral benzyl 
sulfonium salts 
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STEWART JOHN CAMPBELL and DAVID DARWISH. Can. J .  Chem. 54, 193 (1976). 
The Sommelet rearrangement of (+)-ethylmethyl-p-nitrobenzyls~~lfoniun~ perclllorate, 

(+)-I ,  and (+)-etliylniethyl-p-clilorobenzylsulfoniun perchlorate, (+)-2, are described. 
Elution of (+)-I through an hydroxide exchange resin generated etliylmetl~ylsulfoni~~nip-nitro- 
benzylide (+)-3 which decomposed in methanol at  room teriiperature to ethyl 2-methyl-5-nitro- 
benzyl sulfide, 6, and (+)-methyl a-(2-methyl-5-nitropheny1)ethyl sulfide, (+)-7, with IS to  
20.3(/; asymmetric induction. Deconlposition of (+)-2 in sodium methoxide solution at  70 OC 
for 2 I1 produced ethyl 2-methyl-5-clilorobenzyl sulfide, 8, and (+)-methyl a-(2-methyl-5-nitro- 
p11enyl)ethyl sulfide, (+)-I), with 21 to  25.5:; asymmetric induction. The  lower estimates of 
asymmetric induction for each sulfide were made by coniparison with specific rotations of 
authentic san~ples obtained by synthesis and resolution. The higher estimates were obtained 
by the use of a chiral lanthanide shift reagent Eu(11fbc)~ with the sulfone derivatives of these 
chiral sulfides. The ylide (+)-3 reacted with aldehydes in high yield to produce oxiranes with 
no induction of asymmetry. 

STEWART JOHN CALII~BELL et DAVID DARWISH. Can. J .  Chenl. 54, 193 (1976). 
On decrit le rkarrangenient d e  Sornmelet du perchlorate du (+) CthylmCthyl p-nitrobenzyl- 

sulfonium, (+)-I  et du (+)-CtI~yln~Ctliyl p-chlorobenzyls~~Ifoni~~n~, (+)-2. L'Clution de (+)-I  B 
travers une colonne Ccliangeuse d'ions contenant des groupes O H  gCnkre le p-nitrobenzylide 
d 'Ct l~ylmtt l~ylsulfoniun~,  (+)-3, qui se dtconipose dans le mCthanol B tempirature d e  la p i k e  
pour fournir le sulfi~re d'Cthylc et de nlithyl-2 nitro-5 benzyle, 6, et le (+) s ~ ~ l f u r e  de mCtliyle et 
d'a(mCtl1yl-2 nitro-5 phtnyl) Ctliyle, (+)-7, avec des inductions asymktriques de IS B 20.3')'. La 
dCconiposition de (+)-2 dans Line solution tle nitthylate tle sodium B 70 "C pendant 2 I1 conduit 
aLt sulfilre d'Cthyle et de mCthyl-2 chloro-5 bcnzyle, 8, et au (+) s ~ ~ l f i l r e  de mtthyle et d'a(mithy1- 
2 nitro-5 phCnyl) Cthyle, (+)-I) avec une induction asymetriq~re de 21 B 25.jC/;,. Les estirnCs les 
plus bas pour I'induction asymttr iq~le pour chaque sulfure ont Ctt faits par cornparaison des 
indices s l ~ t c i l i q ~ ~ e s  dc rotation avec des Ccliantillons authentiques obten~ts par syntllkse et 
rCsolution. Les estimes les plus hauts ont CtC obtenus par I'utilisation d'un rCactif de dtplace- 
ment ch i rn iq~~e  impliquant des lanthanides chiraux, Eu(lifbc),, avec les dCrivCs s ~ ~ l f o ~ i i q ~ ~ e s  des 
sulfures cliiraux. L'ylitle (+)-3 rCagit avec les aldthydes avec de bons rendements pour conduire, 
sans induction d'asymttrie, B des oxirannes. 

[Traduit par le journal] 

]National Research Council of Canada Scholarship The general utility of the reaction of sulfonillm 
holder, 1972, 1973. Current address: Oilseeds Research, ylides with aldehydes and ketones to yield the 
Agriculture Canada Research Station, Saskatoon, Sas- 
katchewan. corresponding oxiranes is well known (1-3). 

2Deceased, April 15, 1973. Sulfonium ylides, in possessing n pyramidal 
3Revision received August 26, 1975. sulfur (4, 5), might serve as asymmetric transfer 
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TABLE 1. Reactions of ethyln~ethylsulfoni~~rn p-nitrobenzylide with 
carbonyl compounds 

Added reagent with Reaction tinlet Melting point Yield 
( k 1-3 (h) Product* ("c)  (5;) 

Benzaldehyde 
p-Chlorobenzaldehyde 
p-Nitrobenzaldehyde 
Acetaldehyde 
Chalcone 
p-Nitroacetophenone 
Acetone 
Benzophenone 
Cyclohexanone 

Oxirane 4a 124 65.5 
Oxirane 4h 125 77.3 
Oxirane 4c 200 77.3 
Oxirane 4d 86 66 .O 

5 104 16.01s 
No oxiranef 
N o  oxiranef 
N o  oxiranef 
N o  oxiranef 

tratls-4u R = Csl-Is-, S = 0 
tro~rs-4b R = p-CICaH I-, X = 0 
trans-4c R = p-No:CfiH~-, X = O 
Irarrs-4d R = CHI-, X = 0 

5 R = Csl-liCO-, X = CebIjCH-- 
+Time for the wi~lc-rcd colour of lhc cmucnt to disappear wilh cquimolar ralio or I-c:lclanls. 
;Sulfide dceomposilion producls and oair ' :~~~e 4 r  obscrvcd. 
5 S~ereochcmistry not assigned. 

agents. However, tlie synthetic potential of the 
known carbonyl-stabilized cliiral sulfonium ylides 
is severely limited by facile racemization (i l lz crr. 
12-30 min at  50 OC in benzene) and reduced 
reactivity (6). 

Trost and Hammen reported that the highly 
reactive (+)-1-adarnantylethylsulfo~ii~i~ii methyl- 
ide failed to  induce asyliimetry in the products 
from reaction with benzaldehyde (7). However, 
a liighly eflicient asymmetric transfer (>947,) 
was discovered in the base-catalyzed rearrange- 
ment at - 33 "C of (+)-1-ada~iiantylallylethyl- 
sulfonium tetrafluoroborate to  (R)-(-)-1-ada- 
ma1ityl-2-pent-4-e1iyl sulfide (7). 

We also have failed to  observe asymmetry in 
the products from reactiori: of several chiral 
sulfonium methylides with aldehydes and ke- 
tones. During these studies, a scco~id exa~iiple o f  
a n  asymmetric transfer reaction similar to the 
ally1 rearrangement was discovered. I n  this 
article, the asymmetric induction in the products 
of the Sommelet rearrangement of two cliiral 
benzyl sulfonium salts will be described. 

Chiral Uenzylsulfonium Salts 

(*)-Ethylmethyl-p-~iitrobenzylsulfoni~~m per- 
chlorate, (+ ) - I ,  and (+)-ethylmethyl-p-cliloro- 

benzylsulfoni~~~ii perchlorate, (+)-2,  were pre- 
pared and resolved utilizing the hydroxide 
exchange methods described previously for tlic 
synthesis and resolution of sulfoniii~ii salts via 
their (2R.3R)-hydrogen 2,3-dibenzoyltartratc 
salts (6, 8, 9). Precautionary measures similar to  
those employed for synthesizing cliiral sulfonium 
ylides (6) were followed in obtaining tlie resolvecl 
salts with high specific rotations. The rate 
constants for the raccmization of (+)-I  and 
(+)-2 in 111et11anol at  70  OC arc (9.15 + 0.13) 
X s-l (8) and (9.66 + 0.06) X s-I re- 
spectively (9). As with many other chiral sul- 
fonium salts, (+)-I  and (+)-2 race~iiize via 
pyra~iiidal inversion (8, 9). 
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CAMPBELL AND DARWISH: ASYMMETRIC INDUCTION 195 

The Sornrnelet Rearrangements 

Upon elution of a methanol solution of 
(+)-I through a Dowex 1-X8 hydroxide ex- 
change colun~n, a deep wine-red colour develops 
which is ascribed to the ylide (+)-3 in  equi- 
libriium with its sulfoni~lm hvdroxide. Neutral- 
ization of the basic etllucnt with perchloric acid, 
with concomitant loss of colour, regenerates the 
~erchlorate. Addition of aldehvdes to the eilluent 
results i n  the fornlation of the corresponding 
oxiranes 4 in  high yields, Table 1. The ylide 
(*)-3, however, fails to react with ketones and 
reacts in very low yield with chalcone to givc 
the cyclopropane product 5. In  failing to react 
with ketones, the ylide (*)-3 decomposes via 
the Sommelet rearrangement to ethyl 2-methyl- 
5-nitrobenzyl sulfide, 6, and (*)-methyl ~ ( 2 -  
methyl-5-nitropheny1)ethyl sulfide, (*)-7. trarzs- 
4,4-Dinitrostilbene oxide, 4c, and other nitro- 
aromatic conipounds are also formed during this 
decomposition by conlplex radical-anion de- 
composition pathways (10, 1 I). 

Treatment of the optically active ylide, pre- 
pared by eluting (+)- or (-)-I through an 
hydroxide exchange column, with 1 cquiv. of 
several aldehydes or an  excess of acetaldehyde 
to en'cct an inimediate reaction with thc chiral 
ylide produccd racemic oxiranes. Dcconlposition 
of the wine-red efiluent from the hydroxide 
exchange of (+)-1 for 17 h at room tcmperaturc 
in the absence of added clectrophile yields 6 
and thc non-fractionally crystallized (+)-7, 
[ff]436r'L' +54.2' (c 0.51, C1-12C11_) in 12 and 
30y0 yields respcctively. 

This observation of induction of asymmetry 
in the products of the Sommclct rearrangement 
was cxtcndcd to the more general litcraturc pro- 
cedure for the base-catalyzed rearrangement of 
benzyl sulfonium salts (12). Thc O-chloro salt, 
(+)-2, was heated for 2 h at 70 OC in thc presence 
of 10 equiv. of a 24% sodium mcthoxidc solution 
to produce the corresponding chloro Sommelet 
sulfides, 8 and (+)-9, [a]43;.t. +70.S0 (C 0.26, 

benzene) and methyl 11-ehlorobenzyl ether in  
relative yields of 1 :4:2 respectively. Under similar 
conditions, (+)-3 would be expected to ~~nde rgo  
con~plex radical-anion reactions (10, 1 1). 

The racemic Sommelet sulfides isolated from 
the rearrangements and their sulfone derivatives, 
10-13, were identical in all respects with syn- 
thetic materials. Resolved sulfides and sulfones 
of highest optical rotation were prcpared from 
resolved precursors. The enantiomeric purities 
(yOe.p.) of the resolved sulfones were deterlnilled 
from the relative integrations of the differential 
downfield shifts (1.i.s.) of the enantiotopic 
S-methyl group of the sulfones in the presence 
of the chiral shift reagent, tris[3-heptafluoro- 
butyryl-cl-camphoratol-europiun~(lll), Eu(hfbc)3 
(13, 14). No spectral shifts were observed for the 
Sonzn~elet sulfides in the presence of Eu(hfbc)3. 
The effect of added Eu(hfbc)3 on the nmr spectra 
of the Somn~elet sulfones is summarized in 
Tables 2 and 3. 

Resolution of (*)-(2-methyl-5-nitropheny1)- 
ethyl alcohol, (&)-14, the synthetic precursor of 
(+_)-7, was achieved as its hydrogen phthalate 
with (+) or (-)-a-phenylethyla~nine (15). Re- 
covery of the optically pure alcohol, tosylation, 
and displacement with methanethiolate afforded 
the resolved sulfide (+)-7. Oxidation of the 
sulfide with H202 in acetic acid provided the 
resolved sulfone, (+)-I1 (86.0 1.0% e.p.). As 
was expected, a small portion (7%) of the 
methanethiolate displacement proceeded by a n  
SN1 mechanism. Comparison of the specific 
rotation of the sulfone (+)-11, obtained via the 
rcarrangement with that of thc resolved sulfone 
corrected for the 86% e.p., indicated the re- 
arrangement i n  the nitro series procecded with 
18%, asymmetric induction. 

Resolution of (*)-(a-methyl-5-chlorophcny1)- 
cthyl alcohol, (*)-15. is readily achieved simi- 
larly as for the nitro analogue. However, the 
tosylatc of (+)-I5 could not be isolated due to 
a subsequent chloride displacement reaction 
undcr the reaction conditions. Partial resolution 
of (~)-a-(2-methyl-5-chlorophcnyl)eth~~1~ thiol. 
(+)-16, was achievecl by a chromatographic 
separation of the diastereoisomers of 0-menthy] 
a-(2-mcthyl-5-ch1orophenyl)cthyl thiolcarbonate, 
(+)-17, on alumina (16). Recovery of the thiol 
from the fi~ster eluting diastereoisomer. alkyla- 
tion to the methyl sulfide (-)-9, and oxidation 
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TABLE 2. Effect of added Eu(hfbc)3 on the nnir spectra of the chiral Sommelet 
sulfones ( f )-11* and (+.)-I37 in CDCh 

Chemical shifts (ppm) 

R = NO2 R = CI 

Proton 1.i.s. A s  1.i.s. A& 

(*)-I1 R = NO2 
(?) - I3  R = CI 

*0.034 iW Eu(l1fbc);; 0.25 M sulfonc (*)-11; molar ratio 0.14. 
10.057 M Eu(lifbc),; 0.17 iCI sulfone (*)-Is; rnolar ratio 0.34. 

TABLE 3. Effect of added Eu(hfbc)3 on the nmr spectra of the achiral Sommelet 
sulfones lo* and 12 t  

Chemical shifts (ppm) 

R = NO2 R = CI 

Proton 1.i.s. A s  1.i.s. A s  

e 0.90 0 1.42 0 
10 R = NO, 
12 R = CI 

'0.039 M Eu(hfbc)a; 0.1 l M sulfonc 10; molar ratio 0.35. 
10.039 M Eu(hfbc)l; 0.1 l ICI sulfonc 12; molar ratio 0.35. 
f Become diastcrcotopic in  the presence of Eu(lifbc)i. 

afforded the partially resolved sulfone (-)-13. 
Recrystallization of this sulfone from CHC13 - 
Skellysolve B gave the racemic (5)-13. The 
evaporation residue was recrystallized twice 
fro111 benzene - Skellysolve B to give resolved 
(-)-I3 (100% e.p.). Conlparison of the specific 
rotation of the sulfone (-)-13, obtained via the 
rearrangement with that of the resolved (-)-I3 
indicated the rearrangement proceeded with 
21y0 idasymlnetric induction. 

Estimates of asy~nnletric induction using 
Eu(hfbc)3 were made directly on the crude 
oxidized reaction product nlixt~ires without prior 
isolation of the sulfides. The relative amount of 
Eu(hfbc)3 added to the oxidized mixture was 
adjusted such that resonances fro111 reaction 
by-products such as the achiral sulfones 10 or 
12, ethers and others did not interfere with the 
resonances of the enantiotopic methyl groups of 

the chiral sulfones. By this method, enantionleric 
purity for the p-nitro systenl was 20.3 5 0.7y0 
and for the p-chloro systenl was 25.5 5 0.4%. 

The estinlates of the asynunetric induction by 
the two methods are in close agreement. One 
limit of the classical nlethod of direct compari- 
son of specific rotations with synthetically 
resolved nlaterials was that, despite considerable 
effort, optically pure sulfide (+)-7, was not 
obtained. On the other hand. the chiral shift 
method could not be applied to the sulfides. 
Fortunately, the sulfides were casily converted 
to sulfones which experienced differential down- 
field shifts in the presencc of Eu(hfbc)3. 

Discussion 

The condensation reactions with aldehydes 
and chalcone gave oxiranes and cyclopropanes 
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derived from ylide forination at the benzyl 
position. The acidifying effect of the p-nitro- 
phenyl substituent resulted in the benzylide 
formed from the sulfonium hydroxide having 
sufficient concentration to ~ e r m i t  facile conden- 
sation. That the p-nitrobenzylide and its hydrox- 
ide were also in equilibrium with the alkylides 
formed at the iiiethyl and ethyl substituents was 
evidenced bv the -isolatioii -of the So~nn~elet 
sulfides in the absence of reactive electrophiles. 

The failure to obtain significant optical yields 
in the asymnletric induction reactions of the 
l~-nitrobenzylide with aldehydes was disappoint- 
ing. By comparison, chiral oxosulfonium ylides 
are efficient asyninietric transfer agents in reac- 
tion with aldehydes (17). Racemization of the 
p-nitrobenzylide is not primarily resporlsible for 
the low optical yields as conditions set to mini- 
mize racemization by increasing the molar ratio 
of acetaldehyde results in the production of 
racemic oxirane. In the same tirile, neutralization 
with HC104 regenerated the chiral sulfonium 
salt. The ability to transfer asymiiletry to the 
oxirane products rnay be more dependent in the 
transition state upon the additional steric and 
electronic requirements of the oxygen ligand of 
the oxosulfonium ylides than those of the lone 
pair of electrons of sulfoniu~n ylides. 

The lower efliciency of asymmetric induction 
i n  the products of the Sommelet rearrangements, 
20-25% compared with for the ally1 
rearrangement, is anticipated because of the 
greater opport~~nity for racemization of the 
inducing sulfonium centre under the reaction 
conditions. The much higher temperatures and 
longer reaction tinies of the Sommelet rearrange- 
ments are necessary to compensate for the loss 
of resonance stabilization in the aromatic ring 
in proceeding from the ylide. 

The lower eficiency in the Sommelet re- 
arrangement may also be due to inherent differ- 
ences in tlie two rearrangements independent of 
racemization. The initial products of thc Som- 
mclet rearrangement consist of a pair of dia- 
stereoisomers and their enantiomers, 18, rather 
than a single pair of enantiomers as for the ally1 
rearrangement. Following the rearrangement, 

CHCH, 

rearomatizatio~i removes one asymmetric centre 
and reduces tlie products to the enantiomeric 
pair of sulfides isolated. For the ally1 rearrange- 
ment, the enantiomcric ratio of products can be 
attributed to the energy differences of the dia- 
stereomeric transition states leading to each 
enantiomer a:; there are no energy differences in 
enantiomeric products. The case is more coi11- 
plex for the Sommelet rearrangement because of 
the possibility of four diastereoii~eric transition 
states leading to a pair of diastereonlers and 
their enantiomers. Energy differences between 
transition states, reactants and the initial dia- 
stereorneric products could be less distinct and 
result in a lower efficiency of asymmetric induc- 
tion in the isolated product, the Sommelet 
sulfides. 

Experimental 
All melting points (uncorrected) were obtained using a 

Hershberg type melting point apparatus with a set of 
Anschutz thermometers. Nuclear magnetic resonance 
spectra were recorded on Varian Analytical Spectrom- 
eters, Models A-60, A-56-60, or HA-100. Chemical 
shifts are reported in 6 units from internal TMS. Infrared 
spectra were recorded on a Perkin-Elmer Grating Infrared 
Spectrometer, Mode1 421. Optical rotations were ob- 
tained using a Perkin-Elmer Polarin~eter, Model 141. 

For enantiomeric purity estimates, stock solutions of 
Eu(hfbc)3 (Willow Brook Laboratories, Inc.) in CDCI3 
were added to solutions of the compounds in the test. 
Using the HA-100 Spectrometer, 'j6e.p. was determined 
from the average + average deviation of six integrations 
of enantiotopic resonances a t  expanded sweep widths of 
50 or 100 Hz in 100 or 250 s sweep times. 

The exchange of counterioils of sulfonium salts using 
Dowex I-XS hydroxide exchange resins and resolution 
techniques using (2R,3R)-2,3-dibenzyltartaric acid mono- 
hydrate, HDBT (IS), were as described previously (6). 
Isolation procedures for new compounds, except where 
noted, routinely involved diluting the reaction mixture 
with water and extraction with ether, benzene, or CHCL3. 
The extracts were washed with H 2 0 ,  dried over MgS04 
and concentrated. Solids were crystallized from benzene - 
Skellysolve B or CHCI, - Skellysolve B. Liquids were 
distilled under reduced pressure. 

(+)-E~l~yir~~ell~y/-p-uil~'oOe~~~~/.s~~!/i~i~i~~~~~ P e ~ ~ l ~ / o r . u / e ,  
(+)-I  

p-Nitrobenzyl ethyl s~~lf ide  (19) was treated with excess 
(CH3)?S04 in acetone overnight. The solvent was removed 
and the residue crystallized from methanol-ether to 
yield (+)-etl1~lmetl1yl-p-nitrobe11zylsulfoniumn1etl1yl~~1- 
fate, mp 102 "C; nmr (DMSO-dh), 6 8.42 (d, J = 9.0 Hz, 
2H), 7.89 (d, J = 9.0 Hz, 2H), 4.96 (s, 2H), 3.52 (s, 3H), 
3.44 (q,  J = 7.5 Hz, 2H), 2.95 (s, 3H), and 1.40 (t, J = 
7.5 Hz, 3H); ir (Nujol), 1610 (m), 1520 (s), 1460 (s), and 
1230 (s) cm-I. 
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The n~ethylsulfate was converted to a diastereomeric 
mixture of DBT salts by eluting a methanol solution of the 
salt through Dowex 1-X8 hydroxide exchange resin and 
neutralizing the eluate with HDBT. The DBT salts were 
fractionally crystallized from methanol-ether into the less 
soluble diastereoisomer, mp 150 "C; [o1]436'." - 172' (c 
0.27, methanol) and the more soluble diastereoisomer, 
mp 141 "C; [ol]43~'.~. -207" (c 0.25, methanol). The less 
soluble diastereoisomer was converted by anion exchange 
to (+)-I,  mp 80 "C; [ol]43~"~' +41.4' (c 0.46, methanol); 
nnlr (DMSO-d~),  6 8.25 (d, J = 8.0 HZ, 2H), 7.72 (d, J = 
8.0 Hz, 2H), 4.80 (s, 2H), 3.33 (q, J = 7.5 Hz, 2H), 2.84 
(s, 3H), and 1.36 (t, J = 7.5 Hz, 3H); ir (Nujol), 1610 (s), 
1500 (s), 1430 (s), and 1100 (broad) cm-1. The specific 
rotation reported is the highest obtained for several 
preparations. Atrrrl. Calcd. for C,,HI4CIN06S: C 38.53, 
H 4.53, CI 11.37, N 4.50, S 10.29; found: C 38.40, 38.08, 
H 4.39, 4.48, CI 11.57, 11.17, N 4.51, 4.74, S 10.45, 10.38. 

( f ) - p - C / ~ / o r o b e ~ ~ z j ~ / e t / ~ j ~ / t ~ ~ e / / ~ j ~ / s r o t ~ i t i ~  Per.c/~/orn/e. 
( f )-2 

p-Chlorobenzyl bromide was treated with ethyl methyl 
sulfide in acetone overnight. The solvent was removed and 
the residue crystallized from methanol-ether to give the 
unstable bromide salt. This salt was converted immedi- 
ately by anion exchange to ( f )-2, mp 88-89 "C; nmr 
(DMso- t l~ ) ,  6 7.44 (s, 4H), 4.68 (s, 2H), 3.28 (q, J = 7.5 
Hz, 2H), 2.79 (s, 3H), and 1.32 (t, J = 7.5 Hz, 3H); ir 
(CHC13), 1585 (w), 1480 (m), 1085 (s), and 610 (m) cm-1. 
Analyses for carbon and hydrogen were variable due to 
the sample exploding d ~ ~ r i n g  analysis with acconlpanying 
sample loss. 

(+)-EtI~yltt~etl~yI-~~-cI~Iorobe~~:j~Isr~ifbt~itti~ Perclrlot.nte, 
(+)-2 

The DBT salts of ( 5 ) - 2  obtained by anion exchange 
were fractionally crystallized from methanol-ether into 
the less soluble diastereoisomer, mp 150-151 "C; [01]436'.'. 
- 174" (c 1.5, methanol) and the more soluble diastereo- 
isomer, mp 150 "C; [01]436'.'. - 198' (C 1.4, methanol). The 
less soluble diastereoisomer was converted by anion ex- 
change to (+)-2, nlp 80-81 "C; [a]3ssr.'. +62.2" (c 0.60, 
methanol). The ir and nmr spectra were s~~perimposable 
upon those of racemic material. 

Renctiotrs of (5)- ntrd (+)-Etl~ylttletl~yIst~Ifo~ri~rt~~ 
p-tritt.obet~zylirle, (f )-3 atlcl (+)-3 

The wine-red solutions of (+)-3  were prepared by 
eluting solutions containing I g (+ ) - I  through hyclroxide 
exchange resin. Treatment ol' the emuent with equimolar 
HC104 generated the perchlorate. Treatment of the 
effluent With benzaldeliyde, p-chlorobenzaldehyde, p- 
nitrobenzalclehycle, acetaldehyde, or chalcone aforded 
the oxiranes 4a-(1 and cyclopropane 5 (Table I). The 
eflluent left to stand 17 11 at room temperature lost the 
wine-red colour and produced the sulfides 6 and (f )-7. 

Solutions of (+)-3 were prepared by eluting (+)-I,  
[a]usr.'. +40.3' (c 0.94, n~ethanol) through hydroxide 
exchange resin. Racenlic oxiranes were obtained from 
reactions of aldehydes with the chiral ylide. Decomposi- 
tion of (+)-3 in 17 h at 22°C produced 6 and (+)-7, 
[a]43sT.t. +54.2" (c 0.51, CH2C12) in 12 and 3Oc,; yield 
respectively. Yields were estimated by nmr with benzhy- 
drol as internal standard. A portion of the product 

mixture was concentrated and the residue heated in excess 
3076 Hz02 in acetic acid for 3 11 at 100 'C. Enantiomeric 
purity of (+)-7 was 20.3 f 0.7% as determined on the 
sulfone in the crude oxidized product mixture. The re- 
maining mixture was chromatographed on alumina with 
Skellysolve B to separate sulfides 6 and (+)-7. The non- 
fractionally crystallized (+)-7 was heated in excess 30% 
Hz02 in acetic acid at 100 'C for 3 11 to provide the sul- 
fone (+)-11, [a]436'.'. +3 1.6" (c 0.57, chloroform) 
(19.5 ? 0.7% e.p.1. 

Sottrti~elel Recrrrn~rgetnetrt of (+)-p-C/l/ot~obe~rzy/et/~j~/- 
~~~e~lryls~r l fo t r i~r ,~~ Perchlorote, (+)-2 

A 0.5 g (1.65 rnnlol) quantity of (+)-2, [a]36sr.'. +62.2" 
(c 0.56, methanol) was heated for 2 11 at 70 OC in 10 equiv. 
of a 24';/0 sodium ~nethoxide so l~~ t ion  (0.38 g Na, 16.5 
mmol, in 3.42 g methanol). The reaction mixture was 
poured into water and the mixture extracted with ether. 
The extracts were dried and concentrated. The evapora- 
tion residue was transferred to a 5-ml volumetric flask 
with benzene. A 1-1111 aliquot was added to a known 
quantity of 2-methylnaphthalene in benzene and the 
product balance determined by glc. Conditions were: 6 ft 
by : in. 20% Carbowax 1500 on 60-80 Chromosorb W 
column at 174 "C; helium 60 ml/min. Relative yields of 8, 
(+)-9, and nlethyl p-chlorobenzyl ether were 1:4:2 re- 
spectively, product balance, 94%. A second 1-ml aliquot 
was concentrated and the residue heated in excess 3070 
H202 in acetic acid at  100 OC for 3 11. Enantiomeric purity 
of (+)-I3 was 25.5 5 0.45; as determined directly on the 
sulfone in the crude oxidized product mixture. The 
remaining 3-ml portion was chromatographed by glc and 
the sulfide (+)-9, [a]43cj'.'. +70.8" (c 0.26, benzene) con- 
densed at the collection port. The sulfide was oxidized 
with Hz01 to yield the sulfone (+)-13, [a]3ssr.'. +26.9" 
((. 0.29, benzene) (27.0 f 1.2';; e.p.). 

EtI1j.1 Z-MetlrJ~/-5-tritrobe~r:y/ Srrljirle, 6 
2-Chloromethyl-4-nitrotoluene (12 g, 64.5 mn~ol) (20) 

in nlethanol was added slowly to a methanol solution 
containing excess sodium and ethane thiol. The resulting 
solution stirred 30 min at 22°C to provide 6 (10.5 g, 
50.0 mmol, 77(,4), bp 167-169 "C (5 Torr): 171,2s 1.5812; 
nmr (CDzC12), 6 7.94 (m, 2H), 7.27 (d, J = 8.0 Hz, lH) ,  
3.77 ( 5 ,  2H), 2.51 (q, J = 7.5 Hz, 2H), 2.48 (s, 3H), and 
1.25 (t, J = 7.5 Hz, 3H); ir (neat), 2980 (m), 2940 (m), 
1615 (w), 1590 (m), 1520 (s), 1455 (m), 1350 (s), 1085 (m), 
815 (s), and 740 (s) cm-1. Atrcrl. Calcd. for C I O H I ~ N O ~ S :  
C56.83, H 6.20, N6.66, S 15.17; found: C 56.56, 57.11, 
H6.16, 6.33, N6.77, 6.86, S 15.16, 15.16. 

Et11j.l 2-1l.Ietlryl-5-tri,,.obe11:j~I Srrlfotre. 10 
The sulfide 6 (0.317 g, 1.50 mmol) was heated for 3 h at 

100 "C in the presence of excess of 30c;/, H202 (0.383 g, 
3.26 nlmol) in acetic acid (5 nll) to provide 10 (0.291, 1.21 
mmol, 80.0';;), mp 139-140 "C; nnlr (CDC13), 6 8.21-8.14 
(nl, 2H), 7.42 (d, J = 7.5 Hz, lH), 4.38 (s, 2H), 3.09 (q, 
J = 7.0 Hz, 2H), 2.57 (s, 3H), and 1.45 (t, J = 7.0 Hz, 
3H); ir (CHCl3), 1605 (w), 1580 (w), 1510 (m), 1345 ( s ) ,  
1310 (s), 1270 (m), 1130 (s), 11 10 (s), 1080 (w), 1040 (m), 
905 (m), and 875 (w) cm-1. Atlcrl. Calcd. for CloH13N04S: 
C 49.37, H 5.39, N 5.76, S 13.18; found: C 48.91, 49.11, 
H 5.51, 5.46, N 5.69, 5.58, S 13.09, 13.17. 
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(+)-or-(2-Metl1yl-5-11itropAer2yl)et/1yl Alcohol, (+)-I4 
An aqueous solution of NaBH4 (0.60 g, 15.9 mmol) was 

added to 2-methyl-5-nitroacetophenone (5.41 g, 30.2 
mmol) (21) in methanol to provide (+_)-I4 (3.29g, 
18.2 mmol, 60.4%), mp 90-91 "C; nrnr (CD2C12), 6 8.26 
(d, J = 2.5 Hz, lH), 7.87 (q, lH), 7.22 (d, J = 8.0 Hz, 
lH), 5.11 (q, J = 6.5 Hz, lH), 3.13 (s, lH), 2.36 (s, 3H), 
and 1.42 (d, J = 6.5 Hz, 3H); ir (CHC13), 3600 (m), 1585 
(m), 1520 (s), 1450 (m), 1345 (s), 1105 (m), and 1065 (m) 
cm-1. Anal. Calcd. for CgH,,NO3: C 59.64, H 6.12, N 
7.76; found: C 59.57, 59.62, H 6.35, 6.26, N 7.72, 7.60. 

(+)-or-(2-Metl1yl-5-11itrophyl)etI1yl Bromide, (+)-I9 
Gaseous HBr was bubbled through benzene (30 ml) 

containing (+)-I4 (1.27 g, 6.98 mmol) for 30 min to 
provide (+)-I9 (1.56 g, 6.37 mmol, 91.2%), mp 53-54 "C; 
nrnr (CDC13), 6 8.39 (d, J = 2.5 Hz, lH), 8.03 (q, lH), 
7.32 (d, J = 8.4 Hz, lH), 5.38 (q, J = 2.5 Hz, lH), 2.52 
(s, 3H), and 2.12 (t, J = 7.0 Hz, 3H); ir (CHC13), 1605 
(w), 1580 (m), 1510 (m), 1240 (s), 1050 (m), and 900 (m) 
cm-1. Anal. Calcd. for GHloBrN02: C 44.28, H 4.13, Br 
32.73, N 5.76; found: C 44.33, 44.07, H 4.29, 4.21, 
Br 32.73, 32.56, N 5.90, 5.49. 

 he-bromide (+)-I9  (1.49 g, 6.10 mmol) in methanol 
(25 ml) was added to  a methanol solution containing an 
excess of sodium metal and methane thiol. The result- 
ine solution was stirred 30 min at 22 OC to ~rovide.  
afrer isolation and crystallization from ~ke l l~so lve  B; 
( +)-7 (1.09 g, 5.13 mmol, 84%), mp 49.5-50.5 "C; nmr 
(CD2C12), 6 8.24 (d, J = 2.4 Hz, lH), 7.96 (q, lH), 7.25 
(d, J = 8 . 5 H z ,  1H),4.17 (q, J = 7 . 0 H z ,  lH), 2.47 (s, 
3H), 1.94 (s, 3H), and 1.58 (d, J = 7.0Hz, 1H); ir 
(CHCL), 1605 (m), 1580 (s), 1500 (s), 1440 (s), 1100 (s), 
and 910 (s) cm-I. Arlal. Calcd. for C I O H I ~ N O ~ S :  C 56.83, 
H 6.20, N 6.66, S 15.17; found: C 56.90, 56.59, H 6.04, 
6.23, N 6.37, 6.54, S 15.09, 15.06. 

(+)-Metlyl or-(2-Metl1~~l-5-ni~opl1e~l)et/~l S~rlforle, 
(+)-I1 

The sulfide (+)-7 was heated in Hz02 in acetic acid for 
3 h at 100 "C to provide (+)-I1  in 85% isolated yield, 
mp 150-151 "C; nmr (CDC13), 6 8.38 (d, J = 2.5 Hz, 
lH), 8.14 (q, lH), 7.45 (d, J = 8.0 Hz, lH), 4.64 (q: J = 
7.0 Hz, lH), 2.85 (s, 3H), 2.59 (s, 3H), and 1.87 (d, J = 7.0 
Hz, 3H); ir (CHCl,), 1605 (w), 1580 (w), 1510 (m), 1345 
(s), 1310 (s), 1280 (w), 1265 (w), 1135 (s), 1115 (s), 945 (s), 
and 900 (m) cm-1. A~lal. Calcd. for CIOH13N04S: C 49.37, 
H 5.39, N 5.76, S 13.18; found: C 49.20, 49.86, H 5.44, 
5.69, N 5.35, S 13.02. 

2-Metl1yl-5-cl1lorober1zyl Alcol~ol, 20 
2-Methyl-5-chlorobenzaldel~yde (13.3 g, 0.0862 mol) 

(22) in methanol (50 ml) was reduced after addition of an 
aqueous solution of NaBH4 (1.70 g, 0.045 mol) to provide 
20 (11.5 g, 0.0735 mol, 85.4%), mp 44 "C; nrnr (CDCh), 
6 7.26 (s, lH), 7.08 (d, J = 8.0 Hz, lH), 6.99 (d, J = 9.0 
Hz, lH), 4.49 (s, 2H), 2.96 (s, lH), and 2.18 (s, 3H); ir 
(CHCL), 3600 (m), 1600 (m), 1490 (s), 1100 (m), and 880 
(m) cm-1. Anal. Calcd. for CsHgCIO: C 61.35, H 5.79, C1 
22.64;found: C 61.66,61.54, H 5.57,6.10,C122.18,22.90. 

2-Metl~yl-5-chlorobet~zyl Brornide, 21 
Gaseous HBr was bubbled through a 50-ml benzene 

solution containing 20 (11.3 g, 0.0723 mol) until no 
further water separated to provide 21 (13.9 g, 0.0632 rnol, 
87.5%), mp 31-32 "C; nrnr (CDCl,), 6 7.26 (s, lH), 7.18 
(d, J = 7.5 Hz, lH), 7.08 (d, J = 7.5 Hz, lH), 4.41 (s, 
2H), and 2.35 (s, 3H); ir (CHCl,), 1600 (m), 1575 (w), 
1145 (w), 11 10 (s), and 900 (s) cm-I. 

Etlyl 2-Metl~yl-5-chlorober~zyl Sulfde, 8 
The bromide 21, (12.9 g, 0.0587 mol) in methanol (100 

ml) was added slowly to a methanol solution containing 
an excess of sodium and ethane thiol. The resulting solu- 
tion was stirred for 1 h to provide 8 (8.00 g, 0.0399 mol, 
68.2%), bp 117-1 18 "C (6 Torr); 77,30 1.5611 ; nmr 
(CDCl,), 6 7.24-6.99 (m, 3H), 3.64 (s, 2H), 2.46 (q, J = 
7.5 Hz, 2H), 2.34 (s, 3H), and 1.23 (t, J = 7.5 Hz, 3H); 
ir (neat), 2985 (s), 2965 (s), 1595 (m), 1485 (s), 1400 (m), 
1265 (m), 1115 (m), 900 (m), 885 (m), and 815 (s) cm-1. 
Anal. Calcd. for CloHl3ClS: C 59.84, H 6.53; found: 
C 59.97, 59.68, H 6.79, 6.64. 

Etl~yl 2-Metl~yl-5-chlorobemyl S~rIforle, 11 
The sulfide 8, was heated in H202 in acetic acid for 3 h 

at 100 "C to provide 12, mp 116-117 "C; nrnr (CDCh), 
6 7.28 (m, 3H), 4.23 (s, 2H), 3.00 (q, J = 7.5 Hz, lH), 2.42 
(s, 3H), and 1.41 (t, J = 7.5 Hz, 3H); ir (CHC13), 2970 
(w), 1590 (w), 1475 (m), 1310 (s), 1120 (s), and 890 (m) 
cm-1. Arzal. Calcd. for CloH13C102S: C 51.61, H 5.63, C1 
15.23, S 13.78; found: C 51.77, 51.31, H 5.68, 5.57, C1 
15.46. 15.35. S 13.93. 13.81. 

(~)-or-(2-Metl1yl-5-chlorop/1e~l)etl1yl Alcol~ol, ( f )-I5 
2-Methyl-5-chloroacetophenone (6.82 g, 0.0405 mol) 

(23) in methanol (50 ml) was reduced, after addition of an 
aqueous solution of NaBH4 (0.746 g, 0.0197 mol), to pro- 
vide ( +)-I5 (5.66 g, 0.0332 mol, 82.270), bp 97-98 "C 
(3.5 Torr); 7,3O 1.5457; nmr (CDC13), 6 7.48 (d, J = 1.5 
Hz, lH), 7.08 (m, 2H), 5.04 (q, J = 6.5 Hz, 2H), 2.66 (s, 
3H), 2.12 (s, lH), and 1.38 (d, J = 6.5Hz, 3H); ir 
(CHC13), 3600 (m), 1595 (m), 1400 (m), 1375 (m), 1105 (s), 
and 1075 (s) cm-1. Ajlal. Calcd. for CgH11C10: C 63.35, 
H 6.50, C120.78; found: C 63.16, 63.63, H 6.42, 6.64, C1 
21.01, 21.27. 

(f )-or-(2-Metl1yl-5-c/1loropl1e11yl)etl1yl Brornide, (+)-22 
Gaseous HBr was bubbled through a 10-ml benzene 

solution containing (+)-I5 (1.62 g, 9.52 mmol) until no 
further water separated to provide ( f )-22 (1.59 g, 6.78 
mmol, 71.30/,), bp 94 "C (3.5 Torr); 1.5720; nmr 
(CDCl3), 6 7.49 (d, J = 1.4 Hz, lH), 7.10 (m, 2H), 5.31 
(q, J = 6.5 Hz, lH), 2.35 (s, 3H), and 2.03 (d, J = 6.5 
Hz, 3H); ir (neat), 2980 (m), 1590 (m), 1480 (s), 1450 (m), 
1185 (s), 860 (s), and 810 (s) cm-1. 

(+)-Metlyl or-(2-Metl1yl-5-chlor.op/1e1zyl)et/1yl Slrlfde 
(+)-9 

The bromide (+)-22 (1.63 g, 6.93 mmol) in methanol 
was added slowly to a methanol solution containing an 
excess of sodium and methane thiol. The resulting solu- 
tion was stirred for 30 min to provide (+)-9 (1.02 g, 5.08 
mmol, 73.5%), bp 108-110 "C (5 Torr); 77,25 1.5640; 
nmr (CDC13), 6 7.42 (s, lH), 7.05 (m, 2H), 4.08 (q, J = 
6.5Hz, 1H),2.33 (s, 3H), 1.94(s, 3H),and 1.55(d, J = 
6.5 Hz, 3H); ir (neat), 2985 (m), 2920 (m), 1595 (m), 1484 
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(s), 1125 (m), 865 (s), and 810 (s) cm-1. Atrol. Calcd. for 
CIIJHI~CIS: C 59.83, H 6.52, CI 17.66, S 15.97; found: 
(259.90, 59.92, H6.69, 6.59, C1 17.37, 17.86, S 15.89, 
15.79. 

( f )-Metlryl a-(2-Metlr)~l-5-clrlorop11e11~l)etlr~l Sri@rre, 
(& )-I3 

The sulfide ( f )-9 was heated in H102 in acetic acid for 
3 11 at  100 "C to provide ( f ) -13,  mp 143-144 "C; nmr 
(CDCI3), 6 7.70 (s, IH), 7.36 (s, 2H), 4.58 (q, J = 7.0 Hz, 
lH),  2.78 (s, 3H), 2.46 (s, 3H), and 1.78 (d, J = 7.0 Hz, 
3H); ir (CHCI3), 2900 (w), 1590 (w), 1480 (m), 1300 (s), 
1130 (s), 945 (s), and 860 (m) cm-1. A~rol. Calcd. for 
C I O H I ~ C I O ~ S :  C 51.61, H 5.63, Cl 15.23, S 13.78; found: 
C 51.70, 51.53, H 5.75, 5.61, CI 14.95, 15.11, S 13.97, 
13.91. 

(f )-a-(2-Metl1)~/-5-11itrop/1e1r~l)etlrl Hyclrogerz Plrtlrnlate, 
(& )-23 

Syrrthesis 
( + ) - I 4  (0.535 g, 2.96 mmol) and phthalic anhydride 

(0.437 g, 2.96 mmol) were heated in dry pyridine (5 ml) 
for 1 h a t  100 "C. The solution was cooled, diluted with 
acetone (5 ml), and neutralized with cold concentrated 
HCI. The precipitate was recrystallized from CHCI, - 
Skellysolve B to yield (&)-23 (0.777 g, 2.36 mmol, 
79.7'j,), mp 145 "C; nmr (CDCh), 6 11.87 (s, 1 H), 8.32 
(d, J = 2.0Hz, lH),  8.15-7.50(111, 5H), 7.30(d, J = 8.4 
Hz, lH) ,  6.36 (q, J = 6.5 Hz, IH), 2.55 (s, 3H), and 1.66 
(d, J = 6.5 Hz, 3H); ir (CDCI,), 3000 (broad), 1718 (s), 
1695 (s), 1520 (s), 1345 (s), 1055 (m), and 905 (w) cn1-1. 
Arrol. Calcd. for Cl,H,,N06: C 62.01, H 4.59, N 4.25; 
found: C 62.06, 61.74, H 4.75, 4.47, N 4.40, 4.47. 

Resollrtiorr 
( f )-23 (0.543 g, 1.65 mmol) and (-)-a-phenylethyl- 

amine (0.200 g, 1.65 mmol) were dissolved in methanol 
(5 ml). Ether (75 ml) was added and the resulting solu- 
tion cooled 18 h at - 10 "C to yield a precipitate. Two 
recrystallizations from methanol-ether gave the less 
soluble diastereoisonler, mp 167 "C; [a]436'.'" - 15.0" 
(c 1.0, CH3OH). This was dissolved in CH3OH and the 
solution acidified with dilute HCI. The mix t~~re  was 
extracted with ether. The ether extracts were washed with 
water, dried, and concentrated. The residue was crystal- 
lized from benzene- Skellysolve B to yield (-)-23, mp 
75 "C; [a]436r.L - 165' (c 0.932, CHC13). The optically 
impure (+)-23 was recovered from the mother liquors of 
the resolution and resolved using (+)-a-phenylethylamine 
to provide (+)-23, mp 74 "C; [01]436'"' +164" (c 0.956, 
CHCl3). 

(-)- cirr(1 (+)-a-(2-~fetlr~~l-5-r1itroplrerr~l)etlr~~l Alco/rol, 
(-1- cirr(1 (+)-I4  

Optically pure ( -)-23 (0.125 g, 0.38 1 mmol) was 
hydrolyzed for 5 min a t  100 "C in 9.1 n ~ l  1.25 N NaOH to 
free (-)-14. Following extraction with ether, the crude 
(-)-I4 was chron~atographed on a short alumina column 
with 1 :1 benzene-ether to remove red impurities. The 
eluate was concentrated and the residue crystallized from 
benzene - Skellysolve B to yield (-)-I4 (0.047 g, 0.26 
mnlol, 68.3%), nlp 67 "C; [a1436 '.t.- 150' (c 0.47, CHCI3). 
Similarly, (+)-20 was hydrolyzed to (+)-14, mp 67 "C; 
[a]4xr.t + 150' (c 0.86, CHCI,), r/oe.p. 100%. 

(-)-a-(2-Met/1yl-5-r1it~0p/1e~l)etl1~1 Tosylote, (-)-24 
Enantiomerically pure (-)-I4 (0.167 g, 0.92 mmol) and 

p-toluenesulfonyl chloride (0.184 g, 0.966 mmol) were 
dissolved in 0.85 ml dry pyridine and the solution cooled 
at - 10 "C for 3 days. The reaction mixture containing 
crystallized pyridinium hydrochloride was poured into 
cold dilute HCI and the resulting mixture extracted with 
ether. The ether extracts were washed with 59; NaHCO3, 
water, dried over MgS04, and concentrated. Two 
crystallizations of the evaporation residue from benzene - 
Skellysolve B gave (-)-24 (0.124 g, 0.369 mmol, 40Cj,), 
mp 103-104 "C; [~~]436'.~. -350' (c 1.24, benzene); nmr 
(CDCI,), 6 8.24-7.05 (m, 7H), 5.92 (q, J = 7.0 Hz, lH),  
2.42 (s, 3H), 2.36 (s, 3H), and 1.61 (d, J = 7.0 Hz, 3H). 

(+ ) -42-  Metlryl-5-rritropl1e11yl)etl~l Slrlfide, (+)-8 
To a flask fitted with a dry ice cold-finger condenser, a 

sodium ethoxide solution (from 0.0706 g, 3.07 mmol, Na), 
95% ethanol (10 ml) at  0 "C, methane thiol (2 ml) and 
(-)-24 (0.164 g, 0.49 mmol) in CH2C12 (2 ml) were added 
sequentially. After 4 11 stirring at 0 "C, the mixture was 
diluted with Hz0 and extracted with CHzC12. The ex- 
tracts were dried and concentrated to yield crude (+)-7 
(0.0963 g, 0.46 nlmol, 93'h); [a]43~"~. +242O (c 0.96, 
CH2C12). The crude product was crystallized from 
Skellysolve B to yield (+)-7 (0.0656 g), mp 29-30 "C; 
[~f]436"~ +266' (c 0.66, CH2C12). The crystalline (+)-7 
was heated in HrOz in acetic acid at  100 "C for 3 h to 
yield (+)-11, [ ~ ~ ] 4 3 6 ~ ~  + 149' (c 0.72, CHCI,), mp 165- 
166 "C; 86.0 +_ 1.0:i e.p. 

( + ) - a - ( 2 - M e t l r ~ ~ l - 5 - c l r l o ~ ~ l ) e t I r n 1 1 e t l r i o l ,  ( f )-I6 
The bromide ( f)-22 (5.0 g, 0.0214 mol) was added to 

1.3 N KOH (50 ml) saturated with H2S. The solution was 
stirred for 90 min at  23'C, d i l ~ ~ t e d  with Hz0 and the 
resulting mixture extracted with ether. The extracts were 
washed with H20, dried and concentrated. The residue 
was distilled under reduced pressure to yield ( f  )-I6 
(2.56 g, 0.0137 mol, 64%), bp 105-107 "C (6 Torr); ,,,20 

1.5736; nmr (CDCI,), 6 7.43 (s, IH), 7.07 (m, 2H), 4.33 
(pentet, J = 6.0 Hz, lH) ,  2.34 (s, 3H), 1.87 (d, J = 6.0 
Hz, lH) ,  and 1.64 (d, J = 7.0 Hz, 3H); ir (neat), 2975 
(m), 2550 (w), 1595 (nl), 1490 (s), 1450 (m), and 810 (s) 
cm-1. Ar~nl. Calcd. for C~HIICIS :  C 57.90, H 5.94, CI 
18.99, S 17.17; found: C 57.90, 58.36, H 6.00, 6.09, CI 
19.35, 19.32, S 16.81, 16.72. 

0-(-)-~Merrtlrjl a-(2-Metlrjl-5-~11/0rop/rerrjl)etl1~~1 
Tlriolcorborrate, 1 7  

Syrrtlresis 
(*)-I6 (5.55 g, 0.0298 mol) was slowly added to a 

s~lspension of 1.27 g (0.0322 mol) 57% NaH in 50 ml 
ether. After H? evolution ceased, this solution was added 
slowly to a stirred solution of (-)-n~enthyl chloroformate 
(24) in ether (50 ml). After 1 11, the mixture was filtered by 
gravity and the precipitate washed several times. The 
mother liquor was concentrated and traces of solvent 
removed ~lnder reduced pressure to yield the oily 17, 

-147' (c 1.0, benzene); nmr (CDCI,), 6 7.37 (s, 
IH), 7.10 (m, 2H), 4.82 (broad, l H), 4.75 (q, 7.5 Hz, lH), 
2.39 (s, 3H), 1.67 (d,  J = 7.5 Hz, 3H), 1.00-0.65 (m, 9H), 
and 1.26 (s, impurity); ir (CHCI,), 1760 (m), 1680 (s), 
1600 (w), 1170 (s), and 1150 (s) cm-1. 
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CAMPBELL AND DARWISH: ASYMMETRIC INDUCTION 20 1 

Rerollrtioiz 
Partial resolution was achieved by chromatography of' 

5-g quantities aluniina oxide (88 g) (Woelni neutral, 
activity I). While collecting 50-ml fractions, 700 nil 
Skellysolve B was eluted tliro~lgh tlie column. Tlie first 
fraction contained the oil impurity from tlie 57';; NaH. 
Subsequent fractions contained the faster-eluting di- 
astereomer witli rotations decreasing froni [a]365r.t. 
-370" to  -227' ( c  1.0, benzene). Eluting witli 700 ml 
benzene removed oils witli rotations [~~]365"~' - 143' to  
-50.8' (c 1.0, benzene). Finally, the colulnn was flushed 
witli 500 nil etlier to give the slower-eluting diastereonier 
[a]365r.t. - 13.5' (c 1.34, benzene). 

Tlie faster-eluting 17 (0.222 g,  0.60 niol), [al165r.L. 
-281" (c 2.2, benzene) was transesterified upon heating 
in 5-ml 0.5 N NaOCH3 a t  reflux for 90 min to  liberate 
(-)-16. The reaction mixture was cooled, poured into 
dilute NaOH and extracted with ether several times. The  
aqueous phase was acidified with HCI, extracted witli 
ether and tlie latter ether extracts washed with HzO, dried 
and concentrated to  yield partially resolved (-)-I6 
(0.070 g, 0.375 mmol, 637;), [a]365r.t. -61.7" (c 0.7, 
CHCI3). Concentration of the original ether extracts 
gave menthol. 

(-)- M ~ r l l y l  ~ ( 2 -  Merl1yl-5-cl11oropI1~'11yl)etI1~1 Slrlforle, 
( - ) - I 3  

Partially resolved thiol (-)-I6 (0.315 g,  1.69 mmol), 
[o1]436'". 51.5' (c 3.15, CHCI,) was alkylated with CH3I in 
0.5 N NaOCH3 (5 ml) for I h to provide (-)-9 (0.307 g,  
1.53 mmol, 90.8?;,), [a]43br.t. -75.4" (c 3.07, benzene). 
This crude sullide was heated witli excess 307; Hz02 in 
HOAc (5 nil) for 3 h a t  100 'C to yield tlie crude (-)-13, 

- 31.3" (C 3.46, CHCIi). Fractional crystalliza- 
tion froni CHCI3 - Skellysolve B gave ( +)-13. The  
evaporation residue of the niotlier liquor was crystallized 
froni benzene- Sltellysolve B to give (-)-13, ni11 99- 
100 "C, [a]365'." - 127O (c  0.60, benzene or CHCh) ,  
loo(;<, e.p. 
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Thermodynamics of ester and orthoester formation from 
trifluoroacetic acid 
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J. PETER  GUT^-IRIE. Can. J .  Chenl. 54, 202 (1976). 
The equilibrium constant for the addition of sodiunl methoxide to methyl trifluoroacetate, 

in methanol as solvent, has been measured by 1" nnnlr, and is 7 M-1. From this was calculated 
an equilibrium constant, 2 X 10-"-1, for addition of methanol to the ester. The equilibrium 
constant for formation of methyl trilluoroacetate in aqueous sol~~t ions  is 0.06 M-1. These results, 
with literature data, permit calc~~lation of the free energies of formation in aqueous solution of 
orthotrit~uoroacetic acid and its n~ono-, di-, and trimethyl esters. These in t ~ ~ r n  permit calculation 
of the standard free energy changes for addition of water and methanol to  trifluoroacetic acid 
and its methyl ester. These combined with the analogous values for formic and acetic acids 
permit evaluation of p'3' values for these addition reactions. Linear plots are obtained if cor- 
rection is made for steric effects, and the p:"alues are somewhat larger, 2.1-2.9, than was 
observed for the analogo~~s carbonyl addition reactions. 

J. PETER GUTHRIE. Can. J .  Chem. 54, 202 (1976). 
Utilisant la rnln du ITF, on a mesurC la constante d'iquilibre pour I'addition du mCthylate de 

sodium au trifluoroacitate de mithyle dans le mithanol comme solvant et trouvC que cette 
constante B une valeur de 7 M-1. A partir de cette valeur, on a calculC une constante d'iquilibre 
de 2 X 10-"-1, pour l'addition du mCthanol l'ester. La constante d'equilibre pour la forma- 
tion du trifluoroacitate de mCthyle en solution aqueuse est de 0.06 M-1. Ces resultats, avec des 
donnCes de la IittCrature, permettent de calculer les Cnergies libres de formation, en solution 
aqueuse, de l'acide orthotrifl~~oroacCtique et de ses esters mono-, di- et tri~nCthylCs. Ces valeurs 
permettent B leur tour de calculer les changements d'energies libres standards pour I'addition 
de l'eau et du nlithanol B l'acide trifluoroacitique et B son ester mithylique. Ces valeurs com- 
binees avec des valeurs analogues pour l'acide formique et l'acide acitique permet une Cvalua- 
tion des valeurs p" pour ces riactions d'addition. Des relations linCaires sont obtenues si une 
correction est faite pour les etrets steriques et les va l e~~rs  de p" sont un peu grandes (2.1 B 2.9) 
que celles observies pour les riactions analogues d'addition sur les carbonyles. 

[Traduit par le journal] 

Introduction 
It has recently been shown that fro111 the free 

energies of formation of orthoesters, one can 
calculate the free energies of formation of the 
corresponding orthoacids and their monoesters 
(1). These in turn are extremely ~ i se f i~ l  for de- 
tailed interpretation of the mechanism of ester 
hydrolysis, since they permit calculation of equi- 
librium constants for the formation of the 
tetrahedral intermediates which are nornlally 
unobservable for noncyclic systems (2-4). It 
would clearly be very useful t o  map out the 
sensitivity of the equilibrium constants for addi- 
tion t o  esters and acids t o  electronic efl'ects of the 
R group 

OH 
I 

KCOOR' + HOR" & R-C-OR' 
I 

OR" 

'Revision received September 5 ,  1975. 

The 1110st accessible cases were for R = H or 
CH3; consideration of electron-withdrawing abil- 
ity of colntnonly encountered R groups suggests 
that CH3 is about the most electron-supplying 
group which can be present without changing the 
nature of the ester, and CF3 is about the most 
electron-withdrawing group. It would then be 
extremely interesting t o  determine the free en- 
ergies for addition reactions of trifluoroacetic 
acid and its esters. Trimethyl orthotrifluoroace- 
tatc is a known compound ( 5 ) ,  but its rate of 
hydrolysis is so slow (unpublished observations) 
as t o  preclude measurement of the heat of 
hydrolysis using the usual apparatus. Although 
sodium diethyl orthotrifluoroacetate is a known 
compound (6 ) ,  it has been reported that addition 
of mcthoxide ion t o  mcthyltrifluoroacetate occurs 
t o  a negligible extent in methanol (7). There is 
clearly an  apparent contradiction in the litera- 
ture, since it has also been reported that methyl- 
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TABLE 1 .  Kate and eq~til ibri~~nl constants for addition of methoxide ions to methyl trillu~roacetate'~ 

[MeO-1," v .~ , ,~  v c ~ ~ I s c  A V I , ~  Kj k-~b 
[H2Ol$ ( M )  

( M I  (Hz) I,,," (Hz) lobsd (Hz) nmrA K.F.i (M-1) ( X  102)(s-1) 

Average values71 

"In nicthnnol, i r t  25 "C; nmr spcctrn recorded a t  94.1 MHz:  refcl.encc st;uidard is CFClr in  a coasial capillary. 
bConccntrution of metlioxidc dctcrmincd by titration of tlic stock nicthosidc solutions. 
CPosition of the signal due to Irifluoroacctiitc ion. 
dlntcnsity, determined by clcctronic integration: limits arc s t ;~ndard deviations about  thc  mc;ui ol'rcpcilte~l (4-7) integrc~lioilh. 
"Position of tllc signill duc to tlic equilibrium mixture of mctliyl trilluoroacctutc and its nictliosidc nclduct. 
/Width ;I[ h ;~ l f  height of the signal due to tlic cquilibl.ium mixture of nicthyl trilluoroacctilte a n d  its mcthosirlc aclduct. 
YConccntri~tion of willcr in tlic solvent. 
IlDcterrnincd from the rirtio ITfA/(ITfA + l,,b.,). 

'Dctcrmincd by Karl Fisclicr titration of tlic rnethoxidc stock solutions. 
JK = (;~dduct) /(free cstcr) (frcc mcthoxidc). 
PFirst order rilte constant for breakdown of the ;~d<luct  to give cstcr a n d  mctlioxidc ion. 
~Undetcrni incd:  the signals wcrc not adequately rcsolvcd. 

7:cEstirnatcd: since Karl Fischcr titration gave the same initial watcr content  for the 0.062 i ~ n d  0.104 M methoxidc solutions. the final watcr 
contcnts wcrc also i~ssumcd to be the same. 

"Weighted nvcragc values. 

trifluoroacetate can be titrated coilducti~netricallv 0 
by metharlolic potassium inethoxide (8). L I  1 

[l]  CF3COOMe + - 0 M e S  CR-C-OMe 
I wish to  report a determination of the equi- b-, 

librium constant for the addition of sodium 
I 
0 Me 

methoxide to  rnethyltrifluoroacetate in methanol 
as well as the equilibrium constant for the forma- 
tion of lnethyltrifluoroacetate from trifluoro- 
acetic acid and methanol in aqueous solution. 
These values permit a reasonably precise evalua- 
tion of the thermodynamic parameters for the 
methanol - water - trifluoroacetic acid system, 
and the evaluatioil of p*'s for addition of water 
and methanol to carboxylic acids. RCOOH, and 
esters R-COOMe. 

Results 

Arlcli~ion of' Me~lzoxicle lo M e ~ l z j ~ l ~ r ~ ~ i i o r o a c e ~ a ~ e  
Solutions of inethyltrifluoroacetate in meth- 

anol show a "T ilmr signal at  77.1 6 (relative to 
CFCI3 in a coaxial capillary). When increasing 
concentrations of sodium methoxide are also 
present there is a shift to higher field, accom- 
panied at  first by a broadening and then by a 
sharpening of the signal. In  solutions with 
[NaOCH3] 2 2 M, the "T nmr signal is a t  
84.1 6 .  This behavior is interpreted in terms 
of [ l ] :  

Traces of water present in the solvent are con- 
sunled by saponification of the ester, leading to  
trifluoroacetate ion. Integration of the nmr sig- 
nals due to trifluoroacetate and to the ester and 
its adduct permitted calculation of the amount of 
water which was initially present, since the total 
concentration of ester initially present is known. 
The concerltrations of ester and methoxide could 
then be corrected for the losses due to saponifica- 
tion. From the position of the signal due to  the 
ester and its adduct, the portioil of the total ester 
present as the adduct (corrected for saponifica- 
tion) could be calculated, assuming that the sig- 
nals observed for the two lowest and two highest 
concentrations of sodium methoxide represented 
the free ester and the adduct respectively. Con- 
centratioils of adduct, free ester, and free meth- 
oxide could then be calculated, and finally the 
equilibrium constant for adduct formation could 
be obtained; see Table 1. The results reported 
here lead to  an  equilibrium constant of 7 M-I 
at  25 "C. 

The origins of the apparent conflict in the 
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literatlire are now somewhat clearer. I n  his s t~idy 
of the reactions of alkoxides with esters of tri- 
fluoroacetic acid, Bender (7) apparently utilized 
0.1 M ester and at most 0.1 M alkoxide. Using 
the equilibriunl constant reported above it can 
be seen that only ca. 30% of the ester would be 
converted to the adduct; this might be expected 
to be detectable by the infrared spectroscopic 
method used, but is near the lower limit for tlie 
technique. A possible resolution of thc dilemma 
arises from the fact that the addition of sodium 
methoxide t o  methyltrifluoroacetate in diethyl 
ether is vigorously exothermic (unpublished ob- 
servations). If the temperature of the solution in 
Bender's ir cell were above room temperature, as 
it inight well be through absorption of energy 
from the ir beam, the equilibrium would become 
less favorable; if K shifted t o  1.2 M-l, there 
would have been only a 10% decrease in ester 
concentration, which inight well have been ~111- 
detectable. 

From the observed line broadening, estimates 
can be made of the rate constant for adduct 
formation and decomposition (9). Since the 
widths at  half height of the sigiials from trifluoro- 
acetate ion (all samples) methyltrifluoroacetate 
(two lowest methoxide concentrations) and tlie 
adduct (two highest methoxide concentrations) 
are all 3 + 1 Hz, it is assumed that for all of the 
samples this would be the effective half width in 
the absence of exchange broadening. Now the 
corresponding relaxation time, T2 is given by 

and the exchange broadening contribution to 
T2 will be: 

where PI:, is the fraction of frcc cster. P,, is the 
fraction of adduct. (A*, - 6iC) is tho chcmieal 
shift difference in Hz, and T~~ and T:, arc the mean 
lifetimes of estcr and adduct. It may be shown 
that 

and hence that 

The values found in these experiments lead 
(Table 1) to  a value of 4.8 X 109-I  for k-I and 
hence to  a value of 3.5 X lo3 M-I s-I for kl .  

Although the mcasureable equilibrium con- 
stant is that for [1] in methanol, the interesting 
process is reaction 2 in water. It is assumed that 
the major effect of changing solvent upon the 
equilibrium constant is that due to solvent 
polarity which is reflected in the pK,, values of 
the adduct and methanol. This is cquivalent to  
assuming that the equilibrium constants for [2] 
will bc the same in watcr or m e t h a ~ i o l . ~  

For oxygen acids the change in pK, ~ ~ p o n  
transfer from methanol to  water is expected to  
be principally dctermincd by the solve~it polarity, 
but will also be influenced by the greater disper- 
sion interaction between organic compounds and 
methanol than between organic compounds and 
water (1 1). This latter effect is likely to be impor- 
tant when the conjugate base of the organic acid 
is strongly delocalized and hence highly polariz- 
able. For a set of nine oxygen acids3 which are 
not expected t o  show marked dispersion effects 
the average ApK, is 4.9 & 0.2. The acids used 
range in pK, from 0.22 to 9.95 (in water); all are 
carboxylic acids except phenol. The pK, (in 
water) for CF3C(OMe)?0H may be estimated as 
cn, 8.8 (see Appendix); in methanol the pK, is 
estimated to  be ca. 13.7. The pK, of methanol in 
methanol as solvent is 18.3 (13). TIILLS the equilib- 
rium constant for [2] in methanol or water may be 
calculated t o  be 1.8 X 10--'(AGO = +5.1 1.1). 

0 OH 
I I I 

[2] CF3-C-OMc + MeOH = CF3-C-OMe 
I 

Foror.,nntion 01' M ~ t l i j ~ l  Tr$'~ioro(~cet(~te 
limr spectra of solution of trifluoroacetic 

2Variations in the equilibri~~rn constant for addition of 
alcohols to carbonyl compounds have been observed (28 )  
as the solvent is changed From water to pure alcohol, but 
the variation is usually small. The cq~lilibri~lm constant 
for addition of methanol to acetaldehyde at 25 'C is 
0.70 iM-1 in water ( 1 )  and 0.74 M-1 in ~nethanol (10). 

3The acids ~lsed were: acid, pK,, in methanol, ApK:,; 
CL3C-COOH, 4.90, 4.68 ( 1 2 ~ 1 ) ;  CllCH-COOH, 6.33, 
5.03, (120) ;  NC-CHr-COOH, 7.50, 5.05 ( 120); 
C1-CHz-COOH, 7.84, 4.98 (12h) ;  CbHs-CHI- 
COOH, 9.17, 4.87 (120) ;  C(,Hj-COOH, 9.40. 5.20 ( 1  2b) ;  
CH3-COOH, 9.42, 4.66 (120) ;  CH3CHz-COOH, 9.61, 
4.75 (12~1) ;  CsHs-OH, 14.46, 4.51 ( 1 2 ~ ) .  
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acid in aqueous methanol show an additional 
peak not present for aqueous trifluoroacetic acid. 
This peak increases with increasing concentration 
of methanol and is attributed to the methyl ester. 
The concentration of ~~ndissociated acid was 
calculated using a value for the degree of dissoci- 
ation interpolated from the data of Covington 
et nl. (15). It was assumed that 1 M methanol did 
not perturb the degree of i ~ n i z a t i o n . ~  In this way 
the equilibrium constant5 for [3] was determined 

[3] CFiCOOH + HOMe = CFlCOOMe + Hz0 

to be 0.062 f 0.024 M-I (AGO = + 1.65 f 0.23). 
It is striking to note that this value is very similar 
to the equilibrium constant for the formation of 
methyl acetate: K = 0.057 M-I (AGO = +1.70) 
(14). 

Tl~et~tnocl~~t~rn~~ics of' Aqlteoirs Trtfl~roroncetic Acicl 
Zarakhani and Vorob'eva (19) have reported 

activity data for monomeric (and dimeric) 
gaseous trifluoroacetic acid over aqueous tri- 
fluoroacetic acid solutions. From their results the 
partial pressure of monomeric acid over an  

I 
18.2 wt.% solution (1.6 M)  was 1.47, of that of 
the monomeric acid over pure trifluoroacetic 

I acid. The dimerization constant for gaseous tri- 
fluoroacetic acid was determined by Lundin ef (11. 

I (18) and is 3.58 Torr-1 at 25 "C. This, plus the 
vapor pressure of pure trifluoroacetic acid at  

I 25 "C estimated from the boiling point as 112 
I Torr, leads to  a value of 5.5 Torr for the partial 

pressure of monomeric acid over liquid trifluoro- 
acetic acid, and so to a partial pressure of 0.077 
Torr for 1.6 M aqueous acid. When one allows 
for partial dissociation, 1.6 M aqueous acid really 
contains 0.37 M undissociated trifluoroacetic 
acid. There will be an activity coefficient effect 
because of the presence of 1.2 M trifluoroacetate 
anion. The magnitude of this effect can be esti- 
mated using Setchenow constants; these are not 
available for trifluoroacetic acid, but values for 
acetic acid can be used as an  approximation. 

4This is not strictly correct: Grunwald and co-workers 
(16) have studied the effect on the ionization of various 
organic acids of increasing concentrations of methanol. 
Using their values for formic, acetic, and benzoic acids, 
one can estimate by interpolation that thepK:, of trifluoro- 
acetic acid would be perturbed by 0.04 log units. The 
etyect of this correction is much less than the experimental 
error in K. 

5Here and throughout this paper the standard state for 
water is the pure liquid with unit activity. 

From data on the erects of salts upon the parti- 
tion coeflicie~its for acetic acid between water and 
1-pentanol (19) the Setchenow constant is 
~ 0 . 0 7 9 .  This will lead to a difference of 0.13 kcal 
mol-I in AGt Finally, one can calculate the free 
energy of transfer from the monomeric gas 
(standard state the ideal gas at  1 atm) to aqueous 
solution (standard state the i~ndissociated acid, 
at  a concentration of 1 M with an infinitely dilute 
reference state) as -4.75 kcal 11io1-~. 

For liquid trifluoroacetic acid AHfO(I) = 

-253.0 f 0.8 kcal mol-1 (20). The heat of va- 
porization appears not to have been measured 
but an approximate value can be esti~nated as 
follows. Konicek and Wadso (21) have measured 
heats of vaporization for the process liquid t o  
monomeric gas, for a series of aliphatic car- 
boxylic acids. Within experimental error these 
heats of vaporization are linearly related t o  the 
boiling points of the acids, according to the 
equation (determined by a weighted least squares 
fit for Wadso's data6): 

AH,. = (6.4 f 0.3) + (0.047 f 0.008)t1, 

(AH,. in kcal ~ i ~ o l - ~ ,  11, is the nor~iial boiling point 
in "C). From the boiling point of trifluoroacetic 
acid, one can estimate that AH,. = 9.8 & 0.7 
kcal mol-I. This leads t o  a value for the heat of  
formation of gaseous trifluoroacetic acid of 
-243.2 f 1.1 kcal mol-1. No entropy data are 
available for trifluoroacetic acid, but a value for 
the standard entropy can be estimated, after 
Benson (22), as 79.6 f 1.5 e.u. This leads to  
AG?(g)[CF3COOH] = -225.2 f I .  1 kcal mol-l. 
From the free energy of formation of the gaseous 
acid, and the free energy of transfer evaluated 
above, the free energy of formation of aqueous 
trifluoroacetic acid can be calculated as - 230.0 + 
1.2 kcal mol-I. 

Tl~ertnoc~tle~t?zics qf' Mefl~yl TriJlirot.oncetrrfc 
From the equilibrium cor~stant for ester for- 

mation, and the standard free energy of forma- 
tion for aqueous trifluoroacetic acid calculated 
above, one may calculate that the free energy of 
formation of aqueous methyl trifluoroacetate is 
-213.6 f 1.2 kcal mol-l. 

6The heats of vaporization to the monomeric gas are 
significantly less precise than the heats of vaporization to 
the equilibriu~u vapor, which. as Wadso showed, define a 
smooth, but nonlinear, curve. Though less precise, the 
heats of vaporization to the monomeric gas are more 
useful and more readily extrapolated. 
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The solubility of methyl trifluoroacetate is not 
readily determinable, since the half life at  25 "C 
is 85 s (23); however, the solubility can be esti- 
mated from that of methyl acetate using the 
linear free energy relationship of Hansch et 01. 
(24) as 0.16 M.7 The vapor pressure at  25 "C call 
be estimated from the boiling point by the 
method of Has and Newton (26) as 470 Torr. The 
free energy of transfer from the gas phase to  
aqueous solution is therefore +0.80 kcal mol-I 
and AGr0(g)[CF3COOCH3] = - 214.4 + 1.2 kcal 
111 01-' . 

The standard entropy can be estimated 
after Benson (22) as 96.0 + 1.5 e.u. This 
value, combined with AGro(g), implies that 
AHr0[CF3COOCH3] = -237.3 + 1.3. The heat 
of vaporization can be estimated after Hine and 
Klueppel (27) as 6.6 + 0.7 kcal mol-l; there- 
fore AHr0(1)[CF3COOCH3] = - 243.9 + 1.4 kcal 
111 01 . 

Tllennoc1yna1nics 01' Ort l io tr~~~~o~.oacet ic  Acid 
alzd its Esters 

Froin the equilibriiun constant for [2] and the 
free energies evaluated above, one can calculate 
that AGr0(aq)[CF3C(OH)(OCH3)d = - 250.4 + 
1.2 kcal mol-l. 

For [4], the free energy change can be calcu- 
lated (28) as +4.59 kcal iii01-~. 

Then AGrO(aq)[CF3C(OCH3)3] = - 23 1.0 + 1.3 
kcal mol-l. l'he solubility of CF3C(OCH3)3 in 
water is 0.0089 + 0.0015 M; the vapor pressurc 
is estimated from the boiling point (26) to be 
40 Torr ;  tlie value for AG, is then + 1.1 + 0.1 
and AGr0(g)[CF3C(OCH3)3] = - 232.1 + 1.3 kcal 
mol-'. 

A value for SO(g) for the orthoester Inny be 
estimated (15) as 117.9 e.11.: AHrO(g) is then 
- 284.5 + 1.4 kcnl mol-l. AH,.,,, is estimated 
after Hine and IClueppel(27) as 9.2 kcal mol-I, so 
that AHIO(I)[CF~C(OM~)~] = - 293.7 + 1.7 kcal 
mol-l. From this value thc heat of hydrolysis for 
the process [5]  can be calculated as -6.3 + 1.5 
kcal i i~o l -~ .  

7~ values are altered for grottps attached to electron- 
withdrawing s~tbstitt~ents; the r values ttsed for methyl 
and trifluoro~nethyl are derived from acetamide deriva- 
tives (25). 

For [6], the free energy change can be calcu- 
lated (28) as -3.77 kcal mol-l. 

This leads to AGf0(aq)[CF3C(OH)2(0CH3)] = 

-269.0 + 1.3 kcal 11101-~. 
Finally, for [7], the free energy change can be 

calculated (28) as - 1.94 kcal mol-l. 

This leads to  AGfO(aq)[CF3C(OH)3] = -285.7 + 
1.3 kcal n~ol-I. The thermodynamic quantities 
calculated above, and all others used in this 
paper are collected in Table 2. 

I n  Table 3 are collected the standard free 
energies for the addition reactions of water and 
methanol with RCOOH and RCOOCH3 as well 
as for the analogous addition reactions of water 
and methanol with RCOCH3. Plots of AGO vs. 
allq' for the addition of H 2 0  or C H 3 0 H  t o  
RCOOH or RCOOCH3 are satisfactorily linear: 
the p:k values for additions to  acyl compoi~ncis are 
somewhat larger than for additions to  simple 
carbonyl compounds; sec Fig. 1. The plot of 
AGO 11s. a,,* for thc addition of C H 3 0 H  to  
RCOOCH, shows t11c most deviations, but they 
are in the sensc expcctcd from the steric intcr- 
actions introduced when R is CH3 or CF3 and 
two methoxyls arc present in thc adduct. 1t is 
interesting that the points for R = I i  are closc to 
the lines which would bc expected from thc 
points for R = CH3 and CF3, sincc Grcenzaid 
et (11. (29) found that logarithms of the cquil~b- 
riiiiii co~lstants for hydration of carbonyl com- 
pounds, RCOR', were linearly dependent upon 
x u q ' ,  proviclcd that a correction term for com- 
poiiiids with aldehydic hydrogens was intro- 
duced. Thc cfrect amounted to tlie liydri~tions 
being more favorable by 2.03 log units per 
aldehydic liyclrogen. The logarithms of the 
I~emiacctal formation constants d o  not depcnd 
in any simple way upon a*, 111i1e.s.s both the cor- 
rection term for aldehydic hydrogens al?~/ correc- 
tions for steric interactions between R and 0 C H 3  
are introduced (28). Since addition reactions of 
both carboxyl 21nd carbonyl reactions can bc 
related to  aq: it necessarily follows that AGO 
values for hydration of RCOOH and RCOCH3 
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TABLE 2. Thern~odynanlic quantities used in this paperU 

AHlO(s) SO(s) AG,O(s) A Hlo(I) L G , ~  ~G,O(acl) 
Compoimds (kcal mol-1) (cal deg-1 nlol-1) (kcal nlol-1) (kcal mol-1) (kcal nlol-I) (kcal mol-I) 

H 2 0  
CH3OH 

HCOOH 
HCOOCH, 
HC(OH)3 
HC(OH)l(OCH3) 
HC(OH)(OCH3)2 
HC(OCH3)3 

CH3-COOH 
CH3 .COOCH3 
CH3 .C(OH)3 
CH3C(OH)2(0CH3) 
CH3C(OH)(OCH3)2 
CH3C(OCH3)3 

CF3COOH 
CF3COOCH3 
CF3C(OH)3 

CF3C(OH)?(OCH3) 
CF3C(OH)(OCH3)2 
CFjC(OCH3)3 

"At 25 T; s r ; ~ ~ i d ; ~ r d  >li~tcs ; ~ r c  iileal gas ;II I : ~ t l i i ,  pure l i i lui i l ,  i ~ n i l  I ,A1 i~cjucous solutions will1 nn infilii~cly ililu[c reference S ~ ; I I C ,  unless other- 
rvisc spccificcl. 

"rce cllcrgy oftsalisFtr from 91s lo ;lqucous soluuon. 
CRcfercnce 34. 
IlSt;~ncl;~rd stale is Ihc ~ I I S C  liquid. 
1'Rcfcrcncc I .  
I~c fc rc l l cc  3:. 
oRcfcrcncc 20. 
"Rcfercncc 36. 
iC;~lcul;itcil from o~llcl- values i n  lliis rablc. 
jcl lcul ; l tcd from l G i "  for 11ic orthoester by 11lc l~ictllod of ref. 228. 
~ i ~ l c i ~ l a t c i l  from 11c;lts ol'hydsolysis anil v ; ~ p o s i z ; ~ ~ i o ~ ~  given in ref. 27. ' ~ I ~ ~ L I ~ ~ I ~ c ~ ~  ils iIc5~ribcd i l l  IIic text. 
"'Rcfcsc~~ce 37. 

TAULE 3. Standard free energy changes for addition reactions of carboxyl and 
carbonyl cornpo~lndslL 

AGO (kcal ~nol-1) 

Reaction R = CH3 R = H  R = CF3 
- - - 

R-COOH + H10 1 I 9 1 
RCOOH + CH30H 12 10 4 
R-COOCH3 + Hz0 I I 9 3 
R-COOCH3 + CH3OH 13 10 6 
R-CO-CH3 + H?O 3.90" - 0.03a(2.75)' -2.11" 
R-CO-CHI + CH3OH 5.01b +0.21"2.98)C 0.08d 

"In ailucous solution nr 25 T; s t ; ~ ~ i i I ; ~ r d  st:i~es 1'01. I . C . ~ I C I ~ I I I ~ S  is I A1 solulioli will1 :III i~ i f i~i i le ly  dilute 
scl'csc~icc S I ; I I ~  except Ibr \\,atcr, for \\,liicli 11ic b t i ~ ~ ~ < l ; ~ l - r l  stale is tile pure liquid. 

bRcfcrencc I. 
CCor~.cclccl for the cll'cct ol'olic ;~lclcliyclic Iiyclrogcn; see text. 
"Rcfcrcncc 228. 

arc linearly rclatcd. Here again linear correla- compounds,  for  the  presence of  a n  aldehydic 
t ions rcsult f rom the  use of AG values corrected hydrogen. Why a n  aldehydic hydrogen should 
for  stcric e rec t s ,  a n d ,  i n  the case of  cnrbonyl have a major cffcct upon hydration of  carbonyl 
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R C O M e  MeOH 

R C O O M e  . H 2 0  

o\ 
" 

R C O O H  M e O H  

" 0 I 2 
r; 

FIG. 1 AGO for addition reactions of RCOOH or 
RCOOCH, as a function of u,:< @, ~rncorrected AGO 
values (except that for reactions of RCOMe the aldehydic 
hydrogen correction has been made); 0, AGO values 
corrected for steric effects after ref. 28. The slopes of the 
lines correspond to the followi~lg p" values: RCOMe + 
MeOH, 1.4; RCOMe + H20, 1.7; RCOOMe + MeOH, 
2.0; RCOOMe + H20, 2.1; RCOOH + MeOH, 2.4; 
RCOOH + H20,2.9. 

conlpounds but a negligible effect upon hydra- 
tion of carbo'xyl co~npounds is quite inysterious. 

The linear free energy relations discussed 
above show that the coinpletely thermochei~~ical 
approach utilized for the evaluatioi~ of free 
energies of addition to acetic and forrnic acids 
and their inethyl esters is at  least consistent with 
the more directly,evaluated free energies of addi- 

tion to  trifluoroacetic acid and its lnethyl ester. 
Further~nore it appears possible that there may 
be a general linear free energy relationship be- 
tween addition reactions of acids and the 
corresponding ketones. This would be extremely 
useful if true since it would perlnit the esti~nation 
of free energies of addition to carboxyl deriva- 
tives based upon the more accessible free energies 
of addition t o  carbonyl derivatives. 

Experimental 

Materials 
Trifluoroacetic acid (reagent grade) was used without 

further purification; no spurious peaks were detectable 
in the IgF nmr. Methanol (reagent grade) was dried over 
3A molecular sieves. Methyl trilluoroacetate was pre- 
pared by slow distillation from an equimolar mixture of 
methanol and trilluoroacetic acid. The fraction boiling 
below 39 "C was redistilled; bp 38 "C (lit. (30) bp 43 "C). 
Trimethyl orthotrill~~oroacetate was prepared after Holm 
(5) and had bp 102 "C (lit. (5) bp 106 "C). 

EcluiliDri~~~ii Co~rstcr~ltfot. Acklitio~z of Meilloxide to Metllyl 
Trifl~roroacetc~te 

Sodium methoxide (ca. 3 IM solution) was prepared 
from freshly cut sodium metal ancl dry methanol, ~ ~ n d e r  a 
nitrogen atmosphere, and was stored in a serum stoppered 
flask. The fine precipitate of sodiunl carbonate was 
allowed to settle out before any sa~nples were withdrawn. 
Less concentrated sol~~t ions  were prepared by dilution, 
using syringes to transfer solutions between serum capped 
containers. Co~lcentrations of methoxide were determined 
by titration of 1 ml samples with standard N/10 or N/100 
HCI. Concentrations of water were determined by Karl 
Fischer titrations using a Photovolt Aquatest meter. 
Portions (1 ml) of each rnethoxide solution were placed 
in stoppered small vials and then 25 (Hamilton syringe) 
of methyltrifluoroacetate was added to each, injecting the 
ester below the surface of the solve~lt. Preliminary ex- 
periments had shown that dropping the volatile ester onto 
methoxicle solutions resulted in substantial loss of ester. 
Replicate injections of the ester into methanol in a 
stoppered, tared vial, showed that 25 was 30.65 ? 0.33 
mg (mean and standard deviation for eight trials). The 
sample solutions were transferred to clean nmr tubes 
(cleaned, rinsed first with aqueous ammonia, then with 
methanol, and dried) and fitted with coaxial capillary 
tubes containing CFCI3 as reference standard. 1gF nmr 
spectra were recorded on a Varian HA100 spectrometer at  
94.1 MHz with a lOOOHz sweep width. The probe 
temperature was held at  25 "C. From these spectra the 
peak positions, relative areas (electronic integration), and 
widths at  half height were determined. 

EqlriliDrilrrn Co~lstrr~lt for Metl1)d Tr~llrorocicetrrte 
Fot.rnatio~z 

A stock solution of trifl~~oroacetic acid in water was 
prepared (5.60 g in 25.0 rill, 1.93 nloll-I). To 1.0 n ~ l  of 
this solution in a vial was added 28.3 mg of methanol. A 
portion of the solution was transferred to an nmr tube, 
and the lgF nmr spectrum was recorded at  a probe 
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teniperat~~re of 25 "C, with a coaxial capillary of CFCI3 
as reference. At high a ~ n p l i t ~ ~ d e  tlie signal due t o  ester 
c o ~ ~ l d  be seen, close to tlie signal for trilluoroacetic acid. 
(The assignment is based upon the absence of this signal 
when no methanol was present, and tlie linear dependence 
of the intensity of this signal upon tlie concentration of 
methanol.) Tlie intensity of tlie signal from CF3COOCH3 
was determined by electronic integration relative to that 
of tlie 13C satellite signal for CF3COOH. 

So/ r i /~ i / i~ j~  (?/' TI.;ITILII/I~~/ O I ~ I / I O I I ~ ~ ( / I I O ~ O ~ ~ ~ L ~ I ~ I / ~ ~  
A drop of trimethyl ortliotrifl~~oroacetate was added 

to a vial containing 2 nil of water 0.059 iZ.1 in 1~1.1-b~lty1 
alcohol. Tlie vial was stoppered and shaken tliorouglily 
for several minutes, then let stand until tlie undissolved 
ester had settled t o  the bottom of the vial. All operations 
were a t  room temperature. ctr. 25 "C. A sample of the 
solution was taken and placed ill an  nmr  tube; the se- 
quence of shalting, letting stand. and sampling was 
repeated. Integration of IH nriir spectra (Varian H A  100 
spectrometer) gave relative concentrations of CF;C- 
(OCH3)l and HOC(CH3)3. 
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Appendix 

The  pK,,'s of  aliphatic alcohols, R-CH2-OH, 
a rc  described by the empirical relationship (31) 

Assutning tha t  p* would be the same for  
RIR2R3C-OH (p*: is known t o  be the  same for  
RIR,C(OH)2 (32)), this corresponds t o  

The pK, of CF3(CH30)2C-OH can now be esti- 
mated a s  8.8 (using ucl:72: = 2.61 a n d  ucIIJO* = 

l .S1 (33)). 



Stereomutation of a P,2,3-triketone: an example of an asymmetric 
reaction 

SAUL WOLFE, JAMES EDWARD BERRY, A N D  MICHAEL R.  PETEIIS~N 
Depn~~/tiletr/ of C / ~ e t i ~ i s / ~ y ,  Q~~eeir 's  Uirive~:si/y, Kitlg.s/otr, Otr/orio I(7L 3N6 

Received June 25, 1975 

SAUL WOLFE, JAMES EDWARD BERRY, and MICI-IAEL R. PETERSON. Can. J. Cliem. 54, 210 
( 1976). 

The 1,2,3-triketone l'hC(Me)~COCOCOl'h has bcen synthesized from mandelic acid in seven 
steps. Its proton magnetic resonance s p e c t r ~ ~ n ~  feat~~res  a sharp six-proton methyl singlet at 
room temperature which broadens consiclerably at low temperatures but is not resolved into 
two pealts at 173 K. Similar dynamic behavio~~r is observed for the monoltetone PliC(Me)?COI'li. 
It is concluded that the barrier to interconversion of enantionicric tricarbonyl hetical conforrna- 
tions is significantly less than 7 kcal/mol. The rotation-rotation surface of the ketodialdehyde 
HCO-CO-CHO has been computed by the CND0/2 method; the barrier to stereomutation 
of enantiomeric helical conformations of this tricarbonyl system is fo~~ncl  to be 3.9 kcal/mol. 
The dynamics of this process are disc~~ssed in terms of a recently proposcd clcfinition of sym- 
metric ancl asymmetric reactions. 

SAUL WOLFE, JAMES EDWARD BERRY ct MICI-IAEL R. I'ETERSON. Can. J. Cliem. 54, 210 
(1976). 

011 a synthitisi la tricktone-1,2,3 PliC(Me)2COCOCOPh en scpt Ctapes k partir de I'acide 
mandilicl~~e. A tempirat~~re de la piece, son spectre de resonance magndtique du proton prisente 
un sing~~let bien difini pour les six protons du mdthyle; cc signal s'Clargit considtrablement g 
basse tenlpirat~~re mais n'est pas rCsolu en d e ~ ~ x  pics B 173 K. On observe un coniportement 
dynanliq~~e sernblable pour la monocitone PhC(Me)?COPh. On en conclut que la barrikre pour 
l'interconversion des conforniations liilico'idales des tricarbonyles Cnantiomkrcs est de beaucoup 
moindre que 7 kcal/~nol. On a calculC la s ~ ~ r f a c e  de rotation-rotation du citodialdehyde 
HCO-CO-CHO par la nietliode CNDO/Z. 011 a t r o ~ ~ v i  que la barrikre de stCrComutation 
des confornlations Iiilico'idales Cnantiomkres de ce syst6nie tricarbonyli est de 3.9 kcal/rnol. 
On disc~~te  de la dynanlique de ces processus en tern~e d'~111e dCfinition proposie riceuinient 
pour les riactions syniitriq~~es et asynlitriques. 

[Traduit par le journal] 

Introduction 

A recent publication from this laboratory 
presented a theoretical analysis of symmetric 
and asymmetric reactions (1). By these terms are 
meant reactions characterizecl, respectively, by 
the presence or absence of a plane of symmetry 
on the reaction coorclinate. For a process in 
which reagents and products are separated by 
one transition state, it was found that all reac- 
tion paths are indistinguishable, i.e., that sym- 
metric and enantiomeric asymmetric reactions 
proceed at the same rate under all experimental 
conditions. However, when reagent is converted 
to product via a stable intermediate, it was 
predicted that distinguishable enantiomeric reac- 
tions should be observable ~ ~ n d e r  non-equilibrium 
experimental conditions. 

An experimental test of this prediction requires 
a four component system consisting of two pairs 
of enantiomers that are interconvertible by an 

appropriate sequence of conformational events 
(stereomi~tation). In  addition, stereomutation 
must be suniciently slow on the chemical time 
scale to  perniit a physical separation of the 
components, because the experiment must be 
initiated with a preclominance of a single corn- 
pound. Scheme 1 illustrates the kinetic model 

which is then operative. In this scheme, A anti 
are enantiomers, as are B and B, but B and Bare  
diastereo~ners of A and A. Transition states 
A f  and A'+ are diastereomeric, as are and 
A", which are mirror images of A* and A'+,  
respectively. 
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The purpose of the present manuscript is to  
describe a compound whose dynamic conforma- 
tional behaviour has the expeririiental f e a t ~ ~ r e s  
of Scheme 1. However, as will be seen, the 
particular compound selected for the investiga- 
tion has been found to  undergo stereomutation 
too rapidly to  pernlit direct observation of a n  
asymmetric reaction. 

The N-brornosuccinirnide (NBS)-promoted di- 
niethyl sulfoxide (DMSO) oxidation of poly- 
acetylenes (2, 3) provides access to  polyketones. 
until recently (4) a relatively little know11 class of 
compounds. A particularly interesting property 
of such co~npounds is their conformation in 
solution. It is well-known (5) that glyoxal and 
butanedione have the m~ti-coplanar conforma- 
tion l, but the introduction of bulky substituents 
R can cause the carbonyl groups to move out of 
the plane (6). In the case of pentanetrione (2), 
Calvin and Wood suggested some time ago (7), 
on the basis of uv spectral observations, that 
one of the terminal carbonyl groups is orthog- 
onal to  the other two (3). More recent s t ~ ~ d i e s  
on diphenyltriketone have led Horner and 
Maurer (8) to  propose confor~~lation 4 for this 
con~pound in solution. In this conformation, the 
central carbonyl group is pe;pendicular to  the 
other two, and the molecule is helical. The helical 
conformation of this compound is also observed 
in the solid state? 

Elucidation of the helicity of pentanetrione 
has been attempted by Kroner and Strack (9). 
These workers reported geometry optimization 
of the planar rlmzs-rt.ot?s ( 2 )  and helical (5) 
conformations using CNDO/2 arid M I N D 0  2 

IM. B. Rubin, personal conimunication 

SCF-MO computations, and found the helical 
conformation to be Inore stable by 21.8 kcal/mol. 
This result means that, if 2 is the transition state 
for the interconversion of the two eriantio~ueric 
fornis of the cylindrical helix, optically active 
pentanetrione could have a finite lifetime on the 
chemical time scale. 

Because of the Inany experimental conse- 
quences of such behaviour, and to  assess the 
possibility of resolution of a tri- or polycarbonyl 
system, we undertook the synthesis of the non- 
enolizable triketone 6, which was expected to 
exist in solution as a conical helix. The presence 
of a chiral axis in this compound would be 
manifested by magnetic anisochrony of the 
diastereotopic methyl groups; and the tempera- 
ture dependence of the ~nethyl signals in the 
nmr could be ernployed to study tlie kinetics of 
stereomutation of the system. On the assunip- 
tion that the tricarbonyl ~noiety of 6 is indeed 
helical, the results of the work indicated that the 
~ratzs-rrn~z.~ confor~nation is not the transition 
state for the interconversion of enantiomeric 
conformations. Rather, such interconversio~i 
~i ius t  proceed by an  asyni~iietric reaction, as will 
be discussed below. 

Experimental 
Melting points were obtained on Fisher-Johns or 

Meltenip equipnie~it, and are ~~ncorrectecl. Nuclear 
magnetic resonance (nmr) spectra were recorded on 
Varian T60 or Bruker HX6O spectron~eters; TMS was 
employed as  an internal standard. and all spectra were 
obtained in CDC13, except for the spectra of 6 ,  which 
were recorded in 1 :1 CDC13:CDzCI?. Chemical shifts are 
reported as pprn downfield from the internal standard. 
Infrared (ir) spectra were recorded on Beckman 5A or 
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Perkin-Elmer 180 spectrometers; data from the Beckman 
instrument are reported in microns, and those from the 
Perkin-Elmer instrument are given in cm-1. Column 
chromatography was performed-on silica gel 60, obtained 
from Brinkmann Instruments. High resolution mass -- - - -  

spectra were obtained on a JEOL JMS-O1SC spec- 
trometer. 
2- Mefl~yl-2-phet~ylpropa,tal, 9 (10) 

To mandelic acid (22.0 g, 0.145 rnol), in ether (1 50 ml), 
was added at 0 "C a solution of freshly prepared ethereal 
diazomethane (from 45 g of Diazald) until the yellow 
colour of diazomethane persisted. Removal of the solvent 
afforded the methyl ester as a colourless oil (23.8 g, 
0.143 mol): nmr; 7.35 (5H), 5.20 (IH), 3.80 (IH), and 
3.70 (3H). 

A solution of this methyl ester (23.8 g, 0.143 rnol) was 
added dropwise to an excess of methylmagnesium iodide, 
prepared from methyl iodide (74g, 0.52 rnol) and 
magnesium turnings (12 g, 0.5 g atom). After the addition 
was complete, the mixture was refluxed for 1 h, and then 
~ o u i e d  onto a mixture of 4 N &So4 (50 ml) and crushed 
ice (200 g). The ether layer was separated and the aqueous 
layer was extracted three times with 50 ml portions of 
ether. The combined ether extracts were washed with 1070 
bicarbonate, dried (MgS04), and evaporated to yield the 
diol as a pale yellow oil (18.0 g, 0.109 mol): nmr; 7.35 
(5H), 4.40 (IH), 2.70 (2H), 1.20 (3H), and 1.08 (3H). 

The diol (17.0 g, 0.102 mol) was added to a mixture of 
glacial acetic acid (75 ml) and 10 N H2S04 (20 ml). After 
addition of one crystal of iodine, the mixture was refluxed 
for 10 min. The mixture was then cooled and extracted 
with three 100 ml portions of ether. The ether extracts 
were washed with 1076 bicarbonate, dried, and evaporated 
to a dark oil. Distillation afforded material boiling at 
52-54 "C/1 Torr (lit. (10): 105 "C/14 Torr): nmr; 9.60 
(lH), 7.20 (5H), and 1.45 (6H). An impurity having nmr 
peaks at 1.20 and 1.30 distilled at the same temperature as 
the aldehyde and could not be separated from it. The 
impurity represented 1576 of the material. 

1,4-Dipliet~)~1-3-I1ydrox~~-4-t1~etIyIpe1~tate-l-ote, 10 
To a solution of sodium hydroxide (2.18 g, 0.055 mol) 

in water (20 ml) and ethanol (10 ml) was added aceto- 
phenone (5.2 g, 0.043 rnol). 2-Methyl-2-phenylpropanal 
(6.4 g, 0.043 mol) was then added with vigorous stirring, 
the temperature being maintained at 20 "C. Stirring was 
continued for 2 h at this temperature, and the mixture 

magnetically stirred solution of pyridine (0.95 g, 120 
mmol) and methylene chloride (15 ml). The flask was 
fitted with a calciumchloride drying tube and the mixture 
stirred at 0 "C for 15 min. 1,4-Diphenyl-3-hydroxy-4- 
methylpentane-1-one (0.268 g, I mmol) was then added 
in one portion, and the mixture was allowed to warm to 
room temperature during a period of 15 min. The solvent 
was decanted and the black residue was triturated several 
times wit11 additional portions of methylene chloride. The 
combined methylene chloride extracts were washed suc- 
cessively with 10% sodium hydroxide, brine, and 5y0 
HCI, and then dried and evaporated to give a yellow oil 
(0.128 g): nmr; 12.4 (IH), 7.30 (IOH, m), 6.00 (lH), and 
1.60 (6H). 

2-Bron~o-1,4-diplte,?vl-4-tnetl~ylpet~fat~e-l,3-diote, 12 
To pyrrolidone hydrotribromide (1 1) (4.15 g, 8.3 mmol), 

in tetrahydrofuran (60ml), was added 1,4-diphenyl-4- 
methylpentane-1,3-dione (1.11 g, 4.15 mmol). The mix- 
ture was stirred at 25 "C for 0.5 h, and the precipitated 
pyrrolidone hydrobromide was then removed by filtration. 
The mother liquor was evaporated and the residue, in 
ether, was washed with water, dried, and evaporated to 
give 1.20 g of a yellow oil which quickly crystallized. 
Recrystallization from hot 95y0 ethanol afforded white 
needles, mp 137-139 "C: nmr; 7.30 (]OH, m), 5.70 (lH), 
1.65 (3H), and 1.55 (3H). 

1,4-DipAet~yl-4-rnetl~ylpet1tat~etriotle, 6 
2-Bromo-1,4-diphenyl-4-methylpentane-1,3-dione (160 

mg, 0.46 mmol) was dissolved in DMSO (1.5 ml) (12), 
and the solution was heated on the steam bath for 12 h. 
The mixture was then cooled, diluted with water (5 ml), 
and extracted with ether (3 X 10 mi). Drying and evapora- 
tion of the solvent left an orange oil (123 mg). The ir 
spectrum showed three carbonyl peaks, at 1675, 1705, and 
1720 cm-1: nmr; 7.40 (lOH, m) and 1.75 (6H, s). Mol. Wf. 
Calcd. for CI8Hl603: (M') 280.1099; found: (M') 
280.1137. 

2 , 2 - D i b r o t n o - 1 , 4 - d i p I 1 e t y l - 4 - t n e f I ~ y l p e ~ o t e ,  14 
To 1,4-diphenyl-4-methylpentane-1,3-dione (130 mg, 

0.46 mmol), in chloroform (1 rnl), was added at 0 "C 0.05 
ml (1 mmol) of bromine. After 45 min, the solution was 
evaporated to dryness to give the dibromo compound as 
white needles, mp 135-136 "C; 132 mg: nmr; 7.25 (IOH, 
m) and 1.60 (6H) 

was then extracted with ethkr (3 X 50 ml). The ether 
extracts were dried and evaporated to give a light yellow 
oil (11.5 g). Thin layer chromatography showed the 
presence of unreacted aldehyde, acetophenone, and a third 
component, Half of the oil was chromatographed on 
silica gel. Elution with 9 5 5  petroleum ether - ethyl 
acetate afforded aldehyde and acetophenone in the first 
fractions, followed by the third component, which 
crystallized. Recrystallization from petroleum ether gave 
white needles (1.1 g) mp 92.0-93.0 "C: nmr; 7.40(10H, m), 
4.40 (lH, t, 3 Hz), 2.90 (lH), 2.87 (2H, d, 3 Hz), and 1.45 
(6H). Anal. Calcd. for C18H2002 : C 80.56, H 7.51 ; found: 
C 80.50, H 7.65. 
1,4-Diphet~yl-4-n1ethylpet1tat~e-1,3-diote, I 1  

Chromium trioxide (0.60 g, 6 mmol) was added to a 

2-Acefoxy-l,4-dipl1et1yl-4-t~~etl1ylpet1fat1e-1,3-diot~e, 15 
The above dibromo compound (360 mg, 0.70 mmol) 

was added to a solution of fused sodium acetate (164 mg, 
2.0 mmol) in glacial acetic acid (1 ml). The mixture was 
refluxed for 2 h, during which time sodium bromide 
precipitated. After cooling and dilution with water, the 
mixture was extracted with ether and the ether extract 
was dried and evaporated to give an orange oil (210 mg). 
Preparative layer chromatography on silica gel and elution 
with 9:l petroleum ether - ethyl acetate separated this 
oil into an upper band of unreacted dibromo compound 
and a lower band (136 mg) of material identified as 
2-acetoxy-l,4-diphenyl-4-methylpentane-l,3-dione on the 
basis of its nmr spectrum: 7.30 (IOH, m), 6.45 ( lH,  s), 1.90 
(3H, s), 1.70 (3H, s), and 1.55 (3H, s). 
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WOLFE ET AL.:  STEREOMUTATION OF A 1.2,3-TRIKETONE 

C02H COzMe Me Me 
I (i) I (ii) I (iii) I (iv) 

H-C-OH - H-C-OH - Me-C-OH --+ Ph-C-CHO - 
I 
Ph 

I 
Ph 

I 
H-C-OH 

I 
Me 

I 

12 

SCHEME 2. Reagents: (i) CH2N2; (ii) CH3MgI; (iii) AcOH-H2S04-12; (iv) PhCOCHs-NaOH; (v) 
CrO3-pyridine; (vi) PHT; (vii) DMSO. 

1,2-Diplret?yl-2-met/iylpropatrotre, 18 
A solution of 2-methyl-2-phenylpropanal (2.5 g, 16 

mmol), in ether (10 ml), was added to phenylmagnesium 
bromide, prepared from magnesium turnings (0.49 g, 20 
mg atoms) and bromobenzene (3.14 g, 20 mmol). After 
refluxing for 1 h, the mixture was poured onto crushed 
ice (20 g) containing 4 N H2S04 (10 ml). The ether layer 
was separated and the organic layer washed with ether 
(3 X 10 ml). The combined ether extracts were dried and 
evaporated to give 1,2-diphenyl-2-methylpropanol as a 
pale yellow oil (3.39 g): nrnr; 7.3 (lOH, m), 4.65 (lH), 
2.40 (lH), and 1.35 (6H). 

Chromium trioxide (1.62 g, 16.2 mmol) was added to a 
magnetically stirred solution of pyridine (2.56 g, 32.4 
mmol) and methylene chloride (30 ml). The flask was then 
fitted with a calcium chloride drying tube and the contents 
stirred at 0 "C for 15 min. After addition of the alcohol 
(570 mg, 2.7 mmol), stirring was continued while the 
solution was allowed to warm to room temperature 
during 15 min. The solvent was decanted and the black 
residue triturated several times with 5 ml portions of 
methylene chloride. The combined methylene chloride 
extracts were then washed successively with 10% sodium 
hydroxide, brine, and dilute HC1, dried, and evaporated 
to give the ketone (513 mg) as a pale yellow oil: nrnr; 
7.35 (lOH, m) and 1.60 (6H, s). 

Results and Discussion 

is summarized in Scheme 2. Methylation afforded 
the ester 7, which was converted to the pinacol8 
with excess methylmagnesium iodide and then 
rearranged to the aldehyde 9 by brief refluxing 
in a mixture of glacial acetic acid and sulfuric 
acid (10). Condensation with acetophenone pro- 
duced the aldol 10. 

The formation of 10 was found to depend 
critically upon the experimental conditions, and 
was successful only when performed in a two- 
phase system containing lOyo sodium hydroxide 
and some ethanol. In this system equilibrium 
was reached in approximately 2 h, and the aldol, 
mp 92.0-93.0°C could be isolated from the 
equilibrium mixture in yields of 20y0. Oxidation 
of 10 with chromium trioxide - pyridine com- 
plex (13) gave the enolic p-diketone 11. Bromina- 
tion with pyrrolidone hydrotribromide (1 1) led 
to the crystalline bromodiketone 12, mp 137- 
139 "C. This compound was found to exist in 
the diketo form. Its ir spectrum showed carbonyl 
peaks at 1650 and 1710 cm-l; the most signifi- 
cant feature of the nmr spectrum was the presence 
of non-equivalent methyl groups, at 1.55 and 

Synthesis of the Triketone 1.65. ~ h e a n i s o c h r o n ~  results frbm the presence 
The synthesis of the triketone 6 was achieved of a chiral centre in the diketo structure. Similar 

in seven steps beginning with mandelic acid, and behaviour was exhibited by the acetoxydiketone 
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15, which was isolated following an  unsuccessfi~l 
attempt to hydrolyze the dibromo compound 14 
with fused s o d i i ~ ~ n  acetate. Evidently, in this 
system, the en01 16 is stable when X = H but, 
when X = Br or OAc, steric effects in the enol 
cause the diketo structure to be more stable. 

Kornblum oxidation of 12 (12) afforded the 
desired triketone 6. This compound was obtained 
as a viscous orange oil which showed no ten- 
dency to hydrate. Its infrared spectrum featured 
three carbonyl peaks, at  1675, 1705, and 
1720 cm-I, and the high resolution mass spec- 
trum2 displayed a molecular ion at  280.1137, 
correspoiiding to CI8HIbo3 .  At roo111 telllpera- 
ture i n  1 : 1 CD2CI2:CDCl3 or 1: 1 CH2Cl2:CFCI3 
the nmr spectrum showed a sharp six-proton 
singlet at  1.75 ppm. 

Dj.tzcrt77ic Nuclecrr Magtletic Re.sot~crtlce 
Behaviour of the Triketone3 

The observation of anisochro~ious methyl 
groups in 12 and 15 suggested that diastereotop- 
ism of the methyl groups of the triketone ought 
to be observable by nmr. Consequently, the 
presence of a sharp six-proton singlet i n  the 
nmr at room te~nperatilre demonstrated immccli- 
ately that, either the tricarbonyl systelii in this 
compound is achiral, i.e., planar, or that stcreo- 
mutation of chiral conformations is fast at this 
temperature on the nmr time ~ c a l e . ~ T h e  evidence 

cited in the Introduction and in ref. 4 suggests 
that the latter explanation is the more plausible. 

At low tclnperatures, the methyl singlet of 6 
broadencd considerably until, at  173 K,  the half 
band width was 8.50Hz, as compared to a 
0.90 Hz half band width for internal TMS. 
However, even at this temperature, no separa- 
tion of thc methyl signal into two peaks was 
observcd. Thcrefore. the process responsible for 
the line broadening must have a AG* less than 
7 k~al , 'mol .~  Such a barrier is in the range 
observed (14) for rotation about certain carbon- 
carbon and carbon-nitrogen single bonds. 

The results of the dnmr study therefore sug- 
gested that a slowi~ig of the rotational process 
depicted in 17, and not stereomiitation of a 

helical tricarbonyl system, might be responsible 
for the experimental observations. T o  check 
this point, the aldehyde 9 was convcrtcd into the 
monoketone 18, by reaction with phenylmag- 
nesium bromide followed by oxidation of the 
resulting alcohol, and the dnmr spectrum of 18 
was exa~nineci. The monoketone. like the tri- 
ketone. showed a sharp six-proton singlet a t  
room temperature, which broadened at  low 
tc~nperatilrc in the sanie manner as observed 
for the triketone. The dnmr data on 6 and 18 
are sumniariztd in Table 1. 

We liiily concluclc that the barrier to inter- 
conversion of e~~antiomeric liclical conforma- 
tions of the triketone is significantly less than 

that a sharp six-proton singlet is also observed at  room 
temperature in a number of other solvents, e.g., benzene, 
pyridine, DMSO. Loss of chirality of a helical conforma- 
tion by hyclration (4) of the central carbonyl groLI11 liiay 
also be r ~ ~ l e d  O L I ~  from the absence of hydroxyl absorption 
in the ir spectrum of 6, our inability to prepare a hydrate, 
and the failure of pyridine to add to the central carbonyl 
croun. I n  this latter case, s~lcli addition would have - 
generated a chiral centre and,  by analogy with 12 and 15, 

'We thank Mr. Peter M. Kazlnaier for this determina- would have been expected to  lead to anisochronous 
tion. methyl groups. 

3We thank Professor B. K. Hunter and Mr. David 5This is ca lc~~la ted  by assuming a coalescence tempera- 
Groves for these experiments. t ~ l r e  of 150 K,  and a limiting chemical shift dilference 

4The possibility that this observation is the result of between the methyl groups of 3 H z ,  the value observed 
accidental isochrony s e e m  to be ruled out by the finding in 12. 
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WOLFE ET AL.: STEREOMUTATION OF A 1.2.3-TRIKETONE 215 

TABLE 1. Dynamic nmr data for l,4-diphenyl-4- 
methylpe~~tanetriol~e ( 6 )  and 1,2-diphenyl-2- 

~iiethylpropanone (18) 

Compound 

6 
6 
6 
6 
6 
6 

18 
18 
18 
18 

TMS 
line widtha 

(Hz) 

0.35 
0.50 
0.55 
0.65 
0.70 
0.90 
0.35 
0.40 
0.75 
1.45 

Methyl 
line widtha 

(Hz) 

"Linc widths wcrc mensurcd n t  n point a1 half of r l~c  peak heiglit. 
bTcnipcralures below 173 I< caused tllc snmplc to f~.ccze to n glass. 

7 kcal/mol. Assuming the validity of Kroner 
and Strack's cornputations (9), the t m a - t m l s  
planar conformation 19 can therefore be ruled 
out as the transition state for tlie process 
20*%. An alternative to the sequence 20* 
19 *% is the sequence 20 + 21 * m, in which 
the enantio~ners 20 and interconvert, by 
sequential rotation about the C C  bonds, via 21 
or its mirror image, which are stable inter- 
mediates on the reaction coordinate and thus 
diastereomers of 20 and a. These various 
processes are shown in Scheme 3, from which it 
is evident that the stereomutation of the tri- 
carbonyl moiety of the triketone is an asym- 
metric reaction of the type depicted in Scheme 1. 

Although the asymmetric reaction shown in 

Scheme 3 is experimentally u~lobserv$le be- 
cause of the low barrier separating 20 (20) from 
21 (Z), it was of interest to  test theoretically the 
conclusions just reached. A niolecuiar orbital 
examination of the rotation-rotation surface of 
the ketodialdehyde HCO-CO-CHO (22) was, 
therefore. undertaken. 

Tl1eoretical Rotatio~~-Rototion Sl11;flrce of a 
J32,3-Tricnrbo~zyl Sysrenl 

Co~nputations were performed, as a function 
of the dihedral angles w l  and w l  (see 23, the 0,O 

conformation), using the standard CNDO/2 
programme s y ~ t e r n , ~  as modified for the Bur- 
roughs B6700 computer at Queen's University. 
All other geometrical paramete~s were held 
constilnt, as follows: C6H, 1.1 16 A (15); C=O, 
1.20 A (9); C-C, 1.47 A (9); L CCO, 123.0" (9); 
L HCO, 122.5" (9). Variation of w, and wz was 
made in 45" increments for all possible combina- 
tions of these parameters, so that a total of 21 
independent points were obtained. Table 2 sum- 
niarizes the results. As expected, the helical 
(90,90) conformation was found to be the niost 
stable, and the third column of Table 2 shows 
the energy differences of the various conforma- 
tions relative to  the (90,90) conformation. 

The stereomutation of 22 can be depicted 
most conveniently in terms of a rotation-rotation 
surface E(wl,w2). This surface was generated in 
two stages. In the first, an analytical expression 
having the form shown in Eq. 1 was fitted to  the 
data of Table 2. The coeficients of Eq. 1 are 
found in Table 3. Then, with tlie aid of this 
equation a 41 X 41 grid was p l ~ t t e d , ~  and is 
presented in Fig. 1. 

6The programme CNINDO (P.A. Dobosh) received 
from the Quantum Chemistry Program Exchange, 
Bloomington, Ind. was modified for use in the present 
work. 

'These operations are achieved by a series of computer 
programmes SURFPLOT, which may be obtained from 
the authors. Additional illustrations of the use of this 
programme are summarized in ref. 16. 
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TABLE 2. The con~puted (CNDO/2) total energy of 
HCO-CO-CHO as a function of ~1 and ~2 

E (hartree) 

- 77.65928 
-77.66266 
- 77.66554 
-77.66299 
-77.66086 
-77.66532 
-77.66878 
-77.66701 
-77.66369 
-77.66562 
-77.66879 
-77.66601 
-77.67261 
- 77.66972 
- 77.66640 
- 77.66887 
-77.67190 
-77.66616 
-77.66373 
-77.66633 
-77.66101 

TABLE 3. The parameters of Eq. 1, 
employed in the generation of 

the rotation-rotation surface of 
HCO-CO-CHO 

FIG. I .  The rotation-rotation surface of HCO-CO- 
CHO. 

Parameter Value 

[I]  E(wl,w2) (kcal/mol) = Co + Cl(cos wl 

$ COS ~ 2 )  $ c2 COS Wl COS W 7  $ c3 COS 3wl COS 3wz 
+ C4 cos 2wl cos 2wz + Cs sin wl sin w2 

+ C6 (sin wl  sin 2w2 + sin 2wl sin w2) 
+ C7 sin 2w1 sin 2w2 + Cs (cos 2wl + cos 2w2) 

+ c9 (COS 3wl + COS 3w2) 

There are three kinds of maxima on the 
rotation-inversion surface, corresponcling to the 
all-planar conformations 23 (0,0), 24 (0,180) 
and 25 (180,180); and the surface has two kinds 
of minima, corresponding to the helical con- 
formation 26 and a diastereonleric confornlation 

0 
I I 

H, C,C,C."">' H 
I I  -0 
0 

28 

27 (-90,90), which is slightly less stable. The 
interconversion of 26 and its mirror image Z-8 by 
a symmetric reaction will involve 23 (AE = 

8.36 kcal/n~ol), 24 (AE = 7.37 kcal/mol) or 25 
(AE = 7.28 kcal!mol) as transition states. These 
are clearly clisfavourecl with respect to an asym- 
metric reaction in which 26 is converted to 26 
via 27. The transition state for this process is the 
(180,90) conformation 28 and its equivalents. 
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wllicll a r e  found  a t  tllc saddle points of tllc 6. N. J. LEONARD and E. R. BLOUT. J. Am. Chem. SOC. 

sllrfdcc. 62, 3152 (1940). 
7. M. CALVIN and C. L. WOOD. J .  Am. Chem. Soc. 62. 

I T h e  conclus ion d e r ~ v c d  f r o m  t h e  CNDO 2 3152 (1940). 
I compi l t a t i ons  is t hus  ent l re ly  consis tent  with 8. L. HORNER and F. MAURER. Chern. Ber. 101, 1783 

t h a t  reachctl  in  t h e  cxpcr imcnta l  stlldy o f  t h c  (1968). 

t r i ke tone  6, Stereomlitation o f  t h e  t r lcarbonyl  9. J. KRONER and W. STRACK. Angew. Chem. Int. Ed. 
I system procecds  by an  a symmet r i c  p a t h ,  b u t  t h e  Engl. M ,  TrrFENEAU 11, 220 (1972). alld H. DoRLENcoul~T, C. R.  Acad, 
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Cycloaddition (2 + 3) d'aziridines avec les perfluoroalcenes. Synthese 
de pyrroles fluorbs 

J.  LEROY ET C. WAKSELMAN 
C.N.R.S.-C.E.R.C.O.A., 2 rrre Heir1.i Dlrtratrr, Tlrinis 94320 Frritrce 

R e ~ u  le 4 juin 1975 

J.  LEROY et C. WAKSELIV~AN. Can. J. Chem. 54. 218 (1976). 
La condensation thermique de carbornithoxy-2 et de cyano-2 aziridines avec le perlluoro- 

butkne et le perfluoropropkne produit des pyrrolidines polylluories. Ces composds, traitis par 
le mCthylate de sodium, conduisent 5 des pyrroles fluoris en position 3,4. Dans le cas du per- 
Ruoropropkne, la cycloaddition (2 + 3) n'est pas totalement rigiospdcifique. 

J. LEROY and C. WAKSEL~IAN. Can. J.  Cl~ern. 54, 218 (1976). 
Thermal condensation of 2-carbomethoxy and 2-cyano-aziridines with perfluorobutene and 

perfluoropropene produces polyfluorinated pyrrolidines. These compounds, treated with 
sodium methoxide, lead to 3,4-fl~lorinated pyrroles. In the case of perlluoropropcne, the (2 + 3) 
cycloaddition is not completely regiospecific. 

L'une des proprie'tts caracttristiques des aziri- 
dines est leur ouverture thermique ou photo- 
chimique cn ylures d'azomtthine qui, par 
cycloaddition (3 + 2) avec les oltfines activtes, 
conduisent i des pyrrolidincs substit~ites (pour 
une revue voir rtf. 1): 

Ces cycloadditions ont, j ~ ~ s q u ' h  prtsent, t t t  
effzctuees dans le cas de substituants activant la 
liaison tthyltnique par effet attracteur mtso- 
mkre (E = ester, nitrile). Les oltfincs perfluortes 
sont activtes d'une maniilre differcntc, csscntielle- 
ment par effet inductif tlcctroattracteur. Ayant 
observt rtcemment des reactions de cycloaddi- 
tion (2 + 2) avec ccs pcrfluoro~~lcknes (2), nous 
avons examint leur rtactivitt vis-;I-vis d'ylurcs 
d'azomtthine produits thcrmiqucment. Les pyr- 
rolidines fluortes obtenues conduisent par tlimi- 
nation d'acide fluorhydrique il des pyrroles 
fluoris en positions 3,4 qui peuvent prtscnter un 
inttr&t pharmacologique. A notre connaissance, 
ces pyrrolcs fluoris n'ont pas Ctt dtcrits, i 
l'exception du mtthyl-1 bis (trifl~1oromtthy1)-3,4 
pyrrole que nous avions obtenu comrne produit 
secondaire dans la condensation thermique du 
mtthyl-1 pyrrole avec le perfluorobutyne (3). 
Par ailleurs. la condensation de ce perfluoroalcyne 

avec Ics aziridines produit des pyrrolines-3 (4)? 
Enfin, la fluoration du mtthyl-1 pyrrole condui- 
sant ;I dcs pyrrolidincs perfluortes a CtC dtcrite 
rtcemment (5). 

Dans le cas general, la suite des reactions est 
rnontrie dans la schtma 1. 

Nous avons particuliilrement Ct~tdit la conden- 
sation du pcrfluoropropkne q ~ ~ i  pre'sente I'inttrtt 
d'aboutir i dcs pyrroles dont I'LIII dcs substi- 
tuants est un atomc dc fluor. Cct cxcmplc perniet 
de dtterminer tgalemcnt le dcgrt de regiostlec- 
tivitt de la reaction de cycloaddition. 

Coizrleilrr~tioil rivec le pcrj/~iot.oD~itPize-2 
(i)-A = COOCH3. Lc pcrfluorobutPne-2 t tant  

Lln mtlange d'isomkrcs cis (23y0) et trriilr (77%), 
on obtient deux couplcs de diasttr6oisornkres 
que nous avons stparis  par chromatographie en 
phase vapcur preparative (cpvp). La sttrCochimie 
dc ces isomkrcs n'a pu &trc dttcrmintc sans 
ambiguitt B partir dc lcurs spectres de rmn du  
proton et du fluor (tableau 1). Ccpendant, on 
relPve deux types de constantes dc couplage 
"(H-F) dans le motif -CF-CH(COOCH3)-, 
de I'ordre de 26.5 ct 6.5 Hz. Si I'on se base sur 
la dtpendance de  121 constantc dc couplage 
vicinale proton-fluor en fonction dc I'angle 

1De la m&me faqon, nous avons obtenu la /err-butyl-1 
carbombtlioxy-2 bis (trifl~1orom6tliyl)-3,4 pyrroline-3 par 
condensation tlierrnique de la /err-butyl-1 carbombthoxy-2 
aziridine sur le perlluorobutyne. 
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LEROY ET WAKSELMAN: CYCLOADDITION 

TABLEAU I. I'ropri6tes spectroscopiq~~es des pyrrolidi~ies (1 

I 
C(CH313 

N" IH rmn (CDCI;) d 1" r n ~ n  (CDCl;) @ 

3 ( ~  1.14 (9H, s, C(CH3)3), 3.7 77.1 (d(sext), CF3, 3J(CF3-F) 
(3H, S, COOCH3), 4.4 ( lH,  d, 17.6, .'J(CF;-F) 4.9, 5J(CF;-CF3) 
H,, 3J(H-F) G.S), systkme 2.8), 78.2 (d(sext), CF3, 3 J  

ABS" centre i 3.51 et 4.22 (CF3-F) 19.4, JJ(CF3-F) 5.3, 
(2H, oct, H,, et H,,, 2 J  (H,-H,) 'J(CF3-CFj) 2.8), 175.4 (m, CF, 
11.6, 'J(H,,-F) 27.8, ;J(HI,-F) 23.2). -18 raies, XJ-uI28, 3J(F-F)YO), 

182.0 (m, CF, 14 raies, YJ=SO). 

4u 1.13 (9H, s, C(CH;);), 3.72 73.8 (sept, CF3, 'J(CF3-F) 13.4, 
(3H, S, COOCH;), 4.16 ( IH,  d, J 2 6 . 7  (d), 5J(CF;-CF;)=6.7)? 
H,. 3J(H-F) 26.3), systkme / lB 76.6 (oct, CFs. jJ(CF3-F) 19.0, 
MXCf de 3.2 i 4.0 (2H, m, H ,  et J16.7(d),  5J(CF,-CF3)=6.7), 166.3 
H!,, 'J(H(f-Ho) I I .O1', .I 3.5(H!))!'). (m, CF, 1.13 raies, YJ11107), 178.8 

(m, CF, 1 1 4  raies, 'J1104). 

5a 1.08 (9H, s, C(CH3);), 3.75 (3H, 79.6 (sext, CF3, ;J(CF3-F) 19.7. 
s, COOCH;), 4.18 (IH, d, H,, 3 J  "(CF3-CF3) 9.9), 80.0 (quint, 
(H-F) 6.4), systkme A5Xd de CF3, lJ(CF3-F) 9.9, 5J(CF3-CF3) 
2.78 h 4.0 (2H, ~ n ,  H,, ct H , ,  9.9), 178.0 (m, CF, CVI /z =68), 
?J(H,-H,,) 12.OrJ). I86 ( ~ n ,  CF, WI ;? = 23). 

Go 1.08 (9H, s, C(CH,),), 3.73 75.8 (cli~int. CF3, ;J(CF3-F) 9.2, 
(3H, s, COOCH3), 4.16 ( IH,  d(d), 5J(CF,-CF3) 9.2), 77.3 (sext, 
H,, 3J(H-F) 26.6, J 4 3 ,  systkme CF3, 3J(CF;-F) 18.4, 5J(CF3-CF3) 
.45lv1Xo~hcntrC 2 3.30 et 3.62 9.2), 174.0 (111, CF, W1/2=56.4), 
(2H, doct, H, et HI,, ?J(H,-H,) 13.0, 178.8 (t, CF, J-23). 
3J(H(L-F) 29.0, 3J(Hb-F) 25.0, J 
4.5 (H*)). 

"HI, cst situc: b champ f o ~ t  par rapport b HI,. 
b A ~ ~ n l y s e  h 240 MHz. 
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220 CAN. 1. CHEM. VOL. 54. 1976 

dikdre (6), la plus grande constante correspond 
& une situation oh H et F sont en position cis. 
Ainsi, avec le traizs-perfluorobutkne-2, il se for~iie 
de f a ~ o n  large~iient prtpondtrante I'isonikre 
3a (3J(H-F) = 6.8 Hz). 

sur le groupe difluoromttliylkne ~ L I  perfluoro- 
p r o p h e ,  site le plus rtactif erivers les 11uclCo- 
philes (7). 

En h i t ,  nous observons que l'addition se 
produit tgaleriient en sens inverse, dans la pro- 
portioli de 10 B 157, pour A = COOCH3 et 
20 B 2.57, pour A = CN. De plus, pour chaqur: 
sens d'addition, le dipolarophile peut se prtsen- 
ter de f a ~ o n  s ~ n  ou [inti (position du groupe 
trifluoro~iikthyle par rapport au groupe attrac- 
teur ester ou nitrile) dans I'ktat de transition. 
Par exemple: 

I I 
Celui-ci, trait6 par le mtthylate de sodium, \ 

conduit quantitativement au pyrrole 70.  Aprks 1 /?-El 
saponification, l'acide pyrrole-2-carboxylique 9a (ct ' j ) ;c-N \ I 
(Y = Z = CF3), obtenu avec un bon rendement, $-I,I - 
est dtcarboxylt difficilement au reflux du xylkne (,,,,,) A / ;  F I  
en 10~1 (lion isolt). I \ i  

i kc-C'Fj 

EtOH , COOH 
I 

La condensatioli thermique t tant  conduite en 
autoclave d'acier inoxydable, 011 observe la for- 
mation directe des pyrroles 7 ,  en quantitt 
variable lorsque 1'011 augmente la durke de la 
rtaction, la ten~ptrature ou le volurne de  I'en- 
ceinte. Curieusement, dans une des rtactions de 
condensation entrc le perfluorobutkne-2 et la 
tert-butyl-1 carbomCthoxy-2 aziriciine, nous avons 
isolt ~~n ique~ i i en t  le pyrrole 11. 

(ii)-A = CN. Dans ce cas, IIOLIS avons obtenu 
directenient et uniquement le pyrrole 7c (Rdt. 
2093 par rkaction du perfluorobuti?ne-2 sur la 
tert-butyl-1 cyano-2 aziridine. 

Coiz~lei~sotiot~ CIVEC Ie perfl~ioro/~ro/~i.tze 
Avec ce dipolarophile se pose le problkme de  

I'orientation de son addition au dipGle 1,3 formt. 
En principe, le centre anionique de I'ylure 
d'azonikthine, confint sur le carbone en a ~ L I  

groupe attracteur (ester ou nitrile) doit se porter 

11 pcut cionc sc former en tout cieux couplcs cie 
diastkrtoisomkres. 

(i)-A = COOCH3. Lcs quatrc cycloadduits 
sont ~ n i s  en tviciencc clans lc produit brut, it cGtC 
d'une proportion variable (jusqu'8 lor/;, environ) 
cic pyrroles 7b ct 80 provenant de  la dkhydro- 
fluoration des pyrroliciincs. Ccs pyrroles pcrmet- 
tcrit de dtterminer sans ambiguitt Ic sens d'addi- 
tion clu pcrfluoropropkne. La sttrtochiniie des 
pyrrolidines diasttre'oisomPres est beaucoup plus 
ditlicile i clktermincr en raison de la complexitC 
des spectres de rnln (co~rplages multiples I-I-F 
ct F-F). 

Les deux pyrrolidines 50 et 60, rCsultant de 
l'addition inverse ont kt6 isolCes par cpvp, dans 
les proportio~is 5:2. Les cycloaciciuits 30 et 40, 
formts en quantitg pratiquemeut tgales solit 
i~istparables par cettc nlkthode. 

Lorsque 1'011 traite par lc mttliylate cie sotlium 
un mtlange de ces quatre isomkres, on obtie~it  
toujours cicux pyrroles isomkrcs 76 ct 80 dans 
les proportio~is (30 + 40):(56 + 6b) soit cn- 
v i ro~i  85: 15. La stkre'ocliiriiie a t tcnci~~e C ~ L I  pyrrole 
70, correspondant B I'adciition normale cst con- 
trble'e principalemcnt par I'examen de son 
spectre de  rmn13C. Le couplage tvcntuel 
'J(CI-F), cic I'ordre cle 20 Hz, normalenient 
attcndu dans une structure de type 80 n'est, en 
efyet. pas observk clans so11 spectre dkcouple' des 
protons (8). 
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LEROY ET WAKSELM AN:  CYCLOADDITION 

7h 8h 

La valcur des constantes de couplage H-F 
n'est pas aussi probante puisque 3J(Ha-F) = 

2.5 Hz dans 80 tandis que 4J(Ha-F) = 5.2 Hz 
dans 76. Dans le 3,4,5-trifluorofuranne, la 
constante orfllo est supirieure i la constante 
tnPtcr tle 0.7 Hz (9). En contrepartie, le couplagc 
J(Ha-CF3) cst plus grand dans 70 que dans 8b 
(tableau 2). 

Les spectres de rmn clu fluor des deux pyrroli- 
dines diastkrkoisomkres 30 et 40 sont trks diffC- 
rents d'aspect. Lcs s i g n a ~ ~ x  dils au fluor s i t ~ ~ i  au 
pied du groupe trifl~~oromktliyle sont bicn 
siparis  dans CDCI3 (et imbriq~lis  dans C6D6): 
ce sont un triplet sans structure fine et champ 
plus fort un dodicuplet trks bien risolu. A 
56.4 MHz, les groupes clifl~1oromCt1iylk1ie ap- 
paraissent comme une partie AB d'un spectre B 
couplages multiples (Av = 773 Hz, 2J(FF)-- 
250 Hz dans CDCI3) d i ~ e  2 30, dans l aq~~e l l e  
s'intercale Lln multiplet complexe dil A 40. En 
I'absence dc solvant, dcux satellites apparaissent 
:d k2J (FF) .  

A 240 MHz. cc m~lltiplet cst risolu en une 
autrc partie AB ('J(F-F) 245 Hz. Av 341 Hz 

ccttc frkquence). Lcs dcux spectres ayant Llne 
tendancc AM, Ics constantes dc couplagc autres 
que 'J(F-F) sont dktcrminics nu ler ordrc B 
56.4 MHz et h 240 MHz. A cette friquelice Line 
doublc ou triple irradiation homon~~cl ia l rc  cst 
utilisic. 

Unc f o ~ s  les pyrrolcs 7b et 8b obtcnus, la 
saponification permet dc passer aux acidcs cor- 
rcspondants2 puis la clicnrboxylation thermiquc 
au  pyrrolc 1011. Scs caractiristiqucs rmn ont CtC 
dktcrminics par doublc irradiation hktironu- 
cliaire du groupc trifl~~oromitliyle et ~ L I  fluor 
directcmcnt lik ~ L I  cycle et I'identification des 
protons ~ L I  cycle cst faitc sur Iu base dcs cons- 
tantes cle couplagc. Ainsi un proton cn a dc 
I'azotc risonnc-t-il B champ plus faiblc lorsqu'il 
est ell ot./lto d'un groupe trifluoromkthyle plutbt 
que d'un atomc de f l ~ ~ o r  (tableau 2). 

'Seul I'acidc 91) issu du pyrrolc majoritaire 7h a Cte 
is016 pur et identifie totaleme~it. Son isomere a 6tL: detect6 
seulemcnt par rmn du fluor. 

(ii)-A = CN. La condensation conduit B un 
mtlange de trois pyrrolidines cyanies isomkres 
3c1, 4cl (diastirioisomkres instparables) et 5c1, 
ainsi qu'aux deux pyrroles isomkres 7cl et 811. Les 
proportions cles clivcrs constituants varient sui- 
vant les conditions opiratoires, les pyrrolidines 
a-cyanies i tant  plus fragiles que leurs homo- 
l o g ~ ~ e s  a-ester. La quasi identiti cies spectres 
rmn 1')F de  ces deux classes de pyrrolidines ainsi 
que le passage aux pyrroles a-cyanks 7d et 8cI 
(par CH30Na)  permet dc difinir le sens d'addi- 
tion majoritaire q ~ ~ i  est celui normalement 
attendu. 

Un propriktk particulikre des pyrrolidines 
a-cyankes que nous avons priparies est l'ab- 
sence totale dc bande d'absorption infrarouge 
du groupe nitrile. Une bande d'absorption 
intense ~ ( C E N )  rkapparait dans le spectre infra- 
rouge des pyrroles. 

Cot~clet1scttioti ovec le t1.1'jiiiot.o-3,3,3 pt.ol)i.r~e 
Nous avons donc constatk que dans le cas du 

pcrfluoropropkne, I'addition dk I'ylure n'est pas 
rkgiospicifique. Cette olifine prbentant plusieurs 
substituants Clcctroattracteurs, I'influence du 
groupe trifluoromkthyle pouvait Ctre pert~lrbie 
par cclle des fluors vinyliqucs. Pour dkterminer 
['influence exactc de ceux-ci, nous avons exa- 
mini la rigiosilectiviti dc l'atldition de I'ylure 
d'azomitliine sur Ic trifluoro-3,3,3 p r o p h e ,  

fluors vinyliq~~cs.  
Dn~is  cctte riaction, trois cycloadduits sont 

obtcnus et siparks par cpvp et chromatographie 
en couchc mince prkparative. Nous les avons 
identifiis aux pyrrolidines 3e (567;,), 4e (22yp) 
et 5e (22%). La structure 3e cst itablie sans 
ambiguiti par rmn du proton h 250 MHz, son 
spectre ktant alors particulikrement clair et 
analysable au ler ordre. La double irradiation 
honi~n~lc l ia i re  dcs protons H, ct HI, confirme 
I'attribution. Cepenclant, les constantes de coup- 
lagc proton-proton vicinalcs i tant  du mCme 
ordre dc yrandcur, i l  n'est pas possible de  - 
clitermincr avcc certitude la configuration rela- 
tivc d t s  carbones portant Ic groupe trifluoro- 
mkthylc ct le groupe ester. Le spectre de rmn 'H 
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TABLEAU 2. ProprittCs spectroscopiques (rrnn) des pyrroles 

No RI R2 RI 1H rrnn 1" rnin 

7r1 CF3 

9ri CF3 

76 CFI 

86 F 

9b CF3 

lob CF; 

CFI 

F 

CF3 

CF; 

COOCH3 

COOH 

COOCH3 

COOCH3 

COOH 

6 (CDCI3), 1.6(9H, s, C(CH3)3), 3.86(3H, s, COOCH3), 
7.21(1H, s, H du cycle, W1/2=2.85). 

6 (CD~COCDI), 1.71(9H, s, C(CH3)3), 7.52(1H, s, H 
du cycle), --IO.j(lH, COOH). 

6 (CDC13), 1.70(9H, s,  CHI)^), 3.83(3H, s, COOCHI), 
7.13(1H, d(q), H du cycle, 4J(H-F)5.2, 4J(H-CF~)zxl). 

6 (CDCI3), 1.59(9H, s, C(CH3)3), 3.84(3H, S, COOCH3), 
6.68(1H, d(q), H du cycle, 3J(H-F)2.5, 5J(H-CF1)~o.j). 

8 (CD3COCD3), 1.73(9H, s, C(CH3)3), 7.29(1H, d(q), 
H du cycle, 4J(H-F)5.3, dJ(H-CF3)1.0),-.10(1H, COOH). 

6 (CDCI3), 6.61(1H, t(q), Ha', J(Hal-Ha)3.0, 
5J(Ma1-CF3)0.6, 3J(Haf-F)3.0), 6.9(1 H, t(q), Ha, 
J(Ha-Ha1)3.0, 4J(Ha-CF3)1 .2, 4J(Ha-F)3.9). 

6 (CDCI,), 1.78(9H, s, C(CH3)3), 7.28(1H, s, H du 
cycle, IVip = 2.6). 

6 (CDCh), 1.70(9H, s, C(CH3)3), 7.05(1H, d(q), H du 
cycle, .'J(H-F)S.O, dJ(H-CF3)0.9). 

a (CDCI3), 1.73(9H, s, C(CH3)3), 6.8(1H, d(q), H du 
cycle, 3J(H-F)2.6, "(H-CF3)0.6). 

6 (CD3COCD3), 3.9(3H, s, COOCHj), 7.52(1H, s,  H du 
cycle, WI /2--3). 

4 (CDCl3), 56.3(q, CF3(b), 5J(CF3-CF1)6.35), 57.8(q, 
CFj(rr), 5J(CF~-CF~)6.35). 

4 (CD~COCDI), 55.4(q, CFdb), -TJ(CFl-CF1)6.7), 57.3 o 
(q(d), CF3(rz), 5J(CF3-CF~)6.7, JJ(CF3-H)=l). 5 
4 (CDCI3), 57.9(d(d), CF3, 'J(CF3-F)6.5, J(CF3-H)zxl), ? 

142.3(quint, CF, 4J(F-CF3)6.5, 4J(F-H)5,2). o 

4 (CDCII), 56.0(d, CF3, 4J(CF~-F)1 IS), 166.0(q(d), % 
CF, 4J(F-CF~)11.5, lJ(F-H)2.5). 5 

< 
4 (CD3COCD3), 57.5(d(d), CFI, 4J(CF~-F)6.6, 4J(CF]-H) $ 

143(q(d), CF, JJ(F-CF~)6.6, 4J(F-H)5.3). 
vI P 

4 (CDCI,), 57.9(d(=q), CFI, 4J(CF3-F)5.6), 167.9(rn, CF). 1 S 

4 (CDCII), 57.5(q, CFdb), 5J(CF~-CF~)6.0), 58.2(q, 
CF; (rr), 5J(CF~-CF3)6.0). 

4 (CDCI:), 59.2 (d, CFI, "(CF3-F)6.3), 148.3 (quint, 
CF, "(F-CFI)~.~, 4J(F-H)5.0). 

4 (CDCh), 58.O(d, CF3, 4J(CF3-F)8.7), 163.0(q, CF, 
dJ(F-CF3)8.7, 3J(F-H)2.6). 
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LEROY ET WAKSELMAN: CYCLOADDITION 223 

de 4e est moins clair. MalgrC tout, sa similitude 
avec celui de 3e, notamment en ce qui concerne 
les signaux de H,, Hd et HI, et l'utilisation de la 
double irradiation homonucltaire des protons 
Hi et HI, permet une attribution non ambigiie. 

1,'isomttre 5e rCsulte alors nkcessairement de 
l'addition inverse. A 250 MHz, le signal dG au 
proton Hi (la m6me notation que prCcCdemment 
est utiliste) est un doublet : J(Hi-HI,) = 4.3 Hz. 
Un singulet est obtenu par irradiation de HI,. 
De meme, les signaux de Hf et H, sont fortement 
rnodifiCs par irradiation de Hd et H,, sans @tre 
toutefois interprttables. De plus, la faible valeur 
de la constante de couplage 3J(Hi-H~,) indique 
que les protons Hi et Hh sont probablement en 
position trans (10). 

Ainsi, dans l'exernple du trifluoro-3,3,3 pro- 
pkne, la condensation n'est pas rtgiospCcifique, 
l'attaque du centre anionique de l'ylure s'effec- 
tuant B environ 78% sur le groupe mCthylbne. 
Ce rtsultat, peu difftrent de celui observt avec 
le perfluoropropkne, montre que l'influence des 
fluors vinyliques est faible et que l'orientation 
de l'addition est gouvernte principalement par 
le groupe trifluoromtthyle trks Clectroattracteur. 

D'une manibre gCntrale, il est B remarquer 
que si les cycloadditions (2 + 2) et (2 + 4) des 
perfluoroalcttnes ont CtC intensivement CtudiCes 
( l l ) ,  les cycloadditions (2 + 3) sont peu con- 
nues (12). 

Dans le cas de la condensation des nitrones sur 
le perfluoropropkne, la formation d'isoxazoli- 
dines perfluortes est rCgiosptcifique (13). Par 
contre, avec les ylures d'azomtthine, cette con- 
densation est sirnplement rCgiostlective. Elle 
permet, par 18 mcme, d'acctder aux diffirents 
htttrocycles polyiluorts fonctionnels isomttres, 
en particulier aux pyrroles substituCs directe- 
ment par un atorne de fluor. 

Partie expkrimentale 
Les appareils suivants ont CtC utilises pour les mesures 

physiques: spectres de rCsonance magnCtique nuclCaire(rmn) 
1H et 19F (60 et 56.4 MHz), JEOL C-60 HL CquipC d'un dC- 
coupleur hCtCronuclCaire JEOL JNM-SD-HC. RCfCrences 

internes TMS et CFC13. La risonance magnitique nucle'aire 
13C (20 MHz), Varian CFT-20, rCfCrence interne TMS. Les 
spectres rmn 'H et 1" F 240 MHz ont CtC enregistrCs F 
l'Institut d'Electronique Fondamentale, UniversitC de Paris 
XI, Orsay. Les spectres rmn 'H ti 250 MHz ont CtC en- 
registrCs sur un appareil Cameca au Service de Chimie 
Physique, C.E.N. de Saclay par Monsieur Forchioni que 
nous remercions vivement. Les deplacements chimiques sont 
exprimCs en pprn par rapport aux rCfCrences indiquCes et les 
couplages en Hz. Les spectres infrarouge (ir) (solutions dans 
CC14) ont CtC enregistres sur un appareil Perkin-Elmer 
modkle 457 et les spectres de masse sur un appareil AEI 
type MS 30 h double faisceau ti 70 ev. 

Les chromatographies ont CtC effectuees sur un appareil 
Varian Aerograph modkle 920 avec les colonnes prCpara- 
tives suivantes: 30% SE 30 sur Chrornosorb PAW 45/60, 
10 pieds X 4 po; 20% FFAP sur Chromosorb A 45/60, 
8 pieds X 2 po; 15% EGS sur Chromosorb WAW 60180, 
7 pieds X po. 

Dans les tableaux des donnCes de rmn, les abriviations 
suivantes sont utilisees: s,  singulet; d, doublet; t, triplet; 
q ,  quadruplet; quint, quintuplet; sext, sextuplet; sept, 
septuplet; oct, octet; doct, dodkuplet; m, multiplet; W I ~ ,  
largeur ti mi-hauteur en Hz; ZJ, largeur entre raies ex- 
tr&rnes en Hz. 

Les rert-butyl-1 rnCthoxycarbonyl-2et tert-butyl-1 cyano-2 
aziridines ont CtC preparks selon des mCthodes dCjF 
decrites (14) et (15). 

R&actior~ drc perfl~rorobrrtbre-2 srrr la tert-brrtyl-1 
mPthox)cnrborg~l-2 nziridir~e 

Un mClange de 2 g (13 mmol) d'aziridine fraichement 
distillke, 7 g (35 mmol) de perfluorobutkne-2 et 3 ml de ben- 
d n e  anhydre est chauffe 12 h F 180 "C dans un autoclave 
d'acier inoxydable de 50 ml. Aprks refroidissement, dCga- 
zage et evaporation du benzene, le rCsidu liquide est distill6 
"bulbe-F-bulbe" entre 50 et 100 "C sous 0.05 Torr. L'huile 
obtenue est analysCe par cpvp sur colonne FFAP (four 
108 "C). On recueille, dans l'ordre des temps de rCtention 
croissants les cycloadduits 3n (1.87 g, 5.2 mmol), 4n (0.48 
g, 1.4 mmol), 5n (0.12 g, 0.35 mmol) et 6a (0.10 g, 0.28 
mmol). Rdt. total: 56%. Arlal. Calc. pour C I ~ H I ~ N O ~ F ~ :  
C 40.34, H 4.24, N 3.92, F 42.54; trouve: 30: C 40.06, 
H 4.22, N 3.79, F 42.61; 4a: C 40.58, H 4.23, N 3.94 
F 41.87. Spectres de masse: 3a, 4n, 50, 6n: m/e 357 (M); 
ir : 30, v (C=O) 1758-1; rmn 1H et lgF, tableau 1. 

Note: dans une autre expirience, portant sur 6 g  (40 
mmol) d'aziridine, 11.4 g (57 mmol) de perfluorobutkne-2, 
dans 25 ml de bendne anhydre (autoclave de 125 ml), on a 
obtenu, aprks 12 h de chauffage F 180 "C une mixture 
dCgageant de l'acide fluorhydrique. Aprks neutralisation au 
carbonate de sodium et extraction h l'ether diithylique, on 
recueille un semi-solide repris au benzkne et additionnC de 
pentane. Un solide floconneux prCcipite. Celui-ci est re- 
cristallise trois fois dans un melange benzkne-pentane puis 
sublimC F 120 "C/0.07 Torr. On recueille 2 g (1.3 rnmol) de 
pyrrole 11 (p.f. 105-106 "C). Atlal. Calc. pour C S H ~ N O I F ~ :  
C 36.79, H 1.93, N 5.36, F 43.66; trouvC: C 36.68, H 2.01, 
N 5.36,F 43.77. Spectrede masse: rn/e 261 (M); ir: v (C=O) 
1718 cm-1; rmn 1H et I T F ,  tableau 2. 

R&actior~ drr perflrrorobutGt~e-2 srrr In tert-butjrl-1 
cyano-2 aziridirle 

2 g (16 mmol) d'aziridine, 6.4 g (32 mmol) de perfluoro- 
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butkne-2 et  8 ml de benzkne anhydre chauffks 19 h h 200 "C 
en autoclave d'acier inoxydable de 50 ml conduisent, aprks 
Cvaporation du solvant h un solide marron qui est repris au 
benzkne. La mixture obtenue est passCe sur colome de gel 
de silice 0.05-0.2 mm, avec le benzkne pour eluant. On 
recueille en tCte 1 g (3.5 mmol) de pyrrole 7c. Rdt. 22y0. Un 
Cchantillon analytique est obtenu par sublimation h 80 "C/ 
0.05 Ton.  (p.f. 106-108 "C en tube capillaire scellC). Artal. 
Calc. pour CllH10N2F6: C 46.49, H 3.54, N 9.86, F 40.11 ; 
trouvC: C 46.50, H 3.60, N 9.61, F 39.80. Spectre de masse: 
m/e 284 (M); ir: v ( E N )  2240 crn-1 (intense); rmn 1H et 
l9F, tableau 2. 

Re'actiotr drl pet:flrroropropbre s~rr  la lert-brrtyl-I 
me'tlroxycarbo~~yl-2 aziridirle 

(a) Un mClange de 3 g (19 rnmol) d'aziridine fraichement 
distillCe, 5 g (33 rnrnol) de perfluoropropkne et 6 ml de 
benzkne anhydre est chauffC en autoclave d'acier inoxydable 
de 50 ml h 180 OC pendant 12 h. Aprb  refroidissement et 
digazage, le benzkne est CvaporC et le rCsidu distill6 "bulbe 
h bulbe" entre 50 et 100 "C/0.05 Torr. On recueille 4 g d'une 
huile dont les constituants sont sCparCs difficilement (re- 
couvrement) par cpvp sur colome FFAP (four 110 "C). 
Dans l'ordre croissant des temps de rCtention, on isole 56, 
(3b + 46) et 66. 

(b) Dans une autre expCrience 7.85 g (50 mmol) d'aziri- 
dine, 12 g de perfluoropropkne et 25 ml de benzkne anhydre 
sont chauffks 18 h i?i 190 "C en autoclave de 125 ml. A p r b  
distillation "bulbe-A-bulbe", une nouvelle distillation sur 
colonne Vigreux conduit h 6.4g d'un mClange des cyclo- 
adduits 36, 4b (85%), 56 (ll%), 6b (4%); p.Cb.o.02--_43 "C. 
Rdt. 42%. 

Cycloaddrrirs (3b + 46) 
Atral. Calc. pour C I I H I ~ N O Z F ~ :  C 43.00, H 4.92, N 4.55, 

F 37.10; trouvC: C 42.89, H 4.91, N 4.31, F 37.09. Spectre 
de rnasse: tnle 307(M); ir: v(C=O) 1749-1756-1778 
cm-I; rmn lH, 6 (CDC13) 1.1 (9 H ,  singulet, C(CH3)3, 3.75 
(1.5 H ,  singulet, COOCH3), 3.75 + (0.75 Hz) (1.5 H ,  
singulet, COOCH3)), 2.9-4.4 (3 H,  multiplet, protons du 
cycle): 6 (C6D6), 0.75 (4.5 H ,  singulet, C(CH3)3), 0.75 + 
(1.43 Hz) (4.5 H ,  singulet, C(CH3)3), 3.29 (3 H ,  singulet, 
COOCH3), 2.6-4.6 (3 H,  multiplet, protons du cycle). 

Cycloadd~rits 56 et 6b 
lH  rmn: 56: 6 (CDC13) 1.09 (9 H ,  singulet, C(CH3)3), 

3.74 (3 H,  singulet, COOCH3), 2.9-4.4 (3 H ,  multiplet, 
protons du cycle). 

6b: 6 (CDC13) 1.08 (9 H ,  singulet, C(CH3)3), 3.71 (3 H ,  
singulet, COOCH3). 

La re'sorrarrce magrre'tiqrre t~rrcle'aire 19F 
La notation des noyaux, valable pour les homologues 

a-cyanCs, est la suivante: les lettres a et b dCsignent les 
noyaux gCminCs H et F portCs directernent par le cycle, 
la lettre c les noyaux H et F isolCs, Cgalernent liCs directe- 
ment au cycle. Les valeurs notees * sont tirCes de l'analyse 
h 240 MHz. Les A V  sont rapportCs h 56.4 MHz. 

3b: 4 (CDCh)--_ 76.7 (multiplet, CF,), systkme AB 
centrC h 113.4 (Av 773.0 2J(Fa-Fb) 249.6, Fa, sextuplet 
dCdoublC, 3J(Fa-H,) 23.3, 4J(Fa-CF3) 14.4, 4J(Fa-Ha,,) 
3.5, 3J(Fa-F,) -- 0, Fbr  multiplet, W1/2 14.0, 3J(Fb-Hc) 'U 

7.8, 3J(Fb-F,) --_ 0, 4J(Fb-CF3) trks faible), 179.7 (multi- 
plet, F,, 3J(F,-Ha,b) 27.5 et 20.5, 3J(F,-CF3) 7.0). 

46: 4 (CDC13) E 76.7 (multiplet, C B ) ,  systkme AB 
centre -- 117.5 (Av 80.0*, 2J(Fa-Fb) 248.0*, Fa, dkcuplet 

Z J  35.6, 3J(Fa-H,) 12.5, Fb, quintuplet, 3J(Fb-H,) 15.2, 
4J(Fh-CF3) 12.0, 3J(F,-F,) --_ 0), 177.1 (triplet (multi- 
plet); F,, 3J(F,-Ha,b) 32.0): 

5b: d (CDC13) 77.8 (doublet (triulets). CF3, J 12.7 (6.4)). 
s y s t k m e ' ~ ~  centre 8'115 ( ~ ~ 1 6 ? * ,  ZJ(F,-F,) 248" F:, 
multiplet, F,, quadruplet, J z  13.4), 183.0 (quintuplet, 
F,, J -U 8.5). 

66: 4 (CDC13) 74.8 (quintuplet, CF3, Z J  25.4), systkme 
AB centrC i?i 120 (Av 383,2J(Fa-Fb) 247, Fa,  Fb). 

R6actiorr dl perflrroroprop?rle sur la tert-brrtyl-1 
cya~ro-2 azbiditte 

L'aziridine (1.5 g, 8.1 mmol), 4 g (27 mmol) de per- 
fluoropropkne et 8 ml de benzkne anhydre sont chauffCs 
5 h h 175 "C en autoclave d'acier inoxydable de 50 ml. 
Apr'es refroidissement et dCgazage, le benzkne est CvaporC 
et le liquide residue1 distill6 "bulbe h bulbe" vers 80 "C/ 
0.05 Torr. Le liquide obtenu est chromatographie sur 
colonne preparative SE 30 (four 120 "C). Dans l'ordre 
croissant des temps de rCtention, on recueille 0.8 g (3 
mmol Rdt. 37%) du melange 3d (--_43%), 4d (--_43%),5d 
(14%), 0.18 g (0.7 mmol) de pyrrole 7d et 0.15 g (0.5 
mmol) de pyrrole 8d. 

Cycloadd~rits (3d + Id + 5d) 
Spectre de masse: rnle 274 (M); ir: v ( S N )  invisible; 

rmn 1H: 6 (CDCI3) r~ 1.23 et 1.29 (9 H ,  C(CH3)3), 3.1-4.6 
(3 H ,  multiplet, H du cycle); 6 (C6D6) 0.73 et 0.87 
(C(CH3)3 3d et 4 4 ,  0.93 (C(CH3)3 5d), 2.6-4.4(multiplet, 
H du cycle). 

1" rmn: 3d: 4 (CDC13) -- 77 (multiplet, CF3), systkme 
AB centrC h 115.0 (Av 265.0, 'J(Fa-F,) 243.0, Fa,  quintu- 
plet, J(Fa-H, et CF3) cx 13.4, F,, mult~plet, W1/2 = 11.3, 
4J(Fb-CF3) -U 3.5), 178.0 (triplet (--_quintuplets), F,, 
J 26.8 (triplet), 3J(F,-CF3) 7, J z 7). 

4d: 4 (CDCI3) -- 77 (multiplet, CF3), --_ 113.5 (multi- 
plet, Fa,  F,), 175.0 (triplet (multiplets), F,, J 13.4 (triplet)). 

5d: 4 (CDC13) - 77 (multiplet, CF3), -- 112.5 (multi- 
plet, Fa, F,), 177.0 (quintuplet, F,, 3J(F,-CF3) 7.0, J 7.0 
(doublet)). 

PrPparatiotr des pyrroles for~ctiorrtrels ci partir des 
pyrrolidirles 

Dans une expirience type, 6 mmol de pyrrolidine des 
sCries a ,  b ou d, sont ajoutees goutte i?i goutte 8 17 mmol de 
mCthylate de sodium dans 3 ml de methanol anhydre. 
Aprks agitation pendant quelques heures, le mClange 
reactionnel est additionnC d'eau distillee, de chlorure de 
sodium et extrait quatre fois h 1'Cther dikthylique. Aprks 
sCchage sur MgS04, les pyrroles isornkres sont sCparCs 
par cpv prkparative: 76 (p.f. 43 "C) et 86 (p.Cb.,,, 243 "C) 
sur colonne EGS (four 120 "C); 7d (p.f. 45 "C) et 8d 
(p.f. -- 35 "C) sur colonne SE 30 (four 120 "C). Le pyrrole 
3a (p.f. 43 "C) est purifiC par cpvp sur colonne SE  30 (four 
170°C). Les rendements de la dChydrofluoration sont 
quantitatifs. Arral. (76 + 8b) Calc. pour C I I H I ~ N O ~ F ~ :  
C49.44,H4.87,N5.24,F28.46;trouvC:C49.55,H4.81, 
N 5.34, F 28.58. Spectres de masse: 7a, mle  317 (M); 7b 
et 8b, m/e 267 (M); 7det 8d, mle 234 (M); ir: 7a v (C=O) 
1745 cm-1; 7b v (C=O) 1726 cm-1; 8b v (C==O) 1736 
cm-I; 7d et 8d v ( e N )  2230 cm-1 (intense); rmn IH et 
19F: tableau 2. '3C rmn (dCcouplC des protons) (Cc = 
carbone du cycle): 7b, 6 (CDC13)30.07(singulet, C(CH3)3), 
51.84 (singulet, OCH3), 60.84 (singulet, C(CH3)3), 106.33 
(doublet, -Cc=CF-, 2J(Cc-F) 27.1), 109.1 5 (quadruplet, 
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LEROY ET WAKSELMAN: CYCLOADDITION 225 

CFI, .l(C-F) 265.3), 120.78 (singulet, Cc-H), 137.74 
(doublet, Cc-F, J(Cc-F) 349.5), 160.2 1 (do~~ble t ,  
COOCH,, 3J(C-F) 17.6). 86, 6 (CDCI,) 30.55 (sing~~let, 
C(CH3)3), 52.92 (singulet, OCH,), 60.04 (singulet, 
C(CH3)3), 110.81 (doublet, Cc-H, 'J(Cc-F) 15.5). 

Pnssrrge trrr,s trcitles pyrrolc-2 ccrr.bo.s.).litlrres 9tr et 9b 
Les pyrroles 70 et 71) sont traites au r eR~~x  pendant 3 11 

par un excks de potasse Cthanoiiq~~e 5 N. Apres kvapora- 
tion d ' ~ ~ n e  partie cle l'alcool, on acidifie par HC1 di1~1C vers 
0 "C. La s o l ~ ~ t i o ~ l  est filtrte et le prCcipitC rincC B I'Cther 
dikthyliq~~e. Le tiltrat est extrait B I'ether et la solutio~l 
obtenue sCc11Ce sur MgSOd. Aprks Cvaporation ~ L I  solvant, 
les acides 9tr et 9/, sent recristallisCs cle~~x fois dans LIII 

nlkla~lge eau-Cthanol. Un Cchantillon analytiq~~e de 91) est 
obtenu par sublimation B 130 ' C  ( I5 Torr). 

9t1: pas de point de f ~ ~ s i o n  net. 911: p.f. 158 "C ( t ~ ~ b e  
capillaire scelli). AIINI. Calc. pour 90, CI IHI INOZFB:  
C 43.56, H 3.63, N 4.62, F 37.62, trouvC: C 43.55, H 3.60, 
N 4.61, F 36.99; Atral. Calc. pour 9b, C I O H I I N O Z F ~ :  
C47.43,H4.34,N5.53, F29.25; trouvC:C47.59,H4.24, 
N 5.50, F 30.15. Spectres de masse: 90, tn,le 303 (M); 911, 
rrzle 253 (M); ir: 9tr v (C-0) 1715 et 1740 cm-1; 9h 
v (C=O) 1690 et 1730 cm-1; rmn IH et 1": tableau 2. 

DL:cr~rl~ox)~lt~tio,r c1e.s ncitles p)~rro/c,-2 ctrr1~osylitlrre.s 
La pyrrole 9b (2 g, 8 mmol) sont portis progressive- 

ment B 160 "C, dans un bain d'huile. I1 y a alors fusion et 
Cvolution de gaz carbonique. Au bout de 1 11, on laisse 
refroidir. Le liquide obtenu est puriliC par cpvp sur 
colonne FFAP (four 150 "C). On recueille 1.6 g (7.6 mmol) 
de pyrrole 1011; p.Cb.15 92 "C. Arrtrl. Calc. ~ O L I ~  c9HllNF.1: 
C 51.67, H 5.31, N 6.70, F 36.33; tro~~vC: C 51.63, 
H 5.32, N 6.52, F 36.41. Spectre de masse: rille 209 (M); 
rnln 1H et 19F: tableau 2; rmn 13C (dCcouplC des protons) 
(Cc = carbone ~ L I  cycle): 6 (CDCI,) 30.13 (sing~~let, 
C(CH3)3), 56.59 (sing~~let, C(CH,)3), 102.15 (q~~adruplet 
dCdoubl6, Cc-CF,, ?J(Cc-CF3) 37.3, ?J(Cc-F) 12.05), 103.6 
(doublet, -Cc=CF-, 'J(Cc-F) 26.3, 114.58 (singulet large, 
-Cc-C(CF3)-), 123.33 (q~~adruplet dCdo~~blC, CF3, J(C-F) 
265.4, 3J(C-F) 2.7). 148.02 (do~~blet ,  Cc-F, J(Cc-F) 
245.1). 

Le pyrrole 9a, chauflC 48 11 B reflux de I'ortho-xylene est 
dCcarboxylC en partie (30(,;) en pyrrole 10t1 qui n'a pas 
CtC isolk mais dice16 par son spectre rmn 19F: $ CF:, 58.0 
(sing~~let). Pour I 'ho~nolog~~e N-CH,, $ CF3, 58.3 (singu- 
let) (3). 

RL:t~c/ior~ t11r /1.i/l1roro-3,3,3 prop?rre .slrr 10 /e~.t-/~rr/j~l-l 
~ ~ P / I I O , Y J ~ ~ ~ I ~ / ) ~ I I ~ I - ~  trziritlir~e 

Un rnClange dc 2 g (12.7 nlrnol) d'aziridine, 3 g (31 
nlrnol) d'olCfine et 4 rnl de benzkne anhydre sont chauffCs 
5 11 B 175 "C en autocpave de 50 ml. Aprks le traitement 
habituel, on rec~~cille ulle h ~ ~ i l e  dent Ics co~lstituants sont 
en partie sCparCs par cpvp sur colonne EGS (four 120 "C). 
Dans I'ordrc croissant des temps de rdtention, d e ~ ~ x  
fractions principales sont isolies: 4e et 5e mClangCs (0.42 g 
1.7 rnrnol) et 3e (0.53 g, 2.1 rnniol, p.f. 1. 25 'C). 4e e/ 5e 
sent sCparCs ens~~i t c  par chromatographie en couche 
mince priparative sur gel de silicc Merck. Type 60 PF. 
Eluant: benzene - Cther diCthyliq~~e (6:4). L'isomkre 5c, le 
moins CluC, est obtenu en proportion Cgale B 4e. Arrtrl. 
Calc. pour C ~ ~ H I S O ~ F ~ N :  C 52.17, H 7.16, N 5.53; ~ ~ O L I V C :  
3e, C 52.24, H 7.02, N 5.27. Spectres de masse: 3e, 4e, 5e, 
rule 253 (M); rmn IH (250 MHz): 3e, 6 (CDCI,) 1.07 (9 H, 

singulet, C(CH,)3), 2.07 (I H, doublet (=triplets), H,, 
'J(H,-H,) 12.5, 'J(H,-Hi) 8.75, JJ(H,-Hh) 9.5), 2.36 
(I  H, d o ~ ~ b l e t  (triplets), H,, ?J(H,-H,) 12.5, 3J(H,-Hi) 
7.5, 3J(H,-Hl,) 7.5). 2.72 ( 1  H,  octet, H,,, TJ = 60.8), 
3.12 ( I  H, cio~~blet (cio~~blets), H,,, 'J(H,-H,) 10.5, 
3J(H,-H,,) 8.75), 3.24 ( 1  H, do~~ble t  (doublets), H,, 
'J(H,-H,,) 10.5, VJ(H,-HI,) 8.5), 3.70 et 3.73 (4 H), 3.70 
(sing~llet, COOCH,), 3.73 (-triplet, Hi ,  JJ(H,-H,) 8.75, 
3J(Hi-H,) 7.5). 4c: 6 (CDCL3) 1.08 (9 H, singulet, 
C(CH3)3), h.2.0 a 2.13 (2 H, multiplet, H, et H,), 2.83 
( I  H,  triplet, H,,, 2.1(H,l-H,) 9.0, 3J(HO-H1,) 9.0), 3.13 
( l H ,  octet, HI,, SJ = 60), 3.30 ( 1 H, -triplet, 'J(H,-H,) 
9.0, V(H,-H,) 7.25), 3.71 (4 H, Hi et COOCH3). 5r: 
6 (CDCI,) 1.08 (9 H,  singulet, C(CH,),), 221.96 (1 H ,  
n~ultiplet, H,, SJ = 27), 1.2.19 (1  H, n~ultiplet, H,, 
SJ = ?I), h.2.81 (2 H, m~~ltiplct, H,, et H,,), 3.14 (1 H, 
-triplet (m~~ltiplets). H,., J- 8); 3.67 (I H ,  doublet, Hi,  
jJ(Hi-H,,) 4.3), 3.71 (3 H. singulet, COOCH3). I'IF rrnn: 
3r :  6(CDCI3), 72.3 (do~~blet,'J(F-HI,) 7.5); 4e: $ (CDC13), 
71.2 (doublet, )J(F-H,,) 7.6); 5e: 4 (CDCh), 71.0 (doublet, 
'J(F-HI,) 9.9). 
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Molecular conformations of ortho-substituted benzophenones 

FELICE ZUCCARELLO. SALVATORE MILLEFIORI, A N D  SALVATORE TROVATO 
IJI~IIIIO di C/I~I~I;C(I Fi.sic(l, Utlitvr.si/& (li C(I/(III;(I, 95/25 C(I/(III~(I, I / c i / ) ~  
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FELICE ZUCCARELLO, SALVATORE MILLEFIORI, and SALVATORE TROVATO. Can. J .  Chern. 
54, 226 (1976). 

The minimum energy conrorlnations of some mono- and di-substituted benzophenones were 
determined from contour maps of potential energy calc~~lated by a semiempirical approach. 
The electrostatic interactions play a relevant role in the relative stabilities when ditkrent 
minima are possible. Comparison with the available experimental data reveals a good agreement 
with geometrical data, and a poorer agreement with energies in highly strained conformations. 

FELICE ZUCCARELLO, SALVATORE MILLEFIORI et SALVATORE TI~OVATO. Can. J .  Chern. 54, 
226 (1976). 

On a determine les conformations d'energie minimum de benzophCnones mono- et di- 
substi t~~ies B partir de cartes de contour d'lnergie potentielle calc~~lCe par Line mtthode semi- 
ernpirique. Les interactions ilectrostatiq~~es j o ~ ~ e n t  Lln rBle important sur les stabilitis relatives 
quand ditT6rents minima sont possibles. Une co~nparaison avec des donnies exptrirnentales 
disponibles rCvkle une bonnc concordance avec les donnCes gCornPtriq~~es et une concordance 
rnoins bonne pour les energies i~npliquant des conformations trls  tenducs. 

[Traduit par le j o ~ ~ r n a l ]  

Introduction Calculations 

Tlie conformational preferences of substituted 
benzophenones have been investigated by n 
variety of experimental techniques: uv (1, 2), ir 
(2, 3), and nmr spectroscopy (4-6) and dipole 
moments (3, 7). Theoretical studies have been 
reported on benzophenone (8, 9) anct on some 
of its ,net(/- and porn-derivatives (10). Results 
from different techniques arc oftcn not in agree- 
ment. The difliculty i l l  assigning tlie preferred 
conformation by using tlie nmr technique has 
been pointed out (6). On tlie other hand the 
simple vector analysis in the dipole moment 
approach may lead to  incorrect results sincc 
mnny rigid molecular conformations, as  well as 
the calculated dipole moments of mnny con- 
formations (inclucling a freely rotating molecule). 
may satisfy the experimental dipolc moment. 
Also possible are oscillations over 21 large angle 
when tlie minimum in the potential energy curve 
is shallow. We think that the building of potential 
energy maps, by a semiempirical method, may 
be useful for relative comparisons of molecular 
conformations and for interconversion patli- 
ways within a class of compounds. This approach 
is followed here on some ortl~o-substituted 
benzophenones, where the molecular conforma- 
tions result from a delicate balance of conjuga- 
tive ancl large steric and electrostatic effects. 

The preferred conformations for the com- 
pounds studied were determined by a simple 
semiempirical method of calculation, which gave 
good results on benzophenone (9), comparable 
with those obtained by more sophisticated and 
expensive methods (8). Tlie total energy (ET) of 
thc molecule was evaluated as a function of the 
two rotational angles p anct p' (Fig. 1): indi- 
vidual ET energy values for each pair of y a n d  

angles wcrc minimized wit11 respect to  the 
variation in the valence angle Ph-C-Pli, a .  El. 
was approximatccl by the sum of the ,-electron 
encrgy (E,), the non-bonded interactions (ENH), 
the Ph-C-Ph angular deformation energy 
(El,), and the dipole-dipole interaction energy 
(El,,)). E, (in the HMO approximation) and 
El) wcrc evaluated by utilizing the calculation 
scheme previously described (9. 10). Non-bonded 

FIG. 1. Benzophenone. The arrows show the positive 
sense of rotation. 
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TABLE I .  Minimum energy conformations and relative energy contributions (kcal/mol) [or 
ortlro-substituted benzophenones 

Substit~~ent Conformation a" 4' ' p l ~  ET El, E x ,  El,,, AE.'. 

and dipole-dipole interactions were restricted to  
substituents in the 2,6,2 ' ,  and 6' positions and to  
carbonyl oxygen. Ell11 for the interacting dipole 
vectors was calculated in the ilsual way (10) by 
taking pc-c=o = 2.7 D, pC-,, = 1.58 D,  pC+ 

= 1.39 D. pc-B, = 1.57 D, p,,,,-c = 0.54 D, 
and prl-r. = 0.4 D. The van der Waals interac- 
tions betwccn non-bonded atoms werc evaluated 
by mcans of the Hill cquation (I 1) limited to the 
rcpillsivc term, following Fournier and Waegell's 
suggestions (12): 

( (/ij - riJ ) 
E N I ~  = 0.1 C exp 

r < j  0.0736r/ij 
where c/,, is thc sum of thc van der W:lals radii 
for atoms i and j. The validity of this function 
was also tcstcd for interactions between small 
atoms ( H . . . H ,  H . - . F ,  and F . . .F )  . It was 
found that the potential energy curves for F a  . . F 
and H . .  . F  interactions are very close to those 
calculated by mcans of the functions (including 
also the attractive tcrm) dcrived by Heublcin 
ci a!. (13) following Scott and Scheraga's sug- 
gestions (14) Morcovcr we have recalculated. 
utilizing the new non-bonded H. . . H function, 
the minimun~ energy conformation and activa- 

tion energies for the interconversion pathways 
in benzophenone, and have found the same 
conformation and only slight variations in the 
activation encrgies as in ref. 1. 

Calculations were performed on a CDC 6600 
computer, for which a Fortran IV  program was 
written. 

Results and Discussion 

In Table 1 the calcul;~tcd minimum energy 
conformations and the various energy contribu- 
tions are reported; in Figs. 2, 3, and 4 the con- 
tour maps of potential energy surfr~ces relative 
to the minima are reported only for chloro- 
derivatives; the trends in the energy surfrices are 
similar to those of othcr derivatives. 

Motto-s~tDsiii~ricr/ B ~ I I Z O ~ I / I ~ ~ Z O I ~ ~ S  
Two stable conformations are evident, which 

are defined by the position of the substituent 
relative to the carbonyl group (.s).n or nllii)? 

The sytz conformers are characterized by a 
greater rotation of the substituted ring and a 

1Alternatively some workers use the prefixes 'proximal' 
or 'distal' to distinguish the two conformers. 
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F - 
FIG. 2.Contour diagram of the potential energy 

(kcal/mol) surface for 2-chlorobenzophenone. 

FIG. 3.Contour diagram of the potential energy 
(kcal /mol) surface for 2,6-dichlorobenzophenone. 

smaller rotation of the unsubstituted one with 
respect to benzophenone (where y = - y' = 25") 
while the ritlti-conformers retain a geometry 
siniilar t o  benzophenone. For the methyl cleriva- 
tive the most stable conformation is the cis one 
although the difference between the sjjlz and crlzti 
conformers is smaller than RT. Our results are 
co~nparable with the spectroscopic fi ndings of 
Rekker and Nauta ( I )  (q = 40" and y' = 0") 
and with those obtained by means of non-bonded 

interaction evaluations (p = 55" ancl y' = -5") 
(5 ) .  For the halogen derivatives the most stable 
conformation is citzli by more than 1 kcal/~nol, 
while the geolnetrical parameters, p ancl p', are 
almost ~~nchanged.  

In mono-substituted benzophenones the rela- 
tive stability of the two conformers is determined 
essentially by the dipole-clipole interactions, the 
co~ijugative energy being nearly balanced by the 
lion-bonded interactions. 

The most favored pathway fro111 one mini- 
Inurn to  the other proceeds through the con- 
formation defined by p = 90" and p' = 0", to  
which is associated an  activation energy (Table 2) 
lower than that for benzophenone ( A E  = 3.46 
kcal/mol). On the other hand the path through 
the 0-90 barrier leads to  an  enhanced activation 
energy, relativc to  that for benzophenone, a s  
pointed out by I-Ioffmann and Swcnson (8). 

Di-.s~ib.s~it~ited Beilzol~hetzotzes 
In 2,6-derivatives the two equivalent min~ma 

are characterized by a quasi-planar confornia- 
tion of the  unsubsti t~~ted plienyl ring and by a 
greater rotation of the substituted one than in 
the mono-substitutccl clerivatives. It is apparent 
also from ir and LIV spectra (2) that the unsubsti- 
tuted benzene ring is more coplanar with the 
carbonyl group. 

The present geometrical r e s ~ ~ l t s  for the 2,6- 
cli~nethyl derivative (Table 1) are in good agree- 
ment witli data reported by Rekker and Nauta 
(p = 56", y' = 0"); the preferred interconversion 
pathway goes through the 90-0 confor~iiation 
witli an  activation energy of the same order of 
~iiagnitude as RT, so that a large libration can 
occur about the two minima, according to the 
results of Buchanan et (21. (5). On these grounds. 
they report an  average conformation with 
p = 90" and p' = 0". 

The enantiomcrization through the 90-90 
barrier (topomerization) requires an activation 
energy 5 10 kcall mol, t o  be compared with the 
barrier found (17.2 kcal/mol) by Lauer and 
Staab for 3,5-dimethyl-2',4',6'-tri-tut-buty ben- 
zoplicnone (4). 

For  the 2,2'-halogen derivatives we observe 
three conformations with a m i n i m ~ ~ m  in energy; 
the most stable conformer lias both the sub- 
stituents in n i~t i  position, the next one lias a sjm, 
(inti conformation, but the minimum is not well 
defined, ancl the less stable confor~ner has both 
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TABLE 2. Rotational barriers in orrho-substituted 
benzophenones. A E ,  kcal/mol, is relative to the 

minimum energy conformation 

Substituent 'r"a do AE 

substituents in a s)vz position. There are two 
possible interconversion pathways between the 
atl/i,utl/i and .s).n,.s)~~z conformations; the first 
goes through the (-90)-90, the other through 
the 90-0 conformation. This latter seenis to be 
the preferred pathway. 

For the 22'-dimethyl derivative the relative 
stability of the .S~I~ ,NII I I  and the citlti,allti con- 
formers is reversed with respect to the halogen 
derivatives. Rekkcr ancl Nauta report for 2,2'- 
dimethylbcnzophc~ionc p = 41" and p' = 142". 
However, the difference in  the total energies and 
the value of the activation energy for their 

FIG. 4.Contour diagram of the potential energy 
(kcallmol) surface for 2,2'-dichlorobenzophenone. 

interconversion are so small that we may con- 
sider both conformers in the same potential 
'valley'. As in the mono-substituted derivatives, 
the relative stabilities are determined essentially 
by the dipolar interactions. In these compounds, 
the s))t?-at~ti enantionlerization goes through a 
60-60 barrier (and not through the 'usual' 90-90 
barrier) as can be seen from Fig. 4. The resolu- 
tion of the various conformers of o-substituted 
benzophenones i n  the nmr time-scale has been 
recently discussed (15). 

Dipole Mo~i?e~zr.s 
In Table 3 are reported the values of dipole 

moments calculated for various minimum energy 
conformations and the average moments, which 
are obtained if we take into account the Boltz- 
mann populations relative to the calculated ener- 
gies; for comparison the available experinlental 
values are also reported. 

A fair agreement is achieved for mono- 
substituted benzophenones and the 2.2'-dinlethyl 
derivative. The disagreement between ,!i and 
p,,,, for the two 2,2'-dihalogen derivatives is 
evident, but if we look at the p ~ ' s  we may 
observe that the values obtained for the .S)~II,NII/I' 
conformations are close to the experimental ones. 
In this respect we observe that the actual AE 
values are give11 by AH, while the position of 
the equilibrium is determined by the AG values; 
so left to be determined is the weight of the A S  
contribution, which depends on the differences 
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TABLE 3. Theoretical and experimental dipole moments for 
ortlro-substituted benzophenones 

Population 
(%I 

- Substituent Conformation p, PT P pCsD* 

'Tlic first v;~lucr refer to cyclollcx;~nc, t h c  sccond to bcnzcric solulions. Scc refs. 9, 10. 

in the curvatures of the potential energy minima. 
For this purpose we have calculated the 

entropy energy term relative to the two energy 
minima for the 2,2'-dichloro derivative accord- 
ing to ref. 16. The value 0.42 kcal/niol a t  25 OC 
obtained for TAS gives AG = 1.53 kcal/mol 
which does not cause appreciable changes in thc 
equilibrium position already evaluated from the 
AH value. Therefore we conclude that the poor 
agreement between calculated and experimental 
dipole moments is clue to the approximations 
inherent in the iiiethod. It gives good informa- 
tion about the stable conformations, but in 
highly strained molecules, where the approxima- 
tions involved are exaggerated, it gives only 
rough estiniates of relative energies of the various 
conformations, and hence the relative popula- 
tions. 
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Stereochemical dependence of 13C shieldings and 13C-31P couplings in 
phosphonates of known geometry. Is there a Karplus-type relationship 

for P-C-C-C coupling?l 

GERALD W. BUCI-IANAN 
Depar/rtletrr (!/'Cl~etnis/ry, Crlrle/otr Utriversily, Ot/ci,c*rr, C~rt~aclcl KIS SB(j 

AND 

CLAUDE B E N E Z R A ~  
Depnrttiletlr of Clret~is/q~, Llr~iversity of O//aic~rr, OIINIVCI, Carlacla K I N  6NS 

Received August 6, 1975 

GERALD W. BUCHANAN and CLAUDE BENEZRA. Can. J. Chem. 54, 231 (1976). 
13C nmr chemical shifts and 13C-3lP couplings through one to five bonds are reported for 

seven dimethylphosphono compounds of known geometry. Vicinal couplings are maximal for a 
dihedral angle of 180" and are severely attenuated by OH substitution, particularly when the 
OH is frarrs-coplanar to the carbon terniinus of the coupling path. When a cyclopropyl system 
is part of the C-C-C-P path the J values are much less than those predicted on the basis of 
dinedral angle. A highly asymmetric dihedral dependence of vicinal J's is suggested. Some 
'non-U'' long range C-I' couplings through saturated networks are found. The 'gcrrrclre-r' 
shift of the -P(O)(OCH3)2 group is about 2 ppm. 

GERALD W. BUCHANAN et CLAUDE BENEZRA. Can. J. Chem. 54, 231 (1976). 
On rapporte les dkplacements chimiques en rmn du 13C et les constantes de couplage l3C-3lP A 

travers un jusqu'i cinq liens dans sept conlposes dimCthylphospliono de gComCtrie connue. Les 
constantes de couplage vicinales sont les plus grandes lorsque l'angle dibdre est de 180"; ces 
constantes sont trks attCn~~Ces par une substitution par un groupe hydroxyle particuli'erement 
quand le groupe OH est rrcrtrs et coplanaire avec le carbone terminal du chemin de couplage. 
Quand un systkme cyclopropanique fait partie du chemin C-C-C-P, les valeurs de J sont 
beaucoup plus faibles que celles pridites sur la base de l'angle dibdre. On suggtre qu'il existe 
une dipendance hautement asymktrique sur l'angle dibdre pour les constantes de couplage J 
vicinales. On a trouvt, quelclues couplages C-I' A langue distance du type 'non-W' A travers des 
systtnies saturCs. Le deplacement ',yrrrrcl~e-r' du groupe P(O)(OCH3)2 est approxiniativernent 
2 ppm. 

[Traduit par le journal] 

Introduction 
111 recent years, a considerable amount of data 

has been accun~ulated regarding coupling be- 
tween I3C and 31P and the application of such 
data to stereochemical deterniinations. For 
exal~~plc, the existence of an angular dependence 
of P-0-C-C coupling has been clearly denion- 
strated i n  cyclic nucleotides (I),  cyclic phosphites 
(2), and phosphates (3). Also, a nearly sym- 
metrical Karplus curve has been generated for 
P-C-C-C coupling in phosphine oxides (4-6).3 

For acyclic organic phosphonates, a large 
series of ' J c I ,  values have been obtained (7-9) 

'Part VII of the series NMR of Phosphonates; for part 
VI see ref. 28. 

'Present address: Institut de Chinlie, Universite Louis 
I'asteur, 1 Rue Blaise Pascal, 67008-Strassbourg, France. 

3G. A. Gray, personal comn~unication. 

and finite perturbation calculations have been 
successful in reproducing the magnitudes of 
substituent effects (10). Herein we report a 
determination of 13C chemical shifts and '3C-31P 
coupling through one to five bonds i n  a series of 
seven phosphonates in  which the phosphorus is 
directly bonded to monocyclic, bicyclic, and 
tricyclic skeletons of well defined geometry. A 
discussion of factors influencing the ~nagnitude 
of vicinal couplings is incorporated showing that 
considerable caution must be used in correlation 
of vicinal P-C-C-C coupling with dihedral 
angle. Some comments on the geometrical re- 
quirements for long range 31P-13C couplings 
are made. 

Results and Discussion 

((I)  S/~ectral Assignments 
Routinely, the 13C Fourier transform spectra 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



232 CAN. 1. CHEM. VOL. 54, 1976 

TABLE 1. 13C chemical shifts for phosphonates 1 --t 7 (6, from TMS f 0.1)* 

Position 

Compound 1 2 3 4 5 6 7 8 9 10 1' 2' 3' 4 ' 0 C H 3  

1 36.2 37.5 28.4 37.9 31.7 31.6 36.9 
2 34.0 77.3 34.0 32.2 (27.2) 32.2 33.8 (26.7) 33.8 38.2 
3 71.1 32.1 20.8 47.5 20.8 32.1 32.5 27.5 
4 7 2 . 3 3 2 . 4  23.5 46.8 23.5 32.4 32.3 27.6 
5 36.4 26.6 27.5 26.6 36.4 29.7 29.7 30.1 
6 36.9 34.8 29.4 34.8 36.9 29.4 29.4 31.4 
7 86.6 83.8 48.2 79.7 28.3 23.7(31.6)(32.2) 

' 0 . 2 4 3  M solutions in CDC13. 

2 cyclic phosphonates (2-0x0- l,3,2-dioxaphosphor- 
1 2 inanes) in which the lanthanide is deemed to 

coordinate at the phosphoryl oxygen (1 1). In 
P(0)(0CH3)2 addition, appropriate model compounds were 

8&P(0)(OCH~h &OH used throughout. 

FIG. 1. Structures and numbering scheme for phos- 
phonates. 

were recorded with complete l H  noise de- 
coupling. To aid assignments, the single fre- 
quency off resonance decoupling procedure 
(SFORD) was employed for identification of 
CH3, CH2, CH, and quaternary centres. In cases 
where the lH spectra were unambiguous, selec- 
tive l H  irradiation was valuable. Occasionally 
the lanthanide shift reagent Pr(FOD)3 was 
employed to distinguish between small chemical 
shift differences and P-C coupling phenomena. 
Interpretations were based on the results for 

(6) Chemical Shifts 
The 13C shieldings for phosphonates 1-7 are 

presented in Table 1, and the structures and 
numbering schemes in Fig. 1. For exo-2- 
dimethylphosphononorbornane 1, it is interesting 
to compare the shifts with norbornane (12) and 
other exo-Zsubstituted cases (13). The norbor- 
nane shieldings are shown below (8). Selective 
1H decoupling of protons at C-1 and C-4 was 
carried out using the published assignments (14) 
for 1. Pr(FOD)3 was used to distinguish be- 
tween the small chemical shift difference and 
P-C coupling interactions involving C-5 and 
C-6 of 1. 

Replacement of a hydrogen by the dimethyl- 
phosphono function deshields C-2 of 1 by 
7.4 ppm relative to 8, as a consequence of the 
well documented a and 0 substituent effects 
(12, 13). In contrast to all previously studied 
exo-Zsubstituted norbornanes, C-1 and C-3 are 
shielded in 1 relative to 8. This is likely due to 
the ga~tche interactions between the P-0 bonds 
and the C-1 and C-3 positions (below) i.e. the 
-y upfield shift (15) which offsets the expected 
0 deshielding effect. Recently, substantial -y 
shielding effects have been noted for carbons 
gauche to S-0 functions (16, 17). 

The minor deshielding (1.1 ppm) observed at 
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C-4 of 1 relative to 8 may be a consequence of 
a 6 interact~on between C-4 and one of the 
oxygen atoms (18). The 1.8 ppm upfield shift at 
C-7 of 1 relative to 8 can be attributed to t h e y  
effect of the phosphorus atom, and appears to 
be a general feature of exo-2-substituted norbor- 
nanes (13). By contrast. the deshielding at  C-6 
of 1 comparecl to 8 is the first reported example 
in which an eso-2-substituent deshields the C-6 
position. This result may cast some doubt on the 
validity of the model for the earlier results 
which involves si~bstituent electronegativity i~nd  
back lobe interaction of C-2 and C-6 orbitals 
(13). 

For 2-dimethylphosphono-2-hydroxy adaman- 
tane 2, the carbon shifts of adamantane 9 can 
be used as a starting point for discussion. 
Lipp~naa ct 01. (19) reported shifts of 28.7 and 
38.2 ppm for the bridgehead and methylene 
carbons of 9 respectively. Since 2 possesses a 
plane of synlmetry there are only seven unique 
ring carbon positions. Off resonance decoupling 
experiments and consideration of 13C-31P coup- 
lings made assignments ~~nambiguous except for 
C-5 vs. C-8. The most interesting chemical shift 
changes are seen at  the C-4,6 and C-7,9 positions. 
For C-4,6, which have a dihedral angle of 180" 
to phosphorus, upfield shifts of 6.0 ppm relative 
to 9 are apparent. These results are expected 
since the C-4,6 positions are gcrrrclle to the 2-OH 
function, and it is known from epimeric 4-tert- 
butylcyclol~exa~~ols, (20) that such interactions 
shield the gcrrrclre carbons by ctr. 5 ppm. The 
C-7,9 carbons bearing a dihedral angle of 60" to 
phosphorus, are also shiclclcd considerably 
(4.4 ppm) relative to thc mcthylene carbons of 
adanlantanc. No doubt this is clue i n  part to the 
gc~ircl~e interaction with the 2-di~~~ethylphosphono 
group. For C-10 of 2, thc position most rcmotc 
from the site of substitution, a shift identical to 
that for the CH2 groups of 9 is found. 

Results for the epimeric 4-tot-butylcyclohexyl 
hydroxyphospl~onatcs 3 and 4 arc consistent 
with the assignments for C-4.6 and C-7,9 of 2. 
For 3 having the axial OH,  the C-3,5 carbons 
are shielded by ctr. 2.7 ppm rclat~vc to 4 in which 
the dimethylphosphono group is axial. Also. 

C-1 of 3 is shielded by ccr. 1 ppni relative to 4. 
These findings indicate that the '7' effect of the 
-P(0)(OCH3)2 group is considerably smaller 
than that of the OH fi~nction. Employing shifts 
for trutzs-4-tert-butyIcyclo11exanol as a model. 
and comparing with 4, the '7' shift for the 
-P(0)(OCH3)2 function is estimated to be 
co. 2 ppm. 

Carbon shifts for the more remote positions 
i.e. C-4,7 and 8 are remarknbly similar in the 
alcohols (20) and the hydroxylphosphonates 
3 and 4. 

In discussing the results for exo-3-di~llcthyl- 
phosphono-etzclo-3 -phenyl - tricyclo[3.2.1 .0"4'x"] 
octane 5 and its epimer 6 it is useful to examine 
a closely related model system for which 13C data 
have been published. Tori et nl. (21) have com- 
pared shieldings for norbornene 10, with tri- 
cyclo[3.2.1 .0'.4c""]oct-6-ene 11 t o  determine the 
influence of cyclopropyl substitution. The 1110st 
dramatic effect of the cyclopropyl ring is the 

11.1 pp~ii  ilpficld s h ~ f t  ~nducecl at  C-8 of 11 vs. 
C-7 of 10, a n  examplc of a remarkably large y 
shift. No appreciable ell'cct is observed at thc 
C-1,5 bridgehead positions of 11 1l.s. C-1.4 of 10. 
and a shielding efii-ct of ctr. 3 ppm is noted a t  
C-2,4 of 11 \Is. C-5,6 of 10. 

Comparing thc data for 5 with norbornanc 8 
some similar trends can be discerned. For 
cxamplc C-8 of 5 is shielded by 8.6 ppm relative 
to C-7 of norbornanc indicative of the y eKcct 
of the cyclopropane ring and perhaps some small 
(CN. 1 ppm) anisotropic shielding cli'cct of the 
benzene function. Anisotropic efrccts of similar 
magnituclc have been noted in thc ' H  spectr~ml 
(22). For 6. C-8 is slightly deshielclecl comparecl 
to 5 (by 1.3 ppm) in support of a minor aniso- 
tropic shielding of C-8 i n  5 by the aromatic ring. 
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For both 5 and 6 the resonance positions for 
C-1,5 are remarkably close to that for C-1,4 
of norbornane in accord with the results for 
10 and 11. Also, the positions most remote 
from the site of substitution i.e. C-6,7 of 5 and 6 
exhibit chemical shifts close to the value for 
C-2,3,5,6 of norbornane. 

A striking difference in the carbon shifts for 
the epiiiiers 5 and 6 ,  however, is present at the 
C-2,4 positions i.e. isomer 5 is shielded by ca. 
8 ppm relative to 6 .  Consideration of the most 
likely conformations of 5 and 6 aids in the 
interpretation of this result. For 5, the con- 
formers 50 and 50 are iilost likely. 

In 5a there is a relationship between the P=O 
group and the enclo H's at C-2,4 which is closely 
analogous to a 1,3 diaxial interaction in the 
chair conforination of a six-membered ring. 
Recently, such interactions involving the S=O 
group have been shown to shield the 7 carbons 
by 7-10 ppm (16, 17) relative to cases which lack 
this interaction. Similarly in 56 the 7 interaction 
between the 0CH3  and the C-2,4 positions can, 
by analogy with an axially substituted cyclo- 
hexane, be expected to lead to increased shield- 
ing at C-2,4 (20, 23, 24). 

For the epimeric compound 6 the nlolecule 
will likely adopt a conformation such as that 
depicted below, in which there is no appreciable 
nonbonded interaction between the phenyl 
hydrogens and the enrlo H's at C-2,4. Also, 
there is no possibility of steric interference be- 
tween the P-0 groups and the enrlo C-2,4 H's 
which appears to be necessary (25) for a 7 shift 
to be observed. 

No remarkable shift differences are present 
for the aroinatic carbons of 5 and 6 .  

For co~npouild 7, the X-ray crystallographic 

structure has been published (26) which cor- 
responds well with the solutiori geometry as 
inferred from consideration of vicinal 31P-1H 
couplings (27, 28). ln discussing the 13C chemical 
shifts of 7 earlier results for methyl cyclopenta- 
1101s (28,29,30) can be ~~sefully examined. On this 
basis, C-2 of 7 is expected to be more deshielded 
than C-5 of 7, a finding which is further con- 
firmed by the large vicinal coupling from C-5 to 
"P (dihedral angle ca. 160") (26). The resollance 
for C-3 is clearly distinguished due to its direct 
coupling to 31P. Concerning the CH3 resonances 
of 7 it is known in the 2-methyl cyclopentanols 
that a cis-OH shields the CH3 by ca. 4 ppnl 
relative to a trans configuration. The shift 
difference between C-6 and C-7 of 7 (as num- 
bered above) is close to that of the simpler 
model and permits a clear designation for the 
resonances at 6 = 23.7 and 28.3 respectively. 

For cis and trans-CH3 groups in isomeric 
3-methyl cyclopentanols, the CH3 resonances 
are deshielded relative to the 2-CH3 compounds, 
but there is little effect (0.4 ppm) of OH con- 
figuration (28, 29, 30). Accordingly we assign 
resonances at 6 = 31.6 and 32.2 to the liiethyls 
bonded to C-5 of 7, but, at present no distinction 
can be made between them. Unfortunately, no 
resolvable coupling is present for any of the 
methyls of 7 to 31P. 

Chemical shifts for the 0CH3  groups of 1-7 
are all near 6 = 53. In conipounds 1 and 7 the 
lack of symnletry should render the OCH3's 
nonequivalent. The small splitting observed in 
these resonances (eel. 7 Hz) was in no case, how- 
ever, affected by the addition of Pr(FOD)3. Thus 
we conclude in 1 and 7 that the diastereotopic 
0CH3 groups have accidentally equivalent 
chemical shifts, and the observed splitting in each 
case arises from P-0-C coupling. 

(c) Co~ryling Constants 
(1) One Bond Co~rl~lings 
The direct I3Cp3lP co~lplings arc shown in 

Table 2, and from earlier work (7) the sign is 
assumed to be positive. Couplings in the hydroxy 
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TABLE 2. One bond I3C-31P 
couplings ( i 0 . 2  Hz) 

Compound J (Hz)': 

'Sigli assuniod to be posilive (7). 

TABLE 3. Geminal 13C-31P co~~plings in 1-7 ( 110.2 Hz) 

Compound Path !JI (Hz1.t 

1C-2C-P 3.8 
1 3C-2c-P 1 .O 

CH3-0-P -6.6% 

3.1 
- 7 .4:" 

1.5 
-7.4" 

1.1 
N.R. 

- j .9* 

1.2 
N.R. 

-7.3'k 

16.9 
5.9 

-7.4" 

From ref. 7. 
tN.R. not I-csolvnble (less than 0.6 Hz). 

phosphonates 2, 3, 4, and 7 are considerably 
larger than for the simpler phosphonate 1. This 
observation is consistent with the results of 
Gray (10) who reported an increase of ccr. 20 Hz 
in the 13C-31P coupling in phosphonates in 
which a hydrogen bonded to the carbon of 
interest is replaced by a methoxyl group. The 
enhanced 13C-31P coupling of cu. 180 Hz in 5 
and 6 in which the carbon is part of a cyclo- 
propane ring, is reminiscent of the increased 
13C-'H couplings observed for cyclopropyl 
carbons (3 1). 

(2) Gen~inul Colrylings 
In Table 3 are presented the two bond 13C-31P 

couplings found in 1-7. For the P-0-C J's, the 
range of 5.9-7.4 Hz is similar to  that found in 

TABLE 4. Vicinal IjC-31P coupiings (+0.2  Hz) 

Dihedral 
Compound Path angle 0 (deg) J (Hz)*? 

"C-C-C-P 120 1.8 
1 6C-C-C-P 180 18.4 

7C-C-C-P 90 N.R. 
J.6C-C-C-p 

2 
180 11.8 

7 ,"-c-c-p 60 0.7 

3 3.5~-c-C-p 180 12.6 

4 3.5~-c-c-p 60 N.R. 
l ,sc-c-c-p 

5 
170 6.1 

>',GIC-C-C-P ) 4.9 

1 ,sc-c-c-p 
6 

10 1 . 1  
~J,G'C-C-C-P ) 2.5 

SC-C-C-P 160 15.4 
7 6CH3-C-C-P 30 N.R. 

7CH3-C-C-P 90 N.R. 

'Sign t;~kcll ;IS posilivc (7). 
7N.R. -- nonrcsolv;~blc (luxs 1h:ln 0.6 Hz). 

cyclic phosphates (3) arid i n  acyclic phosphonates 
(10). The sign is assigned as being negative 
based on results for (CH30)2P(0)CU3 (7). Re- 
garding the C-C-P couplings it has been noted 
that the sign can change, at least for P(I11) 
systems (33) and accordingly absolute values 
only are quoted. Although there is a substantial 
range of values 1.e. less than 0.6 to 16.9 Hz, 
specific trends are dificult to elucidate. The need 
for a systematic examination of C-C-P coupling 
in a series of closely related phosphonates is 
apparent. 

(3) Vicinul Co1rl11i11g.s 
An examination of the data collected in 

Table 4 shows the gross features of dihedral 
dependence of vicinal coupling, however, it is 
clear that substituents markedly affect the 
magnitude of C-C-C-P coupling for a given 
dihedral angle 8. For example in 1, 2, and 3 
for 8 = 180°, 3JCp values are 18.4, 11.8, and 
12.6 Hz respectively, suggesting a significant 
perturbing effect of the OH group in 2 and 3. It 
is well known for vicinal H-H coupling (33-35) 
that electronegative groups decrease the magni- 
tude of 3J and a similar effect appears to be 
operative for the C-C-C-P interaction. Also it 
is known (36, 37) in H-H coupling that the 
orientation of the electronegative group affects 
3J. In ring A of steroids, J,, of structure 12 
(below) is 5.5 + 1 Hz for R = OH or OAc, 
while for 13 J,, is in the range of 2.5-3.2 HZ, 
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TAULE 5. Long range ljC-3iP couplings ( k0.2 Hz) 

Cornpo~~nd Path 1 J i  (Hz) 

i.e. the electronegative group exerts its maximum 
effect (minimi~m J )  when it is trans-coplanar to  
a terminus of the coupling path (as in 13). 

In 2 the OH is ga~iche relative to C-3.6 but 
nevertheless the coupling is reduced relative to  
1 by ca. 6.5 Hz. The small magnitudes (less than 
1 Hz) for the 9C-C-C-P coupling in 2 (0 = 60") 
and 3.T-C-C-P in 4 are thus attributed to the 
tr.crn.s relation of the OH to carbon tcrrninus of 
the C-C-C-P path in each case. 

In 7 there is no resolvable coupling between 
P and 'CH3, although 0 = 30" (26). In this case 
the OH is tvrrrzs periplanar to "H3 which may 
again be a manifestation of the orientational 
effect of the electronegative group. Interestingly, 
C-5 of 7 is nearly orthogonal to  the OH and a 
large vicinal coupling to  P is observed (15.4 Hz) 
for 0 = 160". 

In  the case of 6' = 90" there are two models; 
7C-C-C-P in 1 and 7CtH3-C-C-P in 7. For both 
instances the values are less than 0.6 Hz 
suggesting minimal vicinal coupling for this 
geometry, in accord with results for other 
magnetic nuclei. 

The small coupling of 6.1 Hz for SC-C-C-P 
in 5 where 0 = 170' is noteworthy. Apparently 
the cyclopropyl moiety is a relatively poor trans- 
mitter of vicinal coupli~ig information. A similar 
trend has been noted for vicinal H-"P coupling 
(28). For a given dihedral angle. the coupling i n  
the cyclopropyl systcm is ccr. 5 Hz less than for a 
five-membered ring. In compound 6 the small 
(1.1 Hz) coupling in the case of 6' = 10" is 
indicative of a highly asymmetric ICarplus type 
curve for vicinal J ' s  i n  phosphonatcs, by contrast 
to thc results for phosph~nc oxides (4-6)3 in 
which an essentially symmetrical curvc has been 
generated. 

(4) Lorzg Ratlge Col~l~lulgs 
The resolvable long range "1P-l" couplings 

'Ire prescntcd in Table 5 with absolute values 
only being specified. For four bond coupl~ng 
through 21 satilrated network, a planar w 
geometry has been shown to  be most frtvournblc 
for IH-lH J's (38) although many examples of 

resolvable non  w IH-IH coupling are now 
known (39). 

In the present work, resolvable four bond 
couplings through saturated networks are found 
for phosphonntes 1, 2, and 5. The geometry in 
each case is essentially as shown below. with the 
terminal carbon being nearly perpendicular to 
the plane of the other four atoms. 

For I ,  in which two such paths exist, thc largest 
four bond J (5.9 Hz) is observed. It is interesting 
to  note that in 5, the path P-3C-'C-1C-6C is 
very close to  a planar w and no resolvable 
coiipling is apparent, indicating J is less than 
0.6 Hz. In 6, 21 'fork' type arrangement (U) 
involving P-T-2C-1C-SC exists and again J (  
<0.6 Hz. Also, when 21 'sickle' type geometry 
( r ~ )  is present i.e. P-3C-'C-lC-7C in 6 there is 
no resolvable coupling. - 

It is well known that T systellls fi~ciliti~tc the 
transmission of long rangc coupling information 
(38) and therefore it is not surprising that sub- 
stantial four and five bond couplings from 
phosphorus to  the aromatic carbons of 5 and 6 
are present. Furthcrmorc there is preccticnt"or 
situations in  which thc five bond J ' s  are larger 

b 

than those through four bonds. 
I n  conclusion, it is apparcnt from this work 

that considerable care milst be exercised in 
attempting to  rclatc vicinal i T - 3 1 P  couplings 
with dihedral angle. Also, the geometrical rc- 
qi~ircmcnts for long rangc l T - x P  coupling 
appear to  difi'cr from those of lH-lH coupling. 
Work is in progress using a n  cxtcnsivc series of . - 

phosphonates t o  more clearly define the angular 
eti'ects. 
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2,3,12,13-Tetraselena[4,4]metacyclophane. A disparity with 
the literature 

REGINALD H.  MITCHELL 
Depat.tri~et~t of' Clreri~istty, Ur~iversity of Victoria, Victoria, Britislr Collrrirbia V8 W 2 YZ 
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REGINALD H. MITCHELL. Can. J. Chem. 54, 238 (1976). 
The synthesis of 2,3,12,13-tetraselena[4,4]n1etacyclophane (1) by alkaline hydrolysis of rilefa- 

xylylene selenocyanate (30) in Sf,, y~eld is described and is shown to have different properties 
to those described for 1 by Gunther and Salzrnann. The variable temperature plnr spectra of 1 
is described as is its conversion to 2 , l  l-diselena[3,3]rnetacycIopl1ane (4) by tris(dietl1~1amino)- 
phosphine. 

REGINALD H. MITCHELL. Can. J. Chem. 54, 238 (1976). 
0 1 1  dCcrit la synthkse du tetrasklena-2,3,12,13[4,4] rii&ta-cyclophane (1) par hydrolyse alcaline 

~ L I  sClCnocyanate du ri~e'tr~-xylylkne (3n); on rnontre que ce produit, obtenu avec un rendement 
de 8:/,, a des propriCtCs diffirentes de celles dCcrites pour 1 par Giinther et Salzrnann. On 
dCcrit le spectre rrnp de 1 j. des ternpkratures variables de m&rne que sa conversion en disCICna- 
2 , l l  [3,3] rile'ta-cyclophane (4) par 1'1nterrnCdiaire la tris(diCthylamino)pl~osphine. 

[Traduit par le journal] 

Introduction 

Giinther and Salzniann have reported ( 1 )  that 
2,3,12,13-tetraselena[4,4]1iietacyclophane, I ,  (the 
dimer of a,a'-disele1io-117et~r-xylene) is obtainable 
on cooling a 1,1,2,2-tetrachloroethane (TCE) 
solution of the polymeric diselenide 2. T o  my 
knowledge such a reaction to prepare a cyclo- 
phane is without precedent and cspecially 
important in light of the recent advanccs of both 
selenium chemistry (2) and thiacyclophane 
chemistry (3) to  remove the licteroatom and 
generate the parent cyclophanes. 

I thus re-investigated this reaction with thc 
goal of a simple synthesis of cyclophanes. No  
such thermal equilibration of 2 to 1 was found 
and authentic cyclophane 1 was prepared by 
alkaline hydrolysis of selenocyanate 3rr under 
high dilution conditions. 

Results and Discussion 

Thiacyclopharies can bc prcparcd in high yield 
by allowing a dilute solution of mercnptnn arid 
halide to interact with basc (30). Such a reaction 
to  prepare selenaphancs i n  reasonable yield has 
failed (4) mainly due to the extreme difficulty in 
isolating selenols. The approach of Boekelheide 
and Mondt (5) in which the analogous tctrathia-1 
was prepared from 1i7ctrr-xylylene dithiol is t l i i~s 
not very feasible for application to 1 itself. 
Klayman (6) lists a number of approaches to 

diselenide synthesis and of these, hydrolysis of a 
selenocyanate appeared to be most promising 
for application to  cyclophane synthesis, since the 
intermediate selenocyanate is readily purified and 
the hydrolysis can be carried out under high 
dilution. 

Reaction of lneto-xylylenc bromide with 
KSeCN (readily prepared from KCN and ele- 
mental Se (7)) in acetone gave an 87y0 yield of 
the bis-selenocyanate 30. Tliis could be liydro- 
lyzcd by KOH in methanol under high dilution 
conditions to yield a n  oily residue containing the 
cyclic dimer 1 (in co. 854 yield) as well as much 
insoluble polymer 2. 

A pure sample of the cyclophnnc 1 was 
isolated by chromatography of the reaction 
mixturc on silica gel arid crystallization from 
cyclohcxane, when 1 was obtained as pale yellow 
crystals mp (dec.) ca. 110 "C (lit. (1) mp claimed 
for 1, 136-138 "C). 

The structure of authentic 1 follows from its 
analysis and mass ( M f  at  171,/e 528 with isotope 
pcaks corresponding to Se4) and pmr spectra. 
The latter (Fig. 1) shows thc mcthylenc bridges 
at  4.00 6 deshielded by 0.19 ppm from those of 
the polymcr 2 and the internal aromatic protons 
at  6.67 6 shielded by 0.36 ppm from those of 
polymcr 2. This is analogous to the case of the 
known diselenacyclophane 4 in which the 
bridges are deshielded by 0.24 ppm and the 
internal aromatic protons shielded by 0.58 ppm. 
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MITCHELL: 2.3,12,13-TETRASELENA[1,4]METACYCLOPHANE 

The smaller shifts observed for 1 are consistent 
for a [4,4] rather than a [3,3] cyclophane. 
Further evidence for the structure of 1 was 
obtained by its conversion to  4 (independently 
prepared from sodium selenide and meta- 
xylylene bromide (4)) by tris(diethy1amino)- 
phosphine in benzene at reflux in excellent yield. 

A compound identical in all respects to  1 after 
extensive p~irification was obtained in much 
lower yield (-0.2%) by hydrolysis of the 

-85 selenosulfate 3b as essentially described by 
-80 Giinther and Salzmann (1) along with the 

polymer 2. 
When solutions of 1 from either route were 

-68 allowed to  stand, polymer 2 precipitated. N o  
difference could be detected, analytically or 

- 6, spectrally (ir, p~ilr)  between samples of polymer 
prepared by either route, or by decolnposition 

- 58 of the dinier. 
Saniples of the polymer from both sources 

were equilibrated in TCE at 100 OC as described 
by Giinther and Salzmann (1) and also in an 
nnlr tube and examined spectrally, however, no 
evidence could be obtained for the conversion 
of polymer 2 into cyclophane 1. I therefore 
conclude that it is likely that the crystalline 

+20"c product obtained from hot solutions of polymer 
7 6 5 4 PPm 2 in TCE is not 1 as claimed by Giintlier and 

FIG. I .  Proton magnetic resonance spectra of 1 in Salzmann but a crystalline modification of 2. 
CD2CI2-CDCI3 (3: l )  recorded on a Perkin-Elnler Tlie pmr spectrum of authentic 1 indicates 
R32-90 MHz spectrometer. that at  room temperature it consists of confornia- 
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tionally flipping ailti and syrz forms. Unlike the 
case (4) of 4, however, an anti-conformer has not 
yet frozen out at - 110 OC, rather, restricted 
rotation of the nlethylene bridges occurs, having 
AG' = 10.2 kcal/n~ol (T,. = -65 OC, AV = 

39 Hz, method cf calculation of Calder and 
Garratt (8)). This is interesting in that the 
analogous tetrathia conlpo~l~ld is still mobile at 
-90°C (4, 9) and must reflect the slightly 
larger size of selenium over sulfur. 

The synthesis of 4 by this route provides an 
alternative to that (4) ~ising expensive sodium 
selenide. 

Experimental 
All melting points were determined on a Kofler hot 

stage and are uncorrected. The pmr spectra were deter- 
mined on a Perkin-Elmer R32-90 MHz spectrometer 
using tetramethylsilane as internal standard. The mass 
spectra were recorded on a Hitachi-Perkin-Elmer RMU-7 
mass spectrometer at  70 eV. Microanalyses were per- 
formed by D. McGillivray. All evaporations were carried 
out under reduced pressure on the rotary evaporator at  
ca. 40 "C. Extracts were dried with anhydrous sodium 
sulfate. 

meta-X,~I).letre bis-Selerrocycitrrrt~~, 3rr 
A solution of a,~'-dibromo-n~errr-xylene (Aldrich, 

13.2g, 50 mlnol) in acetone (200 ml) was added with 
stirring to a solution of KSeCN (7) (16 g, 11 1 mmol) also 
in acetone (200 ml). An immediate white precipitate 
formed. The mixture was heated under reflux for 10 min 
and then cooled. The precipitate of KBr was removed and 
the filtrate evaporated to dryness. The resulting residue 
was dissolved in hot benzene (any remaining KBr being 
removed by filtration), and then cyclohexane added and 
cooled. The product 30, 13.7 g, 87'2 yield was collected 
by filtration as colorless crystals, nip 103-105 "C; pnlr 
(CDCI3) 6 7.38 (JH, s, ArH), 4.25 (4H, s, -CH2-); ms 
t i ~ l e  (relative intensity) (M+) 314 (80Se2, 10, correct (10) 
isotope pattern), 210 (80Se1, 97, correct isotope pattern), 
116 (98) 104 (100). Atrezl. Calcd. for CloHsN1Se2: C 38.24, 
H 2.57, N 8.92; found: C 38.09, H 2.60, N 8.96. 

2,3,12,I3-Te/rase/et1ci[4,4]1~1etc1~~~cloplrcrte, 1 
A solution of the bis-selenocyanate 30 (6.28 g, 20 mmol) 

in methanol (500 ml) was added dropwise over 70 h under 
N2 to a vigorously stirred solution of KOH (3 g, excess) in 
methanol (1 litre) at  room tenlperature. The solvent was 
evaporated and the residue extracted with dichloro- 
methane. The extract was washed with water, dried, and 
evaporated. An immediate pmr spectrum in CDCI3 
indicated that 36% of the oily residue (1.65 g) was product 
1, a yield of 8'A. Solutions of this residue gradually 
deposited yellow polymer and became less concentrated 
in product. 

Addition of the selenocyanate more rapidly, or through 
one funnel while the KOH solution was added through a 
second funnel (1 I), reduced the yield of the cyclic product 
1 and gave more polymer. 

For characterization purposes a portion of the oily 
residue from the above reaction was chromatographed on  
silica gel (using preabsorption) and eluted with benzene - 
pentane (1 :9). Recrystallization from cyclohexane gave 1 
as pale yellow crystals; mp (dec.) crr. 110 "C, which 
sintered on standing at room temperature, and slowly 
deposited polymer from solution; pmr (CDCI3) 6 7.17 
(6H, bs, ArH), 6.67 (2H, bs, internal ArH), 4.00 (7H, s, 
-CH2-); ms ttzle 528 ("Se4) 448 (80Se3) 368 (80Se2, base 
peak) each surrounded by isotope peaks. The approxi- 
mate intensity ratios of these three peaks were 3:45:100. 
Atral. Calcd. for ClsHlsSe4: C 36.67, H 3.08; found: 
C 36.62, H 2.74. 

Po!,s(a,a'-clisele~ro-t~ze/a-xyle~re), 2 
This was obtained as a yellow powder, almost insoluble 

in chloroform, by allowing benzene, cyclol~exane, chloro- 
form, or dichloron~ethane solutions of the cyclic tetra- 
selenide 1 to stand at room temperature. Such san~ples 
proved identical by mp, ir, and pmr spectra to that 
scraped from the walls of the reaction vessel in the above 
experiment, and to that obtained by adding rapidly a 
concentrated solution of the bis-selenocyanate 30 to KOH 
solution. 

As obtained the polyn~er was a yellow powder, Inp 
115-1 18 "C (some softening at -1 12 "C) (lit. (1) mp 
112-115 "C); pmr (CDCI3) 6 7.16 (4H, bs, ArH), 3.81 
(4H, s, -CH?-); no molecular ion in mass spectrum. 
Atrul. Calcd. for (C8H8Se2),,: C 36.67, H 3.08; found: C 
37.02, H 3.09. 

Recrystallization from .sjt,z-tetrachloroethane at 100 "C 
gave a sanlple mp 136-140 "C (dec.) (lit. (1) mp 136- 
138 "C, with identical plnr and ir spectrum to the un- 
recrystallized sample. 

Cyclic Te/rc~.selet~icle 1 crtrcl Pol),mer 2 by Hyclrolysis of /lie 
Seletiosrrlfci/e 3b 

Following the procedure of Giinther and Salzrnann (1) 
the product was obtained as a yellow powder, mp rcc. 
115 "C; Atrerl. Calcd. for (CsH8Se2),,: C 36.67, H 3.08; 
found: C 35.99, H 3.06. Proton magnetic resonance 
spectroscopy indicated this to contain a small amount of 
the cyclic selenide 1 whicl~ could be separated by extensive 
chromatography on silica gel as described above. The 
polymer gave identical pnlr and ir spectra to those 
obtained from the samples from the hydrolysis of 
selenocyanate 30. 

Adapting the procedure such that the hydrolysis of the 
selenosulf$e was carried out under hfgh cl~lution as 
described for the selenocyanate, did not give a signifi- 
cantly better yield of the dimer 1. 

Tl re r t~~~I  Eqirilibra/iotr of' /Ire Polyn~er 2 it1 TCE 
B~rlk 
The polymer 2 (10 g) from either the selenocyanate or 

selenosulfate hydrolyses was stirred in s,w-tetrachloro- 
ethane (100 nil) at 95-100 "C for 1 11. The solution was 
then cooled slowly with scratching. Crystals formed over- 
night which were collected and dried under vacuum, 4 g, 
mp 136-140 "C (lit. (1) mp 136-138 "C). These crystals 
were virtually insoluble in chloroforn~, and gave identical 
pmr and ir spectra to starting polyn~er 2. 

It1 a N~rcleor Mngtle~ic Resot~corce Tube 
A sample of polymer 2 was dissolved in sym-tetra- 
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MITCHELL: ?,3,12,13-TETRASEI 

chloroethane in an nmr tube and held a t  100 " C  in the 
spectrometer. N o  change in the signals could be detected 
even after several I I O L I ~ S .  NO evidence could be found for 
tlie appearance of the cyclic dinier 1 whose methylene 
bridges appear shielded by 0.19 ppni from those of the 
polymer. 

Deselet~isrr~iot~ (?/'/Ire CJ-clic Terrrr.selet~icle I 10 /he Cjclic 
Disele~rirle 4 

The oily residue from the hydrolysis of the seleno- 
cyanate above (1.65 g, containing co. 36';; dinier) was 
stirred in benzene (50 ml) and tris(dietl~ylaniino)phos~~l~i~ie 
(also called liexaetliylpliospl~orous triamicle) (5 g, excess) 
was added. The ~ n i x t ~ ~ r e  was heated under rellux for 3 h,  
cooled, and poured into water. The  product was ex- 
tracted with dichloromethane, washed with water, dried, 
and evaporated. The residue was chron~atograplied on  
silica gel  sing benzene- pentane(1 :9) as  eluant. The yield 
of pale yellow product was I52 mg, about S ' j ;  from tlie 
selenocyanate, almost quantitative from the tetraselenide. 
Recrystallization from cyclohexane-hexane gave very 
pale yellow fluffy needles of 4, mp 120-122 "C (lit. (4) nip 
121-122 "C), identical to a n  authentic sample. 

Acknowledgments 

1 thank the University of Victoria and the 
National Research Council of Canada for sup- 
port of this investigation. 

1, W. H. H.  GUNTIER and M .  N.  SALZMANN. Ann. 
N.Y. Acad. Sci. 192, 25 (1972). 

2. K B. SIIARPLESS and R. F. LAUER. J. Am. Chem. 

Soc. 95, 2697 (1973): H .  J. REICH, I.  L. R c r c ~ ,  and 
M. J. RENGA. J. Am. Chem. Soc. 95, 5813 (1973); 
J .  Org. Chem. 39, 2133 (1974); K. B. S~IARPLESS,  
M. W. YOUNG, and R.  F. LAUEII. Tetrahedron Lett. 
1979 (1973); K. B. SIHARPLESS, R.  F. LAUER, and 
A. Y. T E R A N I S ~ I I .  J. Aln. Chem. Soc. 95, 6137 (1973); 
D. L. J .  CLIVE. J .  Chem. Soc. Chern. Conln1~11i. 695 
(1973); 100 (1974); R.  H .  MIT-CHELL. J. Chem Soc. 
Chem. Commun. 991 (1974). 

3. ((I) R .  H. MITCHELL, T. OTSUBO, and V. BOEKEL- 
HEIDE. Tetrahedron Lett. 219 (1975) and references 
cluoted therein: ( h )  V. BOEKELHEIDE, I. D. REINCOLD, 
and M. TUTTLE. J. Chem. Soc. Chem. C o m m ~ ~ n .  406 
(1973): F. V ~ G T L C .  Angew. Chem. 81, 258 (1969). 

4. R.  H .  MITCHELL. Tetrahedro~l Lett. 1363 (1975). 
5. V. BOCKELHEIDE and J. F. MONDT. Tetrahedron Lett. 

1203 (1970). 
6. D. L. KLAYRIAN. It1 Organic selenium compounds: 

their chemistry and  biology. Erliteciby D. L. Klayman 
and W. H .  H .  Giinther. Wiley-Interscience, New 
York. 1973. Chapt. IV. 

7. Inorganic Syntheses, Vol. 11. Erii/eci by W. C. 
Fernelius. McGraw-Hill, New York. 1946. p. 186. 

8. I. C. CALDER and  P. J. GARRATT. J. Chem. Soc. B, 
660 (1967). 

9. T .  SATO, M .  WAKABAYASHI, K. HATA, and M. 
KAINOSHO. Tetrahedron, 27, 2737 (1971). 

10. L. B. AGENAS. It1 Organic seleliium compounds: 
their chemistry and biology. Eliffedby D. L. Klay~nan 
and W. H. H .  Giinther. Wiley-Interscience, New 
York. 1973. p. 964. 

11. R. H. MITCHELL and V. BOEKELHEIDE. J. Am. Cheni. 
SOC. 96, 1553 (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Cysteine-sensitised formation and repair of mixed disulfide in the 
oxidation of papain by H,O, and ON radicals1 
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WEN SHU LIN, G .  MAURICE GAUCHER, DAVID A. ARAISTRONG, and MANOHAR LAL. Can. J. 
Chenl. 54, 242 (1976). 

The inactivation of the proteolytic enzyme papain by hydrogen peroxide produces a sulfenic 
acid by oxidation of the essential SH of cysteine 25 at the enzyme active site: 

[3 I papainCyszsS- + H202 -' papainCys25SOH + OH- 

The kinetics of repair of this entity by cysteine were consistent with the two reactions: 

[4 1 papainCys25SOH + CysSH 4 papainCys2sSSCys + H20 

151 papainCys2sSSCys + CysSH -r papainCys2sSH + CysSSCys 

Reaction 4 was the faster with k4 2 800 M-1 s-1, and ks = 11.3 T 0.5 M-1 s-1. A computer 
program was developed to evaluate the contributions of peroxide-inactivation and cysteine- 
repair when they occur sinlultaneously in NzO-saturated solutions in the absence of catalase. 
The yields predicted by this program agreed well with the inactivation caused by peroxide in 
irradiated systelns. 

The effect of cysteine 011 the inactivation of papain by O H  radicals produced by radiolysis of 
NlO-saturated solutions containing catalase was also investigated. Protection against per- 
manent inactivation was n~uch more efficient than expected on the basis of a simple competition 
between cysteine and papain for OH radicals, but there was a marked increase in the yield of 
repairable damage which was not due to hydrogen peroxide. These observations can be quali- 
tatively accounted for by the reactions: 

[I61 papainCyslsS* + (nonrepairable loss of SH) 

The same rate constant was obtained for the repair of PapainCys2jSSCys from this source as 
from the peroxide inactivation and treatment with cysteine. However, there was also evidence 
for additional cysteine-sensitized production of mixed disulfide and this probably occurs 
t h r o ~ ~ g h  reactions of CysS. radicals: 

[221 papainCys25S- + CysS* F! papainCysz5S.S-Cys 

WEN SHU LIN, G.  MAURICE GAUCHER, DAVID A. ARMSTRONG et MANOHAR LAL. Can. J. 
Chem. 54, 242 (1976). 

L'inactivation de I'enzyme protkolytique de la papaine par le peroxyde d'hydrogkne conduit 
h la formation d ' ~ ~ n  acide sulfknique par oxydation du SH essentiel de la cystiine 25 au niveau 
du site actif de I'enzyme: 

'Issued as publicatiocl No. 7507 of the Biopoly~ner Research Group, University of Calgary. This paper is 
dedicated to Professor C. A. Winkler of McGill University on the occasion of his sixty-fifth birthday by one of 
his former students (D.A.A.). 
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LIN ET A L . :  FORMATION A N D  REPAlR OF MIXED DISULFIDE 

La cinitique de la reparation de cette entite par la cysteine est en accord avec deux reactions: 

PI papaineCys25SOH + CysSH + papaineCys:5SSCys + H.0 

[5 1 papaineCys25SSCys + CysSH + papaineCysz5SH + CysSSCys 

La riaction 4 est plus rapide avec k4 2 800 M-1 s-1 et X.5 = 11.3 i 0.5 IM-1 s-1. O n  a developpe 
un programme pour ordinateur afin d'evaluer les c o n t r i b ~ ~ t i o ~ l s  de I'inactivation par le peroxyde 
et la reparation par la cystkine quand elle se i-roduit s imulta~linle~lt  dans une solutio~l saturge 
de NzO en I'absence de catalase. Les rendements pridits par ce programme sont en boll 
accord avec I'inactivation causie par le peroxyde dans des systkmes irradies. 

O n  a aussi etudii I'effet de la cystiine sur I'inactivatio~l de la papaine par les r a d i c a ~ ~ x  O H  
p r o d ~ ~ i t s  par la radiolyse de solutions saturies de N?O contenant la catalase. La protection 
contre une inactivation permanente est beaucoup plus eficace qu'attendue sur la base d'une 
simple conlpititio~l entre la cysteine et la papaine pour les radicaux O H ,  ~ n a i s  il y avait une 
augmentation marquee d a m  le rendenlent de dornmage reparable qui n'itait pas dfi au peroxyde 
d'liydrogene. O n  peut tenir compte qualitativenle~lt de ces observatiolls par les riactions: 

[I51 papailleCys25S- + O H  + papaineCys25S. + O H -  

[I61 p a p a i n e C y ~ ~ ~ S .  -+ (donne des pertes de S H  non-riparables) 

On a obtenu les mimes constantes de vitesse pour la riparation de la papaineCys25SSCys B 
partir de cette source et aussi B partir d'une inactivation par le peroxyde et le traitenlent avec 
la cysteine. Toutefois, il y a aussi des indiquations pour la production se~lsibilisie par la cysteine 
du disulfure rnixte et ceci se produit vraisemblablenle~lt par des reactions des radicaux CysS.: 

[22] papaineCys25S- + CysS. S papaineCys25S.S-Cys 

P o l  papaineCysz5S.S-Cys + CysS*+ papaineCys2sSSCys + CysS- 

[Traduit par le journal] 

Introduction 
The protection of biological systems against 

the effects of ionizing radiation has been a sub- 
ject of interest for over 20 years and the ill vivo 
protective ability of many low-molecular weight 
sulfhydryl molecules is well established (1 ,  2). 
Although the mechanism of sulfhydryl protec- 
tion is not fully understood, the high reactivity 
of the SH group towards free radicals is generally 
accepted as a particularly important factor (2, 3). 
This reactivity allows OH,  e,,-, and 02- and 
other radical species to  be scavenged before they 
damage critical cellular targets. Thiols are also 
capable of repairing the biological damage pro- 
duced by the abstraction of hydrogen atoms 
(3, 4). For example, taking BH as a biological 
target molecule and cysteine as the repairing 
sulfhydryl, the reactions would be: 

I:?] B. + CysSH -) B H  + CysS. 

In addition to contributing to the high protec- 

tive efficiency of small sulfhydryl molecules, the 
reactivity of the sulfhydryl group is likely to 
enhance the sensitivity of many cellular iiiacro- 
nlolecules to free radical damage. For example, 
DNA polymerase froill bacteria and animals ( 5 )  
and the membrane transport protein, 0-galacto- 
side permease (6), possess reactive, functionally 
important sulfhydryl groups. For these reasons 
irz vijro studies of the protection of protein SH 
groups is important. 

Previous work (7) on the sulfhydryl protease 
papain has shown that the loss of activity due to 
O H  attack is accompanied by, if not solely due 
to, destruction of the essential C ~ S ~ ~ S H .  Molecu- 
lar hydrogen peroxide, which is produced in 
irradiated aqueous systems also inactivates the 
enzyme by attacking C ~ S ~ ~ S H .  However, in 
contrast to the nonrepairable damage observed 
with OH,  the product of the papainCyszsSH 
and HzOz reaction can be restored to the sulf- 
hydryl form (i .~. .  repaired) by treatment with an 
excess of a low n~olecular weight sulfhydryl 
compound. The followi~lg reactions are con- 
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sidered to be responsible for the inactivation by 
H202 and the repair by, for example. cysteine. 

[3] papainCys2jSH + Hz02 - papainCys2jSOH 

+ H?O 

[4] papainCys2jSOH + CysSH -) papainCys2sSSCys 

+ H 2 0  

[5] papainCys2jSSCys + CysSH -) papainCys2jSH 
+ c y s s s c y s  

The protection obtained when cysteine is pres- 
ent during irradiation in a [cysteine]:[papain] 
ratio of  10:l has been reported previously (8). 
However at  low [cysteine]:[papain] ratios, cys- 
teine was found to increase the amount of 
repairable damage (9). The purpose of the 
present work was to investigate tlie niechanisni 
and efficiency of cysteine protection of papain 
from inactivation by OH and H 2 0 2  It was also 
of interest to ascertairi the reason for the scnsi- 
tisation observed at low cysteine concentrations. 

Experimental 
1\4o/ericrl.s 

I'apain ( c r ~ ~ t l e  type 11). catalase ( p r o d ~ ~ c t  number C-40), 
N-CBZ-glycine-11-nitrophenyl ester, DTNB, and cysteine 
were purchased from the Sigma Chemical Company. All 
other cl?emicals were of analytical grade. Oxygen-free 
nitrogen from Canadian Liquid Air Lttl. and  nitrous 
oxide from Matheson of Canada Ltd. were p~~r i l i e t l  
according to the  neth hods described earlier (7). Dilute 
(-1 0--1 ill) s o l ~ ~ t i o n s  of hydrogen peroxide were prepared 
by the ~ O C O - ~  radiolysis of triply distilletl water (10). 

Procerlr~res 
All solutions were prepared using triply tlistilletl water. 

C r ~ ~ d e  papain was purified by the previously clescribed 
methods of fractional precipitation (11) and allinity 
cliron~atography ( 12. 13). 

The ~xocedure adopted for the deaeration ol' N20 
saturation of papain solutions was essentially the same 
as desxibetl in ref. 7. except that all operations were 
carried O L I ~  in a glove box t h r o ~ ~ g h  which p~~r i f ied  nitrogen 
gas was cont in~~ous ly  passing. This was clone in order to 
avoid tlie introduction of atmospheric oxygen into the 
tips of the syringes which were used as irradiation cells. 
Before bubbling with N20,  unbufferetl papain solutions 
(-3 X 10-5 &I, 1pH = 6) were mixed with the desired 
concentration of cystcine in ratios to papain of 2: 1, 5:  I ,  
10:1, or 100:l. When r e q ~ ~ i r e d ,  catalase at  a concentra- 
tion of I0 pg/ml (i.c. 4 x 10-%M) was also added. After 
20 min of N20 bubbling -4 ml alicl~lots were withdrawn 
from each solution  sing a 10 nll glass syringe and a 
number I8 needle. After replacing the needle with a 
plastic cap in the glove box, the syringes were irratliatetl 
with an AECL " ) C O - ~  cell-220 at  a dose rate -0.41 X 1017 
eV rill-1 mill-I. Irradiations were normally performctl 
with the holutions at  35 'C, b ~ ~ t  in some cases, \vhich will 

be noted in tlie text, tlie irradiations were carried out  at 
1 & 1 'C. After irradiation the papain-containing syringes 
were kept at  the irradiation tel i iperat~~re for a controlled 
periocl (30 min unless otlierwise stated) before 0.3 ml 
aliquots were removed for a preassay treat~iient desig- 
nated as 'postirradiation repair' or 'nonrepair'. The  repair 
treatment consisted of diluting the aliquots to 31.1 ml 
with a solution containing 0.021 h4 phosphate buffer 
( p H  = 6.9), 10-' I L ~  EDTA, and 3.6 X 10-4 IM cysteine, 
and incubating at  30 C for -30 min. The  papain con- 
centration in tlie mixture was 2 X 10-7 M and with the 
1000-fold excess of cysteine repair is complete in -I0 n ~ i n  
(8). The  nonrepair treatment was iclentical except that  no 
cysteine was present in the incubation mixture other than 
that f rom the diluted papain s o l ~ ~ t i o n .  Experiments in- 
volving nonrepair treatment for v a r i o ~ ~ s  periods of time 
showed that these cysteine concentrations ( e . ~ .  10-6 11.I 
for the 10:l [CysSH]:[papain]) were too low to effect 
significant repair in 30 min at  30 'C. 

After tlie repair or nonrepair treatment the enzyme 
solutions were assayed for enzyme activity  sing N-CBZ- 
glycine-11-nitrophenyl ester as  s ~ ~ b s t r a t e  (8). Losses in 
activity were calculated from the tlilference between the 
activity of a n  unirraciiatetl but otherwise identically 
treated control and the activity of the irradiated solution. 
The activity loss ~ n e a s ~ ~ r e d  after the nonrepair treatment is 
referred to as tlie 'total activity loss' and the u s ~ ~ a l l y  
smaller activity loss observed aft;r the repair treatment k 
the 'nonrepairable activity 103s'. The difference between 
them is referred to a s  the 'repairable activity loss' and  all 
are normally exprebsed as a percentage of the activity of 
the ~~nirradiatecl control. 

The loss of S H  gro~lps  was determined using D T N B  in 
the presence of urea as previo~~sly described (13). 

Results and Discussion 

f . Re/~(iir 01' P(i/~(iitz f i ~ ( i c t i ~ ~ ~ i / c ~ /  by 
Hj~drogen Perax-ick~ 

(i) Reactions 4 and 5 ~iormally proceed to 
complctioli at  30°C in thc post-inoctivatioli 
repair assay due to the 30 min treatment with 21 

1000-fold excess of cysteine (8). This repair 111ay 
21lso occur to sonie cxtcnt at 25 "C with lower 
cystcine concciitrations. Tlic prcscricc of cysteinc 
during the pcroxicle inactivation of papain 
(reaction 3) would therefore reduce tlic normally 
observecl repairable inactivation. T o  dcterniine 
the cxtent of repair expcctcd under these circum- 
stances, the overall rate of the repair process 
represeritcd by [4] and  [5] was dctcrmincd ~ ~ n d e r  
a variety of conditions using cystcine as tlie 
repair agent. All solutions were purgecl with 
nitrous oxide as for the radiolysis experiments 
to be described later. Mixtures of papain and 
hydrogen peroxide in equili~olar concentrations 
of -2 X M were prepared and allowed to 
stand for 30 min. Fro111 previous (13) and present 
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The rate constant (k6) was found to be -0.5 i 
0.2 M-I s-l, which is very sinall compared to  
that of [3] (k3 = 62 M-l s-I (13)). Hence [6] 
would not be important in the mediation of 
peroxide inactivation of papain until [CysSH]: 
[papain] ratios of 100: 1 or larger werc used. 

(iii) In a further series of experiments papain 
and H202 in the same concentrations as in (i) 
were rnixed and again kept for 30 min at 25 "C. 
Cysteine was added to  5 rnl aliquots of this 
mixture to yield [cysteine]:[papain] ratios of 2:l 
and 5: l  and the mixtures were assayed for 
activity at various time intervals after this. These 
mixtures differ fro111 those under (i) above, in 
that no catalase was added and residual peroxide 
would have continued to react with papain- 
Cysz5SH while the repair of p a p a i n C y ~ ~ ~ S O H  
was in progress. The results of two such experi- 
rnents presented in Fig. 16 agree well with com- 
puter calculated curves based on the above rate 
constants. As expected the reaction of the 
residual H z 0 2  with papain leads to lower per- 
centage activities than in Fig. la.  

(iv) As a final simulation of the H202-initiated 
reactions anticipated in an irradiated system, 
H 2 0 2  was added to  mixtures of cystcine and 
2 X M papain to  give iiziticrl [cysteine] : 
[papain]:[H202] concentration ratios of 5: 1 :1 
and 10: 1 : 1. After a period of 30 niin at 25 "C 
the percentage activity of the enzyme remaining 
in the two mixtures was assayed. Thc observed 
percentages of 60 and 79 respectively are much 
higher than the 25 -t 5Cj,, obtained when H z 0 2  
reacts with papain in the absence of cysteine. 
This confirms that tlie repair of papainCys2,SOH 
by cysteine is not inhibited by peroxide and 
occurs to a significant extent during the time 
period of [3]. The experimental percentage 
activities noted above again compare favorably 
with computer calcillated percentages of 67 and 
87 for the 5: 1 : 1 and 10: 1: 1 mixtures respectively. 

11. Protection of Paycriiz (rgcrir~sl Noizrel~air(r11le 
Inrrclivcrtioiz by OH 

The reactive species formed in the (j°Co-y 
radiolysis of water are OH,  H, the solvated 
electron (e,,,-), and molecular hydrogen peroxide 
(16). In nitrous oxide-saturated solutions the 
electrons are quantitatively converted t o  O H :  

H atoms is comparatively sniall (g11 = 0.55 per 
100eV (16)) and their contribution to  the in- 
activation of papain is considered to  be negli- 
gible (7, 18, 19). The effects caused by OH per se 
can be observed in the presence of 4 X M 
catalase which removes Hz02  and gives 110 

evidence of complicating side effects involving 
papain (7, 20). 

In the present work the total sulfhydryl con- 
tent and the enzyme activity of nitrous oxide- 
saturated 2.2 * 0.2 X M papain solutions 
containing catalase and various concentrations 
of cysteine were measured after different periods 
of irradiation. From plots of the decrease in SH 
content vs. dose in the range 0-3 X 10'7 eV g-I 
the yields of SH loss in molecules per 100 eV 
(i.e. G(-SH)) were calculated for solutions with 
[CysSH]'[papain] ratios of 2, 5, and 10. The 
change in G(-SH) with [CysSH]/ [papain] ratio 
is presented in Fig. 2a. For the doses used here 
the percentage change in total SH was too small 
for a determination of G(-SH) for [CysSH]/ 
[papain] = 100. However, activity losses for 
such solutions were determined (see below). 

Previous work (7) has shown that approxi- 
mately 90(;4, of OH radical attacks on papain 
fail to  cause inactivation, presumably because 
they involve reactions at  nonessential residues. 
However, tlie value of G(-SH) = 0.5 per 100 eV 
for [CysSH],[papain] = 0 with added catalase 
in Fig. 2a is due to  the no~irepairable destruction 
of the papainCysz5SH group, which is the sole 
important mechanism of inactivation by the 
efTective 10"/1, of OH attacks. That is for OH 
radicals G(-papainSH) = G(nonrcpairab1e in- 
activation) (7). 

Reference to  Fig. 20 also shows that, with 
increasing [CysSH]/[papain], G(-SH) rises well 
above 0.5 and then tends to  level off. To  explain 
this one must first corisider the proccsscs which 
occur in nitrous oxide-saturated cysteine solu- 
tions without papain (3, 21-25). At p H  = 6 the 
main reactions are [8] and [9]: 

[8 I .OH + CysSH 4 Hz0 + CysS. 

[9 I cyss. + cyss. -, cyssscys 

with minor contributions from [lo] to  [13]: 

[ lo ]  CysSH -$ CysS- + H' 

[71 e,,,- + NzO + H20 -> N? + OH- + OH [ I l l  cyss. + cyss- 2 CysS.S-cys 

giving a total OH yield, g( , r l ,  of 5.6 per 100 eV [I21 C Y ~ S *  + CY~S.S-CY~* CysS- + CysSSCys 

of radiation energy absorbed (17). The yield of [13] CysSH + .H -, CysS. + Hz 
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\ 

LCys SHI / [Popoinl 

FIG. 2. Plots of G-values (rnolec~~les/IOO eV) against 
[CysSH]/[papain]. ( ( 1 )  S~~lfhyclryl losses: 0, G(-SH) 
witho~lt added catalase; C, G(-SH) with added catalase; 
- - -, G(-SH) calc~~lated from the competition of papain 
and cysteine for OH. (0) Initial nonrepairable yields, 
Go"r. 0, wi tho~~t  catalase; g, with catalase; - - -, Gullr 
calc~~lated from the competition of papain and cysteine 
for OH. ( c )  0, GI, (inactivation via H?O?); the repairable 
inactivation c a ~ ~ s e d  by Hz02 obtained by subtracting 
G30t for catalase containing solutions from Clot for those 
witl io~~t it; - - -, derived from computer calc~~lations (see 
text). ( ( I )  Repairable yields in the presence of catalase: 
0. measured 30 min after irradiation, Glor; 0. calcu- 
lated from the percentage repairable activity loss extrapo- 
lated to the midpoint of the irradiation period using [21]. 
The arrows at [CysSH]/[papain] = 2 and 5 are the differ- 
ence between the calculated and experimental values of 
Gnr in Fig. 2b and represent the expected repairable yield 
from [18], [19], and [20]. 

Taking Go11 = 5.6 (16) and G I ~  = 0.5 the total 
radical yield is 6.1 per lOOeV and when all 
radicals are scavenged there should be an equiva- 
lent net loss in cysteine SH (25). If one assumes 
that the same reactions occur in the presence of 
papain, the fraction of O H  reacting with cystcine 
would be { 1 + k14[papain]/ks[CysSH] ) -1 and 
the expected loss in cysteine SH, G(-CysSH), 
would be the product of this quantity and Golr 
Here k14 is the rate constant for all OH reactions 
with papain: 

[I41 OH + papain -, .(papain-OH intermediate) 

and includes the formation of intermediates at  
nonessential residues as well as inactivating 
attacks on papainCysz5SH. Similarly the sinall 
loss of p a p a i n C y ~ ~ ~ S H  (G(-papainSH)) would 

IRRADIATION TIME (rnin) 

FIG. 3. Loss in activity as a percentage of activity of 
the unirradiated control for NrO-saturated 2.2 X M 
papain solutions containing 4 X ibl cysteine. Irradi- 
ations were performed at 25 ? 2 'C and solutions were 
stored for 30 rnin prior to assay for: p, ., total activity 
loss; C, 9, activity loss after standard repair assay at 
30 C. Open symbols are for solutions containing 
4 X 10-S M catalase and solid symbols for solutions 
wi tho~~t  it. 

be 0.5 (1 + ks[CysSH], k14[papain])-l. The dashed 
line in Fig. 3u shows the expected total SH loss 
calculated from these expressions with ks = 8 X 
10"-I s-I (mean of two values in ref. 26) and 
k I4  = 4.7 X 101° M-I s-I (37). The experimental 
SH losses for catalase-contai~ii~ig solutions rise 
far more stecply than predicted and at  [CysSH]/ 
[papaiti] = 10 are already within 12y0 of the 
total radical yield of 6.1 per 100 eV. The differ- 
ences are much greater than the small SH loss 
( 5 0 . 5  per 100eV) which could derive from H 
atom reactions and must be attributed to the 
occurrence of [2], where B is in this instance a 
papain-OH radical intermediate. Spectral evi- 
dence shows that there will be a variety of such 
intermediates, but phenoxyl radicals formed 
from tyrosyl side chains will be dominant (27). 

The type of plot obtained for percentage loss 
in activity v s .  irradiation time is illustrated by 
the data for [CysSH]/[papain] = 2 in Fig. 3. 
The activity assays were performed 30 min after 
the end of the irradiation periods. Total and 
nonrepairable activity losses with and without 
catalase are plotted in this figure. Each point is 
the average of values from three or Inore experi- 
ments, and these usually gave a mean deviation 
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TABLE 1. Initial G values* for inactivation of N2O-saturated 2 X 10-5 M 
papain irradiated at 25 "C in the presence and absence of catalase and 

with various concentrations of cysteine 

No catalase With 4 X 10-8 Mcatalase 

[CysSHl/[papainI Gnr G30t G30' Gnr G30t G30r 

0 0.55 1.30 0.75 0.55 0.55 0.00 
2 0.21 0.95 0.74 0.21 0.45 0.24 
5 0.11 0.55 0.44 0.11 0.40 0.29 

10 0.06 0.30 0.24 0.06 0.20 0.14 
100 0.00 0.00 0.00 0.00 0.00 0.00 

*The superscripts used refer to nonrepairable (nr), total (t), and repairable (r) G values, while the 
subscr~pt 30 refers to the 30 mi11 post-irradiation period which samples were subjected to before the 
enzyme assay. The symbol G"' indicates that this nonrepairable initial G value was the same for a post- 
irradiation period of 0 to  30 min. Estimated uncertainties are f 0.05 molecule per 100 eV for values less 
than 0.6 molecule per 100 eV and 10% for otliers. 

of 2 to 3% of the activity of the control. Non- 
repairable activity losses were independent of 
the time elapsed between the end of the radiation 
and the time of enzyme assay. The nonrepairable 
inactivation yields in molecules per 100 eV calcu- 
lated from the linear slopes of plots like that in 
Fig. 3 are referred to  as Gnr and presented in 
Table 1. 

The values of Gn' are plotted as a function of 
[CysSH]/[papain] in Fig. 2b. It can be shown 
that, if there is a straightforward competition 
for OH radicals between cysteine and papain, 
then G"' in the presence of cysteine should be 
equal to Gnr in the absence of cysteine multiplied 
by { 1 + k8[CysSH]/k14[papain] ] -I. In Fig. 2b 
the dashed line calculated from this relation lies 
far above the experimental yields. Laying aside 
the unlikely possibility that the magnitude 
k8/k14 used here is seriously in error (it would 
have to be 0.8 instead of 0.17) one must conclude 
that there are additional reactions responsible 
for the reduction of G"'. If nonrepairable in- 
activation by OH is the result of [15] and [16], 

[15] papainCy~2~SH + -OH + papainCys25S- + H20 

[16] papainCys25S - + nonrepairable product 

then the following processes may contribute to  
the reduction of Gnr: 
[17] papainCys25S- + CysSH + papainCys25SH 

+ cyss. 

[I81 papainCys25S. + CysS- + papainCys25SSCys 

[19] papa inCy~~~S* + CysSH + papainCys25S.S-Cys 
+ H+ 

[20] papainCy~2~S.S-Cys + CysS. + papainCys25SSCys 
+ cyss- 

Reactions 18, 19, and 20 all lead to the formation 
of the repairable mixed disulfide and evidence 
for this is given below. Support for [17], which 
directly restores the papain activity, is at present 
lacking. 

In previous work (7) with nitrous oxide- 
saturated solutions containing catalase and no 
cysteine, only nonrepairable damage was ob- 
served and this was confirmed in the present 
work. However, significant yields of a repair- 
able product were found when cysteine as well 
as catalase was present, as is illustrated by the 
differences between the percentage total and 
nonrepairable activity losses (i.e. the open 
squares and circles respectively) in Fig. 3. TO 
examine the kinetics of the repair, a number of 
nitrous oxide-saturated solutions containing 
4 X M catalase and with a cysteine:papain 
concentration ratio of 2:l were irradiated for 
12 min and allowed to stand for various times 
after the radiation ended. Aliquots were then 
taken and assayed by the nonrepair assay 
which quenches all repair and gives the 
concentration of active enzyme, EL, present 
at that time. For several of these samples 
aliquots were also taken and subjected to  the 
standard repair with a 1000-fold excess of 
cysteine at 30 OC to give Em, the total con- 
centration of active enzyme after the repair 
had gone to  completion. The concentrations of 
the repairable product and repairing sulfhydryl 
at time t are then (Em - E,) and ( S  - EL) 
respectively, S being the total sulfhydryl concen- 
tration (i.e. papa inCy~~~SH + CysSH) deter- 
mined after irradiation as discussed under 
Experimental and above. The values of El and 
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REPAIRABLE 

5 85- 
U 
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6 12 ?B 
I I I I I I  / I I I 

0 20 40 60 80 1 0 0  0 20 40 60 80 1 0 0  

TIME (rnin) 

FIG. 4. Percentage activity a s  a function of time after irradiation for N,O-sat~irated 2 X 10-5 iLI 
papain sol~itions containing 4 X 10-"iM catalase and cysteine. (cr )  Irradiation period = 12 niin (see 
dashed vertical line), [CysSH] = J X 10-5 M. (b)  Irradiation period = IS min, [CysSH] = IW4 1L.f. 
0, percent activity determined by nonrepair assay ( =  IOOE,/Eo); 8,  percent activity by repair 
assay (=  IOOE,/Eo). The 3 points show the percentage activity at  the radiation half time ( = IOOE1,2/ 
Eo) derived from [?I] (see text). The solid lines were calc~ilated ~ising this expression. (c) Percentage 
repairable activity loss a s  a function of irradiation time for solutions with [CysSH] = 4 X M. 
A, measured 30 mi11 after irradiation: A,  ca lc~~la ted  for the midpoints O F  the radiation periods (i.c.. the 
radiation half times)  sing [?I]. 

E, for these experiments and similar ones per- 
forliied with 5 : l  cysteine:papain solutions 
irradiated for 18 lnin were expressed as a per- 
centage of Eo, the initial enzyme concentration, 
and are presented in Fig. 4 a and b respectively. 

By substituting (Em - El) = ( a  - x) and 
( S  - El) = (b - s) in the standard second order 
equation k  = ( [(a - 6) )  -' x In (b(n - x)/ 
a(b - x ) ]  (28), the data were used to calculate a 
second order rate constant for the repair reaction 
and gave a value of 1 1.5 f 1.3 M-I s-1. The fact 
that this is identical within experimental error to  
the magnitude of k5 found froni the experiments 
on the repair of peroxide inactivated papain is 
consistent with the formation of papain- 
Cysz5SSCys in the catalase-coiitainir~g solutions 
with cysteine present. 

Reference to  Fig. 4 a and b shows that signifi- 
cant repair of the repairable product (papain- 
Cysz5SSCys) occurs during the radiation period. 
In order t o  obtain an estiiiiate of the total yield 

then o = (E, - Ell2) and b = ( S  - Elp).' 
Making these substi t~~tions and setting (o  - s) = 
(Em - E,), (b - x) = ( S  - El), and (o  - b) = 

(Em - S,) one can derive expression 21 : 

This was used to evaluate El/? by inserting 
k g  = 11.3 M-1 s-1, the experimentally obtained 
values of E, and S,  and the values of El for the 
times correspondilig to the experimental points 
in Fig. 4 ( I  and b. The points showing the per- 
centage activity at the radiation half tiines in 
Fig. 4 a and b are derived froiii the averages of 
the calculated El/? values. The curves were calcu- 
lated from then1 using [21] and show good fits 
to the experiniental points for both solutions. 
The same procedure was applied to the percent- 
age repairable activity losses obtained from the 

of this product the above integrated second order 
rate law niay be rearranged to the form a = ?(El 1, - E,) is elfectively the concentration of repair- 
[b(n - x)/(b - x) exp - 6) ] ]. l f a  is taken able product which would have existed a t  the midpoint 

as the concentration of repairable product at the of the radiation period, if it had all been formed in- 
stantaneously at  that time. This treatment is similar to 

ha'f time the period and E1/2 the the extrapolation of  yields of intermediates to mid-pulse 
concentration of active enzyme at  that time. times in p ~ ~ I s e  experimellts. 
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differences between the open squares and circles 
in Fig. 3 for solutions in which [CysSH]/[papain] 
= 2. These percentages of repairable loss, which 
were observed 30 min after the radiation ended, 
are shown by the points on the lower curve in 
Fig. 4c. The ~ ~ p ~ e r - ~ o i n t s  are the corresponding 
repairable activity losses calculated for the mid- 
point in the radiation period. It is significant tliat 
this calc~~lated d o t  is-linear with radiation time 
while the plot for the experimental points ob- 
tained 30 min later exhibits an ~ ~ p w a r d  curvature. 
This feature was observed with other [CysSH].' 
[papain] ratios and appears to  be due to  the 
depletion of the cysteine by [2] and [El to  [13], 
which lowers the rate of the repair as the radia- 
tion dose increases. 

From the percentage repairable activity losses 
for the midpoints of the radiation periods a 
value of the total repairable yield in tlie absence 
of a post-irradiation period, Go', of 0.43 ? 
0.05 molecules per 100 eV was found for the 
solutions with [CysSH]; [papain] = 2 at 25 OC. 
A similar treatment of the results for solutions 
with [CysSH] [papain] = 5 at 25 OC gave Gor = 
0.37 1 0.05 molecules per 100 eV. As expected 
these values are larger than the G301 V ~ ~ ~ L I C S  givcn 
for catalase containing solutions in Table 1 - 

Since the experiments on repair of peroxide- 
inactivated papain showed that cysteine repair 
via [5] has a significant activation energy, less 
repair of p a p a i n C y ~ ~ ~ S S C y s  should occur in 
catalasc-containing solutions with [CysSH,'[pa- 
pain] = 2 and 5 when they are irradiated at 1 OC 
and stored at  this temperature prior to  assay. 
Experiments in fact showed that the repair with 
30 min post-irradiation periods at this tcmpera- 
t~ l r e  was negligible and without any correctioris 
gave GI values similar to  thosc calculated as 
explained above from the room temperature 
results. 

No  a t ten~pt  was madc to  estimate Gor for 
solutions with [CysSH]/[papain] = 10 or 100 as 
the repair rates are very rapid. However, for . . 

of future coniparisons yields in mole- 
cules per 100 eV were calculated from the per- 
centage total and repairable activity losses 
measured after 12 min irradiation ~ l u s  30 rilin 
post irradiation for all [cysteine]:[papain] ratios. 
The vertical arrows in Fig. 40 illustrate the total 
( i . ~ .  nonrepairable + repairable) and repairable 
activity losses for these times with [CysSHI1[pa- 
pain] = 2. Initial G values (i.e. values from 

initial slopes of percent activity - dose plots) 
thus obtained are reported as G30t and G30r in 
Table 1. 

Figure 2rl shows tlie deperidence of G30r and 
tlie two available valucs of Go1 o ~ i  [CysSH]i[pa- 
pain]. If [18] and [19]-[20] are tlic only processes 
producing the repairable papairiCysz5SSCys in 
the catalase containing solutions then for each 
[CysSH]:[papain] ratio Go' should bc equal to 
the difference, Q, between the yielcl of papain- 
Cysz5S radicals actually producecl per 100 eV 
arid the observed nonrepairable yield. G"'. The 
actual yields of papainCysz5S. cannot be meas- 
ured. but the yields expected on the basis of a 
competition between [El and [14] are given by 
tlie dashed line in Fiz. 20. The values of Q for 
[CysSH] [papain] = 2 and 5 are indicated by 
tlie arrows in Fig. 2d. In each case they are 
about a factor of two smaller than Go1, showing 
that additional reactions are required to  explain 
the magnitude of the repairable yield in the 
catalase-containing solutions. Since tlie papain 
SH group is considered to  be predominantly in 
the papai11Cys~~S- form at p H  6 because of the 
prcsericc of a neighboring histidine (29, 30), at 
low cysteine concentrations [22] 

may compete favorably with [9] arid [ l  I], and 
provide an additional route for the production 
of the repairable mixed disulficlc. When taken at 
face value the results in Fig. 28 suggest tliat this 
route is at least as important as 1181, [19], arid 
[20]. However, further work will bc r eq~~i red  to 
establish the exact contribution of C y s S  and 
papainCysS. radicals to the repairable yield. 

111. Pro/cc/ion (rg(ritl.s/ Corlc~rrret~/ It~rrcti~mliorz 
0j- O H  (it~d HzOz 

Protection of essential SH groups against 
concurrent reactions with OH radicals and Hz02 
is of interest, and clearly should occur in papain 
solutio~is with no eatalase. Total and nonrcpair- 
able activity losses for such solutions were 
therefore measured and the values of G"', G3&, 
and G30' in Table 1 were calculated as described 
above for the catalase-containing sol~rtio~is. The 
magnitudes of G30t ilnd G301 are slightly lower 
than thosc of 1.6 and 1.0 in ref. 7 and this is 
probably due to the further elimination of 
oxygen achieved by the use of a glove box (see 
Experimental). Sulfhydryl yields were also de- 
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termined and the values of G(-SH) are plotted lated yields are shown by the dashed line and 
as circles in Fig. 20. they agree well with the cxperimental points. 

Reference to  Fig. 70 shows that witho~lt 
cysteine, G(-SH) rises from 0.5 per l00eV in Summary and Conclusions 
solutions with catalase t o  1.35 per 100 eV with- 
out it. The increase is caused by the molecular 
hydrogen peroxidc undergoing reaction 3. When 
cysteine is present there is a roughly constant 
difference of about 1.3 molecules per lO0eV 
between G(-SH) in the absence and in  the 
presence of catalase. This is approximately twice 
thc molecular hydrogen peroxide yield, GII?02h1 
= 0.7 (16) molecules per 100 eV, and shows that 
[3] and [4] must go almost to completion for 
the present dose rate and 30 min post-radiation 
treatment. 

The filled squares and circles in Fig. 3 illus- 
trate the percentage activity losses observed in 
the abscnce of catalase. As shown by the open 
and filled circles the nonrepairable activity losses 
are, within experimental error, the same in the 
presence and absence of catalase. As indicated 
by the Gnr values in Table 1 and Fig. 26 this 
was true for all ratios of [CysSHI-to-[papain] 
and it is consistent with the view that HzOz 
dainage is co~npletely repairable under the condi- 
tions used here. 

Since catalase eliminates HzOz without afTect- 
ing the free radical reactions, the yield of HzOz- 
initiated dalnage remaining after the standard 
30 min post-irradiation period, G30(inactivation 
via H202), can be cstilnated to  a good approxima- 
tion by subtracting G30t for catali~se-co~ltaining 
solutions from G3Ot for those without it (see 
Table 1 for G30t with and ~ ~ i t l i o u t  catalase). 
Yields obtained by this means are shown in 
Fig. 2c. Since [6] is very slow the marked fall 
off in G30(innctivation via HzOz) for the 
[CysSH]/[papain] range of 2 to 10 is due solely 
to  the occurrence of [5] during the radiation and 
post irradiation periods. Indeed thc highly rcac- 
tive SH of papain serves as a catalyst t o  oxidise 
cysteine to  cystine via [3], [4], and [5]. 

As a quantitative guide to  assist in the interpre- 
tation of results when simultaneous free radical 
and HzOz inactivation and repair of damage by 
cysteine were occurring a computer program. 
based on [2] to  [6], [8], [141, and [151, was 

The present study has shown that the protcc- 
tion of a n  activated sulfhydryl group. such as 
that of papain, against radiation damagc can bc 
a relatively complex plienomcnon. I n  the first 
placc a large part of the reduction in enzyme 
inactivation by cysteine is really due to the rcpair 
of papainCyszjSOH formed from HzOz, and 
this may take place in the post irradiation period, 
particularly if the dose is delivered in a relatively 
short period of time. Secondly, the fact that 11011- 

repairable damagc is reduced Inore efliciently 
than would bc cxpected on the basis of a competi- 
tion for OH bctween cysteine and papain sup- 
ports the view that a n  intermediate in the OH 
inactivation mechanism is either directly repaired 
by cystcine or is converted t o  a repairable form. 
The simplcst schemc for explaining this includes 
[15] to  [20] and thcre is clear evidence for the 
formation of a repairable mixed disulfide. How- 
ever the yield of it is twice as large as could be 
accounted for by reactions of papainCysz5S. 
radicals alone. This shows that there is probably 
a contribution to papninCysz5SSCys production 
from [22], and this may be of a silnilar magnitude 
to  that coming from 1181 to  [20]. It could be 
even largcr, since papainCysz5S. radicals lnay 
be repaired t o  a significant extent in 1171, which 
reduces G"' without contributing t o  G'. 

Reactions 18 t o  20 and 22 may be of con- 
siderable importance in living systems, since 
sulfhydryl radicals are likely t o  be frequent end 
products whcn free radicals are produced. In 
addition activatcd SH groups like that of papain 
will often have a lower than normal pK (29, 30) 
and hence a high probability of serving as RS. 
sinks. They may be permanently inactivated via 
[22] and [20], if the structure of the R group is 
such that the mixed disulfide cannot readily be 
repaired. Further studies with different RSH 
molecules are being undertaken to  determine the 
effect of RSH structure on the relative importance 
of [17], [18] t o  [20], and [22] and on the repair- 
ability of the mixed disulfides formed. 

developed as outlined in Appendix 1. This pro- 
gram was used t o  calculate G30(inactivation via Acknowledgments 
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Appendix 

The computer program was based on [3] t o  [9] and [14] t o  [15] and was designed to  calculate the 
loss of cysteine and the repairable inactivation of the enzyme. The radiation and postirradiation 
periods were divided into time intervals of 0.0625 min. This is short with respect to  the half lives of 
[3] t o  [6] and doubling the size of these intervals made no significant difference t o  the results. The 
average concentrations of cysteine, [RAV], and the active enzyme, [EAV], were calculated for these 
intervals, making allowance for the fast radical reactions 2, 7 t o  9, and 14 and 15. These average 
concentrations were then used t o  calculate the consumption of the enzyme in [3] and of cysteinc in 
[4] and [5] over the same time interval. The repair of the enzyme in [4] and [5] was also calc~llated 
and the resultant net concentrations of active enzyme and cysteine a t  the end of the interval were 
used as the initial concentration [Eli and [CysSHIi respectively for the next interval. All e;,,- were 
assumed to  undergo reaction 7. 

From eq. 15 of ref. 31 reaction 15 will reduce the concentration of active enzyme during a 0.0625 
~ n i n  interval from [Eli t o  [Eli exp (-0.0625kI5 X 10gO~~DN-1/(k14[E]~ + ks[CysSHIi)). Here D is 
the dose rate in eV cmU3 min-', N is Avogradro's number, and [Elo the total enzyme concentration 
(i.e. active + inactive). Taking k15/k14 as being e q ~ ~ a l  to  the ratio of G"'/golr observed in the absence 
of cysteine, one can show that 

[Eli [EAV] = -{I + exp (-0.0625GR/([EIo + b[CysSH];))J 
2 

where b = k8/k14 and GR = 1OGn'D/N. 
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For reasons of convenience, repairable inactivation by H20z was taken care of by two expressions: 
(i) For the Hz02  present at the start of the interval at  concentration [H202Ii, the concentration, 
DER, of enzyme and of HzOz reacting = [HzO2li - H2R, the amount not reacting = ([EAV] - 
[H2O2li)/([EAV] exp (/c3 ( [EAV] - [H2021i] 0.0625),'[H202]; - 1). (ii) For the Hz02 produced and 
reacting during the interval the consumption, DEP = p X 0.0625 - H2P, where p = ~ O G ~ ~ ? ~ ~ " D / N  
and H2P, the peroxide produced that does not react = p[l - exp (-/c3[EAV](0.0625))]//c3[EAV]. 

Consumption of HzOz by cysteine during the interval is a very slow process and was taken care of 
by H2S = k6[HzOzli[CysSH] X 0.0625. The H202  concentration at  the end of the interval is H2R + 
H2P - H2S. 

The loss of CysSH in molecules per 100 eV due to  reactions with O H  radicals and to  [2] was 
taken as eq~ia l  t o  the observed G(-SH) for catalase-containing solutions. The average cysteine 
concentration di~r ing an interval is then given by [RAV] = [CysSH], - H2S - 5G(-SH) X DjN.  

The concentration of papainCysz5SOH at the end of an interval, [PO][, is equal to  POR + DEP + 
DER, where POR = ([RAV] - [POIi)/([RAV](exp (k4x{[RAV] - [PO]i]0.0625))/[PO]i - 1 ) .  
and [PO]; is the concentration at the start of the interval. 

Sinlilarly for the mixed disulfide concentrations [SSIi and [SS], one can write: [SS], = [PO], - 
POR - DSS, using DSS = [SS], - ( [RAV] - [SS], ] / { [RAV] exp (k5 ( [RAV] - [SS],] 0.0625)/ 
[SSIi - 1 ) .  

Finally at  the end of the interval [CysSH], = [CysSH], + POR - [POIi - DSS, [Elf = [Eli 
exp { - 0.0625GR/([EIo + b[CysSH],)] - DEP - DER + DSS where b = k8/kI4 and the com- 
bined concentrations of repairable sulfenic acid and mixed disulfide = ([SS], + [PO],). 

For radiolysis experiments the initial peroxide concentration was given a very small value (= 
M). The program was set to run for a particular radiation period with the required value of D and 
for a subsequent post irradiation period (ilsually 30 min) with D = 0. At the end of the latter period 
[SS], and [PO], were obtained. The program also yields an expected nonrepairable yield, but this 
does not take [17] to  [20] and [22] into account. 

For experiments on peroxide inactivation D is set equal to zero from the start and the initial 
H102, cysteine, and enzyme concentrations are given the desired values. 
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Intermolecular interactions in nuclear magnetic resonance. X. A site- 
specific continuum model for the gas-to-liquid shifts of nonpolar solutes. 

Applications to proton medium shifts and the determination of 
cavity radii 

FRANS H. A. RUMMENS 
Departt)iet~t of Cl~ernistry, U~~iversity of Regina, Regitla, Saskatcl~etvan S4S OA2 

Received June 10, 1975 

FRANS H. A. RUMMENS. Can. J. Chem. 54, 254 (1976). 
Based on the Onsager reaction field theory of the dielectric polarization of a continuum, 

a-model has been developed to calculate the Van der Waals contribution U ,  to the gas-to-liquid 
medium shifts of nonpolar solutes. The addition of a site factor correction, to account for the 
off-center location of the measured nucleus in the solute molecule, provides a marked improve- 
ment. The agreement between experimental and calculated u,,~'s is good (k0.05 ppm), but a 
separate scale factor is required for each solute. This nonuniversality is shown to be related to 
the Onsager approximation for the solute cavity radius; a3 = 3VI/4rN2,. It is shown that 
Van der Waals shifts can be used for the determination of the Onsager cavity radii; for a number 
of molecules these cavity radii are given. It is claimed that this method is as precise, but much 
easier to apply, than the Bottcher-Onsager optical method. 

No evidence could be found for the existence of a u,? contribution to the medium shifts due 
to permanent electric dipoles of solvent molecules. Combination of experimental medium shifts 
in anisotropic solvents with calculated U ,  contributions allows the evaluation of the neighbor 
anisotropy contribution u,. The U, effect is found to  be solute dependent; there is a V1-1/6 
proportionality related to the molar volume Vl of the solute and in addition there are site effects 
with site factors both greater and less than unity, depending on molecular shape. The solvent 
dependence of U ,  includes not only the magnetic susceptibility anisotropy ax2  and the molar 
volume (V2-I/3) but also a term corresponding to the geometric anisotropy of the solvent 
molecule. 

The solvent CS2 is found to behave as an  isotropic molecule. 

FRANS H. A. KUMMENS. Can. J. Chem. 54, 254 (1976). 
Fond6 sur la thCorie du champ de reaction d'onsager, un rnodele a CtC dCveloppe perrnettant 

le calcul de la contribution Van der Waals u , ,  sur les diplacements chirniques des solutCs non- 
polaires en passant de1'Ctat gazeux B 1'Ctat liquide. L'iiiclusion d'un facteur de correction de site, 
tenant compte de la position non-centrale du noyeau considirk, apporte une arnilioration 
sensible. L'accord entre les U ,  calculCs et les U ,  observes est bon ( k0.05 ppm), mais une con- 
stante de multiplication, differente pour chaque solutC, est nicessaire. 11 a CtC dCmontrC que ce 
manque &universalit6 est cause par l'approximation d'onsager pour le rayon de la cavitC du 
solutC; a3 = 3 VI/4rNJ,. I1 est dCmontrC de plus que les dkplacernents chimiques Van der Waals 
peuvent &tre utilisCs pour la dktermination des rayons de cavitC Onsager; ces rayons de cavitC 
ont CtC donnCs pour un certain nornbre de molCcules. I1 est tenu pour certain que cette methode 
est aussi prCcise, rnais plus facile B utiliser, que la rnCthode optique de Bottcher-Onsager. 

11 n'a pas CtC possible de trouver une preuve quelconque en faveur ou contre l'existence d'une 
contribution u,? aux deplacernents chimiques de milieu due aux moments Clectriques per- 
manents des rnolCcules de solvant. En cornbinant les dkplacements chirniques de milieu dans 
des solvants rnagnitiquernent anisotropes avec des contributions u,, calculCes, il est possible de 
trouver la contribution anisotropique u,. I1 est dCmontrC que l'effet U, dCpend de la molCcule 
de solutC; il existe une relation proportionnelle entre U, et Vl-I/G (OU VI est le volume molaire 
de la solutC) et en outre il y a des effets de site, avec des facteurs de site soit plus grands, soit 
plus petits que I'unitC, selon la forrne ~iiolCculaire. L'effet du solvant sur U, n'inclut pas seule- 
ment l'anisotropie de la susceptibilitC Ax, e t  le volume molaire du solvant ( V ~ Y ' / ~ ) ,  mais 
Cgalement un facteur correspondant B l'anisotropie giometrique de la molicule de solvant. 

I1 est dCrnontrC que le solvant CS2 se comporte comme un solvant isotropique. 

Introduction zero pressure. Part of this difference is due to 
The shielding a, of a solute in a liquid state is sample geometry; for a cylindrical sample per- 

different from its value a. in the gas phase at pendicular to the main magnetic field the change 
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RUMMENS:  INTERMOLECULAR INTERACTIONS IN NMR. X 755 

in effective field strength can be written in the 
form of a shielding corltribution u,, = 2axV/3, 
where x,, is the volu~ue bulk susceptibility of the 
sample. After subtraction of this correction the 
remaining gas-to-liquid shielding u,,, = UI - uo 
- u,, is a true medium shielding effect. In 
general one can write 

Of the various terms in [ l ]  only u,, the Van der 
Waals term, u:,, the neighbor anisotropy term, 
and u ~ ? ,  the tern1 due to  permanent electric 
d i ~ o l e s  in the solvent ~nolecuces will be discussed 
in this paper, since all other terms are zero or 
negligible for nonpolar solutes. 

The presently existing models for nmr nledium 
shifts fall in two distinct groups; the statistical 
mechanical and the continuum models. The 
former, originally proposed by Raynes et (11. (I), 
is in principle superior in its ability to predict 
with reasonable accuracv the medium shifts of a 
large range of solute-solvent systems. In practice 
its applications have been limited, primarily 
because it requires accurate values for the Len- 
nard-Jones (6-12) potential parameters 1.0 and 
~ / k  for the solute and the solvent ~ ~ ~ o l e c u l e s ,  
data which are often difficult t o  obtain or to 
estimate. Continuum models offer the prospect 
of only requiring data on macroscopic properties 
such as density and refractive index. Such 
models have been proposed by Linder and co- 
workers (2, 3) and by De Montgolfier (4). When 
experimental medium shifts for a particular 
solute molecule are plotted against medium 
shifts calculated with either of these continuum 
models, relations are found which are only 
approxin~ately linear; in addition the 'best' 
straight lines d o  not in general pass through the 
origin. The nlodels also lack universality; each 
solute appears to require its own calibration line. 
(For an  extensive review of both types of ~nodels 
see ref. 5.) 

In an earlier communication, we reported (6) 
that much improved results can be obtained 
with the following relation: 

where nl is the refractive index of the solvent 
and C is a solute dependent const>~nt. It was 

shown that the experimental mediun~ shifts of 
C H 4  in eleven halonlethanes as solvents plotted 
against /inz) of [2] results in a straight line 
through the origin ( C  = 9.62 ppm, standard 
deviation s = 1-0.021 ppm). 

In a subsequent paper (7) a formal derivation 
of [2] was given, based on the assurllption that 
the reaction field of a spontaneously oscillating 
solute ~nolecule is the sole cause for the Van der 
Waals shift. The result is reproduced below: 

where B is the proportionality factor relating u,,. 
to the average squared electrical fields at  the - 
solute ( u ,  = - BFZ and B = 0.72 X 10-Is esu 
for protons (8)), al and Il are the polarizability 
and ionization potential respectively of the 
solute, and (I is the cavity radius of the employed 
Onsager reaction field model. If one takes the 
approximate relation 

where VI is the molar volume of the solute 
(since a is a temperature independent parameter 
(vide it~/i.cr), VI should be taken at a fixed tetn- 
peraturc, for which we have chosen 30°C). 
eq. 3 then becon~es 

Equation 5 was tested for the solutes CH4. 
cyclohexane, neopentane, and tetramethyllead 
(7). Although [5] was shown to  constitute a 
major i m p r o v e ~ ~ ~ e n t  over previous continuun~ 
models, it was also noted that the scale factor K 
was somewhat different for each solute and that 
for some solutes the best straight line u,$.(exp) 
vs. u,,.(calcd) did not quite go through the origin. 
As a tentative and qualitative explanation of 
these deviations the absence of a site factor in 
[5] was cited. 

Site factors, as introduced by Ruiumells e l  (11. 
(8, 9) pretend to  correct for the fact that the 
nuclei nleasured are not normt~lly located at  the 
center of mass of the solute molecule. These 
nuclei may therefore be expected to experience 
an average squared electric field differed from 
that calculated at  the center of Illass. In a reac- 
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tion field model where the region outside the 
cavity is considered as a continuum such a site 
factor appears to have no place; the reaction 
field vector is constant over the cavity. 

In this paper a site factor for a continuum 
model will be developed and the validity of the 
modified model will be investigated. This model 
for the Van der Waals effect u,, together with 
experimental medium shifts u,,, will then be 
used to  extract information on the neighbor 
anisotropy effect u:, and on the electrical field 
effect uE?. 

Theory 

Tlze Site F~zclar 
As indicated above. the reaction field in an  

Onsager cavity is constant in magnitude and 
direction. The direct reason for this is the implicit 
assumption that the wall of the cavity can be the 
carrier of any desired charge density (for an 
ideal dipole in the center of a spherical cavity, 
for example, the charge density distribution on 
the cavity wall is given by the first order Legendre 
function of the first kind). However, the mole- 
cules of the first solvent layer around the solute 
molecule are anything but a continuous dielec- 
tric. It can also be estimated from Kirkwood's 
statistical mechanical theory of dielectrics (10) 
that one has to  form a cavity with a radius at  
least one order of magnitude larger than that of 
the solute molecule in order to  have an approxi- 
mately homogeneous cavity wall in the sense 
of producing a constant reaction field vector 
over the solute molecule at the center of the 
cavity. For nnir medium shifts, and in particular 
for the Van der Waals effect with its inherent r-" 
dependence, it is the first layer of solvent mole- 
cules which carries the larger fraction of the 
total eRect. It seems therefore a justifiable pro- 
cedure to  use <R-6> rather than r-"or the 
interaction of a nucleus at distance d from the 
solute's mass center, at least for nearby solvent 
n~olecules (see Fig. 1). The site factor S,l,ell for 
the interaction with a continuum spherical shell 
bounded by distances r and r + d r  as defined 
by < R - 9  = SS,,,,llr.-%can be found to  be 

where q is defined by q = rl/r. (Note that this 
calculation is isomorphous to  that of calculating 

FIG. 1 .  Solute with center of mass (CM) in center of a n  
Onsager cavity with radius ( I  ant1 with 11ucle~ls P a t  
distance clfrom CM.  A concentric shell with radius I .  has a 
distance R to the nuclear site P. 

the <R-9 from all points on a sphere to  a 
chosen point oir/sicle that sphere. Therefore, Ssllcll 
will be equal to  S,,,i, of previous site factor 
calculations (9)) To  find the total site factor the 
result of [ 6 ]  needs to  be integrated. 

For the lower limit a measure of the distance 
from the solute center to  the centers of the 
molecules of the first solvent layer should be 
taken. Therefore r- is not the cavity radius but 
rather r- = r12 = r1 + r2 where r, and 1.2 are the 
molecular radii. For the upper limit r- a distance 
100 could be taken but in practice it is permis- 
sible to  take I... = a; the diRerence will be 
negligibly small. The result is as follows: 

with 
q = d/1.12 

Multiplication of [8] with either [3] or [5] then 
gives the site-corrected expressions for u,,. (see 
eq. 12). 

Tllc Cclvirj R(ldiii.s 
It might be argued that the continuiim begins 

where the centers of mass of the nearest neighbor 
solvent molecules are. If that were so, the cavity 
radius would be a function of the size of solute 
NIZLI solvent molecules, similar to  the parameter 
1 .1~ disci~ssed above. This hypothesis can be 
tested, but as our results will indicate (see next 
section) the evidence is negative; the cavity 
radius appears to  be independent of the size of 
the solvent molecules. On the other hand, a 
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simple proportionality between cr3 and Vl (eq. 4) 
is not very satisfactory either. It causes the a,,. 
model to  be excessively temperature dependent 
(vide inficr). In fact, perhaps the best method of 
determining cavity radii of nonpolar molecules 
is based on the assumption that a3 is temperature 
independent and t o  interpret the temperature 
dependence of density and refractive index ac- 
cordingto tlie Bottcher-Onsager method (10). The 
criteria for success of this method are, (i) finding 
a linear relation between 12aNIzrz2/(n2 - 1)(21z2 
+ 1) and (21z2 - 2)/(21z2 + 1) for all wave- 
lengths, (ii) slopes corresponding to  l/c13, con- 
stant and independent of wavelength, and (iii) 
intercepts of l / a  which show a waveleiigth 
dependency according to dispersion theory. Such 
extensive and successful studies have oiily been 
done by Pijpers ( I l ) ,  wh? reported values for 
a3 of 30.5, 34.4, and 38.9 A3 for benzene, CC14, 
and cyclohexane respectively. The general im- 
pression (10) is that C I ~  corresponds to the molar 
Golume at absolute zero. or ilt least to  a ~iiolar  
volume in the solid state; extensive studies on 
cavity radii of simple ions (10) show that these 
are numerically very close t o  the ionic radii in 
crystals. Solid state molar volumes of organic 
molecules are not available in any number, but 
one might try other solute parameters which, 
apart from having the dimension of a volume, 
also express the 'hardness' of these molecules. 
For example, the Onsager cavity model implies 
a potential which is constant (negative) over the 
co-ntinuum, with a jump to  infinite repulsion at  
the cavity wall. Such a potential function 
resembles bitlrrry potential functions such as tlie 
Lennard-Jones (6-12) potential. The cavity 
diameter 20 could therefore be related to  the 
Lennard-Jones diameter rol. One might there- 
fore use as a trial function a3 = Cr013-1' V I ,  PI3 

where C is a proportionality constant and y is 
an adjustable parameter between 0 a n d  3. 
Lennard-Joncs potential parameters can be 
estimated with good accuracy from critical point 
data (12. 13) while the latter, if no experimental 
data are available, can be estimated from tlie 
boiling point, the derisity at some temperature, 
and the temperature at which the vapor pressure 
is 100 mm (14). A detailed account of this method 
of estimating potential parameters can be found 
in chapt. 16 of ref. 5. Other possibilities would be 
to  relate a3 directly to  critical parameters, such 
as a proportionality with the critical molar 

volume Vc or with ZcpVc where Zc = PcVc/RTc. 
Finally, the effective electron density, as de- 
scribed by the polarization a might be related 
to  C I ~ .  For example, for a macroscopic conduct- 
ing sphere cr3 = a and for a macroscopic dielec- 
tric sphere a3 = a(1z2 + 2)/(n2 - 1) (10). Organ- 
ic niolecules are neither conducting nor dielec- 
tric spheres, but probably have some charac- 
teristics of both. One might therefore expect a 
proportionality between a3  and the product of a 
and some function of the refractive index. 

The Me~li1111z Effect Colztrib~ltiolis UE? N I Z ~  a;, 
In the statistical niodel of Raynes et (11. (1) 

the electric field at the solute is not a reaction 
field of the solute, but a direct field of the 
spontaneously oscillating solvent molecules. 
Apart from the Van  der Waals fields F, there 
is then also a contribution E2 due to the yertna- 
lmzt solvent dipoles. This contribution can be 
given by (1): 

This contribution is usually small, but it may be 
substantial (0.2a, to 0.5~,,.) for small solveiit 
molecules with large permanent dipoles. In the 
continuum model under discussion, a ~ ?  does 
not exist, since the only field recognized is the 
reaction field of the solute. The permanent 
dipoles cannot relax fast enough to  follow the 
high frequency fluctuating moments of the 
solute, so their contribution to  tlie reaction field 
will be zero. In the present paper, both polar and 
nonpolar solvents are discussed in the hope of 
finding evidence for tlie existence or nonexistence 
of UE:. 

The present study also contains data referring 
t o  anisotropic solvents. Clearly, if a universally 
valid model for a,, is developed, subtracting this 
from the medium shift will lead to  good values 
for the anisotropic contribution a, (or a, + up). 
For certain solvents such as aromatics, the 
existence of a ,  is beyond doubt ; for others such 
21s acetone. acetonitrile, nitromethane. DMSO, 
and CS? the evidence so far has not been clear. 
If the solvent aspects of [3] or [5] (combined 
with [7] ard correct, consistent values for the a, 
of these solvents should follow, largely inde- 
pendent of thc solute probe molecule. It has 
becn proposed, however (15), that a ,  does have 
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TABLE 1. Index numbers of solvent and solute molecules 

Index Index Index 
number Molecule number Molecule number Molecule 

CH3Br 22 
CH3I 23 
CHzC12 24 
CHlBr2 25 
CH212 26 
CHzCIBr 27 
CHCI3 28 
CHClBr2 29 
CHBr3 30 
CC14 31 
CCI3Br 32 
CBr4 33 
CS2 34 
Sic14 35 
SnC14 36 
SiBr4 37 
Br2 38 
Freon 112 39 
(CFCI2-CFC12) 40 
C(CH3)4 41 
Si(CH314 42 
Ge(CH3)4 43 

Sn(CH3)4 44 
Pb(CH3)4 45 
cyc lo -C~HI~  46 
c)'c/o-C~HI 2 47 
I I -CSHI~  48 
t1-C6Hl4 49 
tl-C7H16 50 
II-CSHIS 51 
C(CH?CH3)4 52 
Si(CH?CH3)4 53 
S I I ( C H ~ C H ~ ) ~  54 
(C2H5)10 55 
( C H I O C H ~ ) ~  56 
Si(0 Me)4 57 
Si(0Et)d 58 
1,4-Dioxane 59 
Tetrahydrofuran 60 
( C ~ H ~ ) I N  61 
Ethyl acetate 62 
DMSO 63 
Acetone 
CH3N02 

C2H5N02 
c(No2)4 
CH3CN 
C6H6 
Toluene 
p-Xylene 
Mesity lene 
C6HsCl 
CsHsN02 
N-Methylaniline 
Pyrrole 
CH4 
CzH6 
C1H4 
Cyclopropa~le 
iso-C~HIO 
tratrs-Butene-2 
2-Butyne 
2,3-Pentadiene 
3-Hexyne 

a slight solute dependence according to 

Where A x  is the anisotropy of the susceptibility 
of the (axially symmetric) solvent molecule and 
1'211 and rz1 are the solvent molecular radii 
parallel and perpendicular to the molecular axis. 

This point is of some inlportance because in 
all factor analysis treatments of nmr solvent 
effects (16, 17), it has been taken that u, is inde- 
pendent of the solute. 

It could finally be argued that the si~nultaneous 
separation of aE: and a, is in principle i~llpossible 
because all molecules that have a permanent 
dipole thereby must also be anisotropic. How- 
ever, the nlagnetic anisotropy of a bonds is so 
small that the neglect of a, in saturated n~olecules 
is permissible. 

Experimental 
The physical properties of all solutes and solvents to be 

discussed are given in Table A,' Table 1 provides an index 

to the compounds discussed; throughout this paper these 
compounds will be referred to by their index numbers 
alone. 

Data on gas-to-liquid medium shifts were taken from 
the literature; where necessary the bulk susceptibility 
term UI, was adjusted using the x , ~  and density data of 
Table A. T o  all the methane gas-to-solution medium 
shifts reported by Buckingham et 01. (18) 0.025 ppm was 
added to correct for the medium shift of the 10 atm of 
CH4 which was taken as the zero point in the original 
paper. For the datum of CH4 in CBr4 (measured at 
100cC) an additional correction was made for the 
temperature dependence of the shift of CHCII, the latter 
having been used as an intermediate reference. Other data 
used included those reported by Rummens et (11. (8), 
Bernstein (17). Lournan (l9), Rummens and Louman (20), 
Chenon (21), Lu~nbroso er (11. (22), Raynes and Raza (23), 
Raza and Raynes (24), and Bothner-By (25). 

All temperature dependent parameters, such as ul,,V2, 
112. r l ,  1.2, and q were calculated at the temperature of the 
experiment. The radii TI and 1.2 have been calculated 
according to eq. I1 (8) 

[ I l l  r3 (A)) = 0.293 V (ml) 

For CH4 a value of r.1 = 2.068 A was adopted which was 
obtained by interpolation fro111 a graph of ro3 vs. V for the 
halomethanes. 

'Copies of Table A are available, at a nominal charge, Results and Discussion 
from 'the Depository of Unp~~blished Data, CISTI, 
~ ~ ~ i ~ ~ ~ l  ~~~~~~~h council of Canada, o t tawa,  canada VLI~I (ler. WNN/.Y S11i/ix Accorvling lo [5] ~ t ~ d  [a] 
KIA OS2. Combination of [ 5 ]  and [8] results in 
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R U M M E N S :  INTERMOLECULAR INTERACTIONS IN N M R .  X 

1 FIG. 2. Experimental medium shifts of CH4 as function of the solvent terms of [12]. Full line corresponds to 
slope = 7.89. Numbering of solvents is according to Table I .  

1 

((1 - 9'13) 
This equation can be tested by plotting the 
medium shifts of ilonpolar solutes vs. (nz2 - 
1)'/(2nz2 + 1)'(1 - q2)3. The results for CH4 
as a solute are given in Fig. 2. The least-squares 
slope (=  7.80) of this graph was then used to  
recalculate a,, as indicated in Table 2. This 
calculation was also performed for those solvents 
(aromatics, acetone, acetonitrile, nitro corn- 

. . pounds) which were not included in Fig. 2. The 
. .  . correlation coefficient of the regression analysis 

was, for the best line forced through the origin, 
0.997; the standard deviation is k0.038 pprn. 
The addition of the site factor produces a 
notable improvement in comparison to plotting 
a,,, against the refractive index function of eq. 2 
(6, 7). All points referring to  nonhalonlethane 
solvents are now much closer to the best line 
through the origin. This is particularly true 
for Brz, SiC14, SnC14, CMe4, (CzH5)20, and 
CH3COOCH3. The points corresponding to  
cyclopentane and cyclohexane are still somewhat 
off; this nlay be due t o  experimental error, since 

with other solutes this aberrant behavior for 
C5HL0 and C6H12 is not found. Figure 2 and 
Table 2 also show rather clearly that the solvent 
aspects of [12] are essentially correct and that 
specifically the cavity radius cannot be a function 
of solvent. The range of molar volumes VZ3O of 
the solvents enlployed spans a factor of three. 
For example, V30(Br2) = 51.8 and V30(CBr4) = 

112.3 ml;  yet these two points are very close in 
Fig. 2. A similar pair is triethylamine (34) with 
V30 = 140.7 and CH3Br (1) with V30 = 57.3 ml. 
An inclusion of even a fractional power of V2 
in the cavity radius would destroy the linear 
relation presently found. 

With CH4, it is difficult to  test the solute 
aspects of [I21 because of the uncertainty as to 
what to  take for V130. Such a test can be made, 
however, with solutes for which cul, 11, and Vl 
are known. From these parameters, together 
with the numerical factor 3 2 a v 3  of [I21 and the 
slope of the regression line through the origin of 
-0,. vs .  (nz2 - 1)2/(2n1' + 1)'(1 - q2)3 the 
combined parameter K B  can be extracted. 
Table 3 shows the results for cyclohexane ( C ~ H I ? )  
with a best value of K B  = 6.19 X 10-lS esu. The 
correlation coefficient is 0.991 and the standard 
deviation is s = f 0.028 ppm. These results are 
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TABLE 2. Proton gas-to-solvent shifts of CH4 at 30 "C,  
corrected for bulk susceptibilityn 

Index - ~,(exp)  - ~,Jcalcd) 
Solvent number (ppm) ( P P ~ )  

"Expcrimcntal clatil from Buckingl~am cr ol. (18). For corrections 
to ~licsc shifts, see tcst. Cnlculntcrl data arc from Fig. 2, with a best 
slope of 7.89. 

somewhat better than those of a previous study 
(7) where no site factor was used. The improve- 
ment can be traced to the site factors although in 
the present case they ranged only between 1.39 
and 1.61. 

A more convincing test of the validity of the 
site factor is formed by a study of the solutes 
XMe4 (X = C, Si, Ge, Sn, and Pb). Without site 
factors, plots of experimental Van der Waals 
shifts vs. (nz2 - 1)/(2n2' + 1)' result in approxi- 
mately parallel straight lines, none of which goes 
through the origin (7). introduction of the site 
factor makes these plots go through the origin, 
all with correlation coefficients of about 0.993. 
The results of the calculations, together with the 
extracted KB parameters are given in Table 4. 
The KB parameters for these five solutes are 

almost equal (except possibly for PbMe4), a fact 
which is also derilonstrated by Fig. 3. Solutes 
with two different kinds of protons can also be 
used to test the site factor. For example, the CH2 
and CH3 protons of tetraethyl conlpounds XEt4 
have different gas-to-liquid shifts. As Table 4 
and Fig. 4 show, the slopes and hence the KB 
parameters are virtually the same for the CH2 
and CH3 protons of C(C2H5)4, although the 
experimental medium shifts are different by 
30-50%. The site factor correction appears to be 
quantitatively correct in this case. Similar results 
were obtained with Si(C2H5)4 although a slightly 
smaller KB parameter results for the CH3 pro- 
tons, indicating a small overestimate of the site 
factor. This trend is continued by the results on 
Sn(CzH5)4; here the site factor correction is 
clearly too large for the CH3 protons, resulting 
in KB(CH3), substantially larger than KB(CH2). 
A similar effect was observed for the CH3 protons 
of p-xylene (see Table 4). These results are 
parallel to those obtained by site factor correc- 
tions in the binary collision model (20); outer 
protons of very large or of strongly nonspherical 
solutes have calculated site factors which are too 
large. It may be noted, however, that in the 
present continuum model, these discrepancies 
are much smaller than with the binary collision 
model. Furthermore, the use of different KB 
parameters for different proton sites in  the same 
solute molecule still allows the prediction of Van 
der Waals shifts even for 'outer' protons without 
loss of precision. 

Finally, Table 4 gives KB parameters for 
cyclope~itane (C5H10) and benzene. 

Onscrger. Cervi~y Rcrclii 
Whereas the solvent aspects of [12] seem to be 

rather universally valid, Table 4 also indicates 
that the solute part of [12] is not universal; KB 
parameters ranging over a factor of two are 
found. Yet there is nothing in the nature of the 
parameters K and B that would allow such a 
large variation. To gain a clearer insight into the 
dependence of c ,  011 solute, it is preferable to 
look at the c,v's of a variety of solutes in one and 
the same solvent. This has been done using CC14 
as a solvent and results are given in Table 5. It 
is seen that the correlation between c ,  and 
C Y ~ I ~ S / ( V ~ ~ ~ ) ~  is poor. The correlation coefficient 
is actually 0.97; if a best slope (= 0.0153) were 
used to recalculate e," '~ from the solute factors, 
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R U M M E N S :  INTERMOLECULAR INTERACrlONS I N  N M R .  X 

TABLE 3. Proton gas-to-liquid shifts of cyclohexane, corrected for bulk susceptibilityu 

- UI,,(~~P) - ~ , ( c a l c d )  
Solvent Number Reference (ppnl) KB = 6.45 X 10-IS 

CHCI3 
cc14 
cc14 
cs2 
Sic14 
CFC12CFClz 
C(CH3)4 
Si(CHd4 
C6Hu 
c6H12 
~ I - C S H I ~  
11-CcjH14 
I I - C ~ H I ~  
tl-C7H16 
n-CsHla 
(CH3-OCH2)z 
1,4-Dioxane 
Tetrahydrofuran 
DMSO 

CH3COCH3 
CH3COCH3 
CH3N02 
CH3CN 
C6H6 
C6H6 
C6HsN02 
N-Methylaniline 
Pyrrole 

~Experimentnl  data from Chenon (21) at  41 "C nnd Bernstein (17) nr 30 "C 
b ~ t  r = 29 'C. 
CAI r = 15 "C.  

TABLE 4. Results of comparisons between experimental and calculated (eq. 12) Van der Waals shifts 

Standard 
Correlation deviation KB X 10IS 

Solute Reference to experimental data and solvent 11umbers coefficient (~~111) (esu) 
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CAN. J .  CHEM. VOL. 54. 1976 

/ . O -  CH, 0 C 11 CH, 

FIG. 3. Experiniental rnediuni shifts of CMel (e), SiMer (O) ,  GeMe4 (u), SnMeJ (A), and I'bMe4 ( V )  
vs. tlleoretical expression for 5," of eq. 12. Numbers refer to solvents of Table 1. 

FIG. 4. Experimental medium shifts of CEt4 ( 0 ,  CH3; 0 ,  CH2) vs. U ,  as per eq. 12. Numbers refer to solvents of 
Table 1. 
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R U M M E N S :  INTERMOLECULAR INTERACTIONS IN NMR. X 

TABLE 5. Experi~nental gas-to-CC14 sol~~tioll shifts U ,  and s o l ~ ~ t e  factors for a 
number of solutes 

Solute Reference 

C(CHKH3)4 
Si(CH2CH3)4 
C(CH?CH3)4 
Sn(CH?CH3)4 
I I - C ~ H ~ ~  (CH2) 
IZ-CSH,~ (CH2) 
s i (cH~CH3)~  
trritn-Butene (CH) 
C ~ H I Z .  
Mesitylene (CH) 
CsHlo 
i-C4Hl0 (CH3) 
i-C~Hlo (CH) 
C2H6 
C(CH3)4 
p-Xylene (CH) 
C(=CHCH3)? 
(=CCHZ.CH~): 
C2H4 
trut~s-Butene (CH3) 
Si(CH3)4 
Cyclopropane 
CH4 
C6H6 
Sn(CH3)4 
( E C C H ~ ) ~  

"Avel.aged value. 

major deviations of up to  0.2 ppm would be 
found. Although the site factor is more sensitive 
to the nature of the solute than that of the 
solvent (because of the cl parameter), the evi- 
dence of the previous paragraph suggests that 
the poor correlation is not due t o  the site factor. 
(Note that all potential entries in Table 5 of 
solutes for which S = 1/(1 - qq3 might lead 
to  an overestimate of S were deliberately 
omitted.) There are also indications that the 
factor alll is basically correct. Consider, for 
example, the five solutes X(CH3)4. These coni- 
pounds have very similar V130 parameters; since 
these molecules are rather alike, it seelns reason- 
able to assume that they have a very similar 
relation between a3 and VI3O. Since, in going 
from X = C -> Pb the polarizability increases 
strongly and the ionization potential clecreases 
strongly in that same direction, the observed 
constancy of the K B  parameters (see Table 4) 
can be interpreted to  mean that a1 and 11, if at  
all relevant to u,~, must enter the U,  model as 
the product alIl or some power thereof. The K B  

parameters on the X(C2Hj)4 solutes give the 
same indication; the decrease In Il is the same as  
for the X(CH3)4 molecules, but the relative 
increase in a1 is somewhat less, because of the 
large and constant contribution of the extra 
CH? groups. Consequently, since the V130 
parameters are again constant in this series, 
K B  paranieters increasing in the direction 
X = C -> Sn are required as is indeed observed. 
Another exainple of cliemically similar mole- 
cules where the same relation between a3 and 
V130 co~lld be presumed, is formed by the series 
benzene. 11-xylene, and mesitylene. As Table 5 
shows these solutes have roughly the same 
correlation between u,, and C Y , I ~ S / ( V , ~ ~ ) ~ .  There 
are, on  the other hand, many examples of pairs 
of solutes having about the same alll product 
and yet very different K B  parameters (for ex- 
ample cyclopentane and neopentane or Sn(CH3)4 
and 11-xylene in Table 4) or different ratios u,~ 
to  C Y , I ~ S / ( V , ~ ~ ) ~ S L ~ C ~  as Sn(CH3)4 and C6H6 or 
2,3-pentadiene and neopentane in Table 5). 

In spite of the indirectness of the above evi- 
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TABLE 6. Values of cavity radii cubed based on [3] 
with KB = 4.71 X 10-l%su for the solutes of Table 4n 

"Note: values of V13' alicl of (rn1 12)' givcll 101. colllpilt'iso11. Villucs 
of ral calculated via critic;ll constants (12-14). 

dence, it is surmised that the nonuniversality of 
[12] as indicated by the results of Tables 4 and 5 
is caused by the nonexistence of a unique and 
universal relation between a3 and Vt30. Attempts 
t o  correlate a3 with other parameters having a 
volume-per-molecule dinlension (see Theory) all 
failed to  produce any improvement. Also, the 
three accurately known a 3  paranieters (C6H6, 
C6H12, and CC14, see Theory) d o  not relate 
simply to  any of the investigated volu~ne 
parameters. It is therefore postulated that [3], 
modified with the site factor of [8], is essentially 
correct, including a universal constant for KB 
for all C-H protons. This postulate can be 
partly tested by using the data of Pijpers (1 1) for 
a3  of C6H6 and C6H12 in combination with the 
experimental slopes of  a ,  vs. - 1)2/(21222 
+ 1)'(1 - qz)3 t o  arrive at the KB paratneters. 
The results were KB(C6H6) = 4.41 and KB(C6HI2) 
= 5.02 X 10-ls esu. These two values are satis- 
factorily close. With an avcrzge value of KB = 
(4.71 f 0.3) X 10-18, it is now possible t o  
derive values for a3 of the solutes of Table 4. 
The results have been tabulated in Table 6, 
together with values of VI3O and (14~,/2)~ for 
comparison. It may be seen that there is no 
simple relation between a3 and VI3O or (1.01/2)3; 
the ratio (V130)/a3, for example, varies frcrn 
2.77 (C6H6) to  4.0 (SnMe4). All possible correla- 
tions suggested in the Theory section were tried; 
none of these yielded any useful results. The 
relatively large value for a3  of CH4 can perhaps 
be understood since the temperature of the 

TABLE 7.  Estimated contributions to r,,? according to [9] 
of CHI medium shifts 

-2p2'a,,""r 
2p2' 301212 

Solvent 301~12 (ppm) 

CH3Br 
CH3I 
CH2Cl2 
CH2Br2 
CHCl3 
(C2H5)20 
(CzH5)3N 
Ethyl acetate 

Acetone 
CH3N02 
CH3CN 
CcjH5N02 
CsHsCl 
Pyrrole 

~iieasuretnents (30 "C) is far above the critical 
tetnperature of CH4; it is conceivable that the 
high collision rate of the CH4 molecules at  30 "C 
creates a cavity considerably larger than its 
'hard' volume. In principle, any single a,, 
measurement, such as those given in Table 5, 
could be used t o  determine rr3 of the solute in 
question. T o  eliminate at least part of the 
experiliiental errors and of the model errors, it 
is better t o  use a series of solvents, however. A 
recommended set would be IZ-C . IH~~,  SiC14, 
CHCI3, CH31, and CS2; Van der Waals shifts in 
these solvents consistently showed only small 
and random variations with the shifts calculated 
from [12] and the KB parameters of Table 4. 
The presently proposed method of determining 
the cavity radius is felt t o  be as precise as the 
Bottcher  neth hod employing refractive indices 
( f  10% in a3) but is considerably easier t o  use. 
One disadvantage is that this method is only 
applicable to  molecules having a C-H moiety 
close to  its center of gravity; the added assump- 
tion that KB is a uliiversal parameter for all 
C-H bonds is a further possible limitation. 

Tlre alc? Effect 
In Table 7, the factor 2p22/3~212 of [9] has 

been calculated for a nu~nber  of strongly polar 
solvents. I t  is seen that the calculated aE? is 
always smaller than 0.01 ppm for those polar 
solvents ~lsed in the previous sections on a,. This 
justifies the use of polar solvents for the deter- 
mination of KB or a3, but it also means that if 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KUMMENS: INTERMOLECULAR INTERACTIONS IN NMR. X 

1 FIG. 5. Neighbor anisotropy shift u:, of C6H6 and 1 a,(CGHG) = 1.166/(Vl)'/" 
C(NOZ)~  VS. (V1)-1/6. Data from Table 8. Solvent numbers 
refer to Table I .  U:,(C(NO~)~) = 0.522/(Vl)1/6 ppln 

I 

.)J- 

0 

11 

I 0 5 -  - 5 o * -  
P - 
b" O x -  

0 2 

o l 

the u p  term were to exist it could not possibly 
be detected. Among the solvents which are 
n~agnetically anisotropic (lower half of Table 7) 
there are several with potentially detectable aE: 
effects, but if existent this is obscured by the 
much larger a ,  effects. It is therefore found 
inlpossible to enlploy the a,? effect as a means 
of judging the validity of the present reaction 
field approach vs. the direct field approach of 
Raynes el (11. (1). 

consistent with the theoretical result that the 
site factor for a ,  is i~nity for spherical solutes 
(26, 27). It is interesting t o  note that ethylacetate 

,- (solute CH4) and dimethyl sulfoxide (solute 
C6HIZ) d o  not show any a, effect although they 

6-  CM H, have anisotropic groups, quite similar to the 

1; .2,------ 
carbonyl group of acetone. However, this obser- 
vation is based on only one medium shift of each 

-12:<JIc'- io of these solvents; more experililental data would 
be needed to  justify any conclusion. 

With the other anisotropic solvents, which 
produce solnewhat larger a:, effects, it is clear 

13 '2 - that a:, is not quite independent of solute. It is 
--.)I 

J P  '" r seen from Table 8 that a, for any given solvent 
c (NO, ), increases slightly with decreasing molar volume 

- of the solutes, as is predicted by [lo]. In Fig. 5 

The Neighbor. Anisotrol~y Corztribrr~iotz a, 
The calculation of a ,  via [12] and the K B  

parameters for each solute obtained from their 
medium shifts in isotropic solvents can also be 
used to calculate the a, contributio~i to  the total 
medium shifts for those solutes in anisotropic 
solvents. If the possible aE?  is neglected then one 
has for nonpolar solvents that a, = a,,,(exp) - 
~,~(calcd) .  This has been done for a number of 
solutes and anisotropic solvents as given in 
Table 8. For the more or less spherical solutes 
(i.e. all except benzene and p-xylene), a number 
of trends can be discovered. Acetone and 
acetonitrile appear to  have virtually constant a, 
contributions of a, = f0.078 0.005 and U, 

= -0.122 + 0.006 ppnl respectively. Such a 
constancy of a, has often been noted; it is also 

, , I I I I it is demonstrated for the solve~its C G H ~  and 
I 

0 GO o 4 2  0 14 0 4 6  C(N02)4 that there is a good proportionality 
between a:, and (Vl)-1/6. The results can be 

( v, $;+ m a l e +  - 
I written as 

The proportionality factor for CGHG is close t o  
that reported earlier (1.08; see ref. 15), although 
in that study the binary collision model was used 
for the calculation of a,. 

Table 8 also shows that for the near-spherical 
bi-site solutes XEt4, the a:, for the inner (CH2) 
protons is consistently larger than for the outer 
(CH3) protons, whereas for the nonspherical 
1)-xylene nlolecule the opposite is observed. 
These are probably real effects because (i) in 
itztrrr-~nolecular comparisons any systematic ex- 
perimental errors cancel out, (ii) the possible 
syste~natic errors in the site effect model used to 
calculate the a ,  term are eliminated by determin- 
ing separate K B  parameters for each proton 
type, calibrated on the same isotropic solvents, 
(iii) very similar effects were noted by Rununens 
and Louman (19, 20) in a study on the same 
solutes and solvents but employing the binary 
collision model for u , ~ .  Therefore it appears clear 
that the a, effect exhibits a site effect, with a site 
factor which may be greater or less than unity, 
depending on solute geometry. This finding is at  
least in qualitative accord with Becconsall's 
model for a, of nonspherical solutes (30); the 
above then forms proof that the XEt4 solutes 
are effectively nonspherical, which in turn may 
explain some of the anomalies found for a ,  of 
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TABLE 8. Neighbor anisotropy shifts c,(pprn) for nonpolar solutes in anisotropic solvents (Van der Waals shifts u,. calculated according to [12] 
with the I(B parameters of Table 4) 

Value in solvent = 

Solute VI 30 Parameter CGHG p-Xylene Mesitylelie C G H ~ N ~ Z  CH3N02 C(N02)4 Acetone CH3CN 
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R U M M E N S :  INTERMOLECULAR INTERACTIONS IN N M R .  X 
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TABLE 9. Solvent dependence of u, 

Vz38 Ax X loGb I.?II' r.21c ~ ~ ( / r ~ ~ - ~ / ~  - ) . 2 ~ - ' / ' ) ~  

Solvelit (ml) (ernu/mol) (A) (A) V21/3 

C6H6 90.9 59.7 1.90 3.52 1 .oo 
p-Xylene 125.6 61.2 2.14 3.92 0.76 
Mesitylene 141 .3 61.9 2.14 4.12 0.78 
Nitrobenzene 103 .2n 68 1.90 3.72 1.15 

O A t  30 "C. 
bEstirnated from cxperimcl~tnl AX data o n  CIHG, 1,2.4,S-teu.i1metliylbe1~ze1ie, licxamclliylbcnzene. 

and 1.4-dinilrobcnzcnc, rcfercncc p i~gc  of Tablc A ;  x d . ~ t ; ~  arc avcragcd. 
CEstirnrrted according to pl.ocedurc outlincd in ref. 15. 
('Relative v;~luc. 

these solutes. Both this a, site factor and the VI 
dependence of a:, noted here are of importance 
for the application of factor analysis-on nmr 
medium shift, where so far it has been main- 
tained (16, 17) that a, is independent of solute. 

From Table 8, a systematic solvent dependence 
of a, can be noted. For example, the a:, ratios of 
C6H6, 11-xylene, mesitylene, and nitrobenzene are 
1 :0.88:0.95: 1.32, almost independent of solute. 
According to  [lo], a:, depends on the diamag- 
netic anisotropy A x ,  the molar volume, and the 
geometric anisotropy of the solvent. As Table 9 
shows, all three factors play a determining role; 
the expression of eq. 10 is capable of predicting 
the correct relative magnitudes of a;, as a func- 
tion of solvent. It should be remembered, how- 
ever, that both a,. and a, are in principle de- 
pendent on the shape of the solute molecule as 
well, but that the theory presented here (eqs. 5 
and 10) assumes spherical solute geometry. 

The solvent CS? has been said repeatedly (18, 
16, 17, 28, 29) to  be anisotropic with a negative 
a,. Yet, the present study indicates clearly that 
there is no experimental evidence for this. For 
nearly all solutes reported in Table 4, CS2 was 
included as a solvent, together with the isotropic 
solvents. 111 all these cases, the point correspond- 
ing to  CS2 was very close to  the 'best' line; the 
average deviation is k0.004 ppm which is 
negligibly small compared to the standard devia- 
tion. Although CS2 is geometrically anisotropic 
and has probably a sizeable molecular magnetic 
anisotropy, this is not necessarily sunicient to  
produce a a, elrect. CS? has a rather small 
moment of inertia; its rotation in the liquid 
phase might therefore well be i n  the inertial limit 
rather tlian in the clifT~~sional limit. the latter 
which is a prerequisite to producing a nonzero 
average for the magnetic dipole field of the 
anisotropic molecule at  the solute. 

Acknowledgments 

Financial support of this work by the National 
Research Council of Canada is gratefully 
acknowledged. 

I .  W. T. RAYNES, A. D. BUCKINGHAM, and H. J. 
BERNSTEIN. J. Phys. Chem. 36, 3481 (1962). 

2. B. LINDER. J. Chem. Phys. 33, 668 (1960); 37, 963 
(1962). 

3. B. B. Howard. B. LINDER. ant1 M. T.  EMERSON. 
J. Cheni. ~ h ~ s . 3 6 ,  485 (196i). 

4. PEI. DE MONTGOLFIER. J .  Chim. Phys. 64, 639 (1967); 
65, 1618 (1968); 66, 685 (1969). 

5. F. H. A. RUM~IENS.  Van der Waals forces in NMR 
intermolecular shielding. Vol. 10 of NMR,  Basic 
Principles and I'rogress. Ecli/c,cl by P. Diehl, E. Fluck, 
and R. Kosfeld. Springer Verlag, Heidelberg. 1976. 

6. F. H. A. RUMMENS. Chem. I'hys. Lett. 31, 596 (1975). 
7. F. H.  A. RUMMENS. J .  Chim. I'hys. 72, 448 (1975). 
8. F. H .  A. RUMMENS, W. T .  RAYNES, and H. J. BERN- 

STEIN. J. Phys. Chem. 72, 21 l l (1968). 
9. F. H. A. RUMMENS and H. J. BERNSTEIN. J .  Cheni. 

Phys. 43, 2971 (1965). 
10. C. J. F. BOTTCHER. Theory of electric polarisation. 

Elsevier Publishing Co., Anisterdam. 1952. 
11. F. W. PIJPERS. Ph.D. Thesis, University of Leiden, 

1958. 
12. L. I. STIEL and G. THODOS. J. Chem. E~ig. Data, 7, 

234 (1962). 
13. L. I. STIEL and G. THODOS. J. Am. Inst. Cheni. Eng. 

10,266 (1964). 
14. R. F. CURL and K. S. PITZER. Ind. Eng. Cheni. 50, 

(1970). 
16. E. R. MALINOWSKI and I-'. H. WEINEII. J .  A~i i .  Chem. 

SOC. 92,4193 (1970); P. H.  WElNElI, E. R. MALINOW- 
S K I ,  and A. R. LEVINSTONE. J .  Phys. Chem. 74, 4537 
(1970); 1'. H.  WEINEII and E. R. MALINOWSKI. J. Phys. 
Cheni. 75, 1207 (1971). 

17. H.  J .  BERNSTEIN. Pure Appl. Cheni. 32, 79 (1972). 
18. A. D. BUCKINGIIAI\.I,T. SCHAEFER, and W. G.  SCHNEI- 

DER. J. Che~ii. Phys. 32, 1227 (1960). 
19. F. J. A. LOUMAN. Ph.D. Thesis, U~iiversity of 

Saskatchewan, Regina, Saskatchewan. 1972. 
20. F. H. A. RUMMENS and F. J. A. LOUMAN. J. Magti. 

Reson. 8, 332 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RUMMENS: INTERMOLECULAR INTERACTIONS IN NMR. X 269 

21. M. T. CHENON. Thkse doctorat d'Ctat, FacultC des 24. M. A. RAZA arid W. T. RAYNES. MoI. Phys. 19, 199 
Sciences, U~iiversitC de Paris. 1970; M. T. CHENON, (1970). 
J. BOUQUANT and N. LUMBROSO-BADER. J. Chim. 25. A.  A. BOTHNER-BY. J. Mol. Spectrosc. 5, 52 (1960). 
Phys. 67, 1252 (1970). 26. J. K. BECCONSALL. Mol. Phys. 15, 129 (1968). 

22. N. LUMBROSO, T. K .  Wu,  and B. P. DAILEY. J. Phys. 27. F .  H. A. RUMMENS. MoI. Phys. 19, 423 (1970). 
Chern. 67, 2169 (1963). 28. J. C. SCI-IUG. J.  P h y s  Chem. 70, 1816 (1966). 

23. W. T. RAYNES and M. A. RAZA. Mol. Phys. 17, 157 29. R. J. ABRAHAM. Mol. Phys. 4, 369 (1961). 
(1969). 30. J. K. BECCONSALL. Mol. Phys. 18. 337 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Reactions of 4-hydroxy-6-methyl-2-pyridone with aldehydes 

JOHN A. FINDLAY, J[RI  KREPINSKY, FOO YU SI-IUM, AND WAM HUNG JOHN TAM 
Departtnerrt of'Clreri~i.stry, Ur~iversity of' Neio Brrrlrslc'ick, Fredericto~l, New Brr~rrsioick E3B 5A3 

Received June 16. 1975 

JOHN A. FINDLAY, J IRI  KREPINSKY, FOO Y U  SHUM, and WAH HUNG JOHN TAM. Can. J. Chem. 
54, 270 (1976). 

A novel condensation reaction of 4-liydroxy-6-methyl-2-pyridone with aldehydes giving 4 
has been explored. A number of by-products are accounted for. The mass spectra of the major 
condensation products are discussed. 

JOHN A. FINDLAY, JIRI KREPINSKY, FOO YU SHUM et WAIH HUNG JOHN TAM. Can. J. Cliem. 
54, 270 (1976). 

On a explori une nouvelle riaction, co~iduisa~it h 4, de conde~isation de I'hydroxy-4 mithyl-6 
pyridone-7 avec des aldiliydes. On explique la formation d'un certain nornbre de sous-produits. 
On discute des spectres de Iiiasse des principaux produits de condensation. 

[Traduit par le journal] 

In the course of studies directed at the synthesis 
of the antibiotic flavip~lcine (1) we encountered 
21 novel base-catalysed condensation reaction of 
4-hydroxy-6-methyl-2-pyridone 1 with aldehydes 
which atrords high yields of adducts of struc- 
ture 4. 

In our preliminary report (2) it was noted that 
anticipated adducts of the types 2 and 3 had not 
been detected ~ ~ n d c r  the reaction conditions em- 
ployed. We now present our findings following 
a more comprehensive st~lcly of this new reaction. 

In exploring alternative catalysts we have 
found that employment of ?-alanine-pyridi~ie or 
diethylamine-pyridi~ie offers no advantage over 
the piperidine-pyridinc system ~ised initially, 
thus 411 (R = C6H5) was recovered in -85% 
yield with ally of these catalyst systems when 1 
(2 cquiv.) was treated with benzaldehyde and 
thc rates of formation of product did not vary 
significantly. 

The optimum solvent system in the cases 
s t ~ ~ d i e d  was found to  be a I :I methanol-ethanol 
mixture which allowed ready dissolution of 
starting materials and direct separation in crystal- 
line form of the condensation product 4 in a 
high state of purity. 

In a few cases it was necessary to  concentrate 
the mixture following the reaction to induce 
crystallization. Table 1 summarizes results ob- 
tained when the molar ratio of aldehyde to 4- 
hydroxy-6-methyl-2-pyrido11e was 1:2 in a mix- 
ture of ethanol-methanol (I :1) in an overnight 
reaction. All the compounds in Table 1 are fully 

characterized and show spectroscopic properties 
consistent with their assigned structures. 

No substantial difference in the rate of reac- 
tion of aliphatic and aromatic aldehydes was 
noted; however, formaldehyde underwent com- 
plete reaction in less than 2 h at the reflux 
temperature of thc mixture. 

In accounting for the ready and often exclusive 
formation of products of type 4 we visualize the 
operative mechanism to be that outlined in 
Schcme 1. Thus the anion l a  condenses with an  
aldehyde molecule to furnish a transient second- 
ary alcohol 2 whose dehydration product 3 is 
rapidly attacked by the anion l a  leading to the 
adduct 4. Only in the case of benzaldehyde has it 
proved possible to  isolate the intermediate alco- 
hol 2 (R = phenyl) by adjusting molar ratios in 
favour of a large excess of aldehyde. The spectral 
characteristics of this alcohol 2 (R = phenyl) are 
in accord with expectations; thus its nmr 
(DMSO-(I6) spectrum displays signals at  67.4 
(broad singlet, 5H) ppm due to aromatic pro- 
tons, 65.6 (s, 1H) and 64.6 (s, 1 H) ppm ascribed 
to the olefinic and benzylic protons, respectively, 
while the methyl group gives rise to a signal a t  
62.0 (s, 3H) ppm. 

Reactions carried out with n large excess of 
aldehyde (c.g. n-hexanal) gave, in addition to 
adduct &l(R = pcntyl), small q~~unt i t ies  (-20%) 
of 66 (R = pentyl. R' = butyl). This type of 
product can readily be accounted for via aldol 
type condensation of the aldehyde anion with 
3 giving 5 which ~~ndergoes  hemiacctal ring 
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FlNDLAY ET AL. :  CONDENSATION REACTION 

TABLE I .  Adducts from 4-liydroxy-6-methyI-2-pyridone and aldehydes 

Melting 
Aldehyde Product 4 Yield (7;) point 

Formaldehyde 
Acetaldehyde 
11-Butanal 
11-Hexanal 
11-Nonanal 
11-Decanal 
lsovaleraldehyde 
Benzaldeh yde 

( (1)  R = H 
(b) R = CH3 
(c) R = CH3(CH2)2 
(d )  R = CH3(CH2)4 
( e )  R = C H ~ ( C H L ) ~  
(.f) R = CHdCHz)s 
(g) R = ( C H ~ ) L C H C H L  
(/I) R = C6H5 

(i) R =  HOP 
H L O  

Vanillin 

Furfural 

Acrole111 ( X )  R = CHl=CH 45 > 370 
Crotonal (b) R = CH3 55 > 370 

forination to 6 as depicted in Scheme 2. The 
nmr spectrum (DMSO-d6) of 6b shows two low 
field deuterium exchangeable signals, one centred 
at 6 11.1 ppln (NH) and the other at 67.2 (OH) 
while a singlet at 65.6 ppln accounts for the 
olefinic proton and a broad singlet at 65.3 ppm 
is assigned to the he~niacetal proton. The vinylic 
methyl signal is located at 62.1 ppm. The mass 
spectra of products of the type 6Bre character- 
ized by ~nolecular ions and (M - R'CHCHO)' 
ions possibly corresponding to 8. 

Reaction of equimolar quantities of croton- 
aldehyde and 4-hydroxy-6-methyl-2-pyridone, 1, 
took an  unexpected course and gave a 45% yield 
of 4 (R = CH3) identical with the product 
obtained by condensation of 1 with acetaldehyde. 
Presumably the crotonaldehyde affords acetalde- 
hyde via hydration and reverse aldolization. The 
major product (55y0), however, proved to have 
structure 7. 

Attempted condensation of 4-hydroxy-6-meth- 
yl-2-pyridone with a variety of-ketones under 
conditions which produced adducts of type 4 
from aldehydes resulted in quantitative recovery 
of starting materials. Thus acetophenone, propio- 
phenone, benzophenone, and acetone all proved 
to be unreactive. Presumably a combination of 
electronic and steric factors conspire to prevent 
the formation of the necessary tertiary alcohol 
intermediate corresponding to-2. 

It was also ascertained that alkyl halides are 
unreactive towards 4-hydroxy-6-~~lethyl-2-pyri- 
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6 ( a )  R = CH3, R' = H 
(b)  R = CHi(CH2)4 

R' = CH,(CH2), 
(c) R = CH3CH2 

R' = CH,(CH2)2 

done under parallel conditions. Thus methyl 
iodide, ethyl iodide, benzyl bromide, and alkyl 
bromide could not be induced to condense with 
1 in refluxing methanol-ethanol (1 : 1) solutions 
containing catalytic amounts of piperidine and 
pyridine. 

The mass spectra of all the compounds 4 dis- 
play molecular ions and distinctive ions at m/e 
125 and 84, the latter being characteristic of 
4-hydroxy-6-methyl-2-pyridones (3). Those com- 
pounds 4 possessing simple alkyl side chains 
(R = CH3CH2CH2- or larger) show prominent 
ions at  m/e 275,262,261, 178, 162, 150, 139, and 
138. Possible explanations for the major frag- 
mentations are contained in Scheme 3. For the 
compound 4c the m/e 178 ion is weak and 
dominated by the m/e 179 ion. The presence in 
many spectra of a metastable peak at 81.8 
(1502/275) lends support to  the suggested de- 
composition of the ion m/e 275 to  m/e 150 by 
extrusion of a component 4-hydroxy-6-methyl- 
2-pyridone moiety. The mass spectra of the 
compounds 4h, 4i, and 4j  derived from aromatic 
aldehydes are less distinctive and besides M+, 
m/e 125, and m/e 84 ions they contain the com- 
mon feature (M - 125)+ also observed for all 
other compounds in the series except 4k (R = 

CH2=CH-) . 

Experimental 
Melting points were determined on a Kofler hot stage 

apparatus and are uncorrected. Mass spectra were ob- 
tained with an  Hitachi-Perkin-Elmer RMU-6D spec- 
trometer. The nmr spectra were recorded with a Varian 
T-60 instrument employing tetramethylsilane as internal 
standard. Line positions are reported in ppm from this 
standard. The ir spectra were recorded with a Perkin- 
Elmer 457 Grating Infrared Spectrophotometer. 

Compo~rr~d 2 (R = C G H ~ )  
4-Hydroxy-6-methyl-2-pyridone (0.25 g) in 99% eth- 

anol (100 ml) containing piperidine (0.1 ml) and pyridine 
(0.8 ml) was treated with freshly distilled benzaldehyde 
(0.6 ml) and the mixture refluxed for 38 h. After evapora- 
tion to dryness the oily residue was diluted with ether 
(20 ml) and a crystalline product 4h (mp 345-354°C) 
separated and was filtered off and washed with ether. The 
ethereal mother liquor and washings were combined and 
evaporated to  -3 ml. After 48 h crystalline 2 (R = C6H5) 
separated from the oily residue and after washing with 
ether had mp 215-220 "C (120 mg), and after recrystal- 
lization from methanol-ether exhibited mp 223-225 "C. 
Mass spectrum:213.0787 (M+ - H20, calcd. 213.0790)+, 
212, 184, 156,115, and 102. 

The nmr spectrum: aThlS (DMSO-d6) 2.0 (s, 3H, 
CH3-G) ,  4.6 (s, l H ,  -CH-0), 5.6 (s, lH, -CH=), 
and 7.4 (bs, 5H, aromatic). The ir spectrum (KBr): 
1620 cm-1 (conjugated lactam). 

Addiict 4g (R = -CH2CH(CH3)2) 
4-Hydroxy-6-methyl-2-pyridone (1.9 g) was dissolved in 

a mixture of methanol (100 ml) and 96% ethanol (100 ml), 
and piperidine (0.15 ml) and pyridine (0.45 ml) were 
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FINDLAY ET A L . :  CONDENSATION REACTION 

added under stirring at  room temperature. After 5 min was washed with methanol and ether and dried it1 vacrlo 
freshly distilled isovaleraldehyde (0.70 g) was added yielding 1.8 g of crystalline compound, mp 308-310 "C, 
dropwise over 3 min and the mixture was refluxed for which could be recrystallized from ethanol or methanol, 
16 h. After cooling, the product 4g crystallized out and mp 308-310 "C. Atlal. Calcd. for C I ~ H Z Z N ~ O ~ :  C 63.03, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



274 CAN. J .  CHEM. VOL. 54. 1976 

H 6.61, N 8.70; found: C 63.13, H 6.97, N 8.80. Mol. Wt. 
Calcd. for C17H22N204 (M+): 318.1580; found (mass 
spectrum): 318.1567. Mass spectrum: 275, 262, 261, 193 
( M  - 125), 178, 162, 150, 138, 125, and 84. 

The nmr spectrum aThrs  (DMSO-(16): 0.9 (m, 6H, 
(CH3)zCH-), 1.6 (m, 2H, -CH2-), 2.1 (s, 6H, 
2CH3-C=), 4.4 (t, J = 7 Hz, IH, allylic), 5.8 (s, 2H, 
2H-C=), and -11.0 (b, 2H, 2NH). The ir spectrum 
v,,, (KBr): 1630 cm-1 (conjugated lactam). 

Adduct 60 (R' = H, R = CH3) 
4-Hydroxy-6-methyl-2-pyridone (0.2 g) was dissolved in 

95% aqueous ethanol (80 ml) and piperidine (0.1 ml) and 
pyridine (0.6 ml) were added at room temperature under 
nitrogen. After 5 min crotonaldehyde (0.5 ml) was added 
and the mixture refluxed for 18 h, evaporated to dryness, 
and the oily residue was diluted with ether (10 ml). The 
precipitate was filtered off and subjected to silica gel 
(100 g) chromatography. Elution with CHC13-CH3OH 
(97:3) gave 6 (R' = H, R = CH3) (0.15 g), rnp 218- 
220 "C. A~rcil. Calcd. for CloHl]O3N: C 61.84, H 6.58, 
N 7.09; found: C 61.52, H 6.71, N 7.18. Mass spectrum: 
nl/e 195 (M+), 180 ( M  - CHI), 166, 152, 150, 139, 138, 
125, and 84. 

The nmr spectrum G T x r s  (DMSO-(16): 1.3 (d, J = 6 Hz, 
3H, CHI-CH), 1.9 (m, 2H, -CH2--), 2.2 (s, 3H, 
CH3-C=), 2.9 (bm, lH ,  allylic -CH-), 5.4 (complex 
multiplet after D20 addition, IH, 0-CH-0), 5.7 (s, 
IH, -CH=), 7.3 (bs, 1 H,  -OH), and 11.1 (bs, lH,  NH). 
The ir spectrum v,,,,, (KBr): 1620 cm-I (conjugated 
lactam). 

Ad(1~rct 6b (R' = Drrt)~l, R = perltyl) 
4-Hydroxy-6-methyl-2-pyridone (0.25 g) in 99y0 eth- 

anol (100 ml) containing piperidine (0.1 ml) and pyridine 
(0.7 ml) was treated with hexanal (0.5 ml) and the mixture 
refluxed for 18 11. After evaporation to dryness the oily 
residue was subjected to column chromatography on 
silica gel (15Og). Elution with CHCI3-CH3OH (96:4) 
furnished 6b (R' = butyl, R = pentyl) (150 mg), mp 
200-202 "C which could be recrystallized from CH3OH- 
(C2H5)rO. (Similarly 6c (R' = ethyl, R = propyl), mp 

175-177 "C was prepared by a parallel procedure using 
butanal.) Mol. Wt. Calcd. for 6b (MC) 307.2147; found 
(mass spectrum): 307.2147. Mass spectrum: mle 290,276, 
264, 262, 250, 237, 236, 208, 207, 194, 192, 180, 178, 162, 
150, 139, 138, and 84. 

The nmr spectr~lm dThrs  (DMSO-d6): 0.9 (m, 6H, 
2 X CH3-), 1.3 (b, 15H, -CH2-), 2.1 (s, 3H, 
CH3-C=), 5.3 (bs, lH,  0-CH-0), 5.6 (s, IH, 
-CH=), 7.2 (bm, 1 H, -OH), and 11 . l  (bs, 1 H, NH). 
The ir spectrum v,,, (KBr): 1620 cm-1 (conjugated 
lactam). 

Adduct 7 
4-Hydroxy-6-methyl-2-pyrldone (0.9 g) in a mixture of 

methanol (50 ml) and 96'1; ethanol (50 ml) containing 
piperidlne (0.1 ml) and pyridine (0.3 ml) was stirred at 
room temperature for I0 min and then treated with 
freshly distilled crotonaldehyde (0.28 g) added dropwise 
over 3 min under a nitrogen atmosphere. This mlxture 
was stirred for 16 hat  refl~lx temperature, then evaporated 
to dryness and subjected to chromatography on a silica 
gel (200 g) column. Elution with CHC13-CH3OH (98:2) 
afforded 4b, mp 322-324 "C (from methanol) (0.52 g). 
Fractions eluted with CHCII-CHIOH (96:4) yielded 7, 
mp 254-255 "C (from ethanol) (0.63 g). Ancrl. Calcd. for 
C ~ ~ H I S O ~ N ~ . H ? O :  C 59.99, H 6.29, N 8.75; found: 
C 59.60, H 6.26, N 8.39. Mass spectrum: nz/e 302 (M+), 
177, 164, 162, 151, 150, 139, 125, and 84. 

The nmr spectrum bThls  (DMSO-db): 1.2 (d, 3H, 
J =  7 Hz CH3-CH) superimposed on 1.2-1.6 (m, 2H, 
-CH2-), 2.8 (m, lH ,  allylic -CH-), 5.5 (bd, IH, 
J Y 13 HZ, -CH-0), 5.65 (s, IH, -CH-), 5.8 (s, 1 H, 
-CH=), 11 (bs, 2H, -NHCO). The ir spectrum v ,,,,, 
(KBr): 1650, 1610, and 1580 cm-I (conjugated arnides). 

1. J. A. FINDLAY and L. RADICS. J. Chem. Soc. Perkin 
Trans. 1, 2071 (1972). 

2. J. A. FINDLAY and F. Y. SHUM. Synth. Cornmun. 3, 
355 (1973). 

3. A. M. DUFFIELD, C. DJERASSI, G. SCHROLL, and 
S. 0. LAWESSON. Acta Chem. Scand. 20, 361 (1966). 
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Spin trapping of radicals formed during radiolysis of aqueous solutions. 
Direct electron spin resonance observations1 

FREDER~CK PETER SARGENT A N D  EDWARD MICHAEL GARDY 
Reseorc11 C1rerl1isrr.y Brntrclr, Atonlic Etrerg), of Co~rrrdr Limited, 

Wlriteslreil N~lrclear Reserrrcir Estrrhlislrtne~rt, Pitrawrr, Mo~litobo ROE /LO 

Received August 13, 1975 

FREDERICK PETER SARGENT and EDWARD MICHAEL GARDY. Can. J. Chem. 54, 275 (1976). 
It is shown that e,,,,, He, and OH formed by the radiolysis of water by 3 MeV electrons are 

trapped by nitroso and nitrone compounds to give nitroxides with well defined esr spectra. 
Three spin trapping agents were used, nitroso-t-butane, phenyl-t-butyl nitrone, and 5,s'- 
dimethyl pyrroline- I-oxide. The latter was shown to be an excellent con~pound for these studies. 
Complications due to the instability of some of the nitroxides were overcome by coupling the 
electron accelerator to the esr spectron~eter to permit direct observation of the spectra. 

FREDERICK PETER SARGENT et EDWARD MICHAEL GARDY. Can. J.  Chem. 54, 275 (1976). 
On a montrC que les e,,,,,, Ha, et OH formts par radiolyse de I'eau par des Clectrons B 3 MeV 

sont captCs par des composes nitroso et nitrone et conduisent B des nitroxydes avec des spectres 
rpe bien dtfinis. On a utilise trois agents de piCgeage; Le nitroso t-butane, la phtnyl t-butyl 
nitrone et la dimethyl-5,5' pyrroline oxyde- I. On a n~on t r i  que ce dernier composC est excellent 
pour ces ttudes. On a CliminC les con~plications dues a I'instabilitC de q~~elques  nitroxydes en 
couplant directement I'acctICrateur d'Clectron au spectromktre de rpe pour permettre une 
observation directe du spectre. 

[Traduit par le journal] 

Introduction 

Although the spin trapping technique has been 
used to  investigate the radiolysis of alcohols 
(1-4) and alkanes (5, 6), there has been only 
limited application to  aqueous solutions. These 
have involved the use of the nitromethane aci 
anion, CH1=NO1-, and were therefore restricted 
to alkaline aqueous solutions (7). Here we de- 
scribe the use of 5,5'-dimethyl pyrroline.1-oxide 
(DMPO), phenyl-1-butyl nitrone (PBN), and 
2-nitroso-2-methylpropane (nitroso-1-butane), to 
trap the priniary radicals formed during the 
radiolysis of water with 3 MeV electrons. This 
was undertaken as part of a wider study using 
spin trapping to measure electron spin polarisa- 
tion effects in radiation cheniical systems. The 
spill trapping method involves the use of a 
nitrone or a nitroso compound which reacts with 
the radical, R ,  produced during radiolysis to give 
nitroxides (reactions 1-3). 

0. 

In each case the resulting nitroxide has all esr 
spectrum characteristic of R.  However, some 
nitroxides are unstable and decay before the 
sample can be removed from the 'radiation 
source and examined by esr spectroscopy. We 
have overcome this problem by coupling an  
electron accelerator to an esr spectrometer. This 
permits direct observation of the esr spectra 
while the sample is being irradiated. By this 
means we have s~lccessf~~lly trapped and identi- 
fied O H  radicals, electrons, and hydrogen atoms 
fornied during the radiolysis of aqueous solu- 
tions. The effect of O H  and electron scavengers 
is also described. 

cH$J, CH,=H 
Experimental 

[I1 - 
C H ?  N H +  R. C H 3  N R The electron beam flight tube from a nominally 4 MeV 

1 I Van de Graaff electron accelerator was extended axially 
0- 0. through 25 mni holes in the esr magnet yoke and pole 

pieces and finally through a 9 mm hole in the pole cap. 
IAECL No. 5220. The pole caps were fitted with field compensating devices 
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FIG. 1. ( A )  Electron spin resonance spectrum observed 
during irradiation of argon-saturated aqueous solution of 
1.0 rnol/m3 (0.001 M) DMPO. (R)  Computer simulated 
spectrum. 

to give a magnetic field homogeneity of better than 5 
(50 mG)  over the esr sample volume. The conventional 
TI02  rectangular sample cavity was modified to  permit 
irradiation of samples by using thin stainless steel or brass 
walls. The  stainless steel was annealed to remove the 
ferromagnetic phase and then gold plated whereas the 
brass walls were silver and gold plated. T h e  solution to  be 
irradiated was bubbled with 99.999';/, argon to  remove 
oxygen, flowed through the esr sample cavity and ir- 
radiated with 3 MeV electrons. For some solutions, 0.5 
mm "Suprasil" quartz flat cells were used but the signal 
from the radiation-induced color centers in the quartz 
blanked out parts of the esr spectra. However, most of the 
spectra were recorded while using special sample tubes 
made of cerium-doped glass which does not give a n  
appreciable esr signal on  irradiation (8, 9). 

The 2-methyl-2-nitroso-propane, r-BuNO, was pre- 
pared by oxidation of 1-butylamine using the  neth hod of 
Stowell ( lo) ,  recrystallised from 11-pentane, and stored in a 
refrigerator. 5,5'-Dimethyl pyrroline-I-oxide, D M P O ,  
was prepared by the method outlined by Iwamura and 
Inamoto (I I) using the detailed notes of Clien (12). 
Phenyl I-butyl nitrone, PBN, was supplied by Fisher. 

The  water used in this work was a t  least doubly distilled 
and for most of the experiments it was triply distilled. 

Results and Discussion 

Spitz Trclpping ~vitlz DM PO 
Direct radiolysis of argon-saturated aqueous 

solution of DMPO gave spectra similar to that 
shown in Fig. 1. This is derived from two 
nitroxides, referred to as 1 and 2. Nitroxide 1 has 
an esr spectrum resulting from a nitrogen coup- 
ling of 1.67 mT (16.7 G) and two equivalent 
protons of 2.26 mT (22.4 G). Nitroxide 2 shows 
an equal coupling of 1.5 mT (15.0 G) from one 

nitrogen and one proton. The simulation of the 
resulti~lo s ectrunl, shown in Fig. 1(B), was corn- 

? P 
pi~ted with A g  = 0.0002, and a Gaussian peak- 
to-peak linewidth of 0.12 inT (1.2 G). The good 
agreement between the observed and computed 
spectruill suggests that only two nitroxides are 
present. Since nitroxide 1 has a coupling to two 
equivalent protons it must arise from the trap- 
ping of hydrogen ato~ns (reaction 4) or electroils 
followed by protonation as in [5] and [6]. It will 
be shown later that most of 1 originates from 
electrons. 

1 

[5 1 D M P O  + e -+ [DMPOI- 

Our coupling constants for 1 in water are some- 
what higher tllan the 1.44 mT (14.4 G) and 1.89 
IIIT (18.9 G) observed by Janzen and Liu in 
be~~zene for the nitrogen and proton couplings 
respectively (13). However, this increase of 
nitroxide co~~pling constants with solvent polarity 
is quite normal. For example, di-t-butyl nitroxide 
has a nitrogen coupling of 1.48 mT (14.8 G) in 
11-hexane whereas it increases to 1.697 mT (16.97 
G) in water (14). The assignment and origin of 1 
were confirmed by using solutions of DMPO in 
deuteriunl oxide, which gave the spectrum in 
Fig. 2. This shows that one of the protons of 1 
has been replaced by a deuteron coupling of 
0.33 mT (3.3 G). Nitroxide 2 is unaffected by the 
change to D20.  Bubbling nitrous oxide through 
the aqueous solutions significantly decreases the 
intensity of 1 and enhances that of 2 (Fig. 3). 
Since nitrous oxide reacts rapidly with electrons 
to produce OH radicals, this confirms that 1 
originates from electrons and suggests that 2 is 
derived from the trapping of OH radicals. 

Nitroxide 2 has also been observed recently in 
the photolysis of aqueous solutions of hydrogen 
peroxide containing DMPO (15). Further con- 
firmation that 2 arises from trapping OH is that 
it is replaced by another nitroxide, 3, when 
methanol is present in the irradiated solutions 
(Fig. 4). This has nitrogen and proton couplings 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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1 I 

FIG. 2. (A) Electron spin resonance spectrum observed 
during irradiation of argon-saturated solution of 1.0 
mol/m3 (0.001 M )  DMPO in D20. (B) Computer sirnu- 
lated spectrum. 

FIG. 3. (A) Electron spin resonance spectrunl observed 
during radiolysis of nitrous oxide-saturated aqueous 
solution of 1.0 mol/m3 (0.001 M )  DMI'O. (B) Comp~~te r  
simulated spectrum. 

of 1.6 mT (16 G)  and 2.27 mT (22.7 G )  rcspec- 
tively and arises from the trapping of * C H 2 0 H  
formed by reaction 

The observed coupling costants compared fa- 

FIG. 4. ( A )  Electron spin resonance spectrunl observed 
during radiolysis of an argon-saturated solution of 10 
mol/m3 (0.01 M) DMPO containing 500 mol/m3 (0.5 M) 
methanol. (B) Computer simulated spectrum. 

vorably with the values 1.466 mT (14.66 G )  and 
2.07 mT (20.7 G)  for the nitrogen and proton 
couplings for 3 in benzene (l3), when the solvent 
effect is taken into account. Methanol does not 
completely remove nitroxide 2 and a small 
amount is included in the simulated spectrlun of 
Fig. 4(R). 

Prebubbling the solutions of DMPO with 
nitrous oxide does not colnpletely remove nitrox- 
ide 1 even at  DMPO concentrations as low as 
0.05 mol,/m3 (50 p M ) .  Since the solubility of 
nitrous oxide in water is 16 n1M and its rate 
constant for reaction with electrons is almost at  
the diffusion-controlled limit, the residual 1 can- 
not be from electrons and must be due to  the 
trapping of H-atoms, the rate of reaction 9 being 
comparatively slow (16). 

[91 H. + N ~ O + N ?  + .OH 

S~.'itz-Trr~ppit~g \c)i/h Pl7etlyl-/-b1~/)~1 Nitrotze 
Irradiation of aqueous solutions of PBN gave 

results similar to  those observed with DMPO, 
namely the trapping of electrons and OH radi- 
cals. An argon-saturated solution gave the spec- 
trum shown in Fig. 5. This consists of nitroxicle 4, 
with coupling to one nitrogcn of 1.68 mT 
(16.8 G )  and two equivalent protons of  1.09 mT 
(10.9 G),  and nitroxicle 5 with a nitrogen coup- 
ling of 1.56 mT (15.6 G )  and a proton co~lpling 
of 0.27 mT (2.7 G). Whcn the solution was pre- 
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4+5 6 6 6 6 

8 

20 GAUSS 
I 

2 rn TESLA 
FIG 6. Electron spin resonance spectrum observed 

during irradiation of an argon-saturated solution of 
I-BuNO. 

FIG. 5. Electron spin resonance spectrum observed 
during irradiation of an argon-saturated solution of 10 
mol/m3 (0.01 M) PEN. 

saturated with nitrous oxide, the intensity of 
nitroxide 4 decreased and that of 5 increased. 
Since nitrous oxide removes electrons t o  produce 
O H  radicals, this shows that 4 is formed by 
trapping of electrons and 5 by trapping of O H  
radicals. 

[lo] PhCH=N-I-Bu + e + Hz0 4 

PhCH2-N-1-BU + OH- 
I 

The observed coupling constants compare favor- 
ably with those observed in benzene (17, 18) 
when account is taken of the solvent effect. The 
values for 5 are in good agreement with those 
observed by Harbour el (11. (15) during the 
photolysis of aqueous hydrogen peroxide solu- 
tions of PBN. 

Spitz Trc111ping ~t'itli Ni/ro.~o-t-D~t/~t~e 
Nitroso-/-butane is a less satisfactory trapping 

agent because of its limited solubility and the 
ease with which it was stripped by thc bubbling 
technique ~lsed to  deaerate the solutions. How- 
ever, the results obtained are consistent with 
those from DMPO and PBN. Irradiation of an 
argon-saturated aqllcous solution of I-BuNO 
gave the spectrum shown in Fig. 6. This is a 
composite of spectra from three nitroxides, 6, 7, 

and 8. Nitroxide 6 has ;I nitrogen coupling of 
2.8 mT (28.0 G)  and a single proton of 0.44 mT 
(4.4 G), 7 has equal coupling to  one nitrogen 
nucleus and one proto11 of 1.44 11zT (14.4 G )  
whereas 8 shows only a nitrogen coupling of 
1.7 mT (17.0 G). Nitroxide 7 arises from the 
trapping of electrons followed by protonation. 

[I21 e + I-BuNO + Hz0 + I-BuNHO* + OH- 
7 

The coupling constants for 7 are in reasonable 
agreement with those previously observed for 
t-BuNHO. (2, 19) when the efTect of solvent is 
allowed for. Nitroxide 8 is almost certainly 
di-I-butyl nitroxide but the identity of 6 is less 
certain. The nitrogen coupling constant is in the 
range usually associated with radicals of the type 
RN02Rf  (1-3). 112 si/rr irradiation of an aqueous 
solution of 2-nitro-2-methyl propane, I-BulUOz, 
gave an esr spectrum similar to  a colnpositc of 
6 and 8. Therefore we suggest 6 is t-BuNO-,H 
formed by the scavenging of OH by t-BuNO and 
electrons by t-BuN02. 

Thc origin of the di-I-butyl nitroxidc, 8, is 
obscure. However, it is known to  be formed in 
the reactions of t-BuNO-, with sodiunz metal (20) 
or with organo-alkali co~npounds (21) and also 
in its electrochemical reduction (22). These all 
involve thc radical anion of t-BLINO-, which is 
assumed to  bc unstable leacling t o  the formkltion 
of  8. This nzay also be the nzcchanism i n  the 
radiation chenzical system. Thc nitroxides of the 
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type, I - B u N O ~ R ,  fo rmed  by t h e  t r app ing  o f  
a lkoxy radicals  by I - B u N O  (2, 3), a r e  k n o w n  to 
be  unstable .  Pe rk ins  a n d  R o b e r t s  (23) have  
s h o w n  t h a t  at least p a r t  o f  t h e  decompos i t ion  
proceeds  via react ion 15 which generates  I-Bu 
radicals.  

1151 i-BUN-OR + i-Bu. + RON0 
I 

I t  is possible t h a t  I - B u N 0 2 H  d e c o n ~ p o s e s  by  a 
similar process a n d  t h e  resulting I-Bu. radicals  
a r e  scavenged by t h e  I - B u N O  present  to give 8. 

[I61 i-BuN02H --t i-Bu. + HONO 

Conf i rma t ion  t h a t  6 a n d  8 ar ise  f r o m  t r a p p i n g  
O H  is provided by t h e  results when m e t h a n o l  is 
present.  T h i s  r emoves  6 a n d  8 since it reacts  with 
OH via react ion 8 to give .CH20H radicals  
which are t r apped  to give a n o t h e r  nitroxide 9. 
T h i s  h a s  a ni t rogen coup l ing  o f  1.56 n1T (15.6 G) 
a n d  t w o  equivalent  p r o t o n s  o f  0.61 IIIT (6.1 G). 

Conclusions 

T h e  spin  t r a p p i n g  s tudies  descr ibed he re  s h o w  
t h a t  the p roduc t s  o f  t h e  radiolysis o f  water ,  O H ,  
H, a n d  electrons,  are trapped by D M P O ,  P B N  
a n d  I -BuNO to give nitroxides with very  distinc- 
t ive esr  spectra. I t  shou ld  be  no ted  t h a t  i t  is n los t  
unlikely t h a t  OH will ever  be  seen  directly wi th  
esr in l iquid water .  T h i s  i s  because  t h e  orbi ta l ly  
degenerate  g r o u n d  s ta te  o f  t h i s  radical  leads to 
considerable  spin-orbit  coupl ing o f  t h e  unpa i r ed  
electron's angu la r  i i ~ o i n e n t u m .  T h i s  in t u r n  leads  
to g values r ang ing  f r o m  0 to 4 a n d  very s h o r t  
spin  re laxat ion t imes.  T h e s e  f ac to r s  m a k e  t h e  
esr  l ines too b r o a d  to be  detected. There fo re  sp in  
t r app ing  is o n e  o f  t h e  f ew ways  by which t h e  
presence o f  OH radicals  m a y  b e  positively 
demons t r a t ed .  
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Carbon-13 nuclear magnetic resonance spectra of organic sulfur 
compounds.' Comparison of chemical shifts for carbonyl and 

thiocarbonyl compounds in the pyrone, thiopyrone, and pyridone series 

AND 
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I. W. J. STILL, N. PLAVAC, D. M. MCKINNON, and M. S. CHAUHAN. Can. J .  Chem. 54,280 
(1976). 

13C nmr data have been obtained for a series of 2- and 4-pyrones and pyridones, and their 
sulfur-containing analogues. Correlations have been observed between the nature of the ring 
hetero-atom and the chemical shift difference (as)  for the C, and Ca carbons in these conjugated 
systems. No significant correlation, however, appears to exist between the chemical shifts of the 
C=O and C=S groups. Substituent chemical shift (s.c.s.) effects for various simple substituents 
are compared with those in related series of compounds. 

I. W. J. STILL, N. PLAVAC, D. M. MCKINNON et M. S. CHAUHAN. Can. J. Chem. 54, 280 
(1976). 

On a obtenu des donnies rmn du I3C pour une sirie de pyrone-2 et -4, de pyridones et de leurs 
analogues contenant du soufre. On a observe des corrilations entre la nature de I'hetiroatorne 
du cycle et les diffirences de diplacements chimiques (As) pour les carbones C, et Cp de ces 
systkmes cot~juguis. I1 ne semble pas y avoir de corrilations importantes entre les diplacements 
chimiques des groupes C=O et C=S. On compare les effets de diplacements chimiques des 
substituants pour divers substituants simples avec ceux dans des siries de composis apparentis. 

[Traduit par le journal] 

Introduction were able to  c o m ~ a r e  our  findines with those 

As part of our continuing investigation of 
13C nlnr spectra of sulfur-containing organic 
compounds we wish to  report a study of a series 
of 2- and 4-pyrones and of their thione analogues. 
Turner and Pirkle (1) have recently published 
some 13C nmr data for a number of monocyclic 
derivatives of 2-pyrone and pyran-2-thione as 
well as the analogous 2-thiopyraii derivatives. 
These authors and at least two other investigators 
have also reported 13C nliir data for the bicyclic 
coumarin system (2, 3). Our attention in the 
present investigation has been focussed on a 
comparison of chemical shifts in such systems, 
as they are affected by the replacement of the 
C=O group by C=S, while by including the 
corresponding 2-pyridone and 2-pyridinethione 
counterparts we have also been able to examine 
the effect of the heterocyclic atom (O,N,S) on 
chemical shifts. In the case of the pyridones we 

'Part 111 of a series. For part 11 see ref. 10. 
2 A ~ ~ t h o r  to whom correspondence should be addressed. 

reported by ~ i i g e l l  and von ~ h i l i ~ i b o r n  (4) in a 
l H  and 13C nmr study of the structures of 
N-methyl-3-pyridone and 3-hydroxypyridine and 
discussed more recently by Paoloni et 01. (5). 

The 4-pyrone analogues seem to  have been 
less intensively examined so far by 13C nmr, 
perhaps rather surprising in the light of the 
existence of detailed l H  nmr data for chromones 
and xanthones (6) and the obvious iliiportance 
of chromones and flavones in nat~iral  products. 
Kingsbury and Looker (7) have very recently 
reported 13C I I I I I ~  data for chromone, flavone, 
and a series of methoxyflavones and their 
cliemical shift data for the parent chromone and 
flavone systems are in good agreement with those 
observed earlier by us (8). In this series, also, we 
have included 4-pyridone and 4-pyridinethioiie 
as well as their N-methyl analogues in our 
comparison. 

The extensive collection of chemical shifts for 
the carbonyl and thiocar bony1 derivatives in 
these series of compounds has been used to  
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STILL ET AL.: NMR O F  ORGANIC SULFUR COMPOUNDS 28 1 

reexamine the question of a possible correlation 
between C=O and C=S chemical shifts for 
similar types of compounds first put forward by 
Kalinowski and Kessler (9) and later discussed 
in our previous paper on this subject (10). 

The assignment of the spectra was usually 
made by a combination of multiplicity argu- 
ments applied to the partially coupled spectra 
and substituent chemical shift (s.c.s.) effects. 
The s.c.s. effects were obtained fro111 conipounds 
in the series studied if this was possible, and if 
not, froiii carefully chosen model systems. In  
the case of 2-pyridinethione, where considerable 
ambiguity remained, tlie final assignment was 
made by utilizing variations in I J C l l  coi~pliiig 
constants for the unsubstituted ring positions 
involved (q.v.). 

Experimental 
Natural abundance proton decoupled 13C nmr spectra 

were obtained on a Varian XL-100-15 spectrometer 
operating a t  25.16 M H z  in the pulsed Fourier transform 
mode. T h e  temperature of the probe was 32 + 3 "C. 
Spectral widths of 6000 Hz,  acquisition times of 0.666 s, 
and pulse widths of 10 gs (90" pulse = 55 gs) were 
routinely used. I n  some cases, p ~ ~ l s e  delays of 1-10 s wcre 
used to intensify quaternary carbons, and  in other cases. 
para~nagnctic c h r o m i ~ ~ ~ n  trisacetylacctonate3 was used for 
the same purpose. T h e  spectra were transformed  sing a 
Varian 16K-620i computer giving 4096 real points with an  
accuracy of k0.1 p p n ~ .  OfCresonance proton clecoupled 
spectra were obtained where deemed necessary. T h e  
deuterium of the solvent (chloroform-rl o r  dimethyl 
sulfoxide-rl6) was used as lock and primary reference in 
ail cases, and all chemical shifts are measured from T M S  
(jci/,) added as internal reference. 

The compounds coumarin, 2,6-dimethyl-4-pyrone, 
xanthone, thioxanthone, 2-pyridinethione, and 4-pyridine- 
thione werc available commercially (Aldrich Chemical 
Co.) ancl wcre used w i t h o ~ ~ t  f i~rther  purilication. Literature 
references for the preparation of the other c o m p o ~ ~ n d s  
used in this study, with the exception of dibenzothiopyran- 
2-one (below), are cited in Tables 1, 3, and 5. 

Preprirorio/~ of (2,3;4,5)-Dibe~1rotl1iop~1'~111-2-o11~ 
Mercuric oxide (2.0 g) was dissolved in acetic acid 

( I 0  ml) and t o  the solution was added portion-wise diben- 
zothiopyran-2-thione (2.28 g) (24) with stirring. T h e  
solution became yellow and was diluted with water. 
Work-up, using benzene extraction, gave the required 
product (955%)) as yellow needles, n ~ p  130-131 "C from 
benzene (lit. (24) n ~ p  130-131 "C). 

Results and Discussion 
Che~nical shift data for a number of phenyl- 

substituted 2-pyrones and pyran-2-thiones, as 
- 

3[Cr(AcAc)1] ", 17 mg12.5 rnl of solution. 

well as their tliiopyran analogues are collected 
in Table 1, along with data for some simple bi- 
and tricyclic analogues. In tlie case of the 
monocyclic series, Turner and Pirkle (1) have 
recently reported 13C nmr data for all four 
parent compounds of type 1. As is i~sually the 
case, substitution on the ring produces relatively 
little effect on the cheniical sh~f t  of the C=O or 
C=S groi~p. It is, however, of interest to  note 
that tlie difference in chemical shift (A6) between 
the two kinds of carbonyl group is considerably 
greater (25.0 vs. 7.7 ppm) than for the two kinds 
of thiocarbonyl compound, probably because 
the contribution from the dipolar canonical 
structure 2 is greatest in the case where X and Y 
are both oxygen. 

Also noteworthy in Table I are the effects of 
phenyl s~~bstitiitioii on the monocyclic systems. 
Using Turner and Pirkle's data for the parent 
compounds as the reference, phenyl substitiltion 
at C-6 produces a deshielding (a )  effect at C-6 
of fro111 +9.5 to + 17.3 ppm, and a shielding (P) 
effect at C-5 of from -0.5 to  -5.6 ppnl. The 
a-effect at C-6 is approximately twice as large 
when the ring hetero-atom is sulfur and, con- 
versely, the P-effect at C-5 is largest when the 
ring hetero-atom is oxygen, again probably the 
result of the grcater influence of polar resonance 
contributors in the latter case. In the two com- 
pounds where 3-phenyl substitution is involved 
the a-effects at C-3 are +7.4 and +11.3 ppm 
for the C=S and C=O cases respectively and 
the @-effects are small, both being less than 
-2  pp111. For 4-phenyl substitution the a-effects 
are grouped between + 11.2 and + 14.6 ppm. 
Interestingly the p-effects produced at C-3, rang- 
ing from -4.0 to  -7.6 p p ~ n  are in each case 
greater than the shielding effects at C-5 (-0.5 
to -5.6 ppm) even though the latter are a 
combination of effects arising frorn C-4 and C-6 
phenyl substitution. Since the effect at C-5 is 
probably attributable (as we have earlier 
assumed) iiiainly to C-6 phenyl substitution, 
these findings lend support to Turner and 
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TABLE 1. Carbon-13 chemical shift data* for 2-pyrones and their thio analogues 

Compound CO/CS C-3 C-4 C- 5 C-6 C-4a C-8a Other Reference 

126.6, 128.3, 128.9, 129.2, (18) 
130.2, 135.6,t 136.2t 
126.4, 128.1, 128.4, 129.1, (18) 
129.4, 134.8,t 135.4, 138.4t  
125.7, 126.7, 128.9, 129.2, (19) 
130.7, 130.9, 131.5,t 135.9t 
125.9, 126.9, 129.1, 129.4, (19) 
130.7,t 131.2, 131.5, 134.8t 0 

> 
126.9, 127.2, 129.2, 129.9, (20) * 
130.3, 136.9,t 139.6t k 

126.7, 127.3, 129.3, 129.5, (21) 0 2 
130.3, 130.9, 135.5,t 138.67 
1 16. j(C-8),$ 13 I .7(C-7) - : 
l16.8(C-8), 132.2(C-7) (22) c 
126.5(C-8),$ 13 1 .6(C-7) (23) 
127.7(C-8), 134.4(C-7) (24) VI P 

131.3(C-S), 135 .O(C-7), (24) - 
18.8(C-3Me), 22.4(C-8Me) G -A 

m 
121.3, 124.2,t 127.4, 128.6. (24) 
128.8, 129.3, 132.4t 
124.4, 125.3, 126.1, 126.3, (see Experimental) 
126.7, 128.4, 128.5, 133.9 
122.9, 124.4, 125.2, 127.6, (24) 
128.4, 128.5, 128.9, 133.8 

'All shifls quoled ill ppm relative t o  TMS, in CDCla. 
tQu :~ tc rne ry  carboll signals. 
tThis  compound is included for  reference purposes; cf. refs. 1-3. 
$These nsrignnlcn~s may bc 1.eversec1. 
II"C nmr d ;~ [a  linvc been rcporlcd previously for this conipound by Turner and Pirkle (I). 
7 F o r  siinplicily in comparing spcctra. tlic carbon atoms in the heterocyclic ring 1i;lve been numbered 21s though they were part of ;I couninrin-like systeni 
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TABLE 2. Differences in chemical shifts ( A & )  between 
C, and Cp in heterocycles of type, 

Y  

Series 0 NH S 

Y = O  27.6* 21 .Of 16.0* 
Y = S  2.6* 4.51 -6.7* 

Change from C=O 
to  C=S 25 .O 16.5 22.7 

'Reference I. 
TReference 4. 
four work. 

Pirkle's conclusion, based on a compariso~i of 
the p-effect of ~nethyl and methoxyl substi t~~tion 
at  C-4, that there is a considerable degree of bond 
localization in these 2-pyrone systenis. 

Taking the four monocyclic parent compounds 
reported by Turiier and Pirkle (or the four 
bicyclic couniarin ana log~~es  with approxi~iiately 
the same results) we have calculated the difTer- 
ences in cheniical shift (A6) between the C-3 ( a )  
and C-4 (8) carbon atoms (Table 2). Other 
workers have attempted to  q~iantitatively cor- 
relate such differences with electron densities 
(11), but even on a qualitative basis the trends 
seem well defined, and one can also include the 
analogous 2- and 4-pyridone derivatives and 
their thione counterparts in this comparison. 
Thus for each ring hetero-atom, there is a some- 
what similar reduction in A6 for C, and Cp, 
ranging from 16.5 to  25.0 ppm, involved in 
replacing C=O in each case by C=S. In fact, 
this has the interesting effect of  reversing the 
polarities of C, and Cp for the case where 
X = S = Y, although whether this can be 
accounted for sole lyon electronic grounds or  
involves anisotropy considerations, at  least in 
part, is arguable. 

One of the inain reasons for studying the 
2-pyrone series of compounds was t o  &btain 
evidence for any empirical correlation between 
the chemical shifts of carbonyl and thiocarbonyl 
carbon atoms in con i~ounds  of similar structure. 
This question will be discussed toward the end 
of the paper in the light of the data collected for 
the 4-pyrone type systems and the pyridones and 
pyridinethiones. 

3 4 5 

(X ,Y  = O o r S )  (X,Y = O o r S )  (X.Y = Oor  S) 

In Table 3, co~iiparable 13C nmr data for a 
series of 4-pyrone derivatives are collected. In 
part A of the table a series of monocyclic 
derivatives 3 are listed, followed by some 
chrolnone and thiochromone derivatives 4 in 
part B and the four simple isomeric xanthone 5 
derivatives in part C. Turning first to  the ques- 
tion of the chemical shift of the carbonyl and 
thiocarbonyl carbons in part A, one is immedi- 
ately struck by the fact that, irrespective of the 
nature of the hetero-atom in the ring ( 0  or S) 
the chemical shifts of both carbonyl, in the 
range 178.7-182.3 ppm, and thiocarbonyl, in the 
range 200.8-203.1 ppm, remain relnarkably con- 
stant. This is in sharp contrast to the 2-pyrone 
series as we have already seen, where the nature 
of the ring hetero-atom plays a much more 
significant role. This effect will clearly influence 
attempts t o  correlate C=O and C=S chemical 
shifts and we will return to  this point later. 
Before Icaving the question of the carbonyl and 
thiocarbonyl shifts it should be noted in passing 
that they also remain largely independent of the 
electronic effects of ring substitution, at  least at  
C-2 and C-6. 

Although we have not included the unsubsti- 
tuted members of the monocyclic series in this 
study, we can obtain a fairly good approximation 
of the parent C, and Cp cheinical shifts in 
4-pyrone type systems from an examination of 
the data for C-3 and C-2 in the bicyclic com- 
pounds of part B. Turner and Pirkle (1) also 
obscrvcd vcry close agreement between the shifts 
of C, and Cp carbons in their monocyclic and 
bicyclic 2-pyrone series. As a check on this 
assumption in our own series of 4-pyrones in 
Table 3, it may bc noted that the chemical shifts 
of C-2 in chromone and C-6 in 2-phenyl-4- 
pyrone, and of C-3 in chro~none and C-5 in the 
same monocyclic pyrone closely approxi~nate 
one another. Thus, making this assumption, it 
can be seen that the introduction of methyl a t  
C-2 in the monocyclic systems has a deshielding 
effect at  C-2 of (+)10.5 t o  13.1 ppin, and a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 3, Carbon-13 chemical shift data* for 4-pyrones and their thio analogues 

C6Hs 

Compound CO/CS C-2,6 C-3,s C- 1 0- 111- p- Other Reference 

2-Phenyl-4-pyrone-6-carboxylic 
acid? 

Ethyl 2-phenyl-4-pyrone- 
6-carboxylate 

0 
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C6H5 2 
Compound CO/CS C-2,6 C-3,j C-1 o- I ~ I -  P- Other Reference ;1 

r 

2-Phenylchromone (Havone) 178.3 163.3(C-2) 107.6(C-3) 131.8 126.3 129.0 131.6 118.l(C-8),125.2(C-6), (8) 9 
156.3(C-8a) 124 .O(C-4a) 125.7(C-5), 133.7(C-7) , 

2-Phenylbenzopyran-4-thione 201 .8 153.8(C-2) 12O.l(C-3) 129.71 126.3 129.0 131.7 118.3(C-8), 126.O(C-6). (8) ,! 

15 I .3(C-8a) 130.8(C-4a)l 128.4(C-5), 133.9(C-7) z 
2-PI1et1ylthiochron1one 180.7 152.9(C-2) 123.3(C-3) 136.5 126.9 129.2 130.8 126.5(C-6), 127.7(C-8), (20) 3 

128.5(C-5), 131.5(C-7) P 
137.6(C-8a) 132.4(C-4a) 

2-PI1enylbenzotl1iopyran-4-thione 204.7 143 .O(C-2) 135.9(C-3) 136.1 127 .O 129.3 130.9 127.O(C-6), 128.9(C8), (31) % 
133.3(C-Sa) 137.1 (C-4a) 131.4(C-5), 132 .O(C-7) 

71 

-- 
C 

Dibenzopyran-4-thiotie 204.8 150. j(C-4a)x 129 .O(C-1 a)% - - - 118.2(C-4),124.7(C-2). (32) P 
129.8(C-I), 134.8(C-3) o 

Thioxanthone 180,. I 137.5(C-4a)a 129.4(C-1a)s - - - - 126.2(C-2), 126.5(C-4), - O 

130 .O(C-1), 132.4(C-3) 5 
-- -- - 

0 
Dibenzothiopyran-4-thione 211.6 131,9(C-4a)s 137.5(C-la)$ - 125.9(C-I), 126.9(C-4) (33) c 

131.6(C-I), 133.3(C-3) O 
CL 

*All s l~if ls  quoted in ppm rcli~tive to TMS, i n  CDCI; .  
t l n  DMSO-di. 
:These :issignments m:ly bc rc\vrsed. 
$For siml)licity in compi~rison ~licse signals a re  rcgrdcd  as [he counLcrparr oI'  he C-2.6 and C4, j  c;lrbons in  non no cyclic 4-pjroncs. 
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shielding effect at  C-3 of (-)1.7 t o  3.4 ppln. For 
2-phenyl substitution the corresponding effects 
range from (+)8.9 to  15.3 ppm, and from 
(+)0.5 to  (-)4.8 ppm. As was noted earlier in 
the 2-pyroiie series, the deshielding (a)  effect of 
phenyl substitution is much greater when the 
ring hetero-atom is sulfur but the shielding (P) 
effect is almost negligible compared t o  the oxy- 
gen heterocycles. For the electron-withdrawing 
ester group at  C-2 there is a relatively s~iiall ( a )  
shielding effect (-3 ppm) and also a (0) de- 
shielding effect of like amount. This contrasts 
with the deshielding effect of an ester group on 
both the a and 0 carbons of a simple alkene (12). 

The other signals observed in part A of the 
table are for the most part unremarkable 
although it should be noted that the position of 
the C-1 carbon of the phenyl substituent a t  C-2 
is very sensitive to  the nature of the adjacent 
hetero-atom. If the hetero-atom is oxygen the 
value observed for C-1 is in the narrow range 
130.4 to  13 1.3 pprn, but for the two cases where 
the ring hetero-at0111 is sulfur C-1 is consider- 
ably downfield at about 136 ppm. Si~iiilar values 
were found by Lapper (13) for the C-1 carbon 
atoms of phenyl rings in a series of phenyl- 
substituted 6A-thiathiophthenes. The reason for 
this relatively large effect is not clear, but it is 
obvious that it may have considerable value in 
structure determination 

(where E is an electron-withdrawing group) 
Turning to  part B of Table 3, we have in- 

cluded, for ease of comparison, the 13C nnir data 
for the parent chroinone and thiochromone 
systems and their thione counterparts, although 
we have previously reported these compounds 
in an earlier study (8), while 13C nlnr data for 
chromone and flavone were also included in a 
recent paper by Kingsbury and Looker (7). The 
data reported by these authors are in very good 
agreement with our own assignments. Because 
of the relation between chemical shifts of C, and 
Cp carbons and the nature of the hetero-atoms 
present, first detected in the 2-pyrone series 
(cj :  Table 2, and related discussion), we have 
now reversed the previous assign~iients for C-2 

and C-3, and for C-8a and C-4a in benzothio- 
pyran-4-thione. The correctness of the new 
assignments, which again place the C-2 (0) 
carbon in this system ~lpfielcl of the C-3 ( a )  
carbon, is supported by exaniination of the 
2-phenyl substituted series of compounds in 
Table 3. By utilizing the expected deshielding 
and shielding parameters for 2-phenyl substitu- 
tion derived earlier, one finds excellent agree- 
tiient between the observed and calculated data. 

A small deshielding effect ( < 2  pprn) on the 
C=O or C=S chemical shift is observed on 
replacing the ring oxygen atom by sulfur. The  
absence of any appreciable effect of phenyl 
substitution on the che~iiical shifts of the benzo- 
ring carbons made the assignments relatively 
straightforward. As is usually the case for a 
P-phenyl substituent o n  an a$-unsaturated 
carbonyl or thiocarbonyl system, the ortllo- 
carbons are slightly shielded (2-3 pprn) and the 
pc~rcl-carbon is deshielded by a like amount. O n  
the other hand the C-7 carbon, puru t o  the C=O 
or C=S group experiences a stronger deshielding 
effect, ranging from (f )2.8 to  5.6 pprn. The  
effect, already discussed, of the ring sulfur atom 
in deshielding C-1 of the phenyl ring is also 
observed here for the two sulfur heterocycles. 

The final group of compounds in part C of 
Table 3 are the syrn~netrical dibenzo derivatives 
of the 4-pyrones. Although the general pattern 
is much the same, the significantly lower field 
position of the C=S carbon in dibenzothio- 
pyran-4-thione a t  211.6 pprn is noteworthy. 
There appears also to  be a definite trend for the 
C-1 carbon to liiove to  lower field by about 
5 ppiil as one proceeds through the series from 
xanthone t o  the dithio analogue. This effect is 
also observable, although t o  a lesser degree, in 
the chromone series. 

The A6 values for C, and Cg in the 4-pyrone, 
4-thiopyrone, and 4-pyridone compounds and 
their C=S analogues are collected in Table 4. 
The differences in chemical shift (and presum- 
ably, electron density) for C, and Cp in this 
series of compounds are generally of the same 
order as those for the 2-pyrone series (Table 2). 
This time, however, there is a liiore regular 
progression in the A6 values as  one proceeds 
through the series of ring hetero-atoms from 0 
t o  N to  S. Since inductive and other proximate 
effects of the hetero-atoms are presumably much 
less important for the 4-pyrone type compounds, 
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TABLE 4. Differences in chemical shifts (AS) between 
C, and Cp in heterocycles of type, 

Y 

Series 0 NH S 

AAS 

Change from C = O  
to C==S 22.8 20.1 17.5 

.Our work. 
tBased on chromone and thiochromone parent systems. 
$From ref. 4. 

it seems likely that a truer picture of a-electron 
density distributions is given by the data in 
Table 4. The reduction in A6 for each herero- 
atom as one replaces the C=O group by the 
C=S group is again approximately 20 ppm. 

The last group of heterocyclic compounds for 
which we present 13C nmr data in Table 5 are 
the 2- and 4-pyridinethiones and their N- and 
S-methylated derivatives 6-9. Data for the 
analogous pyridone derivatives have been re- 
ported recently by at least two groups of workers. 
Vogeli and von Philipsborn (4) reported an 
extensive 'H and 13C nmr study of the three 
pyridones (or hydroxypyridines) and their N- 
and O-methyl derivatives in an attempt to 
establish the electronic structure of 3-pyridone. 

Turner and Cheeseman (14) more recently 
reported similar data for some monosubstituted 
pyridine and pyrazine derivatives, although they 
make no reference to the work of the previous 
authors. Data from these two papers and for 
pyridine itself (15) are included in Table 5 to 
simplify comparisons. 

The compounds in Table 5 fall conveniently 
into three subgroups (a) the 2-pyridones, (b) the 
4-pyridones, and (c) the methylthio derivatives 
of pyridine. 

In the 2-pyridones, the position of the C=O 
carbon is virtually unaffected by replacing N-H 
by N-CH3, but in the analogous thioiles a 
deshielding effect of +3.8 ppm is observed. 
Otherwise, the most significant effect on the ring 
carbons of N-methylation is at C-6, where de- 
shielding effects of +4.3 and +2.9 ppm are 
observed for the carbonyl and thiocarbonyl 
series, respectively. The N-CH3 carbon is de- 
shielded by 4.2 ppm in N-methyl-2-pyridine- 
thione compared to its carbonyl counterpart. 
Unlike previous authors (14), we have resisted 
the temptation to compare substituent chemical 
shift effects for these compounds with phenol 

TABLE 5. Carbon-13 chemical shift data* for 2- and 4-pyridinethiones and their N- and S-methylated derivatives 

C--S 
Compound (-) C-2 C-3 C-4 C- 5 C-6 Other Reference 

2-Pyridonet 162.3 - 119.8 140.8 104.8 135.2 - 
N-Methyl-2-pyridonet 161.8 - 119.1 139.5 104.8 139.5 41.8(N-CH3) 
2-Pyridinethione 176.4 - 133.6f 138.1f 114.2 f 137.0f - 
N-Methyl-2-pyridinethione 180.2 - 134.1 135.8 113.4 141.0 46.O(N-CH3) 
4Pyridonet 175.7 139.8 115.9 - 115.9 139.8 
N-Methyl-4-pyridonet 176.6 141.4 117.2 - 117.2 141.4 42.6(N-CHI) 
4PyridinethioneS 189.8 133.2 129.4 - 129.4 133.2 
N-Methyl-4pyridinethione 190.5 135.3 131.4 - 131.4 135.3 44.4(N-CH3) 
Pyridinet - 150.6 124.5 136.4 124.5 150.6 - 
2-Methylthiopyridine - 159.9 121.4 135.7 119.0 149.3 13.2(S-CH3) 
4Methylthiopyridine - 149.0 119.8 150.2 119.8 149.0 13.5(S-CH3) 

*All shifts in ppm relative to TMS, in CDCI3. 
tData tbr these compounds have previously been reported but they are included for comparison. 
$Assignments confirmed by ' J C H  measurements of 172, 166, 175, and 183 Hz for C-3, C-4. C-5, and C-6 respectively. 
5 In DMSO-da. 
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and benzenethiol, since earlier work by Katrizky 
and Lagowski (16) has shown unambiguously 
that the hydroxy- and mercaptopyridines exist 
almost exclusively in the arnide and thioamide 
forms respectively. 

It may be noted in passing that the chemical 
shifts of C-3, C-4, and C-6 in 2-pyridinethione 
(and its N-methyl derivative) are fairly closely 
spaced, in the range 133.6 to 138.1 ppm. The 
assignments made were finally confirmed by 
comparing the lJc-II coupling constants for 
these atoms in 2-pyridinethione with those in 
2-pyridone. The largest value of JC-H (183 Hz) is 
expected for C-6 because of the proximity of 
the electronegative nitrogen atom (15), while the 
results of the previous authors (4, 14) would 
suggest that the smallest value of 'JcH (166 Hz) 
should be associated with C-4. 

In the 4-pyridone and 4-pyridinethione ana- 
logues, the C=O and C=S carbons appear at 
significantly lower field, the deshielding effect 
being +13.4 ppm for both the carbonyl and 
thiocarbonyl systems. This time N-methylation 
has very little influence, the deshielding effect 
being less than 1 p p ~ n  for both the C=O and the 
C=S compounds. This suggests that the de- 
shielding effect of +3.8 ppm observed in 
N-methyl-2-pyridinethione may be through space, 
rather than inductive or mesomeric in origin. 
The differences (Ah) between the chemical shifts 
of the a (C-33) and 0 (C-2,6) carbons are given 
in Table 4 and are si~nilar to those for the 
2-substituted analogues. In both the C=O and 
C=S series, N-methylation produces shielding 
effects at both C-2 and C-3 of approximately 
2 pp~n.  Once again, the N-methyl carbon appears 
at lower field in the C=S compound but the 
deshielding effect this time is much slllaller 
(+ 1.8 ppm). 

For the 2-methylthio- and 4-methylthiopyri- 
dines the a-, 0-, y-, and 6-effects of CH3S-substi- 
tution are compared in Table 6 with those in 
thioanisole (17). As noted by Turner and 
Cheesemail (14) for their ~no~losubstituted pyri- 
dines, the a-deshielding effect of SCH3 is signifi- 
cantly greater at C-4 than C-2, while the 0- and 
y-shielding effects of the 4-SCH3 are also some- 
what greater than expected from a comparison 
with thioanisole. 

Returning to the question of a possible corre- 
lation between the chemical shifts of C=O and 
C=S in otherwise identical structures, our ex- 

TABLE 6. Substituent chemical shift effects* 
of SCH3 group 

Substituent chemical s h ~ f t  effects 
- - 

Compound 01 !3 Y 6 

Thioanisolet f 9 . 8  -2.1 0.0 -3.8 
2-Methylthiopyridine f 9 . 3  -3.1 -0.7 '\ -5 .5 

-1.3 1 

' In ppm; positive values denote deshiclding effects. 
t C f .  ref. 17. 

FIG. 1. Relative shifts of the C=O and C=S carbons 
of the heterocyclic systems studied: 0-heterocycles (0) 
-; N-heterocycles (H) - .- .-. , S-heterocycles 
(*) - - - -. 

perience leads us to the co~lclusion that no real 
correlation of this type exists. Data for the three 
different kinds of heterocyclic systems studied 
(O,N,S,) have been plotted separately in Fig. 1. 
(No distinction is made i n  the graph between the 
2-pyrone and the 4-pyrone type systenls since, 
once again, no simple correlation even of this 
sort was observed.) The respective slopes of the 
lines obtained by a computer fit for the 0, N 
and S systems were 0.31, 0.84, and -0.08, with 
intercepts of 147.5, 43.0, and 219.7 respectively. 
Standard deviations in slope were 0.047 (30.3y0 
error), 0.149 (35.8% error), and 0.049 (124.4% 
error), respectively. Standard deviations in the 
intercept were 7.96 (10.80Jo error), 25.28 (1 17.6y0 
error), and 8.53 (7.8% error), respectively. The 
wide variations observed with the different 
hetero-atoms, and the variation also from the 
relation claimed by Kalinowski and Kessler (9) 
(uCzS = 1.456c,o - 46.5), strongly suggest that, 
at best, such a correlation is useful only for 
obtaining approximate estimates of the chemical 
shift of the thione functionality in cases where 
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d a t a  a r e  avai lable  f o r  a relatively l a rge  n u m b e r  
o f  s t ruc tura l ly  s imi lar  ke tones .  T h e  absence  o f  a 
genera l  corre la t ion  o f  t h e  a b o v e  t y p e  f o r  t hese  
heterocycl ic  sys t ems  is still ev iden t  w h e n  t h e  
d a t a  f o r  t h e  2-pyrone a n d  2-pyr idone t y p e  
s t ruc tu re s  (where  p r o x i n ~ i t y  effects a r e  max ima l )  
a r e  neglected,  a l t h o u g h  in p a r t  t h i s  is a reflection 
o f  t h e  smal ler  n u m b e r  o f  points .  
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T.  PATRICK AHERN, HANDRICK FONG, and KEITH VAUGHAN. Can. J. Chem. 54, 290 (1976). 
The synthesis of I-(0-carboxamidopheny1)-3-aryl triazenes 12 and 15 (X = CONH2 and H )  

is described. Reaction of 3-(o-carbox~midophenyl)-1-(o-methoxycarbonylphenyl)-triazene (12) 
with piperidine in ethanol affords 2-[2-(piperidin-l-ylazo)phenyl]qui~iazolin-4(3H)-one (18); 
the formation of 18 in this reaction can only arise via the unstable quinazolino[l,2-c][l,2,3]- 
benzotriazinone 8 by triazine ring cleavage under the influence of piperidine. Attempted syn- 
thesis of the 4-iminotriazine 17, an isomer of the quinazolone 18, from the o-cyanophenyl- 
triazene 20, resulted only in the formation of qui1iazolino[3,2-c][I,2,3]benzotriazin-8-one (6), 
an isomer of 8. The o-cyanophenyltriazene 20 undergoes spontaneous cyclisation, rearrange- 
ment, and further cyclisation. 

T. PATRICK AHERN, HANDRICK FONG et KEITH VAUGHAN. Can. J. Chem. 54, 290 (1976) 
On dCcrit la syntlikse des (0-carboxamidop1iCnyle)-I aryl-3 triazklies 12 et 15 (X = CONHz 

et H). La rCactio11 du (o-carboxamidopliCny1)-3 (0-mCthoxycarbonylphC~iyl)-1 triazkne (12) avec 
la pipiridine dans I'Cthanol conduit B la [(piperidine-1 ylazo)-2 phCnyl1-2 quinazoline(3 H )  one-4 
(18); la formation de 18 dans cette reaction ne peut provenir que de la quinazolino[l,2-c][1,2,31- 
benzotriazinone 8 instable par une rupture du noyau triazine sous I'influence de la pipiridine. 
Des essais de syntlikse de I'imino-4 triazine 17, un isom'ere de la quinazolone 18, ont CtC tentis ti 
partir de 1'0-cyanophC~iyltriazkne 20; on n'a pu isoler de cette reaction que la quinazolino[3,2-c]- 
[1,2,3]benzotriazinone-8 (6), uli isomkre de 8. L'o-cyanophCnyltriazkne 20 subit une cyclisation 
spontanee, un rearrangement et ulie autre cyclisation. 

[Tradilit par le journal] 

Introduction 
8-lminoquinazolino[3,2-c~~[1,2,3]benzotriazi1~e, 

3, has been postulated as an intermediate in the 
conversion of 1,3-di-o-cyanophenyltriazene, 1, to 
4-amino-2-phenylquinazoline, 4, in boiling aque- 
ous ethanol (1). The formation of the quinazolin- 
obenzotriazine 3 was accounted for by rearrange- 
ment and cyclisation of the 4-irnino-3-aryl- 
1,2,3-benzotriazine 2 (Scheme 1); this behaviour 
has since been shown to be typical of 4-imino- 
3-aryl-l,2,3-benzotriazines (2). The 0x0-analogue 
of 3, quinazolino[3,2-c~~[1,2,3]be1~zotriazine-8- 
one, 6, has been synthesised by therrnolysis of 
1,2,3-benzotriazin-4(3H)-one, 5 (3). The structure 
of the quinazolinobenzotriazinone (6) was con- 
firilled in an independent synthesis by diazotisa- 
tion of 2-(0-aminopheny1)-quinazolin-4(3H)-one, 
7 (3), and in its degradation reactions (3), which 
distinguish the quinazolino[3,2-~:l[1,2,31benzo- 
triazinone 6 from its isomer, the quinazolino- 
[1,2-c][1,2,3]benzotriazinone 8. The latter has not 
previously been isolated or observed as an 
intermediate. 

1-(0-Cyanopheny1)-3-(0-carbalkoxypheny1)-tri- 
azene, 9, represents a potential entry to the 

quinazolino[l,2-c:I[1,2,3]benzotriazine ring sys- 
tem through the conversion 9 + 10 + 8 (route 
i, Scheme 2). However, in a previous study (4), 
cyclisation of the nitrile-ester 9 afforded the 
quinazolil10[3,2-c:l[1,2,3]benzotriazinone 6 and 
not the isomer 8. The formation of 6 from the 
nitrile-ester 9 was accounted for by rearrange- 
ment of the 4-iminobenzotriazine 10 followed by 
cyclisation of the 4-aryliminobenzotriazine 11 
(route ii, Scheme 2). Although this sequence was 
not unexpected in light of the known chemistry 
of 4-irnino-3-aryl-l,2,3-benzotriazines (2), the 
failure to synthesise the quinazolino[l,2-c]- 
[1,2,3]benzotriazinone 8 was sonlewhat disap- 
pointing. Thus, the possible synthesis of quina- 
zolino[1,2-c][1,2,3]benzotriazines from o-cyano- 
phenyltriazenes (e.g. 1 and 9) is precluded by the 
general rearrangement of the intermediate 
4-iminobenzotriazines (2 and 10). 

A more hopeful starting point for the synthesis 
of a quinazolino[l,2-c][l,2,3]benzotriazine was 
seen to be the amide-ester, 12, in which the 
carboxamido group would act as the source of 
the N-3 nitrogen for the quinazoline moiety but 
should not be inclined to afford a 4-iminobenzo- 
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triazine. By virtue of the greater reactivity of the 
ester group over that of the amide group, cyclisa- 
tion of the amide-ester 12 would be expected to  
give rise initially to the benzotriazinone 13. 
Rearrangement of 13 is not possible and cyclisa- 
tion of 13, if achieved, could lead only to the 
quinazolino[l,2-c:l[1,2,3]benzotriazinone 8. This 
paper describes the preparation and study of the 
arnide-ester 12 and some related o-carboxamido- 
phenyltriazenes, which had not previously been 
reported. 

Discussion 

The synthesis of the unsymmetrical diary1 
triazene Ar-N=N.NHArf can usually be ap- 
proached from either of two essentially equiva- 
lent directions, which both give the samc 
tautomeric mixture [ I ] :  

idopheny1)-3-aryltriazenes, 15, via diazotisation 
of antliranilaniide is coniplicated by the ease with 
which the o-carboxamidobenzenediazoni~~m ion 
14 undergoes cyclisation to 1,2.3-belizotriazin- 
4(3H)-one, 5 (5). Consequently, 1-(o-carboxami- 
dopheny1)-3-phenyltriazene 15 (X = H) was 
obtained (in good yield) by coupling benzene 
diazonium ion with anthranilamide. Similarly, 
diazotisation of methyl anthranilate 16 (X = 

C02Me), followed by coupling with anthranil- 
amide, afforded 3-(o-carboxamidophenyl)-1-(o- 
methoxycarbonylphenyl)-triazene, 12. Successful 
coupling of anthranilamide diazonium salt 14 
with anthranilamide was achieved by diazotisa- 
tion of anthranilamide, in  the presence of 
sodium acetate, with 3 equiv. of sodium nitrite, 
which gave a 50% yield of 1,3-di-(o-carboxamido- 
pheny1)-triazene, 15 (X = CONH2). Evidently 
the diazonium salt 14 is sufliciently stable in 

[ I ]  ArN2+ + ArrNH2 -t acetate buffer to allow coupling O I I I ~  when the 
Ar.N-N.NHAr'9ArNH.N-=N.Ar' amine to be cou~ led  is  resent in  the diazotisa- 

or tion medium; this conditioli can only be met for 
ArNH2 + Ar1N2+ + 

ArNH.N=N . 'Arl+Ar.N-N.NHArl  the symmetrical di-(carboxamidopheny1)-tria- 
zene 15 (X = CONH,). ~ - .., 

However, the synthesis of the 1-(o-carboxam- The spectroscopic characteristics of the aniides 
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SCHEME 2 

12 and 15 (X = H and CONH?) are in accord carbonyl absorption in the range 1640-1660 cnl-I 
with their assigned structures, and are consistent and NH absorption of variable n~ultiplicity in the 
with the general characteristics of diary1 tria- range 3140-3410 cnl-l. The amide-ester 12 also 
zenes. The infrared spectra all display amide- shows ester-carbonyl absorption at 1680 cm-I. 
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The mass spectra of the amide 15 (X = H) and 
amide-ester 12 exhibit weak iiioleculnr ions at  
tn/e  240 and 298 respectively; fragmentation by 
loss of N2 in the mass spectra of both com- 
pounds was indicated by intense peaks at  177/c 212 
and 270 respectively. Likewise tlie mass spectrum 
of the diamicle 15 (X = CONH?) displayed an 
intense peak at n ~ j e  255 (Mr - Nz), but in this 
case the molecular ion was not observed. The 
structures of the amides 12 and 15 (X = H and 
CONH?) are also confirmed by their niiir spectra. 

Attempts to  cyclise 1-(o-carboxamidopheny1)- 
3-phenyltriazene 15 (X = H) to a 1,2,3-benzo- 
triazine did not succeed. For example, prolonged 
refluxing of this amide in 70y0 aqi1eoiIs ethanol 
afforded only anthranilamide, indicating the 
course of reaction to  be protoilation and frag- 
mentation of the triazene moicty [2]: 

H " 
[2] Ar.N=N.NHPh*ArNH.N=N.Phs 

A ~ A H ~  .N=N. Ph *ArNHz + I?liN2+ 

(Ar = o-H2N .CO .C6H4-) 

Similar fragmentation was apparent when the 
amide-ester 12 was boiled in aqueous ethanol. 
the observed product being 1,2,3-benzotriazin- 
4(3H)-one. 5. The formation of 5 in this reaction 

\ ,  

is readily accounted for by protolytic fragmenta- 
tion of the amide-ester, giving rise to  the di- 
azonium ion 14, whicli is known (5) t o  cyclise to  
the triazinone 5. Formation of the 3-arvlbenzo- 
triazinone 13 was not evident in this reaction. 
However, these results indicate that the triazenes 
12 and 15 (X = H) protoilate preferentially on 
the nitrogen atom adjacent to- the aryl group 
bearing the stronger electron-withdrawing group. 

1-(o-Carboxaii1idophenyl)-3-pheiiyltriazeie 15 
(X = H), was recovered iiiichanged after treat- 
ment with piperidine in refluxing ethanol; the 
dia~ilide 15 (X = CONH2) was also found t o  be 
stable under these conditions. The observed 
unreactivity of the o-carboxamidophenyltriazenes 
towards cyclisation is in marked contrast t o  tlie 
facility of cyclisation of o-cyanophenyltriazenes 
(I)  and of o-carboalkoxyphenyltriazenes (4, 6). 
The reluctance of thc amide-ester 12 t o  undergo 
cyclisation at the ester group in aqueous ethaiiol 
is unusual, but is soii~ewhat a~ialogous t o  the 
reactivity of the nitrile-ester 9, which was found 
to  be very slow t o  react iii aqueous ethanol and 
cyclised preferentially a t  the cyano group (4). In 
both cases it would appear that steric interaction 

between ortlzo-substituents prevcrits or hinders 
formation of the required configuration for 
cyclisation in aqueous ethanol. 

The aniide-ester 12 was not completely inert 
towards cyclisation and,  indeed, was observed to  
react with unexpected facility in ethanol contain- 
ing piperidine, either under reflux or at  lower 
temperatures for longer periods. The product 
of this reaction was a stable crystalli~ie solid, 
whicli surprisingly had a molecular weight (mass 
spectrum) of 333. The presence of a piperidyl 
group in this compound was clearly indicated by 
the initial loss of a fragment of 84 mass units in 
the mass spectrum, and was corroborated by the 
nmr spectrum. Tlic infrared spectrum exhibited 
absorption due to  NH (3060 CIII-~) and carbonyl 
(1675 cm-l) groups. The spectral data are in 
accord with two possible structures for this 
product, i.e. the 4-imino-3-aryltriazine, 17, and 
the 2-(o-triazeiiophenyl)-qi1iii~1zolone, 18, al- 
though the latter is favoured somewhat on the 
basis of the frequency of carbonyl and N H  
absorption in the ir spectruiii. 

The formation of either 17 or 18 from the 
amide-ester 12 must involve cyclisation, initially 
a t  thc ester group (Scheme 3), t o  give the 3-aryl- 
triazinonc 13, followed by ring closure via the 
amide group to  give the quinazolino[l,2-c]- 
[1,2,3]benzotriaziiione, 8 ,  whicli then might have 
two possible iiiodcs of reaction with piperidine. 
Nucleophilic displacement at tlie 4-positioii of 
the quinazolone ring (7) would afford the imino- 
triazine 17 directly. Alternatively, reaction at N-2 
of the triazine ring with the nucleophilic piperi- 
cline would result in triazine ring cleavage and 
afford the quinazolone 18; this mode of reaction 
has recently been demonstrated for a number of 
fused 1,2,3-beiizotriazine heterocycles (8). Coin- 
cidentally, thc quinazoloiie 18 has recently been 
prepared by rcaction of quinazolino[3,2-c]- 
[1,2,3]benzotriazin-%one, 6, with piperidine (8), 
although under more vigorous conditions than 
employed here. In the present work, the quinazo- 
lino[3,2-cI[l,2,3]benzotriazinone, 6, reacted with 
refluxing ethanolic piperidine t o  afford tlie 
quinazoloiie 18, which was found to  be identical 
with the product obtained by reaction of the 
aniide-ester 12 with piperidine under the same 
conditions. 

Thus it is possible that the quinazolino[l,2-c]- 
beiizotriazine, 8, formed from the arnide-ester 
12, undergoes rearrangement t o  the quinazolino- 
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SCHEME 3 

[3,2-c]benzotriazine, 6, prior t o  reaction with proceeds by cyclisation of  t h e  triazene 20 t o  the 
piperidine. However, the  fact tha t  the  yield of  18 desired 4-iminotriazine 17, which must rearrange 
is less when obtained directly from 6 than when (2) t o  the  4-aryliminotriuzine 21 a n d  cyclise t o  
obtained from the  amidc-ester 12, suggests that  the  quinazolinotriazine 6. The  ease with which 
the conversion 12 -> 13 1. 8 -., 18 is the most the  piperidyl g roup  is displaced in the last step 
likely route. Attempts  t o  isolate the  intermediatcs indicates surprising reactivity associated with the 
13 and  8 by moderation of reaction conditions amicle g roup  in 21, but possibly arises by acid 
with piperidine did not  succeed. catalysis in thc diazotisation mediium. The  in- 

T h e  elucidation of  the structure o f t h e  quinazo- stability of the  o-cyanophenyltriazene 20 is not 
lone 18 led us t o  try t o  synthesist the  isomeric without precedent; I-o-cyanophenyl-3-o-nitro- 
4-in~inotriazine 17 by an alternate route. 4-lmino- phenyltriazenc likcwise cannot  bc isolated and 
3-aryl-l,2,3-benzotriazines can generally bc ob-  rearranges spontaneously t o  a 4-anilinobenzo- 
tained by cyclisation of  o-cyanophenyltrii~zc~~es triazine (9). 
(1) a n d ,  by analogy, 17 should bc available from I n  conclusion, the  isolation of  the qi~inazolone 
l-(o-cyanopl1enyl)-3-(o-piperi~li11ocarbo1ylphe11- 1.8 from the  reaction of the amide-ester 12 
yl)-triazene. 20. However, the o-cyallophenyltria- with pipcridinc in ethanol provides unequivocal 
zenc 20 whether approached by diazotisation of  evidence for  the  intcrmcdiate formation a n d  
anthranilonitrile coupled with N-(o-aminobcn- subsequent ctcco~l~posi t ion of the  quinazolino- 
zoyl)-pipericline, 19, or  vice versa, proved t o  be [1,2-~][1,2,3]benzotriazi11o11e, 8. Howcver, the 
unstable. Both diazonium couplingrenctions gave quinazolinotriazinonc 8 is, apparently, unstable 
resinous materials, which afi'ordcd low t o  moder-  under thc conditions rcqi~ired t o  initiate the 
a te  yields of  quinazolino[3.2-c][l,2,3]benzotria- cyclisation of  the umide-ester 12, the  mode  of  
zin-8-0112, 6. T h e  formation of  6 doubtless decomposition of 8 being analogous t o  tha t  of  
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the isomeric  quinazolino[3,2-c:l[1,2,3]be11zotri- 
azinone.  6. 

Experimental 
Melting points were obtained on a hot-stage apparatus 

and are corrected. Infrared spectra were recorded with 
liquid paraffin mulls on a Perkin-Elmer Model 467 grating 
spectrophotometer, and nmr spectra were recorded, using 
tetramethylsilane as internal standard, with a Varian 
EM360 60 MHz spectrometer. Mass spectral data were 
obtained with a Dupo~it-C.E.C. Model 21-491 spectrom- 
eter. 

I-(o-Cc1rhosc1t~1irloplretr~~I)-3-p/~l/tcizet1e, 15 (X = H) 
Aniline (1.37 ml) was diazotised at O0C in concen- 

trated hydrochloric acid (4.0 ml) and water (7.5 ml) with 
sodium nitrite (1.04 g), and the diazonium salt solution 
was treated slowly with a solution of anthranilamide 
(2.24 g) in a minimum volume of 2 M hydrochloric acid. 
The resulting solution was stirred at  0 "C for 1.5 h and 
then neutralised with an excess of sodium acetate. After 
stirring for a further 2 h, the precipitate was filtered; the 
mother liquor afforded a further batch of the same solid 
after the addition of more sodium acetate and being set 
aside overnight. Recrystallisation of the combined solids 
from ethanol afforded 1-(0-carboxamidop1ienyl)-3-plien- 
yltriazene (2.47 g, 62'j',), mp 179-18 1 "C (dec.); v,,,,, 
3350, 322C, 3150, and 1655 cm-I; Mf 240 (C13H12N40), 
tn/e 212 (Mf - N2); 6 (dimethylsi~lfoxide) 3.4 (s, NHl), 
7.0-8.5 (m, aromatic), and 13.1 (s, NH). 

3-(o-Carboxamirloplr~'11yl)- I-(0-me!lroxyc~irbot~~/plret~~I)- 
!riazole, 12 

Methyl a~ithranilate (2.6 g) was diazotised and treated 
with anthranilamide (2.24 g) by exactly the same pro- 
cedure as above to afford 1-(o-carboxarnidophenyl)-3- 
(0-methoxycarbonylpheny1)-triazene (4.5 g, 88'/;), mp 
190-191 "C (dec.) (from ethanol); v,,,:,, 3410, 3225, 3190, 
1690, and 1640 cm-I ; 6 (dimethylsulfoxide) 3.4 (s, NH?), 
3.95 (s, CH,), 7.4-8.5 (m, aromatic), and 12.6 (s, NH); M+ 
298 (CI5H14N4O3), tn/e 270 (M+ - N,). 

I,3-Di-(o-carboxarnidopIre11yI)-!ric1ze1re 15 ( X  = CONH,) 
Anthranilamide (2.04 g) was diazotised a t  0 'C in con- 

centrated hydrochloric acid (4.0 ml) and water (12.5 ml), 
containing sodium acetate (5.0 g) as buffer, with : equiv. 
of sodium nitrite (0.52 g). The resulting mixture was 
stirred below 5 "C for I 11 and the precipitate filtered to 
afford the diamide, 15 (X = CONH,) (1.06 g, 50'/,), mp 
209-21 1 "C (dec.) (from ethanol); v,,,, 3380, 3350 (sh), 
3185, 3140 (sh), 1660, and 1650 (sli) cm-1; 6 (dirnethylsulf- 
oxide) 3.4 (s, NH2), 7.0-8.4 (m, aromatic), and 13.5 (s, 
NH); m/e 255 (Mf - N2). 

Ar/et,lp/e(I C~clisa/iotr q/' I-(o-C~~t~bosrrt11irIopl1e11yI)-3- 
pl~et?,~l/rirr:et~e 15 (X = H) 

((I) The amide 15 (X = H )  (0.25 g) was refluxed ill 704; 
aqueous ethanol (25 ml) for 40 11. Evaporation to dryness 
and trituration of the residue with benzene afforded a 
buff-coloured solid, identified as anthranilamide (0.076 g, 
56%) mp and mixture mp 105-107°C; identical ir 
spectrum with an authentic sample. Evaporation of the 
benzene mother liquor afforded a brown gum which re- 
riiained intractable. 

(h) The amide 15 (X = H) (0.25 g) was refluxed in 
ethanol (25 ml) containing piperidine (0.25 ml) for 4.0 h. 
The resulting solution was cooled to  afford yellow needles 
(0.12 g), mp 180 "C (dec.); identical (ir spectrum) with 
starting material. Evaporation of the mother liquor 
afforded a solid residue, which was also identical with the 
starting material. 

Likewise, refluxing the diamide 15 (X = CONH2) (0.34 
g) in ethanol (70 ml) containing 2(& piperidilie for 4.5 h 
resulted in recovery of unchanged starting material. 

Reacliotr of /Ire At~ricle-eslet. 12 it: Aqlleolts E/l~atrol 
3-(o-Carboxamidophenyl)- 1 -(o-methoxycarbonylphen- 

yl)-triazene, 12 (0.276 g), was refluxed for 18.5 h in 70% 
aqueous ethanol (25 ml). Evaporation of the solution 
afforded a yellow gummy solid. Trituration of this residue 
with benzene gave a white solid, which afforded 1,2,3- 
benzotriazin-4(3H)-one, 5 (0.076 g, 56(/,), identical (ir 
spectrum) with an  authentic sample obtained by diazotisa- 
tion of anthranilamide. 

2-[2-(Piperi~litr-I-yI~1~o)p/1e~~yI]~~1ii~~azoIi~1-4(3H)-ot1, I8 
(a )  The amide-ester 12 (0.24 g) was treated with ethanol 

(25 ml) containing 2% piperidine and was stirred at  room 
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temperature for 2 h. Since the amide-ester showed no 
tendency to dissolve (or react) under these conditions, the 
mixture was refluxed for just long enough to produce a 
clear solution (after a few minutes). The resulting solution 
was kept warm for 5 h and then set aside at  room tempera- 
ture for 2 days. Evaporation of the solution under vacuum 
left an oily residue which solidified on standing and 
recrystallised from ethanol to alford 2-[2-(piperidin-I- 
ylazo)phenyl]quinazolin-4(3H)-one, 18,0.186 g, 7OCjb, mp 
141-142 "C; st,,;,, 3060 (broad) and 1675 cm-1; 6 (CDCI3) 
1.7 (6H, m, (CH2)3), 3.85 (4H, rn, CH2-N-CH2), 
7.1-8.7 (8H, In, aromatic), and 13.2. ( IH ,  broad singlet, 
NH); M' 333 (ClgHlgN50), rn/e 249 ( M  - C5HION), 
221 ( M  - C5HloN3). 

(h) The amide-ester 12 (1.05 g) was refluxed in ethanol 
containing lei/, piperidine for 1.0 11 and afforded the same 
quinazolone 18 (0.9 g, 77'h). 

(c) The same quinazolone 18 (yield 0.45 g, 36';/;) was 
obtained when the amide-ester 12 (1.1 g) was stirred at  
55-60 "C for 5 h in ethanol containing I(/, piperidine and 
the solution concentrated. The residue from the mother 
liquor contained starting material. 

(d) Qui11azolino[3,2-c~~[I,2,3]benzotriazi1i-8-one, 6, (3) 
(0.1 g) was refluxed in ethanol (15 ml) with piperidine 
(0.3 ml) for 1.0 11. Evaporation to dryness and trituration 
of the residue with petroleum ether gave a solid, which, 
when recrystallised from ethanol-water, with charcoal 
treatment, afforded the quinazolone 18 (0.08 g, 6OLi/,), 
identical in all respects with the product obtained from 
the reaction of the amide-ester 12 with piperidine. 

(10 ml) and was added slowly to the diazonium salt 
solution. The mixture was stirred for 0.5 I1 and filtered, to 
afford an orange-red resin which was taken up in benzene. 
The benzene solution was chromatographed on a column 
of alumina and an orange band eluted with benzene. 
Evaporation of the benzene fraction afforded a red oil, 
which solidified 011 standing. Trituration of the residue 
with ethanol afforded the q~~i~~azolinobenzotriazi~ione 6 
(0.8 g, 15'jb), mp 213-214 "C (from ethanol), mixed mp 
213-214 "C; identical (ir spectrum) with a sample pre- 
pared by thermolysis of 1,2,3-benzotriazin-4(3 H)-one (3). 
Evaporation of the ethanol mother liquor afforded 
intractable gum. 

(b )  N-(o-Ami110benzoyl)-piperidilie (1.02 g) was diazo- 
tised in 2 M hydrochloric acid (I0 ml) at  0 "C with sodium 
nitrite (0.4 g) and stirred for 10 min. Anthranilonitrile 
(0.59 g), dissolved in 2 M hydrochloric acid (5 ml) and 
water (50 ml), was adcled slowly to the diazonium salt 
solution, whereupon a pale yellow precipitate separated 
slowly. After stirring for 1 11 the mixture was filtered and 
the filtrate was treated with sodium acetate (5 g), left at  
room temperature for 2 I1 and the orange gum, which had 
formed, extractecl into benzene. Evaporation of the dried 
(MgS04) benzene extract, and trituratio~i of the orange 
residue with benzene afforded the same quinazolino- 
[3,2-c][l,2,3]benzotriazi11-8-one (0.44 g, 33'2,). Evapora- 
tion of the benzene mother liquor atforded a dark red 
intractable tar. 
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Composes carbonyles aromatiques: traitement semi-empirique des 
influences structurales sur leur basicite 
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R e ~ u  le 27 juin 1975 

D. BEAUP~RE, J. P. S ~ G U I N ,  R. UZAN et J .  P. DOUCET. Can. J .  Chem. 54, 297 (1976). 
Pour 25 composCs du type X-4-CO-R avec X = NO?, C1, H, CH3, OMe et R = H, Me, 

4-Y et CH=CH-+Y, nous avous calculC la pop~~lation Clectronique totale qLO au niveau 
de I'atorne d'oxygkne par la m6thode CNDO 11. La variation IinCaire du pK en fonction de q tO  
se traduit par l'obtention de quatre droites sensiblenlent paralkles dont le decalage serait en 
grande partie attribuable i des rnodifications d'effets de solvatation dipendant de la nature de 
R. Un traitement plus gCnCral de I'ensernble des rCs~~ltats perrnet, B I'aide d'une Cquation 
unique ApK = 1543qto + 0.1, d'Cvaluer l'effet de structure sur la modification de basicit6 
d'un co~nposi  carbony16 quelles que soient La nature de X et de R. 

D. BEAUPBRE, J .  P. S~GUIN,  R. UZAN, and J. P. DOUCET. Can. J .  Chern. 54,297 (1976). 
We have calculated the total electron density qtO at the oxygen atom, to the CNDO I1 approx- 

imation, for twenty-five compounds of the type X-+CO-R where X = NOz, CI, H, CH3, 
OMe, and R = H, Me, 4-Y, and CH = OH-+Y. A linear variation of pK as a function 
of qLO is S ~ O W I I  by a set of four essentially parallel lines; the separation of the lines could be 
attributed to variations in the solvent elfect which depend on the nature of R. A rnore general 
treatment of all the results, ~~si r lg  a single equation apK = 154aqLo + 0.1, allows an evaluation 
of the effect of s t r~~cture  on the basicity of a carbonyl c o r n p o ~ ~ ~ i d  whatever night be the nature 
of X or R. 

[Journal translation] 

Introduction 
L'ttude de la basicitt dc co~nposis  carbonyle's 

conjuguCs du type X-4-CO-R a permis de 
montrer, h partir de difTCrents risultats de la 
littirature, que pour chaque sirie de structures 
caracte'risies par un radical R constant et un 
substituant X variable, il existe ilne relation 
linCaire entre pKrllli- et us+ correspondant (1-5). 
La variation des pentes des droites ainsi ob- 
tenues traduit des rkponses diffkrentes B une 
m&me perturbation structurale due h ilne modifi- 
cation de X et cela en fonction de la nature de R.  
Faute de nc pouvoir esti~ner dans une m&me 
Cchelle de valeur les effets de X et de R ,  le 
caracttre prCvisionne1 de cette approche s'en 
trouve limitk. Des rCsultats similaires sont 
obtenus lorsque le paramttre caractkrisant la 
basicit6 du groupement fonctionnel est l'aptitude 
du  carbonyle h donner des associations avec le 
phknol (6-9). 

Le paramttre exptrimental utilist (pKnlr+) 

rendant compte du pouvoir du carbonyle h fixer 
Lln proton, nous retiendrons dans la recherche 
d'un modtle semi-empirique exploitable qilelle 
que soit la nature des radicaux X-4 et R-, la 
densit6 de charge sur l'atome d 'oxyghc parmi 
les diffkrents indices de rCactivitCs proposCs dans 
la 1ittCrature (10). Des mod&les semblables ont 
CtC retenus par quelques auteurs qui relient les 
densitks Clectroniques .i; sur l'oxygtne (densitis 
calculCes par l'approximation de Huckel) h 
diffkrents paramttres physico-chimiques carac- 
tkristiques du groupe carbonyle (1 1-14). Mais 
dans ces Ctudes, les modifications structurales 
sont IimitCes, soit h un changemcnt de la chaine 
hydrocarbonke ( l l ) ,  soit h un change~nent de 
substituant sur une chaine hydrocarbonke unique 
(12-14). C'est donc dans iln cadre plus gCnkral 
que nous ivons abordi cette etude en consi- 
dCrant aussi bien des modifications de substi- 
tuants que des modifications de la chaine hydro- 
carbonke. 
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TABLEAU 1. Populations Clectroniques 1ocalisCes sur 
I'oxygkne du carbonyle de benzaldihydes substituCs. 

X+CO-H 

' V a l e u ~ s  des p K n ~ +  tlc la 1.S-f. I cnlculc'es dnns I'Cchelle d'nciditd 
de Jorscnson et Hal tter. 

Resultats 

Parmi les 81 aldChydes et cCtones dont l'apti- 
tude B donner des associations avec le phtnol a 
CtC mesurCe (6-9), nous avons retenu un Cchantil- 
lonage de structures reprksentatives des quatre 
familles de composts carbonylts dtfinies par 
R. = H, Me, 4-Y et CH=CH-4-Y (tableaux 
1-4). 

Les tquilibres de protonation de ces composts 
sont mesurCs dans des milieux eau-acide sul- 
furiq~ie B 20 OC et dans le calcul des pKn~l+, c'est 
la fonction dlaciditC de Jorgenson et Hartter (15) 
qui est utiliste. Dans le cas de co~nposts ttudiks 
dans la litttrature, les valeurs des ~ K I ~ I I +  ont 
Ctt recalcultes dans cette m&me Cchelle d'aciditt. 

Les pop~~lations tlectroniques totales qto loca- 
listes sur l'atorne d'oxygkne sont calculCes pour 
tous ces cornposCs dans leur t tat  fondamental 
tandis que pour un nornbre plus limit6 de struc- 
tures, la description du modtle est faite B partir 
de la moltcule protonte. Ces calculs font appel 

TABLEAU 2. Populations Clectroniques IocalisCes sur 
I'oxygkne du carbonyle d'acCtophCnones substituCes. 

X+CO-CH3 

X 
(X+CO-CH3) pKBH+* qtO 

H -6.4 6.2668 
Me-4 -5.6 6.2708 
OMe-4 -4.8 6.2760 
N02-4 -8.5 6.2497 
CI-4 -6.8 6.2601 
Me-3 -6.2 6.2663 
OMe-3 -7 .O 6.2634 
Cl-3 -7.4 6.2607 

*Valeurs des p K s ~ +  de la rdf. 2 calculCes dnns I'Cclielle d'ncidite 
de Jo~genson et Hartter. 

B la mCthode CNDO I1 d e  Pople et Beveridge 
(16) avec des valeurs standard pour les longueurs 
et angles de liaisons. Le choix de paramktres 
standard permet de prtciser l'influence de la 
conformation moltculaire sur la densitt de  
charge sur l'atorne d'oxygkne (17). Pour les 
benzaldkhydes (tableau I), la gtomttrie moltcu- 
laire retenue est plane. Cette m&me gtornktrie 
est appliqute aux acCtophtnones (tableau 2). 
Avec les benzophknones (tableau 3), nous avons 
retenu une torsion de chaque noyau benztnique 
de 25" par rapport au plan du carbonyle bien 
que de no~nbreuses valeurs divergentes aient ttC 
propostes dans la litttrature (18-20). Pour con- 
naitre l'influence de la gtomttrie sur la valeur 
de qtO, nous avons effectuC les calculs avec un 
angle de torsion de 40" (tableau 5). Enfin dans 
le cas des chalcones (tableau 4) la gCointtrie 
retenue est la conforination s-cis plane. Les 
valeurs de qto obtenues avec de faibles angles de 

TABLEAU 3. Populations Clectroniques totales IocalisCes sur l'oxygkne du carbonyle 
de benzophCnones substitukes. X+CO+Y 

x Y P ~ B I I + ~  qtO qt+ cis* qt+ I,.ulls 

'Cis par rapport i X. 
tValeurs des p K e ~ +  de la rff. 3. 
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TABLEAU 4. Populations CLectroniques IocalisCes sur 
I'oxygkne du carbonyle de chalcones s~~bst i t~~Ces.  

X+CO-CH=CH+Y 

X-4-CO-CH=CH-+Y 

'Valeurs de ~ K D H '  calculdcs dans I'ichelle d'nciditc; de Jorgelison 
ct Hnrtter, en accord avec les rc;sult;~ts de I;I rPf. 5 .  

tk~leurs de p K n ~ +  cn accord ;rvec Ics risultnts dc In ref. 8. 

TABLEAU 5. Infl~~ence de la torsion n~olec~llaire sur la 
population Clectronique totale IocalisCe au niveau de 
I'oxygkne du carbonyle de benzophCnones substituees 

q tO 25" q t O  40" 4 1  0 

torsion, angles donnts dails la litttrature (21) et 
dttermints en phase cristalline sont pratique- 
rnent identiques B 2 X tlectron prks h celles 
calcultes pour la for~ne plane; de plus, la varia- 
tion de l'tquilibre conformatiorlnel s-cis F! s- 

TABLEAU 6. Populations Clectroniques localisees sur 
I'atorne d'oxygkne d'acCtophCnones substitukes. 

X+CO-CH3 

X 
(X-+CO-CH3) 4,o 4," 

nos calculs, le paramktre q, est peu sensible aux 
effets structuraux tandis que q, et qr orlt des 
variations plus importantes et du m$me ordre 
de grandeur (tableau 6). 

Pour l'ensemble des sept bellzaldthydes du 
type X-4-CHO, la reprtsentatiorl graphique 
des pK1311+ en fonction des qto correspondants 
lnontre une nette tendance h la corrtlation 
lintaire. Cette corrtlation est dtfinie par l'tqua- 
tion 

pKl\~l+ = 107qt0 - 677 

avec un coefficient de corrtlatioll de 0.95 et un 
tcart type moyen de 0.27. La qualitt lnoyenne 
de cette corrtlatioil est imputable au comporte- 
ment particulier du nitro-4 benzaldthyde et du 
chloro-4 benzaldthyde (fig. 1). Si 1'011 exclut ces 
deux composts, l'tquation prtctdeilte devient 

pKrrllL = 160qt0 - 1009 
t ram avec prtdominailcc de l'isomkre s-cis se 

coefficient de corrtlation 0.98 et kcart nloyen traduit Cgalement par un dtcalage faible des 
valeurs qto. 0.14. 

L'tcart des points reprtseiltatifs des dtrivts 
Discussion 

La basicitt des aldthydes et des cttones ttant 
mesurtes par leur pKnll-9- qui rend compte d'un 
tquilibre thermodynamique, il faudrait relier ce 
paramktre aux Cnergies de l'ttat initial et de 
l'ttat final ainsi qu'8 l'tnergie de solvatation (22). 
Bien qu'une telle voie d'approche soit a priori, 
la nlieux adaptte (23), les nombreux exenlples 
d'application d'indices statiques (24) d'une part, 
et la grande taille des ~ ~ ~ o l t c u l e s  ttudites d a m  
ce travail d'autre Dart. nous ont incitts dans un 
premier temps A retenir la seule description du 
modtle dans l'ttat initial. Parmi les difftrents 
paramktres de densitts de charges obtenus dans 

nitrts et chlorts peut ~ t r e  attribut h une estima- 
tion llloins prtcise des effets de substituants sur 
la densitt de charge. De tels Ccarts ont dtjh t t t  
observts par ailleurs (25) mais le fait d'observer 
Line telle corrtlation se~nble indiquer que les 
phtnomknes de solvatation varient lintairelllent 
avec les paramktres calcults. 

Dans le cas des acttophtnones, on observe 
tgalement une tendance h la corrtlation h l'excep- 
tion encore des dtrivts nitrts et chlorts (fig. 1). 
Mis h part.ces deux composts, on obtient avec 
les acttophtnones une nouvelle tquation entre 
~ K B I - I +  et qto 
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FIG. 1. CorrClations entre basicit6 et densit6 de charge 
pour 4 families de co~nposCs carbonylCs aromatiques: 
@ benzaldehydes; g acetophenones; g benzophenones; 
0 chalcones. 

coefficient de  corrtlation 0.99, Ccart moyen 0.08. 
La pente de la droite relative aux acCtophCnones 
est donc trks voisine de celle des benzaldehydes. 
Si les deux droites ne sent pas confondues, cela 
ne peut Stre attribut B une influence du facteur 
gtomttrie inolCculaire dans l'tvaluation de qtO 
puisqu'on a vtrifit que de petites torsions moltcu- 
laires entrainent de faibles inodifications de gtO. 
I1 est donc probable que ce dtcalage soit impu- 
table en grande partie B des solvatations difft- 
rentes des benzaldthydes et des acCtophCnones. 

Pour les benzophtnones substitutes, si on 
adnlet un angle de  torsion de 25" de  chaque 
noyau benztnique par rapport au plan du 
carbonyle, la corrtlation basicitbdensitt de 
charge vtrifie l'tquation 

coefficient de corrtlation 0.99 et Ccart moyen 
0.10. 

Pour mettre en tvidence le r81e de la gto- 
inttrie moltculaire sur la variation de la densitt 
Clectronique au niveau de l'oxygkne, nous avons 
calculi quelques valeurs de qto en partant de 
l'hypothkse que l'angle de torsion n'est plus 25" 
rnais 40" comme certains auteurs l'afirment (18). 
Avec ces nouvelles valeurs de qro, la pente de la 
corrtlation est voisine de 200. Cette valeur plus 
tlevte serait due B une modification de charge 
plus faible que dans le cas o h  la torsion n~olCcu- 

laire est infkrieure et nlontre ainsi l'importance 
de la gtomCtrie sur le calcul de qto. 

Enfin les chalcones vCrifient 17Cquation 

coefficient de corrtlation. 0.96, Ccart moyen 0.15. 
Ces difftrents rtsultats nlontrent que pour tous 

les composts du type X-4-CHO, X-+CO- 
CH3 et 4-CH=CH-CO-4-Y, une m&me 
modification de la densitt de charge au niveau de 
l'oxygkne du carbonyle (Aqto) est exprimte par 
une m&me inodification de la basicit6 (ApKnkl+). 
Pour les benzophCnones, au insme APKRH+, 
correspond une variation ltgkrement inftrieure 
du qtO lorsque I'angle de torsion des deux cycles 
est d e  25". 

Dails son ensemble, cette nlCthode d'approche 
de l'influence structurale sur la basicit6 de com- 
posts carbonylCs aussi difftrents que ceux 
Ctudits, est plus gCntrale que celle qui consiste B 
relier le pK aux constantes de substituant ax+. 
En effet un tel traitement conduit B l'obtention 
de quatre corrClations lintaires, caracttristes par 
des pentes p variables avec la structure du com- 
post de rtftrence. 

Pour les benzaldthydes et les acttophtnones 
(un noyau aromatique) les valeurs de p sont 
respectivement Cgales B -2.2 et - 2.4 tandis que 
pour les benzophtnones (deux noyaux aroma- 
tiques) et les chalcones (X-4-CO-CH=CH 
-$), ces valeurs indiquent une diminution des 
pentes des corrClations ( p  = - 1.6 et - 1.8). Ces 
rCsultats permettent de vtrifier en preinikre 
approximation qu'une extension du do~naine de 
la conjugaison se traduit par une diminution de 
la sensibilitk aux effets de structures. En plus de  
ce paramktre, intervient aussi le facteur gko- 
mttrique qui favorise ou dtfavorise la transrnis- 
sion des effets de substituants au niveau du 
groupe fonctionnel. La diversit6 des pentes 
obtenues rtduit donc le caractkre prtvisionnel de 
cette approche. Par contre, l'utilisation du 
paramktre densitt de charge dans l'estimation 
des effets de structure sur la basicitt conduit 
pour les quatre composts de rCftrences (X = H) 
et les 21 d6rivts correspondants, B une corrila- 
tion unique entre le ApKnr.~* et le Aqto correspon- 
dant. Son Cq~iation est 

avec un coefficient de corrtlation de 0.98 et un 
Ccart nloyen de 0.16 unit6 pK. La bonne qualit6 
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FIG. 2. Corrilation ginirale pour l'ensernble des quatre 
farnilles de cornposis carbonylis entre les influences 
structurales rnesurCes et calculkes, reprisenties par leur 
ApK: 0 benzaldehydes; 8 benzophenones; Q aceto- 
phenones; 0 chalcones. 

de cette corrtlation est observte sur la fig. 2 
dans laquelle APKRH+ calculi est portt en fonc- 
tion de APKI~II+ mesurt. La pente de cette droite, 
Cgale B 0.956, est trks voisine de 1. 

Dans une seconde approche, nous avons 
chercht ?i dtterlniner la densitt de charge sur 
l'oxyghne lorsque le compost carbonylt est B 
l'ttat protont. Pour rtduire le temps de calcul, 
nous avons limit6 cette Ctude B quelques benzo- 
phtnones car dans le cas des composts moins 
symttriques se pose le problkme des deux con- 
formkres possibles dans la moltcule protonte. 
On peut constater alors (fig. 3) que la pam- 
nitrobenzophtnone se situe convenablement sur 
la droite d'tquation pK = f(qto+). Nous avons 
pu vCrifier que l'influence du groupe nitro au 
niveau du carbonyle ttait plus prtcise dans le 
cas de l'estimation de qho B partir du modkle 
protont. Cependant, il faut noter que ce traite- 
ment n'aintliore pas de f a ~ o n  sensible la qualitt 
des rtsultats prCcCdant obtenus par simple des- 
cription des illoltcules dans leur t tat  fonda- 
mental. 

Les chalcones utiliskes sont priparies par condensation 
de Claisen-Schmidt (26) de benzaldihydes et acetophi 
nones appropriCes. L'identification et la puretC de ces 
cornposks ont CtC dCterminies par spectroscopic infra- 
rouge, ultra-violette et de resonance magnktique nu- 

FIG. 3. Variations de la basiciti de benzophinones 
substituCes en fonction de la densite de charge calculie ?t 
partir de ces cornposis ?I I'Ctat protone. 

clCaire. Les valeurs des constantes de couplage du 
systkrne Cthylinique permettent de prCciser que tous ces 
composks sont des isornkres t rn i~s.  Les caractiristiques 
physiques correspondantes sont en accord avec la 
IittCrature. 

Les mesures des pK,,+ des chalcones sont effectukes 
par spectrophotomitrie ultra-violette, sur un spectro- 
photomktre Bausch et Lomb spectronic 600 E, dans des 
milieux eau acide sulfurique B 20 "C selon la mCthode 
classique (27). 
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Etude des complexes aqueux d'uranium(1V) en milieu acide par 
resonance magnktique nucleaire 

C. KIENER, G. FOLCHER, P. RIGNY et J. VIRLET 
C.E.N.-Saclay, Division de Chirnie, B.P. No 2,  91190 Gif-sur- Yvette. France 

Recu le 30 juin 1975 

C. KIENER, G. FOLCHER, P. RIGNY et J. VIRLET. Can. J. Chem. 54, 303 (1976). 
L'hydratation de I'uranium tetravalent en milieu acide a ete etudiee par resonance magnetique 

du proton. Les vitesses de relaxation longitudinale et transversale de I'eau sont decrites en fonction 
de la temperature, de I'acidite et des ions ajoutes. En milieu perchlorique, elles sont gouvernees a 
haute temperature, par I'echange des moltcules d'eau entre la sphere interne de coordination 
de I'uranium(lV) et le solvant libre. Le temps de residence des protons lies T, evolue entre 10 ms 
et I s. La vitesse d'echange depend de I'aciditC suivant la loi I/T, z A + B/[H+], a p H  > 0 
et varie lineairement avec I'activite de l'eau, aux fortes concentrations en ions diamagnetiques. 
A basse temperature, un effet de sphere externe limite les vitesses de relaxation, ce qui permet de 
chiffrer le temps de relaxation electronique de I'uranium(1V) a 10-l3 s environ. Aucun signal de 
protons db  aux ligands de la premiere sphere, lies fermement a I'uranium(1V) et soumis a une 
relaxation rapide, n'est observe. Le deplacement chimique du signal d'absorption des protons 
en milieu chlorhydrique est cause par les couplages paramagnetiques entre I'uranium(1V) et les 
ligands dans une seconde sphere en tchange rapide avec les molecules du solvant libre. Au-dessus 
d'une concentration en chlore de 6 M, des complexes monochlores d'uranium(1V) contribuent 
a u  deplacement chimique. 

C. KIENER, G. FOLCHER, P. RIGNY, and J. VIRLET. Can. J. Chem. 54, 303 (1976). 
The hydration of tetravalent uranium in acid solutions has been studied by proton magnetic 

resonance. Longitudinal and transversal relaxation rates of water are reported as a function of 
temperature, acidity, and added ions. The relaxation rates observed in perchloric solutions at high 
temperature are governed by the exchange process of water molecules between the inner coordina- 
tion sphere of uranium(1V) and the bulk water. The bound proton's lifetime T, lies between 10 ms 
and 1 s. At p H  > 0, the exchange rate depends upon acidity according to the law I/T, z A + 
B/[H+]. At high concentrations of diamagnetic ions the exchange rate depends linearly upon 
water activity. At low temperature, the proton relaxation rates are dominated by an outer sphere 
effect and the electronic relaxation time of uranium(1V) is found to be about 10-l3 s. No signal 
is observed from protons of the water molecules in the first sphere, firmly bound to uranium(IV), 
which undergo rapid relaxation. The chemical shift of the proton absorption signal in hydro- 
chloric solutions arise from tightly bound water molecules in paramagnetic interaction with 
uranium(1V) in a second sphere, and in fast exchange with the bulk water. Above a chlorine con- 
centration of 6 M, the monochloro complex of uranium(1V) contributes to the chemical shift. 

(I) Introduction 
Si depuis plusieurs annees, des etudes ont 

Cte menees sur les aquo-complexes d'uranium- 
(IV) en solution, ni leur structure, ni leur 
stabilitk ne sont bien connues. Par des travaux 
spectroscopiques (rayons X, absorption visible, 
infrarouge, diffusion Raman, etc. . . .) on a 
tente d'etablir la coordinence et la symetrie 
de ces complexes (1-5)' Les resultats obtenus 
semblent montrer que l'entourage de l'uranium- 
(IV) en solution aqueuse est constitue par 8 
ou 9 molecules d'eau suivant une symttrie 
Clevee. I1 existe peu de donnkes (6) dans la 

'Laboratoire de Chimie de I'Uranium, D. Ch., S.E.P.C.P., 
C.E.N. Saclay (communications privees). 

litterature sur la cinetique d'echange des coor- 
dinats; d'autre part la nature des liaisons 
chimiques entre l'uranium(1V) et les molecules 
d'eau solvatantes etant ma1 definie, il est 
difficile de prkciser si tous les coordinats sont 
equivalents ou non. 

Nous prksentons ici une etude de la solvata- 
tion de l'uranium(1V) en milieu acide par 
resonance magnktique nucleaire. 

L'effet des ions paramagnetiques sur les 
vitesses de relaxation et sur les deplacements 
chimiques des noyaux du solvant se comprend 
en general, sur la base d'un modkle simple (7) 
oh les coordinats peuvent se trouver dans deux 
environnements, le solvant libre, site indice 
(0) et la sphkre de coordination de l'ion 
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Des mesures de tension de vapeur ont i t6 effectukes sur 
les solutions perchloriques en absence d'uranium(IV), afiq 
de determiner I'activite du solvant. Les resultats sont portes 
sur la fig. 1. 

L'oxygene moleculaire dissous est elimine des solutions 
par un barbotage d'azote; les tubes rmn sont ensuite 
scelles. 

On a mesure les temps de relaxation des protons a des 
frequences comprises entre 4 et 30 MHz, sur des spectro- 
metres de rmn par impulsions, coherents, construits au 
laboratoire. Le temps de relaxation de I'aimantation 
longitudinale, T,, se mesure par la sequence usuelle de 
deux impulsions n-n/2. Le temps de relaxation de I'aimanta- 
tion transversale, T,, est determine a l'aide de la sequence 
de Meiboom et Gill (9). La precision des mesures est de 
5% pour le temps de relaxation longitudinale et de 15% 

I I I I pou; le temps de-relaxation transversale. 
m 20 Les de~lacements chimiaues du sienal de resonance des - 

'10 en moles de HClO,ou HCIO, + NoClO, protons dans des solutions asueuses de chlorure d'ura- 

FIG. 1.  Tension de vapeur des solutions d'acide per- 
chlorique (x '  et (6)) et des solutions mixtes d'acide per- 
chlorique et de perchlorate de sodium (*,' 1.35 M HCIO, 
et 5.0 M NaCIO,; A,' 1.0 M HC10, et 1.0 M NaCIO,) 
mesuree a 20 "C, en fonction du pourcentage molaire 
d'acide ou d'acide et de sel. 

paramagnetique, site indict (M). Dans ce 
dernier environnement (M),  les couplages 
dipolaires et scalaires entre les spins nucleaires 
des molCcules solvatantes et le moment magne- 
tique electronique de l'ion solvat6 conduisent 
a une relaxation nucleaire rapide et a des 
deplacements chimiques importants. L'effet de 
l'kchange des coordinats entre les deux en- 
vironnements sur la resonance magnetique des 
noyaux du solvant va dependre de la vitesse 
d'echange. 

Les mesures des temps de relaxation des protons ont ete 
faites sur des solutions aqueuses de perchlorate d'ura- 
nium(1V) a 0.25 M, en presence d'acide perchlorique. 

Les solutions de perchlorate d'uranium(1V) ont ete 
preparkes par reduction du perchlorate d'uranyle a la 
cathode de mercure:' 

Un dosage par le bichromate de potassium a permis de 
determiner la concentration en uranium(1V). L'acidite de 
la solution est titree par un dosage a la soude apres avoir 
fait prtcipiter I'uranium(1V) avec du fluorure de sodium. 

La gamme des solutions etudiees comprend d'une part 
des solutions faiblement acides ([HCIO,] z 0.2, 0.48, 1.0, 
2.0 M) pour lesquelles la force ionique est maintenue cons- 
tante par addition de perchlorate de sodium ([NaCIO,] % 

1.8, 1.52, 1.0 M), d'autre part deux solutions fortement 
concentrees en ions diamagnktiques ([HCIO,] % 1.35 M + 
[NaCIO,] z 5.0 M, [HCIO,] % 8.0 M) et enfin une solution 
aqueuse de chlorure d7uranium(IV) a 0.25 M, en presence 
d'acide chlorhydrique ([HCI] a 2.0 M). 

nium(1V) en milieu acide chlo;hydrique, ont CtC mesures 
sur un spectrometre de rmn haute-resolution DA-60. Le 
(trimethyl silyl), propane sulfonate de sodium ou TMPS 
de formule Si(CH,),(CH,),SO,-Na+ a servi de reference 
interne.' 

(111) Relaxation des protons du solvant par 
les ions paramagnetiques u4+ 

Aux mkcanismes de relaxation dipolaire 
proton-proton qui existent mEme dans les 
solutions acides pures, se superposent les meca- 
nismes de relaxation paramagnetique dus aux 
ions U4+. La contribution paramagnetique des 
ions U4+ a la vitesse de relaxation, l/T,'U(lV)', 
s'obtient par difference entre les mesures effec- 
tuees dans la solution acide pure et dans la 
solution contenant de l'uranium(1V). L'effet 
diamagnetique des ions U4+ sur la relaxation 
des protons peut Ctre neglige tant que la con- 
centration du sel d'uranium reste faible. On 
ecrit donc : 

Dans une solution acide perchlorique 
([HClO,] = 2.0 M), contenant 0.25 M de 
U(ClO,),, on a mesure le temps de relaxation 
longitudinale TI,  de - 5 a 95 "C. Les resultats 
sont portes sur la fig. 2. De -5 a +40 "C 
environ, la vitesse de relaxation 1 / ~ , ( ~ ( ' ~ ) )  varie 

'On a verifie que la position du signal de resonance du 
TMPS n'etait pas affectee par la presence de I'uranium(IV), 
en comparant les dbplacements chimiques du TMPS et du 
cation N(CH,),+ dans une solution acide. Lorsque du 
chlorure d'uranium(1V) est ajoute a la solution, la difference 
de deplacement chimique entre le TMPS et le cation 
N(CH,),+ ne varie pas. 
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KlENER ET AL.: ETUDE DES COMPLEXES AQUEUX D'U(1V) 305 

FIG. 2. Temps de relaxation longitudinale des protons 
mesure dans des solutions acides avec et sans uranium(1V) 
(+, (2.0 M HCIO,), 0 ,  Tl'HC1Oa+U"V)l (2.0 M 
HCIO,, 0.25 M U(CI04),)) en fonction de la temperature. 
La contribution des ions U4+ au temps de relaxation longi- 
tudinale des protons Tl(UflV)), est figurie en tirets. 

peu avec la temperature puis elle croit avec elle 
au-dessus de 40 "C. Nous avons verifie que 
cette vitesse l/Tl(U(lV)) ne dependait pas de la 
frtquence de Larmor, 4 5 vo 5 30 MHz et 
qu'il n'existait pas de difference observable 
entre les vitesses de relaxation longitudinale 
1 /T~('(")) et transversale 1 /T2(U(1V)), quelle que 
soit la temperature ou la frkquence. 

Dans le cadre d'un modele d'kchange des 
protons entre deux sites (la sphere de coordina- 
tion de l'uranium(IV), (M)  et le solvant libre, 
(0)) oh les populations en protons sont t r b  
differentes 

oh ninl est le nombre de molecules d'eau ferme- 
ment liees A l'uranium(IV), la contribution 
paramagnktique aux vitesses de relaxation a 
pour expression (7, 10, 1 1). 

ou TIM, T2,, AmM et z, sont respectivement 
les temps de relaxation longitudinale et trans- 
versale, le dkplacement chimique et le temps de 
residence des protons dans la sphere de coor- 
dination de l'uranium(1V). 

L'identite des vitesses de relaxation l/Tl(U(lV)) 
et l/T2(U('V)', sachant que le dkplacement chi- 
mique AmM est important,' implique que la 
relaxation des protons situes dans la sphere 
interne d'hydratation est rapide devant le pro- 
cessus d'kchange (TIM, T2, < 7,). Dans ce cas 
on obtient : 

ou zo est le temps de residence des protons dans 
le solvant libre. A haute temperature 
( T  > 40 "C), la variation thermique de la vitesse 
de relaxation l/zU='::j) peut se dkcrire dans un 
tel modele, par un mecanisme d'echange ther- 
miquement active : 

Aux molaritks [HClO,] s 2 M et [U(IV)] s 
0.25 M,ona rOm z 6.35 x 1OP5set Vo s 7 + 1 
kcal/mol soit r0 z 3.26 s a 20 "C et z0 s 0.36 s 
a 95 "C. Le temps de residence z, des protons 
de l'eau dans la sphere d'hydratation vaut par 
exemple 0.15 s a 20 "C si l'on prend la valeur 
raisonnable nin,  = 9. 

A basse temperature ( T  < 40 "C), la variation 
thermique de la vitesse de relaxation l/zU='iY) 
s'inverse. Ce comportement ne peut pas &tre 
attribue a l'tchange, mais il est dO a l'existence 
d'un second mecanisme de relaxation ther- 
miquement dksactive que l'on peut decrire par 
une loi de la forme 

avec Eb s 0.9 kcal/mol. On admet ainsi que: 
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306 CAN. J. CHEM. VOL. 54, 1976 

FIG. 3. Contribution des ions U4+ a la vitesse de relaxation des protons, l/[U(IV)] T,'U('V'), deduite 
des mesures effectuees dans des solutions acides d'uranium(IV), en fonction de la temperature: A,  a 
0.25 M U(CIO,), et a faible acidite: (*, 0.2 M HCIO, et 1.8 M NaClO,; e, 0.48 M HCIO, et 1.52 M 
NaCIO,; A, 1.0 M HCIO, et 1.0 M NaClO,). B, en milieu perchlorique: (E, 2.0 M HCIO, et 0.25 M 
U(C10,),) et en milieu chlorhydrique: (0, 2.0 M HCl et 0.25 M UCI,). C, a 0.25 M U(CIO,), et a forte 
concentration en ions diamagnetiques: (*, 1.35 M HCIO, et 5.0 M NaClO,; V ,  8.0 M HCIO,). On a 
indique en tirets la decomposition des courbes en une partie (a) thermiquement activte due a l'echange 
(l/[U(IV)]s0)" et en une partie (b) thermiquement desactivee, (l/[U(IV)]T,'U'lV")b. 

Le mecanisme (b) qui sera analyse au Paragraphe 
111-2, est un mecanisme de "sphere externe" 
qui met en jeu des molecules d'eau labiles 
situkes hors de la sphere de coordination etlou 
quelques coordinats [ l ,  2, 31 occupants alors 
des sites privilkgies plus labiles dans la sphere 
interne d'hydratation. 

( I )  E f e f  des ions diamagnetiques sur la relaxa- 
tion des protons du solvant 

La vitesse d'echange PM/(Po~M)'"' z l/ro(") 
varie avec l'aciditk [H+] ou la concentration 
des autres especes diamagnetiques contenues 
dans la solution, soient ClO,- ou C1- et Na+. 
L'ensemble des resultats experimentaux 
~/([U(IV)]T,"'('~))) = f ( l /T )  pour diverses valeurs 
de [H+], [Na+], [C10,-] ou [Cl-] est representi: 
sur la fig. 3. On peut toujours decomposer ces 
courbes selon la relation 8 en une partie (a) 
thermiquement activke, due a l'echange et en 
une partie (b) thermiquement desactivee. La 
composante (b) qui est unique, est independante 
de la concentration et de la nature des ions dia- 
magnetiques du milieu. A l'oppose, la vitesse 
d'echange 1/([U(IV:)]r0)'"' dkcroit lorsque l'aci- 
ditk ou la concentration en ions ClO,- et Na+ 
augmente; elle est legerement plus rapide par 
un facteur 2.5 en milieu perchlorique qu'en 
milieu chlorhydrique. 

Nous avons porte sur la fig. 4, l'tvolution de 
la vitesse d'kchange l/([U(IV)]ro) % PM/ 
(Po[U(IV:)]rM) en fonction de l'inverse de l'acidite 

I /  [ H + l  ( Y - ' )  

FIG. 4. Comportement de la vitesse d'tchange l/[U(IV)] 
so - (I/[U(IV)]s,)(PM/P0) en fonction de l'acidite pour des 
solutions aqueuses de perchlorate d'uranium(lV), a 0.25 M 
U(ClO,),, a differentes temperatures: (*, 0.2 M HCIO, 
et 1.8 M NaClO,; @, 0.48 M HClO, et 1.52 M NaClO,; 
A, 1.0 M HCIO, et 1.0 M NaCIO,; E, 2.0 M HCIO,; 
V, 8.0 M HCIO,; *, 1.35 M HCIO, et 5.0 M NaClO,) 
et pour des solutions aqueuses deperchlorate d'uranium(IV), 
refs 4 et 10 a 0.08 M U(CIO,),, vers 40 "C: (0, 1.0 M 
HCIO,; x ,  0.69 M HCIO,; 4 0.4 M HCIO,; 0, 0.225 M 
HCIO,). 
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KIENER ET AL.: ETUDE DES COMPLEXES AQUEUX D'U(IV) 307 

pour quelques temperatures. Nous avons aussi 
indiquk certains resultats obtenus par GlCbov 
et al. (6, 12), en l'absence de cations Na', a 
differentes concentrations en uranium(1V) et en 
milieu perchlorique, vers 40 "C. 

( A )  Dans le domaine dilue et faiblement acide 
([H'] 5 1.0 M, [C104-] 5 3.0 M, [Na'] 5 1.8 
M), la variation de la vitesse d'echange avec 
l'aciditk portee sur la fig. 4, est correctement 
dkcrite par une loi empirique de la forme 

Les coefficients A  et B  de l'expression 9 croissent 
avec la temperature et sont independants de la 
concentration en ions U4+, C104- et Naf.  On 
sait qu'a faible acidite, des complexes mono- 
hydroxyles U(OH)(H20),3+ se forment par 
hydrolyse (12, 13). 

L'augmentation de la vitesse d'echange 
I/[U(IV:I]T, lorsque l'acidite dkcroit, peut s'ex- 
pliquer qualitativement si la cinetique d'echange 
des protons est plus rapide pour les complexes 
monohydroxylCs que pour les complexes aqueux. 
Ce resultat corrobore celui de Glebov et al. 
(12). Mais tant que nous ne connaissons pas les 
Ctapes elementaires de la cinetique (reaction 
d'hydrolyse, Cchange par proton seul ou par 
molecule d'eau entiire pour chaque categorie 
de complexes, etc. . . .), une interpretation 
quantitative de la vitesse d'kchange reste im- 
possible. 

( B )  A plus forte concentration en acide 
[H+] > 1.0 M, l'kchange se ralentit plus vite 
qu'a faible acidite, alors que la loi 9 predit une 
vitesse d'echange l/[U(IV)]ro presque constante 
dans ce domaine. Ainsi, lorsque [H'] croit de 
2.0 a 8.0 M e t  [C104-] de 3.0 a 9.0 M, la vitesse 
d'kchange l/[U(IV)]ro devient trois fois plus 
faible pour des temperatures comprises entre 
95 et 60 "C. 

Pour essayer de comprendre si ce ralentisse- 
ment est imputable a la forte acidite, [Hf] > 
1.0 M ou en partie a la presence des anions 
C104- on peut examiner le comportement de 
l'echange dails une solution peu acide [Hf]  z 
1.35 M, contenant un excis d'anions, [C104-] z 
7.35 M et de cations, [Naf] z 5.0 M. Lorsque 
[Na'] augmente de 1.0 a 5.0 M, [C10,-] de 3.0 

a 7.35 M et [H+] de 1.0 a 1.35 M, la vitesse 
d'echange l/[U(IV)]ro devient 1.4 fois plus 
faible pour des temperatures comprises entre 
95 et 60 "C. La fig. 4 illustre le ralentissement 
de l'echange dans ces solutions electrolytiques 
concentrees. L'effet du sel NaC10, semble etre 
du mEme ordre de grandeur que celui de l'acide 
HC10,. 

Pour des solutions concentrees, les modiles 
quantitatifs sont difficiles a Ctablir et les effets 
combines des ions C104- et H' ou C104- et 
Naf sur l'echange ne peuvent pas Etre separes. 
La valeur de l'activite de l'eau, a,>,, donne 
cependant une mesure globale des modifica- 
tions microscopiques qui interviennent dans le 
solvant lors de la dissolution d'une forte 
quantitk d'ions diamagnktiques. A partir de 
nos mesures de tension de vapeur Pl:,P (Para- 
graphe 11) et celles de Mascherpa (8), on a deter- 
mine l'activitk a,,, du solvant dans les solutions 
perchloriques, d'apris la relation 11 : 

oh y?jq et xHz0 sont respectivement le coefficient 
d'activite et la fraction molaire de l'eau dans la 
solution. On constate une chute tres rapide de 
l'activite a,,, a partir de l'eau pure lorsque 
l'on ajoute de l'acide perchlorique ou du per- 
chlorate de sodium. Ceci peut Etre interpret6 
en assimilant l'activitk a,,, a la fraction molaire 
en eau vraiment libre et en admettant que seule 
l'eau non ionisee et non liee admet une tension 
de vapeur. L'effet du sel U(C104), sur l'activitk 
a,,, du solvant peut &tre neglige tant que la 
concentration du sel reste faible ([U(C104),] z 
0.25 M). On a port& sur la fig. 5, la vitesse 
d'echange l/[U(IV)]ro en fonction de l'activite 
du solvant, pour differentes temperatures. Les 
valeurs de l'activite a,,, du solvant (H20  + 
HClO,) ont Cte extrapolkes a 60 "C ainsi que 
celles des solutions mixtes (H20 + NaClO, + 
HClO,) a 40 et 60 "C. On constate que la 
vitesse d'echange l/[U(IV)]ro pour les solutions 
fortement concentrees en espices diamagne- 
tiques, varie lineairement avec l'activite a,,, 
du solvant et donc semble-t-il, avec la pro- 
portion d'eau libre non solvatante et non 
ioniske; ce qui est compatible avec un processus 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



308 CAN. J .  CHEM. 

vo.o 0,s 1.0 

a 
H2° 

FIG. 5. Evolution de la vitesse d'echange l/[U(IV)]s, 
en fonction de l'activitt de I'eau, a,,,, des solutions aqueuses 
de perchlorate d'uranium(IV), a 0.25 M U(CIO,),. a 
difftrentes temptratures: (e, 0.2 M HCIO, et 1.8 M NaCIO,; 
0, 0.48 M HC10, et 1.52 M NaC10,; A,  1.0 M HCIO, et 
1.0 M NaCIO,; 8 ,  2.0 M HCIO,; *, 1.35 M HCIO, et 
5.0 M NaCI0,;V , 8.0 M HCIO,). ' 

d'kchange dont l'etape elementaire la plus lente 
est: 
[121 u(H,o),~+ + H,O u(H,o),+,~+ 

(2 )  Effet de sphire externe sur la relaxation des 
protons du soluant 

Entre 40 et -5 OC, l'echange des protons 
devient suffisamment lent pour ne plus Ctre le 
mecanisme dominant de la vitesse de relaxation 
1/7!Zf2) et le mecanisme (b) qui devient pre- 
ponderant, correspond a un effet de "sphere 
externe". La relaxation est alors determinee 
par la modulation des couplages dipolaires 
entre le moment magnetique de l'ion U4' et les 
spins des protons situks hors de la sphere in- 
terne d'hydratation. La composante (b) de la 
vitesse de relaxation, (l/Ti'U"V)))'b), n'est pas 
influencee par la presence des ions diamagne- 
tiques et reste independante de la viscosite 
macroscopique du milieu. L'energie d'activation 
apparente, Eb = 0.9 kcal/mol, est trop faible 
pour &tre attribuee a un mecanisme de diffusion 

VOL. 54, 1976 

moleculaire qui serait de l'ordre de 3 kcal/mol, 
comme on Deut l'observer dans les solutions 
diamagntti&es. Ces deux elements conduisent 
a admettre que la seule cause de variation du 
champ magnetique produit par les ions U4' a 
l'emplacement des protons est la relaxation du 
moment magnetique electronique caractkrisee 
par un temps T~ spin. 

Considerons d'abord l'effet de la relaxation 
electronique de l'uranium(1V) sur les protons 
du solvant libre; une evaluation correcte de 
l'importance de cette contribution dipolaire A 
la relaxation peut &tre obtenue en effectuant une 
moyenne sur l'interaction de la distance dm,, de 
plus courte approche a une distance infinie (1 1). 

oh nu = [U(IV)] N est le nombre d'ions 
paramagnetiques par cm3, N le nombre d'Avo- 
gadro, y, le rapport gyromagnetique du proton 
et ( p e r , )  le moment magnetique du perchlorate 
d'uranium(1V) en solution aqueuse. Connaissant 
les distances moyennes uranium-oxygene des 
premieres couches d'hydratation (3) (d(,-,,, = 
2.5 A, d(,-,,, z 4.5 A), on estime la distance 
minimale d'approche kgale a la distance ura- 
nium-proton de la seconde couche d'hydrata- 
tion, soit dm,, = 5.15 A. D'apres des mesures de 
susceptibilite magnetique, (14),' le moment 
magnetique (per , )  equivaut a 3.6 k 0.4 P ,,,,. 
De la valeur experimentale (T/u('V)))'b) = 0.885 s 
a 20 OC, on deduit a partir de la relation 13, 
l'ordre de grandeur du temps de relaxation 
T~ spin, soit 2.3 x 10-l3 S. 

S'il existe d'autre part, quelques sites privi- 
legiks dans la sphere interne d'hydratation oh les 
coordinats sont plus labiles, on doit considerer 
kgalement l'effet de la relaxation electronique 
de l'uranium(1V) sur les protons de cette cate- 
gorie de coordinats. Le temps de relaxation 
T, spin moyennera les couplages dipolaires et 
scalaires entre le moment magnetique de l'ion 
U4' et les spins des protons considerks. Un 
terme tenant compte de cet effet s'ajoute a 
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l'expression 13 qui devient : 

1 6 n l ~ u ~ H ~ < ~ , f 1 2 ) ~ 1  spin 

9Cl,in3 

' L  4 ~ H 2 < ~ c l f 2 )  + ?J(J + - 
+ E( 3r(u-H)P 3 (i)')rl spin 

oh J e s t  le moment angulaire total de l'ion U4+ 
et P,, r(,-,,,, ( A / ~ z ) ~  sont respectivement la 
proportion en protons, la distance uranium- 
proton et l'interaction scalaire pour les coordi- 
nats qui s'echangent rapidement avec les pro- 
tons du solvant. On deduit de la relation 14 un 
temps de relaxation r l  spin du meme ordre de 
grandeur, 10-l3 s, en prenant des valeurs raison- - nables pour les parametres n, = 2, r(,-,,, , 
4 A, lA/hl 5 1 MHz. Cette estimation de la 
limite superieure de la constante d'interaction 
superhyperfine semble raisonnable si l'on con- 
sidere les aquo-ions des terres rares (15) 
[A/h(H1) = - 33.2 KHz pour Pr(H20),,3+] ou 
les aquo-ions du groupe du fer (16), oh A/h(H1) 
est typiquement de quelques centaines de KHz. 
Ainsi l'evaluation du temps de relaxation r,  spin 

dans les solutions aqueuses de perchlorate 
d'uranium(IV), est peu sensible a l'existence 
(ou non) de molecules plus labiles en sphere in- 
terne de coordination. 

La valeur tres faible obtenue ici pour ce temps, 
r lspin = 2.3 x 10-l3 s, est comparable a la 
limite superieure du temps de relaxation elec- 
tronique des ions de terre rare Tm3+, Er3+, 
Ho3+, Dy3+, Tb3+ que Reuben et Fiat (17) ont 
situee entre 2.8 et 5.0 x 10-l3 s pour les solu- 
tions aqueuses de perchlorate de lanthanides 
correspondantes. 

En utilisant ces resultats, on peut estimer la 
vitesse de relaxation des protons en sphere 
interne. Puisque la relaxation electronique de 
l'uranium(1V) est rapide, c'est elle qui assure 
la relaxation des coordinats peu labiles. On a 

et l'on trouve alors comme limite superieure du 
temps de relaxation TiM des protons en sphere 
interne une valeur de s. Ce temps est bien 
plus court que le temps d'echange ; typiquement 

rM varie de 0.15 a 0.02 s quand la temperature 
croit de 20 a 95 "C, a [HClO,] = 2 M. Ainsi les 
coordinats restent fixes a l'ion U5+ un temps 
suffisamment long pour subir la relaxation par 
l'uranium(1V) avant que l'echange ait lieu, 
comme le montrait l'identite des vitesses de 
relaxation transversale 1/T2(U(1V))et longitudinale 
l/Tl(U(lV)) au Paragraphe 111. Dans ces con- 
ditions (Ti, = !0-3 s) on devrait pouvoir obser- 
ver separement le signal de l'eau libre et celui 
de l'eau liee dans une solution assez con- 
kentree en uranium(1V). Jusqu'a present, cepen- 
dant, nous ne sommes pas parvenus a observer 
le signal de resonance des protons lies sur le 
spectre haute-resolution, a 60 MHz .  I1 est 
raisonnable de penser que s'il existe 8 ou 9 
coordinats peu labiles en sphere interne, leurs 
liaisons avec l'uranium(1V) ne sont pas iden- 
tiques sauf si un rearrangement dynamique 
dans la sphere de coordination les rend equiva- 
lentes. S'il n'existe pas de rearrangement rapide, 
le spectre des protons lies est constituk par 
plusieurs signaux de resonance larges (A,,, = 
l/(nT2,) = 3.102 Hz). Si au contraire un rear- 
rangement rapide a lieu, ces differents signaux 
collapsent en un seul signal tres elargi. Dans 
ces deux cas, le (ou les) signaux de resonance 
des protons liQ devienneQ inobservables. 

(IV) DCplacement chimique de la raie 
d'absorption des protons du solvant 

Le spectre d'absorption des protons des 
solutions aqueuses d'acide chlorhydrique avec 
ou sans tetrachlorure d'uranium(1V) presente 
un seul signal de resonance. Ce signal se rap- 
proche de celui du TMPS vers les champs 
decroissants quand on augmente la concentra- 
tion en uranium(1V). Par contre, le comporte- 
ment du signal en acidite et en temperature 
depend peu de la concentration en uranium(1V): 
le signal se rapproche de celui du TMPS quand 
l'acidite decroit et quand la temperature croit. 
Les resultats sont portes sur la fig. 6. 

L'evolution du deplacement chimique 
G(UC1"HC') en fonction de la concentration en 
uranium(IV), n'est pas due aux coordinats peu 
labiles que nous avons mis en evidence au 
Paragraphe 111. En effet, la relaxation en sphere 
interne d'hydratation est comme nous l'avons 
montre au Paragraphe 111-2, plus rapide que la 
vitesse d'echange; le deplacement chimique 
Amo' que ces coordinats peuvent induire, est 
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L 
Oo 1 2 0' 0 5 10 0- 3 3,s 4 

[UCI~]  ( M  [ H C I ]  (MI  lo3 I T ( O K - ' )  

FIG. 6 .  Deplacement chimique 6'UC1'+HC" du signal d'absorption des protons mesure dans des solu- 
tions acides de chlorure d7uranium(1\? par rapport a celui du TMPS: A, a 32.5 "C e t a  differentes acidites 
(e, 1.0 M HC1; +, 4.0 M HCI), en fonction de la concentration en sel UCI,; B, a 32.5 "C et a differentes 
molarites en sel UCI,: (0, 0.0 M UCI,; A, 0.3 M UCI,; 0, 0.7 M UC1,; 0,  1.0 M UCI,) en fonction 
de l'acidite; C, a 4.0 M HCI et aux molarites en sel UCI, indiquees en B, en fonction de la temperature. 

alors negligeable devant celui qui est observe. L'effet des ions U4+ sur les protons de 
Ainsi, on a (7, 10): "deuxieme sphere" n'est pas non plus d'origine 

diamagnetique, comme on peut le montrer en 
- P M A ~ M  comparant leur deplacement chimique molaire 

[16] Am,' z 
IT2M + + AwM21zM2 

6M(UC14", aux deplacements chimiques molaires 
determines (18) dans des solutions aqueuses de 

pour P I  < Po sels diamagnetiques Th(N03),, Al(NO,),, vers 

qui devient lorsque la condition zM > T2, est 24 "C: 

verifiee 6M(UC'4) % 2.5 ppm M-' a [HCl] z 4 M 

1 dMTh(N03)4 z 0.61 ppm M-' a pK, z 4 
[''I - - P M A ~ M ( + ) ; ~  + ~ ~ ~ 2 ~ ~ ~ 2 )  dMA1'N03'3 % 0.64 ppm M-' a pK, % 5 

En prenant des valeurs typiques pour n,,, - 9, 
zM z 0.1 s a 20 "C, T2, 5 s et une valeur 
maximum du deplacement chimique des pro- 
tons lies, soit AmM - 3.8 x lo4 rad s-'. On 
trouve un deplacement induit Am,' 5 0.2 rad s-' 
bien plus petit que celui observe 

- - 2nd(UC14) 

,- - 48 rad s-' 
aux molarites suivantes [UCl,] % 0.3 M et 
[HCl] - 4 M, vers 20 "C. La variation du de- 
placement chimique d(UC1"HC') avec la con- 
centration en uranium(1V) doit donc etre 
attribute a une autre categorie de protons lies 
a l'uranium(1V) sur des sites plus labiles que 
I'on designera par "deuxieme sphere" et qui 
s'echangent rapidement avec ceux du solvant 
libre. 

On constate que I'effet purement diamagnetique 
des ions Th4+ ou A13+ sur les protons situes 
en sphere interne d'hydratation est faible devant 
celui observe pour l'uranium(1V); a fortiori, 
comme il s'agit d'un effet des ions U4+ sur les 
protons plus eloignes de "deuxieme sphere", cet 
effet n'est pas d'origine diamagnetique et ne 
peut donc itre que d'origine paramagnetique: 
ce sont les interactions de contact et/ou de 
pseudo-contact entreles protons dela "deuxieme 
sphere" et les electrons non apparies de l'ura- 
nium(1V) qui crCent le deplacernent chimique 
d(UC14). 

Soit nL le nombre de sites labiles en "deuxieme 
sphere" et dL le deplacement chimique des 
protons dans cet environnement. On a :  
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KIENER ET AL.: ETUDE DES COMPLEXES AQUEUX D'U(1V) 31 1 

cipalement des complexes monochlorCs UC13+ 
dans la gamme de concentrations etudiees: 

L'kchange des protons labiles s'effectue alors, 
entre trois sites: le solvant libre, la "deuxieme 
sphere" des complexes aqueux U(H20),,4+ in- 
dice (4) et la premiere ou la deuxieme sphere 
des complexes monochlorCs U(Cl)(H20),,,3+ 
indice (3). L'expression 20 devient 

deplacement chimique des protons, 6(UC'4), a 32.5 "C, a 
differentes mo1ariti.s en sel UCI,: (A, 0.3 M UCI,; ,O, 
0.7 M UCI,; 0,  1.0 M UCI,; V ,  1.3 M UCI,) en fonct~on 
de la concentration totale en chlore. 

- S ~ ' " ~ ' " , ~ -  

est la proportion en protons labiles. La condition 
d'echange rapide fixe une limite inferieure de la 
vitesse d'echange : 

PL4 = 
nL4 [U4+] 

[H2OllO1 + +[HCll - n,n,[U(IV)I 

L'evaluation du deplacement chimique 
hL - 6(HCI) depend du nombre de sites peu 
labiles et de sites labiles, c'est-a-dire du choix 
d'un modkle d'aquo-complexe. 

Sur la fig. 6, on remarque des deviations a la 
linearite lorsque la concentration en anions C1- 
devient forte. Afin de preciser cette evolution, on 
a porte sur la fig. 7, le deplacement chimique 
6(UC14) en fonction de la concentration totale en 
chlore. Au-dessous de la molarit6 [Cl-] z 6.0 M, 
le deplacement chimique 6(UC14) n'est pas in- 
fluence par la presence des chlores en solution, 
mais au-dessus de cette molarite, i l  varie 
lineairement avec la concentration en chlore. 
Or, on sait' que la complexation de l'uranium- 
(IV) par les chlores apparait a partir de la 
molarite [Cl-] z 5.0 M et qu'il se forme prin- 

5 a 
[CI -1 total. (M) nL3[UC13+] PL3 = 

FIG. 7. Variation de la contribution des ions U4+ au [H201to, f )[HC1l - nint[U(IV)I 

sont les proportions en protons labiles dans les 
environnements (3) et (4) et 64L, 63L sont les 
deplacements chimiques dans ces environne- 
ments, avec 

et 
K,, = [UC13+]/([CI-:I [U4+]) 

d'apres l'equilibre 22. 
D'aprb l'estimation du pourcentage en com- 

plexes U(H20),4+ et u(c~)(H,o),~+ en fonction 
de la concentration totale en chlore' et a partir 
des resultats experimentaux portes sur la fig. 7, 
on a determine par la methode des moindres 
carres, a 32.5 OC, les produits suivants: 

4 6 L - 6(HCI) nL ( 4 ) =  -96 5 9ppm 
et 

nL3(63L - 6(HC1)) = - 198 5 24 ppm 

oh rappelons-le, nL4 et nL3 sont les nombres de 
sites labiles dans les complexes U(H20),,4+ et 
U(C1)(H20),3+. A nouveau, le choix d'un 
modkle de complexe aqueux est necessaire pour 
evaluer les deplacements chimiques 64L - 6(HC') 
et 63L - 6(HC1). Mais l'etude des spectres haute- 
resolution du proton dans les solutions aqueuses 
de tetrachlorure d'uranium(1V) ne permet pas 
de choisir un modele precis: le nombre de sites 
labiles nL4 peut varier de 2 ou 3 molecules d'eau 
dans le cadre d'un modele d'aquo-complexe 
U(H20)? tel que Glebov l'a propose (4), oh 
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les coordinats en sphere interne sont inequiva- 
lents, a 1 1 ou 12 molCcules d'eau appartenant 
a la seconde sphere d'hydratation dans le cadre 
d'un modele d'aquo-complexe U(H20),,4+ ou 
les coordinats en sphere interne sont equivalents 
et peu labiles. La vitesse d'echange de ces 
coordinats labiles l / ~ , ~  est superieure a lo4 s-' 
ou 3 x lo3 s-' selon le modele choisi. 

(V) Conclusion 
L'etude de la resonance magnetique des pro- 

tons dans les solutions aqueuses de perchlorate 
dluranium(IV) nous a renseigne sur la cinetique 
d'kchange des protons de l'eau solvatante et 
sur la relaxation du moment magnetique de 
l'ion solvate U4+. 

Nous avons montre que la relaxation longi- 
tudinale et transversale des protons est limitee 
par le temps de residence z, des protons des 
molCcules d'eau situees dans la sphere interne 
d'hydratation des ions U4+, qui varie entre 10 ms 
et 1 s. 

La presence des ions diamagnetiques dans la 
solution modifie de f a ~ o n  assez sensible la 
cinetique d'echange. Lorsqu'ils sont en faible 
concentration et pour des p H  > 0, la vitesse 
d'echange l/z, croit quand l'aciditk diminue. 
Ceci est attribue au processus d'hydrolyse qui 
intervient, lorsque le nombre de complexes 
monohydroxyl~s U(OH)(H,0),,,3+ augmente et 
que la cinetique d'echange de leurs protons est 
plus rapide que celle correspondant aux com- 
plexes aqueux U(H20),4+. AUX fortes con- 
centrations en especes diamagnetiques, on a 
montre que la vitesse d'kchange l/z, varie 
lineairement avec l'activitk u,,, de l'eau, qui 
donne une mesure de la fraction molaire des 
molecules d'eau libres. non ioniskes et non 
solvatantes dans la solution. 

Les molecules d'eau de la sphere interne de 
coordination qui sont peu labiles et A relaxation 
trop rapide (z, > Ti,), n'apparaissent pas sur 
le spectre haute-resolution des protons. Cepen- 
dant, on met en evidence un deplacement 
chimique 6(uC14) d'origine paramagnktique dans 
les solutions aqueuses de chlorure d'uranium- 
(IV). Ceci indique l'existence de molCcules d'eau 
solvatantes, occupant des sites labiles en "deu- 
xierne sphere". Ces protons en interaction de 
contact et/ou de pseudacontact avec l'ura- 
nium(IV), s'echangent rapidement avec ceux 
du solvant libre. 

A forte concentration en chlore, [Cl-] 2 6.0 M 
des aquo-complexes monochlorCs, U(C1)- 

(H20),,3+, se forment et donnent naissance a un 
terme nouveau dans le deplacement chimique 
J(uC14). 

Enfin, le comportement de la vitesse de relaxa- 
tion I / T , ' ~ ( ' ~ ) )  a basse temperature, s'explique 
par un effet de sphere externe qui nous a permis 
de chiffrer le temps de relaxation Clectronique 
de l'uranium(IV), z1 = 10-l3 s, ce dernier 
restant inaccessible aux autres techniques [rpe, 
etc. . . . I .  

L'investigation des complexes aqueux d'ura- 
nium(1V) par la resonance magnetique nucltaire 
nous a permis de decrire essentiellement l'aspect 
cinktique de l'hydratation. Une interpretation 
plus fine de ces resultats necessitera une con- 
naissance plus precise de la structure et de la 
coordinence des complexes, information que la 
resonance magnetique nucleaire ne peut pas 
fournir dans ce cas, mais que l'on peut, peut- 
Ctre, obtenir par d'autres techniques. 
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Aqueous solutions of bromorhodate(III) complexes. 
Their use as catalysts for homogeneous hydrogenation, 

and their reactivity toward carbon monoxide1 
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BRIAN R. JAMES and GEORGE ROSENBERG. Can. J .  Chem. 54, 31 3 (1976). 
Under mild conditions, aqueous acid bromide solutions likely containing principally 

RhBr4(H,0),- catalyze the hydrogen reduction of iron(III), and react with carbon monoxide to 
give cis-Rh(CO),Br,-. The kinetics of these reactions were studied, and were found similar to 
those previously reported for corresponding systems using RhC1,(H,0)2-, although the bromo 
complex is some thirty times more reactive than the chloro complex toward both H, and CO. 
Plausible mechanisms are discussed, and some comparisons made between the two halide systems; 
the chloride system shows a much more marked inverse dependence on acid concentration. The 
reductive carbonylation process in a direct reaction step of CO with rhodium(III), and in a auto- 
catalytic step involving formation of a mixed valence Rh"' . . . Br . . . Rh' intermediate, appears 
to involve coordinated and not external water. 

BRIAN R. JAMES et GEORGE ROSENBERG. Can. J. Chem. 54, 313 (1976). 
Dans des conditions douces, des solutions aqueuses et acides de bromure contenant vraisemblable- 

ment principalement du RhBr,(H,O),- catalysent la reduction par I'hydrogtne du Fe(II1) et 
reagissent avec le monoxyde de carbone pour fournir le cis-Rh(CO),Br,-. On a ttudie la cinetique de 
cette reaction et on a trouve qu'elle est semblable a celle rapportee anterieurement pour des 
systemes correspondants utilisant le RhCI,(H,0)2-; le complexe bromC est toutefois environ 
trente fois plus reactif que le complexe chlore vis-a-vis le H, et le CO. On discute des mecanismes 
possibles et on fait queiques comparaisons entre les deux systemes halogenes; le systeme chlort 
presente une dependance inverse beaucoup plus marquee sur la concentration en acide. I1 semble 
que le processus de carbonylation reductrice par reaction directe du CO avec le Rh(III), et par une 
reaction autocatalytique impliquant la formation d'un complexe intermediaire Rh"' . . . Br . . . Rhl 
de valence mixte, implique de I'eau coordonnee et non exterieure. 

[Traduit par le journal] 

Introduction 
Studies from this laboratory (1) have reported 

previously on the use of chlororhodate(III) 
species for catalytic hydrogen reduction of 
inorganic substrates such as ferric in aqueous 
acid solutions. Other work (2) has described 
the reaction of the chlororhodate(III) species in 
hydrochloric acid solutions with carbon mon- 
oxide to give initially chlorocarbonylrhodate(III) 
and then the cis-dichlorodicarbonylrhodate(I) 
anion, Rh(CO),Cl,-. This latter complex has 
been found to catalyze the carbon monoxide 
reduction of ferric ion (2), molecular oxygen 
(3, 4), and nitric oxide (5), as well as catalyze 
the important carbonylation of methanol to 
give acetic acid (6). 

In view of the potential catalytic properties 
of other rhodium halides and halogenocar- 
bony1 species, we decided to extend our studies 

'Taken from the Ph.D. thesis of G. Rosenberg, University 
of British Columbia, Vancouver, British Columbia, 1974. 

to the bromide and iodide systems. However, 
corresponding studies on the iodide system 
were found to be impossible since aqueous acid 
solutions of rhodium(II1) and iodide undergo 
a redox reaction with the liberation of iodine; 
iodocarbonyl-rhodate(1) and -rhodate(III) com- 
plexes may be made, however, by other routes 
(7). This paper then summarizes our findings 
on the reactivity of bromorhodate(II1) species 
in aqueous acid solutions toward both Hz and 
CO. The species present in 0.5 M HBr solutions 
(thought to be mainly RhBr,(H,O),-) is found 
to be some thirty times more active than the 
RhCl,(H,0)2- anion, under comparable con- 
ditions. 

Experimental 
Rhodium(II1) tribromide was obtained as the dihydrate 

from Platinum Chemicals. Concentrated HBr was diluted 
and standardized. Fe(CI04),-6H,O (Alpha Inorganics, 
reagent grade) and NaBr (B.D.H., C.P. grade) were used 
as such. Other materials used, and the procedure used for 
following H, or CO uptake at  constant pressure have 
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been described previously (1, 2). The complexes 
[Rh(H20),-,Br,]'n-3)- are not as well-characterized in 
solution as the corresponding chloro complexes (8), but 
ca. lo-, M solutions of RhBr3.2H20 in 0.5 M HBr, ther- 
mally equilibrated for 20 h at 80 "C, are thought to contain 
mainly the 4: 1 complex RhBr,(H,O),-. Stability constant 
data evaluated by Cozzi and Pantani using polarographic 
and spectrophotometric techniques (9) suggest that such 
solutions should contain about 75% RhBr,(H,O),- and 
25% RhBr3(H20),. The equilibrated red solutions have an 
absorption maximum at 537 nm ( E  = 175 M-I cm-') and 
an absorption minimum at 505 nm ( E  = 150) which appear 
consistent with such a mixture using the spectral data 
reported for the tri- and tetrabromo species (9). During 
the course of our work Robb and Bekker (10) reported 
on the aquobromorhodium complexes; the spectrum of the 
synthesized K,[RhBr,(H,O)] complex in ice-cold water 
showed a 2.,,, at 542 nm ( E  = 150), close to that of our 
equilibrated solutions, but data on the lability of this 
species were not given. The tri- and tetrabromo species 
were also said to be characterized in solution after chromato- 
graphic separation, but unfortunately the spectra were not 
recorded. Nevertheless the established trend of the shift of 
the absorption maxima to lower wavelengths with decreasing 
number of coordinated halides (8- 10) would again indicate 
that our solutions contain mainly RhBr,(H,O),-. The 
added problem of possible geometrical isomers has not 
been resolved (10). 

The solubility of H, in 0.5 M HBr at 40 OC (7.1 x lo-" M 
atm-I) was calculated from data of Wiebe and Gaddy (1 1) 
correcting for the effect of HBr (12); the CO solubility at 
40 "C was taken as 7.9 x 10-j M atm-I, the value in pure 
water (13). 

Results 
Hydrogenation of Iron (111) 

The equilibrated 0.5 M HBr rhodium(II1) 
solutions ( -  lo-' M)  were found to be effective 
catalysts for the H, reduction of Fe(1II) under 
mild conditions (40-60 "C, up to 1 atm H,). 
In the presence of excess Fe(II1) substrate, 
linear hydrogen uptake plots were recorded as 
a function of time; the plots were linear up to 
complete reduction of the ferric ion (H,: Fe = 

1 :2), and were independent of the [Fel"]. 
Simultaneous spectrophotometric measure- 
ments confirmed that the H, uptake was con- 
sumed in the reduction of Fe(II1) to Fe(I1) and 
that the concentration of Rh(II1) remained 
constant. The system is entirely analogous to 
the RhC15(H,0)2- system studied earlier (l), 
and the kinetic data for the linear rates again 
obeyed the simple rate law klH[Rh'":I[H2], which 
gives the pseudo zero-order kinetics a t  the 
constant pressure maintained in any given set 
of conditions. The k IH  value at 40 "C was 
0.17 f 0.01 M-' s-' ; using corresponding values 
at 45 "C (0.30), 50 "C (0.40), and 55 "C (0.92 M-' 
s-'), a reasonable Arrhenius plot yields the 

o 4000 sdm 12600 
Trne ,s 

FIG. 1. Rate plot for carbonylation of RhBr,(H,O),- 
at 40 "C, 759 mm Hg C O  in 0.5 M HBr; @, 0.02 M Rh;  
A, 0.015,M Rh. 

activation parameters AH* = 94.9 f 7.1 kJ 
mol-', AS* = 44 f 21 J K-' mol-' (14). 

Carbonylation Reactions 
The equilibrated 0.5 M HBr rhodium(II1) 

solutions absorbed CO at conveniently measure- 
able rates between 40-55 "C and gave auto- 
catalytic uptake plots of the type shown in 
Fig. 1. The net measurable uptake corresponded 
to a 2 : 1 mole ratio of gas : Rh, and experiments 
in the presence of a sodalime tube (to absorb 
CO,) resulted in a 3: 1 uptake. The original 
red solution becomes yellow (A,,, 326 nm, 
E = 3700 M-l  cm-l) and contains the dibromo- 
dicarbonylrhodate(1) anion which may be readily 
precipitated as the tetrabutylammonium salt. 
The properties of the isolated solid, vco = 2058, 
1983 cm-', correspond to those reported by 
Vallarino (1 5) for [(n-C,H,),NII [Rh(CO),Br,]. 
The overall reaction is : 

H 0 
[l]  Rh"' + ~ C O  ir Rhl(CO), + CO, + 2Hi 

The system corresponds very closely to the 
RhC15(H20)2- system studied previously at 
higher temperatures (2). Reactions were carried 
out over a range of rhodium concentrations and 
CO pressures up to 1 atm, and by analysis of 
the initial and maximum rates of the uptake 
plots (Fig. l), the rate law was shown to be: 

121 - d[CO]/dt = klCOIRh"'] [CO] 
+ k2[Rh11'] [ ~ h ' ]  

The first term is concerned with the initial rate, 
and the second term the autocatalytic reaction 
which is the major contribution to the maximum 
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TABLE 1. Rate constant data for the CO reaction with increased amount of lower bromo species, 
bromorhodate(1lI) species in 0.5 M HBr at 40 "C (eq. 2) RhBr3(H20), [J,,,, 510 nm, = 320 

Method* klCO (M-' s-I) k, (M-I s-') 
(9)]. The effect of acid on klCO and k, was studied 
by variation of an HBr: NaBr composition at a 

Initial rates 0.15+0.01 - total [Br-] of 0.50 M. A slight inverse acid 
(4 - 0.058 de~endence is observed for the autocatalvtic 

0.047 reiction (k,) and possibly for the initial i n e  
0.047+0.03 

0.048 (klCO) (Table 3). 

*See text. Discussion 

TABLE 2. Temperature dependence data for the CO The hydrogenation system is thought to in- 
reaction (eq. 2)* volve a rate-determining heterolytic splitting 

of H, by the catalyst to give a hydride, which 
Temperature klCO k, reduces the iron(II1) in a subsequent fast step 

("C) (M-I S-I) M -  - 1  (I), for example: 

k H  0'050 [3] RhBr,(H,O),- + H, & HR~B~,(H,o),-  + H' + Br- 
0.065 
0.109 fast 
0,157 [4] HRhBr,(H,O),- + 2FeBr,- RhBr,(H,O),- 

*AH,* = 112.4f 8.4; AH2* = 63.1 k4.2 kJ mol-' ; AS,' = 98f 25; 
AS,* = -69 f 13 J K-' mol-I. 

rate at the 50% reaction point. The analysis of 
the second term was carried out in the four 
methods (a) to (d) described in detail earlier (2) : 
(a) involves plotting the maximum rate against 
[Rh"'] [Rhl] at constant CO pressure, (b) involves 
plotting maximum rates us. [CO] at a constant 
[Rh"'], (c) involves measuring the ratio of 
maximum to initial rate, and (6) involves direct 
integration of rate law [2]. Table 1 summarizes 
the evaluated rate constants obtained using 
these analytical methods on the raw data (14); 
method (b) also yields a kl value. Table 2 
summarizes the temperature dependence data, 
where k, was evaluated using method (c); the 
activation parameters are given in Table 2. 

Variation of the bromide concentration from 
0.50-0.25 M at a constant acidity of 0.5 M, 
maintained by using HBr and HClO, mixtures, 
did not significantly affect the spectrum of the 
initial rhodium(II1) solutions. Thus observed 
slight increases in initial rate with decreasing 
[Br-] at 40 "C are likely attributed to increase 
in CO solubility (2). An increase in k, values 
from 0.05 to 0.09 M-' as the [Br-] decreased 
from 0.50-0.25 M is thought significant since 
the k, step is independent of the [CO]; at a 
[Br-] = 0.1 M, k, was 0.062 M-I s-', but at 
these conditions the initial rhodium(II1) spec- 
trum now had an absorption maximum at 
5 15 nm ( E  = 195) indicating the presence of an 

Direct evidence for an equilibrium such as [3] 
has been obtained for a corresponding chloro- 
ruthenate(II1) system by deuterium exchange 
experiments (16). For certain metal ion com- 
plexes, the net hydrogen splitting results via 
oxidative addition of H, to give dihydride, 
followed by reductive elimination (17), for 
example : 

However, such a process seems unlikely for 
coordinatively saturated Rh(II1) complexes. In 
view of the known interconvertibility of a 
rhodium(II1) hydride to rhodium(1) plus a 
proton (lg), the fast step [4] could alternatively 
involve rhodium(I), which is known (2) to 
readily reduce iron(II1). 

The summarized data in Table 4 show that 
the bromo species, probably RhBr,(H,O),- is 
some thirty times more reactive than 
RhCl,(H20)2- toward H, in a reaction such as 
[3], and the activation parameter data indicate 
that this is primarily reflected in a lower A f l  
value. 

Following Halpern (19), the net substitution 
of hydride for bromide in reaction 3 likely in- 
volves a transition state such as 1. Differences 
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TABLE 3. Effect of acidity on the CO reaction at 40 "C, 
[Br-] = 0.50 M, [Rh] = 0.02 M, [CO] = 7.9 x M 

[H+l (M) klCO (M-' s-') k, (M-' s-I) 

between the chloride and bromide systems will 
depend on the strengths of the Rh-X, H-X, 
and Rh-H bonds, and all of these will vary 
with the halide X. It is clearly difficult to draw 
any definite conclusions especially in view of 
some uncertainty in the nature of the bromo 
species; a weaker Rh-Br bond will be signifi- 
cant, and a charge difference could be important. 

In the carbonylation reaction, the k," step to 
give the autocatalytic species ~ h ( C o ) , ~ r , -  
involves a reductive carbonylation process 
which has been discussed in detail previously (2). 
Scheme 1, incorporating a CO insertion reaction 
to give a carboxylate intermediate, summarizes 
that discussion. 

2CO 1 
Rhl(CO), - Rhl(+ CO, + H+) 

Reaction via both hydroxy and aquo species 
equates kIC0 with (K,k'[H+]-' + k). The acid 
dependence data at 40 "C (Table 3, Fig. 2) 
would give k z 0.12 M-' s-' and K,kf z 0.01 
s-'. This analysis assumes that a coordinated 
water (or hydroxide) is involved in the reaction, 
the H 2 0  (or OH-) then migrating to a cis 
carbonyl; such a mechanism follows from that 
established for many CO insertion reactions 
(20), and that usually postulated for the related 
olefin oxidation using palladium(II), the "oxy- 
palladation" reaction (2 1) : 

However, the more well-characterized oxy- 
mercuration and oxythallation of olefins are 

FIG. 2 Inverse acid dependence of k," and k, (eq. 2, 
Table 3); 0.02 M Rh, 0.5 M Br-, 759 mm HgCO. 

0.25- 

0.20- 

0.15- 

0 .lo- 

stereochemically trans reactions involving exter- 
nal H 2 0  or OH- (22), and reactions involving 
nucleophilic attack of alcohols on coordinately 
saturated carbonyls to give esters must also in- 
volve external attack of the alcohol (23). Thus 
the water or hydroxide required for the k,'O 
step could invilve external-attack; this woild 
imply, for example, that the acid dependent 
contribution to klCO (Fig. 2) is of the form 
(constant)[Rhl":l [CO] [OH-], and it would be 
necessary to invoke a preequilibrium reaction 
with CO (not detected) followed by a rate 
determining hydroxide attack to  account for 
such kinetics. Since there is no significant in- 
verse bromide dependence, the alternative mech- 
anism with external H,O(OH-) attack would 
then be written, for example: 

OOwO 
00 

/ / j O  

0 

000 

slow 
[8] RhBr,(H,O)(CO)- b H,O or OH- 

RhBr,(H,O)(COOH)- + (H+) 

k,, M-'~-I 
- 0.06 

-0.04 

We intuitively consider this less likely than 
reaction with the coordinated H,O, although 
for an aquopentabromo (or chloro) complex, 
decomposition of an intermediate RhX,(CO)'- 
species via external attack seems more feasible. 
It should be noted, however, that in the oxida- 
tion of ethylene to acetaldehyde using 
[RhC1n(H20),-,,1(n-3)- complexes, the hexa- 
chloro species is inactive, giving convincing 
evidence that a coordinated water is essential 
in this case (24). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JAMES A N D  ROSENBERG: AQUEOUS SOLUTIONS OF BROMORHODATE(II1) COMPLEXES 

slow 
Rh(CO),BrZ- + RhBr,(H,O),- - [(H,o)B~,(co),R~~-B~-R~~~~B~~(H,O),]'- 

H,O I 
- CO,, - H+ J .1 

Rh1(CO)Br3'- (H,O)Br,(CO),Rh"lBr Rh1Br3(HZO)2- 

The concentration of free hydroxide or 
hydroxy complexes in the acid media is extremely 
small. Using acid dissociation constant data for 
the aquochlororhodate(III) complexes (25) sug- 
gests that a hydroxy species would be more 
reactive than an aquo species (see Scheme 1) by 
factors of - lo5, and such labilizing effects of 
the order of lo4 have been noted for substitu- 
tion reactions of cobalt(II1) complexes (26). To 
account for the observed initial rates of - 10" 
M s-' (Fig. l), the mechanism of [7] and [8] 
would necessitate a rate constant of - 10" 
M-' s-' for reaction 8 which is of the order of 
diffusion-controlled reactions in solution (27). 

The autocatalytic k2 step involves formation 
of a mixed valence halide-bridged intermediate, 
followed by an internal two-electron transfer 
and decomposition via breaking of the newly- 
formed labile Rhl-halide bond (2). The process 
for diaquotetrabromorhodate(II1) is outlined in 
Scheme 2 ;  the initial rhodium(1) products are 
then converted rapidly to Rh(CO),Br2-. The 
small inverse acid effect on k, (Table 3, Fig. 2) 
perhaps suggests some slight contribution via 
a rhodium(II1) hydroxy complex with 

This again implies that k,, is orders of magnitude 
greater than kHz,. The inverse bromide effect 
could be due to inhibited formation of the 
bridged intermediate or occupancy of the axial 
Rh' ligand position by bromide (trans to  the 
bridging bromide). 

The data in Table 4 show that the bromide 
system is some thirty times more reactive than 
the chloride system toward both CO and Hz. 
However, as regards CO substitution (Scheme 
l), the bromide system appears to proceed 
mainly via an acid independent path, while the 
chloride system involves mainly hydroxide 
species, and the data indicate somewhat greater 
lability for RhBr,(H,O),- compared to RhC1,- 
(H20)'-. The positive A S *  values could reflect 
a spreading out of charge in the transition 
state (1). 

The bromide system is more reactive by a 
factor of about ten in the autocatalytic step of 
the carbonylation reactions (Table 5 ) ,  and 
again, in contrast to the chloride system, 
hydroxy species play a negligible role. The k, 
values could refer to step (a) of [9], or could be 
a composite constant Kk* with K small: 

where 
The reactivity trend will be influenced by the 

kHzo % 0.047 M-' s-' greater ability of the more polarizable Br- to 
and transmit electrons, and possibly by more favor- 

KakoH % 0.001 s-' at 40 "C able electrostatic factors for the bromide system; 

TABLE 4. Summary of kinetic data for reaction of rhodium(II1) halide complexes with 
CO and H, 

k lH or  klCO 
(M- '  s-') AH' AS* 

System 40 "C 80 "C (kJ mol-I) (J K-I mol-') 

RhBr,(H,O),-/Hz* 0 .17  94.9 44 
RhC15(H,0)Z-/H,t 0.005$ 0 .56  102.8 37 
RhBr,(H,0)2-/CO* 0.145 112.4 98 
RhC15(~,0) ' - /COt 0.005$ 0.545 108 5 5 

'In 0.5 M HBr. 
?In 3.0 M HCI. 
f Estimated from activation parameters. 
$klCO = k + K,k'[H+]-l. for RhBr,(H,O),- at 40 OC, k = 0.12 M-I s- ' ,  K,k' = 0.01 s- ' ;  for 

RhCI,(H,0)2- at 80 "C, k = 0.2 M-' s- ' ,  K,k' = I .  
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TABLE 5. Summary of kinetic data for the autocatalytic step 
-- 

k2 AH2* AS2 * 
System (M-' s-I) (kJ mol-I) (J K-I mol-I) 

RhBr,(H,O),-/Rh(CO),Br2-* 0.05 (4Oo)f 63.1 - 69 
RhCI,(H20)2-/Rh(CO)2C12-t 0.005 (40°)§ 

0.07 (8O0)f 52.2 - 120 

*In 0.5 M HBr. 
tln 3.0 M HCI. 
:k, = k,,:, + K,ko,[H']-l ; for the bromide system at 40 "C, k,,, = 0.047 M-' s-I, K,k,, - 0.001 

s-'; for the chloride system at 80 OC. k,,, = 0.05 M-' s-I. K,ko, = 0.07 s-'. 
$Estimated from activation parameters. 

the more negative AS," value for the chloride 
system could result from greater charge and 
solvation ofthe bridged intermediateor activated 
complex. 

An interesting observation is that the second 
order rate constants and activation parameters 
for reactions of the bromide andchloride systems 
with H, are quite similar to those found for 
the corresponding reactions with CO (Table 4), 
and offers indirect evidence that both the 
hydrogenation and carbonylation reactions in- 
volve substitution via similar mechanisms, for 
example, an interchange process (28) with 
transition states similar to 1 : 

Such similarities tend to argue against external 
H,O(OH-) attack in the carbonylation system 
exemplified by reaction 7 and 8. 

In view of the decomposition of the Rhlll(CO) 
by water to Rhl (Scheme 1; cf. theRhlLIH- e 
Rhl + H+ process mentioned earlier), a rho- 
dium(II1)-carbon monoxide system ([lo]) may 
also be used for catalytic reduction of iron(II1); 
such studies have been completed (4, 14) and 
will be reported in detail later. 
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Reactions of sodium tetrahydroborate and cyanotrihydroborate with 
ruthenium(I1) and (111) systems in the presence of tertiary phosphines 
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DAVID G. HOLAH, ALAN N. HUGHES, and BENJAMIN C. HUI. Can. J. Chem. 54, 320 (1976). 
The first tetrahydroborato-phosphine complexes of Ru(I1) are reported and a number of new 

cyanotrihydroborato and hydrido complexes of Ru(I1) are also recorded. Among the more 
interesting complexes prepared are RuH(BH4)(PPh,),, RuH(BH,)(CO)(PPh,),, RuH(BH4)(CO),- 
[P(C6Hl1),],, and RuH(BH,CN)(CO),(DBP), (DBP is the ligand 5-phenyl-5H-dibenzophos- 
phole). It is shown that unlike Rh(III), Ru(II1) is not stabilized by phosphine complex formation 
towards reduction by tetrahydroborate ion although Ru(I1) is not reduced further by this reagent. 
A stepwise mechanism is proposed for the reduction of phosphine-dichloro Ru(I1) systems to 
hydrido-tetrahydroborato and dihydro complexes. Nuclear magnetic resonance studies show 
that certain of the products are mixtures of geometrical isomers and, in several cases, detailed 
nmr assignments are made. 

DAVID G. HOLAH, ALAN N. HUGHES et BENIAM~N C. HUI. Can. J. Chem. 54, 320 (1976). 
On rapporte la preparation des premiers complexes tetrahydroborato-phosphine du Ru(I1) 

ainsi que celle d'un certain nombre de nouveaux complexes cyanotrihydroborato et hydrido du 
Ru(I1). Parmi les complexes les plus interessants qui ont &ti' prepares, on retrouve RuH(BH,)- 
(pph3)3, RuH(BH~)(CO)(PP~,) , ,  RuH(BH~)(CO)~[P(C~H~~),I~ et RUH(BH,CN)(CO)~(DBP)~ 
(DBP est le ligand phknyl-5 5H-dibenzophosphole). On montre que le Ru(III), par opposition 
au Rh(III), n'est pas stabilise, par formation d'un complexe de phosphine, vis-a-vis de la reduction 
par I'ion tetrahydroborato et ce m&me si le Ru(I1) n'est pas reduit plus loin par ce reactif. On pro- 
pose un mecanisme par etapes pour la reduction des systtmes phosphine-dichloro Ru(I1) en 
complexes hydridotetrahydroborato et dihydro. Des etudes rmn montrent que certain de ces 
produits sont des melanges d'isomtres gtometriques et, dans plusieurs cas, on fait des attributions 
detaillees des bandes rmn. 

[Traduit par le journal] 

Introduction 
In a series of previous papers (1-3) we have 

reported that a variety of phosphine-metal(1) 
chloro, tetrahydroborato, and cyanotrihydro- 
borato complexes may be obtained by treat- 
ment of Co(II), Ni(II), or Cu(I1) halides with 
NaBH, or NaBH,CN in the presence of tertiary 
phosphines under carefully controlled con- 
ditions. In addition, a mechanism was proposed 
(2, 3) for the reduction of metal(I1) halides to 
the range of metal(1) complexes of the type 
mentioned above. The results of this investiga- 
tion have been summarized more fully elsewhere 
(4) and, in the same paper, the investigation has 
also been extended to Rh(I), Rh(II), and Rh(II1) 
systems. 

With these rhodium systems, it was shown (4) 
that both Rh(1) and Rh(I1)-tetrahydroborato 
complexes such as Rh(BH,)(PPh,), (highly 
unstable) and RhH(BH,)(o-toly1,P) could be 
obtained whereas with Rh(III), the only Rh(II1) 
complexes which could be obtained were 

hydrido-chloro (e.g. RhH,ClL, where L is a 
phosphine ligand) or hydrido-cyanotrihydro- 
borato (e.g. RhH,(BH,CN)L,) complexes. In 
this work, it also became clear that Rh(1) halide 
complexes such as RhCl(PPh,), react with 
tetrahydroborate ion in the same way as similar 
Ni(1) complexes to give first a tetrahydroborato 
complex which then decomposes to an Rh(1) 
hydrido complex. Furthermore, it was shown 
that Rh(I), Rh(II), and Rh(II1) are all normally 
stabilized by complexing phosphine ligands 
towards reduction by tetrahydroborate ion to 
lower oxidation states of rhodium. However, 
certain puzzling features were apparent from 
these reactions. For example, it was found that 
the Rh(II1) complex RhCl,(DBP), (DBP = the 
dibenzophosphole ligand 5-phenyl-5H-dibenzo- 
phosphole previously discussed (4)) reacts with 
tetrahydroborate ion to give RhH,Cl(DBP), 
whereas with the milder reducing agent 
NaBH,CN, an Rh(1)-BH,CN complex was 
obtained. Possible mechanisms for the forma- 
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tion of these products were briefly discussed 
but it was apparent that further work on the 
tetrahydroborate and cyanotrihydroborate re- 
ductions of transition metal halides was essential. 

We therefore report here our findings obtained 
by extending the studies discussed above to 
ruthenium(I1) and (111) systems. Relatively 
little work has been done on these systems and 
the only known (5) ruthenium complexes related 
to the rhodium complexes mentioned above are 
the ionic species [Ru(NH,),(BH,CN)]Br and 
[Ru(NH,),(BH,CN)]Br, in which the BH,CN 
groups are bound to the metal in the same 
manner as in the corresponding CH,CN com- 
plexes. However, as reported below, a wide 
variety of Ru-BH, and Ru-BH,CN complexes 
may be obtained if conditions are carefully 
controlled. 

Results and Discussion 
Reactions of Ru( I I )  and Ru( I I I )  Chlorides in 

the Presence of Phosphines 
Since Co(I1) and Ni(I1) have been found (3) 

to react with NaBH, in ethanol solution in the 
presence of an excess of PPh, to give a variety 
of univalent complexes, it was considered 
possible that the well-known (6) blue 
ruthenium(I1) chloride solution, which contains 
the [Ru,CI,,]~- species, may behave similarly. 
However, Ru(I1) cannot be reduced to Ru(1) 
with tetrahydroborate ion under similar con- 
ditions. For example, in the presence of a six- 
fold excess of P P ~ ,  and with a 1 : 1 molar ratio 
of NaBH, to Ru in ethanol, the known (7) 
RuHCl(PPh,), is the sole product. On the other 
hand, addition of a large excess (over 10 times) 
of NaBH, to the mixture of Ru(I1) (as the above 
blue solution) and PPh, causes the precipitation 
of a yellow, diamagnetic hydrido-tetrahydro- 
borato complex analyzing well for RuH(BH,)- 
(PPh,),, i.e. although reduction of Ru(I1) to 
Ru(1) does not occur, a reasonably stable tetra- 
hydroborato complex is obtained. This com- 
pound is only stable under an inert atmosphere 
and slowly decomposes in air. Prolonged stirring 
of the reaction mixture (- 25 h) without isolat- 
ing the RuH(BH,)(PPh,), results in its decom- 
position and the known (8) RuH,(PPh,), is 
formed. 

The presence of the tetrahydroborate group- 
ing in the complex formulated as RuH(BH,)- 
(PPh,), is demonstrated by the infrared spec- 
trum which shows absorptions at 11 19, 2340, 

and 2382 cm-' assignable to the bending and 
stretching modes respectively of the terminal 
B-H bonds. The Ru-H bond appears in the 
infrared spectrum as a weak absorption at 
2080 cm-'. This Ru-H linkage can also be 
identified as a typical metal hydride band in the 
nmr spectrum as a broad (-35 Hz) signal at 
16.87 r. Further confirmation of this structure 
is given by the fact that with NaBD,, the cor- 
responding deuterated product has been isolated 
and, as expected, the bands due to the stretching 
frequencies of the terminal B-D bonds shift 
to 1792 and 1810 cm-'. It has also been found 
that this hydrido-tetrahydroborato complex 
can also be prepared by using commercial 
RuCl, hydrate (presumably because Ru(II1) 
is readily reduced by PPh,(9)) instead of the 
blue Ru(I1) chloride solution. 

On the basis of the infrared and nmr spectra 
already discussed, and from the fact that 
RuHCl(PPh,), can be isolated as an inter- 
mediate product, a distorted trigonal bipyra- 
midal (similar to RuHCl(PPh,),) structure (1) 
is proposed for RuH(BH,)(PPh,),. 

A structure involving double hydrogen bridges, 
and therefore an octahedral Ru(I1) species, 
seems rather unlikely due to the absence of the 
ring breathing modes of 

in the ir spectrum. The broad nature of the 
metal-hydride nmr signal may suggest exten- 
sive dissociation of PPh,. 

As mentioned in the introduction, no tetra- 
hydroborato complex of ruthenium has pre- 
viously been reported although the reactions 
of NaBH, and RuC1, in the presence of PPh, 
in boiling ethanol have been thoroughly in- 
vestigated (8, 10). Hydrido complexes, such as 
RuH,(PPh,), (8), RuH,(PPh,), (8), and RuH,- 
(PPh,), (10) are conveniently prepared by this 
method. Our results therefore indicate that 
these previously reported reactions involve 
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unisolated M-BH, intermediate complexes. 
Some support for this comes from the fact that 
the tetrahydroborato complex RuH(BH4)- 
(PPh,), in ethanol under reflux decomposes to 
the known (7) RuH,(CO)(PPh,),. Decomposi- 
tion of the hydrido-tetrahydroborato complex 
is apparently accompanied by abstraction of CO 
from ethanol. However, in the presence of 
free PPh,, RuH(BH,)(PPh,), decomposes to 
RuH,(PPh,),. 

Thus, from our observations, the action of 
NaBH, on Ru(I1) complexes in the presence 
of PPh, seems to proceed according to Scheme 1. 

NaBH, 
Ru(I1) chloride + PPh, - RuHCl(PPh,), 

complex EtOH 1 
( NaBH, 

heat 4 
RuH,(PPh,),L - RuH(BH4)(PPh3), 

(L = C O  or PPh,) L 

Ru(I1) therefore behaves quite differently as 
compared with Co(II), Ni(II), or Cu(I1) which 
have been found (3) to form, as summarized 
in the introduction, M(1)-chloro or tetrahydro- 
borato complexes. As will be seen in the con- 
cluding paragraphs of this paper, further evi- 
dence allows the skeleton Scheme l to be 
amplified somewhat. 

The formation of the tetrahydroborato com- 
plex appears to be very sensitive to the electronic 
and steric effects operating in the ligand. For 
example, with Ru(I1) or Ru(II1) chloride in the 
presence of NaBH, under conditions similar to 
those already outlined, AsPh, forms only 
RuHCl(AsPh,), (nmr shows an Ru-H singlet 
at 21.9 z), while the rigid bulky DBP gives the 
known (1 1) RuHCl(DBP), although under more 
rigorous conditions, RuH,(DBP), (1 1) is the 
only product. Furthermore, we have failed to 
isolate any appreciable amount of solid product 
when 1,2-bis(dipheny1phosphino)ethane (di- 
phos), 1,3- or 1,5-cyclooctadiene, 1,lO-phen- 
anthroline, PEtPh,, or P(C6Hl1), is used as 
ligand. 

With regard to similar cyanotrihydroborate 
reactions, although NaBH,CN reacts with the 
Ru(I1) blue chloride solutions in the presence of 
PPh, or DBP to give brown solutions, we were 
unable to isolate any identifiable product. 
Addition of Ph4As+C1- or Na+Ph,BP to these 
brown solutions does not precipitate any salts. 

Reactions of RuC12 (PPh,), and RuCl, (DBP), 
Although RuCl,(PPh,), (7) also reacts with 

NaBH, in the same manner as the Ru(I1) blue 
solution in the presence of Ph,P, in ethanol at 
room temperature to form RuH(BH,)(PPh,),, 
the product is always contaminated with vary- 
ing amounts of the known (10, 12) tetrahydrido 
complex RuH,(PPh,), which can be identified 
from both the ir and nmr spectra of the product. 
Prolonged stirring of RuCl,(PPh,), with NaBH, 
always results in the tetrahydride. Therefore, it 
appears that in the presence of a large excess of 
NaBH,, the intermediate RuH(BH,)(PPh,), 
tends to decompose quickly and also oxida- 
tively add dihydrogen. Recrystallization of this 
tetrahydrido complex from N2-saturated solvent 
results in the formation of some RuH2(N2)- 
(PPh3)3 ( 10). 

In related experiments, the reaction of NaBH, 
with RuCl,(PPh,), in C,H6-ethanol has been 
reported by Harris et al. (12) to give RuH4- 
(PPh,),. However, no intermediate tetrahydro- 
borato complex can be isolated under these con- 
ditions. NaBH, also reacts with RuCl,(PPh,), 
in ethanol under reflux to form the already 
known (7) RuH,(CO)(PPh,), . This reaction 
seems likely to involve the hydrido-tetrahydro- 
borato complex and the product is probably 
formed from the intermediate RuH(BH,)(PPh,), 
in the same manner as reported in the previous 
section. 

We have noticed that in these reactions, the 
formation of RuH,(PPh,), can be suppressed if 
a 3-6 M ratio of PPh, is suspended with 
RuCl,(PPh,), in ethanol before addition of 
NaBH,. Thus, if RuC12(PPh3), is treated with 
NaBH, in ethanol in the presence of an excess 
of PPh, and the reaction time is reduced, 
RuH(BH,)(PPh,), can be obtained in a relatively 
pure state. 

In reactions of related DBP complexes, the 
Ru(II1) phosphine complex, RuCl,(DBP), (1 1) 
only reacts very slowly with NaBH, in ethanol, 
but rapidly in C6H6-EtOH to form in both 
cases either the dihydride RuH,(DBP), or the 
tetrahydride RuH,(DBP),. Since the procedure 
is very similar to that used by Harris et al. (12) 
for RuH,(PPh,), we prefer the tetrahydrido 
formulation for the product. The Ru-H bonds 
are clearly identifiable in the ir spectrum as 
broad bands at 1917 and 1945 cm-' (stretching) 
and at 800 cm-' (bending) but, unfortunately, 
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this complex is not sufficiently soluble for 
high-field nmr studies. 

Reactions of Ru( I I )  Carbonyl Chloride Solutions 
in the Presence of' Phosphines 

Since Ru(I1) forms a wide class of stable 
complexes containing carbonyl and phosphine 
ligands, it was expected that the presence of a 
carbonyl group could stabilize the tetrahydro- 
borato complex further so that such complexes 
including phosphines other than PPh, could be 
synthesized. However, as outlined below, only 
PPh, and tricyclohexylphosphine, P(C,Hl ,),, 
are effective in this respect although, with 
NaBH,CN, DBP is also effective. 

Reaction of a sixfold excess of PPh, with the 
well-known (9) red Ru(I1) carbonyl ethanolic 
solution and NaBH, produces a yellow solid, 
which can be recrystallized from toluene- 
EtOH to give the tetrahydroborato species 
RuH(BH,)(CO)(PPh,),. That this species is 
octahedral involving a monodentate BH, ligand 
is indicated by both the ir and nmr spectra. 
The infrared bands at I 1 10 cm-', 2350 and 
2380 cm-' correspond respectively to the bend- 
ing and stretching frequencies of terminal B-H 
bonds. The carbonyl group has a very intense 
band at 1950 cm-' while the Ru-H stretching 
frequency is at 1970 cm-'. The absence of any 
ring breathing RuH,B modes and the close 
resemblance of the frequencies of the Ru-H 
and C=O bands to those of RuH,(CO)(PPh,), 
(7) (v,, = 1940 cm-' and v,,-, = 1960 and 
1900 cm-') strongly suggest a linkage of the 
type Ru-H-BH,. The stretching frequencies 
for the terminal B-H bonds are relatively low 
in RuH(BH,)(CO)(PPh,), as compared with 
those of the analogous Rh(1) complexes (see 
Table 1 in ref. 4) which occur at >2400 cm-', 
and involve double hydrogen bridges (13, 14). 
Compounds containing monodentate BH, have 
been shown (15) to have ir bands at -2400- 
2250 cm-' and bands at -2380 cm-' have been 
observed (3) in the tetrahedral complex 
Co(BH,)(PPh,),. 

The nmr spectrum of RuH(BH,)(CO)(PPh,), 
clearly indicates the presence of two geo- 
metrical isomers in that two distinct Ru-H 
signals are seen. The first of these appears as a 
doublet of doublets of triplets centered on 
17.06 T with the three coupling constants with 
values of 32, 16, and 6 Hz respectively. The first 

of these is too high to be anything but Jp-, while 
the second is also probably a phosphorus- 
hydrogen coupling. The second signal is centered 
at 18.95 T and it is also a doublet of doublets of 
triplets with the three coupling constants having 
values of 73, 28, and 6 Hz. Again, clearly the 
first two of these couplings are too large to  be 
anything but phosphorus-hydrogen inter- 
actions. 

A comparison of this spectrum with the nmr 
spectrum (7) of RuH,(CO)(PPh,),, which has 
the geometry shown in 2 and which exhibits 
Ru-H signals at 18.67 T and 16.69 T, suggests 
that, in solution, the complex RuH(BH,)(CO)- 
(PPh,), is a mixture of the isomeric structures 
3 and 4. 

HI 

The signal at 17.06 T in the nmr spectrum of 
RuH(BH,)(CO)(PPh,), is probably due to 
structure 3 in which all phosphine ligands are 
cis to the hydrogen atom and, by analogy with 
the spectrum of 2 (7), the coupling constants 
(tentatively assigned as JpIpH = 32 Hz, J,,-, = 
16 Hz, and JH-,,, = 6 Hz) are consistent with 
this structure. Similarly, in the other isomer 4 
(1 8.95 T) the probable coupling assignments are 

- JPl-, = 28 Hz, JP,-, = 73 Hz, and JH-BH4 - 
6 Hz. Again the assigned J,,-, value is consistent 
with the magnitude of that given (7) for JP2-Hc 
in 2. Values of JHPBH, of 6 Hz have also been 
reported in tetrahydroborato complexes of 
Ni(I1) (1 6). 

Similar reactions with tri(cyclohexy1)phos- 
phine as ligand produce RuH(BH,)(CO),- 
[P(C,Hl1),], which has infrared bands at 2430 
and 2480 cm-' assignable to the terminal v,-,. 
The carbonyl groups have ir bands at 1935, 
1952, and 2020 cm-' and the Ru-H bond 
stretching frequencies occur at 1912 and 1982 
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cm-'. The infrared spectrum alone suggests the 
presence of more than one species. This is 
again confirmed by the high field nmr signals 
of the Ru-H grouping which shows a triplet 
at 14.82 t (Jp-, = 20 Hz) and another triplet 
at 24.03 t (Jp-, = 18 Hz). The closely related 
compound RuH,(CO),(PPh,), (17) has been 
reported to have signals at 16.9 t (triplet, 
Jp-, = 23 Hz) in the high field nmr spectrum, 
and a structure as shown in 5. 

The complex ir and nmr spectra of the adduct 
RUH(BH,)(CO),[P(C,H~~)~]~ can be explained 
if the complex exists as two isomers (6 and 
either 7 or 8) with the phosphines being cis to 
the hydride group in all cases. 

Even the presence of carbonyl groups does 
not lead to the formation of tetrahydroborato 
complexes when other phosphines are used as 
complexing ligands. For example, under similar 
reaction conditions, DBP yields RuH,(CO),- 
(DBP), (v,, = 2010, 1955, and 1938 cm-', 
vRu-, = 2050 and 1860 cm-') while PEtPh, 
forms RuH,(CO)(PEtPh,), (v,, = 1895, 1940 
cm-' ; vR,,-, = 1830 cm-'). Only the PEtPh, 
complex is soluble enough for nmr studies, and 
a doublet of triplets at 17.07 t (tentative assign- 

ments based on structure 9, Jp,-,, = 25 Hz, 
JP2-,, = 19 HZ, JH,-,> = 7 HZ) together with 
another doublet of doublets of triplets at 18.43 t 
(JPIPH2 = 28 Hz, JP2-H2 = 73 HZ) have been 
observed. These highly complex signals can be 
accounted for if structure 9 is assigned to the 
complex with the coupling constants assigned 
by analogy with 2, 3, and 4. 

9 

Turning to reactions of NaBH, with Ru(I1)- 
chloro-carbonyl-phosphine complexes rather 
than the similar reactions with the red ethanolic 
Ru(I1)-carbonyl solution (9) in the presence of 
phosphines already described above, several 
differences between the two systems emerge. 
In this connection, it has been found (14) in the 
reactions of NaBH, with the Rh(1) system 
RhCl(CO)L, to give Rh(BH,)(CO)L, that in 
the presence of an excess of phosphine, only 
RhH(CO)L, can be isolated with no trace of the 
expected tetrahydroborato intermediate. We 
have found in related reactions (with no excess 
of ligand present) between sodium tetrahydro- 
borate and the known Ru(I1)-carbonyl-chloro- 
phosphine systems RuCI,(CO),(PPh,), (18), 
RuCl,(CO)(DBP), (1 I), and RuCl,(CO),(di- 
phos) (18) where, by analogy with the Ru(I1) 
studies described above and the Rh(1) studies 
(14) already mentioned, hydrido or tetra- 
hydroborato complexes might be expected, that 
neither RuCl,(CO),(PPh,), nor RuCl,(CO)- 
(DBP), will react with NaBH, (-20-fold excess) 
even after prolonged (-20 h) stirring. On the 
other hand, the diphos complex forms RuH,- 
(CO),(diphos) (v,,, 1935 and 1965 cm-' ; v,,-,, 
2050 cm-I) although no intermediate tetra- 
hydroborato compound could be obtained. No 
really satisfactory explanation can be offered 
for this behavior at this stage although the 
comparative inertness of these complexes is 
probably at least partly a result of steric 
interactions. 

The reactions of NaBH,CN with Ru(I1) 
carbonyl solutions in the presence of phosphines 
do not generally produce solid products. Only 
with DBP as the phosphine ligand can a pale 
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TABLE 1. Analyses and ir spectra of complexes prepared 

Analyses* Infrared spectra (cm-') 

Compound Color C H N 6 ~ - ~  VB-H t'co V ~ I - H  Other 

RuH(BH4)(PPh,), Yellow 72.1 5.6 - 11 19rn 2382s 2080w 
71.8 5.6 - 2340sh 

RuHCl(AsPh,), Light brown 62.1 4 .4  - 2030w 
61.4 4 .4  

RuH4(DBP), Yellow 73.0 4.6 - 1945mb 800 (6,,_,) 
73.2 4 . 9  - 1917mb 

RuH(BH~)(CO)(PP~,) ,  Yellow 71.6 5 .3  - 1 105m 2382m 1950s 2150w (?) 765 (6,"-,,) 
70.9 5.4 - 2350w 1970m 

R u H ( B H ~ ) ( C O ) ~ [ P ( C ~ H ~ ) , I ~  Yellow 62.1 9.9 - 2480m 2220s 1982m 
62.2 9.8 - 2430m 1952s 1912m 

1935s 

RuHz(CO)z(DBP)z Orange 67.5 4 .3  - 2010s 2050w 
67.2 4.1 - 1955s 1860w 

1938s 

RuHz(CO)(PEtPh2), Yellow 65.9 6 .4  - 1940s 1830w 
66.7 6.1 - 1895s 

RuH,(CO),(diphos) Yellow 60.0 4 . 9  - 1965s 2050m 820m (6,"-,,) 
60.3 4 .7  - 1935s 

RUH(BH,CN)(CO)~(DBP)~ Yellow 64.7 4.8 1.6 1120 2340s 2020s 1845 20 10s (v,,) 
65.2 4.2 1.9 1985s 

1965s 

'Calculated values below found. 
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yellow solid be obtained. This solid analyzes 
well for RuH(BH,CN)(CO),(DBP), and a shift 
in the intense CN stretching frequency (Table 1) 
from 2180 cm-' in uncoordinated BH,CN- to 
2210 cm-' in the complex indicates a strong 
bonding of the CN group to the Ru atom 
through the nitrogen. Similar shifts have been 
observed (3) with N-bonded Cu-BH,CN com- 
plexes. The complex carbonyl absorptions in the 
ir spectrum (2020, 1985, 1965 cm-') suggest the 
presence of more than one isomer. 

In conclusion, several observations may be 
made. First no Ru(II1)-BH, or Ru(II1)-BH,CN 
phosphine complexes may be prepared from 
Ru(II1) chloride, presumably because in most 
cases the reduction of Ru(II1) to Ru(I1) by 
phosphines is normally very rapid. In the case 
of the reaction of the RuC1,-PPh, system with 
NaBH,, the hydrido-tetrahydroborato complex 
RuH(BH,)(PPh,), is formed. This is the first 
Ru-BH, complex reported. Second, unlike the 
divalent 3d systems previously reported (3), 
Ru(1I) is not reduced to Ru(1) even with very 
large excesses of NaBH, and with extended 
reaction times. Thus, as with Rh(I1) systems 
discussed elsewhere (4), complexation stabilizes 
Ru(I1) towards reduction. However, it is in- 
teresting to note that complexation in the 
complex RuCl,(DBP), does not protect the 
Ru(II1) and a tetrahydrido complex. RuH,- 
(DBP),, is formed. This is apparently different 
from the behavior of complexed Rh(II1) (4), as 
for example in the case of the analogous 
RhCl,(DBP),. 

Another observation is that it appears that, 
as with Rh systems (4), the presence of additional 
CO ligands lends greater stability to Ru-BH,- 
phosphine or  Ru-BH,CN-phosphine com- 
plexes since RuH(BH,)(CO)(PPh,), and RuH- 
(BH,CN)(CO),(DBP), are relatively easy to 
prepare. 

Finally, it appears to be very difficult, if not 
impossible, to prepare Ru-BH, complexes of 
any type which contain more than one BH, 
ligand regardless of the presence or  absence of 
CO ligands. This is in contrast to zirconium 
systems in which both monotetrahydroborato 
(19) and bistetrahydroborato (20) complexes 
such as ZrH(BH4)(h5-CSH5), and Zr(BH,),- 
(hs-C5H,), may be formed. It is possible, there- 
fore, that the various Ru-hydrido-tetrahydro- 
borato and cyanotrihydroborato complexes 

described in this paper and summarized in 
Table 1 are formed by a reaction sequence in 
which a dichloro-Ru(I1) system interacts first 
with molecular hydrogen (generated presum- 
ably by reaction of NaBH, or NaBH,CN with 
the solvent ethanol) to give a chlorohydrido- 
Ru(I1) system. In the second stage, the chloro- 
grouping is displaced by a tetrahydroborato or 
cyanotrihydroborato grouping to give the 
hydrido-tetrahydroborato or hydrido-cyano- 
trihydroborato complex. 

There are two pieces of evidence which lend 
support to this suggested mechanism. First, it 
is known (7) that RuC1,L3 (L = phosphine 
ligand) will react with molecular hydrogen to 
give RuHClL,. Second, in the reactions of un- 
complexed [Ru,C~, , ]~-  or RuCl, with NaBH, 
in the presence of AsPh, or DBP, the inter- 
mediate RuHClL, (L = AsPh, or  DBP) may 
be isolated; indeed, these are the only isolable 
products in these reactions. Similarly, if 
[Ru,C~,,]~- is treated with only 1 mol NaBH, 
in the presence of Ph,P, RuHCI(PPh,), is 
produced. 

Apparently, the final step in the proposed 
sequence 

Ru(I1)-dichloro + Ru(I1)-hydrido chloro - Ru(I1)-hydrido-tetrahydroborato 
complex 

is the decomposition of the Ru(I1)-hydrido- 
tetrahydroborato complex to a dihydro-com- 
plex and, as mentioned earlier, this may be 
observed with RuH(BH,)(PPh,), although, in 
this case decomposition to a dihydride is 
accompanied by uptake of CO from the solvent 
ethanol. Occasionally, the dihydride may react 
further by oxidative addition of H, or by 
addition of N, to give compounds of the type 
RuH,(PPh,), or RuH,(N,)(PPh,),. 

It is likely that all the dihydrides listed in 
Table 1 are formed by this process. It should 
also be noted that similar decompositions of 
tetrahydroborato complexes to hydrido com- 
plexes have been postulated with Rh(1) systems 
such as Rh(BH,)(PPh,), (4) and this type of 
decomposition has been suggested (3) as one 
stage in the reaction sequence for the interaction 
of M(I1) systems (M = 3d metal) with tetra- 
hydroborate ion. 

In conclusion, it should be emphasized that 
in the cases of RuH(BH,)(PPh,),, RuH(BH,)- 
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(CO)(PPh3)3, andRuH(BH,)(CO)z[P(C6H~ ,),I23 
the BH, grouping apparently acts as a mono- 
dentate ligand although bidentate ligation is 
more normal (see discussion in refs. 3, 4, and 
15). The evidence for this is very strong. Thus, 
the ir spectra show no trace of the typical 

bridging B-H mode which normally occurs 
(4, 15) in the range 1850-21 50 cm-'. Neither 
is the bridge expansion band which normally 
occurs (1 5) at 1300- 1500 cm-I in the spectra 
of bidentate BH, complexes present in any of 
the spectra unless it is unusually sharp and lies 
directly under one of the Nujol peaks. Further- 
more, the nmr spectra can only be satisfactorily 
interpreted on the basis of a monodentate BH, 
ligand and, indeed, this type of linkage is also 
strongly suggested by the fact that in RuH(BH,)- 
(CO)(PPh3)3 and RuH(BH,)(CO)z[P(C6H I I ),I27 
the usual octahedral arrangement about the Ru 
atom would require a monodentate BH, group- 
ing. Although monodentate BH, complexes are 
rare, they are not unknown. For example, the 
paramagnetic, tetrahedral Co(1) complex Co- 
(BH,)(PPh3), is known (3) to involve a mono- 
dentate BH, ligand. 

Experimental 
Materials 

RuCI,(PPh,), (7), the red Ru(l1)-carbonyl solution (9), 
the blue Ru(I1)-chloride solution (6), RuCI,(CO),(PPh,), 
(I8), RuC1,(CO),(diphos) (18), RuCI,(CO)(DBP), (I I), 
and RuCI,(DBP), (1 1) were prepared according to litera- 
ture methods. RuCI, was purchased from Engelhard 
Industries and used without further purification. Solvents 
were purified in the usual manner, degassed, and stored 
over molecular sieves (type 4A). 

Physical Measurements 
Infrared spectra were recorded using a Beckman IR12 

spectrophotometer calibrated with polystyrene while nmr 
measurements were made using a Varian Associates model 
A60-A spectrometer with benzene as solvent and using the 
benzene peak to calibrate the spectra. Microanalytical data 
were obtained with a Perkin-Elmer model 240 Elemental 
Analyzer and the results are recorded in Table 1. 

Sytitheses 
Reactions were carried out under nitrogen in a glove box 

using degassed solvents. Except where otherwise stated, 
crude products were purified by washing successively with 
ethanol, water, ethanol, and either n-hexane or diethyl ether. 
Yields were in the range 50-70%. All of the products are 
stable as solids indefinitely under nitrogen but decompose 
in air over severaI hours at room temperature. The products 

are thermally unstable (particularly in solution) and de- 
compose in the solid state slowly over a wide temperature 
range. Melting points are therefore not recorded. 

RuHIBHAJ (PPh,), 
RuCI, hydrate (0.21 g, 0.87 mmol Ru) was dissolved in 

ethanol ( -  15 ml) to which PPh, (1.38 g, 5.26 mmol) was 
then added. NaBH, (0.33 g, 8.7 mmol) suspended in 
ethanol (7 ml) was then added dropwise to the vigorously 
stirred mixture. This vigorous stirring is essential. The 
mixture went through a series of color changes from 
reddish brown to green, then blue, and finally became 
brown with deposition of a yellow-brown solid. The 
mixture was left stirring for 10 min before the product was 
separated by filtration, washed in the manner outlined 
above, and dried by pumping under reduced pressure. 

The same product was synthesized by using the blue 
Ru(I1)-chloride solution (prepared from 0.16g RuCI, 
hydrate, 0.66 mmol Ru), PPh, (1.3 g, 4.95 mmol), and an 
excess of NaBH, (0.25 g, 6.6 mmol) in ethanol (-7 ml). 
Alternatively, addition of NaBH, (-0.06 g, 1.5 mmol) to 
a mixture of RuCI,(PPh,), (0.15 g, 0.15 mmol) and PPh, 
(0.24 g, 0.91 mmol) in ethanol ( -  15 ml) also yielded the 
same product. 

RuHCl(AsPh,), 
This complex was prepared in the same way as RuH(BH,)- 

(PPh,), starting from the blue Ru(I1)-chloride solution 
(prepared from 0.15 g RuCI, hydrate, 0.62 mmol Ru) and 
AsPh, (0.94 g, 3.06 mmol) with NaBH, (0.23 g, 6.2 mmol). 

RuH,(DBP), 
RuCI,(DBP), (-0.3 g, 0.3 mmol) was suspended in the 

minimum amount of benzene to which a suspension of 
NaBH, (0.12 g, 3 mmol) in ethanol (- 5 ml) was then 
added. The solution became clear yellow after 0.5 h, and 
was left stirring for a further 2-3 h before the solvent was 
removed under reduced pressure. Addition of ethanol pre- 
cipitated the yellow product which was collected by filtration, 
washed, and dried in the usual manner. 

RuH(BH,)(CO)IPPh,),. RuH(BH,)(COJ~[P(C~Hii)3Iz, 
RuH,(CO),(DBP),, RuH,(CO) (PEtPh,),, and RuH- 
(BH,CNJ (C0)zIDBPJz 

These complexes were prepared by the reactions of the 
red Ru(I1)-carbonyl solution with the appropriate ligand 
(in a 6 M excess) and with a 10-fold excess of NaBH, (or 
NaBH,CN where appropriate) in ethanol. Again the solid 
products were collected by filtration of the reaction mixture 
after a suitable time interval and washed and dried in the 
usual manner. 

Typically, PPh, (0.92 g, 3.5 mmol) was added to 15 ml 
of an ethanolic Ru(1l)-carbonyl solution (prepared from 
0.15 g RuCI, hydrate, 0.62 mmol of Ru) and this was 
followed by addition of NaBH, (0.23 g, 6.2 mmol) in 
ethanol (5 ml). A yellow solid formed and the mixture was 
left stirring for 0.5 h before the product was separated by 
filtration. In this instance, purification was effected by re- 
crystallization from toluene-ethanol followed by low 
pressure pumping. 

RuH, (CO),(diphos) 
A 10-fold excess of NaBH, (0.15 g, 3.9 mmol) was 

allowed to react with RuCI,(CO),(diphos) (0.25 g, 0.39 
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mmol) in ethanol (20 ml) for - 15 h. The precipitated 
solid product was removed by filtration and purified by 
washing and drying in the manner outlined above. 
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On the interpretation of measured rotational and vibrational 
relaxation times. I. Sound dispersion experiments 
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Huw 0 .  PRITCHARD and NABIL I. LABIB. Can. J. Chem. 54, 329 (1976). 
The simultaneous relaxation to equilibrium of both rotational and vibrational populations is 

considered for a diatomic molecule immersed in a heat bath of inert-gas atoms. The relaxation 
is analyzed in terms of normal modes of relaxation, and it is shown that each mode, having its 
own distinct relaxation time, in general has both rotational and vibrational components. The 
qualitative form of these modes is very persistent, and survives considerable variations in the 
assumed temperature and the assumed set of transition probabilities. Using these modes of relaxa- 
tion, an approximate treatment is given of the contribution made by the diatomic gas to the sound 
dispersion of the mixture, and conditions under which modes of relaxation may or may not be 
resolved from each other, or may be characterized as either 'rotational' or 'vibrational' are examined. 

Huw 0. PRITCHARD et NABIL I. LABIB. Can. J. Chem. 54, 329 (1976). 
On considere la relaxation simultanee vers I'equilibre des populations rotationnelles et vibration- 

nelles d'une molecule diatomique immersk dans un bain chaud forme d'atomes de gaz inertes. 
On analyse la relaxation en termes de modes normaux de relaxation et on montre que chaque 
mode ayant son temps de relaxation propre possede en general les composantes rotationnelles 
et vibrationnelles. La forme qualitatif de ces modes est tres persistante et survit a des variations 
considtrables de la temperature choisie et de I'ensemble choisi pour les probabilites de transition. 
Utilisant ces modes de relaxation, on donne un traitement approximatif de la contribution faite 
par le gaz diatomique a la dispersion du son du melange et on examine les conditions sous lesquelles 
des modes de relaxation pourraient ou non etre resolus les uns des autres ou pourraient &tre 
caracterises comme "rotationnels" ou "vibrationnels". 

[Traduit par le journal] 

Introduction 
It is becoming apparent from both experi- 

mental and theoretical developments that exist- 
ing concepts of rotational and vibrational 
relaxation as separable processes must be 
inadequate. The difficulties arise because in 
general (11 vibrational and rotational transitions 
corresponding to both single quantum jumps 
(Av = f 1, AJ = 1) and multiple quantum 
jumps (IAvl 2 2, JAJJ 2 2) are in principle 
allowed; (ii) for an anharmonic oscillator with 
rotation-vibration coupling, there are no simple 
relationships between the transition probabilities 
of successive transitions of the same Av or AJ, 
nor is there any simple dependence on number of 
quanta transferred if IAvl or IAJI are greater 
than one; (iii) when any change in vibrational 
quantum number is considered, there will 
usually be alternative processes with small 
values of A J  having commensurate transition 
rates; (iu) if large values of AJ are permitted, 
they will be least-discriminated against when 

there is a roughly equal and opposite change in 
vibrational energy occurring at the same time. 
Under these conditions it is obvious that a 
simple factoring of a relaxation process into a 
rotational component and a vibrational com- 
ponent could only occur in very special circum- 
stances, and recent theoretical indications are 
that 'rotational' and 'vibrational' relaxations 
are actually very complex processes (1-3). 
Thus it is not surprising that difficulties have 
arisen recently in the interpretation of relaxation 
experiments, which are typified by the following 
two quotations: (i) " . . . it is suggested that 
the process being observed is . . . a coupled 
relaxation of rotational and vibrational energy" 
(4); (ill "The probability of energy transfer . . . 
almost certainly contains contributions from 
several energy-transfer paths making compari- 
son between theory and experiment difficult" 
( 5 ) .  

The purpose of the present work is to try to 
establish a theoretical framework which will be 
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useful in understanding exactly what is being 
measured in any particular relaxation experi- 
ment, and to try to foresee the kinds of behavior 
which might conceivably arise. To do this, we 
consider a model molecule with a (fairly) 
realistic array of rotation-vibration energy 
levels, sufficient in number to avoid any un- 
desirable truncation effects (3); we then con- 
sider how the simplest possible relaxation 
process, viz. 

will take place. This requires a knowledge of 
the transition rate coefficients connecting every 
pair of energy levels at the temperature of 
interest; these are not generally known, and we 
will proceed by assuming what we regard to 
be a reasonable set of transition probabilities, 
and then subjecting the calculation to wide 
variations in those probabilities to see which 
resultant properties are likely to persist, and 
which are likely to be dependent on the partic- 
ular choice of the transition probability set. 
(In fact, for M = He and X, = Hz, it may 
not be too long before an acceptable set of 
transition probabilities (6) for such a calculation 
could be generated.) The rotation-vibration 
energy-level set used in this work is shown in 
Fig. 1 of ref. 3, the energy levels of Hz molecules 
of odd J; this choice reinforces the notion that 
our calculations refer to a model molecule, 
and are not intended to be an attempt to 
reproduce the observed behavior of the hydrogen 
mo1ecu:e ! 

This paper will present an approximate 
treatment of the velocity of sound in a gas 
having an arbitrary number of rotation-vibra- 
tion levels with numerical transition probabili- 
ties connecting every pair of levels in the system. 
This treatment of sound dispersion contains 
several significant approximations which are 
unimportant for the present discussion, but 
which could be relatively easily removed to 
construct an exact treatment should the need 
ever arise. The present approximate treatment 
will then be used to explore the conditions 
under which it is likely that rotational and 
vibrational relaxations may be coupled or 
uncoupled in an ultrasonic dispersion experi- 
ment, and in a subsequent paper, we will explore 
the same problems as they apply to the inter- 
pretation of observed relaxation times in shock- 

wave excitation experiments, and decay times 
for selectively overpopulated levels produced in 
laser excitation experiments. 

Normal Modes of Relaxation 

We begin by considering the relaxation pro- 
cess [I] taking place isothermally; we have N 
rotation-vibration levels partaking in the re- 
laxation, governed by an Nth order transition 
rate matrix A where 

Following the normal convention Pi, is the 
probability per collision for a transition jiom 
state j to state i at the temperature in question, 
and [MI and Z are respectively the concentration 
of inert species and the collision number. The 
temperature is considered to be sufficiently low 
that dissociation cannot take place. If the 
initial population distribution is no(0), nl(0), . . . , 
nN - ,(O) and the equilibrium population distribu- 
tion is Eo, El, . . . , EN -,, the standard procedure 
is to write the time evolution of the population 
distribution vector in the form 

where i, j, k = 0, 1, 2 . . . , (N - l) ,  the ,Ij are 
the eigenvalues (in s-') of A, t is the time in 
seconds, and the Sij are related by a simple 
transformation to the corresponding eigen- 
vectors of A (3). Since there is no dissociation, 
the last eigenvalue ,IN-, is zero to ensure the 
conservation of particles (7). We can define a 
set of normal modes of relaxation by separating 
out of [3] the component of each population 
associated with a particular time constant ,Ij, 
viz. 

where i, j, k = 0, 1, 2 . . . , (N  - 1). Equation 4 
has the well-known property that as t + co, 
all the e"" terms vanish leaving only those terms 
associated with the zero eigenvalue and 
ni(N - 1, t) = Ei, the Boltzmann distribu- 
tion (7). Thus, in fact, the set of N equations 
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over i in [4] can be rewritten as 

where 
[6] mi(j) = f i i1'2SijCSkjfik-1/Znk(0) 

k 

and in the special case o f j  = N - 1, i.e. 2, = 0 

for all i and for any n,(O). Since there is no loss 
of particles, i.e. xini(t) = Eifii, each of the 
(N - 1) remaining modes of relaxation Xi m i Q  
is conservative, and consists simply of removing 
molecules from some levels and transferring 
them to other levels with a characteristic time 
Ibj-'. These modes as they are written in [6] are 
functions of the initial distribution, but in fact 
it can easily be shown that for a given set of 
transition probabilities and energy levels, the 

. . . .  ratios of the individual terms mo(j), nzl(j) 
etc. are always the same i.e. 

where the Mi(/] are the elements of the jth 
mode of relaxation and Fj(0) defines the 
total flux which uses mode j in the relaxation 
in question; Fj(0) is obviously a function of 

. . . .  the starting distribution n,(O), nl(0) 
Figure 1 shows in diagrammatic form a set 

of normal modes for the relaxation of the 
lowest 15 levels of the ortho-Hz at  500 K, 
using a set of transition probabilities defined 
by eq. 16 of ref. 8 ;  a representative selection of 
these transition probabilities is given in Table 1 
to illustrate their general behavior, which will 
be discussed in more detail later in the paper. 
The diagram is made u p  as follows: the left- 
most box gives a representation of the initial 
population distribution (population displayed 
horizontally) for the relaxation under con- 
sideration, and the rightmost box gives an 
equivalent representation of the Boltzmann 
distribution for the temperature of the experi- 

TABLE 1. Selected values of deactivation probabilities, per collision, for the 
standard set of assumed transition probabilities (eq. 16, ref. 8) 

Deactivation probability 

Process 100 K 500 K 2000 K 

v=O; J = 3  - J= 1 1.1 X I O - ~  1 . 2 ~  lo-3 1.3 x 
v = l ;  J = 3  + J = l  1.2 x lo-3 1.3 x 1.4 10-3 

J = l ;  v = 2 - + v = l  1.1 x lo6 5 .  l'x 1 . 5 ~  
J = l ;  v=2--r v=O 1 . 6 ~ 1 0 - "  1 . 4 ~ 1 0 - ' ~  3 . 7 ~ 1 0 - ~  
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ment; (in this particular diagram the initial 
distribution is that for T = 499.5 K and the 
final distribution is for T = 500 K, for reasons 
which will become obvious later). The energy 
levels are labelled by their v and J values at 
the right-hand side of the diagram. The modes 
themselves are set out in order of increasing 
relaxation b o r n  lejt to right: each mode is 
normalized so that the largest element is either 
+ 1 or - 1. These modes should be interpreted 
as follows: mode 3 consists of putting molecules 
into ( v  = 0, J = 3), most of them being taken 
from (v = 0, J = 1) and a few from (v = 0, 
J = 5); mode 14 consists of taking molecules 
principally from (v = 0, J = 1) together with 
some from (v = 0, J = 3) and transferring 
them to ( u =  1, J =  1) and ( v =  1, J = 3 )  
simultaneously. These are essentially what we 
would characterize as 'rotational' and 'vibra- 
tional' relaxations, respectively. Clearly the 
overall sign associated with each mode is 
arbitrary; the flow of molecules can be in either 
direction depending upon whether we are con- 
sidering a net excitation or a net deexcitation, 
and this is taken care of in the computational 
scheme because the initial distribution deter- 
mines both the sign and numerical magnitude 
of each Fj(0), eqs. 6 and 8. 

It will be noticed that these normal modes 
(and others reproduced later in this paper) 
appear to be rather complicated: they have to 
be, for they have to be able to reduce any con- 
ceivable initial distributioiz to a Boltzmann 
distribution in a time defined by the last eigen- 
value (A,-,), typically s at 1 atm total 
pressure. 

Heat Capacity Associated with each 
Normal Mode 

As we have argued before (3), the gross 
observed relaxation behavior of the gas will be 
determined by those modes which present to 
the disturbance, i.e. sound wave or shock 
wave, the largest instantaneous values of the 
heat capacity. Since the energy levels are all 
known for our model molecule, it is an easy 
matter to write down the net energy change Ej 
associated with each mode Mj  = ZiMi('j), 
whence the total amount of energy which is 
relaxed with a characteristic time Aj-' is simply 

More formally, from [6] 

and the analog of [5] is now that the evolution 
of the total internal energy of the molecules is 

where 

The Velocity of Sound 
The treatment of isothermal relaxation given 

so far is exact, and has been found numerically 
to be so to the last significant digit in each 
calculation, (provided, as we have noted before 
(9), due respect is paid to conservation and 
detailed balancing in setting up the matrix A). 
We now develop an approximate treatment of 
the velocity of sound in a relaxing gas, using 
isothermal relaxation times and modes rather 
than adiabatic relaxation times and modes 
(10, 11). There is no fundamental reason why 
a correct numerical treatment should not be 
constructed, but it .would involve the use of 
rather more computer time (12); the present 
approximate treatment will be in error-princi- 
pally by an undetermined scale factor (con- 
necting t,, with t,,), but so far as elucidating 
whether or not particular modes of relaxation 
can be resolved in an ultrasonic experiment, or 
if they are not resolved, whether they are just 
simply unresolved or whether they are coupled, 
this treatment must be adequate. 

Standard treatments of ultrasonic dispersion 
(13. 14) have been limited to a rather small 
\ ,  , 

number of relaxation modes in a relaxing gas: 
the whole manifold of modes is usually con- 
densed into groups identified as either 'rota- 
tional' or 'vibrational', and then it is a fairly 
easy matter to associate with each composite 
mode an appropriate value of the specific heat 
for that mode, leading eventually to well-known 
formulae for the (~e loc i ty)~  and the dispersion. 
To extend these ideas to the simultaneous 
relaxation of an arbitrary number of modes, we 
have to be able to associate a heat capacity 
with each individual mode, and we do this 
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FIG. 2. (a) Dispersion in the velocity of sound at 500 K ;  (b) derivative of curve (a )  with respect to l o g o .  

using [ll] .  In each individual term of [ l l ]  will have entered the molecule in that time 
having the form tjehl,  t j  is the amount of through mode j. Thus, the total energy entering 
energy relaxed through mode j from the given the molecule by all modes in time t is 
starting distribution to equilibrium. Thus, if N - 2  

we are interested in a particular temperature [15] ST x Cj(T)(l - e"") 
T K, then if we choose an initial distribution j = o  
corresponding to ( T  + 0.5) K, thereby generat- which by [121 is the same as 
ing a series of values t j (T  + 0.5), and then a 

N - 1  
second initial distribution corresponding to 

1161 -ST x Cj(T)ei.~' (T  - 0.5) K giving a second set t j (T  - 0.5), j = o  
the individual ('isothermal') heat capacities per 
degree associated with each mode are simply Thus, the time-dependent averaged heat capacity 

is simply 
[13] Cj(Q = t j (T  + 0.5) - t j (T  - 0.5) N - I  

(hence the point made earlier about the left- [171 x Cj(T)e"~' 
hand distribution depicted in Fig. I). In fact, j = O  

the mathematical procedures already exist in Taking t as I/o where o is the angular frequency 
molecular wave-function perturbation theory to associated with the sound wave, we can write 
calculate Cj(T) exactly, but since in all our R T  C RT 
calculations t i (T  + 0.5) was always equal to [I81 VU2 = ;I- = 

- t j (T  - 0.5) to three decimal places for all M C, M 

significant modes, this refinement is not neces- - - CU(T) + 2.5R RT 
sary at the moment. C,,(T) + 1 . 5 ~ ' M  

Consistent with the idea of using isothermal 
relaxation times is the idea of using a square- - - 

ECj(T)eGfU + 2.5R R T  
wave temperature variation to describe the Ec,(T)ej ,~,-  + 1 ~ R ' M  
sound wave, again an approximation capable of s - I 
considerable refinement. If we focus on one x Cj(T)e"i"+1.5R 
particular mode and make an instantaneous M j = o  
change from neighboring (T  - SQ to analogous to eq. 2.42 of ref. 14. This function 
the reference temperature T' then the amount is plotted in Fig. 20 for the set of modes depicted 
of energy Cj(T)ST lhrough mode j in Fig. 1, and is relatively featureless; likewise, 
to reach equilibrium; if however the tempera- Fig. 2h which is the derivative of Fig. 2a with 
ture jump is reversed after a time t ,  then only respect to log o (analogous to the absorption 
1141 Cj(T)ST(l - ebt)  curve) is featureless. Equation 18 ignores the 
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TABLE 2. Contributions to the sound-velocity dispersion at  500 K for the model molecule 
(ortho-H,) using the standard set of assumed transition probabilities (eq. 16, ref. 8) 

A j  Cj(j-1 
M j ( s )  (erg molecule-' deg-') Nature of Mj 

M3 4 . 7  x lo7 5.5 x 10-l7 (o=O, J = l  and 5) - (v=O, J = 3 )  
M6 2 .0  x lo7 7 . 4 ~  1 0 - 1 ~  (o=O, J = l )  - (v=O, J = 3  and 5) 
M9 1 . 0 ~  lo7 1.1 1 0 - 1 ~  (v=O, J = l  and 3) - (v=O, J = 5  and 7) 
MI, 4 . 7 ~  lo6 2 . 5  x 10-l9 (v=O, J = l  and 3) -(v=O, J = 5 , 7  and 9) 
M14 1 .4  x lo6 1 .4  x lo-19 (v=O, J = l  a n d 3 ) - ( v = l ,  J = l  and 3) 

contribution to y due to the presence of the 
inert gas; in other words [18] represents only 
that part of eq. 2.118 of ref. 14 which is usually 
called t,,, and its true contribution to the dis- 
persion of the mixture would cause the effects 
shown in Fig. 2 to be reduced by a factor which 
is the mole fraction of X, in M. 

The Resolution of Mathematically Distinct 
Relaxations in an Ultrasonic Dispersion 

Experiment 
Examination of the values of Cj(T) which 

give rise to the velocity dispersion shown in 
Fig. 2 reveals that three eigenvalues make a 
significant contribution, and two others a 
relatively minor contribution, as shown in 
Table 2. For the temperature and energy-level 
scheme assumed, the modes which have sig- 
nificant contributions are not unreasonable, 
nor are the relative magnitudes of the individual 
contributions; after all there are relatively major 
changes in the populations of J = 1, 3, and 5, 
a lesser change in J = 7, and relatively small 
changes in J = 9 and v = 1. What is significant 
is that the experiment cannot resolve the two 
major components M, and M, which differ 
in relaxation time by more than a factor of 
two, and that they appear as one relaxation 
with a characteristic time intermediate between 
the two correct values. It  is of course well 
recognized that in dispersion measurements on 
H, and D, several distinct processes are in- 
volved (10, 13-16), but it is generally accepted 
(10, 14) that at most temperatures the experi- 
mental results can be fitted to curves corres- 
ponding to one simple relaxation. We will just 
note in passing and reserve for later discussion 
the point that if and when two relaxations are 
satisfactorily resolved, they will not in general 
correspond to two consecutive simple excita- 
tions but to mixed processes like those depicted 
by M, and M, in Fig. 1 and Table 2. 

Consequently, we undertook a series of 
numerical experiments to determine how far 
apart two relaxations had to be before an 
ultrasonic dispersion experiment would clearly 
resolve them. We assigned equal values to the 
heat capacities associated with two modes 
(C,(T) = C,(T) = 7 x 10-l7 erg molecule-' 
deg-') and, remembering that C,- , (T)  = 
-(Cj(T) + C,(T)) from [12], investigated the 
derivative with respect to log o of [18] for a 
series of ratios of Aj/Al. Some of these results 
are displayed in Fig. 3. The first signs of any 
resolution occur in the derivative (curve a) 
when A j  = 4.7 x lo7 s-' and A, = 1.0 x lo7 s-' 
although at this stage there are no visual signs 
of any resolution in the dispersion curve itself. 
Curve h shows a much better resolution when 
A, = 4.7 x 10, s-', and in this case one can just 
see the presence of the second process as a slight 
'scree slope' at the foot of the velocity dispersion 
curve; curve c, with A, = 1.4 x 10, s-', shows 
a much more definite resolution, which is also 
quite obvious as a distinct step in the velocity 
dispersion plot. At the same time, the frequency 

FIG. 3. Resolution of pairs of relaxations of equal 
strength as a function of eigenvalue ratio. 
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at which the derivative curve has its maximum 
has reverted to the original position correspond- 
ing to IGj = 4.7 x loF7 s-', whereas in the un- 
resolved cases, it was displaced to lower 
frequencies by as much as 6 log o = 0.2; the 
smallness of this displacement is of course 
associated with the decreasing magnitude of 
these effects as w becomes smaller. Thus, we 
conclude that for two relaxations of equal 
strength, an ultrasonic dispersion experiment 
will only resolve them with difficulty if ll,/IL, z 10; 
if ,Ij/,$ < 10, the dispersion will appear to be 
that caused by a single relaxation, with a time 
constant nearer to that of the faster process. 

Effect of Truncation of Energy-level Scheme on 
the Form of the Normal Modes 

We have mentioned before (2, 3) that trunca- 
tion of the relaxing system can lead in some 
circumstances to spurious effects. It is obvious 
for example that if we remove the topmost level 
(v = 2, J = 5) from the relaxation scheme 
depicted in Fig. 1, M, and M, (at least) must 
change because they connect that level to other 
levels, and that in the contraction from 14 
modes to 13, small changes will occur in the 
forms of all the modes; the dominant modes 
however, persist. For example, we examined 
in detail the difference in behavior between 12 
relaxing levels and the original 15 relaxing 
levels. Table 2 showed that for the 15-level 
scheme, the dominant modes are M,, M,, M,, 
M,,, and MI,, which can all be found in the 
12-level scheme renumbered as M,, M,, M,, 
M,, and MI, respectively: moreover, the com- 
puted eigenvalues Cj(T) and sound dispersion 
behavior at 500 K match for both schemes. 
This still remains true if we truncate the scheme 
to 7 levels, when the key modes still persist, now 
labelled M,, M,. M,, M,, and M,. Thus, 
truncation of the set of levels to include only 
those levels whose populations change ap- 
preciably during the passage of the sound wave 
is quite permissible. Where spurious effects 
may occur is in selective excitation experiments: 
for example M, of Fig. 1 for the 15-level scheme 
is virtually unchanged on truncation to 12 
levels, but on truncation to 7 levels, it now 
appears as MI with (because of orthogonality 
constraints) enlarged components for (v = 1, 
J = 1) and (v = 1, J = 3); hence the 7-level 
scheme would give somewhat different answers 

from the 12-level or  15-level schemes for an 
experiment in which the ratio of the populations 
of (v = 1, J =  1) and ( v  = 1, J =  3) was 
disturbed. 

Persistence of the Normal Modes with 
Varying Temperature 

Since the variation with temperature of the 
probabilities (Table 1) is assumed to be fairly 
weak, it is not surprising to find that successive 
reductions in temperature to  300, 200, and 
100 K give rise to a regular progression in the 
modes; the time constants change somewhat, 
especially for the essentially vibrational modes 
(e.g. MI, and M,,), but each mode shown in 
Fig. 1 persists with very little change, and is 
clearly recognizable as the same mode at all 
temperatures down to 100 K. There are quanti- 
tative changes, however, in the sense that the 
very small elements in each mode have a 
tendency to become smaller. Thus, the J = 5 
component of M, becomes almost imperceptible 
( -  lo-, at 100 K) so that M, becomes a pure 
J = 1 ++ J = 3 relaxation; (at the same time, 
of course, the heat capacities associated with 
all the other modes fall off, so that the dispersion 
behavior also becomes that of the pure J = 1 o 
J = 3 relaxation). The same thing seems to 
happen to M,,, but the details are a little more 
subtle. In Fig. 1, the ratios of the J = 1 and 
J = 3 components of M,, for both v = 0 and 
u = 1, are approximately the same (within 1@0) 
as the Boltzmann distribution ratio for J = 1 
and J = 3, and this remains so down to 200 K ;  
thus, we have a simultaneous relaxation per- 
sisting, essentially (v = 1, J = 1 and 3) * 
(v = 0, J = 1 and 3). Hence the rotational 
character is preserved in the vibrational transi- 
tion, more or less. However, a t  100 K, the 
(v = 0, J = 3) component becomes very small 
indeed (-2 x lo-,) so that MI, has now 
become a pure vibrational transition; this means 
that at these very low temperatures the system 
is tending to two consecutive relaxations, rota- 
tion (M,) followed by vibration (M,,), the 
traditional picture! 

Going to higher temperatures, one has to 
consider more levels to avoid truncation effects, 
and Fig. 4 shows the set of normal modes at 
1500 K for the standard set of transition 
probabilities, using 20 levels. Notice the match- 
ing of M, (500 K) with M, (1500 K), and a 
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rough and ready matching of M, (500 K) with 
MI, (1500 K), and so on. Also notice the 
transformation of M14 (500 K) into MIS 
(1500 K) with the J = 1, 3, 5, and 7 com- 
ponents for both v = 0 and v = 1 matching 
approximately the Boltzmann distribution 
ratios, i.e. an essentially simultaneous relaxa- 
tion of all rotational states of v = 1 to v = 0. 
The most interesting feature of Fig. 4, however, 
is that the four slowest relaxations MI,, M,,, 
MI,, and MI, are all rotational relaxations of 
v = 0, and in the velocity of sound calculations, 
these four modes together contain 75% of the 
relaxation strength, most of the remainder being 
in MIS,  the 'vibrational' relaxation. Thus, the 
dominant relaxation for this model molecule at 
1500 K is rotational in character, and it is the 
slowest because rotational transition rates de- 
crease markedly as J increases (2, 17, 18), even 
for IAJI = 2. This observation is qualitatively 
consistent with the experiments of Dove et al. 
(4) who find that the relaxation of hydrogen 
above 1300 K appears to contain significant 
rotational character; probably, in fact, it is a 
mainly rotational relaxation ! 

Sensitivity of the Normal Modes to the 
Assumed Transition Probabilities 

The standard set of transition probabilities 
shown in Table 1 and used so far in this paper 
derive from very old distorted wave calculations 
(19), but they are probably not wildly wrong in 
their relative magnitude although they all may 
well be subiect to a shift due to arbitrarv 
normalization. They have fairly unexception- 
able properties: (i) transition rates fall off with 
increasing IAvl or IAJI; (ii) the rotational 
transition rates for 1AJI = 2 are faster than the 
vibrational transition rates for lAvl = 1, and 
vary less strongly with temperature. 

Nor do the energy levels of ortho-H, con- 
stitute a particularly good model for a typical 
diatomic molecule because there are only four 
rotational levels in the first vibrational gap: 
typical molecules (e.g. O,, N,) have more than 
30 rotational levels within the first vibrational 
gap, C1, has over 40, and I, over 70. Thus, 
numerical experiment of the kind described 
here would be prohibitive in computing costs 
at the present time for 'typical' molecules; 
consequently, we have explored a number of 
variations in our assumed set of transition 

probabilities designed to test whether or not 
the results described so far are likely to be 
general or not. 

The major fault with our assumed proba- 
bilities is that, for a typical molecule, there is 
not a large enough difference between the 
rotational and the vibrational transition rates. 
We have tried to mimic the typical behavior by 
multiplying the probabilities for all transitions 
in which only J changes by 10 and for all 
transitions in which v changes (whether J 
changes or not) by 0.1. This has remarkably 
little effect on the form of the modes: those 
which are essentially rotational in character 
become 10 times faster and those which are 
essentially vibrational in character become 10 
times slower; thus the diagram for this set of 
modes would be almost indistinguishable from 
Fig. I, except that M13 and M,, are inter- 
changed ! At higher temperatures (1 500 K), 
three vibrational modes emerge as the slowest 
processes (MI, and M13 of Fig. 4, together with 
a third one, not present before, connecting 
v = 1,2, and 3 simultaneously), having changed 
places because of the factor of 100 scaling with 
the slower of the rotational modes (MI,-MI, 
of Fig. 4); the rotational relaxations however, 
remain intact, and are clearly recognizable. 
At the same time the two groups become 
nicely resolved in the velocity dispersion curve 
and its derivative. 

A second fault from which our probabilities 
might suffer is that they do not fall off quickly 
enough for large AJ: we checked this by scaling 
all transition rates for lAJl > 4 by 0.1, again 
with imperceptible effect on the form of the 
modes, but a very slight depression of the rate 
of the slower and more complex rotational 
modes. Another modification one can try is to 
restrict transitions to Av or AJ only, but again 
the form of the modes changes very little from 
those displayed so far. Thus, it seems that, 
given a set of energy levels, the form of the 
modes is rather persistent, although the ordering 
can be changed by varying the temperature or 
the transition rates. 

It has been suggested recently by several 
authors (2, 3, 8, 20, 21) that there could be a 
relatively easy transition between (v = 0, J = 8) 
and (v = 1, J = 0) or between (v = 0, J = 7) 
and (u = 1, J = 1) because the energy separa- 
tions of these pairs of states are not large; 
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clearly in the context of acoustic measurements, 
such transitions need not be considered at low 
temperatures, but very recent experiments sug- 
gest that they are not very important in laser- 
excited relaxations at low temperatures either 
(22). We have investigated the form the normal 
modes would have if such processes were strongly 
allowed, using eq. 16a of ref. 8. With these 
probabilities, almost all entries in Table 1 
remain unchanged, but the last two rows of 
probabilities become about the same as rows 1 
and 3 respectively; there are also similar en- 
hancements in probability wherever two levels 
of disparate J and v are close together in energy. 
These assumptions have a drastic effect on the 
form of the modes, and at first sight give the 
appearance of simplifying them considerably 
(see also ref. 3). Closer inspection, however, 
reveals that there are now no such things as 
'vibrational' relaxations. In their place, we now 
have (Fig. 5) a series of very fast relaxations 
connecting(v = 2, J = 5) with (v = 0, J = 13), 
(v = 2, J = 1) with (v = 1 ,  J = 7), down 
through all analogous processes to the slowest 
one which connects (v = 1, J = 1, 3, and 5) 
with (v = 0, J = 7 and 9), and all of these are 
faster than the fastest 'rotational' process con- 
necting J = 1, 3, and 5 of v = 0: then follow 
with increasing time constant the usual suc- 
cession of more complicated rotational modes. 

Conclusions 
We conclude that the normal modes are 

determined by two principal parameters: (i) the 
spacing of the energy levels and (ii) the strength 
of the rotation-vibration coupling. In all those 
cases (i.e. except the last one) where we have 
discriminated more or less strongly against 
large changes in J in a collision, and therefore 
rotation-vibration coupling is by definition 
weak, the form of the modes depicted in Figs. 1 
or 4 is very reproducible; one can manipulate 
the ordering in speed of the modes somewhat 
by changing the assumed probabilities or the 
temperature, but the same modes persist and 
are recognizable despite these variations. On 
the other hand, the last variation we investi- 
gated upsets the whole pattern, eliminating 
anything recognizable as a vibrational relaxation 
time, and giving rise to a progression of rota- 
tional processes as the slowest modes of 
relaxation. It would be reasonable to suppose, 

since we have come a long wav in our under- - < 

standing of relaxations on the assumption that 
vibrational and rotational relaxations are separ- 
able. that most molecules fall into the weak 
rotation-vibration coupling regime, with modes 
of relaxation qualitatively similar to those 
shown in Fies. 1 and 4. We could not have reached " 
our present level of understanding of such 
processes making the assumption of separability 
if the appropriate modes were even remotely 
like those shown in Fig. 5. 

In a subsequent paper we intend to explore 
what difficulties may be encountered in the 
implicit assumption of complete separability 
of rotational and vibrational relaxation in the 
interpretation of shock-wave and laser selective 
overpopulation experiments. 
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15.174(1) A, (3 = 115.923(6)", Z = 2, space group P21/c. The structure was solved by Patterson 
and Fourier syntheses and was refined by full-matrix least-squares procedures to a final R of 
0.047 and R,, of 0.060 for 3042 reflections with 12  3a(I). Details of the preparation and 
physical properties of the compound are given. The centrosymmetric binuclear complex 
features copper atoms having distorted square-pyramidal geometry, bonded to four nitrogen 
atoms and one oxygen atom. Bond distances in the molecule are: Cu-0, 1.923(3), Cu-N, 
1.964(4)-2.874(4), Ga-0, 1.825(4) and 1.881 (3), Ga-N, 1.952(4)-1.978(5), Ga-C, 1.950(7)- 
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Les cristaux du [Me3Ga2(N2C4H5)3CuO]2 sont monocliniques, a = 10.766(1), b = 14.419(2), 
c = 15.174(1) A, (3 = 115.923(6)0, Z = 2, groupe d'espace P21/c. On a risolu la structure par 
les synthkses de Patterson et de Fourier et on l'a affinCe par la mCthode des moindres carrCs 
(matrice complkte) jusqu'k une valeur finale de R de 0.047 et R,, de 0.060 pour 3012 reflexions 
avec 12 3a(1). On donne les details pour la preparation et les propriCtCs physiques du com- 
pose. Le complexe binuclCaire centrosymetrique comprends les atomes de cuivre ayant une 
gComCtrie pyramidale carrCe dCformCe, liCe k quatre atomes d'azote et un atome d'oxygkne. Les 
distances des liaisons dans la molCcule sont: Cu-0, 1.923(3), Cu-N, 1.964(4)-2.874(4), 
Ga-0, 1.825(4) et 1.881(3), Ga-N, 1.952(4)-1.978(5), Ga-C, 1.950(7)-1.979(8), N-N, 
1.358(6)-1.385(6), N-C, 1.326(7)-1.352(6), C-C(pyrazolyl), 1.342(9)-1.386(8), C-CH3, 
l.487(9)-1.500(10) et C-H, 0.81(10)-1.06(12) A. 

nradui t  par le journal] 

Introduction 
As part of a general investigation into pyra- 

zolyl and related derivatives of gallium and 
altilninilin (1-4), allionic chelating ligands have 
been synthesized and a number of their transition 
metal complexes characterized (5,6). In addition, 
confirmation of the structures predicted for a 
number of the complexes has been forthcoming 

in crystal structure determinations (7, 8). The 
importance of steric interactions in determining 
the geometry of the central CuN4 moiety in the 
two bis-chelate Cu(l1) complexes, [Me2Ga- 
( N Z C ~ H ~ ) ~ ] ~ C U  and [Me2Ga(N2CSH7)2I2Cu, was 
clearly illustrated in that the complex incorpo- 
rating unsubstituted 'pyrazolyl' groups has a 
square-planar arrangement of four nitrogen 
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atoms about the central copper atom, whereas 
the complex incorporating the '3,5-dimethyl- 
pyrazolyl' groups displays a pseudotetrahedral 
environn~ent for the copper atom (8). The pres- 
ent investigation extendsour studies in this-area 
to include the anionic dimethyl bis(3-methyl- 
pyrazoly1)gallate ligand, Me2Ga(N2C4H~)2-. 
The reaction of the sodium salt of this ligand 
with copper(I1) bro~nide in THF did not, how- 
ever, yield the expected bis-chelate copper(l1) 
complex, [Me2Ga(N2C4H5)2]2Cu, but rather, a 
novel binuclear copper(l1) con~plex, [Me3Ga2- 
(N2C4H5)3C~~0]2, incorporating trigonal planar 
oxygen atoms and 'Me2Ga(N2C4H5)' and 'MeGa- 
(N2C4H5)2' moieties. 

Experimental 

Srartitlg Materials 
Tetrahydrofuran was refluxed over lithium alulninurn 

hydride and then used immediately following distillation. 
3-Methylpyrazole (Aldrich Chemical Co.) and sodium 
hydride (Alfa Inorganics) were used as purchased. Tri- 
methyl gallium was prepared as previously described (9). 

TIlP 
[I] NaH + NzC4H6 -> Na+N2C4H5- + H2 

N? at rn  

T H F  
[21 Na+N2C4H5- + Me3Ga -> 

Nr a t m ,  reflus 

Na+Me3Ga(NzC4H5)- 

THI' 
[31 Na+Me)Ga(NzC4Hs)- + N2C4H6 -) 

N2 a t rn ,  reflux 

Na+MezGa(N2C4Hs)z- + CH4 

Trimethyl gallium (4.020 g, 35.0 mmol) in T H F  was added 
to sodium 3-methylpyrazolide (35.0 mmol) (made from 
sodium hydride (0.840 g, 35.0 mmol) and 3-methylpyra- 
zole (2.870 g, 35.0 mmol) in T H F  solution) in the same 
solvent and the mixture refluxed gently. The solution was 
cooled to room temperature and a solution of 3-methyl- 
pyrazole (2.870 g, 35.0 mmol) in T H F  was added slowly 
and the reaction mixture refluxed. The progress of step 3 
in the synthesis was followed by monitoring the 1H nmr 
spectrum of the THF solution in the Ga-Me region of 
the spectrum. The two species, Na+Me)Ga(NzCaHs)- and 
Na+Me2Ga(NzC4H5)l-, gave sharp Ga-Me signals sep- 
arated by about 0.5 ppm from each other and, conse- 
quently, completion of the reaction could be ascertained. 
The 1H nmr spectrum of the product in T H F  solution 
showed otre sharp Ga-Me singlet (area 6) and rwo 
doublet signals (each of area 2 and J z 2 Hz) due to 
pyrazolyl ring protons. (The signal due to the 3-Me 
groups on the pyrazolyl moieties was masked by solvent 
peaks.) The simplicity of this spectrum suggests the 

presence of one isomer in the THF solution since a mix- 
ture of isomers would give a more complicated 1H nmr 
pattern. Upon completion of the reaction, the solution 
was cooled and the solvent removed under vacuum to give 
a white hygroscopic solid as product. This ligand salt was 
used without further purification in the following prep- 
aration. 

Arret~lprerl Prepnrntiotr of Bis[ciit11erlr~~lbis(3-111e11~yl-l- 
pyrazolyi)g.nllaro]copper(ll) 

THI' 
2Na+Me2Ga(NzC4H~)2- + CuBr2 -) 

r . t .  

[MezGa(NzC4H5)z]2Cu + 2NaBr 

The ligand salt (1.249 g, 4.39 mmol) was dissolved in T H F  
and a solution of copper(1I) bromide (0.489 g, 2.19 mmol), 
in the same solvent, added. The reaction mixture was 
stirred under a dry nitrogen atmosphere for a few hours 
and the precipitated sodium bromide was then removed 
by centrifuging. The resultant dark green solution was 
flash evaporated to yield a dark green oil from which 
crystals of the expected bis-chelate complex could not be 
obtained despite numerous attempts. (In a similar reaction 
with cobalt(I1) chloride the same ligand salt had yielded 
the bis-chelate cobalt complex [MelGa(N2C4Hs)2]2Co.) 
Interestingly, however, on exposure to the atmosphere, the 
green oil produced small amounts of a purple crystalline 
solid which proved insoluble in common organic solvents 
and also was of high molecular weight (> 1000) as evi- 
denced by its mass spectrum. The purple solid was easily 
separated from the green oil by dissolving the latter in 
acetone to leave behind the insoluble crystals. Slow 
evaporation of the resulting green acetone solution in the 
open air yielded more purple crystals, and eventually quite 
sizeable crystals suitable for X-ray study were obtained. 
(Analysis of purple solid. At~ol.  Calcd. for [MejGaz- 
(N2C4H5)3Cu0I2: C 35.50, H 4.73, N 16.57; found: C 
35.36, H 4.62, N 16.30.) 

The purple solid melted sharply at 187 "C, with decom- 
position, and gave a re,, value of 1.98 B.M. per copper ion 
at  298 K (corrected for ligand and metal diamagnetism). 
The reflectance spectrum of the complex exhibited one 
broad asymmetric absorption band in the 13 500 - 28 600 
cm-1 range with v,,, a t  17 465 cm-1 and a hexachloro- 
butadiene mull spectrum displayed no additional bands in 
the range 4 000 - 28 600 cm-1. The low frequency infrared 
spectrum (recorded on a Nujol mull) of the complex dis- 
played a number of absorptions attributed to v,,-, and 
'M-N' and 'M-0' (where M = G a  or Cu) modes. The 
bands occurred at  585(vs), 565(s), 530(m), 405(m), and 
395(m) cm-1. The strongest bands a t  585 and 565 cm-1 
are in the region characteristic of Ga-C stretching fre- 
quencies, whilst the remaining bands listed may be tenta- 
tively assigned to 'M-N' and 'M-0' ring modes. 

Spectra 
The mass spectrum was recorded on a Varian MAT 

CH4-B mass spectrometer at  70eV with the probe 
temperature at  140 "C. The magnetic susceptibility was 
measured on a Gouy balance, the reflectance spectrum on 
a Spectronic 600 instrument with reflectance attachment, 
and the mull spectrum on a Cary 14 spectrometer. The 
infrared spectrum was recorded on a Perkin-Elmer 457 
spectrometer and the IH nmr spectra were recorded on  a 
Varian T60 instrument. 
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X-Ray Crysrallograpliic Strrdy of 
[ M ~ ~ G Q ( N ~ C ~  H5)3CrrO]2 

The crystal chosen for study was mounted with u* 
parallel to the goniostat axis and had dilllensions of err. 
0.15 X 0.40 X 0.45 mrn. Unit-cell and space group data 
were obtained from film and diffractometer measure- 
ments. The ~mit-cell parameters were refined by a least- 
squares treatment of sin28 values for 26 reflections 
measured on a diffractometer with CLI K, radiation. 
Crystal data are: 

C3~H4aCu2Ga4N1202 fw = 1014.8 
Monoclinic, u = 10.766(1), 6 = 14.419(2), c = 15.174(1) 
A, p = 115.923(6)", V = 2118.5(4) A3, Z = 2, pc = 
1.5906(!) g c w 3 ,  F(000) = 1020 (21 "C, Cu K,, X = 
1.5418 A, p = 30.5 cm-1). Absent reflections: OkO, k f 
2n and 1101, 1 f 211 define uniquely the space group 
P21/c (CSh, NO. 14). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, Cu K, (nickel filter and pulse height 
analyser), and a 8-28 scan at  2 deg min-1 over a range of 
(1.80 + 0.86 tan 8) deg in 28, with 10 s background 
counts being measured at each end of the scan. Data were 
meas!red to 20 = 145" (rninim~~m interplanar spacing 
0.81 A). A check reflection was monitored every 40 
reflections throughout the data collection. The intensity 
of the check reflection decreased slowly to a final value 
17% lower than the starting value. Lorentz and polariza- 
tion corrections and check reflection scaling were applied, 
and the structure amplitudes were derived. No absorption 
correction was made due to irregularity of the crystal 
surface. Of the 4202 independent reflections measured, 
1135 had intensities less than 3u(1) above background 
where ~ ' ( 1 )  = S + B + (0.06S)%vith S = scan C O L I I I ~  and 
B = time averaged background count. These reflections 
were given zero weight in the refinement but were in- 
cluded in the structure factor calc~~lations. 

The positions of the copper and two gallium atoms 
were determined from the three-dimensional Patterson 
function. Two cycles of full-matrix least-squares refine- 
ment of the positional and isotropic thermal parameters 
of the Cu and G a  atoms gave R = 0.41. A difference map 
at this point gave the positions of the C ,  N, and 0 atoms. 
lsotropic followed by anisotropic refinement of the non- 
hydrogen atoms reduced R to 0.057; 22 of the 24 hydro- 
gen atoms were located from a subsequent difference map 
and the two remaining positions were calculated. (Both 
hydrogen atoms not located from the difference map were 
associated with the C(12) methyl group.) The entire 
structure (including hydrogen atoms with isotropic ther- 
mal parameters) was refined for five more cycles giving a 
final R of 0.047 and R,, of 0.060 for 3042 reflections with 
1 2  3u(l) (25 reflections which had F ,  - IFc  > 3u(F) 
were removed from the data set in the final stages of 
refinement). 

The least-squares refinement was based on the mini- 
mization of Zwl:IFol - lFc/(l + g1)i12 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 2.0(2) x 10-7. The scattering factors 
of ref. 10 were used for the nonhydrogen atoms and those 
of ref. 11 for the hydrogen atoms. Anomalous scattering 
factors from ref. 12 were used for the Ga,  Cu, 0 ,  and N 
atoms. The anisotropic thermal parameters employed in 

TABLE 1. Final positional parameters (fractional x 101, 
Ga and Cu X 105, H X 103) with estimated standard 

deviations in parentheses 
- 

Atom x 1' 

Ga(l)  
Ga(2) 
Cu 
0 
N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
N(6) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C( 12) 
C(13) 
C( 14) 
C(15) 
H(2) 
H(3) 
H(5) 
H(6) 
H(8) 
H(9) 
H(1Oa) 
H(l0b) 
H(1Oc) 
H(l la)  
H(116) 
H(l lc) 
H(12rr) 
H(12b) 
H(12c) 
H(13rr) 
H(13b) 
H(13c) 
H(14a) 
H(14b) 
H(14c) 
H(l  5r1) 
H(15b) 
H(15c) 

the refinement are ULj in the expression: 

f' = f O  exp [-2~2(U1111'a*2 + U22k2b*2 + U3312~*2 
+ 2U12/1kn*b" + ~ U ~ ~ / I / C Z : ~ C *  + 2U23klb*c*)] 

where f Q  is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
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TABLE 2. Final thermal parameters and their estimated standard deviations 

(a) Anisotropic thermal parameters (Uij X 100 2 )  

Atom UI I uzz u33 UIZ u~ 3 u2 3 

(b) Isotropic thermal parameters (U X 100) 

Atom u (*) Atom ~ ( 2 )  Atom U (AZ) 

H(l0c) 
H(l la) 
H(1 lb) 
H(l lc) 
H(12n) 
H(12b) 
H(12c) 
H(13a) 

w = 1/0z(F) where d ( F )  is derived from the previously 
defined 02(1) gave uniform average values of w(lF,I - 
\Fcl)2 over ranges of lF,j and was employed in the final 
stages of refinement. The mean error in an  observation of 
unit weight was 1.35. On the final cycle of refinement the 
mean parameter shift was 0.250, the largest shift corre- 
sponded to 1.40. The final positional and thermal param- 
eters appear in Tables 1 and 2 respectively. Measured 
and calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

The thermal motion of [[\4e3Ga;(NiC413s)3C~0]2 has 
been analysed in terms of the rigid-body modes of trans- 
lation and libration (13) using the computer program 

'The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 

MGTLS. The rigid-body motion of all atoms in the dimer 
except the methyl carbon atoms was adequately described 
by the derived rigid-body* parameters (rms AUij = 0.0054 
and rms uUij = 0.0032 A'). The appropriate bond dis- 
tances have been corrected for libration (14, 15) and 
appear along with the uncorrected distances in Table 3. 
The distances involving methyl carbon atoms have been 
corrected for riding motion based on the AUlj (16, 17). 

Kesults and Discussion 

Mass Syecir~iin of [Me3Ga2(N2C4Hs)3 CuOJ2 
The mass spectrum of the binuclear copper(I1) 

complex, [Me3Ga2(NzC4H5)3CuO]2, did not dis- 
play a parent ion cluster but did give as its 
strongest signals groupings corresponding to the 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a )  Nonhydrogen atoms 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(6 )  Bonds involving hydrogen atoms 

Bond 

C(2)-H(2) 
C(3)-H(3) 
C(5)-H(5) 
C ( 6 F H ( 6 )  
C ( g F H ( 8 )  
C(9)-H(9) 
C ( l O p H ( l 0 a )  
C(lOFH(1Ob) 
C(10)-H(10c) 
C ( l l F H ( 1  la) 
C ( l l F H ( 1 l b )  
C ( l l F H ( 1 l c )  

Distance Bond Distance 

0.96(10) 
0.93(10) 
0.88(14) 
1.06(12) 
0.81(10) 
l.OO(12) 
0.94(11) 
1.01(8) 
1.03(8) 
1.01(8) 
0.87(14) 
1 .04(8) 

loss of one, two, and three methyl groups 
respectively from the parent ion, thus confirming 
a similar molecular constitution in the gas phase 
as in the solid. (A similar absence of parent ions 
in the mass spectrum of organogallium and 
organoaluminum compounds has been reported 
previously (1, 18, 19).) These strong signals, 
corresponding to fragments containing four 
gallium and two copper atoms, occurred as 
characteristic septets with individual peaks at 
separations of two mass units, (e.g. Me5Ga4- 
(N2C4H5)6C~202+, 995-1007; M ~ ~ G ~ ~ ( N ~ C ~ I - I S ) ~ -  
Cu202+, 980-992) the relative intensities of 
which agreed well with those predicted from the 
isotopic abundances of the metal atoms 
(69Ga, 60%; 71Ga, 40%; 6 3 C ~ ,  69%; 6 s C ~ ,  3 1 %). 
Other strong signals in the spectrum corre- 
sponded to the loss of one and two methyl 

groups from the monomer ion. These signals 
occurred as characteristic quartets (Me2Ga2- 
( N ~ C ~ H ~ ) ~ C U O + ,  490-496; MeGa~(NzC4H5)3- 
CuO+, 475-481) with close to predicted relative 
intensities for the individual peaks. Only one 
other ion gave a signal of comparable strength 
to  those listed above and that was the Me2Ga2- 
(N2C4H5)Ot ion which occurred as a triplet 
signal at 265-269. Numerous other lower inten- 
sity signals were also observed and these were 
readily assigned to various ion fragments on the 
basis of predicted relative intensity patterns for 
the various Ga-Cu ratios involved. 

Crystal Str~rct~rre 
Figure 1 shows the n~olecule viewed into b 

with the atom numbering scheme and 50% 
probability thermal ellipsoids and Fig. 2 shows 
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FIG. I .  A stereo view of the n~olecule; 50'7; ellipsoids are shown for the nonhydrogen atoms. The 
atoms labelled in the diagram are related to those in Table 1 by the centre of inversion at (1/2,0, 112). 

FIG. 2. The crystal structure viewed along b 

the packing arrangement viewed along the 
crystallographic b axis. Bond angles are given in 
Table 4 and torsion angles in Table 5 .  Deviations 
of relevant atoms from weighted least-squares 
mean planes through the inolecule are given in 
Table 6 and selected nonbonded contacts in 
Table 7. Primed atonls are related to those in 
Table 1 by inversion through the molecular 
center of symmetry a t  (+,0,$). 

The crystal structures of numerous poly(1- 
pyraz01yl)borate mononuclear transition metal 
colnplexes have been reported (see ref. 8) and 
representative structures of transition inetal 
coinplexes incorporating dinlethyl bis(1-pyra- 
zoly1)gallate and dimethylbis(3,5-dimethyl-1-py- 
razoly1)gallate ligands have recently appeared 
(7, 8). The structure of a binuclear copper(1) 

con~plex incorporating hydrotris(1-pyrazoly1)- 
borate ligands v iz .  [HB(N2C3H3)3CuI2 represents 
the first reported example of a binuclear transi- 
tion nletal species iiivolving this type of ligand 
(20). The present structure is the first example of 
a binuclear copper(I1) con~plex involving 'pyra- 
zolyl-gallate' ligands, and features an unusual 
arrangement which is probably derived from an 
attack by water on the initially formed bis- 
chelate conlplex [Me2Ga(N2C4H5)212Cu (see Ex- 
perinlental section). The overall reaction with 
atrnospheric nloisture may be sun~n~arized as: 

2[Me2Ga(N2C4H5)212Cu + 2H20 + 

[Me,Ga2(N2C4H5)3CuO]2 + 2CH4 +2NzC4Hs 

The resulting centrosylnn~etric dinier is de- 
picted in Fig. 1, and displays the two copper 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a) Nollhydrogell atoms 

Bonds Angle (deg) Bonds Angle (deg) 

O-Ga(1)-N(1) 95.1(2) Cu-N(2)-C(3) 131.9(4) 
O-Ga(lkN(6) '  106.4(2) Cu'-N(2)-N(l) 95.3(3) 
O-Ga(1 )-C( 10) 120.4(4) Cul-N(2kC(3) 102.3(3) 
N(lkGa(1)-N(6)' 102.8(2) N(1)-N(2)-C(3) 105.9(4) 
( 1 ) - ( 1 ) - ( 1 0  120.8(4) Ga(2)-N(3)-N(4) 117.1(3) 
N(6)'-Ga(1)-C(10) 109.0(3) G a ( 2 k N ( 3 k C ( 4 )  134.0(4) 
0-Ga(2)-N(3) 9 1 .6(2) N(4)-N(3)-C(4) 108.5(5) 
O-Ga(2)-C(11) 109.7(3) Cu-N(4)-N(3) 120.6(3) 
0-Ga(2)-C(12) 111.0(3) Cu-N(4)-C(6) 132.6(4) 
N(3)-Ga(2)-C(11) 106.2(4) N(3)-N(4)-C(6) 106.8(5) 
N(3)-Ga(2)-C(12) 11 1.8(4) Cu-N(5)-N(6) 128.4(3) 
C(11)-Ga(2)-C(12) 122.2(5) Cu-N(5)-C(7) 122.9(4) 
O-Cu-N(2) 89.5(2) N(6)-N(5kC(7) 108.7(4) 
O-Cu-N(4) 90.1(2) Ga(1)'-N(6)-N(5) 127 .2(3) 
O-Cu-N(5) 170.7(2) Ga(1)'-N(6)-C(9) 125.7(4) 
O-CU-N(2)' 90.8(1) N(5)-N(6)-C(9) 107 . O(4) 
N(2)-CU-N(4) 176.9(2) N(1)-C( 1)-C(2) 107.9(5) 
N(2kCu-N(5) 89.8(2) N(lkC(1)-C(13) 121.0(7) 
N(2)-CU-N(2)' 94.0(1) C(2)-C(1)-C(13) 131.1(7) 
N(4)-CU-N(5) 90 . l(2) C(1)-C(2)-C(3) 106.9(6) 
N(4)-CU-N(2)' 89.1(1) N(2)-C(3kC(2) 110.6(6) 
N(5kCu-N(2)' 98 .6(2) N(3)-C(4)-C(5) 109 .6(6) 
G a ( l k 0 - G a ( 2 )  123.0(2) N(3)-C(4)-C( 14) 120.1(7) 
Ga(1)-O-Cu 117.7(2) C(5)-C(4)-C( 14) 130.7(7) 
Ga(2)-O-Cu 119.3(2) C(4kC(5)-C(6) 105.0(6) 
Ga(1)-N(1)-N(2) 113.3(3) N(4)-C(6)-C(5) 110.4(6) 
Ga(1)-N(1)-C(1) 138.0(4) N(5)-C(7)-C(8) 108.3(5) 
N ( 2 k N (  1 k C (  1) 108.7(4) N(5)-C(7)-C(15) 121.6(5) 
CU-N(2)-CU' 86.0(1) C(8)-C(7)-C( 15) 130.1(6) 
CU-N(2)-N(l) 120.6(3) C(7)-C(8)-C(9) 105.9(5) 

N ( 6 k C ( 9 k C ( 8 )  110.6(6) 
(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

C(l  kC(2)-H(2) 
C(3kC(2)-H(2) 
N ( 2 k C ( 3 k H ( 3 )  
C(2)-C(3kH(3) 
C(4kC(5)-H(5) 
C(6kC(5)-H(5) 
N(4)-C(6)-H(6) 
C(5kC(6)-H(6) 
C(7)-C(8kH(8) 
C(9kC(8)-H(8) 
N(6)-C(9)-H(9) 
C ( 8 k C ( 9 k H ( 9 )  
Ga(1)-C(10)-H(10a) 
Ga(lkC(10)-H(10b) 
G a ( l k C ( l O k H ( 1 0 c )  
H(10a)-C(10)-H(10b) 
H(100)-C(lOkH(10c) 
H(l0b)-C(1O)-H(l Oc) 
Ga(2)-C(11 )-H( 1 l a )  
Ga(2)-C(l l k H ( l 1  b) 
Ga(2)-C(11)-H(l lc) 
H(1 la)-C(1 1)-H( 11 b) 
H ( l l a k C ( 1  l k H ( 1  lc) 
H ( l l b k C ( 1  l k H ( 1 l c )  
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TABLE 5. Intraannular torsion angles (deg) 

Bond Angle Bond Angle 

Five-membered rings 
CU-0 11.4(2) CU-0 8.4(2) 
O-Ga(1) - 17.8(2) 0-Ga(2) - 11.0(2) 
Ga(1)-N(1) 19.3(3) Ga(2)-N(3) 10.4(3) 
N(l)-N(2) - 15.1(3) N(3)-N(4) -6.8(3) 
N(2)-CU 3.1(3) N(4)-CLI -0.6(3) 

Seven-membered rings 
Ga(1)-0 87.1(2) Ga(l)--0 87.1(2) 
0-CU -82.6(1) 0-CU 11 .4(2) 
CU-N(2)' 89.6(2) CU-N(2) -90.7(1) 
N(2)'-CU' - 98.6(2) N(2)-CU' 90.4(2) 
Cut-N(5)' 88.5(3) CU'-N(5)' -5.4(3) 
N(5)'-N(6)' -4.0(4) N(5)'-N(6)' -4.0(4) 
N(6)'-Ga(1) - 60.9(3) N(6)'-Ga( I) - 60.9(3) 

Six-membered ring 
Ga(1)-N(l) -SS.9(3) 
N(l)-N(2) 73.4(3) 
N(2)-CU' - 30.0(3) 
Cut-N(5)' - 5 .4(3) 
N(5)'-N(6)' -4.0(4) 
N(6)'-Ga(1) 38.5(3) 

Unique angles in the 10-membered ring: 
Ga(l)--O-Cu-N(5) 97.0(7) 
0-CU-N(5)-N(6) - 174.1(6) 

atoms at a distance of 3.383(1) A from each 
other. The complex is magnetically dilute (21) 
(perf = 1.98 B.M. per copper atom at 298 K)  with 
no major detectable intramolecular magnetic 
coupling interaction between the two copper 
atoms either directly or via the ligand system. 
Usually, for such magnetic co~pling to occur the 
Cu. . .Cu distance is <3.OA, and typical bi- 
nuclear copper(1I) complexes showing such mag- 
netic coupling interactions are the copper 

carboxylate mo~loadducts [Cu(RC02)2.L]2, (ref. 
22 and references therein), the recently reported 
7-azaindole copper(I1) complexes (23), and a 
binuclear triketonate copper(I1) complex (24). 

The individual arrangement about each copper 
atom is approximately square-planar with three 
nitrogen atoms and one oxygen atom coordinated 
to the copper. Within this sallle general plane 
there are two gallium atoms and two pyrazolyl 
rings, giving a system of four fused five-membered 
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TABLE 7. Selected intra- and intermolecular contacts 

Intramolecular Intern~olecular* 

Atoms Distance (A) Atoms Distance (A) 

Ga(1) . . . Ga(2) 3.254(1) H(1) . . . H(5)t 2.79(7) 
Ga(1) . . . Cu 3.203(1) H(6) . . . H(11(1)? 2.35(10) 
Ga(2) . . . Cu 3.278(1) 
Cu . . . Cu' 3.383(1) 
N(5) . . . C(6) 3.019(8) 
N(5) . . . C(3) 3.053(7) 
Cu . . . H(15c) 2.74(8) 
N(5) . . . H(3) 2.56(5) 
C(2) . . . H(13b) 2.62(10) 
C(5) . . . H(14a) 2.60(11) 

'Superscripts rcfcr to ;uoms a t  positions: ' 1  - .v. 112 + .I., 112 - Z: - .v, - 112, 112 - z .  

rings in each of the two polycyclic planar sys- 
tems. The two 'planes' making up the centrosym- 
metric dirner are held together primarily by two 
straddling 'pyrazolyl' moieties which provide a 
Ga-N-N-Cu link-up between the planes. 
This is shown diagrammatically in 1. I n  addition 
there is the possibility of a long axial interaction 
between a nitrogen atom in one plane, N(2), and 
the copper atoni directly below in the other 
plane, Cur, thus forming a planar centrosym- 
metric CuzNz ring. The distance involved. 
Cur-N(2), is 2.874(4) ,& and although too long 
to represent a strong bonding interaction may 
constitute a "semi-coordination" effect between 
the two atoms (25-27).oThe copper atom is dis- 
placed slightly (0.11 1 A) from the mean plane 
of the four atoms within normal bonding dis- 
tance towards the axial nitrogen atom, consistent 
with some type of weak interaction. The four 
atoins with normal bonds to the copper are not 
coplacar, N(2) and N(4) are both displaced 
0.06 A from the mean plane of N(2), N(4), N(5), 
and 0 toward Cur yhile N(5) and 0 are dis- 
placed 0.06 and 0.04 A in the opposite direction, 
presun~ably a result of steric forces. As a conse- 
quence, some of the bond angles at the copper 
atom (89.1(1)-98.6(2), 170.7(2), and 176.9(2)") 
deviate, significantly from their 'ideal' values qf 
90 and 180". The Cu-0 distance of 1.923(3) A 
is norpal and the mean Cu-N distance of 
1.985 A for the three N atollis with normal bonds 
to copper agrees well with the mean distance of 
1.987 A in the related square-planar complex 
[Me2Ga(N2C3H3)2]2Cu (8). The significant differ- 
ence between the Cu-N(4) a ~ d  Cu-N(5) dis- 
tances (1.964(4) and 1.990(4) A respectively) is 

believed to arise from the tt~crns effect awhile the 
lengthening of Cu-N(2) to  2.001(4) A relative 
to Cu-N(4) inust result from the weak inter- 
action between N(2) and Cu'. 

There are two types of four-coordinate tetra- 
hedral gallium atoms: one bound to  oxygen, 
two 'pyrazolyl' nitrogens, and a methyl group; 
the other to  oxygen, two methyl groups, and 
one 'pyrazolyl' nitrogen. Of interest is the fact 
that some of the 3-methylpyrazolyl groups 
exhibit their ~nethyl groups away from the 
gallium atoms, as expected, whilst others (the 
majority) exhibit them toward the gallium atoms. 
Some ligand scrambling must have taken place 
during the formation of the binuclear copper(I1) 
complex and steric effects were probably respon- 
sible. A noteworthy point is the unprecedented 
loss of a methyl group from a 'Me2Ga' unit 
under such mild conditions, whereas usually 
such 'MezGa' moieties are quite stable (1, 28). 

The galliuni tetrahedra are both considerably 
distorted with valence angles ranging from 
95.1(2) to 120.8(4)' at Ga(1) and from 91.6(2) 
to 122.2(5)' at Ga(2). The two Ga-0 distances, 
1.825(4) a ~ d  1.881(3) A, are both i11 the range of 
1 .SO-1.99 A reported for tetrahedral Ga-0 
bonds (ref. 29 and references therein). The highly 
significant difference between the two distances 
probably results primarily from g-hybridization 
effects (30). The Ga-C bonds in related 'pyra- 
zolyl-galla!e' structures (2-4, 7, 8) range from 
1.90-1.9S0A with a weighted mean value of 
1.953(4)A. The three Ga-C distances in the 
present structure (Ga(1)-C(lO), 1.950(7), Ga(z) 
-C(1 I), 1.970(7), and Ga(2)-C(12), 1.979(8) A) 
all lie within this range. The Ga-N bond 
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lengths i a  the related structures range from 1.97 1 
to 2.006 A and show a bimodal distribution, the 
mean values for the 'short' and 'long' Ga-N 
bonds being 1.979(1) and 1.998(1) A respec- 
tively. The three Ga-N bonds in the present 
structure are Ga(1)-N(1), 1.952(4), Ga(l)6 
N(6)', 1.969(4), and Ga(2)-N(3), 1.978(5) A. 
The first of these bonds is significantly shorter 
than any previously observed in the 'pyrazolyl- 
gallate' structures while the latter two are both 
in the range of the 'short' Ga-N distances. 

Incorporated into the polycyclic structure are 
ten independent rings.The central four-membered 
Cu2N2 ring is centrosymmetric (and thus planar) 
with angles of 94.0(1)" at Cu and 86.0" at  N.  
The three 3-methylpyrazolyl rings are planar 
within experimental error (see Table 6). Torsion 
angles in the remaining rings (2CuN2Ga0, 
GaCuN4, 2GaCu20N3, and Cu2Ga202N4) are 
listed in Table 5. The oxygen atom has trigon%l 
planar geometry (displacement - 0.0009(37) A 
from the Ga(l)Ga(2)Cu plane). 

The means and ranges for bond lengths in the 
3-methylpyrazolyl groups are: N-N, 1.372 
(1.358-1.385), N-C, 1.341 (1.326-1.352), C-C, 
1.367 (1.342-1.386), and C-C(Me), 1.493 
(1.487-1.500 A). These values compare well with 
those observed in related 'pyrazolyl-gallate' 
structures (2-4, 7, 8): N-N(bi111odal) 1.35 l(5) 
and 1.372(2) (1.33-1.380), N-C, 1.345 (1.322- 
1.36 l), C-C, 1.373 (1.340- 1.40), and C-C(Me), 
1.498(3) (1.488-1.5 13 A). The geometry involv- 
ing hydrogen atoms is also as expected: mec;n 
C(pz&H. 0.94(4), mean C(Me)-H, 0.96(2) A, 
and angles range from 114-135(3-5)" for 
'pyrazolyl' hydrogens and fro111 65-134(4-10)" 
for methyl hydrogen atoms. 

The crystal structure (Fig. 2) consists of well- 
separated binuclear units, the closest inte6- 
molecular contact (H(6). . .H(l la), 2.35(10) A) 
corresponding to a normal van der Waals con- 
tract. Intramolecular nonbonded contacts are 
listed ino Table 6. The N(5). . .H(3) distance of 
2.56(5) A is less than the sum of van der Waals 
radii and there may be a weak interaction be- 
tween H(3) and the pa bonding orbital of N(5). 
The angle C(3&H(3). . .N(5) is 11 1". 
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Concentration fluctuations in water-methanol mixtures as studied 
by ultrasonic absorption 
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WILLIAM D. T. DALE, PETER A. FLAVELLE, and PEETER KRUUS. Can. J. Chem. 54, 355 (1976). 
Measurements of the ultrasonic absorption and velocity, and viscosity have been carried out 

in the system methanol-water at 0, 15, and 25 "C at  frequencies from 10 to 50 MHz. The data 
show the existence of two maxima in the excess absorption as a function of composition. The 
existence of the two maxima are predicted by the Romanov-Solovyev theory relating the 
absorption to concentration fluctuations. The magnitude of the excess absorption is calculated 
at  25 and 0 "C from density, vapour pressure, and diffusion data. New experimental data on 
density and vapour pressure are presented for this system a t  0 "C. The calculated excess absorp- 
tion is in reasonable agreement with the measured. This indicates that any specific localized 
intermolecular interactions present in this system could be responsible for a t  best a smaller 
portion of the excess ultrasonic absorption, as longer range concentration fluctuations account 
for essentially all of the excess. Ultrasonic data on thesystems methanol-octanol and 11-propanol 
-water are also presented in the course of examining the generality of these phenomena. 

WILLIAM D. T. DALE, PETER A. FLAVELLE et PEETER KRUUS. Can. J. Chem. 54, 355 (1976). 
On a effectui des mesures d'absorption et de vitesse ultrasonique et de viscositi dans le 

syst'eme mithanol-eau B 0, 15 et 25 OC B des friquences allant de 10 ?i 50 MHz. Les donnies 
montrent I'existence de deux maxima dans l'absorption en excks en fonction de la composition. 
L'existence des deux maxima est pridite par la thiorie de Romanov-Solovyev en reliant 
l'absorption avec les fluctuations de la concentration. On a calculi l'amplitude de l'excks 
d'absorption B 25 et B 0 OC B partir des donnies de densiti, depression de vapeur et de diffusion. 
On presente de nouvelles donnies experimentales pour la densiti et la pression de vapeur de ce 
systkme ti 0 "C. Les absorptions en excks calculCes sont en bon accord avec les valeurs mesuries. 
Ce risultat indique que les interactions intermoliculaires localisies spicifiques presentes dans 
ce systkme peuvent Ctre responsables pour au plus une petite portion de l'absorption ultra- 
sonique en excks puisque des fluctuations de concentration sur des grandes itendues tiennent 
compte pratiquement de tous les excks. On prisente aussi des donnees ultrasoniques pour le 
systkme rnithanol-octanol et 11-propanol-eau dans le cadre d'un examen de la giniraliti de ce 
phinomkne. 

[Traduit par le journal] 

Introduction 
The first ultrasonic measurements in meth- 

anol-water mixtures were reported in 1946 by 
Mikhailov and Gourevitch (1). They found a 
maximum in the absorption as a function of 
concentration. Later studies by Burton (2) did 
not show a maximum. Since that time, many 
ultrasonic studies of alcohol-water systems have 
been carried out (3-9), but only one additional 
study (10) has been reported on methanol-water. 
A more complete summary of ultrasonic ab- 

1 sorption studies for alcohol-water solutions can 
be found in ref. 11. 

'Present address: Department of Chemistry, State 
University of New York, Stony Brook, New York 11794. 

ZPresent address: Inland Waters Branch, Department 
1 

of Environment, 562 Booth Street, Ottawa, Canada 
KIA OE7. 

An explanation of the absorption in several 
alcohol-water mixtures (7, 12) has been given in 
terms of the Romanov-Solovyev theory (12, 13). 
This theory postulates the excess absorption to 
be due to the presence of concentration fluctua- 
tions in the system and relates it to the free 
energy of mixing (G"""), the volume of mixing 
(V'"'"), and the mutual diffusion constant. Lack 
of sufficiently accurate therinodynamic data 
makes quantitative conlparison of experiment 
and theory difficult. Other studies have inter- 
preted the results in terms of specific relaxation 
times (3-5, 8,9, 14), postulating the formation of 
specific intern~olecular con~plexes to be respon- 
sible for these relaxations (3, 8, 9, 14). These 
approaches give a possible explanation of the 
excess absorption, but do not exclude other 
explanations. 
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TABLE I .  Ultrasonic and viscosity data for methanol-water at 25.0 "C, 31.6 MHz 

Measured Measured Kinematic Classical 
Mole fraction absorption velocity viscosity absorption 

methanol a / f 2  v t l / p  % / f 2  
XM (10-l7 cm-1 s2) (lo5 cm s-1) (10-'st) (10-17 cm-1 s2) 

This study of methanol-water was initiated to 
see if the Romanov-Solovyev theory accounts 
essentially for all the excess absorption, or 
whether it is necessary to postulate the existence 
of specific intermolecular complexes in meth- 
anol-water. The simplest possible alcohol-water 
system was chosen to avoid interferences from 
other possible absorption processes, e.g. the 
proximity of a miscibility gap ( 6 ) .  

This system was examined in considerably 
greater detail with regard to its concentration 
and temperature dependence than other systems 
examined previously. The volume, free energy, 
and diffusion data necessary for analysis of 
ultrasonic absorption in terms of concentration- 
fluctuation theory have not been available for 
some of the previously examined systems. Such 
data for the methanol-water system were made 
complete at both 0 and 25 "C making density and 
vapour pressure measurements where data were 
not available in the literature. 

Experimental 
The 11-propanol and 11-octanol used in the studies were 

Fisher certified grade. The methanol was Fisher spec- 
tranalyzed. Density and refractive index measurements 
confirmed the quoted purity as better than 99.95%. The 
alcohols were all used without further purification. 
Deionized water from a Milli-Q3 water purifier (Millipore 
Corporation) was used. All solutions were made LIP 
gravimetrically with a precision in the composition values 
of better than 0.06%. 

The apparatus and method used for the ultrasonic 
absorption and velocity measurements are described in 
ref. 6. Although the standard deviation of attenuation vs. 

distance plots suggest the precision of a / f 2  to be better 
than 0.2%, the absolute accuracy of the data is con- 
siderably poorer. In ref. 6 it is estimated to be 3%. The 
relative accuracy in a series of runs taken on a single day 
was better than this, but for some reason the repro- 
ducibility over long periods was not as good. The reason 
cannot be variation in thermostat temperature, as the 
temperature was controlled to better than 0.2" at  0 "C, 
with better control at 15 and 25 "C. The accuracy of the 
velocity measurement was estimated to be better than 
0.3%. 

Kinematic viscosity was measured with a Cannon- 
Fenske viscometer thermostated in the same bath used 
for the ultrasonic apparatus. Calibration was with water. 
The measured viscosities are estimated to have an 
accuracy of better than 0.7%. 

The density measurements were done on a Precision 
Density Meter DMA 02C (Anton Paar) described in ref. 
15. Calibration for operation at 0 "C was accomplished 
using samples of hexane and methanol obtained from the 
National Research Council of Canada, and two samples 
of methanol-water solutions, the densities of which had 
been determined by a pycnometer. Temperature control 
was better than 0.01 deg, and the precision of density 
measurements was estimated to be better than 0.01%. 

Vapour pressure measurements were done using a 
mercury manometer installed in a vacuum apparatus 
equipped with a single-stage mercury diffusion pump. 
An equilibration period of at  least 20 h was allowed for 
each sample, during which it was stirred by a magnetic 
stirrer immersed in the thermostat bath. Pressure measure- 
ments were taken against atmospheric pressure using a 
cathetometer. The refractive index of the samples was 
taken at  the end to check for changes in composition 
during the measurements. The precision of the vapour 
pressure measurements is estimated to be better than 4%. 

Experimental Results 

Tables 1, 2, and 3 give the basic ultrasonic 
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TABLE 2. Ultrasonic and viscosity data for methanol-water at 15.0 "C, 31.6 MHz 

Measured Measured Kinematic Classical 
Mole fraction absorption velocity viscosity absorption 

methanol a / f  u VIP %I f2  
XM (10-17 cm-1 s2) (105 cm s-1) (10-2 st) (10-17 cm-1 s2) 

0.0000 30.6 1.492 1 .I40 9 .O 
0.0276 31.1 1.495 1.327 10.6 
0.0373 32.2 1 .SO7 1.384 10.6 
0.0472 32.2 1 .508 1.458 11.0 
0.0573 32.7 1.523 1.490 11.1 
0.0782 32.1 1.537 1.612 11.7 
0.1002 33 .O 1.556 1.759 12.3 
0.1603 34.5 1.576 1.994 13.4 
0.2290 39.5 1.573 2.197 14.9 
0.3082 44.8 1 .544 2.222 15.9 
0.4005 46.3 1.488 2.079 16.6 
0.5096 44.8 1.421 1.878 17.2 
0.6404 38.8 1.347 1.539 16.6 
0.8003 33.8 1 .246 1.065 14.5 
1 .0000 32.3 1.137 0.8321 14.9 

TABLE 3. Ultrasonic data for methanol-water at 0.0 "C, 31.6 MHz 

Measured Measured Classical 
Mole fraction absorption velocity absorption 

methanol e l f 2  u ac I f 2  
XM (10-17 cm-1 s2) (105 cm s-1) (10-17 cm-1 s2) 

0.0000 57.9 1.413 16.0 
0.0087 58.8 1.428 16.7 
0.0145 59.6 - 17.1 
0.0219 59.8 17.65 
0.0291 60.7 1.456 18.25 
0.0395 61.7 1.473 18.8 
0.0482 61.55 1.4855 19.4 
0.0554 60.8 - 19.8 
0.0795 60.3 1.518 21.05 
0.1203 59.3 1.559 22.7 
0.1643 61.3 1.588 23.9 
0.2077 64.4 1.594 24.6 
0.2475 68.1 1.590 24.9 
0.3011 71.2 1.581 24.9 
0.4115 72.1 1.556 23.9 
0.5167 60.9 1.4755 22.4 
0.6365 50.7 1.408 20.9 
0.7237 42.3 1.3485 20.05 
0.8405 37.1 1 .2925 18.2 
0.9082 34 .O 1.251 16.5 
1 .OOOO 29.5 1.194 15.9 

absorption, ultrasonic velocity, and (in Tables 1 position (Xhf = 0.229) at 25 and 0  "C. The values 
and 2 )  kinematic viscosity data at 25, 15, and of a / f 2  were found to be independent o f f '  to 
0  "C for methanol-water. The ultrasonic meas- within the accuracy of the apparatus in both 
urements are all for f = 31.6 MHz .  The variation cases. The classical absorption due to viscosity 
of a / f 2  with frequency (10.6 to 52.8 M H z )  was ( a c / f 2 )  is also given as calculated from the 
examined for the peak sound absorption corn- experimental data through ref. 16. 
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TABLE 4. Ultrasonic and viscosity data for methanol-octanol at 25.0 "C 

Measured Measured Kinematic Classical 
Mole fraction absorption velocity viscosity absorption 

methanol a/j2 u 7 / P  a,/j2 
XM (lo-l7 cm-I s2) (lo5 cm S-I) (lo-* st) (10-l7 cm-I s2) 

FIG. 1. Ultrasonic absorption, velocity, and viscosity 
in methanol-water at 25.0 "C,  3 1.6 MHz. -, Ultra- 
sonic absorption; - - -, ultrasonic velocity; - . -  .- kinematic 
viscosity. 

Table 4 gives the corresponding data for meth- 
anol-octanol. 

Figure I shows a plot of the 25 O C  methanol- 
water data from Table I ,  illustrating the com- 
position variation of three of the four quantities 
Listed. The plots of a / f 2  and a,/f2 for methanol- 
octanol are shown in Fig. 2 to illustrate the 
qualitative difference in the results for the two 

0 0.2 0.4 0.6 0.8 1.0 

XM 

FIG. 2. Experimental, classical, and excess ultrasonic 
absorption in methanol-11-octanol at 25.0 "C, 31.6 MHz. 
-, Experimental absorption; - - -, classical absorption; 

, excess absorption. 

systems. It was decided to study this system as 
accurate and complete thermodynamic data is 
available for it (17). 

Figure 3 shows the a / f Z  of methanol-water at 
the three temperatures. The low Xbl absorption 
is most apparent at 0 O C .  In addition to the data 
listed in Table 3, Fig. 3 shows the results of two 
additional independent determinations of a/'' 
vs. XM at low Xhl made by different experi- 
menters on different dates. These determinations 
were thought desirable to increase the credibility 
of the existence of the low Xbf maximum due to 
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FIG. 3. Experimentalultrasonicabsorptioninmethanol- 
water at 31.6 MHz. 0, 25.0 "C; 0 ,15 .0  "C; 0.0 "C, 
Set 1 (Table 3); 0 .  .-. . , 0.0 "C, Set 2; @, 0.0 "C, Set 3. 

its relatively moderate size in comparison to 
experimental uncertainties. The estimated 3Y0 
range of accuracy is shown by bars in Fig. 3. It 
should be noted that this is the absolute accuracy 
range estimated. Points taken within the same 
set, i.e. with the same apparatus settings, have a 
relative accuracy better than this. 

The presence of such a double maximum 
phenomenon in other alcohol-water systems was 
investigated by measuring a/? for tert-butyl 
alcohol - water at 25 OC and tz-propanol-water 
at 25.0 and 0.0 "C. These systems were chosen as 
they both show a double maximum in their light 
scattering Rayleigh ratio as a function of com- 
position. A detailed study of a/f2 vs. composi- 
tion was carried out at low alcohol concentra- 
tions for all three cases. Only the results for the 
n-propanol mixtures is presented here, in Fig. 4, 
where it is plotted together with light-scattering 
data (18). The results are consistent with the 
70 MHz ultrasonic absorption data shown in 
ref. 5, but are somewhat higher (about 1070) 
than data interpolated from ref. 9. The detailed 
tert-butyl alcohol- water study gave essentially 
the same results as in ref. 4, i.e. the a/f2 VS. X 
curve is of the same general shape as those in 

TIONS IN WATER-METHANOL MIXTURES 

I 

I I 

Xn-propano~ 

FIG. 4. Ultrasonic absorption at 31.6 MHz and light 
scattering in 11-propanol-water. -, Ultrasonic absorption 
at 25.0 "C; - - -, ultrasonic absorption at 0.0 O C  on a scale 
0.2 times that for 25.0 "C; -.-.-, Rayleigh ratio at 22 "C 
after ref. 17. 

Fig. 4, and no sign of double maximum is 
observed. 

Tables 5 and 6 show a tabulation of values of 
viscosity, vapour pressure, and density data for 
methanol-water a t  0.0 OC. This is the basic data 
used for the calculations at 0.0 OC described in 
later sections. All other data were taken from 
the literature. 

Application of Concentration-fluctuation Theory 

Determination of (a/f2)C1: fi.ot11 Experimental 
Valzies of a/ f 

The total absorption in the alcohol-water 
mixtures can be considered to  be made up of 
three contributions, 

Here a,//" is the classical absorption due to  
shear viscosity as expressed in [ I ] .  Both a s  and 
acB can be considered to  be due to  the presence 
of a bulk or volume viscosity in addition t o  a 
shear viscosity. 

The contribution aS/f2 can be thought t o  be 
due t o  structural reorganizations, causingchanges 
in density independent of concentration changes. 
Thus it is present in pure liquids as well as in 
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TABLE 5. Viscosity and vapour pressure data for methanol-water at  0.0 'C 

Mole fraction Kinematic Vapour pressure 
methanol viscosity p (Torr) PM!PW 

XM a / p  st) Experimental Raoult's law (Ref. 28) (Expermental) 

0 1.798 4.54 4.54 4.55 - 

0.0089 1.887 - - - - 
0.0180 1.946 - - - 
0.0264 2.103 - A 

- - 
0.0343 2.211 - - - 

0.0425 2.307 A A 

- - 

0.0538 2.432 - - - A 

0.0622 2.643 - - - - 
0.0988 3.053 6.03 6.67 6.98 0.46 
0.1976 3.745 7.76 8.80 9.47 1.03 
0.2494 3.750 8.70 9.91 10.7 1.38 
0.3405 3.704 10.3 11.9 12.7 2.11 
0.3959 3.374 11.2 13.1 13.9 2.66 
0.4974 2.868 12.6 15.3 15.9 3.95 
0.5962 2.407 14.1 17.4 17.8 5.80 
0.6961 1.968 16.2 19.5 19.7 8.87 
0.7990 1.611 19.5 21.8 21.9 15.2 
0.8980 1.280 22.8 23.9 24.0 33 .O 
1.000 1.022 26.1 26.1 26.0 A 

TABLE 6. Density data for methanol-water 
at  0.0 "C 

Mole fraction Density Mole fraction Density 
methanol P methanol P 

Xhl (g c m 3 )  XM (g ~ m - ~ )  

liquid mixtures. Such structural absorption in 
pure liquids is explained in refs. 19 and 20 in 
terms of presence of voids or  openings in the 
liquid. In ref. 19, the pressure dependence of the 
structural absorption is examined in terms of 
volume changes, while in ref. 20 the temperature 
dependence is examined. 

The presence of concentration fluctuations 
also contributes to  the bulk viscosity, and hence 
to  the ultrasonic absorption. This contribution 
a c F / f 2  is of course not present in the pure 
liquids. It is also negligible if the concentration 
fluctuations are very small, or if such concentra- 
tion fluctuations lead to very small volume 
fluctuations. 

It is assumed here that there are no contribu- 
tions t o  a B / f 2  from the presence of equilibria 
between any specific intermolecular complexes. 
If such a contribution exists, then the experi- 
mental aclp/f2 value would be less than that 
determined here. In aqueous systems, contribu- 
tions t o  absorption due to  changes involving an 
enthalpy change can usually be neglected (16)  as 
the temperature changes caused by the adiabatic 
passage of a sonic wave are small. 

In systems such as  methanol-octanol, water- 
dimethylsulfoxide (21) ,  and aniline-ethanol (22)  
there should be essentially no absorption due to  
concentration fluctuations. The Vn"" does not 
have the anomalous behaviour leading t o  rela- 
tively large values of ( a 2 V ' " i x / a ~ 2 )  which vary 
significantly with composition. It is also unlikely 
that there is any absorption arising from vibra- 
tional relaxation (16)  due t o  the polar nature of 
the components. Thus the absorption in excess 
of a,/f can reasonably safely be assumed t o  be 
due t o  structural absorption. In  each case a s / f 2  
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0 W 0 0.2 0.4 0.6 08 10 

xu 

FIG. 5. Experimental, classical, bulk structural, and 
concentration-fluctuation ultrasonic absorption for me- 
thanol-water at  25.0°C, 31.6 MHz. -, Experimental 
( a / f 2 ) ;  - - -, classical (a , / f  2 ) ;  - .-.-, excess = 
a,/f2 + aCF/ f2 ) ;  . . , structural (as/f2); 0,  con- 
centration-fluctuation (acl./f'). 

as a function of conlposition has a dependence 
which has a slight negative deviation from 
linearity. 

The excess absorption of aB/f2 was thus in the 
case of methanol-water divided into the as/f2 
and aCF/f ' parts by estimating the as/"2 to be of a 
shape suggested by the results of the above three 
systems. There were three points to guide the 
selection of this curve, as acF/f also disappears 
at  a composition where ( d ' ~ " ~ ' / d ~ ~ ~ )  = 0. 
There is nevertheless considerable arbitrariness 
in drawing in the curve for as/f2 as illustrated in 
Fig. 5 for the 25 O C  data. This arbitrariness can 
be removed if it were possible to  make a measure- 
ment of a/f2 a t  a high frequency (> 1 GHz)  
where l/f<< relaxation time of the concentra- 
tion fluctuations, and where thus aCF/f2 'V 0. 

S~mzn7m.y of' tlze Romano v-Solovyev 
Concentration-Jluctuation Theory 

The theory of Romanov and Solovyev (12, 13) 
predicts a C F / f q o  be  given by 

where 

In [5], y is given through y' = w/2Dkm,,', and 
k,,, is the maximum wave nun~ber  of the 
Fourier expansion of the concentration fluctua- 
tions. It is estimated as the reciprocal of the 
average distance between the molecules of one 
solution component, i.e. k,,,, = (NA/V)'I3 if 
NA < NB or k,,, = (NB/V)1/3 if NB < N.k. At 
frequencies which are relatively low (y < l), the 
function I(w) approaches k,,,,,. This is the case 
here where w IV 1.8 X 108 rad s-', D -- 1 X 
10-5cm2s-1, k ,,,,, = 2 X lo7 C ~ - ' , Y I V  0.15. Thus 
the weak dependence of acF/f2 on frequency 
noted is in agreement with the predictions of  
the theory. 

Exanlinatiotz of' Volun7e Data 
Volume properties of methanol-water at 0 O C  

were obtained from the data in Table 6. These 
data are described by a polynomial: 

This and other polynomials were calculated 
using a regression program distributed by 
Hewlett-Packard for use on the HP9830A calcu- 
lator. 

I t  was found necessary t o  use a polynomial of 
at  least the sixth degree to  describe the density. 
A fit with fewer parameters smooths out the data 
excessively with consistently negative deviations 
in the lower mole fraction region. This behaviour 
is in agreement with the analysis of evaluating 
partial molal volumes given in ref. 23. The 
Gibbs-Duhem volume relationship was not in- 
troduced into the density analysis represented by 
[6]. Since the experimental data is considerably 
more sparse in the region of large XM, then [6] 
does not describe the density data well in that 
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concentration region, especially as the form of 
the polynomial is unsuitable for X 1. 

The data as represented by [6] agree with other 
density data (10 points) in ref. 24 for this system 
at 0 "C with an average difference 0.003 g c r r 3  
(0.3%) and a maximum difference 0.0065 g cmP3. 
The densities as given in ref. 24 are all higher 
than those represented by [6]. This difference 
may in part be due to uncertainties in the den- 
sito~neter constant. The apparatus and experi- 
mental method used here are more appropriate 
for obtaining accurate relative densities, as 
desired, rather than absolute accuracy. 

The apparent molar volume can then be 
obtained froin [6] using 

and the volume of mixing v""" using 

Here Ffi and v+ are the partial inolar volumes 
of pure methanol and pure water. 

The partial molar volume of methanol in a 
solution, Fbl = (avian,,), can be obtained from 

[9] V,(X,,) = Rf + vl"" 
+ ( 1 - XM) (a vmix/axM) 

There is a minimum in rM at low mole fractions 
of alcohol for methanol-water as is the case with 
other alcohol-water systems (25). This minimum 
results in a zero value for V" (see [4]) at some 
value of Xhr, and gives the double maximum in 
the curves in Fig. 6. 

As can be seen in [3], the aCF/f? is proportional 
to (V")'. In terins of densities, V" is given by: 

The V" data are extrapolated to zero at XM 4 0 
as vmiX is linear with X&l in the limit XAf -. 0. 
However, this region of linearity is only for 
X, < 0.001 (25) and the limited precision of the 
density apparatus used prevents the obtaining of 
meaningful V" values in this region. 

For analysis at 25.0 "C, the density data of 
Griffiths (26) was used. Because of the smaller 
number of data points (24 in all, with only 7 at 
X, < 0.15), an analysis for V" using poly- 
nomial fits is not meaningful. Thus V" was 
obtained by a numerical point by point analysis 

xu 

FIG. 6. Ultrasonic absorption due to concentration- 
fluctuations in methanol-water at  31.6 MHz as obtained 
from experimental data and theory (u) 25.0°C -, 
experimental; 25.0 "C - - -, theoretical; ( b )  0.0 "C -, 
experimental; - - -, theoretical; - .- .-, theoretical using 
extrapolated vapour pressure data. 

which resulted in considerable scatter. 
Other density determinations at 25.0 "C for 

methanol-water have even fewer data points, 
10 in ref. 27 and 12 in ref. 28. The data from 
refs. 26, 27, and 28 show very good agreement. 
The data frorn refs. 27 and 28 give (second 
degree) polynomial fits for V""", which are 
within 0.7% of each other while that from ref. 26 
gives a v'"'" about 3% lower in the whole com- 
position range. 

Examination of' Free Ener6y Data 
The free energy of mixing Gmix and G" (see 

[4]) were obtained for the system at 0 "C from 
two different sources: the vapour pressure 
measuremeilts inade at 0.0 "C and data obtained 
by extrapolating data at 20, 40, 60, 80, and 
100 "C as given in ref. 29. As can be seen in 
Table 5, the experimental data shows a slight 
negative deviation frorn Raoult's law at 0.0 "C, 
while the extrapolated data shows a slight 
positive deviation. 

Separation of the total pressure into contribu- 
tions from water, pw, and methanol, p ~ ~ ,  was 
done by application of the Gibbs-Duhem rela- 
tionship. An equation with five parameters 
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similar to the three-parameter equation of 
Christian (30) was used to  fit the total pressure 
data. This method gave ratios pBI/pW which 
were consistently about 3y0 lower than the 
ratios obtained from extrapolation of the data 
from ref. 29, where the activities (partial pres- 
sures) of methanol and water are given sep- 
arately. 

The quantity G" (eq. 4) was then calculated by 
fitting In (pB1/yw) to a polynomial and setting, 
after ref. 7, 

The curve fitting for In was done with- 
out using the extreme X,I points in order to  
avoid the appearance of infinities. 

For 25.0 "C, the partial pressure data from 
ref. 31 was used to obtain G". The data ex- 
trapolated to obtain the O.O°C data (29) was 
used to obtain interpolated values of partial 
pressures at 25.0 "C in order to check the con- 
sistency of the data. The values of y & ~  from 
ref. 31 are consistently higher than the values 
interpolated from ref. 29, especially at lower 
values of Xhf, when the difference is as great 
as 20%. 

Exat~zitza t ion of' DlfJilsion Data 
Free energy (i.e. vapour pressure) data must 

also be used if experimental nlutual diffusion 
coefficients D are unavailable. Values of D can 
then be obtained from free energy data and 
values of self-diffusion coefficients D*. The 
mutual diffusion coeficients were calculated 
assuming an expression similar to the Hartley- 
Crank relation (32, 33). 

The values of the self-diffusion coefficients of 
pure methanol and pure water (D&', D&*) were 
taken to be 2.48 X (34) and 2.23 X lo-' 
cm2 s-I (34) at 25 "C and 1.60 X (34) and 
1.05 X cm2 s-' (35) at 0.0 "C respectively 
for methanol and water. Values ofphl and 11 were 
taken from polynomial fits of the previously 
presented data. 

Such relationships often show poor agreement 
with experimental diffusion coefficients if the 
systems are not nearly ideal. The methanol-water 

system is however very close to  ideal from the 
free energy point of view, as shown by the vapour 
pressure data. A calculation comparing values 
of D at 25.0 "C evaluated from [12], and from 
D& and D& values measured in the whole con- 
centration range (36) show agreement to  within 
5y0 for Xhl < 0.6. As X, + 1 there is more 
disagreement. 

Discussion 
The V", G", and D values obtained as de- 

scribed above were used to calculate acF/f2 
through [3]. Figure 6 shows the comparison 
between such calculated acF/f2 curves and those 
obtained from ultrasonic absorption measure- 
ments. Two calculated curves are shown for 
O.O°C, one calculated on the basis of experi- 
mental vapour pressures, and the other on the 
basis of the extrapolated vapour pressures. 

The third maximum (at XM -. 0.8) in the 
calculated curves of acF/f2 at 0.0 "C is an artifact 
due to  the high degree of polynomial used to fit 
the density data. As pointed out previously, such 
a polynomial in powers of XM is not meaningful 
for XM approaching 1. The small difference 
between the two calculated 0°C curves shows 
that much of the difference between the two sets 
of vapour pressure data in Table 5 (about 20%) 
does not affect the G" (eq. 4) and the d In pM/d 
In Xbl (eq. 12). Other types of inaccuracies in 
pressure and density data can, however, be 
magnified in carrying out the differentiation 
needed to obtain G" and V". 

Inaccuracies also appear in the calculated 
acF/f2 due to the assumptions inherent in the 
Romanov-Solovyev theory; e.g.  the validity of 
hydrodynamic equ!tions down to wavelengths 
as short as tens of Angstroms, the presence of a 
Debye distribution of wave numbers for concen- 
tration fluctuations, the cut-off of wave numbers 
at k,,,,, = (N/V)'I3. Removal of such assump- 
tions seen1 to involve numerous difficulties. There 
is also some uncertainty in the separation of 
acF/f2 and as/f2. However, the maximum 
(X, = 0.4) acF/f2 obtained from experiment at 
0 "C would change (increase) only by about 20% 
if the example of previous analyses is followed 
and acF/f2 equated to the a/f2 in excess of a 
linear variation with XM. 

The calculations presented here would seem 
to be the most extensive for testing the concen- 
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tration and temperature dependence of this 
theory. It is unlikely that more accurate meas- 
ured or calculated aCF/f2 data can be obtained 
for this or any system without gathering a great 
amount of precise density, vapour pressure, 
diffusion, and ultrasonic data. Thus removal of 
both experimental and theoretical inaccuracies 
involve considerable additional work. 

Considering the above aspects, the agreement 
between the calculated and illeasured absorption 
can be said to be satisfactory. There is good qual- 
itative and reasonable semiquantitative agree- 
ment. The smaller (aCF/f2)cg,lcd at 0 "C is only 
about half that of the measured, but the simi- 
larity in the shapes of the curves suggests an 
inaccuracy in the theory or the thermodynamic- 
dynamic data to be the cause, rather than the 
existence of another relaxation mechanism. 
Some of the differences in the two 25 "C curves 
may be due to  the sparseness of the density data 
used. Thus there seems to be no need to postulate 
the existence of an additional absorption mech- 
anism, e.g. the formations of specific, localized 
alcohol-water conlplexes. This does not mean 
that such complexes do not necessarily form, but 
only that if they forin, then they are likely to 
contribute little to the ultrasonic absorption. 

Light-scattering studies of methanol-water 
mixtures at 25.0 "C have been carried out (37). 
A comparison of the actual concentration scatter- 
ing ratio with that for an ideal mixture shows 
more fluctuations in concentration in the real 
mixture than if it were ideal, i.e. a positive 
deviation from Raoult's law in agreement with 
pressure measurements. Anisotropic Rayleigh 
ratios indicate only small (if any) deviations from 
a random distribution of mutual orientations of 
adjacent molecules at high (=0.8) alcohol illole 
fractions. Thus there are no indications of 
specific complexes. The presence of any such 
complexes should presumably show up in ir 
studies, but no such studies seem to have been 
carried out for methanol-water. 

The Rayleigh ratio in methanol-water in- 
creases monotonically with X, (37) unlike the 
light scattering in n-propanol-water mixtures 
(18) which shows a double maximuin (Fig. 4). 
The ultrasonic absorption peak corresponds to 
neither of the light scattering peaks. Ultrasonic 
absorption is due to volume differences, and light 
scattering is due to refractive index (polarization) 
differences. These two phenomena are thus not 

directly related, even though a relationship exists 
between changes in volume and in refractive 
index (38). The light scattering maxima in 
11-propanol-water suggest that molecular com- 
plexes may be formed in that system, but that 
this formation does not directly affect sound 
absorption. 

Ultrasonic absorption in several water-alcohol 
systems has now been analysed assuming both 
the concentration-fluctuation theory and the 
presence of discrete relaxation times: tert-butyl 
alcohol (7, 4), n-propanol (12, 5, 9), ethanol 
(12, 8). No analysis of the methanol-water data 
has been attempted assuming discrete relaxa- 
tions, as the work of Burton (2) suggested that 
there was no excess absorption. The data pre- 
sented here do not have a sufficient frequency 
range to test the applicability of discrete relaxa- 
tion theories to the frequency dependence. The 
concentration dependence in methanol-water 
fits into the trend set by the other alcohol-water 
systems, i.e. the absorption maximum is lower 
and occurs at a higher alcohol mole fraction as 
the size of the alcovhol decreases. Thus it is most 
likely that the methanol-water data can be 
explained assuming discrete relaxations as ade- 
quately as the data for other alcohol-water 
systems. 

As suggested by Blandamer (11) the two 
approaches may actually be describing the same 
phenomenon. The postulated specific alcohol- 
water or alcohol-alcohol complexes are them- 
selves quite short-range, with a reciprocal 
distance beyond the k,,,,, assumed for concentra- 
tion fluctuations. The effect of the presence of 
such a complex may however- stretch to  longer 
distances and manifest itself as longer wave- 
length concentration fluctuations. The presence 
of complexes should in any case affect the values 
Of p i x  and ~ r n i x  used in the concentration- 

fluctuation analysis. If the complexes in such 
systems are assumed to be very localized, and 
are treated as such, then any excess ultrasonic 
absorption due to  their equilibria must be in 
addition to the absorption due to  concentration 
fluctuation. In this case it seems invalid to  
assume the total excess absor~tion to be due to  
the discrete relaxations of these localized com- 
plexes. 

A clearer picture of the structure and dynamics 
in alcohol-water (and in particular methanol- 
water) systems can be achieved by investigating 
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the following aspects: ( i )  Development of a 
theory for calculating the structural absorption 
as/f2 in liquid mixtures. (ii) High frequency, 
hypersonic investigation of methanol-water to 
obtain the relaxation of acF/f2, and to obtain 
as/f2 experimentally. With data available in a 
wider frequency range, a test can be made of the 
frequency dependence as predicted by the 
Romanov-Solovyev theory and by theories as- 
suming discrete relaxation times. (iii) Extension 
of high precision density and vapour pressure 
measurements both at 25 and 0 "C. (iv) Mutual 
diffusion measurements for the system at various 
temperatures to test self-diffusion - mutual diffu- 
sion relationships. Mutual-diffusion coefficients 
are available for methanol-water only at 15 OC 
(39). (v) Examination of the contributions from 
the enthalpy of mixing to ultrasonic absorption, 
although these should be negligible, especially in 
water-rich systems near 4 "C. (vi) Further exam- 
ination of relationships between ultrasonic ab- 
sorption, infrared absorption, light scattering 
intensities, thermodynamic, dynamic, and other 
data. 

Conclusions 

The existence of a double maximum in the 
ultrasonic absorption in alcohol-water systems 
is noted for the first time. This phenomenon is in 
agreement with predictions of the concentration- 
fluctuation theory. A separation of the excess 
absorption into contributions from "structural" 
and "concentration-fluctuation7' effects has been 
carried out in a semiquantitative way. Such a 
separation has not been carried out in previous 
estimations of aCF/f2. 

Density and vapour pressure data for the sys- 
tem methanol-water at 0.0 OC is presented. In the 
analysis of this and literature data for application 
of the concentration-fluctuation theory, an ex- 
amination is made of the reasonableness of 
methods for obtaining partial pressures from 
total vapour pressure, and mutual-diffusion 
coefficients from self-diffusion data. 

The agreement between experimental ultra- 
sonic absorption and that calculated from the 
Romanov-Solovyev theory is reasonable. This 
indicates that long range concentration fluctua- 
tions most likely account for essentially all the 
absorption and that any localized intermolecular 
complexing is not likely to contribute to ultra- 

sonic absorption in methanol-water to  any 
degree. 
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Evidence for a second kind of trapped electron in some deuterated 
aqueous glasses at low temperatures. A pulse radiolysis study 

GEORGE V. BUXTON,' HUGH A. GILLIS, AND NORMAN V. KLASSEN 
Division of Plglsics, Nalional Researcli Coirticil of Canada, Otra~va, Carzaclrr K I A  OR6 

Received July 21, 1975 

GEORGE V. BUXTON, HUGH A. GILLIS, and NORMAN V. KLASSEN. Can. J. Chem. 54, 367 
(1976). 

Several deuterated aqueous glasses have been pulse-irradiated at 76 K. In addition to the 
well known visible absorption band of e,-, a second intense infrared absorption band, with 
A,,, > 3200 nm, has been found in (a )  50% by volume ethylene glycol, (b )  9.5 M LiC1, and 
( c )  2.5 and 4 M MgClz glasses. Electron scavengers decrease the intensities of both bands, but to 
different extents. An increase in temperature decreases the intensity of the infrared band, but not 
that of the visible band. These and other features lead us to  conclude that the infrared band is 
due to  shallowly trapped electrons which are distinctly different from trapped electrons which 
absorb in the visible region. 

The decay of the infrared band extends over several orders of magnitude in time and, unlike 
that of the visible band, is independent of wavelength. In the two chloride glasses the decay of 
the infrared band is accompanied by emission (A,,, = 410 nm) and is probably due to a spur 
reaction between an electron and hydroxyl radical t o  form excited hydroxide ion. No emission 
is found in the ethylene glycol glass, but growth of the visible band matches the decay of the 
infrared band in this case. 

By comparing the amount of Ago produced in an ethylene glycol glass containing Ag+ with 
the decrease in intensity of the infrared and visible bands, we obtain '1400 = (5.7 + 0.8) X lo3 
M-1 cm-I. From the shape of the infrared band, which is Lorentzian on the high energy side, we 
estimate A,,, = 3600 nm and c,,, z 4.9 X 104 M-1 cm-1. 

GEORGE V. BUXTON, HUGH A. GILLIS et NORMAN V. KLASSEN. Can. J. Chem. 54, 367 
(1976). 

On a irradiC, par pulsation a 76 K, plusieurs verres aqueux deutCriCs. En plus de la bande d'ab- 
sorption visible bien connue de e,-, une deuxikme bande d'absorption infrarouge intense avec 
A,,, > 3200 nm, a CtC trouvCe dans des verres a (a )  50y0 par volume d'ethyltne glycol, (b )  9.5 M 
LiCl et ( c )  MgClz a 2.5 et 4 M. Des piCgeurs d'Clectron diminuent 1'intensitC de chacune des 
bandes mais a des degres diffkrents. Une augmentation de la temperature diminue I'intensitC 
de  la bande infrarouge mais ne diminue pas celle de la bande visible. Ces caractCristiques ainsi 
que d'autres nous amknent ?I conclure que la bande infrarouge est due a des Clectrons piCgCs 
d'une f a ~ o n  superficielle qui sont differents d'une f a ~ o n  distincte des CLectrons piCgCs qui absor- 
bent dans la region du visible. 

La disparition de la bande infrarouge s'Ctend sur plusieurs ordres de grandeur dans le temps 
et contrairement a ce qui est observi pour la bande visible, cette disparition est indkpendante 
de la longueur d'onde. Dans les deux verres de chlorure, la disparition de la bande infrarouge 
est accompagnCe par une Cmission (A,,, -- 410 nm) et est probablement due A une rCaction 
dans une branche entre unelectron et un radical hydroxyle pour former union hydroxyde excite. 
On ne trouve aucune Cmission dans le verre d'Cthylkne glycol mais la croissance de la bande 
visible correspond a la disparition de la bande infrarouge dans ce cas. 

En comparant la quantitC de Ago produite dans un verre d'Cthylkne glycol contenant du Agf 
avec la diminution d'intensitC des bandes infrarouges et visibles, on obtient cl4m = (5.7 + 0.8) 
X lo1 M-I cm-1. A partir de la forme de la bande infrarouge, qui est du type de Lorentz sur le 
c8tC de 1'Cnergie ClevCe, on estime que le A,,, -- 3600 nm et c,,, -- 4.9 X lo4 M-1 cm-1. 

nraduit  par le journal] 

Introduction 
'This work was carried out while G.V.B. was a Visiting Extensive studies have been made in the last 

Research Officer at  the National Research Council of ten years of the trapped electron, e,, in several Canada, June-September, 1974. Permanent address: 
University of Leeds, Cookridge Radiation Research low temperature 77 K, aqueous glasses 
Centre, Cookridge Hospital, Leeds LS16 6QB, England. because, in these systems, e,- is stabilized and can 
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readily be studied using methods such as optical 
absorptioil and electron spin resonance spec- 
troscopy (1, 2). In most cases e,- is characterized 
by a single, broad, and intense optical absorption 
band which is asymmetric because of a high 
energy tail, and which has A,,,, in the range 
500-600 nrn depending on the particular matrix. 
An exceptional case is ethylene glycol- water 
glass which, at temperatures <30 K, is reported 
(3) to show a second band increasing in intensity 
between 1200 and 2000 nm. 

More recently, pulse radiolysis studies of two 
low temperature aqueous glasses (1 2 M OH- and 
9.5 M LiC1) have revealed (4, 5) that the ab- 
sorption band of e,- in the visible region at  short 
times (< S) is considerably broader than the 
corresponding band at long times. This broaden- 
ing is due to an increased absorption on the long 
wavelength side of the band and is accompanied 
by a red shift in A,,, froill 575 to 625-650 nm. 
As time elapses the absorption at  X > 575 nnl 
decays while the absorption at  X < 575 nnl re- 
mains constant, and this accounts for the nar- 
rower and blue shifted spectrum observed in 
7-irradiation experiments (1). In the pulse radi- 
olysis experiments on aqueous glasses, hitherto, 
no measurelnents have been reported at  X > 
1100 nm. 

In the pulse radiolysis experiments reported 
here we have extended the spectral measurements 
to include the infrared region out to 3200 nm by 
using D20 as the solvent. We have investigated 
twelve different systems, and in three cases, 
namely ethylene glycol - water (50:50 by vol- 
ume), 9.5 M LiC1, and 2.5 or 4 M MgC12, we have 
observed a second absorption band, which in- 
creases with wavelength in this region, and which 
we attribute to a trapped electron. A preliminary 
report of our findings has been given elsewhere 
(6 )  

Experimental 
Allsamples were prepared in D2O (99.7 atom?; D, from 

Merck, Sharp and Dohme) which was used as received. 
Solutes were analytical reagent grade and were also used 
without further purification. The water of crystallisation 
in MgCh.6HzO and Mg(CH3C002).4H20 was converted 
to >98 atom% D by several cycles of addition of DrO to 
a 2.5 M solution followed by evaporation to the original 
concentration. 

Samples were generally irradiated in high-purity quartz 
cells of optical path 0.025, 0.2, 0.5, or 1 cm with 40 ns 
pulses of 35 MeV electrons. The dose per pulse was 
usually in the range 4-9 krad. Each sample was pulsed 

many times without noticing any effect due to total 
accumulated dose. All spectra were corrected for weak 
absorptions found on irradiating empty cells at  76 K. 
The cells were supported in a Dewar equipped with 
optical windows. The Dewar was either filled with liquid 
Nz, or cold N2 gas was flowed through it, depending on 
the temperature required. Temperat~~re was measured 
with a copperxonstantan thermocouple. 

The dose per pulse was monitored with a secondary 
emission monitor which was calibrated for each experi- 
ment by using aqueous 5 m M  KSCN solution saturated 
with 0 2 .  Differences in electron density between the glass 
samples and the dosimeter solution were corrected for. 
The densities of the corresponding solutions were mea- 
sured at  room temperature, and their volume contraction 
on cooling to liquid N2 temperature (never more than 7-37,) 
was measured with a simple dilatometric device. Absorb- 
ance per unit energy absorbed is expressed as G E  where G 
is the number of e,-, etc., produced per 100 eV and e is 
the decadic molar extinction coefficient in units of 
M-I cm-1. 

The analysing light intensity was simultaneously 
monitored at  two wavelengths, one of which was fixed as 
the reference, usually at  650 nm, while the other was 
varied. In the majority of the experiments the following 
light detectors were used: for X < 450nm a Philips 
XP-1003 photomultiplier; for 450 nrn 5 X 5 1000 nm 
an EG&G SHS-100 silicon photodiode; and for X > 900 
nm a Barnes A-100 room temperature InAs photodiode. 
The 0-98% response time of the oscilloscope-detector 
system was <50 ns for the first two detectors, and <80 ns 
for the last one (7c). In a few experiments a Philco-Ford 
L-4521 germanium photodiode was used for 900nm 
< X < 1400 nm. The time response of this detector is 
complicated (7), with one fast (ns) and one slow (ps) 
component. The 0-987; response time of the fast com- 
ponent is 10 ns. Kinetic measurements were made only 
for the first 200 ns with this detector, to keep errors due 
to this two-component behaviour to a minimum. 

Other details of the pulse radiolysis apparatus have 
been described elsewhere (8). 

Results 

(1) Sl~ectr~uiz oj'e,- at 76 K 
The spectrum of e, was measured a t  76 K at 

the end of a 40 ns p ~ ~ l s e  in pure ethylene glycol 
and in the following D 2 0  glasses: 50% by vol- 
ume ethylene glycol (EG/D20), 9.5 M LiCl, 
2.5 M and 4 M MgC12, 4 m Mg(C104)2, 4 in 
Mg(CH3C02)?, 4 M CaC12, 8 M NaC104, 7 M 
HCOONa, 7 M NaOD, 10 M KOD, 5 M K2CO3. 

In the first three glasses the spectrum consisted 
of a band in the visible with A,,,, at about 650 
nm, and a band in the infrared which increased 
in intensity out to the limit of detectability, which 
was 1900, 2400, and 3200 nm for the EG/D20, 
LiC1, and MgC12 glasses, respectively. The spec- 
tra are shown in Fig. 1. The intensity of the 
infrared band relative to  the absorption at  
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BUXTON ET AL. :  ON TRAPPED ELECTRONS 

TABLE 1. Spectral details ar.d yields of e,- which absorb in the visible 
region in D l 0  glasses at 76 Ka 

Glass (A,,,, k 20) (nm) (A112 + 20) (nm) W1/2 (eV) 10-%~r,,, 

50/50 v/v EG/D2O 
Pure EG 
9.5 MLiC1 
2.5 M MgC12 
4 M CaC12 
4 tn Mg(C104)~ 
4 tn Mg(CH,C02)2 
8 M NaC104 
7 M Na02CH 
7 M NaOD 
10 M KOD 
5 M K2CO3 

aMeasured at the end of a 40 ns pulse and corrected for contribution from the infrared band where 
necessary. 

A, nm 
FIG. 2. Absorption spectra observed at 76 K and 100 

FIG. Vectra at 76 and loo ns after the start of a 40 ns pulse in 10 M KOD glass (O), 
ns after the start a 40 ns pulse in 50/50 v/v EG/D20 pure ethylene glycol glass (A), 4 M CaC12 glass (@), and 
glass 9.5 LiC1 glass and 2.5 Or 4.0 MgC12 5 M K2C03 glass (9). The full lines are Gaussian curves 
glass (C) .  Spectrum A has been displaced upwards by fitted to the spectra for A,,,. 0.5 unit. 

650 nrn was independent of the dose per pulse. 
For example, in the case of 2.5 M MgC12 glass 
the ratio of the optical densities at 2360 and 
650 nm was the same for a 5 krad pulse and a 
0.5 krad pulse. In all the glasses other than 
EG/D20, LiCI, and MgC12, the infrared band 
was absent or a very minor feature (see examples 
in Fig. 2). The yields and spectral features of the 
visible band are summarized in Table 1, and it is 
clear from these that there are substantial differ- 
ences in the position, width, and intensity of this 
band from one glass to another. Most of the 
variation in bandwidth occurs at X > A,,,. We 
found no evidence of any fine structure in the 
visible band of e, in these glasses. 

(2) Decay of el- a2 76 K 
(a) Visible Band 
In all cases the absorption at X > 600 nrn 

decreased with time, and the fractional decay in a 
given time increased with A. This loss of absorp- 
tion at long wavelengths accounts for the gener- 
ally narrower and blue shifted spectra observed 
in y-radiolysis studies. Figure 3 shows that the 
decays were approximately proportional to log 
(time). 

In most of the glasses the absorption at X < 
550 nm did not change with time over the ob- 
servation period of 100ps. Exceptions were 
( i )  EG/D20 where a growth of absorption 
occurred over about 75 ps, the maximum in- 
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I I I I I 
I O - ~  10-rn lo-' 

Time, s 

FIG. 3. Decay of absorption at  900 nm a t  76 K in the 
following glasses: 10 M KOD ( A ) ,  2.5 M MgC12 ( B ) ,  9.5 
MLiCl (C) ,  7 M NaOD (D) ,  4 MCaC12 ( E ) ,  7 M 
HC02Na (F) ,  and 5 M K2CO3 (G). The ordinate axis is 
numbered for curve A. Subsequent curves are dropped in 
steps of 0.1 units for a better display. 

FIG. 4. Decay of absorption at  650 nm in 2.5 M MgCI2 
glass at  76 K (0); and 107 K (e). The ordinate is the 
ratio of the optical density at  time t to  the maximum 
optical density after a 40 ns pulse. 

crease (25%) being observed at  550 nm; (ii) 8 M 
NaC104 where a similar, but much smaller, 
growth was observed, the maximum increase 
(5%) occurring at  500 nm; (iii) pure ethylene 
glycol where 2.5% growth at  the A,,, (550 nm) 
between 80 and 120 ns was followed by decay; 
and (iv) MgC12, where, at  650 nm, the absorption 
first decayed by -35% in lops  and then in- 
creased by - 10% in the next 100 ps (see Fig. 4). 

(6) Itzfrarecl Bancl 
In contrast to  that of the visible b a d ,  the 

decay of this band was independent of X for 
X > 1400 nm. The band decayed at different 
rates in the three glasses where it was observed, 
and the decay extended over several orders of 

VOL. 54, 1976 

I I I I I 

0 
I I 

10-T lo-' 10.' 
Tlrne. I 

FIG. 5. Effect of Cr042- on the decay of the infrared 
band in glasses at  76 K. 2.5 M MgC12 ( A ) ,  2.5 M MgCl2 
containing 4.4 mM Cr042- (E), EG/D20 ( B ) ,  EG/D20 
containing 5 mM Cr042- (D) ,  9.5 M LiCl ( C ) ,  and 9.5 M 
LiCl containing 5 mM Cr042- (F) .  The ordinate axis is 
numbered for curve A. Subsequent curves are dropped in 
steps of 0.1 units for a better display. 

" 3LJ 
I I I I I 

400 450 500 5%. 
L, nm 

FIG. 6. Spectrum of emission observed at  76 K and 80 
ns after the start of a 40 ns pulse in 9.5 M LiCl glass. The 
spectrum has been corrected for the wavelength dis- 
crimination of the optical system. 

magnitude in time. Examples of these decays are 
shown in Fig. 5. In the E G / D 2 0  glass the rate of 
decay of the infrared band was similar to the rate 
of growth of the visible band. 

(3) Light Emission 
Light emission which persisted after the pulse 

was observed in LiCl and MgC12 glasses. Emis- 
sion spectra were corrected for wavelength varia- 
tions in the efficiency of the light gathering, 
analyzing, and detecting systems. The spectrum 
of this emission was the same for both glasses and 
is shown in Fig. 6. The reciprocal of the emission 
intensity was approximately linear in time. In 
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TABLE 2. Effect of electron scavengers on the initial yields of trapped electrons (visible and infrared absorbing) 
in EG/D2O, LiCl, and MgCll glasses at 76 K 

G G GIGO (infrared) 
[Scavenger] - Go ( f lo%, 650 - Go (+ lo%,  1400 or 1800 nmp.b GIGO (650 nm) r (nm)c 

0.0024 M Cr042- 
0.0052 M CrO4'- 
0.02 M (CH3)lCO 
0.2 MHCl 
0.8 M HCl 

0.002 M Cr04*- 
0.0044 M Cr04?- 
0.0066 M Cr04?- 
0.02 M (CH3)2CO 
0.2 MHCl 

OYields were obtained by extrapolation back to the middle of the 40 ns pulse or the 20 ns pulsc (used with Agf only). 
bMeasurcd at  1400 nm with a Ge  photodiode unless othcrwisc indicated. 
Cr is calculated to be thc maximum separation between infrared absorbing trapped electrons and scavenger molecules which form encounter 

pairs (see Discussion sect. 40). The values of r in parcntheses were determined by others for the visible absorbing trapped clcctrons. 
dMcasured at  1800 nm with an InAs photodiode. The extrapolation to mid-pulse is less accurate than the cxtrapolation of data measured with 

a Gc  photodiode. 
eG. V. Buxton and K. G. Kemsley, unpubl~shed results. 
fRefercnce 33. 

TIME, nr 
0 200 400 600 800 

TIME, rr 

FIG. 7. Comparison of the change with time in: 
infrared absorption, -AOD (O), measured at 2350 nm, 
and integrated emission intensity, Jldt  (o), measured 
at 425 nm after a 40 ns pulse in- 2:5 M ~ & 1 2  glass at 
76 K ( A ) ,  and 102 K (B). 

Fig. 7 the change in optical density in the infra- 
red band over a given period of time is compared 
to the integrated intensity of emitted light over 
the same period of time. The change in optical 
density and j l d t  are seen to correspond closely 
to each other after normalization of the ordinate 
scales. This correspondence was found to hold 

for both LiCl and MgC12 glasses regardless of 
temperature. It is to be noted that in Fig. 7 the 
curve for 76 K refers to an initial part of the 
decay, and the curve for 102 K refers to a later 
part. No post-pulse emission was detected at 
temperatures where the infrared band was ab- 
sent. No estimates of absolute emission inten- 
sities were made because of the variable degree 
of cracking in the samples which markedly 
affected the collection efficiency of the optical 
system. 

No post-pulse emission was observed in any 
of the other glasses. Emission was evident during 
the pulse but we were unable to distinguish this 
from normal Cerenkov emission. 

The further investigations reported below were 
confined t o  the EG/D20, LiCI, and MgC12 
glasses. 

(4) Effect of' Electron Scavengers at 76 K 
(a) On the Yields of' el- 
Addition of acetone or Cr04" to each of the 

glasses decreased the initial intensities of both the 
visible and infrared bands but the fractional 
decrease in the latter was always greater. The 
yields, shown in Table 2, were corrected by ex- 
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FIG. 8. Spectra observed at  76 K and 100 ns after the 
start of a 40 ns pulse: in EG/DzO glass (O) ,  in EG/DzO 
glass containing 1.7 X MAg+;  (@), and their 
difference (- - -). The spectra indicated by 0 and @ were 
normalized to each other in the wavelength range 
500-600 nm. 

trapolating back to the middle of the pulse. This 
correction was large when the InAs detector was 
used, because the earliest measurements were 
made 100 ns after the start of the pulse. Smaller 
corrections were necessary when using a Ge 
photodiode and a 20 11s pulse in which case the 
first rneasuren~ents were made 30 ns after the 
start of the pulse. Table 2 shows that, in contrast 
to the effect of acetone and Cr042-, the addition 
of HC1 to LiCl and MgClz glasses scarcely 
affected the intensities of either the visible or 
infrared bands. 

When Ag+ was present in an EG/D20 glass a 
new absorption band with A,,,, = 370 nm (see 
Fig. 8) was observed, as well as the decrease in 
intensity of the visible and infrared bands. This 
new band did not grow after the pulse. We assign 
it to Ago because of its similarity to the band 
(A,,,, = 360 nm) attributed to Ago formed in 
aqueous solutions by the reaction (9, 10) 

This reaction provides an opportunity for esti- 
mating the extinction coefficient of the infrared- 

absorbing electron by comparing the decrease in 
electron absorption to the increase in the 370 nrn 
band. However, we could not find a value for 
€(Ago) in the literature, and so measured it our- 
selves in the following manner. The decay of e,,- 
and the growth of Ago were followed at 715 and 
360 nnl, respectively, in an aqueous solution of 
lop4 M AgC104 and 0.1 M tell-BuOH at early 
times following a 20 ns pulse. We found kl = 
3.6 X 101OM-'s-', in agreement with earlier 
work (9). The growth of Ago was equated to the 
decay of e,,- with small corrections made for the 
loss of Ago via Ago + Ag+ - Agz+ (9, 10) the 
decay of e,,- by reactions other than [ l ]  and the 
absorption at 360 nm due to e,,-. We took 

= 1.8 X lo4 M-' cm-' and calculated 
that E ~ ~ ~ ( A ~ ~ )  = (1.9 t 0.3) X lo4 M-' cnl-' in 
aqueous solution at room temperature. 

For EG/D20 glasses containing 0, 0.01, 0.02, 
and 0.03 M AgC104 the absorbance at 360, 650, 
and 1400 nm was measured following a 20 ns 
pulse and extrapolated to mid-pulse. The infra- 
red absorbance was monitored at 1400 nm, 
rather than at longer wavelengths where ab- 
sorbance was greater, in order to use the Ge 
photodiode rather than the slower InAs de- 
tector. The formation of Ago was equated to the 
reduction in the yield of trapped electrons com- 
pared to their yield in the absence of Ag+. A 
value of 2 x lo4 M-' cnl-I was taken for €650(et-) 
which is the value obtained by Hase and Kevan 
(1 1) for a 10 M OH-glass. For Ago E,,,, (A ,,,, = 

370 nm) was taken to be (1.9 + 0.3) x lo4 M-I 
cm-' as determined for aqueous solutions. For 
the glasses containing 0.01, 0.02, and 0.03 M 
AgC104 we calculate €1400 = 5.7 X lo3, 5.5 X 
lo3, and 5.9 x lo3 M-' cm-' respectively for 
an average €1400 = (5.7 f 0.8) x lo3 M-I cm-l. 
There is no evidence that, at the concentrations 
used, Ag+ scavenged any electrons which would 
not otherwise have been trapped by the matrix. 

(6) On the Decuy of e,- 
Table 3 shows the fraction of et- which de- 

cayed in the time intervals 0.1-1 and 0.1-10 ps 
after the beginning of a 40 ns pulse in the pres- 
ence and absence of electron scavengers. In the 
ethylene glycol - water glass the scavengers elim- 
inate the growth at 650 nm and do not signifi- 
cantly increase the decay rate of the infrared 
band. In the LiCl glass the scavengers increase 
the decay rate at 650 nm and again do not 
significantly affect the decay rate of the infrared 
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TABLE 3. Effect of scavengers on the decay of e,- in EG/D2O, LiCI, 
and MgC12 glasses at 76 K 

Fractional decaya 

650 nm Infrared band 

[Scavenger] 0.1-1 1s 0.1-10 ps 0.1-1 ps 0 . 1 ~ 1 0  ps 

None 
0.005 M CrOd2- 
0.04 M (CH3)lCO 
0.017 M Ag' 
0.056 M Ag' 

None 
0.0024 M 
0.0052 M Cr0a2- 
0.02 M (CH3)lCO 
0.1 MHCI 
0.2 MHCI 
0.8 M HCI 

None 
0.002 M Cr042- 
0.0044 M Cr042- 
0.0066 M Cr042- 
0.02 M (CH3)lCO 
0.2 MHCI 

CJTirnc = 0 refers to the beginning of a 40 ns pulse. 
"rowth observed in  this ease. 
CSce Fig. 4. 

band. In the MgC12 glass the scavengers increase 
the decay rate of both the visible and infrared 
bands. The decay rate of the infrared band in the 
pure MgClz glass is somewhat less than that for 
the other two glasses without scavengers. 

(c) 0 1 1  tlze Decriy of tlze Post-l~rrlse Etnissiotz 
In both 9.5 M LiCl and 2.5 M MgC12 glasses 

post-pulse emission was observed in the presence 
of electron scavengers, and its decay correlated 
well with that of the infrared band. This is per- 
haps not surprising in the LiCl case because 
scavengers scarcely affect the decay of the infra- 
red band, but it is significant in the MgC12 case 
where appreciable enhancement of the decay is 
evident (see Table 3). Furthermore, when 1 M 
acetone was present in the MgC12 glass the infra- 
red absorption band and the post-pulse emissioil 
were both eliminated. 

FIG. 9. Effect of temperature on the relative initial 
intensities of the visible and infrared bands: LiCI, 2360 
nm (0); LiCI, 650 nm (a); MgC12,2360 nm (A); MgCI2. 
650 nm (A); and one point common to all (0). 

1.5 I I I I I 

A - A 
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4 4 
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l 

t o  
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I0 l 

0 l 
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B 0 A 

(5) E f i c t  of Temperatrrre in tlze Absence of' 
Electron Scavengers Fig. 9. This figure shows that the infrared band 

The effect of increasing the temperature of the steadily decreases in intensity while the visible 
glass up to  133 K on the intensities of the visible band remains practically constant up to  120 K 
and infrared absorption bands is illustrated in and then increases. For the LiCl glass, part of the 
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FIG. 10. Absorption spectra observed at 100 ns after 
the start of a 40 ns pulse in 2.5 M MgC12 glass at 76 K 
(-); 118 K (- - -); and 167 K ( .  . .). 

decrease in intensity in the infrared band is due 
to the faster decay at higher tenlperatures (see 
Fig. 11) which results in more decay before our 
first observation a t  -- 100 ns. However, in MgC12 
glass this effect was negligible up to  114 K. We 
found no changes in either the positions or the 
shapes of the bands up to  133 K,  but at higher 
temperatures where the infrared band was ab- 
sent, the n ~ a x i n ~ u ~ l l  of the visible band moved to  
a shorter wavelength and the intensity of the 
band increased. These changes are exemplified in 
Fig. 10 for the MgC12 system, and similar effects 
have been seen previously in the LiCl system (5). 

The rate of decay of the infrared band in- 
creased with temperature in all three glasses but 
the kinetics remained complex. Figure 11 shows 
that a plot of log (first observable half life) 
against T-I is linear for the LiCl and MgC12 
glasses, giving apparent activation energies for 
the decays of 3.6 and 7.5 kJ mol-' K-I respec- 
tively. We have not obtained sufficient data to 
estimate an activation energy for the EG/D?O 
glass, but it is probably similar to  the LiCl value. 
We have not investigated in detail the effect of 
temperature on the visible band, but a t  650 nm 
at higher temperatures the decay rate is increased 
in the LiCl glass and retarded in the MgC12 

FIG. 11. Effect of temperature on the first observable 
half life, t ~ p ,  of the infrared absorption band in 2.5 M 
MgClz glass ( 0 ) ;  50150 v/v EG/DzO glass (9); and 
9.5 M LiCl glass ( a ) .  

Time, s 

FIG. 12. ( A )  Growth of absorption at 650 nrn in 50150 
v/v EG/DzO glass at 76 K ( a )  and 100 K ( 0 ) .  (B) Decay 
of absorption at 650 nrn in 9.5 M LiCl glass at 76 K (O) 
and 116 K ( 0 ) .  

glass, while the growth in the ethylene glycol - 
water glass is diminished. Exemplary data a re  
shown in Figs. 4 and 12. 

(6) C12- YieIcIs 
We found a peak at 350 nm in the LiCl and 

MgC12 glasses, and measured GE as 4 X lo4 and 
2 X lo4, respectively. This is probably due to  
C1.-; A,,,,, for C12- in aqueous solution a t  room 
temperature is 340 nrn (12). However there could 
be a contribution from ClOH-, which has a A,,,, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUXTON ET AL.: ON TRAPPED ELECTRONS 375 

at 350 nm in aqueous solution at  room tempera- 
ture (12). We found no decay of the 350 nm 
peak over our period of observation of 800 ps. 

Discussion 

(I) Syectrlm? of el- 
The most striking feature of the data is the 

large infrared band produced in the EG/D20, 
LiC1, and MgC12 glasses, and the effect of elec- 
tron scavengers on its intensity (Table 2) and on 
its rate of decay (Table 3). These data clearly 
indicate that this band is associated with trapped 
electrons. A possibility which illust be considered 
is that the band is due to the dielectron, that is, 
two electrons in the sanle trap. An analogous 
species is quite well known in alkali halide 
crystals as the F' centre (13). The absorption 
spectrum of the dielectron has been reported in 
7-irradiated 10 M NaOH glass at 75 K as being a 
very broad band in the near infrared with a 
maxinlunl around 1000 ilm (14). We consider 
that the infrared band observed in the present 
work is not due to  the dielectron for the follow- 
ing reasons: (a) the maximum of the band which 
we observe is at a much longer wavelength than 
1000 nm; (b) our measurements were made 
typically with 5 krad pulses, whereas in ref. 14 
absorption attributed to  the dielectron was ob- 
served only for doses greater than 10 Mrad; 
(c) we find that the absorbance per krad at 
2360 nnl in 2.5 M MgC12 glass is the same for 5 
and 0.5 krad pulses; ((1) we found no growth in 
the visible band as the infrared band d~cayed in 
the LiCl glass. A growth would be expected if the 
dielectron were decaying to  e,. 

It is evident from the different effects of elec- 
tron scavengers (Table 2) and temperature (Figs. 
9 and lo), and from the different rates of decay 
in the visible and in the infrared, that there must 
be two distinct kinds of trapped electrons giving 
rise to the visible and infrared bands. The differ- 
ent beha1:igur of the :wo b a i J s  cnd'oies ua to 
resolve them. We subtracted the spectrum at 
118 K for the MgC17 glass from that obtained at  
76 K (see Fig. 10) to  obtain the resolved infrared 
band shown in Fig. 13. This procedure should be 
valid because the visible band seems to  be inde- 
pendent of temperature in both shape and 
magnitude between 76 and 118 K.  As far as we 
can tell, the infrared band has the same position 

FIG. 13. Resolved visible and infrared absorption 
bands of the spectra shown in Fig. 1. The data shown are 
for 50/50 v/v EG/D20 glass ( A )  and for 2.5 M and 4 M 
MgCll glasses (B). The full lines are Gaussian ( A )  and 
Lorentzian ( B )  curves fitted to experimental points. 

and shape for the EG/D20, LiC1, and MgC12 
glasses, and when subtracted from the total 
spectrum, leaves a visible band with the same 
A,,, and shape for these three glasses. The 
visible band shown in Fig. 13 is for the EG/D20 
glass, where we have the best data. The visible 
band maximum is not the same in all aqueous 
glasses, as Table 1 and Fig. 2 clearly show, but 
there is no evident dependence of the maximum 
on the cation or anion of the salt, so it seems 
likely that the trapping sites are "water-walled", 
as suggested previously (15). 

(2) Band Slzapes 
(a) Visible Band 
The long wavelength edge of the resolved 

visible band in Fig. 13 has a Gaussian shape, 
which probably reflects a statistical variation of 
the environment of the trapped electron. If we 
assume this is the edge of a symnletrical band 
with A,,, at 650 nm, there is a second com- 
ponent to  the visible band which gives rise to a 
high energy tail. This is shown in Fig. 14 for the 
EG/D20 glass. The onset of this tail coincides 
witn the increase in photoconductivity which has 
been observed in this glass (16), and further- 
more, the fractional absorption due to this com- 
ponent correlates quite well with the quantum 
efficiency for recombination luminescence (16) 
(see Fig. 14). These observations are consistent 
with the visible band in EG/D20 glass com- 
prising a number of bound-bound transitions 
giving rise to the Gaussian component, and 
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Frc;. 14. Resolution of the visible absorption band in 
50150 v/v EG/D2O glass at  76 K (0) into a low energy 
Gaussian band (-) and a high energy component (- - -). 
Inset: Comparison of the fractional contributionf, of the 
high energy component to the total absorption (-) with 
the relative quantum efficiency of photostimulated re- 
combination luminescence (.) in the corresponding H20 
water glass containing 2.5 m M  tryptophan (data from 
ref. 16). 

bound-free transitions in which the electron is 
excited to levels in the continuum. 

The visible bands in all the other glasses in- 
vestigated here are also Gaussian in shape for 
X > A,,,. This might suggest that in all cases the 
long wavelength edge is due to  bound-bound 
transitions, with a contribution from bound-free 
transitions giving rise to  the high-energy tail. 
This suggestion is in accord with the conclusion 
of Shida er (11. (17), based on a hydrogenic model 
for absorption spectra of electrons in amorphous 
solids, that in aqueous solids most of the ab- 
sorption in the visible band should be due to a 
bound-bound transition. In contrast to this gen- 
eralization, in 10 M NaOH glass the efficiency for 
photocurrent production matches the absorption 
band, and this has been taken to mean that only 
bound-free transitions occur in this glass (18). 
We conclude that our resolution of the visible 
absorption band in EG/D?O glass into a 
Gaussian bound-bound component and a bound- 
free component at higher energies may not be 
applicable to all aqueous glasses. 

(b) Infrared Band 
The resolved infrared band (Fig. 13) closely 

fits a Lorentzian function on the high energy 
side, and although we have not been able to  

VOL. 54, 1976 

make measurements beyond 3200 nm, the par- 
ameters of the function predict X,,,,, to  be at 
3600 nm. Froin our measured €1400 = (5.7 A 
0.8) X lo3 M-'cm-' and the extrapolation t o  
3600 nrn, we calculate em,, = (4.9 -1 0.7) X lo4 
M-'cm-l. The shape of the partial band is 
similar to the band shapes observed by Jou and 
Dorfnlan (19) for the solvated electron in several 
ethers, where A,,,,, occurs in the range 1800 to 
2300 nm. These authors find that the band shapes 
are Lorentzian on the high energy side of X,,, 
and Gaussian on the low energy side. We have no 
information onthe shape of the infrared band 
(Fig. 13) for X > 3200 nil1 but it seeins likely that 
it will be steeper than Lorentzian since the latter 
predicts a significant absorption intensity at zero 
energy. On the assumption that the band is 
Lorentzian, we calculate an oscillator strength of 
0.8. On the other hand, we calculate an oscillator 
strength ~ 0 . 5  for a band with A,,, = 3600 nm 
and the shape, for wavelengths > A,,,,, pre- 
dicted by Huang and Ellison (20) for photode- 
tachnlent spectra of trapped electrons. An 
oscillator strength >0.5 is in keeping with the 
large values generally found for trapped electrons. 

Generally, infrared spectra of e, are associ- 
ated with nonpolar media and, in the absence of 
long range forces, bound-free transitions will 
make a major contribution to their oscillator 
strengths (17). The infrared band which we 
observe in polar glasses (Fig. 13) is probably due, 
therefore, to electrons trapped in an effectively 
nonpolar environment. Since we also see an 
infrared band in crystalline D20 ice (6) which is 
very similar to the band in Fig. 13, it seems 
probable that this nonpolar environment in the 
glasses is an ice structure. This will be discussed 
in more detail in a paper on excess electrons in 
crystalline ice. 

(3) Decay of e, 
(a) Visible Bartd 
The wavelength dependent decay of this band 

in the absence of electron scavengers appears to  
be a general feature of the spectrum of e, in 
aqueous glasses in this, and other work (4, 5). 
Similar changes have been seen in hydrocarbon 
(21) and alcohol glasses (8, 22). Dipole relaxation 
was invoked to explain these changes in hydro- 
carbon glasses (21). For the alcohol glasses the 
changes were again attributed to reorientation of 
dipoles about the trapped electron (8, 22), or to  
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electron tunnelling from shallow to deep traps 
(8). In the EG/D20 glass there is growth at short 
wavelengths which we believe is due to retrapping 
of electrons from the infrared band (see below). 
In the LiCl and MgC12 glasses 110 growth was 
seen at any wavelength for the first 10 ps, so that 
migration of electrons from shallow to deeper 
traps and dipole reorientation seem to be unim- 
portant. Apparently some of the trapped elec- 
trons causing the visible band are sufficiently 
close to the geminate holes so that they can 
recombine with then1 by a tunnelling mechanism. 
The rate of such a process is expected to depend 
on the trap depth (23) so that, if the shape of the 
long wavelength edge of the band reflects the 
various trap lengths, we would expect the longer 
the wavelength, the faster the decay. Figure 3 
shows that these decays are approximately 
logarithmic in time which is a characteristic of 
tunnelling reactions (24), whereas dipole reorien- 
tation is more likely to be a first order process, 
or a series of first order processes. 

The decay of the visible band in the MgC12 
glass at 650 nm (Fig. 4) is odd in two respects: 
first, because of the rapid partial decay at 76 K, 
and secondly, because this decay becomes slower 
as the temperature is increased. A tentative ex- 
planation of these phenomena is that radiation 
generated protons are able to migrate to, and 
destroy e,- to a limited extent. The migration 
process would require the presence of suitable 
ice-like microstructures in the glass, and increase 
in temperature would tend to destroy these 
specific structures and prevent proton migration. 
That a significant yield of protons is formed in 
the MgC12 glass is suggested by the low yield of 
Cl2- in this system. The reactions forming these 
species may be envisaged as [2] and [3]: 

[2] D2O+ + C1- -+ D 2 0  (or D + OD) 
<'I- 

and the lower concentration of C1- in the MgC12 
glass (2.5 M), compared with the LiCl glass 
(9.5 M), would increase the extent of reaction 3 
at the expense of reaction 2. Dipole reorientation 
may also be occurring, as the subsequent small 
growth at 76 K and 650 nrn suggests (see Fig. 4). 

When the glasses contain electron scavengers 
there is good evidence that the trapped electrons 
(visible band) react with the scavengers by a 
tunnelling mechanism (5, 23), and that the 

tunnelling rates differ from one glass to another 
(5). The different rates have been interpreted (5) 
in terms of the relative number of trapping sites 
in each glass and the occurrence of direct and 
indirect trap-to-solute tunnelling. Thc data in 
Table 3 are consistent with this interpretation if 
the relative number of trapping sites is much 
greater for the EG/D20 glass compared with the 
chloride glasses. Evidence that this is so is pro- 
vided bv the data in Table 2. since the effective- 
ness of scavengers in reducing G(et-) is expected 
(5) to be greatest in the glasses having the least 
number of traps. A si~nilar co~lclusion was 
reached by Moan (25). 

(b)  Injkrerl BCIIICI 
The logarithnlic time dependence of the decay 

of this band is again characteristic of a tunnelling 
process, and seeins to rule out dipole relaxation 
to form deep traps as an important decay mode. 

~~ ~~ 

However, in contrast to the decay rate of the 
visible band, the decay rate of the infrared band 
is independent of wavelength, and increases with 
temperature (Fig. 11). The wavelength inde- 
pendence inay readily be explained if the ob- 
served part of the infrared band is due to 
transitions from only one type of trap, rather 
than to transitions from traps of various depths. 
The temperature effect suggests that some rno- 
lecular motion causes the electrons to be released 
from their tram. This is not inconsistent with a 
tunnelling mechanisnl if this  notion merely in- 
creases the probability that the energy levels of 
the donor and acceptor are matched, which is a 
requirement for tuinelling to take place. In fact 
the apparent activation energies are only a few 
kJ mol-l (see above). We do not know the nature 
of the suggested inolecular motion, but it nlay 
correspond to the secondary relaxations which 
have been detected (26) in aliphatic alcohols 
below their glass transitions temperatures, and 
which have low Arrhenius activatibn energies. 

The correlation of the decay of the infrared 
band with the increase of the integrated emission 
in the LiCl and MgC12 glasses suggests that 
electron-hole recombination is at least partly 
responsible for the decay, and that recombina- 
tion is the rate determining step in the emission 
process. The enhancement of the decay rate by 
electron scavengers (Table 3) indicates, however, 
that reaction with the scavenger also occurs. That 
the rates of absorption decay and integrated 
emission increase remain correlated in the pres- 
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ence of scavengers, or when the temperature is 
raised, inlplies that the fraction of electrons 
recombining with holes is independent of time 
in each case. 

The lack of effect of HC1 on the intensity and 
decay rate of the infrared band is striking (see 
Tables 2 and 3), and confirnls that neither dry 
nor shallow trapped electrons react with protons. 
This lack of effect of acid would seem to elimi- 
nate the reaction 

as the recombination process giving rise to the 
emission spectrum of Fig. 6. Another reaction to 
be considered as the source of the emission is 
P I  et- + Clr- --t ClzZ-* or C1-* + CI- 

This reaction has been proposed as the source of 
the long-lived spontaneous isothernlal (25, 27), 
and photo stimulated (27) emission observed 
from yirradiated glasses at 77 K, which has a 
spectrum similar to  that of Fig. 6. However, the 
emission of Fig. 6 must originate from a species 
with a life-time much shorter than that of the 
infrared absorbing electrons, and hence is likely 
to be fluorescence and therefore is not obviously 
related to  the long-lived emission of refs. 25 and 
27. Reaction 5 does not seem to account for the 
fast emission we observed because we saw no 
decay of the 350 nrn absorption peak due to C11 
while the infrared absorbing electrons were 
decaying, and the yield of the latter is appreciable 
for both the LiCl and MgC12 glasses (see Table 4). 

Another possible decay reaction of the shal- 
lowly trapped electrons is a spur reaction with a 
hydroxyI radical: 

The electron affinity of the hydroxyl radical has 
been estimated as -3.3 eV (28), with all species 
hydrated, so that on energetic grounds reaction 6 
is a feasible source of the 415 nrn (3.0 eV) ernis- 
sion of Fig. 6. Both fluorescence (29) and phos- 
phorescence (28, 30) have been ~bsey;ed f : ~ m  
systems containing hydroxide ion, and they are 
thought to originate froin the excited hydroxide 
ion (28,29) although the excited hydroxyl radical 
has also been proposed as the emitting source 
(30). The A,,,,, observed for fluorescence in 
hydroxide-doped alkali halide crystals is in the 
range of 294-342 nm (30), but there is probably 
strong coupling of the electronic states to lattice 
vibrations, so that a shift of A,,, to  415 nm in an 

aqueous system is not unlikely. We conclude that 
reaction 6 is the most likely decay reaction of the 
infrared absorbing electrons which leads to  
emission. 

The behaviour of the EG/D2O glass is different 
from that of the LiCl and MgC12 glasses in that 
no emission was detected after the pulse, and an 
appreciable growth of the visible band accom- 
panied the decay of the infrared band. Evidently 
in this glass tunnelling from shallow traps to deep 
traps is significant. Similar spectral changes were 
reported by Hase et al. (3) for 7-irradiated 
EG/H20 glasses between 4 and 77 K and were 
attributed to  dipole relaxation. The data in 
Table 3 indicate that electron scavengers do not 
enhance the rate of decay of the infrared band in 
this glass as much as in the MgC12 glass, so that 
tunnelling to  scavenger is not important. This is 
confirmed by the lack of growth in Ago after the 
pulse when Agf was present. 

Since the growth of the visible band does not 
account completely for the loss of infrared ab- 
sorbing electrons (see below) some electron-hole 
recombination must be occurring which does not 
result in observable emission. It is unlikely that 
hydroxyl radicals will persist in the presence of 
50% ethylene glycol, so that this result is not 
inconsistent with our proposal for the emission 
mechanism in the other cases already discussed. 
It is interesting to note that emission is observed 
from irradiated EG/H20 glass when suitable 
scavengers of positive ions are present (3 1). 

(4) Electron Yields 
(a) EfSects of Scavengers and Teml~erature 
If electron scavengers merely intercepted mo- 

bile electrons before they became trapped in deep 
or shallow traps, we would expect the values of 
G/Go for the visible and infrared electrons to be 
identical. The data in Table 2 show that this is 
not the case, and we do not believe the discrep- 
ancy can be attributed to errors in the extrapola- 
tion nf yields to ~nic!-p!se. A p~ssib!:: e::;;!ma:i~r, 
of the greater reduction of infrared electrons is 
the forillation of encounter pairs in which the 
electrons are trapped within the reaction volume 
of the scavenger and react before detection (32). 
Evidence for the formation of such encounter 
pairs involving deeply trapped electrons has 
already been reported (5). The probability. P, 
that an encounter pair is formed is 

P = 1 - exp (-2.52[S]r3) 
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Separation distance 

FIG. 15. Schematic representation of an e,-- scavenger 
encounter pair for an electron in a shallow trap ( A )  and a 
deep trap (B), showing the dependence of the encounter 
pair separation distance r. on electron trap depth. The 
scavenger is represented by S and tunnelling is indicated 
by -. 

where [S] is the scavenger concentration and r is 
the reaction radius in nrn. At the solute concen- 
trations used in the experiments described in 
Table 2, we calculate from the values of r. for the 
deeply trapped electrons previously determined 
(33) and listed in Table 2 that the probability of 
deeply trapped electrons forming encounter pairs 
is small: Therefore the reduction in visible ab- 
sorbing et- designated by G/Go in Table 2 is due 
only to  the competition for mobile electrons by 
scavengers and traps. A similar reduction in 
infrared absorbing et- must also occur, so that 
only the reduction greater than this can be 
attributed t o  the formation of encounter pairs. 
Therefore we can equate P for the shallowly 
trapped electrons with the ratios of the values of 
G/Go for the infrared and visible bands, and thus 
calculate the values of r. for the shallowly trapped 
electrons shown in Table 2. I t  is seen that these 
values of r are similar for the C1- glasses, and 
rather snlaller for the EG/D20 glass, and that 
the r values for the shallowly trapped electrons 
are larger than for the deeply trapped electrons. 
This is not surprising, first because of the much 
smaller energy barrier separating the trapped 
electron from the solute, and secondly because of 
the higher density of acceptor levels available t o  
the electron. This situation is presented sche- 

matically in Fig. 15, which illustrates how r must 
be decreased for deeply trapped electrons t o  
reduce the barrier height and width so that  
tunnelling becomes as probable as in the case of 
shallowly trapped electrons. 

The decrease in the yield of infrared electrons 
with increasing temperature seems t o  be too large 
t o  be entirely due t o  their accelerated decay. 
Moreover, Moan (25) observed that the lumines- 
cence produced from LiCl glass during X- 
irradiation decreased in intensity with increasing 
telnperature above 77 K, beconling zero at  about 
120 K. This is precisely the range in which we 
find the intensity of the infrared band approach- 
ing zero (see Fig. 9). Therefore, in view of the 
correlation of the luininescence with the infrared 
band noted above, we conclude that the yield of 
shallowly trapped electrons does diminish in this 
temperature range. On the other hand no notice- 
able change occurs in the yield of deeply trapped 
electrons, indicating that rapid trap deepening 
does not take place. Thus the effect of increasing 
telnperature appears t o  result in a decrease in the 
number, or trapping efficiency, of shallow traps, 
conceivably because of the same molecular mo- 
tion which accelerates the decay of the infrared 
band. I t  seems unlikely that the ionization yield 
would be affected by temperature, so  that the 
deficiency in shallowly trapped electrons must be 
compensated for by reconlbination of the un- 
trapped electrons with the holes, rather than by 
deep trapping. This in turn reinforces the impli- 
cation that the shallowly trapped electrons are 
largely correlated with the positive holes. Such a 
correlation is also a property of electrons trapped 
in nonpolar media, and provides another pointer 
t o  the nonpolar nature of the shallow traps in 
these aqueous glasses. 

Steen and Strand (30) have suggested: (a) that 
the X-ray induced luminescence of indoles in 
EG/H20 glass comes from the recombination of 
shallowly trapped electrons and (b) that these are 
much closer t o  positive ions than are the bulk of 
stable, deeply trapped electrons. We agree with 
suggestion (b). However, part of the reason for 
their suggestion was their conclusion that the 
scavenger concentration needed t o  halve the 
yield of ion recombination is roughly one order 
of magnitude larger than the concentration which 
reduces the yield of stably trapped electrons t o  
one-half (34). In contrast, as indicated above, we 
find that scavenger reduces the yield of shallowly 
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TABLE 4. Absolute yields of visible and infrared absorbing e,- in 
EG/D2O, LiCl, and MgClz glasses at  76 K 

G(e,-) 

Glass Visible Infrared Total G(C12-) 

trapped electrons more efliciently than that of 
deeply trapped electrons. Presumably the differ- 
ence in conclusions is related to the difference in 
methods of measuring yields of shallowly trapped 
electrons, and is probably also due to  the fact 
that we measured yields of deeply trapped elec- 
trons at short times (< 100 ns), but in ref. 34 
these yields were measured some seconds after 
the beginning of irradiation when appreciable 
decay of e,- would already have occurred. 

(b) Absol~~te Yields oJe,  
The absolute yields of e, are listed in Table 4. 

We have assumed that the values of €1400 deter- 
mined for the EG/D20  glass applies also to  the 
C1- glasses, which seems reasonable in view of 
the similarity in shapes obtained for the resolved 
infrared bands. Also shown are the values of 
G(C12-) obtained by assuming the 350 nm peak is 
all due to  Clz-, and by taking €350 for CIZ- = 

8.6 X 1 O3 M-' cm-' (35). 
The values of G(et-) in Table 4 show that 

EG/D20  glass is more efficient than the CI- 
glasses a t  trapping electrons, which is in accord 
with the slnaller effect of scavengers in this glass, 
and with the transfer of electrons from shallow 
to  deep traps. However, the yields also show that 
the 25% growth in the visible band in the 
EG/D20 glasses a t  76 K accounts for only 20y0 
of the decay of the infrared band, so that elec- 
tron-hole recombination is the major mode of 
decay of this band. 
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Metal complexes as antioxidants. 11. Reaction of nickel 
di-n-butyldithiocarbamate and nickel diisopropyldithiophosphate with 

alkylperoxy radicals' 

J. A. H O W A R D ~  AND J. H. B. CHENIER 
Divisiotl of Clremislry, Naliotlnl Researclr Colorcil of Catladn, Oltn~va, Cntlndn K I A  OR9 

Received June 13, 1975 

J. A. HOWARD and J. H. B. CHENIER. Can. J. Chem. 54,382 (1976). 
Nickel di-tl-butyldithiocarbamate and nickel diisopropyldithiophosphate inhibit the a,a'- 

azo-bis-isobutyronitrile initiated autoxidation of tetralin, styrene, and cyclohexa-1,4-diene by 
scavenging chain propagating alkylperoxy radicals. The rapid reaction of these complexes with 
alkylperoxy radicals has been confirmed by low temperature electron spin resonance studies. 
Kinetic data obtained by these two techniques are reported. Product studies suggest that 
alkylperoxy radicals (ROO.) are reduced by reaction with the nickel complex to the alcohol 
(ROH) while the nickel complex is oxidized to a Lewis acid. 

J. A. HOWARD et J. H.  B. CHENIER. Can. J. Chem. 54, 382 (1976). 
Le di-/I-butyldithiocarbamate de nickel et le diisopropyldithiophosphate de nickel inhibent 

l'autooxydation, initiCe par l 'a,aJ azo-bis-isobutyronitrile, de la titraline, du styr'ene et du 
cyclohexadibne-1,4 en piCgeant les radicaux alkylpCroxy qui propagent la chaine. O n  a confirm6 
la riaction rapide de ces complexes avec les radicaux alkylperoxy par des Ctudes de rCsonance 
paramagnktique Clectronique B basse tempirature. On rapporte les donnCes cinitiques obtenus 
par ces deux techniques. Une dtude des produits suggkre que les radicaux alkylperoxy (ROO.) 
sont rCduits par rCaction avec le complexe de nickel pour conduire B l'alcool alors que le 
complexe de nickel est oxydC en acide de Lewis. 

[Traduit par le journal] 

Introduction Experimental 

Lubricating oils and many other petroleum 
products are required to function under condi- 
tions that become more severe every year. This 
has generated a never-ending search for better 
high temperature antioxidants. It has been dis- 
covered empirically that certain heavy metal 
con~pounds are very effective antioxidants, but 
the exact mechanism by which the majority of 
these compounds inhibit autoxidation has not 
been elucidated. The most important of the 
conlnlercial metal-containing antioxidants are 
the zinc dialkyldithiophosphates and related 
con~plexes. The n~echanism of inhibition by 
these compounds has been studied fairly inten- 
sively (ref. 1 and references cited therein) but 
relatively little attention has, so far, been paid 
to similar cornpounds of other heavy metals. 
In this paper, we extend our previous studies (1) 
t o  the nickel complexes of diisopropyldithio- 
phosphoric acid, Ni( i -Pr2dt~)~ and di-n-butyl- 
dithiocarbainic acid, Ni(n-Bu2dtc)2. 

lNRCC No. 15012. 
*To whom all correspondence should be addressed. 

Malerinls 
Nickel di-tl-butyldithiocarbamate was a commercial 

sample which was recrystallized from chloroform-hexane. 
Nickel diisopropyldithiophosphate was prepared by 
reaction of diisopropyldithiophosphoric acid with nickel 
acetate. The crude product was recrystallized from 
chloroform-hexane. 

Azocu~nene was prepared by the method described by 
Nelsen and Bartlett (2). The melting point was 87 "C, 
lit. (2) 86.9-88.7 "C and the ultraviolet spectrum gave an 
extinction coefficient of 44 at  367 nm, lit. e = 43 (2). 

Tetraphenylbutane was prepared by the method of 
Miiller and Roscheinsen (3). The melting point was 119- 
123 "C, lit. (4) 122-123 "C. Both the initial rate of oxygen 
absorption and the total concentration of oxygen ab- 
sorbed by a standard solution indicated that it was 100% 
pure. 

Dicurnyl hyponitrite (5) was synthesized from a-cumyl 
bromide and silver hyponitrite by a procedure identical 
to the one described by Kiefer and Traylor (6) for di-lerl- 
butyl hyponitrite using pentane as solvent. Cooling the 
filtrate produced a colourless, crystalline material which 
melted at  66-70 "C with nitrogen evolution. The yield of 
nitrogen was close to 1 mol per mol of hyponitrite, 
indicating that the hyponitrite was -100C/o pure. 

The oxidizable hydrocarbons, inert solvents, azo-bis- 
isobutyronitrile, azoisobutane, and di-tert-butyl peroxide 
were commercial samples which were purified as describe 
previously (1, 7, 8). Great care was taken to exclude 
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adventitious hydroperoxides from the hydrocarbons that 10 

were used as substrates. 

Procedrlres 
Liquid-plrase A~rroxirlniiorrs 
Nickel complex inhibited autoxidations of styrene and 

tetralin at 50 "C and cyclohexa-1,4-diene at 30 "C were 
studied using the same experimental procedure as was 
used for the zinc complexes (1). Photochemical initiation 

1 6 - 7  - 
was, however, not employed because of the intense color V1 I 
of nickel con~plex solutions. a,al-Azo-bis-isobutyronitrile % I 

(AIBN) was used as the thermal source of radicals and it 
was introduced into the reaction mixture after the com- 
plex and hydrocarbon had reached thermal equilibrium 
with an atmosphere of oxygen. Inhibited rates of oxida- 
tion were determined from the initial slope of oxygen 
uptake vs. time curves. In some instances measurable 
rates of autoxidation were obtained before the initiator 
was added because of a radical generating reaction 
between the co~llplex and adventitious hydroperoxide 
(see next paper in this series). These runs were abandoned. 

0 1 2 3 4 5  Induction periods ( 7 )  were determined by the method 
10.' T ~ m e  (s) of Boozer el 01. (9), using curnene as substrate. This 

method involves measuring the time taken to consume a FIG. 1. Oxygen absorption vs. time for the AIBN 
known concentration of complex at  a known rate of chain (0.02 M) initiated, Ni(i-Pr2dtp)z (0.016 M )  inhibited 
initiation (R,). A stoichiometric factor ,I, i.e., the number autoxidation of styrene (7 M). The broken line represents 
of alkylperoxy radicals scavenged by each molecule of the uninhibited absorption of oxygen. 
inhibitor, can be calculated from rl = Ri~/[A1o, where . . .  - 
[Alo is the initial concentration of inhibitor. 

The concentration of the nickel complex during the 
induction period was followed by uv spectroscopy (Cary 
15). The rate of chain initiation divided by the rate of 
disappearance of nickel complex R,/(- d[A]/dr) is an 
alternative method of determining stoichiometric factors. 

Elecrror~ Spill Resormrzce Sirrdies 
Reaction of the nickel complexes with [err-butylperoxy 

and 2-ethyl-2-propylperoxy radicals was studied kineti- 
cally by electron spin resonance spectroscopy (1, 7, 8). 
tert-Butylperoxy radicals were generated by photolysis of 
azoisobutane (0.02 M) in an oxveen saturated solvent 

2" 

(isopentane, toluene, and fluorotricl~loron~ethane). 2- 
Ethyl-2-propylperoxy radicals were produced by photol- 
ysis of di-[err-butyl peroxide (5%) in oxygen saturated 
isopentane. Radical decays were followed in the Dresence 
of -a large excess of thk complex after the light was 
shuttered. 

Stoichiometric factors were determined by titrating a 
known concentration of (CH3),COO' with a nickel 
complex at  -90 "C using esr spectroscopy to monitor the 
peroxy radical concentration (8). 

Reactiorz Prorlrrcts 
Products from the decomposition of azocumene and 

tetraphenylbutane at  50 "C in the absence and presence of 
nickel di-11-butyldithiocarbamate and nickel diisopropyl- 
dithiophosphate in an oxygen saturated solvent were 
determined. 

In a typical experiment azocumene (0.033 g, 0.12 mmol) 
and Ni(rl-B~2dtc)2 (0.058 g, 0.12 mmol) were dissolved in 
chlorobenzene and shaken in an atmosphere of oxygen 
for 50 h (i.e., for ca. 10 half lives of azocumene). The 
volatile products and solvent were efficiently pumped into 
a trap maintained at  the temperature of liquid nitrogen. 
Reaction products were identified by gas-liquid chroma- 

tography (F and M model 240 chromatograph equipped 
with a SE-30 column) in conjunction with mass spectrom- 
etry. Yields were determined relative to standard authentic 
samples and were based on the total concentration of 
radicals produced. The efficiency of radical production 
from azocumene is 75% (2) while tetraphenylbutane 
gives radicals in 100% yield (4). 

Yields of the products formed by decomposition of 
dicumyl hyponitrite in the absence and presence of 
Ni(r1-Bu~dtc)~ in deoxygenated chlorobenzene were also 
determined by glc. 

Results and Discussion 

Inllibitecl A~rfoxiclafiorzs 
Rates of a,&-azo-bis-isobutyronitrile initiated 

autoxidations of a variety of hydrocarbons 
(tetralin, styrene, and cyclohexa-1,4-diene) are 
reduced by millimolar concentrations of nickel 
di-tz-butyldithiocarban~ate, Ni(n-Bu2dtc)2 and 
nickel diisopropyldithiophosphate, Ni(i-Przdtp)~ 
(see e.g., Figs. 1 and 2). Initial rates of oxidation 
were measured at different initiator and inhibitor 
concentrations and the results are gathered in 
Tables 1-3. The data presented in these tables 
indicate that these nickel coinplexes scavenge 
alkylperoxy radicals and that the simplest kinetic 
expression for inhibition by peroxy radical 
scavenging antioxidants, eq. 1, is very approxi- 
mately obeyed. 
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"'P 0 - 
< 

FIG. 2. Oxygen absorption vs. time for the AlBN 
(0.02 M) initiated, Ni(11-Bu?dtc)2 (0.02 M) inhibited 
autoxidation of styrene (8.7 M). The broken line repre- 
sents the uninhibited absorption of oxygen. 

TABLE I .  Ni(i-Pr2dtp)z and Ni(tz-Buzdtc)~ inhibited 
autoxidation of tetralin (5.9 M):': 

[Alo X lo3 R, X 10' ( - d[02]/dt)o X lo7 % 
Ligand (M) ( M  s-1) ( M  s-1) 4 ,  

i-Pr2dtp 0.4 17 50 500 
i-Pr2dtp 1.0 17 21 480 
i-Pr2dtp 2.0 17 14 360 
i-Pr2dtp 3.0 17 6 560 
i-Pr2dtp 1.0 8.4 10 490 
i-Pr~dtp 1.0 4.2 9 270 
I I - B u ~ ~ ~ c  0.4 4.3 6.3 1000 

*At  50 ' C  and 700 Torr. 

TABLE 2. Ni(ll-Bu~dtc)2 and Ni(i-Pr2dtp)r inhibited 
autoxidation of styrene (7.0 M)" 

- - 4.3t  240 - 
n-Buldtc 2 4.3 15 100 
n-Burdtc 4 4.3 15 50 
n-Bu2dtc 10 4.3 11 27 
n-Buldtc 20 4.3 6.4 23 
rz-Buldtc 40 18.4: 15.5 22 
i-Pr2dtp 16 0.43 1.6 10 
i-Przdtp 8 4.3 5 1 7 
i-Prrdtp 16 4.3 21 9 

'At 50 "C and 700 Torr .  
t[AlBN] = 0.02 M. 
ITctraplicnylbutane (0.002 M) nas  used ;IS iniliator Ibr this run. 

TABLE 3. Ni(i-Pr2dtp)l inhibited autoxidation of 
1,4-cyclohexadiene ( I .  1 hl)" 

At 30 'C and 700 Torr. 

where [RHIo is the initial hydrocarbon concen- 
tration, [ A 1 0  the initial antioxidant concentra- 
tion, and n the number of pcroxy radicals 
scavenged by each molecule of A. 

Inhibited autoxidations that obey expression 1 
call be described by thc followi~lg elementary 
reactions: 

Initiation: 

[I1 Production of R' at a rate = R, 

Propagation: 

[31 K. + o2 -> ROO. 

k 
[41 ROO. + RH 3 ROOH + R. (or ROORH.) 

Termination : 
kl,,,, 

[51 ROO. + A+ X 

fast 
[6] (11 - 1)ROO. + X --+ Nonradical products 

where k,, and klIlI, are the rate colltrolling propa- 
gation and termination rate constants. 

The values of tiki,,,, calculated from eq. 1 using 
known values of k,, (ref. 10 and references cited 
therein) are summarized in Table 4. 

These values of tzkiIIl, are subject to  substantial 
errors because of the difficulties associated with 
obtaining precise kinetic data for inhibited 
autoxidations that are autoretarding and that are 
extremely sensitive to  traces of adventitious 
hydroperoxide.3 It would, however, appear that 
the dithiocarbanlate is a Inore efficient radical 
scavenger than the dithiophosphate. It would 
also appear that both complexes are less efficient 
in styrene than in tetralin. This may be because 
radicals formed in the rate controlling inhibition 
step are Inore eflicient propagating species for 
the autoxidation of styrene than tetralin. This is 
not unreasonable if these are sulphur centered 
radicals since it is well known that these radicals 
add eficiently to olefins but are reluctant to  
abstract a hydrogen aton1 (1 1). 

The larger value of nki,,,, in cyclohexa- 1,4-diene 
may be because hydroperoxyl radicals, which 

3Addition of the nickel complexes to hydrocarbons 
containing hydroperoxide produces a pro-oxidant effect 
which can overshadow the inhibiting effect of these 
complexes (see next paper in this series). 
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TABLE 4. Approximate values of lzk,,,,, for inhibition of hydrocarbon autoxidation by nickel complexes 

Temperature & k n ~ z k ~ ~ , ~ ,  x lo-3 
Hydrocarbon Nickel complex ("c)  k" (M-1 s-1) (M-1 s-1) 

Tetralin 12-Buzdtc 
Tetralin i-Przdtp 
Styrene 11-Buzdtc 
Styrene i-Pr2dtp 
c - C ~ H ~  i-Przdtp 

are the chain propagating and terminating 
peroxy species in this substrate (12), are more 
reactive than alkylperoxy radicals towards the 
nickel conlplexes. 

We have previously reported values of tzkinh 
for Zn(i-Przdtp)l at 50 OC determined in styrene 
( 1.6 X lo4 M-I s-I ) and tetralin (8 X lo3 M-I 
s-I). The value in styrene is about an order of 
magnitude larger than the value reported in this 
work for the analogous nickel complex while the 
values of nki1,,, for Ni(i-Pr2dtp)2 and Zn(i-Przdtp)z 
determined in tetralin are very similar. These 
comparisons imply that changing the metal atom 
from zinc to nickel has no dramatic effect on the 
peroxy radical scavenging efficiency of metal 
complexes. 

Electron Spin Resonunce St~tdies 
Ni(rz- Bu2cltc)z 
Photolysis of azoisobutane in oxygen saturated 

CC13F and CGHSCH~ containing N i ( n - B ~ ~ d t c ) ~  
(0.2-2 X M) gave a rather weak singlet 
absorption centered at g = 2.015 which was 
attributed to (CH3)3COO'. This radical dis- 
appeared very rapidly when the light was 
shuttered and plots of In [(CH3)3COO'] vs. time 
were linear indicating first-order decays. Pseudo- 
first-order rate constants (k+) were linearly de- 
pendent on the complex concentration (Table 5). 
The second-order rate expression 

was, therefore, strictly obeyed. 
Values of nk7 were close to 2 X lo4 M-I s-I 

over the entire temperature range indicating that 
reaction of (CH3)3COO' with Ni(n-Bu2dt~)~ 
requires little or no activation energy. This rate 
constant is in reasonable agreement with the 
rate constants estimated from N i ( n - B ~ ~ d t c ) ~  

TABLE 5. Rate constants for reaction of (CH3)3COO- 
with Ni(n-Bu~dtc)2 in CC13F 

Temperature I I ~ ,  x 10-4 
("c)  [A10 X 10"M) k+ (s-1) (M-1 s-1) 

inhibited autoxidations of styrene and tetralin 
at 50 OC (Table 4). 

When the reaction was carried out in isopen- 
tane radicals decays were still exponential but 
values of k+ were much smaller. Slow rates of 
radical decay could be because 2-ethyl-2- 
propylperoxy radicals were formed fro111 the 
solvent during the dark reaction. This would 
mean that reaction of ROO' with N i ( n - B ~ ~ d t c ) ~  
produces a radical reactive enough to abstract 
a H-atom from isopentane at low temperatures. 
Hydrogen atoll1 abstraction from toluene does 
not appear to conlplicate rate constants de- 
termined in this solvent probably because 
benzylperoxy radicals would disappear rapidly 
by reaction with (CH3)3COO'. 

Ni(i-Przdtp)2 
Pseudo-first-order rate constants for reaction of 

(CH3)3COO' with this conlplex were about two 
orders of magnitude smaller than rate constants 
for reaction of 2-ethyl-2-propylperoxy radicals. 
Furthermore, values of k+ were not linearly 
dependent on the dithiophosphate concentration, 
the reactant exponent being closer to zero than 
one (see e.g. Table 6). These kinetic cornplica- 
tions could be because of interference from 
deco~nposition of cis-azoisobutane during the 
dark reaction (13), self-association of Ni(i-Pr2- 
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TABLE 6.  Kinetic data for reaction of 2-ethyl- 
2-propylperoxy radicals with Ni(i-Przdtp)~ 

Temperature 
("c) [Ni(i-Przdtp)z]o X 104 (M) k+ (s-I) 

dtp)? in organic  solvent^,^ and co~llplex forma- 
tion between peroxy radicals and Ni(i-Pr?dtp)?, 
the decay of the co~nplex being rate controlling. 
We could. however. find no ex~erillleiltal evi- 
dence to support any of these explanations. We 
are, therefore, forced to conclude that the 
kinetic electron spin resonance spectroscopic 
method cannot be used to give reliable rate 
constants for reaction of 1-ROO' with Ni- 
(Rdtp)2.' 

Radical [Zn(i-Prldtp)2]0 X 103 k ~ ,  (s-1) 

(CH3)3COO' 0.0025 0.1 
(CH3)3COO' 0.025 0.055 
(CH3)3COO' 0.25 0.024 
(CH3)3COO' 2.5 0.09 
C2H5C(CH3)200' 0.0025 0.125 
C2HsC(CH3)200. 0.025 0.04 
C2H5C(CH3)z00. 0.25 0.04 
C2H5C(CH3)200. 2.5 0.03 

the induction period obtained. for 2,6-di-tert- 
butyl-4-methoxyphenol. In all cases the overall 
rate of autoxidation at the end of the induction 
period was close to the uninhibited rate.G Values 
of Rir/[A] for the dithiocarbanate were > 2  
while the dithiophosphate gave values < 2. The 
values of n obtained from rates of complex 
disappearance during the induction period were, 
however, closer to the values of 2.0 obtained at 
low temperatures. It would, therefore, appear 
that each illolecule of Ni(i-Pr?dtp)? and Ni(i1- 
Bu?dtc)? does scavenge two alkylperoxy radicals 
and that the Boozer and Hammond method 
cannot be used for these compounds. 

Products oftlie Reactiorz of Alkylperosjj Radica1.s 
~ ' i t l l  the Nickel COIIZ~/CXCS 

C~rnzy~~eroxy Rac/icals 
The products and yields obtained from de- 

composition of azocumene in oxygen saturated 
chlorobenzene in the absence and presence of 
Ni(n-Bu2dtc)? and Ni(i-Pr?dtp)-, are summarized 
in Table 8. 

In the absence of the inhibitor, acetophenone 
and a-curnyl alcohol were the principal reaction 
products. These products are consistent with the 
accepted mechanism for the decomposition of 
azocumene in the presence of oxygen and the 
self-reaction of curnylperoxy radicals (10) i.e., 

k~ I 
[I I 1 RN=NR + [R. N2 'R],,,, 

Cage products 
The rate parameters obtained by this technique quoted in [I?] [R' N2 'R1cn:c 
ref. 1 are, therefore, almost certainly incorrect. 2R. + N2 

Stoicllioinetric Factors [I31 R. + O2 -) ROO- 
Two lerl-butylperoxy radicals were destroyed [141 2R00.  + [ROOOOR],,,, 

by each molecule of Ni(iz-B~~dtc)? and Ni- 
(i-Pr?dtp)? when known concentrations of the [I5] [ROOOOR],,,, -> [RO' + 0 2  + 'OR] ,,,, 
nickel complexes were added to known concen- C Cage products 
trations of the radical in the dark at -90 "C. [RO' f 0 2  f 'ORlcngc - 
The stoichiometric factor 12 is, therefore, equal 2RO. + O2 

to 2.0 for both complexes. [I71 RO. + RH -) ROH + R. 
Induction periods (7) obtained for Ni(n- 

Buzdtc)~ and Ni(i-Pr?dtp)? inhibited autoxida- 
tions of cumene are given in Table 7 along with 

4There is ample experimental evidence for association 
of metal diisopropyldithiop1~osphates in solution (14). 

5We have carefully reinvestigated the reaction of terr- 
alkylperoxy radicals with zinc diisopropyldithiophosphate 
at  -100 "C by KESR and find that the rate of this 
reaction is also virtually independent of the complex 
concentration. 

where R represents C6H 5(CH3)2C. 
The yield of acetophenone reported here is 

6The unhibited rate was, however, only maintained for 
a short time before autoinhibition was apparent. Oxygen 
was then absorbed slowly for a considerable length of 
time whereupon the rate increased until the uninhibited 
rate was again reached. The second 'induction period' was 
about four times longer than the first one. 
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TABLE 7. Induction periods and rates of inhibitor disappearance for the Ni(11-Bu2dtc)l and Ni(i-Przdtp)~ 
inhibited autoxidation of culnene (7.2 M )  at 50 OC" 

-d[Ol] X lo6 -d[A] X 108 
Concentration Induction - Ri7 dt d t RI 

Complex x lo4 ( M )  period (s) [A] ( M  s-'I? (M s-l) -d[A]/dt 

BMeOPf 4.0 18 000 2 .O 4.4 - - 
Ni(t2-Buzdtc)~ 2.0 18 300 4.0 4.1 - - 

Ni(~~-Buzdtc)l 4.0 35 000 3.5 3.8 1.6 2.7 
Ni(i-Przdtp)l 2.0 2 700 0.5 2.3 - - 
Ni(i-Przdtp)~ 4 .O - - 3 .O 1 .4  
Ni(i-Pr2dtp)z 8 .O 14 400 1.5 4.5 - - 

'[AIBN] = 0.02 ill; R i  = 4.3 X 10-S iMs-'. 
tRate of oxidation a t  the end of the induction period. 
t2,6-Di-tert-hutyl-4-metlioxyphenol. 

TABLE 8. Some of the products from reaction of alkylperoxy radicals with nickel complexes" 

Initiator Initial 
concen- complex Product-yield? 

Alkylperoxy tration concentration 
radical (M) Ligand ( M )  [07]nbS (M) C~HSCOCHI Olefin C ~ H S C ( C H I ) Z ~ H  

'At 50 "C in chlorobenzcnc. 
tYiclds are i n  mol per mol of pcroxy radical gcncl-ated, the yicld of cumylperoiy r;~dic;~ls from nzocumcne is 150% and llic yield of 1 , l -  

d i~henvle t l iv l~erow radicals from tc t r~~~ l renv lbu tnnc  is 200%. 

similar to that obtained by Blanchard (15) from 
an analysis of the products foriued from the 
chain termination reaction during a~~toxidation 
of cumene. The yield of a-cunlyl alcohol seems 
high but it almost certainly arises by a hydrogen 
atom abstraction reaction involving cumyloxy 
radicals. No attempt was made to estimate the 
yield of dicumyl peroxide (the cage product) or 
determine the fate of the methyl radicals formed 
in reaction 18. 

When the decoinposition of azocumene was 
carried out in the presence of Ni(n-Buzdtc)2 and 
Ni(i-Pr2dt~)~ the principal reaction product was 
a-methylstyrene along with sn~aller amounts of 
acetophenone and a-cunlyl alcohol. The forma- 
tion of a-niethylstyrene from the decomposition 
of cuniene hydroperoxide by sulphur- and 
phosphorus-containing antioxidants is well known 
(16) and has been attributed to the dehydration 
of a-cunlyl alcohol by a Lewis acid formed in 

the system. These products strongly suggest that 
cumylperoxy radicals are deoxygenated by the 
nickel complexes to give cun~yloxy radicals which 
must abstract a hydrogen atom froii1 the ligand 
to give a-cuniyl alcohol. The nickel complex 
must be oxidized to a Lewis acid which is strong 
enough to dehydrate a-cuniyl alcohol. 

I , I -  Di/)lzenylethylperoxy Radicals 
Deconiposition of tetraphenylbutane in oxy- 

gen saturated chlorobenzene in the absence and 
presence of Ni(n-Buzdt~)~ gave the products 
suni~narized in Table 8. 

In the absence of the scavenger 1,l-diphenyl- 
ethylperoxy radicals interact by a rather more 
complex niechanism than the one for cumyl- 
peroxy radicals (17). Initially the reaction can be 
described by reactions analogous to reactions 14, 
15, and 16 with R=(C6H5)2CH3C. 1,l- 
Diphenylethoxy radicals, however, undergo a 
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TABLE 9. Some of the products from reaction of cumyloxy radicals* with nickel di-11-butyldithiocarbamatet 

[n-Buzdtc]~ [CeHsC(CH3)20Hl [CeHsCOCH31 [C6H5C(CH3)=CH2] [p-CIC6H4CH3] 
(MI X 102(M) X 102(M) X 10vM) X 10' (M) 

'Initial cumyl hyponilrite concentration = 0.02 i l l .  
tsolvent, chlorobcnrene; reactio~i tempcralure, 50 "C. 

1,2-phenyl shift (reaction 19) rather than p-scis- 
sion, 

CH3 
I 

This new carbon centered radical reacts with 
oxygen to  give a peroxy radical which also under- 
goes a series of reactions analogous to  reactions 
14, 15, and 16 to give 1-phenyl-1-phenoxyethoxy 
radicals which undergo 0-scissio~l t o  give aceto- 
phenone: 

C6H5 0 
I I 

In the absence of a nickel conlplex 1,l- 
diphenylethylperoxy radicals interact to  give 
acetophenone (1 8%) and no 1,l-diphenylethanol. 
However, in the presence of Ni(n-Bu?dt~)~ the 
acetophenone yield is 30-407, with diphenyl- 
ethylene (60-70%) making up the balance. By 
analogy with the cu~nylperoxy radical- nickel 
complex systen 1,l-diphenylethylene must be 
formed by dehydration of 1,l-diphenylethanol, 
the alcohol being produced fro111 1,l-diphenyl- 
ethoxy radicals by H-atom transfer. Production 
of 1,l-diphenylethanol and acetophenone in this 
system confirms that alkoxy radicals are forined 
from reaction of alkylperoxy radicals with nickel 
complexes. 

When a-cumyl alcohol was added to the 
tetraphenylbutane-nickel conlplex system it was 
efficiently dehydrated to  a-methylstyrene. This 
indicates unambiguously that a Lewis acid is 
formed in these systems. 

Further evidence for the involvement of 
alkoxy radicals was obtained from the products 
formed by decoinpositio~l of cumyl hyponitrite 
(a source of cumyloxy radicals) in the absence 
and presence of Ni(n-B~?dtc)~ (Table 9). In the 
absence of the dithiocarbarnate the principal 
reaction product was acetophenone (707,) while 

in the presence of the dithiocarbanlate a-cumyl 
alcohol (55%), acetophenone (18yo), and a- 
methylstyrene (37,) were formed. The ratio 
([a-cunlyl alcohol] + [a-methylstyrene])/[aceto- 
phenone] in this system = 3.3 and is identical to 
this ratio obtained in the cumylperoxy-Ni- 
( n - B ~ ~ d t c ) ~  systenl. There is, however, an interest- 
ing difference in the ratio of a-cumyl alcohol to 
a-methylstyrene produced froill the two oxy 
radicals. In the cumyloxy system only a small 
amount of dehydration of a -c~~nly l  alcohol 
occurred. This suggests that alkoxy radicals d o  
not oxidize the nickel colnplex t o  a Lewis acid 
as eficiently as alkylperoxy radicals. 

Conclusions 

Both nickel di-tz-butyldithiocarbaillate and 
nickel diisopropyldithiophosphate can inhibit 
AIBN initiated hydrocarbon autoxidation by 
scavenging alkylperoxy radicals. Rate constants, 
calculated fro111 a kinetic analysis of these 
reactions, fall in the range 0.3-3 X loJ M-I s-I 
at 50 "C with the dithiocarbamate slightly more 
efficient than the dithiophosphate. The magni- 
tude of ki,,l, does, however, appear to depend on 
the nature of the substrate indicating that radi- 
cals are formed in the rate controlling inhibition 
reaction which are capable of propagating the 
chain. Values of kin,,, therefore, give a ineasure 
of inhibitor efficiency rather than an absolute 
reactivity t o  peroxy radicals. 

Both Ni(n-Buzdtc)? and Ni(i-Przdtp)? de- 
stroyed two alkylperoxy radicals. Induction 
periods obtained froill hydrocarbon autoxida- 
tion for the dithiocarbamate were longer than 
would have been predicted by an rz-value of 2, 
implying that an efficient radical scavenger was 
formed during the induction period. Conversely 
induction periods for the dithiophosphate were 
shorter than would have been predicted, sug- 
gesting that additional free radicals were formed 
during the induction period which consume the 
inhibitor. In both cases rates of autoxidation 
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after the induction period were close to the 
uninhibited rate but decelerated as oxygen was 
absorbed, implying that secondary radical scav- 
engers were formed. 

Kinetic esr spectroscopy indicated that rate 
constants for reaction of tertiary alkylperoxy 
radicals with Ni(n-Buzdtc)z in toluene and 
fluorotrichloromethane are ca. 10%-Is-' f rom 
- 15 to - 94 "C. Rate constants were signifi- 
cantly smaller in isopentane which implies that 
radicals are formed from reaction of peroxy 
radicals with Ni(n-Bu?dtc)-, which are capable of 
reacting with the solvent to regenerate t-ROO'. 
Rate constants for reaction of t-ROO' with 
Ni(i-Przdtp)2 could not be measured because 
pseudo-first-order rate constants were virtually 
independent of the complex concentration. 

The radical derived products from reaction of 
alkylperoxy radicals with Ni(n-Buzdtc)-, and 
Ni(i-Pr2dt~)~ suggest that this reaction involves 
an oxygen atom transfer from the peroxy radical 
to the nickel(l1) complex to give an alkoxy 
radical and a nickel complex in a higher oxida- 
tion state. The production of a reactive alkoxy 
radical in this reaction is consistent with the 
kinetic resuits obtained from inhibited autoxida- 
tions and esr studies. 

We have previously concluded (1) that reac- 
tion of zinc dialkyldithiophosphates and related 
zinc complexes with alkylperoxy occurs at the 
metal center by a mechanism that involves 
either an electron transfer reaction 

[21] ROO' + ZnXz + ROO- + ZnXt + X' 

or an S,,2 process 

[221 ROO. + ZnXz + ROOZnX + X' 

The results presented in this paper certainly 
favour reaction 22 over a mechanism that com- 
prises formation of alkylperoxide ion. However, 
reaction 22 as it is written involves substitution 
of a bidentate chelating ligand with a mono- 
dentate ligand, a most unlikely situation. Fur- 
thermore, the oxidation state of the metal ion 
would remain unchanged. It, therefore, seems 
more likely that the peroxy radical adds to  the 
metal complex to give a zinc or nickel(II1) com- 

plex (ROOMX2) which is thermally unstable 
and undergoes 0-0 homolysis. Only a fraction 
of the alkoxy radicals produced must escape the 
solvent cage or these compounds would not 
inhibit hydrocarbon autoxidation. The exact 
mechanism for the production of alkoxy radical 
derived products in these systems is, however, 
still in doubt although a concerted decornposi- 
tion of a ROOMXz species may be involved. 
We hope that an investigation of the fate of the 
nickel and zinc colnplexes after reaction with 
alkylperoxy radicals will shed more light on the 
lllechanisrn of reaction 22. Further work along 
these lines is in progress. 
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J. A. HOWARD and J. H. B. CHENIER. Can. J. Chem. 54,390 (1976). 
Alkyl hydroperoxides are shown to react with nickel dialkyldithiocarbamates and nickel 

dialkyldithiophosphates in the liquid-phase a t  30 OC to generate free radicals. These radicals 
are capable of inducing the decomposition of the hydroperoxide and destroying the nickel 
complex. Rates of radical generation, as determined from hydrocarbon autoxidation, are 
similar to rates of complex disappearance and areca. 1/5th rates of hydroperoxide disappearance. 
Rates of disappearance of both reactants are retarded by the addition of hydrogen atom 
donating antioxidants, the rate of hydroperoxide disappearance is reduced to the rate of radical 
generation and the rate of complex disappearance is significantly less than the rate of radical 
generation. These results are consistent with a mechanism for decomposition which involves 
cycling of the nickel complex. Decomposition of cumene hydroperoxide to a-cumyl alcohol, 
a-methylstyrene and acetophenone suggests the intermediacy of curnyloxy radicals in this 
system while the electron spin resonance spectroscopic method indicates that alkylperoxy 
radicals are also transient intermediates. 

J. A. HOWARD et J. H. B. CHENIER. Can. J. Chem. 54, 390 (1976). 
On montre que les hydroperoxydes d'alkyles rCagissent avec les dialkyldithiocarbamates et 

les dialkyldithiophosphates de nickel en phase liquide B30°C pour conduire i des radicaux libres. 
Ces radicaux sont capables d'induire la dCcomposition de I'hydroperoxyde et de dCtruire le 
complexe de nickel. Les taux deformation des radicaux, tels que dCterminCs par I'autooxydation 
d'hydrocarbures, sont sernblables aux taux de disparition du complexe et sont approximative- 
ment 5 fois plus lents que les taux de disparition de I'hydroperoxyde. Les taux de disparition des 
deux rCactifs sont retardis par addition d'antioxydant pouvant donner des atornes d'hydrogkne; 
le taux de disparition de I'hydroperoxyde est rCduit au taux de genCration des radicaux et la 
vitesse de disparition du complexe est beaucoup plus faible que la vitesse de gCnCration des 
radicaux. Ces rCsultats sont en accord avec un mecanisme pour la dCcornposition qui implique 
un recyclage du complexe de nickel. La dCcompositiorl de I'hydroperoxyde de cumene en alcool 
a-cumyle, en a-rnCthylstyrkne et en acCtophCnone suggkre que les radicaux cumyloxy sont des 
intermidiaires dans ce systkme alors que des Ctudes de spectroscopie de risonance paramagnb 
tique electronique indiquent que les radicaux alkylperoxy sont aussi des interrnkdiaires de 
courte duke.  

[Traduit par le journal] 

Introduction 
It is now well established that zinc and nickel 

complexes of dialkyldithiocarbamic acids and 
dialkyldithiophosphoric acids can inhibit autoxi- 
dation by scavenging chain-propagating alkyl- 
peroxy radicals (1, 2). These coinpounds are 
also believed to function as preventive antioxi- 
dants because of their ability to decompose 
chain-initiating hydroperoxides to nonradical 
products (3-9). The initial reaction between 
some of these conlplexes and alkyl hydroper- 
oxides has been shown to  generate free radicals 

INRCC No. 15013. 
2To whom all correspondence should be addressed. 

which are capable of initiaiitig autoxidation 
(4, 5) and it has been suggested that these com- 
plexes function as antioxidants because they are 
oxidized to a catalyst capable of deconlposing 
hydroperoxides heterolytically (3, 4). 

As part of our investigation of the inhibition of 
autoxidation by metal complexes we have stud- 
ied the reaction of nickel dialkyldithiocarbanlates 
and nickel dialkyldithiophosphates with alkyl 
hydroperoxides. This work, which is reported 
here, has produced results which are at variance 
with those reported in the literature and indicates 
that these nickel complexes cannot be expected 
to function as preventive antioxidants at ambient 
temperature. 
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HOWARD A N D  CHENIER:  METAL COMPLEXES AS ANTIOXIDANTS. I11 

FIG. 1. Oxygen absorption as a function of time for the autoxidation of styrene (1.74 M) in 
chlorobenzene initiated by Ni(i-Prldtp)2 (0.016 M) and (CH3)3COOH (0.01 M) at 30 OC. (I indicates 
the time that the hydroperoxide was added. 

Experimental 

Materials 
Nickel dialkylditliiocarbamates, Ni(R~dtc)z, and dial- 

kyldithiophosphates, Ni(R~dtp)z, were prepared by 
reaction of the acid or sodium salt with nickel acetate. 
Cumene hydroperoxide was purified via its sodium salt, 
tert-butyl hydroperoxide by recrystallization from pentane 
followed by vacuum distillation, while a-tetralin hydro- 
peroxide was prepared by autoxidation of tetralin. The 
hydroperoxides were better than 997, pure by iodometric 
titration. The oxidizable hydrocarboils and solvents were 
purified by standard techniques. 

Kinetic Procedure 
Autoxidations were followed with the automatic 

recording apparatus described previously (10). Reactions 
between the hydroperoxides and nickel complexes were 
followed by uv spectroscopy (nickel complex disap- 
pearances were followed a t  X = 320 nm (dtp) and X = 
326 and 394.5 nm (dtc)), infrared spectroscopy (hydro- 
peroxide disappearance at  v = 3550 cm-I), and iodo- 
metric titration. The reactions were performed in the 
presence and absence of the phenolic inhibitors 2,6-di- 
tert-butyl-4-methoxyphenol (BMeOP) and 2,6-di-tert- 
butyl-4-methylphenol (BMP). All reactions described in 
this work were carried out at 30 "C. 

Prodltcts 
Volatile reaction products were identified by gas-liquid 

chromatography in conjunction with mass spectrometry. 
Yields were determined by comparison with standard 
authentic samples. The 1-methyl-1-hlkylperoxy-3,5-di- 
tert-butylcyclohexadiene-2,5-dione-4's were isolated and 
identified by standard techniques. Yields of these products 
were determined by the infrared spectroscopic method. 
The accumulation of products during reaction was 
followed by ir spectroscopy. 

bubbling through the sample. Prior to the addition of one 
of the reactants the spectrometer was set at  the magnetic 
field corresponding to  the maximum peak height of the 
first derivative of the alkylperoxy radical signal with the 
field sweep switched off. Changes in the signal intensity 
were monitored continuously with the X-Y recorder 
provided with the spectrometer as soon as  the reactants 
were thoroughly mixed. 

Results 

Init iution of' Hydrocarbon A utoxiclatioiz 
It has been reported (4, 5) that zinc complexes 

of dialkyldithiophosphoric acids and dialkyldi- 
thiocarbamic acids exert a pro-oxidant effect on 
the initial stages of hydrocarbon autoxidation 
containing hydroperoxide because of a homolytic 
reaction between the conlplex and hydroperox- 
ide. We found that zinc dialkyldithiophosphates 
and dialkyldithiocarbamates reacted with added 
hydroperoxide during AIBN initiated autoxida- 
tion of styrene at 50 "C to give more efficient 
radical scavengers, a process which overshad- 
owed any enhanced initiation (1). Only zinc 
isopropylxanthate gave a detectable pro-oxidant 
effect. 

On the other hand the analogous nickel com- 
plexes were all found to exert very pronounced 
catalysis of autoxidations containing hydroper- 
oxide (see e.g., Fig. Initial rates of autoxida- 

3Nickel complexes of carboxylic acids are also able to  
initiate hydrocarbon autoxidation in the presence of 

Electron Spit1 Resotlatlce Studies hydroperoxide. Thus Wallace and ~komoroski  (11) have 
Reactions of alkyl hydroperoxides with the nickel found that nickel cyclohexane butyrate in combination 

complexes in CC14 were performed it? situ in the cavity of with cumene hydroperoxide is-an effective catalyst for 
a Varian E-4 spectrometer at  30 O C  in the dark with argon the autoxidation of cumene a t  104 "C. 
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TABLE I .  Initial rates of autoxidation of styrene (1.74 M)" at 30 "C 
initiated by reaction between a nickel complex and re,!-butyl hydroperoxideb 

QChlorobenzene as diluent. 
bcumene hydroperoxide gave almos( identical init~al rates. 

tion of styrene at different initial complex and Propagation: 
hydroperoxide concentrations are given in Table fast 
1 and were found to increase as the initial con- L31 R' + 01- ROO' 

centration of each reactant was increased." kt, 
[4] ROO' + RH + ROORH' 

Unfortunately, because of the difficulties associ- 
ated with measuring accurate initial rates, Termination: 
precise concentration exponents could not be killtl 

obtained from these experiments. However, it [51 ROO' + A +  X 
would appear that the order with respect to each f a s ~  
reactant is close to  1 .0. [GI ROO' + X + Nonradical products 

We have previousl~ (2) that where X is an intermediate which reacts rapidly 
rates Ni(i-Pr2dtp)2 and Ni(tz-Bu2dtc)2 in- with ROO. but does not propagate the chain. hibited, a,a'-azobisisobutyronitrile initiated au- There was, however, some evidence which sug- toxidation of styrene, (- d[02]/dt)o, very approxi- gested that the mechanism may be con~plicated 
mately obey the rate expression by a chain transfer reaction between the complex 

where [RH]o is the initial hydrocarboil concen- 
tration, [Ale the initial nickel con~plex concentra- 
tion, Ri is the rate of chain initiation, and k,, and 
kinh are the rate controlling propagation and 
termination rate constants. It was suggested that 
these autoxidations can be represented by the 
following elementary reactions 

and alkylperoxy radicals. 

[71 ROO' + A  4 Y' + other products 

where Ye could be an alkoxy radical or a sulphur 
radical derived from A. 

The nickel complex - alkyl hydroperoxide in- 
itiated autoxidation of styrene should also be 
described by the same elementary reactions with 
the initiation reaction taking the form 

Initiation: [2'1 ROOH + A  4 Free radicals 

[21 Production of R' at a rate = R, The observation that (-d[Oz]/dl)o increases 
as the nickel conlplex co~lcentration is increased, 

4A typical feature of these autoxidations was the at a constant hydroperoxide concentration, does, 
dramatic decrease in the rate of autoxidation after the 
absorption of a small amount of oxygen that the with respect to [*I 
because of complete destruction of the nickel complex in in the initiation reaction is higher than it is in the 
radical scaveng'iq reactions. For instance, addiiion of termination reaction. 
(CH3)$OOH (0.01 M) to a mixture of nickel diisopropy1- Autoxidations initiated by reaction 2' were 
dithiocarbamate (0.01 M) and styrene (1.74 M )  in chloro- completely inhibited by the H-atom donating benzene gave an initial rate of oxygen absorption > 
M ~ - 1 .  Absorption of oxygen, however, ceased antioxidant, 2,6-di-tert-butyl-4-methoxyphenol 
pletely after 4 . 0 0 5 5  M of O2 had been absorbed. (see e.g., Fig. 2). Overall rates of chain initiation 
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HOWARD AND CHENIER: METAL COMPLEXES AS ANTIOXIDANTS. 111 

FIG. 2. Oxygen absorption as a function of time for the autoxidation of styrene (1.74 M )  in 
chlorobenzene at 30°C initiated by Ni(11-Bu2dtc)z (0.0016 M )  and (CH3)3-COOH (0.005 M) and 
inhibited by 2,6-di-terr-butyl-4-methoxyphenol(0.007 M). a indicates the time that the hydroperoxide 
was added. 

TABLE 2. Kinetic data for the nickel complex - tert-butyl hydroperoxide initiated autoxidation of 
styrene (1.74 M)n a t  30 "C in the presence of BMeOP 

Induction 
[*lo X lo3 [ROOHlo X lo3 [BMeOPIo X lo3 period x (-d[02]/dt)o x 107 R, x lo7 

Ligand (M) (MI (MI (s) ( M  s-1) ( M  s-1) 

aChlorobenzcne as solvent. 

were obtained from the time taken to  consume a the following approximate values of nki,,,, can be 
known concentration of BMeOP and were calculated; cu. lo3 M-' s-' for the dithiophos- 
found to  increase as the concentration of each phate and ca. 6 X lo3 M-Is-' for the dithiocar- 
reactant was increased (Table 2). bamate; rate constants which are close to the 

If the rate of chain initiation is given by values expected a t  30 OC from autoxidations 
Ri = k[A:I[ROOH], where k is a bimolecular initiated by AIBN in the absence of hydro- 
rate constant which takes into account the num- peroxide at 50 OC (2). 
ber of radicals generated by reaction 2' and the 
efficiency with which radicals are produced, a 
value of k = 0.0026 M-I s-' can be calculated for 
the dithiophosphate and k = 0.16 M-' s-' for . . 

the dithiocarbamate. 
The initial rates of autoxidation of styrene 

were significantly slower than would be pre- 
dicted from uninhibited autoxidations. confirm- ~ ~ 

ing that the nickel conlplexes retard hydrocarbon 
autoxidation by scavenging free radicals. If the 
values of ( - .d[02]/dt)o obey rate expression 1,' 

5This must be an oversimplification because if Rlcc 
[ROOH][A] and the rate of termination cc [ROO'][A] the 

Reaction in ilze Absence oj'arz Oxiclizable 
Subsiruie 

Reaction of the nickel complexes with alkyl 
hydroperoxides exhibited no induction period. 
Rates of disappearance of the conlplexes in the 
presence of a large excess of alkyl hydroperoxide 
were pseudo-first-order since plots of In [A10 - 
In [AIL vs. time were linear over the entire 

rate of inhibited autoxidation would be independent of 
[A]. Precise kinetic orders are extremely difficult to obtain 
in these systems. Until these orders have been precisely 
measured we prefer to make the gross assumption that 
eq. 1 is obeyed. 
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Time (s) 1 0 ' ~ ~ i m e  (sl 

FIG. 3.  Plots of In [A10 - in [A], against time for reaction between nickel complexes and curnene 
hydroperoxide. ( A )  [Ni(i-Przdtp)l]o = 1.5 X 10-5 M, [ROOHIo = 1 0 - W ;  (B) [Ni(tl-Bu2dtc)z]o = 

1.5 X 10-5 M, [ROOHlo = 2 X M. 

TABLE 3. Kinetic data for reaction of nickel diisopropyldithiocarbarnate 
with curnene hydroperoxidea 

aSolvent : chlorobenzene. 
~ (CHJ)~COOH gave k+/IROOH]o = 0.12 M-I s-I. 

concentration range (see e.g. Fig. 3). Pseudo- 
first-order rate constants (k+) were independent 
of the initial complex concentration and were 
linearly dependent on the hydroperoxide con- 
centration. The rate law 

where k' is a bimolecular rate constant and 
k+ = kl[ROOH], was, therefore, strictly obeyed. 
Initial rates of complex disappearance also 
obeyed this kinetic expression. The kinetic data 
obtained for reaction of Ni(i-Pr?dt~)~ and 
N i ( i -P~~d tc )~  with cumene hydroperoxide are 
sammarized in Tables 3 and 4. The "best" values 
of kt were 0.004 and 0.16 M-I s-I, respectively. 
Rate constants k' are, therefore, very similar to 
the bimolecular rate constants k calculated from 

nickel complex - hydroperoxide initiated autoxi- 
dations. 

Values of k' were independent of the alkyl 
moiety in the dithiocarbarnate (methyl, ethyl, 
isopropyl, and n-butyl) and the nature of the 
hydroperoxide (tert-butyl, a-cumyl, and a- 
tetralyl). 

At the molar ratios of hydroperoxide to  nickel 
complex shown in Tables 3 and 4 the hydroper- 
oxide concentration remained unchanged. There 
was, therefore no evidence for significant heter- 
olytic hydroperoxide decomposition. This result 
is in variance with the reports by Scott and co- 
workers (4, 9) that traces of nickel dialkyldithio- 
phosphates and dialkyldithiocarbamates decom- 
pose curnene hydroperoxide to give phenol and 
acetone. 

Reactant concentration - time profiles are 
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HOWARD AND CHENIER: METAL COMPLEXES AS ANTIOXIDANTS. 111 

TABLE 4. Kinetic data for reaction of nickel diisopropyldithiophosphate 
with cumene hydroperoxide (0.01 M)a 

shown in Fig. 4 for reaction of nickel diisopro- 
pyldithiophosphate and cunlene hydroperoxide. 
It is quite clear from this figure that - d[ROOH]/ 
dt is greater than - d[A]/dt and that the stoichi- 
ometric factor is > 5. 

Rates of hydroperoxide decomposition in the 
presence of excess nickel conlplex were measured 
and found to fit the kinetic expression 

where a is the stoichiometric factor. Values of 
ak' obtained from -d[ROOH]/dt were about 5 
times larger than values of kt determined from 
-d[A]/dt, implying that a is -5. 

Stoichiometric factors for this reaction were 
determined from the concentration of one reac- 
tant that disappeared when the other reactant 
was completely consumed. The results of these 
studies are summarized in Table 5 and suggest 
that 5-15 molecules of hydroperoxide are de- 
composed by each molecule of nickel complex. 

The hydroperoxide derived products from 
reaction of the nickel complexes with cumene 
hydroperoxide are presented in Table 6. a-Cumyl 
alcohol is the principal product along with 

1 I significant quantities of a-methylstyrene and 
1 acetophenone. In all cases 100yo of the hydro- 

peroxide could be accounted for by these three 
products. a-Methylstyrene almost certainly arises 

I 

I by dehydration of a-cumyl alcohol during reac- 
tion. Reduction of a-cumyl hydroperoxide to 

1 a-cumyl alcohol can be achieved either by a free- 

0 5 10 15 20  25 

Time (s) 

FIG. 4. The concentrations of the reactants ( x )  as a 
function of time for reaction of nickel diisopropyl- 
dithiophosphate (5 x lo-] M) ,  0, with cumene hydro- 
peroxide (5 X lo-] M ) ,  0. 

radical induced reaction or a stoichiometric 
reaction. However, the concurrent production of 
acetophenone is indicative of the intermediacy of 
cumyloxy radicals and hence a homolytic process. 

Electron Spin Resonance Studies 
When nickel di-n-butyldithiocarbamate and 

tert-butyl hydroperoxide were allowed to react in 
the cavity of an electron spin resonance spec- 
trometer the tert-butylperoxy radical (broad 
singlet at g = 2.015) was the only radical species 
that could be detected. The variation of the 
concentration of the peroxy radical and the 
nickel complex during reaction of Ni(n-Bu2dtc)2 

M) and (CH3)3COOH (1.5 X M)  in 
CC14 at 30 "C are shown in Fig. 5. The peroxy 
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TABLE 5. Stoichiometric factors for reaction of nickel complexes 
with alkyl hydroperoxidesu 

Initial 

Ligand 

reactant concentration (M) [ROOHlo A[ROOH] 
[Alo [(CHi)iCOOHIo [Alo A w l  

aAlrnost identical stoichiornetric factors wcre obtained with n-tetralin hydroperoxtdc. 

TABLE 6. Hydroperoxide derived products from reaction of curnene 
hydroperoxide with some nickel complexes at 30 "Ca 

[A]o X 10' [ROOHlo X 10' 
Products (mol/mol ROOH) 

or-Cumyl 
Ligand (M) (M) Acetophenone or-Methylstyrene alcohol 

"Chlorobcnzene used as solvent. 
bNot detected. 

Time (5) 

FIG. 5. The change in the tert-butylperoxy radical and nickel complex concentration with respect 
to time for reaction of Ni(11-Buzdtc)~ (10-4 M) with tert-butyl hydroperoxide (1.5 X M). 

radical concentration increased to  a maximum 
value and then slowly decreased as the nickel 
complex was consumed. Maximum yields of 
(CH3)3COO' at different initial reactant concen- 
trations are gathered in Table 7 and demonstrate 
that the radical concentration increased as the 
concentration of each reactant was increased. 

a-Tetralylperoxy radicals are produced when 
a-tetralin hydroperoxide was used instead of 

tert-butyl hydroperoxide. The maximum con- 
centration of this radical was about a factor of 4 
smaller than the maximum concentration of 
(CH3)3COO' under identical experimental con- 
ditions. 

Reaction of Ni(i-Pr2dt~)~ with tert-butyl hy- 
droperoxide also produces tert-bdylperoxy radi- 
cals. The maximum radical yields were, however, 
about a factor of 10 lower than for the dithio- 
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TABLE 7. Maximum yields of tert-butylperoxy radicals 
from reaction of nickel di-tz-butyldithiocarbamate and 

tert-butyl hydroperoxidea 

[Alo X lo4 [ROOHlo X lo2 [ROO'],,, X 
(MI (MI (M) 

OAt 30 O C  in CClr. 
bMaximum radical concentration. 

carbarnate, with radical generation lasting very 
much longer because the complex was consumed 
more slowly. 

Influence of Phenolic Antioxiclarzts 
Rates of disappearance of the nickel complexes 

in the presence of a large excess of hydroperoxide 
were consideiably slower in the presence of 
2,6-di-terl-butyl-4-methoxyphenol (BMeOP) and 
2,6-di-tert-butyl-4-methylphenol (BMP). Plots of 
In [A10 - In [A]/ against time were linear (see 
e.g. Fig. 6) and the slopes of these plots were 
proportional to the first power of the hydro- 
peroxide concentration. Values of (-d[A]/dt)o 
were proportional to the first power of the con- 
centration of each reactant. The overall rate 
must, therefore, obey the kinetic expression 

where k" is the birnolecular rate constant. The 
'best' values of k" for Ni(i-Pr2dtp)z and 
Ni(i-Przdtc)? were 0.00005 M-I s-l and 0.006 
M-I s - ~  , respectively. 

Rates of hydroperoxide decon~position were 
faster than -d[A]/dt and obeyed the kinetic 
expression 

where b is the stoichiometric factor. 
Stoichiometric factors were determined by the 

same technique as was employed for reactions in 
the absence of phenolic antioxidant and the 
results are summarized in Table 10. Stoichio- 
metric factors are significantly larger in the 
presence of BMP than they are in the absence of 
this additive. This is because addition of BMP 

0 bp, 2 3 

Time (s)  

I I 
0 10 20 30 

Time (s) 

FIG. 6. Plots of In [A10 - In [A], against time for re- 
action between nickel complexes and alkyl hydroperoxides 
in the presence of phenolic antioxidants. ( A )  Ni(11-Buzdtc)z 
= 10-4 M,(CH3),COOH = 10-2 M,BMP = M. (B) 
Ni(i-Pr2dtp)z = 2 X 10-3 M; C6HsC(CH3)z00H = lo-' 
M, BMeOP = 2 X 10-3 M. 

inhibits free radical destruction of the complex 
enabling it to  take part in more I-ydroperoxide 
destroying reactions. 

The decrease in the concentration of the 
reactants and the increase in the concentration of 
the products with respect to time for reaction of 
Ni(n-Bu2dtc)~ (0.0002 M) and (CH&COOH 
(0.02 M) in the presence of BMP (0.01 M)  ap- 
pear in Fig. 7. At these initial reactant concen- 
trations all of the nickel complex was destroyed 
and the hydroperoxide concentration decreased 
to 0.003 M, which is consistent with the stoichio- 
metric factors given in Table 10. The hydro- 
peroxide appears to have been converted to 
tert-butyl alcohol (-50%) and tert-butylperoxy 
radicals (-50%), the latter being trapped by 
2,6-di-tert-butyl-4-methylphenoxy radicals as 
1-methyl- 1 -tert-butylperoxy-3,5-di-tert-butylcy- 
clohexadiene-2,5-dione-4, A trace of iso- 

6The percentage of tert-butyl alcohol was based on the 
yield of this product and the tert-butylperoxy radical 
percentage was based on the yield of 1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J. CHEM. VOL. 54, 1976 

TABLE 8. Kinetic data for reaction of Ni(R2dtc)~ with some tertiary 
alkyl hydroperoxides in the presence of hindered phenols 

aNi(n-Buzdtc)2. 
bNi(i-Przdtc)~. 
Ca-Cumene hydroperoxide. 
drerr-Butyl hydroperoxide. 
e2,6-Di-tert-butyl-4-methoxyphenol. 
f2,6-Di-rerr-butyl-4-methylphenol. 

TABLE 9. Kinetic data for reaction of nickel diisopropyldithiophosphate 
with cumene hydroperoxide in the presence of 2,6-di-tert-butyl-4-rnethoxyphenol 

Time (s)  

FIG. 7. The concentration of reactants and products as a function of time for reaction between 
nickel di-12-butyl dithiocarbarnate (2 X 10-4 M )  and tert-butyl hydroperoxide (2 X lo-* M) in the 
presence of 2,6-di-terf-butyl-4-methylphenol. ( A )  Ni(t~-Bu2dtc)2; (B) (CH3)$ZOOH and (CH3)3COH; 
(C)  BMP; (D) 1-methyl-l-tert-butylperoxy-3,5-di-ferf-butylcyclohexadiene-2,5-dione. 

butylene was formed and the yield of di-tert-butyl summarized in Table 11 were obtained. Almost 
peroxide was <0.4y0. all of the cumene hydroperoxide could be ac- 

When cumene hydroperoxide was used instead counted for as a-cumyl alcohol, a-methylstyrene, 
of tert-butyl hydroperoxide the reaction products acetophenone and 1-methyl- 1-a-cumylperoxy-3,5- 
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HOWARD AND CHENIER: METAL COMPLEXES AS ANTIOXIDANTS. 111 

TABLE 10. Stoichiometries for nickel complex - tert-butyl hydroperoxide 
reaction in the presence of BMPa 

Initial 
reactant concentration (M) [ROOHlo A[ROOH] 

Ligand [A10 I(CHI)ICOOHIO [Alo A[Al 

oAlrnost identical stoichiometric factors were obtained with a-tetralin hydroperoxide. 

TABLE 11. Hydroperoxide derived products from 
reaction of Ni(n-Buzdtc)~ (6 X 10-4 M) with a-cumene 

hydroperoxide (2 X 10-2 M )  in the presence of 
2,6-di-tert-4-methylphenol (2 x 1 0 - W )  

Reaction product Yield (M) yo yield/mol ROOH 

a-Methylstyrene 7.6X 10-3 38 
Acetophenone 1 . 2 ~ 1 0 - 3  6 
Cumyl alcohol 5.7X10-3 28 

2 1 .0X10-2 50 

di-terf-butylcyclohexadiene-2,5-dione-4, 2. The 
yield of cumyloxy derived products (a-cumyl 
alcohol, a-methylstyrene, and acetophenone) is 
again approxinlately equal to the yield of the 
cumylperoxy radical derived product. A very 
small concentration of phenol was also formed in 
this system, implying a minor heterolytic path- 
way. Production of phenol is probably a conse- 
quence of the long reaction times in the presence 
of BMP giving a heterolytic process time to make 
a contribution to the reaction products. 

Inflrrence oJ' Cornl~lexirzg Agents 
Rates of disappearance of the nickel com- 

plexes in the absence and presence of BMP were 
retarded by addition of small concentrations of 
materials which coordinate inetal ions, e.g., 
Ni(i-Pr2dt~)~ in the presence of pyridine (0.1 M )  
gave values of kt  = 0.045 M-' s-' and k" = 

0.001 M-I s-I. 
Rates of accunlulation of (CH3)3COO' as 

determined by the esr spectroscopic method from 
reaction of N i ( ~ - B u ~ d t c ) ~  with (CH3)3COOH 
were also retarded by millimolar concentrations 
of pyridine. 

These results imply that the principal reaction 
between a nickel complex and an alkyl hydro- 
peroxide involves prior coordination between the 
hydroperoxide and the nickel complex. 

Discussion 

There are two mechanisms by which hydro- 
peroxides can be decomposed catalytically, a 
heterolytic process catalyzed by a Lewis acid and 
a radical induced deconlposition initiated by 
metal ion - hydroperoxide interactions. The lat- 
ter mechanism can be represented by 

[8 I M n  + ROOH + Mn+l + RO' f OH- 

[9] Mn+l + ROOH --, M n  + ROO' + Ht 

where M is a metal ion and associated ligands 
(12). These two mechanisms can usually be dis- 
tinguished by determining the hydroperoxide 
derived products, e.g., cumene hydroperoxide 
gives phenol and acetone by a heterolytic decom- 
position while a-cumyl alcohol, a-methylstyrene, 
and acetophenone are formed by a radical in- 
duced reaction. Furthermore, radical induced 
decompositions obey a rate law which is first- 
order in each reactant (13). 

Decomposition of cumene hydroperoxide by 
Ni (R2dt~)~  and Ni(R2dtp)2 to a-cumyl alcohol, 
a-methylstyrene, and acetophenone and a rate 
expression that is iirst-order in each reactant 
suggest that these nickel complexes react by a 
mechanism analogous to the variable valence 
transition metal complexes studied by Hiatt el al. 
(13) and that a radical mechanism is prevalent. 

Hiatt et al. (13) considered that metal ion 
catalyzed decomposition of tertiary alkyl hydro- 
peroxides can be described by reactions 8 and 9 
followed by 

[lo1 ROW + ROOH + ROH + ROO' 

[I l l  ROO* + ROO' + 2RO' + 0 2  

[I21 ROO- + ROO' + ROOR f 0 2  

The rates of deconlposition of the tertiary 
alkyl hydroperoxides (tert-butyl and a-cumyl) 
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and the rates of nickel conlplex disappearance 
are consistent with this mechanism if the chain 
initiation reaction is given by reaction 2'. 

Several experimental observations, however, 
indicate that reactions 11 and 12 are not impor- 
tant for the nickel complexes. First, rates of 
oxygen evolution were less than 1/100th rates of 
radical production. Secondly, the lnaxinlum con- 
centration of a-tetralylperoxy radicals produced 
from a-tetralin hydroperoxide, as determined by 
esr spectroscopy, was only about 1/4 the maxi- 
mum concentration of (CH3)3COOa produced 
from (CH3)3COOH. If termination involved self- 
reaction of alkylperoxy radicals [a-C1~H1lOO.]max 
would be -- 1/75th [(CH3)3COO']m,x since the 
termination rate constants for these radicals are 
7.4 X lo6 and 1.3 X lo3 M-' s-' , respectively 
(14). 

We have previously shown that Ni(R2dtc)2 
and Ni(R~dtp)~  can inhibit autoxidation at 30 OC 
by scavenging alkylperoxy radicals (2). It is, 
therefore, conceivable that this reaction over- 
shadows self-reaction of alkylperoxy radicals in 
the induced hydroperoxide decon~position. 

The observation that -d[ROOH]/dt > 
-d[A]/dt does, however, denland that radicals 
capable of reacting with the hydroperoxide are 
formed from reaction of peroxy radicals with the 
nickel complex. Our previous kinetic electron 
spin resonance studies of this reaction (2) indi- 
cated that a radical reactive enough to abstract 
a hydrogen atom from isopentane at -90°C 
was formed. Furthermore, the products of this 
reaction suggest the intermediacy of alkoxy 
radicals (2). 

Overall rates of reaction were slower in 
the presence of 2,6-di-terr-butyl-4-methylphenol, 
-d[ROOH]/dt being reduced to about Ri while 
-d[A]/dr was significantly <Ri. This latter 
result implies that the nickel complex is cycled in 
the initiation process in a manner analogous to 
reactions 8 and 9. 

A reaction scheme that explains all the ramifi- 
cations of the induced decomposition of alkyl 
hydroperoxides by Ni(R2dt~)~  and N i (R2d t~ )~  is 
given by the following elementary reactions. 

[I31 A + ROOH 4 A'+ + RO' + -OH 

[14] A'+ + ROOH 4 A + ROO' + H+ 

[lo] RO. + ROOH --t ROH + ROO' 

[I51 ROO' + A --t Nonradical products 

[71 ROO + A +Y- 

where Y' is most probably an alkoxy radical. 
In the presence of a H-atom donating anti- 

oxidant such as 2,6-di-tert-butyl-4-methylphenol 
reactions 15 and 7 are overshadowed by reactions 
16 and 17 

OH 0' 

' OOR 
Chien and Boss (15) envisaged that reaction 

between Ni(R2dt~)2 and alkyl hydroperoxides 
initially involved a n~olecular reaction at a 
ligand sulphur atom in a manner analogous to  
reaction of other organosulphur compounds with 
hydroperoxides (16), i .e . ,  

S S 
[I81 R ~ N c < ~ > N ~ < ~ ) c N R ~  + ROOH - 

/'\ /"CNR2 + ROH 
R2NC\s/Ni\s/ 

Further reaction with the other sulphur atoms in 
the ligands results in the reduction of six mole- 
cules of hydroperoxide per inolecule of complex. 
This sequence of reactions eventually produces 
sulphur dioxide which could bring about heter- 
olytic hydroperoxide decomposition. Our results 
certainly indicate that this is not the major 
reaction pathway at 30 OC. 

Conclusions 

Nickel dialkyldithiocarbamates and dialkyl- 
dithiophosphates react rapidly with alkyl hydro- 
peroxides by a reaction that is first order in each 
reactant to  generate free radicals. These radicals 
induce the decomposition of the hydroperoxide 
and destroy the complex and are capable of 
initiating hydrocarbon autoxidation. Approxi- 
mately 10 molecules of hydroperoxide are de- 
composed by each molecule of nickel complex. 
Bimolecular rate constants k' determined from 
rates of complex disappearance are -0.15 M-' 
s-' for the dithiocarbamates and -0.004 M-' s-' 
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HOWARD AND CHENIER: METAL COMPLEXES AS ANTIOXIDANTS. I11 401 

for the dithiophosphates. Dithiocarbamates are, 
therefore, more efficient catalysts than dithio- 
phosphates for hydroperoxide initiated autoxi- 
dation. The radical generating reaction between 
a nickel complex and a hydroperoxide must be a 
fairly efficient process because rates of chain 
initiation (as determined by hydrocarbon autoxi- 
dation) are very similar to rates of nickel complex 
disappearance (in the absence of a phenolic 
antioxidant) and rates of hydroperoxide disap- 
pearance (in the presence of a phenolic anti- 
oxidant). 

Reactions of the nickel complexes with the 
hydroperoxides were much slower in the presence 
of the phenolic antioxidants, 2,6-di-tert-butyl-4- 
methylphenol and 2,6-di-tert-butyl-4-methoxy- 
phenol, because these additives prevent induced 
decomposition of the hydroperoxide and de- 
struction of the complex. Approximately 45 
molecules of hydroperoxide were destroyed by 
each molecule of nickel complex and the bi- 
molecular rate constants (k") were -5 X lou3 
M-I s-' for the dithiocarbamates and -- 5 X 
M-' s-' for the dithiophosphates. 

Reaction products are indicative of a mech- 
anism that is principally homolytic with the 
possibility of very minor contributions from 
stoichiometric and heterolytic decompositions. 

Decomposition of alkyl hydroperoxides by the 
nickel complexes appears to be kinetically and 
mechanistically very much simpler than decom- 
position by the analogous zinc complexes. We 

could find no evidence for a catalyzed heterolytic 
decomposition and the ability of the nickel 
complexes to inhibit autoxidation at ambient 
temperature is, therefore, only due to their 
ability to  scavenge free radicals. The zinc com- 
plexes, on the other hand, appear to be both 
radical scavengers and preventive antioxidants. 
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On the hydrodynamics of the polarographic maxima of the first kind 
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R. N. O'BRIEN and F. P. DIEKEN. Can. J. Chem. 54,402 (1976). 
The mechanism of polarographic maxima of the first kind, positive and negative, was investi- 

gated. Tracks of suspended particles photographed at 16 fps were analysed and found to  obey 
a power law consistent with increasing speeds towards the mercury drop surface pointing to even 
more rapid movement of the mercury surface. The motions of large particles trapped in specific 
parts of the flow patterns were photographed and their velocities analysed. Particle motion in 
the mainly stagnant layer below the drop outlined by interferometry was contrasted with the 
motion of particles in the streaming region. Finally particles deposited on the drop were used 
to show the motion of the surface of the bottom hemisphere of the drop. High speed motion 
picture photography was used to record the change of shape of the drop on sudden polarization 
and to find the resonant frequency of the drop. 

R. N. ~ ' B R I E N  et F. P. DIEKEN. Ci3-I. J. Chem. 54,402 (1976). 
On a ktudik le mkcanisme des maxima polarographiques de la premitre sorte, positif et 

nkgatif. On a analysk les tracks de particules suspendues, photographikes a 16 pps, et on a trouvk 
qu'elles obkissent h. une loi de puissance en accord avec des augmentations de vitesse vers la 
surface de la goutte de mercure indiquant qu'il y a un mouvement encore plus rapide de la 
surface de mercure. On a aussi photographik les mouvements des grosses particules, captks dans 
des parties spkcifiques de patrons d'kcoulement et on a aussi analysk leurs vitesses. Le mouve- 
ment des particules dans la fraction principalement stagnante en dessous de la goutte, tel qu'il 
se profile par interfkromktrie, Ctait contrast6 par le mouvement des particules dans la region qui 
coule. Enfin, on a utilisk les particules deposkes sur la goutte pour montrer le mouvement de la 
surface dans le bas de l'hkmisphere de la goutte. On a utilisk la photographie en mouvement a 
haute vitesse pour enregistrer les changements de forme de la goutte lors d'une polarisation 
soudaine et on a trouvk la frkquence de resonance de la goutte. 

r r adu i t  par le journal] 

The phenomenon known as the polarographic 
maximum of the first kind has been extensively 
studied by polarography (1). Optical studies are 
limited to those of Antweiler (2) and O'Brien and 
co-workers (3, 4). Antweiler used a Schlieren- 
interferometric technique whose results have 
been recently confirmed and corrected by O'Brien 
and Dieken (4). In the paper by O'Brien and 
Dieken, some areas required further definition. 
These included: the significance of the equator 
of the drop as the tangent point of flow of the 
rapid streams of electrolyte, a valid extrapolation 
of speeds of particles vs. distance from the drop, 
and the relationship of suddenly applied poten- 
tials to surface tension. This work is devoted to 
these ends and to supply further interesting 
details of phenomena observed above and below 
the equator. The work adds further reasons for 
choo$ng the Levich theory among those still 
given some consideration. 

the same one as described in ref. 4. All solutions were 
made in the same way and from the same materials and in 
somecases were the same solutions since this work directly 
followed that published in refs. 3 and 4 and was in fact a 
continuation of that work. Measuring techniques were 
used that were evolved in some other polarographic work 
since published (5) and some motion picture photography 
without interference fringes was done. The cell was also 
fitted with uncoated windows when high speed motion 
picture photography was used. 

Four main electrolyte systems were studied. They 
appear in Table 1. All of these solutions were used with 
and without suspended activated charcoal particles. The 
drop time was 5 +_ 1 s. A series of experiments was done 
to record the distortion of the drop when a sudden 
potential was applied, High speed motion picture 
photography was used to record the drop distortion. 
Some frames showing motions of particles in the wake of 
the drop were repnotographed tnrough a microscope to 
better present detail observed when the original film was 
projected a t  high magnification. 

Results and Discussion 

As greater amounts of data were obtained it 
Experimental became possible to draw a generalized diagram 

The apparatus used was a Fabry-Perot interferometer, of the flow patterns around the drop in the 
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O'BRIEN AND DIEKEN: ON POLAROGRAPHIC MAXIMA 403 

TABLE 1. Electrolyte solutions studied 

Supporting Drop 
Electroactive species electrolyte (0.1 M )  times (s) 

0.004 M Cu2+ (sulphate) 
0.005 M Cu2+ (sulphate) 
0.008 M Cu2+ (sulphate) 
0.010 M Cu2+ (sulphate) 
0.010 M Cu2+ (sulphate) 
0.010 M Co2+ (sulphate) 
0.032 M Co2+ (sulphate) 
0.005 M S20s2- (potassium) 
0.0013 M 0 2  (air saturated) 

FIG. 3. Plots of three particles approaching the drop 
during a positive maximum. Individual points are a t  
0.004 s intervals and connected points are a t  0.002 s 
intervals. 

FIG. 1. General flow pattern in the positive maximum. 

I 
0 

I I I 
I 2 3 

I I I I I I 
rnrn 0 0.2 0.4 0.6 0.8 1.0 

FIG. 2. General flow pattern in the negative maximum. DISTANCE FROM DROP SURFACE (rnrn) 

One track Shows S U C C ~ S S ~ V ~  positions of a particle a t  S F ~ ~ .  4. Particle velocity vs. distance from the drop of 
intervals. the three particles in Fig. 3 during a positive maximum. 

positive (downward streaming) and negative mum and Fig. 2 that for the negative. Figure 3 
(upward streaming) maxima. Figure 1 shows the shows the paths of three particles as they moved 
general flow pattern found for the positive maxi- towards the drop. Figure 4 shows the velocities 
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TABLE 2. Particle velocity - distance relationships 
during the positive maximum 

Particle Correlation 
number Equation a b coefficient 

, I I I 
0 0.5 1.0 I5 2.0 

DISTANCE FROM DROP SURFACE Imm) 

FIG. 5. Particle velocity vs. distance from the drop 
during a negative maximum. 

achieved by the three different particles at 
various distances from the drop. It must be 
remembered that only the component parallel to 
the plane of focus of the camera is shown. Since 
the focal depth is 0.2 mm and there is evidence 
for precession from coriolus effect, some tracks 
require rationalization with these effects in mind. 
They all obviously accelerated as they approached 
the drop. The solid lines are computer-generated 
least-squares best fit curves. Table 2 gives the 
results of using a function of the form v = axb 
and an exponential form u = a exp (bx) with the 
values of a and b as given (a = 5.6, b = -0.086 
etc.) and x is .the distance from the mercury 
drop. For laminar flow it is well known that the 
velocity distribution function for circular pipes is 
proportional to the square of the distance from 
the wall. This suggests that the power form 
should give the best fit which it does for all but 
particle 2. It also gives the best fit for negative 
maximum particles. Figure 5 shows that for the 
negative maximum a large number of particle 
tracks analysed for velocity at a given distance 
can be described by one curve of the power form 
with a = 1.1 and b = -0.95 with a correlation 
coefficient of 0.96. Velocities were measured 
along the best straight line of the trajectories of 

the particles. This seemed the best procedure to 
adopt because the system (the positive maximum) 
is not exactly the reciprocal situation to having a 
liquid flow around a sphere, which is the system 
assumed by Levich in his theoretical treatment of 
the problem (6). Levine and O'Brien (7) have 
obtained an almost identical solution to that of 
Levich using the same model, but getting a solu- 
tion of more general applicability. The attached 
mercury drop is shielded by the end of the 
capillary which can be equated to  a semi-infinite 
wall. This undoubtedly is a major contributor to  
the observed peculiarities of the maximum 
streaming. Since one expression can reasonably 
describe the position-velocity data for the nega- 
tive maximum, a general symmetry of motion is 
suggested and this is consistent with a torus as 
found and previously reported. The torus does 
not, however, correspond to laminar flow past a 
drop. By analysing the interferograms of the 
event, before and during streaming, it became 
obvious that no bulk electrolyte flow of com- 
parable velocity to that in the torus occurred to 
the bottom area of the drop. A rough estimate 
of that area would be that intersected by a solid 
angle of 30" centred on a vertical line through 
the drop from the capillary bore. The solution 
within the torus had a concentration which was 
3 to 4% below that in the bulk, and the motion 
of the electrolyte is fast enough to reduce the 
thickness of the diffusion layer below the limit of 
detection (about mm) in this apparatus. 
Below the drop where the particles were seen to 
move slowly and more or less randomly upward, 
there was diminution in concentration before the 
onset of the maximum (but with at least one-half 
the limiting current flowing which is usually 
enough to show a depletion) but there was not 
after the maximum started. The appearance of 
the fringes outlining this relatively stagnant 
volume were reminiscent of those showing the 
stagnant annular core below the drop during the 
positive maximum, but of course here they out- 
lined a cone rather than an annulus. 

From following the individual particles as they 
advanced into and receded out of the plane of 
focus of the camera, it became obvious that the 
path of the electrolyte in the torus was not 
circular, but circular with precession around the 
drop, or a helical motion was indicated. When it 
is considered that the polarizing electrode was 
not the mercury pool, but introduced to the side 
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of the drop giving a slightly asymmetric field for 
the charges of the electrolyte to rotate in, the 
precession or helical motion would be expected. 
The effect of this asvmmetrical field was also 
manifested in the slight variation from vertical 
in the path of the falling drop as outlined by the 
depleted solution stripped from the falling drop. 
This may also indicate more rapid streaming on 
one side. 

When a sphere, albeit hanging from a narrow 
neck, is the-electrode of interest and the polar- 
izing electrode is effectively planar and distant, 
some of the spherical surface will be electrolyti- 
cally 'shielded'. If the drop is now hung from a 
capillary whose flat bottom could be considered 
a semi-infinite wall more shielding will occur, but 
perhaps not a significant amount more. It has 
been shown by some authors (8a) though others 
disagree (86) that fine-tipped capillaries produce 
vigorous maxima stirring. Taylor ct al. (9) 
moved a blunt capillary towards a drop on a 
fine-tipped capillary undergoing a maximum and 
found that at a certain distance the streaming 
stopped, then reversed as it was moved closer. 
Our own experience was that a shaved tip did not 
affect the positive maxiinum but caused the torus 
of the negative maximum to increase in radius 
(10). 

The distribution of velocities inside the ap- 
proaching stream of electrolyte in the positive 
maximuin clearly shows that the velocity-posi- 
tion plot has another variable, or that a value for 
the Y direction as well as the X (using the usual 
cartesion coordinate nomenclature) is-necessary. 
The velocity of approach then clearly depends on 
the part of the drop the electrolyte is approach- 
ing. which could be related to a conventional 
u, 

coordinate system, probably most appropriately, 
polar coordinates. Figures 1 and 3 also show that 
tracks of particles converge as they approach the 
drop, or those well above the equator of the drop 
have a downward component and those at or 
near the equator level an upward component 
until they are close to the drop and adsorbed in 
the annular flows. 

That the power to which x was raised in the 
velocity-distance function was negative is ap- 
propriate, since the velocity decreases away from 
the surface that is assumed to be moving (the 
mercury drop surface) according to the theory of 
Levich. That it is not two is also appropriate 
since the standard formula for flow in a pipe 

requires continuous contact with the pipe walls 
rather than just a momentary contact over less 
than half of the drop's surface in this case. The 
power would, therefore, be expected to be less 
than two. 

Directly beneath the drop, a region of deple- 
tion has been outlined by interferometric meth- 
ods. The work of Taneda (11) on wakes behind 
moving spheres shows wakes similar to those 
optically outlined for positive maxima. Using 
Taneda's expression R = Vd/q where R is the 
Reynolds number, V is velocity of the sphere (or 
solution), d is the diameter of the sphere, and q 
the kinematic viscosity; R = 160 which Taneda 
finds causes turbulence in the wake. The ex- 
istence of this region of depletion is incolnpatible 
with electrolyte streaming theories which predict 
that the base of the drop acts as a centre for 
major downward stirring. Original concepts of 
stirring in this area of the electrode were based 
upon particle movement believed to be emanating 
from the base of the drop; however, particle 
movement in this area nlust be carefully scruti- 
nized since particles moving from the bulk 
electrolyte to the drop either from in front of or 
behind the drop can exhibit upward or down- 
ward motion depending upon their spatial orien- 
tation and proximity to the drop. Previous 
researchers nlay have observed the downward 
nlovement of particles on either side of the drop 
and extrapolated this type of inotion to  particles 
that appeared to be located directly beneath the 
drop. 

In this work, the focal plane of the canlera was 
always the perimeter of the drop. The laser light 
was effectively plane parallel and the focal depth 
was about 0.2 mm or less than one-quarter drop 
diameter at drop fall. Since the proposed dead 
volunle's diameter, as outlined interferometri- 
cally, is just less than the drop diameter immedi- 
ately below the drop (Fig. l), the quality of being 
in focus is the principal method of judging 
whether the particle is or is not really in the 
region of observed depletion. 

Of course, those particles moving towards the 
drop from in front of or behind the focal plane, 
and getting reasonably close before altering their 
trajectories to downward, could merge with the 
drop image or disappear behind it. The fast 
moving particles in the bulk or annulus exhibited 
measured velocities in the approximate range of 
1-10 mm s-'. Therefore, if a particle remained 
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FIG. 6. Large particle movement directly under the 
base of the drop during a positive maximum; solution 
0.10 M Cu2S04 in 0.10 M NaC104, A s interval between 
frames. 

clearly observable for more than + s, it inust have 
been out of the fast flowing stream. Also, if the 
particle had more than one major change in 
direction it could not have been located in the 
main stream. A variety of short term, random 
type particle motions can be observed in what 
appears to be the region directly below the drop. 
In this work, considerable effort was devoted to 
the exact position of the particle(s) relative to 
the base of the drop. 

A very convincing phenomenon was observed 
several times and photographed once (10). A 
large charcoal particle whose longest dimension 
was 0.5 mm became trapped directly beneath the 
drop during the typical positive maximum ob- 
served for Cu2+. This large particle (see Fig. 6) 
which appears as a platelet of charcoal trapped 
in the depleted vdume rotated continuously 

counterclockwise until the clrop 1~11. The total 
observed duration of rotation was a b o ~ ~ t  2.5 s at 
about 0.8 revolutions per second. The angle of 
the flat side of the platelet was about 45" to the 
vertical and it swept out a helix in the depleted 
solution of about 0.2 mm radius. Allowing for 
no slippage, the iq~,vartl velocity of the stream 
would have to be about 0.2 to 0.3 Inn1 s-'; this is 
clearly too slow a movement for the fast annular 
stream, but suggests that there may be a velocity 
gradient near the inside diameter of the ann~tlus 
and that mild turbulence is probably present. 
Selected frames ($ s interval) (Fig. 6) clearly show 
the large rotating platelet and the black arrow on 
the right hand side of the drop points to a 
particle advancing to the drop from the bulk 
electrolyte. The behaviour of this small particle is 
typical of particles moving to the drop during the 
positive maximum. 

Figure 7 is a series of fralnes selected froin 
considerable film footage of the positive maxi- 
mum for Cu ion taken at 500 fps. This sequence 
was selected because two particles can be fol- 
lowed and assigned to different streams during 
the positive maximum. A particle (long arrow 
particle I) about 0.03 rnm on edge is advancing 
from the bulk solutioil to the drop. Time inter- 
vals between frames (a) to (f) and (f) to (11) were 
0.016 and 0.008 s respectively. Particle I in the 
sequence moves upward until frame (rl) and to 
the right until frame (e). Its upward movement 
was approximately S0.024 mrn and its hori- 
zontal motion +O. 187 mrn in the usual cartesian 
coordinate sense. After frame (e) particle I ab- 
ruptly changes direction and moves directly 
downward until at frame (h)  its vertical lllotion 
reached -0.661 mm. The general direction of 
movement and trajectory of this particle closely 
resembles that shown schenlatically in Fig. 1. 

The movement of particle I should be con- 
trasted with particle I1 (white wedge in drop 
image). A black dot marked R in frame (a) is an 
imperfection in an optical component which 
remains stationary. Particle I1 moves slowly 
upward, moving approximately 0.1 nlnl during 
the time that particle I1 was moving a total of 
approximately 0.85 mnl vertically and approxi- 
mately 0.15 mm horizontally. Clearly these two 
particles are moving in different streams during 
the positive maximum. 

Another series of frames showing slow up- 
ward, then downward movement of two other 
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FIG. 7. Upward motion of a particle near but below 
the bottom of the drop and downward motion of one 
above the equator of the drop during a positive maximum, 
0.010 M CuS04 in 0.10 M NaC104. Time between succes- 
sive frames was ( a H e )  0.016 s, (mi) 0.008 s and (1x4 
0.022 s. 

particles is available (10). Also nearly stationary, 
discrete particle movement, possibly from in 
front of to behind the focal plane, was observed. 

Frame ( e )  of Fig. 7 shows that particle I1 is not 
attached to the drop (a distinct gap appears 
between it and the drop). 

In the negative maximum experiments with 
Co2+, no real change in the flow diagram pre- 
sented previously (4) is necessary. In one experi- 
ment a large platelet of activated charcoal 
became trapped at the vortex of the torus and 
rotated for about 3 s until drop detachment (4). 
The largest dimension of the platelet was about 
equal to  the diameter of the drop (-0.4 mm) 
when it first became trapped. 

The drop including neck was about 12 times its 
equator diameter in vertical extent, which is the 
normally observed dimension. The area swept 
out by the particle was from a minimum depth of 
just under one drop radius below the capillary 
to a maximum depth of just over two drop radii, 
or almost opposite the bottom of the drop. 
Laterally its closest approach to the drop was 
about + radius and the farthest it appeared away 
from the drop was about two drop radii. This 
gives a roughly circular motion about 1+ drop 
radii in diameter. The particle, still rotating, quite 
abruptly precessed counterclockwise to  the op- 
posite side of the drop, then either stopped 
precessing or precessed very slowly till drop 
detachment. As would be expected, the size of 
the torus increased in all dimensions with drop 
growth. The behaviour of this particle, and other 
particles, large and small, show the centre of the 
toroidal stirring whorl in the negative maximum 
to be approximately opposite the equator of the 
drop, not substantially below the equator as 
previously believed. As previously mentioned, a 
shaved capillary did not change the general 
structure of the stirring flow, only the radius of 
the toroidal whorl increased, its centre staying 
approximately opposite the equator of the drop. 

When a positive maximum was occurring in 
the system 0.010 M CuS04, 0.100 M NaC104, 
islands of solid, said to  be copper: were ob- - 

served on the surface of the mercury. The 
movements the islands made included moving 
from near the equator to the drop on one side, 
across the bottom of the drop to near the 
equator on the other side. Their movements were 
uncoordinated with the movement of adjacent 
suspended carbon particles (3b). Movement of 
the islands is loosely coordinated; that is if a 

1A. T. Hubbard, private communication. 
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group of islands is moving down on one side of 
the drop, there will also be counterparts moving 
upward on the other side of the drop. The total 
observed motion of the islands indicated that 
during the positive maximum there was random 
movement of the surface of the mercury below 
the equator. In a hanging drop experiment, when 
the islands completely covered the bottom hemi- 
sphere, the maximum abruptly ceased. 

The greatest velocities were experienced in 
positive maxima and when the electroactive 
species to supporting electrolyte ratio was 1 : 10, 
i.e. the 0.010 M CuS04, 0.100 M NaC104 solu- 
tion, as reported by Heyrovsky and Kuta (1). 
This was also true for the negative (CoZ+) maxi- 
mum studied. 

Because the distribution of velocities tended to 
support Levich's theory which involves a change 
of surface tension because of unequal potentials 
in the double layer of the drop when the poten- 
tial is near the electrocapillary maximum, it was 
decided to attempt an independent check on how 
the surface tension of the mercury changed with 
the sudden application of the potential of the 
polarographic maximum. Accordingly for a 
0.005 M CuS04 in 0.100 M NaC104 solution and 
0.005 M K2S2O8 in 0.100 M NaC104 solution; 
potentials of - 0.45 V vs. the s.c.e. were suddenly 
applied from the rest potential, which is near the 
electrocapillary maximum potential (near - 0.55 
vs. the s.c.e.). In another experiment a voltage 
corresponding to a simple limiting current range 
(1.00 V vs. the s.c.e.) was also applied. The results 
are displayed for the copper solution in Fig. 8 
and those for persulfate in Fig. 9. 

Rayleigh's equation (12) for the instability of 
charged conducting drops modified by Langmuir 
and Yeh (13) is of the form: 

where w is the angular frequency (s-I), n is the 
order of the spherical surface harmonic mode of 
oscillation, p is the density of the drop (g ~ m - ~ ) ,  
r is the radius of the drop (cm), y is the surface 
tension (dyn cm-I), and V is the potential of the 
sphere (V in esu). The frequency of the drop pre- 
dicted, w/2r when y is 400 (dyn cm-I), r is 
0.045 (cm), and 11 is 2, is 200 s-' analogous to the 
fundamental frequency of a vibrating string. 
Table 3 summarizes the results. 

- 0.45 Volts applied 1 
DROP OSCILLATION 
5 .0mM C v S 0 4  

. 014 
n. 

g . 036 

I '"7 1 . 060 I 

0 1 0 1  0 3 04 

ELAPSED TIME Is) 

FIG. 8. Drop oscillation on application of -0.45 V vs. 
s.c.e. in 0.10 M NaC104 and 0.005 M CuS04. Detached 
plot at 0.4 s is open circuit oscillation. 

DROP OSCILLATION 
5.0rnM K1 S2 O e  

- 012 0 .10M KCI04 

n o  
2 . 012 

I - 1.0 Volts applied 

I I I I 

0.1 0.2 0.3 0.1 

ELAPSED TIME b l  

FIG. 9. Drop oscillation on application of - 1.0 V vs. 
s.c.e in 0.10 M NaC104 and 0.005 M K2S208 

Open circuit frequencies are about one-half 
that predicted by the equation. They should be 
lower since the equation is for use when the drop 
is suspended in vacuum, not a relatively viscous 
medium like water (H20 viscosity is about 1.0 
cP, Hg is about 1.55 cP at room temperature). 

In both solutions, the bottom of the slightly 
elongated spherical drop took up a more spheri- 
cal shape, which is the behaviour expected on a 
sudden increase in surface tension. This be- 
haviour could be explained on the basis of neutral 
adsorbed organic molecules (usually present 
even in very pure solutions) being displaced by 
ions as the potential of the drop is suddenly 
changed by a moderate amount (100 mV) from 
near the PZC. The lower frequencies associated 
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TABLE 3. Oscillation frequencies of the dropping mercury electrode 

Frequency (s-1) 

Electrolyte Applied Drop Region of 
solution voltage weight* Open largest Damped 

(5.0 mM) vs. s.c.e. (V) (mg) circuit oscillation oscillations 

&SO4 -0.45 5.90 100 50 85 
K2S20s -0.45 2.65 100 75 90 
K2s20s - 1 .o 2.23 100 75 90 

*Measurements obtained immediately prior to applied voltage. 

with the copper maximum could result from the 
formation of a copper amalgam on the surface, 
as contrasted with the desorption of the soluble 
sulphate ion in the persulphate maximum. The 
persulphate maximum is the most violent giving 
maximum particle velocities more than twice 
those for copper. The oxygen maximum which 
was also studied (10) with and without charcoal 
particles is the least violent. Runs in which char- 
coal was used compared favorably in current 
increases to literature values. The addition of 
charcoal particles increased the maximum to 
about the same extent as in the other systems. 

Conclusions 

All of the evidence here presented supports the 
theory of Levich. These data may be summarized 
as follows: (I) In the positive maximum the 
downward flow has the shape of an annulus, 
following the curvature of the drop and breaking 
off from the surface near the equator of the drop. 
(2) Inside the annulus and directly below the drop 
for at least one drop diameter, the flow is slowly 
and erratically upward, perhaps with a counter- 
clockwise helical motion. The annular flow may 
also be slightly helical in the counterclockwise 
sense. (3) Movement of the mercury surface 
below the drop equator is slow and erratic, much 
slower than the annular stream, but the movement 
of one side seems to be concerted with the other. 
(4) In the negative maximum, the centre of the 
toroidal whorl is approximately opposite the 
equator of the drop. The diameter of the torus 
appears to increase with increasing drop diam- 
eter. (5) There is erratic precession of the 
toroidal ring around the drop. 

Since the velocity gradient increases with a 
power function as the drop is approached, the 
surface of the drop must be moving faster, and 
must be the source of the energy to move the 

electrolyte. Previously presented interferograms 
showing the onset of a negative nlaximum show 
that the motion begins in the region of the drop 
surface. Sudden fluctuations in concentration at 
the equator of the drop precede solution move- 
ment which appear to start near the equator. The 
demonstrated patterns of flow are consistent 
with a difference of potential in the solution 
adjacent to the mercury surface causing a surface 
tension gradient on the drop and subsequent 
rapid movement of surface layers from regions of 
low to high tension. The free oscillations of the 
drop on sudden application of a maximum- 
causing potential have lower frequencies for the 
Hg soluble product consistent with lower surface 
tension and less violent maxima. 

There is finally the objection of Heyrovsky and 
Kuta (1) that motion of an atomically smooth, 
small drop's surface cannot make distant layers 
of solution move as dramatically as they are 
observed to do during the maximum. Data of 
Leja and co-workers (14)2 showed interfero- 
gams  wherein monolayers of surfactant moving 
over the surface of water instantaneously moved 
a layer of water about 0.1 mm thick with it and 
simultaneously water at a depth of more than 
0.5 mill in thi narrow langmuir trough began to 
flow in the opposite direction. When the film 
reached the end of the trough, the motion ceased 
abruptly. The velocities are about equal to those 
obtained by extrapolation of the equations of 
Table 2 and agree with von Stackelberg's (15) 
calculated value of 20-25 cm s-l as reported by 
Heyrovsky and Kuta (1). 

The conclusion must therefore be, that since 
all flow evidence is supportive, that the mathe- 
matical solution of Levich has been verified by a 
different mathematical approach, that the diffi- 

2Presented at the Colloid Symposium, Ottawa, Canada, 
June, 1973. 
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of nloving layers of water of the right 5. ( r i )  R. N. O'BRIEN and F. P. DIEKEN. Electroanal. 

thickness by a charged has been demon- Chem. 42, 25 (1973); (b) R. N. ~ ' B R I E N  and F. P. 
DIEKEN. Electroanal. Chem. 42, 37 (1973). 

strated, that therefore the surface tension theory 6. A. N. TRuM,HIN and V. G. LEvIcH, J. Phvs. 
is correct. 
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The use of ceric ammonium nitrate in pyrrole chemistry 

JOHN B. PAINE 111' 
Departnle~rt of Clreri?istry, Hnrvard Utriversitj~, Cntnbrirlge, ~Mnssncl~rrsetts 02138 

AND 

DAVID DOLPHIN' 
Depnrtmetrt ofCl?etiiistty, Tlre Uttiversity of Bririslz Colronbia, Vctrtcolrver, Britislr Colrrtl?bin V6T I W5 

Received July 14, 1975 

JOHN B. PAINE 111 and DAVID DOLPHIN. Can. J. Chem. 54,411 (1976). 
Ceric ammonium nitrate, in aqueous acetic acid buffered with sodium acetate, rapidly 

oxidizes 2,2'-dipyrromethanes to the corresponding 2,2'-dipyrroketones. 

JOHN B. PAINE 111 et DAVID DOLPHIN. Can. J. Chem. 54,411 (1976). 
Le nitrate d'anlmonium cCrique, dans l'acide acCtique aqueux tampolin6 avec de I'acCtate 

de sodium, oxyde rapidement les dipyrro-2,2' methanes en dipyrro-2,2' cCtones correspondantes. 
vradui t  par le journal] 

While trying to effect the conversion of 
2-carbobenzyloxy-3,4,5-trimethylpyrrole (1, R = 

CH29) to  2-carbobenzyloxy-5-fornlyl-3,4-dimeth- 
ylpyrrole (2, R = CH29) but finding sulfuryl 
chloride, the usual reagent of choice (I), inade- 
quate to the task, the use of Ce(IV) suggested 
itself. There had been several reports on the use 

I of ceric aminoniu~n nitrate for the oxidation of 
1 toluenes (2, 3) and benzyl alcohols (4, 5) to  
I benzaldehydes in high yields without further 

oxidation to  the benzoic acids. 
I The commercially available water-soluble 

cerium(1V) salts are the sulfate, anlnloniuin 
sulfate, and ammonium nitrate and perchlorate. 

I 
Of these only the nitrate resists aqueous hydrol- 
ysis and at the same time shows reasonable 
solubility in organic solvents, particularly acetic 
acid. Since nitric acid is a by-product of the 
reduction of ceric ammonium nitrate, solutions 
in aqueous acetic acid were buffered with an 
excess of sodium acetate. 

The reaction of ceric ammonium nitrate, 
suitably buffered, with several derivatives of 
3,4,5-trimethylpyrroles did indeed lead to  the 
5-formylpyrroles, but the yields were highly 
variable and depended both upon the rate of 
addition of oxidant, and the reaction tempera- 
ture. The best yield obtained was with the 
2-carbethoxy derivative (2, R = Et), while the 
benzyl ester (1, R = CH29) gave only 42% of the 

JNational Science Foundation Postdoctoral Fellow 
1968-1972. 

'Author to whom correspondence should be addressed. 

aldehyde (2, R = CH29), but in addition gave an 
8% yield of what proved to be the symmetrical 
dipyrroketone (3, R = CH2+) which was also 
prepared by the ceric oxidation of the dipyrro- 
methane (6,  R = CH29). Evidently some of 
the intermediate hydroxynlethylpyrrole had been 
solvolyzed to the dipyrromethane with the 
loss of formaldehyde (I), and the dipyrromethane 
had then been oxidized to the dipyrroketone. 
In addition the cyano-acrylate ester (4) could be 
oxidized to  the aldehyde (5) but the yield was 
poor (15yo). Being only a one-electron oxidant, 
and of a high inolecular weight, we concluded 
that the use of ceric anlnlonium nitrate for con- 
verting pyrrolmethyl to  pyrrylaldehyde, was un- 
econon~ical, especially as the yields were only 
fair, and by-products were formed. 

However, having found a pyrroketone among 
the by-products we next investigated the suit- 
ability of ceric ammonium nitrate for the oxida- 
tion of dipyrromethanes to  dipyrroketones. The 
published procedures for this oxidation specified 
the use of either lead tetraacetate with lead 
dioxide (6), or sulfuryl chloride with bromine 
(7), but these procedures require either long 
reaction times, or give poor yields. 

Amodel dipyrromethane diester, 5,5-dicarbeth- 
oxy-3,3',4,4'-tetramethyl-2,2'-dipyrromethane (6,  
R = Et) was oxidized with four equiv. of ceric 
ammonium nitrate in aqueous acetic acid 
buffered with sodium acetate, with the formation 
of the expected dipyrroketone (3, R = Et) in 
57% yield within a very brief reaction time 
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(10-15 min). The product was easily isolated by 
filtration after diluting the reaction mixture 
with water. 

Similarly the dipyrromethane bis cyanoacryl- 
ate ester (7) gave the corresponding dipyrro- 
ketone (8) under similar conditions, but in a 
lower yield of 38%. In this case sodium acetate 
may have rendered some of the product water 
soluble, as was the case during the halogenative 
decarboxylation of cyanovinyl pyrroles (8). 
Removal of the cyanovinyl protecting groups 
with strong base gave the corresponding 53'- 
diformyl-2,2'-dipyrroketone (9), and this route 
provides a convenient alternative t o  the pro- 
cedure of Clezy et al. (7). 

The required bis cyanovinyl dipyrroinethanes 
required for this synthesis of 5,5'-diformyl-2,2'- 
dipyrroketones may be prepared either by the 
Friedel-Crafts coupling of two rnonopyrroles (8) 
or by the protection, under Knoevenagel condi- 
tions, of a diforrnyl dipyrromethane, prepared 
by more traditional means (7). Either approach 
(Scheme 1) can give a syrninetrical or an unsym- 
metrical product. The procedure will be most 
convenient when only alkali-impervious 0-sub- 
stituents are present. Propionate side-chain 
esters prove readily re-esterifiable by treatment 
with diazoalkane. Whether acetic ester side 

chains survive the deprotection step, or else 
suffer decarboxylation, has not yet been estab- 
lished. 

Experimental 
Melting points were determined in a Thomas-Hoover 

capillary melting point apparatus and are uncorrected. 
The ir spectra (KBr) were determined in a Perkin-Elmer 
137 spectrophotometer. The pmr spectra were obtained 
on a Varian Associates A-60 spectrometer with tetra- 
methylsilane as internal standard and deuteriochloroform 
as solvent. Chemical shifts were expressed in the &scale. 
Combustion analyses were carried out by Scandinavian 
Microanalytical Laboratories, Herlev, Denmark. 

2-Carboetl~oxy-5-for,??vl-3,4-ditnet/1ylpyrrole 
2-Carboethoxy-3,4,5-trimethylpyrrole (9.26 g, 0.05 mol), 

sodium acetate (32.55 g, 0.4 mol), and acetic acid 
(250 ml) were heated on a steam bath until the sodium 
acetate had almost dissolved. Ceric ammonium nitrate 
(110.5 g, 0.20mol) and water (50 ml) were added and 
heating was continued for a few minutes after the last of 
ceric ammonium nitrate had dissolved. The pale yellow 
solution was diluted with water but no organic product 
separated. The reaction mixture was then extracted with 
methylene chloride. The combined organic phases were 
concentrated on a steam bath. Ice and water were then 
added to the light orange oil which soon solidified. The 
water was decanted from the product which was then 
dissolved in methylene chloride. This solution was dried, 
taken down to  a small volume, and diluted with hexane. 
The product which separated on cooling was collected by 
filtration and washed with hexane to give 6.42 g (65.6y0) 
mp 109.5 "C (lit. (7) 108-109 "C). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PAINE A N D  DOLPHIN: PYRROLE CHEMISTRY 

2-Carbobet1zyloxy-5-for1nyl-3,4-ditnetl1ylpyrrole 
2-Carbobenzyloxyl-3,4,5-trimethylpyrrole (12.18 g, 0.05 

mol), sodium acetate (36.97 g, 0.46 mol), and acetic acid 
(250 mol) were heated on a steam bath. A further 150 ml 
of acetic acid and water (10 ml) were added and the 
mixture cooled in an ice bath. Ceric ammonium nitrite 
(121.55 g, 0.22 mol) was dissolved in water (100 ml) and 
was added to the cold pyrrolic solution in one portion. 
After standing at  15OC for 25 min the solution was 
heated on a steam bath. By 60 "C the mixture had turned 
red and opaque but still gave a positive starch-iodide 
color. At 80 "C some gas was evolved but the color did 
not darken and some granular material had separated. 
The mixture was maintained at  80 "C for 15 min, then 
diluted to 800 ml with water, and a white crystalline solid 
was collected by filtration. The filtrate was then further 
diluted with water to give an  orange crystalline precipitate. 
The mixture was allowed to stand overnight and the 
product collected by filtration and washed with water. 
The product was crystallized from methylene chloride - 
hexane, and then from acetone to give chunky light tan 
colored crystals. Total yield from two crops 4.2 g (42%) 
mp 119-1 19.5 "C, (lit. (10) 119-120 "C). 

The white precipitate collected at  the end of the reaction 
was shown to  be 5,5-dicarbobenzyloxy-3,3',4,4'-tetra- 
ethyl-2,2'-dipyrroketone by comparison with an  authentic 
sample (vide itfra). 

5,5'-Dicnrbobenzyloxy-3,3',4,4'-tetramethyl- 
2,2'-dipyrroketotle 

5,5'-Dicarbobenzyloxy-3,3',4,4'-tetramethyl-2,2'-dipyr- 
romethane (1.0 g, 2.13 mmol), sodium acetate (700 mg, 
8.35 mmol), and acetic acid (125 ml) were heated in a 250 
ml erlenrneyer flask until the mixture was homogeneous. 

The solution was then cooled, and a solution of ceric 
ammonium nitrate (4.76 g, 8.53 mmol) in water (5 ml) 
was added in one portion. Addition of the oxidant caused 
the mixture to become bright orange, and after a few 
minutes a negative starch iodide test was obtained. The 
mixture was stirred for a further 10 min and then poured 
into cold water (200 ml). The resultant pink-orange solid 
was collected by filtration, washed with water, and air 
dried to give 882 mg of a pink solid. Crystallization from 
methylene chloride - ether gave 469 mg (457,) of off- 
white needles. An analytical sample was recrystallized 
from methylene chloride - ether, mp 182-183 "C; ir v 3200 
(NH), 1660, 1640 (C=O); pmr 2.23 (s, 6H), 2.38 (s, 6H), 
4.95 (s, 4H), 7.33 (s, lOH), and 11.17 (bs, 2H). Atlnl. Calcd. 
for C29H28NZ05: C 71.89, H 5.82, N 5.78; found: C 71.89, 
H 5.90, N 5.64. 

2-(2-Carbotnethoxy-2-cyarrovit1yl)-5-fonnyl- 
3,4-ditnetlylpy rrole 

2-(2-Carbomethoxy-2-cyanovinyl)-3,4,5-trimethylpyr- 
role (2.20 g, 0.01 rnol), and sodium acetate (10.03 g, 0.12 
mol) were dissolved in warm acetic acid (100 rnl) and then 
water (20 ml) was added. Ceric ammonium nitrate (22.06 
g, 0.04 mol) was added in one portion and the mixture 
heated on the steam bath for 15 min by which time the 
solution became dark red-brown. The reaction mixture 
was cooled, diluted with ice water and extracted with 
methylene chloride. The combined organic layers were 
taken down to dryness and the residual oil triturated with 
water to give a dark brown crystalline product. This solid 
was refluxed with methanol (30 ml) and filtered to  remove 
a small amount of brown amorphous material. The 
methanol was removed and the residue crystallized from 
methylene chloride - hexane. The product was collected 
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by filtration and washed with methanol to give 0.34 g 
(14.7%), mp 190-191 "C (lit. (11) 190-191 "C); pmr 2.20 
(s, 3H), 2.32 (s, 3H), 3.91 (s, 3H), 8.05 (s, lH),  9.80 (s, lH), 
and 10.05 (bs, 1H). 

5,5'-Dicarbeilro.~y-3,3',4,4'-fei,an1eflr~~l- 
2,2'-dipyrlakefo~le, 7 

5,5'-Dicarbethoxy - 3,3',4,4'- tetramethyl-2,2'-dipyrro- 
methane, (9) (3.48g, 0.01 mol) and anhydrous sodium 
acetate (8.04 g, -0.10 mol) were dissolved in acetic acid 
(200 ml). A solution of ceric ammonium nitrate (22.42 g, 
-0.04 rnol) in water (25 ml) was added in one portion at  
room temperature. The pale yellow solution immediately 
became a deep orange-red and a finely-divided precipitate 
formed. 

The mixture was heated 011 a steam bath, and the 
starch-iodide test soon became negative. The solution 
was then diluted with an equal volume of water, and 
filtered; this latter operation taking some time due to  the 
small particle size of the product. After washing with 
water, the filter cake was allowed to dry in air.The yield of 
light pink solids was 2.07 g. (57.5%). When recrystallized 
from chloroform-hexane, a reddish color contaminated 
the product unless a few drops of triethylamine had been 
added, mp 212-214 "C (lit. (7) 203-205 "C); pmr 1.30 
(t, 6H, J = 7.5 Hz), 2.24 (s, GH), 2.28 (s, 6H), 3.99 (q, 4H, 
J = 7.5 Hz), 10.9 very weak. 

5,5'-Bis-(2-ccrrbo111eflroxy-2-c~~~111ovitryl)-3,3',4,4'- 
fefr~1r~ietlryl-2,2'-(iipyrrokefot1e 

5,5'-Bis-(2-carbomethoxy-3-cyanovinyl)-3,3',4,4'-tetra- 
methyl-2,2'-dipyrromethane, 8 (0.84 g, 2.0 mmol) and 
anhydrous sodium acetate (4.4 g, 0.05 mol) were heated 
in acetic acid (50 ml) until they dissolved (at approximate- 
ly 90 "C). Water (10 ml) was then added, followed by a 
solution of ceric ammonium nitrate (5.1 g, 0.01 rnol = 
4.384 g) in water (10 rnl) over a 2 min period, at  80-95 "C. 
The color darkened from yellow to a deep greenish, then 
lightened as the remaining oxidant was added. After 
standing a few minutes, the solution was diluted with 
water (200 ml) to  precipitate the product. The solid was 
filtered off, and washed with water. The filtrates were 
bright yellow, due to solubilized pyrroles, and not to 
quadrivalent cerium, as the color was not discharged with 
hydrogen peroxide. The solid was dissolved in methylene 
chloride, filtered, and the filtrate taken down to dryness. 
The residue was crystallized from methanol, collected by 
filtration and washed with methanol and then hexane to 
give 0.33 g (38%). An analytical sample was recrystallized 
from methylene chloride - methanol, rnp 273-279 "C; ir 

v 3400(NH), 2210(C=N), 1720(C=O), aud 1590 (C=C): 
cm-I; pmr 2.23 (s, 6H), 2.26 (s, 6H), 3.91 (s, 6H), 8.1 1 
(s, 2H), and 10.12 (bs, 2H); ms, tn/e = 434. A~lnl. Calcd. 
for C ~ , H Z ~ N ~ O ~ :  C 63.58, H 5.10, N 12.90; found: 
C 63.19, H 5.37, N 12.65. 

j,5'-D~or111yI-3,3',4,4'-iei,a111eflyl-2,2'-dip)~rro~~lketo,re 
5,5'-Bis-(2-carbomethoxy-2-cyanovinyl)-3,3',4,4'-tetra- 

lnethyl-2,2'-dipyrroketone (0.22 g, 0.51 mmol) was dis- 
solved in ethanol (20 ml) and treated with potassium 
hydroxide (2.5 g) in water (5 ml). The mixture was heated 
on the steam bath for 3 11 under nitrogen and the residue 
treated with water. The product was collected by filtration 
and crystallized from methanol to give 0.06 g (497;) of 
yellow prisms, rnp 266-268 "C (lit. (7) 267-269 "C). 

This work was supported by the United 
States National Science Foundation and Na- 
tional Institutes of Health and the National 
Research Council of Canada. The authors wish 
to thank P. E. Garrett for her help with a portioil 
of the experimental work. 

1 .  H .  FIsCHER and H. ORTH. Die chemie des pyrrols. 
Johnson Reprint Company, New York, New York. 
1968. 

2. L. SYPER. Tetrahedron Lett. 4493 (1966). 
3. W. S. TRAHANOVSKY and L. B. YOUNG. J. Org. Chem. 

31, 2033 (1966). 
4. W. S. TRAHANOVSKY and L. B. YOUNG. J. Chem. 

SOC. 5777 (1965). 
5. W. B. TRAHANOVSKY, L. B. YOUNG, and G. L. 

BROWN. J.  Org. Chern. 32, 3865 (1967). 
6. J. M. OSGERBY and S. F. MACDONALD. Can. J. 

Chem. 40, 1585 (1962). 
7. P. S. CLEZY, A. J. LIEPA, A. W. NICHOL, and G. A. 

SMYTHE. Aust. J. Chem. 23, 589 (1970). 
8. D. DOLPHIN, J. B. PAINE 111, and R.  B. WOODWARD. 

J. Org. Chern. In press. 
9. A. W. JOHNSON, I. T. KAY, E. MARKHAM, R. PRICE: 

and K. B. SHAW. J. Chem. Soc. 3416 (1959). 
10. G. M. BADGER and A. D. WARD. Aust. J. Chem. 17, 

655 (1964). 
11. H. FISCHER and H. HOFELMANN. Ann. Chem. 533, 

216 (1938). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



416 CAN. J. CHEM. VOL. 54. 1976 

nlethyl group with respect to the conjugatecl 
carbonyl system '(see Experimental). While 
nucleophilic attack (by an amine) on 11-pentyl- 
maleic anhydride has been observed to occur at 
the carbonyl group remote from the alkyl chain 
(4), the center affected in the formation of 7 is 
consistent with the known behavior of citraconic 
anhydride towards nucleophiles (1). 

The less abundant crystalline product (-47, 
yield based on consumed ketone) was a lemon- 
yellow substance, Cl3Hl0O3, embodying an ex- 
tended cross-conjugated chromophore. Its spec- 
troscopic properties (see Experimental) and 
mechanistic considerations identified it as 8, the 
anhydro derivative of 7." 

When the reaction was conducted under simi- 
lar conditions using sodium hydride as base, 
8 became the predominant condensation product, 
but was isolated in only 14% yield (based on 
consunled ketone), while the yield of 7 dwindled 
to 5%. An unexpected by-product from this 
reaction was the pinacol, 2,3-diphenylbutane- 
2,3-diol, obtained in low yield as a diasterollleric 
mixture (5), from which the cl l  component could 
be separated readily by crystallization. Using 
1.6 equiv. of sodium hydride from different 
batches per equivalent acetophenone, the yields 
of pinacol obtained were around 0.8-1 .5Y0 
(although one particular batch of hydride gave 
a 7% yield of pinacol, based on total ketone). 
(This conlpound was also produced in the 
absence of citraconic anhydride and in the dark.) 
While it is conceivable that the pinacol could be 
formed via a one-electron transfer from sodium 
hydride to the ketone, such a reduction has not 
been observed previously to our knowledge 
(cf. ref. 6). The presence of a small quantity of 
free metallic sodiuill in the hydride suspension4 
could perhaps more readily account for the 
observed results. 

Acid treatment of either 7 or 8 resulted in 
rearrangement to the desired 3(2H)-furanone 6 ,  
C13H1204, whose spectra were in accord with the 
assigned structure (see Experimental). The nrnr 
spectrum showed a rnultiplet at 6 7.25-7.92 for 
the aromatic hydrogens, a singlet at 6 6.05 cor- 

3Hydroxy butenolide 7 was readily converted to 8 (ca. 
85% yield) on treatment with acetic anhydride at  ambient 
temperature for 15 h. 

4Sodium hydride from Metal Hydrides, Inc. may 
contain up to  0.5% free sodium. Personal communication: 
Ventron Corporation. 

responding to the olefinic proton, a singlet at 
6 2.90 attributed to the nlethylene protons, a 
singlet at 6 1.55 for the methyl hydrogens, and a 
broad singlet at 6 10.38 corresponding to the acid 
proton. 

In bioassays using the disc method, the yellow 
compound 8 showed antifungal activity against 
selected test organisms, including Ceratocystis 
1111ni.~ The hydroxy butenolide, 7, appeared to 
be devoid of activity against the fungi tested. 

Experimental 
Melting points were determined on a hot-stage ap- 

paratus and are uncorrected. Infrared spectra were 
recorded on either a Beckman 1R-10 or Acculab 2 
spectrophotorneter. Ultraviolet spectra were obtained 
using either a Beckman DK-2A or a Perkin-Elmer 402 
spectrophotometer. Nuclear magnetic resonance spectra 
were recorded for solutions in deuteriochloroform with a 
Varian T-60 instrument, employing tetramethylsilane as 
internal standard. Mass spectra were obtained with a n  
Hitachi-Perkin-Elmer RMU-6D mass spectrometer. 
Microanalyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Michigan. 

C o ~ r d e ~ ~ s a i i o ~ ~  Reaciiorl, Buiylliihiun~ as  Base 
T o  acetophenone (1.20 ml, 1.23 g, 10.3 mmol) in dry 

tetrahydrofuran (-50 ml) was added by syringe under 
nitrogen, 11-butyllithium (6.0 ml of 15% heptane solution, 
14.1 mmol). The mixture was stirred a t  ambient tempera- 
ture in a nitrogen atmosphere for 1 h, and citraconic 
anhydride (0.90 rnl, 1.12 g, 10.0 mmol) was then added 
by syringe. The mixture was stirred under the same con- 
ditions for 3.5 h. The amorphous mixture obtained on 
work-up was separated on preparative layer plates of 
silica gel (85% benzene, 15% acetone). In addition to  
zones yielding unreacted acetophenone (664 mg), citrac- 
onic anhydride and acid, two other bands were readily 
separated. 

The less mobile band yielded the hydroxy butenolide 7 
(395 mg): colorless crystals from methylene chloride- 
cyclohexane, mp 1 19-127 "C; ir (KBr) 1750, 1655, 1450, 
1240, 1215, 1075, and 940 cm-1; ir (CHCI3) 3350, 1775 
(sh), 1760, and 1670 cm-1; uv A,,, (CHjCN), nm ( E ) ,  
243(10 700), 277(infl. 2200), and 338(3000); nrnr (CDCl3 
60 MHz) 6 2.13 (3H,d,  J -  1.5Hz), 3.36(2H,q, J -  16 
Hz), 5.85 ( IH,  q, J - 1.5 Hz), 6.80 ( l H ,  s,  exchangeable 
with D20), 7.42-7.67 (3H, n ~ ) ,  and 7.78-8.02 (2H, m); 
mass spectrum, nz/e 232(Mt), 214 ( M  - H2O)t, 187 
( M  - CO . OH)+, 120(CsHsO)t, 105(C7HsO)+. AIIU~. 
Calcd. for C13H1204: C 67.23, H 5.21; fol~nd: C 67.00, 
H 5.12. 

Material from the less polar yellow band was crystal- 
lized from methylene chloride - cyclohexane yielding 8 
(39 mg); lemon-yellow crystals, mp 95-1 10 "C; ir (KBr) 
1805, 1795 (sh), 1665, and 1610 cm-1; uv A,,, (EtOH) 
294 nrn (& 28 000); nmr (CDCl3 60 MHz) 6 2.29 (3H, d ,  
J - 1.5 HZ), 6.19 ( l H ,  poorly resolved q, J 1.5 Hz), 

5M. A. Stillwell, unpublished data. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STRUNZ AND KAZINOTI: BUTENOLIDES 417 

6.33 ( IH,  s) 7.19-7.63 (3H, m), and 7.80-7.87 (2H, m); 
mass spectrum, t r ~ / e  214 (M+). Atral. Calcd. for C13H,003: 
C72.89,H4.71; found: C72.82,H 4.64. 

Cot:detrscr!iotl Reacriotr, Sodilrtn Hyclricle crs  Base 
To sodium hydride (672 mg, 60% dispersion in mineral 

oil, 16.8 mmol) in anhydrous tetrahydrofuran (-50 ml, 
freshly distilled from lithium aluminum hydride) was 
added dropwise by syringe under nitrogen 1.18 ml 
acetophenone (1.21 g, 10.1 mmol). The mixture was 
stirred at  ambient temperature in a nitrogen atmosphere 
for 45 min, and citraconic anhydride (0.90 ml, 1.12 g, 
10.0 mmol) was then added by syringe. The resulting dark 
red mixture was stirred under the same conditions for 3 h. 

The amorphous mixture obtained on work-up was 
separated on preparative layer plates of silica gel (85'); 
benzene, 15% acetone). In addition to unreacted aceto- 
phenone (616 mg), citraconic anhydride and acid, the 
chromatography yielded, after crystallization, the hydroxy 
butenolide 7 (62 mg) and the yellow product 8 (150 mg). 

Preparative layer chromatography of the mother 
liquors from crystallization of the yellow butenolide 8, 
afforded a colorless product which was recrystallized from 
methylene chloride-cyclohexane to give the pinacol, (d l )  
2,3-diphenylbutane-2,3-diol (cf .  ref. 5): colorless crystals, 
mp 124-125 "C; ir (KBr) itlrer alia, 3450 (br), 1495, 1445, 
1375,1350, 1205,1145,1065,1030,935,920, 765, and 705 
cm-1; nmr (CDC13 60 MHz) 6 1.50 (6H, s), 2.61 (2H, s, 
exchangeable with D20), and 7.23 (lOH, s); mass spec- 
trum, itzrer alicl, m / e  242 (M:), 224 ( M  - H2O)t, 181 
( M  - Hz0  - CH3CO)+, 121 (base peak) ( M  - CsHgO)+. 
Atral. Calcd. for C16H180': C 79.31, H 7.49; found: C 
79.54, H 7.43. 

The nmr spectrum of the crude mother liquors, 
specifically additional signals at  6 1.56 (methyl) and 2.36 
ppm (hydroxyl), indicated that the tneso pinacol was also 
present ( 5 ) .  

Acid-cu!alyzed Rearrcrtrgemetrt of'B~r[et:olicles 
A mixture of 7 (40 mg, 0.17 mmol), aqueous hydro- 

chloric acid (10 ml of 7.4% solution) and acetic acid 
(1 ml, glacial) was heated under reflux for 2.5 h. The 

mixture was made alkaline with sodium bicarbonate 
solution, and washed with ether. The aqueous solution 
was then reacidified by addition of dilute hydrochloric 
acid and extracted repeatedly with chloroform. The 
organic phase was dried over sodium sulfate, and 
chloroform and acetic acid were removed under vacuum. 
Crystallization of the residue from methylene chloride - 
cyclohexane yielded 35 mg (88%) of 6, colorless crystals, 
mp 130-14O0C, ir (KBr) 3600-2400, 1730, 1660, 1610, 
1590, and 1565 cm-1; uv A,,, (EtOH) nm ( E ) ,  242(10 400), 
295(21 OOO), and 304(21 600); nmr (CDC13 60 MHz) 6 
3.55(3H, s), 2.90(2H, s), 6.05(1H, s), 7.25-7.60(3H, m), 
7.65-7.92(2H, m), and 10.38(IH, br s); mass spectrum, 
tn/e 232(Mt), 188(M - COz):, 187(M - COOH)+, 
172(M - CzH402):, 130(CgH60)t, 102(M - CgH60):. 
Atlcrl. Calcd. for C13H12O4: C 67.23, H 5.21 ; found: C 
67.30, H 5.13. 

Acid-catalyzed rearrangement of 8 (50 mg, 0.23 mmol) 
similarly gave 45 mg (83%,) of 6. 
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Revised structure for the y-lactone derived from acid treatment of 
dihydroisopimaric acid's2 
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JOHN W. APSIMON, ANDREW M. HOLMES, HELMUT BEIERBECK, and JOHN K. SAUNDERS. 
Can. J. Chem. 54,418 (1976). 

The ylactone obtained from acid treatment of dihydroisopimaric acid was found to have a 
cis-A/B ring fusion. This structure revision was based on I3C nmr chemical shift data and 
spin-lattice relaxation time ( f i )  measurements. Using the same methods, the 8-lactone derived 
from the same acid was shown to  have the previously proposed structure. 

JOHN W. APSIMON, ANDREW M. HOLMES, HELMUT BE~ERDECK et JOHN K. SAUNDERS. 
Can. J. Chem. 54,418 (1976). 

On a trouvC que la jonction des cycles A et B de la ylactone obtenue par traitement acide de 
I'acide dihydroisopimarique posskde une gComCtrie cis. Cette structure revisie est basie sur des 
donnCes de diplacements chimiques en rmn du 13C et sur des mesures de temps de relaxation 
(TI) spin-rCseau. Utilisant les m&mes mtthodes, on a montrC que la 8-lactone obtenue h partir 
du m&me acide posskde la structure proposie antirieurernent. 

[Traduit par le journal] 

Reaction of the diterpenes dihydroabietic 
acid l a  or dihydropimaric acid l b  with sulphuric 
acid leads to backbone rearrangement and lac- 
tone formation (1). A y-lactone 2a or 2b, respec- 
tively, was reported to be the major product 
isolated when the reaction is carried out at 
-5 "C for 1 h, whereas more vigorous condi- 
tions (25 "C, 5 h) result in the formation of a 
&lactone (3a or 3b, respectively) as the major 
product. The y-lactone derived from dihydro- 
abietic acid was postulated by Barton (In) to 
arise from a carbonium ion process in which the 
angular methyl group migrates from C- 10 to C-9. 
Accordingly, structure 2a was assigned to this 
c ~ m p o u n d . ~  The trans-A/B ring junction was 
deduced on the basis of energetic arguments; a 
A'(") olefinic intermediate was believed to par- 
ticipate in the rearrangement and addition to 
this double bond would be expected to take place 
in a trans manner to  give the more stable trans 
ring fusion. Subluskey and Sanderson ( lb)  also 

Considered as Part V of Diterpene Chemistry. For 
Part IV see ref. 9. 

ZPart I1 of Carbon-13 Relaxation Times in Natural 
Products. For Part I see ref. 5. 

3No stereochemistry was implied at C-13. 

used conformational arguments in order to 
assign the same stereochemistry at  C-5 and C-I 0 
of this compound. 

lo  RI = i-propyl, R2 = H 2t1 RI = i-propyl. Rz = H 
b RI = CZHJ. RZ = CHI b RI = C2Hs. R2 = CHI 

30 RI = i-propyl, R2 = H 
b R = C2H5. R2 = CHI 
c RI = CH3. R2 = CIH 5 
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APSIMON ET A L . :  NMR OF DITERPENES 419 

During a recent study on the illechanism of 
acid-catalyzed rearrangements in terpenes, we 
reexamined the two lactones obtained from di- 
hydroisopimaric acid 4 using 13C nmr spectro- 
scopy. The data obtained confirm the accepted 
structures for the 6-lactone 3c, but show the 
previously postulated representation of the y- 
lactone 5 (cf. 2a,b) to be i n ~ o r r e c t . ~  

A number of 13C nmr parameters can be used 
in structural analysis. The use of the chemical 
shift is well documented (2) with several methods 
of predicting chemical shift being available (3,4). 
Our method of choice (4) is to use a base chemical 
shift depending on the type of carbon atom and 
then to consider the number of p-gauche C H  and 
CC interactions as well as the number of y and 6 
steric interactions. In this report, the recorded 
shifts for tmns- or cis-decalin (3) will be used as 
the base and the number of gauche and steric 
interactions at  the 0 and y carbons respectively, 
arising from substitution, will be used t o  predict 
the carbon shift. For example, the chemical shift 
of C-12 of 2b is calculated as follows (see Fig. 1):' 

28.0(C-2 of decalin) + 6.3(axial CH3 group) 
+ 9.4(equatorial CH2 moiety) - 4 3 7  steric 
effect of CH3 of ethyl group) - 4 3 7  effect of 
C-20 CH3 group) = 34.7 ppm 

+6.3 ( axla1 effect 1' 
-4.5 ( 7 steric effect ) 

h (4 ( Y steric effect I 

+9.4 

( B equatorial CH2 It 
FIG. 1. Calculation of the chemical shift of C-12 in the 

r-lactone 2b. *One gauche CH (4.7 ppm), 1 gauche CC 
(1.6 ppm) interaction. ?Two gauche C H  interactions. 

type of carbon and, in the case of CH3 groups, t o  
gaining structural and conformational informa- 
tion (5). The C-13 TI value in compounds studied 
here is given by 

where N is the number of attached protons. Thus 
T,(CH) = 2Tl(CH2) << Tl(C) with T,(CH3) rang- 
ing in value from gTl(CH) to 3TI(CH) depend- 
ing on the rate of internal rotation about the 
C-CH3 bond. The correlation time q, for 
internal reorientation can be deduced froin (6) 

The spin-lattice relaxation tiine TL can also be where P = T c / T i .  

of use, both in assigning an absorption to  the 

4 0 ~ r  studies with dihydroabietic acid show a parallel 
behaviour with the isopimaric series, but problems with 
product purification prevented unambiguous analysis of 
all the spectroscopic results. 

5T11e following reference shifts and increments have 
been used throughout this work: 

CH, = 5.9 ppm 

Increments: 

vc-11 vc-c Y B 
4.7 ppnl 1.6 pprn - 4.5 ppm - I .  l ppm 

The effect of heteroatoms can be deduced in a similar 
fashion (4b). 

Results and Discussion 

The chemical shift data for the 7-lactone 6, 
previously considered to  be 5, resulting from 
treatment of the acid 4 with H2S04 at  - 5 "C are 
given in Table 1. The resonances were assigned 
t o  C, CH,  CH2, or CH3 carbons from (180" - T - 
90") pulse sequences with T values such that the 
CH2 and then the CH carbons were nulled. The 
remaining assignments were made from the 
P r ( f ~ d ) ~  induced shifts given in Table 1 and from 
the recorded chemical shifts of other terpenoid 
conlpounds (7). 

This leaves the problein of assigning the con- 
figuration of the A/B ring junction. The shifts 
predicted for the cis and trans structures are also 
given in Table 1. As can be seen, reasonable 
agreement between calculated and observed 
shifts is obtained for both configurations with the 
exception of C-1 and C-11 for the cis-structure 6 
and C-1 and C-7 for the trcrrzs-structure 5. The 
predicted shifts are for carbons in gauche orien- 
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420 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Chemical shifts (6)" and lanthanide induced 
shifts (A6) for the lactones derived from 

dihydroisopimaric acid 

Observed 6 Predicted 

*In ppm from TMS. 

tations and do not take into account possible 
chemical shift changes arising from conforma- 
tional distortions. Hence, from chemical shift 
arguments it is difficult to assign the stereochem- 
istry at C-5. However, inspection of the two 
possibilities shows that in the trans-configuration 

FIG. 2. Relaxation time (TI) data for the lactones 
obtained from dihydroisopimaric acid. 

whereas for the cis-fused configuration 6, the 
C-20,C-9 bond is virtually eclipsing the C-l,C-10 
bond. We would therefore expect a large differ- 
ence in the T~ values for the two con~pounds with 
the trans-configuration 5 exhibiting a value close 
to ~i = 0.6 X 10-l2 s, the recorded value for 
C-19 of androstane 9 (5). The TI data for the 
y-lactone are illustrated in Fig. 2, from which T~ 
for C-20 is calculated to be 9 X 10-l2 s which is 
15 times longer than that recorded for C-19 of 
androstane. This indicates that the 7-lactone 
must have a cis A/B ring junction with the slower 
rotation rate about the C-20,C-9 bond being a 
consequence of an increase in the barrier to  
rotation caused by the relative orientation of 
C-20 and C-1. The lack of agreement between 
predicted and observed chemical shift values for 
C-1 and C-11 is a result of more intense 7 inter- 
actions than that found in axial methyldecalin, 
which is used as the model system. 

It should be noted that two other 7-lactone 
structures can be postulated, namely trans- 
tratzsoirl-cis 7 and cis-transoid-cis 8. However, 
both these possibilities can be eliminated using 

9 

trans - Ironsald - I rons  cls - lronsold - I rons  

HO 

10 

5, the C-20 CH3 group would be in a similar 
steric environment as C-19 of androstane 9 as it trans - tronrold - CIS clr - tronrold - clr 

experiences five 1 ,3-CH3-H diaxial interactions, - 7 - 8 
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APSIMON ET AL.: NMR OF DITERPENES 42 1 

chemical shift arguments, with particular refer- 
ence to the CH3 groups C-20 and C-17. In 7, we 
would predict a chemical shift for C-20 at about 
25 ppm as it is in a similar environment to  C-19 
of cis-cholestanol 10 whereas this carbon in 8 
would appear in the region of 27 ppm as it only 
has two y steric interactions, although one (that 
with C-1) is more severe than normal. In both 7 
and 8, C-17 is axial and would thus absorb in the 
region of 21.0ppn1 as was recorded for the 
8-lactone 3c. Since the C-20 resonance is at 
14.4 ppm and that of C-17 at 28.9 ppm, neither 
7 or 8 can be the correct formulation for the 
y-lactone. 

The chemical shift data for the 8-lactone 3c are 
recorded in Table 1 and the relaxation time data 
in Fig. 2. The resonances were assigned by use of 
the (180" - T - 90") sequence followed by the 
prediction of che~llical shifts as outlined earlier. 
A reasonable correlation between predicted and 
calculated shifts was obtained. Any other pos- 
sible structure could be ruled out by considering 
the chemical shifts of the methyl groups C-17 and 
C-20. In a cis-transoicl-cis configuration, C-17 
would be equatorial and consequently would 
appear in the region of 29.0 ppm. No other 
8-lactone having the observed number of C, 
CH, CH2, and CH3 carbon atoms can be 
envisaged. There exists the remote possibility of 
an e-lactone to  C-8 or a y-lactone with an un- 
usual infrared spectrum, both of these are 
eliminated by the chemical shift data presented 
in Table 1. In order to  confirin the assignments, 
a quantitative study of P r ( f ~ d ) ~  induced shifts 
(8) was made. Reasonable correlation could be 
obtained between calculated and observed shifts 
with the exception of those for C-7 and C-3 with 
the former having experimental shifts less than 
calculated whereas the latter showed the reverse 
behaviour. A much better correlation could be 
observed by making the C9-0-C-C4 bonds 
planar. This deformation not only increases the 
overlap between the oxygen orbitals and the 
C=O of the lactone, but also alleviates the 
serious nonbonded interaction between the pro- 
tons of C-1 and C-11. Thus the 13C spectral 
parameters appear to  be in complete agreement 
with the previously proposed structure (1). 

The variation in TI values for the CH3 groups 
is a Consequence of different steric environment. 
In 3c, C-17 is axial and has a 1,3-diaxial inter- 
action with the protons of C-8 and C-11 whereas 

in 6, this group is equatorial and its rotation rate 
is thus significantly slower. In both conlpounds, 
NTl (C-15) is only inarginally longer than that of 
the ring carbons and this slower rate relative to 
a CH3 group is attributable to inclusion of the 
energy of the barrier to rotation about the 
C-15,C-16 bond to that about the C-15,C-13 
bond. It is of interest to note the difference in 
T~ for C-19 in the two compounds. The rotation 
rate about the C-19,C-4 bond is significantly 
faster in 6 than in 3c with the chemical shift of 
C-19 in 6 being shielded by 5-6 ppin relative to 
that observed in 3c. This must be interpreted in 
terms of a larger y steric effect in 6 resulting in 
increased shielding and a decrease in the barrier 
to rotation. 

Experimental 
Melting points were determined on a Fisher-Johns 

melting point apparatus and are uncorrected. Infrared 
(ir) spectra were recorded on a Perkin-Elmer 237 Infra- 
cord spectrophotometer. Proton magnetic resonance 
(pmr) spectra were taken on a Varian Associates Model 
T-60A spectrometer in deuteriochloroform with tetra- 
methylsilane as  internal standard. Methyl singlets are 
quoted (in ppm). 13C nmr spectra were recorded on a 
Bruker HX-90 instrument equipped with a Nicolet 1083 
computer in the Fourier transform mode. The solvent 
was CDCI3 with TMS as internal reference. The TI data 
were obtained from (180" - 7 - 90") sequences as de- 
scribed previously (5). The mass spectra were recorded on 
an AEI MS12 instrument at  Trent University. 

9,lO-Friedoisopinlar.a,~- 18: 10-olide, 6 
T o  concentrated sulphuric acid (9.5 ml) at  - 5 "C was 

added dihydroisopimaric acid 4 (519 mg). The mixture 
was stirred for 1 h at  this temperature, poured over 
crushed ice (65 g), and extracted with ether (4 X 30 ml). 
The combined organic layers were washed with water 
(5 X 30 ml), dried (MgS04), and concentrated ill vacuo 
to  give a pale yellow oil. The oil was adsorbed on silica 
gel (25 g) and eluted with 30 ml portions of benzene. 
Fractions 4 to 8 inclusive were combined, yielding a white 
solid (241 mg, 46y0). Recrystallization from methanol- 
water gave the ?-lactone 6 as  white needles (143 mg), mp 
105.5-106.5 "C (lit. (lg) 105-106°C); ir (Nujol) 1765 
cm-I (five-membered lactone); pmr 0.80, 0.84, 1.08 6; 
cmr Table 1 ; mass spectrum M+ 304. 

50-lsopimaran- 18:9-olide, 3c 
Dihydroisopimaric acid 2 (537 mg) was stirred in 

concentrated sulphuric acid (9.5 ml) at  room temperature 
for 4.5 h. Work-up as above gave a yellow oil which was 
adsorbed on silica gel (30 g). Elution with benzene and 
then benzene-ether (19:l) gave, in the later fractions, a 
mixture containing mainly the &-lactone 3c. Further 
chromatography on silica gel yielded pure 3c (78 mg, 
15%), which could not be induced to crystallize; ir (neat) 
1720 cm-I (six-membered lactone); pmr 0.85, 1.1 1,1.23 6; 
cmr Table 1 ; mass spectrum M+ 304. 
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Nitration of p-cymene. Exchange and rearomatization reactions of 
p-cymene adducts 

ALFRED FISCHER AND ROLF RODERER 
Deparrnier~t of Cllernistry, University of Victoria, Victoria, Britisll Colrtrnhia V8 W 2Y-7 
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ALFRED FISCHER and ROLF RODERER. Can. J. Chem. 54,423 (1976). 
Nitration of p-cymene in acetic anhydride gives a mixture of cis- and rrar1s-l-isopropyl-4- 

methyl-4-nitro-1,4-dihydrophenyl acetate as the main product as well as 2- and 3-nitro-p-cymene 
and p-nitrotoluene. Acid-catalysed methanolysis of the acetoxynitro adduct gives a mixture of 
the cis- and trarls-methoxynitro adducts. Under basic conditions the acetate adduct is converted 
into the corresponding alcohol which is in turn rearomatized to 2-isopropyl-4-methylphenol. 
The adducts rearomatize to 2-nitro-p-cymene in strong acid. 

ALFRED FLSCHER et ROLF R~~DERER.  Can. J. Chem. 54,423 (1976). 
La nitration du p-cym'ene dans l'anhydride acktique conduit i un mklange d'acktates d'iso- 

propyl-1 mkthyl-4 nitro-4 dihydro-1,4 phknyle cis et rrarls comme produits principaux de m&me 
qu'aux nitro-2 et -3 p-cymknes et au p-nitrotolu'ene. La mCthanolyse, catalyske par les acides, 
de l'adduit acktoxynitro donne un melange d'adduits rnethoxynitros cis et trarls. Utilisant des 
conditions basiques, l'adduit acktate est transform6 en alcool correspondant qui est h son tour 
rearomatis6 en isopropyl-2 mCthyl-4 phCnol. Les adduits se rkaromatisent en nitro-2 p-cymkne 
en milieu fortement acide. 

r r adu i t  par le journal] 

Introduction afforded the diastereoisomersl of the acetoxv- 

Appropriately substituted toluenes and related 
I arenes undergo addition of acetyl nitrate (as 

I nitronium acetate) via ipso (1) nitration (2-4). 
The present study deals with the formation and 
reactions of the adducts of p-cymene. In the 
course of our work on p-cymene Hahn and 
Strack reported the formation of the diastereo- 
isomeric acetyl nitrate adducts and their conver- 
sion t o  p-cymene and thymol acetate in acetic 
acid and to  2-nitro-p-cymene in 78% sulfuric 
acid (36). We have studied the exchange reac- 
tions leading to  the formation of methoxynitro 
dienes, the base-catalysed cleavage of the ace- 
toxynitro dienes, the rearomatization and ex- 
change reactions of the new dienes, and the 
rearomatization reactions of the acetoxynitro 
dienes under a variety of conditions. 

Results and Discussion 

Formation of Adducts and their Interconversion 
(Exchange) Reactions 

Nitration ofp-cymene in acetic anhydride gave 
57% of diene adducts, 26% 2-nitro-p-cymene, 
12% p-nitrotoluene and 5% 3-nitro-p-cymene. 
Low temperature chron~atography of the product 

nitro dienes l a  and lb,  the nitro-p-cymenes, 
p-nitrotoluene, the hydroxynitro diene 2a, and 
2-p-tolyl-2-propanol. The last product appeared 
to  be formed, presumably froill the adducts, 
during chron~atography. The fornlation of side- 
chain derivatives, of which 2-y-tolyl-2-propanol 
is an example, is a prevalent reaction in the 
nitration of y-xylene and its derivatives (5-7). 
The same side-chain derivatives are obtained 
from acetvl nitrate adducts of these aromatic 
compounds. It has been established that the 
inethyl group substituted is that ipso t o  the 
acetate in the adduct and not that ipso to  the 
nitro group (8). It is consistent with this that 
it is the isopropyl group and not the methyl 
group of the y-cymene which is substituted 
since it is the isopropyl group which is iyso 
to  the acetate in the adduct. N o  evidence 
of an adduct with nitro ipso t o  isopropyl could 
be detected. Loss of the isopropyl group as 
a cation following ipso attack by nitronium 
ion is rapid, even at -40 OC, and y-nitrotoluene 
is the only product obtained. The effect of the 
addition of the shift reagent tris-(1,1,1,2,2,3,3- 

'Individual members of a pair of diastereoisomeric 
adducts are designated as a and 6.  
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TABLE 1. Relative gradients (gradient 1-OAc = 1.00) 
of proton chemical shifts for diene adducts resulting 

from the addition of E ~ ( [ ~ H , ] f o d ) ~  

Compound 2-H 3-H 4-CH3 8-H 9-H 

l a  0.74 0.26 0.17 0.83 0.30 
l b  0.73 0.33 0.20 0.90 0.27 

heptafluor0-7,7-[~H~]dimethyl-4,6-[~H~]octanedi- 
onato)europium(III) (E~([~Hg]fod)3) confirms the 
structural assignment of acetate ipso to isopropyl 
in the isolated adducts since in both l a  and l b  
the methine proton inoved about as rapidly 
downfield as the acetate methyl protons and 
faster than the 4-methyl protons (Table I). 
Although the 4-methyl protons moved downfield 
faster in l b  than in l a ,  which would suggest that 
l b  is trans and l a  is cis, the difference in gradients 
is small and in fact less than that for the 3-H. 
Thus the assignment of stereochemistry is not 
conclusive. Similar difficulties have been met 
with other tertiary acetate adducts (8). 

1' X = OAc 
2 X = O H  
3 X = OMe 

Reaction of the acetoxynitro diene l a  with 
methanolic sodium methoxide resulted in cleav- 
age of the acetate group and the formation of the 
hydroxynitro diene 2a, presumably by the BAc2 
mechanism (9). The hydroxynitro diene 2a was 
in turn converted into 2-isopropyl-4-methyl- 
phenol (see below). Under the same conditions 
the acetoxynitro diene l b  was also converted into 
2-isopropyl-4-methylphenol, presumably via the 
hydroxynitro diene 2b although in this case the 
intermediate formation of 2b could not be 
demonstrated, possibly because it is converted 
into the phenol as fast as it is formed. The acid- 
catalysed methanolysis of l a  gave both di- 
astereoisomers of the methoxynitro diene 3a and 
36. Similarly, the hydroxy diene 2a gave both 
methoxy dienes 3a and 3b on acid-catalysed 
methanolysis. These acid-catalysed exchange re- 
actions presumably involve the intermediate 
formation of the ipso-cyclohexadienyl cation 4 
(AAL1 mechanism; Scheme 1) and parallel the 

cis or rrans 4 
1 X = OAc 
3 X = OMe 

cis and rratls 
3 Y = OMe 

exchange reactions of the pseudocumene and 
p-xylene adducts (8). The hydroxy diene 2a did 
not exchange the hydroxyl group for the less 
nucleophilic acetate in acidified acetic acid and 
rearomatization occurred (see below). 

Rearomatizatioiz Reactions 
In the rearomatization of the acetyl nitrate 

adducts of p-xylene three types of reaction were 
observed: (i) migration of the nitro group to give 
2-nitro-p-xylene; (ii) formation of side-chain 
derivatives, and (iii) 1,2-shift of the acetate group 
to form 2,5-xylyl acetate (8b). 

Reaction of any of the p-cymene adducts 1, 2, 
or 3 with strong acid (trifluoroacetic acid, sulfuric 
acid, or boron trifluoride etherate) resulted in the 
formation of 2-nitro-p-cymene. As in the case of 
the acetyl nitrate adducts of p-xylene these reac- 
tions presunlably follow the mechanism sug- 
gested by Myhre (4) for the formation of 
3-nitro-o-xylene from the acetyl nitrate adduct of 
o-xylene: acid-catalysed loss of acetate, hy- 
droxyl, or methoxyl, to generate the ipso- 
cyclohexadienyl cation 4 which undergoes migra- 
tion of the nitro group to  form the cyclohexa- 
dienyl cation 5, followed by deprotonation to the 
2-nitro-p-cymene (Scheme 1). As mentioned 
above attempts to observe the exchange of 
hydroxyl by acetate were unsuccessful, rearo- 
matization via both nitro migration and loss of 
the nitro group occurring instead. Acetic acid is 
less nucleophilic than methanol and apparently 
sufficiently so that it cannot capture the ipso- 
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cyclohexadienyl cation 4 at a rate competitive 
with the nitro migration or loss. The reaction 
with acidified acetic acid gives rise to  a complex 
mixture of products including p-methylaceto- 
phenone (59%), p-nitrotoluene (7y0), 3-nitro- 
p-cymene (2y0), as well as the 2-nitro-p-cymene 
(33%). It seems clear that the y-methylaceto- 
phenone and p-nitrotoluene must arise froin 
1)-cymene (itself formed by loss of nitroniunl ion 
from 4) by attack of (possibly incipient) ace- 
tylium ion and nitroniunl ion, respectively, ipso 
to the isopropyl group followed by loss of the 
isopropyl cation. 

Reaction of acetoxydiene l a  in neat acetic acid 
or in acetic acid containing acetic anhydride, at 
ambient temperature, gave thymol acetate in a 
slow reaction (t l l2 - 100 h). Diene I n  was not 
epimerized to  16 in the course of the reaction and 
thus under these weakly acid conditions cation 4 
can only be formed very slowly indeed. When the 
reaction was repeated in 33% aqueous [2H4]- 

acetic acid, thymol acetate was again obtained 
and the reaction was complete in 1 h. Clearly the 
acetate group, which is not exchanged with the 
solvent, undergoes an intran~olecular 1,2-shift. 
These results provide further support for the 
proposed n~echanisnl involving the concerted 
loss of the elements of nitrous acid and the 
simultaneous cyclic migration of the acetate 
group (86). 

A striking feature of the rearomatization reac- 
tions is the apparent absence of significant 
amounts of side-chain products. The benzylic 
hydrogens in the p-xylene, pseudocumene, and 
other polymethylbenzene2 side-chain derivatives 
(7, 8) appear in a region of the nmr spectrum 
uncom$icated by absorptions from other con- 
stituents of the mixture. It is more difficult to 
detect the formation of side-chain products from 
1)-cymene, in which the only saturated hydrogens 
are those of the methyl groups, than from p- 

*In unpublished work with D.R.A. Leonard it has been 
shown that large amounts of side-chain derivatives are 
obtained in the rearomatization reactions of the tetra- 
methylbenzene adducts. 

xylene and the polynlethylbenzenes. Neverthe- 
less it is clear that side-chain derivatives cannot 
be present to  any large extent in the rearomatiza- 
tion products from the p-cymene adducts. As 
mentioned, a small amount of 2-p-tolyl-2-pro- 
pan01 was isolated fro111 the nitration of p-cy- 
nlene. It is likelv that the alcohol is not the 
primary side-chain product but is derived from 
such a product, such as the acetate ester, 
nitrate ester or nitro derivative, during work-up 
(86). In the glc - mass spectrum of the products 
from reaction of hydroxy diene 2 with acetic acid 
containing sulfuric acid a minor glc peak of mass 
150 was probably that of the side-chain alcohol 
and a peak underlying the peak for 2-nitro-p- 
cymene and which gave rise to  an apparent mass 
spectra parent peak of mass 133 was probably a 
side-chain ester whose n~olecular ion cleaved 
before detection to  for111 the y-tolyldimethyl 
carbinyl cation (m/e = 133). 

Reaction of adduct 2 with methanolic sodium 
lnethoxide resulted in the fornlation of 2-iso- 
propyl-4-methylphenol. The proposed mecha- 
nism is depicted in Schenle 2. In the anion 6, the 
conjugate base of the hydroxy diene 2, the 
isopropyl group undergoes a 1,Zshift with con- 
current loss of nitrite anion to  give the 2,4-hexa- 
dienone 7 which is the keto form of the product 
phenol. Presunlably the driving force of the 
Feaction is the resonance stabilization of the 
dienone together with the greater anionic stabil- 
ity of nitrite compared with the alkoxide 6. 
Anion 6 appears to be an essential intermediate 
since the methoxynitro diene 3 was recovered 
unchanged on treatment with strong base. 

Experimental 
Microanalyses were by Dr. D. McGillivray. Nitric acid 

and solvents were purified as previously described (26). 
p-Cymene, 2-isopropyl-4-methylphenol, and Z-isopropyl- 
5-methylphenol (thymol) were from Aldrich. 2-Isopropyl- 
5-methylphenyl acetate (thymol acetate) was prepared by 
reaction of thymol with acetic anhydride containing 
sulfuric acid, nmr (CDC13) T 1.88 (nq? 1, J = 8.5 Hz, 

)One-half of an AB quartet (10). 
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3-H), 2.08 (nq, 1, J = 8.5 Hz, 4-H), 2.25 (s, 1, 6-H), 7.05 
(septet, J = 7 Hz, CH(CH3),), and 8.84 (d, 6, J = 7 Hz, 
CH(C H3)2). 

Nitratiorz of p-Cymetie ill Acetic Arllrydrirle 
A cold solution of nitric acid (9.5 cml, 0.23 mol) in 

acetic anhydride (35 cm3) was added slowly with stirring 
to a solution of p-cymene (20 g, 0.15 mol) in acetic 
anhydride (40 cm3) at  -45 "C. The mixture was allowed 
to warm to - 15 "C and maintained at  that temperature 
for 12 h.4 The mixture was worked up in the usual manner 
to  yield an  oil (27 g) consisting of (by nmr) 51% diene 
adducts, 28% nitro-11-cymenes, 11 % p-nitrotoluene, and 
10% p-cymene. 

Chromatography on 400 g of alumina at -45 "C and 
elution with pentane and ether-pentane mixtures gave a 
mixture (6.1 g) of p-cymene, p-nitrotoluene, and 2- and 
3-nitro-p-cymene (ratio 5:l by glc) in the 10% ether 
fraction, a mixture (7.2 g) of one diastereoisomer of 1- 
isopropyl-4-methyl-4-nitro-l,4dihydrophenyl acetate, la ,  
and nitro compounds (40%) in the 20% ether fraction, 
pure l a  (4.1 g) in the 25% ether fraction, a mixture (1.8 g) 
of l a  and its diastereoisomer l b  in the 3076 ether fraction 
and 1b (2.0 g) in the 50-70% ether fractions. The 8&100'/, 
ether fractions contained a mixture of l-isopropyl-4- 
methyl-4-nitro-l,4-dihydrophenol, 2, and 2-p-tolyl-2- 
propanol. 

The p-nitrotoluene was separated from the nitrocy- 
menes by dry column chromatography and the nitro- 
cymenes separated by preparative glc. The nitro com- 
pounds had characteristic nmr (CDCI3): p-nitrotoluene 
T 1.90 (nq, 2, J = 8.5 Hz, 3-H and 5-H), 2.66 (nq, 2, 
J = 8.5 Hz, 2-H and 6-H), and 7.56 (s, 3, CHI); '-nitro- 
p-cymene T 2.15 (d, 1, J = 2 Hz, 3-H), 2.60 (d of d, 1, 
J = 2 and 8 Hz, 5-H), 2.72 (nq, 1, J = 8 Hz, 6-H), 7.08 
(septet, J = 7 Hz, CH(CHI)~),  7.52 (s, 3, 1-CHI), and 
8.77 (d, 6, J = 7 Hz, CH(CH3)2); 3-nitro-p-cymene T 2.52 
(s, 1, 2-H), 2.58 (s, 2, 5-H and 6-H), 6.65 (septet, 1, 
J = 7 Hz, CH(CHI)~),  7.66 (s, 3, I-CH3), and 8.76 (d, 6, 
J = 7 Hz, CH(CHI)~).  The alcohol was separated from 
the hydroxynitro diene by distillation under reduced 
pressure. 

After recrystallization from acetone-pentane the first di- 
astereoisomer of l-isopropyl-4methyl-4-nitro-l,4-dihy- 
drophenyl acetate, In, had mp 33 "C; uv (CHIOH) 197 nm 
(e 1220 m2mol-l); ir (Nujol) 1760 and 1240 (OCOCHI), 
1560 (N02), 1015 and 815 cm-1; nmr (CDCl3) T 3.78 (nq, 
2, J = 10.5 Hz, 3-H and 5-H), 4.04 (nq, 2, J = 10.5 Hz, 
2-H and 6-H), 8.00 (s, 3, OCOCH3), 7.95 (septet, 1, 
J = 6.6 Hz, CH(CH3)2), 8.21 (s, 3, 4-CH3), and 9.12 (d, 
6, J = 6.6 Hz, CH(CH3b). 

The second diastereo~sorneric acetoxynitro adduct l b  
was recrystallized from chloroform-pentane, rnp 36- 
37 "C; uv (CH3OH) 196 nm (e 1270 m2mol-I); ir (Nujol) 
1755 and 1245 (OCOCH3), 1560 (NO& 1020 and 810 
cm-I; nmr (CDC13) 3.67 (nq, 2, J = 10.6 Hz, 3-H and 
5-H), 3.95 (nq, 2, J = 10.6 Hz, 2-H and 6-H), 8.03 (s, 3, 
OCOCH,), 7.79 (septet, 1, J = 6.7 Hz, CH(CH3)2), 8.29 
(s, 3, 4CH3), and 9.11 (d, 6, J = 6.7 Hz, CH(CH1)r). 

Arlal. Calcd. for C I ~ H ~ ~ N O ~ I  (Mr 239): C 60.24, H 7.16, 
N 5.85; found (244): C 60.43, H 7.18, N 5.65. 

The single diastereoisomer of 1-isopropyl-4-methyl-4 
nitro-1,4-dihydrophenol, 20, crystallized from ether- 
pentane as faintly yellow needles, mp 56-57 "C; uv 
(CH3OH) 192 nm ( e  2030 m2mol-1 ; ir (film) 3390 (OH), 
1550 and 1345 (NOz), 1030 and 820cm-I; nmr (CDC13) 
T 3.89 (nq, 2, J = 10.5 Hz, 3-H and 5-H), 3.98 (nq, 2, 
J = 10.5 Hz, 2-H and 6-H), 8.15 (s, 1, OH),  8.2 (m, 1, 
CH(CHl),), 8.26 (s, 3, 4CH3), and 9.13 (d, 6, J = 7 Hz, 
CH(CH1)z). Atml. Calcd. for CIOHI~NOI :  C 60.90, H 7.67, 
N 7.10; found: C 60.87, H 7.68, N 6.94. 

2-p-Tolyl-2-propanol had bp 11 1-1 12 "C; ir (film) 3390 
(OH); nrnr (CDCI3) T 2.66 (nq, 2, J = 8.3 Hz, 2-H and 
6-H), 2.88 (nq, 2, J = 8.3 Hz, 3-H and 5-H), 7.6 (1, OH), 
7.70 (s, 3,4-CH3), and 8.45 (s, 6, C(CH3)z); mass spectrum 
(70 eV) m/r (relative intensity) 150 (14, M), 135 (44, 
M - CH3), 132 (4), 91 (15), 77 (7), 43 (100, C3H7). 

Renctiot~ of Addrrct I wit11 Acidified Metl~rrriol: I-lsopropyl- 
4-metl1~~l-4-riitro-I,4-rlil1y~IropI1er11 Metlryl Ether, 3 

The acetoxynitro adduct 1 (8.1 g, 34 mmol) was dis- 
solved in methanol (150 cm3) and sulfuric acid (200 mm3) 
was added with stirring. The mixture was stirred at  room 
temperature for 2 h.5 Sodium bicarbonate (2 g) was added 
and the methanol evaporated at  14 "C. After addition of 
water (5 cm3) extraction with ether and work-up, the oil 
obtained (7.5 g) was shown by nmr to  consist of 60% 
diene adducts and 40% of aromatic product. Chroma- 
tography on alumina at  -40 "C and elution with pentane 
and ether-pentane mixtures gave a mixture (2.2 g, 15 
mmol) of isopropyl-methoxy-methylbenzenes in the 0-5';/, 
ether fractions and a mixture (2.6 g, 11 mmol) of the 
diastereoisomeric n~ethoxynitro adducts, 3; ir (film) 2830 
(OCH]), 1550 and 1345 (NOz), 1070 (C-0-C), and 815 
cm-1; mass spectrum (70 eV) m/e (relative intensity) 196 
(7, M - CH3), 136 (31), 125 (72), 124 (74), 121 (100) in 
the 15-40% ether fractions. Rechromatography of the 
mixture of adducts at -45 "C using an a1umina:substrate 
ratio of 100:l effected only partial separation of the 
individual diastereoisomers. 

The diastereoisomers of 1-isopropyl-4-methyl-4-nitro- 
1,4-dihydrophenyl methyl ether, 3, had nmr (CDCIi) T 

3.71 (nq, J = 10.5 Hz, 3-H and 5-H), 4.17 (nq, J = 10.5 
Hz, 2-H and 6-H), 6.98 (s, OCH]), 8.26 (s, 4-CHI), 9.15 
(d, J = 7 Hz, CH(CH3)l) and 3.73 (nq, J = 10.5 Hz, 3-H 
and 5-H), 4.19 (nq, J = 10.5 Hz, 2-H and 6-H), 6.93 (s, 
OCH]), 8.31 (s, 4-CH]), and 9.15 (d, J = 7 Hz, CH- 
(CH3)2), respectively. 

Recrctiott of !Ire Acetoxyrlifro Arldrrct, I, wit11 Sollirrr~l 
Metlroxide: I-Isopropyl-4-tr1etl1yI-4-nitro- 
I,4-dil1ydroplrer101, 2 

Adduct In (90 mg, 0.38 mmol) was reacted with an  
equimolar amount of sodium [2Hl]methoxide in [?H4]- 
methanol (0.5 cml) in an  nmr tube. The hydroxynitro 
adduct 2cr formed rapidly and slowly decomposed (70% 
in 24 h) to form 2-isopropyl-4-methylphenol. Neutraliza- 
tion and work-up gave 2-isopropyl-4-methylphenol with 
identical nmr and glc retention time to that of an  authentic 

4Preliminary studies by nmr indicated that the yield of 
adducts was close to the maximum at - 15 "C and no SSubsequent experiments showed that the exchange was 
rearomatization of the adducts occurred at  this tempera- complete in 15 min and that shorter reaction times 
ture. reduced the amount of rearomatization products. 
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sample and which exhibited the expected molecular ion 
peak at  m/e 150. 

On a preparative scale the mixture of acetoxynitro 
adduct I and nitro compounds obtained from nitration of 
p-cymene was treated with a two-fold excess of sodium 
methoxide in methanol. The reaction was complete after 
10 min. The mixture was diluted with water and extracted 
with ether. The etheral solution was washed and dried and 
the ether evaporated to give an oil containing 37% of the 
hydroxynitro adduct, by nmr. The dark red residual oil 
was dissolved in pentane and on standing at 5 "C the 
hydroxynitro adduct 2a (2.75 g, 14 mmol) crystallized and 
was filtered off. 

When the nmr tube experiment was repeated using l b  
as the substrate no intermediate formation of a hydroxy- 
nitro adduct could be detected and the phenol was formed 
rapidly (50% in 25 min.). 

Reactiotz of Addrrct 1 itr Acetic Acid 
The acetoxynitro adduct l a  (70 mg) was added to acetic 

acid (0.5 cm3) and the reaction followed by nnu. Thymol 
acetate was formed (tip = 90 h) and epimerization of l a  
was not observed. The same result was obtained when 
acetic acid made anhydrous by heating under reflux with 
acetic anhydride was used, except that the reaction was 
slightly slower (1112 = 109 h). When the reaction was 
repeated using 33% aqueous [ZH4]acetic acid thymol 
acetate was again obtained and the reaction was complete 
in 1 h. 

Reactiorr of Adclrrct 1 tvitlr Trifluoroacetic Acid atrd with 
Borotr TriJlroride 

Adduct l a  (80 rng) was dissolved in a solution of 
trifluoroacetic acid (0.1 cm3) in deuteriocl~loroform (0.4 
cm3). A vigorous decomposition to 2-nitro-p-cymene 
(88%), 3-nitro-p-cymene (9%), and p-cymene (3%) 
ensued. The presence of the minor constituents was 
detected by glc. When the decomposition was carried out 
in the presence of mesitylene, 2-nitro-p-cymene was 
obtained and no biaryl was formed. 

The reaction was repeated using boron trifluoride 
etherate (10 mm3) in deuteriochloroform (0.5 cm3) as the 
reagent. The same products were obtained. Addition of 
mesitylene (150 mg) to  the reaction solution did not divert 
the reaction from the formation of the nitrocymene and 
no biaryl was formed. 

major and two minor constituents. Chromatography on 
silica gel and elution with ether-pentane separated the 
major products shown to be 2-nitro-p-cymene (39% from 
the glc of the reaction product) and p-methyl acetophe- 
none; 49%, ir 1700 (C=O), 1625, 1375, 1280, and 825 
cm-1; nmr (CDC13) 7 2.23 (nq, J = 8 Hz, 2-H and 6-H), 
2.83 (nq, J = 8 Hz, 3-H and 5-H), 7.54 (s, CHKO) ,  7.69 
(s, ArCH3); mass spectrum 134 (M); glc retention time, 
identical with an authentic sample. The minor constituents 
were present in the nitro-cymene fraction and were shown 
to be p-nitrotoluene (12%) and 3-nitro-p-cymene (5%) by 
glc and glc - mass spectrometry. Also present under the 
glc peak of 2-nitro-p-cymene was a component which 
gave a mass spectrum with a highest mass peak of mass 
133. In the glc of the p-methylacetophenone fraction 
minor peaks having masses of 148 and 150 respectively 
(chemical ionization mass spectrometry) were present. 

Reactiotz of Addrtct 2a lvitll Strotrg Acids 
Adduct 2a (75 mg) was reacted with a catalytic amount 

of sulfuric acid in mesitylene. 2-Nitro-p-cymene was 
formed (nmr, tlc). The same result was obtained for the 
sulfuric acid-catalysed decomposition in deuteriochloro- 
form containing in one instance phenol and in another 
anisole and no biaryl was obtained in either case. 

Adduct 2a (90 mg) was reacted with boron trifluoride 
etherate (10 mm3) in deuteriochloroform (0.4 cm3). 
2-Nitro-p-cymene was formed (nmr, tlc). When the re- 
action was repeated in the presence of an equivalent 

Reactiorr of Addrrct 2a witlz Acidified Metllarrol s 
The hydroxynitro adduct 2a (80 mg) was reacted with 

[2H4]methanol (0.5 cm3) containing a catalytic amount of 
sulfuric acid and the reaction was followed by nmr. The 
characteristic pattern of the diene protons of 2a smoothly 
disappeared and was replaced by the pattern for the 
diastereoisomeric mixture of the methoxynitro adducts 3 
in a reaction with a half-life of 16 min. 

amount of anisole or mesitylene the 2-nitr0-~-c~mene was 
still formed and no coupling product was detected. 

Reoctiorr of Acld~rct 3 wit11 Strorlg Acids 
The methoxynitro adduct 3 (100 mg) in deuterio- 

chloroform (0.5 cm3) was treated with boron trifluoride 
etherate (10 mm3). 2-Nitro-p-cymene was formed together 
with a lesser amount of a product tentatively identified as 
an aryl methyl ether. 

When the experiment was repeated adding trifluoro- 
acetic acid (0.1 cm3) or sulfuric acid (0.1 cm3) instead of 
the boron trifluoride etherate a vigorous reaction to give 
2-nitro-p-cymene together with small amounts of 3-nitro- 
p-cymene and p-cy mene occurred. 

Atteti~ptecl Reactiorr of Arldrrct 3 lvitlr Strorrg Base 
The methoxynitro adduct 3 was recovered unchanged 

after treatment with butyllithium in ether and with 
;odium methoxide in methanol. 
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Ring C substituted 14-hydroxymorphinans and isomorphinans 
as narcotic antagonists 
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MARCEL MENARD, PIERRE RIVEST, BERNARD BELLEAU, JEAN-PAUL DARIS, and YVON G. 
PERRON. Can. J. Chem. 54,429 (1976). 

The synthesis of rnorphinans incorporating a hydroxyl group at position 14 as well as an 
appropriate alkyl substitution in ring C is described. It is shown that the spatial area around 
ring C plays an important role at the analgesic receptor level. A novel morphine structure with 
ring C frozen in a boat conformation is also described. 

MARCEL MENARD, PIERRE RIVEST, BERNARD BELLEAU, JEAN-PAUL DARIS et YVON G. PERRON. 
Can. J. Chem. 54,429 (1976). 

La synthtse de morphinanes, cornprenant h la fois un groupe hydroxyle en position 14 et un 
groupement alkyle approprii sur le noyau C, est dCcrite. L'activitC analgCsique de ces composCs 
dCmontre l'influence remarquable de la rigion de l'anneau C sur les contacts substrats- 
ricepteurs. Dans un des morphinanes dCcrits, le cycle C est rigide et de conformation bateau. 

Previous publications (1) from this laboratory 
have demonstrated the importance of a 14-P- 
hydroxyl group for high, side effect free, agonis- 
tic-antagonistic activity in the morphinan class 
of analgesics. Oxilorphan and butorphanol were 
found to be potent and pharmacologically 'clean' 
antagonists, the latter possessing high non- 
narcotic analgesic properties in man. Recently, 
the drug diprenorphine, which lacks the 14-hy- 
droxyl group of oxilorphan and butorphanol but 
incorporates the bulky ring C substituents of 
Bentley-type compounds, was reported to be a 

Butorphanol, R = Naloxone 
Oxilorphan. R = 

6 ~ e  

Diprenorphine 

pure antagonist, more potent than naloxone and 
somewhat longer acting. 

New insights into the role of ring C substitu- 
tion at the receptor level appeared essential if any 
progress in developing better analgesics was to be 
made. To this end, we prepared a series of hybrid 
compounds incorporating a hydroxyl group at 
position 14 as well as an appropriate substitution 
in ring C of the morphinan molecule. This new 
series, represented by general formulae 1 and 2 
includes not only the morphinan skeleton 1, but 
also the isomorphinan stereochemistry 2, where 
the ring C part of the Bentley-type compounds is 
approximated better than in structures of type 1. 

These compounds were synthesized by the 
general method previously developed in our 
laboratories. We shall restrict our discussion of 
this approach to questions of stereocheinistry 
since the general methodology is now well docu- 
mented (1). Scheme 1 illustrates the preparation 
of the key intermediate 13, which provides an 
entry, as shown in Scheme 2, into the morphinan 
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14 a-epoxide 16 a-OH (isomorphinan) 
15 B-epoxide 17 B-OH (morphinan) 

18 a-OH 
19 B-OH 

or isonlorphinan systems. Transformation of chemical requirements (lb) of the epoxide 
these intermediates to the desired a- and P-14- cyclization 21 -+ 22. It is clear that this sequence 
hydroxyisornorphinans and morphinans is illus- can only lead to the isomorphinan system. 
trated in Scheme 3. Whereas the tertiary alcohol 8 (X = Y = H )  

Scheme 4 illustrates a chemical proof that (I) gave exclusively the expected unsaturated 
structures of the type of 14 possess the isomor- rearranged anline 10 when treated with aqueous 
phinan stereochenlistry as based on the stereo- acid at 35-40 "C, the substituted alcohols 8a-8r 
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MENARD ET d L . :  MORPHINANS 

Base - 
CH3 

Y Y 

2 2 23 = 16 

SCHEME 4 

TABLE 1. Identification of the substitution X and Y. cursors (epimerisation at center 46 when going 
Throughout this paper the letters a,  6 ,  c ,  d, and e following from 10 to 12 is impossible)? since the amino 
a compound number have the meaning described. Capital 

letters A to E represent the proposed correct space must exist as a pair of diastereoiso- 
structures for a to e.  mers, it follows that the Wagner-Meerwein 

Code X Y Configuration 

a +CH2)4- tratls 
b +CH2)4- cis 

c tratzs 

cl CHI- CH3- tratls 
e CHI- CH3- cis 

afforded mainly the dehydration products 9 
under the same conditions. This may not be sur- 
prising in view of the fact that rearrangement of 
8a-8e to the corresponding unsaturated amines 
10 appears to be opposed by nonbonded inter- 
actions between the ring C substituents. The 
activation energy required for the desired 1,2- 
shift may be expected to be higher for the 
substituted 8 .  However, this barrier was readily 
overcome by using a higher reaction temperature 
(80-100 OC) which caused the alcohols 8 or the 
unrearranged unsaturated amines 9 to vield the 

rearrangement of these alcohols may not proceed 
by a concerted mechanism2 The structures of 
each final product in this synthetic approach can 
best be explained on the basis that the con~pound 
resulting from this rearrangement is the thermo- 
dynainically more stable of the two expected 
diastereoisomers. This could mean that the 
1,2-shift is reversible so as to allow equilibration 
to the more stable isomer or else the transition 
state resembles the preferred geometry of the end 
product sufficiently so as to favor a selective 
migration of only one of the spiro C-C bonds 
in order to produce the more stable isomer. 

Of the two possible diastereoisomers for 10a 
that having structure 10A and possessing a 
trans-syn-quasi trans arrangement about the 
hexahydroanthracene part, will be preferred over 
10F (trans-anti-quasi trans) (3). Compounds 10c 
and 10d are expected to possess similar struc- 
tures. In the cis series b and e,  structures with a 
cis-anti-quasi trans conformation will be pre- - 

hexahydrophenanthrene anlines lo as 
1 8 8  (morphinan nomenclature) is a sharp singlet at products. 5.35 a for 12a, at 5.9 6 for 12c (not as sharp) and at 5.32 

Strong indications Were obtained (tic, nmr) fol 1 2 4  goo coupling with H-7. H-8 is a sharp doublet 
that the unsaturated amines 10 are ~roduced as centered at 5.42 a for 126 and 12e. J,_. = 5.5 Hz 1. 30" , , - 0  

simple racemic rather than diasterebmeric mix-  COUP^^"^. 
ZAlso, optically active 8 (X = Y = H) is rearranged to tures' In Ilmr evidence was obtained that enantiomeric 10 (1. MonkoviC, unpublished results). The 

single the unsaturated l2 unrearranged amines 9 give 10 which is identical to 10 
are generated upon rearrangement of the pre- arising from 8. 
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SCHEME 5. tratzs-Series. Stereochemistry of the 
morphinans and isomorphinans resulting from the 
rearrangement of 8. 

ferred on conformational grounds (3). 
Bromination and cyclization to 12 cannot alter 

the basic stereochemistry of these structures and 
the resulting 13 will have structures depicted in 
13A and not 13Fsince the latter would arise from 
a less stable conformer of 10. 

Taking into account that the epoxidation of 
the unsubstituted compounds 13 (X = Y = H) 

steps 10 4 16 indicating the structures of the 
two possible isomers from the Wagner-Meerwein 

takes place predoininantly on the p-face of the 
molecule (1) (80% p, 20% a)  a structure like 13F 
would be expected to afford almost exclusively 
the p-epoxide since the steric hindrance of the 
two axial hydrogen atoms in 13F would orient 
the epoxidation reaction in the same direction as 
the nitrogen participation. On the other hand, 
the same two protons in 13A would oppose the 
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MENARD ET AL.:  MORPHINANS 433 

TABLE 2. Yields (isolated) of the epoxidation 
reaction 13 + 14 + 15. 

14 (a) 15 (8) 
13 R (%) (%) 

p-attack and would be likely to increase the pro- 
portion of a-epoxidation. In actual fact, 13a 
(Table 2) yields predonlinantly the a-epoxides 14 
which demonstrates the correctness of the struc- 
tural assignment 13A. This conclusion is also 
valid for the cis series. 

Reduction of the epoxides 14 and 15 to the 
alcohols 16 and 17 proceeded as expected. In the 
case of the epoxides 14a and 14d reduction 
afforded amino alcohols 16a and 16d which were 
found to be identical to the amino alcohols 23a 
and 23d obtained through Scheme 4. This dem- 
onstrates that 14a and 14cl are indeed a-epoxides 
and also establishes the intermediacy of the 
unsaturated amides of structure 13A (and not 
13F since 13M, like 21, gives ultimately an all 
chair isomorphinan 16A and BDE-chair C-boat 
morphinan 17F). Compound 13F would give a 
stereochemical arrangement about the C ring of 
16 which is inlpossible to obtain from 21. 

In the trans-dimethyl series, because of the 
flexibility of ring C, the same reasoning implies 
that the methyl groups at 6 and 7 possess a 
diaxial conformation in the nlorphinans 17d and 
19d and a diequatorial conformation in the 
isomorphinans 16d and 18d. The correct spatial 
structures for other compounds are as indicated 
in Table 3. Structures 17a, 18a, 16c, 17~1, and 16e 
were confirmed by 13C nmr spectro~copy.~ 

The pharnlacological data for compounds 
18-19 are presented in Table 3. Compound 18a 
(R = F C H 2 ) ,  a 14-p-hydroxymorphinan with 
the trans-tetramethylene substitution and a boat 

'We are grateful to Dr. John Saunders, UniversitC de 
Sherbrooke, for the determination and interpretation of 
theset3C nmr spectra. Dr. Saunders will publish his results 
in a separate communication. 

conformation for ring C, is an analgesic an- 
tagonist more potent than the parent compound 
BC-2605. It is almost free of any analgesic 
agonistic activity and appears to be a purer 
antagonist than naloxone. A unique feature of 
this structure consists in that a change from 
N-cyclopropyln~ethyl to N-cyclobutylmethyl did 
not cause any agonistic activity to appear. Be- 
cause ring C exists in a boat conformation, the 
spatial arrangement in 19a is rather similar to 
that of the corresponding isomorphinan of struc- 
ture 18a. In fact, both share similar pharma- 
cological properties. Since in these two com- 
pounds the 14-hydroxyl group points in opposite 
directions, it may be that the spatial area around 
ring C is more decisive in the agonist-antagonist 
interactions at the receptor level than the area 
surrounding position 14. This is also substanti- 
ated by the fact that the N-methyl substituted 
18a does not show the expected level of agonistic 
activity and also possesses a slight but definite 
antagonistic conlponent. 

In the trans-dimethyl series 18-19d, the two 
equatorial ring C methyl groups in the iso- 
inorphinan 18d (l4a-hydroxyl) (R = 0 - C H ~ )  
eliminated the expected agonistic properties but 
with the two methyl groups in the axial arrange- 
ment (14-p-hydroxy morphinan 19d) this did not 
happen because the agonistic-antagonistic prop- 
erties of 19d closely resembled those of the parent 
compound BC-2627. 

Limited data for the bulkier c series indicate 
that the same pattern already noted in the a series 
appears to apply. 

In conclusion, it can be said that the spatial 
area around the remote end of ring C in the 
morphinan and isomorphinan series of analgesics 
plays an important role at the receptor level in 
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TABLE 3. Pharmacological data. Agonist-antagonist analgesic activity 

Antagonist 

Compound C-Ea OHb Structurek R AgonistC OSTMd RTFe 

iso-26051 
iso-2627j 
Naloxone 

cis 
fratrs 
rratrs 

cis 

~Stercoclicrnistry o f  the C-E ring junction or the 6,7-substitution. 
bconfiguration of  the 14-liydroxyl group. 
CEDso for the inhibition o f  phcnvlquinone-induced ttwithinc in the mouse. ma/ka.  S.C. -. - 
dEDlo for [he ilntilgonism ;f ox;mbrphone-induced ~traub-tail in the rnousc, rng/kg, r.c. 
I'ED3o for the nntaconisrn o f  mornhinc ;~nalccsic (rat tail flick). mr lkc .  s.c. - - .  .. .,. ., 
/dl-Mixture corrcspondina to oxilorphan. 
'%I/-Mixture corresponding to butorbh3nol. 
hThc rcilctivit! resides in tile lcvo-isomc~. 
ill/-lsornorpliinan analog o f  oxilorpllan. 
.id/-Isomorphinan analog o f  butorphanol. 
/;Correct stcrcostructurc for thc substitution at Ca and C; (nxial-equatori;~l). 

that it can serve to control the agonistic- 
antagonistic relationships. This role is as im- 
portant or even more important than the 
substitution patterns at positions 14 and 17. 

Experimental 
Melting points (Fisher Mel-Temp) are not corrected. 

All compounds possessed ir (Unicam SP-200G) and nmr 
(Varian A-6OA) spectra consistent with their structure. 
Combustion anafyses were performed by Microtech 
Laboratories. 

The starting bisbromomethyl compounds were known 
with the exception of 4c: 4a (4); 46 (5); 4d and 4e (6). 
Compounds 4a, 4b and 4c were prepared by a modification 
reported by Blomquist and Verdol (7) for 1,2-bis(bromo- 
ethy1)cyclobutane. The alcohol used to prepare 4c was 
described by Birch er a/. (8). 

Detailed experimental procedures are given for the 
trans-cyclohexane series only. Procedures were identical 
for the other series unless cited otherwise. Physical 
constants for the compounds 6-19 are given in Tables 
4 and 5. 

Preparaliotr of rlre Spiro[7'-mellroxy-cis- or trans- 
srtbsrirlcred Cyclopetttatre-l,2'-tetra-l'-ot2e], 6 

A solution of 7-methoxy-1-tetralone (121.0 g, 0.69 
mol) and tratzs-l,2-bis(bromomethyl)cyclohexane (188.0 
g, 0.695 mol) in anhydrous benzene (1500 ml) was added, 

in a fast stream from an addition funnel, to a refluxing 
mixture of potassium [err-butoxide (155.0 g, 1.38 mol) in 
anhydrous benzene (1500 ml). The mixture was stirred 
and refluxed for 24 h. The above operations were carried 
out under an atmosphere of nitrogen. After cooling, the 
mixture was washed with loL% hydrochloric acid and with 
water. Drying and concentration of the organic phase left 
an oil which was crystallized in methanol to  give 60 as a 
white solid; 140 g, 69.5y0, mp 103-104 "C. 

6c required a 6 day reflux period in toluene; 6d and 6e 
a 3 d a y  reflux in benzene. 

Prepurariotr of rlre Spiro[l'-p-atnit~oe1I1yl-I'-l~ydroxy-7'- 
rnerlroxy-cis- or tratrs-srrbsrirrcred Cyclopet~ratre- 
1,2'-rerralit~s], 8 

A solution of acetonitrile (23 g, 0.56 mol) in dry T H F  
(500 ml) was added, under nitrogen, over a period of 10 
min, to a solution of tz-butyllithium (0.564 mol of the 
commercial 1.6 M solution in hexane) in dry T H F  (338 
ml) cooled at  -78 "C. After a I h stirring period a t  
-78 "C, a solution of the spiroketone 6u (160 g, 0.56 mol) 
in T H F  (600 ml) was added as rapidly as possible from an 
addition funnel. The cooling bath was removed and the 
solution was stirred for 15 min. Solid lithium aluminum 
hydride (34 g, 0.90 mol) was added in one portion and the 
resulting mixture was stirred for 3 h at  room temperature. 
After cooling to  0 "C, the excess of hydride was decom- 
posed by the dropwise addition of water (34 ml), aqueous 
sodium hydroxide (25.5 ml of a 20(% solution) and again 
water (1 19 ml). The precipitated hydroxides were re- 
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TABLE 4. Physical constants of compounds 6-12a 

Melting 
Compound point ("C) Solvent Yield (%) Formula 

6a 104-105 MeOH 70 C19H2402 
66 74-77 Petroleum ether 25 C1gH2402 
6c 174-175 EtOAc 25 C2oH2402 
76 117-118 CC4 46 C~IHZ~NOZ 
86.C2H204 204-205 MeOH-EtzO 90 C Z ~ H ~ ~ N O ~ ,  $Hz0 
8c 135-137 Petroleum ether 70 CzzH31N0z 
9baC2H204 203 MeOH 55 CnH31N05 +Hz0 

10a-HCI 155-160 EtOH .EtzO 76 CZIH~OCINO-CzH50H 
106 -HCI 170-175 PrOH . Et2O 75 CZIH~OCINO 
10c .HCI 145-160 PrOH .Et2O 68 CZ~H~OCINO 
10d.C2H204 195-197 (da.) EtOH .EtzO 75 Cz1H29Nos .Hz0 
10e 'C2H2O4 204-207 EtOH-Et2O 55 CzlHzgNOs 
l l a  .HBr 228-23 1 CH3COCH3 65 C21 HzgBrzNO 
l l c  . HBr 235 (dec.) CH3COCH3 70 CzzHzgBrzNO 
lld-HBr 182-185 (da.) EtOH.Et20 50 C I ~ H Z ~ B ~ ~ N O .  H20 
12 -C2H204 186-187 MeOH . Et2O 95 C23HzgNOs 

Analysis % 

Calculated Found 

aThe following compounds were difficult to purify and were not analysed. The crude product was used for the next step: 6d(bp 144-148 "C/0.1 Torr), 6e (bp 148-154 OC/0.05 Torr). 7a,7c. 7rl, 
7e, 8a (.HCI, mp 196-200 "C), Ed, 8e, 116 (.HBr, mp 197-200°C). l l e ,  126, 12c, 12d, and 12e. 
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TABLE 5. Physical constants of compounds 13-19a 

Analysis (%) 

Calculated Found 
 melting Yield 

Compound R point ("C) Solvent (%I Formula C H N C H N 

13a w 187-189 EtOAc 80 CzsH31N0z 79.54 8.28 3.71 79.33 8.25 3.58 
13a v 155-157 EtOAc-petroleum 85 C Z ~ H ~ ~ N O Z  79.75 8.49 3.57 80.04 8.44 3.48 
14a w 162-164 CHzClz-EtzOether 48 CzsH31 No3 76.30 7.94 3.56 76.59 8.01 3.48 
14a +c0 198-200 GjH6 EtzO 35 Cz6H3sNOs 77.47 8.74 3.15 77.58 8.35 2.98 
14a CF3C0 132-134 MeOH 35 C Z ~ H Z ~ F S N O ~  65.55 6.22 3.32 65.90 6.18 3.30 
15a e m  135-138 GH6. EtzO 30 C26H33N03.:GHcj 77.47 8.74 3.15 77.50 8.12 3.02 
16a 255-260b EtOH. EtzO 90 CzsH36CIN0z 71.83 8.68 3.35 71.84 8.70 3.27 
16a 255-265 MeOH . Et2O 50 Cz6H38CIN0z 72.28 8.87 3.24 72.28 8.88 3.16 
16a CH3 251-257 (dec.)b EtOH.Etz0 80 CuH32CIN02.H20 66.73 8.66 3.54 67.03 8.73 3.58 $ 
16a H 282-285b EtOH EtzO 50 C 2 1 H 3 0 C I N 0 ~ . ~ H ~ 0  67.63 8.38 3.76 66.67 8.50 3.70 L 
16a CH2=CHCH2 192-1 94b EtOH. EtzO CZ~H~~CINOZ.HZO 68.30 8.59 3.32 68.58 8.50 3.35 . 
16d H 290 ( d e c . ) P t O H  35 CI~HZ~CINOZ 67.54 8.35 4.15 67.60 8.50 4.00 * 
17a @CHz 92-94 EtOH 75 C Z ~ H ~ ~ N O Z  78.94 9.43 3.54 78.67 9.54 3.43 
18a L-cHz 272-273* MeOH.Et20 50 Cz4H34CIN0z 71.35 8.48 3.47 71.28 8.53 3.27 . 
18a L-cHz 200-205' MeOH C~~H~6N0s.aCH~OH69.40 8.35 3.05 69.50 8.12 3.28 5 
18a b-cHz 195-20Od MeOH C26H36N03.+CH30H 69.40 8.35 3.05 69.32 8.06 3.37 P 
18a W H z  276-277* MeOH . EtzO 65 CzsH36C1N02 71.83 8.68 3.35 71.37 8.74 3.12 g 
18a CH2=CHCH2 275-280b EtOH EtzO 72 Cz3H32C1NO2. +Hz0 69.24 8.34 3.51 69.40 8.25 3.53 > 
18a 190-193 MeOH 60 CZIHZ~NOZ 77.02 8.93 4.28 76.91 9.26 4.36 2 
18b 312-315 (dec.)b MeOH-EtzO 67 CzsH36CIN02. 

+CH30H 71.19 8.75 3.28 71.13 8.67 3.16 
18c F C H z  2 18-223 (dec.)b PrOH . EtzO 32 C Z ~ H , ~ C I N O ~ . ~ H ~ O  66.43 8.47 3.09 66.42 7.67 2.77 
18d b C H z  190-193 Petroleum ether 52 CZZH~INOZ 77.37 9.15 4.10 77.47 9.35 4.08 
18d mHz 173-174 Petroleum ether 37 Cz3H33NOz 77.70 9.35 3.94 77.72 9.52 3.85 
18e -Hz 227-230 EtOH . Hz0 67 CzzH31Noz 77.37 9.15 4.10 77.17 9.23 3.92 
18e ~ C H Z  187-189 EtOH .Hz0 82 Cz3H33NOz 77.70 9.35 3.94 77.43 9.68 3.80 
19a b C H z  271-2740 EtOH . EtzO 42 CZ~H~~CINOZ 71.35 8.48 3.47 71.06 8.59 3.40 
19a e C H z  267-274" EtOH. EtzO 67 C2sH36CIN02 71.83 8.68 3.35 71.90 8.72 3.23 
19d wHz 283-285b EtOH .EtzO 56 CZ~H~~CINOZ 70.47 8.74 3.57 70.05 8.86 3.41 

oThe following compounds were difficult to crystallize. They were cleaned by column chromatography and the residue from the proper fractions were employed in the next step: 13a (CFJCO) oil; 
136 ( W O )  mp 98-10O0C; 13c (-0) oil; 13d (-0); 13c ((tCO) oil: 13e (C-CO): 14a ( H )  oil; 14h ((t-CO) mp 110-1 15 OC; 14c (-0);  14d ( W O ) ;  14e ( ~ c o ) ;  14e P C O )  mp 
158-162 OC; 15d ((t-CO); 166 ((t-CH2) mp 270-280 OC (dec.); 16cb (-Hz), 16db (D--CHz) rnp 250-255 'C (dec.); 16db (-Hz) rnp 246: 17d (@CHI). 

bHydrochloric acid salt. 
Cd-Tartaric acid salt of the levo-isomer, [ a ] ~ ' ~  X (MeOH) = -93.75. 
dl-Tartaric acid salt of the dextro-isomer. [al~2'(MeOH) = +96.73. 
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MENARD ET AL.: MORPHINANS 

moved by filtration over Celite and washed with ether 
(300 ml). The combined filtrates were treated with 
hydrochloric acid (500 ml of a 10% solution) which 
brought about the separation of an oil (the hydrochloride 
of 8a is insoluble in water) which crystallized upon 
cooling. After filtration, tlie solid was triturated witli 
acetonitrile and dried to give the crude hydrochloride of 
8a as a white powder; mp 196-200 "C, 140 g, 68%. This 
crude material was used as such in the next step. 

Preparatio~l of the Spiro[ll-cya~~o~neII?yl-1'-hydroxy-7'- 
methoxy-cis- or trans-strbstitrrted Cyclope~~ta~re- 
I,2'-rerrali~rs], 7 

To a stirred solution of 11-butyllithium (27.6 ml of the 
commercial 1.6 M solution in hexane) in dry T H F  (26 
ml) cooled at  -78 "C was added, under nitrogen and 
over a period of 10 min, a solution of acetonitrile (2.1 ml, 
0.069 mol) in dry T H F  (40 ml). After stirring at  -78 "C 
for 1 h, a solution of thespiroketone 66 (1 1.36 g, 0.04 mol) 
in T H F  (40 ml) was added as  rapidly as possible from an 
addition funnel. The cooling bath was removed and the 
solution was stirred 15 min a t  room temperature. The 
above operations were carried out under an atmosphere of 
nitrogen. The solution was poured into ice-cold dilute 
(ca.  2%) hydrochloric acid (50 ml) and extracted with 
benzene (3 X 50 ml). The combined organic phases were 
washed with water, dried (Na2S04), and concentrated to 
leave a reddish oil. The oil was crystallized in ethyl 
acetate - petroleum ether and recrystallized from carbon 
tetrachloride to give colorless crystals of 76; 6.0 g, 46%. 

Redlrctio~l of the Nitriles, 7 
T o  a slurry of  lithium aluminum hydride (0.114 g, 0.03 

mol) in dry T H F  (2 ml) was added dropwise a solution of 
the spironitrile 76 (0.67 g, 0.002 rnol) in dry T H F  (5 ml). 
After stirring at  room temperature for 3 h, the excess of 
hydride was decpmposed at  0 'C by the dropwise addition 
of water (0.1 1 ml), aqueous sodium hydroxide (0.082 ml 
of a 20% solution), and water (0.385 ml). The precipitated 
hydroxides were removed by filtration over Celite and 
washed with ether (20 ml). The combined filtrates were 
extracted with hydrochloric acid (2 X 10 ml of a 10% 
solution). The combined acidic layers were made basic 
with concentrated ammonium hydroxide and extracted 
with ether (3 X 20 ml). After drying (NazS04) and con- 
centration of the ether phases, an  oil was obtained. I t  was 
redissolved in anhydrous ether and treated with an excess 
of ethereal oxalic acid. The yellow solid formed was 
recrystallized from methanol-ther to  give the oxalate 
salt of 86 as a white hygroscopic powder, mp 204.5- 
205 "C, 90%. 

Elitni~lation of the Alcohols 8 witholct Rearrangeme~lt; 
Preparatio~l of 9 

A mixture of the hydrochloride 86 (5.36 g, 0.0153 mol), 
concentrated hydrochloric acid (5 ml), and ether (20 ml) 
was stirred and refluxed under an atmosphere of nitrogen 
for 5 h. Removal of the ether phase by decantation, 
neutralization with ammonium hydroxide, extraction 
with ether, drying, and concentration left 96 as an  oil. 
Preparation of an  oxalate salt in ether gave a white solid 
which was purified by recrystallization from methanol; 
3.0 g, mp 203-203.5 "C. 

Preparrrtio~r oJ' tlre 4o-p- An1i110etl~~~l-I,2,3,4,4a,9- 
hexal~~~dro-6-~netAo.uy Pl~e~ra~l t l r re~~es ,  10 

A mixture of the hydrochloride of 8a (95 g, 0.26 mol) 
(or the equivalent amount of the unsaturated amine 9), 
concentrated hydrochloric acid (200 nil), and benzene 
(400 ml) was stirred and refluxed for 3 h under a nitrogen 
atmosphere. The hot solution was transferred to a 
separatory funnel and the phases decanted. The aqueous 
phase was extracted witli benzene (200 ml) and the 
combined benzene layers were diluted with ether (600 ml). 
Upon cooling tlie hydrochloric acid salt of 10a separated 
as colorless crystals. A further crop of solid was obtained 
by concentration of the filtrates and dilution with ether. 
Recrystallizatio~l from ethanol-tlier gave the pure 
hydrochloride 100 as crystals; mp 155-160 "C, 76%. 

Preparrrtio~l of tile 9-a-Bro1110-3-111efI10.~y-6,7-s~rbstitrrterl 
Has~rbar~a~l Hyrlrobro~nirles, 11 

A solution of the amine 10r1 (101.6g, 0.32 niol, free 
base prepared from the liydrochloride) in reagent grade 
chloroform (200 ml) was added in one portion to  a 
vigorously stirred solution of bromine (52.8 g, 0.32 mol) 
in chloroform (7000 ml). After stirring for 5 min, the 
reaction mixture was concentrated on a rotary evaporator 
a t  35-40 "C under water-aspirator vacuum. The resulting 
solid residue was recrystallized from acetone; 102.0g 
650j,, mp 225-228 "C (dec.). 

Preparatio~z of the 3-Methoxy-6,7-subsfit~ited-As- 
morplli~la~zs, 12 

A mixture of the amine hydrobromide l l a  (97.34 g, 
0.206 mol), anhydrous sodium bicarbonate (17.3 g, 0.207 
mol), and dry D M F  (700 ml) was heated in an  oil bath at  
110-1 15 "C  for 1.5 h with vigorous stirring. After cooling, 
the mixture was poured into a saturated sodium bicar- 
bonate solution (1000 ml) and extracted with benzene 
(3 X 200 ml). The combined benzene layers were washed 
with water (5 X 100 ml) dried (NazS04), and con- 
centrated to leave an oil (63.7 g), (100%). This oil can be 
used as such for the next step. The oil was dissolved in 
ether and treated with an excess of oxalic acid in ether to 
give a semisolid mass. This was dissolved in a minimum 
amount of methanol and diluted with a large volume of 
ether to  give the oxalic acid salt of 12a as a white solid; 
mp 186-187 "C, 95%. 

Preparatiorz of tire I7-Acylated-3-methoxy-6,7- 
srrbstitrtted-As-morphirra~~s, 13 

( a )  Cyclopropylcarbonyl chloride (4.5 g, 0.043 mol) (or 
the equivalent amount of cyclobutylcarbonyl chloride) 
was added dropwise to  a stirred and cooled (0 "C) solution 
of the amine 12a (1 1.62 g, 0.037 mol) and pyridine (3.75 g, 
0.047 rnol) in methylene chloride (45 ml). After the end of 
the addition, the mixture was stirred for 10 rnin a t  0 "C 
and poured into ice-cold hydrochloric acid (25 ml of a 
10% solution). The aqueous phase was decanted and the 
organic phase was washed with water (25 ml), dried 
(Na2S04), and concentrated. The residue was recrystal- 
lized from ether; 11 g, 80y0, mp 186-188 "C. 

( 6 )  Trifluoroacetic anhydride (80 ml, 0.56 mol) was 
added as rapidly as possible, keeping the temperature at  
0-5 "C, to an ice-cooled vigorously stirred mixture of the 
amine 12a (20.25 g, 0.095 mol) and anhydrous Na2C03 
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(60 g, 0.7 rnol) in anhydrous ether (160 ml). The mixture over Celite. An excess of a saturated solution of hydrogen 
was stirred vigorously at  room temperature for 1 h, ice chloride in ether was added to the filtrates. The solid 
was added to hydrolyse the excess of anhydride and the hydrochloride salt of 16a (R = allyl) was collected by 
mixture was decanted, the ether phase washed with water, filtration and recrystallized from methanol-ether; mp 
dried and concentrated to leave 37 g of an oily residue. 192-194 "C. 
Chromatography of this oil on silyca gel (900 g) gave 
29.49 g (77%) (ether - petroleum ether, 1:4) of pure oil 
which was used as such for the next step. 

Prepararioll of the 17-Acylated-8,14-a- a11d D-epoxy-3- 
rnerl1oxy-6,7-subsri1~1ed Isornorpl~i~~at~s and 
Morphinans, 14  and 1 5  

m-Chloroperbenzoic acid (6.15 g of the commercial 
85% compound) was added portionwise to a stirred and 
cooled (0°C) solution of the unsaturated amide 13a 
(R = P C O - )  (10.0 g, 0.0255 rnol) in methylene chloride 
(300 ml). After stirring at  room temperature for 18 h, the 
mixture was washed with a 10% solution of sodium 
bisulfite (50 ml), with a 10% solution of sodium carbonate 
(3 X 50 ml), and with a saturated salt solution (2 X 50 
ml). After drying and concentration of the organic phase, 
the oily residue was crystallized in ether to yield 48% of 
the a-epoxide 14a. The ether filtrates were concentrated 
and chromatographed over silica gel (500 g) eluting with 
30% ether in petroleum ether. The order of elution was as 
follows 13a, 14a, and the desired 8-epoxide 15a (20% 
yield). 

In most cases, the separation of the two isomeric- 
epoxides was achieved by chromatography only. 

Preparatiolz of 17-AIkyl-14-a alld p-llydroxy-3- 
merhoxy-6,7-s~lbsrirured Isomorpl~i~~at~s a11d 
Morpl~inatrs, 16 a11d 1 7  

(a) R = alkyl: the amido epoxide 14a (R = cyclo- 
propylcarbonyl), or an  equivalent amount of the mor- 
phinan epoxides 15, (11.57 g, 0.0295 rnol) was added in 
small portions to a slurry of lithium aluminum hydride 
(6.0 g, 0.16 rnol) in dry T H F  (100 ml). The mixture was 
heated under reflux for 1 h, cooled to 0 'C, and decom- 
posed by the dropwise addition of water (6.0 ml), aqueous 
sodium hydroxide (4.5 ml of a 20% solution) and water 
(21.0 ml). The precipitated hydroxides were removed by 
filtration over Celite and washed with ether (200 ml). The 
combined filtrates were extracted with hydrochloric acid 
(3 X 50 ml of a 10% solution), the combined acidic 
layers were made alkaline with concentrated ammonium 
hydroxide and extracted with methylene chloride (3 X 
100 ml). Drying (Na2S04) and concentration left an oil 
which was dissolved in ether and petroleum ether (200 ml, 
1:l). After drying with Na2S04, it was filtered over Celite 
and the Celite washed with 200 ml of the ether - petroleum 
ether mixture. Dry HC1 was bubbled through the solution 
and the solid hydrochloride was collected by filtration 
and washed with ether - petroleum ether; 11.26 g, 90%, 
mp 255-260 "C. 

(b) R = allyl: a mixture of the amino alcohol 16a 
(R = H)  (from 2.20 g, 0.0065 rnol of the HCl salt, Na2C03 
and CHZCIZ), triethylamine (2.7 g, 0.027 rnol) apd allyl 
bromide (1.1 g, 0.01 mol) in absolute ethanol (25 ml) was 
heated under reflux for 18 h. After cooling, the mixture 
was poured into NazCO3 (100 ml of a 10% solution) and 
extracted with methylene chloride (3 X 15 ml). Drying 
and concentration of the combined methylene chloride 
extract left an oil which was dissolved in ether and filtered 

Preparatioll of 17-Alkyl-3,14-clil1ycl1~oxy-6,7-sr~bsrirn~ecl 
Isornorplri~la~ls allel Morphilralls, 1 8  ancl 1 9  

(a) R = alkyl: a solution of the amine 16a (R = cyclo- 
propylmethyl) (from 1.75 g of the hydrochloride neutral- 
ized with ammonium hydroxide and extracted with 
methylene chloride) in methylene chloride (40 ml) was 
added over a period of 1 h to a stirred and cooled (0 "C) 
solution of boron tribromide (1.25 ml, 0.019 rnol) in 
methylene chloride (15 ml). After the end of the addition, 
the mixture was stirred 3 h at  room temperature, cooled 
to 0 "C, and decomposed with water (15 ml) and con- 
centrated ammonium hydroxide (20 ml). After decanta- 
tion, the aqueous phase was again extracted with methy- 
lene chloride (40 ml) and the combined organic layers 
were washed with a saturated salt solution (15 ml). After 
drying (Na2S04) and concentration, the residue was 
dissolved in ether (100 ml) and treated with hydrochloric 
acid (20 ml of a 10% solution). The solid hydrochloride of 
14a was collected by filtration and recrystallized from 
methanol-ether; SO%, mp 272-273 "C. 

(b) R = allyl: a solution of sodium ethanethiolate was 
prepared, under nitrogen, from sodium hydride (1.59 g 
of the 57'3, suspension in mineral oil, 0.037 rnol) and 
ethanethiol (2.8 ml, 2.32 g, 0.0374 mol) in D M F  (10 ml) 
a t  0 "C. A solution of the methoxy compound 16a (R = 
CH2CH=CH2) (from 1.5 g of the HC1 salt, NH40H and 
CH2C12) in D M F  (20 ml) was added to the above solution 
and the mixture was stirred and refluxed for 2 h, cooled, 
poured into ice water (50 ml), acidified to p H  6 with 
hydrochloric acid, and made basic with ammonium 
hydroxide. It was extracted with benzene (4 X 50 ml), 
dried over Na2S04, and concentrated. The residual oil 
was dissolved in ether and treated with an excess of a 
solution of hydrogen chloride in ether. The solid hydro- 
chloride salt was collected by filtration and recrystallized 
from ethanol-ether; mp 275-280 "C. 

Resolutiot~ of l8a  (R = bCH2-) 
A boiling solution of d-tartaric acid (1.52 g, 0.0102 mol) 

in methanol (5 ml) was added to a boiling solution of 18a 
(R = b C H 2 - )  (3.73 g, 0.0102 mol) in methanol 
(25 ml). After standing a t  room temperature for 24 h, 
the crystals were collected by filtration: 3.0 g, no opti- 
cal rotation. Repeated recrystallization at high dilu- 
tion from methanol gave the pure d-tartaric acid salt of 
I-18a, mp 200-205 "C, [a],ZO = -93.75. 

The d-isomer was prepared like the I-isomer, starting 
with I-tartaric acid and the free base obtained from the 
filtrates of crystallization of the I-isomer. Isolated as the 
half salt of I-tartaric acid; [LY],~O = 96.73 (methanol), 
mp 195-200 "C (dec.). 

Preparatiotl of r11e 8,14-a-Epoxy-3-1ller/10xy-6,7- 
subsritured Ison~orphit~at~s, 14a atld 14d (R = H) 

A mixture of 14u (R = CF3CO-) (5.5 g, 0.013 mol) 
and sodium borohydride (0.495 g, 0.013 mol) in absolute 
ethanol (30 ml) was heated under reflux for 10 min. After 
cooling, the mixture was poured into dilute hydrochloric 
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acid (25 ml of a 10% solution) and the solution washed 
with ether. The aqueous layer was made basic with 
concentrated ammonium hydroxide and extracted with 
ether (3 X 20 ml). The combined ether layers were dried 
over Na2S04 and concentrated to  give 5.2 g of 140 
(R = H) as an oil which was used as such for the next step. 

Preparatiotz of the 14-a-Hj..droxy-3-t~1e111oxy-6,7- 
srrbstitrrted Isot~~orphitmt~s, Ida a t ~ l  I6rl (R = H) 

(a) The amino epoxide 14a (R = H) (5.2 g, 0.016 rnol) 
in THF (50 ml) was added dropwise to  a stirred suspen- 
sion of LiAIH4 (3.0 g, 0.079 mol) in THF (25 ml). The 
mixture was heated under reflux for 1 h, cooled, and 
decomposed with water (3 ml), sodium hydroxide (2.25 
ml of a 20% aqueous solution), and water (10.5 ml). 
Filtration over Celite and concentration left a colorless 
oil which was dissolved in ether (100 ml) and treated with 
an excess of a saturated hydrogen chloride solution in 
ether. The solid was collected bv filtration and re- 
crystallized from ethanol-ether; 2.$0 g, 5076, rnp 282- 
285 "C. 

(6) The amine 100 (9.60 g, 0.03 rnol) and pyridine (3.0 
g, 0.035 rnol) in chloroform (150 ml) was treated, drop- 
wise and at 0 "C, with ethylchloroformate (3.8 g, 0.035 
mol) in chloroform (50 ml). After stirring for 10 min, the 
reaction was worked up in the usual manner to leave 
13.0 g of an oily reaction residue, 200. 

The above oil, epoxidized with metachloroperbenzoic 
acid as described for 14, gave 13.3 g of crude epoxide 21a. 

The above crude epoxide was cyclized in the following 
manner: to a solution of sodium isoamylate, prepared 
from sodium hydride (0.04 rnol) and isoamyl alcohol 
(3.1 g, 0.035 mol) in benzene (100 ml), was added drop- 
wise a solution of the crude epoxide in benzene (250 ml). 
After a 24 h reflux period, the mixture was cooled and 
washed with water, dried with Na2S04, and concentrated 
to  give 6.42 g of 22a as a reddish oil. 

The above oil (3.0 g) was refluxed for 45 min with a 
solution of KOH (2.8 g) in octanol (25 ml), cooled, and 
poured into ice water. The usual acid-base extraction 
afforded crude 230 which was purified through its hydro- 

chloric acid salt; 1.0 g, mp 282-285 "C, identical (ir, 
nmr, tlc, mixture mp) with a sample of 16n (R = H )  
prepared by method a. 
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Aqueous trifluoroacetic acid as a medium for organic reactions. I. Acidity 
functions and the identity of the manganese(VI1) species found in 

powerfully acidic media 
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UDO A. SPITZER, TREVOR W. TOONE, and Ross STEWART. Can. J. Chem. 54,440 (1976). 
The HR acidity function has been determined for the trifluoroacetic acid - water system, and 

extended beyond 100% acid by the addition of trifluoroacetic anhydride, to 99.5 wt.7, anhydride. 
The existing Ho acidity function is corrected and extended to 1007, trifluoroacetic acid, con- 
firming Eaborn's observation that Ho attains a minimum value at  approximately 977, acid. 
Comparison of the acidity functions shows that although trifluoroacetic acid is only weakly 
protonating, it is a strongly protonating-dehydrating medium. Changes in the uv-visible 
spectrum of potassium permanganate produced by changing acid concentration are used to 
calculate the degree of further ionization of the permanganate ion; the correlation of this with 
the HR acidity function further suggests the presence of the permanganyl cation, MnO3+, or its 
trifluoroacetate complex or ester, MnO3.02CCF3, in these solutions. A cryoscopic investigation 
into the mode of ionization of permanganate in trifluoroacetic acid reveals that extensive 
ion-pair formation occurs in this solvent. Although this effect prevents an unequivocal deter- 
mination of the number of solute particles being made the results are consistent with the 
presence of a permanganyl species in solution. 

UDO A. SPITZER, TREVOR W. TOONE et Ross STEWART. Can. J. Chem. 54,440 (1976). 
On a determink la fonction d'aciditC H ,  du systtme acide trifluoroacCtique - eau, et on l'a 

Ctendue au delh de 100% d'acide par addition d'anhydride trifluoroacCtique jusqu'i 99.570 en 
poids d'anhydride. On a corrigC la fonction d'aciditC Ho existante et on 1'9 Ctendue h l'acide 
trifluoroacCtique 100% confirmant l'observation d'Eaborn que Ho atteint une valeur minimale h 
environ 977, d'acide. Une comparaison des fonctions d'aciditC montre que quoique l'acide 
trifluoroacCtique n'est que faiblement protonant, c'est un milieu fortement protonant et 
dishydratant. Des modifications dans le spectre uv-visible du permanganate de potassium. 
produites par des changements de concentration d'acide, ont CtC utilisCes pour calculer le degrC 
d'ionisation subskquente de l'ion permanganate; la corrklation de ceci avec la fonction dlaciditC 
H ,  suggtre de plus la presence dans ces solutions du cation permanganyle, MnO3+, ou de son 
complexe trifluoro acetate ou ester, MnO,.02CCF3. Une Ctude cryoscopique du mode d'ionisa- 
tion du permanganate dans l'acide trifluoroacCtique rCvtle qu'il y a une formation importante 
de paires d'ions dans ce solvant. Quoique cet effet empeche une dktermination non-Cquivoque du 
nombre de particules de solute, les risultats sont en accord avec la prisence d'esptces per- 
manganyles en solution. 

r r adu i t  par le journal] 

Recent interest has been shown in trifluoro- 
acetic acid solutions as media for a variety of 
reactions, including electrophilic aromatic sub- 
stitutions (I), displacement reactions ( 2 ) ,  con- 
ductivity processes (3), and oxidations (4, 5); in 
addition Ho and H- acidity functions have been 
determined for this medium (6). A major reason 
for the interest shown in this solvent system is its 
ability to dissolve both ionic salts and organic 
compounds. 

We have found that aqueous trifluoroacetic 

'Taken in part from the Ph.D. Thesis of U. A. Spitzer, 
University of British Columbia, 1972. 

acid can be used for the homogeneous oxidation 
of hydrocarbons by potassium permanganate. 
The oxidation rate increases with increasing 
acidity of the medium but the increase is much 
greater than can be accounted for by the increase 
in acidity as measured by the Ho or H- acidity 
functions (5). Accordingly, we undertook an 
examination of the chemical equilibria involving 
permanganate and trifluoroacetic acid making 
use of three approaches; firstly, a determination 
of the HR acidity function, which might be 
expected to correlate the activation more satisfac- 
torily than either the Ho or H- functions; 
secondly, an examination of the change in 
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position of the equilibrium between perman- 
ganate ion and the green species observed in 
strong acids (see below) as the acid concentration 
changes, monitored by following changes in the 
ultra-violet and visible spectra; and thirdly, a 
cryoscopic investigation of the behaviour of 
potassium permanganate in pure trifluoroacetic 
acid. 

It has long been known that when potassiulll 
permanganate is dissolved in concentrated acids 
such as sulfuric (7) or perchloric (8) a green 
solution results, in contrast to the familiar purple 
colour observed in more aqueous media. Solu- 
tions of permanganate containing more than 
90% trifluoroacetic acid are also green, and we 
hoped the present study would aid in identifying 
the species responsible. Three species have been 
proposed to account for the green colour; per- 
manganyl cation (Mn03+) (a proposal based on 
cryoscopic and conductiolnetric measurements 
in sulfuric acid) (9), its complex with an acid 
anion A- (AMn03) (based on conductiometric 
measurements in sulfuric acid) (lo), and per- 
manganic acid (HMn04) (8, 11). The latter 
possibility now appears unlikely since solid per- 
manganic acid has recently been prepared and 
found to be a deep violet colour (12). 

Acidity Functions in Trifluoroacelic Acid 
(a) HR Acidity Function 
This function was determined by standard 

techniques (13, 14) using a series of triaryl- 
carbinols, whose behaviour in acid solution is 
known to be governed by the following equation: 

KR+ 
R+ + Hz0 + ROH + H+ 

The HR function is defined as follows: 

where 

Highly parallel ionization plots were obtained 
over the entire range of acid concentration, sug- 
gesting that high reliance may be placed on the 
derived HR and pKR+ values. 

HR was extended beyond 100% trifluoroacetic 
acid by measuring the ionization of 4,4'-dinitro- 
triphenylmethanol in mixtures of trifluoroacetic 

acid and trifluoroacetic anhydride. Solutions of 
indicator in acid-anhydride mixtures were the 
expected yellow colour, but the colour was lost 
on transferring samples, and slowly restored 
(taking 10-15 min for full restoration, the longer 
times being recorded for those solutions contain- 
ing a higher proportion of anhydride). Since the 
colour was fully restored (with a small loss due to 
the slow decomposition of the indicator in this 
medium), oxidation of the indicator was ruled 
out as a cause of this phenomenon. It was found 
that bubbling air through the solutions tem- 
porarily removed the colour, but this did not 
occur if the air was carefully dried by passing it 
twice through concentrated sulfuric acid. Thus 
water causes the equilibrium to shift away from 
the carbonium ion, and the equilibrium is only 
restored slowly. The disappearance of the car- 
bonium ion may reflect a shift in the position of 
the equilibrium as the binary system (acid- 
anhydride) becomes a tertiary system (acid- 
anhydride-water), the original equilibrium being 
restored as the small quantity of water reacts 
with anhydride to give trifluoroacetic acid. Alter- 
natively the carbinol formed may react quickly 
with anhydride to give the trifluoroacetate ester, 
which ionizes slowly to restore the equilibrium. 
(If the latter alternative is true, then as the 
equilibrium is between an ester and a carbonium 
ion, it is not, strictly speaking, the HR acidity 
function being measured in these solutions.) 

Since the indicator is not fully ionized in mix- 
tures of trifluoroacetic acid and anhydride, the 
extinction coefficient of the carbonium ion was 
measured in sulfuric acid (as was that for 
3,3',3"-trichlorotriphenylmethanol). Comparison 
of the extinction coefficients of the carbonium 
ions generated from more basic carbinols in sul- 
furicand trifluoroacetic acids showed this to be a 
reasonable approximation, since values in the 
two acids are generally similar, neither acid giv- 
ing consistently higher values. However, this 
approximation, and the fact that the carboniunl 
ion decomposes slowly in this medium (necessi- 
tating using the maximum optical density value 
recorded as colour is restored as the 'true' optical 
density of the solution), coupled with the difficul- 
ties of working with trifluoroacetic anhydride 
(bp 39.5-40.1 "C) at 25 "C, means that the values 
of HR above 100% trifluoroacetic acid should be 
regarded as approximate. 

The ionization of 4,4'-dinitrotriphenylmeth- 
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TABLE 1. pKR+ values for triarylcarbinols 

Substituent ~ K R - +  PKI,+(H~SOJ)* XIn,xt l o g ~ f  

(1) 4,4',4"-Trimethoxy 
(2) 4,4'-Di~nethoxy-4"-methyl 
(3) 4,4'-Dimethoxy 
(4) 4,4',4"-Trimethyl 
(5) 4-Methoxy 
(6) 4,4'-Dimethyl 
(7) 4-Methyl 
(8) Unsubstituted 
(9) 4,4',4"-Trichloro 

(10) 4-Nitro 
(1 1) 3,3',3"-Trichloro 
(12) 4,4'-Dinitro 

- - 

'Reference 13. 
?The values of X,., and log E for tlic carboniurn ion genera[cd i n  t~.itTuoroaceric acid used in  tliecval- 

uatlon of ior~ization ratios. 
tThc value of log E not ~neasureable i l l  trifluoroacetic acid. 

an01 reaches a maximum at about 66% anhydride 
in trifluoroacetic acid, and correspondingly HR 
attains a minimum value at this point. 

Values of pKR+ and HR are given in Tables 1 
and 2. Satisfactory agreement exists between the 
pKR+ values determined in this work and those 
determined in sulfuric acid, although it is worthy 
of note that 4-methoxy- and 4,4',4"-trimethyl- 
triphenylmethanol fall in the order predicted by 
their x u +  values, whereas this order is reversed 
in sulfuric acid. 

DR was also examincd and found to be essen- 
tially the same as HIL. Although solutions of 
CF3C02D-D20 of the same ~nolarity as the pro- 
tiunl system were more ionizing the differences 
between pKR+ (H20) and pKR+ (DzO) were the 
same as between pH and pD, i.e. pD = p H  + 
0.40 (15), and log ([R+]/[ROH]),20 = log 
([R+]/[ROH])H20 + 0.40, with the result that 
DR = HR as was observed for H2S04-HZO and 
D2S04-D20 (16). 

(6) Ho Acidity Function 
The HO acidity function in aqueous trifluoro- 

acetic acid has been measured to approximate1y 
90% acid by Randles and Tedder (6), and the 
accuracy of this work corlfirined by Satchel1 (17). 
Eaborn et al. (18) have measured the ionization 
of 2,4-dichloro-6-nitroaniline in concentrated 
trifluoroacetic acid at 20 "C, and showed that a 
ininirnunl value of Ho is attained in the region of 
97% acid. Unfortunately the overlap with the 
least basic indicator used by Randles and Tedder 
is not extensive, and no Ho function for the entire 
range of acid concentration has been established. 
In order to establish such a scale the ionization 

of 2-chloro-6-nitroaniline was measured, and the 
overlap method used to extend the scale of 
Randles and Tedder to 100% acid. The Ho scale 
is given in Table 2. (The original Ho scale was 
anchored using 4-nitroaniline, assuming a p K, 
value of 1.1 1. This has been corrected to a 'best' 
value of 0.99 (14).) 

The data confirm Eaborn's observation that a 
minimunl value of Ho is obtained before lOOyo 
acid is reached, and the protonating ability of the 
medium decreases beyond this point. Unfor- 
tunately the indicator colour fades rapidly in 
solutions of,trifluoroacetic anhydride in acid, 
presunlably owing to trifluoroacetylation, but by 
extrapolating the drop in optical density with 
time to the time of mixing, it was possible to  
confirm that the protonating ability of the 
medium continues to decrease above 100% acid. 
(A solution containing 1.7% anhydride in acid 
has an Ho value of - 2.70.) 

Overlap with 2,4-dichloro-6-nitroaniline (as 
nleasured by Eaborn) is good, particularly above 
95% acid, despite the 5 OC difference in the 
temperaturc of measurement. (The pK, of 
2,4-dichloro-6-nitroaniline, as calculated by the 
overlap method, is - 3.20.) This suggests that the 
Ho function is independent of the particular 
indicator used in its evaluation over the entire 
range of trifluoroacetic acid - water concentra- 
tions, despite the observation that Ho values are 
often a function of the particular indicator used 
in solutions of low dielectric constant (19). 

(c) HRl Acidity Fimction 
It has been shown that the HR, acidity function 

(= HR - log (activity of water)) can be used to  
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TABLE 2. Acidity function values in trifluoroacetic acid 

Acid 
normality* Wt.% acid -H, - Ho - HRI 

0.1 0.7 -1.18 -1.16 -1.18 
0.2 1.6 -0.81 -0.78 -0.81 
0.3 2.5 -0.56 -0.59 -0.57 
0.4 3.7 -0.35 -0.43 -0.36 
0 .6  6.0 -0.11 -0.29 -0.12 
0.8 8.2 0.12 -0.14 0.10 
1 .O 10.4 0.30 -0.05 0.28 
1.5 15.2 0.69 0.08 0.65 
2.0 20.2 1.11 0.17 1.06 
2.5 24.8 1.52 0.23 1.45 
3 .O 29.3 1.89 0.28 1.81 
3.5 34 .O 2.52 0.34 2.42 
4 .O 38.2 3.01 0.39 2.89 
4.5 42.3 3.29 0.46 3.13 
5 .O 46.2 3.71 0.52 3.55 
5.5 50.1 4.11 0.59 3.93 
6.0 53.8 4.51 0.58 4.31 
6.5 57.2 4.84 0.64 4.62 
7 .O 60.8 5.20 0.71 4.95 
7.5 64.2 5.58 0.77 5.30 
8 .O 67.4 5.97 0.84 5.65 
8.5 70.6 6.36 0.93 6 .OO 
9 .O 73.9 6.89 1.04 6.47 
9.5 77.0 7.27 1.21 6.80 

10.0 79.9 7.61 1.39 7.07 
10.5 82.8 8.26 1.65 7.65 
11 .O 86.0 8.99 1.95 8.26 
11.5 89.4 9.49 2.28 8.56 
12.0 92.9 10.03 2.59 8.74 
12.2 94.4 10.30 2.70 8.85 
12.4 95.9 10.61 2.78 8.84 
12.5 96.6 10.77 2.79 8.81 
12.6 97.3 10.91 2.80 8.77 
12.7 98.0 11.04 2.80 8.72 
12.8 98.8 11.15 2.78 8.51 
12.9 99.4 11.24 2.75 
12.97 100.0 11.30 2.71 

Wt.% 
anhydride 

13 .O 2.4 11.32 
13.2 20.0 11.74 
13.4 37.5 12.21 
13.6 53.4 12.50 
13.8 68.9 12.70 
14.0 83.7 12.62 
14.2 98.0 12.18 
14.25 99.5 11.84 

'Normality is used in preference to tnolarity in order to provide a 
continuous measure of acid concentration from water to  100% 
anhydride, through 100% acid. 

describe the protonation of diarylalkenes in 
sulfuric acid (20). The HR, acidity function for 
aqueous trifluoroacetic acid was calculated by 
subtracting the logarithm of the activity of water 
(21) (converted to  molarity units) from the 

measured HR values. Values are given in Table 2. 
It may be seen that the HR, function also attains 
a minin~um value before 100yo trifluoroacetic 
acid is reached, a t  about the same concentration 
as that for Ho. Thus trifluoroacetic acid - water 
mixtures attain a maximum protonating power 
at about 96% acid; the continuing decrease in 
HR beyond this point nlay be attributed to  the 
strongly dehydrating nature of the medium. 

(d) Checks on the HR Acidity Filnction 
It has been shown that the ionizations of 

9-aryl-9-fluorenols accurately follow the HR 
acidity function in sulfuric acid (22). It was 
therefore decided t o  measure the ionization of a 
suitable 9-aryl-9-fluorenol as a stringent test of 
the general applicability of the HR function. 

Optical densities of solutions of 9-(m-methoxy- 
pheny1)-9-fluorenol (pKR+ = - 11.11 (22)) were 
measured over a range of trifluoroacetic acid - 
water and trifluoroacetic acid - anhydride corn- 
positions. The optical density rose with increas- 
ing acid concentration to  100% acid, and 
continued to  rise as the anhydride content was 
increased, t o  32% anhydride. Beyond this maxi- 
mum a slow decrease in optical density to  40y0 
anhydride occurred, followed by a more rapid 
decrease. Since the optical density in 32y0 
anhydride exceeded that in sulfuric acid, this was 
taken as the fully ionized value, and ionization 
ratios calculated thereon. Results are given in 
Table 3. (Slow ionizations were observed for the 
fluorenol, as for the triarylcarbinols, in solutions 
containing anhydride, and the maxinlum optical 
density attained was used. Since the fluorenol 
wfis found to  decompose slowly in pure trifluoro- 
acetic acid, a stock solution was made up in 
methanol, and acid concentrations corrected for 
this. Decon~position was fast in solutions con- 
taining more than 90% anhydride, and values in 
this region are approxirnate.) 

The relative constancy of the calculated 
pKR+(HR + log (ionization ratio)) value up to, 
and just above, 100% acid, suggests that the HR 
values have considerable validity in this region. 
In solutions containing a larger proportion of 
anhydride, however, pKR+ values vary markedly, 
suggesting that the values in this region are a 
function of the particular indicator used in their 
evaluation. 

As a further check on the generality of the HR 
function, the ionization of 4,4'-diethoxydiphenyl- 
carbinol was measured. A plot of log (ionization 
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TABLE 3. The ionization of 
9-(m-methoxypheny1)-9-fluorenol 

Acid 
normality* Wt.7, acid - H ,  log I pKR+ 

91.17 
92.13 
92.80 
93.73 
94.50 
95.55 
96.66 
97.82 
97.98 
98.73 
99.70 
99.70 

Wt.% 
anhydride 

*See footnote to Table 2. 

ratio) vs. HR was linear (correlation coefficient 
0.998) with a slope of 0.84 (HR (half-ionization) 
= -5.98). This compares with a slope of 0.83 
found for the ionization of diphenylcarbinol 
versus HR in sulfuric acid (22). 

(e) Relationships between the Aciclity 
F~~nctions 

It has been shown that in strong acids diflerent 
acidity functions are frequently linearly related 
(23). A plot of HR versus Ho in trifluoroacetic 
acid below Ho = 0 shows such linearity, but in 
two distinct parts. Up to approxinlately 70% 
acid the plot is linear with a slope of 7.4; at 70% 
the plot shows sharp curvature, and becomes 
linear with a slope of 2.0 up to 93% acid, where 
the plot curves as Ho nears a minimum value. 
This behaviour is unexpected since the water 
activity begins to  decrease sharply in the region 
of 80% acid, and HR might be expected to 
decrease .even more rapidly, rather than less 
rapidly, when compared with Ho in this region. 
Similar, though less marked, behaviour occurs 
in formic acid, in which a plot of HR versus Ho 
(values of ref. 24) shows a slope of 3.4 below 60% 
acid and curves sharply down to 2.1 between 
60 and 96% acid. 

Visible Spectroscopy 
The green species found in solutions of tri- 

fluoroacetic acid has absorption maxima at 283 
(E 3600), 456 (E 512) and 630 (E 100) nm. These 
values are very near those found in perchloric 
and sulfuric acids (7, 8, 9). It has been suggested 
(10) that this spectrum, which is similar to the 
spectra of ions of the type ROCr03- (25) and 
Cr03F- (26), indicates that the species in sulfuric 
acid solution is 03Mn-0S03H.  Royer (9) has 
argued that if this were the case, then the low 
energy absorption should be a11 allowed transi- 
tion, and show greater intensity, and has shown 
that the spectrum can be reasonably explained in 
terms of the molecular orbitals of M1103+. 

The equilibria that govern the forination of 
permanganyl cation, Mn03+, and its trifluoro- 
acetate complex or ester, Mn03. 02CCF3, can be 
shown as follows 

Neither of these reactions correspond to any of 
the conventional acidity functions, although what 
might be called the protonation-dehydration 
aspects of each reaction might lead one to expect 
a much closer correlation to H, than to Ho or 
H-, particularly for production of Mn03+. The 
conversion of permanganate ion to the green 
species (referred to  herein as 'ionization') was 
measured by following the change in optical 
density at 546 nm (A,,, for permanganate ion) as 
the acidity was changed, and values of the 
logarithm of the ratio [green species]/[MnO4-] 
calculated (Table 4). (It should be noted that 
literature values for the pK, of permanganic acid 
(8, 11) are based on observations of this equi- 
librium, and are therefore in error.) 

Plots of log I, where I = [green species]/ 
[Mn04-1, versus Ho are linear over part of the 
measurable range, but curve upwards at higher 
acidities as the extent of ionization increases, 
despite the protonating-power of the medium 
(as measured by Ho) reaching a maximum. Half- 
ionization is reached at Ho = -2.3. Plots of log 
I vs. HR, on the other hand, are linear over the 
entire measurable range (Fig. 1). The best 
straight line, fitted by the method ofleast squares, 
gives a correlation coefficient of 0.997, with a 
slope of - 0.76 and HR (half-ionization) value of 
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TABLE 4. The ionization of permanganate ion 

Acid normality* Wt.% acid 1% It 

10.16 80.7 -1.198 
10.30 81.6 -0.993 
10.59 83.4 -0.863 
10.81 84.8 -0.679 
11 .OO 86 .O -0.536 
11.29 88 .O -0.329 
11.42 88.9 -0.148 
11.68 90.7 0.093 
11.95 92.6 0.319 
12.08 93.5 0.517 
12.28 95 .O 0.800 
12.47 96.4 0.970 
12.61 97.4 1.114 

*See footnote to Table 2. 
tl = [green species]/[MnO4-1. It is assumed that  [green species] = 

[MnOl-]stoichiometric - [MnOl-Iexperin~ental. 

FIG. 1. Plot of log I ([green species]/[Mn04-1) versus 
HR, 

-9.51. Half-ionization in sulfuric acid occurs at 
approximately 6OY0 acid (1 I), corresponding to 
Ho = -4.4 and HR = -9.5 (although slopes of 
log I versus Ho and HR seem to be lower in 
sulfuric acid). The correspondence of the HR 
(half-ionization) values further suggests that the 
equilibrium is closely related to the protonation- 
dehydration equilibrium used to define HR. 

Another example of a protonation-dehydra- 
tion equilibrium is the generation of nitronium 
ion from nitric acid in strong acids, and this also 
is believed to be governed by the HR acidity 
function, or, more exactly, the function (HR + 
log (activity of water)), since nitric acid exists as 

a monohydrate in these solutions (27). Rates of 
aromatic nitration correlate with this function 
(28), just as rates of oxidation in solutions of 
potassium permanganate in trifluoroacetic acid 
correlate well with the HR acidity function (5). 

Cryoscopy 
Trifluoroacetic acid would seem to be a good 

medium in which to carry out cryoscopic meas- 
urements. It melts at - 15.25 OC and has the 
advantage of being monoprotic, reducing the 
nuinber of particulatioil schemes possible. Un- 
fortunately, it has a low dielectric constant 
(E = 8.22 (29)) which causes extensive ion- 
pairing, and, as will be seen, this effect prevents 
its being used to determine unequivocally the 
number of solute particles present in the green 
solution formed when potassium permanganate 
is dissolved. 

A non-electrolyte, benzene, was exanlined at  
several concentrations, and a plot of AT, the 
freezing-point depression, vs. inolality was found 
to be linear and pass through the origin. The 
freezing-point depression produced by another 
solute, ATsolut,, at a given molality, may be 
divided by the depressioil caused by the same 
concentration of benzene, ATbenacne, to give the 
number of particles, n, produced by the solute in 
solution, i.e. n = ATso~utc/AT~,,lzenc. This ap- 
proach was verified using toluene (n = 1) and 
sodium acetate (n = 3) as solutes, although the 
latter showed positive deviatioils at very low 
concentrations, indicating that benzene was not 
an ideal model for electrolytes. 

This method was used to evaluate the nuinber 
of particles produced by several electrolytes 
(such as potassium trifluoroacetate, potassium 
bicarbonate, triphenylcarbinol, and sodium ni- 
trate) in solution. Nearly all electrolytes showed 
evidence of extensive ion-pair formation at high 
concentrations, although most tended to ap- 
proach the theoretical value of 'n' at low con- 
centrations. Values of '11' for potassium per- 
manganate varied from 3.0 at high concentration 
(0.05 molal) to 5.2 at low concentration (0.004 
molal). Interestingly water appeared to  behave 
like an electrolyte at low concentration (n = 1.8 
at 0.012 molal), although conductivity studies 
have shown that it is not an electrolyte (3, 30). 
Similar anomalous behaviour has been observed 
for water in nitric acid (31). 

Since the comparisons with benzene were in- 
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conclusive, an alternative approach was used. 
Instead of using benzene, for which iz = 1, as a 
standard to  provide a A T  vs.  molality plot, 
potassiun~ trifluoroacetate, for which 't1' theoreti- 
cally equals 2, was used instead, the plot for this 
compound being a smooth curve. The number of 
particles produced by a given solute then equals 
twice the depression of freezing-point produced 
by the solute divided by the depression produced 
by the same concentration of potassium tri- 
fluoroacetate, and the effects of ion-pairing are 
nullified, but only if this does not vary from 
cation to cation. Unfortunately, the values ob- 
tained for potassium permanganate by this treat- 
ment were not constant but varied from 6.1 a t  
0.05 nlolal to  5.7 at 0.004 molal, passing through 
a minimum value of 5.1 at 0.015 molal. Using 
data on potassium bicarbonate or sodiulll nitrate 
instead of potassium trifluoroacetate gave simi- 
larly inconclusive results. Thus the degree of 
ion-pairing must vary with the identity of the 
cation, and this effect, together with the anom- 
alous behaviour of water, prevents any con- 
clusive data being obtained on the ionization of 
permanganate ion by cryoscopy in trifluoroacetic 
acid. Nevertheless, the high values of 'n' obtained 
for potassium per~nanganate are consistent with 
the existence of either permanganyl cation or its 
ester or con~plex being present in solution. 

Conclusions 

In concentrated trifluoroacetic acid the spec- 
trum of potassium permanganate is identical to 
that in sulfuric acid. Royer has provided cryo- 
scopic evidence that a t  low concentrations man- 
ganese(VI1) exists as the permanganyl ion in 
sulfuric acid (9). Further evidence is afforded by 
the identification of a-complexes between Mn03+ 
and various aromatics in sulfuric acid (32). The 
equilibrium between perlzlanganate ion and the 
green species correlates well with the HR acidity 
function, suggesting that the equilibrium is a 
protonation-dehydration process. It is possible, 
however, that the pernlanganyl cation exists in 
equilibrium with the complex or ester Mn03.  
02CCF3. Evidence for the ester being present in 
solutions containing high concentrations of per- 
manganate in acid is provided by the distillation 
of a green ilzlpurity with trifluoroacetic acid when 
the acid is distilled from solutions containing 
high concentrations of potassiunl permanganate. 

The halides of the permanganyl cation are also 
green, e.g. M n 0 3 F  (33) and Mn03C1(34). 

Even if the ester or co~llplex exists in equilibri- 
um with per~nanganyl ion at kinetic concentra- 
tions, the ion is almost certainly the more reactive 
electrophile and oxidant, and will be largely 
responsible for oxidative processes in these 
solutions. 

Experimental 

Reuget~ls 
All inorganic salts were of AnalaR grade except potas- 

sium trifluoroacetate and potassium bicarbonate. Potas- 
sium trifluoroacetate was prepared by mixing equimolar 
quantities of AnalaR potassium hydroxide and distilled 
trifluoroacetic acid; the solution was evaporated to dry- 
ness and the white salt crystallized twice from methanol. 
Reagent grade potassium bicarbonate was crystallized 
twice from water; titration against standard acid showed 
the sample to be at least 99.7% pure. 

Organic compounds were recrystallized or distilled 
prior to use. Trifluoroacetic acid was distilled from a small 
amount (0.1 g per k) of potassium permanganate using a 
VigreaGx column, bp 71.0-71.5 "C. (Distillation from 
large quantities of permanganate produces a distillate 
containing a green-coloured impurity.) 

Cry oscopy 
The experimental technique used was essentially the 

same as that used by Royer (9) in his investigation of the 
mode of ionization of potassium permanganate in sulfuric 
acid. In a typical experiment a 20.0 ml sample of pure 
trifluoroacetic acid was super-cooled to 10 "C below its 
freezing point by means of a Dry Ice - acetone bath. 
Crysthllization was induced by touching the wall of the 
vessel with a small piece of Dry Ice. The solution was 
completely frozen to degas it and then remelted. Next it 
was cooled to 1 "C below the freezing-point and crystalli- 
zation was again induced with a piece of Dry Ice. The 
resulting warming curve was measured using a Beckmann 
thermometer and recorded until the temperature reached 
the equilibrium plateau indicative of the liquid-solid equi- 
librium temperature. When the solution was supercooled 
by no more than 2 "C this plateau extended over a time 
interval of 2-4 min, allowing precise determination of the 
freezing-point. Once the freezing-point had been verified 
for the pure conlpound the sample of interest was added 
and completely dissolved. Then using the same super- 
cooling technique the new freezing-point was determined 
and verified at  least twice. No  correction was made for 
supercooling,, but since the temperature obtained after 
crystallization was initiated changed very little over a 
period of several minutes, extrapolation of the plateau to 
the cooling-curve (35) would make little difference. The 
freezing-points so obtained are therefore not of the 
highest precision, and probably exaggerate slightly the 
freezing-point depression and ' t ~ ' ,  the number of particles. 
Sometimes when larger amounts of compound were 
added the solutions tended to supercool too much, giving 
no warming plateau. Whenever this occurred the acetone 
bath temperature was slowly lowered until crystallization 
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could be maintained. 111 this manner freezing-points 
could be determined to f 0.01 "C. For pure trifluoroacetic 
acid the reproducibility was f 0.005 "C. Fresh acid was 
used for each sample investigated and all determinations 
were performed under a nitrogen atmosphere. 

Detel.l~lil~ulio~~ oJilcidily F~u~ctiotzs 
Stock solutions of the indicators were made up in neat 

trifluoroacetic acid of such concentration that when 
conveniently measurable small quantities were made up to 
5.0 or 10.0 rnl the fully ionized (or in the case of 2- 
chloro-6-nitroaniline, the unionized) absorbance value 
would be near 0.8. Stock solutions remained stable for 
several weeks. Absorbances of a series of solutions were 
measured on a Cary 16 spectrophotometer at 25 "C, the 
uncertainty of the absorbance measurement being +0.1(;%. 
The acidity of each solution was then determined by 
titration with 2.00 N sodium hydroxide. It was found that 
titration of solutions containing trifluoroacetic acid and 
anhydride failed to give consistent results, and so these 
solutions were made up in volumetric Masks by weight, 
and theoretical normalities calculated. (N = (g CF3COzH 
Der litre/114.022) + (2 X ( g  (CF3CO)zO per litre/ 
ii0.03))): 

- 

Indicators 1 and 2 (Table 1) were used to tie the HI, 
function into the standard p~ function. Both were 
appreciably ionized in solutions which had measurable 
p H  values. A Radiometer model no. 26 p H  meter was 
used and standardized at p H  = 2.00. 

T o  test the validity of Beer's Law in 100']; trifluoro- 
acetic acid solutions containing various concentrations of 
9-(m-methoxyphenyl)-9-fluorenol and 2-chloro-6-nitro- 
aniline were examined. It was found that neither indicator 
obeyed Beer's Law exactly; in both cases increasing con- 
centration of indicator causes a decrease in the percentage 
ionization, as might be expected in a medium of low 
dielectric constant. However, the departure from Beer's 
Law is fairly small, and since ionization measurements 
were carried out at constant indicator concentrations the 
effect on acidity function values will be small. 
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Thermolysis of the sodium salt of tricarbonyl(acetophenone)cl~romium 
p-tosylhydrazone 
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MUHAMMAD ASHRAF. Can. J .  Chern. 54,448 (1976). 
Thermolysis of the sodium salt of tricarbonyl(acetophenone)chromium p-tosylhydrazone 

was carried out at  116-118 "C in pyridine, both in the presence and absence of 1,l-diphenyl- 
ethylene and cyclohexene. The products, separated by column chromatography, were shown 
by analyses to be acetophenone azine, symmetrical and unsymmetrical tricarbonyl(acetophenone 
azine)chromium complexes, and a diastereomeric mixture of liexacarbonyl(2,3-dip1ienylbutane)- 
dichromium and 1-tricarbonyl(plienyl)chromium-l-methyl-2,2-diphenylcyclopropane. The 
formation of these compounds has been rationalised by the combination of a diazo intermediate 
and tricarbonyl(methylphenylcarbene)chromiurn. Their stereochemistry has been discussed in 
the light of various spectroscopic results. 

MUHAMMAD ASHRAF. Can. J. Chem. 54,448 (1976). 
On a effectui la thermolyse du sel de sodium de la p-tosylhydrazone du tricarbonyle acito- 

phCnone chrome; cette reaction a CtC effectuie ii 116-118 "C dans la pyridine en presence et en 
l'absence de diphinyl-1,1 Cthylkne et de cyclohexkne. On a montrC que les produits, siparks par 
chromatographie sur colonne, sont l'azine de l'acCtophCnone, les complexes symetriques et 
non-symitriques du tricarbonyle(ac6tophCnone azine)chrome et un melange diastCrCoisomke 
d'hexacarbonyl(diphCny1-2,3 butane)dichrome et du tricarbonyl(p1iCnyl)chrome-1 methyl-1 
diphCnyl-2,2 cyclopropane. On a rationnalisi la formation de ces composes par une combinaison 
des intermediaires diazo avec le tricarbonyl(mCthylphCnylcarbkne)chrorne. On a discutC de leur 
stCrCochirnie B la lumihe des divers rCsultats spectroscopiques. 

[Traduit par le journal] 

Introduction 
Pyrolysis (2) and photolysis (3) of hydrazone 

salts are well known methods for the generation 
of carbenes. But it appears that a carbene bearing 
a tricarbonylchron~ium moiety in the aromatic 
portion has not been studied so far. It was, there- 
fore, decided to investigate the pyrolytic decom- 
position of the sodium salt of tricarbonyl(aceto- 
phenone)chronlium y-tosylhydrazone, 1, in order 
to generate tricarbonyl(methylpheny1carbene)- 
chromium, to study the effect of the tricarbonyl- 
chromium group on the spin state of this carbene 
and the stereochemistry of various products 
obtained. This was accomplished by the thermal 
deconlposition of 1 in pyridine at  116-118 "C 
both in the presence and absence of external un- 
saturated system, e.g., 1,l-diphenylethylene ( 2 )  
and cyclohexene. 

Results and Discussion 

Thermolysis in the Absence of an Olejin 
Chromatography afforded an orange-yellow 

lPresent address: Department of Chemistry, Makerere 
University, P.O. Box 7062, Kampala, Uganda. 

compound (5) which exhibited two carbonyl 
active stretching modes at  ca. 1875 and 1990 
cnl-' along with vC,, at 1608 till-' (cj: ref. 7). 
The Illass spectrum showed peaks at  rn/e 372 
(nlolecular ion), 344, 316, and 288 for the step- 
wise loss of CO nlolecules followed by peaks 
associated with the fragmentation of aceto- 
phenone azine (8, 9). These observations indi- 
cated this to  be tricarbonyl(acetophenone azine)- 
chromium. Its nmr spectrunl showed two methyl 
signals at T 7.82 and 7.68 (in CC14). This azine 
conlplex was decon~posed to the free ligand only 
after bubbling air through its ethereal solution 
for several days. The solvent was removed and 
the nmr spectrum again showed two separate 
signals for methyl groups at  T 7.44 and 7.56 
(in CDC13) suggesting that this azine was the 
unsynln~etrical isomer 9 (cf: ref. 10). This 
eliminated the possibility of the other two sym- 
metrical isomers 10 and 11. If one assumes that 
the azine stereochemistry did not change during 
deconlposition the tricarbonylchron~iuil~ com- 
plex has either structure 5a or 5b. However, it is 
not possible to distinguish between these isomers. 

Chromatography also gave a light-yellow corn- 
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ASHRAF: THERMOLYSIS 

SCHEME 1. Pyrolytic decomposition of the sodium salt of tricarbonyl(acetophenone)chromium p-tosylhydrazone. 

pound, 4, which had a similar but not identical 
infrared spectrum to the tricarbonyl(acetophe- 
none azine)chromium, 5, suggesting that it was 
a stereoisomer of 5. The material correctly 
analysed for C,  H, and N. The mass spectrum 
did not show any molecular ion peak a t  m/e 372 
but fragment ions were obtained which agreed 
with a published mass spectrum of an aceto- 
phenone azine (8, 9) together with peaks associ- 
ated with m/e 344, 288 and chromium. The nmr 
spectrum of this azine complex, 4, showed only 
one signal at T 7.68 for the methyl groups. In the 
stereoisomer 5 the tricarbonylchromium group 
had little effect on the value of the methyl groups. 
Thus, the two methyl groups absorbed at T 7.56, 
7.44 (AT 0.12) in the free ligand and at T 7.82, 
7.68 (AT 0.14) in the tricarbonylchromium com- 
plex. If a similar assumption is made for 4 then 
this chromium complex is considered t o  be 
derived from one of the symmetrical azine 
isomers 10 or 11 and thus must have the struc- 
ture 4a or 4b. 
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A very small amount of a yellowish white com- 
pound, 3, inp 119-121 "C. was obtained whose 
infrared spectrum 1610 cm-I) strongly re- 
sembled that of the acetophenone azine complex 
4 but did not show any nletal carbonyl absorp- 
tions. This suggested that this azine might have 
been obtained by losing C K ( C O ) ~  from 4 during 
the reaction or during work-up. The mass spec- 
trum indicated a n~olecular ion peak at  nz/e 236 
corresponding to acetophenone azine and the 
fragmentation pattern was again in agreement 
with a published spectrum (8, 9). These results 
indicated that the acetophenone azine 3 most 
probably corresponded to either 10 or 11. This 
suggestion is supported by the fact that the 
acetophenone azine, inp 123-124 "C, has been 
reported by French workers (11) to  have an  
anti-anti configuration ( i t .  either 10 or 11) as 
evidenced by one methyl signal in their nmr 
spectrum. 

Elution with light petroleum - ether (5: 1) ( i . ~ .  
petroleuin ether (30-60 "C) - diethyl ether, 
throughout) gave 6 whose infrared spectruin and 
elemental analysis were consistent with a inixture 
of two isomers 6a and 6b of hexacarbonyl(2,3- 
diphenylbutane)dichron~i~in~. The mass spec- 
trum showed a molecular ion peak at  tn /e  482 
and gave the expected fragmentations. Each 
diastereomer showed separate signals of nearly 
equal intensity at  T 8.80 and 8.73 (for their 
nlethyl groups) and well spaced lnultiplets at  
7 8.50 and 7.32 due to the benzylic protons of 
each isomer. This suggested that it was a lnixture 

containing almost equal proportions of the ineso 
6a and the racemic 66 isomers. 

Pyrolysis in tlie Presence of' 1 , I -  Diplzerzyletl~ykne 
The sodium salt 1 was pyrolysed in pyridine in 

the presence of 1,l-diphenylethylene to detect 
any product formed from interaction of an  inter- 
mediate carbene with the olefin 2. I11 this con- 
nection light petroleum - ether (19: 1) eluted the 
tricarbonylchromiun~ complex 8. Accurate mass 
analysis showed its n~olecular weight to be 
420.9629 (calcd. 420.4324). The ir spectrum 
clearly showed two carbonyl absorptions at  
1965 and 1875 cm-l. Its nmr spectrum was con- 
sistent with 1-tricarbonyl(pheny1)chromium-1- 
methyl-2,2-diphenylcyclopropane, 8, formed by 
the iilteractioil of tricarbonyl(~nethylphenylcar- 
bene)chromium and 1,l-diphenylethylene, 2. The 
hydrogen a t o ~ n s  in the cyclopropane ring ap- 
peared as unresolved multiplets centred on T 8.46 
and 7.70. This observation appears to be in con- 
trast with ring protons of unsubstituted cyclo- 
propane which absorb at higher 7 values. How- 
ever, the inethylene protons in this colnpound 
may be nonequivalent in agreement with various 
cyclic systems (13). 

8 
Pyrolysis itz tlze Presence of' Cyclolzexe~ze 

When the sodium salt 1 was pyrolysed in the 
presence of cyclohexene, 3, 4, 5, and 6 were 
obtained but no addition product with this 
olefin could be detected. A repeat experiment o n  
an  identical scale also failed to  afford any addi- 
tion compound with cyclohexene. 

Fortnation of Procl~rcts 
Formation of tricarbonyl(acetophenone azine)- 

chromiuin and other products (Scheme 1) can 
easily be explained by the combination of the 
diazo con~pound 12 and tricarbonyl(methy1- 
phenylcarbene)chromium, 13. The formation of 
azines, as the major products, is in agreement 
with a reported work on diaryldiazomethanes 
(14). A small amount of pentacarbonyl(pyridine)- 
chromium obtained might be the result of rever- 
sible removal of the chromiumcarbonyl groups 
by pyridine fro111 the reaction mixture. 
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conlparable to  the p-nitro group (23, 24). More- 
Cr (Cob cr(Co), over, coordination of the phenyl ring with the 

[&G-M] .__, - [be-.] . -, ence Cr(C0)3 the effective group is positive known charge to coilsiderably on the aromatic influ- I - 
N2 ring carbon U-orbitals, thereby increasing their 

12 13 electronegativity (25). Therefore, Cr(C0)3 may 

The carbene 13 may be considered to  rear- 
range to  the corresponding styrene complex in 
analogy with various alkyl- and dialkylcarbenes. 
But intramolecular stabilization leading t o  the 
expected olefin complex by hydride shift of 
primary hydrogen appears to  be unfavourable as 
compared with secondary and tertiary hydrogens 
(15, 16). Moreover, dinlerization of carbenes is a 
statistically unlikely process, especially in solu- 
tion, since they are much shorter lived species, 
where their concentration will always be low (17). 
Consequently, the formation of 6 is rationalised 
by the abstraction of a hydrogen aton1 by the 
carbene 13 from the solvent t o  give an inter- 
mediate radical. The radical appears to  be 
sufficiently stable t o  give the dimer in confornlity 
with most of the diarylcarbenes (18). It may 
therefore be inferred that the reactions of carbene 
13 are similar to  those of arylcarbenes. A similar 
intermediate has also been proposed to  explain 
the. formation of benzoylferrocene azine in the 
therrnolysis of benzoylferrocene tosylhydrazone 
sodium salt (19). 

Spit1 State of '  Carbene 
The most incisive information concerning the 

chemical characteristics of singlet and triplet 
carbenes comes from the s t~ldy of addition reac- 
tions involving the carbon-carbon double bond. 
In this connection, relative reactivities of various 
olefinic substrates towards carbenes serve as 
useful criteria regarding their singlet and triplet 
states (20). Thus, the formation of 6 in the 
presence of cyclohexene indicates that the car- 
bene involved is a triplet. The fact that this 
carbene adds to  1,l-diphenylethylene also sug- 
gests its triplet nature, since this particular 
olefin is known t o  be an effective triplet carbene 
trap (21). If a singlet carbene like dichloro- 
methylene were present, it should be expected to 
add equally well to  cyclohexene (22), which it 
does not. 

The role of the Cr(C0)3 group on the singlet/ 
triplet statc of the carbene (13) must be viewed 
through very complex evidence which suggests 
that it is strongly clectron withdrawing, perhaps 

be regarded as a strongly electron-attracting 
moiety, irrespective of the mode of its electron 
withdrawal. Thus, it is likely to  destabilize the 
carbene (13) which appears to  be stabilized by 
the donor solvent. Hence, in analogy with 
aryl/diaryl carbenes (I), it is reasonable to  
suggest that tricarbonyl(n~ethylphenylcarbene)- 
chronliu~n has apparently reacted in its triplet 
state. Nevertheless, in view of the peculiar nature 
of the Cr(C0)3 group, it is difficult t o  generalize 
about its effect upon the characteristic reactivity 
of singlet and triplet carbenes, which warrants 
additional studies before a comprehensive gen- 
eralization may be madc. 

Experimental 

Get~erul 
Melting points were determined 011 a Kofler rnicro- 

scope hot-stage and are uncorrected. Hexacarbonyl- 
chromium (Stem Chemical Inc.) was sublimed on a 
boiling water bath at  0.3 Torr and crystallised from 
chloroform. Deactivated alumina was obtained by shak- 
ing overnight alumina (2.5 kg) (Spence grade H) with 
water (100 ml) containing glacial acetic acid (10 ml). 

Spectra 
Infrared absorption spectra were recorded on a 

Perkin-Elmer 'Infracord' (137) spectrometer (NaC1 op- 
tics). Ultraviolet and visible spectra were recorded on a 
Perkin-Elmer double beam spectrometer (402). Mass 
spectra were determined with an AE1 MS9, using the 
heated inlet system and operating at  70eV. The nmr 
spectra were recorded for CC14, CDC13, and CD3COCDs 
solutions (as specified) containing TMS, except where 
otherwise mentioned, as internal standard using a 
Varian HA 100 spectrometer. 

Acetoplret~otle Tosyl/~~~dr.azot~e 
The tosylhydrazone of acetophenone was prepared by 

the method of Caglioti and Magi (4). Acetophenone (2.4 g ; 
0.02 mol) was added to  a solution of p-toluenesulphonyl- 
hydrazine (4.65 g; 0.025 mol) in methanol (120 ml). The 
mixture was boiled under reflux for 4 h which on cooling 
gave acetophenone-p-toluenesulphonylhydrazone (3.9 g;  
68741, mp 145-147 "C, improved to 148-149 "C upon 
crystallization from methanol. Anal. found: C 62.7, 
H 5.6, N 9.9, S 11.2; C I S H I G N ~ O ~ S  requires: C 62.5, 
H 5.6, N 9.7, S 11.1. 

Tricrirbot~yl(acetop/~e~~o~~e)c/~,ortii~~~n 
Acetophenone (7 ml) and hexacarbonylchromium (2.2 

g) were refluxed in diglyme (12 ml) for 1.5 h to  give the 
complex (1.42 g; 55yG), mp 83-86 "C (lit. (5) 91-92.5 "C). 
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Tricarbotryl(acetop/rerzot~e)c~~ron~i~n~ p-Tosyllrydrazotre 
p-Toluenesulphonylhydrazine (5.58 g; 0.03 rnol) and 

tricarbonyl(acetophenone)chromium (6.91 g; 0.027 rnol) 
were refluxed in methanol (300 ml) for 6 h to give 
crystalline needles of the complex (8.4 g; 73%), rnp 180- 
181 "C (dec.). Anal. found: C 51.0, H 3.7, N 6.6; 
ClaH16CrNz05S requires: C 50.9, H 3.8, N 6.6; Nuclear 
magnetic resonance (acetone-ds) signals, T 7.86 (singlet, 
3H), 7.59 (singlet, 3H), 4.1 1 (triplet, 3H, J = 7 Hz), 3.95 
(doublet, l H ,  J -- 2 Hz), 3.92 (doublet, lH ,  J =  2 Hz), 
2.61 (doublet, 2H, J = 8.5 Hz), 2.16 (doublet, 2H, 
J = 8.5 Hz). and 0.36 (broad sinelet. NH). 

Sodium Salt of Tricarbotryl(acetop/~et~ot~e)c/rrotnirrtn 
p-Tosyll~ydrazotre (cf. Ref. 2) 

A 507, suspension of sodium hydride (0.72 g; 0.015 
mol) in dry tetrahydrofuran (100 ml) was rapidly stirred 
and cooled. The hydrazone (6.36 g; 0.015 rnol) was added 
to this solution over 5 min with vigorous stirring. Pre- 
cipitation of the sodium salt commenced after 10 min and 
the mixture was stirred with cooling for a further period 
of 1 h. Excess of sodium hydride was then decomposed 
with 2-3 drops of ethanol. The sodium salt (6.0 g;  goy0) 
was obtained by filtration, washed with ether, and dried. 
The formation of the sodium salt was confirmed by the 
loss of -NH absorption in the infrared spectrum and 
disappearance of the -NH signal in the nrnr spectrum 
(recorded in deuterated dimethylsulplioxide). 

I I 

I Tlrermolysis of !Ire Sodirrm Sal! of Tricarbotryl- 

i (acetoplretrotrt.)clrromirrm p-Tosyllrydrazotre itr 
Pyriditre itr !Ire Absetrce atrd Presetrce of Added 

1 Olefitr 
The sodium salt 1 and the olefin 1,l-diphenylethylene 

I or cyclohexene, where necessary, were dissolved in dry 

1 
pyridine and flushed with N2 gas. The nitrogen atmos- 
phere was maintained and the reaction mixture heated at  
116-1 18 "C. The precipitated sodium-p-toluenesulphinate 
was removed and washed with ether. Most of the solvent 
was removed from the filtrate under reduced pressure. The 
residue was cooled in an  ice bath, acidified, and extracted 
with ether (8 X 100 ml). The ethereal extract was washed 
with water (2 X 100 ml), sodium hydroxide (20%; 
2 X 100 ml), and water respectively. The neutral ethereal 
portion was dried (MgS04) and the solvent removed on a 
rotary evaporator. The orange yellow viscous residue was 
chromatographed on deactivated alumina. The results are 
recorded on Table 1. The spectroscopic data of various 
compounds is given below. 

Compound 3: the yellowish white acetophenone aziiie 
had mp 119-121 "C; ir (KBr disc) v ca. 3400, 2900, 2850 
(shoulder), 1610, 1550(w), 1525 (shoulder), 1475(w), 1425, 
1350, 1300, 1275, 1170, 1063, 1024, 918, 760, and 690; 
ms peaks at  tnle 235(76), 220(100), 208(5),193(8), 179(12), 
159(21), 143(6), 133(9), 132(12), 118(26), 104(29), 103(32), 
91(9), 77(88), and a metastable peak at  M* 205.95. 

Compound 4: the light-yellow tricarbonyltacetophe- 
none azine)chromium complex had mp 121-122 "C; ir 
(KBr disc) v ca. 3400, 2900, 2850 (shoulder), 1975, 1895, 

I 1610, 1550(w), 1525 (shoulder), 1475(w), 1425, 1350, 
1300(w), 1275, 1170, 1063, 1024, 918(w), 760, and 690; 
ms peaks at  tn/e 372(0), 344(2), 288(10), 236(90), 221(100), 
208(5), 194(6), 179(12), 159(18), 143(5), 133(10), 132(12), 
118(32), 104(10), 103(23), 102(33), 91(13), 77(95), 52(10), 

and 51(33); nmr signals at  T 7.68 (singlet, 6H), 4.92 
(triplet, 3H, J = 7 Hz), 4.80 (doublet. lH ,  J - -  2 Hz), 
4.74 (doublet, l H ,  J -- 2 Hz), 2.59 (triplet, 3H, J -- 3 Hz), 
2.05 (doublet, lH),  and 2.12 (doublet, 1H). Anal. found: 
C 61.2, H 4.3, N 7.6; calcd. for C19H16CrN203: C 61.3, 
H 4.3, N 7.5. 

Compound 5: the orange-yellow tricarbotlyl(aceto- 
phenone azine)chromium had mp 131-132 "C; ir (KBr 
disc) v ca. 1990, 1875, 1608, 875, 820, 760, 740, 690, and 
685; the ultraviolet and visible spectrum in methanol 
showed absorption maxima at  A,,, 410 (e 3456), 323 
( E  12 288). 295 (shoulder. e 14 848). 260 ( e  25 805). and 
217 nm (L'33 203); ms at m/e'372(9),.344(3), 316(4), 
288(83), 236(10), 221(12), 206(40), 170(18), 169(13), 
155(15), 143(14), 129(42), 118(6), 104(9), 103(8), 93(72), 
91(4), 77(30), and 52(100); nmr signals at T 7.82 (singlet, 
3H), 7.68 (singlet, 3H), 4.65 (triplet, 3H, J = 7 Hz), 4.04 
(doublet, l H ,  J = 2 Hz), 3.97 (doublet, l H ,  J = 2 Hz), 
2.66 (triplet, 3H), 2.18 (doublet, lH) ,  and 2.12 (doublet, 
1H). Anal found: C 61.1, H 4.3, N 7.7; C19H16CrN203 
requires: C 61.3, H 4.3, N 7.5. 

Compound 6: the mixture of diastereomers of hexa- 
carbonyl(2,3-dipheny1butane)dichromium complex ( 6 )  
had mp 165-170 "C (dec.); ir (KBr disc) v ca. 3025, 2850, 
1975, 1900, 1600, 830, 815, 786, and 700; nmr signals a t  
T 8.80 (singlet, CH3), 8.73 (singlet, CH3), 8.50 (multiplet, 
2H), 7.32 (multiplet, 2H), 5.03 (triplet, 6H, J = 7 Hz), 
and 4.73 (doublet. 4H. J = 2.5 Hz); ms peaks at  m/e 
482(16), 398(10), '346(2.5), 370(10), 314(25), 262(70), 
210(1), 158(14), 156(13), 129(14), 105(14), 104(2), 91(3), 
77(2), and 52(53). Anal. found: C 55.2, H 3.6; Cd-h8Crz06 
requires: C 54.8, H 3.3. 

Compound 8: the viscous oil 8 which failed to crystal- 
lize had ir (KBr film) vca. 1965, 1875, 1660, 1600, 800, 
755, 690, and 655; accurate mass analysis showed mol. 
wt. 420.9629 (calcd. 420.4324). Anal. found: C 71.9, H 
5.2; C25H2,Cr03 requires: C 71.4, H 4.8. Nuclear mag- 
netic resonance signals at  T 8.75 (multiplet, 3H), 8.46 
(multiplet, lH),  7.7 (rnultiplet, lH),  4.84 (multiplet, 5H), 
and 2.8 (multiplet, aromatic protons) which agrees with 
1-tricarbonyl(phenyl)chromium-1-methyl-2,2-diphenyl~y- 
clopropane. 
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Photochemical rearrangements of substituted 
thiochromanone sulfoxidesl 
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I. W. J. STILL, P. C. ARORA, M. S. CHAUHAN, M.-H. KWAN, and M. T. THOMAS. Can. 
J. Chem. 54,455 (1976). 

The photochemical behavior of a number of substituted derivatives of thiochroman-4-one 
1-oxide has been examined. In contrast to the analogous sulfones these sulfoxides undergo a 
variety of photochemical rearrangements. At least three distinct pathways have been recognized; 
p-hydrogen abstraction or rearrangement to cyclic sulfenates, which then undergo further 
reaction by homolysis of the S-0 bond, appearing to be particularly favorable processes. In a 
small number of examples, photochemical deoxygenation is observed as a competing reaction. 
Mechanisms which attempt to account for the influence of structural variations on the particular 
pathway followed have been proposed. 

I. W. J. STILL, P. C. ARORA, M. S. CHAUHAN, M.-H. KWAN et M. T. THOMAS. Can. J. 
Chem. 54,455 (1976). 

On a examink le comportement photochimique d'un certain nombre de dCrivCs de la thio- 
chromanone-4 oxyde-1 substituke. Par opposition avec les sulfones correspondantes, ces 
sulfoxydes subissent une variCtC de rkarrangernents photochimiques. On a reconnu, au moins 
trois chemins distincts; les processus qui semblent particulikrernent favorables sont I'enlkvement 
d'un hydrogkne-p ou le rkarrangement en sulfinates cycliques qui subissent une rCaction 
ultirieure par homolyse du lien S-0. Dans un petit nombre d'exemples on observe une 
disoxygination photochimique comme rCaction compititive. On propose des mCcanismes qui 
tentent d'expliquer I'influence des variations structurales sur les chernins particuliers suivis au 
cours des rkactions. 

[Traduit par le journal] 

Introduction 

Interest in the photochemistry of cyclic sulfox- 
ides has increased dramatically since the work of 
Archer and Kitchell(1) on the rearrangement of 
2,2-dimethylthiochroman 1-oxide appeared in 
1966. Schultz and Schlessinger (2, 3), Lawesson 
and co-workers (4), and Ganter and Moser (5) 
have been among the workers active in this area, 
while the topic has been reviewed by Block (6). 
We wish now to report our own results, obtained 
upon irradiation of a series of thiochrolnanone 
sulfoxides, which have been the subject of earlier 
communications (7, 8). Evidence will be pre- 
sented in support of three distinct types of  re- 
arrangement pathway, in each of which the 
sulfoxide group appears to  undergo a formal 

'Presented in part at the 56th Annual Conference of the 
Chemical Institute of Canada, Montreal, Quebec, June, 
1973, and at  the Vth International Symposium on Organic 
Sulfur Chemistry, Lund, Sweden, June, 1972. 

'Author to whom correspondence should be addressed. 
'Taken in part from the Ph.D. thesis of M. T. Thomas, 

University of Toronto, 1970. 

&-cleavage reaction. The dependence of the par- 
ticiilar pathway followed upon the (alkyl) sub- 
stitution pattern and the possible reasons for this 
dependence will also be presented. 

Results and Discussion 

After some initial difficulties had been over- 
come a satisfactory general procedure for syn- 
thesizing sulfoxides in the thiochro~nan-4-one, 
1, and isothiochromanone, 2, series was discov- 
ered. We have examined the effects of ultraviolet 
irradiation on close to  20 such compounds, inost 
of which have not been reported previously. 

1 2 3 

One very notable feature ofthe photocheinistry 
of thiochroinanone sulfoxides is that it differs 
dran~atically from that of the analogous sulfides, 
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reported a few years ago by Berchtold and co- 
workers (9, lo), in which rearrangements via 
thiacyclobutanone intermediates and photofrag- 
mentation processes are common, and that of the 
analogous sulfones (1 1) for which simple photo- 
reduction to pinacols predominates. Apart from 
a relatively small number of instances in which 
the sulfoxides were deconlposed too rapidly to 
allow isolation of the photoproducts, it appears 
that we can sub-divide the photoreactions of 
these sulfoxides into three categories: 

(A) those in which electron-releasing substitu- 
ents (such as CH3, 0CH3)  are present at  positions 
6 or 8 of the thiochromanone system; 

(B) those in which at  least one substituent 
(CH3) is present at  the C-3 position, although 
another substituent (CH3 or C6H5) may also be 
present at C-2; 

(C) those in which at least one substituent 
(CH3 or C6H5) is present a t  C-2, but C-3 is 
completely unsubstituted. 

The first example of a reaction of type A was 
encountered on photolysis in benzene of 8-meth- 
ylthiochroman-4-one 1-oxide, 3 (8). The only 
characterizable product, isolated in 10% yield 
from this reaction, showed a molecular ion at  
m/e 390, indicative of a dehydrodimer type 
structure. The possibilities of a disulfide or a 
peroxide type structure presented themselves, but 
the latter was rejected when the usual organic 
peroxide tests proved negative. (Intuitively, the 
formation of a peroxide which was not only 
stable a t  its inp (133-134 OC), but showed a 
molecular ion with intensity 13% of the base 
peak, had seemed highly improbable.) The spec- 
tral evidence, particularly the low frequency for 
the carbonyl group in the ir, pointed towards the 
disulfide structure 4. This was confirmed by a 
relatively straightforward synthesis froin o-cresol 
(Scheme 1). The Fries rearrangement conditions 
could be controlled to obtain predonlinantly 
ortlzo-migration of the 3-chloropropanoyl group 
in the ester 5. N o  attempt to optimize the yield in 
the conversion of 6 into 4 has been made. The 
sample of 4 obtained by this route was identical 
in all respects with the photoproduct described 
above. A considerable amount (40%) of the 
starting sulfoxide was recovered from the irradi- 
ation of the 8-methyl sulfoxide. 

Similarly, photolysis of 6-methyl- and 6-meth- 
oxythiochron~an-4-one 1-oxide (7a, 7b) gave the 
analogous disulfide products (Sa, 8b) in yields of 

6 and 7.5%, respectively. On the other hand, no 
such product could be isolated from the irradia- 
tion of 8-carbon~ethoxythiochroinan-4-one l-ox- 
ide, 9. These facts suggested an  electronic rather 
than a steric effect of the substituent in the 
aromatic ring and we thus propose the mech- 
anism shown in Scheme 2 in which an electron- 

releasing group at  position 8 (or 6) would be 
expected to stabilize the initially produced cyclo- 
hexadienyl radical 10 (or, possibly, a sinlple 
phenyl radical produced by a-cleavage of the 
sulfoxide). Collapse of 10 to the cyclic sulfenate 
11: followed by a second photolytic step would 
lead to the biradical 12. Coupling of the thiyl 
radicals, and hydrogen abstraction (from solvent 
or other substrate molecules) by the phenyloxy 
radicals would lead to  4. It is a necessary conse- 
quence of this proposal that the sulfoxide oxygen 
becomes the phenolic O H  group in the product. 

4As discussed later for the 3-methyl substituted case, 
we cannot a t  present rule out the possibility of a concerted 
rearrangement of 3 to 11. 
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We have coilfirnled that this is the case by repeat- 
ing the irradiation, under otherwise identical 
conditions, on the 180-labelled sulfoxide, pre- 
pared by the procedure of Montanari and co- 
workers (12). The mass spectral fragmentatioil 
pattern (see Experimental) strongly supports the 
exclusive location of the180-label on the phenolic 
hydroxyl group. 

Photolysis of the 3-methylthiochroman-4-one 
1-oxide, 13a, is typical of a number of 3-substi- 
tuted sulfoxides which, like the sulfoxides 
already discussed, give products derived by 
opening of the hetero-ring, but from which in 
addition the sulfur atom has been subsequently 
lost (type B reaction). Irradiation of 3-methyl- 
thiochroman-4-one 1-oxide in benzene (7) was 
found to give three identifiable products, along 
with recovered starting material (15%). The least 
polar product eluted on chromatography was a 
mobile liquid with a single carbonyl band 

II 
0 

13a R = H  14a  R =  H 
136 R  = CHg 146 R  = CHj 

(1685 cm-') and the characteristic pattern of an 
ethyl group in the nmr. Direct conlparison with 
an authentic sample showed unnlistakably that 
this compound was propiophenone, 14a, and 
this was further confirmed by conlparison of the 
senlicarbazone derivatives of the two samples. 

A second product isolated from the chroma- 
tography was a solid, with bands in the ir at 1724 
and 11680 cm-', indicative of two carbonyl 
groups. That one of these was an aldehyde 
functionality was indicated by the characteristic 
singlet at 6 9.86 ppm in the ninr. The presence of 
a monosubstituted benzene ring and the molecu- 
lar formula C10H1002 indicated that this product 
was probably 2-benzoylpropanal, 15a. This was 
confirmed by synthesizing the latter compound 
by base-catalyzed condensation of propiophe- 
none and ethyl formate and direct spectral com- 
parison of the two samples. 

The third product, also a solid, was compara- 
tively easily identified as benzoic acid, 16, by 
virtue of its mp, molecular formula (C7H6O2), 
and characteristic reaction with aqueous sodium 
bicarbonate. 

Our mechanistic proposal (Scheme 3) assumes 
that the initial photoproduct is 2-benzoylpro- 
panal, 15a. Support for this suggestion was 
obtained by subjecting 15a independently to 
photolysis. Irradiation of 15a in dry benzene 
gave virtually no change after 30 h, but if the 
irradiation was conducted in benzene previously 
shaken with water, benzoic acid (67%) and 
propiophenone (13y0) were isolated after 12 h. 
Some benzoic acid was also obtained when a 
sample of 15a was allowed to stand at 25 "C in 
the dark for 2 weeks. We are presently unable to  
advance a reason for the dramatic effect of added 
water on the photolysis of 15a, other than the 
obvious comment that it appears to require 
attack of water on an excited state of the 
keto-aldehyde. 

The nature of the products obtained from the 
3-methyl sulfoxide, and particularly the absence 
of sulfur, raised the possibility that these prod- 
ucts might have arisen by complete photo- 
chemical cleavage of the hetero-ring, followed by 
attack of the fragments so produced on solvent 
benzene. This possibility could be eliminated 
following the photolysis of 3,6-dimethylthio- 
chroman-4-one 1-oxide, 136, which was found to 
produce only the expected propiophenone ana- 
logue, l-m-tolyl-l-propanone, 146 (9y0), and no 
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isoilleric tolyl ethyl ketones, thus showing that 
the aromatic ring in the keto-aldehyde is that 
originally present in the sulfoxide. Photolysis of 
13b also produced the expected keto-aldehyde 
15b (7%) (although no in-toluic acid was found) 
and some recovered sulfoxide (13yo). 

Irradiation of 3,3-dimethylthiochroman-4-one 
1-oxide, 17, in benzene proceeded in an analo- 
gous manner. chromatography again led to  the 
isolation of three products, identified as isobuty- 
rophenone, 18 (15%), 2-methyl-2-benzoylpro- 
panal, 19 (15%), and benzoic acid (25%). The 
isobutyrophenone was identified by spectral 
comparison with an authentic sample and also 
by nlp and mixture nlp of the semicarbazone 
derivative. The keto-aldehyde structure 19 was 
initially assigned by analogy with the similar 
products obtained earlier, and finally confirrlled 
by direct conlparison with an authentic sanlple of 
2-methyl-2-benzoylpropanal, synthesized by ben- 
zoylation of the morpholine enamine of iso- 

I h(- CO) 

H 2 0 ( ? )  J 
18 

C6HsCOOH 

butyraldehyde (13). The mp of the (mono) 
2,4-dinitrophenylhydrazones of the two sanlples 
remained undepressed on admixture. A small 
anlount of starting sulfoxide (8%) was also re- 
covered in the later stages of the chromatography 
of the photolysate. 

Once again, we attempted t o  establish the 
formation of 2-methyl-2-benzoylpropanal, 19, as 
the primary photochenlical process by independ- 
ent irradiation of this con~pound in benzene. 
After only 1 h, decomposition was essentially 
complete and afforded isobutyrophenone (7 I%), 
acconlpanied by benzoic acid (14%). The possi- 
bility that some reaction is occurring by a 
ground state (acid- or base-catalyzed) pathway 
cannot be con~pletely eliminated, in view of the 
well known susceptibility of non-enolizable 
fl-keto aldehydes t o  hydrolytic cleavage (13). 
However, the results of deuterium-labelling ex- 
periments, to  be discussed below, make it 
unlikely that this is anything more than a minor 
decon~position pathway. The high yield of iso- 
butyrophenone obtained in the irradiation of 19 
is surprising, in that it appears to  be at variance 
both with the results of the original irradiation of 
17 and also with the results of irradiation of the 
p-keto aldehyde 150, where benzoic acid was the 
principal product. We can advance no really 
satisfactory explanation for the first anomaly but 
it is possible that the presence of a large amount 
of the hydroxynlethylene tautomer of 2-benzoyl- 
propanal nlakes attack of water at the ketone 
carbonyl (whether in the ground state or the 
excited state) greatly preferred in the latter case, 
accounting for the large amount of benzoic acid 
formed. 

Irradiation of 3-methyl-2-phenylthiochroman- 
4-one 1-oxide, 20, under similar conditions 
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produced a crystalline product (39%) for 
which elemental analysis indicated the formula 
Cl6Hl4O2. Analogy with the previous results and 
the spectral properties of this compound indi- 
cated that it was the expected 1,l-dibenzoyl- 
ethane, 21. This was readily confirmed by direct 
conlparison with an authentic sample of the 
latter prepared by (mono) methylation of di- 
benzoylmethane with methyl iodide - silver oxide 
(14). Unlike the keto-aldehydes which were the 

primary photoproducts in the earlier type B 
reactions, this (3-diketone is not particularly 
susceptible to further photolysis, which accounts 
for both its relatively high yield and the almost 
complete absence (<0.5%) of benzoic acid in 
this photolysis. The only other product definitely 
identified in this reaction was recovered starting 
sulfoxide (12%). 

Somewhat inadequate (spectral) evidence for 
the formation of the analogous l-acetyl-l-ben- 
zoylethane was encountered in a small scale 
photolysis of 2,3-dimethylthiochroman-4-one 
l-oxide, 22. As the starting sulfoxide was 
difficult to  synthesize and purify, no attempt has 
been made to  confirm this result. 

The results obtained from the photolyses of 
the 3-substituted thiochromanone sulfoxides lead 
us to  postulate the alternative mechanisms shown 
in Scheme 3 for the type B photoreaction. Ring 
expansion of the 3,3-dimethyl sulfoxide 17, for 
example, to the cyclic sulfenate 23 has ample 
analogy in mass spectrometry (15) and might 
proceed in either a concerted or a stepwise 
fashion. Further photolysis of the sulfenate 
leading to the biradical 24, followed by desul- 
furization5 and (intramolecular) hydrogen trans- 
fer froin C-2 to the phenyl ring position vacated 
by sulfur, would lead t o  the initially formed 

SAs one of the referees has pointed out, this step appears 
significantly endothermic, and is perhaps, therefore, the 
major weakness in this suggested mechanism. However, 
we have not ascertained the fate of the extruded sulfur 
atom and Pryor and Walling have earlier shown the 
existence of the reaction RS- + A + Re + SA (cf. J. Am. 
Chem. Soc. 95,945 (1973)). 

keto-aldehyde 19. Results of a deuterium- 
labelling experiment (to be discussed in detail 
below) further suggest that the secondary photo- 
chemical decarbonylation of 19 is either con- 
certed (via a singlet excited state) or proceeds by 
a stepwise, cage-recombination process, since the 
fornlyl hydrogen (deuterium) is retained in the 
product 18. The production of benzoic acid may 
be explained by &-cleavage of the benzoyl group, 
and recombination at oxygen rather than carbon, 
leading to the en01 benzoate 25. This possibility 
is supported by the report of the isolation of 
2-butenyl acetate, albeit in low yield, from the 
photolysis of the (3-diketone, 3-methyl-2,4-pent- 
anedione (16). Finnegan and Hagan (17n) have 
reported the isolation of benzoylacetaldehyde, 
acetophenone, and benzoic acid from the photol- 
ysis of vinyl benzoate itself, the yields of the three 
products varying with the solvent used in the 
photolysis. Finnegan and Hagen have proposed 
a general category of photochenlical rearrange- 
ment (of which the photo-Fries reaction is 
another example) of the type X-A-B=C + 
[A-B-C]'+ X- + A=B-C-X, which may 
be reversible in certain instances. 

An alternative proposal (Scheme 3) for the 
formation of 19 involves initial a-cleavage of the 
aryl C-S bond. Although this is the stronger of 
the two C-S bonds, the difference in bond 
energies is only about 7 kcal/mol and examples 
of aryl C-S bond cleavage in sulfides, sulfox- 
ides, and sulfones have been reported by 
Kharasch and Khodair (176). Hydrogen ab- 
straction from C-2 by the reactive phenyl radical 
could then lead to  an intermediate sulfine 32 (or 
the isomeric oxathiiran) which, from the work 
of Schultz and Schlessinger, would be expected 
to lose sulfur readily to  give 19. 

Partial support for one of the above mech- 
anisms was obtained by the photolysis of 2,2-di- 
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deuterio-3,3-dimethylthiochroman-4-one 1-oxide, 
26, synthesized by the procedure of Mock (18). 
This led to the deuterated keto-aldehyde 27 and 
the isobutyrophenone 28, in each case with 
retention of the two deuterium atoms, and to the 
monodeuterated benzoic acid 29, in yields com- 
parable to those originally obtained for the 
unlabelled sulfoxide. Furthermore, attempts to 
incorporate external deuterium by conducting 
the photolysis of the unlabelled sulfoxide in 
benzene-& or toluene-ds were without success. 
Thus the transfer of hydrogen from C-2 to the 
aryl ring, whatever the detailed mechanism of 
this step, must be intr.amolecular. Likewise, as 
postulated previously, the decarbonylation step 
must proceed without external incorporation of 
hydrogen (deuterium), and is thus presumably 
photochemical, not hydrolytic, in nature. 

Other mechanistic studies conducted on the 
type B photolysis include an attempt to trap an 

intermediate such as 30, which might be formed 
by a photochemical fragmentation reaction 
analogous to that observed by Berchtold (10) for 
the keto-sulfides of similar structure or the mass 
spectrometric (retro-Diels-Alder) fragmentation 
observed earlier by us (19) for related sulfoxides. 
Trapping attempts (with methanol) were un- 
successful, as were attempts to isolate iso- 
butylene from the effluent gas stream, indicating 
that 17 at least does not undergo significant 
photochemical reaction by this pathway. Pre- 
liminary attempts to carry out the irradiation of 
3,3-dimethylthiochroman-4-one I-oxide at lower 
temperatu;es (- 10 "C) were not encouraging. 
Some evidence was obtained, however, in one 
experiment for a labile precursor to the keto- 
aldehyde 19. Among the possible structures for 
this intermediate are the cyclic sulfenate 23, the 
thiol31, or the sulfine 32. A synthetic programme 
is currently in progress to  attempt to  identify 
sulfenates as real intermediates in these re- 
actions. 

The third well-defined category of photo- 
chemical behavior of thiochromanone sulfoxides 

was first observed in the photolysis of 2,2-di- 
methylthiochroman-4-one I-oxide 33. As men- 
tioned previously, Archer and Kitchell (1) had 
reported the photochemical ring contraction of 
2,2-dimethylthiochroman I-oxide, 34, to 2-iso- 
propylbenzothiophene, 35, and also the conver- 
sion of 33 into 2-isopropylidene-3-thiaindanone, 
36, by heating with acetic anhydride (Pummerer 
reaction). We were interested to discover whether 
the presence of the carbonyl group in 33 would 
inhibit 0-hydrogen abstraction by the excited 
sulfoxide chromophore at C-3, leading eventu- 
ally, by the mechanism proposed by Archer and 
Kitchell, to 36, or whether other photochemical 
processes would predominate. It may be noted 
that if 0-hydrogen abstraction does occur it could 
also involve one of the C-2 methyl groups, lead- 
ing to products other than 36. We will return to  
this possibility later. 

One other point concerning the synthesis of 
the 2,2-dimethylthiochroman-4-one I-oxide (see 
Experimental) is worthy of brief comment. 
Cyclization of 3-methyl-3-phenylthiobutanoic 
acid to  2,2-dimethylthiochron~an-4-one, 37, the 
precursor of the desired sulfoxide 33, failed 
completely if the reagent normally employed for 
such cyclizations, concentrated sulfuric acid, was 
used. Similarly poor results were obtained using 
polyphosphoric acid or phosphorus oxychloride 
which also have been successfully used for other 
thiochromanones and thioflavanones. A suc- 
cessful cyclization was achieved, however, with 
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very dry phosphorus pentoxide in boiling ben- 
zene. We attribute the failure of the earlier 
attempts to fragmentation of the protonated 
butanoic acid derivative 38, leading to the 
formation of a particularly stable (sulfur- 
stabilized) tertiary carbonium ion centre, and 
hence eventually to water-soluble products only. 

Irradiation of 2,2-dimethylthiochroman-4-one 
1-oxide in benzene showed considerable destruc- 
tion of the sulfoxide band (ir) in 4 h. Chromato- 
graphic isolation of the products led to the 
isolation (in very low yield, 3y0) of a crystalline 
ketone CllHloOS, shown by direct comparison 
with an authentic sample, to be identical with 
2-isopropylidene-3-thiaindanone, 36. 

A crystalline product (8yo), of similar polarity, 
was later shown to be identical with 2,2-dimethyl- 
thiochroman-4-one, 37. This represents a prod- 
uct of formal deoxygenation of the starting 
sulfoxide. (The possibility that 37 was already 
present as an impurity in the starting sulfoxide 
has been eliminated.) Gurria and Posner (20) 
recently reported the photochemical deoxygena- 
tion of a number of diary1 sufoxides, and the 
mixed aryl alkyl sulfoxide 39, in excellent yield. 
It may well be the case, based on the results of 
these authors and our own findings, that photo- 
chemical deoxygenation becomes an important 
pathway when other alternatives, such as P- 
hydrogen abstraction and a-cleavage processes, 
are impossible or disfavored in energy terms. 
Gurria and Posner (20) adduced evidence that 
the t r i~ le t  excited state of their sulfoxides was 
responsible for the deoxygenation reaction and 

success. Since we have earlier shown (1 l), how- 
ever, that thiochromanone sulfones are pho- 
tolyzed only in the presence of a good hydrogen 
donor and are photochemically inert in benzene, 
we are quite confident in asserting that we have 
observed in the formation of 37 another genuine 
deoxygenation reaction, and not simply a dis- 
proportionation of the sulfoxide to equimolar 
amounts of sulfide and sulfone. 

Some unreacted sulfoxide (46y0) was recovered 
from the later stages of the chromatographic 
separation, and was the only other identifiable 
material present on photolysis of 33 in benzene. 

Schultz and Schlessinger (21) have recently 
reported a similar photochemical ring contrac- 
tion of a cyclic sulfoxide 41. On the strength of a 
successful trapping experiment with methanol 
they propose a mechanism (Scheme 4) like that 
of Archer and Kitchell (I), involving P-hydrogen 
abstraction, ring closure to a highly strained 
tetracovalent sulfur species 42 and (acid-cat- 
alyzed?) rearrangement via the carbonium ion 
species 43 to  the thiophene 44 (in benzene) or the 
dihydrothiophene 45 (in methanol). For this 

39 40 w 
C6H5 CH2C6H5 

were also able to  obtain evidence for the forma- 
tion (direct or indirect) of singlet oxygen by a 44 

trapping experiment with cyclohexene. From the 
fact that they were able to  isolate 2-cyclohexen-l- 
01, 40, in 41y0 yield by sodium iodide reduction 
of the photolysate, they concluded that formation 
of the corresponding hydroperoxide precursor 
indicated that the deoxygenation of the sulfox- 
ides led to  lo2, and not t o  atomic oxygen, which 
would be expected to react with cyclohexene to  

& 
46 a 

give the epoxide or cyclohexanone. We have 
attempted to carry out similar oxygen trapping 
experiments in the photolysis of 33, without SCHEME 4 
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reason, we have conducted the photolysis of 
2,2-dimethylthiochroman-4-one 1-oxide, 33, in 
methanol to see if products corresponding to  the 
reaction of the (presumed) intermediate car- 
bonium ion 46a could be obtained. We have so 
far been quite unsuccessful in this endeavour, 
thus suggesting that an entirely different mech- 
anism is responsible for the formation of the 
ring-contraction product 36 or, possibly, that the 
intermediate involved in our case is not 46a, but a 
radical species of similar structure 46b (see 
Scheme 5). 

From the irradiation of 33 in methanol (and 
also in various mixtures of methanol and ben- 
zene) we have isolated, however, a new product 
CllH120S in 6-1 1% yield, accompanied only by 
recovered starting sulfoxide (36%) and without 
formation of any of the deoxygenation product 
37 or the ring-contraction product 36. The 
presence of a weak band in the ir at 2450 cm-I 
and of a singlet ( l H )  in the nrnr at  6 1.58 ppm. 
conlpletely removed by shaking with D20 ,  led us 
to  identify the new product as a thiol. The 
presence of an allylic CH3 group (3H, s) at 
6 1.58 and of the broadened doublet pattern 
characteristic of the C=CH2 unit at 6 4.9 1 ppm, 
along with the mass spectral and analytical data. 
lead us to postulate the structure 47 for this 
compound. Since this product corresponds to a 
formal photoreduction process we repeated the 
irradiation of 33 in 50:50 isopropyl alcohol- 
benzene. Rather surprisingly, none of the thiol47 
appears to be formed under these conditions, 
although a small amount (4%) of the deoxygena- 
tion product 37 and recovered sulfoxide (30%) 
were isolated. 

The foregoing results appear to  point to a 
rather inefficient photochemical decomposition 
of 33, characterized by the formation of free 
radical, rather than ionic, intermediates. The 
mechanistic scheme (Scheme 5) which we pro- 
pose must be regarded as somewhat tentative but 
is more in accord with our findings than that 
proposed by Archer and Kitchell (1). Initial 
P-hydrogen abstraction from the two possible 
sites, followed by electronic reorganization, leads 
to two isomeric sulfenic acids 48a and 48b. This 
process, incidentally, is formally analogous to 
the formation of unsaturated aldehydes, follow- 
ing a-cleavage of cyclic ketones, and we certainly 
cannot rule out the possibility that a-cleavage 
precedes hydrogen abstraction. Hornolytic de- 

composition of these unstable species by fission 
of the S-0 bond would be expected to  lead t o  
the corresponding thiyl radicals. Cyclization of 
the thiyl radical 490 could lead to 46b and hence 
to 36, and cyclization of 490 could eventually 
lead to  the product of formal deoxygenation 37. 
On the other hand, in the presence of a superior 
hydrogen donor (methanol) 490 is converted 
exclusively to  the thiol 47. We cannot at  present 
answer the question as to why methanol does not 
appear to  reduce the other thiyl radical 49a (or 
46b for that matter) in a similar fashion. Never- 
theless, although we cannot exclude other free- 
radical processes at  this stage (including the 
iilvolvenlent of a cyclic sulfenate), the mechanis- 
tic scheme which we propose satisfactorily 
accounts for the formation of all the products 

(or disproportionation) 
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isolated and enables one to  rationalize the rather 
surprising formation of the unconjugated thiol47 
and the absence of products arising from meth- 
anol addition inore satisfactorily than a polar or 
ionic mechanism. 

Similar irradiation of 2-methylthiochronlan-4- 
one 1-oxide in benzene led, disappointingly, t o  a 
very rapid decomposition to  a very viscous 
product from which no identifiable products 
could be obtained. A similar result was obtained 
with thiochroman-4-one 1-oxide, 1 ,  itself, which 
in this instance does resenible its sulfide ana- 
logue, earlier examined by Berchtold (10). 
Irradiation of 6-methyl-2-phenylthiochroman-4- 
one 1-oxide, 50, however, in benzene afforded as 
the only identifiable product (14%) the ring- 
contracted analogue of 36, 5-methyl-2-benzyli- 
dene-3-thiaindanone 51, identified by comparison 
with an authentic saniple prepared by aldol 
condensation of 5-illethyl-3-thiaindanone with 
benzaldehyde. The stereochemistry of this com- 
pound has not been established; the vinylic 
proton signal is overlapped by the aromatic 
proton sigiials in the nmr, making an unambig- 
uous assignment of the stereochemistry very 
difficult. The starting sulfoxide (44Yc) was also 
recovered in this irradiation. 

Irradiation of isothiochromanone 2-oxide, 2, 
and its 3,3-dimethyl derivative produced no 
isolable product, even when irradiation of the 
latter was conducted at  -20 OC. We had also 

intended t o  examine the photochemical be- 
havior of soiile thiaindanone s~ilfoxides 52. but 
the unexpected difficulties encountered in their 
synthesis and the labile nature of the sulfide 
precursors induced us to  abandon this attempt. 

The irradiation of 2,2,3,3-tetramethylthio- 
chroman-4-one 1-oxide, 53, provides an example 
of a situation where both the 2- and 3-positions 
are co~npletely substituted. In this case, of course, 
neither ring-contraction by P-hydrogen abstrac- 
tion from C-3, nor the usual formation of 
P-dicarbonyl products from C-3 substituted 
analogues is possible. P-Hydrogen abstraction 
(from a C-2 methyl group) or y-hydrogen 
abstraction (from a C-3 methyl group) remain 
formal possibilities but although we- obtained 
liquid products showing spectral (nmr) evidence 
for vinylic protons, we were unable to isolate and 
separate any pure coinpounds from the photol- 
ysis mixture by any chromatographic technique. 
including glc. 

Interestingly, the only product actually iso- 
lated, apar t  f rom small amounts of starting 
sulfoxide, was the product of deoxygenation, 
2,2,3,3-tetramethylthiochroman-4-one, 54, ob- 
tained in 33% yield. This yield was not signifi- 
cantly increased by changing the solvent t o  
acetone. The isolation of the deoxygenation 
product, however, lends support t o  our sugges- 
tion that deoxygenation of the sulfoxide group is 
only likely when other photochemical pathways 
are impossible or disfavored. 

The ultraviolet spectra of thiochroinanone 
sulfoxides (Table 1) show a marked similarity t o  
those of the analogous sulfones reported by us 
previously (11). However, in contrast to  the 
sulfones, which are photochemically inert in 
solvents which are poor hydrogen-donors and 
give only moderate yields of pinacolic reduction 
products in alcoholic solvents, the foregoing dis- 
cussion clearly reveals a very complex photo- 
chemistry for the keto-sulfoxides studied in this 
paper. In  view of the fact that these photolyses 
proceed in essentially the same manner, albeit 
more slowly, in Pyrex as well as with Vycor 
filtration, and since the major emission bands of 
the (medium-pressure) mercury lamps being used 
are at  313 and 366 nin, it seems likely that 
absorption of light at approxiinately 290-295 nm 
(band B) is responsible for the photoche~nistry 
observed. The exact nature of this a b s o r ~ t i o n  is 
not known with certainty except that it appears 
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TABLE 1. Ultraviolet spectra of thiochromanone sulfoxidesa 

Sulfoxide 
Band A 
nm (€1 

Band B Band C 
nm (€1 nm (€1 

Thiochroman-4-one 1-oxide 243(10 300) 288(1920) 333sh(50)b 
2,2-Dimethylthiochroman-4-one l-oxide 243(10 500)b 296(1700)0 333sh(~100)b 
3-Methylthiochroman-4-one l-oxide 244(9040) 288(1910) 340(175) 

295sh(1790) 
6-Methylthiochroman-4-one l-oxide 250(7950) 298(1780) 345(560) 
8-Carbomethoxythiochroman-4-one l-oxide 25Osh(8600) 289(950) 342(430) 

298sh(830) 
2,2,3,3-Tetramethylthiochroman-4-one l-oxide 242(--)" 301(-)C c 

Isothiochromanone 2-oxide 253(9880) 294(1580) c 

a ln  methanol or 95% ethyl alcohol. 
bReference 22. 
CNot recorded. 

likely to be some sort of combination band 
involving both the C=O and the S=O chromo- 
phores (22). The interesting possibility that 
essentially all of the light is absorbed by the 
carbonyl chromophore is suggested by our 
experience on irradiation of 5-methylthiochro- 
man-4-one l-oxide, 55. In sharp contrast to the 
behavior of the other thiochromanone and 
isothiochromanone sulfoxides, even those which 
do not lead to identifiable products, 55 could be 
recovered in 90% yield after 24 h irradiation. 
This is believed due to the readiness with which 
o-methyl substituted aryl ketones undergo 'un- 
productive' photoenolization and suggests that 
the carbonyl group is playing an essential role, 
perhaps as an intramolecular sensitizer, in the 
photochemistry of the sulfoxide group which is 
ultimately observed. 

The photochemical behavior of the S=O 
chromophore is frequently compared with that 
of the much better known carbonyl chromophore. 
Our results, and those of previous workers, 
suggest that the photochemical behavior of sulf- 
oxides may indeed be as complex as that of 
ketones, but that there are important differences. 
The potential for the sulfoxide group to re- 
arrange initially to bivalent sulfenate (or sulfenic 
acid) derivatives is formally analogous to the 
relatively rare formation of oxacarbenes, but the 
tendency for further homolysis of the much 
weaker S-0 bond accounts for much of the 
unique photochemistry observed for sulfoxides. 
Recent evidence suggests that p-hydrogen ab- 
straction processes may also be involved in the 
photochemistry of sulfoxides in certain cases, in 
contrast to that of the carbonyl group, in which 
7-hydrogen abstraction is virtually the rule. 

Examination of Dreiding models of sulfoxides 
appears to confirm the likelihood of such 
processes occurring. Instances of 7-hydrogen ab- 
straction involving the sulfoxide group, leading 
to fragmentation products akin to those in 
Norrish type I1 processes, however, have also 
been reported (6). 

Experimental 

Gei~eral 
The ir spectra (cm-I) were recorded on a Perkin-Elmer 

337 grating spectrophotometer and the low resolution 
mass spectra were obtained on a Bell and Howell 21-490 
spectrometer. Accurate mass measurements were obtained 
on the A.E.I. MS-902 instrument. Nuclear magnetic 
resonance spectra (8)  were recorded on Varian T-60 and 
EM-360 spectrometers, with TMS as internal standard. 
Elemental analyses were performed by the Scandinavian 
Microanalytical Laboratory, Box 25, D K  2730, Herlev, 
Denmark. A water-cooled Hanovia 115 W medium- 
pressure mercury arc lamp was normally employed as the 
light source in irradiation experiments, with the filter 
(Vycor or Pyrex) indicated. All melting points and 
boiling points are uncorrected. 

Thiochromaizoizes 
Thiochroman-4-one is now available commercially and 

the syntheses of its 2-,3-,5-, and 8-methyl and 8-carbo- 
methoxy analogues, and of isothiochromanone (11) as 
well as the 2,2- and 3,3-dimethylthiochromanones have 
been described previously (23,24). The synthesis of 3,3- 
dimethylisothiochromanone has also been described 
earlier (25). Two representative procedures (Methods 
A ,  B) are described below. 

Suifoxides 
These were synthesized by oxidation of the appropriate 

thiochromanone by the same general procedure which we 
have already described (19,24) (see Table 2). 

Method A 
6-Methylthiochroman-4-oize 1-Oxide 
p-Toluenethiol (12.5 g) was added to a 20% aqueous 
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sodium hydroxide solution (20 ml), and 8-propiolactone 3,3-Din1etl1~~lisothiocI1rot~~at10r1e 2-Oxide 
(7.2 g) added to the mixture at  0-5 "C, with stirring. Oxidation of 3,3-dimethylisothiochromanone by the 
After 3 h, the reaction mixture was acidified (HCI) and procedure used for isothiochromanone (9.v.) gave a 
the product, 3-p-tolylthiopropanoic acid (11.0 g, 57%) liquid sulfoxide (86';6) which decomposed on attempted 
collected by filtration as a white solid, mp 64-65 "C. distillation, but could be readily purified by chromatog- 

The thio acid (5.0 g) was then cyclized in concentrated raphy on silica gel and elution with methylene chloride- 
sulfuric acid (75 ml) at 25 "C for 26 h. The dark red acetone mixtures; ir (neat) 1681, 1047 cm-!; nmr (CDCI~) 
mixture was poured over crushed ice and extracted with 6 1.50 (3H9 s), 1.57 (3H, s), 4.26 (2H, AB quartet, J.AU = 
ether. Washing the ethereal extracts with water, drying 10 Hz), 7.2-7.7 (3H, m), 8.08 (1H, dd, J = 2.0, 7.0 Hz) 
(MgSOd), and evaporation gave a solid product which on PPm. 
recrystallization from petroleum ether (bp 60-70 "C) gave 
6-methylthiochroman-4-one (3.3 g, 73%), mp 61-62 0 ~ .  

Irrudiatiorl of 8-Metl1yltl1iochr01~1a11-4-011e I-Oxide 

The sulfoxide was prepared by the usual procedure as a The sulfoxide g) was irradiated (V~cor )  under N2 

whitesolid (76%), which was recrystallized from benzene- in  dryy degassed benzene for 24 h, by which time the 

ether, mp oC; lit. mp (26) 110 "C. sulfoxide band in the ir a t  1020 cm-1 had almost dis- 
appeared. After evaporation of the solvent the disulfide 

Method B product (0.145 g, 10%) was obtained by chromatography 
on silica gel by elution with 1-2% acetone in methylene 

3-Metl1yyl-2-phet1yllhiocl11'01na11-4-or~e I-Oxide chloride. Apart from some brown polymeric material the 
a-Methylcinnamic acid was prepared by the only other compound isolated was the starting sulfoxide 

reaction by heating benzaldehyde (21.0 g), propionic (400/,), eluted with acetone. 
(32.0 g) and fused propionate Trituration of the crude disulfide with petroleum ether 

(20.O g) at  130-135 OC for 30 h. The Ill ixture was gave a white solid, which was recrystallized from petrol- 
poured into water and the solution neutralized with solid eum ether (bp 60-70 ",-), mp 133-134 "c; ir (Nujol) 1634, 
sodium carbonate. Removal of excess benzaldehyde by 1610 ; nmr (cDc13) 6 2.23 (6H, s), 3.07 (4H, t, = 6 
steam distillation and acidification gave the cinnamic Hz), 3.43 (4H, t, = 6 Hz), 6.g5 (2H, t, = 7.5 Hz), 
acid (21.0 g, 64%). 7.38(2H,d, J = 7.5Hz),7.66(2H,d, J = 7.5Hz), 12.46 

a - ~ e t h ~ l c i n n a m i c  acid (32.0 g), benzenethiol (30.0 g), ( 2 ~ ,  S) ppm; A,,,, (MeOH) 259(14 OOO), 330(5700) nm; 
and ~ i ~ e r i d i n e  (4 ml) were refluxed in absolute alcohol m/e 390(M+) (13), 163(63), 162(30), 161(13), 145(12), 
(loo ml) for 72 h. Up0n the pH was adjusted 135(100), 105(10), 79(17), 78(50), 77(36). Atlal. calcd. for 
4-5 and excess thiol removed by steam distillation. The c ~ ~ H ~ ~ ~ ~ s ~ :  c 61.22, H 5.61, s 16.32; found: ~ 6 1 . 4 7 ,  
insoluble oily residue remaining in the distilling flask H 5.80, s 16.47. 
rapidly solidified and was recrystallized from benzene- Attempts to  form the semicarbazone, 2,4-dinitrophenyl- 
petroleum ether. The 2 - m e t h ~ l - 3 - ~ h e n ~ l - 3 - ~ h e n ~ l t h i 0 -  hydrazone, or oxime of the photoproduct were unsuccess- 
pr0panoic acid so obtained (42.0 g, 76%) was a white ful, and the compound showed no positive reaction with 
solid, mp 119-120 "C. FeC13. Attempts to  degrade the disulfide by employing 

The thio acid (7.0 g) was c~clized by heating with various oxidizing agents, Raney nickel or acid-catalyzed 
phosphorus oxychloride (30.0 g) at  100 "C for 1 h. After hydrolysis were likewise unsuccessful. Essentially the 
cooling and pouring the reaction mixture over crushed ice ,arne results were obtained when the irradiation was 
the crude product was extracted with ether. Washing the conducted in acetonitrile or acetone, and if the Vycor 
combined ethereal extracts (aqueous NaOH, HzO), filter was replaced by Pyrex. 
drying (MgSOd), and evaporation gave the 2-phenyl-3- 
methylthiochroman-4-one (6.0 g, 89%). o-Tolyl 3-Cl1loropropat1oate, 5 

Oxidation of the above product by the usual procedure A mixture of o-cresol (10.8 g), 3-chloropropanoyl 
gave a rather impure product in virtually quantitative chloride (28.0 g) and pyridine (1 ml) were refluxed for 10 h 
yield. Purification by chromatography on silica gel and in benzene (50 rnl). After evaporation the residue was 
elution with 2-5% acetone in rnethylene chloride gave extracted with ether and the ethereal extracts washed 
what appeared to  be a diastereoisomeric mixture of the thoroughly with water and dried (MgS04). After evapora- 
expected sulfoxide. The expected strong bands (1690, tion of solvent the ester (11.0 g, 55%) was collected a t  
1026 crn-1) in the infrared were present and the expected 90-92 "C/2 Torr; ir (neat) 1755 (C=O) cm-I; nmr 
molecular ion a t  m/e 270 was observed, but the nmr (CDC13) 6 2.16 (3H, s), 2.90 (2H, t ,  J = 6.5 Hz), 
spectrum was more complex than expected for a single 3.75 (2H, t, J = 6.5 Hz), 7.0-7.3 (4H, m) ppm. At~al. 
diastereorner: 6 (CDC13) 1.2 (3H, dd), 3.2 ( l H ,  q), 4.2 calcd. for CIOHIlCI02: C 60.45, H 5.54, C1 17.88; found: 
( lH ,  rn), 7.3-8.2 (9H, m) ppm. No further purification C 60.52, H 5.60, Cl 17.84. 
was attempted and irradiation was carried out on the 
mixture (9.v.). 1-(2-Hydroxy-3-metI1ylpI1et1yl)-3-chlo~ropat1one, 6 

The o-cresyl ester (2.0 g) was subjected to  the Fries 
2,3-Dimetl1ylthioch,.oma11-4-o11e I-Oxide rearrangement by heating with anhydrous a l~~minum 

Oxidation of the sulfide (cis/trans mixture) obtained by chloride (4.0 g) at  120-130 "C for 30 min. After cooling 
the method already described (23) gave, after chromatog- and cautious addition of water, the aqueous solution was 
raphy on silica gel, what was believed to be a mixture of extracted with ether. Washing (H20), drying (MgSOd), 
diastereoisomeric sulfoxides (53%). The liquid mixture and evaporation of the ethereal extracts gave the desired 
did not crystallize on prolonged cooling a t  - 10 "C and propiophenone derivative (1.3 g, 63%) as a white solid, 
was used directly for the irradiation (9.v.) mp 82-83 "C (957, EtOH); ir (Nujol) 1635 ( C 4 )  cm-I; 
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TABLE 2. Analytical data 

Sulfoxide 

';b Yield Calculated Found 
(from 
sulfide) mp (deg) C H S C H S 

Thiochroman-4-one 1-oxide 79 49-50 60.00 4.48 17.77 59.65 4.63 17.63 
Isothiochromanone 2-oxide 62" 170-171" 60.00 4.48 17.77 60.15 4.64 17.63 5 
2-Methylthiochroman-4-one 1-oxide 7 5 109-1 10" 61.86 5.15 16.49 61.61 5.08 16.52 . 
3-Methylthiochroman-4-one I-oxide (27) 73 116-1 17' 61.86 5.15 16.49 61.64 5.17 16.62 
5-Methylthiochroman-4-one 1-oxide 60 112-113' 61.86 5.15 16.49 61 -63 5.23 16.54 " 
8-Methylthiochroman-4-one 1-oxide 90 83-84' 61.86 5.15 16.49 61.98 5.25 16.55 5 
6-Methoxythiochroman-4-one 1-oxide 90c1 98-99' 57.14 4.76 15.24 57.35 4.97 15.07 . 
2,2-Din~ethylthiochroman-4-one 1-oxide 49' 9 1-92' 63.46 5.77 15.38 63.45 5.81 15.37 < 
3,3-Dimethylthiochroman-4-one I-oxide 90 (bp) 140-142/0.5 Torr 63.46 5.77 15.38 63.85 6.02 14.97 
3,6-Dimethylthiochroman-4-one I-oxide 88 106-107' 63.46 5.77 15.38 63.15 5.62 15.40 g 
6-Methyl-2-phenylthiochronlan-4-one 1-oxide 33 140-141c.J 71.10 5.22 11.84 71.28 5.14 11.93 1 
2,2,3,3-Tetran~ethylthiochroman-4-one 1-oxide 81 73-740 66.08 6.83 13.55 66.20 6.68 13.59 2 

flA niucli sliorter t i~ i ie  (2-4 h)  is required Tur tlic oxid;~tion in this case. 
bRecrystnllized Trom benzene. 
CRecryst;~llized rr011i be~izene-petroleum etlier (bp 60-70 "C). 
d ln  the preceding cyclizntion step cunsidcr;~blc dcmethylntion occurred, leading to 6-liydroxythioctiromnn-4-one. rnp 141-142 "C. 
'The synthesis or 2,2-dimctliylthiocliro1ii~~1i-4-onc has been reported (23) but the rnp or this compound stiould rend 60-61 "C and riot as reported previously. The intermediate 3-lnetliyl-3-plienyl- 

tliiobutnnoic :lcid hns rnp 68-69 OC arid m:ly be isoli~ted i n  5 8 %  yield by the method described (23). 
fArndt (17) reports mp 177-178 OC, bu l  ;ldrnirs that his sulroxide is likcly cont;~rninntcd with the sulrune, nip 191-192 "C. 
gRecrystnllizcd rrom 11-licxanc. C
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STILL ET AL.:  PHOTOLYSES OF SULFOXIDES 467 

nmr (CDCI3) d 2.25 (3H, s), 3.35-4.05 (4H, AzBz system), 8-Metl1yylrhiochrotno11-4-ot1e I-[180]-oxide 
6.77 ( l H ,  t, J = 7.5 Hz), 7.32 ( l H ,  dd, J = 1.5, 7.5 Hz), This compound was made by essentially the general 
7.53 ( IH ,  dd, J = 2.0, 8.0 Hz), 12.23 ( lH ,  s) ppm. At~crl. method of Montanari and co-workers (12). A solution of 
calcd. for CloH11C102: C 60.45, H 5.54, CI 17.88; found: iodobenzene dichloride (1.4 g) in anhydrous pyridine 
C 60.36, H 5.49, CI 18.26. (3.0 ml) was added dropwise to a stirred solution of 

Cottversiot1 of 6 itlio the Dis~rlfide, 4 
Sodium disulfide was prepared by refluxing a mixture of 

sodium sulfide (90 mg) and sulfur (12 mg) in 95:G ethyl 
alcohol (25 ml) until the sulfur had dissolved. The hot 
solution was then added slowly to a refluxing solution of 
6 (85 mg) in 95% ethyl alcohol (12 ml). After a further 
2.5 h refluxing the reaction mixture was cooled and 
filtered, and the filtrate made slightly acidic with dilute 
hydrochloric acid. After evaporation of the solvent the 
residue was sublimed to remove excess sulfur and the 
remaining solid was recrystallized from methanol to 
afford 4 (15 mg, 187;). The solid so obtained was identi- 
cal (mp, mixture mp, ir, nmr) with the photoproduct 
obtained as described earlier. 

8-meth;lthiochroman-4-ine (0.9 g) in aqueous pyridine 
containing 0.8 ml HzlsO (20% enrichment) and 3.2 ml 
pyridine. After stirring for 30 min a t  20°C the mixture 
was diluted with chloroform (30 ml), washed with 10% 
sulfuric acid and water, and dried (NazS04). Evaporation 
and repeated recrystallization of the residue from 
benzene-hexane gave the labelled sulfoxide (0.7 g, 71 %), 
mp 81-82 "C. The mass spectrum of the sulfoxide showed 
the expected enhancement in the intensity of the ( M  + 2) 
peak at m/e  196. 

Irradiation of the labelled sulfoxide under the same 
conditions as described for the unlabelled 8-methyl- 
thiochroman-4-one 1-oxide gave the same crystalline 
disulfide, mp 133-134 "C. The relevant mass spectral data 
are reported below: 

Mass 

m/e  Formula Calculated Experimental 

M 
121 (- 2 - s , - c ~ H ~ , - o . + ~ )  C8HiLE0 (Intensity too low for mass 

measurement) 

) GH7O 119.0497 119.0497 

lrradiaiiotl of 6-Meilyltl1iocl1romat1-4-ot1e 1-Oxide 
The sulfoxide (500 mg) was irradiated in dry, degassed 

benzene (80 ml) for 22 h under essentially the same con- 
ditions as those described for the 8-methyl analogue. 
Chromatography on silica gel afforded the starting 
material (75 mg, 15%) and the disulfide product 8a (30 
mg, 6%). The disulfide had mp 128-129 "C; ir (Nujol) 
1635, 1610 cm-I; nmr (CDCI,) d 2.38 (6H, s), 3.33 (8H, 
AzB2 system), 6.9-7.6 (6H, m), 11.91 (2H, s) ppm. Mol 
Wt .  calcd. for C ~ ~ H Z Z O ~ S Z :  390.0959; found: 390.0959. 

, lrradiaiio11 of 6-Meihoxyihiocl~romat~-4-ot~e I-Oxide 
The sulfoxide (400 mg) was irradiated in dry, degassed 

benzene (150 ml) for 23 h. Chroniatography on prepara- 
tive tlc plates of silica gel afforded starting material (220 
mg, 55%) and the disulfide product 8b (30 mg, 7.5%), mp 
125-126 "C; ir (Nujol) 1640, 1610 cm-I; nrnr (CDCI3) 
d 3.09 (4H, t, J = 8 Hz), 3.44 (4H, t, J = 8 HZ), 3.82 
(6H, s), 6.9-7.3 (6H, m), 11.79 (2H, s) pprn. Mol. Wi .  
calcd. for CzoHzzOsS2: 422.0856; found : 422.0857. 

Irrocliaiiot~ of 3-Meil1yIihiochrotnat1-4-ot1e I-Oxide 
The sulfoxide (2.0 g) was irradiated in degassed benzene 

(250 ml) under nitrogen in quartz for 35 h, by which time 
almost all of the sulfoxide band in the ir had disappeared. 
After evaporation of solvent, the residue was dissolved 
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in a mixture of methylene chloride - carbon tetra- 
chloride (75:25) and chromatographed on silica gel. 

A yellow liquid (136 mg, 10%) was eluted in 90% 
CHzClr-CC14; ir (neat) 1685 cm-l; nmr (CDC13) 6 1.21 
(3H, t, J = 7.5 Hz), 2.92 (2H, q, J = 7.5 Hz), 7.2-7.5 
(3H, m), 7.8-8.0 (2H, m) ppm. Spectral comparison with 
propiophenone and a mp (174 "C) and mixture mp com- 
parison of the semicarbazones showed this product to be 
identical with authentic propiophenone. 

A second solid fraction (278 mg) was obtained on 
elution with 2% acetone in methylene chloride. This 
material proved to be rather impure and was rechromato- 
graphed on silica, affording a white solid (140 mg, 8%), 
mp 119-120 "C (cold crystallization from CHCI,); ir 
(CHCI3) 1724, 1680 cm-1. A~lal. calcd. for CloHloOz: 
C 74.07, H 6.17; found: C 73.40, H 5.88. 

Comparison of the ir and nmr spectra of an authentic 
sample of 2-benzoylpropanal, prepared by the base- 
catalyzed condensation of propiophenone with ethyl 
formate (29), with those of the photoproduct confirmed 
the identity of the photoproduct. 

The third product isolated (110 mg, 9%) by elution 
with 2-57, acetone in methylene chloride was also a white 
solid, mp 121-122 "C, shown to be identical with benzoic 
acid by mp, mixture mp, and ir and nmr spectral com- 
parisons. 

Apart from considerable quantities of brown gummy, 
uncharacterizable material the only other compound 
recovered was the starting sulfoxide (294 mg, 15%), by 
elution with 30% acetone in methylene chloride. 

Irradiatio~r of 2- Betrzoylpropatral 
A solution of the keto-aldehyde (0.2 g) in degassed 

benzene (150 ml) was irradiated for 48 h in a quartz vessel, 
under nitrogen. Chromatography on silica gel led to the 
isolation of small quantities of benzoic acid, but no 
propiophenone. Starting material was also recovered. On 
repeating the irradiation in moist benzene after 12 h 
benzoic acid (67%) and propiophenone (13%) were 
recovered. 

Irradiatiotr of3,6-Dimetl1ylthiocI1rotnat1-4-ot1e I-Oxide 
The sulfoxide (0.9 g) was irradiated in degassed benzene 

(200 ml) with Vycor filtration for 24 h, under nitrogen. 
Chromatography of the crude product on silica gel gave, 
on elution with methylene chloride, a yellow oil (58 mg, 
9%); ir (neat) 1685cm-I; nmr (CDCI3) 6 1.20 (3H, t, 
J = 7 Hz), 2.38 (3H, s), 2.96 (2H, q, J = 7 Hz), 7.2-7.4 
(2H, m), 7.65-7.8 (2H, m) ppm. The general similarity of 
the ir and nmr spectra to those of propiophenone led us 
to assign the 1-m-tolyl-1-propanone structure to this 
product. 

A semisolid fraction obtained on elution with 2y0 
acetone in methylene chloride was rechromatographed 
and afforded a white crystalline solid (50 mg, 7%) on 
elution with 2% acetone. After cold crystallization from 
chloroform a sample of this compound was further 
purified by recrystallization from cyclohexane; mp 122- 
123 "C; ir 1725, 1685 cm-1; nmr (acetone-ds) 6 1135 (3H, 
m), 1.83 (3H, s), 3.05 (lH, m), 7.3-7.7 (3H, m), 8.09 
(lH, dd, J = 2.0, 7.5 Hz), 9.86 (IH, s) ppm. Atral. calcd. 
for CLIH1202: C 75.00, H 6.82; found: C 74.42, H 6.65. 

Apart from considerable amounts of brown gummy 
material, some starting sulfoxide (121 mg, 13%) was 

recovered by elution with 50% acetone-methylene 
chloride. 

Irradiatiotr of3,3-Dirnetl1ylthioclrr.omatz-4-o1ze I-Oxide 
The sulfoxide (1.0g) dissolved in 200 ml degassed 

benzene was irradiated under nitrogen in a quartz vessel 
with Vycor filtration for 10 h. The residue obtained on 
evaporation was chromatographed on silica gel. 

A liquid product (106 mg, 15%) obtained on elution 
with 90% methylene chloride - carbon tetrachloride 
showed ir 1685 cm-1; nmr (CDCI,) 6 1.21 (6H, d, J = 7 
Hz), 3.55 (lH, septet, J = 7 Hz), 7.3-7.6 (3H, m), 7.8- 
8.05 (2H, m) ppm. These spectra were identical with those 
of an authentic sample of isobutyrophenone and the 
semicarbazone of the photoproduct (mp 180-181 "C) 
was undepressed on admixture with that of isobutyro- 
phenone. 

Elution with 2% acetone in methylene chloride gave a 
semicrystalline product (314 mg, 377,) which showed two 
carbonyl peaks (1720, 1675 cm-1) in the ir. The material 
was rechromatographed on silica gel affording a colorless 
oil (131 mg, 15%), bp 85-90 "C/1 Torr; nmr (CDCI3) 
1.47 (6H, s), 7.4-7.9 (5H, m), 9.73 (lH, s) ppm. This 
product was identical (ir, nmr) with an authentic sample 
of 2-methyl-2-benzoylpropanal prepared by benzoylation 
of isobutyraldehyde (morpholine) enamine by the method 
of Inukai and Yoshizawa (13). The (mono) 2,4-dinitro- 
phenylhydrazone, mp 149-50 "C (ethanol) showed no 
depression of mp on admixture with a sample prepared 
from the known compound. 

Elution with 5% acetone in methylene chloride afforded 
a crystalline product (151 mg, 25%) shown to be identical 
(mp, mixture mp) with benzoic acid. 

The final fraction (81 mg, 8%), eluted with 50% 
acetone in methylene chloride, was shown to consist of 
the starting sulfoxide. 

Irradiatiotr of 2-Betrzoyl-2-metl~ylproparral 
A solution of the keto-aldehyde (0.3 g) in degassed 

benzene was irradiated under nitrogen in a quartz vessel, 
with a Vycor filter. After 1 h, the solution was evaporated 
and the product chromatographed on silica. Isobutyro- 
phenone (180 mg, 71%) and benzoic acid (30 mg, 14%) 
were isolated as described in the original photolysis. 

2,2-Dirler1terio-3,3-dimetlryltAioclrromatr-4-orre I-Oxide 
3,3-Dimethylthiochroman-4-one 1-oxide (0.33 g) in 

dioxan (10 ml) containing deuterium oxide (2 ml) and 
potassium tert-butoxide (0.25 g) was refluxed with stirring 
for 4 h. After acidification (20% deuterium chloride) the 
solution was evaporated under vacuum to remove most of 
the dioxan and a further 5-10 ml of deuterium oxide was 
added. Extraction with methylene chloride, washing 
(DzO), and drying (MgS04) gave, on evaporation and 
distillation, (140 "C/0.5 Torr) a viscous liquid (0.23 g, 
69%). Unlike the protonated precursor, this sulfoxide 
showed complete absence of the AB quartet at 6 3.45 ppm, 
indicating that exchange at the 2-position was complete. 

Irradiation of 2,2-Diderrterio-3,3-di,netI1yltI1ioclrr01na1~- 
4-otre I-Oxide 
Irradiation in benzene and the subsequent column 

chromatography and isolation of the products were 
conducted exactly as described for the undeuterated 3,3- 
dimethylthiochroman-4-one 1-oxide. The isobutyrophe- 
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STILL ET AL.: PHOTOL .YSES OF SULFOXIDES 469 

none thus isolated showed a molecular ion at m/e  150 
showing that it retained two deuterium atoms. In the nmr 
of this product the methyl groups appeared as a sirrglet at 
6 1.43 while the septet at  6 3.49 due to  the methine proton 
had completely disappeared. Furthermore, the integrated 
intensities of the two groups of aromatic protons were 
now in the ratio 3:l instead of 3:2, indicating that the 
other deuterium atom had replaced a hydrogen ortlro- to 
the car bony1 group. 

The keto-aldehyde (2-benzoyl-2-methylpropanal) also 
showed a molecular ion two units higher than the un- 
deuterated analogue, at  m/e  178, confirming that it was 
also doubly labelled. In the nmr the characteristic 
aldehyde proton signal at  6 9.70 ppm had disappeared 
and the integrated intensities of the two groups of 
aromatic protons had again become 3:1, instead of 3:2, 
thus confirming the presence of a deuterium atom in the 
formyl group and ortlro- to the aromatic carbonyl group. 

The benzoic acid isolated showed a molecular ion at 
m/e  123, indicating a singly-labelled compound. The 3:l 
ratio for the aromatic protons and the presence of the 
characteristic acidic proton as a broad singlet at  6 12.6 
ppm confirmed the C-2 position as the location of the 
deuterium atom. 

Irradiatiorr of3-'Metl~~~l-2-plrer1yltI1ioc/tro1~1atr- 
4-orre 1-Oxide 
A solution of the sulfoxide (1.0 g) in degassed benzene 

was irradiated under the usual conditions for 48 h. 
Chromatography on silica gel produced a rather impure 
product, which, after being rechromatographed and 
eluted with 1% acetone in methylene chloride, afforded 
white crystals (347 mg, 39%), mp 83-84 "C (cyclohexane); 
ir (Nujol) 1695, 1678 cm?; nrnr (CDC13) 6 1.60 (3H, d, 
J = 7.5 Hz), 5.30 ( lH,  q, J = 7.5 Hz), 7.3-7.6 (6H, m), 
7.8-8.1 (4H, m) ppm. Arral. calcd. for C16H1402: C 80.67, 
H 5.88; found: C 80.85, H 5.79. 

The results suggest that this compound is 1,l-diben- 
zoylethane and this was confirmed by comparison (mp, 
mixture mp, ir, nrnr) with an  authentic sample prepared 
by methylation of dibenzoylmethane with methyl iodide 
and silver oxide (14). 

Further fractions from the original chromatography 
produced only traces (<0.5%) of benzoic acid and some 
starting sulfoxide (117 mg, 12%). 

Irradiatiorz of2,2-Din~etlrylthioc/~romar~-4-0~~e I-Oxide 
Metllod A 
A solution of the sulfoxide (0.5 g) in degassed benzene 

(200 ml) was irradiated under nitrogen, with a Vycor filter, 
for 4 h. The residue was chromatographed on silica. 

Elution with 1% acetone in methylene chloride gave a 
product (14 mg, 3%) which crystallized on standing; ir 
(Nujol) 1675 cm-1; nrnr (CDC13) 6 2.15 (3H, s), 2.52 (3H, 
s), 7.1-7.6 (3H, m), 7.87 ( IH,  dd, J = 1.5, 7.5 Hz) ppm. 
The spectral data and the mp (102-103 "C) for this 
compound are in accord with those reported for 2-iso- 
propylidene-3-thiaindanone, mp 103-105 "C (30). Com- 
parison with an  authentic sample synthesized by the 
procedure of Morin et al. confirmed this conclusion. 

A further solid product (38 mg, 8%) was obtained with 
the same eluent. This compound was shown by mp, 
mixture mp and spectra1 comparison to be identical with 
2,2-dimethylthiochroman-4-one. 

The starting sulfoxide (230 mg, 46%) was also re- 
covered by elution with 50% acetone-methylene chloride. 

Metllod B 
Irradiation of the sulfoxide (0.5 g) in methanol (200 rnl) 

with a Vycor filter, for 2 h and chromatography on silica 
gel led to the recovery of a new product (27 mg, 6%) by 
elution with benzene and 2y0 ether in benzene. This 
product was obtained as  a white crystalline solid, mp 110- 
11 1 "C (benzene-petroleum ether); ir (CHC13) 2450 (w) 
and 1685(s) cm-l; nmr (CDCI3) 6 1.58 ( lH ,  s,  exchanges 
with DzO), 1.85 (3H,s) ,  3.71 (2H, s),4.91 (2H, br d ,  
J,,, = 8 Hz), 7.1-7.35 (2H, m), 7.7-7.95 (2H, m) pprn; 
m/e  192 (M+), 190, 177, 158, 145, 136 (100). Arral. calcd. 
for CI1Hl20S: C 68.75, H 6.25, S 16.66; found: C 68.84, 
H 5.84, S 16.88. This evidence is in accord with the thiol 
structure 47. Starting material (180 mg, 36%) was also 
recovered on elution with ether. 

Irradiation of the sulfoxide in mixtures of benzene and 
methanol containing 10-50% methanol gave essentially 
the same results. Use of a low-pressure (2 W Hanovia) 
mercury lamp gave a slightly improved conversion to thiol 
product (I  1%) after 4 h, but much less starting material 
was recovered in this experiment. 

Method C 
Irradiation of the sulfoxide (0.5 g) in a degassed mixture 

of benzene (100 ml) and isopropyl alcohol (100 ml) after 
4 h, followed by the usual isolation procedure, indicated 
that no thiol was formed. The only identifiable com- 
pounds isolated from this experiment were 2,2-dimethyl- 
thiochroman-4-one (20 mg, 47,) and starting sulfoxide 
(150 mg, 30%). 
Irradiatiorr of 6-Metl~yl-2-pl~erryItI1ioc/lroman-4-0rre 

I -  Oxide 
A solution of the sulfoxide (1.0 g) in degassed benzene 

(200 ml) was irradiated under nitrogen for 24 h. Chroma- 
tography on silica gel gave among the early fractions an  
impure crystalline material which was rechromato- 
graphed and eluted with lyo ether in benzene as  orange 
needles (125 mg, 14%) ir (Nujol) 1672 cm-1; nrnr (CDC13) 
6 2.35 (3H, s), 7.3-7.9 (9H, m) ppm. The mp (144-145 "C; 
ethanol) of the photoproduct and the spectral data 
indicated the structure 5-methyl-2-benzylidene-3-thiain- 
danone(1it. (31) mp 145.5 "C). Asample of this compound 
was prepared by the alkaline condensation of benzalde- 
hyde and 5-methylthiaindanone, synthesized by the 
method of Auwers and Arndt (31). The ir and nrnr spectra 
of the samples were identical and the mp of the photo- 
product remained undepressed on admixture with the 
authentic sample. 

Further confirmation of the identity of the photo- 
product was established by direct comparison of its 
dibromide, mp 11 1-1 13 "C, prepared on addition of 
bromine in chloroform, with the corresponding dibromide 
of 5-methyl-2-benzylidene-3-thiaindanone, lit (31) mp 
116 "C. 

The only other identifiable compound obtained o n  
chromatography was the starting sulfoxide (441 mg, 44%) 
on elution with 30% acetone in methylene chloride. 

Irradiatiorr of2,2,3,3-Tetrametl~lthiochroman-4-ot1e 
- I-Oxide 

Method A 
Irradiation of the sulfoxide (200 mg) in dry benzene 
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(200 ml) in Pyrex for 6 h under nitrogen afforded on 
evaporation a yellow oil. Chromatography on silica gel 
and elution with 70-90% methylene chloride - carbon 
tetrachloride afforded an essentially colorless oil (62 mg, 
33%), shown by ir and nmr spectral comparison to 
be identical with 2,2,3,3-tetramethylthiochroman-4-one. 
Starting sulfoxide (19 mg, 107;), eluted with 15% acetone 
in methylene chloride, and dark viscous oils were the only 
other materials obtained. 

Merlzod B 
Irradiation of the sulfoxide (200 mg) in degassed 

acetone (150 ml) in Pyrex for 6 h under nitrogen, followed 
by a similar chromatographic separation afforded 2,2,3,3- 
tetramethylthiochroman-4-one (70 mg, 38%) and the 
starting sulfoxide (24 mg, 12%) as the sole identifiable 
products. 
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Fumaramine and bicucullinine: two minor alkaloids of 
Corydalis ochvoleuca Koch 
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K. G. A. KODRIGO, R. H. F. MANSKE, H. L. HOLLAND, and D. B. MACLEAN. Can. J. Chem. 
54, 471 (1976). 

The structures of two minor alkaloids of Corydnlis oclrroleucn have been resolved. Alkaloid 
F-46 is identical with fumaramine (1). Alkaloid F-45, bicucullinine, is a benzil, apparently 
derived from bicuculline, and possesses structure 3. 

R. G. A. RODRIGO, R. H. F. MANSKE, H. L. HOLLAND et D. B. MACLEAN. Can. J. Chem. 
54, 471 (1976). 

On a ClucidC la structure de deux alcaloides mineurs du Corydalis oclrrolerrca. L'alcaloide 
F-46 est identique a la fumaramine (1). L'alcaloide F-45, la bicucullinine, est un benzile qui 
semble Ctre dCriv6 de la bicuculline et qui posstde la structure 3. 

[Traduit par le journal] 

I The recent assignment (1 )  of structure 1 to  the 
1 
I alkaloid fumaramine, isolated from Futnaria 

pcrv~jora and F. vaillatlii (2) and of structure 2 to  
I an alkaloid of F. ofitzcina1is (3), prompted this 

report of our concurrent investigation of two 
minor alkaloids of Corj~clalis ochrole~rccr desig- 
nated F-45 and F-46 upon isolation (4). 

Alkaloid F-46, mp 227 "C, C Z ~ H Z O N ~ O ~ ~  ex- 
hibited spectral properties (pmr and ir) virt~ially 
identical with those reported (1, 2) for fumara- 
mine (tnp (2) 220-221 "C). Mass spectral data 
clearly indicated the presence of two nitrogen 
atoms, and determination of fragment ion com- 
positions by high resolution mass spectroiuetry 
indicated a fragmentation pattern entirely con- 

]The molecular formula was determined by high resolu- 
tion mass spectrometry and confirmed by elemental 
analysis. 

sistent with structure 1. Characteristic ions ap- 
peared at  tnje 335(3) CI3H13NO5 ( M  - C2H7N), 
293(2) CI7HllNO4 ( M  - C4H9NO), 204(12) CI2- 
Hl4NO2, and 58(100) C3H8N. We therefore con- 
clude that alkaloid F-46 is identical with fumara- 
mine, and is correctly represented by structure 1. 

A second  nill lor alkaloid of C. ochroleuca, 
F-45, mp 268 "C, for which we now propose the 
trivial name bicucullinine was originally sus- 
pected to be phenolic because of its solubility 
characteristics (4). Investigation of this alkaloid 
was hampered by extreme insolubility in organic 
solvents, and such spectral data as were readily 
available could not be consistently assigned to  
any known group of isoquinoline alkaloids. The 
proton magnetic resonance spectrum at 220 MHz 
(basic D20)  showed absorption at 6 2.08 (6H, s), 
2.34 (2H, A), 2.87 (2H, k), 5.90 (2H, s), 6.02 
(2H, s), 6.75 (2H, broad s), and 7.32 (2H, broad 
s). Repetitive scanning at 220 MHz of a saturated 
solution of F-45 in CD2C12, with C.A.T. analysis, 
clearly showed two distinct signals at 6 6.70 and 
7.82, assignable to single aromatic protons, and 
an AB quartet at  66.91 and 7.20 (J = 8 Hz) 
assignable to  adjacent aromatic protons. The 
presence of a dimethylalninoethyl substituent 
and two methylenedioxy groups and the absence 
of other saturated proton absorptions was also 
apparent, and this, together with other spectral 
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and solubility data, led to the proposal of struc- 
ture 3 for bicucullinine. This structure accords 
with other spectral data; 13C nmr (basic D20) 
showed signals at 190.0 and 190.4 ppm down- 
field from TMS, attributable to carbonyl car- 
bons, and a signal at 6 168.0 assignable to the 
carbon of a carboxylate anion. Structure 3 has 
been proposed for a minor alkaloid of F. 
oficinalis, mp 275 "C (3), but no physical data 
were presented. Comparison of the spectral data 
available for 2 (3), however, with that of F-45, 
establishes the identity of the skeletal structure of 
the two alkaloids. Cryptopleurospermine, 4, an 
alkaloid of C. p1eurosl)ertna (5), is a further 

example of a naturally occurring benzil, and 
comparison of the spectral data of bicucullinine 
with that reported for 4 (5), strengthens the 
assignment of structure 3 to bicucullinine. It may 
be of significance that both F-45 and F-46 occur 
in a plant which contains bicuculline, 5, as a 
major alkaloid component; the possibility that 
imides such as 1 are produced from phthalideiso- 
quinolines during extraction has been noted 
(1, 6). The occurrence of bicucullinine in C. 
oc/zroleuca does, however, suggest that oxidative 
processes involving phthalideisoquinolines may 
occur in vivo. 

Experimental 
Melting points are uncorrected. Infrared spectra were 

obtained with a Beckman IR-5 spectrophotometer and 
proton magnetic resonance spectra at 100 MHz on a 
Varian HA 100 and at 220 MHz on the Varian HR 220 
instrument of the Ontario Research Foundation, Sheridan 
Park, Ontario. Carbon magnetic resonance spectra were 
obtained at 22.62 MHz on a Brucker WH-90 instrument. 
Mass spectra were recorded on a CEC 21-1 10B spectrom- 

eter. High resolution mass measurements were performed 
by the reported method (7). 

Isolariot~ oJ 111e Alkaloids 
The isolation and purification of fumaramine (F-46) 

and bicucullinine (F-45) has been previously described 
(4). 

F~lntaramitle 
Infrared (KBr), v,,, 1040, 1250, 1705, and 2700- 

3200 cm-1; pmr (6), 2.24 (6H, s, 2 X N-Me), 2.2-2.9 
(4H, m, C-5 and C-6 H's), 5.95 (2H, s, -0-CH2-0-), 
6.18 (2H, S, -0-CH2-0-), 6.41 ( lH,  S, C-14H), 
6.77 ( IH,  s, aromatic H), 6.83 ( lH,  s, aromatic H), 7 03 
and 7.27 (2H, ABq, C-11 and C-12 H's), and 8.10 ( lH ,  
broad s, N-H). 

tlicrrc~tllittitle 
Infrared (KBr), v,,, 1040, 1595, 1625, and 1675 cm-1; 

pmr, see text; cmr (A), 28.0 (C-5), 40.5 (N-CH,), 56.2 
(C-6), 99.3, 99.7 (0-CH2-0), 104.9, 108.8, 109.4, 
118.9, 121.4, 122.4, 125.1, 137.8, 142.0, 142.5, 148.9, 
149.8 (aromatic carbons), 168.0 (C-8), 190.0, and 190.4 
(C-13, C-14); ms m/e (yo)2 413(1), 395(52) C Z ~ H , ~ N O , ,  
377(56) C21H,5N06, 365(14) CzOHl5NO6, 352(34) 
C I ~ H I ~ O ~ ~  334(78) ClgH~oOs, 322(100) CISHIOO~, 220(24) 
CIZH,,NO~,  218(22) CIZHIZNO~, 205( 12) CI IHIINO~,  
203(38) ClIH9N03, 192(10) CgH405, 50 (80) C3HsN. Atlul. 
calcd. for C2,HlgNO8:C 61.01, H 4.60, N 3.39; found: 
C 60.61, H 4.76, N 3.30. 
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A total synthesis of myrrhine, (& )-hippodamine, and ( & )-convergine 

WILLIAM A. AYER, ROBIN DAWE, REINHOLD A. EISNER, AND KIMIAKI FURUICHI 
Departtnetlt of Cl~emistry, Utliversity of Alberta, Ednlot~tot~, Alberta T6G 2G2 

Received September 8, 1975 

WILLIAM A. AYER, ROBIN DAWE, REINHOLD A. EISNER, and KIMIAKI FURUICHI. Can. J. 
Chern. 54, 473 (1976). 

A seven-step, stereoselective, total synthesis of the ladybug defensive substance rnyrrhine (5) 
from 2,4,6-collidine is presented. Successive alkylation and acylation of 2,4,6-collidine followed 
by ketalization provides 2-(3-[2-(1,3-dioxolanyl)]propy1)-6-(2-rnethyl-2-[1,3-dioxolanyl]rnethyl)- 
4-rnethylpyridine (14). Sodium-alcohol reduction gives the corresponding all-cis piperidine 17. 
Hydrolysis of 17 followed by acid-catalyzed cyclization provides ketone 26. Reduction of the 
carbonyl group in 26 gives rnyrrhine (5). Cyclization using pyrrolidine - acetic acid gives a 
mixture of ketones (26 and 31). Reduction of 31 gives ( f )-hippodarnhe (4). Oxidation of ( 5 ) -  
hippodarnine with peracid gives ( f )-convergine (3). 

WILLIAM A. AYER, ROBIN DAWE, REINHOLD A. EISNER et KIMIAKI FURUICHI. Can. J. 
Chern. 54, 473 (1976). 

On prCsente une synthkse totale st6rCosClective en sept Ctapes i partir de lacollidine-2,4,6 pour 
la rnyrrhine (5), la substance difensive du moustique femelle. Une alkylation et une acylation de 
lacollidine-2,4,6 suivies par une acCtalisation fournit la ([(dioxolanyl-l,3)-21-3 propy1)-2 (rnithyl- 
2[dioxolanyl-1,3]-2 mCthyl)-6 methyl-4 pyridine (14). La rCduction par le sodium dans I'Cthanol 
conduit h la piperidine toute cis correspondante (17). L'hydrolyse de 17, suivie par une cyclisa- 
tion acido catalysie, fournit la cCtone 26. La rCduction du groupernent carbonyle dans 26 donne 
la myrrhine (5). La cyclisation sous I'influence de la pyrrolidine et de I'acide acCtique donne un 
rnilange de cCtones (26 et 31). La rCduction de 31 donne la ( + khippodarnine (4). L'oxydation 
de la (+)-hippodarnine par un peracide fournit la ( f )-convergine (3). 

[Traduit par le journal] 

Coccinellidae (ladybugs or ladybirds) are col- 
orful insects of importance in the natural control 
of aphids, mealy bugs, and scale insects (1). When 
molested these insects release droplets of orange 
liquid at their joints, known as refex bleeding, 
and this has been shown to provide efficient pro- 
tection against certain predators (2, 3). In recent 
years, Tursch and co-workers have isolated and 
determined the structures o f  the defensive sub- 
stances present in several species of Coccinel- 
lidael and have shown that most of these are 
stereoisomers of 2-methylperhydro-9b-azaphena- 
lene and the corresponding N-oxides. These 
include coccinelline 1, and the corresponding free 
base precoccinelline 2 ( 5 , 6 ) ,  convergine 3, and its 
free base hippodamine 4 (7), and rnyrrhine 5 (4). 
We wish at this time to report the total synthesis 
of myrrhine 5, and racernic convergine 3, and 
hippodamine 4. 

Some years ago we reported (8) the synthesis 
of (&)-dihydrodeoxyepiallocernuine, 6,  a degra- 
dation product of the Lycopodium alkaloid 
cernuine (enantiomer of 7). The striking simi- 

'For summarizing articles see refs. 3 and 4. 

1 
2 (free base of 1) 

3 
4 (free base of 3) 

- v 
7 

larity between the BCD ring system of 6 and 
myrrhine prompted us to  investigate a similar 
approach to the synthesis of the ladybug defen- 
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sive substances. In particular, our initial objec- 
tive was the all-cis keto aldehyde 8, designed to 
serve as a precursor of the immoniuin ion 9, 
which we hoped could be induced to cyclize to 
the perhydro-9b-azaphenaline system of pre- 
coccinelline, 2, and/or myrrhine, 5. 

Alkylation of the rnonolithiunl derivative, 10, 
of 2,4,6-collidine, generated by treatment of the 
latter with either n-butyllithiun~ or phenyllithiunl 
in ether, with 0-bromopropionaldehyde dimethyl 
acetal (9) gave the acetal 11 in 41% yield. Alter- 
natively, 11 could be prepared in 40% overall 
yield by alkylation of collidyllithiurn, 10, with 
0-chloropropionaldehyde diethyl acetal followed 
by acid-catalyzed acetal exchange. 

The introduction of an acetyl group into the 
6-methyl group of 11 proved somewhat trouble- 
some. The acylation of the methyl group of 
a-picoline has been studied in some detail by 
Wibaut and co-workers (lo), who found ace- 
tonitrile to be the most convenient acetylating 
agent. Treatment of 11 with phenyllithium in 
ether, fo:llowed by very slow addition of one 
equivalent of acetonitrile in ether provides, after 

workup, the ketone 12 in 35-45yo yield along 
with considerable amounts of unreactcd starting 
material. Use of excess acetonitrile led to dimin- 
ished yields, presumably due to the competition 
between addition and proton abstraction. Use of 
acetyl chloride as the acylating agent gave 
mainly 13, the product of double addition. 
Treatment of the lithio derivative of 11 with 
N,N-dimethylacetamide in ether at - 30 O C  (1 1) 
provided ketone 12 in only 15y0 yield. 

Separation of keto acetal 12 from starting 
material 11 either by distillation or chromatogra- 
phy proved difficult. Since the next step in the 
projected synthesis involved protection of the 
carbonyl function in 12, it was found more 
efficient to treat a toluene solution of the crude 
product obtained from the acylation reaction 
with an excess of ethylene glycol and an acid 
catalyst. During this treatment the diinethyl 
acetal was exchanged for the ethylene acetal (in 
both 11 and 12) and the keto group in 12 was 
transformed to the ethylene acetal to give 14. The 
mixture of acetals could be separated by careful 
chromatography over alumina. In this way 11 
may be transformed into 14 in 40-45yo yield 
using acetonitrile as the acylating agent. In addi- 
tion approximately 40y0 of 11 is recovered (as the 
ethylene acetal). 

8-Acetoxyquinoline has been used successfully 
as an acylating agent for Grignard reagents (12). 
Treatment of an ether solution of the lithio 
derivative of 11 with 8-acetoxyquinoline at 0 O C  
followed by transformation of the crude products 
into the ethylene acetals and chromatography 
provided 14 in 37% yield, along with starting 
material 11 (as the ethylene acetal, 147,), and 13 
(as the ethylene acetal, 9%). Although this 
method provides 14 almost as efficiently as the 
acetonitrile method, the latter is preferred since 
the reagent is much less expensive. Proof that 
acetylation has occurred at the 6-methyl group 
rather than the 4-methyl of 11 is provided by the 
proton magnetic resonance (pmr) spectra of 12 
and 14 which clearly show the presence of a 
pyridine y-methyl group (6 2.38 in each) (8, 13). 
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The alternative route to 14 involving first 
addition of the keto side chain then addition of 
the aldehyde side chain was investigated briefly. 
Treatment of collidyllithiun~, 10, with acetoni- 
trile gave the ketone 15 in 34% yield. Treatment 
of the ethylene acetal of 15 with phenyllithium in 
ether followed by ally1 bromide led to a product 
mixture which did not contain an ethylene acetal 
signal in the nmr. Since ethylene acetals are 
known to be unstable towards strong bases (14), 
15 was transformed to the neopentyl acetal 16. 
Treatment of 16 with one equivalent of phenyl- 
lithium followed by deuterium oxide gave a 
monodeuterated 16 in which the signal for the 
methylene group adjacent to both the protecting 
group and the pyridine ring (6 3.18) integrated 
for only one proton, indicating the formation of 
the lithio derivative at this position rather than 
at the desired 6-methyl position. This approach 
was not pursued further. 

Reduction of the diacetal 14 with sodium in 
isoamyl alcohol provided a mixture of stereoiso- 
mers of which the major component was the 
desired all-cis piperidine 17. Separation of 17 (in 
about 60% yield) from the remaining stereoiso- 
mers was achieved by chromatography over 
silica gel. Compound 17 has a higher R, value 
than the remaining isomers and is eluted first on 
chron~atography. The more polar isomers (tlc 
indicated at least two) were not separated from 
one another by this method. Structure 17 was 
assigned to the major component of the reduc- 
tion on the following basis. The mass spectrum 
showed a weak nlolecular ion at nz/e 3 13, a base 
peak at tn/e 198 corresponding to ion 18, and a 
peak at m/e 212 corresponding to 19. The pmr 
spectrum is consistent with the assigned con- 
stitution (see Experimental). Dissolving metal 
reduction of 14 is expected to give the thermo- 
dynamically more stable all-cis isomer 17 as the 
major product (8). Confirmation of this assign- 
ment is obtained by consideration of the 13C 
nuclear magnetic resonance (cmr) spectrum 
(Table 1) of 17. By application of chemical shift 
theory and standard decoupling techniques 
(15, 16) it is possible to assign all the carbon 
shifts for compound 17. The proton decoupled 
cmr spectrum displays 16 signals, one signal 
corresponding to two carbons, and the off- 
resonance decoupled spectrum reveals the sub- 
stitution (methyl, methylene, etc.) of these car- 
bons as shown in Table 1. The shifts of the 

TABLE 1. 13C chemical shifts for 17" 

Chemical 
shift 

( 6 TMS) Substitution Assignment* 

C-11 
C-4 methyl 
C-9 
C-4 
C-10 
C-12 
C-5c 
C-3c 
C-7 
C-6 
C-2 

ethylene acetals 
ethylene acetals 
ethylene acetals 

C-13 

aspectrum determined in CDCII. 
bSee 17 for numbering system. 
CC-5 and C-3 may be reversed. 
dTwo carbons. 

side-chain carbons were assigned by direct 
analogy with the reported values for 20 (17). The 
models chosen for calculating the shifts of the 
carbons of the piperidine ring and the 4-methyl 
group were piperidine, 2-methylpiperidine, 2- 
propylpiperidine (16), 4-methylpiperidine (15): 
and the isomeric 1,3,5-triinethylcyclohexanes 
(15~) .  For example, the methine carbon of 
4-methylpiperidine resonates at 6 31.3. In 17 the 
C-4 methine signal appears at 6 3 1.5. If either the 
C-2 or C-6 side chain were axial, a y-gauche 
effect would shift the C-4 resonance upfield by 
5-6 ppm (15). The methyl group in 4-methyl- 
piperidine (equatorial) resonates at 6 22.5, in 17 
the C-4 methyl signal is at 6 22.3. In the 1,3,5- 
trimethylcyclohexanes, an axial methyl resonates 
about 4 ppm to higher field than equatorial 
inethyl and a similar shift would be expected in 
the 2,4,6-substituted piperidines if the methyl 
were axially orientated. Similar considerations 
lead to the remaining assignments in Table 1. 
The cmr data, combined with proof of the cis- 
relationship of the side chains at C-2 and C-6 
discussed below, provide firm evidence that the 
major product of the reduction is the desired all 
cis isomer 17. 
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22 
Removal of the protecting groups from 17 was 

accomplished by hydrolysis with 5% aqueous 
hydrochloric acid. The crystalline product has 
the molecular composition C13H23N02 expected 
for the keto aldehyde 8, but does not show 
carbonyl absorption in the infrared (ir). The ir 
spectrum does however show hydroxyl absorp- 
tion, as well as intense Bohlmann bands (18) in 
the region 2600-2870 cm-l. The pmr spectrum 
shows a methyl doublet at 6 0.90, a methyl 
singlet at 6 1.43, and a one proton multiplet at 
6 4.02. The product is thus the hemiketal 21 of 
the carbinolamine form of keto aldehyde 8. The 
appearance of intense Bohlmann bands in the 
infrared spectrum of 21 indicates that at least 
two of the hydrogens on carbons a to nitrogen 
and the nitrogen lone pair are antiperiplanar (18). 
Assuming that all the six-memberedrings are in the 
chair conformation, the only config~rration which 
meets this condition is the all cis (referring to 
H's at ring junctions) configuration shown for 21. 
This provides additional evidence that the side 
chains at C-2 and C-6 in 17 are cis-related. The 
methyl group at C-4 in 21 resonates at 6 22.0 in 
the cmr spectrum, indicating its equatorial nature 
(see above). The methyl at C-8 appears at 6 30.2 
and is also assigned the equatorial configura- 
tion, using 5-tert-butyl-2,2-dimethyl-1,3-dioxane 
(equatorial methyl 6 27.98, axial methyl 6 20.28 
(19)) as a model compound. 

When the hemiketal 17, which crystallizes in 
hydrated form, is heated to  60-70 "C in vacuo, it 
is transformed into a con~pound showing strong 
carbonyl absorption (1715 cm-') and olefinic 
absorption (1655 cm-l) in the ir. The mass 
spectrum of this material shows an apparent 
molecular ion at m/e  414 and an intense frag- 
ment peak at m/e 357. It is known that N-substi- 
tuted Zpiperideines dimerize readily (20) and 
structure 22 is suggested for this substance, the 
peak at m/e 357 in the mass spectrum resulting 
from loss of an acetonyl side chain. 

Our attention now turned to methods for gen- 
erating the immonium salt 9 and its en01 23 
(Y = OH) or enamine 23 (Y = NR2) forms 
which should be capable of cyclization as illus- 
trated in 23. 'Top-side' addition of the en01 or 
enamine to the immonium double bond (arrow a)  
would lead to  the ketone 24 possessing the 
stereochemistry of precoccinelline (2 = 25), while 
'bottom-side' attack (arrow b) would lead to the 
ketone 26, possessing the myrrhine (5 = 27) con- 
figuration. A yriori, the preferred direction of 
cyclization could not be predicted with con- 
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fidence. In the case of the immonium ion 28, an 
intermediate in the synthesis of dihydrodeoxy- 
epiallocernuine (8), addition of the anline to the 
immonium double bond occurs exclusively from 
the 'bottom-side'. However, in the case of the 
compound epimeric with 28 at the carbon bear- 
ing the asterisk, both modes of cyclization are 
observed (8). 

Attempts to cyclize the hemiketal21 by heating 
with aqueous acid or base were unsuccessful. 
However, when a toluene solution of 21 was 
heated in the presence of two equivalents of 
1)-toluenesulfonic acid the ketone 26 was ob- 
tained in high yield. The ir spectrum of the 
ketone shows carbonyl absorption at 1728 cm-I 
and strong Bohlmann bands, this latter feature 
serving to distinguish 26 from the other possible 
isomer, 24. Ketone 26 proved to be rather un- 
stable, rapidly discoloring when exposed to air, 
and in most cases the crude product resulting 
from the cyclization was converted directly into 
the thioketal 29. After chronlatography, the 
crystalline thioketal 29 was obtained in 60y0 
overall yield from hemiketal 21. The thioketal 
also shows very pronounced Bohlmann bands in 
the ir confirming the stereochemical assignment. 

The thioketal 29 was desulfurized using W-2 
Raney nickel in refluxing ethanol. Distillation of 
the crude product, which showed only one spot 
on tlc, gave myrrhine2 (5 = 27) in 64y0 yield. 
Oxidation of the synthetic myrrhine with nz- 
chloroperbenzoic acid provided crystalline myr- 
rhine N-oxide, 30, identical in all respects3 with 
that prepared from myrrhine. In connection with 
the cmr assignments discussed above, it is worth- 
while noting that the signal for the methyl carbon 
in 30 appears at 6 21.4, approxin~ately the same 
shift as in 17 and 21. 

2The ir spectrum of synthetic myrrhine was identical 
with that of natural myrrhine. We wish to  thank Prof. B. 
Tursch for the ir spectrum of myrrhine. 

'We wish to  thank Prof. B. Tursch for making this 
comparison. 

The acid-catalyzed cyclization of 21, pre- 
sumably through the intermediate en01 immoni- 
um ion 23 (Y = OH), appears to proceed 
conlpletely via 'bottom-side' attack (arrow b in 
23), although this may be the result of a thermo- 
dynamic rather than a kinetic process. In an 
effort to obtain the coccinelline geometry, other 
methods of cyclization were investigated. When 
the hemiketal21 was heated with pyrrolidine and 
acetic acid in tetrahydrofuran, the resulting 
product (ir 1725 cm-l) consisted of two com- 
ponents (by tlc), one having the same Rf as 
ketone 26, the other being more polar. The mix- 
ture was treated with ethanedithiol-BF3, and 
the resulting mixture of thioketals (two spots on 
tlc) desulfurized in the usual manner. The crude 
product from the desulfurization also showed 
two spots on tlc, one having an Rf value identical 
with that of myrrhine, the other similar to  that of 
precoccinelline (2 = 25). The two components 
were separated by preparative tlc and the com- 
ponent of higher Rf was identified as myrrhine 
(5 = 27). The other component, isomeric with 
myrrhine (mass spectrum) and lacking Bohl- 
mann bands in the ir, was expected to  be pre- 
coccinelline. However, the ir spectrum was 
clearly different from that of precoccinelline. 
This isomeric base was transformed to the 
N-oxide. Comparison of the spectra of this 
N-oxide and its hydrochloride with those of 
coccinelline, 1, and coccinelline hydrochloride 
again revealed differences. However, comparison 
of the spectra of our synthetic base ancl its N-oxide 
with those of lzippodamine, 4, and convergine, 3, 
respectively, showed that they were ident i~al .~ The 
overall yields of myrrhine and raceinic hippo- 
damine from hemiketal 21 were 33y0 and 23y0, 
respectively. 

The formation of hippodamine (4 = 31) re- 
quires epimerization of the side chain at C-6 
prior to cyclization. In the presence of both acid 
and base this may involve a reversible shift of the 
immonium double bond as illustrated in Scheme 
1. Although ion c is expected to be a minor 
component in the equilibrium mixture, the axial 
side chain is ideally situated for ring closure 
(to 32) and the rate of cyclization of c may well 
exceed that of a. 

We have been unable to define reaction condi- 

4We wish to  thank Prof. B. Tursch for providing 
comparison samples and spectra of coccinelline, pre- 
coccinelline, hippodamine, and convergine. 
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ions which lead to cyclization of 21 to  give 
ketone 24, and thus coccinelline. However, it is 
noted that ketone 33, potentially available by 
this route starting from 2,6-lutidine instead of 
2,4,6-collidine, is a possible precursor of pre- 
coccinelline, 2. Replacement of the carbonyl 
group in 33 with an equatorial methyl group 
gives 2. This route is being investigated. 

Experimental 
Solutions were dried over anhydrous magnesium sulfate 

unless otherwise specified. Skellysolve B refers to Skelly 
Oil Company light petroleum, bp 62-70 "C. Melting 
points were determined on a Fisher-Johns or Leitz- 
~ e t z l a r  hot-stage melting point apparatus and are un- 
corrected. Microanalyses were performed by the Micro- 
analytical Laboratory of this department. 

Infrared spectra were recorded on a Perkin-Elmer 
Model 337 grating ir spectrophotometer, a Unicam SP 
1000 grating ir spectrophotometer, or a Perkin-Elmer 
Model 421 dual grating ir spectrophotometer. 

Proton magnetic resonance spectra were measured 
using a Varian Associates Model A-60 spectrometer or a 
Varian Model HR-100 spectrometer with tetramethyl- 
silane as internal standard. Spectra were determined in 
CDC13 unless otherwise noted. Only significant signals 
are quoted. 

13C nuclear magnetic resonance spectra were obtained 
on natural abundance samples in CDCI, a t  22.63 MHz 
(Bruker HFX-90 interfaced to a Nicolet 1085 computer) 
in the pulse Fourier mode. Shifts are quoted relative to 
internal tetramethylsilane (ATMS). 

Mass spectra including high resolution measurements 
(hrms) were recorded on a A.E.I. model MS-9 mass 
spectrometer and are reported as m/e (relative intensity). 
Unless diagnostically significant only peaks over m/e 50 
and a t  least 20% as intense as the base peak are recorded. 

3-Bromo-1 ,I-riimetl~oxypropat~e, 9 
A stirred solution of anhydrous methanol (23.1 g) and 

freshly distilled acrolein (40.3 g) was cooled to -15 "C 
and hydrogen bromide bubbled in until 123.4g had 
absorbed. The resulting mixture was poured into a cold 

separatory funnel and the layers allowed to separate. The 
bottom layer was drawn off, dried over CaC12, and then 
distilled rapidly (60-80 "C/16 Torr) to prevent polymer- 
ization. The resultant mixture of 1,3-dibromo-1-methoxy- 
propane and 3-bromo-1,l-dimethoxypropane (80 g) was 
added slowly to anhydrous methanol (300 ml) cooled in 
an ice bath. The resulting solution was kept a t  room 
temperature for 20 h. The methanol was then removed 
under reduced pressure on a rotary evaporator to leave a 
clear brown oil (59.2 g) which by nmr (6 2.23 (2,H q ,  
J = 6.5Hz), 3.37 (3H, s), 3.43 (2H, t, J = 6.5Hz), 
-1.55 ( lH ,  t, J = 6.5 Hz)) appears to be essentially pure 
3-bromo-1,l-dimethoxypropane. Distillation of the prod- 
uct gives a clear distillate which by pmr appears to be a 
mixture of the desired compound and 1,1,3-trimethoxy- 
propane. Undistilled material was used directly in the 
next step. 

2- (4 ,4 -Di t1~e t l1oxybr l r y l ) -4 ,6 - r l imer /1 ,  11 
Usit~g 3- Bromo-I, I-ditnetlloxypropat~e 

2,4,6-Collidine (26.0 g, 0.215 mol, freshly distilled 
Eastman-Kodak or BDH reagent grade; Matheson, 
Coleman and Bell technical grade proved unsatisfactory 
since it contains considerable amounts of 2,3,6-trimethyl- 
pyridine which are not readily removed by distillation) in 
ether (200 ml) was added dropwise over 30 min to a solu- 
tion of phenyllithium (18 g, 0.215 mol, prepared from 
bromobenzene and lithium metal) in ether (200 ml) under 
nitrogen. The resultant blood-red solution was stirred a t  
room temperature for 1 11, then a solution of 3-bromo-1 ,l- 
dimethoxypropane (39.2 g, 0.214 mol) in ether (70 rnl) 
was added dropwise over 1 h. The solution was stirred 
overnight and then water (80 ml) added dropwise. The 
layers were separated, the aqueous layer washed with 
ether (2 X 50 ml), and the combined ether solutions 
washed with water and saturated brine. Removal of the 
ether left a reddish brown oil (43.4 g) which was distilled 
under reduced pressure. After a forerun consisting 
mainly of 2,4,6-collidine and the bromoacetal (10.2 g, 
bp 25-73 "C/5Torr), compound 11 (19.3 g, 41%), bp 
107-112"C/1 Torr, II~,?' 1.4904, was obtained as a 
colorless liquid. Atlnl. calcd. for C13H2,NO?: C 69.96, 
H9.42,N6.28;found:C70.16,H9.54,N6.26. 

Infrared spectrum: v,,, (neat) 1610, 1570, 1120, and 
1065 cm-1. Proton magnetic resonance spectrum: 6 2.28 
(3H, s, C-2 methyl), 2.51 (3H, s,  C-4 methyl), 3.35 (6H, s ,  
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methoxyls), 4.43 ( lH ,  t, J = 5 Hz, acetal H), and 6.87 
(ZH, s, aromatic protons). Mass spectrum: 223 (1, M-+), 
192(92), 191(28), 176(35), 148(49), 121(100), 75(84). Mol. 
W1. calcd. for CI3H2,NO? (molecular ion): 223.1572; 
found: 223.1566. 

Usitrg 3-Clrloro-I,l-~lier/roxypropn,re Follo~i~ed by Kc101 
Exchatrge 

T o  a solution of phenyllithium (6.72 g, 0.08 mol) in 
ether (250 ml) under nitrogen was added dropwise a 
solution of 2,4,6-collidine (9.7 g, 0.08 mol) in ether (30 
ml). The mixture was stirred for 2 h a t  room temperature 
and then to the blood-red solution was added dropwise a 
solution of 3-chloro-1,l-diethoxypropane (Aldrich Chemi- 
cals, 13.3 g, 0.08 mol) in ether (30 ml). The mixture was 
stirred overnight and worked up as  above. Distillation 
afforded 2-(4,4-diethoxybuty1)-4,6-dimethylpyridine (9.1 
g, 4570), bp 120-124 "C/1.2 Torr, 1 1 ~ 2 3  1.4844. Infrared 
spectrum: v,,, (neat) 1610, 1570, 1125, and 1060cm-1. 
Attal. calcd. for C15H25N02: C 71.71, H 9.96, N 5.58; 
found: C71.59, H 9.99, N 5.56. Mol. WI. calcd. for 
C15H25N02: 251 ; found (ms): 251. 

The diethyl acetal (10.3 g) was dissolved in dry 
methanol (250 ml) and (1-10-camphorsulfonic acid (10.2 g) 
added. The solution was distilled slowly during which time 
methanol was added dropwise to maintain the volume. 
After 100 ml of methanol was collected, the solution was 
cooled and sodium carbonate (10 g) added. The mixture 
was stirred vigorously, filtered, and evaporated. The 
residue was partitioned between ether and water. The 
ether solution was dried and distilled to give 2-(4,4- 
dimethoxybu ty1)-4,6-dimethylpyridine (11, 8.3 g), identi- 
cal with that described above. 

Acetotritrile Me~hod 
A solution of 2-(4,4-dimethoxybuty1)-4,6-dimethyl- 

pyridine (11, 12.0g, 0.054 mol) in anhydrous ether (20 
ml) was added dropwise, under nitrogen, to a stirred 
solution of phenyllithium (4.54 g, 0.054 mol) in ether (40 
ml) a t  room temperature. After 30 min, freshly distilled 
acetonitrile (2.1 g, 0.051 mol) in ether (100 ml) was added 
dropwise over a period of 4 h. The solution was stirred 
for an  additional hour, then 2.4 N HCI in dry methanol 
(100 ml) was added dropwise. The solution turned yellow 
(from blood-red) and a precipitate separated. This mixture 
was stirred overnight, then triethylamine (25 g, 0.25 mol) 
was added dropwise, and the solution poured into 
saturated sodium bicarbonate (100 ml). The layers were 
separated, the aqueous layer washed with ether (2 X 50 
ml), and the combined ether layers washed with saturated 
sodium bicarbonate, then saturated brine. Removal of the 
ether gave a dark brown oil (13.7 g, v,,,,(neat) 1720 cm-1, 
crude 12) which was dissolved in toluene (20 ml) and 
added to a solution of ethylene glycol (15.0 g, 0.24 mol) 
and p-toluenesulfonic acid monohydrate (13.1 g, 0.07 
mol) in toluene (350 ml). The mixture was heated under 
reflux (Dean-Stark water separator) for 18 h, then cooled 
and triethylamine (7.1 g, 0.07 mol) added. The solution 
was washed with 5% sodium bicarbonate, water, and 
brine. Removal of the toluene under reduced pressure 
gave a dark oil which was chromatographed over alumina 
(300 g, Alcoa F-20, activity 1-11), Elution with toluene 

(6 1) provided the ethylene acetal of 11 (4.8 g), elution 
with toluene-ether ( I  1 of 4:l) gave a mixture of 11 
(ethylene acetal) and 14, and elution with toluene-ether 
(4 1 of 1 :1) gave the title con~pound 14 (5.7 g, 41'j,), bp 
146-149 "C/O.O8Torr, 11D23 1.5132. Atral. calcd. for 
C17H~5NO4: C 66.45, H 8.14, N 4.56; found: C 66.58, 
H 8.27, N 4.53. Mol. Wt. calcd. for CI7H25N04: 307.1784; 
found(hrms): 307.1769. 

Infrared spectrum: v,,,,, 1610, 1570, 1130, and 1045 
cm-1. Proton magnetic resonance spectrum: 6 1.36 (3H, 
s), 1.82 (4H, m), 2.28 (3H, s), 2.77 (2H, m), 3.05 (2H, s), 
3.90(8H, m),4.87 ( l H ,  t, J = 4.5Hz),6.85(1H,s),and 
6.95 ( lH ,  s). Mass spectrunl: 307(1, M+), 221(55), 207(16), 
187(100). 

8-Ace/oxyq~iitroli,te Merliod 
A solution of c o m p o ~ ~ n d  11 (2.23 g, 8.9 mmol) in 

anhydrous ether (20 ml) was added dropwise to a solution 
of phenyllithium (0.87 g, 10.4 mmol) in ether (8 ml) a t  
room temperature. The solution was stirred for 2 h, then 
cooled to 0 "C, and a solution of 8-acetoxyquinoline 
(1.87 g, 10 mmol) in ether (20 rnl) was rapidly added. The 
temperature rose to 15 "C and the solution was stirred at  
this temperature for 15 min, then water (20 ml) added. 
The yellow precipitate which separated was removed by 
filtration, the filtrate diluted with chloroform (150 ml), 
washed with saturated sodium bicarbonate, and evapo- 
rated to leave a brown oil (2.95 g). This oil was then 
ketalized as described under 'acetonitrile method'. The 
resulting product (2.57 g) was chromatographed over 
alumina (100 g). Elution with benzene (500 m1) gave 
starting material (0.30 g, as  ethylene acetal). Elution 
with benzene-ether (500 ml of 4:l) gave the title com- 
pound 14 (1.15 g, 37%), identical with that described 
above. Elution with ether (3001111) gave the ethylene 
acetal of the double addition product 1 3  (0.39 g, 9%), 
v,,, 3300 (br), 1612, and 1570 crn-1. The structure of t h ~ s  
product is apparent from the molecular weight (Mf = 

I 
484) and the pmr spectrum: 6 1.14 (3H, s, HO-C-CH,), 

I 
1.6-2.0 (8H, rn), 2.27 (6H, s, pyridine r-methbls), 2.74 
(4H, t, J = 6.5 Hz), 2.88 (4H, s), 3.75-3.95 (8H, m), 4.87 
(2H, t, J = 4.5 Hz), 6.82 (2H, s), and 6.86 (2H, s). 

2-(3-[2-(1,3-Dioxolrit1yl)]propyl)-cis-4-t~re~l1y1-cis-6- 
(2-t~1etlryl-2[1 ,3-c/ioxo/~111~~//t~1~'1I1yI)-p~ericIitr, 17 

Sodium (5.2 g) was added to a refluxing solution of 
compound 14 (2.63 g) in freshly distilled isoamyl alcohol 
(70 ml) in a nitrogen atmosphere. Heating was continued 
until all the sodium had reacted (ca. 1.5 h), then water 
(70 ml) was added and the layers separated. The aqueous 
layer was extracted with chloroform (3 X 50 ml) and the 
combined organic layers washed with water and brine. 
Removal of the solvents under reduced pressure left a 
viscous oil (3.1 g) which was chromatographed over silica 
gel (60 g) using chloroform-methanol-dimethylamine 
(100:lO:l) as the eluant a t  a flow rate of 3 ml/h. Three 
ml fractions were collected. Fractions 51 to 68 gave the 
title compound 17 (1.65 g, 62:h) as a colorless oil. Frac- 
tions 71 to 100 gave material (0.66 g) isomeric (by ms) 
with 17. 

An analytical sample of 17 was prepared by molecular 
distillation (120-1 30 "C/O.O5 Torr), 1 1 ~ 2 0  1.4784. Atlal. 
calcd. for CI7H3[NO4: C 65.18, H 9.90, N 4.47; found: 
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C 65.39, H 10.08, N 4.64. Mol. Wt. calcd. for C17H31N04: 
313.2253; found (hrms): 313.2246. 

Infrared spectrum: v,,, 3320, 1120, and 1030cm-I. 
Proton magnetic resonance spectrum: 6 0.90 (3H, d, 
J = 5.5 Hz), 1.35 (3H, s), 3.95 (8H, m), and 4.87 ( lH ,  t, 
J = 4 Hz). 13C magnetic resonance spectrum: see Table 1. 
Mass spectrum: 313(1, M+), 212(12), 198(100), 87(20). 
Hemikela1 21 

A solution of compound 17 (1.25 g) in 57, aqueous 
hydrochloric acid (25 ml) was stirred at  room temperature 
for 18 11. The solution was made basic by the addition of 
57, aqueous sodium bicarbonate and extracted with 
methylene chloride. Evaporation left a solid residue (1.10 
g) which was recrystallized from ether-hexane to give 
21 (0.76 g), mp 58-60 "C (dec.). Hemiacetal21 crystallizes 
in hydrated form and it has not been possible to obtain 
consistent combustion analyses. The infrared spectrum of 
crystalline 21 dissolved in chloroform shows, besides 
hydroxyl absorption at  3595, bands due to  water (21) a t  
3680 and 1605cm-1. After azeotropic removal of the 
water and redissolving in chloroform, the bands a t  3680 
and 1605 cm-1 are no longer present. Attempts to  remove 
water by heatina in vaclro lead to 'dimerization' to  22. 
Mol. w;. calcd. Tor C13H23N02: 225.1729; found (hrms): 
225.1724. 

Infrared spectrum: v,,, (KBr) 3500,3200 (broad), 2820, 
2780, 2740, 2630, and 2610cm-1 (Bohlmann bands). 
Proton magnetic resonance spectrum: 6 0.88 (3H, d, 
J = 6 Hz), 1.42 (3H, s), and 4.00 ( lH ,  m). 13C magnetic 
resonance spectrum: 6 94.6(C-8), 84.8(C-13), 59.3(C-6), 
55.3(C-2), 41.9(CH2), 41.6(CHz), 41.2(CH1), 32.7(CHz), 
31.8(CH2), 30.2(C-4), 30.2(C-9), 22.3(CH2), and 22.O(CH3 
a t  C-4). Mass spectrum: 225(8, M+), 224(17), 210(11), 
207(20), 150(100). 
Thiokelal29 

The hemiketal 21 (296 mg) was dissolved in toluene 
(50 ml) and p-toluenesulfonic acid monohydrate (499 mg) 
added. The vigorously stirred mixture was heated under 
reflux (Dean-Stark water separator) in a nitrogen atmos- 
phere for 3 h, then cooled and triethylamine (1 ml) added. 
The solution was poured into saturated sodium bicar- 
bonate and the layers separated. The aqueous layer was 
washed twice with methylene chloride and the organic 
layers combined and concentrated under reduced pressure 
to  give crude ketone 26 as a pale yellow oil (294 mg). 
Infrared spectrum: v,,, (neat) 2795, 2755, 2715, 2610 
(Bohlmann bands), and 1725 (C=O) cm-1. Proton 
magnetic resonance spectrum: 6 0.92 (3H, d, J = 5.5 Hz). 
Mass spectrum: 207(62, M+), 206(48), 192(27), 165(21), 
164(100), 150(43). The crude ketone 26 (294 mg) was 
dissolved in ethanedithiol (2 ml) and boron trifluoride - 
etherate (0.4 ml) added. After 18 h a t  room temperature 
the solution was diluted with methylene chloride (50 ml) 
and washed with 4 N aqueous sodium hydroxide (4 X 20 
ml), water and brine. Removal of solvent left a pale yellow 
oil (356 mg) which was chromatographed over silica gel. 
Theeluant was chloroform- methanol-aqueous ammonia 
(95:5:0.5); 3 ml fractions were collected. Fractions 12 and 
13 provided thioketal 29 (218 mg), mp 51-52 "C (from 
ether-SkellysolveB). Atlal. calcd. for C I ~ H ~ S N S ~ :  C 63.55, 
H 8.89, N 4.94; found: C 63.33, H 8.78, N 4.87. Mol. WI. 
calcd. for Cl5H25NS2 : 283.1429 (33);  found (hrms): 
283.1410. 

Infrared spectrum: v,,, 2800, 2755, 2735, 2680, 2610 
(Bohlmann bands), and 1125 cm-I. Proton magnetic 
resonance spectrum: 6 0.88 (3H, d, J = 5.5 Hz) and 3.27 
(4H, bs). Mass spectrum: 283(41, M+), 282(26), 222(30), 
190(51), 151(100). 

Myrr./zitle (5 = 27) 
T o  a solution of thioketal29 (0.38 g) in ethanol (20 ml) 

was added a slurry of W-2 Raney nickel (cn. 4 g) in 
ethanol (25 ml). The mixture was heated under reflux with 
vigorous stirring for 2 h, then filtered and concentrated 
HCI (1 ml) added. The solvent was removed under re- 
duced pressure. The residue was dissolved in methylene 
chloride and anhydrous potassium carbonate added with 
stirring. Filtration and evaporation of solvent gave a pale- 
yellow oil (0.21 g) which was distilled at  90 'C (bath 
temperature) (0.1 Torr) to give myrrhine (5 = 27,166 mg) 
as a colorless oil. The infrared spectrum was identical with 
that of authentic myrrhine. Infrared spectrum: v,,,(filrn) 
2790, 2760, 2725, 2610 (Bohlmann bands), 1445, 1385, 
1325, 1255, 1220, 1130, 1120, 1042, 1020, and 730cm-l. 
Proton magnetic resonance spectrum: 6 0.88 (3H, d, 
J = 5.5 Hz). Mass spectrum: identical with the published 
(4) spectrum. 

M ~ ~ r r l ~ i n e  N-oxide, 30 
Myrrhine (11 mg) in chloroform (2 ml) was treated 

with m-chloroperbenzoic acid (15 mg) in chloroform (1 
ml). After 4 h the reaction mixture was poured onto a 
column of alumina (1 g) and eluted with chloroform (25 
ml). Evaporation left a colorless solid (11 mg) which was 
crystallized from methylene chloride - ether. The colorless 
needles slowly decomposed when heated above 150 "C. 
The synthetic material was identical (ir, nmr, ms) with 
authentic myrrhine N-oxide. 

13C magnetic resonance spectrum: 6 73.6(CH), 73.3(2 X 
CH), 35.8(2 X CHI), 35.6(2 X CHI), 30.1(CH), 27.4(2 X 
CH2), 23.4(2 X CHz), and 21.4(CH3). 

( , )- Hippod(1171irle (4 = 31) 
Pyrrolidine (0.042 ml) and acetic acid (0.058 ml) were 

added to  a solution of hemiketal 21 (113 mg) in dry 
tetrahydrofuran (10 ml) and the resulting solution was 
heated under reflux in a nitrogen atmosphere for 24 h. 
After addition of saturated aqueous sodium bicarbonate 
(10 ml) most of the tetrahydrofuran was removed under 
reduced pressure. The aqueous solution was extracted 
with methylene chloride to  give a pale yellow oil (103 mg) 
which showed carbonyl absorption a t  1725 cm-1 and two 
spots on tlc (silica gel). A portion (84 mg) of the oil was 
dissolved in ethanedithiol (2 ml), boron trifluoride- 
etherate (0.2 ml) added, and the solution left overnight. 
Work-up as above gave a pale yellow oil (115 mg) which 
showed two spots on tlc differing in R, values from the 
ketones above. The crude thioketals were desulfurized in 
the same manner as for 29. The product (65 mg) showed 
two spots, R, values 0.8 and 0.2, on tlc (alumina, de- 
veloped with ethyl acetate). The components were 
separated by preparative tlc (alumina, ethyl acetate). The 
component of higher Rf value (27 mg) was identical with 
myrrhine. The component of lower R, value (19 mg) was 
purified by molecular distillation (90 "C/O.l Torr). The 
ir, pmr, and ms were identical with those of authentic 
hippodamine (4 = 31). 
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( + >Convergine, 3 8. W. A. AYER and K. PIERS. Can. J .  Chem. 45, 451 
(+)-Hippodamine (1Omg) was transformed to  the (1967). 

N-oxide in the same manner as described for myrrhine. 9. A. KIRRMANN, M. GOUDARD, and M. CHAHIDZADEH. 
The hygroscopic solid obtained showed spectral properties Bull. Soc. Chim. Fr. 2, 2148 (1935). 
(ir, ms, pmr) identical with those of authentic convergine. 10. J. P. WIBAUT and J.  I. DEJONG. Recl. Trav. Chem. 
The synthetic material was transformed into the hydro- 68, 485 (1949), and references therein. 
chloride which was recrystallized from methylene 11. P. T. Izzo  and S. R. SAFIR. J. Org. Chem. 24, 701 
chloride - ether, mp 225-230 "C (dec.). The infrared (1959). 
spectrum was identical with that of authentic convergine 12. T .  SAKAN and Y. MORI. Chem. Lett. 793 (1972). 
hydrochloride. 13. L. M. JACKMAN and S. STERNHELL. Applications of 
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Studies of the pyrolysis of diethylzinc by the toluene carrier method 
and of the reaction of ethyl radicals with toluene 
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Chemistry Departme~it, Ui~iversity of Wiildsor, Wiildsor, Oi~tario N9B 3P4 
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AHTI A. KOSKI, S. JAMES W. PRICE, and BARRY C. TRUDELL. Can. J. Chem. 54,482 (1976). 
The thermal decomposition of diethylzinc in a toluene carrier system has been studied over 

the temperature range of 669 to 762 K ,  and percent decomposition of 3.8 to 97.2%. The 
decomposition occurs by a two step mechanism, the second step rapidly following the first, 

The overall progress of the reaction was followed by determination of the residual diethylzinc 
by hydrolysis followed by analysis for zinc by atomic absorption. In selected runs two addi- 
tional methods were used: (i) measurement and analysis of the gas evolved during the hydrolysis 
and (ii) full analysis of all pyrolysis products involving the C2Hs group. 

In the absence of zinc oxide the decomposition is essentially homogeneous and 

log kl (s-1) = 14.3 + 0.6 - 
49 000 * 2 000 

4.58T 

or -205 000/19.15T if the activation energyi s expressed inj oules rather than calories. The 
presence of zinc oxide causes marked catalysis of the overall decomposition but does not 
appear to affect reaction 3 or reaction 6. 

[61 CzHs + C2H4 + H 
9 800 + 500 

log k3 (cc mol-1 s-1) = 11.12 + 0.15 - 
4.58T 

30 300 (at 15 mm pressure) log k6 (s-I) = 11.0 - - 
4.58T 

Reaction 6 is in a strongly pressure dependent region and is based on very limited data. 

AHTI A. KOSKI, S. JAMES W. PRICE et BARRY C. TRUDELL. Can. J. Chem. 54, 482 (1976). 
On a CtudiC la dCcomposition thermique du dikthylzinc dans un systkme contenant du 

tolukne comme diluant ; ces Ctudes ont CtC rCalisCes entre 669 et 762 K et amenCes des pourcen- 
tages de dCcomposition de 3.8 a 97.2%. La dCcompositio11 se produit par un mkanisme en 
deux Ctapes; la deuxikme Ctape suit rapidement la premiere 

On a suivi le progrks globale de la reaction en determinant le dikthylzinc rCsiduel par une 
hydrolyse suivie par une analyse du zinc par absorption atomique. Dans un certain nombre 
de cas spicifiques, on a utilisC deux methodes supplCmentaires: (i) la mesure et l'analyse du gas 
qui s'Cchappe au moment de l'hydrolyse et (ii) l'analyse compl'ete de tous les produits de 
pyrolyse impliquant le groupe C2H5. 

En l'absence d'oxyde de zinc, la dCcomposition est essentiellement homogkne et 

log kl (s-1) = 14.3 L- 0.6 - 
49 000 + 2 000 

4.58T 

ou -205 000/19.15T si I'Cnergie d'activation est exprim6 en joules plutBt qu'en calories. La 
prCsence d'oxyde de zinc produit une catalyse importante pour la dCcomposition globale mais 
ne semble pas affecter les rCactions 3 ou 6. 

'To whom correspondence should be addressed. 
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KOSKI ET AL. :  PYROLYSIS OF DIETHYL ZINC 

CzHs + CsHsCH3 4 CzHs 4- CsHsCHz 

CzHs + CzH4 4- H 

log k3 (cc mol-1 s-1) = 11.12 + 0.15 - 
9 800 + 500 

4.58T 

log ks (s-1) = 11.0 - - 30 300 ( 8  15 mm de pression) 
4.58T 

La reaction 6 depend grandement de la pression et est basee sur trks peu de donnCes expCri- 
mentales. 

[Traduit par le journal] 

Introduction 

Although the pyrolysis of a number of com- 
pounds of the type M(C?H5),,, n = 2,  3, 4, has 
been studied only very limited data are available 
on D((C2H5),L-~M-C2H5) bond dissociation 
energies or on the energetics of the subsequent 
reaction of the ethyl radicals released (1, 2). The 
present study is the second in a series from this 
laboratory on such alkyls and is closely related to 
previous work on methyl nletallic alkyls. 

Experimental 
Materials 

Tolrretle 
The toluene employed was toluene from sulfonic acid, 

number X325 as supplied by Eastman Organic Chemicals. 
It was dried by refluxing under vacuum a t  least 24 h over 
freshly pressed sodium ribbon and then degassed by 
bulb-to-bulb distillation. 

Dietl~ylzinc 
The diethylzinc was obtained from Alfa Inorganics, 

stock number 85101. It was used as supplied, except for 
a vigorous degassing. Analysis of residue remaining after 
decomposition by water yielded 99fCjo ZnEtl, measured 
as Znz+ using atomic absorption. Analysis of the de- 
composition gases showed up to 4% of a methyl-contain- 
ing impurity, probably dimethylzinc. This impurity was 
reduced to less than 0.5% by a few degassings. The small 
quantity remaining would presumably remain inert 
during passage through the furnace and be subsequently 
collected in the condensable liquids trap (3). 

Appururtrs a t ~ d  Proced~rre 
The experiments were carried out in a system similar 

to that used in previous work (4). The reaction vessel had 
a volume of 156 cc. To test for surface effects a vessel 
was packed with small quartz tubes. This vessel had a 
volume of 101 cc and a surface-to-volume ratio 20 times 
that of the unpacked vessel. Both vessels were treated 
with hot concentrated nitric acid before use. The residual 
acid was baked out under vacuum after the vessels were 
installed in the reaction system. Zinc oxide surfaces were 
prepared by decomposition of the alkyl followed by pas- 
sage of oxygen over the fresh zinc surface. 

The gaseous products were analyzed using a Perkin- 
Elmer model 154 gas chromatograph equipped with a 

4 in. X 6 ft silica gel column. The column was maintained 
at  80 "C, and a helium flow rate of 20 cm3 per min was 
used. 

The liquid products from selected runs were analyzed 
on a Perkin-Elmer model 800 gas chromatograph 
equipped with a flame ionization detector. A 0.02 in. 
id 150 ft open tubular column coated with poly(propy1ene 
glycol) (Perkin-Elmer Column R) was used. The column 
and injection port temperatures were set at 75 and 135 "C 
respectively. Nitrogen was used as the carrier gas. 

T o  check for dissolved butane in the condensable 
products, a butane standard was prepared following 
procedures simulating conditions in a run. The resulting 
standard solution of butane in toluene was warmed to 
- 12 "C and analyzed immediately on the Perkin-Elmer 
800. A precooled syringe was used for all injections. Both 
the standard and run samples were also run at  room 
temperature using benzene as an  internal standard. As an 
added precaution, the toluene was checked after each run 
for traces of accumulated contaminants, mainly benzene 
and ethylbenzene, and the appropriate corrections made. 
Corrections were necessary only in several runs where the 
first and last fractions of a particular batch of toluene 
were used. 

Diethylzinc was recovered as a dilute solution in toluene 
and hydrolysed over a period of 5-10 min. The zinc 
hydroxide fornied was dissolved by the addition of a 
small quantity of nitric acid and the resulting solution 
was quantitatively diluted to  bring the Zn2+ concentra- 
tion into the 0-6ppm range required for optimum 
analysis on a Pye Unicam SP 90 Atomic Absorption - 
Flame Emission Spectrometer equipped with a hollow 
zinc cathode lamp. 

In a number of runs the gas evolved during the hydroly- 
sis of the residual diethylzinc was collected and analyzed 
using the same procedures employed for analysis of the 
gaseous pyrolysis products. 

Results and Discussion 
Typical experimental conditions and results 

are shown in Table l 2  while selected analytical 
data are given in Table 2. These results may be 
discussed in terms of the following mechanism: 

2A complete table of the pyrolysis data is available, at 
a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 
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TABLE 1. Pyrolysis data for diethylzinc 

Total Contact Initial alkyl Length r/, decomposition 
T Pressure time concentration of run (based on zinc k z , ~  kd 

(K) (mm) (s) (mol cc-1 X los) (min) analy~is)~ 6 - I  (s-' ) 

a(moles Zn(C2Hs)l used - moles zinc recovered in traps)/(molcs Zn(CnHs)z) X 100. 

TABLE 2. Experimental parameters and product analysis 

Toluene - Products from pyrolysis of Zn(C2H5)2 (mol X 104) 
Alkyl Hydrolysis products (rnol X 104)" 

T sure (molar 12-Propyl 
(K) (mm) ratio) H2 CH4 C2H4 CZHG C4HL0 benzene HZ CH4 C2H4 CzHs 

aFrom slow dccomposition of Zn(C?Ha), whcn thc toluene soliltion rccovcrcd nftcr thc run is mlxed with water in the absence of oxygen. 

The ethyl radicals produced in the decomposi- 
tion will then abstract hydrogen atoms froill 
either the ring or the side chain of toluene to 
yield ethane, recombine to produce butane, dis- 
proportionate to give ethylene and ethane, or 
decompose : 

Reaction 11 seems negligible in that only minute 
traces of propane were found. A displacement 
reaction similar to reaction 12 has been observed 
to occur between CH3 and B(CzH5)3 (5, 6). 

Reactions represented by [12] and [13] are 
proposed on the basis of evidence that significant 
amounts of methane and hydrogen were pro- 
duced when residual alkyl was deconlposed with 
water at the end of the run. A portion of the 
CH4 is due to the small Zn(CH3)* impurity but 

A combination reaction between benzyl radicals this cannot account for all the CH4 found: The 

formed in reaction and ethyl radicals was also deco~nposition of small amounts of diethylzinc 

found to occur as evidenced by the production by water has been the subject of several investi- 

of significant amounts of propylbenzene: gations (7, 8), and the only volatile product 
re~or ted  formed was ethane. An earlier studv 

171 C2Hy + CsH5CH2. 4 C6H5C3H7 (9j, utilizing considerably more drastic cond:- 

N~~~~~~~ reactions involving nlethyl and hy- tions for the decomposition, in which relatively 

drogen radicals also occur : large samples of the alkyl were decomposed with 
water or acid, did yield hydrogen and ethylene in 

[81 H. + GH5CH3 4 CH3. + C6H6 small quantities. To test the possibility that the 
191 4 Hz + GHsCH2. same situation might obtain in the present study, 
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KOSKI ET AL.: PYROLl 'SIS OF DIETHYL ZINC 485 

a sample of diethylzinc obtained directly fro111 
the storage vessel was decomposed under the 
same conditions as the residual alkyl normally 
would have been. No traces of ethylene or hydro- 
gen were detected in the deconlposition gases. 

First order rate constants were calculated from 
the usual expression 

where x denotes the percent deco~nposition and 
7, is the contact time or the average time that a 
molecule spends in the reaction zone in the 
furnace. This was calculated from the expression 

where V is the reaction zone volunle in cc, P is 
the average total pressure in mm mercury, T is 
the absolute temperature in the reaction zone, 
and F is the flow rate through the furnace in 
mol s-'. 

The percent decomposition, x, was evaluated 
by three separate methods, (i) by analysis of zinc 
residue using atomic absorption techniques, 
(ii) by deconlposition gas analysis via gas chro- 
matography, and (iii) product analysis. For runs 
in which two or more methods were used the - - 

agreement is generally favourable. The first two 
methods are compared in Table 1. Values of kl 
obtained by the third method are plotted in Fig. 1 
along with the values obtained by method i. 

The agreement between the methods shows 
that, unlike the case of dimethylzinc (3), reaction 
2 follows rapidly after reaction 1. This is not 
unexpected. The slow decomposition of ZnCH3 
was governed by the fact that this simple frag- 
ment was decomposing under conditions of 
temperature and pressure that placed the decom- 
position reaction close to or in its second order 
region. This is not true for ZnC2H5 which should 
have twice the effective number of oscillators. 

The runs in the un~acked reaction vessel 
actually represent runs in three different vessels 
subjected to a variety of conditioning processes. 
In addition to the standard HN03 rinsing and 
baking procedure, rinsing with H F  and coating 
with deposits from the decomposition of other 
alkyls (Sb(CH3)3, Sn(C2H5)4) were tried. All of 
these treatments produced the same lower limit 
for kl at any given temperature. On this basis it 

\ 
-2.0 1 

1.30 1.40 1.50 

lo3 / T 
FIG. 1. Arrhenius plot for the pyrolysis of diethylzinc. 
0, based on residual zinc analysis; 9, based on product 
analysis; a, runs catalysed by zinc oxide. 

seems probable that major surface effects are not 
present in runs done in the clean and conditioned 
vessels. However, in the first runs in the packed 
vessel (surface-to-volume ratio 20 times that of 
the unpacked vessel) oxide was present and 
subsequent cleaning, although removing all 
visible oxide, still led to values of kl that indicate 
the possibility of up to 15% heterogeneous reac- 
tion in the unpacked vessel. The packed vessel 
was made with the quartz packing sealed in so 
that the small quartz tubes had to be cleaned in 
sit11 and the cleaning process may not have been 
entirely satisfactory. 

The marked affect of zinc oxide on the decom- 
position of diethylzinc may be seen by comparing 
the two Arrhenius plots in Fig. 1. The upper 
curve (zinc oxide on surface) may be represented 
by 

while the predominately homogeneous reaction 
(lower curve) is given by 

A similar rate enhancement was previously 
encountered in a study on the related compound 
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dimethylzinc (10). If the activation energy for 
reaction 1 is accepted as a reasonable measure of 
the bond dissociation energy Do0, then D2980 is 
approximately 47.5 kcal mol-'. 

Assuming ~ H ~ 2 9 ~ ~  (C2H5', g) = 25.3 kcal 
mol-' (1 l), AHf2gg0 (Zn, g) = 31.19 kcal nlol-' 
(12), and AHf29g0 (Zn(C2H5)2, g) = 12.1 kcal 
mol-' (11) and that the recombination process 
(the reverse of reactions 1 and 2 have zero 
activation energies 

DI(CZH 5Zn-C2H5) + D ~ ( Z ~ - C Z H ~ )  
= 31.2 + (2 X 25.3) - 12.1 
= 69.7 kcal mol-' 

Then at 298 K, since Dl = 47.5 kcal nlol-', 
D2 = 22.7 kcal nlol-'. Since previous studies 
have shown that the decomposition of ZnCH3 
yields Zn atoms in their ground state ( l ,3 )  this is 
likely to also be the case for ZnC2H5. Thus the A 
factor for reaction 2 will probably be limited to a 
maximum value of lo9 to 101° s-'. However even 
with this restriction on A2, k2 will be at least 200 
times greater than the corresponding kl value. 
This is consistent with the observation that to  
satisfy the analytical data k2 must be much 
greater than kl. 

Hydrogetz Abstraction by Ethyl Raclicals 
The rate expressions for reactions 3 and 4 may 

be written as 

and 

respectively. (Note: C2H4* = C2H4 from dis- 
proportionation only.) Thus 

The disproportionation/colllbination ratio for 
ethyl radicals was approximated as 0.1 1 on the 
basis of previous studies (13) so that 

The values of k:, used to construct Fig. 2 
were obtained from these expressions and 
log k4 (cc n~ol-' s-') = 12.6 (14). With the corn- 
bined data from the two sources of ethyl radicals 

FIG. 2. Arrhenius Plot for the abstraction of hydrogen 
from toluene by ethyl radicals. 0,  radical source 
Zn(C2Hs)l (present work); 0, radical source Hg(C2Hs)z 
(ref. 2). 

log k3 (cc mol-' s-') = 11.12 + 0.15 

9 800 + 500 

The slightly steeper overall slope compared to 
the individual sets of data is the result of in- 
creasing nonunifornlity of [C2H5] with increasing 
temperature. Three of the nine points from the 
present work are fro111 zinc oxide catalysed runs. 
As expected the presence of the oxide on the 
surface of the reaction vessel has no effect on the 
value of k3. 

Decompositio~z of'tlze Etlzyl Radical 
The rate expression for reaction 6 may be 

written as 

where t = total, CzH4* = C2H4 from dispro- 
portionation. The deternlination of C2H4* and 
[C2H5-] has been discussed in the previous 
section. The limited data (seven points) may be 
represented by the very approximate Arrhenius 
equation 

30 300 (at 15 nlm pressure) log kG(5) = 11.0 - - 
4.58T 

The major significance of this equation is that it 
adequately represents points from both runs in a 
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clean vessel and runs in an oxide coated vessel. 5. M. V. ENCINA and E. A. L~SSI. J. Organomet. Chem. 

This is a good indication that even though the 
6. : 9 7 ~ R ~ : ~ ~ L D ,  E, A. LIssI, and J. C. ScmNo. main decomposition process is essentially a J. Chem. Sot. B, 1189 (1971). 

heterogeneous reaction when the surface is 7. I. M. ISHIMORI. O. NAKASUGI. N. TAKEDA. and 
coated-with zinc oxide. the ethvl radical decom- T. TSURATA. Makromol. Chem. 115. 103 (1968;. 
position is not surface catalysed. 
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Etude sur les carbethoxy-3 pyrazolinones-5: contribution a l'etude des 
formes tautomeriques et preparation de sels d'hydrazinium 

et de guanidiniuml 

J. ZAUHAR ET B. F. LADOUCEUR 
Collige militaire royal rle Sait~t-Jearz, Saiut-Jean, QlrBbec JOJ IRO 

R e ~ u  le 11 juillet 1975 

J. ZAUHAR et B. F. LADOUCEUR. Can. J. Chem. 54,488 (1976). 
Les carbCthoxy-3 pyrazolinones-5 adoptent de prCfCrence la forme tautomkrique NH ?i 

1'Ctat solide et en solution; le solvant ne cause pas de changement radical de forme parce que 
les molecules, passablement polaires, semblent stabiliskes par un systttme fortement conjuguC 
et, possiblement aussi, par une chClation due ?i la formation d'une liaison hydrogttne entre le 
groupement carbonyle, du groupement carbithoxy en position 3, avec l'atome d'hydrogkne 
attach6 ?i I'atome d'azote en position 2. 

Ces carbkthoxy-3 pyrazolinones-5 forment des sels d'hydrazinium et de guanidinium, par 
transfert d'un proton, en prCsence d'hydrazine et de guanidine en solution ethanolique. 

J. ZAUHAR and B. F. LADOUCEUR. Can. J. Chem. 54,488 (1976). 
The tautomeric NH-form is preferentially adopted by 3-carbethoxy-5-pyrazolinones in the 

solid state and in solution; the solvent does not cause a radical change in form because these 
molecules are quite polar and appear to  be stabilized by a rather extended conjugated system 
and possibly also by chelation of the carbonyl group of the carbethoxy group in position 3 
with the hydrogen atom attached to the nitrogen atom in position 2. 

These 3-carbethoxy-5-pyrazolinones form hydrazinium and guanidinium salts in the 
presence of hydrazine and guanidine in ethanolic solution by means of a proton transfer. 

Introduction De meme, quelques esters simples ont conduit 

condensation de quelques carbithoxy-3 B une riaction semblable avec la guanidine (5), 

pyrazolinones-5, 1, avec l'hydrate d'hydrazine r2]. 
bouillant a perrnis h certains auteurs (1-4) 
d'isoler les hydrazides correspondantes, 2. ,OC2Hs 

[21 RC' + NH2-C(NH)NH2 - 
'0 

'La recherche pour cette publication a CtC subvention- 
nCe en partie par le Conseil de recherches pour la defense, 
numCro d'octroi 9530-25. 

Toutefois, lorsque les carbithoxy-3 pyrazo- 
linones-5 riagissent avec l'hydrazine ou la 
guanidine dans des conditions  noi ins sCvbres 
(solution ithanolique h la temperature de reflux), 
on obtient des dirivis solides dans lesquels le 
groupement carbithoxy est rest6 intact. Ces 
solides sont des sels d'hydrazinium ou de guanidi- 
nium des carbithoxy-3 pyrazolinones-5, 3. 

Nous avons pens6 que, dans ces conditions, 
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ZAUHAR ET LADOUCEUR: PYRAZOLINONES-5 CARBETHOXY-3 

les carbtthoxy-3 pyrazolinones-5 adopteraient ou 
possiblen~ent une forrne tautomCrique dans la- 
quelle un proton est plus facilement arrachC par 
le rCactif basique que ne l'est le groupernent 
Cthoxy. Une Ctude des forrnes tautornCriques de 
ces cornposCs a alors CtC entreprise. 

RCsultats et discussion Nous avons CtudiC les carbtthoxy-3 pyrazo- 

Contribution h l'e'tude rles~formes tautotne'riques 
rles carbktkoxy-3 pyrazolinones-5 

Plusieurs auteurs (1-4, 6-12, 14) ont apportC 
par leurs travaux des informations sur les formes 
tautornCriques des pyrazolinones-5. En 1964, 
Katritzky et Maine (8) ont dress6 un inventaire 
des travaux dCjB faits et ont par la suite contribuC 
largernent B Cclairer le sujet (9, 12). Les forrnes 
tautomtriques (4 a-c) varient selon que le corn- 
posC est B 1'Ctat solide ou dissous dans un solvant, 
et selon la nature et le nornbre de substituants 
qu'il porte. 

~l R I ~1 

40 46 4c 
( forme O H )  (forme CH) (forrne N H )  

Selon Katritzky (8), les pyrazolinones-5 portant 
des substituants rnCthyles ou phCnyles en posi- 
tions 1 et 3 existent essentiellement sous la forrne 
CH, 4b, en solution dans le chlorofornle ou le 
titrachlorure de carbone. Toutefois, l'addition 
d'un substituant en position 4 modifie la forrne; 
par exemple, des solutions fraichernent prCparCes 
de la dirnCthyle-3,4 phCnyle-1 pyrazolinone-5 
dans ces rncrnes solvants donnent des spectres 
qui dkmontrent l'existence de fortes proportions 
de la forrne NH, 412, proportions qui diminuent 
par vieillissen~ent de la solution. Puis, en solutioil 
aqueuse, c'est la forme NH qui prCdornine et qui 
est en Cquilibre avec environ 10% de la forme 
OH, 40. Enfin, B 1'Ctat solide, selon ce m$rne 
auteur, ces composCs adoptent une forme NH 
forternent associCe par liaison hydroghe dans 
laquelle un transfert d'un proton conduisant B 
la forrne OH peut trks bien se produire: 

linones-5 suivantes: 
5 R, = H. R4 = H 
6 R, = Mr.  R4 = H 
7 R1 = Ph. R4 = H 
8 Rl = H. R4 = M e  
9 RI  = Ph, R4 = Ph 

I 10 RI = Ph. R4 = Me 
R I  

Les tentatives faites pour prCparer les trois 
dCrivCs phCnyle-4, dirnCthyle- 1,4 et rnCthyle-1 
phCnyle-4 ont toutes CtC vaines; nous avons 
toujours plut6t obtenu une dihydrazide de l'acide 
oxalique, soit un produit de dkgradation de 
forrnule (RNHNHC0)2 dans laquelle R = H 
ou Me. 

Nous avons bask notre Ctude des forrnes tauto- 
~nCriques des carbithoxy-3 pyrazolinones-5 sur 
leurs spectres ir, rrnn et uv. 

Spectres infraro~iges 
Les spectres ir pris B 1'Ctat solide dans KBr 

(tableau 1) montrent que les carbCthoxy-3 pyra- 
zolinones-5 absorbent beaucoup dans la rCgion 
au-dC1B de 2000cm-'. D'abord, pour les corn- 
posts non substituts en 1 (5, s), on trouve une 
bande assez forte et un peu Clargie vers 3440- 
3330crn-I due au groupement NH libre; puis, 
dans la rigion 3400-3100 cm-', 021 l'absorption 
est toujours appriciable, il ressort dans tous les 
cas CtudiCs une petite bande vers 3 180-3070 cm-l, 
meme lorsque la position 1 est substituCe, ce qui 
semble indiquer un groupement NH associC. De 
plus, dans tous les spectres examinks, une bande 
d'absorption trks large et d'intensitC assez forte 
entre 2800 et 2200 crn-l, qui persiste lorsque le 
spectre est pris dans le chloroforme et qui garde 
alors une intensit6 constante, fait conclure B une 
association intrarnolCculaire ou B une chtlation 
assez forte. La bande large entre 2000 et 1800 
cnl-l, attribuable B une association intermolCcu- 
laire NH-OH dans les pyrazolinones non 
carbCthoxylCes (S), n3apparaft pas dans les spec- 
tres des carbithoxy-3 pyrazolinones-5 CtudiCes. 

On retrouve Cgalernent dans tous les cas deux 
bandes d'absorption v C=O, I'une dYintensitC 
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TABLEAU 1. Donnees spectrales ir des carEthoxy-3 pyrazolinones-5 (cm-I)" 

v OH libre v NH v NH v C=O V~ v C=C v C-0-C 
ComposC Phase v OH associe libre associP ChClation ester cycle Ph cycle asym. sym.? 
- - 

5 KBr 

CHC13b 

6 KBr 

CHC13 

7 KBr 

CHC13b 

8 KBr 

CHCI jb  

9 KBr 

CHClj 

10 KBr 

0Abbrk.iations: d = double, f = forte, fa = faible. I = large, m = m6diurn. mu = multiple. 
bSolvant non satisfaisant, absorption faible. 
&Intensits5 augmente avec dilution. 
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ZAUHAR ET LADOUCEUR: PYRAZOLINONES-5 CARBETHOXY-3 49 1 

trks forte et quelquefois multiple B environ 1725 
crn-' et l'autre de rnoindre intensit6 B 1737 crn-', 
visible comrne une tpaule bien dtfinie; ces 
bandes sont aussi prtsentes dans les spectres pris 
dans le chloroforrne, B une frtquence un peu 
plus basse, soit vers 1725-1700crn-' et vers 
1740-1720crn-'. La prernikre bande est attri- 
buable au groupernent C=O du cycle; selon 
Katritzky (8), cette bande trks intense apparait 
vers 1700 crntl dans les spectres des pyrazoli- 
nones non carbtthoxyltes, uniquernent lorsqu'ils 
sont pris dans le chloroforrne ou le tttrachlorure 
de carbone (forrnes CH ou NH), et elle est 
absente dans les spectres de ces rn&rnes composts 
pris B 1'Ctat solide (forrne OH ou NH-OH 
associke). De ceci, on peut conclure que les 
carbtthoxy-3 pyrazolinones-5 existent de f a ~ o n  
prtdorninante sous la forrne NH, B l'ttat solide 
ou en solution. La seconde bande v C=O est due 
au groupernent carbtthoxy de la position 3, et sa 
plus faible intensitt pourrait s'expliquer par une 
chClation de ce groupernent CO avec l'atorne 
d'hydrogkne localist sur l'atome d'azote de la 
position 2 de la forrne NH, 11; Leonard el al. 
(13) ont observt un tel affaiblissernent d'absorp- 
tion du groupernent CO dans certains a-ctto- 
esters cycliques Cnolisables et l'ont attribut B une 
chtlation de ce genre. Cette attribution de ces 
deux bandes d'absorption B des vibrations C=O 
est en parfait accord avec celle de Maquestiau 
et al. (14) qui-ont observt ces deux bandes B 1732 
c n r l ,  intensit6 medium, et B 1682 cm-', intensitt 
t r b  forte, dans le spectre ir de la rnoltcule modkle 
de type NH, soit la carbtthoxy-4 rntthyle-2 
phtnyle-1 pyrazolinone-5, pris dans le chloro- 
forrne. 

11 l la  

Cornrne l'absorption entre 1700 et 1600 crn-' 
est nulle, on peut conclure l'absence d'une 
liaison C=N et par constquent exclure les 
forrnes CH et OH. Cependant, la prtsence d'une 
bande d'intensitt assez forte vers 1592-1575 
c n r l  pourrait provenir d'une conjugaison assez 
forte et d'une chtlation. Le spectre de la molt- 

cule rnodkle de type NH de Maquestiau et al. 
(14) donne aussi une bande B 1569 cnl-', d'in- 
tensitt forte, attribute B une vibration C=C. 
D'une f a ~ o n  analogue, on pourrait attribuer 
cette bande aux vibrations du cycle fortenlent 
conjugut et chtlatt reprtsentt par la forrnule l l n .  

Les carbtthoxy-3 pyrazolinones-5 sont trks 
peu solubles dans le tttrachlorure de carbone de 
sorte que leurs spectres pris dans ce solvant n'ont 
pas de valeur. Cependant, leur solubilitt est 
rneilleure dans le chloroforme et les spectres 
obtenus dans ce solvant, en particulier pour les 
composts 6 et 9, sont valables; ils sont corn- 
parables B ceux qui ont t t t  pris B l'ttat solide, 
rnais ils sont rnoins bien dtfinis. Ntanmoins, on 
doit noter dans ces spectres l'apparition de deux 
bandes vers 3670 et 3550 crn-' dont l'intensitt 
augrnente avec la dilution, particulikrement dans 
le cas de la deuxikrne bande. Ceci indiquerait une 
association d'un groupernent OH avec le sol- 
vant: une certaine proportion de la forrne O H  
existerait donc en solution dans le chloroforrne. 

De cette Ctude spectroscopique ir, il est donc 
logique de conclure que les carbtthoxy-3 pyra- 
zolinones-5 adoptent priftrablernent la forrne 
NH. Cette forme semble stabiliste par une forte 
conjugaison et par une chtlation pour devenir 
passablement polaire (12), ce qui expliquerait en 
partie la solubilitt assez limitke de ces composts 
dans les solvants peu ou non polaires. 

Spectres de rbonance tnagtze'tique ri~rc1Pair.c. 
L'ttude des spectres rrnn (tableau 2) de ces 

carbtthoxy-3 pyrazolinones-5 confirrne les in- 
formations obtenues des spectres ir. La prtsence 
d'une bande trks large B champ faible, aux 
environs de 11-13 pprn, serait due B un groupe- 
inent NH dont le proton est trks dtblindt par 
liaison intrarnoltculaire avec le groupernent CO 
ester (7). Plus le solvant utilist dans la prtpara- 
tion des spectres est polaire, plus la forrne N H  
sernble stable, en accord avec Katritzky (8). 

Pour les composts non substituts en position 
1, les spectres pris dans le DMSO deuttrt 
montrent deux bandes NH stpartes, chacune 
d'intensitt lH ,  vers 13 et 10 pprn, et dans les 
spectres pris dans le CDC13, une seule bande NH 
d'intensitt 2H qui apparait B champ un peu plus 
Clevt, vers 8-9 pprn. Lorsque la position 1 porte 
une substitution, une seule bande N H  d'intensitt 
1H est observte vers 11 pprn dans le DMSO et 
un peu plus haut dans le CDCI3. (I1 y a une 
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TABLEAU 2. DonnCes spectrales rmn des carbtthoxy-3 pyrazolinones-5 
(6 en ppm, TMSp 

Compost Solvant Position 1 Position 2 Position 3 Position 4 

5 DMSO-rl, 

CDC13 

6 DMSO 

CDC13 

7 DMSO 

CDC13 

8 DMSO 

CDCI3 

9 DMSO 

CDC13 

10 DMSO 

CDC13 

flAbbrdviations: b = bande, m = multiplet, q = quadruplet, s = singulet, t = triplet. 
bException. 

exception pour le composC 7 pour lequel cette 
bande ressort beaucoup plus bas ii 3.75 ppm 
dans le CDC13. Nous n'avons pas pu expliquer 
cette anornalie.) Toutes ces bandes disparaissent 
par addition de D20. 

De plus, le signal donnC par le ou les protons 
de la position 4 est toujours un singulet, sauf 
pour les protons aromatiques, et son intensit6 
est toujours Cquivalente B 1,3  ou 5 protons selon 
que cette position est non substitute, mtthylke 
ou phtnylie. Ce fait exclut la forrne CH. La 
prCsence du groupernent carbCthoxy en position 
3 doit stabiliser la forrne NH, par allongernent 
du systkrne conjuguC et possiblernent par chC- 
lation. 

Speclres ullraviolels 
L'exarnen des spectres d'absorption uv (fig. I) 

semble aussi confirrner ces avancCs. Dans le 
cyclohexane, la solubilitC des carbithoxy-3 pyra- 
zolinones-5 est trks faible et le calcul du coeffi- 
cient d'extinction rnolaire n'est pas possible en 
pratique. Cependant, ce calcul a CtC possible en 
utilisant 1'Cthanol absolu cornrne solvant. On 
observe deux bandes d'absorbtion, l'une d'in- 
tensite forte vers 225 nrn et l'autre dYintensitC plus 
faible vers 270 nrn: ceci a m h e  B conclure ii la 

2 0  2 3 0  250 2 7 0  2 9 0  310 3 3 0  350 370 
LONGUEUR D'ONDE (nm)  

FIG. 1. Spectres uv des carbethoxy- 3 pyrazolinones-5 
(ethanol): non-substituCe 0-0-0-0, rntthyle-1 
0-0-0-0, phinyle-1 X-X-X-X-X, mt- 
thyle 4 .-.-.-. , diphtnyle-1,4 . . . . . a ,  rntthyle-4 
phe'nyle-1 - - - -. 
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ZAUHAR ET LADOUCEUR: PYRAZOLINONES-5 CARBETHOXY-3 

TABLEAU 3. Sels d'hydraziniurn des carbithoxy-3 pyrazolinones-5 

Solvant de Trouvi Calculi 
Corn- Point de cristal- Rendernent 
pose fusion ("C) lisation brut (%) Forrnule C H N C H N 

12a 125-26 EtOH abs. >80 C7HI4N4O3 41.40 6.96 27.42 41.58 6.93 27.72 
126 135-37 EtOH, 95% >90 CI2Hl6N4O3 54.94 6.12 21.05 54.53 6.10 21.58 
12ca h.115-16(dec.) EtOH abs. >90 C7H14N403 - - - - - - 
12d 197-98 EtOH, 957, >90 C18H20N403 63.56 5.93 16.71 63.53 5.88 16.47 
12e 162-64 EtOH abs. >90 CI3Hl8N4O3 55.86 6.73 20.19 56.10 6.52 20.13 

fllZc se dfcornpose durant la recristallisation; il n'a pu ftre suffisarnrnent purifi6 pour analyse. 

TABLEAU 4. Sels de guanidiniurn des carbithoxy-3 pyrazolinones-5 

Solvant de 
Corn- Point de cristal- Rendernent 

TrouvC Calculi 

posi fusion ("C) lisation brut (%) Forrnule C H N C H N  

13a 129-31 EtOH, 957, 55 C7H13N503 .H20  36.26 6.34 29.95 36.05 6.48 30.03 
136 182-84 EtOH-EtOAc >90 C8H15NS03 .H20  38.76 7.06 27.88 38.86 6.88 28.33 
13c 182-83 Hz0 >90 CI3Hl7N5O3.+H20 52.37 5.96 23.23 52.00 6.00 23.33 
13d 192-93 H20 >90 C8HISNS03 . H 2 0  39.16 6.96 28.54 38.86 6.88 28.33 
13e 240-42 EtOH abs. >90 C19H21N503.C2H50H 61.16 6.38 16.84 61.02 6.53 16.95 
13f 182-86(dec.) EtOH-CHC13 >80 Cl4HI9N5O3.+H2O 53.47 6.35 22.05 53.61 6.41 22.28 

prtsence d'un systkme conjugut dont un groupe- 
ment C=O, tel que trouvt dans les esters a, B 
insaturts. La prtsence d'un substituant phtnyle 
en position 1 cause un dtplacement bathochro- 
mique des deux bandes d'absorption vers 255 et 
330 nm et augmente l'intensitt de la premihre 
bande, indiquant possiblement un allongement 
de la conjugaison. 

Sels cl'hydraziniu~n et de guatziclini~nn cles 
carbe'thoxy-3 pyrazolinones-5 

Les travaux concernant la rtaction des car- 
btthoxy-3 pyrazolinones-5, 1, avec l'hydrate 
d'hydrazine qui sont dtcrits dans la litttrature 
(1-4) mentionnent uniquement la formation de 
produits de condensation avec le groupement 
carbtthoxy, soit l'obtention d'hydrazides 2 ser- 
vant d'intermtdiaires dans la prtparation des 
azides correspondants. Ces hydrazides (Cq. 1, 
R1 = Ph, PhCO; R4 = Me, Et, Ph, Bz) sont 
obtenues en faisant rtagir l'hydrate d'hydrazine 
bouillant avec les carbethoxy-3 pyrazolinones-5 
correspondantes. 

D'autre part, aucune rtaction semblable avec 
la guanidine n'est rapportte dans la litttrature. 

Lorsque les carbtthoxy-3 pyrazolinones-5 sub- 
stitutes ( 6 1 0 )  rtagissent avec l'hydrazine ou la 
guanidine en solution tthanolique, B une tem- 
ptrature ne dtpassant pas 80 "C, la rtaction ne 
se fait pas (ou t r b  peu) avec le groupement 
carbtthoxy ; il se produit plutat un transfert d'un 

proton vers la base et il en rtsulte des ions 
hydrazinium ou guanidinium, de sorte que les 
sels d'hydrazinium ou de guanidinium corres- 
pondants des pyrazolinones (12 et 13) sont 
formts. 

a RI = Me, R4 = H a RI = H. R4 = H 
6 Rl = Ph, R4 = H b RI = Me, R4 = H 
c RI = H ,  R4 = Me c Rl = Ph, R4 = H 
d R1 = Ph, R4 = Ph d RI = H .  R 4 = M e  
e RI = Ph, R4 = Me e RI = Ph, R4 = Ph 

/' RI = Ph, R4 = Me 

On obtient ces difftrents sels par Cvaporation 
B sec de la solution car ils sont en gtntral trks 
solubles dans le milieu rtactionnel. Les rende- 
ments des produits purifits n'ont pas e'tt calcults 
parce qu'une perte tlevte de substance est subie 
lors de la recristallisation de ces solides, passable- 
ment solubles dans les solvants polaires (eau et 
alcool) et t r b  peu solubles dans les solvants non 
polaires. Les rendements bruts sont cependant 
tlevts, dtpassant 80%. 

Le sel d'hydrazinium 12c n'a pu &re isole 
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TABLEAU 5. D O M ~  spectrales ir des sels d'hydrazinium, cm-1 (fenstre KBry 

v- v C = o  v c==c v c-0-C 
ester cycle Ph cycle ? asym. sym.? 

- 

12a 3358fa 3300-3265m 3160-3140rn 2900-2500m 2150-2100fa 1736fa 1689f 1582f 1475mu,f 1245f 1136f 
1720m 1075f 2 
1703f 2 

126 3343m 3290fa 
CI 

3140m 2900-2300m 2180-2060fa 1736fa 1698f 1602m 1588m 1470mu,f 1265f 1155m 
3222fa 3068-3050m 1720m 1693f 1565m 1128m 

1703f g 5 
1 2 c X 3 5 0 f  3290-3100f 2900-2300f 2220-2040fa 1737fa 1685rn 1570f 1500f 1250f 1125f . 

1720m 1640m 1479f 1090f 
1704f vI 

P 

12d 3364m 3300fa 3065m 2900-2500m 2160-2080fa 1740fa 1689f 1603f 1577m 1517f 1247f 1168m 1 
1722rn 1540f 1496m 1112m 2 
1707m 1444f 

12e 3357m 3293fa 3063m 2900-2400m 2200-2100fa 1737fa 1699f 1598m 1562m 1505m 1249f 1170m 
1721m 1556m 1480m 11 18rn 
1703f 1432f 

aAbbriviations: f = forte; fa = faible; m = m6diurn; mu = multiple. 
bproduit brut. non recristallis6. 
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TABLEAU 6. Donndes spectrales ir des sels de guanidinium, crn-I (fenitre KBr)a N 
2- 
C 

v NH V- vC=O GNHde v C=C vC-0-C 2 
ComposC H20 libre v NH de (NHz)~C+ ester cycle (NHz)~C+ Ph cycle ? asym. sym.? 

m 
3400f 

4 
13a 3540b,m 3353f 3250-3100f 2900-2400m-fa 1738fa 1690f 1660mu,f - 1579f 1498ni 1283f 1148f 

1722fa 1575f 1433f l l l l m  6 
1704m 1558m o 

136 3540b,m 3440f 3350f 3300-3100f 29W2400m-fa 1737fa 1685m 1660mu,f - 1562f 1490m 1271f 1183f 
1720m 1555f 1430f lllOm c 
1713f 1537rn !? 

13c 3520b,rn 3420f 3380f 3300-3100m 29W2400m-fa 1737fa 1685m 1660mu,f 1599f 1560m 1495rn 1246f 1149m 
3075m 1720111 l55Of 1484m 1209m ll09f 

1708f 1537m 1429f o 
13d 3520-3470b,m 346&3370b,f 3315f 32W3100f 2900-2400m-fa 1736fa 1697f 1665mu,f - l57lf 1422f l253f 10851 

1720m 1567f 
1702f 1555m $ r 

- m 
13r 3438f 3350m 3250b,m 2850-2400m-fa 1737fa 1698f 1665mu,f 1599f 1545m 1492m 1217f 1153f 

3415f 32W3060rn 1720fa 1695f 1535m 1442f 1052m 
1703f 1528m 1420f $ 

13f 3550m 3475m 3 3360b,m 3155b,m 29W2500m-fa 1737fa 1680f 1665mu,f 1598111 1564m 1514m 1249f 1160m z 
1720fa 1675f 1557m 1500m 1089m 
1704m 1440f ? 

W 

aAbbrCviations: b = bande, f = forte, fa = faible, m = mM~um, mu = multiple. 
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CAN. J .  CHEM. VOL. 54, 1976 

TABLEAU 7. DonnCes spectrales rmn des sels d'hydrazinium des carbkthoxy-3 pyrazolinones-5, 
pris dans le DMSO-d6 (glissements chimiques en 6 ppm, TMS)a 

Corn- CH2CH3 
posC (NH2NH3)+ N-CH3 C=C-H C=C-CH3 CsHs (ester) 

120 6.95s(5H) 3.44s(3H) 5.22s(lH) 1.22t(3H) 
4.14q(2H) 

126 6.8s(5H) 5.37s(lH) 7.8mu(5H) 1.29t(3H) 
4.24q(2H) 

12d 4.95s(7H)b 7.5mu(lOH) 1.24t(3H) 
4.26q(2H) 

12e 6.75s(5H) 2.00s(3H) 7.5mu(5H) 1.30t(3H) 
4.22q(2H) 

aAbbrCviations: b = bande, mu = multiplet, q = quadruplet, s = singulet, t = triplet 
bIntensitC 5H de NH?NHjC et 2H de H t 0  risiduelle de DMSO, 

l'ttat pur car sa recristallisation redonnait tou- 
jours la pyrazolinone de dtpart 8; ntanmoins, on 
a rtussi B l'identifier B l'ttat brut par analyse 
spectrale ir. 11 faut noter aussi que les sels de 
guanidinium ont cristallist sous forme d'hydrates 
(13 a-cl, 13f) ou sous forme d'tthanolate 13e. 

Parmi les carbtthoxy-3 pyrazolinones-5 ttu- 
dikes, nous avons remarqut que celle qui est non 
substitute 5 est moins rtactive. Le rendement 
brut de son sel de guanidinium 13n n'a pas 
dtpasst 50% et son sel d'hydrazinium (12, R1 et 
R4 = H) n'a pas t t t  obtenu, le produit alors 
is016 avec un rendement de 30% ttant plut6t 
l'hydrazide correspondante, dtjB rapportte dans 
la litttrature (15). 

Les tableaux 3 et 4 donnent le point de fusion 
et l'analyse de ces difftrents sels. 

Les analyses spectrales confirment la nature 
de ces sels. Les spectres ir (tableaux 5 et 6) 
rtvklent plusieurs bandes d'absorption caract6 
ristiques des ions hydrazinium et guanidinium 
(vers 3400-3050 cm-' et 2900-2700 cm-l) et font 
voir que la frtquence de la bande d'absorption 
du groupement C=O du cycle a baisst B 1700- 
1685 cm-l, soit un dtplacement d'environ 20 B 
30 cm-l, possiblement caust par un accroisse- 
ment d'intensitt du systkme conjugut. On re- 
trouve encore cette bande d'intensitt assez forte 
vers 1570 cin-l attribuable au groupement C=C 
selon Maquestiau et al. (14). 

La forme CH n'est plus possible dans le cas de 
ces sels des carbtthoxy-3 pyrazolinones-5, et les 
formes OH et NH deviennent Cquivalentes et 
conduisent, par perte d'un proton, au m&me 
systbme conjuguC stabilist 14. 

L'analyse spectrale rmn (tableaux 7 et 8) 
rtvble aussi des glissements chimiques caractt- 

ristiques des ions hydrazinium et guanidinium, 
massifs assez ttroits dans le cas des sels d'hydra- 
zinium, mais plus tlargis pour les sels de guani- 
dinium, peut-&tre B cause de la prtsence d'eau 
d'hvdratation dans ces derniers- leur dtvlace- 
ment chimique est en gtntral voisin de 7 ppm. 
Les autres protons, ceux de l'anion cyclique, 
subissent les glissements chimiques attendus et 
n'apportent pas d'autre information vu que cet 
anion ne peut adopter qu'une seule forrne, celle 
donnte ci-haut. 

Les points de fusion ont CtC dCterminCs dans des tubes 
capillaires et ne sont pas corrigCs. Les analyses spectrales 
ont CtC faites avec les appareils suivants: ir, Perkin-Elmer, 
modkle 647; rrnn, Varian, modele T-60, avec TMS 
cornme standard interne; uv, Bausch and Lornb, rnodkle 
spectronic 600. 

Les analyses ClCrnentaires ont CtC rCalisCes par Micro- 
Tech Laboratories, Inc., Skokie, Illinois. 

CarbPt/~oxy-3 pyrazolit~ot~es-5 (5-10) 
Toutes les carbkthoxy-3 pyrazolinones-5 ont CtC prC- 

parCes par la mCthode de Wislicenus et Arnold (16) en  
condensant les oxosuccinates d'Cthyle correspondants 
avec l'hydrate d'hydrazine et ses dCrivCs. Parrni elles, 
seules les mCthyle-4 et Cthyle-4 ne sont pas rapportCes 
dans la litterature: (i) mCthyle-4: pf: 190-92 "C (eau); 
Anal. calc. pour C7H10N203: C 49.42, H 6.01, N 16.39, 
trouvC: C 49.40, H 5.92, N 16.47; (ii) Bthyle-4: pf: 
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ZAUHAR ET LADOUCEUR: PYRAZOLINONES-5 CARBETHOXY-3 497 

TABLEAU 8. Donnkes spectrales rrnn des sels de guanidiniurn des carbkthoxy-3 pyrazolinones-5, 
pris dans le DMSO-d~ (glissernents chirniques en 6 pprn, TMS)a 

Corn- CH2CH3 
posk (NH2)3C+ N-H N-CH3 C=C-H C=C-CH3 CsHs (ester) 

"Abbriviations: b = bande, mu = multiplet, q = quadruplet, s = singulet, t = triplet. 
bMassif de 6H de (NH2)3C+ avec 2H de Hz0 et I H de NH (position I). 
CMassif de 6H de (NH?)3C+ avec 2H de H20. 
dMassif de 6H de (NH2)3C+ avec I H de H?O. 
eMassif de 6H de (NH?)3C+ cachd sous le triplet dr CH? ( 6  3.5) provenant de CHJCH~OH de cristallisation. LC quadruple1 

de CH3 provennnt de CHICH~OH apparait a 1.15 ppm. 

192-193 "C (alcool); At~al.calc.pour CBHI2N2O3: C 51.22. 
H 6.64, N 15.27; trouvC: C 51.72, H 6.56, N 15.21. 

Sels d'lzydrazit~i~~t~~ (12a-e) 
Les carbithoxy-3 pyrazolinones-5 (0.01 B 0.10 rnol) 

sont agitCes rnkcaniquernent dans de l'alcool Cthylique 
absolu (50-100 rnl). Le rnilange est alors port6 h la 
ternpkrature de reflux et un lCger excks (10%) d'hydrate 
d'hydrazine est ajoutC lenternent. L'agitation et le reflux 
sont maintenus durant une pCriode variant de 4 B 8 h. 
Le sel cristallise en partie par refroidissernent de la solu- 
tion et est sipare par filtration; en vaporisant entikrernent 
le solvant dans un Cvaporateur, on obtient le reste du 
solide, souvent colork, que I'on recristallise avec la 
prernsre portion, soit dans l'eau ou l'alcool. Les analyses 
ClCrnentaires et spectrales ir et rrnn sont donnCes dans 
les tableaux 3, 5 et 7. 

Sels de guntliditlirrm (13a-fl 
Les carbithoxy-3 pyrazolinones-5 (0.01 B 0.05 rnol) 

sont agitCes dans de l'ethanol absolu (50-100 ml) et le 
rnClange est chauffi avec agitation h une temperature 
voisine de 65 "C; puis une solution alcoolique de guani- 
dine est ajoutke lenternent, en lCger excks (10%). Le 
mClange est rnaintenu h cette rn&rne ternpbature, avec 
agitation, pour une pCriode variant de 7 B 24 h. Les sels 
sont isolCs par Cvaporation cornplkte du solvant et sont 
recristallisks soit dans l'eau, soit dans 1'Cthanol. Les 
risultats des analyses ClCrnentaires et spectrales uv et 
rmn apparaissent dans les tableaux 4, 6 et 8. 

de MontrCal  p o u r  I'aide apportie 2 l 'analyse 
spect ra le  rmn, et M. AndrC F o u q u e t  d u  C.M.R. 
p o u r  son assistance technique.  

1. P. E. GAGNON, J. L. BOIVIN, P. A. BOIVIN et R. N. 
JONES. Can. J ,  Chern. 29, 182 (1951). 

2. P. E. GAGNON, J. L. BOIVIN, P. A. BOIVIN et H. M. 
CRAIG. Can. J. Chern. 30, 52 (1952). 

3.,P. E. GAGNON, J. L. BOIVIN et A. CHISHOLM. Can. J. 
Chern. 30,904 (1952). 

4. P. E. GAGNON, J. L. BOIVIN et M. TREMBLAY. Can. J. 
Chern. 31, 673 (1953). 

5. W. TRAUBE. Chern. Ber. 26, 2553 (1893). 
6. F. SNAVELY, W. S. STRAHANOVSKY et F. H. SUYDAM. 

J. Org. Chern. 27, 994 (1962). 
R. JONES, A. J. RYAN, S. STERNHELL et S. E. WRIGHT. 
Tetrahedron, 19, 1497 (1963). 
A. R. KATRITZKY et F. W. MAINE. Tetrahedron, 20, 
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A facile synthesis of sulfonyl chlorides 

RICHARD F .  LANGLER' 
Cltemisrry Deparrment, Scarborou~gl~ College, Utliversify of Torot~ro, Wesr Hill, Onrario MIC IA4 

Received July 15, 1975 

RICHARD F. LANGLER. Can. J. Chem. 54,498 (1976). 
Benzylic sulfides have been shown to'furnish sulfonyl chlorides in excellent yields, upon 

reaction with molecular chlorine in aqueous acetic acid. The reaction most likely proceeds 
through the intermediacy of the corresponding sulfenyl chloride. 

RICHARD F. LANGLER. Can. J. Chem. 54,498 (1976). 
On a montre que les sulfures benzyliques fournissent des chlorures de sulfonyle avec d'excel- 

lents rendements par reaction avec du chlore molCculaire en solution acide acetique aqueux. 
11 est plus que probable que la reaction possede par l'intermidiaire des chlorures de sulfenyle 
correspondants. 

[Traduit par le journal] 

A great deal of work has been done on the 
chlorination of sulfides and sulfoxides under a 
variety of reaction conditions with a wide range 
of chlorinating agents (1-9). 

In a preliminary report (10) we have indicated 
that the chlorination of sulfides and sulfoxides, 
in aqueous media, may be a useful method for the 
synthesis of sulfonyl chlorides, although this 
reaction requires the intermediacy of a-poly 
chlorosulfoxides which restricts starting materials 
to a-chloro or symmetrical sulfides. 

In a recently reported study (2) we have 
realized a good yield of methanesulfonyl chloride 
from the chlorination of benzyl methyl sulfide in 
aqueous acetic acid. At that time we proposed 
that methanesulfenyl chloride was the principal 
intermediate in the reaction. 

In an attempt to, support the intermediacy of 
the sulfenyl chlorides in these reactions, we pre- 
pared and chlorinated benzyl methyl sulfoxide 
under the same conditions which we had pre- 
viously utilized for benzyl methyl sulfide (2). Our 
hope was that the sulfoxide might undergo hy- 
drolysis, persuant to oxochlorosulfonium chlor- 
ide formation, furnishing some benzyl methyl 
sulfone which was not observed as a product 
from the experiment on the sulfide. In this way 
the intermediacy of the sulfoxide could be dis- 
missed from con~ideration.~ Unfortunately, the 

TABLE 1. Yields of sulfonyl chlorides from the 
corresponding benzylic sulfides 

Sulfide Sulfonyl chloride Yield (%) 

PhCH2SCH3(2) CH3S02C1 75 
PhCHzSCH2CH3 CH3CH2S02Cl 99 
PhCH2S(CHz)2CH3 CH3(CH2)2S02CI 98 
PhCH2S(CHz)3CH3 CH3(CH2)3S02CI 96 
PhCHzS(CHz)4CH3 CH3(CH2)4S02C1 95 
PhCH2SCH2Ph* PhCHzSOzCl 74 

'1. S .  Grossert and R. F. Lnngler. unpublished results. 

results from the chlorination of benzyl methyl 
sulfoxide were identical to those from the 
chlorination of the sulfide, which fails to estab- 
lish the intermediacy of the sulfenyl chlorides in 
the aqueous chlorination of benzylic sulfides. 
However, this result is consistent with our 
observation in a similar comparison of a 
8-sulfonyl benzylic sulfide and a 8-sulfonyl 
benzylic sulfoxide under the same reaction con- 
ditions (2). 

In order to establish the utility of benzylic 
sulfides as precursors for the synthesis of sulfonyl 
chlorides, we have prepared and chlorinated a 
representative selection of precursors. The results 
are depicted in Table 1. In each case benzyl 
acetate and benzyl chloride were also formed as 
shown below. 

lEnquiries should be addressed to: Dr. R. F. Langler, HOAc 
Chemistry Department, Dalhousie University, Halifax, PhCH2'S'R + C12/H20 - 
Nova Scotia B3H 453. PhCHzOAc + PhCH2CI + R.SO2.Cl 

2This auuroach was not unreasonable in view of the ~ 1 5 %  --80Yc -9570 
fact that 66th Durst and Tin (1 1) and Cinquini er al. (12) 
have observed sulfone formation via nucleophilic attack The synthetic utility of benzylic as 
on oxochlorosulfoniurn cations. - intermediates in the synthesis of sulfonyl chlor- 
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LANGLER: SULFONYL CHLORIDES 499 

ides is clearly superior to that of symmetrical on preparative thin layer chromatography plates. Five 

sulfides, since a benzylic group is selectively preparative plates were spotted with concentrate from 
the chlorination reaction (100 mg/plate). The plates were 'leaved than a potentially conlplex R- eluted with chloroform giving rise to three bands, 

group. Furthermore, the chlorination of dialkyl R, 0.49 (uv light), R, 0.60-0.70 (variable, detected on 
sulfides consumes a great deal more chlorine analytical plates with NaI-acetone spray), and R, 0.88 
since a -p~~y~h~orosu l fox ides  intervene which re- (UV light). The upper bands (RF 0.88) were scraped and 
act sluggishly resulting in the bulk of the chlorine combined, covered with chloroform (150 ml), and stirred 

for 1 h. After filtration and concentration benzyl chloride 
passing through the reaction mixture unused. was obtained. which was identical with authentic material 

Experimental 

Getleral 
The ir spectra were recorded on a Beckman IR-10 

grating spectrophotometer and the nmr spectra were 
obtained on a Varian T-60 instrument using TMS as the 
internal standard. 

Preparatiotz of Berzz)~lic Siilfides 
The preparation of the benzylic sulfides was essentially 

the method of Buchi et al. (13) as illustrated by the details 
provided below for the preparation of benzyl ethyl 
sulfide. 

Sodium metal (2.047 g) was dissolved in absolute 
ethanol (100 ml) followed by benzyl thiol (10 ml). A 
solution of ethyl bromide (13.126 g) in 10 ml of absolute 
ethanol was added dropwise over a period of ca. 15 min 
and the reaction stirred at  ambient temperature for 54 h. 
Water (100 ml) was added and the solution washed with 
chloroform (three 100-ml aliquots). The chloroform layers 
were combined, dried (MgSO.,), filtered, and the chloro- 
form rotary evaporated. The residue was rectified a t  
reduced pressure furnishing benzyl ethyl sulfide (9.893 g 
bp 119-120 "C/31 Torr). 

Preparatiotl of Sulforryl Clzlorides 
In each case the appropriate alkyl benzyl sulfide 

(5-6 g) was added to a solution of distilled water (3.3 ml) 
in glacial acetic acid (25 ml). Molecular chlorine was 
bubbled through the solution a t  ca. 200 ml/min. During 
the chlorination the reaction temperature was main- 
tained below 30 "C with an  ice-water bath. Chlorination 
was continued until the reaction was no longer exothermic 
(-10-20 min). Upon completion of the chlorination, 
water (35 rnl) was added and the solution washed with 
chloroform (three 50-ml aliquots). The combined chloro- 
form layers were washed with 2.5% w/v NaOH (two 
50-ml aliquots). The chloroform was then dried (MgS04), 
filtered, and rotary evaporated. 

Yields were calculated from the molar ratios of the 
products as obtained from an nmr spectrum of the crude. 
Sulfonyl chlorides could be detected in crude mixtures 
on tlc using sodium iodide-acetone spray (14). 

Identification of the components in each case was 
achieved by resolving a small sample of crude mixture 

by tlc, ir, and nmr. The whole area between the upper 
and lower band (R, 0.60-0.70) was subjected to  the same 
procedures as described for the upper bands. Upon 
concentration the appropriate sulfonyl chloride was 
obtained which was identical to  authentic material by 
nmr, ir, and bp. Isolation of the lower band material 
always furnished a compound identical to  authentic 
benzyl acetate by tlc, nmr, and ir. 
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Studies of p-nitrobenzoic acid and thep-nitrobenzoate ion in the electrical 
double layer of oriented cationic and anionic nematic phases 
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YUNKO LEE and LEONARD W. REEVES. Can. J. Chern. 54, 500 (1976). 
The p-nitrobenzoate ion and its conjugate acid have been oriented in both cationic and 

anionic detergent based lyornesophases. In  the cationic phase there is no marked change in the 
order of the C2 axis as the hydrogen ion concentration of the water region of the phase is varied. 
The degree of order along the C2 axis is decreased considerably in passing to  the anionic 
detergent based phase and in this phase the degree of order of the ion does increase in the 
expected manner on protonation. The orientation of the larger organic counter ion and its acid 
is probably complicated by insertion into the hydrophobic region and use of the -NO2, 
-COz-, or -COOH moieties as head groups. 

YUNKO LEE et LEONARD W. REEVES. Can. J. Chem. 54, 500 (1976). 
On a orient6 I'ion p-nitrobenzoate et son acide conjuguk dans des lyornCsophases basees sur 

des dktergents cationiques et anioniques. Dans la phase cationique, il n'y a pas de changement 
important dans l'ordre de l'axe C2 h rnesure que la concentration en ion hydrogkne de la 
rkgion aqueuse de la phase varie. Le degrC d'ordre le long de l'axe Cz diminue considerablement 
lorsque l'on passe h la phase baske sur le dktergent anionique; dans cette phase, le degrC d'ordre 
de l'ion augmente de la f a ~ o n  attendue lorsqu'il y a protonation. L'orientation de I'ion organique 
plus gros et de son acide est probablement compliquke par I'insertion dans la region hydro- 
phobique et I'utilisation des fonctions -NO2, -C01- ou -COOH comrne groupes de t&te. 

Fraduit  par le journal] 

Introduction 
Lyotropic liquid crystals provide important 

model research problems, which have impact in 
widely differing areas of chemistry and biology 
(1). The superstructure arrangements of the 
amphiphilic molecules or ions are determined 
by the hydrophobic effect and divide these meso- 
phases into three separate regions: (a) aqueous, 
(b)  electrical double layer (edl) or polar layer, 
and (c) lipophillic hydrocarbon chains (2). These 
three divisions are essential aspects of the opera- 
tions of the lipid bilayer model of biological 
membranes (3). 

Magnetic fields used in the nuclear magnetic 
resonance (nmr) studies of these systems provide 
a mechanism for spontaneous orientation of the 
nematic mesophases (4). Two distinctly different 
nematic lyomesophases can be distinguished 
according to the direction of alignment of the 
nematic axis in a magnetic field. A type I nematic 
phase orients parallel to  the magnetic field and 
a type I1 nematic phase perpendicular to the 
magnetic field (4, 5). The type I1 phase can be 
shown to have a cylindrical superstructure re- 
ported earlier in similar systems by Luzzati et al. 
/I\ 

One very inlportant model aspect of lyomeso- 
phases is the edl or polar interface regions and 
the high coricentration of interface per unit 
volume which make them particularly conve- 
nient to study by nmr methods. The orientation 
of small counter ions with respect to the per- 
pendicular direction to the interface becomes 
accessible to  experimental study in these systems. 
It is clear also that the distribution of ions as a 
function of distance from the interface can be 
investigated at least indirectly in terms of the 
local degree of orientation with respect to the 
interface. 

The chemistry of the edl can be varied almost 
at will in these mesophases as we have recently 
shown (6-11). The sign of the charge on the 
detergent ion can be positive or negative and 
successful nematic phases have been recently 
synthesized with mixtures of detergent cations 
and anions. The interface charge density can 
be varied by additions of neutral amphiphiles 
such as decanol or cholesterol (5) and the 
aqueous part of the electrical double half layer 
can be varied by the addition of balanced elec- 
trolytes or small polar molecules such as meth- 
anol, ethylene carbonate, aromatic nitrogen 
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LEE AND REEVES: ON ELECTRICAL DOUBLE LAYER 50 1 

TABLE 1. Compositions of the lyotropic nematic phases 
prepared in this study 

Wt.% 

TAULE 2. The analysis of the proton spectrum of the 
cesium p-nitrobenzoate in the isotropic solution 

Parameter Value (Hz) 

Sample DACl D20 NH4Cl CsNB'" 

Sample CsDS D2O )I-Decanol CsNB* 

*CsNB = cesium p-nitrobcnzoatc. 
tDlO (0.01 N NaOH). 
$D?O (0.2 N HCI). 
SD2O (0.2 N HzSOc). 

bases, etc. (16, 5, 11). The ability to sustain 
nematic properties with these chemical variables 
enables the- experimenter to bring to bear, 
probably for the first time, all the anisotropic 
nmr parameters on the edl problem. 

Recently Lee and Reeves (11) have shown a 
60- to 90-fold increase in the magnitude of the 
degree of order of C,  axis of the cation, 
[CH3T1CH3]+, present in the for111 of added 
electrolyte, when the neillatic phase is changed 
from one prepared using a cationic detergent to 
that using an. anionic detergent. 

In this present study, the hydrogen ion concen- 
tration of the aqueous component is controlled 
in order to  study the orientation of p-nitroben- 
zoic acid and its conjugate base in both cationic 
and anionic detergent nematic phases. 

Experimental 
The proton nmr spectra of the oriented p-nitrobenzoate 

ion and its conjugate acid in the lyotropic nematic phases 
were recorded on a Varian HA-100 spectrometer, with 
sample spinning at  a probe temperature of 30.7 k 0.2 "C. 
The spectrometer was operated in a locked mode. The 
calibration of the position of the individual peaks was 
achieved by the difference frequency from the lock signal. 
p-Nitrobenzoate (or protonated p-nitrobenzoate) ion was 
oriented in both cationic and anionic nematic phases. The 
cationic nematic phases were made from decylammonium 
chloride (DACl), ammonium chloride, and deuterium 
oxide. The anionic nematic phases were composed of 
cesium decylsulfate (CsDS), )I-decanol, and deuterium 
oxide. The compositions of the nematic phases made in 
the present study are listed in Table 1. Samples 1 ,2 ,  and 3 
are basic, neutral, and acidic cationic nematic phases, 
while samples 4, 5, and 6 are basic, neutral, and acidic 
anionic phases respectively. Cesium p-nitrobenzoate was 

J12 2 .48k0.03 
J34 1.92k0.03 

j 1 3  = J24 0.34k0.02 
J ~ 4  = Jz3 8 .45k0.02 

A 6 20.4k0.03 
rms error 0.06 

prepared by neutralizing p-nitrobenzoic acid with cesium 
carbonate. The product was recrystallized in a water- 
ethanol solvent mixture. Cesium decylsulfate was pre- 
pared by neutralizing cesium carbonate with decylsulfuric 
acid, which was formed by passing sodium decylsulfate 
through an acidified chromatographic column containing 
Dowex 50-H+ ion exchange resin. Decylammonium 
chloride was prepared from the reaction of decylamine 
and hydrochloric acid. 

Results and Discussion 

The proton magnetic resonance spectrum of 
cesium y-nitrobenzoate was recorded from iso- 
tropic aqueous solutions of the salt at 100 MHz. 
The concentration of the salt was maintained 
close to that of the mesophases which contained 
the oriented ion. The spectrum was also ob- 
tained from unoriented micellar solutions pre- 
pared as closely as possible to the mesophase 
conlpositions. The AA'BB' spectrum was ana- 
lyzed with the UEA computer program (12) 
which gave the parameters listed in Table 2 for 
several averaged spectra. No significant varia- 
tion of these parameters occurred on protona- 
tion of the ion or when the isotropic medium 
was varied. The root-mean-square error of 
f 0.06 Hz from the computed l i  line spectrum 
was deemed satisfactory. The enumeration of 
the scalar couplings Jij are denoted in Fig. 1 

-100 -100 0 IW m 
HZ 

FIG. 1. Proton magnetic resonance spectrum of the 
p-nitrobenzoate ion oriented in a lyotropic nematic phase 
of cesium decylsulfate, decanol, and deuterium oxide. 
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TABLE 3. The direct couplings, the ratios of the various interproton distances, and the orientation parameters 
in cesium p-nitrobenzoate with D2, symmetry 

Value 

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 

which gives the protons numbered positions on 
the ring. These scalar couplings and the chemical 
shifts were assumed to be invariant in the change 
from isotropic to mesophase solution and were 
used to reduce the number of parameters needed 
for iteration to fit the spectra from anisotropic 
media. Thep-nitrobenzoate ion and its conjugate 
acid were oriented in the phases described in 
Table 1 and a 12 line proton magnetic resonance 
spectrum typical of an AA'BB' nuclear spin 
system was recorded. An example of the spec- 
trum is shown as Fig. 1 for the basic phase 
cesium decylsulfate, decanol, water, and cesium 
p-nitrobenzoate. The spectral analyses of the 
oriented acid and ion in both cationic and 
anionic lyomesophases are presented in Table 3. 

In the cationic decylammonium chloride based 
phase, the direct dipolar coupling constants 
between meta protons D12 are smaller than those 
between para protons Dl3, although quite a good 
fit to the experimental spectrum can be obtained 
by interchanging the meta and para values. The 
small dipolar coupling constant between meta 
protons leads to physically meaningful orienta- 
tion parameters and internuclear distance ratios. 
The opposite is true in the anionic detergent 
phases based on the decylsulfate system. Assum- 
ing an internal chemical shift 61 = 62 # 63 = 64, 
and D12 = D34, the best fit between the experi- 
mental and computed spectrum using the UEA 
program gives a root-mean-square error of 
0.2 Hz or less for the difference between frequen- 
cies for all computed and experimental lines. 
This is in agreement with the random error 
analysis of the experimental peak positions. 
Since the two para-substituents on the benzene 
ring are different, one would expect the four 
protons of the p-nitrobenzoate ion to be on a 

plane with CzU symmetry rather than a D2,, sym- 
metry. However the C2" symmetry was not 
detected in the present study. The dipolar 
coupling constants depend on the interproton 
distances. A very small difference between the 
interproton distances of the two pairs of meta- 
protons would probably make the Cza symmetry 
indistinguishable within experimental error from 
a Dzh symmetry. The cases of p-chlorofluoro- 
benzene and p-bromofluorobenzene are similar, 
but in these molecules the symmetry of CzP has 
not been detected (13). 

The relations between the ratios of the various 
interproton distances and the direct dipolar 
coupling constants for an AA'BB' spin system 
with D2h symmetry are given by the following 
equations (14): 

Equations 1 and 2 indicate that the ratios (r14/r12) 
and (r13/r12) in the p-nitrobenzoate ion can be 
determined unambiguously, independent of ori- 
entation. The interproton distance ratios ob- 
tained in this study are listed in Table 3. The 
present results show that there are no significant 
changes in the geometry of the p-nitrobenzoate 
ion or protonated p-nitrobenzoate ion in both 
the cationic and anionic lyotropic nematic 
phases. The ratio of the meta to ortho proton 
distances found for the p-nitrobenzoate ion is 
comparable to those found for ap-dihalobenzene 
(15). 

The orientation parameters SI1 and S22 are 
related to the interproton distances and to the 
various dipolar coupling constants by [31 and 
[4] respectively : 
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LEE AND REEVES: ON ELECTRICAL DOUBLE LAYER 

[31 5'1, = -(2r2/hy2)D12rlZ3 

141 5'22 = -(2r2/hy2)D14r143 
It is obvious that the values of Sll and SZ2 can 
be determined only if one of the interproton 
distances is known. The distance between the 
ortho pr$tons chosen for the present calculations 
is 2.47 A, which is typical for para-disubstituted 
benzene molecules. Values of the orientation 
parameters calculated are also included in 
Table 3. 

It has been proposed in our previous work that 
electrostatic interactions play quite a significant 
role on the orientation of an ion in a lyotropic 
nematic phase (1 1). The parameter Sz2 defined 
here is related to the orientation of the C2-sym- 
metry axis. A comparison of the S 2 2  values of the 
p-nitrobenzoate ion in the decylammonium 
chloride phase with those in the decylsulfate 
phase shows that the C2-symmetry axis of the 
ion is more highly ordered in the cationic 
detergent phase than in the anionic detergent 
phase. This reflects a stronger electrostatic inter- 
action between the p-nitrobenzoate ion and its 
conjugate acid and the positively charged elec- 
trical double half layer of decylammonium ions. 
There is no large change in degree of order in 
any direction as the acidity of the aqueous 
region changes. This shows no strong preferen- 
tial orienting forces at the positive interface as 
the ion changes to conjugate acid. In this case 
therefore t h i  charge on the species has little 
effect in providing an orienting electrostatic 
force. There is a large change in degree of order 
of the p-nitrobenzoate ion and its conjugate acid 
in passing to the anionic nematic phase which 
decreases the order parameter Sz2 by a factor 
about 2 to 4 times. This factor is however much 
smaller than that observed for the dimethvl- 

FIG. 2. The coordinate system and numbering of pro- 
tons for p-nitrobenzoate ion. 

thallium ion in passing from cationic to anionic 
phase (1 1). There is a notable increase in degree 
of order SZ2 in the anionic phase as the p-nitro- 
benzoate ion is protonated (Table 3). The ap- 
proximately twofold increase in S 2 2  can be 
associated with removal of the negative charge 
on the ion, decreasing the repulsive forces with 
the anionic detergent head groups. The ionic 
detergent head groups in these lyotropic nematic 
phases are known to be the most highly ordered 
regions of the phase (7-10) and an increase in 
degree of order in a counter ion principal axis 
is associated with a more intimate contact at 
the edl. 

The anisotropic motion of the counter ion can 
be described with a probability function P(O,4), 
which is the probability per unit solid angle that 
the applied magnetic field direction is 0 and 4 in 
spherical polar coordinates relative to the 
molecule-fixed Cartesian coordinate system (8). 
With the spherical polar coordinates as defined 
in Fig. 2, and assuming that the lyotropic 
nematic phases are oriented perpendicular to 
the applied magnetic field (4, 5), the probability 
function P(0,4) of the oriented p-nitrobenzoate 
ion can be expressed as (16) 

The probability functions P(0,4) were evaluated for the pnitrobenzoate ion (or protonated 
p-nitrobenzoate ion) in all the samples studied, 

P(O,4) = 0.0864 - 0.0206 cos2 0 - 0.0069 sin2 0 cos 24 (Sample 1) 

P(O,4) = 0.0875 - 0.0238 cos2 0 - 0.0080 sin2 0 cos 24 (Sample 2) 

P(O,4) = 0.0864 - 0.0204 cos2 0 - 0.0074 sin2 0 cos 24 (Sample 3) 

P(O,4) = 0.0803 - 0.0021 cos2 0 - 0.0017 sin2 0 cos 24 (Sample 4) 

P(O,4) = 0.08C6 - 0.0031 cos2 0 - 0.0025 sin2 0 cos 24 (Sample 5) 

P(0,4) = 0.0833 - 0.01 13 cos2 0 - 0.0046 sin2 0 cos 24 (Sample 6) 
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P(B,+) has a maximum at 0 = 90' and + = 90°, 
which suggests that the most probable orienta- 
tion of the y-nitrobenzoate ion is with its C2-axis 
in the direction of the applied magnetic field. 
However, the results reported here suggest that 
more complex factors than charge alone could 
also influence the orientation of the organic ions 
and their conjugate acids at the edl interface. 
These complicating factors in the case of the 
organic ion and its acid could be the distribution 
between aqueous and hydrophobic environments 
and the ability of the -CO2-, -NO2, and 
-COOH moieties to act as head groups with 
the organic part of the ion or molecule in the 
hydrophobic medium. This suggests more exten- 
sive surveys of different ionic and molecular 
types in similar investigations. The only clear 
effect of protonation is indicated in the increased 
order of Sz2 in the anionic phases. 
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CHARLES EUGENE BURCHILL, DOUGLAS MICHAEL SMITH, and JAMES LESLIE CHARLTON. Can. 
J. Chem. 54, 505 (1976). 

The 60Co y-radiolysis of aqueous solutions of sodiunl 9,lO-anthraquinone-2-sulfonate has 
been studied in acidic, unbuffered, and alkaline conditions and with addition of N20 and 
2-propanol. Mechanisms are proposed to account for the yields of Hz01 and hydroxylated 
anthraquinone sulfonates. In neutral solution, in the absence of 02, the OH' and e- adducts 
undergo preferential cross termination. Reduction of the OH' adduct leads to dehydration and 
regeneration of the quinone. 

CHARLES EUGENE BURCHILL, DOUGLAS MICHAEL SMITH et JAMES LESLIE CHARLTON. Can. 
J. Chenl. 54 505 (1976). 

On a etudii la radiolyse-r par du 6OCo de solutions aqueuses d'anthraquinone-9,10 sulfonate-2 
de sodium; ces etudes ont ete effectuees en milieu acide, basique et non-tampon116 et avec 
addition de N2O et de propanol-2. On propose des mecanismes pour tenir compte des rende- 
ments en Hz02 et en sulfonates d'anthraquinones hydroxylis. En milieu neutre, en ('absence de 
02, les adduits de OH' et e- subissent de prefkrence une terminaison croisee. La reduction de 
I'adduit OH- conduit B une dCshydratation et k la rCgeneration de la quinone. 

[Traduit par le journal] 

I 
Introduction 

There is a considerable body of literature on 
the photoche~nistry of anthraquinones and re- 
lated species in alcoholic and aqueous solutions. 
Recent papers by Clark and Stonehill ( l , 2 )  have 

I suggested ~nechanis~ns for the photohydroxyla- 
tion of the 9,10-a11thraquinone-2-s11lfonate anion 
(AQS) in aqueous solution. In these mechanis~i~s 
a number of free-radical intermediates are pro- 

I posed, including the OH' radical and species 
I equivalent to the adducts with AQS of the OH' 
1 radical, e,,, or H'. Ganl~na irradiation of 
I 

aqueous solutions of AQS, alone and in the 
I presence of specific radical scavengers, should 
I pern~it the generation of these species selectively 

'Revision rece~ved October 6, 1975. 

and in controlled amounts. Altllough accounts 
of pulse radiolysis of AQS solutions have been 
published (3, 4) and there have been references 
{l-4) to the results of ?-irradiation of aqueous 
solutions there has been no detailed report of 
the products of conventional y-radiolysis. 

It was our hope that such a study would 
elucidate the free-radical chemistry of AQS and 
thus reduce the mechanistic possibilities for its 
photochemistry. 

Experimental 
Sodium 9,lO-anthraquinone-2-sulfonate (Aldrich) was 

recrystallized twice from aqueous solution and stored in 
the dark. 

Water for solution preparation was redistilled once 
from alkaline permanganate solution and once from acid 
dichromate. 
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TABLE 1. Radiation chemical yieldsa for the 60Co y-radiolysis of aqueous solutions of 
9,10-anthraquinone-2-sulfonate (maximum dose -- 1021 eV 1-1, [AQS] = 6 X M )  

p H 2  Neutral p H  12 
(0.005 M H2SO4) (unbuffered) (0.01 M KOH) 

Conditions G(AQS0H) G(H202) G(AQS0H) G(H202) G(AQS0H) G(H202) 

Air-saturated 2.240 2.64 2.47" 2.64 2.1SC 2.63 
Air-saturated 

+ 10-2 M IPA 0 3.13 0 2.82 0 3.07 
Degassed 0.17" 1 . 1 1  0.22'' 0.99 1.07( 1.73 
Degassed 

+ 10-2 M 1PA 0 2.65 0 2.54 0 2.76 
N2O-saturated - - 2.32" 0.76 2.64C 0.96 

"Yiclds mcasurcd aftcr opcning samples to nir.  
*Isorncric ratio cstiniatcd [a]/[,T] = 0.62./0.38. 
GOnly ,T isomer. 
('After irradiation to -6 X 10" cV I-'. 

All other materials were of reagent grade and used low initial collcelltratiolls of AOS led to the 
without further treatment. 

All nianipi~lations of prepared solutions were carried 
out in a darkened room to minimize pl~otochemical 
processes induced by ambient light. 

Irradiations were done in a Gammacell 220 60Co source 
(AECL) with dose rates estimated by ferrous sulfate 
dosimetry (5). All G values reported are based on ap- 
parently linear yield-dose curves having a niinimum of 
four (and usually six) points 

Concentrations of hydroxylated anthraquinone 
sulfonates were estimated spectrophotometrically by 
adjusting the p H  of the irradiated solutions to 13 and 
measuring their absorbance at 476 and at  491 nm. The 
extinction coefficients and position of the apparent 
absorption maximum given by Clark and Stonehill (2) 
were used to calculate concentrations and isomeric ratios. 

Hz02 was measured by a modification of the tri-iodide 
spectrophotornetric niethod (6). Because AQS and its 
hydroxylated derivatives absorb at  350 nm, the blank for 
each measurement was an aliquot of the irradiated solu- 
tion buffered, like the sample, to p H  4 with biphthallate 
and diluted to the same volume. Control experiments 
established that the reaction of H202 with 1- and the 
absorbance of 13- were unaffected by the presence of 
AQS. 

Absorption spectra of products unstable to air were 
recorded on a Cary 14 spectrophotometer using samples 
which had been irradiated in sealed quartz ampoules. 

Electron spin resonance spectra were recorded using a 
Varian E-3 X-band spectrometer with a flat silica aqueous 
solution cell. Samples were irradiated in the cell. 

Results and Discussion 

formation of polyhydroxy products as the start- 
ing material was depleted but the results reported 
here refer only to initial yields at  low conver- 
sions.) Two spectrophotometrically distinguish- 
able hydroxylated products were obtained. These 
have been characterized by Clark and Stonehill 
(2) as CY and (3 isomers and are eq~iivalent to the 
1-hydroxy-6-sulfonate and the 2-hydroxy-6-sul- 
fonate, respectively. The ratio [ a ] j [ P ]  for irradi- 
ated acid or neutral solutions was 0.62/0.38. I n  
alkaline solution only the P isomer was obtained 
as a product. This is essentially the same as  
observed for photohydroxylation (2). The princi- 
pal results are given in Table 1. 

Only HzOz and mono-hydroxylated anthra- 
quinone sulfonates were identified as permanent 

S 

products after irradiation and subsequent expo- For comparisons between the stoichiometric 
sure to air (or when irradiated without initial predictions based on proposed mechanisms and 
deaeration). (Long irradiations of solutions with the measured yields. the followirlg primary 
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yields for irradiated aqueous solutions were 
assunled (7): G,-,,, = 2.65, GII = 0.55, G(lri = 

2.70, GII? = 0.45, G I I , ~ ,  = 0.70. 
In neutral air-saturated solutions the yield of 

hydroxylated products was independent of AQS 
concentration (between 3 X and 3 X 

M )  and nearly equivalent t o  Golp In acid 
and alkaline solutions the yield of hydroxylated 
products increased slightly with increasing AQS 
concentration(to -2.5 at  [AQS] = 3 X M).  
We suggest that, in neutral solutions, all primary 
OH radicals are scavenged by AQS t o  give 
hydroxyl radical adducts which are subsequently 
oxidized by 0 2  to give the observed products 
and H202. (The product of the reaction of OH 
with AQS has been concluded t o  be the adduct 
since the kinetic salt effect on  its bimolecular 
disappearance is consistent with a unit negative 
charge (4)) 

[I] ZAQSOH' + 0 2  -+ ZAQSOH + Hz02 

The lower yield of hydroxylated products and 
their concentration dependence in acid and 
alkaline solutions may be a consequence of 
competitive scavenging of OH' by an  impurity 
in the base or by the acid itself (H2SO4) in the 
acid solutions. 

If the other prinlary radicals (e,,,HS) react 
directly with Oz, or indirectly via addition t o  
AQS and subsequent oxidation by 0 2 ,  leading 
ultinlately t o  H202, the yield of H202  expected 
would be 

G(H202) = i(Gc-:,, + GOII + GII) + GII,O: 
= 3.65 

The observed yield was, in all cases, substantially 
less than this. This may, in part, be attributed to  
peroxide-destroying secondary reactions. At the 
doses used, H202 accumulates to  a concentration 
suficient t o  become a coillpetitive scavenger for 
primary free radicals (particularly e,,) and 
perhaps for intermediate radical species. While 
the yield-dose curves were all apparently linear 
this is not a particularly sensitive test for back 
reactions (8) and a few experiil~cnts with smaller 
total doses gave somewhat higher values for 
G(Hz02). 

Addition of M 2-propanol reduced hy- 
droxylation to  below the level of detection in air- 
saturated solutions, while the peroxide yield 
increased slightly. Using lower concentrations of 

FIG. 1. Competition plot for reaction of 2-propanol 
and AQS with OH radicals (see eq. 4). 

the alcohol, G(hydroxy1ation) was ~~ieasured as 
a function of alcohol concentration. If reactions 
2 and 3 represent the competing reactions of OH, 
and if the alcohol-derived radicals are oxidized 
by 02, the yield of hydroxylation should be 
given by eq. 4. 

[2] OH' + (CH3)zCHOH -, 
H20 + (CH~)~COH + CH~(CH~)CHOH 

( 5 5 % )  (15%) 

13 I OH' + AQS - AQSOH. 

A plot of eq. 4 for results using [AQS] = 6 X 
M is shown in Fig. 1. From the slope and 

intercept a valuc of kz/k3 = 0.45 may be calcu- 
lated. This is in reasonable agreement with a 
valuc of 0.35 for this ratio fro111 independent 
measurements of these rate constants by pulse 
radiolysis (4, 9). Thus the eikct  of 2-propanol 
on hydroxylation yields in air-saturated solu- 
tions can be accounted for solely by the corn- 
petitive scavenging of O H  by the alcohol. Similar 
results have been reported by Clark and Stone- 
hill (15), using 2-propanol and other OH' 
scavengers. 

The observed increase in G(H202) in the 
presence of the alcohol is less readily accounted 
for. If all radicals are oxidized by 0 2  to  give 
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I I I I 
400 L50 500 550 

Wavelength (nm)  

FIG. 2. Absorption spectra of alkaline aqueous solu- 
tions of AQS: - - - - - - deaerated, unirradiated; -after 
irradiation; - - - after admission of air. 

3H202 the yield should be ~inaffectecl by the 
addition of alcohol except as it reflects an 
increase in the effective primary yields induced 
by the increased scavenging power of tlie solu- 
tion. I n  acid and alkaline so l~~ t ions ,  particularly. 
the increases seem too large t o  be attributed to  
such an effect. Thc measurecl yield is still, liow- 
cver, less than the expected stoicliiometry, based 
on primary yields. If this shortfi~ll is a conse- 
quence of peroxide-destroying back-reactions, a 
change in the nature of the substrate radicals 
responsible when alcol~ol is prcsent might ex- 
 lain tlic results. 

I n  deaerated acid and neutral solutions thc 
absorption spectrum of a sa~iiple irradiated to  
-- 10" eV I-' was riot noticeably different frorii 
that of a n  unirradiated solution nor was there 
an apparent cliangc when air was admitted. At 
these doses, the prcsence of hydroxylated prod- 
ucts was undetectable in the irradiatecl solution. 
After this paper was initially submitted for 
publication, Clark and Stonehill (15) reported a 
C(hydroxy1ation) of 0.7 for anaerobic neutral 
andacid solutions. We have repeated the experi- 
ments for doses up  to  6 X 10" eV I-' and find 
G(hyclroxylation) t o  be 0.22 + 0.05 and 0.17 f 
0.05 for neutral and acid solutions respectively. 

I n  deaerated alkaline solution the absorption 
spectrum of an irradiated sample corresponds 
to  that of tlie semiquinone radical anion (AQSa-, 

the electron aclcl~~ct of AQS) (2, 4) plus that of  
the ~-hydroxy-antliraq~1inonc-2-s~llfonate (2). The 
esr spcctrum of AQSe- (characterized by twenty- 
onc approxi~iiately equally spaced lines of -0.25 
separation) (10) riiay be observed in the irracli- 
atcd solution. On admission of air the esr and 
absorption spectra of AQS'- disappear and tlic 
absorption spectrum of /3-AQSOH remains 
(see Fig. 2). 

The ~ i i ~ i t ~ i a l  clisproportionation of the semi- 
q~linone raclical is known t o  bc a p H  dependent 
equilibrium giving the quinone and diliydro- 
quinone in neutral solution but tlic rzlclical bring 
tlie predominant form in base. The hyclroxyl 
raclical adduct of AQS has been reported t o  
decay bimolecularly giving a half yielcl of mono- 
IiydroxyAQS (4). We suggest that in neutral 
solution, when the semiquinone radical anion 
and tlie hydroxyl radical ac ld~~c t  are formed in 
roughly equivalent yields. their cross-terminatio~i 
is the most important decay mode. (A simil:lr 
possibility has recently been suggestecl for the 
electron and hydroxyl radical adducts of ben- 
zene in aqueous solution (1 I).) Moreover, the 
low yielcl of characterizable products from AQS 
suggests that tlie recluction of the hyclroxyl 
radical adduct leads to  dehydration and regen- 
eration of tlie quinone (reaction 5)' 

R 

We suggest that, in neutral s o l u t i o ~ ~ ,  the three 
raclical termination reactions (reactions 6-8) 
occur. 

[61 'AQSOH' I AQS + AQSOH + Hz0 

[7] AQSe- + AQSOH' I 2AQS + OH- 

[8] 2AQS- + ?Hz0 -, AQS + AQSHz + 2OH- 

?I f  this were also the case for the hydroxyl radical 
adduct of benzene it w o ~ ~ l d  account for the low net yields 
of product formation from deaerated aqueous benzene 
solutions. 
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If 2k6 = k7 = 2ks (i.e. statistically equivalent As in most other instances the observed yield 
rate constants), under steady-state conditions, was less than this value but it was also signifi- 
the hydroxylation yield would be given by cantly greater than that in deaerated neutral 

solutions. 
(Gorr)" G(AQS0H) = - = 0.62 The suggestions as t o  the probably reactions 

2(G,.-,,, + Gfr + GOII)  of the radical adducts of AQS are supported by 

However, Hulme ef (11. (4) have reported that the 
bi~nolecular decay of AQS'- is "much slower" 
than that of AQSOH'. If this is the case the cross 
reaction (reaction 7) would be the most important 
if k7 = 2ks. Redox balance would require 

and, on opening to air 

The observed G(H202) after opening to  air was 
not far short of this value. 

In acid solutioii the low yield of hydroxylated 
products again suggests that cross reaction 
(equivalent to  reaction 7) is the most important 
radical decay ~ilode. Bclow p H  3.25 the reduced 
species will be the scmiquinone radical AQSH' 
(4) and the bimolecular decay constant for the 
seiiiiquirioiie has been reported to  be essentially 
equivalent t o  that for AQSOH'. In order for 
the cross reaction to  dominate, its rate constant 
would have to  be significantly greater than 2k6. 
While this may seem improbable with 2k6 = 

3.2 X 1 0 v 4 )  the stoichiometry of HzOz found 
is consistent with this interpretation. 

To  account for the observed yields and 
absorption spectra for alkaline deaerated solu- 
tions we assunle that not only is the dispropor- 
tionation of the senliquinone radical anion 
stopped by base but also its reaction with the 
hydroxyl radical adduct. If the hydroxyl radical 
adduct ~~ndergoes  only iiiutual termination by 
disproportio~iation (reaction 6). the expected 
yield of hydroxylation would be +GoII. The 
observed yie[d was almost precisely one-half 
that obtained from an aerated alkaline solution. 
If all reducing radicals lead to  AQS'- which is 
subsequently oxidized on admission of air, the 
expected yield of HzOz would be 

- - 
the results of the rernaining experiments. 

In degassed acid and neutral solutions witli 
10-2 M 2-propanol ildded, all OH radicals will 
react with the alcohol t o  give -85% ketyl radi- 
cals (12) which arc expected t o  reduce the 
quinone t o  se~niquinone (4). (The remaining 
radicals from 2-propanol are lion-reducing 
substituted alkyl radicals (13) which will prob- 
ably simply couple.) Disproportionation of the 
semiquinone species would give the dihydro- 
quinone. A strong absorption spectrum cor- 
responding t o  the dihydroquinone (14) was 
observed which disappeared 011 admission of air. 
The stoichiometry of H202  productioii on  the 
basis of these assuniptions would be 

In degassed alkaline solutions wit11 lo-' M 
2-propaiiol added the only absorptioli spectrum 
observed was that of the semiquinone radical 
anion, which disappeared on admission of air. 
The anticipated yield of H z 0 2  would be the 
same as for neutral solutions. In all of acid. 
neutral, and alkaline solutions the yield of H z 0 2  
was less than the expected value but the increase 
over that without alcohol was consistent witli 
the proposed reactions. 

111 neutral solutions saturated with N2O the 
yield of HzOz was essentially the pri~nary yield. 
N 2 0  reacts with e-:,,, generating an OH' radical, 
but Ha  reacts much more slowly and would 
probably be scavenged by the quino~ie to  give a 
semiquinone. Cross termination of these few 
semiqi~inone radicals with the hydroxyl radical 
adduct and rnutual termination of the remaining 
OH' adducts t o  give a half yield of hydroxylatecl 
products would require 
G(hydroxylatio1i) = +(GocI + G,-,, - GH) = 2.40 

which were almost precisely the observed results. 
In one experiment i11 which a small, but 1111- 
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known, concentration of 0 2  was present in addi- 
tion to N 2 0  the yield of hydroxylated products 
was 4.3. Although this result could not be 
analyzed quantitatively it is consistent with the 
majority of e-:], reacting with N 2 0  but the result- 
ing OH' adducts of AQS being largely oxidized 
by 02, rather than disproportionating. 

In N20-saturated solutions at p H  12, the 
majority of priinary H atoms will be scavenged 
by the quinone to give the radical anion which, 
at this pH, has been observed to be stable but, 
on admission of air, reacts to  give H202 Thus 
we expect 

adduct in alkaline solution is somewhat puzzling, 
as is the change in  the isomeric ratio of hydroxyl- 
ated products over the same p H  range. The most 
obvious explanation for these phenomena would 
be a base-induced change in the nature of the 
radical species involved. Clark and Stonehill 
(1, 15) have proposed that the hydroxyl radical 
adducts undergo acid dissociation of the hy- 
droxyl group and isomerization in the p H  range 
9-1 1. However, Hulnle el (11. reported there was 
no change in the absorption spectrum of the 
hydroxyl radical adduct in the p H  range 3-12. 
Moreover, in a recent study the pK,'s of a series 
of 0-hydroxyalkyl radicals were estimated to be 
in the range of 14-15 (16). These observations do 

With increasing conceiltrations of AQS, G(H202) not rule out ionization of the hydroxyl group but 
increased (to 1.33 at [AQS] = 3 X M), they do suggest some caution in assuming it. 
presunlably as the quinone became a competitive The disproportionation of the scmiquinone 
scavenger for e-:,,. The expected yield of radical anion is known to be a pH-dependent 
hydroxylated product would be equilibrium. If all three radical-radical reactions 

G(hydroxy1ation) = $(Go, + G,-:,,) = 2.68 (reactions 6-8) were naively written as equilibria 
(reactions 6a to 8a) the inutual termination of 

if there were no scavengiilg ofe,, by the quinone. the hydroxyl radical adduct would be the least 
With increased coiiceiltration of AQS the yield affected by increasing pH. 
of hydroxylation did not show the expected 

[6al ZAQSOH' $ AQS + AQSOH + Hz0  
decrease but remained essentially constant. The 
possibility that AQSS- might reduce N 2 0  was [7a1 AQS'- + 2AQS + OH- 
considered but was discounted when an alkaline 
solution containing both N 2 0  and 2-propanol 
was irradiated. Strong absorption and esr spectra 
of the radical anion were obtained. 

The principal conclusions drawn from this 
study are: ( I )  In neutral and acidic aqueous 
solutions the cross termination between the 
semiquillone radical of anthraquinone-2-sulfon- 
ate and the hydroxyl radical adduct is inore 
important thanthat of either mutual tern~ination. 
(2) In alkaline solution the radical anion does 
not reduce the hydroxyl radical adduct. The 
hydroxyl radical adduct may, however, react by 
disproportionation. (3) Reduction of the hy- 
droxyl radical adduct, whether by another 
species or as one-half of its disproportionation, 
leads to dehydration and regeneration of the 
quinone. 

Although the iuagnitudes of the observed 
yields (particularly those for H202) do not, in all 
cases, correspond to the assumed stoichiometry. 
the pattern of the results is consistent with the 
lnechanisins proposed. 

The apparent inability of the semiquinone 
radical anion to reduce the hydroxyl radical 

[8rr] 2AQS'- + 2H10 @ AQS + AQSH2 + 20H- 

However the inlplication of this is that there 
should be some mildly alkaline pH at which a 
deaerated aqueous solution of anthraquinone-2- 
sulfonate would undergo a spontaneous dark 
reaction leading to hydroxylated products and 
seiniquinone radical anions. To our knowledge 
this has never been observed. 
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The aqueous photochemistry of sodium 9,110-anthraquinone-2-sulfonate 

JAMES LESLIE CHARLTON, RHONDA G A I L  SMERCI-IANSKI, A N D  CHARLES EUGENE BUKCHILL 
Dep~t.t tr~~'t~t  oJ' Chet~istry, Ut~iv~~.sit) ,  q/' M ~ t ~ i t o b ~ ,  W i t t t ~ i p ~ , ~ ,  iLlc~tti/ob~ R3T ZN2 

Received Febr~~ary 21, 1975 

JAMES LESLIE CHARLTON, RHONDA GAIL SMERCHANSKI, and CHARLES EUGENE BURCIIILL. 
Can. J .  Chem. 54, 512 (1976). 

The aqueous pliotocheniistry of sodium 9,10-anthraq~1i1io~ie-Z-suIfonate is described and a 
new mechanism for the photohyclroxylatio~i is proposed. The participation of kinetically free 
liydroxyl radicals is r ~ ~ l e d  out. 

On dicrit la photocliimie en phase aqueuse de I'antliraquinone-9,lO sulfonate-2 de sodium 
et on propose Lln noLIveau mkcanisme pour la photohydroxylation. On exclut la possibiliti de la 
participation de radica~~x hyclroxyles cinktiquement libres. 

[Traduit par le j o~~rna l ]  

Introduction 

Prior to  1970 several investigators had studied 
the aqueous photochemistry of sodium anthra- 
quinone-2-sulfonate (AQS). Wells had first noted 
the formation of coloured products in 1961 (1) 
and these were later identified as isomeric mono- 
hydroxy derivatives by Mooney and Stonehill 
(2), and by Broadbent (3). Due to  the nature of 
the products, Broadbent suggested the inter- 
mediacy of an OH radical produced by electron 
abstraction from water by the excited state 
quinone. A similar phenomenon had been 
invoked previously to  explain the photochenlistry 
of xanthene dyes (4) and more recently for 
11-benzoquinone (5). The fact that hydroxy 
benzoic acids were produced from irradiating 
solutions of benzoic acid and AQS also seenied 
to provide evidence for participation of the 
hydroxyl radical (3). 

In  1972 Clark and Stonehill provided con- 
siderable kinetic data for photohydroxylation 
in both neutral and basic solutions (6). For 
neutral solutions they make two significant 
observations: ((I) the rate of photohydroxylation 
increases with qi~ilione concentration, and (b) 
the yields of hydroxylated quinolie are matched 
by an equal yield of hydrogen peroxide. They 
proposed two schemes that would account for 
their kinetic data and these are outlined briefly 
below. 

IRevision received October 6, 1975. 

AQS 2, AQS* 

AQS" + H z 0  + AQSOH- + H7 

AQSOH- --, AQS + OH- 

AQSOH- + AQS - AQSOH* + AQS? 

AQSOH' + 0 2  --, AQSOH + HO?' 

2H02' -> 0 2  + H202 

Scheme I1 

AQS 2 AQS::' 

AQS:" AQS + AQSe- + AQS". 

AQS+ + H 2 0  -> AQS + OH' + H'- 

OH. + AQS -) AQSOH. 

AQSOH' + 0 2  - AQSOH + H02' 

2HO:. -, 0 2  + HzO: 

Derivatives such as AQSOH-, AQSOH', and 
AQSOH denote a mixture of a (1, 4, 5, or 8 
hydroxy) and (3, 6, or 7 hydroxy) compounds. 

Both mechanisms are capable of explaining the 
dependence of the yield on AQS concentration 
and the equal yield of HzOz and hydroxy anthra- 
q~~inone-2-sulfonate (AQSOH). Each mechanism 
has a rather dubious step however. In Scheme I 
it seeliis surprising that the oxidation of the 
hydroxide adduct AQSOH- by AQS can corn- 
pete effectively with retur~z to  starting material. 
It is also dificult to  see how AQS could photo- 
catalyse the hydroxylation of benzoic acid if 
water adds t o  the excited state of the quinone. 
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CHARLTON ET AL. 

(AQSOH - )  

i 

I n  Scheme 11 one wonders why oxidation of 
water by AQS" can conlpete with addition of 
water to the cation radical. This possibility was 

AQS + OH- 

not considered by the authors despite the fact 
that it leads directly to the hydroxyl radical 
adduct AQSOH'. 

AQS + OH' + Hi 

0 

(AQSOH') 

Broadbent and Newton have also studied the 
action of Fenton's reagent on AQS (7). They 
note a similarity in product composition to  
photohydroxylation and use this as support for 
O H  radical intermediacy in the photolysis casc. 

We have attempted to trap the intermediate 
O H  radical with isopropyl alcohol and have 
compared the results to  those obtained by 
y-radiolysis. Expcriments in vigoro~isly degassed 
solutions also tend to  shed some doubt on the 
validity of the mechanisms proposed by Stonehill 
and Clark (6). 

Experimental 

Qrrcri~trrin Yields 
The light source used for quantum yield s t~~d ies  was a 

200 W HBO Osram mercury lamp and 114 meter Jarrell 
Ash monochrometer set at 366 nm. Light intensities were 
measured by ferrioxalate actinometry according to the 
method of Parker and co-worker (8). Hydrogen peroxide 
was determined by treatment with iodide and titrating 
the 13- with s o d i ~ ~ m  thiosulfate. Hydroxylation was 
determined according to the method of Clark and 
Stonehill (6). For ne~~t ra l  solution, 0.17 nll of 3.02 N 
potassium hydroxide was added to a 5 ml sample and the 
absorption measured at 476 and 491 nm. The extinction 

coeflicients for a and 0 hydroxy anthraquinone-2-s~1i- 
phonates were ass~~med to be 

as given in part by Clark and Stonehill (G). It was a s s~~med  
in neutral solution the ratio of a-AQSOH to (3'-AQSOH 
was always 3 to 7 (G). 

Hyclt~o.vylarioi~ of Soclirrtt~ A I I I I ~ I ~ ~ I ~ I ~ ~ ~ I ~ ~ ~ ~ - Z - . Y ~ I ~ / ~ I I I C I I L ~  ill 
(Ire Pi.eseirce oJ'Isoprop)~l Alcol~ol crilcl Oxygei~ 

Oxygenated samples of AQS (5.0 ml, 3.89 X 10-3 1M) 
in water, containing vario~ls concentrations of isopropyl 
alcohol, were irradiated and subsequently analysed for 
hydroxylated products and hydrogen peroxide. The results 
are tabulated in Table 1. 

P l r o ~ o l ~ ~ ~ c l r o x ~ l c r ~ i o , ~  it1 Bcrsic So1rrrioir.i 
Aerated samples of AQS (5.0 ml, 3.89 X 10-3 M) in 

0.02 N potassium hydroxide were irradiated and analysed 
for hydroxylated products. The quantum yield for hy- 
droxylation was 0.095. A similar sample was degassed by 
freezing in liquid nitrogen and evacuating to 10-j Torr 
and repeating several times. The q ~ ~ a n t ~ ~ r n  yield of photo- 
hydroxylation was t h ~ ~ s  reduced to 0.018. Adding 1'; 
isopropyl alcohol to the samples gave q ~ ~ a n t ~ l n l  yields of 
0.06' (aerated) and 0.01 1 (degassed). 
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TABLE 1. Effect of lsopropyl 
alcohol on photolys~s of AQS 

',IPAn ~ ' A Q S O I I  

a% by volume. 
bh, ,o?  Vor this sample was 0.595 

P l ~ o t o l ~ y d r o x y l a ~ i o ~ ~  i~r  Degnssed Neutral Sol~rtio~ls 
Samples of AQS (5.0 ml, 3.89 X 10-3 M) were degassed 

as described above and irradiated. The quantum yield of 
hydroxylation was measured to be 0.003. No  hydrogen 
peroxide could be detected. 

Results and Discussion 

The y-radiation induced hydroxylation of 
AQS has been found (9) to  give a product 
distrib~~tion identical to  that of photohydroxyla- 
tion implying the intermediacy of the hydroxyl 
radical adduct AQSOH' and the electron adduct 
AQS'- in both reactions. 

In rigorously degassed neutral solutio~ls the 
yield of hydroxylated products was less than 
10% of that in aerated solution (4  = 0.003 vs. 
0.038). This is in qualitative agreement with the 
statement by Clark and Stonehill (6) that 
photohydroxylation in anaerobic solutions is 
"much slower" than in aerobic solutions. On 
the other hand it is in marked disagreement with 
a recent report (10) that deoxygenation has no 
effect on the rate of photohydroxylation. This 
result is also similar to the effect of deoxygena- 
tion in the y-radiolysis of neutral solutions. We 
suggest that, as in the case of radiolysis, the 
reduced yield in deoxygenated solution is a 
consequence of the preferential cross-reaction 
between AQSOH' and AQY- to give back the 
starting material (i.e. AQSOH' + AQY- i 
ZAQS + OH-). Now this is simply the reverse 
of the reaction proposed by Clark and Stonehill 
in their Scheme I to generate AQSOH' and 
AQS'-. If, as we suggest, the birnolecular reac- 
tion of the radicals is essentially diffusion con- 
trolled, the reverse reaction is a rather improb- 
able radical source. 

It has been found that 1 volumes;/, of iso- 
propyl alcohol will quench the hydroxylation of 
AQS (6 X M) when the solution is y-irradi- 

ated (9). If OH radicals are involved i n  the 
photohydroxylation of AQS a similar quenching 
effect would be expected. The quantum yields of 
photohydroxylation at various isopropyl alcohol 
concentrations are tabulated in Table I .  

Even at 10 volurneyG significant hydroxyla- 
tion occurs eliminating the possibility that this 
reaction involves OH radicals.' 

The decrease in qLlanturn yield can bc ac- 
counted for by a direct interception of the 
excited state quinone with isopropyl alcohol, a 
reaction that leads only to hydrogen peroxide 
and acetone in oxygenated solution. 

O H  

OH + H+ AQS* + 4 + A Q s S - +  A 

H 
AQS'- + 0 2  + H 0 2 '  

O H  0 

A + O Z + H O ~ .  + )( 
We would like to propose a nlodified mechanism 
for the photohydroxylation and it is outlined 
below. 

AQS 2 AQS'* 

AQS* + AQS 4 AQS- + AQS-r 

AQSe- + AQS'+ --t 2AQS 

AQS-+ + Hz0 + AQSOH. + H+ 

AQSm- + 0 2  + AQS + 02 . -  

AQSOH' + 0 2  + AQSOH + H0z' 

AQSOH' + AQS.- --t 2AQS + OH- 

ZAQSOH' + AQS + AQSOH + Hz0 

This mechanism can explain the dependence 
of hydroxylation on quinone concentration and 
an equal yield of hydroxylation and peroxide 
production. In the absence of oxygen AQS-- is 
rio l o n ~ e r  scavenged by Oz and the reactions 
with AQSai and AQSOH' will become more 
important leading to a lowered yield of AQSOH. 
It could also explain the AQS catalysed hydroxyl- 
ation of benzoic acid, as presumably the excited 
quinone could oxidize the benzoic acid to its 
radical cation as well. 

We have carried out no experiments to deter- 
 nine the nat~lre of the excited states involved; 
however, it seems likely that the triplet state is 
involved. 

2The same conclusion has also been reached by Clark 
and Stonehill, private communication to J.L.C. 
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Comments on "The aqueous photochemistry . . . ", and "The radiation 
chemistry of aqueous solutions of sodium 

9,PO-anthraquinone-2-sulfonate" 

H. 1. STONEHILL A N D  K. P. CLARK 
Depnrrtt~ettr of Clretili.srt]~ ntltl iMerollltt.gj,, R q x l  Mililcrl;\. College of Sciettre, Sl~ril~ettl~(~tit, Sl~'itl(/ot~, W i l r ~ . ,  Etigl~tld 

Received April 2 3 ,  1975 

H. 1. STONEL-IILL and K.  I). CLARK. Can. J .  Chem. 54, 516 (1976). 
Some of the mechanistic conclusions of the title articles are criticized b e c i ~ ~ ~ s e  they are incon- 

sistent with other res~~l ts  available to the present authors. F~irther, the mechanisms of the title 
articles would not operate in aerobic systems for which alone the present autl~ors' mechanisms 
were designed. 

H. I. STONEHILL et K.  P. CLARK. Can. J .  Chem. 54, 516 (1976). 
Quelques concl~~sions mecanistiques des articles mentionnks dans le titre sont critiquies 

parce qu'elles ne sont pas en accord avec d'autres resultats obtenus par les prisents auteurs. 
De plus,les micanismes des articles mentionnCs dans le titre ne seraient pas op6rationnels dans 
des systkmes aerobiques pour lesq~~els les mCcanismes proposks par les presents auteurs avaient 
CtC uniquement design&. 

[Traduit par le journal] 

In the preceding two papers ( I ,  2) the authors 
present over-simplified versions of two alterna- 
tive schemes which we proposed (3) to account 
for the observed photohydroxylation kinetics of 
the title compound AQS; they omit important 
branchings without which tlie kinetic effects of 
AQS and OH- are inexplicable. While this does 
not affect their main conclusions, it would have 
been advisable to indicate the significance of 
these omissions, wliich are also relevant to their 
alternative proposed scheme. 

Burchill et 01. reject the intermediacy of 
kinetically free OH' in the photolysis on the 
basis of the much greater liydroxylation-quench- 
ing effect of i-PrOH in y-radiolysis (where OH' 
certainly is a n  intermediate) than in photolysis. 
I n  a recently completed investigation (4) we have 
reached the same conclusion but on tlie basis of 
wider evidence involving comparison of the 
effects of several OHa-scavengers and of high 
[OH-] on liydroxylation yields in y-radiolysis 
and photolysis. I n  y-radiolysis. initial (0-10 min) 
G(1iydroxylation) is 2.54 (oxygen present) and 
0.8 (deaerated), independent of dose rate be- 
tween 100 and 3300 krad h-' and p H  in the 
range 2-12, decreasing at  p H  > I2 to reach 0.87 
(aerobic) and 0.18 (anaerobic) at  p H  14. This 
decrease. wJiich is independent of [AQS], we 
attribute to ionisation of OH' to 0'-, which 
unlike OH' does not give a stoicliiometric 
hydroxylation yield with AQS (4). By contrast. 

in photolysis @(hydroxylation) increases with 
[OH-] up to pH 14 and shows no sign of de- 
crease at  higher alkalinity. As to radical scaven- 
ger effects, we have previously mentioned (3) 
that these differ q~~alitatively in photolysis and 
y-radiolysis. I n  photolysis, scavengers such as 
HCOONa, NaN3, KCNS, MeOH, EtOH, and 
i-PrOH are much less effective in alkaline ( p H  13) 
than in neutral or slightly acidic media, no such 
p H  effect being observed in radiolysis, while at  
any p H  their effectiveness is always less in 
photolysis than in radiolysis (4). We have conse- 
q ~ ~ e n t l y  (3) modified our AQS*jAQS scheme 
(Scheme 2 in ref. 1)  by omitting the OH' 
intermediate, thereby (4) obtaining a scheme of 
which the alternative proposed scheme in ref. 1 
is a n  over-sin~plified version. We emphasize that 
this modification does not alter tlie kinetic pre- 
dictions of the scheme, so we still have two rival 
schenies, both leading to the kinetics observed 
in aerated solutions (3). 

The near-zero photolytic and low (G originally 
zero, later altered to -0.2) radiolytic hydroxyla- 
tion yield in acid or neutral (but not alkaline) 
deaerated solutions reported by Burchill et 01. 
(1, 2) contrasts with our higher yields which 
reflect several consistent results and not one or 
two isolated determinations. The implicit sug- 
gestion that the discrepancy might be due to the 
greater eficiency of freeze-thaw deaeration coni- 
pared with our inert gas bubbling t echn iq~~e  is 
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STONEHILL AND CLARK 517 

difficult to uphold, since any residual trace of O2 
after gas-bubbling would be removed by semi- 
quinone produced in the first few seconds of 
irradiation, after which deaeration is complete, 
and, according to Burchill ei ( I / . ,  no hydroxyla- 
tion should occur. We actually observed a steady 
linear-with-time build-up of hydroxy-product 
over considerable periods both in photolysis (3) 
and in radiolysis (4). Similarly, other solutes 
added to  neutral deaerated AQS are also photo- 
hydroxylated (5). 

T o  explain their low hydroxylation yield 
Burchill et a l .  suggest that in acid or neutral 
solution the semiquinone radical ion AQSS- and 
the OHv-adduct AQSOH' undergo mutual 
destruction 

[ I 1  AQSa- + AQSOH' I ZAQS + H20 

Since AQSH' has an acid-base pK, of 3.25 (6), 
the radical ion AQSS- is the only semiquinone 
species observable at  p H  > 4, as e.g. in pulse- 
radiolysed Ar-saturated solutions of AQS (7). 
It undergoes a rapid disproportionation reaction 
3 in neutral solution, but not in alkaline solu- 
tion ( p H  > lo), where the semiquinone forma- 
tion equilibrium co~istant is much greater (8). 
Reaction 1 would therefore be cxpected to be 
more important in alkaline solutions (higher 
steady-state [AQSa-I) than in ncutral solution, 
in complete contrast to the findings of Burchill 
ei trl. who are unable to  explai~i why alkali 
suppresses reaction 1. We believe that reaction 1 
occurs, but with a rate constant which is low 
eiiough to  preclude it from being a predominant 
inode of AQSOH' removal except at  high 
[AQSe-1. We pulse-radiolysed Ar-saturated AQS 
solutions at p H  4, and observed a second order 
decay velocity constant (1.45 f 0.23) X 109 M-' 
s-' independent of ~iionitoring X over the range 
280-491 nm. This is a conlposite of three 
possible decays, viz. reaction 1 above and 

[2]  2AQS -) AQS + Hz0 + ROH (hydroxy-product) 

[3 ]  2AQS'- (or AQS'- + AQSH', or 2AQSH') -> 

AQS + AQS2- (or AQSH-, or AQSH2) 

I n  reaction 3, rapid ionisation interconversion of 
the semiquinone species occurs, and reaction 1 
is second order because both reactants are pro- 
duced in equimolar amounts. Separate measure- 
nients in N20-saturated solutions (4) give the 
velocity-constant of reaction 2 as (1.41 f 0.17) 
X 109 M-' s-l, while for reaction 3 the constant 

at p H  4 is (4) (1.33 f 0.18) x 109 M-' s-' (cf: 
Hulme's value (7) 1.6 X 109 M-I s-' at  p H  1.7). 
Since all tliese constants are roughly equal to 
ctr. 1.5 X 10%-' s-', the constant for reaction 1 
must be of the same order. Thus reaction 1 
cannot be overwhelmingly faster than reaction 2, 
which argues against Burchill's explanation of 
low hydroxylation yield. We havc acti~ally sug- 
gested earlier (30) that reaction 1 is important 
in crlkalitzc solution when [AQS'-] builds up, so 
that photoreduction-liydroxylation in deaerated 
solution stops at ctr. 25-30% of reduction, rzot at 
zero conversion. In a 7-radiolysis of AQS at  
p H  13, previously electroreduced to ctr. 25% 
conversion to AQS'-, wc obtained G(hydroxy1a- 
tion) = 0.12, comparcd with 2.54 for aerated 
and 0.8 for deaerated (but not electroreduced) 
solution. This again supports the analogue of 
reaction 1 but for crll~crline solution, and again 
shows that reaction 1 is not overwhelmingly 
faster than reaction 2 in such media. 

N o  explanation is offered by Burchill et crl. for 
the change in a:/3 isomer ratio of the hydroxy- 
products, both photolytic and radiolytic, in 
going from neutral to alkaline conditions. Our 
previously proposcd mechanism (3) for this, 
bascd on mobile eq~~ilibration of a and ison~ers 
of adduct AQSOH', conditioned by their 
ionisation, provides a quantitative explanation of 
observed isomer ratios. Tlie mobility of the OH' 
Froup in adducts thereof, facilitating a-/3 
isomerisation, has been reported for other sys- 
tems (9), and the values 11.2 and 9.4 required by 
our ~ilechanism for the acid-base pK,,'s of the 
a and /3 adducts are not inconsistent with low 
values (5.5-12.2) reported for a-liydroxyalkyl 
radicals 'CRK'OH in which pK, decreases as 
electron affinity of s~~bsti tuents R,K' increases 
(10). 

Burchill ei crl. state (1) that back-reaction 1 is 
"simply the reverse of" our reaction in Scheme 1 
to generate AQSOH' and AQSS-. They 50 on to 
suggest that reaction 1 is "essentially d~ffusion- 
controlled, [so that] the reverse reaction is u 
rather improbable radical source". Now reaction 
1 is rzot the reverse of our radical-generating 
reuction which involves one triplet state and one 
ground-state AQS molecule, not two ground- 
state molecules. Thus the subsequent conclusion 
about improbability as a radical source is false. 

Finally we must point out that both of our 
proposed photolysis schemes (3, 4), which 
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account quantitatively for observed @ values, 
were designated for  aerated solutions where 
back-reaction between AQSOH'  a n d  AQSS- is 
irrelevant since O2 rapidly scavenges AQS'-, a n d  
no t  fo r  deaerated solutions, where, a s  previously 
stated, we believe sonle AQSOH',  but n o t  the  
inajor par t ,  is removed by the  back-reaction. 

I .  J. L. CHARLTON, R. G. SMERCHANSKI, and C. E. 
BURCHILL. Can. J. Chern. This issue. 
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The photochemistry of some bisethylenediamine and cyclam 
complexes of rhodium(II1) 
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JAMES SELLAN and ROBERT RUMFELDT. Can. J. Chem. 54, 519 (1976). 
The visible and uv photolysis of rt.ntls-[Rh(A4)X2]+ and cis-[Rh(A4)Y2]+ have been studied 

where A4 is the macromolecule 1,4,8,11-tetraazacyclotetradecane (cyclam) or two ethylene- 
diamine (en) molecules, X is Cl, Br, or I, and Y is Cl. With the exception of cis-[Rh(en)2C12]', 
all photoreactions proceeded via halide aquation with complete isomeric retention for both 
ligand field and charge transfer excitation. In the case of cis-[Rh(en)zCI?]+, amine aquation is 
the principal reaction with some isomerization occurring through a secondary reaction. The 
quantum yield of halide increased in the order CI < Br < I for rrut1s-[Rh(A4)X2]+, but was 
found to be allnost equally sensitive to the degree of chelation of the a~nine system so that the 
photoactivity of rrnt1.~-[Rh(NH~)4CI.l' and /t.nt~s-[RI~(cyclam)Iz]+ were nearly equal ($(CI-) = 
0.13 and $(I-) = 0.14). These systenls were also found to be more sensitive to charge transfer 
excitation than ligand field excitation with cis-[Rh(cyclarn)Clz]+ being the most sensitive 
complex (&I-) = 0.47 at 254 nm). 

The photochemistry of the systems studied has been interpreted in terms of a dominant 
influence of electronic factors in determining the type of photoreaction with the quantitative 
aspects being significantly influenced by mechanistic factors. 

JAMES SELLAN et ROBERT RU~IFELDT. Can. J. Chem. 54, 519 (1976). 
On a CtudiC la photolyse dans le visible et I'uv des [Rh(A4)X2]+-/rntls et [Rh(A4)Y2]+-cis dans 

lesquels A4 est la n ~ a c r o m o l ~ u l e  tCtraaza-1,4,8,11 cyclotCtradCcane (cyclam) ou deux moldcules 
d'kthylknediamine (en), X = CI, Br ou I et Y = CI. A I'exception du [Rh(en)2Clz]+-cis, toutes 
les photorkactions se produisent par I'intermkdiaire d'une aquation de I'halogCnure avec une 
rCtention compl'ete de l'isombrie pour les excitations de champ de ligand et de transfert de 
charge. Dans le cas du [Rh(en)2Clz] +cis, l'aquation de I'amine est la rCaction principale avec 
un peu d'isomCrisation se produisant par I'intermCdiaire d'une reaction seconddire. Le rende- 
ment quantique de I'halogkne aug~nente dans l'ordre CL < Br < I pour [Rh(Ad)Xz]+-trut~s; 
on a toutefois tro~lvC que ce rendement est aussi sensible au degrk de chelation du syst'eme de 
l'amine d'une fagon telle que les photoactivitCs des [Rh(NH3)4C12]+-/rnt~s et [Rh(cyclam)121i~- 
~rcrtls sont pratiquen~ent Cgales (4  (CI-) = 0.13 et $(I-) = 0.14). On a aussi trouvk que ces 
systkmes sont plus sensibles i des excitations de transfert de charge qu'8 des excitations de 
champ de ligand; le [Rh(cyclam)CI~]+-cis est le conlplexe le plus sensible ($ (Cl-) = 0.47 h 
254 nm). 

On a interprCtC la photochimie des syst'emes CtudiCs en termes d'une inlluence prkdonlinante 
de facteurs Clectroniques dans la determination du type de photorkaction avec des aspects 
quantitatifs qui sont influencks d'une faqon importante par des facteurs mkcanistiques. 

[Traduit par le journal] 

The photochernistry of transition metal corn- 
plexes has in the main been concentrated on 
complexes of Cr(II1) and Co(II1); however, a 
number of interesting studies of Rh(II1) have 
been reported recently ( I ,  2), which indicate 
significant variations in photochemical behaviour 
from both Cr(111) and Co(II1). Thus, the ad- 
herence of mixed ligand systems of Cr(II1) to  
"Adamson's Etuperical Rules" (3) is not entirely 
paralleled by Rh(II1) complexes. For example. 
whereas ammonia release would be predicted 
from halopentaammine complexes and this was 
found t o  be the case for [Rh(NH,),I]+, with 

[Rh(NH3),C1]+ chloride aquation is apparently 
the exclusive process. Whilst this pattern was 
operative for irradiation of both (/-(I ailti charge 
transfer to  metal (cttm) bands, the curious effect 
was observed that photoaquation was more 
efficient for d-(1 than cttm excitation (1). 

At least a partial explanation for these photo- 
chenzical observatioils of the rhodiuln(II1)- 
haloammines is provided by the photochenlical 
  nod el developed by Zink (4, 5). The model, 
which is based on fundamental crystal field and 
molecular orbital theories, a~lalyscs the anti- 
bonding properties of the excited states. Whereas 
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520 CAN. J .  CHEM.  

such an analysis was sufficient for successf~~lly 
predicting the photoreactions of a wide variety 
of Cr(II1) complexes, it has recently been dernon- 
strated that steric factors in Rh(II1) complexes 
can have a significant influence on the overall 
reaction (2). Thus, while Zink's nlodel correctly 
predicts chloride aquation for the three elec- 
tronically similar conlplexes [Rh(NH3)4CI2lf, 
[R h(en)zClz]+, and [Rh(cyclam)C12]+ (where the 
ethylene dialnine = en conlplex and 1,4,8,1 l-tet- 
raazocyclotetradecane = cyclam colllplexes ex- 
hibit virtually identical electronic spectra) the 
yields progressively decrease with the increasing 
chelation. 

The purpose of this investigation is t o  further 
explore the relative effects of both structural and 
electronic effects on the photochemistry of a 
series of Rh(II1) complexes. 

Experimental 
The preparation of complexes used in this study was by 

methods described in the literature (6, 7), except that 
these compounds were separated as the perchlorate salts. 
The absorption spectra were in close agreement with 
reported values (6). All solutions were freshly prepared 
using triple distilled H20 and reagent grade CH3CN. 

The perchlorate salt of each complex was chosen since 
using the corresponding halide would involve ( a )  a large 
blank correction in the yield analyses, (b)  anion photolysis 
in the case of the 2537 A irradiation of the iodide com- 
plexes, (c) a possible homogeneous anation reaction, and 
( d )  a possible undetectable heterogeneous anation reaction 
if any of the various complexes employed were susceptible 
to ion-pairing. The insolubility of [Rl~(cyclam)X~]+(CIO~)- 
(where X = C1-, Br-, or I-) in Hz0 required lof/, CH,CN 
in Hz0 as the solvent. Acidification caused the complexes 
to precipitate, thus all solutions were irradiated at 'natural 
pH'. The [Rh(en)zX2]+(C104)- complexes were water 
soluble, thus avoiding CH3CN; however, these solutions 
were also used at natural p H  since precipitation occurred 
upon acidification. 

An Oriel model C-13-62 low pressure Hg lamp operated 
with a stabilized power supply in conjunction with a 22 
mm Hz0 filter was used as the source for 2537 A irradia- 
tions. A 1 cm spectrophotometer cell served as a reaction 
cell and irradiations were at ambient temperature 
(24 1 2  "C). Intensities were measured using the differen- 
tial technique with the ferrioxalate actinometer (8). 

An Oriel model 6111 system employing a 150 W high 
pressure xenon lamp in conjunction with an Oriel model 
7155 filter monochromator was employed as the source 
for irradiations in the 400 and 500 nm region. A water 
cooled (24 1 0.2 "C) 11.5 cm pathlength cell with quartz 
windows was used for irradiations witl~ this system. Light 
intensities were determined using the Reineckate ion as 
the actinolneter (9) with the concentrations being used so 
as to achieve acomputed optical density of 2 (for the total 
pathlength of the cell) for the various wavelengths em- 

ployed. Similarly, the concentrations of all sample solu- 
tions were adjusted to provide the same optical density as 
that of the actinometer. Actinometry was repeated both 
before and after each run to ensureconstant light intensity. 

Halide ion analyses were performed using appropriate 
Orion selective ion electrodes with a double junction 
reference electrode and Orion model 801 meter. This 
meter was also used for p H  measurements. The use of 
reagent blanks in preparing halide calibration curves was 
especially important with the CH3CN-Hz0 solvent as a 
considerable displacen~ent relative to H.0 occurred; 
however, the sensitivity was not affected. 

Spectra were recorded using a Beckman DK-1A Far 
UV recording spectrophotometer. For some single wave- 
length analyses a Hitachi-Perkin-Elmer model 139 
spectrophotonieter was used. Spectrophotometric and ion 
analyses of thermal blanks prepared with each series of 
photochen~ical runs revealed (with the exception of 
cis-[Rh(en)zC12]') negligible effects due to dark reactions. 

Results 

For the low energy irradiations the wave- 
lengths were selected to  correspond to first spin 
allowed ligand field band for each complex. 
When the 254 iim line was used absorption would 
be by the first band of the dichloro complexes, a 
combination of the first and second bands of the 
d ibro~no complexes, and the second and third 
bands of the diiodo complexes? In any event. 
regardless of the wavelength selected, the prin- 
cipal reaction was aquation via halide elimina- 
tion for the photolysis of trails-[Rh(A4)X2]+ 
(where A4 = (en)2 or cyclam, and X = Cl, Br. or 
I) and cis-[Rh(cyclan~)CI~]+. 

The quantum yields listed in Table 1 were 
computed from the initial linear portion of yield 
vs. reaction time plots. Although curvature was 
observed in several plots, the onset appeared 
only after 25-30y0 decomposition and thus did 
not influence the accuracy in determining the 
initial slopes. The yields for the trans complexes 
irradiated in the ligand field region are in reason- 
ably good agreement with values previously 
reported for traiz~-[Rh(cyclam)C1~]+ and trans- 
[Rh(en)X2]'. On the other hand, Muir and 
Huang (10) have reported values for the 254 nrn 
irradiation of t ran~-[Rh(en)~X~]+ which are sig- 
nificantly lower than those given in Table 1. 
Since the higher values reported here establish 
the pattern that ct excitation produces larger 
yields than (1-(1 excitation, whereas the results of 

[The band reported (6) at 226 nm (e = 22 800) was due 
mainly to free I-. This band is removed in the Clod- salt 
with a new peak appearing at 238 nnl ( e  = 3800). 
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SELLAN AND RUMFELDl 

TABLE 1. The photolysis of some trat~s-dihalorhodium(lll) amines 

Quantum yield of halide 

Complex 2537 A First ligand field band 

TABLE 2. The photolysis of cis-[Rh(A4)Cl2]+ 

Quantum yield of halide 

Complex 2537 A First ligand field band 

Muir and Huang indicate the opposite trend, the 
discrepancy is seen to  be serious. 

The origin of the discrepancy is not immedi- 
ately clear. The main analytic techniques em- 
ployed appear identical in both instances with 
comparable yields being obtained at long wave- 
lengths and the yields appear to be independent 
of the counterion employed (X-, NO3-, or C1O4-) 
and pH. In order to ensure the reliability of our 
apparatus and techniques, several experiments 
were performed using N20  saturated solutions 
of aqueous I- and Fe(CN)$- and no difficulty 
was experienced in reproducing literature values 
(11, 12). Thus, while we cannot identify the 
source of the difference with the results of Muir 
and Huang, we are confident in the accuracy of 
our own results. 

Spectrophotometric examination of the pho- 
tolysed solutions indicated a total retention 
of configuration not only for the rratts com- 
plexes but also for the photohydrolysis of 
cis-[Rh(cyclan~)Cl~]~-, for which the results are 
given in Table 2. 

In addition to the complexes listed in Fable 1,  
the photolysis of ~is-[Rh(en)~Cl~]+ was also 
investigated. Unfortunately in this case the 
chloride could not be determined accurately due 
to a large correction required by a relatively 

rapid dark reaction due presumably to base 
hydrolysis. Using a spectrophotonletric analysis 
a quantum yield of -0.5 for 254 nm excitation 
was estimated for the disappearance of cis- 
[Rh(en)2Cl2lf. Based on either the approximate 
chloride yields obtained or previously reported 
data (lo), only a fraction of this yield can be 
associated with chloride aquation. Significantly, 
the pH was observed to increase upon pho- 
tolysis and corresponded to an initial value of 
4(-Hi) -- 0.5. This is in marked contrast to a 
very slight decrease observed for photolysis of 
trat~s-[Rh(en)~X2]' (i.e. for X = Cl, the p H  
decreased from 3.53 to 3.52 and for X = Br 
from 3.72 to 3.69). 

Figure 1 illustrates the efficient bleaching of 
the 348 nrn band of the ci~-[Rh(en)~C12]+. The 
isosbestic point observed was not developed 
initially, thus indicating an origin by a secondary 
photolysis. An examination of a more complete 
spectrum of curve E revealed besides the very 
intense bands at and beyond 205 nm new bands 
in the form of weak shoulders at 410, 315, and 
276 nm and a more intense shoulder at 243 nm. 
These features are strongly characteristic of the 
presence of tran~-[Rh(en)~Cl~]+ and also suggest 
the formation of fran.s-[Rh(en)20HC1]i. The 
fdilure to develop an isosbestic point initially is 
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the metal centered (11, and bl, orbitals which 
correspond to  the d3z and d,,z-,z orbitals 
respectively. Although both the ((I,,;, (lul,,)3(d,z)1 
and (drL, ~ l ! , , )~ (~ l~~- !~~) '  configurations transform 
as E,, neither is an eigenfunction of the low-lying 
3Eg state; however, a wavefunction can be con- 
structed using the linear combinations 

A(nm ) The numerous additional 3EE states of higher 
FIG. I .  The solution spectra of cis-[Rh(en)C121+ and energy are possible for a c l q o n  in  a D ~ ~ ,  

its 254 nrn photolysis products. Curve A is the unirradiated 
solution with curves B ,  C, D, and E being the spectra of field, can lead to  pert~irbations of this function 
solutions irradiated for successively longer periods. via configuration interaction. The magnitude of 

such mixing will only be significant for those 
indicative of the formation of more than one 
absorbing species. This reflects the presence of an 
unstable product or the formation of n~ultiple 
primary products. At low per cent conversion the 
initial product spectrum was too diffuse to be of 
analytical value and the attempt to generate 
sufficient product to  facilitate product identifica- 
tion was frustrated by the onset of the secondary 
photoreaction. 

Discussion 

Using a inatrix isolation technique and ligand 
field excitation, Thoinas and Crosby (13) charac- 
terized the enlission from Rh(II1) anline corn- 
plexes as phosphorescence from the lowest triplet 
state. Their results suggest that intersystem cross- 
ing in these complexes occurs with near unit 
eficiency. If the same primary processes are 
operative in the ligalld field excitation of aqueous 
trans-[Rh(A4)X21f, then the initially excited first 
ligand field band ('E, + 'A , , )  should lead to  
formation of the 3EE state as the lowest electronic 
state within the (1-(1 manifold. The photoactivity 
of these conlplexes would thus be related to the 
properties of this state. 

Since the formation of either the singlet or 
triplet E, state represents the transfer of an 
electron from the nonbonding or weakly a*- 
antibonding e, ((I,,, (/,/;) orbital to a o*-antibond- 
illg orbital, photosubstitution via a dissociative 
inechanism can be regarded as a natural conse- 
quence. In D41, symmetry there are two non- 
equivalent o*-antibonding levels represented by 

states whose unperturbed energy levels are not 
too widely separated; thus, for simplicity only 
the interaction between the two lowest 3E, states 
has been computed and leads to the revised 
wavefunction for the lowest excited level of 

where a is the mixing coefficient and has the 
value of 

and D, and Dt are the distortion parameters 
defined by Ballhausen (14). 

Unfortunately, the paucity of spectral data 
prohibits an accurate evaluation of the critical 
parameters B, D,, and Dt. A crude estimate can 
be made of the mixing coeflicient if it is assumed 
that the magnitude of D, for the Rh(II1) com- 
plexes will be at least as great as that calculated 
for their Co(II1) analogues (15) and that the 
ratio D,/Ds found for t r a~ l s - [Cr (en)~X~J~  (16) 
may also be applied to the Rh(II1) complexes. 
The value thus calculated suggests at least a 90% 
contribution by the (lZz orbital which is con-  
parable to the computed value for similar Cr(II1) 
con~plexes (17). Followiilg the model proposed 
by Zink (4, 5) ,  these calculations identify the 
weak field or dihalo axis as the dominant axis of 
labilization, a qualitative feature which is im- 
mediately confirmed by reference t o  the data in 
Table 1. 
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SELLAN A N D  RULMFELDT 52; 

h(nm) 
FIG. 2. The spectra of cis-[Rh(A4)C12]+. Curve A is the 

observed spectrum of cis-[Rh(cyclarn)C12]+ and curve B 
the observed spectrum of cis-[Rh(en)C12]+. Curve C 
represents the sun1 of the theoretical bands D (1) and 
D (2). 

Treating the cis conlplexes in an  analogous 
fashion identifies the weak field as lying along 
the N-Rh-CI axis which then becomes the axis 
of labilization. As shown by Zink (4), the repul- 
sive energy will be localizecl in the bond contain- 
ing the strongest ligand; therefore, the N woulcl 
be predicted to be the labilized ligand. Thus, the 
photoactivity of ci~-[Rh(en)~Cl~] ' ,  which is simi- 
lar to that reported for ~ i s - [Cr (en )~Cl~]+  (IS),  
involves the antithermal, prilnary dissociation of 
a Rh-N bond and is accurately predicted by 
Zink's model. Although C1- was also obtained, 
it cannot be immediately identified as a primary 
product since the failure to establish an  isosbestic 
point indicated procluct instability. Therefore, 
the relatively low yield of Cl- as well as the 
isonlerized products may only reflect the occur- 
rence of secondary reactions. The importance of 
secondary reactions in multiple product forma- 
tion has recently been demonstrated by Wong 
and Kirk (19). 

In contrast to ~is- [Rh(en)~Cl~]-+,  a large C1- 
yield is obtained with cis-[Rh(cyclam)C12]+ with- 
out evidence of any other product or isomeriza- 
tion. Fro111 the experience with ~i .s-[Rh(en)~CI~]+ 
and Zink's model, the anticipated reaction would 
have b ~ e n  dissociation of a Rh-N bond. Since 
the N is essentially lockecl into its coordination 
site by the stereo-rigid structure of the cyclam 
ring, geminate recot~tbination would be prevalent 
and no net photoreaction would be predicted. 
The results clearly contradict this prediction. 

It should be recalled that the implied premise 
in deriving the weak ,fie//- strong ligcrt~cl predic- 
tion is that the ligands of the cis complex are 
arranged along three orthogonal axes. Although 
formally the complex will belong to C20 sym- 
metry, the effective group will be tetragonal. In 
the case where the tetragonal distortion is not 
too severe, the Rh can be considered to  be in an  
approxilllately octahedral environment. In order 
to test this hypothesis the synthetic spectrum 
depicted by curve C in Fig. 2 was constructed 
using inatrix elements based on 01, symmetry for 
the 'TI, c- ' A l ,  and 'TI, + 'Al, transitions with 
weighted average values for the parameters D,, 
B, and C as calculated from spectra of [RhCI6l3- 
and [ R h ( e r ~ ) ~ ] ~ +  (20). The bands represented by 
curve D in Fig. 2 were calculatecl using these 
colnputecl energies ancl assuming a Gaussian 
function with averaged half-band widths. The 
intensities were chosen to correspond to that of 
an octahedral amine complex, in this case 
[Rh(NH&I3+ (20) and the two curves (D) 
summed to  give the synthetic spectrum C. 

The coincidence between the observed spcc- 
trum of cis-[Rh(en)2C121f and the theoretical 
spectrum is supportive of the assumption that 
this conlplex is essentially tetragonal and the 
n9ecrlc .fie// - s tmlg  ligat~d prediction should be 
valid. The spectrum of cis-[Rh(cyclam)C12] is 
clistinguishecl by its marked increase in intensity 
which is characteristic of a significant distortion 
from Oh synltlletry. Thus, a weak field axis can 
110 longer be identified with one or other of a set 
of boilcl axes. It becomes necessary to describe 
new sets of wavefiinctions in which the linear 
combinations will span contributions from all 
six ligands. If the coefficients could be evaluated 
then an estimate might be lnacle of the change in 
bonding and antibonding properties between the 
ground state and the lowest excited state and the 
ligand or set of ligands experiencing the maxi- 
mum destabilization might be identified. Such a 
treatment is in fact just an extension of Zink's 
model to  a mixed ligand system lacking tetrago- 
nal symn~etry. Rather than constituting an 
exception to the rule, cis-[Rh(cyclam)ClzIf dem- 
onstrates the potential inadequacy of any 
predictive illode1 in the absence of good wave- 
functions. a circumstance which may easily 
prevail whenever the effective symnzetry nzust 
be assumed. 

The relative quantum yields fro111 the ~ ~ N I I S  
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complexes appear to follow a trend which is 
suggested by [2]. Thus, as D, increases, the r l ; ~  
orbital becomes increasingly dominant in [2]. 
Since D, s110~1ld ordinarily increase in the order 
CI < Br < I and tlie yields follow the same 
order with +(CI-) < +(Br-) < +(I-), this would 
seen1 to be the predicted order on tlie basis of 
Zink's model. The difliculty with this interpreta- 
tion is that it implies a competition between axial 
and equatorial Iabilization; however, if this was 
the case, then the decrease in halide yield ob- 
served with tlie trrrns dichloro complexes as 
coinpared to the t r m ~ s  diiodo complexes sho~lld 
be coniplimented by a yield of anline. I n  fact all 
the evidence supports the presence of a single 
hydrolysed product formed by substitution of a 
halide ligand. 

It is noteworthy that the increased photoactiv- 
ity which accompanies the increasing tetragonal 
distortion is very nearly matched in magnitude by 
a chelation effect (e.g. trrms-[Rh(~yclani)I~]~,  
+(I-) = 0.14 and iran.s-[Rh(NH3)4Cll]+, +(C1-) = 

0.13). Since tlie electronic spectra exhibit little 
dependence on tlie amine system, it is unlikely 
that the chelation effect is electronic in origin. 
On the other hand, increasing chelation wo~ild 
be expected to exhibit a definite effect if the 
photoefticiency of these systems was dependent 
upon the structure of the five coordinate inter- 
mediate. A trigonr~l bipyra~nidal intermediate, 
while satisfying the demand for stereomobility, 
seems improbable due to  the co~npletc iso~neric 
retention in the hydrolysed product. A square 
pyramidal intermediate would account for the 
isomeric retention but would not e x ~ l a i n  the 
chelation effect. A tetragonal pyramidal inter- 
mediate, however, wo~lld not only satisfy both 
criteria but would also account for the very large 
difference in the yield between trmzs-[Rh(cycla~ii)- 
Clz]+ and ck-[Rh(cyclam)CIfl. In the latter case 
it is easily seen that only a minor rearrangement 
is r eq~~i red  to achieve s ~ ~ c l i  a structure in the five 
coordinate intermediate. 

Contrary to  the decreased photoactivity witli 
decreasing wavelength previously reported for 
some Rh(II1) systems ( 1 ,  lo), all of the systems 
studied here were iiiore sensitive to  ct excitation 
than to  ligand field excitation. Consequently, 
internal conversion between the two manifolds 
of states must be negligible and the ct excitatio~i 
produces its own unique photoactive state. 
Nevertheless. the same qualitative and quantita- 

tive trencis are produced by botli exciting 
luminations, suggesting that common controlling 
factors are operative in both cases. 

For the t rm~s  complexes the lowest energy 
ct state correlates with the configuration 
(e,,)3(bZK)L(ec)4(~~Ii:)1 where tlie e,, orbitals art. 
essentially chlorine centered nonbonding T orbi- 
tals. Destabilization will occur through popula- 
tion of g:': antibonding ti,, ancl sincc this 
correlates witli the metal L I ,~  orbital? Iabilization 
is naturally clirectcd along the weak field axis ancl 
thc same ligancl specificity is observed for both 
ct and ligand field excitation. 

Since the reaction precursor is a ct state, a 
possible redox n~eclianism was considered. How- 
ever, in  forming the ct state the ligand electron 
deficiency is in a nonbo~iding orbital so that the 
major rep~~ls ive  etyect is defined by the highest 
lillecl orbital (e.2. the metal d , ~  orbital). In 
prospect, it seems that the more facile reaction 
coordinate wo~~lcl  involve a halide ion rather 
than a halogen atom as the leaving group since 
the former w o ~ ~ l d  not only be more sensitive to 
metal-ligand repulsion but w o ~ ~ l d  experience the 
advantage of solvent stabilizatio~i. Thus, the ct 
and ligancl field mechanis~n should be virtually 
the same. The higher charge density localized on 
tlic metal in the ct case would effect a greater 
metal-ligand rep~~ls ion t l i ~ ~ s  providing a reason 
for the larger yields. 

For both ligand field and ct excitation Zink's 
model has proven to be an effective basis for 
developing a q~~ali tat ivc interpretation of the 
photoreactions of the Rli(II1) complexes in- 
cluded in tliis investigation. The model tends to  
accurately predict the principal reaction prod- 
ucts; however, tlic situation becomes ambiguous 
with respect to  secondary products. Thus for 
example, [ I ]  correctly predicts tlie predominant 
axial labilization and c o ~ ~ l d  be employed to 
explain the increasing yield as L), increases. 
Therefore, the logical inference is that some 
equatorial activation s h o ~ ~ l d  211~0 O C C L I ~  as il 

complimentary process to  compensate for the 
otherwise low absolute yield in the trtr17.s-CI1 
co~nplexes. Since tliis is not the case then it is 
unlikely that purely electronic f;.~ctors are con- 
trolling the quantitative aspects of the yields. On 
the other hand, botli the pronounced chelation 
effect and the marked structural effect exhibited 
by the photosensitivity of tlie cis complexes are 
strongly suggestive of mechanistic influences as a 
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An inequality formulation of conformational energy differences 
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JOHANNES PIETER COLI~A, H. BERNHARD SCHLEGEL, and SAUL WOLFE. Can. J. Chern. 54, 
526 (1976). 

A theoretical analysis has been performed of the effects of geometry optimization upon 
computed barriers to rotation and pyramidal inversion. It is shown that, where AE is the true 
energy difference between the energy minimum and the transition state for a particular con- 
formational process, (barrier using the optimized geometry of the lower state) > AE > (bar- 
rier using the optimized geometry of the higher state). Some numerical tests of this inequality 
are discussed. These reveal certain limitations upon the assumption that an optimized geometry 
is transferable from one basis set to another. 

JOHANNES PIETER COLPA, H.  BERNHARD SCHLEGEL et SAUL WOLFE. Can. J. Chem. 54, 526 
( 1976). 

On a effectue I'analyse theorique des effets de I'optimisation de la geometrie sur les barritres 
calcul~ies pour la rotation et pour l'inversion pyramidale. On a montrC que, lorsque AE est la 
vraie difference d'energie entre I'Cnergie minimum et l'etat de transition pour un processus 
conformationel determine, (la barritre utilisant la gComCtrie optimisie de I'etat le plus bas) 
> AE > (la barrikre utilisant la gComCtrie optimiske de I'Ctat le plus ClevC). On discute de 
quelques essais numkriques de cette inequation. Ceux-ci relkvent certaines limitations con- 
cernant I'hypothkse qu'une geometrie optimisee est transferable d'une base B une autre. 

[Traduit par le journal] 

Introduction 

A number of workers have suggested recently 
(1) that the conventional explanation of the first 
and second of Hund's rulesZ may be incorrect, 
because this explanation overemphasizes effects 
of electron-electron repulsion upon energy dif- 
ferences within a rnultiplet (2). While there is 110 

doubt that electron repulsion is largest in the 
state having the lower energy, for neutral systems 
nuclear-electron crttractioit is also largest (most 
negative) in the state having the lower energy, 
and this attractive term is always the dominant 
component in a Hund multiplet. 

To  rationalize this result, Colpa (3) proposed 
a reformulation of the theory of Hund's rules in 
which certain unnecessary assumptions concern- 
ing the role of electron repulsion were deleted. 
In the Restricted Hartree Fock (RHF) scheme, 
this reformulation has the mathematical form 

'Holder of a National Research Council of Canada 
1967 Science Scholarship. 

2Hund's first rule states that, for a given configuration 
in an atom, the state of lowest energy is the state with the 
highest multiplicity. The second rule states that, within 
the manifold of states with the same multiplicity, the 
state with the largest angular momentum quantum num- 
ber has the lowest energy. 

of a series of inequalities. In the case of the 
singlet-triplet energy difference of an open shell 
aa* excited configuration, the appropriate in- 
equality is 

[ I  I 2 ~ : ~ .  5 AERIIF 5 2KZw* 

in which AE,,,,, is the energy difference between 
the exact R H F  energy levels, and K : ~ .  and 
K z *  are the exchange integrals for the exact 
R H F  a and a* orbitals of the singlet and triplet 
states, respectively. 

AS has been shown elsewhere (4), 2 ~ : ~ .  and 
2K:. are the energy differences which result 
when both states are described by singlet or by 
triplet R H F  orbitals, respectively. These energy 
differences correspond t o  the use of a "frozen" 
orbital model which maintains the identity of 
orbitals in different states. According to  the 
inequality of eq. 1, the true energy difference in 
the R H F  approximation lies between the values 
of the two differences obtained with the frozen 
orbital approximation. 

The significance of such work is that it pro- 
vides insight into why an energy difference corn- 
puted within a particular frozen orbital approx- 
imation may either underestimate or over- 
estimate the true energy difference, according 
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to  the particular frozen orbital model which is 
selected. This situation has a parallel in the 
computation of conformational energy differ- 
ences. Much work, especially by Veillard (5), 
has shown that full geometry optimization along 
the reaction coordinate is necessary to reproduce 
barriers to torsion about bonds or pyramidal 
inversion at a tricoordinate centre. The purpose 
of the present work is to demonstrate, by means 
of an inequality formulation of the problem, the 
relationship between barriers computed within 
a particular rigid rotor model and the true value 
of the barrier. 

Theory 

For the analysis of rotation in ethane, we 
employ a two-symbol descriptor to represent the 
state of the molecule. The first symbol describes 
the conformation, i.e., staggered or eclipsed. 
The second (bracketed) symbol refers to the 
particular optimized geo~netry employed to 
describe this confor~nation.~ Thus St(St) de- 
scribes a staggered conformation with CC and 
CH bond lengths and HCH angles optimized 
for this conformation; this is the true equilibrium 
situation for the staggered conformation. In the 
same way, Ecl(St) describes an eclipsed con- 
formation which has the CC and CH bond 
lengths and HCH angles of the staggered con- 
formation. The energies of the various states are 
given by Estcst), etc.; and AE = E E ~ I ( E ~ I )  - Est(st) 
is the energy difference between the true equilib- 
rium conformations Ecl(Ec1) and St(St). 

The transfor~nation from St(St) to  Ecl(Ec1) 
can be supposed to proceed in two stages. In the 
first, rotation takes place within a rigid rotor 
model, i.e., St(St) + Ecl(St). The energy differ- 
ence associated with this process is designated 
B(St). In the second step, the state Ecl(St) relaxes 
to its true equilibrium geometry Ecl(Ec1). 

Since 
E I : ~ I ( s ~ )  > E ~ c l ( ~ r 1 )  

it follows that 

[21 B(St) > AE 

31t is known (5) that the C C  and CH bond lengths as 
well as the HCH angles of the staggered and eclipsed 
conformations of ethane are not the same. 

Proceeding analogously for the transforma- 
tion from Ecl(Ec1) to St(St), with B(Ecl) the 
energy difference for the step Ecl(Ec1) + St(Ec1). 
and noting that 

E s ~ ( E ~ I )  2 Est(st). 
leads to 

E E ~ I ( I : ~ I )  - E s ~ ( E ~ I )  i E E ~ I ( E ~ I )  - Est(st) 
i.e. 

[31 B(Ec1) 5 AE 

Combining [2] and [3] gives 

[41 B(St) > AE > B(Ecl) 

One call easily generalize the proof of this 
inequality to 

[5] Barrier for lower state rigid rotor 2 AE > 
Barrier for higher state rigid rotor 

Equations similar to [4] and [5] are also derived 
readily for an inversion barrier. 

It is evident that these inequalities are formally 
similar to the inequality of [I.]. However, there 
are important differences: eq. 1 is rigorously 
correct within the RHF schenle; but eqs. 4 and 5 
will apply to exact wavefunctions, to Hartree 
Fock (HF) wavefunctions, or even to approxi- 
mate H F  wavefunctions, so long as the equilib- 
rium geometry is computed exactly within the 
particular approximation selected. These geom- 
etries will, of course, be somewhat different with- 
in the various approximations. Some numerical 
tests of [5] follow in the next section. 

Numerical Tests of the Theory 

Table 1 summarizes the results of computa- 
tions on ethane employing a mini~nal (STO-3G) 
and an extended (4-31G) basis set (6) with 
Gaussian 70 (7). The energy differences corn- 
puted with the extended basis set are B(St) = 

2.90 kcal/rnol, AE = 2.77 kcal/rnol, and B(Ec1) 
= 2.64 kcal/mol, in agreement with [4].4 

The calculations just described are relatively 
expensive in terms of costs of computer time, 
because of the need to optimize the geometry of 
both states. It has, therefore, become customary 
(8) to compute the optimized geometry with the 
STO-3G basis set and then calculate energy 
differences with the 4-31G basis set, the assump- 

4Veillard (5) has reported AE = 3.07 kcal/mol. 
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TABLE 1. Total energies and rotational barriers in ethane 

Staggered optimized Eclipsed optimized 
parameters (St) parameters (Ecl) 

Mitlitnal basis set 
(optimization with the minimal basis set) 

Staggered -78.306138" - 78.305778' 
Eclipsed -78.301493b - 78.301525c 

Difference B(St) = 2.92 > AE = 2.90 > B(Ecl) = 2.670 

Exterlded basis set 
(optimization with the minimal basis set) 

Staggered -79.115732b -79.115466C 
Eclipsed -79.111189b -79.111297' 

Difference B(St) = 2.85 > AE = 2.78 > B(Ecl) = 2.62d 

Exter~ded basis set 
(optimization with the extended basis set) 

Staggered -79.1 15927e -79.1157261 
Eclipsed -79.111302e -79.111514, 

Difference B(St) = 2.90 > AE = 2.77 > B(Ec1) = 2.64" 

4Totnl e n e r g i e ~ ~ i n  hartrees; I hnrtree = 627.71 kcal/mol 
orCc = 1.5452 A;  rcH = 1.0858 A ;  LCCH = 110.66" 
crcc = 1.5587 A ;  rc, = 1.0849 A ;  LCCH = 1 1  1.02" 
dEnergy differences in kcal/mol. 
ercc = 1.5300 A; rcH = 1.0834 A;  L CCH = 1 10.07" 
I rcc = 1.5412A; rcH = 1.0828 A ;  LCCH = 111.64" 

tion being made that the optimized geometry 
does not change appreciably as  the basis set is 
changed. Equation 4 can be employed to  assess 
the validity of this procedure and the assumption 
of transferability of geometry fro111 one basis set 
t o  another. In this connection, it is useful t o  note 
that, for a problem such as  the rotational barrier 
of ethane, one should expect that 

[6] EE~I (S~ ,  - E I : ~ I ( E ~ I )  Es~(I:~I) - E s ~ ( s ~ )  

because both sides of this approximate equality 
refer to  relaxation t o  an equilibrium geometry; 
and the same bonds and valence angles are 

A further analysis showed that [6] was not 
obeyed and that - E I . : ~ ~ ( E ~ I ) .  This analysis 
of rotation in ethane thus shows that a single 
optimization cycle at  the STO-3G level is insuffi- 
cient. Using the geometries computed by one 
STO-3G optimization cycle, the energy differ- 
ences computed at the 4-31G level are B(St) = 

2.85 kcal/mol, AE = 2.78 kcal/mol, and B(Ecl) 
= 2.62 kcal/mol. Equation 4 is again obeyed; 
however, AE is not the average of B(St) and 
B(Ecl), although the deviation is less marked 
than for the STO-3G results. 

Table 2 summarizes cornputatioris on  pyra- 
involved. midal inversion in ammonia. These s h o w  that 

When eq. 6 is a strict equality, we have the geometry computed with an STO-3G basis 

[71 AE = +(BS~ + BIC,I) set cannot be used to  calculate 4-31G energy 
differences. In this case, the inequality of [5] 

The computations on ethane with the 4-31G should be 
basis set obey eq. 7 very closely; the average of [8] B(optimization at  pyramidal geometry) 
B(St) and B(Ec1) is 0.004416 hartree, as  compared 
to  AE = 0.004413 hartree. 

> A E >  
B(optimization at  planar geometry) 

In contrast to  these results, a computation 011 

ethane with the STO-3G basis set and a single The energy differences computed with STO-3G 
u 

optimization cycle led to  the energy differences optimized-geometries and the STO-3G basis set 
B(St) = 2.92 kcal/mol, AE = 2.90 kcal/mol, and are B(pyr) = 12.50 kcal/rnol, AE = 11.13 kcal/ 
B(Ecl) = 2.67 kcal/rnol. Although these data mol, and B(plan) = 9.78 kcal/mol, in agreement 
still obey [4], it is clear that [7] is not obeyed. with [8]. However, when these geometries are 
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COLPA ET AL. 

TAULE 2. Total energy and inversion barriers in ammonia 

Energya 

Pyramidal optimized I'lanar optimized 
parameters (Py) parameters (PI) 

iVli11it11r11 11r1.si.s set 
(optimization with the minimal basis set) 

Pyramidal -55 .455390h -55.453250~ 
Planar -55.435481b -55.437665' 

Difference B(Py)= 1 2 . 5 0 > A E =  11.13 > B(P1)=9.7S'r 

Exter~rl~rl bnsis set 
(optimization with the minimal basis set) 

Pyramidal - 56.099081b -56. 100586" 
Planar - 56. 100260° -56.104912c 

Difference B(Py) = -0.74 > A E  = - 3.66 $ B(P1) = -2.71" 

Exteirrlerl basis set 
(optimization with the extended basis set) 

Pyramidal -56.106692" -56.106613~ 
Planar - 56.105948" -56.105997~ 

Difyerence B(Py) = 0.49 > A E  = 0.44 > B(P1) = 0.39" 

"See Tablc I. 
brNH = 1.03 18 4; L HNH = 104.77O for pyramidal structure 
CrN,, = 1.0052 A; L l l N H  = 120.00° for  planar structurc. 
(lrNH = 0.991 A; L H N H  = 1lj.8" for pyr,rtnidal structure. 
CrNH = 0.986 A;  L HNH = 120.00' for planar structure. 

used t o  calculate the energy differences with the 
4-31G basis set, negative barriers are observed, 
r.e., B(Pyr) = -0.74 kcal,'mol, AE = -3.66 
kcal,/mol, and B(p1an) = - 2.7 1 kcal/mol. In 
addition, these negative barriers do not satisfy 
[81. 

The barriers conlputed with the 4-31G basis 
set and 4-31G optimized geometry do satisfy [8]. 
However, AE is lower than the experimental 
value (5.9 kcal,/mol) (9). The experimental AE 
for ammonia has been reproduced with a very 
extended basis set which included cl-type polar- 
ization functions on nitrogen and p-type func- 
tions on hydrogen (10). 

Our results are thus entirely in accord with the 
view (10, 11) that barriers to pyramidal inver- 
sion are extraordinarily sensitive t o  the nature 
and q~iality of the basis set as well as the nat~ire 
of the geometry optimization scheme enlployed. 
At the same time, the inequality formulation of 
the problem suggests that the qualitative com- 
parison of barriers t o  pyramidal inversion of a 
series of closely related molecules should be 
valid, provided that geometry optilnization of 
both the pyramidal and planar conforn~ations 
is performed, and the same basis set is employed 
for the geometry optimization and the computa- 
tion of energy differences. 

It is, perhaps, useful t o  recognize that inequali- 
ties of the type discussed in this paper will exist 
regardless o f t h e  nature of the optimization that 
is performed, so long as both the upper and 
lower states are optimized in the same way. The 
present example of geometry optiii~ization can, 
therefore. be rerrarded as a subset of a more 

u 

complete optimization scheme in which basis set 
optimization would be included. However, basis 
set optimization is usually not practical for 
~o lva tomic  n~olecules. and our numerical ex- 
A 2 

amples were restricted to  geometry optimiz:ition 
using the standard STO-3G and 4-31G basis sets. 
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The pulse radiolysis of 1-propanol at 147 to 300 K 

Secriotl rie Recl~erclles el l t~ re t~r ic t io~~  ri~t Rayot~t~etr~etzt avec Irr M[r/iere C.E.N. Srrclrry, B.P. 1Vo. 2. 
91 190 Gif-s~rr- Yvette, Fratlcc 

Received August 20, 1975 

L. G~LLES and A. W. BOYD. Can. J. Chem. 54, 531 (1976). 
Using -20 ns electron pulses the spectra and kinetics of the electron and an absorption in the 

uv in I-propanol have been determined at temperatvres from 147 to 300 K. The uv absorpt io~~ 
is attributed to the hydroxy propyl radical,CH3CH2CHOH; it is formed within -20 ns over this 
temperature range and disappears by second order kinetics. The results for the formation of the 
solvated electron are in agreement with those of Baxendale and Wardman. The temperature 
dependence of both the radical-radical reaction and the reaction of the solvated electron with 
N 2 0  is very nearly the same as that of TItl. 

L. GILLES et A. W. BOYD. Can. J. Chern. 54, 531 (1976). 
Le spectre d'absorption de l'electron ainsi qu'une absorption dans I'uv ont CtC observes entre 

147 et 300 K dans la radiolyse pulse du propanol normal. Dans la gamme de tempkratures 
considerees le spectre uv est forme dans l'impulsion (-20 ns) et il disparait selon une cinetique 
du second ordre. On I'attribue aux radicaux hydroxypropyliques CH,CH,CHOH. Les resultats 
relatifs a I'~volution du spectre de I'Clectron avec le temps sont en bon accord avec ceux de 
Baxendale et Wardman. La reaction de disparition des radicaux et celle de I'blectron avec N20 
varient en fonction de la temperature comme TIT. 

Introduction and it is believed to be a precursor of the 

Three distinct absorptions have been observed solvated electron. It is presumably formed in 

ill the pulse radiolysis of the simple liquid conjunction with the positive ion in the primary 

aliphatic alcohols. The first of these to be Process> 

reported is characterized by a broad apparently 
structureless spectrum with peaks depending on 
alcohol and temperature, in the range of 500 to 
900 nm (1-4). This s~ecies .  which has a lifetime > ,  

of a few nlicroseconds in the pure alcohol at  
room temperature (5), reacts with electron 
scavengers with rates similar t o  those of the 
hydrated electron in water. It has thus been 
identified as the solvated electron and has been 
shown to  be formed within picoseconds after an  
electron pulse at  room temperature (6). 

For ethyl, butyl, and 1-propyl alcohols, at  
temperatures near their melting points, the spec- 
trum of the absorption of the solvated electron 
appears only after several nanoseconds (7). The 
spectrum that appears immediately after the 
pulse (the second of the three absorptions) 
shows an absorption which extends from 400 to  
1400 nm. Its disappearance is coincident with 
the appearance of the solvated electron spectrum 

and is solvated as in reaction 2. 

Measurements (8) have been made of the rate 
of reaction 2 at  temperatures between those of 
Baxendale and Wardman (7) and room tempera- 
ture. These give rate constants of the order 
1-4 X 10lOs-I and activation energies of the 
order of 5 kcal 1110l-~. Further lneasurenlents of 
the decay rate at  room temperature of the 
absorption at  1050 nrn (9) give a direct detennin- 
ation of the solvation processes; the values 
obtained are in the same order of magnitude as 
the values previously calculated (10) or ex- 
trapolated (8). 

The third type of spectrum is in the uv with 
increasing absorption a t  lower wavelength. This 
absorption is found in the radiolysis of aqueous 
solutions of alcohols as well as in the pure 

lOn leave of absence 1974-1975 from Physical Chem- alcohols (1 1-12). It is formed within nano- 
istry Branch, Atomic Energy of Canada Limited, Chalk seconds a t  room temperature and its decay 
River, Ontario. follows second order kinetics with a rate constant 
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of the order of lo9 Mu's-' (1 1-13). 111 rilethan01 
and ethanol, the species responsible for this uv 
spectrum have been identified as CHzOH and 
C H ~ ~ H O H :  it is believed that these are formed 
by reaction 3 or reactions 4 and 5: 

arid reactions 6n or 6b and 7 

This uv absorption has also been observed in 
glassy alcohols (77 K) and attributed t o  the 
hydroxy radicals (14-15) whose decay follows 
second order kinetics. Nevertheless, no observa- 
tions of this uv absorption at  low temperature 
in liquid alcohols have been reported. I t  is thus 
of interest t o  deterniine the rates of formation 
and decay of the radical species in these condi- 
tions. As a first approach, we chose to study 
1-propanol as did Baxendale and Wardman (7), 
because of its low melting point. We have also 
measured the rate constant for the reaction of 
the solvated electron in 1-propanol with N 2 0  
at  several teniperatures between 140 and 200 K 
to confirm that the reaction is diffusion con- 
trolled (7, 16). 

Experimental 
The irradiation source was a modified Febetron 707. 

The electron pulse from the Febetron tube window was 
dispersed by an electromagnet (17) and only electrons in 
the range 1.7 to 1.8 MeV were selected. The total pulse 
length was thus reduced to about 20 ns with a width at 
half height of 10 ns. The absorbed dose can be varied 
from 10 to -300 krads. 

The irradiation cell was constructed of 1 mm thick 
suprasil. The optical path length was 2.5 cm and the 
depth of the solution in the electron beam was 2.5 mm. 
To reduce the concentration gradient of the optically 
observed species the width of the analyzing light was 
limited to 0.05 cm. This is small compared to the range of 
Febetron electrons in propanol. 

To obtain the low temperatures, the cell was mounted 
on a copper block inside a vacuum chamber. A commer- 
cial temperature control system (Air Liquide) was used to 
regulate the temperature of the copper block and a 
calibration curve, determined prior to the irradiations 
with two calibrated thermocouples, gave the temperature 
inside the cell as a function of the temperature of the 
copper block. 

It was found that the dose per pulse varied but the 
relative dose could be monitored by insulating the cell 

holder and measuring the total charge with a charge 
integrating circuit. The induced voltage was linearly pro- 
portional to the absorbed dose (as measured with 10-2 M 
potassium ferricyanide) within +5(,'/, from 10 to 300 
krads. In these experiments the spectra were determined 
by normalization of the optical densities to an arbitrary 
value of 1 V on our capacitive system (-100 krads). 

The optical system included a Zeiss M4 Q 111 prism 
monochromator and a 450 W Xe arc lamp. The intensity 
of the latter could be increased by a factor of up to 200 
for -200 ps by means of a condenser bank discharge (18). 
The wavelength range of the photomultiplier (Hama- 
matsu R446) is 185-850 nm. Further details may be 
found in previous publications (19, 20). 

It was found that when commercially available l-pro- 
panol (Merck fur Chromatographie, Merck zur Analyse, 
Prolabo) was irradiated after degassing by bubbling with 
argon there was fluorescence in the region 230-280 nm 
and the lifetime of the solvated electron was less than 
100 ns. With alcohol purified by distillation the fluores- 
cence disappeared and the lifetime of the electron in- 
creased to several hundred nanoseconds. The distillation 
was carried out using a packed 1.5 rn Dewar jacketed 
column. The extent of refluxing was controlled to give a 
throughput of 5 ml per hour and the first and last quarters 
of the distillate were discarded. No further changes in the 
transient absorption spectra or in the electron life-time 
were observed with redistilled alcohol. 

The nitrous oxide was Air Liquide N40 (>99.99y0 
N20) and the argon Air Liquide N55 (>99.99950/, Ar). 
The irradiation cell was filled with alcohol previously 
deaerated with argon (or saturated with NzO) at room 
temperature, and then cooled down to the desired 
temperature. 

Results and Discussion 

Roorn Ten~l~eralure (25 O C )  

Spectra were measured 30 11s after the begin- 
ning of the pulse over the range 220 to  700 nm. 
In Ar purged solutions the spectrurii above 
400 nni is similar to  that obtained previo~~sly (3) 
for the solvated electron. The kinetics of its 
decay are intermediate between first and second 
order. For a dose of -20 krads the half life is 
approximately 350 ns. This is shorter than that 
found a t  lower doses (3) but this decrease in 
lifetime is t o  be expected ( 5 ) .  

The w spectrum of 1-propanol has not been 
previously reported; it is obtained with alcohol 
saturated with N2O ([N20] = 1.34 X lo-') in 
order t o  suppress any contribution of the 
solvated electron. The shape is siniilar to  that 
observed in the uv for other alcohols (12). The 
decay (usually measured at 230 nni) follows 
second order kinetics. If the radical yield ex- 
pressed as  the nuniber of radicals produced per 
100 eV absorbed is assunied to  be 5 (21) then 
the rate constant is about 1 X lo9 MM-I s-I, 
which is similar to  the values obtained for the 
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FIG. 1. Spectra observed in pulsed Ar purged in 
1-propanol at  147 K. Optical~densities normalized to 1 V 
on charge integrator. ((I) 0, Experimental points im- 
mediately after the 20 ns pulse; e, from Baxendale and 
Wardman (7). (b) 0, 2.5 ps after the pulse. ( c )  0, 5 ps 
after the pulse, NIO saturated 1-propanol. (d )  +, 147 K, 
immediately after the 20ns pulse. ( e )  a, 152 K, 15 ps 
after the pulse. 
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disappearance of C H ~ ~ H O H  in ethanol (13). 
Since the decay is second order and since the 
principal products of radical-radical reactions 
in 1-propaiiol are hexane-3,4-diol, and propion- 
aldehyde. (21) this species is most probably 
CH3CHzCHOH ; the radical CH3CH2CH20. 
would not give the dilneric alcohol and its decay 
would follow pseudo first order kinetics as in 
reaction 5. 

I 

Lou! Te111pe1.at~l1.e~ 
The spectra in Ar purged solutions at  147 K at 

various times after the pulse are shown in Fig. 1 
along with values obtained by Baxeildale and 
Wardluail (7). Froill 400-700 nil1 the agreement 
between the two spectra is very good though 
there is a small difference in the lifetiliie of 
solvation. We obtained a half life for the solva- 
tion (at X = 550 11111) of 614 ns, Baxendale and 
Wardman obtained this value at 137 K. 

In N 2 0  saturated solutions at  147 K ,  the 
yield of the precursor of the solvated electron is 
reduced by about 60% and the apparent solva- 
tion time is reduced to  -200 ns. Since the N20 
reacts with the precursor as well as the solvated 
electron it is not possible to  derive an accurate 
rate constant for reaction 2 in the presence of 
NzO. In these solutions the spectrum below 

I 

5 ps/OlV b 
FIG. 2. N 2 0  saturated 1-propanol at  152 K. ((I) A = 

550 nm, horizontal sweep, 2 ps/div; (b )  A = 230 nm. 
horizontal sweep, 5 ps/div. 

350 nm (Fig. 1) is similar to that obtained at  
room temperature, but the coritribution of thc 
precursor of the solvated electron only becomes 
negligible (as seen with the change in absorption 
due to the solvation process) below 280 nm. 
The difference at 350 17177 between our results and 
those of Baxendale and Wardman (7) is probably 
due to  the photodiode that they used which has 
a cut-off near 360 niii. At 230 nni, the absorption 
appears immediately after the pulse and does 
not change up to  several microseconds (Fig. 26). 
Even in NzO solutions the decay of e- (Fig. 2a) 
prevents the precise deterillillatioll of the uv 
spectrunl at  short times. The spectruln after 
electron decay (15 ps) is shown in Fig. 1. 

The decay of the uv spectrunl (measured 
principally at  230 nin) follows second order 
kinetics and it would appear that this absorption, 
as at  roo-nl temperature, is due to  the radical 
CH3CH2CHOH (again, if it were the radical 
CH3CH2CH20., its decay should be pseudo first 
order as in reaction 5). If, as seein most likely, 
reaction 3 occurs (22), then it has a rate constant 
greater than 2 X lo7 M-I s-I (assuming t l /z  = 
20 ns) even at  147 K ;  this value is in good agree- 
~ n e n t  with the values determined by Fowles (22). 
If reaction 4 also occurs, there are at  least two 
possibilities: 
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( I )  As has been previously assnilled for 
CH3O. and CHIOH in the radiolysis of methanol 
(23), CH3CH2CH20 has the same spectrum 
and thq same extinction coeficient as 
CH3CH2CHOH in the region studied. The quite 
different structures of these two kinds of radicals 
make this hypothesis less probable. 

(2) The oxy radicals absorb below 230 nm and 
are converted in less tllail 20 11s illto hydroxy- 
radicals (reaction 5) even a t  147 K or more 
plausibly recombine to  give the aldehyde. The 
results of y radiolysis of pure ethanol and 
aqueous solutions of ethanol (24) suggest this 
kind of reaction as a possible source of ~llolecular 
acetaldehyde. 

Sargeilt et (11. (25) ~lsing a spin trapping method 
in the radiolysis pf liquid methanol concluded 
that CH3O. and CHzOH are both present but a 
direct esr detection of radicals in various alco- 
hols (26) has only shown hydroxyradicals even 
at - 50 "C. It appears that direct optical spectro- 

I 

VOL. 54. 1976 

scopic studies cannot differentiate between the 
two kinds of radicals in the radiolysis ofalcohols. 

The decay of the absorption at 230 nm was 
determined a t  several temperatures in the range 
150 to  300 K. Figure 3 is an Arrhenius plot of  
the relative experimental second order rate con- 
stants ( 2 k / ~ )  (27) and of the relative rate con- 
stants given by the expression k = AT/?. The 
values of the viscosity, 7, are from ref. 28. It call 
be seen that the temperature dependence of the 
two sets of values is very nearly the same which 
leads us to  assunle that reaction 8 is esseiltially 
diffusion controlled. 

[81 ~ C H ~ C H ~ ~ H O H  -) P 

4 .O 5.0 61) 

FIG. 3. Arrhenius plot for radical decay: 0, experi- 
mental relative rate constants ( 2 k l a )  estimated error 
i 15'2 ; - -@- -, calculated relative rate constants ( k  = 

11 TIv) .  

I 

As stated at 152 K, the solvated electron has 
conlpletely disappeared by reaction with N20 .  
This reaction is generally assumed to be 

CH3CH2CH20H 
[YI e,,,,- + N 2 0  A * O H  + N2 

O H  radicals are know11 to react with alcohols by 
hydrogen abstraction. At room tenlperature the 
rate constant for this process is -2.5 X 
lo9 MM-I s-I and 66% of these radicals react a t  
the a carbon atoll1 (29). 

I 

If we assume as is suggested by the above 
results, that the solvated electron does not 
absorb at 230 nin, then the effect of reactions 9 
and 10 should be an increase of the absorptioil 
a t  this wavelength due to either the O H  or the 
hydroxypropyl radicals formed. But as can be 
seen in Fig. 2, there is no change in absorption 
at 230 nm coincident with the disappearance of 
the solvated electron. Sargent and Gardy (26) 
reported that when ~llethanol was saturated with 
N20 ,  there was no change in the intensity of the 
~ H ~ O H  spectrum compared with the deaerated 
solution. T o  explain this they proposed that 
H abstraction by hydrogen atoms, [6a], [6b], 
and [7], was replaced by the abstraction of O H  
radicals, [9] and [lo]. This explanation is not 
consistent on our time scale (i.e., with no in- 
crease in the 230 nil1 absorption coincident with 
esolv- disappearance). The two remaining possi- 
bilities are: ( I )  oxy and hydroxy radicals O H  
and esolv- all have the same absorption below 
280 nm, (2) O H  is not produced concurrently 
with the disappearance of esol,- by reaction 
with N20 .  The latter of these would seem to be 
inore likely (30). It is dificult t o  derive more 

I 
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I 

FIG. 4. Arrhenius plot for the reaction of the solvated 5. J. W. FLETCHER, P. J. RICHARDS, and W. A. SEDDON. 
Can. J. Chem. 48, 1645 (1970). electron with N20: 0, experimental rate constants (using 6, M. J. BRONSKILL, R. K. WOLFF, and J. W. HUNT. IN201 = 1.34 X 10-1 M) estimated error + 15%; -0-, 

calculated rate constants (k = ~ T R T / ~ ~ ) .  J. Chem. Phys. 53, 4201 (1970). 
7. J. H. BAXENDALE and P. WARDMAN. J. Chem. Soc. 

that this reaction, unlike the electron solvation 
reaction 2 is very fast even at low temperatures. 

- No increase in the uv absorption is observed 
at 152 K on the addition of N20 concurrent 

8- 
with the decrease over IU 10 ps in the absorption 
due to the solvated electron. This implies that 
the species N20- does not iminediately react at 
this temperature to  produce hydroxyl radicals. - 

As the decay of the uv absorption is second 
order, the hydroxyradicals presumably disappear 

7- by recombination. Both this recombination and 
the reaction of the solvated electron with N20  
have rate constants whose temperature depend- - 
ence is directly proportional to T/q. Thus both 
reactions are diffusion controlled. 

6- 

1 .  I. A. TAUB, M. C. SAUER, and L. M. DORFMAN. 
Discuss. Faraday Soc. 36, 206 (1963). - 

2. I. A. TAUB, D. C. HARTER, M. C. SAUER, and L. M. 

information by measurements at longer times 
after the pulse, because of the second order decay 
of the radical of 1-propanol. 

Figure 4 is an Arrhenius plot of the rate 
constant for the reaction of the solvated electron 
with N20 at temperatures from 140 to 200 K .  
The Arrhenius plot of the rate constants from 
Smoluchowski-Einstein-Stokes approximation: 
k = 8aRT/3q, is also given in this figure. The 
activation energies derived from the experimental 
and calculated values in the range 170-200 K 
are 4.2 kcal mol-I in good agreement with the 
previous assumption (16) for this diffusion con- 
trolled reaction. 
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The flash thermolysis of allyl sulphides' 

Received August 15, 1975 

H. GWYNNE GILLS, ROBERT A. MARTY, and PAUL DE MAYO. Can. J. Chem. 54, 337 (1976). 
The flash thern~olysis of allyl sulphides has been shown to generate thiocarbonyl compounds. 

The reaction provides a route to very reactive substances such as thioacrolein, thiobenzaldehydc. 
and monothiobiacetyl; these have been characterized spectroscopically. 

H. GWYNNE GILES, ROBERT A. MARTY et PAUL DE MAYO. Can. J. Chem. 54, 537 (1976). 
On a montrC que la thermolyse Cclair de sulfures d'allyle conduit B des composCs thiocar- 

bonyles. La rCaction permet d'obtenir des substances trks rCactives comme la thioacroleine, le 
thiobenzaldihyde et le monothiobiacCtyl; on a caractCrisC ces composCs par spectroscopie. 

[Traduit par le journal] 

In  contrast to their oxygen analogues, thiocar- 
bonyl co~npounds have been co~nparatively little 
studied.' One important reason for this lies in 
their impressive tendency to  oligo- or  polymerize, 
21 property which results in several chenlically 
intelligent potential routes to  thiones leading to  
intractable or undesirable products. Although 
Inany difficulties have been overconle (sinlple 
aliphatic thiones have, for instance, recently 
been isolated free from enethiol(4)), paths to the 
Inore reactive thiones and to  thials in 1110110- 

meric forill, are lacking. The present report 
describes a route to very reactive thiocarbonyl 
compounds which then may be trapped at  low 
te i~lpera ture .~  

The therillolysis of ally1 ethers has been shown 
to lead to the fornlation of carbonyl compounds 
together with an  olefin (6-8). I t  seemed probable 
that a similar reaction should be available to 
allyl sulphides, but therillolysis in a static system 
would suffer from the same restrictions as other 
techniques with regard t o  subsequent polymerisa- 
tion of the product; the technique of flash 
therrnolysis was, therefore, used. The apparatus 
has been described elsewhere (9, 10). 

The simple approach was tested on two com- 
pounds, allyl exo-2-bornyl sulphide (1) and allyl 

cyclohexyl sulphidc ( 2 ) ,  since the expectecl 
products of reaction, thiocamphor and cyclo- 
hexanethione, were known substances of widely 
differing stability; thiocanlphor is stable for 
prolonged periocls, whereas 5 rapidly undergoes 
chemical reaction a t  roo111 te~llperatilrc (1 1, 12). 

The conditions of the ther~nolyses arc indi- 
cated in Table 1 ; the calculated contact times (13) 
were of the order of 1111s. The thiocarbonyl 
compou~lds obtained in both cases were thosc 
expected and were identified by comparison with 
authentic specimens. The initial reactions ap- 
peared to proceed with high elliciency as judged 
by the high yields of propene. Hexa-1,5-diene 
(derived from the combination of ally1 radicals) 
was not detected in major amount, indicating the 
incursion of free radical processes was probably 
of minor importance (14). The products to be 
expected from elimination processes, born-2-enc 
(3) and cyclohexene, were not important con- 
stituents of the thernlolysates (< 1 and 6% 
respectively), but this observation should be 
interpreted with caution since these hydrocarbons 
are labile under some therrnolytic conditions 
(15, 16). 

The quantitative estimation of 4 ancl 5 is 
difficult because of the occurrence of secondary 
thermolysis and/or the inefficiency of the analyti- 
cal reactions employecl. Camphor itself has been 
shown to  give over 20 products on flash thermo- 
lysis (17). Similarly, we have shown that thio- 
camphor is labile iinder the conditions used for 

'Flash Thermolysis. Part 11. 
?For reviews see refs. 1-3. its generation. The products were not identified, 
]Part of the material has been reported in preliminary b ~ l t  it Seems probable that the fission between 

form (5 ) .  the quaternary centres C1 and C, is the primary 
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TABLE 1. Conditions of thermolysis 

Precise mass Thermolysis 
Starting temperature Propene Thiocarbonyl Starting material 
material Calcd. Exptl. P C  + 5 )  (%) (56) (5;) 

ONo parent pcak. A~lal. calcd. for CpHlaS?: C 57.45, H 8.51, S 34.04; found: C 57.27, H 8.43, S 33.82. 
bEstimated as trimer. 
CPolymer adhcrcd too strongly to be weighed. 
dCrude polymer converted in 807, yield to @-tritl~iobenzaldeliydc. 

process. For convenience 5 was estimated as the 
cyclic trimer 6,  but the nonquantitative con- 
version of monomer to  trimer has been noted 
previously (18, 19); the yields of 4 and 5 reported 
in Table 1 are thus minimal. 

The temperature used for the thermolysis was 
not necessarily optimal and a knowledge of the 
reaction temperature profile seemed desirable. 
This could be obtained by the coupling of a 
quadrupole mass spectrometer to  the exit of the 
furnace and monitoring the peaks with m/e  
values corresponding to the molecular weights of 
the molecules of interest. It was, unfortunately, 
not possible to use the preparative furnace for 
this purpose (that used was of the type employed 
for making spectroscopic measurements on the 
cryostat) and so the profile obtained is not 
directly transferable. In addition there were, of 
necessity, pressure differences. Low energy 
electrons were en~ployed to minimise n~olecular 
fragmentation, and the plots are corrected for 
contributions from the starting material. The 
profile of the process 1 -+ 4 (Fig. 1) shows, 
indeed, that 4 is further transformed since the 
optimum yield is obtained over a fairly narrow 

ALLYL w - 2 - B O R N Y L  SULPHIDE 

0-. & 
.---. y 

FIG. 1. Temperature profile for allyl bornyl sulphide. 

ALLYL CYCLOHEXYL SULPHIDE 

.-. as\ 

FIG. 2. Temperature profile for allyl cyclohexyl sul- 
phide. 

temperature range. Cyclohexanethione 5, on the 
other hand, appears to be, thermally, com- 
paratively stable (Fig. 2). 

The aposynthetic technique has been applied 
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GILES ET AL 

to the preparation of three highly reactive com- 
pounds, viz. thioacrolein 7, thiobenzaldehyde 8, 276 

and monothiobiacetyl 9. The starting materials 
were diallyl sulphide 10, and ally1 benzyl sulphide 
11, and 3-allylthio-2-butanone 12, respectively. .' 

4" - 7 ,y"l --+ 8 
C6Hs 

10 I1 

3 )$ & $ P - J  FIG. 3. Absorption W O V ~ I O ~ ~ ~ ~  spectrum (nml  (77 K) of acrolein. 
0 0 0 OH OH 

In all cases the initial reaction appeared to 
proceed well as judged, again, by the propene . 
yields. A direct measurement of the yields of $ 
these thiocarbonyl substances was not possible 
because of their extremely ready polymerization 
far below ambient temperatures. The polynlers 
of thiobenzaldehyde and of 9 were soluble in YO KU 

chloroforn~; that of thioacrolein was not and Werabmllh ( n m l  

adhered strongly to  glass. The polymeric FIG. 4. Absorption spectrum (77 K) of thiobenzalde- 
thiobenzaldehyde could be converted in high hyde. 

yield to p-trithioben~aldeh~de. 
- 

Temperature profiles again showed the produc- 
tion of a substance of the same molecular weight 
as the desired thiocarbonyl compound and of 
propene. The curves resembled Fig. 2 rather 
than Fig. 1. 

The characterization of these reactive species 
was of interest because few saturated aldehydes 
(20) and no simple, conjugated aldehydes4 have 
been spectroscopically detected, and but a few 
complex heterocyclic thioaldehydes isolated (ref. 
22 and references cited therein). In addition, no 
aliphatic a-ketothione has yet been reported 
though monothiobenzil has been recently de- 
scribed (23, 24). The electronic spectra of 7 and 
8 have been calculated (25). 

The low temperature (ca. 77 K) spectra of 
7, 8, and 9 were obtained by deposition on a 
sodium chloride plate in a cryostat (26). For 
these determinations the flash thermolysis con- 
ditions were arranged such that there was 
essentially no starting material in the thermoly- 
sates. In the electronic spectrum 7 showed 
maxima at 276 and 580 nm (Fig. 3); 8 at -228, 

320, and 575 nil1 (Fig. 4); and 9 at -240, 380, 
and 625 nm. The calculated (25) spectrum of 7 
includes maxinla at 265 and 570nm5 and 
that of 8 at 226,231, 296,302, and 567 nm. The 
agreement is, therefore, good. 

In view of the ready thioenolization of thiocar- 
bony1 compounds the exact tauton~eric form in 
which 9 might be found is uncertain. Aside from 
9 itself, other possibilities were 90, 96, and 9c. 
IJ '  the material of which the spectrum was 
recorded consisted of a single tautomer then of 
these 90 and 9c may be immediately excluded; 
the band at 625 nnl is certainly the T:': t n 
transition of some conjugated form of thio- 
carbonyl group. The nature of the 380 nm band 
is perplexing. It is of low intensity. It could be 
attributed to the carbonyl of 9, but this is 
seemingly excluded by the absence of an appro- 
priate carbonyl stretching frequency in the 
infrared spectrum. It does not appear likely that 
it could be a T*  t n of a conjugated carbonyl, 
again because the carbonyl stretch is not intense 
enough. We are presently unable to make an 
assignment. 

  he infrared spectra of thernlolysates con- 
4An inorganic complex of thioacrolein has been isolated 

recently (21). 5The CNEBI approach yields similar results. 
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FIG. 5. Infrared spectrum (77 K )  of the thermolysate of 7 (0) on depositing, (h)  after warming to 
cn. 100 K ,  and ( c )  a t  room temperature after pumping. 

FIG. 6. Infrared spectrum (77 K )  of the thermolysate of 8 (n )  on deposition, (h )  after warming to 
cn. 100 K ,  and ( c )  a t  room temperature after pumping. 

taining 7, 8, and 9 are shown in Figs. 5 ,  6, and 7 residue at ambient temperatures after removal 
respectively. The monitoring of these spectra has of volatile substances, propene in particular, by 
shown that 7 reacts slowly at  77 K (under these pumping. 
conditions), 8 is unreactive up to  110 K, and 9 It was of interest t o  determine if the reaction 
is unreactive up to 100 K. In each of Figs. 5-7 coilld be induced twice in the same molecule, 
(a )  is the infrared spectrum of these deposits, and if so  whether sinlultaneo~~sly or consecutively. 
(b) is the spectrum after reaction, and (c) the The substance chosen was the bis-sulphide 13. 
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GILES ET AL. 

FIG. 7. Infrared spectrum (77 K) of the thermolysate of 9 (a) on deposition, (b )  after warming to 
ca. 100 K, and (c) at  room temperature after pumping. 

Preparative thermolyses indicated that 15 was 
formed since 1.7 mol of propene were obtained, 
but, as expected, the product polyrnerised 
rapidly. Determination of the thermal profile 
showed that a t  no temperature was the reaction 
clean, but it appeared that the maximum amount 
of 15 was formed at the expense of 14; that is, 
the reaction is at least, in part, stepwise. 

Experimental 
Melting points were determined on a Reichert hot stage 

apparatus, infrared spectra on a Beckman-IR5 or IR5A 
spectrometer. Electronic spectra were determined point- 
by-point with an  Hitachi-Perkin-Elmer 139 spectrometer. 
Proton magnetic resonance spectra were determined at  
60 MHz with TMS as internal standard. Low resolution 
mass spectra were obtained on an EAI/QUAD ll00A 
spectrometer. Precise mass determinations were obtained 
from calibrated spectra from a Varian M-66 mass spec- 
trometer. The apparatus employed for the thermolyses 
and low temperature spectra have been described pre- 
viously (9, 10, 26). 

Ally1 Sulplrides 
Diallyl sulphide was obtained from Eastman Kodak 

and was distilled it: vacrro prior to use. Ally1 benzyl sul- 
phide has been prepared previously (27). The remaining 
compounds were prepared by the condensation of the 
alkyl mercaptan with allyl bromide, or the alkyl bromide 
with allyl mercaptan (28). Purity was determined in all 
cases by thin layer chromatography and pmr spectra. The 
pmr spectra of these compounds showed very character- 
istic complex multiplets in the region 5 (CC14) 4.9-6.5 (see 
for example, ref. 29). In addition, methyl signals were 
observed for 1 a t  6 (CC14) 0.81,0.88, and 0.96,'j and for 12 
a t  6(CC14) 1.38 ( J  = 7 Hz). In all cases the allylic 
methylene protons appeared as a quasi doublet near 
6 3.1. 

Ally1 Butatt-3-ot~yl Strlpltide 12 
To a mixture of 3-bromo-butan-2-one (Eastman 

Kodak) 4.0 g, 0.0265 mol) and allyl mercaptan (Aldrich, 
70%+, 3.15 g, 0.0425,mol) in ethanol (50 ml) was added 
sodium hydroxide (1.8 g, 0.045 mol in 10 ml 1:l H10- 
EtOH) with stirring over 15 min. After 15 min further 
stirring the mixture was diluted with water and the 
product isolated with ether. Preparative tlc (1 :l petroleum 
ether (60-80 "C - CHC13) gave the sulphide (1.9 g, 50%). 

At~alysis 
Only 4 is sufficiently unreactive to allow quantitative 

determination. A sample prepared by the action of 
hydrogen sulphide on camphor (11) was found to be 
identical (tlc, vpc, pmr, and mass spectrum) with the 
product of thermolysis of 1. The yield of 4 was deter- 
mined gravimetrically after tlc purification. The product 
from 2 was treated with hydrogen chloride and yielded a 
white solid. Crystallization from methanol gave tri- 
thiocyclohexanone 6 ,  mp 100.5-101 "C (lit. (19, 20) 101- 
102 "C). The n ~ p  of a mixture with an  authentic specimen 
was not depressed. The polymer from thiobenzaldehyde 

6The stereochemical configuration of 1 was assigned by 
analogy with the pmr spectra of eso and etrdo bicyclic 
alcohols (30). 
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was converted in rnethylene dichloride solution by the 
action of hydrogen chloride into B-trithiobenzaldehyde 
identical (rnp, mixed rnp, tlc, mass spectrum) with an 
authentic specimen (31). 

Therrnolyses 
In a typical experiment the sulphide (ca. 100 rng) was 

allowed to distil through the furnace over a period of 2 h. 
The therrnolysate was trapped on the cold finger at 77 K. 
On warming the colour of the therrnolysate was dis- 
charged, the volatile products being distilled into a 
vacuum line. The residue was subsequently extracted with 
solvent. The distillate was separated into liquids (traces) 
and gases using a rnethylenechloride - carbon dioxide 
slurry. 
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Branched-chain sugars. Reaction of 1,2:5,6-di-0-isopropylidene- a-D- 
vibo-hexofuranos-3-ulose with sodium cyanide and methyl nitroacetate 
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ALEX ROSENTHAL and B. L. CLIFF. Can. J. Chem. 54, 543 (1976). 
Treatment of 1,2:5,6-di-O-isopropylidene-~-~-r.ibo-hexofuranos-3-uose (1) with sodiulii 

cyanide in anhydrous ethanol followed by addition of an equimolar amount of methyl nitro- 
acetate gave 3-C-cyano-1,2:5,6-di-O-isopropylidene-~-~-glucofuranose (2) in 57% yield. When 
methyl nitroacetate was first added to  sodium cyanide in alcohol followed by the addition of 
ketose 1 then the clllo-cyanohydrin epimer 4 was produced in 855; yield. 3-C-(Carbomethoxy- 
R,S-nitromethyl)-l,2:5,6-di-O-isopropylidene-~-~-allofuranose (6) was produced in low yield 
in the latter reaction and was isolated and characterized as its 3-0-acetate derivative 7. Selective 
acetolysis of the 5,6-0-isopropylidene group of the branched-chain sugars was achieved using 
acetic anhydride andp-toluenesulfonic acid monohydrate. The proof of structure of the cyano- 
hydrins is described. 

ALEX ROSENTHAL et B. L. CLIFF. Can. J. Chem. 54, 543 (1976). 
Le traitement du di-0-isopropylidene-1,2:5,6 U-D-ribo-hexofuranne ulose-3 (1) avec le 

cyanure de sodium dans I'Cthanol anhydre, suivi par l'addition d'une quantiti equimolCculaire 
de nitroacktate de rnethyle, conduit au cyano-3-C di-0-isopropylidene-1,2:5,6 U-D-gluco- 
furannose (2) avec un rendement de 57%. Lorsque l'on additionne en premier lieu le nitro- 
acCtate de mithyle au cyanure de sodium dans I'alcool puis le cCtose 1 ,  il y a alors formation de 
1'0110-cyanohydrine Cpimkre, 4, avec un rendement de 8576. On obtient le (carbomCthoxy- 
R,S-nitromCthy1)-3-C di-0-isopropylidkne-1,2:5,6 U-D-allofurannose (6) avec un faible rende- 
ment dans cette dernikre reaction; on l'a isolC et caractCrisC sous forme de son dirivi  3-0-acetate 
7. On a effectuC une acitolyse sClective du groupe 0-isopropylidene-5,6 des s cres i chaine 
ramifiie en utilisant l'anhydride acCtique et le monohydrate de l'acide p-toluknesulfonique. On 
dicrit la preuve de structure des cyanohydrines. 

[Traduit par le journal] 

Although the Kiliani and Fischer cyanohydrin 
synthesis (1) has been widely applied to aldoses 
the procedure has been very little used to prepare 
branched-chain sugars from ketoses. Bourgeois 
(2) has recently reported in a preliminary com- 
munication application of the cyanohydriil syn- 
thesis to  1,2:5,6-di-0-isopropylidene-a-D-ribo- 
hexofiiranos-3-ulose, 1, (3) to yield an epimeric 
mixture of cyanohydrins. The structures of the 
cyanohydrins were not proven but were assunled 
on mechanistic grounds. 

During the past decade our laboratory has 
been involved in a study of glycosyl a-amino 
acids (4-7) related to  the polyoxins (8). Because 
our first reported routes (4-7) involved inany 
steps we have investigated the application of the 
cyanohydrin and methyl nitroacetate addition 
synthesis to  ketoses as novel facile routes for the 
synthesis of branched-chain glycosyl a-amino 
acids. In this communication we wish to  present 
proof of structure of the cyanohydrins froin 
ketose 1, the effect of p H  on controlling propor- 

tions of products, and in addition, present soine 
of the preliminary work dealing with the 
branched-chain methyl nitroacetate adduct of 
the same ketose. 

As depicted in i'able 1, treatment of ketose 1 
with one molar equivaleilt of sodiunl cyanide in 
anhydrous ethanol, followed by chrolnatographic 
purification of the cyanohydrin on silica using 
1 : 1 benzene - ethyl acetate as developer, af- 
forded crystalline 3-C-cyano-1,2:5,6-di-0-isopro- 
pylidene-a-D-glucofuranose, 2, in 357, yield. The 
yield of 2 was increased to  577, by adding, after 
the addition of sodium cyanide to  the ketose, one 
molar equivalent of inethyl nitroacetate. Less 
than a 57 ,  yield of allo-cyanohydrin 4 accom- 
panied the gluco-epin~er. After column chroma- 
tography there was no evidence (in the pmr 
spectrum) of any methyl nitroacetate-ketose 
addition compound 6.  

Very surprisingly, when the order of addition 
of methyl nitroacetate to  the ketose was changed 
then the allo-cyanohydrin 4 was formed pre- 
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TABLE 1. Application of'the cyanohydrin synthesis to ketose 1 in the presence of methyl nitroacetate (MNA) 

Cyanohydrin 
Reaction 

Ketose NaCN MNA Solvent time 7' gIrrco(2) rrllo(4) MNA(6) 
I'rocedure (g) (8) (8) (dl 0) ("'7 (76) (7;) ( r,; , C) f~ 

A 1.06 0.195 None EtOH(2) 18 20 3 5 3 
A 1.43 0.290 0.706 EtOH(2) 18 20 57 4 
B 1.14 0.219 0.525 EtOH(5) IS -- 7 7 6 85 7 

B 1.10 0.21 None EtOH(5) 1 8 22 5 7 1 
AcOH(O.25) 

"Per ccnt yield of 6 calculated from a n  analysis of the pmr spectrum o r  thc product rnisturc. 

= 
N H A c  

1 &H, 
A' 

ponderantly. Thus, addition of the ketose 1 t o  a 
previously formed equimolar mixture of sodium 
cyanide and methyl nitroacetate in ethanol gave. 
after chron~atographic separation on silica gel 
using 4:6 benzene- ethyl acetate as developer, the 
0110-epirner 4 in 8.57, yield. This product also 
could be directly crystallized out of the product 
mixture. The rnp of 4 was substantially higher 
than that reported by Bourgeois (2). A11 analysis 
of the pmr spectrum of the residue obtained froill 

the mother liquor, after removal of the aNo- 
epimer, showed the presence of about 6% of 
gluco-cyanohydrin 2, and a low yield (approxi- 
mately 7y0) of the methyl nitroacetate-ketose 
addition compound 6.  Attempts to obtain pure 6 
by repeated chromatography were unsuccessful 
because 6 was quite unstable. Approximately the 
same ratio of a1lo:gluco-epinlers was obtained 
when glacial acetic acid was used instead of 
nlethyl nitroacetate. 
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The proof of structure of the epinieric cyano- 
hydrins 2 and 4 was provided in the following 
way. Lithium aluminuni liydride reduction of the 
gl~rco-cyanohydrin 2 followed by acetylation 
afforded the corresponding 3-C-acetaniinoniethyl 
gluco-derivative 8, which had a pnir spectrum 
identical to that of a substance which was obtain- 
ed (9) by application of the nitromethane syn- 
thesis (10, 11) to ketose 1 followed by reduction 
and acetylation. Unequivocal proof of structure 
of a substance identical with conipound 8 has 
been provided (9). Similar treatment of the 
epimeric 0110-cyanohydrin 4 afforded the known 
3 - C-acetaniidoiiiethyl- 1,2:5,6-di-0-isopropyli- 
dene-a-D-allofuranose 9 (9). 

When a niolar equivalent of ketose 1 was 
added to a mixture of one equivaleilt of sodium 
cyanide and one equivalent of methyl nitro- 
acetate in ethanol, and the resulting inixture 
allowed to react for 18 h at room teiiiperature 
followed by an immediate acetylation of the 
partially purified product inixture with acetic 
anhydride in the presence of p-toluenesulfonic 
acid nionohydrate as catalyst, four products were 
obtained. The niixture of products was chronia- 
tographed on silica usiiig 9 : 1 benzene - ethyl 
acetate as developer to afford the 0-acetyl 
derivatives of each product, namely. the glirco- 
cyanoliydriii 3, the 0110-cyanohydrin 5, the 
~nethyl nitroacetate adduct 7, and the tri-0- 
acetyl allo-cyanohydrin 10 in the ratio of 1 :23:4: 
72, respectively. Proof of the structure of com- 
pound 10 was provided by the fact that selective 
Iiydrolysis of the 5,6-0-isopropylidene group of 
the 0110-cyanohydrin 5 followed by acetylation 
afforded a substaiice identical (111p and piiir) with 
conlpound 10. This selective acetolysis of the 
5,6-0-isopropylidene group of di-0-isopropyli- 
dene sugar derivatives using p-toluenesulfonic 
acid monohydrate is a catalyst is noteworthy as it 
can provide a means of markedly reducing the 
number of steps required in sonic nucleosidc 
syntheses. 

Experimental 
Nuclear magnetic resonance spectra were determined 

in deuteriochloroform solution with TMS as tlie internal 
standard using a Varian HA-100 spectrometer. Optical 
rotations were measured at  room temperature with a 
Perkin-Elmer automatic polarimeter Model 141. Chemi- 
cal analyses were performed by Mr. P. Borda of the 

Microanalytical Laboratory, University of British Co- 
lumbia. 

Trerrtr,lerlt of 1,2:5,6-rli-O-Iso~11~011~ lirle~le-a-D-riba- 
/1e.~ofirrntros-3-1rlose, I, 1vir11 Soclir1tiz C!'crtiirle (old 
Metllyl Nitr,orrcetcrte 

I'rocerlrrr~e A to Yielrl glrico-Cj~ertrolryrlrit~ 2 
To a solution of ketose 1 (1.43 g) in a I iydro~~s e t h a ~ ~ o l  

(2 ml) was added sod~uni cyanide (0.290 g). A solution of 
methyl nitroacetate (0.706 g) in anhydrous ethanol (2 nil) 
was added dropwise and the reaction ni ix t~~re  stirred for 
18 11 at  room temperature. Tlie ethanol was removed by 
evaporation under reduced pressure. After the addition 
of 10 ml of chloroforni, a precipitate of non-carbohydrate 
material was renioved by filtration. Water (10 nil) was 
added and the niixture extracted w~tli  chloroforn~ 
(5 X 20 nil). Tlie combined chloroforni extracts were 
dried over magnesiuni sulfate, filtered, and evaporated to 
yield a syrup (1.13 g). This syrup was chromatographecl 
on silica (50 g, 24 X 2.8 cm) using 1 :I benzene - ethyl 
acetate as developer to yield ketose 1 (0.44 g) and 0.739 g 
(61 (,; ) of a syrup which crystallized on standing. 

3-C-Cyano-1 ,2:5,6-di-0-isopropylidene-a-D-glucofuran- 
ose, 2, was recrystallized from benzene-hexane, mp 
99-100 "C; [aIDz4 +51.6' (C 1.4, chloroform); T (CDCI3). 
4.08 (d, IH,  H-1, J1,? = 4), 5.45 (d, l H ,  H-2), 5.6-6.0 
(m, 5H, one proton exchanges in DzO), 8.45, 8.49, 8.64. 
and 8.66 (12H, CH3). Atrcrl. calcd. for CI3Hl9N06: 
C 54.73, H 6.71, N 4.91; found: C 54.87, H 6.77, N 4.92. 
The ratio of gluco- to allo-epimers was 13: 1. 

Procecllrre B to Yialcl cil lo-Cycir~ol~)~cl~~i~~ 4 
To a mixture of sodium cyanide (0.219 g) in anhydrous 

ethanol (2 ml) was added methyl nitroacetate (0.525 g)? 
followed immediately by a solution of ketose 1 ( I  .14 g) in 
5 ml ethanol. After the reaction niixture was stirred over- 
night, the precipitate of non-carbohydrate material was 
renioved by filtration. Evaporation of the filtrate afforded 
a syrup which was triturated with 20 nil of water and 
extracted with chloroform (5 X 20 ml). The conibined 
chloroforni extracts were dried (MgS04), filtered, and 
evaporated to yield a clear syrup. This syrup was chro- 
matographed on a column of silica (130 g, 5 X 16 cni) 
using 4:6 benzene - ethyl acetate as developer to yield 
ketose 1 (0.247 g) and a syrup (0.986 g). The syrup was 
crystallized from benzene-hexane to afford 3-C-cyano- 
1 ,2:5,6-di-0-isopropylidene-a-D-allofuranose, 4, (0.75 g, 
85';;; on reacted ketose), nip 61-64 "C; [a],?4 + 8 . 6  
(C 1.4, cliloroform); r (CDCI3), 4.18 (d, lH,  H-1, JI,? = 

4), 5.31 (d, l H ,  H-2, J1,l = 4), 5.10-6.29 (overlapping 
signals, 4H), 6.35 (s, lH ,  OH, exchanges in DzO), 8.51$ 
8.64, and 8.72 (s, 4 methyl groups). Atlcrl. calcd. for 
C13H,,N06: C 54.73, H 6.71, N4.91; found: C 54.89, 
H 6.81, N 4.98. 

The nmr spectrunl of the syrup obtained from the 
mother liquors after crystallization of 4 showed the 
presence of 4, the gllrco-cyanohydrin 2, and the methyl 
nitroacetate addition compound 6. Tlie ratio of products 
4, 2, and 6 was 87:6:7, respectively. Attempts to obtain 
pure 6 by repeated slow chromatography led to tlie de- 
composition of compound 6. 

Procerl~rre C 
The reaction was carried out in the same way as 
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Carbon catalyzed organic reactions: racemization of 1,l'-binaphthyl 
by carbon surfaces 

RICHARD E. PINCOCK, WYNONA M. JOI-INSON, AND JOHN HAYWOOD-FARMER' 
Depnrtrtletlt of 'Cl~e~i~i.rt~y, U/river.sitj~ nj'Br.iti~lr Col~rri~bin, Vtrrrcorrver, Britisll Columbin V6T I W5 

Received July 15, 1975 

RICHARD E. PINCOCK, WYNONA M. JOHNSON, and JOHN HAYWOOD-FARMER. Can. J. Chem. 
54, 548 (1976). 

Rotation around the bond joining the two naphthalene rings (i.e., racemization) in 1,l'- 
binaphthyl is very etl'ectively catalyzed by carbon blacks and decolorizing carbons. In acetone 
a t  20 "C where a small fraction of binaphthyl is reversibly absorbed, the activity of various 
carbons increases with surface area (relative catalytic rates are in the order Acetylene Black < 
Spheron 6 < Norit < Carbolac I). The racernization is inhibited by structurally analogous 
compounds (naphthalene, anthracene) and poisoned by small concentrations (ccr. 10-5 M )  ol' 
larger polynuclear aromatics (pyrene, perylene). The barrier to inversion is lowered to AH-" = 

16 kcal/mol in acetone by Spheron 6 as catalyst (AH' = 22 kcal/mol for the uncatalyzed 
reaction). Althougl~ reaction via a relatively small number of specific active sites on the catalyst 
has not been eliminated, the kinetic data and inhibition effects also correlate with catalysis by 
more general adsorption of binaphthyl on the planar surfaces of the graphite-like lattice of 
active carbons. 

RICHARD E. I'INCOCK, WYNONA M. JOHNSON et JOHN HAYWOOD-FAIWER. Can. J. Chem. 
54, 548 (1976). 

La rotation autour du lien reliant les deux cycles naphtaliniques (i.e. rectmisation) de 
binaphtyles-1,l' est catalysee d'une facon trks emcace par du noir animal et des charbons B 
dicolorer. Dans l'acitone, h 20 "C alors qu'une petite fraction de binaphtyle est adsorbie d'une 
facon riversible, l'activiti des divers charbons augmente avec la surface et les taux relatifs des 
catalyses sont dans l'ordre noir d'acitylkne < Sphiron 6 < Norit < Carbolac 1. La racimisa- 
tion est empCchie par des composes qui ont des structures analog~les (naphtal'ene et l'anthra- 
ckne) et empoisonnie par des faibles concentrations (cn. 10-5 M )  de produits aromatiques de 
poids moltculaires plus Clevis (pyrkne et le pirylkne). Lorsclue le Sphiron 6 est utilisi comme 
catalyseur dans l'acitone, il y a un abaissement de la barrikre B l'inversionjusqu'h AH': = 16 
kcal/mol; le AH* pour la riaction sans catalyseur est de 22 kcal/mol. Quoique l'on ne puisse 
pas tliminer la possibiliti d'une rtaction par I'intermCdiaire d'un nombre relativement faible de 
sites actifs spicifiques sur le catalyseur, les donnies cinetiques et les effets inhibiteurs sont en 
accord avec une catalyse par I'adsorption plus gCnCrale du binaphtyle sur les surfaces planaires 
des espaces ressemblant au graphite des charbons activts. 

[Traduit par le journal] 

Introduction 
The commercial use of carbon (as carbon 

blacks or decolorizing carbons) is of great tech- 
nological importance and carbon is the subject 
of an  immense number of studies of its structural 
and physical properties (1, 2). Nevertheless, thc 
detailed chenlical reactivity of activated carbon 
in organic reactions is not at  all well established. 
Leaving aside the great number of uses of carbon 
as a support for metal catalysts, there are a 
variety of reactions in which carbon itself is a 
specific catalyst (3-5). Most of these are 'simple' 
inorganic reactions (c.g., hydrogen-deuteriuin 

IVisiting Professor from Bishop's University, Lennox- 
ville, Quebec. 

exchange (6), production of sulphuryl chloride 
from SO2 and C12, decomposition of Hz02 and 
H2NNH2 (7), isomerization of metal ligands (8)). 
When an organic material is involved, an oxida- 
tion-reduction reaction may be promoted by 
carbon (e.:., oxidation of amino acids and of 
oxalic acid) (4). In  these cases it is often unclear 
whether or not metallic ions present as impurities 
and oxygen present on the carbon surface are 
directly involved. In any case the mechanisms of 
such reactions are unknown. 

There are a few but oftcn brief reports of 
carbon acting distinctly as a cnt~~lys t  for organic 
reactions such as double bond migrations (9), 
cis-trn~zs isomerizations (lo), transesterifications 
(1 l) ,  and ester hydrolysis(l2). These are suficient 
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t o  point out the potential of carbon as a catalyst 
201 for a variety of reactions and it may be that the 

activity of catalytic carbon can be better defi~lecl 
and made useful. The work reported here con- f J S t : - 2 3 6 A  deg rnd 

cerns the catalysis by carbon of one of the y 
si~nplest of reactions, i.e., the bond rotation that + 

\ 

interconverts the two enantiomers of 1,l'- g 
binaphthyl. 

R-(- ) - l , I ' -  Binaphthyl S-  (+)- I , - B i n a p h t h y l  FIG. 1. Plot of log (Iiobs/T) against l / T  for racenliza- 
tion of binaphthyl(O.Ol5 A{) with 1.55 g/ml of Spheron 6 . - 

Solutio~ls of optically active b inaphth~l  arc in acetone. 

conlpletely racemized within minutes at roo111 
ternperatire by small amounts (ca. 1 111g/1111) of 
active carbons (13), whereas the uncatalyzed 
racemization has a half-life of ca. 12 h (14). The 
kinetic results reported here may be a useful 
basis for exploring catalytic effects of various 
active carbons in a wider variety of organic 
reactions. 

Results 

The uncatalyzed racen~ization of binaphthyl in 
solution is suficientlv slow at  room ten1Derature 
t o  allow quenching of the carbon catalyzed 
reaction silnply by filtering out the carbon. Rates 
could then be followed by polarimetric analysis 
of individual samples taken from a kinetic run. 
Although the catalyzed reaction is heterogeneous 
it did not depend 011 the rate of mixing of the 
suspended carbon; with slow or fast rates of 
stirring, or with different types of stirring 
apparatus, the same rate of racetnization was 
obtained. However, the use of well purified 
binaphthyl was necessary for reprodukibility. 
Multiple recrystallizations and pretreatme~lts 
with decolorizing carbons (Norit) before optical 
resolution were necessary t o  obtain reproducible 
rates with various binaphthyl preparations. 
Rates were otherwise slow, 110 doubt due t o  
inhibition by impurities (see below). I11 some 
runs a short and irreproducible loss of optical 
activity was observed before settling down t o  a 
reproducible rate. Use of highly purified binaph- 
thy1 essentially eliminated this curious effect as 
well. 

Although an individual carbon fro111 the same 

lot gave consistent results, the activity of at least 
Spheron 6 varied between two difrerent com- 
mercial batches. The variable and sensitive 
nature of carbon surfaces is also pointed out by 
the observation that sin~ply degassing of Spheron 
6 in vacuLln1 for 16 h at  100°C resulted in a 
halving of the observed rate of catalyzed race- 
mization. However, the observed rate was not 
afrected by water (in acetone or ethanol with or  
without 2y0 water), and the catalyzed reaction 
proceeded at comparable rates in cyclohexane as 
well as in acetone i111d ethanol. 

Kinetic plots of log (observed rotation) against 
time were generally straight lines (see the figure 
of ref. 13), but with Spheron 6 a small decrease 
in the observed rate constant was noticeable after 
about one half-life. Deactivation of catalysis by 
traces of strongly absorbed products (possibly 
formed by oxidation of binaphthyl by surface 
oxides) was suspected but this possibility was 
eliminated by stirring Spheron 6 with acetone 
(LIP t o  48 h), or with racemic binaphthyl in 
acetone (17 h) followed by addition of optically 
active binaphthyl. These solutions gave the same 
rate of reaction as a freshly prepared solution of 
the same concentration. The cause of the appa- 
rent slight deactivation of catalysis during a run 
re~nains unknown. 

Initial first-order rate constants could be 
obtained fro111 the plots of log a 11s. time. 
Measurements over a temperature of 30 to  
- 2 "C with a standard concentration of binaph- 
thy1 and of Spheron 6 in acetone (see Fig. 1) 
allowed the calculation of the apparent activation 
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parameters AH* = 15.7 kcal/mol and AS* = 

-23.6 cal/deg mol. This may be contrasted with 
the values obtained for a wide range of solvents 
(13), AH* = 22 kcal/mol and AS* = -6 cal/ 
deg mol. The measured activation enthalpy of 
the catalyzed reaction is not directly related to 
the actual activation enthalpy of the surface 
catalyzed racemization; it contains as well the 
heat of adsorption on the catalysis surface (15). 
However, the transition state for the catalyzed 
reaction is at least 6 kcal/mol lower in energy 
than the transition state for the uncatalyzed 
reaction. Since adsorption leads to  a decrease in 
entropy the more negative entropy term is con- 
sistent with the restrictions involved in an 
adsorption mechanism. 

The extent of adsorption of binaphthyl on 
active carbon from acetone or cyclohexane solu- 
tions was investigated by gas-liquid chroma- 
tography and by ultraviolet spectrophotometry. 
At the concentrations of binaphthyl (0.015 M) 
and of carbon (1.0 mg/ml) commonly used in the 
kinetics runs no loss of binaphthyl from solution 
was detected after treatment and then removal of 
the carbon (Spheron 6 or Norit) by filtering. A 
2-5y0 loss would have been detected. 

Activity of' Variolrs Carbolzs 
The observed first-order rate constants were, 

as shown in Fig. 2 for Spheron 6 in acetone, 
proportional to the amount of suspended catalyst 
(in g/ml). The catalytic activity of various 
carbons is presented in Table 1 where observed 
rate constants (corrected for the contribution of 
uncatalyzed racemization) per mg of carbon (see 

0 10 2 '0  3'0 

Catalyst Concentration (rrg/rnl) 

FIG. 2. Relationship of observed rate constant at  20 'C 
to concentration of Spheron 6 in acetone. 

column four) may be compared to the known 
(16) surface areas and pH's of aqueous suspen- 
sions of the carbons. Catalytic activity varies 
from nil for low surface carbons (graphite, 
Sterling FT) to  a high activity conlparable t o  - 
that of enzymatic catalysis (13) for a high surface 
carbon (Carbolac 1, Norit). The pattern of 
activity shows no relationship to  the pH  charac- 
teristic of the carbons (which is a measure of the 
total acidic and basic character of the myriad of 
various functional groups present on carbon 
surfaces (1,7,17). In this regard cellulose powder, 
alumina, and platinum metal do not racemize 
binaphthyl. 

The possibility of a stereospecific carbon 
catalyst which would distinguish between the 
two enantiomers of binaphthyl was investigated. 
Spheron 6 with either R or S binaphthyl showed 
the same catalytic rate and Norit on cellulose 

TABLE 1. Catalytic activity of various carbonsn 

Concentration ~ O , S  Relative activityb AreaC 
Catalyst (mg/ml) (s-1 x 105) (s-1 g-1 ml X lo5) (m2/g) pHd 

None 
Graphite 
Sterling FT 
Acetylene Black 
Spheron 6 
Norit SGl  
Carbolac 1 
Cellulose powder 
Norit on cellulose~ 
Norit on cellulosec 

1.64 
1.52 
1.32 
3.42 
8.65 

23.6 
47.6 

1.57 
14.4 with (+)-binaphthyl 
15.7 with (-)-binaphthyl 

- 
Small 

16 
64 

110 
750 
950 

- - 
OIn acetone a t  20 "C with  0.015 ,+I binaphthyl. 
bRelative activity = (ka, - Xoaj.unc)/(mg of cnrbon/ml). 
CArea in rnyg as determined by nitrogen adsorption. See refs. 16 and 19. 
dSee ref. 16. 
CWeight ratio of 1 to 25. 
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1 61 rng/rnl Spheron 6 

o 1  -7.- d 
0 005 0 001 0015 0020 0025 0030 

B~naphthyl Concentrot~on (M) 

FIG. 3.  Relationship of observed rate constant to 
binaphthyl concentration with 1.61 mg/ml of Spheron 6 
in acetone. 

( 1  to  25 by weight) as a chiral support showed a 
40% decrease in activity which, however, was 
the same for either enantionler of binaphthyl. 
The possibility still remains that certain chiral 
compounds which adsorb on carbon may pro- 
mote enantiomeric stereoselectivity, but this was 
not explored further. 

Inhibitiotz Effecrs 
With a standard amount of carbon catalyst the 

observed first-order rate constants varied with 
the total binaphthyl concentration as shown in 
Fig. 3. At the lowest concentration allowed by 
the method of analysis (3.7 X M )  the rate 
constant was seven fold greater than with 
30 X M binaphthyl. At higher concentra- 
tions the binaphthyl inhibited its own catalyzed 
reaction and the rate constant decreased towards 
that for the uncatalyzed reaction. 

Compounds structurally analogous to binaph- 
thy1 also inhibit or poison the catalytic effect of 
carbon. For example, the catalyzed racemization 
with any type of carbon is completely stopped by 
use of benzene as solvent. However, compared 
to  a series of higher molecular weight aromatics, 
benzene is not an effective inhibitor. As shown 
in Table 2, the inhibition properties of unsub- 
stituted aromatic conlpounds increase with the 
size of aromatic (benzene << naphthalene < 
anthracene < pyrene < perylene). Both 2-naph- 
tho1 and 1-nitronaphthalene are about as effective 
in inhibition as naphthalene itself, while the 
sterically hindered 2,6-di-rert-butylnaphthalene 
is not a good inhibitor. 

TABLE 2. Effect of various compounds on observed rate 
constants for binaphthyl racemization" 

Concentration kobs 
Added compound (mol/l X 1W) (s-1 X 105) 

None 
Benzene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalane 
Naphthalene 
'-Naphthol 
1-Nitronaphthalene 
2,6-1er.r-Butylnaphthalene 
Anthracene 
Anthracene 
Pyrene 
Perylene 
Perylene 

aTcmperature 20%; binaphthyl a t  0.015 M in acetonc; carbon 
catalyst (Spheron 6) a t  1.57 mg/ml. 

bNote that k,b,u.. = 1.6 X 10'ss-' = rate constant for un- 
catalyzed reaction with no carbon present. 

Kittetic Equ(ztioti.s 
The pattern of kinetic elfects described above 

fits the si~nplest possible reaction scheme in- 
volving adsorption on the carbon surface. With 
the addition of the ~~ncatalyzed spontaneous 
racemization (i.c.. kull,), which is usually 
negligible under catalyzed conditions, the com- 
plete reaction scheme is as follows. 

R and S denote the two enantiomeric forms of 
binaphthyl, C* the active sites on carbon, C*B 
is the intermediate conlplex fornled at the active 
sites, and I and C*I are the inhibitor and the 
inhibitor complex, respectively. 

Since the catalyst shows no preference for 
either R or S binaphthyl the scheme may be 
further simplified by equating the rate constants 
kl = k-:! and k2 = k-l. Assuming a steady state 
concentration of C*B and C*I, the observed 
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first-order rate constants for racemization are 
then given by 

This equation sun~n~ar izes  all of the observed 
kinetic results; the observed rate constants are 
proportional t o  the total carbon suspended in 
solution (see Fig. 2), inversely proportional t o  
total binaphthyl concentration (Fig. 3): and 
inversely proportional t o  the concentration of 
any inhibitor present. Since no more than 57, 
of binaphthyl is adsorbed from solution by 
carbon at  1 mg/ml, the equilibrium constant 
for adsorption, K = kl/k2 must be small. With 
the assu~llption that /cl << 1c3, together with the 
slope of the line in Fig. 2 for a binaphthyl 
concentration of 0.015 M,  the rate constant for 
reaction of binaphthyl with active sites on 
Spheron 6 may be calculated, i.e., = ccr. 
5 X lo-' s-'mg-.'rnl. Even at  as low a 'concentra- 
tion' of suspended carbon as 1 rng/ml the rate of 
catalyzed reaction is several times the rate for 
spontaneous rotation of binaphthyl (crr. 1 X lo-' 
s-I). 

The above kinetic equation fits only qualita- 
tively with the observed inhibition by binaphthyl 
itself (Fig. 3). At higher concentrations of 
binaphthyl, and with a practical amount of 
carbon present, the predominate mode of race- 
rnization becomes the uncatalyzed racemization. 
Under these conditions a large amount of both 
R and S binaphthyl conlpetes for relatively few 
active sites. At the other extreme, the observed 
rate constant increases with lower concentrations 
of binaphthyl but rate measurements at  a very 
low concentration of binaphthyl M )  
were limited by the method of analysis. These 
factors prevented the determination of the 
catalyzed rate constant over a wide variety of 
concentrations of binaphthyl. According t o  the 
kinetic scheme above, the rate constant for 
desorption (k2) could otherwise have been 
determined from the slope of a plot of reciprocal 
observed rate constant minus the uncatalyzed 
rate constant against binaphthyl concentration. 

The competitive inhibition incorporated into 
the kinetic scheme predicts a linear relationship 
of the reciprocal of (kobs - kubs,unc) against 
inhibitor concentration. This was shown with 
variation of naphthalene concentration as  pre- 

FIG. 4. Reciprocal of observed rate constant minus un- 
catalyzed rate constant against inhibitor concentration in 
acetone a t  20 "C. 

1- - 1 -  
k 

sented in Fig. 4, which also shows the relative 
effects of benzene and anthracene. The slopes of 
the lines are proportional to  the equilibriunl 
constant for adsorption of inhibitor at the active 
sites, i.e. KI = kI/kVI. On this scale the relative 
inhibition properties of aromatics increase with 
size in the order benzene, nil; naphthalene, 0.05; 
anthracene, 1.3; pyrene, 10; and perylene, 13. 
Neither electron donating nor withdrawing sub- 
stituents on naphthalene fail to  modify inhibition 
activity greatly (,-naphthol and l-nitronaphtha- 
lene are a t  0.13 and 0.12, respectively on this 
scale), but the sterically hindered coillpound 
2,6-di-tat-butylnaphthaleile (relative inhibition 
0.002) does not compete well with binaphthyl for 
adsorption sites. 

w ~ m  a015 M ~ l m p h m y l  
and 1.57 mg/ml af Sphem 6 

Nolrrre of'the Active Sites 
The transition state for rotation of biaryls is 

generally assumed t o  be planar (18). On  this 
basis the adsorption of binaphthyl on the planar 
graphite-like surfaces of active carbons is an 
attractive possibility for the transition state for 
catalyzed racemization. Spheron 6, for example, 
contains cry:tallites with planes of average 
diameter 23 A (19) with 'incompletely saturated 
(residual) valencies' (20) which are usually con- 
sidered t o  be responsible for adsorption proper- 
ties. These could accomn~odate binaphthyl in a 
trmzs-planar arrangement and lead directly to  
racemization. The increase in catalytic activity 
with the total surface area of various carbons, 
the inhibition by larger planar aronlatic corn- 
pounds, and t o  some degree, the absence of 
discrimination between R and S binaphthyl are 
consistent with this simple model for catalyzed 

o 1 2 3 4 5 6 7 8  
lnh~b~tor Concentratla? (M X 104) 
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racemization. Since binaphthyl racemization is 
known to be accelerated by complexing wit11 
planar aromatic acceptors (21), the greater 
catalytic properties of the larger, more active 
surfaces of carbon can be expected. 

On the other hancl, the specific case of un- 
catalyzed rotation of the two naphthalene units 
of binaphthyl is believecl to  proceed by a non- 
linear (rneso) transition state in which the 1,l '  
bond and the 8 and the 8' bonds to  hydrogen are 
bent out of planarity with each of the naphthalene 
rings and the two naphthalene rings are them- 
selves not in the same plane (22). This type of 
mecl~anism for rotation may also apply to the 
surface catalyzecl reaction if bending of these 
bonds is somehow aiclecl by aclsorption of at  least 
one naphthalene ring. There is the further 
possibility of catalysis by a nlore specific 
ar range~l~ent  of some functional groups which 
are situated on the edges of the planar carbon 
surfaces. This could involve electrophilic groups 
which could adcl to  a n  adsorbed molecule and 
aid rotation of the naphthalene units. A mech- 
anisnl for racenlization of diaryls by electrophilic 
addition of protons to  the atoms of the interan- 
nular bond has been suggestecl (23). This seems 
 inl likely with binaphthyl itself since the race- 
mization reaction shows little or 110 rate dif- 
ferences between hydroxylic and nonhydroxylic 
solvents and the catalyzed rate is not related to 
the acidic or basic character of the carbons (see 
Table 1). 

Finally, since carbon blacks can act as re- 
ducing (as well as oxidizing) agents, the race- 
mization might be promotecl by a reversible 
electron transfer to binaphtl~yl which can result 
in greater resonance stabilization and less 
hindrance between the naphthalene rings (24). A 
final distinction between these various mech- 
anisms would require knowledge of the activity 
of carbons in catalyzing racemization of binaph- 
thyls substituted with electron withdrawing or 
donating groups. Kinetic studies of carbon as a 
catalyst for other types of organic reactions 
would also be useful. 

Experimental 
Binaphthyl was purified by chron~atography 011 alumina 

(20 g to 500 g) with elution by a 9:l mixture of pet role~~m 
ether (30-60 "C) - benzene. After recrystallization from 
acetone this material was divided into ca. 2.5 g batches, 
treated with 'seeds' of resolved binaphthyl and resolved 
by the thermal solid state resolution method (25). These 

samples gave rotations of [elD +222, +232, +239, 
+224, +226, +195, and +23j0. The combined material 
was recrystallized two times from acetone between room 
temperature and -70 "C. The final rotation was [aIl,?5 
+235" at  0.025 M in benzene. I11 the earliest runs similar 
samples of binaphthyl but with lower optical activity 
were used; some of these had been treated with Norit to 
remove impurities. 

Acetone for kinetic runs was freshly distilled from 
permanganate. I11 the usual kinetic run 20 ml of a bi- 
~laphthyl solution, equilibrated at the temperature of a 
run, was pipetted onto a weighted amount of carbon in a 
V-shaped flask. Stirring was by an overhead Corning 
Vibrastir or by a magnetic stirbar; variation of speed had 
no elfect on the rate. At various times a cn. 1 1111 sanlple 
of the suspension was renloved, the syringe fitted with a 
Swinny syringe filter and, if no dilution was required, 
rapidly transferred through the filter to the optical cell. 
A Be~;dlx type 143A automatic polarimeter was used at  
5890 A with a 1 cm cell. Plots of log (observed rotation) 
against time were generally straight lines (see text). 

The carbon blacks and activated carbons were con]- 
mercial materials used as supplied by Cabot Corporation, 
Billerica, Massacl~usetts (Spheron 6, Carbolac 1 ,  and 
Sterling FT), by Gulf Oil Company, Shawinigan, Quebec 
(Acetylene Black), and American Norit Company, Jack- 
sonville, Florida (Norit SG). Another sample of Spheron 
6 and one of graphite (grade SP-1) were supplied by 
Professor Gilbert Hooley, University of British Columbia. 
Inhibitors were recrystallized before use (except 2,6-di- 
/err-butylnaphthalene which was used as supplied). 
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RCactions ion-molCcule dans les mbthylbutenes: radiolyse du methane 

GUY J. COLLIN 
L)lllurtertie~lt des Scierlces Piires, UrriversitC rlri Qlrbbec h Cl~icoirtir,ii, Cllicoiltirni, QlrCbec G7H 2BI 

GUY J. COLLIN. Can. J. Chem. 54, 555 (1976). 
La radiolyse du mithane en prisence de l'un des trois mithylbutknes provoque une isornirisa- 

tion importante de I'additif. Les observations rapporties sont compatibles avec un mecanisme 
ionique initii par les ions CHs+ et CzHs+ formis dans la radiolyse directe du mithane. L'iso- 
mirisation progresse dans un micanisme en chaine courte oh le porteur de chaine pourrait 
&tre l'ion tet.t-CsHIl+. Dans le-cas du mithyl-3-butkne-1, l'ion (CH3)2CHCHCH3+ initialement 
forme s'isomirise en ter~/-CsHII+ avant d'amorcer l'isomirisation observie. 

GUY J. COLLIN. Can. J. Chem. 54, 555 (1976). 
The radiolysis of gaseous methane has been studied in the presence of one of the three 

methylbutenes. We have observed an important isornerization of the added olefin. An ionic 
mechanism initiated by the CH5+ and C2H5+ ions seems to be compatible with the observations 
reported. Isomerization proceeds through a chain mechanism where the chain carrier may be 
the teri-CsHII+ ion. In the presence of 3-methyl-1-butene, the initially formed (CH3);CHCHCH3- 
ion isomerizes to the tertiary structure before producing the observed isomerization. 

Introduction 

RCcemment, nous avons montrC que l'irradia- 
tion gamma du nCopentane gazeux en prCsence 
de dirivCs insaturis comme les mCthylbutknes 
provoque le dCplacement de  la double liaison le 
long de la chaine carbone-carbone. Le mica- 
nisme suggtrC propose un nlCcanisn~e ionique 
initii par l'ion tert-C4Hgi form6 dans la radiolyse 
directe du  niopentane. L'ion tert-C5HII+ sert de 
porteur de chaine. Ainsi dans le cas du nlCthyl-2- 
butkne-1 (M2B1) le mCcanisme serait le suivant: 

[2] ieri-C4H9+ + M2B1 4 iso-C4Hs + ieri-CsHIl1 
AH = -3.3 kcal mol-1 

[3] / e r i - C ~ H ~ ~ ~  + M2B1 + CH3CH=C(CH3)2 
+ iert-C5HII+ AH = -1.5 kcal mol- 

Ce type d'isomirisation est aussi observC avec 
le nlithyl-2-butkne-2 (M2B2) avec les n12mes 
caractiristiques. Cependant celle-ci n'est pas 
observie avec le mithyl-3-butkne-1 (M3Bl) (1) 
contrairement i ce qui est observi dans la 
photoionisatioil du cyclohexane (2). 

Nous avons repris cette Ctude en utilisant le 
mithane conlme source d'ions positifs. La 
radiolyse de ce con~posC est bien connue. Celle-ci 
produit des ions CHsi et C2ki5+ en quantitCs 
importantes et de  plus ces ions ne riagissent pas 
avec le mithane. Comme les riactions de trans- 
fert de proton de ces deux ions vers chacun des 

trois n~Cthylbut&nes sont exothermiques, nous 
avons utilisi ce systkme pour tester le micanisme 
proposi. 

ivlethode experimentale 

Pr~oclrrils cllirniqlre~ 
Tous les hydrocarbures (produits API) sauf le mnithane 

sont utilisks sans autre purification (pureti minimum: 
99.9%) aprks digasage sous vide (10-6Torr) a la tem- 
pirature de l'azote liquide. Le mithane, Matheson of 
Canada Research grade, cont~ent 0.00345; d'ithane et est 
employ6 tel que reCu. Le mithane-(I4, pureti isotopique 
CD3H/CD4 < 0.03, et le mCthylcyclohexane-c/,4, pureti 
isotopique C7DI3H/C7Dl4 = 12.2 t 0.3%, sont des pro- 
duits Merck, Sharp and Dohme of Canada et sont aussi 
utilisis tels que reCus. Le mithane-d4 contient de I'Cthane 
(0.00607;) et  de l'ethylkne (0.0069C/,). L'oxygkne et 
L'ammoniac (99.995) sont des produits Matheson de 
m&me que les gaz rares (99.99Cc). 

Ecl~ur~iillorts ci irrndiaiior~s 
La priparation et les techniques d'irradiation ont dCjk 

i t6 dicrites (1). Tous les ichantillons contiennent de 
l'oxygkne. Afin de limiter l'absorption d'inergie par les 
additifs, et en particulier par les hydrocarbures, on a 
limit6 autant que possible le rapport hydrocarbure/mi- 
thane 2 0.02. Les temps d'irradiations sont de 1200 min 
sauf cas indiquCs. La vitesse de dose mesurie par la 
mesure du courant de saturation (3) est de 2.45 X lo t6  
eV/(mol s) ce qui se compare bien avec la vitesse de dose 
mesurie dans le niopentane gazeux (1). 

Ar~nlyses 
Les analyses sont faites par chromatographie en phase 

gazeuse (double ionisation de flamme) sur une colonne 
d'alumine programmie entre 30 et  150 'C ou sur une 
colonne de squalane B la tempirature de la chambre. 
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TABLEAU 1. Radiolyse du methane en presence d'additifs 

MClanges irradiis (pression: Torr) Rendements G 

CH4 M2Bl 0 2  Additif CzH6 C2H4 M3Bl M2B2 iso-CsHlz 

TABLEAU 2. Radiolyse du methane en presence d'additifs 

MClanges irradiCs (pression: Torr) Rendements G 

CH4 M2B2 0 2  Additif C2H6 C2H4 M3Bl M2BI iso-CSHIZ 

"Methylcyclopcntanc. 
bNon mcsuri. 
''25% dc ccttc qunntile d'isopcntane est I'orrnie clans la radiolyse clu mclnngc ind iqu i  mnis ne contenant pas de mi-thane. 

Les analyses par spectromCtrie de lnasse ont CtC faites 
sur des Cchantillons sipares par chromatographie (dCtec- 
teur thermique) et introduits dans un appareil CEC-21- 
104. 

Les rendements sont exprinlts en valeurs 
G(X) qui reprisentent le nombre de rnoltcules X 
forrntes pour une absorption d'tnergie de 100 eV 
par le methane. L'incertitude relative sur chaque 
lnesure est de  l'ordre de 107,. 

L'addition de l'un des trois mithylbuttnes au  
melange CH4-O2 (100:4) produit les deux autres 
mtthylbuttnes au  cours de I'irradiation. En 
prtsence de M2B1 (tableau l) ,  l'addition d'anl- 
inoniac perturbe le rendement en ithyltne, sup- 
prime la formation d'isopentane et diminue 
forternent le rendenlent en C5HIO. L'addition de  
~ntthylcycloalcane augmente de  fason irnportante 
le rendement en ethane et en isopentane, ne 
diminue que faiblement le rendement en tthylkne 
et en C5Hlo. On retrouve ces rncnles caracttris- 
tiques dans la radiolyse en prtsence de M2B2 
(tableau 2). Dans ce cas cependant on note des 
valeurs G(C5Hlo) infkrieures B celles observtes 
en prksence de M2B1. I1 ne semble pas y avoir 

d'efTet de pression dans le domaine t tudi t  tout 
au  moins sur les rendements des produits en Cg. 
L'addition d'htlium ne nlodifie pas non plus de  
fason inlportante les rendenlents obtenus. On 
retrouve ces nl&nles caracttristiques dans les 
irradiations faites en prtsence de  M3B1 (tableau 
3). 11 faut cependant relever ici un effet de pres- 
sion: les rendernents G(C5HIO) diminuent forte- 
ment lorsque la pression passe de  100 Torr B 
350 Torr. 

En plus de  ces rtsultats et des analyses iso- 
topiques indiquees a11 bas des tableaux il faut 
aussi ajouter que les analyses des isopentanes 
forints en prtsence de CD4 ou de  rntthylcyclo- 
hexane-tlI4 contiennent 1111 melange d ' iso-C~HIZ, 
iso-C5HlID et iso-C5H10D2 qu'il ttait dificile 
d'analyser Ctant donnt  la prtsence de  C 0 1  qui 
interferre aux masses 44 et 45 dans le spectre 
de  masse. 

Discussion 

Rntliolyse du mkthnnc 
Etant donnte l'importance relative du  1116- 

thane dans les mtlanges irradies, on peut 
admettre en premikre approximation qile I'tner- 
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COLLIN 

TABLEAU 3. Radiolyse du mithane en presence d'additifs 

Melanges irradiis (pression: Torr) Rendements G 

CH4 M3B1 0 2  Additif C2H6 C?H4 M2B2 M2B1 iso-CsHlz 

115 1.6 -.- 3 7 - n.m.h n.m. 0.51 0.09 0.22 
115 3.4 2.8 - n.m. n.m. 0.53 n.m. 0.20 
254(r/4)a 2.5 6.1 - n.m. n.m. 0.25 0.03 0.21 
100 1.1 12.0 He:100 0.13 1.56 0.52 0.07 0.30 

1 .S 3 3 100 1.1 10.0 -.- 1.76 0.24 0.96 
A:280L ( (0.34)c (0.41)c (O.33r)c ( 0 . 0 4 ~ ) ~  (0.184). 

117(d4) 1.2 4.5 MCPC1: 1 . I  n.m. n.m. 0.26 0.05 0.36 
374(r14) 2.2 8.1 M C P 2 . 1  1.21 0.72 0.17 0.02 0.32 
100 1 .O 2.0 MCHC:l .1 0.93 1.01 0.341 0.0322 0.25 
35 1 2.0 10.2 MCHC:2. 1 0.90 0.72 0.201 0.02 0.20 
117(r/4) 1.1 4.6 N H ~ : ~  .6 n.m. n.nl. 0.360 0.48'' 0 .OO 
310 2.5 4.7 NH3 2 . 5  0.82 1.01 0.39 0.61 0 .OO 

('Mithane-dl. 
bNon mesurf. 
CG' calculf par rapport h I'dnergie absorbkc pa r  Ic mitbane ct 1';lrgoll. 
dMtthylcyclopentanc. 
fMCthyleyelo1iexane-dlr. 
JC,HPD/C~HIO < 0.15. 
gCaHpD/CaHlo = 80/20. 
hC,HpD/CaHlo = 86/14. 
iTcmps d'irradialion: 600 ~nin.  

gie absorbie par le rnithane est responsable des 
phinomtnes observis. La radiolyse du inithane 
forme des atornes chauds oil non, des radicaux 
excitis ou non, des ions, etc. Etant donnie l'im- 
portance quantitative du mithane les radicaux 
excitis doivent avoir disparil avant de rencontrer 
les additifs. La nlajoriti des radicailx thermiques 
et des atoines d'hydrogtne sont interceptis par 
l'oxygkne puisque le rapport oxygtne/C5Hlo est 
le plus souvent supirieur ou Cgal A 2.0. Ceux des 
atornes d'hydrogtne qui sont interceptis par le 
mithylbuttne forrnent le radical pentyl corres- 
pondant lui aussi intercept6 par l'oxygtne. Quant 
aux ions for~nis  directement dans la radiolyse du 

pas oil trks lentement avec le nlithane (7 et les 
rifirences qili y sont cities) ou l'oxygkne (8, 9). 
Les autres ions CH,,+ ( 1 2  = 0, 1 ou 2) riagissent 
aussi trks rapidenlent avec le mithane (k = 1.6 
x lod9 ccm3 n~olicule-' s-') en formant en par- 
ticulier des ions C2Hdi, C2H3+ et C2Hif (6). 
Les ions C2H4+ ne riagissent pas 011 lente~nent 
avec le rnithane et les ions C2H3+- et C2H2+ 
riagissent pour former des ions C3H$ qui A leur 
tour ne semblent pas riagir avec le mithane (6). 
Quant aux espkces radicalaires excities (en par- 
ticulier CH2) elles reagissent avec le methane 
sauf probablement les atornes d'hydrogkne 
chauds. L'addition d'hilium ne lnodifie pas les 

mithane, ils consistent essentiellement en ions rendements obtenus de fason importante (tab- 
CH4+ et CH3' (4 et les rifirences qui y sont leaux 2 et 3). L'inergie directement absorbie par 
cities). Ces deux ions riagissent trks vite avec le l'hilium dans les rnilanges rapportis ne doit pas 
mithane (presqu'g chaque collision): dipasser 20y0 de celle absorbie par le mithane. 

[4] CH4' + CH4 -+ CHsC + CH3 
par transfert de charge des ions Hei- vers le 
mithane on ne peut donc privoir qu'une aug- 

k = 1.20 X 10-%m3 molicule-1 s-1 
mentation mineure des rendernents mesuris. Par 

(rifs. 5 , 6  et les rifirences qui y sont cities); contre, on peut exclure la participation des 

[5] CH3+ + CH4 4 C2Hs+ + H2 atonles d'hydrogkne excitis A l'isomirisation 

k = 1.15 X 10-ecm3 n~olCcule-1 s-1 Observie' 

(rif. 6 et les rifirences qui y sont cities). Lcs Rcicliolyse en yrksetzce cles rne't~~y1b~rtbze.s 
rendements de ces deux ions sont importants: L'ensemble des observations rapporties s'ac- 
G(CzHs+) = G(CH5+) = 1.35 i 0.10 aux pres- cornodent bien du micanisme ionique dijB pro- 
sions utilisies ici et cornptent pour prks de 75% post (1). L'absence d'effet important de l'hilium, 
du total des ions primaires (4). 11s ne riagissent mais surtout l'effet de l'ammoniac, des methyl- 
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cycloalcanes et les analyses isotopiques peuvent 
se satisfaire d'un tel rnkcanisrne. L'initiation de 
1'isornCrisation est probablernent le fait des ions 
CH5+ et C2H5+ (cas du M2Bl): 

[6] CnH5+ + M2B1 --t C,,H4 + rert-C5HIIT 
AH = -77 kcal mol-1 (11 = I); 
AH = -36.5 kcal mol-1 (11 = 2) 

(les valeurs AHfO(X) sont tirCes de Franklin ct (11. 

(lOa), sauf la valeur AHfO(tcrt-C5HII+) qui 
provient de Solomon et Field (lob)). Cette 
rkaction est suivie de la rCaction 3. Ces deux 
rkactions sont en cornpCtition avec les rCactions 
de condensation et la rCaction 3 l'est avec la 
rCaction de transfert de proton en rCsonnance 
(11). En prksence de M2B2 le rnCcanisrne est 
sirnilaire: la rCaction 3 Ctant remplacCe par la 
suivante: 

[7] ter.1-C5Hlli + M2B2 - M2B1 + tert-C5HI17- 
AH = 1.5 kcal mol-' 

L'endotherrnicitC de cette reaction est cornpensCe 
par l'exotherrnicitk de la riaction correspondante 
B la rCaction 6 bien que la majorit6 de 1'Cnergie 
ernrnagasinke par l'ion t e r t - ~ i ~ ~ ~ +  au cours d e  
la rCaction 6 soit dissipCe par collision avant la 
rialisation de la rkaction 7. Cela explique aussi 
les rendernents rnoins ClevCs dans ce systkrne 
par rapport au prCcCdent. ~ e r n a r ~ u o n s  aussi 
qu'un autre ion nlCthylbuty1 peut Etre form6 
dans les reactions initiales et qu'il peut aussi 
former le M2B2 et le M3B1: 

[8] C,H5+ + M2B2 -, C,,H4 + (CH3)~CHCHCH3+ 
AH = -68 kcal mol-1 (11 = 1); 
AH = -27.5 kcal mol-1 (11 = 2) 

[9] (CH3)2CHCHCH3++ M2B2- M3B1 + tert-CsHlli 
AH = 0.0 kcal mol-1 

[lo] (CH3)rCHCHCH3++ M2B2- M2B2+ tert-CsHIl" 
AH = -4 kcal mol-1 

Ces rCactions sont toujours en con~pCtition avec 
les rCactions de transfert de proton en rCsonnance 
et les rCactions de condensation. En presence de 
M3B1, le rendernent relativernent Cleve en M2B 1 
surtout en prCsence d'arnrnoniac ne peut s'ex- 
pliquer que sur la base de I'isomCrisation de 
l'ion rnCthylbuty1 form6 (12): 

[I l l  CnH5+ + M3B1- C,H4 + (CH3)rCHCHCH3+ 
AH = -72 kcal rnol-1 (11 = 1); 
AH = - 31.5 kcal mol-1 (11 = 2) 

[12] (CH3)2CHCHCH3+ + te1.t-C5H11+ 
AH = 4 kcal mol-1 

[13rr] /ert-C5H11++M3BI--tM2B2+(CH3)~CHCHCH3+ 
AH = 0.0 kcal mol-1 

[I361 +M2BI +(CH3)2CHCHCH3+ 
AH = 2.0 kcal mol-1 

[14rr] tert-C5HII++ NH3 + M2B2 + NH4+ 
AH = - 13 kcal mol-1 

[14hl + M2B1 + NH4" 
AH = - 11 kcal mol-1 

L'exothermicitC des rCactions 1 1 est probable- 
ment suffisante pour contrebalancer 1'Cnergie 
d'activation de la rCaction 12. L'effet de pression 
observC dans ce systkrne sur les rendernents en 
C5HI0 est peut-&re dC B une rCaction de dCsacti- 
vation par collision de 17ion C5HII+ form6 dans 
les rCactions 11. En adrnettant que tous les ions 
(CH3)2CHCHCH3+ forrnks dans la reaction 11 
s'isornkrisent (processus 12), les rapports 
k13n/k13b et k14a/k14b sont Cgaux B 8 + 2 et B 
0.7 2 0.1 respectivement. On peut cependant 
penser que tel n'est pas le cas et que les ions 
(CH3)2CHCHCH3i- qui ne s'isornCrisent pas for- 
rnent uniquement le M2B2 en re'agissant avec le 
M3B1 ou l'arnrnoniac. C'est le cas en particulier 
des ions C4Hlli formis dans le rCaction 13. 
L'irnportance relative du rendernent en M2B1 
en prksence d'arnmoniac indique que plus de la 
rnoitik des ions (CH3)2CHCHCH3+ sont iso- 
rnCrisCs (rCaction 12). A 125 Torr, au rnoins 60% 
des ions C5Hll+ ont la structure tertiaire puisque 
le rapport M2B1-d1/C5H9D est Cgal B 0.60. 11 
faut noter que les reactions 6, 8 et 11 ont des 
constantes de vitesse du rnErne ordre de grandeur 
que les rCactions rnettant en jeu les ions CH5+ et 
C2H5+ avec l'arnrnoniac (9), puisque cet additif 
ne modifie pas de f a ~ o n  brutale les rendernents 
en isornCrisation, sauf dans le cas du M2B1, oh  
la chaine cinCtique sernble plus longue. 

[I51 C,,Hs+ + NH3 - Produit 

Cela est Cgalernent apparent 2 la lecture des 
rendements en Cthylkne, confirrnant ainsi pue 
les trois rCactions de transfert de proton de 
l'ion C2H5+ vers chacun des trois rnCthylbutknes 
sont toujours efficaces. I1 est nCanrnoins difficile, 
Ctant donnCe l'incertitude relative sur chaque 
mesure et les riactions possibles, de chiffrer 
l'irnportance relative de chacun de ces transferts. 
En presence de rnCthylcycloalcane on observe la 
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formation de l'ithane a travers le transfert d'ion 1. G. J. COLLIN. J. Phys. Chem. Sous presse. 

hydrure (voir note c, tableau 11, aussi 2. G. J. COLLIN et P. AUSLOOS. Can. J. Chen~. 53, 680 
(1975). 

observke avec le M2B1 (13): 3. R. M. LEBLANC et J. A. HERMAN. J. Chim. Phys. 
[I61 C2Hs+ + RD + CzH5D + R+ 1055 (1966). 

4. P. Aus~oos  et S. G.  LIAS. Actions Chin]. Biol. 
Quant h l'isopentane, Une part importante de  Radiat, lleme Sere (1967). 
celui-ci est forlni via les riactions suivantes: 5. A. S. BLAIR et A. G. HARRISSON. Can. J. Chem. 51. 

[I71 RH2+ + CsHlo + R+ + i s o - C ~ H I ~  1645 (1973). 
6. A. A. HEROD et A. G. HARRISSON. Int. J. Mass. 

[I81 RH: + C5Hlo+ + R+ + i so-C~H~z Spectrom. Ion Phys. 4, 415 (1970). 
7. F. H. FIELD. ACC. Chenl. Res. 1, 42 (1968). C'est le cas en particulier lors des irradiations 8. P, AusLoos, S. G. LIAs et R. GORDEN. JR. J. Chem. 

faites en prisence de  n~ithylcycloalcane (1) (voir phys. 39, 3341 (1963). 
risultats). I1 ne semble Das aue les riactions du  9. M. s. B. MUNSON et F. H. FIELD. J. An]. Chem. Soc. 
type t c r t : c s ~ l ~ +  + C~H;O O U ~ ~ C P ~ - C ~ H ~ ~ +  +CH3- 87, 4242 (1965). 

c y - ~ S ~ 9  conduisent a ce produit (1) ni les 10. (0) J. L. FRANKLIN, J. G.  DILLARD, H. M. ROSEN- 
STOCK, J. T. HERRON, K. DRAXL et F. H. FIELD. 

rkactions du  type C5Hlof + C5H10 (14-16). Natl. Stand. Ref. Data Ser. Natl. Bur. Stand. No. 26 

Rernerciernents 
(1969). (b) J. J. SOLOMON et F. H. FIELD. J. Am. 
Chem. Soc. 95. 4483 (1973). . , 

N~~~ voulons renlercier J. A. H~~~~~~ et l I .  G. J. COLLIN. can.  J. Chem. 52, 2341 (1974). 
12. J. LONG et B. MUNSON. J. Am. Chenl. Soc. 94, 3339 P. Gagnon de L'Universitk Lava1 pour l'aide (1972). 

qu'ils nous Ont apportie la rialisation des irra- 13. s. G, LIAS et p. Aus~oos. J. Chenl. ~ h y s .  37, 877 
diations dans la bombe au cobalt du dkpartement (1962). 
de Chimie de L3Universitk LaVal. Nous renler- 14. H. GAGNON, G. J. COLLIN et C. BERTRAND. J. Phys. 

Chem. 78, 98 (1974). le Centre de de 
15. G. J. C o ~ L I N  et C. BERTRAND. J. Photochell~. 3, 123 

et particulikrenlent, M .  R. Voyzelle, qui nous (1974). 
ant gracieusement offert les analyses Par spec- 16. G ,  J. COLLIN et C. M. GAUCHE,. Can. J. Chem. 52, 
tromktrie de masse. 34 (1974). 
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Substituent effects of phosphorus and arsenic containing groups in 
aromatic substitution. VI. Orientation in nitration of some anilides 

and phenyl esters 
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Depcrrtrr~etrt ?/'Clrer~ristry, Utriversit)~ of Tor.otrto, Tor.otrto, Otrtnrio M5S /A1  

A N D  

JERZY PIOCFI 
111stittite of' Clrerr~istg~, Ulriversity of G(lu~rsk, Gcl(itrsk, Polcrtrcl 
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TOMASZ A. MODRO and JERZY PIOCH. Can. J. Chem. 54, 560 (1976). 
The orientation in nitration of N-acyl derivatives of aniline and 0-acyl derivatives of phenol 

in aqueous H ~ S O J  and in acetic anhydride has been studied. Acetyl and methanesulfonyl 
derivatives are exclusively ortlio/pcrru directing, whereas the N- and 0-phosphorylated com- 
pounds yield in both media considerable amounts of the rr1eta isomer. The observed differences 
in orientation are discussed in terms of dimerent protonation sites and strong T,,-T~ interactions 
of the oxygen or nitrogen and the P(IV) atom. 

TOMASZ A. MODRO et JERZY PIOCH. Can. J. Chem. 54, 560 (1976). 
On a CtudiC l'orientation de la nitration des derives N-acyl de I'aniline et 0-acyl du phenol 

dans le HISOJ aqueux et dans I'anhydride acetique. Les derives acCtylCs et mCthanesulfonylCs 
dirigent exclusivement en o~~lro/puru  alors que les composCs N- et 0-phosphorylCs conduisent 
dans les deux milieux B des quantitCs co~isidCrables d'isomhre mhra. Les differences observies 
dans I'orientation sont discutees en termes de diffkrents sites de protonation et d'interactions 
fortes T ~ - T &  de I'oxygkne ou de l'azote et de I'atome P(1V). 

[Traduit par le journa\] 

It has long been known that the isomer pro- 
portions obtained in the nitration of such sub- 
strates as anilides or aromatic ethers vary 
significantly as the reaction conditions are 
changed (I). Different explanations have been 
proposed to account for this behavior (2), and a 
recent paper of Hartshorn et cil. (3) presents a 
comprehensive study of the mechanism of nitra- 
tion of some N-acylated derivatives of aniline, 
both in aqueous HzS04 and in acetic anhydride. 

In our studies on the substituent effects of 
various groups containing the P(1V) atom (4), 
we have found that the presence of the phos- 
phoryl function results in an abnorinally high 
proportion of ort/zo substitution (together with a 
negligible substitution at thepurri position), most 
likely as a consequence of initial attack of an 
electrophile at the oxygen atom of the phos- 
phoryl group, followed by rearrangement into 
the benzene ring. A similar mechanism was 
postulated (3) for the nitration of anilides with 
sufficiently nucleophilic oxygens in acetic an- 
hydride. In order to obtain a better under- 

'Author to whom correspondence should be addressed. 

standing of the structure-reactivity relationship 
in systems containing tetravalent phosphorus in 
different structural environments, we have in- 
vestigated the orientation pattern in the nitration 
of N-phosphorylated aniline and O-phosphoryl- 
ated phenol in strongly acidic and in aprotic 
media. The results have been compared with 
those obtained in this work and by other authors 
for analogous compounds derived from organic 
acids of different types. It was expected that the 
direct comparison of the substituent effects in 
the systems Ph-NH-Y and Ph-0-Y (Y = 
COR, P(O)(OR)?, S02R) would provide useful 
information concerning such problems as the 
protonation site of the substituent, and the 
relative involvement of the nitrogen or oxygen 
nonbonding electrons in conjugative interactions 
with the benzene ring and with the acid residue Y. 

Experimental 
Solvents were purified by conventional methods. Melt- 

ing points and boiling points are uncorrected. Solutions 
of sulfuric acid were obtained by diluting AnalaR sulfuric 
acid ( ( I  1.83) with distilled water and standardizing with 
aqueous NaOH. AnalaR nitric acid ((1 1.42) was distilled 
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JMODRO AND PIOCH 56 1 

from an equal volume of concentrated H:S04 immediately 
before use. Ultraviolet spectra were determined with a 
Perkin-Elmer 402 or a Carl Zeiss-Jena VSU-2 spectro- 
photometer. Nuclear magnetic resonance spectra were 
obtained with a Tesla BS-487 (80 MHz) spectrometer with 
TMS as internal standard. 

Substrntes 
Acetanilide and phenyl acetate were commercial prod- 

ucts. Substrates 2 ,  5, and 6 were prepared from the 
corresponding acyl chlorides and aniline or phenol: 
diethylphosphoric anilide 2 ,  nlp 93-94'C (lit. ( 5 )  nlp 
96 'C); diethylphenyl phosphate 5, bp 120-123 "C/1.4-1.5 
Torr (lit. (ref. 5, p. 330) bp l3 IoC/2Tor r ) ;  phenyl 
methanesulfonate 6, mp 61-62 "C (lit. (7) nlp 62 "C). All 
substrates were purified by crystallization or distillation 
until chromatographically pure (tlc). 

Nitrrrtiot~ ill Sir/'il.ic Acid 
A solution of the aromatic substrate in sulfuric acid 

(or in a mixture of sulfuric acid and a small amount of 
acetic acid) was added dropwise at  0 "C with stirring to a 
solution of a stoichiometric amount of nitric acid in 
sulfuric acid. At the end of the reaction, which was 
followed by tlc (usually less than 1 h), the reaction mix- 
ture was poured on ice and refluxed for 12-24 h ,  until tlc 
showed that the hydrolysis was complete.' The aqueous 
solution was then extracted with ether (for aniline deriva- 
tives after neutralization, with NazCO,), dried (MgS04), 
and the composition of the organic layer was determined 
as described before (8). 

Nitrntiot~ it1 Acetic Atrlrjrlritle 
The solution of acetyl nitrate in acetic anhydride was 

prepared from nitric acid and an excess of Ac2O at 0 "C, 
and added slowly to a solution of the substrate in acetic 
anhydride a t  20 'C. The reaction mixture was kept at  
20 'C for 24-48 h, then poured on ice, and worked-up as 
described above. 

In some cases the pmr spectra of the reaction products 
after hydrolysis were recorded and the relative propor- 
tions of isomers were determined from the relative 
intensities of the corresponding signals. Good agreement 
with the results of the tlc-LIV analysis was always ob- 
tained. 

Results and Discussion 

Substrates 1, 2, 4, 5, and 6 were nitrated with 
nitric acid in aqueous H2SO4 ilt O°C and in 
Ac20  at  20 "C. In H2SO4 the reaction is very fast 
and the products of nitration were formed in 
practically quantitative yields. In Ac20  the 
reaction is much slower and the products were 
analyzed after the reaction reached 40-6070 com- 

'Separate experiments showed that when no nitric acid 
was added, all substrates studied could be quantitatively 
recovered from sulfuric acid solutions under the condi- 
tions of the nitration reaction. This proves that there is no 
nitroaniline or nitrophenol in the reaction product formed 
via nitration of the primarily hydrolyzed substrate. 

pletion. Thin layer chronlatography showed that 
the remaining ~naterial was unreacted substrate, 
and that the isorner proportions were insensitive 
to  thc extent of reaction. The reaction product 
was hydrolyzed to  a nlixtnre of isonleric nitro- 
anilines or nitrophenols and the product com- 
position was then determined by the quantitative 
tlc-spectrophotometric method described pre- 
viously (8). The results are show11 in Tables 1 and 
2, together with some data taken from the 
literature. 

In aqueous H2SOJ of concentrations above 
70yc, acetanilide 1 reacts entirely as a conjugate 
acid and the increase in the o;p ratio with de- 
creasing acidity was attributed to  changes in 
solvation of the cationic substituent (3). The 
conjugate acid is, in this case, in accordance 
with the general view on the protonation of 
carboxylic amides (lo), certainly the O-proto- 
ilated species Ph-NH-C(OH)CH3+. The ob- 
served almost exclusive p j o  substitution in- 
dicates that the nitrogen lone pair is not signi- 
ficantly i~lvolved in conjugative interactions with 
the protonated carbonyl group, and thus selec- 
tively activates these positions. Methanesulfonic 
anilide 3 is nitrated as a free base (3), in aqueous 
H2SO4, and being more reactive than 1 shows 
lower selectivity between or1110 and prrrrr posi- 
tions; the amount of 1i7eta isomer is again 
negligible because of the strong + M  effect of the 
nitrogen nonbonding electrons. 

Diethylphosphoric anilide 2 gives rise to  an 
apparently different substitution pattern. The 
1110st striking feature is that for H2S04 concen- 
trations of 97-70% a large proportion of the 
177~tCI isomer is formed; such orientation has 
never been observed for any anilide so far 
studied. Secondly, a I j? o:p ratio greater than 
unity is found and is virtually insensitive to  
changes in the acidity of the rnediunl. Although 
the basicity, of the phosphoroarnidate system is 
not available, it has been suggested (11) that it 
should be similar t o  that of carboxylic amides. 
Diethylphosphoric anilide 2 reacts therefore a t  
the given acidity range almost certainly also as a 
conjugate acid, exhibiting, however, a different 
net substituent effect fro111 that of protonated 
acetanilide. The most plausible explanation for 
the observed difference in orientation between 
the conjugate acids of 1 and 2 is t o  invoke 
N-protonation for the N-phgsphorylated deriva- 
tive : 
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562 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Isomer proportions for nitration in strong acidsx: 

Isomers (7;) 
Substrate Conditions ort110 t~ietrr prrrrr 1 /2 o:p 1 /2 t17:p Reference 

I'h-NH-COCH; HN03-98% HlS04,25 'C 5 <2  95 0.026 
1 HN03-80.9% H2S04 17 <2 83 0.10 

HNO3-77 .4y0 H?SO4 23 < 2  77 0.15 - 
HN03-69 .9y0 &SO4 40 <2 60 0.33 

] 
- 

HN03-conc.H2S04,20CC 19.4 5 2 . 1  78.5 0.125 
90% HN03,  -20°C 23.5 - 76.5 0.15 - - ) 2, p. 97 

HN03-98% HzS04, 0 'C 0.025 - 9 
HNO3-97% H2SOlr O°C 23 5 1 76 0.15 - This work 

I'h-NH-P(O)(OEt): HNO3-97Yb HzS04, 0 'C 42 38 20 1.05 
2 HN03-90% H2S04 47 33 20 1.17 

HN03-85% H2S04 46 37 17 1.35 
::;; 1 
1.09 This work 

HN03-SOY0 H2SO.< 47 35 18 I .25 0.95 
HN03-75% H2SO.1 48 34 18 1.33 0.95 1 
HNO3-70' H2SO4 48 29 23 1.04 0.63 

Ph-NH-S02Me HNO3-98F/L H2S04, 25 OC 30 < 1 70 0.21 - 3 
3 

Ph-0-COCH3 HNO3-97(jb H2SO4, 0 'C 25 5 I 74 0.17 - This work 
4 

Ph-O-P(0)(OEt)2 HN03-97% HzS04, 0 "C 21 33 46 0.23 
5 HN03-85% H2SO4 23 29 48 0.24 i!:! 1 This work 

HNo3-75yO H2S04 25 23 52 0.24 
HN03-65% &SO4 28 18 54 0.26 0.17 

I'h-0-SOzMe HNO3-97';6 H2S04.O 'C I3 5 1 86 0.07 - This work 
6 

'The results obtained in this a o r k  are the average o f  nt least five independent determinations and arc accuratc to better than k 10%. 

TABLE 2. Isomer proportions for nitration in acetic anhydride'" 

Isomers (%) 

Substrate Conditions or1110 rnercr parcr 1 /2 o:p 1 /2 n1:p Reference 

1 HN03-Ac~O, 20 "C 67.8 5 2 . 5  29.7 1.15 - 2, p. 97 
HN03-Ac~O, 25 OC 77 - 23 1.67 - 3 
HNO3-Ac~O, 0 "C 72 2.1 - 9 
HN03-Ac20, 20 "C 76 < 1 24 I .58 - This work 

2 HN03-Ac20, 20 'C 60 19 2 1 1.43 0.45 This work 

3 HN03-Ac20, 25 'C 60 - 40 0.75 - 3 

4 HN03-Ac~O, 20 "C 27 - < 1 72 0.19 - This work 

5 HN03-Ac20, 20 "C 42 17 4 1 0.51 0.21 This work 

6 HN03-Ac20, 20 "C 53 - 47 0.56 - This work 
'The results obtained in this work are the average of a t  lcasr five indcpcndent deterrnini~rions and  arc accuratc to  better than +lo%. 

H+ + catalyzed hydrolysis of these compounds (12). 
[ I  I 2 + Ph-NH2-P(O)(OEt)2 We hope that more unalnbiguous conclusions 
The positive pole adjacent to  the benzene ring can be reached by nmr studies on the protonation 
would then account for the large amount of meta of phosphoroamidate system; such work is in 
substitution. N-Protonation of phosphinanilides progress in these laboratories. 
has been also postulated in studies on acid- The high value of the ortllo//~nrn ratio (ca. 10 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MODRO AND PIOCH 

times higher than that for protonated 1) indicates 
that the special 'orrho' mechanism operates in 
this case, outweighing the deactivation of orrho 
positions by the inductive effect of the positive 
pole. This can be visualized in terms of an initial 
attack of the electrophile at the phosphoryl 
oxygen still available as a nucleophilic centre, 
followed by selective transfer to  the orrho 
position of the ring: 

+ c.qH2-*(o)(oR)2 + orrho Product 

-- NO2 

H 

The above sequence of substituent effects in 
the nitration of anilides 1-3 in aqueous H2SO4 is 
to  some extent repeated in a series of the cor- 
responding phenyl esters 4-6. Phenyl acetate and 
methanesulfonate give an orientation almost 
identical with that found for acetanilide and 
methanesulfonic anilide. The 0-phosphorylated 
compound 5 shows again the characteristic 
feature of yielding a considerable amount of 
inela substitution product. In our opinion, this 
result does not necessarily provide evidence for 
the protonation of the oxygen of the Ar-0-P 
linkage in 5. The phosphoryl oxygen is probably 
the most basic centre in this con~pound; the low 
value of the orrho/para ratio supports this 
conclusion, since no special 'ortho' mechanism 
would be expected if the phosphoryl group were 
involved in protonation equilibrium. It is, 
however, well known (13) that in quasiphos- 
phonium systems strong T,- .rr l l  interactions 
between oxygen and phosphorus take place, and 
a large fraction of the positive charge can be 
still present at the phenolic oxygen (resonance 
structure Sb), being responsible for the observed 
inela ~ r i e n t a t i o n : ~  

3Nesmeyanov er 01. (14) observed only prrrrr substitu- 
t ~ o n  in nitration of the triphenyloxonium ion. It might 
suggest that in the case of compound 5 it is not so much a 
positive charge, but the vacant d orbitals of the adjacent 
phosphorus which constitute an  electron sink, effectively 
diminishing the availability of the oxygen unshared pairs 
for the mesomeric activation of the orrbo and para 
positions. 

- Other canonical structures 

The proportion of inera isonler decreases with 
the decrease of acidity, attaining at 65% H2SO4 
the value obtained for nitration in acetic an- 
hydride (Table 2). This is almost certainly the 
result of an increasing contribution of nitration 
of the free base, since ester 5 should be con- 
siderably less basic than the anilide 2. 

Isomer proportions obtained for nitration in 
acetic anhydride are show11 in Table 2. When a 
reaction through the conjugate acid of a sub- 
strate is not possible, all aroillatic systems con- 
taining neutral groups having unshared electrons 
adjacent to  the ring are considered as almost 
exclusively orrho/l~ara directing in electrophilic 
substitutio~l (15). Acetylated and sulfonylated 
aniline and phenol (compounds 1, 3, 4, and 6) 
give results in full accord with this; the phos- 
phorylated derivatives 2 and 5, on the other 
hand, show again an intramolecular selectivity 
pattern which justifies their classification as a 
separate group. For both compounds significant 
amounts of the inetn-nitro product are found; 
this is in fact not much less than that formed in 
HzS04 solutions, where the protonation of the 
substituent has been taken into account. It 
seems to us that the striking contrast between the 
behavior of these two substrates and the remain- 
ing anilides and esters can be best explained in 
terms of the high tendency of the N and 0 non- 
bonding electrons to get involved in donor 
.rrp-.rr1, interactions with the adjacent P(IV) atom, 
even when the substituent is forn~ally neutral. 
Some evidence exists that the charge on the 
quasiphosphonium P aton1 has little effect on the 
degree of .rr,-.rrll conjugation; the 31P shielding in 
the (Me0)3PO/(Me0)4P+ and (Me2N)3PO/ 
(Me2N)3POMe+ pairs has been found to  be very 
similar (16). It has been also reported (17) that 
phenyl groups d o  not compete effectively with 
the P(IV) atom in conjugation with nitrogen or 
oxygen nonbonding electrons, since no essential 
difference in .rr,-.rrd bonding was observed for 
Z3P0  when Z = NMe2 was changed to  Z = 

NPh2, or Z = OMe t o  Z = OPh. 
If the phosphate moiety decreases the + M  

effect of a Y-P(0)(OR)2 substituent (Y = N ,  0 )  
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A ( n m )  
FIG. 1. Ultraviolet absorption spectra of: 1, aniliniuni 

ion; 2 ,  acetanilide; 3, diethylphosphoric anilide. Spectra 
of 1 and 2 are taken from ref. 18. 

relative to the corresponding carboxylic deriva- 
tives, this effect should be also detected in the 
electronic spectra of these compounds. In Fig. 1 
the uv absorption spectra of anilides 1 and 2 are 
shown together with that of anilinium ion, where 
the nitrogen lone pair is fully involved in covalent 
bonding. The absorption curve of the diethyl- 
phosphoric anilide, although considerably shifted 
towards longer wavelengths and increased in- 
tensity, resembles the spectrum of the Ph-NH3' 
ion much Inore than does the acetanilide, for 
which the 'benzenoid' structure of the spectrum 
had almost disappeared, a result that has usually 
been attributed to strong interactions of the 
unshared p electrons with the aromatic system 
(19). A similar, but even stronger trend can be 
seen i n  the uv spectra of phenyl esters of diethyl- 
phosphoric, 5, and acetic, 4, acid (Fig. 2), where 
they are compared with the spectra of phenol 
and benzene. 

The reason for large scatter in the values of the 
o/l) ratio in acetic anhydride (Table 2) is not 
quite clear. According to Schofield et al. (3) the 
special 'ortlzo' mechanism operates in this 
medium for acetanilide (1/2 o:p > l), but not 
for methanesulfonic anilide, because of the low 
nucleophilicity of the SO2 group. We believe 
that this mechanism takes place also for diethyl- 
phosphoric anilide (1/2 o:p = 1.43) and prob- 

FIG. 2. Ultraviolet absorption spectra of: 1 ,  benzene; 
2,  phenol; 3, phenyl acetate; 4, diethylphenyl phosphate. 
Spectra of 1 and 2 are taken from ref. 18. 

ably for phenyldiethyl phosphate 5 and phenyl 
~nethanesulfonate 6. since for these two substrates 
the 0111 ratio is considerably higher in acetic 
anhydride than in sulfuric acid. Phenyl acetate 
gives predon~inantly pnra orientation in both 
media. However. it has to be remembered that 
some of the compounds studied may react in 
acetic anhydride at or near to the encounter rate, 
i.e. under conditions where the intramolecular 
selectivity does not always reflect the properties 
of substituents, observed when the attack of the 
electrophile is the rate-determining step (6). 
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Intermolecular hydrogen bonds and molecular conformations. 
A 220 MHz nuclear magnetic resonance study of the piperazine ring 

in l-thioben~oyl-3,5-dimethylpiperazine~~~ 

ADRIAN 0. F U L E A ~  AND PETER J. KRUEGER~ 
Dep(~rt~iie~it of Clieniist~~~, U~iiversity of Colgnry, Cnlgary, Alherm T2N IN4 

Received August 5, 1975 

ADRIAN 0. FULEA and PETER J. KRUECER. Can. J. Chem. 54, 566 (1976). 
In the 220 MHz IH nmr spectrum of the acetone-& complex of the title compound some 

distortion of the piperazine ring is observed, and separate NH,. . .O (dominant) and NH,. . .O 
(secondary) proton signals are seen over a 90 "C temperature interval because of a reduction 
in the N inversion rate due to  hydrogen bonding. The chemical shift of the former is strongly 
temperature dependent, while that of the latter is not, leading to a signal cross-over near 
30 "C. A single NH signal is found for the title compound in CDC13 solution, with a maxi- 
mum near 30 "C in the chemical shift vs. temperature plot. This is explained by rapid 
NH, . . .C13CD + C13CD. . .NH, exchange, with the same type of temperature dependence 
for NH, and NH, in these complexes as found in acetone-&. Infrared evidence for these 
energetically competitive complexes is presented. The NH group is shown to be a good spectro- 
scopic probe for conformational studies in hydrogen bonded complexes. 

ADRIAN 0. FULEA et PETER J. KRUECER. Can. J. Chem. 54, 566 (1976). 
Dans le spectre rmn du proton ?i 220 MHz du complexe de I'acitone-cis avec le compose du 

titre, on observe quelques distorsions du noyau piperazine et on voit des signaux sipares pour 
les protons NH, . . .O (predominant) et NH, . .O  (secondaire) sur un intervale de temperature 
de 90 "C a cause de la reduction de la vitesse d'inversion de I'azote dk un pont hydrogkne. Le 
diplacement chimique du premier est fortement dependant sur la temperature alors qu'il ne 
I'est pas pour le dernier; ceci conduit ?i un recoupement des signaux prks de 30 "C. On trouve 
un signal NH unique pour le compose du titre en solution dans le CDCI, avec un maximum 
prks de 30 "C dans la courbe du diplacement chimique en fonction de la temperature. On 
explique ce resultat par un echange NH,. . .C13CD + C13CD.. .NH, avec le m&me type de 
dipendance sur la temperature pour NH, et NH, dans ces complexes que dans ceux trouves 
pour I'acitone-&. On presente des preuves infrarouges pour les complexes Cnergetiquement 
competitifs. On montre que le groupe NH est une bonne sonde spectroscopique pour des 
itudes conformationnelles de complexes comportant des ponts hydrogkne. 

[Traduit par le journal] 

Introduction 
Recently the spectroscopic and structural 

properties of I-(2'-hydroxythiobenzoy1)piperi- 
dines and -morpholines have been investigated 
in this laboratory (I). In general they are charac- 
terized by a strong intramolecular OH- . - S 
hydrogen bond and by non-planarity of the 
phenyl ring with the thioa~nide group, leading to 
the existence of two molecular conformations in 
which the aromatic H6, atom interferes sterically 
with either one or with both of the anti NCHz 
protons of the hetero-ring (2). These conforn~ers 

1Presented in part at the 12th European Congress on 
Molecular Spectroscopy, Strasbourg, France, July, 1975. 

2From the 1'h.D. Thesis of A. 0. Fulea. 
'Isaac Walton Killam Scholar; on leave of absence 

from the University of Bucharest. 
4Author to whom correspondence should be addressed. 

interchange rapidly by ring inversion (except if 
the hetero-ring is biased by methyl groups) and 
by rotation about the Ph-C(S) and C-N 
bonds, although the last two processes are slow 
at low temperatures. In acetone-r16, the intra- 
molecular OH. . . S hydrogen bond is slowly 
replaced by an intramolecular 0. . . HS bond, 
and two distinctly different S H . . - 0  peaks 
separated by 6-8 Hz are seen over an 80 "C 
temperature range in 300 MHz nmr spectra, 
in spite of a large temperature dependence 
of the chemical shift of this doublet (3). 

This paper summarizes an investigation of 
the conformational implications of 220 MHz 
'H nmr spectra of 1-thiobenzoyl-3,Sdimethyl- 
piperazine, 1, in several solvents. In view of the 
established sensitivity of intramolecularly hydro- 
gen bonded OH and SH groups as conforma- 
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F U L E A  A N D  K R U E G E R  

(a) Solvent. CDC13 
-25 "C 

tional probes, it was of particular interest t o  see 
if an  N H  group which was hydrogen bonded to  
solvent molecules exhibited similar behaviour. 

Experimental 

I - -8 ' - ()/ 

(b) Solvent: CD3COCD3 
8 5 9.0 9.5 

( 6 a . 5 ~ ~ )  1 I 

FIG. 1. 220 MHz 1H nmr spectra of piperazine ring and methyl protons of 1 relative to internal 
TMS reference in ( ( I )  CDC13, (b) CD3COCD3. Assignments according to numbering in (c) ,  which shows 
hydrogen bonded complex of 1 in CD3COCD,. For stereochemical considerations see text. 

Compound 1 was prepared from benzaldehyde, sulfur, 
and 2,6-dimethylpiperazine in pyridine by the Willgerodt- 
Kindler reaction (4), and was purified by recrystallization 
from petroleum ether (bp 65-100°C) to give yellow 
crystals in 79'/b yield, mp 123-125 0C.5 Infrared spectra 
were obtained with a Perkin-Elmer Model 621 spectro- 
photometer. The 220 MHz nmr spectra were obtained at  
the Canadian 220 MHz NMR Centre, Sheridan Park, 
Ontario, under the direction of Dr. A. E. Grey. 

Results and Discussion 

The nmr spectra of 1 in cl~loroforni-(1 and 
acetone-(I6 solution at ambient tenlperature are 
shown in Fig. 1 (I and 0, respectively. The 
hetero-ring chair-chair inversion is frozen on 
the nnlr time scale by tlie methyl substituents. 

These are equatorial, since the sjjiz NCH,, proton 
signal is a triplet, implying that in addition t o  
gelnilla1 coupling, J:,, also exists, and therefore 
H3 is axial. The chemical shift of H5 is very 
similar t o  that of H3, and it is therefore also axial. 
N o  rmls  isonler of 2,6-dimethylpiperazine was 
detected in the starting material for the synthesis 
of 1. 

The syit NCH,, proton signal is a doublet of 
triplets in both solvents (J,,,,, = 12 Hz, J,, - J",, = 
2.3 Hz), whereas the aizri NCH, proton signal 
is a doublet of triplets in chloroform-d, but a 
clear doublet of doublets in acetone-(I6 (J,,,,, = 

10 Hz, J4,, = 2.3 Hz). The long range coupling 
(5) J42c,6c between the NCH, protons is ap- 
proxiniately equal to JL,,.6 The fact that the 
cmti NCH, peak is a doublet of doublets in 
acetone-(I6 solution inlplies that H5:, (see number- 
ing in Fig. lc) is no longer axial, but pse~i~loloaxial 
(6), with the 5-methyl group being pseudoequa- 
torial and the piperazine ring somewhat more 

5We thank Mrs. C. Fulea for the preparation of this 
compound during her stay a t  the University of Calgary 
as a Guest Worker. 

bThis long range coupling does not exist in piperazine 
itself, proving that here the 2 and 6 equatorial hydrogen 
atoms are in a plane in the well-known 'W'-conformation . 
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56s CAN. 1. CHEM. VOL. 54, 1976 

FIG. 2. 220 MHz IH nmr spectra of piperazine ring and 
methyl protons of 1 at +40, -30, and -50°C in 
CD3COCD3. The spectrum at +40°C in particular 
should be compared with that at  -25 "C in Fig.lh with 
respect to the NH,,/NH, signal cross-over. 

puckered than norinally on the side nlzti to the 
thiocarbonyl group. This can be established from 
the fact that the spectra show J:,, = 0 for the H5 
atom. From the known dependence of the vicinal 
coupling constant on cos' of the dihedral angle 
between the C-H bonds involved, it follows that 
L H6,C-CH5,. must be close to  90" in 1 instead 
of 60" as in the normal chair conforn~ation found 
for 1 in CDC13 solution. 

At 40 "C the NH proton signal of 1 in chloro- 
form-cl is 400 Hz downfield from TMS, while in 
acetone-c16 a pair of signals is observed, the 
dominant peak being at 510 Hz, with a weak 
secondary peak at -520 Hz. The temperature 
dependence of these signals (Fig. 2) shows 
unequivocally that the dominant 4-NH signal 
in acetone-c16 is very strongly hydrogen bonded 
to solvent molecules, as in Fig. lc. Its chelnical 

1 
6 8 

- 6 0  -40  -20 0 2 0  4 0  
TEMPERATURE ( " C )  

FIG. 3. Temperature dependence of NH signals of 1 
in (a )  CDC13, ( 6 )  CD3COCD3. 

shift displacen~ent over the range 40 t o  -50 "C 
in acetone-c16 is 160 Hz, and is linearly related to  
temperature (Fig. 3). The secondary NH signal 
shifts very little with temperature, with a result- 
ing signal cross-over near 30 "C. Since the axial 
NH is expected to  be more sterically hindered 
and the equatorial NH more acidic (7),  a 
preference for the latter which exceeds that in 
piperazine itself (8) is expected in the acetone-c16 
conlplex of 1 (9). Presunlably steric factors 
severely limit the NH,. . . O=C configurations 
relative to those allowed for NH; . O=C, and 
also may impose a greater NH,; . . 0 distance 
leading to a more weakly bonded conlplex. 
Contraction of the average NH; - S O  distance 
and a progressive shift to  the configuration with 
the strongest hydrogen bond as the temperature 
is lowered can account for the pronounced 
temperature dependence of the NH; . O=C 
proton signal, and the dominance of this con- 
fornlation because of the greater strength of this 
hydrogen bond accounts for the linearity of the 
temperature dependence. The appearance of 
separate NH, and NH,, signals implies that 
inversion at N is drastically slowed down by the 
hydrogen bond to the solvent, and this phenom- 
enon has been well documented (10). 

I11 contrast, much weaker NH. - . Cl and 
CC13CD. . N hydrogen bonds are expected in 
chloroform-cl solution, which may be envisaged 
schenlatically in Scheme 1. Nitrogen inversion 
barriers in ch1oroforn1-d are only -0.5 kcal/mol 
higher than in hydrocarbon solvents (10). Infra- 
red spectroscopic studies of a~uines in both 
chlorofornl and chlorofornl-cl denlonstrate that 
both NH- . .C1 and CD. . N  interactions are 
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FULEA AND KRUEGER 

/ 
R 

le' 

la' 

a = Methyl; R = -C(S)C6H5 

important (P. J. Krueger, unpublished results). 
While the 1 :2 co~nplexes shown in Scheme I 

would have a much lower probability than the 
1 : 1 complexes, they lnay facilitate the transition 
between l e  and le', and between la and la' 
energetically. However, only one NH proton 
signal is observed, signifying rapid exchange on 
the nmr time scale over the temperature range 
investigated. A maximum in the chemical shift 
vs. temperature plot (Fig. 30) can be understood 
in terms of the equilibria in Scheme 1, provided 
that the temperature dependence of the chernical 
shift of two of the major species involved is 
different and leads to a cross-over (as in acetone- 
&). The principal difference between the chloro- 
form-(1 and acetone-(I6 colllplexes of 1 is there- 
fore the NH, + NH, exchange rate. It may 
be noted that the temperature of the maximum in 
the chemical shift plot for the chloroforin-clcom- 
plex (Fig. 3a) corresponds to the cross-over point 
in the analogous plot for the acetone-(I6 complex 
(Fig. 36). In chloroform-cl solution the con- 
formational N H  acidity differences in 1 are 
likely to favour l e  and N basicity differences 
likely to favour la' (7), while N H . .  .CI and 
CD. . . N interactions in the 1 :2 colnplexes would 
be synergetic (steric factors permitting). 

The specific interaction of the hydrogen 

bonded acetone molecule with the Cs portion of 
the hetero-ring is further demonstrated by the 
band shape differences for the 3- and 5-methyl 
groups (Fig. I). In chloroform-cl (Fig. Icr) the 
signals are virtually identical for these two 
g o u p s ;  in acetone-(I6 the 5-methyl signal is 
significantly broadened (Fig. 16), even at 40 OC, 
and this broadening increases at lower tempera- 
ture. Similar distortion (i.e. crrzti lVCH, a doublet 
of doublets) occurs for 1 in the proton-accepting 
solvents pyridine and dirnethylsulfoxide-(I6, dem- 
onstrating that the size and geometry of the 
acceptor is not a determining factor in the 
distortion of the piperazine ring, but that the 
presence of an intermolecular NH. . X hydrogen 
bond is the important factor.7 Since typic$ 
N H -  - - 0 hydrogen bond distances of 3.04 A 
have been observed in crystals (1 1). it is hard to 
envisage direct steric interaction between the 
methyl groups of the acetone illolecule and the 

7There is a slight suggestion of distortion of the c1111i 
NCH, doublet of triplets of 1 in CDCI3 solution, but the 
triplet remains well-defined. Furthermore, a slight broad- 
ening of the 5-methyl group signal is observed at low 
temperature. These observations indicate a small amount 
of piperazine ring distortion is also present in CDC13 
solution, and this correlates with the weaker but still 
significant N H .  . .CI hydrogen bond. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



570 CAN. J. CHEM. VOL. 54. 1976 

methyl substituents on the piperazine ring. 
particularly an interaction with only the mzii side 
of the ring. The primary cause of this distortion 
must therefore be sought within the nzolecule, 
such as the steric H6". . H 6  interactions which 
may generate a torque whose effect appears t o  bc 
localized at C5 in the presence of a strong 
N H . .  . X  hydrogen bond. It may be of signifi- 
cance that the N lone pair is axial and antiperi- 
planar to H6, and H3, in the dominant NH; . . O  
complex, geometrical conditions under which a 
partial participation of the N lone pair in an 
antiboding u:<-H orbital has been proposed 
by Hamlow el (11. (12). Strong NH;. . O  hydro- 
gen bonding would favour this, and the preferen- 
tial involvenzent of HGa as opposed to H3, may 
provide for easier ring deformation as  the 
N4-C5 bond is weakened. No  similar distortion 
of the rnorpholine ring is found in 4-(4'-nitro- 
thiobenzoy1)-2,6-di~nethylrnorpholine in acetone- 
(16. 

Infrared spectra of very dilute CC14 solutions 
of piperidine and piperazine show a fundamental 
N H  stretching doublet, with the dolninant high 
frequency component characteristic of NH, and 
the ininor low frequency component clzaracter- 
istic of N H ,  (7). While both probably interact 
weakly with the solvent (NH.  . . Cl), the greater 
acidity and less hindered orientation of the NH,. 
group, as opposed to  the lower acidity and more 
hindered orientation of the NH, group are con- 
sistent with these spectra, and indeed the solvent 
effect of CC14 must be snlall as the relative 
proportions of the two conformers do not 
change significantly from the vapour phase value 
(9). These nzeasurenzents are con~pared in 
Scheme 2 with those for 1 in three solvents, with 
the vertical bars giving an approximate indica- 
tion of relative intensity within each doublet. In 

doublct shows a dramatic reversal in relative 
intensity, with no frequency shift for the NH,. 
band (NH,: . . CI as in CCld solution) wl~ilc the .. . 
NH, peak moves to  higher frcquency by some 
I8 cm-l, i.c. it becomes more 'free', suggesting 
that N H , ,  . . C1 interaction is unfavourable (on 
steric grounds and due to  the lower NH,, acidity) 
as a stronger C D . .  . N  bond forllzs t o  the 
equatorial lone pair electrons of N. The higher 
basicity of thc NH,, nitrogen atom appears to  
favour this conzplex, and the infrared data 
strongly suggest that of the co~nplexes shown in 
Scheme 1, the l e  F+ l a '  ecluil ibri~~~n is the most 
important. The c o r r e ~ ~ o ~ l d i n g  N H  peaks are 
more nearly equal in intensity here than in the 
other solvents, indicating that the colnplexes 
involved are energetically quite competitive. The 
apparent lack of an  N H , ,  . . C1 bond provides a 
logical basis for the diference in the temperature 
dependence of the chemical shift for NH,, and 
NH, proposed earlier in this paper t o  explain the 
rnaxin~unz in Fig. 3(1. 

In acetone-(I6 the NH; . . O  peak again be- 
comes dominant. with a further downward 
displace~nent in frequency by 12 cm-I due t o  the 
stronger hydrogen bond. The minor NH:; . - 0 
peak reverts t o  the frequency found in CDC13, 
indicative of much weaker hydrogen bonding to  
acetone than in NH;..O. This explains the 
much smaller temperature dependence actually 
observed for the N H ,  signal in Fig. 30. 

While the N H  group in 1 is too far removed 
from the thioamide group t o  feel any difYerences 
due t o  the conforn~ational interchar& described " 
in the Introduction, it is a good spectroscopic 
probe for the study of N inversion and molecular 
conformations in hydrogen bonded co~nplexes. 

CC14 the N H  doublet of 1 resen~bles that in Acknowledgments 
piperazine, except for a shift t o  lower frequency 
by some 15 cm-.l due to the N-thiobenzoyl group The financial support of the National Research 
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The infrared s ~ e c t r a l  measurements were made 
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Esters chrorniques dCrivQ du tertiobutanol 

JEAN-MARIE HACHEY, H ~ L ~ N E  GFIALI ET JEAN-BAPTISTE SAVARU 
L)6par~eri1err~ lies .rcierrces prrres, Urrivr/.silP clrr Qrrc;bec il Clricorrliri~i, Cl~icolrliri~i, Qrrc;bec G7H 2 8 1  

R e p  le 12 septembre 1975 

JEAN-MARIE HACHEY, HLLLNE GHALI et JEAN-BAPTISTE SAVARD. Can. J. Chem. 54, 572 
(1976). 

La composition du mtlange d'esters chromiques issus de la reaction entre le tertiobutanol et 
des quantites croissantes de trioxyde de chrome a Cti calculCe 2 partir du spectre rrnn du proton 
et confirmie par la determination de la teneur en chrome des melanges d'esters chromiques. 
Les esters chromiques pouvant se former sont le chromate, le dichromate et le trichromate de 
ditertiobutyle. 

JEAN-MARIE HACHEY, H ~ L P N E  GHALI, and JEAN BAPTISTE SAVARD. Can. J. Chem. 54, 572 
(1976). 

The composition of the mixture of chromate esters obtained from the reaction between 
terl-butyl alcohol and increasing amounts of chromium trioxide has been calculated from the 
pmr spectrum and confirmed through the determination of the chromium content of these 
mixtures. The chromate esters formed are the ditertiarybutyl mono-, di-, and trichromate. 

Introduction Resultats et discussion 

Dans un article, Behr et  ~~~h~ (1) Les risultats de la reaction entre le le1.t-BuOH 
signalent la formation des esters mono, di et  et des quantitks croissantes de Cr03 sont ras- 
trichromique dkrivCs du t e r t i 0 b ~ t a ~ ~ l . 1  Ces senlblks au  tableau 1. La figure 1 permet de 
auteurs appuient la formation de ces esters sur la lnieux apprkcier l'influence de la concentration 
teneur en C r 0 3  ainsi qlle l3ktLlde dll spectre des riactifs sur la conlposition dl1 mklange 
infrarouge. d'esters chron~iques. - 

I1 est intiressant de souligner ici le comporte- 
ment singulier du tert-BuOH en presence de 
0 0 3 .  En effet, les nornbreux es ters-chron~i~ues  
dirivis d'alcools tertiaires dicrits dans la littkra- 
ture (pour uile revue, voir les rkfs. 2 et  3) sont des 
diesters monocl~ro~niques de formule girlirale 
ROCr020R.  I1 faut ajouter que ces esters sont 
souvent obtenus (3-5) en faisant rkagir un grand 
exc6s de C r 0 3  (jusqu'h deux fois la quantite 
stoichiomitrique) avec I'alcool tertiaire. 

Ce travail a pour objet d'itudier l'influence de 
l'excks de trioxyde de  ch ro~ne  sur la nature et la 
repartition des esters chromiques p o w a n t  se 
foriller lors de la riaction entre le tert-BuOH et 
le C r 0 3  dans le CC14. La determination de la 
composition du mklange d'esters par rrnn du 
proton s'est avkrke une mkthode rapide et 
eficace. L'analyse par rrnn est confir~nke par la 
determination de la teneur en chrome. 

'Dans cet article ester monochromique ou chromate ou 
monochromate de ditertiobutyle se refere au composd 
ROCr020R (I) ,  ester dichromique ou dichromate de 
ditertiobutyle disigne le composi RO(CrOzO)?R (2) et 
ester trichromique ou trichromate de ditertiobutyle se 
rapporte au compose RO(Cr020),R (3), (R = lerl-Bu). 

Les 11roc1uit.s cle kc1 r&c~ctiotz tert-BLIOH + C/.03 
c1nrz.s le CCI4 (T = 25 OC) 

Les rksultats expkrimentaux illustrks B la figure 
1 permettent de  constater qu'il est possible 
d'obtenir le produit 1 pilr en faisant iin choix 
judicieux des concentrations initiales. Des m i -  
thodes de synthkse de 1 sont d'ailleurs dicrites 
dans la littkrature (3,4). Cependant, ce Inode de  

FIG. 1.  Variation de la composition du melange d'esters 
chromiques en fonction des rapports molaires initiaux 
des reactifs: esters 1 (a), 2 (0) et 3 (A). 
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TABLEAU I .  Caractiristiques de la reaction entre le 
tert-BuOH et le Cr03 dam le CCI, B 25 "C 

18 
I 1  
10 
9 
3 
1 

Trace 
A 

- 

- 
- 

.- 

A 

- 

A 

*Rapport  molailc initial. 
tDdtcrn1ini.e par  rmn;  6ca1.t e0.5 (ou  noi ins 3 dCtcrminations clans 

c l ~ a q u e  cas). 

synthkse ne permet pas d'obtenir un mtlange 
rtactionnel contenant plus de -63% de l'ester 2, 
cet ester est obtenu en prtsence de 1 (- 12%) et  
de 3 (-257,). La figure 1 indique tgalement que 
le rendement en 3 augmente sensiblement avec 
augmentation de  l'excks de C r 0 3 ;  toutefois, 
au-deli du  rapport des concentrations molaires 
init ials  [Cr03]o/[tert-BuOH]o = 2.3, le mt -  
lange rtactionnel laisse voir une augmentation du 
rendement en 3 et une diminution en 2. Dans les 
deux cas, le rendement semble se stabiliser autour 
de 60% pour 3 et 407, poiir 2 m&me si LIII grand 
excks de C r 0 3  est  tili list. En effet, la con~positioil 
du milange reste pratiquement constante dks que 
le rapport [Cr03]o/[tert-BuOH]o atteint 3. La 
dttermination de la teneur en chroine (6) s'ac- 
corde trks bien avec cette composition dl1 
mtlange calculte i partir du spectre rmn. De 
plus, il est possible de constater que le rende- 
nlent en 1 dtcroit de f a ~ o n  continue avec l'aug- 
mentation de la concentration en Cr03.  Par 
ailleurs, l'ester 2 atteint un rendement maximum 
de l'ordre de 607, p o ~ i r  des valeurs [Cr0310/ 
[tert-BuOHIo comprises entre - 1.3 et - 1.9; 
au-deli de -2, le rendement en ester 2 dtcroit 
puis se stabilise i -40% du moins jusqu'aux 
valeurs limites ktudites. Pour ce qui est de l'ester 
3 so11 rendement croit jusqu'i [CrO3]o/[te1.t- 

BuOHIo - 3 puis tend i se stabiliser vers 60%. 
Les rtsultats du tableau 1 indiquent que le 

mtlange riactionnel contient du  twt-BuOH 
jusqu'h ce que l'on fasse rtagir des quantitts 
CquimolCculaires de tert-BuOH et de Cr03 ;  mais 
B ce moment le n~t lange contient dt-jB beaucoup 
(-52%) de 2 et un peu de  3 (- 16%>). 

Les cIe117iesters ck1.0117iqlres 
La formation des demiesters chromiques te1.t- 

BuO(Cr020),,H, 11 = 1,2,3 n'a pu &tre mise en 
tvidence. D'ailleurs, il n'a pas encore t t t  possible 
de mettre en tvidence ces demiesters bien qu'ils 
aient Ctt suggtrts comme intermtdiaires lors dc 
la forn~ation de diesters monochromiqucs 
R O C r 0 2 0 R  (4). En fait, un balayage cn rmn 
jusqu'i 20 ppin ne donnc aucun signal supplC- 
mentaire. Le spectre infrarouge confirme Cgale- 
merit l'abscence de bandes OH.  Ces rtsultats 
attestent donc de la grande rtactivitt des demi- 
esters chromiques d'oh la dificultt de les 
observer. 

Co117~)01~ta17e~t dl/ tert- BuOH ell prksence cle Cr03  
Le h i t  que le tert-BuOH conduise i la forma- 

tion des esters 2 et 3 dans des conditions o h  les 
autres alcools tertiaires ttudits jusqu'8 prtsent ne 
donnent lieu q u ' i  la formation de diesters mono- 
chromiques R O C r 0 2 0 R  nous amkne h faire les 
remarques suivantes. 

(i) Le C r 0 3  est Lin polymkre (7c1) qui peut &tre 
dtpolymtrist par dissolution dans l'eau, le te1.t- 
BuOH, la pyridine et l'anhydride acttique (76). 

(ii) La solubilitt du tert-BuOH, du  C r 0 3  et des 
demiesters dans l'eau, tout en facilitant le contact 
de ces rtactifs, favoriserait d'autant la formation 
des esters 2 et 3. 

(iii) L'hydrolyse du chromate 1 est facile (8). 
En effet, dans le cas dc l'ester 1,  le caractkre 
hydrophobe serait rtduit comparativement aux 
autres esters chromiques dtrivts d'alcools ter- 
tiaires aliphatiques hydrocarbonks qui renfer- 
inent des chaines hydrocarbone'es plus Iongues. 

(iv) L'encombrement sttrique rtduit du te1.t- 
BuOH par rapport aux autres alcools tertiaires 
utilists jusqu'i prksent pourrait kgalement ex- 
pliquer son comportement avec le CrO3. 

Aprks la rtaction, un examen par rmn de la 
phase aqueuse contenant le C r 0 3  en vile d'y 
dtceler la prtsence d'esters polychromiques n'a 
r tv t l t  aucun noweau signal. Cette observation 
confirme donc la composition du mtlange 
d'esters chromiques calculte i partir du spectre 
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- 
1 1  r* 

R-0: Tc~=o - I I 
RO-Cr-0- H' 

ROH I I 
C RO-Cr-OR + H 2 0  

I I I I I Hz0 
H 0 0 

I I 
0 

rmn ainsi que la teneur en chrome de ce rnClange 
d'esters solubles dans le CC14. Par ailleurs, il est 
inttressant de constater que la quantitC relative 
des esters 2 et 3 1'Cquilibre (40 et 607, respec- 
tivement) est la m&me que la quantitt relative de 
groupernents chronlates requis pour chacun de 
ces esters: la composition du intlange des esters 
chromiques h l'tquilibre se trouverait ainsi B 
reflCter 1'Cquilibre et la contribution B la stabilisa- 
tion par rCsonance des internlkdiaires 20 et 3n. 
Des ttudes conlplCrnentaires pourraient &tre 
entreprises pour Ctudier l'influence de la nature 
du solvant, de la concentration et de la tempCra- 
ture. 

Le micanisme suivant est suggCrC pour la 
rtaction entre le terl-BuOH et le Cr03 dans le 
CC14 B 25 OC. 

Le passage du denliester h I'ester correspon- 

dant se ferait selon le micanisme suivant inspirt 
de celui proposk par Zeiss et Matthews (4) pour 
la formation d'esters monochronliques. 

Carac16risation des esters 2 et 3 d6r ivb  dl/  
rerr-BrlOH 

Aprks des essais de chromatographie sur 
colonnes d'alumine et de silice, Behr et Fuchs (1) 
font part du fait qu'il leur a CtC inlpossible de 
stparer et de purifier les esters 2 et 3 .  Dans ce 
travail, nous n'avons pas tenti de nouvelles 
mkthodes de stparation et purification de ces 
esters chromiques; cependant, nous avons utilist 
une mCthode, la rmn du proton, qui nous perinet 
de dCteriniiler la conlposition du mClange d'esters. 
En effet, les esters 1, 2 et 3 apparaissent sous 
forille de singulet 1.47, 1.59 et 1.65 ppnl 
respectivement; le dtblindage des protons est 
donc sensiblement accrQ par l'augmentation du 
nombre de groupenlents chromates. La conlposi- 
tion du mClange d'esters chromiques calculke h 
partir du spectre rnln du proton est confirmCe par 
la dttermination de la teneur en chrome. I1 
convient Cgalement de signaler que le dtplace- 
nlent chimique de 1 rapport6 dans cette Ctude 
est identique A celui dttermint antkrieurernent 
(3). 
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Conclusion 

La rCaction entre le tert-BuOH et le C r 0 3  
prCsente un cas particulier en ce que le ieri- 
BuOH est le seul alcool tertiaire connu jusqu'i 
prCsent pouvant conduire i la formation de 
mono, di et trichromate de ditertiobutyle dans 
des conditions oh les autres alcools tertiaires ne 
donnent que des diesters monochromiques 
R O C r 0 2 0 R ,  R :  alkyle tertiaire. 

Suite i des Ctudes ricentes (9,10), il serait 
intCressant d'examiner le comportement du di et 
du trichromate de ditertiobutyle comme inhibi- 
teurs de corrosion et Cgalement conlnle agents 
oxydants de con~posCs organiques. 

Les spectres ir ont CtC pris sur un appareil Unicam, 
modkle SP-1000; solvant, CCI,. Les spectres rmn ont CtC 
mesurCs B I'aide d'un appareil Hitachi-Perkin-Elmer, 
modkle R-24 B 60 MHz; solvant: CCI,, concentration 
~ 5 0 7 ~  (P/V) dans CCI,; standard interne TMS. 

Le C r 0 3  Reagetrt fut conservC au dessicateur. Le tert- 
BuOH et le CC1, Ctaient de qualit6 Specfro et ont Cte 
distillCs avant usage. 

R6actiotr etrtre le tert-BuOH et le Cr03 
Le tert-BuOH est dissous dans 20 ml de CCI, anhydre 

contenu dans un ballon de 50 ml; la rCaction se fait B 
25 + 1 "C. Tout en maintenant ['agitation, une quantite 
appropriCe de Cr03  anhydre est ajoutCe. I1 y a coloration 
immCdiate de la solution et apparition de gouttelettes 
d'eau au fond du ballon. L'agitation est poursuivie durant 
3 min B la temperature ambiante. Le melange riactionnel 
est ensuite dCcantC, transfire dans une fiole conique puis 
sCchC sur Na2S04 anhydre. Aprks decantation du dessC- 
chant, les spectres rmn et infrarouge sont dCterminCs sans 
Cvaporation du solvant. La quantitC utilisee de tert- 
BuOH, 1.1 g; CrO,, entre 0.77 et 7.4 g, La reaction est 
faite ii l'abri de la lumikre. 

Atralyse dl1 clrrotne 
Aprks avoir fait rCagir les quantitis appropriies de 

tert-BuOH et de Cr03  durant -3 min dans le CC1, (B 
l'abri de la lumikre), la solution est sCchCe sur NarSO, 
anhydre et le solvant est CvaporC sous pression rCduite. 
Un spectre infrarouge est alors pris sur le melange d'esters 
et le spectre rmn est ensuite dCterminC. Le mClange est 
alors pesC et on prockde enfin B l'analyse du chrome selon 
la mCthode decrite antirieurement (3, 6). 
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Synthesis of some long-chain spiropyranindolines' 
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ILONA GRUDA and ROGER M. LEBLANC. Can. J. Chem. 54, 576 (1976). 
Nine new spiropyranindolines containing an 11-hexadecyl substituent at the 1' or 3' position 

have been synthesized. Their spectral properties (nmr, uv, visible) are described. 
The equilibrium constant between the colored and colorless species of some of the com- 

pounds have been measured. The results show that the presence of a long aliphatic chain 
promotes the colored form. 

ILONA GRUDA et ROGER M. LEBLANC. Can. J. Chem. 54, 576 (1976). 
Nous avons synthCtisC neuf spiropyranindolines possidant un substituant 11-hexadtcyle i la 

position 1' ou 3'. Les proprietts spectrales de ces composCs ont e t t  examintes, en particulier 
celles de rmn, uv, visible. 

La constante d'tquilibre entre les formes colortes et incolores a t t t  mesuree. Ces donnees 
montrent que l'introduction d'une longue chaine aliphatique favorise la forme colorte. 

Solid photochromic films have a number of 
useful applications, such as recording media for 
information storage and retrieval systems, and 
protection against sunlight, intense flashes of 
light, or lasers (I). As an example, spiropyrans 
dissolved in a plastic matrix have been used as 
photochrornicsunglasses to protect man's eyes (2). 

The photochromic pigments in the chloroplast 
and in the photoreceptor cell of the vision system 
have a monolayer organization (3,4). It is known 
that the monolayer assenlblies favour the 
energetic transformations. T o  our knowledge no 
synthetic photochromic conlpounds have been 
studied in rnonolayers. In order to perform this 
study, we needed a long-chain photochronlic 
compound. 

As preliminary work we present in this paper 
the synthesis and spectral properties of some 
spiropyranindolines containing an aliphatic long- 
chain substituent. 

Results and Discussion 
The most general method of synthesis of a 

spiropyranindoline consists of the condensation 
of a 2-alkylideneindoline 1 with an orrl~o- 
hydroxyaldehyde 2. The long-chain substituent 
could be introduced as R1, R2 or R3. 

In order to  prepare con~pound 1 with a long- 
chain substituent we attempted to  perform the 
reaction of alkylation using 3-hexadecyl-2- 
methylindole, 1,2-dimethyl-3-hexadecylindole, 1- 

'Part I of Photochromic Studies in Monolayers. 

hexadecyl-2-methylindole, and 2,3-dimethyl-I- 
hexadecylindole as starting materials and alkyl 
iodides (5) or esters of aromatic sulfonic acids (6) 
as alkylation agents. All these attempts were 
unsuccessful. 

Another possible reaction pathway was to  
start with indolenines which are stronger bases 
and react more readily with quaternizing agents. 
The 2,3,3-trimethylindolenine 3 was commer- 
cially available, 2,3-dimethyl-3-hexadecylindol- 
enine 4 was prepared by the Grignard method 
using 3-hexadecyl-2-methylindole and methyl 
iodide. Compound 3 was alkylated by hexadecyl 
iodide giving the quaternary iodide which was 
decomposed by sodium hydroxide to give 
I-hexadecyl-3,3idirnethyl-2-methyleneindoli& 5. 
Compound 4 alkylated by dimethyl sulfate, gave 
1,3-din1ethyl-3-hexadecyl-2-n1ethyleneindoline 6 
after decomposition of the quaternary methyl 
sulfate. All these colnpounds (indoles, indole- 
nines, and indolines) were characterised by nnlr 
spectra, and their purity checked by glc. 

The condensation of compounds 5 and 6 with 
salicylaldehyde, 3-methoxysalicylaldehyde, 5- 
nitrosalicylaldehyde, 3-nitrosalicylaldehyde, 2- 
hydroxynaphtaldehyde, and 6-nitro-2-hydroxy- 
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GRUDA AND LEBLANC 

naphtaldehyde gdVe the long-chain spiropyranin- 
dolines 7 and 8. 

In the case of spiropyraniildolines containing 
two asymetric centers (7e, 71; and 8c) some 
interesting observations were made. As an 
example the nmr spectrum of a freshly prepared 
solution of the compound 7e in CC14 had one 
signal at T 7.30, corresponding to the N-methyl 
protons. This peak decreased with time and 
sitnultaneously another appeared at T 7.38. An 
equilibrium was reached after 2 h with a ratio of 
the integrated area under the peaks (T 7 .30 /~  
7.38) of 1.7. The spectrum had also two peaks for 
the methoxy protons (T 6.36 and T 6.40). The 
double signals for some protons on the nmr 
spectra of these con~pounds are attributed to  the 
existence of two isomers: c is  and rrmzs charac- 
terised respectively by the long-chain on the side 
of the double bond 9, and of the oxygen of the 
2H-pyran ring 10: 

The equilibrium [ l ]  between the colored and 
the colorless species of soine spiropyranindolines 
i n  solution was measured by the inethod of 
Flannery (7), and coinpared with his results for a 
spiropyranindoline without a long-chain. 

From the values given in Table 1 it seems that 
the long aliphatic chain promotes the colored 
(opened) form of a spiropyranindoline. Table 2 
gives the absorption bands in the 11v and visible 
for the synthesized spiropyranindolines in 95% 
ethanol. 

Figure 1 represents the uv and visible spectra 
of 3',3'-dimethyl-1'-hexadecyl-6-nitrospiro-(2H-1- 
benzopyran-2,2'-indoline), 7c,  and 3,3-dimethyl-1 
hexadecyl-8'-nitrospiro[indoline-2,3'-(3H)-naph- 
to(2,l-b)pyran], 8b. Preliminary results of these 
compounds as inonolayers at the air-water inter- 
face show a solid isotherm in the interval 10 
to 40 dyn cm-I. 

Experimental 
 melting points are uncorrected. Microanalyses were 

performed by Schwarzkopf Microanal. Lab., New York, 

TABLE 1. Tile equilibrium between colored and 
colorless species of some spiropyranindolines. 

Kc = [colored form]/[colorless form] 

C o m ~ o u n d  Solvent K, X 10s" 

70 Ethanol 38 .3k1 .9  
7b Ethanol 560+33 
7c Benzene 9.68 k0.26 

Acetone 396 k 23 
Isopropanol 1229 +73 
Ethanol 2369 + 19 

7e Ethanol 1215k65 
11,3',3'-trimethyl-6-nitro- Benzene 4.107 

spiro[2H-1-benzopyran- Acetone 1347 
2,2'-indoline] Ethanol 8437 

*TIic value 3.5 X 10' 1 nlol-' cm-1 for thc tnolnr exlinction co- 
efficient (t) was used for polar solvcnts and 5.2 X 104 1 mol-' cm-I for 
benzene (7, 8). The relative error that we ~ i v e  for the Kc is :In csperi- 
~ncntal  error and does not reflect the uncertuinty in t .  

i.Values from ref. 7. 
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578 CAN. J. CHEM. VOL. 54, 1976 

TABLE 2. Spectral cl~aracteristics (uv and visible) of spiropyranindolines in 95'6 ethanol 

Absorption maxima* (k + 0.5 nm) 

* S  = shoulder. For absorption in the visible. \\,c used concentrations I 
lhc concsntrnlio~i was = mol I- ' .  

WAVELENGTH (nm) 

FIG. 1. Absorption spectra of 3',3'-dimethyl-l1-hexa- 
decyl-6-nitrospiro-(2H-l-benzopyran-2,2'-indoline), 7c, 
concentration: 5.0 X moll-1 in the uv and 1.0 X 
lo-' moll-1 in the visible ( . - - . - ) ;  and 3,3-dimethyl-1- 
hexadecyl-8'-~~itrospiro[indoline-2,3'-(3 H)-naphto(2,l-b)- 
pyran], 8b, concentration: 2.93 X moll-' (-). Spec- 
tra taken in 95% ethanol at 300 K,  path length 1.0 cm. 

N.Y. The absorption spectra were measured with a 
Perkin-Elmer 124 or a Unicam SP 1800. The nuclear 
magnetic resonance spectra were recorded at 60 MHz 
using a Perkin-Elmer R-12 spectrometer with TMS as 
standard. 

3-Hexadecyl-2-methylindole was prepared by the Fisher 
synthesis (9), mp 46-48 "C. 2-Hydroxy-6-nitronaphtalde- 
Ilyde was prepared by the method described in ref. 10, 
mp 235 "C. 

2,3-Dirnet/ry/-3-he,~~1~Ie~~~/irr~lo/e,1irte 
A concentrated solution of 3-hexadecyl-2-methylindole 

(0.06 mol) in anhydrous ether was added dropwise with 
stirring to a Grignard reagent of methyl iodide (0.06 mol) 
in 15 ml of anhydrous ether. The resulting solution was 
refluxed for 3 h. A11 equimolar amount of methyl iodide 
was added and the reflux was continued for 24 h. After 
hydrolysis the organic layer was separated, dried (KOH), 
and the solvent evaporated. The nmr spectrum and glc 
analysis of the oily residue showed that the product con- 
tained about 67% of 2,3-dimethyl-3-hexadecylindolenine 
and 33% of unreacted 3-hexadecyl-2-methylindole. The 
next reaction was performed without further purification 
of the product. 

~ igher  than lo-: mol I-'. cxccpt for thc compounds 7d. 8h,  and  8 c  where 

/,3-Dir?iet/1y~-3-/1exa~~ecy~-~-1~1et/1}~/e11ei11~/o/i11e 
Crude 2,3-dimethyl-3-hexadecylindolenine (0.033 mol 

of pure compound) was dissolved in chloroform (30 ml), 
warmed to the boiling point, and dimethyl sulfate (0.066 
mol) added dropwise with stirring. The solution was 
stirred at room temperature for 1 h and evaporated. T o  
the residue, water and benzene were added and the two 
layers were separated. The aqueous layer was washed 
twice with benzene and made basic with a concentrated 
solution of sodium hydroxide. The solution was extracted 
several times with ether, the organic layer was dried 
(KOH), and the solvent evaporated. The residual oil 
crystallized on cooling to give 8 g (63%) of 1,3-dimethyl- 
3-hexadecyl-2-methyleneindoline, mp 49-50 "C. Recrys- 
tallization in ethanol gave reddish crystals, mp 55-56 "C. 
The nrnr spectrum (CC14) had multiplets at 7 2.90-3.65 
(four aromatic protons), a doublet centered at 7 6.25 (two 
olefinic protons), a singlet at 7 6.98 (N-methyl protons), 
a multiplet centered at 7 8.70 (30 methylene protons and 
three methyl protons), and a triplet centered at 7 9.10 
(methyl group of the long-chain). 

I-Hesaclec~l-2,3,3-t1'i1~1et/ryIi1~~lolet1irrir11 IocIifIe 
A solution of 2,3,3-trimethylindolenine (0.125 mol) and 

Ilexadecyl iodide (0.187 mol) in chloroform (40 ml) was 
boiled at reflux temperatures for 20 h. The solvent was 
evaporated and the residue washed with ether. A reddish 
solid was separated and dried to give 42.5 g (83.2%) 
of 1-hexadecyl-2,3,3-trimethylindoleniniun~ iodide, mp 
100 "C. 

The nrnr spectrum (CDCI,) had a broad singlet a t  
7 2.10 (four aromatic protons), a triplet centered at 
7 5.25 (N-methylene group), a singlet at 7 6.8 (three 
?-methyl protons), a singlet at  7 8.25 (six 3,3-dimethyl 
protons), a multiplet centered at 7 8.65 (28 methylene 
protons), and a triplet centered at 7 9.05 (methyl group of 
the long-chain). 

3,3-Din~e~l~l-I-hesac/ecyl-2-nief/r~le1reir1~/olir1e 
1-Hexadecyl-2,3,3-trimethylindoleninium iodide (0.039 

mol) was suspended in water and a concentrated solution 
of sodium hydroxide was added. The mixture was ex- 
tracted with ether and the organic layer was dried (KOH) 
and evaporated to leave 10.3 g (70%) of red liquid 
3,3-dimethyl- 1-hexadecyl-2-rnetl~yleneindoline. 

The nrnr spectrum (CC14) had multiplets at 7 2.90-3.70 
(four aromatic protons), a singlet at 7 6.25 (two olefinic 
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GRUDA AND LEBLANC 579 

protons), a triplet centered at  T 6.80 (N-methylene pro- 
tons), a multiplet centered at  T 8.70 (28 methylene protons 
and six 3,3-dimethyl protons), and a triplet centered at 
T 9.10 (three methyl protons of the long chain). 

Cotrcletrsatiotl of 2-Metl1)~let1eitrcloli,res 1vitl1 
ort ho-Hyclrosj~cilcIeI~)~cles 

T o  a warm solution of an ortho-hydroxyaldehyde 
(0.006 mol) in ethanol (10 ml) was added slowly a solution 
of a 2-methyleneindoline (0.005 mol) in ethanol. The 
mixture was refluxed for an additional 6 11. After cooling, 
a solid was separated and recrystallized several times in  
ethanol and cyclohexane. The following compounds were 
obtained: 

(i) 3',3'-Din~etl~yl-l'-l~exadecylspiro-(2H-l-be1~zopyra1~- 
2,"-indoline), mp 25 "C. Atrcrl. calcd. for C34H,,NO: 
C 83.78, H 10.16, N 2.89; found: C 84.21, H 10.21, N 
3.16. The nmr spectrurn (CC14) had nlultiplets ilt T 2.90- 
3.70 (eight aromatic and one olefinic proton), a doublet 
centered at  T 4.30 (one olefinic proton), a triplet centered 
at  T 6.85 (N-methylene protons), a nlultiplet centered at  
T 8.70 (28 n~ethylene protons), a singlet at T 8.80 (six 
3',3'-dimethyl protons), and a triplet centered at  T 9.05 
(long-chain methyl protons). 

(ii) 3',3'-Dimetl1yl-l'-l1exadecyl-6-nitrospiro-(2H- l-ben- 
zopyran-2,2'-indoline), mp 84-85 'C. Atrcrl. calcd. for 
C3,H4~N203: C 76.69, H 9.02, N 5.26; found: C 76.71, 
H 9.01, N 5.14. The nmr spectrum (CC14) had multiplets 
at T 1.90-2.10 (two aromatic protons), and T 2.90-3.70 
(five aromatic and one olefinic proton), a doublet centered 
at T 4.15 (one olefinic proton), a triplet centered a t  T 6.85 
(N-methylene protons), a multiplet centered at  T 8.70 
(28 methylene protons and three 3'-methyl protons), a 
singlet at  T 8.80 (three 3'-methyl protons), and a triplet at  
T 9.05 (long-chain methyl protons). 

(iii) 3',3'-Dimetl1yl-l'-l1exadecyl-8-methoxyspiro-(2H- 1- 
benzopyran-2,2'-indoline), mp 43-44 "C. Atral. calcd. for 
Cl,H,INO:: C 81.24, H 9.86, N 2.71; found: C 80.79, 
H 9.55, N 2.55. The nmr spectrum (CC14) had multiplets 
a t  T 2.90-3.65 (one olefinic and seven aromatic protons), 
a doublet centered at  T 4.32 (one olefinic proton), a 
triplet centered at  T 6.85 (N-methylene protons), a singlet 
at  T 6.40 (methoxy group), a multiplet at T 8.75 (28 
methylene protons and a methyl groups at 37, and a 
triplet at  T 9.10 (methyl protons of the long chain). 

(iv) 1',3'-Dimethyl-3'-hexadecyl-6-nitrospiro-(2H-l-be11- 
zopyran-2,2'-indoline), mp 81-82 "C. Atrcrl. calcd. for 
C34H4sN203: C76.69, H 9.02, N 5.26; found: C 76.58, 
H 9.06, N 5.18. The nmr spectrum (CCI1) had a nlultiplet 
at  T 1.90-2.10 (two aromatic protons), a multiplet a t  
T 2.90-3.60 (one olefinic and five aromatic protons), a 
doublet centered at  T 4.17 (one olefinic proton), two 
singlets at  T 7.30 and T 7.40 (N-methyl group of two 
isomers), a multiplet centered at T 8.75 (30 methylene 
protons and methyl group at 3'), and a triplet centered at  
T 9.10 (methyl group of the long chain). 

(v)  3,3-Dimethyl- 1 -hexadecylspiro[indoline- 2,3'-(38- 
naphto(2,l-b)pyran], mp 63 'C. Atral. calcd. for 
C38H51NO: C 84.92, H 9.50, N 2.61 ; found: C 81.69, 
H 9.55, N 2.79. The nmr spectrum (CC14) had multiplets 
at  T 2.00-3.65 (one olefinic and ten aromatic protons), a 
doublet centered at  T 4.25 (one olefinic proton), a triplet 
centered at  T 6.80 (N-methylene group, a multiplet a t  
T 8.70 (28 methylene protons and three 3'-methyl pro- 

tons), a singlet at  T 8.80 (three 3'-methyl protons), and 
a triplet at  T 9.05 (long-chain nlethyl protons). 

(vi) 3',3'-Dimethyl-1'-hexadecyl-S-nitrospko-(2H- I-ben- 
zopyran-2,2'-indoline), mp 62 "C. Airal. calcd. for 
C34H4SN203: C 76.69, H 9.02, N 5.26; found: C 76.08, 
H 9.48, N 5.30. The nmr spectrum (CC14) had multiplets 
at  T 2.24-3.65 (one olefinic and seven aromatic protons), 
a doublet centered at T 4.25 (one olefinic proton), a 
triplet centered at  T 6.85 (N-methylene protons), a mul- 
tiplet at  T 8.75 (28 nlethylene protons and six 3'-methyl 
protons), and a triplet at  T 9.05 (long-chain methyl groi~p). 

( i )  1',3'-Din1ethyl-3'-hexadecyl-8-methoxyspiro-(2H- 
1-benzopyran-2,2'-indoline), mp 68-69 "C. Atrul. calcd. 
for C3,H,,N02: C 81.24, H 9.86, N 2.71; found: C 80.94, 
H 9.88, N 3.01. The nmr spectrum (CCl4) had multiplets 
at  T 2.90-3.70 (one olefinic and seven aromatic protons), 
a doublet centered at  T 4.36 (one olefinic proton), two 
singlets at  T 7.30 and T 7.38 (N-methyl group of two 
isomers), two singlets at  T 6.36 ancl T 6.40 (methoxy, 
group of two isomers), a multiplet at  T 8.70 (30 methylene 
and six 3'-methyl protons), and a triplet centered at 
T 9.05 (methyl group of the long-chain). 

(viii) 3,3-Din~ethyl-l-hexadecyl-8'-nitrospiro[indoline- 
2,3'-(3H)-naphto(2,l-b)pyran], mp 72.5 "C. Atlcil. calcd. 
for ClsHs0N2O3: C 78.35, H 8.59, N 4.81 ;found: C 78.13, 
H 9.08, N 5.1 1. The nmr spectrum (CC14) had multiplets 
at  T 1.35-3.55 (one olefi nic and nine aromatic protons), a 
doublet centered at T 4.10 (one olefinic proton), a triplet 
centered at  T 6.80 (N-methylene group), a multiplet at 
T 8.70 (28 methylene protons and six 3-methyl protons), 
and a triplet centered at  T 9.05 (methyl group of the 
long chain). 

( i s )  1,3-Din1ethyl-3-11exadecy 1-8'-nitrospiro[i11doIi11e- 
2,3'-(3H)-naphto(2,I-b)pyran], n1p 139 "C. At~ol. calcd. 
for C3sH,oNr03: C 78.35, H 8.59, N 4.81 ; found: C 77.87, 
H 9.11, N 5.09. The nmr spectrum (CCI,) had multiplets 
at  T 1.50-3.70 (one olefinic and nine aromatic protons) a; 
doublet centered at T 4.15 (one olefinic proton), two 
singlets at T 7.30 and T 7.40 (N-methyl group of two 
isomers), a nlultiplet at  T 8.75 (30 methylene protons), 
and a superposed singlet and triplet a t  T 8.90-9.10 
(methyl groups). 
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Di-tevt-butyl peroxide decomposition behind shock waves 
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DAVID K. LEWIS. Can. J. Chem. 54, 581 (1976). 
The homogeneous, gas phase thermal decomposition of di-tert-bdyl perox~de has been 

studied in a single pulse shock tube. Samples containing 0.05% to 0.5% reactant in argon were 
heated to 528-677 K at total pressures of about 1 atm. Acetone and ethane were the only 
significant products. The reaction obeyed first order kinetics. The Arrhenius parameters, log A 
(s-1) = 15.33 f 0.50, E,,, (kJ/mol) = 152.3 k 5.8, are in agreement with the bulk of the 
earlier reported results of lower temperature work, and with a recently reported result obtained 
via the very low pressure pyrolysis technique. Indications from some of the earlier work that 
the A factor may decline at  high temperatures are not supported by the present study. 

DAVID K. LEWIS. Can. J. Chem. 54, 581 (1976). 
On a CtudiC, dans un tube B choc PLIISC simple, la dicomposition thermique en phase gaseuse 

et homogkne du peroxyde du di-!el.!-butyle. On a chauffi des Cchantillons contenant de 0.05 B 
0.5'2 rCactif dans I'argon B des tempkratures de 528 2 677 K et a des pressions totales d'environ 
1 atm. L'acCtone et 1'Cthane sont les deux seuls produits formCs en quantitC notable. La cinC- 
tique de la reaction est du premier ordre. Les paramktres dlArrhCnius sont log A (s-1) = 
15.33 + 0.50, E,,, (kJ/mol) = 152.3 f 5.8, qui sont en accord avec l'ensemble des clonnCes 
rapport6 anterieurement pour des travaux h plus basse tempkrature et avec un rCsultat rapport6 
rCcemment obtenu par l'intermidiaire de la technique de pyrolyse B basse pression. Les r6sultats 
obtenus au cours de la prCsente Ctude n'offrent aucun support aux indications provenant de 
travaux antCrieurs a l'effet que la valeur de A peut diminuer B haute tempCrature. 

[Traduit par le journal] 

The gas phase thermal decon~positioil of di- 
lert-butyl peroxide (DTBP) has been studied in 
conventional static and flow reactors over the 
temperature range 363-623 K by numerous 
workers. In the lllost recent report, Shaw and 
Pritchard (1) provided, along with their results, a 
comprehensive and critical review and reanalysis 
of all previously reported studies. They con- 
cluded that the llomogeneous reaction can be 
conlpletely accounted for by a direct uni- 
molecular process 

DTBP --t 2CH3COCH3 + 2CHj 

and reconlnlended the Arrhenius parameters 
log A (s-l) = 15.80 + 0.03 and E:,,, (kJ/rnol) = 

158.07 5 0.25 over the range 363-623 K.  How- 
ever, there was some indication that this very 
high pre-exponential factor was beginning to de- 
crease at  the high end of this temperature range, 
and the need for data at  higher temperatures 
was indicated. 

A shock tube study of the deconlposition 
kinetics of a series of terl-butyl alkyl ethers has 
been in progress in this laboratory for seine time 

now (2). In elucidating the mecl~anisms of these 
reactions, it became necessary to  produce terl- 
butoxy radicals and monitor their subsequent 
decomposition at 1000-1200 K ;  DTBP was the 
obvious choice as the source of these radicals, 
because the fragmentation is complete and 
essentially instantaneous on the - 1 nls experi- 
mental time scale at these temperatures. That 
study provided an  opportunity to  make experi- 
mental runs at  lower temperatures, 528 to 677 K,  
in which range the DTBP deconlposition goes 
0.10%-97.9% to  conlpletion during the - 1.2 n ~ s  
reaction time. The results of these lower tempera- 
ture experiments are the subject of this paper. 

While this manuscript was in preparation, 
there appeared a report of a study of DTBP 
deconlposition kinetics at  507-660 K via the very 
low pressure pyrolysis technique (3). Because of 
the low pressures involved, measured rate con- 
stants required correction for falloff effects; k, 
values were determined via R R K M  calculations. 
Resulting Arrhenius parameters reported were 
E,,, = 154.0 kJ/mol (from acetone yield) and 
E,,, = 156.3 kJ/rnol (from DTBP loss). The A 

IRevision received August 25, 1975. factors for both sets of data are S-l; 
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T A ~ L E  1. Sun~nlary of experimental conditions (reaction times -- 1200 ps; total 
pressures behind reflected shocks -- I atm) 

Initial Reaction 
Symbols pressure temperature 

Set (Fig. 1) 7' DTBI' range (Torr) range (K)  

A 0, e 0.05 90-1 60 546-677 
B A, A 0.10 95-160 553-640 
C I? 0.50 116-160 528-593 

however, in the RRKM calculations, the transi- 
tion state lllodel was chosen to  give this value, so 
it cannot be considered an independent result 

Experimental Section 
Mriterio1.s 

DTBP was obtained from K and K Laboratories. It was 
subjected to a purification process involving three suc- 
cessive freeze-pump-thaw-distill cycles in a vacuum line. 
At each distillation only the middle portion was kept. 
After purification there was no detectable impurity upon 
gas chromatographic analysis; the estimated maximum 
undetectable impurity concentration was O.Olrj,. Mathe- 
son "Ultra-High Purity" argon (99.999%) was used as 
the diluent gas for preparation of 0.05 to 0.556 DTBP 
samples. 

Apporot~is 
A 10 cm i.d. stainless steel single-pulse shock tube was 

used in the study. This apparatus and details of its opera- 
tion have been described previously (4). 

Atloljses 
Reactant and product samples were analyzed on a 

Varian Aerograph 1440 chromatograph equipped with a 
hydrogen flame detector. The column was a 10 f t  X t, in. 
column of 2054 polypropylene glycol saturated with silver 
nitrate on 80/100 mesh chromosorb W at 4OoC. The 
instrument was calibrated with 0.25% samples of ethane, 
acetone, and DTBP before and after each day's experi- 
ments to be certain that the calibration factors had not 
changed during that time. Peak areas were evaluated by 
the "cut and weigh" method. The products of each shock 
were analyzed two or three times. 

Cotiditiotrs 
Series of single-pulse shock tube experiments were run 

on mixtures of 0.05054, 0.10>',, and 0.50% DTBP in 
argon. Experimental conditions are summarized in 
Table 1. 

Colcllloli0tl.s 
Temperatures for all shocks were computed from 

measured incident shock velocities on the basis of ideal 
one-dimensional shock theory. Vibrational assignments 
and structural data for DTBP reported by McKean et (11. 
(5), supplemented by our estimates for unassigned 
torsional vibrations, were used originally in computing 
thermodynamic data for DTBP/argon mixtures. A recent 
recalculation using the torsional frequency values chosen 
by Perona and Golden (3) on the basis of entropy con- 
siderations resulted in negligibly small changes. 

The initial step in the reaction, the scission of DTBP 
to form two [err-butoxy radicals, has a = +156.9 
kJ/mol(6); but the net reaction which forms two acetone 
molecules and one ethane molecule from each DTBP 
(see Results) is quite exothermic: AH2gS0 = -180.3 
kJ/mol (6). The combination of methyl radicals to form 
ethane is sufficiently rapid under these experimental con- 
ditions (7) to yield most of the heat from this process 
during the reaction time, rather than during the subse- 
quent cooling period. The net effect is that the temperature 
of the reacting gas mixture will rise if large amounts of 
DTBP are allowed to fragment. In these experiments, 
extents of conversion did not exceed 46% in the 0.10';;; 
mixture or 6.5% in the 0.50% mixture. Changes in gas 
temperatures from exothermicity should not have ex- 
ceeded 6 K, and were not corrected for in the analysis. 

Although the gas sample is heated almost instan- 
taneously (I = 10-11 s) as the shock wave passes through 
it, the cooling process is much slower ( 4 6  X 104 K/s) 
and significant amounts of product (425cb of the total) 
are formed during the cooling process. For each experi- 
ment we have integrated over the reflected shock dwell 
time and cooling period, determined from oscillosope 
records of pressure histories, and have substracted out the 
amounts of products attributable to the cooling process 
before calculating rate  constant^.^ For these corrections. 
we assumed that the reaction is first order and assumed 
that the Arrhenius parameters reported by Shaw and 
Pritchard (1) are applicable under the conditions of these 
experiments. Both of these assumptions are justified by 
the experimental results. 

Rate constants for consumption of DTBI' were calcu- 
lated for each experiment using the integrated rate 
expression for an irreversible first order reaction. 

Results 

The DTBP deconlposition was observed to  
proceed cleanly over the range of experimental 
conditions. Only acetone and ethane and trace 
amounts of methane were produced. The rate 
data are displayed in Fig. 1. The amounts o f  
acetone and ethane were stoichiometric (2: l )  
within the + 5 %  experililental error of the 

'Experimental data and discussion of data reduction 
procedures may be obtained, at  a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 
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1.4 1.6 1.8 2.0 

1 O ~ T  K 
FIG. 1 Arrhenius plot of rate data for DTBP decompo- 

sition, as determined from ethane and acetone production 
(open symbols) and DTBP depletion (closed symbols). The 
short vertical lines connect data points from the same 
experiment. 0, 0,0.05% DTBP; A, A, 0.10% DTBP; 
0, 0.50% DTBP. Lines represent earlier published 
parameters: ( ( 1 )  recommended by Shaw and Pritchard 
(1); (h)  results of Perona and Golden (3). 

analysis, with no discernable trends t o  indicate 
higher relative concentrations of either product. 
Their concentrations as determined fro111 mul- 
tiple vpc analyses were averaged before rate 
constants were calculated. Values for rate con- 
stants determined from acetone and ethane 
product concentrations are included in Fig. 1 
only for experiments in which less than 90% 
decomposition of DTBP occurred. Above that 
limit the analytical imprecision can introduce an 
error of more than a factor of two in calculated k 
values. Figure 1 also displays rate constants 
determined fro111 extents of DTBP loss. In this 
case, values of k for experiments in which less 
than 10% decomposition occurred are subject t o  
large errors and were omitted. For  experiments 
in the range lOy0 to  90% decomposition, rate 
constants calculated from reactant loss and from 
product formation were usually in good agree- 
ment. However, four experiments in which the 
calculated k values differed by more than a factor 
of two were discarded. Four other shocks were 
also discarded because the velocity gauge signals 
could not be unanlbigi~ously distinguished fro111 
background noise on the oscilloscope traces 
and/or because of poorly formed pressure traces. 

A comparison of the data from the three 
reaction mixtures in Fig. 1 indicates that the 
reaction shows first order behavior throughout 
the range of cxperi~nental conditions. The 
Arrhenius parameters deduced from the data are 
log A (s-') = 15.33 + 0.50, En,, = 152.3 + 
5.8 kJ/mol. These values are identical, within the 
uncertainty specified (one standard deviation in 
the least squares analysis), t o  the values reconl- 
mended by Shaw and Pritchard (1) over the 
range 363-623 K,  and t o  the values deduced by 
Perona and Golden (3) over the range 506-660 K. 
If the five experiments at  temperatures above 
645 K, corresponding t o  > 80% decomposition. 
are removed from the least squares reduction, 
thc values log A = 15.84 i- 0.67, E,,, = 157.9 
-k - 7.5 kJ/mol are obtained. As a matter of 
record, inclusion of the eight points that were 
thrown out for what were deemed justifiable 
reasons would result in a considerable increase in 
scatter in Fig. 1 and therefore higher standard 
deviation; but the change in E:,c,,, would be an  
increase of 4 kJ/mol. In  the least squares reduc- 
tion that yielded the above results, 1/T was taken 
as the independent variable, log k the dependent 
variable. 

Discussion 

In perfornling kinetics studies in shock tubes. 
it is often the case that uncertainties associatecl 
with measurements of the reaction temperature 
are much larger on a relative basis than un- 
certainties in logarithms of rate constants 
calculated from measured extents of reaction. 
When temperatures are determined from calcula- 
tions based on incident or reflected shock 
velocity, scatter on a n  Arrhenius plot amounting 
to  1 2 5  t o  + 50 K is common. This lack of 
precision can be overcolne by making use of the 
relative rate technique, in which another non- 
interfering first order reaction, with similar. 
well known Arrhenius parameters is run simul- 
taneously as a standard, or by performing a large 
number of experiments and using statistical 
 neth hods of data reduction t o  obtain the desired 
information. In  this study no standard reaction 
could be found which met all the requirements, 
so  the latter approach was taken. The scatter in 
Fig. 1 indicates a maximum random error of 
+ 30 K, and most points lie within + 15 K of thc 
least squares line. This latter value is the esti- 
mated maximum uncertainty associated with the 
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reading of shock arrival times at velocity Sauges 
from the oscilloscope records. 

Systematic errors in calculated temperatures 
are usually more difficult to assess; the effects of 
shock attenuation, boundary layer growth, h x t -  
ing or cooling of the gas by the reaction taking 
place and other non-ideal processes may be 
considerable. The shock tube used in this study 
has been found to yield shock speed temperature 
values that agree with temperatures calculated 
from extents of reaction of cyclohexene de- 
cyclization (4), cyclopentene dehydrogenation 
(S), and other reactions (2) in the range 900- 
1100 K. In some of the present experiments, four 
shock arrival times were recorded, allowing three 
velocity measurements. The final gauge (also 
used for monitoring the gas pressure history) was 
close to the downstream end of the tube. There 
was no consistent trend to indicate that speed-up 
or attenuation of the incident shock was occur- 
ring. The location of the gauges prevented the 
need for extrapolating measurements at one 
location to  a reacting gas at another location 
along the tube. 

A final argument against significant systematic 
temperature error (more than a few degrees K) 
is the excellent agreement between rate constants 
from the shock tube data and the earlier reported 
results, particularly in the 525-550 K range 
where the latter are believed to be quite reliable. 

The measurement of reaction times can intro- 
duce systematic errors into calculated rate 
constants, if performed in~properly. In the 
present study, because of the large tube diameter 
(10 cm i.d.) and small sample withdrawn for 
analysis (-50 cm3), the sample should have 
occupied only a short length of the tube during 
reaction. Thus, there is no need for reaction time 
averaging. Also, the pressure transducer and 
sampling port are located such that the samples 
withdrawn for analysis should have been located 
at the transducer under reflected shock condi- 
tions, so no correction from the reaction time 
indicated on the pressure history was necessary. 
A necessary condition for the foregoing argu- 
ments to be correct is that there was no signifi- 
cant mixing of the gas after the initial shock 
heating/cooling cycle, by subsequent unattenu- 
ated waves. With our apparatus and experimental 
procedure it is impossible to  detect small 
amounts of post-experiment mixing, and it would 
be naive to  assume that absolutely no perturba- 

tions propagated through the gas after cooling. 
However, if such perturbations did occur, they 
were not of sufficient intensity to introduce 
driver gas into the samples extracted for analysis. 
A series of five shocks was run on pure argon at 
T = 600-700 K, using as the driver gas helium to 
which substantial amounts of n-butane were 
added. Products withdrawn immediately after 
the shocks contained no traces of organic 
material. 

Another source of error in rate constants is the 
boundary layer of cool gas that forms along the 
shock tube walls. Inclusion of some of this gas in 
the analyzed sample will cause apparent rate 
constants to  be too low. Samples containing 
1-57, unheated gas will result in log k values 
that are subject to  negligible error if the reaction 
temperatures are low, but the errors become 
important at higher temperatures at which large 
extents of reaction are expected. In these experi- 
ments the laree tube diameter and short reaction " 
time should have resulted in relatively low 
percentages of boundary layer gas in the analyzed 
samples. However, it will be noted in Fig. 1 that 
the -five experiments above 645 K give rate 
constants which group slightly below the least 
squares line and which lower the calculated 
activation energy by 4.6 kJ/mol. Thus the experi- 
ments in which extents of conversion exceeded 
80% may have been affected significantly by this 
source of error. 

Conclusions 

This single-pulse shock tube study of the 
thermal decomposition kinetics of di-tert-butyl 
peroxide has yielded Arrhenius parameters that 
are in excellent agreement with results from 
earlier studies in static and flow reactors as 
reviewed by Shaw and Pritchard, and with the 
very low pressure pyrolysis study by Perona and 
Golden. This adds support to  the validity of the 
VLPP technique and supports the adequacy of 
the RRKM calculations as applied to this system. 
The possible downward curvature of the Arr- 
henius Plot noted at high temperatures by Shaw 
and Pritchard in their compilation of earlier 
published data is not reproduced in this study. 
Thus the A factor appears to remain very high 
and constant from 363-677 K, over which 
range the rate constant varies by ten orders of 
i~lagnitude. Even at the highest temperatures, 
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LEWIS 585 

with very high extents of decomposition, the 
pyrolysis is essentially free of side reactions under 
the l~on~ogeneous  shock tube conditions. 
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Waman spectra of pyridine adsorbed on a series of 
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T. A. EGERTON, A. H.  HARDIN, and N. SI-IEPPARD. Can. J. Chen~. 54, 586 (1976). 
As with other silicas and aluminas, it is shown that a broad general fluorescence from Y 

zeolite samples excited by irradiation with the 6328 A line of a He/Ne laser can be greatly 
reduced by heating the zeolite in oxygen at  500 'C. This general fluorescence is attributed to the 
ixesencc of' traces of' ~~nsaturated hydrocarbon impurities which can be burned off by the 
oxygen treatment. A narrower residual fluorescence in the region of' 14 000 - 14 500 cm-1 is 
attributed to the presence of' Fe3+ impurities. 

Successf'ul Raman spectra using He-Ne laser excitation have been obtained from pyridine 
adsorbed on oxygen-treated N a y  zeolite, and on samples of' this zeolite in which the majority 
of' sodium ions have been replaced by Lii, Ki-, Co2+, Cu2+, Ce" or H' (decationated Y 
zeolite). The position of' the vl Raman band Prom the ring-breathing mode of'pyridine is f'ouncl 
to give a linear correlation with q / r  for the metal ions (where (I is the charge and 1. the radius of 
an ion) strongly s~~ggesting that the main adsorption is at cation sites. During adsorption of 
pyridine on CeY the spectrum changes as a f~~nc t ion  of' time. Adsorption on Ce3+ appears to be 
the final s i t~~at ion and intermediate Ranian spectra suggest that pyridine adsorbs and forms 
hydrogen bonds with surface OH groups; q ~ ~ i t e  different Raman spectra are obtained from 
these two surface species. The Raman spectra of' pyridine on HY zeolite is consistent with the 
coexistence of' pyridinium ions and hydrogen-bonded pyridine molecules. 

T. A. EGERTON, A. H. HARDIN et N. SHEPI'ARD. Can. J. Chern. 54, 586 (1976). 
Comme avec d'autres silices et alumines, on montre ~ L I ' L I ~ ~  lluorescence gCnCrale large 

provenant d'Cchantillons de zeolithe-Y excitCe par Line irradiation avec la ligne 6328 A de laser 
He/Ne peut &tre grandement rCduite par chautfage de la zColithe dans I'oxygtne B 500 "C. On 
attribue cette fluorescence gCnCrale h la presence de traces d'impnretes d'hydrocarbures in- 
saturCs qui peuvent &tre bri11Cs par le traitenlent avec de l'oxygkne. On attribue une fluorescence 
risiduelle plus Ctroite dans la rigion de 14 000 B 14 500 cm-1 B la presence d'impuretes de Fe3+. 

On a pu obtenir des spectres Raman, utilisant I'excitation laser He/Ne, pour de la pyridine 
adsorbee sur une ziolithe N a y  traitee B I'oxygkne et sur des Cchantillons de cette ziolithe dans 
lesquels la majorit6 des ions sodi~im ont it6 remplacks par des ions Li+, K', CoZi, Cu2-I-. 
Ce7+ ou H+ (zeolithe-Y dicationnee). On a trouve que la position de la bande Raman vl  pour 
le mode de pulsation ~ L I  cycle de la pyridine donne une correlation lineaire avec q / r  pour les 
ions mCtalliques ((I est la charge et r. est le rayon tle I'ion), ce resultat suggkre fortement qLie 
I'adsorption principale est au niveau des sites cationiques. Durant I'adsorption de la pyridine 
sur le CeY, le spectre change en fonction du temps. Ladsorption sur CejC semble Stre la situa- 
tion finale; les spectres Raman intermidiaires suggkrent que la pyridine s'adsorbe et forme des 
ponts hytlrogknes avcc les groupes O H  de la surface. On obtient des spectres Raman Irks 
diffirents B partir de ces deux espkces de surface. Le spectre Raman de la pyridine sur la ziolithe 
HY est en accord avec la co-existence d'ions pyridinium et de molCcules de pyridine liees par 
tles ponts hydrogknes. 

[Traduit par le journal] 

Introduction groups that remained in the zeolite after dehydra- 
Infrared spectroscopy has been widely used in tion (2). Later Papers reported the spectra of  

studies of zeolite surface (1). Early adsorbed species and showed that the infrared 
studies focussed attention on the hydroxyl spectra of adsorbed lnolecules were, in suitable 

cases, sensitive t o  the nature of the charge- 
'Present address: Tioxide International Ltd., Billing- balancing catiolls (3, 4). B~ Llsing such probe 

ham, Teesside, England. 
Tresent address: Energy Research Laboratory, De- nzolecules, information about the electrical fields 

partment of Energy, Mines and Resources, 555 Booth at the zeolite surface was obtained (3). 
Street, Ottawa, Canada KIA OG1. Ward has shown that pyridine is a most useful 
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probe inolecule for studies of zeolite surf;tces 
(5, 6). The pyridine can adsorb on zeolites in a t  
least four different ways, ((1) by physical adsorp- 
tion, (b) by hydrogen-bonding to  surface O H  
groups, (c) by proton-transfer from a surface 
O H  group to  form a pyridinium ion, and ((1) by 
the formation of a coordinate bond, either t o  a 
charge-balancing cation or to three-coordinate 
A13+ ions of the aluminosilicate framework. The 
latter A13+ sites may be generated during the 
thermal deconlposition of the hydrogen form of 
the zeolite. Each of these main types of inter- 
action gives rise to  characteristic bands in the 
infrared spectrum (5), but the infrared spectra 
are not readily distinguishable for the two pos- 
sibilities of forming coordinate linkages with 
the surface. 

111 this paper we describe some features of the 
Ranlan spectra of pyridine adsorbed on ion- 
exchanged forms of zeolite Y, and considerably 
extend our earlier brief report of the spectruin 
of pyridine on N a y  (76). The spectrum of 
pyridine on the ammonium-exchanged form of 
inordenite has been reported by Hendra et (11. 
(8). At monolayer coverage a single Raman line 
at  1004cn1-I was observed and assigned to 
pyridine hydrogen-bonded to  the surface. Buech- 
ler and Turkevich (9), as part of a survey 
laser-Ranlan study of a number of surfaces, 
reported the Raman and fluorescence spectra of 
the Eu(II1) Y zeolite itself. Angel1 (10) has 
recently recorded Raman spectra of 16 natural 
and synthetic zeolites and also obtained Raman 
spectra of acetonitrile, propylene, acrolein, and 
carbon dioxide adsorbed on the sodium forins 
of A, X, and Y zeolites. The spectra of the 
adsorbed n~olecules were in these cases very 
similar to  the liquid-state spectra, indicating that 
only weak adsorption had occurred. 

The application of laser-Raman spectroscopy 
t o  surface chemistry studies has recently been 
reviewed (1 la,  116). It is not yet a routine matter. 
A major problem has been the minimization of 
a broad background emission which is associated 
with the adsorbent itself (7-12, footnote 3), 
although it may become enhanced in the presence 
of certain types of adsorbate (7b, 9, footnote 3). 
If this emission is not reduced it gives rise to  a 
strong background signal upon which the Raman 
spectrum of the adsorbed species is superim- 

posed. Since in a photon-counting situation the 
noise is proportional to  the square root of the 
totnl signal, the inuch weaker Raman spectruln 
of the surface species can easily become lost in 
the overall noise level. 

Egerton et (11. (70, 76) on the one hand, 
Buechler and Turkevich (9) and more recently 
Cooney et (11. ( l lo) ,  have independently shown 
that with oxide-based catalysts this emission call 
be much reduced, and for some silicas eliminated, 
by heating the sample in oxygen for a number 
of hours (at 500 "C is suggested in refs. 7a, 7b; 
a t  600-650°C is suggested in ref. 9). These 
groups attribute the success of these procedures 
to the 'burning-off' of small amounts of fluores- 
cent hydrocarbon impurities from the oxide 
surfaces. Increases in emission when such Sam- 
ples are initially heated to intermediate tempera- 
tures in air or in vacuum (7,8, 10, 12, footnote 3) 
may, in this picture, be attributed to the con- 
version of saturated hydrocarbon impurities to  
unsaturated and conjugated ones which generate 
fluorescence but can only be 'burnt-off' a t  higher 
temperatures in oxygen. Others (12) have 
attributed the 'fluorescence' t o  the presence of 
tightly hydrogen-bonded water molecules close 
to Lewis sites. 

It has been found (76) that the oxygen treat- 
ment of a number of aluminas, silica-aluminas 
and zeolites. leaves behind a residual weaker but 
still broad fluorescence of different characteristic 
frequency (ca. 14 100 cnl-', of half-width ca. 
1000cm-I). This has been provisionally attributed 
to the presence of small amounts of fluorescent 
Fe3+ ions which have replaced a proportion of 
A13+ ions in tetrahedral environments. 

Work bv Buechler and Turkevich (9) and in .. , 

this laboratory4 has shown that, unlike the 
sharper Raman features whose wavenumbers 
move precisely with that of the exciting line, the 
broad-background emissions remain kssentiallv 

L. 

fixed in position although the intensities vary as 
the exciting line approaches. These experiments 
show that these broad enlissions may be correctly 
termed fluorescence (or phosphorescence) back- 
grounds. 

In this paper we report the main features of 
the fluorescent background spectra obtained 
from seven cation-exchanged forms of zeolite Y, 
and the Raman spectra of pyridine adsorbed on 

3A. H. Hardin and N. Sheppard, unpublished results. 4D. Flint and N. Sheppard, unpublished results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



588 CAN. J. CHEM. VOL. 51, I976 

these samples after heating with oxygen had 
reduced the fluorescence to  a minimum. 

In  Angell's earlier work (10) successful Raman 
spectra from adsorbed molecules were only 
obtained on Na-zeolites. He reported that the 
purest zeolite samples gave the weakest back- 
grounds but that, where such a background was 
present, heating in oxygen, air, or vacuum at  
500 "C did not eliminate but increased it. Our 
finding is that, as before (7), heating our zeolite 
samples in oxygen greatly re(1~1ced the initial 
fluorescence but did not eliminate it, there being 
a residual fluorescence of different profile as 
described above for alumina-containing samples. 
The initial fluorescence grew back slowly with 
time on heating in vacuum. It  should be borne 
in mind that Aagell's measurements were made 
using the 4880 A Ar line. Also Buechler and Tur- 
kevich (9) found that only R a q n  lines from 
EuY were excited by the 63710A line of an 
Ar/Kr laser whereas the 4880A line excited 
both a Raman and a fluorescence spectrum. The 
differences in excitation may hence account for 
the differences in comparative strengths of the 
fluorescence backgrounds. 

Experimental 
The ion-exchanged zeolites used in these experiments 

were prepared from two different batches of Linde N a y  
zeolite. (SK-40 Lot Nos. 51-31 and 12996-46). Both 
batches had a silica-alumina ratio in agreement with the 
formula Na56(A102)56(Si02)136.264H20. The latter batch 
was used for studies of pure N a y  and for preparation of 
highly exchanged (>70Ci;,) LiY and KY. Lot No. 51-31 
was used for the preparation of CuY-50,5 COY-80, 
CeY-71, and NH4Y-64. The exchange procedures have 
been described previously (13). The NH4Y-64 was con- 
verted to HY-64 by heating to 500 "C for 12 h in air. 

For spectroscopic studies 1 g portions of the hydrated 
zeolite were pressed into self-supporting 25 mm discs at  
10 tons psi. The cells were designed in the light of our 
earlier experience, which showed that stopcock-grease 
vapours can contribute strongly to the background 
fluorescence (7b). The design is illustrated in Fig. 1. The 
Rotaflo Teflon taps gave adequate vacua when properly 
set and cleaned. As an added precaution the cells were 
protected by liquid-nitrogen traps from any source of 
condensable vapours in the vacuum line. Typically, the 
cell was precleaned by heating it empty for 4 h at  500 "C. 
Sample discs were introduced a t  C ,  (Fig. I), and the cell 
was sealed. With the Teflon tap H removed, a slow stream 
of oxygen was passed in through A and out at  H ,  while 

5Through this paper the nomenclature MY-X will 
be used to describe an N a y  zeolite in which X% of the 
sodium has been replaced by cations of M. 

FIG. 1. A sealed cell for obtaining Raman spectra of 
zeolite adsorbents and adsorbates under grease-free con- 
ditions. A, oxygen gntry; B, seal-off point; C, disc entry; 
D, optical window; E, quartz-to-glass seal; F ,  quartz 
tube; G ,  sample disc; H, Rotaflo Teflon tap; I, low- 
temperature trap; J, ball-joint. 

the zeolites were heated at 80, 130, 330 "C for successive 
I h periods and then above 500°C. When heating was 
complete the tube A was withdrawn and the cell was 
sealed by drawing OR the inlet at  B, and then immediately 
evacuated for 1 h, usually at  330 "C, but in some cases at  
a lower temperature in order to keep the background low. 
Details of zeolite pretreatment are given in Table 1. 
Background spectra of the zeolites in the untreated, 
oxygen-treated, and final evacuated state were recorded 
from AV = - 1500 cm-1 to AV = +3500 cm-I wi$ re- 
spect to the red exciting line at 15 802 cm-' (6328 A). 

The discs were allowed to cool to 20 "C before being 
exposed to pyridine vapour. The pyridine adsorbate 
(redistilled BDH Analar Grade) was degassed by four 
freeze-pump-thaw cycles before use. Adsorption of the 
vapour was initially from doses of fixed size and finally 
from the vapour in equilibrium with the liquid adsorbate. 
Generally the spectrum was observed after the addition of 
several 0.2 mmol aliquots. Spectra were not always ob- 
servable at  low coverage, but in all cases at  least one 
Raman feature was observed after the disc had been 
exposed to the equilibrium vapour pressure of pyridine. 
In the cases of COY-80 and CuY-50 the blue or mauve 
discs absorbed a considerable fraction of the red excita- 
tion line and gave weak Raman spectra. 

Raman spectra were recorded with a Spex Industries 
laser Raman spectrometer using a Spectra-Physics Model 
125 He-Ne laser, 90" illumination-collection optics, and a 
Model 1401 double monochromator. The principal neon 
lasing line at  15 802 cm-1 was employed. I t  yielded 40-60 
mW with r.f. stabilization. Sample discs were held at an  
angle of 30" (from grazing) to the exciting radiation. The 
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EGERTON ET AL 

TABLE 1. Details of the pretreatment of the zeolite samples 

Oxygen pretreatment Vacuum pretreatment 
Fluorescence 

Temperature Time Temperature Time recovery 
Zeolite ("c) (h) ("c)  (h) at 430 cm-1 

Nay-100 500 16 330 1 2.5X 
LiY- > 70 570 72 250 1 1.5X 
KY- > 70 610 24 330 I 6 X 
HY-64 500 45 100 I 2 X 
COY-80 510 2 1 330 I 2 X 
CuY-50 520 18 330 I 4X  
CeY-71 520 40 330 1 2 X 

beam was focussed to a point behind the front face of the 
sample disc to avoid localized heating (when localized 
heating occurred it sometimes led to an increase of the 
background fluorescence when adsorbate was present). 
Other details of sample alignment, cell holders, and 
spectrometer conditions have been reported elsewhere 
(76). 

Spectra were usually recorded a t  8.0 cnl-1 resolution in 
order to give higher energy at  the detector, but even then 
scan speeds as low as 5 or 10 cm-l/min had to be used. In 
a few special cases the 1000 cm-1 region was scanned at 
2.5 or 4.0 cm-1 resolution. Survey spectra were also run 
at  8 cm-1 resolution but at  100 cm-l/min and with a time 
constant of 0.25 s. Consequently these spectra were noisy 
and weak features were difficult to locate to within 
k 10 cm-1. We did not investigate in detail the weak 
spectra of the zeolites themselves. Frequencies within the 
spectra of each pyridine-zeolite system were calibrated 
with respect to the non-lasing lines. 

All spectra were measured with the samples a t  20 "C 
neglecting any heating of the zeolite disc by the laser 
beam. The latter could have been of importance when 
making measurements with the highly coloured Cu2+ and 
Co2+ samples. A conventional glass vacuum system. 
capable of maintaining a vacuum of 10-6 Torr, was used 
for disc pretreatment and for dosing the adsorbate. 

Results 

Fluorescent background spectra were normally 
very broad and strong for zeolite samples that 
had not been heated in oxygen at  500°C or 
above and it was not feasible t o  obtain Raman 
spectra of adsorbed molecules (or of the zeolite 
itself) from these. Fluorescence ll~axima occurred 
between 15 000 and 15 500 cm-'; (Av - 800- 
300 cm-I). 

After initial heating of the zeolite samples in 
oxygen, as specified in Table 1, Raman spectra 
from the adsorbents were obtainable superim- 
posed on the 111uch weaker scattering back- 
grounds. Figure 2a shows such a spectrum from 
a zeolite HY sample. The residual fluorescence, 
centred in different samples between7 - 14 000 - 

14 500 cm-' (Av - 1800-1300 cm-I), is si~llilar in 
form to that found previously with alumina- 
containing oxides (7b) and attributed to the 
presence of Fe3' impurities. Table 2n lists the 
frequencies of the fluorescence maxima and ap- 
proximate half-widths of the bands. Additional 
fluorescence reappeared when the zeolites were 
subsequently evacuated at  elevated temperatures 
(Table 1) and the same information is given for 
these fluorescence spectra in Table 2b. The maxi- 
ma at  this stage nornlally fell in the original 
higher frequency region of 15 000 - 15 500 cm-' 
and a spectrum from zeolite H Y  is shown in 

FIG. 2. Raman and fluorescence spectra of an HY 
zeolite sample after heating the zeolite in oxygen at  
500 "C (lower spectrum) and after subsequently retaining 
the sample itz vncrlo for 1 h a t  100 "C (upper spectrum). 
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TABLE 2. Positions (cm-1) of maxima in the residual 
fluorescence of samples that had been preheated in oxygen 
near 500 "C, and in spectra showing increased fluorescence 
after subsequent heating in vacuum as specified in Table 1 
(a) Frequencies at the maxima of residual lluorescence 
features, and their half-widths, after heating above 500 "C 

in oxygen (Table 1) 

Zeolite Frequencies (cm-1) 

LiY-70 
KY-70 
Nay-  100 
HY-64 
COY-80 
CuY-50 
CeY -7 1 
ZnY-62 

(b) Frequencies of main fluorescence background 
features after subsequent evacuation as specified in Table 1 

Zeolite Frequencies (cm-1) 

Fig. 26. A renewed cycle of heating in oxygen 
led reproducibly to the same residual fluorescence 
spectrum. 

I t  was possible to  observe Raman lines super- 
in~posed on these weaker fluorescent back- 
grounds without difficulty, particularly those 
obtained after heating in oxygen. With our 
experimental arrangement some of these sharp 

features arise fro111 the quartz window of the 
cell and others fro111 the zeolite salnples them- 
selves. Because it is dificult to make clear-cut 
distinctions between weak sub-~naxima on the 
fluorescent backgrounds and the R a ~ n a n  lilies, 
except in the region below Av = 550 cm-' where 
the stronger Rainan lines of the zeolites are 
expected, Table 3 lists only the sharp features 
observed in the readily accessible region of 
AV - 550 t o  250 cm-I for the sainples heated in 
oxygen. Our experiments using the relatively 
weak He-Ne laser were not designed so  as t o  
obtain strong spectra from the zeolites. Much 
stronger Rainan spectra of quartz and Y-zeolite 
have keen observed by Angel1 (10) using the 
4880A line from an argon-krypton laser; his 
frequencies are also recorded in Table 3. The 
less significant features in our spectra that can 
be assigned to  Raman scattering from the quartz 
window are indicated by italics. 

Ranla11 scattering fro111 pyridine adsorbed on 
the oxygen-pretreated zeolites were recorded 
over the accessible range of fundamental frequen- 
cies i.e. 350-3200 cm-'. The positions, half- 
height widths, and relative peak heights of all 
the bands observed in the spectra of pyridine 
adsorbed on HY-64, LiY->70, Nay-100, and 
KY->70 are shown in Table 4 and compared 
with the values for pyridine liquid run at  the 
same resolution. In the cases of pyridine ad- 
sorbed on COY-80 and CiiY-50 only single weak 
bands were observed, at  1018cm-' in both 
experin~ents. Since the bands in this region of 
the spectrun~ of pyridine are normally much 
stronger than any others, the other frequency 
regions were not scanned for pyridine on these 

TABLE 3. Raman frequencies ( +  10 cm-1) observed from zeolites after heating in 
0 2  above 500 "C 

Zeolite Frequencies (cm-1):': 

LiY-70 
Nay-100 
KY -70 
HY-64 
Quartzj 
Nay-1 00t 
COY-80. 
CuY-50 
CeY-71 

*s = strong, m = medium, rv = weak, v = very. None are very strong on a n  rtbsolutc scnlc. 
tFrom ref. 10. 
;The only Ramnn line observed. 
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TABLE 4. Principal bands in the Raman spectra of pyriditle adsorbed on ion-exchanged zeolites 

Symmetry 

( 4 )  
(A,) 
('41) 
( 4 )  
(B1,Al) 
('41) 
('41) 
(A,) 
(Bl) 
(A,) 

Position AV (cm-1) Half-height width 6v12 (cm-') Relative peak height (rpll) 

Mode Liquid*' HY LiY N a y  Liquid* HY LiY Nay  KY Liquid" HY LiY N a y  KY 

*Spectra rccordcd ;I[ 8 cm-', a s  for  the adsorbed s1;ilc. 
TWard (6) givcs thc following vnlucs for infrared bands lhnt c:ln prob;tbly be ;~ssigned to u s , ,  and U g h  respectively: Li, 1594(s), 1573(rn); NB,  1588(s), 1570(w); K ,  159O(s). 1575(m); in the Raman 

spectrum of N a y  and K Y  wc obscr\,cd additional we:~k lines :I[ 1615 (N:I): 1607 ( K ) .  These a re  close to infrared frequuncics ;~ssigned lo  oombirlation harids in Ferrni rcsonnllcc will1 tllc nearby 
fundamentals. 

t lni t ia l  stages of adsorplion. 
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FIG. 3. A comparison of complete Raman spectra of pyridine adsorbed on KY and on CeY zeolites. 
The spectrum on CeY was the final one to be obtained (see Fig. 6). 

zeolites. CuY and COY are very probably poor 
Raman scatterers because of their colours. The 
dehydrated CuY turned from pale green t o  
purple after exposure t o  pyridine vapour and 
the COY was a dark blue throughout the experi- 
ment. Attempts t o  increase the intensity of the 
Raman radiation scattered from CuY were not 
successful. Focussing the laser beam upon the 
face of the zeolite disc only caused the back- 
ground t o  rise sharply but this stopped when the 
beam was defocussed. This effect is probably 
caused by localized heating. Hendra (14), has 
estimated that  this can amount t o  as much as 
300 "C above ambient for black or blue samples. 

The Raman spectrum observed for CeY-71 
which had been exposed t o  pyridine for an 
extended period was markedly different from 

other spectra of pyridine that we have observed 
on zeolites, aluminas or silicas. The frequencies 
observed in the pyridine on CeY-71 spectrum 
are as follows: 1654(w), 1638(w), 1619(s), 
1534(vw), 1503(s), 1397(w), 1374(s), 1278(w), 
1246(n1), 1215(n1), 1042(w), 1020(n1), 998(w), 
979(m), 781(w), 729(n1), 664(w), 436(w). The 
Raman spectra of pyridine on KY-70 and on 
CeY-71 are contrasted in Fig. 3. 

In all previous work with adsorbed pyridine 
the strong Raman lines in the 1OOOcm-' region 
arising from the fundamentals vl and v12 proved 
t o  be most sensitive t o  eilvironment and t o  
adsorption processes (7, 8). The positions, 
halfband-widths, and relative intensities of the 
observed pyridine Ranlan lines between 975 and 
1040 cnl-' are summarized in Table 5. Since 
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EGERTON ET AL. 593 

TABLE 5. Raman spectra in the 1000 cm-1 region of pyridine adsorbed on ion-exchanged zeolites at 
different pressures of pyridine vapour 

Position AV (cm-1) dvl l2 (cm-I ) Relative peak height 
IJc 

(Torr) "I 2 "1 v ~ 7 ~  "12 v1 v17c "12 "I "170 

Liquid (ir) 1028 990 
(Raman) 1030 991 980 8 7 78 100 

HY-64 small 1014 sh 
4 1035 999 9 12 46 100 

(17) (1001) 
LiY->70 1 1036 1002 13 I 4  25 100 

(15) 
16:: (1004) 

Nay-100 1036 1002 10 12 61 100 
KY- > 70 1 1034 996 9 10 59 100 

(16) (997) 
COY-80 10.5 10187 11 100 
CuY-50 16.5 lOl8i 11 100 
CeY-7 1 16: 979 12 17 i I;;: 100 63 

sh s h 
163 1028 998 15 -10 90 100 

*Spectrum little changed by pumping for 12 h at 20 "C.  
t w e a k  spcctm. 
f Intermediate spectrum, see tcxr. 
5F1nal spcclrum, see text. 

the band positions depend solnewhat on cover- 
age the Av values observed both at  equilibrium 
(16-17 Torr) and at lower pressures of pyridine 
are listed in sonle cases. For CuY, COY, and 
CeY, v1 is close to 1020 cm-' and for these 
samples no bands were observed of measurable 
intensity near 1035 cm-'. However, as noted 
earlier, the CuY and COY spectra are very 
weak because of the strong sample colouration. 

Figure 4 shows the 1OOOcm-' region of the DOSE 

spectrum for pyridine adsorbed on KY-70 as a 
function of pyridine dosage. The first seven 
doses of pyridine were of approximately equal 
size (-200 ~ n l o l )  but for doses eight to eleven 
the sample disc was exposed to pyridine vapour 
in equilibrium with the liquid for different 
periods. In Fig. 5 the intensities of the V, and v12 
Raman bands for KY-70 are plotted as a func- 
tion of the number of pyridine doses to which 
the sanlple had been exposed. The bands initially 
increased approximately linearly with dosage 
but reached a maximum intensity soon after 
six or seven doses of pyridine had been adsorbed. 
By contrast similar plots for the adsorption vs .  
dosage on HY-64 were also smooth but had no 1030 10 0 0 97 0 
initial linear sections. c m-' 

Small changes were observed in the intensities, 
FIG, 4. The growth of the and v12 Raman lines of 

widths, and frequencies the Raman pyridine on KY zeolite as a function of dosage by the 
bands on standing or on pumping. Rescanning adsorbate. 
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DOSE 2 Ce Y 

D O S E  

FIG. 5. The intensities of the vl and "11 Raman lines of 
pyridine on KY zeolite as a function of dosage. 

a sanlple with a dose of adsorbed pyridine after 
several hours sometimes gave bands with re- 
duced half-widths. In addition to expected losses 
in intensity, pumping at room or higher tempera- 
tures frequently gave rise to residual bands of 
somewhat greater width. These changes were 
sonletinles acconlpanied by frequency changes 
slightly in excess of the normal uncertainties 
of *2 cn1-'. 

No spectrum was observed when the first dose 
of pyridine was adsorbed on CeY-71. The CeY 
was subsequently exposed to the saturated 
vapour pressure of pyridine for 80 min, and 
during this time the vl-vl2 region was scanned 
continuously. Initially a very broad ill-defined 
band appeared, as shown in Fig. 6. After 76 min 
the broad band resolved itself into two conl- 
ponents at ca. 998 and 1028 cnl-'. Four minutes 
later the tap to the adsorption cell was closed 
and after another 12 nlin the spectrum showed 
that the bands had shifted to considerably lower 
frequencies, 979 and 1020 cnl-l. The 1020 cm-I 
band is stronger but a weak shoulder could still 
be seen at 998 cm-' in subsequent spectra. The 
cell, sample, and alignment were not altered 
during these spectral measurements. There were 
no further significant changes in band positions, 
although the intensities increased slightly. 

Desorption of pyridine from the CeY-71 
sample by pumping for 7 h at 20 "C and 20.5 h 

FIG. 6. The Raman spectra in the 1000cm-I region 
from pyridine adsorbed on a CeY zeolite developing as a 
function of time under the saturated vapour pressure of 
pyridine. 

at 65 "C decreased the 1020 and 979 cm-' band 
heights by 40y0 but the widths and positions 
remained constant. 

Discussion 

The high fluorescence background obtained 
from many oxide adsorbents has limited the 
Raman data that can be obtained from adsorbed 
n~olecules. In our previous work (7u, 70) and 
that of Buechler and Turkevich (9) it has been 
shown that for the silicas this fluorescence can 
be virtually eliminated by heating the sample in 
oxygen above 500 or 600°C and that, with this 
type of adsorbent, the fluorescence does not 
rapidly return on standing itz vuc~ro at tenlpera- 
tures between 500 "C and ambient. Both groups 
of workers attribute this oxygen-removable 
fluorescence to the presence of hydrocarbon im- 
purities that can be burned off in oxygen. 

With alumina-containirig adsorbents (as with 
the zeolite samples studied here) heating in 
oxygen above 500 "C again greatly reduces 
fluorescence, but this is more liable to grow 
back again under heated vacuum conditions 
(76). In the silica case the evidence that hydro- 
carbon inlpurities cause this oxygen-removable 
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I ET AL. 595 

fluorescence is indirect but nevertheless strong. 
Thus the fluorescence is greatest with oxide 
sa~nples that are known t o  be contaminated with 
hydrocarbons or near warm grease vacuum-taps, 
and it becomes stronger in the presence of added 
hydrocarbons such as 11-heptane or benzene or 
other organic n~olecules such as furail (9, foot- 
note 3). The re-growth of fluorescence with a 
similar frequency profile when alumina-con- 
taining absorbents and zeolites remain for 
periods i12 vuc~io at  elevated teinperatures may 
plausibly be attributed t o  recontamination with 
traces of hydrocarbons despite experimental pre- 
cautions t o  minimize this. The combination of 
vacuunl conditions and higher temperature is 
most conductive t o  the diffusion of impurities in 
the gas phase. The resulting intensity of the band 
depended sensitively on the temperature and time 
of evacuation. For example the intensity of back- 
ground scattering near 500 cm-' in HY-64 
zeolite grew by more than two orders of magni- 
tude over the value for the oxygen-treated 
sample when heated 1 h at  330°C in a cell 
vacuum of 5 X lO-'Torr. By contrast evacu- 
ation at  100 "C for 1 h led to  an increase of only 
a factor of 2 near AV = 600 cm-' (Fig. 26). The 
other zeolites could be evacuated at  temperatures 
up t o  330°C without too serious a regrowth in 
fluorescence. The finding t h i ~ t  a sinlilar regrowth 
of fluorescence is much less pronounced with 
silica adsorbents may be accounted for by 
postulating that the acidic alumina surfaces 
Inore readily decompose saturated hydrocarbo~l 
inl~urit ies into unsaturated and fluorescent 
products. If this is true the absence of fluores- 
cence is not necessarily an  indication of the ab- 
sence of traces of impurities in the form of 
saturated hydrocarbons. 

Unlike ourselves and Coolley el (11. ( l l a ) ,  
Angell (10) has not found heating in oxygen at  
500°C to  be efficacious at  greatly reducing 
fluorescence from his zeolite samples. However 
the finding, that 'activating' zeolite samples (10) 
or alu~llinas (Careri cl 01. (12)) at  higher 
tenlperatures leads t o  increased fluorescence, is 
also explicable in ternls of conversion of hydro- 
carbon contanlinants into fluorescent forms. 
Careri et (11. (12), and more recently Hendra and 
Turner,"ave shown that heating such samples 

J. Hendra and I. D. M. Turner, private communi- 
cation. 

in vac~io at  very high tcmperaturcs (> 800 "C) 
removes the fluorescence oncc again, perhaps by 
volatilization of the residual hydrocarbons. 

We have previously show11 that with alumina- 
containing adsorbents there remains a weaker 
fluorescence background with a diferent profile 
(broad maxima centre in the ii- = 14 000 cm-I 
region). By analogy with work by Pott and 
McNicol (l5l1, 156) on transition metal impuri- 
ties in alumina-containing oxides and zeolites. 
we have attributed this weaker residual fluores- 
cence t o  Fe3' ions rcplacing AI3' in tetrahedral 
environments. They found an Fc" enlissioil 
band between 15 000 and 13 700 cm-I depending 
on the state of zeolite hydration (15) and, as 
described in the experimental section, all our 
residual fluoresceilce peaks from different zeolites 
fall within the ccntre part of this frequency range. 
However ncither F e 3 '  in tetrahedral or octa- 
hedral environments can be postulated as thc  
source of the original or the regenerated fluores- 
cence in the 15 000 - 15 500 cm-I region and the 
assignment of this to  hydrocarbon impurities 
seems the ~llost  satisfactory one. 

We d o  not propose t o  discuss in detail the 
Ranlan bands listed in Table 3 which arise fro111 
vibrations in the bulk of the crystalline zeolite 
framework. However we note that changes in 
cation led to  changes in the detailed frequencies 
of lines which might be worth further investiga- 
tion. This should preferably be carried out using 
higher-power laser excitation (such as the 4880 A 
argon line used by Angell (10)) and a n  experi- 
mental arrangement that minimises contribu- 
tions to  the spectra froin the quartz window. 

Fairly complete Ranlan spectra from adsorbed 
pyridine were obtained for HY, LiY, N a y ,  and 
KY and the main features of these are listed in 
Table 4. The very different final spectra obtaincd 
on CeY is listed in the text of the results section. 
More complete results for the 1000 cm-' region 
of the Raman spectra, which contains the adsorp- 
tion-sensitive ring-breathing modes of vibration 
vl and v l ~  of pyridine, are given in Table 5 for 
these zeolites and for CuY and COY which gave 
weak single-line spectra. 

Infrared studies show that the surface concen- 
trations of O H  groups is very snlall for the 
alkali-metal Y-zeolites after heating above 450 "C 
(5, 6, 16, 17). With CuY and COY two zeolite 
surface O H  groups have been detected at  450 "C 
but they are weak in con~parison with those 
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='r 

FIG. 7. The position of the v, Raman lines of pyridine 
adsorbed on different cation-containing zeolites as a 
function of q / r  where q is the ionic charge and r the 
ionic radius. 

observed with HY (18). Nonacidic hydroxyl 
groups are also present and are assigned to 
MOHf species. It will be recalled that all our 
samples have been heated for several hours at 
500 "C in oxygen. It seems unlikely that in these 
cases the pyridine molecules interact mainly by 
hydrogen bonding, or by proton transfer, with 
surface O H  groups. By analogy with the results 
of Barrer et al. (19) for benzene adsorption on 
NaX, we would expect a limiting adsorption of 
approximately five pyridine molecules in each 
supercage of N a y .  U p  to  four charge-balancing 
cations could occupy the site I1 positions sur- 
rounding any given supercage. Therefore few 
pyridine molecules will be unaffected by the 
presence of the charge-balancing cations. The 
charge-balancing cations therefore seem the most 
likely sites of specific adsorption and it is very 
satisfactory t o  find that the frequency vl of the 
main band correlates in a linear fashion (Fig. 7) 
with q / r ,  where q is the cation charge and r its 
radius as taken from the Handbook of Chenlistry 
ancl Physics (20). In the cases of CuY, COY, and 
CeY it is assumed that vl is to be identified with 
the strongest line (or the only line observed) in 
this region of the Raman spectrum. The 
straight-line plot in Fig. 7 extrapolates very 
satisfactorily to  991 cm-' i.e. very close to  the 
value of vl for liquid pyridine. These results are 
in good general agreement with infrared measure- 
ments involving the ca. 1440 cm-' frequencies 
of the pyridine molecule which also indicate 

FIG. 8. Raman spectra of pyridine adsorbed on HY 
zeolite as a function of dosage. (a )  background, (b) dose 
2, (c) dose 4. 

interaction with the cations of the alkali metals 
(5, 6). In Fig. 7 it has been assumed that we are 
still dealing with Ce(II1). It should perhaps be 
mentioned that some oxidation to  Ce(IV) might 
have resulted from the oxygen treatment a t  
elevated temperatures. 

For the same series of zeolites there are also 
indications (Table 4) that increasing q / r  leads 
to  weaker v12 bands compared with v l ,  and the 
former band is missing in the spectra of CuY, 
COY, and CeY. V6a and V6b show increasing 
intensities along the alkali metal series Li to K. 

In the case of decationated HY, the initial 
'balancing cation' is a proton which immediately 
forms OH groups attached to  the alumino- 
silicate framework. Infrared studies show that 
there are two main types of O H  groups with 
frequencies near 3650 and 3545 cm-l, of which 
the former is more acidic and forms pyridinium 
ions (17, 21,22), while the latter hydrogen-bonds 
to  adsorbed pyridine. The observed Raman 
spectra from pyridine on H Y  (Fig. 8) seem to be 
consistent with the infrared findings. Thus the 
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pair of bands at 1035 and 999 cm-' are consistent 
with values of v12 and vl expected for hydrogen- 
bonding to OH groups; they may also in part 
be caused by interaction with the residual Na+ 
ions in HY-64. Another Raman line at about 
1014 cm-I (possibly with two conlponents) is 
observed at lower coverages and persists at 
higher coverages. It is as expected for a pyridin- 
ium ion (7b, 8) such as has previously been 
identified by infrared spectroscopy (23). Hendra 
ei al. (24) have recently discussed the difficulty 
of characterising pyridinium ions on surfaces in 
the presence of hydrogen-bonded species. How- 
ever the zeolite HY, with its multiple acidic 
OH'S, possibly constitutes a favourable case. 
These alternative sites possibly account for a 
nonlinear increase of intensity of vl and v12 from 
hydrogen-bonded species with dosage. 

CeY is an intermediate case in that infrared 
studies show that the same type of OH groups 
are present as on decationated HY (17) but that 
adsorption to Ce3+, rather than the formation of 
pyridinium ions, occurs at room temperature. 
~nfrared work also suggests that pyridiniun~ ions 
are only forliled after heating to 70 "C (17) or 
after co-adsorption of water at room temperature. 

It was pointed out in the results section (see 
also Fig. 6) that the Raman spectra show par- 
ticularly conlplex changes as a function of time 
when pyridine is adsorbed on CeY-71. However 
the frequency of the strongest band in the final 
spectrum in the 1000cm-' region occurs at 
1020 cm-'. This frequency fits in very well on 
the plot of v1 us. ql/rl as shown in Fig. 7 and 
suggests ultimate interaction with the cations. 
The broad and ill-defined spectra in this region 
observed during the earlier phrases of adsorp- 
tion (Fig. 6) implies the presence of a variety of 
surface species. The changes of spectra with time 
may be associated with activated diffusion of 
pyridine from initial sites to  more stable ones 
(17), e.g. in supercages, or possibly with the 
movement of Ce3+ ions from inaccessible to 
accessible sites in the presence of pyridine as has 
been observed for Cu3 and Ni2+ iolis (25). 

As emphasized in Fig. 3, the final strong 
spectrum obtained from pyridine on CeY-71 is 
very substantially different from that observed 
with liquid pyridine or with pyridine adsorbed 
on KY. Thus in parallel to the movement of V, 

to 1020 cm-', which implies a strong Lewis-type 
interaction with the triply charged cation, Ce3+, 

there are remarkable increases in intensity of the 
bands at 1619, 1503, 1374, and 1246 cm-" com- 
pared with the normal pyridine spectrum. The 
bands at 1028 and 998cm-I observed in the 
penultimate spectrum (Fig. 6) suggest the earlier 
presence of pyridine hydrogen-bonded to OH 
groups which is later replaced by pyridine 
bonded to the Ce3+ Lewis sites. Earlier poorly 
defined spectra imply extra bands near 1015 cm-' 
which might originate fro111 pyridiniu~n ions. 
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DAVID I. BKADSHAW, RICHARD B. MOYES, and PETER B. WELLS. Can. J. Chem. 54, 599 (1976). 
Positive ion mass spectra of CH3SiH3 and of CH3SiD3 (nr/e 28-49) at  18 eV are reported and 

the appearance potentials of the most abundant ions measured. Modifications to published 
mechanisms of ion fragmentation are proposed. 

Methylsilane gives no parent ion and fragmentation is extensive. Accurate analysis of mis- 
tures containing CH3SiX3 (X = H or D)  can be achieved for any sample containing two or 
three of these isotopically distinguishable methylsilanes, or of all four if the composition 
possesses a certain symmetry. The deuterium content can be determined for a sample of any 
composition. 

DAVID I. BRADSHAW, RICHARD B. MOYES et PETER B. WELLS. Can. J .  Chem. 54, 599 (1976). 
On rapporte I'observation des ions positifs du spectre de masse de CH3SiH3 et de CH3SiD; 

(III/E 28-49) i 18 eV et on a mesurC les potentiels d'apparition des ions les plus abondants. On 
propose des modifications aux mkcanismes publiCs pour la fragmentation des ions. 

Le mCthylsilane ne donne pas d'ion molCculaire et la fragmentation est importante. Des 
analyses prCcises de mClanges contenant CH3SiX3 (X = H ou D) peuvent &tre effectukes pour 
n'importe quel Cchantillon contenant deux ou trois de ces methylsilanes qui peuvent &tre 
distinguts d'une fason isotopique, ou pour les quatre si la composition poss'ede une certaine 
symttrie. Le contenu en deutCrium peut &tre dCterminC pour un tchantillon de n'importe quelle 
composition. 

[Traduit par le journal] 

Introduction 

I Mass spectrometric analysis of hydrocarbons 
in which some hydrogen atoms are exchanged 

I for deuterium is widely practised, and isotope 
I tracer studies have greatly advanced our under- 

standing of hydrocarbon reactivity. By com- 
parison, isotope exchange in silicon hydrides has 
been almost completely neglected, largely be- 
cause of analytical difficulties associated with 
low or zero parent ion yields in the mass spectra. 

The objects of the present work have been to 
examine the mass spectrunl of CH3SiD3 which 
has not been reported before, and to validate a 
method of analysis for mixtures of deuterium- 

, labelled methylsilanes. This analysis represents 
a difficult case, since the parent ion concentra- 
tions are zero and ion fragmentation consider- 
able. 

Experimental 

Materials 
CH3SiH3 was pure as supplied. CH3SiD3 was prepared 

by the reduction of methyltrichlorosilane with lithium 
aluminium deuteride in dibutyl ether solution at 273 K. 
Isotopic purity was >997,. The product contained less 
than 17, dimethylsilane as the only chemical impurity. 

.ipparatus atld Metllods 
Mass spectra and appearance potentials were obtained 

using a Vacuum Generators Micromass 6 mass spectrom- 
eter. Source pressures were such (10-5-10-G Torr) that 
pressure-dependent reactions of ions were not observed. 
Appearance potentials were determined by the vanishing 
current method (1). Ionisation energy was varied in steps 
of 0.2 eV, and ion current intensities were measurable to 
f 1 PA. The ionisation energy scale was calibrated by 
measurement of the ionisation potentials of helium, 
argon, and xenon. Mass spectra have been corrected for 
the natural abundance of 2%i, 3OSi, and of 13C. 

Results 

Positive ion inass spectra of CH3SiH3 and of 
CH3SiD3 were recorded for electron beam ener- 
gies in the range 12-70 eV? The spectrum of 
CH3SiH3 at 70eV agreed with a literature 
report (2). For the purpose of analysis, it was 
necessary to use an electron beam energy lower 
than 20 eV in order to restrict fragmentation, 
but higher than 16 eV in order to  maintain a 
sufficient total ion current. Spectra of both 
CH3SiH3 and CH3SiD3 at 18.0 eV, together with 

'Full details can be obtained from ref. 5 or by corre- 
spondence with the authors. 
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TABLE 1. Mass spectra of CH3SiH3 and of 
CH3SiD3 at 18.0 eV 

CH3SiH3 CH3SiD3 

I on Major Ion Major 
current contributing current contributing 

I I I / L ,  (7;) ionso (7;) ionso 

('See Discussion. 
"lo11 currcnt nt n l / e  49 (CSiH3D3?) was zcl.o. 

the designation of the major contributing ions 
(see Discussion) are presented in Table 1. 

Appearance potentials are recorded in Table 2. 
Breaks in the curves of ion current against 
electron energy reported by earlier workers (3) 
were not observed. 

The mass spectrunl of CH3SiD3 contained 
four peaks (m:': = 41.2, 39.3, 24.5, and 17.4), 
corresponding to the decoinposition of meta- 
stable ions. These m'"values confirm the original 
assignment of the three metastable ions derived 
from CH3SiH3 (2). 

Discussion 

Mecl~anisms of' Frcrgtner~rntiorl 
The ions formed in greatest abundance froill 

CH3SiH3 have been assigned the structures 
CH3SiH2+, CH3SiH+, and CH3Si+ largely on the 
grounds that the dissociation energies of Si-H 
are generally lower than those of corresponding 
C-H bond, and that the ionisation potentials 
of silyl radicals are norinally lower than those of 
the corresponding alkyl radicals. Potzinger and 
Lampe (3) assign the ion at 717/e 45 in the spec- 
trum of CH3SiH3 as CH3SiH2+ in the neighbour- 
hood of the appearance potential, with a con- 
tribution froill CH2SiH3' above 12.9 eV where 
these authors report a break in the ionisation 
efficiency curve. The spectruin of CH3SiD3 

TABLE 2. Appearance potentials 

CH3SiH3 CH3SiDj 

Appearance Appearance 
I I I / L ,  potential (eV) r e  potential (eV) 

(Table 1) confirms that the forrllatio~l of 
CH3SiDg is a favoured process. However, loss 
of protium from carbon to give the ion CH2SiD3-i 
at n7/e 48 was negligible under all conditions, 
and no break was evident in our ionisation 
efficiency curves. Thus, by analogy, the ion at 
tn/c 45 in the spectruin of CH3SiH3 is almost 
entirely CH3SiH2+ under all conditions. 

Fragmentation of CH3SiH3 by loss of two 
atomic mass units (2 amu) to give CH3SiH' in 
the neighbourhood of the appearance potential, 
with primary formation of CH2SiH2" above 
12.4 eV has been proposed (3). Secondary 
formation of CH2SiHZi- may occur by intra- 
inolecular rearrangement of CH3SiH', since 
resonance stabilisation would tend to render the 
process energetically favourable. These primary 
and secondary routes to CX2SiX2+ (X = H or 
D) become distinguishable in the fragmentation 
of CH3SiD3 (reactions 1 and 2). 

Table 1 shows that the loss of four atomic mass 
units is inore important by an order of nlagnitude 
than the loss of three. However, the ions at 
rn/e 45 and 46 in the spectrum of CH3SiD3 have 
virtually identical appearance potentials (Table 
2) and rupture of the C-Si bond provides 
SiHD+ at n7/e 31. Thus, a sillall but significant 
proportion of ions at 717/e 45 has the structure 
CH2SiHD+. Analogously, therefore, a snlall 
proportion of ions at 777le 44 in the spectrunl 
of CH3SiH3 has the structure of CH2SiH2+. 

The same workers attribute ions of mass 43 
formed from CH3SiH3 to the structure CH3Sii- 
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(on admittedly slender grounds) with a contribu- 
tion from CH2SiHf above 15.5 eV. In the spec- 
trum of CH3SiD3 the ion current at tn/e 44 
(CSiH2Df) exceeds that at m/e 43 (CSiH3+). 
Thus protium loss from carbon appears to have 
been important, although the situation is con- 
fused by the possibility that a proportion of these 
ions may have been formed in the ion source by 
secondary processes involving the decomposition 
of the potentially metastable ion CH3SiDzf. 

The formation of SiD3+ fro111 CH3SiD3 shows 
that simple carbon-silicon bond cleavage occurs 
as a minor fragmentation reaction. 

The metastable ions observed reveal that Sii 
originates in decompositions of CH3SiX' and 
of Six2+ (X = H or D). Such decompositions in 
the ion source are responsible for ions at 
mle 28. 

Analysis of' Mixtures 
The analysis of mixtures of deuterium-con- 

taining methylsilanes by positive ion mass 
spectrometry presents special difficulties because 
of the absence of parent ions and the complexity 

of fragmentation. In the method described 
below, the reported spectra of CH3SiH3 and of 
CH3SiD3 are used to obtain the fragmentation 
spectrum of CH3SiH2D and of CH3SiHDz. A set 
of equations is derived which describes the 
con~position of each ion current over the m/e 
range 43-47 for the situation in which all four 
methylsilanes having protiun~ or deuterium 
bonded to silicon are present together. Accurate 
information concerning mixture compositions 
can be obtained in certain cases, and the deu- 
terium content of sanlples can be obtained in all 
cases. 

Fragmentation factors are defined as follows. 
The loss of one H atom bonded to silicon (Hsi) 
from CH3SiH3 is accorded the fragmentation 
factor X. (For example, X = 28.4 at 18.0 eV 
(Table 1)). Similarly, M represents the frag- 
mentation of CH3SiD3 by loss of one deuterium 
atom. 

Fragmentation of CH3SiD3 by loss of 2X 
(X = H or D) gives products distinguishable as 
to mass (reaction 3), whereas the analogous 
fragmentation of CH3SiH3 does not (reaction 4). 
[CH3SiHf]/[CHzSiHz+] is assumed equal to  PIN.  

CHzSiD2.' fragmentation factor = Ar 

fragmentation factor = Y 

Sinlilarly, for fragmentation by overall loss of 3X (X = H or D) the factors are as described in 
reactions 5 and 6 and it is assumed that [CH3Si+]/[CH2SiHi-] = R/Q. 

CH2SiD.l. fragmentation factor = Q 
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The fragmentation spectra of CH3SiH2D and of CH3SiHD2 have been derived on the assu~nptioil 
that when H-atom loss occurs the relevant factor is that observed for the analogous process in 
CH3SiH3, and muloris rj~~rta~lclis for D-atom loss. For example, the spectrum of CH3SiH2D is given 
by equations 7. 

Thus, the introduction into the mass spectronleter of a nlixture containing CH3SiH3, CH3SiH?D, 
CH3SiHD2, and CH3SiD3 will result in  ion currents the conlpositions of which are: 

where a,,, are arithmetical expressions involving 
M, N, P, Q, R, X, Y, and 2. Coefficients, a ,,,, 
derived from the mass spectra of CH3SiH3 and 
CH3SiD3 at 18 eV (Table 1) are given in Table 3. 

Although the nlatrix [8] provides five equa- 
tions containing four unknowns, equations for 
i43 and i44 can be generated from the remainder, 
and hence solutions in the general case are not 
obtainable. Nevertheless, solutions can be ob- 
tained, and hence useful analyses can be achieved, 
in the following special cases. 

Case I. Equations 8a, 80, and 8c allow the 
conlposition of a mixture of any two or any 
three of the components CH3SiX3 (X = H or D) 
to be determined. For example, mass spectro- 
metric analysis of a standard nlixture containing 
65.8 f 1.0% CH3SiH3 and 34.2 f 1.0% CH3- 

TABLE 3. Coefficients a,,, for equations 80-8~. 
(ionisation energy = 18.0 eV) 

'J,,I 'Jz.2 Qr.5 ar 6 

SiD3 gave by use of eqs. 8 the composition 
63.1% CH3SiH3 and 36.9% CH3SiD3. This is 
satisfactory agreement in view of the assump- 
tions involved. Similarly, mixtures of CH3SiH3 
with CH3SiH2D and CH3SiHD2 obtained by the 
stepwise exchange of CH3SiH3 with nlolecular 
deuterium catalysed by metals have been ana- 
lysed in this way (5). 

Case 2. Samples of deuterium-labelled methyl- 
silane may arise by exchange reactions involving 
CH3SiH3 and CH3SiD3 as reactants. When the 
initial ratio of reactants is unity, the rate of 
fornlation of CH3SiH2D and of CH3SiHD2 will 
be equal, as will the rate of removal of each 
reactant. The number of unknowns is then 
reduced to two, eq. 80 can be solved simultane- 
ously with 86 or 8c, and the remaining equation 
used as a check of the values obtained. Propor- 
tions (per cent) determined experinlentally for a 
mixture initially containing 48.07, CH3SiH3 and 
52.0% CH3SiD3 equilibrated over a molybdenum 
film at 195 K, with equilibrium proportions 
expected on a statistical basis shown in parenthe- 
ses, are CH3SiH3, 11.9, (1 1.0); CH3SiH2D, 35.1, 
(35.9); CH3SiHD2, 38.2, (39.0); CH3SiD3, 14.8. 
(14.1). 
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ample, Fig. 1 shows the standard function plot 
(6) for the determination of the first order rate 
coeflicient for thc appearance of deuteriunl in 
methylsilane during exchange between CH3SiH3 
and Dl catalysed by an evaporated nlolybdenunl 
film at 195 K. The figure shows lincar behaviour 
to 85% conversion, whereas analysis under 
special case 1 was possible only as far as 2074, 
conversion. Thus it is possible to  undertake 
kinetic investigations of deuterium incorporation 
into illethylsilailc under conditions where neither 
special case illustrated above applies. 
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Finally, a nlost inlportailt feature of this 
analysis is that the deuterium content, 4, of any 
sample containing CH3SiX3 (X = H or D)  can 
be determined using eq. 9: 

[9] 4 = i46/a2,2 + i4d2.000 - ~2,3/02.2) 

where, following custom (6) 4 = ( C / ,  CH3SiH2D) 
+ 2(% CH3SiHD2) + 3(% CH3SiD3). For ex- 
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The reaction of cis- and tvan~-l,2-dianisyl-2-phenyIvinyl-2-'~C 
bromides with acetic acid and silver acetate 

Ct-lor CHUCK LEE A N D  MITSUO OK,\ 
l ) e / ~ o t ~ ~ i ~ e ~ r t  ?/'Clretilis!ry n~itl Clretilicnl Etrgirieeri~~g, Ut~iversily of S(rskrrtcheit~rrtr, Snsk~tootr. Snsk(~tc/~e~r~crt~ S7N 0 WO 

Received July 11, 1975 

C t ~ o i  CHUCK LEE and MITSUO OKA. Can. J. Chem. 54, 604 (1976). 
The reaction of cis- or trn1~s-l,2-dianisyl-2-phenylvinyl-2-'3C bromide with HOAc-AgOAc 

gave a I : I  mixture of cis- and rrnrrs-l,?.-dianisyl-2-phenylvinyl-2-l3C acetates with no isotopic 
scrambling according to pmr and cmr analyses. The lack of degenerate 1,Zphenyl shift in this 
system is in contrast with the finding of about 7% scrambling in the analogous reaction with 
triphenylvinyl-2-13C bromide and mechanistic implications of this difference are discussed. 

Cnor CHUCK LEE et MITSUO OKA. Can. J. Chem. 54, 604 (1976). 
La reaction des bromures de dianisyl-I,?. ph6nyl-2 vinyl-2 13C cis ou rt.nrrs avec un melange 

d'acide acetique et d'acetate d'argent conduit k un melange d'acitates de dianisyl-1,2 phCnyl-2 
\.zi~~yl-2 13C cis et trotrs dans lequel il n'y a pas eu de repartition des isotopes; ces analyses ont i t6 
effectukes par rmp et rrnc. L'absence de deplacernent dCgCnCrC de phCnyle des positions 1 i 2 
dans ce systkme est en opposition avec les resultats obtenus anterieurement alors que l'on avait 
observe 7% de repartition des isotopes dans la reaction analogue du bromure de triphinyl- 
vinyl-? l3C; on discute des implications mecanistiques de cette difference. 

[Traduit par le journal] 

There is considerable interest in vinyl cations 
and a nuniber of reviews on the subject are 
available (1-4). Recently in this laboratory, 
' T-labeling coupled with cmr analysis was used 
to nieasure the extents of degenerate rearrange- 
nients arising froni 1,2-aryl shifts in triarylvinyl 
cations (5, 6). It was found, for example, that 
the reaction of triphenylvinyl-2-13C bro~iiide 
(1-Br-2-' 3C) and of trianisylvinyl-2-' 3C broniide 
(2-Br-2-13C) with HOAc-AgOAc resulted, re- 
spectively, in about 7 and 20% scranibliiig of the 
label from C-2 to C-1. In the present work, the 
same technique is utilized in a study with cis- and 
trci1u-l,2-di-~1-niethoxyphenyl-2-phenylvinyl-2-~~C 
(1,2-dianisyl-2-phenylvinyl-2-I T )  broiiiides (cis- 
and trans-3-Br-2-13C) in an attenipt to gain 
further inforniation regarding the niechaiiistic 
aspects of degenerate rearrangements in triaryl- 
vinyl cationic systems. 

Rappoport and Apeloig (7) have prepared and 
determined the stereocheniistry of cis- and 
trrnu-3-Br. Various solvolytic experiments were 
carried out including the AgOAc catalyzed 
acetolysis which gave a 1 :1 mixture of cis- and 
tmu-3-OAc from either cis- or t~~ans-3-Br. Very 
recently, these sanie workers (8, 9) reported 
further on their extensive work on cis- and trans- 
3-Br as well as the cis-chloride and the cis- and 
tra~zs-mesylates under a variety of solvolytic 
conditions, iniplicating the involveriient of ion 

pairs and dissociated ions and their return 
processes. An equilibriuni cis-tr(111.s distribution 
in HOAc for the bromides, chlorides, and ace- 
tates was found to be 54:46 (8), which was n 
slight modification of the previously reported 
ratio of 1: 1 (7). 

For the present study on possible degenerate 
1,2-phenyl shifts, cis- and rm11s-3-Br-2-'~C were 
prepared by the reactions outlined in Schenie 1. 

AnH - AnCH2C"OAn PhMgBr AnCH2C*(OH)(Ph)An 
AICli 

cis- or ( ~ ) - 3 - B r - 2 - ' ~ ~  trans- or ( ~ ) - 3 - B r - 2 - " ~  

(major) (minor) 

Acetolysis of cis- or ucrns-3-Br-2-13C in the 
presence of AgOAc gave an. essentially 1 : 1 niix- 
ture (no attenipt was made to differentiate 
between 1 : 1 and 54:46) of cis- and ~rtws-3-0-AC 
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LEE AND OKA 605 

I 
80 7 0  &O 50 4 0  1.0 2 0  ppm 

FIG. 1. The pmr spectra of 1,2-dianisyl-2-phenyletl1- 
anol, 4. ( A )  unlabeled diastereomeric mixture; (B) purified 
major diastereomer (40-2-i3C) derived from reaction with 
90:i.b enriched cis-1,2-dianisyl-2-phenyI~inyl-2-'~C bro- 
mide (cis-3-Br-2-13C). 

x-13C. For plnr and cnlr analyses, this ~nixturc 
of acetates was coilverted to 1,2-dianisyl-2- 
phenylethanol-x-' 3C (4-x-13C) (5, 6), which was 
of advantage since the C-1 and C-2 13C sigilals 
would be clearly separated from the aromatic 
region and their absorptions would be enhanced 
by the ~luclear Overhauser effect. 

For~nation of 4 should give a nlixturc of thc 
erythro and tlrreo diastereomers. Figure 1A 
shows the prnr spectrum of ordinary 4 prepared 
fro111 unlabeled cis- and tratzs-3-OAc. From the 
intensities of the CH30 absorptions, the ratio of 
the two diastereomers, to be designated 40 and 
40, was found to be about 70:30. Figure 1B 
shows the plnr spectrum of the purified major 
isomer, 40-x-13C, derived from the cis- and 
trans-3-OAc-x-13C product obtained from the 
reaction of 90% enriched cis-3-Br-2-13C with 
HOAc-AgOAc. The chenlical shifts for this 
isomer, in both the pmr and clnr spectra, are 
summarized in Table 1. From Fig. 1 B, the 13C 
satellites for the C-2 proton can be clearly seen 
(J = 127 Hz), while there are no nleasurable 

TABLE 1. Proton and carbon-13 magnetic resonance 
of 1,2-dianisy 1-2-phenylethanol 

(one isomer, elytlrro or tllreo, 4a-2-IlC) 

OH 

I I 

H,, H,, 
(N) Proton magnetic resonance 

Proton 6(CDCI3), ppm from TMS 

OH 1H broad singlet 2.15 
0 C H 3  6H 2 singlets 3.68,3.72 
H,, 1Hdoublet 4.12 

J I I ~ I I ~  = 9 HZ 
J,,cEIb = 127 H i  

H a  1H doublet 5 . 2 2  
Aromatic 12H multiplets 6.64-7.32 

( 6 )  Carbon-13 magnetic resonance 

&(acetone-d6). 
Carbon ppm from TMS 

C- 1 76.4 
C-2 59.9 

J13 1 i C 2  = 38 HL 
='I 

C H 3 0  55.2 (55.12,55.20):;: 
Aromatic carbon> 113.6, 114.0,126.3. 

128.5,128.7,129.3. 
130.7 

Aromatic quaternary carbons 135.3,137 .O, 144.2. 
158.7,159.1 

'Numbers in  the  pnrentl~eses show the two rnethox~l absorptions 
when the spectral width was expanded from 5000 Hz to IWO Hz. 

satellites for the C-1 proton, suggesting no 
scrambling of the 3C-label from C-2 to C- 1. The 
same conclusion was drawn fro111 the p1nr spec- 
trum of a 20:80 mixture of 4a-x-13C and 
40-x-13C, a fraction of the diastereomeric mix- 
ture which contained a greater proportion of 
the minor isomer, 40-x-13C. These results, indi- 
cating no isotopic scrambling, are in agreement 
with the observations fro111 the cmr studies 
described below, and thus 40-x-I 3C and 40-x-I 3C 
are actually 40-2-13C and 40-2-13C. 

In the crnr studies, the13C contents at C-1 and 
C-2 can be obtained, as described previously (6), 
by measuring the relative intensities in the cmr 
spectrum using the CH3O absorption containing 
13C in its natural abundance as an internal 
standard. Reactions with HOAc-AgOAc were 
carried out with 45 and 90% enriched cis-3-Br- 
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A 

FIG. 2. 1 H-decoupled cmr spectra of l,2-dianisy l-2- 
phenylethanol, 4. ( A )  unlabeled diastereomer 40; (B) 4a- 
2-13C derived from reaction with 305; enriched tratrs- 
1,2-dia11isyl-2-phenylvinyl-2-~~C bromide (trrrrr.s-3-Br-2- 
I3C). 

1~~ C-1 
76.4 C-2 

5B.s 55.2 

9 38Hzk- a 
A>& 

2-I 3C and with 30% enriched trc1tz.s-3-Br-2-I 3C. 
Figure 2, A and B, respectively, show the 
'H-decoupled cmr spectra of unlabeled 40 and 
40-2-13C derived from one of the acetolysis 
experiments, in this case, the reaction with 30% 
enriched ti~ans-3-Br-2-13C. As stated earlier, the 
chemical shifts are surnnlarized in Table 1. The 
intensity ratios from the cmr spectra and related 
data are given in Table 2. Since 11/1, for the 

C-2 

CHSO 

unenriched 40 with its natural 13C abundance 
of 1.1 % and for the 40-x-13C derived from the 
reaction with 30% enriched trrrt~.s-3-Br-2-'~C are, 
respectively, 1.08 and 0.66, the 13C content at 
C-1 in the 4n-x-13C from this reaction would be 
(0.66/1.08) X 1.1 = 0.7%. This 13C intensity for 
C-1 is less than natural abundance because of 
the decrease in absorption due to  3C1-1 3C2 COUP- 

ling. An illustration of this decrease in intensity 
for the C-1 absorption is given by Fig. 3, which 
is an expanded and amplified spectral region 
showing the C-1, C-2, and C H 3 0  absorptions 
for the 40-2-13C derived from the reaction with 
90% enriched cis-3-Br-2-13C. 111 the reaction 

FIG. 3. Expanded cmr spectrum showing the C-1, C-2, 
and CH30  absorptions of 4n-2-13C derived from reaction 

J, 
with 90';h enriched cis-3-Br-2-L3C. 

TABLE 2. Data from the cmr spectra of 1,2-dia11isyl-2-p11enyIethanol (purified diastereomer 4a or 40-2-13C) derived 
from reaction of cis- or t,at1s-l,2-dianisyl-2-phenylvinyl-2-l3C bromide (cis- or ~ratrs-3-Br-2-~3C) with HOAc-AgOAc 

13C content at C-1 (O/ ; ; )$  
Intensity ratiol 

I 3C enrichment From Calculated for 
Reactant (76)" [I 1 4 12 /Is cmr no scrambling 

Unenriched 1.08 1.01 
cis-3-Br-2-13C 90 0.06 - 0.1 0.1 
cis-3-Br-2-13C 45 0.35 - 0.4 0 .6  
tratrs-3-Br-2-13C 30 0.66 - 0.7 0.5 

- 

'Based on the commercial designation of 90% enrichment without dilution o r  diluted with carrier by frlctors of 2 and 3. 
711, 11,  and l3 arc, respectively, the integriited intensities for C- I ,  C-2, and the CHyO internal standard, 12/Ir for the labeled compounds being 

t o o  large for  measurement. 
:I3C a t  C-l less decrease due to 'JC,- 'KC? coupling. 
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LEE AND OKA 607 

with 30% enriched 1rcrns-3-Br-2-~ 3C, if there 
were no 13C scrambling from C-2 to  C-1, cor- 
recting for the L3C1-13C? coi~pling, the calcu- 
lated 13C content a t  C-1- would be (1.0 - 0.3) 
X 1.1 = O.8yO, which is in agreement with the 
value obtained from the cmr intensity ratios. 
Similar agreements were observed for the reac- 
tion with 90 or 45% enriched cis-3-Br-2-13C 
(Table 2), indicating that there was no cleteclnble 
isotopic scrambling resulting from degenerate 
1,2-phcnyl shifts in the reaction of cis- or  
rrm~s-3-Br-2-I 'C with HOAc-Ag0Ac.l 

The absence of degenerate rearrangenlent and 
the formation of a nearly equal mixture of cis- 
and trans-3-OAc from the reaction of cis- or  
trcrrzs-3-Br with HOAc-AgOAc indicated that, 
in agreement with previous conclus io~~s  (7-9), 
the reaction took place via classical vinyl cations 
without anchinleric assistance. However, it is of 
interest t o  note that for the analogous reaction 
of triphenylvinyl-2-I 'C bromide (1-Br-2-I 'C) 
with HOAc-AgOAc, about 7% scrambling of 
the label fro111 C-2 to  C-1 was observed (5). In 
discussing the relative migratory aptitudes of 
the anisyl and phenyl groups in vinyl cationic 
systems, such as in solvolyses of cis- and trnns- 
2-anisyl-1,2-diphenylvi1lyl bronlide (cis- ancl 
rrnrzs-5-Br), Rappoport and Houminer (10) havc 
pointed out that a number of factors have to  be 
considered. If the b r i d ~ e d  ions 6 and 7 were taken 
as models for the transition states in the Ph ancl 

Ph 
/'t ',\ 

A? 
: +: An, t 

An-C=C-Ph Ph-C=C-Ph ph,C=C-Ph 

An migrations, their relative stabilities compared 
with ion 8 would depend on such factors as the 
stabilization achieved by charge delocalization 
on the bridging group, the deconjugation of the 
migrating group and the enhanccd conjugation 
of the nonmigrating group with the vinylic 
double bond, and the possibility of partial posi- 

tive charge formation at  the 8-carbon. The effect 
of ground state conjugation between the wary1 
group and the vinylic double bond in accounting 
for the lower solvolytic reactivity of arylvinyl 
relative to  saturated systems has been demon- 
strated by Yates and PCriC (11). Extending the 
treatment to the 8-aryl substituents, it has been 
suggested (ref. 10, and private communication 
with 2. Rappoport) that the loss of conjugation 
between the migrating group and the double 
bond in going from ion 8 to 6 or 7 may be more 
important for the anisyl than the phenyl group, 
thus favoring 6 over 7 and accounting for the 
observation that the ratio of anisyl to phenyl 
migration in vinylic systems is apparently lesser 
than in saturated systems. 

In  considering the possible degenerate 1,2- 
phenyl shift in the present 1,2-dianisyl-2-phenyl- 
vinyl system in relation to that  in the triphenyl- 
vinyl system, if bridged ions 9 and 10 were taken 
as models of the transition states for the phenyl 
migration, since the migrating group in both 
cascs is the same, the effects of stabilization by 

chargc delocalization on the bridging group and 
of the loss of conjugation of the migrating 
group with the vinylic double bond should be 
similar. On the other hand, enhanced conjuga- 
tion of the nonmigrating group and possible 
partial positive charge formation at  the 8-carbon 
should favor 9 over 10, and increase the pos- 
sibility of Ph nligration in the 1,2-dianisyl-2- 
phenylvinyl system. The observed results are 
contrary to  this expectation. The lack of scramb- 
Iing in the reaction of cis- or tr(rns-3-Br-2-"C 

!Since experimental errors in the nmr intensity measure- 
with HOAc-AgOAc noted in the present study 

ments may be relatively large, small extents of scrambling therefore, be attributed the greater 
may not be detectable by this method. The present results stability of the a-anisyl substitl~ted ion 11 over 
do indicate that the scrambling is very low, probably that of the a-phenyl substituted ion 12, so that  
0 + 2%. Professor Z .  Rappoport (private communica- tile conversion of 11 to 9 would require a higher 
tion) has informed us that under different conditions, activation thall the collvers~on of 1 2  to such as the reaction of cis- and lt.rit1s-3-Br with 2,2,2-tri- 
fluoroethanol in the presence of lutidine, some degenerate 10. It may also be pointed out that Banner 
I ,2-phenyl shift was observed. Putkey (12) have found that there was less 
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1,2-anisyl migration in the deanlination of 
1,2,2-trianisylethylarnine- 1-I4C than 1,2-phenyl 
rnigratio~l in a similar deamination of 1,2,2- 
triphenylethylamine-1-I4C. The delocalization of 
the cationic charge at  the migration terminus has 
been suggested as playing an important role 
(12, 13). From this point of view, the greater 
charge delocalization in 11 over 12, thus giving 
a less electrophilic migration terminus and lesser 
tendency for migration for 11, would also fit 
the present results. 

It is of interest t o  note that Stang and Dueber 
(14, 15) have found that solvolyses of trans-1,2- 
dimethyl-2-phenylvinyl triflate involved the 
phenyl bridged ion with anchimeric assistance, 
while reaction of the cis-isomer proceeded via 
the classical vinyl cation. It is also well known 
that an  increase in the stability of a carbocation 
generally decreases the probability of anchimeric 
assistance (16, 17). In triarylvinyl cationic sys- 
tems, when the a-aryl group is anisyl, the 
stability of the classical cation is high and there 
is no anchimeric assistance in reactions involving 
a-anisylvinyl cations. In the case of the triphenyl- 
vinyl cation, however, its stability being inter- 
mediate between the I,2-dianisyl-2-phenylvinyl 
and 1,2-dimethyl-2-phenylvinyl cations, the pos- 
sibility cannot be excluded that phenyl participa- 
tion with anchimeric assistance may be an  
explanation of the scramblings observed in the 
reaction of triphenylvinyl-2-I 3C bromide with 
HOAc-AgOAc (5) or in the solvolyses of 
triphenylvinyl-2-I4C triflate (18). A comparison 
of the triarylvinyl and the 1,2,2-triarylethyl sys- 
tems is also of interest. Bonner's work (12) 
indicated that the anisyl shift in the 1,2,2- 
trianisylethyl cation is less than the phenyl shift 
in the 1,2,2-triphenylethyl cation, and this is in 
contrast with the observation of more anisyl 
shift in the trianisylvinyl cation than phenyl 
shift in the triphenylvinyl cation (5, 6). If phenyl 
participation were t o  play a role in the triphenyl- 
vinyl system, and if only classical ions were 
involved in the trianisylvinyl system, than a 
direct comparison should not be made with the 
saturated triarylethyl systems since both the 
1,2,2-triphenylethyl and the 1,2,2-trianisylethyl 
cases apparently involved classical ions. Further 
work is currently underway in this laboratory in 
an effort t o  ascertain whether phenyl participa- 
tion occurs in reactions with triphenylvinyl 
systems. 

Experimental 

Desoxyr~~~isoit~-cr~rbo~~y/-l~C (13) 
p-Anisylacetic acid-carboxyl-l3C was prepared from 

reaction of AnCHzMgCI with 13C02 (90% enriched as 
BaI3CO3, Merck, Sharp and Dohme Canada Ltd.) as  
previously described for the analogous preparation of the 
IjC-labeled acid (19). The labeled acid (3.25 g, 19.5 
mmol) was converted to  the acid chloride by refluxing for 
1 h with 5.0 g (42 mmol) of SOCII. Cyclohexane (10 ml) 
was added and the excess of SOC12 was removed with the 
cyclohexane under reduced pressure. The residual labeled 
acid chloride was used directly for the Friedel-Crafts 
acylation. 

T o  a solution of the labeled acid chloride and 4.30 g 
(40 mmol) of anisole in 40 ml of CSI was added gradually 
4.0 g (30 mmol) of A1C13. The deep red reaction mixture 
was stirred at  room temperature for 15 min. The excess 
CS: was distilled off and the residue was poured into cold 
2 N HCI. The white precipitate was collected and redis- 
solved in 200 ml of tetrahydrofuran (THF). The solution 
was washed with 105; NaOH and then with a saturated 
solution of NaCI. After removal of the solvent, the prod- 
uct was recrystallized from ethanol, giving 3.70 g (745; 
based on the p-anisylacetic acid-carboxyl-IT) of 13, mp 
110-1 11 "C (an unlabeled, commercial sample (Aldrich) 
melted at 110-1 12 "C), pmr (CDC13) for the unlabeled 
compound, 6 3.73, 3.80 (two CH30 ,  two singlets), 4.15 
(CH2, s), and 6.77-8.07 (aromatic, m). For the labeled 
compound, the methylene protons showed long range 
coupling with the carbonyl-13C, J13CCII, = 6 Hz. Atlot. 

calcd. for C,,HI6O3 (90% 13C enriched a t  the carbonyl 
carbon): C 75.10, H 6.27; found: C 75.08, H 6.24. 

1,2-Diat1isy/-I-plrer1y/etl1~11o/-l-~~C (14) 
A solution of 3.70 g (14.5 mmol) of 13 (900; enriched) 

in 80 ml of T H F  was added over a period of 1 h to a 
Grignard solution prepared from PhBr (6.0 g, 38 mmol), 
Mg (1.5 g, 62 mmol), and THF (601111). The resulting 
mixture was refluxed for 2 h and then poured into 200 ml 
of Hz0 containing NH4CI (20 g) and NH40H (4 ml). The 
crude product was collected, washed with CC14, and 
recrystallized from ethanol, giving 3.80g (79%) of 14, 
mp 11 1-112 "C. The pmr spectrum of the unlabeled com- 
pound, prepared in the same way, showed 6 2.30 (OH, 
broad s), 3.53 (CH?, s), 3.68, 3.72 (two CH30, two 
singlets), and 6.60-7.43 (aromatic, m). The labeled com- 
pound also showed long range coupling of the CHI pro- 
tons with the 13C at C-l  (J13CCH, = 4 Hz). Atla/. calcd. 

for C22H2203 (90% I3C enriched a; C-1): C 79.06, H 6.62; 
found: C 79.02, H 6.63. 

The mp of unlabeled 14, previously prepared by the 
same reaction but with benzene as solvent, was reported 
as 84-85 "C (7), considerably lower than the presently 
observed 11 1-1 12 "C. In the mass spectrum, the base peak 
for unlabeled 14 has m/e = 213 (M - AnCHz), while 
tn/e of the base peak for desoxyanisoin is 135 (AnCOf). 
The previous workers (7) reported that the base peak for 
unlabeled 14 was 135, suggesting that possibly their 
sample might be contaminated by desoxyanisoin. More- 
over, the reported analytical data also suggested con- 
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LEE AND OKA 609 

tamination since the H content was found to be 6.32'1 in 
comparison with the calculated value of 6.63';. 

i .  I 1 1 - 1 , - D i 1 1 i s / - 2 - p / 1 e / i 1 / - 2 - C  B~.o~iiirlc..~ 
(cis- N I I ~  ~ ~ ~ I I I S - 3 -  BI.-2-13C) 

A solution of 3.80 g (I 1.3 mmol) oT 14 in 200 rnl of 
HOAc was heated in an oil bath at  S5 'C for 3 11. The 
resulting solution was cooled in an ice bath, 1.0 ml of 
Br2 in 8.0 ml of HOAc was added gradually, and the 
mixture was stirred for 10 min before being poured into 
H z 0  which contained I.Og of Na?S203 to destroy the 
excess Br?. The resulting mixture was left standing over- 
night before the precipitated product was collected. 
Analysis by pmr (7) indicated that the crude product 
consisted of a mlxture of cis- and rrrrlrs-3-Br-2-13C in a 
ratio of about 9:l. Fractional crystallization was elTected 
with C H 3 0 H  as solvent, with the minor trrrrrs-isomer being 
recovered from the concentrated mother liquor after long 
standing (1-2 days). Several crops of the major or minor 
product were conlbined and recrystallized from CH3OH 
to give 2.0 g (45';;) of cis-3-Br-2-l3C, mp 116-1 17 "C 
(lit. (7) n ~ p  117 "C), and 0.25 g (5yG) of I I ~ N I I ~ - ~ - B ~ - ~ - ~ ~ C ,  
mp 122-123 "C(lit. (7, 11) mp 135-136 'C, 131 "C). AIIN~.  
calcd. for C??Hl,Br02 (90% 13C enriched at  C-2): C 66.92, 
H 4.83; found: (cis-isomer), C 66.94, H 4.98, (trrrlrs- 
isomer), C 66.94, H 5.16. The pmr spectra of the un- 
labeled cis- and 11,o11s-3-Br, prepared in the same way as 
described above, were in agreement with previously 
reported data (7), pmr (CDCI3) cis-isomer, 6 3.68, 3.75 
(two CH30 ,  two singlets), and 6.50-7.37 (aromatic, m); 
1r.rrrls-isomer, 6 3.73; 3.80 (two CH30,  two singlets), and 
6.63-7.45 (aromatic, In). 

R~rrctiorr qrcis- or. / ~ . ~ I I . s - ~ - B I . - ~ - ~ ~ C  ~, i / / r  HOAc-AgOAc 
The procedure for the acetolysis of cis- or 11.rr11s-3-Br-2- 

in the presence of AgOAc was similar to that described 
by Rappoport and Apeloig (7). A mixture of 1.5 g 
(3.8 mmol) cis-3-Br-2-13C (909; enriched), 0.70 g (4.2 
mn~ol) AgOAc, 35 ml HOAc, and 2.5 ml Ac.0 was 
heated under reflux for 1.5 11. The hot reaction mixture 
was filtered and the solvent was evaporated off. The 
residue was redissolved in CC14, washed with Hz0  and 
NaHC03 solution, dried, and the solvent removed to give 
a product mixture (1.2 g, 85%) whose pmr was consistent 
with that reported for unlabeled cis- and /r~r11~-1,2-dian- 
isyl-2-phenylvinyl acetates, pnlr (CDCI3) 6 1.95, 2.00 (two 
AcO, two singlets, 1:l ratio), 3.77, 3.83 (two CH30 ,  two 
singlets), and 6.65-7.33 (aromatic, nl). This product was 
utilized without further purification for conversion to 
I ,2-dianisyl-2-pI1enylethanol-s-'3C for cmr analysis. 

For the acetolysis of lr.o11s-3-Br-2-l~C, the labeled 
bromide (0.20 g, 90(ji, enriched) was diluted with 0.40 g 
of unlabeled material and the resulting 305/; enriched 
1rrrlrs-3-Br-2-13C was treated with HOAc-AgOAc in the 
same way as in the reaction with the cis-isomer. A 1:l 
mixture of cis- and /r.rr11s-3-OAc-s-'-1C (0.45 g, 90(/;) was 
obtained, pmr (CDCI,) 6 1.97, 2.00 (two AcO, two 
singlets, 1 :1 ratio), 3.78, 3.83 (two CI-130, two singlets), 
6.67-7.32 (aromatic, m). 

trorneter by the same procedures as previously described 
for 1,2,2-trianisylethanol-.Y-I3C (6). In a typical experi- 
ment, the mixture of cis- and ~ ~ . ~ I I I ~ - ~ - O A C - , Y - ~ ~ C  from the 
reaction of 90yG enriched cis-3-Br-2-13C was reduced 
twice with LiAlH? in T H F  (6). The resulting oil was 
crystallized from ethanol, the pmr spectrum of which 
indicated that it consisted of a mixture of diastereomers, 
formed in a ratio of about 70:30 based on the C H 3 0  
absorptions. In an analogous run with unlabeled mate- 
rials, a similar 70:30 mixture of diastereomers nas  
obtained, pmr (CDCI,) 6 2.06 (OH, broad s), 3.62, 3.68, 
3.72 (CH30 ,  three singlets, major isomer, 3.68, 3.72, 
minor isomers, 3.62, 3.68), 4.12 (C-2 H, d?  J = 9 Hz), 
5.22 (C-1 H ,  d), and 6.56-7.35 (aromatic, m). 

After the labeled 70:30 mixture of diastereomers was 
recrystallized three times from ethanol, the major di- 
astereomer, 40-s-13C (0.25 g) was obtained, mp 123- 
124 "C. Its pmr and cmr data, as given in Tables 1 and 2. 
indicate no scrambling and that 4rr-s-I3C is in fact 
4r1-2-13C. Alrrrl. calcd. for C??H1203 (9054 I3C enriched at 
C-2): C79.06, H 6.61; found: C 79.16, H 6.35. 
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Dipolar and calorimetric study of the complexes between 
N,N-dimethyl- N'-phenylformamidines and phenols 
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ALFRED F. FOUBERT and PIERRE L. HUYSKENS. Can. J. Chem. 54, 610 (1976). 
The dipole moments p, of N,N-dimethyl-N'-phenylformamidine and its 4-methylphenyl and 

4-chorophenyl derivatives and the dipole moments pa,, of some 20 complexes of these bases 
with phenols were determined in cyclohexane at  298 K. Assuming the additivity of the bond 
moments, the angles a, between pl, and the axis C1C4 of the phenyl group were computed for 
the three bases. Dipole increments A; = &,, - t, - t, were then computed assuming the 
hydrogen bond involved the electron pair of the sp? hybridized imino nitrogen atom. The vari- 
ation of the A p  computed in this way with the complexation enthalpy AH,, is described by the 
same curve as that for the systems phenols-anilines and phenols-pyridines. This is not the case 
when other structures are chosen for computing A p  and this provides evidence for the 'imino' 
structure of the complexes. For a given amidine, the dipole increment increases when the proton 
donor becomes more acidic. The derivative dAp/dpK, here is of the order of -0.5 D per pK, 
unit whereas this value is only -0.2 for the pyridines. The absolute values of AP are also greater 
for the amidines. This can be ascribed in part to a higher proporticn of H-bonds of the ion pair 
type 0-. . .H+N, when the amidine is complexed by the same phenol as the pyridines. 

ALFRED F. FOUBERT et PIERRE L. HUYSKENS. Can. J. Chem. 54, 610 (1976). 
Les moments dipolaires p,, de la N,hr-dilnCthy1 N'-phCnylamidine et de ses dCrivCs 4-mCthyl- 

phCnyl et 4-chlorophCnyl ainsi que les moments dipolaires d'une vingtaine de complexes de ces 
bases avec divers phCnols d'acidite croissante ont it6 dCterminCs dans le cyclohexane k 298 K. 
Les angles a,, entre la direction de PI, et celle de l'axe C1C4 du groupe phCnyle ont CtC calculCs 
pour les trois bases en supposant l'additivitd des moments de liaison. Les increments dipolaires 
- p = + p :,,,- z:, - tll ont CtC calculCs dans l'hypothkse oh le pont d'hydrogkne se forme dans 
la direction de la paire Clectronique de I'atome d'azote imino avec une hybridation sp,. Les 
valeurs de A p  ainsi dCterminCes varient avec l'enthalpie de co~nplexation AH,,, suivant une 
ronction qui est la m&me que celle des systkmes phbnols-pyridines et phCnols-anilines. Ceci 
n'est pas le cas lorsque l'on calcule A p  s ~ l r  la base d'une structure ditTirente. Ces rCsultats consti- 
tuent donc un argument en faveur de la structure 'imino' de ces complexes. Pour une amidine 
donnee, I'incrCment dipolaire augmente avec l'aciditd du donneur de proton. La dirivbe 
dA~/dpK:, est ici de l'ordre de -0.5 D par unit6 pK, alors qu'elle n'atteint que -0.2 dans le 
cas des pyridines. La valeur absolue de A p  est aussi plus Clevie pour les arnidines. Ceci peut 
Ctre attribud, cn partie, b une proportion plus ClevCe de ponts d'hydrogkne du type ionique 
0-. . .H+N lorsque I'an~idine est complexie par le meme phinol que les pyridines. 

Introduction 

Amidines can be rcprescnted by the ycneral 
formula 

Kz 
'N 

R,/ \c=N-R, 
I 
K 

As a rule these molecules have two basic sites, 
namely, the two lone pairs of electrons of both 
nitrogen atoms. As shown by Smith and Taylor 
(I) ,  it appears that the first pK, of these sub- 
stances in a 50:50 water-ethanol mixture is 
highly sensitive to the nature of the group RI ,  
while, according to  the earlier results of Lorz 
and Baltzly (2), modifying R2 or R 3  only weakly 

affects the pK.,. Grivas and Taurin (3), studying 
the infrared spectrum of the N,N-dimethyl- and 
N,N-diethylamidinium ions, found intensive 
bands due to  the absorption by the =N=Hft 
group while absorption bands of the =N-H.' 
L. 

group did not appear. The nmr spectra of the 
cations of a series of N,N-dimethylamidines 
were investigated by Rens (4) who found a peak 
of two protons in the vicinity of 6 = 10 ppm, 
which could be assigned to the =N=H? group. 
It is therefore generally assumed that the most 
basic site of the anlidines is the 'inrino' nitrogen 
atom. 

When amidines forill hydrogen bonds with 
proton donors the inlino electron pair will thus 
be preferentially involved. 
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FOUBERT AND HUYSKENS 61 1 

The stability of the hydrogen bonds depends can be shown that the dipole nloments pj of the 
on the acidic strength of the proton donor and various clissolverl entities obey the following 
on the basic strength of the proton acceptor (5) equation 
and thus will be influenced by the substitution 9 k T  (c - i12)(2€ + i12) in both molecules. [3] C P j q  = - 

In a recent work Zeegers-Huyskens and co- ~ T N . ~  e(iz2 + 2)' 

workers (6) determined the co~nplexation con- 
[ 

stants of N,N-dimethyl-N'-phenylfor~llalnidinc - F- - VsO (cs - 1z2)(2eS + izs2) 

derivatives with several phenols in cyclohexanc c.q(11,2 + 2)' 1 
at  298 K. The conlplexation constants Kal, 
depend on the Ha~llnlett parameter al, of the 
substituent of the phenyl group of the amidine 
and u, of the substituent of the phenol according 
t o  a relation of the typc 

The fornlation of a hydrogen bond brings 
about displacements of the electrons and of the 
nuclei which result in a difference between the 
dipole moment of the complex and the vector 
sum of the individual moments of the com- 
ponents. 

This dipole increment can be considered as a 
quantitative indication of the 'polarity' of the 
hydrogen bond. As shown by Ratajczak and 
Sobczyk (7) and by ourselves (8, 9), in a given 
family of co~llplexes with 0-Ha. . N  bonds the 
dipole increment also increases with both the 
strength of the acid and the strength of the base. 
The value of Ap conlputed from the dipole 
lnonlents of the co~nplex and of the separate 
co~nponents depends on the chosen values of the 
angles between these vectors. 

In this work the values for Ap for several 
amidine-phenol co~nplexes are computed, assum- 
ing that the hydrogen bond involves the i~n ino  
electron pair and that all the rotamers around 
the H-bond are equally represented. Under these 
circumstances the values of Ap show relations 
with respect t o  the complexation enthalpy AH,,, 
which fully agree with the relations observed 
for other 0 - H  . N bonds, thus corroborating 
the predominance of this structure for the a b  
complexes. 

Dipole Moments of the Amidines 
and of the Complexes 

Priilciyle oj' tlze Deter.nziizatioizs 
Starting from the theory of Frohlich (lo), it 

where Cj is the real concentration of the dis- 
solved entity j, F, the formal concentration of 
the solvent in the solution, and the molar 
volume of the pure solvent. The other subscripts 
refer t o  the pure solvent (s). E corresponds t o  the  
dielectric constant and 11 to  the refractive index. 

Let LIS now consider ternary solutions of tllc 
acid and of the base in the solvent, where thc 
formal concentration Fl, of the basc is much 
higher than that of the acid F:,. 

The following quantity R can be determined 
from tlze dielectric constants. the refractive 
indices (no correction for atonlic polarization 
is made here), and the densities of the solutions 
and of thc pure solvent: 

9kT  1 ((c - 11')(2c + 11') 
[4] S L = - - - -  

4rNA Fl, 1 c(1z2 + 2)' 

When Fl, is si~llicie~ltly large such that the 
co~nplexation is practically complete, and when 
no complexes of higlzcr stoichionletry are 
formed, the quantity C2 must vary linearly with 
the ratio Fa/Fl,, following the rclation (1 1): 

When i1 is plotted against the ratio F,/Fb, it is 
thus possible t o  cleter~nine pt, from the ordinate 
at the o r i ~ i n  and (P,~" pIl2) fro111 the slope. 
(A correction can be made if the complexation 
is not co~llplete but, owing to  the large values of 
the co~nplexation constant in the present case 
(6), this was not necessary here.) 

The determinations were made with fonnali- 
ties Fl, of the order of magnitude of 0.5 11101 I-' 
in cyclohexane at  298 K.  Some 10 solutions with 
ratios F:,:,lF,, going from 0 t o  0.1 were used. In  
Fig. 1 we give as an  example the evolution of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



612 CAN. J. CHEM. VOL. 54, 1976 

12 vs. F,/Fl, for the system phenol-N,N-dimethyl- Owing t o  the absence of a second proton donor 

N'-phenylformamidine. site on the acid, hydrogen bonded ab2 conlplexes 
cannot be formed. O n  the other hand. the forma- 

9.5-  

Exl~erinr?lenjnl Res~rlts tion of aggregates between an a b  co~nplex and  
In  Table 1 we give the intercept (which cor- a base nlolecule by dipole-dipole interactions 

responds t o  pb2) and the slope of the function does not appear t o  be important in this concen- 
with its mean deviation. The values of pb2 are tration range. In order to  check this, additional 

TABLE 1. Ordinate at  the origin and slope of the functions n against FJF,,. Dipole moments oT the arnidine 
and of the complexes. Dipole moments of the phenols taken from the literature 

tabulated in Table 1 are the values of pi,,, and 
the value of the dipole moment of the phenol 

9.0 - taken from the literature. 
The formation of a2b complexes with two 

niolecules of acid w o ~ ~ l d  cause the appearance 
of an  higher term in [ 5 ]  and thus perturb thc  
linearity of the function. From the observed 

F. I F 
linearity one can thus deduce that in the present 
conditions the fornlation of a2b conlplexes is 

8.0 
0.0 5 0.1 

negligible. This can be expected from the order 

A of f1 vs,  for the system pllenol- of magnitude of the addition constants (6) and 
N,N-dimethyl-N1-phenylformamidine. fro111 the very low concentration of free acid in 

these experiments (lower than 0.002 nlol I-"). 

l o ( ~ ~ l  

Base 

very similar for all the systenls with the same 
base. The mean value of p1,' was used to  com- 
pute p,,,' fro111 the slope of the lines. Also 

Substituent Intercept Slope P:rb P:L 
of phenol (D') (Dl) (Dl  (D) 

4-CHj 7.45 
4-!err-butyl 7.46 
3.5-(CH3)l 7.45 
- 7.42 

4-F 7.42 
4-CI 7.36 
3,5-Cl2 7.27 
3,4,5-C1; 7.43 

Mean 7.41 

4-CH; 8.56 
-I-rer!-buty l 8 .54 
3,5-(CH3)2 8 .53 

- 8.52 
4-F 8.58 
4-CI 8 .47 
3,5-Clr S .60 
3,4,5-Cl; 8.53 

Mean 8.54 
- 18.04 

4-F 18.53 
4-CI 17.98 
3,5-Clz 18.47 

Mean 18.25 
- 

'Reference 14. 
?Reference 9. 
:Value as for 4-chlorophenoi. 
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FOUBERT AND HUYSKENS 613 

/ 
R - N  

\ @ \ O h  

TABLE 2. Angle a,, between the dipole moment of the 
amidines and the N. . . X  axis. Angle e,, between the dipole 
moment of the amidines and the lone pair of electrons of 

the irnino nitrogen atom. pK, of the amidine in 
water-ethanol (5050 mixture) at  298 K 

Compound - 
iV,N-Dimethyl- 

N'-4-methylphenylfor1nan1idine 4 1 79 S .45 
FIG. 2. pb of amidines. N,N-Dimethyl- 

N'-vhenvlformamidine 37.5 82.5 8.35 
i ~ , ~ - ~ i r n e h ~ l -  

ex~er i 'nents  were carried Out for the systenl N'-4-chlorophenylformalnidIne 24.5 95.5 7.54 
4-methylphenol-N,N-dimethyl-N'-phenylforin- 
amidine using a formality of F,, of 0.25 11101 1-' 
instead of 0.5 mol 1-1. ~h~ c~eviatioll  of Pa,, is this nitrogen atom, this axis forms an angle of 
smaller than the experilnental errors. We can 120" wit11 the lone pair of electrons. lf e,, is the 
therefore conclude that the values of Table 1 angle between PI, and the direction of the lonc 
refer to 1 : 1 co~nplexes within the margin of pair 

I experimental error. 181 e,, = 120 - ab 

Orientation in the Dipole Moments 
of the Amidines 

The dipole moments of the amidines studied 
here are fairly large. As a first approximation 
one can neglect the component which is perpen- 
dicular to the plane of the amidine group. In 
this plane, jib can be resolved into a component 
parallel to the N-  - X  axis (Fig. 2) and into 
another component in the perpendicular direc- 
tion. As a first approximation it will be assumed 
that this last component remains the same for 
the three amidines which are studied. 

Hence 

sillat) - pl, 

sin at,, PI, 

The ditference between the parallel components 
of the 4-chlorophenyl derivative and of the 
unsubstituted phenyl derivative can be taken 
equal to the dipole moment of chlorobenzene, 
assuming the additivity of the boncl moments. 
In the same solvent, using a similar equation, 
Debecker (12) found a value of 1.564 D for 
C6H5C1. This leads to the equation 

where the subscripts H and C1 refer respectively 
to phenylformamidine and to the 4-chlorophenyl 
derivative. Coinbining [6] and [7] it is possible 

I to compute the angle al, between and the 
N. . X  axis. Assuming an spa hybridization of 

In Table 2 the values of at, and el, are tabulated. 

Dipole Increment Resulting from 
the Formation of the H-Bond 

If it is assumed that the dipole increment has 
the direction of the 0-H bond, that the hydro- 
gen boncl has the direction of the lone pair of 
electrons of the imino nitrogen atom, and that 
all rotarners around the hydrogen boi~cl are 
equally represented, then the dipole increment 
Ap is given by the following equation: 

[9] Ap = dp,l,2 - sinZ 0, - p,,' sin' 01, 
- P3 cos el, - Pt, cos ob 

Here 8, is the angle between the direction of p, 
and the 0-H axis of the phenol. These angles 
were coinputed previously (13). The results are 
given in Table 3. 

Enthalpy of the H-Bond Formatioil 

The conlplexation enthalpy AHiLl, was cleter- 
inined by adiabatic calorimetry, clissolving a 
given alnount of ainidine in a solutioil of the 
phenol in cyclohexane. The concentration of the 
amidine after dilution was of the order of 
0.08 11101 I-". Several phenol solutions were used 
where F, varied froin 0 to 0.04 rnol I-'. The 
concentration Crib of the complex was conlp~ited 
using the values of K,,, obtained by infrared 
spectrometry (6). AHnb is conlp~~ted from the 
temperature variations AT and AT' respectively 
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TABLE 3. Experimental values of the dipole increment Ap of the complexes. Calculated value from [ l l ] :  complexation enthalpy; log Kill, (ref. 6): 
ApK,; pK, of the phenol and angle &, between the dipole moment of the phenol and the 0-H axis 

Substituent 
of 

AP (Dl 
AHiLl, 0, 

Base phenol Exptl. Calcd. [ l l ]  (kJ mol-I) log K:,I, APK, @KC, (deg) 

N,N-Dimethyl- 4-CH3 1.23 1.31 -38.5 1 .SG -1.81 10.26 3 5 
N'-4-methylpl1enylfor1namidine 4-tert-butyl 1.31 1.29 - - -1.83 10.28 

1.16 1.35 -38.0 - -1.73 10.18 
46 0 

3,5-(CH3)- 35 
- 1.38 1.50 -37.5 1.99 -1.54 9.99 

- - 
25 2 

4-F 1.66 1.57 -1.36 9.81 -19 
4-CI 1.91 1.75 -41.5 2.36 -0.93 9.38 - 20 
3,5-Cl: 2.27 2.33 -43 .O 2.91 $0.27 8.18 % 
3,4,5-Cl; 2.51 2.57 - - $0.70 7.75 

-*O 3 
- 33 

< 
4-CH3 1 .08 1.19 -37.5 1.76 -1.91 10.26 35 $ 
4-tert-butyl 1.21 1.17 - - -1.93 10.28 46 
3,5-(CH3): 1.15 1.23 -35.0 - -1.73 10.18 35 -& 

- 1.33 1.38 3 8  .O 1.89 -1.64 9.99 25 5 
4-F 1.67 1.45 - - -1.46 9.81 -19 " 
4-CI 1.81 1.63 -40.0 2.30 -1.03 9.38 - 20 
3,5-C12 1.95 2.21 -42.0 2.77 $0.17 8.18 - 20 
3,4,5-CI; 2.34 2.45 - - $0.00 7.75 - 33 

N,N-Dinlethyl- - 1.23 1 . l l  3 8  .O 1.75 -2.45 9.99 25 
N'-4-chlorophenylformamidine 4-F 1.60 1.28 - - -2.27 9.81 -19 

4-Cl 1.72 1.46 -38.5 1.97 -1.84 9.38 - 20 
3,5-Cl? 2.22 2.04 - 2.52 -0.64 8.18 - 20 
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FOUBERT AND HUYSKENS 615 

in the presence and in the absence of phenol, 
by means of the equation A p l ~ . b v . l  Cr 
[lo1 

- C,,(AT - ATO) 
AH2,, = c,, v 

where C,, is the heat capacity of the calorimeter ' 
(of the order of 450 J K-') and V the volume of 
the solution (of the order of 250 cni3). For a given . &J m o l l  

system the values of AHzlb are constant within 
20 YI LO 

3%. The 'lean are in FIG. 3 Plotlbf aP vs. AH,,: +, aniiiller, X pyridilles, 
@, 0, a~nidines. 

pK, of the Amidines 
The pK,, of the aniidines was deduced from 

the p H  at  half-neutralization in a water-ethanol 
mixture (50:50 in volume). The base was titrated 
by 0.01 N HCl using a potentiometric method. 
The results are given in Table 2. 

I iz~~rence of' the Stre~zgtlz of' tlze Acid artd of' the 
Base oiz the Polarity of'tl7e An~idiize- 
Pllenol Conzl)lexes 

Froin the data of Table 3 it clearly appears 
that, for a given amidine, the dipole increment 
systeniatically increases when the proton donor 
becollies iiiore acidic. The overall value of the 
derivative dApjdpK:,, computed from the ex- 
treme points, reaches -0.5 D per pK:, unit for 
the three aniidines studied here. 

The effect of changing the pK, of the acid on 
the polarity of the hydrogen bonds is thus fairly 
strong for these bases. As a matter of fact, 
according to the data of our previous work (9), 
the value of dAp/dpK, in the same range of pK, 
of the acids is only -0.2 D per pK, unit for the 
pyridines. The absolute values of Ap are also 
greater for the amidines. This can be ascribed 
to the higher basic strength of the aniidines 
studied here. When for a given nitrogen base Ap 
is plotted against the pK, of an extended family 
of proton donors, the curve generally shows a 
sigiiioidal shape (7-9), the inflection of which 
can be ascribed to the appearance of important 
amounts of hydrogen bonds of the ion pair type 
(14). The higher absolute value of dAp/dpK;, 
observed for the aillidines indicates that the 
 corresponding^ part of the Ap-pK, curve lies 
nearer to the ~nflection of the signioid. In this 
connection it can be pointed out that it was not 
possible to determine the dipole nionient of the 

coiliplexes of the amidines with still stronger 
acids because of the lack of solubility of these 
complexes. This low solubility also suggests a 
high polarity of the corresponding coniplexes. 

From the data of Table 3 it also appears that 
for a given acid there is a general tendency to 
increase Ap when the amidine becomes more 
basic. These effects of the substitution in both 
partners on the polarity of the hydrogen bond 
can be roughly expressed in terms of a Haninlett 
relation: 

Dil~ole 111cre1~~ent artd Coil7l1lexatior1 Eiztlzalpj' 
A 1)rioi.i one can expect that the energy of a 

hydrogen bond is related to  the extent of dis- 
placeilient of charges which accoilipanies its 
formation. Of course, if the two partners do not 
exert specific forces on each other and the com- 
plexation enthalpy is zero, there will not be any 
displacenient of charges and the dipole incre- 
ment will also vanish. 

In Fig. 3, Ap is plotted against AH,, for the 
coiiiplexes studied here and also for other 
0-H. . N bonds, for which the data was taken 
fro111 the literature, liamely coniplexes between 
phenol and anilines (8, 15) and complexes 
between pyridines and phenols (9, 16, 17). It 
clearly appears that within experinlental error 
all the experiinental points lie on the san~e clrrye. 

It niust be emphasized here that this could no 
longer be the case if, for instance, a uniform 
value of Ob = 90' was used for the three aniidines 
(which corresponds to the forniatioii of a 
hydrogen bond involving the 'amino' nitrogen 
atom). Indeed, in this case the coniputed values 
of Ap would be ~iiuch higher for the two first 
amidines. 

One can thus conclude that the sti.~rct~rre ~vhicli 
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~ ~ c r s  trssuinecl f o r  t l te  con7putntioil of' Ap lecrcls t o  
coherent  resu l t s ,  con~pcrrecl w i t h  otlzer s j ! s t e m s  
where  110 cloilbt e x i s t s  aboirt t h e  orienlat ioi t .  

This provides supplementary evidence for the 
assumption that the i~iiino nitrogen atorii is the 
most basic site of the amidine molecule. On the 
other hand, the plot of Ap vs. AH:,,, is not linear 
but shows an upward curvature. The strong 
enhalicenlent of Ap when -AH2,,,  surpasses 
35 kJ n~ol-' can be ascribed, in part, t o  the 
formation of a large proportion of ion pairs, 
which involves a fairly large displace~nent of 
the proton 

As shown in a previous work (l8), this formatioil 
becomes important in 0-He. . N  bolids when 
- A H , ,  exceeds 37 kJ mol-l. 

Experimental Section 
Appa~nrlrs 

Dielectric constants within 0.0001 were determined by 
a W.T.W. DM01 Dipolmeter ( 2  MHz).  Refractive in- 
dices were measured by a Pulfrich refractometer of 
Bellingham and Stanley. Density measurements were 
performed by means of a hydrostatic balance. The 
volume of the adiabatic calorimeter was of the order of 
250 cm3. The heat capacity C, was determined by means 
of an electrical device calibrated by the TRIS method. 

Prodrcrs 
Fluka cyclohexane 'fiir uv spektroskopie' was dried on 

molecular sieve 4A. The origin and the purification of the 
phenols was the same as in a previous work (13). 

The amidines were synthesized according to the method 
described by Bredereck (19). The amidine is extracted by 
benzene and dried on potassium carbonate. It is further 
purified by vacuum distillation. Its purity was controlled 
by nmr spectra and by gas chromatography. 
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The influence of manganese(I1) and copper(I1) on 13C nuclear 
relaxation rates in imidazole 

RODERICK E. WASYLISHEN A N D  MOIRA R. GRAI-IAN 
L)epnt.tttletll qf Cl~eti~istt>~, Utlivet.sit.v of Witlt~ipeg, Witlttipeg, Mntritobn R3B 2E9 

Received August 13, 1075 

RODERICK E. WASYLISHEN and MOIRA K. GRAIIAM. Can. .I. Chem. 54, 617 (1976). 
I3C nuclear relaxation rates have been measured for aqueous solutions of imidazole at 31 'C  

Por several values of pH. The influence of Mn(I1) and Cu(I1) on these relaxation rates has been 
examined. The results indicate that I3C transverse relaxation rates of imidazole in the presence 
of these metals are completely dominated by the scalar mechanism. Because of the important 
influence of this mechanism it is not possible to obtain the geometry of complexes between 
imidazole-like ligands and Mn(I1) or Cu(I1) from 13C line-width measurements. 

RODERICK E. WASYLISHEN et MOIRA K. GRAHAM. Can. J. Chem. 54, 617 (1976). 
On a mesurk les taux de relaxation nucliaire du 13C pour des solutions aqueuses d'imidazole, 

a 31 "C et B plusieurs valeurs de pH. On a examink l'influence du Mn(I1) et du Cu(I1) sur les 
taux de relaxation. Les rksultats indiquent que les taux de relaxation transversale du L3C pour 
l'imidazole en presence de ces mitaux sont complktement domines par un mecanisme scalaire. 
A cause de l'influence importante de ce mkcanisme, il n'est pas possible d'obtenir la ge'omktrie 
des complexes entre des ligands du type imidazole et le Mn(I1) ou le Cu(I1) h partir de rnesures 
de largeur de raies du 13C. 

[Traduit par le journal] 

Introductio~~ 
The imidazole ring of the histidine ~iioiety 

frequently serves as a ligand for transition metal 
ions in many biologically iniportant systems 
(1-6). Proton nuclear magnetic resonance ('H 
nmr) line-width experiments, which allow calcu- 
lation of the influence of paramagnetic metal 
ions on transverse relaxation tinies (T2,!,) have 
bee11 used extensively t o  study the nature of 
transition metal complexes. For example, Ihnat 
(7) and Ihnat and Bersohn (8) have used this 
technique t o  estimate relative Cu(I1) - histidyl 
ring proton separations in Cu(I1) - riboni~clease A 
and Cu(I1)-carnosine complexes. Similar mea- 
surements have recently bee11 carried out t o  
estimate the relative separations between protons 
and nietal ions i ~ i  Mn(I1)-benzylpenicillin and 
Cu(II~benzylpenicil l i~i  complexes (9). 

Although there are two possible mechanisms, 
the dipolar and scalar interactions (10-12), which 
can be responsible for transverse relaxation of 
ligand nuclei by unpaired electron(s) of a cation, 
it has been customary t o  assume that the effect of 
the scalar mechanism is negligible. In principle 
this allows calculation of r ,  the nietal-ligand 
nuclei separation, since the dipolar interaction 
depends on r-'. The scalar interaction is inde- 
pendent of distance but depends on the formatio~i 

of a metal-ligand boncl which may be very 
transient in nature. 

Recent technical innovations, notably the 
introduction of the Fourier transform technique 
in nnir (13), have ~iiade spin-lattice relaxation 
time, TI, measurenients alniost routine. The 
contribution a paramagnetic nletal niakes to  
this relaxation rate, TI,,,-', for a given ligand 
nucleus is generally dependent only o n  the 
dipolar interaction (14, 15). Thus recent proton 
TI and T2 relaxation measuren~ents of ligand 
nuclei in the presence and absence of para- 
~nagnetic nietal ions have demonstrated that one 
can generally not assunie that the scalar niech- 
anism makes a negligible contribution to  proton 
transverse relaxation rates (16-18). Here we 
report the influence of Mn(I1) and Cu(I1) 011 

spin-lattice and transverse nmr relaxation rates 
of 13C nuclei in imidazole, and discuss the 
relative importance of the dipolar and scalar 
interactions. It will be shown tliat the latter 
interaction completely doniinates 13C transverse 
relaxation in imidazole making it impossible to  
determine the geometry of Mn(I1) or Cu(I1) 
imidazole-like ligands from nmr line-width 
nieasurements. Our results also show that it is 
not valid t o  calculate the geometry of such metal 
complexes using the dipolar parts of the Solomon- 
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Bloembergen equations (10-12) which are basecl 
on the point-dipole approximation. 

The expected influence of Mn(11) and/or 
Cu(II), which may be present as impurities in 
peptides, on the I3C line widths of histidyl 
residues is also briefly discussed in this paper. 
The effect of paramagnetic i~npurities in 'H and 
I3C 11111r relaxation rates has recently been of 
considerable interest (16, 19-21). 

Experimental 
lmidazole was obtained from S ~ g n ~ a  Chem~cal Com- 

pany and used without further purification. All nlnr 
relaxation studies were carried out on aqueous imidazole 
(3 M) solutions which contained 1 M NaCl (99.05; 
Baker Analyzed). p H  was adjusted L I S I I I ~  HC1 and 
NaOH and p H  meter readings were taken on a Corning 
Digital 109 p H  meter. 

Stock solutions of MIICI , .~H~O (certified ACS, Fisher 
Scientific Company and 995; Research Organlc/Inor- 
ganic) and CuC12.2H20 (99.956 Fisher Scientific Com- 
pany) were prepared and when required, aliquots were 
added to the imidazole solutions L I S ~ I I ~  a Gilson micro- 
pipet. 

Proton-decoupled 13C nmr spectra were obtained on a 
Varian CFT-20 spectrometer (10 mm probe) using a sweep 
width of 500 Hz and a data acquisition time of 4.095 s. A 
co-axial tube containing DzO provided the necessary 
deuterium lock for the CFT-70. All spectra were ob- 
tained at 31 + 2 "C unless otherwise stated. The nOe 
factors, q ,  were measured using the gated proton de- 
coupler on the CFT-20. Variable temperature spectra 
were obtained on the CFT-20 using an 8 mm varlable 
temperature probe. Spin-lattice relaxation rates were 
meas~~recl using the inversion-recovery pulse sequence 
((1- 180" - T - 90"). The 90" pulse width was 19 p, and (1, 
the pulse delay, was always greater than ST,. The 90' 
pulse was measured for a 3 M imidazole sample. The 
nmr spectra were generally obtained for 10 different T 

values, and TI was calculated from the slope of a plot of 
In (A, - A,) vs. 7 .  Sensitivity enhancement factors of 
1.5 and 0.1 were used in all T2 ant1 TI measurements 
respectively. The exponential weighting factor of 1.5 
makes a very small contribution (<0.25 Hz) to thc 
observed line widths. 

Theory 

Before presenting and discussing our experi- 
inental results it will be helpful to  briefly present 
the theory of nmr relaxation rates pertinent to 
this study. 

I .  I3C N I I C I ~ N I .  Rekcixcitiotl Rates it1 tile Absetlce o/' 
Parmnagtzetic Ions 

In the absence of paramagnetic impurities the 
spin-lattice relaxation rates of 13C nuclei with 
directly bonded protons are usually dominated 
by the carbon-proton dipole-dipole mechanism. 

For small molecules S L I C ~  as inlidi~zole in aqueous 
solution at 31 "C, 

wllerc 11 is thc number of directly attached 
protons, rc  and rl, are the carbon and proton 
gyro~nagnetic ratios, 4 is Planck's constant 
divided by 2a,  t.c-ll is thc C-H bond length, ancl 
T , ~ ~  is the effective correlation time (22). The 
ilnportance of the carboll-proton dipole-dipole 
mechanisln can be calculated fro111 the measured 
nOe factor (23. 24). 

Although '" spin-spin relitxatiorl values in 
small nlolecules arc often significantly shorter 
than the co r respo~~c l i~~g  TI values (25, 26) thc 
observed 13C nnlr line widths in FT-nmr are 
generally not determined by T2 but by one or  
more of the following factors: magnetic field 
inhomogeneity, the cllicie~lcy of the protoil 
decoupler, the acquisition time, or the number of 
data points. 

2. N~iclecrt. Re10x~tio11 ill tlle Pt.esetlce of 
Pat.c/tncrgtletic Metnl Iotls (14, 15, 27, 28) 

The increase in nuclear relaxation rates of 
ligand nuclei due to  the presence of paramagnetic 
nletal ions can be calculated using the following 
equations: 

where l/li,ol,, and l/T2,0bs arc the observed 
relaxation rates in the presence of the para- 
magnetic metal ions and I/T,,, and 1/T2,, arc 
the rates of relaxatioil for the same ligand nuclei 
in the absence of paranlagnetic metal ions. 
V I / Z , , ~ ~  and vl/z,, are, respectively, the observed 
line widths at half height in the presence and in 
the absence of paramagnetic metal ions. 

The i~lfluence of paramagnetic metal ions on 
the relaxation rates of ligand nuclei dcpends upon 
the molar ratio of metal ions to  ligand molecules, 
I ) ,  and on the number of ligands, q,  bound to  the 
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WASYLISHEN AND GRAHAM 619 

nietal in an identical way. Of course, TI,,-' and 
T2,,,-' also depend upon the efficiency of the 
nietal in relaxing ligand nuclei at the bound site, 
TI,,-' and T2>I-1. In certain situations, the life- 
time of the ligand in the metal coordination 
sphere, rhl, and the difference in chemical shift 
between ligand nuclei bound and free, all, are 
also important. 

For Mn(I1) and Cu(I1) one can assume that 
TZA1-' >> AmlI' (29); for this case, Swift and 
Connick (30), Luz and Meiboom (31), and 
Granot and Fiat (32) have shown that 

and 

For the case of fast exchange, TIM >> rnI, and 
TI,,-' and T2,,-l are directly proportional to 
TIM-1 and TZAI-', respectively. and 
T2,,-' are given by the Solomon-Bloembergen 
equations (10-12): 

where 71 is the iiuclear magnetogyric ratio 
(equal to 7,. for carbon; see eq. l), g is the 
electronic 'g' factor, B is tlie Bohr magneton, S 
is the total electron spin, and r is the clistance 
between the unpaired electron(s) ancl the ligancl. 
A/& is tlie isotropic scalar coupling constant in 
rad/s between the unpaired clectron(s) and the 
ligand nucleus. 7, and 7, are correlation times 
whicli modulate tlie dipolar and scalar inter- 
actions, respectively; they are related to other 
time-dependent processes: 

where rl, is the correlation time for rotation of 
the co~iiplex and 7, is the electron longitudinal 
relaxation time. I11 writing the Solomon- 
Bloe~iibergen equations as given in cqs. 7 and 8 
we have assumed that wIrc << 1 and w , ~ ,  >> 
1. For the results discussed below, w1 and a, 
represent the Larmor precession frequencies of 
tlie 'T nuclei and unpaired metal electrons, 
respectively; at 18.7 kG wI = 1.26 X 108 radi's 
and w, = 3.2 X 10" rad/s. For imidazole- 
metal complexes, 7, will be slightly longer than 
T ~ , ,  Using eq. 1 (see discussion below) we cal- 
culate rcff N 5.5 X 10-l2 S. 7, will probably be 
deteriiiined by 7, since 7, is generally much less 
than rbI; for both Mn(I1) and Cu(II), 7, > 10-lo 
~(15,33-35). 

In the discussion whicli follows it will be of 
interest to consider the ratio of TI,,, to T2,[,. If the 
scalar interaction makes a negligible contribution 
to T2>I-1, as is often assumed, and if one is i n  
thc region of fast exchange, 731 << TI>[, TZbI, 
then by substituting eqs. 7 and 8 into eqs. 5 and 6, 
respectively, Tj,,,/T2,,, = 1 for wS2r,,' << 1. In 
the case where w,'T,.~ >> 1 but wI2rC' << 1, then 
Tl,,IT2,[, = 716. 

Sunimarizing then, in tlie region of fast 
cxchangc 1 L: T~, ,~ / 'T~ , , ,  I 7/6 if tlie scalar 
~iieclianisni makes a negligible contribution to 
T,,,. If, however, the scalar mechanism is 
important, TI,,,/T2,, > 7/6. 

Finally, it should be mentioned that thc dipolar 
terins in eqs. 7 and 8 are based on the point 
dipole approxin~ation which takes the two inter- 
acting spins, I and S as point dipoles (10). 
Although this is probably not a good approxima- 
tion it does not influence the conclusions reached 
in this study. 

Results and Discussion 

In aqueous solution i~iiidazolc (I) exists in one 
of two equivalent forms between which there is 
rapid exchange, thus the C4 and C j  13C nuclei 
show chcmical shift eq~~ivalence (36-39). The C2 
carbon nucleus resonates at lowest field, 136.2 
ppm, while tlie 13C4 and 13C5 nuclei resonate at 
122.3 ppm from TMS. The pK, of iniidazole is 
approximately 7.1 so that at p H  values below 6.1 
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TABLE 1. TI values, in seconds, and 110e factors (given in  
parentheses) for C2 and C,,, carbon nuclei in 3 A t  

imidazole solutions a t  31 OC 2 'C;" 

p H  c2 c 4 . 5  

'Errors in  T I  vnlues :Ire less t l ~ n n  10:b wl~ilc  errors i l l  110z factors 
;!sc lcss than iO.2. 

imidazole exists almost exclusively as a cation 
in which both nitrogens are protonated. 13C 
chemical shifts of irnidazole as a function of p H  
have previously been discussed (37). Stability 
constants and geometries of metal-imidazole 
complexes have been reviewed (1, 40). 

I .  13C Nuclecrr Mrrg~zetic Resotzn~zce Relux~tion 
Rates of'lnliclclzole i~z the Abse~zce of' Metrils 

13C spin-lattice relaxation times and nOe 
factors, 11, of iinidazole at  three different p H  
values are given in Table 1. The Tl values for C2 
and C4,5 are similar and essentially independent 
of pH. The nOe factors indicate that the intra- 
molecular dipole-dipole relaxation mechanism 
completely doniinates (275%).  The spin-rota- 
tion mechanism (13, 22) liiay be of sonle iiii- 

portance ( 5  25%) and probably accounts for the 
iiOe factors lcss than 2.0. 

T a k i n ~  TI,,,-,, = 8 s and a C-H bond length 
of 1.08 A one calculates r e f f  = 5.5 X 10-l2 s. 
Previously we iiieasured a proton Tl of 42 s for 
H4,5 of 0.073 M imidazole in DzO at  20 OC (16). 
This value represents a lower limit in the dipole- 
dipole relaxation tinie due to  the H4-H5 inter- 
actiov. Assuming that the H4-H5 separation is 
2.75 A (41) we calculate T,,, 5 1 1 X 10-l2 s, 
which is in fair agree~iient with the iiiore reliable 
value calculated from our 13C nmr data in Table 
I. The T,,, calculated from the 'H Tl value is a 
correlation time describing reorientation of the 
H4-H5 vector. From 14N line-width measure- 
ments at 18 OC, Richards and Thonias (42) have 
calculated T ,  = 18.9 X 10-l2 s for 0.2 M solu- 
tions of irnidazole. Here, T,, is the correlation 
tinie representing reorientations which affect the 
electric field gradient at the nitrogen. 

Scalar relaxation of the second kind is impor- 
tant in relaxing (Tz) the C2 and C4,5  nuclei of the 
imidazoliurn cation. Here the mechanism results 
from scalar coupling between two rapidly 
relaxing quadrupolar nuclei (14N, I= 1) and the 

pH 
FIG. 1, pH dependence of T2,,-l for I3C4,, in 3 M 

imidazole in the presence of 2 X 10-4 IM Mn(I1). 

13C nuclei. This mechanism is more iiiiportant 
for the cation than the neutral species since the 
spin-spin coupling constant, J(14N, 13C) is 
probably much greater in the cation. For  
example, in pyridine, lJ(l4N, 13C) is 0.3 HZ while 
in pyridinium hydrochloride this coupling con- 
stant increases to 8.5 Hz (43). For the irnida- 
zoliurn cation v ~ / ~ , , ( C ~ )  = 10 Hz while ul/r,, 
(C4,5)= 3.5 Hz and for the neutral species 
v , ,~ , ,  is less than 1.5 Hz for both 13Cz and l3CdV5. 
The scalar niechanis~ii is iiiore effective for the 
Cz carbon nucleus sincc it is directly bonded t o  
two I4N nuclei, while C4  or C 5  are only directly 
bonded t o  one nitrogen. Finally, it is easy t o  
show that the scalar mechanism discussed above 
makes a negligible contribution t o  the 13C spi~i-  
lattice relaxation rates (13, 22). 

Because of the iniportance of the scalar inter- 
action betwecii the 14N and 13C2 nuclei at 
p H  5 7.5 we Iiave conceiitrated our 13C relaxa- 
tion studies in the presence of iiietals on  the 
C4,5 nuclei of irnidazole. 

2. Injlrence of' Mtz(II) on I3C Nriclerrr M~rgtzetic 
Reso~zu~zce Relrxution Rrites ?f'13C4,5 ill 
I~~~irkizoke 

The p H  dependence of T2,,,-" values for the 
C4,5  carbon-13 nuclei of iinidazole in the 
presence of 2 X lop4 M Mn(I1) is shown in 
Fig. 1. T,,,,-' values measured as a functioii of 
p H  in the presence of 8 X lop5 M Mn(I1) dis- 
played the saiiie behavior as those in Fig. 1 but 
were smaller by a factor of 2.5. Below p H =  5 
the Mn(I1) is not very effective in altering T2,,,-' 
and above p H =  12 T2,r,-1 also decreases. The 
presence of a precipitate, probably manganese 
hydroxide, was observed in the strongly alkaline 
solutions. Increasing the temperature of the 
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WASYLISHEN AND GRAHAM 621 

FIG. 2. p H  dependence of T2,1,-l for 13C4,5 in 3 A.1 
imidazole in the presence of 2 X M Cu(I1). 

TABLE 2. Influence of 8 X M Mn(I1) on theI3C nmr 
relaxation rates of the C, and Cs carbon nuclei in 3 M 

imidazole solutions at  31 OC + 2 "C 

Mn(I1)-imidazole solutions resulted in line- 
width narrowing indicating that one is in the 
region of fast exchange. For example, for the 
pH  9.5 solution, V1/2,0bs varied from 15 Hz at 
28 "C to 10 Hz at 59 "C. 

Observed TI,,,-' and T2,,-l values for Mn(l1)- 
i~llidazole conlplexes are given in Table 2. The 
large ratio of TI,,, to T,,,, indicates that the first 
term in eq. 8, due to the dipolar interaction, is 
negligible compared to the scalar interaction 
term. Lam et al. (44) have recently made similar 
observations for the adenine base 13C nuclei of 
the Mn(I1)-ATP complexes; however in this case 
Tl,,/T2,,, did not exceed 20 for any given 13C 
nucleus. Finally, for the carboxyl 13C of Mn(1I)- 
pyruvate, Fung et a / .  (45) found Tl,,/T2,, -- 80, 
indicating that the scalar term is also important 
when metal-binding takes place through carbox- 
ylate oxygen atoms. 

3. Injirence o/'Cu(II) on 13C Nl~clear Magtzetic 
Resonmzce Relaxatiolz Rates oj'13C4,5 itz 
Itniclazole 

Observed T2,,-' values for the C4,5 13C nuclei 
of 3 M imidazole solutions in the presence of 
2 X M Cu(1I) as a function of pH  are 
shown in Fig. 2. At very low pH Cu(1I) does not 
appear to be effective in competing with the 
protons for binding sites on imidazole; however 
above pH 3, Cu(I1) increases T2,,-l until it 
reaches a maximum at pH-  5.5. At pH  > 7, 

T2,,,-l decreases, probably because of the forma- 
tion of copper hydroxide complexes. Variable 
temperature studies at p H =  8 indicate that 
T M  < T2A1 for the Cu(1I)-imidazole complexes, 
thus the conditions of fast exchange are satisfied. 

For 3 M imidazole at p H  7.2 and in the 
presence of M Cu(II), TI,,,-' and T2,,,-' are 
approximately 0.086 SF' and 30 s-', respectively, 
therefore T1,,,/T2,, = 350 5 150. An ilOe factor, 
11, of 1.2 was also observed for the above solution 
indicating that although T2,1, 7 30 s-I the dom- 
inant mechanism for spin-latt~ce relaxation is the 
proton-carbon dipole-dipole mechanism. At p H  
11.0 T ,,,, IT?,,, = 344 5 150; however, at  pH  2.6 
the presence of 2 X M Cu(11) did not in- 
fluence the observed Tl of 13C4,5. 

ICotowycz (46) has also found the scalar 
relaxation mechanism to be important in 5'- 
CMP-Cu(I1) complexes. For the cytosine base (2) 
13C nuclei, T,,,/T,,,, values for C2, Cq, and C5 

2 
were 3.3, 2.0, and 45.2, respectively. It is interest- 
ing to note that although binding probably takes 
place at N3, line-broadening is greatest for the 
13C5 nucleus. Doddrell et al. (47) have observed 
similar long-range scalar coupling between Cu(1I) 
in copper acetylacetonate and 13C nuclei in a 
variety of aliphatic amines. 

Finally, it is of interest to mention that proton 
nnlr studies also indicate large hyperfine inter- 
actions and hence large unpaired spin densities 
at carbon atoms in imidazole-like ligands. For 
p H  7 solutions of 7.3 X M imidazole in the 
Dresence of 3 X M Cu(1I) at 20 "C we find 
? l , l , / ~2 ,p  = 40.7 for and 18.2 for H2. These 
data were obtained at 220 MHz (16) and are in 
good agreement with the values recently reported 
by Espersen et al. (17) which were obtained at 
100 MHz. 

For bis(l,2,4-triazolato)copper(II), Inoue and 
Kubo (48) have estimated unpaired spin densities 
as large as 0.1 at carbon atoms in this hetero- 
cyclic ring system. The esr spectra of tetrakisi- 
midazole copper(I1) iodide (49) show hyperfine 
splitting due to the nitrogen atoms, providing 
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further evidence for appreciable delocalization of 
the unpaired electron on the imidazole rings. 

Unpaired spin densities in the irnidazole ring 
of this magnitude can be expected to make 
significant contributions to T,,,-'. Therefore in 
the case of imidazole or for other ligands where 
TlI\I/T2hI >> 7/6, values of r calculated  s sing 
eq. 7 are expected to be too short since all un- 
paired spin density is not localized on the metal 
atom. 

4. Efect  oj'Mn(I1) or CLI(II) rrs I~~zl~~rrit ies or2 tire 
13C N~rclear Magrzetic Re.m?a~zce Spectra of 
His t icly 1 Resirl~les in Pepiicles 

Transition metals are often present as irnpuri- 
ties in water, amino acids, and peptides as well 
as in nucleic acid components. In some cases, 
the concentration of these metals has been high 
enough to lead to  the misinterpretation of ninr 
data (19, 50, 51). The large values of TI,I,/T2,p 
for the irnidazole ring nuclei indicate that trace 
ainounts of Mn(I1) or Cu(II), [metal]/[imida- 
zole] > may be effective in broadening 13C 
resonances of the histidyl residue so that they 
may be difficult to  detect. However, it is unlikely 
that trace amounts of Cu(1I) will influence 13C 
Tl values of this moiety. Also, the data in Figs. 1 
and 2 indicate that metal ions are less likely to be 
a problem at low pHvalues. We have also found 
this to be the case for the peptide antibiotic, 
bacitracin (R. Wasylishen and M. Graham, 
unpublished results). 

Conclusion 
For Cu(I1)-in~idazole and Mn(I1)-imidazole 

complexes, the scalar interaction between un- 
paired electron(s) and the '3C4,5 nuclei provides 
a very efficient relaxation (transverse) mechanism 
for these nuclei. Our results together with the 
data of others (44-47) indicate that it is not valid 
to neglect the scalar contribution to T2,.\I-1 and 
therefore one should not use 13C nmr line-width 
data to  calculate Mn(I1) and Cu(I1) metal- 
ligand 13C nuclei separations. 
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Thermodynamic properties of aqueous organic solutes in relation to 
their structure. Bart 111. Apparent molal volumes and heat capacities 

of low molecular weight alcohols and polyols at 25 "C 

CARMEL JOLICOEUR A N D  GI-IYSLAIN LACROIS 
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CARMEL JOLICOEUR and GHYSLAIN LACROIX. Can. J. Chem. 54, 624 (1976). 
The density and specific heat of dilute aqueous solutions of various alcollols and polyols have 

been measured at 25 "C. Such measurements have been carried out for the following solutes: 
methanol, ethanol, 11-propanol, 11-butanol, isobutanol, s-butanol, rert-butyl alcohol, 11-pentanol. 
3-pentanol, r~eo-pentanol, ethyleneglycol, 1,4-butanediol, 1,6-hexanediol, dimethyl-2,2-pro- 
panediol, l,l,l-tris(hydroxymethyl)ethane, and pentaerythritol. 

The limiting apparent molal volume +,O and heat capacities 4,O derived from these data 
exhibit some variations among the properties of isomers (e.g. branched vs. normal alkyl groups). 
but these variations cannot be conclusively attributed to specific effects in the hydration of the 
alkyl groups. On the other hand, the data allows one to derive group contributions to +,O and 
+,O, namely A+O(CH?) for the methylene group, A+O(OH) for the O H  functional group and 
14O(H) for the C-H of a terminal methyl group. 

The concentration dependence of +, and +, brings out some interesting new features. With 
most of the alcohols, +, decreases with concentration, in a way related to the degree of hydro- 
phobicity of the alcohol. Solute-solute interactions contribute to reduce +, of the hydrophilic 
solutes, but the opposite effect is observed with the most hydrophobic alcohols. 

CARMEL JOLICOEUR and GHYSLAIN LACROIX. Can. J. Chem. 54, 624 (1976). 
La densiti et la chaleur spicifique de solutions aqueuses diluCes d'une variitt d'alcools mono- 

et polyfonctionnels de faible poids moliculaire ont i t6 mesuries B 25 "C. La sirie d'alcools ainsi 
etudite comprend les composis suivants: mithanol, Cthanol, 11-propanol, 11-butanol, isobutanol. 
s-butanol, t-butanol, 11-pentanol, pentanol-3, 1160-pentanol, ethylkneglycol, butanediol-1,4, 
hexanediol-1,6, dimithyl-2,2-propanediol, tris(hydroxymtthyle)-1,1,1 ethane et pentairythritol. 

Les volumes 4,.O et capacitis calorifiques 4,O apparents molaires (dilution infinie) obtenus de 
ces donnies permettent une analyse ditaillie des contributions dues aux diffirentes portions de 
la molicule en solution, soit: A+O(CH?), la contribution du groupement mithylkne, A+O(OH). 
celle du groupe hydroxy et A+O(H), la contribution due B un groupe C-H sur un mtthyle en 
bout de chaine. On observe tgalement des variations dans les valeurs limites 4,O et 4,O parmi les 
diffirents isomkres du butanol, ou ceux du pentanol, mais elles ne peuvent &tre attribuies 
uniquement h la solvatation du risidu alcoyle du solutC. 

Par ailleurs, la variation de +,. et de +, selon la concentration dtmontre que les interactions 
soluti-solutC tendent B reduire 6,. et B augmenter 4, d'une facon apparentie au caractkre 
hydrophobe de l'alcool. 

Introduction 
I n  previous investigations (1, 2) we have 

studied some therniodynaniic properties of 
aqueous solutes containing various hydrocarbon 
residues. The aim of these studies was niainly to  
establish whether the thermodynamic properties 
of these solutes depend on the shape of their 
hydrocarbon groups. If as inferred from the 
earlier results, such a relationship can be 
demonstrated, it should prove useful for under- 
standing the solvent structural influences which 
are believed to play an important role in the 
solvation of hydrocarbons (3-6). Since these 

hydration effects also add significant contribu- 
tion to  solute-solute pair potentials (7), the 
understanding of excess thermodynamic func- 
tions provide further incentive for such studies. 

As continuation of earlier work, we have 
determined the apparent iiiolal volumes and heat 
capacities of a variety of alcohols in aqueous 
solution. The alcohols were chosen so as t o  
emphasize the effects of (1) increasing the length 
of the hydrocarbon residue, (2) branching of 
this alkyl residue, and (3) addition of other 
hydroxy groups in several typical molecules. 
The study of polyols presents obvious interest in 
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JOLICOEUR AND LACROIX 625 

relation to the solution behavior of sugars. The 
choice of heat capacity measurements follows 
froin the high sensitivity of this property towards 
changes in weak molecular interactions (4). 

Froill previous data on the isomeric butanols, 
significant direrences had been observed in the 
liiniting solution properties of the isomers (e.g. 
apparent inolal volumes (8, 9), solvation enthal- 
pies and entropies (10, l I ) ,  and also in their 
excess thermodynamic fiinctions (e.g. excess free 
energies (12) and enthalpies (13)). It is difficult, 
however, to determine how much of the direr- 
ences found can be attributed to solvation effects 
at the hydrocarbon group, against those occur- 
ring at the polar OH group. It has been shown 
recently (14) that the 'acidity' of the OH group, 
and presumably its interaction with the solvent 
water, depends on the size and degree of branch- 
ing of the alkyl substituent. Thus the 'solute 
geonletrical effect' we seek here can, at best, be 
evidenced from studies involving different series 
of isomers. 

In spite of these fundanlental linlitations, the 
alcohols still offer interesting features as com- 
pared, for example, to tetraalkylanlnloni~~m 
halides which have been widely studied as typical 
hydrophobic solutes. As will be seen below, 
some of the effects observed with alkylsubstituted 
ain~lloiliu~ll salts are reproduced with the alco- 
hols. However, the absence of coulombic inter- 
actions (ion-ion and ion-dipole) in solutions of 
the latter, allows a clearer description of the role 
of the hydrocarbon residue in solute-solute 
interactions. The solution properties of several 
polyols also enable new information to be 
derived. 

middle fraction (-1OC,/0) was retained for the present 
measurements; as estimated by gc, the purity of these 
fractions was at  least 9SYc. Solid materials were re- 
crystallized twice from appropriate solvents. 

The solution densities (d) and volumetric specific heats 
( u )  were measured using a flow densimeter (15) and a flow 
n~icrocalorimeter (16) described earlier; the detection 
limits attainable, in differential measurements, were 
respectively k 2  X 10-" cm-3 and + 1 x J K-1 
cm-3. 111 this study, the same closed-loop thermostat was 
used to regulate the temperature of both the densimeter 
and the microcalorimeter. Under the flowrates (1.0 cm3 
min-1) and heating power (21 mW) used, the temperature 
increment during the specific heat measurements was 
-0.3 "C. Thus, the heat capacity data were recorded a t  a 
mean temperature of -25.15 "C. 

Results 

The apparent molal voluille 4,. and heat 
capacity 4,  of the various alcohols were calcu- 
lated from the data using the following equations 
(2, 17): 

1'11 
M? 1000 ((1 - do) 4 =L--- 
d n7ddo 

do is the density of water taken as 0.997047 g 
cmd3 (18) and co is the volumetric specific heat 
in J K-I c11r3. The latter was obtained from the 
weight specific heat taken as 4.1793 J K-' g-' 
(19). The results were fitted by least-squares 
methods to equations of the form 

in which c represents the molar concentration 
Experimental of the solute. 

All solutions were prepared by weight, using water 
The resulting coefficients are collected in 

doubly distilled over alkaline permanganate and equili- Table 1 which includes the limiting values of 
brated with atmospheric CO?. The alcohols used were b,,' and 4,' for the 16 alcohols and the cor- 
obtained from the following suppliers: methanol, ethanol, responding slopes B,. and B,. Standard devia- 
andtl-propanol(Fisher Certified); 11-butanol(Anac11emia); tiollS on these quantities are also reported as 
isobutanol and s-butanol (Baker Reagent); tert-butyl 
alcohol (Fisher Certified); 12-pentanol, 3-pentanol, and six nine lneasure- 
treo-pentanol (Aldrich 99%); ethyleneglycol (Fisher Certi- inents in the concentration range quoted. The 
fied); 1,4-butanediol (Aldrich 9970); 1,6-hexanediol complete set of experimental data is available 
(Aldrich); dimethyl-2,2-propanediol (Eastman); 1 1 -  elsewhere upon request? 
tris(hydroxymethy1)ethane (Fluka); pentaerythritol (Al- 
drichl. For more than half of the coillpounds studied 

 ater rials having a specified purity 299% were used as 
such after verifying that they gave a single peak gc chro- 'Values of d ,  c,,, g,, g, for the various compounds are 
matogram on a Carbowax 20-M column using a Hewlett available, at a nominal charge, from the Depository of 
Packard (Model HP-5750) chromatograph. Liquid alco- Unpublished Data, CISTI, National Research Council 
hols of unspecified purity were distilled and only a small of Canada, Ottawa, Canada KIA 0S2. 
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626 CAN. J. CHEM. VOL. 51, 1976 

here, a con~parison of the +,.O data with earlier larger than our standard deviation 011 4,'. This 
literature values is possible and shows satisfac- may result from either impurities in the alcohols 
tory agreement in most cases (Table 1). I n  some or minor systematic errors in one of the studies. 
instances, the discrepancy with previous data is As will become evident below, such discrepancies 

TABLE 1. Apparent n~olal volunles and heat capacities of various alcohols at 25 'C;:: 

Alcohol 
4r0 dc0 Concentration 

(crn3 mol-1) Li, (J K-1 mol-l) B,: range 

Methanol 

Ethanol 

Propanol 

11-Butanol 

2-Butanol 

Isobutanol 

~~rr-Butyl  alcohol 

11-Pentanol 

11eo-Pentanol 

3-Pentanol 

Ethyleneglycol 

1,4-Butanediol 

I ,6-Hexanediol 

Dimethyl-2,3-propanediol 

Pentaerythritol 101.81 0.23 328.8 -9.1 0.070-0.57 
HO OH (0.01) (0.04) (0.2) (0.6) 

*The standard deviation is given in parentl~escs below cach result; data shown in pnrcnthcscs are considered unreliable duc to limited con- 
celltration range acccssiblc. Lircrature v;~lucs of 6," data for aqueous n ~ c o h o ~ s  are MeOH, 38.17 (22); EtOH, 55.08 (11): PrOH, 70.74(12); 
lr-BuOH, 86.63 (221, 85.90 (S), 85.72 (9); isoBuOH, 86.15 (S), 86.07 (9); S-BuOH, 86.33 (X), 86.02 (9), 86.66 (20); rcrr-butyl alcoliol, 87.95 (8): 
~ I - P ~ ~ O H ,  102.55 (22); 3-PenOH, 101.28 (20); cthylenc glycol, 54.65 (22); I,4-butonediol, 88.36 (22), 88.2 (21); 1,6-hexnncdiol, 120.39 (22). 
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JOLICOEUR A .ND LACROIS 617 

are of little consequence on the information 
extracted from the data. 

Discussion 
The following discussion of the results is 

presented in three sections. The first part merely 
summarizes some qualitative observations on the 
data, which relate directly to  the purpose of our 
study. The  second part .reports a more quantita- 
tive analysis of the results carried out to  evaluate 
the contribution t o  4,' and dcO of the different 
portions of the alcohol solute nlolecule. Finally, 
the third part describes the consequence of 
solute-solute interactions on 4,. and 4, of 
aqueous alcohols. 

( I )  Liiniting Aypcrrerit Molnl Q~rantities 6," 
artd 4,' 

A con~parison of the d,0 and 4 2  data among 
the isomers of BuOH and PenOH shows that 
there are marked, but inconsistent, variations in 
these properties associated with the isomeriza- 
tion of the alkyl residue. Similar inconsistencies 
are evident also in the d,O data for the isomers 
of BuNH3C1 and those of BuCOONa (23). As 
pointed out in the introductory remarks, this 
difficulty arises presunlably because of changes 
in the hydration at the polar groups as the 
geometry of the alkyl substituent is varied. 
Within the series of data available thus far, this 
effect apparently obscures the consequence of 
alkyl group branching on either +,? or 4,' (24). 

The changes in 4,' and 4; resulting from the 
addition of one or lnore O H  groups on the 
hydrocarbon chain of an aliphatic alcohol are 
quite striking. While the apparent nlolal volume 
of the alcohol is hardly afTected by the replace- 
ment of a hydrogen atom (C-H) by an O H  
g o u p ,  the apparent molal heat capacity is 
sharply reduced. This is in agreement with the 
results of earlier studies on 4: and AC,' (pure 
liquid -> dilute solution) of propanol, propane- 
diols, and glycerol (25, 26). With the polyols 
derived by successive O H  substitution on 
rteo-PenOH, the sequential changes in I$,.' or dcO 
exhibit trends which can be understood from 
interference in the hydration of CH3 and C H 2 0 H  
groups on the quaternary carbon. 

(2) Gro~rl) Corltriblrtiotzs to 4,' arzrld: 
For  predictive purposes, as well as for under- 

standing the hydration of the various functional 

groups on a given molecule, it is of interest to 
cvaluate the contribution of each group t o  the 
measured quantity (20, 25-28). From the present 
data, combined wit11 several others from the 
literature, a group contribution assignment has 
been carried out based on operations which are 
best visualized fro111 the following definitions 
(referring t o  either 4,' or 4:): 

(a )  Ad0(CH2): ~llethylene group contributio~l 
derived from the homologous series of 11-alcohols. 

(b) A+O(H. . .OH): Combined contributions 
fro111 the O H  group, adO(OH), and from a 
hydrogen atom on the terlninal methyl group, 
A+O(H). This quantity is obtained as the ex- 
trapolation to  zero chain length of a plot of the 
data for n-ROH against number of carbon atoms. 
and is assu~lled t o  represent 

(c) A+'(H -> OH): change in d o  found for the 
substit~ltion of a n  H atom by an O H  group, 
which we identify to  

[A4J0(OH) - AdO(H)l 

While these definitions iniply nonthermodynanlic 
group additivity assunlptions, they yield by 
sinlple arithmetic on the data in Table 1 ,  values 
for A+O(H) and AdO(OH) which will be shown 
quite consistent. 

In  Table 2, we sunlnlarize the estimated group 
colltributions Ab0(CH2), AdO(OH), and AdO(H). 
Ad0(CH2) values were obtained from the slopes 
of the plots of do  against number of carbon 
atoms (N) as shown in Figs. 1 and 2, and 
are in good agreement with previous results 
(27-30). The extrapolation of these plots to  
N = 0 yields A ~ , O ( H . .  .OH)  as 23 cm3 mol-I 
and A ~ , O ( H  - O H )  = 90 J K-' nlol-'. The O H  
group contribution was taken as one-half of the 
value obtained when extrapolating the data for 
&,u-diols t o  N = 0, giving AbV0(OH) = 11 cm3 
mol-I and Ad,O(OH) = 10 J K-' mol-'. These 
independent results yield, from the additivity 
assullied above, the following AdO(H) values: 
A+,,O(H) = 12 cm3 mol-' and A+,O(H) = 80 J 
K-' mol-' . 

The consistency of these estimated group con- 
tributions can be tested by first verifying that 
they adequately predict the effect of the H + O H  
substitution on dV0 and 4; From the data for 
various pairs of solutes which differ only by their 
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TABLE 2 .  Estimates of various group contributions to dVo and deU 

Group 

I -CH2- 1 5 . 9::: 88:" 
2 -OH 11 10 
3 -C-H (terminal) 12 80 

I H + O H  -1 [-0.5 to 1.8].> -70 [-45 to -711.1 
5 (H . . .H)  24 [12 to 2311 160 [I00 to 2501t 

'The average values exclude the data for ~nethanol. The methylene group contributions to +,O and 
4.O have been reported by Desnoyers and co-workers as 15.9 cm3 mol-' (30) and 88 f 3 J K-I mol-I 
(7Ql 
, -<I .  

t l  and 5 are given as predicted from 2 and 3. The ranges quoted in brackets were obtained as dc- 
scribed in text. For 5, the range in 4 . O  and include model estimates rcportcd earlier as \vcll as othcr 
literature data (see text). 

No o f  C a r b o n  A t o m s  

FIG. 1. Limiting apparent molal volumes dV0 of 
11-alcohols and a ,~ -d lo l s  in water at 25 "C. 

number of OH groups (Table l), we calculated 
AdvO(H + OH) and AdcO(H + OH); the values 
obtained lie within the ranges given in Table 2 
(brackets). 

Further indication that AdvO(H) and AdC0(H) 
are meaningful quantities is given by data on 
model compounds which can illustrate the effect 
of removing two terminal C-H protons from 
hydrocarbon residues. Examples of such model 
systems would be those representing: dimeriza- 
tion (e.g. 2EtOH + 1,6butanediol) and cyclisa- 
tion (e.g. 3-pentanol+ c-pentan~l) .~ The con- 

'A+O(H. . .H) values obtained from these model proc- 
esses include, of course, changes in the intrinsic properties 

FIG. 2. Limiting apparent molal heat capacities deO of 
11-alcohols and a,w-diols in water at  25 "C. 

tribution of two terminal C-H protons 
AdVO(H. . - H) and Ad,O(H. . . H) have been 
calculated from data on the following model 
systems: 'chemical dimer models': alcohols 
(present data), alkylamrnonium and diazonium 
ions (31), alkanes (32); 'cyclisation models': 

of the solutes, as well as those originating in hydration 
effects. Although there are usually no accurate means of 
sorting out these various contributions, we know that in 
many cases the changes in the intrinsic properties are not 
the most important (2, 31). (In ref. 31, the difference 
between deO values of 11- and c-HexNH3Br should read 
-110 rather than -60 J K-1 mol-1 as quoted in foot- 
note 4.) 
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alcohols and alkylamines (20) and alkylam- 
rnonium ions (2, 29, 30). The extreme values of 
A+O(H. . . H) obtained from the different data 
sets are given in Table 2 in brackets. 

The rather broad range of A+O(H. . H) values 
found is not too surprising in view of the vastly 
different types of model systems examined. 
However, the derived group contributions point. 
with insistence, to  the fact that the removal of 
a terminal H atom on a hydrocarbon chain 
produces an unexpectedly large reduction in the 
apparent molal volume and heat capacity of the 
solute molecules. These observations imply that 
there exist important differences in the hydration 
effects associated with methyl and methylene 
groups. 

A rationalization of the ~nagnitudes of the 
various group contributions obtained above will 
presun~ably be feasible only as other regularities 
are found in +,? and +,O data on hydrocarbon- 
like solutes in aqueous and nonaqueous media. 
At present, some aspects seem qualitatively 
explainable as, for example, the relative magni- 
tude of A+,O(H) andA+,O(OH). The latter might 
be understood as the replacement of several 
weak C-H- - - H 2 0  interactions (and possibly 
H20. . . HOH interactions in the solvent struc- 
tural effect) by one or a few (three at most) 
stronger R-OH. . . H20  interaction^.^ How- 
ever, other results such as the close similarity of 
A+,O(CH2) and AV10(CH2), i.e. in the pure liquid 
hydrocarbon (2, 34), raises questions which d o  
not readily find an answer within the current 
concepts of the hydration of alkyl groups! 

(3) Co~lcolt~~c/tion Del~enclence IJ/' +, NIK/ +, 
The B,. and B, coefficients of [3] are plotted in 

Figs. 3 and 4 against the limiting apparent molal 
volume of the alcohols. From the volume data, 
the general trend is that B, is negative and de- 
creases with increasing size of the hydrocarbon 
group, as reported by several other workers 
(8, 20, 30). This is apparently true for diols as 
well as for nlonohydric alcohols, though diols 

'A group contributio~l analysis to the enthalpies of 
hydration AH$(gas -+ dilute solution) from data on the 
heat of solution of 11-alcohols (1 1) and 11-alkanes (32) 
leads to the inference that AH$(H) and AH?(CHz) are 
both exothermic and of similar low magnitude (33). 
AHsO(OH), on the other hand, is large, exothermic, and 
not greatly different in water as compared to other 
solvents. 

+ I I .s . I I -  R O H  ? 

FIG. 3. Molar concentration dependence of 4, for 
various alcohols and polyols in water at  25 "C. 

FIG. 4. Molar concentratio11 dependence of 4, for 
various alcohols and polyols in water at  25 "C. 

and polyols exhibit less negative B,, values. The 
present data show in addition that branching of 
the hydrocarbon residue leads, in all cases, to  
slightly more negative B, values (8). This would 
be more readily interpreted if, similarly, branch- 
ing of the hydrocarbon group always increased 
+,? of the alcohols. 

The consequence of solute-solute interactions 
on the apparent molal heat capacity of alcohols 
reveals una~llbiguous features. The B, coeffi- 
cients increase from -- - 5 to  -30 in going from 
MeOH t o  11-PenOH. Since B, values for diols 
are negative and decrease with increasing number 
of carbon atoms, the positive slopes are readily 
attributed to  interactions which involve the 
hydrophobic ends of the alkyl chains. Thus, 
near room tenlperature, 'hydrophobic inter- 
actions' among 11-alcohol molecules in water 
lead to an increase in the apparent heat capacity 
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of the solute (29, 31, 35). This is consistent with 
the variations in'the magnitude of the B, coeffi- 
cients of some large organic ions as reported 
earlier (3 1). 

The data in Fig. 4 also indicate that the effect 
of branching in the alkyl residue would be to 
reduce Bc. On the other hand, addition of a third 
and fourth hydroxy group to a diol does not 
appear to  change Bc values any further. 

Conclusion 

The limiting partial molal volumes and heat 
capacities of various low molecular weight alco- 
hols exhibit a chain length dependence which is 
consistent with the effects observed in other 
series of hon~ologous compounds. On the other 
hand, the data show no regular change in 
4,: or dcO with the degree of branching (shape) 
of the hydrocarbon chain of the alcohols. 

Assuming group contribution additivity to 
9,' and dC0, the contribution of -CH2-, 
C-OH and terminal C-H groups have been 
derived fro111 the data on 11-alcohols and 
a,~-diols.  The estimated group contributions 
point to an important difference in the hydration 
effects of nlethylene groups and terminal illethyl 
groups. This conclusion finds support in the 
comparison of the properties of nlodel solutes 
such as 2(Ethanol) vs. 1,4-butanediol or 
3-PenOH vs. c-PenOH. Through such corn- 
parisons, we had previously sought a basis for 
understanding the influence of geometrical fac- 
tors in the hydration of alkyl residues (2, 31). 
It now appears that the loss of terminal C-H 
protons may be responsible for a significant 
change in d,0 and dC0 of aqueous organic solutes, 
an effect we plan to further verify through 
measurements on various unsaturated alcohols. 

The concentration dependence of 4 ,  and 4,  
for the various alcohols and polyols exhibit 
regular trends as function of chain length, degree 
of branching and extent of -OH substitution. 
A remarkable feature of these excess functions is 
the finding that solute-solute interactions en- 
hance the apparent lllolal heat capacity of 
11-alcohols bearing an alkyl residue larger than 
CzH 5 .  
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The shielding effect of heterosubstituents in 
"'C nuclear magnetic resonance 
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H. BEIERBECK and J. K. SAUNDERS. Can. J. Chem. 54, 632 (1976). 
The effect of a heteros~~bstituent X on 13C chemical shifts, in conformations characterized by 

dihedral angles of 60", is analyzed in terms of a-shifts, heteroatom-carbon (XC), hydrogen- 
Ileteroaton~ (HX) and carbon-heteroatom (CX) golrclle interactions, and nonbonded -y(X) and 
a(X) interactions. The more general parameters HX X cos 4 and CX X cos 4 describe the 
p-heteroatom shifts in conformations in which the dihedral angles 4 differ from 60'. The shield- 
ing effects of chlorine, exocyclic oxygen, and endocyclic nitrogen are analyzed. 

H. BEIERBECK et J. K. SAUNDERS. Can. J. Chem. 54, 632 (1976). 
On analyse I'effet d'un hitkrosubstituant X sur les diplacements chirn~ques du 13C dans des 

conformations caractirisies par des angles diedres de 60'; cette analyse est faite en termes de 
diplacements a et d'interactions hitiroatome-carbone (XC), hydrogkne-he'tiroatome (HX) et 
carbone-hitiroatome (CX) et d'interactions nonliies -y(X) et d(X). Les parametres plus gind- 
raux HX X cos 4 et CX X cos 4 decrivent les diplacements des hitiroatomes /3 dans de3 
conformations dans lesquelles les angles dikdres 4 sont differents de 60'. On analyse les effets de 
blindages du chlore, de I'oxygkne exocyclique et de l'azote endocyclique. 

[Traduit par le journal] 

introduction 
The 13C chemical shift is a sensitive function of 

the chenlical environment of a carbon nucleus, 
particularly its structural relation to the p- and 
7-substituents. The substituent effects of the 8- 
and 7-groups are approxinlately additive, and 
several sets of shielding parameters for the deri- 
vation of 13C chemical shifts in saturated hydro- 
carbons have been reported (1-7). 

We have recently proposed the use of gauche 
interactions as a basis for p-carbon shielding 
parameters since they represent the simplest 
description of the steric relation between a 
carbon nucleus and its p-carbons (7). Ga~iche 
parameters not only provide the most convenient 
representatioil for the p-substituent efects of any 
general group X, in substrates of staggered con- 
formation, but they are also readily adapted to 
cases where dihedral angles differ from 60". This 
is demonstrated here with the derivation of 13C 
chemical shifts for a series of hydroxides, amines, 
and chlorinated hydrocarbons. 

Results and Discussioli 

following manner (7). The resonances for the 
primary carbons of ethane, the secondary carbon 
in propane, the tertiary carbon in isobutane, and 
the quaternary carbon in neopentane serve as 
reference shifts for primary, secondary, tertiary. 
and quaternary carbons, respectively. To these 
reference values shift increments are added which 
are associated with hydrogen-carbon (HC) and 
exocyclic carbon-carbon (CC) galtche inter- 
actions, and with nonbonded 7- and .s.~ln-axial 
6-interactions, 7(C) and 6(C). 

By a~~alogy,  the derivation of the chemical 
shifts of heterosubstituted carboils inay be based 
on the resonances in the substrates CH3X, 
CH3CH2X, (CH3),CHX, and (CH3)3CX, respec- 
tively. The shielding parameters of the group X 
are again based on those configurations which 
are not already present in the reference sub- 
strates, nanlely XC, HX, and CX griucl~e inter- 
actions, and nonbonded y(X) and 6(X) inter- 
actions (Table 1). Since endo- and exocyclic CC 
parameters were found to be ilonequivale~lt (7). 
endo- and exocyclic XC and CX configurations 
are also treated-separately. 

With these parameters the che~llical shifts for 
The 13C chenlical shifts for saturated hydro- X-substituted 'carbons may be derived fro111 the 

carboils which exist in staggered confornlatioils resonances in the appropriate reference sub- 
(dihedral angles of 60") may be derived in the strates CH3X etc.. by adding the sum of the 
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BElERBECK AND SAUNDERS 

TABLE 1. Structural parameters for the derivation of 
heterosubstituent effects on 13C chemical shifts 

Derivation of chemical shifts 

From 
Parameters structural units From parent hydrocarbon resonances 

Reference C-X Hydrocarbon Hydrocarbon 

a-shift - rc-x-rc-~ / / $c-x->c-cH, 

a XC XC-HC XC-CC 

P k HX HX HX-HC 

P & CX CX CX-CC 
I! x 

- - - 

shielding contributions from HC, CC, -y(C), 6(C), 
and XC interactions. The resonances for the 
remaining carbons are given by the shifts in the 
corresponding references CH3CH3 etc., plus the 
sun1 of the shift increments associated with HC, 
CC, y(C), 6(C), HX, CX, -y(X), and 6(X) con- 
figurations. 

Alternatively, chemical shifts may be derived 
from the corresponding resonances in the parent 
hydrocarbons. In this case two modifications are 
necessary. Since exocyclic X replaces hydrogen. 
whereas endocyclic X replaces carbon, these 
modifications differ slightly for exo- and endo- 
cyclic substituents. First, an a-shift has to be 
added to the hydrocarbon resonance, if thc 
carbon in question is heterosubstituted. In the 
exocyclic case the a-shift corresponds to the 

\ \ difference (-,C-X) - ($2-H), and in the 
\ endocyclic case to (--,C-X) - ($c-CH~). 

These a-shifts may be derived froill resonances in 
reference substrates, or in coillpounds related to 
the lllolecules under investigation. For instance, 
the a-hydroxyl shift for the prediction of the 
chemical shifts in decalols (v.i.) may be taken to 
be the difference in chenlical shifts in isopropailol 
and propane, or in equatorial cyclohexanol and 
cyclohexane. Secondly, X not only introduces. 
but also replaces, structural features and inay 
therefore eliminate shift increments which con- 
tributed to the resonance in the parent hydro- 
carbon. Thus, an exocyclic 0-heteroatorn, re- 
placing a hydrogen in an HC gnuclle configura- 

tion, causes the 13-s~~bstit~~ent shift (XC-HC). For 
example, introduction of an axial hydroxyl group 
into the cyclohexane ring replaces two HC by 
OC gc111c11e interactions, and therefore gives rise 
to an a-shift plus two (OC-HC) shift increments. 

TABLE 2. Chemical reference shifts and carbon 
shielding parameters, in ppm, for the derivation of 

t3C resonances in hydrocarbons, hydroxides, and aminesa 

Carbon reference shifts and shielding factors (ppm) 

oThe chemical shifts for the hydrocarbons were taken from refs. 2 
nnd 8 (ethane), for the llydroxides from ref. 9, for the alnines from ref. 
10, and the values for t l ~ e  parameters HC, CC, and 7(C) from ref. 7. 
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634 CAN. J. CHEM. VOL. 54, 1976 

TABLE 3. Structural parameters, observed, and differences between calculated and observed t3C chemical shifts 
for a series of decalols 

A chemical shift 
(calcd. - exptl.)b Chemical 

shift 
Carbon Substituent Parametersu Structural Resonance ( e ~ p t l . ) ~  

11 48-OH,10-Me 6 0 3  0 0 0 0 0 0 1  -0.6 -0.6 19.1 

('The geometric parameters are given in the order: HC, cxocyclic CC, ?(C); a-shift, exocyclic OC, climinatcd ?(C), HO, exocyclic CO, 
and NO). For evel .~ 6(0)  intcraction a r(C) intcraction is removed at  the carbinvl carbon. , -~~ 

bDifferences bciween calculated a n i  bbservcd chemical shifts. Thc chemical shifts are calculated from simplc slructulal units (kf t  colum~l). 
ins wcll as from the resonances in the corresponding hydrocarbons (right column). 

T h e  chemical shifts for the decalols and thc corresponding dccalins are taken fro111 ref. I I .  

An equatorial hydroxyl group, on the other 
hand, neither introduces OC nor removes HC 
interactions, and its substituent efFect at C(1) 
therefore constitutes the a-hydroxyl shift. While 
exocyclic XC replaces an HC gazrcl~e interaction, 
endocyclic XC replaces a CC gairche configura- 
tion. The combinatioils of introduced and re- 
placed structural features are included in Table 1. 

An analysis of the shielding effects of exocyclic 
oxygen and endocyclic nitrogen may serve as 
illustration. The required reference shifts are 
given in Table 2. Tables 3 and 4 show the 13C 
chemical shifts for some trans-decalols and 
quinolizidines, which were used to  derive the 
oxygen and nitrogen shielding parameters. The 

structural variables are also included in Tables 3 
and 4. Multiple linear regression analyses be- 
tween the structural variables and observed 
chemical shifts gave the shielding paranleters in 
Table 5. The hydroxyl parameters in Table 5 
were then used to  predict substituent shifts in 
oxygenated steroids (Table 6). 

The shielding parameters in Table 5 require a 
few comments. Two sets of paraineters were 
derived, basing the prediction of the chemical 
shifts (a) on the reference values in Table 2 and 
(6) on the corresponding hydrocarbon resonan- 
ces. Since exocyclic NC, CN, and y(N) g~lucl~e 
configurations occur only in axial inethylquinoli- 
zidines, and since the chemical shifts for the cor- 
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BEIERBECK A N D  SAUNDERS 635 

TABLE 4. Structural parameters, observed, and differences between calculated and observed I3C chemical shifts 
for some quinolizidines 

il chemical shift 
(calcd. - exptl.)" Chemical 

shift 
Carbon Substituent Parameters" Structural Resonance (exvt1.Y 

nil 
nil 
nil 
nil 
18-methyl 
18-methyl 
18-methyl 
18-methyl 
la-methyl 
la-methyl 
l a-methyl 
1 a-methyl 
l a-methyl 
28-methyl 
28-methy l 
28-methyl 
28-methy l 
2a-methy 1 
2a-methyl 
2a-methyl 
38-methyl 
38-methyl 
3a-methyl 
3a-methyl 
3a-methyl 
3a-methyl 
4a-methyl 
4a-methyl 
4a-methyl 
4a-methyl 
10-methyl 
10-methyl 
10-methyl 
10-methvl 

('The geometric parameters arc  givcn in the order: HC, exocyclic CC, ?(C); cxocyclic NC, HN, cxocyclic CN, and AN) .  
bDitTercnces bclwcen calcul;ltcd and observed chemical shifts. The  chemical shifts arc  calculated from structural units (left column), nswtll 

a s  from the parent hydrocarbon rcsonanccs (right column). 
CThc chemical shifts for the quinolizidincs are  taken from rcf. 12, those for  the corrcsponding decalins from ref. 5. 
"The chemicill shifts for  thc corresponding mcthyldccalins were not  available. 

responding axial methyldecalins were not avail- 
able, the shift increments NC, CN, and r (N)  
could not be rederived by method O. 

The a-heterosubstituent effects are predicted 
using a combination of a-shift increments and 
XC gauche parameters. Endocyclic XC con- 
figurations occurred only in the quinolizidine 
series, where the NC parameter value was found 
to be insignificant. The values for the exocyclic 
XC parameters depend on the choice of a-shift 
increments. For instance, the use of the (CH3)2- 
CHOH-(CH3)2CH2 shift difference of 47.6 pprn 
gave a small OC value (set equal to zero in 

Table 5) .  If, however, the t1.(~tls-4-ieri-butyl- 
cyclohexanol-tert-butylcyclohexane shift differ- 
ence of 43.2 pprn (9) was chosen, an OC shift 
contribution of 2.44 ppnl was derived. The 
second choice gives somewhat better results 
(Table 3), presumably because conforinational 
effects on the carbinyl carbon resonances are 
similar in the cyclohexanol and decal01 systems. 

The p-substituent parameters HO, CO and 
HN, CN correspond to the p-carbon parameters 
HC, CC (7). Endocyclic CX interactions occurred 
only in the quinolizidine series and, like the 
endocyclic CC parameter, the shift increment 
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636 CAN. 3. CHEM. VOL. 54. 1976 

TABLE 5. Heterosubstit~~ent parameters, in ppm, derived 
with the structural variables and I1C chemical shifts in  

Tablcs 3 and 4 

Hydroxidcs Arnines 

1" 11" In 11" 

OC 0 . 0 0 V . 4 4 "  NC 1.90 - 
HO 4.84 4.42 HN 3 . 7  3.49 
CO 1.97 2.27 CN 2.63 - 

y(0) -6.72 -6.40 -/(N) -2.02 - 
6 ( 0 )  -2.28 -1.70 

OThc chcmicnl shift colculntio~ls arc based on tllc rcfcrcl~cc \,;~lucs 
i l l  T:~blc 2. 

bThc clicmical shift computations arc basccl 011 thc resonilnccs in  
the parent dccalins. 

'The OC pat;lrnctcr \\.as Ibund to be insignific;~nt :lnd \\,as sct cqu.~l 
10 zero. 

dThc r i ~ n 1 f s - l - r r ~ r - b ~ 1 t y l q c l o I ~ e x i 1 1 1 o l - ~ c  shift dif- 
fcrcncc of 43.2 ppm (9) was u ~ c d  as  a-hydroxyl shift.  

associated witli the endocyclic CN configuration 
was found to be insignificant. 

The galtclre -y(O) parameter is directly ob- 
servable and does not require any explanation. 
This parameter is rather sensitive to variations 
in the structural environment. An antimeriolanar 

1 1  

heterosubstituent may also cause noticeable up- 
field shifts (13). However, bec;~use of thc un- 
known nature of conformation;~l ell'ects on 
carbon resonances no anti -y(X) parameter was 
included in the present analysis. 

A 6-substituent needs to  be considered only if it 
is sy11-axial to the carbon in question. Such an 
arrangement occurs in tlie clecalol series. The 
present interpretation of 6(0) diff'ers from that 
given previously (1 1). Introduction of a syn-axial 
hydroxyl group shifts the 6-carbon resoiiaiicc 
downfield. However, it also removes a -y(C) 
interaction. The observed displacement is there- 
fore a 6(0)--y(C) effect and tlie 6(0) para~iieter 
itself is an upfield shift, rather than a downfield 
shift. 

Other additivity sche~iies for the prediction of 
oxygen (9, 14) and nitrogen (10, 12) substituent 
effects are available. However, these ~iiethods 
generally consist of correlating chemical shifts in 
heterosubstiti~ted molecules with resonances in 
the corresponding hydrocarbons, rather than 
with stri~ctural features. 

To  illustrate the use of the parameters, the 
calculations of the chemical shifts for C(l)  and 
C(2) of lp-hydroxydecalin and for C(9) and 
C(10) of lp-methylquinolizidine are described in 
detail (see also Table 7). Consider first the deriva- 

tion from the rcso~la~lccs in thc structural i111its 
i n  Table 2. The fragments C(2)-C(1)-OH- 
C(10) and C(3)-C(2)-C(l) correspond to  iso- 
propanol and propane, leading to reference shifts 
of 63.7 and 16.1 ppm, respectively. The only 
additional contribution to  the C(l)  resonance, 
3 X 4.73 ppm, comes from the three HC g(i~rcl lc 
interactions between the axial hydrogen on C(l)  
and C(3), C(5) and C(9). Thc shift contribution 
from the OC ~CIL IC I~C interaction is taken to  
be zero. Two HC ~CIL IC I~C interactions between the 
axial hydrogen on C(2) witli C(4) and C(10), and 
two HO g c / ~ / c l ~ c  interactions between the hydro- 
gens on C(2) and the hydroxyl group contribute 
2 X 4.73 ppm and 2 X 4.84 ppm to the reson- 
ance value of C(2). The fragnients C(8)-C(9)- 
C(10) and C(9)-C(10)-N-C(l) correspond to  
propane and isopropylamine, leading to reference 
shifts of 16.1 ppm and 43.0 ppm, respectively. 
Three HC g ~ / ~ / c I ~ c  interactions betwcen the axial 
hydrogen on C(9) and C(l)  and C(7), and tlie 
eqi~atorial hydrogen on C(9) with C(1), the -y(C) 
interaction between the equatorial hydrogen on 
C(9) and the methyl group, and the HN ~ N L I C I ~ C  
interaction between the axial hydrogen 011 C(9) 
ancl nitrogen contribute 3 X 4.73, 1 X -4.50, 
and 1 X 3.47 ppm to the resonance of C(9). 
Five HC gol/c/lc interactions between the 
liydrogen on C(10) and C(2), C(4), C(6), C(8), 
and C(11). and the cxocyclic CC g( l~ /c l /e  inter- 
action C(9)-C(lO)-C(I)-C(l l) add 5 X 4.73 
and 1 X 1.74 ppm to  the chemical shift of C(10). 

If the chemical sliifts are to be derived from 
thc resonances in tlie parent hydrocarbons, the 
cheniical shifts of C(l)  and C(2) in decalin, 34.3 
and 26.9 ppm, become tlie reference shifts for 
C(l)  and C(2) of 18-hydroxydecalin. The a- 
hydroxyl shift is taken to  be 43.2 ppm. The 
(OC-HC) g o ~ / c / l c  interaction contributes (2.44- 
4.73) ppiii to the resonance of C(1). The HC 
~ O L I C I ~ ~  interactions are already present in decalin 
and are now ignored. Two HO ~IIIICIIL' inter- 
actions between the axial and equatorial hydro- 
gens of C(2) with the hydroxyl group add 
2 X 4.42 ppm to tlie chemical shift of C(2). The 
resonances for the corresponding carbons in 
Ip-methyldecalin, 3 1.0 and 50.6 ppm, become the 
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BEIERBECK AND SAUNDERS 637 

1 T A ~ L L  6. Structural parameters, observed, and differences between calculated and observed 13C cliemical sli~fts 
I for some Iiydroxylated steroids and terpenesn 
I 

1 Chemical sliift 
A 

Substrate Reference Carbon Parameters HR HOR (res.) 

e 16/17" 2 0 0 0 2 0 0 0  19.1 27.9 0.0 
3 1 2 0 0 0 0 0  42.4 79.0 2 .O 
4 0 0 0 0 2 0 0  33.5 39.0 - 1 .O 

HO ,, --.I9 
29 0 0 0 0 0 1 0  33.5 28.1 - 1 . O  
30 0 0 0 0 0 1 0  22.0 15.4 0.2 + 1 1  /18 -I 0 0 0 0 0 1 0  38.3 32.3 -0.4 

5 0 0 0 1 1 0 0  45.0 51.6 0.1 

HO 
6 1 1 0 0 0 0 0  28.9 69.3 0 .5  
7 0 0 0 2 0 0 0  32.6 41.7 -0.3 * 11/18 4 0 0 0 0 0 1 0  38.3 35.4 -3.5 
5 0 0 0 0 2 0 0  45.0 47.3 -.- 7 7 
6 1 3 1 0 0 0 0  28.9 71.9 -2.2 

HO 
7 0 0 0 1  1 0 0  32.6 36.9 2.4 

HO 8 0 0 0 0 0 1 0  36.0 30.4 -0.8 
19 0 0 0 0 0 0 1  12.5 15.8 -0.5 

1 
20/20 1 0 0 0 0 0 0 1  35.1 36.9C I .O 

9 0 0 0 1 1 0 0  53.1 58.1 0.7 
I I 1 1 1 0 0 0 0  20.5 67.1 -1.2 

0 12 0 0 0 2 0 0 0  37.9 49.4 -2.7 

20/20 8 0 0 0 0 0 1 0  34.9 31.0 -2.5 

4 9 0 0 0 0 2 0 0  53.1 55.6 2.0 
11 1 3 2 0 0 0 0  20.5 66.2 0.4 
12 0 0 0 1 1 0 0  37.9 46.8 -2.2 

0 18 0 0 0 0 0 0 1  12.9 15.3 0.4 
19 0 0 0 0 0 0 1  16.8 20.3 -0.7 & 21/21 

11 0 0 0 2 0 0 0  21.7 30.0 0.5 
12 1 2 0 0 0 0 0  40.4 74.8 4.2 
13 0 0 0 0 2 0 0  50.3 56.4 -1.6 

HO 18 0 0 0 0 0 1 0  16.1 9.4 0.3 

"Explanation of column Iieadlngs. (I) ref. "14. x = reference for oxygcn.ttcd substr.~tc. j = reference for cor~espondlng hydrocarbon. 
(11) parameters they ale glven In llle sequence a-shlft, exocycl~c OC, removed -,(C), HO, exoeycl~c CO, y(O), mid 6(O), f o ~  evely d ( 0 )  Intelactlon 
a r(C) Inte1actlon 1s rcmo\cd at  the carblnyl c a ~ b o n ,  (111) H R  cliem~c.rl 5h1ft In thc h y d ~ o c a ~ b o n .  (11.) HOR chcln~cal s h ~ f t  in the hyd~oxj l  
der~va t~vc .  ( v )  rcs. d ~ f e t e n c e  between calculated and exper~rnental chemical shifts, the palarnetels In column I1 of Table 5 were used for the 
calculal~ons 

bThe HR resonances are those for a A8(9)-pimamd~ene (l7), rather than the cor~cspond~ng trlterpene. 
CThe asslgnmcnts of the C(I) and C(2) resonances of I la-hydroxyprogesterone (20) have been revetsed. 

I 

reference shifts for C(9) and C(10) of lp-methyl- of the HC interaction of the axial hydrogen in 
quinolizidine. The shift difference of (43.0-25.2) C(9) with C(5) by an HN interaction contributes 
ppm for C(2) in isopropylamine and isobutane is the shift increment (3.49-4.73) ppm to the 
taken to be the a-nitrogen shift. The replacenlent resonance of C(9). 
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TABLE 7. San~ple calculations of IjC chemical shifts" 

From structural units From parent hydrocarbon" 

Parameter C(1) C(2) Parameter C(9) c (  10) Parameter C(1) C(2) Parameter C(9) C(l0) 

Ref. 63.7 16.1 Ref. 16.1 43 .O Ref. 34.3 26.9 Ref. 31 .O 50.6 ? 
a - - a - a 43.9 - a - 17.8 

H C  - - - - H C  
L 

H C  3X4.73 2x4 .73  H C  3X4.73 5x4 .73  
- - - - 

n 
C C  OX1.74 OX1.74 C C  OX1.74 1X1.74 C C  C C  
?(C) OX-4.50 OX -4.50 ?(C) 1X-4.50 OX-4.50 ?(C) - - r(c) - - k s 
O C  lXO.OO OXO.OO NC OX1.90 OX1.90 OC-HC 1X-2.58 OX-2.58 NC-CC - - < 
H O  0X4.84 2X4.84 H N  1X3.47 OX3.47 H O  

0 0X4.42 2X4.42 HN-HC IX-1.24 OX-1.24 r 
CO 0X1.97 0X1.97 C N  OX2.63 0X2.63 CO OX2.27 OX2.27 CN-CC - - vI 

- 
4 

~ ( 0 )  OX -6.40 OX -6.40 -,(N)-?(C) - ?(O) OX-6.72 OX-6.72 ?(N) OX-2.02 OX-2.02 - 
S(0) OX-2.28 OX-2.28 6(0)-?(C) 0X2.80 0X2.80 c ., 0\ 
Pred. 77.9 35.2 Pred. 29.3 68.4 Pred. 75.6 35.7 Pred. 29.8 68.4 
Obs. 74.6 35.8 Obs. 29.9 69.5 Obs. 74.6 35.8 Obs. 29.9 69.5 
A 3.3 -0.6 A -0.6 -1.1 A 1 .O -0.1 A -0.1 -1.1 

aExamples: C(1) and C(2) of l,9-hydroxydecnlin and C(9) and C(I0) of 16-mcthylquinolizidine. 
hChemical shifts for deealins are taken from ref. 5 (cornpariso~~ with quinolizidincs) and from rcf. I I (comparison with dccalols) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BEIERBECK AND SAUNDERS 639 

TABLE 8. General @carbon and 0-hydroxyl shielding suggested to rationalize qualitatively the observed 
parameters HC/CC and HO/CO, in PPm, derived with shielding trends in D-rings of steroids (15). An 
13C chemical shifts in substrates, in which the dihedral angular dependence is most simply introduced by angles differ from 60"" 

multiplying the gauche parameters by a trigono- 
cos + cos2 + metric function of the dihedral angle 4. The fact 

that (3-substituent shifts in ecclipsed fragments 
Parameter b c II 

C 

(Tables 9 and 10) are about twice as large as the 
H C  8.69 9.46 10.35 18.92 p-parameters derived from staggered structural 
CC 2.86 3.48 4.40 6.96 units suggests a cos 4 dependence, since cos 0" = 
RMS 1.62 1.74 I . @  5.11 2 X cos 60'. 

RMS 1.55 1.75 2.01 5.59 o0 5 4 < 90" 
"TIYO expressions arc considered: 

'cos +' 6(B) = RlX X cos 01 + R?X X cos 02 
'cos' +' 6(8) = RIX X cos' 61 + R?X X cos' 0,. 

'#The bnlues for HCICC and HOICO are optimized. 
CPre~iousiy dcrivetl \~alues for HCICC and HOICO ore uaed 

(see Table 5) : 
'COS m' HC = 2 x 4.73. CC = 2 x 1.74. HO = 2 x 4.84. 

The interpretation ofL3C chemical shift contri- 
butions of$-groups in terms of garrche para- 
meters implies a general dependence of p-sub- 
stituent effects on the dihedral angles. An angular 
dependence of p-carbon shifts has already been 

As Tables 9-1 1 show, a cos 4 dependence gives 
indeed an adequate description of the angular 
variation of methyl, hydroxyl, and chlorine 
p-shifts. The function cos2 4 could also be used to 
predict the p-substituent shifts in Tables 9 and 10, 
but the corresponding parameters (Table 8) do 
not show the necessary relation to the HC, CC 
and HO, CO shift increments, given by cos2 O0 = 

4 X cos2 60". I t  was assumed throughout that 
interactions at angles greater than 90" do not 
contribute to the chemical shifts. Their inclusion 

TABLE 9. Gcrllclre interactions, dihedral angles, observed and predicted p-methyl substituent effects in 
norbornane derivatives 

Chemical shifts 

Carbon Compound Parameters Calcd." Expt1.h 

2-errcio-Methylnorbornane 
2-erldo-Methylnorbornane 
2-exo-Methylnorbornane 
2- xo-Methylnorbornane 
2,3-errdo-Dimethylnorbornane 
2,3-errcio-Dimethylnorbornane 
2-errdo,3-exo-Dimethylnorbornane 
2-errdo,3-exo-Dimethylnorbornane 
2-er1cio,3-exo-Dimetl1ylnorbornane 
2-erido,3-exo-Dimethylnorbornane 
2,3-exo-Dimethylnorbornane 
2,3-exo-Dimethylnorbornane 
1-Methylnorbornane 
1-Methylnorbornane 
7-Methyl orbornane 
1,2-exo-Dimethylnorbornane 
1,2-exo-Dimethylnorbornane 
1,2-errdo-Dimethylnorbornane 
1,2-errdo-Dimethylnorbornane 
1,7-Dimethylnorbornane 
1.7-Dimethvlnorbornane 

"he chemical shifts are calculated with equation I .  The parameters were 8.6912.86 (left column) and 9,4613.48 (right column). 
h e  experimental data from 2-e~rdo-methylnorbornanc to 2.3-cso-dimcthylnorbornane are taken from ref. 22, the rest from ref. 23. 
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640 CAN.  J. CHEM. VOL. 54, 1976 

TABLE 10. Gu~~clie interactions, dihedral angles, observed and predicted p-hydroxyl substituent effects in 
molecules where the dihedral angles differ from 60" 

Chemical shifts 

Carbon Compound Parameters Ca1cd.a Exptl.* 

1 2-e~~clo-Norbornanol 45 CO 85 H O  4.3 3.6 5.9 
3 2-elldo-Norbornanol 0 HO >90 - 10.5 9.7 7 .5  
I 7-exo-Norbornanol 35 HO 85 CO 9 1  8 .3  7.3 
3 2-exo-Norbornanol 0 HO >90 - 10.5 9.7 11.9 
1 Borneo1 45 CO 85 CO 3.8 3.1 3 .2  
3 Borneo1 0 HO >90 - 10.5 9.7 10.4 
I Isoborneol 35 CO 85 CO 4 .4  3.6 2.5 
3 Isoborneol 0 HO >90 - 10.5 9.7 11.9 
1 2-er1do-Hydroxy,3-e11cio-methylnorbor~1ane 45 CO 85 HO 4.3 3.6 6 .0  
3 2-erlclo-Hydroxy ,3-e11cio-methylnorbor11a11e 0 CO > 90 - 4.8 3.9 2.8 
1 2-er~clo-Hydroxy,3-eso-methylnorbornane 45 CO 85 HO 4.3  3.6 6.5 
3 2-e~lclo-Hydroxy,3-exo-methylnorbornane 0 HO >90 - 10.5 9.7 9.2 
I 2-exo-Hydroxy,3-er~clo-methylnorborna11e 35 HO 85 CO 9.1 8 .3  7.7 
3 2-exo-Hydroxy,3-er~clo-methylnorbornane 0 HO >90 - 10.5 9.7 12.1 
I 2-exo-Hydroxy,3-eso-methylnorbornane 35 HO 85 CO 9.1 8 .3  8.1 
3 2-exo-Hydroxy,3-exo-methylnorbornane 0 CO >90 - 4.8 3.9 7 .O 
2 1-TwistanolC 35 HO 85 HO 9.6 8.8 9 .1  
6 1-Twistanol 35 H O  85 CO 9.1 8.3 9.0 

10 1-Twistanol 45 HO 75 HO 10.2 9 .4  8.6 
3 4-erido-Twistanol 45 CO 75 HO 6.2 5.3 6.6 
5 4-elldo-Twistanol 30 HO 90 CO 9 8.4 11.7 
3 4-exo-Twistanol 45 HO 75 CO 8.7  7.9 9 . 0  
5 4-eso-Twistanol 30 HO 90 HO 9.1 8.4 10.7 

13 17a-Hydroxyandrostane 35 CO 85 CO 4.4 3.6 4.5 
16 17a-Hydroxyandrostane I0 HO >90 - 10.4 9.5 11.9 
l i 17p-Hydroxyandrostane 30 CO 90 CO 4.2 3.4 2.1 
16 17p-Hydroxyandrostane 10 HO >90 - 10.4 9 .5  10.1 

('The chemical shifts a re  calculated with equation I .  The parameter values arc  10.54/4.54 (left column) and 9.6813.91 (right column). 
bThe cliemieal shifts for tlie borneols, norbornanols and their parcnt hydrocarbons a rc  taken from ref. 23, atid for tlie metl iylno~~bornn~~iols  and  

parent  hydrocarbons from ref. 24 and 23 respectively; the clieniical shifts for tmistane and tlic t~uistanols arc  unpublished rcsults from this Iitbora- 
tory, and tlie steroid shifts are  taken from ref. IS. 

CTmistane numbering system: 
"i-i 

99 exo Ado 

TABLE 1 I .  Garrcl~e interactions, dihedral angles, observed and predicted p-chloro substituent shifts 

Carbon Compound Parameters Ca1cd.n Exptl." 

eq-Chlorocyclohexane 
c~x-Chlorocy clohexane 
1-Chloroadamantane 
2-Chloroadamantane 
2-e~iclo-Chlorobornane 
2-e~iclo-Chlorobornane 
2-exo-Chlorobornane 
2-exo-Chlorobornane 
I-Chlorotwistane 
I-Chlorotwistane 
I-Chlorotwistane 

"The chemical shifts are  calcula~ed with equation I .  The parameter values arc:  HX = 11.59, C X  = 3.53. 
bThe substituent shifts for the cyclohexanes are  taken from rcf. 25, for thc bornanes from ref. 23, and thc twistztnc s l i~fts  a rc  unpublished 

results from this laboratory. 
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BEIERBECI< AND SAUNDERS 64 1 

2 RIX RIX + RIX 2 RzX 

liad little efl'ect o n  parameters o r  calculated 
resonance values. Equat ion 1 indicates tha t  a 
p r o n o ~ ~ n c e d  variation of  p-substituent shifts with 
torsional angles is t o  bc expected only if X inter- 
acts with t w o  different groups R I  # R2. T h e  sun1 

+ $I~) is always close t o  120" aiid the  sum 
(cos $11 + cos $,) is nearly invariant over the  
range 0" < 4 5 90" (angles greater tllan 90" a r e  
ignored). I f  R I  = R l ,  t h e  substituent effect is 
virtually independent of 4 ,  a n d  eclipsed a n d  
staggered conformations have similar /3-substi- 
tuent  shifts. 
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Photoelectron studies on intramolecularly hydrogen-bonded systems. 
I. The photoelectron spectra of cis- and trans-2-aminocyclopentanol, 

and cis- and trans-2-(N,N-dimethylamino)cyclopentanol 

R. S. BROWK 
Deprirltrier~r of'Clretnisr~*, Utriversir)~ of Alberlrr, Edniot~lot~, Alberrn T6G 2G2 

Received August 1 ,  1975 

R. S. BROWN. Can. J. Chem. 54, 642 (1976). 
The photoelectron spectra of cis- and rrritrs-2-aminocyclopenta~~ol and cis- and tratrs-2- 

(N,N,-dimethylamino)cyclopentanol have been recorded and interpreted. The cis isomers exhibit 
N lone pair ionizations at  higher ionization energy, and 0 lone pair ionizations at  lower ioniza- 
tion energy than their rrrttls isomers. 

The results are most consistent with the existence and observation of intramolecular hydrogen- 
bonding in the cis isomers. Infrared data on these systems also show that the cis isomers exist 
in the intramolecularly hydrogen-bonded state. 

R.  S. BROWN. Can. J. Chem. 54,642 (1976). 
On a enregistrC et interprCtC les spectres photoClectroniques des amino-2 cyclopentanols cis 

et trrtt~s et des (N,N-dimCthy1amino)-2 cyclopentanols cis et rratls. Pour les isomkres cis, I'ionisa- 
tion des paires d'klectrons libres de l'azote s'effectue a des Cnergies d'ionisation plus ClevCes 
alors que celle des paires d'ilectrons des oxygknes requikre des Cnergies d'ionisation plus 
basses que celles des isomkres rrrttrs. 

Les risultats sont en accord avec l'existence et l'observation de ponts hydrogknes intra- 
molCculaires dans les isomkres cis. Les donnCes infrarouges sur ces systkmes montrent qu'il 
existe des ponts hydrogknes intramolCculaires dans les isomkres cis. 

[Traduit par le journal] 

The phenomenon known as hydrogen-bonding 
has been the subject of intense interest as evi- 
denced by the appearance of at least 5000 
pertinent publications over the last 35 years (for 
an excellent compendiun~ of leading works see 
ref. 1). Infrared spectroscopy (ir) has proved to 
be a most convenient technique for determining 
the existence of both inter- and intramolecular 
hydrogen bonds. While such measurements pro- 
vide definite evidence for hydrogen bonds they 
do so by indirect methods since it is the change 
in the stretching frequency of the bond ndjuceizt 
to the hydrogen bond that is measured. Direct 
observation of the electron pair involved in a 
hydrogen bond would perhaps offer insight into 
the subtle electronic changes occurring during 
this most interesting process. 

Photoelectron spectroscopy (pes) has recently 
proved to be an invaluable aid to the elucidation 
of the electronic structures of molecules (2). 
Particularly accessible to pe study are lone pairs 
of electrons isolated on various atoms,' since 

'The term 'nonbonding' electrons is misleading since it 
implies little or no association of the lone pair with 
adjacent orbitals. Recent pe investigations of amines 

these pairs are usually well removed in t e r m  of 
energy from the more bonding electrons. Of the 
myriad of papers available concerning hydrogen- 
bonding, to our knowledge only two involved 
the use of pe spectroscopy (3,4). These investi- 
gated the temperature induced changes of the pe 
spectra of flexible amino alcohols (3) and 
carboxylic acid dimers (4). However, neither of 
these studies were conclusive in that such spectral 
changes could have arisen from complicating 
effects such as conformational heterogeneity and 
anomalous temperature effects. The following 
study was therefore undertaken in the hopes of 
clarifying the situation by determining what 
electronic changes occurred during intramolecu- 
lar hydrogen-bonding of well defined systems. 

Since pe spectroscopy is at present limited to 
the study of single molecular species, the 
n~olecules to be investigated must contain both 
the hydrogen donor and acceptor in a well- 

indicate the lone pair ionization has considerable breadth. 
indicative of a change in the molecular geometry between 
the ground and ion states. Such can be taken to imply 
that the orbital giving rise to that ionization has some 
bonding (or antibonding) character (2). 
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BROWN 643 

defined stereoche~nical relationship. The com- 
pounds chosen for study were cis- and trrr/z.s-2- 
aminocyclopentano1 (lri and 20), and cis- ancl 
trri/z.s-2-(N,N-di1~iethylamino)cyclope1ita1iol (10 
and 20). 

It was felt that these molecules offered the best 
opportunity of observing spectral changes which 
might be attributable to  hydrogen-bonding. 
Firstly the amine lone pair ought to be clearly 
disting~iisliable fro111 other bands since it should 
appejlr at low ionizatioii potential ((CH3)2- 
CHNH?, IP, = 8.86 eV (5)). Illcreasing substitu- 
tion on the amine should separate it further from 
other ionizations ((cH~),N, IP, = 8.12 eV (5)). 
Additionally, since adiabatic IP's have been 
correlated k i th  gas phase basicity (6), it was 
hoped that the greater basicity of the N lone pair 
over the 0 lone pair (6j') should facilitate the for- 
mation of a single hydrogen bonded species 3ci 
rather than a mixture of 3ci with appreciable 
q~~aii t i t ies of 30. The ir results of Krueger and 

Qo 
H-N<----H/ :N, p4 ,' 

I I H" 
H H 

3a 36 

Mettee on sonze ethanolamines (7) suggest that 
the 0-H - - -:N form is 1-2 kcal/mol more 
stable than the 0: - - - HN form. Lastly, tlie cis 
and trcins isoniers should provide well-defined 
spacial orielitations of the interacting groups. 
The cis isomers (10 and 10) should hold the 
a ~ n i n o  and hydroxyl groups in positions periiiit- 
ting the maxirnunz interaction allowable in these 
systems, while the trlnzs compounds (20 and 20) 
rigidly hold the two groups far enough apart to 
preclude appreciable hydrogen-bond formation. 
Being isomers however, it is felt that each cis and 
trrins pair should experience similar inductive 
aiid substituent effects. 

Experimental 
r1~r11rs-2-Ami~1ocyclope~1ta1iol (20) was prepared by 

opening of cyclopentene oxide with ammonia as described 

by Bannard PI ol. (8). It could be easily converted to  
cis-2-aminocyclopentanol ( l a )  by the oxazoline inversion 
method (8). 11~r111s-2-(N,N-Dimethylamino)cyclope1ita1iol 
was prepared by tlie opening of cyclopentene oxide with 
tliniethylamine according to tlie procedure of Friess and 
Baldridge (L)), while the corresponding cis compound ( l b )  
was prepared by an Eschweiller-Clarke methylation of  
lrr(l0). 

Photoelectron spectra were run ~ ~ s i l i g  a MacPherson 
Motlel 36 ESCA machine eq~~ippecl with a He[I) ioniza- 
tion source. and were calibrated using argon as an  internal 
standard. The resolution of the Ar 2P,/,-2P,/, doublet 
was found to be 30-40 meV during actual spectral 
recording. 

Infrared spectra were monitored using a Perkin-Elmer 
421 grating spectropliotorneter ancl tetrachloroethylene 
as a solvent. Temperature studies of l o  and 111 werc 
performed in 1.0 crn matched fused-quartz cells trans- 
parent to 2500 cm-1. These cells were inserted in a 
thermostated cell holder connected to a temperature 
regulatecl Haake FE water circulating pump. Tempera- 
t ~ ~ r e s  were measured by a thermocouple inserted through 
the Teflon stopper of a cell in the thermostated block and 
connected to a Biddle-Gray T C  Potentiometer. Ternpera- 
tures are generally believed accurate to i 0 . 3  "C. 

liesults and Discussion 

The pe spectra for compounds lei, 20, and 10, 
20 are presented in Figs. 1 and 2 while the 
corresponding data and assignments for the first 
two bands of each spectrum are presented in 
Table 1. 

It call be clearly seen from Figs. 1 and 2 that  
in each case, the cis isomer displays the N lone 
pair a t  higher ionization or binding potential. 
Thus the difference in the first verticalVIP for 
l a  and 20 is 0.45 eV while that for the cis- a ~ l d  
tr~lzs-(N,N-dimethy lamino) derivatives 10 and 26 
is 0.39 eV. Correspondingly, there is a somewhat 
smaller dccrease of 0.13 eV in the oxygen lone 
pair ionizations of the cis con~pounds over the 
trmzs compounds. Intuitively, one expects that in 

'The IP really applicable to this study is the adiabatic 
I P, since the vertical I ['represents not the O ' t  0 transition. 
but the Yc- 0 transition where X' represents some upper 
vibrational level of the ion statc. While one might argue 
that the changes attributed to  hydrogen bonding in these 
spectra are simply due to shifts in the Franck-Condon 
envelope, if one takes the onset potential as being 
representative of the adiabatic lP,  it can be seen that the 
onset potentials parallel tlie trends shown in the vertical 
IP's. Additionally, the half-widths of the N ionizations 
for l b  and 2b are constant at  0.76 0.02 eV: showing no 
broadening of the Franck-Condon envelope. Because of 
ease of measurement, we shall use the vertical IP's 
throughout the article since it is believed that the vertical 
and adiabatic 1P's show tlie same trends. 
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644 CAN. J .  C H E M .  VOL. 51. 1976 

ION lZATlON POTENTIAL IONIZATION POTENTIAL 

FIG. 2. Photoelectron spectra of cis- and trotts-2- FIG. 1. Photoelectron spectra of cis- and trri~rs-2- 
aminocyclopentanol (la and 20 respectively) using argon (N,N-dimethylamino)cyclopentanol (10 and 21, respec- 

tively) using argon as an internal calibration. as an internal calibrating gas. 

hydrogen-bonded systems the anline lone pair 
ought to become illore bonding and move to 
higher IP. Concon~itantly as the hydrogen of the 
OH moiety associates with the N lone pair, the 
oxygen ought to experience an increase in elec- 
tron density which should facilitate removal of 
an electron from the 0 lone pair. Recent theoret- 
ical calculations (11) co~lceriling the Mulliken 
populations of hydrogen-bonded diners are in 
agreement with these ideas and observations. 

That the cis-amino alcohols in fact exist in an 
intramolecularly hydrogen-bonded state is aillply 
illustrated by ir spectroscopy. Pertinent data are 
listed in tabular form in Table 2. Dilution studies 
on the t m ~ s  colnpoullds (2) show a dimiilutio~l 
of the internlolec~llarly bonded OH absorption 
with increasing dilution, while the cis co~llpounds 
(1) show no change in the ratios of the bonded to 
unbonded absorptions with diminishing con- 
centration. Such studies provide strong evidence 
for the existence of intramolecular hydrogen- 

TABLE I .  Ionization potentials of cis- and tt.rirrs-2-aminocyclopentanol 
( l a  and 2a) and of cis- and trcr~rs-2-(N,N-dimethylarnino)cyclopenta10 (10 and 20) 

Nitrogen IP (eV) Oxygen IP (eV) 

Compound Vertical Adiabatic* Vertical Adiabatic::' 

cis-2-Aminocyclopentanol 9.70 8.61 10.11 -i. 
trn~rs-2-Aminocyclopentanol 9.25 8.30 10.21 1 

cis-2-(N,N-Dimethylamino)cyclopentanol 8 .69 7 .SO 9.89 9.25 
trcors-2(N,N-Dirnethylamino)cyclopentanol S .30 7.45 10.02 9.36 

*Adiabatic IP's arc  lakc11 to bc tlic onsct potential for thc  band. 
tThc ;~diabiltic IP \rns not obscrvablc duc to strong band ovcl.lap. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



I BROWN 6.15 

TABLE 2. Infrared 0-H stretching frequencies o l  aminocyclopenta~~ols 1 and 2 
determined in CI?C=CCI? solution at room temperature 

U ~ I I  (cm-') 

'Free' 'Bonded' 

*Exhibits no c l~nngc  in  the rclntivc spcctrnl intcnsitics wit11 increasing dilution. 
.?Exhibits diminittion of bonded intensity and  incrcnsc in  frcc intcnsity with incrc;~sing dilution. 
:Exhibits n broad second m;~ximum at  3275 cm-' \vliich also dirninisl~cs wi th  incrcasing dilution. 
kExhibits broad sccond t i ~ ~ t x i t ~ ~ u r n  a t  3160 cm-' which also diminishes with increasing dilution. 
i.Frcc OH band is not observable it, this spectrum, but  is nssumccl to bc roughly the s;tlnc :is in  rile 

rrairs cotnpound (21)). 

bonding in the latter. Unfortunately low volatil- 
ity of conlpounds (1) prevented gas phase i r  
studies, but it is expected in the gas phase (where 
pe measurements were made) that the cis-amino 
alcohols (1) will also exist in their intramolecular- 
ly hydrogen-bonded states. 

Several points should be made regarding the ir 
data. Within each series, the t m s  isomer shows 
AV ('free' OH - 'bonded' OH) to be larger than 
the cis isomer. It has been observed that 1,2- and 
1,3-amino alcohols (12) and diols (13) show 
larger AV values for interlnolecular than intra- 
nlilecular hydrogen-bonding pres~unably due to 
geometric restraints in the latter which prevent 
optimum interaction. Certainly the data of 
Table 2 do not contradict these observations. On 
the other hand, one might expect that increasing 
the basicity of the nitrogen by substitution (6) 
should increase the hydrogen bond strength (12). 
If  it is assunled that the controversial Badger- 
Bauer rule (14) holds, which states that AV is 
indicative of the enthalpy of the hydrogen-bond, 
then we would expect the ir data for 10 and 16 
might reflect the different hydrogen-bond 
strengths. A comparison of the AV values for In 
(185 cm-l) and 16 (- 180 cm-') shows no 
difference in AV even though the basicity of 16 is 
undoubtedly larger than that of l a  (6). Either the 
Badger-Bauer rule does not apply in these 
systems, or the A H  values for the bonded vs. free 
forms of l a  and 16 are equal. The Badger-Bauer 
rule has been shown not to be applicable to 
several systenls such as the a-w diol inonolnethyl 
ethers (15) and equilibria in which alkyl halides 
act as hydrogen acceptors (16). 

From an ir temperature relationship similar to 
that used by Krueger and Mettee (7) one can 

calculate the - A H  value for cis-2-aminocyclo- 
pentan01 (la) to be 1.92 kcal/mol (correlation 
coefficient 0.96). Unfortunately one cannot apply 
the same treatment to 2-(N,N-dirnethy1amino)- 
cyclopentanol (16) beca~lse the free OH group is 
not observable even at 90 OC. One can, however. 
predict a lower limit for the - A G  value for the 
hydrogen-bonded to free state of 16 of 3.34 
kcal/mol if we assume that at 90 OC we coulcl 
see greater than lyO of the free OH form. Since 
one can observe a free OH absorption for l a  it is 
clear that - A G  for the hydrogen-bonded to free 
form of l c r  is smaller than for 16. However, in the 
absence of entropy values, no prediction can be 
made concerning the relative values of enthalpies 
for the hydrogen-bonded forins of l a  and 16. 

It is tempting in the light of the spectra pre- 
sented in Figs. 1 and 2 to ascribe to hydrogen- 
bonding those differences in the pe spectra of the 
cis- and tratzs-aminocyclopentanols. While pe 
spectroscopy has been ~ ~ s e d  before to test the 
presence of hydrogen-bonding in open chain 
amino alcohols (3), previous studies relied on 
increasing temperature to break hydrogen bonds 
in flexible systems. While one could argue that 
such small observed differences (in many cases 
barely outside experimental error) were sinzply 
due to  confor~national heterogeneities of the ill- 
defined rotomers, s ~ ~ c h  is not the case here. By 
use of the relatively rigid isomeric aminocyclo- 
pentanols. one has frozen out all extraneous 
rotations about the C-C bonds and ensured 
well-defined gcon1etries.That lone pair-lone pail. 
interactions are not responsible for the observed 
spectral shifts is illustrated in 4. Direct through- 
space interactions (17) which should be maxi- 
mized in the cis isomers are expected to increase 
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Acknowledgments 

4 
the N-0  separations rather than  decrease them 
a s  observed, while a through-bond mechanism 
(17) can  possibly operate in both trrins a n d  cis 
fornls and  would also be expected t o  lower the N 
orbital IP. 

While the observed spectral shifts are  n o s t  con- 
sistent with i ~ ~ t r a m o l e c u l a r  hydrogen-bonding, 
it is no t  clear a t  this time whether pe  spectro-  
scopy might offer a quantitative evaluation 
of  the  intra~nolecular  hydrogen-bond strength. 
Although the  readily visible bands in the  pe  
spectra d o  shift markedly, there a re  subtle shifts 
in the  shape of the  U-envelope tha t  defy analysis. 
O n e  expects that  in addition t o  the  observed 
changes in the oxygen a n d  nitrogen lone pair 
ionizations, there ought  t o  be significant changes 
in the 0-H G-bond and  N-H a n d  N-C bonds 
a s  well. Unfortunately the bands arising f rom 
electrons within these orbitals a re  obscured by 
the large u-envelope. It  does not  appear  that  one  
call assume such changes in the  U-ionizations 
will exactly compensate  o n e  another ,  a n d  thus  
sinlply regard t h e  oxygen and nitrogen lone pairs 
as  being the  only orbitals significantly altered by 
the  presence of t h e  hydrogen bond.  

I n  conclusion, the  above study illustrates tha t  
pe  spectroscopy can be used t o  detect intra- 
nlolecular hydrogen-bonding in well-defined 
rigid systems. Such observations directly probe 
the  electron pair actually involved in the hydro- 
gen bond,  a n d  may in future provide new insight 
into the  phenonle~lon  of  hydrogen bonding. 

The  au thor  gratefully acknowledges t h e  f nan-  
cia1 assistance of  the University of  Alberta a n d  o f  
the National  Research Council of  Canada .  
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Pyrolysis of benzophenone oxime carbonates: a potential 
route to aryl imino ethers (aryl imidates) 
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1'. E. TITUS, P. A. FORTE, and J .  M. PROKIPCAK. Can. J .  Chem. 54, 647 (1976). 
Aryl ketoxime carbonates have been found to undergo decompositions at  temperatures 

ranging from 180-200 "C to give carbon dioxide and aryl imino ethers (irnidates). This pyrolysis 
could prove to be a general method for preparing aryl imino ethers. Fornlation of different 
imidates from the two geometric isomers (E- and Z-forms) of the ketoxime carbonates supports 
a mechanism involving the migration of the aryl group I I Y I I I S  to the carbonate grouping. This 
is similar to that observed in the Beckmann rearrangement of ketoximes. 

1'. E. TITUS, 1'. A. FORTE et 3 .  M. PROKIPCAK. Can. J. Chen~.  54, 647 (1976). 
On a trouvC que les carbonates d'aryle citoximes subissent des dCcompositions i des tem- 

peratures allant de 180-200 "C pour conduire h du dioxyde de carbone et des Cthers aryl-iminos 
(imidates). Cette pyrolyse pourrait s'avirer Ctre une methode gCnCrale pour prCparer les Cthers 
aryl-iminos. La formation de cliff6rents imidates i partir des deux isomkres gComCtriques(formes 
E rt Z )  des carbonates de cCtoxime est en accord avec un nlicanisme impliquant la migration 
du groupe aryle trrurs par rapport au groupement carbonate. Ceci est semblable B ce qui est 
observe dans le riarrangement cte Beckmann des cCtoximes. 

[Traduit par le journal] 

Introduction Various aromatic ketoximes 1 includintr 

There are several generally accepted methods 
of preparing imino ethers or imidates (1). In  
most cases these imidates are starting compounds 
for the Chapman reaction (2) which converts the 
imidates to diphenyl amides and eventually 
diphenyl amines. The most frequently encoun- 
tered method for preparing the imidates involves 
basically three stem: the benzanilide formation. 

& ,  

converGon to  the imidoyl chloride, and then 
conversion to  the irnidate. We wish t o  report a 
new method of preparing aryl imidates via the 
pyrolysis of benzophenone oxime carbonates. I t  
was found that the nature of the final imidate 
can be altered by using differently substituted 
ketoxime carbonates and also by using different 
geometric isonlers i.e. the E- and 2-forms of thc 

0 
II 

@, 
,0-c-0-6 

,c=N 6y - 
x-6 

x-6 ''-N\o-c-o-m E- form 
I I 
0 

Z- form 

ketoxime carbonates. Soine speculation on the 
mode of deconlpositioil is made on the basis of 
the products formed. 

'Author to whom correspondence should be sent. 

- 
difl'erently substituted as well as geometric 
isomers were prepared from the corresponding 
benzophenones. These were then treated with 
phenyl cl~loroformate to  yield the desired 
ketoxime carbonates 2 which upoil heating to 
180-200 "C decomposed to  give carbon dioxide 
and aryl i~nidates 3. The overall sequence is 
outlined in eq. I .  

0 
1 1 pyridine + @-o-c-cr - 

1 

Experimental 
In carrying out the studies, use was made of benzo- 

phenones which were readily available commercially. 
These were used without further purification and included 
the p-methoxy-, p-methyl-, p-chloro-, and p-nitroben- 
zophenones. 

Pt.rpcrrntiotr qf Oxitr~es rrtlcl Srl~rrrrrtiotl of' tlre 
Gronletric 1sotnet.s 

The benzophenone oximes were prepared by the well 
established reaction of ketones with hydroxylamine. The 
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geometric isomers (E- and 2-forms) were separated using 
previously reported methods; p-methoxybenzopl~enone 
oximes (3), p-methylbenzophenone oximes (4), p-chloro- 
benzophenone oximes (4), and p-nitrobenzophenone 
oximes (5). The only variation in the above methods 
occurred in the separation of the p-methylbenzophenone 
oximes. It was found that fractional crystallization from 
an ethanol-water mixture gave a better separation of the 
isomers than the originally reported acetic acid -water 
mixture. The E-isomer crystallized readily from the mix- 
ture while the filtrate contained the 2-isomer. All the 
oximes were finally crystallized from a chloroform- 
petroleum ether (bp 30-60 "C) mixture. 

Preparation of Ketoxitne Carbotmtes 
The same general procedure was used for the prepara- 

tion of the ketoxime carbonates, their pyrolysis and 
subsequent product identification. This procedure will be 
outlined for E-p-methoxybenzophenone oxime. 

In  a 500 ml round-bottomed flask were placed 150 ml 
of anhydrous diethyl ether, 2.3 ml pyridine and 4.8 g 
(0.023 mol) E-p-methoxybenzophenone oxime. While 
cooling this solution in an ice bath, 3.9 g (0.025 mol) 
phenyl chloroformate dissolved in 25 ml anhydrous ether 
were added slowly with stirring over a period of 1 h. The 
reaction mixture was stirred for an additional 2 h at  
0 "C and then allowed to stand overnight. The reaction 
mixture was poured onto ice and the ether layer sep- 
arated. This ethereal layer was washed twice with water, 
dried over anhydrous magnesium sulfate, and the solvent 
was removed it1 vnclro whereupon a solid formed (6.5 g, 
86% yield). Recrystallization from chloroform - petro- 
leum ether (bp 30-60 "C) gave pure E-p-methylbenzo- 
phenone oxime carbonate, mp 152-153 "C which had the 
following spectral data: ir (CHC13) 1780 cm-1 (C=O 
stretch), 1600 cm-I (C=N stretch), and 1190-1250 cm-1 
(ester C-0 stretch); nmr (CDC13) 6 (ppm) 2.34 (3H 
singlet, methyl) and 7.0-7.67 (14H multiplet, aromatic). 
Atlal. calcd. for Cz1H1,N03: C 76.37, H 5.17, N 4.23; 
found: C 76.26, H 5.02, N 4.22. 

Pyrolysis of Ketoxirne Carbonates 
The pure E-p-methylbenzophenone oxime carbonate 

(5.0 g, 0.015 mol) was placed in a flask along with 10 ml 
diphenyl ether and the solution was heated until a steady 
stream of COz evolved (190-200 "C). The flask contents 
were kept at  this temperature for 8 h. The diphenyl ether 
was then removed by vacuum distillation leaving an oil 
which yielded 7.63 g (77%) of the crude solid imidate. 
Recrystallization of this solid from chloroform - petro- 
leum ether (bp 30-60 "C) yielded pure phenyl N-p- 
tolylbenzimidate, mp 118-120 "C (reported (6) 117- 
119 "C) which had the following spectral data: ir (CHC13) 
1660 cm-1 (C=N stretch); nmr (CDCI,) 6 (ppm), 2.23 
(3H singlet, methyl) and 6.8-8.0 (14H multlplet, aro- 
matic. At~al. calcd. for C2oHI7NO: C 83.58, H 5.97, 
N 4.87; found: C 83.67, H 6.02, N 4.85. The structure of 
the imidate was further checked by hydrolyzing it with 
aqueous H2S04 whereupon N-tolyl benzamide, mp 
158 "C was obtained. The benzamide was verified vla 
mixed melting point with an authentic sample of benz- 
amide prepared by an alternate, well-established method. 

Results and Discussion 
The results of the preparation and deconlposi- 

tion of the ketoxime carbonates along with the 
elemental analysis of the carbonates and imidates 
are shown in Table 1. The configuration of each 
of the oxime phenyl carbonates was assumed to  
be identical t o  that of the parent oxilne since the 
synthesis of the carbonates did not involve 
cleavage of the N-0 bond. Furthermore, work 
done by Curtin et al. (7) and Philips (8) would 
indicate that isornerization between the E- and 
2-forms around the inlino double bond is very 
unlikely to  occur under the reactions conditions. 

I t  can be seen from Table 1 that the yields of 
the imino ethers depend to  a certain extent on  
the nature of the phenyl group trans t o  that of 
the carbonate grouping. The yields appear to be 
best in the cases of the ketoxime carbonates 
which have an  electron-donating group on the 
phenyl ring trans to the departing carbonate 
function. Since this group eventually becomes 
attached to  the nitrogen atom, this means that 
the Chapman rearrangement of the iinino ether 
would also be enhanced (9). Thus it would seem 
that for electron-donating substituents, this 
nlodification would be useful for the Chapman 
synthesis; when electron-withdrawing substit- 
uents are present, this route would not be as 
satisfactory. Diphenyl ether was initially chosen 
as the solvent for the decon~positions and pre- 
sented no work-up problems. When triglyme and 
hexanlethylphosphoramide were used in place of 
diphenyl ether, no  improvement in yields was 
observed whereas actual product isolation was 
made more difficult. Thus diphenyl ether was 
used for all the decompositions carried out in 
this study. However, other solvents are still 
being considered to  see if improved yields could 
be obtained. 

Since the present work encompasses only the 
identification of the major products of the 
pyrolysis reaction, namely, the imino ether and 
C 0 2 ,  no conclusions can be made on  the  
mechanism for the deconlposition. However, 
some speculation is possible since product 
identification and yields have been obtained for a 
series of substituted benzophenone oxime car- 
bonates. O n  the basis of the imino ethers formed 
from the various oxime carbonates, it is felt that 
this reaction belongs to a Becknlann class of 
reactions. Just as in the case of the Beckmann 
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TABLE 1. Synthesis and pyrolysis of benzophenone oxime carbonates 

Oxime phenyl carbonate* Imino ether* 

Melting Calcd. (%) Found (%) Melting Calcd. (%) Found (oi /o)  
point Yield point Yield 

R R' ("c) (5%) c H N C H N  ("c) (%) C H N  C H N  

H Meo 114.5-116 60 
Meo H 121-123 55 
H Me 112-113 94 
Me H 152-153 86 
H H 173-175 84.5 
H C1 98-101 80 
CI H 128.5-130.5 51 
H NO- 97-99 58 
NO1 H 128-130 40 

0 

,0>-04 +-0, 
*General Structures: Oxitnc Cnrbonntc lmidate .aC=" 
?Analysis not within limits duc to uristablc riaturc o f  thc substnncc \\,hicll nppcared to be brenl;in:: down lo  Ikctonc und?r i s o l ~ ~ t i o ~ i  proccdurc. 
ZThcsc compounds yielded kctonc as thc major product. 
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reaction where there is an anti-migration (10) of 
the group relative t o  the hydroxyl group, the 
products obtained in this study appear to  support 
a similar trans-migration of the aryl ring which 
is trans t o  the departing carbonate function. 
Furthennore, imidate yields and reactions times 
seem t o  indicate that electron-donating substit- 
uents on the t m l s  aryl group enhance thc 
reaction. Similar observations were recorded by 
Chapman and Fidler (4) in the thermal Beck- 
mann rearrangement of ketoxime picryl ethers. 

It was found that the p-nitrobenzophenone 
oxirne carbonates yielded no imino ethers what- 
soever. The major product in the case of both the 
E- and Z-isomers wasp-nitrobenzophenoile. The 
strong electron-withdrawing nitro group inakes 
the carbonates unstable quite possibly by making 
the imino double bond highly prone t o  hydrolysis 
by trace amounts of water. 

With the compounds that did yield irniilo 
ethers, the electronic effects support a mechanism 
where the migrating group is a negative species 
and any electron-donating groups on the migrat- 
ing ring enhance the migrating tendencies of the 
group. From the reported results, conclusions 
cannot be made on whether the reaction is con- 
certed, whether it is intramolecular with the 
formation of a close ion-pair, or  whether a planar 
intermediate is formed. However, the products 
isolated d o  indicate that the iinino ethers formed 
are very dependent on  the nature of the group 
trans to  the carbonate grouping. Furthermore it 
appears that one isomer is the inajor product, 

Close ion-pair 

that being the imino ether formed with the  
migration of the trans aryl group. On  the basis o f  
these res~ilts a possible mechanism is outlined 
below involving a three-membered transition 
state very similar to  that involved in the Beck- 
illann rearrangement of oximes. 

Conclusions 

The work presented appears t o  offer an 
alternate route to  the preparation of aryl imino 
ethers and a more extensive list of aryl ketones 
is being investigated to  get an idea of the full 
iinplications of the preparative value of this 
reaction. A great deal of work on the kinetics 
and solvent effects is planned to  help deterininc 
the decomposition mechanism. Even though the 
completed work does favour a concerted type of 
trans-migration, no concrete conclusions can be 
made regarding the mechanism. 
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A re-examination of the adiabatic correction term for the hydrogen molecule 

H u w  0 .  PRITCHARD AND LUTOXAW WOLNIEWICZ' 
Centrefor Research in Experimental Space Science, York University, Downsview, Ontario M3J lP3  

Received September 8, 1975 

H u w  0 .  PRITCHARD and LUTOXAW WOLNIEWICZ. Can. J. Chem. 54,651 (1976) 
The adiabatic coupling correction term (A,) has been evaluated by two methods, the one 

used by Kolos and Wolniewicz in 1964 and the one suggested by Kari, Chan, Hunter, and 
Pritchard in 1973. The difference between the two procedures for H, amounts to 0.04 cm-' 
and is almost independent of internuclear separation in the range R = 1.0-1.8 a.u. Thus, the 
method of computing the A,-term does not affect the vibrational energy level spacings. 

H u w  0 .  PRITCHARD et LUTOXAW WOLNIEWICZ. Can. J .  Chem. 54,651 (1976) 
On a evalue, par deux methodes, le terme de correction de couplage adiabatique (A,) ; les 

deux mtthodes utilisees sont celle de K d o s  et de Wolniewicz en 1964 et celle suggeree par 
Kari, Chan, Hunter et Pritchard en 1973. Pour H,, la difference entre les deux methodes equi- 
vaut a 0.04 cm-' et est pratiquement independente de la separation internucleaire dans I'ecart 
de R = 1.0-1.8 u.a. Donc la methode de calcul du terme A, n'affecte pas I'espacement des 
niveaux d'energie vibrationnelle. 

[Traduit par le journal] 

Introduction 

This paper sets out  to compare two alternative methods of computing the adiabatic coupling 
correction term for the hydrogen molecule, and a t  the same time to examine the nature of any 
approximations involved. Over a decade ago, K o b s  and Wolniewicz (1) made a n  extensive study 
of the adiabatic corrections to the potential energy curve for the ground state of the hydrogen 
molecule, and the accuracy of their calculations was confirmed when repeated in double-length 
arithmetic a few years later (2). T o  simplify the computations, they assumed that the wave equation 
was satisfied exactly and that the derivative of the nonlinear parameter in the wave function 
could be neglected. Tests at  the equilibrium internuclear separation established the validity of 
neglecting these derivatives, which again is equivalent to saying that the wave equation was 
satisfied. With modern computers, however, it is relatively easy to avoid these simplifying assump- 
tions. More recently, it was pointed out (3) that another simplifying assumption, that of treating 
the mass-polarisation term as a perturbation rather than including it in the electronic Hamiltonian, 
could be avoided also. This would improve the variational characteristics of the result, but is 
clearly a second-order effect. With the continuing interest in the comparison of theoretical and 
experimental energies for hydrogen, it is logical to examine the nature and magnitude of the 
corrections arising when these refinements are included in the computational scheme. 

Theory 
For  the symmetric hydrogen molecule, after separating off the centre of mass motion and 

measuring the electronic coordinates from the geometric centre of the molecule, one gets the 
Hamiltonian in the form 

where H C l , ,  is the clamped nuclei Hamiltonian, p is the reduced mass of the nuclei, and R is the 
internuclear distance. The adiabatic internuclear potential is given as an  integral over the elec- 
tronic coordinates 

P 

'Visiting Fellow. Permanent address: Institute of Physics, Nicholas Copernicus University, Grudziadzka 5, 87-100 
Torun, Poland. 
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652 CAN.  J .  C H E M .  VOL. 54, 1976 

with Y being the electronic wave function of the molecule satisfying the Schrodinger equation 

where Ho is the electronic Hamiltonian. As was mentioned in the Introduction, the total Hamil- 
tonian, H ,  can be split into 

in more than one way: thus, we can write 

141 Ho = Hc1.n 

as was done originally by Kofos and Wolniewicz ( I )  or 

as was suggested by Kari et al. (3); [4] and [5] are equivalent to [5a] and [Sc] of ref. 3. 
The electronic wave function employed in the present investigation was the same as that used 

previously ( 1, 3), i .e.  the expansion 

[61 Y = Cc,g ,  

where t j ,  q j  are the elliptic coordinates and p = 2rl , /R.  The linear parameters ci were determined 
from the equations 

independently for the two electronic Hamiltonians [4] and [5] ,  using the values of a as given in 
ref. 1, and the wave functions thus obtained were used to compute the appropriate expectation 
value of H ' .  The most costly part of the electronic computations is that of selecting suitable terms 
in the wave function and optimizing the nonlinear parameter u. However, it was found that the 
same value of a led to a minimum in the appropriate variational energy by either procedure, 
and thus, with u and the functions g,  given, one can use either of the electronic Hamiltonians 
[4] and [5] equally easily. Therefore we will not go into any details of the electronic computations 
and concentrate on the evaluation of the adiabatic correction arising from -(1/2p)A,. 

As was shown previously (I),  one can simplify the computations considerably if one uses the 
fact that R p  = 2r1, commutes with A,, and we recall briefly the relevant formulas. The expecta- 
tion value of A, is expressed in the form 

In the right hand side of [8] ,  Dl and D, are operators acting on the elliptic coordinates of the 
electrons, g, = p-"gi, and in the differentiation R and the elliptic coordinates are treated as 
independent variables. The operators Dj are defined by eq. 20 of ref. 1 and we will not rewrite 
them here. 
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PRITCHARD A N D  WOLNIEWICZ 

By making use of the identity 

one gets (A,) expressed in terms of integrals containing Y and its first derivative with respect 
to R, 

The derivatives dci/dR are given by the equations 

The braces denote anticommutators and double subscripts denote matrix elements, e.g. 

1 gi(t1 + t z k k  dT ( t l  + t2)ik etc. 

Clearly, E depends on both the internuclear distance R and a,  and thus 

d E  d E  d E  dci 
- +-- 

dR dR a~ dR 

a E 
- 

2E0  - ( V )  
dR R 

aE 

dci 
- = -<{t1 + tz, H 0  - E O ) )  

where ( ) stands for an  expectation value. Previously (l), the energy was minimized with respect 
to ci and so dE/dci did not appear in the equations for dci/dR. Here, in order to study the influence 
of different choices of da /dR on  the final result and also in order to determine the extent to which 
ci was optimized, dE/dci will not be omitted. 

Similarly, as [12] holds for the energy, we have for the coefficients ci: 

and b,', di' satisfy the sets of equations 

(ZH,,; v, E O  - ( V )  - 
= x - 

k k R 

with dE/da given by [12]. Now in view of [8], [9], and [I31 it is obvious that (A,) is a second 
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order polynomial in d r jdR:  

where (A,), is the expectation value of A, computed with dcr/dR = 0. The remaining coefficients 
read :2 

Pk Pk 
[17] (A,), = - 2 x S i k b i T 4 '  + 2 x ( < I  + <2) i rb i '~x  -2xsikciFdkid,  + 2x(C1 + C2) C-ck 

lk ' R  

[I8] ( A R ) 2  = - x S i k d i ' d k '  f 21(<1 + <2)ikcidk' - I [ ( < ,  + <2)21ikcick 

From the above formulas one can infer that for accurate variational functions the linear and 
quadratic terms in dr idR are very small. Indeed, if an  infinite expansion of the form [6] was used 
the choice of cr would be immaterial and one would get from [7] a function satisfying 

Thus we could write for an operator 0 

P I ]  x " k i d i '  = x[O(< l  + c2)lkici 
i I 

Clearly, for a finite expansion [6], [21] does not hold. Nonetheless if the expansion is reasonably 
long [21] can be expected to  hold approximately. Therefore the consecutive terms in the right 
hand side of [I71 should cancel pairwise and each of the two negative terms in [I81 should be 
approximately equal to  one-half of the positive contribution to  (A,),. We can conclude therefore 
that (A,), and (A, ) ,  should decrease with increasing accuracy of the wave function and this 
explains why the results obtained by Koios and Wolniewicz in 1964 (1) were practically insensi- 
tive to  the choice of dcr/dR. 

I t  is worth noting that what was said above can be generalized in a straightforward manner to 
the case of two o r  more nonlinear parameters. This has some practical consequences: should the 
adiabatic corrections for higher excited states of H, be computed, the R dependence of the non- 
linear parameters could be ignored in computing the expectation value of A, and this would 
simplify the computations significantly. 

Numerical Results 
Calculations were performed with a series of wave functions u p  to  and including N = 54 

terms in the electronic expansion [6], as used previously by Kofos and Wolniewicz (I) ,  for values 
of R = 1.0, 1.4, and 1.8 a.u. ;  this range covers the important region for the determination of 
the low-lying vibrational energy levels. 

First we examined the effect of neglecting terms in d r /dR and (dx/dR)' in [16]. I t  was found, 
as expected, that (A,), and (A,), are small, and that the pairwise cancellation of terms in [17] 
and [18] did in fact occur: for example, for R = 1.4 a.u., r = 1.0, and N = 20, [I71 becomes 

'It is understood that in matrix elements containing D,, p%tands to the le/c of the operator. 
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TABLE I .  The convergence of (A,) and dE/dz w ~ t h  increasing expansion length N for three 
trial wave functions (all quantities are given in atomic units) 

Wave function 
parameters N ( AR)O ( & ) I  ( A X > Z  C'Eic'z 

TABLE 2. Specimen results for 54-term wave functions, as used by Koros and 
Woln~ewicz ( I ) ,  for the hydrogen molecule 

-- 

R = 1.0 a.u. R = 1.4 a.u. R = 1.8 a.u. 
Approximation Method z = 0.8025 z = 1.027 z = 1.249 

Clamped nucleus energy [4] - 1.124533158 a.u. - 1.17447000 1 a.u. - 1.155061581 a.u. 

- 1.124107499 a.u.  - 1.174122559 a.u. - 1.154761767 a.u.  
Energy including mass-polarisation 

- 1.174122647 a.u. - 1.154761845 a.u. 

Difference -0.024 cm-I -0.019 c m l  -0.017 cm- '  

- I. I23934323 a.u. - 1,17394771 1 a.u. - 1.154581022 a.u. 
Adiabatic energy - 1.173947888 a.u.  - 1 . 1  54581 195 a.u. 

Difference -0.043 cm-I - 0.039 c m  ' -0.038 cm-I 

where 6 stands for 2R-'(5, + 5 , )  which cancels identically and was therefore not evaluated; 
likewise, [I81 becomes 

( A , ) ,  = -21.2881 + 42.5918 - 21.3050 - 1.3 x 10-%.u. 

The first term in the expansion (A, ) ,  is about 3.2 x lo-' a.u. 
Results were then computed for three specific cases: R = 1.0 a.u., r = 0.8025: R = 1.4 a.u. ,  

r = 1.027; and R = 1.8 a.u., r = 1.249, these values of r being the optimum values found 
previously (1) for the 54-term wave function. Table 1 shows that as the expansion length N is 
increased from 20 to  54, the value of (A, ) ,  remains roughly constant near 3.2 x lo-' a.u. in 
all three cases, but the cancellation illustrated above for ( A,), and ( A,), improves. As N increases 
from 20 to  54, ( A , ) ,  falls by an  order of magnitude, ( A , ) ,  by a little more, and ciE/?r by about 
two orders of magnitude. Since d r /dR  is of the order of 0.7 a.u. and ( A , )  has to  be multiplied 
by ( 2 m - '  in the final expression for the total energy, neglect of these terms a t  N = 54 amounts 
only to a few hundredths of a wave number. Thus, the neglect of the terms in dx/dR and (drldR)" 
is justified for any calculation where the expansion length N is large enough to  achieve spectroscopic 
accuracy and x is optimised in the normal way; these conclusions hold for both methods of per- 
forming the calculation, i.e. using [4] o r  [5] to  partition the Hamiltonian. 

Thus, ignoring the d r /dR  terms, the total energy was calculated for all orders from N = 20 
to  IV = 54 using both the methods of [4] and [5] for these three choices of R and a. In each case, 
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as expected, the electronic energy including mass-polarisation came out very slightly lower using 
[5], the improvement being of the order of 0.02 cm-', independent of the expansion length N in 
the range 20 Q N Q 54. Then ( A,), was calculated for each wave function, and again the correction 
was slightly more negative for [5] than for [4], by about 0.02 cm-' at  each value of R, and again, 
virtually independent of N in the range 20 6 N Q 54. Specimen results are shown in Table 2. 

We conclude that the calculation based on [5] is slightly better than that based on [4], although 
the improvement in energy is an order of magnitude less than the expected non-adiabatic cor- 
rections. This small improvement does little towards the resolution of the remaining discrepancies 
between theory and experiment for hydrogen (3) and deuterium (4) (especially since the improve- 
ment for D, is only one-fourth as big as it is for H,). Ow results, however, strongly support the 
conclusion that ( A , ) ,  and (A, ) ,  can be neglected, and it seems quite likely that this should 
also be true for other electronic states. 
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Nematic phase nuclear magnetic resonance studies of the molecular structures 
of cyclobutanone and methylenecyclobutanel 

K. C. COLE AND D. F. R. GILSON 
Chemistry Department. McGill University, P.O.  Box 6070, Station A ,  Montreal, Quebec H3C 3Gl 

Received August 5 ,  1975 

K. C. COLE and D. F. R.  GILSON. Can. J .  Chem. 54,657 (1976). 
The nematic phase proton magnetic resonance spectra of cyclobutanone and methylene- 

cyclobutane have been analyzed and the direct dipole coupling constants corrected for the 
averaging effects of the ring puckering vibrations. The nmr data have been used in conjunction 
with microwave spectroscopic results to derive the molecular structures. 

K. C. COLE et D. F .  R. GILSON. Can. J .  Chem. 54, 657 (1976). 
On a analyse les spectres rmn en phase nematique de la cyclobutanone et d u  methylene 

cyclobutane et on a corrige les constantes de couplage dipolaires directes pour le fait que les 
vibrations de plissement du  cycle conduisent a des valeurs moyennes. On a aussi utilise les 
donnees de rmn, de concert avec des resultats de spectroscopie de micro-ondes, pour en deduire 
les structures moleculaires. 

[Traduit par le journal] 

Introduction 
Four-membered ring molecules possess an 

out-of-plane vibrational mode with a potential 
function that depends upon the opposing forces 
of ring strain, tending to maintain planarity, 
and torsional effects which relieve interactions 
between eclipsed protons and favour non- 
planarity. The potential functions are of the 
general form 

[l]  V(z) = k,i? + k4z4 + ka exp (-kbz2) 

where z is a ring puckering coordinate and the 
k's are constants. A negative value o f  k2 or the 
presence of the exponential term produces a 
barrier at the planar conformation such that, 
if the barrier is sufficiently high, the molecule 
will be puckered in the ground state. In some 
cases the barrier is small and the ground state 
lies above the maximum. Even-numbered vibra- 
tional levels are strongly perturbed by the 
barrier since these have finite probabilities at 
the planar conformation; the odd levels are 
less perturbed since these have a node a t  this 
position. 

A wide variety of experimental techniques 
have been used to study molecules of this type 
as the values of bond lengths and angles in 

'This paper is dedicated to Professor C.  A. Winkler 
of McGill University on the occasion of his sixty-fifth 
birthday by one of his colleagues (D.F.R.G.). 

highly strained rings are of considerable interest. 
Most molecular structure determinations em- 
phasize the heavy atom coordinates at the 
expense of the hydrogen positions since protons 
exert only weak influences on electron diffrac- 
tion o r  microwave measurements. The data 
obtainable from the analyses of nmr spectra of 
molecules partially oriented in a nematic liquid 
crystal solvent are particularly useful for deter- 
mining relative proton distances and thus this 
method provides a complementary technique 
for structural determination. We have reported 
earlier on the structures of cyclobutane (1) and 
trimethylene oxide and trimethylene sulphide 
(2). The present work extends these studies to 
two compounds which possess exocyclic substi- 
tuents: cyclobutanone and methylenecyclobu- 
tane. 

Scharpen and Laurie have studied the micro- 
wave spectra of both cyclobutanone (3) and 
methylenecyclobutane (4). For cyclobutanone a 
puckering potential was derived which fits both 
the microwave and far-infrared data (5): 

+ 47.70 exp (-0.8854Q2) 

where Q is a mass weighted ~ o o r d i n a t e . ~  The 

'The potential function can be expressed in different 
forms. Some confusion has arisen when the appropriate 
transformations are not applied. See ref. 6. 
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potential function has a small barrier of 8 cm-I 
at the planar position and the ground state lies 
9 cm-' above the barrier. 

The far-infrared spectrum of methylene- 
cyclobutane shows a generalized absorption 
from 50 to 100 cm-' from which it is not 
possible to obtain a puckering potential (7). 
However, Durig et al. (7) have examined the 
Raman spectrum and derived a potential func- 
tion which also explained the microwave data 
(4) and infrared combination bands (8). 

This potential function has a barrier of 
141 cm-' and the ground state and first two 
excited vibrational levels lie below the barrier. 
An exponential term was not required in this 
function. Cyclobutanone and methylenecyclo- 
butane thus differ in that the ground state is 
nonplanar in the latter case but planar in 
cyclobutanone. 

The model commonly used to describe the 
puckering motions in four-membered rings was 
derived by Chan et al. (9) for trimethylene oxide. 
The ring is assumed to bend about the C,-C, 
and Cp-0  diagonals without any stretching of 
bonds. This motion is convenientlv described bv 
a parameter w which has a value of zero for 
symmetrical bending, - 1 for bending across 
the C,-C, diagonal with no change in the 
C,CpC, and C,OC, angles, and a value of + 1 
for bending across the Cp-0 diagonal with no 
change in the C,C,O angles. The protons of 
the methylene groups are assumed to move with 
a curvilinear motion such that there is no 
stretching of the C-H bonds or deformation 
of the methylene angles. 

In analysing the results obtained from micro- 
wave investigations it is possible to derive 
the rotational constants for each vibrational 
level and express the rotational constants as 
power series in the puckering coordinate. The 
results can be extrapolated to  a (hypothetical) 
~ l a n a r  state and a structure derived. For 
methods such as nematic phase nmr, or electron 
diffraction, it is not possible to study the indi- 
vidual vibrational states and results appropriate 
to an average over all occupied vibrational 
levels are obtained and must be treated ac- 
cordingly. For cyclobutane (1) and trimethylene 
oxide and trimethylene sulphide (2) this averag- 
ing over the vibrational motion was incorporated 

TABLE I. Spectral parameters for 
cyclobutanone 

Parameter Value 

'Chemical shift difference in Hz at 220 MHz. 

in the nematic phase nmr analysis by deriving 
correction terms to the direct dipole coupling 
constants, Dij. The correction terms were 
calculated as the expectation values of the even 
powers of the puckering coordinate from the 
solution of the Schrodinger equation with the 
known puckering potential and simple har- 
monic oscillator basis functions. 

The nematic phase nmr spectrum of cyclo- 
butanone has been reported by dlAnnibale 
et al. (10) and by Swinton (11) who analysed 
the structure as a rigid planar molecule without 
averaging over the vibrational motions. 

Experimental 
Cyclobutanone and methylenecyclobutane were ob- 

tained from commercial sources and used without 
further purification. Solutions were prepared in the 
nematic liquid crystal p-ethoxybenzylidene-p-n-butylani- 
line (EBBA); cyclobutanone 24 mol%, and methylene- 
cyclobutane 18 mol%, and spectra obtained at  220 MHz 
at the Canadian 220 MHz NMR Centre, Sheridan Park, 
Ontario. The sample temperature was 18 "C in each case. 
Analysis of the spectra and calculations followed the 
procedures described earlier (2), except for the spectrum 
of the eight-spin methylenecyclobutane system which was 
analysed with the computer program SPECSYM, written 
in this laboratory. 

Results 
The spectrum of cyclobutanone resembles 

those o f  trimethylene oxide and trimethylene 
sulphide reported earlier (2). Seventy-eight 
lines were used in the analysis and fitted with 
an rms deviation in line position of 0.96 Hz. 
The spectral parameters are listed in Table 1. 
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TABLE 2. Spectral parameters for methylenecyclobutane 

Parameter Valuet Parameter Value 

* 5 9 2 . 2 7 i 0 . 0 4  
Vs 404.03&0.05 
''7 996.61 k 0 . 0 5  
J12 - 1 4 . 7 2 i 2 . 2 7  (Hz) D12 +3414.31 k 0 . 4 5  (Hz) 
J~ 3 -3 .05+0.08  Dl 3 +38.75+0.08  
J ~ 4  + 0 . 8 4 1 0 . 0 7  Dl, - 75 .60k0 .08  
JIS +9 .61*0.06  D1 5 -569.63+0.06 
J I ~  +6 .45+0 .06  Dl, +15 .92k0 .05  
J,, ( - 2 . 3  k 0 . 5 )  D1 1 - 4 5 8 . 4 4 i 0 . 7 5  
J,, ( -2 .8  f 0 .5)  DI 8 -142 .36+0.60  
Jsb - 9 . 9 8 i 2 . 2 8  Ds 6 +3054.19&0.I1  
Js 7 (0.0)  Ds 1 - 1 5 8 . 6 6 i 0 . 1 0  
Jl, 0 . 4 9 f 0 . 0 9  D7, -398 .33k0.08  

'Chemical shifts in Hz from TMS at 220 M H z .  
tAssumed parameters in parentheses. 

The direct coupling constants cannot be com- 
pared with those of d'Annibale et al. (10) 
since a different nematic solvent was used. 
The same solvent was used by Swinton (1 1). 
but a different solute concentration and possibly 
a different sample temperature resulted in a 
different degree of orientation of the solute 
molecule. 

The spectrum of methylenecyclobutane was 
extremely complex, Fig. 1. Of the 2930 sym- 
metry allowed transitions some 770 lines were of 
observable intensity and 350 of those used in 
the analysis. The rms deviation between experi- 
mental and calculated frequencies was 0.59 Hz. 
The relatively large chemical shifts between the 
olefinic and ring protons leads to some first 
order character so that the off-diagonal terms 
(2Jij - Dij) are less well determined than the 
corresponding diagonal terms (Jy + Dij) and 
it was not possible to  obtain, with accuracy, 
the indirect coupling constants J,, and J,, 
from the partially oriented spectrum. Values 
were assumed for these couplings based on those 
reported for similar compounds. The final 
spectral parameters for methylenecyclobutane 
are given in Table 2. 

Discussion 
Cyclobutanone 

The proton geometry of a rigid planar 
cyclobutanone molecule can be described by 
four independent distances, Fig. 2, but only a 
relative geometry can be derived due to  the 
interdependence of the distance functions and 
motional constants in the direct dipole moment 

I 
FIG. 2. Proton numbering scheme and distances in 

cyclobutanone and methylenecyclobutane: dl  = .y2 - x,, 
d2 = y3, d3 = z2 ,  d4 = zb. d5 = x7 - X ~ I  db = Y E .  

expressions (12). One distance can therefore be 
assumed in order to scale the geometry and with 
the two motional constants required to describe 
the degree of orientation there remains five 
parameters with which to  fit the six experi- 
mental direct dipole coupling constants. The 
best fit for a rigid planar geometry was obtained 
with the distances given in column 1 of Table 3 
with an rms deviation between the experimental 
and calculated Dij values of 3.4 Hz. 

In order to include theeffects of ring puckering 
it was necessary to determine the parameter w, 
described earlier, which was not reported by 
Scharpen and Laurie for cyclobutanone (3). 
A comparison of calculated and experimental 
variations in rotational constants with vibra- 
tional quantum numbers gave good agreement 
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COLE A N D  GILSON 

TABLE 3. Structural results for cyclobutanone 

Value 

1 11 111 
Parameter Rigid planar q = 0 q varied 

dl+ (A) 
d2 

d3 
d4 
C,:>-,* 
c,,-,* 
ADij rms (Hz) 

'Assumed parameter. 

for w = -0.4. The negative value of w in- 
dicates that bending occurs principally about 
the C,-C, diagonal which is to be expected 
since bending about the other diagonal would 
involve the more highly strained carbonyl bond 
angle. With this model the thermally averaged 
functions at  291 K were calculated to be 
(z2), = 8.563 x A2 and (z4), = 1.595 x 

A4. The nonplanar four membered ring 
no longer retains C2, symmetry and, therefore, 
the orientation in the liquid crystal cannot be 
described by only two motional constants. It is 
convenient to introduce the third required 
motional constant Cxz via the expression C,, = 
qz, i.e. proportional to the puckering amplitude. 
The term q can be used as an additional variable 
parameter but this leads to an equal number of 
'knowns and unknowns' and an exact fit can 
be made to the direct dipole coupling constants 
and there is no redundant parameter. With the 
inclusion of the thermally averaged puckering 
correction terms and the q term the Di j  ex- 
pressions are: 

set equal to zero and with q as a variable param- 
eter. In the first case the fit is worse than for 
the rigid planar case. The preferred distance 
values are given in column 111 of Table 3 
where the error limits are calculated probable 
errors based upon the errors in the measured 
direct dipole coupling constants (13). The nmr 
data can be combined with the microwave 
results to give a more complete structure. The 
ring atom bond lengths and angles were taken 
from the r, structure of Scharpen and Laurie (3). 
The C-H bond length was assumed to be 
1.097 A, the value found for trimethylene oxide 
(2), and the proton geometry scaled to fit the 
structure. The parameters which remain to be 
determined are the bond angles at the methylene 
groups and the carbon-oxygen bond length. 
This bond length was not quoted by Scharpen 
and Laurie (3) but can be obtained from the 
rotational constants once the proton coordinates 
are known. The proposed structure is given in 
Table 5. The protondistances in this structure 
differ slightly from the values given in Table 3 
due to the scaling procedure. The bisector of 
the methylene group is displaced 2.6" toward 
the carbonyl group and away from the bisector 
of the interior ring angle. A similar effect was 
reported by d'Annibale et al .  (10) who based 
their proposed structure on a rigid planar 
molecule and concluded that ring puckering 
effects were negligible. The angle in this treat- 
ment was found to be 1 1  So .  

DS6 = DS6' + 1548.60C3,z-,z - 894.09Cxz-yz Methylenecyclobutane 
- 643'59q The ~rocedures used for methylenecyclo- 

where the superscript p refers to  the planar butane were the same as those used for cyclo- 
geometry. Calculations were performed with q butanone. For a rigid planar molecule (C2, 
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TABLE 4. Structural results for methylenecyclobutane 

Value 

I I1 111 
Parameter Rigid planar q = 0 q varied 

d, 
dl* 
d3 
d4 
ds 
d6 

c3;2-,2 
c,,_,2 
'I 
ADij (Hz) 

'Assumed parameter 

symmetry) there are six distances required to D,, = D,7P + 30.96C3Z2-r2 - 55.8 1 Cx2-,2 
specify the proton geometry and two motional + 17.2611 
constants to describe the orientation and thus D,, = D,,P 
seven parameters are to be determined from 
ten Dij  values. The best least squares fit gave a 
large rms deviation of 10.4 Hz for a rigid 
planar molecule and this is obviously not an 
acceptable structure. The value of w was not 
given in the microwave study (4) and an attempt 
to determine this parameter was unsuccessful. 
No value of w would adequately reproduce the 
dependence of all three rotational constants 
upon the vibrational level and, therefore, the 
value found for cyclobutanone, -0.4, was 
adopted. It was also assumed that the olefin 
group was rigid, i.e. no rocking or bending 
occurred. The following results were obtained: 

Inclusion of the correction terms for the 
puckering motion but neglect of the third 
motional constant reduced the rms deviation 
between experimental and calculated direct 
dipole coupling constants to 4.5 Hz, Table 4. 
The inclusion of v as an eighth variable param- 
eter reduced the deviation to 2.9 Hz and 
although this is probably an acceptable fit for 
eight variables to the ten D i j  values, certain 
coupling constants showed large deviations. 
Attempts to obtain a better fit by using alterna- 
tive values of w or by including methylene 
group rocking motions did not lead to any 
substantial improvement. 

A combination of nmr and microwave data 
can also be used for methylenecyclobutane. It 
is necessary to assume four parameters to give 
a complete structure. In this case the C-H 
bond length for both methylene groups was 
taken as 1.097 A and the C,-C,, bond length 
as 1.550 A,  which seems to be an appropriate 
value for cyclobutane (1) and trimethylene 
oxide (2) and is close to the value obtained for 
cyclobutanone. The olefinic bond length was 
assumed to be 1.340 A (14). The proposed 
structure is given in Table 5. The ring structure 
is very similar to that of cyclobutanone. The 
olefinic proton bond lengths appear to be slightly 
longer than normal but this may not be sig- 
nificant. The bending of the a-methylene pro- 
tons toward the substituent group is observed 
again; in this case the angle between the 
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TABLE 5. Molecular structures of cyclobutanone and 
methylenecyclobutane 

Value 

Parameter Cyclobutanone Methylenecyclobutane 

r(cn-cp) 1.556 (A) 
r(C-CA 1.527 
r(C-H) (1 .097) 
r(C=O) 1.216 
r(C=C) - 

r(C-H)olef. - 

LC,CpC, 90.9" 
L CpCnC, 88.0" 
LC,C,C, 93.1" 
L HC,H 110.8" 
L HC,H 110.3" 
L HCH,olef - 

4 * 2.6" 

(1.550) (A) 
1.534 

(1 ,097) 

'Angle between the bisector of the methylene group angle and 
the bisector of the interior ring angle. 

TABLE 6. Comparison of cyclic molecules and their open chain analogues 

Molecule r(C,-X) (A) LC,XC, (deg) Reference 

Cyclobutane 
Propane 
Trimethylene oxide 
Dimethyl ether 
Trimethylene sulphide 
Dimethyl sulphide 
Cyclobutanone 
Acetone 
Methylenecyclobutane 
Isobutene 

I 
21 

2 
22 

2 
23 

This work 
24 

This work 

methylene bisector and the ring angle bisector 
is 3.8". 

The bond lengths and bond angles for these 
ring compounds can be compared with the 
open chain analogues, Table 6. The bond 
lengths are significantly longer in the cyclic 
molecules and bond angles are consistently 
some 20" less. The bond lengthening in cyclo- 
butane has been attributed to repulsive forces 
between diagonally opposite atoms (15, 16) 
and in this series of molecules the C-X bond 
length increases 0 < C < S ,  i.e. proportional 
to the size of the substituent atom and also 
inversely proportional to the magnitude of the 
bond stretching force constant. The methylene 
group bond angles, within the assumption of a 
C-H bond length of 1.097 A, all lie in the 
range 110 to 112", i.e. between the values for 
ethane 107.4 f 0.3" (17) and cyclopropane 
115.2 $- 0. 1" (18). In all four compounds a 

bending of the r-methylene protons towards 
the substituent atom or group occurs. The 
angles are small but consistent and this deforma- 
tion appears to be an additional mechanism 
whereby the forces between eclipsed methylene 
protons can be relieved. 

Bevan et al. have derived a complete i:, 
structure for trimethylene sulphoxide and re- 
ported details of the specific configuration of 
the methylene groups (19). There is a tilting 
of the fi-methylene group and for the r-methyl- 
ene groups, which do not lie on a symmetry 
element, bending and twisting occurs in addition 
to tilting. The bending angle in trimethylene 
sulphoxide is 5" 3'. 

The calculated values of the thermally 
averaged square of the puckering coordinate 
( z 2 ) ,  can be used to derive the puckering angle 
Or,,, the averaged angle between the C,--C,-C, 
and C,-X-C, planes. A similar puckering 
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angle exists for the CD-C,-X planes if the 
motion is not symmetrical but this angle will 
not differ too much from Or,,. The values 
obtained were : cyclobutane, 29.0"; trimethylene 
oxide, 18.1 "; trimethylene sulphide, 26.5"; cyclo- 
butanone, 19.8"; and methylenecyclobutane, 
26.7". The molecules which have ground state 
vibrational levels below the hump in the 
potential barrier have puckering angles greater 
than 26" whereas trimethylene oxide and cyclo- 
butanone, which have ground state levels 
above the hump, have puckering angles of 
about 19". Thus the description 'effectively 
planar' is not appropriate in the latter cases, 
since it is based upon the perturbed ground 
state conformation, and to give a more appro- 
priate description of the structure of molecules 
which undergo ring puckering motions the 
actual distribution over the occupied states 
should be included. Calculated distribution 
functions for different temperatures have been 
reported for only one species, trimethylene 
sulphide, by Gwinn and Luntz (20), and cal- 
culations are presently underway on other 
molecules in the series. 

It is possible that the structure of a molecule 
can be perturbed by the anisotropic environ- 
ment in the nematic liquid crystal. The agree- 
ment between our previously reported results 
for trimethylene oxide and sulphide (2) and the 
microwave and electron diffraction structures 
(26, 27) of those compounds is very good; this 
encourages the belief that no serious perturba- 
tion of the structure is occurring. 
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Behaviour of vanadia-catalyzed SO, oxidation in the presence of 
inert, diluent gases 
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KRISHNA KUMAR RUNCTA, ROBERT ROSSHUDCINS, and PETER LEWIS SILVESTON. Can. J. Chem. 
54, 665 (1976). 

Observations on the effect of diluent gas on the rate of oxidation of SO, over a commercial 
vanadia catalyst reported by Yeramian er a / .  in a 1970 paper in this journal have been extended 
in this study. 

A pronounced increase in rate is observed when inert diluents krypton and C,F, are sub- 
stituted for helium. The influence of other diluents was less marked. The increase in rate has been 
found to depend upon the partial pressure of the diluent and to be extremely sensitive to the 
ratios of the reactants. 

KRISHNA KUMAR RUNCTA, ROBERT ROSS HUDCINS et PETER LEWIS SILVESTON. Can. J. Chem. 
54. 665 (1976). 

Dans cette etude, on elargit les observations rapportees par Yeramian et coll. dans une 
publication parue dans ce journal en 1970 et ayant trait a I'effet d'un gaz diluant sur la vitesse 
d'oxydation du SO, sur un catalyseur commercial au vanadium. 

On observe une augmentation prononcee de la vitesse quand on remplace I'helium par du 
krypton et du C,F,. L'influence d'autres diluants est moins marquee. On a trouve que I'aug- 
mentation de la vitesse depend de la pression partielle du diluant et qu'elle est extremement 
sensible aux rapports de reactifs. 

[Traduit par le journal] 

Introduction 
Baron, Manning, and Johnstone (1) first 

established the existence of the influence of a 
diluent gas on the rate of the heterogeneous 
oxidation of SO, over a VZO, catalyst. This 
result was later confirmed by Yeramian el al. 
(2) and published in this journal. The purpose of 
this paper is to communicate additional observa- 
tions on this system. The diluent gas effect is so 
unusual in terms of conventional understanding 
of catalysis, that this paper will be devoted 
mainly to providing additional data and ob- 
servations rather than attempting extensive 
interpretation of them. In a recent review 
article, a number of explanations for the diluent 
gas effect (DGE) in heterogeneous catalysis 
were examined by Hudgins and Silveston (3) 
and will not be repeated here. 

Experimental Details 
The reactor apparatus for this study has been described 

by Yeramian er al. (2). The main modification made to 
the previous apparatus was the small reactor tube 
which was used to eliminate thermal and mass transfer 
limitations in the differential reactor bed. The reaction 

'Present address: Ontario Hydro. Bruce Heavy Water 
Plant, Tiverton, Ontario. 

section itself consisted of a 316-stainless steel union 
plugged at both ends with 120-mesh stainless steel screen. 
As in the previous study, the reactor was immersed in 
the fluidized sand bath, whose temperature was controlled 
by a proportional temperature controller. 

The catalyst was of the type previously used by 
Yeramian er a / .  (2). namely, Cyanamid Aero SA vanadium 
oxide catalyst. For use in the reactor, a few pellets were 
crushed and sieved and the 40150 US mesh particles 
(average diameter 0.358 mm) used for catalytic tests. 
These particles were mixed with quartz particles of the 
same mesh size. The function of the quartz was twofold: 
to reduce error because of any catalyst carry-over and to 
reduce temperature differences over the length of the 
catalyst bed because of the exothermicity of reaction. 
The activity of each sample of the catalyst was checked 
by measuring the steady-state rate at a standard condition 
with 60% argon at 405 "C, and found to be reproducible. 

T o  prevent condensation of SO,, all valves and lines 
from the sand bath to the sampling section were heated 
by asbestos-covered nichrome resistance wire. A Nupro 
fine-metering valve in the exit line was used to control 
total pressure. Total pressure and pressure drop across 
the packed bed were measured by means of a mercury 
manometer. 

The method of sampling and analyzing the reaction 
products was similar to that described by Yeramian 
et al. (2), standard deviation of replicated SO, conversion 
runs was found to be 5.6%. The standard deviation of the 
actual analytical method was determined to be about 2%. 

In the experiments a total flow rate of 0.3 mol/h was 
used. This flow was sufficient to keep the reactor differen- 
tial (conversion did not exceed 1.2%), as  well as  to eliminate 
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6 

5 

n 4- 
2 
X - -  

d 6 -  - 
0 
E - 

1 

- 
'z 
a 

m IL I 
144 146 1 48 150 

I I T  (K-I) , lo3 
I I 
1.44 1.46 1.48 1.50 FIG. 2. Arrhenius plots of catalytic SO, oxidation 

I /T  (K - ' )  x K13 using polyatomic diluents. Mole percentages in feed as 
in Fig. 1. Diluents: A ,  CF4; O, C,F,; V ,  SF,; 0, C4F8. 

FIG. I. Arrhenius plots of catalytic SO, oxidation 
using monatomic diluents. Mole percentage in feed: 
SO,:O,:diluent = 15:25:60. Diluents: A, Kr;  V, Ar; 
g, Ne; 0, no diluent; m, He. two groups representing essentially homologous 

series of diluents. This was done because 
film transport effects around the catalyst particles. A molecular properties within a homologous 
constant pressure of 1.20 atm (122 kPa) was used. A]] series will change more uniformly than within 
runs within a set of experiments were done in random a non-homologous series. Figure 1 shows two 
order. 

When not in use, the reactor was maintained by 
points labelled 'no diluent'. Measurements for 

flushing continuously with argon. The temperature was these points were made at higher partial 
allowed to drop only a few degrees below the usual pressures of the reactants and extrapolated to 
reaction temperature of 405 "C. conditions comparable to those used for the 

Prior to the start of the experiments, some blank runs remaining rate measurements by an empirical 
were made without catalyst in the reactor. Some con- 
version was caused by the walls and the preheater of the formula. Justification for the extrapolation is 
reactor at the outset, but within three or four days this given in the 
activity had dropped to zero. When quartz was used in The similarity of the slopes on these lines is 
place of the catalyst no conversion was found (4). striking. Table 1 further shows that the apparent 

Results and Discussion energies of activation overlap considerably with 

Four main sets of results are presented in 
this paper: ( I )  evidence of the effect of different TABLE 1. Apparent activation energies 

diluent gases on the catalytic oxidation rates of Experimental value of E 
SO,; (2) the influence of diluent gases on the showing 95% confidence interval* 
initial rate of approach to steady state; (3) the Diluent gas (kcal/mol) 
influence of different diluent gas concentrations 
on the rates; and (4) the influence of the re- 2; 12k17 

actant ratio SO,/O, on the presence of the 
SF6 

1 9 t 3  
25 & 10 

diluent gas effect. C2 F6 2 6 k  10 
The Arrhenius plots of Figs. 1 and 2 show the CF4 24+7 

influence of various diluent gases on the steady C4Fs 27&4 
state rates of "2 oxidation Over vanadia 

'Using a pooled estimate of. the standard error of the apparent 
catalyst. These results have been divided into activation energy from all runs. 

- 

- 

20 

10 

- 
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TIME. h 

The approach to the steady state indicates 
some unusual behaviour that appears to be 
related to the diluent gas effect. Figure 3 shows 
that a considerable period of time is required 
to obtain the steady state. It was assumed that 
the steady state was attained when, after 6 h of 
running time, three successive reaction rates 
sampled an hour apart showed a standard 
deviation within 10% of their mean value. A 
comparison below of the times required to 
reach steady state with the steady state rate 
indicates that the two measurements appear to 
be related. 

Approximate Reaction rate 
time to attain at  steady rate 
steady state (mol/h g-catalyst 

Diluent (h) lo3) 

He FIG. 3. Reaction rate us. time at 405 "C. Mole per- 
Ne 

6 1.2 

centages as in Fig. I .  Diluents: A. Kr ;  V, Ar: 0, Ne: 
Ar 

6 1.9 

m, He. 
10 2 .3  

K r 10 3 .0  

the exception of Ar and C,F, diluent series. 
The values of the apparent activation energies 
are approximately a factor of ten higher than 
those expected in the case of reaction controlled 
by diffusion of reactant to the periphery of the 
catalyst particles. In addition, calculations 
made using available criteria from the literature, 
indicate the absence of intra~art icle mass and 
heat transfer limitations, as  well as the absence 
of mass and heat transfer limitations in the 
gaseous film around catalyst particles (5-8). 

The apparent activation energies for helium 
and argon diluents in Table 1 are substantially 
less than those observed by Yeramian et al. (2) 
(for helium 35.7 + 2.4 kcaljmol and for argon 
28.5 + 2.0 kcaljmol). Although the two studies 
were performed at slight differences of the 
partial pressures, it is unlikely that these 
differences are sufficient to  reconcile the dif- 
ferences in activation energies. Instead, it must 
be noted that the present study is confined to  a 
temperature range between 390 and 420 'C, 
whereas the previous range was between 370 
and 462 "C. In that paper (2). the possibility 
of a break in the Arrhenius plots was noted near 
420 "C, but sufficient data were not taken to 
establish a slope change. In the present study, 
the more restricted temperature range does 
indeed give rise to a lower apparent activation 
energy with helium and argon. 

Figure 3 also shows an often observed but still 
unexplained phenomenon. After a change in 
conditions, the rate of reaction always decays to 
a steady state and apparently never rises. The 
starting condition of the catalyst is not repro- 
ducible, as may be seen by the initial rates in 
Figure 3. Exploitation of this phenomenon by 
oscillating the feed composition to the catalyst 
shows that the total yield from the reactor can 
be augmented as much as 25% over the steady 
state (9). It is, in fact, because perturbations to 

+ 125%) MOLE X DlLUENT , (SO%)I 

PARTIAL PRESSURE OF DILUENT - k Pa 

FIG. 4. Dependence of reaction rate (405 'C) on 
diluent gas added. Diluent: 0. none; m, He; V, Ar. 
pso, = 42.0 kPa; po: =70.0 kPa; flow of SO, plus 
O2 = 0.75 mol/h. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



668 CAN. J. CHEM. VOL. 54, 1976 

I I I I 

0 I 2 3 4 
MOLE RATIO S02 /02  

FIG. 5. Dependence of reaction rate (405 "C) on 
SO,/O, ratio. Total pressure = 121.3 kPa; total flow = 
0.3 mol/h; 60% diluent. 

the feed can cause this increase in activitv of the 
catalyst plus the long stabilization times re- 
quired that steady-state rate data are so difficult 
to collect for this svstem. 

Figure 4 gives the result of a few measure- 
ments with varying quantities of Ar diluent. 
These results show that the addition of helium 
inhibits the rate of reaction found in the 
absence of diluents, but that the addition of 
argon has an opposite effect. The results also 
suggest that the promoting effect of argon to the 
'undiluted' reaction rate is not proportional to 
the quantity of argon present in the gas and 
suggest that some type of saturation limit 
occurs with respect to the diluent. 

Figure 5 shows the influence of the S02/02  
ratio at constant diluent gas partial pressures 
on the rates of oxidation with helium and with 
argon diluents. It is clear that the effect on the 
rate of reaction of increasing the ratio from 

FIG. 6. Ratio of mean reaction rates from Fig. 5 us. 
SO,/O, ratio. FA, =mean reaction rate with Ar diluent. 
F,, = mean reaction rate with He diluent. 

0.25 to 4 is much more pronounced with helium 
diluent than with argon. Figure 6 shows the 
relative change in rates as a function of the 
S02/02  ratio, indicating that there is essentially 
no difference in the rates with different diluents 
at S02/0,  molar ratios of 4. A similar con- 
clusion was inferred from the factorially de- 
signed experiments of Rhodey er al. (10) in this 
system. These observations are not consistent 
with the momentum exchange or thermal 
accommodation models for the DGE, detailed 
in a recent review article (3), since they do not 
permit the rate of reaction to vary substantially 
with the change in ratio of reactants of a gas in 
which the diluent predominates. These observa- 
tions could probably be accounted for in a 
theory invoking a condensed phase on the 
catalyst surface sensitive to the partial pressures 
of the reactants in the reacting gas mixture. 

Table 2 demonstrates the tolerably good cor- 
relation that exists between the rate of reaction 
and the molecular weight of the gas. These 

TABLE 2. Steady-state reaction rates at 405 "C 

Mean molar 
mass of feed 

gas 
Diluent (g/mol) 

Mean reaction 
rate 

(mol/h g-catalyst) No. in 
x 10' sample 

Noble gases 
He 20.0 
N e 29.7 
Ar 41.6 
Kr 67.8 

Fluorocarbons 
c F4 70.4 I .54 2 
CzFe 100.4 1.89 2 
C4 Fs 137.6 7.14 1 
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results have been separated into two homolo- 
gous series of diluents: the noble gases and the 
fluorocarbons. Each series indicates an increase 
in the rates of SO, oxidation as the molecular 
weight of the diluent increases. Since other 
properties of gases are related to the molecular 
weight, it is not surprising that other correla- 
tions are possible, e .g .  rate us. normal boiling 
point of the diluent gas, rate us. thermal con- 
ductivity of the diluent gas. Such correlations, 
however, are unable to establish any causal 
relationship. 

Conclusions 
The study of SO, oxidation over vanadium 

oxide catalyst originally carried out by Yeramian 
et al. has been extended to a wide range of 
diluent gases, and shows several additional un- 
expected phenomena, especially the dependence 
of the diluent gas effect on the molar ratio of 
the reactants. The results appear consistent 
with a thermodynamic rather than a thermal 
accommodation explanation of the diluent gas 
observations. 
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Appendix 
Table A1 shows the influence the concentra- 

tion of diluent has on the rate of SO, oxidation. 
In obtaining these results, the measured rates 
have been converted to a common base of the 
partial pressure of SO, and 0, through the use 
of the empirical formula r = kpsogo,112 used, 
among others, by Calderbank (1 1). 

The justification of this approach can be seen 
in Table Al .  While this comparison cannot be 
made between runs done at exactly the same 
percentage of diluent gas, a semi-quantitative 
comparison is still possible. For He diluent, 
the rates appear to be similar and the same is 
true for Ar diluent. Thus, the use of the empirical 
rate model for purposes of extrapolating appears 
to be reasonable. This being so, the rate measure- 
ments in the absence of any diluent gas is 
assumed to be reasonable also, and has been 
plotted in Fig. 1 .  (The original data measured 
in the absence of diluent are given in Fig. 4.) 

TABLE A I .  Comparison of measured and 
calculated rates at 405 "C, p,,, = 18.2 kPa, 

and pol = 30.3 kPa 

Mean 
reaction rate 

(mol/h g-catalyst) No. in 
Diluent x 10' sample 

4. ~ . k .  RUNGTA. P ~ : D .  Thesis, University of Waterloo, Ar (60%) 2.32 9 
Waterloo, Ontario, 1974. Ar (50%) 2.01* 1 

5. P. B. WEISZ and J. S. HICKS. Chem. Eng. Sci. 17, 265 
(1962). 'Exrrapola~ed from data of Fig. 4, using formula 

6. R. R. HUDGINS. Can. J. Chem. Eng. 50,427 (1972). r = ~PSO,PO,"' 
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Arylsulfonyltetrazoles as highly efficient condensing reagents for 
polynucleotide synthesis 

J. STAWINSKI, T. HOZUMI, AND S. A. NARANG 
Divisiotl of Biological Scietzces, Natiotlal Research Colrtlcil of Catlada, Ottrr~r~a, Carradrc K I A  OR6 
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J. STAWINSKI, T. HOZUMI, and S. A. NARANG. Can. J. Chem. 54,670 (1976). 
Various arylsulfonyltetrazoles have been investigated to build the phosphotriester bond 

between appropriately protected oligonucleotides. These reagents have been found to be highly 
effective with respect to the time of reaction and yields. 

J. STAWINSKI, T. HOZUMI et S. A. NARANG. Can. J. Chem. 54, 670 (1976). 
On a CtudiC comment divers arylsulfonyltetrazoles peuvent Ctre utilisCs pour former le lien 

phosphotriester entre des oligonuclCotides protogCs d'une fason appropriCe. On a trouve que 
ces riactifs sont extrCmement efficaces tant par rapport aux temps de rkction qu'aux rende- 
ments. 

[Traduit par le journal] 

Previously, we reported arylsulfonyltriazoles 
(1) as useful new condensing reagents for 
oligonucleotide synthesis and for the first time 
demonstrated that the modified triester method 
(2, 3) is capable of producing large amounts of 
defined sequences of deoxyoligonucleotides with 
demonstrated biological activity (4, 5). However, 
despite their effectiveness, especially with guano- 
sine containing units, the triazoles are rather slow 
in completing the condensation (4). Our con- 
tinued efforts to improve the triester method- 
ology led us to attempt the use of arylsulfonyl- 
tetrazole derivatives but these compounds could 
not be prepared in satisfactory yield according 
to  the published procedure (1). Recently we have 
accomplished their syntheses by a modified 
method and in this communication we wish to  
report their syntheses and also applications in 
building the longer chains of deoxyoligonucleo- 
tides by the modified triester approach. 

To  arylsulfonyl chloride (10 mM) and tetrazole 
(10 mM) in dioxane (20 ml) was added triethyl- 
amine (10 m M  in 10 ml of dioxane) with stirring 
at 5 "C. After 1.5 h, the precipitate was filtered 
off and the dioxane solution was eva~orated t o  
dryness under vacuum. The crystallAe residue 
was dissolved in chloroform (50 ml), washed 

INRCC No. 15121. 

,CHI 
3 R = HC, 

CHI 

with water (2 X 20 ml), and after drying over 
Na2S04 the residue was recrystallized from 
benzene. Triisopropylbenzenesulfonyl (TPS-tetr) 
mp 95-97 "C and n~esitylenesulfonyltetrazole 
(MS-tetr) mp 108-1 10 "C were obtained in 807, 
yield. In the case of benzenesulfonyltetrazole 
(BS-tetr), because of its instability towards heat, 
the recrystallization with benzene was difficult. 
Finally analytically pure sample was obtained 
by dissolving the crude sample in benzene, 
shaking it with silica gel, and after removing 
silica gel the solution was evaporated under 
vacuum to  dryness. Benzenesulfonyltetrazole, 
mp 88-90 "C was obtained in 60-70% yield.2 All 
arylsulfonyltetrazoles were found to decompose 
during storage in a dessicator and the most 
unstable was benzenesulfonyltetrazole which de- 

'These compounds are characterized satisfactorily by 
elemental and spectral analyses. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNICATIONS 67 1 

TABLE 1. Comparison of the time periods for the completion of condensation reactions 
using different arylsulfonyltetrazoles" 

5'-Protected 5'-Hydroxyl BS-tetr MS-tetr TPS-tetr 
oligonucleotide oligonucleotide Product 

(size) (size) Time (min) Yield (5;) Time (h) Yield (',c) Time (h) Yield (5;) 

Monomer Monomer 30 75 0.75 82 1 S5 Dimer 
Dimer Monomer 30 77 0.75 85 I 85 Trimer 
Trimer Trimer 45 74 1 75 6 80 Hexamer 
Hexamer Hexamer 120 67 12 62 15 60 Dodecomer 

*The data in the table represents the yields and tirnc period for the synthesis of tl~yrnidinc oligonomcrs. Similar results werc also obtained in  
thc case of dA,  dG, and dC. 

4 5 

I. Condensing reagent 1 or 2 or 3 

2. Silica gel chromatography 

, . 
002 

6 
DMTr = P ~ C ( C ~ H ~ O M ~ - P ) ~ -  

R- = N-protected base 

coinposed completely after 10 days. Therefore it 
is advisable to use these reagents as quickly as 
possible. 

The coupling efficiency of these reagents was 
studied by carrying out a condensation between 
suitably protected nucleotides as outlined in 
Scheme 1. A typical condensation reaction was 
carried out by treating an anhydrous pyridine 
solution of 5'-diinethoxytrityldeoxynucleoside 
3'-(11-chloropheny1)phosphate 4 and 3'-benzoyl 
N-protected nucleoside 5 (equimolar with respect 
to 4) and arylsulfonyl tetrazole(2-3 molar equiv.) 
for 30 min to 15 h (depending upon the chain 
length) at  room temperature. The reaction mix- 
ture was then decomposed with aqueous pyri- 

dine, followed by extraction with chloroform, 
and the organic layer was backwashed with 
0.1 M triethylammonium bicarbonate pH7.5.  
The chloroform solutio~l was then co-evaporated 
with toluene to a gun1 and the desired product 
was isolated by silica gel column chromatog- 
raphy. The reaction conditions and isolated 
yields are given in Table 1. 

Although the rate of condensation was de- 
pendent upon the substitution in the benzene 
ring such that the phenyl > 2,4,6-trimethyl- 
phenyl > 2,4,6-triisopropyl phenyl groups, all 
these analogs reacted faster than the triazole 
reagents (4), even triisopropylbenzenesulfonyl 
chloride (3, 6). The rnost commonly used con- 
densing reagents such as dicyclohexylcarbodi- 
imide (DDC) could not be used in the triester 
approach due to its failure to activate the diester 
phosphate, and rnesitylenesulfonyl chloride (MS) 
caused extensive sulfonation at the 5'-hydroxyl 
group of one of the coupling units. It is note- 
worthy to mention that no sulfonated side 
product was observed in the case of arylsul- 
f~n~l te t razo les  during the condensation reaction. 

In conclusion, the use of arylsulfonyltetra- 
zoles, especially benzenes~lfon~ltetrazole, in the 
synthesis of oligoilucleotides by the inlproved 
triester approach gives a much reduced time 
period of reaction with illuch higher yields which 
is of immense practical significance for the 
synthesis of longer biologically important poly- 
nucleotides. 

1. N. KATAGIRI, K. ITAKURA, and S. A. NARANG. Chem. 
Commun. 325 (1974); J. Am. Chem. Soc. 97, 7332 
(1975). 

2. K. ITAKURA, C. P. BAHL, N. KATAGIRI, J. J. 
MICHNIEW~CZ, R. H. WIGHTMAN, and S. A. NARANG. 
Can. J. Chem. 51, 3649 (1973). 
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3.  J. C. CATLIN and F. CRAMER. J. Org. Chem. 38, 275 5. C. P. BAHL, K. J. MARIANS, R.  WU, K. ITAKURA, 
(1973). N .  KATAGIRI, and S. A. NARANG. Fed. Proc. (Abstract) 

4. K. ITAKURA, N .  KATAGIRI, S. A. NARANG, C. P. BAHL, 34, 608 (1975). 
K. J. MARIANS, and R. Wu. J. Biol. Chem. 250, 6.  N.  J. CUSACK, C. B. REESE, and J. H. VAN BROOM. 
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The acidolysis of p-nitrophenyl sulfate. A kinetic spectrophotometric 
method for evaluation of pKa 
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ERWIN BUNCEL and CLAUDIO CHUAQUI. Can. J. Chem. 54, 673 (1976). 
A kinetic spectrophotometric method for evaluation of pK, has been developed. In the 

present study this has been utilized towards the pK, determination, in methanol, of the conju- 
gate acids of Cpicoline, aniline, hydroxylamine, methoxyamine, and hydrazinium ion. For the 
first two cases the pK, values determined by the present method could be compared with the 
potentiometrically measured values, in a methanol solvent, with satisfactory agreement. Our 
proposed method involves essentially the spectrophotometric determination of the rate of the 
acid catalyzed conversion of p-nitrophenyl sulfate to p-nitrophenol in methanol in the presence 
of the acidic species whose pKa in this medium is required. 

ERWIN BUNCEL et CLAUDIO CHUAQUI. Can. J. Chem. 54, 673 (1976). 
On a dtveloppt une mtthode spectrophotomttrique cinttique pour determiner les pKa. Dans 

l'ttude prtsente, on a utilist cette mtthode pour dtterminer le pKn, dans le mtthanol, d'acides 
conjugts de la picoline-4, de l'aniline, de l'hydroxylamine, de la mtthoxyamine et de l'ion 
hydrazinium. Pour les deux premier cas, les valeurs de pK, dttermintes par la mtthode actuelle 
peuvent &tre compartes avec les valeurs mesurtes d'une f a ~ o n  potentiomttrique dans le 
mtthanol comme solvant et ceci avec une bonne corrtlation. La mtthode proposte implique 
essentiellement la determination spectrophotomttrique de la vitesse de conversion acido- 
catalyste du sulfate de p-nitrophtnyle en p-nitrophtnol dans le mtthanol en presence de 
I'esptces acide pour laquelle on veut determiner le pKn dans ce milieu. 

r radui t  par le journal] 

We reported recently on the kinetic study of o 
methyl p-nitrophenyl sulfate with some nucleo- [ I ]  o , ~  
philic reagents in methanol (1-3). It was found 
that a reagent HNu causes two reaction stages to 0 

occur, of which the first stage (A + B) yielding 
p-nitrophenyl sulfate is nucleophile catalyzed o 
while the second (B + C) yielding p-nitrophenol I 1 k 
is acid catalyzed [I]. A convenient method for 0 , N O O - S - 0 -  - I I H O,N 
dissection of the rate constants, kA and kg ,  from o 
the spectrophotometrically measured reaction (+ CH,NU+) 
rates was given (4) for the case that kA and kB 

(+SO>) 

are comparable in magnitude. +H3NNH3+ combination, or with +H3NNH3+ 
An interesting situation arose when the re- alone in methanol solvent (3). In such systems 

action was performed with the H2NNH3+/ the methanolysis reaction (HNu = CH30H) 
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colnpetes efectively with the hydrazinolysis 
(HNu = H2NNH3+), giving rise in each case to 
1)-nitrophenyl hydrogen sulfate as the product of 
the first reaction stage. The hydrogen ion thus 
generated augments the hydrogen ion concentra- 
tion derived fro111 dissociation of +H3NNH3+; 
together the two sources of H+ (solvated) induce 
the second stage of reaction, the conversion of 
1)-nitrophenyl sulfate ion to p-nitrophenol. 
Appropriate treatment of k,, then yielded an 
estimated pK, value for +H3NNH3+ in methanol 
as 3.85 (3). This value appeared reasonable 
though it could not be co~iipared with a literature 
value as such has not been reported (in water 
+H3NNH3+ has pK., - 0.67 (5)). 

In the present study we have placed this 
kinetic method for pK, evaluation on a firmer 
footing and have also simplified the procedure 
to make it more readily applicable. The kinetic 
technique has been simplified by isolating the 
B + C reaction independently of the A - B 
reaction. This can be done by using B as the 
reactant rather than A. By causing reaction to 
occur in the presence of the acidic species of 
interest, the measured rate constant (k$) is used 
to calculate the pK:, of the catalyzing acid. The 
specific rate constant (k,,+) for the conversion of 
p-nitrophenyl sulfate to p-nitrophenol in meth- 
an01 is determined in prior experiments using 
mineral acid. 

Results and Discussion 

We have performed the reaction between 
potassium p-nitrophenyl sulfate and 4-picolinium 
chloride, as well as aniliniunl chloride, in 
methanol at 25 "C. The pK, values derived from 
the reaction rates could be compared with 
literature data measured potention~etrically. The 
method, thus validated, has been used to obtain 
the pK, values in methanol for the conjugate 
acids of hydroxylamine and methoxyaniine, as 
well as to improve upon the hydrazinium pK,. 
In addition we have made exploratory measure- 
ments in an ethanol medium in order to evaluate 
the general applicability of the kinetic spectro- 
photometric method for determination of pK,. 

Reaction of 4-picoliniun~ chloride with potas- 
sium p-nitrophenyl sulfate in methanol at 25 "C 
was followed spectrophotometrically, making 
use of the characteristic absorptions of reactant 
and product in the ultraviolet region. The 

spectral observations in a typical experiment, 
using a substrate concentration of 5 X 10-5 M 
and reagent concentration of 34.21 X M, 
consisted of a decrease in the absorption at 283 
nm and a gradual growth of a peak at 3 11 nm as 
the reaction proceeded, with a tight isosbestic 
point at 294 nm maintained throughout the course 
of reaction. The final spectruni corresponds 
to quantitative formation of p-nitrophenol. 
A plot of log (A, - A,) vs. t for the absorbance 
changes at 3 11 nni exhibited a linear plot which 
yielded a pseudo first-order rate constant k , ~  = 
2.64 x s-'. 

The rnechanisni of the acid induced collversion 
of 1)-nitrophenyl sulfate ion to p-nitrophenol has 
been established (6, 7) as proceeding according 
to eqs. 2 and 3 (Ar = p-nitrophenyl). The SO, 

fast + 
[2] AT-0-SO3- + H+ AT-0-SO3- 

I 
H 

+ slob\' 
[3 1 Ar-0-SO3- -+ ArOH + SO, 

produced will be rapidly solvolyzed yieldinp 
methyl hydrogen sulfate, thus regenerating H '  . 
The overall reaction can be described as A-1, 
llanlely a uninlolecular specific-hydrogen ion 
catalyzed process. 

It is evident fro111 eqs. 2 and 3 that the rate of 
transfornlation of p-nitrophenyl sulfate ion to  
p-nitrophenol, as induced by 4-picolinium ion, 
gives a direct measure of the hydrogen ion 
concentration in the reaction medium. Thus 
k$ = kH+[H1] and k,i- = 1.855 M-Is-', from 
independent measurement of the reaction rate 
in HCI containing methanolic medium at 25 "C 
(3). Hence one obtains for the 4-picolinium ion 
reacting system [Ht] = 2.64 X 10-4/1.855 (M) 
= 1.428 X M. The acidity constant for 
4-picolinium ion can be obtained from the 
relationship K, = [H+][C6H7N]/[CGH7NHt] (M) 
= (1.428 X 10-')'/34.07 X 10-3(M) = 5.98 X 
lo-' M: i.c. pK, = 6.22. The reported value (8u) 
for the pK., of 4-picoliniunl ion in methanol. as 
measured potentionletrically, is 6.09. 

A more accurate pK, value is obtained from 
the present results by taking into account the 
fact that hydrogen chloride is incompletely 
dissociated in methanol (pK, = 1.23 (8)) and 
therefore a correction is needed for a comnlon 
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BUNCEL A N D  CHUAQUI 6 7 5  

TABLE 1 .  Rate and equilibrium data in acidolysis of pnitrophenyl sulfate effected by amine conjugate acids 

[R3NHCCI-loa k + b  [HCIc [HClId [R3NHCIe Literature 
RsNCHCI- X lo3 M x 104 s-1 X 105 M x lo5 M x lo3 M &I P KaP value 

aStoichiometric concentrations. 
bPseudo first-order rate constants at 25 "C. 
CCalculated from kC = kH+[Ht] where k H +  = 1.855 M-I s-I. 

dCalculated from (HCI] = 
[H+l [R3NHfCI-10 

KHCI + [H+l ' 

CCalculated from [RJNH'] = [RINH+CI-]O - [H+] - [HCI]. 
 calculated from eq. 7. 
PError limit is based on f 5 %  overall error in kC and k ~ +  (see text). 
"For this diprotic acid the calculations are appropriately modified where necessary 

ion etfect due to the anline hydrochloride intro- 
duced. Thus for the dissociation process given 
by eq. 4. one has at equilibrium the following 

1 /KFIC,I 
d K ~ N  + HCI 

mass balance relationships. 

[51 [R3Nl = [HCl + [HCII 

[61 [K3N] + [K3NHC] = [R3NHCCI-lo 
= [CL-] + [HCI] 

and it follows that K, is given by 

[7] K:, = 

For the 4-picolinium ion reaction with 
[C6H7NHfC1-lo = 34.21 X lou3 M and [H-'1 = 

1.428 X lop4 M (from k+ = kII+[Hf]), one ob- 
tains K, = 9.48 X 10-'M and pK, = 6.02. 
Other equilibrium quantities of interest in this 
system which can readily be calculated are 
[HCI] = 8.27 X lo-' M, [C6H7N] = 2.25 X 
M and [C6H7NH+] = 3.40 X M (Table 1). 
The uncertainty in the pK, value can be estimated 
as follows. If the measured kJ, has an associated 
error of +3y0, and if kE,+ has an error of + 2?;, 
then [Ht] = k+/kH+ will have an error of + 5%. 

Performing the calculation according to eq. 7 
with these error limits leads to pK, values of 
5.98 and 6.07 respectively. Hence a given calcu- 
lated pK, has an associated error of k0.05 units. 
We have found that replicate experiments yield 
an upper error limit of k0.10 units in the pK, 
value (Table 1). 

The validity of the treatment for suppressioii 
of HC1 dissociation due to  added R3NHfC1-n 
could be confirmed independently. Thus reaction 
of 1)-nitrophenyl sulfate ion to  p-nitrophenol, as 
induced by HC1 in methanol, has been performed 
in the absence and in the presence of added 
tetraethylammonium chloride and k+ values have 
been determined. From the known pK, of HC1 
(1.23) and the initial concentrations of Et4NCl 
and HCI one can readily calculate the effective 
H-'- concentration and hence, using k+, the 
specific rate coefficient k,+. The results, given in 
Table 2, show that k,+ is constant within ex- 
perimental error, i.e., kII+ = 1.90 + 0.03 M-' 
s-'. The good agreement with the previously 
determined value (3) for kII+ (1.855 M-Is-') 
shows that the treatment is self consistent and 
that no unusual salt effect is operating. These 
results give added confidence to the pK, method 
described herein. 

We have used the kinetic procedure outlined 
above for the pK, determination of the amine 
conjugate acids given in Table 1, which also 
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676 CAN. J. CHEM. VOL. 54, 1976 

TABLE 2. Rate data for acidolysis of p-nitrophenyl sulfate in the presence of 
tetraethylammonium chloride to demonstrate the common ion effect 

alnitial concentrations. 
bMeasured pseudo first-order rate constants at 25 "C. 
CCalculated from [H+l = 4 { - K H C I  + [EtrNCllo + ~ ~ ~ T E ~ N ? I I ~ ) ~ + ~ ~ c ~ ~  
(ICalculated from kH+ = kJ[H+]. 

records the measured rate data and some calcu- 
lated equilibrium quantities for these systems. 
The anilinium ion case was chosen as an addi- 
tional acid of known pK, in methanol (8b). The 
value for hydrazinium ion was determined as a 
confirmation of the value obtained by the earlier, 
more elaborate, method (3): Hydroxylamine and 
methoxyamine are commonly used nucleophiles 
in a variety of investigations (9) and hence their 
pK, in a non-aqueous medium was deemed to be 
of interest. The range of pK, values covered in 
Table 1 is 3.5-6.3. However, it can readily be 
shown that the effectively accessible pK, range 
for the p-nitrophenyl sulfate ion acidolysis re- 
action in methanol is actuallyca. 2-8, by choosing 
initial concentrations of R3NH+Cld between 

M and lo-' M while k , ~  at 25 O C  is allowed 
to cover a range of conveniently measurable 
values, from 6 X 10-5s-1 - 3 h) to 2 x 
lou3 s-' (T1/2 - 6 min). The pK, range can be 
extended somewhat by performing the rate 
measurements at temperatures other than 25 0C.2 

The method for pK, determination which we 
have described should be capable of application 
to media other than methan01.~ Preliminary 
experiments in ethanol have been performed. We 

'In the previous work (3) the common ion effect of 
added hydrazinium chloride was not taken into account. 
Recalculation of the earlier results (3) according to the 
present method yields for +H3NNH3+ pK, = 3.60. 

'Care must be exercised with relat~vely strong acids 
(pK 5 2). In using eq. 7, (as when using the familiar 
eq. KHA = [H+I2/(Co - [H+])), a n  error in [H+] (ob- 
tained kinetically) of ca. f 5%, will be exaggerated when 
[Hf] approaches [R3NH+CI-lo (i.e. for strong acids). 
The situation becomes considerably improved of course 
if the error in rate measurements can be reduced to, 
say, +I%. 

media of low dielectric constant, ion association 
can become a complicating factor, and a cautionary note 
is needed in this regard. 

have found that y-nitrophenyl sulfate reacts in 
ethanol containing HCl to yield p-nitrophenol 
with a second-order coefficient k,+(EtOH) = 
1.17 x M-' s-'. This appreciably smaller 
rate constant than for methanol (1.86 M-I s-') 
means in effect that the ethanol medium is 
suitable for measuring pK,'s of stronger acids 
compared to methanol medium. 

A variety of methods for the determination of 
acidity constants are known and these have been 
critically reviewed (10-12). It is clear that for 
highly precise pK, values the established methods 
based, for example, on measurement of con- 
ductivity or electromotive force, are to be 
strongly preferred. However, in many cases data 
of such high precision have not been needed and 
then a variety of other methods have been used 
with their particular advantages and disadvan- 
tages. A kinetic method applicable to moderately 
concentrated acid media has been developed by 
Bunnett and Olsen (1 3). The rate of hydrolysis of 
ethylene acetal (l4), which is known to be sub- 
ject to specific hydrogen ion catalysis (15), was 
used to determine the pK, of cacodylic acid by a 
principle analogous to the present. However, the 
experimental method used (1 4), namely following 
the reaction rate bv dilatometrv, has disadvan- 
tages compared Gith the sp&trophotometric 
method employed in our work. Moreover, with 
compounds which do not have a characteristic 
absorption in the ultraviolet or visible region of 
the spectrum, so that standard spectrophoto- 
metric methods (1 1, 16) for pK, determination 
(based on indicator ratio measurement) are not 
applicable, the presently described method 
should be of particular advantage. A noteworthy 
aspect of the present method, which is in contrast 
with many of the others (10-12), is that the 
extent of dissociation ofthe acid the pK, of which 
is measured can be quite small (e.g. for the 
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BUNCEL AND CHUAQUI 677 

4-picolinium ion case ca. l7,, Table 1) owing to HC1 association. The technique employed was analogous 

the sensitivity of the rate ofthe reaction followed to  that with the amine hydrochlorides but using instead 

to acid catalyst. 
HC1 as the catalyst and determining the rate of conversion 
of p-nitrophenyl sulfate ion to  p-nitrophenol in the usual 
way. The results are given in Table 2. 

Experimental 

Materials a1:d Methods 
The hydrochloride salts of uicoline and of aniline were 

prepared as crystalline compounds by the action of HC1 
on ethereal solutions of the amines; the others were com- 
mercially procured. Methanol and ethanol solvents were 
dried and distilled. Potassium p-nitrophenyl sulfate was 
purchased from Sigma Chemicals. The purity of this 
compound can be ascertained by examining the spectrum 
in alkaline solution for the presence of p-nitrophenoxide 
ion and by the quantitativeness of the conversion to  
p-nitrophenol in acidic medium. In most of the present 
work it was found convenient t o  prepare a solution of 
potassium p-nitrophenyl sulfate it: sit14 by the alkaline 
methanolysis of methyl p-nitrophenyl sulfate (17) and 
this method will be described in detail. 

A stock solution of potassium p-nitrophenyl sulfate 
was prepared in a 10 ml volumetric flask by addition of 
1 m10.275 M CH30K/CH30H to 1 ml of 1.50 X loe2 M 
methyl p-nitrophenyl sulfate - ether solution and making 
up to mark with methanol. The resulting solution (90% 
methanol - 10% ether) was 1.50 X 10-3 M in p-nitro- 
phenyl sulfate and 2.60 X M in base due to  quanti- 
tative reaction of the methyl aryl sulfate (I). This alkaline 
stock solution is stable for long periods of time. A second 
stock solution of 2.60 X 10-2 M HCI in methanol was 
prepared by appropriate dilution. Reaction mixtures were 
prepared by addition to a 1 cm cuvette of 0.100 ml of the 
two stock solutions, an appropriate volume of methanolic 
amine hydrochloride, and sufficient methanol to make up 
to 3.00 ml (the p-nitrophenyl sulfate solution was added 
last to the thermostatted cell to initiate the reaction). A 
Bausch and Lomb SP 505 spectrophotometer with a 
thermostatted cell block was used, scanning over the 
region 220 to 370 nm. 

Tests jor Buffer Catalysis a1:d jor Commo~r 1011 Ejec ts  
Tests for buffer catalysis were made in the case of the 

hydrazinium ion system. Reaction was performed using 
a buffer solution with [H2NNH3+] = [+H3NNH3+] = 
2.5 X 10-3 M and k ~ ,  determined as 5.07 X s-1. 
Another (duplicate) experiment was performed with 
[H2NNH3+] = [+H3NNH3+] = 5.0 X 10-3 Mwhich gave 
k ~ ,  = 5.11 X s-1, showing that no detectable buffer 
catalysis obtains. 

Experiments with added tetraethylammonium chloride 
were performed to demonstrate the common ion effect on 
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The log kex0 vs. log kendo correlation as a mechanistic criterion; 
on the mechanisms of solvolysis of norbornyl derivatives 
and base-catalyzed isotope exchange of norbornanones 
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SUJIT BANERJEE and NICK HENRY WERSTIUK. Can. J. Chem. 54, 678 (1976). 
Rate data for the acetolysis of exo-norbornyl-sulfonates have been correlated with those for 

the corresponding etlrlo isomers. It is shown that the slopes of the log kc,, vs. log kc,,, plots 
reflect the difference in delocalization between the transition states derived from the exo and 
erldo isomers, respectively. The log kc,, vs. log k,,,, plot, which is comprised of the parent 
norbornyl sufonate and its derivatives substituted at  the 5, 6, and 7 positions, has a slope of 
1.11 5 0.08, which establishes that u bridging is absent in the transition state obtained from 
the exo isomer. A similar analysis of base-catalyzed hydrogen-deuterium exchange rates of 
norbornanones reveals that exo proton exchange is more sensitive to substituent effects than 
the corresponding etldo process. 

SUJIT BANERJEE et NICK HENRY WERSTIUK. Can. J. Chem. 54, 678 (1976). 
On a fait une correlation entre les donnees de vitesse d'acetolyse des sulfonates d'eso- 

norbornyle avec celles des isomkres erlclo correspondants. On a montre que les pentes des 
courbes du log kc,, vs. log rCfEetent la difference de delocalisation entre les Ctats de 
transition dCrivCs respectivement des isomkres exo et enrlo. La courbe de log kc,, vs. kClldp,qui 
est formCe par le sulfonate de norbornyle non substituC et ses derives substitues aux positions 
5 , 6  et 7 a une pente de 1.1 1 + 0.08 qui etablie que le pontage u est absent dans 1'Ctat de transi- 
tion obtenu li partir de l'isomkre exo. Une analyse similaire des taux d'khange hydrogkne- 
deuterium, catalyses par les bases, de la norbornanone rivkle que 1'Cchange des protons exo 
est plus sensible aux effets de substituants que le processus pour les hydrogknes et~(io cor- 
respondants. 

[Traduit par le journal] 

Introduction 
Recent work by Brown and co-workers ( I )  

and others (2) has provided evidence of the 
absence of U-bridged cations in the solvolysis of 
norbornyl derivatives. According t o  Brown's 
thesis, the large exo/etzdo rate ratios observed in 
solvolysis are derived from differences in steric 
environment rather than from participation of 
the CI-C6 bond during solvolysis of the exo 
stereoisomer. Other workers, however, have 
attributed the difference in stereochenlical reac- 
tivity t o  u bridging in the exo transition state 
(3. 4). 
\ ,  , 

Quantitative definition of substituent ef'fects 
has been attempted by standard linear free 
energy methods. For  example, solvolytic rate 
data for benzonorbornen-2-yl-brosylates and 
benzonorbornen-9-yl-brosylates bearing substit- 
uents on the aromatic ring correlate well with 
u or  u+ (5-7). However, the origin of the varia- 

'Author to whom enquiries should be addressed. 

tion of exo/endo rate ratios in these and other 
processes remains t o  be established. 

Our interest in the area stems from our studies 
on stereoselective base-catalyzed exchange in 
norbornanones (8 ,9 ,  12), where variation of the 
exo/enclo rate ratio with structure is well known 
(8-12). In this paper we interpret acetolysis rate 
data by means of log k,,, vs. log k ,,,,, plots, and 
show that the available data argue against u 
participation in simple norbornyl derivatives. 

Discussion 

Solvol~~sis of'Norjornyl Derivatives 
From a study of the solvolysis of a number of 

,-substituted norbornyl derivatives, Brown and 
co-workers have concluded that u bridging is 
unimportant in the reaction of the exo isomers 
(13-15). These views have been based on the 
insensitivity of the exo/enrlo rate ratio t o  electron . 

demand, and on the similarity of oi values for 
the solvolysis of exo-norbornyl-, endo-norbornyl-, 
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BANERJEE AND WERSTIUK 

TABLE 1. Acetolysis rates of exo-2, eirdo-2, S ~ I - 9 ,  and 
ailti-9-benzonorbornenyl brosylates a t  77.6 "C" 

1 0  o n  1% k e n d o ( s y u ,  

2-Benzonorbornenyl brosylate 
6-Methoxy-1 
7-Methoxy-1 
7-Methoxy-6-nitro-1 
7-Nitro-1 
6,7-Dinitro-1 
9-Benzonorbornenyl brosylate 
6-Chloro-7 
6-Nitro-7 
6-Methyl-7 
6-Methoxy-7 

and cyclopentyl esters (13). Linear free energy 
correlations of this type are, however, limited to 
systems bearing aromatic moieties, and are not 
generally applicable with any precision to simple 
substrates with a variety of substituents at differ- 
ent sites. On the other hand, a plot of log k,,,, 
vs. log koldo circumvents the need for external 
parameters such as u or u+. The slope of this 
plot should therefore reflect differential delocal- 
ization between the transition states derived 
from the exo and enclo isomers, respectively. 

Tanida and co-workers havc correlated thc 
acetolysis rates of a series of benzonorbornen-2- 
yl-brosylates (1-6 exo and enclo) and benzonor- 
bornen-9-yl-brosylates (7-11 .sj'tl and r~tlti) with 
u and u.'- (5-7). For the former series they have 
obtained p values of - 3.26 and - 1.3 1 for the exo 
and etzrlo isonlers respectively. Thc kinetic data 
are summarized in Table 1, and the log 
k , ! I o ( a , , c ; ,  vs. log kc , , , , (  ,,,, , plot for these derivatives 
is illustrated in Fig. 1. The slopes of these lines 
(2.9 f 0.3, corr. cocff. = 0.97 for the 2-brosyl- 
ates and 3.1 f 0.4, corr. coeff. = 0.98 for thc 
9-brosylates)' establish that thc solvolytic rates 
of the exo and urlti isomers arc more sensitive 
to substituents than are the rates of the cor- 
responding erlclo and syn isomers.~ccordingly. 

*The 6-OMe substituent in both the 2-(1-6) and the 
9-(7-11) substituted norbornenyl systems deviates from 
the line which correlates non-lone pair containing sub- 
stituents. This deviation signals the incursion of an 
additional stabilizing mechanism involving the 6-OMe 
group. When the 6-OMe group is omitted from both 
correlations, the slopes are 2.6 and 2.8, respectively. 

T h e  similar slopes obtained from the 2- and 9-substi- 
tuted norbornyl substrates perhaps identifies comparable 
K participation in the transition states. 

ORs 

6 s  I OBS 

8 

i n  keeping with Tanida's conclusions, participa- 
tion of the aryl ring is more important in stabil- 
izing the developing positive charge for the 
solvolysis of the exo and anti isomers than it is 
for that of the erzrlo and sytl isomers. Thus, we 
establish that plots of the type shown in Fig. 1 

FIG. 1. Plot of log kc,, rs. log k ,,,, ,, for benzonorbo1.- 
nen-2-yl brosylates (@) and log k ,,,,, vs. log k ,,,, for 
benzonorbornen-9-yl brosylates (0). 
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680 CAN. J. CHEM. VOL. 54, 1976 

TABLE 2. Acetolysis rates of 2-norbornyl tosylates at 25 "C 

log kc,, 1%  kc,,,^ Reference 

2-Norbornyl tosylate 
5-Methoxy-12 
6-Methoxy-12 
7-arlri-Methoxy-12 
6,6-Dimethyl-12 
5,5-Dimethyl-12 
7-syn-Chloro-12 
7-arzri-Chloro-12 
7-sytl-Phenyl-12 
7-anri-Phenyl-12 
5-Keto-12 
7-Keto-12 
7,7-Dimethyl-12 
3,3-Dimethyl-12 
3-exo-Phenyl-12 
3-endo-Phenyl-12 

*Rates for the bl.osylates havc becn converted by 

are sufficiently sensitive to detect a difference in 
transition state stabilization where it unquestion- 
ably occurs in a pair of stereo isomer^.^ 

We now turn our attention to the question of 
a bridging in simple norbornyl substrates. If the 
exo transition state is indeed bridged, then in the 
absence of steric, torsional, and strain effects. 
the influence of substituents through an inductive 
effect would manifest itself by affecting the 
solvolysis rate of the exo derivative more than 
that of the corresponding endo isomer. That is. 
since the electron density at the site of electron 
donation, namely the CI-C6 bond, should be 
depleted or increased through the effects of 
substituents at C4, C5, C6, and C7, the rate ratio 
should be altered.' Consequently, the slope of 
the log kc,, vs. log kClLd, plot would exceed unity 
if a participation was of significance in the 
solvolysis of the exo isomer. 

Rate data for the solvolysis of norbornyl 

JA referee has pointed out that the linear regression 
analysis used here is inapplicable to the equation de- 
scribed. While recognizing the validity of this criticism 
we note that (a) the data analyzed in this paper were 
obtained in various laboratories, presumably with varying 
uncertainties, and ( b )  some of the data were obtained 
through extrapolations in temperature or corrections for 
the nature of the leaving group. Hence, since the errors 
in the individual data points are unknown, and vary 
considerably, little is to be gained by the application of 
more rigorous regression analysis. 

Tha t  substituents alter the effectiveness of r-type 
participation, as well as that of the T type, has been 
established in studies of the cyclopropyl carbinyl system 
(1 6). 

division by a factor of 3. 

FIG. 2. Plot of log kc,, vs. log kc,,,, for substituted 
norbornyl sulfonates. 

tosylates substituted at the 3, 5, 6, and 7 
positions are listed in Table 2, and a plot of 
log kc,, vs. log k ,,,,, is illustrated in Fig. 2. The 
slope of the line is 1.11 & 0.08, (corr, coeff. = 
0.98)"hich indicates that the transition states 
derived from the exo and endo isomers respec- 
tively are equally affected by inductive variations, 
and does not support the concept of a-bridging 

6Substrates 2%27 have been omitted from the least- 
squares analysis. 
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BANERJEE AND WERSTIUK 

TABLE 3. Acetolysis rates of 1-substituted norbornyl tosylates at 25 "C" 

*Taken from ref. 25. 
t Taken from ref. 23. 

I I I I I 
8 7 6 

k~~~~ 

FIG. 3. Plot of log kc,, vs. log kc ,,,, for subst~tuted-1- 
aryl norbornyl tosylates. 

in the transition state for solvolysis of the exo 
isomer. 

Deviations from the least-squares line in 
Fig. 2 establish the involvement of other rate 
influencing factors. The deviation of the 7-keto 
derivative 23 from the line is in keeping with the 
enhanced reactivity of the endo isomer, which is 
320 times more reactive than expected (22), and 
probably arises from participation of the 
carbonyl oxygen or its solvated moiety in the 
transition state. Steric acceleration in the reac- 

The solvolysis of 1-aryl-2-norbornyl tosylates 
is also of interest. Kinetic data are summarized 
in Table 3, and the exo-endo relationship is 
outlined in Fig. 3. Although the range of 
reactivity is more limited in this case, the slope 
(1.1 f 0.1, corr. coeff. = 0.977 suggests that a 
bridging does not occur in the transition state 
obtained from the exo isomer.8 Interestingly, 
although the lines in Figs. 2 and 3 are nearly 
parallel, the latter is located at approximately 
1.5 log units above the former. This difference 
originates in all likelihood from the steric 
acceleration to ionization of the 1-aryl-exo-2- 
derivatives. If such is the case, then the difference 
in intercept, a factor of 30, between the lines in 
Figs. 2 and 3 is a measure of this acceleration. 

The validity of the relationships summarized 
in Figs. 1-3 is dependent upon the constancy of 
the ground stage energy difference between the 
exo and endo epimers as well as upon the 
constancy of internal return processes and solva- 
tion effects. However, the difference in energy 
between exo and endo isomers with remote 
substituents is expected to be small as compared 
to the activation energy, and minor variations in 
the equilibrium constant are not likely to cause 
any serious error. Although the effect of sub- 

of the 7'7-dimethy1 derivative 24 7Substrate 34 has been omitted from the least-squares 
for the this analysis. The special effect of the OMe substituent is 

The deviations present in the 3-substituted com- indicated by a change in AS* for the reaction. The 
pounds are less serious, but are also less easily solvolysis of exo-34 has AS* = -4.2 compared to 
rationalized. The marked difference in  reactivity AS* = -0.3 to -2.6 for the other exo members of the 

series. Similarly AS* for et~do-34 is -1.6, whereas between the ex0-3-~hen~1-12 (26) and the endo- endo-28 to 33 are associated with AS* values of -5.2 to 
3-phenyl-12 (27) derivatives are of particular -7.9 (23, 24). 
significance. While this might, to a certain extent, XFor this particular series, the log k,,, vs. log k e n d o  

be attributed to differences in ground state slope equals ~ c z o l ~ c n d o .  Reported values of Pezo  and pendo 

energy, an alternate explanation involving steric are -1.36 and -1.06 respectively (25). However, forthe 
compounds considered we find p,,, = - 1.32 and pendo  = 

inhibition to solvation is perhaps more important -1.19, from which p , z o ~ p c , , d o  = 1.1, in agreement with 
(23). our value for the slope. 
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TABLE 4. Kates of base-catalyzed hydrogen-deuterium exchange in ilorbornanones 
in 60fi/, dioxane - 40% D20 a t  25 "C 

log kc,, log ~ C I L ~ O  Reference 

2-Norbornanone 
5-Methylene-35 
6,6-Dimethyl-35 
4,6,6-Trimethyl-35 
5-Methylene-5,6- 

dimethyl-35 
4,6,6-Trimethyl-5- 

methylene-35 
3-Chloro-35 
Norbornenone 
Benzonorbornenone 
1,7,7-Trimethyl-35 
6-Methylene-35 

'These rates were obtained in 2:l dioxane-D?O. They were converted to the tlbove solvent system 
by multiplication by 0.736 (the ratio of'the exchange rates of 35 in the two solvent systems). 

?These rates have been corl-ected for tile ground s t i~ te  energy diAi.re~ice between the two stcreoisomer~ 
:IS well a s  for n small temperature difl'erencc. The observcd n.o/e,lrlo rate rntio is 11 500. 

stituents on the extent of internal return has yet 
to be assessed, no  major changes are expected in 
the case of C5. CG, and anti-C7 substituted 
systems because of the remoteness of substituents 
from the reaction site. That this is the case is 
supported by the quality of the data in Fig. 2 for 
non-sterically perturbed substrates. 

Base-caialyzerl Exchange of' Norbomaizone.~ 
The high eso-enrlo rate ratios observed in 

base-catalyzed hydrogen-deuterium exchange in 
norbornanones has been interpreted as indicative 

5 4 3 2 

k ~ N ~ ~  

FIG. 4. Plot of log kc,, vs. log kc,,,, for H-D exchange 
for substituted 2-norbornanones. 

of steric hindrance t o  enclo proton abstraction 
(26). From a study on the isonlerization of 
exocyclic olefins, Bank ei (11. have presented 
evidence for a twisted allylic ion intermediate 
(27). Since rates of ketone enolization correlate" 
well with those of olefin isomerization (27-29), 
it is likely that the enols or enolates involved are 
twisted to  some extent. Consequently, the transi- 
tion state arising from one of the epirners will 
possess greater enolic character than the other, 
and the exo/enrlo exchange ratio observed might 
in part derive from the preferential overlap in 
one of the two transition states. We have been 
able to  correlate exo  and enrlo exchange rates 
for the series of bicyclic ketones listed in Table 4. 
The plot in Fig. 4 has a slope of 1.72 + 0.08 
(corr. coeff. = 0.993) implying that the exo 
process is the more sensitive t o  substituent 
effects?Oqn Hence, more charge is developed on 
CZ during exo proton abstraction than it is for 
the corresponding enrlo process. The value of 
the slope can be accounted for if the intermediate 
en01 or enolate is twisted towards the endo 

9N. H. Werstiuk and S. Banerjee, unpublished results. 
l0We have previously observed that exchange of the 

elldo protons in norbornanones proceeds through 
two competing processes (9). However, the observed 
e.uo/er~do rate ratios are only about 10-2054 less than the 
true stereoselectivities. Consequently, the errors will 
appear in the intercept of the line in Fig. 4 rather than 
in the slope. 

"Substrates 44 and 45 have been omitted from the 
least-squares analysis. 
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BANERJEE AND WERSTIUK 683 

direction, that is, the anion derived from endo 
proton abstraction overlaps better with the 
carbonyl .rr system in the transition state than 
does the anion obtained from exo proton abstrac- 
tion. Some support for this rationale is available 
from a comparison of the solvolysis rates of the 
12-exo- and 12-endo-tosylates with the exo- and 
endo-3-methylene-2-norbornyl-tosylates (30). The 

ksolv ksolv 
exo 2.36 X 10-5 s-1 exo 1.02 X s-I 
etldo 8.28 X s-1 erldo 2.62 X loF5 s-1 

reasons for this twisted geometry are not yet 
clear. However, models show that a developing 
lone pair (or p orbital in the cation) with endo 
stereochemistry is more easily brought into co- 
planarity with the carbonyl rr orbital (or double 
bond) through an endo twist that opens up the 
C-1, C-2, C-3 bond angle to better accommodate 
the developing sp2 center. The exo twist is not 
favoured because such a twist would close the 
C-1, C-2, C-3 bond angle and thus decrease the 
ease of introduction of an sp2 center at  C-2. 
Also, the exo twist increases the non-bonded 
interaction between the syn hydrogen at C-7 and 
the reacting exo site at C-2. However, in the 
absence of further evidence, this view must be 
regarded as tentative. 

As in the case of solvolysis of norbornyl sys- 
tems, only those substrates which possess special 
features such as steric and homoconjugative 
influences would be expected to deviate from 
the least-squares line in Fig. 4. 

Comparison of the solvolytic and exchange 
data reveal several features of interest. The 
magnitude of the deviation of the 7,7-dimethyl 
derivative 44 in Fig. 4 is similar and opposite in 
sign to that of 24 in Fig. 2, and probably owes 
its origin to similar steric factors. Thus if steric 
acceleration is responsible for the deviation of 
the 7,7-dimethyl-ester 24 in Fig. 2, then steric 
hindrance to approach of base quite reasonably 
accounts for the deviation of 44, in Fig. 4. 

Tidwell has argued that bis-homo-anti-aro- 
matic delocalization in the en01 or enolate 
obtained from norbornenone, 42, results in its 
decreased reactivity with respect to norcamphor, 
35 (31). However, the presence of unsaturation 

should affect the exo rate but leave the endo rate 
relatively unaltered, so that IT interaction of the 
proposed type would lead to significant devia- 
tion in Fig. 4. This is evidently not the case. 
Consequently, we believe that partial ground 
state interaction of the double bond with the 
carbonyl group (for which there is spectroscopic 
evidence (32)) reduces the electron-withdrawins 
nature of the carbonyl group. These same argu- 
ments apply to the benzonorbornene derivative 
43. 

The deviation of 45 from the lines is surprising, 
and points to some hitherto unsuspected special 
effects inherent in the molecule. 

Conclusions 

In summary, we have established that log k,,, 
vs. log k,,,, or related relationships are useful 
on two accounts: they correlate changes in 
stereoselectivity with variations in substrate 
structure and they provide a means of estimating 
the importance of special features associated 
with compounds which deviate from the norm, 

Insofar as norbornyl ester solvolysis is con- 
cerned, our interpretation demonstrates the 
absence of significant charge delocalization in the 
transition state for exo solvolysis relative to that 
for the endo reaction. This conclusion considered 
in conjunction with other results and viewpoints 
(1, 2) makes the a bridged norbornyl cation an 
unnecessary and improbable species in solvolytic 
processes. 
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The reduction of acetals with cobalt carbonyl catalysts1 

BRUCE I. FLEMING AND HENRY I. BOLKER 
Pulp arrrl Paper Research Irlstitrrte of Canada, and Department of Cllernist,:~, McGill University, 

Montreal, Quebec H3C 3GI 

Received August 25, 1975 

BRUCE I. FLEMING and HENRY I. BOLKER. Can. J. Chem. 54, 685 (1976). 
When heated with a dicobalt octacarbonyl ( C O ~ ( C O ) ~ )  catalyst under synthesis gas, acetals of 

aromatic aldehydes (in contrast to aliphatic acetals) gave good yields of the products of reduc- 
tive cleavage, but no products of hydroformylation. A mechanism is proposed to explain the 
products of cyclic acetals of benzaldehyde which yielded not only the expected hydroxy-ethers, 
but also considerable amounts of dibenzyl ethers. The room temperature reductive cleavage of 
aromatic acetals by pure HCo(CO), in organic solvents indicates that HCo(C0)d might be the 
active species in the catalytic reductions. Since acetals of benzaldehyde para-substituted with 
electron-releasing groups cleaved faster than those substituted with electron-withdrawing 
groups, the mechanism probably involves a carbonium ion intermediate. 

The previously observed formation of dibenzyl ether during benzaldehyde reduction with 
cobalt carbonyl catalysts can now be explained via the reductive cleavage of hemiacetal or 
acetal intermediates. 

BRUCE I. FLEMING et HENRY I. BOLKER. Can. J. Chem. 54,685 (1976). 
Lorsque l'on chauffe des acCtals d'aldChydes aromatiques (par oppositioli aux acCtals ali- 

phatiques) en prCsence d'un catalyseur octacarbonyl de dicobalt ( C O ~ ( C O ) ~ )  dans une at- 
mosphere de gaz de synthkse, on obtient de bons rendements de produits de rupture reductrice: 
i l  n'y a toutefois pas de formation de produits d'hydroformylation. On propose un mCcanisme 
pour expliquer la nature des produits formCs B partir d'acktals cycliques du benzaldehyde; dans 
ce cas il y a formation, en plus des hydroxy-ethers attendus, de quantitis considecables d'Cthers 
dibenzyliques. La coupure rCductrice d'acCtals aromatiques par HCo(C0)d dans des solvants 
aromatique B temperature de la p ike ,  indique que le HCO(CO)~  peut &tre I'entitC rCactive dans 
les riductions catalytiques. Puisque les acCtals de benzaldChydes substituCs en para par des 
groupes electro-donneurs se coupent plus rapidement que ceux substituks par des groupes 
CLectroaffinitaires, le mCcanisme implique probablement une carbocation comme intermkdiaire. 

I1 avait kt6 observC antkrieurement qu'il y a formation d'un Cther dibenzylique lors de la 
reduction du benzaldkhyde par des catalyseurs de carbonyles de cobalt; on peut maintenan1 
expliquer ce rCsultat grsce B une rupture reductrice d'intermediaires hCmiacCtals ou acktals. 

[Traduit par le journal] 

Of eight reports (1-8) of reactions between 
cobalt carbonyl catalysts, synthesis gas, and 
acetals, five (1-5) concern acetals of formalde- 
hyde. The literature contains few references to  
reactions of higher aliphatic acetals, presumably 
because the product mixtures are very ~ o m p l e x . ~  
As an example, Fig. l a  shows a gas chromato- 
gram of the product mixture obtained by heating 
propionaldehyde diethylacetal with dicobalt 
octacarbonyl (CO~(CO)~)  under synthesis gas. In 
contrast, the product from formaldehyde di- 
methylacetal, treated similarly, yielded only 
seven peaks in the gas ch r~ma tog ram.~  The 

multitude of products from higher aliphatic 
acetals may arise from an intermediate a,P- 
unsaturated ether formed in the presence of an 
acidic catalyst such as hydrocobalt tetracarbonyl 
(HCO(CO)~).~ Once formed, the a,p-unsaturated 
ether may (i) react to yield reduction or hydro- 
formylation products with HCo(C0)4, or (ii) 
form new acetals by condensing with starting 
material (acetal) (16a). Because formals cannot 
give a,p-unsaturated ethers, they yield simpler 
reaction products. 

We have found that heating aromatic acetals 
with cobalt carbonyl catalysts in the presence of 

'Taken from the Ph.D. Thesis of B. I. Fleming, McGill 
University, Montreal 1974. 

'See ref. 59 for a discussion of the literature. 
'Three of these corresponded to CH,OH, CH30CH3, 

and CH30CH2CH20H. 

~ H C O ( C O ) ~ ,  a strong acid (9-13), is known to form 
when cobalt carbonyls are heated under synthesis gas 
(14, 15). One of the preparative routes to a,p-unsaturated 
ethers is the treatment of an  acetal with a strong acid 
(166). 
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FIG. 1. Gas liquid chromatograms of the products ob- 
tained by heating (a) propionaldehyde diethylacetal 
(b) benzaldehyde dibenzylacetal with Co2(CO)s under 
synthesis gas. 

synthesis gas yields even simpler product mix- 
tures than those obtained from the formals. Thus. 
Fig. lb shows the gas chromatogram of the 
reduction products of benzaldehyde dibenzyl- 
acetal. In general, simple acetals of benzaldehyde 
give good yields of the products of reductive 
cleavage, a benzyl ether and an alcohol (Table 1, 
experiments 1 and 2). Acetophenone diethylketal 
(Table 1, experiment 3) also gives a good yield of 
the corresponding ether. The accompanying 
ethylbenzene probably results from slight further 
cleavage of the benzyl ether product (likewise the 
toluene detected in experiments 4 and 5), in 
agreement with the findings of Li (8). The high 
yield of reduction product from acetophenone 

diethylketal is surprising, as this compound, and 
also phenacetaldehyde dirnethylacetal (experi- 
ment 6), can form a$-unsaturated ethers by 
e l imina t i~n .~  A possible explanation is that in 
these examples the double bond formed by 
elimination is conjugated with the aromatic ring, 
and such double bonds are reduced, not hydro- 
formylated, by the catalyst mixture (25, and ref. 
26, p. 171). This effect is greater when there are 
other substituents on the double bond. Thus. 
styrene itself gave ollly 25% ethylbenzene and 
the remainder was hydroformylated, but a- 
methyl styrene gave 69% isopropylbenzene and 
only 9% hydroformylated material (15). There- 
fore, any a,p-unsaturated ether formed in experi- 
ments 3 and 6 will n~ostly be reduced to the same 
ether product which would have resulted from a 
reductive cleavage of the acetal. 

Reductions of cyclic acetals of benzaldehyde 
with cobalt carbonyl exhibit two differences from 
those of acyclic acetals: (i) unreacted starting 
material remains after treatment under fairly 
forcing conditions; ( i i )  a dibenzyl ether product 
is obtained. 

The Forr~zatiorl of Dietlzers 
We propose the following illechallislll (Scheme 

I) for diether formation during the reduction of 
cyclic aromatic acetals (1): as the reductive 
cleavage proceeds and product alcohol (2) begins 
to accumulate, transacetalation with unreacted 
starting material (1) may occur to yield the new 
acyclic acetal 3. Provided that the latter cleaves 
at a rate comparable to  that of the cyclic starting 
material and that transacetalation is fast, a large 
amount of the alcohol 2 will be converted into the 
diether 4. Experiment 7 (Table 2) provides some 
support for this hypothesis. When benzaldehyde 
and an excess of dry methanol were heated with 
the catalyst for a short time at 85 O C ,  the product 
contained benzaldehyde dilnethylacetal in 70% 
yield as measured by glc, and 55y0 by actual 
isolation. This experiment demonstrated the 
ability of the cobalt carbonyl - synthesis gas 
combination to catalyse the formation of acetals 
of benzaldehyde. Although acetals were pre- 
viously known to form in the presence of this 
catalyst (18-23), and transacetalations are also 

5As an example phenacetaldehyde dimethylacetal yields 
the a,@-unsaturated ether when passed over a catalyst a t  a 
high temperature, exactly as do  aliphatic acetals (27). 
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F L E M I N G  A N D  BOLKER 687 

TABLE 1. Reduction of some aromatic acetals with CO?(CO)~ catalysto 

Experiment Acetal 

Unreacted Initial 
starting conditions 

Y~eld" material (2400 psig 
Product (5;) (7;) Hl:CO2:1) 

4CH20CH26 
+CHlOH 

+CH(OEt)Me 
+CH2Me 
EtOH 

@CHlOCHlCHlOH 
c$CH~OCH~CH,OCH~+ 
dCH, 

+CH~O(CHI)~OH 
+CH2O(CH2)3OCH2@ 
6CH; 

+CH?CH20Me + 8 minor products 

flIn a bcnzcnc solvcnt. [ncctal] = 3 M.  [Co(CO)s] = 0.15 hf. 
*Analysis by glc using 'bmckcting' standards of authentic snrnplcs. Fisurcs in p;~rcntlicscs arc  yiclds ( r n o l s )  of isolatcd material. 
=By distillation. 
([By Si03 chrom;~tography. 
'Thc yields of thc dicrhers ; ~ r c  bnscd o n  2 mol ncclal 4 I 111ol dictlirl.. 

3 

and H2 

known (24), the docunlentation of such reactions 
remains rather meager. 

When benzaldehyde, methanol, and catalyst 
were heated for longer times and a t  higher 
temperatures (experiment 8), the composition of 
the product mixture closely resembled that 
obtained from pure benzaldehyde dimethylacetal 
(experiment 1, Table 1). Evidently the cobalt 
carbonyl catalyst mixture possesses the unusual 

ability to  catalyse both the fornlation and the 
reductive cleavage of aromatic acetals. 

TIze Reductive Cleavage of' Acetals b.1' 
HCO(CO)~  Solutions 

Under conditions close t o  ambient, solutions 
of pure HCo(C0)4 in organic solvents (28) were 
found to  bring about the reductive cleavage of 
aromatic acetals [I]. This observation supports 
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TABLE 2. Reductions of benzaldehyde-alcohol mixtures with C02(C0)8 catalystn 

Molar ratio. Reaction Reaction Product yield 
(benzaldehyde: time temperature by glc Product isolated 

Experiment Substrate" alcohol) (11) ( " c )  (moI(5) ( m ~ l % ) ~  

7 Benzaldehyde l :I0 0 .2  85 1 5  Benzaldehyde 
+ methanol dimethylacetal 70 55" 

Benzaldehyde 23 
Benzyl methyl ether 7 

S Benzaldehyde 1 :4 1.4 161 i 2  Benzyl methyl ether 90 79' 
+ methanol Benzyl alcohol 1 1 ' 

Dibenzyl ether 1 le 

9 Benzsldehyde + 1 :2 I .S 158 ? 2 Dibenzyl ether 87 92 
benzyl alcohol Benzyl alcohol 45 3 2, 

10 Benzaldehyde + I :Z 2.0 162 i 3 p-Chlorobenzyl 
17-chlorobenzyl benzyl ether 75 70 
alcohol Benzyl alcohol 10 7 

Dibenzyl ether 5 1 
p-Chlorobenzyl 

alcohol 5 1 41.c 

I I Benzaldehyde + 1 :3 0.25 85 i 5 Benzaldehyde 80 
benzyl alcohol Benzaldehyde 

dibenzylacetal 15 1 4" 
Dibenzyl ether 2 
Benzyl alcohol I 

12 Benzaldehyde - I .O 125 Dibenzyl ether 95 
dibenzylacetal Benzyl alcohol 92 

('In bcnzcne solvcnt, [dCHO] = 4 iM, [Co2(CO)s] = 0.15 M. Synthesis 3 s  (ZH2:ICO) pressure = 2500 psis. 
hAddcd lo  catalyst only after reaction temperature attained. 
(By SiO? chromatography except where noted. Ether yields based o n  ( I  niol aldehyde - I mol ctlicr). 
"This compound was isolated by distillation. 
f I s ~ l a t e d  by SiO2 chromatography of the distillation residue. 
.'Recovery of starting alcohol. 
PDetected but  not quantified. 

TABLE 3. The reaction of benzaldehyde dibenzylacetal with HCo(C0)4 under stoichiometric conditions at  22 "C 

Solvent and Approximate Ether 
Acetal HCO(CO)~  volume reaction produced 

Experiment (mmol) (mmol) (ml! time (h)" ( m ~ l % ) ~  

13 I .O 2.5 C6H14(26) 2 12-260 43c 
11 0 . 5  1.2 C ~ H I ~ ( ~ ) + C G H G ( ~ O )  94-117 60 
15 1 .O 2.3 C ~ H I ~ ( ~ ) + T H F (  10) 1-2 5 3 
16 1 .O 1.3 C G H I ~ ( ~ ) + T H F ( ~ ~ )  1-2 76 
17 1 .O 2.4 CbH~(5.3) 25-92 47 
18 I .O 1.9 C G H G ( ~ ) + C ~ H ~ C I (  10) 44- 10-1 55 

nUnlil HCo(C0) i  no longer detectable (by smell, o r  by precipitation of Co(CO),- as  nickel tri-o-plienanthroline complex). 
'JEslimated by gas chromatography, yield calculation is based o n  eq. I .  Besides unreacted starting material, benzyl alcohol was also detected, 

but a s  it is formed by hydrolysis as  well as  by reduction it was not  quantified. 
CCor(CO)s isolated as  oranse crystals, m p  50-52 "C, by cooling the hexnne solution to -78 "C. Calcination yielded 108 m s  ColOi,  equivalent 

to 1.35 mmol Co(CO),. 

the concept that HCO(CO)~ is the active species of benzaldehyde by HCO(CO)~ solutions. Experi- 
in the catalytic reduction of acetals with Co2- ments 13, 14, and 15 show that increasing solvent 
((20)s and hydrogen. Table 3 shows the results polarity greatly increases the rate of thereaction 

[ I ]  PhCH(0R)z + ?HCO(CO)~ = PhCH20R + ROH 
of benzaldehyde dibenzylacetal with HCO(CO)~ 
(see also Fig. 2). The yield of ether produced is 

+ C0'(C0)8 not greatly affected by the solvent. Experiment 16 
obtained in the reduction of the dibenzyl acetal does show a higher yield, but it differs from 
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FLEMING AND BOLKER 689 

7736 BENZENE. 2 3 %  MEXANE (Ex 1LI 
1-x7-x 

671THF. 33XMEXANE (Ex 151 

PURE HEXANE SOLVENT (Ex131 

a 

I , 1 I 
50 100 150 2 0 0  2% 

TlME ( h l  

Y) X BEMENE . 62 X CHLDROBENLENEIEr 181 ! 601 PURE BENZENE I Ex 171 

SOLVENT 
40- 

2 

2 3 0 -  0 X 

m 

20-  

10 

0. 
0 10 2Q 3 0  40 50 60 70 83 90 I W  

TlME ( h l  

FIG. 2. The reduction of benzaldehyde dibenzylacetal 
by HCo(C0)4 solutions in various solvents at  22 "C 
(see Table 3). The upper curve in Fig. 26 was obtained by 
adding chlorobenzene to a benzene solution of HCO(CO)~ 
and the acetal. The dilute solution so formed reacted 
faster than a benzene solution of over three times the 
concentration (lower curve). 

experiment 15 by having about half the amount 
of HCo(C0)4. Consequently, acetal is present in 
excess, and the yield is based on HCo(C0)4. The 
improvement of yield may be a result of reduced 
loss of HCo(C0)4 according to  eq. 2. 

Experinlents 17 and 18 illustrate the effect of 
adding chlorobenzene t o  the reaction mixtures. 
After chlorobenzene addition, the reaction niix- 
ture in experinient 18 was three times more dilute 
than that in experinlent 17, but still reacted 
slightly faster (Fig. 2b). The increase in reaction 
rate produced by polar solvents is considered 
evidence for a polar intermediate in acetal 
cleavage. 

The recovery of cobalt as C O ~ ( C O ) ~  from the 

completed reductions was only 55% of the 
theoretical yield. The clear yellow colour of the 
filtrate coiifirnled the removal of Co2(C0)*, 
which, when present, gives almost black solu- 
tions. Some cobalt therefore remains in solution. 
perhaps as a complex with the product alcohol. 
Incomplete cobalt recovery as C O ~ ( C O ) ~  has 
previously been noted in the stoichiometric 
reduction of aldehydes to alcohols with HCo- 
( co )4  (29). 

The Mechanistn qf' Acetal Cleavllge \vitlr 
HCo(C0)4 

It is reasonable to  anticipate a carbonium ion 
~iiechanisni for the reduction of acetals with 
HCo(C0)4. We know that acetal forniation is 
catalysed by HCO(CO)~, and that, in general. 
acetal forniation is a reversible reaction proceed- 
ing via carboniuin ions derived from protonated 
liemiacetals (ref. 16, p. 316). Therefore we can 
also expect the facile formation of carboniuni 
ions from acetaIs in the presence of HCo(C0)4. 
The most straightforward description of acetal 
formation and cleavage is illustrated in Scheme 2. 

Reduction of similarly generated carboniuiii 
ions is the generally accepted mechanism for the 
reaction of p-methoxybenzyl alcoliol with HCo- 
(C0)4 (25, 30). Such carboniuni ions also play a 
roIe when this catalyst reduces benzhydrols 
(25,3 1) and when hydroformylation products are 
generated from formaldehyde diniethylacetal(5). 

The reduction step in Scheme 2 must be 
relatively slow, or  isolation of the acetal from 
aldehyde, alcohol, and H c o ( C 0 ) ~  mixtures 
(experinient 7, Table 2) would not be possible. 
Evidence for the role of a carboniuni ion in the 
reductive cleavage of acetals was obtained (Table 
4) by comparing the rates of cleavage of the 
benzyl acetals of para-substituted benzaldehydes 
in conlpetitive reactions. Low temperatures were 
necessary in these reactions to  avoid cleavage of 
all the acetal before the hydrogenator could be 
cooled, since the apparatus provided no nieans 
of direct liquid sampling. The yields shown in 
Table 4 d o  not provide an exact quantitative 
measure of the reactivity of the acetals, but, just 
as Wender and co-workers (31) have found for 
benzhydrols, clearly indicate that a n  electron- 
releasing group in the para position enhances the 
reduction rate and an  electron-withdrawing sub- 
stituent diminishes it. 

Erher Forination During Benzaldehyde Reducrioil 
The literature contains references to  the forma- 
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TABLE 4. Competitive reductions of pairs of acetals of 
the type P - X - C ~ H ~ C H ( O C H I P ~ ) ~ ~  

Reaction Unreacted starting Product ether 
X temperature ("C) material formed ( C / , ) h  

59 
75 

7 

OProccdurc a s  described in Expcrimcntal but with I mmol of cach acetal + 5 ml hexanc in thc 
i~mpoulc.  Catalyst equilibrium established by heating a t  90-100 'C for 25 min before mixing the con- 
tents at  thc rcaction tcmpcrature and allowing the autoclave to cool to  ambient (-2 h). 

bAnalyscd by glc. 

H + H + 

/OH HCo(CO), /OH -H20  + .  
4CHO + ROH S 4CH 

ROH yR H *  PR 
__L '4CH . $CH==OR 4CH - 4CH 

\ 
OR 

\ 
0 R 

\ 
OR 

\ 
OR 

HCo(C0)4 Slow 

tion of ethers during the reductioil of benzalde- 
hyde with synthesis gas and cobalt carbonyl 
catalysts : 

Yields of over 50%6 of dibenzyl ether were 
obtained when benzaldehyde and catalyst were 
heated under synthesis gas for 2 h or less at 
180-200 "C (58, 60). The ratio of benzyl alcohol 
to benzyl ether in the product strongly depends 
on the initial concentration of the aldehyde (58). 
Wender et al. (60) at first thought the ether was 
formed by dehydration of benzyl alcohol, but in 
subsequent work (61) found that under the same 
conditions, though for a somewhat longer time, 
benzyl alcohol yielded only toluene and phen- 
ethyl alcohol. The same two products were the 
only ones isolated by Ziesecke (62) in numerous 
experiments with benzyl alcohol, cobalt catalysts, 
and synthesis gas under varied conditions. 
Dawydoff (58) heated benzyl alcohol and 
catalytically generated HCo(C0)4 for up to 5 h 
at 200 "C with and without benzene solvent but 
obtained only a 2y0 yield of dibenzyl ether. 

Thus, the formation of large amounts of 
dibenzyl ether during benzaldehyde reductions 
has so far remained unexplained, but is readily 
accounted for by Scheme 2 (R = 4CH2-); 

6Based on 2 mol aldehyde yielding 1 mol of ether. 

benzyl alcohol, initially formed by reduction of 
benzaldehyde (63-65), can readily react with un- 
changed starting material to yield hemiacetal or 
acetal, and finally dibenzyl ether.7 The formation 
of benzyl alcohol is first order in benzaldehyde 
(65), but hemiacetal formation requires a second 
molecule of benzaldehyde. Thus Scheme 2 ex- 
plains qualitatively the experimental finding that 
in dilute solution the dibenzyl ether yield is low, 
but that it increases rapidly at the expense of 
benzyl alcohol as the concentration of the start- 
ing aldehyde is raised (58). 

Support for Scheme 2 is provided by experi- 
ment 9 (Table 2) wherein benzaldehyde was 
treated with 2 equiv. of benzyl alcohol and gave, 
under milder conditions than Wender et nl. 
employed, a nearly quantitative yield of dibenzyl 
ether, while almost half of the benzyl alcohol was 
recovered. 

Experiment 10 resembled the preceding experi- 
ment except that 11-chlorobenzyl alcohol was used. 
The chief product was y-chlorobenzyl benzyl 
ether [3], but some reduction of benzaldehyde to 
benzyl alcohol did occur, with subsequent forma- 
tion of a little dibenzyl ether. No bis-(p-chloro- 

7A similar scheme for silane reductions appears in 
ref. 66. 
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FLEMING AND BOLKER 69 1 

benzy1)ether was detected. The result of experi- 
ment 10 indicates that the ether formed during 
benzaldehyde reductions is derived from I 
molecule of aldehyde and 1 molecule of alcohol. 

The isolation, in 14y0 yield, of benzaldehyde 
dibenzylacetal, 5, from the benzaldehyde - 
benzyl alcohol - catalyst mixture treated under 
mild conditions (experiment I I), and the sub- 
sequent cleavage of 5 to  dibenzyl ether and benzyl 
alcohol under more drastic conditions (experi- 
ment 12) both offer strong support for Scheme 2. 

Reduclion vs. Hydroforniylarion 
Both steric and electronic effects determine 

whether the fate of alkyl and aryl cobalt car- 
bonyls will be reduction, or CO-insertion yielding 
hydroformylated products. Bulky g o u p s  (e.;. 
secondary and tertiary alkyl, phenyl groups) 
decrease the amount of CO-insertion relative to  a 
primary alkyl cobalt carbonyl (32). Insertion of 
carbon monoxide is also inhibited if electron- 
withdrawing groups are substituted into the 
alkyl moiety (33,34). 

If the reduction step in aromatic acetal 
cleavage proceeds via an intermediate such as 
6, one expects, for both the above reasons, to 

obtain little hydroformylation product. The 
expectation is borne out by the present experi- 
ments: no hydroformylation products have been 
detected from the reductive cleavage of a-aryl 
acetals, and the reduction products (ethers) have 
been obtained in yields approaching 100%. This 
observation is entirely consistent with the distri- 
bution of hydroformylated and reduced products 
obtained from related conlpounds by other 
 worker^.^ 

Experimental 
Redlrction of Acetals a t  Elevated Tempernlures urrder 

Sytzlhesis Gas 
The reductive cleavage of 2-phenyl-l,3-dioxane (Table 

I ,  experiment 5) is representative of the general pro- 

SA summary of the related literature appears in ref. 
59, p. 76. 

cedure. A stainless steel hydrogenator,' having a re- 
movable glass liner and internal volume (with the liner in 
place) of 255 ml, was employed. A quantity of the acetal 
(4.33 g) was supported in a small, open ampoule above 
the catalyst mixture (0.44 g C O ~ ( C O ) ~  in 3.8 ml benzene) 
inside the liner. After purging with carbon monoxide, the 
hydrogenator was pressurized to 2400psig with a 2:l 
Hz-CO mixture and the temperature was raised to 160 OC 
in 45 min. Then the apparatus was tilted to  mix the acetal 
and the catalyst, and heating was continued at  165 + 5 "C. 
After 4 h, the hydrogenator was cooled to room tempera- 
ture and vented, and its contents were made up to  50 ml in 
benzene. A glc analysis of this solution revealed the 
following components: unchanged starting material, 28%, 
3-benzyloxy-1-propanol, 26%, 1,3-dibenzyloxypropane. 
40%,1° as major constituents; toluene, 1 .85 ,  and a trace 
of benzaldehyde, < lyo ,  were also evident. 

A 40ml portion of the benzene solution was now 
evaporated under reduced pressure (30 "C, ~ 1 5  torr) and 
the residue was allowed to  stand open to the atmosphere 
for 24 h to  permit the catalyst to  oxidise. (A repeat glc 
analysis after this procedure showed that catalyst oxida- 
tion did not affect the organic materials). A little benzene 
was next added to the product and the resulting mixture, 
consisting of dissolved organic material and suspended 
oxidised catalyst, was applied to  a silica gel column. The 
fractions thus obtained in order of elution11 were as 
follows. 

(i) 1,3-Dibenzyloxypropane, 0.99 g (37%); t1D22.3 
1.5361; authentic sample, 11~22.2 1.5386; glc retention 
time and pmr spectrum were identical to  those of a 
synthesized sample; 

(ii) 2-Phenyl-1,3-dioxane, starting material, 1.04 g 
(307,); mp 46-47 "C, mixture mp with starting material 
46-47.5 "C; 

(iii) 3-Benzyloxy-1-propanol, 0.59 g (18%); tzDZ0 1.5 168 
(lit. (35) 1 1 ~ 2 0  1.5152), glc retention time and pmr spec- 
trum were identical to  those of a synthesized sample. 

When this experiment was repeated with the catalyst 
omitted, 2-phenyl-1,3-dioxane was found to be perfectly 
stable, and, being unable to  form an a,p-unsaturated ether 
by elimination, was also stable under the same conditions 
in the presence of p-toluenesulphonic acid (0.05 g). This 
behaviour contrasts with that of acetone 11-butyl ketal 
which decomposed completely under the acidic con- 
ditions. 

Because of a report (17) that benzaldehyde diethylacetal 
undergoes disproportionation at 200 "C in the presence 
of thorium oxide (eq. 4), it was also thought necessary to  
perform a blank experiment with benzaldehyde dimethyl- 
acetal, 7, under the reaction conditions. In the absence of 
catalyst, 7 was unchanged after 31 h a t  160 "C. 

'American Instrument Co. model 406-01M. 
1°The quantitative analysis of this compound was 

actually made from a second, later glc analysis, after the 
compound had been isolated and identified. 

IlBenzene eluent for the first two fractions, benzene 4- 
ether (157, by volume) for fraction iii. 
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Stoicl~iomelric Redrrctiot~s of Acetals wit11 HCo(C0)4 
Solrrliot~s 

Solutions of HCo(C0)4 in hydrocarbon solvents were 
prepared according to Kirch and Orchin (28). Even after 
stirring for 1 h with anhydrous sodium sulphate (36), the 
solutions contained too much moisture for acetal reduc- 
tions. Further drying was achieved by transferring the 
solution by syringe to a serum capped, carbon monoxide 
filled, erlenmeyer flask containing 5 g of molecular sieve 
(Linde 5A). In agreement with the published spectra (28), 
hexane solutions thus prepared showed the following 
carbonyl stretching frequencies (cm-I): 2115 (w), 2070 
(m), 2053 (s), 2030 (s), and 1992 (w). 

From this point on, experiment 9 (Table 3) will be 
described as typical of the general procedure. The pale 
yellow solution of HCo(C0)4 was analysed gasometri- 
cally (37) as follows: a 1 ml sample of solution was 
injected into excess aqueous potassium iodide - iodine 
solution in a flask connected to a carbon monoxide filled 
gas burette.12 A 51.5 ml volume of carbon monoxide 
(saturated with water and hexane at  23 "C) was produced. 
This gas (36.6 ml, dry at  NTP) is equivalent to 0.41 mmol 
of HCO(CO)~. 

Six ml of the HCO(CO)~  solution (2.46 mmol HCo(C0)4) 
was added by syringe to an erlenmeyer flask containing 
1 mmol of benzaldehyde dibenzylacetal in 20ml of 
hexane under a CO atmosphere. Standing at  room 
temperature, the mixture darkened very slowly. The 
progress of the reaction was followed by removing 
samples (2 PI) by syringe for gas chromatography. For up 
to 212 h after mixing, HCo(C0)4 was detectable in these 
aliquots by its odour. After 260 h, the mixture composi- 
tion, as determined by glc, remained constant at  43% 
dibenzyl ether, 25% starting material, 29% benzaldehyde 
(formed by hydrolysis), and an unquantified amount of 
benzyl alcohol.'3 

The almost black solution was next cooled in a dry 
ice - acetone mixture, whereupon small orange crystals of 
dicobalt octacarbonyl separated, mp 50-52 "C (lit. (38) 
51-52 "C). The crystals were filtered and roasted a t  
750 "C in a weighed porcelain crucible. Yield of Co304 = 

108 mg, equivalent to 1.35 mmol of cobalt (55% re- 
covery). 

Isolation of benzaldehyde dibenzylacetal (5) from the 
product mixture of experiment 11 was achieved as 
follows: the product mixture (in benzene solution) was 
stirred with 1 N sodium hydroxide solution and extracted 
with ether. The extract was dried (K2C03), the ether was 
evaporated, and the benzene, benzaldehyde, and benzyl 
alcohol were distilled off a t  100 "C under reduced pressure. 
The high boiling residue was distilled to yield 4.25 g of 
5 (14%, based on 10.6 g +CHO starting material), bp 
190 "C/0.85 torr; nDZ5 1.5735; pmr (py-d5) 6 7.8-7.1 (m, 
15H), 5.8 (s, lH) ,  4.7 (s, 2H), 4.6 (s, 2H), identical to the 
spectrum of synthesized material (lit. (44) bp 170 "C/O.? 
torr; rlDZ0 1.5776). 

Sources of Starting Materials 
Propionaldel~yde dietl~ylacetal was prepared in 46% 

yield according to ref. 39. Boiling point 124-125 "C/757 

torr; tlD2' 1.3890 (lit. (39) bp 123 'C/740 torr; t ~ ~ ~ ~ . ~  
1.3872). 

Formaldel~yde dimetl~ylacetal (metl~ylal) was obtained 
from Baker Chemical Co. 

Bet~zaldel~yde dimetl~yl ocetol was prepared in 35yo 
yield according to Fischer and Giebe (40). Boiling point 
97.5 "C/30 torr (lit. (40) bp 198-199 "C/762 torr). 

Acetoplret~ot~e dietl~yl ketal was prepared according to 
Fuson and Burness (41). Boiling point 103 "C/16 torr; 

1.4781 (lit. (41) bp 101.5 OC/15 torr; tlD20 1.4773). 
Bet~zaldelyde dibet~zylacetol and the following two 

compounds were prepared by Salmi's method (42), yield 
65%. Boiling point 163-166 "C/0.04-0.05 torr; 1 1 ~ 2 1  

1.5765 (lit. (43) bp 'about 168 "C'/O.l torr, (44) 170 "C/0.2 
torr ; tzDZ0 1.5776). 

2-Pl1et1yl-l,3-dioxoIat1e, yield 66%, bp 123-124 "C/26 
torr ; II,," 1.5264 (lit. (45) bp 116 "C/20 torr, (46) bp 
129 "C/25 torr ; ~ I , , I ~  1.5285). 

2-Pl1et1yl-l,3-dioxat1e, yield 85L/,, bp 126-127"C/15 
torr; mp 46-48 "C (lit. (47) bp 125 "C/14 torr; mp 
49-51 "C). 

Pl~etylacet(ildel~yrle dit~~etl~ylacetal was prepared in 53% 
yield according to ref. 48. Boiling point 84-84.5 "C/6 torr ; 
tlDZ4 1.4930 (lit. (48) bp 219-221 "C/754 torr). 

p-Met l~oxybet~za lde l~~~( le  dibet~zylacetal was prepared by 
the method of Gualtieri et al. (49), but some decomposi- 
tion of this reactive acetal was found (pmr) to occur during 
distillation. Boiling point 192-198 "C/0.2-0.25 torr (lit. 
(49), bp 195 "C/0.25 torr). Moreover, decomposition in 
the heated injection port of the glc caused difficulty in 
estimating the purity of the product by this technique. 
However, since all contaminants are relatively volatile, a 
pure product was obtained without distillation of the 
acetal. After the reaction, the mixture was stirred with a 
large excess of aqueous potassium carbonate. The upper 
layer was separated, washed twice with water, and its 
volatile materials were removed under reduced pressure. 
After 2 h in an oil bath at 120 "C under 0.08 torr pressure, 
the residual pale yellow oil was completely pure p-meth- 
oxybenzaldehyde dibenzylacetal as far as could be de- 
tected by pmr, ~ i e l d  85(/0, 1 1 ~ 2 0  1.5756. This product is 
pure enough for most purposes, but if necessary, the 
yellow colour may be removed by silica gel chroma- 
tography. 

p-Cltlorobet~zaldel~yde rlibet~z~~lacetal does not appear to 
have been previously reported. It was prepared from 
p-chl~robenzaldeh~de (Eastman, practical, 40 g, 0.28 mol) 
and benzyl alcohol (130 g, 1.2 mol) with p-toluenesul- 
phonic acid (0.1 g) as catalyst. The water produced was 
removed as a benzene-water azeotrope, using 300 ml of 
benzene and a Dean-Stark separator. After 3 h of 
refluxing, no further water was obtained, and the reaction 
mixture was stirred with excess saturated aqueous sodium 
carbonate solution. The upper layer was separated, 
washed with water, and distilled under reduced pressure. 
The final fraction of distillate, bp 196-198 "C/0.1 torr 
was the pure acetal; yield, 76 g (80%); 1.5816; 
pmr; 64.40 (4H, s, benzyl methylenes), 5.51 ( lH ,  s,  
methine), 7.2 (14H, m, aromatic). Atlol. calcd. for 
C ~ I H I ~ C I O ~ :  C 74.4, H 5.65, Cl 10.5; found: C 74.4. 
H 5.63, CI 10.7. 

12The flask also contained some hexane to maintain 
saturation of the gas in the burette. Sortrces of Air~l~entic Samples of t/le Redirctiot~ Producrs 

I3In another experiment conducted in benzene solution, Benzyl metl~yl etlrer, 2-(het1z~loxy)etl1at10l and etll.vl- 
dibenzyl ether was isolated in 43% yield (59). benzene were obtained from Eastman Kodak CO. 
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Dibet~zyl etlrer was obtained from the Aldrich Chemical 
Co. 

a-Me/l~~vlbet~zyl e/l~yl e//ier. was prepared according to 
Mislow (50). 

Pliet~e/l~yl rne/liyl elher was synthesized from phenethyl 
alcohol, methyl iodide, and silver oxide, according to  ref. 
51. The sweet-smelling product was purified by chroma- 
tography on silica gel. Yield 60%, tr1,21.5 1.4962 (lit. (52) 
tzD21 1.5001). 

3-Bct~zylox~-l-pr.opat1ol was made according to ref. 54. 
Boiling point 130 "C/10 torr; ti,26 1.5110 (lit. (54) bp 
114 "C/0.9 torr; tiD20 1.5184, (55) bp 155 OC/23 torr). 
1,2-Dibet1z~~lox~e/ha,ie was prepared by a Williamson 

synthesis in which 2-(benzy1oxy)ethanol (Eastman, 10 g, 
0.066 mol) was stirred with excess (2 g) sodium and 
xylene (25 ml) for 24 h. The excess sodium was removed, 
benzyl chloride (5.3 g, 0.041 moll was added, and the 
mixture was boiled under reflux for 4 h. The precipitated 
sodium chloride was filtered off, and the filtrate was dis- 
tilled under vacuum. Yield 5.3 g (5373, bp 123-125 "C/ 
0.05-0.07 torr; 1.5436 (lit. (53) bp 139 "C/0.1 torr). 

1,3-Dibet1zyloxypropat1e was made from 3-benzyloxy-l- 
propanol by a Williamson synthesis as described above. 
Yield, 65%; bp 145-146"C/0.03 torr; 11,'"~ 1.5386; pmr; 
6 7.19 (lOH, m, aromatic), 4.35 (4H, s ,  Ph-CH2-0-), 
3.46 (4H, t ,  -0-CH2-C), 1.81 (2H, quintet, 
C-CH2-C). At~al. calcd. for CI,H2,O2; C 79.7, H 7.87; 
found: C 79.7, H 7.96. 

p-Cl~lorobenzyl benz)~l ellie, was prepared by a William- 
son synthesis as described in ref. 56. Yield 700/t, bp 
113 "C/0.1 torr; t ~ ~ , ~ ~  1.5692 (lit. (56) bp 114 'C/O.] torr; 
nD20 1.5698). 

p-Me//~oxybet~zyl bet~z)jl e/lier was made similarly (56). 
Yield 51%, bp 125 "C/0.1 torr; n,,'O 1.5636 (lit. (56) bp 
146-147 "C/0.4 torr; t ~ ~ , ~ ~  1.5625). 
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GEORGE H. SCHMID et VINCENT J. NOWLAN. Can. J. Chern. 54,695 (1976). 
Travaillant dans le tetrachloro-1,1,2,2 ethane 25 "C, on a mesurC la vitesse d'addition du 

chlorure de dinitro-2,4 benzenesulfknyle B des phCnyl-1 prop'enes cis et tratls substituCs sur le 
noyau aromatique par des nitro-3, chloro-4, mCthyl-4, mCthoxy-4, phknoxy-4 et isopropoxy-4; 
on a aussi dCterminC la stCrCochimie des produits. Alors que l'on obtient une relation l inbire 
entre log k2 vs.  soit u ou U+ on obtient une meilleure correlation avec U.  On obtient une telle 
relation linhire m&me si la stCrCochimie des produits change de stCreospkifique et non- 
rkgiospkifique pour les substituants Clectro-attracteurs (nitro-3 et chloro-4) h regiospkifique 
et non stCrCospCcifique pour les substituants Clectro-donneurs (mkthoxy-4, phCnoxy-4 et isopro- 
poxy-4). Les rksultats suggkrent que 1'Ctape dkterminante, pour toutes ces additions, est un ion 
ponte et que tous les ions ouverts se forrnent aprks cette Ctape. 

[Traduit par le journal] 

The addition of 2,4-dinitrobenzenesulfenyl chloride to a series of 
phenyl substituted cis- and trans-1-phenylpropenes' 

GEORGE H. SCHMID AND VINCENT J. NOWLAN 
Deparrmetlr of Chemisrry, University of Toronro, Torottro, Ontario M5S I A l  

Received July 29, 1975 

GEORGE H. SCHMID and VINCENT J. NOWLAN. Can. J. Chem. 54,695 (1976). 
The rate of addition of 2,4-dinitrobenzenesulfenyl chloride to cis and t~a t l s  3-NO2, 4-CI, 

4-CH3, 4-OCH3, 4-OCsHs, 4-0CH(CH3)2 substituted-1-phenylpropenes has been measured in 
1,1,2,2-tetrachloroethane at 25 "C and the product stereochemistry has also been determined. 
While a plot of log k2 vs. either u or U+ is linear a better correlation is obtained with U.  Such a 
linear relationship is obtained even though the product stereochemistry changes from stereo- 
specific and nonregiospecific for electron-withdrawing substituents (3-N02, 4-CI) to regio- 
specific and nonstereospecific for electron-donating substituents (4-OCH3, 4-OCsHs, and 
4-0CH(CH3)2). These results suggest that the rate determining step for all the additions is 
bridged and that any open ion is formed after this step. 

The recent report of the addition of 2,4-dinitro- 
benzenesulfenyl chloride to cis- and trans- 
anethole is the first example of a nonstereo- 
specific addition of an arenesulfenyl chloride to 
an alkene (2). In this reaction an open carboniuin 
ion is clearly involved as an intermediate prior 
to the product determining step. However it is 
not clear if the first formed intermediate is also 
an open carbonium ion. In an attempt to obtain 
more information about the mechanism of this 
reaction we have examined the rate of addition 
of 2,4-dinitrobenzenesulfenyl chloride to a series 
of phenyl substituted cis- and trans-l-phenyl- 
propenes (la-g and 20-g). 

The purpose of this study is to determine if 
there is a break in the Harnmett crp plot at the 
point where the addition becomes nonstereo- 
specific. In this way, we should be able to deter- 
mine if there is a change in the structure of the 
rate determining transition state as the product 
stereochemistry changes. 

'Reactions of Sulfenyl Chlorides and their Derivatives. 
XII. For Part XI see ref. 1. 

Results 

The rates of addition of 2,4-dinitrobenzene- 
sulfenyl chloride to a series of phenyl substituted 
cis-(la-g)- and trans-(2a-g)-1-phenylpropenes 
were measured at 25 "C in 1,1,2,2-tetrachloro- 
ethane (TCE) by two methods: a titrimetric 
method and a dilatometry method using an 
Anton Paar precision density meter. The addi- 
tions were found to exhibit normal second-order 
kinetics, first-order in alkene and first-order in 
sulfenyl chloride to 80% completion of the reac- 
tion. The rate data are presented in Table 1. 

The frans alkenes were obtained by standard 
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TABLE 1. The specific rate constants for addition of 2,4-dinitrobenzenesulfenyl 
chloride to a series of phenyl substituted 1-phenylpropenes in 1,1,2,2- 

tetrachloroethane at  25.00 "C 

kz (M-1 s-1) 

Substituent u u - cis f r a t~s  

synthetic methods. The cis alkenes were obtained 
by catalytic hydrogenation of the substituted 
1-phenylpropynes. In a few cases the cis alkene 
was obtained by the photochemical isomerization 
of the more readily available trans isomer 
followed by separation of the cis-trans mixture 
by preparative glc. The identity of the isomers 
can be established on the basis of their nmr 
spectra. The methyl group of the trans isomer 
gives rise to  a sharp doublet a t  6 1.85 while the 
methyl signal of the cis isomer appears as a 
doublet of doublets centered a t  6 1.90. The extra 
splitting in the case of the cis isomer is caused by 
long range coupling to  the vinyl proton a to the 
ring with a coupling constant J = 1.5 Hz. 

The addition of an arenesulfenyl chloride to  
1-phenylpropene can result in the formation of 
the four products illustrated in Fig. 1. Previous 
work has established that there are two main 
effects which determine the relative positions of 
the protons of these four isomeric adducts in the 
nmr. First it has been shown that the eryrhro 

I I 
a S A r  

eryfhro Markownikoff eryfhro anti-Markownikofl 

tl I 

SAr 
rhreo Markownikoff fhreo anti-Markownikoff 

FIG. 1. The four possible isomeric adducts formed by 
addition of an arenesulfenyl chloride to 1-phenylpropene. 

and tlzreo configurations of 1,2-disubstituted-1- 
arylpropanes may be assigned on the basis of the 
chemical shift of the methyl protons provided the 
values of both isomers are available (3). Thus the 
methyl protons of the tlzreo isomer are found at  
higher field than those of the erythro isomer. 
Secondly it is known that protons next to  
chlorine are deshielded relative to protons next 
to  sulfur (4, 5). These spectral correlations were 
found applicable t o  the products of addition of 
2,4-dinitrobenzenesulfenyl chloride to cis- and 
trans-anethole (2) and 1-phenylpropene (6) re- 
ported previously. We have used this nmr 
method to establish the regiospecificity and 
stereochemistry of the products obtained in this 
study. The relevant nmr parameters are given in 
Table 2 along with the initially formed adduct 
mixture. 

Discussion 

Considerable work has been done on the 
addition of arenesulfenyl chlorides to  alkenes 
and a general two step mechanism has been 
postulated (6). In the rate determining first step 
the alkene is attacked by the electrophile to  form 
a cationic intermediate which is subject to  
nucleophilic attack in the subsequent product 
forming step. In the majority of additions, the 
products are formed stereospecifically by anti 
addition which indicates that both the product 
and rate determining transition states are bridged. 

From the results reported in Table 2, it is clear 
that the stereochemistry and the regiospecificity 
of the products can change as the electron- 
donating ability of the substituents on the alkene 
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TABLE 2. The nmr parameters and product composition of the adducts formed 
by the addition of 2,4-dinitrobenzenesulfenyl chloride to a series of phenyl 

substituted cis- and trat~s-1-phenylpropenes a t  25 'C in 1,1,2,2-tetrachloroethane 

(a) Adducts from the cis alkenes 

Chemical shiftsa 

Substituent Ha HI, HC Assignmenta yo 

tlzreo M 
rhreo a M  

threo M 
threo a M  

threo M 
threo a M  

tkreo M 

threo M 
eryrhro M 

rkreo M 
erytkro M 

threo M 
erytlzro M 

30 
70 

70 
30 

60 
40 

> 95 
Trace 

70 
30 

75 
25 

52 
48 

( b )  Adducts from the trans alkenes 

Chemical shiftsm 

Substituent Ha El t~ H, Assignment" (% 

3-NO2 5.16 4.03 1.64 erythro M 100 
4-CI 4.93 3.88 1.54 erythro M 100 
H 5.05 4.00 1.63 erythro M 100 
4-CHI 4.95 3.93 1.65 erythro M 100 
4-OCHj 4.92 3.96 1.65 erythro M >95" 
4-OC6H5 1.95 3.90 1.63 erythro M >95d 
4-0CH(CH3)2 4.92 3.95 1.62 erythro M >95d 

-C-CH; 
UThe structure of the adducts is Q+ 

Ha H b  

R 
When X = C1 and Y = SCOHI(NO?)~ the ndduct is defined as Markownikoff (M). When revcrsed the 
ndduct is defined as urrri-Markownikoff (aM). The erjrhro ndduct is defined as urrri addition to the 
rrurrs alkene. 

"01 detectable. 
CObscured by another peak. 
d1n these cases a small amount of the rlrrro Markownikoff adducts are also observed. 

change. Thus in the cis series the addition 
changes from stereospecifically anti and non- 
regiospecific for the three alkenes la-c t o  regio- 
specific and nonstereospecific for the four 
alkenes Id-g. In the trans series the change is not 
as dramatic. The addition is regiospecific for all 
the alkenes, stereospecifically anti for alkenes 
2a-d and stereoselectively anti for alkenes 2e-g. 

In order t o  learn if the change in the overall 
stereochemistry of the reaction is due to  a 

change in the structure of the rate determining 
transition state we have correlated the rate data 
against both a and a+ using the substituent 
constants listed in Table 1. The results are 
tabulated in Table 3 and illustrated in Fig. 2. 
For the addition of 2,4-dinitrobenzenesulfenyl 
chloride the correlation vs. a is superior to  that 
vs. a+ for both series. The important point 
illustrated by Fig. 2 is that a linear relationship 
is obtained for all the compounds in both series. 
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TABLE 3. Correlations of the rate of 2,4-dinitrobenzenesulfenyl cl~loride to a 
series of phenyl substituted cis- and trans-1-phenylpropenes at  25 "C in 

1,1,2,2-tetrachlorethane vs. u and U+ 

Alkene Substituent 
series constant P r u .s'J 

cis u -2 .720.2 0.986 0.2 
trans u - 3 . 7 i 0 . 2  0.990 0.2 
cis mi - 1 . 7 i 0 . 2  0.956 0 .2  
trans uf -2 .320 .3  0.948 0.4 

acorrela~ion coefficient. 
'JStandard deviation of the fit. 

correlation of the rates with a+ indicates that 
little of the stabilization supplied by the phenyl 
ring is due to  a resonance interaction. This is 
confirmed by the small values of R obtained in 
the Yukawa-Tsuno relationship (8). The follow- 
ing equations are obtained for the cis and trans 
series respectively using only five substituents 
(3-NO2, 4-Cl, 4-H, 4-CH3, 4-CH-jO). 

-0.5 0 0 +O 5 

0- 

FIG. 2. Plot of log k2 vs. u for the addition of 2,4-di- 
nitrobenzenesulfenyl chloride to ring substituted cis- and 
trans-1-phenylpropenes: trans compounds, p = -3.7; 
0 cis compounds, p = -2.7. 

This indicates that the polar factors must be 
similar in the rate determining transition state 
for all the alkenes in both series. Since we know 
that the rate determining transition states for the 
addition to alkenes la-c and 20-c are bridged, 
this implies that a bridged rate determining 
transition state must also be involved in the 
addition to  the other alkenes where products 
resulting from nonstereospecific additions are 
observed. This conclusion permits us to rule out 
any mechanism involving the rate determining 
formation of an open ion. 

The defining reaction for the a+ substituent 
constants (7) is one in which direct conjugative 
interaction between the substituent and a car- 
bonium ion a t o  the ring is possible. A poorer 

log k x / k H  = -2.5[a + 0.34(a+ - a)] 

log k x / k H  = - 3.8[a + 0.20(a+ - a)] 

In contrast to  these results, the additions of 
bromine (9) and chlorine (10) to  styrene systems 
have been shown t o  correlate with a+ rather than 
a. However the magnitude of p+ does not indicate 
the relative bridging ability of bromine and 
chlorine in their respective rate determining 
transition states since is -4.55 for bromina- 
tion (9) and only -3.2 for chlorination (10). 
This lower value for chlorination was explained 
by invoking an earlier rate determining transition 
state (10). A similar argument can be proposed 
to  account for the more positive value of p for 
the cis series. An alternate explanation is that 
the rate determining transition state for the cis 
is more bridged than the trans series. In other 
words there is more charge on the benzylic 
carbon in the rate determining transition for 
addition to the lrans alkenes. While we favor the 
latter explanation, the available data are too 
sparse to arrive a t  a definite conclusion. 

The value of p for the trans series is more 
negative than the value obtained for the same 
reaction series in acetic acid by Fueno and co- 
workers (11) and by Orr and Kharasch (12) for 
the addition of 2,4-dinitrobenzenesulfenyl chlor- 
ide t o  styrene in acetic acid. This is due to  the 
fact that both values of the rate of the 4-methoxyl 
derivative in acetic acid lie well above the line. 
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In addition some variation of p with solvent 
might be expected. 

It should be noted that the kc/kt  ratios show a 
small but regular variation with the electron- 
donating ability of the substituent. When the 
substituent is electron donating kc/kt  < 1 while 
with electron-withdrawing substituents k, /k t  > 
1. The former ratio is usually found for phenyl 
substituted ethylenes (13) while the latter ratio is 
normally found for alkyl substituted ethylenes 
(14). This variation is also evident in the different 
p values obtained for the two series. This effect 
can be assigned to  the greater tendency of the 
phenyl ring to adopt a planar conformation as 
its electron-releasing ability increases. For addi- 
tion to the cis relative to the trans series, this 
will cause a larger steric interaction in the 
thiiranium ion-like rate determining transition 
state for the 4-methoxy than for the 3-nitro 
substituent. As a result the inversion in the k c / k ,  
ratio occurs with increasing electron-donating 
ability of the substituents. 

The product data in Table 2 clearly indicate 
that there is a difference in the product deter- 
mining transition states not only between the 
two series but also within the cis alkene series. 
The stereospecific formation of Markownikoff 
and anti-Markownikoff adducts in the addition 
to cis-1-phenylpropene and the cis alkenes 
containing electron-withdrawing substituents is 
clearly in accord with a bridged product deter- 
mining transition state. The formation of both 
crytliro and tlireo Markownikoff adducts in the 

addition to  cis alkenes containing electron- 
donating substituents indicates that the product 
determining transition state has an open-ion like 
structure. As indicated by the linearity of the 
Hammett correlation, the intermediate formed 
in the rate determining step of the addition in the 
cis series is structurally similar for all substituents. 
Therefore it follows that in the presence of 
electron-donating substituents, the first formed 
intermediate rearranges to  a significant degree 
before the product determining transition state. 

In the fra/ts series the exclusive formation of 
Markownikoff adducts indicates a higher charge 
on the benzylic carbon in the rate determining 
transition state than for the cis series. Also the 
structure of the intermediate formed in the 
addition to  the frarts-1-phenylpropenes does not 
change appreciably between the rate and product 
determining transition states. 

If we regard the reaction of arenesulfenyl 
chlorides with alkenes as a nucleophilic sub- 
stitution reaction a t  sulfur rather than the usual 
electrophilic addition reaction, we are led to the 
conclusion that the two step mechanism usually 
proposed is not unique. Two mechanisms which 
have been proposed for nucleophilic displace- 
ments a t  sulfur are shown in Fig. 3. Path ( I ,  which 
is the sulfur analog of the S,2 mechanism, leads 
to  a single intermediate and is identical to the 
usual two step mechanism. Path h involves 
formation of a tetravalent sulfur intermediate, 3, 
which may ionize to the thiiraniunl ion or may 
proceed directly to  the products. Evidence for 

FIG. 3.  Possible S,Zlike and addition-elimination mechanisms. 
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both the SN2-like transition state (15) and the 
tetravalent intermediate (16) in nucleophilic dis- 
placenient reactions a t  sulfur has been presented 
while isolation of the selenium analog of 3 has 
been reported (17). A thiiranium ion-like rate 
determining transition state seems to  be the most 
consistent with the sign and magnitude of p .  
Whether this transition state is formed via a 
direct Sx2-like step or by rate limiting ionization 
of the tetravalent sulfur intermediate is still 
not clear. 

Experimental 
All melting and boiling points are uncorrected. Nuclear 

magnetic resonance spectra were recorded on Varian 
T-60 or HA-100 spectrometers using tetramethylsilane as 
internal standard. Microanalyses were carried out by A.B. 
Gygli Microanalysis Laboratories, Toronto. 

trans-At~erl:ole was obtained commercially from East- 
man Organic Chemicals and purified by distillation, 
bp 76.5-77 "C/1.5 torr. 

cis-At~ethole was obtained by photochemical isomeriza- 
tion and purified by preparative glc on a 25-ft UCON 
column. 

2,4-Di11itrobet1ze11es11~e11yl chloride was prepared by the 
method of Lawson and Kharasch (18) mp 96-97 "C (lit. 
(18) mp 97-98 "C). 

1,1,2,2-Tetrochloroetl1rrt1e was purified as previously 
described (6). 

4-Phet1oxypropiopl1e11ot1e was prepared in 82% yield by 
reacting diphenyl ether and propionic anhydride under 
Friedel-Crafts conditions according to  the method of 
Ingersoll et al. (19), bp 135-14O0C/0.06 torr; nrnr 
6 1.2 (t, 3H), 2.8 (q, 2H), 6.8-9.0 (m, 9H). 

I-(4-Phet~oxyphet:yl)propyt1e was prepared by heating to 
120 "C the selenadiazole prepared from 4-phenoxypro- 
piophenone according to the method of Yalpani and co- 
workers (20), bp 108-109 "C/0.07 torr; nrnr 6 2.00 
(s, 3H), 6.8-8.0 (m, 9H). 

cis-l-(4-Pl1er1oxypl1e11~l)propet1e was prepared by hydro- 
genating 2.2 g (0.01 1 mol) of 1-(4-phenoxylpropyne in a 
Parr hydrogenation vessel using 0.05 g of freshly prepared 
Raney nickel in 25 ml of 957{> ethanol. The reaction was 
stopped after the consumption of 1 equiv. of hydrogen. 
The reaction product consisted of 807; cis olefin with 
some dihydrogenated product and some unreduced 
acetylene. The cis olefin was isolated by glc on a 20 ft  X 3 
in. 30%: SE-30 column a t  215 "C with a flow rate of 50 ml 
per min. The retention time was 22.5 min, nrnr 6 1.90 
(dd, 3H), 5.71 (m, 1 H), 6.41 (br d, IH), 6.8-7.5 (9H). 
Anal. calcd. for CI5Hl40: C 85.68, H 6.71; found: 
C 85.87, H 6.52. 

trat:s-l-(4-Phe11oxypl1et1yl)propet1e was prepared by the 
reduction of 8.2 g (0.036 mol) of 4-phenoxypropio- 
phenone with a slight excess of LiAIH4 in diethyl ether. 
The crude alcohol obtained was added to  a solution of 
0.5 g of 4-toluenesulfonic acid in 100 ml refluxing ben- 
zene. The reaction solution was refluxed using a Dean and 
Stark trap to  remove water. After 2 h the amount of 
water remained constant. The reaction mixture was cooled 

to room temperature, extracted with water to remove the 
sulfonic acid, then dried over MgS04. The benzene was 
removed on a rotary evaporator leaving a pale yellow 
liquid which was distilled under reduced pressure. After a 
0.5 ml fore-run, a constant boiling fraction was collected, 
4.6g (615; from the ketone) of trans-1-(4-phenoxy- 
phenyl)propene, bp 119 "C/0.1 torr; nmr 6 1.85 (d, 3H), 
6.17 (m, IH), 6.36 (d, lH),  6.8-7.5 (9H). Anal. calcd. for 
CISHl40: C 85.68, H 6.71 ; found: C 85.49, H 6.69. 

trat1s-l-(4-Cl:loroplrer1yl)propet1e was prepared in 26% 
yield from commercially available 4-chloropropiophenone 
by the same method used for trans-1-(4-phenoxyphenyl> 
propene, bp 75-76"C/6 torr; nrnr 6 1.86, (d, 3H), 
6.15 (m, IH), 6.23 (d, lH),  7.18 (s, 4H). Anal. calcd. for 
CgHgCI: C 70.82, H 5.94, C123.24; found: C 71.09, 
H 6.1 1, Cl 23.20. 

cis-l-(4-Cl1loropher1yl)propet~e was obtained by way of 
the selenadiazole using the same procedure as in the case 
of the 4-phenoxy derivative. In this manner 10.5 g of 4- 
chlorophenylpropyne was prepared in 15',,,,yield from the 
ketone. Pyrolysis of the selenadiazole agaln occurred at  
120 "C; the acetylene was collected by cooling the receiver 
in an ice water bath, bp 25 "C/0.07 torr; nmr 6 2.02 
(s, 3H), 7.23 (s, 4H). 

Hydrogenation of the acetylene in 95% ethanol over 
Raney nickel resulted in the isolation of 6.4 g (61%) of 
cis-1-(4-chlorophenyI)propene, nmr 6 1.85 (dd, 3H), 5.80 
(m, lH), 6.30 (br d, IH), 7.21 (s, 4H). Anal. calcd. for 
CgHgCI: C 70.82, H 5.94, Cl 23.24; found: C 70.90, 
H 6.11, C1 23.17. 

trat1s-l-(4-Tolyl)prope,1e was obtained in 657, yield by 
dehydration of 1-(4-tolyl)propanol prepared by the 
reaction of ethyl magnesium bromide with 4-tolualdehyde, 
bp 36-38 "C/0.1 torr; nmr 6 1.88 (d, 3H), 2.33 (s, 3H), 
6.20 (m, lH), 6.35 (d, lH), 6.9-7.3 (m, 4H). Anal. calcd. 
for CIoHl0:  C 90.85, H 9.15; found: C 91.02, H 9.17. 

cis-1-(4-Toly1)propene was obtained by way of the 
selenadiazole. In this manner 1-(4-toly1)propyne was 
prepared, bp 58-59 "C/10 torr; nmr 6 2.02 (s, 3H), 2.30 
(s, 3H), 7.10 (q, 3H). 

Hydrogenation over Raney nickel in 95% ethanol gave 
cis-I-(4-toly1)propene which was isolated by preparative 
glc. Retention time on a 20 f t  X 3 in. 30% 35-30 column 
at 140 "C, with a flow rate of 45 ml per min is 27 min; 
nmr 6 1.89 (dd, 3H), 2.35 (s, 3H), 5.81 (m, lH), 6.16 
(br d, lH), 6.9-7.3 (4H). Anal. calcd. for CI0H,,: C 90.85, 
H 9.15; found: C 90.76, H 9.15. 
4-Isopropoxypropiopher~one was prepared by the Friedel- 

Crafts acylation of phenyl isopropyl ether according to 
the procedure of lngersoll et al. (19). The phenyl isopropyl 
ether was made according to the procedure of Olsen 
et al. (21). 

trarrs-1-(4-Isopropoxyl)propet~e was prepared by reduc- 
tion of 4-isopropoxypropiophenone with excess LiAIH4 
to produce the alcohol which was dehydrated with p- 
toluenesulphonic acid in benzene. Distillation of the 
product under reduced pressure gave 4.8 g (505; from the 
ketone) of trat~s-1-(4-isopropoxyphenyl)propene, bp 62 "C 
/0.4 torr; nrnr 6 1.28 (d, 6H), 1.82 (d, 3H), 4.40 (m, lH), 
6.0 (m, lH), 6.25 (d, 1 H), 6.6-7.2 (4H). Anal. calcd. for 
C12HIGO: C 81.77, H 9.15; found: C 81.68, H 8.98. 

cis-l-(4-Isopropoxyp11et1~l)propet1e. Using the method of 
Voge1(22), 4-iodophenol was obtained from 4-iodoaniline; 
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TABLE 4. Microanalysis data for the adducts of 2,4-dinitrobenzenesulfenyl chloride and substituted I-phenylpropenes 

Calculated (9;) Found (9;) 
Substituent Configuration C H N S C H N S 

3-NO2 I ) ' U I I S  
cis 

4-CI I ~ U I I S  

cis 

4-CH3 ~rutts 
cis 

4-0C6HS I I ' U I I S  

4-0CH(CH3): rrnrts 

8.4g of this phenol was converted to 4-iodophenyl 
isopropyl ether by the method of Olsen et ul. (21). The 
method of Castro et (11. (23) was used to prepare 4- 
isopropoxyphenylpropyne by the reaction of propynyl 
copper and 4-iodophenyl isopropyl ether in 72(;/0 yield, bp 
54-55 "C/0.3 torr; nrnr 6 1.30 (d, 6H), 2.01 (s. 3H), 4.52 
(m, lH), 6.95 (q, 4H). 

Hydrogenation of this acetylene over Raney nickel in 
95% ethanol resulted in a mixture of the cis and trotts 
olefins as well as some dihydrogenated product. The cis- 
I-(4-isopropoxyphenyl)propene was collected by pre- 
parative glc. Retention time on a 20 ft X $ in. 30% SE-30 
column, at 185 "C, with a flow rate of 100 ml per min, is 
20.0 min; nmr 6 1.30 (d, 6H), 1.88 (dd, 3H), 4.50 (m, IH), 
5.78 (m, lH), 6.30 (br d, lH), 7.0 (q, 4H). Attul. calcd. for 
CI2Hl60: C81.77, H9.15; found: C81.71, HY.18. 

1-(3-Nitroplrettyl)proput1otte was prepared by the method 
of Zenitz and Hartung (24) from propiophenone and 
fuming nitric acid. The tnetu isomer was separated from 
the ortlro isomer by fractional crystallization from 95% 
ethanol, mp 98-99.5 "C (lit. (19) mp 97-100 "C). 

cis- utld 1,nt1s-1-(3-Nitroplro1yl)propet1e were prepared 
in 9176 yield by the polyphosphoric acid catalyzed de- 
hydration of 1-(3-nitrophenyl)propanol, obtained by re- 
duction of the ketone with sodium borohydride. After 
removal of the benzene solvent, the irradiation of the 
alkene mixture (95:5 trutts:cis) in cyclohexane was carried 
out through Pyrex and a 10% aqueous CuSO, solution. 
An equilibrium mixture (7:3; trutrs:cis) was obtained 
after about 50 h irradiation. The alkene mixture was 
purified by distillation bp 88 "C/0.02 torr and the isomers 
were separated by glc on a 20 f t  X t in. 3076 SE-30 
column at 170°C with a flow rate of 60ml per min. 
Retention time of the cis isomer is 44 min. that of the 

The methyl region of the nrnr spectrum of this sample 
was examined periodically during the reaction. In cases 
where more than one adduct was formed, adduct ratios 
were determined from the integrals of the nmr signals 
corresponding to the methyl groups of the adducts. The 
chemical shifts reported for the adducts are those ob- 
tained from solutions in deuteriochloroform using 
tetramethylsilane as internal standard. 

Kirletic Meus~rretnet~ts 
Titritnetric 
The method of obtaining rate constants by a titrimetric 

method has been previously described (2). 
Dettsitotnetric 
Solutions of 2,4-dinitrobenzenesulfenyl chloride and 

olefin were made up to give a final concentration of the 
limiting reagent of approximately 0.05 M .  The solutions 
were equilibrated at 25 "C, then mixed rapidly. A sample 
of this solution was then inserted into the oscillator tube 
of the densitometer. Approximately 5 min were required 
for complete temperature equilibration before readings 
of the period of oscillation could be obtained. Measure- 
ments of this period were then recorded throughout the 
reaction. 

Analytical samples were prepared as previously 
described (13). Analyses for adducts which have not been 
previously reported are given in Table 4. 
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ALAN N. CAMPBELL. Can. J. Chem. 54,703 (1976). 
The following properties have been investigated: the standard ionic free energy and ionic 

enthalpy of formation of In1+ ion, in water a t  25 "C. They are: AGO = -22.9 + 0.2 kcalmol-1. 
AHO = -57.8 + 0.2 kcal mol-1. The entropy of formation of InCll(aq) has also been deter- 
mined. 

In addition, the partially miscible systems indium trichloride - ethyl ether - water, and indium 
trichloride - 11-butyl alcohol - water have been investigated. 

A solution of indium trichloride causes the inversion of cane sugar. On the assumption that 
this is due to hydrolysis, the hydrolysis constant has been calculated. 

ALAN N. CAMPBELL. Can. J. Chem. 54,703 (1976). 
On a BudiC les propriCtb suivantes: 1'Cnergie libre ionique standard et l'enthalpie de forma- 

tion ionique de l'ion In]+ dans l'eau B 25 "C. Les valeurs sont AGO = -22.9 + 0.2 kcal mol-l 
et AH0 = -57.8 + 0.2 kcal mol-1. On a aussi determini l'entropie de formation du InCldaq). 

De plus, on a CtudiC les systkmes partiellement miscibles: InC13-Et20-Hz0 et 1nCl3-11Bu0H- 
H20. 

Une solution de InCI3 provoque une inversion du sucre de canne. En faisant l'hypothkse 
que ce rCsultat provient d'une hydrolyse, on a calculC la constante d'hydrolyse. 

[Traduit par le journal] 

Introduction 

Three recent papers (1-3) have dealt with 
various properties, chiefly thermodynamic, of 
indium trichloride and the In3+ ion. As a con- 
clusion to this work on indium chloride the ionic 
free energy and enthalpy of the In3+ ion have 
been determined, as well as the distribution of 
indium trichloride between water and ethyl ether 
and between water and n-butyl alcohol. The 
inversion of cane sugar by indium chloride has 
also been studied. 

Apparatus and Materials 
These have been described in previous publications, 

refs. 1 to  3. 

was set up and the emf measured; it was found 
to be 0.694 V at  25 "C. 

From this, the decrease in Gibbs free energy 
for the above reaction in stoichion~etric quanti- 
ties (v = 6) results as -9.614 X lo4 cal. Using 
the figure of 1.591 X 10Qaal for Cu2+, AG0- 
(ionic) for In3+ results as -24.21 kcal mol-'. 

In accordance with the above equation, metal- 
lic indium does actually, and readily, displace 
copper from solution. Aluminum, the nearest 
congener of indium, does not do this, despite its 
negative electrode potential. The reason is well 
known to be the existence of a protective skin of 
oxide which forms on the surface of aluminum. 

Taking AHO for InCI3(aq) as - 177.5 kcal 
mol-' (2), we have 

Ionic Free Energy ln3+ + 3 ~ 1 -  -+ 1nc13(,,, 

The cell AHoI,>+ = - 177.5 - 3(-39.9) 

ln(,) /In2(S04)1(N=l) / / c~S04(N=l )  /cu(,, ( I )  whence 

corresponding to the reaction 

2In + 3CuS04 -+ 1112(S04)~ + 3Cu 
AH0,,>+ = - 57.8 kcal mol-' 

The above experiment was repeated, using 
N/10 strength for both solutions, and again with 
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TABLE 1. Electromotive force of cells (I) and (11) at 
various concentrations 

Concentration 
(N) 

Electromotive force (V) 

N/100 solutions. The cell 

In(,, /InCIl(,q, //CuC12(nq, /CU(S, (11) 

was then set up, corresponding to the reaction 

The emf's of cells (I) and (11) at different con- 
centrations are given in Table 1. 

If the figures of Table 1 are plotted in the form 
V vs. N, it appears as if the value of V for N = 

0.01, for cell 11, were too low. If, however, V is 
plotted against -log N, a pretty close approxi- 
mation to linearity results, and this has been done 
in Fig. 1. This procedure does not permit of 
extrapolation to  zero concentration, so the value 
of V for N = 0.01 has been taken as representing 
infinite dilution. Using the figure for the most 
dilute solutions (0.6513) AGO for the reaction 
becomes -90.19 kcal mol-' and AG for In3' 
- 21.23 kcal mol-I in reasonably good agree- 
ment with the previous result. 

Finally, two cells, viz. 

In(s)/InC13,sat.,)//HCI,=1/Pt(C12(,)) (111) 

and 

Hg(l)/Hg2C12(,) ,KC1(sat'd) //lnC13(,nt'd) /In(,) (IV) 

were established. The first cell corresponds to 

and had an emf of 1.6875 V. The second cell had 
an emf of 0.5825 V. From the known emf of the 
saturated calomel electrode, the single electrode 
potential, In/InCI3 saturated, results as - 0.3410 

- k q  N (Nnequw 1-'I 

FIG. 1.  Plot of V vs. -log N for cells 1 and 11. 

FIG. 2. System InC13 -ethyl ether - water at 25 "C. 

V. From the known potential of the chlorine 
electrode as + 1.358 V, the calculated emf of the 
first cell results as 1.699 V, as against the experi- 
mental 1.6875 V. From the experimental figure 
(1.6875 V), AGO for the reaction 

results as - 116.8 kcal mol-'. AHo for the reac- 
tion, from the known molar enthalpy, is 
- 154.25 kcal mol-' whence A S 0  = - 125.7 eu. 

The figures for In3+ (AGO = - 22.87 kcal 
mol-I and AH0 = - 57.8 kcal mol-I) should be 
compared with the corresponding figures for 
A13+, viz. AGO = - 115.5, AH0 = - 126.3. 

The Systetn InCI3 - Etliyl Ether - Water 
The homogeneous phases of this system were 

analyzed by chloride determination and density. 
The data are to be found in the Depository of 
Unpublished Data, and the results are expressed 
graphically in Fig. 2? The miscibility gap is 
cut off by the occurrence of a solid phase 
(InC13.3H20) so that a critical solution cannot be 
formed. Two isothermal invariant points exist: 
(1) InCI3.3H20(,,, saturated aqueous layer, satu- 
rated ethereal layer. (2) InCI3.3H20(,,, InC13ts), 
saturated ethereal layer. 

The first invariant is readily realisable experi- 
mentally, as Fig. 2 shows, but the latter cannot 
be. Crystals of InC13.3H20 dissolve conlpletely 
in excess ether, without formation of a second 

'Complete set of tables is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa. 
Canada KIA OS2. 
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Inversion of Cane Sugar ancl Hydrolysis Constant 
A solution of indium trichloride brings about 

the inversion of cane sugar, presumably as a 
consequence of the presence of hydrogen ion due 
to hydrolysis. Equal volumes of cane sugar solu- 
tion (10 g/100 cc) and of 0.45 M InC13 were 
mixed and the inversion followed polarimetri- 
cally, at 25 "C. The value of the rate constant 
was found to be k = 6.2 X lop4 min-'. Repeat- 
ing the experiment with 0.1 N HC1 instead of the 
InC13 solution, gave k = 5.63 X Assuming 
a hydrogen ion concentration of 0.05 moll-' in 
the second experiment and that hydrogen ion 
concentration is proportional to  k, the hydrogen 

BBY1yl-niCm ion concentration in the indium trichloride solu- 
FLG. 3. System - n-buty~ alcohol - water at 25 'C. tion results as 0.0055 N ,  or p H =  2.3. If the 

hydrolysis is correctly represented by 
(aqueous) layer. It is obvious that the second 
invariant contains very little water. 

There are two invariant triangles, the equilib- 
rium phases of which are, respectively: ( I )  
InC13.3H20(,~, saturated aqueous solution, satu- 
rated ethereal solution; and (2) InC13.anhy- 
drousc,,, 1nCl3.3H20(,), and saturated ethereal 
solution. 

The System InC13 - n-Butyl Alcohol - Water 
The data are to be found in Depository.' 

Figure 3 expresses the results graphically. Here 
the curve of congruent solutions is complete: 
it is not cut by the occurrence of a solid phase. 
The critical composition is: 50.1 yo InC13, 24.0y0 
n-butyl alcohol, 25.9y0 water. 

(it probably is not) then 

K,, = [H+I3/[In3+] = 6.8 X 

Discussion 

Discussion is not called for in this purely 
experimental paper. It is the author's intention 
to proceed to an investigation of the properties 
of indium tribromide. 

1 .  A. N. CAMPBELL. Can. J .  Chern. 51, 3006 (1973). 
2. A. N. CAMPBELL, E. M. KARTZMARK, and 0. N. 

BHATNAGAR. Can. J. Chem. 52,1954 (1974). 
3. A. N. CAMPBELL. Can. J. Chern. 53, 1761 (1975). 
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A kinetic study of nickel(I1)-murexide complex formation in 
dimethylsulfoxide/nitromethane mixed solvents1 

JAMES P. K.  TONG A N D  COOPER H. LANGFORD' 
L)rl~ur.lrnetrl of C/rernistry, Curlerotl Utriver'sily, Oltuwu. Cut~udu KIS 5B6 

Received November 7, 1975 

JAMES 1'. K. TONG and COOPER H. LANGFORD. Can. J. Chem. 54, 706 (1976). 
The rates of nickel(1l)-murexide complex formation were studied in dimethylsulfoxide/nitro- 

methane mixed solvents at  25 "C with the latter being an "inert" solvent, to elucidate the 
mechanism of the reaction. Results do not fit in detail with a D mechanism and the five- 
coordinated intermediate interpretation. I,, mechanisms are able to explain the observations 
with and without invoking a nitromethane-containing intermediate, Ni(DMSO)sNM2+. Both 
mechanisms were tested with the aid of nmr data on solvation (second coordinate sphere 
nitromethane population). Ligand solvation unavoidably plays a major role in the determina- 
tion of the encounter as well as the complex formation equilibrium. The simplest mechanism 
assumes an I!, process in which the probability of encounter between Ni(DMS0)62-k and 
murexide ion I S  quite sensitive to solvent composition. 

JAMES P. K. TONG et COOPER H. LANGFORD. Can. J. Chem. 54, 706 (1976). 
On a CtudiC les vitesses de formation du complexe nickel(l1)-rnurtxure afin de determiner le 

rnkcanisme de la riaction; ces Ctudes ont CtC effectuies, B 25 "C, dans des solvants mixtes de 
dimCthylsulfoxyde/nitromCthane alors que ce dernier Ctait considirk comme un solvant 
"inerte". Les rCsultats ne corroborent pas entikrement un mCcanisme D et I'interprCtation 
Faisant appel B un intermkdiaire pentacoordonnC. Des micanisme I, peuvent expliquer tous 
les risultats en faisant et en ne faisant pas appel B un intermidiaire contenant du nitromithane. 
Ni(DMS0)5NM2+. On a CvaluC les deux micanismes B l'aide de donnCes rmn sur la solvatation 
(population du nitromithane dans la deuxikme sphkre de coordination). La solvatation du 
ligand joue d'une facon non Cquivoque un r81e important dans la ditermination de la rencontre 
aussi bien que dans 1'Cquilibre conduisant B la formation du complexe. Le micanisme le plus 
simple implique un processus I,, dans lequel la probabilitk de rencontre entre Ni(DMS0)62-'- et 
I'ion murCxure est sensible B la composition du solvant. 

[Traduit par le journal] 

Introduction species detectable in the solution is Ni(DMS0)62-' 
Solvent exchange rate studies are important in without, say, Ni(DMSO)5NM". These observa- 

the determination of complex formation mech- tions led Frankel to conclude that nickel(I1) 
anisms with transition metal ions in solutions. 
Complex formation kinetics of nickel(11) in 
non-aqueous solvents or solvent mixtures have 
drawn considerable attention; nevertheless, de- 
tailed mechanisms remain ambiguous. Frankel 
(I) studied dirnethylsulfoxide (DMSO) exchange 
at nickel(I1) in DMSO and its mixed solvents 
with nitromethane (NM) and dichloromethane 
(DCM). The results indicate constant DMSO ex- 
change rates in both the neat solvent and the 
solvent mixtures. Low temperature nmr signal 
analysis also indicates that the added solvents, 
NM and DCM, do not, to any noticeable extent, 
enter the coordination sphere of nickel(I1): i .e.  
they are "inert" solvents and the only equilibrium 

'We thank the National Research Council I'or grants 
and a scholarship to J.P.K.T. 

ZTo whom correspondence should be addressed. 

cornplex formation in DMSO goes by a dis- 
sociative (D) mechanism involving a five-co- 
ordinated intermediate. Langford and Tsiang (2) 
tested the mechanism by studying the complex 
formation rates of nickel(I1) with thiocyanate 
(SCN-) in DMSO/NM mixed solvents. Experi- 
mental difficulties forced the use of excess SCN-, 
which invited the complications of erroneous 
observations due to higher complex formation. 

We here report the results of a similar, but 
more convenient, cxperirnent with nickel(I1) and 
murexide anion. The overall reaction may be 
presented as: 

[ I ]  N ~ ( D M s o ) ~ ~ '  + L--N~(DMSO)~L'  + DMSO 

L = murexide anion 
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TONG A N D  LANGFORD 

Although the murexide ion structure niay func- 
k'bb5) tion as a bidentate ligand, complex formation (5.,, / OBOO 

kinetics will be straightforward if ring closure is 300. 

fast. It seems to be so in pure DMSO (2). 

Experimental 
Ni(DMSO),(NO,), was prepared according to the 

scheme suggested by Cotton and Francis (3), and was 
recrystallized from DMSO. DMSO and NM were ob- 
tained as spectral grade reagents from Fisher Scientific 
Company and dried over 4A molecular sieve. Murexide 
was obtained as ammonium murexide from Fisher. Com- 
plex formation kinetics were followed using a Durrum- 
Gibson stopped-flow spectrophotometer thermostatted 
to 25.0 "C at  wavelengths 540 nm and 450 nm, corre- 
sponding to maxima for murexide consumption and for 
complex formation respectively. In all cases, the 
nickel(l1) concentrations were kept at  least 10 times 
higher than the murexide concentration, which was in 
the order of M, to ensure pseudo-first order kinetics 
and 1 :1 complexation. The nickel(I1) concentrations were 
extended up to 4 X lo-' M, unless the, pseudo-first order 
rates reached the detection limit of the spectrophotome- 
ter, i .e.  a pseudo-first order rate constant of about 
350 s-I. Judging from the results of repetitive runs, we 
claim less than a 5% standard deviation in each data 
point. Simple spectral determinations and recording of 
spectra were accomplished with a Gilford spectrophotom- 
eter. Nu~lear  magnetic resonance measurements were 
made on a Varian T-60 NMR spectrometer. 

Results 
The electronic spectra of ~nurexide and the 

nickel murexide complex in DMSO are presented 
in arbitrary units in Fig. 1. The molar extinction 
coefficient of niurexide at 540 nm is approxi- 

FIG. I .  Electronic spectra of murexide and nickel 
murexide complex in DMSO a t  room temperature. 

FIG. 2. Metal ion concentration dependence of pseudo- 
first order rate constants of nickel murexide complex 
formation in DMSO/NM mixed solvent at 25 "C. 
Solvent compositions are indicated by mole fraction NM. 

mately 2 X 10'. There is little noticeable change 
in the murexide and the complex electronic 
spectra as a function of solvent composition. 

The psuedo-first order rate constants, kl(obs), 
of coluplex formation at 25.0 "C are plotted as a 
function of nickel(I1) concentrations in Fig. 2. 
The results obtained by following at both wave- 
lengths agreed within experimental uncertainties. 
The ionic strengths of the reacting systems are 
controlled by the N~(DMSO)G(NO~)~ concentra- 
tions. In each case, the pseudo-first order rate 
constants are linear with respect to nickel(l1) 
concentration, and pass through the origin. The 
indication of comparatively slow dissociation is 
supported by an equilibrium study. The conlplex 
formation equilibrium quotients, Kf, of the nickel 
murexide complex in DMSO and DMSO/NM 
mixed solvents were estinlated by measuring the 
absorbance of murexide at 540 nm as a function 
of nickel([[) added at constant murexide con- 
centrations. The estimated Kf's are listed in 
Table 1. The magnitudes of Kfls indicate that, if 

TABLE 1. Estimated formation 
constants, K,, of nickel murexide 
complex in DMSO/NM mixed 

solvents at room temperature 

X S \ I  K, (M-1) 

0.00 5.5X105 
0.30 1 .lXlOh 
0.57 1.6X106 
0.89 2 lo7 
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T A ~ L E  2. Second order rate constants of nickel murexide conlplex fornlation in 
DMSO/NM mixed solvents at  25 "C 

log k(obs) 

3.580 
3.964 
4.140 
4.230 
4.412 
4.565 
4.864 
5.076 
5.602 

a ratio of rate constants describes K, following form: 

then k(dissociation) is small. The plots in Fig. 2 Since the pseudo-first order rate plots were all 
should pass essentially through the origin. The accurately linear, it would imply that k2[L] << 
second order rate constants of complex forma- 
tion, k(obs), derived from the slopes are tabulated log k(obs) 
in Table 2, and are plotted logarithmically as a 
function of solvent conlposition in Fig. 3. It is 5.5 - 
noteworthy that the K, values support the limited 
ionic strength independence seen in complex 
formation rates. 

The nmr linewidths (at half height) of the NM 
protons in DMSOiNM nlixed solvents with 
0.1 M Ni(DMS0)62+ varied little throughout the 

50. 

whole solvent conlposition range, fluctuating 
between 2.0 and 2.4 Hz. The linewidth is about 
1.0 Hz in the absence of Ni(DMS0)62+. Since the 
linebroadening effect arises solely from outer 
sphere interactions with the nickel solvatocon~- 4.5 . 
plex, there is little or no preferential solvation of 
Ni(DMS0)62+ in the inixed solvents. This implies 
that the conlposition of the solvation shell 
around Ni(DMS0)62+ parallels the bulk com- 
position. This interpretation is explained in ref. 4 
and several papers cited therein. 4.0. 

Considering thk D mechanism for complex 
formation with a five-coordinate intermediate, 
the reaction steps are as follows: 

[3] Ni(DMSO)6 + DMSO 

n., 8 

The rate expression where k's are the rate con- FIG. 3. Kate constants of nickel murexide formation 
stants for the appropriate steps, takes the in DMSO/NM mixed solvents at 25 "C.  
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TONG AND LANGFORD 

FIG. 4. Plots of rate constants vs. reciprocal DMSO 
contents of the mixed solvents. 

k-,[DMSO]. Then eq. 4 may be simplified as: 

P I  k(obs) = klk2/kLI [DMSO] 

Equation 5 suggests that a plot of k(obs) vs. 
[DMSOI-I should be linear as long as preferential 
solvation is not substantial, and will be inde- 
pendent of the nature of the added "inert" 
solvent. Moreover, the algebra demands that the 
plot passes through the origin. The results as 
presented in Fig. 4 do not suggest such relation- 
ship. Unless kLl and/or k* change substantially 
with solvent composition, this mechanism may 
be ruled out. 

An alternate possible mechanism may be a 
coupled I,] mechanism involving an NM substi- 
tuted intermediate. If the D mechanism is ruled 
out, this must be the explanation of Frankel's 
results (I). The reaction scheme may be repre- 
sented as follows for complex formation with 
ligand L. 

(KE) 
[h] Ni(DMS0)G + L Ni(DMS0)6. L 

k~ 
Ni(DMS0)5L + DMSO 

K 
Ni(DMS0)6 + NM # Ni(DMSO)5NM 

+ DMSO 

WE') 
Ni(DMS0)5NM + L Ni(DMSO)5NM. L 

k,' 
+ Ni(DMS0)5L + NM 

where KE is an encounter equilibrium constant 
and kL a first order rate constant. The prime 
designates a process involving the NM contain- 
ing species. The derived rate expression at  
reasonably low nickel concentrations is given as 

where x,,Mso is the mole fraction of DMSO in 
the solvent mixture. In eq. 7, k ,  and kLt may be 
compared to the solvent exchange rates, k,, and 
k,,', of DMSO and NM at nickel(I1) respectively. 
Again, eq. 7 suggests a linear dependence of 
k(obs) on (xDMSO)-' with an intercept at (KEkL - 
KKE'kLt) if KE, KEt, and K are reasonably 
solvent composition insensitive. Indeed, in Fig. 4, 
extrapolation from the closest set of data points 
gives an intercept at approximately - 16 X lo3 
M-Is-'. This agrees with the fact that kLt, and 
hence rate of NM exchange at nickel(II), is much 
larger than kI, or rate of DMSO exchange. 
Deviations from linearity of the plot in mixed 
solvents of high NM content may simply be a 
reflection of solvent dependences of KE or KEt, 
which is plausible. Although the simple Fuoss- 
Eigen formulation of ion-pairing (5) suggests 
little variation of KE and KEt resulting from 
changing the medium dielectric constant from 49 
of DMSO to 39 of NM (6), the incorporation of 
consideration of solvation of the murexide anion 
may render the medium dielectric only a secon- 
dary parameter. A very obvious set of examples 
that demonstrate the importance of solvation 
rather than the medium dielectric upon ion 
pairing is provided by D'Aprano et al. (7). Hinz 
and Margerum (8, 9) have shown that ligand 
solvation can be a dominating factor in deter- 
mining complex formation equilibria. Our pre- 
liminary studies on the formation constants, Kf. 
of the nickel murexide complex in DMSO/NM 
mixed solvents indicated substantial increase in 
Kf at high NM contents, suggesting poorer 
solvation of murexide by NM (since nmr data 
implied little preference for DMSO or NM for 
the outer sphere of N~(DMSO),S). If this is a 
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710 CAN. J. CHEM. VOL. 54. 1976 

correct interpretation, it would arise from solvent 
effects on the encounter equilibrium constants KE 
and/or KE1. Such an interpretation of the 
observations is adequate, allowing for the sub- 
stantial variation of encounter equilibrium con- 
stants with solvent compositions. 

Given these arguments, another arises which 
is simpler and just as good. The simple Id 
interpretation which is represented as follows is 
equally plausible (i.e. only the first part of 
mechanism (6) is important). 

KE 
[8] Ni(DMS0)6 + L Ni(DMS0)6 .L 

k ,  
--+ Ni(DMSO)*L + DMSO 

The general expression for observed rate con- 
stants is derived as 

mixture studied. Such curvature implies a large 
encounter equilibrium constant as required by 
this mechanism. Since the curvature occurs fairly 
close to  the equipment sensitivity limit, we shall 
not attempt to extract further parameters. Un- 
fortunately, there is no direct method to study 
the solvation behaviour of murexide ion in this 
mixed solvent system; nor is there a good solvat- 
ing solvent for murexide which is "inert" to 
Ni(DMS0)62+ to elucidate this problem further. 
We cannot distinguish eq. 10 with variable KE 
from eq. 7. 

I. L. S. FRANKEL. Inorg. Chem. 10, 814 (1971), 
2. C. H. LANGFORD and H. G. TSIANG. Inorg. Chem. 9, 

2346 (1970). 
3. F. A. COTTON and R. FRANCIS. J. Am. Chem. Soc. 82, 

2986 (1960). 
4. C. H. LANGFORD and T. R. STENGLE. 117 NMR of 

paramagnetic molecules. Edited by G .  N. LaMar, 
When K~[Ni(DMSo)61 is R. Holm, and W. D.  Horrocks. Academic Press. 
than unity, eq. 9 reduces to  New York. 1974. C h a ~ t .  10. 

5. S. PETRUCCI. I n  ~onic'interactions. Vol. 1. Edited by 
k(0bs) = KEkL S. Petrucci. Academic Press, New York. 1971. 

Chapt. 3. 
  rank el's experiments suggested that k,,, and 6. A. J. GORDON and R. A. FORD. The chemists' com- 
hence kL, are essentially independent of solvent panion. ~iley-~nterscience,  New York. 1972. 
composition. Our results then imply a large 7. A. D'APRANO, M. GOFFREDI, and R. TRIOLO. Faraday 
solvent effect (changes in murexide solvation) on (I), 1188 
KE, as discussed earlier. Indeed, the pseudo-first 8' ~ ; ~ b ~ ~ ~ ~ ~ ~ .  W' MARGERuM' J' Am' 
order rate constant plot in Fig. 2 does show some 9. F. P. HINZ and D. W. MARGERUM. Inorg. Chem. 13. 
curvature for the highest NM content solvent 2941 (1974). 
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Preparation, Miissbauer and vibrational spectra of 
diorganotin chromates and carbonates 

A N D  

G. M. BANCROFT A N D  T. K. SHAM 
L)epurtnret~t qf Clremistry, Utriversity of Wester11 Otztario, Lotzdot~, Otrmrio N6A 3K7  

Received September 5, 1975 

K. G. GOEL, H. S. I'RASAD, G. M. BANCROFT, and T. K. SHAM. Can. J. Chem. 54,711 (1976). 
Dimethyltin chromate and basic dimethyltin and diphenyltin carbonates have been isolated 

for the first time. Structural features of these compounds, as well as of the previously known 
basic dimethyltin chromate, have been investigated by examining their inirared, Raman, and 
Mossbauer spectra. Infrared, Raman, and Mossbauer spectra of [MelSn(NCS)I20 have also 
been examined, and by comparing its spectroscopic data with those for (MezSn)zOCr04, 
(MerSn)10C03, and (Ph2Sn)rO(CO3), possible structures have been suggested for the latter 
compounds. From the combined infrared and Mossbauer data, a structure is also proposed for 
Me2SnCr04. All compounds are indicated to  have polymeric structures with bridging Cr04*- 
or C03*-. 

K.  G. GOEL, H. S. PRASAD, G. M. BANCROFT et T. K. SHAM. Can. J. Chem. 54, 711 (1976). 
On a isolC pour la premihe fois le chromate de dimCthylCtain et les carbonates basique de 

dimCthylCtain et de diphCnylktain. On a CtudiC les caractiristiques structurales des composCs de 
m&me que celles du chromate basique de dimCthylCtain qui Ctait dijk connu; ces Ctudes ont CtC 
rklisCes par un examen des spectres ir, Raman et Mossbauer de ces composCs. On a aussi 
examin6 les spectres ir, Raman et Mossbauer du [MerSn(NCS)]lO, et en comparant ces pro- 
priCtCs spectroscopiques avec celles du (MerSn)OCr04, du (Me2Sn)OC03 et du (Ph2Sn)z0(CO3). 
on a pu suggCrer des structures possibles pour ces derniers composCs. A partir des donnCes ir et 
:Vossbauer, on  peut aussi proposer une structure pour le MerSnCr04. I1 existe, pour chacun de 
ces composCs, des indications a I'effet que des ponts 0 0 4 ' -  ou C03" provoquent la formation 
de structures polymCriques. 

[Traduit par le journal] 

Introduction of chains of distorted tetrahedral molecules 
Recent structural studies on dimethyltin 

derivatives of the type MezSnX?, where X = an 
anionic group, show the prevalence of polymeric 
structures involving six-coordinate tin and bridg- 
ing X groups. In  dimethyltin difluoride (1) each 
tin atom is surrounded by four symmetrically 
bridging fluorine atoms in a plane, with methyls 
above and below the plane. Recently, dimethyltin 
bis(fluorosulfate) (2) has been shown to  have a 
similar structure in which each tin atom is 
coordinated to  four oxygens and two methyls in  
the rrans-positions. A tetrahedral structure had 
been established for dimethyltin dichloride by 
an  electron diffraction study (3) in the vapour 
phase. A similar structure had been postulated 
in the solid state on the basis of infrared spec- 
troscopy (4). However, the crystal structure of 
MezSnClz (5) indicates that Me2SnClz consists 

linked by weak interactions between neighbour- 
ing Sn and C1 atoms. In this manner, the Sn 
atoms acquire a distorted octahedral environ- 
ment. Association has also been detected by 
X-ray crystallography in Me2Sn(NCS)2 (6, 7). 

Mossbauer spectroscopy has also been useful 
for inferring association in such compounds. 
First, the quadrupole splitting for an  unassoci- 
ated Me2SnX2 compound is considerably sinal- 
ler than for an associated Me2SnX2 conlpound 
(S? 9). Second. an associated compound normally 
zives a larger room temperature absorption 
L. 

than an  unassociated compound (10, 11). 
Apart from some recent spectroscopic work. 

little structural information is. however, avail- 
able on dimethyltin derivatives of dibasic acids. 
O n  the basis of infrared and Mossbauer spec- 
troscopic data (12). a polymeric structure involv- 
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TABLE 1 .  Mossbauer spectral parameters at 110 and 295 K* 

At l lOK At 295 K 

Compound C.S.t Q.S. r C.S.t Q.S. r Kt 

*The errors in C.S. and Q.S. are i-0.02 mm s-I; the error in r = +0.05 mm s-'. 
tAll C.S. values are quoted relative to the centroid of a BaSnOs-BaSnOl room temperature spectrum. 
:R is the ratio of the normalized intensities of the room temperature to liquid nitrogen spectra, A Z O S I A I I O .  

ing bridging SO4 or Se04 groups and trans- 
octahedral coordinatio~l around the tin atoms 
has been indicated for dimethyltin sulfate and 
selenate. Mossbauer data (l3,14) for Me2SnMo04 
have also been interpreted in terms of a poly- 
meric trans-octahedral structure. Mossbauer data 
(15) for Me2SnW04, Me2SnC204.H20, and 
(Me2Sn)20(Cr04) have also been reported 
although no interpretation of the data has been 
provided. The formation of Me2SnCr04 and 
Me2SnC03 has also been inferred (16) from 
infrared measurements but neither con~pound 
has hitherto been isolated in the pure form. 

In the present work MezSnC'rO4 has been 
isolated and characterized, but the infrared 
spectrum attributed to Me2SnC03, in the previ- 
ous work (16), has been shown to be that of 
previously unknown ( M ~ ~ S ~ I ) ~ O ( C O ~ ) .  Basic di- 
phenyltin carbonate has also been prepared. 
Using Mossbauer infrared and Raman spec- 
troscopy, combined with the recent crystal struc- 
ture of the stannoxane [Me2Sn(NCS)I20 (17), 
we are able to propose possible structures for 
the basic chromate and carbonates. On the basis 
of the combined infrared and Mossbauer data 
a new structure is also proposed for dimethyltin 
chromate. 

Results and Discussion 

Ditnethyltin Cl~romate 
The metathetical reaction of aqueous di- 

methyltin dichloride with silver chromate af- 
forded a water-soluble yellow crystalline product 
for which the analytical data correspond to the 
formula Me2SnCr04. Its infrared spectrum was 
identical to that reported (16) for the product 
obtained by stirring dimethyltin dichloride and 
silver chromate in anhydrous acetone or acetoni- 
trile. Thus, there can be little doubt that the 

previously reported (16) infrared spectrum was 
indeed due to Me2SnCr04. 

The infrared spectrum of Me2SnCr04 has been 
interpreted previously in terms of a polymeric 
structure containing tetrahedrally coordinated 
tin atoms and bidentate chromate groups (16). 
Confirmation of the proposed structure was 
sought in the present work by Raman and 
Mossbauer spectroscopic measurements. At- 
tempts to measure the Raman spectrum failed 
due to the decomposition of the compound by 
the laser beam. However, the Mossbauer param- 
eters (Table 1) suggest that Me2SnCr04 has a 
polymeric structure containing octahedrally co- 
ordinated tin with axial methyl groups (8). The 
large R value is indicative of a polymeric struc- 
ture, while the large Q.S. is consistent with a 
six-coordinate structure with axial methyl groups 
and a Me-Sn-Me angle of less than 180" (18). 
Suggestions for a four-coordinate structure were 
based mainly on the assumption that dimethyl- 
tin(1V) compounds containing nonlinear Me- 
Sn-Me linkages, such as Me2SnC12, contained 
tetrahedrally coordinated tin. From the recently 
reported crystal structure determination of 
Me2Sn(NCS)2 (6, 7) and other tin(1V) com- 
pounds (for a summary, see ref. 18), it is now 
apparent that dimethyltin(1V) derivatives often 
adopt six-coordinate structures containing non- 
linear Me-Sn-Me groups. In view of these 
results, the infrared spectrum of Me2SnCr04 can 
be interpreted in terms of a six-coordinate struc- 
ture containing nonlinear Me-Sn-Me groups, 
in which each chromate oxygen is coordinated to 
a tin atom in such a manner that the two Cr-0 
bonds are lengthened in comparison with the 
other two Cr-0 bonds. An example of such 
bonding between tin and chromate oxygens is 
provided by the recently reported (19) crystal 
structure of polymeric tris(trimethy1tin) chromate 
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GOEL ET AL. 713 

FIG. 1. Proposed schematic structures for a and b, 
Me~SnCr04; c, (Me2Sn)20(Cr04); (1, ( M e l S n ) ~ 0 ( C 0 ~ )  
and (Ph2Sn)20(C03). 

hydroxide, (Me3Sn)3Cr04(0H). In this com- 
pound each chromate oxygen is bonded to 
penta-coordinate tin atoms and the two Cr-0 
bonds are shortened and the other two Cr-0 
bonds are lengthened as cornpared with the 
mean Cr-0 distances observed for (NH&Cr04. 
Thus, the infrared and Mossbauer spectra of 
Me2SnCr04 are consistent with structures as 
shown in Fig. 1 (a) or (6). 

The magnitude of the quadrupole splitting is 

of use in discussing the structure of analogous 
dirnethyltin compounds. Me2SnCr04 has a sub- 
stantially smaller Q.S. than that of Me2SnS04 or 
Me2SnSe04 (5.00 mm s-' and 4.82 mnl s-' respec- 
tively) (12), but a splitting in between that of 
MezSnMo04 and Me2SnW04 (4.10mm s-' and 
3.53 nlnl s-' respectively) (15). The quadrupole 
splitting increases with an increase in degree of 
association (8, 9) and an increase in Me-Sn- 
Me angle (18). Thus, the quadrupole splitting 
indicate that the degree of association and the 
Me-Sn-Me angle increase in the order 
W 0 4  < Cr04 < Moo4 < SeO4 < SO4. 

Basic Dimethyltin Chromule 
As reported by Rochow and co-workers (20), 

basic dirnethyltin chromate, (Me2Sn)20(Cr04) 
was precipitated upon mixing aqueous solutions 
of dimethyltin dichloride and sodium or potas- 
sium chromate. The observed infrared bands for 
the solid (Me2Sn)20(Cr04) together with their 
suggested assignments are recorded in Table 2. 
Attempts to measure the Raman spectruin of this 
compound also failed due to its decomposition 
by the laser beam. The assignnlents for the 
infrared bands in the 3000-2900 (C-H stretch), 
1400-1200 (C-H deformation), 800 (Sn-CH3 
rock) and 520 (Sn--C symmetric stretch) cm-' 
regions follow from those for dimethyltin di- 
chloride (4, 20). The bands at 963, 935, 866,750, 
420, 388, 372, and 325 cnl-' are similar to those 
observed for dimethyltin chromate and can be 
attributed to the vibrations of the coordinated 
chromate group of CZu or C, symmetry. The 
bands at 600, 555, and 265 cm-' are similar to 
those observed for [Me2Sn(NCS)I20 and their 
assignments are discussed below. 

As shown by an X-ray crystallographic study 
(17), [Me2Sn(NCS)I20 has a polymeric structure 
containing a dimeric unit which has a dioxo- 
bridged four membered 

ring. The tin atoms of the ring have a distorted 
trigonal bipyramidal configuration and each 
oxygen atom of the ring is also bonded to another 
tin atom which is fornlally six-coordinate. The 
observed infrared frequencies in the 4000 to 
250 cm-I region, and the Raman frequencies in 
the region below 900 cm-I, for [Me2Sn(NCS)I20, 
together with their suggested assignments are 
listed in Table 2. Apart from the frequencies 
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TABLE 2. Infrared and Raman spectral frequencies* for (MerSn)2O(Cr04), (Me2Sn)20(C03), and [Me2Sn(NCS)]20 

Infrared 
(Me~Sn)zO(Cr04) Infrared Raman Infrared Raman Assignments 

C-H stretch 

v3, (C03) 
C-H deformation 

v3, (C03) 
C-H deformation 

v3, (co3) 

Sn-CH, rock 

.I, (Cr04) 

700m 69711' v4, (co3)  

655s 635s v(Sn202) 

58Oml 5 8 1 ~ )  Antisymmetric 
57OmJ 571wJ- 58Om 578111 Sn-CH3 stretch 

5 5 0 ~  545s v(Sn202) 

535s' Symmetric 520m 525m 525sh 521s) Sn-CH3 stretch 

v(Sn202) 

v2, (Cr04) 
v(Sn0) 

226m Sn-CH3 bend 

156m 
141m 

*In cm-I in the solid state. Abbreviations: m, medium; s, strong; sh. shoulder; v, vcry; w, wcak. 

due to the internal vibrations of the CH3 and and medium to weak bands at 580, 525, 480, 
NCS groups and a strong band due to  the 420, and 400cm-I. The Raman frequencies in 
Sn-CH3 rocking mode, the infrared frequencies this region include two strong bands at 535 and 
for this compound include strong bands at 635 521 cm-I, and three medium to weak bands at 
and 545 cm-I, a medium-strong band at 280 cm-I 578, 510, and 485 cm-l, and a medium band at 
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226cm-'. The bands a t  ca. 535 and 521 cm-' 
are undoubtedly due to  the symmetric Sn-CH3 
stretching frequencies (4, 21) of the two inequiv- 
alent S I I ( C H ~ ) ~  groups and the 580-578 cm-" 
band is due t o  the antisymmetric Sn-CH3 
stretching frequency (4, 21) which is apparently 
similar for the four Sn(CH3)2 groups. The bands 
in the 485 t o  400 cm-I region are due to the 
NCS bending frequencies (22) of the two in- 
equivalent NCS groups, and the 226 cm-' band 
can be assigned t o  a Sn-CH3 bending mode. 
Thus the strong infrared bands at  635 and 
545 cm-' and the weak Raman band a t  5 10 cm-' 
are associated with the bridge vibrations of the 
Sn202 ring. As shown by Wing and Callahan 
(23), a dioxobridged M202 ring of Dz,, symmetry 
gives rise to four stretching frequencies of which 
two are infrared active and the other two are 
Raman active. Thus, the assignments for the 
635 and 545cm-' infrared bands and the 
5 10cm-' Raman band are consistent with the 
crystal structure data. The medium-strong infra- 
red band at  280cm-' can be assigned to  the 
stretching mode of the Sn-0 bonds between 
the bridging oxygens and hexacoordinated tin 
atoms. 

Although it is difficult to  ascertain the struc- 
ture of (Me2Sn)20(Cr04) from the infrared 
spectroscopic data, close similarities of the 600, 
555, and 262 cm-' bands with the 635, 545, and 
280 cm-' bands of [Me2Sn(NCS)I20 indicate 
that both compounds contain a similar network 
of Sn202 and Sn-0 bonds. In addition, the 
Mossbauer parameters for (MezSn)20(Cr04) are 
very similar to those for [Me2Sn(NCS)I20. By 
analogy with the structure for the latter com- 
pound, a structure as shown in Fig. l(c) is pro- 
posed for the basic chromate. Both structures 
contain five-coordinate and six-coordinate Sn 
atoms which give coincidentally overlapping Sn 
resonances. This overlap is not surprising if the 
two MeSnMe bond angles are similar (18) (as 
they are in [Me2Sn(NCS)]20). 

Basic Carbonales 
The reaction of dimethyltin dichloride with 

alkali metal or silver carbonate, in water or  
methanol, gave dimethyltin oxide as the only 
tin-containing species. However, the reaction of 
aqueous potassium carbonate with an  acetone 
solution of dimethyltin dichloride which had 
been saturated with carbon dioxide afforded 

basic dimethyltin carbonate (Me2Sn)20(C03). 
Its infrared spectrum was found t o  be identical 
to that attributed previously (16) to  Me2SnC03, 
except that the doublets observed in the present 
work a t  ca. 795-780 and 580-570 cm-' were not 
resolved in the previous work. Thus the product 
formulated in the previous study (16) as 
Me2SnC03 was in fact (Me2Sn)20(C03). Basic 
diphenyltin carbonate (Ph2Sn)20(C03) was also 
obtained from a similar reaction of diphenyltin 
dichloride with cesium carbonate. 

The revised assignments for the infrared spec- 
trum of (Me2Sn)20(C03) along with its Raman 
spectral data in the region below 900cm-.' are 
presented in Table 2. The infrared bands due to 
the C-H stretching and deformation modes, 
and the Sn-CH3 rocking mode are similar to  
those for (Me2Sn)20(Cr04). The carbonate infra- 
red bands for the basic carbonate compare very 
well with those reported (24) for rare earth 
dioxymonocarbonates. The observed splittings 
of the degenerate modes and the appearance of 
the infrared inactive symmetric CO stretching 
mode are indicative of a C2" or  Cs symmetry for 
the carbonate groups. However, the observed 
carbonate frequencies d o  not give any indication 
of the presence of nonequivalent carbonate 
groups. 

The strong Rarnan bands at  53 1 and 524 ern-' 
and a medium infrared band a t  525 cm-' ob- 
served for the basic carbonate can be assigned 
to  the symmetric Sn-CH3 stretching frequen- 
cies. Similarly, weak Rarnan bands a t  581 and 
571 cm-" and medium infrared bands a t  580 and 
570 cm-" can be assigned to the antisymmetric 
Sn-CH3 stretching frequencies. Therefore, this 
compound is also indicated to  contain two 
inequivalent dimethyltin groups. The strong 
infrared bands a t  655 and 500 cm-' are similar 
to the  635 and 545 cm-' bands observed for 
[Me2Sn(NCS)I20 and can be assigned to the 
stretching vibrations of the Sn202 ring. The  
infrared band a t  345 cm-I can also be assigned 
to  a stretching frequency of the dioxobridged 
Sn202 ring, and the 275 cm-' infrared band can 
be assigned t o  a Sn-0 stretching frequency. 

Due to the presence of numerous phenyl 
bands, it is difficult t o  make clear-cut assign- 
ments for the skeletal frequencies in the case of 
basic diphenyltin carbonate. However, by com- 
parison of its infrared spectrum with that of 
diphenyltin dichloride, it is possible to  ascertain 
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TABLE 3. Analytical data 

Calcd. (%) Found (%) 

Compound C H Sn C H Sn 

Me2SnCr04* 9.07 2.28 44.8 9.04 9.11 41.15 
(Me2Sn)20(Cr04) 11.18 2.81 11.13 2.88 
(Me2Sn)20(C03) 16.07 3.23 63.55 16.52 3.28 63.36 
(PhrSn)zO(CO,) 48.34 3.24 38.21 48.68 3.81 37.54 
[Me~Sn(NCS)120t 16.77 2.82 16.82 3.23 

*Percent Cr:  calcd.. 19.64; found, 19.54. 
tPercent N: calcd.. 6.52: found, 6.43. 

that the bands at 1510, 1383, 1095, and 820 cm-l, obtained from M&T Chemicals Inc. Dimethyltin di- 

observed for the basic carbonate are due to the chloride was recrystallized from a mixture of acetone and 
petroleum ether (b.p. 35-60 "C). Diphenyltin dichloridc group' Infrared 'pectrunl of the basic was used without further purification. Methanol was 

carbonate also showed bands at  660, 650, 583, refluxed ovcr magnesium and subseauentlv distilled. 
L ,  

425, 325, and 3 10 cm-' which were not observed Other solvents andY chemicals were reagent grade. Elc- 
in the spectrum of the dichloride. The 660 cnl-l mental analyses were performed by Schwarzkopf Micro- 

band appeared very strongly in  the R~~~~~ analytical Laboratory, Wood Side, New York. Analytical 
data are recorded in Table 3. sDectrurn which also showed weak bands at  

5$0 and 320 cm-'. Since a band at cn. 660 cm-' 
is also reported (25, 26) to appear in the infrared 
and Rarnan spectra of Ph3SnC1 and PhSnCl,, it 
is most likely that the 660 and 650 crn-' bands 
are due to the vibrations of the phenyl rings. 
Thus, by coniparison with the spectra of the 
methyl con~pound the infrared or Rarnan bands 
at 583, 425, and 325 cm-' can be attributed to 
the stretching vibrations of the Sn202 ring and 
the 3 10 crn-" band can be assigned to  the Sn-0 
stretching frequency. 

In summary, the infrared and Ranlan data for 
both (MezSn)20(C03) and (Ph2Sn)20(C03) are 
in accord with a polymeric structure containing 
bridging carbonates and four-membered SnzOz 
rings. Again by analogy with the structure of 
[Me2Sn(NCS)I20, a structure as shown in 
Fig. l(c1) is proposed for these compounds. 

As shown in Table 1, the Mossbauer data 
indicates that there are substantial differences 
between MeSnMe angles and PhSnPh angles in 
the two basic carbonates. The (MezSn)zO(C03) 
spectrum shows a relatively narrow doublet 
indicating that the two Sn resonances coinci- 
dentally overlap, as in [(Me2SnNCS} z 0 I 2  (and 
in (Me2Sn)zO(Cr04)) due to  similar MeSnMe 
angles. In contrast, the two distinct doublets for 
(PhzSn)zO(C03) indicate that one PhSnPh angle 
approaches 90" while the other approaches 
180 O (18). 

Experimental 
Diphenyltin dichloride and dimethyltin dichloride were 

Dimerlryltitz Clrromate 
Dimethyltin dichloride (2.196 g, 0.01 mol) and silver 

chromate (3.3166 g, 0.01 mol) were stirred in 25 ml of 
water for 3-4 11, at  room temperature. The mixture was 
then filtered and the filtrate was concentrated iri vaclro 
until bright yellow crystals appeared which were filtered 
and washed several times with acetonitrile. The product 
was finally washed with diethyl ether and dried in vncrco. 
Yield 2096. 

Bnsic Dimetlryltitr Clrranlate 
This compound was prepared according to the method 

of Rochow and co-workers (20). 

Bnsic Dimerlryltirr Cnrborlrrte 
An acetone solution of dimethyltin dichloride (1.098 g. 

0.005 mol) saturated with carbon dioxide was mixed 
slowly with an aqueous solution of potassium carbonate 
(0.6910 g, 0.005 mol). The white solid which precipitated 
immediately was filtered, washed several times with 
carbonated water, then dried at  room temperature. 
Yield 507;. 

Basic Diplrerp~ltitr Carborrrrte 
A solution of diphenyltin dichloride (1.146 g, 0.0033 

mol) in methanol was mixed slowly with a methanol 
solution of cesium carbonate (1.086 g, 0.0033 mol), in a 
nitrogen-filled dry box. The precipitated solid was 
filtered, washed with methanol, and dried irr vacuo. 
Yield 60%. 

Tetramethyl-l,3-diisorhiocyanatodisra,1noxane 
This compound was prepared by the published methods 

of Okawara and co-workers (27). 

Specrroscopic Mensrrrements 
Infrared spectra were obtained on a Beckman lK-12 

double beam spectrophotometer using KRS-5 and poly- 
ethylene windows. Samples were prepared as mulls in 
Nujol and halocarbon oil and the spectra were recorded 
in the 4000 to  250 cm-1 region. Raman spectra of solid 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GOEL ET AL. 717 

samples were obtained from 100 to 1000 cm-1 using 9 
spex model 1400 spectrophotometer and the Ar+ 5145 A 
line. The carbonates gave good spectra but the yellow 
chromates decomposed in the laser beam even when the 
samples were mounted in a spinning sample holder on top 
of a Hg2C12 layer. Mossbauer spectra were obtained at 
-110 K using a 5 mCi BaSn03 source at room tempera- 
ture and an Austin Science Associates spectrometer. 
Calibration was performed with a 99.99% Fe foil. Centre 
shifts are quoted relative to the centroid of a BaSn0,- 
BaSn03 room temperature spectrum (28). All spectra 
were fitted to Lorentzian line shapes using the program 
written by Stone. Except for the room temperature 
spectrum of (PhzSn)20(C03), all x2 values were 500 k 50 
for 512 channel mirror image spectra. 
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A 13C nuclear magnetic resonance study of aliphatic ketone 
protonation in sulfuric acid solutions 
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ROBERT A. MCCLELLAND and WILLIAM F. REYNOLDS. Can. J. Chem. 54,718 (1976). 
A I3C nmr investigation of the protonation in sulfuric acid of the aliphatic ketones MeCOR 

( R  = Me, Et, i-PI, tert-Bu), 3-pentanone, and the cyclic ketones from cyclobutanone through 
cyclooctanone is reported. With the exception of cyclobutanone which is considerably less 
basic, these ketones are all very similar in their basicity, with half-protonation in the region 
73-78% HzS04. The acidity dependence of the protonation is discussed; there appears to be a 
small dependence on molecular size. 13C nmr is shown to be a suitable alternative to IH nmr in 
the study of the protonation of weak organic bases in strongly acidic solutions. 

ROBERT A. MCCLELLAND et WILLIAM F. REYNOLDS. Can. J. Chem. 54, 718 (1976). 
On rapporte les rCsultats d'une Ctude par rmn du 13C, de la protonation dans I'acide sulfurique 

des cetones aliphatiques CH3COR (R = Me, Et, i-PI et tert-Bu), de la pentanone-3 et des 
citones cycliques allant de la cyclobutanone B la cyclooctanone. A I'exception de la cyclo- 
butanone qui est de beaucoup moins basique que les autres, ces citones ont toutes des basicitfs 
semblables et leur demi-protonation se situe dans la region de H2SO4 B 73-78%. On discute de 
la dependance de la protonation sur l'aciditi; il semble qu'il existe une 1Cgkre dipendance sur la 
grosseur molCculaire. On montre que la rmn du IJC s'avkre &tre une bonne alternative h la rmn 
du IH pour l'etude de la protonation des bases organiques faibles dans des solutions acides 
fortes. 

[Traduit par le journal] 

The protonation of weak organic bases in non- 
dilute acid solutions has been one of the most 
intensively investigated topics of physical organic 
chemistry (l ,2).  A major problem in such studies 
has involved finding a suitable experimental 
method for the measurement of the concentra- 
tions of protonated and unprotonated species. 
This is particularly the case with non-aromatic 
species, where often the uv technique cannot be 
applied. In recent years, extensive use has been 
niade of lH nrnr spectroscopy in which the 
chemical shift variation can be taken as a 
measure of the extent of protonation (see, for 
example, refs. 3-5). A logical extension is 13C 
nrnr spectroscopy, a technique which has been 
used quite successfully in studying acid-base 
behaviour in the p H  region (e,g., ref. 6). Its 
applicability to more strongly acid solutions is 
suggested by a partial titration curve published 
for the carbonyl carbon chemical shift of acetone 
(7). 

In addition to the benefits obtained with 'H 
nrnr when compared to other techniques (8, 9), 
13C nmr offers further advantages. Both because 
of the inherently larger variations observed with 

structural changes (lo), and because a nucleus 
closer to  the site of protonation can be probed, 
Larger chemical shift changes on protonation 
should be obtained. This should result in more 
accurate measurements; precision is one of the 
~ilajor problems with '14 nmr studies (8, 9). 
Additionally, with proton decoupling very 
simple I3C nmr spectra can be produced even for 
complex molecules. The major drawback of the 
technique is that using natural abundance 
samples, relatively long measuring times (0.5-6 h) 
are required to  produce suitable spectra, so that 
acid sensitive systems are not amenable to  study. 
It should be pointed out however that as with 
'H nrnr studies (3) conipletely stable solutions 
are not absolutely required since the chemical 
shifts are still accurately measurable even in the 
presence of quite substantial amounts of de- 
composed material. Proton-decoupled 13C nmr 
is superior to lH nnlr in this respect since, due t o  
the greater cheniical shift range aiid the fact that 
there is one sharp peak for each carbon, there is a 
much lower probability of spectral interference 
by decomposition products. 

For our investigation of the applicability of 
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MCCLELLAND AND REYNOLDS 719 

this technique we have chosen a series of 10 
simple aliphatic ketones, both acyclic and cyclic. 
This system was chosen for several reasons. Such 
species are relatively stable to even very con- 
centrated acid solutions, so that the previously 
mentioned problem should not be too serious. 
Additionally the protonation of an extensive 
series of simple ketones has not been satis- 
factorily studied. Numerous reports, using 
various techniques, are available concerning 
acetone protonation (4, 11, 12), and are not in 
particularly good agreement (13). A 'H nnlr 
study on three simple acyclic ketones has also 
appeared (8). The ultraviolet spectra (in the 
n-n* region) of essentially the same compounds 
of this study have been measured in H2S04 
solutions (12), but these are subject to very 
pronounced medium effects so that little more 
than the qualitative protonation behaviour can 
be reliably obtained. 

On the other hand there are now a number of 
reports concerning the protonation of conjugated 
ketone systems (1, 2, 4, 14). It is well recognized 
that, with a few exceptions, ketones do not 
behave as Hammett bases, i.e. that slopes of 
plots of log [XH+]/[X] vs. - Ho are different 
from unity (4). However, unlike other functional 
classes which seem at least to generate a charac- 
teristic acidity function of their own (2), the 
ketones do not (4), the acidity function behaviour 
of the individual members apparently being 
dependent on the conjugative ability of the 
groups attached to the carbonyl (4). Thus a 
further goal of this study is an evaluation of the 
acidity dependence for the protonation of 
aliphatic ketones, which differ only in the size 
and nature of alkyl groups attached to the 
carbonyl. 

Results and Discussion 

Ketone 13C Nuclear Magnetic Resotzntzce 
in Acid Solittions 

The ketones employed in this study were 
MeCOR (R = Me, Et, i-Pr, tert-Bu), 3-pent- 
anone, and the simple cyclic ketones from 
cyclobutanone through cyclooctanone. '3C chem- 
ical shifts as a function of sulfuric acid con- 
centration (in general from water to 30% SO,- 
H2S04), were obtained, relative to the external 
standard dioxane (20% in D20). Assignments of 

the peaks were inade essentially by comparison 
with known spectra (15); in a few cases relative 
intensities were also taken into account. Some 
ambiguity exists with respect to  C3 and C4 of 
both cycloheptanone and cyclooctanone. In no 
case was there a problem in assigning the 
carbonyl carbon or the a-carbons. 

Although solutions in the more concentrated 
acids were fairitly yellow, no extraneous peaks 
appeared in the spectra, and the ketones could 
be recovered after the recording, indicative that 
decomposition is not a problem (with two excep- 
tions). Interestingly the tiine required to obtain 
satisfactory Fourier transform spectra is strongly 
acid dependent, ranging from a minimum of 6 h 
in dilute acids to periods of 20-30 min in acids 
above 90% H2S04. (This is due to much shorter 
13C spin-lattice relaxation times in the highly 
viscous H2SO4 solutions). In consequence the 
measuring time in these latter acids is not a 
great deal longer than that of, for example, 'H 
nmr or uv spectroscopy and the decomposition 
problem is not as severe as might be anticipated. 
The two exceptions were cyclobutanone and 
3,3-dimethylbutanone where solutions in 30% 
SO3-H2S04 went immediately bright red and no 
peaks at all appeared in the 13C spectrum. These 
two, however, were sufficiently stable in 100% 
H2S04 to obtain spectra without difficulty. 

In Figs. 1 and 2 the chemical shift variations 
for the carbons of 2-butanone and cyclohexanone 
are shown. These figures are typical of those for 
the entire series of ketones, with the exception of 
cyclobutanone (see later). For the carbonyl 
carbons sigmoidal titration curves typical of 
weak bases undergoing protonation are obtained, 
with quite substantial downfield chemical shifts 
associated with the protonation (Table 1). This 
latter behaviour is not surprising (as discussed 
previously), particularly here where the carbonyl 
carbon should be very sensitive to protonation. 
Interestingly this downfield shift is quite similar 
throughout the series, with the exception of 
cyclobutanone. Protonation of the conjugated 
ketones, acetophenone, and cyclopropyl methyl 
ketone, results in significantly smaller downfield 
shifts for the carbonyl carbons (Table 1). 

For the other carbons of the aliphatic ketones, 
the chemical shift changes on protonation are 
considerably smaller, and examples of both 
downfield and upfield shifts can be found (Table 
1). Significantly, for the conjugated ketones, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



720 CAN. J. CHEM. VOL. 54, 1976 

I 
0 8 12 

- Ho 

FIG. 1. Chemical shift variation as a function of acidity 
for 2-butanone. '3C nmr data are relative to an external 
dioxane standard. 

protonation produces large changes with some 
of the other carbons as well? 

Finally, it is noted that the even-number cyclic 
ketones appear to show an alternation of signs of 
chemical shift changes on protonation (e.g. see 
Fig. 2), possibly indicative of the alternating 
inductive effect proposed by Pople et al. (18). 

Dilute Acids Mediurn Eflecf on Protonatiorz 
Thus the 13C chemical shifts of the carbonyl 

carbons would appear to be a sensitive indicator 
of protonation behaviour. Very similar sigmoidal 
curves are in fact found in lH nmr studies, as for 
example that in Fig. 1 for 2-butanone. The one 
disturbing aspect common to  both types of 
studies concerns the behaviour in the dilute acids. 
Although there are very definite plateaus a t  the 
concentrated acid end, this is not true in the 
dilute acids. There are two  explanation^.^ This 

'The 13C nmr of various conjugated ketones and their 
conjugate acids have been discussed (17). 

2A third possibility is that hydrate formation compli- 
cates the situation in dilute acids. This however can be 
ruled out since the extent of such hydration is very small. 
Acetone, for example, exists only 0.2y0 in the hydrated 

I + - c4 

-45 
0 4 8 12 

- H o  

FIG. 2. Chemical shift variation as a function of acidity 
for cyclohexanone. Data are relative to an external 
dioxane standard. 

can be attributed t o  a medium effect on the 
unprotonated ketone, as for example a hydrogen 
bonding interaction between the carbonyl and an 
acidic species (20), or it can be taken as an  
indication of the onset of protonation. At present 
these two alternatives are difficult to  distinguish. 
However, it is equally as difficult to introduce 
a medium effect correction term into the analysis 
of these titration curves without making un- 
warranted assumptions. In consequence, in the 
following discussion we will assume that there is 
no medium effect, and that the chemical shift 
behaviour is due to  protonation only. 

This interpretation will mean that the ketones 
of this study are undergoing protonation over 
virtually the entire range of sulfuric acid solu- 
tions. This may seem unlikely but the behaviour 
of these ketones is very far removed from that of 
typical Hammett bases which protonate over 

form, and with the bulkier ketones this number will be 
even smaller (19). 
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TABLE 1. Ketone 13C chemical shift variation between water and 100.8% H2S04 

6(H2S04) - 6(H20)0 
( P P ~ )  

Acetone 
2-Butanone 
2-Methyl-2-butanone 
3,3-Dimethyl-2-butano,ne 
3-Pentanone 
Cyclobutanoneb 
Cyclopentanone 
Cyclohexanone 
Cycloheptanone 
Cyclooctanone 
Acetophenoned 
Cyclopropyl methyl ketone< 

"Corrected for bulk susceptibility (16). 
completely protonated in 100.8% H2So4. 

 assignments uncertain. 
dC~-C4 refer to aromatic carbons. C, to C d ,  C6 to CHI. 
'CI, CHI: C:. C d ;  CI, C, (ring); C4, Cg(ring). 

much narrower acidity ranges. Similar shallow 
acidity dependencies are found in fact for 
aliphatic ethers (21) and alcohols (22), and as 
will be seen later the behaviour of the aliphatic 
ketones is not inconsistent. Additional support 
comes from the remarkable similarity of the 
results obtained from the two different types of 
nmr (Fig. 1, see also Table 3). In terms of a 
medium effect explanation this would have to  
mean that the effect on both techniques is 
identical, which would be surprising. It is true 
that the carbonyl carbon of acetone undergoes 
lowfield shifts in protic solvents which have been 
attributed to  strong hydrogen bonding (23). 
However, this is based on the unproven assump- 
tion that no protonation occurs in these media. 

Finally, it should be noted that the changes in 
dilute acid are quite small when compared to  the 
overall chemical shift variation, so that regard- 
less of the assumption regarding this region, the 
protonation can still be defined with reasonable 
accuracy. 

much higher concentrations. To check whether 
this affected the accuracy of our results, acetone 
uniformly labelled with cci. 45 mol% 13C was 
used, allowing the preparation of much more 
dilute solutions (0.001 g/ml, as compared to 
0.04 g/ml for the natural abundance samples). 
As shown in Table 2, this 40-fold dilution has 
minimal effect on chemical shifts. The greatest 
difference is found in the intermediate acidity 
region and is consistent with the expected acidity 
decrease as acetone concentration increases. 
However, the differences are small and lead to 
only small errors in the basicity measurements. 

Ketone Iorzizatiorz Ratios 
The ionization ratios I ([XH+]/[X]) for the 

various ketones have been calculated from the 

TABLE 2. Dependence of chemical shift on acetone 
concentration 

Ketone Concentration Effects Water 
Most measurements of protonation of weak 3l .0  

54.5 bases by strong acids have been carried out by uv 
70.7 

spectroscopy and utilize base concentrations in 80.2 
the range 10-3-10-4 M. This includes measure- 92.7 
ments of base protonation used in defining 99.7 215.5 214.9 
acidity scales. However, nmr spectroscopic 30%S03 216.5 216.2 
measurements (particularly 13C nmr) require aConcentration of acetone in acid solutions. 
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TABLE 3. Ionization ratios for 2-butanone 

log I 

1 .5  -0.67 -0.70 -0.70 -0.73 -0.73 
5 .O -0.56 -0.58 -0.59 -0.65 -0.65 
5.5 -0.46 -0.46 -0.47 -0.55 -0.55 
6.0 -0.34 -0.36 -0.35 -0.46 -0.45 
6.5 -0.18 -0.20 -0.20 -0.35 -0.29 
7 .O 0.00 -0.02 -0.01 -0.17 -0.09 
7.5 0.21 0.18 0.18 0.10 0.17 
8 .O 0.41 0.37 0.36 0.36 0.45 
8.5 0.61 0.58 0.56 0.64 0.75 
9 .O 0.81 0.80 0.77 0.85 0.97 

ma 0.35 0.34 0.34 0.36 0.38 
(Ho)I  i z  -6.70 -6.80 -6.78 -6.91 -6.76 
9 0.58 0.70 0.69 0.68 0.65 
PKS H+ -2.82 -2.82 -2.83 -2.97 -3.06 

Osee Table 4 for mcaning of symbols. 
OReference 8. 
CThis work. 

standard equation 

The quantities used here are the differences in 
chemical shift between two of the nuclei (i.e. the 
carbonyl carbon and one of the others). Rather 
than using the individual cheillical shifts this 
approach is recotnmended since it avoids bulk 
susceptibility corrections (for an external stan- 
dard), and also may work to minimize medium 
effects. In our calculations the term AAB is 
taken to be that in water, AABH+ as the value in 
30% S03.H2S04. (For 3,3-dimethylbutanone 
AABH+ is the value for 100.0% H2SO4.) 

This assumes that the chemical shifts in 30% 
S03.H2S04 represent the chemical shifts of the 
completely protonated ketone rather than, for 
example, the chemical shifts of a Lewis acid 
adduct of the ketone. In support of this view we 
note that the chemical shifts for all carbons show 
smooth titration curves with only small chemical 
shift changes from 100% H2S04 to 307, SO3- 

and no discontinuities which could be 
associated with adduct formation. 'H chemical 
shift titration curves for ketones in SO3-H2S04 
also show normal titration curves (9). Finally, 
'H nmr spectra of ketones in even stronger 
Lewis acid media (HS03F-SbF5, HF-SbFs, 
HS03F-SbF5-SO2, etc.) actually show peaks 
due to  the OH protons of protonated ketones 
(24), confirming protonation in strong Lewis 
acid media. 

In Table 3 ionization ratios determined for 
2-butanone using various combinations in both 
the 13C and 'H nmr spectra are compared. 
Excellent agreement is seen amongst the various 
sets of data, both in the individual log I values 
as well as in the derived basicity parameters. 
This table further emphasizes the agreement 
between the two different nmr techniques. This 
is also true with other published ketone 'H nmr 
data (4, 8) when conlpared with our 13C nmr 
results. 

Ketone Basicity Constatlts 
Ideally, to determine a thermodyilamic basicity 

constant from log I- acidity data, it is necessary 
to have or determine an acidity function appro- 
priate to the substrate undergoing protonation. 
This is not possible in the present case, both 
because of the fact that none of the ketones are 
sufficiently protonated in very dilute acid to  
anchor such a scale, and also because it is 
doubtful if such a common scale exists for 
ketones (ref. 4, and later discussion). Two 
empirical approaches have arisen to estimate 
pKsH+ values in such a case. That of Yates (25) 
recognizes that acidity functions are in general 
linear in each other, and utilizes the equation 

log I = mHo + pKsFI+ 

where tn and pKsH+ are respectively the slope 
and intercept of a plot of log I vs. - Ho. Alter- 
natively, the Bunnett-Olsen treatment (26) uses 
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MCCLELLAND AND REYNOLDS 723 

TABLE 4. Basicity constants for ketone protonation based on '3C nmr 

log I vs. - HO Bunnett-Olsen 
Chemical 

shift ma P ~ S H T ~  (Ho)l/zb CC PKSH+~ 

I Acetone c2-CI 0.32 -2.16 -6.74 0.71 -2.72 
2-Butanone 

I c2-CI 0.35 -2.35 -6.70 0.69 -2.82 
2-Methyl-2-butanone c2-CI 0.34 -2.32 -6.83 0.70 -2.81 
3,3-Dimethyl-2-butanone c2-CI 0.39 -2.68 -6.87 0.65 -3.12 
3-Pentanone c3-c2 0.37 -2.52 -6.88 0.67 -2.97 
Cyclobutanoned > -9 
Cyclopentanone CI-c2 0.31 -2.06 -6.63 0.73 -2.59 
Cyclohexanone c1-c2 0.35 -2.27 -6.48 0.69 -2.76 
Cycloheptanone CI-c2 0.37 -2.37 -6.40 0.67 -2.85 
Cyclooctanone c1-c2 0.39 -2.49 -6.39 0.64 -2.98 

aLeast-squares slope, rn, and Intercept. pKsH+, of plot of log I vr. -Ha Correlat~on coefficients gredtel t h a n  0.98. Deviation In nl 1s 0 01-0.02. 
Dev~atlon 111 pKsH+ IS 0.1-0.2 

b ~ K s ~ +  /m. 
GLeast-squares slope, 6, and Intercept, p K s ~ - ,  of plot of log I + Ho vr. log [Hr] + Ho Corrclatlon coeffic~ents greater than O.YY. Dev~atlon 

in 6 1s 0.01-0 02. D e v ~ a t ~ o n  In pK&+ IS 0.1-0.2. 
QNot cornplerely protonated In most concentrated acld of t h ~ s  study. 

the equation 

log I + Ho = 4(Ho + log [Hf]) + pKs,+ 
I 
I where 4 and pKsH+ are obtained as the slope and 

I intercept of a plot of log I + Ho vs. Ho + 
I log [Hf]. 

Results of the application of both approaches 
I I 

I to the ketone protonation data are given in 
Table 4. Also quoted are the values of ( H O ) ~ / ~ ,  

I the Ho value for half-ionization (log I = 0) as 
I determined from the log I vs. -Ho plot. The 

agreement between the pKsH+ values is quite 
poor, those of the Yates plot being consistently 
0.5 units less negative. This is probably due to 
the large extrapolation (and assumption of con- 
tinuing linearity) in the Yates treatment (27). 

Nevertheless, the basic conclusion must be 
that, with one exception, these aliphatic ketones 
are very similar in their base strengths, with half- 
protonation occurring in the region 73-78% 
H2SO4. The one exception is cyclobutanone, 
which is considerably less basic, so much so that 
we are unable to obtain a reliable pKSHT value. 
The weaker basicity of the ketone has been noted 
before (9, 12) and probably arises out of the dif- 
ferent hybridization of this molecule (28). 

Acidity DepencIence 
Recently considerable effort has been devoted 

to  an understanding of 'acidity function failure', 
the fact that different types of weak bases re- 
spond differently to increasing acidity (4, 29, 30). 
These variations arise out of different solvation 
requirements of the conjugate acid-base pair 

TABLE 5. Values of 'tn' and '4' for oxygen bases in 
sulfuric acid 

Base 'nz' '4' Reference 

Alcohols 0.25 0.85 22 
Alkyl ethers 0.25-0.30 0.72-0.85 2 1 
Alkyl ketones 0 .314.39 0.64-0.71 This work 
Alkyl esters 0.5-0.6 0.5-0.6 32 
Amides 0.55-0.7 0.42-0.55 3 3 

(differing acidity dependencies of the activity 
coefficient ratio fBH+/fB) and appear as the 
slope parameters 'tn' and '4' in the two treat- 
ments used here. In Table 5 these values are 
compared for a series of oxygen bases, and it can 
be seen that the behaviour of the alkyl ketones is 
consistent. This series of results can be explained 
in terms of the ability of the protonated species 
to disperse the positive charge (4, 30); the same 
effect is also in operation when considering 
ketones of differing degrees of conjugation (4). 

Additionally, however, examination of Table 
4 reveals that there is a very definite trend within 
the series of aliphatic ketones themselves. 
Although the effect is s n ~ a l l , ~  the larger ketones 
have associated with the protonation larger 'm' 
values and smaller '4' values (the two parameters 
are inversely related). This dependency on 

'The standard deviations In tn and 4 are of the order 
of 0.01 to 0.02. Thus the overall variation is just outside 
the limit of experimental error. We feel additionally that 
the regularity of the trend adds further weight to its 
validity. 
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TABLE 6. Typical recording times for 
ketone "C nmr spectra 

(%) Time (h) 

0 60 
30 6" 
60 5 
75 - 7 

90 0.5 
100 0.5 

30% so3 0.5  

aFor  the larger ketones where solubility dictated 
the use o f  more dilute solutions, considerably longel. 
times (up t o  24 h) were required. 

lnolecular size has seen little recognition in 
studies of this type. A recent review however 
suggested that size does play an important role. 
and discussed the factors responsible (30). This 
study then further underlines this dependency, 
although one must conclude on the basis of the 
much larger effect of varying conjugation (4), 
that size may be a secondary consideration. In 
any event the final conclusion is that even this 
series of structurally similar ketones fails to 
follow a common acidity function behaviour. 

Experimental 

Materials 
All ketones were commercially available and were used 

without further purification. A sample of acetone ca. 45% 
13C enriched in each carbon was obtained by mixing 
acetone-90% 13Cl and acetone-90% "Cz (Merck, Sharpe 
& Dohme Canada Ltd.). Sulfuric acid solutions were 
prepared and standardized as previously described (31). 
except that solutions above 96% H2S04 were standard- 
ized by titration. Solutions of the ketones in the acids 
were near 0.04g/ml; in cases where solubility was 
limited, saturated solutions were used. With the enriched 
acetone, concentrations near 0.001 g/ml were employed. 

Nuclear Magnetic Resorlurlce 
I3C spectra at  20 MHz and probe temperature (40 "C) 

were recorded on a Varian CFT-20 nmr spectrometer in 
pulsed Fourier transform - proton noise decoupled mode. 
A capillary tube containing 20% dioxane in D l 0  was 
used to provide the deuterium lock signal and the external 
(dioxane) '3C reference signal. 1H spectra of 2-butanone 
were recorded on a Varian spectrometer. The observed 
chemical shift ditferences for the protons of C3 and C4 
agreed with those previously reported (8). 

shown by the absence of extraneous peaks, and the 
reproducibility of the spectra on dilution. In addition 
with each ketone the 100% HlS04 solutions upon 
recording were diluted to ca. 3OC& H2S04, and extracted 
with methylene chloride. Gas chromatographic analysis 
of this solution showed only the presence of the original 
ketone. 
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X-ray analysis of the structure and correlation 
with the spectra of haplophytine 
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P.-T. CHENG, S. C. NYBURG, F. N. MACLACHLAN, and PETER YATES. Can. J. Chem. 54,726 
(1976). 

Haplophytlne crystallizes as the methanolate in the orthorhombic space group P212121 with 
n = 13.874(4), b = 10.628(4), c = 22.890(9) A, Z = 4. X-Ray structure analysis confirms that 
the previously assigned structure 3 is correct and that haplophytine undergoes reversible re- 
arrangement on conversion to its dihydrobromide 1. The dimensions of 3 provide evidence 
supporting previous interpretations of unusual features of the infrared and proton magnetic 
resonance spectra of haplophytine. 

P.-T. CHENG, S. C. NYBURG, F. N. MACLACHLAN et PETER YATES. Can. J. Chem. 54, 726 
( 1976). 

L'haplophytine sous forme de mithanolate cristallise dans le systkme orthorjombique avec 
un groupe d'espace P212121 et n = 13.874(4), b = 10.628(4), c = 22.890(9) A, Z = 4. Une 
analyse de la structure par rayons->< confirme que la structure 3 attribuCe antirieurement est 
correcte et que l'haplophytine subit un riarrangement riversible lors de sa conversion en 
dibromohydrate 1. Les dimensions de 3 fournissent des donnCes en accord avec llinterprCtation 
faite anterieurement des caractiristiques non usuelles trouvies dans les spectres infrarouges et 
rmn de l'haplophytine. 

[Traduit par le journal] 

Introduction 
Haplophytine is the principal alkaloid of 

Haplophyton cimicidum (Apocyanaceae) ( 1 ) .  In 
1967 a crystal structure analysis was carried out 
on the dihydrobromide 1 (2,3) and structure 2 
was assigned to  haplophytine itself (2). Sub- 
sequently it became apparent that conversion to 
the dihydrobrornide must have been accom- 
panied by rearrangement of the parent alkaloid, 
whose structure was then reassigned as 3 on 

spectroscopic and degradative evidence (4). This 
rearrangement can be reversed on treatment of 1 
with aqueous sodium bicarbonate. Because of 
this unusual circumstance and the novelty of 
structure 3, we have undertaken an X-ray crystal 
structure analysis of haplophytine, which, it was 
hoped, would also throw light on some unusual 
spectroscopic features of this and related al- 
kaloids (2, 4, 5). This analysis confirms that the 
reassigned structure 3 is correct. 
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CHENG ET AL. 

FIG. 1. ORTEP plot of molecule showing 20% probability thermal ellipsoids, except for hydrogen 
atoms which are represented by arbitrary isotropic spheres. 

Experimental 
Crystals obtained from methanol by slow evaporation 

were well formed and colorless. 

Crystal Data 
C37H40N.+07.CH30H fw = 684.3 
Orthorhombic, (I = 13.874(4), b = 10.628(4), c = 
22.890(9) A, V = 3375.1(9) P', p, = 1.33(1), Z = 4, 
p, = 1.35 (CuKa, X = 1.542 A). 

The crystal used for data collection was a prism of 
dimensions ca. 0.1 X 0.1 X 0.5 mm mounted about the 
y-axis, parallel to  the longest dimension. Cell parameters 
and their standard deviations were obtained from dif- 
fractometer angular settings of 12 well-centered high 28 
reflections using CuKa  radiation. Intensities were 
collected on a computer-controlled Picker four-circle 
diffractometer equipped with pulse height analyzer using 
Ni-filtered CuKa  radiation. Scanning was in the 8-28 
mode at 1 " min-I, sin 8 1 0.90, with take-off angle 3.0". 
Backgrounds were determined for 1 min at  each end of 
the scan range of 2" adjusted for a-splitting. During the 
course of data collection there was a random variation of 
1 7 %  from the mean in the standard intensity, recorded 
every 30 reflections. Counting statistics and a n  Abrahams 
factor (6) of 0.02 were used to estimate ~ ( 1 ) .  Of the 3139 
independent reflections measured, 2834 were considered 
significant on the criterion IF,I > u(F0). Absorption 
corrections were not applied. 

The crystal structure was determined by direct methods 
from the 488 reflections having E l  > 1.32 using the 
MULTAN program of Germain et nl. (7). Twelve out of 
forty-eight nonhydrogen atoms of the alkaloid were 
clearly identified on the first electron density map and the 
remainder from three successive Fourier maps. Refine- 
ment was by full matrix anisotropic least squares using 
programs XFLS-3 of Oak Ridge National Laboratories, 
the function minimized being xwA2 where A = IFo! - 
IF, and ,v = U-"Fo). The atomic scattering factors used 
were those of Cromer and Mann (8) for C, N,  0 and of 
Stewart et 01. (9) for H. All hydrogen atoms except that 

on O(19') (see Fig. I )  were located on the final difference 
map as were the carbon and oxygen atoms (but not 
hydrogen atoms) of one molecule of methanol. The 39 
locatable hydrogen atoms were given theoretical positions 
(C-H = 1.0 A) and included in the refinement with 
isotropic thermal factors. The carbon and oxygen atoms 
of methanol were included in the refinement with variable 
occupancy, reaching finally 0.8 (in keeping with the 
smaller p, value). The final residual for all observed 
reflections, R = x l ~ l / x l F , !  = 0.082 with esd for unit 
observation equal to  1.18.1 Final positional and thermal 
parameters are listed in Table 1 n and b. 

Description and Discussion of Structure 

The n~olecular structure, confirming the assig- 
ment 3, is shown in Fig. 1.  Bond lengths and 
angles are given in Fig. 2 a and 0 .  

The overall conformation is as expected from 
Dreiding models. In the tetrahydrocarbazole 
system (rings A, B, C), ringoA is slightly puckered 
(maximum deviation 0.04 A) as is the same ring 
in 1, but the deviations d o  not match well. (Best 
least squares planes are given in Table 2 a and b.) 

The two methoxyl groups are bent in opposite 
directions away from the mean plane of ring A. 
Ring B has an envelope conformation with C(2) 
as the flap. In ring C the double bond at C ( 3 F  
C(4) keeps C(2), C(3), C(4), C(5) coplanar, atoms 
C(12) and C(19) being twisted out of this plane in 
opposite senses. The indolizidine system (rings 
D,  E) is, as expected, different from that in the 

]Table containing F,, F, data is available, a t  a nominal 
charge, from the Depository o f  Unpublished Data. 
CISTI, National Research Council of Canada, Ottawa, 
Canada K I A  0S2. 
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TABLE 1 
( a )  Atomic fractional coordinates (X lo4) and anisotropic temperature factors (X lo4) 

of form exp -(/z2p11 + k2822 + 12833 + 2hkpI2 + 2111813 + 2k/P23) 

Atom x Y z 811 822 833 81 2 PI 3 823 

dihydrobromide 1 because the *-bond at the ring F, it is only C(5) that is significantly out of 
nitrogen atom in the latter causes its bonds to be plane. 
coplanar whereas in the parent alkaloid this atom In the other part of the nlolecule the atonls of 
is pyramidal. Ring D is in a chair form and ring E ring A' are more closely coplan!r than in ring A 
an envelope with C(19) as flap. In the lactone (maximum deviation <0.02 A). The atoms 
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CHENG ET AL. 

TABLE 1 (Cotzcluded) 
(b) Atomic fractional coordinates ( X  10') and isotropic, B, temperature 

factors, for methanol C(22') and O(21') atoms and hydrogen atoms 
( B  factors for latter rounded to 0.5) 

Atom 

O(2 1 ') 
C(22') 
H(2) 
H(3)  
H(4) 
H(6A) 
H(6B) 
H(7A) 
H(7B) 
H(8A) 
H(8B) 
H(I0A) 
H(1OB) 
H(I I A )  
H(l IB) 
H(14) 
H(20A) 
H(20B) 
H(25 A )  
H(25B) 
H(25C) 
H(27A) 
H(27B) 
H(27C) 
H(28A) 
H(28B) 
H(28C) 
H(3'A) 
H(3'B) 
H(4'A) 
H(4'B) 
H(7'A) 
H(7'B) 
H(8'A) 
H(8'B) 
H(11') 
H(12') 
H(13') 
H(18'A) 
H(18'B) 
H(18'C) 

directly attached to this ring, 0(19'), N(ll), and 
C(9'), are out of plan: in the same direction by 
0.08, 0.10, and 0.24 A, respectively. Ring B' is 
quite buckled. Its atoms can be considered to lie 
on three planes with the 'folds' at N(1'). . . C(9') 
and C(5') . . . C(9'). Ring C' has a chair con- 
formation with, as expected, pyramidal rather 
than planar N(6') found in the dihydrobromide. 
Ring D' and O(17') are coplanar. In ting D' 
C(2'hC(3') is extremely long, 1.60(2) A. Fur- 
thermore, a comparison of the equivalent ring in 

L-pyroglutamyl-L-histidine (10) shows interesting 
bond angle differences. In this latter structure the 
internal angles at C(4') and at C(3') are 104.0 
and 105.9", respectively. In haplophytine, ring 
D', the order is reversed, 107.6 and 104.0". This 
may well be due to conflict bftween H(4'B) and 
H(18'B) which are only 1.89 A apart. This short 
contact seems to be related to the differences in 
angle at N(6'): C(18'hN(6'hC(5 ')  (1 14. 1") and 
C(18'hN(6'hC(7 ')  (109. 1"). 

The lengths of bonds C(19h0(22) and 
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FIG. 2. (a) Bond lengths. ( h )  Bond angles. 

TABLE 2. Coefficients of best least squares planes A X  f BY f CZ = D where 
X ,  Y, Z are real orthogonal coordinates (in A) with X  along x and Z along ;* 

Plane Ring A  B C D 

1 A 0.049(2) O.CQl(2) - 0.999(7) - 3 .003(2) 
3 - B -0.023(3) 0.018(3) -1.000(8) -3.376(2) 
3 C -0.822(9) 0.484(5) -0.302(6) -6.293(2) 
4 D 0.762(43) 0.646(37) -0.052(20) 3.263(3) 
5 E 0.862(25) 0.494(15) -0.115(13) 4.080(3) 
6 F 0.341(6) -0.916(16) -0.213(9) 3.298(3) 
7 A' -0.430(22) -0.899(45) -0.078(8) - 1.590(4) 
8 B ' 0.426(17) 0.901(35) -0.088(17) 0.933(3) 
9 C' 0.405(4) - 0.439(4) -0.802(8) -2.141(3) 

10 D' 0.847(32) 0.519(20) -0.116(9) -0.595(4) 
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CHENG ET AL. 

TABLE 3. Deviations from best least squares planes (10-3 A). Asterisked 
atoms were not included in calculating plane 

Plane Atom Deviation Atom Deviation Atom Deviation 

I C(13) 16(5) C(14) - 31(6) C(15) 12(5) 
C( 16) 22(6) C(17) - 39(6) (718) 15(5) 
N( 1 )* - 52(5) C(12)* - 108(6) C(sf)* 66(6) 
0(24)* - 19(4) 0(26)* -82(6) 

2 N(1) - 11 l(5) c (2 )  193(6) C(12) - 163(6) 
(713) 65(5) (718) 53(5) C(28)* 141(7) 

3 C(2) - 138(6) (33) - 1 l(6) C(4) 82(7) 
C(5) 70(6) C(12) 261(6) C(19) - 209(6) 

4 C(5) 126(7) C(6) -212(9) C(7) 263(9) 
C(8) - 300(8) N(9) 139(5) C(19) - 130(6) 

5 N(9) 181(5) C(10) -86(7) C(11) -97(6) 
C(12) 208(6) C(19) - 247(5) 

6 C(5) 227(7) C(19) - 163(6) C(20) -216(8) 
C(2 1) 23(8) O(22) 51(4) 0(23)* 125(6) 

7 C(10') 5(7) C(11') 2(9) C(12') - 18(12) 
C(13') 14(11) C(14') 2(11) C(15') -9(8) 
N(ll)* 986') C(9')* 242(7) 0(19')* 8 l(9) 

8 N(1') 131(7) c(5') -427(9) C(9') -82(7) 
C(10') -37(7) C(15') 15(8 ) C(16') 267(8) 
0(20')* 906(6) 

9 C(5') - 227(8) N(6') 70(6) C(7') - 172(8) 
C(8') 290(7) C(9') - 3 14(6) C(16') 308(6) 
C(18')* -521(11) O(20')' 1214(4) 

lo N(1') -9(6) C(2') 28(10) C(3') -22(14) 
C(4') -1(IO) C(5') 9(8) 0(17')* 46(10) 

C(19FN(9) !re particularly noteworthy. The 
former (1.53 A) is significantly loager than the 
corresponding bonds (1.45-1.47 A) in several 
r-lactones that have re~ently~been measured (1 1), 
while the latter bond (1.42 A) is unusually short 
for a C(sp3)-N bond.2 These observations lend 
considerable support to the previous interpreta- 
tion of the unusually long wavelength of the 
C=O stretching band in the infrared spectrum 
of 3 and related compounds (5) in terms of a 
contribution of a dipolar canonical structure 5 
to the carbinolamine lactone function 4.3 

2Thus the lengths of the C ( s p 3 p N  bonds in 3 and in 
several other alkaloids that have recently been measured 
(12) fall in the range 1.42-1.52 A;  the average length of 
the thirty such bonds is 1.47 A. It must be noted, how- 
ever, that the C ( 1 9 p N ( 9 )  bond is not significantly 
shorter than the C(10)-N(9) bond. 

'A related interpretation can be postulated for the 
unusual position of the 6-lactone C=O stretching band 
in swietenine (13) and is supported by bond length 
measurements (14). 

Two short intramolecular {istances are found 
from O(17'): to 0(19'), 2.58 A, and to O(21') of 
the methanol molecule, 2.71 A. There are thus 
clearly hydrogen bonds here but the hydrogen 
atoms involved could not be located unam- 
biguously and were omitted from F,. 

There is only one short intermolecular distanfe 
O(19'). . . H(llA)(at - x ,  $ + y, 3 - z),2.41 A. 

It was previously suggested (2) that the fact 
that one of the methoxyl proton signals in the 
pmr spectrum of 3 occurs at unusually high field 
(6 3.00) is attributable to shielding of the C(25) 
methyl group by ring A'. A corresponding effect 
was considered to account for the high-field 
position (6 6.27) of one of the aromatic proton 
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signals; this was assigned to the proton at C(11') 
which it was suggested, is shielded by ring A. 
With the assumption that the conforn~ation of 3 
in solution resembles that in the crystalline state 
(vide supra), qualitative support for these spectro- 
scopic interpretations can be adduced from the 
X-ray crystallographic data in that estimations 
(15) based on the geometrical relationships re- 
vealed by these data predict significant shielding 
of the C(25) and C(11') protons by rings A' and 
A, respectively. 
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Succinimidyl esters of fatty acids for amino acid acylationsJ 

ALENKA PAQUET 
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ALENKA PAQUET. Can. J. Chem. 54,733 (1976). 
Fatty acid N-hydroxysuccinimide esters have been prepared from the thallium(1) salt of 

IV-hydroxysuccinimide and the corresponding acyl chlorides in essentially quantitative yields. 
These active esters were used for acylation of amino acid esters in organic solvents, or of free 
amino acids in aqueous medium. The title compounds were found to be selective towards the 
side chain amino group of lysine. An efficient preparation of C-N-benzyloxycarbonyl-L-lysine 
using benzyl succinimidyl carbonate is described. 

ALENKA PAQUET. Can. J .  Chem. 54, 733 (1976). 
On a pripari  les esters N-hydroxysuccinimides d'acide gras B partir du sel de thallium(1) dc 

la N-hydroxysuccinimide et des chlorures d'acyles correspondants. Les rendements de ces 
esters sont pratiquement quantitatifs. On a utilisi ces esters actifs pour l'acylation d'esters 
d'acides aminis dans des solvants organiques ou d'acides aminis libres dans les milieux aqueux. 
On a trouvi que les composis mentionnis dans le titre sont silectifs vis-&vis le groupe amin6 
de la chaine latirale de la lysine. On dkr i t  une priparation efficace de E-N-benzyloxycarbonyl- 
L-lysine utilisant le carbonate de la benzylsuccinimidyle. 

[Traduit par le journal] 

Long chain acylamino acids possessing appro- 
priate lipophilic-hydrophilic balance are general- 
ly emulsifiers and surfactants and are suggested 
to possess bactericidal activity. The physico- 
chemical characteristics which relate to their 
potential usefulness as surfactants, such as 
critical micelle concentration, foaming, and 
emulsifying properties, have been studied by 
Fieser et 01. (l), Heitrnann (2), and recently by 
Takehara et 01. (5) and Smith and Barden (6). 
The surface and interfacial behaviour of these 
compounds are of interest as they may be of use 
in various industrial applications relying upon 
foaming and emulsifying properties. 

The objective of this work was to develop a 
method, adaptable to the preparation of long 
chain acylamino acids, for use in physicochemical 
and biological studies. Fatty acyl E-N-lysine 
derivatives having the RCHzNH3+COO- zwitter- 
ion are expected t o  possess different physico- 
chemical properties than fatty acyl monoamino 
acids. Therefore it was also an objective to devise 
a convenient method for the preparation of long 
chain e-N-acyl derivatives of unprotected lysine. 

Many syntheses of fatty acyl monoamino-acids 
have been reported using the Schotten-Baumann 
or mixed anhydride method (1-4). However 

IContribution No. 262 from the Food Research 
Institute, Agriculture Canada, Ottawa, Canada. 

these procedures are not expected to acylate 
selectively the €-amino group of lysine in view of 
the work of Leclerc and Benoiton (7). These 
authors demonstrated that, in contrast to an- 
hydrides and acyl chlorides, active esters react 
exclusively with the e-amino group of lysine at 
p H  > 11. This was established using p-nitro- 
phenyl esters (7). Therefore attention was 
focussed on the active ester method. 

Succinimidyl esters (OHSu esters) of N-pro- 
tected amino acids have been widely used in 
peptide syntheses giving good yields of N- 
protected peptides (8-10). OHSu esters are of 
particular interest for the syntheses of fatty acyl 
derivatives because N-hydroxysuccinimide is a 
water soluble by-product in the step of acylamino 
acid formation. Therefore the use of OHSu 
esters of fatty acids for acylations of monoamino 
acids and for selectivity experiments was investi- 
gated. 

The dicyclohexylcarbodiimide method (8, 9. 
11) or mixed anhydride method (12) has been 
used for the preparation of OHSu esters of 
acylamino acids. A decision was made t o  explore 
the use of the thallium(1) salt of N-hydroxysuc- 
cinimide (TlOSu). The expected smooth reaction 
with acyl chlorides would be convenient for our 
purposes particularly for experiments with un- 
saturated fatty acids. Taylor and Kienzle (13) 
reported the preparation of the thallium(1) salt 
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of 1-hydroxy-2(1 H)-pyridone by the reaction of 
the thallous ethoxide with 1-hydroxy-2(1H)- 
pyridone. The authors showed that the reaction 
of the thallium(1) salt of 1-hydroxy-2(1H)- 
pyridone with chlorides of N-protected aniino 
acids gave very reactive esters in high yields. 
Paquette (14) who prepared the above mentioned 
esters from 2-ethoxypyridine-1-oxide and the 
appropriate acyl chloride also reported their 
extreme sensitivity to hydrolysis and aminolysis. 
It is unlikely that these esters could be used for 
selective acylations. 

Thus the reaction of thallous ethoxide (15) 
with N-hydroxysuccinimide in chloroform at 
room temperature gave a quantitative yield of 
the thallous salt C4H4NO2T1, 1, which was water 
soluble and stable, except for slight light sen- 
sitivity. 

7 R = COCT;H,I 
The TlOSu was converted to OHSu esters in 

chloroform at room temperature by reaction 
with the appropriate acyl chloride. The following 
esters were synthesized: acetate 3 (1 l), palmitate 
4, arachidate 5, behenate 6, and linoleate 7. 
These compounds were stable (except the un- 
saturated ester 7) and their snlooth reactivity 
with amino acid esters was demonstrated by the 
reaction of 4 with glycine ethyl ester, and lysine 
ethyl and methyl esters in organic solvent giving 
the corresponding acylamino acids in high yield. 
a-N,e-N-Dipalmitoyl-L-lysine ethyl ester was 
saponified with 3% methanolic potassium hy- 
droxide to a-N,e-N-dipalmitoyllysine. The infra- 
red spectrum was found to be identical with the 
spectrum of the compound obtained by acylation 
of L-lysine by palmitoyl chloride. Similarly 
a-N,e-N-dilinoleoyl-L-lysine methyl ester was 
prepared using 7. 

Reactions of OHSu esters with free amino 
acids were performed in water-acetone or water- 
ethanol medium in the presence of 2 equiv. of 
triethylamine. No reaction occurred when only 
1 equiv. of triethylamine was added. Glycine, 
L-alanine, 0-alanine, and L-aspartic acid were 
used, giving good yields of acylamino acids. 

Under these conditions OHSu esters acylate 

exclusively the side chain amino group of lysine. 
This was proven as follows. e-N-Palmitoyl-L- 
lysine C22H44NZ03, was obtained by the reaction 
of an equivalent amount of 4 with unprotected 
L-lysine in 87% yield. The same yield of e-N- 
palmitoyl-L-lysine was obtained when 4 was used 
in excess (2 equiv.). Infrared spectra and melting 
points of both products were identical. 6-N- 
Palmitoyl-L-lysine was allowed to  stir with 2 
equiv. of 4 under the above described conditions 
for several hours: unchanged e-N-palmltoyl-L- 
lysine was isolated from the reaction mixture in 
quantitative yield. e-N-Acetyl-L-lysine was sub- 
mltted to the same reaction with 2 equiv. of 4. 
No difference in ninhydrin colour was observed 
when compared to a control sample to which no 
4 had been added. 

The evidence for the structure of e-N-palmitoyl- 
L-lysine is as follows. ( i )  The infrared spectrum 
(which is similar to the spectrum of e-N-acetyl- 
L-lysine) in Nujol shows absorption for an 
ionized carboxyl group (1590 cm-I) and both 
amide bands (1650 and 1540 cm-I); absorption at 
17 10-1720 cm-I, which would indicate unionized 
carboxyl due to a-N-substitution, was not 
observed. (ii) Reaction of e-N-palmitoyl-L-lysine 
with benzyl chlorocarbonate in the presence of 
base in a water-acetone suspension gave a-N- 
benzyloxycarbonyl-6-N-palmitoyl-L-lysine, C30- 
H50N205r with yields of 9 1 % of the crude, and 
78% of the recrystallized products, mp 96-98 "C. 
This con~pound was identical with the product 
obtained by the reaction of authentic a-N- 
benzyloxycarbonyl-L-lysine with an equivalent 
amount of 4 in acetone-water medium contain- 
ing 2 equiv. of triethylamine. A yield of 92y0 of 
the crude and 77% of the recrystallized product 
was obtained, mp 98 "C. There was no doubt as 
to the identity of these compounds on the basis 
of their identical ir spectra in chloroform (1710- 
1745, 1640, 1520-1550 cm-l) and their mixture 
melting point. 

In experiments designed to explore the further 
use of the TlOSu, benzyl succinimidyl carbonate 
(Z-OSu) 2 was prepared in essentially quantitative 
yield by the reaction of an equivalent amount of 
benzyl chlorocarbonate with TlOSu in organic 
solvent at  room temperature. (The preparation of 
some other derivatives using TlOSu will be 
published later.) 

Z-OSu can be conveniently used for the prep- 
aration of benzyloxycarbonyl amino acids as 
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PAQUET 

TABLE 1. Succinimidyl esters" 

N analysis (010) 

Ester arour, Meltinr point ('C) Composition Calcd. Found 

Benzyl carbonate 75 (lit. (16) 78-80) C ~ Z H I I N O ~  5.61 5.69 
Acetate I28 (lit. (11) 131-134) CaH7NO4 8.91 8.74 
Palmitate 84 C ~ O H ~ ~ N O J  3.90 4.00 
Arachidate 98 C~4H43N04 3.41 3.59 
Behenate 8 8-90 CxH47NO4 3.20 3.32 
Linoleate Oily CaaH3sN04 Purification caused 

decomposition of 
the compound 

- - -  

'All products exhibited typicz~l infrared spectra and nmr sp 

shown by Frankel et 01. (16) and Gross and Bilk 
(17) but has been rarely used for this purpose 
since the previously reported syntheses of Z-OSu 
were cumbersome. N o  yield was reported by 
Frankel et al. who synthesized 2 from N- 
hydroxysuccinimide and benzyl chlorocarbonate. 
Gross and Bilk obtained 2 by the reaction of 
succinimidyl chlorocarbonate (obtained from the 
reaction of the potassium salt of N-hydroxysuc- 
cinimide with phosgene) with benzyl alcohol in 
an overall yield of 53%. 

In the light of this work the selectivity of 2 
could be expected. It would lead to the facile 
preparation of E-N-benzyloxycarbonyllysine 
without first having protected the a-amino group. 
Thus c-N-benzyloxycarbonyl-L-lysine was ob- 
tained in 85% yield by reaction of equimolar 
amounts of Z-OSu and L-lysine monohydro- 
chloride in water-methanol medium in the 
presence of 3 equiv. of potassium hydroxide. 
Infrared spectra of this compound and the 
authentic con~pound were identical. 

Selectivity experiments using 3 under the 
conditions described for acylation of lysine by 
OHSu esters gave results which were in agree- 
ment with those obtained by Leclerc and Benoiton 
(7). The E-amino group was acylated exclusively 
when 1 or 2 equiv. of 3 were used. However in 
less concentrated solutions the use of even 2 
equiv. of 3 left some residual amino acid. The 
reaction mixtures were analyzed on an amino 
acid analyzer by comparison with standards. 

Experimental 
Melting points were determined on a Koffler Block 

and are uncorrected. Nuclear magnetic resonance spectra 
were recorded on a Varian T-60 spectrometer in deuterio- 
chloroform. Infrared spectra were measured on a Beck- 
man IR-20 spectrometer in chloroform unless stated 

otherwise. Optical rotations were determined using a 
Perkin-Elmer 141 polarimeter. Amino acid analyses were 
performed on a Beckman 121M amino acid analyzer. 
Colorimetric determination of amino acids was performed 
on a Coleman spectrophotometer 20 (Bausch and Lomb) 
at 570 pm. Thin layer chromatography was carried out 
on silica gel plates (Type 60, Brickmann Instruments, 
Canada) and column chromatography on silica gel 
Bio-Sil-HA (minus 325 mesh, Bio-Rad laboratories, 
California, USA). Fatty acid chlorides were obtained 
from NU CHEK PREP. INC., Minnesota, U.S.A. and 
thallous ethoxide from Fisher Scientific Co., Ottawa, 
Canada. 

N-Hydrox~~sirccitrit~~icle Tlmlliutn(1) Salt (TIOSlr), I 
To  a solution of N-hydroxysuccinimide (1 1.5 g, 0.1 mol, 

previously dried by evaporation with ethanol and drying 
under reduced pressure for about 1 h) in absolute 
ethanol (20 ml), thallous ethoxide (24.9 g, 0.1 mol) was 
added dropwise under vigorous stirring at room tempera- 
ture. Stirring was continued for 1 h and the reaction 
mixture was allowed to stand at 0 "C overnight. Within 
this period the yellow precipitate changed to a white 
semicrystalline mass which was collected by filtration and 
washed with cold ethanol yielding 3 1.8 g (quantitative 
yield) of 1. A small amount was recrystallized from 
water-ethanol in order to obtain an analytical sample; 
mp 208-210 "C. Atral. calcd. for C4H4NOrTI: C 15.08, 
H 1.26, N 4.39; found: C 15.23, H 1.40, N 4.36. 

N-Hydroxynrccit~itr~ide Derivatives 2-7 
The derivatives were prepared as follows. To  a stirred 

suspension of 1 (10 mmol) in chloroform acyl chloride 
(10 mmol) in the same solvent was slowly added 
at room temperature. After stirring for l h ,  the 
suspension of thallium chloride was filtered off, re- 
suspended in chloroform, filtered, and thoroughly 
washed with the same solvent. The combined filtrate was 
washed with a small amount of water, dried over sodium 
sulfate, and evaporated under reduced pressure giving 
essentially quantitative yields of the products. The results 
are shown in Table 1. 

Acjlamit~o Acid Esters 
The acylamino acid ethyl or methyl esters were pre- 

pared under the following conditions. To  a solution of 
5 mmol of amino acid ester hydrochloride (a suspension 
in the case of lysine esters) in chloroform, equivalent 
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amounts of active ester and triethylamine were added 
with stirring at room temperature. Stirring was con- 
tinued for at least 2 h, and in some cases overnight. 

N-Palmitoylglycit~e Etllyl Ester 
The reaction mixture was stirred overnight, washed 

with water, dried over sodium sulfate, and evaporated, 
yielding 86% of recrystallized product (ethanol); mp 
8@81 "C (lit. (18) 8@82 "C). Infrared v,,, 17W1740 
(ester), 1670, 1510 cm-1 (amide). 

N-Palmitoyl-L-alanine Etl~yl Ester 
A slight excess of triethylamine was used in this case 

and the reaction mixture was kept for 2 h at room 
temperature. The solvents and the excess of triethylamine 
were evaporated under reduced pressure and the residue 
was dissolved in ethanol. Water was slowly added until 
crystallization ensued and was completed by standing 
at 0 "C overnight. The product, isolated in quantitative 
yield, was recrystallized from ethanol giving a 95% yield 
of the product; mp 62 "C; +7 (c 0.55, chloroform). 
Infrared 1740 v,,, (ester), 1680, 1515 cm-1 (amide). 
At~al. calcd. for C2,H4,N03: N 3.83; found: N 3.90. 

a-N,t-N-Dipalmitoyl-L-lysit~e Etlryl Ester 
The reaction mixture was stirred for 3 h and after 

removal of the solvent under reduced pressure the product 
was crystallized from ethanol-water yielding 85% of the 
diamide; mp 96 "C; [aID20 1-4.4 (c 0.90, chloroform). 
Infrared v,,, 1740 (ester), 1660, 1510 cm-I (amide). 
Anal. calcd. for C40H78N204: C 73.79, H 12.07, N 4.30; 
found: C 73.72, H 11.86, N 4.33. 

a-N,a-N-Dipalmitoyl-L-lysk Metl~yl Ester 
The reaction mixture was kept overnight, the solvent 

evaporated under reduced pressure, the residue dissolved 
in methanol, and water was slowly added until crystal- 
lization started. The product was recrystallized from 
methanol giving 88% of the ester; mp 98 "C; [aID2O 1-3.6 
(C 0.74, chloroform). Infrared v,,, 1735 (ester), 1650- 
1510 cm-I (amide). Anal. calcd. for C39H76N204: N 3.96; 
found: N 4.08. 

a-N, a-N-Dipalmitoyllysine 
The ethyl ester (1.58 g) was heated to gentle reHux 

with 3% methanolic sodium hydroxide for 2 h, and left 
at room temperature overnight. The soapy material was 
acidified to pH 2 with cold 1 N HCI and the white solid 
was collected and recrystallized from acetone-water 
giving88%(1.31 g)ofthefreeacid;mp 104-106 "C. Infra- 
red (Nujol) v,,, 1715 (carboxyl), 1640,1560 cm-1 (amide). 
Anal. calcd. for C38H74N204.fH20: C 72.21, H 11.96, 
N4.43; found: C72.32, H 11.64, N4.41. 

a-N,t-N-Dilit~oleoyl-L-lysine Metl~yl Ester 
The reaction mixture was stirred for 3 h, washed with 

water, dried over sodium sulfate, and evaporated under 
reduced pressure yielding 90% of an oily product which 
was chromatographed on a column containing 10 times 
its weight of silica gel. Chloroform-hexane (2:3) eluates 
gave a 55% yield. [a],,20 1-2.6 (c 0.38, chloroform). 
Infrared v,,, 173@1750 (ester), 1660,1520 cm-1 (amide). 
Further purification of the product resulted in partial 
decomposition precluding valid elemental analysis. 

Free Acylamino Acids 
These were prepared under the following general con- 

ditions. To an aqueous solution of amino acid equivalent 
amounts of active ester in acetone or ethanol suspension 
and 2 equiv. of triethylamine were added. The reaction 
mixture was stirred at room temperature for at least 2 h 
and in some cases overnight. The products were isolated 
as described for each separate acylamino acid. 

N-Palmitoylglycir~e 
Glycine (1 mmol, in 1.5 ml of water) and 4 (1 mmol, in 

2 ml of acetone) were allowed to react overnight. Tri- 
ethylamine was thoroughly evaporated by repeated 
evaporation with ethanol under reduced pressure. The 
residue was suspended in water and the product was 
extracted into chloroform. The combined extract was 
washed with water, dried over sodium sulfate, and 
evaporated under reduced pressure giving a 92% yield of 
crude material which, upon crystallization from 96% 
ethanol, gave an 85% yield of the pure product; mp 
96 "C (95% ethanol), 120-122 "C (petroleum ether) 
(lit. (3) 121-122 "C (petroleum ether)). Anal. calcd. for 
C18H35N03: C 68.99, H 11.26, N 4.46; found: C 69.01. 
H 11.14, N 4.37. 

IV-Paln~itoyl-L-alat~iw 
L-Alanine (1.5 mmol in 2 ml of water) and 4 (1.5 mniol 

in 2 ml of ethanol) were condensed at room temperature 
overnight. Reaction mixture was acidified to p H 2  with 
1 N HCI and kept at 0 OC overnight. The precipitated 
title compound was collected, washed with cold water, 
giving an 80% yield of crystalline solid; mp 89 "C. 
[a],,20 -13.1 (c 0.13, 96% ethanol). Anal. calcd. for 
C19H37N03: C 69.68, H 11.38, N 4.27; found: C 69.42. 
H 11.39, N 4.38. 

N-Palnlitoyl-8-alat~itre 
The title compound was prepared essentially as above 

except that the product was extracted into chloroform - 
isopropropyl alcohol (32)  after the acidification of the 
reaction mixture. The combined extract was washed with 
water, dried over sodium sulfate, and evaporated to an 
oily residue which crystallized from chloroform-hexane 
in 88% yield; mp 105-107 "C. Anal. calcd. for C19H37N03: 
C 69.68, H 11.38, N 4.27; found: C 69.71, H 11.77. 
N 4.33. 

N-Aracllidoyl-~-al~~~~i~~c 
L-Alanine (0.5 mmol in 2 ml of water) and 5 (0.5 rnrnol 

in 2 ml of acetone) were stirred at room temperature 
overnight. The reaction mixture was acidified to pH 2 
with 1 N HCI and left at 0 OC overnight. The precipitated 
title compound was collected, washed with cold water, 
and dried giving an 88% yield of the crude compound 
desired which was recrystallized from methylene chloride; 
mp 107 "C; [a]"20 -2.6 (c 0.23, 96% ethanol). Anal. 
calcd. for CZ3H45N03: N 3.64; found: N 3.80. 

t-N-Palmitoyl-L-lysiue 
To the solution of L-lysine (1 mmol) in water (2 ml) 

and triethylamine (0.27 ml, 2 mmol) I mmol of 4 (sus- 
pended in 2 ml of acetone) was added at room tempera- 
ture under stirring. Stirring of the reaction mixture was 
continued for 4 h. Triethylamine was removed under 
reduced pressure, the precipitate was collected by filtra- 
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PAQUET 737 

tion, washed with water, and dried giving an 87r& yield 
of the title compound; mp 210-220°C; [aID +3.3 
(c 0.15, 0.5 N methanolic KOH). Infrared (Nujol) v,,, 
1635 (amide), 1590 (carboxyl), 1510-1530 cm-1 (amide). 
Anal. calcd. for C22H44N~03: N 7.28 ; found : N 6.98. 

From the experiment carried out with 2 mmol of 4 
under the same conditions the title compound was 
isolated in essentially the same yield. lnfrared spectra 
of both compounds were identical. 

N-Palmitoyl-L-rrspavtic Acirl 
L-Aspartic acid (1 mmol in 0.5 ml of water) and 4 

(1 mmol in 1.5 ml of acetone) were allowed to react for 
4 h. Acetone was removed under reduced pressure and 
the reaction mixture was acidified to p H  2 with 1 N HCI. 
The crystalline product was separated, washed with a 
small amount of ice water, and dried; yield 88%; mp 
117 "C. Recrystallization from ethanol-water gave mp 
119 "C; + 13.3 (c 0.30, 96% ethanol). At~ul. calcd. 
for C Z ~ H ~ ~ N O ~ :  C 64.65, H 10.03, N 3.77; found: 
C 64.89, H 10.80, N 3.93. 

N-Linoleojl-L-asprrrtic Acirl 
The title compound was prepared from L-aspartic acid 

and 7 using the procedure described for N-palmitoyl-L- 
aspartic acid. The oily product exhibited [a],20 +1.4 
(96% ethanol). Infrared v,,, 1710-1745 (carboxyl), 
164G1670, 1510-1550 cm-I (amide). Anal. calcd. for 
C22H37N05; N 3.75; found: N 3.94. 

A slightly modified Schotten-Baumann method gave 
the title compound in 90% yield. Infrared spectra of 
both products were identical. 

a-N-Betrzyloxycarbot~yl-L-Iysine 
To the solution of 27.3 mg (0.15 mmol) of L-lysine 

monohydrochloride in 0.5 ml of water and 0.9 ml of 
0.5 N methanolic potassium hydroxide (0.45 mmol) 
37.3 mg (0.15 mmol) of Z-OSu was added under stirring 
at  room temperature. After 15 min the reaction mixture 
was carefully neutralized with 1 N HCI. The methanol 
was evaporated and the precipitated title product was 
collected by filtration, washed with water, and recrystal- 
lized from hot water giving an 85% yield; mp 252 "C. 
The infrared spectrum in Nujol was identical with the 
spectrum of the authentic a-N-benzyloxycarbonyl-L- 
lysine. 

a -  N-Ber~zyloxycar.bot~yl- e-N-palmitoyNysitrr 
From a-N-Bet~zyloxycarbot~yl-L-lysitre 
a-N-Benzyloxycarbonyl-L-lysine (0.5 mmol) and 4 (0.5 

mmol) in 1.4 ml of water and 1.4 ml of acetone were 
stirred in the presence of 0.14ml of triethyiamine 
(1 mmol) for 2 h. Water (2 ml) was added and the reac- 
tion mixture acidified to  p H  2 with 1 N HC1 and the 
crystalline solid was separated by filtration, washed with 
water, and dried; 92% of the crude and 77% of the 
recrystallized product (methylene chloride) was obtained; 
mp 96-98 "C [aID20 +14.3 (c 0.28, chloroform). Atlrrl. 
calcd. for C30HsoN205: C 69.46, H 9.73, N 5.39; found: 
C 69.68, H 9.40, N 5.61. 

From a-N-Palmitoyl-L-lysit~e 
T o  the suspension of 187 mg (0.47 mmol) of e-N- 

palmitoyl-L-lysine in 3 ml of water and 2 ml of dioxane 

0.12 ml of 4 N NaOH (0.47 mmol) was added under 
stirring and cooling. Then 93 mg (0.5 mmol) of benzyl 
chlorocarbonate and 0.13 ml (0.51 mmol) of 4 N NaOH 
were added under the same conditions. Another 2 ml of 
water and 1 ml of dioxane were added and the reaction 
mixture was kept at  0 "C overnight. After acidification 
to p H 2  by 1 N HCI the product was separated, washed 
with water, dried, and recrystallized from methylene 
chloride (77(i',). Yields of crude and recrystallized 
products, and their melting points were comparable to 
those obtained from above described reaction. Infrared 
spectra in chloroform were identical as discussed earlier 
in this paper. 
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The crystal and molecular structure of 
l,l-bis(dipheny1phosphino)-2,2-dimethylhydrazine 

J. BRIAN FAUGHT 
Deparrmetzr of Chemisrr.y, Dallrorrsie Ut~iversiry, Halifax, Nova Scoria, B3H 4J3 

Received September 26, 1975 

J. BRIAN FAUGHT. Can. J. Chem. 54, 738 (1976). 
The structure of 1,1-bis(diphenylphosphino)-2,2-dimethylhydrazine, [ ( C G H ~ ) ~ P ] ~ N N ( C H ~ ) Z  

has been determined crystallographically. The compound crystallizes from 11-heptane in the 
space group P2,/c with a = 8.910(1), b = 9.686(1), c = 27.489(4) A, and p = 102.94(2)" with 
four molecules per unit cell. The structure was solved from 2669 independent reflections with 
I > 3 ~ ( 1 )  and refined by block diagonal least squares methods to R = 0.032 and R, = 0.048. 
Each diphenylphosphino group is bonded to the same hydrazine nitrogen and the geometry 
about this nitrogen is nearly planar. The average dimensions of the structure are P-C 7 
1.828 f 0.005, P-N = 1.715 f 0.014, N-N = 1.451, and N-C = 1.457 f 0.003 A, 
LC-P-C = 101.6 +_ 0.6, LC-P-N = 104.5 + 0.8, LP-N-P = 126.31, LP-N-N = 
116.8 k 0.6, and LN-N-C = 11 1.5 f 1.3". 

J. BRIAN FAUGHT. Can. J.  Chem. 54, 738 (1976). 
On a determine la structure de la bis(diph6nylphosphino-1,l) dimethyl-2,2 hydrazine, 

[ ( C G H ~ ) ~ P ] ~ N N ( C H ~ ) ~ ,  par la diffraction des rayons X. Le compose recristallise du 11-heptane 
dans le groupe spatial P21/c avec quatre molCcules par maille, a = 8.910(1), b = 9.686(1), 
c = 27.489(4) A, p = 102.94(2)". La structure cristalline, qui a it6 resolue partir de 2669 
reflexions independantes avec 1 > 3~(1) ,  est affinke par moindres carrCs (blocs diagonaux) 
jusqu'a une valeur de R = 0.032 (R, = 0.048), en utilisant l'approxiniation diagonale. Les 
deux groupes diphCnylphosphino sont lies avec le mCme azote de l'hydrazine; l'entourage de 
cet azote est presque planaire. Les dimensions moleculaires moyennes son! P-C = 1.828 f 
0.005, P-N = 1.715 k0.014, N-N = 1.451, N-C = 1.457 f 0 . 0 0 3 A ,  LC-P-C= 
101.6 f 0.6, LC-P-N = 104.5 f 0.8, LP-N-P = 126.31, LP-N-N = 116.8 f 0.6, 
et L N-N-C = 11 1.5 + 1.3". 

[Traduit par le journal] 

Introduction 

Phosphinohydrazines present us with the 
possibility of studying the P-N-N system, 
which may be looked upon as a hon~olog of 
triazane and higher nitrogen chain conlpounds. 
We wish to  report the structure of 1,l-bis- 
(dipheny1phosphino)-2,2-dimethylhydrazn the 
first phosphiilohydrazine structure to  be re- 
ported. 

Experimental 
l,l-Bis(diphenylphosphino)-2,2-dirnethylhydrazine was 

prepared according to the method of Nielsen and Sisler 
(1). Crystals of this compound suitable for diffraction 
purposes were grown from 11-heptane at  room tempera- 
ture, mp 143-144 "C, literature value 129.5-132.5 "C 
(1). Proton magnetic resonance, infrared and mass 

p = 102.94(2)", V = 2312.1 A3, pobs = 1.23 g cm-3, Z o =  
4, pcnlc = 1.231 g cm-), (23 "C, CuK,], A = 1.54051 A). 

Preliminary photographic data showed the crystals to 
be monoclinic with the following systematic absences: 
1101, 1 = 2tr + I ;  OkO, k = 211 + 1. These absences in- 
dicate the space group is P21/c. The unit cell dimensions 
and their standard deviations were obtained from a least- 
square refinement of 12 independent reflections.' 

A crystal (0.23 x 0.27 x 0.27 mm) was mounted with 
the b axis nearly parallel to the 9 axis of the diffractom- 
eter, a Picker FACS-1 automated diffractometer with a 
graphite monochromator. Data were collected by the 8-28 
scan technique using a scan range of l .7j0 and a rate of l o  
min-1. Stationary background counts were taken for 20 s 
at  either side of the scan range. lntensities were measured 
with a scintillation counter. Since the instrument has no 
attenuators, the reflections below 20 = 30" were mea- 
sured with the X-ray tube operating at reduced amperage. 
The take-off angle of the X-ray tube was 3.0". 

Two complete octants of data were measured, 11i1 and 
spectra were consistent with I ,  I-bis(diphenylp11osphino)- 
2,2-dimethylhydrazine. 'Crystal orientation, centering of reflections, least- 

sauares refinement of cell ~arameters  and orientation 
Crystal Srrlrcrrrra Atral~sis parameters, and the 0-28 scan were all performed using 

Crystal data are as follows: the programs written originally by Busing and Levy (2) 
[(CsH5)zPlzNN(CH3)2 f.w. = 428,5 and adapted by the Picker Corporation to the PDP8/E 
Monoclinic, u = 8.910(1), b = 9.686(1), c = 27.489(4) A, computer which forms part of the FACS-1 system. 
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FAUGHT 739 

/;6j in the 2tr_ange from 5-120'. Three reflections, 2 1 15. 
2 6 3, and 1 5 12, were monitored every 30 reflections. 
There was a decrease in intensity of 2 t 15 by 2076, 2 5 3  
by 19(];, and i 3 12 by IS(;;. The decrease appeared to be 
linear and corrections were applied as such. The linear 
absorption coefficient for CuK, radiation p = 17.92 
cm-1. An absorption correction was applied to the data 
using a 4 X 4 X 4 grid' and the transmission factors 
ranged from 0.618 to 0.703. Lorentz and polarization 
corrections were applied using the expression (L,,)-1 = 

(sin 20)(1 +cos2 20,)/(cos2 20, +cos2 20) where 20,,, is 
the monochromator setting angle. 

Of the 3442 independent reflections collected, 2669 
reflections for which I > 3 ~ ( 1 )  were considered observed. 

~ ( 1 )  = [total + 0.25 ($)'(B1 + 01) + (0.031)' 

where total is the total count of the scan, BI and B2 are 
background counts, I is net count, 1, is total scan time and 
1,) = single background time. 

The structure was determined by the application of 
symbolic addition procedures (4). The phosphorus, 
nitrogen, and methyl carbon atoms as well as two of the 
four phenyl rings were found in the E-map. A structure 
factor calculation based on these atoms led to a con- 
ventional R factor of0.435 where R = C:F,I  - I;,jl/CF,,. 
Temperature and scale factors were taken from the Wilson 
plot. A three-dimensional electron density map calculated 
at  this point indicated the positions of the remaining 
carbon atoms. Block diagonal least-squares refinement 
with isotropic thermal parameters and unit weights con- 
verged at  R = 0.096. The function minimized was 
~w(jF, I  - ;F,)'. A difference electron density map 
indicated clearly the positions of all 26 hydrogen atoms. 
Each hydrogen atom had an electron density of between 
0.3 and 0.5 e A-3. 

The refinement was continued with anisotropic thcrmal 
parameters for all non-hydrogen atoms and isotropic 
thermal parameters for the six methyl hydrogen atoms. 
Thephenyl hydrogen atoms were not refined, but assigned 
to calculated poositions with a C-H bond length of 0.95 A 
and B = 5.0 A'. The weighting scheme used was 

where k is a scale factor. Continued block diagonal re- 
linement on observed reflections only converged (shifts < 
0 . 3 ~ )  with R = 0.032 and R, = 0.048 where 

The linal "goodness of fit", defined as [Cw(lF,,I - 
F,!)2/(rn - rl)]l/"as 1.87 where ~ i i  = number of 

observations and 11 = number of refined parameters. 

A final difference electron density map was featureless 
with the highest residual electron density of 0.2 e A-3 ill 
the vicinity of the phosphorus atoms. There were no 
trends in the quantity Cw(:F, - I;,')? as a function of 
;F,l, sin 20 or !Ill. 

The scattering curves for neutral I>, N, C, and H atoms 
were taken from the cornpilation of Hanson P I  cr l .  (5). No 
corrections for +f' and 4f" were made. 

Results and Discussion 

A drawing of the n~olecule of 1,l-bis(dipheny1- 
phosphin0)-2,2-dimethylhydrazine projected on 
to  the plane containing the phosphorus and 
nitrogen atoms is shown in Fig. 1 .  The aton1 
notation is indicated in this figure. Table 1 con- 
tains the list of final fractional co-ordinates and 
thermal parameters for all atoms except the 
phenyl hydrogen atorns. The final observed and 
calculated structure factors with weights based 
on these positional and thermal parameters are 
available from the Depository of Unpublished 
Data.3 Table 2 is a list of calculated bond lengths 
and angles with standard deviations. 

The ~nolecule consists of two diphenylphos- 
phino groups attached to one of the hydrazine 
nitrogen atoms and the two methyl groups to the 

other. The P ( 2 ) > ~ ( l ) - ~ ( 2 )  framework nliiy be 
P(1) 

\ ,  

Gescribed as nearly planar wit11 N(1) only 0.026(2) 
A out of the planc described by P(l), P(2). and 
N(2). The equation of the plane is 

where X, Y, and Z are an orthogonal set of axes. 
Xalong (I, Y in the (111 plane, and Z along c:':. The 
average P-N bond length 1.715 & 0.014 A is 
significantly shorter than :he accepted P-N 
single bond length of 1.77 A in NaP03NH3 (6). 
Delocalization of the lone-pair electrons of N(l )  
into empty phosphorus (/-orbitals would account 
for the shorter bond. The decrease in bond length 
is not as dramatic as in other examples of P-N 
bonds with the a t o m  in the same valence stat:, 
c . ~  F2P-N(CH3)? (7) where P-N is 1.628 A. 
In  our case, the delocalization takes place over 
2 P-N bonds. The near planarity of the P and 
N atoms is consistent with the delocalization of 
the nitrogen lone-pair electrons. The P-N-P 
angle is 126.31(5)" and is substantially larger than 

'The programs used in the data reduction, solution and 
refinement are local modifications of the programs of 'Tabular data arc available, at  a nominal charge, from 
Ahmed el (11. (3). All computations were performed on the Depository of Unp~~blished Data, CIST1, National 
the CDC 6400 computer at  Dalhousie University. Research Council of Canada. Ottawa, Canada KIA 0%. 
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TABLE 1. l'ositional and  thermal parametersY for [ ( C G H ~ ) ~ P ] ? N N ( C H ~ ) ~  
(a) Non-hydrogen atoms 

Atom x Y z U I I ~  uzz u3 3 UI 3 UII u2 3 

( b )  H y d r o ~ e n  atoms 

Atom .Y J' u $  

*The form of thc anisotropic vibration is cxp [ -2r ' (a*zh 'U~~ + . . . + 2o'b'hkUln + . . .)I. 
tu.,  X 10'; 
$ U  X 10' A'. 
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FAUGHT 

TABLE 2. Interatomic distances and angles (esd's in parentheses) 

Atoms Distance (A)  Atoms Angle (deg) 

the ideal trigonal planar angle. Figure 1 shows has been reported in the structure of tetraphenyl- 
quite clearly that the large P-N-P angle is not hydrazine (C6H5)2NN(C6H5)2 (8, 9). In this case. 
due to  steric factors. A large angle at nitrogen the delocalization of the nitrogen lone-pair elec- 
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CAN.  J. CHEM. VOL. 51. 1976 

FIG. 1. A view of the molecule [(CGHS)~P]?NN(CH~)~ projected onto the P(1)-P(2)-N(2) plane. 

trons makes the C-N and N-N bond lengths 
shorter than normal single bond lengths and an 
almost planar n~olecule. Here, the bulky phenyl 
groups contribute to the large C-N-C angle. 
In [ ( C G H ~ ) P ~ ] ~ N N ( C H ~ ) ~ ,  the large P-N-P 
angle can be rationalized from VSEPR theory 
(10). The electronegativity of N(2) is greater than 
that of the P atoms and bond angles increase 
with decreasing ligand electronegativity. 

The N-N bond, 1.451(3), is the same within 
standard deviations as that found for H2NNH2 
by electron-diffraction, 1.449(4) (1 1) (Table 2). 
The average N-methyl bond is 1.457 f 0.003 A 
and the N-N-C angle is 11 1.5 f 1.3". This 
indicates a slightly distorted tetrahedral arrange- 
ment of atoms about N(2). 

The 24 independent C-C distanc$s in the 
phenyl rings range ftom 1.362 to 1.399 A averag- 
ing 1.381 f 0.008 A, as compared to the ac- 
cepted C-C (aromatic) value of 1.393 f 0.005 
(12). The C-C-C angles range from 117.5" to 
121.3" average 120.0 f 1.3". The internal angles 
at the P-bonded carbon atoms are consistently 
less than 120°, averaging 117.8 f 0.2". This 
deviation from D6,, synlmetry has been noted in 
other phenylphosphorus compounds (11, 14). 
The average P-C bond is 1.828 f 0.005 A. 

TABLE 3. Stlortest intermolecular distances 

From atom 
in . To atom In position Distance (A) 

Each phenyl ring is plan!r, rms deviation 
from ~lanari ty  being 0.007 A fqr C(3)-C(8). 
0.008 A for C(9FC(14), 0.002 A for C ( 1 5 F  
C(20), and 0.003 A for C(21FC(26). P(2) is 
essentially coplanar with p$enyl ring C(15)- 
C(20) (deviation is 0.007 A), but is cisplaced 
from the C(21)-C(26) plane by 0.18 A. P(l) is 
displaced from the C(3)_C(8) and C(9)-C(14) 
planes by 0.09 and 0.19 A respectively. 

The dihedral angles of the phenyl rings at- 
tached to P(l) and P(2) are 65.2 and 69.8" 
respectively. 

Figure 2 is a projection of the structure on to 
the nc plane. There is no evidence for any C-H 
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FAUGHT 

FIG. 2. Packing diagram of [(C6Hs)2P]2NN(CH3)2, projected onto the (IC plane. The atoms in the 
molecule with the filled in bonds correspond to those listed in Table 2. 

. . . N hydrogen bonds. Table 3 lists the shortest 
intermolecular distances. 
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Molecular structure effects on electron ranges and mobilities 
in liquid hydrocarbons: chain branching and olefin 

conjugation: mobility model1 

J.-P. DODELET, K. SHINSAKA, AND G. R. FREEMAN 
Chemistry Departmerlt, Utliversity of Alberta, Edmonto~r, Alberta T6G 2G2 

Received June 20, 1975 

J.-P. DODELET, K.  SHINSAKA, and G .  R. FREEMAN. Can. J. Chem. 54, 744 (1976). 
The effect of molecular structure on electron behavior in liquids was studied by measuring 

secondary electron penetration ranges bGP and thermal electron mobilities II, in substituted 
methanes and ethylenes. The penetration ranges are smaller (energy transfer cross sections are 
larger) when the alkane molecules are less rigid. I t  was confirmed that the epithermal electron 
energy transfer interaction radius in a liquid phase alkane molecule is limited to  two C-C 
bonds in series. This modifies the earlier noted correlation between b,, and the degree of 
sphericity of the molecules. For  example, the density normalized range b,,d in the relatively 
sphere-like tetraethylmethane (54 X lo-* g/cm2) is more similar to  that in the distinctly non- 
spherical diethylmethane (11-pentane, 43 X g/cm2) than to  that in the sphere-like tetra- 
methylmethane (126 X g/cm2). Tetraethylmethane is too large for the entire molecule 
to interact with an  electron in the liquid phase, and the possibility of rotations about the C-C 
bonds in the ethyl groups makes the molecule less rigid. Electrons sense these relatively 
sphere-like molecules to  be similar to those of a 11-alkane. Connecting tert-butyl groups to 
olefinic or acetylenic carbons creates sphere-like quasi neopentyl groups which greatly enhance 
electron ranges in the unsaturated compounds. In conjugated olefins cis-trans effects are largely 
overshadowed by the general efficiency of these compounds as electron energy sinks. The earlier 
noted correlation between be, and u, contains fine structure. For  a given value of bGP, 11, 

increases in the order 11-alkane < cyclo or branched alkane < olefin. Electron mobilities are 
interpreted in terms of a model that contains a Gaussian distribution of solvated electron state 
energies, a conduction band, and thermally activated transitions between them. The model is a 
combination of our treatment of electrons in ethers and Schiller's treatment of electrons in 
hydrocarbons. The percolation model does not provide a sufficiently complete interpretation 
of electron migration in hydrocarbons. 

J.-P. DODELET, K. SHINSAKA et G.  R .  FREEMAN. Can. J.  Chem. 54,744 (1976). 
L'effet de la structure molCculaire sur le comportement des Clectrons en exces dans les liquides 

a CtC Ctudie en mesurant, pour differentes substitutions du mithane et de l'Cthylkne, le parcours 
des Clectrons secondaires, bo, et les mobilitks des Clectrons thermalises, 11,. Lorsque les 
molkules d'alcanes perdent leur rigiditC, les parcours Clectroniques sont plus courts. La pro- 
babilitC de transfert d'knergie par 1'Clectron Cpithermique est donc plus importante. Le rayon 
d'interaction de ce dernier avec les molkules d'alcanes a CtC confirm6 h deux liens C-C en 
strie. Ceci modifie la correlation prCcCdente entre bGp et le degrC de sphericit6 des molCcules. 
Par exemple, le parcours, normalis6 pour la densite, (bGpri = 54 X g/cm2) dans le tetra- 
CthylmCthane resemble plus au parcours Clectronique dans le 11-pentane (43 X g/cm2) 
qu'i  celui dans le tetramtthylmCthane (126 X 10-8 g/cm2). L'Clectron voit le tetraethylmethane. 
une molCcule quasi sphCrique, cornme il voit un alcane normal. Ceci est dQ h la grandeur de la 
molCcule qui ne permet pas une interaction globale, ainsi qu'h la possibilite de rotation autour 
des liens C-C des groupements Cthyles, qui rendent cette molCcule moins rigide. Lorsqu'un 
groupement tertiobutyle est attache h un carbone olifinique ou acCtylCnique, la molCcule resul- 
tante contient un groupement quasi nCopentyle ce qui accroit considerablement le parcours de 
1'Clectron dans ces liquides no11 satures. L'effet cis-trulis observi pour les olCfins conjugutes 
est pratiquement masque par l'efficacitb de ces molCcules en tant que rCcepteurs d'Cnergie. La 
correlation entre b,, et I,,, mentionnee prkedemment, contient une structure fine. Pour une 
valeur de bGp donnCe, 11,  augmente dans l'ordre suivant: 11-alcane < alcane cyclique ou 
ramifiC < olCfine. Les mobilitks Clectroniques sont interprCtCes en fonction d'un modele qui 
comporte une ripartition gaussienne des etats d'energie pour 1'Clectron solvatt, une bande de 
conduction et des transitions, fonctions de la temperature, entre ces deux Ctats. Ce modele est 
une combinaison de notre traitement des Clectrons dans les Cthers et du traitement de Schiller 
pour les Clectrons dans les hydrocarbures. Le modele de percolation n'apporte pas une inter- 
pretation complete de la migration Clectronique dans les hydrocarbures. 

'Assisted financially by the National Research Council of Canada. 
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DODELET ET AL. 745 

Introduction 

The ease of penetration of low energy electrons 
into liquids depends on the nature of the conl- 
pound (1-9). Penetration ranges are shorter 
when the electrons are more quickly de-ener- 
gized, and vice versa. However, the properties 
that govern these processes are not clearly 
known. In small alkanes the range increases with 
increasing degree of sphericity of the molecule 
(7, 9), but the basic reason for it renlains t o  be 
discovered. The properties that govern penetra- 
tion in unsaturated hydrocarbons are obscure (5). 

In the present article, ranges are reported and 
compared for several different geometries of 
open chain saturated and unsaturated hydro- 
carbons. For exanlple, the range is large in the 
globular conipound tetramethylmethane (2,2- 
dimethylpropane) (1, 2, 7). How much snlaller 
is it in the soniewhat less globular tetraethyl- 
methane (3,3-diethylpentane)? One suspects that 
it is much smaller in the latter, because the rela- 
tively short energy transfer interaction distance 
of electrons in liquids (7) should prevent the 
electron frorn sensing the entire tetraethyl- 
inethane molecule. The range in tetraethyln~eth- 
ane might therefore be closer t o  that in diethyl- 
methane (n-pentane) than t o  that in tetra- 
methylmethane. 

Furthermore, electron penetration into liquid 
olefins and acetylenes is affected by whether or 
not the unsaturated group is terminal and by the 
overall shape of the niolecule (5). T o  get more 
information about the behavior of electrons in 
unsaturated liquids, two series of experiments 
were done. The first was to  try to  partially shield 
the nlultiple bond with the large tert-butyl group. 
The second was t o  associate double bonds with 
each other in different geometries of polyolefins. 

The mobilities of thermal electrons were also 
measured where possible. The results are inter- 
preted in terms of a model for electron migration 
in liquid hydrocarbons. 

Experimental 
Materials 

The purities of the hydrocarbons obtained frorn the 
suppliers were 299%, unless otherwise mentioned. 

The 2-methylpropane, 11-pentane, and 2,2-dimethyl- 
butane were Phillips Research Grade. The 2-methyl- 
pentane (298%), 3-methylpentane (>98%), 2,3-di- 
methylbutane (97y0), and 1,3,5-hexatriene were from 
Aldrich Chemicals. The 3-ethylpentane, 3,3-dimethyl- 
pentane, 3,3-diethylpentane, 2,2,5,5-tetramethyl-3-hexyne, 

cis,cis-2,4-hexadiene (98O/o), and tra1ls.tra11s-2,4-hexadiene 
were from Chemical Samples. Chemical Procurement 
Labs supplied 3,3-dimethyl-1-butene, 2-methy I-2-butene, 
4,4-dimetliyl-cis-2-pentene, 4,iCdimethyl-tr~tts-2-pentene. 
and 2,2,5,5-tetramethyl-tr(111s-3-hexene. all Research 
Grade. 

Each saturated hydrocarbon except 2-methylpropane 
was shaken at room temperature (-22 'C) overnight with 
concentrated sulfuric acid. The separated hydrocarbon 
was then shaken with solid barium carbonate to remove 
traces of acid, then decanted onto lithium aluminum 
lhydride in a bulb attached to a vacuum rack. The bulb 
was closed by inserting a Teflon plug (with 0 rings of 
Viton A) into the glass barrel of the large stopcock on the 
filling tube. The liquid was pumped on to partially remove 
air and carbon dioxide by boiling. The bulb was then 
cooled in liquid nitrogen, evacuated to < 10-3 Torr, then 
closed from the vacuum and warmed. The contents were 
magnetically stirred for several hours. The hydrocarbon 
was then distilled onto sodium-potassium alloy and 
stirred for >_ 10 h. 

2-Methylpropane was stirred in a closed bulb on the 
vacuum system with concentrated sulfuric acid for 18 h at 
-15 "C, then distilled successively onto potassium hy- 
droxide pellets, lithium aluminum hydride powder, ant1 
sodium-potassium liquid alloy, and stirred with each for 
2-3 11 at -5 "C. 

The mono-olefins were stirred successively with the 
hydroxide, hydride, and alloy, all in bulbs on the vacuum 
line. 

Alkynes and conjugated olefins react with sodiunl- 
potassium alloy, so after treatment with lithium aluminum 
l~ydride they were distilled into an electrolysis cell and 
electrolyzed at  1.1 kV/cm for 2 10 11. 

The liquids were thoroughly degassed during rapid 
distillations in the vacuum system, while continually 
pumping the collection traps. Each compound was 
finally condensed into the conductance cell which was 
sealed off after the pressure at  77 K had been reduced to 
less than 5 X 10-Vorr.  The final criterion of purity for 
liquids that do not react with electrons was to have an 
electron conductance transient with a decay half life of 
-1 ps. In some cases it was much longer than that. 

Apparntirs crrlrl Tecl~~riyrres 
The conductance cells and methods of measuring 

radiolysis free ion yields and electron mobilities were the 
same as those described in refs. 5, 10, and 11. Briefly, a 
1 ps (or 0.1 ps) pulse of 1.7 MeV X-rays delivered 
-5 X lo'(] (or 1 X 1010) eV/g to the sample. Free ion 
yields GfIE were measured at  electric field strengths E 
between 2 and 20 kV/cn~,  using the charge clearing 
technique. The penetration ranges of the secondary 
electrons were estimated by fitting a theoretical model 
(5, 12-14) to  the experimental results. Thermal electron 
mobilities r r  were usually determined at field strengths 
between 2 and 20 kV/cm, using the magnitude of the 
electron conductance transient as a measure of Gfli2rr and 
taking the ratio (Gl,I5"u/Gf,fi;) = 11. The positive ion 
mobilities were assumed to be negligible compared to 
those of the electrons. 

In some instances electron nlobilities were measured 
by the "ramp method". At the higher field strengths the 
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TABLE 1. GI10 and most probable electron range bGp in hydrocarbon liquids 

da b ~ o ~ b  b ~ p d  ( b ~ ~ s ) a v  
Liquid T ( K )  (g/cm3) E Gi-' (A) g/crn2) (lo-8 g/crn2) 

Alkanes 
2-Methylpropane 169 0.710 2.004d 0.12 98 70 65 

d 188 0.680 1.968 0.15 97 67 
210 0.660 1.921 0.19 98 65 
235 0.629 1.869 0.24 100 63 
252 0.608 1.833 0.29 104 63 
273 0.581 1.785 0.35 108 63 
296 0.553 1.727 0.44 117 65 

2,2-Dimethylbutane 186 0.750 2.1246 0.26 112 84 80 

3' 214 0.725 2.073 0.32 110 80 
257 0.683 1.990 0.43 11 1 76 
29 3 0.649 1.926 0.58 120 78 
324 0.620 1.872 0.71 127 79 
340 0.604 1.843 0.81 135 82 

2,3-Dimethylbutane 29 3 0.661 1 .95C 0.22 74 49 49 

2.126 
2.06 
2 .oo 
1.94 
1.87 
1.85 

2 .08E 
2.04 
1.99 
1.90 
1.89 
1.84 

2 .02c 
1.97 
1.93 
1.90 

Alkenes 
2.145" 
2.101 
1.992 
1.899 

2.  12gd 
2.094 
2.064 
2.022 
1.980 
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DODELET E T  AL. 747 

TABLE 1 (Concluded) 

da b ~ o ~ b  bapd ( ~ G P ~ I V  

Liquid T(K) (g/cm3) e GtiO (A) g/cm2) g/crn2) 

Alkyne 
0.712 1.98c 0.47 
0.674 1.91 0.61 
0.646 I .86 0.72 
0.628 1.83 0.83 

Conjugated olefins 
0.650 2.05 0.038 

1,3,5-Hexatriene 
cis and rrn/~s mixture 

"References 15 and 16. 
*Based upon the gas phasc vnluc Glor = 4.3. 
CRefercnce 17. 
<'This work. 
"r -U no2. The value of [he refractive index 1 2 ~  a t  one rcmpenlturc wits obraincd from ref. 15 or  18 iund the Lorenz-Lorentz cqun~iot i  war used 

to  calculate the values a t  other temperatures. 
JReferencc 5. using Gt,t = 4.0 for this compound (21). 
ORefcrcnce 27. 
hRcfercnce l I .  
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FIG. 1 .  Free ion yields CfiE as a function of applied electric field strength E a t  293 K. Structural 
representations of the compounds are shown in the figure. The points in the central cluster of curves 
are for 3-ethylpentane. All curves were calculated from the model, using the parameter values in 
Table 1. 

electron conductance transient signal decayed linearly 
with time. When the decay is linear the mobility can be 
obtained from eq. I .  

where I is the distance between the electrodes, V is the 
applied voltage. and id is the signal decay time, corre- 
sponding to the time required for an  electron to drift the 
distance I .  

At field strengths where mobilities could be estimated 
by both methods the values agreed within 10%. 

P/~ysicoI Properlies o f the  Liqrricls 
The densities cl (15, 16) and dielectric constants 

c (17, 18) were obtained from data in the references 
quoted or were measured during the present work. 
Details of the measurements will be published elsewhere, 
together with extensive tables (19). Relevant values are 
listed in Table 1. 

Total ionization yields in the liquids are not known. 
For lack of better information they were taken equal to 
the average gas phase value G,,, = 4.3 for a number of 
similar hydrocarbons (20-22). 

Results 

Free Ion Yielcls 
The yields increase with field strength and 

temperature in the manner illustrated in Figs. 1 
and 2, respectively. The curves were extrapolated 
to zero field strength to obtain G,?, using 
eq. 2 (5). 

20 2 P  

E(kV /cm)  

FIG. 2. Free ion yields CfiE as a function of field 
strength E in 4,4-dimethyl-cis-2-pentene at different 
temperatures. The curves were calculated from the model. 
using the parameter values in Table 1. 

where G,,, is the total number of ion-electron 
pairs generated per lOOeV absorbed by the 
liquid, F(y)dy is the fraction of thermalized 
electron-ion pairs that have initial intrapair 
separation distances between y and y + dy, and 
+(y,E) is the probability that a pair with a given 
separation distance y will escape geminate 
neutralization (become free ions) in the presence 
of an applied field E. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DODELET ET AL. 

TABLE 2. Thermal electron mobilities (11,) and activation energies (Eu) in 
liquid hydrocarbons 

Liquid T (K) u, (cm2 V-1 s-1) Eu ( k c a l / m o l )  

Alkanes 
296 
395 
29 3 
293 
293 
29 3 
293 
293 
293 

Alkenes 
293 
295 
293 
293 
294 

"Value a t  T > 280 K. E,, increases a t  lower ternperaturcs. 
"alue a t  T > 240 K. E,, incrcascs a t  lower ternperaturcs. 
CRcfcrence 10, curve redrawn in the prcscnt Fig. 3. E,, > 1.2 kcal/rnol a t  T < 270 K .  

where r = t2/ckT, = 4.803 X 10-lo esu, c is the 
dielectric constant of the liquid, k is Boltzmann's 
constant, T is the absolute temperature, and 
8 = (fE/300kT). 

The distribution function F(y) was taken to 
have the form [4], which has been designated 
YGP (5). 

where 0.96 is a normalization factor, YG is 
the three dimensional Gaussian function 
(4y2/?r1/2bGp3) exp (-y2/bGpZ), while bGp is the 
dispersion parameter and is also the most prob- 
able value of y. 

Calculated and experimental yields were com- 
pared by calculating the average yo error: 

[5] Average yo error = 

Calculations were done with a series of bGl. 
values to find the one that gave the minimum 
average yo error. This value of bGl. was then 
used to  calculate GfiO. 

03 

[61 GfP = G t o t l  F ( ~ ) e - ~ / ~ d y  

The calculated curves and experimental points 

in Figs. 1 and 2 display the extent of agreement 
obtained under different conditions. The curve 
parameter values are given in Table 1. The 
curves pass through the experimental points at  
the lower temperatures, but the theoretical slope 
is somewhat smaller than the experimental slope 
at  the highest temperatures (Fig. 2). 

The yields at zero field strength and the most 
probable electron ranges are listed in Table 1 for 
all the liquids studied. 

Yields at 296 K had been reported earlier for 
11-pentane, 2,2- and 2,3-dimethylbutane, 2- and 
3-methylpentane (6). The values were lower than 
the present ones by a factor 1.2 f 0.1 except in 
2,2-dimethylbutane where the factor is 1.9. The 
reason for the discrepancy is unknown. 

Electrotz Mobilities 
Mobilities were measured in the alkanes and 

mono-olefins, with one exception, and the results 
are given in Fig. 3 and Table 2. In 2,2,5,5- 
tetramethyl-trans-3-hexene the electrons reacted 
(probably with impurities) with a half life some- 
what smaller than the response time of the 
measuring circuit, -50 ns, so an accurate value 
of the mobility could not be obtained in that 
liquid. 

Electrons react with conjugated polyolefins 
and with alkynes (or impurities in alkynes). 
Electron signals were therefore not obtained in 
these liquids. 
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CAN. J. CHEM. VOL. 54, 1976 

FIG. 3. Electron mobilities in liquid hydrocarbons as functions of the inverse temperature. The 
compounds are identified on the graph by their carbon skeletal structures. The points for 2,3-dimethyl- 
2-butene were taken from ref. 10 and the curve was redrawn to display the deviation from linearity at  
low temperatures and to recalculate the activation energy E,, at  high temperatures (Table 2). 

The measured niobilities were independent of  
field strength over the range 2 to  20 kV/cm. 

Discussion 

Free Ioit Yiells aitd Peizetratioit Ranges c?J 
Secondmy Electrons 

T o  compare the ranges in different liquids, the 
values of bo were nornialized by multiplying 
then1 by the liquid density. The density-nornial- 
ized range boll in a given liquid is essentially 
independent of temperature (Table 1). 

Alkanes 
Large free ion yields (and electron ranges) in 

liquid hydrocarbons have been associated with a 
high degree of sphericity of the niolecules (1, 7), 
or with the presence of tertiary and, especially, 
quaternary carbon atoms in the niolecules (2,6). 

However, the relative effects of niethyl and ethyl 
substitution have not been delineated. 

Density-normalized ranges in niethyl- and 
ethyl-substituted niethanes are compared in 
Table 3. Addition of either a niethyl or  an ethyl 
group to  methane destroys its tetrahedral syni- 
lnetry and sphere-like shape, and causes the 
electron range t o  decrease drastically. Ethyl sub- 
stitution reduces the range slightly more than 
does niethyl substitution (Table 3). Addition of 
two niethyl or ethyl groups reduces the range 
somewhat niore. Further substitution causes the  
range to  increase again, but the aniount of in- 
crease is niuch smaller for ethyl than for niethyl 
(Table 3). The range in tetraethylmethane is 
approxiniately equal to  those in nioliocthyl- and 
nionomethyl~iiethallic, whereas that in tetra- 
niethyl~iiethane is double those values. The 
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TABLE 3. Density normalized ranges in methyl- and 
ethyl-substituted methanes and ethylenes 

l ~ ~ ; ~ d  (10-8 g/cm2) 

Compound Methyl Ethyl 

Methanes 
Unsubstituted" 
Mono-a 
Di- 
Tri- 
Tetra- 

Ethylenes 
Unsubstitutedn 
Mono- 
I,l-Di-( 
1,2-Di-cis-c 
1,2-Di-tmrts-c 
Tri- 
Tetra-c 

flReference 9. 
bReference 7. 
CReference 5. 
"Reference 5 corrcctcd Ibr thc diclcctric constnnt rnei~surcd i l l  

the present work. 

quaternary carbon atom in itself seeills to be 
relatively unimportant in these considerations. 
The ranges are an inverse function of the electron 
energy loss cross sections of the liquid n~olecules 
acting in concert. The cross section is larger for 
tetraethylmethane than for tetran~ethylmethane. 
This does not result from the relative sizes of the 
~nolecules (7), but seems to be related to the 
lower degree of sphericity and smaller rigidity of 
the former n~olecules. The ethyl groups can take 
different rotational orientations on the nlolecule. 
which renders the sphericity less than that of 
neopentane. In fact, the electron seeills to 
see tetraethylmethane (3,3-diethylpentane) much 
more like 12-pentane (diethylmethane) than like 
neopentane (tetramethylmethane), judging from 
the relative values of bc;prl in Table 3. This is 
consistent with an earlier coilclusion about the 
myopic character of electrons in liquids (7). The 
effective interaction distance of an electron with 
an alkane nlolecule in the liquid phase encom- 
passes only two C-C bonds in series. 

The small influence of tertiary carbon atoms is 
evidenced by the similarity of b,,rl in 2,3- 
dimethylbutane (49 X g/cm2) and 11-butane 
(47 X lop8 g/cm2)(9), or in 3-methyl-, 2-methyl-, 
and tl-pentane (Table 1). 

The fact that bcipd in 3,3-din~ethylpentane is 
greater than that in 3,3-diethylpentane (Table 1) 
is attributed to the more globular and rigid 

nature of the former as sensed by the myopic 
electron. 

Alketzes rltzcl Alkynes 
In liquid ethylene the range is snlaller than 

that in an alkane (9), which indicates that elec- 
tron energy loss is Illore efficient in the former 
than in the latter. Substitution of the ethylenic 
hydrogens by methyl groups increases the elec- 
tron range in the liquid olefin, but also gives rise 
to unexplained structure effects such as that in 
cis- and trans-2-butene (Table 3). Replacement 
of the ethylenic hydrogens by ethyl groups, on 
the other hand, leads to only a small cis-tratls 
effect (Table 3). Rotations in the ethyl groups 
tend to obscure structural differences between 
the cis and trans isomers. 

Substitution of the ethylenic hydrogens by 
tert-butyl groups creates quasi neopentyl groups 
in the molecule and greatly enhances the electron 
ranges. For example, bGl,d = 47 x lop8 g/cm2 
in tert-butylethylene, whereas it is only 29 X lops 
g/cm2 in methylethylene (Table 4). The quasi 
neopentyl group in the former compound is 
evidently a poor energy sink for the secondary 
electrons, as is the neopentyl group (7). 

Replacement of one of the methyls by a tert- 
butyl group in cis- and trans-2-butene increases 
bGPd in the 1ratl.s more than that in the cis 
isomer (Table 4). The cis-trans effect is thereby 
diminished. 

Substitution of methyl groups for both hy- 
drogens on acetylene causes bGpd to triple, and 
substitution of tert-butyl groups nearly quad- 
ruples it (Table 4). Hydrogenation of the disub- 
stituted acetylenes to trmu-olefins reduces the 
normalized range in the dimethyl compound by 
50y0, but has only a slight effect on that in the 
di-tert-butyl conlpounds (Table 4). Hydrogena- 
tion of the tratls olefins to alkanes increases the 
ranges in both liquids by a factor of 1.4 f 0.1. 
cis-Di-tert-butylethylene is unstable due to steric 
hindrance of the tert-butyl groups and could not 
be studied. However, it is curious that ranges in 
the tert-butyl compounds are greater than those 
in the dimethyl con~pounds by nearly the same 
factor (2.2 f 0.1) for the tratzs olefins and the 
alkanes. One might have expected the tert-butyl 
groups to shield the double bond and that the 
ratio of bGpd values (di-tert-butyl/dimethyl) 
would be much greater in the trans olefins than 
in the alkanes. 

The behavior does not fit a simple pattern. 
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TABLE 4. Effects of methyl and tert-butyl substitution 
and of subsequent hydrogenation on bcpd in unsaturated 

cornpoundsa 

q h e  numbers below the structural diagrams are b ~ r d  in units of 
g/cml. 

bReference 9. The value of b ~ p  in 11-butane nt 293 K recorded in 
Table I of ref. 9 should read 83 A (not 93 A) and b ~ p d  = 48 X 
g/cm2 (not 54 X 

CReference 5. 
dAssumed, by comparison with values for other alkanes. 
EReference 7. 

Another puzzling result is that for the dimethyl 
compounds the normalized range is greater in 
the acetylene than in the alkane, whereas the 
reverse is true in the di-tert-butyl compounds 
(Table 4). Still another is that bGpd in tetra- 
methylethylene is considerably greater than that 
in the corresponding alkane, whereas the reverse 
order is normally observed between olefins and 
alkanes (Table 4 and ref. 5). 

Conjugated Olefins 
Conjugated olefins have a positive electron 

affinity (23) and therefore a tendency to form 
negative ions. Electron spin resonance spectra of 
anion radicals of conjugated olefins in 2-methyl- 
tetrahydrofuran glass at 77 K have been reported 
(24,25), and the compounds are efficient electron 
scavengers in liquid alkanes (26). The interactions 
of low energy electrons with conjugated olefins 

are therefore strong and the penetration ranges 
are short (5). 

The cis-trans effect is noticeable in 2,4- 
hexadiene (Table l), but it is largely overshad- 
owed by the general efficiency of conjugated 
olefins as electron energy sinks. Electron energy 
transfer to the cis,cis isomer would also be 
enhanced by the favored extended configuration 
(as opposed to the possible cyclic configuration) 
and by the lack of rigidity of the molecule 
(hindered rotation about the central bond). 
These influences would diminish the difference 
between the electron interactions with the cis and 
trans isomers. In support of this suggestion, 
bGpd = 34 X g/cm2 in 1,3-cyclohexadiene 
(27) is larger than that in cis,cis-2,4-hexadiene 
(30 X lo-' g/cm2), and bcpd = 38 X g/cm2 
in benzene (11) is much larger than that in 
1,3,5-hexatriene (24 X lop8 g/cm2, Table 1). 

The ranges in the nonconjugated olefins pro- 
padiene (26 X g/cm2 (5)) and ethene (23 X 
10-sg/cm2 (9)) are shorter than one might 
expect in the present context. Additional series 
of compounds must be studied to aid the dis- 
entanglement of influences of molecular shape 
and other properties on electron penetration 
into liquids. 

Electron Mobilities 
Arrhenius plots of the mobilities are given in 

Fig. 3 and the activation energies E ,  derived 
from them are listed in Table 2. The activation 
energy tends to be smaller in liquids in which the 
mobilities are larger, as noted previously (7, 10, 
28). 

In olefins for which u, > 1 cm2 V-' s-' a t  
-300 K the value of Eu increases at low tem- 
peratures (see curves for 2,2-dimethyl-1-butene, 
2-methyl-2-butene, and 2,3-dimethyl-2-butene in 
Fig. 3). In an earlier study of olefins (10) the 
data for 2,3-dimethyl-2-butene had been erro- 
neously approximated by a straight line to 
calculate Eu, so they are replotted in Fig. 3; a t  
T > 270 K E,, = 1.2 kcal/mol. At lower tem- 
peratures the larger activation energy of electron 
migration is probably due to  the formation of 
deeper traps for the solvated electron. Similar 
behavior has been observed in other olefins (27). 

Mobility Model 
A model for electron migration in ethers (29) 

can be generalized to apply to other liquids. In 
ethers two mechanisms contribute to electron 
transport, their relative importance depending 
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on the ether and the temperature. An ion-like 
mechanism in which u, =. 2u,,,,,, dominates at  
low temperatures, while at  higher temperatures 
a conduction band or hopping mechanism be- 
comes important. The ion-like process does not 
contribute appreciably to electron migration in 
alkanes under conditions studied thus far (29), so 
only the second mechanism is treated here. 

The electrons are considered to  be distributed 
among localized and conduction band states. In 
an  ether the distribution of occupied energy 
states was empirically related to  the optical 
absorption spectrum of the solvated electrons 
(29). The low energy side of the spectrum has an  
approximately Gaussian shape, and in diethyl 
ether a t  -297 K the value of the dispersion 
parameter is a - 0.18 eV (29, 30). This param- 
eter is also approximately equal to  the thermal 
energy fluctuation parameter in the liquid, 0.16 
eV/molecule, calculated by the method of 
Schiller et 01. (3 1) to  be discussed later. The near 
coincidence of these two parameter values 
suggested the following modification of the 
earlier model (29). 

The energy states of electrons in liquids are 
affected by thermal fluctuations (3 1). It appears 
that the dispersion of the energies of electron 
states in ethers is similar t o  that  of the thermal 
fluctuations, and the same is assumed to  be true 
for electrons in alkanes.' The states are therefore 
taken t o  have a Gaussian distribution N(V) 
about a mean energy with a dispersion 
parameter a. 

where ~ - ' / ~ a - '  is a normalization factor. 
The bottom of the lowest conduction band in 

the liquid is at  energy Vo. The fraction F,,, of 
electrons in the conduction band is given ap- 
proximately by [8]. 

where, assuming the entropy change is small 
when an electron is excited from a trap into the 

[91 f(Vo - V) = ( 1 4- exp [(Vo - V)/kT]}-I 

The observed mobility u, of electrons is 

where u,,, is the mobility of electrons in the 
conduction band. 

Equation 10 represents thermal excitation of 
electrons from a lower distribution of states 
N(V) into a level at  Vo. There is also a distribu- 
tion of upper levels, but it is assumed for 
simplicity that the total distribution of excitation 
enetgies involved can be represented by the 
Gaussian eq. 7, with a somewhat larger value of a 
than that pertaining t o  the lower states alone. 

T o  calculate u, one must have values for 
I / , , , ,  VO, v, and a.  The value of u,,, is approxi- 
mately 100 cm2 V-I s-I in alkanes (7, 28). A 
self-consistent set of experimental values of Vo 
relative t o  the potential energy of an electron in a 
vacuum (32) has recently been published for a 
number of liquid hydrocarbolls (33). No direct 
information about V is available. so it is used as 
an adjustable parameter. 

The dispersion parameter a of the energy 
states of the localized electrons is not necessarilv 
equal to  that of the thermal energy fluctuations 
of the molecules, but the two seem t o  be related 
(29, 31). The energy of the electron states is 
affected by fluctuations of lnolecular orientation 
and fluid density in the immediate vicinity of the 
electron. The thermal fluctuation parameter can 
be estimated from the heat capacity of the liquid 
(3 1). However, the canonical ensemble model 
(fluctuating energy, constant number of mole- 
cules per cell and cell volume) chosen by 
Schiller et 01. seems too restrictive. In  this model 
the value of a is estimated from the constant 
volume heat capacity C, and it would be too 
small. The grand canonical ensemble model may 
be more realistic. with fluctuations in both the 
amount of energ; and the number of molecules 
in the constant volume cell. Under these circum- 
stances the dispersion parameter for the energy 
fluctuations can be estimated from 

conduction band, 
where the factor 2 converts the "normal distribu- 

*In the hydrogen bonded liquids ammonia, water, and tion" dispersion parameter (31) t o  that of 
alcohols the eneray distributions of solvated electron the simple Gaussian eq. 7, C J  is the heat capac- 
states, judging from the optical spectra, are three to  four 
times broader than the thermal fluctuations per molecule. 'B. L. Clarke, private communication. 
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ity of the system at  constant pressure, (Y = 

y-l(a_vlaT),, , = - V-l(aY/aP),, y is the 
volume of the system, and H and S are the 
average amounts of enthalpy and entropy in 
excess of those in the crystalline state at  0 K.  
The system in the present instance can be con- 
sidered to be the number of molecules with 
which an  electron interacts relatively strongly at  
a given time, and is probably of the order of ten. 
The bulk liquid acts as a reservoir. In  estimating 
the over-all energy fluctuations the values of 
C,, y, H, and S refer to the system, - 10 mole- 
cules, and are approximately proportional to  the 
molar quantities for the solvent since the solution 
is extremely dilute. The magnitude of the fluctu- 
ations in the potential energies of the electron 
states is probably only a fraction of the over-all 
energy fluctuations. The size of the fraction is 
sought by trial and error. 

Calculations with n-pentane at  293 K show 
that the last two terms on the right side of [I 11 
nearly cancel each other.4 One may therefore 
take" 

Sets of values of u, (7, 28, 36-38), VO (33), and 
C, (16, 35) are available for only a few liquids. 
These quantities were used in [lo] and [12], with 
uc,, = 100 cm' V-I s-I, t o  estimate %in a number 
of n-alkanes and tetramethylsilane at  293 K. 
Calculations were done using several magnitudes 
of u2, ranging from values corresponding t o  11 7; 
of the thermal value for one nlolecule to  the full 
thermal value for nine molecules. Results appear 

4For liquid 11-pentane at 293 K 
C ,  = 1.77 X lo-) eV deg-1 molecule-1 (16) 

V = 1.91 X lo-" cm3 molecule-1 - 
a = 1.66 X lo-' deg-1 (34) 
r = 3.37 X 10-2' cm3 eV-1 (34) 

H = j,I;" C,]dT + AH, + C,,dT 
= 0.395 eV molecule-1 

T,  = melting point = 143 K 
S = j,'- ~ , d  In T + AS, + 5;;: ~ , d  In T 

= 2.72 X eV deg-1 molecule-1 (35) 
cT1 - a ( H  + TS) + (rHSI_V) 

= (1.77 - 1.98 + 1.90) X 10-3 
= 1.69 X 10-3 eV deg-1 molecule-1 

jcontrary to what may have been assumed earlier (31), 
the difference between C, and C ,  is greater in liquids than 
in gases. In low pressure gases (C, - C,.) = R = 2 cal 
deg-1 mol-1, whereas in liquid 11-pentane at  293 K, 
(C, - C,) = T_Va2/r = I l cal deg-1 mol-1 = 0.35C,. 

to  be not unreasonable when U' is in the range 
corresponding t o  one t o  four n ~ o l e c u l e s , ~ . e .  
equivalent t o  -10-40% of the total energy 
fluctuation of an -10 molecule "system". The  
data for these two limiting cases are listed in 
Table 5. 

Several comments are worthwhile: 
(a) U, and a4 represent values of u estimated 

by using C, equivalent t o  one and four nlolecules 
of solvent, respectively. Although the values of u 
in earlier models were not elaborated in this 
manner, Schiller et 01. (31) used U, and Kestner 
and Jortner (39) used ~ 4 .  In both earlier models 
it was assumed that had the same value in all 
alkanes and in tetranlethylsilane, the value being 
picked t o  give the best over-all results in the 
mobility calculations (31, 39). The present model 
gives p nearly constant when UI is used, but for 
larger values of u such as u4, the deduced value 
of V decreases with increasing Vo. When one 
considers possible mechanisms of electron lo- 
calization in alkanes, for example with non- 
spherical molecules oriented in a nonrandom 
way about the electron center, one might expect 
V to  decrease and Vo to  increase with decreasing 
degree of sphericity of the n~olecules. ~ e a l i t y  
might therefore fall somewhere between ~1 and ~ 4 .  

(6)  The value of u,,, seems to  be approximately 
the same in all the liquids from tetramethylsilane 
t o  n-decane. The reason for this is not obvious. 
However, the estimated value of varies only 
slowly with the assumed value of u,.,, so differ- 
ences in the latter give rise t o  relatively little error 
in the former: (VO - V)cstirnatcd (log ~icb)assumecl 
for u,/u,,, < 0.1. 

- -~ 

The adjustable parameter actually used in the 
calculations was (Vo - V ) .  The values of this 
quantity a t  several temperatures were estimated 
from the corresponding electron mobilities, using 
[lo] and [I21 with u,,, = 100 cm2 V-I s-l. The 
quantity varied approximately linearly with tem- 
perature and values of d(Vo - V ) / ~ T  are re- 
corded in Table 6. Conventional ideas about 
electron solvation lead one to  expect that the 
derivative would be slightly negative. Negative 
values were only obtained for liquids in which u, 
is high (Table 6). The positive values obtained 
for the n-alkanes might be an  artifact that would 
result if the true value of u varied less with T 

602 is proportional to  the number of molecules, 
through C,.  
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TABLE 5. Estimated values of F i n  open chain hydrocarbons and tetramethylsilane at 293 K 

- - 
14," CVb voc dld ve 0 4 ~  v c  

Liquid (cm2 V-1 s-1) (10-3 eV deg-1 molecule-1) (eV) (eV) (eV) (eV) (eV) 

Tetramethylsilane 
2,2-Dimethylpropane 

aReferences 7. 28, 36, 37. 
bRcferences 16, 35. The values marked - were obtained by interpolation or cxtmpolntion from thosc For siniil;~~. compounds 
CAverage of the values in ref. 33 a and b. 

and 0 4  were estimnted using C, equivalent to one and four molecules of solvcnt. ~.c.rpcctii-.-ly. 
CEstimatcd relative lo 1'0, using (101 and [I21 with ueb = I 0 0  cmZ V-1 s-f. 
JReferences 28, 38. 

- 
' ~ A B L E  6. Temperature depellde~lces of Vo, a,  and (Vo - V) 

Liquid 
T range 

(K) 
11, range dVo/dTu 

(cm' V-1 s-1) (10-3 eV/deg) 

eV/deg) (1 O-' eV /deg) 

61 6 4  Using a1 Using a, 

Tetramethylsilane 
2,2-Dimethylpropane 
2,2,4,4-Tetramethylpentane 
2,2-Dimethylbutane 
11-Pentane 
n-Hexane 
11-Octane 
n-Decane 

aFrorn data in ref. 33. 
DEstimated from [I21 and C, data in refs. I6 and 36 (see Table 5). 
cEstimated from 11, at  diflerent temperatures, using [lo] 2nd (121 wit11 = 100 cm2 V-1 5-1. 
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756 CAN. J. CHEM. VOL. 54, 1976 

FIG. 4. Correlation of electron mobilities with Yo. 
0, experimental values from Table 5 ;  --, curve calculated 
fromeq. 10 using ti,,, = 100 cm2 V-1 s-1, U ,  from Table 5 
and Y = -0.36 eV; - - -, curve from ref. 31; - - -. curve 
from ref. 39. 

than indicated by [12].7 Reducing the tempera- 
ture dependence of U ,  to 407, of the value in 
Table 6 would make all values of d(Vo - V ) / ~ T  
slightly negative or zero. 

The steep decrease of u, in olefins at low 
temperatures (Fig. 3 and ref. 27) can be attrib- 
uted to a relatively large negative value of 
d(Vo - p)/dT. The energy Vo of the conduction 
band presumably behaves normally, but the 
energy of the localized state might decrease 
due to  increasing involvement of a negative ion 
state as the temperature is lowered (27). 

At this point a comment should be offered 
about the percolation model (39). Although 
percolation might make a contribution t o  re- 
straining electron migration at the top end of the 
mobility range, it does not provide an inter- 
pretation of the lower mobilities (37). The 
present treatment interprets the entire mobility 
range and does not require a contribution from 
percolation (Fig. 4). However, many problems 
remain. The detailed significance of the param- 
eters uCh, VO, and u are not known. For example, 
it is surprising that the empirical value of uch can 

be taken to be independent of temperature and 
to have approximately the same value for the 
series of liquids. This parameter might contain 
several factors, the details of which depend o n  
the model adopted. The experimental magnitude 
of Vo might not be simply the energy of an elec- 
tron in the bottom of the conduction band rela- 
tive to that in a vacuum, but it might also be 
influenced by the scattering properties of the 
Liquid. And the use of [12] for the dispersion of 
electron transition energies is an oversimplifica- 
tion. 

Correlation between u, and bcl. 
The general correlation that exists between 

thermal electron mobilities and secondary elec- 
tron ranges in liquids (7, 10) contains fine struc- 
ture. The structure is displayed in a semilog plot 
of u, against bC-P (Fig. 5). The trend is for u, to  
increase with bo, but the points on the left side 
of the graph fall into layers. The bottom layer 
includes the n-alkanes, di-n-alkyl ethers, and 
1)-dioxan. The next layer contains branched and 
cyclic alkanes, terminal olefins, trans-2-butene, 
sbbstituted cyclohexenes, and cyclic monoethers. 
The uppermost layer contains the benzenes, un- 
substituted cycloolefins, cis-2-butene, the more 
highly substituted olefins, and globular alkanes. 
1,4-Cyclohexadiene lies above the top layer. 

The layering reflects differences between the 
relative interactions of thermal and those of 
epithermal electrons with different kinds of 
liquids. Choosing the middle layer as a refer- 
ence, the lower mobilities in the n-alkanes and 
ethers reflect the formation of more - stable 
solvated states of electrons (larger (Vo - V)) in 
these liquids. By contrast, the upper layer may 
be attributed mainly to  displacement of the 
points to  lower ranges, due to  larger energy 
transfer cross sections of aromatic and simple 
cycloolefinic liquids. The highest mobilities and 
ranges occur in the more globular compounds 
(Fig. 5); these liquids have small energy transfer 
cross sections for low energy electrons. 

The basic reasons for the above behavior are 
not known. 

It has been noted that the liquid density d 
influences the depth of the solvated electron 
states. as reflected in the optical absorption 

'C ,  increases with T, so [I21 predicts u or T z  with spectra (40, 41). The optical absorption eiergy 
x > 1.0. Recent work with ethers by F.-Y. Jou in this (trap depth) tends to increase with increasing 
laboratory indicates x < 1.0. liquid density. One might therefore expect u, to  
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DODELET ET AL 

FIG. 5. Correlations between thermal electron mobilities u, and secondary electron ranges b,, in 
organic liquids at 294 If: 2 K. The data were taken from Tables 1 and 2 and refs. 5,7,10,11,27,29, and 
37: @, unsaturated hydrocarbon; 0, saturated hydrocarbon; A, ether. 

decrease with increasing d. The penetration 
range in a given type of liquid is also density 
dependent: bGp cc d-I (5-7). The electron mo- 
bilities a t  294 f 2 K were plotted against d-' in 
Fig. 6 to  compare with the  mobility-range plot 
in Fig. 5. As in Fig. 5, the points in Fig. 6 may 
be grouped in layers and several interesting 
points emerge. 

(a) u, tends to  increase with increasing d-' as 
expected. 

(6) The lowest stratum of mobilities in the d-' 
plot is comprised of the n-alkyl ethers and two 
simple olefins, 1-butene and trans-2-butene. The 
strongly polar nature of the ethers (dipole mo- 
ments 1.2 D (42)) allows one t o  rationalize the 
relatively deep traps and low mobilities in those 
liquids. However, trans-2-butene is nonpolar and 
the dipole moment of 1-butene is only0.34 D(42), 
smaller than that of isobutene (0.50 D) in which 
the mobility is much larger. An effect other than 
polarity must explain the low mobilities in the 
two olefins. One possibility is the participation of 
transient negative ions (27). 

e- + C4Hs = C4Hs- 

(c) The second lowest layer includes the cyclic 
ethers and n-alkanes. I t  is arbitrarily chosen as 
reference. The mobilities in the high density 
cyclic ethers are near the ion-like limit, towards 
which all strata except the top one converge. 

(d) The next higher layer contains the ben- 
zenes, cycloalkanes, and most of the olefins. The 
conclusion that mobilities in most olefins are 
relatively high emerges from both the range and 
the density plots. This is contrary to  common 
expectation and has not been explained. An 
empirical factor that seems t o  favor the high 
electron mobilities is the relative rigidity of the 
molecules (27). 

( e )  The more globular alkanes and 1,4-cyclo- 
hexadiene form the top layer, similar to  the 
behavior in Fig. 5. 

There are certain differences between the 
groupings of compounds in the strata of Figs. 
5 and 6. The n-alkanes have exchanged layers 
with butene-1 and trans-2-butene. This indicates 
that the latter liquids are especially effective 
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FIG. 6. Plot of electron mobility at 294 + 2 K against the inverse of the liquid density. The points 
correspond to those in Fig. 4 and the data were taken from the same references. 

energy sinks for clectron thermalization, which 
causes bGp to be relatively small for liquids of 
that density. Furthermore, the globular alkanes 
lie directly above the olefins on the d-' plot, but 
are much off to the right in the b,, plot. The 
globular alkanes are relatively poor energy sinks 
for electron thermalization. 

Plotting the mobilities against the product 
Ocprl tends to compress and merge the layers but 
does not yield additional information. 
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An exciplex mechanism for the quenching of singlet excited states 
of aliphatic ketones by carbon tetrachloride 

RAFIK 0 .  LOUTFY AND ALLAN C. SOMERSALL 
Xerox Resear~lr Cet~rre of Cutrudu Limited, 2480 Dutzwlitz Drive, Mississauga, Otltario L5L IJ9 

Received September 22, 1975 

RAFIK 0. LOUTFY and ALLAN C. SOMERSALL. Can. J. Chem. 54, 760 (1976). 
Non-classical energy transfer from the excited singlet states of aliphatic ketones to carbon 

tetrachloride leads to sensitized decomposition products and fluorescence quenching. The corre- 
lation of the ionization potentials for a wide variety of such ketones with the corresponding 
quenching constants from fluorescence data has been rationalized by an exciplex mechanism. 
The correlation implies that charge transfer from the excited ketone to the carbon tetrachloride 
is a major contribution to the exciplex state for which two possible structures are tentatively 
proposed. 

RAFIK 0 .  LOUTFY et ALLAN C. SOMERSALL. Can. J. Chem. 54, 760 (1976). 
Le transfert d'energie non-classique des etats excites singulets de cetones aliphatiques au 

tetrachlorure de carbone conduit a des produits de decomposition sensibilisk et a l'extinction 
de la fluorescence. On a rationalise la correlation qui existe entre le potentiel d'ionisation 
d'une grande quantitk de telles cetones et les constantes correspondantes d'extinction obtenues 
a partir de donnhs  de fluorescence a l'aide d'un mkanisme d'exciplexe. La correlation implique 
que le transfert de charge de la cetone excitee au tetrachlorure de carbone contribue d'une 
facon preponderante l'etat exciplexe pour lequel on propose d'une facon non definitive deux 
structures possibles. 

[Traduit par le journal] 

The quenching of fluorescence by lnolecules 
which cannot function by classical electronic 
energy transfer has been the focus of many 
investigations in recent years. A considerable 
body of evidence has given direct support for 
formation of excited-state complexes in many 
such systems (1). 

Halogenated alkanes (2), dienes (3), and 
amines (4) have typically been investigated as 
quenchers of the fluorescence of aromatic 
hydrocarbons and their derivatives. The observa- 
tion of fluorescence quenching in such cases 
where there is negligible overlap of donor 
emission and acceptor absorption spectra (re- 
quired for classical transfer) was rationalized by 
~ a m m o n d  and co-workers (3) in terms of an 
exciplex intermediate? Klein et al. (2a) later 
developed a model in which the formation rate 
of this exciplex was considered as the rate- 
determining step in the excitation quenching 
process. The model predicts that the quenching 
rate constants (k,) for a series of donors by an 
acceptor are related by the following expression: 

'This is consistent with the definition proposed formally 
by J. B. Birks: "An exciplex is an  electronically excited 
atomic or molecular complex of definite stoichiometry, 
which is dissociated in its electronic ground state" in 
ref. 20. 

where IPD is the ionization potential of the 
donor, EAA is the electron affinity of the acceptor, 
Cis the coulomb energy, and P is the polarization 
energy of the separated charges. E, represents 
the energy of the first excited state. Generally, for 
a common fluorescent donor and a series of 
different electron-deficient quenchers, the bi- 
molecular rate constants can be correlated with 
the corresponding EA values of the quenchers. 
Other correlations have sometimes been made 
for different fluophores and a single quencher 
but both IP and E, values change simultaneously 
in the series of aromatics which have been re- 
ported so that k,, had to be correlated with 

- Es). 
We wish to report some linear free energy 

correlations for the fluorescence quenching of a 
wide variety of aliphatic ketones by carbon 
tetrachloride which affords some insight into the 
exciplex intermediate in this system (5). The 
quenching of the singlet excitation of aliphatic 
ketones by a common quencher affords a rather 
unique system where E, proves to be practically , 

constant while IP varies significantly. 
The photochemistry of ketones in carbon 

tetrachloride has been reported earlier (5). The 
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LOUTFY AND SOMERSALL 

TABLE 1. Fluorescence quenching rate constants of n , ~ "  singlet aliphatic ketones by carbon 
tetrachloride, plus the ionization potentials and Taft polar substituent constants for the ketones 

Ketone k,l 7 I k, X 107 I PC 
Experiment R-CO-R' (M-I ) (ns) (M-1 s-I) !eV) - g:i,~ 

15 Cyclopentanone 0.58 1 .Y 
16 Cyclohexanone 0.95 2.6 
17 2-Methylcyclohexanone 1.50 3 .O 
18 Cycloheptanone 0.174 2. 6711 
19 Cyclooctanone 0.117 1 .56a 

"Reference 14. calculated value. 
DReferences 15-17, measured by single photon counting tcchnique, eslimared error i 10%. 
CReferences I I and 18. 
dReference 19. 

chemical products observed were formed by 
radiationless energy transfer from the excited 
I(n,r*) ketone to the carbon tetrachloride. We 
have now extended the fluorescence quenching ' measuren~ents to  include symmetric, asymmetric. 
and cyclic aliphatic ketones. The data has been 
treated by typical Stern-Volmer kinetics as 
illustrated in Fig. 1. The Stern-Volmer equation 
is given as 

- - - -  If0 
- " - I + k, '7 [ C C I ~ I  l2] 

+r 

where If0, If represent the intensities of fluores- 
cence of the ketone in the absence and the 
presence of quencher and dfO, Of are FIG. 1. Stern-Yolmer for quenchlng of n,=V 
the corresponding quantum yields. The slnglet excited aliphatic ketones: (0) 2-methylcyclo- 
of the straight line plots give values for kb7 = hexanone, (8 )  cyclohexanone. (A) cyclopentanone, and 
K,, from which the k, values have been derived. (A) 2-hexanone in cyclohexane excited at  313 nrn (wlth 

Values of the singlet lifetime ('7) of ketones in carbon tetrachloride). 

cyclohexane were obtained from +f measure- 
ments and integrated absorption spectra or from cence of the lowest excited singlet state of 
the reported literature values. The data is aliphatic ketones a t  a rate of about three orders 
summarized in Table 1. of magnitude slower than that characteristic of a 

Carbon tetrachloride quenches the fluores- room temperature diffusion-controlled process 
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762 CAN. 1. CHEM. VOL. 54, 1976 

(5 X lo1' M-I s-I). In addition, the rate of 
fluorescence quenching is considerably faster 
than can be accounted for by chemical quench- 
ing2  Thus, the quenching is believed to proceed 
via an  intermediate donor-acceptor (DA) ex- 
ciplex formed between the excited ketone and 
carbon tetrachloride. According to  this model. 
the rate of formation of the exciplex depends on 
the energy difference ED-$ - E,. From the 
similarity of absorption and fluorescence spectra. 
E, for the series of aliphatic ketones studied is 
presumed to be constant, thus the relative rate 
of exciplex formation will depend on its energy 
ED,. 

In order to check the validity of eq. 1 with 
respect to the model above, we measured the 
fluorescence quenching rate constant for a series 
of aliphatic ketones (RCOR') where the sub- 
stituents R and R' were varied, systematically 
increasing their inductive effect. The inductive 
effect of the alkyl substituent leads to  a pre- 
dictable decrease in the adiabatic ionization 
potential of the ketones, even though the alkyl 
groups are not directly bound to  the carbonyl 
oxygen atom. This is due to the fact that the 
carbonyl a system, being readily polarizable. 
transmits the polar effects of the alkyl group 
with very little reduction in their magnitude (6). 
It was found that the rate of quenching (k,,) 
increases as IP  decreases. 

A plot of log k, vs. IP is given in Fig. 2. The 
linear correlation suggests that E,, C, and P 
values are practically constant and that there is 
significant charge transfer in thc excited state in- 
termediate complex. However, thc slope (1.4 
eV-') is much !ess than 1/2.30RT ( ~ 1 7  eV-') 
which is to be expected from eq. 1. We therefore 
believe that, though the direction of the rate 
constants indicates significant charge-transfer 
character in the complex, such transfer is 
probably not a complete one-electron transfer 
at  the transition state or  in the complex. It is 
worth noting that the effect of ketone structure 
on the rate of fluorescence quenching with CC14 
in energy units (AE = 2.303RTA log k,) is 
about a tenth of the effect on its ionization 
potential. Similar observations were reported by 
Kochevar and Wagner (7) and Caldwell et ul. (8) 
for the efl'ect of olefin structure on its rate con- 

ZFor example, the rate of reaction of alkyl radicals 
with carbon tetrachloride does not exceed lo4-105 M-1 
srL (see ref. 21). 

FIG. 2. The relation between the measured fluorescence 
quenching rate constant and the ionization potential of 
(0) acyclic and (0 )  cyclic ketones. 

I I , I 
-03 -02 -0 1 0.0. 

u * 
FIG. 3. Plot of log k,, vs. Taft U' polar substituent 

constants. 

stant for quenching of aromatic ketone triplets. 
A similar correlation of log k,, with Taft us: 

polar substituent constants is again linear, as 
shown in Fig. 3. The p value (slope) of -2.7 
indicates moderate charge development in the  
transition state with net positive charge on the 
ketone. Similar correlations for quenching of 
substituted naphthalenes with a diazo-compound 
or  trirnethylamine (9) quencher afford p values of 
+2.24 and +2.5 respectively, indicating in these 
cases that a negative charge develops on the  
aromatic fluophore in the intermediate com- 
plexes in such cases. 

The rate of quenching of acetone fluorescence 
using a series of chloromethanes is given in 
Table 2. In Fig. 4, log kc, is plotted against the 
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LOUTFY AND SOMERSALL 

TABLE 2. Fluorescence quenching rate constant of 
singlet acetone by chloromethanes and the electron 

affinities of the quenchers 

EAa k,, X lo6 
Experiment Quencher (eV) (M-1 s-1) 

1 Carbon tetrachloride 2.12 42.0k0.5 
2 Chloroform 1.75 5.2k0.3 
3 Methylene chloride 1.36 1 .420 .3  

"Reference 2c. 

FIG. 4. The dependence of quenching rate constant of 
acetone fluorescence on the electron affinity of the 
chloromethane quenchers. 

electron affinity (EA) of the quenchers. Although 
there are only three points, these data satisfy a 
linear relationship verifying eq. 1 and indicating 
that the chloromethane quenchers act as an 
acceptor. 

The marked substituent eff'ects on the rate 
constants for ketone fluorescence quenching 
would also suggest that the carbonyl carbon 
atom is intinlately involved in the intermediate 
exciplex interaction. Turro ct (11. (10) found that 
the vacant n-orbital on oxygen is involved in the 
quenching of ketones by electron-rich olefins. 
On the other hand, they provided strong 
evidence that fluorescence quenching of the 
excited ketone singlet by electron-deficient ole- 
fins involves attack on the nucleophilic carbonyl 
.rr*Co orbital (1 1). In our case, the quencher has 
an affinity for electrons, so it is likely that the 
electron promoted to  the T* orbital of the ketone 

FIG. 5. I'roposed exciplex structures. 

interacts with a chlorine atom of the CC14 
leading to  dissociation of the CC14. This is 
sinlilar t o  chain transfer reactions to CC14 
solvent inolecules in free radical polymeriza- 
tions. It is not unreasonable to propose that 
CC14 may also be polarized in a non-equilibrium 
conformation, so that the central carbon atom 
attached to the four electronegative chlorines is 
somewhat electron-deficient and interacts with 
the .rr*Co orbital in the vicinity of the carbonyl 
carbon of the ketone. These tentative rationaliza- 
tions are illustrated in Fig. 5 a and O respectively. 

The low values of k,, which are 2-3 orders of 
~nagnitude less than the diffusion limit, the 
failure to observe expected curvature in the 
Stern-Volmer plots due to instantaneous quench- 
ing at high quencher concentration (up to 10 M), 
and the absence of thermal acceleration LIP to 
6 0 ° C  would all imply that such an energy 
transfer process via the exciplex is limited by 
steric and/or entropic barriers rather than by a 
thermal energy barrier. 

Con~parisons of the k,, values for cyclopen- 
tanone (15), cyclohexanone (16), and 2-methyl- 
cyclohexanone (17) with those of acyclic al- 
kanones having the same ionization potentials 
(e.g. di-n-propyl ketone (lo), di-11-butyl ketone 
( l l ) ,  and di-11-pentyl ketone (12), respectively) 
reveal a substantial increase in k,, by a factor of 
two going froill acyclic to  cyclic ketones. 
Approach of CC14 to the rlucleophilic .rr*Co 
orbital of the n,.rr2' excited state of the acyclic 
ketone is probably more sterically hindered than 
its approach to that of cyclic ketones. 

Recently Dalton and Snyder (12) observed 
sinlilar steric eff'ects in fluorescence quenching 
of alkanones by anlines. Con~parison of the 
quenching rate by carbon tetrachloride of 
l n , ~ *  of ketones and l ~ , ~ ' h f  methyl benzenes 
(2c) shows that log k ,  correlates linearly with 
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\ I  
I I 

4.0 4.5 5.0 5.5 

IP-E, IaV) 

FIG. 6. The relation between the quenching rate con- 
stant of methylbenzenes and aliphatic ketones fluorescence 
and the term (IP - E,). 

(IP - E,) for both series (Fig. 6). The nature of 
the excited state has no apparent effect on the 
quenching rate. This is not surprising since in 
both cases the carbon T* orbital of the ketone or 
benzene is the one which is involved in the 
interaction. 

Finally, we note that Ware and Lewis (26) 
have demonstrated that non-classical fluores- 
cence quenching can be observed when non- 
fluorescent ground-state complexes between the 
fluophore and quencher compete for excitation. 
Nemzek (13) has recently measured the excited 
state lifetime of acetone by single photon count- 
ing in neat cyclohexane and carbon tetrachloride 
and obtained values of 1.85 and 1.00 ns respec- 
tively. From these values the estimated value of 
k, in this case is 4.6 X lo7 compared to 4.3 X 107 
Mu' s-' derived from our fluorescence quenching 
data. This is totally consistant with the exciplex 
mechanism above and the absence of a discernible 
difference for acetone absorption spectra in 
carbon tetrachloride implies that such' a ground- 
state cort~plex is not important in this case. 

1 .  BRIAN STEVENS. Adv. Photochem. 8, 161 (1971). 
2. ( a )  J .  KLEIN, V. P. PLAZANET, and G. LAUSTRIAT. 

J. Chim. Phys. Physicochim. Biol. 67, 302 (1970); 
( b )  W. R. WARE and C. LEWIS. J. Chem. Phys. 57, 
3546 (1972). (c)  D. SAPERSTEIN and E. LEVIN. J. Chem. 
Phys. 62, 3560 (1975). 

3. D. A. LABIANCA, G. N. TAYLOR, and G. S. HAM- 
MOND. J. Am. Chem. Soc. 94,  3679 (1972), and 
references therein. 

4. (a) D. REHM and A. WELLER. Isr. J. Chern. 8, 259 
(1970); ( b )  A. WELLER and H. BEENS. 112 Organic 
molecular photophysics. Vol. 2. Edited by J .  B. 
Birks, Wiley, New York. 1975. p. 158. 

5.  J. 0. PAVLIK, P. I. PLOOARD, A. C. SOMERSALL, and 
J. E. GUILLET. Can. J. Chem. 51, 1435 (1973). 

6. B. J .  COCKSEY, J. H. D. ELAND, and C. J. DANBY. 
J. Chem. Soc. (B), 5,790 (1971). 

7 .  I. KOCHEVAR and P. WAGNER. J. Am. Chem. Soc. 92,  
5742 (1970); 94,3859 (1972). 

8. R. A. CALDWELL, G. W. SOVOCOOL, and R. P. 
GAJEWSKI. J. Am. Chem. Soc. 95,  2549 (1973). 

9. R. H. YOUNG and R. L. MARTIN. J. Am. Chem. Soc. 
94, 5183 (1972). 

10. N. J .  TURRO, J. C. DALTON, G. FARRINGTON, M. 
NIEMCZYK, and D. M. POND. J. Am. Chem. Soc. 92,  
6978 (1970). 

11. N. J .  TURRO, M. NIEMCZYK, and D. M. POND. Mol. 
Photochem. 2 ,  345 (1970), and references therein. 

12. J. C. DALTON and J. J. SNYDER. J. Am. Chem. Soc. 
97,  5192 (1975). 

13. T. NEMZEK. Private communication. 
14. A. C. SOMEUSALL and J. GUILLET. Macromolecules, 

5 ,  410 (1972). 
15. J .  C. DALTON and N. J. TURRO. J. Am. Chem. Soc. 

93,  3569 (1971). 
16. 0. L. CHAPMAN and D. S. WEISS. Org. Photochem. 

3 ,  239 (1972), and references therein. 
17. J .  C. DALTON and R. J. STERNFELS. Mol. Photochem. 

6 ,  307 (1974). 
18. K. WATANOBE, T. NAKAYAMA, and J. MOTTL. 

J. Quant. Spectrosc. Rad. Transfer, 2 ,  369 (1962). 
19. P. ZUMAN. Substituent effects in organic polarog- 

raphy. Plenum Press, New York. 1967. p. 170. 
20. J .  B. BIRKS. 111 Molecular luminescence. Edited by 

E. C. Lim. W. A. Benjamin Inc., New York. 1969. 
p. 906. 

21. F. W. BILLMEYER. Textbook of polymer science. 
Wiley, New York. 1971. pp. 293-301. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Polymorphism in n-alkylammonium chlorides: 
X-ray powder diffraction studies 
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D. F. R. GILSON, A. S. KERTES, R. ST. J. MANLEY, J. TSAU, and G. DONNAY. Can. J. Chem. 
54,765 (1976). 

The n-alkylammonium halides which have thermal transitions above room temperature 
adopt either a monoclinic or an orthorhombic form when recrystallized at temperatures below 
the lowest transition. On heating a transition to a tetragonal structure occurs but on subsequent 
cooling the crystals do not return to their original form but to a different monoclinic structure. 

D. F. R. GILSON, A. S. KERTFS, R. ST. J. MANLEY, J. TSAU et G. DONNAY. Can. J. Chem. 
54, 765 (1976). 

Les haloginures de n-alkylammonium qui ont des transitions thermiques au-dessus de la 
tkmperature de la pikce adoptent soit une forme monoclinique ou une forme orthorhombique 
lorsqu'on les recristallise ?i des temperatures en dessous de leur transition la plus basse. 
Lorsqu'on les chauffe, une transition vers une structure tktragonale se produit; toutefois 
lorsqu'on les refroidit, les cristaux ne retournent pas i leurs formes originales mais h une 
structure monoclinique diffkrente. 

[Traduit par le journal] 

Introduction 35.8 A, respectively. Kertes, Gutman, and Maye? 

Crystal structure data for hon~ologous series 
of 11-alkyl compounds have been reported for 
carboxylic acids (I), their salts (2), and for 
11-alcohols (3). Although a partial structure 
determination of the room temperature mono- 
clinic phase of n-dodecylammonium chloride was 
reported by Gordon. stenhagen, and Vand (4) in 
1953, there is no recent structural information 
available on the n-alkylammonium halide series. 
Much earlier studies indicated that the chloride 
salts of the lower members of the series are 
tetragonal at room temperature, except for the 
ethylammonium salts which are monoclinic. The 
longer chain con~pounds are either monoclinic, 
Clz, C14, C16, or orthorhombic, CI3 and Cis. 
Gordon et al. (4) observed that rz-dodecyclam- 
monium chloride undergoes a transition at 59 "C 
on heating to  another- monoclinic or triclinic .. 
form but on cooling returns to a structure with a 
slightly different long spacing. The long spacings 
reported by these authors for n-dodecylam- 
n~bnium chloride and bromide were 17.86 and 

(5), however, reported values of 35.3 and 17.7 A 
respectively. 

A differential scanning calorimetric (dsc) study 
of the chlorides and bromides from methyl to 
hexadecyl showed that a complex sequence of 
transitions occurs (6) and the longer chain com- 
pounds exhibit a nonreversible behaviour in 
that the first time the samples were heated a 
single dsc transition was observed but on both 
cooling and subsequent re-heating cycles three 
or more transitions occurred at temperatures 
different from the initial heating scan. Wide line 
nuclear magnetic resonance studies confirmed 
this nonreversible behaviour (7, 8). The second 
moment values showed abrupt decreases from 
values which indicate the presence of a torsional 
motion of the chain to values much lower than 
those calculated for chain rotation alone. A more 
extensive motion must therefore be present. For 
samples which had been previously heated 
through this transition region, the second mo- 
ment behaviour as a function of temperature 
resembled that of the shorter members of the 
series, for which a plateau region is observed 

'To whom correspondence should be addressed. 
'Permanent address: Hebrew University of Jerusalem, where chain rotation alone occurs, and the more 

Jerusalem, Israel. extensive motion follows at higher temperatures. 
3NRCC Studentship 1966-1969. A simple qualitative explanation is that these 
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TABLE I .  Crystallographic parameters for 11-alkylammonium chlorides 

Reference 

12 
This work 

4 
10 

This work 
10 
13 
10 

This work 
11 

This work 
This work 

transitions involve a change from a iilow" tern- modified Rigaku-Denki low angle camera. Samples were 

perature monoclinic or orthorhombic structure mounted in glass capillaries placed in an oven constructed 
from an insulated aluminium block with a thermocouple a "high" temperature tetragonal The placed next to the sample. Diffraction patterns were taken 

occurrence of chain rotation in the high tempera- for eacl~ sample first at  room temperature, then at  130 "C. 
ture phase is consistent with the observed tetra- then again a t  room temperature. 
gonai unit cell in  which the site symmetry is The-130 "C value was-chosen since it is approximately 

incompatible with the molecular symmetry unless mid-way between the highest observed dsc transition 
temperature and the melting point and provided a com- 

disordering occurs. The dependence of transition temperature for all samples. 
temperature upon chain length shows that for the Some additional data were obtained from Debve- 
chloride salts t h e  transitions occur below room 
temperature for chain lengths of nine carbon 
atoms or less and above room temperature for 
longer chains. The nonreversible behaviour of 
the transition for the longer chains and the in- 
consistency in the reported long spacings for the 
dodecylammonium compounds suggest that the 
thermal history of the sample may influence the 
crystal structure. We have therefore undertaken 
a study of the long spacings of the it-alkylam- 
monium chlorides under controlled experimental 
conditions in order to examine the thermal effects. 

Experimental 
The amines or their hydrochlorides were obtained 

from commercial sources, and, in the cases of the free 
amines, the salts prepared by addition o r  dilute hydro- 
chloric acid to a solution of the amine in chloroform, 
and recrystallized from chloroform. The alkylammonium 
chlorides were re-dissolved in chloroform and cooled. 
The first crystals to  form were discarded and after further 
cooling the required crystals were obtained. All such 
recrystallizations were performed a t  temperatures below 
the lowest tra~~sitiotz temperature observed ill the dsc 
studies (6). The materials crystallize exceedingly thin soft 
laths which, in addition, are usually twinned. Intensity 
data of sufficient quality for structural studies are very 
difficult to  obtain. 

Powder diffraction photographs were obtaiped using 
nickel filtered CuK, radiation = 1.5418 A with a 

Scherrer photographs a t  other temperatures (9), and also 
by the Gandolfi single crystal method. 

Results and Discussion 

Tables I and 2 contain both experimental 
results obtained in the present study and a survey 
of the literature data. The long spacings, (/(001), 
observed in the present study for n-tridecyl- and 
iz-octadecylammoniun~ chlorides are half the 
values reported previously (10, 11). For iz-tri- 
decylarnn~oniun~ chloride this is due to a different 
choice of unit cell. The phases which have not 
been heated above their transition temperatures 
are either monoclinic or orthorhombic and these 
will be referred to  as "primary" phases. When 
these san~ples are heated to 130 OC the long 
spacings increase and for the primary mono- 
clinic phase the long spacing is approximately 
doubled in the high temperature (tetragonal) 
phase. This latter phase is, of course, the stable 
room temperature phase for the shorter members 
of the series. On cooling to  room temperature 
the samples do not return to  the original primary 
phase and adopt instead a secondary phase which 
is monoclinic with a long spacing slightly larger 
than that of the tetragonal phase, i.e. a negative 
coefficient of expansion in this direction. The 
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GILSON ET AL. 767 

TABLE 2. Long spacings (A) for 11-alkylammonium chloride*: 

Secondary 
Primary monoclinic Tetragonal Temperature 

11 phase Reference phase Reference phase (K) Reference 

25.40 This work 
28.50 This work 
31.11 This work 

This work 32.72 This work 
10 35.30 j 
4 35.62 This work 

This work 37.12 This work 
10 38.71 This work 

This work 
This work 41.67 This work 

15 
17 
18 
18 
18 
18 

This work 
This work 
This work 
This work 

This work 
This work 

This work 
21.43 13 

16 22.32 10 43 -28 This work 40.51 403 This work 
22.64 This work 

17 34.46 This work 46.05 This work 42.20 403 This work 
18 35.84 This work 48.90 This work 15.40 403 This work 
19 36.88 This work 49.77 This work 46.35 103 This work 

'At roam tcmpcrature unless otherwise stated. 

long spacings are plotted as a function of the 
I number of carbon atoms in the chain, Fig. 1. The 

four straight lines in Fig. 1 correspond to  four 
different crystal forms which exist under the 
specific conditions employed in the present ex- 
periments: ( i )  a common high temperature 
tetragonal phase existing above the highest tran- 
sition temperature. The space group is P4/nmm. 
two molecules per unit cell; ( i i )  a secondary 
monoclinic phase obtained by cooling from the 
tetragonal phase and which is presumably com- 
mon to all members, and (iii) and (iv) the pri- 
mary monoclinic and orthorhombic structures 
for crystals which have not received thermal 
treatment. This change from the primary mono- 
clinic or orthorhombic to the secondary mono- 
clinic structure explains the nonreversible be- 
haviour observed in the dsc and nmr studies and 
the inconsistencies in earlier X-ray studies. 

If a similar behaviour occurs for the n-alkyl- 
ammonium bromide series, then it may be con- 
cluded that Gordon el  ai. (4 )  must have examined 
the primary monoclinic structure of n-dodecyl- 
ammonium chloride and the secondary rnono- 
clinic phase of the bromide, whereas Kertes el al. 
(5 )  reported data for the secondary monoclinic 

FIG. I .  Long spacings of 11-alkylammoniurn chlorides. 
Lines A and B, primary monoclinic and orthorhornbic 
phases. Line C ,  tetragonal phase. Line D, secondary 
monoclinic phase. Triangles are literature values, circles 
are from the present study. 

chloride and primary monoclinic bromide. 
Irreversible transitions such as these are better 

known for inorganic systems (12)  and generally 
involve small differences in internal energy be- 
tween the two forms but a large activation energy 
exists for conversion from one form to the other. 
The enthalpy change observed for the nonre- 
versible transition to the tetragonal phase is 
2.5 kcal mol-' for 11-tridecylamrnonium chloride 
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but greater than 6 kcal mol-' for the n-tetrade- 
cyl-, n-pentadecyl-, and n-hexadecyl-compounds. 
There was no evidence of diffuse X-ray scattering 
on diffraction photographs of either the primary 
monoclinic or the primary orthorhombic phases 
and these must be the only ordered phases with 
the monoclinic more stable than the orthor- 
hombic. The observation of three or more 
transitions in the dsc study (6) implies that other 
intermediate phases must exist. The present 
investigation is concerned with the low and high 
temperature limiting cases only. 
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Potential energy calculations of the rotational barriers of molecular 
solids. 11. The dynamic structures of adamantane and hexamethylene- 

tetramine in the solid state and the nature of the phase transition 
in adamantane1 
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C. A. FYFE and D. HAROLD-SMITH. Can. J. Chem. 54, 769 (1976). 
Nonbonded atom-atom potential functions have been used in conjunction with literature 

crystal structure data from diffraction measurements to calculate the sublimation energies and 
also the energy barriers for rotation around the molecular axes for both a and /3 phases of 
adamantane and also for hexamethylenetetramine. These results are compared with experi- 
mental values and the nature of the dynamic structures deduced. 

In addition, a detailed consideration of individual intermolecular interactions in the case of 
adamantane is presented which explains in detail the observed high temperature disordered 
structure and the nature of the associated order-disorder transition. 

C. A. FYFE et D. HAROLD-SMITH. Can. J. Chem. 54, 769 (1976). 
On a utilise des fonctions de potentiel atome-atome nonlies de concert avec des donnCes de 

la litterature concernant des structures cristallines dkrivkes de mesures de diffraction pour 
calculer les energies de sublimation et aussi les barrikres d'knergie h la rotation autour des axes 
moleculaires des phases a et /3 de l'adamantane et de l'hexarnethyknetetramine. On compare 
ces resultats avec les valeurs experimentales et on en deduit la nature des structures dynamiques. 

De plus on presente dans le cas de I'adamantane une consideration detaillee des interactions 
intermolkulaires individuelles qui explique en detail la structure dksordonnee observie h haute 
temperature et la nature de la transition ordre-disordre qui l'accompagne. 

[Traduit par le journal] 

Introduction 
In recent years, empirical potential functions 

describing the interaction between nonbonded 
atoms have been used with varying degrees of 
success to describe the conformational structures 
of simple organic molecules, polymers, and 
biopolymers. For the solid state, these functions 
have been used to describe and predict the lattice 
structures, small-angle vibrational motions, and 
the sublimation energies of the crystals. 

In addition to these small-amplitude vibrations 
in crystals it is known that, in certain cases, 
molecular motions of much greater amplitude 
can occur, involving the complete reorientation 
of groups or whole molecules (1). For example, 

'Presented a t  the Canadian Chemical Conference of the 
Chemical Institute of Canada, Regina, Saskatchewan, 
June 1974. 

ZTo whom correspondence should be addressed. 
'Present address: Department of Chemistry, North- 

western University, Evanston, Illinois. 
4Revision received November 17, 1975. 

in the case of crystalline benzene the individual 
molecules can move in their molecular planes by 
a jumping motion around the hexad axis. 

The energy barriers associated with these 
jumping motions in the solid state may be 
deduced from the variation of the nmr linewidth 
with temperature or from the Waugh estimate of 
T = 27En, where T is the temperature of transi- 
tion in degrees K and En is the energy barrier in 
kcal/mol. Both these techniques are empirical, 
however, and a better estimate is obtained from 
measurements of the spin-lattice relaxation time, 
TI,  or Tip, the spin-lattice relaxation time in the 
rotating frame of the magnetic nuclei. These 
parameters are very temperature dependent if 
motion is present, as the movement of the 
molecules provides a relaxation mechanism for 
the nuclei, and the temperature dependence can 
be treated exactly, yielding reliable values for the 
barrier height (1). 

In the preceding paper in this series (2), a 
model was developed and used to calculate the 
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reorientational energies for a series of planar 
polycyclic aromatics, which gave good agreement 
with the experimentally observed values. An 
im~ortant  sim~lification in the calculations for 
those particular compounds was the absence of 
intramolecular rotation, the molecules being 
treated as rigid. The present work is an attempt 
to apply the method of calculation to mofe 
complex systems, while still keeping this partic- 
ular simplification. These requirements are 
satisfied in the case of rigid cage-like aliphatic 
molecules. The two most studied molecules of 
this type are adamantane (1) and its nitrogen 
substituted analogue hexamethylenetetramine (2). 

Adamantane, or tricyclo[3,3,1 ,I3,'] decane (I), 
is the simplest cage-like hydrocarbon having its 
carbon atoms arranged in the tetrahedral struc- 
ture characteristic of the diamond lattice. 
Substitution of nitroeen for all four methvne " 
carbons yields the compound hexamethylenetet- 
ramine (2). Carbon skeletons of adamantane (1) 
and carbon, nitrogen skeleton of hexamethylene- 
tetramine (2) are as follows: 

Below 208.62 K adamantane crystallizes in an 
ordered structure. A tetragonal sttucture, space 
group P421C, a = 6.60, c = 8.81 A, Z = 2, has 
been reported for this phase (3), and the structure 
has been further refined by other workers (4). At 
208.62 K adamantane undergoes a phase transi- 
tion (5) to a face centered cubic disordere: 
structure, space group Fln3m, with a = 9.45 A 
and Z = 4 (3). The structure indicates a random 
distribution of the molecules between two posi- 
tions which are related to each other by a 90" 
rotation about a molecular twofold axis passing 
through two methylene groups. 

Hexamethylenetetramine (2) has been the 
subject of several X-ray diffraction studies, 
aimed at measuring both the static and the 
dynamic features of its structure. It crystallizes 
in the body-ceatered cubic space group 1 a m  
with a = 7.02 A at 298 K (6). 

The high temperature, or a phase of adaman- 
tane is plastic crystalline; hexamethylenetetra- 
mine and the p phase of adamantane are not. 

Much of the interest in these three phases has 
been focused on measuring the structural 
differences among them in order to determine 
what properties produce plastic crystallinity. 
Nuclear magnetic resonance studies have shown 
that both rotational and translational diffusion 
are much more rapid in a-adamantane than they 
are in either P-adamantane or hexamethylenete- 
tramine (7-9). A variety of symmetry axes are 
available for both molecules, and the purpose of 
the present work was to try to calculate the 
complete dynamic structures of both and to 
relate these results to those from X-ray, neutron 
diffraction, and nmr measurements. A sub- 
sequent paper will describe the predictions made 
from similar calculations for the dynamic 
structures of other molecules of this class where 
fewer experimental data are available (10). 

In the present paper, while continuing the type 
of calculation done in Part I, we also seek to 
extend the capabilities of these calculations in 
three ways: 

For planar molecules, in plane rotations are 
much more probable than those about other 
axes. For 'three-dimensional' molecules, how- 
ever, the axis (or axes) of rotation may be more 
difficult to identify. Furthermore, rotations about 
more than one axis may be significant in the 
same temperature range and this may be difficult 
to detect by nmr or other experiments. Hence 
determining the axis or axes of rotation is a 
definite objective in extending these calculations 
to nonplanar molecules. Secondly, for some 
compounds, a metastable orientation of the 
molecule may exist which lies at an energy 
minimum not much greater than that of the 
equilibrium orientation indicated by X-ray dif- 
fraction measurements. In these cases a 'second- 
order' calculation may be performed in which 
the effect of populating this metastable orienta- 
tion is investigated. In this paper we perform 
such 'second-order' computations on adaman- 
tane. 

While it is apparent that in an order-disorder 
transition the energy required for a molecule to  
rotate t o  an orientation of disorder must depend 
on the orientations of its neighboring molecules, 
very little quantitative information is extant 
about specific potentials for large-angle molecu- 
lar motions and how these potentials are changed 
by the corresponding orientation of nearby 
molecules. Discussions of such transitions often 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FYFE AND HAROLD-SMITH 77 1 

employ 'order parameters' which detail the 
amount of disordering introduced during the 
transition but which give no information as to 
the molecular mechanism involved. Second order 
calculations of the type described above provide 
a possible method for the investigation of order- 
disorder transitions, and we have used them in 
an attempt to  determine how the dynamic 
structure of the ordered f i  phase leads to  the 
disordered high temperature phase. 

Experimental 
All calculations were performed on an I.B.M. 360-75 

computer using Fortran IV programs written by the 
authors. Copies of these programs and additional in- 
formation are available on request. 

Results and Discussion 

Calculations of the rotational barriers around 
all the axes of molecular symmetry of adamantane 
in both of its phases and of hexamethylenetetra- 
mine have been made, as well as a detailed 
breakdown of the interactions which produce the 
phase-transition of adamantane. For clarity of 
presentation, the different parts of these calcula- 
tions will be described in separate sections: 

Adamantane: Model and Choice of'Potentia1 
Functions 

It is assumed that the potential energy of 
interaction between any two molecules in a 
crystal is given by a sum over atom-atom pair 
interactions. The latter are assumed to be a 
function only of the distance between the two 
atoms, to be independent of the nature of the 
rest of the molecule of which the given atom 
forms a part, and to be unaffected by the 
presence of nonbonded atoms on a third 
molecule with which the two atoms under con- 
sideration may be simultaneously interacting. 
The particular functional form used for such 
pairwise additive atom-atom potentials is the 
exponential-6 function: 

[I] Vij = - Ar-6 + B exp (- Cr) 

The potential energy of interaction between two 
nonbonded atoms, Vij, is thus a simple function 
of the distance r between them; the empirically 
determined parameters A, B, and C are different 
for chemically differing pairs of atoms. The 
experimental information used to obtain these 
parameters are the observed crystal structures 

for a series of molecular crystals, and the 
enthalpies of sublimation. Williams (1 1) has ~2 

determined that for hydrocarbons the atom- 
centered functions (eq. 1) are superior to bond- 
centered models. A convenient review of much of 
the work on potential functions has been done 
by Mason (12). 

If the equilibrium crystal structure is known, 
all interatomic distances can be computed and 
the equilibrium lattice-sum for potential energy 
found : 

where n is the number of atoms in the molecule 
and the sum to infinity over j implies that the 
interaction energy of atom i with all atoms of all 
other molecules in the crystal must be accounted 
for. Each term Vij is given by the appropriate 
form of [I]; since Vij is zero where rij is infinite, 
U is measured relative to the energy of the 
molecules at infinite separation from one another, 
i.e. relative to the ideal gas. Thus, the sublimation 
enthalpy at absolute zero (taken as positive) is 
given by : 

[31 (A Hsubo)T= = - U - EO 
where Eo is the zero-point energy (taken as 
positive) associated with the lattice modes. In the 
present work, the summation over j, in [2], was 
not carroied out to kfinity, but was restricted to 
rij < 8 A or < 10 A. All VG terms become ex- 
tremely small outside this range, and since the 
object of the present work was to  compute 
energy d~flerences, the small errors introduced by 
cutting off the summation will very nearly cancel. 

In the initial calculations, the mechanical 
model for the motion was the simplest possible 
one in which one molecule (M) was considered 
to move while all the other molecules were kept 
static in the lattice at the positions of minimum 
potential as indicated by the X-ray diffraction 
structure. Intramolecular motions and any con- 
certed motions between the molecules were 
neglected. The only justification for such a simple 
model is its success in explaining the experimental 
data in both the previous work (2, 10) and also 
the present investigations. This is not to say that 
molecular distortions or concerted motions may 
not occur; but if they do, they do not exert a 
large influence on the physical properties 
presently being calculated. 
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TABLE 1 
(a) Calculated and measured heats of sublimation 

Phase AH,,, (measured) AU (calcd) Cell dimensions 

8- Adamantane 13.5O 14.4" no = 6.60 co = 8.81 
a-Adamantane 12.7b 12.gE no = 9.426 

1.3 . 1" a0 = 9.426 
13.W a, = 9.45 

Hexamethylenetetrarnine 1 8 . 1 ~  15.51 a, = 6.910 (34 K) 
16.51 a0 = 6.931 (100 K) 
16.91 a0 = 7.021 (298 K)  

Adamantane (HMT lattice) - 8.51 no = 7.37 
Hexamethylenetetramine (a-adamantane lattice) - 14.31 a, = 9.30 
Hexamethylenetetramine (8-adamantane lattice) - 16.U n o = 6 . 6 0  b o = 8 . 8 1  

OReference 14. 
bReference 13. 
CReference 25. 
dReference l lc, Table IB. 
eReference l l c. Table IC. 
/Reference I lb. 

( 6 )  Parameters used in the evaluation of Vil (eq. 1) 

Atom pair A (kcal mol-1 A6) B (kcal mol-1) c (A-1) Reference 

C-C 565.01 
C-H 108.15 
H-H 20.7 
C-C 512.57 
C-H 111.84 
H-H 24.4 
C-C 5.68 
C-H 1.25 
H-H 27.3 

75 523 3.60 1 lc, Table 1B 
10 352 3.67 

1 729 3.74 
71 782 3.60 1 lc, Table 1C 
8 503 3.67 
2 171 3.74 

83 620 3.60 l l b  
8 766 3.67 
2 654 3.74 

The mechanics of the calculations have been 
outlined previously and will be only briefly 
reviewed here. 

In the application of this model, the molecule 
of interest (M) was placed in the correct position 
as indicated by X-ray diffraction measurements 
in a unit cell which itself was placed at the center 
of a group of 26 or more unit cells. The potential 
energy from the nonbonded interactions of the 
atoms in this molecule with the atoms of the 
other molecules in its own unit cell and those of 
all the molecules in the surrounding unit cells 
was evaluated as a sum of the appropriate pair 
potentials. 

When the molecule (M) is thus located in the 
position given by the X-ray structure, the inter- 
molecular potential evaluated corresponds to the 
experimentally measurable sublimation energy 
A Hsub. 

The molecule (M) was then rotated by an 
angle 0 around a chosen axis to a new set of 
coordinates, with all the other molecules in the 

surrounding unit cells kept static in their original 
positions, and the intermolecular potential be- 
tween (M) and all the rest was evaluated as a 
function of the angle of reorientation. For 
comparison with experimental data the difference 
in energy between the zero rotation and the 
computed maximum in this curve was equated 
to the activation energy for motion about this 
axis. 

p Phase Adamantane 
The angular dependence of the potential 

energy for rotation of the adamantane molecule 
in the p phase about both its twofold and three- 
fold axes was calculated using the model outlined 
above, using hydrogen coordinates generated 
from the carboa coordinates with a C-H bond 
length of 1.08 A as in previous calculations, and 
using Williams' most recent parameters for 
aliphatic compounds only (1 1). These results are 
tabulated in Table 1 and presented diagramat- 
ically in Fig. 1 A and B. 
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FYFE AND HAROLD-SMITH 773 

In the case of rotation of the molecule about its 
threefold axis in the p phase (Fig. lA), the 
potential repeats every 120" as required by the 
symmetry of the axis, 120" movements bringing 
the molecule back to a position of minimum 
potential where the positions of all atoms are 
identical to  those in the original 0" rotation. 

Less obvious from the crystal structure is the 
symmetry of each 120" phase about its midpoint; 
and the subminimum at each of these midpoints 
was totally unpredictable. The calculated barrier 
to rotation was 4.4 kcal/mol, in acceptable 
agreement with the experimental values of 5.8 
and 6.5 kcal/mol from TI measurements re- 
ported for ER of p-adamantane. Examination of 
the molecular packing in the B phase shows that 
the potential for rotation about the twofold axis 
is expected to be asymmetric, and this asymmetry 
is reflected in the calculated potential. According 
to the calculations, the twofold axis rotational 
barrier is 5.6 or just 1.2 kcal/mol larger than the 
threefold axis barrier. Measurements of ER by 
pulse nmr undoubtedly reflect a weighted 
average or rotations about several axes.5 

Thus at very low temperatures, adamantane 
will be completely rigid in its lattice. Wide line 
nmr measurements indicate that motion on this 
timescale is occurring in the p phase at tempera- 
tures > 125 K (8). The above results indicate 
that orientation will occur initially by movement 
around the threefold axis and then with a gradual 
admixture of motion around the twofold axis. 
Because the two barriers are similar in energy, a 
single second moment transition is expected, as 
is observed experimentally, and the barrier 
heights from TI measurements will be a weighted 
average. It is also thought that at these tempera- 
tures a small proportion (<6%) of the molecules 
will occupy the positions indicated by the sub- 
minima in Fig. 1 A and B. 

The calculated sublimation energy of 14.4 
kcal/mol (Table 1) is in reasonable agreement 
with the experimental value of 13.5 kcal/mol. 

5For rotation about an arbitrarily chosen axis orthog- 
onal to the twofold axis, we calculated a potential 
barrier of 4.7 kcal/mol. Because of the nearly spherical 
symmetry of the molecule, the maximum repulsions pro- 
duced by rotations about various axes are nearly equal. 
Combinations of rotations about other axes equivalent 
to a 60 or 120" jump about the threefold axis or a 70, 110, 
or 180" jump about the twofold axis are required for the 
molecule to return to one of the positions of minimum 
potential shown in Figs. 1 A  and B  a t  the end of its 
rotational jump. 

I I I I I 
-120 -60 0 60 120 1Q0 

- ROTATION ANGLE - 
B-ADAMANTANE B 
?-FOLD AXIS 

/ 

-ROTATION ANGLE- 

FIG. 1. ( A )  Potential for rotation of the test molecule 
M about the threefold axis in b-adamantane. ( B )  Potential 
for rotation of M about the twofold axis in b-adamantane. 

a Phase Adamantane 
Since the crystal structure of a-adamantane 

indicates that the molecules are randomly distrib- 
uted between two disordered positions (Fig. 
4A), the potential energy for each rotation angle 
of the test molecule was calculated twice: once 
with all the other lattice molecules in one of the 
disordered orientations, and a second time with 
the lattice molecules in the other orientation. 
The measured energy is approximated in the 
present case by the average of these two calcula- 
tions. In fact, for any given molecule, there will 
be a unique potential function which will be a 
weighted average of the two potential functions 
depending on the particular distribution of the 
surrounding molecules over the two sites avail- 
able to each molecule. 

Figure 2A shows the potential for rotation of 
the test molecule about the twofold axis when all 
of the molecule's neighbors have been artificially 
given the same orientation. Figure 2B is the 
average of Fig. 2A and the potential generated by 
rotation of the test molecule about the twofold 
axis with all of the surrounding molecules in the 
other of the two disordered orientations. The 
latter potential is not illustrated since, except for 
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A 
s* d -ADAMANTPINE*, 
2-FOLD A X l S  ROTATION 
(ARTIFICIAL O R D E R I N G  
ABOUT TWOFOLD AXIS)  

B 
d - A D A M A N T A N E  
2 - F O L D  A X l S  

d ADAMANTANE 
-12 r3-FOLD AXlS 

I I I I 
-180 

I 
-90 0 90 180 

ROTATION ANGLE 

FIG. 3. Potential for rotation of M about the threefold 
axis in a-adamantane, assuming an equal distribution of 
the surrounding molecules over the two sites available 
for each. 

I I I I 
-1 80 -90 0 90 180 

are not given, they also made preliminary 
ROTATION ANGLE calculations of the transition energy and the 

FIG. 2. ( A )  Potential for rotation of M &bout the two- barriers to rotation about the twofold axis. 
fold axis in an artificially ordered 'a-adamantane' lattice. 
All of the lattice molecules are in the same one of the two The Mechanism ' f  the order-Disorder 
disorder orientations. (B) Potential for rotation of M Transition of Adaman tune 
about the twofold axis in the true, disordered a-adaman- The celi dimension of (cubic) a-adamantane is 
tane lattice, assuming an equal distribution of the a, = 9.4A, and for p-adamantane (tetragonal) 
surrounding molecules over the two possible orientations 
for each. the dimensions are as = 6.6, cs = 8.8 A. Nord- 

man and Schmitkons (3) observed that when 

being 90" out of phase, it is identical to Fig. 2A.  
The potentials for rotation of adamantane about 
its threefold axis as calculated in this manner are 
shown in Fig. 3. The results are tabulated in 
Table 1. Again the potential show11 is only an 
approximate representation of the energy barrier 
involved. Any particular molecule will have a 
specific potential function for reorientation 
which will depend on the distribution of the 
surrounding molecules over the two sites avail- 
able to each. 

The calculated lattice energy for a-adamantane 
is 13.2 kcal/mol compared to the experimental 
lattice enthalpy of 12.8 kcal/mol (13). The 
calculated value for the difference between the 
lattice energies of the a and P forms is thus 1.2 
kcal/mol, which is in excellent agreement with 
the measured value of 0.8 kcal/mol (5). It is 
also in agreement with the value of 1.3 kcal/mol 
quoted by Wu et nl. (13), who used potential 
functions of the type described here to explain 
the observed ir frequencies of solid adanlantane 
and used these to investigate the phase transition 
in solid adamantane. Although complete details 

a-adamantane was cooled into the low tempera- 
ture form, the directions of the tetragonal c axis 
always coincided with the direction of one or 
more of the three cubic a axes. Thus, as can be 
seen from Fig. 4, the order-disorder transition in 
adamantane takes place through a reorientation 
of the molecules about their twofold axes. 
According to the X-ray diffraction measurements, 
the reorientation angle is either 9 or 81°, de- 
pending on which of the two disorder positions 
the individual adamantane nlolecule assumes in 
the disordered phase. 

Because it seems probable that the subminima 
in the calculated potentials for the P phase be 
responsible for the transition to the high tempera- 
ture phase, a second-order recalculation of the 
potentials in Fig. 1 has been performed to try t o  
elucidate the mechanism of the transition. In this 
calculation the nlolecules surrounding the test 
molecule have been reoriented to  the positions 
which were metastable in the first-order calcula- 
tion. This was done not only to improve the 
accuracy of the first-order calculation, but 
because it was hoped that the second-order 
calculation might give at least some qualitative 
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FYFE AND HAROLD-SMITH 

y a , c  axis 
FIG. 4. Illustration of the rotation about the molecular 

twofold axis which produces the order-disorder transition 
in adamantane. The projections in ( A )  and (B) are down 
the axis of rotation. (A) The high-temperature, a phase. 
The random distribution of the molecules between two 
orientations, which are interchangeable by a 90" rotation 
about the projection axis is illustrated by the upper 
methylene hydrogens (dark circles). The cubic a axis is 
diagonal. (B) The low-temperature, P phase. Ordered 
phase produced by molecular rotations of 9 and 81". The 
projection axis coincides with the tetragonal c axis, and 
the u axis is vertical. ( C )  Illustration of the adamantane 
molecules projected in (A) and (B). All of the hydrogen 
atoms have been omitted, except the upper pair of 
methylene hydrogens (dark circles). The plane of the 
other methylene group (lowermost carbon) is orthogonal 
to the plane of the methylene group shown. 

information about the mechanism of the phase 
transition. In particular, it was hoped that rota- 
tion of some molecules to  nonequilibrium posi- 
tions would lower the metastable potential for 
rotation of the test molecule about its twofold 

3-FOLD A X l S  
(NEIGHBORS AT METASTABLE 
ORIENTATIONS ABOUT 
3-FOLD AXIS)  

-180 . -90 0 90 180 

ROTATION ANGLE 

FIG. 5. Potential for rotation of M about the threefold 
axis when all the neighboring molecules have been rotated 
about their threefold axes to metastable orientations. 

B A D A M A N T A N E  
3-FOLD AXlS 
(NEIGHBORS AT METASTABLE 
ORIENTATION ABOUT 
2-FOLD AXIS)  

-4 r 

I I - 
-1 80 -90 0 90 180 

ROTATION ANGLE 

FIG. 6. Potential for rotation of M about the threefold 
axis when all the neighboring molecules have been rotated 
about their twofold axes to metastable orientations. 

axis and shift the position of the subminimum 
from 70" closer to 90". It was also hoped that a 
molecule-by-molecule consideration of the poten- 
tials between the test molecule and its neighbors 
would make possible a quantitative treatment of 
the 'coupling' which produces the phase transi- 
tion and indicate clearly why this ends in statisti- 
cal disorder about the twofold axis in the a: phase. 

Figures 5 to  8 show the effects on the two- and 
threefold axes potentials of rotating all the 
molecules in the lattice to a given orientation of 
subminimum energy. For example (Fig. 5), when 
all the surrounding n~olecules are rotated 60" 
about the threefold axis, the potential energy of 
the test molecule at its equilibrium position is 
raised from - 14.4 t o  - 11.5 kcal/mol and the 
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PADAMANTANE 
2-FOLD A X l S  
(NEIGHBORS AT METASTABLE 
ORIENTATION ABOUT / 
3-FOLD AXIS)  

I I I I 
-1 80 

1 
-90 0 90 180 

ROTATION ANGLE 

FIG. 7. Potential for rotation of M about the twofold 
axis when all the neighboring molecules have been rotated 
about their threefold axes to metastable orientations. 

6-ADAMANTANE 
2-FOLD A X l S  

2-FOLD AXIS)  
0 

-4 

-1 0 

-1 2 

I I I L 
-1 80 -90 0 90 180 

ROTATION ANGLE 

FIG. 8. Potential for rotation of M about the twofold 
axis when all the neighboring molecules have been rotated 
about their twofold axes to metastable orientations. 

barrier to rotation about its threefold axis 
increases from 4.5 to 8.4 kcal/mol. Furthermore, 
the energy difference between the metastable and 
the equilibrium orientations increase from 2.9 to 
6.9 kcal/mol. (The position of the metastable 
orientation also shifts from 60" to about 65O.) 
If a random distribution of reoriented molecules 
is assumed, this type of motion therefore tends 
to be self-quenching, although this may not be 
true of specific molecular pairs. 

Figure 6 shows the effect on the threefold axis 
rotation when the surrounding molecules are 
reoriented about their twofold axes. Again, 
motion about the threefold axis tends to be 
quenched, although the effects are weaker. The 
sublimation energy of the test molecule is 
reduced in this case also, from 14.4 to 11.7 
kcal/mol. 

Figures 7 and 8 show the results of analogous 
second-order calculations for rotation of the test 
molecule about its twofold axis. It is this type of 
reorientation which, according to the X-ray 
diffraction studies. Droduces  the disordered , . 
phase. In both calculations, the sublimation 
energy has been reduced to about 11.6 kcal/mol. 

As shown in Fig. 7, the effect of orienting the 
surrounding molecules at their metastable orien- 
tation about their threefold axes is to increase 
the barrier to rotation of the test molecule about 
its twofold axis and to lower the difference in 
energies between the equilibrium and metastable 
positions. 

Figure 8 shows the effects of orienting the 
surrounding molecules at their metastable orien- 
tation about their twofold axes on the rotation of 
the test molecule about its twofold axis. In this 
case. the ~otent ial  of the 'metastable' orientation , . 
is now lower than the potentials of the 'equilib- 
rium' orientation. Qualitatively, then, the poten- 
tial in Fig. 8 has exactly those properties neces- 
sary to produce the observed phase transition; 
( I )  the position of the minimum has shifted from 
70 to 85' (observed, 90°), (2) the position of the 
barrier to rotation is shifted from 35 to 45", (3) 
the 'metastable' energy is now lower than the 
'equilibrium' energy. This last feature is crucial, 
since it means that the more n~olecules jump to 
the metastable orientation. the easier it becomes 
for other molecules to make this same jump and 
the more difficult it is for the n~olecules in the 
metastable position to jump back. Eventually, at 
equilibrium (when the phase transition is com- 
plete) the potential energies for both orientations 
of the test n~olecule must be the same and the 
rates of 'forward' and 'backward' jumps ~llust be 
equal. Thus, the situation described in Fig. 8 is 
one which will not be reached in practice. It does, 
however, contain all the information about the 
effect of orienting any one of the surrounding 
molecules at its metastable orientation. 

Table 2 sumnlarizes the (molecular) pair-wise 
interactions which produce the phase transition. 
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FYFE A N D  HAROLD-SMITH 777 

TABLE 2. Calculated and measured activation enthalpies for rotation (kcal mol-1) of adamantane and 
hexamethylenetetramine in their molecular crystals 

Phase 

E n  

Measured 
Molecular 

axis Calculated Reference 7 Reference 25 

p-Adamantane Twofold 
Threefold 

a-Adamantane Twofold 
Threefold 

Hexamethylenetetramine Twofold 
Threefold 

TABLE 3 
( ( I )  Roles of neighboring molecules in the order-disorder transition of 

adamantane in the solid state 

A Eoa 
Axis of 

rotation Cell D 0 = 70' 0 = 0' 0 = 35" En, E,,,, 

Twofold 1,6,8,10 6.42 -0.37 +0.21 0.00 5.0 3.5 
Twofold 3,5,7,9 6.42 -0.23 +0.20 +0.06 5.1 3.3 
Twofold 2,3,4,5 6.60 +0.15 +0.25 + I  .09 6 .0  4.1 
Threefold 2 6.60 +0.10 f0 .23 +O.44 5.4 3.4 
Threefold 3 6.60 +0.18 +0.59 f1.39 6 .0  4.3 
- - 0 0 0 0 5.2 3.1 

nAEo is the change in potcntial o f  the test nioleculc (at a rotation angle of 0 degrces) when o t ~ e  of tlle 
niolccules nanicd by colunin 2 has been reoriented from its equilibrium orientation about  the axis listed 
in column I to  tlic subminimum orientation for  that axis of rotation. Energies are  in  kcal/mol. D is the 
distance in Angstroms between the ccnter of mass of tlic molecule and the ccnter of mass of the test 
molccule. EH, is the din'ercnce between the maximum potcntial encountcrcd during rotation and the 
equilibrium potcntial. ERl, is tllc dif i rence bctwcen the ninximum polcntial and the potential of the 
metastable orientation. 

(b) Locations of unit cells referred to in (n)  

Cell X Y Z 

Columns 1 ,  2, and 3 list the neighboring mole- 
cule, its cell, and the axis about which it has been 
rotated respectively. The rotations were 70 and 
60" about the two- and threefold axes, respec- 
tively, these being the metastable orientations in 
the first order calculation (see Fig. l), AEo is the 
difference between the potentials of the test 
molecule (rotated 0 degrees from equilibrium) 
when the neighboring molecule has undergone 

the indicated reorientation, and when it is at its 
equilibrium position. ERf and ERb are the 
activation energies for rotation from the equilib- 
rium to the metastable orientations and vice 
versa. 0 = 0, 80, and 35" are, respectively, the 
equilibrium, metastable, and potential submaxi- 
mum orientations. Several conclusions may be 
quickly noted: (1) Except for next nearest neigh- 
bors in cells 2 and 3, rotation of neighboring 
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molecules about their threefold axes does not 
promote the transition. (2) Rotations of these 
molecules aid the transition only because they 
raise the energy of the test n~olecule at its 
equilibrium orientation more than they increase 
the potential of its metastable orientation. (3) 
Only eight molecules promote the transition by 
both lowering the energy of the metastable 
orientation of the test molecule and raising the 
energy of its equilibrium orientation. These eight 
are the nearest neighbors and may be divided into 
two groups of four equivalent molecules. Both 
types increase the equilibrium potential of the 
test molecule by about 0.2 kcal/mol; but the one 
type decreases the potential of the metastable 
orientation of the test n~olecule by 0.23 kcal/mol 
while the other produces a greater effect by 
decreasing its metastable potential by 0.37 
kcal/mol. (See Table 3.) 

Hexame lhylenelelratnine: Model and Choice oj' 
Polenlial F~mclions 

The same model of the reorientation processes 
was used in which a single molecule was rotated, 
the rest of the lattice being held rigid at the posi- 
tions indicated by the X-ray structure. An 
additional problem exists for hexamethylenetetra- 
mine (HMT), however, in that the addition of 
the nitrogen atoms requires three new inter- 
atomic potential functions: N-N, N-H, and 
N-C. Some of the parameters used by various 
workers have been briefly reviewed by Venkata- 
chalam and Ramachandran (14) and later by 
Scheraga (15). 

Three sets of published parameters for nitrogen 
were tried in calculations on hexamethylenetetra- 
mine. These included two sets based on Kitaigo- 
rodskii's approach (16) (KI and KII in refs. 14 
and 15) and the set used by Scheraga (15). None 
of the three yielded calculated values of the 
sublimation energy and rotation barrier which 
were even close to correct. For example, the 
latter set, which gave the best values among the 
three, is illustrated in Fig. 10B. The total N-N, 
N-C, N-H potential for rotation of hexa- 
methylenetetramine about its twofold axis varied 
by less than 0.5 kcal/mol, although it was known 
from a calculation on the hydrocarbon portion 
of the molecule that the contribution from the 
nitrogen interactions was at least 10 kcal/rnol. 
Therefore, an alternative approach was chosen. 

While recognizing that bond-centered poten- 

HEXAMETHYLENE TETRAMINE 
2-FOLD AXIS 

0.50 
- 2 0  

I I I I I 
-180 -90  0 9 0  180 

ROTATION ANGLE 

FIG. 9. Dependence of the potential for rotation of the 
test molecule M about the twofold axis of hexamethyl- 
enetetramine on the length of the hypothetical nitrogen- 
hydrogen bond. 

tials may be theoretically preferable to atom- 
centered potentials, it is thought that the 
published empirical coefficients for the latter 
model give more accurate results than those 
available for the bond-centered model. In the 
present model, the electron lone-pair and nucleus 
of nitrogen are considered to be similar to a 
hydrogen bonded to a carbon. Thus a nitrogen 
aton1 and its lone pair are treated exactly as a 
hydrogen bonded to a carbon except that the 
'C-H' bond distance is shorter for nitrogen. 
This allows us to treat the three additional pair 
interactions created by insertion of nitrogen into 
a hydrocarbon with just one parameter, rather 
than the nine additional parameters which would 
otherwise be required. Its chief justification, 
however, lies in the agreement it gives between 
calculated quantities and their measured values. 

Figure 9 shows how the total potential calcu- 
lated for rotation of hexamethylenetetramine 
about its twofold axis varies as the hypothetical 
N-H bond distance is changed. Since the 
measured activation energy for rotation of 
hexamethylenetetramine is 19.3 kcal/mol (7), 
and 'N-H' distance of 0.7 A gives the best 
agreement between calculation and measure- 
ment. There is support for this value in the work 
of Allinger and Thai (17) who calculated the 
potentials for approach of a helium atom toward 
an ammonia molecule along both the electron 
lone pair and the H-N bond axis. The two 
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potential curves have nearly identical shapes and 
were separated by a distance of 0.69 A. This 
distance is almost identical t o  the difference 
between the N-H bond length and the distance 
of the centroid of the lone pair from the nitrogen 
nucleus (18). Furthermore, this method of treat- 
ing the effect of elements with lone pairs of 
electrons is analogous to  models for predicting 
the geometries of small molecules which have 
been so successful, in which the effect of lone 
pairs of electrons is considered similar to that of 
bonds (19, 20). The present work merely extends 
this approach to intermolecular interactions 
involving these orbitals, and puts it on a quanti- 
tative basis. 

Reorientation in Hexumethylenetetramine 
The crystal structure of hexamethylenetetra- 

mine has been carefully studied by both X-ray 
and neutron diffraction (21-24). The most recent 
and accurate study is by Becka and Cruickshank. 
who obtained anisotropic atomic-vibration am- 
plitudes at  298, 100, and 34 K (24). The com- 
pound is ideally suited for this kind of study 
because of its cubic n~olecular and crystal 
symmetries. Information about both transla- 
tional and small-angle rotational vibrations was 
obtained in that study. 

Large-jump rotation, translation, and impurity 
diffusion have been studied by nmr. Smith (25) 
obtained values for the rotational activation 
energy of 17.9 and 18.7 kcal/mol from second 
moment studies and TI measurements; Resing (7) 
obtained a value of 19.3 kcal/mol. Correlation 
times for translational self-diffusion were too 
long to be measured even by T,p (7). 

Thermodynamic studies of H M T  include low 
temperature calorin~etric work by Westrum (5) 
and measurements of the vapor pressure by 
Stranski et ul. (26). 

Probably the major motivation for most of the 
work which has been done to  date on H M T  has 
been to establish why H M T  is not plastic- 
crystalline in spite of its close structural similar- 
ity to adamantane. From the nmr studies, it 
seems certain that the lack of plastic crystallinity 
in H M T  as compared to adamantane is con- 
nected with its lack of rotational and transla- 
tional mobility, but it is unclear just how the 
substitution of four nitrogen atoms for four 
C-H groups produces the drastic reduction in 
mobility. Smith has offered a discussion of this 

HEXAMETHYLENETETRAMINE 
2-FOLD AXIS 
(N-N. N-C.N-H INTERACTIONS) 

A h 

(CC.  C-H, H-H INTERACTIONS) 

ROTATION ANGLE 

FIG. 10. Potential for rotation of M about the twofold 
axis broken down into the sum of the interactions involv- 
ing nitrogen and the sum of the interactions not involving 
nitrogen. ( A )  Sum of the interactions involving nitrogen 
computed with hypothetical nitrogen-hydrogen bonds 
on each nitrogen (bond length 0.7 A). (B)'Best' sum of 
the interactions involving nitrogen computed without 
hypothetical nitrogen-hydrogen bonds (Scheraga's par- 
ameters for nitrogen). (C) Sum of the C-C, C-H, and 
H-H potentials for rotation of hexamethylenetetramine 
about the twofold axis. Most of the barrier to rotation of 
hexamethylenetetramine about the twofold axis comes 
from interactions involving the nitrogen lone pairs. 

problem in terms of specific atomic interactions 
(25), but the treatment was largely qualitative 
and hence inconclusive. He divided the barrier to  
rotation for H M T  into two parts: (1) hydrogen 
bonding between molecules and (2) 'steric' 
interactions. The 'steric' interactions in H M T  
were assumed to be equal to those in adamantane, 
and the difference between ER (HMT) and ER 
(adamantane) was then supposed to  be entirely 
due to  the hydrogen bonding in the former. This 
left a value of 0.7 kcal/mol for each hydrogen 
bond. He also concluded that the threefold axes 
were probably the axes of rotation. However, the 
ordered cubic structure of H M T  and the dis- 
ordered cubic structure of adamantane d o  not 
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HEXAMETHYLENETETRAMINE 
3-FOLD AXIS 
r 

I I I I 
-180 -90 0 90 180 

I 

ROTATION ANGLE- 

FIG. 11. Potent ia l  f o r  r o t a t i o n  o f  M a b o u t  t h e  three- 
f o l d  axis in hexamethylenetetramine. 

belong to  the same space group; and there is no 
reason to  suppose these 'steric' interactions be 
equal. 

Figure 10 shows the variation of the potential 
energy of HMT as it is rotated about its twofold 
axis. The computed value of ER is 17.0 kcal/mol, 
in satisfactory agreement with the measured 
value of about 19 kcal/n~ol. Figure 10 also 
shows the total potential broken down into two 
potentials, one which includes all the nitrogen 
interactions, and one which includes only inter- 
actions involving carbon and hydrogen. The 
latter potential, with its subminimum between 
two maxima in a period of 180" is qualitatively 
similar to the analogous potentials of adaman- 
tane in both its a and p phases. In HMT, how- 
ever, no metastable orientation is available to  the 
molecule due to the strongly repulsive nitrogen 
interactions at and near the position of 90" 
rotation. 

The potential for rotation of H M T  about its 
threefold axis is illustrated in Fig. 11. Like the 
potential for rotation of adamantane about its 
threefold axis, the HMT potential contains a 
subminimum at the center of each 120" period. 
For HMT, however, the energy of this position 
is so high that the population of this orientation 
is negligible. The computed value of ER for 
rotation about the threefold axis is 20.3 kcal/n~ol. 
This suggests that the measured values of ER 
include a weighted average for rotations about 
both the two- and threefold axes. Energetically, 

rotation about the twofold axis is favored 
roughly 3:l over rotation about the threefold 
axis; but the relative entropies of activation may 
be of greater importance in determining the 
relative jump frequencies. 

Finally, it is useful to compare the computed 
sublimation energy with the measured enthalpy 
of sublimation for HMT. Along with the mea- 
sured value of ER, this provides two observa- 
tional equations which must be fit by the one 
empirical parameter, the 'N-H' bond distance. 
Our computed sublimation energy is 15.1 kcal/ 
mol at 34 K ,  16.1 kcal/mol a t  loOK, and 16.6 
kcal/mol at 298 K. From the data of Stranski 
et al. (26), Smith (25) has obtained a sublimation 
enthalpy of 18.1 kcal/mol from literature data. 
Thus, the computed sublimation energy appears 
to be 1 to 2 kcal/mol too small. The sum of the 
carbon-carbon, carbon-hydrogen, and hydro- 
gen-hydrogen contributions to  the net lattice 
energy is about 7.5 kcal/mol. 

An attempt may also be made within the 
format of these calculations to understand why, 
despite their similar molecular structures, adam- 
antane and hexamethylenetetramine crystallize 
in different lattices. This nlay be done by com- 
paring the computed sublimation energies for 
the actual structure with those calculated for 
H M T  in the adan~antane structure and for 
adamantane in the HMT structure. The lattice 
energy of adamantane crystallized with the H M T  
lattice has been calculated as a function of the 
unit cell dimension and is found to  reach oa 
nlaxinlum value of 8.8 kcal/mol a t  a0 = 7.35 A. 
By comparison, the sublimation energy of the 
disordered, cubic form of adamantane (calcu- 
lated) is 13.1 kcal/nlol; and the sublimation 
energy of the low temperature form is 14.4 
kcal/mol. The lattice energy of HMT crystallized 
in the p form of adamantane is 16.4 kcal/mol. 
For the a form an illustrative calculation was 
performed in which all the HMT molecules 
occupied one of the two possible positions of the 
disordered forms; this yielded a lattice energy of 
14.3 kcal/mol. 

These calculations show unequivocally that the 
HMT structure is not available to  adan~antane. 
But the energies calculated for HMT in the two 
structures of adamantane are equal, within 
experimental error, to the calculated lattice 
energy of H M T  in its observed crystal structure. 
This may be due to the use of 'incorrect' values 
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for the empirical parameters in the N-N, C-N, 
and N-H potential functions. Or it may be that 
the forms of the potential functions are inade- 
quate and that the octupole moment of HMT is 
the force which causes it to crystallize in a lattice 
different from those of adamantane. The work of 
Kihara (27) supports the latter interpretation. 

Recently, Dolling et al. (28) have suggested 
that the systematic difference between the mea- 
sured librational frequencies of HMT and the 
values which they calculated might be due to the 
octupole moment of the HMT molecule. In their 
calculation, they used the pair-potential param- 
eters of Kitaigorodskii (29) for the C-C, C-H, 
and H-H interactions and used the carbon 
parameter for nitrogen. Since this method 
ignores the lone electron pair of nitrogen (and 
since we find that Kitaigorodskii's param- 
eters do not give good results for the rotational 
activation energies), it seems probable that the 
error in the dispersion and repulsion terms of 
their calculation be larger than the octupole 
contribution. 

The HMT octupole moment arises from the 
sum of the dipole moment associated with 
each nitrogen. The nitrogen dipole moment is 
caused by the difference in the electron distribu- 
tions of the lone pair and the three N-C bonds. 
Since the distance between intramolecular nitro- 

octupole term does improve the agreement 
between measurement and calculation. Calcula- 
tions on hexamethylenetetramine crystallized 
with the lattice structure of p-adamantane show 
that in this case the contribution of the octupole 
term to the lattice energy is negligible. 

In order to  form some idea of the dependence 
of AE,,, and ER on the nitrogen dipole moment 
in HMT, the calculation has been r~peated 
assuming a charge separation of 0.036 A. (This 
is double the experimental value and equivalent 
to the diff!action coordinates each being in error 
by 0.009 A. This is not unreasonable, since the 
estimaied standard deviations alone are about 
0.004 A and molecular rotation etc. introduces 
systematic errors of this magnitude (24).) This 
increased the sublimation energy by I .0 kcal j 
mol and the rotational activation energy by 1.3 
kcal/mol. We therefore conclude that the in- 
clusion of the four dipoles of hexamethylene- 
tetramine constitute only a small correction to 
our calculations. 

NOTE ADDED IN PROOF: 
The subminima for rotation about the two- 

and three-fold axes in adamantane shown in 
Fig. 1 have been found to be true subminima on 
a three dimensional energy surface and not 
'saddle points' (30). 
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Inclusion of the octupole term increases the 
sublimation energy of HMT by 0.4 kcal/mol and 
increases the calculated rotational activation 
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than the measured values, inclusion of the 
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Potential energy calculations of the mechanisms of self-diffusion 
in molecular crystals: adamantane 

C. A. FYFE' AND D. HAROLD-SMITH' 
Glrelpll- Waterloo Ce~ltrefor Gmrlrmte Work ir~ Cllemistry, Grrelpll Cumnprls, Clrernistry Deparrme~rt. 
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C. A. FYFE and D. HAROLD-SMITH. Can. J. Chem. 54, 783 (1976). 
A simple but physically well-defined model for self-diffusion in molecular solids is described. 

This is combined with semi-empirical atom-atom pair potentials for nonbonded atoms to test 
various possible diffusion mechanisms in the two phases of adamantane. For adamantane it is 
found that ( I )  diffusion occurs by jumps to single-vacancy holes at  nearest-neighbor lattice 
sites, (2) the four molecules closest to the midpoint of the jumps are cooperatively distributed 
among their equilibrium orientations, and (3) the jump trajectory is curved. The computed 
enthalpy of activation is in good agreement with the experimental value obtained from 
T'P and vapor pressure measurements. The rate of self-diffusion in p-adamantane has not been 
reported, but the enthalpy of activation has been calculated for various mechanisms and indi- 
cates the critical role of lattice disorder in the self-diffusion of plastic crystals. 

C. A. FYFE et D. HAROLD-SMITH. Can. J. Chem. 54, 783 (1976). 
On decrit un modele simple mais bien dCfini pour I'auto-diffusion dans les solides molku- 

laires. On combine ce modele avec des potentiels semi-empiriques de paires atome-atome pour 
des atomes non-lies afin de verifier divers mecanismes possibles de diffusion dans les deux 
phases de l'adamantane. Pour I'adamantane, on a trouvC que: ( I )  la diffusion se produit par 
sauts vers des trous d'une unite des sites du riseau voisin le plus prks; (2) les quatre molCcules 
les plus prks de la demi-hauteur des sauts se redistribuent d'une fason cooperative entre leurs 
orientations d'iquilibre et (3) les trajectoires des sauts sont courbkes. La valeur calculke pour 
l'enthalpie d'activation est en bon accord avec la valeur experimentale obtenue a partir de 
mesures de T,P et de pression de vapeur. On ne rapporte pas le taux d'auto-diffusion du 
p-adamantane mais on a calcult? l'enthalpie d'activation pour divers mkcanismes et ces calculs 
indiquent que le disordre dans le reseau joue un r81e critique dans I'auto-diffusion des cristaux 
plastiques. 

[Traduit par le journal] 

Introduction 
The study of self-diffusion was first made 

possible by the discovery of isotopes, particularly 
those which are radioactive (I). The radiotracer 
technique makes it possible to measure the net 
self-diffusion which takes place in a macroscopic 
object over a period of several hours or days. 
But because the number of individual atomic or  
molecular jumps in this length of time is astro- 
nomical, it is extremely difficult t o  deduce the 
mechanisms of translational diffusion from such 
measurements. 

measurements of the transverse relaxation time 
in a magnetic field gradient (2). TI and T1p  
measurements detect diffusion on time scales 
characteristic of the individual translational 
jumps of the molecules and provide a direct 
measurement of the jump time T .  If it is assumed 
that the molecules undergo random jumps of 
mean-squared distance < r 2 > ,  T can be related to  
the macroscopic self-diffusion coefficient D 
through the equation (3) 

In recent years a wide variety of nuclear mag- Some information about diffusion nlechanisrns 
netic resonance techniques have been developed is potentially available by comparison of nmr 
to measure self-diffusion including second- and macroscopic diffusion measurements through 
moment, TI and TIP measurements, as well as r l l .  Folland et (11. (4) have discussed five plastic 

'To whom correspondence should be addressed. cristalline compounds for which both TI-p and 
'Present address: Department of Chemistry, North- radiotracer measurements have been made. The 

western University, Evanston, Illinois. two types of data are in good agreement for two 
3Revision received November 17, 1975. of the compounds. But for the others there are 
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substantial differences between the diffusion 
coefficients, the activation enthalpies for diffu- 
sion, or both, and there are not yet sufficient 
data nor theoretical understanding to  determine 
if the differences stem from the purities of the 
samples, the measurements, or diffusion rnech- 
anisms for which [ l ]  is not valid. 

In the absence of a theoretical understanding 
of the mechanisms of self-diffusion in plastic 
crystals, various attempts have been made t o  
correlate activation enthalpies of self-diffusion 
with thermodynamic parameters, even though 
thermodynamic data measure equilibrium prop- 
erties and self-diffusion is a part of the dynamic 
structure of the crystal lattice. I t  has been sug- 
gested that for plastic crystals with entropies of 
fusion greater than 1.9R, the activation enthal- 
pies of self-diffusion seem to be approximately 
twice the respective heats of sublimation 
(AH,,, -- 2AHs,,). This has been taken t o  indi- 
cate that self-diffusion occurs by a single vacancy 
mechanism in these lattices. (The heat of sublirna- 
tion is just the enthalpy required to  form a single 
vacancy by removal of a molecule in the lattice 
to infinity.) The trends for plastic crystals with 
entropies of fusion less than 1.9R were less clear, 
but it seemed that for many AHa,,= AH,,,, 
and it was suggested that this indicates diffusion 
by a more complicated defect mechanism (5). 
In a more recent study of five plastic crystals, 
Folland et al. (4) concluded that their compounds 
could not be neatly divided into these two cate- 
gories, but did report the general trend AH,,, 
decreased as the entropy of diffusion decreased. 

Recently semi-empirical potential functions 
which describe the interactions between non- 
bonded atoms have been used to  interpret and 
predict the lattice structure and sublimation 
energies (6), small-angle vibrational motions (7), 
and modes of rotational diffusion in molecular 
crystals (8-10). The success of these treatments 
of nontranslational motion suggested that it 
might be possible t o  calculate the molecular 
potentials for self-diffusion in the organic solid- 
state. Successful calculations of these potentials 
would determine the mechanism(s) of diffusion 
and to what extent there exists a basis for the 
empirical correlation of the parameters of self- 
diffusion with thermodynamic parameters. Since 
the measured values of the correlation time for 
self-diffusion depend on the assumed inodel of 
diffusion (3, 11-13), such calculations might also 

lead t o  the more accurate interpretation of 
experimental data. 

Adamantane was chosen for study because it 
has a high temperature phase (a-adamantane) 
which is plastic crystalline and a low temperature 
structure (the 0 phase) which is not. Several nmr 
studies of the dynamic behavior of this com- 
pound have been made (14-17). Furthermore, 
calculations of the potentials for molecular 
rotation have produced a detailed understanding 
of the mechanisms of rotational diffusion in the 
two phases and of the order-disorder transition 
between them (9). 

Diffusion 

Moclel and Choice of Potential F~tnc~ions 
The functional form chosen for the pairwise- 

additive atom-atom potentials is the exponen- 
tial-6 function: 

[2] V.. 11 = - A..r-6 11 + Bij exp (- C..  27) 

The values of A, B, and C were chosen frorn 
the published values of Williams (18) and were 
the same as those used in the previous calcula- 
tions on adarnantane (9). 

In the calculations the atomic coordinates 
frorn crystallographic data were used t o  generate 
the diffusing molecule, M. This molecule was 
then surrounded by its neighboring molecules a t  
their equilibrium positions, and a single-vacancy 
hole was created by removal of a molecule a t  a 
designated lattice site. The inolecule M was then 
translated along the designated path to  the 
vacancy, and the molecular potential was calcu- 
lated from [3] for a series of positions of M 
along the path. 

where 11 is the number of atoms in the ~nolecules 
and the sum to infinity over j implies that the 
interaction energy of atom i with all other atoms 
on all other nlolecules in the crystal must be 
taken. 

In the initial calculations. the model for the 
iilotion was the siiilplest one possible: All other 
~nolecules were kept fixed in the lattice at the 
positions of minimum potential as indicated by 
the X-ray diffraction structure. Intramolecular 
motions and rotations of either M or  of other 
molecules in the lattice were ignored. The 
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FYFE AND HAROLD-SMITH 

assumptions are similar to those made in previ- 
ous studies of rotational diffusion (8-10). In 
subsequent calculations, the translating molecule 
and/or its neighbors were allowed to rotate 
about the axes of molecular symmetry. Thus, in 
the trial models, diffusion occurs by jumps to 
single-vacancy holes and jumps are between 
neighboring lattice sites. A jump without molecu- 
lar rotation corresponds to the simplest possible 
diffusion mechanism; the other trial mechanisms 
were adopted to  test the role of correlation 
effects between molecular rotation and transla- 
tion. 

The initial potential of the diffusing molecule 
M is (ignoring the zero-point energy difference 
and corrections from absolute zero to the 
temperature of the crystallographic structure 
data) the enthalpy of sublimation minus the 
molecular pair potential which would exist 
between M and a molecule at the vacancy site. 
Both quantities had previously been calculated. 
The potentials of M before and after the jump 
are identical, and the enthalpy of activation for 
self-diffusion is equated with the difference 
between this potential and the maximum poten- 
tial encountered by M between its initial and 
final lattice sites.4 Thus the simplest model 
implicitly assumes a perfect crystal, except for 
the random distribution of isolated vacancies 
whose number is constant. 

Self-Diffusion in a-Adamantane 

Each molecule in the cubic lattice of the dis- 
ordered phase of adamantane has twelve nearest 
neighbors, and the distance betweenothe center 
of mass of nearest neighbors is 6.60 A. 

Simple Diffusion 
Figure 1 shows the potential barrier en- 

countered by an adamantane molecule diffusing 
without rotation to  a nearest-neighbor vacancy 
in an artificially ordered lattice. The diffusion 
path is along x = 0, y = z,  with the hole 
initially at the lattice site with its center at the 
orthogonal coordinates (0, 4.71, 4.71) and the 
diffusing molecule at (0, 0, 0). The potential is 
symmetrical about the midpoint of the path, 
and the barrier height is - 110 kcal/mol. This 

4A negative activation enthalpy would correspond to  
a stable interstitial defect. The energy and enthalpy of 
activation are identical in this model since there is no 
change of volume. 

FIG. 1. Potential for the translation of an  adamantane 
molecule to  a single-vacancy hole a t  a nearest-neighbor 
position in an  artificially ordered a-adamantane lattice. 
The jump trajectory is along x = 0, y = z ;  and no other 
motion occurs. Arrows mark the lattice sites. 

A N G U L A R  D E P E N D E N C E  of U 
a t  B A R R I E R  M A X I M U M  (X=0 .~=~=2 .36~~1  
2-FOLD AXIS 

l O O r  A 

20 I I 
I I I I I I I I ,  

-80 -60 -40 -20 0 20 40 60 80 
ROTATION A N G L E  (degrees) 

FIG. 2. Potentials generated by rotation about the 
twofold axis of an  adamantane molecule at  the midpoint 
of a translational jump. The two curves are for artificially 
ordered lattices with the molecules at  0" orientation ( A )  
and at  90' orientation (B). 

is about four times the measured enthalpy of 
activation for self-diffusion in a-adamantane. 

D~ffusion by Combined Rotation-Translation 
In Fig. 2 the possibility that the adamantane 

molecule might reduce the potential at the maxi- 
mum by a rotation about the molecular twofold 
axis parallel to the z axis of the lattice is investi- 
gated. For one of the curves all of the molecules 
u 

surrounding M are at one of the two disorder 
orientations; the other curve was generated by 
placing all of the surrounding molecules at the 
other disorder orientation. h he two curves are 
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8 - 4 5 O  
NE IGHBORS D ISORDERED 

10 - 2 -  3 4 5 
Y 2 ( A 1  

FIG. 3. Potential for the translation of a molecule 
rotated 45" about the twofold axis. 

identical except for being 90" out of phase, since 
the two orientations of disorder are related to 
each other by a 90" rotation. If half of the sur- 
rounding molecules are at one orientation and 
half at the other, the potential in the lattice is 
represented by the average of these two curves. 
This is, of course, a special situation corre- 
sponding to one of many possible distributions 
but is iilstructive in finding the approximate 
energies involved for different pathways and will 
be replaced by a consideration of the optimum 
local ordering (see later). 

Examination of Fig. 2 reveals that the average 
of the two potentials is smallest for an angle of 
5-45' (or 5- 135") of the diffusing molecule. The 
equilibriunl orientations of the molecule at the 
lattice site are 0, i 90, 180". Hence the molecule 
can reduce the translational barrier to 41.5 
kcal/mol (Fig. 3) by combining a rotation to an 
orientation midway between the equilibrium 
angles with the translational jump. This barrier 
is still larger than the experimental value of the 
activation enthalpy (23.9 kcal/mol) (15, 22), and 
the combined rotation-translation mechanism 
contributes much less than 0.01% of the total 
diffusion in a-adamantane. 

The potential generated by a threefold axis 
rotation of M at the midpoint of the transla- 
tional jump is shown in Fig. 4. Although a 30" 
rotation of M about this axis greatly reduces the 
barrier, the potential is still 13.5 kcal/mol greater 
than the minimum barrier attained by a rotation 
about the twofold axis. Hence diffusion with 
rotation about the threefold axis is not a signifi- 
cant mechanism. 

D~fSusion with Local Orderirzg 
Examination of the individual molecule- 

molecule pair potentials between the diffusing 
molecule M and each of its neighbors reveals that 

ANGULAR DEPENDENCE of U 
a1 BARRIER MAXIMUM 
3- FOLD AXIS 

l O O r  

o A do do sb 
ROTATION ANGLE (degrees) 

FIG. 4. Potential generated by rotation about the 
threefold axis of an adamantane molecule at the midpoint 
of a translational jump. The combined rotation-transla- 
tion lowers the barrier to self-diffusion but is not an 
important mechanism. 

large repulsions occur only between M and the 
four neighbors nearest to the midpoint of the 
jump path. The lattice sites of these molecules 
are (5-4.71, 0, 4.71) and (5-4.71, 4.71, O), while 
the center of M at the jump midpoint is at  
(0, 2.36,2.36). Each of these molecules may have 
two possible orientations. If M starts with the 
same orientation as one of these molecules and 
does not rotate during the jump, the molecular 
pair-potential is +25 kcal/mol. If all four 
neighbors are in the same orientation as M, this 
produces a huge net repulsive potential. How- 
ever, by being in the 'correct' orientation as 
defined by M, each of these neighbors can reduce 
its pair-potential with M to either 1.9 or 13.7 
kcal/mol, without changing its net potential with 
the rest of the lattice by more than 1 kcal/m01.~ 
The way in which this occurs shows how the 
introduction of disorder into the crystal, com- 
bined with the molecular and lattice symmetries, 
can greatly reduce the activation enthalpy of 
self-diffusion. 

If the four neighbors jump 90" to the other 
disorder orientation froin that of M, each 
molecular pair potential between M and the 
two neighbors in the X = +C/2 plane is 
13.7 kcal/mol, while the corresponding poten- 
tials with the two neighbors in the X = - C/2 
plane are only 1.9 kcal/mol each. If all five 
molecules then rotate 90" to their other equiva- 

S e e  Fig. 2A,  ref. 9. 
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o.oO 
4 N E A R E S T - N E I G H B O R S  ORDERED 

FIG. 5. Potential for the translation of a molecule with 
0" orientation angle along x = 0, y = z when the four 
molecules closest to the midpoint of the jump are in the 
other orientation. An identical potential is generated if 
M and the four neighbors exchange their disorder 
orientations relative to each other. 

lent orientation, the geometry is inverted, the 
large and small pair-potentials are exchanged, 
and the net potential is unchanged. Hence the 
minimum barrier to  self-diffusion is established 
whenever all four special molecules have the 
same orientation and M has the other orienta- 
tion. 

The net potential is shown in Fig. 5. The 
barrier is the difference between the maximum 
potential (27.5 kcal/mol) encountered during the 
jump and the initial potential (- 12.1 kcal/mol) 
of the diffusing molecule. For a 0" orientation of 
M this potential may be deduced from Fig. 2 as 
the average of 2A and 2B at 0" rotation angle, but 
with 2A shifted 90" to  coincide with 2B. From 
this same figure it may also be seen that the 
barrier maximum varies only a few kcal/mol 
between - +40° for the orientation angle of M 
and reaches a minimum value of 36.6 kcal/mol 
a t  + 30". 

Each molecule soends one-half of its time in 
each of the two orientations; hence there is a 
2 X ($)4 = g probability at any instant that the 
four molecules have the 'correct' distribution of 
orientations. As shown by experiment (15) and 
previous calculations (9) the barrier to molecular 
rotation between equilibrium orientations is 
5 3  kcal/mol, so that the reorientation fre- 
quency for an individual molecule is >,lo8 Hz 
(15). Hence, even if it is assumed that all four 
nlolecules adjacent to  M and the hole must have 
the 'correct' orientation before M can translate, 
this occurs with a frequency >,lo7 times per 
second. 

Diffzrsion wir/z Curved Jump Patlzs 
The potential in Fig. 5 is generated by the 

shortest possible jump from the initial lattice 
site of M to the nearest-neighbor hole. At the 
midpoint of the jump the net repulsion between 
M and the two molecules at (4.71, 0, 4.71) and 
(4.71, 4.71, 0) is 23.6 kcal/mol greater (or less) 
than the net potential between M and the two 
molecules a t  (-4.71, 0, 4.71) and (-4.71, 
4.71, 0). 

Therefore, the barrier t o  diffusion is lower if 
M follows a curved path which takes it closer to  
one of these pairs of n~olecules than to  the other 
pair. The calculations show that the minimu? 
barrier occurs when the jump midpoint is 0.4 A 
from the X = 0 plane and the orientation angle 
of M is 0 or 90". The potential of M at this point 
is 12.1 kcal/mol, and the calculated enthalpy of 
activation for the self-diffusion is 24.2 kcal/mol. 

The rate of diffusion in a crystal is propor- 
tional to  both the rate of hole motion and the 
number of holes, or D cc exp (-AH,,,/KT) 
exp (-AHsub/KT). Hence, the nmr experiment 
measures an apparent enthalpy of activation, 
AH,,,,, = AH,,, + AHsub The reported values 
of AH,,,,, and the enthalpy of sublimation are 
36.7 kcal/mol (15) and 12.8 kcal/mol (22), 
respectively. Hence, the experimental value for 
AH,,, is 23.9 kcal/mol. As the barrier maximum 
the distances between nonbonded atoms are 
short, the repulsive forces are very steep func- 
tions of the distances, and small uncertainties in 
the atomic coordinates produce relatively large 
uncertainties in the net potential. Furthermore, 
the uncertainty in the experimental value of 
AH,,, is the sum of the errors in two experiments. 
Hence the agreement between the calculated 
and ~neasured values of AH,,, is reasonable. 

Teml~erature Dependence of AH,,, 
Another effect which produces an uncertainty 

in the experimental value of AHn,, is the fact 
that presumably it is temperature dependent due 
to the thermal expansion of the lattice. Unfor- 
tunately, there is no experimental way to  estimate 
this effect. In the model presented here the 
temperature variation of AH,,, can be calculated 
by varying the lattice dimensions while holding 
all else constant. A 1.2% increase in the edge 
of the cubic unit cell produced a calculated 
decrease of 4 kcal/niol in AH,,,. From the 
thermal expansivity of a-adamantane (23, 24) 
this corresponds to  approxinlately 0.5 X lo-" 
kcal mol-I K-I for the temperature dependence 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



788 CAN. J. CHEM. VOL. 54, 1976 

of the enthalpy of activation. This indicates that 
the temperature dependence of AH,,, can prob- 
ably be neglected in experimental determinations 
without introducing significant errors. 

Self-diffusion in 8-Adamantane 

Each molecule in p-adamantane has eight 
nearest neighbors. In an orthonormal coordinate 
system whose origin is at the center of mass of 
the chosen molecule M, the nearest neighbors 
of M are ccntered at x = f3.30, y = f3.30, 
z = f 4.40 A. M also has four next-nearest 
neighbors at x = f6.60, y = z = 0.0 and 
y = k6.60, x = z = 0.0 A ;  and two third- 
nearest neighbors a t  x = y = 0.0, z = f 8.80. 
The distances between the molecular centers of 
mass of M and these neighbors are 6.42, 6.60, 
and 8.80 A, respectively. The diffusion of M into 
vacancies a t  each of these lattice sites will be 
considered. In each case M diffuses through a 
lattice which is perfect, except for the absence of 
a single molecule at the lattice site to  which 
it jumps. 

Diff~rsiort to m Third-nearest Neighbor Vacancj~ 
The first giffusional motion considered was a 

simple 8.8 A jump of M along the c axis t o  a 
third-nearest neighbor vacancy, without any 
other motion in the lattice or of M. A transla- 
tional jump of this distance appeared a priori 
to be extremely unlikely, and this was confirmed 
by the calculations. At one-quarter of the way 
along the jump path the repulsive potential 
reaches 250 kcal/mol, and a t  the jump midpoint 
many of the distances between the atoms of the 
surrounding molecules are less than the normal 
lengths between bonded atoms. Because of these 
extremely short distances between nonbonded 
atoms, no combination of rotations of M and 
motions by the surrounding molecules can re- 
duce the potential to  a reasonable value. 

Diffusion to a Next-nearest Neighbor Vacancy 
The barrier to  diffusion to a next-nearest 

neighbor hole in the lattice is 71.2 kcal/mol if 
the diffusing molecule does not rotate. The 
barrier is reduced to 65 kcal/mol by a rotation 
of 60" by the molecule about one of its threefold 
axes, and to 62.4 kcal/mol by a rotation of 60" 
about the molecular twofold axis which is 
parallel t o  the c axis of the crystal and orthogonal 
to  the translational path. By contrast, any rota- 

tion about one of the other twofold axes in- 
creases the potential sharply. Since the initial 
potential of the diffusing molecule is - 14.2 
kcal/mol, the minimun~ activation energy for 
diffusion t o  a next-nearest neighbor vacancy is 
about 77 kcal/mol. 

Diffirsion to a Nearest-neighbor Vacancjj 
The barrier to  $iffusion without molecular 

rotation for a 6.4 A jump t o  a neare2t-neighbor 
hole is the same as for the 6.60A jump t o  
a next-nearest-neighbor vacancy, 71 kcal/mol. 
However, molecular rotation is somewhat more 
effective in reducing the potential maximum for 
the shorter jump path. A 20" rotation about a 
threefold axis results in an activation energy of 
62 kcal/mol, and a 60" rotation about the 
special twofold axis parallel to the lattice c axis 
reduces the activation energy t o  56 kcal/mol. 

Unfortunately the enthalpy of activation for 
self-diffusion in p-adamantane has not yet been 
measured. Nuclear magnetic resonance measure- 
ments on a- and p-adamantane show that the 
rate of self-diffusion becomes too slow to  detect 
by T,p measurements about 100 "C above the 
phase transition. Hence self-diffusion in the 
ordered phase must be studied by radiotracer 
measurements. Since the phase is not cubic, 
this should preferably be done with a single 
crystal. 

The eight nearest-neighbors to a molecule in 
the p-adamantane lattice form a body-centered 
cube, and the site asymmetry between the 
'special' c axis and the a and b axes begins only 
with the four next-nearest neighbors. Nearest- 
neighbor jumps are expected to be about 
2 exp (77 - 56) as frequent as jumps to  next- 
nearest neighbor vacancies. The former motion 
moves the ~nolecule f 4.4 A along the c axis 
and f3.3 A along the a or b axis, while t h ~  
latter motion produces a translation of f6 .6  A 
along the a or b axis. Since the rate of diffusion 
is equal to  the jump frequency times the square 
of the jump distance (eq. 1) and the fraction of 
self-diffusion occurring by next-nearest neighbor 
jumps is insignificant, the diffusion is predicted 
to  be nearly twice as fast along the c axis as in 
the other two directions. The predicted activa- 
tion enthalpy is 1 7 0  kcal/mol, which is nearly 
45 kcal/mol greater than the barrier to  self- 
diffusion in a-adamantane. The effect of co- 
operative motions of the surrounding molecules 
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mechanism might not have been considered and 
might reduce the diffusional barrier, and 
70 kcal/mol can only be considered an upper 
limit on the enthalpy of activation. 

Conclusion 
Several possible mechanisms of self-diffusion 

have been considered for each phase of adaman- 
tane. 

In 0-adamantane the crystal is ordered and 
each molecule has only one equilibrium orienta- 
tion. Thus, there is no other distribution of the 
molecules among equivalent orientations which 
could lower the activation barrier. By combining 
rotation with translation, the diffusing nlolecule 
can somewhat reduce the barrier to self-diffusion. 

The two phases illustrate why it can be ex- 
pected in general that phases with low entropies 
of fusion will have relatively low activation 
enthalpies of self-diffusion. A low entropy of 
fusion is symptomatic of orientational dis- 
order in the crystal, so that each molecule 
assumes a number of orientations which (in the 
absence of defects) have equal energies and equal 
probabilities. Thus each molecule along the 
transitional jump can 'choose' the orientation 
which produces the smallest potential with the 
diffusion molecule and the lowest activation 
barrier. However, there is no direct connection 
between the enthalpy of sublimation and the 
enthalpy of activation for diffusion (25). 

In a-adamantane the most favorable mechan- 
ism involves the cooperative orientation of the 
four molecules closest to the midpoint of the 
jump path, and the diffusing nlolecule moves 
along a curved trajectory. The closeness of the 
calculated barrier for diffusion to  the experi- 
mental value gives credence t o  the diffusion 
model and also to the atomic-pair potentials 
which were used. 

Because of the disorder in the lattice and the 
cooperative orientation of nearby molecules, the 
diffusing molecules need not rotate during the 
translational jumps. 

These calculations indicate that from crystal 
structures and a quantitative treatment of the 
interactions between nonbonded atoms it may 
be possible to determine in some detail the 
molecular mechanisms of self-diffusion in crys- 
tals. 
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GERALD W. BUCHANAN and BRIAN A. DAWSON. Can. J. Chem. 54,790 (1976). 
13C nmr chemical shifts and 13C-15N couplings through one, two, and three bonds are 

reported for E-acetophenone oxime and five para-substituted derivatives. It is shown that 
earlier assignments for three of these compounds, based on lanthanide induced shifts and C N D O  
calculations, are erroneous. With the exception of the methoxyl group, couplings are relatively 
insensitive to the nature of the para-function. For geminal 13C-I5N interactions, the proximity 
of the nitrogen lone pair to the carbon terminus greatly enhances the absolute value of the 
coupling constant. -- 

GERALD W. BUCHANAN et BRIAN A. DAWSON. Can. J .  Chem. 54, 790 (1976). 
On rapporte les deplacements chimiques des "C en rmn et les couplages 13C-15N a travers 

un, deux et trois liens pour I'oxime (E) de I'acetophenone et pour cinq de ses derives substitues 
en position para. On montre que les attributions faites anterieurement pour trois de ces com- 
poses et bastes sur des deplacements chimiques induits par les lanthanides et par  des calculs 
C N D O  sont en erreur. A I'exception du  groupe methoxyle, les couplages sont relativement 
insensibles a la nature de la fonction en para. Pour les interactions 13C-15N geminales, la 
presence du carbone au voisinage de la paire d'electron libre de I'azote augmente considtrable- 
ment la valeur absolue de la constante de couplage. 

[Traduit par le journal] 

Introduction 
There has been recent interest in the applica- 

tion of 13C-15N coupling constants to con- 
figurational and conformational analysis. 
Lichter et al. (1) have found that the absolute 
values of 1- and 2-bond 13C-15N couplings in 
E-acetaldehyde oxime are considerably larger 
than those for the Z-isomer. Results for 
E-benzaldoxime (1) and E-mesitaldoxime (2) 
below, indicate that direct C-N couplings are 
attenuated when the aromatic ring is twisted 
out of coplanarity with the C=N bond, as in 
the mesityl system. 

The fact that the vicinal 13C-15N coupling in 
the planar (3) benzaldoxime is 1.6 Hz larger 
than for the mesityl compound suggests the 
existence of a dihedral dependence for these 
couplings, however a detailed analysis of the 
geometrical requirements has not yet been 
carried out. Recently, the importance of the 
orientation of the nitrogen lone pair in deter- 

mining the magnitudes of 13C-15N couplings 
has been suggested by Berger and Roberts (4). 

At the outset of this study, no 13C-15N 
couplings had been reported for acetophenone 
oximes. Also, we have chosen to examine para- 
substituent effects on these parameters since 
electronic effects are known to influence the 
magnitude ofcouplings of I3C to other magnetic 
nuclei (5). 

Results and Discussion 
( a )  Chemical Shijis 

The only 13C chemical shift data for aceto- 
phenone oximes have been reported by Sterk 
Steininger (6) for E-acetophenone oxime and 
its 4-methyl and 4-chloro derivatives. These 
workers have attempted to calculate I3C shifts 
of oximes using a Molecular Orbital approach 
and the diamagnetic and paramagnetic con- 
tributions to the shielding expression. Spectral 
assignments were based solely on Pr(fod),-d,, 
induced shifts and their results are included in 
Table 1. 

In order to verify the previous assignments we 
initially examined the ' H  spectrum of E-aceto- 
phenone oxime and found, for the aromatic 
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TABLE 1. I3C chemical shifts for E-acetophenone oximes (6, from TMS f 0.1) 

Compound Substituent C-1 C-2 C-3 C-4 C-5 C-6 OCH, 4-CH, 
- 

1" 4-H 136.2 127.0 
1 4-H 136.5 126.0 
1' 4- H 138.2 129.0 
2" 4-CH3 139.0 128.9 
2 4-CH, 133.8 126.0 
3" 4-C1 135.1 128.9 
3 4-C1 135.4 127.4 
4b 4-Br 135.5 127.6 
5 4-OCH, 129.1 127.3 
6' 4-NO2 144.0 127.4 

"Reference 6 ;  unspecified concentration in CDCI,. 
'Present work ;  0.5 M in CDCI,. 
'Present work ;  0.5 M in acetone-&. 

TABLE 2. Predicted and observed (in parentheses) aryl carbon shieldings relative to benzene for 
para-substituted E-acetophenone oximes 

Compound Substituent C- l C-2 C-3 C-4 

"0.5 M solutions in CDCI,. 
h0.5 M solution in ace~one-(1, 

protons, a 3-proton multiplet centered at  6 7.32 
and a 2-proton multiplet at  6 7.61 (0.5 M 
solution in CDCl,). Although the anisotropic 
properties of the C=N bond are not well known, 
it is likely that the ortho-aromatic protons 
experience an anisotropic deshielding influence 
from the C=N group in the planar conforma- 
tion, using the C=O group as an analogy (7). 
Selective irradiation at  6 7.61 sharpened the 
carbon resonance at 6 126.0 rather than that at 
128.5 which is inconsistent with the results from 
Sterk and Steininger (6). Further support for 
the reversal of the earlier assignments comes 
from the spectrum of the l5N enriched E-aceto- 
phenone oxime. The resonance at 6 126.0 
exhibits a substantial coupling to 15N (2.9 Hz), 
which is nearly identical to the 3-bond coupling 
found in E-benzaldoxime (1). By contrast, the 
resonance at 6 128.5 shows no resolvable 
coupling (<0.6 Hz) to 15N, indicating a more 

distant (4-bond) relationship between 15N and 
this carbon. Other spectral assignments were 
made from off-resonance decoupling experi- 
ments, intensity ratios (for protonated carbons), 
and earlier 13C work on aliphatic oximes (8). 
In addition, it is known (5) thatpara-substituent 
effects on aromatic 13C resonances are usually 
additive within + 1 ppm, and thus assignments 
for 2-6 can be checked since the additivy 
parameters for the CH,, C1, Br, 0 C H 3 ,  and 
NO, functions employed here are well docu- 
mented (5). 

Table 2 contains the predicted (relative to 
benzene 6 128.7) shifts for the aromatic carbons 
of 2-6, with the observed values in paren- 
theses. Except for C-4 of 6 ,  the agreement 
between calculated and experimental findings is 
near ? 1 ppm. For the 4-CH, derivative, 2, 
it is important to note that in addition to the 
reversal of C-2 and C-3 assignments, our results 
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FIG. 1. 13C nmr spectrum (aromatic and oxime carbons) of 97% I5N-enriched p-CH3-E-aceto- 
phenone oxime. 

TABLE 3. 13C-15N couplings (Hz) (absolute values) 

Compound Substituent 'J (C-N) 'J (C,-C-N) * J  (C6-C-N) 3J (C2-C-C-N) 

"0.5 M solution in CDCI,. 
Q . 5  M in acetone-d,. 

indicate that the previous (6) assignments for 
C-1 and C-4 are also in error. Using the shifts 
reported by the German workers (6) the devia- 
tions from additivy for C-1 and C-4 of 2 are 
near 5 ppm. Our findings are confirmed by the 
large 2-bond 13C-15N coupling (9.2 Hz) exhib- 
ited by the resonance at  6 138.8, whereas C-4 
which is five bonds removed from the 15N 
shows no resolvable coupling (Fig. 1). 

For the 4-C1 derivative 3, again the early 
assignments (6) for C-2 and C-3 must be 
reversed from consideration of additivity and 
13C-15N couplings. Results for 6 are reported 
for an acetone-d, solution only, due to the low 
solubility of 6 in CDC1,. Considerable solvent 
effects (up to 3 ppm) are noted for 1 in CDC1, 
us. acetone-d,. A series of dilution experiments 

involving 1 in CDCI, were carried out, but only 
minor (f 0.1 ppm) changes as  a function of 
concentration in the range 0.1 -+ 2.0 M were 
noted. 

To summarize, the fact that the earlier (6) 
chemical shift assignments are almost totally in 
error emphasizes the need for extreme caution 
in the use of C N D O  methods for predicting 
small differences in 13C shifts. Also, care is 
required in the interpretation of lanthanide 
induced shifts in molecules such as oximes, 
where the complexing site is not unambiguous. 

( b )  Coupling Constants 
Table 3 contains the absolute values of 

13C-15N couplings for 1-6. For  the 1-bond 
interactions, there is little effect of substituent 
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and the magnitudes are similar to that of 4.8 Hz 
reported for E-benzaldoxime (I).  The smaller 
coupling for 6 appears to be primarily the result 
of an acetone-d6 induced solvent effect. On 
the assumption that the Fermi contact mecha- 
nism dominates the direct I3C-l5N interaction, 
Binsch et al. (9) proposed a simple dependence 
of J on the S characters of the coupled nuclei [I]. 

Using 33% S character for C and N the 
expected 1-bond couplings in 1-6 are ccr. 
12 Hz i.e. a factor of three greater than the 
observed. It has been pointed out, however, 
that the lack of experimental agreement with 
eq. 1 does not necessarily preclude the dominance 
of the Fermi contact term, and INDO MO 
calculations on this basis do reproduce several 
observed trends in C-N J's for related molecules 
(1 ). 

In discussing the geminal couplings i.e. 
C,-C-N and C6-C-N in 1-6 it is useful to 
note the results for E and Z 2-cyclohexenone 
cximes (1). The enhancement of the 2-bond 
coupling in the E isomer is suggested to be 
associated with the proximity of the nitrogen 
lone pair. Findings for 2-butenone oximes (1) 
and quinoline (10) can be similarly rationalized. 

Differences in dihedral angle are not deemed to 
be the dominant factor (1) in determining these 
couplings. For 1-6 it is clear that the trends 
are analogous to those for the butenones and 
cyclohexenones. The minor importance of hy- 
bridization changes is also implied since the 
couplings of 15N to the CH, of 1, 2, 3, 4, and 6 
are only slightly smaller (ca. 1 Hz) than to the 
a-olefinic carbon of the Z-enone oximes. 

The only remarkable substituent effect is for 
5 in which an increase in 2J (C6-C-N) to a 
value of 4.4 Hz is observed. This result may be a 
consequence of conjugative electron release by 
the methoxyl group such that resonance form 
56, is a substantial contributor. In 56 one of the 
lone pairs on nitrogen will be spatially much 
closer to the C-6 CH, group than will the single 
nitrogen lone pair in 5a, and this would be 

ex~ected to increase the absolute value of the 
observed coupling. 

Vicinal couplings in 1-6 are not particularly 
sensitive to substituent and are close to the 
value of 2.9 Hz observed for E-benzaldoxime 
(1). Due to free rotation about the ' C - T  bond 
and assuming planar conformations for 1-6 (3), 
the observed coupling reflects an average of 0" 
and 180" dihedral angles. As mentioned pre- 
viously, the three bond coupling in mesit- 
aldoxime (1) is notably smaller (1.2 Hz) which 
suggests a dihedral dependence for vicinal 
13C-15N J'S. Further work in these laboratories 
is being directed toward the synthesis of 
ortho-alkylated acetophenone oximes in order 
to explore this relationship more fully. 

Experimental 
Spectra 

13C spectra were obtained using the pulsed Fourier 
transform method at 25.16 MHz on a Varian XL-100-12 
nmr spectrometer. The free induction decays were stored 
in a Nicolet BNC-I2 computer (20 K memory) and were 
transformed after a sufficient number had been accumu- 
lated. Normally 8192 data points were used in the inter- 
ferogram accumulation. 

For chemical shift determinations spectral widths were 
routinely 5000 Hz and the solutions contained 4% T M S  
as an internal standard. 0.5 M solutions in CDCI, or 
acetone-& were contained i n 8  mm 0.d.  tubes. Forcoupling 
constant determinations, spectral widths of 500 and 
1000 Hz were employed with 8 192 data points. Decoupler 
settings were optimized t o  give the sharpest possible 13C 
resonances in order t o  resolve the small ( < 1 Hz)couplings. 
Normally spectra were recorded with complete proton 
noise decoupling. For  the selective decoupling experiments 
irradiation was performed at low decoupler power in the 
absence of noise modulation. 

Materials 
The oximes were prepared using known procedures 

from the corresponding acetophenone and hydroxyl- 
amine hydrochloride. "N enriched (97%) hydroxylamine 
HCI was obtained from Merck Sharp and Dohme 
Canada Ltd. 

For 1-5, the following experimental procedure was 
employed: The ketone (0.001 mol), the hydroxylamine 
hydrochloride (100 mg), and potassium hydroxide (200 
mg) were added to a 10 ml round-bottomed flask. Ethanol 
(3 ml of 95%) was added and refluxed on a n  oil bath for 
3 h. During the refluxing, some solid usually remained 
on the bottom of the flask. After refluxing, the solution 
and solid were washed from the flask with cold water 
(10 ml). This solution was then made slightly acidic by 
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adding HCI (1 N). The solution was cooled and the 
crystals collected and air dried. Yields ranged from 
40-9Vo. Compound 1, mp 57.5-58 "C (lit. (I 1) 60 "C); 
2, mp 82.5-83 "C (lit. (12) 85-87 "C); 3, mp 92.5-93 "C 
(lit. (13) 97.5-98 "C); 4, mp 124- 125 "C (lit. (13) 127- 
129 "C); 5, mp 83-84 "C (lit. (13) 87-88 "C). 

For 6, the following procedure was used: p-nitro- 
actephenone (0.001 rnol), hydroxylamine hydrochloride 
(100 mg), water (3 ml) and 10% sodium hydroxide (1 rnl) 
were heated on a steam bath. Enough ethanol (95%) was 
added to the hot solution to make it clear. The solution 
was then warmed for an  additional 15 min. The solution 
was then cooled in an  ice bath and the crystals collected 
and air dried. Yield 88%, mp 169.5-170 "C (lit. (14) 
171-172 "C). 
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On the rigidity of planar tricoordinate carbon 
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SAUL WOLFE, H. BERNHARD SCHLEGEL, and MYUNG-HWAN WHANGBO. Can. J .  Chem. 54,795 
(1976). 

A linear relationship has been found between the computed out-of-plane bending force 
constants of the methylene group and the total charge transfer from X to CH, for the series 
XCH,' (X = H, CH,, NH,, OH, F) and CH,=X (X = 0, NH, CH,, S). As the electron- 
withdrawing power of X increases, out-of-plane bending becomes more difficult in all cases. 
Two complementary interpretations of this result are proposed. 

SAUL WOLFE, H. BERNHARD SCHLEGEL et MYUNG-HWAN WHANGBO. Can. J .  Chem. 54,795 
(1 976). 

On a trouve une relation lineaire entre la vibration de deformation angulaire hors plan du 
groupe methylene et la charge de transfert totale de X a CH, pour une serie de XCH,+ (X = H, 
CH,, NH,, O H ,  F) et de CH,=X (X = 0 ,  N H ,  CH,, S). A mesure que le pouvoir electroaffini- 
taire d e  X augmente, la vibration de deformation angulaire hors plan devient plus difficile et ce 
dans tous les cas. On propose deux interpretations complementaires pour expliquer ce resultat. 

[Traduit par le journal] 

Introduction 
In general, carbonium ions1 and carbanions 

arecharacterized, respectively, by trigonal planar 
(2) and pyramidal (3) configurations at carbon. 
Therefore, substitution at a carbanionic centre 
can be expected to affect both its stability and 
its stereochemical capabilities (e.g., the barrier 
to pyramidal inversion), but in the case of a 
carbonium ion, only the first of these effects 
would appear to be susceptible to ready experi- 
mental observation. Thus, although many 
physical and spectroscopic properties of car- 
bonium ions have been described (1, 4), to our 
knowledge there has been no systematic deter- 
mination of the rigidity or 'degree of planarity' 
(i.e., ease of out-of-plane bending) of any series 
of carbonium ions. 

It is reasonable to assume that the degree of 
planarity of a planar species should be subject 
to recognizable substituent effects because, from 
a theoretical standpoint, the single well potential 
associated with the distortion from planarity ofa  
carbonium ion is just a special case of the double 
well potential characteristic of carbanions (3). 
In the case of carbanions, it is well established 
that relative stabilization of a planar con- 
formation occurs as the substituents are made 
larger (i.e., steric effects), electron-delocalizing 
(i.e., conjugative effects), and electron-releasing 

'This terminology refers to trivalent ('classical') car- 
benium ions. See ref. 1. 

(i.e., inductive effects). The inductive effect 
associated with an electron-withdrawing s u b  
stituent causes relative stabilization of a non- 
planar conformation. If these same effects were 
operative upon the degree of planarity of 
carbonium ions then, depending on the balance 
between an electron-withdrawing inductive 
effect on the one hand, and a combination of 
steric, conjugative, and electron-releasing in- 
ductive effects on the other hand, bending of 
the carbonium ion might become facilitated. 

The present work was undertaken to assess 
the balance of effects just mentioned, by a 
theoretical study of the out-of-plane bending 
force constants of the series of cations XCH,' 
(X = H, CH,, OH, NH,, F). In the case of 
HOCH,', the force constants were calculated 
for both the all planar energy minimum 1 (5) 
and the conformation 2, in which the n-con- 
jugative effect is substantially reduced. The 
results of the computations were rather un- 
expected, and the work was, therefore, ex- 
tended to the neutral molecules CH,=O, 
CH,=NH, CH,=CH,, and CH,=S. 

1 2 

Calculations 
Force constants were computed by the force 

method (6). The forces, i.e., the negative of the 
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TABLE 1 .  Charge transfer" and out-of-plane bending force constantsb 
of the carbonium ions X-CH," 

X n (X 4 CH,') u (X CH,') Total (X 4 CH,') k 

H 0.344 0.344 0.418(0.431) 
CH, 0.135 0.143 0.278 0.441(0.440) 
NH2 0.517 -0.291 0.226 0.438 
OH" 0.379 -0.354 0.025 0.481(0.465) 

0.263 -0.300 -0.037 0.567 
F 0.222 -0.420 -0.198 0.508 

"In units ol'electrons 
'In units of mdvn A .  
'The following geornrtr~cal parameters were e m ~ l o y e d :  - -  . . . . 
CH,+ : r,,, = 1.077 A, L HCH = 120" 
CH,CH,': r,,,(CH,) = 1 . 1  A.r,,,(CH2') = 1.077 A,r,, = 1.44 A. LHC'C = 121". 

I HCC* = Ins so & . . - - . - , . 
NH,CH, ' :  r,.,, = 1 .103A, rNt ,  = 1.038A,rc,  = 1.292A. L N C H  = L C N H  = 120" 
H O C H I A :  rcll = 1.114 A,ro, ,  = 1.003 A,r,, = 1.252 A, LCOH = 114.7". LHCO(HC.Y?.II 

to O H )  = 123". L HCO(HC ur~ r i  to O H )  = 116.4" 
FCH,-:  r,., = 1.127 A.r,, = 1.265 A. L F C H  = 120". ... 

"he first row refers to comDGatlons on conformation 1. and the second row to corn~ulalions 
on conformation 2. 

FIG. 1. Possible choices for the out-of-plane bending 
coordinate ($1 for a tricoordinate species. 

mode a : 9 -dl 

*-I d% 

mode b :4-(di+D(2)/2 

first derivatives of the energy with respect to 
the nuclear coordinates, are computed analyti- 
cally. These are then differentiated numerically 
to obtain the force constants. The SCF com- 
putations were performed using the Gaussian 
70 programme system (7) and the standard 
4-31G basis set (8). The forces and force con- 
stants were calculated using a series of pro- 
grammes written in this laboratory (9). Various 
test systems have shown that the 4-31G basis 
set gives force constants that agree well with 
experimental and other theoretical work (10). 

There are a number of choices for the out-of- 
plane bending coordinate 4. These are illus- 
trated in Fig. 1, as follows: (a) mode a, in which 

$3 

dz P" 
mode C :  + =(.i,+d2+d3)I3 

Y 81 .< y j  
02 '\ 

mode d:+-  (ZI.COSfll+ 
Trcos &/ 7 

one atom moves out of the plane; (b) mode b, 
in which two atoms move out of the plane; 
(c) mode c, in which three atoms move out of 
the plane; (4 mode d, in which the out-of- 
plane motion is specified in terms ofthe dihedral 
angles. With the indicated normalization of the 
out-of-plane bending coordinate, each of these 
modes leads to the same harmonic force con- 
stant., For convenience, mode d was chosen. 

The bending force constants of CH,', 
CH,CH,+, and HOCH,' were also calculated, 
using mode b, by fitting computed energies to 
a quadratic equation of the internal coordinate. 
The energies were obtained, using the IBMOL 
4 programme system (1 l), and a double zeta 
basis set of contracted gaussian functions 
(13Vp/4Tp for C and 0 (12), and 4'/2Vor H 
(13)). 

Results and Discussion 
Table 1 summarizes the results obtained for 

the cations XCH,'. The last column shows the 
computed out-of-plane bending force constants 
obtained by the force method; the numbers in 
parentheses are the values obtained by fitting 
a quadratic equation to the IBMOL 4 computed 
energies, and it is seen that the same trends are 
predicted by both methods. 

The rigidities of these cations are found to be: 

[l]  FCH,' > HOCH,+ > CH,CH,' 2 NH2CH2' > CH,+ 

'However, the quartic force constants will depend upon 
the choice of coordinate. 
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This finding is just the opposite of that expected 
by the assumption that increasing the ligand 
electronegativity should have led to a decrease 
in the rigidity of the carbonium ion centre, 
except for the relative positions of CH3CH2+ 
and CH,' ., 

It follows that inductive effects are not a 
dominant factor in determining the ease of 
out-of-plane bending of these carbonium ions. 
Although none of the substituents shown in 
eq. 1 is particularly bulky, consideration of A 
values (15) as a measure of their steric effects 
suggests that these should increase in the order 

121 F i OH i NH, i CH, 

Clearly,, the trend seen in eq. 1 is also not 
compatible with an assumption that steric 
effects are important in determining the flexi- 
bility of these carbonium ions. Therefore, it 
seemed to follow that the n-conjugative effect 
of X must be the dominant factor which 
decides the orderings of eq. 1. According to the 
classical vie< pn-p, conjugation is associated 
with increasing stability of planar configurations 
at the interacting centres. This leads to the 
unreasonable conclusion that in the present 
system the extent of such conjugation increases 
in the direction 

PI CH,,NH, i OH i F 

To take this point further, the out-of-plane 
bending force constant was calculated for con- 
formation 2 of HOCH,'. Since the degree of 
n-conjugation in 2 must be less than in 1, the 
bending force constant of 2 should have been 
smaller than that of 1.  However, as seen in 
Table 1, this is not the case. The bending force 
constants of 1 and 2 are 0.48 1 and 0.567 mdyn A, 
respectively. 

Thus none of the classical effects which are 
commonly considered to influence molecular 
structure can be responsible for our findings. 
T o  gain additional insight into the problem, the 
amount of charge transfer from X (X = H, 

' This presumes that methyl is to be regarded as an 
electron-releasing substituent (however, vide inJra). It 
should be noted that the force constant computed for 
ethylcarbonium ion in the present work refers to out-of- 
plane bending of a trigonally planar carbonium ion 
centre. Although the CH,+ group is slightly non-planar 
in the fully optimized geometry of the classical structure 
of ethylcarbonium ion (14), the average structure of the 
CH,' group is planar because of the very low barrier to 
internal rotation. 

CH,, NH,, OH,  F) to the CH,' moiety was 
computed, based upon the Mulliken population 
analysis (see columns 1-3 of Table This 
quantity can be partitioned into the n and a 
contributions (5). The former is the gross charge 
of the p-orbital, and will be zero when there 
is no n-type charge delocalization between X 
and CH,'. The total charge transfer in XCH,' 
is the sum of the gross atomic charges on the 
CH,' group minus seven. 

The magnitude of the n-charge transfer may 
be considered as a measure of the extent of 
n-conjugation. As was already deduced from 
the computations on 1 and 2, it is evident that 
the amount of n-conjugation does not correlate 
with the rigidity of the carbonium ion centre. 
On the other hand, the a-charge transfer and, 
even more strikingly, the total charge transfer 
correlate well with the out-of-plane bending 
force constants. This means that, as the electron- 
withdrawing power of the substituent increases, 
the out-of-plane bending of the carbonium ion 
becomes more d i f f i~u l t .~  

This result demonstrates that it is not valid 
to assume that substituent effects that operate 
upon barriers to pyramidal inversion of car- 
banions and on the rigidity of carbonium ions 
are the same. An electron-withdrawing sub- 
stituent causes relative stabilization of the 
geometry of the energy minimum, regardless 
of whether its conformation is pyramidal or  
planar. 

Our results can be rationalized in two ways. 
In terms of the Walsh-Mulliken model (Is),  
the pyramidality of CH,- can be regarded as 
the result of electron occupation of the vacant 
p-orbital of CH,', which is planar. This model 
predicts that n-electron transfer from X to 
CH,' in XCH,' will facilitate the bending of 
the carbonium ion centre or, conversely, that 
the carbonium ion will become more rigid as 
n-bonding becomes less effective. This is the 

4The discussion which follows is subject to the usual 
caveats concerning the basis set dependence of the 
Mulliken population analysis (16). However, our argu- 
ment is based upon trends rather than absolute magni- 
tudes and, in any event, all computations were performed 
with the same basis set. 

'It wiIl be noted that, relative to hydrogen, methyl is 
not electron-releasing but electron-withdrawing because of 
the combination of its a and K effects. The polarizable 
nature of this group (17) allows it to stabilize both 
cationic and anionic centres. 
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I I 1 I 

pyramidal planar pyramidal planar 

( a )  Pyramldol molecule (b )  Planar  molecule 

FIG. 2. Schematic diagrams showing the total energy 
and its nuclear and electronic components for pyramidal 
(a) and planar (b) species. 

observation in the series FCH?', HOCH,' (I),  
and H2NCH2', and it accounts for the dif- 
ference between the two conformations of 
HOCH,+. The same reasoning may be applied 
to the behaviour of carbanions. In XCH2-, 
conjugation results in n-electron transfer from 
-CH, to X, and it leads to a decrease in the 
pyramidality of the carbanionic centre (19). 
What is significant about this model is that the 
effects of n-electron transfer upon the geom- 
etries of adjacent carbonium ions and car- 
banions are predicted correctly, in contrast to 
the classical view which predicts incorrectly 
that both systems become more planar with 
increasing n-electron t r a n ~ f e r . ~  

On the other hand, we have found that our 
results are better correlated with the total 
charge transfer than either the a- or n-effects 
alone. It is appropriate, therefore, to search for 
a rationalization of the results which focusses 
upon the whole system and not just one of the 
interactions present in this system. Such a 
rationalization can be provided by making use 

6The argument just presented is based upon comments 
communicated to us independently by Professors W. J. 
Hehre (personal communication), F. Bernardi and N.  D. 
Epiotis (to be published) and L. C .  Allen (20). We thank 
these workers for drawing our attention to the predictive 
utility of the Walsh-Mulliken model. 

TOTAL C H A R E  TRANSFER 

FIG. 3. A plot of total charge transfer versus out-of- 
plane bending force constant for the cations XCH,' and 
the molecules C H , X .  

of energy component analysis (21). Figure 2a 
shows the behaviour of the electronic and 
nuclear components of the total energy for a 
pyramidal molecule. In this case, the total 
energy is dominated by the electronic com- 
ponent, so that electron pair repulsion con- 
siderations (22) (which are part of the electronic 
component) correctly simulate the behaviour of 
the total energy. However, as seen in Fig. 26, 
for a planar molecule it is the nuclear com- 
ponent which dominates. In terms of such an 
analysis, it is easy to understand why the 
removal of electronic charge from a carbonium 
ion centre will make this centre more rigid, 
because this increases further the dominance of 
the nuclear term. 

The above arguments should be applicable 
not only to carbonium ions but to all systems 
which have trigonal plan2r geometry about a 
central atom, e.g., planar neutral molecules. 
The available experimental data support this 
view. Thus, the out-of-plane bending frequencies 
of CH,=CH,, CH,=NH, and CH2=0 are 
found at 949 cm-' (23), 1120 or 1057 cm-' (24), 
and 1167 cm-' (25), respectively. Table 2 
summarizes the computed charge transfer7 and 
bending force constants of the neutral molecules 
CH,=X (X=O, NH, CH,, S). This table 
again shows the correlation between out-of- 
plane bending force constants and the total 
charge transfer. 

'The charge transfer was calculated by treating CH2=X 
as +CH,-X- .  
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The sign of the 'through-space' spin-spin coupling between methyl protons 
and the fluorine nucleus in 2'6-dimethylbenzoyl fluoride 
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TED SCHAEFER, KALVIN CHUM, KIRK MARAT, and RODERICK E. WASYLISHEN. Can. J .  Chem. 
54, 800 (1976). 

The spin-spin coupling constant over five formal bonds between I9F and methyl protons, 
S ~ 0 F . C H 3 ,  in 2,6-dimethylbenzoyl fluoride is - 3.1 Hz. Observation of a nonzero 6J,H.C0F indicates 
an  out-of-plane conformation for the carbonyl fluoride group and implies substantial non- 
bonded repulsions between the methyl and carbonyl fluoride groups. It is argued that SJoF.CH' 
is as  small as  -7 Hz when the C-F bond lies cis to a methyl group and that its magnitude is 
a consequence of the so-called 'through-space' coupling mechanisms. On the basis of INDO- 
MO-FPT computations, it is suggested that such observed couplings are a composite of 
large contributions of either sign and, therefore, that observed through-space 'H.I9F couplings 
may be of either sign if conformational averaging occurs. 

TED SCHAEFER, KALVIN CHUM, KIRK MARAT et RODERICK E. WASYLISHEN. Can. J. Chem. 
54, 800 (1976). 

La constante de couplage spin-spin a travers cinq liens formels entre le 19F et les protons 
du rnethyle, SJoF.CH', dans le fluorure de dimethyl-2,6 benzoyle est de -3.1 Hz. L'observation 
d'une constante 6JpH.C0F qui n'est pas egale a zero indique que le groupernent fluorocarbonyle 
existe dans une conformation hors plan et implique des repulsions non liees substantielles 
entre les groupes methyle et fluorocarbonyle. On suggtre que s ~ O F . C H 1  est aussi petit que -7 
Hz quand le lien C-F et le groupe methyle sont cis I'un par rapport a l'autre et que I'amplitude 
de ce couplage est une consequence des mecanismes de couplage communement appele 'a 
travers I'espace'. En se basant sur des calculs INDO-MO-FPT, on  suggere que de tels 
couplages observes sont dus a une superposition de contributions larges de signes divers et 
qu'en consequences les couplages 'H,I9F observes a travers I'espace peuvent &tre de n'importe 
quel signe si une moyenne des conformations se produit. 

[Traduit par  le journal] 

Introduction 
The size of so-called 'through-space' spin- 

spin coupling constants between nuclear pairs 
like 19F,19F and 'H,19F, among others, ap- 
parently is steeply dependent on the inter- 
nuclear distance and becomes relatively small 
when this distance exceeds the sum of the van 
der Waals radii of the corresponding atoms 
(1-15). The sign of the 19F,19F coupling con- 
stants, nJF.F, is positive in a variety of bonding 
situations and when the number, n, of formal 
intervening bonds is four or five (5,7-9, 15- 17). 
One semiempirical theory relates the magnitude 
of nJF.F to the overlap between the valence 
orbitals centered on  the nuclei and predicts a 
positive sign (IS), while another (19) finds a 
negative sign for relatively large internuclear 

distances when n is four but a positive sign 
when n is five. A molecular orbital model (20) 
rationalizes a positive sign for " J ~ . ~ .  

For 'H,19F through-space couplings a nega- 
tive sign is calculated by a sum-over-states 
perturbation method based on INDO molec- 
ular orbitals (19). Indeed, in derivatives 1 and 
2, of o-fluorophenol and of o-hydroxybenzotri- 
fluoride, 4 ~ , 0 H . F  and S~,,0H.CF3 are negative for 
the indicated, proximate bond orientations 
(2 1,22). INDO-MO-FPT (23) calculations 
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agree as to the signs and suggest a sensitivity 
of the magnitudes of these couplings to the 
H,F distance (21) in 1 and 2. These calculations, 
in common with the other theoretical treatments, 
invoke the Fermi contact interaction as the 
underlying coupling mechanism. 

On the other hand, it may be argued that 1 
and 2 represent a weak hydrogen bonding 
situation and that the mechanism of transfer of 
spin state information depends on the properties 
of the hydrogen bond wave function.' Con- 
sequently, the sign of JH,F may change when the 
proximity of ' H  and "F nuclei arises for steric 
reasons, viz., when strong nonbonded repulsions 
occur between the relevant molecular fragments. 

Recently (26), exploratory INDO-MO-FPT 
computations of J ~ , ~  for a variety of bonding 
situations demonstrate a complexity of the 
through-space coupling phenomenon. Large 
negative or positive values are found, depending 
on the relative orientation of the proximate 
bonds containing the nuclei. Conformational 
mobility could then lead to small, averaged, 
observed couplings; presumably of either sign. 

In this paper the sign of 5J0F*CH3 in 2,6-di- 
methylbenzoyl fluoride is determined. In this 
molecule the nonbonded interactions are ap- 
parently large enough to twist the carbonyl 
fluoride group out of the benzene plane, ~. 

thereby ensuring substantial nonbonded-inter- 
actions between H and F atoms. 

Experimental 
Fluorination of 2,6-dimethylbenzoic acid with sulfur 

tetrafluoride yielded the benzoyl fluoride (27). SF, (1 3.6 
mmol) was condensed from a metal vacuum system into 
a 75 ml stainless steel cylinder containing 2 g (1 3 mmol) of 
the acid and 10 ml of CH2C12. After 10 min at room 
temperature, gaseous products were vented and the 
remaining liquid was fractionated to yield I. I g (56%) of 
the benzoyl fluoride, bp 66 "C/I torr. Product identity 
was confirmed by mass, 'H, and "F nmr spectra. 

A 25 mol% solution of 2,6-dimethylbenzoyl fluoride in 
CS, contained small amounts of internal tetramethyl- 
silane and CF3CC13 and was degassed by the freeze- 
pump-thaw technique. The pmr spectrum was repeatedly 
calibrated on an HA-100 spectrometer, using the fre- 
quency-sweep mode and sweep rates of 0.01 and 0.02 
Hz s-'. The "F nmr spectrum was recorded at 56.4 MHz 
on an HA60 spectrometer, also in the frequency-sweep 

IWhen a stronger bond holds ' H  and I9F together, i.e. 
as in the H F  molecule, JHsF is +530 HZ (24), in disagree- 
ment with calculations based on the approximations 
inherent to all the above theories, but in fair agreement 
with a sum-over-states calculation of + 836 Hz (25). 

mode. Partial decoupling (28) and weak irradiation 
experiments (29) of the usual kind established the relative 
signs of the lH,19F spin-spin coupling constants. 

INDO-MO-FPT (23) calculations were performed on 
an IBM 3701158 system and convergence to 0.01 Hz in 
the coupling constants was demanded. A regular geometry 
(30) was assumed for the benzene and methyl group 
moieties. The geometry of the carbonyl fluoride group was 
based on microwave data for acetyl fluoride (31) and had 
C-F 1.348, C=O 1.181, and C-C 1.46 A ;  LCCF 
110.3" and LCCO 128.3". 

Results and Discussion 
I .  Spectral Analysis 

The pmr spectrum of 2,6-dimethylbenzoyl 
fluoride corresponds to the ABBfX,X,' part of 
an ABBfX,X,'R spin system. However, 6JpH-CH3 
and 4J0H.CH3 in toluene differ by only 0.1 Hz (32) 
and are unlikely to differ by more than this in 
the benzoyl fluoride derivative. Consequently, 
the spectrum is insensitive to 4 J m H 3 H  = JBB, and 
to 5JmCH3,CH3 and can be adequately analyzed 
as an AB,&R spectrum; yielding (4~0H*CH3 + 
6JpH9CH3)/2. In any event, the coupling of real 
interest in this paper is 6~0F,CH3,  the error in 
which is certainly less than 0.05 Hz. An iterative 
fit to the observed spectrum was performed with 
the computer program LAME (33, 34) and the 
final parameters are given in Table 1. 

Double irradiation experiments demonstrated 
that 6JpHvC0F/5~0F*CH3 > 0 and that 5JmH,C0F/ 
5 ~ 0 F . C H 3  < 0. A fit of the 19F spectrum could 
not be achieved if 5~mH.C0F and 6 ~ p H , C 0 F  had the 
same sign but the spectrum was insensitive to 
the sign of 5J0F-CH3. In 2-fluoro-6-chlorobenzoyl 
fluoride we have shown that 5 J m H 9 C 0 F / 3 J 0 H . F  > 0 
and as , J O H v F  is positive (35, 36), the signs in 
Table 1 are firmly established. 

2. Out-ofplane Twisting of the Carbonyl Fluoride 
Group 

Steric hindrance from the methyl groups in 3 
may destroy coplanarity of the carbonyl fluoride 
group and the benzene ring. The most direct 
evidence for a substantial deviation from co- 
planarity of these moieties is the observed 
value of -0.37 Hz for 6JpHvC0F. This coupling 

O y F  

(trans) CH3 w H3 (cis) 

H4 
3 
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TABLE 1. Chemical shifts* and coupling constants? in 2.6-dimethylbenzoyl fluoride 

Parameter Value Parameter Value 

"CH) 234.067(1)$ 5J H.COF 1 .087(3) 
696.365( 1) 6 jmH.cOF "3,s - 0.370(3) 
716.425(1) 5 J~CH,.COF "4 -3.091(2) 

vs 6 7629.2 Error (rms)? 0.0127 
3 J H.H 7.689(1) Largest error? 0.043 
(4 j0H.CH> + 6 J H.CH3 ) /2  -0.644(1) Transitions assigned 404 
5 j  H.CH3 

rn 0.343(1) Transitions calculated)) 466 

'In Hz at  100 M H z  to low field of internal TMS of a 25 mol% soluuon in carbon d~sulfide. 
t l n  Hz. 
:The numbers in brackets give the s tandard deviation in the last place. 
$In Hz to  low field of internal CF,CCI, at  56.443 M H z .  
Illntensities greater than 0.01, i.e.. observable at reasonable gain settings. 

is not observed in benzoyl fluoride (36), pre- 
sumably because it is transmitted via a a-n 
mechanism which is inoperative when the C-F 
bond lies in the benzene plane. Analogous 
behaviour is found in benzaldehyde and 2,6- 
dichlorobenzaldehyde, 6J,H.CH0 being unob- 
served in the former but amounting to 4 . 1 5  Hz 
in the latter compound (38). Because the COF 
and CH, groups likely suffer at least as great 
a mutual steric hindrance as do the CHO and 
C1 entities, an average out-of-plane conforma- 
tion of the COF group in 3 may be safely 
assumed. The barriers to internal rotation in 
benzaldehyde and benzoyl fluoride are equal 
(39, 40). 

A rough estimate of the angle of twist about 
the C-C bond in 3 is made below. Of greater 
interest here is the fact that a twisted conforma- 
tion implies a substantial nonbonded inter- 
action of the fluoride (and oxygen) atom(s) 
with the hydrogen atoms of the methyl groups. 
Consequently, a through-space coupling inter- 
action, SJ0F*CH3,  likely occurs. 

3. The Negative Signs o f S  JOFsCH3 
sJ0F.CH3 is -3.09 Hz in 3 and represents a 

simple average of the cis and trans couplings, 
5 ~ c F s C H ' a n d  sJ,F.CH3,  schematically marked in 3. 
On the assumption that the nonproximate, five- 
bond coupling, SJ,F.CH3,  has a magnitude of 
1 Hz it follows that SJ:CH3 is -6.2 1 Hz; 
implyingaconsiderable magnitude for acoupling 
mechanism dependent on the proximity of the 
C-F and C-H bonds. 

Further insight into the manner in which 
nuclear spin state information is transmitted 
via the electrons when proximate bond orienta- 
tions exist is provided by the INDO-MO-FPT 

calculations of 5 ~ 0 F . C H 3 ,  tabulated in Table 2. 
Consider an essentially coplanar arrangement 
(angle of twist, 8 = 1 ") of the carbonyl fluoride 
and benzene fragments, as in 4. In 4 the methyl 

4 
group is staggered about the C-F bond so 
that the C-H, bond eclipses the C-C bond 
of the benzene ring.2 One striking computational 
prediction is the large positive coupling of 
25.8 Hz to H, in a C-H bond which is coplanar 
with, but pointing away from, fluorine. Such an 
interaction has been discussed previously (26) 
for similar bond orientations in other molecules 
and is an example of a direct (41) mechanism 
involving the orbitals on the carbon atom of the 
C-H, bond. Another striking prediction is 
the great sensitivity of 5 ~ 0 F q C H 3  to the distance 
between ',F and H, and H, in 4. With the 
geometry given under Experimental, the H9,F 
distance is 2.01 A and the H,,F distance is 
2.03 A. The corresponding couplings are - 1.59 
Hz and -0.46 Hz, respectively, when 8 = 1 ", 
i .e . ,  when F in 4 lies slightly below the plane 
of the paper. The average value of 5 ~ c F * C H 3  for 
4 is +7.9 Hz. 

However, it was argued above that consider- 
able out-of-plane twisting of the COF group 
occurs. The calculated values in Table 2 for 

'Only one methyl group is used in the calculations in 
order to reduce the computational expense; convergence 
was not achieved for t) = 0". 
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S C H A E F E R  E T  A L  

TABLE 2. INDO-MO-FPT values* for 'H,19F spin-spin coupling constants in 
2-methylbenzoyl fluoride (Hz) 

cis tram 

Coupling 1 %  10 20 30 I 10 20 

'Geometries are  spec~fied under Experimental. 
t T h e  angle of twist. 0, represents a clockwise rotation about  the C-C(0F) bond, e.g.. 0 = I '  represents a 

c o n l b r m a t ~ o n  in which the F a tom lies just below the plane o f t h e  paper .  
:Convergence was not achieved when 0 was 0'. 

8 = 10, 20, and 30" demonstrate a strong 
dependence on 8 and, therefore, on the H,F 
distance. The average value of 5 ~ , F * C H 3  becomes 
-2.0 Hz at 8 = 30". Of course, torsional 
oscillations of the methyl and carbonyl fluoride 
groups occur in the molecule and, in a situation 
where the coupling is so exceedingly sensitive 
to the H,F distance, will certainly help to deter- 
mine3 the actual value of 5 ~ . . F . C H 3 .  

Nevertheless, it may be cbncluded that the 
signs of observed through-space ' H,19F coupling 
constants will vary, dependingas they apparently 
do on the relative magnitudes of positive and 
negative contributions. These magnitudes, in 
turn, depend on a delicate balance of the non- 
bonded interactions which determine the me- 
cise electron and nuclear arrangement in the 
relevant molecular fragments. In 2,6-dimethyl- 
benzoylfluoride the negative contributions to 
5 ~ , F . C H 3  outweigh the positive ones. The cal- 
culated values of 5J, ' .CH3 suggest that its magni- 
tude is below 0.2 Hz and therefore, perhaps, 
that 5 J , F . C H 3  is indeed as small as -7 Hz. 

'A conformation in which a C-H bond of the methyl 
group eclipses the C-F bond (within one degree) yields 
a calculated J of -324 Hz, corresponding to an inter- 
nuclear distance of 1.33 A. Naturally. such a conforma- 
tion is energetically very unfavourable. 

4. The Other Couplings to I9F 

The measured 6JpH.C0F of -0.37 Hz in 3 has 
been partly discussed above. The calculated 
values in Table 2 are too large, indicating a 
positive number at 8 = 0". However, they 
apparently follow a sin2 8 law, at least for the 
cis form between 8 = l o  and 30". In fact, the 
calculated changes in 6 ~ p H s C F 0 ,  as 8 changes, 
suggest 6 ~ p H . C 0 F  as -2.1 k 0.1 HZ at 8 = 90"; 
assuming that 6JpH.C0' vanishes at 8 = 0", as in - 
benzoyl fluoride itself (37). It follows that 
0 - 25" in 2,6-dimethylbenzoyl fluoride. This 
estimate of 0 is very rough. A comparison 
between calculated and observed values of 
5 ~ 0 F . C H 3  in Tables 1 and 2 implies a value of 
nearer 40" for 8. Both estimates are to be con- 
sidered as tentative. 

5 ~ , , , H . C 0 F  is 1.09 HZ in 3 but is 1.33 Hz in 
benzoyl fluoride, indicating a nonzero angle of 
twist, 8, in 3 if it is assumed that the largest 
magnitude occurs for the planar 'zig-zag' or 
'all-trans' arrangement of the intervening bonds 
and that the methyl groups do not exert an 
intrinsic substituent effect on 5 ~ m H . C 0 F .  Sub- 
stituents in the para position do not alter 
5J,,,H.C0F appreciably (42). The calculated num- 
bers in Table 2 imply an intrinsic substituent 
effect on 5JmH.C0F and also overestimate the 
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magnitude of the coupling. In these calculations 
the C-C bond length in the C-COF fragment 
is taken as 1.46 A and a change in this parameter 
may well alter the calculated magnitudes (42). 
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The infnence of remote substituents upon ionization potential. Part I. 
The effect of two allylic oxygens upon the ionization of the n-bond 
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R. S. BROWN. Can. J. Chem. 54, 805 (1976). 

The photoelectron (pe) spectrum of ascaridole (1) shows an unusually high binding potential 
for the n-bond. Several possible explanations both conjugative and inductive in nature can 
be envisioned to account for these observations. To probe which of these mechanisms was 
prominent, several symmetrical bisallylic oxygen compounds as well as their saturated analogues 
were synthesised and their pe spectra recorded. Substitution at the allylic centres was chosen 
to be nearly constant in each case, but the orientation of the symmetrically placed oxygens 
varied about the n-bond from 0" in ascaridole (1) to 90' in 1,4-dimethoxybicyclo[2.2.2]oct-2-ene 
(6). In each unsaturated case the position of the ionization attributable to the n-bond is the same. 
Conjugative interactions of the oxygens with the n-bond cannot account for the pe results since 
these are expected to show marked dependence upon geometrical constraints. It is postulated 
that in these systems, the greater electronegativity of oxygen relative to carbon is responsible for 
the observed result. 

R. S. BROWN. Can. J. Chem. 54, 805 (1976). 
Le spectre de I'ascaridole photoelectronique (pe) (1) indique la presence d'un potentiel 

particulierement eleve pour le lien-n. On peut envisage plusieurs explications possibles, de 
nature conjugative et inductive, pour expliquer ces resultats. Afin de pouvoir evaluer I'im- 
portance de chacun de ces mecanismes, on a synthetise plusieurs composes oxygenes bisallyliques 
symetriques ainsi que leurs analogues saturks et on a enregistre leurs spectres pe. On a choisi 
des substitutions aux centres allyliques qui etaient pratiquement constantes dans chaque cas 
mais l'orientation des oxygenes, places d'une faqon symetrique autour du lien-n, variait de 0" 
dans I'ascaridole (1) jusqu'a 90" dans le dimethoxy-1,4 bicyclo[2.2.2]octene-2 (6). Dans chaque 
compost insature, la position de I'ionisation attribuable au lien-n est la meme. Des interactions 
de conjugaison des oxygenes avec les liens-n ne peuvent expliquer les resultats pe puisque de 
telles interactions devraient varier d'une faqon importante avec les contraintes geometriques. 
On postule que dans ces systemes, la plus grande electronegativitC de l'oxygene, par rapport 
au carbone, est responsable des resultats observes. 

[Traduit par le journal] 

Some time ago during a study designed to 
investigate certain organic peroxides by photo- 
electron (pe) spectroscopy (l) ,  we observed 
that the double bond of ascaridole (1) appeared 
at  an unusually high binding energy. The 
vertical ionization potential (VIP) for the n-bond 
in 1 is 9.70 eV while that in the carbocyclic 
analogues 3a, 36, and 3c appear at 8.97 eV (2a), 
9.05 eV (2a), and 9.30 eV (26) respectively. 

Although ascaridole (1) is substituted at the 
bridgehead positions by alkyl groups while 
3a-c are not, such substitution is expected to 

lower the IP of the n-bond in contrast to what 
is actually observed (3). Hence simple sub- 
stitution effects cannot account for the 0.65 eV 
( -  15 kcal) stabilization of the n-bond of 1 as 
compared to 36. 

Recognizing that the double-bond position 
was undoubtedly influenced by the presence of 
the two oxygens at  the allylic positions, we set 
out to determine the cause of the stabilization. 
A priori, one might list several types of possible 
interactions: (a) interactions of the n-bond with 
the peroxide linkage (homoconjugation), (6) a 
through-bond interaction of the n-bond with 
the perpendicularly-oriented C-0 o-bonds 
(hyperconjugation), or  (c) a removal of electron 
density from the n-system by the more electro- 
negative oxygens (inductive). 

In order to test which of these effects were 
operative a series of similarly substituted un- 
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saturated compounds (4-6) and their saturated 
analogues (7-9) were synthesized and their pe 
spectra studied. The following represents the 
findings of this study. 

Experimental 
Photoelectron spectra were recorded on a MacPherson 

Model 36 Esca spectrometer equipped with an He(l) 
ionization source. While under optimum conditions the 
resolution of the argon 2P3,,-2P,,, doublet was 17 meV 
and lo5 counts/s, a resolution of between 25 and 35 meV 
was noticed during actual spectral recording. Continued 
monitoring of all spectra over a several hour period 
showed no spectral changes. 

All melting points and boiling points are uncorrected. 
Nuclear magnetic resonance (pmr) spectra were recorded 
using a Varian A56-60 or  Perkin-Elmer 90 mHz spectrom- 
eter. Infrared spectra were determined in CHCI, solution 
using a Perkin-Elmer 421 grating infrared spectrometer. 

Ascaridole (1) (1.4- Epidioxy-p-menth-2-ene) 
This was obtained from the Fluka A.G. Chemische 

Fabrik (Switzerland) and was purified by low temperature 
recrystalization from isopentane at -78 "C to a constant 
melting point of 3 "C (lit. (4) 3.3 "C). 

Dihydroascaridole (2) ( 1.4- Epidioxy-p-menthane) 
This was prepared by catalytic hydrogenation of an 

ethanol solution of ascaridole over Adam's Catalyst 
according to the procedure of Paget (5); pmr (CDCI,) 
62.17-1.45(m,9H), 1 .12(~ ,3H) ,0 .88(d ,6H,  J = 6.5Hz);  
ir (CHCI,) 3025, 3000, 2970, 2930, 2892, 2888, 2800, 
1472, 1465, 1450, 1387, 1376, 1370, 1440, 1260, 1225 (br), 
1 140, 1 1 18, 1 107, 1077, 1035, 1000 cm-I ; Raman (neat), 
0-0 stretch 724 cm-' ; mp 19 "C (lit. (5) 19.5 "C). 

cis-p-Menth-2-ene-1.4-diol was prepared by the pro- 
cedure of Schenck et al. (6). 

Ab-l-Methyl-5-i~~pr~pyl-2,4-dioxabic).clo[3.2.2]nonen (4) 
This could not be prepared by an acid catalysed for- 

mylation of cis-p-menth-2-ene-1.4-diol since this procedure 
produced only p-cymene (10) (TsOH catalysed) or A4-l- 
methyl - 4 -  isopropyl- 6,8 - dioxabicyclo[4.3.0]nonene (11) 
(BF3-O(C2HS),). An alternative an~onic  route to produce 
4 was used successfully, 

To  a 1 litre 3-necked flask equipped with an addition 
funnel, reflux condensor, magnetic stirrer, and N2-inlet 
tube was added 400 cc dimethoxyethane (distilled from 

LiAIH,) and 50 cc of dry DMSO followed by 3.4 g 
(2 x mol) of cis-p-menth-2-ene- 1.4-diol prepared as 
above. To  the stirring solution held at  room temperature 
was added 1.68 g (4 x mol of 57% NaH in oil) NaH 
suspension over a period of 15 min. The suspension was 
stirred an additional h and refluxed for a total of 3 h 
more to ensure maximum conversion to the alkoxide. 
After cooling the mixture to room temperature, 2.6 g 
(2 x mot) redistilled bromochloromethane was added 
to it at  once and the mixture gently brought to  reflux 
overnight. After cooling and filtering excess D M E  was 
removed under reduced pressure, and the remaining dark 
liquid distilled at 20-30 torr to yield a distillate containing 
roughly 90% DMSO to 10% product. This distillate was 
diluted with 20 ml 5% aqueous K 2 C 0 3  and extracted 
with several small portions of pentane which were 
ultimately combined and dried over Na2S04.  Filtration 
and removal of solvent and finally bulb to bulb distillation 
at 1 torr pressure yielded 600 mg of desired 4 ;  pmr 
(CDCI,) 6 6.02 (AB quartet, 2H, J = 9 Hz), 4.73 (s, 2H), 
2.30-1.42 (m, 5H). 1.34 (s, 3H), 0.93 (d, 6H, J = 7 Hz); 
ir (neat) 3055, 2980, 2945, 2895, 1475, 1455, 1384, 1374, 
1267, 1210, 1197, 1142, 1095, 1078, 1040, 1030, 1018, 
940 cm-I. Exact Mass calcd. for C , , H , , 0 2 :  182.1307; 
found:  182.1310. 

1-Methy1-5-isopropyl-2.4-dioxabicyc/o[3.2.2]nonate (7) 
This was produced by the acid-catalysed condensation 

of cis-p-menthane-l,4-diol (synthesised by AI(Hg) reduc- 
tion of dihydroascaridole as described by Schenck et al. 
(6)) with formaldehyde. 

T o  15 g (0.09 mol) of crude cis-p-menthane-l,4-diol in 
100 ml benzene was added 10 g of paraformaldehyde and 
100 mg p-toluene sulfonic acid. The mixture was refluxed 
and the theoretical amount of H 2 0  removed by azeotropic 
distillation. Work-up consisted of rapid filtration while 
hot, and extraction with 2 x 100 ml portions of 5% 
aqueous K,CO,. After drying the organic phase over 
Na2S04 and removal of benzene the residue was distilled 
at reduced pressure to yield 12.1 g (80%) of 7, bp 75 "C/2 
torr; pmr (CDCI,) 6 4.92 (s, 2H), 2.15- 1.38 (m, 9H), 1.20 
(s, 3H), 0.88 (d, 6H, J = 6.5 Hz);  ir (CHCI,) 3000, 2970, 
2935, 2880, 2775, 1495, 1470, 1460, 1451, 1400, 1384, 
1377, 1367, 1345, 1270, 1243 (br), 1178, 1151, 1131, 1090, 
1038, and 1010 cm-'. Exact Mass calcd. for C , ,  H2,02:  
184.1463; found: 184.1460. Anal. calcd. for C ,  , H2,02: 
C 71.74, H 10.87; found: C 71.48, H 10.78. 

cis-1.4-Dimerhoxy-p-menth-2-ene (5) 
This was produced by an alkylation procedure described 

by Diner et al. (7). From 3.4 g of cis-p-menth-2-ene-l,4- 
diol (2 x mol prepared as above) dissolved in 100 ml 
anhydrous D M E  (distilled from LiAIH, prior to use) 
containing 6 g (8.4 x mol) CH,I and 2 g 57% NaH 
suspension (2 x mol) was produced 3.4 g (86%) 5, 
bp 68.5 "C/2 torr ;  pmr (CDCI,) 6 5.76 (AB quartet, 
2H, J = 10 Hz), 3.25 (s, 3H), 3.22 (s, 3H), 2.47-1.32 (m, 
5H), 1.20 (s, 3H), 0.87 (d of d, 6H, J = 6.5 Hz);  lr (neat) 
3070, 2970, 2880, 2830, 1465 (br), 1385, 1368, 1 195, 1125, 
1107, 1079 (br), 1035, 1010, 940, 907 cm-I. Anal. calcd. 
for CI2H2,O2:  C 72.73, H 11.1 1 ; found: C 72.78; H 11.08. 

cis- l.4-Dimrtl1osy-p-n1enthanr (8) 
This was prepared by an alkylation (7) of cis-p-men- 
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thane-1,4-diol in 70% yield, bp 78-80 "C/2.5 torr; pmr 
(CDCI,) 6 3.23 (s, 3H), 3.12 (s, 3H), 2.30-1.23 (m, 9H), 
1.16 (s, 3H), 0.87 (d, 6H, J = 6.5 Hz): ir (CHCI,) 3005. 
2965, 2845, 1475, 1445 (sh), 1395, 1385, 1375, 1267, 1132, 
1 1  15, 1075, 1007,984cm-'. Exacl Masscalcd. for C,H1,O2 
( M +  - C,H,): 157.1229; found: 157.1232. 

1,4- Dime1ho.~ybicyclo[2.2.2]ocr-2-ene 
This was prepared via the following sequence. 
Birch reduction (8) of p-dimethoxybenzene in contrast 

to yielding the expected 1,4-dimethoxy-l,4-cyclohexa- 
diene as reported (8), in our hands yielded a bright yellow 
liquid in 60% yield, bp 81-82 "C/10 torr which proved to 
be the isomerized material 1,4-dimethoxy-L,3-cyclohexa- 
diene; pmr (CDCI,) 6 4.83 (s, 2H), 3.50 (s, 6H), 2.33 
(s, 4H);  ir (CHCI,) 3075, 3000, 2950, 2900, 2835, 1655, 
1619, 1505, 1465, 1450, 1438, 1423, 1379, 1291, 1215 (br), 
1155, 1137, 1125 cm-'. Additionally 10% of the further 
reduced 1,4-dimethoxy- 1-cyclohexene was isolated. 

1,4- Dime1ho,~ybicyclo[2.2.2]ocr-5-ene-2,3-dicarbo.~ylic Acid 
Anhydride 

To  1.40 g (0.01 mol) of 1,4-dimethoxy-l,3-cyclohexa- 
diene (prepared as above) in 10 ml ethyl acetate was 
added 0.98 (0.01 mol) maleic anhydride (recrystallized 
from CHCI,). Immediately the solution turned a brilliant 
orange-red. The solution was stirred and refluxed over- 
night at which time it appeared yellow; further refluxing 
did not alter this final color. Work-up consisted of removal 
of the solvent, and trituration of the residue with 10 ml 
of I :  1 ether:chloroform to yield a white powder. Re- 
crystallization from I :  l ether:chloroform gave 1.75 g 
solid (70%) mp 123-125 "C; pmr (CDCI,) 6 6.23 (s, 2H), 
3.53 (s, 2H), 3.48 (s, 6H), 2.28-1.48 (m, 4H): ir (CHCI,) 
3020 (br), 2940 (br), 2875, 2835, 1871, 1835, 1785 (br), 
1460, 1443, 1372, 1200 (br), 1158, 1133, 1073, 1031 cm-I. 

1,4-Dime~hoxybicyclo[2.2.2]oc~ane-2.3-dicarbo.ylic Acid 
Anhydride 

To  1.2 g (0.005 mol) 1,4-dimethoxybicyclo[2.2.2]oct- 
5-ene-2,3-dicarboxylic acid anhydride in 20 ml T H F  was 
added 0.1 g Pt,O, and the mixture hydrogenated at 
atmospheric pressure until 1 equiv. of H, was consumed. 
The mixture was then filtered and stripped of solvent and 
the residue recrystallized from 3: 1 acetone:ether to give 
quantitatively the desired bicyclo octane mp 100-103 "C; 
pmr (CDCI,) 6 3.55 (s, 2H), 3.33 (s, 6H), 1.97-1.58 (m, 
4H);  ir (CHCI,) 3100 br, 2968 (d), 2885, 2840, 1950 (br), 
1789 (br), 1485, 1412, 1350, 1325, 1281, 1220 (br), 1167, 
1 120, 1075, 1030 cm-' . 

1.4-Dimerhoxybicyclo[2.2.2]ocranr-2.3-dicarbo.~ylic Acid 
To 1.20 g (0.005 mol) of the bicyclooctane anhydride 

was added 20 ml of 20% aqueous KHCO, and the mixture 
stirred and refluxed until all solids dissolved and then an 
additional 30 min. The solution was cooled and acidified 
to p H  3 by the addition of concentrated HCI, and then set 
in the freezer overnight to crystalize. Filtration yielded 
850 mg (60%) of the diacid, mp 160-165.5 "C (-CO,); 
pmr (DMSO-d,) 6 11.18 (br s, 2H, exchanges with D,O), 
3.17 (s, 2H), 3.08 (s, 6H), 2.26-2.46 (m, 2H), 1.75 (br s, 
4H), 1.43-1.67 (m, 2H);  ir (Nujol) 3500 (sh), 3380 (br), 
1750, 1695, 1460, 1380, 1315, 1300, 1275, 1237, 1214, 
1 190, 1120, 1090, 1072, 1020 (d) cm-'. 

1,4-Dirnerhoxybicyclo[2.2.2]ocr-2-ene (6) 
This was prepared from the bicyclooctane diacid via 

the procedure of Grob  el al. (9). From 19.3 g starting 
diacid, 5.1 g (40%) of 6 was produced, bp 91 "C/IO torr: 
pmr (CDCI,) 6 6.25 (s, 2H), 3.33 (s, 6H), 1.63 (AB quartet, 
4H, J = 8 Hz); ir (CHCI,) 3025, 3000, 2950, 2910, 2875, 
2830, 1608 (w), 1465, 1453, 1375, 1367, 1330, 1220 (br), 
1160, 1140, I1 10 (br), 1038, 1015 cm-'. Arzal. calcd. for 
Cl0H1,O,: C 71.43, H 9.52; found: C 71.04, H 9.58. 

1.4- Dirnrlhoxj~bicyclo[2.?.2]oclanr (9) 
This was prepared by catalytic hydrogenation of I g (6) 

in 10 ml T H F  over Pt,O. The mixture was filtered, 
solvent removed and distilled to yield 80% 9, bp 77 "C/4 
torr; pmr (CDCI,) 6 3.17 (s, 6H), 1.77 (s, 12H); ir (CHCI,) 
3020, 2960, 2875, 2815, 2400, 1520 (br), 1458, 1425, 
1355, 1215 (vs), 1170, 1100, 1035 cm-'. Anal. calcd. for 
C , o H l , 0 2 :  C 70.59, 10.59; found: C 70.37, H 10.58. 

Results and Discussion 
The synthesis of 4 proved rather interesting 

and a few points should be made concerning it. 
Initial attempts to synthesise 4 involved an acid- 
catalysed condensation of cis-p-menth-2-ene- 
1,4-diol and formaldehyde as shown in Scheme 
1. While this procedure was successful when 
applied to the saturated cis-p-menthane- 1,4- 
diol, the presence of the double bond presents 
additional complications. Acid catalysis pro- 
duced only the aromatic derivative by dehydra- 
tion, while BF,-etherate complex catalysis 
produced p-cymene and 11. Presumably 11 was 
produced by a mechanism proposed in Scheme 2. 

Since all cationic approaches produced un- 
desirable products, an anionic approach was 
used. This consisted of prior formation of the 
dianion of cis-p-menth-2-ene- l,4-diol in an 
inert solvent which was then treated with bromo- 
chloromethane as outlined in Scheme 3. This 
latter scheme produced the desired 4, albeit in 
low yields. 
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In investigating the effects of remote substit- 
uents on the IP of the double bond in these 
systems, it is expected that conjugative orbital 
interactions ought to be separable from in- 
ductive effects since the former should show 
marked geometrical dependence. 
OH OH 

2NaH 

DME- DMSO 
CICH2Br =\ CH2 

S C H E M ~  3 a 
4 

Hence, whereas ascaridole (1) may possibly 
possess a homoconjugative interaction of the 
double bond with the peroxide moiety reminis- 
cent of that present in norbornadiene or bi- 
cyclooctadiene (10) such cannot be the case 
for 1,4-dimethoxybicyclo[2.2.2]oct-2-ene (6). 
Since direct homoconjugative interaction of the 
methoxyl groups and double bond in 6 is 
minimal or nonexistent, to a first approximation 
only the inductive influence of the oxygens will 
be experienced by the double bond. 

Figure 1 illustrates the pe spectrum of 
ascaridole (1) and dihydroascaridole (2) while 
Figs. 2 ,  3, and 4 illustrate the pe spectra of 
compound pairs 4, 7 ;  5, 8; and 6, 9 respectively. 
The corresponding data and assignments for 
these compounds are presented in Table 1. 

From the data presented in Table 1, one can 
see that in each unsaturated molecule the 
ionization ascribed to the rr-bond appears at 
9.68 + 0.02 eV. Perhaps this might seem sur- 
prising in view of the following discussion. 

Homoconjugative Interactions 
Ascaridole (I), the first molecule investigated 

exhibited an unusually stabilized (in terms of 

16 14 12 10 8 
IONIZATION POTENTIAL 

FIG. 1. Photoelectron spectra of ascaridole (1) and 
dihydroascaridole (2) using argon as an internal calibrating 
gas. 

increased binding potential) n-bond. There is 
undoubtedly significant orbital overlap between 
the peroxide lone pairs and the n-system 
analogous to that evident in bicyclooctadiene 
(lob). It is evident from symmetry arguments 
that the only combination of the oxygen lone 
pairs which is allowed to interact with the 
n-bond is n+  as shown in 12. That the n- 
combination does not mix appreciably with n, 
is illustrated by observing that n- in dihydro- 
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IONIZATION POTENTIAL I O N I Z A T I O N  POTENTIAL 

FIG. 2. Photoelectron spectra of A6-I-methyl-5-iso- FIG. 3. Photoelectron spectra of cis-1.4-dimethoxy-p- 
propyl-2.4-dioxabicyclo[3.2.2]nonene (4) and I-methyl- menth-2-ene (5) and cis-l,4-dimethoxy-p-menthane (8) 
5-isopropyl-2.4-dioxabicyclo[3.2.2]nonane (7) using argon using argon as an internal calibrating gas. 
as  an internal calibrating gas. 

TABLE I .  Vertical ionization potentials of compounds 1,  2, 4-9 in eV 

Compound IP,(n-) lPv(x) IP,(n+ Othersh 

1 Ascaridole 
2 Dihydroascaridole 
4 A6-I-Methyl-5-isopropyl-2,4-dioxabi- 

cyclo[3.2.2]nonene 
7 I-Methyl-5-isopropyl-2,4-dioxabicyclo- 

[3.2.2]nonane 
5 cis-l,4-Dimethoxy-p-menth-2-ene 
8 cis- l,4-Dimethoxy-p-menthane 
6 1,4-Dimethoxybicyclo[2.2.2]0ct-2-ene 
9 1.4-Dimethoxybicyclo[2.2.2]octane 

" E x h ~ b l ~ s  v~brat ional  spacings of 1008 & 50 cnl- ' .  
bRepresenls the V I P  o f t h e  first a-orbital. 
'From the peak Intensity and shape. it is speculated that  n+ and  n_ are nearly degenerate. 
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16 14 12 10 8 

IONIZATION POTENTIAL 

FIG. 4. Photoelectron spectra of 1,4-dimethoxybi- 
cyclo[2.2.2]oct-2-ene (6) and 1,4-dimethoxybicyclo[2.2.2]- 
octane (9) using argon as an internal calibrating gas. 

ascaridole (2) appears at  virtually the same IP 

as in ascaridole (1). 
However, such interaction as in 12 (if signifi- 

cant) would be expected to  decrease the n-IP 
since the n-orbital will become destabilized. 
Evidently such interaction is small if any. 
The apparent anomaly can be resolved by 
arguments similar to that of Heilbronner and 
co-workers (106) concerning homoconjugation. 
Perturbation theory (11) indicates that the 
interaction of n, with n, will give rise to 
second order shifts (AE) in the energies of both 
the n, and n, orbitals as given by eq. 1 .  

where /3 = 2.5 eV (106) and m = 0.12 (derived 
for bicyclooctadiene). 

The pe spectrum of 1 does not give an accurate 
value for n,, since this ionization is buried 
under the a-envelope. However molecular orbi- 
tal calculations' on  ascaridole place the n - ,  
n, separation a t  roughly 9.5 eV. With this 
value as a guide, it can be seen that the A E  
value expected for the n, bond and n, is 
exceedingly small (AE - 0.01 eV). Hence, be- 
cause nl and n+ are well separated in terms of 
energy, interaction between them will be mini- 
mal. 

While it is apparent from the above that one 
can safely neglect the n,, n interactions in the 
peroxides, such is not the case in the analogous 
hydrazine compounds as shown by Nelsen and 
Buschek (13). In such compounds, the inter- 
action appears significant because En,- En _ 
separation is small. 

Hyperconjugatiue It2 teructions 
Also of correct symmetry to interact with the 

n-bond of 1 are certain linear combinations of 
the C-0 a-framework. One expects that sym- 
metry allowed a-n interaction of the C 4  
a-bonds will drive the n-level up in energy as 
illustrated in 13. However such is not the case 
with the appropriate symmetry antibonding 
C 4  a-bonds. Calculated orbitals for cis H 2 0 2  
(14) indicate that the L U M O  is a symmetric 
combination of antibonding a-orbitals (a, *). 
If we are allowed to  extrapolate these calcula- 
tions to ascaridole (also a cis peroxide) an 
interaction such as that evident in 14 could be 

'CNDO/2 calculations were performed on appropriate 
models for compounds 1.4, and 6. The model for ascaridole 
( I )  and formal 4 simply replaced the bridgehead isopropyl 
with a methyl group, while that chosen for 6 was bicyclo- 
[2.2.2]oct-2-ene-I,4-diol. Molecular coordinates were ob- 
tained by measurements of Dreiding models of these 
compounds and are recognized as imperfect. Comple- 
mentary results were obtained using the calculation 
method of Caulton and Fenske (12). (A modification of 
this program was kindly supplied by A. Sarapu.) 

Assignments of the uppermost orbitals were based 
upon calculation and comparison of the saturated and 
unsaturated analogues. Since the n-ionization is readily 
visible, such spectral comparison is relatively straight- 
forward for compound pairs 1, 2; 5 ,8;  and 6 ,9 .  However, 
simple spectral comparison is not without ambiguity for 
compounds 4 and 7. In this case, the reliance upon 
calculated orbitals is quite large, and the computed 
ordering of the three highest occupied molecular orbitals 
in 4 is n- > n > n,. One should accept these assignments 
with caution however, since it isexpected that such ordering 
may be heavily dependent upon the molecular geometry 
used as input data. 
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13 

envisioned. This interaction might possi~ly 
s~abilize the n-bond as observed. However un- 
likely this may appear (particularly in view of 
the large energy difference between n(C-C) 
and a+*(C-0)), we can test for this possibility 
in two ways. Firstly, breaking the peroxide 
linkage but still maintaining the C-0 0-bonds 
parallel to the n-system ought to alter the 
position of the a+* combination significantly 
thereby altering any interaction with the n-bond. 
That the n-bond appears at the same position in 
the pe spectrum of both 1 and 4 indicates 
interactions similar to those in 14 are either 
insignificant, or that certain opposite effects are 
compensating each other. 

I tC u+(C-0) 
14 

In formal 4, the pe spectrum (Fig. 2) illustrates 
that the n+, n- separation is roughly 0.6 eV 
which corresponds nicely to the 0.55 eV 
splitting noticed in 1,3-dioxolane (15). In such 
systems, the n+, n- splitting has been said to be 
of either a through-bond nature (1,3-dioxolane) 
or a through-space nature (1,3-dioxane) (1 5). 
While our results give no direct indication of 
the nature of such splitting in 4 or 7, both 
through-space and through-bond mechanisms 
can be envisioned (15). Molecular models indi- 
cate that direct overlap between n+ and n is 
not likely to be as large as in ascaridole. Hence, 
a reduction in the numerator of eq. 1 also 
causes significant reduction of the AE induced 
in n, and n+ even though their energy levels are 
more closely matched. That the ionization 
assigned to the n-bond (n,) in formal 4 appears 

at the same place as that in ascaridole (1) 
gives credence to the idea that the n, ,  n+ 
interaction is small or nonexistent probably due 
to poor overlap between them. 

Further rotation of the C-0 a-bonds out of 
planarity with the n-system will decrease even 
further any possible homoconjugative (n, n) or 
hyperconjugative (0-71) interactions. Molecular 
models of cis- 1,4-dimethoxy-p-menth-2-ene (5) 
in the half-chair conformation indicate that the 
C 4  a-bonds are displaced 30" from planarity 
with the n-system. Again the ionization assigned 
to removal of a n-electron appears at 9.69 eV as 
a shoulder on the bands assigned to removal of 
electrons from the n+ and n- orbitals. Further 
rotation so that the C-0 a-bonds are 90" to 
the n-system is finally accomplished in 1,4-di- 
methoxybicyclo[2.2.2]oct-2-ene (6). Once again 
the n-system ionization appears at 9.70 eV, 
identical to that of 1, 4, and 5. 

Invariance of the ionization potential of the 
n-bond in these systems, to rotation of the 
allylic C-0 bonds indicates that conjugative 
stabilization of the n-bond by the allylic oxygens 
is not important whether homo- or hyper- 
conjugative in nature. Such rotational variations 
have been used before to test for conjugative 
interactions (16) in other systems. On the other 
hand barring slight changes in bond lengths 
such rotation does not alter the distance from 
each oxygen to its allylic carbons. Hence in- 
ductively2 the effect of the oxygens is the same 
in 1, 4, 5, and 6. It is proposed then, that as a 
consequence of the greater electronegativity of 
oxygen relative to carbon, significant electron 
density is removed from the more polarizable 
n-system making its ionization more difficult. 
Such changes are noticed in other systems as 
well as illustrated by stabilization of the 
n-system of 2-propene-l-ol as compared to 

'Whether such substituent effects originate from a 
through-bond mechanism or field mechanism is still an 
open question (for pertinent references see ref. 17). For 
the purposes of the above discussion we will make no 
distinction between them. Hence we use inductive to 
mean those effects caused by differences in electro- 
negativity between interacting groups. It is also expected 
that minor variations in the substitution of each oxygen 
will not significantly alter its ability to pull electron 
density towards itself. Hence, while not strictly correct, 
it is assumed that the inductive effect of the oxygens in 
ascaridole will be to a first approximation equivalent to 
that of the oxygens in both 5 and 6.  
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CHJ 3. P. MASCLET, D.  GROSJEAN, G .  MOUVIER, and J. 
1 - J - O H  DUBOIS. J.  Electron Spectrosc. Relat. Phenom. 2, 225 

IP,(n) = 10.01 eV (3) IP,(no) = 10.50 eV ( 18) (1973). 
4. R. C. WEAST (Edi~or) .  Handbook of chemistry and 

f - OH physics. 50th ed. Chemical Rubber Co. Press, Cleve- 

IP,(n) = 10.22 eV land, Ohio. 1969- 1970. 

IP,.(no) = 10.99 eV (19) 5. H. PAGET. J. Chem. Soc. 829 (1938). 
6. G .  0 .  SCHENCK, K. GOLLNICK, G .  BUCHWALD, S. 

1 - p r o p e n e ,  (also caused b y  t h e  presence of t h e  
e l e c t r o n e g a t i v e  o x y g e n ) .  

Conclusions 
It has been d e m o n s t r a t e d  t h a t  in s y s t e m s  

designed t o  e x h i b i t  s i m i l a r  s u b s t i t u t i o n ,  t h a t  pe 
s p e c t r o s c o p y  can be used t o  d e t e r m i n e  t h e  
e f fec t s  of r e m o t e  s u b s t i t u e n t s  upon n-bonds. 
I n d u c t i v e  e f fec t s  can be d i s t i n g u i s h e d  from con- 
j u g a t i v e  i n t e r a c t i o n s  b y  observing t h a t  t h e  l a t t e r  
effects o u g h t  t o  show marked g e o m e t r i c a l  de- 
p e n d e n c e .  T h a t  t h e  i o n i z a t i o n  of t h e  n-bond in 
t h e  above s y s t e m s  is i n v a r i a n t  to t h e  o r i e n t a t i o n  
of t h e  t w o  al lyl ic  o x y g e n s  i l l u s t r a t e s  t h a t  t h e  
p r e d o m i n a n t  s t a b i l i z i n g  influence e x e r t e d  on 
t h e  n - s y s t e m  b y  t h e  r e m o t e  o x y g e n s  is t h a t  d u e  
t o  t h e  g r e a t e r  e l e c t r o n e g a t i v i t y  of o x y g e n  
r e l a t i v e  t o  carbon. 
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A stereodynamic investigation of antivitamins K in the dicoumarol series. 
11. Differentiation between the two hydroxyl groups by the nuclear Overhauser effect 

CLAUDE LARUELLE A N D  JEAN-JACQUES GODFROID 
Laboratoire de Pharmacochimie Moleculaire, UniversitC. de Paris V l l ,  2, Place Jussieu, 75221, Paris Cedex 05, France 
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CLAUDE LARUELLE and JEAN-JACQUES GODFROID. Can. J .  Chem. 54, 813 (1976). 
Dicoumarol derivatives, substituted at the bridgehead, show a double restricted rotation. This 

hindered rotation is manifest through the appearance of two signals, the hydroxyl protons being 
diastereotopic at  low temperatures. 

In this work we assign the two respective signals by the nuclear Overhauser effect. The high- 
field signal corresponds to a hydroxyl site close to the bridgehead tertiary proton, while the 
other corresponds to  a site in proximity to the substituent R. The case of structurally analogous 
dimethones has been investigated by the same technique with identical conclusions. This dis- 
proves the interpretation made previously on the basis of steric and anisotropic effects. 

The interatomic distances concerned have been calculated, and these have yielded an estimate 
of deformations induced by the bridgehead substituents. 

Evidence is supplied for the different behavior of the two sites and this study gives evidence 
for a very facile intermolecular chemical exchange of the hydroxyl site close to the tertiary 
bridgehead proton in the presence of traces of protonated compounds. 

The overall behavior is the result of the asymmetry of the molecules of this series in their 
chelated form. 

CLAUDE LARUELLE ET JEAN-JACQUES GODFROID. Can. J. Chem. 54, 813 (1976). 
Les derives du dicoumarol, substitues au niveau du pont presentent une double rotation 

restreinte qui se manifeste par I'apparition de deux signaux, les protons hydroxyles etant 
diastereotropiques a basse temperature. 

La presente publication permet d'attribuer, par effet Overhauser nucleaire, les deux signaux 
aux groupes hydroxyles incrimines. Le signal a haut champ correspond au site hydroxyle 
proche du proton tertiaire du pont, alors que I'autre correspond au site proche du substituant R. 
D'autre part, le cas des dimethones, analogues structuraux, a ete etudie par la meme technique 
et ies conclusions sont identiques, ce qui annule l'interpretation inverse qui a ete faite anterieure- 
ment a partir d'interpretations steriques et anisotropiques. 

Les distances interatomiques concernees ont ete calculCeset les deformations induites par les 
substituants du pont estimees. 

Le comportement differencie des deux sites est mis en evidence et I'etude conclut a un echange 
chimique intermoleculaire tres facile du site hydroxyle proche du proton tertiaire du pont avec 
des traces d e  composes protones. 

L'ensemble des proprietes mises en evidence est la consequence de I'asymetrie des molecules 
de cette serie dans leur forme chelatee. 

Introduction by the bridgehead substituents, and (4 compare 
An nmr investigation at  variable temperatures the exchange characteristics of both h ~ d r o x ~ l  

has been carried out on dicoumarol (R = H) Protons. 
and bridgehead substituted analogs (Fig. 1) with R 
antivitamin K activity. We have found evidence 
for a double restricted rotationof bothChydroxy 
coumarin moities around the two bonds at the 
bridge (1)  through hydrogen bonding. We have 
determined that both hydroxyl protons are 
diastereotopic and give distinct nmr signals (1). 
In this report we (a )  identify the two signals by 
nOe at low temperature, (b) assign the two 
hydrox~l  groups, (c) determine the interatomic F,,. I .  Dicoumarols R = H 1, R = CH, 2, R = c,H, 
distances and estimate the deformation caused 3, R = n-propy14, R = i-propyl5. 
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TABLE 1. Assignment of hydroxyl peaks (OH1 and OH2) by nOe, at -55 "C in 
CDCI, dicoumarol (R = CH,) 2, and dimethone (R = CH,) 6 

Methyldicoumarol 2 Methyldimethone 6 

nOe observed nOe observed 

w irrad. (ppm) OH2 OH' w irrad. (ppm) OH2 OH1 

1.87 +25% -8% 1.52 +26% -6% 
(methyl) (methyl) 

4.72 +14% '049% 4.16 -10% 0% 
(tertiary H) (tertiary H) 

3.00 0 % 0% 3.00 0% 0% 
(reference) (reference) 

Results and Discussion 
Most nOe experiments are made on compact 

molecules with a rigid structure. Although it has 
been accepted that measurements on protons 
involved in exchanging sites are non-conclusive 
if their lifetimes were of the same order as  their 
relaxation times (2), Basselier and co-workers 
(3) have established the relationship between 
the enhancements and the general Bloch equa- 
tions modified by Solomon for a quantitative 
interpretation of nOe. In particular, they proved 
that if the lifetime of a nuclear spin in a given 
state is long in comparison with the relaxation 
time in this site, thermal equilibrium is attained 
for each site, and therefore the exchange has no 
effect on the Overhauser enhancements. 

The intramolecular nOe is based on dipolar 
relaxation mechanisms of nuclear spins. This 
method allows for the estimate of spatial 
proximity of atomic groups within the distance 
interval of 2.3-3.2 A (4-8). In general, in order 
to observe a nOe between two protons, their 
mutual relaxation is a sufficient condition. The 
phenomenon is enhanced if the protons are in 
close spatial proximity, but drops off if they are 
involved in conformational exchange, or if they 
are in chemical (intra- and intermolecular) 
exchange. All three situations were found to  be 
present in the dicoumarols. 

methones (9). In fact, the assignment should be 
reversed: the low-field signal is syn in relation 
to R, and the interpretation is unambiguous as 
indicated in Table 1. Irradiation of the methyl 
protons of the methyldimethone 6, at  55 "C, 
increases the area of the low-field signal of the 
O H  proton by 26%. Saturation of the tertiary 
proton has no effect on the signal of the more 
shielded proton, but the rare negative nOe 
( - 10%) that is observed on the other proton 
contributes further evidence t o  these assign- 
ments (1 1). 

Similar effects are obtained for methyldi- 
coumarol 2. Irradiation of the bridgehead 
proton produces a 49% nOe enhancement 
(maximum obtainable is 50%), when the more 
shielded O H  proton is observed. Irradiation of 
the methyl yields a 25% nOe enhancement while 
observing the other proton 

Deformarions Induced by Bridgehead R 
Subsfi fuenfs 

The nOe observed follows a linear correlation 
with Taft's steric factor E, (10) for four aliphatic 
R substituents (R = Me, Et, propyl, isopropyl). 
Beyond that point there is a decrease with steric 
hindrance (Tables 2 and 3), following a linear 
relationship of high significance (F ,  ,, = 7 10.14 ; 
F,~2;.0,,0, = 198.50). % nOe = 48.4 + 70.6Es, 
where n = 4, r = 0.99, and s = 1.03. The low 

Idenfijcarion and Assignmenf o f 'OH Signals exchange criterion of the measured nOe cor- 
Forsen e f  al. have assigned the high-field responds to the following inter-proton distances 

signal to the O H  proton close to R for di- (8): H-(HI-0) = 2.31 A ;  (CH,)-(HZ-0) = 
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L A R U E L L E  A N D  GODFROID 

TABLE 2. The nOe observed for dicoumarols with R f H 
-- 

nOe observed 
w irrad. (ppm) 

R Temperature (tertiary H OH2 OH' 

CH2-CH3 3 - 30 "C 4.31 +3% +43% 
CH,-CH,-CH, 4 - 30 "C 4.43 - 5  +22% 

'CH, 
/CH3 

C H 5 + 30 "C 3.94 0 + 16% 
\CH, 

NOTE: ( [ I )  the previous assignment is confirmed: ( h )  [he lntenslly of the nOe enhancement varies 
with the slze or  R :  ( c )  maximum n o r  enhancement is obtained already at  room tempera- 

CH, 
ture for R = CH/ slnce the coniormational exchange is suffic~ent at that lemperature. 

CH, 

TABLE 3. Relationship between nOe enhancement and 
Taft's steric parameter (E,) for aliphatic R in the series 

of bridge substituted dicoumarols 

R Es % nOe* 

'The nOe observed on the signal corresponding to the more 
shielded OH.  

2.73 A. For dicoumarol 1 itself (R  = H), 
(CEO)-(H-0) = 2.6 A (12). 

These results allow for a precise description 
of deformations induced by a bridgehead 
substituent R, which are enhanced when passing 
from R = CH, to  R = isopropyl. We observe 
(a) a torsion of the C H R  bridge in the direction 

/ H  
of O H ' ,  (b) a decrease in the C,XR angle, (c) 

an increase in the OH1. . .O=C distance, and 
(6)  a decrease in the O H 2 - - - O = C  distance. 

Compurison q/  he Exchungr Properlies q / ' ~ h e  
Two Hyciroxyl P ro~ons  

When the nmr spectra are recorded without 
special precautions, both O H  signals have a 
different half-width. The high field signal (I) is 
wider than the low-field one (11). Furthermore, 
the integrated value for I1 is greater than that 
of I .  Several hypotheses may be put forward to  
explain this phenomenon. 

By recreating and amplifying the phenome- 
non, we have established that it is an inter- 

molecular chemical exchange with exchangeable, 
non-identical protons present in solution (alcohol 
of recrystallization, a c i d  impurity, residual 
water, etc.), and therefore an  artefact. For 
example, a t  normal temperature (37 "C), the 
addition of a drop of methyl alcohol brings 
about the total exchange of the high-field 
proton, while the low-field proton exchanges 
only partially. At -60 "C, the phenomenon is 
similar. However since the rate of exchange is 
slowed down at  site 1 ,  the total exchange of OH2 
with the alcoholic O H  (Fig. 2) was not obtained. 
These differences in exchange properties may 
be related t o  the two pK,, values for the dicou- 
marols. In general, a first facile dissociation 
corresponds~to  pK,, between 1 and 5, while a 

4 J I 

ppm 12.0 12.0 

FIG. 2. The nmr spectra of dicoumarol 4 (R = n- 
propyl) in the hydroxyl proton region (between 10 and 14 
ppm): (a) CDCI, solvent at - 6q°C, (b) after the addition 
of 3 drops CH,OH at -60 "C, (c) in the same solvent 
dried over molecular sieves (4 A) after addition of 1 
drop of CH,OH at -60 "C, and (4 as in c after the 
addition of 3 drops of CH,OH at -60 'C. 
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second more difficult dissociation requires a 
pK;, between 7 and 10. Although this has not 
been established, we may suggest that, by analogy 
with differential exchange properties, the first 
dissociation takes place at the proton syn to the 
tertiary bridge proton. Furthermore, the appli-' 
cation of the nOe provides access to a dynamic 
exchange phenomenon and completes the evi- 
dence. since if a d r o ~  of water is added to the 
solution observed by nmr, the irradiation of the 
water signal at 4.7 ppm decreases the intensity of 
both OH signals, the OH1 intensity being less 
than that of OH2. In general, irradiation of one 
of the three signals present (OH', OH%r H 2 0 )  
brings about the disappearance o r  decrease of 
the other two, depending on the rate ofexchange. 

Asymmetry of'the Dicoumurols 
Both properties, namely (a) magnetic non- 

equivalence and (b) difference exchange charac- 
teristics of the hydroxyl protons, are the con- 
sequence of the asymmetry of molecules derived 
from dicoumarol in their chelated form. This 
asymmetry has been confirmed for l-isopropyl- 
dicoumarol containing two diastereotopic 
methyl groups (13). These data provide evidence 
for a chiral center in bridge-substituted di- 
coumarins. The coalescences of the hydroxyl 
and methyl signals through temperature eleva- 
tion suggest that they originate with the same 
phenomenon, which is in fact a conformational 
racemization. In a forthcoming paper we intend 
iu detail the pharmacological implications of 
the chirality concept in bridge substituted 
dicoumarols (14). 

Experimental 
Nuclear Ooerhauser Efeccr (nOe)  

Measurements were made on 5% solutions in deuterio- 
chloroform. The solutions should be filtered and degassed 
with care in order to eliminate the dissolved paramagnetic 
oxygen which contributes markedly to the relaxation of 
the protons. The samples were degassed by bubbling 
nitrogen through the solution or, better, by multiple 
freeze-thaw cycles under vacuum (0.1 torr) before sealing 

the nmr sample tubes. The results mentioned and utilized 
in our quantitative analysis are the mean of five inte- 
grations obtained on a Varian HA-100 spectrometer. 
The second radio frequency field was supplied by a low 
frequency generator. For other details we refer the reader 
to the experimental procedure of Bell and Saunders (8) 
which was followed in detail. 

Correlation 
Abbreviations used: n = number of data points, r = 

correlation coefficients, s = standard deviation, F = F 
test. 
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The vibrational spectrum and normal coordinate analysis of tellurium 
chloride pentafluoride 
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W. V. F. BROOKS, M. ESHAQUE, CLEMENT LAU, and JACK PASSMORE. Can. J .  Chem. 54, 817 
(1976). 

The infrared and Raman spectra of TeCIF, have been recorded. Assignments have been made 
on  the basis of C,, symmetry. A normal coordinate analysis was carried out  on SCIF,, SeCIF,, 
TeCIF,, SF,, SeF,, and TeF, and the derived force constants compared. 

W. V. F. BROOKS, M. ESHAQUE, CLEMENT LAW et JACK PASSMORE. Can. J. Chem. 54, 817 
(1976). 

On a enregistre les spectres Raman et infrarouge du TeCIF,. On a fait les attributions des 
bandes en se basant sur une symetrie C,,. On a effectue une analyse normale des coordonnees 
des SCIF,, SeCIF,, TeCIF,, SF,, SeF, et TeF, et on  a compare les constantes de force qui en 
derivent. 

[Traduit par  le journal] 

Introduction 
We recently reported a convenient prepara- 

tive route to tellurium chloride pentafluoride 
( l ) ,  first prepared in low yield by Fraser et a/. 
(2). The microwave spectrum has been investi- 
gated by Legon (3) who proposed a structure of 
C,, symmetry. The vibrational and normal 
coordinate analysis of tellurium chloride penta- 
fluoride was undertaken in order to assign the 
spectrum and compare it and the derived force 
constants with those obtained for selenium 
chloride pentafluoride (4), sulphur chloride 
pentafluoride (5-7), and the group VI hexa- 
fluorides. 

Experimental 
The preparation and purification of TeCIF, has been 

described (I). The infrared spectrum was recorded on  a 
Perkin-Elmer 457 spectrometer in the range 4000-250 
cm-I, and a Beckman I R  12 spectrometer in the range of 
450-200 cm-'. A stainless steel cell of path length I0 cm 
fitted with AgCl windows and a 10 cm glass cell fitted with 
polyethylene windows were used as the sample containers. 
The Raman spectra of liquid TeCIF, were recorded on a 
Spex Ramalab spectrometer using a 2 W Ar/Kr ion laser 
with emitting line either 6471 o r  5145 A. Polarization 
measurements were carried out by means of an  Ednalite 
polarization rotator. Samples were condensed into a glass 
capillary and vacuum sealed. It was found that the best 
Raman spectra were obtained when traces of chlorine 
were present in the sample. 

Vibrational Spectra and Assignments 
Figure 1 shows the infrared spectrum of 

gaseous TeClF, in the region 1600-250 cm-' , 
and Fig. 2 shows the spectrum in the 450-200 
cm-' region on  an expanded scale. Figure 3 
shows the Raman spectrum of liquid TeCIF,. 
Spectra were calibrated against known fre- 
quencies and have an accuracy of f 2 cm-'. 
Table 1 lists the observed frequencies. 

Tellurium chloride pentafluoride should have 
C,, symmetry, and on this basis have 11 
fundamental vibrational modes : 4al(R,p; ir) + 
2b, (R,dp) + b, (R,dp) + 4e (R,dp: ir). 

The four a ,  modes should be polarized in the 
Raman spectrum and also be present in the 
infrared. There are five clearly polarized bands 
in the Raman at 708, 659, 413, 407, and 312 
cm-'. The bands 413 and 407 cm-' on the 
basis of intensity and separation (Table 5) must 
be the Te3'C1 and Te3'C1 stretching vibrations. 
The infrared spectrum shows a shoulder at 
71 1 cm-', a weak peak at 662, and fairly strong 
bands at 410.5, 404, and 317cm-'. It is not 
possible to ascertain whether or  not the 711 
band has PQR structure, but this is a feature of 
the other a,  bands; the P-R separations are 
close to the predicted value of 12 cm-' (8). By 
analogy with related molecules, (e .g .  SeClF, (4), 
HOTeF, derivatives (9), IOF, (lo), and 
TeF,- (1 l)), the frequencies at  708 and 659 cm-' 
can be assigned to the TeF (axial) and 
symmetrical TeF, (equatorial) stretching vibra- 
tions, respectively. Since the vibrations at  413 
and 407 cm-' are assigned to the TeCl stretching 
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WAVENUMBER (cm-'1 
FIG. 1. Infrared spectrum of gaseous TeCIF, at (A) 400, (B) 50, and (C) - 2  Torr pressure in a 

10-cm cell with AgCl windows; (D) 180, (Q 15, and (4 -5 Torr  pressure in a 10-cm cell with 
polyethylene windows. 

WAVENUMBER (cm-'I 

FIG. 2. Infrared spectrum of gaseous TeCIF, on expanded scale a t  (A) 50, (B) 10, (C) - I, and 
(D) 0 Torr pressure in 10-cm cell with polyethylene windows. 

mode, the 312 cm-' band is assigned as a TeF, 
umbrella deformation. 

The depolarized Raman bands at 726, 327, 
and 259 cm-' also appear in the infrared and 
are therefore identified as' belonging to sym- 
metry class e. Infrared spectra below 200 cm-' 
were not obtained, but the Raman band at 
167 cm-' is tentatively assigned as an e mode 
by analogy with SeClF, (4) and SClF, (5, 6). 
The two other depolarized bands in the Raman 

spectrum at 651 (see Fig. 3) and 302 cm-' , are 
assigned as 6, and b, vibrations. A complete 
listing of observations and assignments is 
given in Table 1. 

One mode, v, (the 6, out-of-plane deforma- 
tion), is not accounted for. The same problem 
has occurred with SClF, and SeClF, spectra 
(4-6); we assume, following Christe e l  al. (4), 
that the v, mode has low intensity and is not 
observed. 
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BROOKS E T  AL. 

TABLE 1. Vibrational spectrum of TeCIF, 

Infrared (gas) (cm-') Raman (liquid) (cm-I)* Assignment 

1429" w 
1380" mw 
1245" vw 
1195 vvw 
1120 vw 
980 vvw 
909 vw 
856 vw 
849 vw 
820" w 
726" vvs 
711 sh,m 
662 vw 

570 vvw 
410.5" ms 
404" m 
324.5" ms 
317"s 

259" m 

2"l 
v, + v ,  or  v ,  + v2 

? 
imp or  3v,? 
v,  + v,? 
v ,  + v9 or v2 + v ,  or  imp? 
" 5  + "10 
imp? 

3 

"PQR branches observed. The frequency reported is for the Q branch 
'Relative intensities are given in parentheses. 

Structure 
The structural parameters used in the vibra- 

tional analysis are given in Table 2. The SClF, 
and TeCIF, structures were derived from micro- 
wave datad(3,  12) by a least-squares method 
modified to deal with linear dependence (13). 

800 700 600 500 400 300 200 100 
WAVENUMBER (cm-'1 

FIG. 3. Raman spectrum of liquid TeClF,, slit width 
2 cm-I, exciting line 5145 A :  ( A )  obtained with incident 
polarization perpendicular; (B) incident polarization 
parallel. 

Using generalized coordinates orthogonal to 
that combination of axial-equatorialfluorine 
distances which leads to a singularity, it is 
possible to find a well-defined best value of the 
axial-equatorial angle. Of the two fluorine 
bond distances, it is only possible to say that 
they probably differ by less than 0.02 A in 
each case but with no  indication from the 
microwave data as to which is the longer. 
Therefore, equality is assumed. Legon (3) pro- 
posed structures derived from a different analy- 
sis of the data which differ slightly from ours. 
For SeClF,, we assume an  angle intermediate 
between those found for SClF, and TeClF,, 
and use the bond distances-estimated by 
Christe et al. (4). 

Force Constants 
Our vibrational analysis uses the Wilson F 

and G matrix method (14) and a least-squares 
fitting program to  determine the best values of 
the force constants. The force field is a general 
valency-force field (gvQ with certain assump- 
tions that reduce the number of constants to  be 
determined. 

We first found a set of force constants for the 
group VI hexafluorides. In most respects our 
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TABLE 2. Structural parameters for XCIF, and XF, molecules 
(distances in Angstroms, 1 A = 0.1 nm) 

- 

Molecule X-F,, X-F,, X-CI L Fa,-X- F,, (deg) 

SF," 1.564 90 
SCIF, 1.576kO.OlW 1.576T0.02W 2.030k0.001 88.36+0.01 
SeF," 1.688 90 

"Reference 32. 
"Calcula[ed from data of ref. 12. 
'Error l im~ts  are for correlated (not  independent) va r~a t ion  
"ssumed angles, distances from ref. 4. 
'Reference 33. 
'.Calculated from data of ref. 3. 

TABLE 3. Force constants" of group VI hexafluorides and chloride pentafluoridesb 

Value 

Parameter SF, SCIF, 

f , 4.845 4.593 
/k 4.623 

- - 
f;r 1.859 
f 6 2.248 
f,, 0.347 0.261 
Yx, = /D, (0.3) 
/id 0.463 0.348 
fDR (0.4) 
f,/ 0.535 (0.48) 
f,, (coplanar)/ 0.170 (0.15) 
J1,. (perpendicular)" ,290 (0.26) 
f,, (perpendicular) 0.149 

"Force constants in mdyn/A, I mdyn/A = 10' Nim. 
hValues In parentheses are XF, constants multiplied by 0.9. 
'Bending coordinates are all of the form pAu, p = I A = 0. I nm. 
"I,, = x . / r ,sJD~ = $ x JD!. 
''Plus j,,. jra, jDd lnteractlons of XCIF, 
'Plus/,,,, j ,,,. /*, interactions of XCIF,. 
YPI~~./,,, ,/yy../ad. interactions of XCIF,. 

approach and results are identical to the work 
of Labonville er al. (15). We assume that (a) 
for stretch-stretch interactions j;,. (opposite) = 
$fr, (adjacent) (16) and (b) all stretch-bend and 
bend-bend interactions are zero if the two 
coordinates do not have a common bond. We 
differ from Labonville et al. in using a total of 
six constants in order to fit closely all six 
fundamentals. The constants are given in 
Table 3 and the observed and calculated 
frequencies in Table 4. 

We note that the stretching force constants 
of the hexafluorides increase on descending the 

group. This trend is inconsistent with the rela- 
tive values of the average bond dissociation 
energies (SF,, 330; SeF,, 305; TeF,, 343 kJ/ 
bond (ref. 17 and references cited therein)). It 
is usual to expect the force constant to increase 
with bond dissociation energy (18); however, 
these are two separate quantities which are 
simply related only if the potential energy sur- 
faces for the molecules are of exactly the same 
form. There are various other examples where 
this relationship does not hold (e.g. CF4 and 
SiF, (19)), including the case of diatomic 
fluorine and chlorine (20). Indeed, on the basis 
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BROOKS ET AL. 

TABLE 4. Observeda and calculated frequencies of SF,, SeF,, and TeF, 
-- 

Frequency 

SF, SeF, TeF, 
-- 

Class Obsvd. Calcd. Obsvd. Calcd. Obsvd. Calcd. 

"Reference 34. 

of the higher force constant for fluorine relative 
to chlorine, a proposal was made (21) that the 
value of the bond dissociation energy of 
fluorine should be higher than that reported. 

The force constants of SCIF, (22, 7) and 
SeClF, (4) have been determined previously, 
assuming 90" angles throughout. Our purpose 
in redoing these molecules is to treat SClF,, 
SeCIF,, and TeClF, using better angular data 
and a consistent treatment so that comparisons 
will be useful even though the force constants 
may not be uniquely determined. We follow 
Christe et a/. (4) in the designation of bond 
coordinates and force constants. 

For the force constant analysis, the gaseous 
(infrared) frequencies are to be preferred where 
there is a choice, but for the v,  and v, vibrations 
the Raman data are better. The v ,  band appears 
as a shoulder in the infrared so the Raman 
measurement is used. For v, in the infrared 
the resolution is only fair, and neighboring 
bands cause some difficulty ; further, the infra- 
red frequency is above the Raman, but for 
SClF, and SeClF, the Raman frequency of v, 
is higher than the infrared. Therefore, the 312 
Raman line, which is relatively isolated and 
clearly an a ,  mode, is used for the datum. 
The v , ,  vibration is infrared active but out of 
the range of our instrument. 

The general quadratic force constant matrix 
of XClF, (C,,) contains 38 independent force 
constants. We reduce this number by relating 
adjacent and opposite stretch-stretch inter- 
actions as was done for the hexafluorides, and 
by transferring most of the off-diagonal con- 
stants from the corresponding hexafluorides. 

We have tried other strategies and all give 
similar results for the diagonal constants. 

The variable quantities are the diagonal con- 
stants: f ;  = equatorial stretch,,f, = axial fluo- 
rine stretch, fb = chlorine stretch, fj ,  = equa- 
torial bend (F,,-X-F,,.), ,/,, = (Fa,-X-F,,), 
./a = (CI-X--F,,); and the off-diagonals: ,/;, = 
adjacent equatorial stretch-stretch term, f i r .  = 
;,/,,, and fz,. The remaining off-diagonals are 
simply transferred from the hexafluoride and 
multiplied by 0.9. The factor 0.9 is used because 
previous studies and preliminary trials of ours 
indicate a general weakening of force constants 
in XClF, compared to XF,. We treated all 
XClF, bonds the same in this transfer, i.e. no 
correction for the change from F to C1 or for 
the angle changes. This may be justified because 
the final fitting is not very sensitive to small 
changes (20% or less) in individual off-diagonal 
constants. Thus we use 10 (or 1 1  when the ,'C1 
stretching is assigned) frequencies to determine 
8 independent force constants. The final force 
constants are given in Table 3 and the observed 
and calculated frequencies in Table 5. The 
observed-calculated fit is satisfactory and the 
consistency of the force field for the three 
molecules confirms that the assignments are 
consistent. 

The quantities of greatest interest in the force 
constant solutions are the stretching constants 
since these are a measure of bond strength. 
Different assignments, different assumptions, 
or even different initial values for the solution 
of the equations can lead to different force 
constant values; but the stretching assignments 
are relatively well-determined, and their values 
are not very sensitive to changes in the assign- 
ments of v, and v , ,  nor to different assumptions 
about the off-diagonal constants. In a number 
of trials using different approaches, the fk > f ;  
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822 C A N .  J .  CHEM. VOL. 54, 1976 

TABLE 5. Observed and calculated vibrational frequencies of group VI chloride pentafluorides 

Frequencies 

Mode Vibration 

01 "I 

"2 

"3 

Obsvd." Calcd. 

855 856.0 
707 706.7 
602 599.5 
402 403.1 
396 394.7 
625 628.3 
- 332.1 

505 505.4 
909 907.0 
579 578.7 
44 1 442.1 
287 287.2 

SeCIF, TeCIF, 

O b ~ v d . ~  Calcd. Obsvd.' Calcd. 

"Frequencies from ref. 5 ,  assignments ref. 4. 
bReference 4. 
'This work v , ,  v , ,  v , ,  v , ,  and v , ,  are Raman frequencies, others ir 

pattern persisted ; and the ,f, and f b  values for distances are shorter. Thus the usual force con- 
SeClF, were consistently lower than the cor- stant-bond distance relationship and the results 
responding values for SCIF, and TeCIF,. We from similar molecules suggest that the axial 
feel that the relative values rounded to the distances for the three molecules studied here 
nearest 0.1 are valid for purposes of com- are probably slightly shorter than the equatorial 
~ a r i s o n .  distances. These results are consistent with the 

The previous force constant calculations on 
SCIF, (4, 22, 7) and SeCIF, (4) have all been 
isolated treatments; thus the constants collected 
by Christe et a/.  (4) for comparison are not 
clearly derived from equivalent calculations 
using comparable approximations. The force 
constants of Venkateswarlu and Sathianandan 
for SClF, (7) differ significantly from ours, 
but they determine 13 constants from 1 1  
frequencies and their e-type symmetry coor- 
dinates do  not factor properly (a correct set of 
symmetry coordinates is given by Smith and 
Begun (10)). However, all these find .f, > f ;  
with the exception of Yeranos (22) who assumed 
that the two stretching constants were the same. 

Replacement of a fluorine in hexafluoride by 

valence shell electron pair repulsion model (28) 
and a molecular orbital study of tellurium 
hexafluoride derivatives (29). The former theory 
accounts for the angle Fa,-X-F,, (X = S, 
Te) being slightly less than 90". (See Table 2.) 

Replacement of fluorine in SeF, and TeF, 
by 0- giving SeOF,- and TeOF,- leads to a 
substantial drop in Se-F and Te-F stretching 
force constants (30). Unlike the cases cited 
above the axial force constants are smaller than 
the equatorial force constants, in contrast to the 
related molecule IOF, (10). We also note that 
an electron diffraction study of SF,NF, (31), 
indicated that the axial S-F bond was longer 
than the corresponding equatorial bonds. 

chlorine, as expected, leads to a general drop Acknowledgments 
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Partial molar volumes of aqueous 1: 1 and 2: 1 electrolytes and a structure model 
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LOWELL W. BAHE and KATHRYN A. JUNG. Can. J. Chem. 54,824 (1976). 
An expression for partial molar volumes is derived from the free energy equation based on 

field-dielectric-gradient forces, as well as coulombic forces, between ions in structured solution. 
Qualitative agreement between the model and experimental partial molar volume data is very 
good. Excellent quantitative agreement is obtained by adopting for a universal parameter of 
the theory a value that implies (d In k/dP) = 76 x bar-' for water at 25 "C and 1 atm. 
The latter value is compatible with data obtained from direct measurements. 

LOWELL W. BAHE et KATHRYN A. JUNG. Can. J. Chem. 54, 824 (1976). 
On a derive une expression pour les volumes molaires partiels a partir de I'equation d'energie 

libre basee sur des gradients de forces de champs ditlectriques ainsi que sur les forces coulom- 
biques entre ions dans une solution structuree. La correlation qualitative entre les donnees 
experimentales de volumes molaires partiels et celles calculees a partir du modele est tres bonne; 
on obtient une correlation quantitative excellente si on adopte pour un parametre universe1 
de la theorie une valeur qui implique que (d In k/dP) = 76 x bar-' pour l'eau a 25 "C 
et a 1 atm. Cette valeur est compatible avec des donnees obtenues par des mesures directes. 

[Traduit par le journal] 

Introduction 
The properties of strong, binary 1 : 1 and 2 : 1 

electrolytes in aqueous solution have been 
interpreted on the basis of a model of a loose 
lattice structure that results from the field- 
dielectric-gradient interaction, in addition to 
the coulombic interaction, between all ion pairs 
(1 -3). The fundamental equation which results 
from this analysis is (1,3) 

111 log 1; = - Ac113 + Bc 

where .f, is the mean mole fraction ionic 
activity coefficient, c is the concentration in 
mol I-', and 

where A" is the Madelung constant, z+ and z- 
are the charges on the cation and anion, 
respectively, N is Avogadro's number, 

v = v+ + v- for the salt C,+A,_, R is the gas 
constant, T is the temperature, k is the dielectric 
constant of the solvent, a,.. is the factor for 
converting a particular structure into the dis- 
tance of ionic separation (3), and B is a constant 
which depends upon the interaction between 
an ion and the surrounding dielectric medium 
(1, 3). 

Equation 1 agrees well with experimental 
data for activity coefficients (free energies) for 
1 : 1 (1) and 2: 1 (3) electrolytes at 25 "C. The 
temperature derivative of eq. 1 predicts heats of 
dilution of 1 : 1 electrolytes which show excellent 
agreement with experimental observations (2). 
This paper will show that the pressure derivative 
of eq. 1 leads to excellent agreement with 
partial molar volume data for 1 : 1 and 2 : 1 
electrolytes and gives a new value for the 
pressure derivative of the dielectric constant of 
water at 1 atm. 

Equation for Partial Molar Volumes 

The partial molar Gibbs free energy for an electrolyte in solution is given by 

[31 G, = (7,' + RTln f,"XtV 

where X ,  is the mean ionic mole fraction of electrolyte in solution. Since (aG/aP),,n.s = 8, the 

'Present address: Department of Oceanography, Dalhousie University, Halifax, Nova Scotia. 
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BAHE A N D  JUNG 825 

pressure derivative of eq. 3 at constant temperature and constant composition gives 

The pressure derivative of eq. 1 gives 

1 d l n f ,  a c l / 3  

[5 I -- 

In 10 ( ap )T,n.s = -A(F)~,~.~ - C " ~ ( & ) T , ~ ? ~  + ~ ( g ) ~ , ~ ' ~  + c (g)T,n . s  

Since k is the only pressure sensitive variable in eq. 2, we obtain 

while the pressure derivative of the concentration, c, gives 

where p (=  -(l/V)(dV/dP)T.n.,) is the isothermal compressibility. Combining eqs. 4, 5, 6, and 7, 
we obtain 

[9 1 = VZ0 + APc1I3 + Bpc 

where 

and 

B, = vRT (In 10) /?B + - [ (::)T,".l 

We can now compare the predictions of eq. 9 with actual experimental determinations of partial 
molar volumes. 

Coefficient of c1I3 it is now claimed that both procedures give 
A, in eqs. 9 and 10 should be determinable the same results, at least for the interpretation 

since p has been measured repeatedly, and (d In on the basis of the Debye-Huckel theory (10). 
k/dP),,,., has been reported from direct measure- The direct measurement of (d In k/dP), at 
ments on pure water (4-7). However, it has 1 atm is difficult. One reported value for 
also been suggested that (a In k/dP),,,., be found (d In k/dP),, c,,=, is 47.10 x lop6 bar-', which 
from partial molar volume data rather than gives a value for (BklaP),, c,,=, of about 
direct measurement since the value of ( a  In 3.7 x lop3 bar-' (4). To find measurable changes 
k/dP),.,., from direct measurement is difficult in k, the accuracy of which is no better than 
to obtain and much variation has existed f 0.01, the increments in P must be fairly large; 
among reported values (8). On the other hand, the increments reported range around 75- 100 
it has also been noted that a thorough and care- bars, and k changes by a few tenths with this 
ful analysis on the basis of a complete theory, pressure change (5). A common procedure in- 
such as that of Debye and Huckel, IS necessary volves measuring k at  1, 100, 200 bars, etc. 
to account for the variation of V or 4, with c and then curve fitting the results SO that a 
to avoid mistaken conclusions (9). And lastly, function of k equals a function of P; the 
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derivative is then found from this functional 
relationship. In our case we need the value of 
(8 In k/dP), at P = 1. Finding the slope of a 
fitted curve at the very end of the curve with 
data whose measured increments are very large 
makes one apprehensive. One could feel less 
apprehensive if the data could be collected at 
increments of perhaps 1 atm or less, but inac- 
curacies of method will not allow such measure- 
ments at the present time. 

In view of this difficulty we have chosen to 
follow a procedure similar to that of Redlich 
and Meyer (8), namely, to find A ,  from P2 
data rather than use the values reported for the 
direct measurement of (d In k/dP)T,,=l. The 
important criterion that must be met is that a 
single value for [(d In k/dP), - 8/31 (eq. 8) 
must be found that will apply to all strong, 
binary salts for which partial molar volume 
data are available. 

Experimental Partial Molar Volumes 

Commonly results are reported in terms of 4,, 
apparent molar volumes, rather than in terms 
of P, since 4, is obtained easily from density 
data while Pis more involved. The relationships 
are 

where V is the volume of the solution, n ,  is the 
number of moles of solvent, P10 is the molar 
volume of pure solvent, and n, is the number of 
moles of solute. From eq. 12 it follows that 

where m is the molality of the salt. At very low 
concentrations the last term on the right of 
eq. 9 can be disregarded and c can be replaced 
by porn, where po is the density of pure water, so 
that eqs. 9 and 13 can be combined to give 

FIG. 1. Apparent molar volume, 4,, plotted against 
cl" for LiCl(12). 

which can be integrated to yield 

Equation 15 predicts that, at low concentrations, 
a plot of 4, us. c1l3 should give a straight line. 
Data for LiCl with four points from c = 0.02 
to c = 0.16 (1 1) are shown in Fig. 1 and a 
straight line with slope 1.50 is obtained. The 
value for the slope was obtained by linear 
regression analysis. 

As was the case with heats of dilution, data 
of very high accuracy at very low concentrations 
are needed for a plot such as that in Fig. 1. 
Even then, the linear term in c, as will be seen 
below, cannot be disregarded for many salts. 
Fortunately, LiCl has a small B, (see below) 
so that the analysis of Fig. 1 is quite good. 

Two approaches are available for testing the 
data over a greater concentration range. Since 
4, is the experimental quantity and V is the 
quantity most directly related to the theory one 
can either convert the 4, data to P quantities 
or one can rearrange eq. 9 into the 4, form. 
The latter, as can be seen from eqs. 9 and 13, 
requires that 

In principle, the integrations of eq. 16 can be 
carried out either graphically or numerically 
after which V20 and the two coefficients, A, 
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TABLE 1. Parameters of eq. 17 determined by multiple linear regression analysis 

Concentration 
Salt range u' a' b' Reference 

CsBr 0.12-0.30 47.422 2.58823 4.65514 14 
BaC1, 0.18-0.8 22.999 5.6629 1 ,6009 15 
CaCI, 0.18-0.8 17.402 5.22203 1.17759 15 
RbF 0.12-0.48 11.461 1 ,60900 1 ,03098 14 
K F  0 .1  -0.6 7.509 1 ,79849 0.79410 14 
RbBr 0.07-0.34 37.948 0.69720 1.21394 14 
RbCl 0 .1  -1.0 31.689 1 ,74024 0.50880 11 
KC1 0 . 1  -1 .0  26.682 1 .59892 0.54125 11 
CsCl 0 . 1  -1 .0  38.875 1.82712 0.39930 11 
NaCl 0 . 1  -1 .O 16.419 1.58046 0.46495 11 
NaBr 0 .1  -1 .0  23.402 1 ,44425 0.36911 12 
KI 0.19-0.90 45.072 1 .504 0.26296 13 
NaI 0 .1  -1.0 35.034 1 ,00365 0.38896 12 
LiCl 0 .1  -1 .0  16.851 1.40160 0.22329 11 
KBr 0 .1  -1.0 33.037 2.76130 -0.21908 13 
LiBr 0 .1  -1 .0  23.692 1 ,26303 0.13412 12 
LiI 0 .1  -1.0 35.232 1.28987 -0.12159 12 

and B,, can be found by suitable analysis. In 
practice, this procedure worked poorly; the 
values obtained for the three constants, V20, 
A,, and B,, were inconsistent and not repro- 
ducible even when multiple regression analysis 
was used. 

The alternative method requires that 4, be 
converted into V2.  The raw data can be fitted 
to the empirical relation 

[ 171 4"  = V' + + btrn 

by multiple regression analysis. The form of 
eq. 17 was chosen since, as eq. 16 indicates, this 
form would result if c = rn. The values obtained 
for v', a', and 6' were not intended to be signifi- 
cant other than as curve fitting results. The 
derivative of eq. 17 gives 

and eqs. 17 and 18 can be combined according 
to eq. 13 to give 

Equation 19 allows the evaluation of V2 at 
various rn and should be most valid between 
the highest and lowest values of rn. Thus v' 
is an empirical constant not necessarily the same 
as Po. Also, the a' and 6' are to  be considered 
empirical. Because the experimental error in- 
creases very rapidly as c becomes small (9), 

values below about 0.1 rn were not included 
in finding the empirical constants in eq. 17. 
In addition, since previous results have in- 
dicated that deviations occur at fairly high con- 
centrations (1-3) and because the equating of 
rn to c becomes worse at high concentrations, 
experimental results above about 1 M were not 
used. The values of v', a', and 6' obtained for 
several salts are shown in Table 1. 

Values of V2 obtained from a set of data 
should be independent of the method used to 
evaluate V2.  In the ORNL report (16) covering 
his NaCl data, Vaslow determined values for 
V2 using an equation based on a 4 , / d , / E  
as suggested by the Debye-Hiickel theory. 
Values of V2 determined from eq. 19 were 
either identical to or slightly lower (never more 
than 0.02 ml mol-I or 0.1%) than the NaCl 
values recorded by Vaslow up to concentrations 
of 1 M. 

Before proceeding with the calculations, an 
analysis of the possible errors which may be 
encountered should be considered. Equation 9 
indicates that the error in A ,  can be estimated 
from 

SV2 + SV20 + S(Bpc) + A , S C ~ ' ~  
[20] S A P =  c1 13 

The values of V2 will be found from 4,  and 
(84,/arn) (eq. 10). Even though the experimental 
values of 4,  may be accurate to perhaps 
k0.002 (depending on the method and the 
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FIG. 2. The left-hand-side of eq. 21 plotted against 
(c, - c , ) / (c , '~~ - c , ' ~ ~ ) .  Top curve, CaCI,; middle curve, 
KCI; bottom curve, NaCl. The data were taken from 
Vaslow (12) and Dunn (15). 

concentration range where measured), the 
numerical evaluation of a derivative increases 
the error appreciably (17). Not only this, but 
V20 is obtained by extrapolation outside the 
range of experimental values which will intro- 
duce additional error. Contributions of several 
hundredths to as much as 0.1 to the error in A, 
might be anticipated from V2 and V20. Since 
the error in the concentration should normally 
be limited to something near f the error 
contributions of the last two terms in the 
numerator of eq. 20 should be small. The c1I3 
term in the denominator of eq. 20 could in- 
crease the error by as much as a factor of 4 or 
5 when c is as low as 0.01 (O.Ol1I3 2. 0.22): 

Equation 9 can be recast as 

to eliminate the V20 obtained by extrapolation, 
and a similar error analysis would lead to an 
error estimate of several hundredths to one- 

TABLE 2. Slopes, Bp, and intercepts, 
A,, of eq. 21 for the electrolytes shown 

in Fig. 2 

Salt Bp Ap 

NaCl 1.0309 2.0105 
KC1 1.2108 2.0096 
CaCI, 2.6085 6.7402 

tenth in the value of A,. Even to achieve this 
accuracy, very accurate data on 4, over a 
considerable concentration range must be avail- 
able. By eliminating one of the constants, eq. 21 
proved useful for testing experimental data and 
for evaluating A, and B,. 

The left-hand-side of eq. 21 is plotted against 
(c, - c , ) / ( ~ , ' / ~  - cl1I3) in Fig. 2 for the salts 
NaC1, KC1, and CaC1,. Very nice straight lines 
are obtained. The values for the slopes and 
intercepts, determined by linear regression 
analysis, are given in Table 2. A statistical error 
treatment (18) of the data in Fig. 2 indicated 
that the error in the slope and intercept might 
be as small as 0.02. However, from our discussion 
of the errors in A,, above, we doubt that the 
accuracy is as good as the statistical analysis 
indicates. The curve fitting has apparently made 
a particular set of data internally more satis- 
factory than is truly allowable. Analysis of 
data for other salts, though also internally 
consistent, confirmed that the error in A, is 
probably larger than 0.02. 

It was pointed out above that the value for 
([(a In k)/(dP)],,,., - P/3) must be the same for 
all strong binary salts. Table 2 shows that NaCl 
and KC1 have identical A ,  within the experi- 
mental error. In addition, eq. 10 indicates that 
the ratio of A, for 1: 1 and 2: 1 salts must be 
given by (1, 3) 

and the ratio from Table 2 is 2.0116.74 = 0.298. 
In addition to these numbers, we should also 
remember, as indicated by eq. 15, that the slope 
of 4, us. c1I3 at very low concentrations should 
be 314 of A,; the results in Fig. 1 for LiCl 
indicated a slope of 1.50 which gives A, = 2.00 
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TABLE 3. Slopes, Bp, and intercepts, 
V,', for the 1 : 1 and 2: 1 electrolytes 
shown in Fig. 3. 

Salt BP VI0 

CsBr 
BaC1, 
CaCI, 
RbF 
K F  
RbBr 
RbCl 
KC1 
CsCl 
NaCl 
NaBr 
KI 
Nal 
LiCl 
K Br 
LiBr 
LiI 

to compare with the 2.01 obtained from NaCl 
and KCl. We therefore have three 1: 1 salts 
and one 2: 1 salt which give the same value for 
([(a In k)/(dP)IT,,., - p/3). We adopt a value 
of 2.0 f 0.1 and 6.7 i 0.3 as the value for A, 
in eq. 9 for 1 : 1 and 2: 1 salts, respectively. More 
will be said below about the resulting value of 
(8 In k/aP),,= ,,,=, for water. Many other 
salts have been examined according to the 
procedure just outlined for eq. 21 but not all 
behave as consistently as the three cited. 
Extremely accurate experimental results are 
necessary to use eq. 2 1. 

Vaslow's data have been used preferentially 
because of their great accuracy and because the 
concentration range is large. Data on NaCl 
from other investigators have been examined, 
and, though none were apparently as accurate 
as those of Vaslow, the results confirmed the 
values obtained from Vaslow's data. Smith (19) 
measured 4, for NaCl at 25 "C over the con- 
centration range of 0.002m to 0.09m. At these 
small concentrations where c = pOm, eq. 16 
can be cast in the integrated form as 

Using B, determined above from Vaslow's 
results this equation gave a value of 1.97 for A, 
by linear regression analysis, using Smith's data 
from 0.01m to 0.09m. Millero (20) also reported 

FIG. 3. The left-hand-side of eq. 24 plotted against c. 
The curves are arranged in the same order, from top to 
bottom, as the salts in Table 3 with CsBr on top and LiI 
on the bottom. Each increment on the ordinate represents 
1 ml mol-'. The number to the left of each right angle 
represents the value of that intersection in rnl mol-'. 

4, as a function of m for NaCl at 25 "C. Again 
using eq. 16 in the integrated form, which is 
valid at low concentrations, where c = pOm, 
we evaluated 4: = 4, - 1 . 5 0 ~ ' ~ ~  - 0 . 5 1 ~  for 
Millero's seven values between 0.01m and 0.20m 
and found an average of 16.48 with a standard 
deviation of 0.05 with no discernable trend in 
the values. 

The universality of the A,'s can be demon- 
strated for many salts. Equation 9 can be re- 
arranged to give 

so that the left-hand-side of eq. 24 plotted 
against c should give a straight line. The results 
of doing this using the universal values found 
above for A,  are shown in Fig. 3. Very nice 
straight lines are obtained for fifteen 1 : 1 and 
two 2 : 1 salts. The intercepts, Pz0, and slopes, 
B,, are shown in Table 3. 

A further check on the consistency of the 
results may be obtained by testing the additivity 
of the TZ0's. A partial list of the possible com- 
parisons is shown in Table 4. Only results from 
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TABLE 4. Comparison of A VZo for 
several I : I electrolytes 

Salts A VZ0 

NaCI-NaI 
LiCI-LiI 

NaCI-LiCl 
NaBr-LiBr 
NaI-LiI 

LiBr-LiC1 
NaBr-NaC1 

NaI-NaBr 
LiI -LiBr 

the data of Vaslow (1 1, 12) have been included 
since our previous work indicated that his data 
were very good. Comparisons of values which 
include data from other investigators give 
somewhat larger, but adequate, differences of 
differences. Allowing an error of about 0.1- 
0.2 ml mol-' in T20 indicates that the V20 are 
additive. 

Discussion 
The partial molar volume data agree well 

with the model of structured ions in solution 
for a number of 1 : 1 and 2: 1 electrolytes. These 
results are further evidence supporting this 
model, and they show additional evidence for 
the validity of the field-dielectric-gradient force 
operating between ions in solution. All strong 
1 : 1 electrolytes apparently assume a loose 
face-centered-cubic structure in solution while 
strong 2 :  1 electrolytes assume a loose fluorite 
structure in solution. 

The value 2.0 for A ,  for 1 : 1 electrolytes 
allows the determination of the value for the 
pressure derivative of the dielectric constant of 
water. From eq. 10 we see that 

and if we use the value p = 45.24 x 10" 
bar-' (21), we obtain 

for water at 1 bar. This value is considerably 
larger than the recent value of 47.10 x 

FIG. 4. The dielectric constant of water as a function 
of pressure. 0, ref. 6 :  0, ref. 5 .  The Owen el al. value a t  
100 bars was multiplied by the ratio of dielectric con- 
stants a t  P = I to put it on  the same scale. The solid line 
is an arbitrary line drawn through t h e d a t a  points with 
the slope at P = I predicted from the V, treatment. The 
dashed line is the slope drawn through k at 1 atm. 

790 
7 8 9 .  

bar-' (4) found by directly measuring k as a 
function of P. The discussion above pointed 
out some of the difficulties inherent in the direct 
measurement of k at various P to determine the 
value of this derivative. We have drawn in 
Fig. 4 a plot of the three data points reported 
by Harris el al. (5) at 25.6 "C along with the 
value from Owen el al. (4) at 100 bar corrected 
by the ratio of dielectric constants at 1 atm to 
put it on the same temperature scale. We have 
drawn an arbitrary line through the experi- 
mental k's with the slope our results indicate 
at 1 atm pressure. Until better data have been 
collected, or until a theory for the expected 
behavior of the dielectric constant as a function 
of pressure has been developed, we conclude 
that the slope generated by our T2 treatment is 
not impossible and may even be preferable to 
that obtained by direct measurement. 

The results obtained here also give a value 
for B, in eq. 9. The values for this coefficient, 
as expected, are specific to each salt, and have 
both positive and negative values as shown in 
Table 3. Since B can be determined from 
activity coefficient data and p for water is 
available, the pressure derivative of B, (dB/ 
dP),,,.,, can also be evaluated for each salt, as 
shown by eq. 1 1. The values for (dB/dP)T,n.s, 
shown in Table 5 for those salts for which B 
is available (1, 3), display both positive and 
negative values. Though the correlation is not 
perfect, in general for the same cation the 
value increases as the ionic weight of the anion 
decreases, and for the same anion the value 
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TABLE 5. Values for the pressure derivative of B 

Salt (I m o )  (ml mol-' atm-I) 

KC1 
NaCl 
KBr 
NaBr 
KI 
NaI 
LiBr 
LiCl 
CaCI, 
BaCI, 

*References 1 and 3. 

increases as the ionic weight of the cation 
increases. 

One of the referees has pointed out that eq. 
23 of ref. 3 implies that the B's of eq. 1 should 
be additive, i.e., that BNacl - BKcl leads to 
&,+ - BK+,  and a similar additive result should 
therefore be expected for (dB/i?P)i. The values 
of B and of dB/dP are not additive as can be 
seen by examining the various tables. The non- 
additivity of the B's apparently resides in the 
inability to determine individual-ion activity 
coefficients. Writing 

is a mathematical convenience without physical 
significance; only the mean ionic activity co- 
efficients can be measured (22). Let us cast the 
function 

If eq. 27 were physically valid then the left- 
hand-side of eq. 28 should be zero (all activity 
coefficients referring to the same concentration). 
The left-hand-side of eq. 28 is a thermodynamic 
relationship; the values are independent of any 
theory of behavior in solution. Experimental 
values of activity coefficients substituted into 
the left-hand-side of eq. 28 do not give a value 
of zero which confirms the physical invalidity 
of eq. 28. Correspondingly eq. 23 of ref. 3 
substituted into the right-hand-side of eq. 28 
implies that A B  = 0, but the measured values of 
B do not give a value of zero. Thus the non- 
additivity of the B's apparently resides in the 

impossibility of determining individual-ion 
activity coefficients. Guggenheirn (23) has con- 
sidered the limitations on relationships between 
single-ion activity coefficients. His "specific 
salt" effects come into play in the B's and B,'s 
and therefore two salts which differ in one or 
both ions, even at the same concentration, are 
not in the same "media" as Guggenheim has 
defined "media." Comparison of the additivity 
of the V201s, however, as was done in Table 4, 
is legitimate since at zero concentration the 
effects of electrical interactions and specific salt 
effects has been removed. 

Finding V20's as was done above does not 
require that the model and the resulting equa- 
tions be valid at all concentrations down to 
zero concentration. V20 has the properties of an 
integration constant which can be evaluated 
over the domain of the function. Operationally 
V20 can be evaluated by an extrapolation to 
zero concentration, but it can also be evaluated 
without such an extrapolation. The properties 
of the function (eq. 9) are such that V 2 O  measures 
the partial molar volume of a salt when the 
contributions of the coulombic and field-dielec- 
tric-gradient electrical interactions to the volume 
have been removed from the structured model. 
Values of V20 evaluated over the domains of 
other functions, such as that of Debye and 
Hiickel, may also be obtained and compared. 
The values of V20 obtained from different 
functions will probably not be the same, yet 
each set can have a physical interpretation that 
can be valid and significant. The values of V20 

obtained from the structured model are very 
close to those obtained from a square-root, 
linear function, the values in Table 3 often 
being smaller by a few hundredths of a ml mol-' 
(24). 
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15N-13C spin-spin coupling constants in some aniline derivatives 
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RODERICK E. WASYLISHEN. Can. J. Chem. 54, 833 (1976). 
Nitrogen-carbon spin-spin coupling constants in aniline-15N and some of its derivatives 

have been measured using 13C Fourier transform nmr spectroscopy. Observed values of 
'J(I5N,l3C) in these aniline derivatives are dependent on the nature of the substituent as  well 
as the solvent. Observed values of 1J(15N,13C) in the amino fragment of a number of amine 
derivatives are linearly related to the corresponding 'J(15N,H) values in these compounds. The 
'J(l5N,l3C) values in these compounds also appear to be related to the N(s)-<(s) bond order. 
Comparison of observed 'J(15N,'3C) values in a number of compounds with those calculated 
using INDO-MO theory indicate that 'J(I5N,l3C) in aniline and its derivatives is negative, 
that is, 'K(N,C) is positive. Observed and calculated l5N-l3C spin-spin coupling constants 
over two and three bonds are also presented. 

RODERICK E. WASYLISHEN. Can .  J. Chem. 54, 833 (1976). 
O n  a mesure les constantes de couplage spin-spin entre I'azote et le carbone dans I'aniline-15N 

et quelques-uns de ses derives; pour ce faire, on a ut i l ik la spectroscopie rmn du 13C par trans- 
formation de Fourier. Les valeurs observees pour 'J(15N,13C) dans ces derives de I'aniline 
dependent de la nature des substituants et du solvant. Les valeurs observees pour 'J(I5N,l3C), 
dans la portion aminee d'un certain nombre de derives d'amines, sont relies d'une faqon lineaire 
avec les valeurs 'J(15N,H) correspondantes dans ces composes. Les valeurs de 'J(15N,13C) dans 
ces composes semblent &tre aussi relies a I'ordre de la liaison N(s)-C(s). Une comparaison 
des valeurs 'J(15N,13C) observtes dans un certain nombre de composes avec celles calculees 
en faisant appel a la theorie INDO-MO indique que la constante 'J(15N,13C) de I'aniline et de 
ses derives est negative ce qui indique que 'K(N,C) est positif. On presente aussi les constantes 
de couplage observees et calculees pour des couplages spin-spin l5N-I3C s'effectuant sur 
deux et trois liens. 

[Traduit par le journal] 

Introduction 
A number of studies (1-9) of the one bond 

15N-H coupling constant in aniline derivatives 
have established that the magnitude of this 
coupling constant is at least qualitatively related 
to the nature of the hybridization of the nitrogen 
atom. Comparing an sp3-hybridized nitrogen 
(e.g., anilinium) to one approachingsp2 hibridiz- 
ation (e.g., 2,4-dinitroaniline), 'J(15N,H) varies 
from -76.0 to -92.6 Hz (4, 9). As well as 
being sensitive to ring substituents 'J(15N,H) 
values in aniline and its derivatives also depend 
upon the solvent. For example, in aniline 
'J(15N,H) decreases from -78.0 Hz in chloro- 
form to -82.3 Hz in dimethyl sulfoxide (10). 

Several years ago the following relationship 
between ' J(N,C) and hybridization was pro- 
posed (1) : 

[I] 801 J(15N,13C) = s,s, 
Here s, and sc represent the percent 2s character 
of the nitrogen and the carbon hybrid orbitals 

which overlap to form the N-C bond. Although 
several studies have shown that this equation 
is not of general applicability (1 1, 12) it is of 
interest to determine whether there is a qualita- 
tive relationship between 1J(15N,'3C) and hy- 
bridization in certain nitrogen compounds. 
This problem is best studied by examining 
' J(15N,13C) values in a series of closely related 
compounds of known hybridization. Aniline 
derivatives serve as a good model since their 
hybridization states are quite well understood 
(3, 9, 13-15). Thus in this study, 1J("N,'3C) 
has been measured for aniline-15N and some 
of its derivatives. For aniline-15N solvent 
effects on ' J(15N,13C) are also examined. 

Semi-empirical MO calculations of 'J(15N,- 
13C) at the INDO level of approximation 
(16- 18) have also been carried out for aniline, 
the anilinium ion, acetanilide, and several other 
nitrogen compounds. Calculated values are 
compared with those observed in this study 
and those reported by other workers. 
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TABLE I. Observed values of 1J(1SN,13C) and 'J(I5N,H) in some amines containing 
the -NHR fragment* 

15N compound Solvent llJ(LSN,13C)I 'J( l5N,H) Reference 

Aniline 

2-Aminobenzoic acid 
Acetanilide 

Formamide 
Methylamine 
Pyrrole 

Neat 1 0 . 9 k 0 . 3  
CCI, 1 1 . 1 + 0 . 3  
CDC13 10 .9_+0.3  
Acetone-d6 1 1 . 6 k 0 . 3  
DMSO-d, 12.1 k 0 . 3  
TFA-d 8 . 9 k 0 . 3  
DCI 8 . 9 k 0 . 3  
CDC1, 1 0 . 5 k 0 . 3  
CDCI, 1 0 . 5 + 0 . 3  
Acetone-d, 1 4 . 9 k 0 . 3  
DMSO 1 5 . 0 k 0 . 3  
DC1 9 . 2 k 0 . 3  
N a O D ( p D  12) 1 0 . 7 f  0 . 5  
CDCI, C, 1 4 . 3 k 0 . 5  

co 
Acetone-d6 C, 1 4 . 7 1 0 . 5  

C O  
H z 0  14.8 
Neat 4 . 5 k 0 . 5  

- 12.98 

'J("N,"C) values in this study were determined for -20% solutions 
tDetermined in DMSO-d,. 
:Average value. 
QH. Jakobsen, private communication. 

Experimental 
A11 13C nmr spectra were obtained at 29 "C on a Varian 

CFT-20 nmr spectrometer. Acquisition times of 5.0 s o r  
longer were used to obtain the data reported here. In 
some cases the free induction decay was multiplied by 
an exponential weighting factor (SE > -5  s). Line widths 
at half height were typically less than or  equal to 0.5 Hz. 

Aniline-"N, orrho- and para-toluidine-"N, and anthra- 
nilic acid-15N were obtained from Prochem, Maplewood, 
New Jersey. Deuterated solvents and p-nitroaniline-I5N 
were supplied by Merck Sharp and Dohme Canada 
Limited. The acetanilidine-15N was obtained from Dr. T. 
Schaefer, University of Manitoba. 

Results and Discussion 
1. One-bond ' N-13C Coupling Constants 

Observed values of ' J(I5N,l3C) and ' J(' 5N,H) 
for several amine derivatives are given in 
Table 1. All J(lsN,l3C) values for aniline and 
its derivatives were determined in this study. 
The signs of the ' J(15N,H) values are assumed 
negative on the basis of the accepted sign for 
'J(15N,H) in ammonium ions (25, 26) and the 
observed negative sign in methylamine (22). 
Only the magnitude of the 'J("N,13C) values 
are given in Table 1, however, double resonance 
experiments have shown that the sign of this 

(22) and pyrrole-15N.' Below it  is argued that 
'J( '5N,13C) is negative in sign for all of the 
compounds in Table 1. 

The magnitude of 'J(I5N,l3C) found for 
aniline-I5N, 47% w/w, in acetone is in good 
agreement with the precise value of 1 1.47 t 0.03 
Hz previously reported by Hansen and Jakobsen 
(27). The values of 1J('sN,13C) in aniline are 
solvent dependent varying from 10.9 + 0.3 Hz 
in CDC1, to 12.1 f 0.3 Hz in DMSO-d,. 
Similar results have been reported for ' J(15N,H) 
in aniline where the magnitude of this coupling 

- - 

constant parallels the hydrogen-bonding capa- 
bility of the solvents (10). Hinton et al. (28) 
recently found 'J("N,13C) values for aqueous 
solutions of formamide-I5N to be concentration 
dependent, varying from 13.9 Hz in the neat 
liquid to 14.8 Hz for a dilute solution in water. 
It was suggested that this increase results from 
an increase in the double bond character of the 
carbon-nitrogen bond. A similar argument may 
be invoked to explain the increase in ' J(I5N,l3C) 
observed for aniline in polar solvents where 
resonance structure l b  is of greater importance 
than in the case of non-polar solvents. Solvent 

coupling constant is negative in methylamine 'H.  Jakobsen, private communication. 
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WASYLISHEN 835 

dependent 13C chemical shifts of aniline also 
indicate that resonance structure l b  is important 
in polar solvents. An upfield shift of 2.8 ppm 
is observed for C, on going from CCI, to 
DMSO solutions (29). This upfield shift strongly 
suggests an increase in electron density at C, in 
the more polar solvent. 

Further evidence that 'J(15N,13C) is related 
to the N-C bond order comes from noting 
the influence of the 4-nitro group on ' J(15N,13C) 
in aniline. 1J(15N,13C) is approximately 25% 
larger in magnitude in 4-nitr0aniIine-'~N, 2, 
than in aniline-15N. It is of interest to point 
out that in 4-nitrotoluene, 1J(13CH3,'3C) = 

43.45 Hz while in toluene, 1J(13CH3,'3C) = 
44.19 Hz (30). That is, 1J(13CH3,13C) decreases 
by only 1.7%. A resonance structure analogous 
to 2b is certainly not important for 4-nitro- 
toluene, therefore it is reasonable to attribute 
the large substituent effect on 1J(15N,1") 
observed in the 4-nitroaniline to  an increase in 
double bond character (2b). 

The substituent effects on 'J(l5N,l3C) in 
amine derivatives also parallel those observed 
for J ( ' ~ N , H ) ,  however changes in LJ(L5N,13C) 
are about one-third those observed for lJ(15N,- 
H). In Fig. 1 observed values of 'J(15N,H) are 
plotted against the corresponding 'J(15N,13C) 
values observed for the same compound in the 
same solvent. All values were taken from 
Table 1. Since the 'J(I5N,H) values in these 
compounds have been qualitatively related to 
the hybridization a t  the nitrogen (1-9) the 
relatively good correlation observed in Fig. 1 
suggests a similar relationship between 'J(15N, 
13C) values and hybridization in these amine 
derivatives. From Fig. 1, one finds 

(Hz) 
FIG. 1. Plot of observed 11J( '5N,13C)I  values us. 

' J ( 1 5 N , H )  values for some of the amine derivatives given 
in Table 1. 

Substituting an expression derived by Binsch 
er al. (1) which relates % 2s character at the 
nitrogen to 'J(15N,H), into eq. 2, one calculates 

Thus for sp3 and sp2 hybridization at the nitrogen 
the magnitude of J ( "N, '~C)  is calculated to  be 
8.1 and 15.7 Hz, respectively. It must be stressed 
that this relationship is probably roughly valid 

only for compounds containing 'R 
fragment. Also, eq. 3 does not take into account 
changes in hybridization a t  the carbon in a 
direct manner. A more accurate and theo- 
retically satisfying expression would probably 
relate ' J(I5N,l3C) and P2S(N,s(C) where P,,,,,,,, 
is the bond order between the valence-shell s 
orbitals of nitrogen and carbon. 

Finally it is of interest to point out that the 
magnitudes of 'J(C,C) and ' J (N,N) also 
generally increase with the intervening bond 
order (30, 3 1). 

2. Sign oj ' J (  1 5 ~ , 1 3 C , )  Jot.  /he Cotnpozmds in 
Table 1 

Although all known ' J (C,C)  values are posi- 
tive (26, 30, 32) and all 'J(lYF,l3C) values are 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  C H E M .  VOL. 54. 1976 

TABLE 2. Some calculated 1J(15N,13C) and 'J(15N,H) values in Hz* 

Geometry 
Compound LJ(15N,13C) (Hz) lJ(I5N,H) (Hz) referencet 

Aziridine 
Oxaziridine 
Methylamine 
Methylammonium cation 
Aniline (pyramidal N) 

(planar N) 
Anilinium ion 
4-Nitroaniline (pyramidal N) 

(planar N) 
4-Methylaniline (pyramidal N) 
Acetanilide N-C, 

N-CO 
Formamide 

Pyrrole 
Pyridinium ion 
Benzonitrile-N-oxide 

'The ' J ( I JN,H)  results here are similar to those recently reported by Ley rr a/.  (47). 
tSee ref. 41 for original references. 
%The geometry of the aniline moiety was as in ref. 41 and standard geometries (18) were used for the 

nitro and methyl groups. 

negative (32, 33), both positive and negative 
'J('SN,'3C) values are known (22, 34-37).' 

The reasonably good correlation observed in 
Fig. 1 together with experimental evidence that 
'J(15N,13C) is negative in methylamine (22) and 
pyrrole' strongly suggest that 1J('SN,'3C) is 
negative for all of the compounds in Table 1. 
A negative sign for ' J ( ' ~ N , ' ~ C )  requires that 
the reduced coupling constant, 'K(N,C) is 
positive since the gyromagnetic ratio of the 
15N nucleus is negative.2 One would not expect 
the magnitude of 'K(N,C) to be directly 
related to C-N bond order unless 'K(N,C) is 
in fact positive (1 1). Also, a negative sign for 
'J(15N,13C) for the compounds in Table 1 
appears to be confirmed by the calculations 
discussed below. 

3. INDO- MO Calculations of'' Jf I S  N,13 C) 
It has been shown that semi-empirical INDO- 

MO calculations of 'J("N,'~C) are successful 
in qualitatively reproducing some experimental 
trends (38, 39). In this and previous studies (I 1, 
38, 39) only the Fermi contact contribution to 
'J(15N,13C) has been calculated. The Fermi 
contact mechanism has been shown to com- 

4iT2 'The reduced coupling constant, K(i,j) = --- J ( i j ) .  
hyi?, 

The units of K( i j )  are ~ m - ~ .  

pletely dominate 'J(C,C) (33), also it is generally 
the most important mechanism for one bond 
19F-13C coupling constants (33,40). The orbital 
and spin-dipolar mechanisms are most im- 
portant when the two coupled nuclei are joined 

by multiple bonds. Thus in the '3~-1s~'H \R 
fragment it is expected that the orbital and 
dipolar contributions to 'J(1SN,'3C) will be 
much smaller than the Fermi contact contribu- 
tion. 

Calculated values of ' J ( ' ~ N , ' ~ C )  and 
'J(lSN,H) for a number of nitrogen compounds 
are given in Table 2. These calculations were 
carried out as previously described (4 1 ) ; refer- 
ences to the geometry used in the calculations 
are also included in Table 2. 

The calculations predict a positive value for 
'J('SN,'3C), that is, a negative sign for 'K(N,C), 
in the three-membered ring systems considered. 
The only known positive value of 'J(1SN,'3C) 
has in fact been measured for an oxaziridine 
derivative (36). The smallest known values of 
'K(C,C) or 'J(C,C) also occur in strained ring 
systems. For example, in cyclopropane-car- 
boxylic acid 'J(C,,C2) = 10.05 Hz (304  com- 
pared to a value of 34.6 Hz (42) in ethane. 

For methylamine the calculations predict 
that 'J('SN,'3C) = -3.75 Hz, in good agree- 
ment with the observed value of -4.5 Hz. On 
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FIG. 2. Plot of calculated 'J(15N,13C) values us. 
P,,,,,,,, values for some of the amine derivatives given in 
Table 2. Three points fall at  1 J ( 1 5 N , ' 3 C )  = - 16.3 Hz 
and P ,,,,,, ,, 2: 0.061. 

protonation of methylamine, 'J(15N,13C) is 
predicted to become more negative. This 
coupling constant has been observed to increase 
in magnitude upon the protonation of aliphatic 
amines. For example, upon protonation of 
1-propylamine and quinuclidine, 'J( '5N,13C) 
increases in magnitude from 3.9 and 2.1 Hz 
respectively, to 4.4 and 4.8 Hz (39). Similarly, 
in glycine and alanine, 1J('SN,'3C) increases in 
magnitude when the nitrogen becomes pro- 
tonated (43). However, in aniline, 'J(15N,13C) 
is predicted to decrease in magnitude upon 
nitrogen protonation. This is confirmed by 
experiment since in both aniline and 4-nitro- 
aniline, 'J(15N,13C) decreases in magnitude 
upon protonation of the nitrogen. Thecalculated 
value of 'J('SN,'3C) in aniline, assuming a 
pyramidal nitrogen, is in fair agreement with 
experiment ; however, the magnitude of the value 
calculated assuming a planar amino group is 
much too large. A pyramidal structure for 
aniline is known from microwave spectroscopy 
(44). 

The INDO calculations predict the 4-nitro 
and 4-methyl substituent to have little or no 
influence on the ' J ( ' ~ N , ' ~ C )  value in aniline 
provided the geometry of the amino fragment 
is fixed. Thus, the large observed value of 

11J(15N,13C)I in 4-nitroaniline indicates an in- 
crease in the planarity of the amino group in 2 
compared with that in 1. There is also evidence 
from X-ray diffraction data that the amino 
group in 4-nitroaniline is approximately planar 
in the solid state (45). 

The influence of nitrogen planarity on cal- 
culated values of 'J(1SN,'3C) for both methyl- 
amine and formamide has been examined. 
As one goes from a pyramidal nitrogen to a 
planar amino group, calculated values of 
P2s,N,so, and I'J('5N,'3C)I increase in an ap- 
proximately linear fashion. 

For the compounds in Table 2, calculated 
values of 1J('5N,13C) are also related to 
PZS,,,,,,,, however for some compounds there 
are significant deviations from linearity. See 
Fig. 2. Compounds containing triple bonds, 
e.g. CH3C=N, CH3N=C, and several other 
compounds including pyridine show consider- 
able deviation from the curve shown in Fig. 2. 

Calculated values of ' J ( ' ~ N , ' ~ C )  for pyrrole 
and the pyridinium ion are too large in magni- 
tude. 

The calculations are successful in correctly 
predicting the magnitude of 1J('SN,'3C) in a 
derivative of benzonitrile-N-oxide where 
1J('SN,'3C),,, = 77.5 f 0.5 Hz (12) while the 
calculated value in benzonitrile-N-oxide itself is 
-73.52 HZ. 

Qualitatively, for compounds containing the 

" c - ' ~ N " ~  fragment, the calculations predict 
'H 

that as the nitrogen becomes more planar 
(sp2-like in character), 'J(15N,H) and ' J ( '~N,  
13C) both become more negative. Although 
exact agreement between observed and cal- 
culated 'J('5N,'3C) values (Tables l and 2, 
respectively) is not realized, the observed trends 
are qualitatively accounted for by the calcula- 
tions. No attempt has been made to correct the 
calculations for variations in effective nuclear 
charge (1 1); the values of ?(N), and ?(C), are 
the same as those used by Pople and co-workers 
(1 1, 16-18). 

Despite the qualitative agreement between 
theory and experiment observed in this study, 
the calculations are not capable of accounting 
for the negative sign observed for 'J('5N,'3C) 
in acetonitrile (1 1). In this case it is possible 
that the spin-dipolar and orbital mechanisms 
are important. 
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4. "J( l 5  N,13C) values where n = 2 or 3 predicting observed trends in 'J(15N,13C) for 
For aniline-15N in CDCl,, 2J(15N,13C) = compounds containing the l3c-l5~<; frag- 

-2.8 + 0.3 Hzand 3J(15N,13C) = - 1.2 + 0.3 
Hz, in good agreement with the values pre- n~en t .  
viously determined (27). For  the anilinium ion 
in deuterated trifluoroacetic acid we find 
12J("N,13C)I = 1.5 + 0.3 HZ and 13J("N,13C)I 
= 2.1 0.3 Hz, respectively. The assignment 
of the 13C nmr spectrum was made on the basis 
of the results given for the anilinium ion in 
methanesulfonic acid (29). The 15N-13C cou- 
pling constants do not appear to change sign 
upon protonation of the nitrogen. 

The INDO-MO calculations predict 2J(15N, 
13C) to increase from -0.5 to +2.7 Hz upon 
nitrogen protonation. 'J(15N,13C) does in fact 
become more positive. 3J(15N,13C) is predicted 
to decrease from - 0.8 Hz in aniline to - 3.3 Hz 
in the anilinium ion. The observed value of 
3J(15N,13C) actually does decrease, though only 
by about 0.9 Hz. 

Again the calculations predict the observed 
experimental trends, however the magnitude of 
the changes predicted is too large. 

It is of interest to point out that in o-anthra- 
nilic acid (pD 2 12), 3J(15N,13C02) 6 0.5 Hz. 
This represents another example of a very small 
3J(15N,13C) value (23, 46). 

For acetanilide, 2J(15N"3CH3) = 9.0 + 0.3 
Hz, similar to the value observed in acrylamide 
(46). This large 15N-13C coupling constant, 
which is almost certainly negative, has been 
compared with the large observed values of:  
2J(13C,13C) in acetone, 'J(13C,H) in aldehydes, 
and 2J(H,H) in formaldehyde (46). 

A detailed discussion of solvent and substit- 
uent effects d n  "J("N,13C) values (where n 2 2) 
will require more precise measurements than 
currently possible in our laboratory. 

Conclusion 
We have found some evidence that 1J(15N,'3C) 

values are linearly related to the corresponding 
'J(15N,H) values for a number of amine 
derivatives. Further work will be necessary to 
establish the reliability and utility of the 
relationships proposed here. 

Although initial INDO calculations con- 
sidering only the Fermi contact mechanism 
showed poor agreement with experiment (1 1) 
the results presented here indicate that such 
calculations may be useful in qualitatively 
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'J ERRATUM 

J~rratum: Esters ehromiques d6riv6s d'aleools tertiaires 

(Ref.: Can. J. Chem. 53, 3087 (1975)) 

(i) La formule du chromate de di(mCthy1-3 hexyl-3) illustrie dans le tableau I devrait se lire 
comme suit: 

1 CH~-CHZ-CHZ-C-0 pro2 
I 

(ii) Le nom (chromate de di(dimtthy1-2,3 hexyl-2)) devrait figurer immidiatement sous la formule 
de ce produit illustrie dans le tableau 1 A la page 3088. 
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ROBERT DONALD HEYDING and RITCHIE MACLAREN MURRAY. Can. J.  Chem. 54,841 (1976). 
The crystal structures of a number of copper selenides have been re-examined using X-ray 

powder diffraction intensity data. ( F a  values for C U , , ~ S ~  at room temperature (a = 5.765 A) 
are satisfied by a model based on space group Fm3m with 4 Se atoms per unit cell on the fcc 
sites, 5.2 Cu atoms on the tetrahedral sites, and 2.0 Cu atoms on the trigonal sites in the Se 
sublattice. Cu3Se2 is tetragonal, Pz21m, a = 6.402, c = 4.279 A, with Cu(1) in 2(a), Cu(2) in 4(e) 
with x = 0.147 + 5,  z = 0.781 i 9 ,  and Se in 4(e) with x = 0.272 i 3, z = 0.264 1. 7.0CuSe2 
has the orthorhombic C18 marcasite structure, Pnnm, a = 5.005, h = 6.182, c = 3.740 A ,  with 
Cu in 2(a), and Se in 4(g) with 5 = 0.184 i: 1 ,  y = 0.385 + 1. CuSe2II has the cubic C2 
pyrite structure, Pa3, a = 6.116A,  with Cu in q a ) ,  and Se in 8(c) with x = 0.3891 i 5 .  

Neither &use nor have the CuS covellite structure. 
These results are discussed in some detail. 

ROBERT DONALD HEYDING et RITCHIE MACLAREN MURRAY. Can. J. Chem. 54,841 (1976). 
On a rkxamine les structures cristallines d'un certain nombre de seleniure de cuivre utilisant 

des donnCes d'intensite de diffraction de rayons-)< de poudre. Les valeurs de IFaI pour le 
Cu,,,Se ti temperature de la pikce ( a  = 5.765 A )  sont satisfaites par un modele bas6 sur un 
groupe d'espace Fm3m avec 4 atomes de s8Cnium par la maille unitaire situCs sur les sites 
fcc, 5.2 atomes de cuivre sur les sites tCtraCdriques et de 2.0 atomes d_e cuiwe sur les sites 
trigonaux dans le sous rCseau du sC1Cnium. Le Cu3Se2 est tetragonal P42,nz, a = 6.402, c = 
4.279 A avec Cu(1) dans la position 2(a), Cu(2) dans la position 4(e) avec x = 0.147 i 5 ,  
z = 0.781 +9 et le sClCnium dans la position 4(e) avec x = 0.272 + 3, z = 0.264 i 7 .  Le 
CuSela la structure orthorhombique de la marcasite C18, Ptlnm, a = 5.005, b = 6.182, c = 
3.740 A avec le cuivre dans la position 2(a) et le sClCnium dans la position 4(g) avec x 7 
0.184 i 1, y = 0.385 i. 1. Le CuSe2II a la structure cubique de la pyrite C2,  Pa3, a = 6.116 A 
avec le cuivre dans la position 4(a) et le sClCnium dans la position 8(c);  x = 0.3891 -5 5.  

Ni I'aCuSe ni le rCuSe n'ont la structure covellite du CuS. 
On discute de ces rbultats en detail. 

[Traduit par le journal] 

Introduction 
Compounds in the copper/selenium system 

exhibit a variety of phenomena which have been 
of some interest in recent years. Three of the 
eight solid phases exist as minerals (berzelianite, 
Cu2-,Se; umangite, Cu3Se2; klockmannite, 
aCuSe). Earlier confusion regarding the com- 
position of berzelianite has been resolved, but 

the structure of klockmannite defies analysis. 
This compound exhibits a first order transforma- 
tion just above room temperature followed 
immediately by a second order transformation 
which terminates when the original structure is 
regained. The selenium-rich phase CuSe2 ex- 
hibits a classical marcasite + pyrite transforma- 
tion under pressure. The copper-rich phase 
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Cu2-,Se appears to belong to a class of M3Y2 
defect structures in which both trigonal and 
tetrahedral sites are occupied at random by 
metal ions in an fcc chalcogen sublattice. The 
electrical properties of this phase have been the 
subject of numerous studies and are undoubtedly 
related to the structure and the remarkably high 
mobility of copper ions in the lattice. 

We reported recently on a study of the phase 
relationships in this system (1). Using specimens 
chosen from those prepared for the phase studies, 
we have examined the crystal structures of 
Cu2-,Se, aCuSe, -yCuSe, CuSe2, and CuSe211 
using X-ray powder diffraction data and the least 
squares refinement program developed by Finger 
(2). A specimen of ztmangite was used to re- 
determine the atom positions in Cu3Se2. The 
results of these calculations are given in this 
paper. 

Experimental 
Intensity data were obtained from integrating Debye- 

Scherrer or Guinier - de Wolff powder diffraction 
cameraso using monochromated CuK, radiation ( X  = 
1.5418 A) (3). Non-integrated high temperature Guinier- 
Lenne patterns were used to estimate intensities forrCuSe. 
Relative line intensities were estimated using film density 
wedges and a recording microphotometer. Corrections 
were applied for polarization of the incident radiation 
and for film envelope absorption. The Guinier - de Wolff 
specimen windows were very lightly dusted with -400 
mesh powder, and sample absorption corrections were not 
applied (see further comments in the discussion on 
CuSezII below). 

All observed reflections ( I / I ,  2 1) were given unit 
weight provided they could be indexed unambiguously; 
overlapping and unobserved reflections were given zero 
weight in the initial refinement. Anomalous dispersion 
and extinction corrections were not applied. The Hartree- 
Fock atomic scattering factor equations of Cromer and 
Mann (4) were used. Thermal vibrations were assumed 
to be isotropic. The agreement indices recorded here are 
unweighted (R = C J F o J  - IF,J/CIFoI) and the standard 
deviations are those derived by the program from the 
diagonal elements of the inverse matrix. The structural 
models were refined by the Burroughs B6700 computer in 
the Computing Centre at Queen's University. 

Results and Discussion 

Cu2-,se 
The Cu2-,Se phase is related to the B4 (ZnO) 

and C1 (CaF2) structures. Four selenium atoms 
form a simple face centred cubic sublattice with 
six to eight copper atoms (depending on the 
composition) occupying the octahedral, tetra- 
hedral, and trigonal sites, more or less at random, 

in the selenium sublattice. Structure factor 
calculations by Rahlfs (5) and Borchert (6), and 
more recently by Stevels and Jellinek (7, 8), indi- 
cate that one set of tetrahedral sites, as in the B4 
structure, are completely occupied. Stevels' 
model of the high temperature form of 
places 0.6 of the remaining 3.2 copper atoms on 
octahedral sites, and the balance in pseudo- 
trigonal sites which are displaced slightly from 
the face of the tetrahedron towards an unoc- 
cupied tetrahedral site. 

The Finger program permits refinement of site 
occupancies as well as positional and temperature 
parameters, and is therefore an excellent vehicle 
for re-examining defect structures of this kind. 
Observed structure factors for 12 independent 
reflections were obtained for C U , . ~ ~ S ~  from 
integrated Debye-Scherrer patterns at 298 K 
(a = 5.765 A). Some of the models refined by the 
computer program allowed for variation in 
occupancies at four sites, in one positional 
parameter, and in two temperature parameters. 
In view of the small number of observed structure 
factors, the results must be regarded with some 
skepticism, although, in the event, some models 
containing only two or three variables refined 
well. 

The firzt series of models was based on space 
group F43m (Borchert (6)) with atoms in the 
following positions: 

Atom Site Position 

cu(4) 16(e) x,x,x;x,Z,F (trigonal sites) 
Cu(3) 
Cu(2) 

4(d) 3/4'3/4'3/4) (tetrahedral sites) 
4(c) 1/41 /4.1/4 . . .  . .  * 

cu(1 j 4(bj 1/2,1/2,1/2 (octahedral sites) 
Se 4(a) 0,0,0 

Some of the models are described in Table 1 ,  
with the results of the computer refinement for 
each. 

Models in which the copper atoms were con- 
fined to octahedral and tetrahedral sites (Trials 
1 and 2, Table 1) did not refine well, giving 
unreasonably large temperature factors for Cu 
and relatively large agreement indices (R). 
Refinements based on models suggested in the 
literature with 4 atoms in one set of tetrahedral 
sites and the remaining 3.2 atoms distributed 
over the remaining lattice sites (Trials 3 and 4) 
indicated that the occupancy of the octahedral 
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HEYDING AND MURRAY 843 

TABLE 1. Summary of results of structure factor refinement on selected models for Cu, ,,Se- 

(a) Series I ,  space group ~ J 3 m ;  4 Se atoms in 4(u) 

Copper site occupancy, 
atoms/unit cell 

s Bsc Bc,, 
Trial 4(b) 4(c) 4 ( 4  16(e) (in 16(e)) (A2) (A2) R 

1 2.32 4.00 0.88 1 .3k5  5.951.9 0.114 
2 1.90 3.20 2.10 1.5+7 9.2k2.9 0.158 
3 0.13 4.00 1.56 1.51 0.6751 2.3+2 0.047 
4 0.08 4.00 1.68 1.44 0 .67kl  2 .256 2.4+9 0.048 
5 0.04 2.71 2.61 1.82 0.67+1 1 . 9 5 4  2 . 6 5 5  0.030 
6 4.00 1.63 1.57 0.667 2.2+6 2.3k9 0.050 
7 3.20 2.08 1.91 0.667 2 . 0 k 3  2 .5k5  0.036 

(6) Series 2, space group Ftn3m; 4 Se atoms in 4(a) 

Copper site occupancy, 
atoms/unit cell 

S Osc <cu 
Trial 8(c) 3 2 0  (in 32(f)) (A2) (A2) R 

*Numbers in italics fixed during trial refinement, R = zI(F,I  - IF.I/ZIF~~. 

sites is small, and that the copper atoms in 
positions 16(e) are almost exactly in the trigonal 
holes of the selenium sublattice (x = 2/3). These 
results were confirmed in the refinement of the 
completely general model in which all parameters 
were allowed to vary, constrained only by the 
total number of copper atoms in the unit cell 
(Trial 5). Although this trial produced the 
smallest agreement index of all of the models 
examined, the refinement gives a sum of occu- 
pancies in 4(d) and 16(e) greater than four, 
implying that adjacent trigonal and tetrahedral 
sites, or two adjacent trigonal sites, may be 
occupied simultaneously. Neither of these con- 
ditions is possible. 

In subsequent models the positional parameter 
of the atoms in 16(e) was fixed at 2/3, and to 
ensure that no tetrahedron need be occupied by 
more than one copper atom, the occupancies of 
the 4(c) sites were fixed a t  values between 4.0 and 
3.2. Results for the limiting models are given in 
Trials 6 and 7. The values of R varied mono- 
tonically with 4(c) occupancy for models not 
recorded in Table 1. 

The model described in Trial 7 satisfies the 
diffraction intensities of overlapping and un- 
observed reflections as well as those used in the 
structure analyses? With 3.2 copper atoms per 

unit cell in the tetrahedral sites at  1/4,1/4,1/4, 
the remaining 4 atoms are divided essentially 
equally between the tetrahedral and trigonal sites 
of the tetrahedra centred on 3/4,3/4,3/4. 

Assuming the refinement process is credible, 
there seems to be no chemical rational for the 
non-equivalence of tetrahedral sites. Accordingly 
a second series of models was examined in which 
these sites are equivalent. These are based on 
space group Fm3nz (No. 225) with atoms in the 
following positions: 

Atom Site Position 

Cu(2) 3 2 0  f (x,x,x; x,Y,x 3) (trigonal sites) 
cu( l )  8(c) 1/4,1/4,1/4; 3/4,3/4,3/4 (tetrahedral sites) 

Se ?(a) 0,0,0 

The results of the refinements are summarized 
in Table 1, Trials 8-10. The model described in 
Trial 9 satisfies the diffraction intensities of 
overlapping and unobserved reflections as well 
as those used in the structure analysis? The 

'Tables of lF,l and IF,I values are available, at nominal 
charge, from Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada, 
KIA OS2. 
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small shift in Cu(2) positions from the 'ideal' 
trigonal site on refinement (Trial 10) is not 
significant. With 5.2 Cu on tetrahedral sites and 
the balance on trigonal sites the model is as 
reasonable as any based on F43m. We favor this 
structure over those represented by Trials 5 and 
7 because the tetrahedral sites are equivalent. 

The conclusion to  be drawn from the refine- 
ment is that the best agreement between I F ,  and 
~ F , I  is obtained when the electron density at the 
tetrahedral sites is equivalent to 0.65 copper 
atoms, and to 0.063 copper atoms at trigonal 
sites. If this is interpreted as a random distribu- 
tion of 5.2 and 2.0 Cu atoms per unit cell on 
tetrahedral and trigonal sites respectively, the 
following applies: 

Atom pair Distance* 

*nn =nearest neighbour. 

When 5 tetrahedral sites are occupied by Cu(1) 
in the unit cell, 20 of the 36 trigonal sites, those 
in the faces of the 5 tetrahedra, cannot also be 
occupied. When a trigonal site in one of the 
'vacant' tetrahedra is occupied, five more 
tetrahedral sites cannot be occupied; three are 
in the same tetrahedron ato 1.35 A and two in 
adjacent tetrahedra at 1.93 A. The six remaining 
sites available Jo the second Cu(2) atom are at 
2.35 and 2.50 A. 

The Cu(l)--Se dis ta~ce is 2.50& and the 
Cu(2)-Se distance 2.35 A. 

This model applies to  at room tem- 
perature. A number of authors refer to low and 
high temperature modifications of Cu2-=Se: 
manifest in part by abnormal lattice thermal 
expansion coefficients below ca. 523 K (6, 7), 
anomalous behaviour in magnetic susceptibility, 
and variation in diffraction intensities (7). This 
transition has not been evident in our samples (1). 
In the most recent of a comprehensive series of 
papers by Ogorelec and co-workers (9), reference 
is made to the disappearance of the (200) re- 
flection and the appearance of the (422) reflection 
with increasing temperature. In our patterns the 
(200) reflection is very weak (III,, = 2.7) at all 
temperatures, while the intensity of the (422) 
reflection is relatively strong (I/I,,, = 22.1) and 
temperature independent at least to  570 K. 

Borchert assigns a relative intensity of 30 to this 
reflection at 293 K. This contradictory evidence 
indicates that the structure of Cu2-,Se may be 
history or trace impurity dependent, or both. 

The electrical conductivity of Cu2-,Se in- 
creases with decreasing copper concentration and 
the temperature dependence is metallic. This 
behaviour is generally attributed to a 'self doping' 
effect. The copper vacancies are assumed to 
create low-lying acceptor levels in the band gap, 
all of which are occupied at temperatures at 
which the phase is stable, creating a number of 
holes in the valence band equal to the number of 
vacancies. Presumably these vacancies must now 
refer to tetrahedra which contain no copper atom 
either in the tetrahedral site or in one of the 
trigonal sites. Since no tetrahedron may contain 
more than one copper atom, the stoichiometric 
composition is CuzSe (i.e., x = 0). At this com- 
position the compound should be non-metallic. 
This does not appear to be so (10-12). However 
if the acceptor levels are associated with the 
copper at&s in trigonal sites rather than 
vacancies (or as well as vacancies), the conductiv- 
ity need not approach zero at the stoichiometric 
composition, since there is no reason to believe 
that only tetrahedral sites in Cu2Se are occupied. 

Cu3Se2 
Structure factor data for Cu3Se2 were obtained 

from integrated Guinier - de Wolff patterns of 
umangite rather than synthetic Cu3Se2 because of 
better definition of higher order reflections from 
the mineral. Samples were selected from a 
Beaverlodge specimen containing inalachite and 
albite as well as the selenide. The tetragonal unit 
cell dimensipns were o = 6.4024 f 5 and c = 
4.2786 f 4 A ,  somewhat larger than those of 
synthetic specimens (1). Electron probe analysis 
on polished specimens indicated 0.5-1.0% Si 
(probably carry-over from the silicate phase 
during polishing) and trace amounts (<0.1$7,,) 
of Fe, Ag, S, and C1. 

Morimoto and Koto (13) have shown by 
single crystal studies that Cu3Se2 belongs to  
space group ~.?2,rn, with atoms in the following 
positions: 
- 
Atom Site Position 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HEYDING AND MURRAY 

These atom positions were used as initial values 
in the Finger refinement using intensity data for 
26 reflections. The final values, giving an agree- 
ment index R = 0.061. were: 

Atom Position 

Se x=0.272+3, z=0.264*7; B = l . 9 + 6  4' 
cu(2) x=0.147+5, z=0.781+9; B=2.3+5 A2 

Four observed reflections were not included in 
the refinement because of overlap or unusually 
large variation in intensities from specimen to 
specimen. Agreement between JF,J and 1 F,J for 
these reflections was satisfactory? Calculated 
structure factors for twelve reflections which 
were not observed indicated that three should 
have been observable with 1 5 I/I, 5 3, al- 
though two of these would very nearly overlap 
with relatively strong reflections. 

The results confirm the structure proposed by 
Morimoto and Koto, with only minor differences 
in interatomic distances. Eacb Cu(1) is sur- 
rounGed by four Cu(2) at 2.62 A and four Se at 
2.54 A; e a ~ h  Cu(2) by four Se at 2.36, 2.46, 2.46, 
and 2.48 A; two Cu(1) at 2.62 A and one Cu(2) 
at 2.66 A. Okamoto et al. (14) have described 
the structure in terms of the distribution of 
copper atoms in a distorted fcc sublattice of Se 
atoms. Stevels' description (7) is based on a 
distorted bcc Se sublattice with Cu atoms in the 
distorted tetrahedral sites. These descriptions 
may be misleading in two senses. The first is 
that the number of 'holes' in the Se sublattices is 
greater than the number of Cu atoms present, 
and the ordering of the occupancies is not readily 
apparent. The second is that, as Morimoto and 
Koto observed, the structure is determined 
primarily by interactions between copper atoms. 

The following is an alternative description. 
Each Cu(1) atom is surrounded by four Cu(2) 
atoms at the corners of a distorted tetrahedron. 
Each Cu(2) atom is shared by two tetrahedra, 
and has one other Cu(2) atom as a neighbor. 
Sheets of Cu tetrahedra are formed which are 
parallel to (001). In each unit cell the copper 
atoms form eight distorted semi triakis tetra- 
hedral vacancies defined by four Cu(2) atoms 
and two Cu(1) atoms as shown in Fig. 1. Half 
of these sites are occupied by Se in opposite 
'octants' of the unit cell. 

FIG. 1. Projection of atom positions in Cu3Se2 on (001) 
showing the tetrahedral network of copper atoms and the 
coordination of six copper atoms to a selenium atom. 
Copper and selenium are represented by open and shaded 
circles respectively. 

a- and yCuSe 
aCuSe (klockmannite) is generally regarded as 

isostructural with CuS (covellite), which Berry 
(15) has shown belongs to space group P63/mmc, 
with atoms on the following positions: 

Atom Site Position 

Berry's assignment of CuSe to the same structure 
was made with considerable reservation. Early 
(16) observed very weak reflections in single 
crystal patterns indicating a twelve-fold multi- 
plicity in the a axis. The problem of the structure 
of the ordered modification of aCuSe has been 
discussed by Taylor and Underwood (17), by 
Lipmann (18), and by Elliott et al. (19). We did 
not observe reflections from newly prepared 
specimens which could not be indexed on a 
Gmple hexagonal cell with a = 3.934, c = 17.217 
A, although extra reflections appeared in aged 
specimens (1). This slow ordering process, also 
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observed by Berry and by Stevels (7), suggested 
that aCuSe might have the covellite structure 
when first formed, that is, on cooling from 
temperatures above the a-P transition point. 

In this study, intensities for 26 unambiguous 
reflections were obtained from integrated 
Guinier - de  Wolff patterns in which no super- 
lattice reflections could be observed. Berry's 
values of zs, and zc, were used to begin the 
calculations. 

These data did not refine well. The minimum 
agreement index R obtained for observed re- 
flections was 0.24. calculated structure factors 
for reflections from three of four (hkO) planes, 
which are independent of the values of z for 
Cu(2) and Se(2) in the model, were much smaller 
than those observed. In addition, the refinements 
showed that some of the unobserved reflections, 
particularly the (002), (OW), and (203), should 
be clearly visible. 

Trial refinements using Early's intensity data 
resulted in an R value of 0.41, with the same 
discrepancies. 

We are satisfied that aCuSe is not isostructural 
with covellite. A number of alternate models 
based on simple modifications of the covellite 
structure were examined and found to  have little 
merit. Structure factors calculated for the model 
suggested by Arunsingh et al. for films of CuSe 
produced by pulse annealing (20) did not agree 
with our observed values. 

I t  is unlikely that the correct structure can be 
determined from powder diffraction data. 

yCuSe, which is stable above 393 K,  is also 
hexagonal with sinljlar unit cell dimensions (a = 
3.984, c = 17.288 A a t  430 K)  and a diffraction 
pattern very similar to that of aCuSe. T o  see if 
this modification might be isostructural with 
covellite, intensities of the nine observable re- 
flections at  430 K were estimated from Guinier - 
Lenne patterns. While the R index for the re- 
finement based on these reflections was promising 
(0.14), large I F,I values for several unobserved 
reflections indicated that the model was not 
correct. 

czisez 
The low pressure modification of CuSez has 

the orthorhombic n~nrcnsire structureo (C18, 
Pnnm, a = 5.005, O = 6.182, c = 3.740 A) with 
atoms on the following positions: 

Atom Site Position 

The atom positions were determined by Gattow 
(21, 22). 

Intensity data for 26 unan~biguous reflections 
were obtained from integrated Guinier - de 
Wolff patterns. Refinement led to  the following 
values of the several variables, with an agree- 
ment index R = 0.041: 

Atom Position 

Calculated structure factors for ten overlapping 
or weak reflections were in good agreement with 
observed values with one exception ((410), (33 1) 
overlap, I/I,,, observed -1, calculated 7). 
lFcl values for seven reflections which were not 
observed indicated that all should be below 
minimum observahle intensity? 

The values of the fractional coordinates for Se 
are in excellent agreement with those determined 
recently by Kjekshus et nl. via powder neutron 
diffraction (23). 

In this structure each copper atom id; sur- 
rounded by six selenium atoms a t  2.55 A in a 
distorted octahedral arrangement. Each selenium 
is in a distorted tetrahedral configuration with 
three copper neighbors and with one selenium 
neighbor a t  2.23 A. The minimum Cu-Cu 
distance is 3.74 A. 

CzlSe211 
The high pressure modification of CuSe2 has 

the pyrite C2 structure (Pn3) (24) with atoms in 
the following positions: 

Atom Site Position 

lntegrated Guinier - de Wolff intensities for 15 
unambiguous reflections were used in the initial 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HEYDING AND MURRAY 

TABLE 2. Summary of interatomic distances (A) and coordination 
numbers in parentheses 

Interatomic distance 

Phase Atom Cu-Cu Cu-Se Se-Se 

refinement (a = 6.116 A). From this refinement 
lF,l values for four sets of overlapping pairs of 
reflections were then used to  divide the total 
intensities of each pair so that further refinement 
could be made on 23 I F,I values. The final values 
of the parameters giving an agreement index 
R = 0.032 were1 

Atom Position 

Se x=0.3891+5; B=1.6+3 4' 
Cu B=2.4+3 A2 

Refinement in which the temperature coeffi- 
cients were made equal le t  to values of x and B 
of 0.389 t. 7 and 1.9 + 3 A2. Refinement on 1 F,I 
values corrected for sample absorption (estimated 
by a laborious process of measuring particle size 
distributions on each specimen window and 
applying spherical particle absorption corrections 
(3)) led to the same value of x and slightly larger 
temperature coefficients. 

In this modificati~n each Cu atom has six Se 
neighbors at 2.57 A in a distorted octahedral 
configuration. E?ch Se atom has three Cu and 
one Se (at 2.35 A) at the corners of a distorted 
tetrahedron. 

General Discussion 
The nearest-neighbor interatomic distances in 

these compounds are summarized in Table 2. 
Copper-copper interactions are important com- 
ponents of the two copper-rich selenides, and 

apparently dominate in Cu3Se2. It is remarkable 
that of the four compounds only Cu3Se2 exhibits 
Curie-Weiss type paramagnetism consistent with 
the presence of d9 ions; the others are either 
diamagnetic or show weak temperature inde- 
pendent paramagnetism (14,24). The majority of 
the Cu-Se distances in $11 four compounds lie 
between 2.46 and 2.57 A, the shorter ranges 
predominating in the copper-rich structures. 
Both Cul.&Se and Cu3Sezo contain very short 
Cu-Se distances of 2.35 A, although there is 
only one such distance per Se atom in Cu3Sez 
while in Cul.$e each trigonal copper site which 
is occupied involves three such interactions. 

The nzarcasite/pyr.ite pressure dependent trans- 
formation has been observed for FeS2, FeSe?, 
FeTez, CoSe?, CoTe2, and NiAsz as well as CuSez 
(25). These t~zarcasites are all 'normal' rnarcasites, 
i.e., Class B in Kjekshus' notation (23). (In all 
probability NiSb2 will undergo the same trans- 
formation.) In each of these compounds the 
same electronic configuration for the metal ion 
is to be expected in both modifications. The 
dominant feature in both structures is the 
presence of pairs of chalcogen atoms at distances 
comparable to  the interatomic distances in the 
elements themselves. For CuSez the Se-Se 
distances are esseatially equal to the intrachain 
distance of 2.32 A in hexagonal selenium. The 
distortion of the octahedral configuration of Se 
about Cu is dictated by the existence of these 
pairs and the requirement for tetrahedral con- 
figuration about each Se atom. The degree of 
distortion of the polyhedra are indicated by the 
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TABLE 3. Summary of bond angles in the marcasite and pyrite 
modifications of CuSe2 

Angle 

Configuration Bond Mareasite Pyrite 

Octahedral Se-Cu-Se 88 .O0, 92.0°, 180" 86.0", 94.0°, 180" 
Tetrahedral Cu-Se-Cu 119.0" (2), 94.2" 114.9" 
Tetrahedral Cu-Se-Se 108.8" (2), 106.5" 103.3" 

interatomic distances in Table 2 and the bond 
angles in Table 3. The distortion of the octahedra 
is greater in the pyrite modification (4") than in 
the marcasite (2"), while the reverse is true for 
the tetrahedra (6" and 15" max., respectively). 
The energy associated with the further distortion 
of the octahedra during the marcasite +pyrite 
transformation is balanced in part by the 
improvement in the tetrahedral configuration, 
and by the decrease in molar volume from 34.86 
to 34.45 cm3 mol-I. 
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GEORGE JUST, GRANT READER, and BERNADETTE CHALARD-FAURE. Can. J. Chern. 54, 849 
(1976). 

The Diels-Alder adduct of cyclopentadiene and 8-brorno acrylic acid 1 was converted to 
~,~-exo-6,7-(dihydroxy-di-O-isopropylidene)-2-hydroxy-3-oxabicyclo[3.2.1]octane (9) in an  
eight-step sequence and a 24% yield based on 1. Alternatively, the hemiacetal9 was obtained in 
five steps and 22% yield from norbornadiene through the intermediate lactone 11. The thio- 
sernicarbazone and sernicarbazone of 9 were prepared. The synthesis of the free aldehyde 13 
as well as that of the Wittig reaction products 12 and 19 are described. 

GEORGE JUST, GRANT READER et BERNADETTE CHALARD-FAURE. Can. J. Chern. 54, 849 
(1976). 

La rkction de l'acide 8-bromo acrylique 1 sur le cyclopentadkne conduit au produit d'addi- 
tion de Diels-Alder correspondant; ce dernier peut Ctre transformi en huit Ctapes avec un 
rendernent global de 24y0 bask sur 1 en D,L-exo-(dihydroxy-di-0-isopropylidene-6,7 hydroxy-2- 
oxa-3 bicyclo[3.2.l]octane 9. L'hCmiacCtal 9 a Cgalernent CtC obtenu en cinq Ctapes avec un 
rendement de 22'g ?i partir du norbornadikne et en passant par la lactone 11. On dkr i t  la 
preparation de la thiosernicarbazone et de la semicarbazone de 9 ainsi que la synthtse de 
1'aldChyde 13 et des produits 12 et 19 provenant de rkctions de Wittig. 

In a preliminary communication (I), we re- 
ported the synthesis of lactol9 and lactone 11. In 
this paper, we are giving a full account of this 
work and the description of a second pathway 
leading to 9 and 11. The syntheses of related 
derivatives and of the free aldehyde 13 are also 
described. These compounds are potential inter- 
mediates for the preparation of carbocyclic ana- 
logues of C-nucleosides. 

Condensation of 0-bromoacrylic acid 1 with 
cyclopentadiene in benzene (2) gave the Diels- 
Alder adduct 2 in 75% yield. This compound was 
almost exclusively the endo carboxylate isomer 
(3). Treatment of the acid 2 with diazomethane 
gave, in essentially quantitative yield, the ester 2a 
which was oxidized to the diol 3 with hydrogen 
peroxide and a catalytic (4) amount of osmium 
tetroxide. The diol3, mp 145 "C, was obtained in 
50% yield. The stereochemistry of the hydroxy 
groups in 3 was assigned on the basis of previous 
work (4, 5) which had shown the preferential 
exo-hydroxylation of bicyclic[2.2.1] systems of 
type 2. 

Attempts to hydroxylate the acid 2 directly 
were unsuccessful. Crude diol3 was converted to 

its isopropylidene derivative 3a in 60% yield 
based on adduct 2. Elimination of hydrogen 
bromide by treatment of 3a with 1,Sdiazabi- 
cyclo[5.4.0]undec-Sene afforded the olefinic 
ester 4. Upon treatment of diol 3 with acetic 
anhydride - pyridine, the olefinic diacetate 4a 
was obtained. Similarly, the olefinic carbonate 
derivative 4b was the major product from the 
reaction of diol 3 with phosgene in pyridine. It 
was not possible to obtain a pure sample of 3a 
for elemental analysis, although the compound 
was otherwise well characterized. Attempts at 
purification by column chromatography, on 
either silica gel or alumina (activity 1 or 111) 
always gave some elimination product 4. The 
a,p-unsaturated ester 4 could in fact be prepared 
by passing 3a through an alumina (activity I) 
column. 

Ozonolysis of 4 in methylene chloride at low 
temperature gave a stable ozonide which was 
assigned structure 6. Its nmr spectrum is con- 
sistent with this formulation. The carbomethoxy 
substituent does not influence the chemical shift 
of protons H5 and H6, which appear as a singlet 
at 6 4.92. Proton H3 gives a sharp doublet at  
6 6.0 (J = 7 Hz). Models indicate that protons 

'Holder of a National Research Council of Canada H3 and H4 are eclipsed in structure 6 while a 
Scholarship, 1971-1973. dihedral angle of 35" is found in the correspond- 
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3 R = H  
30 R-R = C(CH3): 

4 R-R = C(CH3h 
411 R = AC 
4h R-R = C-=O 

5 X = 0 ,  hydrated 
50 X = N-NH-C6H1(NO2)2 

ing isomeric ozonide. Comparison with sugar 
derivatives having a similar degree of substitution 
(6-9) suggests that a dihedral angle of 0" is more 
appropriate for a coupling constant of 7 Hz. 

Ozonolysis of the unsaturated ester 4 in 
methanol gave a white crystalline product, mp 
123-124 "C. The compound was assigned the 
structure 7 on the basis of the following evidence. 
The compound liberated iodine from acidified 
potassiunl iodide (10, 1 l), but failed to react with 
lead tetraacetate in both benzene and acetic 
acid (1 I). This indicated the presence of a dialkyl 
peroxide, and not a hydroperoxide. Hydro- 
peroxides react with lead tetraacetate releasing 
oxygen (11). Also in the nmr spectrum the ex- 
changeable proton absorbed at 6 4.53 whereas 
the proton of a hydroperoxide absorbs around 
6 9-9.5 (10). There are two sharp three-proton 
singlets at 6 3.47 and 3.84 assigned to the -0Me 
acetal and -0Me ester groups respectively. The 
C5 and C6 protons give an AX system at 6 4.40 
and 5.25, J = 6 Hz, with the implication that 
one is very much deshielded with respect to the 
other. This is consistent with an 'exo' attack of 
methanol on the intermediate zwitterion -E- 
0-0 (12) giving a product with the stereo- 
chemistry at C3 indicated in 7. The methoxy 
group is far removed from the proton at C5. 
We consider the formation of the zwitterion at 
C3 to be more likely than at Cz, which is a to a 
carbonlethoxy group. The proton at C3 appears 
as a singlet in the nnlr spectrum, but this would 
be expected with either of the possible stereo- 

chemistries a t  C3. The cyclic peroxide structure 
is similar to that found for the product of 
ozonolysis in methanol of phenanthrene (1 I). If 
ozonide 6 is treated with methanol at -60 "C a 
mixture of products is formed and not the 
product of ozonolysis using methanol as solvent. 

The ozonide 6 was smoothly reduced with 
dimethyl sulfide (13) to give the aldehydo-keto- 
ester 5. The nmr spectrum of 5 in deuterated 
chloroform or acetone-d6, showed a complex 
system of peaks in the isopropylidene regions 
and in the region of absorption of the methyl 
ester. The low field spectrunl indicated that the 
free aldehyde was present to the extent of only 
30%. In solution, the free aldehyde 5 is in 
equilibrium with its bridged hydrated form (14, 
15). Treatment of 5 in dimethyl formamide with 
2 molar equiv. of 2,4-dinitrophenylhydrazine and 
anhydrous hydrogen chloride gave a crystalline 
bis-2,4-dinitrophenylhydrazone, 50. 

Reduction of 5 ,  either with lithium aluminum 
hydride, or more conveniently with sodiunl 
borohydride, gave the trio1 8 which was charac- 
terized as its oily triacetate 80. Treatment of 8 
in aqueous solution with 1 n ~ o l  equiv. of sodium 
periodate (16) gave the hydroxy-aldehyde 9 
which exlsts entirely in its henliacetal form, as a 
mixture of isomers. Acetylation gave the mono- 
acetate 90, again as a mixture of isonlers (from 
the nnlr spectrum). Oxidation of 9 with Collins' 
(17, 18) or Fetizon's (19) reagents gave the 
lactone 11. Oxidation with ruthenium tetroxide 
proved to be unsatisfactory in this instance. 
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JUST ET AL. : VI 

12 R = H  
120 R = Ac 
12b R = T H P  

0 0 
X 

13 R = Ac, X = 0 
130 R = H ,  X = N-NH-CO-NH2 
13b R = Ac. X = N-NH-CO-NHI 
1 3 ~  R = H .  X = N-NH-CS-NH2 

, 

7 

RO 
0 0 

HO H 18 R = H  X 
180 R-R = C(CH3)2 

17 19 
SCHLMT 2 

Alternatively, permanganate oxidation of nor- prompt evaporation of the solvent. The structure 
bornadiene according to the procedure of Shealy of 16 was assigned by analogy with that of 6 but 
and Clayton (20) afforded the diol 18 in 28% this compound was not stable and was directly 
yield. We attempted to improve the yield of this reduced a t  low temperature with dimethyl 
reaction using catalytic osmylation (4) with sulfide according to the procedure of Pappas 
osmium tetroxide and hydrogen peroxide but et al. (13). The resulting dialdehyde 15 existed 
the yield did not exceed 30%. mainly in its bridged hydrated form (14, 15) as a 

Treatment of the diol 18 with acetone, 2,2- mixture ofseveral isomers and wascharacterized 
dimethoxypropane, and a trace of p-toluene- by its bis-thiosemicarbazone 150, mp 168 "C 
sulfonic acid afforded the isopropylidene deriva- (dec.). Attempts to reduce selectively one of the 
tive 180 in quantitative yield. Upon ozonolysis aldehyde functions failed. 
in rnethylene chloride at low temperature, olefin Reduction of the dialdehyde 15 with sodium 
18a gave ozonide 16 which could be isolated by borohydride or lithium aluminium hydride gave 
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852 CAN. 1. CHEM. VOL. 54, 1976 

the corresponding diol14. However, good yields 
of 14 with minimum handling were obtained 
when the olefin 18a was ozonolyzed in methanol 
at low temperature followed by a direct reduction 
with an excess of sodium borohydride at room 
temperature (21). During the ozonolysis, a white 
crystalline material, mp 124-125 "C, precipitated 
out of solution and was isolated by concentration 
of the solvent. The structure of this compound 17 
was assigned in an analogous manner to that of 
peroxide 7 and had a similar stereochemistry at 
C3. Direct reduction of peroxide 17 with sodium 
borohydride in methanol afforded diol 14, mp 
51 "C, in 65-70y0 yield. Acetylation gave the 
oily diacetate 14a in quantitative yield. 

Oxidation of 14 with Fetizon's reagent (19) in 
refluxing benzene provided the lactone 11, mp 
128-129 "C, in 98% yield. 

Reduction of 11 with diisobutylaluminium 
hydride (22) at low temperature afforded the 
lactol 9, mp 119.5-121 "C, in quantitative yield. 
The compound existed entirely in its hemiacetal 
form which appeared to be a (1 :1) mixture of 
isomers at C2 as shown by nmr spectroscopy. 
Two multiplets were found at 6 4.80 and 5.10 for 
the anomeric proton Hz. 

a-anomer ~-:inomer 

The doublet at 6 5.10 was tentatively assigned 
to the anomeric proton of the endo or a-anomer 
96. This conclusion was based on analogy with 
carbohydrates, in which the equatorial anomeric 
proton gives a signal at lower field (by about 
0.4 ppm) than the epimeric axial one (23). 

Similarly, the nmr spectrum of the acetate 9a 

suggested a 3:2 mixture of isomers at the 2 posi- 
tion. Although they had very close R, values, it 
was possible to separate the two compounds by 
thin layer chromatography on silica gel using 
hexane - ethyl ether (5:4) as eluant. The two 
anomers 96 and 9c had virtually identical infrared 
and mass spectra but different nmr spectra on 
which were based their structural identification. 

The major and less polar isomer (on silica gel), 
mp 98-99 "C, was assigned structure 96 or the a 
conformation. In its nmr spectrum, the C6 and 
C7 protons had the same chemical shift, giving 
an apparent singlet at 6 4.57.' The fact that 
neither of them was influenced by the acetate 
substituent at the 2 position suggested that the 
latter was attached as depicted in 96. Also, as in 
carbohydrates (23), the anomeric equatorial 
proton, Hz, appeared at lower field than the 
similar but axial hydrogen of the isomer 9c, 
giving a doublet at 6 5.90. The C4 protons were 
nonequivalent, giving an AB quartet with the 
axial proton, H4, being more deshielded by 1,3 
diaxial interaction with the acetoxy group. 

The minor and more polar isomer, mp 
94-96 "C, was assigned the alternate structure 9c. 
In this case, the equatorial acetoxy group possibly 
had a deshielding effect on the C7 proton which 
was no longer equivalent to C6 and both protons 
appeared as an AB quartet (J,;, = 6 Hz). As 
expected from models, the anomeric proton gave 
a singlet at 6 5.60. Also the AB quartet of the C4 
protons collapsed due to the upfield shift of the 
axial H4 doublet in the absence of 1,3-diaxial 
interaction with the acetoxy substituent. 

Treatment of hemiacetal9 with semicarbazide 
gave the semicarbazone 13a which was converted 
to its crystalline acetate 136, mp 158-159 "C. The 
crystalline thiosemicarbazone 13c was similarly 
prepared from 9. In both cases, only one 
geometric isomer was obtained as shown by a 
clear low field doublet (-CH=N-). 

The lactol 9 failed to react with unstabilized 
Wittig reagents. However, condensation of 
9 with carboethoxymethylenetriphenylphospho- 
rane in dimethylformamide at 90 OC (24) pro- 
vided the a,Bunsaturated ester 12 as the pure 
trans isomer. The ester 12 was further converted 
to its acetate 120 and tetrahydropyranyl 126 
derivatives. When the Wittig reaction mixture 
was evaporated and acetylated in situ, the 
acetate 12a was obtained in up to 85% yield. 

Because of the lack of reactivity of lactol 9 
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JUST ET AL.: VI 853 

towards unstabilized Wittig reagents, the free 
aldehyde 13  was prepared in the following 
manner. 

Hemiacetal 9 reacted slowly with N-methyl- 
ethanolamine in boiling benzene with continuous 
removal of water. The resulting oxazolidine 10 
was too unstable for purification (25) and was 
directly converted to its acetate derivative 10a. 
Attempts to purify the latter by chromatography 
led to a mixture of compounds. Accordingly, the 
crude acetate 10a was hydrolyzed with aqueous 
acetic acid to the aldehyde 13, the nmr spectrum 
of which showed a low field singlet for the 
aldehydic proton at 6 9.78 ppm. The compound 
appeared to decompose upon standing at room 
temperature in chloroform (25). For analytical 
purposes, it could be purified from minor impuri- 
ties by rapid chromatography through a short 
column of alumina (neutral, grade IV) using 
ethyl ether as e l ~ e n t . ~  The crude aldehyde 1 3  
was characterized as its crystalline semicarbazone 
13b, mp 158-159 OC, obtained in 48y0 yield 
based on the lactol9 and identical in all respects 
to the derivative obtained from the lactol 9 via 
the sequence 9 - 13a - 13b. 

N-Methylthioethanolamine (27) was similarly 
condensed with the hemiacetal 9. The stable N- 
methylthiazolidine lob obtained in 6OyO yield 
was further converted to its acetate 10c. Re- 
generation of the free aldehyde 13  from such 
derivatives can be performed with mercuric 
chloride in tetrahydrofuran-water (28). However, 
since the reagent itself was difficult to prepare as 
well as being very hygroscopic, this procedure 
was discarded. 

The most practical route to the free aldehyde 
13  which allowed the use of acid sensitive pro- 
tecting groups for the primary hydroxy function 
involved, as starting material, the unsaturated 
ester 12a. Treatment of a methylene chloride 
solution of the ester 12a with ozone at -60 OC 

2Aldehydes of types 13 are subj~ct  to epimerization (26). 
In our case, we have no evidence of such an epimerization 
as there-appeared to  be only one spot on tlc for the 
aldehyde, and the nmr spectrum showed only one low 
field aldehyde proton signal. However, as noted by 
Moffatt (25), chromatography of such molecules should 
not be used as a preparative procedure. For example, an 
attempt to recover from a reaction some unreacted 
aldehyde 13 led to the isolation of a mixture which had 
been partially converted to its more stable rratls isomer as 
shown by two aldehyde peaks in the nmr spectrum 
(6 9.74 and 9.82). 

followed by reduction with dimethyl sulfide (13) 
afforded an oily product homogeneous on tlc. 
The material gave a positive test for aldehydes 
using acidic dinitrophenyl hydrazine as a spray 
on tlc plates. It was found to be identical to the 
product previously obtained from the oxazolidine 
lob and gave the same semicarbazone derivative 
13b. Ethyl glyoxalate, formed during the reaction, 
was easily removed under high vacuum, and 
dimethylsulfoxide, the other by-product, was 
washed away with water. Conversion of the 
ester 12a to the pure aldehyde 1 3  was nearly 
quantitative. 

The free aldehyde 13  reacted with unstabilized 
Wittig reagents in the expected manner. For 
example, 13  reacted with triphenylphosphine and 
carbon tetrabromide in the presence of zinc dust 
(29) to give the dibromo olefin 19 in 60y0 yield. 
In the nmr spectrum of 19 the olefinic proton 
appeared as a low field doublet at 6 6.40 and the 
mass spectrum showed the characteristic pattern 
of a dibromo product (30) with base peaks at 
nz/e = 385 (M+ - CH3, Br81), 383 (M+ - CH3, 
Br79981), and 381 (M+ - CH3, Br7"). 

The use of hemiacetal9, lactone 11, and olefins 
12a and 19 as precursors of carbocyclic an- 
alogues of C-nucleosides will be discussed in 
following papers. 

Experimental 
Melting points were determined on a Gallenkamp 

block and are uncorrected. Mass spectra were obtained 
on an AEI-MS-902 mass spectrometer at  70 eV using a 
direct insertion probe. Nuclear magnetic resonance 
spectra were recorded on Varian T-60 and HA-100 
spectrophotometers using tetramethylsilane as an internal 
standard. Infrared spectra were determined on Unicam 
SP-1000 and Perkin-Elmer PE-257 infrared spectro- 
photometers. Analytical thin layer chromatography (tlc) 
was performed on silica gel coated plastic plates (Eastman 
Kodak) and on a preparative scale on silica gel (E.M. 
HF254+366) coated glass plates (20 cm X 20 cm X 1 rnrn). 
Woelm alumina (neutral) and silica gel were used for 
column chromatography. Microanalyses were carried 
out by Dr. C.  Daessle, Montreal. 

2-Bromotlorbortl-5-e,le 3-Carboxylic Acid, 2 
The compound was prepared in a manner similar to the 

method described by Alder er rrl. (2). Freshly distilled 
cyclopentadiene (37 ml) was added to rratls-8-bromo- 
acrylic acid, 1 (5 g) dissolved in 37 ml of benzene. The 
solution was refluxed for 1.5 h and then stripped of 
solvent and excess cyclopentadiene. Petroleum ether 
(20 ml) was added to  the residue and evaporated under 
reduced pressure. This was repeated. The residue was 
filtered and washed with small portions of petroleum 
ether. The product was recrystallized from ethyl acetate - 
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854 CAN. J. CHEM. VOL. 54, 1976 

petroleum ether: yield 7555, mp 130-136 "C (lit. (2) mp 
134 "C). If the solution was refluxed for longer than 1.5 h, 
it became difficult to separate the desired product from 
the dicyclopentadiene formed as a by-product of the 
reaction. The product is a mixture of both isomers with 
the endo acid as the major product. Infrared (KBr) 1720 
(acid C=O), 3450 cm-I (acid OH); nmr (CDCI3) 
6 1.77 (lH),  2.12 ( lH ,  AB, J = 10 Hz), 3.22 (m, lH), 
3.55 (d, 2H), 4.04 (m, lH), 6.25 (br s, 2H). 

2-Bromo-3-carbomerhoxyr1orbort1-5-et1e, 2a 
Diazomethane in ether (approximately 0.4 M solution) 

was added dropwise to  a stirred solution of 2-bromo- 
norborn-Sene 3-carboxylic acid, 2, (2 g) in 50 ml of ether, 
until a faint yellow colour persisted. The solution was 
evaporated to dryness, leaving a pale yellow liquid. 
Filtration of a chloroform solution of the product through 
a short silica gel column (30 g, activity I) gave the product, 
after evaporation of the solvent under reduced pressure. 
The yield was quantitative. Infrared (film) 1745 cm-1 
(C=O); nmr (neat, external TMS) 6 2.02, 2.36 (2H, AB, 
J = 9 Hz), 3.52 (m, 3H), 3.95 (s, 3H), 4.36 (m, lH),  6.50 
(br s, 2H). At~al. calcd. for C9Hl ,O,Br: C 46.8, H 4.8, Br 
34.6; found: C46.6, H 4.7, Br 34.4. 

2-Bromo-3-carbotnerIroxy-exo-5,6-dil1ydroxyt10rbortratre, 3 
Ester 2a (5 g, 18.9 mmol) and osmium tetroxide (15 mg 

in 3 ml of terr-butyl alcohol) were dissolved in 100 ml of 
ethyl ether. Hydrogen peroxide (30%, 2.7 ml, 2.7 mmol) 
was added in five lots over 8 h. Evaporation under reduced 
pressure followed by addition of ether gave, on cooling, a 
white crystalline product. The crystals were separated by 
filtration, and a further crop of crystals was obtained from 
the filtrate. The diol was recrystallized from ether or 
carbon tetrachloride: mp 144-145 "C, yield 50%. Infrared 
(KBr) 1733 (C=O), 3290,3430 cm-1 (OH); nmr (acetone- 
dg, internal TMS) 6 1.87 (m, 2H), 2.46 (m, 3H), 3.28 (m, 
IH), 4.33 (m, 2H), 3.75 (s, 3H), 3.60 (br, 2H). Atrnl. calcd. 
for C,H1304Br: C40.8, H4.9,  Br30.1; found: C40.9, 
H 5.0, Br 30.3. 

2-Bromo-3-corbotnerhoxy-5,6-(diI1ydroxy-di- O- 
isopropylidetze)t~orbort~a,re, 3a 

The diol obtained above, 3, (5 g, 16.4 mmol) was added 
to approximately 80 ml of reagent acetone containing 
10 ml of 2,2-dimethoxypropane. p-Toluenesulfonic acid 
monohydrate (10 mg) was added and the solution was 
stirred at  room temperature for 40 min. Evaporation to 
near dryness was followed by addition of 40 ml of meth- 
ylene chloride. The organic solution was washed twice 
with 10 ml of 1 M sodium carbonate and once with brine. 
The methylene chloride solution was dried over magne- 
sium sulphate, and evaporated to  give a heavy oil which 
failed to crystallize. Repeated attempts to purify a sample 
by chromatography on alumina and silica gel resulted in 
at  least partial elimination of hydrogen bromide. Infrared 
(film) 1738 (C=O), 1380 cm-1 (acetonide); nmr (CDC13) 
6 1.23 (s, 3H), 1.41 (s, 3H), 1.86 (m, 2H), 2.65 (m,  2H), 
3.16 (m, lH),  3.74 (s, 3H), 4.09 (m, 3H). The product was 
used without purification to prepare the norbornene 
derivative 4. 

2-Carbomethoxy-exo-5,6-(dilydroxy-di-0- 
isopropylidet1e)t1orbortr-2-etre, 4 

The crude product 3a from the above reaction was dis- 

solved in anhydrous ether (100 ml) and 1,5-diazabicyclo- 
[5.4.0]undec-Sene (DBU) (5 ml, 30 mmol), was added 
dropwise with cooling and vigorous stirring of the ether 
solution. After all the DBU had been added the solution 
was stirred for 30 min, the white precipitate (presumably 
DBU :HBr) was filtered off and washed several times with 
anhydrous ether. The ether solutions were combined and 
washed three times with 0.5 M hydrochloric acid and once 
with brine. Drying over magnesium sulphate and evapora- 
tion gave a colourless or pale yellow oil which crystallized 
on standing. The yield based on 3 was essentially quanti- 
tative. The product was best purified by dry column 
chromatography on Woelm 211 dry column alumina 
(activity III), eluting with chloroform; mp 60-62 "C. 
Infrared (KBr) 1719 (C=O), 1600 (C=C), 1390 cm-I 
(acetonide); nmr (CDCI,) 6 1.35 (s, 3H), 1.52 (s, 3H), 1.82. 
2.12 (2H, AB, J = 9 Hz), 3.00 (m, lH),  3.19 (br s, 1H). 
3.76 (s, 3H), 4.29 (br s, 2H), 6.97 (d, l H ,  J = 4 Hz); uv 
(methanol) A,,, 233 nm ( E  6700). Atral. calcd. for 
C I 2 H I G o 4 :  C 64.3, H 7.2; found: C 64.3, H 7.4. 

2-Carbotnetl1oxy-exo-5,6-dirice1oxy,lo,ort1-2-et1e, 40 
The diol obtained from 2 g of 2 was dissolved in 30 ml 

of pyridine and to  the solution was added 5 ml of acetic 
anhydride. The solution was allowed to  stir overnight at  
room temperature and was then worked up in the usual 
way. The product was chromatographed on a dry alumina 
column (Woelm, activity III), eluting with chloroform. 
This gave on evaporation a colourless oil, which failed to 
crystallize, in 90% yield. Infrared (film) 1728, 1752 cm-1 
(C=O); nmr (CDC13) 6 2.04 (s, 3H), 2.10 (s, 3H), 2.10 
(center of AB, J = 10 Hz), 3.03 (m, lH),  3.23 (br s, 1H). 
3.78 (s, 3H), 4.81 (d, 2H), 7.03 (d, l H ,  J = 4 Hz); uv 
(methanol) A,,, 228 nm, ( E  9000). Atral. calcd. for 
C13HlG06: C 58.2, H 6.0; found: C 58.1, H 6.2. 

2-Carbomeflioxy-5,6-dil1ydroxytrorbor11-2-e,re-di-O- 
carbotlrire, 46 

Diol 3 (1.2 g, 4.3 mmol) was dissolved in 35 ml of dry 
pyridine. The solution was cooled in ice water and 3.6 ml 
of a 12% solution of phosgene (12 mmol) in methylene 
chloride was added. The solution was slowly allowed to 
come to room temperature, and stirring was continued 
for 6 h. Crushed ice was then slowly added to the reaction 
mixture, and after the excess phosgene had been destroyed 
the reaction mixture was extracted with chloroform 
(3 X 30 ml). The solution was evaporated to near dryness. 
The oily residue was taken up in 40 ml of chloroform and 
the resulting solution was washed with 0.5 M hydro- 
chloric acid (3 X 15 ml). The chloroform layer was dried 
over sodium sulphate, and evaporated to  give 550 mg of a 
light brown oil, which crystallized on standing. The 
product was recrystallized from hexane - methylene 
chloride; yield: 60%; mp 118-119°C. Infrared (KBr) 
1720 (ester C=O), 1800cm-1 (carbonate C=O); nmr 
(CDCI,) 6 1.97 (m, 2H), 3.20 (m, lH),  3.54 (br s,  lH),  4.82 
(s, 3H), 4.73 (s, 2H), 6.99 (d, IH,  J = 4 Hz); uv (methanol) 
A,,, 223 nm, ( E  8400). At~riI. calcd. for CloHloO,: C 57.1. 
H 4.8; found: C 56.9, H 5.1. 

2-Carbotne~hoxy-5,6-(dil1ydroxy-di-O-isopropylirlet1e)- 
trorbortr-belle Ozotlide, 6 

The unsaturated ester 4 (2 g) was dissolved in dry 
methylene chloride (50 ml), cooled to  -60 "C, and treated 
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JUST ET AL.: VI 855 

with ozone in oxygen at the rate of 7 mmol of ozone per 
h. The reaction was continued until the blue colour 
characteristic of ozone persisted. The temperature of the 
solution was allowed to rise to room temperature and the 
solvent was evaporated under reduced pressure with the 
temperature of the water bath at 35 OC. The ozonide was 
obtained as a colourless oil in quantitative yield. Infrared 
(film) 1762 cm-1 (ester C=O); nmr (CDCI]) 6 1.35 (s, 3H), 
1.24 (s, 3H), 1.67 (br s,  2H), 2.65 (d of d, lH,  J14 = 7 Hz, 
JI4 = 3 HZ), 2.94 (d, lH,  J = 3 HZ), 3.88 (s, 3H), 4.92 (s, 
2H), 6.00 (d, l H ,  J14 = 7 HZ). The ozonide was not further 
characterized. 

Metl1yl-2-(2a,3a-dil~ydr~oxy-di-O-isopropylider1e-4~- 
aide/z~docycioper~t-IB-yi)giyoxy[nte, 5 

The methylene chloride solution of the ozonide 6 pre- 
pared from 3 g of 4 was cooled to -60 'C in a dry ice - 
acetone bath under nitrogen and dimethyl sulfide (4 ml) 
was added. The solution was stirred, and allowed to come 
slowly to room temperature. Stirring was continued for a 
total of 4 h. The methylene chloride solution was washed 
with saturated sodium chloride solution (5 X 15 ml). 
Drying over magnesium sulphate, and evaporation gave 
the oily aldehydo-ketoester. This compound was charac- 
terized as its bis-2,4-dinitrophenylhydrazone. Mass 
spectrum of 5,257 (M+ - OH), 241 (Mi - Hz0 - CHI, 
base peak). 

2,4-Dir1itroplze11yIIiydrazor1e of 5,  50 
2,4-Dinitrophenylhydrazine (400 mg, 2 mmol) was dis- 

solved in a minimum volume of dimethylformamide and 5 
(260mg, 1 mmol) was added. Anhydrous hydrogen 
chloride gas was bubbled through the solution for a few 
seconds and the solution was then left to stand. After a 
few minutes an orange material precipitated. The product 
was filtered and washed several times with small portions 
of cold methanol. The nrnr spectrum of the product, which 
is soluble in chloroform, indicated the presence of 1 mol 
of d~methylformamide of crystall~zation. The product was 
dissolved in methylene chloride and then reprecipitated 
w~th  dropwise addition of methanol and slow evaporation 
of methylene chloride. This procedure was repeated. 

The product 50 was obtained in 60% yield, decomposi- 
tion > 175 "C. Infrared (KBr) 3380 (NH), 1675 (C=O), 
1630 (C=N), 1600 (phenyl), 1520, 1345 cm-1 (-N02); 
nmr (CDCI]) 6 1.38 (s, 3H), 1.53 (s, 3H), 2.13 (m, 2H), 
2.95 (m, 2H), 3.97 (s, 3H), 4.94 (m, 2H), 6.02 (m, lH), 7.87 
(m, 6H), 9.00 (m, 2H). Ariui. calcd. for C24H24N8012: 
C46.8, H 3.8, N 18.2; found: C47.0, H 3.9, N 18.2. 

2- Carbometl1oxy-7,8-(clihydroxy-cli-0-isopropyiide1ie)-2- 
l1ydroxy-5-metlzoxy-3,4-dioxabicyclo[4.2.I]rio11atie, 7 

A solution of 4 (2.5 g in 40 ml methanol) at -60 "C 
was treated with ozone in oxygen at the rate of 7 mmol of 
ozone per h. After 1 equiv. of ozone had been added the 
solution was allowed to rise to room temperature and 
concentrated to approximately one third of its volume. 
The white, analytically pure, crystalline precipitate was 
filtered off and washed twice with small portions of cold 
methanol, yield 85y0, mp 123-124 "C. Infrared(KBr) 3470 
(0-H), 1740 (ester, C=O), 1380 cm-1 (acetonide); nrnr 
(CDC1,) a 1.28 (s, 3H), 1.42 (s, 2H), 1.82-2.65 (m, 4H), 
3.47 (s, 3H), 3.84 (s, 3H), 4.40 (d, IH, J67  = 6 HZ, Cs), 
4.53 (s, l H ,  exchangeable), 4.56 (br s, lH), 5.21 (d, 2H, 

C,). Ar~al. calcd. for C13H200S: C 51.3, H 6.6; found: 
C 51.5,H 6.6. 

(2a,3a-Dil1)~tlroxy-di-O-isop1~opy~icierie-4~-l1ydroxy1~et/i~l- 
cycloper~t-IB-yl)et/~yie~ieglyco~, 8 

The compound 5 (0.5 g) obtained from dimethyl sulfide 
work up of the ozonide 6 was dissolved in 40 ml of 
methanol, and sodium borohydride (600 mg) was added. 
The addition was strongly exothermic. The solution was 
allowed to stir for 3 h, then 0.5 M hydrochloric acid was 
added carefully over 10-15 min until the p H  was approxi- 
mately 4. The solution was evaporated to dryness and the 
residue, A, was extracted three times with hot chloroform. 
The chloroform was evaporated to leave 450 mg of the 
crude product as a colourless oil. Nuclear magnetic 
resonance (D20,  external TMS) 6 1.40 (s, 3H), 1.56 (s, 
3H), 2.16 (m, 4H), 3.72 (m, 4H), 4.57 ppm (m, 3H). 

No attempts were made to further purify the triol, and 
the product was characterized as the triacetate. 

I-(4~-Acetoxymetl1yi-2a,3a-dil1ydroxy-di-O-isopropy~i- 
der iec~c loperz t -1~l )e t /1~~ie1~eglyco l  Triacetate, 80 

The triol 8 obtained above was dissolved in 15 ml of 
pyridine and 5 ml of acetic anhydride. The solution was 
stirred at room temperature overnight and worked up in 
the usual way. The oily product was chromatographed on 
20 X 20 cm X 1 mm silica gel plates, eluting with 
chloroform - ethyl acetate (<2).  he product -was a 
colourless oil which failed to crystallize; yield, 600/,, 
based on 5. Infrared (film) 1750,1762 (acetate), 1380 cm-1 
(acetonide); nmr (CDCI]) 6 1.28 (s, 3H), 1.48 (s, 3H), 2.07 
(s, 6H), 2.10 (s, 3H), 2.24 (m, 4H), 4.27 (m, 6H), 5.18 (m, 
1H). Arial. calcd. for CI7H26o8: C 57.0, H 7.3; found: 
C 57.0, H 7.3. 

A higher yield (75'7;) of the triacetate is obtained if 
residue A is acetylated directly without extraction with 
chloroform. 

exo-6,7-(Dilzydro,~y-di-O-isopropylide11e)-Z-I1~~dro~~y-3- 
osabicyclo[3.2.l]octa11e, 9 

A. From Trio1 8 
Powdered sodium periodate (500 mg), was added to a 

stirred solution of the crude triol 8 (500 mg) in 40 ml of 
water. The solution was warmed slightly and was stirred 
for 15 min. The aqueous solution was then extracted with 
chloroform (4 X 15 ml), the organic solutions were com- 
bined, dried (magnesium sulfate), and evaporated to leave 
a colourless oil which crystallized on standing. Yield 
based on 5 as starting material, was 50%. 

The yield of hemiacetal 9 could be improved to 70%. 
based on 5, if the periodate cleavage was carried out 
i r~  sitlr, without isolation of the triol, as described in the 
following paragraph. 

The aldehydo-ketoester 5 (1 g) was treated with 300 mg 
of sodium borohydride in 50 ml of isopropyl alcohol. 
After the mixture was stirred for 3 h,  dilute hydrochloric 
acid was carefully added to bring the p H  of the solution 
to 5. The mixture was stirred for 20 min, filtered, and the 
filtrate evaporated to dryness. The residue was dissolved 
in water (100 ml) and treated with 1 g of powdered 
sodium periodate. After work up as above, a 70% yield of 
the hemiacetal 9 was obtained. The product reduced 
Fehling's solution and gave a positive test with purpald. 
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B. From Lacrotle 11 
A fresh solution of diisobutylaluminium hydride in 

toluene (0.181 M,  5.5 ml, 1 mmol) was added dropwise 
over a period of 20 min to a solution of lactone 11 (198 
mg, 1 mmol) in dry toluene (20 ml) at  -25 "C under 
nitrogen. The reaction mixture was then stirred at  this 
temperature for another 20 min after which tlc showed the 
disappearance of the starting material. The aluminium 
complex was precipitated by addition, at  -20 OC, of 2 ml 
of 2 M isopropanol in toluene and the aluminium com- 
plex was destroyed at  O°C by shaking with 0.2 ml of 
water and then 1 ml of ethyl acetate. Kieselghur (200 mg) 
and sodium sulfate were added and the mixture was filter- 
ed through a bed of Kieselghur. The solid mass was 
washed several times with toluene - ethyl acetate (4:l) 
and the combined filtrates were evaporated to give the 
white crystalline hemiacetal 9 as a mixture of anomers 
(1:l). An analytical sample was recrystallized from 
benzene-hexane. Yield 195 mg (98%); mp 1 19.5-121 "C. 
Infrared (KBr) 3370 (0-H), 2970 (C-H aliphatic), 1390 
cm-1 (acetonide); nrnr (CDCI,) 6 1.38 and 1.49 (2s, 6H, 
C(CH,)z), 2.18 (m, 4H, HI ,  Hs, C-CHZ-C), 3.66 (br s, 
1H exch. OH), 4.08 (m, 2H, -CHzO), 4.78 (m, 2H, H.5, 
H7), 4.80 (m, OSH, Hz), 5.10 ppm (m, 0.5H, HZ). NO 
detectable absorption in the aldehyde region. Mass 
spectrum m/e = 185 (M+ - CH,), 119, 100, 8 1. Atlal. 
calcd. for CloH1604: C 59.98, H 8.05; found: C 60.17, 
H 8.09. 

et1do,exo-2-Ace~oxy-exo-6,7-(di/1ydroxy-di-O-isopropyli- 
detre)-3-oxnbicyclo[3.2.I]oc~at1e, 9a 

The hemiacetal 9 (150 mg, 0.75 mmol) was acetylated 
with acetic anhydride (3 ml) in pyridine (5 ml) overnight. 
Work up as usual afforded the crude acetate which was 
purified by preparative tlc silica gel plates using ether- 
hexane (6:5) as eluant. Extraction of the large band (R, 
0.64.45) gave the white crystalline acetate 9 as a mixture 
of CZ-anomers (3 :2). 

A sample was recrystallized from ether-hexane. Yield 
135 mg (90%); mp 73-74 "C. Infrared (KBr) 1750 (C=O), 
1380 (acetonide), 1 0 4 0 ~ m - ~  (C-0). Mass spectrum 
m/e = 242(M+), 227(M+ - CH,), 183 (M+ - OCOCH,), 
167, 143, 125, 79. Atlal. calcd. for C12H180s: C 59.49, 
H 7.49; found: C 59.71, H 7.80. 

The two anomers were separated by preparative tlc on 
silica gel plates using ethyl ether - hexane ( 6 3 )  as eluant. 

(exo-2-Aceroxy) Isomer (or a-At~omer), 9b 
Extraction of the top of the large band (R, 0.6)after the 

chromatography plate provided the pure a-anomer 9b mp 
98-99 "C. Nuclear magnetic resonance (CDCl,) 6 1.37 and 
1.50 (2s, 6H, C(CH3)~), 1.60-2.33 (m, 4H, C-CH2-C, 
HI ,  Hs), 2.08 (s, 3H, OCOCH,), 3.80 (ABq, 2H, J = 11 
HZ, -CHzO-), 4.57 (s, 2H, H.5, H7), 5.90 (d, l H ,  J = 3 
HZ, Hz). 

(endo-2-Acetoxy) Isomer (or 8-Atlomer;), 9c 
The lower part of the band (R, 0.454.5) afforded the 

8-anomer mp 94.5-96 "C. Nuclear magnetic resonance 
(CDCl,) 6 1.37 and 1.50 (2s, 6H, C(CH3)~),  1.93-2.23 (m, 
4H, C-CHz-C, H I ,  Hs), 2.09 (s, 3H, OCOCH,), 3.73 
(m, 2H, -CHZO-), 4.63 (ABq, 2H, J = 6 Hz, H.5, H7), 
5.60 (s, 1 H, HZ). 

e.~o-6,7-Di/1ydroxy-di-O-isopr;opylidet1e-2-oxo-3-oxa- 
bicyclo[3.2.l]oc~atre, 11 

A .  From Hemiaceral9 
Wirh Collins' Reagetrr-Collins' reagent, C r 0 3 .  2py, 

(2.3 g, 9 mmol), was added in a nitrogen atmosphere, to a 
stirred solution of 9 (300 mg, 1.5 mmol) in 50 ml of dry 
methylene chloride. The solution became deep red and a 
dark red-brown precipitate quickly formed. Stirring was 
continued for 20 min, the mixture was then filtered, and 
the precipitate washed thoroughly with methylene 
chloride. The combined organic layers were washed with 
1 M sodium bicarbonate (3 X 15 ml), once with 15 ml of 
0.5 M hydrochloric acid, and once with brine. The 
organic layer was dried (magnesium sulfate), and evapo- 
rated to give the crystalline product, crude yield 80%. A 
chloroform solution of the lactone was filtered through a 
short silica gel (activity 111) column. The lactone was 
recrystallized from hexane- methylene chloride, yield 
70%, mp 128-129 "C. 

Wirlz Ferizotl's Reagetll (Silver Carbot~ure-Celile)-- 
Fetizon's reagent (19) (3 g) was added to a solution of the 
hemiacetal9 (I00 mg, 0.5 mmol) in 70 ml of dry benzene. 
The solution was refluxed vigorously for 24 h. After this 
time tlc indicated the presence of starting material, so a 
further 2 g of Fetizon's reagent was added and refluxing 
was continued for a further 14 h. The solution was then 
filtered through Celite, and evaporated to leave 70 mg of 
the crude product, yield 70%. The lactone was purified as 
above. 

B. Frotn Dial 14  
Fetizon's reagent (3 g) was added to a solution of the 

diol 14 (150 mg, 0.75 mmol) in 60 ml of dry benzene. The 
solution was stirred vigorously and refluxed overnight 
using a Dean-Stark condenser. At that time, tlc showed 
the absence of starting material and the solution was 
filtered through a bed of Celite. The solid material was 
washed several times with hot benzene and the combined 
filtrates evaporated under vacuum. The lactone 11 was 
obtained as white crystals. 

An analytical sample was recrystallized from hexane- 
dichloromethane. Yield 148 mg (98%); mp 128-129 "C. 
Infrared (KBr) 2970 (C-H aliphatic), 1750 (C=O), 1390 
(acetonide) 1030 cm-1 (C-0); nrnr (CDCI,) 6 1.33 and 
1.48 (2s, 6H, C(CH3)2), 2.01 (m, 2H, H8), 2.43 (m, l H ,  
Hs), 2.97 (m, IH, H,), 4.23 (m, 2H, -CHzO), 4.60 (br s, 
2H, H6,  H7). Mass spectrum m/e = 183 ( M C  - CH3), 
141, 101, 99. Atlal. calcd. for ClOHI4O4: C 60.60, H7.07; 
found: C 60.47, H 7.12. 

cis-ex0-5,6-Di/1ydroxy-di-O-isoprop~lidetret1orb0~-2- 
etle, 18a 

Diol 18 (1.2 g, 10 mmol) (20) was dissolved in 25 ml 
of dry acetone containing 10 ml of 2,2-dimethoxypropane 
and a crystal of p-toluenesulfonic acid. The solution was 
then stirred a t  room temperature for 3 h. After concentra- 
tion under vacuum (35 "C) to about 2 ml, chloroform was 
added and the organic layer was washed twice with brine. 
once with 10 ml of water, and then dried over magnesium 
sulfate. Evaporation gave a yellow brown liquid which 
was passed through a short column of alumina (neutral 
Grade 3) using hexane-chloroform (8:2) as eluant. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JUST ET AL.: VI 857 

product 18a was obtained as a colourless liquid in 
quantitative yield. 

A sample for analysis was distilled, mp 19 "C; bp 
75.5 "C/16 torr. Infrared (film) 2990, 2970 (C-H alipha- 
tic), 1387, 1377 cm-1 (acetonide); nrnr (CDC13) 6 1.32 and 
1.42 (2s, 6H, C(CH3)2), 1.63 (m, lH ,  H,,, 1.92 (m, lH ,  
H7& 2.72 (m, 2H, H I ,  H4), 4.20 (m, 2H, H2, H3), 6.70 (m, 
2H, H5, H6). Mass spectrum m/e = 151 (M+ - CH3), 
108, 100, 79, 66. Atlal. calcd. for CIOHI402: C 72.28, 
H 8.43; found: C 71.93, H 8.37. 

cis-exo-5,6-Dil1ydroxy-di-O-isopropylidenet1orbort1-2-e,le 
Ozonide, 1 6  

The olefin 18a (250 mg, 1.5 mmol) was dissolved in dry 
methylene chloride (40 ml), cooled to -60 "C and treated 
with ozone in oxygen at  a rate of 7 mmol of ozone per h. 
The reaction was continued until the blue colour charac- 
teristic of ozone persisted. The excess of ozone was re- 
moved by bubbling nitrogen through the solution. 
Evaporation of the solvent under reduced pressure 
(temperature of the bath below 35 "C) gave the ozonide 16 
as a white foam in quantitative yield. Infrared (CHC13) 
1390, 1380 cm-I (acetonide); nmr (CDC13) 6 1.32 and 1.41 
( 3 ,  6H, C(CH3)2), 1.48 (m, 2H, -CH2-), 1.93-2.73 (m, 
2H, HI ,  H4), 4.93 (s, 2H, H5, H6), 5.93 (d, 2H, J = 6 Hz, 
Hz, H3). The ozonide was not further characterized. 

2,4-Dil1ydroxy-exo-6,7-(dil1ydroxy-di-O-isopropylidet1e)- 
3-oxabicyclo[3.2.l]ocrat1e, I5 

A methylene chloride solution of the ozonide 16 pre- 
pared from 400 mg (2.4 mmol) of the olefin 180 was 
cooled to -60 "C under nitrogen and dimethyl sulfide 
(1 ml) was added. The solution was allowed to warm up 
slowly to room temperature and stirred for a total of 4 h. 
The solution was then washed with brine (5 X 10 ml), 
dried over magnesium sulfate, and evaporated to give the 
dialdehyde 15 as a white foam. Yield 456 mg (99% based 
on olefin 18a). Infrared (CHC13) 3400 (0-H), 2970 
(aliphatic C-H), 2700 (aldehydic C-H), 1730 (weak, 
C=O aldehyde), 1390cm-I (acetonide); nrnr (CDC13) 
6 1.35 and 1.48 (2s, 6H, C(CH3)2), 1.83-3.23 (m, 4H, 
-CH2-, HI ,  H,), 4.4Ck5.30 (m, 6H, Hz, Ha, H7, 2 exch. 
0-H), 9.67 (s, 0.2H, aldehyde). Mass spectrum m/e = 
216 (M+), 215 (Mf - H), 200 (Mf - CH3-H), 199 
(Mf - OH), 183 (Mf - CH3 - H20), 171, 111. The 
compound was characterized as its dithiosemicarbazone 
15a. 

Dithiosemicarbazorle of 15,15a 
Hemiacetal 15 (107 mg, 0.5 mmol) was dissolved in 15 

ml of methanol containing 100.5 mg (2 equiv.) of thio- 
semicarbazide. The mixture was warmed up to 40-50 "C 
to dissolve the reactants and then allowed to stand at 
room temperature for 2 h. The white precipitate formed 
was collected by filtration and washed with small portions 
of methanol. An analytical sample was recrystallized 
from methanol-ther. Yield 85 mg (50%); mp 168 "C 
(dec.). Infrared (Nujol) 3440,3380,3310 (NH, NHz), 1610 
(C=N), 1540 (C==S), 1075, 1050 cm-I; nrnr (DMSO-d6) 
6 1.28 and 1.43 (2s, 6H, C(CH3)2), 1.73-2.23 (m, 2H, 
-CH2--), 2.66-2.90 (m, 2H, H I ,  H4), 4.73 (m, 2H, H2, 
H3), 7.43 (d,  2H, J = 5 Hz, -CH=N), 7.97 (br, s, 4H 
exch., NH2), 11.10 (2H exch., NH). Mass spectrum 

m/e = 344 (Mf), 329 (Mf - CH3), 268 (M+ - CH3 - 
CSNH2 - H), 254 (M+ - CH3 - NHCSNHz), 194 
( M +  - 2 (NHCSNHl)), 179 (Mf - CH3 - 2 (NHC- 
SNH2)), 133, 131, 116, 101 (CH=NHCSNH2), 91. Anal. 
calcd. for C12H2~N602S2: C41.86, H 5.85, N24.40, 
S 18.68; found: C42.09, H 5.66, N 24.20, S 18.91. 

2-Hydroxy-5-metho.u?;-7a,8o-(diI1ydroxy-di-O- 
isopropyliriet1e)-3,4-dioxabicyclo[4.2.I]t1otrat1e, I 7  

A solution of the olefin 18a (200 mg, 1.2 mmol) in 40 ml 
of methanol was treated a t  -60 "C with ozone in oxygen 
at  the rate of 7 mmol of ozone per h. After 1 equiv. of 
ozone had been added, the solution was allowed to warm 
to room temperature and concentrated to 5 ml. The white 
crystalline precipitate was filtered off and washed twice 
with small portions of cold methanol. Yield 90%; mp 
125-126°C. Infrared (KBr) 3430 (0-H), 1 3 9 0 ~ m - ~  
(acetonide); nrnr (CDC13) 6 1.23 and 1.37 (2s, 6H, 
C(CH3)2), 1.93 (m, 2H, -CH2-), 2.37 (m, 2H, HI ,  H6), 
3.43 (s, 3H, OCH,), 3.50 (s, 1H exch., OH), 4.34 (d, lH ,  
J,j7 = 6 HZ, H7), 4.56 (br s, lH ,  H,), 5.18 (d,  l H ,  Jsl = 
6 Hz, Hs), 5.26 (m, lH ,  Hr). Mass spectrum: m/e = 233 
(M+ - CH3 - H), 214, 186, 142, 125, 11 1. Anal. calcd. 
for CllHI806: C 53.65, H 7.31 : found: C 53.71, H 7.23. 

Ip,4p-Dil1ydroxyme1l1yl-2a,3~-(riiI1ydroxy-di-O- 
isopropyiidetie)c~~clope~~~at~e, 1 4  

A solution of the olefin 18a (2g. 12 mmol) in 60 ml of 
dry methanol was cooled to -50 "C and treated with 
ozone in oxygen at  the rate of 7 mmol of ozone per h. 
After 1 equiv. of ozone had been added, nitrogen was 
bubbled through the solution to remove the excess of 
ozone. The solution was allowed to warm up to room 
temperature and sodium borohydride (1 g, 4 equiv.) was 
added slowly such that the temperature did not exceed 
40 "C. After stirring overnight at  room temperature, the 
excess of reagent was destroyed by slow addition of dilute 
hydrochloric acid until neutralization. The methanol was 
evaporated under vacuumand the aqueous layer, saturated 
with potassium carbonate, was extracted with ethyl 
acetate (3 X 40 ml). The extracts were combined, dried 
over sodium sulfate and evaporated to give the diol14as 
a colourless oil. The product crystallized from petroleum 
ether - dichloromethane. Yield 1.70 g (7Op;); mp 51- 
51.5 "C. Infrared (CHCI3) 3400 (OH), 2970 (C-H), 1390 
cm-1 (acetonide); nmr (CDC13) 6 1.32 and 1.52 (2s. 6H, 
C(CH,),), 1.87-2.23 (m, 4H, -CH2-, H I ,  H4), 3.12 (s, 2H 
exch., OH), 3.12 (d, 4H, J = 6 Hz, -CH20H), 4.42 (m, 
2H, H,, H 3 )  Mass spectrum m/e = 187 (M+ - CH3), 
169 (M-'- CH3 - HIO), 145, 127 (M+ - CH3 - 
2CH20), 109, 81. Anal. calcd. for C10H1804: C 59.40, 
H 8.97; found: C 59.83, H 9.09. 

Ip,4p-Diacetox~rne1l1~~~l-Za,3a-(dil1~drox~-di-O- 
isopropylidet~e)cyclopet~tat~e 140 

Acetic anhydride (3 ml) was added to a solution of the 
diol 14 (100 mg, 0.5 mmol) in 5 ml of dry pyridine. The 
solution was stirred overnight and then poured in ice 
water (10 ml). The solution was extracted with chloroform 
and the organic layer was washed with dilute hydrochloric 
acid and then water. After evaporation of the solvent, the 
crude diacetate was obtained. Purification by passage 
through a short column of silica gel (grade 3) using ethyl 
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ether as eluant gave 14a as a colourless oil. Yield 140 mg 
(985;). Infrared (CHC13) 2970 (C-H), 1745 (C=O 
ester), 1390 (acetonide), 1030 cm-1 (C-0); nmr (CDC13) 
6 1.33 and 1.51 (2s, 6H, CiCH3)2), 1.90-2.66 (m, 4H 
-CHz-, HI ,  H4), 2.10 (s, 6H, 0COCH3), 4.18 (d, 4H, 
J = 5 Hz, -CH20Ac), 2.73 (m, 2H, H7, H3). Mass 
spectrum m/e = 271 (Mi - CH3), 228 (M+ - CH3 - 
COCH3), 169, 151, 127,109,91. Arlui. calcd. for Cl4H22O6: 
C 58.73, H 7.75; found: C 58.63, H 7.57. 

/p-Formyl-2~,3a-(dil1ydrox;v-di-O-isopropyliclet1e)-4p- 
l~droxyme/l~lc)~clopet~trrt~e Tl~ioser~zicarbazorle, 13c 

Thiosemicarbazide (75 mg, 0.8 mmol) was added to a 
solution of the hemiacetal9 (150 mg, 0.75 mmol) in 20 ml 
of methanol. The solution was refluxed with a Dean- 
Stark trap containing molecular sieves (type 3A) for 20 h. 
Evaporation and purification of the residue by preparative 
tlc using ethyl acetate - ether (9:l) as the solvent system 
afforded 175 mg of white foam. The product crystallized 
from chloroform-ether. Yield 85%; mp 127-128 "C. 
Infrared (CHCI,) 3520, 3380 (NHz), 3350, 3180 (multiple 
bands, 0-H, NH), 1590 (C=N), 1525 (C=S), 1385 
cm-I (acetonide); nmr (CDCI,) 6 1.33 and 1.53 (2s, 6H, 
C(CH3)2), 1.92-2.50 (m, 3H,-CHI-, H4), 2.73-3.10 (rn 
IH, HI),  3.23 (br s, 1H exch., OH), 3.67 (d, 2H, J = 6 Hz, 
-CHzOH), 4.40-4.77 (m, 2H, HZ, H3), 7.13 (m, 2H 
exch., NH2), 7.56 (d, lH,  J = 5 Hz, -CH=N), 10.33 
(br s, 1H exch., NH). Mass spectrum m/e = 273 (M+), 
258 (M+ - CH3), 241 (Mi - CH3 - NHz), 199 (M+ - 
CH3 - CSNH), 198 (M+ - NH2 - CSNH), 184 (Mi - 
NHzCSNHN), 102 (CH - N - NH - CSNHl). Anal. 
calcd. for CllH19N303S: C48.34, H7.01, N 15.38, 
S 11.71; found: C47.93, H 7.16, N 15.79, S 11.59. 

Ip-For~nyl-2~,3a-(dil1y~lrosy-cli-O-isoprop~~lider1e)-4~- 
l~yciro.~)~metl~ylcyclope~~ta~~e Sernicarbazorle, 13a 

The hemiacetal 9 (150 mg, 0.75 mmol) in 20 ml of 
methanol was added to a solution of semicarbazide 
hydrochloride (92 mg, 0.75 mmol) and sodium acetate 
(67.5 mg, 1 equiv.). The resulting mixture was stirred 
overnight at room temperature. After evaporation of the 
solvent, the residue was purified by chromatography on a 
column of alumina (neutral Grade 4) using ethyl acetate - 
methanol (7:3) as eluant. The semicarbazone 13a was 
recovered as a white foam which failed to crystallize. 

Alternatively, the semicarbazone 13a was prepared by 
refluxing a mixture of lacto19 and semicarbazide(1 equiv.) 
for 1 h. Semicarbazide was obtained by treatment of its 
hydrochloride salt with Dowex (OH-) resin. Yield 70%. 
Infrared (film) 3500 to 3350 (multiple bands, NH?, NH, 
OH), 1690 (C=O amide), 1385 cm-I (getn-dimethyl); 
nmr (acetone-ds) 6 1.27 and 1.43 (2s, 6H, C(CH3)2, 
1.77-2.43 (m, 4H, -CH2-, H4, OH), 2.67-3.00 (m, 
lH, HI), 3.53 (d, 2H, J = 6 HZ, -CHzOH), 4.37-4.80 
(m, 2H, Hz, H3), 6.38 (br s, 2H exch., NHz), 7.26 (d, IH, 
J = 5 Hz, -CH=N), 9.93 (br s, 1H exch., NH). Mass 
spectrum rn/r = 257 (M+), 242 (M+ - CH3), 199 (M+ - 
CH3 - CONH), 183 (M+ - CH3 - NHlCONH), 168 
(M+ - CH3 - CONH2 - CHlO), 156 (M+ - CH3 - 
CH=N-NH - CONH2), 131,103. 

1~-Formyl-4p-r1ce/ox~~t~ietl1jl-2a,3a-(~Iil1y~Iroxy-cii-O- 
isoprop~~licier~e)cjclope~~~u~~e Sernicr~rbazone, 13b 

The semicarbazone 13a (60 mg, 0.54 mmol) was dis- 
solved in 3 ml of pyridine, and 2 ml of acetic anhydride 

were added. The solution was stirred at room temperature 
overnight. After evaporation of the solvent, the residue 
was purified by preparative tlc. Elution with ethyl acetate- 
methanol (7:3) afforded 170 mg of oily product ( R ,  0.8). 
The compound crystallized from ether - petroleum ether. 
Yield 957h; mp 158-159 "C. Infrared (CHC13) 3540, 3420 
(NH*), 1745 (C=O ester), 1700 (C=O amide), 1640 
(C=N), 1390 cm-I (gem-dimethyl); nmr (CDC13) 6 1.33 
and 1.50 (2s, 6H, C(CH3)2), 2.10 (s, 3H, OCOCH,), 
1.87-2.60 (m, 3H), 2.88 (m, IH, HI), 4.12 (d, 2H, J = 
6 Hz, -CHrOAc), 4.50 (m, 2H, H2, H3), 5.83 (br s, 2H 
exch., NH2), 7.26 (d, IH, J = 5 Hz, - C H i N ) ,  9.83 
(br s, 1H exch., NH). Mass spectrum m/e = 299 (M+), 
284 (M+ - CH3), 255 (M+ - CONHz), 241 (M+ - 
CH3 - COCH3), 215, 199, 169, 151, 95; uv  (EtOH) 
A,,, 269 nm. Arrcrl. calcd. for C13H2105N3: C 52.16, 
H 7.07, N 14.04; found: C 52.37, H 7.08, N 14.30. 

/rcrr1s-E~l1yl-3-(2'a,3'a-clil1jriro.~y-rii-O-isopropjlider1e- 
4'p-l1yriro.~ytnetl1~~lcyclope11/-1'~-yI)acryIc1te, 12 

Carboethoxymethylenetriphenylphosphorane (550 mg. 
2.75 mmol) was added to the hemiacetal 9 (300 mg, 1.5 
mmol) in 15 ml of dimethylformamide. The solution was 
heated at 95 "C for 6 h, cooled, and stripped of soIvent by 
evaporation under high vacuum using toluene as a chaser. 
The residue was purified by chromatography on a silica 
gel column (activity 3) eluting with ethyl acetate - meth- 
an01 (7:3). The unsaturated ester was recovered as a 
yellow oil. Yield 75%; Infrared (film) 3400 (0-H), 1725 
(C=O ester), 1665 (C=C), 1 3 8 0 ~ m - ~  (gem-dimethyl); 
nmr (CDC13) 6 1.26 (t, 3H, J = 7 Hz, -CH2-CH3), 1.28 
and 1.50 (2s, 6H, C(CH3)2), 1.73-3.00 (m, 4H, C- 
CH2-C, HI,, H4,), 3.60 (d, 2H, J = 5 HZ, -CHZOH), 
4.10 (q, 2H, J = 7 Hz, -CH2-CH3), 4.35 (m, 2H, Hz,. 
H3,), 5.79 (d of d, lH,  J = 16 HZ, J = 2 HZ, H2), 6.83 
(d of d, lH ,  J = 16 Hz, J = 7 Hz, H3). Arzal. calcd. for 
CI4H2205: C 62.38, H 8.20; found: C 62.40, H 7.95. 

/rrrr1s-E~l1yl-3-(4'p-u~e~o~y~netI1yI-2'a,3'a-dihyri~~o~y-~ii-O- 
isopropyli~ferer2ecyclope11t-1'~-yl)acryIa/e, 120 

The crude unsaturated ester 12 (400 mg) was acetylated 
with acetic anhydride - pyridine in the usual way. After 
evaporation of the solution to dryness, the residue was 
purified by chromatography on a silica gel column 
(activity Ill) eluting with ethyl acetate. The acetate was 
obtained as a slightly yellow oil. Yield 395 mg (85%. 
based on the hemiacetal 9). Infrared (film) 1750 (C=O 
acetate), 1725 (C=O ethyl ester), 1660 (C=C), 1380 
cm-1 (gern-dimethyl); nmr (CDC13) 6 1.27 (t, 3H, J = 
7 Hz, -CH2-CH3), 1.29 and 1.50 (2s, 6H, C(CH3)z). 
2.06 (s, 3H, 0COCH3), 1.92-3.03 (m, 4H, C-CH2-C, 
HI,,  H4,), 4.10 (d, J = 5 HZ, -CH~OAC), 4.13 (q, 2H, 
J = 7 Hz, -CH2-CH3), 4.40 (m, 2H, HZ,, H3,), 5.75 
(d of d, lH,  J = 16Hz,! = 2Hz,  Hz), 6.97 (d of d ,  lH,  
J = 16 HZ, J = 7 HZ, H3); uv  (EtOH) A,,, 220 nm 
( e  = 13 000). Mass spectrum m/e = 297 (M+ - CH3), 
271, 267 (M+ - 0C2H5), 254 (M+ - CH3 - COCH3), 
252 (M+ - CH3 -OC2H5), 209 (M+ - CH3 - COCH3 
- OCIH~), 194, 177, 149, 98, 91. Arlcrl. calcd. for 
C16H2406: C 61.5, H 7.8; found: C 61.9, H 7.47. 

/rcrr1s-E/l1yl-3-(I"a,3'a-riil1ydrox~~-cii-O-isopropylicierer2e- 
4'p-terr~l1)~dropyrar1ylcyclo~er1/-I'p-yl)c1cryla~e, 12b 

To a solution of unsaturated ester 12 (238 mg, 0.76 
mmol) in anhydrous ether (25 ml) was added dihydro- 
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JUST ET AL.: VI 859 

pyran (64 mg, 10 equivl.) and a crystal of p-toluenesul- 
fonic acid. The reaction mixture was stirred overnight at 
room temperature. After evaporation of the solvent, the 
residue was passed through an alumina column (neutral, 
Grade IV), eluting with hexane - ethyl acetate (4:l). The 
tetrahydropyranyl ether was recovered as a slightly yellow 
oil. Yield 255 mg (95%). Infrared (film) 1730 (C=O 
ester), 1665 (C=C), 1390, 1380cm-1 (gem-dimethyl); 
nmr (CDC13) 6 1.27 (t, 3H, J = 7 Hz, -CH2--CH3), 
1.30 and 1.52 (2s, 6H, C(CH3)2), 1.67 (m, 6H, -CHz- 
(CHZ)~-CH), 2.W3.03 (m, 4H, -CH-CH2-CH, HI,, 
H4,), 3.34-3.87 (m, -CH20-CH-), 3.70 (d, 2H, J = 
5 HZ, -CHzOTHP), 4.18 (q, 2H, J = 7 HZ, OCH2- 
CH3), 4.43-4.58 (m, 3H), 5.88 (d of d ,  1H, J = 16Hz,  
J = 2 HZ, Hz), 6.97 (d of d, 1H J = 16 Hz, J = 7 HZ, H3). 
Mass spectrum m/e = 354 (Mf),  339 (Mf - CH3), 309 
(Mf - OCzHs), 255 (Mf - CH=CH-C02C2H5), 212, 
183, 177, 149, 91, 85. Atral. calcd. for C19H3006: C 64.38, 
H 8.53; found: C 63.83, H 8.56. 

colourless oil. Yield 98%. Infrared (CHC13) 2800 (N- 
CH3), 1745 (C=O acetate), 1390 cm-I (gem-dimethyl); 
nmr (CDC13) 6 1.37 and 1.57 (2s, 6H, C(CH3)2), 2.10 (s. 
3H, COCH3), 2.11-2.65 (m, 4H, HI, ,  H4,, Hs,), 2.30 (s, 
3H, -N-CH3), 3.10 (AA'BB', 4H, -S-CH2-CHz), 
4.17 (d, 2H, J = 6 Hz, -CH2OAc), 4.20-4.67 (m, 3H. 
Hz,, H39, Hz). Massspectrum ~ n / e  = 315 (Mf), 300(M+ - 
CH3), 268 (Mf - CH3 - S), 257 (Mf - CH3 -COCH3), 
240, 227, 183, 125, 102. Atlal. calcd. for Cl5H25NO4S: 
C 57.13, H 7.99, N4.44, S 10.15; found: C56.86, 
H 7.66, N 4.23, S 10.03. The compound was directly 
acetylated. 

1fl-Fornr)~l-4p-ace/oxyme/lryl-2a,3a-(dilryclrox)-rli-O- 
isopropylidet~e)cyclopet~/nt~e, 1 3  

A. Frotn Oxazolidit~e 10 
The crude oxazolidine 10 (145 mg) was treated with 

acetic anhydride (3 ml) in pyridine (5 ml) at  room tem- 
perature overnight. After evaporation of the solution to 
'dryness, the cruhe acetate loci was treated with aqueous 

N- M e r l r y l - 2 - ( 2 ' ~ t , 3 ' a - d i / 1 y r l r . o x y - O t r e -  acetic acid (50C/o, 10 ml) for 4 h. The aqueous solution 
4 ' f l - l ~ ~ d r o x ~ ~ ~ 1 e ~ l ~ ~ l c ~ c l o p e 1 1 ~ - ~ ' f l - ~ l ) x d ,  1 0  was extracted with dichloromethane (3 X 15 ml). The 

~ e m i a c e t a l 9  (100 mg, 0.5 mmol) was dissolved in 15 ml combined extracts were washed with cold water, dried 
of dry benzene containing N-methylethanolamine (76 over sodium sulfate, and evaporated to dryness giving 
mg, 1 mmol) and the resulting mixture was refluxed with a 95 mg of crude aldehyde 13. 
Dean-Stark trap filled with molecular sieves (type 3A)  he aldehyde 1 3  was characterized as its semicarbazone 
for 48 h. After the under vacuum, which crystallized from the reaction mixture after several 
the oxazolidine 10 was obtained as a crude oil (145 mg). days.  hi^ compound was identical in all respects to 136 
Attempts to purify lhe product c h r o m a t o g r a ~ h ~  led to as obtained from 9. Yield 75 mg (48%, based on the 
its decomposition. Infrared (film) 3420 (0-H), 2820 hemiacetal 91, mp 156-157 OC, 

(N-CH3), 1470, 1390 cm-I (gem-dimethyl); nmr (CDC13) B. From Esler 12fl 
and (2s3 6H, C(CH3)2), 1.73-2.33 (m, 3H)7 A solution of the acrylate 1Zfl (196 mg, 0.63 mmol) in 2.27 (s, 3H, N-CH,), 2.43-2.77 (m, 2H), 3.67 (d, 2H, dry methylene chloride (30 was treated at-60 oc 

J = 6 Hz, -CHzOH), 3.67-4.00 (m, 5H, -CH2-0, Hz), 
4.37-4.67 ppm (rn, 2H, Hz,, H 3 )  Mass spectrum (70 eV) with Ozone in Oxygen at a rate of mmol of Ozone per h' 

The reaction was continued until the blue colour charac- 
r'r'e = 257 (Mf)' 242 (Mf - CH3)' 226 (Mf - CH20H)' teristic of ozone persisted. Excess of ozone was removed 187,86. by bubbling nitrogen through the solution and dimethyl 
N- Me/l1yI-2-(2'a,3'a-di/r).h.oxy-di-O-isoprop~lidet~e- sulfide (1 ml) was added at  -40 "C. The solution was 

4'fl-ll~~d~~xytne//rylc~clopeIl/-lfp-~~I)/II~n~o~;~~~IIe, I O ~  stirred and allowed to rise slowly to room temperature. 
A mixture of the hemiacetal 9 (100 mg, 0.5 mmol) and The methylene chloride solution was then washed with 

N-methylthioethanolamine (48 mg, 1.1 equiv.1 was re- saturated sodium chloride (3 X 15 ml) and dried over 
fluxed in benzene with a ~ ~ ~ ~ - ~ t ~ ~ k  trap filled with sodium sulfate. Evaporation under high vacuum afforded 
molecular sieves (type 3A) for 48 h. Evaporation of the the aldehyde 13  as a colourless oil. Yield 98%. lnfrared 
solvent afforded 150 mg of oily product which was (CHC13) 2990 (C-H aliphatic), 2730 (C-H aldehydic), 

purified by preparative tlc (ethyl ether as solvent system). 1730, 1735 (C=O ester, 1390cm-1 (gem- 
The thiazolidine 9 was recovered as a coIourless oil (R, dimethyl); nmr (CDC13) 6 1.33 and 1.50(2s, 6 ~ ,  c(cH~)~),  
0.3). Yield 85 mg (60');). Infrared (CHC1,) 3360 (0-H), 1.8C-2.73 (m, 3H, Hs, H4), 2.05 (s, 3H, OCOCH~), 3.99 
2900 (N-CH3), 1380 (gern-dimethyl) 1100 cm-1; nmr (d, 2H, J = 6 HZ, -CHzOAc), 4.17 (m, l ~ ,  H I ) ,  4.42 (m, 
(CDC13) 6 1.33 and 1.50 (2s, 6H, C(CH3)2), 1.97-2.33 (m, IH,  Hz), 4.93 (m, 1H, H3), 9.74 (s, 1H, CHO). Mass 
4H, HI, ,  H4,, H5,), 2.17 (s, 1H exch., OH), 2.38 (s, 3H, ~ ~ e c t r u m n l / e  = 242 (Mf),227 (Mf - CH3), 184(Mf - 
N-CH3), 2.83-3.23 (AA'BB', 4H, -S-CH2-C~2), CH3 - COCH3), 142, 124, 95, 79. Atral. calcd. for 
3.67(d, 2H, J = 6 Hz,-CH20H),4.W4.23 (m, 1H, H?), C1zH1605: C 59.49, H 7.49; found: C 59.27, H 7.34. 
4.37-4.51 (m, 2 ~ ,  H ~ , ,  H ~ , )  Mass spectrum = 273 This aldehyde was characterized as its crystalline 
( ~ f ) ,  258 (M+ - C H ~ ) ,  226 (M+ - C H ~  - s), 198, 185, semicarbazone, mp 158-160 "C. This compound was 
168, 102. The analysis was carried on the acetate deriva- identical in all respects to that prepared from Ion. 
live 10c. 

4fl-Ace/ox~~r~re/l1yl-1fl-(2',2'-dibr.omoe/l1yletre)-2a,3a- 
N-Me/l1yi-2-(4'fl-ace/oxyme/lr~l-2'~~,3'~t-dilrydroxy-di-O- (dilr)~ciroxy-di-O-isoprop)~lidet~e)cclopet~at~e, 1 9  

isopropylidet~ecyclopetr~-l'fl-yl)//riazolidit~e, 1Oc A solution of the aldehyde 1 3  (194 mg, 0.8 mmol) in 
The thiazolidine 106 (75 mg, 0.28 mmol) was acetylated methylene chloride was added dropwise, under nitrogen. 

with pyridine acetic anhydride in the usual way. The crude to a reagent prepared from interaction of zinc dust (2 
acetate was purified on an alumina column (activity 111) equiv.), triphenylphosphine (2 equiv.), and carbon tetra- 
eluting with ethyl ether. The product was obtained as  a bromide (2 equiv.) in dry methylene chloride at  room 
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temperature for 24-30 h. The cloudy purple solution 
turned clear and the reaction mixture was stirred at room 
temperature for 20 h. When tlc showed complete dis- 
appearance of the starting material, the solution was 
concentrated to a small volume and filtered through a 
column of silica gel (activity 3) eluting with ether-hexane 
(1:l). The resulting dibromo olefin was obtained as a 
colourless oil. Yield 55-6570. Infrared (CHC13) 1745 
(C==O ester), 1390, 1380 (gem-dimethyl), 870cm-I 
(C-Br*); nmr (CDC13) 6 1.33 and 1.57 (2s, 6H, C(CH3)2), 
1.83-2.50 (m, 3H, Hs, Hs, H4), 2.17 (s, 3H, OCOCH,), 
2.83-3.13 (m, lH ,  HI), 4.17(d, 2H, J = 6 Hz, -CH2OAc), 
4.40-4.48 (m, 2H, HI, H3), 6.40 (d, IH, J = 9 Hz, 
CH=CBr2). Mass spectrum m/e = 400 (Mf, Bra'), 398 
(M+, Br79.81), 396 (M+, Br79), 385 (M+ - CH3,Brsl), 
383 (M+ - CH3,Br79.81), 381 (M+ - CH3,Br79), 342 
(385 - COCH3), 340 (383 - COCH3), 338 (342 - 
COCH3), 304 (M+ - CH3 - Br,Bral), 302 (M+ - CH3 - 
Br,Br79), 280,263, 214, 212 (CH=CH-CH=CBr*), 210. 
Anal. calcd. for Cl3HlaO4Br*: C 37.4, H 4.77, Br 40.2; 
found: C 37.15, H 4.55, Br 40.14. 
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C-Nucleosides and related compounds. VII. Synthesis of 
carbocyclic analogues of C-nucleosides 
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GEORGE JUST and BERNADETTE CHALARD-FAURE. Can J. Chern. 54, 861 (1976). 
Condensation of lactone 1 and aminoguanadine provides the amino-triazole carbocyclic 

analogue of C-nucleoside 2a. Lead tetraacetate oxidation of the semicarbazone derivative 4 
leads to the amino-oxadiazole derivative 5. Isoxazolines 11 and 12 are obtained by 1,3-dipolar 
addition of mesitonitrile oxide with the a,p-unsaturated ester 13. Addition of diazomethane 
onto ester 13 gives the pyrazoline 16 which can be oxidized with bromine to the corresponding 
carboethoxy-pyrazole 17. The latter is converted to the carboxamido-pyrazole 18 by treatment 
with ammonia. 

GEORGE JUST et BERNADETTE CHALARD-FAURE. Can. J. Chern. 54, 861 (1976). 
L'amino-triazole 2a, analogue carbocyclique de C-nuclCoside, est obtenu par condensation 

de la lactone 1 avec l'aminoguanidine. L'oxidation de la semicarbazone 4 par le tetraacetate de 
plomb conduit au dtrivC amino-oxadiazolique 5. L'addition dipolaire-1,3 de I'oxide de mCsi- 
tonitrile 10 sur l'ester a,p-insaturC 13 donne les isoxazolines 11 et 12. L'addition du diazo- 
mCthane sur ce merne ester 13 conduit & la pyrazoline 16 qui peut etre oxidee en carboethoxy- 
pyrazole correspondant par le brome. L'ammoniac rhgit avec ce dernier pour donner le 
carboxamido-pyrazole 18. 

In the preceding (I) paper, we described the 
synthesis of potential precursors to carbocyclic 
analogues of C-nucleosides. The synthetic utility 
of some of these compounds is illustrated here. 

Condensation of the lactone 1 with amino- 
guanidine bicarbonate in pyridine, according to 
the procedure of Ried and Valentin (2) gave the 
amino-triazole 2 ,  mp 206-207 "C, in 85% yield 
after purification by chromatography. Treatment 
of 2 with dilute trifluoroacetic acid in water 
cleaved the isopropylidene group, leading to the 
oily carbocyclic C-nucleoside 20. 

Analogue 2a exhibited no virus inhibition 
when tested against nine different viruses in the 
agar diffusion assay and against vaccinia and 
herpes virus in plaque-reduction assays. The 
same results were observed with its ribofuranosyl 
analogue (1 5). 

Lead tetraacetate oxidation (4) of the semi- 

carbazone derivative 4 at low temperature under 
nitrogen, provided crystalline amino-oxadiazole 
5. 

Elemental analysis and mass spectrometry 
indicated that the product had either structure 5 
or that of the isomeric hydroxytriazole 7 or its 
triazolinone tautomer 8. It has been shown (5) 
that, under the conditions used, cyclization to 
oxygen is favoured. The structure assignment 
was confirmed by the nmr spectrum, which 
showed the absence of an enolic 0-H peak, and 
by the ir spectrum, which indicated the presence 
of a primary amino group and the absence of 
amide-type absorption. The acetal 6 was ob- 
tained as a minor side-product of the oxidation 
(5) of 4 and possibly arose from further oxidation 
of an initially formed azo-acetate 9 (6). Com- 
pound 6 was unstable and decomposed at room 
temperature to give the aldehyde 3. 

Treatment of the oxadiazole 5 with a catalytic 
amount of sodium in methanol afforded the 
crude alcohol 5a, the nmr spectrum of which 
showed no acetate peak. However, attempts to 
remove the isopropylidene group with trifluoro- 
acetic acid in water led to a mixture of products 
due to the instability of amino-l,3,4-oxadiazoles 
towards acidic conditions (7). Consequently, 5b 
could not be characterized and submitted for 
biological testings. 
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AcO 1 

Unsaturated ester 13 proved to be a suitable 
precursor for the elaboration of five-membered 
heterocyclic systems via 1,3-dipolar additions. 
Cycloaddition of 13 with mesitonitrile oxide 10 
(8) in refluxing benzene gave a mixture of two 
isomeric 2-isoxazolines 11 and 12 in approxi- 
mately equal amounts. This was shown by two 
sets of triplets for the methyl of the carboethoxy 
group in the nmr spectrum. Previous work (9, 10) 
on the cycloaddition of mesitonitrile oxide onto 
olefinic and acetylenic esters (1 1) indicated that 
the addition was sterically controlled, leading to 
the isoxazolines with the ester group fl to the 
oxygen atom. Models showed that the addition 
giving 11 and 12 was in fact favored, and that 
approach of the dipole from both sides of the 
double bond of 13 was equally feasible. It is also 
known that 1,3-dipolar additions are stereo- 
specific, giving cis additions (12). On the basis of 
the preceding data, we assumed that the reaction 
product of 10 and 13 consisted mainly of an 
equimolecular mixture of the two diastereo- 
isomeric 4-carboethoxy-2-isoxazolines 11 and 12. 
The nmr spectrum of the reaction product cor- 
roborated our assumption. The Cg proton gave a 
multiplet at 6 5.15 consistent with the chemical 
shift observed for this proton in similar 5-glyco- 
syl-2-isoxazolines (10). Had the addition of 10 

to 13 occurred in the reverse manner, H4 
should have been found at markedly higher field. 

It is known that 4-carbethoxy-2-isoxazolines 
decarboxylate easily (13) upon hydrolysis. Hy- 
drolysis of the crude cycloaddition product with 
ethanolic potassium hydroxide resulted in loss of 
both the acetate and the carbethoxy group and 
the formation of 15, confirming the structures of 
11 and 12. Attempts to oxidize the isoxazolines 
11 and 12 to the corresponding isoxazole 14 
failed (14, 15). 

The ester 13 underwent a facile addition with 
an excess of diazomethane at room temperature. 
In this case, the addition was electronically con- 
trolled, and attack occurred in a Michael 
fashion, leading to the pyrazoline 16 with the 
nitrogen fl to the activating group (10, 11, 16), 
presumably via a 1-pyrazoline which rapidly 
isomerized. Its nmr spectrum showed multiple 
signals for the ethyl ester substituent suggesting 
a mixture of epimers at C4. Accordingly, de- 
hydrogenation to the corresponding pyrazole 
was carried out on the crude product 16. The 
pyrazoline 16 was stirred at 0 OC with 13 molar 
equiv. of bromine in chloroform (16, 17). 
Evaporation of the solvent left a crude oil, the 
nmr spectrum of which showed that the isopro- 
pylidene group had been partially hydrolyzed. 
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JUST AND CHALARD-FAURE. VII  

AcO 

HN-N N-NH N-NH 

AcO 
-r + 

Stirring with a solution of sodiuni sulfite to yet it should be mentioned that its ribofuranosyl 
complete the hydrolysis and destroy excess analogue (15) showed no activity in the assay in 
bromine gave, after chromatography. the oily which 20 has been tested. 
pyrazole 17 in an overall yield of 65% based on 
the unsaturated ester 13. 

It should be noted that use of bromine as a 
dehydrogenating agent led to  somewhat irrepro- 
ducible results. Since the isopropylidene group 
was partially removed during the process, it is 
possible that the hydroxy functions were sub- 
sequently oxidized by bromine. 

Treatment of the carboethoxy-pyrazole 17 
with saturated methanolic ammonia at room 
temperature for five days afforded the carboxami- 
dopyrazole 18, rnp 180-181 "C, in 65% yield (3). 

The conlpound 18 was characterized by its 
triacetate derivative 18a. Although the tetra- 
acetate was most likely formed in a first step, the 
N-acetyl group in pyrazole is known to  be very 
labile (17) and its eliniination probably occurred 
during purification on silica gel plates. 

Although 18 has not been submitted for testing 

Experimental 
Melting points were determined on a Gallenkamp block 

and are uncorrected. Mass spectra were obtained on an 
AEI-MS-902 mass spectrometer at  70 eV using a direct 
insertion probe. Nuclear magnetic resonance spectra 
were recorded on Varian T-60 and HA-100 spectro- 
photometers using tetramethylsilane as an internal 
standard. Infrared spectra were determined on Unicam 
SP-1000 and Perkin-Elmer PE-257 infrared spectro- 
photometers. Analytical thin layer chromatography was 
performed on silica gel coated plastic plates (Eastman 
Kodak) and on a preparative scale on 20cm X 20 cm 
X 1 mm silica gel (E.M. HFZS4+3@) coated glass plates. 
Woelm alumina (neutral) and silica gel were used for 
column chromatography. Microanalyses were carried 
out by Dr. C .  Daessle, Montreal. 

3-A1ni110-5-(2'n,3'n-dil1yclroxy-di-O-isopropylide11e-4'~- 
I1j~clrox)~1netl1ylcj~clope~-I'~-yl)-1,2,4-tr.iazole, 2 

Aminoguanidine bicarbonate (205 mg, 1.5 mmol) was 
added to the lactone 1 (1) (300 mg, 1.5 mmol) in 8 ml of 
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pyridine and the reacton mixture was refluxed for 10 h. (B + 28), 111 (B f 27), 94 (B = base). Anal. calcd. for 
Filtration through Celite and evaporation of the solvent CI3Hl9N305: C 52.52, H 6.40, N 14.14; found C 52.46, 
under high vacuum (using toluene as a chaser) afforded a H 6.07, N 14.34. 
semi-crystalline residue which was purified by chromatog- 
raphy on 20 X 20 cm silica gel plates. A mixture of ethyl 
acetate - methanol (7:3) was used as eluant and the band 
having a R, = 0.6 under these conditions gave 2 as white 
crystals. Yield 325 mg (85%); mp 206-207 "C. Infrared 
(KBr) 3410(0-H), 3220(N-H), 1650(C=N), 1380cm-I 
(acetonide); nmr (pyridine-ds) 6 1.33 and 1.60 (2s, 6H, 
C(CH3)2), 2.57 (m, 3H,-CH2-, H4,), 3.63 (m, lH,  HI,), 
3.90 (d, 2H, J = 5 Hz, -CH20H), 4.86 (m, IH, H,,), 
5.31 (m, lH ,  HY), 6.66 (br s, 2H exch., NH2), 7.85 (br s, 
1H exch., NH); uv(Me0H) A,,, 217 nm (e 2500). Mass 
spectrum m/e = 254 ( M + ,  239 (M+ - CH3), 224 (M+ - 
CHlO), 209 (M+ - CH3 - CHlO), 196, 179, 165, 149, 
126, 11 1 (B* + 28), 110 (B f 27) (B = heterocyclic 
base). Anal. calcd. for CIlHl8N4O3: C 51.95, H 7.14, 
N 22.03; found: C 51.64, H 7.12, N 22.03. 

3-Amit1o-5-(2'a,3'a-di/1ydroxy-4'S-/?ydroxymet/1yl- 
cycloper1t-1'~-yl)-l,2,4-triazo/e, 2a 

The acetonide 2 (100 mg, 0.4 mmol) was dissolved in 
5 ml of trifluoroacetic acid - water (9:l) and the solution 
was stirred at room temperature for 10 min. After dilution 
with 10 ml of water, the reaction mixture was extracted 
with chloroform (3 X 10 ml). Evaporation of the aqueous 
layer under high vacuum (using methanol as chaser) 
afforded a glassy product which failed to crystallize. 
Yield 85 mg. Infrared (film) 3240 (0-H), 3220 (N-H), 
1640 cm-1 (C=N); nmr (D20, external TMS) 6 1.23-1.60 
(m, lH ,  Hs), 2.03-2.43 (m, 2H, H53, H4,), 3.00-3.20 (m, 
IH, Hi,), 3.57 (d, 2H, J = 6 HZ, -CHzOH), 3.83-4.33 
(m, 2H, H2,, H3,); uv  (MeOH) A,,, 214 nm (e 2500). 
Mass spectrum m/e = 214 (M+), 197 (M+ - NH3), 167 
(M+ - NH3 - CH20), 155, 138, 127, 111 (B + 28), 
110 (B + 27). Anal. calcd. for C8HI4N4O3 .H20: C 41.4, 
H 6.9, N 24.1; found: C 41.1, H 6.8, N 24.1. 

2- Amino-5-(4'~-acetoxyme1I1yI-Z'a,3'a-dil1ydroxy-di-O- 
isopropylidenecyclopet11-l'~-yl)-1,3,4-oxadiazole, 5 

A methylene chloride solution of the semicarbazone 
acetate 4 (1) (120 mg, 0.4 mmol in 6 ml of CH2C12) was 
added dropwise, at  0 OC under nitrogen, to a suspension 
of lead tetraacetate (266 mg, 1.5 equiv.) in the same 
solvent. The reaction mixture was vigorously stirred a t  
0 ° C  for 1 h and then hydrolyzed with ice cold water 
(10 ml). After filtration through a bed of Celite, the 
organic layer was separated, washed with cold water 
followed by cold sodium bicarbonate solution and dried 
over sodium sulfate. Evaporation gave a yellowish oil 
which was purified by preparative tlc (elution with ethyl 
acetate). The main band (R, 0.5) afforded 65 mg of oily 
oxadiazole 5 which crystallized from ether-chloroform. 
Yield 65%; mp 158-160°C. Infrared (CHC13) 3500, 
3420 (NH2), 1740 (C=0 acetate), 1660 (CZN), 1385 cm-1 
(gem-dimethyl); nmr (CDCI3) 6 1.33 and 1.52 (2s, 6H, 
C(CH3)2), 1.83-2.73 (m, 3H, -CH2-, H4,), 2.07 (s, 3H, 
OCOCH,), 3.27-3.60 (m, lH ,  HI,), 4.07 (d, 2H, J = 6 Hz, 
-CH20Ac), 4.37-4.57 (m, lH,  H3,), 4.73-4.90 (m, lH ,  
Hz#), 5.73 (br s, 2H exch., NH2); uv (EtOH) A,,, 222 
e 9500). Mass spectrum m/e = 297 (M+), 282 (M+ - 
CH3), 240 (M+ - CH3 - CONHz), 239 (M+ - CH3 
- COCH,), 210 (240 - N), 180, 169, 162, 150, 126, 112 

4~-Acetoxyn1e1l1yl-1~-di-O-acetoxymetl1yl-2a,3a- 
(dil~ydroxy-di-O-isopropylide~~e)c~~clopet~tat~e, 6 

This compound was obtained as a side product of the 
oxidation of 4 to the oxadiazole 5. 

The crude product of lead tetraacetate oxidation of 4 
was purified by chromatography on silica gel plates 
(ethyl acetate as solvent system). The top band (R, 0.85) 
afforded the acetal 6 as a yellowish oil. Yield 10-30%. 
Infrared (CHC13) 1750-1745 (C=O esters), 1390 cm-I 
(gem-dimethyl); nmr (CDC13) 6 1.33 and 1.53 (2s, 6H, 
C(CH3)2), 2.10 (s, 9H, OCOCH,) 2.00-2.60 (m, 3H, H4, 
2 X H5),3.20(m, lH,H1),4.05(d,2H, J = 6Hz,-CH2- 
OAc), 4.38-4.62 (m, 2H, Hz, H3), 6.83 (d, IH, J = 5 Hz, 
-CH(OAc)2). Mass spectrum m/e = 329 (M+ - CH3), 
301 (M+ - COCH3), 285 (M+ - OCOCH,), 271, 243 
(M+ - 2COCH3), 227, 224, 199, 185, 167, 139. 

Upon standing at room temperature, this acetal de- 
composed to give the corresponding aldehyde 3 (1). 
Partial decomposition most likely occurred during the 
isolation process on silica gel. 

4-Carboetl1oxy-5-(4'~-acetoxytner/2yl-2'a,3'a-dil1ydrox~- 
di-O-isopropylidet1ecyclope11t-1'~-yl)-3-(2,4,6- 
trimet/1ylpl1et1yl)-2-isoxazolit1es, 11 + 12 

Mesitonitrile oxide 10 (80 mg, 0.48 mmol) was added 
to a solution of the unsaturated acetoxy ester 13 (1) 
(150 mg, 0.48 mmol) in 7 ml of benzene and the resulting 
mixture was refluxed for 14 h. The solution was cooled 
and evaporated to dryness under vacuum. The crude 
residue was purified by preparative tlc eluting with ethyl 
acetate- hexane (1:l). The product (R, 0.7) was re- 
covered as a colourless oil. Yield 220 mg (957,). Infrared 
(film) 3030 (C-H, aromatic), 2970 (C-H, aliphatic), 
1745, 1735 (C=O, acetate, ester), 1620 (C=N, aryI 
isoxazoline), 1380, 1390cm-1 (gem-dimethyl); nmr 
(CDC13) 6 0.93 and 0.97 (2t, 3H, J = 7 Hz, C02CH2CH3), 
1.30 and 1.51 (2s, 6H, C (CH3)2), 2.08 (s, 3H, 0COCH3), 
2.27 (s, 9H, - C ~ H Z ( C H ~ ) ~ ) ,  2.00-2.60 (m, 3H, H5,, Hy,  
HA'), 3.03 (m, lH,  HI,), 3.87-4.56 (m, 7H, -0CH2CH3 
-CH20Ac, H2,, H3,, ,H4,), 4.97-5.50 (m, lH ,  H5), 6.90 
(br s, 2H, -C6ff2); uv (EtOH) A,,, 217 nm (e 12 000). 
Mass spectrum m/e = 473 (M+), 458 (M+ - CH3), 
415 (M+ - CH3 - COCH3), 370 (M+ - CH3 - COCH3 
- OCZHs), 260 (B), 231, 185,95 (B = heterocyclic base). 
Anal. calcd. for C26H3,N0,: C 65.94, H 7.45, N 2.96; 
found: C 65.63, H 7.57, N 2.78. 

5-(2'a,3'a-Dil1ydroxy-di-O-isopropylider1e-4'~-l1ydrox~- 
me1l1ylcyclopet1t-l'~-y/)-3-(2,4,6-trime1/1ylphenyl)-2- 
isoxazoline, 15 

The crude mixture of isoxazolines 11 + 12 (100mg) 
was treated with methanolic potassium hydroxide at 
room temperature for 18 h. After evaporation of the 
solvent and addition of water (10 ml), the solution was 
neutralized with dilute hydrochloric acid (10%) to p H  5. 
The aqueous solution was extracted with ethyl acetate 
(3 X 10 ml) and the combined extracts were dried over 
sodium sulfate. Evaporation of the solvent afforded 
35 mg of oily product which was purified by preparative 
tlc using ethyl acetate as eluant. The compound was 
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JUST AND CHALARD-FAURE. VII 865 

recovered as a white solid. Yield 33%, based on ester 13. 
Infrared (CHC13) 3400 (0-H), 3030 (C-H aromatic), 
2980 (C-H aliphatic), 1620 (C=N), 1390 cm-1 (gem- 
dimethyl); nrnr (CDC13) 6 1.32 and 1.52 (2s, 6H, C(CH3)2), 
2.30 (s, 9H, -C6H2(CH3),), 2.02-2.60 (m, 3H, Hs,, Hs,, 
H4,), 3.02 (m, lH), 3.62 (m, 2H), 3.87 (m, 7H), 5.20 (m, 
lH), 6.93 (m, 2H, -CGHZ-); uv (EtOH) A,,, 212 nm 
( C  10 000). Mass spectrum m/e = 359 (M+), 344 (M+ - 
CH3), 216 (B + 27), 214, 188, 159, 145, 119, 91 (B = 
heterocyclic base). 

3-Curboetl1o.ry-4-(4'p-aceto,u);1net/1)~/-2'a,3'a-dil1ydr0xy- 
di-0-isopropyliderrecyclope~~ I- l'~-)~l)-2-pyruzoli11e, I6 

The unsaturated ester 13  (1) (100 mg, 0.32 mmol) was 
dissolved in 5 ml of an etheral solution of diazomethane 
(1.5% by weight). The solution was stirred at room 
temperature for 6 h and then evaporated to dryness 
under vacuum. The pyrazoline was obtained as a yellow 
oil in quantitative yield and was not further purified. 
Infrared (CHC1,) 3380 (N-H), 1745 (C=O ester, 
acetate), 1635 (C=N), 1380cm-I (gem-dimethyl); nmr 
(CDC13) 6 1.27 (t, 3H, --OCHlCH3), 1.29 and 1.47 
( 2 ~ ,  6H, C(CH3)2), 2.06 (2, 3H, 0COCH3), 1.85-2.66 
(m, 4H), 3.40- 3.90 (m, 3H), 4.07-4.50(m, 6H, -CH?OAc, 
--OCH2CH3, H2,, H3,), 6.04 (br s, 1H exch., NH); 
uv(Et0H) A,,, 285 nm (e 3900). Mass spectrum m/e = 
355 (M+ + I), 354 (M+), 340 (355 - CH3), 339 (M+ - 
CH3), 311 (M+ - COCH3), 297 (340 - COCH,), 251 
(M+ - CH3 - COCH3 - OC~HS) ,  236,195,141,121,95. 

5(3)-Cnrboetl1oxy-4-(4'~-aceto.uymetl1yI-2'n,3'a-~ii- 
l~ydro.~ycycloper~t- 1'8-yl)pyrnzole, 17 

To a solution of pyrazoline 16 (344 mg, 0.94 mmol) in 
chloroform at 0 'C, was added dropwise a solution of 
bromine in chloroform (1.5 mmol). The reaction was 
stirred at 0 'C for 1 h after which tlc showed complete 
disappearance of the starting material. A solution of 
sodium sulfite (1070, 10 ml) was added and the solution 
was stirred for another 15 min. After evaporation to 
dryness, the residue was extracted with ethyl acetate 
(3 X 15 ml). Evaporation of the combined extracts gave 
the crude oily pyrazole which was purified by preparative 
tlc using ethyl acetate - methanol (7:3) as solvent system. 
Extraction of the lower band (R, 0.6) afforded the oily 
pyrazole 17. Yield 190 mg (65%). Infrared (CHCI,) 
3450 (N-H), 3300 (0-H), 1735, 1720 (C=O acetate, 
ester), 1475 cm-I (C=N); nmr (pyridine-ds), 6 1.30 (t, 
3H, C02CH2CH3), 1.20-1.4 (m, lH, HY), 2.03 (s, 3H, 
OCOCH3), 2.21 (m, 2H, Hs,, H4,), 3.5 (m, lH ,  HI,), 
3.72-4.43 (m, 6H, -CHlOAc, H2,, H3', -C02CH2CH3), 
6.23 (br s, 3H exch., OH, NH), 7.60 (s, lH,  Hs); uv 
(EtOH) A,,, 222 nm (c 7000). 

3(5)-Carboxamido-4-(2'a,3'a-dil1ydroxy-4'~-l1ydro~~~- 
met/1ylc)~clope11t-l'8;vl)pyrazo/E, I 8  

A solution of the pyrazole 17 (90 mg, 0.28 mmol) in 
methanol (8 ml) was saturated with ammonia at -60 OC 
and left at room temperature for one week. After evapora- 
tion to dryness, the residue was partitioned between 
chloroform and water. The aqueous layer was washed 
twice with chloroform and evaporated to dryness leaving 
60mg of crude pyrazole 18 which crystallized from 
methanol. Yield 65%; mp 180-181 "C. Infrared (film) 
3450, 3300 (N-H, 0-H), 1670 (C=O amide), 1600 

cm-1 (C=N); nmr (D20, external TMS) 6 1.15-1.50 
(m, l H ,  H s ~ ) ,  1.83-2.50 (m, 2H, H4,, Hs,), 3.00-3.40 
(m, lH,  HI,), 3.60 (d, 2H, J = 5 Hz, -CHzOH), 3.87 
(m, 2H, H2,, H3,), 8.20 (s, lH ,  Hs); uv (EtOH) AmnS 
220 nm (c 7000). Mass spectrum 241 (M+ - H), 221 
(241 - HlO), 205, 192, 138, 121 (B + 27 - NH). A~lal. 
calcd. for CI0HI~04N3: C 49.78, H 6.27, N 17.42; found: 
C 49.58, H 6.57, N 17.25. 

3(5)-Carboxami~io-4-(4'p-acetox~1netI1yI-2'~,3'~- 
diacetoxyc)~clope~~t-I'p-~1)pyr.rrzole 18a 

The pyrazole 18 (50mg) was treated with acetic 
anhydride (3 ml) in pyridine (5 ml) overnight. After 
evaporation to dryness, the residue was purified by 
preparative tlc silica gel plates eluting with ethyl acetate. 
The band (R, 0.75) afforded the triacetate 18n. Yield 
65%. Infrared (CHC13) 352C3460 (NH2, NH), 1740 
(C=O esters), 1685 ( G O  amide), 1590 cm-1 (C=N); 
nmr (CDC13) 6 1.20 (m, 2H, 2 X H5,), 2.07 (s, 3H, CH2- 
0COCH3), 2.10 (s, 6H, 2 X 0COCH3), 2.5 (m, 2H, HI,, 
H4,), 4.15 (d, 2H, J = 5 Hz, CHlOAc), 5.00-5.50 (m, 
2H, H2,, H3,), 7.45 (s, lH,  Hs). Mass spectrum m/e = 
368 (M+ + I), 265 (M+ - 2COCH3 - NH2) 247, 223, 
205, 187, 138 (B + 28), 137 (B + 27), 121 (137 - NH2). 
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GEORGE JUST and LUIGI CUTRONE. Can. J. Chem. 54, 867 (1976). 
The title compound 5 was synthesized by adding nitroso derivative 2e to cyclopentadiene. 

The resulting adduct was reduced with diborane followed by acetic acid, and the dinitrobenzoyl 
group then removed with potassium hydroxide or ammonia. 

GEORGE JUST et LUIGI CUTRONE. Can. J. Chem. 54,867 (1976). 
Le cornposC 5 a CtC synthCtisC par I'addition du dCrivC nitrose 2.57 au cyclopentadiene. Le 

produit obtenu fut rCduit avec le diborane, suivit par de I'acide acCtique, et le groupement 
protecteur enlevt avec de l'hydroxyde de potassium ou de l'amrnoniaque. 

The primary prostaglandins PGG and PGH 
have a 2,3-dioxabicyclo[2.2.l]heptane skeleton 
(5, NH=O). In view of their biological impor- 
tance, we were interested in synthesizing analogs 
in which one of the oxygens of the endo-peroxide 
bridge is replaced by nitrogen. Only one member 
of this class of compounds, N-phenyl-2,3-oxa- 
zabicyclo[2.2.l]hept-5-ene (3, R = Ph), has been 
described (1). It is reported to decompose 
slowly at 0 OC. 

The Diels-Alder route leading to compounds 
3, 4, and 5 seemed more attractive than others, 
and we therefore sought to develop a dienophile 
bearing a nitroso group which would form a 
stable adduct of type 3, and in which, after 

saturation of the double bond, the group R 
could be removed without destruction of the 
molecule. 

Preliminary experiments using l-chloro-l- 
nitrosocyclohexane as dienophile indicated that 
low temperature reaction with cyclopentadiene 
gave a product which decomposed at -30 OC 
with formation of a black tar. 

I t  has been reported that nitrosobenzene 
bearing an electron-withdrawing group at the 
para-position underwent the Diels-Alder reac- 
tion in much higher yield than nitrosobenzene 
bearing an electron-donating group (2). We 
therefore studied the reactions of various nitroso 
derivatives 2 in which R is an electron-with- 
drawing group. 

Reaction of 2,4-dinitronitrosobenzene 20 (3) 
with cyclopentadiene gave the expected bicyclic 
adduct 30, mp 101-102.5 OC in 82% yield. The 
adduct could be recovered unchanged even after 
boiling in carbon tetrachloride for 24 h. Attempts 
to reduce the double bond catalytically failed 
and resulted in decomposition of the product, 
presumably because of reduction of the nitro 
groups, which are necessary for the stabilization 
of the bicycloheptene system 30. Reduction of 
3a with diimine (4) gave 4a, mp 122-125 OC. 
Attempts to remove the dinitrophenyl group 
using Amberlite OH resin (5) proceeded poorly, 
and the use of mercaptoethanol, which is re- 
ported (6) to liberate amines from N-substituted 
2,4-dinitroanilines, resulted in cleavage of the 
0-N bond and the formation of 6. 

Since electron-withdrawing groups such as 
dinitrophenyl accelerate the Diels-Alder reac- 
tion and stabilize the Diels-Alder adduct formed, 
we focussed our attention on nitroso compounds 
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bearing acyl groups, in which the acyl group 
could be removed readily after Diels-Alder 
reaction and saturation of the double bond. 
Because of the ease of hydrolysis of trifluoro- 
acetamides, we first studied the condensation of 
cyclopentadiene with CF3CON0. Trifluoroace- 
tohydroxainic acid l b  was added at -70 "C to 
cyclopentadiene and benzyltrimethylammonium 
periodate (7). The resulting product had the 
spectral characteristics (ir, nmr, ms) required for 
3b but turned brown after standing at  40 "C in 
solution for a few minutes. Catalytic reduction 
gave the oily saturated bicyclic system 46. Treat- 
ment of 4b with sodium borohydride (8) gave the 
oily oxazabicycloheptane 5, which was charac- 
terized as its 2,4-dinitrophenyl derivative 4a. 

We next investigated the nitroso compound 
2c derived from benzhydroxamic acid ( l c ) .  Its 
reaction with cyclopentadiene gave in low yield a 
product having the nmr spectrum appropriate 
for the expected adduct 3c. However, it decom- 
posed at 40 "C and was therefore not further 
characterized. 

Reaction of the nitroso compound 2d derived 
from p-toluenesulfinic acid (9) with cyclopen- 
tadiene gave in 30% yield the crystalline, stable, 
adduct 3rl which gave a good mass spectrum. 
However, extreme insolubility made this prod- 
uct unattractive as an intermediate. 

The nitroso derivative 2c derived from 3 3 -  
dinitrobenzhydroxamic acid l e  (10) turned out 
to be most appropriate for the construction of 5. 

Addition of l e  to cyclopentadiene and benzyl- 
trimethylammonium periodate at - 20 "C gave a 
good yield of a crystalline adduct 3e, which when 
refluxed for 24 h in carbon tetrachloride was 
recovered unchanged. Catalytic reduction of 3e, 
under conditions which would reduce only the 
nitro groups, gave 31 as an oil. It decomposed 
upon standing at  room temperature. We at- 
tempted a selective reduction of the double bond 
with diimine (4) generated by oxidation of 
hydrazine. The reaction, however, resulted in the 
cleavage of the amide bond and formation of 
3,5-dinitrobenzhydrazide 7, and no oxazobi- 

cycloheptane 5 was isolated. Treatment of 3e 
with diborane (1 l), followed by hot acetic acid, 
gave the saturated bicyclic system 4e, which was 
converted with either methanolic ammonia or 
potassium hydroxide to 5, which was character- 
ized as its dinitro~henvl derivative 40. . ,  

In conclusion, it appears that an electron- 
withdrawing group is essential for the stabiliza- 
tion of bicyclic olefins of type 3. 

Experimental 

Ger~eral 
All melting points were determined in open capillaries 

on a Gallenkamp melting point apparatus and are un- 
corrected. The ir spectra were recorded on a Unicam 
SP-1000. The nmr spectra were recorded on a Varian T-60 
spectrometer operating at 60 MHz. Merck silica gel H F  
was used for tlc. Mass spectra were obtained on an AEI- 
MS-902 mass spectrometer at  70 eV using direct insertion 
probe. 

N-2,4-Dit1itrophet~-2,3-oxa:abicyclo[22.1]hept-5-et1e, 
3a 

Freshly distilled cyclopentadiene 3.30 g (0.05 mol) was 
slowly added to a solution of 1.97 g (0.01 mol) of 2,4- 
dinitronitrosobenzene in 50 ml of acetone at  -20 "C. 
After 2 h, the excess cyclopentadiene and acetone were 
removed under vacuum and the solid residue was re- 
crystallized from ethanol to afford 2.15 g (82%) of light 
yellow crystals: mp 96-100 "C, one further recrystalliza- 
tion from ethanol raised the melting point to 101- 
102.5 "C; nmr (CDC13) 6 1.9 (2H, q), 5.4 (2H, d), 6.2 
( lH ,  m), 6.7 ( l H ,  m), 7.5 ( lH ,  d), 8.3(1H, q), 8.6 ( lH,  d)  
ppm; ir (KBr) 1620, 1610, 1590, 1530, 1520cm-l; 
m / e  263 (Mf);  At~al. calcd. for CllH9N30s: C 50.19. 
H 3.45, N 15.97; found: C49.89, H 3.35, N 16.11. 

N-2,4-Dit1itrop/1et1yI-2,3-oxa:abicyclo[2.2.1]/1eptat1e, 4u 
A solution of 1.10 g (4.18 mmol) of the olefin in 15 ml 

of 95% ethanol was cooled to 0 "C in an ice bath and to  
it was added 1.5 ml of 957, hydrazine and 0.25 ml of 17;. 
solution of cupric sulfate pentahydrate with vigorous 
stirring. When a precipitate started to appear 0.75 ml of 
30% hydrogen peroxide was slowly added (15 to 20 min). 
After 30 min the product was filtered off and was re- 
crystallized from ethanol to afford 500 mg (45%) of light 
orange crystals: mp 123-125 "C; nmr (CDC13) 6 2.0 
(6H, m), 4.3 ( lH ,  m), 4.7 ( lH,  m), 7.3 ( lH ,  d), 8.3 ( lH ,  q), 
9.5 ( l H ,  d) ppm; ir (KBr) 1610, 1590, 1530, 1520 cm-1; 
m / e  265 (Mf). At~al. calcd. for CllHllN305: C 49.81, 
H4.18, N 15.84; found: C49.83, H4.30, N 15.73. 

N-(2 ,4-Dini t rophet1y l ) -3- /1ydroxycyc lope~1e ,  6 
T o  a solution of 100 mg (0.38 mmol) of the 2,4-DNI' 

derivative in 10 ml of methanol and 10 ml of water was 
added 43 mg (0.55 mmol) of 2-mercaptoethanol and the 
p H  was adjusted to 8. After 1 h the mixture was acidified 
with acetic acid. Evaporation of the solvents and extrac- 
tion with chloroform afforded 65 mg (65%) of orange 
crystals; mp 78-8O0C, after recrystallization from 
ethanol; nmr (CDC13) 6 2.0 (6H, m), 3.3 ( IH,  s), 4.2 
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Reactions of NaBH,S, with some typical organic nitrogen compounds 
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JEAN-ROCK BRINDLE, JEAN-LOUIS LIARD, and NORMAND BBRuBB. Can. J. Chern. 54,871 (1976). 
The following substrates react with sulfurated sodium borohydride, NaBH2S3, to give the 

corresponding products as shown by the formulas in parentheses: azobenzene (p-H2Nb--+NH2), 
azoxybenzene (p-HzNb-bNH2, C ~ H S N N C ~ H ~ ) ,  phenyl isocyanate (CsHsNHz, C6H5NHCH3), 
N-nitrosodiphenylamine ((CsHs)zNH, ( C ~ H ~ ) ~ N N H I ) ,  diphenylcarbamyl chloride ((CsHs)zNH), 
phenyl isothiocyanate ( C G H ~ N H ~ ) ,  benzyl carbarnate (C~H~CHZOH),  benzyl N-phenylcarba- 
mate (C~H~CHIOH,  CsHsNH2, CsHsCHzSH), benzyl nitrite (CGHSCH~OH), benzyl nitrate 
(C~HSCH~OH),  benzyl thiocyanate (C6H5CH2S2CHzCsH5), and pyridine-1-oxide (C5H5N). 
Benzotriazole, pyridine, phthalirnide, and N,N'-diphenylurea were found to be stable towards 
NaBH2S3. 

The advantage of sulfurated sodium borohydride, NaBH2S3, over sodium borohydride, 
NaBH4, as a reducing agent was also proven when itwas found that most of the above substrates 
were inert toward NaBH4 except for the following organic nitrogen compounds which reacted 
with NaBH4 to give the products indicated in parentheses: N-nitrosodiphenylarnine 
((CsHs)2NH), diphenylcarbamyl chloride ((CsHs)2NCH3), phenyl isothiocyanate (CsH5NHCH3), 
benzyl N-phenylcarbarnate (GH~CHZOH, GH5NHCH3), and benzyl thiocyanate (GH5CHz- 
S2CHzCsHs). 

JEAN-ROCK BRINDLE, JEAN-LOUIS LIARD et NORMAND B~RuBB. Can. J. Chern. 54, 871 (1976). 
Les substances suivantes rkgissent avec le borohydrure de sodium sulfurC, NaBH2S3, et 

donnent les produits tel qu'indiquC par les formules entre parentheses: azobenzkne (p-H2Nb- 
+NH2), azoxybenzene (p-HzN+-+NHz, C G H ~ N N C ~ H ~ ) ,  isocyanate de phCnyle ( C G H ~ N H ~ ,  
CsH5NHCH3), N-nitroso diphtnylarnine ((C6H5)2NH, (C6H5)rNNH2), chlorure de diphCnyl- 
carbarnate ((CsH5)2NH), isothiocyanate de phknyle (CsHjNHz), carbarnate de benzyle 
(C~H~CHZOH),  N-phCnyl carbamate de benzyle (C6HsCHrOH, CsH5NH2, C~HSCHZSH), 
nitrite de benzyle (CsH5CH2OH), nitrate de benzyle (C~H~CHZOH),  thiocyanate de benzyle 
( C ~ H S C H ~ S ~ C H ~ C ~ H ~ )  et I'oxyde-1-pyridine (C5H5N). Le benzotriazole, la pyridine, la phtali- 
rnide et la N,N1-diphCnylurCe ne rkgjssent pas avec NaBH2S3. 

L'avantage du borohydrure de sodium sulfurC, NaBH2S3, par rapport au borohydrure de 
sodium, NaBH.,, en tant qu'agent de rCduction fut aussi dCrnontrC lorsque des tentatives de 
reduction i I'aide de NaBH4 s'avCrkrent nkgatives avec la plupart des substances azotCes rnen- 
tionnks plus haut, a l'exception des substances suivantes, lesquelles conduisent aux produits 
indiquCs entre parenthkses: N-nitrosodiphenylarnine ((CGH5)2NH), chlorure de diphCnyl- 
carbarnate ((C6H5)2NCH3), isothiocyanate de phCnyle (C6H5NHCH3), N-phCnylcarbarnate de 
benzyle ( C G H ~ C H ~ O H ,  CsHsNHCH3) et le thiocyanate de benzyle ( C ~ H ~ C H ~ S ~ C H I C ~ H ~ ) .  

In previous papers we have reported the use of 
sulfurated sodium borohydride (1) for the re- 
duction of some nitrogen compounds (2-4). It 
was found that NaBH2S3 is a mild reducing 
agent which often shows an intermediate reducing 
potential between lithium aluminum hydride 
(LiA1H4) and sodium borohydride (NaBH4), and 
often gives sulfurated products of great interest. 
Moreover, the reducing potential of NaBH2S3 
was found to be occasionally even more selective 
than that of LiA1H4 allowing, for example, the 
reduction of the nitro group in the presence 
of esters (3). 

It was decided to extend the scope of these 
reactions to more nitrogen compounds as listed 

'Revision received December 1, 1975. 

below. Azobenzene (c6H5NNC6H5), azoxyben- 
zene (C6H5N(0)NC6H5), phenyl isocyanate 
(C6H5NCO), N-nitrosodiphenylamine ((C6H5)2- 
NNO), diphenylcarbamyl chloride ((C6H5)2- 
NCOCl), phenyl isothiocyanate (C6H5NCS), 
benzyl carbamate (CGH5CH20CONH2), benzyl 
N-phenylcarbamate (C6H5CH20CONHC6H5), 
benzyl nitrite (C~HSCH~ONO),  benzyl nitrate 
(C6H5CH20N02), benzyl thiocyanate (C6H5- 
CH2SCN), pyridine-1-oxide (C5H5N(0), pyridine 
(C5H5N), benzotriazole 

(CH=CH-CH=C-N=N-NH-C=CH), 

phthalimide, 
(CH=CH-CH=C-CO-NH-CO-C=CH), 

and N,N'-diphenylurea (C6H5NHCONHC6H5). 
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TABLE 1.  Reactions of some nitrogen compounds with NaBH2S3 

Molar ratio Reflux Substrate Product yield (%)* 
NaBH2S3 : time in used 

Substrate substrate THF (h) ( G / o )  H2N+-+NH2 +NN+ +NH2 +NHCH3 +2NH +2NNH2 

5 
15 
30 

5 

62 30 
60 37 
25 25 

93 4 
90 8 
90 Traces 
65 Traces 

100 

50 

*d = CsHa- or p-CsH4- in the case of H?Nd+NH?. 

We have compared our results with the reduc- 
tions obtained with other common reducing 
agents. Tables 1 and 2 give the best reaction 
conditions leading to an optimum yield of 
products for a given substrate, whereas Table 3 
compares, for certain substrates, the results 
obtained with different reducing agents such 
as, borane (B2H6), lithium aluminum hydride 
(LiAlHd), sodium borohydride (NaBH4), alu- 
minum hydride (AlH3), and sulfurated sodium 
borohydride (NaBH2S3). 

Azobenzene 
Results indicate that the stoichiometry of this 

reaction requires a molar ratio of 1 : 1 ; an 80% 
yield of benzidine is obtained. This reaction is of 
a special interest since, apart from catalysed 
hydrazine reductions (5) and anodic reductions 
(6), there is no other efficient way to reduce 
azobenzene to hydrazobenzene or to 4,4'-di- 
aminobiphenyl. For example, a mixture of 
NaBH4 and A1H3 is known to reduce azobenzene 
to aniline (1 2). 

Azoxybenzene 
A molar ratio of 4:l  in favor of sulfurated 

sodium borohydride gives a very high yield of 
benzidine while a molar ratio of 1 : 1 gives a 70% 
yield of almost equal quantities of benzidine 
and azobenzene. 

Phenyl Isocyanate 
The reduction of isocyanates generally leads 

to the formation of amines. With NaBH2S3, an 
excess of reducing agent gives an almost quanti- 
tative yield of a mixture of N-methylaniline and 
aniline, the predominance of the latter making 
this reaction important for the production of 
C6H5NH2 from phenyl isocyanate since the 
action of other reducing agents generally favors 
the production of N-methylaniline. 

N-Nitrosodiphenylamine 
We have already reported the synthesis of 

aniline from nitrozobenzene in the presence of 
NaBH2S3 (3), and it is known that LiA1H4 in the 
presence of C6H5N0 gives azobenzene instead of 
aniline (15). It seems that LiA1H4 reacts with 
N-nitroso compounds such as N-nitrosodiphenyl- 
amine to give a moderate yield of diphenylamine 
(16) while the same secondary amine is produced 
almost quantitatively when N-nitrosodiphenyl- 
amine reacts with NaBH2S3. 

Diphenylcarbamyl Chloride 
Sulfurated sodium borohydride seems to react 

with (C6H5)2NCOC1 the same way as it does with 
C6H5NC0, yielding amines; a quantitative yield 
of diphenylamine is indeed obtained from the 
reduction of (C6H5)2NCOCI with an excess of 
NaBH2S3, whereas NaBH4 reduces (C6H5)2- 
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NCOCl to the tertiary amine (C6H5)2NCH3 Benzyl Thiocyanate 
under the same experimental conditions. As reported by Strating and Backer it seems 

that L ~ A ~ H ~  reacts with thiocyanates t o  yield the 
Phenyl Isothiocyanate corresponding thiols (19). On the other hand, we 

It has been mentioned already that the reaction have found that sodium borohydrides act on 
of an excess of NaBH2S3 with CaHrNCO leads to C6H5CH2sCN to give high yields of c ~ H ~ -  
an almost quantitative yield of N-methylaniline CH2S2CH2C6H5 and that further conversion of 
and aniline. By comparison, it was found that an C6H5CH2S2CH2C6H5 to C 6 H 5 ~ H 2 ~ H  is possible 
excess of NaBH2s3 reacts with for LiAlH4 (19) and NaBH2S3, but impossible for 
C ~ H S ~ C S  but gives a 50% yield of as the NaBH4.Z Total inertness of C6H5CH2SCH2C6H5 

product of the reaction. Once more, the towards LiAlH4 is (19) and was also specific potential of other reducing agents leads checked for NaBH4 and NaBH2S3. 
to  the production of N-methvlaniline, whereas 
the actibn of NaBH2S3 on C ~ H ~ N C S  leads to the Pyridine-1-oxide 
production of C6H5NH2. In spite of its low solubility in THF, pyridine- 

Benzyl Carbamate 1-oxide is completely reduced to pyridine when 

It was found that C6H5CH20CONH2 reacts reacting with NaBH2S3. Although no yield is 

quantitatively with an excess of NaBH2S3 to yield reported, it seems that the action of LiAlH4 on 

C ~ H S C H ~ O H .  The formation of C6H5CH20H pyridine-1-oxide also leads to the formation of 

resulting from the action of LiA1H4 on pyridine, whereas NaBH42 was found inert 

C ~ H S C H ~ O C O N H ~  (17) is also known, but no towards pyridine- 1-oxide. 

mention is made of the yield of the reduction. Pyridine, Benzotriazole, Phthalimide, and 

Benzyl N-Phenylcarbamate 
I t  seems that a 94% consumption of benzyl 

N-phenylcarbamate requires a 2: 1 molar ratio in 
favor of the reducing agent, resulting in the 
formation of a mixture of compounds where 
aniline accounts for 47% of the total consump- 
tion, followed by benzyl alcohol, a-toluenethiol, 
and benzyl disulfide. Once again the specific 
potentials of NaBH4 and NaBH2S3 cause the 
former to react quantitatively with C6H5CH2- 
OCONHC~HS yielding equal proportions of 
C ~ H S C H ~ O H  and C6H5NHCH3. Under similar 
experimental conditions, NaBH2S3 will also 
react quantitatively with the substrate to give a 
100yo yield of C6HsNH2, the complementary 
products being equal proportions of C6H5CH20H 
and C6H5CH2SH. 

Benzyl Nitrite and Benzyl Nitrate 
It has been reported that most nitrates and 

nitrites are reduced to the corresponding alcohols 
when LiA1H4 (18) is used, suggesting the possi- 
bility of producing benzyl alcohol from benzyl 
nitrate and benzyl nitrite. Our work proved that 
NaBH2S3 can give a quantitative yield of 
C6H5CH20H when acting with C6H5CH20N0 
or C6H5CH20N02, even though there is evi- 
dence that C6HsCH20N0 is very slowly hy- 
drolysed to the corresponding alcohol in dilute 
acidic solutions. 

N, N'-Diphenylurea 
A large excess of NaBH2S3 refluxed in THF 

(tetrahydrofuran) for 24 h with these substrates 
showed total stability of these groups toward 
sulfurated sodium borohydride. 

Discussion 
From a study of Tables 1 and 2, it appears 

that NaBH2S3 generally gives very high yields of 
reduced products from the following substrates: 
azobenzene, azoxybenzene, phenyl isocyanate, N- 
nitrosodiphenylamine, diphenylcarbamyl chlor- 
ide, phenyl isothiocyanate, benzyl carbamate, 
benzyl N-phenylcarbamate, benzyl nitrite, benzyl 
nitrate, benzyl thiocyanate, and pyridine-1-oxide. 

It was also shown that pyridine, benzotriazole, 
and phthalimide are totally inert with NaBH2S3, 
indicating that cyclic nitrogen atoms are much 
less accessible to NaBH2S3 than open chain 
nitrogen atoms. N,N1-Diphenylurea was also 
found inert with NaBH2S3 probably because of 
its low solubility in THF in our experimental 
conditions. 

Although it was suggested in earlier papers on 
the reactions of oxime, nitrile, amide, and 
nitroso groups with sulfurated sodium boro- 
hydride (2-4) that this borohydride would nor- 
mally be classified as a medium reducing agent 

2NaBH2S3 and NaBH4 were made in our laboratory. 
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TABLE 2. Reactions of some nitrogen compounds with NaBH2S3 

Molar ratio Reflux Substrate Product yield (%)' 
NaBH2S3: time in used 

Substrate substrate THF(h) (%) +CH20H +NH2 +CH2SH +CHIS~CH~+ CsHsN 

because it usually has an intermediate reduction 
potential as compared to LiA1H4 and NaBH4, we 
can see from Table 3 that, for a given substrate 
such as azobenzene, NaBH2S3 sometimes reacts 
even more strongly than LiAlH4 in order to lead 
easily to the formation of benzidine. Under 
similar reaction conditions, LiA1H4 is reported 
to reduce azobenzene to hydrazobenzene after a 
reaction time of 3 days (20). 

Furthermore, as was proven earlier for the 
reduction of aromatic nitro groups to amines 
with NaBH2S3 (3), Table 3 gives more examples 
where NaBH2S3 is found to yield totally different 
products compared with other reducing agents. 
Such is the case for azobenzene, azoxybenzene, 
phenyl isocyanate, diphenylcarbamyl chloride, 
phenyl isothiocyanate, and benzyl N-phenyl- 
carbamate. Table 3 also illustrates the versatility 
of NaBH2S3. It was found, indeed, that azoben- 
zene, azoxybenzene, phenyl isocyanate, benzyl 
nitrate, and pyridine-1-oxide are inert to NaBH4 
but easily reduced by NaBH2S3. Another inter- 
esting fact is that N-nitrosodiphenylamine, ben- 
zyl carbamate, and pyridine-1-oxide will react 
with NaBH2S3 to give equal or even higher yields 
of reduced compounds when compared with the 
action of LiAlH4 and NaBH4 on the same 
substrates. 

In conclusion, it is recognized that sulfurated 
sodium borohydride is an interesting reducing 
agent towards organic nitrogen compounds giv- 
ing a reducing pattern different from other 
known reducing agents currently used in organic 
chemistry. 

Experimental 
The nrnr measurements were made with a Perkin-Elmer 

R-12A apparatus. The ir measurements were made with a 
Pye Unicam SP200G spectrophotometer. The vpc meas- 
urements were made with a Pye 104 chromatograph 
using an 8 ft 10% Carbowax column. 

Each experiment described in this text was performed 
in an inert atmosphere of nitrogen. 

Azobetzzet~e 
To a suspension of 0.05 mol (6.60 g) of NaBH2S3 in 

100 ml of tetrahydrofuran (THF) prepared as descr~bed 
by Lalancette et al. (I), 0.05 mol(9.10 g) of azobenzene in 
100 ml of THF was added dropwise. The reaction mixture 
was stirred and refluxed for 3 h, and was then evaporated 
to dryness under reduced pressure at room temperature. 
The residual solid was covered with 200 ml of ethyl ether 
and hydrolysed with a lOy0 hydrochloric acid solution 
until the pH of the reaction mixture was 1.0. The pre- 
cipitated sulfur was filtered off and the filtrate washed 
repeatedly with ethyl ether. The 'organic fraction' was 
dried over MgS04 and evaporation of ether gave 1.80 g 
(2OY0) of unreacted azobenzene. The 'aqueous fraction' 
was then covered with 200 ml of ethyl ether and neutral- 
ized with a 20% solution of NaOH until the p H  of the 
reaction mixture was 11.0. After separation of the two 
layers and successive washings of the aqueous layer with 
ethyl ether, the ethereal extracts were dried over MgS04 
and evaparated, yielding 7.30 g (80%) of 4,4'-diamino- 
biphenyl. The positive identification of the unreacted 
azobenzene and of the amine was made by comparison of 
mp, ir, and nmr measurements obtained with the authentic 
products. 

The terms 'organic fraction' and 'aqueous fraction' that 
will be used in the following discussions refer to exactly 
the same steps already described for azobenzene. 

Azoxybetlzetre 
A mixture of 0.20 mol (26.40 g) of NaBH2S3 and 0.05 

mol (9.90 g) of azoxybenzene was refluxed in THF for 
18 h. The nmr analysis of the 'organic fraction' gave a 
10% yield of unreacted C~H~N(O)NC~HS (7 (Cc14) 
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TABLE 3. Selective reductions of different reducing agents (similar reaction conditions) 
- 

BzHs LiAlH4 NaBH4* AlH3 NaBH2S3* 

Substrate Product Yield(%)Ref. Product Yield(%)Ref. Product Yield(%) Product Yield(%)Ref. Product Yield(%) 

+-N=N-$8 +NH2 t 7-9 NRS 11 NR NR 10 HzN+-+NHz 80 

+-N=N-+ NR 9 +-N=N-+ 90 11 NR NR 10 H?N+-+NHz 85 

+CHzSzCHz+ 68 
Polvsulfides 32 

*NaBH, and NaBH2S3 made in our laboratory. 
tNor reported. 
f NU, no reaction. 
99 = CGHZ- or p-CoHq- in  the case of HzN+-+NH:. 
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complex a t  2.25) and a 5% yield of C6H5NNC6H5 
(T (CC14), complex at 2.35). Final analysis of the 'aqueous 
fraction' gave 7.70 g (85%) of 4,4'-diaminobiphenyl (mp 
128-129 "C), which was also readily identified by compari- 
son of ir and nmr measurements with the authentic 
product (T (deuterated acetone) complex of 8 protons at 
3.05, broad singlet of 4 protons at 5.90). 

Plret~yl Isocyatlate 
A mixture of 0.20 mol (26.40 g) of NaBH2S3 and 0.05 

mol (5.95 g) of C6HsNCO was refluxed in T H F  for 18 h. 
Investigation of the 'organic fraction' showed 8% of 
unreacted CsHsNCO which analysed as symmetrical 
diphenylurea, whereas 4.50g of products obtained from 
the 'aqueous fraction' were identified by nmr and gas 
chromatography measurements as a mixture of 625, 
(2.90 g) CsH5NH2 and 30% (1.60 g) C6H5NHCH3. 

N-Nitroso Dipher?vlarnit~e 
A mixture of 0.10 mol (13.20 g) of NaBH2S3 and 0.05 

rnol (9.90 g) of (CsH5)zNNO was refluxed in T H F  for 
18 h. Investigation of the 'organic fraction' (7.80g) by 
nmr analysis showed mainly (C6Hs)zNH ( T  (CC14) com- 
plex of 10 protons at 3.00, broad singlet of 1 proton at 
4.60) (90%) and traces of unreacted (GHs)zNNO ( T  
(CC14) complex at 2.80) which was found previously to be 
stable in the presence of a 10% HC1 solution. A compara- 
tive ir analysis with the authentic products confirmed the 
presence of (CsH5)2NNO and (C,jHs)2NH. The nmr and 
ir study of the 'aqueous fraction' (0.73 g) showed the 
presence of (C6Hs)2NNH2 (8%) ( T  (CC14) complex of 
10 protons at 3.00, broad singlet of 2 protons at 6.25); 
mp 49-50 "C. 

Dipher~ylcarbarnyl Cllloride 
A mixture of 0.lOmol (13.20g) of NaBH2S3 and 

0.025 mol (5.80 g) of (C~HS)~NCOCI was refluxed in 
THF for 18 h. Comparative ir and nmr analysis of the 
'organic fraction' (4.20 g) showed the presence of (C6H5)Z- 
NH (100%); this quantitative yield of amine being con- 
firmed by the absence of products in the 'aqueous fraction'. 

Pherlyl Isothiocyatrate 
To a suspension of 0.10 mol (13.20 g) of NaBH2S3 in 

boiling THF, 0.025 mol(3.38 g) of C~HSNCS was added 
dropwise and the mixture was refluxed for 18 h. Following 
normal procedures as described above for azobenzene, 
investigation of the 'organic fraction' showed 50% 
(1.60 g) of unreacted C6HsNCS analysed as 1,3-diphenyl- 
2-thiourea, whereas comparative ir and nmr analysis of 
the 'aqueous fraction' (1.15 g) confirmed the presence of 
CsHsNHz (50%). 

Betlzyl Carbarnate 
A mixture of 0.20 mol (26.40 g) of NaBH2S3 and 0.05 

mol (7.56 g) of C6HsCH10CONHl was refluxed in THF 
for 30 h. Comparative ir, nmr, and silica gel thin-layer 
chromatography studies of the 'organic fraction' (5.50 g) 
revealed the presence of C ~ H S C H ~ O H  (100%). 

Betlzyl N- Plret~ylccrrbarnare 
A mixture of 0.10 rnol (13.20 g) of NaBHzS3 and 0.025 

mol (5.69 g) of C ~ H ~ C H ~ ~ C O N H C ~ H S  was refluxed in 
THF for 18 h. Investigation of the 'organic fraction' by 
nmr analysis showed the presence of C6HsCHzSH (22%) 

( T  (CC14) singlet of 5 protons a t  2.80, doublet of 2 protons 
at 6.30, triplet of 1 proton at 8.45) and of C6H5CH20H 
(28%) ( T  (CC14) singlet of 5 protons at 2.80, singlet of 
2 protons at 5.40, broad singlet of 1 proton variable 
between 5.00 and 7.70). Treatment of the 'aqueous 
fraction' showed the presence of 2.30g of CsHsNH2 
proving that the substrate has been entirely used up. 
Comparative ir, nmr, and silica gel thin-layer chroma- 
tography studies confirmed the composition of these two 
fractions. 

Benzyl Nitrite 
A mixture of 0.025 mol (3.30 g) of NaBHzS3 and 0.05 

rnol (6.85 g) of C ~ H ~ C H Z O N O  was refluxed in THF for 
18 h. The reaction mixture was evaporated to dryness 
under reduced pressure a t  room temperature and the 
residual solid was washed repeatedly with many portions 
of ethyl ether. This ethereal fraction was dried over 
bigs04 and evaporation of the solvent left no product to 
beVanalysed, indicating total consumption of C ~ H ~ C H ~ -  
O N 0  bv NaBH,S, to form an insoluble intermediate. 
~ o l l o w i i ~ ,  at this point, the procedures described earlier 
for azobenzene, ir and nmr analysis of the 'organic 
fraction' showed the presence of CsHsOH. A continuous 
liquid-liquid extraction (24 h) on the 'aqueous fraction' 
using ethyl ether gave a small quantity of C G H ~ C H ~ O H .  
The two portions of alcohol (5.80 g) confirmed the 100% 
yield. 

Betlzyl Nitrate 
A mixture of 0.08 mol (10.56 g) of NaBH2S3 and 0.04 

mol(6.12 g) of C6HsCHzONOz was refluxed in THF for 
18 h. Investigation of the 'organic and aqueous fractions' 
as mentioned above for benzyl nitrite, showed the 
presence of 4.30 g of C6HsCHzOH (100%) which was 
positively identified by a comparative ir and nmr study 
with the authentic alcohol. 

Betlzyl Ttriocyat~ate 
A mixture of 0.10 rnol (13.20 g) of NaBH2S3 and 0.025 

mol (3.73 g) of C ~ H S C H ~ S C N  was refluxed in THF for 
18 h. A column chromatography analysis of the 'organic 
fraction', using a silica gel column and carbon tetra- 
chloride (CC14) as eluant, revealed a 68% yield of 
C G H ~ C H ~ S S C H ~ C ~ H ~  (2.10 g, mp 70-71 "C) and a 327: 
yield of a complex mixture of polysulfides. The absence 
of benzyl thiocyanate in the organic and aqueous fractions 
indicated total reaction of the initial substrate with 
NaBH2S3. Positive identification of benzyl disulfide was 
made by ir and nmr comparative studies with authentic 
C ~ H ~ C H Z S ~ C H Z C ~ H S  ( T  (CC14) singlet of 5 protons at 
2.76, singlet of 2 protons at 6.48). 

Pyridirle-I-oxide 
A mixture of 0.05 mol (6.60 g) of NaBH2S3 and 0.05 

mol (4.75 g) of pyridine-1-oxide was refluxed in T H F  for 
18 h. Analysis of the 'organic fraction' showed the 
absence of products while investigation of the 'aqueous 
fraction', after being submitted to a continuous liquid- 
liquid extraction (24 h) with ethyl ether, revealed the 
presence of 3.80g of pyridine which was positively 
identified by ir and nmr measurements. 

When relevant, the same procedures as those mentioned 
above were used for the action of NaBH4 on a given 
substrate, as indicated in Table 3. 
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Etude de Mn(I1) en solution aqueuse perchlorique par 
rbsonance paramagnbtique Clectronique 

OUASSINI BENALI-BAITICH 
Universite'd'Alger, Facrtlte' des Sciences, De'partemerrt de Cllimie, 2 ,  Rue Didorrche Morrrad, Alger, Alg6rie 

ET 

EDGAR WENDLING] 
Universite' de Metz, Faculte' des Sciences, Laboratoire de Cl~imie Mine'rale Pl~ysique, Ile drr Saulcy, 57000-Metz, France 

R q u  le 10 fCvrier 1975? 

OUASSINI BENALI-BAITICH et EDGAR WENDLING. Can. J. Chem. 54,878 (1976). 
Le cornporternent du perchlorate de mangankse(I1) en solution aqueuse perchlorique (0 < 

CHCIO~ < 11.85) est CtudiC par rpe i 25 et 55 "C. 
L'elargissement de la raie lors de I'addition d'HC104 dCpasse netternent celui provoquC 

norrnalernent par l'augrnentation de la viscositC. Ce resultat est interprCtC en envisageant la 
formation d'un cornplexe rnonoperchlorato-interne en Cquilibre avec le cornplexe externe. 

La diminution de I'intensitC relative du signal lors de l'addition d'HC104 confirrne la prCsence 
d'un complexe monoperchlorato-interne et permet d'Cvaluer sa constante de stabilitC (8.0 + 1.5) 
X 10-2. La stabilite relative du monoperchlorato de Mn(I1) cornparCe i celle de Co(I1) et Ni(I1) 
s'explique par la consideration de I'Cnergie de stabilisation du champ des coordinats. 

OUASSINI BENALI-BAITICH and EDGAR WENDLING. Can. J. Chem. 54, 878 (1976). 
The behaviour of manganese(I1) perchlorate in aqueous perchloric acid solution (0 < CHCIO~  

< 11.85) was studied by epr at 25 and 55 "C. The broadening of the band following addition of 
HC104 considerably exceeds that normally caused by the increase in the viscosity. This result is 
interpreted in terms of the formation of an internal rnonoperchlorato complex in equilibrium 
with the external complex. The decrease in the relative intensity of the signal following addition 
of HCI04 confirms the presence of an internal rnonoperchlorato complex and permits the 
evaluation of its stability constant, (8.0 + 1.5) X The relative stability of the Mn(I1) 
monoperchlorato complex compared to those of Co(I1) and Ni(l1) is explained by a considera- 
tion of the ligand field stabilization energy. 

[Journal translation] 

Introduction 
Dans un article pricedent (1) consacrt i 1'Ctude 

du comportement des perchlorates de  Co(II), 
Ni(I1) et Cu(I1) en milieu aqueux perchlorique, 
nous avons mis en tvidence la formation de 
perchlorato-complexes dont la structure et la 
stabilitC ont pu Ctre diterminis par spectrophoto- 
mttrie d'absorption. 

Malheureusement, cette ttude n'a pu &tre 
Ctendue i l'ion Mn(I1) dont le spectre d'absorp- 
tion visible est form6 de bandes d'intensitis trks 
faibles et qui pour Ctre dttectCes exigeraient soit 
des largeurs de cuves dimesurtes soit des con- 
centrations en Mn(C104)2 incompatibles avec la 
solubilitt de  ce sel dans HC104 aqueux. 

Par contre, l'ion Mn(I1) prtsente en solution 

IToute correspondance est i adresser i E. Wendling, 
UniversitC de Metz, FacultC des Sciences, Laboratoire de 
Chirnie MinCrale Physique, Ile du Saulcy, 57000-Metz, 
France. 

2Revision reGue le 10 dkernbre 1975. 

un spectre rpe facilement observable m&me i de 
trks faibles concentrations et dont la largeur et 
l'intensiti des raies Cvoluent lors de l'addition 
d'anions du fait de  la formation de complexes 
aussi bien en milieu aqueux (2, 3) qu'en milieu 
non aqueux (4-6). Plus rCcemment Burlamacchi 
et ses collaborateurs ont analysC les phCnomknes 
dkterminant la forme de la raie rpe de  l'ion 
Mn(I1) dans les solvants mixtes (7). 

Le but de  ce travail est l'ttude de l'effet de 
HC104 aqueux sur le spectre rpe de  l'ion Mn- 
(H20)62+ en relation avec la coordination de 
l'anion C104- laquelle n'a t t t  mise en tvidcnce 
jusqu'i prtsent que par spectroscopie Raman (8) 
et rmn de 35C1 (9) sans que ni la nature ni la 
stabilitt du complexe form6 n'aient encore Cti 
prCcistes. 

Nous avons donc suivi la variation de la 
largeur et de  l'intensitt de  la quatrikme raie 
hyperfine ( i  partir des champs faibles) des 
spectres rpe des solutions de Mn(C104)2 dans 
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TABLEAU 1. Largeur de raie AH (en gauss) en fonction de C H C I O ~  (M/ l )  i 25 et 55 "C 
(concentration en Mn(1I) 3 X low2 M/1) 

C H C I O ~  

HC104 aqueux en fonction de CHclO4 (M/1) B 
25 et 55 "C. Le choix de cette raie correspondant 
B MI = 3 se justifie car elle se prCte le mieux B 
l'ttude des phtnomenes de relaxation (2). 

Les spectres de rbonance paramagnetique Clectronique 
des solutions de perchlorate de manganese (3 X 
M/I) dans HC1O4 aqueux (0 < C H C I O ~  < 11.85 M/1) 
sont enregistrCs suivant la dCrivCe prem2re de l'absorption 
& l'aide d'un spectromktre bande X de type Varian V 4502 
dot6 d'une double cavitC pour les mesures de I'intensitC 
du signal. La tempkrature (55 "C) est maintenue con- 
stante & k 2  "C & l'aide d'un courant d'air chaud envoye 
dans la cavitC. Le champ magnitique statique est mesurC 
& l'aide d'un gaussmktre de prkision rnuni d'une sonde ?I 
effet Hall. La largeur de raie AH est mesurCe "pic a pic" 
avec une incertitude infkrieure i + 1 gauss. 

Les solutions de perchlorate de Mn(l1) dans HC104 
aqueux sont pr$arCes de la m&me facon que dans la 
rCf. 1. Pour chaque solution un test au AgNO, et au 
BaC12 est effectuC pour vCrifier I'absence des ions Ctrangers 
en particulier CI- et S042-. 

Les mesures de 1'intensitC du signal sont effectuCes par 
rCfCrence au DPPH. 11 faut noter que pour les solutions 
de concentration C H C ~ O ~  2 10.75 M/I, les six raies 
hyperfines commencent & se recouvrir ce qui augmente 
I'imprkision dans la dktermination des paramktres de la 
raie; c'est pourquoi 1'Ctude a CtC IimitCe & C H C I O ~  5 
11.85 M/1, concentration maximum pour laquelle les six 
raies hyperfines sont encore rbolues. Compte tenu de 
['importance de l'incertitude cornmise sur les mesures 
dlintensitC (de I'ordre de lo%), nous avons adopt6 
la relation approximative AH2.h (11 Ctant la hauteur 
de la raie) pour la dktermination de l'intensitk relative 
du signal dans tout le domaine de concentration. Enfin, 
puisque 1'intensitC du signal diminue pour des solutions 
de m&me concentration en Mn(1I) lorsque C H C I O ~  
augmente, il est plus inthessant de rapporter cette 
intensit6 Zi celle de la solution aqueuse normalisee B 
100. De cette facon, I'intensitC relative du signal (I/&) 
s'exprimera en % et sera comprise entre 0 et 100. 

RCsultats et discussions 

Largeur de raie 
I1 faut d'abord noter qu'il n'y a aucune varia- 

tion du facteur g (2.004 f 0.002) dans les 
spectres des solutions e'tudites ce qui est carac- 
tiristique des complexes de Mn(I1) (5). 

Le tableau 1 donne les largeurs de raie B 25 et 
55 "C pour chaque solution ainsi que la valeur 
correspondante du rapport 7lp.T (7, p, T repre'- 
sentent respectivement les viscositt, densitt et 
temptrature) calculi B partir des donntes de la 
rtf. 10. 

On constate que la largeur de raie augmente 
fortement lorsque C H C ~ ~ ,  augmente; cependant 
h 25 "C cette augmentation n'est effective qu'B 
partir de CHCIO, > 6.55 M/1. Le spectre de la 
solution la plus dilute correspond donc logique- 
ment B celui de I'ion Mn(H20)62+ non influenct 
par C1O4- (2). L'accroissement de la largeur de 
raie lorsque C H C ~ O ~  augrnente ne permet pas de 
conclure immtdiatement B la formation de com- 
plexes car la viscosite' des solutions augmente 
notablement avec C H C ~ ~ ,  (10) et contribue B elle 
seule h un tlargissement de la raie. 

En effet le me'canisme de relaxation le plus 
important pour l'ion M I I ( H ~ O ) ~ ~ +  est du B la 
modulation du "zero-fiel-splitting" introduit 
lors de la distorsion de l'ion par les fluctuations 
du solvant avec un temps de corrtlation T, (11, 
12). Dans le cas limite WT, << 1 (W frtquence de 
Larmor des e'lectrons), la largeur de raie est 
proportionnelle B T,, lui m&me proportionnel i 
7lp.T. Ainsi, si l'ion Mn(H20)62+ ttait la seule 
espkce prtsente en solution, on devrait observer 
une variation lintaire de AH par rapport h 
7Ip.T; ce qui en portant AH en fonction de 
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FIG. 1. Variation de la largeur de raie AH (gauss) en 
fonction de 7/p.T (centipoise/K). Concentration en 
Mn(I1) 3 X M/I. X :  T = 25 "C, A: T = 55 "C. 
La droite AB reprksente la variation correspondant B 
l'ion Mn(H20),j2+ seul. 

r)lp.T devrait donner une droite sur laquelle se 
placeraient tous les points quelque soit la 
tempkrature, comme c'est le cas pour les solu- 
tions de M I I ( C ~ O ~ ) ~  dans l'eau (12). A l'aide des 
donnCes de la rtf. 12, nous avons track la droite 
reprtsentant la variation correspondant B l'ion 
Mn(H20)6'+ seul (voir fig. 1). Cette droite passe 
d'ailleurs par les 2 points A et B relatifs B la 
solution aqueuse (55 et 25 "C). 

D'aprb la fig. 1, non seulement les points ne 
s'alignent pas sur cette droite mais s'en Ccartent 
de plus en plus lorsque CIICIO, augmente 
(surtout B 55 "C, segment AE). On constate 
d'ailleurs que l'tvolution de la largeur de raie 
lors de l'addition d'HC104 est difftrente 8 25 et 
55 "C. Si B 25 "C la largeur de raie observte ne 
dtpasse celle estimte pour Mn(H20)62f seul 
qu'8 partir de Crrclo, > 9.70 M/1, B 55 "C 
l'accroissement de la largeur de raie est dtjh plus 
important. 

Puisque l'tlargissement de la raie dtpasse 
nettement celui provoqut par l'augmentation de 
la viscositt, il est donc certain que l'ion C104- se 
coordine B Mn(I1). 

Nos rtsultats ne sont d'ailleurs pas sans rap- 

peler ceux obtenus par Hayes et Myers (2) pour 
l'effet de l'ion C1- dans les solutions aqueuses de 
perchlorate de Mn(I1). Les perchlorato-com- 
plexes ttant beaucoup moins stables que les 
chloro-complexes, on s'explique qu'h 25 "C 
l'excks de la largeur de raie par rapport B celle 
estimCe pour l'ion libre ne commence B Ctre 
effectif (portion C D  fig. 1) que pour de fortes 
concentrations en HC104. Ces auteurs attribuent 
le trbs petit Clargissement de la raie observB aux 
faibles tempkratures B la formation du complexe 
externe et celui trks important observt aux fortes 
tempCratures B la formation du complexe interne 
et relient cet tlargissement aux cinttiques de 
formation. 

Par analogie avec leur description, il nous faut 
envisager les deux Cquilibres suivants: 

et dCfinir les constantes de stabilitt dans le cadre 
de l'approximation faite dans la rtf. 1: 

ainsi que les temps de demi-rCaction: 

Si l'on appelle t2A, /2B et tZC les temps de re- 
laxation respectifs de  l'ion libre, du complexe 
externe et du complexe interne, il est Cvident que 
tZA > t 2B > tzc puisque 1'asymCtrie du com- 
plexe se prononce lorsque l'on passe de l'aquo- 
ion au complexe interne. Lorsque CHC~O, aug- 
mente, T,, diminue fortement (car aclo4- 
augmente) tandis que T ~ , ,  augmente (car aHzo 
diminue). 

Par comparaison avec le systkme Mn(C104)2 - 
H 2 0  - C1- (2), on est sOr que pour les solutions 
les plus concentrtes en HC104, les conditions 
T , ~  << et T,, >> tZc sont satisfaites et ce, 
d'autant mieux B 55 qu'8 25 "C; ce qui signifie 
que pour l'tquilibre 1, il y a tchange rapide et 
pour l'tquilibre 2, Cchange lent. Dans ces condi- 
tions, le complexe interne ne contribue pas 
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BENALI-BAITICH ET WENDLING 88 1 

FIG. 2. Variation de I'intensitC relative du signal pour 
les solutions de Mn(C104)2 3 X 10-2 M/1 en fonction de 
1'activitC de l'eau B 25 "C. Les concentrations des solu- 
tions d'HC104 en M/1 correspondantes sont celles du 
tableau 1. Les tralts verticaux indiquent I'incertitude 
estirnCe sur la mesure de I'intensitC relative du signal pour 
chaque solution. 

directement B 1'Clargissement de la raie (par 
l'intermidiaire de tZC): c'est sa vitesse de 
formation 1 / ~ ~ ~  qui est dCterminante. 

Comme 1 / ~ ~ ~  augmente avec la tempCrature, 
on comprend que 1'Clargissement soit plus 
important B 55 qu'8 25 "C. On doit s'attendre a 
ce que l'excks de-la largeur de raie par rapport a 
celle de l'ion libre tende vers une limite dks que 
la formation du complexe externe est complkte. 
Ceci semble &tre le cas d'aprks la fig. 1 pour 
CIICIO, > 9.70 M/1 B 55 "C (segment EF) et 
pour CHclO4 2 10.25 M/1 B 25 "C (segment 
CD). Compte tenu du nombre d'inconnues 
(constantes de vitesse et tZO), il n'est pas possible 
de diterminer les constantes de s t a b i l i t i  partir 
de 1'Clargissement de la raie; nCanmoins, il est B 
prCvoir que celles-ci sont plus fortes 55 qu'i 
25 "C. 

Intensite'du signal 
La fig. 2 montre qu'a 25 "C l'intensitk relative 

du signal par rapport a celui de la solution 
aqueuse dCcroit lorsque 1'activitC de l'eau 
diminue, jusqu'h atteindre la valeur de 10% pour 
la solution concentrCe. (Pour la ditermination 
de n ~ , ~  cf. rCf. 1). 

La dicroissance de 1'intensitC du signal, t r b  
rapide B partir de CIICIO, > 8.15 M/1, doit &tre 
attribuie 2 la formation du complexe interne. 
En effet le temps de relaxation t2c de celui-ci, 
voisin de 10-l1 s (3), est t r b  court, ce qui donne 
lieu B une raie trop large pour &tre ditectie. La 
prisence du complexe interne se manifeste donc 
par une diminution de 1'intensitC du signal due 2 
une diminution de la concentration globale des 
espkces contribuant au signal (ion libre et 
complexe externe). 

Ceci nous permet d'Cvaluer la constante de 
stabilitC Ktbc si l'on admet avec Burlamacchi et 
Tiezzi (3) que la concentration du complexe 
interne est proportionnelle B la diminution de 
l'intensiti relative du signal. Pour C H ~ ~ ~ ~  
suffisamment ClevCe, l'tquilibre 1 est dCplacC vers 
la droite et la relation 4 s'Ccrit alors: 

Le traitement des rCsultats de la fig. 2 par la 
mCthode des moindres cards nous permet 
d'estimer cette constante B (8.0 1 1.5) X lop2 
B 25 "C, tandisque les mesures 5 55 "C nous 
donnent (9.5 f 1.5) X 

Ces rCsultats paraissent raisonnables devant 
ceux trouvCs pour le monoperchlorato-interne de 
Mn(I1) par rpe mais en milieu non aqueux (6). 
L'ordre de stabilitC CH30H > DMF -- DMSO 
> H 2 0  est conforme B l'augmentation de la 
constante diilectrique du solvant. Par ailleurs, la 
stabilitC relative du monoperchlorato de Mn(I1) 
comparie B celle de Co(I1) et Ni(I1) (constantes 
respectivement Cgales B 3.1 X lop3 et 1.3 X 

(1) s'explique si l'on considkre l'inergie de 
stabilisation du champ de coordinat. 

D'aprks Jargensen (13), 1'Cnergie de stabilisa- 
tion contribuant B la formation d'un complexe 5 
partir d'un aquo-ion lors de la substitution d'une 
molicule d'eau, est approximativement Cgale k 

pour des complexes octaidriques non sujets B 
l'effet Jahn-Teller oh le paramktre p = 2a - 3b 
avec a nombre d'ilectrons t2s et b nombre 
d'ilectrons e,. 

Pour un perchlorato-complexe, 10Dgco,,~e,, 
< lODq,,,,; d'aprks l'iquation 7, il y a donc 
distabilisation ce qui explique dijB l'instabilitk 
des perchlorato-complexes. De plus cette dC- 
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882 CAN. 1. CHEM. VOL. 54, 1976 

stabilisation croit lorsque l'on passe de Mn(I1) A 
Co(I1) et Ni(II), puisque les valeurs respectives 
de p sont 0, 4, 6 d'oh l'ordre A E ~ I , ( ~ ~ ,  < AEcoclr) 
< AE~i(11) qui entraine par consCquent pour les 
constantes de stabilitk I'ordre suivant K~. I , ( I I )  > 
KCO(II)  > K N ~ ( I I ) .  

Cet ordre est le m&me que celui observC pour 
les chloro- et sulfato-complexes mais il est 
contraire A celui de la skrie d'Irving et Williams 
Ctablie, il est vrai, par la considkration des 
complexes amints. 
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Synthetic morphinans and hasubanans. V1.l Total synthesis of 
3-hydroxyisomorphinans, 3-hydroxyhasubanans, and 

3,9-dihydroxyhasubanans 

Ivo MONKOVI~ AND HENRY WONG 
Bristol Laboratories of Carlada, 100 It~d~rstrial Blvd., Car~diac, Qrrebec J5R IJI 

Received August 20, 1975 

Ivo Mo~~ovrd  and HENRY WONG. Can. J. Chem. 54,883 (1976). 
A new total synthesis of racemic 3-hydroxyisomorphinans (3), 3-hydroxyhasubanans (9), 

3,9a-dihydroxyhasubanans (5), and 3,9p-dihydroxyhasubanans (7), via 4a-(2-aminoethy1)- 
1,2,3,4,4a,9-hexahydro-6-methoxyphenanthrene ( l a )  is described. 

Ivo MONKOVI~  et HENRY WONG. Can. J. Chem. 54, 883 (1976). 
On dkr i t  une nouvelle synthbse totale des hydroxy-3 isomorphinanes (3), hydroxy-3 hasu- 

bananes (9), dihydroxy-3,9a hasubananes (5) et dihydroxy-3,9p hasubananes (7) par I'inter- 
mCdiaire du (amino-2 Cthy1e)-4a hexahydro-1,2,3,4,4a,9 mCthoxy-6 phknanthrkne (la). 

[Traduit par le journal] 

1 
Introduction 

In the previous papers in this series, we have 
reported on the total synthesis of a number of 
3,14-dihydroxymorphinans I (Chart l), via 3- 

R = H, CH3, and various C3H5-C5H9 substituents. 
RI = H. I.1-SH R2 = H. a-OH, a-Br. 

methoxy-~~l'~-morphinan 11, some of which 
have been found to possess valuable pharma- 
cological properties as analgesics and narcotic 
antagonists (1, 2). We also reported on the total 
synthesis of various 3,14-dihydroxyisomorphi- 
nans I11 (3, 4) and several hasubanan alkaloids 
IV (4, 5). The common intermediate in all of the 
above syntheses is 4a-(2-aminoethyl)-l,2,3,4,4a,9- 
hexahydro-6-methoxyphenanthrene l a  (Chart 2). 

'For part V, see ref. 1. 

We now report on its utilization in the synthesis 
of isomorphinans 3 and various hasubanan 
alkaloids 5-9. 

Results and Discussion 
Several routes developed by Gates and co- 

workers led to the synthesis of the isomorphinan 
skeleton 3 (6, 7), the most practical being a 
modified Grewe approach (8). In view of potent 
analgesic and narcotic antagonist activity of 
some of these compounds, and a successful 
application of amine l a  in the synthesis of 
various related structures (1-5), we decided to 
attempt a total synthesis of the 3-hydroxyiso- 
morphinan system 3 via the same intermediate. 
This was carried out in the following manner. 
Treatment of unsaturated amides (16 and lc) (4) 
with diborane in THF, followed by hydrogen 
peroxide and sodium hydroxide led to  the 
stereo- and regioselective formation of B/C 
trans-fused a-hydroxyphenanthrenes 2a and 2d 
respectively, accompanied by some tertiary bases 
26 and 2e. This stereochemical assignment is 
consistent with the reaction sequence described 
below. Treatment of 2a and 2rl with methane- 
sulfonyl chloride and pyridine afforded esters 2c 
and 2f'which were cyclized to isomorphinans 3a 
and 3c respectively, by treatment with sodium 
hydride in DMF. Alkaline hydrolysis of 3a 
afforded 3-methoxyisomorphinan 36, a versatile 
intermediate for the synthesis of various nitrogen 
substituted 3-hydroxyisomorphinans. Thus by a 
series of standard reactions, we prepared 17- 
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1 2 

a R = H  a R  = COCF,, RI = H 
b R  = COCF] b R  = CH2CF3, R1 = H 
c R  = CO-U c R  = COCFj, RI = S02CHl 
d  R  = C02Et d R = C O + , R l = H  

e R  = C H 2 4 ,  RI = H 
f R  = C o d  . RI = S02CH3 

4 5 6 

o R  = C02Et rr  R  = CHI RI = C02Et tr R  = CHI 
b R  = C O 4  b R  = H RI = C02Et h R = H  
c R  = CHI c R  = H RI = CH, 

(1 R  = CHI RI = C 0 4  
e R  = H RI = C O 4  
,/' R = H R1 = C H 2 4  
R R = CHI RI = CHI 

cyclobutylmethyl-3-hydroxyisomorphinan 3h and Our earlier experience with the acid-catalysed 
3-hydroxy-17-methylisomorphinan 3k, which was cyclizations of certain S,r-unsaturated systems 
identical in every respect to an authentic speci- (5, 9) led us to explore the reactivity of various 
men. Similarly, 3c was reduced to 3d and epoxides, 4, (4) and amides, 1, under acidic 
demethylated to 3e. conditions. These efforts gave rise to two new 
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synthetic approaches to the hasubanan skeleton. reactions as follows. The stereospecific a-epoxi- 
Thus, treatment of epoxy amides 4a and 46 with dation and hydroboration of various acyl deriva- 
dilute ~erchloric acid in THF afforded 9a- tives of l a  can be rationalized in terms of the 
hydrox;-3-meth~x~hasubanans 5a and 56 re- 
spectively in good yields. Further transformations 
of these to  the dihydroxyhasubanans 5c and Sf 
were easily accomplished by standard proce- 
dures, except that the usual reaction sequence, 
i.e. reduction of amide function followed by 
demethylation, was reversed. The reversed reac- 
tion sequence was applied after an unsuccessful 
demethylation attempt on the previously reported 
9a-hydroxy-3-methoxy-17-methylhasubanan 5g 
(4). 

The epimeric 3,9P-dihydroxyhasubanan 76 was 
prepared from 5a in three reaction steps as 
follows. (i) Treatment of 5a with phosphorus 
oxychloride in pyridine afforded oxazolidone 6a 
in an intramolecular displacement-inversion re- 
action2 (ii) Demethylation of 6a by treatment 
with boron tribromide to give 66, followed by 
reduction with lithium aluminum hydride af- 
forded 3,9p-dihydroxy-17-methylhasubanan 76. 
(iii) Reduction of 6a (lithium aluminum hydride) 
to 7a, followed by treatment with methanesul- 
fonyl chloride afforded an ester 712, which was 
subjected to a reaction with sodium hydride in 
DMF, whereupon 3-methoxy-17-methyl-~9~10- 
hasubanan 8 was obtained. 

Our initial attempts to effect a one step 
synthesis of the hasubanan skeleton via acid- 
catalysed (sulfuric acid) cyclization of urethane 
Id led to  intractable mixtures. However, treat- 
ment of 16. l c  and Id with trifluoroacetic acid at 
reflux temperature afforded the corresponding 
hasubanans 9a, 96, and 9c in good yields. 
Alkaline hydrolysis of 9a yielded 3-methoxy- 
hasubanan 9c which could be easily transformed 
to the various N-substituted 3-hydroxyhasu- 
banans. Alternatively, demethylation of 9e fol- 
lowed by reduction directly afforded 17-cyclopro- 
pylmethyl-3-hydroxyhasubanan 9g. 

A summary of the various synthetic applica- 
tions of the unsaturated amine l a  toward 
morphinan and hasubanan ring systems with 
structural correlations is shown in Scheme 1. We 
shall attempt to rationalize the high order of 
stereo- and regioselectivity of most of these 

2Similar cyclizations in the cyclouridine series (18) 
using partially hydrolized phosphorus oxychloride, and 
in the series of p-hydroxyurethanes (19) using thionyl 
chloride and phosphorus pentoxide have been reported. 

steric effect of the amidoethano function. The 
bromocyclization of l a  to 9a-bromohasubanan 
IV rather than the respective 14-bromoisomor- 
phinan is in accordance with the known prefer- 
ential formation of five- to that of six-membered 
rings in the bromocyclization reactions (10, 11). 
Such preference in the case of l a  should be 
further enhanced by the fact that the probable 
intermediate bromonium ion should be asym- 
metric with higher charge distribution on the 
tertiary carbon (C14) over that of the secondary 
one (Cg). 

The regioselectivity of the epoxide ring open- 
ing reaction is influenced by several factors of 
steric and electronic nature, and it is usually 
difficult to assess the relative importance of each 
of these factors (12). However, due to the intra- 
molecular nature of all the reactions studied, a 
number of important factors such as substitution 
of the epoxide ring, electrophilicity of the neigh- 
bouring group, and the size of the new ring to be 
formed, are easily recognized and the results can 
be rationalized as follows. The acid-catalysed 
reaction is expected to  proceed by protonation 
of the epoxide oxygen atom and opening of the 
epoxide ring via neighbouring group participa- 
tion of the acyl amine function. In such reactions. 
the tertiary carbocation intermediate as well as 
the size of the newly formed ring are expected to  
be dominant factors favoring 5-membered rings 
(hasubanans) over six-membered ones as pointed 
out in the course of the discussion of the bromo- 
cyclization reaction. 

On the other hand, factors influencing the 
reactivity of aminoepoxide 4c (under non- 
catalyzed conditions) seem to be in a delicate 
balance resulting in equal amounts of the two 
possible products 9a-hydroxyhasubanan 5g and 
14-hydroxyisomorphinan I11 (R = CH3) (4). To 
put it another way, the preference (kinetic, or 
both kinetic and thermodynamic?) for formation 
of five- over six-membered rings successfully 
competes with the expected preferential opening 
of the epoxide with an amine at the less substi- 
tuted carbon atom. However, this preference is 
insufficient when the nucleophilicity of the 
neighbouring group is enhanced such as in the 
case of base-catalysed cyclizations of various 
epoxides 4, which result in exclusive formation 
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of 14-hydroxyisomorphinans 111 (4). 
The preferred acid-catalysed cyclization of lb ,  

lc ,  and I d  to hasubanan rather than morphinan 
ring systems is predictable on the basis of both 
ring size and a tertiary carbocation intermediate. 
This cyclization a t  the time of execution ap- 
peared to be a novel synthetic approach t o  a wide 
variety of heterocyclic compounds, particularly 
pyrrolidines and piperidines. Subsequently, we 
found two recorded examples in the literature 
describing the synthesis of spirolactams VI 
(Scheme 2) (13) and VIII (14, 15), from the 
respective cyclohexenyl derivatives V and VII. 

It is interesting to  note that some closely 
related systems such as IX under similar reaction 
conditions have been reported to give products 
of oxygen participation X. Similarly, various 
N-allylamides and related compounds give prod- 
ucts of oxygen (sulfur) rather than nitrogen 
participation (5, 16, 17). 

Pharmacological Results 

A number of new compounds (in particular N- 
alkyl-3-hydroxy derivatives) have been screened 
for analgesic and narcotic antagonist activities 
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TABLE 1. Analgesic and narcotic antagonist activities 
Polyphosphoric acid (in mice) of some of the compounds studied 

120-130 "C 
ED50 (mglkg s.c.) 

NH2 Antagonist activity 

V V1 (oxymorphone-induced Analgesic activity 
Compound Straub tail) (mouse writhing) 

X = -CHI-, 30 "C Polyphosphoric acid 
X = -N-Ph, 150°C \ 

in mice by Dr. A. W. Pircio of the Bristol Labor- 
atories, Syracuse, N.Y., according to the pre- 
viously reported procedures (1). Some of the 
compounds have been found to possess moderate 
levels of activities as shown in Table 1, however, 
none was considered to be of therapeutic value. 

Experimental 
The melting points were determined on a Gallenkamp 

apparatus, and are uncorrected. The infrared (ir) spectra 
were recorded on a Unicam SP-200G grating ir spec- 
trometer. The nmr spectra were recorded on a Varian 
A-60A spectrometer using deuteriochloroform. The 
chemical shifts are expressed in 6 values using tetra- 
methylsilane as internal reference. Microanalyses were 
performed by Micro-Tech Laboratories Inc., Skokie, 
Illinois. 

Triflrioroacetarnido Alcohol, 2a, and Trifl~~oroetlrylarnino 
Alcohol, 26 

To a cooled (ice), stirred solution of 16 (4) (10.5 g) in 
dry THF (80 ml) was added dropwise 1 M solution of 
diborane in THF (75 ml). The mixture was allowed to 

stand for 18 h at 5 OC, followed by 4 h at room tempera- 
ture. It was then treated successively with water (3 ml), 
5 N sodium hydroxide (16ml), and 30% hydrogen 
peroxide (4.4 ml), and the resulting mixture was heated 
to an internal temperature of 45-50 "C for 30 min. After 
cooling, it was diluted with ice cold water (100 ml), 
acidified with concentrated hydrochloric acid, and ex- 
tracted with benzene. The acid layer was set aside and the 
benzene extract was dried and evaporated in vacrio to 
yield 11.7 g of crude 2a as an oil. The analytical sample 
was purified by chromatography on a silica gel column 
(eluent, benzene-ether 3:2); ir (neat), 3340, 3100, 1720 
cm-1; nmr 6 6.8-7.2 (3H, m), 3.82 (3H, s), 1.1-3.9 (16H, 
m). Atral. calcd. for C19Hz4F3N03: C 61.44, H 6.51, 
N 3.77; found: C 61.60, H 6.74, N 3.63. 

The aqueous acidic solution was made basic with 
ammonium hydroxide and extracted with dichlorometh- 
ane. Drying and evaporation of solvent gave 450 mg of 
amino alcohol 26 as an oil; ir (neat) 3380 cm-I; nmr 
(CDCI,) 6 6.5-7.0 (3H, m), 3.9 (lH, m), 3.72 (3H, s), 
1.1-3.5 (17H, m). The oxalate salt of 26 was recrystallized 
from methanolether; mp 170-172 "C. Anal. calcd. for 
C19H~6F3N02.C2H104: C 56.37, H 6.31, N 3.13; found: 
C 56.41, H 6.61, N 3.17. 

Methanesrilfot~yl Ester 2c 
To a cooled and stirred mixture of crude amido alcohol 

2a (1 1.2 g) and triethylamine (4.5 g) in benzene (50 ml) 
was added dropwise a solution of methanesulfonyl 
chloride (5.16 g) in benzene (10 ml). The reaction mixture 
was stirred for 3 h at  room temperature and then parti- 
tioned between water and dichloromethane. The organic 
layer was dried and evaporated in vacuo. The residual oil 
was dissolved in a small amount of benzene and to this 
solution was added a large amount of ether. The solid 
deposited was collected by filtration to give 5.54 g of 2c. 
Recrystallization from 2-propanol gave an analytical 
sample; mp 118-120°C; ir (Nujol) 3360, 1720cm-l; 
nmr 6 6.6-7.1 (3H, m), 4.6-5.1 (lH, m), 3.77 (3H, s), 3.03 
(3H, s), 1.1-3.7 (15H, m). Anal. calcd. for CzoH26FsNOsS: 
C 53.44, H 5.83, N 3.12; found: C 53.26, H 6.00, N 3.04. 

Arnido Alcohol 2d and Amino Alcohol 2e 
To a solution of unsaturated amide l c  (9.75 g) in dry 

THF was added 1 M solution of diborane in THF (63 ml) 
and the mixture left at 5 "C for 18 h, at the end of which 
period, it was treated consecutively with water (1.5 ml), 
5 N sodium hydroxide (13.5 ml), and 30% hydrogen 
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peroxide (4.4 ml). The mixture was heated under reflux The hydrolysis of 3a to 36 is effected by treatment with 
for 30 min, cooled, diluted with water, and acidified with sodium hydroxide in aqueous ethanol. A mixture of 3a 
concentrated hydrochloric acid. The acidic solution was (5.4 g) and 1 N sodium hydroxide in 80% aqueous 
extracted with benzene and left aside. The benzene ethanol (20 ml) was heated under reflux for 15 min. The 
extract was dried and evaporated it1 oacrto to give an oil, usual work-up gave 4.0 g of 36. This procedure can be 
which crystallized from ether. A yield of 657, (6.9 g) of applied to the crude mixture of 3a and 36 to obtain 
2d was obtained; mr, 13Ck131 "C from dichloromethane- exclusivelv 36. 
ether; ir (Nujol) 3i80, 3280, 1630cm-I; nmr 6 6.6-7.2 
(3H, m), 3.8 (3H, s), 3.7-4.1 (lH, m), 0.4-3.5 (20H, m). 
Anal. calcd. for C2,HZgNO3: C 73.44, H 8.51, N 4.08; 
found: C 73.40, H 8.59, N 4.07. 

The aqueous solution was made alkaline with am- 
monium hydroxide and extracted with dichloromethane 
to yield, after drying and evaporation, 1.4 g of amino 
alcohol 2e as an oil; ir (neat) 3380 cm-I; nmr 6 6.6-7.2 
(3H, m), 3.8 (3H, s), 3.8-4.2 (lH, m), 0.Ck3.7 (22H, m). 

A sample for analysis was purified as the oxalate salt 
by recrystallization from acetone; mp 193-195 "C. Anal. 
calcd. for C2,H3,N02 .C2H204: C 65.85, H 7.93, N 3.34; 
found: C 65.50, H 7.94, N 3.31. 

Me fhanesuljbnyl Ester 2 f 
The ester 2f was obtained in 93% yield from alcohol 2d 

by the procedure given for the preparation of 2c; mp 
123-124 "C from dichloromethane-ether; ir (Nujol) 3280, 
1640cm-1; nrnr 6 6.6-7.1 (3H, m), 4.7-5.2 ( lH,  m), 3.8 
(3H, s), 2.98 (3H, s), 0.4-3.6 (20H, m). Atlal. calcd. for 
C22H31N05S: C 62.68, H 7.41, N 3.32; found: C 62.32, 
H 7.39, N 3.18. 

3- M e f h o x y - 1 7 - f r ~ ~ ~ i o r o a c e f ~ ~ l i s o m o r p l ~  3a and 
3-Merhoxyisomorphit~at~ 36 

To a cooled and stirred suspension of sodium hydride 
(580 mg of 557,, washed with hexane) in DMF (5 ml) was 
added dropwise a solution of methanesulfonyl ester 2c 
(4.05 g) in DMF (20 ml) and the mixture stirred at room 
temperature for 6 h. It was then cooled and partitioned 
between ice-cold water and a benzene-ether mixture. The 
organic layer was washed several times with cold water 
and extracted with dilute hydrochloric acid. The acidic 
extract was set aside, and the organic layer was washed 
with water, dried, and evaporated to dryness to give 
1.25 g of isomorphinan 3a as an oil; bp 14@145 "C/0.02 
torr; ir (neat) 1720 cm-1; nrnr 6 6.6-7.3 (3H, m), 4.1-4.6 
(lH, m), 3.85 (3H, s), 0.8-3.6 (15H, m). Atlal. calcd. for 
C19Hz2F3N02: C 64.58, H 6.28, N 3.96; found: C 64.40, 
H 6.34, N 3.97. 

The acidic extract was made basic with ammonium 
hydroxide and extracted with ether. The ethereal extract 
was dried, filtered with charcoal, and concentrated it1 
vacuo to give 1.35 g of isomorphinan 36 as an oil; ir (neat) 
3300 cm-1; nrnr 6 6.6-7.3 (3H, m), 3.83 (3H, s), 1.1-3.6 
(15H, m), 0.85 (lH, d, J = 10 Hz). The hydrochloride 
salt (1.42 g) was recrystallized from methanol-acetone; 
mp 293-295 "C. Anal. calcd. for Cl7HZ3NO.HC1: C 
69.49, H 8.23, N 4.77; found: C 69.48, H 8.38, N 4.62. 

By varying the solvent composition and work-up 
temperature, the ratio of 3a and 36 can be adjusted. In 
another experiment, the starting material 2c (9.09 g) was 
dissolved in THF (25 ml) and added to a suspension of 
sodium hydride (1.6 g of 55%) in DMF (10 ml) under the 
same conditions as above. During work-up, the reaction 
mixture was cooled with an ice-salt bath. This procedure 
afforded 5.7 g of 3a and 1.1 g of 36. 

17-Cyclopropylcarbot~yl-3-merhoxyisomo~~a~ 3c 
The isomorphinan 3c (an oil) was similarly obtained in 

quantitative yield from 2d. The reaction time was 18 h. 
A sample for analysis was distilled at 165-170 "C10.2 
torr; ir (neat) 1630cm-I; nrnr 6 6.6-7.2 (3H, m), 3.82 
(3H, s), 3.8-5.0 (2H, m), 4.5-3.6 (19H, m). Anal. calcd. for 
CzIHz7N02: C 77.50, H 8.36, N 4.30; found: C 77.56, 
H 8.44, N 4.15. 

17-Cyclopropylmerl~yl-3-methoxyisomorphia~ 3d 
To a solution of lithium aluminum hydride (0.23 g) in 

dry ether (10 ml) was added dropwise under nitrogen a 
solution of amide 3c (1.46g) in ether (15 ml) and the 
mixture heated under reflux for 2 h. After cooling and the 
usual work-up, 1.17 g of 3d was obtained as an oil; nmr 
6 6.6-7.1 (3H, m), 3.82 (3H, s), 0.0-3.3 (23H, m). A 
sample was purified as its hydrochloride salt by re- 
crystallization from methanol-acetone; mp 237-239 "C. 
Anal. calcd. for C21H2gNOz~HC1: C 72.49, H 8.69, N 
4.03; found: C 72.37, H 8.83, N 3.97. 

3-Hydroxy- 17-cyclopropylmerl~ylisomorpl~i~~a~~ 3e 
A solution of 3-methoxyisomorphinan 3d (3.0g) in 

hydrobromic acid (30 ml, 48%) was heated under reflux 
under nitrogen for 5 min. After cooling, the mixture was 
poured onto ice and ammonium hydroxide and extracted 
with dichloromethane. The extract was dried and evap- 
orated it1 vacuo. The residual oil was dissolved in acetone 
and filtered over a celitexharcoal mixture. The filtrate 
was treated with a solution of hydrogen chloride in ether 
to give 2.05 g of the solid hydrochloride salt of 3e. 
Recrystallization from ethanol gave an analytical sample; 
mp266-268 "C; ir (free base, neat) 3250cm-1; nmr 
6 6.25-6.9 (3H, m), 0.Ck3.2 (23H, m). Atlal. calcd. for 
C20H27N0.HC1: C61.94, H 8.45, N4.20; found: C 
71.71, H 8.33, N 4.09. 

17-Cyclobu~ylcarbonyl-3-merAoxyisomorpA~u~ 3f 
To a cooled and stirred solution of 3a (5.0 g) and tri- 

ethylamine (2.12 g) in dichloromethane (50 ml) was added 
dropwise a solution of cyclobutylcarbonyl chloride 
(2.49 g) in dichloromethane (10 ml). The mixture was 
then washed with water, dried, and evaporated it1 vacrto 
to give 5.98 g of 3f as an oil. A sample was distilled at 
165-170 "C10.2 torr; ir (neat) 1630 cm-1; nmr 6 6.7-7.3 
(3H, m), 4.Ck5.3 (2H, m), 3.82 (3H, s), 1.2-3.7 (20H, m), 
0.75-1.15 (lH, m). Anal. calcd. for C ~ Z H ~ ~ N O ~ :  C 77.84, 
H 8.61, N 4.13; found: C 77.55, H 8.72, N 4.01. 

17-Cyclobu~ylmefhyl-3-merhoxyisomorphit~an 3g 
A solution of amide 3f (5.67 g) in dry THF (40 ml) was 

added dropwise to a solution of lithium aluminum 
hydride (1.0 g) in THF (10 ml) and the mixture heated 
under reflux for 4.5 h. After cooling and theusualwork-up, 
4.55 g of 3g was obtained as an oil. A sample was dis- 
tilled at 16Ck165 "C/0.01 torr; nrnr 6 6.6-7.2 (3H, m), 
3.8 (3H, s), 1.1-3.3 (24H, m), 0.86 (lH, d, m, poor 
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(3H, m), 3.6-4.4 (3H, m), 2.7-3.1 (3H, m), 0.6-2.4 
(lOH, m). Atlal. calcd. for CzoH25N03.;Hz0: C 71.40, 
H 7.79, N 4.16; found: C71.19, H 7.63, N 4.28. 

3,9a-Dil1ydroxy-l7-c~~clopropylmetlryII1asiib~i11~11z 5f' 
The dihydroxyhasubanan 5f was obtained in 83C,c 

yield, as a white solid, mp 82-92 "C from 5e by a pro- 
cedure given for the preparation of 5c. Recrystallization 
from methanol gave an analytical sample containing 
+CH30H of crystallization; mp 106-108 "C; ir (Nujol) 
3420, 3295 cm-1; nrnr 6 6.4-7.0 (3H, m), 3.9 ( l H ,  dd, 
J1= lOHz, Jz=6Hz),2.4-3.3(6H,m),0.0-2.1 (15H, 
m). Atlal. calcd. for C20H27N02. f CH30H : C 75.19, 
H8.71, N4.18; found: C75.19, H 8.89, N 4.22. 

Oxazolidotle 60 
To a cold (ice) solution of hydroxyurethane 5a (1.56 g) 

in pyridine (IOml) was added dropwise phosphorus 
oxychloride (3 ml) under nitrogen and the mixture 
allowed to stand at room temperature for 4 h. It was then 
poured carefully onto ice water and extracted with ether. 
The ether extract was washed with cold dilute hydro- 
chloric acid followed by water, dried, and evaporated to 
dryness. The residual oil (1.30 g) was chromatographed 
over alumina (150 g, dry column eluent chloroform) to 
give 850 mg of 60 as a heavy oil; ir (neat) 1752 cm-1; 
nrnr 66.5-7.1 (3H, m), 4.7 ( IH ,  t, J = 3 H z ) ,  3.73 
(3H, s), 1.1-3.3 (14H, m). A sample for analysis was 
distilled a t  155 "C/0.05 torr to give an  amorphous solid. 
Anal. calcd. for C18H21N03: C 72.22, H 7.07, N 4.68; 
found: C 72.34, H 7.16, N 4.57. 

Oxazolidone 6b  
To a cold (ice-salt) solution of boron tribromide (1.0 g) 

in dichloromethane (10 ml) was added dropwise a solu- 
tion of oxazolidone 6a (550mg) in dichloromethane 
(10ml) under nitrogen and the mixture was stirred at 
room temperature for 1.5 h. It was then poured onto 
ice - ammonium hydroxide and the layers separated. The 
organic layer was washed with water, dried (Na2S04), 
and evaporated it1 vacrro to  give 430mg of solid 6b.  
Recrystallization from ether gave an analytical sample; 
mp 234-236 "C; ir (Nujol) 3260,1740 cm-I ; nrnr 6 6.4-7.0 
(3H, m), 4.78 ( IH,  t, J = 3 Hz), 1.1-3.3 (14H, m). 
Atral. calcd. for CI7H19NO3: C 71.56, H 6.71, N 4.91 ; 
found: C 71.29, H 6.60, N 4.76. 

9p- Hydroxy-3-metl1o.~y-17-metl1yllzasribarzarr 70 
To a solution of lithium aluminum hydride (0.50 g) in 

T H F  (10 ml) was added dropwise a solution of oxazoli- 
done 6a (1.0g) in T H F  (20 ml) and the mixture was 
heated under reflux for 18 h. Work-up as usual gave 
900 mg of solid 7a .  It was purified as its hydrochloride 
salt by recrystallization from methanol-ether; mp 273- 
275 "C; ir (Nujol) 3200 cm-1; nrnr (free base) 6 6.5-7.1 
(3H, m), 3.03 ( lH ,  dd, J 1 = 8 H z ,  J z = 5 H z ) ,  7.78 
(3H, s), 2.44 (3H, s), 1.1-3.3 (14H, m). Atlal. calcd. for 
Cl8H25NOz.HCl: C 66.76, H 8.09, N 4.33; found: C 
66.29, H 8.18, N 4.07. 

3,9p-Dilzydroxy-l7-tnetlzyllrasuba11arr 7b  
This compound was prepared in 65% yield by the 

method described for the preparation of 6b;  an oil; nmr 
6 6.4-7.0 (3H, m), 4.03 ( IH,  dd, poor resolution), 2.4 
(3H, s), 1.1-3.2 (14H, m). A sample purified as its 

hydrochloride salt by recrystallization from methanol- 
ether contained 1 mol of water of crystallization; mp 
273-275 "C; ir (Nujol) 3310, 3220cm-1. Atlal. calcd. for 
C17H23N02.HC1.Hz0: C 62.28, H 7.99, N 4.27; found: 
C 62.08, H 7.49, N 4.10. 

3-Metlzoxy-l7-metl1yl-A~~~~-l1osubat1at1 8 
9P-Hydroxyhasubanan 7a (350 mg) in benzene (5 ml) 

was treated with methanesulfonyl chloride (170 mg) and 
triethylamine (150mg) for 4 h to give after the usual 
work-up, 440g of 90-methanesulfonate 7c as an  oil; 
nrnr 6 6.5-7.1 (3H, m), 4.3 ( l H ,  dd, JI = 11 Hz, J 2  = 6 
Hz), 3.73 (3H, s), 3.03 (3H, s), 2.36 (3H, s), 1.1-3.8 
(14H, m). This was treated with sodium hydride (100 mg) 
in DMF (10 ml) under reflux for 15 min to yield after 
work-up 260 mg of 8, an oil, identical to an authentic 
sample prepared by another route.) 

17-Erl1oxycarbotyl-3-n~etI1oxyIza~rib~rt1~11 9a 
A solution of urethane l d  (1.2 g) in trifluoroacetic acid 

(I2 ml) was heated under reflux under nitrogen for 10 
min. The mixture was evaporated it1 vacrro and the 
residual oil was dissolved in ether and triturated with 
petroleum ether. This solution was filtered with charcoal 
and the filtrate concentrated it1 vacrro to give 1.08 g of 9a 
as an  oil, which solidified upon standing; mp 78-80 "C; 
ir (Nujol) 1695 cm-1; nmr 6 6.6-7.1 (3H, m), 4.10 (2H, q, 
J = 7Hz),  3.78 (3H, s), 1.3-3.6 (16H, m), 1.2 (3H, t, 
J = 7 Hz). Atlal. calcd. for C20H27N03: C 72.90, H 8.26, 
N 4.25; found: C73.00, H 8.21, N 4.15. 

3-Metlzox~~-17-metlzyll1as1rba11an 9b 
Urethane 9a was reduced to  the N-methyl derivative 9b 

by treatment with lithium aluminum hydride by the 
standard procedure. The product so obtained contained 
some of the 3-methoxyhasubanan 9c. Formaldehyde was 
added to the mixture which was then hydrogenated with 
Raney Nickel as catalyst, to give a 72% yield of 9b. 
isolated as its hydrochloride salt; mp 258-262 "C, identi- 
cal by mixture mp determination with a sample of 9b as 
previously reported (5). 

3-Methoxyl~asubat~o~~ 9c 
T o  a solution of 90 (3.29 g) in 1-octanol (20 rnl) was 

added potassium hydroxide pellets (2.8 g) and the mixture 
was heated under reflux for 1 h. After cooling, ether 
(100ml) was added and this solution was extracted 
several times with 1 N hydrochloric acid, followed by 
water (5 X 20rnl). The combined extracts were made 
basic with ammonium hydroxide and extracted with 
ether. The ether extract was dried and evaporated it1 
vacrro and the residual oil 9c was purified as its hydro- 
chloride salt by recrystallization from methanol-ether to  
afford 1.5g, mp 263 "C, identical to  that previously 
reported (5). 

3- Metlloxy-17-tri~rroroucetyll~usubat 9d 
A solution of amide l b  (2g)  in trifluoroacetic acid 

(201111) was heated under reflux under nitrogen for 
30 min. The acid was then removed by evaporation it1 
vaclro and the residual oil was treated with 5 N sodium 
hydroxide (10 ml) and ethanol (40 ml) a t  reflux tempera- 
ture for 10 min. Then the mixture was cooled, diluted 

)Unpublished work from these laboratories. 
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LND WONG 891 

with water, acidified with hydrochloric acid, and ex- 
tracted with ether to give, after drying and evaporation 
of ether, an oil which crystallized from ether - petroleum 
ether. Compound 9d (1.0 g) was obtalned as a white 
solid; mp 102-104 "C (from ether); ir (Nujol) 1710 cm-1; 
nmr 6 6.6-7.2 (3H, m), 3.78 (3H, s), 3.0-4.0 (3H, m). 
1.2-3.0 (13H, m). A11rrl. calcd. for C19H22F3NO?: C 
64.58, H 6.27, N 3.96; found: C 64.41, H 6.41, N 3.91. 

17-Cyclopropylcarboq 1-3-1netl10xyhas1rba,m,2 9e 
A solution of l c  (4.0 g) In trifluoroacetic acid (40 ml) 

was heated under reflux under nltrogen for 30 min. Then 
the mlxture was concentrated to small volume, and the 
residue was partitioned between aqueous ammonium 
hydroxide and ether. The organic layer was dried, 
filtered over celitexharcoal, and evaporated 111 vaclro to 
glve 3.9 g of solid 9e; mp 109-111 "C (from ether - 
petroleum ether); Ir (Nujol) 1630 cm-l; nmr 6 6.6-7.2 
(3H, m), 3.85 (3H, s), 0.5-3.85 (21H, m). Allal. calcd. for 
C21H27N02: C 77.50, H 8.36, N 4.30; found: C 77.46, 
H 8.45, N 4.26. 

I7-Cyclopropylcarbo1~yl-3-/1ydroxylasba1a1 9 j  
The hydroxyamide 9f was obtained In quantitative 

yield, as a white solid from 9e by a procedure given for 
the preparation of 66; mp 216-218 (from methanol); ir 
(neat) 3125, 1610cm-I; nmr 6 6.6-7.1 (3H, m), 0.4-3.8 
(21H, m). A I I ~ I .  calcd. for C2oH?sNOz: C 77.14, H 8.09, 
N 4.50; found: C 77.13, H 8.21, N 4.39. 

I7-Cyclopropylinetl1yl-3-l1ydr0.~yI1as11ba11a11 9g 
The hydroxyhasubanan 9g was obtained in 74% yield 

isolated as its hydrochloride salt, by reduction of 9f with 
lithium aluminum hydride as described above; mp 
254-256 "C, from 2-propanol; ir (free base, neat) 3320 
cm-1; nmr 6 6.6-7.2 (3H, m), 0.0-3.6 (24H, m). Allrrl. 
calcd. for C20H27N0 .HCl: C 71.94, H 8.45, N 4.20; 
found: C 71.92, H 8.60, N 4.03. 

Acknowledgments 

The financial support of the National Research 
Council of Canada through its Industrial Re- 
search Assistance Program is gratefully acknowl- 
edged. We also thank Professor B. Belleau and 

Drs. 1. J. Pachter and Y. G. Perron for encour- 
agement. 

1. I. M O N K O V I ~ ,  H. WONG, A. W. PIRCIO, Y. G.  PERRON, 
I. J. PACHTER, and B. BELLEAU. Can. J. Chem. 53, 
3094 (1975). 

2. I. M O N K O V I ~ ,  T. T. CONWAY, H.  WONG, Y. G .  
PERRON, I. J. PACHTER, and B. BELLEAU. J. Am. 
Chem. Soc. 95,7910 (1973). 

3. B. BELLEAU, H. WONG, I. M O N K O V I ~ ,  and Y. G. 
PERRON. J. Chem. Soc. Chern. Comrn~ln. 603 (1974). 

4. I. M O N K O V I ~ ,  H. WONG, B. BELLEAU, I. J. PACHTER, 
and Y. G.  PERRON. Can. J. Chem. 53, 2515 (1975). 

5. M. SAUCIER and I. M O N K O V I ~ .  Can. J.  Chem. 52, 
2736 (1974). 

6. M. GATES and W. G. WEBB. J. Am. Chem. Soc. 80, 
1186 (1958). 

7. M. GATES and T. MONTZLA. J.  Med. Chem. 7, 127 
(1968). 

8. M. GATES. I11 Narcotic antagonists ; advances i l l  

biochemical psychopharrnacology. Vol. 8. Edited 6). 
M. C. Braude et al. Raven Press, New York, 1973. 
p. 51. 

9. I. MONKOVI~ .  Can. J. Chern. 53, 1189 (1975). 
10. D .  L. H. WILLIAMS, E. BIENVENUE GOETZ, and J. E. 

DUBOIS. J. Chem. Soc. B, 517 (1969). 
11. V. I. STANINETS and E. A. SHILOV. RLISS. Chern. Rev. 

36, 272 (1971). 
12. J. G. BUCHANAN and H.  Z. SABLE. I I I  Selective 

organic transformations. Vol. 2. Edited by B. S. 
Thyagarajan. Wiley-Interscience, New York. 1972. 
p. 2. 

13. R.  K. HILL. J. Org. Chem. 22, 830 (1957). 
14. R. R.  WITTEKIND, C. WEISSMAN, S. FARBER, and 

R. I. MELTZER. J. Heterocycl. Chem. 9, 143 (1967). 
15. R .  R. WITTEKIND and C. WEISSMAN. J. Heterocycl. 

Chern. 9, 11 1 (1972). 
16. S. P. MCMANUS, J.  T. CARROLL, and C. H. PITTMAN. 

JR. J. Org. Chem. 35, 3768 (1970). 
17. C. U. PITTMAN, JR., S. P. MCMANUS, and J. W. 

LARSEN. Chem. Rev. 72, 357 (1972). 
18. Y. FURUKAWA and M. HONJO. Chem. Pharm. Bull. 

Jpn. 16, 2286 (1968). 
19. A. L. P. COLL. Spanish Patent No. 288,893 (1964). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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IAN A. OXTON, OSVALD KNOP, and MICHAEL FALK. Can. J. Chem. 54, 892 (1976). 
The infrared spectra of the isotopically isolated NH3D+ ion in polycrystalline ammonium 

perrhenate, NH4Re04, and ammonium tetrachlorocuprate(II) dihydrate, (NH4)2CuC14.2H20, 
have been recorded at  room and liquid-nitrogen temperatures. In the crystals of both com- 
pounds the ammonium ions are located at  sites of S 4  symmetry. The N-D stretching mode of 
NH3D+ in N&Re04 is a singlet, as expected for this site symmetry. In (NH4)2CuC14 .2H20. 
however, a doublet is observed which reveals the occurrence of two non-equivalent orientations 
of the ammonium ion. The spectra of the undeuterated compounds contain bands due to 
combination modes involving the librations of the ammonium ion. This shows that the ions are 
non-rotating. 

IAN A. OXTON, OSVALD KNOP et MICHAEL FALK. Can. J. Chem. 54, 892 (1976). 
On a enregistrC, B la temperature ambiante et h celle de l'azote liquide, les spectres infrarouge 

de l'ion NH3D+ isotopiquement diluC dans le perrhCnate d'ammonium, NH4Re0,, et dans 
(NH4)2CuC14.2H20 polycristallins. Dans les cristaux des deux composCs, les ions ammonium 
sont situCs h des sites de symCtrie S4. ConformCment h cette symCtrie, un seul mode de vibration 
de valence N-D est observC dans le spectre du perrhinate. Par contre, dans le (NH4)2CuC14. 
2H20, on observe un doublet, ce qui indique la prCsence de deux orientations non-Cquivalentes 
de l'ion ammonium. Les spectres des composCs non-deutCrCs contiennent des bandes dues h des 
modes de combinaison. La prisence de ces modes, qui impliquent des librations de l'ion am- 
monium, met en Cvidence que les ions NH4+ ne sont pas en rotation. 

In the first two papers of this series we 
described the ir spectra of the NH3D+ ion at 
crystal sites of tetrahedral (1) and trigonal (2) 
symmetry. It was shown that the N-D stretch- 
ing (v,) and N-D bending ( v ~ ~ ~ )  modes of 
isotopically dilute NH3D+ ions accurately re- 
flect the environments of the ammonium ions in 
the compounds studied. We also discussed the 
evidence for hydrogen bonding in some am- 
monium salts on the basis of rotating, or non- 
rotating, ammonium ions (2). 

The present paper is concerned with the am- 
monium ion at sites of symmetry S4-a as exem- 
plified by NH4Re04 and (NH4)2CuC14.2H20. 
The simultaneous presence of NH4+ and water 
of crystallization in the second compound intro- 
duces a situation which has not previously been 
encountered in our study of the ion. It merits 
special attention, for the absorption due to vOD 

]For Part 11, see ref. 2. 
2NRCC No. 15081. 

in the N-D stretching region of the ir spectrum 
could interfere with vl(NH3D+): voD(HDO) has 
been found to occur in the range of 2650- 
2400 cm-I (3) whilst previously tabulated 
vI(NH3D+) frequencies have been in the 2425- 
2250 cm-I region (1, 2, 4). 

The spectra of the two compounds were also 
examined for absorptions due to combination 
modes involving the librational mode v6. The 
appearance of bands due to such modes in the 
ir spectra of ammonium salts has been used to 
establish that ammonium ions are not rotating 
in many cases (5, 6). We again adopt the defini- 
tion of hydrogen bonding that was used in ref. 2. 

Spectroscol~ic Expectations Jroin 
Crystallographic Data 

The crystallographic data for the two tetra- 
gonal compounds are summarized in Table 1. In 
both compounds all ammonium ions occupy 
equivalent sites and each ion is surrounded by 
two sets of nearest-neighbour atoms that are 
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OXTON ET AL. 

TABLE 1. Crystallographic data for NH4Re04 and ( N H ~ ) z C U C I ~ . ~ H Z O  

Atom Equipoint Site symmetry s Y 2 

(N&)2Cu_C4 .2HzO, P42/mrzm (No. 136)t 
N 4(6) 4 4 4  0 1 I 

Cu 2 ( 4  rnmrn-Dzh 0 0 6 
a (  1 ) w' mm-Cz, 0.2161 0.2161 0 
Cl(2) 4(g) mm-Cz, 0.7262 0.2738 1 
o 44 mm-cz, o o 0.5484 

* a  = 5.883 A, c = 12.973 A a t  25 O C  (7); Z = 4. The positional parameters are for KReO, (8): 
origin as in ref. 13. 

t a  = 7;598(2) A. c = 7.966(2) A (converted to accepted wavelengths) (9); a = 7.594(I) A. c = 
7.967(1) A a t  25'C (10); Z = 2. The positional parameters are for KCuC1,.2H?O (11). 

potential hydrogen-bond acceptors. Each set 
contains four atoms related by S 4  through the 
N atom. Although only one crystallographically 
distinct type of oxygen atom exists in the 
structure of NH4Re04, four of the nearest- 

. . .  neighbour oxygens are at a distance d(N 0 )  
from the N atom and the other four, at a differ- 

. . .  ent distance d(N 0 ' )  (Fig. 1). In the absence 

FIG. 1. Environment of an ammonium ion in NH4Re04 
based on crystallographic data of Table 1. The two sets 
of oxygen atoms at different distances from the N atom 
are distinguished by 0 and 0'. 

of an accurate crystal-structure determination 
the numerical values of these distances can only 
be estimated. The best estimate that can be 
obtained at present is based on the lattice 
parameters of NH4Re04 (7) combined with the 
positional parameters3 as deterpined for KRe04 
(8); it giyes d(N . . .  0 )  = 2.85 A and d(N . . .  y) 
= 2.98 A, with an uncertainty of at least 0.05 A. 
The two angles, L O N 0  = 104' and L O'NO' = 

117", are fairly close to the tetrahedral angle. 
In (NH4)2CuC14.2H20 each set of four 

chlorine neighbours of an N atom is crystal- 
lographically distinct, one set consisting of Cl(1) 
and the other, of Cl(2) (Fig. 2); each Cl(2) is 
hydrogen-bonded to a water molecule. Here. 
too, the N . . .  Cl(1) and N . . .  Cl(2) distances can 
only be estimated by combining the lattice 
parameters of the ammonium compound with 
the positional parameters of the chlorines as 
determined for K2CuC14.2H20 byoneutron dif- 
fraction (1 1): d[N . . .  C1(1)] = 3.36 A, d[N . . .  C1- 
(2)] = 3.35 A. 

The predicted ir spectrum of the NH3Di ion 
at a site of symmetry S4 is based on the 'effective' 
molecular symmetry of the ion, which is given 
by the intersection of the point-group C3" of the 
'free' ion with the site point group S 4  (i.e. C3,n S4) 
and is Cl. However, under the site symmetry S 4  

all four N . . .  X distances for either acceptor set 
are equal. Hence, instead of the multiplicity of 
vibrational modes which would normally be 
expected from a NH3Df ion in four distinct 

3The positional parameters of the oxygen in NH4Re04 
quoted by Wyckoff (13) ( x  = 0.25, y = 0.1 1, z = 0.07) 
are due to Beintema (12) and are at best rypical values 
for the alkali perrhenates and periodates as a group. 
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N- C I  (1) 3.36 A 
N- C1 (2) 3.35 A 

0 

- - 

- 

I I I I I I 

2380 2340 2300 cm-1 

FIG. 2. Environment of an ammonium ion in FIG. 3. The N-D stretching region of the ir spectrum 
(NH4)2CuCL .2Hz0 based on crystallographic data of of NH4Re04 (1 yo D) at liquid-nitrogen temperature. 
Table 1. The thin solid line outlines the lower half of a 
tetragonal unit cell. The chlorine atoms are in the basal ~ i , l l ~ ~  (14). l-he sample of low D was 
  lanes of this half-cell. Line segments On Cl(2) atoms obtained by recrystallization from a mixture of HzO and 
indicate the directions of Cl(2). . .OH2 vectors (see Fig. 1 ~~0 Of the appropriate composition. 
of ref. 17 for a more complete drawing of the structure). Ammonium tetrachlorocuprate(II) dihydrate, (NH4)2- 

CuC14.2H20, was prepared by slow evaporation of an 
orientations of c1 we predict that the aqueous solution containing the stoichiometric amounts 

of NH4C1 and CuC12. Its ir spectrum was in agreement spectrum will be consistent with that given by a with that shown in Nyqvist and Kage19s compilation 
direct correlation as in Table 2. Thus VI and (15). The partially deuterated sample was obtained in an 
v4bc, which have been found to be the most analogous manner using an appropriate mixture of 
readily observed NH3Df modes (2), should give H2O and D20. 

rise to one and two bands respectively. Spectra of Nujol mulls were recorded, at room and 
liquid-nitrogen temperatures, on a Perkin-Elmer model 
180 spectrophotometer. The mulls were supported on 

TABLE 2. Correlation of vibration- KBr windows. The reported frequencies are believed to 
a1 modes of 'free' (C3") NH3D+ be correct to f 0.5 cm-1. 
ion with those in C1 symmetry 

Results 
C3" Cl The spectroscopic data described below are 

vlla) summarized in Table 3. 
v2(e) + ~ 2 b ( ~ )  
~3,(a1) v3,(a) NH4Re04 
v3bc(e) ~3b(a) S ~ 3 d a )  The N-D stretching region of the ir spectrum 
v4n(al) ~ 4 ~ ( a )  of NH4Re04 (1 % D )  at liquid-nitrogen tempera- 
~4bc(~)  ~ 4 b ( ~ )  + V~C(U)  ture is shown in Fig. 3. The absorption in this 

region consists of a single sharp band at 2341 cm-' 
Experimental and may be assigned unambiguously to 

Ammonium perrhenate, NH4Re04, was obtained com- vl(NH3Df). The region 1300-1200 cm-l (Fig. 4) 
mercially (Alfa Chemicals) and was recrystallized from contains two strong sharp bands, at 1272.1 and 
water. Its ir spectrum agreed with that reported by 1259.0 cm-l, which are assigned to v4b and v4, 
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OXTON ET AL. 695 

FIG. 4. The N-D bending region of the ir spectrum 
of NH4Re04 (156 D) at liquid-nitrogen temperature. 

of NH3Dt. A doublet at  161 1.4 and 1606.3 c n r l ,  
is assigned to the conlponents of v2(NH3D+). 

The spectrum of undeuterated NH4Re04 is 
rich in absorptions at liquid-nitrogen tempera- 
ture. A strong band at 1670 cm-' (with shoulder 
at  1661 cm-') could be assigned to either vz or 
v4 + vg of NH4+. In view of previous assignments 
made for these modes (5, 6) the former seems 
more likely. 

The region 2000-1750 cm-I. contains many 
bands of a variety of intensities. These absorp- 
tions arise from the combination modes v4 + vg 

and vz + vg of the ammoniun~ ion, with possibly 
a small contribution from 2v3(Re04-). Two fairly 
sharp bands are found on the high-frequency 

I 
0 ----- ' I I 
25DO 2400 cm-(  2 3 0 0  2 2 0 0  

FIG. 5. The N-D stretching region of the ir spectrum 
of (NH4)2CuC14.2H20 (1% D) at liquid-nitrogen tem- 
perature. 

wing of the N-H stretching absorptions, at 
3478 and 3392 cm-', and probably arise from 
such combination modes as vl + v5 and v3 + v5, 
v5 being a translatory mode. The antisymmetric 
bending fundamental v4 occurs as an intense 
absorption at about 1410 cm-'. 

(NH4)2C~iC14.2H20 
The N-D stretching region of (NH4)2CuC14.- 

2H20 (1% D) is shown in Fig. 5. The absorp- 
tion arising from the isotopically dilute NH3D+, 
in this region, consists of a doliblet with maxima 
at 2322 and 2304 cm-l.4 The ratio of the inte- 
grated intensities of the components of this 
doublet is 1 -t 0.05. The band at 2441 cm-' may 
be assigned to the 0-D stretch of isotopically 
dilute HDO (16, 17) and is close to the absorp- 
tion due to the overtones of the N-D bending 
modes of NH3D+. That band is broader than 
the corresponding band in the spectrum of 
Rb2CuCI4.2H20, and exhibits marked asym- 
metry. This will be discussed elsewhere (16). The 
absorption due to vqb and v~~ of NH3Dt consists 
of a single, slightly asymmetric band at 1263 
cm-'. This band is broad compared with the 
corresponding bands in NH4Re04 (see above) 
and that found for (NH4)zPtCIg (1). 

A higher deuteration reveals a doubling of 
certain vibrational modes. An example is the 
doublet which is assigned to vz,(NH2Dzi) (1). 
This non-degenerate nlode gives rise to two 
bands, of approximately equal intensity, at 1561 
and 1557 cm-'. 

The ir spectrum of undeuterated (NH4)2- 
CuC14.2H20 at liquid-nitrogen temperature con- 
tains a large number of bands similar in appear- 
ance to those found for NH4Re04 and assigned 
to combination and overtone modes of NH4+. A 
doublet assigned to v2 is found at 1674 (shoulder) 
and 1671 cm-'. Bands arising from vz + VG 

appear at  1997 and 1967 cm-', whilst those due 
to v4 + Vg are observed around 1750cm-'. A 
more detailed description of the (NH&CuC14.- 
2H20 spectrum will be made elsewhere (16). 

Discussion 

Hydrogen Bondirzg 
The ir spectra of undeuterated NH4Re04 and 

"he broad absorption on which these two sharp bands 
are superimposed is due to the combination modes 
vz + v~ of H20 ,  as is evident from a comparison with 
the spectrum of undeuterated (NH4)2CuC14 .2H20. 
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TABLE 3. Frequencies v and half-widths Av112 (in cm-1) of absorptions due to the 
vibrational modes of NH3D+ in partially deuterated NH4Re04 and 

(NH4)2CuC14 .2H20 at liquid-nitrogen temperature 

NH4Re04 (NH4)2CuC14 .2H20 

Mode v Av1/2 v AVI /2 

2v4b3 2v4c 2535, 2508 2513 
v1 2341 8 2322,2304 8, 9 
v2a, v2b 1611.4,1606.3 - 1612 10 

v4b, V4c 1272.1,1259.0 4,5 1263 10 

(NH4)2CuC14.2H20 both contain medium-strong 
absorptions in the regions 2000-1900 and 1800- 
1700 cm-I (Table 4) which are assigned to 
components of the combination modes v2 + v6 
and v4 + v6, respectively. This observation is 
consistent with the absence of rotation of the 
ammonium ion in each crystal (5, 6). Using the 
definition of ref. 2, we conclude that in each case 
the ammonium ion is hydrogen-bonded. 

It has been found previously (1, 2) that the 
room-temperature spectra of the NH3Df ion in 
crystals of low D concentration are not informa- 
tive owing to the breadth of the absorption 
bands. In the case of NH4Re04, however, bands 
due to the N-D stretching and bending modes 
appear even at room temperature and are 
sufficiently well-defined to yield reasonably 
accurate frequencies. The band due to vI(NH3Df) 
is shifted to lower frequency by 17 cm-' on 
cooling to liquid-nitrogen temperature, whilst 
its half-width decreases from ca. 30 to 8 cm-l. 
The broad band in the room-temperature spec- 
trum due to vdb and v~~ of NH3Df, with a half- 
width of ca. 20 cm-l, is split on cooling into two 
sharp bands at somewhat higher frequency, of 
half-widths 4 and 5 cm-' respectively. Both 
frequency shifts are indicative of increased 
hydrogen bonding at the lower temperature, 
but it is difficult at present to assess the signifi- 
cance of the shifts. It is quite possible that the 

increased hydrogen bonding, on cooling, arises 
from an overall contraction of the crystal struc- 
ture, but no crystallographic data are available 
to clarify this point. 

The absorption arising in (NH4)2CuC14.2H20 
from v1(NH3Df), at room temperature, consists 
of a single band, Av1/2 =: 55 cm-', centred on 
2324 cm-l. It thus appears that no significant 
frequency change, and hence change in the 
strength of hydrogen bonding, occurs on cooling 
to liquid-nitrogen temperature. 

The conclusion that ammonium ions in 
NH4Re04 and (NH4)2CuC14.2H20 are hydrogeri- 
bonded is further supported by the anomalously 
small c/a ratios of the ammonium compounds 
compared with the corresponding isostructural 
alkali and silver compounds.S In a plot of c/o 
against the cube root (V/4)'/3 of the normalized 
unit-cell volume of MRe04 (Fig. 6 A ;  room- 
temperature values), the points for the alkali 
and silver compounds lie on a straight line but 
the NH4Re04 point is significantly be10w.~ The 
contraction of the unit cell of NH4Re04 along 
the c-axis relative to the alkali compounds 
reflects an adjustment of the immediate neigh- 
bourhood of the NH4+ ion to  optimize the 
hydrogen bonding between the ion and the 
oxygen acceptors; indeed, the estimated O N 0  
angles are closer to the tetrahedral angle than 
the observed (8) O K 0  angles in KRe04. A 
similar situation is seen to exist for MI04 and 
MTc04 even though the lines for these two series 

TABLE 4. Combination modes involving v6 observed in 
undeuterated ~ ~ 4 R e 0 4  and (NH4)2CuCh. 2H2O at liquid- s=he anomalously low c / n  values of NH4Re04 and nitrogen temperature* NH4IO4 were pointed out by Beintema (12) but were not 

ascribed to hvdroeen bondine. 
Frequency 6~iau ies  6' an; 7 are ba&d on unit-cell dimensions . . 

Mode NH4Re04 (NH4)2CuC14. 2H20 

v2 f v~ 1950 sh, 1909 1997, 1967 
v4 f V6 -1800 1747, 1728, 1718 

*Frequencies in cm-I; sh = shoulder. 

derivgd from the following sources: MRe04 (scheelite): 
Na, Rb (12); Ag (22), K (8,22), NH4 (7). MI04 (scheelite): 
Na (21, 25, 26), Ag (7), K (21, 27), Rb (23), NH4 (12). 
MTc04 (scheelite): Na, Ag (19, 24); K, NH4 (20,24); Rb 
(24). CsM04 (Pnmn): Re, I (12); Tc (20, 24). M2CuC14 .- 
2H20: K, Rb, NH4 (10); Cs (18). 
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OXTON ET AL. 897 

K Rb, ,NH, Cs 

2.4 
1 / I  I 

FIG. 6. ( A )  Plot of the c/a axial ratio against the cube 
root (V/4)1/3 of the normalized unit-cell volume for the 
isostructural series MRe04, MI04, and MTc04 (room 
temperature). The best straight line is for MRe04. (B) 
Plot of (V/4)1/3 of MIO4 and MTc04 against (V/4)1/3 of 
MRe04. A 45" line is drawn for reference. The Cs com- 
pounds are of a different structure type but isostructural 
among themselves. Data from two independent sources 
are shown where available. 

are much less well-defined (the scatter is not 
evident in the (V/4)'/3 values, Fig. 6B). An 
analogous contraction along the c-axis is ob- 
served for (NH4)2CuC14.2H20 (Fig. 7). 

Spectrrrm ofthe NH3Df Ion in NH4Re04 
The ir spectra of the isotopically isolated 

NH3Df ion show that only one N-D . . . X 
distance occurs in the crystal at liquid-nitrogen 
temperature. Consequently all the ammonium 
ions are equivalent, consistent with the crystal- 

I I I I 
6.0 6.1 6.2 6.3 6.4 

(v/2)'/3, A 
FIG. 7. Plot of the c/a axial ratio against (V/2)1/3 

of MzCuC14. 2H20 (room temperature). 

lographic evidence (Table l), and each ion forms 
four hydrogen bonds of equal length, so that all 
the ions have the same orientation relative to  
their oxygen environment. Consideration of the 
geometry of the environment of the ammonium 
ion (Fig. 1) shows that three orientations are 
compatible with the existence of a unique 
v1(NH3D+) and the formation of four hydrogen 
bonds equivalent under S4: that involving nor- 
mal hydrog~n bonds at N . .  . O  distances of 
about 2.85 A, that involving~normal bonds at 
N . . . 0 distances of ca. 2.98 A, and that involv- 
ing bifurcated bonds. The first situation appears 
to offer the most favourable possibilities for the 
formation of four equivalent, fairly straight 
N-H . . . 0 bonds. 

The frequency of vI(NH3Df) may be qualita- 
tively compared with that found for the straight 
N-D . . . 0 bond in (NH4)2Pb(S04)2 (2). In the 
latter case t h ~  N . . . 0 distance was estimated to 
be ca. 2.74 A and the appropriate v1(NH3Df) 
frequency was 23 11.5 cm-'. Since the hyd:ogen 
bonds in NH4Re04 are longer than 2.74 A and 
are also bent, we would expect vl(NH3Df) at  a 
somewhat higher frequency than 23 11.5 cm-' : 
this mode is actually observed at 2341.0 cm-'. 

Spectrum of the NH3 Df Ion ill 

(NH4)? C L ~  Cl4. 2H20 
The absorptions observed in the N-D stretch- 

ing region of the ir spectrum of (NH4)2CuC14.- 
2H20 (1 yo D) (Fig. 5) are clearly not as expected 
from the Introduction and Table 2. The presence 
of two bands arising from v1(NH3D+) requires 
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detailed consideration. The duplication cannot 
be due to  factor-group splitting, as the bands 
arise froin isotopically dilute NH3D+ ions. Nor 
are the two bands of comparable intensity 
produced by Fermi resonance between v1(NH3D+) 
and an overtone or combination mode. The 
lowest-frequency mode, v4b,c, is observed at 
1263 cm-I while the overtones arising from these 
modes would be expected at frequencies almost 
200 cm-' higher than v1(NH3D+), making the 
chance of such a strong resonance remote. The 
existence of two rlifferetzt orientations of the 
NH4+ ion in the structure thus appears to  be the 
most likely explanation of the band doubling. 

Each ammonium ion in (NH4)2CuC14.2H20 is 
surrounded by four Cl(1) and four Cl(2) atoms 
at N d  . . C1 distances estimated to be 3.35 and 
3.36 A respectively, and both acceptor angles 
Cl(1FN-Cl(1) and Cl(2FN-Cl(2) are close 
to the tetrahedral angle. An ammonium ion 
would thus be expected to show little preference 
for either possible orientation N . . . 4Cl(l) and 
N . . . 4C1(2).7 As the doubling of v1(NH3D+) 
indicates, both orientations occur in the crystal. 

The intensity of vI(NH3D+) can be expected 
to increase with the strength of hydrogen 
bonding, i.e. with decreasing frequency. The 
frequency difference between the N-D . . . Cl(1) 
and N-D . . . Cl(2) stretches, however, is 18 
cm-I and little difference in ir absorptivity is to be 
expected between these oscillators. We thus con- 
clude, from the 1:l  intensity ratio of the two 
v1(NH3D+) bands, that approximately equal 
numbers of NH4+ ions adopt each orientation. 
This is a result that demonstrates the usefulness 
of our spectroscopic isotopic dilution method, 
in that it could not have been predicted with any 
certainty from the available, inadequate crystal- 
lographic information. 

Summary 

The ir spectrum of the isotopically dilute 
NH3D+ ion in NH4Re04 was found to be con- 
sistent with the site symmetry for the ammonium 
ion in this compound. In contrast, the observed 
spectrum of the isotopically dilute NH3D+ ion 
in (NH4)2CuC14.2H20 revealed a duplication of 
certain vibrational modes, including a splitting 

'The effect of the hydrogen bond between H 2 0  and 
CJ(2) (Fig. 2) on the acceptor strength of CI(2) cannot be 
assessed at present. 

of 18cm-' in vI(NH3D+). This unexpected 
observation is explained as arising from two 
distinct orientations, relative to  the immediate 
neighbourhood, of the ammonium ions in the 
crystal. The 1:l  intensity ratio of the two 
vl(NH3D+) bands points to an approximately 
equal distribution of the ammonium ions be- 
tween the two orientations. 

The isotopic dilution method appears to be 
readily applicable to  the study of hydrates of 
ammonium salts. The concomitant appearance 
of voD(HDO) near the N-D stretching region 
in the ir spectrum of (NH4)2CuC14.2H20 caused 
no difficulties in assignment of NH3D+ absorp- 
tions. The only difficulty which may arise in 
such cases could be the encroachment of com- 
ponents of v2 + VI, of H20 into the N-D 
stretching region. 

The spectra of undeuterated NH4Re04 and 
(NH4)2CuC14.2H20 are consistent with the 
absence of rotation of the ammonium ions. This 
has been considered, on the criterion adopted 
in ref. 2, as an indication that the ammonium 
ions are hydrogen-bonded. 
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methiodide salts 
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ROBIN A. Cox, Ross STEWART, MICHAEL J. COOK, ALAN R. KATRITZKY, and ROBERT D. 
TACK. Can. J. Chem. 54, 900 (1976). 

Ionization values for the deprotonation of the methiodide salts 1-8, which occurs in strongly 
basic DMSO/water mixtures containing 0.047 M base, are used to determine pK, values by 
the Bunnett-Olsen and Marziano-Cimino-Passerini techniques, which involve extrapolation 
to the purely aqueous state. The resulting values are compared with those obtained using the 
Hoq acidity function; agreement is good in most cases. 

ROBIN A. Cox, Ross STEWART, MICHAEL J. COOK, ALAN R. KATRITZKY et ROBERT D. 
TACK. Can. J. Chem. 54, 900 (1976). 

Les valeurs d'ionisation pour la deprotonation des sels de methiodures 1-8, qui se produit 
dans des milieux fortement basiques de DMSO dans l'eau contenant 0.047 M de base, ont kt6 
utilisks pour determiner les valeurs de pK, par les techniques de Bunnett-Olsen et Marziano- 
Cimino-Passerini qui impliquent des extrapolations jusqu'i des etats aqueux purs. Les valeurs 
resultantes sont comparies avec celles obtenues en utilisant des fonctions d'aciditk HoQ; la 
correlation est bonne dans la plupart des cas. 

[Traduit par le journal] 

Introduction 

Two methods have recently been developed 
for determining acidity constants of very weak 
acids (1) based on the work of Bunnett and Olsen 
(2), and of Marziano et al. (3). Both make use of 
measurements of degree of ionization in mix- 
tures of water and dimethyl sulfoxide (DMSO) 
containing dilute base, and central to  each is an 
assumption regarding the behaviour of the 
activity coefficient term, log (Ik-/j&foIr-). As 
with the better known acidity function (AF) 
method (4) both refer to  the standard state of 
pure water, but more directly, by extrapolation, 
rather than through an acidity function, whose 
construction requires a series of well-behaved 
overlapping indicators and whose use requires 
the compound under investigation to be similarly 
well-behaved. 

An acidity function of some sort is necessary 
for the use of the Bunnett-Olsen (BO) method 
(2), and an overlapping series of ionization ratios 
in the media under investigation is necessary for 
the use of the Marziano-Cimino-Passerini 
(MCP) method (3) although the acidity function, 

as such, is not needed in this case (1). The BO and 
MCP approaches to acidity constant measure- 
ments have the advantage that pK values for 
compounds that are poorly behaved Hammett 
indicators (those whose ionization plots are not 
parallel to  those of their neighbours) can be 
estimated with some degree of confidence by 
these means. 

We now apply these methods to  the deprotona- 
tion of some methyl quaternary salts to give 
neutral heterocyclic bases, which occurs in 
strongly basic solutions, in order to compare the 
resulting pK, values with those previously 
obtained using an acidity function (5). The 
reaction in this case is positive ion neutral 
species ( i .e .  described by an Ho function) (4), 
rather than the neutral species + negative 
ion reaction (H- function) considered up to now, 
and thus should provide an interesting test of 
the methods. 

Results and Discussion 

The reaction under consideration is the de- 
protonation of CH3, CH2Ph, CHPh2, or NH2, in 
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COX ET AL. 

the iodide salts of 1-8 by hydroxide ion in 
DMSO/water mixtures. 

The above processes can be generalized as in 
eq. 1. From the equilibrium constant, eq. 2, 

FIG. 1. Plot of log I values for 1-8 as a function of HOQ. 
See Table 1. 

where the symbols have their usual meanings 
(1, 4), eq. 3 can be obtained, where log I = 

log (CRH+/ CR). 

[31 PK - log I = PK, + log ~ O H -  

- log aH20 - log C ~ R N R H + ~ O H - >  

I41 log ~ k , / j k , ~ + f b H - )  = log (fR2/fR2H+f0~-> 

[ 5 ]  pK,, - pK,, = log I2 - log Il = A log I 

Making the assumption that for adjacent 
indicators 1 and 2, eq. 4, which is the Hammett 
cancellation assumption (6), holds, eq. 3 applied 
to the two indicators leads to eq. 5. Equation 5 
implies that the pK, difference between two 
adjacent indicators is given by A log I. The 
validity of the cancellation assumption is shown 
by the degree of parallelism found when log I 
values for different compounds are plotted as a 
function of medium composition (1). 

Applying this treatment to the data obtained 
for compounds 1-8 given in Table 1 leads to the 
previously obtained (5) AF  pK, values given in 
Table 2, and these lead directly to values of the 
appropriate acidity function, Hoq, via eq. 6 
(see Table 1); the scale is anchored on the pK, 

[61 Hoq = pK, - log I 

of 1, 13.06, measured in water (5). A plot of log I 
vs. Hoq for 1-8 is shown in Fig. 1; the high 
degree of parallelism illustrates that the Hoq 
function is a quite satisfactory one. 
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TABLE 1. Ionization ratio data and derived H o ~  valuesu 

Mol% Mol% 
DMSO log I Hoq DMSO log I Hon 

Compound 1 

0.39 
0.27 
0.08 

-0.07 
-0.15 
-0.36 
-0.73 
-0.81 
-0.90 

Compound 5 

Compound 6 

0.59 
0.30 
0.02 

-0.25 
-0.25 
-0.38 

Compound 2 

1.15 
0.98 
0.75 
0.73 
0.64 
0.47 
0.33 
0.15 

-0.06 
-0.24 
-0.47 
-0.81 

Compound 7 

0.997 
0.658 
0.439 
0.128 

-0.201 
-0.503 
-0.870 

Compound 3 

1.45 
1.19 
0.87 
0.54 
0.25 

-0.17 
-0.46 
-0.65 

Compound 4 

22.4 0.315 16.70 
23.6 0.135 16.86 
24.8 0.008 17.00 
26.2 -0.198 17.21 
27.5 -0.354 17.36 
29 .O -0.490 17.50 

aThe method used for obtaining the log I data is reported elsewhere (5). 

However, the assumption of eq. 4 does not [8] = HZ* [log (!i*-/fi*~!o~-)] 
have be made; as previously discussed (I) we from eq. 7 as before (I), expressed here in terms 
can make the alternative and less drastic assump- of the H- acidity function and the aniline and 
tion that eqs. 7 and 8 hold. Here the activity diphenylamine acids, AH, used to set it up, 
coefficient terms are assumed to be linear given as eq. 9; a ~ ~ ~ ~ i ~ ~ ~ - ~ i ~ i ~ ~ - p ~ ~ ~ ~ ~ i ~ i  
functions of one another, rather than to cancel equation [4] can be derived from eq. 8 (1). In the 
out. A Bunnett-Olsen equation ( 2 )  can be derived latter case the activity coefficient ratio for one 
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COX ET AL. 903 

TABLE 2. pK, values for 1-8 given by the three methods 

No. of pKan pKbb Slopeb pK,d Sloped 
Compound points (AF) (BO) 6 rkC (MCP) n ~ "  rc.d 

1 9 13.06 13.06 0.71 0.936 13.07 1.54 0.987 
2 12 15.23 15.52 1.10 0.980 15.76 2.18 0.996 
3 8 15.89 15.52 0.61 0.979 15.95 1.86 0.999 
4 6 17.01 15.80 0.16 0.804 15.80 1.20 0.997 
5 6 17.33 17.03 0.52 0.928 17.11 1.61 0.990 
6 6 17.87 17.99 0.67 0.925 18.19 1.81 0.987 
7 7 19.25 19.27 0.62 0.994 19.19 1.66 0.998 
8 7 19.46 20.24 0.82 0.992 20.27 1.90 0.997 

=Acidity function method. 
bBunnett-Olsen method. 
CCorrclalion coefficient. 
[LMarziano-Cimino-Passerini method. 

[lo1 pK, + log c011- - log ~ H , O  + log I 
= nz*[log (fti,-/f~,afo~->I + 

compound A,H (in our case 2,4,4'-trinitro- 
diphenylamine) (I), which can be calculated at 
any medium composition from a series of over- 
lapping log I measurements (1,3), is used instead 
of an acidity function. This is eq. 10. 

The results of applying eqs. 9 and 10, using 
the H-, log aHZo, etc. data previously tabulated 

FIG. 2. Bunnett-Olsen plots for 1-8. H- + log I 
plotted vertically against the 'excess basicity' H- - pK," 
- log COH- + log a,,, (1); pK, values are y-axis 
intercepts. 

(I), to compounds 1-8 are tabulated in Table 2 
and are illustrated in Figs. 2 and 3. The pK, 
values obtained in the three possible ways are 
plotted against one another, and compared to 
ideal lines of unit slope in Fig. 4. The standard 
deviations between pK,'s measured in the 
different ways are: BO/AF, +0.55; MCP/AF, 
k0.57; BO/MCP, k0.19. The MCP slopes (m*) 
for the eight compounds average out to  1.72 + 
0.27. 

It would appear that the assumption of eqs. 7 
and 8 is justified, despite the difference in charge 
type between compounds 1-8 and the H- indi- 
cators used in the BO and MCP methods. The 
only evidence of curvature in Figs. 2 and 3 
appears to  be in the BO plots for 2 and 3. Thus 
the H- function may not be the best one to use 
in the BO method for these two compounds, and 
one might predict somewhat higher pK, values 
than the linearly extrapolated ones in these two 
cases. The MCP plots for 2 and 3, however. 

re;. - log - 
f HA*  fon- 

FIG. 3. Marziano-Cimino-Passerini plots for 1-8. 
using eq. 10. 
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Fig. 4. Comparison of pKa values of 1-8 measured in 
diff rent ways. Both axes are pKa values; the line has the 
th&tical unit slope. Top: MCP values (y-axis) com- 
pared with BO values. Left: BO compared with AF. 
Right: MCP compared with AF. 

show excellent linearity, and do indeed extrap- 
olate to rather higher pKa values than the BO 
ones. In all other cases the linearity is very good, 
and the agreement between BO and MCP pKa 
values is excellent. 

Agreement between the AF pK,'s and the 
others is also very good for compounds 1 , 3 , 5 , 6 ,  
and 7. For 2 and 8, the A F  pKa's seem too low, 
and for 4 the A F  pKa appears to be more than 
one unit too high. From Fig. 2, especially, it 
appears that the good parallelism and overlap of 
Fig. 1 may be somewhat illusory. Since H- and 
log I differ, in the sense that one increases while 

the other decreases, experimental error, curva- 
ture, and poor overlap become much easier to  
see in the BO method, where log I + H- is 
plotted, rather than log I itself. Nevertheless, it is 
also apparent that the AF technique has a self- 
correcting property, i.e. high pKa values are not 
unduly affected by poor overlap between com- 
pounds at lower pKa values. The AF pKa values 
of 5, 6, and 7 appear to be unaffected by the 
large deviation in that for 4. 

The conjugate bases of 1-8 were used earlier 
(5) as fixed models in tautomeric equilibrium 
studies and their A F  pKa values, and those of the 
corresponding mobile systems, afforded KT data 
by the basicity method (7). The present study 
indicates that KT values for the following require 
amending (figures in parentheses are those re- 
ported previously): 2-methylquinoline, pKT = 
9.9 (9.40); 2-benzylpyridine, pKT = 10.7 (1 1.9); 
4-methylpyridine, pKT = 14.2 (13.44). 
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RCactions de substitution homolytique. V. StCrCosClectivitC 
de diffCrents radicaux cyclohexyles 

MICHEL GRUSELLE, JACQUES FOSSEY ET DANIEL LEFORT 
G.R. no 12, C.N.R.S., 2 Rue H. Dunant, 94320, Tlziais, France 

ET 

CLAUDE LAMARRE ET JEAN-CLAUDE RICHER 
Dipartement de Chimie, Universite' de Montre'al, B.P.  6210 S~iccursale A, Montre'al, Q~tibec H3C 3VI 

R e ~ u  le 9 octobre 1975 

MICHEL GRUSELLE, JACQUES FOSSEY, DANIEL LEFORT, CLAUDE LAMARRE et JEAN-CLAUDE 
RICHER. Can. J. Chem. 54, 905 (1976). 

En utilisant la dkarboxylation thermique de peracides de structure "adequate", les auteurs 
Ctudient l'influence de l'environnement d'un centre radicalaire sur la stCrtosClectivitC de la  
rhction de substitution homolytique de radicaux cyclohexyles diversement substituCs sur 
l'oxygkne peroxydique d'un peracide. Cette rhction conduit B des alcools stCrCoisomkres 

Le radical se comporte comme s'il itait plan et en gCnCral I'entrCe du rCactif par la face axiale 
est nettement favorisCe sauf quand on augmente l'encombrement stCrique de celle-ci. 

La stCrCosClectivitC est expliquCe en termes d'importance relative des effets steriques (pour 
I'entrCe axiale) et d'effets d'interactions de liaison (pour llentrCe Cquatoriale); elle d$end 
Cgalement de la "flexibilitt" du cycle. 

MICHEL GRUSELLE, JACQUES FOSSEY, DANIEL LEFORT, CLAUDE LAMARRE, and JEAN-CLAUDE 
RICHER. Can. J. Chem. 54, 905 (1976). 

The influence of the environment near the radical site on the stereoselectivity of the homolytic 
substitution reaction of variously substituted cyclohexyl radicals on the peroxidic oxygen of a 
peroxy acid has been studied using the thermal decarboxylation of peroxy acids. This reaction 
leads to stereoisomeric alcohols 

The radical behaves as if it were planar and, in general, an axial approach of the reagent is 
strongly favoured except when substituents increase the steric hindrance of the radical. 

The stereoselectivity is explained in terms of the relative importance of steric effects (for the 
axial approach) and of bond interactions (for the equatorial approach). It also depends on the 
flexibility of the ring. 

[Journal translation] 

Introduction avons utilisi la dtcomposition thermique des 
Les rCactions de  substitution homolytique peracides dont l'un d'entre nous a de'montrC (3) 

constituent une part importante des processus qu'il s'agit d'un mCcanisme radicalaire en chaine 
radicalaires et la stCrCosClectivitC concernant les 
radicaux dont les deux faces sont inkquivalentes, 

[I1 
,O H 4 O  

R-C< 1 - R-C, + 'OH 
a fait l'objet de  plusieurs e'tudes. Mais en gCnCral 0-0 0' 
les auteurs ont considCrC la rCaction d'un radical, 
par exemple le radical cyclohexyle, sur divers [2] R-CCO - r + co2 
substrats (1,  2). Pour notre part, nous nous 0' 

sommes intCressCs B l'influence de  l'environne- H 0 %  
[3] K + ( ,C-R ROH + RCOi ment du centre radicalaire sur la stCrCosClectivit6 0-0 

d e  la rCaction du radical considCrC sur un meme 
substrat. Pour mener B bien cette Ctude nous [4] K + K  - R-R 
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Ce systkme a les avantages suivants. axiale est ltgkrement favoriste quand le centre 
(i) Le peracide est i la fois l'amor~eur de la radicalaire appartient i un cyclohexane plut6t 

rtaction, la source de radicaux et le substrat. Le qu'i un motif dtcalinique (radicaux A et F par 
mtlange rtactionnel s'en trouve simplifit. La rapport aux radicaux E et G). 
seule rtaction radicalaire secondaire qui peut 
avoir une certaine importance est celle de Discussion 
transfert sur le solvant Au cours d'une prtctdente ttude (5) et en 

R ' + H S - + R H + S -  comparant les rtsultats stCrtochimiques obtenus 

et ce radical issu du solvant peut alors rtagir sur 
le peracide 

S' + RC03H + SOH + RC02' 

Toutes les exptriences ttant effectutes dans le 
cyclohexane, la stparation des deux alcools ROH 
et cyclohexanol ne pose aucun problkme, 
d'autant plus que, dans les cas ttudits au cours 
de ce travail, les quantitts de cyclohexanol sont 
faibles. 

(ii) La rtaction est trks exothermique (5) 
(environ 45 kcal/mol); l'ttat de transition res- 
semblera donc probablement aux produits de 
dkpart, en particulier au radical libre. 

(iii) L'alcool ROH est formt avec un bon 
rendement (80%). 

L'Ctape 3, dont l'existence a t t t  justifite prt- 
ctdemment (3-5), a donc CtC utiliste pour ttudier 
la sttrtostlectivitt de la rtaction de substitution 
de radicaux cyclohexyles diversement substituts 
sur les peracides correspondants. Les groupe- 
ments substituants ont t t t  choisis dans le but de 
dtterminer l'influence relative des effets sttriques, 
des interactions de liaisons et de conformation de 
cycle. Nous avons donc prtpart les peracides 
indiquts dans le tableau ci-dessous et dttermint 
le rapport des alcools sttrtoisomkres formts 
selon le schtma rtactionnel tcrit prtctdemment. 

Resultats 
Les peracides sont dtcomposts en solution 

dans le cyclohexane A tbullition, A une concentra- 
tion de 0.1 mol/l. En fin de rtaction le rapport 
des alcools sttrtoisomkres est dttermint par 
chromatographie en phase gazeuse. 

Les rtsultats rassemblts dans le tableau 1 
montrent que (i) lorsque le cyclohexyle n'a pas 
de substituant en position 3 axiale par rapport au 
centre radicalaire, lYarrivCe du rtactif par la face 
axiale est toujours t r b  nettement prtftrentielle 
(radicaux A, B, C, D et F comparCs aux radicaux 
E et G); (ii) qu'un CH3 en position 2 axiale 
favorise l'entrte axiale (B); et (iii) que l'entrte 

pou; des radicaux cyclohexyles 9^ ceux d t j i  
publits pour des rtactions de type ionique, nous 
ttions arrivts i la conclusion qu'un radical 
cyclohexyle est plan, ou se conduit comme tel au 
cours de la rtaction de substitution homolytique; 
cette conclusion est d'ailleurs en accord aveE les 
observations faites par divers auteurs en rpe (6). 

Quelle que soit la configuration du peracide de 
dtpart (par exemple l a  ou lb) on obtient tou- 
jours le m&me rapport des alcools sttrtoisomkres; 
en reprenant les arguments dtjA exposts (5), la 
sttrtostlectivitt de la rtaction 3 qui conduit A la 
formation de l'alcool, dtpend de l'importance 
relative des effets stiriques lorsque le peracide 
arrive sur le radical par la face axiale et des 
interactions de liaison lorsque l'arrivte se fait 
par la face tquatoriale. 

Pour interprtter les rtsultats consignts dans 
le tableau, nous distinguerons deux cattgories 
d'effets: celle relative i la prtsence de CH3 en 
position 2 ou 3 par rapport au centre radicalaire 
et celle ayant pour origine la conformation du 
cycle. 

Infuence des me'thyles en position 2 ou 3 
(i) La prtsence d'un CH3 en 3 (radicaux E et G) 

diminue relativement l'entrte axiale du fait de 
l'augmentation des effets sttriques. Celle d'un 
CH3 en 2 axial (B) augmente les interactions de 
torsion, du sens de Cherest et Felkin (7), pour 
l'entrte kquatoriale et favorise ainsi l'entrte 
axiale. 

(ii) Un CH3 en position 2 e'quatorial (C) 
diminue l'entrte axiale par suite d'une nouvelle 
interaction butane gauche dans l'ttat de transi- 
tion. 

Dans le cas du radical D nous avons les effets 
conjuguts des deux situations prtctdentes et 
nous constatons que l'effet de torsion dfi au 
CH3 en axial l'emporte sur celui du CH3 en 
e'quatorial; cette conclusion est conforme aux 
observations faites pour les radicaux B et C 
puisqu'un CH3 en axial apporte un A(AG) de 
500cal pour 200 seulement dans le cas de 
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GRUSELLE ET AL. 

TABLEAU 1. Alcools stCrCoisomtres formCs par dkarboxylation thermique des peracides en 
solution 0.1 M dans le cyclohexane. Temperature de la rkction, 80 "C 

Peracides* 

Rapport des 
alcools 6(AG)= 

Radical formis (cal/mol) 
intermediaire ax./Cq. Cq. - ax. 

7a 76 G 

*Les rhultats concernant les peracides 1, 2, 3 et 7 ont dijB fait I'objet d'une pricidente publicalion ( 5 ) .  

CH3 en kquatorial. On peut visualiser ces inter- 
actions par le schema 1. 

Dans le cas d'une attaque equatoriale, l'angle 
crz entre la liaison qui se forme et C2R2 est de 20" 
environl alors que a,, dans le cas de l'attaque 
axiale, est de SO0. Ceci explique l'influence plus 
importante d'un CH3 en nxinl. 

1Calculs faits pour un radical tert-butyl-4 cyclohexyle 
(donc non substituk) par Mrne Fournier et M. B. Waegell 
(UniversitC de Marseille) que nous rernercions vivernent. 

Influence de In conformation du cycle 
Si on compare les s tkr~os~lect ivi t~s  observkes 

pour les radicaux ayant mtme encombrement de 
la face axiale c'est A dire E et G d'une part et A et  
F d'autre part on s'aper~oit que l'entrke axiale 
du reactif est un peu plus favoriske dans le cas 
des radicaux cyclohexyles "bloques" par un t e r f -  
butyle en 4 ( A )  ou par des methyles (E), que dans 
celui oh le cyclohexyle fait partie d'un motif 
dkcalinique: on peut expliquer cette diffkrence 
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axe 
orbitale I J  

ET* attaque tq .  

par une plus grande rigidit6 du  cycle dans le cas 
du  rnodkle dkcalinique qui accroit 1Cgkrernent 
l'effet de  l'encornbrement ste'rique de H ou CH3 
en position 9. O n  retrouve d'ailleurs des diffkr- 
ences analogues dans le cas d'Cpoxydation de  
doubles liaisons juxtacycliques (8) ou de  rCduc- 
tion de cttones cycliques (tert-butyl-4 cyclo- 
hexanone et trans-dCcalone-2) (9)." 

Conclusion 
Les rtsultats prCsentts au  cours de ce travail 

perrnettent d'aboutir B plusieurs conclusions 
sur la sttrCosClectivitC de la reaction de substitu- 
tion homolytique CtudiCe, rtaction pour laquelle 
1'Ctat de  transition est certainement trks proche 
des produits de  dCpart. 

(i) La sttrtosClectivitC, conlrne dans le cas des 
rkactions ioniques, est le rksultat de  l'irnportance 
relative des effets sttriques pour l'entrCe du  
reactif par la face axiale, et  des effets d'interac- 
tions de liaison qui se forrne et de  liaisons dCjh 
existantes pour l'entrCe tquatoriale. Le radical 
cyclohexyle se conduit cornlne s'il t tai t  plan. 

(ii) La stCrCostlectivitC est faiblement fonction 
de  la "flexibilitC" du  cycle, selon que celui-ci a 
une conformation bloquCe par des substituants 
alkyles (CH3 ou tert-Bu) ou par jonction trans 
dans un motif dkcalinique. 

Prodrrits de dgpart 
Le cyclohexane utilisC comme solvant est un produit 

commercial purifiC par lavage avec H2S04 et distillation 
avant emploi. Les acides correspondants aux peracides 

?Dans ce travail, les auteurs ont CtudiC la stCrCo- 
sClectivitC de la reduction des cyclohexanones et des 
dkalones-2 dans les m@mes conditions rkctionnelles; la 
comparaison des rtsultats est donc significative. 

axe 
orbitale p 

E,+ attaque ax. 

4 et 5 ont CtC obtenus selon rCf. 10. L'acide rra/ls dCcaline 
carboxylique est un produit commercial. Les spectres ir 
ont CtC exCcutCs avec un appareil Hitachi EPI G2, les 
chromatogrammes en phase gazeuse avec des appareils 
Girdel ou Aerograph 1200 et les spectres rmn au moyen 
d'un appareil Varian A 60. 

Priparatio~z des peracides 
Les peracides sont prepares selon la mCthode de Swern 

et ses collaborateurs (11) que nous avons dCjB utilisCe 
prktdemment (5). Les peracides 4, 5 et 6 sont obtenus 
respectivement avec un rendement de 70, 95 et 80C/'& 
(puretC dCterminCepar iodometrie). Pour chaque peracide: 
ir (CC14) vOH 3250 cm-1, vc=0 1730 cm-1. 

Dico~~lposi t io~l  des peracides 
Chacun des peracides est dCcomposC en solution dans 

le cyclohexane B ebullition (80 "C), B une concentration 
d'environ 0.1 mol/l, selon un mode operatoire d6jB 
dicrit (5). Aprks $ h le peracide est complktement 
dCcomposC (indice de peroxyde nul). 

Analyse drr tnila~lge rE'ncfio~l~~el 
Le rapport des alcools stCrCoisornkres formCs est 

dCterminC en cpg par comparaison avec des Cchantillons 
authentiques. Les conditions analytiques sont rassem- 
blCes dans le tableau 2. 

Lorsque la totalit6 du peracide a disparu, la solution 
cyclohexanique est traitCe de facon B Climiner les traces 
d'acide form6 par des rkctions secondaires; sur le 
mClange des alcools stCrCoisomkres ainsi obtenu on 
effectue un spectre rmn (dans CC14). Pour le mClange 
n + h on observe pour les protons en a de OH, un 
multiplet B 192 Hz (H Cq.) et un massif non rCsolu h 
186 Hz (largeur 20 Hz, H ax.). En ce qui concerne le 
melange c + rl on a deux multiplets h 226 Hz (H eq.) et 
212 Hz (H ax.). Dans ce dernier cas l'integration de ces 
deux signaux donne un rapport c / d  = 40/60 (trouvC en 
cpg 37/63). 
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GRUSELLE ET AL. 909 

TABLEAU 2. Les conditions analytiques pour les determinations des rapports 
des alcools stCrCoisomkres 

Colonne* Temperature ("C) Temps 
phase stat./ retention? 

Alcools (yo impregn. Injecteur Colonne (set) 

4 loo0 

Carbowax 20 M 180 

1152 

C 

EGSSX 159; 130 

EGSSX 15% 160 

loo 

'Longeur 2 rn; diametre interne 2 mm 
tMcsur.6~ i parlir du pic solvanf. 
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Metabolites of bird's nest fungi. Part 4.' The isolation and structure 
determination of cybullol, a metabolite of Cyathus bullevi Brodie 
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WILLIAM A. AYER and MICHAEL G. PAICE. Can. J. Chem. 54,910 (1976). 
Cybullol, a metabolite of Cyathr~s brrlleri Brodie, has been shown to be (2S,5S,6S,lOS>cis-6, 

tra11s-10-dimethyl-r-2-cis-5-decalindio1 (1) by a combination of chemical and physical methods. 
The mass spectra and the IH and I3C magnetic resonance spectra of cybullol and derivatives are 
discussed. The absolute configuration of cybullol was deduced from the circular dichroism 
spectrum of the ketol3. Cybullol has been transformed into the fungal metabolite (-)-geosmin 
(11). This correlation establishes the absolute configuration of (-)-geosmin. 

WILLIAM A. AYER et MICHAEL G. PAICE. Can. J. Chem. 54, 910 (1976). 
On a montre que le cybullol, un metabolite du Cyarhr~s bulleri Brodie, est le (2S,5S,6S,lOS> 

dimethyl-6 cis 10 trarls dkalindiol-2r 5 cis (1). On est arrive A ces conclusions par une com- 
binaison de methodes chimiques et physiques. On discute des spectres de masse et des spectres 
de resonance magnitique nuclkire du proton et du 13C du cybullol et de ses derives. On a 
dtduit la configuration absolue du cybullol ?I partir du spectre de dichroi'sme circulaire du 
cttol3. On a transforme le cybullol en metabolite fongeux (-)-gtosmine (11). Cette correlation 
a permis d'ttablir la configuration absolue de la (-)-geosmine. 

[Traduit par le journal] 

The small gasteromycetous fungi known as the 
Nidulariaceae or bird's nest fungi are widely 
distributed in nature (4). We have previously 
reported (2, 3) on the diterpenoid metabolites of 
one species, Cyathus helenae Brodie, indigenous 
to the Rocky Mountains of Alberta (5). We now 
wish to report the structure of a metabolite 
obtained when Cyathus bulleri Brodie, first dis- 
covered in the West Indies (6) and subsequently 
in Hawaii (7), is grown in 'still surface' culture on 
a liquid medium. The original culture of C .  
bulleri used in this work was obtained from the 
collection of H. J. Brodie and was grown on a 
liquid medium developed by Brodie (8). After a 
30 day growth period, the culture broth was 
extracted with ethyl acetate to provide the crude 
metabolite used in this work. 

Preliminary investigation of the crude metab- 
olite by thin layer chromatography (tlc) re- 
vealed the presence of at least six components. 
By a combination of column chromatography 
and preparative tlc (ptlc) the major component 
(as evidenced by gas chromatography (gc)) has 
been isolated in pure form. This substance, for 
which we propose the name cybullol, has been 
shown to possess structure 1 on the basis of the 
evidence discussed below. 

'References 1,2,  and 3 are considered as Parts 1 ,2 ,  and 
3 respectively. 

Cybullol, 1, C12H2202, is an optically active 
colorless crystalline compound, mp 125-126 OC, 
[(rIDz5 - 16'. The ir spectrum of cybullol shows 
strong OH absorption but does not show 
carbonyl absorption. Acetylation of cybullol pro- 
vides a monoacetate, 2, which shows extremely 
weak hydroxyl absorption in the ir. However, 
cybullol exchanges two hydrogens when dis- 
solved in CH30D (determined by mass spec- 
trometry) confirming that both oxygens are 
present as hydroxyl groups. 

The proton magnetic resonance (pmr) spec- 
trum of cybullol contains signals at 6 0.81 (3H, d, 
J = 6 HZ, CH-CH3), 1.03 (3H, S, -C-CH3), 
and 3.9 (IH, m, CHOH). Since only one proton 
is geminal to hydroxyl, cybullol contains a 
tertiary and a secondary hydroxyl group. As 
mentioned, acetylation provides a monoacetate. 
The signal for the hydrogen geminal to oxygen in 
the acetate appears as a multiplet at 6 5.0. In both 
the alcohol and the acetate this signal appears as  
an apparent symmetrical heptet (splitting -5 Hz) 
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AYER AI'; ID PAICE 911 

which approximates a triplet of triplets, of J's 5 
and 10 Hz. The width at  half height (W,12), 25 
Hz, indicates that the proton geminal to the 
oxygen function is axial (9) and the coupling 
pattern indicates it is flanked on both sides by 
methylene groups. Since cybullol shows no 
olefinic absorption in its ir, pmr, or13C nuclear 
magnetic resonance (cmr) spectra it must be a 
bicyclic diol. 

A small sample of cybullol was dehydrogenated 
over palladium-charcoal. Gas chromatography 
indicated the formation of four products. These 
were separated by gc and shown by high resolu- 
tion mass spectrometry to have apparent molecu- 
lar formulas CIIHIO ( A ) ,  C I ~ H I ~ ( B ) ,  CllHl00 (C), 
and C12H120 (D). Compound A was shown to be 
1-methylnaphthalene by its uv spectrum, mass 
spectrum, and gc retention time (on a column 
which resolves 1-methyl- and 2-methylnaphtha- 
lene). The uv and mass spectra indicate that B 
is a dimethylnaphthalene, C is a methylnaphthol, 
and D is a dimethylnaphthol. This result sug- 
gested the presence of the decalin system2 in 
cybullol. The presence of 1-methylnaphthalene 
coupled with the absence of 2-methylnaphthalene 
in the dehydrogenation product indicated that 
the secondary methyl group is located at  a carbon 
adjacent to the ring junction. Since the tertiary 
methyl and the tertiary hydroxyl cannot be 
geminal (high field methyl signal in pmr) these 
groups must be located at the ring junction of the 
decalin system. This latter consideration also 
rules out the possibility that cybullol contains a 
spiro[5.4]decane system. 

Oxidation of cybullol with Jones' reagent 
furnishes a ketol, 3, absorbing at  1710cm-I in the 
ir, indicating that the secondary hydroxyl is 
located in a six-membered ring, and mitigating 
against the presence of a perhydroazulene system. 
Reduction of ketol 3 with sodium borohydride 
provides cybullol, 1, and epicybullol, 4, in a ratio 
of 1 :4. The pmr spectrum of 4 shows a 3-proton 

3 R  = R' = Carbonyl 
4 R = O H . R 1 = H  

doublet at 6 0.79 for the methyl at C-6, a 3-proton 
singlet at  6 1.29 for the methyl at C-10 and a 1- 
proton multiplet (Wl12 = 8 Hz) for the equato- 
rial proton (9) a t  C-2. The large downfield shift 
of the tertiary methyl in 4 relative to 1 (A = 0.26 
ppm) indicates that the C-10 methyl and the 
newly formed hydroxyl group are in a 1,3-diaxial 
relationship (10). Ketol 3 was recovered un- 
changed after treatment with hot alcoholic KOH 
and thus did not appear to be a P-hydroxy ketone. 
At this point partial structure 5 was compatible 
with the evidence obtained, with the secondary 
hydroxyl located at  either C-2 or C-8. 

Consideration of the mass spectra of cybullol, 
1, and the ethylene acetal, 6,  derived from ketol3, 

favored the location of the hydroxyl group at 
C-2. The mass spectrum of cybullol (Fig. 1) 
shows intense fragments at  n?/e 128 (C7H1202)~ 
and 126 (C8H140). Fragmentation as indicated in 
Scheme 1, similar to that observed with 5- 

hydroxysteroids (1 l), accounts for these frag- 
ments provided the secondary hydroxyl and 
secondary methyl are not in the same ring. In 
agreement with this hypothesis is the observation 
that fragmentation of ketol 3 does not produce 
an m/e 128 ion but only an m/e 126 ion which 
under high resolution is a doublet arising from a 
C8H140+ fragment (75%) and a C7Hl002+ 
fragment (25 yo). 

The fragmentation patterns of ethylene acetals 
have been extensively studied (12). By analogy 
with the previous work (12), the acetal 6 is pre- 
dicted to give rise to fragments m/e 99, 126, and 

2Spiro[5.4]decanes and perhydroazulenes can also, by 
simple Wagner-Meerwein rearrangement, lead to  naph- 
thalene precursors. 

3The formulas of all fragment ions shown in Schemes 1, 
2, and 3 were determined by high resolution mass spec- 
trometry (hrms). 
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FIG. 1. Mass spectrum of cybullol, 1. 

139 (Scheme 2). All of these peaks are observed 
in the mass spectrum of acetal 6. In addition t o  
these peaks, intense peaks are observed a t  m/c 
100 (base peak) and m/e 113 (40% of base peak). 
The intense peak a t  m/e 99 is believed (12) to  
arise by hydrogen transfer and cleavage as 
illustrated in ion a (Scheme 2). Alternatively, 
hydrogen transfer from the hydroxyl group and 
cleavage as illustrated in ion b would lead t o  a 
stable neutral molecule (trimethylcyclohexanone) 
and the ion radical c of m/e 100. The ion of m/e 
113 is believed to  arise as illustrated in Scheme 3, 
by analogy with a well documented process (ref. 
12, p. 37). 

Cybullol was first assigned the relative stereo- 
chemistry shown in 1 on the following basis. I t  
has been shown (13) that in compounds con- 
taining vicinal methyl and hydroxyl groups, sub- 
stantial downfield shifts of the methyl protons 

are noted in pyridine solution (relative t o  
chloroform) when the methyl group and the 

SCHEME 3 
- hydroxyl group are synclinal (AcDc,, - A?, - 

A,, -0.20 to  -0.27 ppm), whereas relat~vely 
little shift is observed when the groups are anti- 
periplanar (A,, -0.03 ppm) (13). 

In order to  confirm that this method may be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



AYER AND PAICE 913 

6~ 
7 R = R 1 = H  

10 R  = O H .  R' = C H I  
11  R  = H .  R ' =  C H I  

applied to 10-methyl-5-decalols the pyridine in- 
duced shifts of the tertiary methyl groups in 
trans-10-methyl-5-decalol, 7,4 cis-lO-methyl-5- 
decalol, 8,4 and trans-4,lO-dimethyl-cis-5-decalol, 
9,s were measured and found to be -0.01, 
- 0.14, and - 0.18 ppm, respectively. In cybullol, 
A,, is -0.03 ppm for the tertiary methyl, and 
-0.14 ppm for the secondary methyl. Since the 
equatorial secondary hydroxyl at C-2 should not 
influence these induced shifts (13), this datum 
suggests that the tertiary hydroxyl is antiperi- 
planar to the tertiary methyl and synclinal to the 
secondary methyl, i.e., cybullol has the relative 
stereochemistry shown in 10 = 1. 

Confirmation of the relative stereochemistry 
at C-5, C-6, and C-10 in cybullol was obtained 
by transformation of cybullol into geosmin, 11, 
the fungal metabolite responsible for the 'earthy' 
odor of freshly plowed soil (14) and the 'muddy' 
taste of certain surface waters (15) and trout (16). 
The constitution of geosmin was first suggested 
by Gerber (17) and the structure and relative 
stereochemistry, 11, proven by Marshall's stereo- 
selective synthesis (18) of the racemic form. 
Transformation of the ketol3 to the thioacetal12 
and subsequent desulfurization with Raney 
nickel provided (-)-geosmin, 11, identified by 
comparison of ir, pmr, and mass spectra, and by 
its characteristic and penetrating odor! 

The circular dichroism spectrum of the ketol3 
from cybullol shows a positive Cotton effect at 
286 nm (AE +1.73). Application of the octant 
rule (19, 20) indicates that structure 3 represents 
the absolute stereochemistry of 3 and thus 1 
represents the absolute stereochemistry of cybul- 
101. The absolute stereochemistry of (-)-geosmin, 
not previously determined, is therefore as shown 
in 11. 

The cmr spectrum of cybullol (see Experi- 

4Kindly furnished by Dr. L. M. Browne of these 
laboratories. 

SWe wish to thank Prof. J. A. Marshall for a sample of 
9. 

mental) is worthy of ~ o m m e n t . ~  The position of 
the tertiary methyl signal (6 21.1) in cybullol, 
when compared with the corresponding signals 
in 8 (6 22.4),4 9 (6 22.3),s 13 (6 21.5),7 14 (6 16.6) 
(21), 15 (6 16.1) (21), and 16 (6 15.7) (22) seemed 
in better agreement with a cis-decalin system for 
cybullol. However, in trans-10-methyl-5-decal01 
(7)4 the methyl signal also appears at low field 
(6 20.4). The origin of this unusual (21, 23) 
deshielding by antiperiplanar hydroxyl is under 
in~estigation.~ 

Biogenetically cybullol, 1, like geosmin, 11, 
(17) appears to be a degraded eudesmane-type 
sesquiterpene. We have isolated from cultures of 
C. bulleri very small amounts of a compound 
C15H2803 which appears to be a bicyclic trio1 of 
the eudesmane type (see Experimental). We 
are currently endeavoring to obtain sufficient 
amounts of this CI5 compound to allow its 
structure determination. 

Experimental 
Mass spectra were recorded on an A.E.I. model MS-2, 

MS-9, or MS-12 mass spectrometer and are reported as 
m/e  (relative intensity). Unless diagnostically significant 
only peaks at least 20y0 as intense as the base peak are 
reported. Infrared spectra were recorded on a Unicam 
SPlOOO or Perkin-Elmer model 421 dual grating spectre 
photometer, uv spectra on a Cary model 14M spectre 
photometer, cd spectra on a Jasco model SS-20-2 spec- 
tropolarimeter, and optical rotations on a Perkin-Elmer 
Model 141 automatic polarimeter. Proton magnetic 
resonance spectra were measured using a Varian HA-100 
spectrometer with tetramethylsilane as internal standard. 
Melting points were recorded on a Fisher-Johns melting 
point apparatus and are uncorrected. 

Silica gel tlc plates were 0.5 mrn silica gel G (E. Merck, 
Darmstadt) containing 1% electronic phosphor (General 
Electric, Cleveland); materials were detected by spraying 
with 30% sulfuric acid and charring. Unless otherwise 
specified the solvent system used for development was 
methylene chloride -methanol (10:l). All solvents were 
reagent grade and were distilled prior to use. 

6We wish to thank Prof. J. B. Stothers for determina- 
tion of the spectra and for valuable discussion. 

'J. B. Stothers, private communication. 
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Gas chromatographic analyses were carried out with a 
Hewlett Packard Model 5700A gas chromatograph fitted 
with a flame ionization detector, a l o f t  X 4 in. glass 
column packed with 37, 0V-225 on 100/120 Gas Chrom 
Q (Applied Sciences), and using N2 as carrier gas. 

Grow111 of C. bulleri on Liquid Medium and Isolariotz of 
the Crude Metabolires 

The aqueous medium used for culture growth (Brodie 
Liquid medium) has the following composition (per litre): 
maltose, 5.0 g; dextrose, 2.0 g; yeast extract (Difco), 2.0 
g; KHzP04,0.5 g ; Ca(N03)2 .4H20,0.5 g; MgS04, 0.24 g ; 
peptone, 0.2g; asparagine, 0.2g; Fe2(S04)3, trace; 
glycerol, 6 ml. The medium was autoclaved at 120 "C for 
20 min before use. 

Agar slant tube cultures of C. biilleri were obtained 
from Prof. H. J. Brodie and were used to inoculate 500 ml 
erlenmeyer flasks containing 200 ml of the above medium. 
These were allowed to mature at 25 "C for at least 30 days. 
To initiate large scale growths the contents of one 500 ml 
erlenmeyer were blended (Waring blender) and 10 ml 
portions of the resulting suspension were transferred 
under sterile conditions to 4 1 Fernbach flasks containing 
1 1 of the above liquid medium. After 30 days growth at 
25 "C the mycelium was removed by filtration through 
cheesecloth and the clear culture broth extracted with an 
equal volume of ethyl acetate. Concentration of the 
yellowish ethyl acetate extract provided the crude 
metabolites as a yellowish-brown semisolid (-50 mg/l of 
culture broth). 

Isolatiorr of Cybullol 
The crude metabolites were chromatographed over 

silica gel (Woelm, <0.063 mm particle size) using ethyl 
acetate as eluant and a substrate to adsorbent ratio of 
1 :loo. In a typical separation using 1.0 g of crude extract 
and collecting 10 ml fractions (flow rate -10 ml/h), 
cybullol (detected by tlc on silica gel, R, 0.42 and by gc) 
eluted in fractions 10-13. These fractions were usually 
further purified either by column chromatography over 
silica gel using methylene chloride - methanol (20:l) as 
the eluant, or by ptlc over silica gel G (0.5 mm layer, 
eluant methylene chloride-methanol (10:l)). In this 
fashion chromatographically pure cybullol could be 
isolated in about 2.57, overall yield from crude metab- 
olite. Cybullol crystallizes from methylene chloride- 
Skellysolve B as colorless plates, mp 125-126 "C, [a],25 
-16" (c 0.4, methanol). Infrared spectrum (KBr disc): 
3500-3380,1040,945 cm-l; pmr spectrum (CDC13): 6 0.81 
(3H, d, J = 6 Hz), 1.03 (3H, s), 3.90 (lH, apparent septet, 
splitting 5 Hz); cmr spectrum (CDC13): 6TMs 15.3 (CH3 
on C-6), 20.3 (C-8), 21.1 (CH3 on C-lo), 29.8, 30.3, 31.2 
(C-7, C-3, C-4, assignments tentative), 33.9 (C-6), 34.7 
(C-9), 38.8 (C-lo), 45.0 (C-1), 66.8 (C-2), 73.6 (C-5). Mass 
spectrum: see Fig. 1. Anal. calcd. for C12H2202: C72.68, 
H 11.18; found: C 72.61, H 11.15. Mol. Wt. calcd. for 
C12H2202: 198.1620; found (hrms): 198.1614. 

Acetylatiorz of Cybullol 
Cybullol(8 mg) was dissolved in acetic anhydride (1 ml) 

and pyridine (4 drops) added. After 4 h at room tempera- 
ture the solvent was removed itr V ~ C I ~ O  to yield a colorless 
oil (8.6 mg) which was purified by tlc on silica gel (R, 
0.53). This same product was obtained when the reaction 
mixture was heated under reflux for 1 h. Infrared spec- 

trum (CC14): 3620 (w), 1740, 1250cm-'; pmr spectrum 
(CDCI,): 6 0.80 (3H, d, J = 6Hz), 1.07 (3H, s), 2.01 
(3H, s), 5.00 (lH, apparent septet, splitting 5 Hz). Mass 
spectrum: 240 (14, M+, calcd. for C14H2403, 240.1726 
amu, found 240.1718 amu), 180 (100), 165 (34), 162 (29), 
126 (42), 11 1 (38), 110 (38), 95 (29), 81 (30), 55 (32). 

Oxidation of Cybullol 
Jones' reagent (8 N in Cr03) was added dropwise to a 

solution of cybullol (8 mg) in acetone (2 ml) until the 
solution remained orange. After 20 min isopropyl alcohol 
was added to discharge the orange color and the solution 
diluted with brine. Extraction with ether provided the 
ketol 3 (6 mg) as a colorless oil which showed a single 
spot on tlc (R, 0.60). Infrared spectrum (CC14): 3600, 1705 
cm-1; pmr spectrum (CDC13): 6 0.90 (3H, d, J = 6.5 Hz), 
0.97 (3H, s). Mass spectrum: 196 (50, M+, calcd. for 
C12H2002, 196.2144 amu, found 196.2136 amu), 126 (98), 
125 (52), 111 (30), 109 (31), 107 (SO), 69 (48), 55 (90). 
Optical rotatory dispersion spectrum (methanol, c 0.5): 
[@I3l5 + 3 , W ,  - 3,0000 ; cd spectrum (methanol, 
c 0.5): +1.73. 

Attempted Del~ydratiorr of Ketol3 
The ketol 3 (I mg) was heated under reflux in 2% 

ethanolic KOH (5 ml) of 4 h. The cooled solution was 
diluted with saturated brine (10 ml) and extracted with 
ether. The dried ether solution was evaporated to yield 
ketol 3 (1 mg), identified by ms, tlc, and gc. 

Reduction of Ketol3 
Ketol 3 (7.7 mg) in ethanol (2ml) was treated with 

NaBH4 (5 mg) at room temperature for I5 min. Dilution 
with water and extraction with ether yielded a mixture of 
cybullol, 1, and epicybullol, 4, in a ratio of -1 :4 (by gc). 
Separation was achieved by ptlc (R,'s, cybullol 0.42, 
epicybullol0.50). Epicybullol, 4: pmr spectrum (CDCl3): 
6 0.79 (3H, d, J =  6 Hz), 1.26 (3H, s), 4.1 (lH, m, Wl/2 = 
8 Hz); mass spectrum: 198 (20, M+), 128 (100), 126 (19), 
110 (28), 109 (22), 95 (20), 86 (30), 81 (27), 69 (22), 57 (24), 
55 (36). 

Delydrogenatiorz of Cybullol 
Cybullol (8.5 mg) was mixed with 5% palladium- 

on-charcoal (80 mg) and the mixture heated to 250 OC in 
a sealed tube for 4 h. The reaction mixture was triturated 
first with methylene chloride then with methylene 
chloride - methanol (lo:]). Evaporation of the methylene 
chloride gave an oil (1.8 mg) which consisted mainly of 
two components which were separated by gc (temperature 
programmed 80-240 "C at 8 "C/min, fractions collected 
in 10 cm capillary tubes packed with Amberlite XAD-2 
resin (24)). Component A, retention time 8.40 min, mol. 
wt. 142.0783 amu (hrms) (calcd. for Cl~Hlo, mol. wt. 
142.0779 amu) was identical in retention time, mass 
spectrum, and uv spectrum with I-methylnaphthalene. 
Under these gc conditions, Zmethylnaphthalene has 
retention time 8.12min. Component B, retention time 
10.36min, showed mol. wt. 156.0947 amu (calcd. for 
C12H12, 156.0939 amu). Evaporation of the methylene 
chloride - methanol extract yielded an oil (1.3 mg); (uv 
spectrum (MeOH) A,,, 227 nm shifted to 232 and 244 
nm on addition of base) which consisted chiefly of two 
components which were separated by gc. Component C, 
retention time 17.5 min, possessed mol. wt. 158.0740 amu 
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(calcd. for CllHIOO, 158.0732 amu). Component D, 
retention time 19.6 min, had mol. wt. 172.0881 amu 
(calcd. for CI2HIIO, 172.0888 arnu). 

Preparation of Acetal6 
A solution of ketol 3 (5 mg) in benzene (2 ml) contain- 

ing ethylene glycol (0.50 ml) and a trace of p-toluene- 
sulfonic acid was heated under reflux for 15 h during 
which time water was continuously removed by passing 
the refluxing benzene over 4A molecular sieves. The cooled 
solution was washed with dilute aqueous NaHC03 (5 ml), 
water (2 X 5 ml), and dried (MgS04). Removal of the 
solvent left the acetal 6 (5 mg) as a colorless oil, R, 0.60 
(tlc, silica gel). Infrared spectrum (CC14): 3600, 1090 
cm-1; pmr spectrum (CDC13): 6 0.79 (3H, d, J = 6 Hz), 
1.13 (3H, s), 3.90 (4H, m). Mass spectrum: 240 (2, Mf,  
calcd. for C14H2403, 240.1726 amu, found, 240.1718 
amu), 139 (6, calcd. for C8H1102, 139.0759 amu, found 
139.0763 arnu), 126 (13, calcd. for C7Hl0O2, 126.0681 
amu, found, 126.0678 amu), 113 (40, calcd. for C6H902, 
113.0603 amu, found, 113.0608 amu), 100 (100, calcd. for 
C5H802, 100.0524 arnu, found, 100.0525 amu), 99 (48, 
calcd. for C5H702, 99.0446 amu, found, 99.0448 amu), 
55 (33). 

Preparation of Thioacetal12 
To a solution of ketol 3 (13 mg) in acetic acid (1 ml) 

was added ethanedithiol (40 F1) and BF3-etherate (10 ,~l). 
After 3.5 h the solution was diluted with saturated brine 
(10 ml) and extracted with ether (3 X 10 ml). The ether 
extract was washed with 10% aqueous sodium hydroxide 
(3 X 10 ml), saturated brine (10 ml) and dried (MgS04). 
Evaporation of solvent gave a mixture (5.2 mg) of starting 
ketol 3 and thioacetal 12 in a ratio of about 1 :3 (by gc). 
The mixture was separated by ptlc over silica gel (CH2C12- 
MeOH, 49:l). The product of higher R, (-4 mg) was 
characterized as the thioacetal 12 by mass spectrometry 
and used directly in the next experiment. Mass spectrum: 
274 (11, M + 2), 272 (100, Mf), 254 (23), 239 ( l l ) ,  179 
(52), 161 (39,149 (36), 132 (44), 131 (40), 99 (40), 55 (81). 

Desuuurization of 12 
The crude ttiioacetal 12 (8 mg) in ethanol (2 ml) was 

heated under reflux with W-2 Raney nickel (excess) for 
4 h. The solution was filtered and evaporated under 
reduced pressure at  room temperature. The residue was 
taken up in ether (3 ml), washed with saturated brine, and 
dried (MgS04). The ether solution was concentrated to  
small volume and geosmin isolated by gas chromatog- 
raphy (5 ft  X in. glass column, 3% OV-225 on Gas 
Chrom Q, 140 "C, N2 carrier gas (100 ml/min), fractions 
collected in 10 cm capillary tubes packed with Amberlite 
XAD-2 resin (24) and eluted from the resin with CC14 
(for ir spectrum) and CDC13 (for pmr spectrum)). The 
major component, retention time 8.56 min, was identical 
in ir spectrum (l5), prnr spectrum (l5), and mass spectrum 
(15) with geosmin 11. The specific rotation, determined 
on two separate samples (-1 mg each) of the geosmin 
prepared from cybullol, in methanol (2 ml) was [a],25 -- 140° (reported (l4), [a],,ZS - 16.Y (c 0.005, CHC13)). 
Since only small quantities of this volatile substance were 
available, the rotation data is not considered to be 
accurate. However, the rotation was distinctly levorota- 
tory. The rotation measured in carbon tetrachloride 

(-2 mg geosmin in 2 m l  CC14) was also levorotatory 
(-- - loo0). 

Characterizatiot~ of Compound C15HzgO3 front 
C. bulleri 

The compound Cl5Hz8O3 was present in fractions 13-16 
of the ethyl acetate column chromatogram of crude 
metabolites (see isolation of cybullol) and was further 
purified by ptlc over silica gel (R, 0.35). After crystalliza- 
tion from methylene chloride it melted at  152-153 "C, 
[aIq25 -18.5" (c 0.07, methanol). Infrared spectrum 
(Nujol): 3400 cm-I; pmr spectrum (CDC13): 6 1.04 (3H, 
d, J = 7 HZ, >CHCH3), 1.05 (3H, s, SC-CH3), 1.30 
(6H, s, H O > ~ ( ~ ~ 3 ) 2 ) ,  3.5 ( lH ,  m, CHOH). Mass spec- 
trum: 256 (4, apparent Mf, calcd. for C I ~ H ~ ~ O ~ ,  256.2039 
amu, found, 256.2046 arnu), 238 (12), 223 (4), 220 (5), 
180 (22), 170 (81, calcd. for CloHl802, 170.1307 amu, 
found, 170.1301), 162 (30), 152 (49 ,  123 (43), 109 (46), 
85 (49 ,  81 (64), 59 (93, calcd. for C3H70,  59.0497 amu, 
found, 59.0499 amu), 55 (71), 43 (100). 

Acetylation of this compound with acetic anhydride - 
pyridine provided a monoacetyl derivative. Treatment of 
the Cis compound with trichloroacetyl isocyanate in a 
nrnr tube followed by recording of the spectrum of the 
resulting derivative revealed (25) the presence of three 
hydroxyl groups in the C15 compound. 
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13C nuclear magnetic resonance studies. 58.' 
13C spectra of a variety of bicyclo[2.2.2]octane derivatives. 

Further definition of the deshielding 6 effect 
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J. B. STOTHERS and C. T. TAN. Can. J. Chem. 54, 917 (1976). 
The 13C nmr spectra of 35 bicyclo[2.2.2]octane and -octene derivatives have been determined 

to extend our examinations of the effects of stereochemistry on the shieldings of closely neighbor- 
ing carbons. This series includes a variety of methyl substituted bicyclooctanols and -0ctenols as 
well as the corresponding hydrocarbons and some bicyclooctanones. With the bicyclo[2.2.2]- 
octane skeleton it is possible to  examine an array of systems having substituents separated by 
three and four bonds in a variety of orientations. The interactions, termed y and 6 effects, 
respectively, produce distinctive shielding variations which are useful for stereochemical 
elucidations. Particularly interesting are the pronounced shifts observed for the carbons bearing 
closely neighboring substituents. Characteristically, for vicinal substituents, these carbons are 
shielded while for syn-axial 6 interactions, these carbons are deshielded by as much as 8.6 ppm. 
The results are compared with the trends found in other sterically crowded systems. 

J. B. STOTHERS et C. T. TAN. Can. J. Chem. 54,917 (1976). 
Afin d'Ctendre nos Ctudes sur les effets de la stCrCochimie sur le blindage des carbones 2 

proximite, on a determine les spectres rmn du 13C de 35 dCrivCs des bicyclo[2.2.2]octane et 
-octkne. Cette sCrie comprend un certain nombre de bicyclooctanols et -octCnols substituCs 
par des groupes mCthyles de mCme que les hydrocarbures correspondants et quelques bicyclo- 
octanones. Avec le squelette du bicyclo[2.2.2]octane, il est possible d'examiner un grand nombre 
de systkmes ayant des substituants sCparCs par trois et quatre liens dans une grande variCtC 
d'orientation. Les interactions, dCnommCes effet y et 6, produisent respectivement des variations 
de blindages caractkristiques qui sont utiles pour des Clucidations stCrCochimiques. I1 est 
particulikrement interessant de noter les effets importants provoquCs sur les carbones portant 
des substituants trts rapprochb. D'une facon caracteristique, on trouve que pour des substi- 
tuants vicinaux, ces carbones sont blindis alors que, pour des interactions sytz-axiales 6, ces 
carbones sont deblindCs par des valeurs allant jusqu'a 8.6 ppm. On compare ces rCsultats avec 
les tendances trouvkes dans d'autres systkmes stCriquement encombrCs. 

[Traduit par le journal] 

Introduction 
As an extension of our examination of the 

effects of molecular geometry on 13C shieldings, 
we have obtained the spectra of a series of 
bicyclo[2.2.2]octane derivatives for comparison 
with the results for other bicyclic systems (1). 
The principal virtue of such systems for an in- 
vestigation of stereochemical effects is their 
relatively rigid skeleton which permits one to  
study the shielding variations as a function of 
fairly well-defined substituent orientations. The 
shifts produced by substituents separated by 
three and four bonds are of particular interest 
because of their potential application as probes 
for conformational analysis in mobile systems 
and as a tool for stereochemical elucidations. The 
trends associated with interactions between 

lFor Part 57 see ref. 19. 

vicinal substituents are the most generally 
recognized and have been applied in a wide 
variety of systems (2), since it is found that a 
carbon involved in a vicinal gauche or eclipsed 
interaction is more strongly shielded than its 
counterpart in an anti arrangement. Further- 
more, in a number of cases, a carbon in the latter 
situation is shielded relative to  one having a 
dihedral angle, 4, near 120" with respect to  a 
vicinal carbon or heteroatom (3). For substit- 
uents separated by four bonds, so-called 6 inter- 
actions, a syn-axial arrangement tends to  deshield 
the terminal carbon(s) as has been demonstrated 
for several methyl-methyl and methyl-hydroxyl 
interactions (4). More recently, it has been found 
that the carbons bearing these substituents suffer 
much more pronounced downfield shifts, by 
comparison with the shieldings expected on the 
basis of simple additivity (lc, 5). The consistency 
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of substituent effects within families of com- 
pounds has led to the general application of 
simple additivity for estimating 13C shieldings in 
a host of systems and has proved to be extremely 
useful, provided the substituents are not close 
neighbors (for a general discussion see ref. 6). 
Deviations from additivity for the latter situa- 
tions appear to reflect, at least qualitatively, 
stereochemical perturbations exerted through 
space, although theoretical interpretations of the 
observed shifts are lacking. 

In earlier parts of this series, we have examined 
in some detail the shielding variations produced 
by y and 6 interactions between two substituents 
in several bicyclo[2.2. llheptanes (lb, c). In these 
systems, however, it is conceivable that ring 
strain nlay contribute to the observed shifts. 
Since the bicyclo[2.2.2]octane skeleton is less 
strained, by 4-6 kcal/mol according to molecular 
mechanics (7), a comparison of the correspond- 
ing interactions could reveal differences ascrib- 
able to strain effects. The bicyclo[2.2.2]octane 
skeleton permits the examination of three differ- 
ent vicinal interactions having dihedral angles of 
0°, 60°, and 120°, assuming D3,, symmetry. 
Substituted bicyclooctanes, of course, may 
assume D3 symmetry to reduce vicinal inter- 
actions but it is difficult to estimate the maximum 
degree of twist. For the parent hydrocarbon, 
molecular mechanics and spectroscopic data 
point to the higher symmetry (8), while an 
electron diffraction study indicated that the 
twisting motion has a large amplitude with a 
turning point of 13" in terms of the twist angle 
(9). It was concluded that the potential probably 
has a low hump at the D3,, position so the 
molecule was described as 'quasi-D,'. Possibly, 
in substituted cases, skeletal twist can exceed 
that for disubstituted norbornanes, which may be 
as large as 14" (10): but it seems reasonable to 
assume that vicinal substituents at C-2 and C-3 
would have similar mutual orientations in each 
of these bicyclic systems. Thus we have prepared 
several 2,3-disubstituted examples for compari- 
son. Also, a number of systems having syn-axial 
arrangements of 2,6-substituents were syn- 
thesized. These con~pounds provide several 
examples of methyl-methyl and methyl-hydroxyl 
interactions for substituents separated by three 
and four bonds. In an earlier report, examples 
with vicinal substituents having 4 - 60" were 
included (11). The data for all of these com- 
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STOTHERS AND TAN 919 

pounds, therefore, allow detailed con~parisons 
for an array of substitution patterni in the 
bicyclo[2.2.2]octane and norbornane systems, 
which we wish to present in this paper. 

Experimental 
Materials 

The parent hydrocarbons, bicyclo[2.2.2]octanone, 14 
and 15 were available from an earlier study ( l l ) ,  which 
also provided the ketonic precursors for 5, 6,19,20, and 
29, prepared by reduction with lithium aluminum hydride 
in ether. In each case a single crystalline alcohol was 
obtained and each exhibited the expected infrared and 
proton spectra. Alcohol 5 had mp 205-206 "C (lit. (12) 
mp 21C-212 "C); the physical constants and analyticd 
data for the four new alcohols are listed in Table 1. 
Mixtures of the following isomeric pairs: 12,13;28,31, and 
30,32 were also obtained by LiA1H4 reduction of the 
appropriate ketones, available from our earlier study (11). 
Column chromatography on alumina served to separate 
28 from 31 and a pure sample of 32 crystallized from the 
mixture of 30 and 32; analytical data for the new, pure 
alcohols are given in Table 1. Reduction of Bmethyl- 
bicyclo[2.2.2]oct-2-en-5-one (11) with LiA1H4 followed 
by hydrogenation in ether using a Pt02 catalyst furnished 
a 2:3 mixture of 17 and 18. Wolff-Kishner reduction of 
6,6-dimethylbicyclo[2.2.2]oct-2-en-5-one gave 11 which 
was hydrogenated over Pt02 in ether to 2 (13). 

Following the procedure described by Russell et al. (14) 
from 1,3-cyclohexadiene and maleic anhydride, olefin 10, 
alcohol 21, and ketone 16 were generated. Reduction of 
16 with LiAlH4 furnished a sample of 22, the physical and 

analytical data for which are listed in'Table 1. The initial 
adduct was also converted to the cis-diethyl ester with 
EtOH-HC(OEt)3 and isomerized to the trans-diethyl 
ester by refluxing with NaOEt-EtOH. Then with the same 
sequence used to generate olefin 10, the trans-ester was 
converted to 9 and subsequently hydrogenated to 3; 
hydrogenation of 10 gave 4. Hydrocarbons 3,4,9,  and 10 
had physical properties closely agreeing with those re- 
ported by Petit ef al. (13) and, as a further check on their 
identities, precise mass determinations were obtained 
(Table 1). An analogous approach was employed to 
prepare 1, 7, and 8. The Diels-Alder reaction of 1,3- 
cyclohexadiene with acryloyl chloride gave a mixture 
from which bicyclo[2.2.2]oct-2-ene-endo-5-carboxylic acid 
was isolated (15) after hydrolysis. This acid was reduced 

to the hydroxymethyl derivative, converted to the tosylate, 
and then to olefin 8 using the sequence described by 
Russell et al. (14). Hydrogenation over PtOz gave 1. 
Esterification of the etzdo-acid followed by base-catalyzed 
equilibration to a mixture of exo and endo ethyl esters 
which was taken through the same sequence: -COOEt -+ 

--CH20H -+ -CH20Ts + -CH3 furnished a mixture 
of 7 and 8. These three hydrocarbons, 1, 7, and 8, have 
been reported by Kazanskii and Svirskaya (16). 

Ketone 16 was methylated using methyl iodide-sodium 
arnide in ether as described by Corey et 01. (17) to give a 
mixture containing 47% of 25,3% of 26, and 37% of 27. 
These ketones were separated from unreacted 16 (13%) 
by gc on a 20% SE 30 column and characterized by 
precise mass determinations (Table 1). Treatment of 25 
and 27 with LiAlH4 in ether gave 23 and 24, respectively, 
as the sole products, each as a crystalline solid; their 
physical and analytical data are listed in Table 1. 

All of the compounds 1-32 exhibited the expected 
infrared and proton spectra. The physical data for those 
previously reported were in good agreement with the 
literature values while the data for the new compounds 
are collected in Table 1. 

Nuclear Magnetic Resot~arzce Spectra 
Proton and 13C spectra were obtained with Varian 

T-60, HA-100, and XL100-15 instruments. The latter 
was used in the Fourier transform mode with proton 
noise decoupling for 13C spectra. Off-resonance decoupled 
'3C spectra were recorded to distinguish carbon types. All 
compounds were examined in CDC13 solutions (1C-15%) 
with TMS as an internal reference. 

Results and Discussion 

The observed shieldings for the hydrocarbons, 
parent alcohols, and ketones included in this 
series as model compounds are listed in Table 2: 
while the data for the more highly substituted 
compounds are given in Table 3. The results for 
bicyclo[2.2.2]octane, -octene, -octanone, and the 
3-methyl and 3,3-dimethyl derivatives of the 
latter (14 and 15, respectively) were reported 
previously (1 1) but the earlier methylene shield- 
ing for bicyclooctane was printed incorrectly. 
The assignments shown in Table 2 were aided by 
off-resonance decou~led sDectra which ~ermitted 
the distinction of primary, secondary, tertiary, 
and quaternary carbon signals. Carbonyl, olefinic. 
and carbinyl -carbon absorptions were readily 
assigned from their characteristic positions and a 
general knowledge of the relative magnitudes of 
the effects of methyl groups on the shieldings of 
neighboring carbons, as established for other 
closely related systems (I), led to the listed 
assignments for the remaining nuclei. The overall 
fit of the data with similar shifts for the corre- 
sponding carbons in different compounds offers 
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TABLE 1. Physical and analytical data for several bicyclo[2.2.2]octanes 

Analysis* 
Precise mass 

Calculated Observed determination% 
Molecular Molecular F 

Compound mp ("C) formula C H C H Compound mp("C) formula Calculated Observed ? 
LI 

6 85.5-86.5 C9H160 77.09 11.50 76.97 11.71 19 CIOHI~O 154.1355 154.1353 0 141-142 
20 59-60 CllH200 78.51 11.98 78.85 12.19 23 65.0-65.5 C11H200 168.1513 168.1522 ' 
22 103-104 CloHlsO 77.87 11.76 78.17 11.77 24 59.0-59.5 C12H2z0 182.1670 182.1672 ? 
25 171-172f ClIH180 79.46 10.91 79.24 11.00 26 C ~ I H I ~ O  166.1357 166.1363 < 
29 52-53 CllH180 79.46 10.91 79.26 10.93 27 ClzHzoO 180.1513 180.1511 
30 59-61 C12H200 79.94 11.18 79.39 11.21 28 c10H160 152.1201 152.1198 , 

3 CIOHII 138.1408 138.1409 " 
4 CloHls 138.1408 138.1404 2 
9 CIOHI~ 136.1251 136.1245 
10 CloH16 136.1251 136.1253 

*Elemental analyses were performed by Chemalytics, Inc., Tempe, Arizona. 
tMelt ing point of the 3.5-dinitrophenylhydrazone. 
:High resolution mass spectra obtained with a Varian M66 instrument, averaging ten separate measurements of m / e  for the molecular ion. 
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TABLE 2. I3C shieldings* of several bicyclo[2.2.2]octane derivatives 

Compound Substitution C- 1 C-2 C-3 C-4 C-5t C-6t C-7 C- 8 Methyl 

Bicyclooctane 24.0 26.1 26.1 24.0 26.1 26.1 26.1 26.1 
1 2-Me 30.4 30.4 35.8 25.2 26.2 20.4 27.5 25.2 21.2 

(6.4) (4.3) (9.7) (1.2) (0.1) (-5.7) (1.4) (-0.9) 
2 2,2-Mez 35.1 30.6 42.7 26.5 25.1 23.4 23.4 25.1 30.9 

(11.1) (4.5) (16.6) (2.5) ( - 1 0 )  (-2.7) (-2.7) (-1.0) 
3 trans-2,3-Me2 31.5 40.1 40.1 31.5 27.5 20.2 27.5 20.2 19.2 

(7.5) (14.0) (14.0) (7.5) (1.4) (-5.9) (1.4) (-5.9) (-2 .O) 
4 cis-2,3-Me2 31.8 33.3 33.3 31.8 20.3 20.3 27.4 27.4 15.2 

(7.8) (7.2) (7.2) (7.8) (-5.8) (-5.8) (1.3) (1.3) (-6.0) 
5 2-OH 31.7 69.5 37.5 24.8 25.6 18.6 23.8 24.5 

(7.7) (43.4) (11.4) (0.8) (-0.5) (-7.5) (-2.3) (-1.6) 
6 4-Me-2-OH 31.7 69.8 44.5 28.6 32.8 19.4 24.2 32.0 28 .O 

(0.0): (0.31% (7 .O)% ( 3 . W  (7.21% (0.8)$ ( 0 . W  (7.5): 
Bicyclooctene 29.5 134.1 134.1 29.5 25.8 25.8 25.8 25.8 2 

7 exo-5-Me 30.8 132.9 136.4 36.0 30.4 34.9 26.4 18.9 20.5 2 
(1.3) (-1.2) (2.3) (6.5) (4.6) (9.1) (0.6) (-6.9) 3 

8 endo-5-Me 30.5 134.1 132.0 36.8 32.2 36.0 24.3 26.6 23 .O g 
(1.0) (0.0) (-2.1) (7.3) (6.4) (10.2) ( - 1 . )  (0.8) 

9 endo-5-exo-6-Me2 36.6 136.3 131 .5 37.4 41.5 40.8 17.7 ?2 
27.0 18.6(exo) 22.2(endo) o 

(7.1) (2.2) (-2.6) (7.9) (15.7) (15.0) (-8.1) (1.2) (-1.9) (-0.8) -I 

10 endo-5-er~do-6- Me2 38.5 132.9 132.9 38.5 36.6 36.6 26.0 26 .O 17.1 ?2 
(9.0) (-1.2) (-1.2) (9.0) (10.8) (10.8) (0.2) (0.2) (-5.9) 

11 5,5-Me2 31.5 131.9 136.0 41.7 33.3 42.8 23.7 21.8 30.1 (exo) 
(2.0) (-2.2) (1.9) (12.2) (7.5) (17.0) (-2.1) (-4.0) 32.1 (endo) 

12 exo-5-OH 30.1 135.2 132.0 37.6 68.8 35.4 26.1 17.3 
(0.6) (1.1) (-2.1) (8.1) (43.0) (9.6) (0.3) (-8.5) 

13 enrlo-5-OH 30.1 135.9 129.9 37.6 70.2 38.9 24.1 22.1 
(0.6) (1.8) (-4.2) (8.1) (44.4) (13.1) ( - 1 . 7  (-3.7) 

Bicyclooctanone 42.3 216.7 44.6 27.9 24.8 23.4 23.4 24.8 
14 3-Me 42.3 220.1 47.2 33.9 20.2 24.2 22.7 26.1 13.5 

(0.0) (3.4) (2.6) (6.0) (-4.6) (0.8) (-0.7) (1.3) 
15 3,3-Me2 42.7 221.9 45.9 38.5 22.4 23.5 23.5 22.4 23.7 

(0.4) (5.2) (1.3) (10.6) (-2.4) (0.1) (0.1) (-2.4) 
16 endo-5-endo-6-Me2 50.7 216.8 39.8 35.5 32.7 34.6 23.5 26.3 14.9 (5-Me) 

(8.4) ( O . l ) ( - 4 . 8 )  (7.6) (7.9) (11.2) (0.1) (1.5) 16.4 (6-Me) 

.In ppm from internal TMS for CDCls solutions; values in parentheses are the substituent etTccls A6 = 6=(RX) - 64RH) where R H  is the appropriate parent compound. 
tThese nre syn with respect to the 2-substituent in the bicyclooctanes and to the 3-substituent in the bicyclooctanones. 9 
:Substiruent effect o f  the 4-methyl group, i.e. 6.(6) - 6,(5). ? 
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VJ N 
TABLE 3. 13C shieldings* of some polysubstituted bicyclo[2.2.2]octane derivatives N 

Com- 
Parent pound Substitution C-l G 2  G 3  C-4 C-5 C-6 C-7 C-8 Methyl 

rrarrs-3-Me 32.9 78.1 41.8 31.3 27.1 18.4 24.1 19.7 18.6 
0 . 0 )  (0.0) (0.1) (0.1) (0.7) (0.2) (0.9) (-2.6) 

cis-3-Me 31.8 70.9 35.8 31.3 20.2 18.6 23.7 26.5 12.8 
( - 1  8 . 3  (-6.0) (0.1) (0.3) (-0.1) (0.8) (0.6) (-8.4) 

3,3-Mez 33.7 77.9 35.9 36.5 22.7 17.7 24.4 22.5 22.4 (cis) 29.9 (trans) 
0 8 6 . )  (0.6) 0 . )  (-0.2) (1.6) (0.7) (-8.5) (- 1 .O) 

4,6,6-Me3 43.0 72.8 43.4 31.0 50.1 30.7 22.5 30.6 27.9(4-Me) 32.3 32.5 
(0.2) 5 . 7  - 0 . 1 )  (-0.1) (0.4) (6.2) (0.6) (-0.1) (-0.1) (1.4) (1.6) 

anri,cis-5,6-Me240.1 65.0 32.3 32.7 33.1 32.9 19.9 27.1 15.4(5-Me) 14.6(6-Me) 
(0.6) (1.3) (0.6) (0.1) (1.4) (1.9) (0.0) (0.2) (0.2) (-0.6) 

syn,cis-5,6-Mez 39.1 71.4 31.6 32.7 33.1 33.3 25.8 26.4 14.8(5-Me) 17.7(6-Me) 
(-0.4) 7 7  - 0 . 1 )  (0.1) (0.3) (7.5) (0.7) (0.6) (-0.4) (2.5) 

rrans-3-syn,cis- 40.2 79.6 34.9 39.7 34.0 33.5 26.8 21.0 14.6 (5-Me) 17.6 (6-Me) 18.3 (3-Me) s? 
5,6-Me3 (-0.5) (6.2) (-1.1) (0.7) (-0.2) (8.6) (1.6) (0.9) (-0.6) (2.4) (-2.9) ? 

3,3-syn,cis- 40.6 80.2 37.1 43.9 36.2 32.8 26.8 25.8 18.6(5-Me) 17.5(6-Me) 25.0(cis-3-Me) + 
5,6-Me4 - 4 )  (-0.1) (0.1) (0.2) (6.1) (8.0) (2.7) (2.7) (3.4) (2.3) (-5.9) CI 

32.8 (rrans-3-Me) 
(1.9) f 

ar1ri-3-errd0,cis- 51.0 219.6 42.0 41.2 33.5 34.1 24.6 21.8 14.9 (5-Me) 16.8 (&Me) 13.1 (3-Me) c 
5,6-Me3 (0.3) (-0.6) (-0.4) (-0.3) (-0.5) (0.2) (0.3) (0.1) (0.0) (0.4) (-0.4) g 

syn-3-errdo,cis- 50.2 220.3 47.6 41.7 34.5 36.3 22.6 29.2 16.3(5-Me) 16.9(6-Me) 15.4(3-Me) -$ 
5,6-Me3 (-0.5) (0.1) (5.2) (0.2) (6.4) (0.9) (-0.2) (1.6) (1.4) (0.5) (1.9) - 

3,3-endo,cis- 51 .1 221.3 46.1 46.1 36.1 35.5 23.0 26.0 13.2 (5-Me) 16.8 (6-Me) 25.6 (exo-3-Me) 
5,6-Me4 (0.0) (0.7) (5.0) (0.0) (5.8) (0 .8)(-0 .6)  (2.1) (3.3) (0.4) (1.9) 

27.3 (endo-3-Me) 
(3.6) 

6,6-Me: 42.6 136.4 130.1 39.2 76.7 35.1 21.9 14.9 22.7 (exo) 32.5 (endo) 
(0.3) (-0.7) (0.3) (-0.4) (-9.1) (-7.8) (-0.2) (-0.3) (-7.4) (0.4) 

1 ,8,8-Me3 35.4 136.8 133.4 49.9 72.9 40.5 51.5 34.7 25.0 (I-Me) 31.8 (exo) 33.3 (endo) 
(1.7) (1.2) 

2,4,7,7-Me4 48.2 145.3 127.6 40.3 73.3 32.2 34.5 41.2 21.8 (4-Me) 28.3 (exo) 31.5 (endo) 
(-3.2) (-1.8) (-0.6) 

21.9 (2-Me) 
6,6-Me2 43.3 138.7 127.9 39.9 79.9 40.1 21.7 20.9 29.7(exo) 24.5(endo) 

(1.0) (0.9) (0.2) (0.3) (-7.3) (-6.3) (1.6) (0.9) (-0.4) (-7.6) 
2,4,7,7-Me4 48.3 145.6 124.6 41.0 74.6 35.7 34.3 47.9 21.6(4-Me) 29.3(exo) 30.9(endo) 

(-3.4) (-0.8) (-1.2) 
21.9 (2-Me) 

'In ppm from internal TMS for CDCI, solutions. For the skeletal carbons the values in parentheses are the deviations (6<0~" - 6ccn'c) where 6.*'"* was obtained assuming additivity of substituent 
effects from Table I. For the methyl carbons the parenthetic values are substitucnt effects 46 = S.(R(Me)X) - b(R(Me)H). 
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STOTHERS AND TAN 923 

strong support for these assignments. Unequiv- 
ocal assignments for the skeletal carbons of 16 
were obtained from the characteristic effects of 
deuterium (lb) in the spectrum of 16-3,3-d2. 

The shielding data in Table 2 permit one to 
generate a set of shielding effects for this array 
of substituents; these values are given in paren- 
theses in Table 2. The trends are quite normal 
with carbons one and two bonds from the sub- 
stituent deshielded (the a and 0 effects) and 
vicinal carbons shielded if gauche with respect to 
the substituent. For the latter the effects are more 
pronounced for sp3 carbons than for sp2 carbons. 
For example, the endo-methyl in 8 shields the 
nearer olefinic carbon (C-3) by -2.1 ppm, while 
the exo-methyl(7) shields the gauche methylene 
carbon (C-8) by - 6.9 ppm. The through-space 
interactions in these two cases differ significantly 
in that the former involves the methyl group and 
the ?r cloud of the double bond, while in the 
latter the methyl group and the endo-proton are 
close neighbors. A similar difference is apparent 
for alcohols 12 and 13, in 13  the endo-hydroxyl 
shields the gauche olefinic carbon by -4.2 pprn 
while in 12 the exo-hydroxyl shields the gauche 
methylene carbon by - 8.5 ppm. It may be noted 
that the anti periplanar vicinal carbon in each of 
these cases is also shielded relative to its value for 
bicyclooctene; in 13, C-8 is shielded by -3.7 
pprn while in 12 C-3 is shifted - 2.1 ppm. Similar 
shifts have been noted and discussed for a variety 
of substituents (3). The effects of methyl-methyl 
interactions are also included in Table 2 for a 
few derivatives. For 3 and 9 vicinal methyl 
groups subtending a dihedral angle of -120" 
are shielded by - 2 pprn from the positions found 
for the monomethyl compounds, while for 4 and 
10, eclipsed methyl carbons are more strongly 
shielded (-6 pprn). These shifts are comparable 
to the values found for the corresponding 
bicyclo[2.2. llheptane systems (lb) indicating 
that 'ring strain' has little effect on these shield- 
ings. In fact, the methyl substituent effects in 
these two bicyclic systems are closely similar, 
comparing the observed shifts for the carbons in 
the 6-membered ring in the bicycloheptanes with 
those for the bicyclooctanes. It is interesting, 
however, that 7 gauche effects of a 2-methyl and a 
2-hydroxyl group at C-6 are somewhat more 
shielding by - - 2 ppm in the bicycloheptane 
cases. Also these substituents tend to deshield 
the more remote olefinic carbon in the bicyclo- 

heptenes more strongly than in the bicyclooctenes. 
For example, the 2-hydroxyl group deshields 
this olefinic centre by -5 ppm in the nor- 
bornenols while the corresponding shifts for the 
bicyclooctenols are < 2 pprn. In these derivatives 
the carbinyl carbon is significantly less shielded 
(-4 pprn) in the norbornenols. Otherwise, the 
methyl and hydroxyl substituent effects are 
comparable for both bicyclic systems with shifts 
generally within < 1 pprn for the corresponding 
carbons. Included in Table 2 are values obtained 
for bridgehead methyl substitution by comparing 
the shieldings of 5 and 6. These shifts clearly 
emphasize the presence of minor perturbations 
contributing to the shielding of a given carbon 
atom since similarly disposed carbons are not 
equally affected by the bridgehead methyl. The 
three 0 carbons (C-3. -5, and -8) in 6 exhibit shifts 
of 7.0, 7.5, and 7.2 pprn, respectively, while the 
three y carbons are shifted by 0.3 (C-2), 0.4 (C-6), 
and 0.8 pprn (C-7). Although these variations are 
not readily explained but are presumably due to 
minor alterations in the effects of the hydroxyl 
group, these data indicate the 'precision' one may 
expect for a comparison of observed shieldings 
with those predicted by simple additivity of sub- 
stituent effects. The a-effect of the bridgehead 
methyl in the bicyclooctane skeleton is 3.5 pprn 
smaller than that for the bicycloheptane system 
(lc). The y and 6 effects are also attenuated by 
-1 pprn in the former case while the 0 effects 
are similar for both systems. Interestingly, 
methyl substitution in isobutane + neopentane 
causes shifts comparable to those for the bicyclo- 
octane system, namely, a and (3 effects of 2.7 and 
7.2 pprn, respectively (18). Hence, it appears that 
ring strain in the bicyclo[2.2. llheptane skeleton 
may accentuate the a effect of bridgehead sub- 
stitution. 

One may compare the shieldings for 3, 4, 9, 
and 10 with values predicted by assuming 
additivity of the effects of the individual methyl 
groups as given by the data for 1,7,  and 8. For 3 
and 9 whose vicinal methyl groups subtend a 
dihedral angle near 120°, the deviations between 
the observed and predicted shieldings tend to be 
small, <0.7 ppm, with the exception of C-3 in 9 
for which the difference is 1.1 ppm. Thus, it is 
apparent that additivity works well. For 4 and 
10, similar agreement is found for the skeletal 
carbons, except for those bearing the eclipsed 
methyl groups which absorb 6.8 and 5.8 ppm. 
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respectively, upfield from the predicted positions. 
This behavior is typical for carbons in a fragment 
having an eclipsed -y interattion of the terminal 
groups. These deviations are comparable to those 
found for the corresponding bicyclo[2.2.l]hep- 
tanes and -heptenes (lb). Additional examples 
are included in Table 3 in which the -y interactions 
occur between methyl and hydroxyl groups. The 
deviations between observed and predicted 
shieldings, 6c0t'sd - 6ccalcy are given in paren- 
theses and a negative value indicates that a 
carbon is more highly shielded than additivity 
predicts. Eclipsed -y interactions occur in 18, 19, 
28, and 31 and inspection of the skeletal carbon 
data reveals that negative deviations in the range 
6-9 ppm are found for the carbons bearing the 
hydroxyl and methyl groups while the remaining 
carbons absorb close to the predicted positions. 
It may also be noted that the eclipsed methyl 
carbons exhibit upfield shifts of 7-8 ppm. In 
contrast. the deviations are small for 17 in which 
the dihedral angle between the hydroxyl and 
methyl groups is --120°, but the methyl group is 
slightly shielded, exhibiting a shift comparable 
to those for 3 and 9. Clearly these trends are 
entirely analogous, both qualitatively and quanti- 
tatively, to those found for a variety of corre- 
sponding norbornane derivatives (1). 

Most of the remaining examples in Table 3 
were selected to examine 6 effects produced by 
interactions between substituents separated by 
four bonds. To identify these effects in 21-24 we 
have employed the shifts caused by vicinal 
methyl substitution as listed in Table 2 for 4; 
in this way, the contributions arising from the 
vicinal interactions are taken into account and 
the deviations between observed and ~redicted 
shieldings may be ascribed to 6 interactions. For 
ketones 25-27, 16 was taken as the parent com- 
pound for the same reason. The data for a 
variety of norbornanols (lc) showed that inter- 
actions between 6 substituents in syn-axial 
orientations, or the equivalent, led to pronounced 
deshielding of the carbons bearing the sub- 
stiments which themselves were somewhat de- 
shielded. For other orientations of 6 substituents 
the observed shieldings were predicted satis- 
factorily by simple additivity. On this basis, of 
the examples in Table 3, 21 and 25 would be 
expected to show reasonable agreement between 
the observed and predicted values while 20, 22, 
23, 26, and 27, which have one syn-axial inter- 

action should show marked deviations similar 
to those found for the bicyclo[2.2.1]heptane 
system. This is indeed the case. The deviations 
for 25 are <0.6 ppm and, although the devia- 
tions are somewhat larger for the substituted 
carbons in 21 none exceeds 2 ppm. It seems 
reasonable to suggest that the 1.3-1.9 ppm dif- 
ferences for the substituted carbons may arise 
from a conformational change with skeletal 
twisting different from that in 4 and 5, the com- 
pounds from which the individual substituent 
effects were derived. In any event, much more 
distinctive deviations are apparent for the second 
group of con~pounds. Ketones 26 and 27 exhibit 
differences of 5.0-6.4 ppm for C-3 and C-5, the 
carbons bearing the syn-axial methyl groups, and 
these methyl carbons are also deshielded. It is 
interesting that the more highly substituted 27 
has the more deshielded methyl carbon. Also, 
both geminal methyl carbons are deshielded. 
This behavior is entirely analogous to that found 
in the norbornane series (lc). Similar trends are 
apparent for alcohols 20, 22, and 23 for which 
C-2 and C-6, bearing the syn-axial hydroxyl and 
methyl groups, are deshielded by 5.7-8.6 ppm 
from the values predicted by simple additivity. 
Their 6-methyl carbons also show downfield 
shifts. For each of these five compounds, the 
remaining deviations are generally small. 

The deviations found for C-5 and C-6 in 24 
are large, 6.1 and 8.0 ppm, while those for C-2 
and C-3 are very small, kO.1 ppm, but each of 
these carbons bears a substituent involved in a 
syn-axial interaction. For C-2 and C-3, however, 
their substituents are n~utually eclipsed and the 
resulting -y effect will essentially cancel the down- 
field shift produced by the syn-axial interaction 
with the 5- and 6-methyl groups. If, instead, the 
shieldings for 24 are compared with those 
obtained from the substituent effects of the 
vicinal 5,6-methyls (from 4) combined with the 
data for 19, deviations of 8.1, 7.0, 6.3, and 7.9 
ppm are obtained for C-2, -3, -5, and -6, respec- 
tively. Viewed in this manner, the effects of the 
vicinal interactions are taken into account with- 
out masking the 6 effects, as was done above for 
the previous examples. The deviations for C-7 
and C-8 become 2.0 and 1.1 ppm, respectively, 
somewhat less than those from the first analysis 
(Table 3); these may have a conformational 
origin arising from a different skeletal twist in the 
more highly substituted 24. Although we lack the 
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substituent effects of bridgehead methyl sub- 
stitution in bicyclo[2.2.2]octene, it may be 
assumed that the y and 6 carbons are not ap- 
preciably affected, by analogy with the effects in 
bicyclooctane noted above. Combining the sub- 
stituent effects from 11 with the data for 12, we 
find deviations of 8.1 and 9.9 ppm for C-5 and 
C-8, respectively, in 29 and the methyl carbons 
are slightly deshielded relative to those in 11. 

Finally, a comparison of the shieldings of 30 
and 32 shows that the differences are entirely 
analogous to those between 12 and 13 indicating 
that 5- and 7-substituents on the same side of the 
ring system introduce no appreciable perturba- 
tions on the individual effects of these substit- 
uents. It may be noted, however, that the 
geminal methyl carbons are slightly shielded. 
This pattern is identical to that found for the 
corresponding norbornanols such as endo-5- 
methyl-endo-2-norbornanol. The upfield shift 
exhibited by the bridgehead methyl, relative to 
the corresponding centre in 29, is a result of the 
vicinal interaction with the hydroxyl group, since 
these have a nominal dihedral angle of 60". 

In summary, the marked deshielding effects 
apparently arising from steric interactions of 
closely neighboring substituents in syn-axial 
orientations are similar in the bicyclo[2.2.1 Ihep- 
tane and bicyclo[2.2.2]octane systems, although 
for the latter the effects are slightly smaller. The 
most striking differences are found for the 
carbons bearing the 6 substituents while signifi- 
cant, but much smaller, downfield shifts are 
found for the terminal carbons in a syn-axial 
6 fragment. These trends contrast directly with 
those found for closely neighboring vicinal sub- 
stituents for which each carbon in the y fragment 
is appreciably shielded, but again the shifts are 
comparable in both ring systems, indicating that 
ring strain has little effect on these shieldings. 
The distinctive shifts exhibited by syn-axial 
arrangements should be helpful in the interpreta- 
tion of spectra of more complex systems, since 
the trends appear to be general. 
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Use of polymers as protecting groups in organic synthesis. 
HLI. Selective frunctionalization of polyhydroxy  alcohol^^^^ 
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JEAN M. J. FR~CHET and LUCY J. NUYENS. Can. J. Chem. 54, 926 (1976). 
Insoluble polymers containing trityl chloride residues were used to block one primary 

alcohol functional group of several polyhydroxy alcohols. After protecting the remaining 
hydroxyl groups by benzoylation, the ether linkage between the polymer and the protected 
alcohol was cleaved in acidic medium. Depending on the reaction conditions and the nature of 
the starting alcohol, several alcohols or bromides in which only one of the two primary hydroxyls 
had been esterified, were obtained. In some cases benzoyl migrations were observed. The trityl 
chloride polymers could be regenerated in one step without degradation or appreciable loss of 
activity. 

JEAN M. J. F R ~ C H E T  et LUCY J. NUYENS. Can. J. Chem. 54, 926 (1976). 
Des polymkres insolubles contenant des unitCs fonctionnelles de chlorure de trityle ont CtC 

utilists pour bloquer un des groupements alcool primaire de plusieurs polyols. Aprks avoir pro- 
tCgC les groupements hydroxyles restants par benzoylation, la liaison Cther entre le polymkre et 
l'alcool protCgC a CtC coupCe en milieu acide, Selon les conditions de la reaction et la nature du 
polyol initial, plusieurs alcools ou les bromures correspondants dans lesquels une seule des 
fonctions hydroxyles primaires Ctait esttrifiie, ont CtC obtenus. Dans certains cas on a observe 
des migrations de groupernents benzoyles. Les groupements fonctionnels de chlorure de trityle 
des polymkres peuvent &tre rCgCnCrCs en une Ctape sans dCgradation ou perte sensible d'activitC. 

Functionalized insoluble polymers for use as 
protecting groups or reagents in organic synthesis 
have been receiving considerable attention since 
Merrifield (1) first reported the synthesis of a 
polypeptide using a polymer support. Thus, 
various cross-linked polystyrene resins were used 
in the synthesis of selectively monosubstituted 
derivatives of symmetrical molecules (2,3) or to 
prepare selectively substituted derivatives of D- 

glucose ( 4 4 ) .  The advantages and the uses of 
polymeric reagents and protecting groups have 
been recently summarized by Leznoff (7). We 
now wish to  report on the use of a polymer con- 
taining trityl chloride pendant groups, 1, for the 
synthesis of selectively substituted derivatives of 
several polyhydroxy alcohols. The polymeric 
trityl chloride reagent should have most of the 
advantages of its monomeric counterpart (£9, 
namely its reactivity and selectivity f ~ r - ~ r i m a r ~  
vs. secondary or tertiary hydroxyl groups, and 
the ease of cleavage of the corresponding trityl 
ethers in acidic medium. In addition the poly- 
meric reagent should behave as a dilute reagent 

and react with only one end of a molecule con- 
taining several primary hydroxyl groups. The 
insolubility of the reagent will also facilitate the 
separation of all products and intermediates 
while the reagent itself should be easily regener- 
able in one step after use. In some instances the 
steric bulk of the polymer may also be expected 
to be the source of some selectivity. 

Results and Discussion 
In a typical synthetic procedure (Scheme 1) a 

polyhydroxy alcohol (2-8) is allowed to react 
with resin l to give a resin (2a-80) in which one 
of the primary alcohol functional groups of the 
starting alcohol is attached to the polymeric 
support through an ether linkage. Without 
further purification, the remaining hydroxyl 
groups are protected by esterification with 
benzoyl chloride. Cleavage of the ether linkage 
of the resin (26-86) in acidic medium yields a 
product (2 c-e, 8 c-e) in which selective func- 
tionalization has been achieved, and also a resin 
la  from which the polymeric reagent l can be 
regenerated in one step. 

'Presented in part before the 170th National Meeting The Polymeric of the American Chemical Society, Chicago, Illinois, 
August 1975. The synthesis of the polymeric trityl chloride 

2For part I 1  see ref. 6. reagent 1 was achieved by chemical modification 
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Coupling 
@-T~-CI + HO--CI+-R-CH24H @-T~-o-cH~-R-cH~--~H 

1 2-8 2a-8a 

I Recycling I Protection 

0 0 
I I Hx I I 

@-T~-xz + XI-CH2-R-CH2-O-C-C6~ - @-T~~-CHZ-R-CHZ-O-C-C~H~ 
Cleavage 

l a  2 c-e, 7 c-e, 8c 2b-86 

I 
OY 

8 R = (CH-CH) 

(6) of commercially available styrene-divinyl- 
benzene copolymers. Two types of copolymers 
were tested in this research; one was a rigid 
macroreticular resin of well defined pore size 
which does not swell in organic solvents and 
which can be used in almost any type of solvent, 
while the second was a copolymer containing 1 % 
divinylbenzene which can only be used at peak 
efficiency in solvents with good swelling proper- 
ties such as aromatic solvents, chlorinated 
hydrocarbons, dioxane, tetrahydrofuran, etc. 

In both cases 1 was prepared by benzoylation 
of the starting resin followed by reaction with an 
excess of phenylmagnesium bromide and by 
treatment of the resulting carbinol with acetyl 
chloride. As had been observed earlier (9), the 
macroreticular resins were found to be less 
reactive than their swellable counterparts and 
their functionalization invariably led to reagents 
of relatively low capacities (expressed in milli- 
equivalents of functional group per gram). The 
macroreticular resins do, however, possess some 
advantages, mainly in their ease of filtration and 
lack of dependence on swelling prior to reaction, 
which makes them particularly useful for applica- 
tions involving packed columns. 

The capacities of the trityl chloride resins were 
estimated by chlorine analyses and found to be of 
the order of 0.9-2.3 mequiv. of functional group 
per gram for the swellable resin and of the order 

of 0.614.92 mequiv. of functional group per 
gram for the macroreticular resin. 

Coupling of the Alcol~ol to tlle Polymer 
The coupling step was carried out in dry 

pyridine at room temperature using a 50-100% 
excess of the alcohoL3 In most cases the inter- 
mediate polymer-bound alcohols 2a-8a were not 
isolated since the next step, protection of the 
remaining hydroxyl groups, could conveniently 
be carried out in pyridine. In some instances, 
however, the polymer-bound alcohols were 
isolated to estimate the yield of the coupling 
reaction and test the recovery procedure for the 
excess polyhydroxy alcohol since such recovery 
could be important in reactions involving rare or 
expensive materials. 

The coupling yields, estimated from the gain 
in weight of the resin, were generally of the 
order of 75-90% based on the r e s h 4  The excess 
unreacted alcohol could be recovered by a simple 
filtration and recycled. The ir spectra of the 
polymer-bound alcohols included strong OH and 
C-0 absorptions in the 3400-3600 and 1000- 
1050 cm-I regions. The remaining hydroxyl 

3The usual reaction scale, 5 g of polymer, was sufficient 
to produce I g or more of the desired product after 
cleavage. 

4Lower yields were obtained when the starting alcohols 
were not thoroughly dried before use. 
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0 
7h R3 or % = OH, % or R3 = H 

sensitive to  cleavage under acidic conditions to  
be useful. Thus, cleavage of 6b with hydrogen 
bromide afforded only 1,4-dichloromethyl ben- 
zene and cleavage with trifluoroacetic acid gave a 
complex mixture of products which was not fully 
characterized. Better results could perhaps have 
been obtained by using a weaker acid such as 
chloroacetic acid for the cleavage. 

The cleavage of 7b (7b + 7b' in Scheme 3) 
with hydrogen bromide or trifluoroacetic acid 

also afforded some complex mixtures of products. 
This was t o  be expected since 7 is not a sym- 
metrical molecule and attachment to OH-1 or to  
OH-4 of 1,2,4-butanetriol will lead to  different 
products. It was hoped that due to  the different 
steric requirements of these two primary hydroxyl 
groups, some selectivity would be obtained. 
However, difficulties in the separation of isomeric 
products, protecting group migrations, and other 
reactions subsequent t o  the cleavage from the 
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resin prevented the exact measurement of the 
selectivity.' 

As indicated in Scheme 3, cleavage with 
trifluoroacetic acid followed bv treatment with 
aqueous sodium bicarbonate led to  a mixture of 
7c, 7c1, and 7f.  While compounds 7c and 7c' 
(SOYo of the total product) are the products 
expected from normal coupling, the presence of 
7f in the reaction mixture could be attributed to 
the coupling of the polymeric reagent to the 
secondary hydroxyl group of 7 ,  which is unlikely, 
or to the migration of a benzoyl group from the 
secondary to  a primary hydroxyl group. Such an  
intramolecular transesterification reaction could 
easily occur through a 5- or 6-membered ring 
intermediate such as 7i or 7j.  Confirmation of 
this benzoyl migration is obtained from the 
observation that pure 7f or the mixture 7c + 7c' 
equilibrate at room temperature in chloroform 
containing trifluoroacetic acid to yield a mixture 
of 7c, 7c1, and 7j:  Similarly, cleavage with an- 
hydrous hydrogen bromide gave a mixture of 
products from which 7e + 7e' (30%), 7g (30%), 
and 7h (15%) were obtained. The formation of 
7e and 7e' can be rationalized as follows: normal 
cleavage of the polymeric trityl ether yields the 
alcohol in a first step, as was the case in the 
cleavage of 26. Since 26 and 76 + 76' differ only 
in the presence of a benzoyl group a or 0 to the 
ether linkage, the formation of a bromide from 
76 + 76' may be due to  participation of the 
neighboring benzoyl group which helps to dis- 
place water from the protonated alcohol to yield 
a cyclic intermediate such as 7i or 7j .  Attack of 
bromide on this intermediate would yield the 
bromide 7e + 7e'. Similar cyclic intermediates 
could be involved in the formation of the 
dibromide 7g. Alternately, 7g could be envisioned 
as resulting from a process in which the starting 
diol reacted with the polymeric reagent through 
both primary alcohol functional groups. This is 
however unlikely since no such coupling was 
observed for any of the other alcohols s t ~ d i e d . ~  

Finally, the cleavage of 86 with anhydrous 
hydrogen bromide or trifluoroacetic acid was 

5The nmr spectrum of the mixture of isomers 7c + 7c' 
indicated a ratio of 7:3 and that of 7e + 7e' a ratio of 5:4. 

6Coupling through both primary hydroxyl groups 
would have been most likely to occur with a diol such as 
1,fShexanediol which has relatively distant hydroxyls, 
however, no diol was found in the organic or aqueous 
phases after cleavage of 46. 

studied. The reaction with hydrogen bromide 
was accompanied by extensive rearrangements 
which gave rise to numerous products and there- 
fore make this reaction impractical. Cleavage 
with trifluoroacetic acid resulted in a mixture of 
two products of very different mobility on tlc. 
The slowest moving component (75% of the 
mixture) was identified as 8c while the fastest 
moving component 8d which was unaffected by 
treatment with aqueous sodium bicarbonate and 
contained no trifluoroacetyl group could not be 
positively identified. It was however established 
that 8d was formed from 8c by reaction with 
trifluoroacetic acid while the reverse transforma- 
tion did not occur. It is interesting a t  this 
juncture to compare the behaviour of 76 with 
that of the corresponding polymeric 6-0-trityl 
ether of methyl 2,3,4-tri-0-benzoyl-a-D-gluco- 
pyranoside, 9 (6). Although both compounds 
have similar structural features in the vicinity of 
the ether linkage, their cleavage gives very dif- 
ferent results. Thus 76 reacts with HBr to  yield 
bromides and rearranged products while 9 gives 
rise almost exclusively to the alcohol methyl 
2,3,4-tri-0-benzoyl-a-D-glucopyranoside with 
little or no rearrangement (6). 

Regeneration of the Resin 
The resins which maintained their mechanical 

and physical properties throughout the synthetic 
sequence could be regenerated easily in one step 
after cleavage of the products and washing of the 
resin on filter. The polymeric trityl chloride 
reagent recycled five times is nearly as effective 
as the original material. 

The polymeric trityl chloride reagent therefore 
seems to  be most useful in the selective function- 
alization of one extremity of a symmetrical diol. 
Their use can be extended to  other alcohols 
containing more than two hydroxyl groups 
although mixtures of products may be obtained 
with unsymmetrical molecules containing more 
than one primary hydroxyl. Furthermore, acyl 
migrations may be observed if the alcohol con- 
tains hydroxyls a or 0 t o  one another. The 
polymeric trityl chloride reagent has a number of 
advantages over the acid chloride resin described 
previously (2). Thus it has a much higher capacity, 
well adapted to  larger laboratory scale syntheses, 
the ether linkage is easier to  cleave than the 
ester linkage of the acid chloride resin, and 
finally no  degradation of the polymer is observed 
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and its regeneration is easy and not accompanied 
by a loss of activity. It should be noted, however, 
that the two resins complement each other since 
the link between the resins is acid stable in the 
case of the acid chloride resin, and base stable 
in the case of the tritvl chloride resin. The 
possible selectivity of the trityl polymers with 
unsymmetrical polyhydroxy alcohols such as 7, 
using non-migrating protecting groups, is under 
investigation. 

Experimental 
Styrene-divinylbenzene copolymers were purchased 

from Bio-Rad Laboratories (Bio-beads SM-2 for the 
macroreticular resin and Bio-beads SX-I for the swellable 
resins). Both types of resin contained water and were 
dried under vacuum at 70 "C. Infrared spectra were 
recorded on a Beckmann IR 2OA spectrophotometer using 
potassium bromide pellets. Nuclear magnetic resonance 
spectra were measured on a Varian T-60 or Varian HA- 
100 instrument using tetramethylsilane as the internal 
standard ( 6  = 0 ppm; CDC13 solvent). Mass spectra 
were recorded on a Hitachi-Perkin-Elmer RMU-6D or an 
AEI MS 902s mass spectrometer. Dichloromethane, car- 
bon tetrachloride, benzene, toluene, and pyridine were 
dried over calcium hydride, tetrahydrofuran was dried 
over lithium aluminum hydride and distilled immediately 
before use. In the text below, @--Tr-CI refers to the 
polymeric trityl chloride reagent (chlorodiphenylpoly- 
styrylmethane) and @-~r-OH to  the corresponding 
trityl carbinol resin (diphenylpolystyryl carbinol). 

Prepurution of tile Diphetiylpolysryr)~lcarbinol Resin 
@-T~-OH 

~ioIbeads  SX-I (32 g) were stirred into 320 ml of dry 
CS2 until the resin was fully swollen. The clear suspension 
was then refluxed for 30 min and 40 g powdered an- 
hydrous AICL, were added to the stirred mixture. After 
40 min of stirring, 34 ml of benzoyl chloride were added 
slowly. The resulting deep red mixture was left stirring 
under reflux for 33 h. After cooling, the reaction mixture 
was poured into 800 ml of a 5: 1 : 1 mixture of dioxane- 
HCI-HIO. The slurry was stirred for 30 min then filtered, 
and the polymer rinsed with dioxane-water 5:1, methyl 
ethyl ketone, hot water, methyl ethyl ketone, and meth- 
anol. The ir spectrum of the polymeric ketone included a 
large carbonyl absorption centered at 1650 cm-1. T o  a 
solution of phenylmagnesium bromide, freshly prepared 
from 18 g of Mg and 70 mi of bromobenzene in 450 ml 
of dry tetrahydrofuran, was added 47 g of the polymeric 
ketone. The mixture was stirred a t  65-70 "C for 48 h, 
then at  room temperature for another 48 h. It was then 
poured in a cold mixture of dioxane-water-HCI 5:l : I .  
After stirring for 1-2 h, the polymer was collected on a 
filter and rinsed with dioxane-water-HC1 5:2:1, methyl 
ethyl ketone, water, methanol, methyl ethyl ketone, and 
ether. The carbinol polymer @-~r-OH had an ir 
spectrum with large hydroxyl absorptions centered at  
3430 and 3580 cm-1. 

Prepurution of rhe Chlororlipl~e~~)~lpolys~yrylrnerhone Resin 
@-Tr-Cl, 1 

A slurry of 50 g of @-~r-OH in 800 n ~ l  of benzene 
was stirred and heated until approximately 200 ml of 
benzene had distilled. The mixture was then cooled to 
70 "C and stirred, while 80 ml of acetyl chloride were 
added slowly. After 4 h of stirring at 70 OC, the mixture 
was cooled to room temperature and stirred overnight. 
The polymer was collected on a filter with exclusion of 
humidity and washed repeatedly with dry benzene, 
dichloromethane, and finally with petroleum ether. The 
capacity of the resin 1, calculated from the chlorine 
analysis, was found to be -1.3 mequiv./g. Resins pre- 
pared under more drastic reaction conditions contained 
up to 2.3 mequiv. of functional group per gram. 

The macroreticular resins were prepared by a similar 
procedure. However, since the resin beads were found to 
be quite fragile, the reaction mixtures were stirred only 
intermittently while the reactions were carried out at 
reflux temperatures. The macroreticular resins were 
easier to wash and filter than their swellable counterparts, 
but had a lower capacity in the range of 0.61 to 0.92 
mequiv. of functional group per gram. 

Prepomrion of 2c from 1,CBuranerliol 
A mixture of 3.921 g (5.09 mequiv.) of resin 1 and 

1.3 rnl of 1,4-butanediol in 40 ml dry pyridine was stirred 
for 2 days at  room temperature. After addition of 10 ml 
benzoyl chloride, the stirring was continued for another 
24 h. The resin was then filtered and rinsed repeatedly 
with dioxane-water 3:1, dioxane, methyl ethyl ketone, 
water, methyl ethyl ketone, and methanol. After drying, 
the resin weighed 4.554 g, which corresponds to about 
0.815 g of 1.4-butanediol monobenzoate fixed on the 
polymer (83('; yield based on polymer 1). The ir spectrum 
of 26 included a C=O absorption a t  1720 cm-1. 

After stirring a suspension of 4.2 g of 26 in 40 ml of 
carbon tetrachloride for 2 h, a current of HBr was 
bubbled through it for 45 min. The mixture was then 
filtered and the polymer washed with portions of toluene. 
After washing the filtrate with aqueous NaHCO,, then 
with water, and drying it with MgS04, the solvent was 
evaporated to yield a slightly colored oil (0.707 g or 78% 
yield based on resin 1 )  homogeneous on tlc (ethyl acetate - 
carbon tetrachloride 1:l) which had an nmr spectrum 
corresponding to that expected for 2c (see Table 1). 

In a similar experiment carried out on 6.04 g (10.8 
mequiv.) of a recycled resin 1 ,  1.6 ml of 1,4-butanediol 
and 12 ml of benzoyl chloride, the cleavage of resin 26 
swollen in chloroform was effected by adding 2 ml of 
trifluoroacetic acid and stirring for I5 min at  room 
temperature. After filtration and extraction of the polymer 
with chloroform, the filtrate was evaporated to an  oil. 
The oil, which contained two components of very different 
mobility on tlc (silica gel, benzene-ether 10:1), was 
fractionated on a column packed with 100 g of silica gel. 
Elution with benzene afforded 0.695 g of 2rl (22% yield 
based on resin 1, see Table 1). Elution with benzene- 
methanol 95 :5 afforded 0.9 1 g of 2c (44% yield based on 
resin 1). The yield of 2c could be increased by shaking a 
solution of 2d in chloroform or tetrahydrofuran with an 
excess of sodium bicarbonate or sodium carbonate in 
water until the hydrolysis was complete (reaction followed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



932 CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Nuclear magnetic resonance data 

Compound Structure* Nuclear magnetic resonance data? 

3.72(HOCH2, t); 1.6-2.0(-CHz-CH2, m) 
4,37(CHlOR, t); 2.49(0H, s, exch.) 

4.36(RfOCH2 and CHzOR, m); 1.65-2.05(CHz-CH2, m) 

3.66(HOCH2, t); 1.5-1 .9((cH2)3, m) 
4.33(CH20R, t); 1.96(OH, s, exch.) 

4.36(R'OCI-12 and CHzOR, m); 1.6-2.0((CH~)~, m) 

3.66(HOCHz, t); 1.4-1  CHI)^, m) 
4.35(CHzOR, t);  1.97(OH, s, exch.) 

4.36(R10CH2 and CH2OR, m); 1.4-2.O((CHz)4, m) 

4.22(HOCH2, d, 6 Hz); 5.48-5.91(CH=CH, m) 
4.81(CH20R, d ,  6 Hz); 2.24(0H, s, exch.) 

4.1 I(BrCH2, d, 8 Hz); 5.70-6.14(CH=CH, m) 
4.97(CHzOR, d ,  6 Hz) 

2.08(CH3, s); 4.75 and 4.93(CH2, 2d, 5.5 Hz) 
5.65-6.03( CH=CH. m) 

0 0 
tBenzoyl resonances not included; s = singlet, d = doublet, t = triplet, rn = multiplet, exch. = proton exchangeable with ~~0 

by tlc). In every case, monitoring of the aqueous phases 
after cleavage showed the absence of 1,4-butanediol. 

Prepurutiot~ of3c  from 1,5-Petttrrt1ediol 
This reaction was carried out as above using 10 g of 

resin 1 (macroreticular resin, 0.65 mequiv./g), 1 ml of 
1,5-pentanediol, and 10 ml of benzoyl chloride. Cleavage 
of the resin with 2 ml of trifluoroacetic acid followed by 
treatment of the product with aqueous sodium bicar- 
bonate afforded 0.361 g of pure 3c (27% yield based on 
macroreticular 1). 

Preparariot~ of 4c from 1,6-Hexutlediol 
The reaction was carried out as above for 2c using 4.7 g 

(8.5 mequiv.) of resin 1, 1.6 ml of 1,6-hexanediol, and 
10 ml of benzoyl chloride. Cleavage of the product with 
trifluoroacetic acid followed by treatment with aqueous 
sodium bicarbonate afforded 1.05 g of pure 4c.  A second 
cleavage with trifluoroacetic acid afforded an additional 
0.32 g of 4c for a total yield of 73';;; based on resin 1. 

Prepararion o f 5 c  from 1,4-Bure11ediol 
The reaction was carried out as above for 2c using 5.08 

g of resin 1 (1.3 mequiv./g), 1.2 ml of 1,4-butenediol, and 
11 ml of benzoyl chloride. Cleavage of the product with 
trifluoroacetic acid followed by treatment with aqueous 
sodium bicarbonate gave rise to 0.65 g of 5c (52% yield 
with respect to 1). 

Preparariotz o f 5 e  and Sffrom I,4-Buretle[iiol 
The coupling reaction was carried out as above for 2c 

using 5.01 g (9 mequiv.) of resin 1 ,  2 ml of 1,4-butenediol, 
and 10.5 ml of benzoyl chloride. The cleavage reaction 
was effected in a carbon tetrachloride suspension using 
3.5 g of 30% HBr in acetic acid with a contact time of 
10 min. The product which showed two spots on tlc was 
separated on a column of silica gel (65 g) using petroleum 

ether (80-IM) "C) for elution. The first fraction isolated 
(0.69 g, 307; with respect to 1)  contained the bromide 5e,  
a second fraction (0.47 g,  21% with respect to 1) con- 
tained a mixture of 5e and Sf, while the third fraction (0.45 
g, 21'j.b with respect to 1) contained 5j: Thus the total 
yield of the reaction was -72% with respect to 1. 
Nuclear magnetic resonance data for 5e and Sf are pro- 
vided in Table I .  Attul. calcd. for 5e (CIIHIIBr02):  
C 51.78, H 4.35, Br 31.33; found: C 51.51, H 4.40, Br 
3 1.1 7. Anal. calcd. for Sf (Cl3H14O4): C 66.65, H 6.02; 
found: C 66.55, H 5.96. 

In a separate experiment 4.94 g of resin l (1 .3  mequiv./ 
g) was used toprepare 1.24 g of 5e(76'/c yieldwith respect 
to 1). In this reaction, cleavage of the trityl ether was 
carried out in carbon tetrachlor~de saturated with an- 
hydrous hydrogen bromide with a contact time of 30 min. 

Artempred Sytlrhesis of 6cfrom 1,4-Bertzetre Dime/izunol 
The reaction of 6 (1.9 g) with resin 1 (5.08 g or 9.1 

mequiv.) proceeded as expected to yield 6a which was 
benzolated with 10 ml of benzoyl chloride. Cleavage of 
the ether linkage in carbon tetrachloride saturated with 
anhydrous hydrogen bromide with 10 min contact time 
gave 1.4 g (58% yield with respect to 1 )  of a product 
which was characterized by its nrnr spectrum ( 6  4.48 and 
7.37, singlets, ratio 1 :1) and its mass spectrum ( M f  262 
and 266) as being 1,4-dibromo methylbenzene. 

Prepurrtrion of 7 c ,  7c1,  and 7f from 1,2,4- Burunerriol 
The coupling reaction was performed as described 

above with 5.13 g (9.23 mequiv.) of resin 1 and 2 g of  
1,2,4-butanetriol. The remaining hydroxyls were pro- 
tected by reaction with 20 ml of benzoyl chloride and, 
after the usual processing, the trityl ether was cleaved by 
the action of 3 ml trifluoroacetic acid. After filtration and 
treatment of the filtrate with excess sodium carbonate 
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TABLE 2. Nuclear magnetic resonance data of compounds 7 

Compound Structure* Nuclear magnetic resonance datat (6 ppm) 

OR 

711 BrCH2-CH-CH-CH20R 3.53(BrCHz, m); 4.O(CHOH, m); 2.02(CHz, m); 
1 1 4.5(CHzOR, m) 2.78(0H, exch.) 

RI R2 
* R  = -C-CaHa; R I  or Rt = OH: Rt or RI = H. 

/I 
0 

tBenzoyl resonances not included: d = doublet, t = triplet, q = quintet, s = sextet, m = multiplet, rxch. = proton cxchangrable with Dz0. 

HOCH2-CH2-CH-CH20R 3.78(HOCH2, m); 2.02(CH2, m); 5.68(CH, q);  
I 4.6(CH20R, d)  

3.9(HOCH2, d);  5.4(CH, q) ;  2.28(CH2, m); 
4.44(CHzOR, m); exch. 

4.1-4.75(ROCH2, CHOH, CHlOR, m); 2.85(0H, s, exch.); 
2.05(CH2, m); exch. 

3.52(BrCHz, t); 2.4(CHz, m); 5.64(CH, m); 
4.5(CHzOR, m) 

3.72(BrCH2, d); 5.52(CH, m); 2.4(CHz, m); 
4.5(CHlOR, m) 

3.5-3.68(BrCH2 and CH?Br, m); 2.44(CH2, m); 5.44(CH, s) 

solution, the product which exhibited two spots on tlc 
was fractionated by passing it through a column packed 
with 120 g of silica gel. Elution with benzene-ether 
100:0.5 afforded first 0.29g of compound 7f which 
crystallized spontaneously in benzene. After recrystalliza- 
tion from ether - petroleum ether ?/'had mp 69.5-70 "C. 
Yield with respect to 1 ,  1056. Arlul. calcd. for C18HIB05: 
C 68.78, H 5.77; found: C68.72, H 5.61. 

After elution of a fraction containing a mixture of 7c, 
7c1, and 7j'(0.21 g or 70; with respect to I ) ,  a fraction 
containing 7c and 7c' was obtained (1.24 g or 43% with 
respect to 1). 

The nmr spectrum of the mixture 7c + 7c' indicated 
that 7c was preponderant and that the ratio 7c:7c1 was 
7:3. Atlal. calcd. for ClsHls05: C 68.78, H 5.77; found: 
C 69.00, H 5.87. The nmr data for 7c, 7c'. and 7f is 
presented in Table 2. 

Preparariorl of 7e, 7e1, 7g, ut~cf 711 fro171 
1,2,4-B~rrar1erriol 

The reaction was carried out as above for 2c with 6.47 g 
(1 1.6 mequiv.) of resin 1 ,  2.3 g of 1,2,4-butanetriol and 
20 ml of benzoyl chloride. Cleavage of the trityl ether was 
accomplished by bubbling anhydrous hydrogen bromide 
through the polymer suspension for 15 min. After the 
usual processing, the product which exhibited several 
spots on tlc, was fractionated by passing it through a 
column packed with 110 g of silica gel, and eluted with 
benzene to afford 7g (0.674 g or 17';; yield with respect to 
1)  which was identified by its nmr spectrum (Table 2) and 
mass spectrum (M+, 334 and 338). 

The second compound eluted was 7c + 7c' (0.660 g, 
15°,, yield with respect to 1). The mixture of 7c + 7c' 
was also identified by its nmr spectrum (Table 2) and 
mass spectrum (M+, 376 and 378). A third compound 
eluted with benzene-ether 99:l was identified by its nmr 
spectrum as being 711 (0.307 g or 10% yield with respect 
to 1). Arlul. calcd. for CIIHI3O3Br: C48.37, H4.80, 
Br 29.26; found: C 48.67, H 4.89, Br 29.54. 

Several other fractions totaling0.579 gwere alsoisolated 
but were not identified. The total yield of the reaction is 
approximately 60% with respect to resin 1. 

Preparariorl of 8c from meso-Eryrhrilol 
The coupling reaction was performed using 5.6 g of 

1 (2.13 mequiv./g or 12.35 mequiv.) and 2.2 g of dry 
meso-erythritol in 50ml of dry pyridine. After 2 days at 
room temperature, 40 ml of dry pyridine and 25 ml of 
benzoyl chloride were added and the mixture was stirred 
at room temperature overnight, then a t  90 "C for 1 h. 
After the usual work up, the resin was swollen in 100 ml 
chloroform and 3 ml of trifluoroacetic acid in 9 ml of 
chloroform were added. The mixture was stirred for 3 h, 
then an excess of saturated sodium bicarbonate solution 
was added, and the mixture was shaken for 2 h. After 
separating the chloroform phase, washing it with water, 
and drying over magnesium sulfate, the solvent was 
evaporated to yield 4.73 g of a product which showed 2 
distinct spots on tlc. A 2.02 g portion of the crude 
reaction product was fractionated on a column packed 
with I00 g of silica gel. Elution with benzene afforded 
0.517 g of an unidentified compound. Elution with 
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benzene-ether 97:3 gave 8c (1.426 g which corresponds to 
a 62y0 yield with respect to resin 1). Compound 8c was 
crystallized from benzene and recrystallized from ether - 
petroleum ether ( 3 M ° C ) ;  it had mp 106-108 "C. Its 
nmr spectrum included signals centered at 6 8.01 and 
7.44 (m, benzoyl); 6 5.58 (m, central -CH-CH-); 
6 4.81 (d, CH2-0-CO-); 6 4.45 (m, CH2-OH); 6 3.35 
(d, OHexch.). Anal. calcd. for C2SHZ207: C 69.1 1, H 5.10; 
found: C 69.10, H 4.88. 

Behaviour of 7c + 7c' and 5c in Solution Containing 
Hydrogen Bromide 

A solution of 7c + 7c' in dichloromethane was 
saturated with anhydrous hydrogen bromide and the 
reaction was followed by tlc (silica gel, benzene-ther 
10:l). Within a few minutes 7c + 7c' (one spot on tlc 
at R, = 0.09) disappeared completely and a new com- 
pound which had the same Rf as 7e + 7e' (Rf = 0.66) 
had appeared, thus confirming the transformation 7c -, 
7e. Similarly 5c is rapidly transformed into 5e when 
treated with anhydrous hydrogen bromide in dichloro- 
methane solution while the transformation 2c -, 2e does 
not occur. 

Interconversion of 7c + 7c' and 7f in Trifluoroacetic 
Acid Medium 

When the mixture of 7c + 7c' (R, = 0.3, silica gel, 
benzene-ther 2:1) is treated with trifluoroacetic acid in 
chloroform, a mixture of 7c + 7c' + 7f is formed. 
Similarly, when 7f (R, = 0.4) is treated with trifluoro- 
acetic acid in chloroform, the same mixture is formed, 
indicating that benzoyl migration has occurred. 

70 "C under reduced pressure. The ir spectrum of the 
washed polymer was identical to that of the original 
@-~r-OH. The regeneration was carried out in one 
step by reaction with acetyl chloride in benzene, as 
described in the preparation of 1. A polymer containing 
2.13 mequiv. of functional groups per gram was re- 
generated after being used in the synthesis of a sample 
of 26; the capacity of the regenerated polymer was 1.85 
mequiv./g. After a second coupling-protection-cleavage 
cycle, the polymer was regenerated again to yield a resin 
having a capacity of 2.05 mequiv./g, and after five such 
cycles the polymer had a capacity of 1.97 mequiv./g. 
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THOMAS M. F ~ E S  and CLIFFORD C. LEZNOFF. Can. J. Chem. 54, 935 (1976). 
A 2% cross-linked divinylbenzene-styrene copolymer was directly lithiated with n-butyl- 

lithium in the presence of N,N,N',N1-tetramethylethylenediamine. The lithiated polymer on 
reaction with a benzophenone gave an insoluble polymer-bound trityl alcohol. Further reaction 
with acetyl chloride gave a polymer-bound trityl chloride which, on treatment with the primary 
symmetrical diols 1,lO-decanediol, 1,7-heptanediol, and l,rlbutanediol, gave mostly syrnmetri- 
cal diols monoblocked by insoluble polymer-bound trityl groups. Acetylation followed by acid 
cleavage from the polymer gave the monoacetates of 1,lO-decanediol, 1,7-heptanediol, and 
1,rlbutanediol and some recovered diols. The recovered polymer can be efficiently recycled. The 
quantity of recovered diol was related to the problem of 'double-binding' of the symmetrical 
diols to the polymer-bound trityl groups. The extent of 'double-binding' could be greatly re- 
duced by the use of polymer-bound trityl chloride prepared via the lithiated polymer and 
methyl benzoate or phosgene. 

THOMAS M. FYLES et CLIFFORD C. LEZNOFF. Can. J. Chem. 54, 935 (1976). 
On a lithie directement, avec du n-butyllithium en prCsence de la N,N,N',N1-tCtramCthy1- 

Cthylknediamine, un copolymkre divinylbenzkne-styrene rCticulC B 2%. Par reaction du polymkre 
lithiC avec une benzophknone, on obtient un alcool tritylique insoluble lie B un polymkre. Une 
reaction subsCquente avec du chlorure d'acCtyle fournit un chlorure de trityle lit? B un polymkre 
qui par traitement avec les diols symCtriques primaires dkanediol-l,lO, heptanediol-l,7 et 
butanediol-1,4 conduit principalement B des diols symCtriques bloquCs en un seul endroit par 
des groupes trityles insoluble liCs B un polymhe. L'acCtylation suivit d'une coupure acide enlke 
les produits du polymhe et conduit aux monoacCtates des dkanediol-1 ,lo, heptanediol-1,7 et 
de butanediol-1,4 et B un peu de diols rkupt rb .  On peut recycler d'une fason efficace le poly- 
mkre r&upCrC. Les quantites de diols rkupCres sont reli6es au problkme de la "double fixation" 
des diols symCtriques aux groupes trityles reliCs au polymkre. Les quantitCs de "double fixation" 
peuvent &tre rCduites d'une fason considkrable par l'utilisation d'un chlorure de trityle liC au 
polymhe prtpark par 1'intermCdiaire d'un polymkre lithie et de benzoate de mCthyle ou de 
phosgkne. 

[Traduit par le journal] 

The concept of using insoluble solid phases in 
multi-step, nonrepetitive, general organic syn- 
thesis has been recently demonstrated (1) and 
reviewed (2, 3). Completely symmetrical difunc- 
tional compounds have been monoprotected 
using insoluble polymer supports, showing how 
inexpensive symmetrical starting materials such 
as terephthalaldehyde (2, 4), isophthalaldehyde 
(2,4), and symmetrical diols (5,6) can be used in 
organic synthesis. 

Although we had previously prepared mono- 
trityl (5, 6) and tetrahydropyranyl ethers (6) of 

'For part I V  see ref. 1. 
2Presented in part at the 9th Great Lakes Regional 

Meeting of the American Chemical Society, St. Paul, 
Minn. June, 1975. 

'Holder of a National Research Council of Canada 
Scholarship 1974-1 976. 

symmetrical diols via formation of their polymer- 
bound monoesters, we were interested in syn- 
thesizing insect pheromones (7) directly on 
polymer supports, and monoprotection of the 
symmetrical diols through a base stable ether 
linkage would be a more appropriate approach. 
In this paper we explore the use of polymer- 
bound trityl chloride as a monoblocking group 
of symmetrical primary diols and the subsequent 
formation of a series of monoacetates of these 
diols. 

Polymer-bound trityl alcohols have been pre- 
viously prepared by lithiation of a halogenated 
phenyl group of the polymer, followed by treat- 
ment with benzophenone (8) or by a Friedel- 
Crafts reaction of divinylbenzene (DVB) cross- 
linked polystyrene with benzoylchloride followed 
by a phenyl Grignard reagent (9). The former 
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n-BuLi 
TMEDA 
Cvclohexane 

preparation is a three stage procedure and the 
latter is a two step reaction. Soluble polystyrene 
has been directly metalated using the 1 : 1 com- 
plex of n-butyllithium and N,N,N',N1-tetra- 
methylethylenediamine (TMEDA) (10-12). We 
find that this direct lithiation procedure can be 
applied to insoluble cross-linked polystyrene 
polymers and that the synthesis of the polymer- 
bound trityl alcohols is accomplished in a single 
reaction vessel. 

Reaction of a 2% cross-linked DVB-styrene 
copolymer, 1, with n-butyllithium and TMEDA 
in purified cyclohexane gave a dark red-brown 
polymer, 2, presumed by analogy to lithiated 
soluble polystyrene to be a polymer lithiated on 
the phenyl rings (10, 12). This polymer 2 could 
be quenched with water liberating 3-4 mmol 
base/g resin. Alternatively, 2 could be quenched 

with carbon dioxide as shown in Scheme 1 to 
give a benzoic acid polymer, 3, showing typical 
infrared absorbances for the -C02H group (see 
Experimental) and exhibiting by acid-base titra- 
tion, values of 0.5-1.5 mmol acid/g resin. 

As shown in Scheme 2 reaction of 2 with 
4,4'-dimethoxybenzophenone, 4, or benzophen- 
one, 5, gave polymer-bound 4,4'-dimethoxy- 
trityl alcohol, 6, or a polymer-bound trityl 
alcohol, 7. Treatment of 6 and 7 with acetyl 
chloride in benzene (9) gave polymer-bound 
4,4'-dimethoxytrityl chloride, 8, and polymer- 
bound trityl chloride, 9, respectively. Reaction 
of 8 and 9 with excess 1,lO-decanediol, 10, and 
only 9 with 1,7-heptanediol, 11, and 1,4- 
butanediol, 12, gave the polymer-bound mono- 
blocked symmetrical diols 13-16 respectively. 
The infrared spectra of 13-16 did not exhibit an 
assignable OH absorbance. However, acetylation 
of 13-16 with acetic anhydride in pyridine gave 
the polymer-bound monoblocked symmetrical 
diol monoacetates 17-20 respectively, all of 
which showed C02R absorbances in their infra- 
red spectra at  1725 cm-'. Acid cleavage of 17-20 
liberated free 1,lO-decanediol monoacetate, 21, 
from 17 and 18, 1,7-heptanediol monoacetate, 
22, from 19, and 1,4-butanediol monoacetate, 
23, (13) from 20, respectively. Polymer 6 was 
liberated from 17 and polymer 7 from 18-20. 
Some diol 10 was recovered from acid cleavage 

4 R  = OMe 
5 R = H  

6 R  = OMe 
7 R = H  

8 R  = OMe 
9 R = H  

HO(CH2),0Ac + 6 or 7 + recovered 10.11, or 12 

21 11 = 10 
+ G + - Q - ~ + R ~ ~ - ~ - ( + R ~  

22 n = 7  0 (CH2),0Ac O(CHz),OH 

17 R  = OMe 11 = 10 
18 R  = H  11 = 10 
19 R = H  1 ! = 7  
20 R = H  1 1 = 4  

13 R  = OMe II = 10 
14 R  = H  11 = 10 
15 R = H  1 1 = 7  
16 R = H  r r = 4  
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of 17 and 18 and similarly diols 11 and 12 were 
recovered from 19 and 20, respectively. The 
yields of diol monoacetates and related informa- 
tion are listed in Table l .  

Cleavage of the Diol Monoacerates Jrom the 
Trityl Polymers 

Since reactions on insoluble polymer sup- 
ports are generally slower than their solution 
analogs (14), we initially prepared the 4,4'- 
dimethoxytrityl polymer 4 so that the final 
cleavage step of the polymer-bound diol mono- 
acetate 17  would be rapid due to  the effect of the 
4-methoxy substituents on the trityl group in 
accelerating acid cleavage of trityl ethers (15). 
Cleavage of polymer 13, for example, with 8OyO 
acetic acid a t  room temperature overnight (9) 
yielded as the major component 1,lO-decanediol, 
minor amounts of the desired 1 ,lo-decinediol 
monoacetate, 21, and some 1,lO-decanediol 
diacetate. The presence of the latter compound 
showed that acetylation of the alcohols had 
occurred under the cleavage conditions. Indeed, 
control experiments under a variety of conditions 
showed that 1,lO-decanediol itself can be acet- 
ylated by acetic acid - water mixtures giving 
equilibrium amounts of diol, mono- and di- 
acetates. 

After extensive investigation, a reagent suit- 
able for the desired cleavage was found to be 
0.3 N anhydrous HC1 in d i ~ x a n e . ~  Treatment 
of 13 with this reagent at room temperature for 
48 h yielded pure 1 ,lo-decanediol(0.3-0.5 mmol 
diol/g resin). Under these conditions acetate 
groups are not affected although free alcohol 
groups are chlorinated to a small extent (< l%), 
especially for acid concentrations greater than 
0.5 N. More dilute acid only partially cleaved 
the polymer-bound diol. 

Since the 4,4'-dimethoxytrityl containing poly- 
mer 1 3  required more forcing conditions for 
cleavage than anticipated and resulted in the 
formation of a diacetate, the preparation of 
monoacetates of symmetrical diols using poly- 
mer-bound trityl alcohols, derived from benzo- 
phenone, i.e. polymer 5, was repeated and all the 
results recorded in Table 1 were obtained using 
the 0.3 N anhydrous HCI cleavage conditions. 

In all experiments some diol was recovered 
from the final cleavage step. Control experi- 

4The mode of this cleavage is somewhat different than 
those described in refs. 8 and 9. 

rnentsS showed that 1,lO-decanediol monoace- 
tate, 21, was not hydrolyzed under the cleavage 
conditions. The recovered diols could conceiv- 
ably have arisen from two sources. Either the 
acetylation reaction was incomplete or the diols 
on initial attachment to the polymer-bound 
trityl chloride, 5, became attached at both ends, 
a process which we shall call 'double-binding' 
(16, 17).6 

Experiments Designed to Explore the Amount 
of' Double-binding of Diols to the Polymer 

Since a large variety of acetylations and other 
reactions including halogenations, tosylations, 
and mesylations (18) were attempted on the free 
alcohol end of polynler-bound diols and in all 
cases approximately 3&50y0 of the starting diols 
were recovered, we strongly suspected that the 
source of recovered diols was due to  double- 
binding of the initial diols to the polymer. 

The extent of double-binding should be a 
function of the proportion of polymer in which 
the trityl chloride functional groups are suffi- 
ciently close in proximity so that these groups 
can be bridged by the symmetrical diols. The 
functional groups may be close due to  function- 
alization of adjacent phenyl groups along the 
polymer backbone or may be due to  conforma- 
tional mobility of the polymer bringing remote 
groups close to each other. Despite the fact that 
a large excess of symnletrical diols was used to  
react with 9, it is highly possible that the free 
alcohol group of a singly bound diol is often 
closer to a trityl chloride, within the localenviron- 
ment of the polymer backborte, than any amount 
of excess diol in the bulk of the reaction mixture. 

The Use of a 20% Cross-linked Macroporous 
Resin 

To reduce the conformational mobility of the 
polymer, the preparation of 1 ,lo-decanediol 
monoacetate, 10, was repeated according to 
Scheme 2 but using a 20% cross-linked DVB- 
styrene macroporous copolymer. The direct 
lithiation of the 20% cross-linked polymer was 
sluggish, requiring 2 days reaction time. Al- 
though subsequent formation of a 20% cross- 
linked polymer-bound 4,4'-dimethoxytrityl chlor- 
ide polymer was readily achieved, followed by 

5Pure 21 or 21 admixed with 1 or 7, in 0.3 M HCI in 
dioxane was not hydrolyzed. 

6This is another example of an intraresin reaction, 
several of which have been previously recorded (16, 17). 
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2 react with one methylbenzoate giving essentially 
a more highly cross-linked polymer-bound mix- 

e ~ 4 M c  
ture, 24, of trityl alcohol and benzophenone 
(Scheme 3) in which proximal phenyllithium 
groups have been quenched, thereby reducing 
the likelihood of polymer-bound trityl alcohol 
groups being close to each other. 

o Similarly, lithiated polymer 2, possibly con- 
/ \ taining three reactive polymer-bound phenyl- ~c + 

lithium groups in close proximity can react with 1 \ 
one phosgene giving a highly cross-linked poly- 

L , mer-bound mixture, 25, of trityl alcohol, benzo- 
Y phenone, and methyl benzoate (from washing 
24 the reaction mixture with methanol) as shown in 

formation of polymer-bound monoprotected 
1,lO-decanediol and preparation of the polymer- 
bound 1,lO-decanediol monoacetate, subsequent 
cleavage from the polymer was very slow requir- 
ing forcing acid conditions leading to a low 
recovery of 1,lO-decanediol monoacetate. The 
large beads of the 20% cross-linked polymer 
would disintegrate if one used magnetic stirring 
instead of overhead stirring (19). Drying the 
polymer under high vacuum divides the large 
beads giving 'split peas'. Thus further synthes~s 
on 20% cross-linked polymers were abandoned 
and all the data reported in Table 1 refer to 2% 
cross-linked polymers. 

The Use of Methyl Benzoate and Phosgene in 
Quenching the Lithiated Polymer 

One possibility for eliminating proximal func- 
tional sites on the polymer would be to have the 
lithiated polymer reacting twice with a single 
substrate. To this end the 2% cross-linked 
lithiated polymer 2 was treated with methyl- 
benzoate to give a new polymer 24 in which two 
phenyllithium groups from the polymer can 

2 
(2) MeOH 

Scheme 4. 
Polvmer 24. isolated from the reaction of 2 

with Aethyl bknzoate showed absorption in the 
infrared spectrum at 1670 cm-' typical of the 
carboxyl absorption of benzophenone. Similarly, 
polymer 25, isolated from the reaction of 2 with 
phosgene, showed absorptions at 1670 cm-' and 
1720 cm-' typical of the benzophenone and 
methyl benzoate moieties. Treatment of 24 and 
25 with acetyl chloride gave trityl chloride 
polymers 26 and 27 containing 0.9 mmol and 
0.4 mmol halide/g resin respectively. Polymers 
26 and 27, on treatment with 1,lO-decanediol 
gave polymer-bound monotrityl- 1,lO-decanediols 
28 and 29 respectively. The amount of diol 
attached to these polymers was determined by 
acid cleavage to be 0.07 mmol and 0.03 mmol/g 
resin respectively." Acetylation of 28 and 29 
gave polymer-bound monotrityl-1 , 10-decanediol 
monoacetates 30 and 31 which on acid cleavage 
gave 72% and over goy0 of 1,lO-decanediol 
monoacetates from 30 and 31 respectively. 
Repetition of the synthesis of 21 via 24 using 

'The low loading capacity was probably due to in- 
sufficient drying of this particular sample of 10. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FYLES AND LEZNOFF 939 

TABLE 1. Comparison of the yields of symmetrical diol monoacetates from symmetrical diols bound to different 
p o l y m e r s  according to Scheme 2 

Bound D i o l  Recovered Relative 
Polymer- Halide diolb monoacetateC dio ld  yield of Overall 

bound contenta (mmol/g (mmol/g (mmol/g m o n o a c e t a t e e  yield,  conversion^ 
diol (mmol/g) (mg/g)) (mg/g)) (mg/~) )  ('z) (%) (%) 

aThis number refers to the halide content of the polymer-bound trityl chloride precursor to the polymer-bound diol. 
bRefers to the quantity of diol attached to the polymer-bound diol. 
CRefers to the amount of diol monoacetate synthesized via the polymer-bound diol according to Scheme 2. 
dYield of diol recovered from the reaction mixture after cleavage of polymer-bound diol monoacetates. 
GRelative yield of diol monoacetate compared to recovered diol. 
f i i e l d  of diol monoacetate compared to diol initially bound to polymer. 
OYield of diol monoacetate from initially bound diol if the recovered diol is recycled. 
hPolymer 28. prepared from scrupulously dry 10. 
<Determined by integration of the nmr spectrum of crude 21 and 10 derived from 29. 
jPolymer 28, made via 24, prepared from a very dilute solution of methyl benzoate in THF. 
Wolymer 14, prepared from the trityl alcohol, made via the two step bromination and lithiation procedure (19). 
'Polymer 14, prepared from once used trityl alcohol, recovered from the cleavage of 18. 

scrupulously dry 10 showed similar yields but high yield (Table l), showing that the polymer is 
better loading (Table 1). Polymer 24, prepared completely regenerable. 
when 2 was quenched with a very dilute solution Although we have depicted the direct lithiation 
of methyl benzoate and subjected to the normal of 1 giving the para lithiated 2, experiments by 
reaction sequence of Scheme 2, yielded 1,10- Evans et al. (12) on lithiation of soluble poly- 
decanediol monoacetate with no liberation of styrene showed that both meta and para lithiation 
starting l,l0-decanediol (see Table 1). occurred, with a meta-para ratio of 2: 1. Thus it 

~ h u s  the trapping of the lithiated polymer with 
methyl benzoate and phosgene yielded polymers 
in which two or three of the phenyl groups of the 
trityl moiety were attached to  the polymer back- 
bone. In this way the conformational mobility of 
the polymer was reduced and proximal lithiated 
sites reacted in such a way as to produce only one 
trityl moiety, reducing the possibility of having 
proximal trityl groups. The fact that polymers 24 
and 25 gave relatively high yields of l,l0-decane- 
diol monoacetate with little or no starting 
l,l0-decanediol strongly suggests that the start- 
ing diols recovered from cleavage of 18, 19, and 
20 were derived from double-binding and not 
incomplete acetylation. A comparison of the 
yields of the 1,lO-decanediol monoacetates from 
different polymers are given in Table 1. 

Other Experiments 
The used polymer-bound trityl alcohol 7, 

recovered from the cleavage of 18 was recycled 
to prepare more 1,lO-decanediol monoacetate in 

is likely that a considerable amount of 2 is 
actually lithiated in the meta position. We were 
somewhat concerned that our lithiation pro- 
cedure might thus give more meta lithiated 
polymer than the prior two step procedure of 
bromination and lithiation and that this differ- 
ence might give different results in a synthetic 
scheme. Because of this we made 2 by the two 
step procedure of Camps et al. (19, 20) and 
prepared l,l0-decanediol monoacetate on this 
polymer according to Scheme 2. The results were 
very comparable as shown in Table 1. 

Evaluation of Results 
Although it is possible to prepare polymers, 

e.g.  24 and 25 which lead to symmetrical diols 
bound to the polymer at  one end only, the 
capacities of these polymers are lower than 
optimum (see Table 1). Furthermore, the amount 
of double-binding observed in polymers 14, 15, 
and 16, does not seriously affect the synthetic 
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elaboration of the free alcohol end to either 
monoacetates as shown in this paper or to insect 
pheromones in continuing work in this labora- 
tory. Double-binding simply removes a small 
portion of the symmetrical diols from the reac- 
tion pathway through inert bis-ether formation 
and the diols can be recovered and recycled upon 
final cleavage of the products from the polymer. 
Our 70-10070 yield of decanediol monoacetate, 
21, via polymer supports can be contrasted to 
our preparation of 21 in a classical acetylation in 
which two chromatographic separations were 
required to  isolate pure 21 in only 34% yield 
(see Experimental). The report on the previously 
prepared 23 does not record a yield (13). We feel 
that polymer bound trityl chloride will be ex- 
ceedingly useful for monoprotecting symmetrical 
diols for use in general organic synthesis. 

Experimental 
A Bausch and Lomb Abbe 3L refractometer was used 

to record the refractive index data. Infrared spectra were 
recorded on a Unicam SPlOOO ir spectrophotometer as 
KBr discs unless otherwise specified. Nuclear magnetic 
resonance spectra were recorded on a VarianEM360 
spectrometer using deuteriochloroform as solvent and 
tetramethylsilane as internal standard. Mass spectra were 
recorded on a Perkin-Elmer-Hitachi RMU6E mass spec- 
trometer. The number in brackets after the parent ion 
shows the percentage of the base peak represented by the 
parent ion. Silica gel was used for all thin and preparative 
layer chromatography. Filtration was done under vacuum 
through sintered glass Buchner funnels. Inert atmosphere 
filtration was done in a modified fritted Schlenck tube 
(Fig. 1). Stirring of 2% cross-linked polystyrene polymers 
was done magnetically, while 20% cross-linked poly- 
styrene polymers were stirred with mechanical overhead 
stirrers. Microanalyses were performed by G. Gygli of 
Toronto. 

Preparation of Polymer-bound Phenyllithium, 2 
In a typical preparation 5 g of cross-linked polystyrene 

(2y0 DVB-styrene copolymer BioRad BioBeads SX-2 or 
20% DVB-styrene copolymer Rohm and Haas XE-305) 
was suspended in 50 ml of purified cyclohexane under 
argon, in a flask fitted with a modified Schlenk tube 
(Fig. 1). To this mixture 25 ml of n-butyllithium (25 mmol, 
2 N in hexane) followed by 10 ml of N,N,NJ,N'-tetra- 
methylethylenediamine (TMEDA) (60 mmol) were added 
by a syringe. The slurry was heated to 60 OC and stirring 
continued overnight (294 cross-linked polymer) or 48 h 
(20% cross-linked polymer). The lithiated polymer, 2, was 
filtered under dry argon (Fig. 1) washed with 50 ml of 
cyclohexane (four times) and dried at high vacuum. 
Hydrolysis of a standard sample of 2 released 3-4 mmol 
base/g resin. 

Preparation of Polymer-bound Betlzoic Acid, 3 
A 1 g sample of 2 was suspended in 20 ml dry tetra- 

INERT 
FLOW 

J 
INVERT TO 
FILTER 

GAS 

FIG. 1. Apparatus for reaction and vacuum filtration 
of moisture and oxygen sensitive insoluble polymers. 

hydrofuran (THF) under dry argon. Carbon dioxide was 
bubbled into the mixture until the dark colour of the 
polymer faded (5 min) and continued a further 5 min. The 
polymer was filtered, washed with 10 ml THF, lOml 
water (four times), 10 ml ethanol, and suspended in 40 ml 
20y0 HCI in dioxane. The mixture was stirred for h. The 
polymer was filtered, washed with 10 ml dioxane-water 
(1 :I), 10 ml water (five times), 10 ml ethanol (four times), 
10 ml ether (four times), and air dried. The ir spectrum of 
polymer-bound benzoic acid, 3, exhibited v,,, 1690 
(shoulder at 1730) cm-1 (C=O) and 250C-3600 cm-I 
(C02H). Treatment of 3 suspended in 1 : 1 dioxane-water 
with excess standard sodium hydroxide and back titration 
with standard HCI solution showed 3 to contain 0.6-0.9 
mmol acid/g of 2% resin or 1.1-1.5 mmol acid/g of 2070 
resin. 

Preparation of Polymer-bormd Trityl Alcohols, 6 and 7 
To a suspension of 5 g of 2% cross-linked 2 (containing 

3.6 mequiv. base/g) in 80 ml of dry THF under argon was 
added a total of 20 g of 4,4'-dimethoxybenzophenone, 4, 
or benzophenone, 5, in 80 ml of dry THF in portions 
during 1 h. The mixture was stirred an additional hour. 
The mixture was treated with 25 ml THF-water 1:1, 
filtered, washed with 20 ml water (ten times), 10 ml 
ethanol (four times), 10 ml dioxane (four times), 10 ml 
ether (four times), and air dried to 6 and 7 respectively. 
The ir spectra of 6 and 7 were uninformative. 

Preparation of Polymer-bound Trityl Chlorides, 8 and 9 
A mixture of 5 g of 6 or 7 in 120 ml of 20y0 acetyl 

chloride in benzene (9) was stirred overnight at reflux 
under argon. The polymer 8 or 9 was rapidly filtered in 
air, washed with dry benzene, and dried under high 
vacuum. Analysis for chloride ion was determined by the 
method of Volhardt as applied to chloromethylated 
polymers (21) and showed 1.1-1.5 mmol Cl/g of 8 or 9. 
The ir spectra of 8 and 9 were uninformative. 

Preparatiotl of Polymer-borrnd 1,IO-Decanediol, 14 
A typical preparation of the polymer-bound diols 

13-16 is given for the preparation of 13 from 9. A mixture 
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of 5 g of 9 (containing 1.42 mmol Cl/g) and 4.3 g (25 
mmol) of dry 1,lO-decanediol, 10, in 60 ml of dry pyridine 
was stirred at room temperature for 48 h. The polymer 14 
was filtered rapidly in air, washed with 25 ml dry pyridine 
(four times), 25 ml dry ether (four times), washed in a 
Soxhlet extractor for 8 h with ether, and dried under high 
vacuum. Analysis for chloride showed only trace amounts. 
The ir spectra of 13-16 were uninformative. 

Isolatiotl of I,IO-Decatlediol, 10, fiott~ 14, 11 ,from 15, 
and 12 from 16 

In a typical cleavage reaction of the diol from polymer, 
necessary to  determine the extent of loading of diol to the 
polymer, l g of 14 was suspended in 40 ml of 0.3 N 
anhydrous HCI in dry dioxane and the mixture was 
stlrred at  room temperature for 48 h. The polymer was 
filtered, washed with 10 ml ethanol, lOml water (ten 
times), 10 ml ethanol (twice), 10 ml ether (four times), and 
air dried. The filtrate was extracted with ether, washed 
with water, dried over magnesium sulfate, and evaporated 
to yield 8&150 mg of crystalline 1,lO-decanediol, ex- 
hibiting a loading capacity of 0.5-0.9 mmollO/g of resin. 

The filtrate from 15 and 16 was neutralized with 
ammonium hydroxide and evaporated to dryness to yield 
a mixture of salts and oils. The mixture was extracted with 
three ~or t ions  of ether, dried over magnesium sulfate, and 
evaporated giving the pure diols 11 and 12. This latter 
procedure is necessary for the lower molecular weight, 
11 and 12, as they are soluble in water. 

Preparatiotl of Polymer-bound I ,lo-Decanediol 
Monoacetate, 18 

A suspension of 1.25 g of 14 (0.55 mmol diol/g) in 60 ml 
dry pyridine containing 6 ml (60 mmol) acetic anhydride 
was stirred at  6&80 "C for 48 h. The polymer-bound 
monoacetate 18 was filtered, washed with 10 ml pyridine 
(twice), 10 ml ethanol, 10 ml water (ten times), 10 ml 
ethanol (four times), 20 ml chloroform (twice), 10 ml 
ether (four times), and air dried. The ir spectrum of 18 
exhibited a strong absorbance a t  v,,, 1725 cm-1, (C=O). 

Isolation of I,IO-Decanediol Mot~oacetate, 21, from 18 
The isolation of 21 from 18 was identical to that 

described above for the isolation of 10 from 14. From 
1.0 g of 18, 106 mg of a light brown oil was obtained. 
Purification by preparative tlc (eluant 40% ether - 60% 
benzene) yielded 40 mg of 10 (R, 0.2) and 65 mg of 
1,lO-decanediol monoacetate, 21 (R, 0.6), as a n  oil. The 
yield of 21 was 547, based on the amount of 10 attached 
to  18. Infrared spectrum, v,,, (neat) 1250 (OAc), 
1725 (C=O), 3500 cm-1 (OH); mass spectrum m/e 216 
(0.1) (M+); nmr spectrum, 4.00 (t, 2H, CH2OAc protons, 
J = 8 Hz), 3.70 (t, 2H, CH2OH protons, J = 8 Hz), 3.70 
(br, lH ,  OH proton), 2.00 (s, 3H, Ac), 1.5-1.0 ppm (16H, 
methylene protons). Anal. calcd. for C12H2403: C 66.63, 
H 11.18; found: C 66.74, H 11.17. 

I,7-Heptanediol Monoace fare, 22, and 1,4-Bufanediol 
Monoacefate, 23 

The isolation of 22 from 19 was identical to that de- 
scribed above for the isolation of 11 from 15. The yield of 
22 was 46% based on the amount of 11 attached to 19. 
Infrared spectrum, v,,, (neat) 1240 (OAc), 1735 ( C d ) ,  
3400cm-I (OH); mass spectrum, m/e 174 (0.4) (M+); 
runr spectrum, 4.05 (t, 2H, CH20Ac, J = 8 Hz), 3.60 
(t, 2H, CHzOH, J = 8 Hz), 3.65 (br s, l H ,  OH), 1.61.2 

ppm (br envelope, 10H, methylene protons). Anal. calcd. 
for C9Hl8O3: C 62.04, H 10.41; found: C 62.10, H 10.43. 

Similarly, the yield of 23 from 20 was 677, based on 
the amount of 12 attached to 20. Infrared spectrum, v,,, 
(neat) 1240 (OAc), 1735 (C=O), 3400 cm-1 (OH); mass 
spectrum, m/e 132 (1) (M+); nmr spectrum, 4.00 (t, 2H, 
CH~OAC,  J = 8 Hz), 3.55 (t, 2H, CHlOH, J = 8 Hz), 
3.58 (brs ,  lH,  OH), 2.00 (s, 3H, Ac), 1.7-1.6ppm 
(complex m, 4H, methylene); tl,20 1.4309 (lit. (13) 1.4296). 

Preparatiot~ of Doribb-aftacired Polymer-bound Triryl 
Alcol~ol, 24 

T o  a suspension of 8 g of 2% cross-linked 2 (contain- 
ing 3.9 mequiv. base/g) in 80 ml dry T H F  under argon 
was added 2.5 ml(50 mmol) of methyl benzoate in 80 ml 
dry T H F  in portions during 2 h. The work-up was 
identical to that described for the preparation of 5. 
Analytical data of polymers derived from 24 are given in 
Table 1. The ir spectrum of 24 showed v,,, 1670 cm-I 
(C=O). 

Preparation of Triply-attacired Polymer-bound Trityl 
Alcoizol, 25 

Into a mixture of 8 g of 2% cross-linked 2 (containing 
3.9 mequiv. base/g) in 60 ml dry T H F  under argon, 
phosgene was bubbled for 20 min. The polymer 25 was 
filtered under argon, washed with 25 ml T H F  (five times), 
and dried at  high vacuum. The ir spectrum of 25 showed 
v,,, 1670 (C=O) and 1800 cm-1 (COCL). This dried 
polymer was suspended in 40ml anhydrous methanol, 
filtered, washed with 20 ml methanol (twice), 20 ml water 
(four times), 20 ml methanol (four times), 20 ml dioxane 
(twice), 20 ml ether (four times), and air dried. The ir 
spectrum of methanol washed 25 shows v,,, 1670 
(C=O) and 1720 cm-1 (C02Me). 

Brominariotz of 1 
Cross-linked polystyrene 1 was brominated as previ- 

ously described (19) to give a polymer containing 26.79% 
Br by elemental analysis which corresponds to 3.32 mmol 
Br/g of polymer. 

This polymer was used to make 2, for comparison of 
the synthesis of 21 according to Scheme 2, with 2 made 
by direct lithiation (see Table 1). 

Preparation of 21 Witizorir tile Use of Polymer Supports 
T o  a solution of 1.7 g (20 mequiv.) of 1,lO-decanediol, 

10, in 8 ml of pyridine was added 0.6 ml (6 mequiv.) 
acetic anhydride and the mixture was stirred a t  reflux for 
30 min. The cooled solution was poured into ice water, 
neutralized (H2S04), and extracted with ether. The 
ethereal solution was washed with water, dilute NaHC03, 
dilute H2S04, dried over magnesium sulfate, and evap- 
orated to  yield 2.1 g of oily crystals. This mixture was 
shown by tlc (eluant 40% ether - 60% benzene) to  con- 
tain 10, 21, and 1,10 decanediol diacetate. Column 
chromatography (on silica gel, elution gradient benzene - 
20% ether 4- 80% benzene) yielded 0.5 g of a mixture 
containing predominantly 21 with traces of the diacetate. 
Preparative tlc (eluant 207, ether - 80% benzene) yielded 
0.45 g pure 21 in 347, yield. 
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FA-MEI WANG and B. S. RABINOVITCH. Can. J. Chem. 54, 943 (1976). 
This paper describes an  approach to the study of intramolecular energy relaxation of highly 

vibrationally excited complex molecules. The features of the decomposition of a series of 
chemically activated alkylcyclobutanes are outlined, including variable selectivity of the initial, 
non-randomized state of excitation. It is shown how this can afford both a qualitative test of the 
postulate of internal energy randomization employed in the Rice-Ramsperger-Kassel-Marcus 
treatment of unimolecular reactions, as well as a quantitative measure of the rate of relaxation. 
The study of the first members of this series, ethyl and dimethyl cyclobutane, is described. As 
expected, the first members can provide a lower limit to'the relaxation rate, namely, X > 1012 s-1. 

FA-MEI WANG et B. S. RABINOVITCH. Can. J. Chem. 54, 943 (1976). 
Cette publication dicrit une approche pour 1'Ctude de 1'Cnergie de relaxation intramolCculaire 

de molicules complexes hautement excitCes au niveau vibrationnel. On dicrit les caractkristiques 
de la dCcomposition d'une sCrie d'alkylcyclobutanes activCs chimiquement; ceci inclut une 
sClectivitC variable de 1'Ctat d'excitation initial qui n'est pas au hasard. On montre comment 
ceci peut fournir ti la fois un test qualitatif du postulat de distribution au hasard d'Cnergie 
interne employC dans le traitement des rhctions unimolCculaires de Rice-Ramsperger-KasseI- 
Marcus ainsi qu'une mesure quantitative du taux de relaxation. On decrit 1'Ctude des premiers 
membres de la skrie soit 1'Cthyl et le dimCthylcyclobutane. Tel qu'entendu, les premiers membres 
peuvent fournir une limite infkrieure du taux de relaxation soit X > lot2 s-1. 

nraduit  par le journal] 

Introduction 
The Rice-Ramsperger-Kassel-Marcus (R.R.- 

K.M.) theory of uninlolecular reaction is well es- 
tablished as a practical working theory (1, 2). 
As is appropriate, various aspects or limitations 
of the theory continue to  be tested. In recent 
years, a number of approaches have been pro- 
posed or adopted to  test the basic assumption 
of random lifetimes (3-9) used in the theory, 
and which presupposes that the internal energy 
of the excited molecule is statistically distributed 
among all active degrees of freedom of the 
molecule prior to  'the reaction event. Many ex- 
periinents have supported the validity of this 
postulate under conventional experimental con- 
ditions (2, 5, 1G14) while only a few unsup- 
ported results have suggested otherwise (15, 16). 
It is apparent, nonetheless, that since the rate of 
internal relaxation of energy is finite, even 

IThis paper is dedicated to  Professor C. A. Winkler of 
McGill University on the occasion of his sixty-fifth 
birthday by one of his former students (B.S.R.). 

2Work supported by the National Science Foundation, 
U.S.A. 

3Present address: Department of Chemistry, University 
of California, Irvine, California. 

though rapid, that the randomization postulate 
must reach the limit of its utility at some point. 
The matter a t  hand, then, is to  explore the 
validity of the assumption of equal probability 
of all accessible complexions of the system 
corresponding t o  a particular energy specifica- 
tion, and t o  learn the domain of the constraints 
on effective intramolecular energy relaxation. 
All of the present experimental techniques are 
confronted by complications, and much effort, 
by many groups and by several methods, has 
been focused on this problem. 

One technique, which has been used in this 
Laboratory, takes advantage of the selective state 
of energization of a molecule obtained by use of 
chemical activation. A limitation of the random 
lifetime assumption has been demonstrated in 
studies of the decon~position of chemically 
activated fluorobicyclopropyl(7a, 17) and fluoro- 
alkylcyclopropane (76, 18) systems. The findings 
have supported the general experimental feature 
of a randomized internal energy distribution, 
perturbed by non-random initial conditions; a 
large (above 100 kcal mol-') input of energy, 
initially localized in a subset of the vibration 
modes of the excited m ~ l e c u l e , ~  relaxes into the 
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full set to produce a quasi-equilibrium condition. 
During the transient period, the process of intra- 
molecular energy relaxation suffers competition 
from the non-random decomposition of the 
molecule induced by the states initially populated 
near the critical hypersurface for reaction. The 
value of the intramolecular relaxation rate was 
found to  be --1012 s-I and presently affords the 
only experimental measurement in such systems. 

Depending upon the initial conditions, the 
reaction rate of non-randomly excited systems 
may increase, decrease, or remain unchanged as 
the collision rate increases in the suprahigh 
pressure region, as governed by the position of 
the initial states relative to the critical bounding 
hypersurface for reaction. In the previous studies 
(7, 17), the systems were preferentially activated 
on a nascent ring. the locus of decomposition. The 
states populated initially were those in proximity 
to the reaction configuration for rupture of the 
nascent ring; therefore, the apparent decomposi- 
tion rates (defined as k,  = w D / S ,  where w is the 
specific collision rate, and D  and S are the 
respective observed amounts of decomposition 
and stabilization of the excited species) rise with 
pressure, when the collision rates become high 
enough to significantly quench the contribution 
to  decomposition by randomized species but are 
still too low to inhibit the decomposition of 
nascent non-randomized species. 

The present study of alkylcyclobutanes is an  
effort t o  enhance the understanding of the nature 
of intramolecular energy transfer. This may be 
accomplished in twofold fashion: (a) by changing 
the nature of the substrate from a fluorocarbon 
to a hydrocarbon, thus drastically altering the 
spectrum of vibrational behavior that character- 
izes the tnolecule; (6) by devising a reaction 
system which effectively permits the selection of 
the initial states a t  different locations in the 
energy-coordinate hyperphase space of the sub- 
strate, relative to the critical reaction hyperplane. 

In an alkylcyclobutane system. the energy may 
be deposited a t  sites which are on, near. or 
remote from the reaction locus (i.e., the ring). as 
illustrated for the two extreme cases: 

[la] ~-J(CH,),CH, + 'CH2 - ~-J(CH~),,CH~CH; 

4Which is loosely represented as energy deposition in 
the modes of the ring formed in the activation process. 

Hence, the randomization 'flows' in the opposite 
directions in reactions l a  and 16 with respect t o  
the reaction channels. Any deviation from 
R.R.K.M. behavior due to  initial state selection 
should be manifested by direct comparison of 
the two reaction rates. The effect should be even 
more distinguishable as the side appendage 
becomes larger so that one of the activated sites 
(corresponding to  a different initial subset of 
vibrationally excited modes) is moved further 
away from the reaction site. The present study 
deals with the smallest system in which observ- 
able effects might arise, namely, methylcyclo- 
butane substrate (n = 0) which forms ethyl 
(ECB) and dimethyl cyclobutane (DMCB) prod- 
ucts of interest.' It is not a favorable case, but its 
investigation was worthwhile to  provide a limit 
on the magnitude of the intramolecular energy 
relaxation rate in this hydrocarbon system and 
for the purposes of completeness of investigation 
of the series. 

Experimental 
Ketene was prepared by the pyrolysis of acetic anhydride 

and was purified by trap-to-trap distillation with slush 
baths a t  - 110 OC and - 160 "C and stored a t  - 196 OC. 
Prior to each run, it was degassed and then warmed to 
-78 "C and a ltetene sample distilled off. Methylcyclo- 
butane (MCB) (9gr/;) was obtained from Chemical 
Samples Co., was purified by distillation and gas chroma- 
tography, and was stored at  - 196 "C. The purity was no 
less than 99.99%. In preparing a mixture of inert bath 
gases, carbon monoxide (Matheson, CP grade) and 
oxygen (Airco, 997,) were passed through silica gel trap 
at  25 "C and then through a copper wool-packed trap a t  
-196 "C. The middle fraction of the condensed liquids 
were used. 

The radiation of a PEK AH6 high pressure mercury 
lamp was filtered through a NiS04/CoS04 solution 
(27.6/8.4%, by weight), and was centered around 3100 A 
with a band width of -200 A. 

A standard vacuum system fitted with Teflon O-ring 
stopcocks was employed for gas handling. The sizes of the 
quartz reaction vessels ranged from 1.14 ml to 1 I ,  
depending on the total pressure, which varied from 1.69 
Torr to 15 atm. Most runs were of 1-4 h duration to give 
enough decomposition product for analysis. Typical 
compositions of reaction mixtures were MCB:ketone: 
02:CO = 10:1:1:40 a t  low pressures, and 10:2:4:6&200 
at  high pressures. Extra oxygen was added at  higher 
pressures to ensure adequate scavenging of triplet 
methylene radicals. 

At the end of photolysis, after pumping off non- 

jcyclobutane substrate, the type molecule, is assumed 
to lead to a system in which the distinction between anon-  
randomized moiety and the whole molecule, methyl- 
cyclobutane, is minimal or effectively non-existent. 
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condensables a t  -196 "C, the reaction products were 
passed through a magnesium perchlorate column to  
remove unreacted ketene. Products were analyzed by gas 
chromatography with use of a flame ionization detector. 
Details have been described elsewhere (7a). A combina- 
tion series of 3/16 in. columns of 30 f t  30% AgN03 glycol 
and 15 f t  309& dibutylphthalate was employed for an- 
alysis. The temperature of the AgN03 column started a t  
0 "C for detection of decomposition products, and was 
then warmed to  25 "C, while the phthalate column was 
heated to  45 "C for stabilization products, after transit of 
decomposition products. I t  was usually necessary to per- 
form preliminary separations for high pressure runs to  
obtain proper resolution. Calibrations were made from 
time to  time with authentic materials. 

Results and Discussion 

In cyclobutane systems, only methylene inser- 
tion into C-H bonds occurs. The important 
reaction paths for MCB are: 

[21 ' C H ~  + MCB - d\' A 6\ (SI) 

ka(2) C2H4 + butene- 1 ( D ! )  

[31 'CHI + MCB - 
\ij ;-b/ (cis and trans) (s&.szt) 

141 'CH2 + MCB -.@ P/ (cis and trons) (S,) 

- ka(4) 2C3Hs 

[51 'CH2 + MCB - I$ A I$ (si) 

In reaction 2, the energy is initially deposited 
mainly in the nascent side chain of ECB and then 
relaxes among the full set of vibrational modes 
of the molecule. As the collision rate increases, 
the inter-collisional time becomes shorter so that 
the non-randomized species may not relax fully 
before collisional stabilization occurs. If the 
non-random component of activation is signifi- 
cant, the rate of unirnolecular decomposition, 
k,(2), should decrease with increasing collisional 
rate since the initial rate of non-random decom- 
position for ECB is small or zero if the ring 
modes are significantly excluded from the initial 
subset of excited vibration modes.6 On the other 
hand, in reactions 3 and 4, the ring is part of the 
initial nascent DMCB moiety: the subset of 

kq P, (Torr) 

FIG. 1. Plot of ratio, D1/D2,, vs. log P,,, where 
P,, = 0.48PtOt and w,, = 8 X 10'0 s-1 a t  the highest 
total pressure (15 atm) used. 

vibrational modes originally excited includes a 
large number of ring modes, and is taken here to 
include all of them6 An increase in the collision 
rate can result in an increase in the measured 
decomposition rate, due to  a relatively constant 
contribution to  decomposition from the faster 
reacting, non-randomized ring moiety. The de- 
composition rate by path [5] represents an 
intermediate, more equivocal, case and is not 
as useful. 

The differential nature of intramolecular vibra- 
tional energy relaxation in this system should, in 
principle, be perceptible by monitoring the rela- 
tive amounts of butenes produced via reaction 
paths [2], [3], and [4], as a function of pressure. 

Early in the work, it became apparent that the 
chromatogram of D2L tended to be less repro- 
ducible than that of D2, due to  interference by a 
cyclobutane impurity and by methylcyclopro- 
pane which arose by the addition of methylene 
to propylene. The propylene arose as a decom- 
position product in reaction 3 and from the 
photolysis of ketene; in view of its dual origin it, 
also, was not a useful monitor of reaction path 
[3] or reaction path [4]. The ratio of ( D I / D ~ ~ )  is 
plotted in Fig. 1 as a function of pressure. The 
pressure given here has been corrected to a 
strong collider basis by assigning the relative 
deactivation collision efficiency of CO and 0 2  to 
be 0.46 (see below). Due to analytical difficulties, 
no run was carried out above a total pressure of 
15 atm. The present system enters the conven- 
tional chemical activation high pressure limiting 
region (2, 19) at a pressure below 100 Torr, since 
the S/D value is -50 at 100 Torr. Corrections 
were made for butenes arising from the iso- 

6More quantitative statements would not be well 
founded at  the present time. 
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merization of methylcyclopropane which was 
4y0 at the lowest pressure studied and became 
negligible in the high pressure region, in agree- 
ment with ref. 10. 

The constancy of the curve in Fig. 1 indicates 
that, in the pressure range studied, the internal 
energy is essentially randomized prior to de- 
composition. 

R.R.K.M. calculations were carried out for the 
decomposition rates of randomized ethyl cyclo- 
butane (ECB), randomized dimethyl cyclobutane 
(DMCB), and its corresponding initial MCB 
moiety.' Calculation for the MCB nascent moiety 
was based on Simons' model I1 for MCB (20), 
with minor changes as appropriate. Vibrational 
frequencies of energized molecules ECB and 
DMCB were deduced from those of MCB, with 
necessary extensions and modifications. The fre- 
quency assignment for the activated complexes 
was chosen so as to fit the high pressure Arrhenius 
parameters of thermal studies (Appendix I). A 
biradical model of activated complexes was 
employed, resulting from considerations of or- 
bital symmetry, rather than a concerted mech- 
anism (21); however, such differences are not 
crucial for our purposes. The decomposition rate 
of ECB is reported (22) as k, = 1015.6e-62 Oo0lRT, 
at 713 K, and this corresponds to a critical 
threshold Eo of 59.4 kcal mol-'. There are two 
sets of Arrhenius parameters (23) available for 
the thermal rate of decomposition of cis- and 
trans-DMCB to give cis- and trans-butenes. No 
attempt was made here to distinguish between 
reactions of DMCB isomers. A simple average 
was adopted since the two sets of values do not 
differ greatly; k, = 10'5.4e-63.0/RT at 680 K. 
The corresponding critical threshold is then Eo = 

60.6 kcal mol-l. 
The total internal energy E* available for 

activation of ECB was estimated from the 
thermochemistry of the reaction 

The heat of formation of triplet methylene has 
been assigned as 95 2 kcal mol-I (24), and the 
splitting between CHZFAI) and C H Z ( ~ B ~ )  has 
been established to be -9 kcal mol-' (25, 26); 
thus, AHfo0('CH2) = 104 kcal mol-'. The exo- 
thermicity of the process is given by 

'The initial rate of the decomposition of the nascent 
ECB moiety is set equal to and, of course, remains zero. 

= - 109 kcal mol-I 

On adding thermal energy of 3.0 kcal mol-' for 
ECB, a lower limit of E* = 112 kcal mol-I is 
obtained. The upper limit is provided by the 
excess photolysis and vibrational energies carried 
by methylene (20, 25). Based on experimental 
results for MCB (20), a value of E* = 115.6 
kcal mol-' was used. 

Similarly, the E* for DMCB was estimated 
to be 117.3 kcal mol-', with AHf2980(DMCB> 
(236)' = -7.2 kcal mol-I and Eth298(DMCB) = 

2.7 kcal mol-'. 
The measured and calculated rates of decom- 

position for two randomized molecules of this 
system and for the reactive one of the initial 
'moiety' are listed in Table 1. The biradical 
mechanism implicates several reaction channels, 
with one probably favored over the others due to  
energy considerations. For simplicity, a reaction 
path degeneracy d+ of four was employed; these 
details have no significance for this study. 

A weak-collider stochastic calculation was 
made, to account for the inefficient collisions 
induced by CO, based on a step-ladder model 
with CO represented by a 1600cm-' down-step 
size and by 4000cm-' for the substrates; the 

TABLE 1. Calculated and experimental values of 
decomposition rate constants 

Value 

DMCB 

Parameter ECB Molecule Moiety 

E, (kcal mol-1) 59.4 60.6 60.6 
E, (kcal mol-1) 62.0 63 .O 62.1 
E* (kcal mol-')a 1 15.6 117.3 116.4 
Erem (kcal mol-I)* 89.9 
~ N D ( O )  (s-') 5.11E8 
kRD(m) (ca1c)c (s-1) 2.80E7 1 .59E7 
kRD(m) (expt)d (s-1) 4.3E7 2.8E7 
A (calc) (s-I) 3.98E15 2.51E15 4.47E15 

alncluding thermal energy a t  298 K (-3 kcal mol-I). 
bCorresponding to the temperature of molecule at which E' is as 

listed (2037 K). 
CCalculated with df = 4. I f / /  = I .  F,  = 1. 
dcollision rates calculated from collision diameters. s. based on  

Lennard-Jones a constants as follows: q(6 \ )  = 6.0 A. a(/O') = 
5.7 A. and a(C0) = 3.8 A (27). 
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j WANG AND RABINOVITCH 947 

following relation holds, w,, = 0.48wt,,, where 
subscript sc stands for strong collider and w,,, is 
the total specific collision rate of excited species 

I with all of the components of the reaction 
mixture. 

I The relaxation constant for intramolecular 
energy transfer process was found in the earlier 
work on fluorocarbons to be X = 1012 s-l. Owing 
to their characteristically higher frequency of 
vibration, hydrocarbons might be expected to 
redistribute their energy faster, i.e., X > 1012 s-'. 
On the other hand, enhanced anharmonicity in 
fluorocarbons could invert the inequality. Thus, 
a value of X .= 1012s-I also appears to be a 
plausible estimate for the present alkyl cyclo- 
butanes. 

Using the rough rule given earlier (7b), the 
collision rate w, at which furn-up in the decom- 

I position rate has its onset is 

here kRD(m) is the rate of decomposition of the 
randomized molecule, and kND(0) is the initial 
rate of decomposition of the non-randomized 
molecule (moiety); x stands for the minimum 
experimentally detectible fractional change 0.1- 
0.2 of k,, and the factor 0.2 is a crude mean 

I adjustment parameter to account for the decay 
of kND(0) to zero (76). A rise in the apparent 

, value of k,(3A) for the decomposition of 
) DMCB is predicted to occur around w, - 
I 5 X 101° s-'. By contrast, since the decomposi- 

tion in ECB arises solely from randomization, a 
decrease in the apparent rate of k,(2) should 
occur when the collision rate is high enough to 
intercept the relaxation process. The calculated 
variation of k, vs. w for the two reaction paths is 
displayed in Fig. 2; k,(3A) was calculated on the 
basis of the non-randomized energy decay model 
described earlier,7 and k,(2) was estimated by 
employing a simple model,7 namely, kRD(f) = 

kRD(m) + [kND(0) - kRD(co)]e-". On this basis, 
the observable ratio of (DI /Dz~)  should begin to 
drop by a factor of two around a,, = 8 x 101° 
s-l, corresponding to 15 atm, the highest pressure 
attained. 

The interpretation of the results is quite 
straightforward. The fact that the experimental 
ratios of Fig. 1 do not show any obvious tend- 
ency to decline up to w,, .= 8 x 101° s-' suggests 
that the intramolecular relaxation rate for this 

5' I I 1 I I 
7 8 9 10 1 1  12 13 

log %c 

FIG. 2. Plots of calculated values of log k,(3A) and log 
k,(2) vs. log u,, for X = 1012 s-1, -, and for X = 
5 X 10'2, - - - -. 

system has a higher value, i.e., X > 10'2s-'. 
Indeed, as is evident from Fig. 2, for an assumed 
value X = 5 X 1V2 s-l a non-random contribu- 
tion to Dz, would be experimentally unmeasur- 
able at total pressures below 15 atm. 

A non-raidom phenomenon would become 
more easily detectible for members of the cyclo- 
butane series which have longer side chains. An 
extension of two more carbons on the side chain 
could reduce the critical collision rate w, below 
101° s-' and make it more readily accessible. 
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Appendix 

Frequency assignment (cm-1) for ECB and DMCB* 
( a )  Molecules 

Frequency 

Assignment ECB DMCB 

C-H stretch 
CH3 and CHI def. 
C-H bend 
CH2 twist and wag 
CH3 rock, C-CH3 str. 

and ring def. 
C-H bend, CHI rock 

and C-C str. 
C-C bend 
Ring pucker 
C-C torsion 

*Based on ref. 20. 

( b )  Activated complex (only altered frequencies listed) 

Frequency 

Assignment ECB DMCB 
- -  

CHI twist and wag 1247(7) 1247(4) 
CH3 rock, C-CH3 str, 

and C-H bend 974(7) 974(9) 
CHI rock, C-CHI str. 724(3) 724(2) 
Skel. def., C-C bend 366(4),150 366(4),259(2) 
Skel. bend and C-C bend 163(3) 163(2) 

(c) MCB moiety, CsHto 

Frequency 

Activated 
Assignment Molecule complex 

C-H str. 
CH3 and CH2 def. 
CHI twist and wag, C-H bend 
CH, rock, ring def., C-CH3 str. 
C-H bend, CHI rock 
C-C bend 
Ring pucker 
C-C torsion 
Skel. bend, C-C bend 
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Molecular orbitals from group orbitals. I. A perturbational molecular 
orbital treatment of the electronic structures, shapes and conformations 

of AH,BH, systems 

MYUNG-HWAN WHANGBO' AND SAUL WOLFE 
Deparimeni of Chemisiry, Queen's Universiiy, Kingsion, Oniario K7L 3N6 

Received May 29, 1975 

MYUNG-HWAN WHANGBO and SAUL WOLFE. Can. J. Chem. 54,949 (1976) 
A procedure is proposed which allows the group orbitals of a fragment AH,- to be obtained 

from the molecular orbitals of the molecule AH,-H. Orbital interaction diagrams constructed 
from these group orbitals have been found useful in the description of the electronic structures 
and conformations of a variety of molecular systems of the type AH,BH,. The molecules that 
have been treated by this procedure include ethane, hydrazine, diphosphine, aminophosphine, 
aminoborane, and sulfonium and phosphonium ylids. 

MYUNG-HWAN WHANGBO et SAUL WOLFE. Can. J .  Chem. 54,949 (1976). 
On propose une procedure qui permet d'obtenir les orbitales de groupe d'un fragment AH,- 

a partir des orbitales moleculaires de la molecule AH,-H. On a trouvt que les diagrammes 
d'interactions orbitalaires, construits a partir de ces orbitales de groupe, sont utiles pour dkcrire 
les structures electroniques et les conformations d'un grand nombre de systtmes molCculaires 
du type AH,BH,. On a traite les molecules suivantes d'apres cette procedure:ethane, hydrazine, 
diphosphine, aminophosphine, aminoborane et les ylures de sulfonium et de phosphonium. 

[Traduit par le journal] 

Introduction 
During the last decade, much information of 

chemical interest has been obtained from the use 
of qualitative molecular orbital models. Con- 
siderations of orbital symmetry conservation 
(I), in conjunction with applications of per- 
turbational molecular orbital (PMO) theory (2), 
have become extremely powerful methods for 
gaining insight into the mechanisms of con- 
certed chemical reactions. Molecular orbital 
theory also gives rise to  qualitative models for 
the explanation of molecular shapes (3-9). In 
particular, the Mulliken-Walsh model (3) 
attempts to correlate changes in orbital energies 
with changes in molecular geometry, and reasons 
for the success of this model have been sought 
from applications of both rigorous molecular 
orbital theory (7,9) and the Hellman-Feynman 
theorem (8). 

More recently, PMO models have been 
applied to the problem of rationalizing stable 
conformations of molecules (1 0- 18). These 
applications proceed in two stages. In the first, 
the molecule under consideration is dissected 
into two parts or groups of atoms; then the 
interactions between the orbitals of these groups 

are examined as a function of their conforma- 
tional relationship. The obvious rationale of 
such an approach is the observation that 
molecular orbitals can often be expressed 
qualitatively as a linear combination of a small 
number of typical 'group orbitals' which recur 
from molecule to molecule (18). 

The present work constitutes an attempt to 
apply this procedure to a number of stereo- 
chemical problems of current interest. The 
nature of group orbitals is considered first. 
Then an empirical scheme is presented for the 
construction of molecular orbitals from group 
orbitals. Finally, a qualitative model is proposed 
for the rationalization of molecular shapes and 
conformations of AH,BH, systems in terms 
of group orbital correlation diagrams. 

Group Orbitals 
An orbital is generally characterized by its 

nodal property and by its 'orbital energy'. In 
the Mulliken-Walsh and PMO models, the 
orbital energy is treated as an orbital eigen- 
value of an effective one-electron Hamiltonian2 
so that a change in orbital energies can be 
related directly to a change in the total energy. 

'Holder of National Research Council of Canada 
Scholarship, 1972- 1974. 

2Examples are the Hamiltonians in the Hiickel and 
Extended-Hiickel methods (19). 
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FIG. 1. Schematic representation of the molecular 
orbitals of CH,+, CH,, and CH,-. 

Many proposals have been made which attempt 
to correlate this orbital energy with other 
theoretical quantities (7, 9, 20). 

For a simple molecular system, the relative 
sequence of orbital eigenvalues seems to be the 
same regardless of the quality of the particular 
computation (4, 9, 21). Since this is what is most 
important in a PMO model, orbital eigenvalues 
obtained from SCF-MO calculations may 
therefore be employed as orbital energies in a 
PMO model3 In the present analysis, ab initio 
SCF-MO orbital eigenvalues are used as 
orbital energies. 

3The HOMO and LUMO orbital encrgies estimated, 
where possible, from experimental data have also been 
used as the basis of perturbational molecular orbital 
models (22). 

To describe the molecular orbitals of an 
A2H2,,, system, it has been customary to take 
as the group orbitals of the AH, fragments the 
molecular orbitals of AH,, type molecules 
(4, 21 b). However, this conventional definition 
of group orbitals is incomplete when molecules 
of the type AH,BH, are considered, because 
the relative orderings of the AH,, group orbitals 
with respect to those of the BH, group orbitals 
are not determined. For example, CH, group 
orbitals might, in principle, be represented by 
the molecular orbitals of NH,, CH,-, or CH3+ 
in their pyramidal configurations; and the NH, 
group orbitals might be represented by those 
of H,O and BeH, in their bent configurations. 
However, there is an ambiguity as to which 
combinations of these fragments are appropriate 
for the construction of the correlation diagram 
of CH3NH2. Therefore, there is a need for an 
alternative definition of group orbitals which 
can remove this ambiguity and, at the same 
time, remain as practical and useful as the con- 
ventional definition. 

Figure 1 shows the molecular orbitals and the 
orbital energies of CH,', CH,, and CH3-., It 
is seen that the nodal properties and relative 
orderings of the molecular orbitals are the same 
in CH,' and CH3-, as expected from the 
Mulliken-Walsh model (4, 9). If the hydrogen 
atom located on the z-axis (see Fig. 1) is removed 
from CH,, the orbitals of the resulting truncated 
fragment are found not only to have nodal 
properties similar to those of the CH3+ and 
CH,- molecular orbitals, but also relative 
orderings which are the same as those of the 
CH3+ or CH,- molecular orbitals, if it is 
considered that those orbitals from which the 
hydrogen lobe is removed by the truncation 
show a slight increase in their orbital eigen- 
 value^.^ 

On the basis of these observations, a pro- 
cedure for obtaining group orbitals will be 
formulated as follows : 

(a) the nodal properties of the group orbitals 

4Unless stated otherwise, the ab inirio SCF molecular 
orbitals were generated from wavefunctions computed 
with double < quality basis sets using contracted gaussian 
type functions: (13'7P/4s2p) basis set for C, N ,  0 ,  and F 
atoms (23a), and a (4'12') basis set for H atom (236). 

5A slight elongation of the C H  bond on the z-axis 
(Fig. I) reduces the point symmetry from T,  to C,,, and 
causes a splitting of the three degenerate molecular 
orbitals. See also ref. 24. 
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FIG. 2. (a) Construction of the molecular orbitals of ethane in terms of the group orbitals of two 
methyl groups. (b) Schematic representation of the molecular orbitals of ethane. 

of a fragment are generated from the molecular 
orbitals of the molecule that would be formed 
from this fragment by the addition of a hydrogen 
atom. This scheme is also applied in the case of 
charged fragments, so that the group orbitals of, 
for example, -CH2+ and -CH2- are obtained 
from the molecular orbitals of CH3+ and CH3-, 
respectively ; 

(b )  the orbital eigenvalues are assumed to 
be affected in the same way, whether a hydrogen 
is removed from AH,,, to generate -AHn, or 
from BH,,, to generate -BH,. The relative 
positions of the orbital energies of the -AHn, 
and -BHn fragments are then obtained from 
those of AH,,, and BH,,,. The splitting of 
degenerate molecular orbitals, where this is 
possible, as a result of symmetry reduction by 
the removal of a hydrogen atom, will be 
neglected. 

The procedure just described contains a 
number of assumptions. In the discussion which 
follows, our objective is to determine whether 
these group orbitals, coupled with the qualitative 
orbital interaction model, have predictive utility 

or permit the rationalization of various experi- 
mental observations. It must be emphasized 
that the present definition of group orbitals is 
not unique, and that other definitions may exist 
which allow the ambiguity in the conventional 
definition to be resolved. 

Molecular Orbitals as a Linear Combination 
of Group Orbitals 

Attempts to construct molecular orbitals 
from group orbitals began with the work of 
Mulliken in the 1930s (24). For the most part, 
correlation diagrams between molecular orbitals 
and group orbitals have tended to emphasize 
A2H2, systems (4 ,  216). In this section, the 
nodal properties and orderings of the molecular 
orbitals of AH,BH, are examined in terms of 
those of the -AH, and -BH, group orbitals, 
determined by the procedure described above. 

To begin the discussion, the well-known cor- 
relation between atomic and molecular orbitals 
of diatomics ( 2 5 )  is considered first. For homo- 
nuclear and heteronuclear diatomic molecules, 
the nodal properties and orderings of the 
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1 OO-o0 1 
0 

( b )  
FIG. 3. (a) The group orbitals of -CH3 and -NH2 employed in the construction of the molecular 

orbitals of CH,NH2. (b) Schematic representation of the molecular orbitals of CH3NH,. 

molecular orbitals can be represented qualita- 
tively by [l] 

with the internuclear axis chosen as the z-axis. 
The symbols + and - represent, respectively, 
the in-phase (bonding) and o u t - ~ f - ~ h a s e  (anti- 
bonding) combinations of the two atomic 
orbitals, and the subscripts s, x, y, and z refer 
to the ns, np,, np,, and np, atomic orbitals, 
respectively, where n is the principal quantum 
number of the valence atomic orbitals. Core 
electrons are not included in [I], for which 
several different notations have been employed 
(25). 

The orderings shown in [I] are usually found 

to be correct for the resulting molecule, but there 
are instances in which the relative nosition of the 
a,+ molecular orbital changes with respect to 
the 7~,+ and n,+ (or 71,- and 71,-) molecular 
orbitals (25). For homonuclear diatomics, the 
relative weights of the two atomic orbitals in a 
molecular orbital are, of course, the same. For 
heteronuclear diatomics, a larger weight is 
given to the lower-lying atomic orbital-in an 
in-phase combination, and to the higher-lying 
atomic orbital in an out-of-phase combination 
(2a, 18, 25b). 

Several polyatomic molecules will now be 
examined to determine whether empirical 'rules' 
can be found, such as [I] for diatomics, which 
allow the nodal properties and orderings of the 
molecular orbitals of the whole molecule to be 
correlated with those of the group orbitals. 
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Figure 2 shows the group orbitals of two CH, 
fragments and the molecular orbitals of C2H6. 
Here a convention is adopted in which the group 
orbitals are arranged so that the bond formed 
upon combination of the two fragments (in 
this case, the CC bond) lies on the z-axis. To 
simplify the notation, the symbols S, X, Y, and 
Z are employed to identify each individual group 
orbital (see Fig. 2a), and these are assigned by 
reference to the carbon 2s, 2p,, 2p,, and 2pZ 
orbitals which are present in the group orbitals 
under the given coordinate system. In general 
AHmBHn systems, these orbitals are assigned 
by reference to the valence atomic orbitals ns, 
np,, np,, and np, of A and B.6 

It is now observed that the nodal properties 
and orderings of the C2H6 molecular orbitals 
are related to those of the CH, group orbitals 
in the following way: 

[21 (S, + Sb) < ( s a  - Sb) < (x2  + xb) 

= (Y, + Y,) < (2,  + 2,) 

< (X, - X,) = ( Y, - Y,) 

< (2, - Zb) 

in which the symbols + and - again represent 
the in-phase and out-of-phase combinations, 
respectively. The subscripts a and b refer to 
the methyl groups at each end of the CC bond. 

A second example is presented in Fig. 3, 
which shows the correlation between the 
CH3NH2 molecular orbitals and the -CH, 
and -NH2 group orbitals. The nodal properties 
and orderings of the CH,NH, molecular or- 
bitals are seen to be related to those of the 
-CH, and -NH2 group orbitals as follows: 

[3] (6S, + Sb) < (S, - 6Sb) < (6 Y, + Yb) 

< (Y, - SY,) < (SX,, - X,) 

6According to this convention, two of the np atomic 
orbital axes of the atom A of a pyramidal AH,- group 
(e .g . ,  NH,-) will not be aligned exactly along the given 
coordinate axes. Since this np atomic orbital can be 
decomposed into np,, np,., and np, components, the axis 
of the largest contributor can be chosen to label the 
group orbital type ( i .e . ,  X, Y, Z ) .  For convenience, the 
AH,- group can be arranged so that the np atomic 
orbital axis of the AH, H O M O  is perpendicular to the 
z-axis (e .g . ,  the arrangement of the NH,- group in Fig. 
30) .  

In this notation, 0 < 6 < 1, and a and b refer 
to the -CH, and -NH, fragments, respec- 
tively. 

These examples suggest that the nodal proper- 
ties of the molecular orbitals of molecules 
AHmBHn can be approximated by pairwise 
combinations of -AHm and -BHn group 
orbitals that have the same symmetry (i.e., S, 
X, Y, and Z). By analogy with diatomic systems, 
[2] and [3] can be simplified to [4] and [5], 
respectively. 

There is a striking similarity between [l]  and 
[4]. The common feature of [4] and [5] is 

which is now generalized as Rule I 
u 

For each pairwise combination, the relative 
weights of the two group orbitals can be 
assigned by application of the usual first and 
second order orbital interaction diagrams (20, 
18, 25b) to the two group orbitals under con- 
sideration, as in the case of diatomics. The 
relative orderings of the two pairs of non- 
degenerate n molecular orbitals (i.e., nx+ and 
ny+ or nx- and ny-)  in [5] are then explained 
as follows: 

(a) the major contributor to nx- is the 
higher-lying of the two X group orbitals, 
and the major contributor to ny- is the higher- 
lying of the two Y group orbitals. The higher- 
lying of the two n- molecular orbitals is then 
decided by whichever major contributor (X or 
Y )  is higher-lying 

(b) the major contributors to nX+ and n,+ 
are the lower-lying of the two X and Y group 
orbitals, respectively, and the lower-lying group 
orbital of these two major contributors decides 
the lower-lying n+ molecular orbital. These are 
designated Rule II .  

Rules I and I1 permit the nodal properties 
and orderings of the AHmBH,, molecular or- 
bitals to be derived qualitatively in terms of tlie 
-AH, and -BH, group orbitals. Their utility 
will be demonstrated in the next section bv a 
consideration of various specific examples. 
From the electronic structures of various 
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AH,BH, systems, the AB bond type may be 
classified as follows :.' 
a single bond has the structure 

a double bond has the structure 

a triple bond has the structure 

Applications of Group Orbital Interaction 
Diagrams 

In the ground state of a closed shell AH,BH, 
system, the a,' orbital (commonly denoted 
a,,) is doubly occupied, and the a,- orbital 
(aAB*) is unoccupied. Therefore, if the occu- 
pancy of each of the Z type AH,- and BHn- 
group orbitals is assumed to be one, the 
occupancies of the S, X, and Y type group 
orbitals can be taken to be the same as those of 
the molecular orbitals from which they are 
derived. 

There are a number of systems in which it 
appears that molecular shapes and conforma- 
tions are dictated by the nature of the highest 
occupied molecular orbital (4c, 8b, 8c, 26). In 
particular, molecules of the type AH,BHn of a 
given electronic state tend to adopt that con- 
formation which leads to the lowest possible 
energy level for the highest occupied molecular 
orbital. Since, in most AHn,BHn systems, the 
a,' orbital is not the HOMO, this finding can 
be rephrased as follows for the PMO treatment: 
a molecule adopts that conformation which 
has a maximum two-electron stabilization 
between the frontier group orbitals of X and Y 
symmetries and/or a minimum destabilization 
between the group orbitals which contribute 
to the HOMO, when the HOMO is of n- type. 
Both of these have the effect of lowering the 
energy of the HOMO. This accounts for the 

'As in the case of [I] for diatomics, the orderings pre- 
dicted by rules I and I1 are not always correct. However, 
it is always possible to use this qualitative molecular 
orbital construction scheme to  interpret the results of 
M O  calculations. The usual exceptions are as follows: 
for triple bonded systems, the a,+ M O  comes right 
after the us- MO; for double bonded systems, the 
a,' M O  follows immediately after the lower-lying a' 
M O  and in some cases, it is the higher-lying a+ M O  and 
not the rr- M O  which becomes the HOMO. 

- - - -  

FIG. 4. Schematic representahon of the HOMOS of 
ethane. 

success of conformational analysis based on a 
consideration of the n-type group orbital inter- 
actions across the broken bond. 

The electronic structures and conformations 
of various molecular systems may now be dis- 
cussed. As usual, the argument is qualitative 
in the sense that a first order interaction is 
larger than a second order interaction, and a 
large overlap or a small energy gap between 
the two group orbitals leads to  a large second 
order interaction (2a). The examples which 
follow include two typical and much-studied 
A2H2, systems, ethane and hydrazine. They are 
included for two reasons: (i) to establish an 
argument which will be employed later on to 
explain the change in the shape of a group 
when the system is changed from A2H2,, to 
AH,BHn; (ii) and to show that the present 
group orbitals lead to the same predictions as 
those obtained with the conventional group 
orbitals. Some repetition of other work is, 
therefore, necessary. 

fAl C2H6 
A molecular orbital interpretation of the 

barrier to internal rotation in ethane has been 
given by Lowe (4c, 4 4 ,  by consideration of the 
end-to-end hydrogen interactions in the ethane 
HOMO (4c). Essentially the same argument 
results upon consideration of the group orbital 
interactions in theethane HOMOs. The HOMOs 
of the eclipsed and staggered conformations 
shown in Fig. 4 correspond to n,- and n,-. In 
both cases the interaction between the group 
orbitals is destabilizing, but the destabilization 
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FIG. 5. Schematic representation of the molecular 
orbitals of molecules AH,. 

I is greater in the eclipsed conformation, because 
1 
I the magnitude of the overlap, for example, 
1 between the Y group orbitals which form 7cy-, 

1 
is greater in this conformation. 

As to the shapes of the two methyl groups, it 
will be noted that the X and Y group orbitals 
that form the degenerate HOMOs have the 
same nodal property as the 1 ex and le, molecular 
orbitals of the general molecule AH, (see Fig. 
5); when these constitute the HOMO of AH,, 
the molecule is planar (8). Therefore, if this 
nodal property were to have a dominant effect 
upon the shapes of the methyl groups in ethane, 
a flattening of these groups might be expected. 
However, the antibonding nature of the inter- 
action between the group orbitals which make 
up the HOMOs cannot be ignored. Since this 
antibonding character is larger in the eclipsed 
conformation, it can be predicted that the HCH 
valence angle will be smaller in this conforma- 
tion. This prediction parallels the result ob- 
tained in the geometry optimization study of 
Veillard (27). 

( B )  NH2 NH2 
The group orbital interaction diagrams re- 

quired for the construction of the NH2NH2 
molecular orbitals are shown in Fig. 6. The 
molecular orbital construction scheme (rules I 
and 11) leads to [lo] 

FIG. 6. Group orbital interaction diagram for 
NH,NH2. The combination Ia and I 1  leads to the syn 
and anti conformations, and that of Ib and I 1  to the 
gauche conformation. 

for the gauche conformation.* 
The gauche conformation of N2H, has C, 

symmetry, and, thus, has no degenerate repre- 
sentation. Therefore, the degeneracies observed 
in [l 11 (i.e., 7cy+ = 7cX+ and 77,- = nx-) are an 
accidental result of the simple molecular orbital 
construction scheme. However, it should be 
noted that ab initio calculations on N,H4 
reveal these levels to  be nearly degenerate 
(21a, 28). Otherwise, the orderings derived.in 
[l I] are in agreement with the results of the ab 
initio calculations, but there are some dis- 
crepancies in the ordering~ predicted by [lo]. 
According to the work of Fink et al. (28a), the 
molecular orbital levels of the syn and anti 
conformations of N2H4 should be represented 
as in [12], and are the same as in ethylene 
(4, 21b).' 

The interaction which leads to the HOMO 
of the syn and anti conformations is first order 
(interaction a), and in the gauche conformation, 

8Here the term 'gauche' refers to a conformation in 
which one -NH2 group is rotated by 90" from the syn 
(or anti) conformation. for the syn and anti conformations, and to [ l l ]  
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I I 

FIG. 7. Schematic representation of the HOMOs .of 
NH,NH,. 

it is second order (interaction 6). Since this 
interaction is destabilizing, the gauche con- 
formation of N2H4 should be more stable than 
the syn and anti conformations. The same con- 
clusion is reached when the two-electron stabi- 
lizing interactions between the frontier group 
orbitals are considered (interactions c, d, e, and 
1'). It follows that the gauche conformation is 
predicted to be more stable than either the syn 
or anti conformations because there is both 
minimization of the destabilizing interaction 
and maximization of the stabilizing interactions, 
and both of these effects lower the orbital 
energy of the 

The orbital interaction diagrams shown in 
Fig. 6 apply to all singly bonded A2H4 systems. 
We may therefore proceed to a consideration 
of the nodal property of the -AH2 group 
orbitals in the A2H, HOMOs. These are shown 
schematically in Fig. 7 which is the result of 
the second order orbital interaction leading to 
the HOMO (see Fig. 6).1° The major com- 
ponents of the two HOMOs are Xi, and Y,, 
and their nodal properties are the same as that 
of the 3a, molecular orbital of the general 
molecule AH, except for the deletion of one 
hydrogen lobe. This nodal property will thus 

'In the literature (16, 286, 28c), there is a tendency to 
equate stabilizing and destabilizing orbital interactions 
with repulsive and attractive interactions (or "repulsion" 
and "attraction"), respectively. These qualitative ideas 
should, however, not be confused with the more rigorously 
derived V,, (electron-electron repulsion) and V,, (elec- 
tron-nuclear attraction). 

"In the present qualitative treatment. nx- and n,- are 
degenerate. Consequently, the HOMOs may also be repre- 
sented by their linear combinations, (nx- + n,-) and 
(n,- - n,-), which are the nodal properties observed In 
the SCF-MO computation ( 2 1 ~ .  286, 28c). The following 
discussion is not affected by the use of these MOs. 

cause the -AH2 groups of A2H4 to be pyra- 
midal. The group orbitals X, and Y, are minor 
components of the HOMOs ; their nodal charac- 
ters are the same as that of the le molecular 
orbital of AH, and tend to make the -AH, 
groups planar. Since the latter effect is less 
because of the lower weight, it is expected that 
the -AH2 groups of A,H4 will be pyramidal, 
but less so than in AH,. This prediction is com- 
patible with the available experimental and 
theoretical data (28c, 29). 

In general, the relative heights of barriers to 
linear or pyramidal inversion are related in a 
simple way to the degree of angle deformation 
associated with the conformational change (30). 
On this basis, the decreased pyramidality of 
-AH2 in A2H4 as compared to AH, seems to 
require that pyramidal inversion of the group 
-AH2 in A,H4 should have a lower barrier 
than that of AH,. This is not observed (286, 
29). The reason for the failure of this simple 
argument can be seen upon consideration of 
the antibonding nature of the interaction be- 
tween the two -AH2 group orbitals of the 
A,H4 HOMO both in the ground state and in 
the transition state of the pyramidal inversion 
process. However, since the HOMO of AH, 
in the transition state is a pure pz-orbital of the 
atom A (see Fig. 6), it has no antibonding 
character and is stabilized with respect to the 
HOMO of AH, in A2H4 in its planar transition 
state. Therefore, to  understand the increased 
barrier to pyramidal inversion of the -AH2 
group in A,H,, it is necessary to consider both 
the destabilization of its transition state result- 
ing from the antibonding nature of the transition 
state HOMO, as well as the angle deformation. 

(c)  pH2 NH2 
Ab initio calculations on aminophosphine 

reveal the most stable conformation to be 1, 
in which the nitrogen atom has trigonal planar 
geometry (31). A recent C N D 0 / 2  calculation 
by Berthelat et al. (32), in which the H N H  and 
H N P  and also the HPH and HPN valence 
angles were optimized separately, has found the 
NH, moiety to be slightly nonplanar. These 
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WHANGBO A N D  WOLFE 957 

FIG. 8. Group orbital interaction diagram for PH2NH,. 
The combination la and 11 leads to conformations 3 and 
4, and that of Ib and 11 to conformation 2. 

workers have theref'ore suggested that the 
planarity of nitrogen found by Csizmadia et a/.  
(31) may be due to the restriction that L HNH = 

L HNP in the optimization procedure. We have 
performed ab initio computations on PH,NH, 
at  the STO-3G level, using the same restriction 
employed by Csizmadia et a/. (31), which 
reveals that the -NH, group is nonplanar 
( L H N H  = 105" in NH, and 114" in the NH, 
group of the stable conformation of PH2NH2). 
The point of interest from all of these com- 
putations is that the NH, moiety of PH,NH, 
is significantly more planar than NH,. 

The group orbital interaction diagrams are 
shown in Fig. 8." Consideration of the two- 
electron stabilizing interactions (a ,  b, c, and d) 
shows that the gauche conformation 2 is the 
most stable. Information concerning the geom- 
etries at  nitrogen and phosphorous can be 
obtained from the molecular orbital construc- 
tion scheme, which leads to [13] 

for the PH,NH, molecular orbitals in thegauche 
conformation. The ab initio calculation on con- 
formation 1 shows that these orderings are 

"The MOs of PH, were computed with the 4-31G 
basis set of the GAUSSIAN 70 program system (33). 

FIG. 9. Schematic representation of the HOMO of 
PH,NH2. 

correct except for an interchange between n,+ 
and a,+ in [I31 (31). 

Consideration of the destabilizing interactions 
which form the HOMOS also leads to the pre- 
diction that the gauche conformation is more 
stable than the syn (3) and anti (4) conforma- 
tions (interactions e and j'). A schematic 
representation of the nodal property of the 
PH2NH2 HOMO in the gauche conformation is 
seen in Fig. 9. The group orbital of the -pH, 
moiety has the same nodal property as the 3a, 
molecular orbital of AH,, so that the -pH, 
group should remain pyramidal. However, the 
group orbital of the -NH, moiety in this 
HOMO has the nodal property of the l e  
molecular orbital of AH,. This will tend to 
make the -NH, group planar. An alternative 
rationalization may be offered, in terms of the 
electron transfer associated with interactions a 
and b. On the basis of the energy differences 
associated with a and b, more electron transfer 
is expected in the case of a. This will cause 
greater loss of pyramidal character or, equiva- 
lently, greater tendency toward planarity in the 
-NH, group. 

Csizmadia et a/. (31) have rationalized their 
findings on PH,NH, in terms of inductive 
electron release from P to N. It seems well 
established (34) that electron withdrawal from 
a tricoordinate atom causes relative stabilization 
of the pyramidal structure, while electron 
release to a tricoordinate atom causes relative 
stabilization of the planar structure. In amino- 
phosphine, a Mulliken population analysis 
shows that the -pH, group has a net decrease 
in charge, and is an electron releasing ligand 
when attached to  -NH,. An argument based 
upon inductive effects is based on the electro- 
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negativity difference between the directly bonded 
tricoordinate atoms. On the other hand, the 
present analysis depends upon the relative 
energy levels of the group orbitals associated 
with these atoms. For the specific cases of PH, 
and NH,, the molecular orbitals associated 
with the less electronegative atom (i.e., the 
electron donor) have a relatively higher energy 
level (see Fig. 8), so that a common basis can 
be found for seemingly different interpretations. 

If the same analysis is applied to the HOMOs 
of the syn and anti conformations of PH2NH2, 
the -pH2 and -NH2 group,orbitals in the 
PH2NH2 HOMOs are both found to have the 
same nodal property as the 3a1 molecular 
orbital of AH, (see Fig. 8). Therefore, in the syn 
and anti conformations of PH2NH2, both the 
-pH2 and the -NH2 groups are predicted to 
be pyramidal. This prediction has been checked 
by ab initio computations and has been found 
to be correct (31 b). 

The major contributor of the ny- molecular 
orbital of gauche PH2NH2 is the Y group 
orbital of -NH2, whose nodal property is the 
same as that of the 3a1 molecular orbital of 
AH,. In a qualitative sense, the nx- and ny- 
molecular orbitals of gauche PH2NH2 may, 
therefore, be equated with the phosphorus and 
nitrogen lone pairs, respectively; and the phos- 
phorus lone pair is higher in energy than the 
nitrogen lone pair. However, the photoelectron 
spectra (35) of substituted aminophosphines, 
in which the substituents of P are electron 
withdrawing and those of N are electron 
releasing, have been interpreted to  mean that 
the nitrogen lone pair is higher in energy than 
the phosphorus lone pair. This point will be 
reconsidered later in this paper. 

(D) NH2BH2 
Aminoborane exemplifies a compound in 

which one of the two n- molecular orbitals is 
not occupied. Ab initio calculations (36) have 
shown the planar structure 5 to be the energy 
minimum. However, geometry optimization of 
the orthogonal conformation (6) indicates (37) 
that the -NH2 group has become pyramidal. 

VOL. 54. 1976 

FIG. 10. Group orbital interaction diagram for 
NH2BH,. The combination of Ia and 11 leads to con- 
formation 7, and that of Ib and I1 to conformation 8. 

The group orbital interaction diagram for 
NH2BH2 is shown in Fig. 10, making use of 
the molecular orbitals of pyramidal NH, and 
planar BH3.12 Comparison of the group orbital 
interactions a and b indicates that conformation 
7 will be more stable than conformation 8. 

For the application of the molecular orbital 
construction scheme, the nodal properties and 
orderings of the NH2BH2 molecular orbitals in 
7 and 8 are derived first as shown in [14] and 
[I517 

respectively.13 These orderings are found to be 
the same as those of the ab initio computations 
of Armstrong et al. (36) with a planar -NH2. 
In their calculations, the orderings of the nx+ 
and ny- levels in the planar structure are the 

I2The MOs of BH3 have been taken from ref. 21a. 
"In [14] and [15], the ordering of the a,' MO and the 

higher-lying ni MO is not the same as that predicted 
by rules I and 11. See footnote 7. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WHANGBO A N D  WOLFE 959 

reverse of those predicted by [14] when small 
basis sets are used,14 but the orderings of these 
two levels are the same as those predicted by 
[14] when a large basis set is employed. The 
interactions which lead to the HOMOs of con- 
formations 7 and 8 are shown as c and d in 
Fig. 10. 

Our analysis can be carried further. In 
NH,BH,, nx+, ny+, and ny- are occupied, but 
nX- is not. Therefore, any stabilization of ny+ is 
offset by the destabilization of ny-, so that the 
stability of the system is decided by the stabiliza- 
tion of nX+.l5 For example, consideration of 
interactions a and e again leads to the prediction 
that conformation 7 is more stable than con- 
formation 8. 

Turning to the shape of the -NH2 moiety, 
it can be seen that the group orbital of the 
-NH2 moiety in the HOMO of conformation 
7 has the same nodal property as the le molecular 
orbital of AH,. Such nodal property will tend 
to make the -NH, group planar in this con- 
formation.I6 On the other hand, the group 
orbital of the -NH2 moiety in the HOMO of 
conformation 8 has the nodal property of the 
3a, molecular orbital of AH,. This would tend 
to make the -NH2 group pyramidal in con- 
formation 8. Therefore, the change in the 
geometry of the -NH2 group which takes place 
during rotation in aminoborane is rationalized 
in terms of the same model that accounted for 
the planarity of the -NH, moiety in amino- 
phosphine. 

( E )  The Model Ylids SH,CH, and >H,CH, 
The electronic structures of ylids are usually 

written (38) as resonance hybrids of ylids and 
ylene forms, e.g., 

Although several kinds of experimental ob- 
servations point to the ylene structure (39), the 
most recent experimental (40) and theoretical 
(41) results tend to favor the ylid structure. 

The group orbital interaction diagram for 

I4That is, these basis sets cause aminoborane to  have 
the same electronic structure as ethylene. 

I5This argument can be employed for systems whose 
electronic structure is represented by [a]. 

16The conventional explanation would emphasize the 
conjugation in the B-N bond, i.e., the maximum 
stabilization of the n,+ molecular orbital. 

FIG. 11. Group  orbital interaction diagram for 
SH,CH,. The combination of Ia and I1 leads to the syn 
and anti conformations, and that of Ib and I1 to  the 
gauche conformation. 

SH,CH, is shown in Fig. 11. In the construc- 
tion of this diagram, the group orbitals were 
obtained from the molecular orbitals of SH,+ 
and CH,-.I7 The SH,CH, molecular orbitals 
of the gauche and syn (anti) conformations are 
characterized in terms of the molecular orbital 
construction scheme as shown in [16] and [17], 
respectively. 

These orderings agree with the results of the 
ab initio comp~ta t ions . '~  From the interactions 
a and b, which lead to the HOMOs, it is pre- 
dicted that the gauche conformation is more 
stable. This prediction is confirmed by the 
above calculation. 

The shapes of the -CH,- and -SH,+ groups 
are now considered. In the HOMO of gauche 
SH,CH,, the major contributor is the X group 
orbital of the -CH2- fragment, which has the 
same nodal property as that of the 3a, molecular 
orbital of AH,. The X group orbital of the 

"Calculated with the STO-3G basis sets of the 
GAUSSIAN 70 program system (33).  The group orbitals 
derived from the unoccupied molecular orbitals are not 
shown in Fig. I I, because the L U M O  of SH3+ lies lower 
than the H O M O  of CH3-. In such a case, the simple 
orbital interaction picture breaks down a s  far as  the 
two-electron stabilizing interactions are concerned. This 
is also the case for the group orbital interaction diagram 
shown in Fig. 12. 

"Using an STO-3G basis set. 
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FIG. 12. Group orbital interaction diagram for 
PH,CH,. 

--SH,+ fragment in this HOMO has the nodal 
property of the le molecular orbital of AH,. 
Thus, the -SH,- moiety will tend to be planar, 
while the -CH,- group will remain pyramidal. 
In agreement with this prediction, the optimized 
HSH valence angle of gauche SH,CH~ is 10 1 ", 
which shows a considerable increase from that 
of SH,+ (95.4"). On the other hand the opti- 
mized HCH valence angle of gauche SH,CH, 
is 102", which is only slightly different from 
that of CH,- (101 "). 

Inspection of the group orbital interaction 
diagram (Fig. 11) shows that, ingauche SH,CH,, 
the nX- molecular orbital can be characterized 
as the carbon lone pair orbital. The ny- molec- 
ular orbital, which according to the molecular 
orbital construction scheme should have a 
larger weight on the Y group orbital of -CH,- 
than on that of --SH,+, actually has a larger 
weight on -SH,+ in the SCF-MO calcula- 
tion.18.19 This orbital is characterized as the 
sulfur lone pair orbital. That is, the carbon lone 
pair lies higher in energy than the sulfur lone 
pair in SH,CH,. This result would not have 
been predicted if the orbital energy levels of 
the highest occupied -SH,+ and -CH,- 
group orbitals had been taken from the sulfur 

IgThis finding, together with the comments made in 
footnote 17, indicate that group orbital energies obtained 
by the procedure presented herein are less satisfactory 
when used in group orbital interaction diagrams for 
molecules of the typq AH,BH, than for those of the 
type AH,BH,, AH,BH,, or AH,BH,. However, the 
qualitative conclusions that follow are not affected by this. 

and carbon atomic orbitals, respectively (42). 
From the molecular orbital energy levels of 
CHi+,  CH,, and CH3- (see Fig. l), it is 'evi- 
dent that the presence of a formal positive 
charge on a group causes a lowering of all its 
orbital energies, and the presence of a formal 
negative charge causes a raising of all its 
orbital energies.,' Electron-withdrawing and 
electron-releasing substituents may be con- 
sidered to operate by producing fractional 
positive and negative charges on the attached 
central atoms, respectively. This permits an 
explanation of the photoelectron spectra of 
substituted aminophosphines, discussed earlier. 
Electron-withdrawing substituents on P would 
lower the group orbital energy levels of the P 
moiety in comparison to those of -pH2 and 
electron-releasing substituents on N would 
raise the group orbital energy levels of the N 
moiety in comparison to those of -NH,. The 
available photoelectron spectral data support 
this view (47). 

In previous theoretical investigations of phos- 
phonium ylids PR,CH,, PH,CH, has been 
employed as a model compound (38, 41). 
However, these calculations have been per- 
formed with a planar geometry at carbon. 

Figure 12 shows the group orbital interaction 
diagram of PH,CH,. The group orbitals were 
obtained from the molecular orbitals of pH,+ 
and CH,-.I8 The qualitative molecular orbital 

construction scheme reveals that the molecular 
orbitals of PH,CH, in conformation 9 can be 
characterized as shown in [18]. 

group that contains an  atom bearing a formal 
positive (negative) charge is considered to be strongly 
electronegative (electropositive) (43). It follows that an 
electronegative (electropositive) group will be character- 
ized by low-lying (high-lying) group orbitals. Since an 
absolute value of an orbital energy can be measured by 
the ionization potential (44), the above statement in a 
sense parallels the Mulliken definition of electronegativity 
(45); i.e., the electronegativity of an atom is given as the 
average of its ionization potential and electron affinity, 
with the ionization potential the dominant term (46). 
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The major contributor of the PH,CH, HOMO 
is the X group orbital of the -CH,- fragment, 
which has the nodal property of the 3a1 molec- 
ular orbital of AH,. This leads to the prediction 
that the -CH,- moiety in PH,CH, will be 
pyramidal. This is in agreement with the 
results of an ab initio geometry optimization of 
PH,CH,.'~ The orderings given in [18] are also 
confirmed. It may therefore be asked whether 
the experimentally observed planarity (39) of 
the -CH,- group in PR,CH, is a genuine 
property of the phosphonium ylid. Of course, 
one has to consider the limitations of the basis 
set employed in the present calculation.18 
Further, in the present study of PH,CH, 
and SH,CH,, the two-electron stabilizing in- 
teractions between the lone pair orbital of 
-CH, and vacant group orbitals of -pH, and 
-SH, have been neglected. A more detailed 
and systematic investigation of the model ylides, 
PH,CH,, NH,CH,, SH,CH,, and OH,CH, 
will be reported elsewhere. 

Conclusions 
The range of examples that has been treated 

suggests that the definition of group orbitals 
presented herein may have some utility for an 
understanding of the shapes, conformations, 
and electronic structures of AH,BH, type 
molecules. When using the present definition 
of group orbitals, it is necessary to employ 
molecular orbitals calculated to the same degree 
of approximation, since the orbital eigenvalues 
of a molecular system depend upon the quality 
of the basis set. 
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Molecular orbitals from group orbitals. 11. Conformational analysis of 
systems with three heavy atoms. The XCH2CH2 system and the 

anomeric effect 
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MYUNG-HWAN WHANGBO and SAUL WOLFE. Can. J. Chem. 54,963 (1976). 
A procedure for the conformational analysis of systems of the type AHn,BH,DHk is proposed, 

in terms of interactions between AHmBHn- and -DHk fragments. The nodal properties and 
relative level orderings of the group orbitals of these fragments are obtained from the molecular 
orbitals of the molecules AHmBHn+I and DHk+,. Attention is focussed upon two-orbital two- 
electron stabilizing and two-orbital four-electron destabilizing interactions between these 
fragments. A consistent interpretation of the conformational behaviour of n-propyl and 2- 
fluoroethyl carbonium ions and carbanions is attempted within the framework of this group 
molecular orbital procedure. The conformational behaviour of FCH2OH, a model for the 
anomeric effect, has also been examined. It is shown that the group molecular orbital approach 
accommodates two earlier interpretations of the anomeric effect, one of which focusses upon 
bond-bond interactions; the second focusses upon effects of the oxygen lone pairs. Some limita- 
tions of the model are noted, in particular the problem associated with explicit calculation of 
the magnitudes of different stabilizing and destabilizing interactions. 

MYUNG-HWAN WHANGBO et SAUL WOLFE. Can. J. Chem. 54, 963 (1976). 
On propose une prmCdure pour l'analyse conformationnelle de systkmes du type AHmBHn- 

DH,; cette procedure est Ctablie en termes d'interactions entre les fragments AH,BHn- et 
-DHI. On obtient les proprietks nodales et les arrangements relatifs des niveaux des orbitales de 
groupe de ces fragments B partir des orbitales molCculaires des molkules AHn,BHn+, et DH,+I. 
On attire l'attention sur les interactions stabilisantes de deux electrons B deux orbitales et 
distabilisantes de quatre Clectrons B deux orbitales entre ces fragments. On propose une inter- 
pretation cohkrente du comportement conformationnel des ions carbonium et des carbanions 
n-propyle et fluoro-2 Cthyle B l'interieur du systkme de cette mCthode d'orbitales molkulaires 
de groupe. On a aussi examine le comportement conformationnel du FCHzOH, un modele pour 
l'effet anomerique. On a montre que l'apprmhe des orbitales molCculaires de groupe est en 
accord avec deux interpretations antkrieures de I'effet anomirique; une d'elle fait intervenir 
d'une rnanikre principale les interactions entre liens alors que la deuxikme fait appel principale- 
ment aux effets des paires d'ilectrons libres de I'oxygkne. On note quelques limitations du modkle, 
en particulier dans le problkme associC avec le calcul explicite des grandeurs de diffirentes 
interactions stabilisantes et dkstabilisantes. 

pradui t  par le journal] 

Introduction 
In Part I of this series (I), a perturbational 

molecular orbital (PMO) analysis of the elec- 
tronic structures and conformations of AHmBHn 
systems was developed, in terms of the inter- 
actions between the AHm- and BHn- groups. 
The novel feature of the analysis was the use of 
ab initio wavefunctions of AHm+, and BHn+l to 
obtain the relative level orderings and nodal 
properties of the AHm- and BHn- group 
orbitals. 

The purpose of the present paper is to extend 
this approach to some systems of the type 
AH,BHnDHk,  which contain three heavy atoms. 
The procedure adopted is to dissect the whole 
system into two molecular fragments, e.g., 
AHmBHn- and DHk-, and to derive the nodal 
properties and orderings of the group orbitals 
of these fragments from the molecular orbitals 
of AHmBHn+, and DHk+, ,  respectively. 

Results and Discussion 

'Holder of a National Research Council of Canada The molecule is placed in the coordinate sys- 
Scholarship 1972-1974. tem shown in Fig. 1, with the B-D bond on the 

2Revision received November 17, 1975. z-axis. Since the p, and p, components of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



964 CAN. J .  CHEM. VOL. 54, 1976 

FIG. 1. (a)  Coordinate system of AH,BH,DH,. The 
ABD valence angle is assumed to be tetrahedral. (b )  De- 
composition of the p,, and p,, orbitals of the atom B into 
p, and p, contributions; the x'- and z'-axes are parallel 
and perpendicular to the AB bond axis. 

p ,  and p ,  orbitals of the AH,BH,- fragment 
can be seen to exhibit mainly r- and a-type 
interactions, respectively, across the z-axis, it is 
convenient to place the A-B bond on the x-axis. 
For the same reason, a DH or DH2 fragment is 
oriented with the rotational axes of DH2 and 
DH3 orthogonal to the z-axis. Group orbitals 
which make a-type interactions across the B-D 
bond are not included in Fig. I .  

The XCH2CH2 System 
The conformational behaviour of FCH2CH2- 

and FCH2CH2+ has been discussed by Hoffmann 
et al. (2), and that of CH3CH2CH2+ has been 
treated by Jorgensen and Salem (3). Two struc- 
tures are of interest in each of these XCH2CH2 
species: these are termed (3) eclipsed (E*) and 
bisected (B+). To  complete the comparative 
study of this system, we have performed ab 
initio computations on CH3CH2CH2- (4), which 
reveal that B- is more stable than E-. The results 
of these various studies may therefore be sum- 
marized as follows: in the case of the anions, B- 
is more stable than E- for both X = F and 
X = CH3; for the cations E+ is more stable 
when X = F, but B+ is more stable when 
X = CH3, i.e., when X = CH3, B is more stable 
than E in both the anion and the cation. 

In the earlier PMO analyses of these effects 
(2, 3), the X substituent ( F  or CH3) has been 
treated as a perturbation upon the orbitals of a 
methyl group (CH3 + XCH2). This reduces the 
three heavy atom problem to a two heavy atom 
problem. However, different criteria were em- 
ployed in the two studies to position the per- 
turbed methyl group orbitals. In one (2), the 
orbital raising or orbital lowering effect of X 
was based on electronegativity considerations; 
in the other (3), bond energy effects were taken 
into account. 

If we attempt to extend these ideas to the 
conformational analysis of n-propylcarbanion, 
it is necessary to begin with a definition of per- 
turbed methyl group orbitals appropriate to 
CH3CH2-. Since the electronegativity of CH3 
is greater than that of H ( 5 ) ,  we might expect 
CH3CH2- to behave in the same way as 
FCH2- (2). This leads to the prediction that the 
conformational behaviour of CH3CH2CH2- will 
resemble that of FCH2CH2-, i.e., that B- will 
be more stable than E-. This is the correct pre- 
diction. 

In the same way, it seems reasonable to expect 
that CH3CH2CH2+ will resemble FCH2CH2+, 
i.e., that E+ will be more stable than B,. This is 
not correct. The failure of the prediction in this 
case can be rationalized if it is supposed that 
CH3 is electron-withdrawing in the anion and 
electron-releasing in the cation (6). However, 
the problem is that, since the treatment of XCH2 
as a perturbed methyl group is a qualitative 
procedure, it may, as has been seen, lead to 
uncertainties concerning the positioning of the 
orbitals of this group. A PMO procedure which 
avoids this ambiguity would, therefore, be useful. 

Figure 2 shows an orbital interaction diagram 
for C3H3C2H2C1H2-, using CH3CH2- and 
-CH2- group orbitals derived from ab initio 
computations on ethane and methylcarbanion, 
respectively. The C2-C3 bond has been placed 
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FIG. 2. The interaction diagram of CH3CH2CH2-; the FIG. 3. The interaction diagram of CH3CH2CH2+; the 
CH2- orbital is essentially the carbon lone pair. CH2+ orbital is an empty p orbital. 

on the x-axis, and the interaction between the 
two groups takes place on the z-axis. The right 
hand portion of Fig. 2 corresponds to the inter- 
actions leading to B-; the left hand portion of 
Fig. 2 corresponds to a 90' rotation of the 
-CH2- moiety, and it simulates E-. The two- 
orbital two-electron stabilizing interactions to be 
considered in this diagram involve the highest 
occupied group orbital of CH2- and the lowest 
lying unoccupied group orbitals of CH3CH2-. 
The two lowest lying unoccupied orbitals of 
CH3CH2- are classified acc* and rcc*. The 
relevant interaction in B- is a and, in E- it is b. 
Since a leads to greater stabilization, B- should 
be more stable than E-, in agreement with the 
ab inifio calculation on n-propylcarbanion. 

Figure 3 applies the same procedure to 
CH3CH2CH2+. The operative two-orbital two- 
electron stabilizing interaction now involves 
occupied CH3CH2- and unoccupied -CH2+ 
orbitals. The two highest occupied orbitals of 
CH3CH2- correspond to acc and nee-. Inspec- 
tion of Figs. 2 and 3 reveals immediately that a 
prediction based upon orbital energy differences 
in the two conformations will be less certain in 
the case of the carbonium ion, because the orbital 
energies of acc and rcc- are nearly the same, 
whereas those of uCC* and scc* differ signifi- 
cantly. However, note that interaction b leads 
to s-bonding in the C1-C2 region, and *-anti- 
bonding in the C1-C3 region, whereas a leads to 
bonding in both regions. This observation indi- 

cates that a, which leads to B+, will have a greater 
stabilizing effect than b. The group orbital 
analysis of the n-propyl system has thus ration- 
alized why B is inore stable than E in both the 
anion and the cation. 

Figure 4 shows the group orbitals of FCH2- 

- 
IT 

CC # 
0 

"cc Q @ < i t  .rr; 

FIG. 4. Comparison of the FCH2- and CH3CH2- 
group orbitals. 
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and CH3CH2- which are appropriate for inter- 
action with adjacent -CH2- and -CH2+ 
moieties. As already discussed, the antibonding 
orbitals of CH3CH2- which interact with an 
adjacent anionic centre are ucc* and sCC*; the 
corresponding FCH2- orbitals are uCF* and 
acF*. In both cases, the energies of these two 
orbitals are seen to differ significantly; the 
analysis of FCH2CH2- will be the same as that 
of CH3CH2CH2-, i.e., B- is more stable than E-. 
However, UCF and rcF- have quite different 
orbital energies in contrast to ucc and rcc-. 
Thus for FCH2CH2+, the two-orbital two- 
electron stabilization of the adjacent cationic 
centre will be greater in E+. We see from the 
group orbital analysis of the XCH2CH2 system 
that the principal difference between CH3 and F 
is the position of ucx, which is stabilized by the 
more electronegative substituent. 

The Anomeric Effect (7) 
The anomeric effect (the Edward-Lemieux 

effect (8)) refers to an increased preference for 
the axial conformation of an electronegative 
ligand when it is in the a position of a six- 
membered heterocyclic ring containing oxygen 
or sulfur (e.g., 1). Computations on FCHzOH, 
which has been employed as a model compound 
for the theoretical investigation of the anomeric 
effect (8-lo), reveal that the gauche conforma- 
tion 2 is the energy minimum, and that the anti 
conformation 3 is the energy maximum associ- 
ated with torsion about the C-0 bond. 

In an earlier discussion of the anomeric effect 
(8, lo), energy component analysis (1 I) was em- 
ployed to obtain a physical interpretation of the 
computed result. This led to the conclusions 
that the preference for the gauche conformation 
2 was the result of interactions between the 
C-F and 0-H bonds (in agreement with 
Chii's finding (12) that the anomeric effect 
originates in an interaction between the C5-0 
and C1-X bonds), and that the oxygen lone 
pairs behave as though they are quasi-spherical 
(non-directional) ligands, when the repulsion 

FIG. 5. FCH2- and --OH group orbitals considered 
for the construction of the FCH2OH interaction diagram; 
n, and no are the higher and lower lying oxygen lone 
pairs, respectively. 

between lone pairs and bond pairs is considered. 
This interpretation of the anomeric effect cor- 
responds to a localized molecular orbital de- 
scription of the problem (10). It is rigorous 
within the framework of energy component 
analysis (16) and localization of canonical 
molecular orbitals (13). 

In a different approach to the problem, David 
et al. (14) and Eisenstein et al. (15) employed 
the PMO method to analyze the anomeric effect. 
In this analysis, the oxygen lone pairs are treated 
as canonical molecular orbitals. When the differ- 
ent nodal properties (i.e., directionalities) and 
orbital energies of the two oxygen lone pairs are 
taken into consideration explicitly, the anomeric 
effect can be rationalized. Like the localized 
molecular orbital description discussed above, 
this is a rigorous interpretation, within the frame- 
work of PMO theory. 

We thus have two theoretical interpretations 
of the anomeric effect. One emphasizes inter- 
actions associated with the oxygen lone pairs. 
The other effectively ignores the lone pairs. It 
seems reasonable to  ask whether these apparently 
contradictory interpretations can be reconciled. 

Figure 5 shows the -CH2F and -OH group 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WHANGBO AND WOLFE 967 

FIG. 6. Interaction between n, and -CH2F group 
orbitals. 

orbitals which are appropriate for the construc- 
tion of the FCH20H interaction diagram. The 
interaction of -CH2F with -OH to form syn 
(or anti) FCH20H is shown on the left; a 90' 
rotation of the -OH group simulates gauche 
FCHzOH, and is shown on the right. The two 
highest occupied -OH orbitals are essentially 
lone pair orbitals and the lowest unoccupied 
-OH orbital can be characterized as uOH? 

Figure 6 shows the interactions between the 
n, and -CH2F group orbitals. Interaction a is 
more stabilizing than interaction 0, and inter- 
action c is less destabilizing than interaction rl. 
This means that the gauche conformation is 
favoured by both the two-electron stabilization 
and the four-electron destabilization interac- 
tions associated with n,. 

Figure 7 shows the interactions between the 
nu and -CH2F group orbitals. This diagram 
reveals that both the two-electron stabilization 
and the four-electron destabilization associated 
with nu favour the syn (or anti) conformation. 
Thus, the interactions of n, and nu have opposite 
conformational consequences. To determine the 

FIG. 7. Interaction between n, and --CH2F group 
orbitals. 

FCH20H, the nodal properties of the HOMO'S 
of gauche and syn (or anti) FCH20H correspond 
mainly to the out-of-phase combinations of the 
-CH2F and -OH group orbitals associated 
with interactions c and d. In addition. the rota- 
tional dependence of the FCHlOH HOMO level 
parallels that of the total energy of FCH20H 
(16)3. This result suggests that the behaviour of 
the whole molecule can be rationalized by 
consideration of only those interactions which 
simulate the behaviour of the HOMO. Figure 6 
clearly shows that the HOMO level should be 
lower in the ga~rche than in the syn (or anti) 
conformation; and we may, therefore. neglect 
the effect of interactions associated with nu 
because these do not lead to the HOMO. 

Turning to Fig. 8, we now focus on the two- 
orbital two-electron interactions between occu- 
pied -CH2F and go,* orbitals. Since inter- 
action e is more stabilizing than interaction ,f, 
the galrche conformation is predicted to be more 
stable. It is important to note that e and f  refer 
to interactions between the C F  and OH bonds, 
and their consideration amounts to a rational- 

net result of these opposing effects, it would be ization of the gauche preference of FCH20H 
necessary to estimate the relative magnitudes of 3The HOMO eigenvalues are -0.4703, -0.4759, 
the various interactions, at least qualitatively. -0.4905, -0.5803, -0.4894, -0.4766, and -0.4721 a.u. 
David el a). (14) have attempted to  do this in for dihedral angles of O0, 30°, 60°, 90°, 120°, 150", and 
their analysis. Since the approach does 180". respectively, with a dihedral angle of 0" correspond- 

not lend itself readily to quar,titative estimation ing to the syn conformation. Interestingly, the torsional 
dependence of the second highest occupied molecular 

of the various interactions, we present an in- orbital of FCH~OH has opposite phase and, thus, does I 

direct argument. In the ab initio SCF-MO'S of not parallel the behaviour of the total energy. 
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FIG. 8. Interaction between uoH* and -CHzF group 
orbitals. 

which does not consider oxygen lone pair effects. 
In this sense, the argument derived from Fig. 8 
may be regarded as the group molecular orbital 
equivalent of the quasi-spherical lone pair 
interpretation (8, 10). 

The above considerations reveal that both of 
the earlier interpretations of the anomeric effect 
can be accomnlodated within the framework of 
a group molecular orbital model. The relative 
importance of interactions a and e cannot be 
assessed without a more quantitative treatment 
of the orbital interactions. We believe, therefore, 
that further progress in the understanding of 
these and related (17) conformational effects will 
require the develop~nent of reliable methods to  
compute explicitly the relative magnitudes of 
the various two-electron and four-electron inter- 
actions that have been discussed (cf: ref. 18)). 
Such an investigation is presently in progress. 
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Sphere tensiometry: an evaluation and critique 

Pulp and Paper Research Insriture o j  Canada and 
Deparrmenr o j  Chemisrry, McGill Unil:ersiry, Monrreal. Quebec H3C 3GI 

Received September 26, 1975 

C. HUH and S. G. MASON. Can. J .  Chem. 54,969 (1976). 
An absolute gravimetric method of measuring surface and interfacial tensions of liquids by 

pulling a sphere through the interface is examined. The method also permits simultaneous 
measurement of the contact angle of the liquid on the sphere surface; this enables corrections 
to be made for incomplete wetting of the solid by liquids in measuring the interfacial tension, a 
feature which the conventional ring and plate methods lack. Simultaneous measurements of 
the interfacial tension and the difference in phase densities across the interface are in principle 
also possible. Preliminary experimental results are presented, and the advantages and dis- 
advantages of the method are critically discussed. 

C. H U H  et S. G. MASON. Can. J .  Chem. 54, 969 (1976). 
On examine une methode gravimetrique absolue pour mesurer les tensions interfaciales et 

de surface de liquides; cette methode est baste sur le principe que I'on tire une sphere a travers 
l'interface. Cette methode permet aussi de mesurer simultanement I'angle de contact du liquide 
avec la surface de la sphere; ceci permet de faire des corrections pour un mouillage incomplet 
d u  solide par des liquides lorsqu'on mesure les tensions interfaciales, une caracteristique qui 
manque aux methodes conventionnelles de disque ou de plaque. I1 est en principe aussi possible 
de mesurer simultanement la tension interfaciale et la difference dans les densites de phase 
a travers I'interface. On presente des resultats experimentaux preliminaires et on discute d'une 
facon critique des avantages et des desavantages de la methode. 

[Traduit par le journal] 

Introduction 
Surface and interfacial tensions of liquids can 

be conveniently measured by gravimetric 
methods in which small solid bodies are weighed 
as they are pulled under quasi-static conditions 
through a horizontal fluidjliquid interface. I f  
the shape of the meniscus around the solid is 
known, the capillary component of the balancing 
force and thus the tension. can  be calculated. 
The  commonly used bodies are the (duNouy) 
ring and the (Wilhelmy) plate; a much simpler 
geometry which has scarcely received attention 
for this purpose is the sphere. Whereas the ring 
and plate both form menisci with complicated 
shapes, a sphere does not, thus making it 
~ o s s i b l e  to calculate the eauilibrium interfacial 
force rigorously and in a relatively straight- 
forward manner (I) .  The  use of another simple 
geometry, a circular cylinder vertically protrud- 
ing through the interface, and of a cylindrical 
tip with a sharp edge to which the meniscus 
attaches has also been proposed (2). Because of 
difficulties of vertical alignment, axisymmetry 
(required by the theory) may not be exactly 
realized with cylinders; a sphere presents no  
such problem. In this paper, we examine the 

feasibility of using spheres, present some pre- 
liminary experimental data,  and indicate the 
advantages and disadvantages of the method. 

An immediate advantage is that it is capable 
of measuring the interfacial tension y13 of a 
fluidiliquid interface which, for various reasons, 
may not be visible (y,, is the interfacial tension 
between phases 2 and 3 (Fig. 1)). For  such 
systems, obviously we cannot use the drop 
shape methods, o r  the ring and plate methods 
because we cannot be certain of the complete- 
ness of wetting of the solid with one of the 
liquids, which is an essential prerequisite. 
As will be seen, however, the sphere permits 
simultaneous measurement of y2, and  the con- 
tact angle 0, (measured through the lower 
liquid phase) which the interface makes with 
the sphere (Fig. I). Although the ring method 
can,  in principle, also be modified to  determine 
U,, the calculations involved are much more 
complex than those made here for the sphere. 
The  measurement of 0, may not actually be 
wanted, because to  produce a precision solid 
sphere which is sufficiently smooth to  render 0, 
thermodynamically meaningful is a difficult 
task (3), but it permits corrections if wetting is 
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PHASE 2 I 

FIG. 1 .  A solid sphere (phase I) a t  a horizontal inter- 
face between phases 2 (below) and 3 (above). The sphere 
is slowly pulled upwards from phase 2 and the force F 
on the thread is measured as a function of the sphere 
height h. 

FIG. 3. A typical experimental F-h curve, for a nylon 
sphere (R = 2.03 mm) at Dow Corning 200 (100 cs) 
Silicone fluidlwater interface. The sphere, pulled upwards, 
detached from the interface slightly before the maximum 
equilibrium height h,; on lowering, the sphere contacted 
the interface at B, suddenly forming a meniscus around 
it with an accompanying jump in F. 

p, and p, can lead to substantial errors in 
calculating y,,. By the sphere method we can, 
in principle, simultaneously measure y,,, B,, and 

FIG. 2. Photograph of a Teflon sphere (R = 6.35 mm) 
pulled through the Silicone fluidiwater interface. Dow 
Corning 200 (50 cs) Silicone fluid is the upper phase, 
and the contact angle 8, - 0'. Frame (e) shows the non- 
equilibrium rupture of the meniscus, completed in (f). 

incomplete (i.e. 8, > 0) in determining yZ3. 
There are other possibilities, one of which is to 
determine in situ the difference of the fluid 
phase densities p, and p, across the interface 
as well as y,, (pi is density of phase i). When 
(p, - p,) is small, separate determination of 

(PZ - ~ 3 ) .  
When a solid sphere (phase 1) of radius R 

is slowly pulled through a horizontal fluid/ 
liquid interface from the liquid phase 2 to the 
fluid phase 3 above 2 as shown schematically 
in Fig. 1, the force F on a thread attached to 
the sphere increases with height h of the sphere 
center above the flat level of the interface 
(Figs. 2 and 3). With further increase of h, F 
attains a maximum at F,, decreases until the 
maximum equilibrium height h, is reached, 
whereupon the sphere detaches from the inter- 
face. Knowing 8, and (p, - p,), we need only 
know the maximum F to determine y,,. How- 
ever, the equlibrium relation between F and h 
which we measure experimentally as a con- 
tinuous curve (Fig. 3) provides much more 
information than the maximum F; utilizing 
other characteristic features of the F-h curve, 
we should be able to obtain auantities other 
than y,,, notably 8, or  (p, - p,) as noted above. 

A scheme of measuring interfacial tensions 
by the sphere method similar to ours has 
recently been reported by Scheludko and 
Nikolov (4). Their method relies on the photo- 
graphic measurement of thecontact line location 
on the sphere at  the maximum force, which 
from our experience cannot be accurately 
measured, especially when the phase 2 liquid in 
the region of the contact line is very thin which 
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H U H  A N D  MASON 97 1 

is the case for small values of 0,. We believe 
that they have exaggerated accuracy (1 in lo5) 
for the surface tension measurements. Our pro- 
posed method avoids their difficulties but a t  the 
same time recognizes some important sources of 
error overlooked in ref. 4. 

To treat the problem in the simplest mathe- 
matical form, we employ the following dimen- 
sionless variables 

where C,, - (p, - p,)g/y,,, and g is gravity. 
Without loss of rigour we set F = 0 when the 
sphere is entirely in phase 2, so that the sphere 
density p, is immaterial to the measurement. 
We have numerically calculated the equilibrium 
relation between D and h for different values of 
R and 0,. Several parameters identifying the 
D-h curve for various values of R and 8, have 
been defined and made available as a numerical 
tabulation. 

When the sphere is lowered (by pushing if 
necessary) from the upper phase 3 to the lower 
phase 2, the theoretical treatment of the prob- 
lem is identical to the case of raising the sphere, 
provided D, 8, and h are replaced by (1 - D), 
(180" - O,), and -6. This arises due to the 
mirror symmetry of the system in the horizontal 
plane z = 0. 

On the basis of the theoretical and preliminary 
experimental results, presented below, we dis- 
cuss the feasibility of sphere tensiometry for 
absolute measurements of surface and inter- 
facial tensions. As we will see, the method 
holds considerable promise, but several diffi- 
culties must first be surmounted. 

vertical and the normal to the sphere a t  the 
contact line. In addition, we have the following 
geometric relations at the contact line : 

PI r, = R sin 8, 

where r, - ? , / a  and z, = Z,/JC: are the 
radial and vertical coordinates of the contact 
line circle and 4, is the slope angle of the liquid 
meniscus a t  the contact line. The values of r,, 
Z,, and 4, are obtained from the equilibrium 
shape calculations of the meniscus formed 
around the sphere ( I ,  6). 

For given R and do, therefore, [2] to [5] 
provide equilibrium relations between D and K. 
To obtain the D-h curve, we have solved 
numerically the Young-Laplace equation for 
the equilibrium meniscus shape, employing the 
integration method of Huh and Scriven (6) 
and with the same accuracy as that of the earlier 
calculations (1). When the coordinates and 
slope angle (r, 5, 4 )  of the menisclls were 
obtained by numerical integration during the 
computing process, we set them to apply at 
the contact line (r,, Z,, 4,) and calculated 8, 
from [5] for a given O,, and R, h, and D from 
[3], [4], and [2], successively. Interpolation of K 
and D in regular intervals of a was made, 
employing the six-point Aitken-Lagrange inter- 
polation scheme with an  upper error bound of 

For given 8, and R, at least 240 sets of 
h and D values were thus collected, from 
which we constructed a D-6 curve. 

Figure 4 shows the D-h curves for = 0.5 
and different values of 8,. When 8, = O", the 
sphere touches the interface at h = - R  
( =  -0.5) and D starts to increase from 0 to 
the maximum value of D,; and then D decreases 
until the maximum f i  = h, is attained, whereon 

Basic 'Theory the sphere detaches from the interface. In actual 
experiments, we found that because the slope 

The mechanical equilibrium of the sphere at the curve rapidly decreased near hm, the 
the interface (Fig. 1) can be expressed as (5) sphere often detached somewhat before the 

3 .  slope reached - co a i  h,,,. The equilibrium of the 
[2] 2 0  = 1 + - sin2 Bc(6/R) - cos3 8, 

2 
sphere between h,,, and B is believed to be 
unstable and has not been achieved experi- 

3 mentally. At point B, the sphere is completely 
+ 7 sin 6, sin (6, - 60) in phase 3. When 8, > 0°, the contact between R 

the sphere and the interface at f i  = -R  causes 
where 8, is the angle between the upward a sudden withdrawal of phase 2 from the 
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972 C A N .  J .  C H E M .  VOL. 54. 1976 

FIG. 4. Equilibrium relation between D and h for 
I? = 0.5 and various 0,. Note the similaritv to the exoeri- 
mental curve in Fig. 3. For further explanation, see text. 

neighborhood of the contacting point and the 
formation of a meniscus around the sphere 
(from A to A' in Fig. 4 when 8, = 60"). Accor- 
dingly, D suddenly changes from 0 (completely 
in phase 2) to the negative value at A'. The 
subsequent behavior as If is increased will be 
substantially identical to that for 0, = 0". We 
note that the curves for 8, and 180" - 8, are 
symmetric with respect to the point C (D = 0.5 
and 6 = 0);  thus, the curve for 0, = 120" 
(dotted line) can be easily constructed from 
that for 8, = 60". This symmetry arises due to 
the fact that the Young-Laplace equation for 
the meniscus shape is symmetric with respect 
to the plane Z = 0 (5). 

Two prominent parameters characterizing the 
curves are (i) the maximum Dm which cor- 
responds to the equilibrium force necessary to 
detach a freely-moving sphere from the -inter- 
face, and (ii) the maximum h, which corre- 
sponds to the largest equilibrium height which 
a sphere may attain at the interface before the 
rupture of the meniscus. Figure 5 shows, for 
the particular case of interest of 8, = 0°, the 
D-If curves for R = 0.4 to 2.0. The maximum 
Dm's are projected on the D-R plane, from 
which the Dm-R curve shown can be con- 
structed; the maximum Ern's are also projected 
on the h=R plane, from which the Ifm-R curve 

FIG. 5. Perspective view of the equilibrium relation 
between D and F for 0, = 0' and various I?. The points V 
indicate the maxima D = D,and the maxima h = hm. 
Dm's are projected on the D-R plane, and show the Dm-i? 
relation. 

(not shown) can be constructed. We have pre- 
pared a tabulation' of Dm and h, for R = 
0.21 (0.01)0.60(0.02)1.80 and 8, = 0°(1 ")90°, 
where the intervals between the end values are 
indicated in parentheses. For 8, = 0°, Table 1 
gives values of Dm, and F, @c, F,, and ?,for the 
maximum force state, and Table 2 shows h,, and 
@,, F,, and 5, for the maximum height state. 

When the equilibrium F-h curve is produced 
experimentally, we cannot convert it to the 
dimensionless D-h curve since y23 is unknown; 
however, the equilibrium relations can be ex- 
pressed in terms of the normalized quantities 
DiD, and 6iR, which are measurable. The 
following additional parameters which charac- 
terize the D-If curve may then be defined in 
terms of the above normalized quantities and 
may be utilized to calculate y23 and 8,: 

1 D=Dm 

[6] E = - Ddii = - Fdh ' - D,,,RSD=, 
- - 1 h=hm 1 h=h, 

E 2  E - Ddh = - Fdh 
DmR JD=, FmRJF=o 

'These tabulations are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
K I A  0S2. 
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TABLE 1. Conditions at maximum force when 0, = On* 

*Dm values extracted from deposited numerical tabulations. See footnote in text. 

TABLE 2. Conditions at maximum height when 0, = 0°* 

R k, 4, (deg) TC zc 

0.20 0.5868 117.98 0.1766 
0.25 0.6894 120.30 0.2159 
0.30 0.7855 122.38 0.2534 
0.35 0.8765 124.27 0.2893 
0.40 0.9634 126.00 0.3236 
0.45 1.0469 127.60 0.3565 
0.50 1.1275 129.08 0.3881 

0.6 1.2816 131.76 0.4475 
0.7 1.4284 134.13 0.5025 
0.8 1.5694 136.23 0.5534 
0.9 1.7057 138.11 0.6009 
1.0 1.8383 139.82 0.6453 

1.1 1.9677 141.36 0.6869 
1.2 2.0945 142.77 0.7260 
1.3 2.2189 144.07 0.7629 
1.4 2.3416 145.26 0.7978 
1.5 2.4624 146.36 0.8309 

1.6 2.5820 147.38 0.8625 
1.7 2.7000 148.33 0.8925 
1.8 2.8167 149.22 0.9211 
1.9 2.9329 150.05 0.9486 
2.0 3.0478 150.83 0.9749 

*& values from detailed numerical tabulations. 
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TABLE 3. Characteristic parameters for the 
D-h curve when 8, = O0* 

R S E, E2 

0.20 0.3689 1.940 
0.25 0.3956 1.826 
0.30 0.4190 1.736 
0.35 0.4399 1 ,662 
0.40 0.4586 1.600 
0.45 0.4755 1.546 
0.50 0.4909 1.501 

0 .6  0.5179 1 ,425 
0.7 0.5407 1.367 
0.8 0.5603 1.319 
0.9 0.5773 1.281 
1 .O 0.5921 1 ,249 

1.1 0.605 1 1 ,222 
1.2 0.6166 1.199 
1.3 0.6268 1.180 
1 .4  0.6360 1.167 
1.5 0.6442 1.160 

*Values of Dm are given in Table I .  

The first term derives from the maximum 
dD/dh = (dD/dh);), corresponding to the in- 
flexion point in the 0-7; curve; the second and 
third terms derive, respectively, from the work 
required to pull (or push) the sphere through the 
interface, and the work done during the process. 

From the analysis of the D-h curves for 
different R and do, we have calculated R,  S,  E l ,  
and E2 as functions of Dm and 8,. The deposited 
tabulations include values of R,  S, E l ,  and E2 as 
functions of Dm = 2.2(0.1)4.0(0.2) 10.0(0.5)20.0 
and 8, = 0°(5")900. For 8, = 0°, Table 3 
shows R, S, E l ,  and E2 as functions of Dm. 
Figures 6 a and b and 7 a and b show R, S, E l ,  
and E2, respectively, as functions of Dm and 8,. 
We note that for a given Dm, the variations in 
S, E,, and E2 with respect to  8, are all small 
near 8, = 0°, but rapidly increase as 8, in- 
creases. 

When we obtain an experimental F-h curve, 
we calculate Dm from the maximum F and the 
fluid densities; any conveniently measurable 
quantities among S, E l ,  and E2 are also obtained; 
from the above tabulation using these two 
parameters (Dm and e.g.,  S)  we locate 8, and 
R ;  the surface tension can be calculated from 

which is a component of [I]. 

VOL. 54. 1976 

1.48 

FIG. 6. (a )  W, and (b)  S as functions of Dm and 8,. 

hn 

FIG. 7. (a)  E l ,  and (b )  E, as functions of Dm and 8,. 
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H U H  A N D  MASON 975 

Phototube 
AXIS  of electrobalance, -63 

C a t h e t o m t e r  

FIG. 8. Schematic of the experimental set-up 

Experimental Part 
Apparafus 

Figure 8 shows the schematic of the prototype experi- 
mental setup, consisting of a weighing device, a specimen 
cell, and the means of varying the height h. The weighing 
device consisted of (i) a Cahn RG recording electric 
microelectrobalance, set for 0-1.0 g total range and 
0-100 mg recorder range, which measured continuously 
the force F on  a thread attached t o  a sphere; and (ii) a 
1 mV span recorder t o  record the balance output. The 
balance-recorder arrangement provided about 0.1 mg 
resolution. 

The Iiquid specimen cell was contained in a cubic en- 
closure with 20 cm inner sides t o  protect the specimen 
liquids from air currents and permit temperature control 
to f 0.1 OC. The weighing unit of the balance-was located 
over the enclosure, which had a hole through which a thin 
wire attached to the top of the sphere passed to the 
weighing arm of the balance. Two opposite vertical walls 
of the enclosure were transparent t o  permit visual observa- 
tion during experiments. The specimen cell consisted of 
two vertical cylindrical cups open at the top, one placed 
inside the other; the inner cup had its rim ground flat 
with sharp edges to hold the liquid interface, and both 
cups had branching connections for easy addition and 
removal of liquids. 

A vertical piston on top of which was firmly attached a 
horizontal platform was used to vary h. The platform which 
held the specimen cell was made horizontal to k0.3'. 
The piston protruded through the bottom of the enclosure, 
and could be moved vertically in both directions a t  con- 
stant speeds via geared connections driven by a variable- 
speed D C  motor. The  displacement of the piston was 
also recorded to confirm the displacement shown on the 

Varian recorder. The piston, gears, and motor were all 
mounted on the same base as the enclosure. 

Nylon spheres were used, which were machine-made 
(Industrial Tectonics Inc.). A nichrome wire (0.1 mm 
diameter) was attached to the sphere by drilling a tiny 
hole on  its top. The wire gives rise t o  an extra force a s  it 
emerges from phase 3 into the air, and the corrections for 
it on F were made. The spheres were soaked in distilled 
water for several days; this was done to prevent the a b  
sorption of water during the measurement period and to 
form a homogeneous solid surface fully wetted by water. 
The sphere radius, ranging from R = 0.163 t o  0.325 cm, 
was measured with a micrometer; minute swelling of the 
nylon occurred during soaking, and the corrections for 
R made. Deviation from sphericity was less than 0.1%. 

Materials 
The water used for surface tension measurements was 

purified by passing it through the organics-removal and 
the standard deionization columns (Barnstead), and 
followed by distillation. The  Dow Corning (Type 200, 
100 CS) Silicone fluid was used as received from the manu- 
facturer. In some experiments sodium dodecyl sulfate was 
added t o  the water. 

Procedure 
Before an experiment the cell was repeatedly washed 

with detergent and flowing tap water; immersed for 3 min 
twice in an aqueous mixture of 2% hydrofluoric and 
50% nitric acids; and rinsed thoroughly 15 t o  20 times 
with the distilled water. The spheres, which were kept 
soaked in distilled water, were transferred to the distilled 
water in the cell; the wire of the sphere was attached t o  
the weighing arm, the sphere being positioned a t  the 
center of the cell. The lighter liquid phase was added and 
the liquid/liquid system was equilibrated for one day 
o r  more in the cell. 

The platform was then lowered at constant speed 
(-0.5 mm/min), with the weighing and recording units 
operating, until the force exerted o n  the balance went 
through a maximum and started decreasing. Before the 
sphere detached from the interface, the movement of the 
platform was reversed until the force again went through 
a maximum and started decreasing to zero. In several 
cases, the platform was lowered until the sphere detached 
from the interface. 

From the F-h curve obtained, F, was measured; Dm 
was calculated from (p, - p,) which was independently 
measured by the displacement method. From the curve, 
S or  E, was also measured. Because the F-h relation was 
available as an  electrical output, S (or E, or  E,) could be 
obtained directly employing an electrical differentiater 
(or integrator). 

Preliminary Results and Discussion 
We attempted to make the correction for 

finite 8, on measurements of yZ3. Table 4 shows 
the experimental results for the Silicone fluid/ 
water interface with and without the addition 
of sodium dodecyl sulfate. The density difference 
(p,  - p,) was independently measured by the 
displacement method, and the interfacial ten- 
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Table 4. Interfacial tensions with corrections for finite 0, 

System 
y2, assuming 7 2 3  7 2 3  El 

R (cm) F,,, (dyn) D, 0, = 0° (dyn/cm) S 0, by S (dyn/cm) El 0, by El (dyn/cm) 

Silicone fluid*/water 0.2853 80.5 13.33 38.5 0.453 20" 39.8 
(y23 = 39.5 dyn/cm)t 0.3315 92.63 10.40 39.0 0.476 24" 41 .O 

Silicone fluid*/water 0.2853 42.44 7.034 18.0 
+0.5% sodium dodecyl sulfate 0.2034 26.61 12.17 17.6 

0.1633 20.09 17.75 17.3 
(yZ3 = 19.6 dyn/cm)t 0.3248 50.94 5.721 17.9 

* D o w  Corning 200 (10 cs)  Silicone fluid. 
tlndependent measurements by the pendant drop shape method. (p, - p,) = 0.0633 g/cmJ for both systems. 
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H U H  A N D  M A S O N  977 

sion was measured independently by the pen- 
dant drop shape method, to compare with the 
present results. 

For the system without sodium dodecyl 
sulfate, we employed the S parameter, as 
defined by [6], and a contact angle value of 
about 22" was calculated for the results. The 
resultant correction for the interfacial tension 
values amounted to  about +4.2% over the 
values assuming 8, = 0". For  the system with 
sodium dodecyl sulfate, the contact angle 
values obtained showed a wide scatter. Thus, 
when we employed the S parameter, the cor- 
rection for interfacial tension values ranged 
frorn +2.2% to + 10.6% over those assuming 
8, = 0". When the El parameter was employed, 
the correction for interfacial tension values 
ranged from 0% to +3.9%, and was not suf- 
ficient to bring the values to agree with that by 
the pendant drop shape method. 

Possible reasons for the large discrepancies 
are discussed below. Despite these difficulties, 
we believe that the present sphere method holds 
definite advantages over the ring and plate 
methods, as discussed in the Introduction, and 
the alternative sphere method o f  Scheludko 
and Nikolov (4). While the Scheludko-Nikolov 
method depends on the optical measurement of 
8, at  F,,,, a measurement which from our 
experience is extremely difficult, ou r  experi- 
mental data are available directly as an  electrical 
output which can be easily processed. 

The procedure in using the sphere method to 
determine simultaneously ;I,, and (p2 - / I , )  

when 8, is known (in particular 8, = 0") is: 
(i) S is determined from the experimental 
F-h curve; (ii) Dm and R are read from 
Tables 1 and 3 for S ;  and (iii) y2, and (p2 - p,) 
are determined utilizing R and F,, and the 
definitions of R and Dm in [I]. 

In making the sphere method convenient for 
simultaneously measuring y 2 ,  and Bo, several 
practical difficulties must be overcome. The 
first difficulty arises from the geometry of sphere 
in that relative to its volume it has a short 
contact line, compared to the ring o r  plate. 
Thus, a small error in the measurement of R 
causes a substantial loss of accuracy in Dm (see 
the definition of D in [l]), and accordingly in 
S ,  E,, and E, (see [6]). Preparation of precision 
spheres thus becomes absolutely necessary, 
although the availability of precision ball bear- 

ings makes this surmountable. The second 
difficultv is that the measurement of the h-varia- 
tion is susceptible to error. T o  measure a 
varying weight continuously, the available 
electrobalances feed back the information on 
the weighing arm displacement to reposition 
the weighing arm at  its original setting. The 
continuous displacement and readjustment of 
the weighing arm, although minute, cause an 
error in h when we measure h and F simul- 
taneously. Errors in h cause further loss in 
accuracy of S,  E l ,  and E,. Correction for the 
weighing arm displacement can be satisfactorily 
made from the knowledge of F and the direct 
cathetometric measurement of h but the details 
will not be discussed here. An alternative is a 
new design of electrobalance with zero (or 
negligible) displacement as F varies. 

The third difficulty is that 8, may vary a s  h 
increases. This variation of 8, (which in itself 
would be an average of variations along a given 
line of contact) may result from roughness and 
heterogeneity of the surface of the sphere 
(3, 7, 8), or  as a dynamic effect (9). With the use 
of a precision sphere with a molecularly 
smooth surface (8), and with a sufficiently slow 
variation of h in time, e.g. less than 1 mmjmin 
as in our experiments, this difficulty may be 
overcome. From the upward and downward 
displacements of the sphere (see Fig. 3), we 
examined the reversibility of the F-h curves, 
and when they were reversible, i.e., had mirror 
symmetry, we assumed that 0, was constant. 

The last, but probably the most serious 
difficulty is the effect of the finite size of the 
container which contains the test liquids. The 
theoretical calculations assume t h a t  the hori- 
zontal 23 interface extends to infinity. In many 
practical situations, however, the radius ratio 
of the sphere to container must be large due to 
the limited amount of the test liquid available. 
When R << 1,  the meniscus deformation ex- 
tends to a large distance from the sphere and 
the container wall effect becomes more severe 
(10). Either a wide container is employed, o r  a 
theoretical correction must be made for the 
effect of the container wall. How the container 
wall affects the interfacial tension measurements 
is qualitatively shown by Fig. 9. Interfacial 
tensions were measured for the Silicone fluidi 
water interface which was fixed ( 1  I )  a t  the sharp- 
edged rim of the container. The radius ratio of 
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I ; 1 ; ; b s ; s ; Ib ;I 187.20 
ORKiINAL SHAPE OF INTERFACE tt 

FIG. 9.  Effect of the small size of the liquid container 
on the measurements of y,,. The Dow Corning 200 (10cs) 
Silicone fluid/water interface, which was remained pinned 
at the sharp-edged rim of the container, was initially 
bulged upward: equal volume increments of water were 
successively removed from the container. The approxi- 
mate surface contours determined photographically at 
the various numbered data stations (shown as abscissa) 
are shown in the inset. 

the container to sphere was 9.2, as shown by 
the inset of Fig. 9. Initially (station 1, Fig. 9), 
the interface bulged upward, and the measured 
value of the interfacial tension was smaller than 
the true one: as the equal volume increments of 
the water were removed from the container, 
F,  and the apparent y23 gradually increased, 
revealing a sizeable effect of the container wall. 

VOL. 54. 1976 

Further attempts are being made to overcome 
these difficulties and to make available the 
sphere method as a convenient way of measuring 
surface and interfacial tensions. 

Acknowledgment 
This investigation was conducted over the 

period 1969-1975, with the assistance of Mr. 
Arie Mar to whom we are indebted for many 
contributions and especially for the experi- 
mental work. 

I. C. H U H  and S. G. MASON. J. Colloid lnterface Sci. 
47, 27 1 (1974). 

2. J. F. PADDAY, A. R. PITT, and R. M. PASHLEY. J. Chem. 
Soc. Faraday Trans. 1, 71, 1919 (1975). 

3. J. F. OLIVER, C. HUH,  and S. G. MASON. Wetting and 
spreading: 111. lnfluence of surface roughness (experi- 
mental). T o  be published. 

4. A. D. SCHELUDKO and A. D .  NIKOLOV. Colloid Poly- 
mer Sci. 253, 396 (1975). 

5. H.  M. PRINCEN. In Surface and colloid science. 
Vol. 2. Edited by E. Matijevic. Wiley (Interscience), 
New York. 1969. p. I .  

6. C .  HUH and L. E. SCRIVEN. J. Colloid lnterface Sci. 
30, 323 (1969). 

7. R. E. JOHNSON, Jr. and R. DETTRE. In Surface and 
colloid science. Vol. 2. Edited by E. Matijevic. 
Wiley (Interscience), New York, 1969. p. 85. 

8. C. HUH and S. G. MASON. Wetting and spreading: 1. 
lnfluence of surface roughness (theoretical). T o  be 
published. 

9. G. E. P. ELLIOT and A. C .  RIDDIFORD. J. Colloid 
lnterface Sci. 23, 389 (1967). 

10. C. H U H  and S. G. MASON. A rigorous theory of ring 
tensiometry: addendum on the wall effect. Colloid 
Polymer Sci. In press. 

11. J. F. OLIVER,  C. HUH, and S. G. MASON. Wetting and 
spreading: 11. Resistance to spreading by a sharp 
edge. T o  be published. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Chemically induced dynamic nuclear and electron polarization. 
Part IX. The photolysis of tetrafluoro-p-benzoquinone in dioxane 
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HARISH M .  VYAS and JEFFREY K .  S. WAN. Can. J .  Chem. 54, 979 (1976). 
The photoreduction of p-fluoranil in dioxane was studied by combined C I D N P  and CIDEP 

techniques. It was established that the photoreactive species is the excited triplet of the 
quinone and the phototriplet mechanism is mainly responsible for the C l D E P  observation. 
The C l D N P  observations revealed the cage recombination of the primary radical-pair resulting 
in the formation of the cross-combination product from the semiquinone and the dioxane 
radicals. The cage recombination cannot be monitored by the conventional kinetic esr tech- 
nique. The field dependent CIDNP intensity of the p-fluoranil in the photoreduction by fluoro- 
hydroquinone was also studied and a calculation based on Lawler's scheme showed that the 
results can be adequately explained by the radical-pair theory including both the scavenged 
and cage combination processes. 

HARISH M .  VYAS et JEFFREY K .  S. WAN. Can. J .  Chem. 54, 979 (1976) 
On a etudie, par une combinaison des techniques C I D N P  et CIDEP, la photoreduction, 

dans le dioxanne, du p-fluoroanil. On a etabli que I'esptce photoreactive est un triplet excite 
de la quinone et que le mecanisme de phototriplet est le principal responsable pour I'observation 
CIDEP. Les observations CIDNP revelent la recombinaison en cage de la paire de radical 
primaire qui amene la formation d'un produit croise de combinaison provenant des radicaux 
de la semiquinone et du dioxanne. La recombinaison en cage ne peut pas i t re  suivie par la 
technique conventionnelle de cinetique rpe. On a aussi etudie I'intensite C I D N P  dependant 
d u  champ du p-fluoroanil lors de la photoreduction de la fluorohydroquinone et un calcul 
base sur le schema de Lawler montre que les resultats peuvent i t re  expliques correctement par 
la theorie des paires de radicaux incluant les deux processus de piegage et d e  combinaison en 
cage. 

[Traduit par le journal] 

Introduction 
In a previous esr study (1) of the photolysis 

of p-fluoranil (tetrafluoro-p-benzoquinone) in 
dioxane solution, we observed the transient 
p-tetrafluorosemiquinone radical and its decay 
kinetics. These radicals decay by self-dispro- 
portionation with a second-order rate constant 
at room temperature of 3.2 x 10' M-' s-I. 
Similar decay kinetics have been reported (2) 
for other semiquinone radicals in dioxane or 
isopropanol solution. 

The conventional esr spectrometer is not able 
to detect free radicals with lifetimes shorter than 
100 ps and thus only gives a partial resolution 
to the 'transient' radical intermediates involved 
in various stages of a chemical reaction. On the 
other hand, detailed CIDNP studies may yield 
more insight into the whole chemical reaction 
system, but the identity of the transient radical 
intermediates is only inferred from the products. 
However. when combined with the transient 
esr technique in which the radicals and their 

magnetic parameters can be readily obtained, 
CIDNP study can yield unprecedented detailed 
information on the nature of the radical inter- 
mediates, their various reaction pathways lead- 
ing to the formation of products. For example, 
in the previous study (1) of the photoreduction 
of p-fluoranil in dioxane, the conventional "F 
nmr analysis revealed only the self-dispro- 
portionated products which are the major 
reactions of the semiquinone radicals, accord- 
ing to the kinetic esr observations. The minor 
reaction pathways such as  the cross-combina- 
tion with the counter dioxane radicals were not 
observed. The extremely high sensitivity of 
CIDNP technique in the present study afforded 
the direct investigation of these minor reactions 
and the identification of the products. 

In our first correlated CIDNP and CIDEP 
study of the benzoquinone in isopropanol (3), 
the CIDNP results also suggest that the semi- 
quinone radicals decay by a minor pathway in a 
'cage disproportionation' with the ketyl radicals, 
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FIG. 1. (a) 19F CIDNP spectrum during the photo- 
lysis of p-fluoranil in dioxane; (b) 19F spectrum of the 
product after prolonged irradiation. Line I is the hydro- 
quinone peak, lines 2, 3, 4, 5 are due to the product 1. 

in addition to the major decay path via self- 
disproportionation. Recently, we have estab- 
lished (4, 5) that in the photochemical carbonyl 
systems involving primary photochemical re- 
actions from excited triplets, both the radical- 
pair and the phototriplet mechanisms contribute 
simultaneously to the electron polarization as 
well as the nuclear polarization. In quinone 
systems in which the proton coupling constants 
of the semiquinone radicals are relatively small, 
the phototriplet mechanism was found to be 
dominant in electron polarization of the primary 
radical-pair. Subsequent secondary reactions 
of the radical-pair leading to product forma- 
tions and CIDNP observationscan be accounted 
for mostly by the radical-pair mechanism. 
Furthermore, it has been clearly demonstrated 
that the radical-pair mechanism also plays a 
minor role in the electron polarization of the 
semiquinone radicals. Because of the relatively 
unfavorable magnetic parameters of the protons 
in the semiquinone radicals, simultaneous con- 
tribution to CIDNP from the phototriplet 
mechanism is more difficult to demonstrate. 
However, by using p-fluoranil in which the 
protons are replaced by fluorines which have 
larger coupling constants, we are able to estab- 
lish the contribution of the phototriplet mechan- 

ism to the CIDNP of the fluoranil system (6). 
Here the initial electron polarization of the 
semiquinone radical derived from the photo- 
triplet mechanism is being transferred to the 19F 

nuclear spin levels by the Overhauser cross 
relaxation and subsequent retention of the 
nuclear polarization in the product. 

We report in the present paper a detailed 
CIDNP study and a correlated CIDEP study 
of the photolysis of p-fluoranil in dioxane 
solution. 

Experimental 
p-Fluoronil (Aldrich) and 2,6-di-tert-butylphenol were 

purified by vacuum sublimation. Dioxane (Fisher spectro- 
grade) was dried by passing through an alumina column 
immediately before use. Sample solutions of fluoranil in 
dioxane were approximately 10-2 M in concentration. 
Chemically induced dynamic nuclear polarization spectra 
were recorded with a Bruker HX60 spectrometer using a 
I9F probe modified for irradiation. The light source was 
a 1 kW super pressure mercury lamp equipped with a 
water filter. The chemical shifts reported are referred to 
external trifluoroacetic acid inserted into the sample 
tube by means of a sealed capillary tubing. Apparatus for 
CIDEP study has been described previously (3). 

Results and Discussions 
A typical CIDNP spectrum taken during the 

photolysis of p-fluoranil in dioxane solution at 
room temperature is shown in Fig. la. After 
proIonged irradiation of a more concentrated 
solution of p-fluoranil in dioxane, the spectrum 
of the products is shown in Fig. 16. These 
CIDNP observations can be readily explained 
by the Kaptein's rules at high field (7) according 
to the reaction Scheme 1. 
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From the esr measurements it was found that 
the g-value for the semiquinone radical is 
greater than that of the dioxane radical. The 

hyperfine coupling constants for the semi- 
quinone radical are ( - )3.8 and ( + ) 14.1 G for 
the meta and ortho fluorines, respectively. The 
signs of the coupling constants are obtained 
from an I N D O  calculation and are consistent 
with the assignments reported in literature (8). 

Recombination product similar to  1 in the 
photoreduction of p-quinones by xanthene in 
carbon tetrachloride solution has been ob- 
served to exhibit C I D N P  (9). In the present 
system, the recombination of the semiquinone 
and the dioxane radicals could also lead to two 
other isomeric products : 

However, the product spectrum in Fig. 16 can 
be assigned to  the product structure 1 which 
has a simple first order A,X, ' "F  pattern 
(represented by lines 2,3,4,5 in Fig. lb). The 
major doublet splitting is due  to  the coupling 
of the ortho fluorines with J2 ,  = J,, = 18 MHz 
in 1. Since the ortho coupling signs are usually 
negative ( lo) ,  the application of the Kaptein's 
rules for the cage recombination product 1 
would predict a C I D N P  multiplet effect with an 
EIA pattern which is consistent with the experi- 
mental observation. Thus, we conclude that 
apart from self-disproportionation, the other 
major reaction of the semiquinone radicals is 
the 'cage' recombination with the counter 
radical and that the major combination product 
is 1. In a conventional kinetic esr study, only 
the semiquinone radicals diffused from the 
primary cage would be observed and these 
diffused radicals would indeed decay by a 
second-order kinetics via self-disproportiona- 
tion. 

The self-disproportionation of the semi- 
quinone radicals leads to  the so-called 'escaped 
products' which are the hydroquinone and the 
p-quinone. The experimental observation (Fig. 
l a )  shows that the hydroquinone (line 1) is in 
the emissive mode and during the photolysis 

the parent peak of the p-fluoranil was found to 
exhibit diminished absorption, due  to  the 
emission from the escaped product p-fluoranil. 
At first we thought that the polarization in the 
escaped product could result from the initial 
nuclear polarization generated in the semi- 
quinone radicals. However, a referee has pointed 
out  that such a mechanism requires that the 
nuclear Tl must be relatively long compared 
to the chemical lifetime of the radical under- 
going disproportionation. The  referee further 
pointed out  in our  present system the minimum 
lifetime of the radical is about 2 ms, which 
would be much longer than a reasonable TI 
value for the 19F relaxation. The short Tl for 

in this case can be inferred from the experi- 
mental fact that C I D E P  was not observed in 
the semiquinone radical because of rapid elec- 
tron relaxation. Under such conditions, the 
referee suggested that the 'escape' radical 
polarization could be transferred to  the products 
via the following exchange (scavenging) re- 
actions: 

These exchange reactions are expected t o  be 
very fast so that the second exchange reaction 
with hydroquinone would require only a trace 
of hydroquinone initially produced unpoIarized 
via self-disproportionation. Since neither of 
these exchange reactions causes a net loss of 
semiquinone radicals, they would not be de- 
tected by esr kinetic measurements. 

In C i D E P  study of the photoreduction of 
p-fluoranil in dioxane, it was expected that 
similar to  other quinones, the electron polariza- 
tion of the radicals would come mainly from 
the phototriplet mechanism (5, 11). However, 
in the formulation of the triplet model, we have 
emphasized that the rate of abstraction by the 
polarized triplet quinone must be comparable 
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FIG. 2. (a) ~ l e c t r d n  spin resonance spectrum of the 
phenoxy radical using 2 MHz modulation; (b) The time 
dependence of esr intensity of the phenoxy radical ob- 
served during the 5 ns pulse laser photolysis ofp-fluoranil 
and 2,6-di-!err-butyl phenol in dioxane. The (+)  sign 
indicates absorption and the (-)  sign emission. 

or faster than the depolarization rate of the 
triplet (1 I). In the present system, no electron 
polarization was observed and this can be 
attributed to the much slower abstraction rate 
of the triplet p-fluoranil from the dioxane 
molecule. The spin-lattice relaxation time of 
the tetrafluorosemiquinone radical may also be 
shorter than the proton analog. It was therefore 
necessary to introduce a more efficient hydro- 
gen-donor in the photoreduction. When 2,6-di- 
rert-butylphenol was added to the dioxane 
solution of p-fluoranil, the corresponding phen- 
oxy radical was observed in strongly emissive 
mode (Fig. 2). However, polarization was still 
too weak for observation in the fluorosemi- 
quinone radical. It was further established that 
in the phenoxy radical, all hyperfine lines 
exhibit emission, as expected from the photo- 
triplet model (1 1). Since it was difficult to 
observe the polarization from the counter semi- 
quinone radical, total emission spectra of the 
one phenoxy radical could still arise from the 
Ag effect, according to the radical-pair theory. 
Nevertheless, in the present system both the 
fluorosemiquinone radical and the phenoxy 
radical have identicalg-values (2.0048 + 0.0003). 
it follows that the phototriplet mechanism 
must be mainly responsible for the totally 
emissive polarization of the phenoxy radical. 
Thus the CIDEP study supported the scheme 
in Scheme 1 in that the abstraction reaction 

involves the triplet p-fluoranil and that the 
resulting radical-pair is initially a triplet pair. 

We have also carried out CIDNP study of the 
photoreduction of p-fluoranil by fluorohydro- 
quinone at low field (5-500 G). In a previous 
low field study (36) of the photoreduction of 
p-quinones, we were mainly interested in the 
escaped products. Here we extend the study to 
cover the cage recombination products. In 
general, S-T, mixing becomes efficient a t  low 
fields. Since nuclei are flipped during S-T, 
transitions, the consequence is that at low fields 
the polarization of the recombination products 
generally will not be opposite in sign to that of 
the escaped products. Since calculations on the 
CIDNP of recombination products at low fields 
have not been formally presented, it is perhaps 
worthwhile to report them here. 

The calculations are mainly based on Lawler's 
formulism (12) of a dynamic reaction: 

where R is the initial reactants, E is the en- 
counter pair, D is the diffused pair, and C is 
the combination product. The density operators 
b D  and bS, for the diffused radical-pair and the 
scavenged product, respectively, satisfy the 
equation of motion : 

where0 is !he radical-pair Hamiltonian operator 
and the commutator describes the time evolu- 
tion. The term jD/ts describes the kinetics of 
the disappearance of D and the formation of S. 

During the encounter interval t,,, a radical- 
pair in the singlet state can react to form 
products but a radical-pair in the triplet state 
cannot. This 'bleeding' of the singlet state 
during encounter interval I,, thus represents 
the formation of product C.  The CIDNP 
intensity, ljkC, of an  nmr transition l j )  -+ Ik) in 
the product C can be approximated by (36). 

The probability 4, of finding the product C in 
a nuclear state I / )  is related to the elements of 
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FIG. 3. The experimental (--0--) and theoretical (..-) 
curves of the field dependent C I D N P  intensity of the 
p-fluoranil during photoreduction by fluorohydroquinone. 

the density operator bD according to the 
following equation : 

where 1. is the probability of a singlet radical- 
pair reacting during an encounter, Z, is the 
number of nuclear states in R, P is the prob- 
ability of at least one encounter, and all other 
symbols are described previously (36). 

The field-dependent CIDNP intensity of the 
photoreduction of p-fluoroanil by fluorohydro- 
quinone was observed experimentally and 
plotted between 0 and 500 G, as shown in Fig. 3. 
The calculated CIDNP intensity is also included 
in Fig. 3. The calculations were made on four 
nuclei including the two ortho and two meta 
fluorines. The following parameters were used: 
J = -0.44 x lo9 rad/s; P = 0.8; 1, = 0.95; 

g = 2.0048; Ag = 0; ts = 0.25 x s;  tD = 
1 x lo-'' S ;  A,,,, , ,~ = + 14.1 G ;  A ,,,, = -3.8 G. 

I t  is apparent from Fig. 3 that the experi- 
mental curve fitted very nicely with the 
theoretical curve. We therefore conclude that 
in the present system at very low fields, the 
S-T, mixing is so efficient that it becomes the 
dominant mechanism in the CIDNPobservation. 
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The reactions of atomic oxygen with methanol and ethanol1 
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CYNTHIA M. OWENS and JOHN M. ROSCOE. Can. J. Chem. 54,984 (1976). 
The reactions of 0 ( 3 ~ )  with CH,OH and C,H,OH were studied as a function of temperature. 

The absolute rate constants for these reactions fit the following expressions: 

0 + C H 3 0 H  log k = 9.16 f 0.03 - (12.8 f 1.2)lRT 

0 + C,H,OH log k = 8.62 f 0.05 - (6.3 + 1.7)lRT 

(Activation energies are in kJ/mol. Rate constants are in I mol-' s-'.) The data support abstrac- 
tion of the a-H atom as the primary step. The a-C-H bond in ethanol is apparently weaker 
than that in methanol, and this alters the nature of subsequent steps in the mechanisms for 
these reactions. The presence of oxygen alters the stoichiometric coefficients for these reactions 
and produces the corresponding carboxylic acid. 

CYNTHIA M. OWENS et JOHN M. ROSCOE. Can. J. Chem. 54, 984 (1976). 
Les reactions de 0 (3P )  avec le C H 3 0 H  et le C,H,OH ont ete etudiees en fonction de la 

temperature. Les constantes absolues de vitesse de ces reactions peuvent Ctre exprimees par 
les expressions suivantes: 

0 + C H 3 0 H  log k = 9.16 k 0.03 - (12.8 f 1.2)lRT 

0 + C,H,OH log k = 8.62 f 0.05 - (6.3 + 1.7)lRT 

(Les energies d'activation sont exprimees en kJ/mol. Les constantes de vitesse sont exprimees 
en I mol-' s-'.) Les resultats impliquent que la perte d'un atome a-H est I'itape premiere. 
La liaison a-C-H semble Ctre plus faible en le C,H,OH que dans le C H 3 0 H  et par consequent 
les mecanisms pour les deux reactions ont des etapes secondaire differentes. La presence 
d'oxygene abaisse les constantes stoichiometriques et conduit a la formation de I'acide car- 
boxy lique correspondant. 

While the reactions of atomic oxygen with 
hydrocarbons have been extensively studied, 
very little attention appears to have been paid 
to the corresponding reactions of polar com- 
pounds such as alcohols. Our interest in the 
reactions of atomic oxygen with alcohols arose 
as a result of oxygen atom participation in 
the reactions of alcohols with active nitrogen (1). 

While some information is available on the 
mechanism of oxygen atom attack on alcohols 
(2-5), only two kinetic investigations have been 
reported (3, 6). The rate constants reported by 
LeFevre el al. (6) are approximately an order 
of magnitude higher than those of Avramenko 
el al. (3), and large differences exist in both the 
preexponential factor and activation energy. 
Neither group determined the stoichiometric 

'This paper is dedicated to Professor C.  A. Winkler 
of McGill University on the occasion of his sixty-fifth 
birthday by one of his former students (J.M.R.). 

'Present address: Department of Chemistry, University 
of Windsor, Windsor, Ontario. 

3To whom correspondence should be addressed. 

coefficient for their reaction, and absolute rate 
constants are therefore unavailable. Aside from 
the quantitative discrepancies among existing 
data, the reaction mechanism postulated by 
Avramenko el al. (3) is different from that 
postulated by Kato and Cvetanovic (4, 5 ) .  The 
work reported here attempts to resolve some of 
the discrepancies among existing data for the 
reactions of atomic oxygen with methanol and 
ethanol, and presents absolute rate constants 
for these reactions. 

Experimental 
The reactions were studied in a conventional flow 

system similar to that described previously (1). The 
apparatus was modified slightly for the stoichiometric 
measurements by placing a molecular leak in the observa- 
tion zone so that consumption of atoms and alcohol, and 
formation of reaction products, could be monitored 
simultaneously at the same reaction time. Stable species 
could be measured via this molecular leak using a CEC 
model 21-104 single focussing mass spectrometer. 

The mass spectrometer was operated at  sufficiently low 
ionizing voltages to minimize interference by fragmentation 
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TABLE I .  Stoichiometric coefficients 

No 0, Excess 0, 

Reaction [ROHI/[Ol A[OI/A[ROHl [o,l/[oI [ROHI/[Ol A[OI/A[ROHl 

2 . 0  
1 .6  
1 . 6  
2 . 4  
1 .9  
1 . 9  
2 . 0  
- 

Ave. 1 . 9 + _ 0 . 2  
1 .7  
1 .5  
1 .6  
1 . 3  
1 .8  
1 . 5  

Ave. 1 . 6 k 0 . 1  

30.7 1 .O 
16.1 1 .O 
14.2 1 . 3  
9.22 1.1 
5 . 3 4  1 . 2  
4.61 1.4 
2.03 1 . 3  
0.786 1 . 5  

Ave. 1 . 2 k 0 . 2  
34.1 0.67 
27.1 0.67 
22.6 0.69 
22.2 0.65 
21 .O 0.65 
20 .9  0 .69  

Ave. 0.67kO.Ol 

products. While no measurable contribution was found 
at m/e 18 for formic acid or  acetic acid a t  concentrations 
typical of those under actual reaction conditions, small 
contributions were found from methanol and ethanol 
and appropriate corrections were made when calculating 
the yield of water. The presence of a small excess of N O  
used to produce the NO, emission for monitoring 0 
atom concentrations produced too great an  interference at 
m/e 30 to permit measurement of formaldehyde. 

Oxygen atoms were produced by N O  titration of N 
atoms formed in a microwave discharge through N, 
(7, 8). The 0 atom concentration was monitored by 
measuring the intensity of the NO, emission produced 
by a small excess of N O  added to the gas stream (9). The 
method was calibrated by measuring the intensity of the 
emission when 0 atoms were made in varying con- 
centrations. The intensity varied linearly with the amount 
of N O  added in excess of the titration end point for a 
constant 0 atom concentration, and also varied linearly 
with 0 atom concentratisn for a constant excess of NO. 

Nitrogen, NO, and the alcohols were purified as out- 
lined previously (I). Oxygen was purified by passing it a t  
atmospheric pressure through a furnace packed with 
oxidized copper turnings and heated to 400 OC, and then 
through a trap cooled in Dry Ice and acetone. This 
treatment was necessary to remove traces of hydro- 
carbons and water. The purified 0, was then metered 
through a needle valve and entered the reaction vessel 
downstream from the discharge but upstream from the 
reactant inlet. In this way, possible interference by 
singlet oxygen formed in a discharge through 0, was 
avoided. 

The method of kinetic analysis has been described 
previously (I ,  10). It may be easily shown that in addition 
to compensating for first order atom recombination, the 
method also corrects for gradual drift of the N O  con- 
centration. Both the Arrhenius parameters and the rate 
constants were calculated by weighted least squares with 
weights y 2 / d ( y )  where y = k for the Arrhenius expression 
and y = intensity in the pseudo first order analysis. 

Results and Discussion 
Kinetics 

The stoichiometric coefficients for the reac- 
tions studied here are presented in Table 1. 
These values were obtained at long reaction 
times (about 200 ms) by simultaneous measure- 
ment of 0 atom and alcohol consumption. 
These stoichiometric coefficients were used to 
convert the experimental rate constants to the 
absolute values recorded in Table 2 and Fig. 1. 

The data in Table 2 indicate that the pre- 
exponential factor for 0 + C,H,OH is smaller 
than for 0 + CH,OH. This would be con- 
sistent with the postulate (4, 5) that the 0 atom 

.9,C I I 

2.1 2.2 2.3 24 25 26 2 7  2.8 2.9 3.0 31 3 2  33 
I O ~ / T  ( K')  

FIG. 1. Arrhenius plots for 0 + CH,OH in absence of 
O,, x ;  0 + C,H,OH in the absence ofO,,O; 0 + C 2 H 5 0 H  
in the presence of excess O,, e. All plots use absolute 
rate constants. 
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TABLE 2. Absolute rate constants* 
-~ 

Pressure Velocity [ROH] x lo6 [ 0 ]  x lo7 Temperature k,,, x lo-' 
(Torr) (m S-I) (mol I-') (mol I-') (K) (I mol-I s-I) 

0 + CH,OH 
1.07 9 .45  1.14 1 .OO 45 1 4.56 
1.07 8.78 1.50 I .25 430 3.46 
1.06 8.47 1.34 1.26 413 3.60 
1.06 8.04 1.39 1.23 392 2.73 
1.75 5.35 1.94 1.92 388 2.99 
1 .OO 7 .57  1.29 1.20 376 2.26 
1.76 5.42 1.69 1.60 3 74 2.57 
1 .OO 7.19 1.26 1.20 359 1.88 
1 .OO 6.89 1.23 1.21 344 1.82 
1.04 6.68 1.19 1.18 332 1.29 
1.17 6.88 1.44 1.34 320 1.12 
1.17 6.62 1.72 1.60 30 1 0.866 
1.17 6.65 1.85 1.54 30 1 0.870 
1.05 7.83 2.49 1.81 30 1 0.770 
logk  = 9 . 1 6 f 0 . 0 3  - (12.8+1.2)/RT;correlationcoefficient = 0.99 

0 + C,H,OH (no 0 , )  
1.35 8.33 0.890 0.566 439 6.75 
1.35 7.78 0.954 0.606 410 5 .93  
1.35 7.49 0.968 0.629 395 6.34 
1.31 7.72 1.21 1.17 390 5.42 
1.15 7.89 1.68 1.29 37 1 6.00 
1.31 7.13 1.32 1.28 360 4.91 
1.31 6.87 1.37 1.33 347 5.25 
1.32 6.30 1.18 1.10 322 3.95 
1 .28  6.09 1.39 1.05 302 3.54 
1.28 6.09 1.71 1.54 302 3.12 

0 + C,H,OH (excess 0 , )  
1.36 8.26 1.03 0.251 43 1 7.34 
1.36 7.95 1.07 0.273 415 7 .84  
1.36 7.52 1.13 0.215 396 5 .54  
1.36 7 .22  1.18 0.200 380 5.67 
1.28 7.77 1.34 0.254 380 7 .32  
1.28 7.46 1.39 0.221 365 5.18 
1.28 7.20 1.40 0.316 352 6.04 
1.29 6.32 1.12 0.175 317 3.57 
1.29 6.21 1.12 0.205 310 3 .50  
1.28 5.99 0.929 0.115 30 1 3.50 
1.28 5.99 0.911 0.112 301 3.48 
log k = 8.62 k 0 . 0 5  - (6 .3  + 1 .7)/RT; correlation coeficient = 0.93t  

*Activation energies are in kJ mol-'. All rate constants are w i t h ~ n  two standard deviations of the  
regression line. 

tThis expression was fitted to the  combined data for C,H,OH. 

abstracts the a-H atom, since there are fewer 
a-hydrogens in ethanol than in methanol and 
they are also less accessible in ethanol than in 
methanol. The same data indicate that the 
activation energy for 0 + C,H,OH is less than 
that for 0 + C H 3 0 H .  This suggests that the 
a-C-H bond in ethanol is weaker than that in 
methanol, which is consistent with other values 
of these bond energies (1 1). In methanol, the 
electron-withdrawing effect of the O H  is dis- 

tributed among three C-H bonds, while in 
ethanol it is distributed mainly between the 
two a-C-H bonds. This is offset to  some extent 
by electron donation from the methyl group in 
ethanol, but the net effect seems to be bond 
weakening. 

The kinetic parameters for 0 + C H 3 0 H  
may be compared with those of Avramenko 
et al. (3) and of Timmons and co-workers (6). 
Our rate constants are a t  least an  order of 
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TABLE 3. Product yields* 

No 0, Excess O2 

[H20]  [RCH : 0 ]  [021 
-. 

[H20] [RCH : 0 ]  [RC(: O)OH] 
-- -- 

Reaction 401 401 A101 401 401 A101 

0 + CH,OH 0.082 
0.072 
0.085 
0.082 
0.078 

Ave. 0.080 f 0.004 

- 

Ave. 1 . 1 k 0 . 1  

*[ROH]/[O] ranged from 11.0 to 37.0 in these experiments 

magnitude larger than those reported by Avra- 0 + CH,OH 
menko, and our activation energy is also much The following mechanism has been suggested 
smaller. Others have experienced difficulty in for the reaction of 0 atoms with methanol (5): 
reproducing Avramenko's results both quanti- 
tativelv and aualitativelv (5. 6). and this extends [I1 0 + CH,OH + CH20H + OH 

d , ,  ,, 

to readtions dther than those r e ~ o r t e d  here (12). 121 OH + CH,OH -- CH,OH + H,O 

Some potential sources of this discrepancy have pol 2CH20H -+ CH,OH + H 2 C : 0  
also been discussed elsewhere (5, 12). 

An apparent printing error in ref. 6 resulted [3b1 2CH20H -+ HOCH2CH20H 

in two- ialues -of the- activation energy for 
0 + C H 3 0 H  being reported. T o  determine the 
correct value, their rate constants were sub- 
jected to y-weighted least squares analysis. 
This gave an activation energy of 11.4 2.3 kJ 
mol-'. The preexponential factor obtained was 
(1.70 f 0.66) x 1012 cm3 mol-' s-' which is 
the same as that reported (6) and suggests that 
our analysis of the data is probably correct. 
These recalculated values are in excellent agree- 
ment with our values of 12.8 f 1.2 kJ mol-' 
and (1.44 + 0.12) x 10" cm3 mol-' s-', in 
spite of the quite different experimental methods 
used. 

The yields of H 2 0  in Table 3 indicate that 
reaction 2 can account for only about 8% of 
the O H  radicals formed in [I], and another loss 
route is needed for OH.  Furthermore, it is im- 
possible to obtain a stoichiometric coefficient 
of 1.9 (Table 1) from this mechanism without 
placing undue weight on  reaction 30. The 
importance of [3a] could not be assessed directly 
because of interferences in the mass spectro- 
metric analysis as noted in the experimental 
section. A possible solution to this problem is 
to  invoke the reaction 

Reac~ion Mechanisnw which has been postulated to be important in 
From Table 1, it is clear that 0, alters the the overall reaction under similar conditions 

stoichiometry of both 0 + C H 3 0 H  and (6). It is known to be fast (13-15), with absolute 
0 + C2H,0H.  These reactions are best con- rate constant about 10" 1 mol-' s-' and 
sidered separately. effectively no activation energy. The use of [4] 
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in place of [2] provides the alternative source TABLE 4. Relative reaction weights 
of H,O 

Relative weights 
[Sol H + CH,OH --, CH, + H,O 

is61 H + CH30H - CH,OH + H2 No 0, Excess 0, 
- 

Under conditions similar to those in our  Reactions (a) (b) (0) (b) 
experiments, it was found that k,,,/k,, = 713 
( 16). . , 

A decision as to the relative importance of 
[2] and [5a] can be made from the product 
yields in the presence of 0, (Table 3). These 
data were used to calculate the relative weights 
of the steps in the mechanism listed in Table 4, 
taking the relative weight of reaction 1 as unity. 
The H 2 0  yield in the presence of 0, was not 
used in these calculations for reasons that will 
be clear later. Instead, the disproportionation/ 
combination ratio for CH,OH calculated in 
the absence of 0, was combined with the 
measured yield of formic acid to calculate the 
yield of H,O which was then compared with the 
experimental value. It was assumed that the 
formic acid was formed in the reaction 

This reaction is not meant to be a n  elementary 
one, and may well result from formation of 
HOCH,O-0. followed by elimination of OH 
and rearrangement. Similar reactions have been 
proposed in studies of the oxidation of organic 
substrates (1 7-20). 

It will be noted that in Table 4 the relative 
weight for [5a] + [5b] increases from 0.23 in 
the absence of 0, to 1.09 when 0, is added. 
Assuming that all the H produced in [4] reacts 
via [5], the weight for [5] should be unity in 
the absence of 0,. We interpret this discrepancy 
as indicating that about 77% of the H atoms 
formed in [4] are lost at  the wall. 

In the presence of O,, the weight of [5] 
should be 1.35 if all the H formed in [4] were 
removed by [5]. The lower value of 1.09 is again 
interpreted as a loss of 20% of the H atoms at 
the wall. This lower value of H atom loss may 
be a result of poisoning of the wall by water 
and by formic acid. Water is known to be a 
good inhibitor of heterogeneous H atom re- 
combination, and it is possible that formic acid 
is also strongly adsorbed although its properties 
as a recombination inhibitor are not clear. 
I t  may also be significant that in the presence 
of O,, the 0 atom s i g ~ a l  returned to  its initial 

111 1 1 I I 
[2] 0.15 0 0.01 0 
[3n] 0 .  18 0.18 0.12 0.14 
[3b] 0.97 0.35 0.62 0.27 
[dl 0.85 1 .O 0.08 1 .O 
[so] 0 0.16 0 0.76 
is61 0 0.07 0 0.33 
[6] 0 0 0 .16 0 .35 

No 0, Excess 0, 

[H,Ol/A[OI (0) (b) (0) (b) 

Measured 0.080 0.080 0.25 0.25 
Calculated - - 0.009 0 .32  

value sluggishly when the CH,OH flow was 
turned off, while it returned to its initial value 
quite readily in the absence of 0,.  This kind 
of behaviour is also typical of altered wall 
conditions. 

0 + C,H,OH 
The following mechanism has been suggested 

for the reaction of 0 atoms with ethanol (4): 

This mechanism accounts satisfactorily for the 
observed yield of H,O (Table 3). Any inter- 
vention by reaction 4 as in the methanol reaction 
would decrease the yield of H,O below the 
measured value. These results suggest that OH 
reacts much more readily with C,H,OH than 
with CH,OH. This is consistent with the 
observed lower activation energy for 0 + C,- 
H,OH compared with 0 + CH,OH since OH 
presumably abstracts the cx-H atom. It seems 
reasonable to suggest a lower limit of about 
10" 1 mol-' s-' for k,, since k , ,  must be at 
least as large as k, to  give H,O/AO = 1.1 f 10% 
under our  experimental conditions. 

The mechanism outlined above predicts a 
larger yield of acetyldehyde than is observed. 
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OWENS A N D  ROSCOE 989 

Since acetaldehyde reacts readily with 0 atoms 
(1 2,21), the following reactions should probably 
be included. 

The mechanism consisting of reactions 11 
through 16 accounts satisfactorily for the 
measured yields and stoichiometric coefficient 
and gives acceptable balance of all free radicals. 
It may be relevant that the reactions 

were unsatisfactory as sources of acetaldehyde. 
Mechanisms in which either or  both of these 
reactions were used consistently predicted too 
large a yield of acetaldehyde. 

The addition of 0, to the 0 + C,H50H 
reaction increases the yields of H,O and 
acetaldehyde (Table 3), decreases the stoichio- 
metric coefficient (Table l), and produces 
acetic acid (Table 3). The acetic acid is assumed 
to arise from 

The general explanation of these effects is 
presumably similar to that advanced for the 
0 + CH,OH reaction, but the available experi- 
mental data do not allow a quantitative treat- 
ment of this system, because of the potentially 
greater number of reactions involved. 

It is perhaps surprising that the reactions of 
CH,OH and of C,H50H with 0 atoms are not 
satisfactorily described under our experimental 
conditions by a single mechanism. This is 
apparently due to the lower activation energy 
for abstraction of the cr-H atom from ethanol 
compared to methanol. This evidently prevents 
OH + CH,OH from competing with 0 + OH 
under our conditions. The difference between 
our results and those of ref. 4 are likely a result 
of two substantial differences in experimental 
conditions. At the lower pressures used in our 
work, heterogeneous reactions may be much 
more important than in ref. 4, and the much 
larger excess of CH,OH over 0 in ref. 4 may 
well have allowed OH + CH,OH to compete 

successfully with OH + 0, thereby altering the 
yields and stoichiometry of the 0 + CH,OH 
reaction. Because of this, our results should 
not be construed as being inconsistent with 
their results. Of greater importance is our con- 
clusion that abstraction of the cr-H atom is the 
initial step in the reactions of both alcohols 
with 0 atoms, in agreement with the results of 
.refs. 4-6 and in contradiction of Avramenko's 
interpretation (3). 
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Free radicals by mass spectrometry, XLVII. Ionization potentials and 
ionic heats of formation of C,-C, alkyl radicals1 

F. P. LOSSING 
Dicision oj'Cl~emisrry, Narional Researcll Coutlril oj'Canada, Olrawa, Canada KIA  OR9 

AND 

ALLAN MACCOLL 
Cl~risropher Ingold Laborarory, Universir~~ College, 20 Gordotl Sr., London. England W C l H  OAJ 

Received September 19, 1975 

F. P. LOSSING and ALLAN MACCOLL. Can.  J. Chem. 54, 990 (1976). 
Using an energy-resolved electron beam, ionization potentials have been measured for a 

number of C,-C, isomeric alkyl radicals, produced by pyrolysis of nitrite intermediates. Values 
for primary radicals, which could not be produced in sufficient yield, are estimated by extrapola- 
tion from lower members of the series. Ionic heats of formation and hydride ion affinities are 
reported. 

F. P. LOSSING et ALLAN MACCOLL. Can. J .  Chem. 54, 990 (1976) 
Utilisant appel a un faisceau d'electrons, resolu quand a I'energie, on a pu mesurer les 

potentiels d'ionisation d'un certain nombre de radicaux alcoyles C, a C, qui avaient ete produits 
par pyrolyse de nitrites intermediaires. Dans le cas des radicaux primaires, qui ne peuvent 
pas t t re  produits en quantites suffisantes, on a evalue ces potentiels en extrapolant a partir 
des premiers termes de la serie. On rapporte aussi les chaleurs de formation ionique et les 
affinites des ions hydrures. 

[Traduit par le journal] 

Introduction 
Reliable heats of formation data for frag- 

ment ions are essential to our  understanding 
of the ionization and dissociation processes 
leading to the formation of mass spectra. Much 
of the existing data has been obtained from low 
energy-resolution measurements, or  from dis- 
sociative ionization threshold measurements for 
which the identity of the fragment ion, aside 
from its formula, is unknown. From recent 
work (1 ,  2), in which heats of formation of 
even-electron hydrocarbon ions made by ioniz- 
ing the corresponding neutral free radicals have 
been compared with heats of formation derived 
from fragment ion appearance potentials, it is 
clear that major structural rearrangements to 
produce the more stable isomers of a given 
fragment ion can take place close to the en- 
thalpy minimum for the dissociation. For  this 
reason the thermochemistry of alkyl fragment 
ions derived from dissociative ionization thresh- 
olds does not exhibit a clear separation into 
primary, secondary, and tertiary ions. Thermo- 
chemical data obtained by direct ionization of 
free radicals of known structure, although sub- 

' N R C C  No. 15144. 

ject to errors of a different kind, are free from 
complications resulting from ionic rearrange- 
ments, since the ionization energy measured is 
that required to form the ion on a time-scale 
much shorter than that required for changes in 
internuclear distance, and is, of course, un- 
affected by the subsequent rearrangements of 
the ion. The ionization potential so measured 
will usually be lower than the vertical value, 
and may approximate the adiabatic value, 
depending on the shapes of the potential energy 
curves for the radical and ion, and on the 
experimental sensitivity. These factors have been 
clearly explained by Morrison (3). 

The ionization potentials and ionic heats of 
formation for C,-C, alkyl radicals obtained in 
this way have been reported (4). The present 
work was undertaken to extend these measure- 
ments to higher alkyl radicals in the range 
C,-C,. 

Experimental 
Ionization efficiency curves were obtained as described 

earlier (4) using an energy-resolved electron beam from a 
double-hemispherical energy selector, coupled t o  a quad- 
rupole ion filter. The initial portions of the ionization 
efficiency curves were scanned repeatedly over a 0.8 V 
range and the data were stored and analyzed using a 
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LOSSING A N D  MACCOLL 99 1 

TABLE I .  Heats of formation of C3-C7 alkyl ions from radical ionization potentials 

Hydride ion 
IP AHAR) AH,(R') affinity D(R+-H-)t 

Radical ( v )  (kcal/mol) (kcal/mol) (kcal/mol) 

Primary 
I -C3 H7 
I -C, H9 
iso-C,H9 
I-C5H1, 
neo-C5H,, 
1-C6H13 
I-C7H15 

8 .  lo* 
8.01* 
8 . 0 I t  

(7.94 est.) 
7.91 

(7.92 est.) 
(7.90 est.) 

Secondary 
2-C3H7 
2-C,H9 
2-CSHll 
2-C6 13 

2-C7H15 

7.55* 
7 . 4 I t  
7.41 
7.38 

(7.35 est.) 

Tertiary 
t-C,H9 
t-C5H1, 

(2Me 2-C,H,) 

mini-computer (2). Energy thresholds were calibrated 
against H 2 0  and Kr  standards. The electron beam had 
a full width at half maximum of about 0.07 eV. The free 
radicals were produced by thermal decomposition of the 
appropriate nitrites (5) at low pressure: 

radicals were calculated from the bond dis- 
sociation energies D(primary-H) = 98 kcal/mol, 
D(secondary-H) = 95 kcal/mol, and D(tertiary- 
H) = 92 kcal/mol (6). The ionic heats of 
formation obtained from the combined quanti- 
ties are probably uncertain to  k3 kcal/mol. 

The trends in stabilization of the alkyl ions 
as a function of substitution and carbon 
number are more easily seen in terms of hydride 
ion affinities D(R+-H-) than from the ionic 
heats of formation,' which decrease with in- 
creasing carbon number along with the heats 
of formation of the hydrocarbons. The hydride 
ion affinities, given in Table 1, decrease rapidly 
with carbon number to a nearly constant value 
for each of the three types of ion at about C,. 

The difference in stabilization between pri- 
mary and secondary ions of the same carbon 
number is about 16 kcal/mol, and the difference 
between secondary and tertiary is about the 
same within experimental error. Values for 

Results and Discussion 
Ionization potentials were measured for neo- 

pentyl, 2-pentyl, 2-hexyl, 2-methyl 2-butyl (terr- 
pentyl), 2-methyl 2-pentyl ([err-hexyl), and 2- 
methyl 2-hexyl (rerr-heptyl) radicals. The results 
are given in Table 1, along with values obtained 
earlier (4) for propyl and butyl radicals for 
comparison. Owing to their thermal instability 
at the temperature of pyrolysis of the nitrites, 
an adequate yield could not be obtained for 
I-pentyl, I-hexyl, I-heptyl, and 2-heptyl radicals. 
Since ionization potentials decrease quite slowly 
with carbon number for alkyl radicals above 
C,, it is possible to estimate these values by 
extrapolation within about k0.06 V. Estimated 
ionization potentials for four radicals are given 
in Table 1 .  The heats of formation of the neutral 

'This is a special case of the heterolytic bond dis- 
sociation (7). 
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tertiary pentyl and hexyl ions are in reasonable 
agreement ( + 2  kcal/mol) with those reported 
recently by Solomon and Field (8) from hydride 
ion transfer equilibria. However, our  results 
indicate that the extra 14.2 kcal/mol stabilization 
found by these authors for the 2,4-dimethyl-3- 
pentyl (tertiary) ion does not have a counter- 
part in the 2-methyl-2-hexyl (tertiary) ion, 
which has a hydride ion affinity consistent with 
the other tertiary alkyl ions in Table 1. 

Although a detailed discussion will not be 
given here, it is of interest to compare the 
AH,(R+) values from Table 1 with those 
derived from fragment ion appearance poten- 
tials. The most reliable set of appearance 
potential data for these ions is undoubtedly 
the photoionization data of Steiner, Giese, and 
Inghram (9). From these results it is clear that 
-CH, group loss from straight-chain hydro- 
carbons corresponds in most cases to formation 

of secondary alkyl ions at  the dissociation 
threshold. Rearrangements involving formation 
of tertiary ions are less common. 

1. F. P. LOSSING. Can. J .  Chem. 50, 3973 (1972). 
2. F. P. LOSSING and J. C. TRAEGER. Int. J .  Mass. Spectr. 

Ion Phys. 19,9 (1976). 
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Derivatives of 2-pyrazolind-one. IV.' Preparation and properties of 
two spiro[benzothiazoline-2,4'-[2]pyrazoline] derivatives 

Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta. Edmonton. Alberta T6G 2H7 
A N D  
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RONALD T. COUTTS, ABDEL-MONAEM EL-HAWARI, NORMAN J. POUND, and RUDOLPH A. 
ABRAMOVITCH. Can. J .  Chem. 54, 993 (1976). 

Reduction of 3-methyl-4-(2-nitrophenylthio)-1-phenyl-2-pyrazolin-5-one (20) with sodium 
borohydride and palladium-charcoal gave two products which are identified as 3'-methyl-1'- 
phenylspiro[benzothiazoline-2,4'-[2]pyrazoline]-5'-one (3a) and 4-(2-mercaptopheny1amino)-3- 
methyl-I-phenyl-2-pyrazolin-5-one (4a). Evidence is presented in support of a reaction mech- 
anism in which the spiro compound 3a is formed first and is then further reduced to the thiol 
4a. 

Reduction of the 1,3-diphenyl-4-(2-nitrophenylthio)-2-pyrazolin-5-one (26) with the same 
reducing agent proceeded in a similar manner and diphenyl products 36 and 46, analogous to 
the spiro compound 3a and the thiol4a, respectively, were formed. 

Some chemical properties of the thiol 4a were investigated; it formed a dimethyl derivative, 
a diacetate, and a tribenzoate. 

Reduction of the pyrazolones 20 and 2b with zinc and ammonium chloride produced the 
same spirobenzothiazolines 30 and 36. 

RONALD T. COUTTS, ABDEL-MONAEM EL-HAWARI, NORMAN J. POUND et RUDOLPH A. 
ABRAMOVITCH. Can. J .  Chem. 54, 993 (1976). 

La reduction de la methyl-3 (nitro-2 phenylthi0)-4 phenyl-l pyrazoline-2 one-5 (20) par 
le borohydrure de sodium et le palladium sur charbon conduit a deux produits que I'on a 
identifie comme etant la methyl-3' phenyl-I' spiro[benzothiazoline-2,A'-pyrazoline-2lone-5' 
(3a) et la (mercapto-2 phtny1amino)-4 methyl-3 phenyl-l pyrazoline-2 one-5 (4a). On presente 
des donnees qui supportent un mecanisme reactionnel dans lequel un compose de type spiro 
3a est forme dans une premiere etape pour @tre ensuite reduit en thiol 40. 

La reduction de la diphenyl-1,3 (nitro-2 pheny1thio)-4 pyrazoline-2 one-5 (26) par le m&me 
agent reducteur conduit de la m&me maniere a d e w  produits diphenyles 36 et 46 analogues 
respectivement au compose spiro 3a et au thiol4a. 

On a examine quelques proprietes chimiques du thiol 4a; il forme un derive dimtthylt, un 
diacetate et un tribenzoate. 

Le reduction des pyrazolones 20 et 2b par le zinc et le chlorure d'ammonium conduit aux 
m@mes spirobenzothiazolines 3a et 36. 

[Traduit par le journal] 

Palladium-charcoal catalyzed sodium boro- 
hydride reductions of cr-(0-nitrophenylthio) ali- 
phatic acids (1) and esters (2,3) produce cyclic 
hydroxamic acids whichare formed via hydroxyl- 
amine intermediates. A similar reduction (4) of 
the pyrazolone l a  yielded the corresponding 
hydroxylamine 16 as the major product, to- 
gether with a small amount of the amine l c .  
It was of interest to us to extend these reduction 
studies to see whether catalyzed sodium boro- 
hydride reductions of the related pyrazolones 
2a and 2b would produce cyclic N-hydroxylated 

'For part 111, see ref. 17. 

products. Hydroxylamines, however, were not 
isolated; instead, the reaction followed an 
unexpected pathway. 

Pyrazolones 2a and 26 are soluble in aqueous 
sodium hydroxide. A solution of 2a in this 
solvent was reduced with sodium borohydride 

I 

Ph Ph 
1 a R = NO2 2 a R = M e  

6 R = NHOH h R = P h  
c R = NH2 
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in the presence of palladium-charcoal. On 
completion of the reaction, the filtrate was 
acidified with dilute acetic acid. The cream- 
colored amorphous product was soluble initially 
in 95% ethanol but, on standing, a precipitate 
separated from solution as a pale yellow 
crystaIline solid (product A )  which was only 
sparingly soluble in ethanol. Concentration of 
the mother liquor remaining after removal of 
product A led to the separation, in variable 
yields, of the second reduction product (product 
4. 

Product B (C1,H,,N3OS; Mt mle 295) was 
a pale yellow crystalline compound and was 
identified first. Its ir spectrum confirmed the 
presence of a carbonyl and an NH grouping 
in the structure. Its pmr spectrum displayed 
signals attributable to an uncoupled methyl 
group, an NH function, and nine aromatic 
protons. The presence of carbonyl absorption 
at I705 cm-' and the insolubility of the com- 
pound in sodium hydroxide solution indicated 
that the pyrazolone ring in product B was 
incapable of tautomerism and therefore lacked 
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a hydrogen atom at C-4. These properties are 
in contrast with those of the starting material 
2a which was soluble in sodium hydroxide 
solution and showed no carbonyl stretching in 
the ir (5). Compound 2a presumably exists in 
the solid state as the en01 tautomer. 

These data suggested that compound B was 
3'-methyl-1'-phenylspiro[benzothiazoline-2,4'- 
[2]pyrazoline]-5'-one, 3a. Mass spectral evidence 
supported this structure. Major fragment ions 
present in the spectrum had m/e 267, 162, 16 1, 
and 135, identified by accurate measurements 
as C,,H,,N,S, CgH8NS, a mixture of C9H7NS 
and C,H,N,S, and C,H,NS respectively. 
Plausible fragmentation pathways are suggested 
(Scheme 1). 

Product A (C16Hl,N,0S; M+, m/e 297) was 
soluble in aqueous sodium hydroxide but not 
in sodium carbonate solution. Its equivalent 
weight was determined titrimetrically to be 148 
and indicated the presence of two acidic group- 
ings, both of which were phenolic and/or enolic. 
It formed a dimethyl derivative (C18H19N,0S; 
MC m/e 325) when treated with dimethyl 
sulfate. Benzoylation of A produced a tribenzo- 
ate (C,,H,,N,O,S; M', m/e 609) and acetyla- 
tion with acetic anhydride in pyridine con- 
verted A to a diacetate, (C2,H,gN,0,S; M+ 
m/e 381). The ir spectrum of the dimethyl 
derivative showed carbonyl absorption at 1670 
cm-'. In contrast, the carbonyl stretching band 
of compound A was located at 1626 cm-'. 

Product A was readily oxidized when solutions 
of it were allowed to stand in contact with air. 
When A ,  for example, was suspended in 
ethanol with stirring, the compound slowly 
entered solution, then a yellow crystalline solid, 
identical with product B (3a), slowly precipitated. 
Similarly, when A was dissolved in DMSO-d6 
in order to record its pmr spectrum, the trace had 
to be recorded rapidly, otherwise a mixture of 
A and B was indicated. Eventually complete 
conversion of A to B occurred in this solvent. 
This facile conversion indicated that A and B 
had structural features in common. 

(CH form) 
$ 

(OH form) 

Ph 
( N H  form) 

4 a R = M e  
b R = P h  

Based on all these findings and on cor- 
roborating evidence which is described later, 
the structure of product A is concluded to be 
4x2-mercaptopheny1amino)-3-methyl-1-phenyl- 
2-pyrazolin-5-one, 4a, which can exist in three 
tautomeric forms. The presence of a strongly 
bonded carbonyl absorption band at 1626 cm-' 
suggested that in the solid state, the CH- and 
NH-forms dominate. 

The presence of the SH group in product A 
was suspected initially from its ir spectrum 
which showed a weak band at 2600 cm-', and 
was clearly demonstrated in the mass spectrum. 
Its presence was also inferred from the mass 
spectra of the dimethyl, diacetyl, and tribenzoyl 
derivatives of A which are discussed later. The 
mass spectrum of A was very similar to that of 
B. The base peak resulted from the expulsion 
of a hydrogen molecule from A prior to ioniza- 
tion, or  from the molecular ion of A ,  to give 
an ion corresponding to that of molecule B. 
Subsequent fragmentations paralleled those of 
molecule B. The mass spectrum of A also had 
three diagnostic ions of m/e 297, 279, and 264 
which were absent from the spectrum of B. 
Accurate mass measurements identified each of 
these ions, and fragmentation pathways-which 
explain the formation of each ion are suggested 
in Scheme 2. Attempts to prepare a deutero- 
derivative of A resulted only in the formation 
of deuterated B. 

Possible mechanisms for the formation of the 
thiol 4a by reduction of the (o-nitrophenyl- 
thio)pyrazolone 2a in basic solution are pro- 
posed in Scheme 3. It is known (6) that the 
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M e  1' 

l 

oxidation - 
Ph 
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nitro group can provide an electrophilic centre 
for cyclization reactions of this type. The same 
two products, 3a and 40, are also isolated, 
however, when 20 is reduced with zinc and 
ammonium chloride in aqueous ethanol. This 
suggests an alternative mechanism in which the 
hydroxylamine 5 is first formed and then 
dehydrates to the spiro compound 3u. In order 
to verify the assumption that the spirobenzo- 
thiazoline 3a is obtained first then further 
reduced to compound 4a, a sample of the 
former was reduced with sodium borohydride 
and palladium-charcoal in a mixture of dioxane 
and aqueous sodium hydroxide. Compound 40 
was the main product isolated. 

Attempts to methylate the thiol 4a with 
diazomethane resulted only in its oxidation to 
30. However, when an alkaline solution of 4rr 
was treated with dimethyl sulfate, 2,3-dimethyl- 
4<2-methylthiopheny1amino)-I-phenyl-3-pyraz- 
olin-5-one, 6, was formed. Methylation a t  N-2 
of the pyrazolone nucleus was indicated by the 
pmr spectrum (N-CH, at  6 3.03 (7)), and the 
ir carbonyl absorption band at  1670 cm-' 
which is expected only when the pyrazolone 
ring exists in the NH-form (8,9). 3-Methyl-l- 
phenyl-2-pyrazolin-5-one, 7, is methylated at 
N-2 with dimethyl sulfate in a similar manner 
to give antipyrene, 8a, (10,l l) .  The pmr spec- 
trum of 6 had two other methyl singlets at  6 
2.14 and 6 2.39. The former is assigned to the 
C-Me group since the equivalent group in 4u 
was detected at 6 2.04. The signal at 6 2.39 is 
therefore assigned to the S-Me protons. 

The mass spectrum of the dimethylated 
product 6 was consistent with the proposed 
structure. The base peak was located at n7/e 56. 
This ion, which corresponds to MeC=N Me ++ 

MeC=NMe, is present in the spectra of anti- 
H 

pyrene 80, aminopyrene 8b, and the N-methyl- 
pyrazolones 9a and b (7). The fact that S-methyl- 
ation had occurred was also substantiated by 
the mass spectrum which showed the molecular 
ion at rn/e 325 (C,,H,,N,OS), an  abundant 
( M  - 47)' fragment ion (C,,H,,N,O) and an  
appropriate metastable ion a t  m/e  237.9, all of 
which indicated a direct loss of an  SMe radical 
from the molecular ion. A possible structure of 
this ( M  - 47)' fragment is depicted in Scheme 4. 
Such a structure could give rise to the tn/e  56 ion. 
The loss of O M e  o r  SMe radicals from aromatic 
ethers or  thioethers is not a common fragmenta- 
tion pathway but might be expected if it leads to 
the formation of a cyclic ion such as 10 which 
permits extensive charge delocalization. Similar 
ortho effects with aromatic ethers have been 
reported (12,13). 

Benzoylation of  the thiol 40 with benzoyl 
chloride in aqueous sodium hydroxide gave a 
semisolid which was separated by column 

9 u R = M e  11 R = COPh 
h R = P h  

H 
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COPh 
I 

COPh 
I c=O + YOPh 

d o p h ~ h  
m/e 105 I I Ph 

COPh 
tn/e 488 * / -co n i / e  472 

chromatography into several dark oils, one of 
which solidified when triturated with petroleum 
ether. This product is identified as 4-[N-benzoyl- 
N-  ( 2  - benzoylthiophenyl) amino] - 5 - benzoyl- 
oxy-3-methyl-1-phenylpyrazole, 11. That O- 
benzoylation had occurred was deduced from 
the ir spectrum (v,,, 1758 cm-I) and the mass 
spectrum which had a strong fragment ion 
(mle 488) and a strong metastable ion (mle 
391.0), both of which resulted from the expulsion 
of a benzoyloxy radical from the molecular ion. 
Benzoylation of both the N H  and SH functions 
was apparent from the absence of any N H  or 
SH absorption bands in the ir spectrum. In 
addition, the C O  absorption band a t  1679 cm-' 
can be attributed to both S-benzoyl and N-ben- 
zoyl functions (14-16). Additional diagnostic 
fragment ions were present in the mass spectrum 
of 11 and are identified in Scheme 5. 

Attempts to acetylate4a with acetic anhydride 
or acetyl chloride were unsuccessful and resulted 
only in the isolation of the spirobenzothiazoline, 
3a. A diacetate was obtained when 4a was 
treated with acetic anhydride in pyridine. From 
its ir, pmr, and mass spectral behavior, this 
compound is identified as 5-acetyloxy-3-methyl- 
4- (2-acetylthiopheny1amino)- 1 -phenylpyrazole, 
12. Its ir spectrum displayed N H  absorption at 
3368 cm-' and two carbonyl absorption bands 
at 1720 (SCOMe) and 1788 (OCOMe) cm-'. 
Alkyl thiolesters of this type are known to 
absorb near 1710 cm-' (16). As required by 
structure 12, its pmr spectrum contained three 
methyl signals and a signal due to one D-ex- 
changeable N H  proton. The mass spectrum of 
12 was also consistent with the proposed 
structure; the molecular ion (mle 381) frag- 
mented by expelling two successive ketene 
molecules. The loss of a molecule of acetic acid 
from both the molecular ion and the ( M  - 42) 
ion was also demonstrated. 

The pyrazolone 26 was then reduced with the 
sodium borohydride-palladium-charcoal sys- 
tem in 10% sodium hydroxide solution. Products 
analogous to those obtained by reducing the 
methyl analog 2a were formed. The two reduc- 
tion products isolated are identified as 1,3-di- 
phenyl - 4 - ( 2 - mercaptophenylamino) - 2 - py- 
razolin-5-one, 46, and 1 ',3'-diphenylspiro[benzo- 
thiazoline-2,4'-[2]pyrazoline]-5'-one, 36. The 
latter compound is believed to  be formed by the 
oxidation of the thiol 46 during crystallization 
since the ir spectrum of the initial crude reduc- 
tion product was devoid of any carbonyl 
absorption near 1700 cm-'. 

Compound 46 (C,, H,,N,OS) was soluble in 
aqueous sodium hydroxide. Its ir and mass 
spectra (M+, mle 359) were similar to those of 
the methyl analog 4a and consistent with the 
proposed structure. The molecular ion frag- 
mented mainly by the loss of a hydrogen 
molecule yielding the spirobenzothiazoline 36. 
Two minor but diagnostic fragment ions were 
also present and were due to the expulsion 
from the molecular ion of a molecule of water 
and an SH radical. These ions are analogous 
to the ( M  - 18) and ( M  - 33) ions proposed 
earlier for the methyl analog 40. 

The spirobenzothiazoline 36 was obtained 
only in minor quantities during crystallization 
of the thiol 46 but it was isolated in good yield 
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when 46 was treated with cold acetic acid. Its (calcd. for C,,H,,N,OS: 295.0780), 267.0831 (94) (calcd. 

identification was based on  a correct elemental for C,5Hl,N,S: 267.0831), 250.0563 (36) (calcd. for 
C,,H,,N,S: 250.0565), 162.0377 (31) (calcd. for C,H,NS: and its 'pectra' characteristics which 162.0378). 161.0300 (12) (calcd. for C,H,NS: 161.0300), 

were Sin~iIar to those observed for the methyl 161.0177 (8) (calcd. for C,H,N,S: 161.0174), 135.0146 
analoe 3a. (65) (calcd. for C,H,NS: 135.0143). Anal. calcd. for 

In [final attempt to prepare cyclic hydroxyl- ~ I ~ ' H ; , N , O S :  C 65:06: H 4.44, N 14.23; found:  C 65.23, 
H 4.18, N 14.16. 

a m i n e s 7  the P Y ~ ~ ~ ~ ~ ~ ~ ~ ~  2a and 2b were reduced (jj) To a hot solution of 2a (1.0 g) i n  60% aqueous 
under nitrogen in aqueous with zinc ethanol (100 ml) was added a solution of ammonium 
and ammonium chloride. This resulted in good chloride (0.20 g) in water ( l o  ml), followed by zinc dust 
yields of the spirobenzothiazolines 3a and 36. (1.0 g), and the mixture was heated under reflux for 3 h 

w h e n  this reduction of za was prolonged, the under nitrogen. The mixture was filtered and the filtrate 

thiol 4a was obtained as the major product. was evaporated in oacuo. The residue was dissolved in 
boiline ethanol and filtered. On cooline a vellow solid 

Experimental 
Infrared spectra were recorded for Nujol mulls with a 

Beckman 1R-10 spectrophotometer. Proton magnetic 
resonance spectra were recorded with a Varian A60 
spectrometer, with tetramethylsilane as internal standard, 
and mass spectra were measured with an A.E.I. MS9 
spectrometer at 70eV (direct insertion technique). Melting 
points (capillary) are uncorrected. Deuterated compounds 
were prepared by repeated crystallization of the non- 
labelled precursor from dioxane-D20. 

Reducrion of 3-Melhyl-4-(2-nirrophen~~1rhio)-I-phenyl-2- 
pyrazolin-5-one, 2a 

(i) A solution of sodium borohydride (1.0 g) in water 
(20 ml) was added to a suspension of 10% palladium- 
charcoal (0.10 g) in water (10 ml). T o  this, a solution of 
the title compound (5) (2.0 g) in 10% aqueous sodium 
hydroxide (50 ml) was added dropwise with stirring over 
a period of 30 min. Nitrogen was bubbled through the 
reaction mixture during the addition and for a further 
15 min. The mixture was filtered, and the filtrate was 
cooled in ice and acidified with dilute acetic acid. A 
copious cream-colored product (1.9 g), mp 140-146 "C, 
prec~pitated. Crystallization from ethanol gave 4-(2- 
mercaptophenylamino)-3-methyl-l-phenyl-2-pyrazolin-5- 
one (4a, product A) (0.65 g); mp 215-217 "C; equiv. wt. 
148 (excess 0.1 N NaOHiO.1 N HCI, methyl orange): ir 
v,,, 2100-3300 (br with weak maxima at  2600, 2660, and 
3070 (OH, SH)), 3370 (NH), 1626 (CO) cm-': pmr 
(DMSO-d,) 6 2.09 (3H, s, CH,), 6.30-8.10 (12H, m, 
aromatic protons and 2 or  3 protons which exchanged 
with D 2 0 ,  i.e. NH, SH, and pyrazolone proton). Mass 
spectrum mje (% relative abundance) 297.0919 (60) (calcd. 
for C,,H,,N,OS: 297.0921), 295.0779 (100) (calcd. for 
C,,H,,N,OS: 295.0780), 279.0823 (7) (calcd. for 
C,,H,,N,S: 279.0830), 264.1138 (9) (calcd. for 
C,,H,,N,O: 264.1 136). Anal. calcd. for C,,H,,N,OS: 
C64.62, H 5.08.N 14.13:found:C64.78,H4.91,N 14.39. 

When the mother liquor remaining after the removal of 
the above product 4a was concentrated and allowed to 
stand, pale yellow needles of product B (0.25 g), mp 
153-154 "C (from ethanol), separated. T h ~ s  was 3'- 
methyl-l'-phenylspiro[benzothiazo1ine-2,4'-[2]pyrazoline]- 
5'-one, 3a. Infrared v,,, 3275 (NH),  1705 (CO) cm-' ;  
pmr (CDCI,) c i  2.22 (3H, s, CH,), 4.98 ( IH,  br s, exchanged 
with D,O, NH), 6.50-8.21 (9H, m, aromatic protons). 
Mass spectrum m/e (% relative abundance) 295.0781 (100) 

(0.10 i), mp 212-214 "C, precipitated f;omd the filtrate. 
It was identical (ir, mass spectrum) to the thiol4adescribed 
immediately above. 

The mother liquor remaining after the removal of 4a 
was cooled and from it the spiro[benzothiazoline-2,4'- 
[2]pyrazolone] (3a, 0.46 g) slowly deposited as dark 
yellow needles, mp 153-154 "C. Its ir spectrum was 
identical to that of product B described in preparation i. 

Reducrion of 1.3- DiphenyI-4-(2-nirrop/~et~ylrl1io)- I-pllenyl- 
2-pyrazolin-5-one, 26 

(i) The title compound (5) (2.0 g) was reduced with 
sodium borohydride and 10% palladium-charcoal in the 
manner described in the reduction of 2a, method i. 
Acidification of the filtrate gave a flocculent yellow solid 
which was crystallized from ethanol. A yellow solid (0.52 
g), mp 21 1-212 "C precipitated first. This was 1,3-diphenyl- 
4-(2-mercaptopheny1amino)-2-pyrazolin-5-0 46; ir 
l,,,, 2300-3400 (br (OH) with maxima at 3060 (SH) 
and 3360 (NH)), 1627 (CO) cm-'; mass spectrum tnle 
(% relative abundance) 359.1090 (80) (calcd. for 
C2,H,,N,0S: 359.1090), 357 (87), 341.0984 (10) (calcd. 
for C1,H15N,0S: 341.0987), 329 (77), 328 (91), 326 (16), 
135 (100). Anal. calcd. for C,,H,,N,OS: C 70.17, H 4.77 
N 11.69: found: C 70.03, H 4.86, N 12.14. 

When the mother liquor remaining after the removal 
of 46 was concentrated and cooled, 1',3'-diphenylspiro- 
[benzothiazoline-2,4'-[2]pyrazoline]-5'- (36, 0.47 g), 
mp 185-186 "C, precipitated as dark yellow needles; ir 
v,,, 3373 (NH), 1715 (CO) cm-I; pmr (CDCI,) 6 5.01 
( I H ,  br s, exchanged with D,O, NH), 6.50-8.30 (14H. m, 
aromatic protons); mass spectrum mie (9% relative abun- 
dance) 357.0935 (64) (calcd. for C,, H,,N,OS : 357.0936). 
329.0987 (80) (calcd. for C2,H1,N,S: 329.0987), 328.0907 
(100) (calcd. for C,,H,,N,S: 328.0908). 254.0516 (26) 
(calcd. for C,,H,,NOS: 254.0514), 135.0143 (76) (calcd. 
for C7H5NS:  135.0143). Anal. calcd. for C,,H,,N,OS: 
C70.57 ,H4.23 ,N 11.76;found:C70.51,H4.28,N 11.55. 

(ii) Ammonium chloride (0.2 g) in water (10 ml) was 
added to a solution of title compound (1.0 g) in 60% 
aqueous ethanol (70 ml). T o  this, zinc dust (1.0 g) was 
added and the mixture was stirred under nitrogen for 10 h 
at  room temperature, then filtered. The filtrate was 
evaporated in oacuo, dissolved in hot ethanol, and refiltered. 
Cooling yielded golden-yellow needles (0.61 g), mp 185- 
186 "C, identified (ir and mixture mp with authentic 
sample) as  the spiro(benzothiazoline)pyrazoline, 36, des- 
cribed immediately above. 
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2.3- Dimerh~l-4-(_I-me1I1yIthiophet1j~l~~t~i;ti) -I-phmj*l-2-p!- 
razo1it1-5-one, 6 

Dimethyl sulfate (1.0 ml) was added dropwise, with 
stirring, to an ice-cold solution of the thiol 40 (1.0 g) In 
10% aqueous sodium hydroxide, and stirring was con- 
tinued for 2 h. A gummy precipitate separated. It was 
dissolved in chloroform and the chloroform solution was 
washed with 1070 aqueous sodium hydroxide then with 
water. Evaporation of the dried (CaCI,) extract gave a 
brown solid which crystallized from ethanol yielding the 
title compound (0.47 g) as pale brown needles, mp 161- 
162 "C; ir \I,,, 3335 (NH), 1670 (CO) cm-I ; pmr (CDCI,) 
6 2.14 (3H, S, C-CH,), 2.39 (3H, s, S-CH,), 3.03 (3H, S, 
N-CH,), 6.12 ( IH,  br s, exchanged with D,O, NH), 
6.40-7.65 (9H, m, aromatic protons); mass spectrum 
m / e  (% relative abundance) 325.1240 (34) (calcd. for 
CI8H,,N,OS: 325.1249). 278.1287 (1 9) (calcd. for 
C,,H,,N,O: 278.1293), 56 (100). Anal. calcd. for 
C,,H,,N,OS: C 66.46, H 5.85, N 12.92: found: C 66.83. 
H 6.16, N 12.68. 

had been added, was acidified with dilute acetic acid and 
the pale yellow solid which precipitated was dissolved in 
ethanol. From this solution, a yellow product (0.13 g), 
mp 211-214 "C slowly precipitated, and was identical 
(ir, mass spectrum) to 4-(2-mercaptophenylamino)-3- 
methyl-I-phenyl-2-pyrazolin-5-one, 4a.  Concentration of 
the mother liquor yielded yellow crystals (0.36 g), mp 
152-154 "C, the ir spectrum of which was identical to 
that of the title compound. 

Osidatioti oj  4 -  (2- Mercapropheny1amino)-3-methyl-I- 
phet1yl-2-pyrazoli11-5-one, ?a 

A sample (0.3 g) of the title compound was suspended 
in ethanol (15 ml) and left exposed to the atmosphere at  
room temperature for 48 h, during which time it entered 
solution. The yellow solution turned brown, then yellow 
needles (0.18 g), mp 153-154 "C, slowly separated. This 
product was found (ir, pmr, mixture mp) to be the spiro- 
(benzothiazo1ine)pyrazolone 3a. 

4 - [ N -  Benzovl- N- (2-benzovlthio~henflaminol-5-benwl- Acknowledgments 
oxy-3-~ethyl-l-pheny~yrazble. 1 1  

Benzoyl chloride (2.0 ml) was added dropwise, with 
The authors thank the Medical Research 

stirring, to an ice-cold solution of the thiol Q (1.0 g) in of Canada for an 'perating grant, 
10% aqueous sodium hydroxide (40 ml) and stirring was MT-2993, (to R.T.C.), and for the award of a 
continued for 1 h at  room temperature. The semisolid studentship (to N.J.P.). They also thank Dr. 
which precipitated was dissolved in chloroform. The dried A, M,  H~~~ and his at the ~ ~ ~ ~ ~ t -  
(CaCI,) extract was chromatographed on a silica gel 
column (benzene-chloroform, 1 : 2 v/v) and yielded a ment of Chemistry, University of Alberta, 
brown solid (0.61 g) which was crystallized twice from Edmonton, for providing the mass 
benzene-petroleum ether (40-60 "C) to give the title data, and Mr. W. Dylke of the Faculty of 
compound as a pale brown solid; mp 105-107 "C; ir v,,, 
1679 and 1758 (CO) cm-I ; mass spectrum ~ n / e  (% relat~ve 
abundance) 609.1724 (12) (calcd. for C,,H2,N3O,S: 
609.1723), 488 (40), 472 (4), 399 (5), 21 1 (4). 105 (loo), 
77 (36). Anal. calcd. for C,,H2,N,0,S: C 72.89, H 4.46, 
N 6.89; found: C 72.67, H 4.51, N 6.99. 

5- Acetylo?ry- 3 -methy l -4 -  ( 2-ocerylrliiophenylan~ir~o) - 1 -  
phenylpyrazole. 12 

A solution of the thiol 2a (0.5 g) in pyridine (5.0 ml) and 
acetic anhydride (5.0 ml) was stirred at 5 "C for 15 min, 
then added with stirring to cold (5 "C) water (40 ml). 
The title compound (0.46 g) precipitated as a yellow solid, 
mp 104- 108 "C. It was insoluble in dilutesodium hydroxide 
solution. Attempts to crystallize this product from various 
solvents resulted in decomposition. Infrared Y,,, 3368 
(NH),  1788 (OCOCH,), 1720 (SCOCH,) cm-I;  pmr 
(CDCI,) 6 2.15 (3H, s, CH,), 2.22 (3H, s, CH,), 2.44 (3H, 
s, CH,), 6.22 ( IH,  br s, NH),  6.50-8.20 (9H, m, aromatic 
protons); mass spectrum nile ('% relative abundance) 381 
(M', 3), 339 (17), 321 (3), 297 (20), 295 (64). 279 (30). 
267 (75). 135 (100). Anal. calcd. for C,,H,,N,O,S: C 
62.97, H 5.02, N 11.02; found: C 63.35, H 4.89, N 11.00. 

Reducrion oj'3'- Metl1yl-5'-phenylspiro[betizo1l1i11~olit1e-2,4'- 
[2]pyrazolin]-5'-one. 3a 

A solution of the title compound (1.0 g) in a mixture of 
dioxane (15 ml) and 10% aqueous sodium hydroxide 
(15 ml) was reduced with sodium borohydride and 
palladium-charcoal in the manner described for the 
reduction of 20, method i. The filtrate, to which ice 

Pharmacy and Pharmaceutical Sciences, Uni- 
versity of Alberta, Edmonton, for recording the 
pmr data and determining elemental analyses. 
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The crystal structure of potassium trichloro(2,6-lutidine)platinum(II) 

R.  MELANSON A N D  F. D. ROCHON 
Deparinlenr cle chirnie, Unirrrsire du Quebec u Monrreal, C.P. 8888. Monrreal, Quebec H3C 3P8 

Received September 1 1, 1975 

R. MELANSON and F. D. ROCHON. Can. J. Chem. 54, I002 (1976). 
The molecular and crystal structure of potassium trichloro(2,6-lutidine)platinum(ll) 

has been determined by X-ray diffraction. The complex salt forms monoclinic crystals, 
a = 6.941, b = 24.301, c = 11.168 A, j = 141.58", Z = 4, and space group P2,lc. Positional 
and anisotropic thermal parameters were refined by full matrix least squares calculations to 
R = 0.038 and R ,  = 0.034. 

The coordination around the platinum atom is planar. The Pt-CI bond lengths are 2.301, 
2.299, and 2.302 A and the Pt--N bond length is 2.01 1 A. The 2,6-lutidine ring lies almost 
perpendicular to the coordination plane of the platinum atom (81.6"). The PtCI, moieties are 
packed around the potassium ions, which are surrounded by four chlorine atoms at distances 
smaller than 3.15 A forming a distorted tetrahedron. 

R. MELANSON et F. D. ROCHON. Can. J. Chem. 54, 1002 (1976). 
La structure moleculaire et cristalline du trichloro(lutidine-2,6) platinate(I1) de potassium 

a t t e  determinee par diffraction des rayons-X. Le sel complexe cristallise dans le systeme mono- 
clinique, a = 6.941, b = 24.301, c = 11.168 A, j = 141.58", Z = 4 et le groupe spatial P2,/c. 
Les coordonnees et les facteurs thermiques anisotropes ont ete atfines par la methode des 
moindres carres a matrice entiere jusqu'a R = 0.038 et R ,  = 0.034. 

La coordination autour de I'atome de platine est plane. La longueur des liaisons Pt-CI 
est 2.301, 2.299 et 2.302 A et celle de Pt-N est 2.01 1 A. Le ligand lutidine-2,6 est presque 
perpendiculaire au plan de coordination du platine (81.6"). Les groupements PtCI, sont 
entasses autour de I'ion potassium. Ce dernier est entoure de quatre atomes de chlore a des 
distances inferieures a 3.15 A formant une geometrie tetraedrique deformte. 

Introduction The complex salt K[Pt(2,6-lutidine)C13] was synthe- 
sized by the method already described (4) and the crystals 

Recently, some platinum complexes of amines recrystallized from water, 
were found effective against tumors (ref. 1 and A set of precession photographs showed that the 
references cited therein). It has been shown that /TO/, 1 = 2n + 1 and OkO, k = 2n + 1 reflections are 
cis-[Pt(NH3)2C12] forms interstrand cross-link- systematic absences indicating the P2,/c  space group. 

ing in DNA (2). The main chemotherapic The cell parameters were obtained by least squares 
refinement from the setting angles of 15 automatically 

limitations of the known c o m ~ o u n d s  are their centered reflections on a Syntex PI diffractometer using 
kidney toxicity (3) and their insolubility. It has graphite monochromatized MoKa radiation. 
been suggested that complexes of the type 
cis-[Pt(amine)(arnine')Cl2] would be worth in- 
vestigating. In order to prepare this kind of 
complexes, the monobase [Pt(arnine)Cl,]- has 
to be synthesized first. Recently we have 
developed a simple method for the synthesis of 
the latter compound (4). We report here the 
structure of the complex salt K[Pt(2,6-1utidine)- 
C1,I. 

Experimental Section 
Crysral Dara 
KPtC13C,H,N Tw = 447.71 
Monoclinic P2,/c, a = 6.941(4), b = 24.301(8), c = 
11.168(7)A,/j = 141,58(3)",Z= 4 , V  = 1170.6(0.98)A3, 
p, = 2.540 g/cm3, p, = 2.52(2) g/cm3 (flotation), j.MoKa = 
0.71069 A, pMoKa = 135.84 cm-', T = 22 OC. 

Collecriot~ and Reducrion oj'btrensiry Dara 
The intensity data were collected from a crystal measur- 

ing 0.59 x 0.11 x 0.12 mm elongated along the a axis, 
and bounded by the faces {TOO), jlOi), j010), (OfO), 
{ i02) ,  and (102). A total of 3408 independent reflections 
were measured in the region of 20 < 60" by the 20/8 scan 
technique using MoKa radiation. The data collection was 
done at a variable speed (24 to I deg min-') depending 
on the intensity of the reflection (Syntex 2818 auto- 
collection program). Most of the reflections were measured 
at a speed of 1 deg min-l. A 28 scan range of 1.2" below 
Kcr, and 1.2" over Ka, was selected. The background 
time to scan time ratio was 0.40. During the data collection, 
three standard reflections (2,0,0; 0,lO.O; and 0,0,4) were 
measured after every 47 reflections. Their variations were 
less than 2.5% from their respective means. The measure- 
ments reduced to a set of 3327 independent reflections 
after taking out the systematically absent reflections. The 
reflections for which the intensity was less than 2.5 o(1) 
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TABLE I.  Final structure parameters" and estimated standard deviationb ( x lo4) 

Atom x y UI  I u 2 2  u 3 3  U I  2 U I  3 u23 

"The anisotropic thermal parameters are In the Corm exp [ - 2 n ' ( t i , , / ~ ~ a * ~  + U,,k2b" + U,,I2c" + 2U,,l1ko*h* + 2U,,hlo*c8 + 2U2,klh*r*)] 
bStandard deviations are given in parentheses. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  C H E M .  VOL. 54, 1976 

FIG. I .  Atom identification in complex anion [Pt(2.6- 
lutidine)CI,]-. 

were considered as unobserved. The standard deviation 
a(l)  was calculated as already described (5). An absorption 
correction based on the equations of the crystal faces was 
applied to the 1870 independent observed reflections. 
The transmission factors varied from 0.202 to 0.289. The 
data were then corrected for the Lorentz and polariza- 
tion effects. The scattering factors for platinum, potassium, 
chlorine, nitrogen, and carbon were those of Cromer and 
Waber (6) and those of Stewart er 01. were used for hydro- 
gen (7). The anomalous dispersion terms (8) of platinum 
(Aj' = -2.05, Aj'" = 8.43), potassium (Aj" = 0.21, 
A j "  = 0.30), and chlorine (41' = 0.15, Aj"  = 0.19) were 
included in the calculations. 

Srrucrure De~ermiriarion 
The platinum atom was easily located from the three- 

dimensional Patterson map. The positions of all other 
atoms, except the hydrogen atom, were obtained by 
structure factor and Fourier map calculations. The refine- 
ment of the parameters was carried out by full matrix 
least squares calculations. In the early stages of refinement, 
unit weight was assigned to all observed reflections. 
Individual weights w according to the equation I/w = a + 
bF, + c F 2  were later calculated. The values of (I, b, and 
L. were adjusted to make the distribution of IvIAFI' 
constant with respect to lFoI and sin O/i. (ci = 40.0, 
b = -0.45, and c = 0.0015). An isotropic secondary 
extinction correction (9) was also introduced. The 
hydrogen atoms on the three aromatic carbons were 
fixed at the calculated positions, while those on the 
terminal methyl groups could not be localized. The 
refinement of the scale factor, the coordinates and 
anisotropic temperature factors of all nonhydrogen atoms 
converged to R = X(IF,I - JF,I)/XIF,I o f  0.038 and a 
weighted residual R,,. = [Xw(lF,I - IFcI)2/X~~71FoI']1 ' of 
0.034.l The standard deviation of an observation of unit 
weight is 0.961. The final difference Fourier map using all 
observed reflections only showed peaks lower than 
0.8 e/A3 (in the platinum environment). The refined 
parameters are given in Table 1. 

The calculations were performed with a C D C  6400 com- 
puter. The programs used have already been described (5). 

Results and Discussion 
The structure consists of an arrangement of 

the complex anion [Pt(2,6-lutidine)CI,]- and of 
K'. The atoms were labelled according to Fig. 1. 

'The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada K I A  OS2. 

TABLE 2. Bond distances and bond angles in the 
[Pt(2,6-lutidine)C13]- ion 

Bond Distance (A) Bonds Angle (deg) 

A stereoscopic view of the complex anion is 
shown in Fig. 2. The bond distances and angles 
are listed in Table 2. Three chlorine and one 
nitrogen atoms form the square planar co- 
ordination expected for Pt(I1) complexes. The 
weighted best plane was calculated through the 
five atoms. The deviation from this plane are: 
Pt, -0.0001 ; Cl,, 0.0014; Cl,, 0.0023; Cl,, 
0.0014; and N, 0.0101 A. The angles around 
platinum are close to the expected 90 and 180". 

The Pt-C1 bond lengths (2.301, 2.299, and 
2.302 A) are normal (10-16). The Pt-N 
distance of 2.01 1 (7) A is also normal (5, 11, 14, 
16, 17) and agrees well with the expected value 
(the radius sum is 2.02 A). It is identical to the 
Pt-N distances found in cis- and trans- 
[PtCI,(NH,),], 2.01 and 2.05 A (14). 

The bond lengths within the aromatic ring 
vary from 1.34 to 1.4 1 A and the angles are all 
120". The structure of a 1 : 1 complex of 2,6- 
lutidine with urea has been determined (18). 
The structure of 2,6-lutidine is very similar in 
both complexes even if it is difficult to compare 
the molecular dimensions, since in the case of 
the organic complex, they were determined 
from two projections and only a few crystallo- 
graphic data. 

The 2,6-lutidine ring is planar and lies almost 
perpendicular to the PtC1, CI,Cl,N plane (8 1.6") 
as is shown in Figs. 2 and 3. 

Figure 3 illustrates the packing in the K[Pt- 
(2,6-lutidine)Cl,] crystal. It consists of alternate 
layers of [Pt(lutidine)Cl,]- anions and potas- 
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MELANSON A N D  ROCHON 

FIG. 2. Stereoscopic view of [Pt(2,6-lutidine)CI,]-. 

FIG. 3. Packing in the K[Pt(2,6-lutidine)Cl,] crystal. 

TABLE 3. The K-CI distances and related angles 

Atoms Distance (A)  Atoms" Angle (deg) 

K-CI, 3.143(6) CIl-K-CIll 161.8(2) 
K-CIll 3.141(5) CIl-K-C13Z 91.9(2) 
K-C13' 3.134(6) I - K C 3  93. l(2) 
K-CI,-' 3.1 14(5) CI, 1-K-C13Z 92.7(2) 

CI, '-K-C13' 87.9(2) 
CI,Z-K-CI,-' 161 .7(2) 

"Coordinates x, y, z except: 'x  - I ,  + - y, z - t ;  'x - I ,  y, 
z; ", t - y, f + 2. 

sium cations parallel to the ac plane. The PtCI, 
moieties are packed around the potassium ions. 
Each potassium ion is surrounded by four 
chlorine atoms at distances smaller than 3.15 A, 
defining a distorted tetrahedral geometry (Table 
3). 
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Metastable ion studies. VI. The identification of C,H,N+' 
ion structures from their characteristic kinetic energy releases 
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JOHN L. HOLMES and JOHAN K. TERLOUW. Can. J. Chem. 54, 1007 (1976). 
Metastable peaks for the fragmentation C2H5N+. + C2HdN+ f H' have been studied in the 

first field-free region of a double focussing mass spectrometer. Isomeric structures of C2H5N+' 
ions derived from a variety of precursor molecules were characterised by their metastable peak 
shape and kinetic energy release. The identifications were aided by appropriate deuterium 
labelling experiments. Four isomeric ions 

(a) (b) (c) (e) 
were shown to retain their structural identity within the ion energy and lifetime ranges observ- 
able in these experiments. Ion (a), generated from aziridine was found to be indistinguishable 
from its open chain isomer CHZ-NH=CH~+. (d). 

The results closely parallel those previously found for the isoelectronic C2H40+' ions, but the 
differences in characteristic kinetic energy release are smaller. A simple deuterium exchange 
labelling experiment may be necessary for the unequivocal identification of C2H5N+' ion 
structures. 

JOHN L. HOLMES et JOHAN K. TERLOUW. Can. J. Chem. 54, 1007 (1976). 
On a CtudiC les pics metastables dus B la fragmentation C2H5N+' + C2H4N+ f H' dans la 

premikre rigion libre de champ d'un spectromktre B double focal~sation. On a caractCrisC les 
structures isomkres des ions C2H5N+' dCriv6s d'une grande variCte de molkules prCcurseurs 
par la forme de leurs pics metastables et par la libiration d'inergie cinitique. Les identifications 
furent facilities par des expCriences impliquant des molkules marquees au deutirium dans des 
positions appropriks. On a montrC que les quatres ions isomkres 

(a) (b) (c) (e) 
maintiennent leur identit6 structurale B 1'intCrieur des Cnergies ioniques et des pCriodes de temps 
de vie observables dans ces expCriences. On a trouvC que I'ion (a), gCnCrC B partir de I'aziridine, 
ne peut pas Ctre distinguC de son isomkre en chaine ouverte CH~-NH=CH;I+. (d). 

Les rkultats obtenus sont trbs parallkles B ceux observes antirieurement pour les ions isoClec- 
troniques C2H40+'; toutefois les diffkrences dans les IibCrations d'inergie cinitique caractCris- 
tique sont plus faibles. I1 pourrait Ctre nicessaire d'effectuer une simple expirience d'ichange 
isotopique du deutCrium pour prouver d'une fafon non Cquivoque les structures ioniques des 
C2H5N+'. 

[Traduit par le journal] 

'Permanent address: Analytical Chemistry Laboratory, University of Utrecht, Croesestraat 77A, Utrecht, The 
Netherlands. 
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Introduction 
In a previous paper (1) the structures of frag- 

menting C2H40+' ions were established from 
metastable peaks examined under conditions of 
good energy resolution. Three isomeric struc- 
tures 

were shown to  be stable within the microsecond 
time-frame. Each isomer generated a charac- 
teristic first field-free region metastable peak for 
H atom loss, (lm*), thus providing a powerful 
method for ion structure determination. 

With the aid of deuterium labelling, it was 
shown that the acetaldehyde ion (b) exclusively 
loses its a-C-H atom, while it is the hydroxylic 
H atom that is lost from the vinyl alcohol ion (c). 
In addition, it was argued that a ring opened 

+ 
form of ethylene oxide (cH~-o-~H~,  (d)) 
probably exists as a fourth separate stable species. 

In this paper, results are reported for a similar 
study of the C2H5N+' ion (m/e 43). It is iso- 
electronic with C2H4O+' and in view of the 
similarity with which oxygen and nitrogen atoms 
direct mass spectral decompositions, we were 
interested to  see whether the analogous nitrogen- 
containing ions are stable. Such an analogy 
certainly exists between the C2H50+ and C2H6N+ 
ions which have been subject to  several investi- 
gations (2, 3). The C2H5N+ ion, although an 
important fragment ion in the mass spectra of 
many nitrogen-containing compounds, has only 
been investigated by conventional labelling 
studies (4-6). 

In  the present work, the chosen probe reaction 
again was H' loss because the associated intense 
Im* peak was found to be characteristic of the 
structure of th.: C2H5N+' ion. 

Results and Discussion 

Reference Ions 
Some reasonable structural forms for the 

C2H5N+' ion are: 

Of these, only (a) has a stable neutral counter- 
part, aziridine. (b) is the analogue of the acetal- 
dehyde ion, but no neutral species is available 
that can serve as a reference ion. The onlv 
oxygen-containing compounds which produced 
acetaldehyde type ions (although as a minor 
component, together with (c) type ions) were 
compounds which generated C2H50+ ions having 
the protonated acetaldehyde structure (e.g. 
isopropanol, diethylether, etc.) (1). The be- 
haviour of analogous nitrogen-containing com- 
pounds will be discussed below. 

Ion (c) is the analogue of ionized vinyl alcohol; 
this does not exist as a stable neutral species but 
several classes of oxygen-containing compounds 
(e.g., n-butanal and higher homologues, ethyl 
vinyl ether, cyclobutanol, etc.) were found to  
generate this ion (I), which is the most stable 
form of C2H40t' (7). The corresponding nitro- 
gen-containing compounds, with the exception 
of cyclobutylamine, are either unstable or not 
readily available. For cyclobutylamine it is 
reasonable to  propose that the m/e 43 ions (base 
peak) in its mass spectrum have the vinylamine 
structure (c): 

Ion (a) might be produced by loss of H2 from the 
molecular ion of dimethylamine (cf. H2 loss from 
dimethylether (1)) and this structure has already 
been assigned to  C2H~N+'  ions generated in the 
mass spectra of pyrrolidine and piperidine (4-6). 
Finally, ion structure (e) has no oxy-analogue. 
It has been proposed that such ions are generated 
from N-methylpiperidine (4, 5) and trimethyl- 
amine (2). 

In the discussion which follows, it will be 
argued that ions a/d, b, c ,  and e exist as stable 
entities within the framework imposed by 
observations of H atom loss in the n~icrosecond 
time scale. As in the previous work ( I ) ,  the 
experimental evidence is based upon the shapes 
of the appropriate Im* peaks and the effects of 
deuterium labelling. 
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HOLMES AND TERLOUW 1009 

TABLE 1. T0,5 values (meV) for H' loss from C2H5N+' ions generated from various precursor molecules 

Ion 
Precursor compound type To.5 To,5 (Deuterated compounds) 

Cyclobutylamine c 400 (45-43+D' 420 44+43+Hs 390 44+42+Dn 415) 
Isopropylamine C" 360 (45 -+43+De 400 44+43+H'  330 44 + 42+D' 390) 
n-Propy lamine cn 380 (45 + 43+Da 395 44 + 43+He 345 44 -+ 42+D' 390) 
Ethylamine cfL 360 (45 +43+D. 410 44 + 43+He 345 44 + 42+D' ) 
Ethylamine-a,a'-dl (44 + 43+H' 360 44 + 42+Dm 200) 
Diethylamine c,b(2:3) 280 (44 -+43+H' 230 44 + 42+D' 415 43 + 42+H' ) 
Diethylamine-a,al-cl4 (44 +43+He 375 44+42+D' 195 45 -+ 44+W 370) 
Aziridine a/d 255 (44+43+He 245 44-+42+D 315) 
Dimethylamine a/d 265 (44 --t 43+H' 265 44 + 42+C b, 

Dimethylamine-(16 a/d (47+45+De 265 47+46+H 285) 
Pyrrolidine a/d 265 (44 + 43+H' 265 44 - 42+D O) 
Piperidine a/d 290 
4-Methylpiperidine a/d 255 (44 -+43+H' 275 44 + 42+D O) 
N-Methylpiperidine e 130 
Trimethylamine e 140 
N,N-Dimethylformamide e 145 

"A minor conlribution from (b) is also prescnt (scc text). 
bobscurcd by other fragmcnlarions. 

Ion ( c )  
The 'm* peak for the fragmentation C2H5N+' 

+ C2H4N+ + H' in cyclobutylamine is a dished 
peak with a value of 400 meV (TI, = 195 
meV).z The peak shape remained unchanged a t  
low electron energy, indicating that it is non- 
composite. Another and more sensitive test is 
based upon the possible separation of com- 
ponents by specific deuterium labelling (1). 

Deuteration of the sample (by D 2 0  exchange) 
showed that metastable C2H3D2N+' ions, m/e 45, 
lost only D' as did the analogous C2H3DO+' ion 
from cyclobutanol. = 420 meV (see Table 1) 
is very similar to  that of the unlabelled com- 
pound (T,,/T, = 1.05) and is consistent with the 
43 + 42 + H' 'm* peak being nonconiposite. 
This result is compatible with a vinylamine 
structure for C2H3D2N+', i.e. 

However, a minor second component could still 
be present, especially if its characteristic energy 
release were close to that of the proposed (c) 
species. We therefore also examined the neigh- 
bouring transitions3 44 - 43 + H' (which could 

2Th indicates the energy release calculated from the 
width of a dished peak at its upper extremeties. To,s is the 
energy release calculated from the peak width a t  half- 
height. 

'It is essential to make sure that no interference occurs 
from other neighbouring transitions. Fortunately the only 
intense metastable peak found in the unlabelled com- 
pound is H' loss from C2H5N+. ions. 

7 - 
arise from the process CH3-CH=NH -+ CH3- 

4- 

C=ND + H') and 44 -2 42 + D'. Their asso- 
ciated half-height energy releases were 390 and 
415 meV respectively. 

We conclude that no second structure is 
present and that these transitions originate from 
the presence of only vinylaniine ions generated 
by the N-di compound: 

Although there is at  most only a small isotope 
effect on there is an appreciable isotope 
effect on the abundance; (lm*(peak area)44 + 

43)/(lni* 44 - 42) = 3.9. 

Ion (6) 
Other nitrogen containing analogues of oxy- 

compounds that exclusively generated vinyl 
alcohol ions were not available. However, in a 
recent collisional activation study (3) it was pro- 
posed that C2H6N+ ions of the protonated 
acetaldimine structure are stable species. If their 
(m* confirmed) H' loss parallels that of the 
corresponding C2H50+ ion (I), a niixture of 
vinylamine (c) and acetaldimine (b) type ions 
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could be generated, i.e. 

Some support for this proposal is t o  be found in 
the C A  study where it was stated that "loss of a 
single H atom to  form /iz/e 43 occurs maitlly from 
the carbon atoms". The production of (b) type 
ions may therefore be a minor process as is 
observed in the dissociation of the analogous 
C2H50+ ion (1). 

The first con~pound investigated in this context 
was isopropylamine. Loss of CH3' from the 
molecular ion generates an  intense peak at  m/e 

+ 
44 of structure CH3-CH=NH2. The energy 
release for the probe reaction was found to  be 
lower (Table 1) than that of the vinylamine 
species from cyclobutylainine. Although this 
lower value can a priori result from slightly 
different internal energy contents of the ions, a 
deuteration experinlent indicated that a minor 
second coinponent with a lower T0.5 value is 
involved. Exchange deuteration showed that 
both of the fragmentations 45 + 43 + D' (N-c12 
con~pound)  and 44 + 42 + D' (N-dl con~pound)  
had T0.5 values compatible with those found for 
cyclobutylainine; however, T0.5 for 44 4 43 + 
H' was significantly lower (see Table I). These 
observations are in accord with the above 
proposal that the major part of the dissociating 
C2H5N+' ions have the vinylamine (c) structure, 
but that some contribution from acetaldimine 
(b) ions is also present. Note that these ions 

+ 
appear at  m/e 44 (CH3-CD=ND) in the 
labelled compound. If they behave like acetalde- 
hyde ions, the a-C-H atom will be lost and 
therefore their only fraginentation will be 
44 + 43 + H'; this metastable peak will be 

+. 
a composite of (c) (CH2=CH-NDH from 
N-dl isopropylamine, T0.5 400 meV) and (b) 

1 - 

20y0 of the metastable C2H5Nf' ions could have 
the (b) structure. (In isopropanol 15% of the 
C2H40f '  ions have the acetaldehyde structure 
(I).) An accurate value of for (b) cannot be 
obtained from these data. 

n-Propylamine yielded similar results. Its m/e 
44 ions have the initial structure CH2-CH2- 
N H ~ +  but CA evidence (3) indicates that 

i- 
isomerisation to  CH3-CH=NH2 could occur. 
(Note that (c) type ions can be generated from 
the initial ion.) The T0.5 value (see Table 1) 
indicates that the major component is the vinyl- 
amine ion (c) but the slightly but significantly 
lower T0.5 value for the transition 44 + 43 + H'  
in the labelled compound again points t o  the  
presence of (b) type ions, --lo%, based on peak 
sun~mations. 

The third compound investigated in this series 
was ethylamine (see Table 1); its behaviour was 
very sirnilar to  that of isopropylamine. Proper 
examination of the minor (b) type conlponent 
requires a very high degree of N-d labelling. 
However this is difficult to  achieve via an  ex- 
change deuteration performed in the mass 
spectrometer and we therefore investigated the 
compound CH3CD2NH2. This con~pound has 
been studied before (9). It almost exclusively 
loses D' generating the protonated acetaldimine 

+ 
ion CH3-CD=N(H at  ~ 1 / e  46. If this ion be- 

'H 
haves as  proposed above, two different ions will 
be formed at  m/e 44, the (c) type ions CH2= +. +. 
CD-NH2 and the (b) type ions CH3-CD=NH. 
The (c) ions will only lose a H' atom, while the 
(b) type ions should exclusively lose the D' atom. 
As predicted, the lm*, 44 -> 43 + He is that for 
(c) type ions, while the lm*,  44 + 42 + D' had a 
much lower value (200 meV) which can there- 
fore with some confidence be assigned to  acetal- 
dimine, (b) type ions. From trial and error 
sun~mations of the metastable peak profiles for 
(b) and (c) it was estimated that -20% of the 
C2H5N" ions from unlabelled ethylamine had 
the former structure. The ratio of the metastable 
peak areas 44 + 43 and 44 + 42 was 9 :  1; this 
however contains an unknown isotope effect. 

These results ~a ra l l e l  those obtained with 
T - 

(CH3-CH=ND, < 330 mev) type ions. ethanol where a ratio of (c):(b) = 8: 1 was found. 
I t  was estimated from sun~nlations of (b) and (c) Structural assignment of the conlponents and an  
in various proportions (see below) that about accurate estimation of their abundance is how- 
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HOLMES AND TERLOUW 101 1 

ever much easier for C2H40+' ions where there 
is a much greater difference between the charac- 
teristic energy releases of the two components. 

Apart from alcohols, it was also found (1) 
that a mixture of (b) and (c) ions could be 
generated via the C2H50+ ion produced from 
simple ethers and we therefore examined di- 
ethylamine as a representative compound. 

T0.5 for the probe reaction was 280 meV, close 
+ 

to that for species (a) or (d) CH~-NH=CH~ 
(see below). It seems improbable that the latter is 
formed from this compound4 and so the 'm* 
was examined at reduced electron energy. T0.5 
becatlie significantly lower (225 meV at nominal 
30eV) indicating the possible presence of a 
composite metastable peak. Exchange deutera- 
tion permitted a separation into two fragmenta- 
tions; 44 + 42 + D', with a T0.5 (see Table l )  
appropriate for (c) type ions and a second more 
intense metastable peak 44 + 43 + H with 
T0.5 = 230 meV, which could be a composite of 
mainly (b) with some (c). 

The formation of the (c) ion can satisfactorily 
be explained by the following scheme, which can 
also account for the observation of a contribution 
of (c) ions in the transition 44 + 43 + H evcn 
with a high degree of exchange labelling. Al- 
though this mechanism explains the formation 
of both (b) and (c) ions it is difficult to under- 

4For example, by consecutive loss of two CH3 radicals. 
This possibility was indeed effectively ruled out by 
examining the mass spectrum of CH3CD2NHCD2CH3; 
no m / e  51 ions are present. 

stand why the C2H6N+ ions in this compound 
generate the (b) type ion in such abundance. 

In order to discover whether a second mech- 
anism exists for the formation of (b) type ions 
and to isolate the pure H loss metastable peak for 
(b) for its unequivocal identification, the mass 
spectrum of CH3CD2NHCD2CH3 was examined. 
The peak of high intensity at tn/e 44 (C2H6N) 
was not only shifted to rn/e 45 (607,) but also to  
rn/e 46 (40%). The partial shift to rn/e 45 is 
consistent with the mechanism previously pro- 
posed. The presence of the appropriate 'rn*'s 
showed that it was formed by loss of D', fol- 
lowed by loss of CD2=CH2. This supports the 
postulated protonated acetaldirnine structure 

+ 
CH3-CD=NH2 and this ion will account for 
the C2H5N type transitions 44 + 43 + H' (from 

+. 
CH2=CD-NH2, (c)) and to a minor extent for +. 
44 + 42 + D' (from CH3-CD=NH, (b)). 

The shift to m / e  46, however, clearly shows 
that C2H6N+ ions of an (initially) different 
structure are also generated, most probably by 
simple bond cleavage from the molecular ion: 

D' loss from this ion could explain the relatively 
high abundance of (b) type ions: 

The CA study (3) indicated that the nondisso- 
ciating ions isomerise 

This hypothesis was confirmed by our observa- 
tions (see Table 1). Not only was a (c) type 
metastable peak found for the transition 44 + 

43 + 1 (intensity, 1 = 50 (arbitrary units)) but 
the intense 'm* for 44 + 42 + D' (1 = 100) was 
a (b) type component characterized by an energy 
release in excellent agreement with that found in 
CH3CD2NH2. Note that the characteristic energy 
release of ion (b) is derived from loss of a D 
atom; T0.5 for H atom loss may not be identical. 

However, a partial isomerisation of the 
C2H4D2N ions at 1 7 7 , ' ~  46 into the structure 
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+ 
CH3-CD=NHD (which will mainly form vinyl- 

+ 
amine ions at  in/e 45 (CH2=CD-NDH)), must 
occur, because a fairly intense  neta astable peak 
for the process 45 - 44 + He ( I  = 70) with a 
(c) type energy release5 was also observed. The 
accompanying transition 45 - 43 + D' was also 
observed but the peak is distorted by loss of Hz 
froin CH3CDNH;] +. 

Summation of the observed peaks for (b) and 
(c) in a ratio of 3:2 produced a peak closely 
similar to that for the unlabelled compound. 

Ions (a) and (cl) 
A third type of ion that can be identified by its 

characteristic energy release is the ~nolecular ion 
H 

I +. 
of aziridine N (a). Loss of H' therefrom 

/ \  
CH2-CH2 

generated an intense, steep-sided nletastable 
peak having a small dish and T0.s of 255 meV. 
It appeared to be noncomposite because the 
peak's shape remained unchanged a t  low electron 
energy and moreover, followiiig an  exchange 
deuteration the probe reaction became 44+  
43 + H' with the same energy release. Thus the 
loss of a H atom attached to carbon is the major 
process for the metastable ions, but a small loss 
of D' (-5%) was also observed (transition 44 - 
42 + D', = 315 meV). Ions of higher 
energy, i.e. those dissociating in the ion source, 
lose both H and D in about equal proportions 
(10, 11). 

Although (a) type aziridine ions clearly behave 
differently from (b) and (c) ions, it is not known 
whether the C-H atom is lost from an intact 

+ 
ring or the ring opened structure CH2-NH= 
CH2 (d). The same energy release, peak shape, 
and shift upon exchange deuteration were found 
for the C2H5N+' ions derived from dimethylamine. 
A similar small loss of D in CH3NDCH3 could 
not be detected because of interference from the 
intense metastable peak for the fragmentation 
CzHsN+ - C2H4Nf + HZ in i~nlabelled inaterial. 
A study of CD3NHCD3, however, showed that 

5The lm* intensity for H' loss from CzHsN ions is less 
than 0.1 of the corresponding C2H5N dissociation. Inter- 
ference from H' loss of the C,H5DN component in nz/e 
45 is therefore negligible. 

VOL. 54, 1976 

loss of a C-H atom still is the major process 
(47 - 45 + D', T0.s = 285 meV). There is thus 
no significant isotope effect on the energy release 
for loss of H/D bonded to carbon, whereas 
there is a snlall isotope effect for H / D  bonded to  
nitrogen. The simplest interpretation of the 
results is that C-H and N-H fragmentations 
are competing processes, the former having a 
lower activation energy. The results cannot be 
satisfactorily explained on the basis of atom 
scrambling. 

Three other compounds, piperidine, 4-methyl- 
piperidine, and pyrrolidi~le were also found to  
generate a/d ions. For pyrrolidine, structure (d) 
was proposed from a study of labelled coinpounds 
(6). However, it was also concluded in this study 
(6) that  H loss from this ion involves only the 
H atom attached to nitrogen. Our results on  
pyrrolidine-N-d show that the ions fragmenting 
in the ion source lose both types of hydrogen 
aton1 to an  almost equal extent (compare 
aziridine) while the metastable ions almost 
exclus ively~ose  the carbon H atom. 

Ion (e) 
Finally, there is evidence for the existence of a 

fifth stable ionic species. Deuteriuiii labelling 
studies had resulted in the following structure 
being proposed (5) for the C2H5N+' ion (base 
peak) from N-rnethylpiperidine: CH3-N= 
C H ~  +' (e). The translational energy release in 
the very intense metastable peak for H' loss had 
T0.s = 130 meV, much lower than that found for 
the other isomers, indicating the presence of a 
new species. It was furthermore concluded in the 
study described in ref. 5 that the H atoms of the 
methyl group are not lost and so the reaction 
will be : 

1' 
t 

CH,-N=CH2 ' -+ CH3-NGCH + H' 

Two more conlpounds were found also to  
generate this ion (e), N,N-dimethylforrnamide 
and trimethylamine. The latter clearly produces 

'jThe yi contribution of D atom loss can only be 
estimated but it must be <5"1. In the unlabelled com- 
pound part of the n ~ / e  43 ions are C3H7 ions, generated by 
HCN loss from (M-H) (6). In the N-rl labelled com- 
pound this ion is shifted to n ~ / e  44 (C3HsD) (exact mass 
measurements and shift of the transition 70 -+ 43 + 27 
to 71 -+ 44 + 27). It gives rise to an intense m* for Hz 
loss (20y0 of 44 -+ 43 + 1, = 400 meV) that ~nter- 
feres with the detection of a small contribution of the 
transition 44 -+ 42 + D'. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HOLMES AN ID TERLOUW 1013 

these ions by the following pathway (8): 

CHI 
t' + I 

(CH1)]N - CH]-r;l=CH2 & CHI-N=CH2 " 
-H' -CHI 1 

although a second route via the C2H6Nf ion 
+ 

(initially CH3-N-CH3) is also possible. Gener- 
ation of the ion in N,N-dimethylformamide 
probably occurs mainly via the m/e 44 ions (base 
peak): 

Both compounds show T0.5 values for the 
probe reaction close to that found for N-methyl- 
piperidine (see Table 1). Their shape is however 
slightly different from that found for N-methyl- 
piperidine, in that both peaks have significantly 
wider skirts. We believe that this is caused by the 
presence of a minor second component, which 
we have not unequivocally identified. 

Conclusions 

C2H5Nf' ions generated from a variety of 
precursor molecules display characteristic dif- 
ferences in kinetic energy release in their meta- 
stable peaks for loss of an H atom. The following 
stable isomeric ions were thus identified: 

C H ~ N H C H ~ * '  indistinguishable from ( a )  

(d) 

In contrast with the behaviour of the oxy- 
analogues, differences in peak shape were 
relatively small, rendering more difficult the 
direct identification of a con~posite metastable 
peak. Separation of components could, however, 

be achieved by appropriate deuterium labelling 
experiments. 

It must be emphasized that the identification of 
isomeric ion structures from studies of a single 
fragmentation depend upon such structures 
being nonfreely interconverting in the internal 
energy range and time scale of such observations. 
This technique is poorly applicable t o  hydro- 
carbons (12) where isomerisation prior t o  frag- 
mentation predominates but the method appears 
t o  hold considerable promise for hetero-atom 
containing ions. 

Experimental 
The metastable peak measurements were performed 

with an A.E.1.-G.E.C. MS 902s instrument using the 
procedure described in ref. 1. All compounds, except for 
CH3CD2NH2 (97% d2 species), which was obtained from 
LiAID4 reduction of acetonitrile (13), were obtained 
commercially and, if necessary, were purified by prepara- 
tive gas chromatography. Compounds were admitted to 
the ion source via a Granville-Phillips variable leak; 
sample pressure ca. 5 X 10-7 torr. Energy release values 
were calculated in the usual way with a main beam energy 
spread correction of 1.3 V (1). For most measurements 
the reproducibility of the half-height width of the meta- 
stable peak was f 0.5 V at  an acceleration potential of 
6000 V. 
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On the oxidative dimerization of 2,3-dialkylindoles' 
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VINOD DAVE and E. W. WARNHOFF. Can. J. Chem. 54, 1015 (1976). 
The oxidative dimerization of 3-alkyl-2-methylindoles to  1 has been found to occur with 

several primary 3-alkyl and one secondary 3-alkyl groups. A tertiary 3-alkyl group prevents 
dimerization of the intermediate 3-hydroxyindolenine. These new dirners undergo the same 
acid-catalyzed rearrangement as l a .  

V~NOD DAVE et E. W. WARNHOFF. Can. J. Chem. 54,1015 (1976). 
On a trouvC que la dimirisation oxydante des alkyl-3 rnithyl-2 indoles en 1 se produit avec 

plusieurs groupes alkyl-3 primaires et un groupe alkyl-3 secondaire. Un groupe alkyl-3 tertiaire 
empCche la dimCrisation de I'intermCdiaire hydroxy-3 indolinine. Ces nouveaux dimkres subis- 
sent le mCme rkrrangement acido-catalysi que subit le composC la. 

[Traduit par le journal] 

Sometime ago we (2) and others (3) determined 
the structure and stereochemistry of the oxidative 
dimerization product l a  from 2,3-dimethylindole 
(40). McLean and Dmitrienko (4) have shown 
that 2-methyl-3-ethylindole (46) forms an ana- 
logous product, lb .  These bisindolines were 
found t o  arise by dimerization of two molecules 
of the 3-hydroxyindolenine 2 ,  probably produced 
by reaction of the initially formed 3-hydro- 
peroxyindolenine 3 with the indole 4. T o  explore 
further the generality of this reaction we have 
examined the effect of changing the alkyl sub- 
stituents, and the results are reported in this 
paper. In an accompanying paper ( 5 )  are de- 
scribed some new reactions discovered during 
preparation of one of the requisite indoles. 

Considerable evidence was already available 
that any alkyl group other than methyl at C-2 
caused other reactions (e.g. oxidation or  re- 
arrangement) to  predominate over dimerization 
of the 3-hydroxyindolenine (4). Thus, the 3- 
methyl-2-ethyl derivative 2c underwent oxidation 
to  the oxindole 8 (4); the 2,3-diethyl derivative 2d 
was not reported to  diinerize (6); 3-methyl-2- 
isopropylindole, 4e, gave only monomeric prod- 
ucts of further oxidation of 3e (7); and 2-benzyl- 
3-phenylindole, 4f; did not give a product of type 
1 (8). We have further confirmed that even in the 
absence of oxygen, 3-methyl-2-ethyl-3-hydroxy- 
indolenine, 2c, gave no evidence of dimer l c  in 
the mixture of products formed on standing. 

'Organic nitrogen chemistry. 12. For paper I 1  see 
ref. 1. 

On the other hand, if the alkyl group at C-2 
is methyl, the alkyl group at C-3 can be varied 
without preventing dimerization. Thus, dimers 
were obtained by the usual procedure (see Ex- 
perimental) from 3-n-propyl-, 3-i-propyl-, 3-n- 
butyl-, and 3-n-amyl-2-methylindoles (4g-j), and 
these dimers were accon~panied by minor 
amounts of the yellow indoxyls 6g-j from re- 
arrangement of the dimers. In the case of 
2-methyl-3-benzylindole, 4k, the indoxyl 6k was 
the major product. The structures postulated for 
the new dimers are based on their 'Hmr and 
mass spectra and on their acid-catalyzed re- 
arrangement products 6 and 7 which were anal- 
ogous to  those observed for the 2,3-dimethyl 
derivative l a  (9).2 

Only when the 3-alkyl group became as bulky 
as tert-butyl was no dimer obtained from the 
hydroxyindolenine 21, the product being instead 
the indoxyl 51 from rearrangement. This steric 
effect is not surprising because the initial dimeri- 
zation step leading to 91 would have brought 
adjacent methyl and tert-butyl groups into 
eclipse on the indoline ring. The steric effect 
observed in this reaction can be compared to 
that in the related acid-catalyzed dimerization of 
3-alkylindoles in which either a 3-isopropyl or a 
3-tert-butyl group is reported t o  prevent dimeri- 
zation (10). 

q n  thelHrnr spectra of dimers l g - j  no splitting of the 
tetrahydrofuran CH2 signal was observed at  60 MHz as 
found for l a .  See also ref. 4, p. 3643. 
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Experimental 

Materials and apparatus were the same as in ref. 9 
except for the following. Infrared spectra were taken on 
Beckman IR-20A and Acculab 4 instruments. Ultraviolet 
spectra were recorded on a Cary Model 118 spectrometer. 
Chemical shifts for aromatic protons and undecipherable 
aliphatic protons in IH nmr spectra are not reported. 
Preparative thick layer plates contained 20 g of Merck 
GF254 silica gel on a 20 x 20 cm plate unless otherwise 
specified. Petroleum ether refers to the fraction of bp 
3G60 "C unless otherwise specified. The following 
abbreviations have been used: b = broad, s = singlet, 
d = doublet, q = quartet, m = multiplet, sh = shoulder, 
Ph = phenyl, and Ac = acetyl. 

Itldoles 
The 2,3-disubstituted indoles used in the present work 

were prepared by refluxing a solution of the appropriate 
ketone (0.05 mol) and phenylhydrazine hydrochloride 
(0.04 mol) in glacial acetic acid (30 ml) for 3 h. The cooled 
reaction mixture was dissolved in ether and washed first 
with 107; aqueous HCI, then with 5C/(, aqueous NaOH, 
and finally with water. The dried organic solution was 
concentrated, and thc crude indole was either distilled or, 
in the case of solids, recrystallized from ether -petroleum 
ether. Purity was checked by tlc and 1Hmr spectroscopy. 
Physical constants are reported in Table 1. 

The distilled 2-methyl-3-re,!-butylindole on standing 
became purple from air oxidation of a minor contaminant 
arising from traces of Zneopentylindole (see following 
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TABLE 1. Physical constants of indoles prepared 

Physical constants 

Ketone Indole (yield) Experimental Literature 

2-Pentanone 

3-Pentanone 

2-Hexanone 

4-Methyl-2- 
pentanone 

2-Heptanone 

4,4-Dimethyl-2- 
pentanone 

2-Octanone 

bp 115.5-116 "C/0.8 torr 

mp 62-65 "C 

bp 123.5-124 "C/0.8 torr 

bp 12G121 "C/0.7 torr 

bp 13G131 "C/0.8 torr 

bp 136-138 "C/O .8 torr 

bp 144.5-145 "C/0.9 torr 

mp 117-1 19 "C 

bp 120 "C/1 torr ( l l a )  

mp 64-66 "C (4) 

bp 131-135 "C/1.1 torr ( l lb)  

bp 120 "C/0.8 torr (110) 

bp 124-127 "C/1 torr ( l l c )  

bp 134-136"C/0.5 torr ( l ld )  

bp 205-206 "C/23 torr (1  le) 

mp 116"C(l l f )  

paper). Pure 2-methyl-3-tert-butylindole was obtained by 
chromatography of this material on silica gel. 

Hydroxyindoletiitie Dimers 
These dimers were prepared by aerial oxidation of the 

2,3-dialkylindoles in CHC13 solution in an open vessel for 
several days (with occasional addition of CHC13 to main- 
tain volume) and were separated from unreacted indole 
and other products by preparative layer chromatography 
on silica gel in benzene-ether (80:20 to 95:5) mixtures. 
All of the dimers had ir absorption at 3370 and 3500 cm-1 
for NH and OH bonds. The uv spectra of all of the dimers 
were virtually identical with A,,, (MeOH) 242 (16 000) 
and 297 nm (4700). 

2-Methyl-3-ethyl Dimer Ib 
From 2.0 g of crude oxidation product was obtained 

1.3g (59%) of dimer. Three recrystallizations from 
CHC13 - petroleum ether (bp 6G80 "C) gave pure lb ,  
mp 157-160 "C (lit. (4) 157-160 "C); 6 (CDC13) 0.90 (t, 
3H, J = 7 HZ, CH,(CH2)), 1.12 (t, 3H, J = 7 HZ, 
CH3(CH2)), 1.37 (s, 3H, CH3), 2.35 (s, ZH, CH2), 3.20 
(s, lH, OH, exch. D,O), 3.80 (b s, lH,  NH, exch. D20), 
and 4.90ppm (bs ,  lH,  NH, exch. D2O); m/e 350 
(molecular ion). 

2- Metl1yl-3-t1-propyI Ditner I g  
From 290 mg of crude oxidation product was obtained 

97 mg (30%) of dimer. Three recrystallizations from 
ether - petroleum ether gave pure lg ,  mp 142-145 'C, 
6 (CDCI3) 1.34 (s, 3H, CH3), 2.37 (s, 2H, CH2), 3.23 (s, 
lH,  OH, exch. D20), 3.80 (b s, lH, NH, exch. DzO), and 
4.90 ppm (b s, lH ,  NH, exch. D2O); m/e 378 (molecular 
ion). Anal. calcd. for C24H3oN202 (378.5): C 76.16, H 
7.99, N 7.40; found: C 76.23, H 7.85, N 7.05. 

2-Metl1yl-3-11-but)~l Dimer l i  
From 2.0 g of crude oxidation product was obtained 

937 mg (43%) of dimer.3 Recrystallization from ether - 
petroleum ether gave pure l i ,  mp 112-117'C (dec.), 
6 (CDC13) 1.34 (s, 3H, CH3), 2.33 (s, 2H, CHz), 3.23 (s, 
lH,  OH, exch. D20), 3.80 (b  s, lH, NH, exch. D20), and 

3A second product, the indoxyl 6i, was also found, and 
its isolation is described under a separate heading. 

4.80 ppm (b s, lH ,  NH, exch. D20); tn/e 406 (molecular 
ion). Anal. calcd. for C26H34N202 (406.6): C 76.81, H 8.43, 
N 6.89; found: C 76.40, H 8.58, N 6.40. 

2-Methyl-3-11-amylindole Dimer Ij 
From 1.2 g of crude oxidation product was obtained 

746 mg (57%) of dimer. Four recrystallizations from 
ether-petroleum ether gave pure l j ,  mp 113-114 "C, 
6 (CDC13) 1.34 (s, 3H, CH3), 2.38 (s, 2H, CH2), 3.27 (s, 
lH,  OH, exch. D20), and two NH peaks so broadened as 
to be almost merged in the baseline; tn/e 434 (molecular 
ion); osmometric mol. wt. (CHCI3) 419. Atrcrl. calcd. for 
C28H38N202 (434.6): C 77.38, H 8.81, N 6.45; found: 
C 77.20, H 8.81, N 6.36. 

2- Methyl-3-isopropyl Dimer I h 
This compound, an unstable oil, was not obtained by 

this simple procedure, and the oxidation of 4h is described 
separately below. 

Reurrungeri Acetates 7 (Ac for R") 
The hydroxyindolenine dimers were rearranged to 

alcohols 7 (R" = H) by treatment of the dimer (100 mg) 
in acetone (1 ml) with 0.1 N aqueous HCI (0.3 rnl) at 
room temperature overnight. The products were isolated 
by preparative layer chromatography on silica gel in 
benzene-ether mixture (85 : 15 to 95 :5). For characteriza- 
tion the liquid alcohols 7 (H for R") (50 mg) were con- 
verted into the crystalline acetates 7 (Ac for R") by 
treatment with acetic anhydride (0.2 ml) in pyridine 
(0.5 ml) at room temperature for 5 h. They were purified 
by preparative layer chromatography on silica gel in 
benzene-ether mixtures (100:O to 90:lO). All of the 
acetates had ir absorption at 338G3360 (NH) and 
172C-1730 cm-1 (C=O). The uv spectra of all of the 
acetates were virtually the same w ~ t h  A,,, (MeOH) 228 
(40 WO), 294 (9500), and 305 nm (8500). 

2-Metlryl-3-ethyl Acetate 7b (Ac for R") 
From 102 mg of chromatographed acid-rearrangement 

product 7b (H for R") was obtained 70 mg of 0-acetate 
7b (Ac for R"). Three recrystallizations from ether- 
petroleum ether gave colourless granules of pure 7b (Ac 
for R"), mp 163-166 "C, 6 (CDC13) 0.78 (t, 3H, J = 7 Hz, 
CH3(CH2)), 1.20 (t, 3H, J = 7 HZ, CH3(CH2)), 1.38 (s, 
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3H, CHj), 2.12 (s, 3H, CHjC=O), 2.72 (q, 2H, J = 7 HZ, 
CH2(CH3)),4 and 6.33 ppm (s, lH, CHOAc), NH not 
apparent; ?tile 374 (molecular ion). Atral. calcd. for. 
C24H26N302 (374.5): C 76.98, H 7.00; found: C 77.60, 
H 6.74. 

2-Me1lryI-3-11-prop).( Acelrrte 7 g  (Ac for R") 
From 100 mg of the dimer 15 was obtained 30 mg of 

rearrangement product 7 g  (H for R") which gave 22 mg 
of 0-acetate 7 g  (Ac for R"). Two recrystallizations from 
CHC1j -petroleum ether (bp 6&80 "C) and two from 
MeOH - petroleum ether (bp 6&80 "C) gave pure 76. 
(Ac for R"), mp 179-181 "C; 6 (CDCIj) 0.81-0.94 (m, 6H, 
2CH3(CH2)), 1.34 (s, 3H, CHj), 2.08 (S, 3H, CHjC=O), 
-2.10 (b, lH, NH, exch. D20), 2.56-2.70 (m, 4H, 
2CH2-Et), and 6.24 ppm (s, lH,  CHOAc); t r ~ / e  402 
(molecular ion). AIINI. calcd. for C26H30N202 (402.5): 
C 77.58, H7.51; found: C77.56, H7.66. 

2-Metlr)~l-3-isoprop)~l Acetate 711 (Ac for R") 
From 85 mg of crude dimer 111 rearrangement product 

was obtained 25 mg of 711 (H for R") which gave 21 mg 
of 0-acetate 711 (Ac for R"). Two recrystallizations from 
CHC13 - petroleum ether (bp 6&80 "C) gave colourless 
small needles of pure 711 (Ac for R"), mp (subl.) 180 "C, 
6 (CDClj) 0.84 (d, 3H, J = 7 HZ, CHj-CH), 1.21 (d, 3H, 
J = 7 HZ, CHj-CH), 1.32 (d, 6H, J = 7 HZ, CH3- 
(CH)-CHj), 1.49 (s, 3H, CHj), 2.16 (s, 3H, CHjC=O), 
3.12-3.62 (8 lines, 2H, J = 7 Hz, 2 overlapping CHMe2s), 
4.00 (b s, lH, NH, exch. D20), and 6.51 ppm (s, 1 H, 
CHOAc); m / e  402 (molecular ion). Atial. calcd. for 
CZGHJON~O~ (402.5): C 77.58, H 7.51; found: C 77.80, 
H 7.61. 

2-Metlzyl-3-11-brrtyl Acetate 7i (Ac for R") 
From 100 mg of dimer l i  was obtained 54 mg of 

rearrangement product 7i (H for R") which gave 30 mg 
of 0-acetate 7i  (Ac for R"). Four recrystallizations from 
CHCIj - petroleum ether (bp 60-80 "C) gave colourless 
small needles of pure 7i  (Ac for R"), mp 166-168 "C, 
8 (CDCIj) 0.81-0.94 (m, 6H, 2CH3(CH2)), 1.38 (s, 3H, 
CHj), 2.11 (s, 3H, CHjCzO), 2.30 (b, lH, NH, exch. 
DzO), 2.6&2.75 (m, 4H, 2CH2-11-Pr), and 6.27 ppm (s, lH, 
CHOAc); m/e  430 (molecular ion). Atral. calcd. for 
C28HJ4N202 (430.6): C 78.10, H 7.96; found: C 77.98, 
H 8.00. 

2-Merlryl-3-n-amyl Acetate 7 j  (Ac for R") 
From lOOmg of dimer l j  was obtained 43 mg of 

rearrangement product 7j  (H for R") which gave 26 mg 
of 0-acetate 7 j  (Ac for R"). Two recrystallizations from 
CHClj - petroleum ether (bp 6&80 "C) gave colourless 
granules of 7j (Ac for R"), mp 151-153 "C, 6 (CDCIj) 
0.77-0.90 (m, 6H, 2CH3(CH2)), 1.35 (s, 3H, CHI), 
-2.0 (b, lH, NH, exch. D20), 2.08 (s, 3H, CH]C=O), 
2.59-2.73 (m, 4H, 2CH2-11-Bu), and 6.25 ppm (s, lH, 
CHOAc); m / e  458 (molecular ion). Atrul. calcd. for 
C J O H J ~ N ~ O Z  (458.6): C 78.56, H 8.35; found: C 78.49, 
H 8.29. 

2- Mrtlryl-3-isopropyl-3-/1ydropero,~yitr~~olrtritr, 311 
When 2-methyl-3-isopropyli~~dole (1.2 g) was air-oxi- 

dized in CHCI] solution, no dimer 111 was isolated, but 

instead the indolenine hydroperoxide (239 mg) was 
found. Two recrystallizations from ether - petroleum 
ether gave pure 311, mp 119.5-120 "C (dec.), v,,,, (CHCI]) 
3100-3400 cnl-1 (OH); A,,, (MeOH) 218 (23 OOO), 257 
(3300), and 290 nm (2300); (MeOH) 213 (20 000) and 
224 nm (16 000); 6 (CDCIj) 0.50 (d, 3H, J = 7 Hz, 
CHjCH), 1.22 (d, 3H, J = 7 HZ, CHjCH), 2.26 (b S, 3H, 
CHjC=), -2.30 (pattern hidden by CH3C=, lH, 
CHMer), and 9.90 ppm (b s, lH, OOH, exch. D2O); m / e  
205 (molecular ion). Atral. calcd. for C12H1 5N02 (205.3): 
C 70.22, H 7.37; found: C 69.13, H 7.26.5 

2-Me1l~1-3-isopropy1-3-11ydr.oxyit1doetiit1e 211 
A solution of indole 411 (500 mg) jn petroleum ether 

(bp 6&80 "C) (10 ml) was allowed to stand in an open 
beaker overnight. The precipitate was filtered and washed 
with cold petroleum ether (bp 6&80 "C); yield 45 mg. 
Three recrystallizations from ether - petroleum ether 
gave colourless needles of hydroxyindolenine 211, mp 
subl. 120 "C; v,,,, (CHCI,) 31W3600 cm-1 (OH); A,,, 
(MeOH) 218 (21 OOO), 255 (3200), and 290 nm (2000); 
AInI  (MeOH) 213 (19 000) and 224 nm (15 000); 6 (CDClj) 
0.41 (d, 3H, J = 7 HZ, CHj-CH), 1.20 (d, 3H, J = 7 HZ, 
CH3-H), 1.94 (s, 3H, CHjCz),  2.18 (septet, lH, 
CHMe2), and 4.50ppm (bs,  lH, OH, exch. D20); ni/e 
189 (molecular ion). Atlal. calcd. for C L ~ H I 5 N O  (189.3): 
C 76.16, H 7.99; found: C 76.23, H 8.03. 

When a solution of the hydroxyindolenine (200 mg) in 
CHCI] was allowed to stand in an open beaker for two 
weeks, the crude product after preparative layer chroma- 
tography gave an unstable oil (85 mg) which was judged 
to be dimer 111 by the result of its acid-catalyzed re- 
arrangement (see below). 

Dittieric It~doxyls, 6 
2-Mell~vI-3-n-b1rty(ir~doxyl, 6i 
A second, more polar band from the preparative plate 

separation of dimer l i  gave 497 mg (21%) of yellow oily 
indoxyl 6i. Rechromatography and acetylation gave the 
N-acetyl indoxyl 6i (NAc for NH) which was chromato- 
graphed and recrystallized from ether - petroleum ether 
to give yellow granules of 6i (NAc for NH), mp 112- 
114 "C, v,,, (CHCIj) 1685 (indoxyl C=O) and 1645 cm-I 
(acetamide C=O); A,,,, (MeOH) 240 (36 O), 257 
(20000), 290 (3500), 320 (1400), and 405 nm (2400); 
6 (CDC1j) 1.49 (s, 3H, CHj), 2.29 (s, 2H, CH2), and 2.47 
ppm (s, 3H, CHjC=O); m / e  430 (molecular ion). Anal. 
calcd. for C28H34N202 (430.6): C 78.10, H 7.96; found: 
C 77.96, H 7.81. 
2-Metlyl-3-bet1zylit1doxyl,6k 
Chromatography of the crude product (500 mg) of air 

oxidation of 2-methyl-3-benzylindole, 4k,  gave as the 
major product a yellow oil (130 mg). Rechromatography 
and two recrystallizations from ether - petroleum ether 
gave lemon yellow needles of the dimeric indoxyl 6 k ,  
mp 154-156 "C, v,,, (CHCI 3) 3360 (NH) and 1690 cm-I 
(indoxyl C=O); A,,,,, (MeOH) 238 (28 000), 305 (4700), 
and 410 nm (2100); 6 (CDClj) 1.17 (s, 3H, CHj), 2.21 (s, 
2H, CHz), and 2.92-3.82 ppm (6 lines, 4H, 2 overlapping 
PhCH2), NH not apparent; m / e  456 (molecular ion). 

JThe quartet from the second -CH~(CHJ) was split 
further, presumably by the -CHOAc methine hydrogen. 

SThe low carbon value is presumably due to decom- 
position of the sensitive peroxide. 
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DAVE AND WARNHOFF: I 1019 

Anal. calcd. for C32H28Nz0 (456.6): C 84.18, H 6.18; 
found: C 84.00, H 6.29. 

Air oxidation of 4k in various other solvents also failed 
to ~ i e l d  the dimer l k  itself. The following attempts to 
prepare the hydroxyindolenine 2k for dimerization 
studies also failed: (a) catalytic oxygenation with Pt, 
(6) oxygenation of the indole Grignard reagent, (c) hy- 
drolysis of the 3-chloroindolenine, and (6) acetoxylation 
of indole 4k. 

Oxidatiot~ of 2-Mefl1yl-3-tert-b~itylit1dole, 41 
(a) When indole 41 was oxidized in CHC13 solution by 

air there was no evidence of formation of dimer 11. The 
major product was yellow 2-methyl-2-rerr-butylindoxyl, 
51, mp 13C137 "C; 6 (CDC13) 1.00 (s, 9H, tert-Bu), 1.29 
(s, 3H, CH,), and 4.65 ppm (b  s, lH,  NH, exch. D20); 
Mot. Wt. calcd. for CI3Hl7NO: 203.130; found (mass 
spectrometry): 203.131 (molecular ion). Hydroxyindo- 
lenine 21 was also isolated from this reaction (mp and 
IHmr). 

(b) When a solution of indole 41 (750mg, freshly 
chromatographed) in petroleum ether (15 ml) was stirred 
in an open beaker at room temperature, solid precipitated 
within 2 h. After 6.5 h the solid was filtered and washed 
with cold petroleum ether. Two recrystallizations from 
ether - petroleum ether gave 25 mg of colourless needles 
of 2-met/~l-3-~ert-batyl-3-/1ydroxyit1dolet1it1e, 21, mp subl. 
130 "C, v,,, (CHCI3) 310C-3600 cm-1 (OH); A,,, 
(MeOH) 220 (23 COO), 255 (3200), and 285 nm (2800); 
Alnf(MeOH) 215 (20 000) and 226 nm (17 000); 6 (CDCI,) 
1.00 (s, 9H, rerr-Bu), 2.08 (s, 3H, =CCH3), and 3.75 ppm 
(b s, lH,  OH, exch. D20); m/e 203 (molecular ion). Atlal. 
calcd. for CI3Hl7NO (203.3): C 76.81, H 8.43; found: 
C 76.67, H 8.42. 

When a solution of hydroxyindolenine 21 in CHC13 (or 
benzene or ethyl acetate) was allowed to stand for several 
days, tlc and 1Hmr showed the only product to be the 
monomeric indoxyl51. 
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VINOD DAVE and E. W. WARNHOFF. Can. J. Chem. 54, 1020 (1976). 
2-Alkyl (or aryl) indoles react readily with phenylhydrazine in hydrochloric-acetic acid to 

give o-aminophenylpyrazoles 7, if the 2-substituent is of small or moderate size, or else 3- 
aminoindoles, if the 2-substituent is sufficiently bulky. The 3-aminoindoles readily undergo 
oxidative dimerization to indolylidene aminoindoles 4$4'. Evidence is provided for the 
mechanisms of formation of these two kinds of products. 

VINOD DAVE et E. W. WARNHOFF. Can. J. Chem. 54, 1020 (1976). 
Lorsque le substituant en position 2 est de grosseur petite ou moyenne, les alkyl-2 (ou aryl) 

indoles rkgissent facilement avec la phenylhydrazine dans un melange acide chlorhydrique - 
acide acetique pour conduire aux o-aminophCnylpyrazoles 7; toutefois si le substituant en 
position 2 est suffisamment volumineux, la rkction conduit aux amino-3 indoles. Les amino-3 
indoles subissent facilement une dimerisation oxydante pour conduire aux indolylod&nes 
aminoindoles 4 $4'. On fournit des preuves pour les mecanismes de formation de ces deux 
sortes de produits. 

[Traduit par le journal] 

In the course of preparing 2-methyl-3-lerl- 
butylindole, 1, by the Fischer method to study its 
possible oxidative dimerization as described in an 
accompanying paper (I), it was noticed that the 
colourless distilled product on standing in air 
turned a permanganate-purple colour. Investiga- 
tion of the purple product, formed in 0.6-0.8% 
yield, revealed two previously unreported re- 
actions of 2-substituted indoles (Scheme 1) which 
are the subject of this paper. 

The n~olecular fornlula, CZ6H3,N3, and the 
simple 'Hmr spectrum of the purple compound 
suggested a symmetrical structure incorporating 
two molecules of an indole plus an additional 
nitrogen atom which would have to be provided 
by a molecule of phenylhydrazine. Since pure 

only product when boron trifluoride etherate was 
used as catalyst to cyclize the phenylhydraz~ne.~ 
When 2-neopentylindole was treated with phenyl- 
hydrazine hydrochloride in refluxing acetic- 
hydrochloric acids, the purple compound was 
indeed formed as the major product (>60%) 
after exposure of the crude product to air. It was 
also found that 2-tert-butylindole and 2-phenyl- 
indole gave the same kind of intensely coloured 
product under the same conditions. The most 
likely structure for all three of the products was 
4,3 and this was proved for the phenyl substituted 
derivative 4f by establishing its identity with the 
known product of condensation of 3-amino-2- 
phenylindole, 10, with 3-iinino-2-phenylindole- 
nine, 11. The magnetic equivalence of the two 
neopentyl groups of 4e and the two terf-butyl 
groups of 4d in the 'Hmr spectra is attributed 
to tautomerization (4 s 4') and syn-anti isomeri- 
zation about the central nitrogen atom. The 

L 

2Such reversals of the direction of cyclization of phenyl- 2-meth~1-3-terr-but~1ind01e, '1 did not give any hydrazones have been ascribed to differences in steric 
purple under the effects at  the transition states for possible cyclizations 
(PhNHNHz.HC1 in refluxing glacial HOAc con- depending on whether a proton or a Lewis acid is com- 
taining concentrated aqueous HCI), 2-neopen- plexed to  the nitrogen atom of the phenylhydrazone (2). 

tylindole, 3e, a minor product fronl the alterna- 'The formulas shown are not intended to  imply the 
actual geometry of the molecules. The preferred geometry c~clization phenylhydrazone 2, was POs- is presumably the best compromise between maximization 

sibly involved. This minor product 3e became the of T-delocalization and minimization of steric hindrance. 
Inspection of Stuart-Briegleb models suggests that the 

'Organic nitrogen chemistry. 13. For paper 12 see ref. 1. preferred geometry of 4d-f is certainly noncoplanar. 
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DAVE AND WARNHOFF: 11 1021 

R = Me d R = terl-BU 

H b R = ;-pr e R = neopentyl H H 
c R = j-Bu f R = Ph 

10 11 12 

presence of some dynamic process(es) was 
apparent from the 13Cmr spectrum of 4e 
because the sp2-carbon signals had almost 
vanished in the baseline. 

Although there are several ways in which the 
b ~ u e - ~ u r d e  compounds4 might have arisen, an 
important clue to the actual path of its forma- 
tion (Scheme 2) was provided by the observation 
that mild acetvlation of the crude ~ r o d u c t  from 
both Zneopentylindole and Zphenylindole gave 
high yields of the corresponding 3-acetamido-2- 
substituted indole (16e and 16f) plus acetanilide.5 
Therefore, the product of ;hi reaction is the 
3-amino-2-substituted indole 15 which is slowly 
air oxidized to the indolenine-imine 17 (a well 

4These compounds are aza-analogues of the cations 
from 8 and Fischer's rosindoles (3), and as such they 
would be expected to have similar colours. In acidic 
methanol, protonation causes considerable change in the 
uv-visible spectrum causing the purple colour to become 
a clear blue. 

5The 'Hmr spectra of both 3-acetamido derivatives 
show evidence of hindered rotation. For the neopentyl 
compound 16r both the CH2 group and the acetyl CH3 
group occur as pairs of singlets which only merge at 
-1 30 O C  (see Experimental). 

precedented reaction). Since the air oxidation 
would require the free base 15, it is under- 
standable that 15 is not oxidized while protonated 
in the strongly acidic reaction medium. Then, as 
soon as 17 is formed, it reacts with a n~olecule of 
the amine 15 to produce via 18 the purple 
compound 4 in another well-precedented re- 
action.6 The presumed initial product in the 
reaction sequence is 14 which would be formed 
by acid-catalyzed addition of phenyll~ydrazine to 
the 2-substituted indole (3 - 13 -> 14) followed 
by an elimination reaction in which the N-N 
bond is broken with aniline as the leaving group. 
It is recognized that reversible protonation of 3 
at C-3 is the faster initial process, but the 
product-forming cation is apparently 13, which 
could arise either by hydride nligration in the 
C-3 protonated cation or else by a slower direct 
protonation at C-2. A radical mechanism, attack 
of phenylhydrazine radicals on 3, is not con- 

6In the acid reaction with the tert-butyl derivative 3d 
which can lose a relatively stable tertiary cation, at some 
stage before formation of 4d, an intermediate is partially 
dealkylated and oxidized because the oxindole derivative 
12 is formed as well as 4d. 
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H H H  H  + 

Q ) - C H - N H - M ~  - 
3  - +H: + Gay;+ R I 

19 
H H  

13 14 ~ c = N H  + H , N ~  

I 
I 
R 

18 
17 

d R = tert-Bu 
e R = neopentyl 
f R = P h  

I 
4  

sistent with the fact that the same ~ r o d u c t  15 is 
formed in the absence of oxygLn. Although 
acid-catalyzed cleavage of hydrazines is not 
unusual, a close analogy for the 14 -> 15 reaction 
was provided in the present work by the demon- 
stration that two N,N1-benzylphenylhydrazines 
(19, R =  H, CH3) were cleaved to aniline and 
imine under the same acidic conditions. The 
addition-elimination sequence is quite sensitive 
to acid strength and solvent since reflux of 2- 
neopentylindole, 3e, with phenylhydrazine and 
acetic acid alone gave no purple con~pound 4e, 
although reflux of 3e with phenylhydrazine, 
acetic acid, and water did give a small amount of 
4e. Nor was anv 4e for~ned when the reaction 
with 3e was carried out in alcoholic solvents 
(PhNHNH2. HCI - concentrated aqueous HC1- 

MeOH or PhNHNH2 HCI - concentrated aque- 
ous HC1- EtOH). 

In contrast, 2-alkylindoles bearing smaller 
alkyl groups (methyl, isopropyl, or isobutyl) did 
not give any of the intensely coloured product 4, 
but instead yielded substituted pyrazoles 7 as the 
major products. The presence of an aminophenyl 
group in the pyrazole 7a from 2-methylindole 
was proved by deanination to 3,5-dimethyl-1,4- 
diphenylpyrazole 7a (H for NH2); the other 
structures are assigned by analogy. The pyrazole 
results from electrophilic attack of acetic acid at  
the 3-position of the indole to produce the 3- 
acetyl derivative 5 which is then converted into 
the phenylhydrazone 6. Subsequently, the phen- 
ylhydrazone 6 is transformed into the pyrazole 
7 under the acidic conditions as has been ob- 
served in the reaction of 3-acylindoles with 
hydrazine (4). In agreement with this proposed 
sequence it was found that 3-acetyl-2-methyl- 
indole, 5a, did form the pyrazole 7n under the 
reaction conditions (PhNHNH2. HCI in refluxing 
glacial HOAc containing concentrated aqueous 
HC1). 

A minor product in the reaction with 2- 
methylindole was the vinylidene condensation 
product 8a which presumably arises from re- 
action of 3-acetyl-2-methylindole with another 
nlolecule of 2-n~ethylindole; the same compound 
8a can be prepared by reaction of 2-methylindole 
with acetyl chloride at room temperature (5). As 
noted elsewhere ( 9 ,  2-phenylindole also gives 
a similar bis condensation product with boiling 
acetyl chloride. Although there has been some 
question about the structures of these compounds 
(5-8), in the present work they were unambig- 
uously proved to be 8a and 8f by the changes in 
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DAVE AND WARNHOFF: I1 1023 

the 'Hmr spectra (C=CH2 -> CH-CH3) ob- 
served on hydrogenation (see Experimental). 

The difference in the reaction of the 2-~ert- 
butyl-, 2-neopentyl-, and 2-phenylindoles on the 
one hand, and the 2-methyl-, 2-isopropyl-, and 
2-isobutylindoles on the other hand, can be 
rationalized in terms of steric hindrance at C-3. 
In the absence of serious hindrance at C-3, 
acetylation, which leads to pyrazoles, is the 
faster reaction. When the rate of acetylation at 
C-3 is slowed sufficiently by the bulkier 2-sub- 
stituents, the addition of phenylhydrazine at C-3 
(13- 14) (a reaction less subject to steric 
hindrance), which leads to the bisindolylarnine 
derivatives now becomes the relatively faster 
reaction. This interpretation is supported by the 
fact that, in contrast to 2-n~ethylindole, 2-neo- 
pentylindole does not react with acetyl chloride 
at room temperature to yield 8e. Moreover, 
2-neopentylindole reacts with refluxing acetic 
anhydride to give the 3-acetylindole more slowly 
than does 2-methylindole. 

Finally, the two reactions of 2-substituted 
indoles described in this work also constitute 
side reactions during the preparation of indoles 
by the Fischer cyclization since the reaction 
medium is one commonly used for this indole 
synthesis. Should the extent of these side re- 
actions prove bothersome, they can be suppressed 
by preforming the phenylhydrazone, by avoiding 
carboxylic acid solvents, and by avoiding, if 
possible, the use of such strong acids as hydro- 
chloric. On the other hand, the reaction of 
certain indoles with phenylhydrazinc may be a 
useful method for preparation of 3-aminoindoles. 

Experimental 
General methods and reagents are the same as in refs. I 

and 9, except for the following. Accurate mass determina- 
tions were carried out on a MAT 311A instrument. 

N-Acetylphenylhydrazine, mp 128-1 30 "C, 6 (CDCI], 
60 "C) 1.90 ppm (s, 3H, CH3C=O), which was formed as 
one of the products in each of the reactions described 
below (tlc evidence), was not isolated and purified from 
all reactions, and it is not mentioned further. 

Reactiorl of 2-Me~l~ylit~dole wilh Pl~enyll~ydrnzine 
A solution of 2-methylindole (2.3 g) (10) (bp 115- 

118 OC/3 torr, 6 (CDCI]) 2.30 (s, 3H, CHI) and 6.13 ppm 
(b s, lH ,  =CH)), PhNHNH2.HCI (2.3 g), glacial HOAc 
(13 ml), and concentrated HC1 (2.3 ml) was stirred 
(magnetic bar) and refluxed for 5 h. After distillation of 
most of the acid under reduced pressure, the residue was 
dissolved in ether and washed with 5% aqueous NaHCO3 

and with water. The organic layer was dried and con- 
centrated to give a yellowish-brown oil (2.4 g). 

The crude product was separated on four preparative 
layer plates with benzene-ether (90:lO) into four bands, 
one orange and three colourless but visible under uv light. 
The band moving with the solvent front gave recovered 
2-tnellrylb~dole as a colourless solid (538 mg). , 

The orange band at R, 0.73 gave a pale yellow oil (744 
mg) which was rechromatographed on two preparative 
plates to produce an off-white solid (144 mg). Two re- 
crystallizations from acetone - petroleum ether gave 
almost colourless l,l-bis(2-tnel/1}~~-3-i11c/o~y~)ell1}~~et1e, 80, 
(63 mg) which soon acquired a pink colour on standing 
in air, mp 190-195 "C, identical in all respects (mp, 
mixture mp, tlc, and spectra) with an authentic specimen 
(see below). 

The colourless band at R f  0.45 gave a pale yellow oil 
(1.4g, 3896) which crystallized on trituration with 
petroleum ether. Three recrystallizations of 100 mg of the 
solid from ether -petroleum ether (activated carbon 
treatment) gave ~,~-~/itllel/l}d-~-p/lell~~-~-(0-atl7~tl0p/l~tl~~)- 
pyraznle, 70, as colo~~rless granules (15 mg), mp 82-84 "C, 
v,,, (CHCI]) 3360 and 3440 cm-1 (NH2); A,,,, (MeOH) 
241 (19 000) and 295 nm (4400); 6 (CDCl]) 2.20 (s, 3H, 
CH3), 2.23 (s, 3H, CHI), and 3.70 ppm (b s,  NH2, exch. 
D20); Mol. WI. calcd. for C17H17N3 ( t ) i /e) :  263.1421; 
found (mass spectrometry): 263.1421. 

The band at Rf 0.21 gave a colourless solid which after 
three recrystallizations from acetone- petroleum ether 
yielded pure 3-nce1yl-2-me1l1yli11dole (Sa, 56 mg), mp 
197-200°C identical in all respects with an authent~c 
specimen (see below). 

I,I-Bis(2-n1ellty~-3-i11doly~)ell1}~let1e, 8a 
This compound was prepared by the reaction of 2- 

methylindole (150 mg) and AcCl (1.5 ml) at room rempern- 
!lire according to the procedure of Borsche and Groth (5). 
The crude pinkish solid (135 mg), mp 189-195 "C, was 
recrystallized twice from acetone - petroleum ether to 
give of'r-white crystals of 80, mp 190-195 "C, v,,, 
(CHC13) 3470 cm-1 (NH); A,,, (MeOH) 223 (76 000) 
and 270 nm (25 0); 6 (CDC13) 2.16 (s, 6H, 2CH3), 5.50 
(s, 2H, vinylogous enamine, =CH2, exch. D20), and 
7.70 ppm (b s,  2H, NH, exch. D20); tn/e 286 (molecular 
ion). The reported melting point varies from 192.5 to 
208 "C (5, 6, 11). 

I ,I-Bis(2-me1l1yl-3-indolyl)e1l10r1e 
To a mixture of 5'jb Pd/C (15 mg) and MeOH (1 ml) 

saturated with HZ was added with stirring a solution of 
the vinylidene compound 8a (30 mg) in MeOH (1 ml). 
After 6 h the product was isolated by filtration and 
evaporation. Two recrystallizations from acetone- 
petroleum ether gave off-white not quite pure crystals 
(5 mg) of the dihydro compound 8n (CH-CHI for 
C=CH2), mp 170-180 "C (dec.), v,,, (CHCI,) 3450 cm-l 
(NH); 6 (CDC13) 1.90 (d, 3H, J = 8 HZ, (CH)-CH3), 
2.23 (s, 6H, 2 indole-CHI), and 4.62 pprn (q, lH, J = 8 
Hz, CH--(CHI)); tn/e 288 (molecular ion). The melting 
point reported for this compound varies from 191 to 
210 "C (6, 12). 

1 ,l-Bis(2-pket1yl-3-it1dol~vl)eIl1ylet1e, 8f 
This compound was prepared by the reaction of 2- 
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phenylindole (80mg) and AcCl (3 ml) (blue colour) at  
rejllts for 4 h according to the procedure of Borsche and 
Groth (5). The crude product was chromatographed on 
two preparative plates with benzene - petroleum ether 
(bp 60-80 "C) (75:25). The band at  R, 0.38 gave an almost 
colourless solid (32 mg) which after two recrystallizations 
from acetone - petroleum ether afforded off-white crystals 
of Sf, mp 24-246 "C (lit. (5) 247 0C),7 vm,, (Nujol) 3400 
cm-1 (NH); A,,, (MeOH) 242 (70 000) and 306 nm 
(30000); 6 (CDCI3, 60°C) 5.66 (s, 2H, vinylogous 
enamine, ==CH2, exch. D20) and 7.54 ppm (b s,  2H, NH, 
exch. D2O); ~ n / e  410 (molecular ion). 

When the hydrochloride corresponding to 8f, but pre- 
pared by Majer's method (13), was treated with aqueous 
NaOH the vinylidene compound 8f was regenerated. 

I ,  I-  Bis(2-phe11~l-3-i11cIoIyI)etha11e 
The hydrogenation of 8f (18 mg) was carried out as for 

the 2-methyl analogue 8r1 except that tetrahydrofuran was 
used as solvent. The crude product was chromatographed 
on a thick plate (10 g of silica gel) with benzene - petro- 
leum ether (75:25). The band at R, 0.47 yielded colour- 
less oily Sf (CHCH) for C=CH2) (12 mg), 6 (CDC13) 1.88 
(d, 3H, J = 8 Hz, (CH)-CH3) and 4.94 ppm (q, l H ,  
J = 8 Hz, CH-(CH3)); ~ n / e  412 (molecular ion). 

Reactio~~ of 3-Acetyl-2-1~1etl1yli11cIoIe with PRe~~ylI~y~Irazi~~e 
3-Acetyl-2-methylindole, Srr, was prepared by refluxing 

2-methylindole (200 mg) in Ac2O (3 rnl) for 4 h according 
to the procedure of Borsche and Groth (5). The crude 
product was recrystallized thrice (activated carbon treat- 
ment) from CHCI, -petroleum ether (bp 60-80 "C) to  
give colourless crystals (30 mg), mp 198-200 "C (lit. (14) 
200 "C), v,,, (Nujol) 3100-3200 (b, NH) 1630 (sh), and 
1615 cm-1 (CEO); A,,,, (MeOH) 213 (44 OW), 240 
(18 OOO), 265 (14 000), and 299 nm (14 000); 6 (CDC13, 
60 "C) 2.62 (s, 3H, CH3 or CH3C=O) and 2.72 ppm (s, 
3H, CH3C=0 or CH3); ~>r/e 173 (molecular ion). 

A solution of 3-acetyl-2-methylindole (5~1, 40 mg), 
PhNHNH2.HCI (40 mg), glacial HOAc (I ml), and con- 
centrated HCl(0.2 ml) was refluxed for 5 11. After distilla- 
tion of the acid at  reduced pressure, the residue was 
dissolved in ether and washed with 5'j; aqueous NaHC03 
and water. Evaporation of the dried ether solution left an  
amber oil (42 mg) which was chromatographed on a thick 
layer plate ( l o g  of silica gel) in benzene-ether (65:35). 
The band at R, 0.46 yielded 3,5-rli1netl1yI-I-phe11y1-4-(0- 
a;ni~~opl~e~~?;l)p)~razoIe, 70, as a colourless oil (20 mg) 
identical ('Hrnr and ir spectra and tlc) with the pyrazole 
obtained from the reaction of 2-methylindole and 
PhNHNH2.HCI in HOAc. 

When MeOH was substituted for HOAc in this re- 
action, the same compound 70 was obtained. 

71n ref. 5 the incorrect structure i was assigned to  this 
compound. 

Deatnit~ariot~ of 3,5-Di1~1etl1yl-I-pI1e11yI-4-(o-a1~iit1ophe11yl)- 
pyrazole, 7r1 

To a stirred (magnetic bar) solution of the amino com- 
pound 7a (125 mg) in concentrated HCI (2 ml) at  5 "C 
was added a solution of NaNOz (250 mg) in water (2 ml) 
during 5 min. After 0.5 h at  5 "C, H3P02 (SO%, 1 ml) was 
added, and the mixture was stirred at  0 "C  for 6 h., then 
neutralized with NaOH pellets, and finally extracted with 
ether. The crude product (100 mg) from the water-washed 
and dried ether layer was chromatographed on a prepara- 
tive layer plate in benzene-ether (75:25). The band at  R, 
0.68 furnished 3,5-climetl1yl-I,4-dipIze11yIpyrazole as a n  
almost colourless oil (85 mg), ir no NH absorption; A,,, 
(MeOH), 252 nm (18 000); 6 (CDC13) 2.20 (s, 3H, CH3) 
and 2.28 ppm (s, 3H, CH3); m/e 248 (molecular ion). 
The analytical sample was evaporatively distilled at  
155"C/O.l torr. A~lal. calcd. for CI7HL6N2 (248.3): 
C82.22, H 6.49, N 11.28; found: C82.08,H6.32, N 11.46. 

Reactiorl of 2-Isopropyli~~dole with Pl~er~yll~ydrazitze 
A solution of 2-isopropylindole (2.0 g) (15) (bp 118- 

120 "C/0.8 torr, mp 70-73 "C (lit. (15) 73-74 "C), 6 
(CD C13) 1.23 (d, 6H, J = 7 Hz, (CH3)2CH), 3.00 (septet, 
IH, J = 7 Hz, CHMe2), and 6.1 1 ppm (b s, lH,  =CH)), 
PhNHNHl.HC1 (2.0 g), glacial HOAc (12 ml), and con- 
centrated HCI (1.5 ml) was stirred (magnetic bar) and 
refluxed for 5 h. Work-up as for the reaction with 2- 
methylindole gave a brown oily solid (2.3 g) which was 
chromatographed on four preparative plates with 
benzene-ether (90:lO). The band at  the solvent front gave 
recovered 2-isopropyli~~clole. The band at  R, 0.23 gave an 
almost 'colourless oil (252 mg) which solidified. Three 
recrystallizations from ether - petroleum ether (activated 
carbon treatment) gave colourless crystals of 3-methyl- 
5-isoj~ropyl- I-phe11yl-4-(o-a1nir1opI1e11yl)pyrazole, 76, mp 
122-125 "C, v,,,, (CHCl3) 3380 and 3460 cm-1 (NH2); 
A,,, (MeOH) 231 (22 000) and 290 nm (4600); 6 (CDCI3) 
1.01 (d, 3H, J = ~ H z ,  CH3-(CHCH3)), 1.12 (d, 3H, 
J = 6 Hz, (CH3CH)-CH3), 2.00 (s, 3H, CH3), 2.90 
(septet, l H ,  J = 6 Hz, CH-(CH3)2), and 3.50 ppm (b s, 
2H, NH2, exch. D20); m/e 291 (molecular ion). Anal. 
calcd. for C19H2LN3 (291.4): C 78.32, H 7.26, N 14.42; 
found: C 78.15, H 7.31, N 14.47. 

Reactio~~ of 2-Isobu!)~li11~1ole with Phetlylhydrazir~e 
A solution of 2-isobutylindole (1.8 g) (16) (bp 120- 

122 "C/0.7 torr; 6 (CDC13) 0.93 (d, 6H, J = 7 Hz, 
(CH3)2CH)), 2.20 (septet, lH ,  J = 7 Hz, CH), 2.57 (d, 2H, 
J = 6 Hz, (CH)-CH2), and 6.17 ppm (b s, lH ,  =CH)), 
PhNHNH2.HCI (1.8 g), glacial HOAc (12 ml), and con- 
centrated HC1 (1.8 ml) was stirred (magnetic bar) and 
refluxed for 5 h. Work-up as for the reaction with 2- 
methylindole gave a yellowish brown oil (1.7 g) which 
was chromatographed on four preparative layer plates 
in benzene-ether (90:lO). The band a t  R, 0.82 gave 
recovered 2-isobrrtyli~~clole as a colourless oil (1.1 g). The 
faintly purple band at  R, 0.32 gave a viscous oil (630 mg) 
which soon turned pink in the air. Rechromatography of 
this oil on two preparative plates gave 3-metl~yl-5- 
isob1ityl-~-phet1yl-4-(o-a,nO1op~l)pyr0zole, 7c, as a n  
amber oil (416 mg) which failed to  crystallize, v,,, 
(CHC13) 3380 and 3460 cm-1 (NH2); A,,,, (MeOH) 240 
(18 000) and 295 nm (3800); 6 (CDC13) 0.58 (d, 6H, 
J = 6 H z ,  (CH3),CH), 1.60 (m, IH,  CH), 2.17 (s, 3H, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DAVE AND W 'ARNHOFF: II 1025 

CH3), 2.55 (d, 2H, (CH)CH2), and 3.60ppm (b  s, 2H, 
NH2, exch. D20); m/e 305 (molecular ion). 

Acetylation of the aminophenyl group of 7c (50mg) 
with Ac20 (0.3 ml) and pyridine (1 ml) at room tempera- 
ture for 3 h gave a crude product which on thick layer 
chromatography in benzene-ether (75:25) yielded a 
colourless solid (35 mg). Two recrystallizations from 
ether - petroleum ether (activated carbon treatment) gave 
colourless granules (30 mg) of the tno~roacetyl derivative 
7c, (NHAc for NH?), mp 123-125 "C, v,:,, (CHC13) 3360 
(NH) and 1675 cm-1 (amide C=O); A,,, (MeOH) 246 
nm (21 000); 6 (CDC13) 0.59 (d, 6H, J = 6 Hz, (CH3)2- 
CH), 2.05 (s, 3H, CH3C=0 or =CCH3), 2.13 (s, 3H, 
=CCH3 or CH3C=O), and 2.5 pprn (m, 3H, CH2 and 
CH); m/e 347 (molecular ion). At~nl. calcd. for C22H25- 
N 3 0  (347.5): C 76.05, H 7.25, N 12.09; found: C 75.93, 
H 7.11, N 12.25. 

Reactiot~ of Pitracolotle with Plretryllt)~c/razit~e 
A solution of pinacolone (2.5 g), PhNHNH2.HCl 

(2.5 g), and glacial HOAc (15 ml) was stirred (magnetic 
bar) and refluxed for 5 h. Work-up as for the reaction with 
2-methylindole gave the crude product (1.8 g) which 
became bluish purple on standing open to the air for 1 
day. The products were separated by chromatography on 
four preparative plates in benzene-ether (90:lO). The 
pale yellow band at R, 0.91 gave oily 2-tert-brrt)~littc/oIe 
(490 mg), 6 (CDC13) 1.30 (s, 9H, tert-Bu), and 6.13 ppm 
(s, l H ,  =CH), NH not apparent. 

The blue band at R, 0.62 gave a deep bluish-purple 
solid ( I l l  mg). Two recrystallizations from CHC13 - 
petroleum ether (bp 60-80 "C) gave deep blue granules 
(42 mg) of 2-cc~rt-brrcyl-3-(2'-~ert-brrtyl-3'H-it1~ioI-3'-yli- 
det~e)atnit~oit~c/oIe, 4c1, mp 235-250 "C (dec. with partial 
sublimation), w,,, (CHC13) 3470 cm-I (NH); A,,,, 
(MeOH) 231 (44 GOO), 260 (12 OOO), 340 (7600), and 550 
nm (10 000); A,,,,, (MeOH + 2 drops of 0.1 N HCI) 218 
(36 OW), 285 (14000), 298 (12 000), and 615 nm (18 000); 
6 (CDC13) 1.55 pprn ( s .  18H, 2tert-Bu); Mol. Wt. calcd. 
for C24H27N3: 357.2204; found (mass spectrometry): 
357.2202. 

The reddish brown band on the base line of the prepara- 
tive plates yielded a brick red solid (230 mg). Rechroma- 
tography on silica gel in benzene-ether (50:50) and then 
on alumina plates in ether-MeOH (97.5:2.5) gave a 
purple solid (43 mg) which after two recrystallizations 
from CHC13 - petroleum ether (bp 60-80 "C) furnished 
the pure purple oxi~rclole derivcitive 12, mp 270-280 "C 
(dec. with sublimation), v,:,, (Nujol) 3300-3100 (NH) 
and 1710 cm-1 (amide C=O); A,,,, (MeOH) 230 (55 000), 
253 (21 OW), 290 (12 OW), and 510 nm (7000); 6 (DMSO- 
d6) 1.46 (s, 9H, terc-Bu), 10.78 (b s, IH, NH, exch. D20), 
and 11.20 ppm (b s, IH, NH, exch. D20); m/e 317 
(molecular ion). At~cil. calcd. for CzoHl9N30 (317.4): 
C 75.69, H 6.03, N 13.24; found: C 75.97, H 6.44, N 
12.56. 

When NaBH4 (10mg) was added to a solution of 
oxindole 12 (4 mg) in MeOH (0.5 ml) the purple colour 
faded (presumably due to reduction of the imine) and 
then reappeared on standing (presumably air oxidation). 
Oxindole 12 (3 rng) was recovered from the solution. 

A mixture of the di-terr-butyl bluish-purple compound 
4d(3 mg), PhNHNH2 .HC1(3 mg), glacial HOAc (0.5 ml), 
and concentrated HCI (2 drops) was stirred and refluxed 

for 5 h. Work-up gave a yellow oil (3.5 mg) which on 
standing in air overnight became purple. Thin layer 
chromatography in benzene-ether (5050) showed the 
complete absence of starting material 4cl and a purple 
spot having the same R, as tile mono-tert-butyloxindole 
12. 

2-Neopet1tylit1clole, 3e 
A solution of 4,4-dimethyl-2-pentanone (230 mg) and 

PhNHNH2 (200 rng) in MeOH (2 ml) was refluxed for 
0.5 h. After distillation of volatile material at reduced 
pressure, BF3 etherate (2 ml) was added to the residual 
phenylhydrazone, and the solution was refluxed for 3 h. 
The BF3 etherate was removed at reduced pressure, and 
the residue was dissolved in ether. The ethereal solution 
was washed with 5% aqueous NaHC03 and water. 
Concentration of the dried solution left a yellow oily solid 
(337 mg) whose lHmr spectrum showed it to be free of 1. 
Chromatography on a preparative plate in benzene- 
petroleum ether (bp 60-80 "C) (7525) gave a band at R, 
0.65 which yielded a colourless solid (216 mg, 639;). Two 
recrystallizations from ether - petroleum ether gave 
colourless crystals of pleasant smelling 2-t1eopet1t~~lit1dole, 
3e, mp 102-104 "C, v,,,, (CHC13) 3450 cm-1 (NH); A,,, 
(MeOH) 220 (42 OW), 280 (10 000), and 288 nrn (8500); 
6 (CDC13) 0.98 (s, 9H, tert-Bu), 2.54 (s, 2H, CH~), ,and 
6.34 ppm (b  s, lH,  =CH); m/e 187 (molecular  on). 
Atral. calcd. for C13HL7N (187.3): C 83.37, H 9.15; found: 
C 83.22, H 9.12. 

Reacriotz of 2-Neopet1rylit1c/ole wit11 Pl1et1yll1ydrazit7e 
A solution of 2-neopentylindole (50mg), PhNH- 

NH,.HCl (50 mg), glacial HOAc (2 ml), and concen- 
trated HCI (0.2 ml) was stirred (magnetic bar) and re- 
fluxed for 5 h. Work-up as for the 2-methylindole reaction 
gave a yellowish brown oil (85 mg) which turned per- 
manganate-purple on standing in air o ~ e r n i g h t . ~  Chrom- 
atography on a preparative plate (10 g of silica gel) in 
benzene-ether (90:lO) gave a colourless band (R, 0.82) of 
recovered 2-neopentylindole, (3e, 38 mg) and a purple 
band (R, 0.43) of oily solid (12 mg). Recrystallization from 
CHCI3-petrole~lm ether (bp 60-80 'C) yielded perman- 
ganate-purple granules (7 mg) of 2-11eopetrtj~l-3-(2'-neo- 
e 1 - 3 H - i t d o 1 - 3 - i e t 1 e ) i t n i t 1 o t / o e ,  4e,9 mp 201- 
203 "C, v,,,,, (CHCI,) 3440 cm-I (NH); A,,,, (MeOH)225 
(67 500), 260 (22 500). 340 (7500). and 530 nrn (15 000); 
A,,, (MeOH + 2 drops 0.1 N HCI) 223 (63 000), 283 
(22 OOO), 295 (19 OOO), and 590 nm (33 000); 6 (CDCI,) 
1.01 (s, 18H, 2 (err-Bu) and 2.92 pprn (s, 4H, 2CHz); m/e 
385 (molecular ion); osmometric mol. wt. (CHCI,) 390. 
AIINI. calcd, for C2,H31N3 (385.6): C 81.00, H 8.10, 
N 10.90; found: C 80.77, H 8.13, N 10.47. 

Addition of NaBH4 to a solution of 4e in MeOH 
discharged the purple colour, but it reappeared on stand- 
ing. Work-up gave back the purple 4e. 

sIf the distilled yellowish brown oily product is sealed 
in a tube away from oxygen, there is no change in colour 
until the tube is opened, whereupon it becomes purple 
within a few hours. 

'One of the authors found that the compound caused 
irritation of the nasal mucous membrane even in quite low 
concentration. 
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When 3e was refluxed with PhNHNH2 in glacial HOAc, 
the product after work-up did not turn purple on exposure 
to air. 

From a reaction of 4,4-dimethyl-?-pentanone (2.5 g) 
with PhNHNH2.HCI (2.5 g) in glacial HOAc (15 ml) was 
obtained after work-up and distillation 900 mg of indole 
fraction which on standing in petroleum ether (bp 
6C-80 "C) deposited the purple compound 4e and also 
acetanilide. 

Acetylatiotl of 2-Neopetltylit1clole-Pl1et1~~llzydrazit1e 
Reactiotl Product 

The crude yellowish product from reaction of 2- 
neopentylindole (3e, 100 mg) and PhNHNH2,HCI (100 
mg) carried out as described in the previous experiment 
was immediately acetylated at  room temperature with 
Ac2O (1 ml) and pyridine (1 ml) for 1.5 h under a nitrogen 
atmosphere. Evaporation of Ac20 and pyridine at  room 
temperature (0.1 torr) left a pale yellow oily solid (103 mg) 
which after washing with ether and two recrystallizations 
(activated carbon treatment) from CHCI3 - petroleum 
ether (bp 6C-80 "C) gave 22 mg of colourless plates of 
3-acetamido-2-t1eopet1t~~lit~dole, 16e, mp 199-201 "C, v,,, 
(Nujol) 3200-3600 (NH) and 1650 cm-1 (amide C=O); 
A,,, (MeOH) 222 (33000), 281 (8600), and 288 nm 
(7600); 6 (CDC13) 0.94 and 1.00 (both s, 9H total, CMe3 
of two rotamers), 1.62 (s, lH ,  NH, exch. D20), 1.83 and 
2.20 (both s, 3H total, CH3C=0 of two rotamers), and 
2.44 and 2.57 ppm (both s, 2H total, CHz-tert-Bu of two 
rotamers); in pyridine solution all three sets of double 
peaks had merged by 120 "C; tn/e 244 (molecular ion); 
osmometric mol. wt. (CHCI,) 260, 268. Atl(11. calcd. for 
CLSH2~N20  (244.3): C 73.74, H 8.25; found: C 73.49, 
H 8.32. 

The mother liquors from the above purification were 
chromatographed on a silica gel thick plate developed 
with benzene-ether (75:25). The uv visible band at R, 0.87 
gave 10 mg of recovered 3e, and the uv visible band at  R, 
0.22 furnished 58 mg of oily solid which was washed with 
ether. Two recrystallizations from CHCI, - petroleum 
ether (bp 6C-80 "C) gave 17 mg of colourless plates of 16e 
(to bring the total yield to 34(j,),lO mp 198-200 "C. 

The mother liquors from the above two recrystalliza- 
tions were chromatographed on a silica gel plate de- 
veloped three times with benzene-ether (75:25). The band 
(under uv) at  R, 0.58 gave 27 mg of solid which was 
recrystallized twice (activated carbon treatment) from 
ether - petroleum ether to afford 14 mg (2256) of colour- 
less acetanilide, mp 110-112 "C, identical with an authen- 
tic specimen. 

Reaction of 2-Pl1et1ylit1dole wit11 Pl~et~yllzydrazine 
A solution of 2-phenylindole (165 mg) (17) (mp 185- 

187 "C, 6 (CDCI,) 6.75 ppm (b s, lH,  =CH)), PhNH- 
NH2.HCI (165 mg), glacial HOAc (2.5 ml), and con- 
centrated HCI (0.5 ml) was stirred (magnetic bar) and 
refluxed for 5 h. Work-up as for the reaction with 2- 
methylindole gave a yellowish-brown oily solid (200 mg) 
which turned blue on standing in air for 2 days. Chrorna- 
tography on two preparative plates in benzene-ether 

'OThe actual yield is considerably higher because the 
only compounds detected by tlc and 'Hmr in the crude 
product were 16e and acetanilide. 

(90:lO) gave two main bands. The band at the solvent 
front gave recovered 2-pl1et1yIitlrlole. The blue band at R, 
0.41 was extracted and rechromatographed on two pre- 
parative plates in benzene-ether (90:10, four develop- 
ments). The blue band at  R, 0.60 yielded a solid (66 mg, 
31%) which was recrystallized thrice from aqueous 
pyridine to furnish blue-black crystals of 2-pllettyl-3-(2'- 
plzet1~/-3'H-itzdol-3'-ylide11e)ami~, 4f, mp 320- 
330 "C (dec.) (lit. (18) 338 "C); v,,:,, (Nujol) 3100 cm-1 
(b, NH); A,,, (MeOH) 241 (40 OOO), 260 (40 OW), 330 
(18 KO), and 570 nm (12 000); A,,, (MeOH + 2 drops 
of 0.1 N HCI) 230 (43 000), 291 (36 OW), 360 (15 KO), and 
645 nm (27 000); Mol. Wt. calcd. for C28H19N3: 397.1578; 
found (mass spectroscopy): 397.1573. 

2-Pl~et1~~l-3-(2'-pl1et~~I-3'H-it1dol-3'-ylidet~e)atnbroit1dole, 4f 
(a) An authentic sample of 4f was prepared by the 

method of Schmitt and co-workers (180). 3-Oximino-2- 
phenylindole (19) was reduced (20) with Zn and con- 
centrated HCI to 3-amino-2-phenylindole (10, 50 mg) 
which was then condensed with 3-imino-2-phenylindo- 
lenine (11, 50 mg) (19) in glacial HOAc (1 ml) at  room 
temperature for lh.  The greenish-blue solution was con- 
centrated under vacuum and the residue dissolved in 
CHCI,. Evaporation of the washed (5:h aqueous 
NaHC03, water) and dried CHC13 solution left a blue 
solid (78 mg). Two recrystallizations from CHC13 fol- 
lowed by two more recrystallizations from aqueous 
pyridine gave blue-black crystals of 4f, mp 320-330 "C 
(dec.) identical in all respects (mp, mix t~~re  mp. ir, uv, 
'Hmr) with the material from the reaction of 2-phenylin- 
dole and PhNHNH2.HCI. 

(b) Compound 4f was also prepared by air oxidation of 
3-amino-2-phenylindole alone. A solution of 10 (25 mg) 
in CHC1, (5 ml) was stirred in an  open vessel for 2 days. 
Chromatography of the dark product on a silica gel plate 
(10 g) with benzene-ether (955)  gave a dark blue band 
from which was isolated 6 mg of crystals of 4f identical 
(tlc, mp, mixture mp, and ir) with the material prepared 
in (a) and in the previous experiment. 

Acetylation of 2-Pl~en~lit~dole-Phenyllzydmine Reactiotr 
Prorlrrct 

The crude product from reaction of 2-phenylindole 
(100 mg) and PhNHNH2.HCI (100 mg) carried out as  
described above was immediately acetylated at  room 
temperature as above for the neopentylindole reaction. 
The partially solid yellow product was chromatographed 
on a silica gel plate developed with benzene-ether (5050). 
The uv-visible band a t  R, 0.89 gave 10 mg of recovered 
3f, and the uv-visible band at  Rf 0.42 gave 66 mg of 
colourless oily solid. Two recrystall~zatlons (activated 
carbon treatment) from CHCI, - petroleum ether (bp 
60-80 "C) gave 36 mg of almost colourless crystals of 
3-acetamido-2-p11et1ylit1dole, 16f, mp 198-202 "C, identical 
with the authentic sample prepared as described below. 
Thin layer chromatography of the recrystallization 
mother liquors revealed a spot with the same R, a s  
acetanilide. 

An authentic specimen of 16f was prepared by acetyla- 
tion at room temperature of 25 mg of 10f prepared as 
described in ref. 19. Thick layer chromatography and 
recrystallization from CHCI3 - petroleum ether (bp 
&80 "C) gave 8 mg of colourless crystals of 3-acetamido- 
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DAVE AND WARNHOFF: II 1027 

2-phetrylitidole, 16f, mp 198-200 "C (lit. (21) mp 202- 
203 "C), v,,, (CHCI3) 33W3500 (NH) and 1670cm-1 
(amide (C=O); A,,, (MeOH) 222 (33 OW), 280 (8800), 
and 288 nm (7900); 6 (CDCI3) 1.79 and 2.21 (both s, 
total 3H, CH3C=0 of two rotational isomers; both 
peaks broaden as the temperature is raised) and 6.80 ppm 
(b, IH, NH, exch. D20); m/e 250 (molecular ion). 

From reaction of a vacuum-degassed mixture of 3f 
(50 mg), PhNHNH2.HCL (50 mg), HOAc (1 ml), and 
concentrated aqueous HCI (0.2 ml) in a sealed tube at 
150 "C for 5 h was obtained 37 mg of 16f by acetylation 
and chromatography. 

Acidic Cleavage of N,N1-Benzylphet~yll~ydrazitre 
(19, R = H) 

A solution of benzaldehyde phenylhydrazone (300 mg) 
in EtOAc (8 ml) was hydrogenated at atmospheric 
pressure in the presence of 5% palladium-on-carbon 
catalyst (50 mg) for 1.5 h. Filtration and evaporation of 
solvent left 300 mg of faintly yellow liquid N,N1-benzyl- 
phenylhydrazine which was dissolved in HOAc (2 ml) - 
concentrated HCI (0.5 ml) and refluxed for 5 h. The 
reaction mixture was divided into two equal portions 
which were treated as in (a) and (b) below. 

(a) After neutralization of the acid with aqueous 
NaOH, the mixture was extracted with ether. The 
organic layer was washed with water, dried, and con- 
centrated a t  atmospheric pressure. The residual oil was 
acetylated at room temperature with Ac20 (1.5 ml) and 
pyridine (1.5 ml) for 1.5 h. The oil left after distillation 
of Ac20 and pyridine was chrornatographed on a silica 
gel plate developed with benzene-ether (50:50). The band 
(under uv) at Rr 0.32 gave 10mg (--l00(;6 based on 
unreacted starting material) of ace~atrilide, mp 11Gl12 "C 
after two recrystallizations from ether -petroleum ether, 
identical with an authentic specimen. The band (under 
uv) at Rr 0.68 furnished 170 mg of N-aceryl-N-betrzyl-N'- 
plrenyll~ydrazitre, mp 88-90 "C after two recrystallizations 
from ether - petroleum ether, which was identical with 
an authentic specimen prepared by acetylation (Ac20- 
pyridine) of the hydrogenation product of benzaldehyde 
phenylhydrazone, mp 89-90 "C (lit. (22) mp 91 "C), v,,, 
(CHCI3) 3340 (NH) and 1655crn-1 (amide C=O); 
6 (CDC13) 2.18 (s, 3H, CH3C=O), 4.72 (very broad, 2H, 
PhCHzN, sharpens to s at  80 OC), and 5.60 ppm (s, IH, 
NH, exch. DlO); m/e 240 (molecular ion). 

(b) The other half of the reaction mixture was treated 
with acidic 2,4-dinitrophenylhydrazine solution in MeOH. 
The MeOH was evaporated and the residue triturated 
with water. The resulting solid was filtered and chroma- 
tographed on a silica gel plate developed with benzene. 
The yellow band at  R, 0.74 gave 6 mg (4056 based on 
unreacted starting material) of betrzaldelryde-2,4-ditritro- 
phet~yl/r~~~lrazot~e, mp 238-240 "C after two recrystalliza- 
tions from CHC13 - petroleum ether (bp 60-80 "C), 
identical with an authentic specimen. 

Acidic Cleavage of N,N1-a-P/retryletlrylpl~et~yll~razine 
(19. R = CHql 

~ c e t o ~ h e n o n e  -phenylhydrazone (300 mg, mp 102- 
104 "C (lit. (23) mp 105 "C) was hydrogenated in EtOAc 
as described above for benzaldehyde phenylhydrazone. 
The resulting phenylhydrazine (19, R = CH3) (6 (CDC13) 
1.36 (d, 3H, J = 6 Hz), 3.98 (q, lH ,  J = 6 Hz), and 

3.44.2 ppm (broad lump, 2NH)) was refluxed with acid 
and worked-up as described for the N,N1-benzylphenyl- 
hydrazine reaction. 

(a) From the acetylated portion of the hydrolysate was 
obtained 10 mg of aceratrilide, mp 1lG112 "C after one 
recrystallization from ether - petroleum ether, and 45 mg 
of aceryl N,N'-~-phetrylerl1~~lpire,~yll1ydra-i,2e, mp 114- 
115 "C after three recrystallizations from ether - petro- 
leum ether, identical with an authentic specimen, mp 
114-1 16 "C (lit. (24), mp 118 "C); 6 (CDCl,, 80 "C) 1.47 
(d, 3H, J = 6 Hz) and 5.94 ppm (q, l H ,  J = 6 Hz); m/e 
254 (molecular ion). 

(b) From the other half of the hydrolysate was obtained, 
after one recrystallization from CHCL3 - petroleum ether 
(bp 6G80 "C), 13 mg of ace~ophenotre-2,4-ditri~ophet1yl- 
l~ydrazotre, mp 245-247 "C (lit. (25) mp 248-249 "C). 
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Syntheses, structural and conformational assignments, and conversions 
of pyridine and triazolopyridine nucleosides' 

BRIAN MAURICE  LYNCH^ AND SURESH CHANDRA S H A R M A ~  
Orgarlic Cl~etnistry Laboratory, Saittt Frat~cis Xavier University, Antigot~isl~, Nova Scotia BOH ICO 
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BRIAN MAURICE LYNCH and SURFSH CHANDRA SHARMA. Can. J. Chem. 54, 1029 (1976). 
Regioselective and stereoselective routes to 2- and/or 4-substituted vic-triazolo(4,5-b)pyrid- 

5-ones have been established, and series of 4- and 2-p-D-ribofuranosyl derivatives have been pre- 
pared as candidate substrates for, and potential inhibitors of, the enzymes of polynucleotide 
synthesis. Structural assignments were made by comparison of spectroscopic properties (prnr, 
uv) with those of appropriate model compounds, and on the bases of proton chemical shift and 
coupling constant patterns in the ribose moieties, it is proposed that 4-p-D-ribofuranosyl-vic- 
triazolo(4,5-b)pyrid-5-ones adopt conformations with 'high atlti' sugar-base torsional angles. 
A facile ribofuranose + ribopyranose conversion is observed with a 2-p-D-ribofuranosyl-vic- 
triazolo(4,5-b)pyrid-5-one. 

BRIAN MAURICE LYNCH et SURFSH CHANDRA SHARMA. Can. J. Chem. 54, 1029 (1976). 
On a etabli des methodes rCgioselectives et sterCosClectives pour conduire aux vic-triazolo- 

(4,5-b) pyridones-5 substitukes en positions 2 et/ou 4; on a prepare des series de derives de 
p-D-ribofurannosyles substituks en positions 2 et 4 comme substrats possibles pour, et comme 
inhibiteur potentiel de la synthkse, des enzymes responsables de la synthbe de polynucliotides. 
On a fait les attributions de structure par comparaison des propriCtCs spectroscopiques (rmp et 
uv) avec celles de composCs modkles appropries; sur la base des dkplacements chimiques et des 
patrons des constantes de couplage dans la portion ribose on propose que la p-D-ribofurannosyl- 
4 vic-triazolo(4,5-b) pyridones-5 adopte une conformation avec des angles de torsion sucre-base 
'Clevis en arrti'. Avec la b-D-ribofurannosyle-2 vic-triazolo(4,5-b) pyridone-5 on observe une 
conversion facile du ribofurannose en ribopyrannose. 

[Traduit par le journal] 

Introduction 
Certain pyridine (3-deazapyrimidine) nucleo- 

sides exhibit antibacterial and antileukemic 
activities ( l ,2) ,  and bicyclic unnatural nucleoside 
species with the sugar moiety in the six-mem- 
bered ring (including nucleosides of oxazolo- 
(4,5-b)pyrimidines (3), pyrrolo(2,3-r1)pyrimidines 
(4), thiazoIo(5,4-d)pyrimidines (5), pyrido(2,3-d)- 
pyrimidines (6) ,  and quinazolines (7)) have shown 
significant biochemical and chemotherapeutic 
activities. 

The present work forms part of a program of 
exploration of stereospecific and regioselective 
syntheses of unnatural nucleosides, and is con- 
cerned with each of the above general classes, 
where appropriately substituted pyridines or 
pyridine nucleosides are used as precursors of 

'Presented in part at the 54th Canadian Chemical 
Conference of the Chemical Institute of Canada, Halifax, 
Nova Scotia, June, 1971. 

2Author to whom requests for reprints should be 
addressed. 

3Professional Research Associate. 

4-substituted vic-triazolo(4,5-b)pyridines, and the 
species obtained are subjected to  further alkyla- 
tions and/or ribosylations. The primary objective 
of this synthetic program is t o  obtain a set of 
positionally isomeric nucleosides with markedly 
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1030 CAN. J. CHEM. VOL. 54, 1976 

different geometrical and steric constraints on 
preferred sugar-base torsional angles, providing 
test compounds for the postulated restriction of 
the enzymes of polynucleotide synthesis to 
nucleoside phosphate substrates possessing anti 
conformations (8-1 1). 

Results and Discussion 

(a) Syntheses and Conversions 
The 2-pyridone nucleosides 16,2b, and 36 were 

obtained by treatment of the trimethylsilyl 
derivatives of the precursor species l a ,  2a, and 3a 
with tetra-0-acetyl-P-D-ribofuranose (12) in re- 
fluxing 1,2-dichloroethane in the presence of 
anhydrous tin(1V) chloride (13, cf. 14-16). 
followed by deacetylation with ammonia-satu- 
rated methanol. The tri-0-benzoylribofuranose 
species I d  was similarly obtained from 1-0-  
acetyl-2,3,5-tri-0-benzoyl-P-D-ribofuranose (17), 
and 16 was accessible from the reaction of 1- 
bromo-2,3,5-tri-0-acetylribofuranose (18) with 
the trimethylsilyl derivative of l a ,  without 
catalysis by the tin(1V) species. 

The compounds la-lf were converted into the 
corresponding 4-substituted vic-triazolo(4,5-6)- 
pyrid-5-ones 4a-4f, using the successive substitu- 
tion and cyclization effected by azide ion in 
aprotic dipolar media (a route established by Fox 
and co-workers (19)). The intermediate addition- 
cyclization product 5 in the conversion 16 + 4b 
may be isolated from the reaction mixture (see 
Experimental), and yields 46 on acid treatment. 
The yields of 46 obtained via deblocking of the 
species 4c and 4d, using the protected nucleosides 

l c  and Id, were significantly better than for the 
direct conversion of 16 into 46. 

Further treatment of the trimethylsilyl deriva- 
tives of several compounds of general structure 4 
with tetra-0-acetyl-p-D-ribofuranose under 
tin(1V) catalysis efficiently introduces the tri- 
acetylribofuranose moiety selectively into the 
2-position of the vic-triazolo(4,5-6)pyridone 
nucleus, yielding the compounds 6c-6f. Deblock- 

R-N b 

ing of 6c provided the hygroscopic bis-riboside 
76, and deblocking of 6e provided 7e. Re- 
markably, attempted reacetylation of 7e resulted 
in a ribofuranosyl + ribopyranosyl conversion, 
yielding the species 8. 

To provide model reference compounds, the 
parent vic-triazolo(4,5-6)pyrid-5-one 4a was 
dimethylated in basic media, and the 4-methyl 
conlpound 4e similarly methylated, yielding a 
mixture of three dimethylated species in the ratio 
(as estimated from integration of the character- 
istic triazole N-methyl proton signals) 1 :0.27:0.02, 
identified (see section b below) respectively as the 
2,4-,1,4-, and 3,4-species 10,11, and 12; 10 and 11 
were separable by sublimation under reduced 
pressure. 

(6) Structure Assignments 
If 1-substituted-5-nitro-2-pyridones are em- 

ployed as starting materials, the cyclization route 
assures definition of the 4-substituted vic- 
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LYNCH AND SHARMA 1031 

(ii) 
l a - l j  - 4a-4f 

(i) 
4c-4e - 6c-6e 

(i), (iii) 
4f - 71 

(iii) 
6c P 7b 

(iii) (iv) 
6e - 7 e d 8  

FIG. 1. Flow sheet of reactions and conversions: 
( i )  treatment with 1,2,3,5-tetra-0-acetyl-8-D-ribofuranose 
in C2H4C12 with SnCI4; (ii) annelation with azide ion in 
aprotic dipolar solvent; (iii) deblocking with NH3- 
C H 3 0 H  or NaOCH3-CH30H; (iv) acetylation with 
Ac2O-pyridine; (v) methylation with CH31-Na2C03. 

triazolo(4,5-b)pyrid-5-one structure, but further 
alkylations (including ribosylations) could occur 
a t  each position in the triazole ring, and un- 
equivocal identification and separation of related 
species has offered considerable difficulties (cf. 
20-23). 

The structures of the compounds cited in 
section a were established using pmr spectroscopy 
and electronic spectroscopy, with reference to  the 
patterns shown by the model compounds 10 and 
11 (see Tables 1 and 2). The structure assignment 
to  compound 11, inp 201-203 "C, was made 
using the nuclear Overhauser effect (24, 25). 
This compound showed an 11% increase in 
signal intensity for the low field pyridone 7- 
proton (6 7.97) on irradiation of the triazole 

N-methyl signal (6 4.22), requiring its formula- 
tion as the 1,4-dimethyl species. 

The predominant methylation product from 
4a and 4e, species 10, mp 134 "C,  showed no 
Overhauser enhancement-of the pyridone N- 
methyl signal (6 3.49) when the triazole N-methyl 
signal (6 4.28) was irradiated, thus ruling out the 
3,4-dimethyl species 12 and requiring assignment 
as the 2,4-dimethyl compound. The third isomer 
from the n~ethylation, formed in smallest pro- 
portion, is then assigned as the 3,4-dimethyl 
compound 12, and the low field positions of each 
of the two N-methyl signals in this compound (by 
comparison with the other isomers) may be 
attributed to  steric compression or steric polari- 
zation influences. 

With the structures 10 and 11 as reference 
points, the presence of a triazole N-methyl signal 
a t  6 4.27 defines the structure of the methylation 
product of compound 4b as the 2-methyl-4-P-D- 
ribofuranosyl compound 9. Further, the occur- 
rence of the pyridone N-methyl signals in the 
6 3.47-3.53 region in the triacetylribosyl com- 
pounds and the ribosyl derivative obtained from 
4e (compounds 6e, 8, and 7e), rather than in the 
6 3.61 region, suggests the 2,4-substitution 
uattern. Further nuclear Overhauser effect ex- 
periments supported the suggestion that intro- 
duction of the blocked ribosyl species in the 
tin(1V) catalysed conversions of the compounds 
occurs selectively a t  the 2-position. Tests for en- 
hancement of the H-1' signal by irradiation of 
the pyridone 7-proton, or by irradiation of the 
protons of the 4-substituent, gave null results for 
the compounds 6c-6f. 

Since some abnormal relaxation effect could 
cast some doubt on the null results from the 
nOe experiments, we also made comparisons of 
the electronic spectra of the compounds 10 and 
11 with the various ribosylated derivatives (see 
Table 2). Conlpound 10 (the 2,4-dimethyl com- 
pound) shows two discrete intense maxima above 
300nm; compound 11 shows a single peak in 
this region. All the compounds obtained by 
introduction of a methyl or blocked ribosyl 
species into a 4-substituted vic-triazolo(4,5-b)- 
pyrid-5-one show spectral patterns resembling 
10, but not 11, and are confirmed as 2-substituted 
species. The slight but significant bathochromic 
and hyperchromic effects in the 2,4- vs. 1,4- 
species are consistent with previous findings 
(26-28) that 'extended' N-substituted species (of 
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1032 CAN. J. CHEM. VOL. 44. 1976 

TABLE 1. Proton magnetic resonance spectra of vic-triazolo(4,5-h)pyrid-5-ones* 

Chemical shifts for protons (ppm) Coupling 
constants (Hz) 

Species 6- 7- 1 ' Others Jlr7' 

6c (in CDC1,) 
6e 
Sf 
7b (in D20)  
7e 
7f 
8 
9 

10 
11 
12 

'Unless otherwise stated, all spectra are for ca. 4y0 w /v solutions in DMSO-do, and all Ja; values arc 9.4 ? 0.1 Hz. 

type 10) show more intense and longer wave- 
length maxima than isomers with an N-substi- 
tuent adjacent t o  an azine ring. 

In assignments of anomeric configurations to  
unnatural ribofuranosides, small J1121 couplings 
(less than 4 Hz) may be regarded .as strongly 

TABLE 2. Electronic absorption 
spectra of vic-triazolo(4,5-b)pyrid- 

5-ones (in methanol) 

Species Amax (nm) log E 

indicative of frans-hydrogens (29), and thus of a 
0-configuration. The bicyclic species 46, 5 and 9 
show H-I' couplings much greater than this, but 
since these conlpounds derive from the com- 
pound 16 (with J1,2,  h. 0 and thus unambiguously 
p), they are almost certainly p-species. There is 
the unlikely possibility that stereospecific anom- 
erization occurs under the influence of the 
azide nucleophile, and to  eliminate this, we con- 
verted 46 into its isopropylidene derivative. 
These species commonly show decreased J 1 r 2 r  

values as compared with the parent ribofurano- 
side, and it has been shown (30-32) that the 
chemical shift difference between the methyl 
groups of such derivatives may be used t o  con- 
firm configurations (a difference > 0.18 ppm is 
diagnostic of a ir) configuration (31)). The 
isopropylidene derivative of 46 showed methyl 
signals a t  6 1.35 and 1.67, with JIc2,  = 3.50 Hz, 
and is clearly 0. 

For the series of peracetylated ribosides (4c, 
6e, 61) J112, is less than in the deblocked species 
(46, 7e, 7j3 (see Table 1); yet in the course of 
attempted reacetylation of the deblocked riboside 
6e using acetic anhydride- pyridine a t  room 
temperature, an  isomeric product distinct from 
7e was obtained, showing a large J1121 (7.3 HZ). 
From the close correspondence of the com- 
parable 13C nmr ribose carbon signals in the 
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LYNCH AND SHARMA 1033 

TABLE 3. 13C nmr spectra of 4-methyl-2-(p-~-2,3,5-tri-O-acetylribofuranosyI)-vic- 
triazolo(4,5-h)pyrid-5-one (6e) ,  4-methyl-2-(~-~-2,3,4-tri-O-acetylribopyrdnosyl)- 
vie-triazolo(4,5-6)pyrid-5-one (8) and 1,2,3,5-tetraacetyl-p-~ribofuranose and 

1,2,3,4-tetraacetyl-pa-ribopyranose 
- 

I3C chemical shifts (ppm) 

Tetraacetyl- Tetraacetyl- 
I3C assignment 6r ribofuranose 8 ribopyranose 

Acetyl carbonyls 170.0 170.0 169.85 169.55 
169.6 169.3 169.2 169.4 
169.4 169.1 168.6 169.2 

168.6 168.4 
Pyridine ring C-2 161.3 161.2 

C- 6 148.5 148.2 
C-4 130.9 130.8 
C-5 129.2 129.2 
C- 3 124.6 124.7 

Ribose ring C-1' 93.6 98.2 86.4 90.9 
C-4' 80.1 79.4 67.6 67.3 
C-3' 73.5 74.2 67.0 66.3 
C-2' 70.6 70.6 65.6 66.2 
C-5' 62.8 63.6 63 .O 62.6 

N-Methyl 29.3 29.2 
Acetyl methyls 20.3 20.9 20.33 20.4 20.7 20.65 

20.55 20.31 20.1 20.620.55 

compound 7e and its isomeric deblocking -+ 
reacetylation product to  those of tetraacetyl- 
ribofuranose and tetraacetylribopyranose models 
(see Table 3). it is clearlv evident that conversion , . 
into the pyranose speci& 8 has occurred (assign- 
ments of nuclei in Table 3 are based upon the 
13C spectra of the parent sugars (33) and some 
nucleosides (34), and standard ranges for pyri- 
dine ring atoms and for acetyl carbonyl and 
methyl groups (35)). The high value of J 1 r Z t  

(7.3 Hz) in 8 establishes that the configuration of 
the ribopyranose moiety remains P, since a- 
pyranose nucleoside species are characterized by 
small values (ca. 2 Hz, cf. Montgomery and 
Thomas (36)). Although it is well known (37) 
that the pyranose form of ribose species is 
favored thermodynamically, and there are prec- 
edents for furanose -+ pyranose conversions-with 
azapurine nucleosides (36), the ease of conversion 
in the present example is noteworthy, and sug- 
gests that careful -continued monitoring of 
isomeric structures in nucleoside conversions is 
appropriate. 

Finally, the P-ribofuranosyl configurations are 
tentatively assigned to  the 2-substituted deriva- 
tives 6c-6f, 7b, 7e, and 7f, since the J1l2t values 
for the peracetylated precursors 6 (from which 
the nucleosides~are obtained by deblocking), are 

uniformly less than 4 Hz (Table 1, cj'. Stevens 
and Fletcher (29)). 

(c) Srrggested Conforn7ational Prejerences: 
Sugar-Base Torsioizal Relationships 

The interpretation given below relies largely 
upon the definitive discussions by Altona and 
Sundaralingam (38, 39). The unusual structural 
features in the nucleoside 4b, where the sugar- 
base link is sited between an amide carbonyl and 
the conjoined triazole ring, might be expected to 
impose conformational restraints, which should 
be evident in differences in the pmr spectra of the 
ribose protons in 4b as compared with species 
possessing fewer constraints (cf ref. 8). 

Changes by comparison with 'normal' ribo- 
sides might include: (i) a change in the ribose 
conformation towards the S-conformation (C-  
(2')-enrlo, C(3')-exo, 2T3 (38, 39)), since for this 
conformation, the base moiety adopts a quasi- 
equatorial site, so that bulky groups in the base 
then interact least with the ribose 3'-, 4'-, and 
5'-substituents (40); this should be evident in 
high values for the coupling constant Jlt2'; (ii) 
increases in the coupling constant J2'3f from 
values characteristic of anti nucleosides (4.8-5.5 
Hz) (39) towards the range 6.G6.4 Hz, as 
observed for the analogously substituted nucleo- 
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1034 CAN. J .  CHEM. VOL. 54. 1976 

TABLE 4. The pmr spectra of various ribosides related to 4-p-~-ribofuranosyl-vic-triazolo(4,5-b)pyrid-5-one* 

Species 

Coupling 
Chemlcal shifts (ppm) constants (Hz) 

H-1 ' 2' 3' 4' 5',5" J182, J2'3, 

4b 6.38 4.80 4.23 3.90 3.67 6.50 6.00 
l b  5.95 4.03 3.77 ZO ~ 5 . 0  
5 6.55 5.00 7.50 6.00 
Uridine 5.80 4.05 4.00 3.85 3.63 4.50 
Inosine 5.85 4.52 4.17 3.95 3.60 5.50 5 .OO 
Adenosine 5.90 4.65 4.13 4.00 3.60 6.00 4.80 
6-Azauridine 5.91 4.25 4.03 3.77 3.50 3.50 4.00 
8-Azaxanthine, 3-riboside (36) 6.12 7.00 
3-Ribosyladenine (45) 5.95 7.00 
3-Ribosylhypoxanthine (45) 5.98 6.00 
2,4-Dioxo-1-0-D-ribofuranosylpyrido- 

(2,3-qpyrimidine (6) 6.56 3.50 
1-B-D-Ribofuranosylquinazoline- 

2,4-dione (8)t 6.55 4.93 4.54 4.22 4.10 
A l l  original spectra are for 5 %  w/v  solutions in DMSO-(1'. Missing entries indicate that proton signals were not readily resolved (for current 

work), or that the data were not pl.esentcd (literature data). 
tValues with rcspect to external TMS capillary. 

sides orotidine (41) and 0-cyanuric acid riboside 
(42); (iii) downfield shifts in the H-1' and H-2' 
resonances (as compared with the monocyclic l b ,  
assumed to adopt an anti conformation), asso- 
ciated with deshielding of these nuclei by the 
carbonyl and triazole functions. Table 4, which 
includes conlparisons of 4b with several related 
ribosides, shows that each of these proposed 
features appears in the pmr spectra of 4b (and of 
the intermediate 5): the coupling constants J l y  
and J2'31 have high values; H-1' is deshielded by 
0.43 ppm, and H-2' by 0.77 ppm as compared 
with lb .  Dreiding molecular models for 'high- 
artti' (intermediate arzti-syn) (43) conformations 
for 4b (see Fig. 2) indicate that both H-1' and 
H-2' will be under the deshielding influences of 
either the carbonyl group or the unshared pair 
of the nitrogen at position 3. We suggest that 
each of the structures A and B of Fig. 2 will be 
energy minima anlong the torsional range for 4b. 

(1') 
A B 

FIG 2. Hydrogen and oxygen atoms other than those 
of the ribose skeleton are omitted for clarity. 

(d) Prognosis for Future Work 
We are now engaged in syntheses of the nucleo- 

side phosphates of the newly available ribosyl 
species, and plan to evaluatethese as substrates 
for polynucleotide phosphorylases (8-1 1). The 
synthesized ribosides are also being supplied to  
the Universitv of Alberta Cancer Research Unit 
for evaluation as inhibitors of the enzymes of 
purine synthesis. We hope to extend our nmr 
studies, using 13C-H vicinal couplings to  verify 
the proposed sugar-base torsional relationships 
(cf. ref. 44). 

Experimental 

General 
Melting points were determined using a Fisher-Johns 

apparatus or a Kofler Heizbank. Most of the proton 
magnetic resonance spectra were recorded with a Varian 
A-60D instrument using DMSO-d6 as solvent, while the 
nuclear Overhauser effect (nOe) experiments were made 
using a Varian HA-100. The '"2 magnetic resonance 
spectra were obtained for deuteriochloroform solutions 
using a Varian XL-100 spectrometer in the Fourier trans- 
form mode with full proton decoupling. All chemical 
shifts (proton and "C) are expressed in parts per million 
downfield from internal tetramethylsilane. Infrared 
spectra (potassium chloride disks) were measured on  a 
Beckman Acculab 4 instrument, and electronic absorp- 
tion spectra with a Beckman Acta 111 spectrophotometer. 
Column chromatographic separations used Fluka Type 
507C neutral alumina, Brockmann activity 1. Specimens 
for elemental analyses were dried at 65 "C/0.2 torr for at 
least 6 h and were analysed using a Hewlett-Packard 
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LYNCH AND SHARMA 1035 

Model 185 CHN Analyser. All extracts were dried over 
anhydrous sodium sulfate and evaporations were effected 
below 35 "C under reduced pressure. Known compounds 
referred to in the tables and in details of experiments were 
commercial materials, whose physical properties accorded 
with Literature values. 

2-Pyridotie Nucleosides 
(a) S-Nitro-l-~-~-ribofi11'a110syl-2-pyridotie, Ib 
Merilod i - 5-Nitro-2-pyridone (3.0 g) in hexamethyl- 

disilazane (40 ml) was heated under reflux with a catalytic 
amount (IOmg) of ammonium sulfate for 4 h, with 
precautions for exclusion of moisture. Excess solvent was 
removed under reduced pressure and the residue, without 
further purification, was dissolved in 1,2-dichloroethane 
(100 ml) and 1,2,3,5-tetra-0-acetyl-m-ribofuranose (6.25 
g) and tin(1V) chloride (1.0 ml) were added. The mixture 
was heated under reflux for 8 h and allowed to stand at 
room temperature for a further 12 h. 1,2-Dichloroethane 
(50 ml) was added to the reaction mixture, which was 
washed successively with aqueous sodium carbonate and 
with water, and the organic phase was dried. Concentra- 
tion under reduced pressure yielded an oil whose pmr 
spectrum was consistent with formulation as the tri-0- 
acetyl species lc. The oil was treated at 0 "C for 4 days 
with methanol (225 ml) presaturated with ammonia at 
0°C.  Concentration of the solution under reduced 
pressure, followed by crystallization from water, provided 
5-nitro-1-B-D-ribofuranosyl-2-nitropyridone lb (4.83 g, 
go%), mp 225 "C. Atral. caldd. for CIOHIZNZ07: C 44.12, 
H 4.44, N 10.29; found: C43.70, H 4.50, N 10.30. The 
pmr spectra: 8 5.95 (s, lH,  H-1'), 6.52 (d, lH ,  J = 9.5 Hz, 
H-3),8.15(dd, lH ,  J = 9.5and3.3 Hz,H-4),9.66(d, IH, 
J = 3.3 HZ, H-6). 

Merilorl ii - 5-Nitro-2-pyridone (1.50 g) was converted 
into its trimethylsilyl derivative as above, and was treated 
with l-brom0-2,3,5-tri-O-acetylribofura11ose (18) (3.25 g) 
in 1,2-dichloroethane (100 ml). The mixture was heated 
under reflux for 6 h and left at room temperature over- 
night. Deacetylation as in method i and crystallization 
from water provided 1b (2.1 1 g, 70y0) mp and mixture mp 
225 "C. 
(b) 5-Nilro-I-~-~-(2,3,5-1~i-O-bet1zoyIribo/I1rat~o~yl)- 
2-pyridotre, Id 

The trimethylsilyl derivative, prepared as above from 
5-nitro-2-pyridone (2.80 g) was treated with l-acetyl- 
2,3,5-tri-0-benzoyl-8-n-ribofuranose (17) (9.50 g) in 1,2- 
dichloroethane (100 ml) and the mixture was heated under 
reflux for 8 h in the presence of tin(1V) chloride (1.0 ml). 
After working up as in method i above, andcrystallization 
from ethanol, the product Id was obtained (8.37 g, 72y0), 
mp 178-180 "C. Atlal. calcd. for C 3 1 H ~ 4 N ~ O l ~ :  C 63.69, 
H 4.14, N 4.79; found: C 64.06, H 4.20, N 4.43. The 
pmr spectra: a 6.28 (s, l H ,  H-1'), 6.57 (d, IH,  J = 9.5 
Hz, H-3), 8.17 (dd, lH,  J = 9.5 and 2.9Hz, H-4), 9.17 
(d, lH ,  J = 2.9 Hz, H-6). Id afforded the deblocked 
nucleoside lb in quantitative yield on treatment with 
ammonia saturated methanol. 
(c) 3-Nitro-I-~-~-ribo/Iiranos)~l-2-pyridotre, 2b 
3-Nitro-2-pyridone 2a (1.50 g), on ribosylation follow- 

ing method i above, yielded the product 2b (1.50 g, Sly0), 
mp 225-228 "C. Atzal. found: C 44.30, H 4.38, N 10.38. 

The pmr spectra: 6 6.00 (d, lH, J = 2.0 Hz, H-l'), 6.50 
(t, IH, J = 7.0Hz, H-5), 8.20 (dd, lH, J = 7.0 and 2.3 
Hz, H-4), 8.48 (dd, lH,  J = 7.0 and 2.3 Hz, H-6). 

(d) 3-Cyatio-I-p-~-ribofiirc~110.~~~l-2-pyrir/0tre, 3b 
3-Cyano-2-pyridone (0.70 g), mp 222-225 OC, was 

ribosylated following the procedure of method i above, 
yielding 36 (0.70 g, 48';/L), mp 22G222 'C, after crystalli- 
zation from ethanol. At~al. calcd. for C1lHl2N205: C 52.38, 
H 4.80, N 11.11; found: C52.69, H 4.81, N 11.10. The 
pmr spectra: 6 6.08 (d, lH ,  J = 2.0 Hz, H-l'), 6.54 (t ,  
lH ,  J = 7.5 Hz, H-5), 8.49 (dd, lH ,  J = 7.5 and 2.5 Hz, 
H-6 or H-4), 8.64 (dd, lH ,  J = 7.5 and 2.5 Hz, H-4 or 
H-6). 

Atrtielatiotz Reactiotrs Yielditlg Triazolopyridotres 
4-p-~-Ribofi~rat1os);I-vic-rria~olo(4,S-b)p)~rid-5-o11e, 4b 
To the nucleoside lb (8.15 g) in dimethyl sulfoxide (50 

ml) was added sodium azide (2.40 g) and the mixture 
was heated at 115-1 17 "C for 24 11 (stirring). The cooled 
solution was diluted with chloroform (200 ml) and the 
resulting semisolid was collected by decantation, dissolved 
in the minimum quantity of methanol, and applied to a 
neutral alumina column (100 g, moistened with chloro- 
form). Elution with methanol followed by evaporation 
under reduced pressure yielded the intermediate 5 (1.63 g), 
mp 254-256 "C (shtinks at 235 'C) after crystallization 
from water. This material showed no azide absorption in 
the 2000-2500 cm-1 region; pmr spectra, see Table 1. 
Crystallization from 1 M hydrochloric acid yielded 4b, 
mp 263-265 "C (dec.). Atral. calcd. for CloH~~N405: C 
44.78, H 4.51, N 20.89; found: C 44.83, H 4.56, N 20.63. 
For pmr spectra, see Table 1. 

4-~-~-(2,3,5-Tri-0-~~ce!yirib~/rirat1osyl)-vic-triazolo- 
(4,5-b)pyrir/-5-ow, 4c 

T o  the nucleoside lc (13.50 g) in N,N-dimethylform- 
amide (50 ml) was added sodium azide (5.20 g), and the 
mixture was heated at 110 "C for 24 h, and concentrated 
under reduced pressure (0.8 torr). The residue was ex- 
tracted with chloroform ( 3  X 100 ml), washed with 1 M 
hydrochloric acid and with water, and the organic extract 
was dried and the solvent removed. The residual oil (8.70 
g) was dissolved in ethyl ether (150ml); slow evaporation 
of the ether yielded 4c as light yellow crystals (5.37 g, 
407;), mp 223-224 "C. Atlrrl. calcd. for Cl6H18N408: C 
48.73, H 4.60, N 14.21; found: C48.87, H 4.36, N 14.49. 
For pmr spectra, see Table 1. Deblocking with ammonia 
saturated methanol alrorded the nucleoside 4b quantita- 
tively. 
4-8-D-(2,3,5- Tri-0-betr~oylribo/rir~~t~osyl)-vic-lriazolo- 
(4,5-b)p)lrid-5-orre, 4d 

The nucleoside derivative Id (5.90 g) in N,N-dimethyl- 
formamide (50 ml) was heated with sodium azide (2.40 g) 
at 88-90 "C (stirring) for 24 h. The solvent was removed 
under reduced pressure (0.5 torr) and the residue was 
neutralized with 2 M hydrochloric acid. The product was 
isolated by extraction with chloroform (3 X 75 ml). 
Evaporation of the extract followed by crystallization 
from ethyl ether yielded 4r/(5.49 g, 93';';), mp 157-159 "C. 
Atlol. calcd. for C3LH24N408: C 64.13, H 4.17, N 9.65; 
found: C 64.34, H 4.41, N 9.29. For pmr spectra, see 
Table 1. Deblocking with 0.5 M methanolic sodium 
methoxide afforded 4b quantitatively. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1036 CAN. J. CHEM. VOL. 54. 1976 

4-Betr:yl-vic-tri~t:ol0(4,5-b)p)~ri~I-5-01re, 41 
I-Benzyl-5-nitro-2-pyridone (16.5 g) in N,N-dimethyl- 

formamide (75 ml) was heated with sodium azide (9.40 g) 
at 93 'C for 18 11 and at  103 "C for 30 h. The product was 
isolated by acidification with 1 M hydrochloric acid, 
collection, and crystallization from aqueous ethanol, 
yielding 4f (14.96 g, 92%), mp 231-232 "C. Atral. calcd. 
for CILHION40: C 63.71, H 4.46, N 24.76; found C 63.60, 
H 4.30, N 24.80. For pmr spectra, see Table 1. 

2,4-ilis(p-~-2,3,~-tri-O-acet~~ribojrr~otrosy~)-vic-trio~o/o- 
(4,5-b)p)~rici-5-o1le, 6c 

The peracetylated triazolopyridone nucleoside 4c (0.80 
g) was heated under reflux with hexamethyldisilazane 
(15 ml) and a catalytic amount of ammoll i~~m sulfate for 
3 h,  with precautions for exclusion of moisture. After 
removal of the excess of hexametl1yldisilazane, the residue 
was dissolved in 1,2-dicl~loroetllane (50 ml) and reacted 
with 1,2,3,5-tetra-0-acetyl-p-D-ribofuranose (0.68 g) and 
tin(1V) chloride (0.5 ml) by heating under reflux for 8 h. 
Chloroform (50 ml) was added and the organic layer was 
shaken s~~ccessively with water, saturated aqueous sodium 
hydrogen carbonate, and water. After drying and con- 
centration, followed by crystallization from methanol, 
the product 6c was obtained, mp 63-65 "C (1.40 g, 85%). 
Atrnl. calcd. for C27H32N4015: C 49.70, H 4.94, N 8.58; 
found: C 50.03, H 5.26, N 8.25. For pmr spectra, see 
Table 1. 
2-p-~-2,3,5-Tri-O-acet~/ribojrrntros)~~-4-p-~-2,3,5-tri-0- 

be~rzoylriboflrrrttro.rj1- vie-t rictzolo(4,5-b)pyt~i(I-5-o,re, 6d 
The tribenzoyl derivative 4cl(2.50 g) was heated under 

reflux for 18 h in hexamethyldisilazane (35 ml) as for 6c 
above. Excess solvent was removed under reduced 
pressure, and the residue was dissolved in l,2-dichloro- 
ethane (80 ml); 1 ,2,3,5-tetra-0-acetyl-p-D-ribofuranose 
(1.34 g) was added, together with tin(1V) chloride (0.5 ml), 
and the mixture was heated under reflux for 8 h. Work-up 
as for 6c gave crude material, which was purified by 
crystallization from ethanol, yielding 1.0 g (28%) of 6d, 
mp 66-68 "C. Atlcrl. calcd. for C-12H3SN4015: C60.14, 
H 4.57, N 6.68; found: C 60.48, H 4.93, N 6.54. 

4-Met/1yl-2-j3-~-2,3,5-tri-O-ncet)~~t.iboflrt~cttrosy~-vic- 
tricrzolo(4,5-b)p)~ricl-5-otre, 6e 

The trimethylsilyl derivative prepared from 4-methyl- 
vie-triazolo(4,5-b)pyrid-5-one 4e (19) (1.50 g) by treat- 
ment with excess of hexarnethyldisilazane, was reacted 
with 1,2,3,5-tetra-0-acetyl-p-D-ribofuranose (3.05 g) and 
tin(1V) chloride (0.5 g) in 1 ,2-dichloroethane (50 ml) 
under reflux for 6 h, and left at  room temperature for 
18 h. The product was isolated after removal of inorganic 
materials in the usual manner, and crystallized from 
petroleum, bp 60-65 "C, as colorless needles, mp 52- 
53 "C. Atrctl. calcd. for C17H20N40X: C 50.00, H 4.94, 
N 13.72; found: C 50.04, H 5.02, N 13.59. For pmr 
spectra, see Table 1 ;  13C nmr spectra, see Table 3. 

2,4-ilis-p-~-ribo~rrcttros)~/-vic-tt~iazolo(4,5-b)pyri~I- 
5-one, 7b 

The bistriacetylribofuranose derivative 6c (1.0 g) was 
dissolved at  0 "C in methanol (75 ml) presaturated with 
ammonia at  0 'C, and the solution was allowed to  stand 
at  0 "C for 18 11. Evaporation of the solvent gave a color- 
less solid, which was crystallized from water and re- 

crystallized from methanol, yielding 0.71 g of material, 
mp 135-137 "C. The compound was too hygroscopic for 
satisfactory elemental analysis, but the pmr spectra 
support the assigned structure (see Table 1). 

4- ~ell1)~l-2-p-~-ribo~~rc1~1o.r)~/-vic-'triazolo(4,5-b)~~r.i~/- 
5-otre, 7e 

The 4-methyl-2-triacetylribofuranose derivative 6e (2.50 
g) was treated with freshly prepared sodium methoxide in 
methanol (from 0.50 g sodium in methanol (50 ml)) a t  
21 "C for 20 h. The solution was neutralized by passage 
through Amberlite resin IRC-5O(H), and concentration of 
the solution gave the deacetylated nucleoside 7e, which 
was crystallized from 2-propanol to give needles (1.48 g, 
8659, mp 135-137 "C. Atrctl. calcd. for CllHI~N405: C 
46.81, H 5.00, N 19.85; found: C 47.08, H 4.83, N 19.66. 
For pmr spectra, see Table 1. 

4-Bet1zyI-2-p-~-ribofrrrctt1os)~~-vic-~rin:olo(4,5-b)pyrid-5- 
one, 7f 

4-Benzyl-vie-triazolo(4,5-b)pyrid-5-one 4f (3.45 g) was 
converted into the trimethylsilyl derivative by treatment 
with excess of hexamethyldisilazane, and dissolved in 
1,2-dichloroethane (I00 ml) when 1,2,3,5-tetra-0-acetyl- 
p-D-ribofuranose (4.52 g) and tin(IV) chloride (0.7 ml) 
were added. The reaction mixture was heated under 
reflux for 8 h and left at 21 "C for 16 h. After the usual 
isolation procedure, a viscous oil (6.70 g, 90% based on 
the assumption that the triacetylribofuranose moiety had 
been introduced) was obtained. The oil (5.0 g) was dis- 
solved in freshly prepared sodium methoxide in methanol 
(0.8 g sodium in methanol (701111)) and left at  room 
temperature for 16 11. The solution was neutralized by 
passage through Amberlite resin IRC-50(H), and the 
product isolated on concentration was crystallized from 
methanol - ethyl ether, yielding needles of 7f (2.88 g, 78% 
based on the 5.0 g portion), mp 191-193 "C. Arlal. calcd. 
for C17HISN405: C56.98, H 5.06, N 15.63; found: C 
56.75, H 5.00, N 15.69. For pmr spectra, see Table 1. 

4- Met/1yl-2-p-~-(2,3,4-~t~i-0-ace~ylribop~rnt~osyl)-vic- 
trir~zolo(4,5-b)p~rid-5-o11e, 8 

T o  4-methyl-2-p-~-ribofuranosyl-vic-triazolo(4,5-b)- 
pyrid-5-one 7e (0.22 g) in dry pyridine (10 ml) was added 
acetic anhydride (1.0 g) and the reaction mixture was 
left at  21 "C for 64 h. The solution was concentrated 
under reduced pressure (4 torr), and the solid thus 
obtained was treated three times with ethanol (15 ml 
portions) with successive evaporation under reduced 
pressure, and finally crystallized from ethanol, providing 
the triacetylribopyranose species 8 (0.29 g, 917,), mp 
185-186 "C. Atrul. found: C 50.25, H 5.25, N 13.81. For 
pmr spectra, see Table 1 ; 13C nmr spectra, see Table 3. 

Metl~ylatiot~s of Triazolopjriciotre Species 
((I) Methylation of vie-triazolo(4,5-b)pyrid-5-one, 4a. 

To the above-named compound 4n (19) (0.50g) in 
methanol (100 ml) was added methyl iodide (0.5 ml) and 
potassium carbonate (0.50g) and the mixture was set 
aside at  21 "C for 16 h. The solution was concentrated and 
the residue was extracted into chloroform (3 X 50ml), 
the extract was dried, and the solvent removed yielding a 
mixture of dimethylated species: the 2,4-dimethyl com- 
pound 10, the 1,4-dimethyl compound 11, and the 3,4- 
dimethyl compound 12, in the ratios 1.00:0.27:0.02 as  
estimated by pmr spectroscopy, total yield 0.53 g (88%). 
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LYNCH AND SHARMA 1037 

The compounds 10 and 11 were separated by sublimation 
at 1 torr: 10 sublimed at 105 "C, and 11 at 165 "C. 2,4- 
Dimethyl-vic-triazolo(4,5-b)pyrid-5-one, 10, had mp 
134 "C. At~al. calcd. for C7HRN40: C 51.21, H 4.91, 
N 34.13; found: C 51.19, H 4.69, N 34.44. 1,4-Dimethyl- 
vic-triazolo(4,S-b)pyrid-5-one, 11, had mp 201-203 "C. 
Anal. found: C 51.46, H 5.32, N 34.10. For pmr and 
electronic spectra, see Tables I and 2. 

(b) Methylation of 4-methyl-vic-triazolo(4,S-b)pyrid-5- 
one, 4e. Methylation of this species (1.0 g) in methanol 
(95 ml) with methyl iodide (1.0 g) in the presence of 
potassium carbonate ( I  .O g) under the same conditions as 
for (a) above provided a similar mixture of dimethylated 
species (10, 11,12) in the same ratio as above (total yleld 
0.82 g, 75%). The isomers 10 and 11 were separated by 
sublimation as above and characterized by mp, mixture 
mp, and pmr spectra. 

(c) Methylation of 4-p-D-ribofuranosyl-vic-triazolo- 
(4,5-b)pyrid-5-one. The above named species 4b (1.00g) 
in water (5 ml) was added to a mixture of potassium 
carbonate (1.00 g), methyl iodide (1.00 ml), and methanol 
(10 ml). The reaction mixture was set aside for 18 h, 
solvents were removed under reduced pressure, and the 
residue was crystallized from water, providing 2-methyl- 
4-p-~-ribofuranosyl-vic-triazolo(4,5-b)pyrid-5-one 9 (0.72 
g, 76%), mp 210-211 "C. Anal. found: C47.12, H4.85, 
N 19.89. For pmr spectra, see Table 1 ; electronic spectra, 
see Table 2. 
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The synthesis of chasmanine: aromatic intermediate 
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SHY-FUH LEE, GANESH M. SATHE, WING WAH SY, PAK-TSUN Ho, and KAREL WIESNER. Can. 
J. Chem. 54, 1039 (1976). 

The stereospecific total synthesis of the pentacyclic tetrasubstituted intermediate 39 is 
described. The conversion of this material to  the delphinine type alkaloid chasmanine IV by the 
method worked out recently by the same group (1) is envisaged. 

SHY-FUH LEE, GANESH M. SATHE, WING WAH SY, PAK-TSUN HO et KAREL WIESNER. Can. 
J. Chem. 54, 1039 (1976). 

On decrit une synthese totale sttrCospCcifique de llintermCdiaire pentacyclique tCtrasubstituC 
39. On envisage la conversion, par une mCthode dont les dCtails ont CtC dCcrits rCcemment par le 
m&me groupe, de ce composC en chasmanine IV, un alcaloide du type de delphinine. 

[Traduit par le journal] 

Introduction 

We have recently completed and reported (1) 
a simple stereospecific conversion of compound I 
to  the chasmanine model 11. All the steps of this 
process proceeded under mild conditions and in 
high yield and we felt that they could be applied 
without major modification to  compound I11 
with a suitably blocked nitrogen. This would 
lead very simply to  the fully substituted, naturally 
occurring delphinium alkaloid chasmanine IV (2). 

In the present communication we wish to  
report the stereospecific synthesis of the inter- 
mediate I11 (39) in which the R group is formyl? 
The route to  compound 39 resembled in prin- 
ciple our synthesis of the aromatic intermediate 
V for napelline (3). There were, however, some 
important differences. The relatively simple sub- 
stitution pattern of napelline did not do justice 
to  our synthetic method which can provide 
automatically all the substituents of a delphinine 
type alkaloid. It should be noted that both in the 
process I + I1 and in the synthesis of 39 all the 
substituents materialize stereospecifically in the 
correct positions simultaneously with the con- 
struction of the skeleton. 

lThe first step of the model sequence I + I1 and of the 
planned sequence I11 + IV is a Birch reduction of the 
anisole ring. If this process is applied to  39 the formyl is 
lost and may be replaced by a N-acetyl group which in 
turn may be reduced to  the N-ethyl of chasmanine in the 
last step of the synthesis. The Birch reduction followed 
by acetylation and treatment with acid to the corre- 
sponding N-acetyl-a,p-unsaturated ketone has been al- 
ready successfully performed on compound 39. 

The position of the aromatic lnethoxyl in 
compound 39 had an  unfavorable effect on the 
direction of the aziridine rearrangement, a key 
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step in the synthesis. This was corrected by the 
introduction of the bridgehead methoxyl, which 
helped to  steer the rearrangement in the desired 
direction. A detailed discussion of the various 
factors influencing the direction of aziridine 
rearrangements may be found in the first paper 
of this series (4). 

Discussion 

The starting materials for the present synthesis 
were the compounds 7 and 16 both of which we 
have previously reported (4, 5). However, both 
these compounds were now prepared by funda- 
mentally improved methods. 

The known (6) methoxy indanone 1 was con- 
verted to the en01 ether 2, and the anion of this 
material, prepared by the action n-butyllithiun~ 
in tetrahydrofuran, was carboxylated with car- 
bon dioxide a t  -70 OC. The acid 3 was thus 
obtained in a yield of 82% after crystallization. 
It was converted into the methyl ester 4 by 
esterification with gaseous hydrochloric acid in 
methanol. We have previously prepared com- 
pounds 3 and 4 by a less efficient method (4) and 
the identity of our present materials with the 
reference samples was established by mixture 
melting points and spectral d a t a 2  

The conversion of the ester 4 via the inter- 
mediates 5 and 6 to  the tricyclic ester 7 was 
described previously (4). This process has now 
been improved and is recorded in the Experi- 
mental. 

Reduction of the ester 7 with lithiunl alu- 
minum hydride and oxidation of the resulting 
primary alcohol 8 with dicyclohexylcarbodiimide 
in dimethyl sulfoxide yielded 89% of the alde- 
hyde 9. The stage was thus set for the attachment 
of the side chain 16 by a Grignard reaction. 

The bromide 16 was prepared on a large scale 
by a very simple method starting from commer- 
cially available homoallyl alcohol. Tritylation of 
this material gave the ether 11 which was con- 
verted to the crystalline epoxide 1 2  by per- 
benzoic acid. 

The opening of the epoxide ring in methanolic 
sodium nlethoxide yielded quantitatively the 
methoxy alcohol 13. The preparation of the 
primary alcohol 1 5  was conlpleted by benzyla- 

*Spectral data for all compounds are recorded in the 
Experimental. Spectral data are mentioned in the Dis- 
cussion only in specially relevant cases to conserve space. 

tion of 1 3  with sodium hydride and benzyl 
chloride in dioxane, followed by the treatment of 
the product 1 4  with acetic acid at 45 "C for 
24 h.  The overall yield of the alcohol 1 5  from the 
starting material 10 was 5870. The conversion of 
1 5  to  the bromide 16 was performed as reported 
previously (5). 

The attachment of the side chain to  the alde- 
hyde 9 was carried out as in the previously 
reported cases (3, 5). Conlpound 9 was added t o  
an excess o f the  Grignard reagent prepared from 
the bromide 16 and the oily diastereoisomeric 
mixture 1 7  was isolated in a 90% yield. 

Oxidation of 1 7  with chronlium trioxide in 
pyridine yielded the oily ketone 18 which be- 
haved as a homogeneous product in spite of the 
fact that a mixture of two epi~ners was expected. 
The conversion of compound 18 to  the diketone 
19 was performed in one step. Compound 18 
was treated with a large excess of benzenesul- 
fonylazide in glacial acetic acid and a small 
amount of p-toluenesulfonic acid. The exo- 
benzenesulfonylaziridine which was formed un- 
der these conditions immediately rearranged as 
indicated by the arrows in formula 186. 

We have discussed in our first paper (4) the 
influence of the ketone and bridgehead methoxyl 
on the steering of the aziridine rearrangement in 
the desired direction. The bridgehead methoxyl 
clearly works by accelerating the desired re- 
arrangement (see arrow in 186) and the ketone 
by retarding the competing one leading to corn- 
pound 20. Nevertheless, the combined influence 
of these two groups did not suffice to  eliminate 
completely the formation of this by-product. In 
fact, compounds 19 and 20 were obtained in a 
total yield of SOYo and a ratio of 3:2. This is due 
to the powerful enhancement of the rearrange- 
ment leading to  20 by the aromatic methoxyl. 

The third device which we have described for 
dealing with this situation (4), i.e., the replace- 
ment of the aromatic methoxyl by the electron- 
withdrawing rnesyloxy group and the conversion 
of this group into a methoxyl a t  a later stage of 
the synthesis eliminates the undesirable re- 
arrangenlent conlpletely. However. preliminary 
experinlents along these lines have shown that 
the additional operations required completely 
consuine the yield gain in the rearrangement step 
and thus represent only profitless extra work. 

The conversion of the diketone 19 to  the di- 
ketolactanl 33 (via the intermediates 21 through 
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LEE ET AL. 

COOR 

7 R -COOMe 

8 R = C H 2 0 H  

9 R  = CHO 

32) proceeded precisely by the methods which 
we have worked out previously (3) in the 
synthesis of compound V. Consequently, we 
shall comment in the Discussion only briefly on 
some of the small differences which we have 
encountered. The details of all the steps are 
recorded in the Experimental. Lithium aluminum 
hydride reduction and acetylation of 19 gave the 
diastereoisorneric mixture 21. For analytical 
purposes we were able to separate it by prepara- 
tive thin layer chromatography (tlc) into two 
groups of diastereoisomers with the acetoxyl 
marked by the arrow in formula 21 endo and exo. 

In spite of the stereochemical inhomogeneity 
the partial hydrolysis of 21 to 22 proceeded as 
previously reported (3). Hydrogenolysis of 22 
gave 23 and this material was oxidized to  24. 
For characterization the diketone 24 was re- 
solved by preparative tlc into two homogeneous 
crystalline epimers. All the intermediates in the 

synthesis from this point on were mixtures of 
two epi~ners and they were separated only on a 
small scale for characterization purposes. In 
coinpound 33 finally the last uncontrolled asym- 
metric center was removed and a homogeneous 
product resulted. 

A ininor improvement of the process was 
achieved in the degradation of the honioalde- 
hyde 27 to  the ester 31. The aldehyde 27 was 
converted t o  the en01 ether 30 via the acetal 
intermediates 28 and 29. Compound 30 was 
oxidized with periodate-permanganate and the 
resulting carboxylic acid was immediately, with- 
out purification, esterified with diazomethane to 
the crystalline epimeric esters 31. 

As we have already pointed out all the uncon- 
trolled asymnietric centers were finally eliminated 
and the diketolactam 33 was reached stereo- 
specijically. This crucial intermediate was beauti- 
fully crystalline (mp 253 OC) and all its spectral 
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Me Me 
0CH2Ph CH2Ph 
OMe OMe 

17 18 
S02 

18b 1 
Ph 

Me 

OAc 
Me 

Me 

H 0CH2Ph OH 
OMe OMe 

characteristics were analogous to  those of the 
similar compound prepared in our synthesis of 
napelline (3). 

In the infrared spectrum (ir) it showed car- 
bony1 maxima at  1750, 1700, and 1667 cm-' 
corresponding t o  the five- and six-membered 
ketones and the lactatii. In the nuclear magnetic 
resonance (nmr) spectrum two sharp singlets 
(3H each) at  T = 6.20 and 6.62 pprn indicated 
the presence of the aromatic and primary 
methoxyls. 

Reduction of the diketo lactam 33 with lithium 
tri-tcrt-butoxyaluminohydride yielded quantita- 
tively and stereospecifically the dihydroxy lactam 
34. The same material was also obtained when 
the identical reduction conditions were applied 
to  the 0-epimer of the hydroxyketo lactam 32. 
The P-configuration of the ring A hydroxyl in 
compound 34 is best demonstrated by nmr 
spectra of the two epimeric hydroxy ketones 32 

(cf: 3). The aroniatic hydrogen marked by the 
arrow in formula 32 is in close proximity of the 
ring A substituent in the a-epimer and is de- 
shielded by it (d, IH ,  T = 2.39 ppm). In the 
0-epirner this hydrogen shows a signal at  T = 
2.69 ppm. The nmr spectrum of compound 34 
shows signals at  T = 5.50 (m, l H ,  proton de- 
shielded by the ring A hydroxyl), 5.78 (d, IH ,  
proton deshielded by the ring B cxo-hydroxyl), 
6.20 (s, 3H, aroniatic methoxyl), 6.65 (s, 3H, 
primary methoxyl), and 2.93 ppni (d, l H ,  aro- 
matic proton marked by arrow in formula 34). 

Acetylation of compound 34 with acetic an- 
hydride and p-toluenesulfonic acid yielded a 
mixture of two products: the amorphous di- 
acetoxy derivative 35 and the crystalline lactone 
36, which not unexpectedly was produced by a n  
acid-catalyzed acyl migration. The ir spectrum 
of this last material shows a carbonyl peak a t  
1775 cm-I indicating clearly the presence of a 
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LEE ET AL. 1043 

Me0 product revealed the absence of the lactam 

w o e  M e o w e  carbonyl. Finally oxidation of 38 to  the N-formyl deriva- 
tive 39 with potassium permanganate in acetic 
acid by the method which we have used pre- 

O OMe bAc OMe viously (5) proceeded in a yield of 86%. 
A carbonyl peak in the ir of 39 a t  1658 cm-' 

, OMe 
28 RI  = OH, R2 CH2--CH10Me 

2 6 and a singlet, ^IH, a t  T = 1.84 ppnl in the nmr 
spectrum of this product denlonstrated the pres- 
ence of the formyl group. 

The stereospecific synthesis of the pentacyclic 
polysubstituted intermediate 39 is thus complete 

?-lactone. Treatment of the lactone 36 with 
rnethanolic potassi~im hydroxide a t  room tern- MeO 
perature gave quantitatively the lactanle 34. The 
characterization of the lactone 36 corroborated 
the conlpound exo configuration 34 by the of most the rigorous ring B hydroxyl of stereo- in &: M e O ~  Me 

chemical methods, i.e., ring formation. H '  I+' 
Compound 34 was now methylated with OMe OMe OMe OMe 

methyl iodide and sodium hydride in anhydrous 37 38 
dioxane, and the oily tetramethoxy-N-methyl 
lactarn 37 was obtained in a yield of 62% after 
careful purification (cf. 5). Its nrnr spectrum Me0 
showed methoxy group singlets, 3H each, at  
T = 6.20, 6.60, 6.65, and 6.69 ppm and a singlet, 

I 

I 3H, at  T = 7.05 pprn assigned t o  the N-methyl 
1 group. % 

H- ' 
Reduction of the lactam 37 t o  the arnine 38 

with lithium aluminum hydride was uneventful. OMe Me 

In  the nmr spectrum of 38 the N-methyl group 39 

singlet shifted t o  T = 7.64 ppm and the ir of this SCHEME 5 
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by a procedure which certainly makes it possible 
t o  prepare several grams of this material. 

Such an  amount should be more than sufficient 
t o  synthesize by our published method (1) 
enough racemic chasmanine t o  allow resolution 
into optical antipodes. 

Experimental 

Preprrratiotr of the Etrol Etlter 2 
Trimethyl orthoformate (50ml), absolute methanol 

(50 ml), and saturated methanolic hydrogen chloride 
(5 ml) were added in sequence to a solution of 6-methoxy- 
I-indanone 1 (50 g) (6) in anhydrous benzene (750 ml). 
The solution was stirred at  room temperature for 18 h, 
after which time trimethyl orthoformate (15 ml) and 
saturated methanolic hydrogen chloride (2 ml) were 
added and the reaction mixture was kept at room tem- 
perature for another 2 days. The solution was evaporated 
to dryness it1 vaclro and the en01 ether 2 was obtained in a 
quantitative yield as an oil homogeneous in tlc. I t  was 
used immediately for the subsequent step. Mol. Wr. calcd. 
for C11H1202: 176; found (mass spectroscopy): 176. 
Spectral data: ir (CHC13) 1610 cm-1 (enol ether); nmr 
(CDCl]) T 4.74 (t, l H ,  vinylic proton), 6.14 and 6.17 
(2s, 6H, 2 methoxyls), 6.77 ppm (2d, 2H, benzylic pro- 
tons). 

homogeneous in tlc. Mol. Wt. calcd. for C13HI4O4: 
234.0892; found (high resolution mass spectroscopy): 
234.0887. Spectral data: ir (0214) 1745, 1625 cm-1 (ester, 
en01 ether); n m  (CCIJ) T 4.75 (d,  J = 2 Hz, lH ,  vinylic 
proton), 5.82 (d,  J = 2 Hz, l H ,  benzylic proton), 6.14 
and 6.19 (2s, 6H, 2 methoxyls), 6.34 ppm (s, 3H, ester 
methoxyl). 

The Diels-Alder. Add~lct 6 
A solution of the en01 ether 5 (53 g) and an excess of 

maleic anhydride (35 g) in xylene (60ml) was heated 
under nitrogen to 175 "C (oil bath temperature) for 6 h. 
After cooling, the solvent and excess maleic anhydride 
were removed itt vactro. Analysis by tlc showed the reac- 
tion mixture to consist of two components in a ratio 955 .  
The etrrio adduct 6 (49 g) was first isolated by fractional 
crystallization from acetone. The mother liquid was then 
subjected to column chromatography on silica gel. 
Elution with 15% acetone in 11-hexane gave another 8.4 g 
of the same product and further elution yielded 2.4 g of 
the eso adduct 6. The total yield was 7970. The errdo 
adduct 6 melted at  203 "C after recrystallization from 
acetone. AIIN~. calcd. for CI7Hl6O7: C61.44, H4.85; 
found: C 61.33, H 4.89. Mol. Wt. calcd. for CI7HIGO7: 
332; found (mass spectroscopy): 332. Spectral data: lr 
(CHCI3) 1870, 1790 (anhydride), 1740 cm-1 (ester); nmr 

(CDCI,) 7 5.72 (q, J = 9 Hz, 2H, 

Preprrr~tiot~ of !/re Keto Ester 4 aromatic methoxyl), 6.20 (s, 3H, ester methoxyl), 6.40 
,A, solution of compound 2 (50 g) in absolutely an- (ST 3H3 bridgeheadmethox~l), 7.49 PPm (q, 2H, J = 8 Hz, 

hydrous tetrahydrofuran (800 ml) was cooled to -70 'C 2H3 apex protons). 

(acetone - dry ice) and ,,-butyllithium (328 ml of 1.9 M in The adduct 6 melted at  155 "C after recrystalliza- 

hexane) was added drollwise with stirring under nitrogen. tion from acetone. Atlal. calcd. for C17H1607: 61.44, 

After the addition was completed the stirring was con- 4.85; found: 61.38, 4.90. Mol. Wt. for 
tinued for 2 h, after which time carbon dioxide gas was C17H1607: j32; found (mass 332. The 

passed through the solution at a moderate rate, After 6 ll Inass Spectra both were practically identical. 

the mixture turned dark yellow and was poured into ice data: (CHC13) 1875, 1790 (anhydride), 1740 

water (2000 ml) and washed wit11 chloroform (2 x 700 cm-l (ester); nmr (CDCIl) 6.04 3H, 

ml). The aqueous layer was collected, acidified with 10% methox~l),  6.15 (s, 3H, ester methox~l) ,  6.37 3H7 
aqueous hydrochloric acid, and extracted with chloro- 
form (3 X 800 ml). The chloroform solution was dried bridgehead methox~l),  6.69 (q, 2H, J = 8 Hz. 
and evaporated to dryness. The pure acid 3 (48 g, 825;) 
was obtained by recrystallization from chloroform-ether 7.68 ppm (q,  J = 10 Hz, 2H, apex protons). 
and melted at  145 "C. Atral. calcd. for ClIHl0O4: C 64.07, 
H 4.89; found: C 63.95, H 4.93. Spectral data: ~r (CHC13) Decar.bOxl'lariOtl 'f Addtic' 

1 7 1 0 ~ m - ~  (ketone and carboxy[); nmr ( C D C I ~ )  5.84 The mixture of the erldo and exo adducts 6 (40 g) was 

(2d, l H ,  benzylic proton), 6.17 (s, 3H, aromatic meth- dissolved in anhydrous diglyme (800 ml) and bis(tri- 

oxyl), 7.00 ppm (t, 2H, methylenic protons). pheny1phosphine)nickel dicarbonyl (100 g) was added. 
The acid 3 (40 g) was dissolved in saturated methanolic The solution was heated under reflux in a nitrogen 

hydrogen chloride (400 ml) and heated under reflux for a t  21° "C for h. The solvent was distilled 
8 h. Evaporation of the solvent and crystallization from off under reduced pressure, the residue was dissolved in 
benzene-hexane yielded the keto ester 4 (40.6 g, ~ooc/,) ,  ether, and the black precipitate was removed by filtration. 

mp 74 OC. Alrc1l, calcd, for c ~ ~ H ~ ~ ~ ~ :  c 65.44, H 5.49; After evaporation of the ether the residue was subjected 
found: C 65.46, H 5.55. Spectral data: ir (CHCI]) 1750, to chromatography on silica gel. Elution with 8% acetone 
1725 cm-l (ester, ketone); nmr (CDC1,) 5.87 (2d, 1 ~ ,  in 11-hexane ~ie lded the oily olefin 7 (27.8 g, 81 x), 
benzylic proton), 6.17 (s, 3H, aromatic methoxyl), 6.27 in tlc. Mol. Wt. ~ a . 1 ~ ~ .  for C~5H1604: 

ppm (s, 3H, ester methoxyl). 260.1049; found (high resolution mass spectroscopy): 
260.1041. Spectral data: ir (film) I740 (ester), 1612 cm-1 

Pr.epar.ntiotl of the Etrol Ether 5/,otn the Keto Ester 4 (double bond); nmr (CDC13) T 3.33 (m, 2H, vinylic 
Comopund 4 was converted to the en01 ether 5 by the protons), 6.18 (s, 3H, aromatic methoxyl), 6.27 (s, 3H, 

procedure described above for the preparation of 2. The ester methoxyl), 6.50 (s, 3H, bridgehead methoxyl), 7.38 
product 5 was obtained in a quantitative yield as an  oil ppm (q, J = 6 Hz, 2H, apex protons). 
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Reduction of t11e Ester 7 to t l~e Primary Alcohol 8 
A solution of 7 (50 g) in anhydrous ether (300 ml) was 

added dropwise to a stirred suspension of LiAlH4 (12 g) 
in anhydrous ether (500 ml) at  0 'C and stirring was con- 
tinued for a further 2 h at  room temperature. After care- 
ful addition of wet ether (1000ml) and 10% aqueous 
sodium hydroxide (10 ml) the white precipitate was 
filtered off and the filtrate was dried over anhydrous 
magnesium sulfate. Evaporation of the solvent yielded 
44.5 g of the pure alcohol 8 as a colorless oil homogeneous 
in tlc. Mol. Wt .  calcd. for Cl4Hl6O3: 232; found (mass 
spectroscopy): 232. Spectral data: ir (CHC13) 3650 cm-1 
(hydroxyl); nmr (CDC13) T 3.34 (m, 2H, vinylic protons), 
5.74 (s, 2H, protons deshielded by hydroxyl), 6.20 (s, 3H, 
aromatic methoxyl), 6.44 (s, 3H, bridgehead methoxyl), 
7.64 ppm (2d, 2H, apex protons). 

Preparatior~ of the Aldehyde 9 
Trifluoroacetic acid (16 ml) was added dropwise to a 

solution of compound 8 (43 g), N,N'-dicyclohexylcar- 
bodiimide (1 14 g), anhydrous dimethyl sulfoxide (320 ml) 
and pyridine (30 ml) in dry benzene (700 ml). The solu- 
tion was stirred at  room temperature overnight and 
diluted with ether (800 ml). Methanolic oxalic acid (46 g 
in 100 ml) was added slowly with cooling and stirring. 
The white precipitate was filtered off and the filtrate was 
washed several times with saturated aqueous sodium 
chloride. The organic layer was dried and evaporated to 
dryness. Chromatography of the residue on silica gel 
(10% ether in benzene) gave 38 g (89.2%) of the oily 
aldehyde 9 which behaved homogeneously in tlc. Mol. Wt .  
calcd. for C14Hl4O3: 230.0943 ; found (high resolution 
mass spectroscopy): 230.0940. Spectral data: ir (CHC13) 
2845, 2725, 1725 cm-1 (aldehyde); nmr (CDC13) T - 1.02 
(s, 1H, aldehyde proton), 3.14 (m, 2H, vinylic protons), 
6.17 (s, 3H, aromatic methoxyl), 6.40 (s, 3H, bridgehead 
methoxyl), 7.27 ppm (q, 2H, apex protons). 

Tlte Trityl Etller 11 
Commercially available 3-buten-1-01, 10 (100g) was 

dissolved in pyridine (500 ml) and cooled to - 10 OC. 
Trityl chloride (436 g) was added in portions to the 
stirred solution, and stirring was continued at  room 
temperature for 3 days. After removal of the white pre- 
cipitate by filtration, most of the solvent was evaporated 
it1 vacuo and the residue was dissolved in ether. The 
solution was washed with 5% aqueous hydrochloric acid, 
aqueous sodium bicarbonate, and with water, dried, and 
evaporated to dryness. The crude product was purified 
by a short column chromatography on silica gel, (5OC;/0 
hexane in benzene), to yield pure 11 (390 g, 90%) as an  
oil homogeneous in tlc. Mol. Wt .  calcd. for C23H220: 
314; found (mass spectroscopy): 314. Spectral data: 
ir (CHC13) 1635cm-1 (double bond); nmr (CDC13) 
T 2.67 (m, 15H, phenyl protons), 4.10 (m, IH, vinylic 
proton), 4.87, 5.10 (m, 2H, vinylic protons), 6.85 (t, 2H, 
-CH2-0-), 7.65 ppm (q, 2H, methylenic protons). 

Preparatiotl of tire Epoxide 12 
Perbenzoic acid (2500m1, 0.6 M in chloroform) was 

added dropwise to a stirred mixture of the olefin 11 
(390 g) and anhydrous sodium carbonate (120 g) in 
chloroform (1000 ml) and stirring a t  room temperature 
was continued for 12 h. The reaction mixture was filtered, 

the filtrate was washed several times with 5y0 aqueous 
potassium carbonate, and with water. Evaporation of the 
dried solvent and crystallization of the crude product 
from hexane gave the pure epoxide 12 in a quantitative 
yield (mp 89 "C). Anal. calcd. for C23H2202: C 83.60, 
H 6.71; found: C 83.70, H 6.89. Spectral data: nmr 
(CDC13) T 2.67 (m, 15H, phenyl protons), 6.74 (t, 2H, 
-CH2-0-), 6.97 (m, lH ,  ;rAccH), 7.40 (q, 2H, 
H 2 C A C < ) ,  8.20 ppm (q, 2H, methylenic protons). 

Preparatior~ of Cornpound 14 
A solution of the epoxide 12 (400g) and sodium 

methoxide (100 g) in absolute methanol (1200ml) was 
heated under reflux in a nitrogen atmosphere for 24 h. 
The solvent was evaporated irz vacrro, the residue dissolved 
in ice water and the resulting aqueous solution was 
extracted with ether. The extract was washed with water, 
dried, and evaporated to dryness. The oily alcohol 13 was 
obtained in a quantitative yield and behaved homoge- 
neously in tlc. It was benzylated without further purifica- 
tion. Spectral data: ir (CHC13) 3500 cm-1 (hydroxyl); 
nmr (CDC13) 76.00 (m, IH, proton unshielded by 
hydroxyl), 6.67 ppm (s, 3H, primary methoxyl). 

T o  a solution of the above material (300 g) in anhydrous 
dioxane (2500 ml) sodium hydride (69.6 g, 57v0 suspen- 
sion in oil) was added in portions and the reaction 
mixture was heated under reflux for 5 h. At this point 
benzyl chloride (118 g) was added dropwise and the 
reflux was continued for another 15 h. The reaction mix- 
ture was concentrated under reduced pressure, poured 
into ice water, and extracted with ether. The extract was 
dried, evaporated to dryness, and the residue was distilled 
in vacrto (bp 108-1 14 "C/2 torr) to give the pure com- 
pound 14 in a quantitative yield as an oil homogeneous in 
tlc. Mol. Wt .  calcd. for C31H3203: 452; found (mass 
spectroscopy): 452. Spectral data: nmr (CDC13) T 2.67 
(m, 20H, phenyl protons), 5.44 (q, 2H, benzylic protons), 
6.67 ppm (s, 3H, methoxyl). 

I-Metl1oxy-2-ber1zylo.u).4-l1ydro.u).b1rtarre, 15 
A solution of compound 14 (274g) in 90% aqueous 

acetic acid (500 ml) was heated to 45 "C for 24 h. The 
solvent was removed under reduced pressure and the 
residue was diluted with hexane. The white precipitate 
was filtered off, the filtrate was washed with dilute aqueous 
sodium bicarbonate and water, dried over anhydrous 
magnesium sulfate, and evaporated to dryness. Distilla- 
tion of the residue irl vaclro (bp 122-125 "C/l  torr) 
yielded pure 15 (101 g, 80%) as a colorless oil, homoge- 
neous in tlc. The product was identified by ir, nmr, and 
tlc, with an authentic sample (5). Mol. Wt .  calcd. for 
Cl2HI8o3: 210.21 56; found (high resolution mass spec- 
troscopy): 210.2154. Spectral data: ir (CHC13) 3500 cm-1 
(hydroxyl); nmr (CDC13) 7 2.65 (br s, 5H, phenyl pro- 
tons), 5.37 (q,2 H, benzylic protons), 6.28 (t, 2H, protons 
deshielded by hydroxyl), 6.70 ppm (s, 3H, methoxyl). 

Prepparatior1 of t11e Secotldary Alcol1ol17 
A small portion (5 ml) of a solution of l-methoxy-2- 

benzyloxy-4-bromobutane 16 (180 g, six-fold excess) in 
anhydrous tetrahydrofuran (1200 ml) was added to a 
warm stirred mixture of magnesium turnings (15.8 g) and 
a few iodine crystals in anhydrous tetrahydrofuran 
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(100 ml) under nitrogen. As soon as the color of iodine 
had disappeared, the remaining solution of 16 was added 
very slowly at  85 "C (oil bath temperature) under nitro- 
gen. After the addition was completed, reflux was main- 
tained for 1 h. A solution of the aldehyde 9 (30g) in 
absolute tetrahydrofuran (800 ml) was then added drop- 
wise with stirring and reflux was continued for another 
3 h. After cooling, the reaction mixture was poured into 
a cold 10% aqueous ammonium chloride solution 
(1000ml) and extracted with ether (3 X 1000 ml). The 
combined extracts were dried, evaporated to dryness, and 
the oily residue was chromatographed on silica gel. The 
alcohol 17 was eluted with 2074 ether in benzene (50 g, 
90(:h). Mol. Wt .  calcd. for C26H3205: 424; found (mass 
spectroscopy): 424. Spectral data: ir (CHC13) 3615, 
3640 cm-1 (hydroxyl); nmr (CDCI]) r 3.02 (m, 2H, 
vinylic protons), 5.34 (q, 2H, benzylic protons), 6.24 
(s, 3H, aromatic methoxyl), 6.44 (s, 3H, bridgehead 
methoxyl), 6.60 ppm (s, 3H, primary methoxyl). 

Oxidution of the Alcol1ol17 to the Ketorre 18 
A solution of the alcohol 17 (50g) in methylene 

dichloride (500 ml) was added dropwise to a stirred 
solution of the chromium trioxide - pyridine complex 
(150 g) in the same solvent ( I  500 ml) and the mixture was 
stirred at  room temperature overnight. Next morning it 
was diluted with ether (500 ml) and the brown precipitate 
was removed by filtration. The filtrate was then washed 
with 5% aqueous hydrochloric acid (4 X 500 ml), lor; 
aqueous sodium bicarbonate (2 X 500 ml), and finally 
with water. The organic layer was dried over anhydrous 
magnesium sulfate and evaporated to dryness. Chroma- 
tography of the residue on silica gel and elution with 5rb 
ether in benzene yielded 44 g (88';/c) of the ketone 18 as a 
colorless oil, homogeneous in tlc. Mol. Wt .  calcd. for 
C26H30O5 : 422.2093 ; found: (high resolution mass spec- 
troscopy): 422.2093. Spectral data: ir (CHCI,) 1710 cm-1 
(ketone); nmr (CDC13) r 3.04 (m, 2H, vinylic protons), 
5.40 (q, 2H, benzylic protons), 6.27 (s, 3H, aromatic 
methoxyl), 6.47 (s, 3H, bridgehead methoxyl), 6.64 ppm 
(s, 3H, primary methoxyl). 

Aziridirre Forrnatiorr urrd Rearrrr~rgen~r~lt 
Compound 18 (24 g), a large excess of benzenesulfonyl 

azide (60 g), glacial acetic acid ( 110 ml),p-toluenesulfonic 
acid (0.48 g) and anhydrous benzene (20 ml), were 
stirred under nitrogen at  room temperature for 10 days. 
The mixture was diluted with chloroform (2000 ml), 
washed with saturated aqueous sodium bicarbonate 
(5 X 100 ml) and several times with water, dried, and 
evaporated to dryness. 

Analysis by tlc (ethyl acetate - benzene, 3 3 )  indicated 
the presence of two compounds in a ratio of 3 2 .  The oily 
product was separated by column chromatography on 
silica gel. Elution with 15';C ethyl acetate in benzene gave 
the diketone 19 (15.4 g) and further elution with the same 
solvent yielded compound 20 (10 g). Compound 19 was 
oily and homogeneous in tlc; compound 20 crystallized 
and melted at  170 "C. The total yield was 80%. 

Compound 19. Mol. Wt .  calcd. for C31H3307NS: 
563.1978; found (high resolution mass spectroscopy): 
563.1973. Spectral data: ir (CHC13) 3370 (NH), 1756 

(five-membered ketone), 1710 (side chain ketone), 1350, 
1160 cm-1 (sulfonyl); nmr (CDC13) r 3.94 (d, J = 6 Hz, 
l H ,  -NH), 5.40 (q, 2H, benzylic protons), 5.87 (d, 
J = 6 Hz, l H ,  apex proton), 6.27 (s, 3H, aromatic 
methoxyl), 7.64 ppm (s, 3H, side chain methoxyl). 

Compound 20. Anul. calcd. for C3.+H3909NS: C 64.03, 
H 6.16, N 2.20; found: C 63.74, H 6.23, N 2.22. Spectral 
data: ir (CHCI]) 3410 (NH), 1740 (acetate), 1712 cm-1 
(ketone); nmr (CDCL]) r 5.50 (q ,  2H, benzylic protons), 
6.27 (s, 3H, aromatic methoxyl), 6.67 (s, 3H, bridgehead 
methoxyl), 6.70 (s, 3H, side chain methoxyl), 7.90 ppm 
(s, 3H, acetoxy methyl). 

Cor~versiot~ of Compoutld 19 to the Diustereoison~eric. 
Mixtrrre 21 

The diketone 19 (12.0 g) and LiAlH4 (12 g) were 
refluxed under nitrogen in anhydrous dioxane (300 ml) 
for 20 h. The mixture was then cooled with ice, and 
methanol (5 ml) followed by 10% aqueous sodium 
hydroxide (4 ml) were added dropwise. The white pre- 
cipitate was filtered off and washed with ether (4 X 100 
ml), and tetrahydrofuran (2 X 100 ml). The combined 
filtrates were evaporated to dryness and the residue was 
acetylated with acetic anhydride (10 ml) and pyridine 
(100 ml) at  45 "C overnight. Most of the solvent was 
removed it1 vucrro and the residue was dissolved in 
chloroform (800ml). The solution was washed with 
dilute hydrochloric acid, aqueous sodium bicarbonate, 
and with water. After drying over anhydrous sodium 
sulfate, evaporation of the solvent gave a yellow residue 
which was subjected to chromatography on silica gel. 
Elution with chloroform-methanol (99:l) yielded 8.12 g 
(70'2;) of the mixture 21 as a colorless oil. 

When this mixture was examined by tlc on silica gel 
(methanol-chloroform 4:96), it was possible to resolve it 
into two groups of diastereoisomers which were epimers 
with respect to the ring B acetoxyl. For analytical pur- 
poses, the two groups of epimers were separated by 
preparative tlc. 

exo-Epimers: Mol. Wt .  calcd. for C3lH3908N: 553.2676; 
found (high resolution mass spectroscopy): 553.2677. 
Spectral data: ir (CHC13) 3460 (NH), 1737 (acetate), 
1678 cm-1 (amide); nmr (CDCl]) r 3.80 (d, J = 8 Hz, lH,  

I 
-N-H), 4.54 (m, lH ,  proton deshielded by acetoxyl), 
5.20 (m, lH,  proton deshielded by acetoxyl), 5.47 (t, 2H, 
benzylic protons), 5.80 (d, J = 16 Hz, l H ,  apex proton), 
6.20 (s, 3H, aromatic methoxyl), 6.70 (s, 3H, primary 
methoxyl), 7.90 (s, 6H, acetoxy methyls), 8.00 ppm (s, 3H. 
-N-C-CH3). 

I1 
0 

endo-Epimers: Mol. Wt .  calcd. for CI1H39O8N: 
553.2676; found (high resolution mass spectroscopy): 
553.2677. The mass spectra of both epimers were prac- 
tically identical. Spectral data: ir (CHCI3) 3460 (NH), 
1735 (acetate), 1678 cm-1 (amide); nrnr (CDCl,) r 4.00 

(d, J = 7 Hz, lH ,  -N-H), 4.50 (m, 2H, protons de- 
shielded by acetoxyls), 5.40 (q, 2H, benzylic protons), 
6.20 (s, 3H, aromatic methoxyl), 6.56 (s, 3H, primary 
methoxyl), 7.90 (s, 3H, side chain acetoxy methyl), 8.00 
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I I I  
(s, 3H, -N-C-CH3), 8.17 ppm (s, 3H, ring B endo 
acetoxy methyl shielded by the aromatic ring, cf. ref. 5). 

Selective Hydrolysis of the Diacetate 21 to the Hydroxy 
Acetate 22 

A solution of the diacetate 21 (7.5 g) in methanolic 
potassium carbonate (750 ml, pH 8.5) was stirred at 
room temperature for 5 h. After this time the solution was 
neutralized with 554, aqueous hydrochloric acid (2.5 ml) 
and poured into saturated aqueous sodium chloride 
(700 ml). The mixture was then extracted with chloroform 
(5 X 400 ml) and the extract was dried over anhydrous 
magnesium sulfate. After evaporation of the chloroform, 
the res~due was chromatographed on silica gel and gave 
the hydroxy acetate 22 (5.9 g, 85%) as a waxy material. 
For analysis, the two groups of epimers were separated 
by preparative tlc on silica gel. 

exo-Epimers: Mol. Wt. calcd. for C29H3707N: 51 1.2570; 
found (high resolution mass spectroscopy): 511.2571. 
Spectral data: ir (CHC13) 3620 (hydroxyl), 3430 (NH), 
1730 (acetate), 1674 cm-1 (amide); nmr (CDC13) r 4.60 
(m, lH ,  proton deshielded by acetoxyl), 5.40 (t, 2H, 
benzylic protons), 6.27 (s, 3H, aromatic methoxyl), 6.67 
(s, 3H, primary methoxyl), 6.94 (br s, lH,  benzylic 
bridgehead proton), 7.97 (s, 3H, acetoxy methyl), 8.07 

0 
I I I  

ppm (s, 3H, -N-C-CH3). 
endo-Epimers: Mol. Wt. calcd. for C29H3707N: 

511.2570; found (high resolution mass spectroscopy): 
511.2571. Spectral data: ir (CHC13) 3588 (hydroxyl), 
3462 (NH), 1735 (acetate), 1675 crn-1 (amide); nmr 
(CDC13) 7 4.50 (m, IH, proton deshielded by acetoxyl), 
5.40 (q, 2H, benzylic protons), 6.21 (s, 3H, aromatic 
methoxyl), 6.64 (s, 3H, primary methoxyl), 7.94 (s, 3H, 

0 
I I1 

acetoxy methyl), 8.04 ppm (s, 3H, -N-C-CH,). . . 

Preparation of the Diol23 
Compound 22 (5 g) was hydrogenated in methanol 

(250 ml) with 10% palladium-on-charcoal (1.5 g) at 
atmospheric pressure and room temperature for 6 h. The 
catalyst was removed by filtration on celite and the solvent 
was evaporated under reduced pressure. The diol 23 
(3.45 g, 857;) was obtained as a foam. The analytical 
samples of the two groups of epimers were obtained by 
preparative tlc on silica gel. 

exo-Epimers: Mol. Wt. calcd. for Cz2H3,07N: 421; 
found (mass spectroscopy): 421. Spectral data: ir (CHCI3) 
3620 (hydroxyl), 3430 (NH), 1735 (acetate), 1675 cm-1 
(amide); nmr (CDC13) 7 4.47 (m, IH, proton deshielded 
by acetoxyl), 6.24 (s, 3H, aromatic methoxyl), 6.64 (s, 3H, 
primary methoxyl), 6.87 (br s, IH, benzylic bridgehead 
proton), 7.49 (s, 3H, acetoxy methyl), 8.04 ppm (s, 3H, 

0 
I II 

-N-C-CH,). 
endo-Epimers: Mol. Wt. calcd. for C22H3107N: 421; 

found (mass spectroscopy): 421. Both groups of epimers 
have identical mass spectra. Spectral data: ir (CHC13) 

3600 (hydroxyl), 3462 (NH), 1740 (acetate), 1675 cm-1 
(amide); nmr (CDC13) 7 4.40 (m, lH,  proton deshielded 
by acetoxyl), 6.20 (s, 3H, aromatic methoxyl), 6.64 (s, 3H, 
primary methoxyl), 7.90 (s, 3H, acetoxy methyl), 8.00 pprn 

0 
I I I  

S, 3H, -N-C-CH3). 

Oxidatiot~ of tlre Diol23 to the Diketotle 24 
A solution of the diol23 (3 g) in dry methylene chloride 

(30 ml) was added dropwise at room temperature to a 
stirred solution of the chromium trioxide - pyridine com- 
plex (12 g) in the same solvent (130 ml). The mixture was 
stirred at room temperature for 2 days after which time 
it was diluted with ether (200 ml) and the brown pre- 
cipitate was filtered off. The filtrate was washed with 
dilute aqueous hydrochloric acid (2 X 200 ml), 107, 
aqueous sodium bicarbonate, and water. After drying 
the solvent was evaporated and chromatography of the 
residue on silica gel gave 2.4 g (80%) of the crystalline 
diketone 24. This material was a mixture of two epimers 
in a ratio 4:l. For analytical purposes, a portion of the 
mixture was separated by preparative tlc and the pure 
epirners were recrystallized from ether. The major 
a-epimer melted at 83 "C, while the minor p-epimer 
melted at 228 "C. 

a-Epimer: Anal. calcd. for C22H2707N: C 63.29, H 
6.52, N 3.37; found: C 63.34, H 6.63, N 3.36. Spectral 
data: ir (CHC13) 3450 (NH), 1750 (five-membered 
ketone), 1730 (ketone and acetate), 1678 cm-I (amide); 

I 
nmr (CDC13) T 3.32 (d, J = 7 Hz, lH,  -N-H), 4.34 (2d, 
IH, proton deshielded by acetoxyl), 5.10 (d, J = 7 Hz, 

0 
I I 

lH ,  apex proton), 5.96 (s, 2H, -C-CH2-0CH3), 6.24 
(s, 3H, aromaticmethoxyl), 6.54(s, 3H, primary methoxyl), 

0 
I I I  

7.90 (s, 3H, acetoxyl), 8.00 ppm (s, 3H, -N-C-CH3). 
0-Epimer: ~1x71.- calcd. for C22H2707N: C 63.29, H 

6.52, N 3.37; found: C63.27, H 6.63, N 3.29. The mass 
spectra of both epimers were identical. Spectral data: ir 
(CHC13) 3450 (NH), 1750 (five-membered ketone), 1730 
(ketone and acetate), 1678 cm-1 (amide); nmr (CDC13) 
r 3.46 (d, J = 8 Hz, IH, -N-H), 4.40 (t, IH, proton 
deshielded by acetoxyl), 5.35 (d, J = 8 Hz, lH ,  apex 

I I 
proton), 5.97 (s, 2H, -C-CH2-0CH3), 6.20 (s, 3H, 
aromatic methoxyl), 6.57 (s, 3H, primary methoxyl), 7.87 

0 
I I I  

(s, 3H, acetoxyl), 7.94 ppm (s, 3H, -N-C-CH,). 

Prepciratiot~ of the a,& Ut~sntirratecl Ketone 25 
A solution of the diketone 24 (9.05 g) and potassium 

carbonate (9 g) in absolute methanol (900 ml) was heated 
under r e f l~~x  in a nitrogen atmosphere for 8 h. The reac- 
tion mixture was carefully neutralized with dilute hydro- 
chloric acid, most of the solvent was removed it1 vacuo 
and water (600 ml) was added. The mixture was extracted 
with chloroform (3 X 200 ml) and the combined extracts 
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were dried and evaporated to dryness. The crude product 
was crystallized from cliloroform-ether and gave 6.2 g 
(80'27,) of the unsaturated ketone 25. For analysis, 
samples of the a -  and p-epimers were obtained by 
preparative tlc and recrystallized from chloroform ether. 

a-Epimer, mp 230 "C: At~al. calcd. for C20H2,05N: 
C 67.21, H 6.48, N 3.91; found: C 67.04, H 6.45, N 3.96. 
Spectral data: ir (CHCI,) 3600 (hydroxyl), 3440 (NH), 
1720 (conjugated five-membered ketone), 1658 cm-I 
(conjugated double bond and amide); uv X,,, (EtOH) 
240 nm (E 14 280); nmr (CDCI,) T 2.57 (d, J = 9 Hz, lH ,  
proton metn to methoxyl), 3.17 (d, J = 3 Hz, lH,  proton 
ortllo to methoxyl), 3.34 (q, J = 9 Hz, J = 3 Hz, lH,  
proton ortlro to methoxyl), 5.59 (2d, J = 13 Hz, 2H, 

I ' 
-c=c-CH~--OCH~), 6.27 (s, 3H, aromatic methoxyl), 
6.50 (br s, lH,  benzylic bridgehead proton), 6.74 (s, 3H, 

0 
I I 

primary methoxyl), 7.97 ppm (s, 3H, -N-C-CH,). 
p-Epimer, mp 136 "C: Atlnl. calcd. for C ~ O H ~ ~ O ~ N :  

C 67.21, H 6.48, N 3.91 ; found: C 66.80, H 6.43, N 4.19. 
The mass spectra of both epimers were identical. Spectral 
data: ir (CHC13) 3600 (hydroxyl), 3450 (NH), 1720 
(conjugated five-membered ketone), 1658 cm-1 (con- 
jugated double bond and amide); uv A,,, (EtOH) 
242 nm ( e  14 470); nmr (CDC13) T 3.00 (d, J = 8 Hz, lH ,  
proton meta to methoxyl), 3.14 (d, J = 2.5 Hz, lH ,  
proton ortlro to methoxyl), 3.34 (q, J = 8 Hz, J = 2.5 Hz, 
lH ,  proton ortho to methoxyl), 5.78 (2d, J = 13 Hz, 2H, 

I I 
-C=C-CH2-OCH3), 6.14 (br s, lH,  benzylic bridge- 
head proton), 6.24 (s, 3H, aromatic methoxyl), 6.77 (s, 3H, 

0 
I 1 1  

primary methoxyl), 8.00 ppm (s, 3H, -N-C-CH3). 

Plrn~oorlrli~ior~ of Vitryl Acernle lo the Enotle 25 
A solution of the enone 25 (8.75 g) and vinyl acetate 

(200 ml) in freshly distilled tetrahydrofuran (250 ml) was 
irradiated in a nitrogen atmosphere at -78 "C for 2 11 
with a 200 W Hanovia mercury lamp through a pyrex 
filter. After evaporation of the vinyl acetate and of the 
solvent, the crude product was crystallized from ether to 
yield 9.7 g, (89'g) of the a d d ~ ~ c t  26. A small portion of 
this material was separated by preparative tlc. Both 
epimers were recrystallized from ether. 

a-Epimer, mp 224 "C: Atlnl. calcd. for C24H29O7N: 
C 64.99, H 6.59, N 3.15; found: C 64.86, H 6.63, N 3.04. 
Spectral data: ir (CHC13) 3500 (hydroxyl), 3425 (NH), 
1750 (five-membered ketone), 1738 (acetate), 1670 cm-1 
(amide); nmr (CDCI,) T 2.94 (d ,  J = 8 Hz, lH ,  -NH), 
4.57 (q, lH ,  proton deshielded by acetoxyl), 5.67 (d, J = 

8 Hz, lH,  apex proton), 6.17 (s, 3H, aromatic methoxyl), 
6.34 (br s, lH,  benzylic bridgehead proton), 7.20 (s, 3H, 
primary methoxyl shielded by benzene ring), 7.84 (s, 3H, 

0 
I 1 1  

acetoxy methyl), 8.14 ppm (s, 3H, -N-C-CH,). 
p-Epimer, mp 159 "C: Atml. calcd. for C24H2907N: 

C 64.99, H 6.59, N 3.15; found: C 65.03, H 6.65, N 3.18. 
The mass spectra of both epimers were identical. Spectral 
data: ir (CHCI,) 3500 (hydroxyl), 3425 (NH), 1750 (five- 

membered ketone), 1740 (acetate), 1670cm-' (amide); 
I 

nmr (CDC13) T 3.36 (d, lH, -NH), 4.60 (q, lH,  proton 
deshielded by acetoxyl), 5.70 (d, lH,  apex proton), 6.17 
(s, 3H, aromatic methoxyl), 7.10 (s, 3H, primary methoxyl 
shielded by benzene ring), 7.80 (s, 3H, acetoxy methyl), 

0 
I i 

8.10 ppm (s, 3H, -N-C-CH,). 

P~.epnratiotl of the Aldel~yde 27 
The photoadduct 26 (5.0g) was saponified in 1'6 

methanolic potassium hydroxide (150 ml) at room tem- 
perature (for 4 h). The reaction mixture was poured into 
water, extracted with chloroform, the extract was washed 
with water, dried over anhydrous magnesium sulfate, and 
evaporated to dryness. The crude product was purified by 
chromatography on silica gel and gave 4.01 g (88yo) of the 
aldehyde 27 as a foam. A portion of this material was 
separated by preparative tlc. Both epimers were foams 
and homogeneous in tlc in several solvent systems. 

a-Epimer : Mol. Wt .  calcd. for CzrHz706N: 401.1838; 
found (high resolution mass spectroscopy): 401.1833. 
Spectral data: ir (CHC13) 3500, 3350 (hydroxyl, NH), 
2700 (aldehyde), 1745 (five-membered ketone), 171 5 
(aldehyde), 1675 cm-1 (amide); nmr (CDCI,) T 0.04(t, lH,  

I 
aldehyde proton), 2.24 (d, J = 7 Hz, lH ,  -N-H), 5.85 
(d, J = 7 Hz, lH ,  apex proton), 6.19 (s, 3H, aromatic 
methoxyl), 7.38 (s, 3H, primary methoxyl shielded by 

I 1 1  
benzene ring), 7.94 ppm (s, 3H, -N-C-CH3). 

p-Epimer : Mol. WI.  calcd. for C22H2706N: 401.1838; 
found (high resolution mass spectroscopy): 401.1834. 
Both epimers had identical mass spectra. Spectral data: 
ir (CHCI,) 3500, 3442 (hydroxyl, NH), 2707 (aldehyde), 
1748 (five-membered ketone), 171 5 (aldehyde), 1675 cm-1 
(amide); nmr (CDCI,) 70.17 (t, lH,  aldehyde proton), 

I 
2.50 (d, J = 8 HZ, lH, -N-H), 5.90 (d,  J = 8 Hz, IH, 
apex proton), 6.20 (s, 3H, aromatic methoxyl), 7.24 
(s, 3H, primary methoxyl shielded by benzene ring), 

0 
I I I  

8.00 ppm (s, 3H, -N-C-CH3). 

Preparnliotr of the Acela1 29 
A solution of the aldehyde 27 (2.03 g), trimethyl 

orthoformate (9.6 ml), and p-toluenesulfonic acid (54 mg) 
in anhydrous peroxide free dioxane (60 ml) was stirred at 
room temperature for 5 h. After this time pyridine (3 ml) 
was added and the solution was evaporated to dryness bz 
vac~ro. The unstable hydroxy acetal 28 was immediately 
acetylated with acetic anhydride (4.5 ml) and pyridine 
(30 ml) at room temperature overnight and worked up in 
the usual manner. The crude material was chromato- 
graphed on silica gel and gave 1.99 g (80?&) of the oily 
acetal 29. For analysis, the two epimers were separated 
by preparative tlc. 

a-Epimer: Mol. W I .  calcd. for C26H3508N: 489.2046; 
found (high resolution mass spectroscopy): 489.2041. 
Spectral data: ir (CHCI,) 3445 (NH), 1740 (five-membered 
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ketone and acetate), 1685 cm-I (amide); nrnr (CDC13) 
T 5.07 (t, lH, proton deshielded by acetoxyl), 5.47 (t, lH, 
ACH(OCH~)~), 6.20 (s, 3H, aromatic methoxyl), 6.70 
and 6.72 (2s, 6H, acetal), 7.42 (s, 3H, primary methoxyl 
shielded by benzene ring), 7.92 (s, 3H, acetoxy methyl), 

0 
I i 

8.00 ppm (s, 3H, -N-C-CH3). 
p-Epimer: Mol. Wt .  calcd. for 489.2046; 

found (high resolution mass spectroscopy): 489.2047. 
The mass spectra of both epimers were identical. Spectral 
data: ir (CHC13) 3446 (NH), 1740 (five-membered ketone 
and acetate), 1683 cm-1 (amide); nrnr (CDCI,) T 4.27 
(br s, IH, proton deshielded by acetoxyl), 5.37 (t, IH, 
-CH(OCH3)2), 6.20 (s, 3H, aromatic methoxyl), 6.67 and 
6.70 ( 2 ,  6H, acetal), 7.44 (s, 3H, primary methoxyl 
shielded by benzene ring), 7.90 (s, 3H, acetoxy methyl), 

0 
I n 

8.00 ppm (s, 3H, -N-C-CH,). 

Preparation of the Enol Ether 30 
A solution of compound 29 (470 mg) and pyridine 

(825 mg) in p-xylene (24 ml) was refluxed under nitrogen 
for 36 h, after which time the solvent was removed in 
vacuo and the en01 ether 30 (460 mg, 1000jO) was obtained 
as an unstable oil. It had to be used immediately for the 
subsequent step. Mol. Wt .  calcd. for C25H3107N: 457; 
found (mass spectroscopy): 457. Spectral data: ir (CHC13) 
3400 (NH), 1740 (five-membered ketone and acetate), 1687 
(amide), 1650 cm-1 (en01 ether); nmr (CDC13) 7 3.69 
(d, J = 13 Hz, lH, vinylic proton), 4.57 (d, J = 13 Hz, 
lH, vinylic proton), 5.07 (t, lH, proton deshielded by 
acetoxyl), 6.47 (s, 3H, -CH=CH4CH3),  6.20 (s, 3H, 
aromatic methoxyl), 7,34 (s, 3H, primary methoxyl 
shielded by benzene ring), 7.92 (s, 3H, acetoxyl), 8.00 ppm 

0 

Preparatiot~ of the Keto Ester 31 
A solution of the en01 ether 30 (900 mg) in acetone 

(20ml) was added dropwise to a stirred solution of 
sodium metaperiodate (2.42 g), potassium carbonate 
(600 mg), and potassium permanganate (80 mg) in ace- 
tone (60 ml) and water (30 ml). The mixture was stirred 
at room temperature for 48 h. The acetone was then 
removed in vacuo, the residue poured into water (200 ml) 
and the aqueous solution washed with ether. The aqueous 
layer was acidified with dilute hydrochloric acid, and 
extracted with chloroform (5 X 150ml). After drying 
over anhydrous magnesium sulfate and evaporation of 
the chloroform, the white solid material (840 mg) was 
dissolved in methylene chloride (30 ml) and treated with 
excess diazomethane. Evaporation of the solvent and 
crystallization of the crude product from ether gave the 
keto ester 31 (610 mg, 70%). The two epimers were 
separated for analytical purposes by preparative tlc and 
recrystallized from ether. 

a-Epimer, mp 224 "C: Anal. calcd. for C24H2908N: 
C 62.73, H 6.36, N 3.05; found: C 62.83, H 6.40, N 2.96. 
Mol. Wt.  calcd. for &H2908N: 459; found (mass 
spectroscopy): 459. Spectral data: ir (CHC13) 3430 (NH), 
1750 (five-membered ketone), 1740 and 1733 (acetate and 
ester), 1683 cm-I (amide); nmr (CDC13) 7 4.97 (t, lH, 

proton deshielded by acetoxyl), 6.22 (s, 3H, aromatic 
0 
II 

methoxyl), 6.29 (s, 3H, -C-0CH3), 6.80 (q, 2H, 
I 

-C-CH2-OCH]), 7.50 (s, 3H, primary methoxyl 
I 

shiklded by benzene ring), 7.92 (s, 3H, acetoxyl), 8.04 ppm 
0 

I I I  
(s, 3H, -N-C-CH3). 

p-Epimer, mp 210 "C: Atlnl. calcd. for C24H290SN: 
C 62.73, H 6.36, N 3.05; found: C 62.63, H 6.39, N 3.03. 
Mol. Wt .  calcd. for C24H290sN: 459.1893; found (high 
resolution mass spectroscopy): 459.1908. Both epimers 
had identical mass spectra. Spectral data: ir (CHCI]) 3436 
(NH), 1750 (five-membered ketone), 1742 and 1738 
(acetate and ester), 1683 cm-1 (amide); nrnr (CDCI,) 
T 4.27 (br s, lH, proton deshielded by acetoxyl), 6.20 (s, 

0 
II 

3H, aromatic methoxyl), 6.24 (s, 3H, -C-OCH,), 6.90 
I 

(q, 2H, -c-CH,-OCH~), 7.44 (s, 3H, primary meth- 
I 

oxyl shielde'd by benzene ring), 7.90 (s, 3H, acetoxyl), 8.00 
0 

I ii 
ppm (s, 3H, -N-C-CH,). 

Ring Closure to the Keto Lactam 32 
A solution of the keto ester 31 (795 mg) in absolute 

methanol (60ml) was added to a solution of sodium 
methoxide prepared by dissolving sodium metal (600 mg) 
in absolute methanol (210 ml). The resulting mixture was 
heated under reflux in a nitrogen atmosphere for 48 h. 
After evaporation of the solvent under reduced pressure, 
the residue was dissolved in water, acidified with dilute 
HCI, and extracted with chloroform (3 X 150ml). The 
combined extracts were dried and evaporated to dryness. 
The product was crystallized from chloroform and 
yielded 471 mg (80%;) of the keto lactam 32. For an- 
alytical purposes, the two epimers were again separated 
by preparative tlc and recrystallized from chloroform. 

a-Epimer, mp 180 "C: Atzul. calcd. for C19Hz105N: 
C 69.36, H 6.46, N4.08; found: C 69.47, H 6.24, N 3.98. 
Mol. Wt .  calcd, for C19H2105N: 343.1420; found (high 
resolution mass spectroscopy): 343.1415. Spectral data: 
ir (KBr) 3460 (OH and NH), 1750 (five-membered 
ketone), 1640 cm-1 (lactam); nmr (DMSO-d6) T 2.39 (d, 

I 
I 

lH, -N-H), 2.39 (d, J = 8 Hz, IH, proton meta to 
methoxyl); 3.19 (d, J = 1 Hz, lH, proton or t /~o  to 
methoxyl), 3.21 (q, J = 8 Hz, 1 Hz, IH, proton ortho 
to methoxyl), 6.24 (s, 3H, aromatic methoxyl), 6.63 ppm 
(s, 3H, primary methoxyl). 

p-Epimer, mp 246 "C: Atral. calcd. for C19H2105N: 
C 69.36, H 6.46, N 4.08; found: C 69.47, H 6.24, N 3.98. 
Mol. Wt .  calcd. for CI9H2,O5N: 343.1420; found (high 
resolution mass spectroscopy): 343.1421. Spectral data: 
ir (KBr) 3500 and 3475 (OH and NH), 1750 (five-mem- 
bered ketone), 1646 cm-I (lactam); nrnr (DMSO-d6) 

I 
2.20 (d, lH, -NH), 2.69 (d, J = 8 HZ, IH, proton 
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me!a to  methoxyl), 3.10 (d, J = 1 Hz, lH ,  proton orrho 
to  methoxyl), 3.20 (q, J = 8 Hz, 1 Hz, lH,  proton or!t~o 
to methoxyl), 6.20 (s, 3H, aromatic methoxyl), 6.65 ppm 
(primary methoxyl). 

Reduc~ion of !he p-Hydroxy Ke!o Lac~arn 32 10 !he 
Diol34 

Excess lithium tri-!err-butoxyaluminum hydride (300 
mg) was added to a solution of the P-epimer 32 (100 mg) 
in anhydrous tetrahydrofuran (30 ml) and the reaction 
mixture was stirred at  room temperature for 2 days. 
Water was then added and the aqueous solution was 
extracted with chloroform (4 X 50ml). Drying and 
evaporation of the chloroform gave the diol 34 as a foam 
in a quantitative yield. It behaved homoeeneouslv in tlc in 
several solvent systems. Mol. W!. calcdl for ~ 1 9 ~ 2 3 0 5 ~ :  

345.1576; found (high resolution mass spectroscopy): 
345.1584. Spectral data: ir (CHC13) 3500, 3350 (OH and 
NH), 1667 cm-1 (lactam); nmr (CDCl3) r 5.50 (m, IH,  
proton deshielded by ring A hydroxyl), 5.78 (d, J = 
8 Hz, IH, proton deshielded by ring-B exo-hydroxyl), 
6.20 (s, 3H, aromatic methoxyl), 6.65 ppm (s, 3H, 
primary methoxyl). 

Oxida~ior~ of Compolrnd 32 10 !he Dikelone 33 
The mixture of epimers 32 (830 mg) was oxidized at  

0 "C with the Jones reagent in acetone (100 ml) for 1 h. 
The solvent was then removed under reduced pressure 
and the reaction mixture was poured into water. The 
product was extracted with chloroform (3 X 100 ml), the 
chloroform solution was washed with water, dried over 
anhydrous magnesium sulfate, and evaporated to dry- 
ness. The crude material was crystallized from chloroform 
and gave the pure diketone 33 (740 mg, 80%) as white 
crystals. It behaved homogeneously in tlc in several 
solvent systems. An analytical sample was prepared by 
recrystallization from chloroform-ether and melted at  
253 "C. Anal. calcd. for C19H1905N: C 66.85, H 5.61, 
N 4.10; found: C 66.78, H 5.59, N 4.09. Mol. W!. calcd. 
for C1gH19O5N: 341.1263; found (high resolution mass 
spectroscopy): 341.1255. Spectral data: ir (KBr) 3300 
(NH), 1750 (five-membered ketone), 1700 (six-membered 
ketone), 1667 cm-1 (lactam); nmr (DMSO-d6) T 6.20 (s, 
3H, aromatic methoxyl), 6.62 ppm (s, 3H, primary meth- 
oxyl). 

Redrrction of the Dikelone 33 10 the Diol34 
The diketone 33 was subjected to a reduction by the 

same procedure used in the preparation of the diol 34 
from the 8-epimer 32. Work-up gave the identical diol 34 
in a quantitative yield. 

Ace~ylarion of Compound 34 
A mixture of the diol 34 (30 mg), and p-toluenesulfonic 

acid (5 mg) in acetic anhydride (2 ml) was stirred a t  room 
temperature for 24 h. The solvent was evaporated in 
vacuo and the residue was dissolved in chloroform and 
washed with dilute aqueous sodium bicarbonate and 
water. After drying over magnesium sulfate, evaporation 
gave a mixture of compounds 35 and 36. After separation 
by preparative tlc on silica gel, 20 mg of the oily diacetate 
35 and 9 mg of the crystalline lactone 36 (mp 222 "C) 
were obtained. The total yield was 92%. 

Diacetate 35: Mol. W!. calcd. for C23H2707N: 429.1788; 
found (high resolution mass spectroscopy): 429.1778. 

Spectral data: ir (CHCI3) 3440 (NH), 1738 (acetate), 
1667 cm-I (lactam); nmr (CDC13) r 4.34 (t, IH,  proton 
deshielded by ring-A acetoxyl), 5.17 (d, J = 8 Hz, l H ,  
proton deshielded by ring-B acetoxyl), 6.20 (s, 3H, 
aromatic methoxyl), 6.75 (s, 3H, primary methoxyl), 7.94 
(s, 3H, acetate), 8.10 ppm (s, 3H, acetate). 

Lactone 36: Mol. W!. calcd. for C23H2707N: 429.1788; 
found (high resolution mass spectroscopy): 429.1788. 
Spectral data: ir (CHCI3) 3480 (NH), 1775 (lactone), 1738 
(acetate), 1692 cm-1 (amide); nmr (CDC13) r 4.34 (t, l H ,  
proton deshielded by ring-A acetoxyl), 5.17 (d, IH, 
proton deshielded by lactone), 6.20 (s, 3H, aromatic 
methoxyl), 6.75 (s, 3H, primary methoxyl), 7.94 (s, 3H, 

0 
I I1 
I II 

acetate), 8.02 pprn (s, 3H, -N-C-CH3). 

Cor~versior~ of Compound 36 10 34 
Compound 36 (9 mg) was dissolved in 1% methanolic 

potassium hydroxide (5 ml) and the mixture was stirred 
at  room temperature for one week. The usual work-up 
yielded quantitatively the diol 34. 

Me!l~yla!ion of Compound 34 10 37 
A mixture of compound 34 (232 mg) and sodium 

hydride (280mg, 57'% oil suspension) in anhydrous 
dioxane (20 ml) was refluxed under nitrogen for 2; h. 
After cooling to room temperature, excess methyl iodide 
(I ml) was added and the solution was refluxed for 
another 2 h. The mixture was then filtered through celite, 
the filtrate was diluted with ether, washed with water, 
dried over anhydrous magnesium sulfate, and evaporated 
to dryness. The crude product was purified by preparative 
tlc on silica gel and yielded 160 mg (62%) of the oily 
methylation product 37. Mol. WI. calcd. for C22H2905N: 
387.2046; found (high resolution mass spectroscopy): 
387.2045. Spectral data: ir (CHC13) 1633 cm-1 (tertiary 
amide); nmr (CDCI,) T 6.20 (s, 3H, aromatic methoxyl), 
6.60, 6.65, and 6.69 (3s, 9H, 3 methoxyls), 7.07 pprn 

I 

Preparalion of the Amine 38 
Lithium aluminum hydride (400 mg) was added to the 

lactam 37 (400 mg) dissolved in anhydrous dioxane. T h e  
mixture was heated under reflux for 20 h and worked up 
in the usual manner. The crude product was purified by 
preparative tlc on silica gel. The pure tertiary amine 38 
(253 mg, 66%) was an oil homogeneous in tlc in several 
systems. Mol. WI. calcd. for Cz2H3,04N: 373.2253; 
found (high resolution mass spectroscopy): 373.2239. 
spectral zata: ir (CHC13) no amide ab'sbrption; nmr 
(CDC13) T 6.20 (s, 3H, aromatic methoxyl), 6.60, 6.65, 

l 
and 6.69 (3s, 9H, 3 methoxyls), 7.64 ppm (s, 3H, -N- 
(333). 

Prepara!iorr of !he N-Formyl Derivarive 39 
A mixture of the amine 38 (225 mg), potassium per- 

manganate (200 mg), acetic acid (2.4 ml) and acetone 
(56 ml) was stirred at  room temperature for 15 min. The 
excess of potassium permanganate was then destroyed 
with sodium sulfite and sulfuric acid, most of the solvent 
was evaporated in vaclro, and the residue was dissolved in 
ether and washed with water. The ether extract was dried 
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over anhydrous magnesium sulfate and evaporated to 
dryness. Separation by preparative tlc yielded 155 mg of 
the N-formyl compound 39 and 46 mg of the tertiary 
lactam 37, both oily and homogeneous in tlc. The total 
yield was 86%. Mol. W t .  calcd. for C22H2905N: 387.2046; 
found (high resolution mass spectroscopy): 387.2036. 
Spectral data: ir (CHCl3) 1658 cm-1 (formamide); nmr 

0 
I I1 

(CDC13) T 1.84 (s, lH ,  -N-C-H), 6.20 (s, 3H, aromatic 
methoxyl), 6.60, 6.65, and 6.69 ppm (3s, 9H, three 
methoxyls). 
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The lithium-indium system1 
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1052 (1976). 

A re-examination of the LI-In system, based on thermal and X-ray diffraction analysis of 42 
alloys, shows it to  be more complex than originally reported. This complexity is more consistent 
with the analogous Li-TI and Li-Ga systems. The solid solubility of Li in In is about 1.5 atyo Li, 
while that of In in Li appears to  be very low. The homogeneous Li-In phase extends from about 
46 at% to  between 55 and 63 at% Li, depending on the temperature. Of the 11 new phases, 
5 with the nominal compositions Li7lQ, LizIn, LisIn3, Li31n, and Li4ln(X) are stable at  room 
temperature, while LiSIn2, LiT31n2,(')), LillIQ, Li41n(x), Li6In and Li121n occur at  higher tem- 
peratures. 

W. A. ALEXANDER, L. D.  CALVERT, R. H.  GAMBLE et K. SCHINZEL. Can. J. Chem. 54, 
1052 (1976). 

Un  reexamen du systkme Li-In base sur des analyses thermiques et de diffraction de rayons-X 
de 42 alliages montre que ce systkme est beaucoup plus complexe qu'il n'avait CtC rapport6 
originalement. Cette complexit6 est en accord avec celle des systkmes analogues du Li-TI et 
Li-Ga. La  solubilitC h l'Ctat solide du Li dans 1'In est approximativement 1.5 at7, de Li, alors 
que celle de In dans Li semble &tre trks basse. La  phase homogkne du Li-In va d'environ 46 at'; 
jusqu'h 55 et 63 atyo de Li dependant de la temperature. Des onzes nouvelles phases observies, 
5 avec des compositions nominals de Li71n4, Li21n, Lisln3, Li31n et Li4In(X) sont stables h la 
temperature de la p i k e  alors que Lisln2, Li731n27('l)r L i l l I ~ ,  Li4In(~), Li6In et Li121n existent 
uniquement A des temperatures plus ClevCes. 

[Traduit par le journal] 

Introduction the natural isotope ratios, 99.9997" In from Cominco, 
part of a study of metal phase Canada. All ope;ations with the metals and the alloys 

were carried out in an  argon atmosphere dry box. diagrams, the lithium-indium 'ystenl has been Charges were calculated to produce about 15 ml of cast 
investigated. There is only one previous study alloy. The X-ray powder sample preparations were car- 
by Grube and Wolf (1) in 1935, which showed ried out in a small 'dry box', which could be Hushed more 
one equiatoniic compound. This was carried effectively. The argon supply for the dry boxes and for 

the cooling curve apparatus was passed through: (a) 
Out  using 0'6 g with a very limited Drierite, (6 )  B.T.S. Cu-CuO catalyst from B.A.S.F. 

indium. and (2) Canada, for 0, and H2  removal, (c) a molecular sieve to 
revised the , Grube and Wolf diagram. The remove water, and (d) a Ca turnings furnace a t  650 "C to 
analogous Li-Tl and Li-Ga systems each show remove N2. The melting vessel and cooling curve appar- 
five c o m p o u n ~ s  according to H~~~~~ and atus are described in ref. 9. A port permitted transfer of 

the melting vessel between a large dry box and the furnace 
(2) and YatsenkO (3)7 respec- of the cooling curve apparatus without any exposure of 

tively, a ConspiC~ous difference without any the charge to  air. The cooling and heating curves were 
apparent reason. Grahaiii and Raynor (4) 
briefly present the results of lattice parameter 
measurements, and report a solid solubility of 
up to 14% lithiuni in indiuni. The equiatoniic 
phase LiIn was found by Zintl and Brauer (5) 
in 1933 to have the NaTl type structure; other 
work on the LiIn phase has been reported 
(6-8, 12, 13). 

Experimental 
High purity metals were used to prepare the alloys; 

99.98y0 Li from Koch-Light Laboratories, England, with 

INRCC No. 151 16. 

recorded-on a ~ a r t m a n n - ~ r a u n  6 point recorder with a 
sensitivity of k0 .2  "C. The cooling or heating rate was 
held constant automatically and usually was set a t  about 
0.6 "C per min. Platin~~m/platinum-rhodium thermo- 
couples were calibrated in pure metals and provided with 
electrical shielding. A stainless steel block formed the 
reference body for the differential signal. The melt vessel 
was made from type 416 stainless steel, an iron - 12';; 
chromium type, because a preliminary test showed that 
Ni contamination occurred with ordinary stainless steel. 
After removal from the mold, samples were taken from 
the top and bottom of each alloy, and the ingots were 
stored in the atmosphere of the dry box in two concentric 
rubber-stoppered glass test tubes, sealed by rubber 
cement. 

X-Ray diffraction photographs were taken of annealed 
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ALEXANDER ET AL. 1053 

alloy powders in 114 rnm diameter Debye-Scherrer 
cameras, using nickel filtered copper radiation or lithium 
fluoride omonochromated copper K, radiation, (A = 
1.54060 A). 

The powders were annealed in threaded mild steel 
tubes closed with an Allen screw. These tubes were sealed 
inside Pyrex glass ampoules under argon at a pressure 
sufficient to give 1 atm at the annealing temperature. 
This technique prevented the lithium vapor attacking the 
glass ampoules causing them to crack, which occurred 
frequently when the alloys were simply wrapped in iron 
foil. The argon atmosphere annealing gave more efficient 
quenching than vacuum annealing, and reduced the loss 
of Li. Some samples quenched for X-ray examination 
were stored at  solid C 0 2  temperatures to  test the pos- 
sibility of changes a t  room temperature. X-Ray powder 
samples were inspected microscopically before and after 
exposure to  check for decomposition of the alloy. 

At least two cooling curves were recorded for each 
alloy, and in most cases a heating curve was recorded as 
well. The main arrests on the cooling curves were repro- 
ducibly observed, though less accurately so on the heating 
curve, while shorter arrests were often observed at  some- 
what variable temperatures. 

The errors in thermocouple calibration, temperature 
measurement, reading of charts, etc., are estimated at  + 1.5 "C for the liquidus arrests, and k0.5 "C for peri- 
tectic and more pronounced arrests. The temperature 
gradient in the furnace was about f 0.8 "C from the 
mean in the 50e600 "C range, while in the alloy it was 
only about +0.3 "C. The apparatus error was checked 
by observing the melting points of the 'pure' metals; 
observed values were: In, 156.3 "C and Li, 180.5 "C, 
while literature values are: In, 156.4 "C(2) and Li, 
180 "C(3). 

Metallographic examination of some high lithium 
alloys was attempted, but the high reactivity of the inter- 
mediate phases prevented simple polishing and examina- 
tion of these alloys in air. 

Forty-three alloys were prepared and examined, with 
attention being given to the production of homogeneous 
ingots. Samples from the top and from the bottom of 
each ingot were analysed, and theresults are shown in 
Table Portions of the annealed alloy powders or 
pieces used to prepare X-ray specimens were analysed 
in most cases, but the total lithium plus indium was 
usually only 96-98 wty0. X-Ray examination of two 
rather highly oxidized alloy powders showed that the 
oxidation product under our experimental conditions is 
mainly LiOH. Assuming this to  be true in all cases and 
that the LiOH acts as an inert diluent, all analytical 
results were recalculated to  give the proportions of 
lithium and indium as metals in the alloys. The resulting 
changes were insignificant for the massive ingots, but 
with few exceptions amounted to 1 to  3% in the case of 
the powders. 

Results 
The liquidus arrests from thermal analysis are 

*Tables 1, 2, 5-7, and 9 are available, at  a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 

plotted in Fig. 1 as circles, and the most pro- 
nounced and reproducible solid state arrests are 
shown as squares. The numerical values are 
given in Table 2. In the rest of the paper all 
percentage compositions are atomic percent. The 
average of 11 lower Li peritectic arrests is 
158.7 "C, while the range is 158.0 to 158.9 "C. 
Thus the peritectic reaction is only about 2.4 "C 
above the melting point of indium, while the 
composition as shown by the projection of the 
liquidus line is about 0.4y0 Li. A probable 
arrangement of the phase boundaries, similar to 
that of Grube and Wolf ( I ) ,  is given in the insert 
in Fig. 1 ; this is supported by the estimate of a 
solubility of the order of 1.5% lithium in indium 
from X-ray data. In general the solidus and solid 
state arrests were reproducible, and supported 
the phase boundary arrangement shown in Fig. 1. 
The liquidus curve is very close to  that of Grube 
and Wolf (1) (Fig. I), although from our data 
the maximum is more rounded, and the peritectic 
reaction to give a plus (3 occurs a t  a lower Li 
content. 

The main evidence for the solid phase compo- 
sitions and transformations indicated in Fig. 1 
above 46% Li, is the X-ray diffraction patterns 
of alloy powders annealed at various tempera- 
tures up to 480 "C, and samples from ingots 
held at room temperature up to about 2 years. 
With improved annealing, quenching, and samp- 
ling techniques, excellent photographs were 
produced in nearly all attempts. Those photo- 
graphs which showed the presence of three 
phases were rejected as having failed to reach 
equilibrium, and those in which the lines of 
indium appeared in alloys with greater than 50% 
lithium were discarded as having decomposed. 
Of the 229 acceptable X-ray diffraction observa- 
tions, 30 did not fit in exactly with the phase 
arrangement suggested in Fig. 1. Of these, 23 
are plotted as "X" in Figs. 2 and 3, while 7 two 
phase points are plotted just outside the sug- 
gested two-phase regions. The phases and their 
compositions are listed in Table 8. 

X-Ray Diffraction Observations 

Preliminary photographs were taken using 
specimens from the a + (3 phase field, stored at 
room temperature for some months. These 
photographs showed either the pattern of indium 
with a lattice parameter equal to that of pure In, 
or the pattern of a mixture of /3 plus In plus 
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FIG. 1. The Liln diagram with thermal arrest data; + liquidus arrests of Gmbe and Wolf (1). 
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WEIGHT % L I T H I U M  
0 2 5  0 5 0  075 10 

700 1 15 2 0 0  3 0  4 0  5 0  
I I l l  I I I I I  I 

FIG. 2. X-Ray diffraction data for low lithium alloys. 
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abnormally dark backgrounds. Fresh filings 
were then prepared, annealed in an argon 
atmosphere to provide more efficient quenching, 
quenched, and stored in Dry Ice until photo- 
graphed. They were found to  give the expected P 
and In patterns in the two-phase field. It should 
be noted that many high Li content alloy 
powders gave patterns with the pure In lattice 
parameter; we assume chemical breakdown of 
the X-ray powder specimens. In contrast, the 
massive ingots are quite stable for a t  least 2-3 
years. In some tests in which the prepared X-ray 
specimens in their capillaries were re-annealed, 
the dark background disappeared and the P 
pattern re-appeared; in others the pure indium 
pattern plus background persisted. We assume 
that this indicates that in some cases an amor- 
phous precipitate of P was responsible for the 
background, and in the others that the back- 
ground was due to  an amorphous precipitate of 
the reaction product with air and water vapour, 
which is largely lithium hydroxide plus some 
10% lithium nitride. Even with the improved 
techniques some samples showed evidence of 
decomposition and were rejected. Contrary to  
expectation, relatively few Li-rich alloys showed 
evidence of decomposition, such as a white 
powder and/or small metallic spheres. 

# ,  I I I  I I I I 

In Solid Solution Range 
The results of the X-ray diffraction examina- 

tion of alloys with up to 50y0 Li are shown in 
Fig. 2. The pattern of the phase, InLi, which 
has the NaTl (B32) type structure, was observed 
in samples from a nominal 6.5% Li alloy ingot, 
where the actual X-ray samples analysed at  1.8 
and 3.7% Li, respectively. These samples were 
annealed at 155, 150, and 100 O C .  The f~ phase 
pattern was also observed in all alloys with 
higher Li content up to  65y0 Li. This finding is 
contrary to  that of Graham and Raynor (4), 
who reported a solid solution up to  13+y0 Li in 
In without observing the /3 phase. They mention 
"the presence of relatively intense backgrounds", 
and discuss various possible sources of error. 
No alloy ingots were successfully prepared by 
us with less than 6.5% Li. 

On our preliminary films with intense back- 
grounds, the presence of the /3 phase was not 
detected. In later films with clean backgrounds, 
including monochromatised films with virtually 
no background, although the presence of the 
/3 phase was not detected in the front reflection 
region, the /3 lines (751 + 555), (822 + 660) 
were clearly visible in the back reflection region 
of adequately annealed samples. It is not prob- 
able that these lines were indexed by Graham 
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TABLE 3. Lattice parameters of 0-50 at?, Li alloys 

Lattice 
parameters (A)/ 

Annealing 
Sectiona Alloy number At% Lid temperature ( O C )  a c 

- 

Pure indium 1 0 25 3 .2525b 4.945gb 
10.0003 k0.0003 

In-Li solid solution + fl phase 3 3.69 100 3.2589 4.9141 
3 1.82 150 3.2585 4.9179 
6 13.74 25 3.2578 4.9157 
9 23.28 190 3.2578 4.9154 

3 .2583C 4.9158c 
f 0.0003 kO.002 

fl phase + In-Li solid solution 5 35.84 50 6.7714 
5 34.75 150 6.7714 
6 13.74 25 6.7701 
7 (23 .8)e 50 6.7713 
9 30.8 25 6.7726 

10 (43.9y 125 6.7712 

B phase + liquid 9 23.28 190 6.7715 
10 (43 . 9)e 190 6.7710 
10 (43 .9)e 240 6.7711 
23 44 .O 190 6.7712 

6.7712< 
*0.0002 

aThe major constituent is listed first. 
bAvcrages o f  eight samples. 
CAverages of  four samples; precision of  c value is low becausc line 116 was not observed. 
dAnalyses o f  X-my powder samples. 
eAnalyses o f  DTA alloy ingots. 
/Samples were examined at room temperature after quenching from the annealing temperature. 

and Raynor as indium lines; more probably the 
intense background prevented detection of the 
/3 phase pattern, and accounted for Graham and 
~ a ~ n o r ' s  conclusion. Their reported values, 
from ref. 4,0 p. 1361, Fig. 3, viz., a = 3.2533, 
c = 4.9354 A, in the body centred description, 
I4/rn,nrn, correspond t o  a somewhat iower 
lithium content that those reported here, cf. 
Table 3. There is 110 direct evidence for the 
solid solution limit in the present work, but 
if one assumes a linear relation between the 
volume of In and of Li, then one can derive a 
solubility of the order of I+%, cf. Table 3. 

We believe that the values for a and c reported 
by Graham and Raynor (4) are consistent with 
our observations, and that it is reasonable to  
assume that they observed the same patterns as 
we did, but did not detect the presence of the 
/3 phase due to the intense backgounds on their 
films. It is our contention that their results 
(ref. 4, p. 1361, Fig. 3) fall into two groups: 
three results showing some Li in solution, (a and 
c values given above), and three results (plotted 

a t  7 to 15% Li) which are actually from th: 
a + /3 phase fieLd with values of a = 3.2533 A 
and c = 4.9370 A, not very different from those 
observed in our work, though implying a 
smaller Li content. 

p Phase Region 
The P phase has the NaTl structure (5); on 

X-ray evidence it has a wide range of solid 
solution. 

The /3 phase lattice parameters derived from 
two-phase alloys containing In and /3 are listed 
in Table 3. We conclude that the indium-rich /3 
solid-solution line is vertical in t h ~  solidus region 
and up to  240 OC (a = 6.7712 A). Somewhere 
between 240 and 480°C the line appears t o  
curve towards higher Li content (alloy #10 
annealed at 480 O C ,  a = 6.7721). At  low tem- 
peratures, the limit lies between 45% Li (alloy 
23, Table 1, a = 6.7712 A) and 47.5% Li (alloy 
31, a = 6.7926), cf. Tables 3 and 4. 

The evidence for the Li-rich /3 phase boundary 
in the solidus region is meagre below 200 O C ,  
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TABLE 4. Lattice parameters of single phase P alloys 

Annealing 
Alloy tempera- 

number Atyo Lia ture ("C) a (A,. 

OAnalyses of X-ray powder samples. 
bAnalyses of DTA alloy ingots. 
CMaximum. 
dMinimum. 
em = 0.0003 A. Samples were examined at  room temperature after 

quenching from the annenling temperature. 

because the p patterns in two-phase alloys in the 
55-60yo Li region usually lacked measurable 
back-reflection lines, despite long term anneal- 
ing. The single phase field at 25 "C and up to 
280 "C extends to between 55y0 Li (alloy 13, /3 
phase only detected) and 59.5% Li (alloy 14, 
Table 1, 0 + y phase observed). Above 280 "C 
this limit bends toward higher Li contents, 
reaching a maximum of about 63% Li at  
-480 "C (alloy 32, P phase only detected). 

Lattice parameters of single phase P alloys 
range from 6.7926 to 6.7333, Table 4. In addi- 
tion, a number of lattice parameter measure- 
ments in the range 6.7333 to 6.7392 were 
recorded from two-phase alloys, /3 + 6 or (3 + y. 

The observed values of 6.7926 to 6.7333, 
which are not directly correlated with the compo- 
sitions of analysed alloys annealed at a range of 
temperature because of a lack of reproducibility 
(see below), indicate a rising then falling value 
in the field, and should be compared with the 
values obtained from the analysed samples in 

the In + p or liquid + P fields. These param- 
eters average 6.7713, a value not at all con- 
sistent with the single phase 0 values of 6.7862, 
6.7864, 6.7905, 6.7926, 6.7908 in Table 4 for 
alloy 31, annealed at various temperatures. The 
same comparison on the Li-rich side is much less 
certain, but in this case also much lower lattice 
parameters (6.7316 to 6.7388) are observed in 
the two-phase region than in the homogeneous 
single phase alloys quite close in composition. 

A number of alloys in the P phase field showed 
either broadened lines or doubled lines equiva- 
lent to two patterns, each of the B32 type, with 
lattice parameters within the range given above. 
Sometimes an alloy gave a high lattice parameter, 
in the 6.793 . . . range from one sample, and also 
a low lattice parameter, in the 6.734 . . . range, 
for a second sample from the same ingot; or 
even occasionally from separate X-ray samples 
taken from the same lot of annealed alloy 
powder. It seems possible that there are two 
phases in this region below about 300 "C, P and 
p', both with the NaT1 (B32) type structure, and 
additional complications due to transitional or 
metastable phases are not ruled out. There is 
evidence to suggest that these phases, once 
formed, are difficult to anneal out. Evidently 
much further work is required to resolve these 
points. The extensive lattice parameter studies 
necessary to establish the P phase boundaries in 
detail were not undertaken. 

Kuriyama (12) in a report on the preparation 
of single crystals of the 0 phase gave a small 
graph based on six measurements, which shows 
a maximum in the lattice parameter vs. composi- 
tion curve. Our early results, as stated above, 
showed a similar maximum with similar but not 
identical values. More extensive measurements 
did not reproduce these values, the variations 
being many times the standard deviation of the 
measurements (Table 4), and revealed the com- 
plexity described above. 

Li-rich Phases 
X-Ray diffraction results used to deduce the 

phase relations from 50 to 100Yo Li, are plotted 
in Fig. 3. The observed Debye-Scherrer powder 
patterns are given in Table 9. The 0 phase is 
observed together with the y phase in alloys 
above 57yo Li, cj: Tables 6 and 7, and below 
63y0 Li, alloy 32 between 25 and 350 "C. Above 
this temperature the phase is observed to- 
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gether with the 6 phase in the range up to 63% 
Li (alloy 32, Table 1). The composition of y is 
not well established, nor is its temperature range. 
The composition of 6 is reasonably established; 
it exists from 25 "C up to its melting point a t  
-470 "C. The composition of 7 is suggested a t  
63.6y0 and of 6 a t  about 66.7% Li. 

The ( phase was first considered to occur a t  
about 350-400 "C because of earlier observations 
of its pattern in photographs of quenched 
samples annealed a t  these temperatures. Later, 
we considered it more likely that this phase is 
stable from room temperature up to  somewhere 
between 50 and 100°C, since it was observed 
more recently in several alloys annealed a t  25 
and a t  50 "C, and was not observed a t  100 nor 
up t o  330 "C. We believe the 5. pattern a t  345 "C 
is due to  inefficient quenching, allowing the 5- 
phase to form partially during cooling, and that 
the low temperature annealings had reached 
equilibrium, cf. ref. 4, p. 1355 and ref. 7, p. 179. 
The alternative is that the high temperature 5- 
phase is readily retained to  room temperature, 
and that the room temperature and 50°C 
anneals were not sufficient t o  reach equilibrium, 
so that the 5. phase was still present. It appears 
probable that the 5- phase transforms to  the 6 

phase with increase in temperature, since the 
same alloys show at  50 OC and E a t  100 "C and 
above. On the other hand, one should note that 
the high temperature structure of other phases 
is successfully retained on quenching, e.g. the 
K phase. 

The range of essentially single phase observa- 
tions is shown in Table 5.3 Mean values of the 
compositions were calculated, rcjccting values 
greater than two standard deviations from the 
mean. Two-phase observations are listed in 
Table 6 and 'misfit' values in Table 7 ;  nearly 
one-half of the latter are small deviations. I t  
will be seen from Table 6 that some of the two- 
phase regions in Fig. 3 were not found in the 
photographs. The evidence for the composition 
assigned t o  the 6 phase is not strong, but more 
confidence may be placed in the compositions 
at  the L and K-X phases. With one exception, the 
compositions observed for the L phase lie reason- 
ably close together. The K phase compositions 

are all close together, but there is a considerable 
scatter in the X observations, as some five points 
lie more than two standard deviations from 
the mean. 

The con~position, 4: 1 suggested for the struc- 
ture K-X could be just as well given as 22:5 
(81.5% Li) because of the strong resemblance 
of the K X-ray films to  the pattern of the Li22Pb5 
structure type (10). All but three lines of the K 

phase could be indexed on a face-centred-cubic 
cell of the Li22Pb5 type and an extrapolation 
against $(cos2 elsin 0 + cos2 0/0) gave a = 
20.071 (k0.005) and M20 = 2.8 which is not a 
satisfactory value. A calculation based on the 
LizzPb5 type gave reasonable agreement for the 
stronger lines of the K pattern but nevertheless 
the existence of three lines which could not be 
indexed on the face-centred cell but could be o n  
a primitive cubic cell indicated that although 
there was a strorig resemblance between the 
structure of the K phase and that of Li22Pb5, some 
modification would be required. No  satisfactory 
trial structure was obtained. The existence of the 
low-temperature-high-temperature rllodifications 
is indicated by the reversible transformations of 
three alloys near this composition. The composi- 
tions suggested for the other phases are chosen 
from simple atomic ratios, fitted to the observed 
X-ray data. 

The ratio for L is possibly 7:2, (77.8% Li), 
rather than 3: 1 ,  because of its resemblance t o  thc 
Li7Pb2 pattern (11). Although the L pattern 
resembles that of Li7Pb2, no trial structure based 
on Li7Pb2 gave a satisfactory agreement. Many 
attempts were made to index the patterns of all 
the other phases, but while it was always pos- 
sible to find cells which indexed all or most of 
the lines, they were not convincing because it is 
well-known that Debye-Scherrer powder pat- 
terns are usually not accurate enough t o  support 
a trial indexing without the support of a trial 
structure and no satisfactory trials were obtained. 

The phases p and v are drawn over a limited 
temperature range, since they were not observed 
above or  below these limits. The  terminal 
solubility of indium in lithium was not estimated. 

Conclusions 

'These specimens gave essentially one pattern, indi- 
From X-ray evidence there are seven phases 

eating the presence of only one major phase; small stable at  rooll1 temperature, viz., a ,  0% 7, 6, l, L ,  

amounts of another phase would not have been detected. and A. The phases 6 ,  q, 8,  K, p, and v appear to be 
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TABLE 8. Phases indicated in Li-In system 

Composition, Li 
Potential 

Phase formula Formula Mean observed 

a (Solid solution) - 
B LiIn 50 
Y Li71n4 63.6 
6 Li21n 66.7 
t LisIn2 71.5 
C Li81n3 72.8 
7 Li,In, - 
B Lil1In4 73.4 
L Li31n 75 .O 
K Li41n 80.0 
X Li41n 80 .0 
P LisIn 85.7 
Y Lilzln 92.3 

stable only at higher temperatures, and  their 
existence is inferred f rom X-ray da ta  with some 
support  from cooling curve arrests. The  arrange- 
ment  of  the phases in the area of 7 and  0 is 
tentative, simply indicating a con~p lex  structure 
in this region. 

This  work has confirmed and  extended the 
liquidus da t a  of Grube  and Wolf ( I ) .  T h e  dis- 
covery o f  11 phases (Li71n4, &In, LisInz, Li81n3, 
Li731n27, LillIn4, Li31n, Li41n(~,X), Li61n, Li121n) 
in the high lithium region has  removed the  
apparent  anomaly between the In-Li and  the 
In-Ga and  In-T1 systems. T h e  solid solubility of  
Li in In  is low ( = I + % )  and  of I n  in Li is very 
small. 
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The photochemistry of some cis-dihalo rhodium(II1) complexes 
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JAMES SELLAN and ROF~ERT RUMFELDT. Can. J. Chem. 54, 1061 (1976). 
The photochemistry of cis-[Rh(cyclarn)X21f (where X = CI, Br, or I) and cis-[Rh(en)2Cl2]+ 

have been studied. Whilst only halide aquation is observed for the cyclarn complexes, amine 
aquation is the principal reaction mode for the ethylenediamine complex. In each case, the 
photosensitivity was greater for charge transfer excitation than ligand field excitation. Although 
this wavelength dependence was also exhibited for the corresponding tr~11s complexes, the 
dependence on the leaving group which was &I-) < +(Br-) < +(I-) for tile tru~ls complexes is 
completely reversed for cis-[Rh(cyclam)X2If where +(CI-) = 0.37 > 4(Br-) = 0.32 >> +(I-) = 
0.03 for ligand field excitation. 

The behaviour of cis-[Rh(en)2Cl2lf and cis-[Rh(cyclarn)121f is seen to be consistent with the 
preferential arnine activation predicted by the photochemical model proposed by Zink. The 
change in photospecificity observed with cis-[Rh(cyclam)C12]+ and cis-[Rh(cyclarn)BrzIf is 
interpreted as the result of distortion from effective tetragonal symmetry which causes the 
repulsive energy to become progressively more localized in the metal-halide bond. 

JAMES SELLAN et ROBERT RUMFELDT. Can. J. Chem. 54, 1061 (1976). 
On a CtudiC la photochimie du cis-[Rh(cyclam)X2If (ob X = CI, Br ou I) et cis-[Rh(en)2Cl2lf. 

Alors que I'on n'observe que l'aquation de l'haloginure dans les complexes du cyclame, l'aqua- 
tion de I'amine est la principale reaction qui s'effectue pour le complexe de I'ethylknediamine. 
Dans chaque cas, la photosensibilit6 est plus grande pour l'excitation par transfert de charge 
que pour I'excitation par champ de ligand. Quoique l'on aie observe cette dependance sur la 
longueur d'onde dans le cas des complexes correspondants truns, la dependance sur le nucleo- 
fuge qui etait b(CI-) < +(Br-) < +(I-) pour les complexes trurls est complktement renversie 
pour le cis-[Rh(cyclam)X2lf oh +(CI-) = 0.37 > &(Br-) = 0.32 >> 4(1-) = 0.03 pour I'excita- 
tion par champ de ligand. 

11 sernble que le cornportement du cis-[Rh(en)2C12lf et du cis-[Rh(cyclam)12lf est en accord 
avec l'activation preferentielle de l'amine prkdite par le modkle photochimique propose par 
Zink. On interprkte le changement dans la photospbificiti observee avec les cis-[Rh(cyclam)- 
Clrlf et cis-[Rh(cyclam)Br21f comme resultant d'une distorsion de la syrnetrie tetragonale 
effective qui amkne I'energie repulsive a devenir progressivernent plus localisee dans le lien 
metal-halogenure. 

[Traduit par le journal] 

Introduction 
We have recently reported (1) the results of 

the photolysis of a series of rhodium(111) halo- 
amines. Whilst the photoreactions of the trans 
complexes were accurately predicted by Zink's 
model (2), the cis complexes exhibited an appar- 
ently inconsistent behaviour. Thus, the photolysis 
of c i~-[Rh(en)~Cl~]+ was characterized by the 
anti-thermal ethylenediamine aquation whereas 
the analogous complex, cis-[Rh(cyclam)C12]+, 
(cyclam = 1,4,8,11-tetraazocyclotetradecane) ex- 
hibited chloride aquation exclusively. In prin- 
ciple, if a cis complex possessed tetragonal 
symmetry then Zink's model would predict that 
the strongest ligand on the weak field axis would 
be preferentially labilized. Therefore, the ethyl- 
enediamine aquation in the photolysis of cis- 

[Rh(en)2C12]+ constituted the normal reaction, 
while the cis-[Rh(cyclam)C12]+ represented the 
exceptional case. 

The relatively high intensity of the d-cl bands 
in the spectrum of cis-[Rh(cyclam)C12]+ sug- 
gested a significant distortion from tetragonal 
symmetry (1) and it seems apparent that the 
change in photospecificity must in some way be 
related to  this distortion. Assuming that the 
lowest electronically excited state within a mani- 
fold is the photoactive state, then for either 
ligand field (If) or charge transfer (ct) excitation 
this state will correlate with a configuration in 
which either a metal nonbonding electron (If) or 
a ligand nonbonding electron (ct) has been 
excited to  the lowest open orbital. Although this 
can be readily identified as a o*-antibonding 
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1062 CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Electronic spectra of some [Rh(amine)X~]+ complexesa 

Frequency 

Transition* cis complexes 

Term Orbital (cyclam)C12 (cyclam)Br2 (cyc1am)I~ (en)2C1~ irar1s-[Rh(cyclarn)I2]+ 

 frequency in cm-1, extinction coefficient (M-'  cm-I) in parentheses. 
bTcrms refer lo pseudo-octahedral symmetry. 

orbital, the low symmetry of the complex makes TABLE 2. Product yields from the photolysis of 

it extremelv difficult to ~ r e d i c t  in which bond the Rh(II1) complexes 

destabilization will become localized. The rela- 
tively high yield of CI- could be interpreted as 
reflecting a high degree of C1- specificity inherent 
in the wavefunction for the photoactive state. 
Alternately, because the stereorigidity of the 
cyclaill ligand renders the individual ailline 
nitrogens effectively inert, C1- aquation may be 
efficient since it represents the only available 
reaction mode which could respond t o  the over- 
all destabilizing effects of the excited state. 

If the latter explanation was valid and the 
increased photosensitivity of diiodo complexes 
observed with the iratzs con~plex is also consid- 
ered then in prospect a quantum yield near unity 
could be anticipated for the potentially more 
photolabile cis-[Rh(cyclam)Iz]+. The present 
investigation was undertaken to  explore this 
possibility and t o  further explore the influence of 
structural distortion on the photochemistry of 
Rh(II1) conlplexes. 

Results and Discussion 

The data given in Table 1 sun~n~ar izes  the 
spectra of the complexes used in this study. 
Although the cis con~plexes fornlally belong t o  
C2" symmetry, the transitions should approxi- 
mate an octahedral scheme since the low sym- 
metry co~nponents would be unlikely t o  effect a 
measurable term splitting. Thus, the transitions 
have been assigned according to  their octahedral 
parentage. 

In the case of the iodo complexes the appear- 
ance of the observable If triplet bands permitted 
direct irradiation into this band. Otherwise, the 

Quantum yield 
Corn~lex Wavelength (nm) of halide 

aFirst allowed I f  band. 
* ~ c f e r e n c c  8. +(-H+) = 0.4. 

exciting radiation was chosen t o  correspond t o  
the first spin allowed If band. The ultraviolet 
irradiations were all a t  the fixed wavelength of 
254 nm. This achieved virtually selective ex- 
citation t o  the first ct state in the chloro and 
bromo conlplexes but in the case of irans- 
[Rh(cyclam)12]-+ the radiation would be absorbed 
principally by the second ct  band, whilst for 
cis-[Rh(cyclan~)l~]+ there would be a n  almost 
equal distribution between the first and second 
ct bands. The yield data are listed in Table 2. 

With the exception of c i~ - [Rh(en)~Cl~]+  which 
has been described previously (I) ,  the photoreac- 
tions proceed by halide aquation with conlplete 
isomeric retention in the hydrolysed complex. In 
each case, ct excitation produces larger yields 
than If excitation, indicating a lack of any 
significant internal conversion between the ct and 
If states. On the other hand, the lack of a wave- 
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SELLAN AND RUMFELDT 1063 

length dependence in If region observed for the 
iodo co~nplexes is consistent with efficient inter- 
system crossing (3, 4) and supports the assurnp- 
tion that the lowest excited state within a mani- 
fold will be the dominant photoactive state (2). 

The outstanding feature of the data in Table 2 
is the con~plete reversal from the order of 
photosensitivities observed for the tmtzs com- 
plexes (I). However, a similarity can be identified 
between the photochen~istry of [Rh(NH3)5XI2-'- 
(4) and cis-[Rh(cyclam)X2]' since in both cases 
with If excitation +(Cl-) > +(Br-) > +(I-). In 
each of these series of con~plexes a halide ligand 
is no~ninally trans to an anline nitrogen but 
while the NH3 is potentially labile, the cyclam 
nitrogen would be substitution stable. The NH3 
yields observed with [Rh(NH3)5XI2+ would 
merely correspond to deactivation in cis- 
[Rh(cyclam)X2]+. In this context the reactions 
of [Rh(NH3)51]H for which +(I-) = 0.01 and 
cis-[Rh(cyclam)12]+ for which +(I-) = 0.03 are 
seen to be very similar. Although the con~parison 
between the bromo c o ~ n ~ l e x e s  i s  not as close, the 
chloro complexes compare favorably, particu- 
larly if allowance is made for the possible 
retarding influence of the larger positive charge 
of the pentaamnline complex. Overall, the simi- 
larity between the two sets of complexes is 
quite remarkable. 

The behaviour of [Rh(NH3)jX]2+ was ex- 
plained by Kelly and Endicott (4) by proposing 
two distinct photoactive states of similar energy 
but different geometry. The relative energies of 
these two states would determine which ligand is 
preferentially activated and the magnitude of the 
gap would determine the degree of selectivity. 
This explanation is easily adapted to the cis com- 
plexes since the low synlmetry field would lift the 
degeneracy of the 3~ state (the lowest elec- 
tronically excited state in either D4,, or C4u 
symmetry); however, the splitting would be too 
small ( 5 )  t o  allow resolution of the resultant 
states even in the rare cases when the 3E state is 
spectroscopically prominent. Nevertheless, the 
invisible quality of these states does not diminish 
the theoretical fact of their existence and their 
possible role in determining the photochemical 
reaction coordinates. 

The practical difficulty lies in attempting to  
describe such states and thereby derive some 
rationale for the type of behaviour exhibited by 
the series of cis complexes. Thus, it is not 

possible to  anticipate which of the two possible 
reaction modes will dominate. For example, in 
the halopentaainrnine series the change from 
halide to  am~nine aquation occurs between t h e  
chloro and bronlo complexes, whereas fo r  
cis-[Rh(cyclan1)X2]+ the apparent change occurs 
between the bromo and iodo complexes. Simi- 
larly the reversal in photospecificity between 
~is-[Rh(en)~C12]+ and cis-[Rh(~yclam)C1~]+ would 
be unexpected. 

The model proposed by Zink (2) en~ploys the 
fundamental assumption that the lowest cxcited 
level will be thc dominant photoactive level and 
therefore is essentially not at  variance with the 
proposal of Kelly and Endicott. In addition, 
Zink provides a method for predicting the photo- 
reaction by comparing the energy of the lowest 
M O  to the energies of the trc~tzs donor orbitals. If 
the energy of the M O  is greater than that of the 
ligand orbital, destabilization will occur in that 
metal-ligand bond. Specific labilization should 
depend upon the energy difference between the 
two ligands with the stronger ligand being 
preferentially activated. Applying Zink's model 
to the two potentially active states proposed by 
Kelly and Endicott leads to  the conclusion that 
it will be the lower state that possesses the 
highest degree of photospccificity, whilst the 
upper state will become progressively less dis- 
criminating (and important) as its energy in- 
creases. 

On this basis, the photoreactions of cis- 
[Rh(en)2C12]+ and cis-[Rh(cyclam)12]' can be 
regarded as normal (i.e. predictable). The result 
with the cis-[Rh(cyclam)12]+ is particularly sig- 
nificant because it establishes that when the 
activated ligand is inert then the complex 
remains inert and does not transfer its reactivity 
to  a secondary reaction mode. Thus the relatively 
large yields of C1- and Br- cannot be considered 
as the result of a blockage of a primary reaction 
mode due to the cyclic structure of the cyclam 
ligand system. Consequently, the C1- and Br- 
yields must derive from a process of specific 
labilization which is determined by some factors 
unique to these co~nplexes. 

Judging from a con~parison of the spectra of 
cis-[Rh(ei~)~Cl~]+ and cis-[Rh(cyclam)C12]+, the 
change from amine to  halide aquation appears 
related to a structural distortion in the complex. 
Figure 1 illustrates two possible cis structures 
with that shown by (a) representing the tetra- 
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1064 CAN. J .  CHEM. VOL. 54, 1976 

( a )  ( b )  

FIG. 1. Structure of cis-[Rh(N)4X21i where (a) repre- 
sents the pseudotetragonal form and (b)  represents the 
distorted structure. 

gonal symmetry proposed for c i~-[Rh(en)~Cl~]+.  
The structure represented by (6) illustrates the 
type of distortion likely for a cyclam-containing 
complex. Based on model structures, the strain 
of the cyclam ring would be minimized by an 
opening of the N-Rh-N bond angles. How- 
ever, unless this is also accompanied-by a con- 
traction of the X-Rh-X angle then whatever 
advantage might have accrued due to release of 
the cyclam ring strain would be offset by the 
repulsion encountered by the closing of the 
N-Rh-X angles. 

Thus, the X-Rh-X angle may be critical to  
the photospecificity, since a lack of contraction 
would favour structure (a) which would lead to 
adherence to the prediction of Zink's model. Of 
the three cis-[Rh(cyclam)Xz]+ complexes, the 
diiodo conlplex would obviously be the least 
susceptible to contraction of the X-Rh-X 
angle and its relative inactivity is accurately 
predicted by Zink's model. I n  contrast, the 
higher electronegativity of the chloro ligands 
would reduce the valence electron densitv a t  the 
metal thereby facilitating a contraction of the 
X-Rh-X angle with the result that cis- 
[Rh(cyclam)CI2]+ should approximate structure 
(6). 

If for sinlplicity it is assumed that the major 
effects are restricted to the plane of Fig. l a  
then the distortion can be represented by the 
angles a: and P of Fig. 16. In order to estimate 
the anti-bonding character of the critical planar 
d-orbitals (d,, and rl,l-,l) the variation in the 
individual ligand-metal overlap integrals were 
computed as a function of the distortion angles 
a: and p. According to  this simplified scheme 
when a = p = 0, the lowest open a*-antibond- 
ing MO will correlate almost exclusively with the 
~ l ~ l - ~ ~  orbital while the d,, will remain either 

FIG. 2. The variation in a*-antibonding character of 
the d,~-,z and d,, orbitals as a function of the dis- 
tortion in the in-plane bond angle. The solid curve 
represents the overall effects for an assumed relationship 
of a = 38 and the broken line represents the effect for an 
isolated Rh-N bond. 

nonbonding or weakly T*-antibonding. As a: or 
/3 increases rl,l-,l will decrease in a*-antibonding 
character while d,!, will increase. Taking account 
of the limitations imposed by ligand-ligand 
repulsion the most probable distortion would 
correspond to  a > /3 and Fig. 2 was constructed 
to  illustrate the effects for an  arbitrary relation- 
ship of a: = 38. Under these conditions it is seen 
that until an extreme distortion is reached the 
d ,~ , .  orbital will remain higher in energy than 
the rl,,, orbital. Figure 2 also shows (the broken 
line) that the rlJl-,,i contribution to the Rh-N 
bond decreases more rapidly than the overall 
a*-antibonding character of the d,i-,i orbital 
decreases. Therefore, for the type of distortion 
suggested, the rl,l-,z orbital will remain a pre- 
dominantly Rh-C1 a*-antibonding orbital while 
the (I,!, orbital is growing in Rh-N a*-anti- 
bonding character. Under these circumstances 
the lowest electronically excited state would 
correspond to an electron transfer from the rl,,, 
to  d,i-,l orbital. Since this would tend to stabilize 
the planar Rh-N by effectively depopulating an 
orbital having Rh-N a*-antibonding character 
and destabilize the Rh-Cl bond, the natural 
result is the preferential labilization of the 
chloride ligand. 

As in the case of the trarzs con~plexes, ct 
excitation results in each case in a larger yield. 
This could reflect an inherently more reactive 
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SELLAN AND RUMFELDT 1065 

precursor state (i.e. through more efficient com- Experimental 
petition with quenching processes) Or a higher The irradiation procedures and analytical techniques 
degree of preferential labilization. Because of the employed are essentially the same as previously described 
inert nature of the cyclam ligand, we cannot (1). The preparation complexes used in this study were 
experiInentally distinguish between the two by methods described in the literature (6, 7) except that 

the perchlorate salts were prepared. The purity of the 
possibilities. However, when the respective If complexes was determined by comparison of their 
and ct excited State configurations are compared absorption spectra with published data (6). 
it is seen that the d,l-,z orbital is common to 
both as the lowest acceptor orbital but they 
differ in their donor orbitals. Thus, we conclude 
that the photospecificity is controlled principally 
by the antibonding properties generated by 
population of the lowest unoccupied orbital and 
the interpretation of the uv photolyses should be 
essentiallv the same as that ~ roposed  for the 

Acknowledgments 

The authors wish to acknowledge the financial 
assistance of the National Research Council of 
Canada and for the award of a scholarship to  
J.S. We are also grateful to Drs. C. S. Lin and 
B. R. McGarvey for their helpful discussions. . . 

photolyses in the If region. 1. JAMES SELLAN and ROBERT RUMFELDT. Can. J. Chem. 
54, 519 (1976). The present study the uncertainty that 2. ( a )  J. I. Z I N K  J. Am. Chem. Soc. 94, 8019 (1972); 

must attend any attempt predict the photo- Mol. Photochem. 5, 151 (1973); Inorg. Chem. 12, 
reactions of complexes possessing effective low 1018 (1973): 12.1957 (1973). . ,. , 

svmmetrv. ~ l t h o u g h  all four cis complexes con- 3. T. R. THOMAS and G.'A. CROSBY. J. Mol. Spectrosc. 
u 

sidered kere can possess no highe; than C2u 38' 118 (1971). 

symmetry, their photochemical behaviour is 4. T. L. KELLY and J. F. ENDICOTT. J. Am. Chem. Soc. 
94, 278 (1972). 

with tetragOnal symmetry in 5. C. J. BALLHAUSEN. Introduction to ligand field theory. 
cases but nontetragonal SynImetry in the other ~ ~ G r a w - H i l l ,  New York. 1962. pp. 106-108. 
two cases. Since the degree of distortion re- 6. E. J. BOUNSALL and S. R. KOPRICH. Can. J. Chem. 48, 

quired to define a complex as effectively non- 1481 
7. E. J. BOUNSALL. Ph.D. Thesis. Imperial College, tetragonal is unknown, then 'ystems University of London, London, England. 1964. 

such as cis may be expected to exhibit 8. M. MUIR and W. HUANG. Inorg. Chem. 12, 1831 
unpredictable behaviour. (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Recherches en sCrie hCtCrocyclique. XXVI. Etude de la condensation 
de 1'azidoacCtate d9Cthyle sur le thiophknedicarbaldChyde-2,3: nouvelle 

voie d'accb a des thiCno[2,3-c] et -[3,2-c] pyridines et pyridones 

M~CHEL FARNIER, SAMRETH SOTH ET PIERRE FOURNARI 
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Sciences Gabriel - 21000 Dijort, France 

R e ~ u  le 2 octobre 1975 

MICHEL FARNIER, SAMRETH SOTH et PIERRE FOURNARI. Can. J. Chem. 54, 1066 (1976). 
L'azidoacCtate dlCthyle se condense sur le thiophknedicarbaldChyde-2,3 dont les deux groupes 

formyle sont libres ou dont I'un a CtC bloquC 1'Ctat d'acCtal diCthylique pour, aprks cyclisation, 
conduire respectivernent A des thiCno[2,3-c] et-[3,2-c] pyridines et pyridones. La structure des 
produits intermediaires est prkisCe par spectroscopie rmn et un processus rkctionnel est 
proposC. 

MICHEL FARNIER, SAMRETH SOTH, and PIERRE FOURNARI. Can. J. Chem. 54, 1066 (1976). 
Ethyl azidoacetate was reacted with thiophene-2,3-dialdehyde, in which the two formyl 

groups are free or in which one of them is blocked as the diethyl acetal, to yield, after cyclization, 
thieno[2,3-c] and -[3,2-c] pyridines and pyridones, respectively. The structures of the intermedi- 
ate products were established by nmr; a reaction scheme is proposed. 

[Journal translation] 

Introduction 
Les travaux de Hemetsberger et al. (1) ont 

montrC que l'azidoacttate d'tthyle se condensait 
sur des aldthydes aromatiques ou homoaroma- 
tiques. Par cyclisation du produit ainsi obtenu on 
accolait un cycle pyrrolique au cycle initial, le 
composi formt comportant un groupe carboxy- 
late d'tthyle en a de l'azote pyrrolique. Nous 
avons appliqut cette rtaction B des monoaldB 
hydes thiophe'niques (2), stlCnophtniques et 
pyrroliques (3) et acctdt ainsi B des systkmes 
comportant un cycle pyrrolique orthocondenst 
l'htttrocycle de dipart. I1 nous a paru inttressant 
de chercher B ttendre la rtaction de Hemets- 
berger aux dialdthydes thiophiniques et nous 
indiquerons tout d'abord les risultats obtenus 
lorsque le thiophknedicarbaldkhyde-2,3 est mis 
en oeuvre. 

Rksultats 
L'action de l'azidoacitate d'tthyle sur ce 

dialdihyde apparait sur le schtma 1. Bien qu'un 
gros excks de rtactif (8 mol pour 1 mol de dialdB 
hyde 1) soit utilist, les deux produits de mono- 
condensation 3 et 4 se forment en proportion 
non ntgligeable (20 ?i 25% au total), le rendelnent 
global de la condensation itant assez faible 
(18%). Le mtlange obtenu est analyst par 
chromatographie sur acide silicique. Le produit 2 

N.$H2C02Et - 4$=$>~3- ,qEt + 
CHO ' CH=$kN3 

est aisiment isolt rnais tous nos essais de 
stparation des isomkres 3 et 4 se sont rtvtlts 
infructueux. 

Pour obtenir uniquement chacun des produits 
3 et 4 nous avons mis en oeuvre les deux acttals 
ditthyliques du thiophknedicarbaldthyde-2,3 : les 
synthkses rtalistes au dipart de ces composts, 5 
et 6 sont regrouptes sur le schtma 2. 

Les acttals aldthydes 5 et 6 conduisent aux 
produits attendus, respectivement 7 et 8, avec 
un rendement de l'ordre de 65%. L'action du 
chlorure d'hydrogkne sur les composts 7 et 8 
libkre le groupe formyle (rendement environ 
80%) et les isomkres 3 et 4 sont ainsi obtenus 
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FARNIER ET AL.: XXVI 

CHO 

~ $ c H ( a t ) ~  dLFt" 

Hi 
CHO 

N3 - GcH=Cc4Et 
7 8 4 

\N3 
3 

HCI - 
0 

avec un rendernent gCnCral voisin de 500/,. 
La cyclisation du composC 3 donne naissance 

(rendement 81%) i la thiCno[2,3-clpyridone 
substituCe 9. Cette cyclisation intCresse donc le 
groupe forrnyle et non le sornmet 0' du cycle 
thiophknique: ce rCsultat rejoint ceux observCs 
(16, 2, 3) lors de la cyclisation du produit de 
condensation de I'azidoacCtate d'Cthyle sur les 
aldthydes-3 hCtCrocycliques. Par hydrolyse alca- 
line de l'ester 9 on acckde quantitativement B 
l'acide 11 qui, par dCcarboxylation (poudre de 
cuivre - quinolkine), donne naissance (rendement 
40%) 9 la thiCno[2,3-clpyridone 13. 

Le cornporternent du produit 4 est tout B fait 
analogue 2 celui expose pour son isornkre 3 et la 
thiknopyridone 14 est obtenue par 1'interrnCdiaire 
de l'ester 10 et de l'acide 12 (rendernent gCnCral 
des transformations 4 - 14, 39%). 

La cyclisation du dtrivC 7 en la thiCno[2,3-c] 
pyridine CthoxylCe 15 s'effectue avec un rende- 
rnent plus faible (49%) que lorsqu'on opkre au 
depart du cornposC 3 prCsentant un carbonyle 
libre. L'hydrolyse du produit 15 a CtC rCalisCe en 
milieu acide et en milieu basique. Dans le pre- 
mier cas, et lorsqu'on opke  en prCsence de 
chlorure d'hydrogkne, les thiCnopyridones 9 et 11 
apparaissent sinlultankrnent (proportions rela- 
tives, 30 et 70%; rendeinent gCnCra1, 82%); 
lorsqu'on utilise le bromure d'hydrogkne, seul se 
forrne 11 (rendement quantitatif). Ces rksultats 
confirrnent que la forme lactarne des deux corn- 
posCs 9 et 11 est trks hauternent favoriske. 
Lorsqu'on traite l'ester Cther 15 par une solution 
aqueuse de potasse, on acckde quantitativernent 
2 l'acide 17. La dicarboxylation de ce dernier 
cornposC a CtC rCaliske dans la quinolCine en 
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optrant en prtsence soit de poudre de cuivre, soit 
de chronlite de cuivre activt par du baryunl: dans 
les deux cas on isole la thitno[2,3-clpyridone 13 
et  non la thiinopyridine tthoxylte 19. Cette 
thitnopyridine CthoxylCe e'tant par ailleurs con- 
nue (4), le fait qu'elle ne soit pas isolCe au cours 
de la transformation n'est donc pas dQ 2 son 
instabilitt Cventuelle mais aux conditions optra- 
toires meines: le proton qui apparait au cours de 
la dtcarboxylation doit libtrer la forme lactime 
qui par tautomtrie conduit B la thiknopyridone 
13. 

Le comporternent du compose' 8 est tout B fdit 
analogue B celui de son isornkre 7 et finalement la 
thiCno[3,2-clpyridone 14 est parallklernent ob- 
tenue par l'intermtdiaire de 20 en dtcarboxylant 
l'acide 18. 

Notons par ailleurs que nous avoils cyclist le 
melange des composCs 3 et 4 obtenu lors de la 
condensation de l'azidoacitate d'Cthyle sur le 
dialdthyde 1. La cyclisation donne naissance 2 
un mtlange des thiCnopyridones 9 et 10 (propor- 
tions relatives environ 60 et 407,; rendement 
global 40%) aisCment sCparables par chroma- 
tographie. 

Nous avons Cgalement CtudiC le comportement 
du dtrivC disubstituk 2 vis 2 vis de la chaleur 
(schCma 3). 

La cyclisation donne curieusement naissance B 
un melange d'esters de thiCnopyridines 21 et 22 
(proportions relatives 20 et 80%, rendernent 
global 657,). L'hydrolyse alcaline de ces esters 
conduit aux acides 23 et 24 avec un rendement de 
l'ordre de 90%. Par dtcarboxylation des acides 
23 et 24 (quinole'ine-cuivre), on isole respective- 
ment la thiCno[2,3-clpyridine 25 (rendement 
41%) et la thiCno[3,2-clpyridine 26 (rendement 
57%). 

L ~ S  thiCnopyridones 13 et 14 et les thiCno- 
pyridines 25 et 26 ont dCjB CtC prCpare'es par 
d'autres voies (5-9): En revanche les intermC- 
diaires que nous avons utilisCs n'Ctaient pas 
connus: la structure de chacun d'eux dtcoule de 
celle du produit final is016 et a CtC prtcise'e par 
analyse des spectres rrnn. 

Spectroscopic de rborznnce tnngne'tique nucle'aire 
Les caractCristiques rrnn des produits non 

cyclisCs sont indiquies tableau I. L'attribution 

'Pour une revue d'ensemble sur les thienopyridines, 
voir la ref. 10. 

qui figure sur ce tableau pour les protons thio- 
phtniques H4cou 4r) et H5(oo a Ctt effectute 
compte tenu du dtblindage gtntral des protons a 
thiophkniques par rapport aux protons 13 et des 
increments apportCs en sCrie thiophtnique (1 1) 
par un groupe formyle ou azidoacrylate d'tthyle. 
A noter que les caractiristiques observtes ne 
permettent pas de de'terminer la configuration 
spatiale de chacun des compose's CtudiCs; l'ttude 
nous parait cependant confirmer que la conden- 
sation ne conduit qu' i  un seul des isomkres 
gComCtriques thioriquernent possibles. 

En dehors de celles des thiCno[2,3-c] et -[3,2-c] 
pyridines 25 et 26 qui ont fait l'objet d'une Ctude 
rmn approfondie (12), les caractCristiques rmn 
de toutes les autres thiCnopyridines et pyridones 
synthCtisCes apparaissent au tableau 2. Celles des 
thitnopyridones 13 et 14, de'ji reportCes par 
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FARNIER ET AL.: XXVI 1069 

TABLEAU 1. CaractCristiques rrnn des thiophenes disubstituis (solvant CDCI,) 

DCplacement chirnique des protons (pprn)* 

Exocycliques 

CH=C /N3 CH(OCH2CH3)2 
Du cycle (0) 'CO~CH~CH~ (4 (e) (f) 

thiophknique (b) (c) Constantes de 
couplage (Hz) 

CornposC ti4(4,) H s p )  (0) (b) (c) (4 (el (f) CHO J45,4#5,) 

2 d d s s q t 
7.44 7.87 7.08 7.28 4.38 1.39 5.2 

3 d d s q t s 
7.67 7.94 7.50 4.42 1.38 9.96 5.1 

4 S S S q t S 

7.43 7.43 7.96 4.41 1.39 10.05 

7 d d s ‘I t s q t 
7.22 7.84 7.26 4.39 1.33 5.86 3.65 1.22 5.2 

8 d d s q t s q t 
7.14 7.36 7.57 4.39 1.36 5.72 3.62 1.22 5 .1  

*s, singulet; d ,  doublet; t, triplct; q, quadruplet. 

Eloy et Deryckere (4, 5), sont indiquies tableau 
2 pour conforter les attributions proposCes. 

Notons que pour les cornposCs CtudiCs on 
retrouve les caractkristiques morphologiques 
signalkes (12) pour les thiCno[2,3-c] et -[3,2-c] 
pyridines, en particulier l'existence des couplages 
J4, et J37. Pour les composCs 9, 11, 13, 15 et 17 
l'attribution des signaux des protons thiophC- 
niques B Hz ou B H3 a CtC effectuCe par rCfCrence 
aux rksultats observCs pour les thiCnopyridines 
21, 23 et 25 pour lesquelles ne se pose aucun 
problkme. Enfin, signalons que, pour les com- 
pods  15 et 16, si les protons mnCthyl6niques sont 
assignis de f a ~ o n  certaine soit au groupe 0C2H5 
soit au groupe C02C2H5, il n'en est pas de m&me 
pour les protons mithyliques de ces m&mes 
groupements. 

Me'cunisme re'ucfionnel 
La connaissance de la structure des divers pro- 

duits obtenus nous a incites i tenter de prCciser 
le mkcanisme responsable de la formation, assez 
surprenante, des thiknopyridines et pyridones. 

Le passage 7 + 15 est symbolis6 sur le schCma 
4. Aprks dCpart classique d'azote inolCculaire, 
l'atome d'azote dificient en Clectrons attaque la 
liaison carbone-hydrogkne et I'inclusion dans le 
cycle form6 d'un doublet de l'amidure conduit B 
lYClimination d'un groupe Cthoxy. 

Lors de la cyclisation 3 + 9 (voir schCrna 5), 

C q E t  
CH=C 

/ 

G C H  (0:; EtO OEt 

C02Et 

OEt 

on passerait par l'interinkdiaire d'une hydroxy- 
pyridine qui par prototropie donnerait naissance 
B la pyridone correspondante. 

Un mCcanisme analogue interviendrait dans le 
cas de la transformation 2 +  21 et 22 (voir 
schCma 6), mais l'appel d'klectrons intkresserait 
les electrons a d'un groupe acrylate d'Cthyle. Ce 
processus implique le dipart de cyanoformiate 
d'Cthyle. Nous avons vCrifiC la validit6 de l'hy- 
pothkse envisagCe en mettant en Cvidence la 
prCsence de cet ester cyan6 en quantitC proche de 
la stoechiomCtrie (par rapport au nombre de 
moles de thiknopyridines formCes). 

ExpCrimentalelnent on observe que le compos6 
22 est environ quatre fois plus abondant que 
son isomkre 21; ce rCsultat peut s'interprkter par 
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TABLEAU 2. Caractkristiques rmn des thibnopyridines et pyridones 

DCplacement chimique des protons (ppm)* 

Du cycle thiknopyridinique Exocycliques 
Constantes de 

Compose Solvant Hz H3 H4 H5 H6 H7 CO2C2H5 OC2H5 couplage (Hz) 

la plus grande stabilitC ou la plus grande rCac- Mati2respretni?res 

tivit6 des intermediaires obtenus selon B. Les dCrivCs thiopheniques de dkpart (thiophknedicar- 
baldkhvde-2.3 1. thio~hknedicarbaldChvde-2.3 diCthvl- 

Partie expkrimentale 
Les analyses ClCmentaires ont CtC effectuCes par le 

Laboratoire Central de Microanalyses du C.N.R.S. Les 
spectres rmn ont CtC relevCs sur un appareil JEOL C 60 
H L  en utilisant le TMS comme rCfCrence interne. Les 
chromatogrammes en phase gazeuse ont CtC obtenus a 
I'aide d'un appareil Aerograph Autoprep A-700. Les 
caractkristiques de la colonne utilisk Ctaient les suivantes: 
phase stationnaire SE 30 B 20% sur Chromosorb WAW 
45-60 mesh; longueur 10 pieds; diametre extCrieur 2 PO; 
temperature 100 "C; dCbit du gaz vecteur (He) 30 cm3/mln. 

a c ~ t a l - i  5, thiophknedi~arbaldChyde-2,3 di&hylacCtal-3-6) 
ont CtC prCparCs par les mCthodes c i tks  en refs. 13 et 14. 

Cot~clet~snliot~ de I'azidoflcdlnle d'dtltyle sur le 
1lriopl1?t1edicnrbaIcIdI1yde-2,3 di~1l1ylace'tal-2 

A une solution d'Cthanolate de sodium ( I  .84 g (0.08 at. 
g) de Na dans 60 cm3 dlCthanol absolu), on ajoute goutte 
2 goutte et a 0 "C une solution de 4.28 g (0.02 mol) de 
I'aldChyde acCtal 5 et 10.32 g (0.08 mol) d'azidoacktate 
d'ethyle dans 50 cm3 d'Cthanol absolu. L'addition ter- 
minCe, I'agitation est maintenue 2 h i 0 'C. Aprks avoir 
CvaporC 809; du solvant, on verse sur une solution g l ack  
de chlorure d'arnmonium et on extrait ?I l'kther. La phase 
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FARNIER ET AL.: XXVI 

CthCrCe est lavCe B l'eau a neutralitC, sCchCe (MgS04) et 
CvaporCe. L'huile rCsiduelle est CluCe sur colonne d'acide 
silicique dCsactivC par le benzkne. On recueille, aprks 
tvaporation du solvant et sCchage de I'huile obtenue, 
4.3 g (66%) d'azido-2 (diCthylacCta1-2' thitnyl-39-3 ac- 
rylate d'ethyle, 7. 

Cor~derlsatiorl de l'aziclonce'tate d'Ptlzyle nrr. k 
tIriop/~P~1edicorbalclkI1yde-2,3 rliPtl1ylace'tnl-3 

On opkre comme prkcedemment mais au dCpart de 
1'aldChyde acCtal 6. Aprks chromatographie (eluant 
chloroforme), on obtient 4.2 g (65%) d'azido-2 (diethyl- 
acCtal-3' thiCnyl-2')-3 acrylate dlCthyle, 8. 

Les composCs 7 et 8 ne peuvent @tre isolCs B 1'Ctat de 
puretC analytique car tout essai de purification, soit par 
distillation, soit par chromatographie phase gazeuse, 
entraine leur cyclisation. 

Azido-2 (fort~~yl-2' tlriPt1$-3')-3 acrylrrte d'Ptl~yle 3 
A temperature ambiante, on maintient 5 min sous 

agitation 4.3 g du compose 7 dans 30 cm3 d'une solution 
d'acide chlorhydrique 5 N. I1 se forme un pr6:ipitk. On 
ajoute alors 40 cm3 de chloroforme et laisse l'agitation se 
poursuivre durant 10 min. Aprks dkcantation, la phase 
aqueuse est extraite au chloroforme. Les phases chloro- 
formiques sont IavCes a l'eau 2 neutralitk, sCchCes (MgS04) 
et CvaporCes. Aprks recristallisation dans un melange 
benzkne-hexane (1 :2), on recueille 2.7 g (81%) ~ L I  produit 
3, pf 128-129 "C. Atlal. calc. pour C10HgN303S: C 47.80, 
N 16.72, 0 19.11, S 12.76; trouve: C 48.02, N 16.44. 
0 19.21, S 12.60. 

Azido-2 (forn~yl-3' tl1iPtry1-2')-3 crcrylrrte d'Ptllyle 4 
La coupure du groupe acCtal de 8 est rCalisCe comme 1 -NCC%Et 1 - NCC02Et 

indiquC ci-dessus pour 7. On isole ainsi le composC 4 avec 
un rendement de 75%, pf 136 "C. Atlal. calc. pour C02E t 
CIoH,N303S: C 47.80, N 16.72, 0 19.11, S 12.76, trouvC: 
C 47.68, N 16.38, 0 19.00, S 12.85. &C02Et 

3 
0 Sous agitation, on porte 2 h B reflux 43 g du composC 3 

dans 1200 cm3 de xylkne. Le xylene est CliminC par distilla- 
tion et le rtsidu obtenu est repris par l'ether. Le precipite 
form6 est recristallisi dans un mClange ethanol-eau (3:l). 
On isole ainsi 31 g (81%) de la thiknopyridone 9, pf - 181 "C. At~al. calc. pour C10H9N03S: C 53.81, H 4.06, 

OH N 6.28,O 21.55, S 14.30; trouve: C 53.94, H 4.13, N 6.19, 
0 21.69, S 14.11. 

0x0-4 dil~ydro-4,5 thiPt10[3,2-c]p~ridit1ecarbox~late-6 
rl'e'rlryle 10 

La cyclisation du dCrivC 4 est r&lisCe cornrne indiquC 
pour son isomere 3. Au dCpart de 35 g du compose 4 et 
apres recristallisation dans I'Cthanol, on obtient 28 g 
(90y0) de la thiCnopyridone 10, pf 196 "C. 

Atlal. calc. pour CloH9N03S: C 53.81, H 4.06, N 6.28, 
0 21.55, S 14.30; trouvC: C 54.06, H 4.17,6.3 N 6, 
0 21.38, S 14.14. 
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Etlro.uy-7 tl1ib1o[2,3-c]p)~ridi11ecarbo,~yl~e-5 d'irlryle 15 
Le produit 7 (10 g) dissous dans 200 cm3 de xylkne est 

port6 90 min a reflux sous agitation. Le xylene est ensuite 
CliminC par distillation et le risidu Clue sur acide silicique 
par le melange benzkne-acetone (20:l). Aprks recristallisa- 
tion dans l'tther de petrole, on isole 3.8 g (49%) de 
L'Cthoxy thiknopyridine 15, pf 77 "C. Arrul. calc. pour 
C12H13N03S: C57.35, H 5.21, N 5.57, 0 19.10, S 12.76; 
trouvi: C 57.89, H 5.23, N 5.54, 0 18.73, S 12.91. 

Etlioxy-4 thie'tr0[3,2-c]pyridit1ecarboxylute-6 d'irlryle 16 
L'Cthoxy thienopyridine 16 (pf 75 "C) est priparee avec 

un rendement de 36% selon un mode operatoire identique 
B celui utilisC pour I'obtention de son isomkre 15. A~rol. 
calc. pour CI2Hl3NO3S: C 57.35, H 5.21, N 5.57, 0 19.10, 
S 12.76; trouvk: C 57.06, H 5.18,N 5.81,O 18.99,s 12.84. 

Hydrolyse alcalirre des esters 9, 10, I5 et 16 
L'hydrolyse alcaline des esters 9, 10, 15 et 16 est 

r&lisCe quantitativement selon un m&me mode operatoire 
dCcrit dans un cas particulier. On porte 4 h a reflux 4.46 g 
de l'ester 9 et 2.24 g de potasse dans 20 cm3 d'eau. Aprks 
retour B la temperature ambiante, on acidifie par une 
solution glacie d'acide chlorhydrique 5 N. Le prCcipite 
qui apparaft est essore, lave B l'eau glacee neutralitt et 
sCchC. On obtient 3.9 g d'acide 0x0-7 dihydro-6,7 thiino- 
[2,3-c]pyridinecarboxylique-5 11, pf 333 "C. 

Acide 0x0-4 dihydro-4,5 thi&no[3,2-~Jpyridinecarboxy- 
liaue-6 12. ~f 335 "C. 

, =  - ~- 
Acide kthoxy-4 thiCno[3,2-c]pyridinecarboxylique-6 

18, pf 170 "C. 

Hydrolyse acide des hlroxy esters I5 et 16 
(a) Actiotz de HBr srtr I'hhoxy ester I5 
On porte 45 rnin B reflux 500 mg du compose 15 dans 

20 cm3 d'acide bromhydrique B 40%. Le precipitk form6 
aprks retour B temperature ambiante est essore, lave a 
l'eau glacCe B neutralite et sCchC. On obtient ainsi quanti- 
tativement l'acide 11. 

(b) Actiotr de HCI srtr I'efhoxy ester I5 
L'ester 15 (500 mg) dans 20 cm3 d'acide chlorhydrique 

5 N est chauffk 90min a 70-75 "C. Le prCcipitC qui 
apparait B temperature ambiante, filtre, lave au chloro- 
forme puis B I'eau glacee, enfin sCcht fournit 220 mg 
(57%) d'acide 11. 

Les phases aqueuses acides sont extraites au chloro- 
forme. Les phases chloroformiq~~es sont ensuite lavees a 
I'eau glacCe B neutralite, sCchCes et 6vaporCes. Aprks 
recristallisation, on isole 110 mg (25%) d'ester 9. 

(c) Actiotr de HCI slrr I'e'rlroxy ester 16 
On opkre comme en (b) et obtient ainsi au depart de 

500 mg du derive 16, 310 mg (805;) d'acide 12 et 18 mg 
(4%) d'ester 10. 

Ddcarboxylutiot~ des acides 11, 12, 17 et 18 
La dCcarboxylation de ces acides a Cte rCalisCe par deux 

voies en operant dans la quinoleine en prCse11ce soit de 
poudre de cuivre, soit de chromite de cuivre active par 
du baryum. 

(a) Quit~ole'it~e - poudre de crrivre 
Le mode operatoire est decrit dans le cas de la dCcar- 

boxylation de l'acide 11. Une suspension de 1.95 g d'acide 

11 et 2 g de poudre de cuivre dans 60 cm3 de quinolkine 
est chauffCe 2 h a 200-210 "C. Puis on elimine le cuivre 
par filtration et la quinoleine par distillation sous 0.05 
torr. Le rCsidu obtenu est chromatographie sur acide 
silicique (eluant benzene-acetone (32)). On obtient, aprks 
recristallisat~on dans I'eau, 600mg (40%) 80x0-7 
dihydro-6,7 thieno[2,3-clpyridine 13, pf 195 "C. 

Cette mCme thiinopyridine 13 est obtenue (3354) en 
dtcarboxylant l'acide 17 par chauffage a reflux (1 h) dans 
la quinolkine. 

L'oxo-4 dihydro-4,5 thiCno[3,2-clpyridine 14, pf 212 "C 
(litt. (5) pf 213-214 "C) est isolee de la m&me f a ~ o n  au 
depart soit d t  I'acide 12 (rendement 43%), soit de I'acide 
18 (rendement 300;). 

(b) Q~rit~o/&re - cl~rornite de cuivre 
Les acides 17 et 18 conduisent aux thienopyridones 13 

et 14 (rendements respectifs 25 et 20%) en operant 30 rnin 
B 220 "C, mais les acides 11 et 12 ne permettent pas, par 
cette mithode, d'isoler ces m h e s  thienopyridones. 

Cotldetrscrtiotr de l'criidoucc;tate d'dtllyle srrr le 
tlrioph?t1edicarbalde'11ycIe-2,3 

On opkre comme pour la condensation sur l'aldehyde 
acetal 5, mais en maintenant la temperature B - 10 "C. Le 
rCsidu finalement obtenu aprks extraction de la phase 
aqueuse au chloroforme puis evaporation de ce solvant, 
est CluC sur colonne d'acide silicique par le benzene. Au 
depart de 0.05 mol du dialdkhyde 1, on obtient: (i) aprks 
recristallisation dans le melange benzkne-hexane (1 :5) 
2.55 g (140j0) de (azido-2' Cthoxycarbonyl-2' vinylt2 
(azido-2" Cthoxycarbonyl-2" vinyl)-3 thiophene 2, pf 
130 "C; Atral. calc. pour Cl4Hl4N6O4S: C 46.40, H 3.89, 
0 17.66, S 8.85; trouve: C 46.60, H 3.92, 0 17.69, S 9.08; 
et (ii) 500 mg (4%) de melange des deux composCs mono- 
condenses 3 et 4 identifies par chromatographie sur 
couche mince. La rmn montre que ce melange contient 
environ 60f;4 de composC 3 et 40% de compose 4. Cette 
proportion est voisine de celle que l'on observe en cycli- 
sant le mClange obtenu, puis en sCparant les thienopyri- 
dones 9 et 10 par chromatographie sur colonne d'acide 
silicique (eluant chloroforme-acetone (10:l)). 

Cyclisatiotr dl1 de'rivi clicotlderrsi 2 
On chauffe 2 h a 120 "C 10 g du composC 2 dans 500 

cm3 de xykne. I'ar distillation sous 1 atm, on recueille 
d'abord la fraction qui passe au dessous de 139 "C. On 
elimine ensuite la totalit6 du xylkne et le residu obtenu est 
chromatographie sur colonne d'acide silicique (eluant 
chloroforme-acktone (20:l)). On isole, aprks recristallisa- 
tion dans I'Cther de pitrole (i) 800 mg (14();) de thieno- 
[2,3-c]pyridinecarboxylate-5 d'Cthyle 21, pf 78 "C; At~al. 
calc. pour CI0H9N02S: C 57.95, H 4.38, N 6.76 0 15.44, 
S15.47; trouvC: C57.50, H4.45, N6.86, 015.32, S 
15.48; et (ii) 2.95 g (517,) de thiCno[3,2-clpyridine- 
carboxylate-6 dlCthyle 22, pf 65 "C; Atiul. calc. pour 
CloH9N02S: C 57.95, H 4.38, N 6.76, 0 15.44, S 15.47; 
trouvi: C 58.06, H 4.38, N 6.77, 0 15.42, S 15.47. 

La fraction qui a CtC initialement recueillie (p. 6b 
<I39 "C), analysee par chromatographie en phase 
gazeuse preparative, permet de recuperer 1.45 g (80% par 
rapport au nombre de mol de thiinopyridines formees) de 
cyanoformiate d'Cthyle identifie B un Cchantillon com- 
mercial (mCme temps de retention, mCme spectre ir). 
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FARNIER ET AL.: XXVI 1073 

Hydrolyse alcnlit~e des esters 21 et 22 
Les acides 23 et 24 sont obtenus selon le rnCrne procCdC 

dCcrit dans le cas de l'isorn'ere 23. On porte 4 h B reflux 
3.105 g d'ester 21 et 1.68 g de potasse dans 15 crn3 d'eau. 
Puis, B 0 "C, on acid~fie jusqu'i p H  3 par une solutlon 
d'acide chlorl~ydrique 5 N. Le pr6cipitC form6 est essori, 
lave B l'eau glacCe B neutralite, et sCchC. On obtient 2.47 g 

I (9254) d'ac~de thiCno[2,3-c]pyridinecarboxylique-5 23, pf 
I 

240 "C. 
I Acide thiCno[3,2-c]pyridinecarboxylique-6 24, pf 204 "C. 

D6c'corboxylntiorf rles acicies 23 et 24 
On chaufFe 1 11 B 205 "C une suspension de 1 g d'acide 

24, 1 g de poudre de cuivre dans 15 crn3 de quinoleine. 
Aprks retour B temperature arnbiante, la quinolkine est 
ClirnlnCe en eluant sur acide silicique par le melange 

I benz'ene-acetone (3:l). Aprks recristallisation dans le 
pentane, on isole 430 rng de thiCno[3,2-clpyridine 26, pf 
46 "C, ( l~t t .  (5, 6, 9) pf 42-45 "C). 

L'acide 23 dicarboxylt dans les rn&rnes conditions 
(solvant d'Clution, benzkne-acetone-hexane (3:2:2)) four- 
nit la thiCno[2,3-clpyridine 25, pf 54-55 "C (litt. (5, 6, 9) 
pf 54-58 "C). 

1. (a) H. HEMETSBERGER, D.  KNITTEL et H. WEIDMANN. 
Monatsh. Chern. 101, 161 (1970); (b) H. HEMETS- 
BERGER et D. KNIITEL. Monatsh. Chern. 103, 194 
(1972). 

2. S. SOTH, M. FARNIER et P. FOURNARI. Bull. SOC. 
Chirn. Fr. 2511 (1975). 

3. K. N. JAVA, S. SOTH, M. FARNIER et C. PAULMIER. 
C.R. Acad. Sci. Ser. C, 281, 793 (1975). 

4. F. ELOY et A. DERYCKERE. Bull. SOC. Chirn. Belg. 
79,407 (1970). 
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301 (1970). 

6. W. HERZ et L. TSAI. J. Am. Chern. Soc. 75, 5122 
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Recherches en sCrie hCtCrocyclique. XXVI1.l Etude de la condensation 
de I'azidoacCtate d'Cthyle sur les thiophknedicarbaldChydes-2,s' 

-2,4 et -3,4 

Laboraioire de Polarograplrir Orgarriqlre a.rsoci@ nu C.N.R.S., CIiir?lie des H@iirocycle.r, Fac~rliP des 
Scier~ces Gabriel - 21000 Dijorl, Frar~ce 

R e ~ u  le 2 octobre 1975 

MICHEL FARNIER, SAMRETH SOTH et PIERRE FOURNARI. Can. J. Chem. 54, 1074 (1976). 
L'azidoacCtate d'Cthyle rCagit avec les thiophknedicarbaldChydes-2,5, es-2,5, -2,4 et -3,4 pour 

conduire B des produits de mono- et de dicondensation. La cyclisation des dCrivCs thiophiniques 
ainsi obtenus donne naissance soit B des thiinopyrroles substitues, soit B des systkmes com- 
portant deux noyaux pyrroliques orthocondensCs B un cycle thiophenique, soit enfin B des 
thiCno[3,4-clpyridones et pyridines. La structure des composCs obtenus au cours des diverses 
synthbes rklisCes est prCcisCe par spectroscopie rmn. 

MICHEL FARNIER, SAMRETH SOTH, and PIERRE FOURNARI. Can. J. Chem. 54, 1074 (1976). 
Ethyl azidoacetate reacts with 2,s-, 2,4-, and 3,4-thiophenedialdehydes to yield products of 

both mono- and dicondensation. Cyclization of the thiophene derivatives thus obtained leads to 
substituted thienopyrroles, to systems involving two pyrrole rings orthocondensed to one 
thiophene ring, or to thieno[3,4-clpyridones and pyridines. The structures of the compounds 
obtained from various syntheses were established by nmr. 

[Journal translation] 

Introduction 
Alors que la rkaction de Hemetsberger et 

Knittel (2) appliquCe B un nlonoaldthyde thio- 
phknique conduit B un thiknopyrrole (2,3), nous 
avons indiqut dans I'article prkckdent (1) qu'au 
dkpart du thiophCnedicarbaldkhyde-2,3, on acck- 
dait B des thitnopyridines et pyridones. Ces 
rksultats sont certainenlent dQs au fait que 
l'azidoacrylate d'kthyle substituk, form6 aprks 
action de I'azidoacCtate d'Cthyle peut interagir 
soit avec le groupe forlnyle qui reste libre, soit 
avec un deuxikme groupe azidoacrylate d'Cthyle 
introduit par dicondensation, ces interactions 
Ctant d'autant plus aiskes que les substitutions 
inttressent deux atomes de carbone cycliques 
vicinaux et qu'aucun sommet a,  plus rkactif 
qu'un somlnet p, n'est en position favorable pour 
la formation d'un cycle pyrrolique. 

Pour les trois dialdkhydes thiophCniques iso- 
mttres, ces diverses caractkristiques ne peuvent 
etre prtsentes simultanCment et, a yriori, les 
structures des produits finaux devaient ou pou- 
vaient etre diffkrentes de celles auxquelles con- 
duit le dialdkhyde-2,3; aussi avons-nous chercht 
B priciser le comportenlent de chacun de ces 
dialdkhydes lorsqu'on I'oppose h l'azidoadtate 

'Pour la partie XXVI voir la rCf. 1. 

d'tthyle et nous envisagerons successivement les 
rksultats obtenus au dtpart des dialdthydes-2,5, 
-2,4 et -3,4. 

Synthbses en se'rie 2,5 
Pour le dialdkhyde-2,5, aucune des interactions 

envisagkes prCcCdement ne peut intervenir et la 
nature des produits finalenlent obtenus au dCpart 
du dialdChyde ma' devait donc raisonnablenlent 
etre diffkrente de celle du dialdkhyde ap; c'est 
effectivenlent ce qui est observt, les diverses 
synthkses rkaliskes figurant au schCma 1. 

Dans les m&mes conditions opkratoires que 
celles utiliskes dans le cas du dialdkhyde-2,3 
(8 mol d'azidoacktate d2thyle pour une mol de 
dialdkhyde), le dialdthyde 1 donne un produit de 
monocondensation 2 et un de dicondensation 3 
(proportions relatives 9 et 91y0, rendement 
global 45%). La cyclisation du colnposk 2 con- 
duit nornlalement au dkrivt disubstituk cor- 
respondant du thikno[3,2-blpyrrole, 4 con~post 
d6jB prkpark par une autre voie (4); quant B celle 
du produit 3, elle permet, par l'intermkdiaire du 
diester 5 et du diacide 6, l'accks au 4H,5H- 
thiCn0[3,2-b:4,5-bl]dipyrrole 7, le rendement glo- 
bal de la transformation 3 + 7 ttant de 26y0. 
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FARNIER ET AL.: XXVIl 

1 
&Co2Et 

OHC 2 S, 

SynthPses en se'rie 2,4 
Les remarques relatives au dialdChyde-2,5 sont 

Cgalement valables pour le dialdihyde-2,4; on 
devait donc s'attendre B l'obtention finale de 
produits analogues B ceux signalis dans le cas 
prCcCdent ; l'expkrience vkrifie parfaitement ces 
prCvisions et les rCsultats que nous avons ob- 
servks sont indiquCs sur le schCma 2. 

La condensation de l'azidoacetate d'tthyle sur 
le dialdChyde 8 donne naissance i un mClange de 
trois produits: deux de monocondensation 9 et 10 
et un de dicondensation 11 (proportions relatives 
et respectives 18, 4 et 78%, rendement gCnCral 
36%). Les transformations rkalisCes au dCpart 
des produits 9, 10 et 11 analogues B celles 
signalCes prCcCdemment, conduisent directement 
aux thiCnopyrroles disubstituks 12 et 13 et, par 
l'intermediaire du diester 14 et du diacide 15, au 
2H,5H-thiCno[2,3-b:4,5-bl]dipyrrole 16, le ren- 
dement global de la transformation 11 4 16 

Ctant de 15%. A noter que le composC 13 est 
identique au produit principal de la formylation 
de l'ester Cthylique en 5 du thiCno[2,3-blpyrrole 
(3). 
SynthPses en se'rie 3,4 

Le dialdihyde-3,4.peut, cornme l'isomtre 2,3, 
Ctre considCrC comme un dialdChyde ortho, nlais 
les positions a thiophkniques sont libres. Conlpte 
tenu des observations prCcCdentes on pouvait 
envisager une compCtition entre une cyclisation 
intkressant le noyau thiophknique et une cyclisa- 
tion rCsultant de I'interaction des substituants en 
3,4. Le schCma 3, qui regroupe les rksultats 
obtenus en sCrie 3,4, confirme ces prCvisions. 

De m2me que dans le cas des trois autres 
dialdkhydes, la rCaction de condensation au 
dCpart du dialdChyde 17* se traduit par la 

2L'ktude de la condensation de l'azidoacktate d'Cthyle 
sur le dialdkhyde-3,4 a fait I'objet ci.'une publication pr& 
lirninaire (5). 
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OHC acHO 
I 

I 

OHC 
9 11 10 

formation simultante d'un produit de inonocon- 
densation 18 et d'un de dicondensation 19 
(proportions relatives et respectives 47 et 53a/,, 
rendement gCnCral 28%). La cyclisation de 
chacun des produits obtenus intCresse d'une part 
le (ou les) atorne(s) de carbone en a du (ou des) 
groupe(s) azidoacrylate d'tthyle, d'autre part 
I'un de ces groupes et le groupe port6 par le 
carbone 0' voisin. Le produit de monocondensa- 
tion conduit donc (et ainsi que nous l'avons not6 
dans une prCcCdente publication (3)) au dCrivC 
disubstituC 20 du thiCno[2,3-blpyrrole et B un 
ester Cthylique 21 d'une thitno[3,4-clpyridone 
(proportions relatives 90 et lo%, rendement 
global 76%). 

L'ester 21 donne naissance, via l'acide 24, B la 
thiCno[3,4-clpyridone 25, stable, le rendement du 
passage 21 + 25 Ctant voisin de 20%. Parallele- 
ment, le produit de dicondensation 19 conduit 
respectivement aux esters 22 et 23 en proportions 
sensiblement CquirnolCculaires et avec un excel- 

lent rendeinent (927,). On accede ainsi B un ester 
23 de la thiCno[3,4-clpyridine, ester parfaitement 
stable alors qu'il a dCjB Ctt signal6 (6) que la 
thiCno[3,4-clpyridine correspondante ne peut 
&tre conservie que sous forrne de picrate. Le 
diester 22 conduit normalement, par l'inter- 
m6diaire du diacide 26, au 2H,7H-thitno- 
[2,3-b:5,4-bl]dipyrrole 27 avec un rendement de 
25%. 

Notons par ailleurs que nous avons pu obtenir 
un monoester Cthylique du thiknodipyrrole 27 en 
op6rant de la f a ~ o n  suivante (voir schCrna 4): le 
thiCno[2,3-b]pyrrolecarbaldihyde-3 28, dtrivC de 
20, (3) se condense, mais avec un faible rende- 
rnent, sur l'azidoacitate dlCthyle pour conduire 
B l'azide 29 dont la cyclisation conduit B l'ester 
30, rnais cette voie d'accks au systkme hCtCro- 
cyclique fondanlental 27 est netternent rnoins 
favorable que celle indiqute sur le schema 3. A 
noter, de  plus, que I'aldChyde 28 est le seul des 
quatre aldthydes thiCno[2,3-blpyrroliques B se 
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OHC CHO 

t$ 
(N3CH2C02Et 

EtO C /COZEt 

OHC \C=HC I CH=C \ 
N3 

condenser sur 17azidoacCtate d'kthyle dans les 
conditions operatoires utilisees. 

De l'ensen~ble des etudes rCalisies au dCpart 
des dialdthydes thiophCniques nous paraissent se 
dCgager les observations gCnCrales suivantes. 

( i )  Alors que pour des monoaldChydes thio- 
phiniques le rendenlent de la reaction de con- 
densation est relativernent ClevC (50 B 70%), i l  
n'atteint jainais 50% pour les dialdkhydes. La 
prisence d'un second groupe for~nyle dkfavorise 
donc la condensation; cet effet est davantage 
marquC lorsque les deux groupes forrnyle sont en 
ortho: des implications steriques interviennent 
alors certainernent. 

I ( i i )  En ce qui concerne les reactions de cyclisa- 

tion, la facilitC deformation d'un cycle pyrrolique 
n'est pratiquement pas affectCe par la pr~sence 
d'un groupe formyle; parmi les dCrivis bicon- 
densts, c'est le dCrivC porteur de groupes azi- - .  

doacrylate d'Cthyle en positions 2,4 qui se cyclise 
le plus difficilement. Ce rtsultat est vraisem- 
blablement imputable au fait que les syst2rnes 
Cthyltniques prCsentent des configurations ou des 
conformations peu adaptCes i une bicyclisation 
conduisant B des "enroulements" dans des sens 
diffirents. 

Spectroscopic clc rrbonance tlzagne'tiqllc nucle'aire 
Dans le tableau 1 nous avons group6 les 

caractkristiques observkes pour les produits de  
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1078 CAN. J .  CHEM. VOL. 54, 1976 

mono- et de dicondensation des dialdthydes-2,5, 
-2,4 et -3,4 et nous y avons fait figurer Cgale- 
rnent, aux fins de cornparaison, celles relatives 
aux dtrivts de condensation 31 et 32 des aldt- 
hydes a et P thiophkniques. 

32 

Les caracttristiques rrnn des dtrivks 31 et 32 
ont d t j i  CtC signaltes (2): par rapport aux 
rtsultats indiquts par Hernetsberger et Knittel, 
les valeurs qui figurent au tableau 1 sont con- 
cordantes pour tous les protons thiophtniques 
du compost 31, mais celles relatives aux protons 
H4' et H s ~  de son isornkre 32 sont inverskes. 
L'ensen~ble des couplages observts nous parait 
confirmer I'assignation donnte au tableau 1. 

En ce qui concerne les produits de mono- et de 
dicondensation des dialdthydes-2,5, -2,4 et -3,4, 
l'attribution des signaux observts tant pour 
les protons thiophtniques que pour les protons 
vinyliques n'est gtntralement pas immtdiate. 
Elle a kt6 rtaliste compte tenu: (i) du dtblindage 

gtntral des protons a thiophtniques par rapport 
aux protons p; (ii) des incrtrnents de glissernent 
chirnique apportts tant par un groupe forrnyle 
(7) que par un groupe azidoacrylate d'tthyle (et 
en appliquant la rkgle d'additivitt des incrt- 
rnents); et (iii) enfin, du fait que le proton 
vinylique du groupe azidoacrylate d'kthyle rk- 
sonne trks gkntralernent vers 6.9 pprn lorsque ce 
groupe est fix6 en position fi du soufre et vers 
7.1 ppm lorsqu'il est en position a. 

Ainsi, la gkntralisation de cette dernikre con- 
statation perrnet, pour le dtrivt dicondenst 11, 
d'attribuer le singulet A 7.08 ppm B HI. et celui 
2 6.82 ppm B HI,,. 

Notons enfin que la structure du dtrivt 10 (et 
par voie de constquence celle de son isornkre 9) 
dkcoule de l'identitt de l'ester aldthyde 13 et 
d'un produit de forrnylation du thiCno[2,3-b]- 
pyrrolecarboxylate-5 d'tthyle. 

La structure des divers dtrivts thiophtniques 
disubstituts t tant parfaiternent dtfinie, les filia- 
tions chimiques qui conduisent aux composts 
cornportant deux ou trois cycles orthocondensks 
sont sans arnbigui'tt sauf en ce qui concerne la 
strie 3,4 oh il existe deux possibilitts de cyclisa- 
tion. Dans ce cas la spectroscopie rrnn perrnet 
d'ttablir la structure des composts obtenus. Nous 
avons rassemblk dans le tableau 2 l'ensemble des 
caracttristiques rrnn des htttrocycles orthocon- 
densts synthttisks. 

Les valeurs qui figurent au tableau 2 nous 
paraissent appeler les quelques rernarques sui- 
vantes. Dans le cas du thitnodipyrrole 16, si les 
protons a des cycles pyrroliques sont aistrnent 
distinguks des protons p, un problkrne se pose 
pour l'attribution des signaux de H3 et H6 d'une 
part et de H4 et H7 d'autre part. Or, les glisse- 
rnents chimiques des protons a sont trks voisins 
(et il en est de m&me de ceux des protons p). Ceci 
rejoint les rtsultats observes par exernple (8) 
pour les N-benzylthikno[2,3-b]- et thitno[3,2-b]- 
pyrroles. I1 en rtsulte que le signal assign6 au 
tableau 2 H3 pourrait l'&tre 2 H6 et rtciproque- 
ment, et il en est de rncrne pour H4 et H7. En ce 
qui concerne les constantes de couplage, les 
valeurs relevtes sont conformes B celles atten- 
dues. Cornrne le laissaient prkvoir les rtsultats 
obtenus pour les thitno[2,3-c]- et -[3,2-clpyri- 
dines (9), on observe un couplage A longue 
distance J37 pour les thitno[3,4-clpyridones 21, 
24 et 25. Pour la thitno[3,4-clpyridine 23 (pour 
laquelle l'attribution des signaux B HI et H3 est 
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FARNIER ET AL.: XXVII 1079 

TABLEAU 1. CaractCristiques rmn (solvant CDC13) des cornposCs du type 

$I iques 

" + J 
.J 7" IzCH3 

f k s 6  5 )  (c) (c) CHO Constantes (Hz) de couplage 
Composi 

+ O S  2 * & t s J3~4, J331 

- 1.37 9.97 3.7 0.6 

3 > 
J 

t 
1.38 

9 
6 t s J3j5, J35' 

.38 9.94 1.3 0.7 

10 S t S 
8.1 39 9.97 

11 . q t  
, . 7.08 6.82 4.34 1.37 

18 d rn d 9 t d Jzf5, J35' J 5 ' - ~ ~ ~  

8.09 8.31 7.82 4.38 1.39 9.94 2.7 0.75 0.5 

19 s s s 9 t  
8.23 8.23 6.92 4.37 1.40 

31 m 2d rn m ( I t  J33, J3t4, J4'5, 

7.27 7.00 7.44 7.12 4.34 1.36 1.2 3.6 4.8 
133,  J35, 
0.5-0.6 0.7 

32 m 2d 2d M q t  Jz'4' Jz'5, J4'5, 
7.86 7.47 7.29 6.94 4.35 1.38 1.2 2.8 4.8 

l 3 2 '  
0.6-0.7 

*s,  singulct, d, doublet, t, t ~ ~ p l c t ,  q, q u a d ~ u p l e t ,  ni, rnultiplet, M, n l a s ~ f  

incertaine) apparaissent deux couplages supplC- Partie expbrimentale 
mentaires JI4 et J4,. Les analyses ClCmentaires ont Cte effectuies par le 

C o p  Et Laboratoire Central de Microanalyses du C.N.R.S. A ~~2:; noter qu'il est difficile d'obtenir des risultats analytiques 
successifs concordants pour les composCs thiopheniques 
dicondensts 3,11 et 19 et pour le composi rnonocondensC 
29 qui se dkgradent assez rapidement. C'est la raison pour 

"3 laquelle aucun rCsultat analytique n'est indique pour les 

2 3 dCrivCs 3 et 29. Les spectres rmn ont CtC relevis sur un 
auuareil JEOL C 60 H L  en utilisant le TMS comrne 

Ces rnEmes caracteristiques se manifestent rkkrence interne. Les spectres de masse ont CtC obtenus B 

kgalement sur les spectres des isornbres [2,3-c~ et l'aide d'un appareil LKB 9000 (temperature de la source 
300 "C; tension d'accC1Cration 70 eV) et les spectres uv 

[3,2-c] (1, 9). Signalons enfin que sur les spectres ,,, un appareil Beckman DK 2. 
des thienodipyrroles 7, 16 et 27, relevis dans le 
DMSO-& sans ajout de D20,  on note la presence M f l ~ f " ~ ~ ~ ~ ~ ~ ~ ~ i c a r b a l d C h y d e S S 2 2 5 5  -2,4 et -3,4 de 

- de cOu~lages  JII~-NII = 2.4 A 2.6 Hz et J ~ . ~ a - ~ ~ ~  - dipart ont CtC prepares selon les methodes dCcrites dans 
1.9 A 2.2 Hz. la litterature (10). 
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1080 CAN. J. CHEM. VOL. 54. 1976 

TABLEAU 2. CaractCristiques rrnn des produits cornportant deux ou trois cycles orthocondenses 

DCplacernent chirnique des protons (pprn)* 

Cycliques Exocycliques 
Constantes de 

CornposC HI H2 H3 H4 H5 H6 H7 C02C2H5 CHO couplage (Hz) 

4f d d q t s J36 
7.98 7.17 4.35 1.34 10.00 0.7 

5 S S q t 
7.12 7.12 4.31 1.32 

6 s s 
7.11 7.11 

7 t d d d d J23 
6.35 6.87 6.87 6.35 2.8 

12 S S q t S 

8.61 7.22 4.32 1.34 10.11 

14t S S q t 
7.10 7.10 4.31 1.34 

1st  S S 
7.12 7.12 

16t d d d d J34 J67 
6.95 6.28 6.82 6.36 3.0 3.0 

21 d 2d M q t JII J37 

7.60 8.30 7.29 4.39 1.38 3.1 0.7 

22 S S q t 
7.06 7.06 4.27 1.31 

23 2d 2d rn rn q t JII J14 J37 J47 

7.93 8.14 9.19 8.40 4.49 1.45 3.0 0.9-1.0 1.0 1.0 

24 d 2d M J I ~  J37 
7.98 8.40 7.31 3.0 0.7 

25t d 2d d 2d JII J37 J6 7 
7.68 8.36 6.90 6.53 3.0 0.7 7.5 

26 t S S 
7.11 7.11 

27 t d d d d J3 4 

6.92 6.32 6.32 6.92 2.9 

30 t S d d q t J56 
6.99 6.37 6.92 4.26 1.30 2.9 

*Solvant DMSO-d6 sauf pour Ics composis 21 ct 23 (CDC13). 
tAjout de D20. 
IValcurs en bon accord avcc ccllcs dc Gale et ol. (4). 

Conder1salior1 rle l'azirloncklale d'Pl11yle srtr le 
llliopl1Pt~edicarbaIdPI1yde-2,5 

A une solution dlCthanolate de sodium (3.68 g (0.16 at. 
g) de Na dans 100crn3 dlCthanol absolu), on ajoute 
goutte B goutte, k - 10 "C et sous agitation une solution 
de 2.8 g (0.02 rnol) du dialdehyde 1 et 20.64 g (0.16 rnol) 
d'azidoacktate d'Cthyle dans 80 crn3 d'Cthanol absolu. 
L'addition termink, l'agitation est rnaintenue 1; h B 
-10 "C. Le rnClange riactionnel est verse dans une 
solution glacCe de chlorure d'arnrnoniurn et extrait B 
1'Cther. La phase CthCrCe est lavie a l'eau, sCchCe et le 
solvant est CvaporC jusqu'i obtention d'environ 10 crn3 

de solution. Le produit dicondensC 3 qui prCcipite est 
is016 par filtration et le filtrat est Clue par le benzkne sur 
colonne d'acide silicique. On rkcupkre ainsi nouveau un 
peu de produit dicondensi 3 et le derive monocondens6 2. 
Finalernent on obtient: (i) aprks recristallisation dans un 
rnClange Cther-hexane ( 1  :2), 3.0 g (41%) de bis(azido-2' 
Cthoxycarbonyl-2' vinyl)-2,5 thiophkne 3, pf 134 "C; et 
(ii) aprks recristallisation dans un rnClange benzkne-hex- 
ane ( 1  :3), 200 rng (4(h,) d'azido-2 (forrnyl-5' thiCnyl-2')-3 
acrylate d'ithyle 2, pf 138°C. Ar~al. calc. pour 
CIOHgN3O3S: C 47.80, N 16.72, 0 19.1 1, S 12.76; trouve: 
C47.97, N 16.53, 0 19.34, S 12.61. 
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FARNIER E AL.: XXVII 1081 

Condensation de l'azidoacitate d'e' t l~~le slrr le 
tl1iopA211erlicarbald&11yde-2,4 

On opkre comme dCcrit ci-dessus mais au dCpart de 
0.02 mol du dialdkhyde 8 et en maintenant la temperature 
B 0 "C. Aprks addition, on continue I'agitation 2 11 B 0 "C 
puis 1 h 9. temperature ambiante. Le rksidu obtenu aprks 
extraction et evaporation du solvant est chromatographi6 
sur acide silicique (eluant benzkne). On isole aprks 
recristallisation: ( i )  2.0g (28%) de (azido-2' Cthoxy- 
carbonyl-2' vinyl)-2 (azido-2" Cthoxycarbonyl-2" vinyl)-4 
thiophkne 11, pf 110 'C (solvant de recristallisation 
ether-hexane (1:3)); Anal. calc. pour Cl4HI4N6o4S: 
C 46.40, H 3.89, N 23.20, S 8.85; trouvC: C 46.60, H 3.84, 
N 23.25, S 8.96; (ii) 65 mg (1.3';/,) d'azido-2 (formyl-5' 
thiknyl-3')-3 acrylate d'Ctliyle 10, pf 84 "C (solvant de 
recristallisation ether-pentane (1 :4)); Atml. calc. pour 
CloH9N303S: C 47.80, H 3.61, N 16.72, 0 19.11, S 12.76; 
trouvC: C 47.93, H 3.55, N 16.74, 0 19.10, S 12.62; et 
(iii) 330 mg (6.6%) d'azido-2 (formyl-4' thiCnyl-2')-3 
acrylate d'ethyle 9, pf 60 "C (solvant de recristallisation 
pentane); Atlal. calc. pour CloH9N303S: C 47.80, N 16.72, 
0 19.11, S 12.76; trouve: C 47.65, N 16.43, 0 19.12, 
S 12.87. 

Condetlsation de l'azirloacitate cl'itlyle slcr le 
thiopl1~nediccrrbaldiI1y~Ie-3,4 

La condensation est rCalisCe selon le mode operatoire 
gCnCral dicrit pour le dialdChyde-2,5, mais avec les 
modifications suivantes: on opkre i 0 "C et on extrait au 
chloroforme. Au depart de 1.4 g du dialdkhyde 17 et aprks 
chromatographie sur acide silicique (eluant benzkne) et 
recristallisation dans des melanges benzkne-hexane, on 
obtient: ( i )  540 mg (15%) de bis(azido-2' Cthoxycarbonyl- 
2' vinyl)-3,4 thiophkne 19, pf 140 "C; Annl. calc. pour 
CI4H14Ns04S: C 46.40, N 23.20, 0 17.66, S 8.85; trouvk: 
C46.46, N 23.13, 0 17.83, S 8.78; et (ii) 330 mg (13c,&) 
d'azido-2 (formyl-4' thiknyl-3')-3 acrylate d'Cthyle 18, pf 
121 "C,  d6jB obtenu par nous-m&mes par une autre voie 
(3). 
Cyclisatiot~ cles pwrlrrits rle tnot~ocot~rlet~.sntior~ 2 ,  9,10 et 18 

Nous avons d6jB signal6 (3) les modalitis et les rCsultats 
de la cyclisation du dCrivC 18. Celle des composes 2, 9 et 
10 a CtC eRectuCe selon Le m&me procedi dCcrit dans le 
cas de l'isomkre 2. 

(a) Cyclisotiot~ d~r prorlrrit 2 
On porte 1 h a reflux 1 g du composC 2 dans 100 cm3 

de xylkne. Le xylkne est ensuite CliminC par distillation et 
le rtsidu obtenu est Clue sur acide silicique par le melange 
chloroforme-acCtone (20:l). Apres recristallisation dans 
le benzkne, on isole 670 mg (75(%) de formyl-2 thiCno- 
[3,2-b]pyrrolecarboxylate-5 d'ethyle 4, pf 177 "C (litt. 
(4) pf 181-181.8 "C). 

(b) Cyclisation drc prod~rit 9 
Au dCpart de 1 g du composC 9, on obtient, aprks 

recristallisation dans I'hexane, 620 mg (70Yti) de formyl-3 
thiCno[3,2-b]pyrrolecarboxylate-5 d'ethyle 12, pf 86 "C. 
Anal. calc. pour CloH9N03S: C 53.81, H 4.06, N 6.27, 
0 21.50, S 14.36; trouvC: C 53.56, H 4.09, N 6.40,O 21.23, 
S 14.34. 

(c) Cyclisation did produit I0 
A partir de 200 mg du compose 10 et aprks Climination 

du xylkne par distillation, un solide apparait. I1 est re- 

cristallisC directement dans un mClange benzkne-hexane 
(3:l)  et on isole 90 mg (51%) de formyl-2 thiCno[2,3-b]- 
pyrrolecarboxylate-5 d'Cthyle 13, pf 168 "C. Ce composC 
est identifiC I'un des produits de formylation (3) de 
l'ester ethylique en 5 du thiCno[2,3-blpyrrole. 

Cj~clisarion rles rlirivis dicondensb 3, 11, el I9 
(a) Cyclisotion de 3 
Le compose 3 (2 1.7 g) dans 1 litre de xylkne est porte 1 h 

B reflux. Par refroidissement la solution abandonne 14.0 g 
(76'y0) de 4H,5H-thiCno[3,2-b:4,5-b']dipyrroledicarbox- 
ylate-3,6 de diCthyle 5, pf 254 "C. Anal. calc. pour 
CI4H14N204S: C 54.89, H 4.60, N 9.15, 0 20.89, S 10.47; 
trouvC: C 54.74, H 4.52, N 9.39, 0 20.71, S 10.22. 

(b) Cyclisntion de 11 
A 250 cm3 de xylkne chaufFCs B Cbullition, sont ajoutCs, 

sous agitation et par petites portions (en 10 rnin environ), 
5 g du composC 11. Aprks addition on agite encore 10 rnin 
et on Climine par distillation environ 801,/0 du xylkne. Le 
solide qui pricipite par refroidissement est recristallisC 
dans un mClange ethanol-eau (3:l) et on obtient 1.8 g 
(4374) de 2H,5H-thiCno[2,3-b:4,5-b']dipyrroledicarboxyl- 
ate-3,6 de diCthyle 14, pf 294-295 'C. Anal. calc. pour 
C14H14N204S: C 54.89, H 4.60, N 9.15, 0 20.89, S 10.47; 
trouvC: C 54.97, H4.71, N 9.31, 0 20.78, S 10.34. 

(c) Cj~clisuriot~ de 19 
On porte 400 cm3 de xylkne a reflux, puis en 15 min 

environ on introduit, par fractions et sous agitation, 10 g 
du dCrive 19. L'addition terminCe, on maintient le reflux 
durant 20 min, Le prkipite qui apparait par refroidisse- 
ment est sCchC et on isole ainsi 3.95 g (47Yti) de 2H,7H- 
thiCno[2,3-b:5,4-b'ldipy rroledicarboxylate-3,6 de diethy le 
22, pf 309 "C. Atlnl. calc. pour CI4H14N204S: C 54.89, 
N9.15, 0 20.89, S 10.47; trouvC: C 55.00, N 9.13, 
0 20.66, S 10.41. 

Le xylkne est ensuite CliminC par distillation et le rCsidu 
obtenu est Clue sur acide silicique par le mClange chloro- 
forme-acCtone (9:l). On obtient aprks recristallisation 
dam un mClange benzene-hexane (1 :4), 2.6 g (45yti) de 
thiCno[3,4-c]pyridinecarboxylate-6 d'Cthyle 23, pf 108 "C. 
Annl. calc. pour CloH9N02S: C 57.95, N 6.76, 0 15.44, 
S 15.47; trouvk: C 57.79, N 6.61, 0 15.42, S 15.75. 

Hydrolyse des diesters 5 ,  14 et 22 
L'hydrolyse alcaline des esters 5, 14 et 22 est effectuCe 

quantitativement selon le m@me mode opiratoire dCcrit 
dans un cas particulier. Le diester 5 (6.12 g) et 4.48 g de 
potasse dans 60 cm3 d'eau sont portCs 6 h i reflux. A 
tempkrature ambiante, on acidifie par une solution 
d'acide chlorhydrique 5 N. Le prkipitk obtenu est lave a 
l'eau glacCe jusqu'a neutralit6 et skhC. On obtient 5 g 
d'acide 4H,5H-thiCno[3,2-b:4,5-b']dipyrroledicarboxyli- 
que-3,6 6, pf (dCc.) >360 "C. 

Acide 2H,5H-thiCno[2,3-b:4,5-b']dipyrroledicarboxyli- 
que-3,6 15, pf (dk . )  > 360 "C. 

Acide 2H,7H-thiCno[2,3-b:5,4-b']dipyrroledicarboxyli- 
que-3,6 26, pf (dec.) > 360 "C. 

D6carboxylation des diacides 6, 15 el 26 
(a) Dicarboxylation dir diacide 6 
On chauffe 35 rnin B 130 "C, 2.5 g du diacide 6 et 750 

mg de chromite de cuivre (active par du baryum) dans 
40 cm3 de quinolkine. Puis on refroidit rapidement par un 
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bain d'eau glacCe et on verse dans 500 cm3 d'Cther. La 
phase CthCrCe est isolCe, lavCe par une solution d'acide 
chlorhydrique 0.2 N puis ?i I'eau B neutralit6 et sCchCe. 
Aprks baporation de 1'Cther et recristallisation dans un 
mClange benzkne-hexane (3:2), on isole 570 mg (35%) de 
4H,5H-thiCno[3,2-b:4,5-b']dipyrrole 7, pf 195 "C; A,,, 
(EtOH) 224 ( E  5800), 263 (15 600), 272 (17 900), 282 nm 
(14 500); spectre de masse, M+ 162 (100r/o), 161 (17), 135 
(47). Atzal. calc. pour C8H,N2S: C 59.23, H 3.73, N 17.27, 
S 19.77; trouvC: C 59.34, H 3.92, N 17.20, S 19.64. 

(b) DPcarboxylation dir diacide 15 
On opkre comme pour l'isomkre 6. Au dCpart de 1 g 

du diacide 15 et aprks recristallisation dans un mClange 
benzkne-hexane (1 :I), on obtient 220 mg (34YG) de 
2H,SH-thiCno[2,3-b:4,5-bl]dipyrrole 16, pf 140 "C; A,,, 
(EtOH) 214 (e 14 800), 230 (14 500), 255 nm (10 100); 
spectre de masse, M+ 162 (lOOYG), 161 (35), 135 (37). 
Anal. calc. pour C,H6N2S: C 59.23, H 3.73, N 17.27, 
S 19.77; trouvC: C 59.19, H 3.60, N 17.24, S 19.53. 

(c) De'carboxylatiorz du diacide 26 
En opCrant comme dkri t  pour l'isomkre 6, on isole au 

dCpart de 1.6 g du diacide 26, 260 mg (25%) de 2H,7H- 
thiCno[2,3-b:5,4-b'ldipyrrole 27, pf 113 "C (benzkne- 
hexane (1 :I); A,,, (EtOH) 208 nm (e  22 700); spectre de 
masse, M+ 162 (100'%;1), 161 (SO), 135 (23). Atzal. calc. pour 
C8H6N2S: C 59.23, H 3.73, N 17.27, S 19.77; trouve: 
C 59.48, H 3.89, N 17.43, S 19.49. 

Acide 0x0-4 dilzydro-4,5 tllie'tzo[3,4-c]pyridinecarboxyli- 
que-6 24 

On chauffe 90 min 2 6&70 "C, 700 mg d'ester 21 et 
350 mg de potasse dans 10 cm3 d'eau. Apres avoir 
acidifiC par une solution d'acide chlorhydrique 5 N et 
lavC ?i I'eau glacCe le prCcipitC obtenu, on isole quanti- 
tativement l'acide 24, pf (dCc.) 324-325 "C. 

0x0-4 dilzydro-4,5 thiPtzo[3,4-clpyriditze 25 
Une suspension de 500mg d'acide 24 et 250 mg de 

chromite de cuivre (active par du baryum) dans 7 cm3 de 
quinolCine est portCe 1 h ?i 195 "C. La quinolCine est 
ensuite CliminCe par distillation sous 0.05 torr et le rCsidu 
obtenu Clue sur colonne d'acide silicique par le melange 
benzkne-acetone (2:l). Aprks recristallisation dans I'eau, 
on obtient 80mg (21%) de la thiknopyridone 25, pf 
200 "C. Atzal. calc. pour C,H,NOS: C 55.61, H 3.33, 
N 9.27,O 10.58, S 21.21; trouvC: C 55.68, H 3.39, N 9.32, 
0 10.70, S 21.41. 

Cotzdetzsa(iot~ de I'azidoace'tate d'Ptlzyle sur le 
6H-tlzie'tzo[2,3-b]pyrrolecarbaldP/zyde-3 28 

On opkre comme dCcrit pour la condensation sur le 
thiophknedicarbaldChyde-2,5 mais en maintenant la 
tempkrature ?t 0 "C. Le rCsidu finalement obtenu au dCpart 
de 1.51 g d'aldChyde 28 (et de 5.16 g d'azidoacktate 
d'Cthyle) est chromatographi6 sur acide silicique (Ciuant 
chloroforme-acCtone (20: 1)). On rCcupkre ainsi 380 mg de 
17aldChyde 28 de dCpart et on obtient, aprks recristallisa- 
tion dans un mClange benzkne-hexane (1:3), 350mg 
(18%) d'azido-2 (thiCno[2,3-blpyrrolyl-3')-3 acrylate 
d'Cthyle 29, pf 150 "C; rmn (DMSO-d6, D20) 6 1.33 
(t, 3H), 4.3f (q, 2H), 6.53 (d, J4,,, = 2.9 HZ, H4,), 6.99 
(s, H3),,7.09 (2d, J 4 p 5 ,  = 2.9 et JZr5' = 1.1 HZ, H5,), 7.72 
(S Clargl, HZ,). 

2H,7H-TlziPt10[2,3-b:5,4-b']dipyrrolecarboxylate-3 
d'Ptlzyle 30 

On chauffe 1 h ?i 100 "C 1 g du composC 29 dans 100 
cm3 de xylkne. Le solvant est CliminC par distillation et le 
rCsidu obtenu CluC sur acide silicique par le mClange 
chloroforme-acetone (20:l). Aprks recristallisation dans 
le mClange Cthanol-eau (1 :2), on isole 350 mg (397G) de 
l'ester 30, pf 201 "C. Anal. calc. pour C11HI~N202S: 
C56.39, H4.30, N11.96, 013.66, S13.69; trouvC: 
C 56.29, H 4.05, N 12.04, 0 13.52, S 13.52. 
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Recherches en sCrie hCtCrocyclique. XXVIII.' Synthkse de bipyrroles 

MICHEL FARNIER, SAMRETH SOTH ET PIERRE FOURNARI 
Lc~boraroire de Polarographie Orgarliqlte associ6 all C.N.R.S., Chirnie cles H6rirocycles, Faclrlrc' cies 

Sciet~ces Gabriel - 21000 Dijor~, Frat~ce 

R q u  le 2 octobre 1975 

MICHEL FARNIER, SAMRETH SOTH et PIERRE FOURNARI. Can. J. Chern. 54, 1083 (1976). 
La rCduction par le nickel de Raney de diesters de thiCnodipyrroles se traduit par une disulfu- 

ration. Par traitement des diesters bipyrroliques ainsi obtenus on acckde aux trois systkmes 
fondamentaux; les bipyrroles-2,2', -2,3' et -3,3'. 

MICHEL FARNIER, SAMRETH SOTH, and PIERRE FOURNARI. Can. J. Chern. 54,1083 (1976). 
Raney nickel reduction of the diesters of thieno dipyrroles proceeds by a desulfuration. 

Treatment of the dipyrrole diesters thus obtained leads to three fundamental systems; 2,2'-, 
2,3'-, and 3,3'-dipyrroles. 

[Journal translation] 

Introduction 
Alors que les trois bithiophknes sont connus 

de longue date, le seul bipyrrole qui, h notre 
connaissance, ait t t t  isolt est le bipyrrole-2,2' 
(2, 3). Un certain nombre de ses dtrivts de sub- 
stitution ont tgalement t t t  synthttists (2, 4-1 1). 
L'inttrEt port6 h la sCrie des bipyrroles-2,2' tient 
entre autres au fait que le mkthoxy-4 bipyrrole- 
2,2' carbaldihyde-5 est le prtcurseur de pro- 
digiosines (1 1-13), composCs qui revCtent une 
importance certaine en biochinlie. Par contre, en 
strie 2,3' seuls deux dCrivCs hautement substituts 
ont CtC dCcrits (14) et aucun reprisentant de la 
sCrie 3,3' ne parait avoir Ctt signalC. Notons 
enfin que si un seul bipyrrole non substituC a Ctt 
obtenu les trois isomkres ont dCjh fait l'objet 
d'Ctudes thtoriques tant du point de vue con- 
forination (15) que du point de vue spectroscopie 
Clectronique (16). 

Le fait que ni le bipyrrole-2,3', ni le bipyrrole- 
3,3' n'aient Ctt synthttists nous senlble tenir 
essentiellement au fait que les n~onohalogCno- 
pyrroles, prkcurseurs potentiels de ces compods, 
sont trks instables (17). 11 paraissait cependant 
inttressant n priori de disposer des deux ison~kres 
du bipyrrole-2,2' aux fins de pouvoir tenter de 
dCgager l'influence de la structure sur I'activitt 
chimique ou biochimique de leurs dtrivts. 

Dans l'article prtcident, nous avons indiqut 
les voies d'accks h des produits de substitution de 
thitnodipyrroles et aux systkmes fondamentaux. 
Or, on sait (18) que le cycle thiophtnique subit 

]Pour la partie XXVII voir la rCf. 1. 

aistment une dtsulfuration lorsqu'on traite un 
compost comportant un tel cycle par le nickel de 
Raney. Cette caracttristique, qui s'est rtvklte 
contraignante dans la synthkse de certains thitno- 
pyrroles substituts (19), pouvait a yriori &tre mise 
h profit pour l'accks aux bipyrroles au dtpart de 
thitnodipyrroles. Mais ces derniers composCs 
n'ont pu Etre isolts qu'en quantitCs relativeillent 
faibles, aussi nous avons prCfCrC opCrer sur les 
diesters CYCY' accessibles dans de nleilleures con- 
ditions. 

Les synthkses rCalistes sont indiqutes sur le 
schima 1. La rCduction dtsulfurante des trois 
diesters thiCnodipyrroliques 1, 2 et 3 s'effectue 
avec des rendenlents de l'ordre de 70-807,. Les 
diesters bipyrroliques ainsi obtenus, 4, 5 et 6, 
sont hydrolysts quantitativement en les diacides 
correspondants 7, 8 et 9. La bis dtcarboxylation 
de ces acides donne naissance aux trois bipyr- 
roles 10, 11 et 12 avec un rendenlent variant de 
30 h 45%. Par cette voie, on passe donc d'un 
diester de thiCnodipyrrole au bipyrrole corres- 
pondant avec un rendeinent gintral de l'ordre 
de 30%. 

A noter, qu'assez curieusement, la nature du 
produit de dtpart n'a pratiquement aucune 
influence sur la facilitC de la transformation. 

La structure des bipyrroles et des interm6 
diaires dtcoule directement des transformations 
rtalistes. Les caracttristiques rrnn observtes pour 
chacun des produits synthttists sont groupCes 
dans le tableau 1. 
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1 2 3 

Ni Raney 

H H 

Notons tout d'abord que le bipyrrole-2,2' a 
dtjB Ctt ttudit en rmn protonique en optrant en 
solution dans le dioxyde de soufre liquide (3) et 
trks ricemment (13) en rmn du 13C en utilisant le 
DMSO-d6 comme solvant. Dans ce solvant, et en 
prCsence d'eau lourde, on obtient un spectre de 
type ABX pour les protons de ce bipyrrole. Dans 
les m h e s  conditions le bipyrrole-3,3' fournit un 
spectre de type AMX et le bipyrrole-2,3' la 
superposition de deux systkmes, un systkme 
ABX pour les protons H3, H4 et H5 et un 
systkme AMX pour les protons H2,, H4, et H5,. 
Dans le cas de ce dernier bipyrrole, les deux 
m h e s  types de couplage apparaissent pour H5 
et H4' et I'attribution des signaux observCs B 
chacun de ces deux protons est effectuCe en 
considerant (par rCfCrence aux risultats obtenus 
pour les deux autres bipyrroles) le proton Hs 
comme Ctant le plus dCblindC. 

De f a ~ o n  gCnCrale, on ne constate qu'une 
faible difftrence de glissernent chimique entre les 
protons a des bipyrroles et du pyrrole lui-mCme 
CtudiC dans le m&me solvant (20), et il en est de 
meme pour les protons /3. Par ailleurs, il existe 
une trks bonne concordance entre les constantes 

de couplage observCes pour les bipyrroles et pour 
le pyrrole (20). L'attribution des signaux ob- 
servCs pour les divers protons du cycle bipyrro- 
lique des diesters 4, 5 et 6 et des diacides 7, 8 et 9 
a kt6 rCalisCe compte tenu du dtblindage gCnCral 
des protons a par rapport aux protons /3 dans 
llhCtCrocycle non substitut, et des incriments 
apportts par un groupe carboxylate d'tthyle en 
sCrie pyrrolique (20). 

En spectromttrie de masse, on note, comme 
pour les bithiophknes (21), une grande similitude 
des spectres des trois bipyrroles. Comme pour le 
bipyrrole-2,2' (1 l), le pic n~olCculaire (m/e 132) 
des bipyrroles-2,3' et -3,3' est le pic de base et i l  
est accompagnC entre autres de pics importants i 
M - 1 (m/e 131), M - 27 (tn/e 105) et M - 28 
(tn/e 104). Les spectres des trois isonlkres ne se 
diffirencient que par quelques minimes varia- 
tions de l'intensitt relative des pics. 

En revanche, les trois spectres uv sont nette- 
rnent difftrents. Celui du bipyrrole-2,2' a d t j i  
t t t  dCcrit (2, 8). Les rtsultats que nous avons 
obtenus pour ce con~post sont en excellente 
concordance avec les donntes de la litttrature. 
Milun et Trinajstic (16) ont indiqut les caractk- 
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FARNIER ET AL.: XXVIII 1085 

TABLEAU 1. CaractCristiques rmn des bipyrroles (solvant DMSO-d6)* 

DCplacement chimique des protons (ppm) 

Des cycles bipyrroliques Exocycliques 
Constantes de 

ComposC HZ HI H4 HS H2, HI, H4, Hs, C02CH2CH1 couplage (Hz) 

4 d d d d ' I t  J14(1'4') 

6.64 6.79 6.64 6.79 4.27 1.30 3.8 

5 t d d  d d q t J I ~  J2'4- 

6.35 6.76 7.58 7.27 4.27 1.31 3.8 1.7 

6t d d d d ‘ I t  J24 (2'4') 
7.28 7.00 7.28 7.00 4.27 1.31 1.7 

7 t d d d d Ji4(1,4,~ 
6.63 6.80 6.63 6.80 3.8 

st d d d d J14 52'4' 
6.38 6.84 7.55 7.24 3.9 1.7 

9t d d d d J24 (2'4') 
7.23 6.95 7.23 6.95 1.7 

10 m m m  m m m  J I ~ ( I , ~ , )  Jis(1'5,) J45(4'5,) 
6.26 6.05 6.71 6.26 6.05 6.71 3.4 1.5 2.6 

11 t m m m 2 d  2d 2d J I ~  JIS J45 
6.04 5.99 6.60 6.95 6.25 6.71 3 .4  1.8 2.5 

32'4' h ' 5 ,  J435, 

1.6 2.1 2.7 

12t 2d 2d 2d 2d 2d 2d J24(2,4*) 525 (2'5') J45(43') 

6.81 6.13 6.67 6.81 6.13 6.67 1.6 2.0 2.7 

*d, doublet; t, triplet; q, quadruplet; m, multiplet. 
tAjour de D?O. 

r i s t i a u e s  des soectres C l e c t r o n i a u e s  a u i  d k c o u l e n t  (b) Re'duction du compose' 2 
1 ,  

d'unk i tude ihCorique des trois bipyrroles,  L~~ On ajoute 2 g du diesier 2 i une suspension de nickel de 
Raney (obtenue au depart de 130 g d'alliage) dans 600 r k s u l t a t s  e x p k r i n ~ e n t a u x  sont en assez bonne d3acCtone et on chaure reflux, Le residu 

concordance avec l e u r s  p r k v i s i o n s .  obtenu an& eva~oration de ('acetone est CluC sur 
1 -  . 

colonne d'acide silicique par le melange benzene - acttate 
d'ithyle (2:l). Aprks recristallisation dans un melange 

Les analyses CICmentair~s ant e t ~  effectu~es par le ethanol-au (l : l j ,  on isole 1.3 g (72:;) de bipyrrole-2,3' 
Laboratoire Central de Microanalyses du C.N.R.S. L~~ dicarboxylate-5,5' de diCthyle 5, ~f 170 "c, ~ n a l .  calc. 
spectres rmn ont CtC relevis sur un apparei( JEOL c 60 Pour Cl4HlbN204: C 60.86, H 5.84, N 10.14, 0 23.16; 

HL en utilisant le TMS comme rCfCrence interne. Les trOuvC: C60.99, 5.87, 10.433 O 23.19. 
spectres de masse ont CtC obtenus i l'aide d'un appareil 
LKB 9000 (temperature de la source 300 "C; tension 
d'accC1eration 70 eV) et les spectres uv sur un appareil 
Beckman DK2. Les diesters de thienodipyrroles 1, 2 et 3 
ont CtC prCparts comme dCcrit dans l'article precedent (I). 

Re'duction des diesters de tlrie'nodipyrroles I ,  2 et 3 
(a) Re'd~ictiotl dii cornpose' I 
A une suspension de nickel de Raney (prCparCe i partir 

de 50 g d'alliage) dans 500 cm3 d'acetone, on ajoute 1.53 g 
du diester 1 et on chauffe 4 h i reflux. A temperature 
ambiante, le catalyseur est CliminC par filtration et le 
solvant CvaporC. Le prCcipitC obtenu fournit, aprks 
recristallisation dans un melange Cthanol-eau (5 :I), 1.06 g 
(77y0) de bipyrrole-2,2' dicarboxylate-5,5' de diCthyle 4, 
pf 242 "C. At~al. calc. pour Cl4HI6N2o4: C 60.86, H 5.84, 
N 10.14, 0 23.16; trouvC: C60.82, H 5.96, N 9.95, 
0 23.10. 

(c)  Re'ductiotl du cotnpose' 3 
Le mode opCratoire est analogue B celui decrit en (0). 

Au depart de 3.06 g du diester 3, on obtient 2.25 g (82%) 
de bipyrrole-3,3' dicarboxylate-5,5' de dittliyle 6, pf 
224 "C. Anal. calc. pour C14H,6N104: C 60.86, H 5.84, 
N 10.14, 0 23.16; trouvC: C 60.60, H 5.68, N 10.06, 
0 23.44. 

Hydrolyse alcalirre des cliesters 4, 5 et 6 
Les diacides 7 , s  et 9 sont obtenus quantitativement par 

hydrolyse des diesters 4, 5 et 6 en opCrant comme dkr i t  
ci-dessous dans le cas de l'isomkre 7. On chauffe 9 h i 
reflux 1.38 g du diester 4 et 1.12 g de potasse dans 15 cml 
d'eau. A temperature ambiante, on acidifie par une 
solution glacCe d'acide chlorhydrique 5 N. Le prkipitk 
form6 est essorC, lave i I'eau glacCe et skhC. On isole 
ainsi 1.1 g d'acide bipyrrole-2,2' dicarboxylique-5,5' 7, pf 
(dk. )  > 360 "C. 
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1086 CAN. J. CHEM. VOL. 54. 1976 

Acide bipyrrole-2,3' dicarboxylique-5,5' 8 (reflux 2 h), 
pf (dk.)  218 "C. 

Acide bipyrrole-3,3' dicarboxylique-5,5' 9 (reflux 7 h), 
pf (dCc.) > 360 "C. 

D6carboxylatiotz des diacides 7, 8 et 9 
(a) D6carboxylatiot1 dlc diacide 7 
On chauffe 35 rnin h 140 "C une suspension de 1 g du 

diacide 7 et 300 rng de chrornite de cuivre (active par du 
baryurn) dans 25 crn3 de quinolCine. A temperature 
arnbiante, on verse dans de 1'Cther. La phase CthCr6e est 
filtree pour Clirniner le catalyseur, traitCe par une solution 
d'acide chlorhydrique N, puis lavCe h I'eau h neutralitC, 
enfin s6ch6e. Aprks Cvaporation de 1'Cther et recristallisa- 
tion dans un rnClange benzkne-hexane (3:1), on isole 
240 rng (40%) de bipyrrole-2,2' 10, pf 188 "C (litt. (2, 3) 
pf 187-190 "C); spectre de rnasse M+ 132 (10070), 131 
(40), 105 (28), 104 (50). 

(b) D6carboxylatiot1 du diacide 8 
De rnsrne, au depart de 1 g du diacide 8 (conditions 

opCratoires 1 h h 140 "C) et aprks recristallisation dans un 
rnClange benzene-hexane (1: l), on obtient 270 rng (45%) 
de bipyrrole-2,3' 11, pf 103 "C; A,,, (EtOH) 205 (e 
16 300), 213 ( ip  15 300), 232 (11 OOO), 257 (13 400), 279 
nrn (Cp 6500); spectre de rnasse M+ 132 (100%), 131 (36), 
105 (32), 104 (59). Anal. calc. pour CsHsN2: C 72.70, 
H 6.10, N 21.20; trouvk: C 72.53, H 6.25, N 21.09. 

(c) D6carboxylatiot~ d11 diacide 9 
Le diacide 9 (1 g) (conditions opkratoires 30 rnin h 

170 "C) fournit, aprks recristallisation dans un rnClange 
benzkne-hexane (2:1), 180 rng (30%) de bipyrrole-3,3' 
12, pf 116 "C; A,,, (EtOH) 206 (e 19 700), 237 nrn (6100); 
spectre de rnasse M+ 132 (lOOyo), 131 (31), 105 (28), 104 
(65). Anal. calc. pour CsHsN2: C 72.70, H 6.10, N 21.20; 
trouvC: C 72.30, H 6.09, N 21.19. 
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Introduction 

A proton magnetic resonance relaxation study of molecular motions in 
trirnethylamine-borane 

T. T. ANG' AND B. A. DUNELL 
Departtner~t of Chemistry, T l ~ e  Urliversity o f  Britislr Colrrmbia, Vancorrver, Britislr Colrrmbia V6T I W j  

Rece~ved August 13, 1975 

T. T. ANG and B. A. DUNELL. Can. J. Chem. 54, 1087 (1976). 
Proton magnetic resonance spin-lattice relaxation times TI have been measured for trimethyl- 

amine-borane from 120 to 380 K, a few degrees above the melting point. Minima in TI  at 157 
and 259 K are attributed to threefold reorientation of each of the three methyl groups and the 
borane group and to threefold reorientat~on of the whole molecule about the B-N axis, 
respectively. Activation energies for these processes were found to be 3.3 and 6.7 kcal/mol. 
Abrupt changes in T I  at 350 and 360 K correspond exactly with heat capacity transitions 
observed by other workers. The time constant for the decay of the free induction signal (FID 
curve)changes by two orders of magnitude at 360 K. Having a value of some 3 ms above 360 K, 
it shows that there must be rapid diffusion as well as molecular tumbling in the highest tempera- 
ture solid phase. 

T. T. ANG et B. A. DUNELL. Can. J. Chem. 54, 1087 (1976). 
On a mesure les temps de relaxation spin-rbeau TI de la rksonance magnetique nuclkire du 

proton du complexe trimethylamine-borane a des temperatures allant de 120 ?I 380 K, soit 
quelques degrCs au-dessus du point de fusion. On attribue respectivement les minima de T I  & 
157 et 259 K ?I une reorientation ternaire de chacun des trois groupes rnethyles et du groupe 
borane et une reorientation lernaire de la mol6cule entikre autour de l'axe B-N. On a trouvt 
que les energies d'activation pour ces processus sont de 3.3 et 6.7 kcal/mol. Les changements 
abruptes dans TI ?I 350 et 360 K correspondent exactement aux transitions de capacitC calori- 
fiques observtes par d'autres chercheurs. La constante de temps pour la dicomposition du 
signal d'induction libre (courbe FID) change par deux ordres de grandeur ?I 360 K. Puisque l'on 
a une valeur de quelque 3 ms au-dessus de 360 K, ceci dimontre qu'il doit y avoir une diffusion 
rapide de mCme qu'un retournement molCculaire dans la phase solide de plus haute temperature. 

[Traduit par le journal] 

Molecular motion in solid trirnethylamine- 
borane was studied a few years ago by continu- 
ous wave ninr methods by Yiin and Gilson (1). 
The proton magnetic resonance relaxation study 
which this paper reports is complementary to 
this earlier work, and in general agreement with 
it. We have measured activation energies for the 
reorientation of the three-spin groups attached 
to nitrogen and for a threefold reorientation of 
the whole molecule. Our observations of the 
behaviour of the inolecule in its higher tempera- 
ture solid phases differ somewhat from those of 
Yinl and Gilsoi~. 

Experimental 
The compound was prepared as one of a series of 

borane adducts in our own laboratory. We hope to report 
the results of measurements on related compounds soon. 

'Visiting Scientist. Permanent address: School of 
Chemical Sciences, Universiti Sains Malaysia, Penang, 
Malaysia. 

Diborane (2,  3) was produced by allowing boron tri- 
fluoride etherate (Aldrich) to drop into an excess of a 
solution of sodium borohydride (Matheson, Coleman, 
Bell) in previously dried diglyme and the product was 
condensed in a vessel in liquid nitrogen. The diborane 
was vaporized at dry ice - acetone temperature and con- 
densed at liquid nitrogen temperature in a vessel con- 
taining previously dried trimethylamine (Matheson). The 
desired product was produced in a moderately vigorous 
reaction when the vessel was slowly warmed to dry ice - 
acetone temperature. Excess of either reactant was 
removed at room temperature through a vacuum line and 
the product sealed off under vacuum. The trimethylamine- 
borane was purified by sublimation at 65 "C in order to 
sharpen the phase transitions that occur in the solid some 
6 and 16 deg below the melting point. 

Spin-lattice relaxation times were obtained at 30 MHz 
from a Bruker BKR-322s pulse spectrometer using a 
r-r-.rr/Z pulse sequence, phase sensitive detection, and a 
Bruker box-car integrator. The decay of magnetization, as 
indicated by the function (Io - Iz(r)/210), was exponen- 
tial with time throughout the temperature range studied. 

Free induction decays and solid echoes were recorded 
at some higher temperatures. The time required for the 
FID to decrease in intensity by a factor e was taken as a 
measure of T2 and was a useful qualitative indicator of the 
existence of phase changes. Where a solid echo was 
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1088 CAN. J .  CHEM. VOL. 54, 1976 

FIG. 1. Spin-lattice relaxation time, TI, of trimethyl- 
nmine-borane as a function of temperature. Tlle solid line 
is calculated from eq. 6' and the parameters in Table 1. 

recorded it was fitted to 
Illo = 1 - M2r'/2 

for the first 15 or 20 ps from the maximum of the echo, 
where M2 is the second moment and I = 0 at  the maxi- 
mum (4). Accumulation of pulse data was made possible 
by a small computer system interfaced with the Bruker 
spectrometer by Burnell and the departmental electronics 
shop. 

Results and Analysis 

The proton spin-lattice relaxation time of 
trimethylamine-borane is shown as a function of 
temperature in Fig. 1. There are two minima in 
TI, one of 11 rns at  157 K ,  which we attribute to  
simultaneous reorientation of the three methyl 
groups and the borane group, the other of 65 ms 
at 259 K, which we attribute to  a motion of the 
n~olecule as a whole, most probably a reorienta- 
tion of the trimethylamine moiety about the 
threefold B-N axis. The sudden changes in T, at  
350 and 360 K correspond to thermal transitions 
observed at  350.1 and 360.4 K in the heat 
capacity measurements of Good and co-workers 
(5) and mentioned by Yirn and Gilson (I), who 
noted a surprising increase in second moment at  
358 K. The sudden increase in TI at 366 K 
corresponds t o  melting. It may be noted that the 
two transitions before melting were observed 
clearly only in a sample which was purified by 
sublimation. 

Since the decay of magnetization was found 
to  be exponential under all observed conditions, 
we can ignore cross-correlation effects in the 
groups of three spins (6). We can also conclude 
that, although there are significant dipolar inter- 
actions between the borane protons and the 

boron atom contributing to the rate of proton 
relaxation to  the lattice, the cross-relaxation 
effects between protons and the boron spins are 
very small because non-exponential behaviour is 
absent. Calculation of a theoretical value of 
(T{I~)-' within the BH3 group shows that it is 
about 15 times s~naller than the intra-BH3 value 
of (T,II)-', where I representslH and S represents 
1°B and llB, and T~~~ and T~'' are the relaxation 
times that appear in the coupled differential 
equations for relaxation in a cross-relaxing 
heteronuclear system (7). 

Yim and Gilson (1) found a second moment 
above 200 K which was compatible with reorien- 
tation of the CH3 and BH3 groups about their C3 
axes and si~nultaneously a reorientation of the 
trimethylamine moiety about the B-N axis 
(a C3' motion). The relaxation rate for a lnethyl 
proton involved in such a combined lnotion can 
be written as (8) 

where 

,f(T) = 7/(1 + wIT2T2) + 4 ~ j ( l  + wH7T2) 

T~ is the correlation time for the C3 motions, Tc2 

the correlation time for the C3' motion. 

and it has been assumed that the angles at the 
nitrogen atom are tetrahedral. We assume 
throughout that correlation times have an  
Arrhenius type of dependence on temperature. 

T, = 7,' exp (EIRT) 

When WT, << 1, intergroup contributions t o  the 
rate of relaxation of a methyl proton can be 
determined in the manner of Albert, Gutowsky, 
and Ripmeester (9) as 

where r * ~  is the distance between the centres of 
the C3 rotation of the methyl protons and r e 2  is 
the distance between the centres of the C3 rota- 
tion of the protons of a methyl group and of the 
borane group. The second term in [2] arises from 
the C3' reorientation of an 'average' interproton 
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ANG AND DUNELL 1089 

vector from the centre of rotation of methyl 
protons to  the centre of rotation of the borane 
protons. This vector makes an angle A = 35" 
with the C31 axis, and the coefficient 27/80 is the 
value of 

for 
A = 35" 

The initial factor 3 accounts for the fact that each 
methyl proton interacts with 3 borane protons, 
and the origin of the trigonometric factor is 
shown explicitly in ref. 10. 

The borane group is assumed to have only C3 
reorientation, and the rate of relaxation of a 
borane proton through this motion can be 
divided into a contribution due to  proton-proton 
interactions, 

where r F 1 ~  is here the interproton distance in 
borane, and a contribution due to proton-boron 
interactions. This has the form of 1 / ~ , "  in the 
equations for the two-spin heteronuclear relaxa- 
tion (7) ,  namely 

In evaluating [4] allowance must be made for the 
fact that the two isotopes of boron, lOB and l lB ,  
have a natural abundance of 0.1883 and 0.81 17 
and have resonant frequencies of 

w = 2.025 X lo7 s-l and 6.049 X lo7 s-I 

in the Zeeman field which gives a proton Larmor 
frequency of 30 MHz. Equation 5 can be written 
as 

161 T1-l = 4 7 , )  + Bf(7c2) + CI'(.cs) 

where 
6 

ll(7,) = C nirc/(l + Wi27c") 
i= l 

with 

W i  = W H ,  2WIi, W H  - W I O U ,  W H  + W I O B ,  

W H  - W ~ I B ,  and W H  + w l l ~  

The ni are obtained from [ I ] ,  [ 3 ] ,  and [4]. Ideally 
A should be unity, but it is allowed to deviate 
from the theoretical value to  obtain a good fit of 
[6] to  the experimental points. Theoretical values 
of B and C are obtained from [ l ]  and [2].  If 

7 c 2  >> 7 ,  

I [41 ( 7 ' i - l ) ~ ~  = at every temperature, we have the simplification 

-y12-ysZAi2S(S + 1)[(1/12)J(0)(wI - as )  
that 

I 7,s = 7 c  + (3/2)J'"(wI) + (3 /4)J '2)(w~ + as)] 
and the nonlinear least squares fitting routine 

where 1 = 'H, S = ''6 or " B ,  and J(") is the obtains the best parameters much more readily.2 
Fourier transform of the autocorrelation func- ~h~ form is 
tion of the time de~endent  Derturbation Hamil- 
tonian. If we assume tetrahedral angles about [6'] TI-' = Ah1(rC) + Bf(7,2) 
boron, the functions J'") become where in hl(rc), 

J(')(w) = 0 . 1  19rBFI-6~c/(1 + u2rc2) a,' = a1 + C 
and 

J ( 2 ) ( ~ )  = ~ J ( ' ) ( w )  nzl = az + 4C 

J(')(W) = 6J(')(w) The best fit coefficients for [6'] showed that 7,. 

where 0.119 is the value of was in fact much greater than rc at each tem- 
perature. At 350 K 

(2 /5 )  sin2 A cos2 A + (1 /10)  sin4 A 
for T , ~ / T ,  = 11 

A = 70.5" and the ratio increases rapidly with decreasing 
The average rate of relaxation of protons in the temperature so that at 250 K the ratio is 80. The 
molecule is, then, 

l51 T-' = (3 /4)(Tl - ' )c~,  + ( 1 / 4 ) ( T l - 1 ) ~ ~ 3  ZProgram written by P. Sampson, Health Science 
Computing Facility, University of California at Los 

= 0.75([1] + [2])  + 0.25([3] + [4])  Angeles, Los Angeles, California. 
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TABLE 1. Proton spin-lattice relaxation parameters 
for (CH&NBH3 

Parameter Value* 

A (expt.) 1.22k0.03 
A (theory) 1.00 
[hf(7c)lmnx (theory) 73.1 s-1 
(T1)min (theory) 13.7 ms 
(T1),in (expt.) 11.2+0.2rns 
7c0 (8.6f 0.9)XlO-'4 s 
E 3.34 k0.05 kcal/mol 
B (expt.) (1.62t0.05)X109s-2 
B (theory) 2.52X109 s - ~  
7cz0 (7.3+1.6)X10-15 s 
E2 6.74k0.16 kcal/mol 

*Experimental error given is one standard deviation in the least 
squares f i t .  

best fit parameters for the experimental points to 
[6'] are given in Table 1. 

A theoretical value for the low temperature 
minimum in TI is the reciprocal of the maximum 
in h ' ( ~ ~ ) .  If the B-H bond length is taken $s 
1.20 A (1 l), the C-H bond length as 1.10 A, 
and all angles as tetrahedral, 

and correspondingly 

For an isolated BH3 group reorienting about its 
C3 axis, the minimum in TI would be 8.1 ms 
using the above geometry, or 9.0111s using the 
parameters obtained by Bryan and Kuczkowski 
(12) for (CH3)3PBH3, viz., 

B-H = 1.212 A 
and 

LHBH = 113" 

Use of these parameters would worsen the agree- 
ment between 13.8 ms and the observed 11.2 ms 
by very little. We find our conclusions to be in 
agreement with those of Yim and Gilson that at 
low temperature the CH3 and BH3 groups 
undergo C3 reorientation at essentially the same 
frequency. The temperature at  which 

where M2 is the mid-value of the second moment 
transition due to  C3 motion, is predicted from 
our results to be 92 K for 

This is within a few degrees of the temperature 
observed by Yim and Gilson. 

A theoretical value for the parameter B in 
[6'] is obtained by summing the coefficiects of 
f ( ~ ~ 2 )  in [ l ]  !nd [2]. If r., is $ken as 3.01 A a;d 
re, as 3.13 A (B-N = 1.59 A, Bo-H = 1.20 A, 
C-N = 1.47 A, C-H = 1.10 A, and tetra- 
hedral angles), 

a value which is not in good agreement with the 
experimental value 

A threefold reorientation of the molecule about 
a C-N bond would give a maximum contribu- 
tion of 21.9 s-I to the relaxation rate. That value 
can be compared with the experimental contribu- 
tion of 

BexptU(7c)lrnax = 12.2 S-' 

Isotropic tumbling of the molecule would make 
a maximum contribution of 32.6 s-' to the relax- 
ation rate 

(or B = 3.53 X 

and isotropic tumbling plus C3' motion would 
give a maximum contribution of about 6 s-I to 
the relaxation rate 

(or B = 0.8 X 

The C3' motion about C-N, or any motion 
involving isotropic tumbling, gives poorer agree- 
ment with the experimental results than the C3' 
motion about B-N. The observed second 
moment of 3.1 G Z  between 220 and 320 K (1) is 
also incompatible with the involvement of iso- 
tropic tumbling in the higher temperature mo- 
tional process. Thus we agree with Yim and 
Gilson's assignment of a threefold reorientation 
of the (CH3)3N moiety about B-N as the most 
probable motion giving rise to the second transi- 
tion in second moment and the second TI 
minimum. The temperature at which 

7 ~ 2 - l  = Y &% 
where 

M2 = 5 G Z  

is the midvalue of the second transition in second 
moment, is predicted from our results to be 
157 K ,  which is in reasonable agreement with 
the experimental value (1) of about 165 K. 
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The discontinuous character of the changes in research. We also thank Drs. E. E. Burnell and 
TI and in heat capacity (5) at 350 and 360 K A. Storr for helpful advice and assistance, and 
indicates that we are dealing with phase transi- Dr. J. A. Ripmeester for a valuable discussion on 
tions in the solid. It is not possible, however, to  relaxation in heteronuclear systems and com- 
determine the nature of the molecular motions munication of some work before publication. 
in the higher temperature phases from the T, 
values. ~ e t w e e n  335 and 350 K, the time con: 
stant T2 for the approximately exponential F I D  Fi:(lE;.and D' R' Can. Q 1  

curves increases from about 20 to 32 Ps and then 2. H. C. MILLER and E. L. MUETTERTIES. Inorg. Synth. 
falls to 24 ps at 352 K and 26 ps at  358 K. The lo, 82 (1967). 
FID curves also change shape in the higher 
temperature phase, decaying more rapidly than 
an exponential decay. Above 360 K there is a 
large increase in T2, measured from the again 
approximately exponential FID, to about 3 ms. 
Here the FID is essentially that of a liquid, and 
the molecular motion in this highest temperature 
solid phase must involve rapid diffusion and 
isotropic molecular tumbling. We find no con- 
clusive evidence of the increase in second 
moment reported by Yim and Gilson (I), and in 
particular not at  358 K.  
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60Co y radiolysis of reduced glutathione in aerated solutions at pH 
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MANOHAR LAL. Can. J. Chem. 54, 1092 (1976). 
G-values for the formation of oxidised glutathione (GUS-SGu), glutathione sulphinic acid 

(GuSOzH), r-glutamylalanylglycine (GuH), r-glutamylserylglycine (GuOH), and hydrogen 
peroxide and G ( 4 u S H )  have been estimated in the r-radiolysis of aerated reduced glutathione 
solutions at  p H  values between 1-7.3. The results show excellent material balance for the 
radiolytic amino products. Oxygen is necessary for the production of both glutathione sulphinic 
acid and r-glutamylserylglycine in the radiolysis of glutathione. Product yields increase with 
increasing GuSH concentration and reflect the occurrence of a small chain reaction. Although 
the spectrum of amino products is identical to the corresponding products from cysteine 
radiolysis under similar conditions, their yields are very much different. It is significant, that 
there is no evidence for the scission of the peptide chain, at  any of the GuSH concentrations 
and pH's; thus the -SH group of glutathione is the site of attack of the primary species. 

A reaction mechanism, which explains most of the experimental results has been put forward. 
A rate expression for G ( 4 u S H )  has been evaluated and it is found that the experimental and 
calculated G ( 4 u S H )  are in good agreement. 

MANOHAR LAL. Can. J. Chem. 54, 1092 (1976). 
On a estimC les valeurs de G pour la formation du glutathion oxyde (GUS-SGu), de I'acide 

glutathion sulfinique (GuSO~H),  de la r-glutamylalanylglycine (GuH), de la r-glutamylseryl- 
glycine (GuOH) et de peroxyde d'hydrogene et G(-GUSH); ces valeurs ont CtC dCterminCes 
par la radiolyse-r d'une solution aerie de glutathion rCduit h des valeurs de p H  allant de 1-7.3. 
Les resultats montrent une excellente balance de matiriel pour les produits amines de radiolyse. 
De l'oxygene est nkessaire pour la production de l'acide glutathion sulfinique et de la r-glu- 
tamylsCrylglycine lors de la radiolyse du glutathion. Les rendements en produits augmentent 
avec une augmentation de la concentration du GuSH et ces resultats reflktent la presence d'une 
petite rkction en chaine. Quoique les spectres des produits aminks soient identiques h ceux des 
produits correspondants de la radiolyse de la cystiine dans des conditions similaires, les rende- 
ments sont toutefois tres diffirents. I1 est important de noter qu'aucun resultat n'indique 
qu'il y a une scission de la chaine peptidique L aucune des concentrations du GuSH et h aucun 
des pH;  ces rCsultats indiquent que le groupe -SH du glutathion est le site de l'attaque des 
especes primaires. 

Un mkanisme de rkction qui explique la plupart des rksultats expkrimentaux est proposC. 
On Cvalue I'Cquation de vitesse pour G ( 4 u S H )  et on trouve que les valeurs expCrimentales 
et calcul6es pour G ( 4 u S H )  sont en bon accord. 

[Traduit par le journal] 

Introduction 
The study of the effect of ionizing radiations 

on the sulphydryl amino acid, cysteine has been 
of considerable interest during the past several 
years (1-9). However, not much attention has 
been paid to  an equally important radioprotec- 
tive compound, the tripeptide-reduced glutathi- 
one (GuSH), which represents a simple and a 
convenient model containing the amino acid 
cysteine (CySH), as it would occur in a protein. 
Dale and Davies (10) as early as in 195 1, studied 
the liberation of hydrogen sulphide by the 
X-irradiation of cysteine and glutathione. Arm- 

strong and co-workers (1 1) in 1969 investigated 
the r-radiolysis of reduced glutathione in air-free 
solutions and elucidated the mechanism. 

To understand the effect of radiations on pro- 
teins and enzymes, it is a prerequisite to know 
the radiolytic nlechanisms of simpler rllolecules 
(cysteine and glutathione), which form the pri- 
mary coilstituents of these n~acromolecules. As a 
first step towards this, we have recently reported 
the results and illechanism of cysteine radiolysis 
in aerated solutions at p H  = 0 and 5.5 (12, 13). 
This paper presents a detailed study on the 
r-radiolysis of reduced glutathione in aerated 
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LAL 1093 

solutions at various pH's. For convenience the 
following symbols have been used. The tripeptide 
reduced glutathione, GUSH; 

oxidised glutathione, GUS-SGu; y-glutamylala- 
nylglycine, GuH;  7-glutamylserylglycine, GuOH; 
glutathione sulphinic acid, GuS02H. 

Experimental 
Details of experimental procedures have already been 

reported (12, 13). Reduced glutathione (procured from 
E. Merck Co., Germany) solutions were prepared just 
before irradiation in triple distilled water and analysed 
for radiolytic amino products using Technicon's auto- 
analyser immediately after irradiation. The residual 
glutathione was analysed without fixing the -SH group 
by iodoacetic acid (1 1). 

Glutathione sulphinic acid was prepared according to 
the method reported earlier (14). -y-Glutamylserylglycine 
was prepared from reduced glutathione (15). This com- 
pound was not actually synthesized, but the S-methyl- 
glutathione treated with cyanogen bromide in tris buffer 
a t  p H  = 8 (according to  ref. 15) on amino acid analysis 
with a Beckman 121 Autoanalyserl gave a peak which 
coincides exactly with peak 3, designated as -y glutamyl- 
serylglycine in the yirradiated reduced glutathione solu- 
tions (see Fig. 1). Although -y-glutamylserylglycine peak 
reported in ref. 15 was unconfirmed, later studies by 
Awad2 revealed the amino acid composition of 7- 
glutamylserylglycine to have the following molar pro- 
portions (glycine 1.00, glutamic acid 0.85, and serine 0.85). 
-y-Glutamylalanylglycine was prepared by the reduction 
of reduced glutathione with Raney Nickel. Oxidised 
glutathione (gradeIII) which is used as standard was 
procured from Sigma Chemical Co. 

As the natural p H  of the reduced glutathione is 3.3, the 
p H  of the solution was adjusted by means of sodium 
hydroxide. For studies a t  p H  = 1, 10-1 M perchloric acid 
solution in triple distilled water was used. Dose rate of the 
60Co source used was -2 X 1017 eV ml-1 min-1. 

Results and Discussion 
Since thermal hydrolysis occurs in 1 N HC1O4 

solutions (pH = 0) of reduced glutathione, as 
reported by Armstrong and co-workers (1 l), the 
radiolysis was investigated at p H  = 1, 3.3, and 

lThe amino acid analysis of the above preparation was 
carried out by the courtesy of Dr. K. J. Stevenson, 
Department of Chemistry, University of Calgary, Calgary, 
Alberta. 

2W. M. Awad, unpublished results. 

0.01 I I I I I I 25.0 40.0 55.0 70.0 85.0 100.0 
TIME OF ELUTION (min)  

FIG. 1. Chromatograms due to lo-' M aerated, re- 
duced glutathione in 0.1 N perchloric acid solutions: 
(a) unirradiated; (b)  irrad~ated to a -y-dose of 2.0 X 1018 
eV/5 ml; (c) irradiated to  a -y-dose of 5.0 X 1018 eV/5 ml; 
(d) irradiated to a -y-dose of 1.0 X 1019 eV/5 ml. Peak 1, 
glutathione sulfinic acid; peak 2, impurity; peak 3, 
-y-glutamylserylglycine; peak 4, -y-glutamylalanylglycine; 
peak 5, reduced glutathione; peak 6, oxidised glutathione. 

5.5. The thermal hydrolysis was not observed at 
these pH's. Figure 1 a-rl gives a set of chromato- 
grams for M aerated acidic reduced glu- 
tathione solutions for various doses of yirradia- 
tion. Figure l a  for unirradiated solution gave 
only three peaks (numbers 2, 5, and 6). These 
peaks are marked in the order of increasing 
elution time in the amino acid analysis. Peak 2 
appears to  be due to some impurity and does not 
interfere with any of the radiolytic products. 
Peaks 5 and 6 respectively were identified as 
reduced and oxidised glutathione, the latter being 
present in very small amounts in reduced glu- 
tathione. Figures 1 b-d are for irradiated (in- 
creasing 7-dose) solutions and show six peaks. 
It can be seen that ~ e a k s  2. 5. and 6 in the , , 

irradiated reduced glutathione solutions coincide 
well with those for unirradiated solutions. Peaks 
1, 3, and 4 were identified as due to glutathione 
sulphinic acid, r-glutamylserylglycine, and 7- 
glutamylalanylglycine respectively. 

G-values for the products at all the glutathione 
concentrations were estimated from- the initial 
slopes of the best straight lines through the 
yield-dose plots and are presented in Table 1. 
Each value in Table 1 is an average of a t  least 
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TABLE 1. Product yields in yirradiated reduced glutathione in aerated solutions* 

2G(GuS-SGu) 

G(GuH) G(Gu0H) G(GuS02H) G(GuS-SGu) G(--GUSH) + G(GuH) 
[GUSH] + G(Gu0H) 
(mol/l) pH G(H202) a a.f. a a.f. a a.f. a a.f. a a.f. + G(GuS0,H) 

> 
1x10-3 1.0 0.96 0.1 0.9 0.8 kO.1 0.0 5.4k0.5 0.0 2.2 50 .4  3.2 10.521.0 7.3 10.7 z 

(4.6) (1 .O) (4.6) (10.6) 
L. 

0 
4X10-3 1.0 0.96 0.1 - 0.95k0.1 - 6.8k0.8 0.0 5.1 k0.5 - 17.6k2.0 - 18 .O 

(15.3) 
B 

(5 1) (1.4) (6.8) F 

*a. aerated: a.f.. air free. Numbers in parentheses are the yields of the corresponding products from cysteine under similar conditions. 
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7-10 independent observations. The product 
yields in the 7-radiolysis of GuSH in air-free 
solutions (1 1) are also given and the yields of the 
corresponding products from cysteine radiolysis 
(12, 13) under identical conditions, are shown in 
parentheses for comparison. 

The following observations can be made from 
the results presented in Table 1 

(i) Since oxidised glutathione, glutathione sul- 
phinic acid, r-glutamylalanylglycine, and 7-glu- 
tamylserylglycine are the only radiolytic amino 
products, the material balance requires that 

The data given in columns 12 and 14 of Table 1 
are consistent with this. 

(ii) There is an  increase in the product yields 
with increasing glutathione concentrations. 
G(-GUSH) are high when compared with air- 
free solutions. This is indicative of a small chain 
reaction. 

(iii) It is interesting that G(GuS--SGu) in lop3 
M aerated solutions a t  p H  = 1 and 3.3 are con- 
siderably lower than the G(GuS-SGu) in air- 
free solutions. 

(iv) At a particular glutathione concentration: 
(a) G(Gu0H) increases with increasing pH. 
(b) G(GuS02H) decreases drastically with in- 
creasing pH. This is similar to  the results of 
cysteine radiolysis. (c) Starting with p H  = I! 
both G(GuS-SGu) and G(-GUSH) decrease 
first with increasing p H  = 3.3. However with 
further increase in p H  there is an increase in 
G(GuS-SGu) and G(-GUSH). 

(v) GuOH and GuS02H are the major prod- 
ucts in aerated solutions whereas these products 
are absent in air-free solutions. 

(vi) G(Gu0H) a t  p H  = 1 is of the order of 1, 
but the corresponding product CyOH in aerated- 
cysteine radiolysis is absent at this pH. 

(vii) G(GuS02H) are very much higher, and 
G(GuS-SGu) are lower than the analogous 
products CyS02H and CyS-SCy under exactly 
similar conditions of cysteine radiolysis. 

The rate constant of hydrated electron at 
neutral p H  with reduced glutathione is equal t o  
3.2 X lo9 1 mol-' s-' (16) and 3.4 X lo9 1 mol-' 
s-' (17) and the rate constant of hydroxyl radical 
with GuSH at  p H  = 1 is equal to  8.8 X lo9 1 
rnol-Is-' (18). These are a t  least 10-20 times 
higher than the respective rate constants of 

en, and O H  radicals with other simple peptides. 
This suggests that SH group present in glu- 
tathione is much more reactive than the other 
groups present in peptides and as in cysteine the 
mode of breakdown is the fission of -SH. The 
excellent material balance observed for the 
radiolytic aminoproducts and the lack of the 
scission of the peptide linkage further confirms 
this. Although the radiolytic products are similar 
to  those of the analogous products from the  
cysteine radiolysis, their product yields are quite 
different (see Table 1). SH group being the focal 
point of the chemical change in both cases, the 
general pattern of the reaction mechanism must 
be similar to  that of the cysteine. 

In view of this, a probable reaction mechanism 
which explains most of the results is suggested 
below: 

H20 - H, en,-, OH, Hz, and Hz02 

Initiation 

rll GUSH + H 4 GUS + Hz 

[21 GUSH + H + Gu + H2S 

[31 
H+ 

GuSH + en,- -+ Gu + H2S 

[41 GuSH + Gu + GuH + GUS 

PI GuSH + OH 4 GUS + Hz0 

161 en,- + H+ + H 

171 H (or en,-) + 0 2  + H02 (or 0 2 7  

Propagation 
H+ 

[8] GuSH + H02 (or 0 2 7  -+ GUS + Hz02 

[91 GUS + O2 4 Gus02 

[10al GUS-SGu + H02 (or 0 2 7  
3 
/ 

[lob] GuSH + Gus02 + GuS02H + GUS 
I 

[lot] GuSOOH + GUS 

[12] 3GuSH + Gu02 + 3GuS + GuOH + Hz0 

Termination 

Gus02 + GuS02 + GuSO~SGU + 0 2  

[I31 ~ ~ s - S G U  + GuSO2H 

[I41 GuSOz + H02 (02-) 5 GuS02H + 0 2  

[151 2H02 (or 02-) + H202 
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Reactions 1-6 have been proposed by Armstrong 
and co-workers (1 1) in the y-radiolysis of air-free 
glutathione solutions. Reactions similar to  8-13 
have earlier been reported in the pulse and 
-y-radiolysis of cysteine solutions (9, 12, 13). 
Reaction 14 in the present case has been included 
so as to  explain the high yields of GuS02H at  
low pH's. It would be worthwhile to  compare the 
results of the y-radiolysis of glutathione in air- 
free solutions with aerated so1,utions. From 
Table 1, columns 10 and I I, it is observed that 
G(GuS-SGu) for M aerated reduced glu- 
tathione solutions a t  p H  = 1 and 3.3 are con- 
siderably lower, when compared with air-free 
solutions. The reason for this may be, that in 
air-free solutions, the fate of GUS radicals 
produced during radiolysis is only the dimeriza- 
tion to disulphide (1 l), whereas in aerated 
solutions, the radical GUS reacts with oxygen to 
give G u s 0 2  (reaction 9), which further reacts 
either with GuSH (reaction 10) and/or H 0 2  
(or 02-) (reaction 14) or with itself (reaction 13) 
to  give either GuS02H or GUS-SGu. It is diffi- 
cult a t  this stage to  pinpoint which of the reaction 
paths (and to what extent) radical GuS02  fol- 
lows. However, as GUS-SGu yields a t  p H  = 1 
and 3.3 are lower in aerated solutions, it can be 
inferred that the dimerisation of Gus02  radicals 
(reaction 13) and reaction IOU are not the 
prominent reactions. 

This point is further strengthened from the 
comparison of the reduced glutathione and 
cysteine radiolysis results in aerated solutions. 
The results of Table 1 show that G(GuS02H) is 
much higher (column 8) and G(GuS-SGu) is 
lower (column 10) than the corresponding prod- 
uct yields from cysteine radiolysis under identical 
conditions. This observation suggests that either 
there must be some reaction (reaction 14) other 
than reactions 106 or 13 which may be respon- 
sible for the formation of GuS02H or the 
glutathione sulphenyl hydroperoxide formed 
from reaction 1Oc undergoes complete internal 
rearrangement (l2,19) to  give increased GuS02H 
and makes reaction 10c an important reaction in 
this system. The reaction of glutathione sulphenyl 
hydroperoxide with glutathione (similar to reac- 
tion 7 of ref. 12) 

[16] GuSOOH + GuSH + GUS-SGu + H 2 0 2  

may not be important because it gives rise to  
GUS-SGu and H202. That the reactions 10a and 
13 are less prominent and 106, 10c, and 14 are 

I I I I 
0.0 2.5 5.0 7.5 

P H 
FIG. 2. Effect of p H  on the G-values of the products in 

the r-radi~lysis of aerated reduced glutathione: V ,  
G(--GUSH); 0, G(GuS02H); A, G(GuS-SGu); 0, 
G(Gu0H). 

more prominent here, is reflected from the low 
yields of hydrogen peroxide (as compared t o  
aerated cysteine radiolysis results) (12). 

The rate constant ratio ki/k2 = 2.8 0.4 for 
reduced glutathione reported by Armstrong and 
co-workers (1 I) is significantly lower than that of 
kl/k2 = 3.5 0.4 for cysteine (11). This tends 
t o  increase the formation of G u  radicals, which 
react more favourably with oxygen (to give 
G u 0 2  radical) than with GuSH (to give GuH) 
and show the preference of reaction 11 over 
reaction 4 (see Table I, column 4). GuO2 further 
reacts with GuSH to give y-glutamylserylglycine. 

The product yields for 4 X lop3 M aerated 
glutathione solutions plotted against p H  are 
presented in Fig. 2. This shows that as the p H  
increases, the GuOH increases, whereas GuS02H 
progressively decreases. The increase in GuOH 
is understandable and can be explained on the 
basis of competition between reactions 3 and 6. 
As the p H  increases reaction 6 becomes unim- 
portant (at p H  = 5.5) and the hydrated electron 
reacts according to  reaction 3. Thus, as the p H  
increases, more G u  radicals are produced t o  
react with oxygen and give G u 0 2  radicals and 
finally GuOH. At p H  = 7.3 almost all the 
hydrated electrons give rise to  GuOH (=2.4). 
The decrease in GuS02H with increasing p H  
can be explained, as discussed earlier in this paper, 
on the basis of competition between reactions 
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LAL 1097 

10a and 106 or lOc, 13, and 14. At high acidities It is difficult to  explain the lowering of the 
reactions lob, lOc, and 14 may be more promi- G(GuS-SGu) and G(-GUSH) at  pH = 3.3 (see 
nent and the chain is propagated through reac- Fig. 2). It appears that the chain propagation at  
tions lob and IOc (giving rise to  GuS02H) this p H  is minimal. 
whereas at low acidities reactions 1Oa and 13 are Following a steady state treatment and con- 
prominent and the chain is propagated through sidering the above reaction scheme, it can be 
reaction IOU (giving rise to higher GUS-SGu). seen that 

Substituting the experimental yields of the 
products, the yields of the primary species (20), 
known rate constants (21), and the concen- 
trations used in this study in expression 17 
G(-GUSH) has been calculated and compared 
in Table 2. 

It can be seen froin Table 2 that there is good 
agreement between the calculated and experi- 
mental yields. Thus the radiolytic oxidation of 
glutathione can be considered to  be initiated by 
reactions 1-7, propagated by reactions 8-12, and 
terminated by reactions 13-15. 

TABLE 2. Comparison of experimental and calculated 
G ( 4 u S H )  

[GUSH] 
G(--GUSH) 

(mol/l) PH Calculated Experimental 
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Milieux hyperbasiques: prkparation et alkylation de carbanions en a 
d'arnides N,N-disubstihks. Application a la synthese de la d,l-pipkritone 
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Laboraroire de Syrlrlr2se Orga~~iqrre, U~ziversire' Pierre el Marie Curie, Laboraroire associP au 

C.N.R.S. 11" 239, four 44-45, 4 ,  pirrce J~rssierr 75230 Paris CPdex 05 

R e ~ u  le 22 juillet 1975 

PIERRE HULLOT, T H ~ R ~ S E  CUVIGNY, MARC LARCHEV~QUE et HENRI NORMANT. Call. J. 
Chem. 54, 1098 (1976). 

Les carbanions en CY d'amides N,N-disubstitues sont obtenus avec d'excellents rendements 
par action des "dialkylamidures actives" en solution dans le HMPT. 11s riagissent avec les 
dCrivCs mono ou polyhalogCnCs pour conduire 2 des amides substitues fonctionnels ou non. 
L'addition ultirieure d'organo lithiens permet d'obtenir des cetones alkylees rCgios6lective- 
ment. La rkction est utilisee pour preparer la dicetone-1,5 intermediaire de synthkse de la 
d,l-piperitone. 

PIERRE HULLOT, TH~RPSE CUVIGNY, MARC LARCHEVEQUE, and HENRI NORMANT. Can. J. 
Chem. 54, 1098 (1976). 

The anions a to N,N-disubstituted amides can be conveniently prepared by treatment with 
very powerful bases, "activated dialkylamides" in HMPT. These anions may react with 
various electrophiles especially with halogenated compounds. The use of functional halides 
(chloro or bromo compounds) affords functional amides. Lithiated amides are very useful 
intermediates in organic synthesis because they give regiospecific alkyl ketones by reacting 
with organo lithium compounds. In this way, we succeeded in obtaining the 1,s-diketone 
which was cyclised by intramolecular aldolization into d,i-piperitone. 

La mktallation directe, en milieu aprotique, 
des composCs B mCthylkne activC dCrivts des 
acides carboxyliques, nCcessite l'emploi de bases 
particulikren~ent puissantes. Aprks avoir t tudit  
le cas des esters et des nitriles nous envisageons 
maintenant celui des amides N,N-dialkylCs (1, 2). 

Synthese de (livers amicles N,N-clis~rbstitli&s 
Le pK, d'un a~n ide  aliphatique est de l'ordre 

de 30 alors qu'il n'est que de 22 2 25 pour les 
esters et les nitriles. Ceci explique les difficultts 
rencontries jusqu'ici par les quelques auteurs 
qui ont CtudiC la mCtallation des amides, et seuls 
les carbanions d'amides qui posskdent en CY un 
groupe susceptible de les stabiliser (CGH5, C=N, 
COCGH5) sont facilement accessibles. L'an~idure 
de sodium dans l'ammoniac liquide convient 
bien pour les amides RCH2CONMe2 (R  = H ou 
Me) (3) mais dans le benzkne ou le tolukne B 
reflux les rCsultats ne sont satisfaisants que si 
R = H (4). L'an~idure de  lithium ne rCagit pas 
(3), except6 le cas des 8-lactames (5a); le butyr- 
lithium est un agent mCdiocre (5b) et si le dCrivC 
lithit du trithiane. ~ l u s  dificilement accessible. , A ~, 
lui est suptrieur, les rendernents en dCrivC alkylC 
sont parfois trks faibles (5b). 

Nous savons prtparer depuis quelques anntes 

au laboratoire des bases extr2mement puissantes: 
les "dialkylamidures de lithium activis", obtenus 
aisCment par simple agitation du me'tal dans une 
solution benzkne-anline-HMPT (6, 7). Nous 
avons constat6 que ces amidures Ctaient sup& 
rieurs B la plupart des bases, la prCsence de 
HMPT permettant non seulement d'accC1Crer la 
rCaction d'arrachernent du proton et de former 
ainsi divers carbanions B trks basse tempCrature, 
mais Cgalement de  favoriser les rCactions ul- 
te'rieures d'alkylation (2, 8-10). 

Ces amidures "activCs" ont conduit aux car- 
banions attendus, quel que soit l'arnide N,N- 
disubstituk mis en oeuvre et l'encombrement de 
ce dernier ( I ,  2, 11). 

Divers essais de me'tallation du N,N-dimCthyl- 
formamide HCONMe2 nous ont montre' que les 
"amidures activCs" peu encombrCs (dCrivCs de la 
dikthylamine ou de la morpholine) provoquent 
une transamination mais qu'un amidure plus 
encombrC (obtenu B partir de la diisopropyl- 
amine) conduit bien au carbanion instable 1 dont 
la formation vient d'&tre signalCe (12, 13). 
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HULLOT ET AL. 1099 

RI et R2 = H ou alkyle 

Le tableau 1 rtsume quelques essais. 
Les amides lintaires m&me ramifits rnknent au 

carbanion sans difficultt. L'isobutyramide N,N- 
dialkyli a Cti plus particulikreinent t tudit  car la 
ramification portte par le carbone sikge de la 

riaction pouvait entraver celle-ci. La durte de la 
mttallation est plus longue (1-2 h) et ntcessite 
une tempirature un peu plus tlevte (-20 B 
+ 15 "C). Les carbanions obtenus, par suite de la 
prtsence de l'atome d'azote, sont plus stables que 
ceux des esters. Cette stabilitt depend bien si3 
des substituants et augmente avec l'encombre- 
ment. 

Les alkylations se font B basse ternptrature 
aprks dilution du milieu par du THF. On observe 
que: (i) les groupes R portts par l'azote n'affec- 
tent pas le cours de la rtaction (tableau 1, essais 
5 et 10); et (ii) la prtsence du HMPT permet de 

TABLEAU 1. Alkylation de R ~ R ~ ~ C O N ( M ~ ) ~  par R3X 

Rendernenta 
Essai R I  R2 R3X Arnide (%) 

a En produits distill&. 
b~rnide  N-rnithyl N-phinyl. 

I CAmide N.N-diithyl. 
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1100 CAN. J. CHEM. VOL. 54. 1976 

TABLEAU 2. Synthkse d'arnides w-halogenes 

Rendernento 
Essai RI R2 Derive halogen6 Arnide obtenu (5%) 

OEn produits distillis. 
bAmide N,N-di6thyl. 

condenser des halogCnures peu rkactifs: ainsi le 
chlorure de butyle donne un rendement de 62y0 
(essai 11 du tableau l), rCsultat remarquable 
comparC aux essais effectuCs avec le dCrivC du 
trithiane (rendement infkrieur h 5y0 B partir du 
N,N-din~CthylacCtan~ide et du chlorure de  butyle) 
(5). 

Cette condensation n'a lieu cependant qu'h 
temptrature relativelnent ClevCe (+15 "C) et 
cette diffirence de rCactivitC pernlet de rCaliser 
des alkylations sClectives: les halogCnures chloro- 
bromCs mhnent aux amides w-chlorCs purs (voir 
tableau 2). 

Le tableau 3 regroupe quelques essais effectuCs 
sur des lactames. O n  peut noter qu'avec la 
N-mCthyl pyrrolidone une bis mCtallation suivie 
d'alkylation conduit au  dCrivC bis mCthylC 
(tableau 3, essai 2). Le rendement est de 82y0 
alors qu'il n'est que de 45y0 lorsqu'on emploie 
l'amidure de sodium dans l'ammoniac liquide (3). 
Des publications rCcentes dkcrivent des syn- 
thbes  analogues en traitant la N-mCthyl pipCri- 
done-2 par les dialkylainidures usuels, mais la 
rCaction nkcessite l'emploi de dCrivCs halogCnCs 
trks rCactifs (14). 

Alqdicaiions cfes an7icles N,N-clisubstiiuk.s: 
sjlnih?se cle la pil~kriione 

Disposant ainsi d'une bonne mCthode de  
synthksc d'amides diversement substituis, nous 
avons envisagC quelques applications. 

La riduction des ainides conduit rapidenlent 
aux aldChydes, alcools ou anlines mais nous nous 
somines plus particulierement attach& B la pr i -  
paration de  cCtones alkylkes rCgiosClectivement. 

En effet, l'alkylation directe des Cnolates d e  
cetones mkne rareinent B un produit pur exempt 
d'isomkre et si l'alkylation des Cnamines (15) des 
sels magnksiens d'imines (16) ou des carbanions 
IithiCs des inlines (17) fournit un composC 
unique, elle se fait toujours, lorsque la cCtone est 
dissymitrique, du  c6tC le moins encombrC (com- 
post 2). 

Par contre la condensation sur une fonction 
trivalente d'un organomCtallique tel que le 
mCthyllithium permet d'acckder aux mCthyl 
cCtones du type 3. En fait, on  sait que seuls les 
acides et les amides permettent d'isoler les 
cCtones avec des rendements satisfaisants. Ainsi, 
le N,N-dimCthy1 isobutyramide trait6 par le 
butyllithium ou le chlorure de butylmagnCsium 
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HULLOT ET AL. 

TABLEAU 3. Alkylation de lactames 

Rendementa 
Essai Lac tame DCrivC halogtnk Lactame alkylC (%I 

"En produits distillis. 
bMftallation avec 2 EtzNLi. 

3 
nous a conduits B la mtthyl-2 heptanone-3 avec 
des rendements respectifs de 87 et 82%. 

Nous avons appliqut cette mtthode a la 
synthtse de la rl,l-piphitone, cttone terptnique 
utiliste dans la chimie des parfums et qu'on 
trouve dans diverses essences de menthe. 

Cette synthkse passe par la prtparation d'une 
dicttone-1,5 6 qui est ensuite cycliste par aldoli- 
sation interne. Les amides conduisent immtdiate- 
rnent B une telle cttone. I1 suffit de condenser un 
halogtnure convenablement choisi sur l'isovalt- 
ramide. Le dichloro-1,3 butkne-2 con~mercial, 
convient bien puisque le carbone sp2 porteur du  
chlore est en fait un carbonyle B l'ttat potentiel. 

Nous avons donc trait6 l'isovaltramide par le 
ditthyl amidure de lithium active vers -20 OC; 
la condensation du dihalogtnure est effectute B 
- 50 "C et conduit aprks hydrolyse B l'arnide 
chlort vinylique 4. 

L'addition stoechiomttrique de mtthyllithiuin, 
prtalablement dost (18) B -20°C mtne B la 
cttone chlorte 5. En milieu acide sulfurique 
concentrt froid elle donne la dicttone-1,5 atten- 
due 6. Cette dernitre n'est pas isolte mais 
cycliste directement par simple dilution du 
milieu acide qui est ensuite chaufft B 90 OC. 

Cette cyclisation en inilieu acide fournit un 
produit pur alors qu'en rnilieu basique il est 
souillt de 5y0 d'impurett. I1 est vraisemblable 
que dans ce dernier cas il y a tquilibre entre les 
deux isomtres 7 et ElL. On sait en effet que 
l'tquilibre thermodynamique est de 92:8 et qu'il 
s'ttablit environ 30 fois plus vite en milieu 
basique qu'en milieu acide (19). Un chauffage 
prolongt en milieu acide fait d'ailleurs apparaitre 
la m2me impurett qu'en inilieu basique. 

Cette synthkse rapide de la d,l-piptritone 
illustre bien l'une des possibilitts offertes par 

lNous remercions le Dr. James S. Roberts (Universitt 
de Stirling) qui nous a aimablement cornmuniquC le 
spectre rmn du compost 8 ainsi que le Professeur G. J. 
Martin (Universitt de Nantes) qui nous a aidts B inter- 
prtter le spectre de la pipkritone. 
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(1) HISO, conc. 
(2) H 2 0 ,  A 

notre nouvelle mithode d'alkylation des amides -60 "C. On introduit 0.05 rnol d'amide diluC d'un Cgal 
~ , j r - d i ~ ~ b ~ ~ i ~ ~ ~ ~ .  D~~~ un prochain ,,-,irnoire volume d'Cther ou de THF. Le milieu devient rapidernent 

violet, on laisse revenir la ternpkrature -50 "C la formation des h ~ d r o x ~ -  pendant 30 min. Le dCrivC halogen6 (0.055 mol) diluC dans 
arnides (note prklirninaire, rCf. 20). 80 ml de THF est introduit a -60 "C. On observe une 

dkoloration rapide de la solution qui devient jaune. On 
(CH3)2 CH , laisse revenir kI temperature arnbiante toute la nuit. 

,CH-CH2-CH2 - CO-CH3 
CH3-CO Mdtallation et alkylatiotl des amides litziaires, ramips 

7 6 

8 

Partie experimentale 
La structure des divers amides a CtC confirmee par ir 

et rmn. Les spectres infrarouges ont Cte effectuCs sur un 
spectrophotomkre Perkin-Elmer 457 sous forme de film. 
Les spectres rmn ont CtC enregistrks sur un appareil 
Perkin-Elmer R 12 & 60 MHz, en utilisant le CCL-TMS 
comme solvant. La puretC des produits a CtC contr6lee par 
chromatographie en phase gazeuse sur colonne SE 30 de 
3 m et les produits ont CtC analysis. 

PrPparation de diitl~ylamid~tre de lithium 
Dans un tttracol de 250 ml on introduit sous argon: 

10 ml de HMPT, 10 ml de benzene et 4 g (0.055 rnol) de 
diithylamine. On ajoute alors 0.055 at. g. de lithium 
martelC, le milieu devient rapidement rouge foncC; la 
tempkrature est maintenue & 20 "C & I'aide d'un bain 
d'eau. Le lithium disparait en 2-3 h. 

Mdtallation et alkylation du N,N-dimdfl~ylacifamide 
Le diethylamidure de lithium diluC de 10 ml d'Cther ou 

de THF pour Cviter la prise en masse est refroidi & 

ou cycliques 
On opere comme prkCdemment en introduisant l'amide 

h -20 "C, puis la tempkrature est rarnende progressive- 
ment h. +15 "C, pendant If h. Le carbanion peut Ctre 
alors alkylC & -60 "C. Les derives insaturb sont hydro- 
lysis au bout de 2-3 h & -50 "C, pour les autres com- 
poses on revient & tempkrature arnbiante la nuit et 
hydrolyse. Apres extraction & I'Cther, la couche organique 
est sCchke au sulfate de magnesium, on chasse sous vide 
les solvants, puis on distille sous pression raui te  le rksidu. 

Purification 
Dans certains cas, la distillation ne permet pas de 

sCparer le HMPT de l'amide alkylC. La chromatographie 
sur colonne d'alumine fournit un produit pur. L'elution 
se fait kI I'aide de solutions hexane4ther (20:80), puis 
5050 et pour finir & 1'Cther pur. Le HMPT reste fix6 sur la 
colonne. 

Tableau I 
Les arnides de depart ont CtC obtenus par action du 

chlorure d'acide sur la dimithylamine anhydre, la 
diethylamine ou la N-methylaniline. 

Essai I-p Cb: 135 "C/17 torr; ir: 1640 crn-1 (C=O); 
rmn: ti 2.83 et 2.97 (6H, d, NMez), 2.21 (2H, t, CHzCO). 

Essai 2-p Cb: 110 "C/20 torr (litt. (21) 88 "C/10 torr); 
ir: 1655 (C==C), 1640 (C=O), 910 cm-I (CHI=); 
rmn: 66.17 h. 5.46 ( lH,  m, CH=), 5.17 & 4.73 (2H, m, 
CHI=), 3.01 et 2.86 (6H, d, NMez). 
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Essai 3-p Cb: 120 "C/17 torr; ir: 3250 ( U H ) ,  2120 
(C-C), 1640(-), 745crn'-l(kH), rrnn: 6 3.01 et 2.86 
(6H, d, NMe2), 2.43 (4H, rn, CH2), 2.06 (lH, rn, C=CH). 

Essai 4-p Cb: 120 "C/0.01 torr ; ir : 1645 cm -1 (-); 
rmn: 6 3.04 et 2.9 (6H, d, NMe2), 2.82 h 2.45 (2H, rn, 
CH2-CO). 

Essai 5-p Cb: 102 "C/0.01 torr; ir: 1650 cm-I (C=O); 
rmn: 6 7.26 (5H, rn, C6H5), 3.2 (3H, s, NCH3), 2.2 
(lH, rn, CH). 

Essai 6-p Cb: 90 "C/16 torr (litt. (5) 96-98 "C/18 
ton); ir: 1640 cm-1 ( G O ) ;  rmn: 6 2.98 et 2.90 (6H, d, 
NMe2), 2.33 (lH, m, CHCO), 1.81 (lH, rn, CH), 1.25 ti 
0.74 (9H, m, CH3). 

Essai 7-p Cb: 108 "C/15 torr; ir: 1640 (C=O), 910 
crn-1 (CH2=); rrnn: 6 6 h 5.3 (lH, rn, CH=), 5.15 ti 
4.73 (2H, rn, CH2=), 3 et 2.87 (6H, d, NMez), 2.1 (IH, rn, 
CH-CO). 

Essai 8-p Cb: 45 "C/0.01 torr (litt. (22) 85.5 "C/13 
torr); ir: 1625 ( G O ) ,  1395, 1375 crn-1 ([err-butyl); 
rrnn: 6 2.95 (6H, s, NMe2), 1.22 (9H, s, CH3). 

Essais 9 er 11-p Cb: 110 "C/17 torr (litt. (21) 61- 
62 "C/0.7 torr); ir: 1630 crn-1 (C-0); rmn: 6 2.97 (6H, 
s ,  NMe2), 1.75 ti 1.05 (6H, m, CH2), 1.18 (6H, s, CH3), 
0.94 (3H, rn, CH3). Anal, calc. pour CloH21NO: C 70.12, 
H 12.36, N 8.18; trouvC: C 70.04, H 12.30, N 8.28. 

Essai 10-p Cb: 116 "C/17 torr; ir: 1633 crn-I (C=O); 
rrnn: 6 3.35 (4H, q,  NCH2). 

Essai 12-p Cb: 113-1 15 "C/17 torr; ir: 1625 cm-1 
(-); rrnn: 6 2.95 (6H, s, NMez), 1.09 (6H, s, CH3), 1 ti 
0.65 (6H, rn, CH3). 

Essai 13-pCb: 98 "C/15 torr (litt. (21) 75-80°C/4 
torr); ir: 1625 (-), 910 crn-I (CH2=); rrnn: 6 6.1 ti 
5.5 (lH, m, CH=), 5.15 h 4.75 (2H, rn, CH2=), 2.96 (6H, 
s, NMe2), 2.24 et 2.35 (2H, d, CH2), 1.18 (6H, s, CH3) 
(rCf. 21). Anal. calc. pour C9H1 7NO: C 69.63, H 11.04, 
N 9.02; trouvC: C 69.84, H 11.05, N 9.08. 

Essai 14-p Cb: 113 "C/16 torr; ir: 3270 ( h H ) ,  2120 
( k c ) ,  1625 cm-1 (C=O); rmn: 6 3.02 (6H, s, NMez), 
2.44 (2H, d, CH2), 1.95 (lH, rn, CH). Atral. calc. pour 

Tableau 2 
Essai I-p Cb: 65 "C/0.01 torr; ir: 1655 (C=C), 1640 

( C S ) ,  883 (CH2=), 615 crn-I (Cl); rrnn: 6 5.22 et 5.09 
(2H, d, CH2=), 2.97 et 2.83 (6H, d, NMe2), 2.6 (4H, rn, 
CH2). 

Essai 2-p Cb: 130 "C/23 torr ; ir : 1640 (C4), 650, 
crn-I (Cl); rmn: 6 3.55 (2H, t, CHzCI), 3.01 et 2.86 (6H, 
d, NMez), 2.3 (2H, t, CHzCO), 1.97 ti 1.61 (4H, m, CHz). 

Essai 3-p tb:  82 "C/0.01 torr; ir: 1640 (C=O), 680 et 
615 cm-1 (Cl); rrnn: 6 3.53 et 3.44 (2H, d, CH2CI), 3.01 
et 2.86 (6H, d, NMe2), 2.31 (2H, t, CHzCO), 1.08 et 0.97 
(3H, d, CH3). 

Essai 4-p Cb: 67 "C/0.01 torr; ir: 1655 (C=C), 1640 
(-), 890 (CH2=), 555 crn-I (Br); rrnn: 6 5.63 et 5.32 
(2H, d, CHz=), 3.01 et 2.86 (6H, d, NMe,), 2.6 (4H, rn, 
CHz). Anal. calc. pour C7H12BrNO: C 40.79, H 5.88, Br 
38.77, N 6.79; trouvC: C 40.80, H 6.02, Br 38.45, N 7.03. 

Essai 5-p Cb: 15&155 "C/15 torr; ir : 1640 (C=O), 
650 crn-I (Cl); rrnn: 6 3.51 (2H, t, CHzCI), 3.05 et 2.9 (6H, 
d, NMez), 1.1 ti 2 (6H, rn, CH2), 1.06 et 0.96 (3H,d, CH3). 

Essai b p C b :  80°C/0.01; ir: 1655 (C=C), 1633 

(C=O), 890 (CH2=C), 560 crn-I (Br); rrnn: 6 5.55 et 5.3 
(2H, d, CH2=), 3.35 (4H, rn, NCH2), 2.75 (2H, rn, 
CH2-CBr). 

Essai 7-p Cb: 105 "C/0.01 torr; ir: 1685 (C=O), 660 
cm-1 (Cl); rrnn: 6 3.44 (2H, m, CHzCl), 3.29 (2H, rn, 
NCH2), 2.78 (3H, s, NCH3). Atral. calc. pour CgH16CINO: 
C 56.98, H 8.50, CI 18.69, N 7.38; trouvC: C 56.91, H 
8.57, CI 18.51, N 7.48. 

Essai 8-p Cb: 105-1 11 "C/0.01 torr; ir: 1640 (C=O), 
650 cm-1 (Cl); rrnn: 6 3.56 (2H, t, CHzCI), 3.30 (2H, rn, 
NCH2), 2.98 (3H, S, NCH3). 

Tableau 3 
Le N-methyl caprolactame et le N-benzyl caprolactarne 

ont CtC obtenus par action de l'hydrure de sodium en 
milieu THF sur le caprolactame, suivie d'une alkylation 
par l'iodure de rnCthyle, ou le chlorure de benzyle. 

Essai I-p Cb: 100 "C/17 torr; ir: 1680 crn-1 (C=O); 
rrnn: 6 3.25 (2H, q, NCH2), 2.75 (3H, s, NCH3), 1.15 et 
1.03 (3H, d, CH3). 

Essai 2-p Cb: 47 "C/0.01 torr (litt. (2) 72-73 "C/20 
torr, (23) 87 "C/20 torr); ir: 1680~rn-~ (C=O); rrnn: 
6 3.25 (2H, t, NCH2), 2.74 (3H, s, NCH,), 2.02 (lH, rn, 
CH), 1.8 (2H, t, CH2), 1.03 (6H, s, Me2) (litt. (2) 3.26 (2H, 
t, NCH2), 2.73 (3H, S, NCH3), 1.83 (IH, t, CH2), 1.25 
(6H, s, Me2)). 

Essai 3-37 Cb: 115 "C/0.01 torr; ir: 3030, 1600, 750 
(C6H5), 1675 crn-1 (-); rrnn: 6 7.18 (5H, s, C6H5), 
3.1 (2H, rn, NCH2), 2.65 (2H, rn, CHzGH5). 

Essai 4-p Cb: 120 "C/16 torr; ir: 1640 crn-I (-); 
rrnn: 6 3.7 ti 3.12 (2H, rn, NCH2), 2.95 (3H, s, NCH3), 
0.99 et 0.87 (3H, d, CH3). 

Essai 5-p Cb: 145 "C/0.1 torr ; ir : 301 5,1600,730,700 
(C6H5), 1640 crn-1 (C=O); rmn: 6 7.14 (5H, s, C6H5), 
4.44 (2H, d, NCH2C6H5), 3.22 (2H, rn, NCHz), 2.32 (lH, 
rn, CH), 0.93 (3H, rn, CH3). Atral. calc. pour CI7Hz5NO: 
C 78.76, H 9.65, N 5.40; trouve: C 78.45, H 9.61, N 5.44. 

(a) Par acliotr drr butylli!hilrm 
A 0.055 rnol de butyllithiurn dans 1'Cther refroidi ti 

-20 "C, on ajoute sous argon 0.050 rnol de N,N-dirnCthyl 
isobutyrarnide diluk d'un Cgal volume d'Cther. On agite 
3 h puis on revient ti temperature ambiante et hydrolyse 
ti -10 'C par une solution de chlorure d'ammoniurn 
saturCe. Apres avoir extrait ti 1'Cther et sCchC sur sulfate de 
rnagnksium, les solvants sont chassis sous vide et le 
rCsidu distill6 sous pression rCduite: rendement 87%. 

(b) Par actiotl du chlorure de b~rtylmagtr~sisi~m 
A 0.15 rnol de rCactif de Grignard dans le THF, on 

ajoute ti ternpkrature arnbiante 0.075 rnol d'arnide diluC 
dans le THF. On agite 13 h puis porte 4 h a 60 "C, refroidit 
et hydrolyse par une solution d'acide chlorhydrique 2 N: 
p Cb: 47 "C/15 torr; rendernent: 82%. Les spectres ir et 
rmn sont identiques ti ceux d'un khantillon authentique. 

Sytirli6se de la d,l-pipiriror~e 
compose' 4 
Le N,N-dimethyl isovalCrarnide (0.05 rnol) est rnCtallC 

par le dikthylarnidure de lithium ti -20 "C comme dCcrit 
prkkdemment. 

Le dichloro-1,3 butene (0.06 rnol) diluC dans 100 rnl de 
THF est introduit ti -60 "C et on laisse revenir la tern- 
pCrature h - 50 "C. On hydrolyse ti - 50 "C 2 h apds  la 
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fin de I'addition. On extrait B l'ither, skche la couche 
organique sur sulfate de magnisium, chasse sous vide les 
solvants puis distille sous pression rCduite: p Cb: 70 "C/- 
0.02 torr; liquide jaune clair: 8.95 g (0.031 11101); rende- 
ment: 82%; ir: 1640 (C=O), 825 (CH=), 625 cm-1 (Cl); 
rmn: 6 5.41 ( lH,  t, CH=), 3 et 2.88 (6H, d ,  NMe*), 2.31 
(2H, m, CH2-CH=), 2.03 (3H, pic large, CH3CCI), 0.88 
(6H, 2d, CH3). Atlal. calc. pour C11H20C1NO: C 60.67, 
H 9.25, CI 16.28, N 6.43; trouvC: C 60.96, H 9.32, CI 
16.42, N 6.50. 

Compose 5 
A 0.022 mol de mCthyllithium dans 1'Cther refroidi B 

-20 "C on ajoute sous argon 0.020 mol d'amide chlore 4. 
On agite 3 h B -20 "C puis on revient 30 min B tem- 
pirature ambiante. On hydrolyse B -10 "C par une 
solution saturie de chlorure d'ammonium. Aprks traite- 
ment usuel on distille sous pression rCduite: p Cb: 50 "C/- 
0.01 torr; liquide incolore: 3 g; rendement 807;; ir: 1705 
(C=O), 615 cm-1 (Cl); rmn: 6 5.4 ( lH ,  m, CH=), 2.2 
(2H, m, CH2), 2.05 (6H, 2s, CH3C0 et CH3CCI), 0.9 
(6H, 2d, CH3). Atlal. calc. pour CI~H17CIO: C 63.64, 
H 9.08, C1 18.79; trouvC: C 63.85, H 9.25, CI 18.96. 

d,l-Pipirirone 7 
Une solution composCe de 2 g  de cCtone chlorCe 5 

(0.010 mol) et de 12 ml d'hexane est additionnie goutte B 
goutte B 8 ml d'acide sulfurique concentre refroidi B 
0 "C. Dks le dtbut de I'addition on note un dCgagement 
d'acide chlorhydrique, le milieu devient beige. Au bout de 
40 min on hydrolyse par 30 ml d'eau glacie (on refroidit B 
I'aide d'un bain B -40 "C). On revient h tempirature 
ambiante et porte B 90 "C pendant 3 h. Aprks extraction 
B I'Cther et lavage B la soude diluk, la couche organique 
est skhCe sur sulfate de magnisium, on chasse sous vide 
les solvants puis distille sous pression rCduite: p Cb: 
55 OC/0.01 torr; tzD2*: 1.4845 (litt. (19) p Cb 11  1 "C/15 
torr, nD2* 1.4847); liquide incolore, d'odeur menthol&: 
1.35 g; rendement: 83%; ir: 1665 (C=O), 870 cm-1 
(CH=); rmn: 8 5.69 ( lH,  q ,  CH=), 1.9 (3H, d, CH3), 
0.84 (6H, 2d, CH3); spectre de masse: pic de masse rn/e 
152, principal fragment: m/e 82, autres pics: rn/e 110, 
95, 39, 41, 54, 137. Ce spectre identique au spectre dicrit 
dans la littkrature (24) confirme la structure de la d,l- 
pipiritone. 
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Structure de la mycosporine (P 310) 
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JEAN FAVRE-BONVIN, NOEL ARPIN et CHRISTIAN BREVARD. Can. J. Chern. 54, 1105 (1976). 
La structure 1 (rnCthoxy-2 bis(hydroxyrnCthy1)rnCthylarnino-3 hydroxy-5 hydroxyrnCthy1-5 

cyclohexkne-2 one-1) a CtC attribuie B la rnycosporine (P  310), substance isolCe de Stereurn 
llirsutnm (Willd. ex Fr.) Fr.; ce resultat dCcoule de l'analyse des spectres (uv, ir, sm et rrnn de lH 
et IIC) du produit nature1 et de ses d6rivCs. 

JEAN FAVRE-BONVIN, NOEL ARPIN, and C H R ~ S T ~ A N  BREVARD. Can. J. Chern. 54, 1105 (1976). 
The structure 1 (2-rnethoxy-3-bis(hydroxyrnethyl)rnethylarnin~5-hydroxy-5-hydroxyrnethyl- 

2-cyclohexen-1-one has been attributed to rnycosporine (P. 310), a product isolated from 
Stereum Iiirsutum (Willd. ex Fr.) Fr.; this result is derived from the uv, ir, ms, and nrnr of IH 
and 13C spectral analysis of the natural product and its derivatives. 

Introduction 

Etudiant le cycle de dtveloppement de divers 
champignons phytopathogknes, Leach et coll. 
misent en Cvidence, de 1961 B 1969 (1,2),la ntces- 
sit6 de la lumikre ultraviolette pour induire la re- 
production sexute comme asexute des espkces en- 
visagtes. Parallklement il remarqua que les 
extraits aqueux des myctliums irradiCs en ultra- 
violet prtsentaient une trks intense absorption en 
uv avec un maximum B 310 nm (3). Par la suite 
trois substances furent isoltes, absorbant toutes 
trois B 310 nm, et dtsigntes P 310 A, P 310 B, 
P 3 10 C, cette dernikre-nettement abon- 
dante (2). Cependant Trione et Leach ne don- 
nkrent que trks peu d'informations relatives B la 
structure de ces composCs photo-induits et bien 
que d'autres chercheurs (4-7) aient is016 B 
nouveau ce type de substances, ils restkrent en 
d e ~ B  des indications dtjB fournies (2). 

Dans une note prtliminaire (Arpin, Thivend et 
Favre-Bonvin, B paraitre) nous relatons la 
prtsence, abondante, de P 3 10 dans les carpo- 
phores de Stererun hirsuturn; nous avons com- 
part (spectres uv, ir, sm, rmn et chromatographie) 
la substance isolte avec le P 310 extrait de  

IRecherches chirniotaxinorniques sur les Charnpignons. 
XXXI. Pour XXX voir: Substances photoabsorbantes de 
Stereutn lrlirsutum (Willd. ex Fr.) Fr.; isolement de P 310 
par N. Arpin, S. Thivend et Jean Favre-Bonvin. A 
paraitre. 

Nectria galligena par D e h ~ r t e r : ~  les deux com- 
posts se rtvklent identiques en tous points. 

Nous rapportons et discutons ici l'ensemble 
des informations chimiques, essentiellement ob- 
tenues par des mCthodes spectrales, qui nous ont 
conduits B la structure 1 (schema 1) pour P 310. 

Comine se composC a CtC isolt de spores B 
plusieurs reprises, nous proposons de donner B 
cette molCcule ou mtthoxy-2 bis(hydroxymtthy1)- 
mCthylan~ino-3 hydroxy-5 hydroxymtthyl-5 cy- 
clohtxkne-2 one-1 le nom de mycosporine. 

RCsultats et discussion 

La mycosporine, compost blanc de consistance 
psteuse B la temptrature ambiante, prtsente une 
reaction positive avec la dinitro-2,4 phtnylhy- 
drazine; elle rtagit Cgalement avec le chlorure 
ferrique (coloration rouge brun). Le spectre uv 
se caracttrise par une bande d'absorption unique 
B 310 nm (fig. 1) ce qui, apriori, n'apporte gukre 
d'indication sur le chromophore car les sub- 
stances actuellement connues pour prksenter un 
tel spectre (dimkre de la thymine et son produit 
de dkshydratation (8), ztatine (9)) s'avkrent 
nettement difftrentes par ailleurs. 

Au plan de la spectromttrie ir, trois bandes 
- - 

2M. Dehorter, Universite de Lille, France, a bien voulu 
nous transrnettre un khantillon de P 310: nous I'en 
rernercions trks chaleureusernent. 
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4 

biiylation 
/CH20H 

CHzOH NH-CH 
'CH~OH 

sont B signaler: une A 1610 cm-I pouvant cor- 
respondre B un carbonyle t r b  influend, une 
autre, importante, B 1540cm-' et enfin une 
bande hydroxyle, Cgalement intense, B 3330 cm-'. 

En spectromCtrie de masse on observe, dans 
tousles cas, un pic B m/e 243 (243.1103,243.1106 
pour Cl1Hl7NO5); ce pic provient de la dishy- 
dratation du produit naturel dont le pic molicu- 
laire trks faible (et souvent inexistant) se situe B 
m/e 261 correspondant h CllH19N06. L'existence 
pour le dtrivt titra-trimtthylsilylt d'un pic 
moliculaire intense B m/e 549 confirme la valeur 
m/e 261 pour le pic moltculaire du produit 
naturel et par le fait la trks facile dtshydratation. 
C'est en fait l'itude dttaillte des spectres de 
rmn 'H et 13C du produit naturel et de ses 
dCrivCs acCtylCs qui nous a conduits B la structure 
de la myc~sporine.~ 

Tout d'abord signalons l'existence, dans tous 
ces spectres, d'un signal mCthoxyle (figs 1-4 et 
tableau 1). 

L'important dCblindage observC par rapport 
au diplacement chimique moyen d'un mtthoxyle 
(5 ppm) en 13C semblerait indiquer un fort en- 
combrement sttrique au niveau des positions de 
substitution adjacentes A ce groupe mkthoxyle. 
De tels effets ont dCjB CtC observks dans des 
anisoles ortho-disubstitukes (rCf. 10, p. 203-204). 

La prCsence d'un groupement C=O est Cvi- 
dente en13C oh le signal se situe B une valeur de 
186.2 ppm (pyridine) (187.9 ppm dans D20); 
dans le spectre de 13C non dCcouplC, ce signal 
apparait sous forme d'un triplet indiquant un 
couplage B longue distance avec les protons d'un 
CH2 vicinal: la constante de couplage de 4.1 Hz, 
est en bon accord avec les valeurs dCjA obtenues 
dans la littkrature. Le blindage important de ce 
carbonyle implique la prCsence d'une cCtone 
a,p insaturie. Les diplacements chimiques des 
&tones, peu sensibles aux effets inductifs de 
substituants en a de ce groupe fonctionnel sont 
par contre affect& trks nettement par des formes 
mtsomkres du genre: 

43-5 + 

JNous avons grandement bCnCficiC dans ce domaine de 
I'expCrience, des suggestions et conseils de M. Robert 
Mottet (SociCtt Rhone-Poulenc): nous tenons k lui 
exprimer ici toute notre reconnaissance. 
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FAVRE-BONVIN ET AL. 

- - I--- . . 
. . . I  R R A D I A  T I  0 N 

a r" *------- 

FIG. 1 .  Spectres de rrnn 'H h 250 MHz de 11ac6tate 2 (CC4); agrandissernents, dkouplages et 
INDOR. 
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TABLEAU 1. Valeurs des dkplacements chimiques (pprn) des 13C de la mycosporine, 1, et de I'acktate 2 

13 16 
/CH2-0COCH3 

NH-CH, 
CH20$0$H3 

O$O$H3 

Figure 
C D20 off  re^.^ Pyridine 

Figure 
C CDC1, off 

Os, singulct; d, doublet; t, triplet; q, quadruplet. 
bDonne un triplet ( I  trbs faible) dans un spectre non d&oupli.. 
'Valeurs a t t r ibuks  arbitrairemcnr. 

diminuant la dtficience de charge Clectronique au 
niveau du C oxygtnt. Les pics i 132.5 et 160.5 
ppm (D20) et 131.5 et 153.4ppm (pyridine) 
correspondent respectivement aux C-2 et C-3 
(rtf. 10, p. 193). 

Les quatre hydroxyles silylables, d t j i  dttectts 
par sm sont parfaitement confirmts en rmn de 
'H oh s'observent deux signaux 0-TMS, dans 
le rapport 3:1, ce qui indique d t j i  nettement 
l'existence d'un hydroxyle particulier, ltgkrement 
plus blind6 sous forme de TMS que les trois 
autres. Ces trois hydroxyles s'acktylent aiskment : 
on observe alors deux signaux i 2.07 et 2.10 ppm 
(CDC13) dans le rapport 2: 1 (fig. 2). I1 existe donc 
deux acktyles parfaitement identiques, un autre 
ltgkrement plus dtblindt, dtrivant tous trois 
d'alcools primaires, compte-tenu du dtplace- 
ment chimique des trois signaux -CH20- 
(ca. 4 ppm) observt dans les spectres du produit 
naturel. 

Les expe'riences de dkcouplage de spin et 
d'INDOR re'alistes sur le dtrivC tttraacCtylC 2 

(CC14) apportent la preuve de la prtsence d'un 
groupement isopropanediol (schtma 2). 

Aprks irradiation du -CH B 970 Hz (3.88 
ppm, fig. l), les deux quadruplets centrts i 4.04 
et 4.31 ppm se resolvent chacun en un doublet 
(J = 11.2 Hz): les protons HA et HA' sont donc 
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FAVRE-BONVIN ET AL. 

FIG. 2. Spectres de rmn 1H h 250 MHz de 1'acCtate 2 (CDC13); agrandissements et dkouplages. 

isochrones comme le sont Cgalement Hg et HBr; et 2) alors que dans le produit nature1 son 
chacun de ces couples Ctant dCdoublC par HM on diplacement chimique se situe B 4 ppm (pyridine 
comprend ainsi la prCsence de deux quadruplets. deutCriCe; avec DzO ce CH20H se trouve plus 

Le troisikme acCtyle (2.10 pprn) dCrive d'un blind6 que le -OCH3, fig. 3). 
autre CH20H resonant ici B ca. 5 ppm (figs 1 En h i t  d'autres modifications notables sur- 
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FIG. 3. Spectres de rrnn 'H h 250 MHz de la rnyco- 
sporine 1 (pyridine) h diffirentes temperatures. 

viennent par acitylation cornrne le ~nontre a 
l'kidence la cornparaison des spectres de rmn 
du produit naturel et des acitates. 

Tout d'abord on note dans le produit naturel 1 
la prtsence de deux C-CH2-C formant chacun 
un systkrne AB (double doublet) avec dans tous 
les cas une constante de couplage de 17 Hz 
(fig. 3). 

Or ces quatre protons (2CH2) disparaissent 
totalernent dans les spectres de rmn des divers 
acttates prCparCs; corrtlativernent, deux protons 
CthylCniques rCsonant B 6.46 et 6.66 pprn (CDC13) 
apparaissent dans 2. On rnontre aistrnent par 
irradiation (fig. 2g et h) que ces deux protons se 
trouvent couplts l'un B l'autre, en position t d t n  
(J = 2 Hz). De plus on constate (figs 1 et 2) la 
prtsence d'un quatrikrne acttyle, fortenlent dt- 
blindt (2.32 pprn, CDC13), correspondant B un 
acttate tnolique ou phtnolique (1770 crn-l) 
tandis que disparait le G O ,  cornnle le rnontre 
le spectre de rrnn du I3C de 2. 

Ainsi donc l'acttylation provoque le fort 
dtblindage d'un -CH20H, la disparition des 
deux C-CH2-C, celle du C = -  et la formation 
correlative de deux protons Cthyltniques et d'un 
-0Ac. Par ailleurs le pic moltculaire du tttra- 

$ ! R :  Pyridine/anhydride acitique 

HO - H20 
HOHIC 

H H OAc 

acttate 2 se situe B m/e 411 (au lieu de m/e 
attendu B 429): tous ces changernents sont corn- 
patibles avec une arornatisation selon le schtrna 3. 

L'aromatisation rtsulte donc d'un double 
phinomkne de dtshydratation au niveau de I'OH 
tertiaire et d'tnolisation. Cette dernikre rtaction 
met en jeu le CH2 le plus dCblindC de 1 dont les 
quatre signaux disparaissent par addition de 
NaOD (D20). Cornpte tenu de la presence du 
groupernent isopropanediol, l'enchainernent pro- 
posC explique parfaiternent la formation d'un 
dCrivC tCtra-trirnCthylsilylC (avec un -0TMS 
plus blind6 que les trois autres) et celle d'un 
dCrivC tCtraacttylt (avec un acCtate netternent 
plus dCblindC que les trois autres). De tels 
rnicanisrnes d'arornatisation ont dCjB CtC rnen- 
tionnCs pour diverses rnolCcules d'origine fon- 
gique: flavornannine (1 l), dimithyl-6,6' flavo- 
rnannine (12), asperflavine (13), titrangomycine 
(14) etc. 

La riduction de 2 provoque la formation du 
triacttate 3 (M B tn/e 353). Le CH2-OAc ainsi 
rCduit (CH3 B 2.26 pprn, CC14) se trouve port6 
par le C-5: on observe en effet (figs 2 et 4) les 
couplages du CH20Ac dans 2 d'une part et de 
CH3 dans 3 d'autre part avec les deux protons 
arornatiques (H-4 et H-6). Les expkriences de 
dtcouplage (figs 21.-h et 4) rCalisCes sur les H 
arornatiques cornrne sur CH20Ac ou CH3 con- 
firrnent cet emplacement sans arnbigiiitt. Ce 
carbone 5 porte Cgalernent I'OH tertiaire silylable 
(et trks facilernent Clirnint par dtshydratation); 
i l  est asyrnttrique ce qui explique le pouvoir 
rotatoire de 1. 

Nous avons jusqu'ici rendu cornpte des 6 
oxygknes et de 18 des 19 hydrogknes indiquts par 
la rnesure de masse B haute rtsolution (1C0, 
1 CH20H, 2CH2, lCH20H-CH-CH20H, 

10CH3, 10H tertiaire); le dernier proton appar- 
tient 5 une arnine secondaire exocyclique cornrne 
l'indiquent les spectres de rrnn du produit naturel 
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FAVRE-BONVIN ET AL. 1111 

7 6 5 4 :: 2 ppm 
FIG. 4. Spectre de rrnn IH h 250 MHz de l ' ic~tate 3 (CC14); agrandissements et dtcouplages. 

(7.02 ppm, pyridine, fig. 3) et des acetates (ca. 
4.5 ppm, figs 1 et 2). 

Alors qu'en solution dans CCI4 on n'observe 
qu'une bande large pour cet NH, l'utilisation de 
CDC13 fait apparaitre un doublet dfi B la liaison 
avec le CH du groupement isopropanediol 
cornme le dCmontrent clairement les expCriences 
de dCcouplage (irradiations et tchange avec D 2 0 )  
reprCsentCes sur la figure 2a-e: l'irradiation B 
3.96 pprn (fig. 2e) provoque la disparition du 
doublet du NH, l'irradiation B 4.59 pprn, cornine 
1'Cchange avec D 2 0 ,  entrainent l'affinernent des 
raies du multiplet B 3.96 ppm. (On tend ainsi 
vers une figure identique au schCma thtorique 
obtenu par ordinateur pour le seul couplage 

/CH?-- 
-CH ' - ). Signalons ici que 1'H du NH, 

'CHZ- 
facilement Cchangeable par D20 au niveau des 

I 
I ace'tates ne l ' e ~ t - ~ a s  d; tout dans le produit 

naturel. Or il a Ctt souvent constat6 (Steglich, 
communication personnelle) que 1'H d'un amide 
(cas de la rnycosporine 1, vinylogue d'amide), 

contrairement B celui d'une amine (cas des 
acktates) se rtvkle difficilement Cchangeable. 

La prCsence des 11C est parfaiternent dCrnon- 
trCe en rmn de 13C (tableau 1); quatre parrni 
ceux-ci ne portent aucun H: C-1 (C=O) et 
C-5 (porteur de CH20H et OH) dCjB ttudiCs, 
auxquels il faut joindre 2C relits entre eux par 
une double liaison et porteur en outre chacun 
d'un des deux substituants R1 (OCH3) et R2 
(-NH-CH=(CH20H)2) dont il convient de 
pricker l'emplacement; i ces neuf carbones 
s'ajoutent les 2CH2. 

Les dCrivCs 11 obtenus par condensation du 
dimCdon 10 (15) avec des arnines prirnaires, se 
caractkrisent par une absorption uv au voisinage 
de 280 nm sous forme de pic unique (15, 16); ces 
vinylogues d'amide se singularisent en outre par 
des bandes d'absorption en ir B 3250 et 1610 cm-' 
(15). Comme l'effet bathochrome rtsultant de la 
substitution d'un -H par -OCH3 sur une 
double liaison conjuguCe avec un C=O est 
sensiblement le rn&me (30-35 nm) en a ou en /3 de 
ce carbonyle (17) il ttait difficile de lever par uv 
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l'inditermination concernant la position respec- 
tive de R1 et R2. Le choix de la position 2 pour 
-OCH3 rCsulte de 1'Ctude par rmn du dCrivC 8, 
obtenu par llintermCdiaire des compods 5-7, 
dans lequel l'acCtate phCnolique est remplacC par 
un mCthyle. On observe de~rx signaux -OCH3 et 
cleux signaux (Clargis) pour les protons aro- 
nlatiques ce qui Climine l'hypothkse d'une struc- 
ture sylnitrique 9 pour 1'acCtate et justifie bien 
la formule 1 proposCe pour le produit naturel. 

Signalons enfin que la rCsonance des CH2 
endocycliques diffkre selon la nature du solvant 
utilisC: dans la pyridine on note un Clargissement 
sensiblelnent Cgal de tous les signaux (bien 
visibles B 80 "C, fig. 3), alors que dans D 2 0  le 
ptoton le plus blindC de chaque CH2 se trouve 
Clargi par couplage B longue distance. Des 
exptriences actuellement en cours doivent per- 
mettre de colnprendre ces donnCes et d'aborder 
ainsi la stCrCochimie de la mycosporine, ce qui 
fera l'objet d'une note ultirieure. 

Nous avons dkcrit dans la note prCctdente (Arpin, 
Thivend et Favre-Bonvin, B paraitre) les mCthodes 
utilisCes pour l'extraction et la purification de la myco- 
sporine. 

Mycosporir~e 1 :  uv A,,, (H20)  310 nm (e  27 270); ir 
(KBr) 3340, 1610, 1540, 1450, 1400, 1265, 1185, 1120, 
1075, 1040 et 980 cm-I; sm m / e  ?i 261 (I%), 243.1103 
(20%, CIIHI7NO~, calc. 243.1106), 212.0927 (1005<, 
C10H14N04, calc. 212.0922), 194 (loc>:), 182 (4y0); rrnn 
(fig. 3) 6,,,, 20°C 2.97 (d, IH, J = 17 Hz), 3.18 (d, lH ,  
J = 17 Hz), 3.25 (d, lH ,  J = 17 Hz), 3.46 (d, lH,  
J = 17 Hz), 3.82 (s, 3H), 4 (s, 2H), 4.064.3 (m, 5H), 5.06 
(large signal, lH), 6.76 (large signal, 3H), 7.02 (d, 1H); 
rmn 1lC tableau 1, [ c x ] ~ ~ ~ ~ ~  - 121. 

AcCtylation et silylation ont t t t  conduites selon les 
techniques usuelles, en milieu pyridinique - anhydride 
acitique pour la premibre, HMDS et TMCS pour la 
seconde. L'acCtate 2 a CtC hydrolysC par chauffage ?i 
1'Cbullition pendant quelques minutes en prtsence d'HC1 
N. Les composCs 2 et 7 ont CtC rCduits en 3 et 8 respective- 
ment par hydrogenation en prbence de charbon palladiC 
(?i 10%) ?i la tempCrature ambiante et ?i la pression atmos- 
phCrique en solution tthanolique. Enfin la mtthylation de 
5 en 6 a CtC r&lisCe ?i l'aide du diazomtthane dans le 
mCthanol. 

La pureti du produit naturel a CtC contr616 par chroma- 
tographie sur couche mince de gel de silice et par chroma- 
tographie en phase gazeuse (sous forme de dCrivC TMS 
sur une colonne de 3 m remplie de Gas Chrom Q 80-100 
mesh imprCgnC k 47, d'OV-1). La purification des 
acetates sur colonne de gel de silice (solvant CHCI,) a Ctt 
suivie par CPG (colonne de 2 m remplie de Gas Chrom Q 
imprCgnC ?i 5% de SE 52). L'appareil utilisC Ctait un 
Girdel 3000 Cquipt d'un detecteur ionisation de flamme. 

Les acetates de P 310 obtenus en quantitts suflisantes 

sont des liquides B la tempCrature ambiante, B I'exception 
de I'acCtate reduit, 3, qui cristallise dans I'ethanol absolu 
sous forme d'aiguilles blanches. 

Dbive' silyli 4 :  uv cf. 1; sm (% de tn/e 549) m/e  i 549 
(10076, MC), 534 (24%), 531 (32!6), 446 (SOYG), 420 
(8854), 356 (LO(;h), 338 (4C/1), 266 (3%), 248 (127;). 

Ace'tute 2:  uv A,,, (MeOH) 212,252,292 nm; ir (KBr) 
3350,2900,1755,1745,1605,1590,1515,1450, 1360, 1220, 
1125, 1040, 990, 960 et 885 cm-I ; sm (7; de m/e 278) m / e  
B 411.1531 (63C/b, Mf, CIqHzsNOq, calc. 41 1.1529, 369 
(35,), 352 (57h), 338.1248 (25%, C16H20N07, calc. 
338.1240), 310 (3%), 296 (15(,;$), 278.1029 (lOOTi, 
C14H16NO5, calc. 278.1027), 254 (20C/o), 236 (33%), 218 
(8'%), 212 (44'741, 204 (lOYi), 194 (I?(,&), 170 (56'j/,), 162 
(15Vh); rmn (250 MHz, figs 1 et 2); 6cDc13 2.07 (s, 6H), 
2.10 (s, 3H), 2.32 (s, 3H), 3.74 (s, 3H), 3.96 (m, lH),  4.10 
(q, 2H, J1 = 11.25Hz, J2 = 5Hz), 4.35 (q, 2H, JI = 
11.25 Hz, J 2  = 5 HZ), 4.59 (d, IH), 5.01 (s, 2H), 6.46 
(d, lH,  J = 2 Hz), 6.66 (d, lH ,  J = 2 Hz); rmn I1C 
tableau 1. 

Achrrte 3: uv cf. 2; ir (KBr) 3350,2900,1775,1740,1605~ 
1590, 1500,1450,1370, 1250, 1225, 1200,1115, 1090, 1030, 
1020, 990, 885, 850, 810 et 780 cm-1; sm (96 de m/e  280) 
m/e B 353.1471 (80C/c, Mf, C17H23N07, calc. 353.1473), 
296 (90/;), 280.1184 (1007&, C14H18N05, calc. 280.1 184), 
238.1092 (5555, C12H,,N04, calc. 238.1079), 196 (227;), 
178 (25C/,), 146 (32%); rmn (250 MHz, fig. 4) 6ccr, 2.02 
(s, 6H), 2.22 (s, 3H), 2.26 (s, 3H), 3.65 (s, 3H), 3.8 (m, 
lH), 4 (q, 2H), 4.3 (m, 3H), 6.12 ( lH) ,  6.4 (IH). Anal. 
calc. pour Cl7HZ3O7N: C 57.58, H 6.56,O 31.69, N 3.96; 
trouvC: C 57.54, H 6.79, 0 31.47, N 3.90. 

Mifiryf ac6tate 7: rrnn (100 MHz) 6cDcll 2.03 (s, 6H), 
2.07 (s, 3H), 3.52 (s, 3H), 3.75 (s, 3H), 3.97-4.41 (m, 5H), 
4.5 (IH), 4.97 (s, 2H), 6.33 (lH),  6.40 (1H). 

M&l~yl ncitute riditit 8 :  rrnn (100 MHz) 6cDc13 2.06 
(s, 6H), 2.27 (s, 3H), 3.76 (s, 3H), 3.83 (s, 3H), 3.90-4.5 
(m, 6H), 6.20 (lH),  6.26 (1H). 

Les spectres de rmn de IH ont CtC enregistrCs d'une part 
sur des appareils Cameca (250 MHz) B Paris et Marseille 
et sur un Varian HA-100 B Lyon, ceux de I3C sur une 
Briiker HX-90E B Wissembourg. Les spectres de masse et 
les mesures en haute rCsolution ont Cte r6alisCes sur un 
appareil AEI MS-902 du Centre de Spectromttrie de 
Masse de Lyon. 
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(1976). 

Sonolysis of water at  447 kHz causes a decrease in the pH. The products formed depend to 
some extent on the nature of the dissolved gases; products observed are hydrogen peroxide, 
nitrous and nitric acid. The yield of hydrogen peroxide follows the order 0 2  > air > Ar > N2. 
In the case of total acid (nitrous and nitric) the yield follows the order air > N2 > Ar > 0 2 .  

Nitrogen fixation occurs in the presence of Ar and 0 2  because of the presence of small amounts 
of N2 either as an impurity in the dissolved gases, or as residual air in the incompletely degassed 
water. 

An attempt was made by using the Fricke dosimeter to obtain information on the relative 
chemical activity of cavitation. 

ERIC L. MEAD, RONALD G. SUTHERLAND et RONALD E. VERRALL. Can. J. Chem. 54, 1114 
(1976). 

La sonolyse de I'eau 2 447 kHz produit une diminution du pH. Les produits formis dipen- 
dent, jusqu'a un certain point, de la nature des gas dissous; les produits observCs sont le 
peroxyde d'hydrogkne et les acides nitreux et nitrique. Le rendement en peroxide d'hydrogkne 
suit I'ordre O2 > air > Ar > N2. Dans le cas de I'acide total (nitreux et nitriques), le rendement 
suit I'ordre air > N2 > Ar > 02. La fixation de l'azote se produit en presence d'Ar et d '02 a 
cause de la prCsence de faibles quantitCs de N2 soit sous forme d'impureti dans les gas dissous 
ou sous forme d'air rCsiduel si I'eau n'a pas CtC complktement dCgasCe. 

On a fait un essai pour utiliser le dosimktre de Fricke afin d'obtenir de l'inforrnation con- 
cernant llactivitC chimique active de cavitation. 

[Traduit par le journal] 

Introduction 
Chemical transformation can be effected both 

in pure liquids and solutions by an ultrasonic 
field. An ultrasonic wave passing through a 
ilquid medium can induce the phenomenon of 
"cavitation"; this occurs when rapidly alternat- 
ing increases and decreases in the pressure over- 
come the liquid cohesive forces to form holes or 
cavities in the liquid (l,2). These cavities are then 
filled by dissolved gases or by vapour from the 
liquid. Subsequent collapse of the bubbles pro- 
duces large amplitude shock waves and large 
increases of local temperature. Electrical dis- 
charges are also believed to occur. 

Chemical reactions may then be induced either 
in the cavity itself or via the high energy inter- 
mediates produced when the cavity collapses. 
The maximum pressure attainable under con- 
ditions of adiabatic collapse have been estimated 
to be ca. 1 X lo5 atm with temperatures reaching 
lo4 K (3-5). Thermolytic reactions are to be 

'To whom all correspondence should be addressed. 

expected under these conditions in the vapour 
phase within the cavity. Other authors (6,7) have 
suggested that reactions occurring in the cavity 
are aided by electrical discharges due to charge 
separation on the surface of the bubbles. 

In aqueous solution there is evidence (8-11) 
that the lifetime of chemically active radicals 
produced by sonolysis is larger than the lifetime 
of the cavitation bubble and so these chemically 
active species which are formed in the vapour 
phase of the cavity (the temperature of a hot gas 
bubble will be greater than 2000 K) migrate and 
are available to trigger chemical reactions. It has 
also been shown (1, 12-14) that the presence of 
certain gases can alter the secondary reaction of 
these radicals. Reports of studies of cavitation- 
induced chemical reactions in pure organic 
liquids are few, but recent work by Diedrich 
et al. (15) indicates such reactions can readily 
occur in the case of several substituted benzenes. 

The nature of the products obtained when 
water is insonated have been found to be dependent 
on the acoustical power (12, 13), design of the 
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insonation cell (12), temperature (16), external 
pressure (12), and on the nature of the dissolved 
gas (1, 12-14). Hydrogen peroxide is the major 
product, other minor products such as molecular 
hydrogen (12), ozone (17), and nitrous and nitric 
acids (13, 18, 19), have been reported. There is 
only one report (13) of an investigation of the 
variation of pH, as a function of insonation 
time, of water saturated with various gases. In 
view of our studies on the effect of sonolysis of 
heterocyclic bases in aqueous media and possible 
effects of minor products such as nitrous and 
nitric acid on our reactions it seemed necessary 
to reinvestigate the effect of ultrasound on water 
saturated with gases such as nitrogen, oxygen, 
and argon. As well it was thought that the 
results would be useful in shedding light on the 
mechanism of sono-chemical reactions of solutes 
in aqueous solutions. 

Experimental 
Irradiations were conducted with an  ultrasonic gen- 

erator (Macrosonics Multisons MC500-1) with a con- 
tinuously variable output from 10 to lo4 kHz at 0 to 
500 W. The sound source was a cobalt barium titanate 
transducer, Model HFS-450, operating with maximum 
efficiency at 447 kHz with rated average power output of 
50 W. The insonation vessel was similar in design and 
construction materials to that used by Spurlock and 
Reifsneider (14). The cell cap was fitted with two outlets 
and a demountable sampling tube which permitted 
aliquots of the solution to be examined as well as the 
addition and removal of gases to and from the reaction 
vessel. A plexiglass ring (1 cm high) was used to support 
and position the cell reproducibly over the transducer. 
It was fitted with a tube to force cooling water across the 
face of the cell. The temperature inside the cell was kept 
relatively constant by circulating the water effecting the 
sound coupling between the source and insonation vessel 
through a constant temperature bath (25 _+ 0.2 "C).  The 
temperature inside the cell was monitored by means of a 
potentiometer using a copper-constantan thermocouple 
with an ice-point reference. Temperatures were always 
recorded immediately after insonation to assure that 
values recorded were not affected by anomalous inter- 
action between the thermocouple and the ultrasonic field. 

The total acoustic power absorbed by the system 
during the insonation process is not an accurate measure 
of the energy available for chemical reactions since only a 
small fraction (20) of the total acoustic energy is used for 
the formation of free radicals. We employed the Fricke 
dosimeter in an attempt to gain some information on the 
relative chemical activity of cavitation or the rate at 
which available energy is deposited by cavitation. The 
change in optical density of the aerated dosimeter solu- 
tions was a linear function of the insonation time up to 
6min. However, at longer times the yields of Fe3+ 
deviated from linearity due to a degassing of the solution 

by the cavitation process. The latter was corroborated by 
the fact that saturating the solution with oxygen prior to 
insonation extended the linear yield of FeJt up to 8 min. 
The production of nitrous acid in the air-saturated water 
caused a time dependent oxidation of FeZt to Fe3+. 
Quenching of the solution with sulfamic acid immediately 
after insonation reduced the error in the measurement of 
the Felt yield. 

The water used tl~roughout this study was prepared 
from singly distilled water which was subsequently 
passed through a 12 in. column of activated charcoal 
(8-12 mesh), two Illco-way ion exchange resin columns, 
and a 30 in. column of Fisher analytic grade Amberlite 
MB-I resin (Rexyn 300 H-OH). This water was then 
distilled from alkaline permanganate in an all glass still 
under pure nitrogen atmosphere. The p H  of the water 
was normally between 6.5 and 7.0 with a specific con- 
ductivity Less than 1.0 X 10-6 mhos at 25 "C. The water 
obtained was then transferred to a high vacuum all glass 
system and the water degassed in a large conical vessel in 
three or more successive freeze, evacuate, and thaw 
cycles. The lack of trapped gases gave rise to a virtually 
transparent solid phase of water. Aliquots (50 ml) of the 
degassed water were transferred under vacuum to the 
insonation cell and saturated itr sit11 by bubbling the gas 
through the water for 10 min. 

The p H  of insonated solutions was measured by means 
of a glass electrode using a calomel electrode as reference. 
p H  was recorded directly on a Beckman Expandomatic 
SS-2 pH meter. The p H  measurement was carried out in 
a separate compartment connected to the insonation cell. 
The insonated solution was displaced into the p H  
measuring compartment by means of a positive pressure 
of the saturating gas. The design of the apparatus was 
such that the electrodes were always kept wet between p H  
determinations. 

Canada Liquid Air gases were used in all experiments. 
They had the following specifications: argon contained 
< 10 ppm 0 2 ,  <2  ppm Hz, <23 ppm N2, < 10 ppm H20, 
<0.5 ppm COz, and <0.5 ppm CH4; nitrogen contained 
<20ppm 0 2 ,  < IOppm H20 ,  and 8Oppm Ar; and 
oxygen contained < I0 ppm H20 ,  and 4990 ppm Nz and 
Ar combined. 

The rate of hydrogen peroxide formation was meas- 
ured using a catalyzed colorimetric procedure (21). Two 
solutions(A: 1 gNaOH,33g K1,O.l ~ (NHJ)~MO,O? .+ .H~O 
in 500 ml H 2 0 ;  B: 10 g potassium acid phthalate in 500 
ml H20) were mixed 1 :1 just prior to the determination, 
and subsequently mixed in a 1 :1 ratio with a 5 ml aliquot 
of the insonated sample. The color intensity was measured 
at 350 nm in a 1 cm cell using a Beckman DB-G spectro- 
photometer. 

Nitric acid was determined by cadmium-copper reduc- 
tion to nitrite following the procedure of Wood er (11. (22). 
Nitrous acid was determined by the same method with the 
following changes: the reduction step was eliminated and 
the sulphanilimide solution contained half the acid con- 
centration of that used for the nitric acid determinations. 
Both tests were insensitive to the presence of hydrogen 
peroxide up to 0.5 X 10-3 mol I-'. 

The concentrations of H202,  HN02, and HNO, for 
each insonation experiment were calculated directly from 
a calculation factor based on Beer's Law. These factors 
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TABLE 1. Rate studies of the formation of 
products from water by ultrasonic irradiation at 25 OC 

NITROGEN e r!?l 
Initial rate of formationa (mol 1-1 min-1) 

Product Air 0 2  N2 Ar 

I 
0 10 20 30 

TIME (mld 

FIG. 1. Variation in the p H  of distilled water with 
insonation time in the presence of various gases. ApH = 
pH(initia1) - pH(fina1). 

were obtained from freshly prepared standards analyzed 
spectrophotometrically and concurrently with the un- 
known samples. The concentrations of these standard 
solutions were chosen to cover the range of experimental 
concentrations obtained for each product. The root- 
mean-square deviation of the calculation factors are a 
measure of the precision of the analyses and were found 
to be i0 .50,  k0.37, and +0.60(;/, for HzOz, HN02, and 
HN03, respectively, based on 50 determinations of 
standards for each product. 

The average deviations of the experimental results, 
based on at least three runs for each time interval in the 
presence of a particular saturating gas, were i 5 . 3 ,  i3 .0 ,  
and f 4.1% for H202, HNO2, and HNO,, respectively. 
Blank analyses were carried out on all distilled degassed 
water samples prior to insonation. Only in the case of 
HN02 was a small residual of <lo-' M found and it was 
subtracted from the results. 

Results 
Figure 1 shows the effect of ultrasonic irradia- 

tion of the pH of water saturated with a single 
gas or air. ApH = pH(initia1) - pH(fina1) so 
that a positive ApH corresponds to a decrease in 
pH. Solution p H  decreased in the presence of 
oxygen, argon, and air. Although scatter in the 
data is greatest in the case of nitrogen, it is 
apparent that after a small initial decrease in pH, 
it remains unchanged at longer insonation times. 

The results of the influence of dissolved gases 
on the production of hydrogen peroxide in 
insonated water are shown in Fig. 2. Values of 
the initial slopes obtained from a least squares 
analysis of the data appear in Table 1. Figures 3 
and 4 show the results of nitrous and nitric acid 

formation, respectively, as a function of insona- 
tion time and values of the initial rate data are 
given in Table 1. 

An attempt was made to obtain an estimate of 
the energy deposited during the cavitation pro- 
cess. Todd (23) has shown that a value of 
U(Fe3+)02 = 3.9 + 0.1, where U is defined as 
the number of molecules or radicals reacting per 
lOOeV of chemico-acoustic energy, may be 
applicable to cavitation. From the chemical 
dosimeter results and using this value of U, the 
chemico-acoustic energy absorbed was calculated 
to be 11 700 rad min-I for the insonation condi- 
tions employed in this work. Todd, using a 
different type of generator and transducer, has 
reported a value of 9600rad min-I for the 
frequency range 250-1000 kHz. 

TIME (min) 

FIG. 2. Concentration of H202 produced as a function 
of insonation time. 
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pi 
NITROGEN 

TIME (min) 

TIME (min) FIG. 4. Concentration of HN03  produced as a function 
of insonatioil time. 

FIG. 3. Concentration of HN02 produced as a function 
of insonation time. 

Discussion 

In a single experiment water saturated with 
hydrogen gas was insonated for 30 min. The 
following results were obtained: ApH = -0.15; 
(H202] = 2.6 X lop6 M; [HN02] = 1 X lop9 
M; and [HN03] = 1.7 X 10-I M. These prod- 
uct yields were sn~aller than in the case of other 
gases for a comparable period of insonation. 

The fact that measurable concentrations of 
nitrous and nitric acid were observed in the case 
of experiments carried out in the supposed 
absence of N2, i.e., 02, Ar, and HZ saturated 
water, is evidence of either incompletely degassed 
water or residual nitrogen present in the gases 
used. The latter argument may be used in the 
case of oxygen (see Experimental section) but 
it cannot be advanced in the case of Ar. It seems 
probable that in the case of argon the difficulty 
lies in obtaining thoroughly degassed water. 
Nevertheless, the results in Table 1 show that at  
any given time shortly after the start of insona- 
tion, the total amount of nitrogen fixed as 
nitrous or nitric acid in solutions saturated with 
O2 or Ar is ca. 0.1 and 6.4 X times less than 
for solutions saturated with NZ or air, respec- 
tively. 

Sonochemistry is a very complex process and 
the reactions proposed to account for the ob- 
served products in this work are conjectural in 
view of the somewhat simple experiments re- 
ported in this work. 

The nature of the energy transported by the 
molecules entering the cavities, i.e., either 
electrical or thermal, is not well understood. It 
appears, however, that dissolved gases admitted 
to the cavity (with water vapor) can react in 
primary and secondary reactions (20). The 
primary reaction is the formation of H and OH 
radicals (10, 1 l), reaction 1 

It  is also conceivable that atomic nitrogen and 
oxygen can be produced (reactions 2 and 3) at the 
high temperatures and pressures predicted to 
arise during the collapse of a cavity 

P I  N 2  '2 2N 

131 O2 '2 O 

Nitrogen fixation (24, 25) can occur in the cavity 
via reaction 4 

[dl N + O + N O  
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If the cavity collapse were to occur irreversibly 
because of heat transport processes, then tem- 
perature and pressure conditions would be lower 
than those predicted on the basis of a reversible 
process. Using a lower limit of 2000 K, thermo- 
dynamic calculations from data in ref. 26, and 
assuming the temperature independence of AH0, 
show the magnitude of the estimated equilibrium 
constants for reactions 1 to 4 are still large 
enough to provide sufficient concentrations of 
intermediates. 

Another primary mechanism has been sug- 
gested (20) in which inert gases penetrating into a 
cavity can contribute to the transfer of electron 
excitation energy to water molecules as shown in 
the following reactions. 

151 Ar -t Ar* 

[6 1 Ar* + Hz0 + H20* + Ar 

where * refers to an excited molecule. 
Other reactions that can occur either in the 

vapor phase or in the liquid phase also depend on 
the dissolved gas. For example, a gas such as 0 2  

can probably take part in radical transformation 
reactions, reaction 8 

A brief rationalization of the observed results 
for the nitrogen containing acids and hydrogen 
peroxide follows. 

Nitrous and Nitric Acid 
Nitric oxide can be converted to nitrous acid 

in the gas phase by reaction 9 

Preliminary results (27) from rate constant 
studies of this reaction in the presence of argon 
as a "third body" give a value of 2.5-4.0 X 
cm6 s-I for the third order rate constant at 
298 K. On the other hand, since reaction 9 
relies on the prior formation of NO in the same 
cavitation, it is likely that the second order 
reaction of OH radicals with NO in the bulk of 
the solution may be the more predominant 
source of HN02. 

The initial rate data, Table 1, shows that the 
rate of formation of total acid follows the order 
air > N2 > Ar > 02. Initially all solutions 
showed a decrease in p H  with increasing insona- 
tion time which is to be expected on the basis of 

increased nitric acid production. However, the 
order in the decrease of p H  with respect to the 
dissolved gas does not correlate with that for the 
acid production in the presence of these same 
gases. The initial rate data also show HN02 is 
the major acid component formed during the 
insonation of water saturated with air and 
nitrogen, whereas H N 0 3  is the major acid 
product arising from insonation in the presence 
of oxygen and argon. The very small amounts of 
nitric oxide that are present in these latter solu- 
tions could be readily converted to NO2 by 
means of atomic oxygen produced during cavi- 
tation (28). The NO2 can be converted to  nitric 
acid in a reaction scheme similar to  reaction 9. 

Nitrogen fixation in the absence of 02, i.e., in 
the presence of N and Ar, may take place sub- 
sequent to the formation of atomic nitrogen and 
hydroxyl radicals as follows: 

[lo] N + O H +  NOH 

1111 NOH + OH + NO + H20 

1121 NOH + H02 - NO + H202 

Figures 3 and 4 show, for the case of air- and 
nitrogen-saturated water at insonation times 
greater than ca. 15-20 min, that the nitrous acid 
production goes through a maximum while the 
concentration of HN03  shows a greater increase. 
This could indicate that HN02 is scavenging the 
OH radicals and will also lead to a suppression 
of the formation of H202. The slight reduction in 
H202 formation with increasing insonation time 
(Fig. 2) seems to substantiate this argument. 

It is not known to what degree the effect of the 
production of pernitrous acid, formed from the 
reaction of H202 and HN02 under acid condi- 
tions, may have on the concentrations of these 
products. The long time yields of nitric acid 
reported here are of the same order of magnitude 
as reported elsewhere (13). Data for insonation 
times less than 10 min were not previously 
reported (1 3). 

Hydrogen Peroxide 
The relative magnitude of the initial yields of 

H202, Fig. 2, in the presence of the various gases 
follows the order 0 2  > air > Ar > N2 in 
agreement with previously reported results (13, 
14). The mechanism whereby Hz02 is produced 
sonolytically has been the subject of some con- 
troversy (9, 17). The use of hydroxyl radical 
scavengers to study the diminution of H202 
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produced has led to opposing views on whether 
the HzOz is formed in the vaporous cavity or in 
the liquid phase. Evidence for the formation of 
the hydrated electron in an ultrasonic field has 
been presented by Margulis and Mal'tsev (29). 
As well, Lippitt et al. (30) have shown that 
hydroperoxyl radicals, H02,  are produced during 
insonation of aqueous solutions. 

The following series of reactions (3 1, 32) likely 
contribute to the formation of H202. 

Reaction 13 will predominate in the absence of 
0 2  and of reducing agents. The small amount of 
hydrogen peroxide produced in the case of N2- 
saturated water may arise because of a suppres- 
sion of reaction 15 in the absence of 0 2  and the 
scavenging effect of HN02. 

It is conceivable that other pathways could be 
suggested which would account for the observed 
products. The results do raise several points, 
however. While the existence of oxidizing species 
in an ultrasonic field has been well documented, 
little has been done in the way of using this 
process for the oxidative treatment of organic 
compounds in waste water (33, 34). The low 
efficiency of the conversion sequence: electrical 
energy + acoustic energy + chemical effects pre- 
cludes the use of this method as a primary 
treatment. However, it may have potential use 
on a synergetic basis in the conversion of low 
concentrations of pollutants (35). Finally, it 
would be of interest to determine whether there 
is indeed a preponderence of nitrite and nitrate 
ion concentrations, or, of bacteria that injest and 
convert these ions via metabolic pathways, in 
river systems downstream from spillways and 
hydroelectric generators. Water turbulence and 
hence the probability of the occurrence of 
cavitation will be greatest at these points. 
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Urea - boron trihalide adducts. JY. Ionic-covalent equilibria in the 
tetramethylthiourea-BF, and tetramethylselenourea-BF, systems 

and the influence of B,F; formation 

J. STEPHEN HARTMAN,' GARY J. SCHROBILGEN, AND PETER STILBS 
Department of Cl~emistry, Brock U~tiversity, St. Cathari~~es, Ontario L2S 3AI 

Received July 29, 1975 

J. STEPHEN HARTMAN, GARY J. SCHROBILGEN, and PETER STILBS. Can. J. Cheni. 54,1121 (1976). 
Tetramethylthiourea and tetramethylselenourea form 1 :I BF3 adducts which are partially 

converted to ionic structures (donor)2BF2+.BF4- in solution. The degree of ionization is small 
except a t  low temperatures when BF3 is in excess; ionization is essentially complete a t  -90 "C 
when a sultcient excess of BF3 is present. Formation of B2F7- from BF4- and BF3 at low 
temperatures is responsible for this. Hence under these conditions the 1 :1 adduct is replaced by 
(donor)2BF2+.B2F7-. The existence of ionic adducts is further confirmed by the identification of 
BF3CI- and BF2C12- in the mixed-halogen system tetramethylthiourea-BF3-BCI3. 

Methyl group nonequivalence in the proton spectrum below -70 "C indicates restricted 
rotation about the central C-N bonds of coordinated tetramethylthiourea. 

J. STEPHEN HARTMAN, GARY J. SCHROBILGEN et PETER STILBS. Can. J. Chem. 54,1121 (1976). 
La tCtramCthylthiourCe et la tCtramCthylsClCnourCe forment des complexes I :1 avec BF3; en 

solution, ces complexes se transforment partiellement en structures ioniques (donne~r)~BF~+.B-  
F4-. Le degre d'ionisation est faible except6 B basse tempkrature quand le BF3 est en excks; 
I'ionisation est complete B -90 "C quand un excb suffisant de BF3 est prbeut. La formation de 
B2F7- B partir de BF4- et de BF3 a basse temp6ature est responsable pour ce rCsultat. Donc 
dans ces conditions les complexes 1 : I  est remplacC par ( d o n n e ~ r ) ~ B F ~ + . B ~ F ~ - .  On confirme 
I'existence des complexes ioniq~~es par l'identification de BF3CI- et BF2C12- dans la systkme 
halogCnCs mixtes tCtramCthylthiourCe-BF3-BCI3. 

Le fait que I'on observe la non-equivalence des groupes mCthyles dans le spectre rmn B des 
tempkratures plus basses que -70 "C indique qu'il y a empgchement B la rotation autour des 
liens centraux C-N de la tCtramCthylthiourCe coordonnCe. 

[Traduit par le journal] 

Introduction 
Our investigations of the 1 : 1 boron trifluoride 

adducts of tetramethylurea (TMU) and dial- 
kylureas demonstrated that oxygen was the donor 
site (1, 2). We also found that under appropriate 
conditions redistribution to give ionic adducts 
(TMU)2BFZf.BX4- takes place (3). We now 
report extension of our studies t o  BF3 adducts of 
tetramethylthiourea (TMTU) and tetramethyl- 
selenourea (TMSeU). 

Boron trifluoride adducts of bases with the 
urea structure 1 are of interest for a number of 
reasons. The existence of more than one poten- 
tial donor site allows the possibility of linkage 

'To whom correspondence should be addressed. 

isomerisnl. Although ureas donate from oxygen, 
in TMTU and TMSeU the doubly bonded donor 
atom is a "soft donor" (4), and BF3, a "hard 
acceptor7' (4), might interact inore strongly with 
the hard nitrogen donor site. There is also the 
possibility of formation of adducts of other than 
1:l stoichiometry, as in the diprotonation of 
TMU in which oxygen and one of the nitrogens 
are donors (5). A further interesting feature is the 
unusual rearrangement from ionic to  covalent 
adducts which was observed in the TMU-BF3 
system (3) and merited further investigation. 
Also if sulfur (selenium) is the donor in TMTU 
(TMSeU), restricted rotation is likely t o  be 
observed in the adducts, as in BF3 and SbC15 
adducts of alkylureas (2, 6). Restricted rotation 
has been observed in uncomplexed thio- and 
selenoureas having fewer alkyl substituents (7) 
but not in TMTU or TMSeU (8). 

A previous study by Greenwood and Robinson 
was not conclusive but was interpreted as indi- 
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cating nitrogen donation in N,Nf-dialkylthi- 
ourea - boron trihalide adducts (9). We now 
report firm evidence for sulfur donation and for 
the presence of a second adduct of other than 
1 : 1 stoichiometry. 

Experimental 
Boron trifluoride, methylene chloride, and the nmr 

reference compounds were purified as described previ- 
ously (1). Deuterochloroform (Merck, Sharp and Dohme) 
and dichlorofluoromethane (Matheson) were trap-to-trap 
distilled under high vacuum, the initial cut being rejected. 

Commercial tetramethylthiourea (Aldrich) was found 
to contain significant quantities of bis(dimethylt11iocar- 
bonyl) sulfide and bis(dimethy1thiocarbonyl) disulfide 
(verified by comparison of the mass spectrum and 'H nmr 
spectrum with the spectra of commercial samples of the 
two impurities (Eastman)). Vacuum sublimation of tetra- 
methylthiourea at room temperature onto a -78 "C cold 
finger removed these impurities and resulted in a white 
solid, mp 78.c78.5 "C (lit. 78 "C). 

Tetramethylselenourea was prepared according to 
Jensen el 01. (10) by heating finely ground phosphorus 
pentaselenide (K& K Laboratories) with an excess of 
tetramethylurea in an evacuated sealed tube. The mixture 
was heated for one week at  70-80 "C and then transferred 
to a vacuum Iine where most of the excess tetramethylurea 
was removed by vacuum distillation at  room temperature. 
The residue was stirred with hexane, previously dried and 
distilled over P2o5, and filtered. On recrystallization twice 
from hexane at  -78 "C, very light pink crystals were 
obtained. The crystals were dried under vacuum for 1 h 
and then sublimed at  50 "C onto a Dry Ice - acetone cold 
finger. The resulting white solid, mp 78.5-79.0 "C (lit. (10) 
78-79 "C), was stored in sealed ampoules under vacuum 
until used. All manipulations involving the selenourea 
were carried out in a dry oxygen-free atmosphere. 

The nmr samples were prepared on a high-vacuum 
system by condensation of known amounts of BF, from 
a calibrated volume directly into 5 mm od precision Pyrex 
sample tubes containing a degassed solution of the base 
(approximately 1 M). The solvents used were methylene 
chloride, dichlorofluoromethane, and mixtures of the 
two, and the more recent samples contained deutero- 
chloroform to provide a deuterium lock signal. Solvent 
variation caused negligible change in proton chemical 
shifts but addition of deuterochloroform caused changes 
of up to 1 ppm in some of the fluorine chemical shifts. 
After condensing in small quantities of TMS and CFCI, 
(and hexafluorobenzene in recent samples), the samples 
were sealed off under vacuum with the contents still at  
liquid nitrogen temperature, then allowed to warm to 
-78 "C or room temperature. 

The CW nmr instrumentation has been described previ- 
ously (1). Fourier transform spectra were obtained on a 
Bruker WP-60 multinuclear nmr spectrometer operating 
at  60 MHz (protons) and 56.4 MHz (fluorine-19). The 
transformed spectra contained 4K points. In signal aver- 
aging a sufficient delay (-10 s) was introduced between 
pulses to allow the spin system to return to thermal 
equilibrium and thus eliminate intensity distortions in 
the peaks. 

Results 

The most detailed studies were carried out on 
the TMTU-BF3 adduct system. The TMSeU- 
BF3 system is very similar. These systems differ 
from the TMU-BF3 system (1, 3) in that the 
donor-acceptor bond lifetime is much shorter. 
Exchange of adduct with excess T M T U  is rapid 
on the proton nmr time scale and even a t  -90 OC 
no free-TMTU peak could be detected a t  6 3.01 
when BF3 was present. Very fast exchange be- 
tween adduct and excess donor is typical of 
sulfur-donor and selenium-donor adducts with 
BF3 (11-13).2 The present systems also differ 
from the TMU-BF3 system in that  the adducts 
remain appreciably soluble in the  presence of 
excess BF3, allowing extension of the study t o  
low-temperature excess-acid conditions where 
especially interesting results are obtained. 

T/le TMTU-BF3 System : H Spectra 
Room temperature proton spectra of TMTU- 

BF3 solutions contained a single major peak 
having a chemical shift which varied almost 
linearly with the acid-base ratio up to  1:l pro- 
portions, as shown in Fig. 1. At 1: 1 acid-base 
proportions and in excess-BF3 sanlples a new 
signal appeared at  6 3.30, just t o  low field of the 
main peak. Increasing the excess of BF3 over 
TMTU increased the size of this new peak. In all 
excess-BF3 solutions relative peak areas were 
highly dependent on temperature. 

Figure 2 shows spectra of a typical excess-BF3 
solution. Between +7 and -40°C the relative 
area of the low-field peak varies inversely with 
the absolute temperature (Fig. 3). Below -40 "C 
further broadening of the overlapping peaks 
made even an approximate measurement of 
relative areas impossible. By - 70 "C the broad 
signal separated into two signals at  6 3.20 and 
6 3.37 (Fig. 2). These had equal areas except in 
excess-TMTU samples as described below. The 
two signals apparently arise from an amide-type 
restricted rotation about the central C-N bond 
(14) in the adduct species. Although two adduct 
species are evidently present, as shown by spectra 
above -40 "C, only one pair of equal-area peaks 
is seen at  - 90 "C. There is sufficient peak broad- 
ening at  -90 "C t o  prevent resolution of closely 
spaced peaks. The slow-exchange signal shape is 

25. S. Hartman and C. V. Raman, unpublished results. 
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0 TMSeU 

0 TMTU 

FIG. 1. Variation of the 37 "C chemical shift of the 
major (high-field) proton peak in TMTU-BFl and 
TMSeU-BF] solutions with the acid-base ratio. 

FIG. 2. 60 MHz proton spectra of a methylene chloride 
solution of TMTU and BF3 in the molar ratio 1:2, at 
various temperatures. 

FIG. 3. Temperature-dependence of the relative areas 
of 1H peaks in solutions having ratios of BFl to TMTU of 
1.50:1,2.00:1, and 2.50:l. The low-field peak area is given 
as a percentage of total peak area. 

strikingly similar to previously reported TMU- 
SbC15 spectra (6). 

When TMTU was in slight excess the -90 "C 
spectrum appeared to be a superposition of the 
two equal-area adduct peaks and an additional 
peak, i.e., the higher-field peak was larger than 
the lower-field peak. Only a single -90 "C peak 
was observed when a greater excess of TMTU 
was present. This is in accord with rapid ex- 
change between free and coinplexed TMTU and 
with C-N bond rotation occurring more rapidly 
when the molecule is not complexed. 

The new adduct species which is favoured by 
excess BF3 and low tenlperatures equilibrates 
with the 1:l  adduct in a few minutes at low 
temperatures. Thus rapid warming of a sample 
from -78 to - 27 "C gave an initial - 27 "C 
spectrunl with an abnorn~ally large peak of the 
new adduct species, but after 2 rnin the normal 
- 27 "C relative peak areas were established. At 
this temperature the cis-trans interconversion in 
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BF TMTU -0.93 ' 3 , :  

I I I I I 

110 130 150 ppm 

FIG. 4. I9F spectra (-90 "C) of TMTU-BF3 solutions 
showing changes with the BF3/TMTU ratio. The total 
donor concentration is about 1 M. The numbers on the 
peaks are relative peak areas. The small peak at 145 pprn 
is due to an impurity. (FT spectra, 64 scans, 56.4 MHz). 

the adduct is already rapid on the nmr time scale 
(lifetime << 10-' s), and thus the rates of the two 
processes observed differ by several orders of 
magnitude. 

The TMTU-BF3 Systenz. lgF Spectra 
All of the samples gave only a single exchange- 

averaged lgF peak at  room temperature. Spectra 
at -90 "C were more informative. When the 
ratio of BF3 to TMTU was 1 : 1 or less there was 
one major -90 "C peak at  126 pprn assigned to 
TMTU.BF3 and also two much smaller peaks in 
an approximate 1:2 ratio at  119 and 152 ppnl 
(Fig. 4a). The sinaller broad peak at 119 pprn is 
assigned to (TMTU)2BF2+. The sharper peak at  
152 pprn is assigned to  BF4-, and this assignment 
was confirmed by growth of this peak and the 
appearance of no new peaks on addition of 
n-Bu4N+.BF4-. A small impurity peak was pres- 
ent at  145 pprn in many samples, and tended to 

be larger in samples with a greater excess of 
donor. 

As an excess of BF3 was introduced the 
-90°C spectra showed pronounced changes 
parallelling the 'H spectral changes described 
above. As the proportion of excess BF3 increased 
the TMTU.BF3 peak diminished and finally 
disappeared when the BF3:TMTU ratio in- 
creased past 1.5 : 1 (Fig. 4). At the same time the 
peak which in excess-base samples had been 
assigned to BF4- increased greatly in size and 
shifted to lower field, indicating chemical ex- 
change between BF4- and a new species. Unlike 
BF3 adduct systems of simpler donors (15), no 
free-BF3 peak appeared in the 124 pprn region. 
The 119 pprn peak increased somewhat in rela- 
tive size and its chemical shift remained constant. 
Coalescence of peaks at  higher temperatures 
prevented studies over the temperature range 
covered in the proton spectra. The disappear- 
ance of the TMTU.BF3 peak past 1.5 : 1 propor- 
tions indicates that the second adduct species has 
the stoichiometry 2TMTU.3BF3. 

Further support for our peak assignments 
comes from a comparison of lgF spectra of the 
TMTU and TMSeU adduct systems. Figure 5 
shows equivalent excess-BF3 spectra in the two 
systems. In both systems the high-field peak has 
essentially the same chemical shift, indicating 
that the same species, not containing the donor 
molecule, is present in both systems. The major 
and minor low-field peaks are assigned to  major 
and minor sulfur- and selenium-donor species 
as in Table 1, Each selenium-donor species 
absorbs 8-10 ppm to low field of the correspond- 
ing sulfur-donor species, in excellent agreement 
with a known pair of simple BF3 adducts: 
Me2S.BF3, 139.3 ppm (1 1); Me2Se.BF3, 130.5 
ppm.' 

Additional correlations support our assign- 
ments. Thus 

NA. N\ 
+ >C-S- and CI-, and ;+C-Se- and Br- 
N" 

are pairs of isoelectronic donors, and the similar- 
ity of l9F chemical shifts of (i) TMTU.BF3 and 
BF3C1- (124.6 pprn (16)) and (ii) TMSeU.BF3 
and BF3Br- (113.8 pprn (16)) is striking. Also 
the shift to low field of the D2BF2+ 19F 
resonance, compared to the D.BF3 resonance, 
follows the regular trend 3.1, 6.0, 8.5 pprn in the 
series of donors TMU (3), TMTU, TMSeU. 
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b 

119.0 1260 146.6 ppm 111.0 119.5 146.4 ppm 

FIG. 5 .  19F spectra (-90 "C) of methylene chloride solutions of (a) TMTU and BF3; (b) TMSeU 
and BF3, in the mole ratio 1:1.25. (CW spectra, 56.4 MHz). 

Although chemical exchange involving BF4- 
is rapid on the nmr time scale at -90 O C  in 
excess-BF3 samples, it becomes slow at extremely 
low temperatures. Spectra of dichlorofluoro- 
methane solutions of TMTU (-0.3 M) and a 
small excess of BF3, at temperatures down to 

TABLE 1 .  Nuclear magnetic resonance parameters 

Chemical shifts 

Species 'Ha I9Fb J11B-19F (Hz) 

TMTU 3.01 
TMTU.BF3 3.20 126.0 
(TMTU)2BF2+ 3.30 119.0 
TMTU.BF2Clc 109.8 64 
TMTU.BFC12C 101.7 88 
TMTU.BC13 3.30 
B F4- 152 .Od 1 
BF3Cl-e 125.6 23 
B F ~ C ~ Z - ~  105.1 56 
BzF7- (terminal fluorine) 152 .OJ 
TMSeU 3.08 
TMSeU.BF3 3.21 119.5 
(TMSeU)2BF2+ 3.32 111.0 

a37 'C; methylene chloride solution; ppm to low field of internal 
TMS; k0.01 pprn. 
b-90 OC; methylene chloride solution unless otherwise specified; 

f 0.6 ppm; shifts are appreciably affected by the presence of CDCII. 
CTentative assighment. 
dChemical shift in CHFCls is 153.3 ppm at -150 'C. 
EPrevious value (16): BFICI-, 124.6pprn. J = 25.2 Hz; BFEIz-. 

104.1 ppm, J = 54.2 Hz. 
{CHFClz solution. Previous value 151.4 pprn (17). 

- 150 OC, showed that the highest-field -90 O C  
peak (-- 147 ppnl) was an exchange-averaged 
peak. Below -90°C this peak broadened and 
appeared to shift to higher field, and at - 150 O C  

it was replaced by two peaks, still broad and 
partially overlapping, a t  152.0 and 153.3 ppm. 
Clearly a further resonance must be present a t  
lower field t o  give the weighted average in the 
147 ppm region a t  -90 O C ,  but this was not 
resolved at - 150 O C .  We have recently shown 
that the IgF spectrum of B2F7- at - 155 O C  con- 
sists of a doublet (151.4 ppm, JFBF = 95 Hz) for 
the six terminal fluorines and a broad bridging- 
fluorine signal a t  117 ppm, and that when BF4- 
as well as B2F7- is present the BF4- resonance 
occurs at 153.5 ppm at  - 150 O C  in this solvent 
(17). Thus the high-field - 150 O C  19F peaks 
observed in the present work arise from B2F7- 
and BF4-; exchange is still too fast at - 150 OC 
to allow resolution of the low-field bridging- 
fluorine peak or the doublet fine structure of the 
terminal-fluorine peak of B2F7-. Thus BzF7- is 
formed in excess-BF3 solutions of TMTU at low 
temperatures, and we can formulate the excess- 
BF3-containing adduct as (TMTU)2BF2+.B2F7-. 

The TMTU-BF3-BCl3 System 
This was investigated briefly to provide further 

confirmation that TMTU forms ionic species. 
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Freshly prepared solutions of TMTU, BF3, and 
BC13 in an approximate 1 :0.4:0.4 molar ratio, 
which had not been heated above -70 "C, gave 
-90 "C 19F signals at about 105, 110, and 126 
pprn, and a large BF4- signal a t  152 ppm. After 
brief warming to  room temperature there was a 
marked decrease in the size of the BF4- peak, an 
increase in the size of the other peaks, and a new 
peak appeared a t  about 102 pprn. Spectra a t  
- 50 "C showed splittings due tol'B-19F coupling 
on some of the peaks and allowed identification 
of BF3Cl- and BF2CI2- (16) by comparison with 
literature values (Table 1). The chemical shift of 
BF3ClF is very similar to that of TMTU.BF3 but 
the fine structure is characteristic of BF3ClP and 
not of TMTU.BF3. 

The identification of these anions proves that 
TMTU forms cationic species. When equal 
amounts of fluorine and chlorine were present 
much of the fluorine appeared to be present in 
BF4- and BF3C1-, suggesting that the neutral and 
cationic species are enriched in chlorine. The 
nonrandom distribution of fluorine and chlorine 
a t  equilibrium is not surprising in view of other 
studies of sulfur-donor adducts (11-13). The 
remaining 19F peaks in the TMTU-BF3-BC13 
system are tentatively assigned t o  TMTU.BF2C1 
and TMTU.BFCI2 as in Table 1, although 
(TMTU)zBFCI+ cannot be excluded a t  present. 
Above -40 "C all of the 19F peaks coalesced. 

The TMSe U-BF3 System 
This system is very similar to  the TMTU-BF3 

system. Proton spectra show similar rapid ex- 
change between excess donor and the 1 : 1 adduct, 
but the donor-acceptor bond is appreciably 
weaker in this case; the smooth curve without a 
break at 1 : 1 proportions in the plot of TMSeU 
chemical shift vs. acid-base ratio (Fig. 1) indi- 
cates considerable dissociation of the adduct a t  
room temperature. Again a second small 'H peak 
appears at lower field (6 3.32) when BF3 is in 
excess, and under excess BF3 conditions the 
relative areas of the proton peaks show a similar 
dependence on the acid-base ratio and on 
temperature. However, the relative area of the 
low-field peak varies inversely with absolute 
temperature in a higher temperature range 
(+38 to - 10 "C), and toward -40 "C the rela- 
tive peak areas seem to  be approaching a con- 
stant value. In excess-base samples the major 
'" peak (TMSeU.BF3) appears a t  118 ppm, 

with the smaller peaks appearing at 110 pprn 
((TMSeU)zBF2+) and 152 pprn (BF4-). An ex- 
cess-acid 19F spectrum is shown in Fig. 5. 

Colour variations support the presence in 
solution of two different TMSeU-containing 
adduct species. Methylene chloride solutions of 
TMSeU were a very pale yellow colour. As BF3 
was added up to 1 :1 proportions this colour 
deepened in intensity, but beyond 1 :1 propor- 
tions it diminished again. In excess-TMSeU 
samples lowering the temperature caused little 
colour change. When excess BF3 was present, 
however, the intensity of the colour decreased 
reversibly with decreasing temperature. When 
there was a large excess of BF3 over TMSeU the 
solutions became colourless below -40 "C, in- 
dicating that essentially all of the TMSeU was 
incorporated into the colourless adduct. By 
analogy with the TMTU-BF3 system the col- 
oured species is TMSeU.BF3 and the colourless 
species is (TMSeU)2BF2+. 

Discussion 

All of the behaviour of the TMTU-BF3 and 
TMSeU-BF3 adduct systems can be explained in 
terms of the following reaction scheme, in which 
D represents TMTU or TMSeU : 

Reaction 1 is well established in a wide range 
of BF3 adducts. Reaction 2 has been established 
for TMU (3) and several lines of evidence pre- 
sented above confirm it for TMTU and TMSeU. 
Reaction 3 has not previously been shown t o  
affect a BF3 adduct system; our attempts t o  
confirm it in this work have led to the direct 
observation of B2F7- a t  extremely low tempera- 
tures (17). Reactions 2 and 3 together are the key 
to  the unusual behaviour of the TMTU-BF3 
system. Equilibrium in reaction 2 lies well t o  
the left. At - 90 "C, 

as determined from integration of lgF peak areas 
of an excess-TMTU solution. However a t  low 
temperatures when excess BF3 is present, BF4- is 
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removed from the system according to reaction 3, 
and this forces reaction 2 to the right. Thus 
when there is a suflicient excess of BF3 and a 
sufficiently low temperature the simple 1 : 1 ad- 
duct TMTU.BF3 disappears. 

The equilibrium in reaction 3 is very tempera- 
ture-dependent. Dissociation of B2F7- occurs as 
the temperature increases (IS), assisted by the 
pronounced decrease in solubility of BF3 (Fig. 2 
of ref. 18) and the resulting shift of BF3 to the gas 
phase. Release of BF4- as dissociation proceeds 
shifts reaction 2 to the left, thus accounting for 
the pronounced and reversible tenlperature- 
dependence observed in the proton spectra of 
excess-BF3 solutions of TMTU and TMSeU. 

It is of interest that, given B2F7- formation, it 
is possible to form an excess-BF3-containing ad- 
duct, yet have only one donor-acceptor linkage 
per donor molecule. B1F7- has previously been 
shown to stabilize an excess-BF3-containing ad- 
duct in a special case involving fluoride abstrac- 
tion from the Lewis base (19). Additional un- 
stable BF3-containing anions analogous to  B2F7-, 

have been reported previously. 
Of the following plausible excess-BF3-contain- 

ing adduct species, only 5 is consistent with our 
results. Nitrogen donation and the covalent 

F2 
S7BF3 S7B,F7BF3 
\I II 

( A )  Covalent structures ( l :2 stoichiometry) 

4 TMTU.BF2+.BF,- 1 :2 stoichiometry 

5 (TMTU)2BF2+.B2F7- 2:3 stoichiometry 

6 TMTU.BF2+.B2F7- 1 :3 stoichiometry 
( B )  Ionic structures (sulfur donation) 

structures 2 and 3 are excluded by a number of 
features of the 'H and lgF spectra as described 
above. A further confirmation of sulfur donation 
in the TMTU adducts is the similarity of the lH 
coalescence temperature for C-N bond rotation 
with that observed for the S-methyl cation of 
TMTU (22). 

The absence of 2, although diprotonation of 
thiourea and selenourea in very strong acids 
apparently gives structures analogous to 2 ( 9 ,  
may be a result of steric hindrance when BF3 is 
the Lewis acid, or of the existence of the addi- 
tional (B2F7-) mode of association which is not 
possible in protonation. Structure 3 would be 
plausible on the basis of the existence of similar 
fluorine bridging in B2F7- (17) but its presence 
should not be dependent on a particular struc- 
ture of donor molecule and could not explain 
why excess BF3 is incorporated only when certain 
donors are involved. 

The alternative ionic structures 4 and 6 require 
a trigonal boron cation, of which only one 
example seems to be firmly established (23). The 
existence of trigonal boron cations D.BF2+ along 
with the counterion BF4- was postulated by 
Gutmann and Imhof on the basis of room 
temperature conductivity and nnlr studies of 
BF3 adducts of phosphoryl compounds (24) but 
the evidence seems insufficient to confirm this. 
In our low-temperature work 4 is excluded since 
BF4- is clearly not the anion in the excess-BF:, 
species a t  low temperatures. 6 is excluded both 
by its stoichiometry and by the nonobservation 
of the additional proton and fluorine resonances 
that would be expected from the trigonal-boron 
cation. We exclude the possibility of the D.BF2+ 
cation being the only cation (i.e., reaction 4 

replacing reaction 2) on the basis of: (i) the 
stoichiometry of the BzF7- salt which would be 
1 :3 rather than 2:3; (ii) the absence of any 
appreciable dependence of the ionic-covalent 
equilibrium on the concentration of uncom- 
plexed donor; (iii) the absence of the expected 
19F peak a t  much lower field (cf. BF2C1,73.5 ppm 
(15)); and (iv) the rarity of trigonal-boron 
cations (23) as compared to tetrahedral-boron 
cations (25). 

Although we exclude the trigonal-boron cation 
D.BF2+ under the conditions we have studied, 
this type of cation might well be important under 
other conditions, i.e., (i) with stronger donors 
capable of a bonding to boron, or (ii) in the 
presence of a very large excess of BF3, in which 
case two donor molecules would be less likely to  
remain coordinated to a single boron atom. 

Complex boron cations including many of 
structure D2BH2+ are well known (25), and a few 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1128 CAN. 1. CHEM. VOL. 54. 1976 

of structure D2BX2+ (X = F, C1) have been pre- 
pared (26). There have been reports of reactions 
analogous to reaction 2 with BC13 adducts (27). 
However, reaction 2 does not occur to  any 
appreciable extent in the case of BF3 adducts of 
simple donors such as Me2C=0 or Me20 (15), 
even under the "forcing conditions" that cause a 
complete conversion to ionic species in the 
TMTU-BF3 system; instead, the BF3 beyond 1 : 1 
proportions remains uncomplexed (15). The 
tendency of bases with the urea type of structure 
to allow ionic as well ascovalent BF3 adducts to 
form seems to be a result of the especially favour- 
able stabilization of positive charge through 
delocalization which is possible in these struc- 
tures: 

' ~ 5  

7 8 
A 

Thus the NCN unit stabilizes the positive charge 
on the donor at a site far removed from the 
donor atom, and this apparently allows a second 
donor molecule to become attached to the same 
boron atom without an unfavourable buildup of 
too much positive charge adjacent to boron. 
Other cases of spontaneous equilibration between 
covalent and ionic BF3 adducts are to be expected 
where there is a similar delocalization of positive 
charge over the donor. In accord with this, we 
have found that hexanlethylphosphoramide, 
where a similar charge delocalization is possible, 
also gives both covalent and ionic adducts, 
apparently according to reaction 2 (28); how- 
ever, the system behaves very differently under 
excess-BF3 conditions. 

Unfortunately ionization of adducts leads to 
lowered solubility in nondonor solvents in most 
cases. The irregular solubility behaviour which 
has been noted in many studies of boron tri- 
halide adducts may be a result of differing tend- 
encies to form insoluble ionic adducts. Some 
cases in which initially-soluble adducts become 
insoluble on long standing would be consistent 
with a slow conversion of covalent to ionic 
structures. In the present work we are fortunate 
that the ionic species are sufficiently soluble. 

We have attributed the splitting of the 
TMTU.BF3 methyl resonance at low tempera- 
tures to restricted rotation about the central 

C-N bonds. The S-methyl cation of TMTU, 
unlike TMTU.BF3, shows further splittings of 
the lH  resonances at the lowest temperatures due 
to slowed cis-trans isomerization about the 
central C-S bond (22). (This complication was 
not observed by later workers, however (29).) 
Slowed cis-trans isomerization of BF3 about the 
C-S bond is a possible alternative explanation 
of the splitting of the TMTU.BF3 methyl 
resonance. However, there are strong grounds 
for discarding this alternative. (i) Restricted 
rotation about C-N bonds is well established 
in some uncomplexed thioureas (7), and the 
barrier to rotation is expected to increase sub- 
stantially on complexation as the resonance 
forms l b  and l c  increase in importance (2). 
(ii) The absence of a separate free TMTU peak 
when excess TMTU is present indicates a rapid 
breaking and reforming of the donor-acceptor 
bond, as has been observed with other sulfur 
donors (11-13), and this reaction provides an 
additional mechanism whereby BF3 could inter- 
change rapidly between cis and trans positions. 
(iii) lH  coalescence temperatures for cis-tratzs 
isomerization of BF3 about C=O in ketone.BF3 
adducts can be as low as - 120 "C (30), well 
outside the temperature range studied in the 
present work. Complexed thioureas, with large 
contributions from 1b and lc,  should have even 
lower barriers to cis-trans isomerization of BF3 
about the formally double-bonded sulfur than 
are observed about C=O in the ketone com- 
plexes. 

Further work is in progress to determine the 
scope and limitations of these reactions. 
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Urea - boron trihalide adducts. V.' Effects of acid strength on restricted 
rotation in adducts of tetramethylurea and 

1,l-bis(dimethy1amino)ethylene 
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J. STEPHEN HARTMAN and RONALD R. YETMAN. Can. J. CHEM. 54, 1130 (1976). 
Boron trihalide adducts of tetramethylurea (1) and of 1.1-bis(dimethylamino)ethylene(2) show 

similar complexation shifts and restricted rotation about the central C-N bonds. Rotation 
becomes more hindered as the Lewis acid strength increases in the series BF3 < BC13 < BBr3. 
A large high-field complexation shift of the CH2 protons of 2 corresponds to loss of the olefinic 
structure on formation of the BF3 adduct. 

J. STEPHEN HARTMAN et RONALD R.  YETMAN. Can. J. Chem. 54, 1130 (1976) 
Les complexes des trihalogknures de bore avec la tetramethylurie (1) et le bis(dimithy1amino- 

1,l)kthylkne (2) prksentent des diplacements de complexation et des rotations emp@chCes autour 
du lien central C-N qui sont semblables. La rotation devient plus empcchie A mesure que la 
force de l'acide de Lewis augmente dans la skrie BF3 < BC13 < BBr3. I1 y a un fort diplacement 
de complexation vers les hauts champs pour les protons CH2 de 2; ceci correspond A une perte 
de la structure olkfinique lors de la formation de l'adduit avec BF3. 

[Traduit par le journal] 

Introduction Results and Discussion 
Although proton spectra of tetramethylurea 

(TMU, 1) or its BF3 adduct show no evidence of 
restricted rotation about the central C-N bonds 
down to - 100 O C  (2), restricted rotation has 
been detected in the TMU.SbC15 adduct (3) and 
in dialkylurea-BF3 adducts (4). This confirms 
that oxygen is the donor site. We now report 'H 
nmr studies of restricted rotation in the heavier 
boron trihalide adducts of TMU and in the 
oxygen-replaced analogue of TMU, 1, l-bis- 
(dirnethylamino)ethyle~le (2). The adducts of 2 
show some additional interesting features. 

Room temperature proton chemical shifts of 
1 and 2 and their adducts are given in Table 1. In  
both series of adducts the N-methyl resonance 
shows the expected complexation shift t o  low 
field, which becomes larger as the Lewis acid 
strength increases in the order BF3 < BC13 < 
BBr3 <B13 (5). Changes in chemical shifts along 
the series of adducts of both bases are very 
similar (Fig. 1). They are however much less than 
those of the corresponding Me3N adducts (5), 
also shown in Fig. 1, and this is apparently a 
result of the greater charge delocalization that is 

(cis) y/ (cii) 0- 
I 

0- 

Me\ /C\ ,Me I 
N N - Me\&//C\N/Me - Me,N,,C,&,,Me 
I I 

Me Me I I 
(trans) (trans) 

Me Me d e  A e  

H\ /H C 
(cis) 1 1  (cis) 

I I 
Me\ + 4 L N / M e  

I I N 
Me Me 

(trans) (trans) 

'For Part IV, see ref. 1. 
2To whom all correspondence should be addressed. 
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HARTMAN AND YETMAN 1131 

TABLE 1. Proton chemical shifts of adducts" TABLE 2. N-Methyl peak coalescence in adducts of tetra- 
methylurea (1) and 1,l-Bis(dirnethylamino)ethylene (2) 

TMU 
1 ,I-Bis(dimethy1amino)ethylene 

Adduct 
with (N-Methyl) N-Methyl CHr 

b 2.75 2.54 3 . 1 5  

BF3 3.02 3.12 2 .inC 
BC13 3.18 3.23 2.75C 
BBr3 3.22 3 . 2 8  3 .21C 
B13" 3 . 2 6  3 . 3 3  3 .  67c 

aln ppm to low field of int~*rnal tctramcthylsllnnc; 35 "C. 
bUncomplcxcd tetramcthylureaand I,l-b~s(dimcthylamino)cthylcn~, 
CBroad rcsonancc; sharpened by "B dccoupling; singlets for BCIJ, 

BBn, and BI3 adducts, but a complcx multiplct for thc BF3 adduct. 
"The BI3 adduct of I,l-bis(dimcthylamino)ethylcne decomposes 

rapidly in the absence of cxccss BI?. 

possible in the adducts of 1 and 2,  as well as of 
diminished base ~ t r e n g t h . ~  

'H spectra of the BC13, BBr3, and B13 adducts 
of both 1 and 2 show evidence of restricted 
rotation about the central C-N bonds as 
summarized in Table 2. Except for TMU.B13, 
the N-methyl peak splits into two peaks of equal 
area at low temperatures. The coalescence tem- 
peratures are unaffected by the presence of excess 
base but show a pronounced drop in the presence 
of excess boron trihalide, as observed previously 

FIG. 1. Trends in boron trihalide complexation shifts 
of N-methyl protons of tetramethylurea (I), 1,l-bis- 
(dimethy1amino)ethylene (2), and trimethylamine. 

3Displacement studies show that the order of base 
strength is TMU < 2 < Me3N. 

Relative chemical shift Coalescence 
of N-methyl peaks at -90 "C temperature 

Compound ( P P ~ )  ("'7 

aNo broadening or separation into two peaks down to -10O0C. 
bBroadcned at  low tcmperaturcs but no separation into two peaks. 
CRcfercnce 3. 

with TMU.SbC15 (3). With TMU.B13 only a 
broadening of the N-methyl peak was observed 
at low temperatures, and this may be due to 
a very small chemical shift difference between 
the two peaks. Neither free 1 or 2 or their 
BF3 adducts showed any evidence of slowed 
rotation about the central C-N bonds down 
to - 100 O C .  The observation of restricted rota- 
tion in TMU.BC13 and TMU.BBr3 confirms 
oxygen donation in these adducts, and the 
similar behaviour of the adducts of 2 indicates 
that the CH2 carbon is the donor site: 

The enhancement of the barrier to rotation in 
ureas on conlplexation is attributed to the 
increased contribution of the nlesoineric forms 
l b  and l c  in the adducts (4), and a similar en- 
hancement of mesomeric forms 2b and 2c should 
occur in complexes of 2. Donation by carbon 
rather than nitrogen can be interpreted as 
vinylogous nitrogen donation, and the same 
interpretation can be applied to oxygen donation 
in ureas. 

There is an anomalously large N-methyl com- 
plexation shift between 2 and its BF3 adduct 
(0.58 ppm, compared with 0.28 p p n ~  for TMU 
and 0.40ppm for Me3N). A discontinuity be- 
tween 2 and its adducts appears much inore 
strikingly in the CH2 coinplexation shifts (Fig. 2) 
and confirms that 2 undergoes a pronounced 
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FIG. 2. Trends in proton complexation shifts of adducts 
of 1,l-bis(dimethy1amino)ethylene. 

structural change on adduct formation. The 
contributions of 26 and 2c in the free base are 
minor but apparently not negligible since the 
CH2 protons (6 3.15) absorb to high field of the 
usual olefinic range (6 3.6-5.5). It is well estab- 
lished that mesomeric forms ;~nalogous to 26 and 
2c are important in polarized ethylenes (6). Struc- 
ture 20, unlike la, must become negligible in 
the adducts since it cannot function as a u donor 
from the CH2 carbon, and thus the parent com- 
pound for the adducts can be considered to  be 
the hypothetical zwitterion 26 +-+ 2c. The CH2- 
resonance of the zwitterion would occur a t  very 
high field, and the apparent anomaly in c o n -  
plexation shifts disappears when the system is 
considered in this way. 

Thus the complexation shifts of 2 are con- 
sistent with the CH2 carbon being the donor and 
undergoing a change of hybridization (sp2 to  sp3) 
on complexation. The large changes in CH2 
chemical shift as the Lewis acid strength in- 
creases from BF3 to  B13 (Fig. 2) are expected for 
protons directly attached to  the donor site. 
Further confirnlation of CH2 donation comes 
from a pronounced broadening of the CH2 

resonance in the adducts, and its sharpening 
again on "B decoupling. This indicates a large 
coupling to "B, and hence proximity to boron. 
In contrast the N-methyl resonances were not 
appreciably broader in the adducts than in free 2 
and were unaffected by "B decoupling. 

Enediamines such as 2 readily undergo addi- 
tion p to nitrogen (7). Compound 2 itself is a 
reasonably strong base, protonating on the CH2 
carbon to give the tetramethylacetamidinium 
ion 5 (8). Complexation to  the boron trihalides 

is directly analogous. In a study of the reaction 
of 2 with MC14 (M = Si, Ge, Sn), Weingarten 
and Wager formulated the initial product as the 
immonium salt 6 (9). We exclude this in the 
boron trihalide adducts because of (i) the simi- 
larities in chemical shifts between corresponding 
adducts of 1 and 2 (Fig. 1) and (ii) the lgF 
spectrum of the BF3 adduct (single peak, 146.5 
ppnl; TMU.BF3, 149.2 ppm (2)) which shows no  
evidence of a fluorine being removed. 

Adducts of 2 are subject to  further reactions 
which have no analogy in the T M U  adducts. 
Thus, 6 is reported to  react t o  give organo- 
metallic enediamines 7 by loss of HCI (9). There 
is nlnr evidence for formation of a second species 
from the boron trihalide adducts as well, in the 
presence of uncomplexed 2, by loss of a proton 
from 4: 

Evidence for 8 (X = F )  is provided by "F spectra 
of solutions of the BF3 adduct. On  standing a 
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second 9 F  resonance (1 : 1 : 1 : 1 quartet, 137.1 
ppm, J x c B - 1 9 F  51.7 HZ) increases in size. This has 
nmr parameters very similar to  those of the 
(viny1)BK- anion (138 ppm, J 5 1.8 Hz (10)) and 
very different from those of (vinyl)BF2 (88.6 
ppm, J 67 Hz (1 I)), indicating that the new 
species is 8 (X = F) rather than a neutral species 
analogous to  7. Proton nmr is consistent with 
reaction 1. Thus with all boron trihalide adducts 
of 2 the peaks due to  5 increase in size on allow- 
ing the samples to  stand a t  room temperature, 
and an additional small broad proton resonance, 
apparently arising from the olefinic proton of 8, 
sharpens on l l B  decoupling. 

A further complication, to be expected by the 
analogy with urea adducts, is an equilibration 
between ionic and covalent adducts (1, 12). 

Small additional peaks in some samples of 
adducts of 2 indicate that such a reaction does 
occur t o  a small extent. Thus adducts of 2 show 
a number of analogies to adducts of tetramethyl- 
urea, in addition to  showing unique features due 
to the presence of protons on the donor site and 
their activation by complex formation. 

Ureas coordinate to-metal ions as well as to  
the boron trihalides. The similarity in coordina- 
tion behaviour of 1 and 2 in the present work 
suggests that enediamines might also form an- 
alogous metal complexes in a wide range of 
systems. If so, the presence of both 'H and 13C 
nmr labels a t  the donor site would make such 
complexes especially suitable for nmr studies. 
Investigations of this possibility are in progress. 

Experimental 
The methods of nmr sample preparation and the puri- 

fication of the boron trihalides and methylene chloride 
have been described previously (13). Tetramethylurea 
(Aldrich) was used without further purification. 1,l-Bis- 
(dimethy1amino)ethylene (2) was synthesized by the 
method of Brederick and co-workers (14). The mass 
spectrum included a parent ion peak at  m / e  114 and a 
base peak at m / e  70. The proton nmr spectrum consisted 
of two singlets of relative intensity 6:l at  6 2.54 and 6 3.15 
respectively; these chemical shifts showed negligible vari- 
ation with temperature (-0.06 ppm between -90 "C and 
+80 "C). Protonation of 2 occurs readily to give 5 (8) 
having two proton resonances of relative intensity 4:l a t  
6 3.33 and 8 2.55; the larger (N-methyl) resonance was 
barely resolved into a 1:3:3:1 quartet by long-range 
coupling (0.37 Hz) to the C-methyl protons. Small peaks 
corresponding to 5 were often present in proton spectra 
of adducts of 2. 

Both 1 and 2 give adducts of 1 :1 stoichiometry with the 
boron trihalides, as shown by relative areas of 'H  peaks 
due to free base and adduct in samples having a wide 
range of acid-base ratios. As with TMU.BF3 (2), separate 
peaks due to free and complexed base are observable to  
room temperature. The adducts of 2 show evidence of 
further reactions, as discussed elsewhere in this paper. 
The BI3 adducts of both 1 and 2 were much less soluble 
and also more prone to  decomposition than the other 
adducts; these were prepared and studied directly in nmr 
tubes at  low temperatures without ever being warmed to  
room temperature. All of the adducts appear to be more 
stable in the presence of excess boron trihalide. 

The BF3, BC13, and BBr3 adducts of 2 could be prepared 
as viscous oils on a high vacuum system by condensing 
excess boron trihalide on top of a solution of 1 g of 2 in 
5 rnl of methylene chloride, and allowing the mixture to 
warm and react. The solvent and excess boron trihalide 
were then removed by pumping under high vacuum. 
However, as in previous work with TMU.BF3 (12), nmr 
spectra indicated that the adducts were not pure, but that 
a further reaction had occurred to a small extent, appar- 
ently to give small amounts of ionic adducts (12) and 
small amounts of 5. Mass spectra of the adducts did not 
give parent ion peaks. Instead, all of the peaks of uncom- 
plexed 2 were obtained as well as peaks corresponding to  
BX2+, C2H5NBX2+, and to loss of HX and HX + CH4 
from the adducts. 

The NLU instrumentation has been described previously 
(2). 11B decoupling of IH spectra was carried out on a 
Varian Associates A-60 nmr spectrometer (2) equipped 
with an  NMR Specialties HD-60 heteronuclear decoupler. 
An HP 4204A decade oscillator was used to drive a t  
30 Hz a Waveteck 141 Voltage Controlled Generator used 
to tune the HD-60 side bands, thus providing pseudo 
"noise" decoupling over a 3 kHz bandwidth. 
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lH nuclear magnetic resonance conformational study of medium-sized 
rings: 3,4-dihydro-1,6-benzodiazocine-2,s-diones 
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JosB ELGUERO, ALAIN FRUCHIER, GEORGES LLOUQUET, and CLAUDE MARZIN. Can. J. Chem. 
54, 1135 (1976). 

From a 'H  nmr study it has been possible to show that the eight-membered ring of the N,Nf- 
disubstituted 3,4-dihydro-1,6-benzodiazocine-2,5-diones has a boat conformation, the inter- 
conversion barrier of which is slightly over 100 kJ/mol. 

JOSE ELGUERO, ALAIN FRUCHIER, GEORGES LLOUQUET et CLAUDE MARZIN. Can. J. Chem. 
54, 1 135 (1976). 

Une etude rmn protonique nous a permis de determiner que le cycle ?I huit chainons des 
dihydro-3,4 benzodiazocine-1,6 diones-2,5 N,N'-disubstituees posskde une conformation 
bateau dont la barrikre d'interconversion est legkrement supirieure h 100 kJ/mol. 

Introduction 

Lately the boat conformation of N,Nr-disub- 
stituted dibenzo[b,fl[l,4]diazocine-6,11 -diones 
and dibenzo[b,fl[l,5]diazocine-6,12-diones has 
been demonstrated (1,2). We have found that the 
3,4-dihydro - 1,6 - benzodiazocine - 2,5 -diones 16 
and 26 also have a boat conformation. 

I Experimental 

Prepararion of 3,4-Dillydro-I,6-benzodiazocine-2,5- 
diorze, l a  

The procedure of Paudler and Zeiler (16) has been modi- 
fied. Condensation of o-phenylenediamine and diethyl 
succinate in the presence of NaH was performed in 
anhydrous T H F  at room temperature; mp 264 "C 
(DMF) (lit. (16) mp 264-265 "C) (40%). 

Preparation of 3-Merhyl-4-l1ydro-I,6-benzodiazocine- 
2,5-dione, 2a 

This compound has been obtained by refluxing o- 
phenylenediamine with an excess (1:3) of 2-methyl 
dimethyl succinate in D M F  in the presence of NaH for 
2 h; mp 205 "C (ethanol) (45%). 

(17) mp 218 "C) (10%); 26, mp 176 "C (ethanol) (35%). 
Monomethylation of compound l a  has been performed 
using a great excess of diester at room temperature, the 
reaction being stopped after 5 min; rnp 230 "C (ethanol) 
(10%). 

Results and Discussion 

The proton spectrum of 16 in CDC13 at 30 OC 
exhibits only one signal for the two N-methyl 
groups, an AA'BB' system for the aromatic 
protons and another AA'BB' system for the 
protons in positions 3 and 4. The low frequency 
AA' part of the latter system is slightly broadened 
and becomes sharper by irradiation of the N- 
methyl group signal. This interaction, 'J ,  too 
small to be measured, shows that the protons A 
and A' are fixed to  two different carbons. The 
fact that the nmr spectrum of the ethanic protons 
appears as an AA'BB' system and not as an A4 or 
ABCD one shows that the ring inversion is slow 
on the nmr time scale a t  room temperature and 
that the ethanic fragment has an eclipsed or a 
staggered conformation. Librational motions 
around the C3-C4 bond having a low activation 
energy d o  not remove the isochrony of the A-A' 
and B-B' pairs. Four conforn~ations can cor- 
respond to  these observations (Fig. 1): two of 
C, symmetry, boat Band chair C, and two of C2 
symmetry, staggered twist Ts and eclipsed twist 
Te . 

Preparation of Compounds Ib,  26, and l c  
Methylation reactions of l a  and 2a were carried out The analysis of the AA'BB' system is not 

with dimethyl sulfate in the presence of 20% NaOH at evident because the apparent lack transi- 
room temperature for 2 h ;  16, mp 218 OC (ethanol) (lit. tions in the spectra a t  60, 100, as well as 220 
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Boat B Chair C Staggered twist Ts Eclipsed twist Te 

FIG. 1. Possible conformations of 3,4-dihydro-1,6-benzodiazocine-2,5-diones. 

TABLE 1. Calculated and experimental ratios of vicinal coupling constants 
for the conformations of Fig. 1 

Conformation p a  wb JAA'IJBB, J A A ' I J A B ' o ~ J B B ' I J A ' B  

B ,  c 0" 0" 1 .o 3.7 
Ts 180" 0" 5.4 5.4 
Te 120" 0" 1 .O 0.3 

Experimental 

1 .o 2 .4C 

Calculated (6) 

0" 23" 1 .O 2.4 

ODihedral angle between the HA<&, and C~<I-H'A planes. 
BLibration angle. 
=Mean value between JAA, and lea*:  1 I .9 Hz. 

MHz:' each half spectrum has only 9 transitions 
instead of 12. Two reasons are accountable for 
that. Firstly, one experimental line is due to two 
overlapping theoretical transitions. This was 
observed when we varied ABAR by working at 
different concentrations and by adding a lan- 
thanide chelate (Eu(fod)3) which complexes on 
the amidic oxygen (3, 4) to the CDC13 solution. 
Secondly, the antisymmetric AB subspectrum 
has a very small splitting indicating that the 
parameter M = JAAl - JBBr is close to zero. 
Then trial parameters can be obtained and suc- 
cessive iterations give a spectrum which is 
superimposable on the experimental one at 100 
MHz. The parameters obtained with LAOCN 3 
(5) have been used to simulate spectra at  60 and 
220 MHz and at different concentrations, and 
the agreement with the experimental values is 
very good. In CDC13 with a concentration of 
60 mg/ml, the values are: B A  = 2.26 pprn, 
B B  = 2.60 pprn, JAB = JAIB, = - 13.9 Hz, JAR, 
= JAtB = 5.0 HZ, JAAl = 12.1 HZ and JBBl = 

1 1.7 Hz. 
To determine the conformation of medium- 

'We thank the Canadian 220 MHz NMR Centre for 
the 220 MHz nmr spectrum. 

sized rings, it is better to use the ratio of vicinal 
coupling constants than the constants them- 
selves (6). Listed in Table 1 are calculated values 
of these ratios for the conformations B, C, Ts, 
and Te, together with the experimental ones. It is 
obvious that only the conformations B and C 
agree with the experiment. The method we 
described (6) allows one to calculate the libration 
dihedral angle Ap. The value found, 23", is 
probably, as in the case of 2-pyrazolines, over- 
estimated. 

In order to choose between these possibilities, 
we have calculated the effects of the benzene 
ring2 and of the carbonyl group3 on the chemical 
shifts of the protons in positions 3 and 4 in these 
two conformations. The calculated differences 
of chemical shifts between protons A and B are 
as follows: chair C 0.32 ppm, boat B 0.29 ppm. 

2For the protons above the benzene ring we have used 
the dipolar model of Johnson and Bovey (7) and for the 
other ones the quantic model of Haigh and Mallion (8). 

'The anisotropy of the carbonyl groups has been 
calculated from a dipolar model (9, lo), the dipole center 
being taken on the oxygen atom. The values of A x  have 
been taken from ref. 11. The molecular coordinates have 
been calculated using a program from Schachtschneider 
(12). 
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As the experimental difference is 0.30 to 0.34 
ppm depending on the concentration, these 
calculations do not allow a choice between a 
chair or a boat conformation. But the presence 
of a small coupling constant between the anti . - 

periplanar protons of the N-methyl groups and 
two protons in 3 and 4 positions shows that the 
amidic parts of the diazocinedione ring are 
planar (13, 14). This is the case only in the boat 
conformation in which the two ~ r o t o n s  A and A' 
above the benzene ring appear at lower fre- 
quencies than the two other ones. 

The nmr spectrum of compound 2b shows the 
presence of an equilibrium between two con- 
formations at ambient temperature in CDC13. 
From the result found for 1 6 ,  these two con- 
formations must be B, and B2. The protons in 
positions 3 and 4 appear as a complex system: 
only the proton HI4 of B1 appears a t  a lower 
frequency because of the effect of the benzene 
ring and of the cis methyl group Thus B1 is 
the kinetic product of the methylation reaction 
(about 70y0); but this equilibrium is displaced 
with time and temperature so that when thermo- 
dynamic equilibrium is reached, Bl exists only a t  
20y0. The existence of such a direct equilibration 
shows that the free energy of activation for the 
boat-boat equilibrium is above 96 kJ/mol. But if 
the spectrum of compound 2b is taken in a- 
chloronaphthalene at temperatures above 180 "C, 
the three N-methyl group signals coalesce (the 
two expected N-methyl signals have an accidental 
isochrony) and the C-methyl signals and those 
of protons in positions 3 and 4 are broadened; 
unfortunately, it has not been possible to  obtain 
spectra above 200 "C. But the observation of this 

phenomenon shows that the boat-boat inter- 
conversion becomes fast above 180 "C and that 
the free activation energy must have a value 
between 100 and 105 kJ/mol. In the case of 
compound lb,  the same behaviour is observed: 
the AA'BB' system of the protons in positions 3 
and 4 is broadened in a-chloronaphthalene 
above 180 "C. Thus the free activation energy 
for the interconversion can be estimated to  be 
over 100 kJ/mol. 

For compound lc,  the spectrum taken in a- 
chloronaphthalene shows a broadening of the 
ABCD system of protons in positions 3 and 4 
above 120 "C. A complete analysis could not be 
performed because the compound decomposes 
above 140 "C. However it can be concluded that 
the free activation energy for the boat-boat inter- 
conversion of this compound is smaller than that 
of compounds l b  and 2b. In the case of the 
di-NH compounds l a  and 2a, the spectrum 
shows that a rapid boat-boat interconversion 
occurs a t  ambient temperature (presence of an 
A4 system for the protons in positions 3 and 4 of 
l a ,  and presence of only one C-methyl signal in 
2a). 

Thus, even if quantitative values cannot be 
given, it can be concluded that the boat-boat 
interconversion in 3,4-dihydro-l,6-benzodiazo- 
cine-2,s-diones depends greatly on the interaction 
between the N-substituents and the ortho-phenyl 
protons. 
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A re-examination of the nitrobenzene - 2,2,4-trimethyl pentane system in the 
consolute region and of the thermodynamical considerations concerning 

the value of E' at the consolute point 

R. HALLIWELL,' D. A. HUTCHINSON, A N D  R. MCINTOSH 
Deparrmenr oj'C/~emisrry, Queen's Universiry, Kingsron, Onrario K7L 3N6 
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R. HALLIWELL, D. A. HUTCHINSON, and R. MCINTOSH. Can. J. Chem. 54, 1139 (1976). 
Failure to find maxima in E' and c" for aniline--cyclohexane in the consolute region by 

Lubezky and McIntosh (8) led to re-examination of the system nitrobenzene-2,2,4-trimethyl 
pentane for which anomalous values of E' and E" have been reported. Earlier results by Lubezky 
and McIntosh (6) could not be repeated. A re-examination of thermodynamical arguments 
was then undertaken and the conclusion reached that these d o  not predict anomalous values of E' .  

R. HALLIWELL, D. A. HUTCHINSON et R. MCINTOSH. Can. J. Chem. 54, 1139 (1976). 
Le fait qu'il a ete impossible pour Lubezky et McIntosh (8) de trouver des maxima dans les 

E' et E" pour le systeme aniline cyclohexane dans la region coasolutee nous a amene a reexaminer 
le systeme nitrobenzene- trimethyle-2,2,4 pentane pour lequel les valeurs anormales de E' et 
de E" ont ete rapportees. On n'a pas pu repeter les resultats anterieurs de Lubezky et McIntosh 
(6). On a donc entrepris un reexamen des arguments thermodynamiques et on est arrive a la 
conclusion que ces arguments ne predisent pas des valeurs anormales pour E ' .  

[Traduit par  le journal] 

Introduction 
There has been interest in the dielectric properties of binary liquid systems which are close to 

the critical solution temperature for a number of years. One of the earliest workers, Piekara ( I ) ,  
studied the nitrobenzene-hexane system. He observed that the dielectric constant E' increased 
with decreasing temperature and that there was a discontinuity in del/dt at the temperature that 
the system passed from a single phase to a two-phase state. He also noted that for mixtures having 
the critical concentration de'ldr was not a constant above the critical temperature, but that 
(d~ ' /d t (  decreased with decreasing temperature. Similar results for systems consisting of a polar 
and a nonpolar liquid have been reported by Lomova and Shakhparonov (7) and Lubezky and 
McIntosh (8). 

Semenchenko (2), however, has argued that quite general thermodynamical considerations 
suggest that there must be a maximum in the dielectric constant at the critical solution temperature, 
or consolute point. The magnitude of the maximum should be large since Semenchenko predicts 
its occurrence at the critical temperature and composition on the basis of the relation 

He examined a number of polar-nonpolar (3) systems including nitrobenzene-hexane and found 
that there are maxima in both the dielectric constant E' and the dielectric loss E". Similar results 
have been reported by Quinn and Smyth (4) and Ripley and McIntosh (5) for the system nitro- 
benzene - 2,2,4-trimethyl pentane. There is also an anomalous result on the same system by Lubezky 
and McIntosh (6); whereas no maximum was observed in E' at the consolute (critical) point, a 
maximum was observed for mixtures with nitrobenzene concentrations less than the critical con- 
centration and at a temperature above that at which discrete layers form. 

More recently there have been several theoretical treatments based on the assumption of 
density fluctuations in submicroscopic regions. Systems consisting of a mixture of nonpolar 

'Postdoctoral Fellow 1974-1975. Present address: Building Research, National Research Council of Canada, 
Ottawa, Canada K I A  0R6. 
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TEMPERATURE ('c ) 

FIG. 1. Dielectric constant for 25%, 28%, and 50% nitrobenzene in 2,2,4-trimethyl pentane at 
60 kHz. The break in the curves coincides with phase separation. 

liquids were considered by Kim and Mazur (9), who showed that there will be a maximum for 
E' at the consolute point but that this maximum is very small (of the order of one part in a thousand 
or smaller). This prediction is very different from that made by Semenchenko. Snider (lo), how- 
ever, was unable to make a definite statement about the behaviour of 8' for polar-nonpolar 
systems because of uncertainty in the precise functional behaviour of the osmotic compressibility 
with electric field in the critical region. 

It is apparent that the behaviour of E' near the consolute point has not been defined, either 
from an experimental or a theoretical point of view. The present work involves a re-examination 
of the anomalous results of Lubezky and McIntosh (6) for the nitrobenzeneP2,2,4-trimethyl 
pentane system and of the basic thermodynamical arguments proposed by Semenchenko (2) for 
the existence of a maximum of E' at the consolute point. 

Experimental 
The electronic circuitry, dielectric cell, and measurement procedures for frequencies less than 100 kHz were the 

same as those already described by Lubezky and McIntosh (6). At higher frequencies a coaxial cell containing a variable 
condenser as an integral part of the cell, in the manner used by Hartshorn and Ward (I I), was used in a resonant circuit. 
In each case the high potential lead consisted of a thin wire which was surrounded for an appreciable depth by the 
dielectric contained within the plates of the cell. Changes in the fringing field would only occur because of an alteration 
of the height of the liquid which would be small over the range of temperature employed. 

Reagent grade nitrobenzene, obtained from Fisher Scientific Company, was first dried over calcium chloride, then 
over phosphorus pentoxide, and finally distilled under vacuum to reduce any danger of decomposition. The purified 
liquid was then stored over type 4A molecular sieve in a sealed container until used. 

Spectranalyzed grade 2,2,4-trimethyl pentane, also from Fisher Scientific Company, was first dried over anhydrous 
calcium sulphate and then distilled. The purified liquid was stored over type 4A molecular sieve in a sealed container 
until used. 

To prevent contamination with water, the mixtures were prepared and loaded into the dielectric cell under an 
atmosphere of dry nitrogen in a dry box. 

A series of experiments was carried out at frequencies ranging from 20 kHz to 35 MHz for mixtures containing 25%, 
28YG and 50% nitrobenzene by weight. The sensitivity to contamination was also tested by exposing previously dried 
mixtures to the laboratory atmosphere, and by preparing mixtures from reagents that had not been previously dried 
or purified. 

Results and Discussion 
The results of measurements of the dielectric constant E' and dielectric loss E" at 60 kKz for 

liquid mixtures containing 25%, 28%, and 50% nitrobenzene are shown in Figs. 1 and 2. These 
compositions were selected as  they were in the range where the largest effects had been observed 
earlier by Lubezky and McIntosh or corresponded closely with the critical or consolute con- 
centration (6). Figure 3 shows E' for 25% and 50% mixtures at higher frequencies. Each figure 
shows the relative uncertainty in the measurements by an error bar for one point of the diagram. 
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The results all show the same feature of no maximum in E' above the temperature at which the 
mixture separates into two phases. The behaviour of E' below the phase separation temperature 
depends on both the particular mixture under consideration and the geometry of the cell. Mixtures 
which were exposed to the laboratory atmosphere or prepared with reagents which were not 
purified gave similar results, although there was some shifting of the temperature of phase 
separation (8). 

Despite the variation of a number of experimental parameters it was not possible to reproduce 
the results of Lubezky and McIntosh for the nitrobenzene - 2,2,4-trimethyl pentane system in this 
frequency range. If the experimental uncertainties quoted by Lubezky and McIntosh are applied 
to their experimental data it is immediately apparent that the observed maxima are not sufficiently 
well defined to be considered significant. As a consequence it is concluded that the published 
results for this system are incorrect. For the one case, that of 25% nitrobenzene, where the maxi- 
mum observed by Lubezky and Mclntosh may be significant, the amplitude of the observed peak 
is an order of magnitude less than that observed by Quinn and Smyth (4) for the same system, 
Unfortunately Quinn and Smyth did not examine the case of critical concentration so that it is 
not possible to make further comparison with the results of Lubezky and McIntosh.. It is also not 
possible to say anything about the validity of the results of Ripley and Mclntosh ( 5 ) ,  although 
there is some uncertainty about the manner in which the temperature of phase separation was 
determined. 

The analysis of Snider is not able to give an a priori answer to the question of a maximum in E' 

at the consolute point, but depends on the experimentally determined functional form of the 

0.06- 0.07- 0.19 - 

19.5 5 2-2 
TEMPERATURE (*C ) 

0.05- -  

FIG. 3. Dielectric constant for 2 T 0  and 5wo nitrobenzene in 2,2,4-trimethyl pentane at 34 MHz and 24.6 MHz. 
The arrow denotes the temperature at which phase separation occurred. Relative values only are recorded and as may 
be seen from Fig. 1 ,  absolute values may be greater by a factor of approximately two. 
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FIG. 2. Dielectric loss for 25%, 28TG and 50% nitrobenzene in 2,2,4-trimethyl pentane at 60 kHz. 
The break in the curve coincides with phase separation. 
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osmotic compressibility. Since such a maximum is unambiguously predicted by Semenchenko, 
and experimentally this maximum appears to be rather elusive, it was considered worthwhile to 
re-examine the thermodynamical arguments which led Semenchenko to this conclusion. 

For the thermodynamic description of a dielectric in an electric field, it is convenient to include 
the following modes of energy transfer between the system and surroundings: heat, pressure- 
volume work, mass transfer, and electrical work. In such a situation the well known condition 
for phase stability reads 

The subscript 'ext' denotes the surroundings; the absence of this subscript indicates that the 
property refers to the system. The remaining notation is: U, internal energy; T, temperature; 
S, entropy; p, pressure; V, volume; cj ,  chemical potential, per unit mass, of component j; m., 
mass of component j; 0, potential difference (me,, is the potential difference between the terminais 
of a large external cell); and Q, charge on capacitor. 

If T, p, e l ,  c,, and @ are identical for the system and surroundings, [l]  remains valid; then it 
is a criterion for the stability of a phase described by T, p, 5 , ,  c,, and @ against a variation 60: 
6S, Sm,, dm,, 6Q. It is possible (12) to rewrite @6Q as 

the integral is over all space. 
The system consists of the dielectric, the capacitor, and the surrounding fields. A constant 

volume is chosen and the volume is large enough to encompass the region of space with non-zero 
fields. If the system is defined in this manner, then [l] with the aid of [2] becomes 

where u, s, p , ,  and p, respectively refer to the energy, entropy, and masses per unit volume. For 
the geometry of a parallel plate or coaxial cylindrical plate capacitor, with an isotropic dielectric, 
the inner product E.6D simply leaves E6D. 

The properties of the consolute point, a critical point, are of particular interest. In the region 
of two phase separation, the variables T, c , ,  c,, and E are the same in coexisting phases for a vertical 
parallel plate capacitor or vertical coaxial cylindrical capacitor. For a horizontal parallel plate 
capacitor T, e l ,  C , ,  and D are the same in coexisting phases. Since the experiments in this study 
were done with a vertical coaxial cylindrical capacitor, the former case is of more interest. 

The auxiliary function 

is useful for a discussion of the dielectric constant at the consolute point. Whereas u has simple 
first order partial derivatives when expressed as a function of s, p , ,  p,, and D, f has simple first 
order partial derivatives when expressed as a function of T, e l ,  c,, and D;  the partial derivatives 
are 

If one rewrites [4] as 
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HALLIWELL ET A L  1143 

and substitutes this result into [3], and retains all terms up to and including second order in 6T, 
h i1 ,  61,, and 6D, then with the help of [5] one obtains the result 

I f  ST = 61, = 6 1 ,  = 0, it is then apparent for a stable phase that 

Since T,  i l ,  c,, and E are identical for coexistent phases, whereas s, p,, p,, and D differ in co- 
existent phases, i t  then can be said that 

for coexistent phases. In [7], T[ , ( ,  identify the coexistent phases (three intensive variables are 
required); AE and AD are the respective differences for the electric field and the dielectric dis- 
placement. 

The critical phase may be approached along a path through the region of single phase stability, 
provided that such a path contains the point representing the critical phase. For all phases on such 
a path, [6] is valid. Also the critical phase may be approached by considering pairs of coexistent 
phases in the two-phase region. As the critical phase is approached, the coexistent phases become 
more alike and the process terminates with the single critical phase. For all pairs of coexistent 
phases, [7] is valid. In order that the critical phase be simultaneously the limiting situations for 
which [6] and [7] are valid, one concludes that 

for the critical phase. This paragraph has outlined Gibbs' concept of the critical phase (13): the 
critical phase is the limit of single phase stability and it is also the limit of the coexistence of two 
phases. 

A similar treatment of the auxiliary functions 

yields the respective results 
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for the critical phase. It is important to note that the derivatives in [8] and [9] have the following 
properties in common: the dependent variable is the same in coexistent phases, the variable with 
respect to which the differentiation is performed is in general different in the coexistent phases, 
and the variables which are held fixed are the same in coexistent phases. The derivative which 
defines the dielectric constant does not have these properties. 

The reciprocal of the dielectric constant E' is defined by 

where x2 is the mole fraction of component 2. The chain rule allows one to write 

Since (apl/aD)~,,, and (a~2/aD)~,, ,  are likely to be small, one has the approximate result 

Clearly this result is quite different from [8]; p, and p2 are not the same in coexistent phases. No 
apparent simple connection exists between [8] and [lo]; thus thermodynamic arguments have little 
to say about the dielectric constant of a critical phase. Although the auxiliary function 

can be used to infer that I/&' 3 0 in the region of single phase stability, little of relevance can be 
said about 

in the two-phase region. The phases for which p, and p2 are the same (if such a pair of phases 
exists) are not coexistent phases. Thus the previous arguments which lead up to [8] are not valid 
in this case. 

Further comments can be made about [8] and [9]. From the method of Jacobians one can write 
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Each numerator on the right hand side of [ l l ]  consists of the same fourth order determinant 
whereas each denominator consists of a different third order determinant. Thus, one can readily 
make the inference that 

upon which Semenchenko based his conclusions does not have these properties. Also the 
determinant 

for the critical phase. In this determinant, it is important to note that the 'numerator variables' 
are the same in coexistent phases whereas the 'denominator variables' differ in coexistent phases. 
Unfortunately, the determinant 

which would arise from [I 01 lacks these properties. Moreover, [13] bears no simple relationship 
to [12], so  once more little can be said about E' for the critical phase. 

Finally, if the experimental arrangement consisted of a horizontal parallel plate capacitor, 
one would work with the auxiliary energy function 

The preceding analysis and results would then remain valid if E and D were interchanged and also 
if I / E '  were replaced by E' itself. Thus the same sort of indefinite conclusions about E' a t  the critical 
point would be obtained. 

Conclusions 
On the basis of these experiments it is possible to state that there is no maximum in the dielectric 

constant a t  the consolute point for the system nitrobenzene-2,2,4-trimethyl pentane in the 
frequency range 20 kHz to 34 MHz. Furthermore it is shown that there is n o  reason based on 
thermodynamical arguments to  expect such a maximum. It is concluded that the question of 
existence of a maximum in E' will be resolved only by careful experimentation rather than by 
general arguments of this kind. 
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13C kinetic isotope effects and reaction coordinate motions in 
transition states for S,2 displacement reactions 
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WARREN EDWARD BUDDENBAUM and VERNON JACK SHINER, JR. Can. J. Chem. 54,1146 (1976). 
Reaction coordinate motions and "C kinetic isotope effects at 25 "C have been calculated 

for the S,2 reactions of methyl iodide with iodide, cyanide, and chloride ions and for the S,2 
reaction of benzyl bromide with hydroxide ion using transition state models characterized by 
single interaction force constant, F,,, between the bond being formed and the bond being 
broken. The isotope effect calculations show that the dependence of calculated 13C isotope 
effects on transition state symmetry found by Willi and Sims er al.  holds true for reaction barriers 
corresponding to small values of v,, while the symmetry dependence observed by Bron holds 
true for barriers corresponding to large values of v,. v, was also found to have a strong influence 
on the reaction coordinate motions of the transition states. In particular, for the methyl iodide 
reactions an increase in v, increases the distortion of the methyl group in the direction expected 
for a classical S,2 reaction. Finally, reaction coordinate motions were used to show that the 
model proposed by Bron for the borderline region between S,1 and S,2 reaction mechanisms 
predicts an increase in the "C kinetic isotope effect with decreasing total bond order and not 
the decrease suggested by Bron. 

WARREN EDWARD BUDDENBAUM et VERNON JACK SHINER, JR. Can. J. Chem. 54, 1146 (1976). 
On a calcule les mouvements des coordonnees de la reaction et les effets isotopiques cinetiques 

du 13C a 25 'C pour les reactions S,2 de I'iodure de methyle avec les ions iodure, cyanure et 
chlorure et pour la reaction SN2 du bromure de benzyle avec I'ion hydroxyde en utilisant des 
modeles d'etats de transition caracterises par une constante de force pour une seule interaction, 
F,,, entre le lien qui se forme et le lien qui se brise. Les calculs d'effet isotopique montrent que 
la dependance des effets isotopiques de 13C sur la symetrie des etats de transition qui a ete 
trouvee par Willi et par Sims el al. prevaut pour des barrieres a la reaction correspondant a de 
petites valeurs de v,, alors que la dependance sur la symetrie observee par Bron prevaut dans 
les cas ou les barrieres a la reaction correspondent a des valeurs elevees de v,. On a aussi trouve 
que v, a une influence importante sur les mouvements des coordonnees de la reaction des etats 
de transition. En particulier, pour les reactions de I'iodure de methyle, une augmentation de 
v, augmente la distorsion du groupe mtthyle dans la direction attendue pour une reaction SN2 
classique. Finalement, on a utilise les mouvements des coordonnees de reaction pour montrer 
quelle modele propose par Bron pour la region intermediaire entre les mecanismes de reaction 
S, I et SN2 predit une augrnenrarion de I'effet isotopique cinetique du 13C avec une diminution 
de I'ordre total de liaison et non pas une diminurion telle que sugeree par Bron. 

[Traduit par le journal] 

Theoretical considerations lead to the pre- the transfer of a carbon (C*) fragment between 
diction that primary hydrogen kinetic isotope two groups, X and Y [I]. Therefore, by analogy 
effects should depend on transition state sym- with hydrogen transfer, carbon kinetic isotope 
metry and that maximum values should be 

\ I / 
shown by symmetrical transition states (1-7). [ I ]  Y + c*-x + [Y - -c*- -XI+ - Y-c* + x 
Experimental studies of several reaction series 'I / \ \\ 

have this prediction in that each effects for such displacements should also de- 
series a maximum effect when the pend on transition state symmetry. Although no 
environment of the transferred hydrogen in the study which illustrates such a 
product is most similar to its environment in variation of carbon isotope effects with transi- 
the reactant years ago, Fry (9) tion state symmetry has yet been reported,2 
extended this concept to carbon isotope effects. 
He suggested that an S N ~  displacement reaction 'Footnote added in proof. See the work of Yamataka 
at saturated carbon (10-12) can be viewed as and Ando, ref. 44, for present data that appear to show 

that the 14C isotope effect for SN2 displacements of a 
'Revision received December 22, 1975. series of benzyl arenesulfonates goes through a maximum. 
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Willi (13) and later Sims et al. (14) found 
support for Fry's suggestion in detailed model 
calculations. Recently, however, Bron (15) has 
published calculations using a different S,2 
reaction model which, contrary to the previous 
studies (1 3, 14) do not show a maximum in the 
carbon isotope effects; instead k,,/k13 was pre- 
dicted to vary monotonically from reactant-like 
to product-like transition states. As yet no 
explanation for the differing predictions of 
these calculations has been offered. More 
specifically, we would like to know the range 
and limitations of the application of each of 
these two different kinds of models for S,2 
reactions. 

We have been utilizing kinetic isotope effect 
theory (for recent reviews see ref. 16) in an 
analysis of some 13C, 35C1/37C1, and deuterium 
kinetic isotope effects for the bimolecular dis- 
placement reaction, methyl iodide plus chloride 
ion in dimethylformamide (17). During this 
model study we have examined these earlier 
calculations (13-15) and the calculated 13C 
kinetic isotope effects for two other closely 
related S,2 displacement reactions, methyl 
iodide plus cyanide ion (18) and methyl iodide 
plus iodide ion (19). In this paper we report 
some results of this analysis and comment upon 
some questions concerning the properties of the 
transition states for S,2 displacement reactions 
as inferred from kinetic isotope effect studies. 

Results and Discussion 
When one employs Eyring's transition state 

theory (20) for the calculation of kinetic isotope 
effects (kl/k,) on reaction 1 above, one obtains 
(21-23) eq. 2 where the subscripts 1 and 2 

[21 kllk, = 
Z I K I  Ql'QY2QCXr 

T ~ K ~ Q , * Q Y ,  Qcx, 

refer to the light and heavy isotopic forms 
respectively; the si's are tunnelling corrections 
that express the probability that complexes 
with less energy than the potential energy barrier 
for the reaction will nevertheless form products; 
the K ~ ' S  are transmission coefficients which 
express the probability that transition states 
once attained will yield products; the Qi's are 
partition functions summed over all the energy 
levels of the reactants, Y and CX;  and the Q+'s 
are partition functions for the transition states 

which are special in that they are summed over 
all the energy levels of the transition state except 
that corresponding to v,, the frequency associ- 
ated with reaction coordinate motion in the 
transition state, i.e., that degree of freedom in 
the transition state complex corresponding to 
motion across the maximum of the potential 
energy barrier for the reaction (20a). 

v, is imaginary (or zero) since its value 
depends in part upon the degree of curvature 
of the potential energy barrier. Its value also 
depends upon the masses and extents of dis- 
placement of the atoms which are involved in 
the reaction coordinate motion. The chief 
result of this mass dependence is that v, can be 
sensitive to isotopic substitution in the reactants. 
An isotope effect on v, can give rise to a tunnel- 
ling isotope effect (z1/z2) on k,/k, (23); but, 
more importantly, the isotope effect on v,, 
v,,/v,,, is the high temperature or classical 
limit of the kinetic isotope effect itself (21). 
That is, eq. 2 can be written as eq. 3, 

where TDF approaches one at high tempera- 
tures and is termed the temperature dependent 
factor of k,/k, since it contains allofthe tempera- 
ture dependence of the isotope effect. vlL/v2,  is, 
of course, independent of temperature and in 
discussions of the temperature dependence of 
kl/k2 is sometimes termed the temperature 
independent factor, TIF  (see for example ref. 
24). Clearly, it is the existence of the reaction 
coordinate degree of freedom and its associated 
imaginary frequency, v,, that distinguishes 
transition state complexes from normal mole- 
cules. 

In general, the evaluation of eqs. 2 and 3 
requires knowledge of (1) the structure of the 
reactants and of the transition state and (2) the 
potential energy surface of the reacting system 
in those regions near the reactants and the 
transition state in sufficient detail to carry out a 
rotational-vibrational analysis of the two states 
(16, 20-25). For the reactants the required 
structural and potential energy data for these 
analyses can be obtained from spectral observa- 
tions or estimated by analogy to other stable 
molecules (25-27); however, because of the 
difficulty of theoretical calculations of potential 
energy surfaces (23, 28, 29), most of our in- 
formation about transition state properties in 
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general (23, 28) and about S,2 reactions in 
particular (29) has been inferred from the 
fitting of transition state models to experimental 
data (a recent illustration is contained in 
ref. 30). 

The chief limitation of such model calcula- 
tions is that the number of parameters needed 
to describe a transition state is too large for all 
of the parameters to be uniquely fitted by the 
experimental data, and as a result the investi- 
gator is forced to assume values for many of 
the properties of a model before any attempt to 
fit the model to the experimental data can be 
carried out. Thus the reliability or 'correctness' 
of transition state properties as inferred from 
model calculations is subject to considerations 
of the 'correctness' or  the relative chemical and 
physical reasonableness of all the properties 
of the model. In the case of model calculations 
of carbon kinetic isotope effects in S,2 reactions 
only three of the four basic types of properties 
of transition states have been subject to such 
considerations. These are (1) the structure of 
the transition state, (2) the potential energy 
force constants for the transition state, and 
(3) the magnitude of the imaginary frequency, 
v,. The reaction coordinate motion and its 
influence on the calculated isotope effects has 
not been examined separately. One immediate 
consequence of this neglect is that several 
models reported previously have reaction co- 
ordinate motions which do not appear to 
correspond to that expected for a displacement 
reaction, i.e., the transfer of the carbon frag- 
ment from the group X to the group Y (9- 12). 
In addition, previous discussions of reaction 
coordinates have dealt with atom transfer or 
with the transfer of groups containing no 
internal degrees of freedom, as, for example, 
the transfer of a methyl group as a rigid group 
of mass 15 (3, 4, 6). 

Calculation of k , / k , ,  v,, and the Reaction 
Coordinate Motion of  a Transition State 
Model 

The kinetic isotope effects reported in the 
following sections were calculated via eq. 2 in 
a manner very similar to that employed in the 
previous calculations of kinetic isotope effects 
in displacement reactions, in that we have 
neglected any isotope effects on the trans- 
mission (8, 16) and the tunnelling (23) coefficients 
in eq. 2 and have evaluated the partition func- 

tions in this equation in the rigid rotor-harmonic 
oscillator approximation (16, 31) using a pro- 
gram supplied by Wolfsberg and Stern (32). 

The Wolfsberg and Stern program uses a 
modification of the Schachtschneider and Snyder 
computer program (33) for the Wilson FG- 
matrix solution (25) of the harmonic vibrational 
problem to determine the required vibrational 
energy levels of the reactants and of the transi- 
tion state model from an input of the structure 
(bond distances and angles), the masses of the 
atoms, and a quadratic (harmonic) vibrational 
potential function for each molecular species. 
The Wilson FG-matrix program also determines 
for the transition state model the frequency, v,, 
of the required (20-22) aperiodic distortion of 
the assumed structure of the transition state. 
It is this atomic motion that we have identified 
in the following sections as the reaction coordinate 
motion associated with each calculation of v, and 
k l / k 2  (34-36). 

We have expressed these motions in terms of 
the cartesian displacements from their equilib- 
rium position, AX(atom), A Y(atom), AZ(atom), 
of each of the atoms of the transition state in- 
volved in the motion (25,27). In general this will 
include all N atoms of the model. This is 
because the above recipe for identifying the 
reaction coordinate motion requires that these 
infinitesimal displacements be subject to the 
conditions (25) in eq. 4 

where M (atom) is the atomic mass of the atom; 
i.e., there is no displacement of the center of 
mass of the transition state model in the reaction 
coordinate motion. This means the reported 
magnitudes of the displacements are arbitrary 
and it is the relative values and relative signs of 
the displacements that describe the reaction 
coordinate motion for a given calculation. Or, 
alternatively, the values of these displacements 
can be viewed as a description of the transition 
state model that will, in general, have a different 
dependence than k , / k ,  and v, on the absolute 
and relative values of the input parameters for 
the transition state. The correlation of changes 
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B U D D E N B A U M  A N D  SHINER,  JR. 1149 

in k,/k2 and in the reaction coordinate motion 
which results from changes in the input param- 
eters in what we mean by the influence of reaction 
coordinate motion on calculated kinetic isotope 
effects. 

As a first step in determining such a correla- 
tion for kinetic isotope effects in the methyl 
iodide plus chloride ion reaction (17) we (a) 
reproduced the kl/k2 calculations of Willi (1 3), 
Sims et al. (14), and Bron (15); (b) determined 
as described above the reaction coordinate 
motions associated with each kl/k2; and (c) 
examined these motions in terms of the model 
used by each investigator in his discussion of 
the kl/k2's. The results of this analysis, supple- 
mented by similar calculations on data reported 
in two additional papers by Willi on SN2 
reactions of methyl iodide (1 8, 19), then served 
as a guide for our methyl iodide-chloride 
calculations. 

In addition we determined for each model 
those parts of the input potential function, i.e., 
those diagonal and off-diagonal force constants, 
whose values determine the value of v, of each 
calculation. This was necessary because previous 
work on reaction coordinates (34-36) shows 
that these same force constants which generate 
v, also determine the reaction coordinate 
motion. To make this determination we used 
standard matrix techniques (25,33) to transform 
the quadratic potential function, V * ,  eq. 5, 

where Vo is a constant, 

and the AX, are'the set of displacement coordi- 
nates used in the previous calculations (1 3- 15, 
18, 19) into 

where 

and the ASi are a common set of M valence co- 
ordinates involving only changes in the distance 
between bonded atoms and in the included 
angles between these bonds. In all cases (13- 15, 

18, 19) the resulting V' had the form 
M 

[7] V *  = Vo + 4 1 FiiASiz + F12AS,AS2 
i=l  

where AS, is a change in the length of the bond 
being broken (CX), AS, is a change in the bond 
-being formed (CY), and F12 is an interaction 
force constant that couples the displacements in 
these two bonds. Consequently we have re- 
stricted ourselves in this paper to SN2 transition 
states with V* of this form and will discuss the 
influence of a more general V *  in a future 
paper. 

A Symmetrical SN2 Transition State 
The first transition states we will consider in 

this study of the influence of reaction coordinate 
motion on calculated SN2 13C kinetic isotope 
effects are those for the bimolecular exchange 
reaction of methyl iodide and iodide ion (19). 
This system was chosen for three reasons. First, 
of all the SN2 reactions of methyl iodide the one 
with iodide ion has the transition state with the 
highest degree of molecular symmetry (29) and 
is, therefore, the reaction which best serves as a 
reference point for a consideration of the in- 
fluence of symmetry on isotope effects. Secondly, 
as a consequence of this symmetry (25-27) 
the transition state for this reaction can be 
described by fewer input parameters, i.e., force 
constants, bond distances, and angles, than the 
transition states for any other SN2 reaction 
of methyl iodide. Finally, the deuterium and 
13C kinetic isotope effects for this reaction 
have already been the subject of detailed model 
calculations by Willi (19) in which kl/k2 and 
vlL/v2, were determined for a rather complete 
set of ICH,IP transition state models. The 
reader is referred to the original paper for 
details of the structure and force fields used in 
the Willi calculations; however, in brief, the 
transition states were assumed to have D,, 
symmetry with the CI bond distances being 10% 
longer than that in methyl iodide although Willi 
shows that the actual length of these bonds has 
little influence on the results. In the models we 
will consider here, all but three of the transition 
state's force constants were assigned values by 
analogy to stable molecules containing s$ 
carbons. These three constants were CI bond 
stretching (F,,), interaction between the two CI 
bonds (F12), and HCI valence angle deformation 
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TABLE 1 .  Calculated deuterium and 13C isotope effects on rates and v, for the 
reaction CH31 + I- at  25 "C" 

---- 

Number" F,' FHCI' V H L ~  Y H L / ~ D L  k,Jkoe Y I Z L / V I ~ L  k1z/ki3 

3 - 1  0.25  0 1 ,090 1.121 1.031 1 ,047 
2 1 4 . 0  0 .25  4961 1.063 1 ,066 1.034 1 ,054 
15 6 . 0  0 .25  710i 1.045 1.033 1.036 1 ,058 
25 8 . 0  0 .25  8781 1.033 1.014 1.037 1.061 
24 - 1  0 .27  0 1 ,090 1 .062 1.031 1 ,047 
22 8 . 0  0 .27  8781 1.032 1.056 1.037 1 ,062 

"Taken in part from ref. 19. 
bldentification number in ref. 19. 
'Units: rndynlbr. 
*Units: cm-'. 
'per D. 
'Formula in eq. 10 not used, F,,  set equal to F, so that v ,  = 0 will hold (see refs. 19 and 34) 

(FHcl). Willi set limits on the value of Fcl and F12 
by assuming that the potential function for the 
two CI bonds could be written as eq. 8 where p 

is the arithmetic mean of the increase in length 
(Ar,) of one CI bond and the decrease in length 
(-Ar,) of the other CI bond, Fp is the force 
constant for the coordinate p ,  and Fc,' measures 
the restoring forces within each CI bond (19). 
Comparison of eq. 8 with the potential function 
expressed in terms of F12 gives eq. 9 which 

yields equations for Fcl and FI2 in terms of two 
parameters, F,,' and Fp, eq. 10. Willi determined 

that for a reaction barrier of 20 kcal/mol and 
Fcl' equal to 1 mdyn/A the upper limit for Fp 
would be about 8 mdyn/A., 

Table 1 gives the v, and the calculated 
deuterium (k,/kD per D) and I3C (kI2/kl3) 
isotope effects taken from ref. 19.and repro- 
duced in this work for the special case, v, = 0, 
and for selected values of Fp. The maximum 
value of Fp, calculations 22 and 25, gives a v, 
of about 900i cm-I." As pointed out by Willi as 
v, increases (calculations 3, 21, 15, and 25) the 

two calculated isotope effects change in opposite 
directions, k12/kl, increasing from 1.047 to 
1.061 and kH/k, decreasing from 1.121 to 1.014. 
Willi also noted that these trends in the isotope 
effects are paralleled by the changes in the 
TIF's (vHL/vDL and vl2,/vI3,) and suggested that 
they are, therefore, due in part to a change in 
the reaction coordinate motions of the hydro- 
gens and carbon with changes in v,. This sug- 
gestion is supported by the data in Table 2 
where we have listed the Wilson FG-matrix 
calculation of the atomic motions associated 
with each v, in Table 1 in terms of the cartesian 
displacement along the ICI bond axis (X-axis) 
where the sign of the AX'S has been chosen so 
that the entering group, I,, moves toward the 
center of mass, i.e., AX(1,) > 0. Clearly each 
motion listed in Table 2 is asymmetric (34) in 
that as one CI bond distance, ARC,,, increases 
the other ARCly, decreases, the relative bond 
changes being such that the I - - - I  distance 
remains a constant, i.e., ARclx equals ARC,, 
and AX(Iy) equals AX(Ix). 

When v, is zero, calculations 3 and 24, the 
CH, fragment is transferred as a rigid planar 
structure, i.e., AX(C) = AX(Hl) = AX(H2) = 
AX(H,), and one therefore obtains the same 
vl2,/v1,, as when the CH, group is treated as a 
mass point. However, in contrast to the atom 
transfer case (34-36) where an increase in v, 

'In this calculation Fcl can be negative. In a more 
recent calculation (28e) Willi employs a potential function 
which utilizes only positive Fc,'s and yields isotope effects 
and a maximum value of v, close 10 those obtained in 
this earlier study (19). 

4The correct value of v, is as yet unknown. In ab 1nir1o 
calculations of the potential energy surfaces for the 
exchange reactions, methyl chloride plus chloride (29a) 

and methyl fluoride plus fluoride (29b), the energy of the 
XCH,X- complex was lower than the sums of the energy 
of the separated CH,X and X- and it was suggested that 
any activation barrier arises from solvation effects (29n. 
More recent ab inilio calculations find a barrier height 
of 8 kcal/mol for the gas phase reaction CH,F plus F- 
(244;  however, the curvature of the barrier was not 
determined. 
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B U D D E N B A U M  A N D  SHINER.  J R .  

TABLE 2. Cartesian displacements in the reaction coordinate motions 
for the transition states in Table I 

- .- - 

Number" vLh AX(1,)'. " A x ( c )  AX(HY AX(lJf 

"ldentificat~on number in ref. I9 and  Table I .  
"nits. cm-I. 
'X-axis parallel to 1CI axls. Sign of AX chosen so that I, and  C move towards each other. 

Only displacements along this X-axis are observed. 
'Entering iodide ion. 
'Same for each of (he three hydrogens of the CH,  group. 
'Leaving i o d ~ d e  ion. 
gEKect of change in HCI bending force constant. 
hD~splacement of I1'CH,I- species. 

does not change v12,/v ,,,, k12/k,,, or the 
reaction coordinate motion, here a non-zero 
value of v, leads to different carbon and hydro- 
gen displacements with corresponding changes 
in the respective TIF's. Although only displace- 
ments parallel to the X-axis occur, the increase 

I 
1 in v, introduces into the reaction coordinate 
I motion not only HCI deformation but also 

motion in all the valence coordinates of the 
complex. This results in an overall motion that 
looks like that expected for a reaction coordinate 
in an SN2 displacement, i.e., the CH bond 
distances and the HCI, angles increase and the 
HCH and HCI, angles decrease as the CI, 
bond distance approaches that in methyl iodide. 
One result of the inclusion of HCI bending In 
the reaction coordinate is to make the isotope 
effects on v, sensitive to the value of FHc,. This 
can be seen by comparing calculations 3 and 
25 with calculations 24 and 22 in Table 1. 
Finally, comparison of the displacements in the 
13C species (calculation 22') indicates that the 
substitution of I3C for 12C in a symmetrical 
transition state only affects the displacement of 
the carbon, and not that of any of the other 
atoms. 

An Asymmetrical SN2 Transition State 
As an example of a reaction which would be 

expected to have an asymmetrical transition 
state, i.e., &, # &,, we will next consider Willi's 
calculations of the 13C kinetic isotope effects in 
the bimolecular reaction of methyl iodide with 

cyanide ion (18). The transition state structure 
used above was employed in the calculations 
with the exception that the forming bond length 
was shortened to that expected for a CC single 
bond and that I was replaced with a CN group 
whose bond distance was set equal to that in 
cyanide ion (18). Essentially the same sp2 force 
constants were also used; however, because of 
the assumed lower molecular symmetry of the 
transition state there are six force constants that 
must be assigned values: F,,, FCC, F,,, FHc,, 
FHcc, and Fc-. We will only consider models 
where the first three are varied according to 
formulas similar to those used above, eq. 10, 

[11I FCC = FCCf - $Fp 
Fcl = Fa' - aFp 
F12 = iFp 

where for FCCf equal to 2.0 and Fcl' equal to 
1.0 a maximum value for F, of 10 mdyn/A is 
obtained., The calculated isotope effects on v, 
and on the rate are given in Table 3. As in the 
case of the symmetrical transition state for the 
exchange reaction, the changes in v12,/vl,, 
parallel those in the k12/k13's; however, in this 
asymmetric reaction an increase in v, does not 
necessarily lead to an increase in the carbon 
isotope effect. For example, in calculations 50 
and 81 kI2/kl3 decreases from 1.069 to 1.066 
as v, increases from 768i to 805i cm-', but in 
calculation 82 where v, is 570i cm-', k12/kl, is 
smaller than when v, is zero. The reason for 
this becomes clear when one examines the 
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TABLE 3. Calculated "C isotope effects on rates and v, for the reaction 
CH31 + CN- at 18 "C" 

Numberb F,' FclC FCC' F12C ~ 1 2 ~ ~  V I ~ L / V ~ ~ L  k l ~ l k 1 3  

"Taken in part from ref. 18. 
bldentification number in ref. 18. 
'Units: mdyn/A. 
"nits: cm-'. -- 
'Formulae in eq. I I not used, F , ,  set equal to JF~',,F~-;-, so that a, = 0 would hold (refs. 18 and 34). 
IFc,, FCC, and F,, arbitrarily chosen (see ref. 18). 

TABLE 4. Normalized cartesian displacements in the reaction coordinates for the 
transition states in Table 3" 

Numberh v I Z L C  AX(CN)d.e AX(C*) A X(H)J M I 1  89 

4 1 0 0.008 -0.073 -0.073 0.008 - 45 
27 606i 0.046 -0.099 -0.063 0.007 - 36 
27' - 0.045 -0.092 -0.060 0.007 - 36 
50 7681 0.037 -0.098 -0.052 0.007 - 38 
81 805i 0.063 -0.104 -0.051 0.005 - 33 
56 1016i 0.045 -0.105 -0.040 0.007 - 37 
96 1209i 0.057 -0.109 -0.033 0.006 - 35 
82 570i 0.083 -0.080 -0.049 -0.001 - 26 

"The elgenvector inverse for u, was normalized, (see ref. 26, p. 52) before cartesian coordinates 
were calculated. 

bIdent~fication number in ref. 18. 
'Units: cm-'. 
'X-axis parallel to ICCN axis. Sign of AX chosen so that C N  group moves toward carbon. There 

are no displacements in Y and Z directions. 
'Displacement of N same as C. ARC, = 0. 
IDispIacement of each of the methyl H's the same. 
@1) = arctan ARcl/AR,,, (see text). 
hMotion of NC1'CH,I- isomeric complex. 

normalized cartesian displacements given in 
Table 4.5 As before only displacements along 
the ICCN axis occur and the overall motion with 
respect to the C C  and CI bonds is still asym- 
metric, but now the displacements of the 
entering and leaving groups are sensitive to v,. 
Thus we see that for the same AX(C*) (calcula- 
tions 27 and 50) the smaller displacement of the 
CN group in 50 leads to an increase in v , , ~ / v , , ~ ,  
i .e.,  the effective mass of motion in 50 is smaller 
than in 27 and the substitution of mass 13 for 
mass 12 has a greater effect. The opposite is 
true for calculations 41 through 82. The effect 

'The eigenvector inverse for v, was normalized to one 
before the cartesian coordinates were calculated. See ref. 
26, p. 52. 

of vL on the relative motions of the carbon 
and hydrogens of the CH, is the same as observed 
before in that as vL increases, the HCC angles, 
etc., of the transition state change in the direc- 
tion expected for formation of the methyl 
cyanide product. However, there is no change in 
the CN bond distance in any of these reaction 
coordinates. 

In the case of an asymmetrical reaction such 
as this, the transition state for the reaction is 
often described as being either product-like or 
reactant-like. In general such a characterization 
of a transition state is based upon a calculated 
or assumed knowledge of the value of one or 
more of the properties of the transition state and 
a judgement of how product-like (or reactant- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



B U D D E N B A U M  A N D  S H I N E R .  JR .  1153 

TABLE 5. Comparison of single interaction force constant methods for the generation of v, in S,2 
transition states of differing bond order" 

-- 

Reaction Reference Fcx FCY FIZ  

CH,I + OH- 13 n ,  Fc1° n2 FcoO FclFco - F l Z 2  = d < 0 
Benzyl chloride + oxygen 14 n1 F m D  n2Fco0 6 2  3 + J ~ c c l ~ c o  
Benzyl bromide + oxygen 15 - XntFc~;  (1 - X)nlFcoO F12 = 4n, - 2 

"See tex l  for dcfin~tion o i  syrnbolr. 

like) these values are. For example, in calcula- 
tion 41 in Table 3 the value of Fcl is 0.2 mdyn/A 
which is to be compared with the 2.3 value ~t 
has in methyl iodide and the zero value it will 
have in the product; therefore, based on Fcl 
this transition state was very product-like. 
Initially, it was assumed that if one property 
of a transition state was product-like (or 
reactant-like) it meant all of the properties of 
the transition state would be product-like (or 
reactant-like) (23); however, theoretical calcula- 
tions of potentlal energy surfaces (7, 28, 29) 
suggest that the timing of structural and bonding 
changes during a reaction step can be such that 
some parameters of a transition state may still 

I be reactant-like even though others might have 
assumed product-like values. Thus the fact that 

, FCC ~n calculation 41 is very reactant-llke whlle 
Fcl is product-11ke does not mean that transition 
state 41 IS unsuitable for the CH,I/CN- re- 
action; but rather it means that Willi has 
assumed that In this reaction bond breaking 
occurs faster or is more important than bond 
formation. Willi made the same assumption for 
calculation 27 in Table 3 except here the magni- 
tude of F,, and therefore of v, is larger. This 
change clearly affects the reaction coordinate 
motion and the question arises as to whether 
this change in F,, makes the motion for calcula- 
tion 27 more product-like o r  less product-like 
than that for calculation 41. In the next section 
we will show that it seems to make the motion 
more reactant-like. 

Reaction Coordinares and the Product-like (Re-  
actant-like) Character o j  S,2 Transition 
States 

In the approach employed by Willi (13), 
Sims et a/. (14), and Bron (1 5) for the calculation 
of carbon isotope effects in S,2 reactions no 

1 single transition state structure is used but 
instead a series of structures of differing 
reactant-like (product-like) character are con- 

sidered. Following Johnston (23) and others (5), 
the reactant-like character of a transition state 
is measured by the bond order of the bond 
being broken in the reaction. The central 

w 

assumptions (see comments above) of this 
approach are that ( I )  the sum of bond orders, 
n, for the bond being broken (C*-X) and n, 
for the bond being formed (Y-C*), around the 
atom being transferred remains a constant, n,, 
throughout the reaction process (23); (2) the 
bond distances and bond angles are calculable 
from the assigned bond orders by, for example, 
Pauling's rule (38); and (3) the force constants 
of the transition state are also calculable from 
the assumed bond orders (39) subject to  the 
constraint that the required imaginary (or zero) 
frequency for the transition state is obtained. 

This approach makes no explicit assumptions 
about the reaction coordinate motions of the 
transition states, and, therefore, we can use it 
to  determine if these motions have a dependence 
on n, or n, that we might use to measure the 
product-like (or reactant-like) character of an 
S,2 transition state. More importantly, we are 
interested in the conditions under which this 
dependence for SN2 displacement differs from 
that for atom transfer (1-8). 

When one examines the reaction coordinate 
motions of the SN2 transition states employed 
in such constant bond order calculations in 
terms of the reaction coordinate motions dis- 
cussed above one finds that they have many 
features in common. Moreover, it appears that 
these common features result from the manner 
in which the frequency v, is generated. Since 
these methods differ from those discussed above 
(compare with eqs. 10 and 11) they are sum- 
marized in Table 5. We will show their influence 
on the carbon isotope effect by the application 
of each method to the same reacting system, 
the reaction of methyl chloride and iodide ion 
(17), using where possible common reactant 
and transition state models. The structure and 
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TABLE 6. Definition of geometry and force field of reactant and 
transition states for the CH3CI + I- reaction 

- 
State Geometry Force field" 

Reactant' 
CH,CI 

Product' 
CH,I 

r,,, = 1 ,095 
r,,, = 1 .78 
Tetrahedral 

r,,, = 1 ,095 
rc, = 2.139 
Tetrahedral 

Transition stated r,, = 1 ,095 
I---CH3---C1 r,,, = 1.78 - 0 . 6  log n, 

rc, = 2.139 - 0.6 log n2 
aH,,, = llOOn, + 70°n, 

"Units:  stretching force constants are mydnjA and bending mdyn Airad' 
'Atomic weights: C .R .C.  Handbook of Chemistry and Physics, 53rd ed. 
'C,, symmetry: total of 10 internal v~ilence coordinates (ref. 40). 
T,,. symmetry: total of 14 internal valence coordinates. 

TABLE 7. Calculated I3C isotope effects and reaction coordinates for the reaction 
CH,CI + I- at 25 OC for v, = Oas a function of CCI bond order (n,) 

11, (CCI) Flz0 " I ~ L / V I ~ L  k1~lk13 AX(1)' AX(CH)' AX(C1) Od 

"F,, = JF,,,F~,; units, mdynlA. 
'X-axls parallel to lCCl axis. There were no displacements in Y and Z directions. Sign of AX is such that CH,  

is transferred toward I .  
'Displacement of hydrogen same as carbon 
"8 = arctall AR,,,;A&, (see text). 
'Value of / I ,  when /;,,, = FL.,. 

bond order- force constant relationships we 
have employed for these basic models are given 
in Table 6. These models are very similar to 
the constant bond order models used previously 
(5, 13-15, 40) but it should be noted that none 
of these transition states will fit all the kinetic 
isotope data for the methyl iodide-chloride ion 
system (17). 

The first calculations we will consider will be 
those for vL = 0 and for total bond order, 
n, = 1 = n, + n,, withF,, = +(FcclFc,)'12(see 

Table 5) where the force constants for the CI 
and the CCl bonds are given in Table 6. The 
F12's, the TIFS, the 13C isotope rate effects, 
and the reaction coordinate displacements for 
selected values of n, are shown in Table 7. 
As was observed by Sims et al. (14) the 13C 
isotope effect for such a calculation goes through 
a maximum which in the case of methyl chloride 
plus iodide ion occurs at  n, = 0.405. The 
~ ~ , ~ ~ / v ~ ~ ~ ,  the k12/k13's and the CH, groups' 
d~splacement also go through maxima at this 
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value of n,. It should be noted that a t  this value 
of n,,  Fcl equals FCC, and that F,, is not a t  its 
maximum value. 

Here again for v, = 0 the CH, group is 
transferred as a rigid structure in an  asym- 
metric motion. A convenient measure of this 
asymmetry is 9 2.5 T 
[I21 H = arctan ARc,/ARcy 

where ARcx/ARcy is the relative displacement 
in the CX and CY bonds in the reaction co- 
ordinate for the transition state and tan 9 is 
therefore the slope in the Rcx-Rcy plane of the 
reaction path at the transition state. This is 
illustrated in Fig. 1 which is not a potential 
energy surface but is a plot (solid line) of the 
locus of the geometries of the transition states 
(Reel, Re,) in Table 6 for the various values of n,. 
As indicated by Table 7 and Fig. 1, 9 will vary 
from 0 to -90". For a very reactant-like transi- 
tion state (point A on Fig. l), the CH3C1 group 
moves as a rigid structure towards the iodide ion, 
the slope a t  point A is near zero and the value 
of 9 in Table 7 is near zero. For  a very product- 
like transition state (point B in Fig. I), a rigid 
CH,I group moves away from the chloride ion, 
the slope approaches infinity, and 9 approaches 
-90". In the case of the symmetrical transition 
state (point C) 9 is -45" and the slope is - 1. 
Thus based on the criteria of 9, the transition 
states for the methyl iodide plus CN ion 
(Table 4) where the 9's in column 7 vary from 
-45" in calculation 41 to -26" in calculation 
82 are all more reactant-like than the sym- 
metrical case (calculation 41). 

Although the overall motion in each transition 
state in Table 7 is asymmetric we observe that 
the relative directions of the motion of the C1 
and I atoms change twice; from n ,  = 1 until 
n, = 0.5 these two atoms move toward each 
other; from n ,  = 0.5 until n ,  = 0.1 5 they move 
in the same direction ; and then from n ,  = 0.15 
to zero they move again in opposite directions. 
Thus the differences in the reaction coordinate 
motions of the individual atoms in calculations 
41 and 27 (Table 4) also appear to  classify 
transition state 27 as  more reactant-like than 
41 in that in 27 the CN moves toward I while 
in 41 the two groups move in the same direction. 

These results are to  be contrasted with the 
reaction coordinates obtained when these cal- 
culations are repeated with v, = 0 generated 

FIG. 1. Plot of the locus of transition state structures 
in 4,-R,, space as a function of bond order. 

using F,, = -,,/=; i.e., d = 0 in Table 5. 
These coordinates are given in Table 8 where 
the AX(1)'s are set equal to those in the first 
calculations (Table 7). Clearly there are several 
differences. First of all, at no value of n ,  are 
I and C1 displaced in the same direction. 
Secondly, in these calculations the displacement 
of the CH, group goes through a minimum 
and not the maximum observed in Table 7. 
These two observations are a consequence of 
the fact that all of these reaction coordinate 
motions are symmetric in that ARC, always has 
the same sign as ARCy; i.e., 9 for each n ,  is 
positive. These 0's are shown in column 6 of 
Table 8. They each have the same value but the 
opposite sign in comparison with the corres- 
ponding coordinates in Table 7 ;  therefore, 
these motions d o  not represent changes in 
structure along the solid line in Fig. 1 but are 
changes in structure off the solid line. In partic- 
ular at n, = 0.405 (point C, Fig. 1) this sym- 
metric motion is perpendicular o r  normal to 
the locus of structures used in constant bond 
order calculations and thereforedoes not appear 
to be a reasonable reaction coordinate for an 
S,2 displacement reaction. 

As seen from Table 5, Bron's generation of 
v, differs from that of Willi (13) and Sims et a/. 
(14) in that (a) he uses a constant interaction 
constant, F,,, for all values of n ,  with a given 
n ,  while the other calculations use a variable 
value of F,, and (b) he uses a negative force 
constant for the CX bond. We will consider the 
effect of a constant F,, first. Table 9 shows the 
effect of a constant F,, on v,, thecarbon isotope 
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TABLE 8. Calculated reaction coordinates for the reaction 
CH3CI + I- for vL = 0 and FI2 negativea 

n1(CCI) F12" A X(Qb AX(CH)b. A X(Cl)b e" 

- 
"F,, = - JF~,,F,,; units mdyn/A; compare with Table 7. 
bX-axis parallel to ICCl axis. N o  displacements in Y and Z. Sign and value of AX(1) set 

equal to  that In Table 7. 
'Displacement of hydrogen same as  carbon. 
*B  = arctan ARcc,/ARc, (see text). 
'Value of n, when FCC, = F,. 

TABLE 9. Effect of constant interaction constant on 13C isotope effects and reaction coordinates as a function 
of CCI bond order on CH3CI + I- at 25 "C 

F12" n1 V L ~  k12/k13 AX(1)' Ax(c) AX(H) A X(C1) ff 

"Units: mdyn/A. 
cm".. 

'X-axis parallel to  ICCl axis. N o  displacements in Y and  Z directions. Signs of AX chosen so  that CH,  group moves toward 1 
"1) = arctan ARcc,/ARc, (see text). 
'Maximum value of 1.0732 between 0.4 and  0.5. 

effect, and the reaction coordinate motions in 
Table 7. The first value of F12 (1.398) is the 
smallest that will force all the transition states 
to have an imaginary (or zero) frequency. As a 
result vL is larger for very product-like and 
reactant-like transition states than it is for 
nearly symmetrical transition states. We know 
of no evidence or rationale in the literature to 
lead us to expect this behavior for the value of 
v,. Rather the calculations of Johnston (42) 
indicate that the curvature of the barrier is less 
for product-like or reactant-like transition states 

than it is for symmetrical ones. However, the 
data in Table 9 are of interest since they show 
the effect of increasing F,, to values greater than 
+J- on transition states of different 
molecular symmetry, i .e.,  different n,, in terms 
of not only the calculated kinetic isotope effects 
but also in terms of other parameters that 
describe the transition state model. For example, 
an increase in F12 makes the value of 6 approach 
-45" from both the product and reactant sides. 
Moreover, this change in 6 is reflected in the 
increase in k12/kl, as well as an increase in the 
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TABLE 10. Effect of variable interaction constant on I3C isotope effects and reaction coordinates as a function 
of bond order and constant curvature (F,  = -0.6) CH3CI + I- at 25 "C 

nl(CC1) F1~" V~~ k 1 2 / k 1 3  AX(I)' A x ( c )  A X ( H )  A x ( c I )  @ 

1 .OO 1 .547 2631' 1 ,043 0.042 -0.207 -0.191 -0.065 - 30 
0.85 1.814 3061 1.053 0.037 - 0.232 -0.207 - 0.037 - 36 
0.70 1.960 3461' 1.060 0.031 -0.248 -0.214 -0.008 -41 
0.60 2.003 3681' 1.062 0.027 -0.253 -0.213 0.010 - 43 
0.50 2.006 3861 1.063 0.026 - 0.255 -0.211 0.026 - 45 
0.405 1.973 3961' 1.063 0.018 -0.254 -0.207 0.041 - 47 
0.30 1.893 400i 1.062 0.013 -0.249 -0.201 0.056 - 49 
0.15 1.685 3891' 1.059 0.005 -0.236 -0.191 0.079 - 53 
0 .00  1.321 3481 1.050 -0.006 -0.206 -0.174 0.106 - 57 

"F,,,= J(fc, - Fo)(Fcc, - F,); Fo = -0.6; uni ts :  mdyniA.  
b U n ~ t s :  cm '. 
'X-axis parallel lo ICCl axis. N o  displacement in  Y and Z directions. Sign of AXchosen such [hat CH, moves toward I.  

= arctan ARc,l~AR,l (see lext). 

displacement of the carbon. These shifts become 
more pronounced as F12 is increased to 2 mdyn/ 
A (a value near t.hat used by Bron for n, = 1) 
and then to the extreme value of 6 mdyn/A 
where the isotope effects6 and the AX(C)'s 
become nearly constant regardless of the varia- 
tion of the force field with n,. Note, however, 
that the other AX(atoms)'s still have a depen- 
dence on n,. In particular, the degree of dis- 
tortion of the transferred methyl group still 
depends on n, . 

Table 10 gives the isotope effects and reaction 
coordinates when we follow the example of 
Willi and vary F,, with n , .  For these calculations 
we employed the formula [13] where F, is the 

negative eigenvalue of the F matrix for the 
transition state's force field. Buddenbaum and 
Yankwich (34) have related Fo to the curvature 
of the barrier at the transition state along the 
reaction coordinate via Willi's d (Table 5). This 
formula gives essentially the same results as 
does Willi's but we feel it has the advantage of 
holding the curvature (F,) at the potential 
energy maximum constant for all values of 
n,. This is not the case with Willi's formula (34). 
The value of Fo used in the construction of 
Table 10 was -0.6 mdyn/A and was chosen to 
give an F12 equal to about 2 mdyn/A at n, = 0.5 
in order to make a more direct comparison with 

the constant F12 calculations in Table 9. As 
can be seen in Table 10 the v ,  now go through 
a maximum leading to a more pronounced 
maximum in the isotope effect. Since it is 
likely that the curvature will be less for product- 
like (or reactant-like) transition states than for 
the symmetrical transition states (41) the use 
of an F0 that varies with n, should lead to a 
more pronounced maximum than obtained in 
Table 10. It should be pointed out that as Fo is 
increased the resultant F,, calculated by eq. 13 
approaches a constant value independent of 
n, ; therefore, in this limit the same behavior 
for k12/k13 and AX(C) as in Table 9 is observed. 
An important point about the data in Table 10 
is that 0 = -45" now occurs at n, = 0.5. A 
future paper will discuss the consequences of 
this observation for the calculation of SN2 
kinetic isotope effects. 

Bron used models for the aaueous solvolvsis 
of benzyl bromide that employed negative force 
constants for the CBr bond (Table 5). Let us 
now consider the effect of a negative Fc, on 
the reaction coordinate motions for SN2 dis- 
placements. This study will be presented as part 
of a set of calculations dealing with the in- 
fluence of total bond order on SN2 kinetic isotope 
effects. 

The Influence of Total Bond Order on SN2 
Kinetic Isotope Effects 

Bron (15) considered the influence of total 

q h e  of ,,, on k,,k, for the triatomic case as a bond order,-n,, on the 13C kinetic isotope effects 
function of n, has been commented upon by several for displacement reactions and has suggested 
workers (3-5). that as n, decreases the SN2 transition states 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE I I. Calculated 13C isotope effects and reaction coordinates for the reaction benzyl bromide + 0- at 25 'C 
as a function of total bond order, n," 

"Bron's models were recalculated (ref. 15) 
hUnits:  cm-'. 
'X-axis parallel to BrCO axis. Some displacements in Y and Zdirect ions;  all less than 10% o i  AX d~splacement. Sign o i A X  chosen so   hat CH, 

group moves toward oxygen. 
'0 = arctan AR,,,/ARc0 (see text). 
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TABLE 12. Effect of variable interaction constant on I3C isotope effects and reaction coordinates as a function of 
total bond order, n,, for reaction CH3CI + I- at 25 "C 

n, fl ,  (ki21k13)o" YL k12/k13 AX(IIC Ax(c )  AX(H) AX(CI) ed 

0.01 1 .0  1.033 3971 1 ,060 0.016 -0.251 -0.21 1 0.048 -51 
0 . 6  1.053 441 i 1 ,062 0.015 -0.253 -0.199 0.048 -51 
0 . 4  1.058 4391' 1 ,063 0.015 -0.253 -0.198 0.049 -51 
0 . 0  1.030 431i 1.064 0.015 - 0.253 -0.196 0.050 - 53 

"IJC isotope effect when I,, = 0. Reaction coordinate same as in Table 7. 
'Units: cm-'. 
'X-axis parallel to lCCl axis. No displacements in Y and Z directions. Sign of AX chosen such that CHJ group moves toward I. 
9 = arcran AR,,,:AR,, (see text) .  

approach those for S,1 reactions.' We have 
reproduced all the transition state models used 
by Bron to  calculate 13C isotope effects in the 
benzyl bromide plus oxygen reaction as a 
function of n,. The properties of a selected 
number of these transition states are given in 
Table 1 1. In contrast to the previous models we 
no longer have C,, symmetry a t  the transferred 
carbon, and since the hydrogens and the benzyl 
carbon will be displaced to  different extents 
with respect to the X or  OCBr axis, there are 
now some displacements perpendicular to the 
X or  OCBr axis. These are all less than 10% 
of the AX displacement and are not shown in 
this table. 

When n, = 1.0 the net eflect of a negative 
FcBr and a constant F,, is to  yield transition 
states in which vL decreases monotonically from 
lOOOi cm-' at n, = 1 to about 200i cm-' at 
n, = 0. The monotonic decrease in k12/k13 
reflects this trend as do the monotonic changes 
in AX(C*) and 8. In particular the value of 8 
suggests that all these transition states are 
product-like in the RcB,-Roc plane, i.e., 8 is 
between -90" and -45". When n, is reduced to 
0.45, the magnitude of v, decrea-ses as d o  the 
isotope effects and the AX(C*)'s; however, we 
note that for n, = 0.4, 8 is positive, i.e., the 
reaction coordinate motion is symmetric stretch, 

'As Bron has pointed out, such a model for an S,I 
reaction would only apply if no intermediates were in- 
volved in the reaction (15). It is now known that the S,1 
category includes a rather large family of mechanistic 
possibilities (1 1, 12). At least three intermediates, the 
tight ion pair, the solvent separated ion pair, and the 
free carbonium ion, have been identified as being kinetically 
significant in some reactions. 

not asymmetric stretch. The reason for this is 
that for n, = 0.5 the formulas used by Bron 
make F,, negative which when coupled with a 
negative FcB, leads a t  n, = 0.45 and n, = 0.4 
to  a change in the character of the reaction 
coordinate motion. All of the remaining re- 
action coordinates in Table 1 1  are also sym- 
metric stretch and thus appear unreasonable for 
displacement reaction transition states. 

In order to assess the influence of total bond 
order, n,, on isotope effect calculations employ- 
ing an F,, calculated from eq. 13, we determined 
the effect of n, on the methyl chloride-iodide 
model calculations above. The results for 
n, = 0.5 and 0.01 are given in Table 12. These 
data are to be compared with the data in 
Table 7. The (k,,/k13)o entry in Table 12 is for 
the vL = 0 case. Since the reaction coordinates 
for vL equal zero are independent of n,"he 
coordinates for these entries are the same as 
those in Table 7. Figure 2A shows a plot of (k,,/ 
k,,), for various values of n, as a function of 
n,. These curves show that for v, = 0, n, has 
no effect on the maximum isotope effect at 
n, = 0.405 while at other n,'s the isotope 
effect increases as n, decreases. This, of course, 
must be due. to an increase in TDF. 

Figure 2B shows the influence of n, and n, on 
the isotope effect when Fo is -0.6 mdyn/A 
and an imaginary v L  is obtained. The data for 
these calculations, given in the right-hand 
columns of Table 12, are to  be compared with 

?Since n, = n,X and n, = n,(l - X) where X varies 
from one to zero, the ratio of F,, and FCC, and therefore 
the ratio of ARC, to ARC,, is independent of n, for v L  
equal zero. See ref. 34. 
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FIG. 2. Effect of total bond order (n,) and CCI bond order (n,) on calculated I3C kinetic isoto e 
effects in the 8.2 reaction CH,CI + I .  (A) vL = 0 ( f o  = 0); ( B )  vL = imaginary (& = -0.6 mdyni l ) .  

the data in Table 11. These data show that the 
effect of large F, t o  make the carbon isotope 
effect independent of n, is general for all values 
of n,. 

In summary, the reaction coordinate motions 
for all of these latter calculations are asym- 
metric and the overall effect of the n, model is 
to predict larger isotope effects for n, small, 
i.e., for a loosening of the reacting bonds 
around the carbon. Thus the experimental ob- 
servations (43 and A. Fry in ref. 7, Chap. 6) of 
small I3C isotope effects in SN1 reactions can- 
not be explained by this model; although 
better agreement could possibly obtain if the 
force constants of the non-reacting bonds to the 
carbon are increased (43). 

reaction coordinate motion were found to  pro- 
vide useful insight for examining the inter- 
relationships between the magnitude of a vL 
generated by a single interaction force constant 
and the calculated 13C isotope effects in transfers 
of a group having internal structure. In such 
cases, it was found that changes in the isotope 
effects can be correlated with distortions in the 
group being transferred. In the case of models 
for the reaction of methyl chloride plus iodide 
ion this distortion was found to  be that expected 
of the classical representation of the S,2 
reaction mechanism. A more direct method for 
producing this distortion through the use of 
multiple interaction force constants (34-36) 
is currently being investigated. 

Conclusion Acknowledgment 
The reaction coordinate motion associated 

with the imaginary (or zero) frequency, vL, of a 
transition state was found to  be a useful 
criterion for the analysis of kinetic isotope 
effect calculations. In particular, it was shown 
that the model proposed by Bron for the 
borderline region between SN2 and SN1 reaction 
mechanisms predicts an i n c r e a s e  in the I3C 
kinetic isotope effect with decreasing total bond 
order and not the decrease suggested by Bron. 
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Chemical relaxations in micellar solutions by ultrasonic spectroscopy. 
11. Sodium heptylsulfate and hexylammonium chloride solutions 
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DOUGLAS A. W. ADAIR, VINCENT C. REINSBOROUGH, HAYDEN M. TRENHOLM, and JOHN P. 
VALLEAU. Can. J.  Chem. 54, 1162 (1976). 

Ultrasonic absorptions have been measured by the pulse technique for the dilute and con- 
centrated micellar range for Na heptylsulfate and hexylammonium chloride solutions. The 
dilute micellar range was also investigated for the Li, K, Rb, and Cs heptylsulfate systems. Single- 
valued relaxations were found in each system. The relaxation frequencies increased linearly 
with concentration in the concentrated micellar range but in the dilute range were relatively 
constant. The relaxation behaviour was interpreted in terms of monomer exchange between 
micelles. 

DOUGLAS A. W. ,ADAIR, VINCENT C. REINSBOROUGH, HAYDEN M. TRENHOLM et JOHN P. 
VALLEAU. Can. J. Chem. 54, 1162 (1976). 

Faisant appel a la methode des pulsations, on a mesure les absorptions ultrasoniques de 
solutions diluies et concentrees en micelles de solutions d'heptylsulfate de sodium et de 
chlorure d'hexylammonium. On a aussi examine des solutions micellaires diluees du systirme 
heptylsulfate de Li, de K, de Rb et de Cs. On a trouve des valeurs uniques de relaxation dans 
chacun des systirmes. Les frequences de relaxation augmentent d'une f a ~ o n  lineaire avec la con- 
centration dans des solutions concentrees en micelles mais dans des solutions diluees eiles 
sont relativement constantes. On interprirte le comportement de relaxation en terms d'echange 
de monomtre entre micelles. 

[Traduit par le journal] 

Introduction 
Chemical relaxation studies by various tech- 

niques have shown that usually two well 
separated, single-valued relaxation frequencies 
can be detected in micellar systems (1, 2). The 
faster process, studied almost exclusively by the 
ultrasonic technique - s), is generally 
assumed to involve some exchange equilibrium 
between monomer and micelle (2-5). Investi- 
gators, however, are not agreed on which 
model of micelle dissociation-association can 
best explain the observed facts, in particular the 
concentration dependence of the relaxation 
frequency fc. In concentrated micellar solutions, 
f, is found to increase linearly with concentra- 
tion but in dilute micellar solutions, i.e. from 
the c.m.c. (critical micelle concentration) to 
roughly twice the c.m.c., fc has been reported 
by other workers to remain approximately 
constant (5) or to decrease in linear fashion 
from the high concentration values to either a 
finite number (2) or  to zero (3). A different 

model must be invoked in each case. The main 
purpose of the present investigation is to 
examine in detail for chemical relaxations a 
representative anionic surfactant system and a 
cationic surfactant system over the entire 
micellar region. 

The accurate pulse technique employed is 
confined to micellar systems consisting of sur- 
factants of short hydrocarbon length (6-8 car- 
bon atoms) because of the narrow frequency 
range of operation (10-150 MHz). Thus, sodium 
heptylsulfate and hexylammoniumchloride were 
chosen as the two key surfactants. The dilute 
micellar range for the other alkali metal 
heptylsulfates (Li, K, Rb, Cs) was also examined 
ultrasonically to confirm the earlier finding that 
the counterion had little effect upon the relaxa- 
tion parameters and the dilute solution be- 
haviour (5). 

Experimental 
The pulse technique and the preparation, purification, 

and analysis of the alkali metal heptylsulfates were 
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01 I 
10 20 4 0  160 

,rquensy (MHz) 80 

FIG. 1. Ultrasonic absorption in Na heptylsulfate 
solutions a t  40 "C in the 10-150 MHz range. The circles 
represent the experimental data while the curves have been 
fitted to reaction 2. The  concentrations of the solutions 
are (a) 0.9790 m, (b) 0.5795 m, (c) 0.4447 m, (4 0.3233 m, 
(e)  0.2729 m, 0.2000 m. 

described previously (5). Impurities are now known to 
affect relaxation frequencies in the neighbourhood of the 
c.m.c. (6). Special care was then taken to ensure the 
highest purity. After three re-crystallizations (one from 
butanol and two from water), the surfactants were 
analyzed by Epton's method involving titration against 
standard cetylpyridinium bromide solutions (7). Only 
when the analyses recorded purities in excess of 99% 
was it deemed reasonable to proceed. 

Hexylammonium chloride was supplied by Eastman 
Kodak and these solutions were thermostatted a t  25.0 "C. 
The operating temperature of all the other solutions was 
40.0 "C so that comparison might be made more easily 
with the previous work (5). 

Results 
Ultrasonic absorptions (a/J") in the aqueous 

sodium heptylsulfate system are shown in Fig. 1. 
To avoid confusion, data for only six of the 
twelve solutions studied are represented. The 
closed circles are the experimental points while 
the curves have been fitted according to the 
equation for a single relaxation 

where A and B are parameters representing the 
contribution to the absorption from the relaxa- 
tion and the background respectively. The 
relaxation frequency fc along with A and B 
were found by a least-squares computer fit for 
each concentration. 

Table 1 lists the values of fc, A, B, and the 
standard deviation of the experimental points 

81 a l i e  * t 6 c 1 0  
0.2 0 4 0.6 08 

concenlrolion iml 

FIG. 2. Relaxational parameters fc (closed circles) and 
A (open circles) for Na heptylsulfate solutions at 40.0 O C .  

from the fitted curve for each solution that 
showed excess sound absorption in the Li, Na, 
K, Rb, and Cs heptylsulfate and the hexyl- 
ammonium chloride systems. The values of ji 
for the sodium heptylsulfate system are plotted 
in Fig. 2 and for the hexylammonium chloride 
system in Fig. 3. The A curves for the same two 
surfactants are shown in Figs. 2 and 4. 

The c.m.c.'s, as determined by the linear 
extrapolation of the A curve to zero excess 
absorption (5), were as follows: LiC, 0.24 m, 
NaC, 0.22 m, KC, 0.21 m, RbC, 0.21 m, 
CsC, 0.21 m (all at 40 "C) and 0.89 m for hexyl- 
ammonium chloride (at 25 "C). The only 
literature c.m.c, value for these surfactants is 
0.9 m for hexylammonium chloride (8). 

No excess absorption was obtained for solu- 
tions less concentrated than the c.m.c. 
80 - 

- 

60 - 
t 

MHz - 

40 - 
chloride 

25.0 ' C  

20 1 7 1  

0 OBO 1.60 240 
MOLALITY 

FIG. 3. Relaxation frequencies fc of hexylammonium 
chloride solutions at 25.0 "C as a function of concentra- 
tion. 
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TABLE 1 
(a) Relaxational parameters for heptylsulfate solutions at 40 OC 

Standard 
Concentration 10'' A lo1, B f~ deviation 

Solute (m)  (cm-' H Y 2 )  (cm-' H Y 2 )  (MHz) x lo1, 

LiC, 0.201 - 16.0 - - 

0.2372 18.9 16.2 20.1 0.04 
0.2549 37.2 16.5 16.9 0.10 
0.2749 96.6 17.2 13.5 0.20 
0.2996 212 16.7 12.0 0.35 
0.3399 359 17.5 11.7 0 .22 
0.3784 472 18.1 11.7 0.24 
0.4986 545 20.0 13.4 0.65 
0.5980 44 1 20.7 16.7 0.69 

NaC, 0.16; 0.18; 0.20 - 16.5 - - 
0.2501 107.7 17.0 11.1 0 .46 
0.2729 205 17.1 10.9 0.30 
0.2991 362 18.1 10.1, 0 .44  
0.3233 54 1 18.5 9.44 0.52 
0.3765 692 18.1 10.3, 0.66 
0.4447 687 18.8 12.0 0.33 
0.4963 722 20.1 12.3 0.23 
0.5795 604 20.0 15.2 0.37 
0.6499 524 21.7 16.8, 0.55 
0.7023 480 21.8 18.2 0.41 
0.7965 412 23.5 20.2 0.92 
0.9066 369 24.7 21.5 0.98 

KC7 0.17; 0.20 - 16.0 - - 

0.2491 21 1 16.3 10.7 0.27 
0.2747 385 16.7 9.9, 0.38 
0.2999 722 18.3 8.1 0.23 
0.3473 778 17.3 9 .9  0 .13 
0.4000 723 17.6 12.0 0.61 

RbC, 0.15; 0.18 - 16.0 - - 

0.2249 58.2 16.2 12.1, 0.34 
0.2500 173 15.6 11 .O 0.48 
0.2750 342 15.4 10.1, 0.59 
0.2998 499 16.3 9 .7  0.50 
0.3887 857 17.8 10.2 0.17 

csc, 0.14; 0.17 - 15.0 - - 

0.2240 57.6 15.2 14.0 0.08 
0.2500 179 15.8 11 .O 0.51 
0.2751 384 15.8 9.0, 0.68 
0.2999 723 17.5 7.3, 0.53 
0.3500 840 18.7 8 . 4  0.24 

Discussion 
The excess ultrasonic absorptions observed in 

the dilute micellar range of the alkali metal 
heptylsulfate solutions were similar to that 
obtained in the corresponding octyl and hexyl 
systems (5) and must be related to micellization 
in some manner. The actual alkali metal em- 
ployed as counterion was found to make little 
difference to the relaxation parameters with the 
meanf, in dilute micellar solution ranging from 
11.9 MHz in Na heptylsulfate solutions to 8.9 

MHz in Cs heptylsulfate solutions. There is 
thus little likelihood that the counterion plays 
a significant role in the mechanism responsible 
for the relaxation. 

The concentration dependence off, showed 
a minimum at roughly 0.35 m in sodium heptyl- 
sulfate solutions at 40 "C. Rassing, Sams and 
Wyn-Jones (4) have obtained ultrasonic data 
for this system at 25 "C and our results are in 
agreement in the concentrated micellar range 
(taking into account the temperature difference). 
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TABLE I (Concluded) 
(b) Relaxational parameters for hexylammonium chloride 

solutions at 25 "C 

Standard 
Concentration lo1? A loi7 B L deviation 

(m) (cm-l H Z - ~ )  (cm-l HZ-') (MHZ) x 101' 

However, in the dilute micellar region, these 
authors did not detect any minima but found 
instead that the relaxation frequencies con- 
tinued to decrease in linear fashion to an 
extrapolated fc value of zero or near-zero at 
the c.m.c. 

Our results show minima in f, for all sur- 
factant systems investigated to date. Since the 
error in measuring cilf2 of the order of 80-200 x 
10-l7 sZ cm-' could be appreciable, it is difficult 
to say whether close to the c.m.c. the fc values 
are in fact increasing. For example, in a 1 .OO m 

mr 

Hey lammon iu m 
chloride 

0 
0 0.80 1.60 2.4 0 

MOLALITY 
FIG. 4. Plot of A us. molality for hexylammonium 

chloride solutions at 25.0 "C. 

hexylammonium chloride solution (c.m.c. is 
0.89 m in this sytem), the fc that led to  the mini- 
mum standard deviation was 45 MHz. If 25 MHz 
had been chosen instead, the average standard 
deviation would have increased from 1.0 x lo-'' 
to 1.6 x sZ cm-' which is still a reasonable 
fit. As a result, even though all systems always 
show a smoothly increasing fc on approaching 
the c.m.c. from the high concentration side, 
we shall content ourselves with saying that in 
the dilute micellar range, the relaxation fre- 
quency remains constant within experimental 
error. This was the conclusion of our previous 
work with hexyl and octylsulfates (5). 

The minimum in fc curve for the hexyl- 
ammonium chloride solutions at 25 "C was 
36.0 MHz and it occurred roughly at 1.30 m. 
These results must be treated with more respect 
than the heptylsulfate data since the relaxation 
frequencies for this system (30-75 MHz) fell 
well within the experimental range of the pulse 
apparatus employed. The fc results for the 
sodium heptylsulfate system are open to the 
criticism that the fC1s in dilute solution were 
just at the edge of the experimental range, i.e. 
only the upper half of the relaxation curve was 
under observation. However, excellent fit of the 
results to single relaxation curves (cf. Fig. 1) 
and the systematic behaviour of the relaxation 
parameters (especially the relative constancy in 
B) tend to confirm the adequacy of the analysis. 

To eliminate the possibility that the observed 
concentration patterns in fc and A were simply 
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artifacts of our apparatus, the hexylammonium 
chloride system was re-investigated at 27 "C on 
the ultrasonic set-up at Carleton University 
over the frequency range 10.6-52.8 MHz. 
Within experimental error, no differences in 
behaviour were noted. 

Previously, we had proposed a rather rough 
theoretical treatment to account for our results. 
It still appears to have relevance since no more 
sophisticated model has been successful. It 
considers that the chemical relaxation is associ- 
ated with one of the stepwise equilibria repre- 
sented by : 

where m represents the monomeric surfactant 
ion and M, and M,,, represents the micelles 
formed from n and (n + 1)  monomers respec- 
tively. The kinetic equation for this process 
should thus be 

PI 2nL = kd + ka([ml + [Mr,l) 

which reduces to 

[41 27& z kd + k,(c.m.c.) 

when the usual assumptions [m] >> [M,,] and 
[m] z c.m.c. are made. 

Above the c.m.c., the solution will contain 
monomers at an almost constant concentration 
and n-mers having a rather narrow range of n 
defining the "micelle size". If the ultrasonic 
absorption is due to monomer additionlsub- 
traction reactions like [2], it will certainly be 
dominated by those large values of n for which 
the n-mer concentration is relatively large. The 
effect of increasing the total surfactant con- 
centration should not be dramatic since the 
distribution ratio would change only minimally 
([M,+,]/[M,] z [m]). Thus, we can expect the 
same reactions as before to be responsible for 
the absorption. Therefore, the overall relaxation 
frequency should probably shift little with con- 
centration while the magnitude of the absorp- 
tion should increase fairly rapidly with and be 
roughly proportional to the total micelle con- 
centration. The slight decrease in f c  observed 
in the dilute micellar range may simply be due 
to a decrease in the monomer concentration. 

This model has more difficulty with the more 
concentrated micellar region in which J, is 
seen to increase linearly with concentration. 

At the same time, A undergoes a maximum in 
the curve in the neighbourhood of the f C  mini- 
mum and appears to be decreasing gradually to 
a more or less constant value. The concentration 
marking the beginning of this more concentrated 
micellar zone may be the so-called "second 
c.m.c." (9). For short-chained surfactants, the 
second c.m.c. may simply indicate the end of a 
transition range of micelle formation (10). 

The ultrasonic data would receive a ready 
explanation if in the dilute micellar range 
micelles of a uniform size are being formed so 
that Jc remains constant and A increases linearly 
with the increase in the number of these micelles. 
Beyond the second c.m.c., a differently-shaped 
or larger-sized micelle becomes energetically 
more feasible (1 1) and this new micelle does not 
absorb sound in this frequency range. Con- 
sequently, as the original micelles continue to 
dissociate with increasing surfactant concentra- 
tion, A decreases. The increase inJc could result 
from kd in eq. 4 becoming greater reflecting the 
increasing instability of the original micelles. 
At this stage, eq. 4 retains only qualitative 
significance as the monomer concentration must 
be being altered in some fashion by the appear- 
ance of the new micelle or range of micelles. 
At present, conductivity, viscosity, and density 
measurements are being conducted in this 
transitional region to shed further light on these 
micellar phenomena. 
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Crystal and molecular structure of (salicyla1dehydato)diphenylboron 
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STEVEN J .  RETTIG and JAME TROTTER. Can. J .  Chem. 54, 1168 (1976). 
Crystals of (salicylaldehydato)diphenylboron are orthorhombic, a = 11.6548(5), b = 

16.2983(5), c = 8.0806(2) A, Z = 4, space group Pna2,. The structure was solved by direct 
methods and was refined by full-matrix least-squares procedures to a final R of 0.051 for 1386 
reflections with I 3 3u(l). The B02C3 ring has a distorted 'sofa' conformation. Bond lengths 
in the molecule (those not involving hydrogen atoms have been corrected for thermal motion) 
are: C-0 ,  1.263(4) and 1.334(4), B--0, 1.500(4) and 1.574(4), C-B, 1.603(5) and 1.610(5), 
CX(salicylaldehyde), 1.368- 1.423(5-8), C-C(phenyl), 1.352- 1.41 3(5-1 l), and weighted 
mean C(s$)-H, 0.96 A. 

STEVEN J.  RETTIG et JAMES TROTTER. Can. J .  Chem. 54, 1168 (1976). 
Les cristaux du salicylaldehydato diphenylbore sont orthorhombiques, a = 11,6548(5), 

b = 16.2983(5), c = 8.0806(2) A, Z = 4, groupe d'espace Pna2,. On a resolu la structure 
par des methodes directes et on l'a affinee par la methode des moindres carres (matrice complete) 
jusqu'a une valeur finale de R de 0.051 pour 1386 reflexions avec I ,) 3 4 0 .  Le cycle B02C3 a la 
conformation "sofa" croisee. Les longueurs de liaisons dans la molecule (celles n'impliquant 
pas les atomes d'hydrogene ont ete corrigees pour les mouvements thermiques) sont C - 0  
1.263(4) et 1.334(4), B - 0  1.500(4) et 1.574(4), C-B 1.603(5) et 1.610(5), C X  (salicylaldehyde), 
1.368-1.423(5-8), C-C(phenyl), 1.352-1.413(5-1 I), et la valeur moyenne du C(sp2)-H est 
de 0.96 A. 

[Traduit par le journal] 

Introduction 
The crystal structures of a number of organo- 

boron compounds containing intramolecular 
N + B interactions have now been determined. 
Among these compounds are the ethanolamine 
esters of the boron acids (1, 2, and 3) (1-5). 
We now report the structure of the salicylalde- 
hyde ester of diphenylborinic acid (4) which 
contains an intramolecular O+ B interaction. 

Experimental 

(Sa1icylaldehydato)diphenylboron was prepared as pre- 
viously described (6, 7). Recrystallization from 100% 
ethanol gave bright yellow-orange needles elongated along 
c. The crystal chosen for study was mounted with c 
parallel to the goniostat axis and had dimensions of ca. 
0.35 x 0.35 x 0.6 mm. Unit-cell and space group data 
were obtained from film and diffractometer measurements. 
The unit-cell parameters were refined by a least-squares 
treatment of sin2 0 values for 16 reflections measured on 
a diffractometer with Cu K, radiation. Crystal data are: 
C I ~ H I ~ B O Z  f . ~ .  = 286.1 
Orthorhombic, a = 11.6548 5), b = 16.2983(5), c = 
8.0806(2) A, V = 1534.9(1) h3, p,,, = 1.24 (flotation in 
aqueous KI), Z = 4, p, = 1.2381(1) g ~ m - ~ ,  F(000) = 664 
(22 "C, Cu K,, A = 1.5418 A, p = 6.3 cm-I). Absent 
reflections: Okl, k + I # 2n and h01, h # 2n, space group 
Pna2, (C.& NO. 33). 

Intens~t~es were measured on a Datex-automated 
4 5 6 General Electric XRD 6 diffractometer, with a scintillation 
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RETTlG A N D  TROTTER 1169 

counter, Cu K, (nickel filter and pulse height analyser), 
and a 8-28 scan at 2" min-' over a range of (1.80 + 0.86 
tan 8) deg in 28, with 10 s background counts being 
measured at each end of the scan. Data were measured 
to 28 = 146" (minimum interplanar spacing 0.81 A). 
The intensity of the check reflection, measured every 40 
reflections throughout the data collection, decreased 
slowly to a value which was 80% of the initial count by 
the end of the data collection. Lorentz and polarization 
corrections and check reflection scaling were applied, and 
the structure amplitudes were derived. No  absorption 
correction was made in view of the low value of p. Of the 
1649 independent reflections measured, 257 had intensities 
less than 3 4 4  above background where $(I) = S + B + 
(0.06# with S = scan count and B = time-averaged 
background count. These reflections were given zero 
weight in the refinement but were included in the structure 
factor calculations. 

Structure Analysis 
The systematic absences allow space groups Pno2, or  

Pnom. The noncentrosymmetric space group Pno2, was 
indicated by the E-statistics. The structure was solved by 
direct methods, 225 reflections with normalized structure 
factor IEl 3 1.40 being used in the symbolic addition 
procedure for noncentrosymmetric crystals (8). Four sets 
of phases were generated by a computer program which 
determines phases using the tangent formula (9, 10). One 
set of phases was outstanding in that it had the lowest 
value of Rk (0.16) and the greatest number of phases 
determined (225). The highest 22 peaks on an E-map cal- 
culated from this set of phases accounted for the 22 non- 
hydrogen atoms in the molecule. 

Two cycles of isotropic followed by two cycles of 
anisotropic full-matrix least squares refinement of the 
non-hydrogen atoms gave R 0.079. A difference map at 
this point gave positions for all 15 hydrogen atoms, which 
were included in all subsequent cycles of refinement with 
isotropic thermal parameters. The entire structure was 
refined for 4 cycles giving a final R of 0.051 and R, of 
0.065 for 1386 reflations with I 3  3 4 4  (6 reflections 
which had IF,, - IF,( > 3a(F) were removed from the 
data set in the final stages of refinement). 

The least-squares refinement was based on the mini- 
mization of Ewl:IF.I - IF,/(l + gI)1I2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 6.4 x The scattering factors of 
ref. I1 were used for the non-hydrogen atoms and those of 
ref. 12 for the hydrogen atoms. Anomalous scattering 
factors from ref. 13 were used for the non-hydrogen atoms. 
The anisotropic thermal parameters employed in the 
refinement are Uij in the expression: 

f = f0 exp [ - 2 d ( ~ , , h ~ a * ~  + ti,,k2b*2 + U3,Pc*' + 

where f0 is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
w = l/$(F) where $(F) is derived from the previously 
defined d ( I )  gave uniform average values of w(lF,I - 
(F,I)' over ranges of (F,I and was employed in the final 
stages of refinement. 

The absolute configuration of the molecule (for the 

TABLE 1. Final positional parameters (fractional x I@, 
H x lo3) with estimated standard deviations in 

parentheses 

Atom x Y z 

particular crystal used) has been determined through the 
anomalous scattering of the non-hydrogen atoms. Enantio- 
morph A is represented by the coordinates in Table I 
referred to a right-handed axial system and enantiomorph 
B, the mirror image of A, was generated by changing the 
z coordinates of A to I - z .  Both enantiomorphs were 
refined and Hamilton's test (14) applied to the resulting 
R factor ratios. These ratios (B/A) and the% probabilities 
that A is the correct enantiomorph are: 1.0007 (75%) for 
R (all data), 1.0012 (90%) for R (30 data), 1.0001 (in- 
determinate) for R, (all data), and 1.0006 (50%) for 
R, (30 data). The figures quoted above represent a 
marginal indication that enantiomorph A is correct. 

On  the final cycle of refinement the mean parameter 
shift was 0.030 and no  parameter shift was larger than 
0.270. The mean error in an observation of unit weight 
was 1.54. The final positional and thermal parameters 
appear in Tables I and 2, respectively. Measured and 
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TABLE 2. Final thermal parameters and their estimated standard deviations 
(a) Anisotropic thermal parameters (Uij x lo3 A') 

Atom u, I u22 u33 u12 u13 '2 3 

(b) Isotropic thermal parameters ( U  x 100) 

Atom (AZ) Atom u (AZ) Atom .!J (A2) 

calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

The thermal motion has been analysed in terms of the 
rigid-body modes of translation, libration, and screw 
motion (15) using the computer program MGTLS. Rigid- 
body analyses were successful for the three groups: 
C(1)-C(8), B, O(l), 0(2), and C(14) (r.m.s. AUi, = 0.0042 
A'), C(8)-C(13), and B (r.m.s. AUij = 0.0030 A'), and 
C(14)-C(19), and B (r.m.s. AUij = 0.0043 A'). The root- 
mean-square standard deviation in the individual Uij is 
0.0024 A'. All bond distances not involving hydrogen 
atoms have been corrected for libration (16, 17) and appear 
along with the uncorrected distances in Table 3. Changes 
in the bond angles were not significant thus only the un- 
corrected angles appear in Table 4. 

Results and Discussion 
Figure 1 shows a general view of the molecule 

'The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OSZ. 

and crystallographic numbering scheme and 
Fig. 2 shows the packing arrangement viewed 
down c. Intraannular torsion angles defining 
theconformation ofthe six-membered BOCCCO 
ring are listed in Table 5 and some weighted 
least-squares mean planes in Table 6. Non- 
bonded inter- and intramolecular contacts are 
given in Table 7.  

The expected 0-B interaction is indeed 
present in this structure. The resulting six- 
membered BOCCCO ring has a somewhat dis- 
torted sofa conformation. The boron atom is 
displaced 0.33 A from the mean plane of the 
other five atoms. The five atom segment 
[0(1),0(2),C(l),C(2),C(7)] is itself significantly 
nonplanar but all five atoms are within 50.06 
A of the mean plane. This arrangement is un- 
like that in related Cu, Ni, and Pt complexes 
(18-22) wherein the metal atom is co-planar 
with the salicylaldehyde ligand. The geometry 
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RETTIG A N D  TROTTER 1171 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b)  Bonds involving hydrogen atoms 

Bond Distance Bond Distance 

FIG. 1. A stereo view of the (salicy1aldehydato)diphenylboron molecule. 50% ellipsoids are shown 
for the non-hydrogen atoms. 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

C(1) -0(1) -B 119.1(3) C ( I O ) 4 ( 1 1 ) 4 ( 1 2 )  120.0(4) 
C(7) -0(2) -B 120.0(3) C ( 1 1 ) 4 ( 1 2 ) 4 ( 1 3 )  119.1(4) 
o(1) <(I1 -c(2) 120.4(3) C(8) 4 ( 1  3 ) 4 ( 1 2 )  122.5(4) 
o(1) -c(l) 4 ( 6 )  119.5(4) C(15)-C(14)4(19) 117.1(4) 
c(2) <(I) 4 ( 6 )  119.9(3) C(i 5)4(14)-B 121.8(3) 
c(1) -c(2) 4 ( 3 )  119.5(4) C(I9)4(14)-B 120.9(4) 
c(1) 4 ( 7 )  118.9(3) C ( 1 4 ) 4 ( 1 5 ) 4 ( 1 6 )  121.1(5) 
'33) < ( a  -c(7) 121.4(4) C(15)-C(16)4(17) 119.7(6) 
c(2) 4 ( 3 )  4 ( 4 )  120.4(5) C(16)4(17)-C(18) 119.8(5) 
c(3) 4 ( 4 )  4 ( 5 )  118.8(4) C ( 1 7 ) 4 ( 1 8 ) 4 ( 1 9 )  121.0(5) 
C(4) -C(5) -C(6) 122.7(4) C ( 1 5 ) 4 ( 1 9 ) 4 ( 1 8 )  121.3(5) 
c(1) 4 ( 5 )  118.7(4) 0(1) -B -0(2) 107.5(3) 
o(2) -c(7) < ( a  122.6(3) O(I) -B 4 ( 8 )  109.1(3) 
c(9) 4 ( 8 )  4 ( 1 3 )  116.4(3) O(1) -B 4 ( 1 4 )  111.2(3) 
C(9) 4 ( 8 )  -B 123.8(3) O(2) -B -C(8) 107.9(3) 
C(13)-C(8) -B 119.4(3) O(2) -B -C(14) 107.6(3) 
C(8) -C(9) -C(IO) 120.5(4) C(8) -B 4 ( 1 4 )  113.3(3) 
C(9) -C(10)4(11)  121.4(4) 

(b)  Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 5. Intra-annular torsion 
angles (deg) six-membered 

BOCCCO ring 

Bond Angle (deg) 

of the salicylaldehyde portion of the molecule 
is similar to that of the metal complexes (18-22) 
as well as that of the free aldehyde (23). Bond 

lengths in the molecule suggest that resonance 
forms 5-8 are the most important contributors 
to the structure. 

The two B 4  bonds, B 4 ( 1 ) ,  1.500(4), and 
B 4 ( 2 ) ,  1.574(4) A, are significantly different. 
These distances are similar to those found for the 
related compound 9 (24) of 1.506(7) and 
1.556(8) A. The shorter B--0(1) bond at 
1.500(4) A is longer than the mean B - 4  single 
bond distance of 1.477 A in compounds 1 and 
2 (1-3). 

Both phenyl rings are planar within experi- 
mental error. For each phenyl group the B 
atom is significantly displaced from the mean 
plane while all substituent hydrogen atoms lie 
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FIG. 2. The crystal structure viewed down c. 

TABLE 7 
(a) Selected intramolecular contacts and 

intermolecular distances ( A )  

Intramolecular contacts lntermolecular distance* 

Atoms 

O(1) . . .  C(13) 
O(1) ... C(19) 
C(1) ... C(l4) 
C(7). ..C(14) 
C(3). . . H(7) 
C(7). . . H(3) 

Distance Atoms Distance 

2.962(4) C(12). . . H(7)' 2.79(5) 
2.993(6) H(13). . . H(18)' 2.22(7) 
3.215(5) 
3.253(5) 
2.73(5) 
2.57(4) 

(b) C-H . . . 0 interactions (distances in A and angles in deg)* 

Distance 

D-H . . . A H . . . A  D . . . A  L D H A  L XAH 

*Superscripts refer to atoms at positions: ' I  - x, I - y. z - f ;  '2 - x, 1 - y, r - i;  'x. y, 
I + : ;"I  - x ,  I - ~ , f  + .-. 
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in their respective mean planes. The dihedral 
angles defining the orientations of the phenyl 
rings are : 0(2)[B-C(8)]C(9), - 24.6, 0(1)[B- 
C(8)]C(l3), 45.5, 0(2)[B-C(14)]C(15), 27.4, and 
0 (  l)[B-C(14)]C(19), -40.2". 

The B-C(pheny1) distances in the related 
ethanolamine complexes (1-3) range from 
1.613(2) to 1.623(5) A with a weighted mean 
value of 1.6 18(4) A while the two B-C distances 
in the present structure are 1.603(5) and 1.610(5) 
A. These distances appear to be slightly shorter 
than in the ethanolamine complexes while the 
structure 9 (24), which also has two weak 
B - 0  bonds, has two B-C bonds which are 
longer than those in the ethanolamine com- 
plexes (1.624(7) and 1.639(8) A). The C-C 
distances in the phenyl rings have a mean value 
of 1.393 A but the individual values, which 
range from 1.352(11) to 1.41 3(6) A, are sig- 
nificantly different. Corresponding bond lengths 
and angles in the two phenyl rings are equal 
within experimental error (going from C(8) to 
C(13) in the first ring and from C(14) to C(15) 
in the other). 

The distribution of C-H distances in this 
structure is bimodal with seven short bonds 
ranging from 0.81(9) to 0.92(6) A and eight 
longer bonds ranging from 0.96(6) to 1.05(5) A. 
The wei hted mean values are 0.89(3) and 
1.02(3) f respectively and the overall mean 
value of 0.96 A is as expected for X-ray data. 
The bond angles involving hydrogen atoms (see 
Table 4b) are as expected. 

The packing arrangement, shown in Fig. 2, 
displays some interesting features. There appears 
to be a network of weak C-H.. . O  interactions 
present in the structure. There are four unique 
interactions (listed in Table 7), one of which 
involves O(1). The arrangement at O(2) is 
interesting in that H(15) is involved in two 
separate interactions (one intramolecular and 
one intermolecular) with the bondingpn orbital 
of O(2). The other interaction involves H(9) 
and the sp2 hybridized lone pair of O(2). All 
other intermolecular distances correspond to 
normal van der Waals interactions. 
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GERALD L. BOLTON, MAURICE G. ROBINSON, and GORDON R. FREEMAN. Can. J. Chem. 54, 
1177 (1976). 

The value of the rate constant kl for the reaction e-s,lv + RO-s,lv + H, [I], at 295 K and 
1 bar is 51.4  X lo5 s-1 in methanol and 5 8  X 104 s-1 in ethanol. The respective volumes of 
activation averaged between 1 bar and 2 kbar are AVl* 2 -21 and 5 -22 cm3 mol-1. A high 
concentration of potassium hydroxide (1 M) or water (5 M) decreases the apparent value of kl 
somewhat but has little or no effect on the value of AV,". The effect of pressure on the rate 
constant of e-s,lv + S + product, [2], was also measured for a series of solutes that displays a 
wide range of reactivity. Experimental values of AV2* depend on the relative contributions of 
the effects of solvent density on the reactant diffusion rates, the concentrations of the actual 
reacting species, and the relative energies of the reactant and intermediate states. For reactions 
whose rates are near the diffusion controlled limit, k2 = 10'0 M-1 s-1 in methanol and ethanol, 
the values of AV2' are positive and similar to those for the diffusion of simple ions. AV* (e-s,!v 
diffusion) = 4 cml mol-1 in methanol and 6 cml mol-1 in ethanol. Cadmium chlor~de IS 

apparently not completely dissociated in alcohols, and k(e-s,lv + CdC12) < k(e-s,lv + CdCl+) 
< k(e-,,lv + Cd2+). For a series of compounds with lower rate constants there is a correlation 
between log k2 and AVz*, the latter being negative for very low values of k2. The products of 
electron capture by benzene, toluene, ethyl acetate, and possibly acetonitrile appear to be 
stabilized by protonation: e-,,,I,. + S = S-,,lv, 13, - 31,; S-s,lv + ROH + SH + RO-,,I,, 
[4]. The results indicate that the decomposition of e-s,lv in a pure alcohol occurs by protonatlon 
of the electron site, e-s,lv + ROH -t H + RO-,,,,, 14'1, rather than by electron transfer to an 
alcohol molecule followed by decomposition of the anion. 

GERALD L. BOLTON, MAURICE G. ROBINSON et GORDON R. FREEMAN. Can. J. Chem. 54, 
1177 (1976). 

La valeur de la constante de vitesse kl  pour la rQction e-,,l, +RO-,,,, + H,  [I], ( h  295 K et 
1 bar) est de 5 1.4 X lo5 s-1 dans le mCthanol et 5 8  X 104 s-I dans I'ethanol. Les volumes 
d'activation respectifs, moyens entre 1 bar et 2 kbar, sont AV,' 5 -21 et 5 -22 cml mol-I. 
Une concentration ClevCe d'hydroxyde de potassium (1 M) ou d'eau (5 M) diminue un peu la 
valeur apparente de kl  mais a peu ou pas d'effet sur la valeur de AV,". On a aussi mesurC l'effet 
de la pression sur la constante de vitesse de e-s,lv + S + produits, [2], pour une sCrie de solutes 
qui montrent une grande diffkrence de rQctivitC. Les valeurs expCrimentales AV2* dipendent des 
contributions relatives des effets de densit6 de solvants des taux de diffusion des rkactifs, des 
concentrations des especes qui riagissent de faits et des Cnergies relatives des rkctifs et des Ctats 
intermediaires. Pour les reactions dont les vitesses sont pres de la limite contr61Ce par la diffusion, 

'Financially assisted by the National Research Council of Canada. 
2Holder of National Research Council of Canada and Province of Alberta Fellowships, 1970-1974. 
]Present address: Chemistry Department, Royal Roads Military College, Victoria, British Columbia. 
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k2 = 1010 M-I s-I dans le mCthanol et I'ethanol, les valeurs de aV2 sont positives et semblables 
?i celles trouvCes pour la diffusion d'ions simples. AV* (e-solv diffusion) = 4 cm3 mol-I dans le 
methanol et 6 cm3 mol-I dans I'Cthanol. l l  semble que le chlorure de cadmium n'est pas com- 
plktement dissociC dans les alcools et k(e-s,l, + CdCI2) < k(e-sol, + CdCI) < k(e-solv + 
Cd2+). Pour une sCrie de composCs avec des constantes de vitesse plus basses il existe une cor- 
rClation entre log k2 et AVZ*; cette dernikre valeur est nCgative pour des trks faibles valeurs de 
k2. Les produits de capture d'Clectron par le benzene, le tolukne, I'acCtate d'Cthyle et possible- 
ment par I'acetonitrile semblent Ctre stabilisks par protonation: e-solv + S s Ssol, ,  [3,-31; 
S-sol, + ROH + SH + RO-s,l,,, [4]. Les result at^ indiquent que la dkomposition de e-,,,, 
dans les alcools purs se produit par protonation du site Clectronique e-,,,, + ROH + H + 
RO-soIv, [4'], plut6t que par un transfert d'ilectron A une molecule d'alcool processus qui seralt 
suivi par une dCcomposition d'anion. 

[Traduit par le journal] 

Introduction 

Studies of the influence of pressure on the rate 
of a reaction provide information about the 
parameters that limit the reaction rate (1). A 
change in rate with pressure can be related to a 
change of volume AV* on going from the initial 
to the transition state. This "activation volume" 
is the sum of changes resulting from solvent re- 
arrangement (mainly due to electrostriction) and 
rearrangement of the reactants themselves. 

Most Dressure studies of electron reactions in 
alcohols have involved conlpetition kinetics (2, 
3). Such measurements yield the value of the 
difference between the activation volumes of the 
reactions in competition. Separate values for 
individual reactions would be more useful. In 
ethanol at 298 K the value AV,* = - 16 cm3/ 
mol, averaged between 1 bar and 5.2 kbar, has 
been measured for reaction 1 by pulse radiolysis 
(4). 

This large negative volume of activation cor- 
relates with the large negative entropy of activa- 
tion, AS,* = - 21 cal deg-I i ~ ~ o l - ~  (9, and is 
attributed to the increased electrostriction that 
results when the relatively diffuse charge cloud of 
e-,,,, is condensed onto the oxygen atom to 
form RO-s,l,. It is the difference between the 
solvation energies of e- and RO- that drives 
reaction 1. The disappearance of an electron 
"cavity", if one exists in alcohols, would also 
contribute to the negative AV,*. 

The present article reports values of AV* for a 
number of electron reactions in methanol and 
ethanol. 

Experimental 
Materials 

Certified ACS Spectroanalyzed methanol from Fisher 

Scientific Co. and Commercial Grade methanol (5 ppm 
carbonyl, 20 ppm acid, and 70 ppm water) from Mon- 
santo Co. ultimately gave longer half lives for e-,,,, than 
did Reagent Spectrophotometric Grade methanol from 
Baker Chemical Co. The first two sources were therefore 
used. Purification was done in a grease free Pyrex appara- 
tus that was maintained at a slight positive pressure of 
flowing ultra high purity (UHP) argon which escaped 
through U-tubes containing mercury. Sulfuric acid 
(1.0 ml/l) and 2,4-dinitrophenylhydrazine ( 1.5 g/l) were 
added to the methanol. The solution was gently refluxed 
for at least 15 h, then slowly distilled through a I m 
column packed with glass helices. Receivers were rinsed 
several times with fresh distillate before being used to 
collect the middle fraction. 

An alternative purification used the same apparatus 
and procedure, but the methanol was treated with I g/l 
each of sodium and sodium borohydride. 

Methanol purified by either or both of the methods 
was nearly odorless and gave similar electron half lives. 
Treated methanol was stored under UHF argon in Pyrex 
flasks with stoppers wrapped in Parafilm "M". No 
deterioration in purity occurred over several months. 

Absolute Reagent Grade ethanol from U.S. lndustrial 
Chemical Co. had reported maximum impurity levels of 
50 ppm water, 5 ppm methanol, and < 1 ppm of benzene, 
halogen compounds, or carbonyl compounds. Treatment 
by either of the methods used for methanol gave no 
increase in electron half life. and occasionally decreased3 
by about 70%. Contact with oxygen or moisture was 
avoided by fitting the ethanol bottle with a Pyrex syphon 
fitted with a Teflon stopcock. The bottle was maintained 
under about lOO torr excess pressure of UHP argon. 
This ethanol was the same brand as that used in earlier 
studies (6, 7). 

Water was triply distilled (7). 
The reagents and solutes were Reagent Grade unless 

otherwise mentioned: acetone (spectro ACS, Eastman 
Organic Co.); acetonitrile and ethyl acetate (spectro- 
quality, Matheson, Coleman and Bell Co.); argon (UHP. 
Matheson Co.); benzene (research grade, I'hillips 
Petroleum Co.); cadmium chloride (Baker Chemical 
Co.); 11-hexane (99%. Fisher Scientific Co.); naphthalene 
(Eastman Organic Co.); nitrobenzene, potassium hydrox- 
ide, and toluene (Fisher Scientific Co.); perchloric acid 
(70 wt%, Baker and Adamson Co.): potassiunl and dry 
sodium (BDH Chemicals Co.); sodium borohydride 
(98%, Fisher Scientific Co.); sulfuric acid (Canadian 
Industries Ltd.). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FIG. 1. Schematic diagram of the bellows compression indicator. 'The components within the dotted 
lines were together in a metal box placed by the Heise gauge, such that the microammeter could be 
viewed by a television monitor. The rest of the components were in another box that was pierced at 
the center of the transformer coils, so that it codd  be slipped over tube that housed the movable rod 
(see text). 

The UHP argon was passed through a 1 m column of 
Oxisorb G (Messer Griesheim GMBH Industriegase). 
Benzene and toluene were distilled under vacuum onto 
freshly prepared sodium-potassium alloy (-30 wtyi; Na) 
and stirred overnight, then distilled into 10 ml Pyrex 
bulbs and sealed under vacuum for storage. Naphthalene 
was sublimed under vacuum. Nitrobenzene was distilled 
in an atmosphere of argon, retaining the middle 50(x, 
fraction. Sodium and potassium were cut under 11-hexane 
and dried in a stream of argon before use. The other 
materials were used as received. 

Pressrrre System 
The pressure system is described in detail in ref. 8. The 

system that had been used with a 90 MeV linear accelera- 
tor (4) had to be considerably refined for successful use 
with the much lower energy electron beam from a 2 MeV 
van de Graatf accelerator. 

The air driven fluid pump (Haskel Engineering and 
Supply Co., 75 000 psi rated) was regulated so that it 
would not pressurize the system over 2.6 kbar (38 000 psi). 
This was necessary to  protect the thin "electron window" 
in the irradiation cell. The driving gas was nitrogen 
(Liquid Carbonic Canadian Corp.) and the press~~rizing 
fluid was Bayol 35 (Imperial Oil Co.). The valves and 
fittings were 100 000 psi rated (American Instruments 
CO.). Several valves were fitted with slow-syn driving 
motors (Superior Electric Co.) for remote operation. 

T o  obtain accurately the same pressure in different 
experiments the system was pressurized beyond the 
desired value, then some of the pressure was released 
through a controlled leak. The leak was made from an 

Aminco high pressure union (Cat. no. 45-12957) and a 
short piece of .: in. steel rod containing a shallow file 
mark on the surface. 

A factory calibrated 100 000 psi Heise gauge was used 
for pressure measurement. It was viewed by closed circuit 
television. 

The filling and pressurizing system for the optical cell 
were of the same general design as that in ref. 4. In addi- 
tion, a bellows-compression indicator was used to guard 
against destruction of the bellows by over-compression. 
The indicator used the induction change created when an 
iron rod moved in the cores of two transformer coils. 
The A X 6 in. iron rod rested on the top of the bellows 
(and was moved up and down by it) and extended into a 
4 in. piece of in. od antimagnetic stainless steel (304) 
pressure tubing that extended from the top of the pres- 
surizing bomb. The upper end of this t ~ ~ b i n g  was sealed. 
The transformer coils were wound to  slip over the tubing. 
The electronic circuitry is shown in Fig. 1. The micro- 
ammeter was placed near the Heise gauge such that it 
could be read on the television monitor. 

The optical cell is shown in Fig. 2. The sapphire win- 
dows (American Instruments Co., part no. A4-62065) 
were fixed to  the caps with a thin layer of Elmer's epoxy 
(Borden Chemical Co.). The electron window was fabri- 
cated from a 2 X 25 mm disc of Vascomax Maraging 
steel hardened to  57 Rockwell C. The central portion 
(9.0 mm diameter) of the disc was thinned to  0.71 mm to  
allow the electron beam to pass. This "electron window" 
withstood pressures greater than 3 kbar. Many pressure 
cycles caused the window to  become brittle, necessitating 
periodic replacement to avoid failure. 
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CAN. J. CHEM. 

FIG. 2. High pressure optical cell. The cell body of 
410 stainless steel was not heat treated. It was 12.5 cm 
long. The electron and optical window caps of 416 stain- 
less steel were heat treated to 36 Rockwell C hardness. A 
small amount of Loc-Lube (Burrell Corp.) was used oh 
the cap threads to prevent their fusing to the cell body 
under pressure. 

The van de Graaff electron window was protected 
against failure of the cell electron window by interposing 
a rubber-lined steel shutter, which opened for 1 s to allow 
passage of an electron pulse. 

The effect of pulse dose on electron half life at 1 bar 
was measured in a 1.0 cm Suprasil cell. 

Optical System 
The optical system was the same as that reported 

earlier (7). However, the Xe arc lamp housing (Oriel 
Optics Corp., model C-60-50) contained a Pyrex filter in 
front of the quartz lens to remove light with A < 320 nm. 
This prevented ozone formation in the room. The lamp 
power supply was an SRL 40-50 Sorenson obtained from 
Raytheon Co. 

Sarnple Prepavatiorr arrd Harrdlirrg 
Samples were prepared as in ref. 7. The high pressure 

optical cell was rinsed and filled as in ref. 4. The sample 
temperature was 295 + 1 K. The temperature increased 
or decreased a few degrees upon compression or decom- 
pression, respectively, but returned to 295 + 1 K within 
3 min of a pressure change. 

Irradiatiorr 
The van de Graaff accelerator was run at  2.2 MeV. 

The dose delivered during a 1.0 ~s pulse was I X 10" 
eV/g. Each pulse was monitored by a secondary emission 
chamber, calibrated with the absorption of e-s,l, in 
water at A = 718 nm, using Ge = 5.1 X 104 electron 
( I00 eV M cm)-1 (7). 

Liquid Derrsities 
The solution concentrations and absorbed dose/cm3 
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increased with pressure, due to the increasing solvent 
density. The densities of the alcohols at different pres- 
sures were calculated by multiplying the values at  1 bar 
by the appropriate ratios from ref. 9. 

Results 

Reaction rates were determined from the first 
order decay rates of the e-,,,, spectrum at 
X = 6W700  nm, which was near the absorption 
maximum at all pressures (4). There was no 
detectable variation of decay rate with wave- 
length in the region scanned. 

Effect of Pressure on e-,,l, Decomposition Rate 
The first order decay constants of e-,,,, in 

methanol and ethanol increase with increasing 
pressure (Fig. 3). Addition of 1 mM potassium 
hydroxide to methanol decreased the decay rate 
significantly. Further addition up to 69 mM had 
negligible effect, but the rate decreased again at 
very high hydroxide concentration (Fig. 3A). 
The behavior in ethanol was similar (Fig. 3B). 

The potassium hydroxide contained 13 wtyo 
water, so the molar concentrations of the latter 
were half those of the former. It was therefore 
necessary to measure the effect of water. Addition 
of 0.1 M water to ethanol had a negligible effect 
on the electron decomposition rate, but 0.5 M 
and larger concentrations caused the rate to  
decrease somewhat (Fig. 4). 

The water contained a few pM of electron 
scavenging impurities (estimated by assuming a 
second order rate constant of -1 X 101° M-I 
s-I) and the e-,,,, half life in 55.6 M water 
corresponded to a first order decomposition rate 
constant of 4.8 X lo4 s-I. 

The magnitude of the pressure effect decreased 
with increasing water concentration (Fig. 4). 

Effect of Plrlse Dose 
The half lives of e-,,l, in neutral and basic 

methanol at 1 bar and 295 + 1 K were measured 
at different pulse doses. The pulse lengths were 
30 ns, 100 ns, or 1.0ps and the doses ranged 
from 0.3 to  33 X 1W6 eV/cm3. The electron half 
life decreased with increasing pulse dose (Fig. 
5A). The presence of base had little effect at low 
doses and decreased the dose effect at high doses. 

The half lives extrapolated to zero dose were 
5 ps in inethanol and -9 ps in ethanol (Fig. 5B), 
corresponding to first order decay constants of 
1.4 X lo5 and 8 X lo4 s-l, respectively. 
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BOLTON ET AL. 1181 

0 1 2 

P (kbar) 

FIG. 3. Effect of pressure on the decay rates of e-sol, 
in neutral and basic methanol (A) and ethanol (B) at 
295 + 1 K. k = 0.693/r1/2, where t I l 2  = half life. The 
concentrations of KOH in methanol were: zero ( 0 ) .  
1 .0mM ( A ) ,  69mM (+), and 0.90 M ( 0 ) .  Those in 
ethanol were zero (O),  13 mM (A) ,  and 0.98 M ( 0 ) .  
l represents the value extrapolated to zero pulse dose 
in 0-10 mM base. The dashed lines are estimates of the 
zero dose values. 

Effect of' Pressure on k (e-,,l, + S)  
The effects of pressure on the rates of reaction 

of e-,,,, with scavengers S were measured for a 
number of compounds that were chosen to 
display a wide range of rate constants. 

Pseudo first order decay constants were 
measured for different concentrations of a given 
solute. The value of the second order rate 
constant k2 for reaction 2 was determined from 

I21 e-sol, + S -+ product 

the slope of a plot of the pseudo first order 
constants against the concentration of S. From 
4 to 15 concentrations were used to determine kz 
at each pressure. The molar concentrations were 
adjusted for change in solvent density with 
pressure (9). 

The nature and quality of the results are 
illustrated by the study of acetonitrile in ethanol. 
Plots of the pseudo first order decay constants 

0 1 2 

P (kbar )  

FIG. 4. Effect of water on the e-solv decay rate in 
ethanol at 295 + l K and different pressures. k = 
0.693/t1/2 [Hz01 = 0.0 M (O),  0.10 M (m), 0.50 M (A) ,  
1.0 M (X), 3.0 M (A), 5.0 M (0). 10.0 M ( 0 ) .  55.6 M 
(+I .  

0 
0 10 2 0 30 

Dose ( 1016ev ~ r n - ~ )  

FIG. 5. Effect of pulse dose on the half life of e-,,lv in 
alcohols at 1 bar and 295 + 1 K. (A) Methanol: neutral 
(O) ,  I m M  NaOCH3 (A) ,  31mM NaOCH3 (D); 
(B) ethanol: 4 mM NaOC2H5 (A),  10 mM KOH (0). 

against acetonitrile concentration are shown in 
Fig. 6. Values of k2 obtained from the slopes of 
these lines are plotted against the pressure in 
Fig. 7. In contrast with the results in Fig. 3, kz 
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1182 CAN. 1. CHEM. 

FIG. 6. Plots of e-,,,, pseudo first order decay rate 
constants against acetonitrile concentration in ethanol. 
k = 0 .693 /1~ /~ .  The numbers labelling the curves are the 
pressures in kbar. 

P (kbar)  

FIG. 7. Plot of k2 against pressure for acetonitrile in 
ethanol. 

for acetonitrile decreases with increasing pressure. 
With k2 = 3 X lo8 M-l s-l at 1 bar, acetoni- 

trile does not react at the diffusion controlled 
rate. The apparent value of k2 could therefore 
have been enhanced by the presence of an 
impurity that had a higher rate constant. 
Although spectroquality acetonitrile from 
Matheson, Coleman and Bell Co. has been 
reported to be of very high purity (lo), with the 
major impurity being 0.04 wt% water, the 

VOL. 54. 1976 

I I I I I 

FIG. 8. Plots of e-,,,, pseudo first order decay rate 
constants against toluene concentration in methanol. 
k = 0.693/1~/~.  The numbers labelling the curves are the 
pressures in kbar. 

possible influence of contamination by acryloni- 
trile was checked. The value of k2 for acrylo- 
nitrile in ethanol at 1 bar was measured to be 
7 X 109 MM-I s-I (using only one solution and 
the pure solvent). The optical absorbancy co- 
efficient of acrylonitrile in acetonitrile at 197 nm 
was found to be 1 x lo4 M-I ~ m - l . ~  The con- 
centration of the former in our acetonitrile was 
- 2  X lo-= M, so it did not contribute appre- 
ciably to the observed k~ Other possible im- 
purities are benzene, ammonia, and acetic acid 
(1 1). None were in high enough concentration to  
affect the results. Thus the observed value of k2 
was attributed to acetonitrile itself. 

The value of the volume of activation AV* 
was calculated from the slope of a plot of log k 
against P, using 

where R is the gas constant, T is the absolute 
temperature, andthe k, and kb are rate constants 
at pressures P, and P,,, respectively. The slope of 
the line in Fig. 7 corresponds to AV2* = $7 cm3 
mol-I for acetonitrile in ethanol. 

Scavengers that had a negative volume of 
activation are illustrated by toluene in methanol 
(Figs. 8 and 9), for which AV* = -7 cm3 mol-l. 

The effects of pressure on k2 for a number of 
other solutes are collected in Figs. 10 and 11. 

4Unicam 1700 spectrophotometer, slit 0.25 mm, 0.8 nrn 
band pass, 1.0 cm cells. 
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BOLTON ET AL. 1183 

I 2 

P ( kbor )  

FIG. 9. Plot of kz against pressure for toluene in 
rnetha~lol. 

P (kbor) 

FIG. 10. Plots of kz against pressure for perchloric 
acid (V), nitrobenzene (0, I), cadmium chloride 
(0, a), naphthalene (0, +) ,  and acetone ( A ,  A). The 
open points are for methanol solvent and the filled points 
for ethanol. 

The values of kz at 1 bar and AV2* are listed in 
Table 1. Increasing pressure enhances the re- 
action rates of benzene and toluene, has little or 
no effect on those of ethyl acetate and cadmium 
chloride, and diminishes those of acetonitrile, 
naphthalene, acetone, nitrobenzene, and acid. 

Judging from the electron half lives in the acid 
solutions before and after a pressure cycle, acid 
was removed from solution by reaction at higher 
pressures. Corrections were applied for this effect 
in ethanol, but the reaction was suficiently rapid 
in methanol that reliable values of kz could not 
be obtained. The reaction was presumably ester 
formation. The effect was not observed with 
other scavengers. 

P (kbor) 

FIG. 11. Plots of k2  against pressure for ethyl acetate 
(0, u), acetonitrile ( 0 , ), toluene (A,  A), and ben- 
zene (0, a). The open points are for methanol solvent 
and the filled points for ethanol. 

Discussion 

Effect of' Pressure on e-,,,, Decon7position Rate 
Measurement of the rate constant of reaction 1 

is complicated by the sin~ultaneous occurrence of 
reaction 2, where S includes impurities and 
radiolysis products such as ROHz' and radicals 
formed during the radiation pulse. Addition of 
10-3-10-2 M base to the alcohol causes ROHzt 
to be neutralized in -- s, thereby preventing 
it reacting by reaction 2. Furthermore, the 
volume of activation of reaction 1 is more 
negative than that of reaction 2 (2-4), so inter- 
ference by the latter diminishes with increasing 
pressure. 

The values of k for a series of Dressures in 
Fig. 3 were determined on a single sample. 
Although the pulse doses were relatively small, 
the amount of acetaldehvde that accumulated in 
the ethanol (6) caused a measurable increase in k .  
The value of k at 1 bar after a run was typically 
--40y0 greater than that at the beginning of a 
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TABLE 1. Rate constants kz at 1 bar and volumes of activation AV2* for (e-solv + S) reactions in alcohols at 295 & 1 K 

Methanol Ethanol 

Concentration Concentration 
range k2 A Vl* range k2 A v2* 

s (10" M )  M -  - 1  ( ~ ~ 3  m01-l)a ( M) (M-1 S-11 ( ~ ~ 3  ~ O I - I ) =  

Acetone 
Acetonitrile 
Acid, perchloric 
Acrylonitrile 
Benzene 
Cadmium chloride 
Ethyl acetate 
Naphthalene 
Nitrobenzene 
Toluene 
Solvent 

a & 1 crn' mol-' unless 
bk l ,  s-'. 

500-2500 1 . 1  X lo6 
0.02-0.10 1 .6X 1Ol0 

10-100 2.2X107 
0.1-1.2 4.4X109 

0.01-0.11 2.6X1Ol0 
100-3000 1 .3 X 1 O6 

< 1.4X 105" - 
otherwise stated. 

run. A correction could be applied for accumu- 
lated dose in a sample. Methanol samples 
displayed the same values of k at  1 bar before 
and after a run, presunlably because the formal- 
dehyde product rapidly reacts with the alcohol 
to form dimethoxymethane. 

The curves in Fig. 3 for the slightly basic 
alcohols were extrapolated to zero pulse dose by 
using Fig. 5 and assuming AV2* - AVl* 1: 25 
cm3 mol-I when S is a free radical. 

The dashed lines in Fig. 3 represent the values 
of k corrected to zero pulse dose and to zero 
accumulated acetaldehyde. The slopes represent 
lower limits of the magnitude of AVl*, which are 
- 2 1 cm3 mol-I in methanol and - 22 cm3 mol-I 
in ethanol. If the alcohols contained significant 
amounts of impurities capable of reacting with 
electrons, the values of kl would be lower and 
AVl* would be more negative. Hence, kl < 
1.4 X 10's-I with AVl* 5 -21 cm3mol-I in 
methanol and kl < 8 X lo4 s-I with AVl* < 
-22 cm3 rnol-I in ethanol at  295 K. These 
values of kl at  1 bar agree with those of Baxen- 
dale and Wardman (l2), but are lower than other 
estimates (4, 13, 14). 

The degree of confidence in these values of 
AVl* is enhanced solnewhat by noting that the 
various manipulations did not have a large effect 
(Table 2). The increase in AV* (decrease in 
absolute magnitude) caused by adding large 
amounts of water to ethanol was caused mainly 
by the occurrence of reaction 2 with trace 
impurities in the water. This explains the curva- 

0.1-1.9 
1-40 

0.1-0.5 
0 and 1 
60-700 

0.05-0.4 
10-150 

0.2-1.4 
0.02-0.2 

100-700 

ture of the lines in Fig. 4; in the sample con- 
taining 5 M water reaction 2 dominates at low 
pressures and reaction 1 at high pressures. 

The value of AVl* is insensitive to relatively 
high concentrations of water in ethanol. Al- 
though kl is two orders of magnitude smaller in 
water, 890 s-I (15), than in the alcohols, AVl* 
has similar values in the two kinds of liquid. An 
estimate fro111 competition kinetics gave AVl* = 

- 14.3 cm3 mol-I in water at 298 K and pres- 
sures between 2.7 and 8.7 kbar (16), which com- 
pares with - 13 cm3 mol-I in ethanol at 298 K 
and pressures between 2.1 and 5.2 kbar (4). The 
inagnitude of the latter value is somewhat low 
(not negative enough), because the ethanol con- 
tained a trace of electron scavenging impurity 
(k = 1.2 X lo5 s-I at 1 bar in the alcohol con- 
taining 5 m M  sodium hydroxide (4)). 

The magnitude of AVl* decreases with increas- 
ing pressure. The earlier work with ethanol (4) 
indicated average values of - 19 cm3 mol-I be- 
tween 1 bar and 1 kbar, and -15 cm3 rnol-I 
between 1 and 3 kbar. The former value is in 
reasonable agreement with the present more 
accurate determination of AVl* 5 - 22 cm3 
mol-I . 

Combining the present value AV2* = 4 cm3 
mol-I for nitrobenzene and acetone in methanol 
(Table 1) with results from an earlier study of 
competition kinetics (3) gives AVl* = - 17 cm3 
11101-' at  1 bar in methanol. This is in reasonable 
agreement with the present more accurate value 
AVl* < -21 cm3 mol-l. 
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BOLTON ET AL. 

TABLE 2. Effect of base and water on the rate and activation volume of 
e-s,l, decomposition in alcohols at 295 rt 1 K 

Solvent [KOHIa-"M) [H20]a.h (M) ka (lo5 s-I) AV*C (cm3 mol-1) 

CH30H 0 0 2.4(1 .4)d -18(-21)d 
0.001 0 1.8 -19 
0.005 0.002 2 .O - 18 
0.021 0.010 1.8 - 18 
0.069 0.033 1.9 -19 
0.90 0.42 1.2 - 20 

ClHsOH 0 0 1.1 (0.8)" -23 (-22)d 
0.013 0.006 0.9 -22 
0.98 0.46 0.6 -21 
0 0 1.1 -23 
0 0.10 1.1 -21 
0 0.50 1 .O -21 
0 1 .O 0.89 -22e 
0 3 .O 0.61 -21e 
0 5 .O 0.55 - 19e 
0 10.0 0.52 - 14e 
0 55.6 0.48 +0.8e 

aAt I bar. 
hKOH contains 13 wt% H?O, SO [Hz01 = 0.47[KOH]. 
CAveraged between I bar and 1.5 kbar, unless otherwise mentioned. 
dCorrecrcd for pulse dose and accumulated products. 
eCalculated from the slope at high pressurc only. The results are  affected by the reaction of electrol~s 

wilh a n  impurity. 

Eflect of Pressure on k2 
The reactions are divided into two categories 

for discussion, (a) those with k2 > lo9 M-I s-I 
and (b) those with k Z  < lo9 M-I s-l. 

(a) The more efficient reactions in alcohols 
have rate constants in the vicinity of 101° M-I s-I. 
There is no obvious correlation between the 
magnitudes of k2 at 1 bar and AV2* for these 
reactions (Fig. 12). However, all the volumes of 
activation are positive except those for cadmium 
chloride, which are zero. The volume of activa- 
tion for a diffusion controlled reaction is the 
weighted average of those for the diffusion of the 
reactants. The volume of activation for diffusion 
of simple ions such as sodium and bromide is 
positive; it is 5 cm3 mol-1 in methanol, 2 cm3 
mol-I smaller than that for viscous flow (17). By 
analogy the volume of activation for diffusion of 
simple ions in ethanol would be about 6 cm3 
mol-I (2). These are similar to the values of AV2* 
for the faster reactions, with the exception of 
cadmium chloride which is discussed below. It 
therefore appears that the volume of activation 
of diffusion of solvated electrons in alcohols is 
similar to that for the diffusion of simple ions. 
This is consistent with the low, ion-like mobilities 
of electrons in the alcohols (18-20). The present 
and earlier (2, 3) results suggest that AVi(e-,olv 

diffusion) - 4 cm3 mol-1 in methanol and 6 cm3 
mol-I in ethanol. 

The value AV2* = 0 for cadmium chloride is 
unusual. The reaction of electrons with CdZf 
ions in water is essentially diffusion controlled, 
with k2 = 5.2 X 101° M-I s-l at room tempera- 
ture (21). The value of kz decreases progressively 

FIG. 12. Plot of log k at 1 bar against AV* for electron 
reactions in methanol (open points) and ethanol (closed 
points) at 295 + 1 K. 0, 0,  k2; A, A, kt. The values 
are taken from Table 1. 
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on going to methanol, 1.6 X 101° M-I s-l, and 
ethanol, 3.6 X lo9 M-l s-l. The rate constants 
do not correlate with the solvent viscosities, 
which are equal for water and ethanol at 1 bar. 
The change in k2 is in the wrong direction to be 
attributed to a simple influence of the decreasing 
dielectric constant on the interaction between 
Cd2+ and e-,,,,. The results suggest that 
cadmium chloride is progressively less disso- 
ciated in solvents with lower dielectric constants, 

and that the electron rate constants are higher 
with the more highly charged cadmium species, 

Dissociation of electrolytes is favored by in- 
creasing pressure, due to the associated increas- 
ing dielectric constant (22-24) and decreasing 
volume (9). The former reduces the coulombic 
interaction between the free ions, while the latter 
operates in the same direction as the electrostric- 
tion and enhances the ion solvation energies. 
The observed lack of pressure dependence of k2 
for cadmium chloride in both alcohols (Fig. 10) 
may be the result of a decrease in the real values 
of k2 for the cadmium species, due to decreasing 
diffusion coefficients, and a compensating in- 
crease in the concentrations of Cd2+ and CdCl+ 
due to increasing dissociation constants. The real 
values of AV2* for the cadmium ions would 
therefore be positive, in accord with those for 
the other efficient electron scavengers. 

Each of the fast reactions appears to be a 
simple electron transfer, and all have positive 
volumes of activation that are at least partly 
related to the diffusion rates. 

(b) For the reactions that have lower rate 
constants there is a correlation between the 
values of log k2 at 1 bar and those of AV2* 
(Fig. 12). A two step mechanism is proposed for 
the formation and stabilization of the scavenging 
product. 

a positive or negative contribution to the 
observed volume of activation. The contribution 
of reaction 4 is likely to be zero or negative. 

Reaction 4 is pseudo first order, because ROH 
is the solvent, so we write k4' [ROH] = k4. 

The overall kinetics of reaction 3,- 3 and 4 
have two limiting cases. When k-3 << k4, the 
observed electron capture rate constant k2 = k3 
and AV2* = AV3*. This condition appears 
to apply for acetonitrile. When k-3 >> k4, 
then k2 = k3k4/k-3 and AV2* = AV3* - AV-3* + A V4* = AV3 + AV4*, where A V3 is the actual 
volume change of the system on going from 
(e-solv + S) to S-,,,,. This condition appears 
to apply to benzene and toluene. Ethyl acetate is 
an intermediate case. 

The equilibrium [3, - 31 is shifted towards the 
right if increasing the pressure on the system 
diminishes the degree of instability of the anion. 
The instability indicates that the energy state of 
S-solv lies above that of e-,,,,. If increasing the 
pressure lowers the energy of S-,,,, more than 
that of e-solv, the energy gap is decreased and 
the anion is less unstable (Fig. 13). In this case 
the value of (k3/k-3) increases with pressure and 
makes a negative contribution to the observed 
volume of activation. On the other hand, if 
increasing pressure widens the energy gap, the 
equilibrium constant would decrease and make a 
positive contribution to the observed volume of 
activation. 

The magnitudes of the rate constants (Table 1) 
indicate that the energy gap for the various 
solutes decreases in the order benzene - 
toluene > ethyl acetate > acetonitrile. The gas 
phase electron affinity of benzene is negative (25), 
consistent with the proposed gap, but values for 
the other compounds are not known. The nega- 
tive volumes of activation for benzene and 
toluene are also consistent with the observation 
of reversible growth and shrinkage of esr signals 
from their anions in alkali metal-ether solu- 
tions upon cooling and warming, respectively 
(26). The solvent density increases with cooling 
and with pressure, enhancing electrostriction. 

[3,-31  SO,, + S = S-,,,, protonation of the anion has a negative 

[dl S-soIv + ROH --+ SH + RO-,,,,. volume of activation due to enhanced electro- 
striction if the alkoxide ion is more strongly 

The negative ions of benzene, ethyl acetate, and solvated than the S-. However, the degreeto 
so on appear to be inherently unstable, but the which reaction 4 contributes to the observed 
electron capture may be stabilized by protonation AV2* depends on the relative rates of reactions 
of the anion. The step [3, - 31 could make either - 3 and 4. 
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1 

r eac t ion  c o o r d i n a t e  

AV: - AV-: = AV3 AE, - AEo= negat ive  

=nega t ive  
FIG. 13. Schematic diagrams for a system such as e-,,,, + CsHs. ( A )  Volume of the system along 

the reaction coordinate. (B) Effect of pressure on the relative energy states of e-s,,v and S-,,,.. 

( B )  

e-,,lU + ROH+ H + RO-so~u 
It is informative to treat the reaction of the 

electron with the solvent as a proton transfer 
reaction analogous to  reaction 4. This would 
correspond to the transfer of a proton from one 
of the -OH groups in the first coordination 
sphere of e-,olv to the site of the electron, and 
would be the protonation of the solvated 
electron. The decomposition reaction 1 of e-,,,, 
has previously been thought to occur by electron 
transfer to an ROH molecule, which then de- 
composes to RO-,olv + H. The nature of the 
intermediate anion has never been clear. The 
transition state of the proton transfer mechanism 
is less difficult to imagine, since it is somewhat 
analogous to that for the autoionization of the 
solvent. 

Considering reaction 1 to be analogous to 
reaction 4 and recalling that k2 = (k3/k-3)k4, it is 
interesting to plot k, and AV,+ in Fig. 12. The 
points for both alcohols lie somewhat above the 
extrapolation of a correlation line drawn for 
benzene and other inefficient scavengers. This 
would be expected, since (k3/k-3) < 1 for in- 
efficient scavengers. Furthermore, the point for 
reaction 1 in ethanol lies below that for reaction 
1 in methanol, whereas the reverse is true for 
reaction 2 with the inefficient scavengers. The 
fact that k2 for benzene, etc. in methanol is 
smaller than the analogous constant in ethanol 
is attributed to (k3/k-3) being lower in the solvent 
for which the energy state of e-s,l, is lower. The 
optical excitation energy of e-,olv is greater in 
methanol than in ethanol (3, so the energy gap 
for reaction 3 might be expected to be greater in 
the former solvent (Fig. 13B). 

E 

The coherence of the above picture supports 
the suggestion that reaction 1 occurs by proton 
transfer, rather than by electron transfer. 

T - s;01v 

AE t 
~ O A E ~  

1 bar  1 ei01V 
2 k ba r  
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ANTHONY D. BARANYI, RAMESH MAKHIJA, and MARIO ONYSZCHUK. Can. J. Chem. 54, 1189 
(1976). 

The preparation, properties, and vibrational spectra are reported for the following complexes 
of lead(I1) thiocyanate with mono- and bidentate ligands: Pb(NCS)2.2py, Pb(NCS)2.phen, 
Pb(NCS)2 .2phen, Pb(NCS)2. tmen, Pb(NCS)2.en, Pb(NCS)z.2en, Pb(NCS)2.2dmso, and 
Pb(NCS)2.2dma. Assignments are made for the u(CN), u(CS), and 6(NCS) vibrational bands 
of the thiocyanate group and the results are discussed in terms of the type of coordination of 
NCS with lead(I1). Values are consistent with bridge-bonded and/or N-bonded thiocyanate. 
Infrared and Raman spectra of the complexes Pb(NCS)2. bipy and Pb(NCS)2 .4tu are re- 
examined and new assignments are made which support bridge-bonded and/or N-bonded 
NCS contrary to  previous reports of S-bonded NCS. 

ANTHONY D. BARANYI, RAMESH MAKHIJA et MARIO ONYSZCHUK. Can. J. Chem. 54, 1189 
(1976). 

On rapporte la prgparation, les propriCtCs et les spectres de vibration des complexes suivants 
du thiocyanate de plomb(11) avec des ligands mono- et bidentates: Pb(NCS)2.2py, Pb(NCS)2. 
phen, Pb(NCS)2 .2phen, Pb(NCS)2. tmen, Pb(NCS)2 .en, Pb(NCS)2. 2en, Pb(NCS)2.2dmso et 
Pb(NCS)2.2dma. On a effectut les attributions pour les bandes de vibration u(CN), u(CS) et 
6(NCS) du groupe thiocyanate et on discute des rCsultats en terme du type de coordination du 
NCS avec le plomb(11). Les valeurs suggkrent que les thiocyanates sont pontes et/ou lies par 
l'azote. On a reexamine les spectres infrarouges et Raman des complexes Pb(NCS)2,bipy et 
Pb(NCS)2.4tu et on propose de nouvelles attributions qui suggtrent que les NCS sont pontes 
et/ou lies par I'azote; cette conclusion est contraire aux rapports anterieurs qui indiquaient que 
le NCS est lie par le soufre. 

[Traduit par le journal] 

Introduction 

Few complexes of lead(I1) thiocyanate, Pb- 
(SCN)2, are known. The X-ray crystal structures 
of 1,7,10,16-tetraoxa-4,13-diazacyclooctadecane 
lead(I1) thiocyanate (I), Pb(SCN)2.Cj2H26N2O4, 
4,7,13,16,21,24-hexaoxa-l,l0-diazabicycl0[8.8.8]- 
hexacosane lead(I1) thiocyanate (2), Pb(SCN)2. 
C1 8H36N206, and bis-dimethylsulfoxide lead(I1) 
isothiocyanate (25), Pb(NCS)2.2[(CH3)2SO] have 
been described. Infrared spectra have been re- 
ported for Pb(SCN)2*4tu (3), Pb(SCN)2-(2,2'- 
bipy) (4), and 2Pb(SCN)4-(4,4'-bipy) (4).2 

Our interest in the modes of metal-thiocyanate 
coordination (e.g., M-NCS, M-SCN, M- 
NCS-M) prompted this study of the vibrational 
spectra and structures of complexes of Pb(SCN)2 
with various Lewis base ligands. The complexes 

[This paper is dedicated to  Professor C. A. Winkler of 
McCill University on the occasion of his sixty-fifth 
birthday by one of his former students (M.O.). 

2Throughout this paper coordinated thiocyanate is 
written SCN if it is S-bonded and NCS if it is N-bonded 
as proposed or confirmed in the reference cited. 

Pb(SCN)2*4tu and Pb(SCN)2.(2,2'-bipy) were 
also synthesized to re-examine their spectra and 
test the previous conclusion that thiocyanate is 
S-bonded in these complexes (4). 

Experimental 

Materials 
Lead(I1) thiocyanate was prepared by standard 

methods (5). Dimethylacetamide (dma), dimethylsulfoxide 
(dmso), tetramethylethylenediamine (tmen), ethylenedi- 
amine (en), and pyridine (py) were dried over molecular 
sieves. Thiourea (tu), 2,"-bipyridyl (bipy), and 1,10- 
phenanthroline (phen) were used directly. 

Physical Mrasrtrerne~rts 
Infrared spectra (4000-250 cm-1) were recorded on a 

Perkin-Elmer 521 spectrophotometer. Samples were ex- 
amined as Nujol mulls using CsI plates. Raman spectra 
(3000-30 cm-1) were recorded on a Jarrell-Ash 25-300 
spectrophotometer. Samples were sealed in capillary tubes 
and cooled to  -40 "C with nitrogen gas. Far infrared 
spectra (400-30 cm-1) were recorded on a Hitachi FIS-3 
spectrophotometer. Samples were examined as Nujol 
mulls sealed between thin polyethylene films (Dow Handi- 
Wrap). Vibrational bands of the NCS group were 
distinguished from ligand bands by preparing the anal- 
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TABLE 1. Analytical results for complexes of Pb(NCS)2 

Pb C H N Melting and/or 
decomposition 

Complex Found Calcd. Found Calcd. Found Calcd. Found Calcd. temperature ("C) 

Pb(NCS)2.2py 
Pb(NCS)~.2dmso 
Pb(NCS)2. bipy 
Pb(NCS)~.phen 
Pb(NCS)2. 2phen 
Pb(NCS)2 .?en 
Pb(NCS)2 .en 
Pb(NCS)2. tmen 
P~(NCS)Z ,  2dma 
Pb(NCS)z .4tu 

ogous lead(l1) halide complexes for each ligand and per- 
forming a band by band comparison of the spectra. In 
most cases the NCS bands were found with ease. Co- 
ordination of the ligands were verified by examining the 
frequency shifts of the ligand vibrations most directly 
involved with coordination. 

Melting points were measured in duplicate in sealed 
capillary tubes. None of the complexes melt sharply. The 
values recorded in Table 1 are the temperatures at  which 
melting and/or decomposition begins. All complexes are 
hygroscopic and decompose slowly when exposed to air. 
The pyridine, ethylenediamine (1:2), and dimethyl- 
acetamide complexes are the least stable and decompose 
slowly while being stored at 25 "C, even under an atmos- 
phere of nitrogen. Poor elemental analyses were obtained 
because of their low stabilities. These three complexes can 
be recrystallized from solutions in their parent ligand but 
not from any other common polar or non-polar solvent. 
All other complexes in Table 1 are also insoluble in 
common polar or non-polar solvents. The fact that they 
could not be recrystallized made it impossible to obtain 
analytically pure samples in a few cases in spite of re- 
peated attempts and careful p~~rification of reagents. 

Analyses for C, H, and N were done by Chemalytics 
Inc., Tempe, Arizona. Lead was analyzed in duplicate 
gravimetrically as PbS04 promptly after preparation of a 
complex, the sample of which was transferred to a 
weighing vial in a nitrogen-filled dry-box. 

X-Ray powder diffraction patterns were taken with a 
Debye-Scherfer camera using Ni-filtered CuK, radiation 
( A  = 1.5418 A). Single-crystal meas~~renlents were ob- 
tained from rotation, Weissenberg, and precession 
photographs using Ni-filtered CuK, radiation. 

Prcpurutioir of Pb(NCS)2 .plreil, Pb(NCS)2. 2pllei1, 
Pb(NCS)z. eir, Pb(NCS)2. bipy, airrl Ph(Nc.5)~. 4t1r 

Stoichiometric amounts of the ligands ( c . ~ . ,  3.6 g, 20 
mmol phenanthroline) were dissolved in absolute ethanol 
(100 ml) to which PbCSCN): (3.23 g, 10 mmol) was added. 
The mixture was stirred for periods ranging from 1 11 to 
3 days, and then filtered under dry nitrogen. The products 
( e . ~ . ,  Pb(NCS)2.2phen) were subsequently dried under a 
vacuum at 25 "C for 6 h. Analytical data are given in 
Table I .  

Preparutioir nf Pb(NCS):. Zen, Pb(NCS)2. /ineir. 
Pb(NCS)2. Zpy, ui~rl Pb(NCS)>. 2dinso 

Lead(l1) thiocyanate (3.23 g, I0 mmol) was added to an  
excess of the pure ligand (e.g., 50 ml dmso) and heated to 
about 50 "C until Pb(SCN)2 dissolved completely. Excess 
absolute ethanol, benzene, or hexane was added until a 
precipitate formed. The product ( e , ~ . ,  Pb(NCS)2.2dmso, 
4.5 g, 94%- yield) was then filtered and dried as before. 
Crystals were also grown by allowing the saturated solu- 
tion of ligand and Pb(SCN)2 to stand for several days. 
Pb(NCS)2.2py was dried by suction under dry nitrogen 

Preprrrotioil of Ph(NCS)2.2dii?a 
A slurry of Pb(SCN)2 (3.23 g, 10 mmol) and dry 

acetone (20 ml) was heated to 50 "C and stirred. Di- 
methylacetamide was added dropwise until a clear 
solution resulted. Absolute ether (100ml) was added 
slowly until a white precipitate formed. The product 
(4.6 g, 93'x yield) was filtered and dried with suction in a 
nitrogen-filled dry-box. 

Results and Discussion 

Infrared and Raman absorption frequencies-of 
the thiocyanate group are collected in Table 2, 
while far infrared and low-frequency Ranlan 
bands are listed in Table 3. Correlations of 
thiocyanate bonding type with ranges of the 
thiocyanate fundamental frequencies, as sum- 
marized in Table 4 (6), have been used success- 
fully in a variety of transition metal complexes 
for which X-ray data is available (6,7). However. 
the validity of these criteria has been severely 
questioned because overlapping ranges lead t o  
ambiguous answers in some cases, and the 
Factors causing vibrational shifts are uncertain. 
Accordingly. Norbury (6) has ~ ~ r g e d  caution in 
the ~ l sc  of vibrational data for deciding thio- 
cyanate bonding modes, while empl~asizing the 
need for X-ray crystal structure determinations. 



TABLE 2. Vibrational frequencies (crn-1) of the NCS group 

v(CN) d c s )  B(NCS)" 

Infrared Rarnan Infrared Rarnan Infrared Rarnan 

K+NCS- 

Pb (SCN)2 

Pb(NCS)2. bipy 

Pb(NCS)2.2py 

Pb(NCS)2. trnen 

Pb(NCS)2 .en 

Pb(NCS)2 .2en 

2037 rn 

2053 s, 2038 w, 2012 w 

2094 s, 2061 s, 2037 w, 
2021 w, 2003 rn 

2075 s, 2036 w 

2085 rn, 2070 w, 2058 w, 
2053 rn, 2040 w, 2025 rn 

2058 s, 2035 w 

2053 s, 2040 s,  2015 s 

2076 rn, 2053 s,  2012 s 

743 w 762 w, 750 w 

754 w, 745 w Fluorescence interferes 

Ligand interferes 

765 w, 756 w 769 w, 763 w 

765 w 770 w, 752 sh, 742 rn, 
730 w 

2055 s, 2032 rn 781 w 785 rn, 758 w 

2062 s, 2036 s ,  1995 w, 796 w 800 rn, 760 rn 
1972 rn 

rn 
-1 

Ligand interferes t 
!- 

481, 468, 459 47 1 

468 Fluorescence interferes 

nAll bands are weak. 
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TABLE 3. LOW frequency bands (crn-1) 

Compounds Infrared Rarnan 

Pb(NCS)2. bipy 

278 w ;  230 w, b ;  175 m, b ;  130 sh, m; 
76 s ,  b ;  38 w 

196 s, b ;  114 rn; 92 w, sh ;  80-70 s, b ;  60 rn, sh 

345 rn; 250 w; 210 rn; 157 rn; 126 sh, w :  
90-80 vs. b 

264 rn; 157 s ;  148 rn, b ;  106 s ;  83 s ,  b ;  36 w 

298 w,271 sh ;266  rn;254-251 r n , b ; 2 4 3  rn, 
152-149 s , b ;  112s ,b ;81-77  s , b ; 4 0 w  

370 rn; 302 vw; 269 vw; 194-186 rn, b: 
100-96 S, b 

383 w; 270 w, b ;  203 w, sh ;  162 rn, sh ;  125 rn, b;  
102 s ;  86 w; 73 w, sh ;  55 s ;  38 vs 

3 6 6 r n , b ; 2 7 7  w , b ;  120-100s 

392 s ;  342 s ;  308 m ;  280 vw; 120-106 vs, b 

340 rn, 212 s ,  b;  188-170 m ,  vb;  140 w, sh ;  
116-106s,b; 100-95 s , b ; 7 4 s h  

226 s h ; 2 0 2 s h ;  178-174s,b;  1 4 0 s , b ;  
106 w, sh ;  45 w, b 

185 rn, s h ;  152 m ,  b ;  134 w, sh ;  
102 s ;  74 s ;  44 s;  3 0 s  

391 w; 360 vw; 198 w ;  187 w ;  
163 w, s h ;  150 w ;  115 w, sh ;  
100 w, s h ;  69 vs; 50 rn; 42 rn; 28 s 

350 s ;  240 rn; 220 w ;  187 s ;  168 s ;  
153 rn; 137 sh;  115 s ;  85 rn; 56 w; 
38 s 

271 rn; 260 sh ;  155 w ;  185 vw; 
174vw;  155 w; 125 sh ;  115 w ; 9 0 r n ;  
62 s ;  36 s ;  30 w 

274 m ;  265 sh ;  253 rn; 235 w; 153 w; 
108 s h ; 7 9  m ; 5 5  s h ; 4 4 s  

374 w ;  153 rn; 145 w; 135 sh;  128 sh:  
115 s ;  100 s ;  71 rn; 53 rn; 42 rn 

384-376 rn, vb; 270 vw; 184-176 rn, b ;  
126 rn, sh ;  104-97 s ,  b ;  77 rn, sh 

378 s ;  295-290 rn, b ;  198 rn, b ;  175 w ;  
67 w; 55 rn; 35 s 

400 w; 342 s ;  310 s ;  195 w; 135 rn; 
1 0 2 s h ; 7 9  s h ; 5 6  s h ; 4 3  s 

188 w; 156 rn; 129 w; 100 s ;  78 w; 
71 rn; 53 sh ;  42 s ;  27 s 

188 w ;  156 rn; 129 w; 100 s ;  78 w;  
71 rn; 53 sh ;  42 s ;  27 s 

Of the complexes listed in Table 2, the crystal 
and molecular structure of only Pb(NCS)2- 
2dmso has been determiced (25). Its Pb-N bond 
distances (2.45, 2.42 A) indicate appreciable 
covalent character in a six-coordinate, thio- 
cyanate-bridged polymeric structure. Although 
crystalline Pb(SCN)2 also has bridging thio- 
cyanat: groups, its Pb-N bond distances (2.687, 
2.781 A) suggest the predominance of ionic 
bonding (8). Surprisingly, both compounds have 
essentially the same CN stretching frequencies. 

TABLE 4. Correlation of bonding type with 
thiocyanate frequencies (6) 

v(CN) 4 C S )  G(NCS) 
Bonding type (cm-I) (crn-1) (crn-1 ) 

NCS- 2053 746 486,471 
M-NCS 2100-2050 870-820 485-475 
M-SCN 2130-2085 760-700 470-430 
M-NCS-M 21 65-2065 80Cb750 470-440 

However, they differ appreciably in the fre- 
quencies of their CS stretching vibrations. As 
evident from Table 4, the higher value of 781 
cm-I correlates well with the bridged structure of 
Pb(NCS)2- 2dn1so. 

The other complexes in Table 2 are probably 
also thiocyanate-bridged polyn~eric chains with 
stronger N- than S-bonding and six-coordinate 
lead. The C N  and CS stretching frequencies of 
these conlplexes are consistent with a bridged 
polyn~eric structure, as are their physical proper- 
ties such as insolubility in common solvents and 
failure to  melt sharply. None of the complexes 
have a CS stretching frequency appreciably 
below 750 cm-I which would be indicative of a 
thiocyanate S-bonded structure. The thiocyanate 
deformation frequencies, G(NCS), of most com- 
plexes are not significantly different from those of 
Pb(SCN)2, and the absence of bands below 450 
cnl-I is consistent with the absence of pre- 
dominantly S-bonded thiocyanate. Unfortun- 
ately, overlap of the regions characteristic of 
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thiocyanate bridge bonding and terminal N- 
bonding (Table 4) makes the discrete assignment 
of one structure or the other impossible for our 
complexes on the basis of vibrational data alone. 

In an attempt to explain the coordinating 
properties of the thiocyanate group, Kharitonov 
et al. (9) made a semi-empirical analysis which 
showed that for terminal N-bonded thiocyanate 
groups values of v(C1V) and v(CS) increase 
linearly with the force constant KhlN of the 
M-NCS bond. However, the value of v(CS) 
increases more rapidly than that of v(CN). 
Calculations for the bridged structure revealed 
an increase in v(CN) of about the same magni- 
tude as for the terminal N-bonded case. They 
concluded that other factors needed to be con- 
sidered to explain the large change in v(CN) 
found experi~nentally for bridged transition 
metal thiocyanates. However, calculations were 
done only for strongly bridged structures. 

The lack of change in the v(CN) and v(CS) 
frequencies upon complexation of Pb(SCN)2 may 
be due to the relatively small Pb-NCS force 
constants. While the Pb-N bond in Pb(NCS)2. 
2dmso is shorter and has more covalent character 
than in Pb(SCN)2, it is still longer than the sums 
of the covalent radii of Pb and N (8). The use of 
force constants calculated by Kharitonov et (11. 

(9) allows us to  make the following comparisons. 
Whereas Pb(NCS)2. 2dmso has v(CN) = 205 1 
cm-l and v(CS) = 781 cnl-I, Kharitonov et ul. 
(9) calculated v(CN) = 2057 cn~-~l  and v(CS) = 

778 cm-I for K,,, = 1.0 n~dyn A-I and mass 
200 for the N-bonded thiocyanate. The observa- 
tion of v(CN) = 2058 and 2045cm-I and 
v(CS) = 753 cnl-I in Pb(SCN)2 compares fa- 
vorably with the calculation by Kharitonov et 01. 
(9) of v(CN) = 205 1 cnl-I and o~(CS) = 761 
cnl-I for KhlN = Kshl = 0.5 rndyn A-I and mass 
200. Although frequencies of other complexes 
can be fitted to  the calculated values, it is not 
justifiable to do this in the absence of crystal 
structure data. 

Ligand vibrations nlost diagnostic of coordina- 
tion, listed and assigned in Table 5, agree with 
literature reports for other metal con~plexes. 
Because of the large number of bands and the 
low symmetry of the con~plexes, no attempt is 
made to assign the far infrared and Raman bands 
listed in Table 3. The low symmetry of the 
cornplcxes is clearly evident from their X-ray 

powder diffraction  pattern^,^ each of which 
consisted of sharp and well-defined lines. Com- 
parisons of d-spacings and relative intensities 
confirm that none of the con~plexes are isomor- 
phous. Attempts were made to obtain the single- 
crystal X-ray structure of Pb(NCS)2.2en, but 
because of its slow decon~position in the X-ray 
beam only rotation and Weissenberg photo- 
graphs were taken. These were good enough to 
show that crystals are orthorhoqbic with cell 
dimensions a - b = 14.9 & 0.1 A, and c = 
36.0 0.1 A. Unfortunately the crystals were 
not stable long enough in the X-ray bean1 to 
allow the recording of precession photographs 
and collection of intensity data necessary to solve 
the structure. 

It is now necessary to discuss those of our 
vibrational measurements and assignments which 
differ from previous reports. Tramer (18) ob- 
served two bands at 2042 and 2095 cm-I in the 
infrared spectrunl of crystalline Pb(SCN)2 in a 
KBr disc and he assigned thein to the CN stretch- 
ing vibrations of N-bonded and S-bonded 
thiocyanate, respectively. Our repeated attempts 
with a wide range of concentrations of Pb(SCN)2 
in Nujol mulls failed to reveal bands other than 
those at 2058 and 2045 cm-I in the infrared and 
at 2037 cm-I in the Raman spectrum. Likewise, 
Mokuolu and Speakman (8) did not observe a 
band higher than 2055 cm-I in their infrared 
spectrum of Pb(SCN)2 in KBr disc form. Perhaps 
the 2095 cm-I band reported by Tranler (18) is 
due to exchange of thiocyanate with KBr or to a 
thiocyanate impurity. 

Czakis-Sulikowska and Kusnik (3) assigned 
the strong band at 725 cnl-I in the infrared 
spectrunl of Pb(SCN)2. 4tu to the thiocyanate 
CS stretching vibration. They also proposed that 
thiocyanate was S-bonded in the complex on the 
basis that this frequency occurs in the region 
characteristic of S-bonded thiocyanates (19). We 
believe that this strong band is actually due to 
the CS stretching vibration of coordinated 
thiourea because similar strong bands have been 
observed in the spectra of thiourea con~plexes of 
Sn(I1) (20) and a variety of transition metal ions 

'Tables of (/-spacings and relative intensities may be 
obtained, at  a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada K1A OS2. 



TABLE 5. Ligand coordination frequencies (cm-1) 

Free Free 
Observed ligand Assignment Reference Observed ligand Assignment Reference 

Pb(NCS)z .phen 

1514 
1099 
418 

Pb(NCS)2 .en 

1000,958 

Pb(NCS)2. tmen 

1077, 1042 
1020, 1005 

Pb(NCS)2. 2dmso 

1021 
712 
393 
345 

PY 
1580 
992 
605 
405 

p hen 

1500 
1087 
408 

en 

1 104,980 

tmen 

1104 
1040 

dmso 

1042 
695,666 

382 
333 

Ring stretch 
Ring breathing 
Ring bending 
Ring torsion 

Ring stretch 
Ring vibration 
Ring breathing 

N-C-C-N stretch 

C-N stretch 
C-N stretch 

S=O stretch 
C-S stretch 
C-S sym. def. 
C-S-0 antisym. stretch 

bipy 

1579 
1553 
99 1 

651, 618 
398 

phen 

1500 
1087 
408 

en 

1104,980 

tu 

1412 
732 

dma 

1662 

Ring stretch 
Ring stretch 
Ring breathing 
Ring bending 
Ring torsion 

Ring stretch 
Ring vibration 
Ring breathing 

N-C-C-N stretch 

C=S stretch 
C-S, N-C-N stretch 

G O ,  G N  stretch 
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INFRARED 

FIG. 1. Vibrational bands (cm-1) of Pb(NCS)z.4tu in 
the v(CS) region. (Ligand bands are designated by an 
asterisk.) 

(21). By measuring the infrared spectrum of 
Pb(NCS)2*4tu in a thick Nujol mull, we ob- 
served a weak band at 796 cm-I which we assign 
to  the thiocyanate CS stretching vibration (Fig. 
1). This mode produces bands of medium inten- 
sity at 800 and 760 cm-I in the Raman spectrum. 
These frequencies are in the range usually 
associated with bridged or N-bonded thiocyanate 
complexes (Table 4). The C N  stretching fre- 
quency a t  2064 cm-I is also compatible with 
bridging thiocyanate groups (6), although the 
presence of N-bonded thiocyanate cannot be 
excluded. Thus neither C N  nor CS stretching 
frequencies are consistent with S-bonded thio- 
cyanate or the presence of thiocyanate ions. 

The single-crystal X-ray diffraction photo- 
graphs of Pb(NCS)2.4tu obtained by Boeyens 
and Herbstein (22) proved to be so complicated 
that they have not yet been interpreted. Our own 
measurements reveal that the crystals are tetrag- 
onal, space group P4/tncc or P4gc, cell diinen- 
sionso of a = b = 10.53 + 0.05 A ,  c = 8.03 f 
0.05 A, and the [OOI] rotation photograph of 
the diffuse layer shows diffuse lines corresponfi- 
ing to  an interplanar distance of 12.0 f 0.1 A. 
A Weissenberg photograph of a diffuse layer 
shows a similar tetragonal structure indicating 
the presence of long-range disorder with short- 
range order similar to  that reported for Pb- 
(N03)2*6tu (22). Thus, both diffraction and 

vibrational measurements are not sufficiently 
definitive to show the coordination about Pb(I1). 
Considering that both thiocyanate and thiourea 
frequently behave as bridging ligands, Pb(I1) in 
Pb(NCS)2+4tu probably has a coordination 
number greater than six. High values have been 
reported in such thiourea complexes as: (i) 
PbCl2.2tu in which Pb(1I) is seven-coordinate 
with both thiourea molecules and one chlorine 
atom bridging (23), (ii) Pb(N03)2.6tu and 
Pb(C104)~.6tu which are presumed to  have 
eight-coordinate Pb(I1) (22), and (iii) Pb- 
(HC00)2.2tu.H20 which has three bridging 
sulphur atoms and five oxygen atoms in a dis- 
torted dodecahedra1 arrangement around Pb(1I) 
(24). 

For Pb(SCN)z. bipy, Czakis-Sulikowska and 
Kusnik (3) observed a band at 2080 cm-I which 
they attributed to  the C N  stretching vibration of 
S-bonded thiocyanate because this frequency is 
a t  the lower limit of the range for such bonding 
(19). We observed the CN stretching frequencies 
at 2050 and 2007 cm-I in the infrared, and a t  
2053, 2038, and 2012 cm-I in the Raman spec- 
trum; no higher frequency bands were found. 
The CS stretching frequency, observed by Czakis- 
Sulikowska and Kusnik (3) at 749 cm-I and con- 
firmed by us a t  the same position, is on the 
borderline of the regions associated with bridge- 
bonded and S-bonded thiocyanate (6). The C N  
and CS stretching frequencies taken together, 
like those of Pb(NCS)2.4tu, strongly suggest the 
presence of bridge-bonded and/or N-bonded 
thiocyanate rather than S-bonded tihocyanate. 
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JOSEPH ARMAND and LINE BOULARES. Can. J. Chem. 54, 1197 (1976). 
The electrochemical reduction of 1,3-diketones C6H5-CO-CRIR2-CO-R3 (R1 = H, 

CH3; RZ = CH3, CH2C6H5; R3 = CH3, C6H5) in an hydroorganic medium corresponds to a 
bielectronic process and leads to I,?-cyclopropanediols which, in most cases, are obtained in 
good yields. The polarographic results are presented and the mechanisms are discussed, 

JOSEPH ARMAND et LINE BOULARES. Can. J. Chem. 54, 1197 (1976). 
La r6duction 6lectrochimique des dicetones-1,3, C6H5-CO-CRIR2-CO-R3 (R1 = H, 

CH3; R2 = CH,, CH2C6H5 ; et R3 = CH,, C6H5), dans un milieu hydroorganique correspond k' 
un processus bi6Lectronique et conduit aux cyclopropanediols-l,2 qui sont obtenus dans la 
plupart des cas avec de bons rendements. On prisente les risultats polarographiques et on 
discute des micanismes. 

[Traduit par le journal] 

Introduction 

In a preceeding paper (I), we described the 
polarographic behaviour of 1,3-diphenyl-1,3- 
propanediones with a n  halogeno, acetoxy, or 
amino group on the 2-position. This led us to  
investigate the electrochemical reduction in 
hydroorganic medium of p-diketones such as 
RICOC(R2)(R3)COR4 (R,, R2, R3, R4 = alkyl or 
aryl). 

Polarography and electrolysis of 1,3-diphenyl-1,3- 
propanediones and 1-phenyl-1,3-butanediones 

2,2- Ditnetlzyl-1,3-cIi~~he11yl-l,3-~~ro~~aneclione, 3. 
and 2-Methyl-1,3-cliplzenyl-l,3-l~ropa1ze- 
cliorze, 2 

The electrochemical reduction of 1 has been 
reported in several papers (2-5). In a water- 
ethanol medium the polarograms of 1 show one, 
two, or three waves according to  the p H  (4). The 
first monoelectronic wave corresponds to  the 
dimerization in eq. 1, while the second wave is 

assigned to  the reduction of the dimer 1' into a 
cyclic tetrol, as in eq. 2. In  solution, compound 1 

is in an  enolic form lE (6) and most probably it 
is this enolic species which is reduced at  the 
electrode, as the formation of 1' by preparative 
electrolysis shows that the behaviour of 1 is 
analogous to  that of benzalacetophenone 
C6H~CH=CH-CO-C6H5 (2). 

As unenolizable 1,3-diphenyl-1,3-propanedi- 
ones had never been investigated, we became 
interested in the behaviour of 2,2-dimethyl-1,3- 
diphenyl-l,3-propanediones, 3.1 

In  the p H  range where it is stable ( p H  1-10) 3 
presents a 2e cathodic wave (by reference to 
benzil a t  p H  1); this wave is distorted a t  p H  
higher than 4.5; its E,,, varies with the p H  
as shown in Fig. 1. Electrolysis in dilute solu- 
tions (C = M, CH30H 50%) consumes 
about 2 electrons per molecule a t  p H  3.7 ( E  = 

'In DMSO, it was shown that the electrochemical 
reduction of 3 gives a radical anion which slowly de- 
composes into several products amongst which is isobu- 
tyrophenone (8). 
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FIG. 1. Polarograms of 3, GH5-CO-C(CH3)2-CO-C& ( C H 3 0 H  50:';, C = lo-' M). 

- 1.25 V) as well as at pH  7.15 (E  = - 1.50 V); [41 C ~ H S - C O - C H ( C H I ) - C O - C ~ H ~  + 2e- + 2Hf 

the electrolyzed solutions show a 2e anodic wave 
2 

(Ell, = -0.15 V at pH  7.15). Preparative elec- C6H5 C6Hs 
trolysis carried out with 600 mg of 3 at pH  3.7 . 
gives the cis-3,3-dimethyl-l,2-diphenyl-l,2-cyclo- 
propanediol, 4, in 8OY0 yield. Compound 4 CH3 
shows the same anodic wave which was observed 5 
during the coulometries of 1. This wave tor- l-P/~enyl-l,3-butunedione utld some 2-Subsrirured 
responds to the oxidation of 4 into 3, and the Derivutives 
reduction scheme is shown in eq. 3. 

The polarographic behaviour of 1-phenyl-1,3- 
[31 C ~ H J - C O - C ( C H ~ ) ~ - C O - C ~ H ~  + 2e- + 2 H +  butanedione, 6 ,  has been investigated in a 

3 water-ethanol medium by Zuman and co- 

H:$$ 

6,s workers (7). Between p H  1 and 5, 6 gives a 2e 

(......r. wave il; at pH higher than 5, il decreases at the 
expense of wave i2 with a more negative El!,; 
i2 in its turn is replaced by a more negative 

CH3 
4 

wave i3. The sum of the wave heights il + i2 + i3 
remains close to 2e to pH  10. In the 3-8 p H  

Between pH 1 and 10 a2e wave is seen for 2which range, preparative electrolysis gives the 4- 
is p H  dependent (Fig. 2). Coulometry at pH  3.72 hydroxy-4-phenyl-2-butanone C6H5-CHOH- 
(C = 2 X M, CH30H 50%, E = - 1.25 V) CH2-CO-CH3 7 with a 'good' undetermined 
indicates the consumption of 2e per molecule yield. Compound 7 is obtained as an oil after 
and the resulting solution gives a 2e anodic wave evaporation of the electrolyzed solution, etheral 
(Ell2 = 0.00 V at pH  3.7, Ell, = - 0.27 V at extraction, washing of the etheral solution with 
pH 7.0) (Fig. 3). Preparative electrolysis with 1 g a dilute sodium hydroxide solution, and evapora- 
of 2 at pH3.7 gives 80% of one of the three tion of ether. The purpose of washing of the 
isomers (one of the two meso or the dll) of 113- etheral extracts with sodium hydroxide solutions 
diphenyl-2-methyl-1.2-cyclopropanediol 5. Spec- is to separate 6 from 7. The authors point out 
tral data allow us to assign the structure of that between pH 6 and 9, during the electrolysis 
r-l-methyl-r-2,r-3-diphenyl-c-2,c-3-cyclopropane- of dilute solutions, an anodic wave can be 
diol to 5. Compound 5 shows the same anodic observed (Ell, = -0.15 V at pH6.9, E1/2 = 
wave which was observed in the course of dilute -0.34 V at pH9.3). On the contrary the oil 
electrolysis of 2: this wave is related to the isolated from preparative electrolysis does not 
oxidation of 5 to 2. Thus, the reduction scheme show an anodic wave. The compound responsible 
is as described in eq. 4. for the anodic wave is ignored in the discussion; 
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I FIG. 2. Polarograrns of 2, C6H5-CO-CH(CH,)-CO-C6H5 (CH30H 50%, C = lo-' M). 

the three waves il, i2, and i3 are all assigned to 
the overall reduction scheme in eq. 5. The 

1 [5] C6H5COCH2COCH3 + 2e- + 2H+ + 

I C6H5CHOHCH2COCH3 

reduced species are different for the three waves: 
il corresponds to the reduction of a biprotonated 
form, iZ to that of a monoprotonated form, and 
i3 to the reduction of the neutral n~olecule. 
Without detailing their arguments further, the 
authors state that the diketo form is reduced 
and not the en01 form. The enolic tautomer, 
which accounts for about 40% of the product in 
the medium used, would be transformed into 
diketone as this last species is reduced. This last 
point seems quite plausible because, as we have 

FIG. 3. Electrolysis of C6H5-CO-CH(CH3)--CO- 
I C6H5, 2 (pH = 3.72, 50% CH30H, C = 2 X M ,  
I 

V = 200 ml, E = - 1.25 V) (a) before electrolysis, (6)  at 
the end of the electrolysis. 

already seen in the case of 1, if the enolic form 
was reduced, 6 should behave as benzalaceto- 
phenone C6H5 CH=CHCOCH3. Benzalaceto- 
phenone (2) is known to show a one electron 
wave leading to the reduction into an e-diketone 
(eq. 6). The presence of an anodic wave during 

the electrolysis of dilute solutions of 6 in addi- 
tion to the preceding results ( I )  suggest at least 
a partial yield of a 1,2-cyclopropanediol. There- 
fore the investigation of compounds of the type 
C6H5-CO-C(RI)(R2&CO-CH3 was under- 
taken. 

I-Phenyl-1,3-butarzedione 6 
Electrolysis of dilute solutions of 6 were per- 

formed to measure the height of the anodic wave 
described by ref. 7. These electrolyses were 
carried out under argon: (a) at p H  3.80 (C = 

2 X M, CH30H 20%, E = - 1.25 V), an 
anodic wave is observed at the end of the elec- 
trolysis = -0.10 V) and its height reaches 
about 20% of the initial wave of 6;  (b) at 
pH 7.23 (C  = 2 X lop3 M, CH30H 50%, E = 
- 1.60 V) the anodic wave = - 0.08 V) 
reaches about 30% of the sum of the waves 
il + i2 + i3 of 6; (c) at pH6.58 (C  = 2 X lop3 M, 
CH3OH 20%, E = - 1.60 V) the height of the 
anodic wave (El/, = -0.05 V) is about 50% 
of the total height of waves il + i2 of 6 (Fig. 4). 
The uv spectrum at completion of the electrolysis 
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FIG. 4. Electrolysis of CsHS-CO-CH2-CO-CH3, 
6 ( p H  = 6.58, 20th CH30H, C =  2 X 10-3 M, V = 200 
ml, E = - 1.60 V) (a) before electrolysis, (b) end of the 
electrolysis. 

shows the complete disappearance of the absorp- 
tion of the C6H5CO- and C6H5--C(OH)= 
CH- groups. As in the case of ref. 7, 2e are 
consumed per nlolecule in our electrolysis. The 
results obtained in addition to those discussed 
above suggest a yield of about 50% of 12 -  
cyclopropanediol in dilute solutions at pH  6.58. 
Thus, cyclopropanediol is not isolated from 
preparative electrolysis either because it is oxi- 
dized into 6 and washed away with sodium 
hydroxide or because it is transformed during 
the treatment of the etheral extracts with sodium 
hydroxide and eliminated with the aqueous layer 
(a transformation cyclopropanediol 4 C6H5- 
CHOHCH2COCH3 does not seem very likely). 

l-Phenyl-2-methyl-l,3-butanedione, 8 
Between pH 1 and 8, compound 8, C6H5- 

CO-CH(CH3)-CO-CH3, shows a pH  de- 
pendent 2e wave (C = M, 50y0 CH30H). 

Coulometry at pH7.4 (C = 2 X lop3 M, CH30H 
507'(',, E = - 1.50 V) consumes about 2e per mol 
and at the end, the solution presents an anodic 
wave (El/, = -0.12 V) the height of which is 
about 75y0 of that of the wave of 8. At pH 3.74 
electrolysis in dilute solution (C = 2 X lop3 M, 
CH30H 50y0, E = - 1.30 V) also gives a com- 
pound with an anodic wave. By changing the 
pH  of the electrolyzed solution from 3.74 to 7.4 

an anodic wave is observed (El l2 = -0.12 V); 
its height is about 70% of the height of the wave 
of 8 at pH 7.4. 

I-Phenyl-2,2-dirnethyl-l,3-butatledione, 9 
Between pH 1 and 8 C6H5-CO-C(CH3)2- 

CO-CH3, 9, presents a pH dependent 2e wave 
(C = M, 50% CH30H). Coulometry at 

pH7.95 (C = 2 X lop3 M, CH30H 50%, E = 

- 1.55 V) consumes 2e per In01 and the elec- 
trolyzed solution shows an anodic wave = 

-0.08 V), the height of which is about 65y0 of 
the height of the wave of 9. At pH 3.82 electrolysis 
(C = 2 x lo-3 M, C,H 3 0 H  5070, E = - 1.25 V) 
also gives a compound with an anodic wave: by 
changing the pH to 7.9 an anodic wave with 
El/, = -0.08 V is observed, the height of which 
is about 60% of the height of the wave of 9. 
Preparative electrolysis carried out with 1 g at  
pH3.7 gives SOYO of a 50:50 mixture of the two 
isomers of 1,1,2-trin1ethyl-3-phenyl-2,3-cyclo- 
propanediol, 10 [7]. 

CHI 
I 

[71 C&-CO-C-CO-CHI + 2e- + 2 ~ +  
I 

CHI 

C ~ H S  5H3 

C H ~  
10 

1 - Phenyl-2-benzyl-2-~hyl-1,3-butanedione, 11 
At pH3.7, 9 gives a 2e wave with ElI2 = 

- 1.16 V. Electrolysis in dilute solution at this 
pH (C = 1.5 X lop3 M, CH30H 5070, E = 

- 1.30V) consumes 2e per mol and the resulting 
solution shows an anodic wave (Ell2 = -0.05 V 
at pH7) the height of which is, at pH = 7. 
about 30y0 of the height of the wave of 11. 
Preparative electrolysis carried out at pH 3.7 
with 400 mg of 11 gives an oil. The nmr spectrum 
and the easy oxidation into 11 indicate a mixture 
of the isoluers of 1,3-dimethyl-2-phenyl-3-benzyl- 
1,2-cyclopropanediol 12 [8]. 
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I 
[8] C6H5-CO-C-CO-CH3 + 2e- + 2 ~ '  

[I21 ( - 3 - 7 3  Electrochemical reduction 
I CH3 THF, Ac20,  

C H ~ C ~ H S  0 Nf Bu3EtBF4- 

H 

"f cH2cbH5 c 3  Electrochemical reduction - 
12 THF, A c ~ O ,  NfBu3EtBF4- 

0 
Discussion: Reduction Mechanism 

Besides the 8-diketones already mentioned, 
some cyclic 8-diketones have been investigated 
by electrochemistry. Thus, 2-phenyl-1,3-indane- 
dione is reduced in hydroorganic medium 
according to  ref. 19 as in eq. 9. The scheme shows 

0 
I I r HP 1 

that this compound behaves as an a-diketone 
(reduction into an enediol followed by a re- 
arrangement into an  a-ketol). This is not sur- 
prising as this compound is a vinylogue of 
a-diketone. In alcoholic medium the schemes 
shown in eqs. 10 and 11 were demonstrated (20). 

H,cc*, 

AcO 
H3C CH3 

behaves as an a-ethylenic ketone; the reduction 
is monoelectronic and gives an e-diketone. When 
the diketo form is reduced the reduction pro- 
ceeds, a t  least partially, as a simple ketone; a 
8-ketol (19, 20) and a pinacol (20) can be 
isolated. Our results show that 1,2-cyclopropane- 
diols are obtained in some cases. 

Derivatives 2, 3, 9 and 11 do not give alcohol 
or pinacol; if they had been formed they would 
have been isolated together with the 1,2-cyclo- 
propanediol and detected by nmr. In the case 
of 6, the results of Zuman (7), as well as our 
own, indicate the simultaneous formation of 
1,2-cyclopropanediol and of alcohol. 

In an acidic or a neutral protic medium, the 
overall first step of the reduction mechanism for 
the compounds investigated is shown in eq. 14. 

Two routes are then possible as shown in eqs. 15 
and 16. Reaction 15 could be operative when 
RJ = C6H5 as the group -C-C6H5 is electro- 

I I 
In aprotic medium, the first derivatives of 0 

1,2-cyclopropanediols were obtained by electro- reducible but not in the case when R3 = CH3 as 
chemical reduction (9) as illustrated in eqs. 12 the aliphatic ketones are not electroreducible in 
and 13. In protic medium the results described hydroorganic medium. Reaction 16 seems more 
in the literature show that when the 8-diketone likely as it explains the formation of both the 
is enolizable and when it is reduced as an en01 it alcohol and the 1,2-cyclopropanediol; this last 
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compound would be obtained through a nucleo- 
philic attack of the carbanion on the P-carbonyl 
group. The alcohol-cyclopropanediol ratio de- 
pends on the relative values of reaction rates kl 
and k2 which, in turn, depend on the nature of 
R1, R2, and R3. 

Conclusion 

It is shown that in hydroorganic medium the 
I 

P-diketones such as C~HS-CO-C-CO- show 

a 2e polarographic wave which c&responds to a 
reduction t o  a 1,2-cyclopropanediol. Previous 
t o  this investigation, three 1,2-cyclopropanediols 
had been synthesized: Rausch and Priddy (10) 
had reduced cyclic p-diketones by alkaline metals 
in liquid ammonia; these same authors and,  
simultaneously, Curphey and McCartney (11, 
12) had shown that the 1,2-cyclopropanediols 
were the expected intermediates in the Clem- 
mensen reduction of p-diketones; finally a cyclo- 
propanediol was obtained by reduction of a 
P-diester by sodium in liquid ammonia (13). 

The method used in this paper, the electro- 
chemical reduction in hydroorganic medium, 
yields cyclopropanediols easily and in fair yields. 
Thus, it complements the other methods which 
can be used in a limited number of cases only. 

Experimental 
The techniques and apparatus used have already been 

described (14). All the potentials are given by reference to 
the saturated calomel electrode. 

Preparation of Comporrtzds 2, 3, 7, 8, 9, a t ~ d  11 
C6H5-CO-C(CH3)2-CO-C6H5, 3, is prepared by a 

Friedel-Crafts reaction between the dichloride of 2,2- 
dimethyl malonic acid and benzene according to ref 15; 
(CH3)2C(COC1)2 is obtained by reaction of SOC12 with 
malonic acid according to ref. 16; mp = 96 "C. C17H1602 
nmr (CDCI,): 6 protons, CH3 s at 1.67 ppm; 10 protons, 
C6H5, centered at 7.4 and 7.8 ppm; uv (CH3OH): 248 nm 
( E  18 200), 280 nm (e 2200). 

The preparation of C6H5-CO-CH(CH3)-CO- 
C6H5, 2, and its physicochemical properties have been 
described in a recent paper (1). 

C6HS--CO-CH2-CO-CH3 is an analytical E.G.A. 
product. 

C6HS-CO-CH(CH3)-CO-CH3 is prepared by the 
reaction of the sodium salt of 6 with CH31 according to 
ref. 17; bp 13C-134 "C/11 torr CI IHIZO~ nmr (CDC13): 

I 
(a) diketone: 2.7 protons, CH,-CH-, d at 1.43 ppm; 

I 

0.9 protons, CH3-C-H, q at 4.56 ppm, Jcm;-cH = 7 

I 
Hz; 3 protons, CH3-CO, s at 2.17 ppm; 5 protons, 
C6HS, m centered at 7.7 and 8.1 ppm; (b) en01 : 0.1 
protons, -C=-C-CO, s at 16.63 ppm, disappears on the 

I I 
HO CH, 

addition of DzO; 0.3 protons, -C=C-CO-, s at 1.9 
I I 

ppm. This spectrum shows that the en01 accounts for 
about 10(yo of the product. Ultraviolet (CH30H): 246 nm 
( E  10 800), 285 nm ( E  1700). 

C6HS-CO-C(CH3)2-CO-CH3, 9, is prepared by 
the reaction of the sodium salt of C6HS-CO-CH(CH3) 
-CO-CH3, 8, with CH31 according to ref. 6; bp 
84 "C/2 torr. Cl2Hl4O2 nmr (CDCI3): 6 protons, 
-C(CIf3)2-, sa t  1.47 ppm; 3 protons, -CO-CH3, s at 
2.08 ppm; 5 protons, C6HS m 7.35-7.90 ppm; uv 
(CH30H): 243 nm ( e  9600), 275 nm ( e  1200). 
C6HS-CO-C(CH3XCH2C6H5)-CO-CH,, 11, is pre- 

pared by reaction of the sodium salt of 8 with C6HSCH2Br 
according to ref. 18; mp 105-106°C. ClsHlaOz nmr 
(CDCI,): 3 protons, -CO-C(CH3)-CO, s at 1.37 ppm; 
3 protons, -CO-CH3, s at 2.10 ppm; 2 protons, 
-C(CH2--C6H5)-CO-, d at 3.44 ppm; 10 protons, 
-C6HSr m at 6.85-8.05 ppm. 

Prepararive Elecrrolysis 
Electrolysis of 3, C6HS-CO-C(CH3)2-CO-C6H5: 

250 ml of solution are prepared from 125 ml of methanol, 
75 ml of a 0.5 M solution of citric acid, 30 ml of a 0.5 M 
solution of Na2HP04, and water. 200 ml of thls solution 
and 600 mg of 3 are used to fill the cathodic compartment 
while the remainder is used in the anodic compartment; 
p H  = 3.70, E = -1.25 V .  After consumption of 500 C 
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(2e per rnol corresponds to 460 C), the current drops to 
2 mA and the solution is filtered and poured into 200 ml of 
deoxygenated water. The aqueous solution is extracted 
with 2 X 100 ml of ether; the etheral extracts are dried 
over Na2S04 and evaporated to give an oil which crystal- 
lizes into a white solid, 4 ;  480 mg, SO',& yield, mp 132 "C. 
C17H1802: rnol. wt. 254 by mass spectrometry at  10 eV 
and 235 by cryometry in C6H6; nmr (CDCI]): 3 protons, 
-CH3(a), s at  1.07 ppm; 3 protons, -CH3(h), s at 1.37 
ppm; 2 protons, --OH, s a t  3.27 ppm which disappear on 
the addition of D 2 0 ;  10 protons, -C6H5, s at 7.25 ppm. 
After a few days in the CDCI] solution 4 is reoxidized by 
air into 3. Ultraviolet (CH30H) shoulder around 235 nm 
(e 7000). On the basis of these data the formula illustrated 
is assigned to 4. Indeed, 4 is obtained from 3 by a reduc- 

tion involving 2 electrons per molecule and 4 can be 
entirely reoxidized to 3. The nmr spectrum gives evidence 
of two nonequivalent -CHI groups. The uv spectrum 
shows the disappearance of the C6H5C0 group (absence 
of a strong band at 250 nm) and the absence of conjuga- 
tion with -C6H5. This assignment also relies on the 
results published by Reusch and Priddy (10): by reduction 
(Li + NH]) of a cyclic B-diketone they isolated a 1,2- 
cyclopropanediol which is easily reoxidized into a 0- 
diketone. The compound which is obtained is the pure cis 
derivative, as in nmr the methyl groups give two singlets 
of three protons each. 

Electrolysis of 2, C6H5-CO-CH(CH3)-CO-C6H5 
A solution is prepared as in the case of 3. Compound 

2 ( 1  g) is reduced in 200 rnl of this solution; pH = 3.70 at 
E = -1.25 V. After consumption of 750 C (2e per rnol 
correspond to 800 C) the current decreases to 1 m4 .  The 
solution is worked up as in the case of 3 to give a white 
solid which is dried over P2O5 and washed with de- 
oxygenated CCI,. A yield of 800 mg of 5 is obtained 
(80%); mp 122 "C (dec.). C16H1602 mol. wt. 240 by mass 
spectrometry at  10 eV and 220 by cryometry in benzene; 
imr ( cDc~~) :  3 protons, -CH-CH], d -at 1.26 ppm; 
1 proton, -CH-CHI, q at  2.03 pprn, Jc.11-(.211 = 6.5 
Hz; 2 protons, -OH, s at  3.17 pprn which disappears on 
the addition of D 2 0 ;  10 protons, -C6H5, s at  7.1 pprn; 
uv (CH3OH): shoulder around 230 nm (E  8000). These 
results agree with the formula of one of the three isomers 
of 1,2-diphenyl-3-metl~yl-1,2-cyclopropanediol; its physi- 
cochemical properties are similar to those of 4. Only one 
of the three possible isomers is obtained (one of the two 
meso or the d,l) as a single quadruplet is observed for 
CH-CH3 and a single doublet for the methyl. In fact, 
this isomer is one of the two tneso isomers as these signals 
are not split when the nmr spectrum is recorded in the 
presence of the chiral complex tris[(2,2,2-trifluoro-1- 
hydroxyetIlylidene)3-(1-camphorato]europium. The chem- 
ical shift of the methyl group (6 = 1.26 ppm) is lower 
(A6 = -0.1 l ppm) than the chemical shift of -CH3(b) 
of 4 and higher (A6 = +0.19 pprn) than the chemical 
shift of -CH3(a) of 4. Moreover, the substitution of 

methyl by H in the I,]-dimethylcyclopropane (22) leads 
to a decrease of the chemical shift (A6 = -0.09 ppm) of 
the remaining methyl: 6cHl(CDCIl) = 1.04 ppm for the 
l,l-dirnethylcyclopropane and 60,1(CDC1~) = 0.95 pprn 
for the methylcyclopropane prepared according to ref. 
21. These results lead to the conclusion that the methyl of 
5 has the same position as the CHl(h) of 4 ;  thus 5 is the 
r- l-methyl-t-2,t-3-dipI~e1~yI-c-2,c-3-cyc1opropa1~ediol. 

Electrolysis of C6H5-CO-C(CHl)z-CO-CH3, 9 
Compound 9 (1 g) is dissolved in 200 ml of a solution 

prepared as in the case of 3;  pH = 3.74, E = - 1.25 V. 
After 950 C (i = 1 mA) (2e per rnol corresponds to 1065 
C) the solution is worked up as described before to give 
an oil (500 mg, yield 50cj{)), the properties of which are 
in agreement with those of a mixture of the two isomers 
of 2,3,3-trimethyl- I-phenyl- l,2-cyclopropanediol (cis and 
tratls diols). The nmr spectrum (CDCI,): 3 protons, 
-CH3(u), s at 0.93 ppm, -CH3(b), (s) at 1.00 pprn; 3 
protons, -CH3(c,rf), s at  1.23 ppm; 3 protons, -CH3(e), 
s at 1.33 ppm and -CH,(f), s at 1.55 ppm; 5 protons, 

CHI 
( c . 4  

-C6H5, s at  7.20 and 7.28 ppm. The cl~loroformic solu- 
tion is entirely reoxidized by air after three days to give 9. 

Electrolysis of C6HS-CO-C(CHl)(CH2C6H5)-CO- 
CHI, I 1  

Compound 11 (420 mg) is electrolyzed in 200 ml of the 
usual solution; p H  = 3.70, E = - 1.30 V. After 290 C 
(i = I mA) (2e per rnol corresponds to 310 C )  the solution 
is worked up as usual to glve 200 mg (48% yield) of an oil, 
the properties of which show that it is a mixture of the 
four pairs of stereoisomers of 1-methyl-2-phenyl-3-benzyl- 
3-methyl-l,2-cyclopropanediol. The nmr spectrum 
(CDCI,): 6 protoils, -CH3, 8 s at  0.73, 0.80, 1.17, 1.23, 
1.43, 1.53, 1.63, and 1.73 ppm; 4 protons, -CHI and 
-OH, multiplets between 2.6 and 3.2 pprn; 10 protons, 
-C6H5, m 7.0-7.8 ppm. The chloroform solution of the 
cyclopropa~lediols is reoxidized by air into 11 in 4 days. 
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AHMAD S. SHAWALI and BAHGAT E. EL-ANADOULI. Can. J.  Chem, 54, 1205 (1976). 
Polarographic reduction of two series of benzoylacetanilides has been investigated in 40', . 

(by volume) ethanolic Britton-Robinson buffers. One series (A) contains substituents on the 
anilide moiety, and the second (B) has substituents on both the anilide and benzoyl moieties. 
Polarographic controlled-potential electrolysis data indicate that the electroactive species in 
both series is the protonated form (ArCOCH2CONHAr')H+. The reduction half-wave poten- 
tials of anilides of series A were found to be independent of the nature of the substituent, 
whereas-those of series B show a good linear relationship when plotted vs. the u substituent 
constant of the substituent on the benzoyl moiety ( P  = 0.284, r. = 0.995). Values of the acid 
dissociation constants of the keto (K1) and en01 (K2) tautomers of the anilides of series A were 
calculated; unlike their El/ ,  values, the pKI data show a linear correlation with the Hammett 
substituent constant, 0. The pK2 values show, however, little variation with U. 

AHMAD S. SHAWALI et BAHGAT E. EL-ANAUOULI. Can. J. Chem. 54, 1205 (1976). 
On a CtudiC, dans des tampons Britton-Robinson 40"; (par volume) d'ethanol, la reduction 

polarographique de deux series de benzoylacCtanilide. Une serie (A) contient des substituants 
sur la portion anilide et l'autre (B) a des substituants a la fois sur les portions anilide et benzoyle. 
Les donnies Clectrolytiq~~es, obtenues par polarographie a potentiel contrble, indiquent que 
I'espece Clectroactive dans chaque sCrie est la forrne protonee (ArCOCH2CONHAr')Hf. Les 
potentiels de reduction de demi-vague des anilides de la sCrie A sont independants de la nature 
du substituant alors que ceux de la skrie B montrent une bonne relation linkire avec la con- 
stante u du substituant de la portion ~ L I  benzoyle ( P  = 0.284; r = 0.995). On a calcule les 
valeurs pour les constantes de dissociation acide des tautomkres ceto (K,) et Cnol (K2) des 
anilides de la serie A; par opposition avec leurs valeurs El/,, les donnCes de pKl montrent une 
bonne correlation lineaire avec la constante de Hammett u du substituant. Les valeurs de pK2 
montrent toutefois trks peu de variation avec a. 

[Traduit par le journal] 

Introduction 

Benzoylacetanilides (1) are important inter- 
mediates in the color photographic process (I). 
Though their chemistry has been extensively 
studied (3, their polarographic reduction has 
received no attention. The mechanism of the 
electrochemical reduction of the related ester, 
namely ethyl benzoylacetate, has recently been 
reported (3), and the elucidation of the structure- 
reactivity-potential relationship in a series of 
substituted ethyl benzoylacetates is well sum- 
marized in a recent publication (4). In the present 
coinrnunication we report the polarographic and 
spectrophotornetric properties of two series of 

'Author to whom all inquiries should be addressed. 

substituted benzoylacetanilides. In one series ( A )  
the substituents are placed on the anilide ring, 
and the second series (B) contains substituents on 
both the anilide and benzoyl moieties. Our goal 
was on one hand to  investigate the scheme of the 

XC6H4COCH2CONHC6H4Y 

1 

polarographic reduction of such a class of com- 
pounds, and on the other hand to  examine the 
susceptibility of the electrode process to  substit- 
uent effects. It was also of interest to  isolate the 
acid dissociation constants of the keto (K,) and 
en01 (K2) tautolners of benzoylacetanilides (eqs. 
1 and 2 respectively) and t o  follow the substituent 
effects on such equilibria. 
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O-H 0 0- 0 
I II Kz 1 II 

ArC=CH-C-NHAr' + Ar-C=CH-C-NHAr' + Ht 

Results and Discussion 
Polarographic current-potential curves, ob- 

tained with a dropping mercury electrode, dme, 
for each anilide show one cathodic wave, whose 
height decreases as the p H  increases (Fig. 1). The 
plot of wave il against p H  has the shape of a dis- 
sociation curve (Fig. 2). The polarographic dis- 
sociation constants, pK', computed from the 
current-pH data are given in Table 1. Within 
the p H  range 3-10, the wave il was proportional 
to the square root of the height of the mercury 
column, h, and at  p H  > 10 it became independ- 
ent of h. Furthermore. the wave i~ was found to  
be directly proportional to  the anilide concentra- 
tion. 

The polarographic half-wave potentials of all 
benzoylacetanilides investigated in this study are 
shifted by about 60 mV/pH towards more 
negative values. The linear Ell2 VS. p H  plots, Fig. 

3, were practically parallel, showing that the 
value of an remains approximately constant 
within the reaction series. Logarithmic analysis 
of potential vs. current data (Fig. 4) also sub- 
stantiates the consistency of an within the series 
(5). 

The controlled-potential electrolysis of the 
parent benzoylacetanilide (1, X = Y = H) at  
p H  6.5 shows a linear plot of log i vs. time, t. 
From this plot, a value of two was obtained for 
the number of electrons transferred in the 
electrode process given by wave il. The product 
obtained from a large scale electrolysis of this 
parent anilide was identified as 3-hydroxy-3- 
phenylpropionanilide. 

The polarographic results described above, in 
particular the change of wave height and half- 
wave potential with pH, indicate that the electro- 
chemical reaction is first order with respect to  

L I 
a 
0 

t l l l l l ' * . L I I ~ ~ I I t I I ~ 1 1 1 1 1  

1 L 
lz 
9 B -0.1 VOLT vs SCE 

FIG. 1. Polarographic curves of p-anisoylacet-p-bromoanilide ( A )  and benzoylacet-p-toluidide ( B )  
at different pH's. 
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SHAWALI AND EL-ANADOULI 1207 

FIG. 2. Dependence of the polarographic limiting cur- 
rent (il) of benzoylacet-p-brornoanilide and p-anisoylacet- 
ptoluidide on pH. 0 C6H5COCH2CONHC6H4Br-p, 

p-MeOC6H4COCH2CONHC6H4Me-p. 

FIG. 3. Dependence of the half-wave potentials (El/,) protons, and it can be eqs. 3-5. of a,i~o~lac~t-~-brornoanilide and benzoylacet-pchloro- 

k 
anilide on pH. 0 C6H5COCH2CONHC6H4CI-p, p- 

[3] ArCOCH2CONHAr1 H+ MeOC6H4COCH2CONHC6H4Br-p. 
K D  

The reduction wave corresponds to  the reduction 
(ArCOCH2CONHAr1)H+ Kt = $ of the monoprotonated form of the keto anilide. 

"P 

[4] (ArCOCH2CONHAr')HC + 2e- -t 
Because thi protonation a t  the electroactive 
group or another centre in the n~olecule affects 

A ~ ~ H ~ H ~ ~ ~ N H A ~ '  the wave height and half-wave potential in a 
[5] A ~ ~ H C H ~ C O N H A ~ '  + H+ ;' similar way, polarography does not enable one to 

ArCHOHCH2CONHArt distinguish between the various sites of protona- 

TABLE 1. Typical polarographic data and the polarographic dissociation constants, pK'. 
of aroylacetarylarnides, XC6H4COCH2CONHCsH4Y 

pH 5.70 pH 7.70 pH 9.60 

x Y EI/z(v) il(rA) El /2(v) il(rA) El /z(v) il(rA) PK' 
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- > - 
0 9.9 - - 1.4 

1.5 - 
w > 

pK1 

9.7- - 1/2 '"A 9 5 -  - 1.2 

12 I 

-0.8 0.0 + 0.8 

log(+) at pH 7.7 9.3. 1 , I I I 1.0 

-0.3 0.0 +0.3 FIG. 4. Logarithmic analysis for some aroylacetaryl- a- 
amides at pH 7.70. @ CsH5COCH2CONHC6H4Br-p, C6H5CoCH,CoNHC6H40CH,-p, p-CH30C6H4- FIG. 5. Dependence of the acid dissociation constant 

COCH2CONHC6H4Br-p, 0 p-CH30C6H4C~CH2CON- (PKI), and half-wave potentials (E,/2 at ~ H 7 . 7 0 )  on the 

HC6H4CH-p. Harnrnett substituent constant o. 0 pK1 values, @ El/, 
(VS. sce). 

tion. However, the variation of the pK' value 
with substituent (Table 1) appears to indicate 
that the monoprotonated anilide nlolecule 
probably bears the proton on the more basic 
amide group. This might also account for the 
finding that the pK' value (9.40) found for 
benzoylacetanilide in this study is larger than 
that reported for the monoprotonated forms of 
benzoylacetone (pK1 = 8.45) and ethyl ben- 
zoylacetate (pK' = 6.55) (3). The half-wave 
potential of the wave is shifted towards more 
negative potentials with increasing pH, because 
the reestablishment of equilibrium 3 precedes the 
two electron uptake [4]. At p H  > 6 the rate of 
protonation with the rate constant k,, is no 
longer sufficient to  transform all the unproton- 
ated keto anilide into the lnonoprotonated form. 
This leads to a sharp decrease in il at high pH as 
in Fig. 2. The decrease of wave il with pK' 9.30- 
10.20 (Table 1) corresponds to the decrease of 
the rate of the process 3 at the electrode surface. 
Because the thermodynamic pK of equilibrium 3 
can be expected to  be equal to zero or negative, 
it can be deduced that process 3 which governs 
the height of wave iI is a surface reaction rather 
than a volunle reaction (3). It is assumed that the 
en01 form of each anilide does not participate in 
the electrode process. This presumption is valid 
as the reduction potential of styrene derivatives 
is too negative to show a distinct wave in the 
accessible potential range. However, this does 

not exclude the involvement of the equilibria in 
eqs. 1 and 2. Such equilibria exist as conlpetitive 
equilibria in the bulk. Independence of limiting 
current at pH  > 10 indicates that the wave il 
becomes kinetically controlled by the rate of 
process 3. This observation does not meall that 
at p H  < 10 the current is proportional to the 
concentration of the keto form in the bulk, only 
that the rate of protonation of the keto form is 
faster than that of the transport (diffusion). 

The half-wave potentials for the anilides of 
series A do not show any noticeable change with 
substituent (Table 1). This finding is not unex- 
pected in view of the insulation of electronic 
effects by the -CH2CONH- grouping. The 
half-wave potentials of the anilides of series B 
are a linear function of the Hanllnett substituent 
constant, U ?  of the group on the benzoyl moiety 
(Fig. 5). The equation of the regression line 
obtained is 

This result implies that the electrode process is 
susceptible only to the electronic effects of sub- 
stituents on the benzoyl moiety of the molecule. 
The p value of 0.283 obtained for series B is of the 
same order of magnitude as that predicted (p = 
0.30) from the p-E relationship for a systein 
where the unsubstituted co~npound is reduced 
at - 1.32 V (5). 
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SHAWALI AND EL-ANADOULI 1209 

TABLE 2. Separation of dlssoclation constants of the keto (K1) and en01 (K2) forms of 
benzoylacetarylamides, C6H5COCH2CONHC6H4Y 

Y CT PK* PKT P KI PKZ 

p-Me0 -0.27 10.04 0.896 9.95 9.09 
p-Me -0.17 9.84 0.721 9.76 9.04 
m-Me -0.07 9.74 0.606 9.69 9.06 
H 0.00 9.66 0.590 9.56 8.97 
p-CI $0.23 9.56 0.509 9.44 8.93 
p-Br +0.23 9.53 0.553 9.42 8.87 

Values of the acid dissociation equilibria (Kl 
and K2) of the keto and en01 tautomers of 
benzoylacetanilides (eqs. 1 and 2 respectively) 
are not directly accessible to  measurement. They 
can be calculated, however, from the overall acid 
dissociation constant, K*, and the tautomeric 
equilibrium constant, KT, defined by eqs. 6 and 
7, respectively. 

[carbanion-enolate][H+] 
[6] K* = 

[keto form][enol form] 

[enol form] 
K -  

T - [keto form] 

acting as the 0-acid is stronger than the C-acid 
of the keto form, in agreement with existing 
views on acid strength. 

A comparison of the numerical values for the 
acidity constants pK* and pKl in Table 2 and the 
polarographic constants, pKf, in Table 1 shows 
that they are similar. It should be indicated that 
in spite of the similarity of the numerical values 
of pKl and pKf, these values have nothing in 
common since they correspond to  different pro- 
cesses (eqs. 1 and 3 respectively). This is further 
indicated by the kinetic character of the wave il 
at p H  > 10. Were the dissociation equilibrium 

The values of K* and KT constants are related to  1 the process governing the height of wave il, the 

the dissociation constants Kl and K2 by the current would be diffusion controlled, and not 

equations kinetically controlled as observed. The similarity 
of the values of pK* and pKl is probably due to 

[81 K* = Kl K2 - Kl -- the small values of KT. In aqueous ethanol the 
K1 + K2 1 + KT keto form predominates so that [enol] << [keto], 

Because of the kinetic character of the wave 
I pointed out above, it is not possible to use the 

polarographic constants, pKf, so obtained, for 
calculation of the equilibrium constants Kl and 
Kz. Accordingly, to calculate the latter constants, 
the overall acid dissociation constants, K*, of 
the keto anilides studied were determined spec- 
trophotometrically, and their previously reported 
KT constants (2c) were used. 

At p H  > 8 solutions of each anilide containing 
60 vol% ethanol give an intense absorption peak 
at 250-280 nm. With increasing pH, the height 
of this peak decreases and simultaneously 
another peak at 305-360 nm increases. Values of 
pK* calculated from the pH-absorbance data 
obtained are given in Table 2. From these pK* 
values and the corresponding pKT values, the 
equilibrium constants pKl and pK2 were evalu- 
ated. The results of the computation are given in 
Table 2. The data indicate that the en01 form 

then, accoFding to eq. 8, the measured value of 
pK* would be close to pK1. 

Like their, half-wave potentials, the pK2 con- 
stants of anilides of series Bexhibit no noticeable 
change with substituents (Table 2). This insensi- 
tivity of the en01 tautomer of such series might 
be due to the weak transmission of electronic 
effects through the -CH=CHCONH- bridge. 
In contrast to  pK2, the pKl equilibrium data 
show a reasonable correlation ( r  = 0.946) with 
the substituent constant u (Fig. 5). The equation 
that fits the data best is pK, = 9.63 - 1.008~.  

Experimental 
Aroylacetarylarnides, 1, were synthesized by the method 

described for benzoylacetanilide employing the appropri- 
ately substituted amine (6). The anilides were crystallized 
to constant melting point and were then dried in vacuo. 
Stock solutions (10-3 M) were prepared in EtOH. The 
Britton-Robinson buffers were prepared as previously 
described (10). All chemicals used were of AnalaR grade. 
Infrared spectra were determined on a Unicam SPlOOO 
spectrophotometer employing KBr discs. Solution elec- 
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tronic spectra were recorded on a Unicam SP8000 
spectrophotometer. The polarograms were recorded 
using a pen-recording polarograph LP 60 (Laboratorni 
Pristorje, Prague). A digital Radiometer pH meter, type 
63, equipped with a combined glass electrode type 
GK2311C was used for measuring the pH. The p H  read- 
ings were calibrated before and checked after each 
measurement using standard Radiometer aqueous buffers 
of pH's 4.01 i 0.01 and 7.00 + 0.01. 

Polarogr.apl~)~ 
Polarographic i vs. E curves were recorded in solutions 

placed in a cell in which is immersed a calomel electrode 
of surface area 12.5 cm2 and a dropping mercury elec- 
trode with r = 3.7 s and m = 1.8 mg/s at a mercury 
head of 59 cm and 0.00 V. The junction between the two 
half cells is accomplished through a sintered glass disc 
of porosity G4 sealed into the wall of the polarographic 
cell. 

solvent was evaporated under reduced pressure, and the 
residue left was extracted three times with ether. The 
combined ether extracts were washed with dilute aqueous 
NaOH solution, dried over magnesium sulfate, filtered, 
and the ether was finally removed. The white solid left 
was collected and its mp and spectra were measured. 
The product obtained from controlled-potential elec- 
trolysis of the parent anilide proved to be 3-hydroxy-3- 
phenylpropionanilide, mp 160 "C (mmp 16&162 "C) 
(8); v (KBr) 3500-3300 (OH), 1680 (anilide C0)cm-1; 
A,,, (EtOH) (log e) 244 (5.034), 210 (4.927) nm. 

Specrropl~o/omr/ric Acid Dissociutio~~ Co~ls /a~~rs ,  K* 
These were determined by recording the spectra of 

solutions of keto anilides (10-5-10-4 M) in 4054 (v/v) 
aqueous ethanolic buffers ( p  = 0.1). The experimental 
procedure and calculations are the same as previously 
reported (20, (1). 

Ethanolic buffer solution (15 ml, 34% (v/v)) containing Ackriowledgments 
0.3 ml gelatin solution (0.5%) were transferred into the 
cell and deaerated bv a stream of nitroeen for 2 min. We wish to thank Prof. P. Zunlan for his 
then 1.5 ml of the h i d e  stock solutiol were added: interest and h e l ~ f u l  comments. The authors also 
After deaeration for a further 45 the ~ o l a r o g r a ~ h i c  express their tha'nks to a referee for many helpful 
curve was recorded, and then the apparent p H  of the test 
solution was measured. ,411 buffer solutions were checked i n  the preparation of the form of 
for impurities. this paper. 

Cor~rrolled-porerrrial Electrolysis 
The determination of the number of electrons trans- 

ferred in the electrode process was carried out coulometri- 
cally following the method of Lingane (7) and using a 
cell similar to that described by Manousek and Zuman 
(9). In each run, 344; ethanolic buffer solution (31.5 ml) 
was stirred with a stream of hydrogen for 30 min, the 
emf was adjusted to a value of0.3 V more than E , / 2  of the 
anilide used, and electrolysis was continued for 30 min. 
Then the emf was readjusted to a value of 0.1 V more than 
E l l z  of the anilide and 3.5 ml of anilide stock solution 
were added and electrolysis was continued while a stream 
of hydrogen was passed through. The changes of the 
limiting current with time were determined by recording 
the polarogram at selected intervals during a period of 
2 h. The number of electrons ( t r )  transferred was calcu- 
lated using eq. 10, 

[lo] n = i0/2.3CFv(d log i/d/) 

I. C. E. K. MEES. The theory of the photographic 
process. Macmillan, New York. 1969. 

2. ( ( I )  P. VAN BRANDT, E. DE HOFFMANN, and A. BRUY- 
LANTS. Bull. SOC. Chim. Biol. Belg. 73, 783 (1962); 
(b) A. S. SHAWALI, M. M. NAOUM, and S. A. IBRAHIM. 
Bull. Chem. Soc. Jpn. 45, 2504 (1972); (c) A. S. 
SHAWALI and B. A. AKRAWI. Indian J. Chern. 12, 
1074 (1974); ((1) E. PELIZZETTI and C. VERDI. J. Chem. 
Soc. Perkin Trans. 11, 808 (1973); (e) A. SYAMAL. 
Z. NATURFORSCHE. Teil B, 26, 320 (1971). 

3. G .  NISLI, D. BARNES, and P. ZUMAN. J. Chem. Soc. B, 
764, (1970); 778 (1970). 

4. S. SINGER and P. ZUMAN. J. Org. Chem. 39,836 (1974). 
5. P. ZUMAN. Substituent effects in organic polarography. 

Plenum Press, New York. 1967. 
6. C. J. KIBLER and A. WEISSENBEIIGER. Organic syn- 

thesis. Coll. Vol. 3, 108 (1955). 
7, J. J. LINGANE. J. Am. Chem. Soc. 67, 1916 (1945); 

G.  A. GILBERT and A. K. RIDEAL. Trans. Faraday 
where io is the current at r = 0, when C = Co, v is the Sot. 47, 396 (195l). 
volume in litres of the solution, and (d log ildr) the slope 8. C. R. HAUSER. Chem. Ind. (London), 43, 1789 (1965). 
of the plot of log i vs. r .  9. 0. MANOUSEK and P. ZUMAN. Collect. Czech. Chem. 

Con~rnun. 29, 17 (1964). 
Preparative Elecrrolysis 10. H. T. S. BRITTON. Hydrogen ions. Vol. 1 ,  4th ed. 

The reaction mixtures obtained from five controlled- Chapman and Hall. 1955. p. 365; H. T. S. BRITTON. 
potential electrolysis experiments were combined, the J. Chem. Soc. 458, 1456 (1931). 
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13C nuclear magnetic resonance studies. 55.' A comparison of the 
stereochemical dependence of y - and 5-substituent effects on 

1 3 4 :  shieldings in several norbornanols and norbornenols 

J. B. STOTHERS, C. T. TAN, AND K. C. TEO 
Deprzrrttletrr (,f Clretttistty, Utriversily of Wesrert~ Otrtario, Lotrchtr. Otl!czrio N 6 A  5R7 

Received October 9, 1975 

J. B. STOTHERS, C. T. TAN, and K. C. TEO. Can. J. Chem. 54, 1211 (1976). 
The I3C nmr spectra of a series of 50 methyl s~~bsti tuted norbornanols have been determined 

to gain further insight into the nature of stereochemical effects on the shieldings of carbons 
having closely neighboring substituents. The relatively rigid norbornyl skeleton permits ex- 
amination of a variety of orientations of substituents separated by three and four bonds, the 
y and 6 interactions, respectively. While methyl carbons close to y substituents exhibit upfield 
shifts, as is well established, methyl carbons close to 6 substituents are significantly deshielded. 
Even more striking shifts are found for the carbons bearing these closely lying groups. The 
penultimate carbons in a fragment having a 8 interaction between terminal groups show 
deviations of up to  +11 pprn from the shieldings predicted by simple additivity. For fragments 
having a corresponding y interaction, the penultimate carbons absorb as much as - 10 pprn 
from the values expected by additivity. These deviations have considerable potential for 
stereochemical assignments and offer a challenge for theoretical interpretation. 

Some norbornenols and the acetates of several of the norbornanols were also included in 
this series and the latter shieldings are compared briefly with those observed for the parent 
alcohols. 

J. B. STOTHERS, C. T. TAN et K.  C. TEO. Can. J. Chem. 54, 1211 (1976). 
On a determine les spectres rmn du IIC d'une sCrie de 50 norbornanols substituis par des 

mithyles afin d'obtenir une meilleure comprthension de la nature des effets sttrCochimiques sur 
les blindages de carbones possidant des substituants dans les positions adjacentes. Le squelette 
relativement rigide du norbornyle permet d'examiner une variCtC d'orientations des substituants 
sCparCs par trois et quatre liens, i savoir les interactions y et 6. Alors que les carbones des 
mCthyles pres des substitilants y prCsentent des diplacements vers les hauts champs, comme il 
a kt6 bien Ctabli, les carbones des methyles prks des substituants 6 sont dCblindCs d'une f a ~ o n  
trks significative. On trouve des deplacements encore plus frappants pour les carbones portant 
ces groupes installCs trts prts. Les avant-dernier carbones dans Lin fragment ayant une inter- 
action 6 entre les groupes terminaux montrent des deviations allant jusqu'i +11 pprn par 
rapport au blindage que I'on peut predire par additivite simple. Pour les fragments possidant 
une interaction y correspondante, les avant-dernier carbones absorbent a des valeurs aussi 
grande que - 10 pprn par rapport aux valeurs attendues par I'additivitC. Ces dCviations pos- 
skdent un potentiel considerable pour ['attribution des stCrCochimies et offrent un dCf pour des 
interpretations thkoriques. 

On a aussi inclus quelques norbornenols et des acetates de plusieurs norbornanols dans cette 
strie et on compare brikvement les blindages de ces derniers avec ceux obtenus avec les alcools 
correspondants. 

[Traduit par le journal] 

Introduction 

It is well established that 13C shieldings are 
markedly sensitive t o  molecular geometry and 
this feature renders 13C nmr to  be a valuable aid 
for stereochemical assignments (1). Probably the 
most widely recognized aspect is the variation of 
the shieldings for carbons vicinal t o  other car- 
bons or substituents as a function of the dihedral 

'For part 54 see ref. 15; part 53 see ref. 24; part 52 see 
ref. 25. 

angle relating the two groups. In a wide variety 
of systems it is found that a carbon involved in 
a guriche or eclipsed 1,6nonbonded interaction 
is more strongly shielded than its counterpart in 
an anti orientation. Also, the carbons bearing 
the gauche or eclipsed groups are shielded rela- 
tive to their absorption positions for the anti 
arrangement. In other words, all carbons in the 
fragment involved in the gauche interaction are 
shielded relative to  the corresponding carbons in 
a fragment lacking the close approach of the 
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terminal groups, although certain anti hetero- 
atoms tend to shield the 7-carbon (2). These are 
the -y effects and it may be noted that the shield- 
ing tendencies are larger for sp3 than for sp2 
carbons. More recently, significant deshielding 
trends have been found for carbons with closely 
neighboring 6 substituents, i.e. separated by 
four bonds, typical of which are syn-axial groups 
(3); the other orientations for groups separated 
by four bonds appear to lead to weak shielding 
effects. 

Substituted bicyclic systems such as the 
norbornanes, are very useful models to investi- 
gate the shielding variations produced by these 
steric interactions of substituents since the rela- 
tively rigid skeleton holds the groups in fairly 
well defined positions and a variety of orienta- 
tions can be studied for groups separated by 
three and four bonds. Consequently, several 
extensive 13C studies of norbornyl systems have 
been reported (4, 5), with attention mainly 
directed toward the effects of substituents on the 
skeletal carbon shieldings of monosubstituted 
derivatives. Recently we examined a series of 
methyl substituted norcamphors focussing our 
attention on the methyl and carbonyl shieldings 
as a function of their relative orientations (5). 
These compounds readily provided a series of 
methylnorbornanols with which the interactions 
of hydroxyl and methyl groups can be investi- 
gated and we wish to present these results in this 
paper. From these data it is apparent that shifts 
of as much as 1C11 ppm occur for the carbons 
bearing the sterically crowded 7 and 6 nuclei 
upon comparison of the observed shieldings with 
those predicted on the basis of simple additivity 
of substituent effects. If the -y and 6 nuclei are 
well separated, however, the observed shieldings 
agree well with the predicted values. In the 
sterically crowded cases, the deviations from 
predictions are in opposite directions for the 
two types of interaction, upfield for -y nuclei and 
downfield for 6 nuclei. For the latter the shifts 
are much larger than those found for the terminal 
carbons and have potential for stereochemical 
elucidations. Some of the compounds included 
in this series have been reported previously (4); 
these were reexamined to obtain data for the 
entire series under closely similar conditions, 
namely, 1C20% solutions in deuteriochloro- 
form, for internal consistency. 

Results 
The 13C shielding of the norbornan-2-01s 

(1, 2) and several monomethyl derivatives 3-20 
examined in this study are listed in Table 1. 
Some of these compounds had been examined 
previously (4a, b, d) and, in general, there is 
reasonable agreement between the different sets 
of data in view of the different solvents and 
referencing methods used. The data reported 
relative to CS2 (4a) were converted to the TMS 
scale with the factor 192.8 ppm. The present 
results tend toward higher field by 0.2-1.1 ppm, 
except for the carbinyl carbon shieldings which 
are 0.C0.5 ppm less shielded, indicating the 
presence of small, but significant solvent effects. 
Our assignments concur generally with the 
earlier ones with the exception of C-3 and C-7 
for enclo-2-norbornanol(2) which Lippmaa el rrl. 
(4d) reversed from those of Roberts and co- 
workers (4a); the latter assignment was con- 
firmed by deuterium exchange at the a-position 
of norcamphor before reduction to 2. For exo-3- 
methyl-exo-2-norbornanol(7) we find the methyl 
absorption at 13.4 ppn~,  or 6.5 ppm upfield from 
the value reported by Roberts' group (4a). 
However, in their study the 3-methyl-2-nor- 
bornanols 5-8 were examined as mixtures while 
in the present case each of the four isomers was 
exanlined individually, permitting unequivocal 
identification of the methyl signals. 

From the shieldings of the 2-methyl (5), 1- and 
7-methyl (4a), and 2-hydroxyl derivatives of 
norbornane relative to those for norbornane, 
substituent effects at the various skeletal carbons 
can be obtained as listed in Table 2. For the 
1- and 7-methyl derivatives, the norbornane data 
obtained in the same study (4a) were used. Also, 
inspection of the entire set of data indicated that 
the C-5 and C-6 assignments for exo-2-methyl- 
norbornane and those for C-3 and C-7 in endo- 
2-methylnorbornane should be reversed from 
our earlier assignments (5). With these substit- 
uent effects, one can predict the shieldings for the 
array of methylnorbornanols 3-20 for compari- 
son with those observed as assigned in Table 1. 
In each case, off-resonance decoupled spectra 
distinguished the methyl, methylene, methine, 
and quaternary signals and the characteristic 
signal at 6c 7C80 clearly revealed the carbinyl 
absorption. For many of these compounds, the 
signals were readily assigned from the expected 
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TABLE 1 .  13C shieldings* o f  some monomethylnorbornanols 

Substitution 

Compound Me 2-OH C- 1 C-2 C- 3 C-4 C- 5 C-6 C-7 Me 

1 - exo 44.2 74.7 42.2 35.4 28.1 24.4 34.4 
2 - ertdo 42.5 72.9 39.4 37.2 29.9 20.0 37.6 
3 1 exo 47.4 77.3 43.1 35.9 30.3 33.1 40.1 16.1 

(-4.1) ( -4 .4)  ( -0 .6)  ( -0 .9)  (0.7) (1.7) (-1.2) 
4 1 endo 47.8 77.6 40.6 36.8 31.3 26.9 44.4 18.4 

( -2 .0)  (-2.3) (-0.3) (-1.8) ( -0 .1)  ( -0 .1)  (-0.1) 
5 ettdo-3 exo 45.4 82.5 46.6 40.9 21.0 25.0 36.5 15.0 

(-0.2) - 0 )  (0.0) (0.1) (0.4) (0.0) (0.2) 
6 exo-3 erldo 43.2 81.8 45.8 43.8 30.1 19.4 3 4 . 4 2 0 . 1  

(0.1) (-1.2) (-0.4) ( 0 . 1 )  (-0.2) (0.3) (0.3) 
7 exo-3 ex0 44.8 76.5 43.2 42.8 29.2 24.6 31.9 13.4 

(0.0) ( -8 .4)  ( -5 .8)  (0.7) (0.7) (1.1) (1.0) 
8 endo-3 ertdo 43.5 72.2 36.5 42.2 21.8 19.7 36.7 10.2 

(-0.4) (-9.5) (-7.3) (-0.4) (-0.6) (-0.9) (-2.8) 
9 exo-5 exo 44.8 74.1 42.5 42.0 34.9 34.3 3 0 . 7 2 1 . 9  

(0.0) (0.3) ( - 0 1 )  - 0 . 1 )  (0.0) ( -0 .3)  ( -0 .2)  
10 eftdo-5 exo 45.5 74.6 34.8 40.7 32.4 33.3 36.2 16.9 

- 0 . 1 )  (0.7) (0.1) ( - 0 . )  ( - 0 1 )  (0.1) (-0.1) 
11 exo-6 exo 51.1 74.6 41.3 35.7 38.1 31.3 31.2 21.4 

(0.2) (-0.5) (0.0) ( -0 .3)  (-0.2) (0.1) (0.3) 
12 ettdo-6 exo 49.4 69.0 42.9 36.8 36.8 31.5 36.5 16.9 

(-0.2) (1.8) (0.1) (0.0) ( - 0 1 )  (2.7) (0.2) 
13 exo-5 ertdo 43.0 72.1 40.3 43.5 36.3 30.2 34.1 22.4 

- 0 . 1 )  (0.1) (0.5) ( -0 .4)  (-0.4) (0.0) (0.0) 
14 endo-5 elldo 43.7 73.3 31.5 42.7 34.3 27.6 39.5 16.3 

( -0 .2)  ( -0 .2)  (-0.4) (0.1) (0.0) ( -1 .2)  (-1.6) 
15 exo-6 erldo 49.2 72.8 38.5 37.9 40.0 25.3 34.3 21.8 

(0.0) ( -0 .5)  (0.0) (0 .1)  ( - 0 1 )  ( - 1 . 5  (0.2) 
16 ertdo-6 endo 47.0 76.4 39.4 39.1 37.9 35.4 40.0 19.4 

( -0 .9)  (11.0) ( -0 .6 )  (0.5) ( -0 .8)  (11.0) (0.7) 
17 aftti-7 exo 48.5 75.4 43.4 39.5 25.3 22.2 39.6 11.9 

(0.1) (-0.2) (0.3) - 0 . 1 )  (0.1) (0.7) ( -0 .4)  
18 syn-7 exo 48.2 76.3 39.9 41.0 28.7 26.5 43.7 13.5 

( -0 .2)  (+4.5) (0.6) (1.4) ( -0 .3)  (1.2) ($3.7) 
19 endo-2 exo 49.3 77.9 48.7 37.0 27.9 24.0 37.4 25.8 

(-0.3) ( -1 .2)  ( -2 .3)  (0 .2)  (-0.8) (7.1) (1.1) 
20 exo-2 endo 48.4 77.2 47.0 37.3 28.3 22.0 38.7 30.4 

(-0.8) (-2.5) ( -2 .6)  ( -0 .5 )  ( -0 .7)  (1.6) (4.6) 

*In ppm from intcrnnl TMS in CDCIJ solutions. Vnlucs in p.11-cntlicscs a re  (ace'"" OC - ce'lc"). whcrc 6 rcn1 'bwa~  obtained by assuming simple 
additivity of substitucnt cfTccts (scc tcnr). 

substituent effects but for those having closely 
neighboring substituents there are pronounced 
differences between the observed and predicted 
shieldings. The differences, sCobsd - 6Cca'cd, are 
given in parentheses in Table 1. There is a distinct 
pattern for the compounds having the large 
deviations from additivity, however, and this is 
discussed in the next section. 

The data for several di- and trimethyl deriva- 
tives 21-42 are collected in Table 3. Again, off- 
resonance decoupled spectra identified the 
absorptions for the various carbon types and the 

carbinyl signals were characterized by their 
position. The assignments for isoborneol (33) 
and borne01 (34) had been obtained previously 
from shift reagent studies (6).  Our data agree 
well with those reported for 34 in CC14 (6b) but 
there are much larger differences between our 
results and those given for 33 in CC14 (6b), with 
an average difference of 2 ppm for the skeletal 
carbons, perhaps indicating a referencing error. 
To  test for additivity of substituent effects, shield- 
ings for 21-28 were estimated from the values 
for the appropriate dimethylnorbornane (5) and 
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TABLE 2. Substituent effects* of methyl and hydroxyl groups on the skeletal shieldings of bicyclo[2.2.1 Iheptanes 

a 
B Y 

6 
Substituent Orientation C-2 C-1 C-3 C-4 C- 6 C-7 C-5 Reference 

exo 
errdo 

exo 
endo 

exo 
erldo 

exo 
er~do 

* A ~ X  = 6cRX - 6cRH, wherc RH = hydrocarbon (in ppm); positivc valucs indicate downfield shirrs 
?Original assignments for C-5 and C-6 are interchanged. 
ZOriginal assignments for C-3 and C-7 arc interchanged. 
Esyn with respect to  the 7-methyl. 
I/of~ti  with respect to  the 7-mcthyl. 

the effects of the hydroxyl group (Table 2). For 
29-31, 36, 37, and 42, the effects of the dimethyl 
substituents (Table 2) were combined with the 
shieldings of 1 and 2; the predicted values were 
generated in this way because the appropriate 
hydrocarbons were not available to us, but the 
shielding effects of the dimethyl substituents 
could be obtained from a self-consistent set of 
data (4a, d). For 38-41, the effects of the lone 
methyl group were combined with the observed 
values for the appropriate 3,3-dimethylnorbor- 
nan-2-01 (36 and 37) to examine the deviations 
from additivity for monomethyl substitution at 
C-1 and C-6. The differences, fiCobsd - fiCC"lCd, 
from each of these comparisons are listed in 
parentheses in Table 3. As found for the mono- 
methyl derivatives, appreciable deviations from 
additivity occur for those compounds having 
closely neighboring substituents and the devia- 
tions follow patterns consistent with those for 
the less highly substituted cases. These patterns 
are discussed in detail in the next section. 

The shielding results for some norbornen-2- 
ols, 43-50, are collected in Table 4 and the 
differences, fiCobsd - fiCcahd, are given in paren- 
theses for 45-48, the 3-methyl derivatives. The 

calculated values were obtained using the present 
data for the effects of a 2-hydroxyl group on the 
norbornene shieldinzs and our earlier data for 
the inethylnorborne~es (5); these substituent 
effects are included in Table 2. 

The preparative method used for many of the 
alcohols gave initially the corresponding acetate 
which was subsequently hydrolyzed to the de- 
sired alcohol. The 13C spectra of these acetates 
were recorded to examine the differences be- 
tween acetoxyl and hydroxyl substitution for 
comparison with the known trends in acyclic 
and monocyclic systems (refs. 7 and 8, and for a 
general discussion see ref. 9). In each case the 
acetoxyl signals appeared in nearly the same 
positions, fit 21.2 + 0.3 (CH3) and 170.5 i: 0.3 
(C=O). In general the norbornyl carbons were 
little affected by acetylation of the hydroxyl 
group, only the carbinyl carbon and its iinmedi- * 
ate neighbors exhibited significant shifts. The 
shifts caused by acetylation are listed in Table 5 
for the 22 acetates examined. 

Discussion 
The norbornane skeleton is an attractive 

model system with which to examine geometric 
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TABLE 3. 13C shieldings* of some di- and trimethylnorbornanols 

Substitution 

Comoound Me 2-OH 

Methyl 

C-l C-2 C-3 C-4 C-5 C-6 C-7 5-Me 6-Me 

21 exo-5-exo-6 exo 

23 errdo-5-exo-6 exo 

25 exo-5-enrlo-6 exo 

26 errrlo 

27 endo-5-errrlo-6 exo 

29 I-utrti-7 exo 

30 errdo 

31 1-syn-7 exo 

32 etldo 

33 7,7 exo 

34 I ,7,7 exo 

35 etrrlo 

48.6 78.3 42.2 40.4 30.4 27.4 42.3 13.8 
(-3.0) (-4.3) (0.5) (-0.2) (0.6) (-0.2) (-1 . I )  

49.4 78.5 40.2 41.6 28.5 24.0 46.6 16.1 
(-0.5) (-2.4) (I 3 (-0.8) (-3.1) (0.8) (0.0) 

48.1 78.3 40.6 41.1 28.6 35.3 47.3 14.1 
(-3.2) (0.4) (-3.3) (0.5) (1 .O) (2.9) (3.9) 

48.4 76.1 38.3 41.2 29.7 28.6 49.5 16.2 
I .  (0.0) (-2.8) I . )  (0.3) (0.6) (2.9) 

51.4 77.6 41.9 44.4 27.5 25.7 45.7 

36 3,3 exo 

37 elldo 

38 1,3,3 ex0 

39 endo 

23.2(exo) 
26. ?(errdo) 
30.6(exo) 
20.2(etrdo) 

17.1 23.l(exo) 
26.3(etldo) 

19.5 30.8(exo) 
20. ?(errdo) 

6-Me 
- 

21.7 30.6(exo) 
19 .7(etido) 

18.9 3 l . l (rxo) 
20. qetzdo) 

3 3 .2(exo) 
28 .8(etrdo) 

* I n  ppm from internal TMS in CDClz solutions. V;llucs in pnrcnthcscs arc  (6r"'"" - 6c'"'C"), whcrc ci,.C''C" war obtained by ; l s sumin~  
simple :~ddilivily of substilucnt cfTccts (scc ~cxr) .  

effects on I3C shieldings since a variety of well- arrangements involving methyl and hydroxyl 
defined orientations for neighboring substituents groups. As the first set, one can consider the 
are available by simple synthesis. The present various orientations of vicinal substituents, 
series provides several examples of two different while the second set are those having the methyl 
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TABLE 4. 13C shieldings* of some norbornen-2-01s 

Substitution 

Compound Me 2-OH C-1 C-2 C-3 C-4 C-5 C-6 C-7 Methyl 

43 exo 50.1 72.3 36.9 40.7 140.2 133.5 45.6 
44 errdo 48.2 72.3 37.6 42.9 140.0 131.1 48.2 
45 exo-3 exo 50.6 72.6 36.8 47.9 141.9 133.6 42.6 14.8 

(0.0) (-9.7) (-8.0) (0.7) ( - 0 . 1  0 ,  (0.7) 
46 errdo 48.7 81.1 44.9 49.3 141.1 131.5 44.9 19.4 

. (0.4) (0.1) (-1.2) (-0.6) (-0.1) (-0.7) (-0 3) 
47 errdo-3 exo 51.4 80.2 44.6 46.4 137.4 134.1 47.2 18.1 

0 . 0  1 2  (-0.2) (0.3) (0.3) (-0.9) (0.0) 
48 et~cio 49.4 73.6 38.7 47.0 138.6 132.9 48.3 13.1 

(0.0) (-7.8) (-6.8) (-1.3) (1.7) (0.3) (-1.5) 
49 3,3 exo 51.8 80.1 40.6 52.9 138.9 133.0 45.8 24.2(exo) 

28 .3(errdol 
50 errdo 49.7 81.3 41.9 54.1 141.1 131.7 44.4 29.9(exo) 

22. 2(errdo) 

*In Ppm from internal TMS in CDC13 solutions. Values in parentheses are ( s ~ ~ ~ "  - 6pC"1C". whcre 6r'"1'd were obtained by assuming 
simple additivity of substituent eflects (see text). 

TABLE 5. Substituent effects* of the acetyl group in norbornyl acetates 

Substitution Y 6 
P d 

Parent alcohol Me 2-OAc C-2 C-1 C-3 C-4 C-6 C-7 C- 5 Methyl 

exo 
exo 
exo 
exo 
exo 
exo 
exo 

exo 
exo 

exo 
e XO 

exo 
exo 
exo 
exo 

errdo 
errdo 
errdo 
erldo 
errdo 
etrdo 
etrdo 

* A S  = 6,ROCOCI-13 - scROH in ppm; downfield shifts are posi~ive.  

and hydroxyl groups separated by four bonds. as a function of the dihedral angle (4) relating a 
In a preceding part of this series (5) we focussed methyl carbon to another methyl or the carbonyl 
attention on the variation of methyl shieldings oxygen in several norcamphors, i.e. a number of 
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TABLE 6. Methyl l3C shieldings of some rnethylnorbornanes' 

Substitution gCCH3 Reference Substitution bCCH3 Reference 

I-Methyl 21 .O 40 7-Methyl 12.7 4a 

exo-2-Methy l 22.3 5 1,7-Dirnethyl 10.7(7-Me) 4d 
18 .@I-Me) 

'In pprn from TMS; data from ref. 40 converted using the factor 192.8 ppm. 

vicinal interactions, for which it was found that 
the methyl shielding increased as the dihedral 
angle decreased in the range, 0-120". Although 
the norbornyl skeleton may be twisted by as 
much as 14" from C,, symmetry (10) the approxi- 
mate dihedral angles between vicinal substituents 
provide a guide to the relative steric crowding. 
To  examine the effect of the vicinal hydroxyl 
group, the methyl shieldings may be compared 
with those for the corresponding carbons in the 
appropriate methylnorbornane and the required 
data are listed in Table 6. Although all of these 
results were not determined under the same con- 
ditions, we have found that the methyl shieldings 
seem the least sensitive to solvent effects and 
there is generally good agreement, 0.0-0.3 pprn, 
between values measured in CDCI3 (5) and in 
dioxane (4a). In any event we are seeking trends 
rather than specific values and the consistency 
of these indicates that the reference data in 
Table 6 are valid. 

For the simplest cases, 5-8, there are two 
different dihedral angles relating the methyl 
carbon and the hydroxyl group, 0" and 120". 
For 5 and 6, with 4 -- 120°, the methyl carbons 
are shielded by 2.3 ppm relative to the values 
for the corresponding methylnorbornanes; for 
7 and 8, with 4 -- 0°, the upfield shifts are 8.9 
and 7.6 ppm, respectively. In the norbornenols 
45-48 comparable shifts are found for the 
methyl carbons: 4 - 120°, - 1.2 (47), - 2.2 
(46); 4 -- 0°, -6.8 (45), -6.2 ppm (48). In the 
3,3-dimethyl derivatives 36-41, one of the gem- 
inal methyls is eclipsed, or nearly so, with the 
hydroxyl while the other has 4 -- 120" and the 
upfield shifts average 7.6 and 0.9 ppm, respec- 
tively, for the two orientations. Clearly there is a 
distinct sensitivity of the methyl shielding to 4 
but it may be noted that there is a variation of 
nearly 2 ppm within each group. The alcohols 

bearing a 1-methyl group provide examples with 
two other orientations of the methyl and 
hydroxyl groups; an endo-2-hydroxyl has 4 -- 90" 
and for an exo-2-hydroxyl, 4 - 30". For the 
first group (4, 30, 32, 35, and 39) with 4 -- 90°, 
the upfield shifts average 2.3 ppm; the cor- 
responding shift for the second group (3, 29, 
31, 34, and 38) with 4 -- 30" is 4.5 ppm. Again 
there is variation within each group but only 
--I ppm, possibly because skeletal twist does 
not alter the dihedral angle between groups on 
C-1 and C-2 as much as that between substituents 
on C-2 and C-3. Nevertheless, a trend is clear 
with the methyl shielding increasing as the 
dihedral angle decreases. This is entirely in 
accord with the general trend exhibited by 
vicinal substituents (1, 5, 9) and has been well- 
defined in a variety of alicyclic hydrocarbons 
(1 1). These effects, known as the y-effects have 
been ascribed (12) to steric polarization pro- 
duced by the close approach of the terminal 
nuclei in the y fragment, the unit containing the 
vicinal substituents. 

In this series, there are several examples having 
a variety of different orientations of methyl and 
hydroxyl groups separated by four bonds. This 
array of 6 interactions can be subdivided into 
four basic types, 51-54, recognizing that the a 
and b orientations are not strictly equivalent 
but are closely similar. The simplest examples 
and the methyl shifts, relative to the parent 
hydrocarbon are as follows: 11, -0.9 ppm 
(51a); 12, -0.5 ppm (52a); 15, -0.5 ppm (53a), 
17, -0.8 ppm (53b); 16, +2.0 ppm (54a), 
18, +0.8ppn1 (54b). The methyl carbon is 
slightly shielded if well separated from the 
hydroxyl group but is deshielded if the methyl 
and hydroxyl groups are close neighbors as in 
54. The latter arrangements are analogous to a 
syn-axial disposition of substituents in cyclo- 
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hexane systems and to the g(+)g(-) conforma- 
tion in acyclic cases. Earlier, froin the results 
cited above and corresponding trends in some 
trans-decalols and steroids, we drew attention 
to these deshielding syn-axial interactions (3). 
Con~parable shifts are found for the terminal 
methyl carbons in highly substituted acyclic 
hydrocarbons which have substantial popula- 
tions in g(+)g(-) conforinations (13). Larger 
deshielding effects occur for the methyl carbons 
in a variety of polycyclic aromatic hydrocarbons 
having peri methyl groups (14). Thus, it appears 
that the interaction of substituents in syn-axial, 
or equivalent orientations, tend, in general, to 
deshield the terminal carbons in a 6 fragment 
and the present series allows further definition 
of the effects accompanying these steric perturba- 
tions. 

Of the dimethyl derivatives, 21 and 23 have 
the 51a arrangement and the 6-methyl carbons 
are shielded by 0.4 and 0.9 ppm, respectively, 
but the 7-methyl shift in 30 (51b) is only -0.2 
ppm. The 6- and 7-methyl carbons in several 
other cases exhibit average upfield shifts of 
0.5 p p n ~  and can be grouped as follows: 25 and 
27 (52a); 32 (52b); 22, 24, and 40 (53a); 29 (53b). 
Thus, in all of the examples, orientations 51-53 
exhibit a small shielding effect at the appropriate 
methyl carbon. Additional examples of the 
'syn-axial' arrangement 54a include 26, 28, and 
41 which exhibit downfield inethyl shifts of 1.8, 
2.4, and 1.5 ppm, respectively. It is interesting 
that in 42 both genlinal inethyls at C-6 are de- 
shielded by 1.6 ppm. Sinlilarly in 34 both 
gerninal methyls at  C-7 are deshielded; the shifts 
are 1.0 and 1.3 pprn but assignments are uncer- 
tain. In 31, the 7-methyl is deshielded by 0.7 ppm. 
These latter examples contain arrangement 54b. 

The smaller shifts for this group relative to those 
found for the 6-methyl carbons in 54a may be 
due to the somewhat larger separation between 
the inethyl and hydroxyl groups. 

Closer inspection of the data for the com- 
pounds having 'syn-axial' interactions reveals 
much inore striking trends (Tables 1 and 3) 
which we have described in preliminary form 
recently (15). The differences between the ob- 
served shieldiilgs and those estimated by addi- 
tivity for the skeletal carbons are particularly 
large for the carbons bearing the terminal nuclei 
in the crowded 6 fragment. For 16, 26, 28, and 
41 these differences are in the range 9.1-1 1.3 ppm 
whereas the differences for the remaining carbons 
in these coinpounds are < 1.3 ppm and average 
0.5 ppm. Clearly, the carbons bearing these 
interacting substituents are substantially de- 
shielded. A similar trend is found for 18 but the 
deviations from additivity for the substituted 
carbons are sinaller (3.7 and 4.5 ppm), possibly 
reflecting the effect of a less severe interaction, 
as was indicated by the inethyl shifts. These 
deviations may be coinpared with those found 
for the other 6 arrangements. For 51a, the 
observed and predicted shieldings are in excellent 
agreement as in 11, 21, and 23; similarly for 53a, 
there is good agreement in 15, 22, 24, and 40 
with the exception of C-6 which is consistently 
shielded by 1-2 ppm. For the 52a examples, 
both C-2 and C-6, the substituted carbons, are 
deshielded by 1.8-3.7 pprn as in 12, 25, and 27 
while the reinaining deviations are less than 
0.6 ppm. In each of these cases, the interaction 
involves a single methyl and the hydroxyl 
whereas in 42 the syn-axial interaction involves 
the methyl of a gerninal pair at C-6 and it was 
noted above that both nlethyls are deshielded. 
The substituted carbons are also substantially 
deshielded but less than those in 16, 26, 28, and 
41, namely, by 6.4 and 8.3 ppni. Nevertheless, 
there is a clear trend; in compounds having a 
sjvi-axial or equivalent interaction between 6 sub- 
stituents, the carbons bearing the substituents 
are appreciably deshielded. It follows that the 
magnitude of these deviations from additivity 
should be useful in the interpretation of spectra 
of more conlplex systems in stereochemical tema. 

In contrast to the effects of closely neighboring 
6 substituents, the deviations from additivity for 
the carbons bearing closely neighboring y sub- 
stituents are negative, i.e. these carbons are 
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more shielded by the -y interaction than predicted 
by simple additivity. Examples having eclipsed 
vicinal methyl and hydroxyl groups at C-2 and 
C-3 include 7, 8, 36, 37, 45, and 48 for which the 
substituted carbons show deviations of 5.8- 
9.7 ppm upfield from the predicted values. Alter- 
ation of these deviations by increasing the 
dihedral angle is illustrated by the results for 3 
and 38 with 4 -- 30' between the 1-methyl 
carbon and the hydroxyl group for which the 
deviations lie in the range 4.1-4.7 pprn; in 4 and 
39 with 4 -- 90' the corresponding deviations 
are 2.0-2.4 ppm. In addition it can be noted that 
the remaining skeletal shieldings are in generally 
good agreement with those predicted by siinple 
additivity. For 5,6,46, and 47 in which 4 -- 120°, 
there are no pronounced deviations froin addi- 
tivity. Clearly the shielding effects within a y 
fragment are exactly opposite those in a 6 frag- 
ment for those cases in which the terminal nuclei 
of these fragments closely approach each other. 
For both types of interaction, the marked devia- 
tions from additivity are esseiltially restricted to 
the carbons in the fragment containing the 
closely neighboring substituents. 

With these trends in mind it is interesting to 
examine the deviations found for the 1,7- 
dimethyl derivatives 29-32. For 29, the largest 
deviations occur for C-1 and C-2 and are readily 
attributed to the -y interaction between the 
1-methyl and hydroxyl groups. Its counterpart 
having a syn-7-methyl, 31, has a positive devia- 
tion for C-7, negative for C-1, and essentially 
none for C-2. The latter presumably arises 
because of opposing shifts caused by the -y effect 
of the bridgehead methyl and the 6 effect of the 
syn-7-methyl. Since the 'syn-axial' per turb~t '  r ions 
in the other examples have essentially no effect 
at the central carbon of the 6 fragment (see 16, 
18, 26, 28, 41, and 42), C-1 can be expected to 
shift upfield because of the -y interaction. The 
downfield shift for C-7 is readily ascribed to the 
6 interaction of its methyl with the exo-hydroxyl 
group. In 31, however, C-3 and C-6 also show 
appreciable deviations, -3 ppm, in opposite 
directions. Perhaps these changes occur because 
of skeletal twist to minimize the syn-methyl- 
hydroxyl and methyl-methyl interactions, there- 
by enhancing the shielding at C-3 and reducing 
that of C-6. The observed deviations at C-1, -2, 
and -7 in 30 and 32 can be interpreted similarly. 
For example, one expects both the -y and 6 inter- 

actions in 32 to give smaller shifts than those for 
31 because 4 -90" between the bridgehead 
methyl and the enclo-hydroxyl and the 6 inter- 
action is 52b. These effects could cancel at C-2 
while shielding C-1 and deshielding C-7. In both 
30 and 32 one of the inethylene carbons has a 
deviation of -3 ppin which could arise from a 
skeletal twist which enhances the shielding effect 
of the 7-methyl at  one of the syn-methylene 
carbons. 

Apart from C-6 and C-7 in enclo-5-methyl- 
erzdo-2-norbornanol (14), the deviations for the 
5-methyl derivatives 9, 10, 13, and 14 average 
0.2 ppin, indicating that these substitiients are 
acting essentially independently. The deviations 
of - 1.2 and - 1.6 ppm for the two centres in 14 
may arise because of a skeletal twist to minimize 
an interaction between the two enclo-substituents. 
It is interesting that the methyl carbon in 14 is 
slightly shielded (- 1.1 ppin) as is the cor- 
responding methyl in 24 which also has the 
5-~nethyl and hydroxyl groups enclo. The other 
5-methyl carbons exhibit little difference (<0.5 
ppm) from their shieldings in the corresponding 
hydrocarbons. 

To  summarize, marked shielding effects arise 
from steric interactions of closely neighboring 
substituents. For groups separated by four bonds 
the syiz-axial or equivalent orientation deshields 
the carbons bearing the substituents by as much 
as 11 pprn. This trend is in direct contrast to the 
upfield shifts found for carbons bearing closely 
neighboring vicinal substituents. Although com- 
parable shifts are produced at the terminal nuclei 
in the latter cases, the terminal nuclei in 6 frag- 
ments exhibit much less distinctive shifts, albeit 
in the opposite direction. The marked deshield- 
ing of the substituted carbons in syn-axial 
arrangements, however, should prove useful in 
the interpretation of spectra of more complex 
systems. 

Experimental 

Specrro 
Thel'C spectra were recorded with a Varian XL-100-15 

system operating in the Fourier transform mode. Solu- 
tions (10-IS',+ w/v) in deuteriochloroform containing a 
few drops of TMS were examined in 5 mm tubes. Line 
positions were meas~~red relative to TMS to f 1 Hz or 
better and the precision of the chemical shifts is f 0.05 
ppm. The purity of several samples was checked by proton 
spectra obtained on VarianT-60 and HA-100 instru- 
ments 
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Marerinls 
Norcamphor was the starting material for tlie prepara- 

tion of 1 and 2, by reduction with NaBH4, of 20 and 3 
following the literature method (16), of 29 and 31 accord- 
ing to  Hatfield and Huntsman (17), as well as of 5-8 by 
methylation (18) followed by reduction wit11 NaBH4. 
Alcohols 5-8 were also prepared from 45-48 by hydro- 
genation over a P t 0 2  catalyst in ether or ethanol. Un- 
saturated acetates of alcohols 43-50 were obtained by 
the Diels-Alder reaction of cyclopentadiene with vinyl 
acetate or the eliol acetates of propanal or isobutyralde- 
hyde (5). Samples of the individual acetates were sep- 
arated by preparative gc and hydrolyzed to furnish the 
desired alcohols; 43 was also prepared by hydroboration 
of norbornadiene (19). Hydrogenation of 49 and 50 over 
PtOz gave 36 and 37 respectively; the latter were also 
obtained from camphenilone. From tlie two 5-methyl- 
and three 5,6-dimetliylnorbornenes (5), 9-12, 21, 23, 25, 
and 27 were generated by hydroboration. For those cases 
in which mix t~~res  are formed, separation was accom- 
plished by preparative gc of the mixtures after acetylation; 
subsequent hydrolysis of the individual acetates provided 
samples of the alcohols. Oxidation of these alcohols with 
Cr03-pyridine in CH2CI2 (20) gave the corresponding 
ketones which were reduced to the elldo-alcohols 13-16, 
22, 24, 26, and 28 with lithium trimethoxyaluminum 
hydride in tetrahydrofuran (21). Reduction of I-metliyl- 
norcamphor, the santenones, fenchone, and the 7,7- 
dimethyl and 6,6-dimethylnorcamphors in the same way 
gave 4, 30, 32, 39, 33, and 42, respectively. Borneo1 (35) 
and isoborneol (34) were commercial p r o d ~ ~ c t s  and a 
sample of 19 was kindly supplied by J.  A. Berson. 

In an examination of tlie lead tetraacetate decarboxyla- 
tion of the 3-metliylnorbornane-2-carboxylic acids (22), 
after the method of Corey and Casanova (23), it was 
found that the product mixture contained the acetates of 
5-7, 17, and 18. Preparative gc on a Carbowax 4000 
column a t  175 "C gave essentially pure san~ples of tlie 
5,  6, and 17 acetates and a mixture of the 7 and 18 
acetates, judged to be -4:1 from thelH and l3C spectra. 
These acetates and the corresponding alcoliols obtained 
by hydrolysis were identified by their proton and 13C 
spectra since authentic samples of 5-7 were available 
(as described above). The data for 17 and 18 were dis- 
tinctly different from those for 5-16, the other possible 
monomethyl derivatives which could give rise to a 
doublet for tlie methyl group in the proton spectrum as 
observed for 17 and 18. The carbinyl absorption for 17 
and 18 closely resembled that for 29 and 31, respectively, 
as expected since there will be negligible vicinal coupling 
between the bridgehead proton and the 2-(.11rlo proton in 
17 and 18. 
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Oxidative decarboxylation of the 3-methyl-2-carboxynorbornanes 
with lead tetraacetatel 

J. B. STOTHERS AND K. C. TEO 
Departnietlt ~fClret7iistry, Uttiversity of Westerti Otrtario, Lotrclotr, O~rtcrrio N6A 5B7 

Received October 9, 1975 

J. B. STOTHERS and K.  C. TEO. Can. J. Chem. 54, 1222 (1976). 
The mixtures of isomeric acetates produced by oxidative decarboxylation of the four 3-methyl- 

norbornane-2-carboxylic acids with lead tetraacetate in benzene have been characterized. The 
composition of these products depends primarily on the configuration of the methyl group in 
the starting material. The results are compared with those found for the Pb(OAc)4 decarboxyla- 
tion of the norbornane-, bornane-, and 2,3,3-trimethylnorbornane-2-carboxylic acids. The 
formation of the products is interpreted in terms of competitive cationic and Ssi substitution. 

J. B. STOTHERS et K. C. TEO. Can. J. Chem. 54, 1222 (1976). 
On a caractkrise les melanges d'isorneres d'acitates produits par la decarboxylation oxydante 

de quatre acides mithyl-3 norborna~~ecarboxyliques-2 par le tetraacetate de plornb dans le 
benzene. La composition de ces produits depend principalement de la configuration du groupe 
mkthyle dans le produit de depart. On a compart: les resultats avec ceux obtenus pour la decar- 
boxylation par le tetraacetate de plomb des acides norbornane-, bornane- et trimethyl-2,3,3 
norbornanecarboxyliques-2. On interprkte la formation des produits en termes d'une com- 
petition entre des reactions de substitution cationique et Sxi. 

[Traduit par le journal] 

In the course of an investigation of stereo- 
chemical effects on 13C 1111lr shielding of 
norbornyl systems (I), we wished to  examine 
several monomethyl derivatives of 2-norborna- 
nol. A potential route to the 7-methyl members 
of this series appeared to be via lead tetraacetate 
decarboxylation of the 3-mcthylnorbornane-2- 
carboxylic acids (1-4) since this oxidative de- 
carboxylation of other norborna~lecarboxylic 
acids (2, 3) leads, through cationic intermediates, 
t o  norbornyl acetates with skeletal rearrange- 
ment. For example, the bornane-2-carboxylic 
acids gave bornyl, isobornyl, and 2,3,3-tri- 
methylnorbornyl acetates, among other products 
(3), and it may be noted that the composition of 
the acetate mixture was independent of the 
orientation of the carboxyl group in the starting 
material. Initially, the acids, as lead(1V) car- 
boxylates, lose carbon dioxide to form radicals 
which, in addition to undergoing typical radical 
reactions, may be converted to  lead(1V) alkyls. 
The organolead derivatives then deco~npose by 
(a) heterolysis to  carbonium ions and lead(l1) 
derivatives, (6) a cyclic SNi process to give the 
acetates, and (c) cis-elimination to give the 
alkenes (36). Path a c2n lead to acetates having 

'Part 56 of 13C nmr studies; for part 55 see ref. I .  

a rearranged skeleton. Thus, it was anticipated 
that formation of the 3-methylnorbornyl cation 
from acids 1-4 could yield mixtures of the 
3-methyl- and 7-methyl-2-norbornyl acetates. 
This was found t o  be the case and, furthermore, 
the composition of the mixture of acetates 
obtained depended markedly on the initial orien- 
tation of the methyl group in the acid. Acids 1 
and 2, having an  exo-3-methyl group, gave the 
same mixture of five acetates (5-9), while a 
mixture of essentially two acetates (6 and 9) was 
obtained from the decarboxylation of 3 and 4. 

The decarboxylations were carricd out at 
reflux temperature in benzene containing pyri- 
dine as described by Corey and Casaliova (2) 
using a 2: l  molar ratio of lead tetraacetate - 
carboxylic acid. Only the acetate portion of the 
product was isolated and, as in the original 
work, the yields were variable (20-44%) in 
different runs: the compositions of the product 
mixtures, however, were reproducible according 
to  gas chro~natographic (gc) analysis. The reac- 
tions were complete in approximately 2 h and it 
was found that reaction times LIP to 8 11 did not 
alter the product composition. Preparative gc 
was used to separate thcsc mixtures into their 
component acetates. Although we were unable 
to  separate 7 and 9 completely (formed in a 4:l 
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ratio from 1 and 2) it was possible to obtain a 
sample enrichsd in 9 by gc. The individual ace- 
tates were identified by their 13C and lH spectra 
aided bv those of authentic sam~les of adetates 
5-7 which were on hand from other preparative 
routes (I). As further proof of identity of these 
acetates, the various samples were hydrolyzed to 
the corresponding alcohols and their 13C and lH 
spectra recorded for comparison with those of 
authentic samples of the alcohols from 5-7. 
Acetates 10 and 11 were also available, having 
been prepared by acid-catalyzed rearrangement 
of 2,3-din1ethyl-enclo-2-norbornanol as described 
by Hatfield and Huntsman (4). 

The total acetate product from each acid 1-4 
was examined by gc. The chrornatogranu of the 
products fro111 1 and 2 had four distinct bands 
which were separable by preparative gc. Simi- 
larly two major fractions were collected from 

the products of 3 and 4. Proton spectra of each 
fraction were recorded and the methyl and 
carbinyl patterns compared with those for ace- 
tates 5-7. It was found that the first and second 
fractions from 1 and 2 were 5 and 6, respectively, 
while the third fraction was a mixture of two 
acetates with 7 as the predominant component. 
The carbinyl proton absorptions for the nlinor 
component of fraction three and for the fourth 
fraction did not correspond to those for 5-7 or 
to that for endo-3-methyl-etzclo-2-norbornyl ace- 
tate, 12, a salnple of which was available from 
other work (1). These proton data are collected 
in Table 1. The first fraction of the products 
from 3 and 4 was similarly identified as 6 while 
the second major fraction exhibited a proton 
spectrunl identical to that of the fourth fraction 
from 1 and 2. This acetate was show11 to be 8 
fro111 its proton and 13C spectra. In the former 
the carbinyl absorption at 4.57 ppm was a 
doublet of doublets with spacings of 7.6 and 
2.5 Hz while the methyl absorptioil was a 
doublet (J -- 7 Hz) centered at 0.87 ppm. These 
patterns are very similar to the corresponding 
absorptioils for 10, its 1-methyl derivative 
(Table 1). and clearly show the presence of an 
exo-acetoxyl group. In the 13C spec t ru~~~ ,  the 
presence of two methylene sigilals at 22.3 and 
25.3 ppm established that the nlethyl group can- 
not be at C-1, -4, -5, or -6, since ~nethyl substitu- 
tion at any one of these carbons would deshield 
a ge~ninal methylene carbon by 7-10 ppnl (I) 
whercas the two Inethylene signals are 2-3 ppm 
upfield fro111 the corresponding signals for nor- 
bornyl acetate (Table 2). This upfield shift is 
entirely consistent with the -y effect expected for 
cmti-7-mcthyl substitution on the norbornyl 
skeleton (5). These data, therefore, identified 
this acetate as 8. The ester initially collected as 
the minor part (-2073 of the third fraction 

TABLE I .  Characteristic proton absorptions* of acetates 5-12 

-CH(-OAC) -CH(OAc)- 

Acetate CH3 6 Multiplicityt Widthf Acetate CH3 6 Multiplicityt Widthf 

5 1.035 4.46 t 7.0 8 0.87 4.57 a d )  10.1 
6 1.03 4.04 t 4.2 9 1.055 4.60 t 12.0 
7 0.84 4.705 d 7.5 10 0.79 4.51 a d )  10.2 
12 0.82 4.97 d(d) 15.5 11 0.94 4.51 t 12.2 

'Chernic;~l shifts in  ppni from TMS for CDCI:, solulions; nlcthyl doublets had spacings of -7 Hz. 
tAppnrcnl multiplicity: I. triplct; d, doublet. 
Ispacing i n  Hz of outcrrnost bands in  each mullipler. 
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TABLE 2. t3C shieldings* of norbornyl acetate and 7-9 

0 Ac 

Acetate C-1 C-2 C-3 C-4 C-5 C-6 C-7 CHI -CO- CHI  

Norbornyl 41.6 77.5 39.7 35.5 28.3 24.4 35.3 - 170.5 21.2 
8 45.6 78.2 40.7 39.5 25.3 22.0 40.4 11.7 170.5 21.3 
9 45.5 78.5 37.3 40.7 28.6 26.2 43.9 13.0 170.6 21.4 
7 42.3 78.9 42.3 43.2 29.0 24.5 32.9 13.9 170.8 21 .4  

'In ppm from internal TMS for CDClr solutions. 

from 1  and 2 was obtained as the predominant 
component (-65yo) in a sample collected by 
preparative gc from a portion of the third band 
in the product from 1  and 2. The carbinyl 
proton pattern at 4.60 pprn closely resembled 
that for 11 at 4.51 ppm (Table 1) while its 
methyl doublet appeared at 1.055 pprn. Its 13C 
spectrum (Table 2) contained two methylene 
signals at 26.2 and 28.6 ppm which are slightly 
downfield from the most shielded methylene 
carbons in norbornyl acetate. These signals rule 
out methyl substitution at C-1, -4, -5, and -6 
but are entirely consistent with syn-7-methyl 
substitution leading to structure 9 for this ester. 
The product from 3 and 4 also contained small 
amounts (-4%) of another acetate having 
carbinyl absorption at 4.71 ppm as a doublet 
of doublets with spacings of 7 and 4 Hz. This 
material was not isolated or identified but it 
cannot be a 1-, 5-, or 6-methylnorbornyl-2-exo- 
acetate since its carbinyl absorption differs from 
that for each of these esters (6). Gas chromatog- 
raphy also indicated the presence of small 
amounts ( 5  3%) of the mixture of 7 and 9 in the 
total product from 3 and 4. The product com- 
positions from each of the 3-methylnorbornane- 
carboxylic acids are listed in Table 3. 

TABLE 3. Product distribution* in the acetate fraction 
from decarboxylations of 1-4 

Acetates 

Acid 5 6 8 7 a n d 9  Other? 

*Given as Yo of total acetate fraction as determined by gc and ' H  
nmr; estimated precision i 3%. 

tunidentified ester (sce text). 
fEstimated ratio -4:l from the carbinyl and methyl proton 

absorptions. 

Although the yields of acetates were variable 
in different runs, averaging 30y0, the conversion 
of acids 1 4  to acetates was somewhat higher 
than those found for the bornane- and 2,3,3- 
trimethylnorbornane-2-carboxylic acids (36) but 
lower than those we have obtained from nor- 
bornane-endo-2-carboxylic acid (-%yo). From 
Table 3, it is apparent that the product composi- 
tion depends primarily on the orientation of the 
methyl group in the starting material and is 
essentially independent of the carboxyl orienta- 
tion. The latter feature is consistent with the 
results for other norbornane derivatives (2, 3). 
In each case, the inajor product was the exo-2- 
acetoxy-3-methyl derivative having the methyl 
orientation unchanged from the starting material 
and approximately 20% of the product was the 
7-methyl derivative formed by a Wagner- 
Meerwein shift in the initial 3-methylnorbornyl 
cation, i.e. exo-3 -> anti-7 and enclo-3 + syn-7. 
Acetate 5 may arise through a cyclic S,i process 
akin to that suggested for the formation of 
bornyl acetate from the bornanecarboxylic acids 
(36). The absence of an endo-acetate from 3 and 
4 is consistent with the findings for the 2,3,3- 
trimethylnorbornyl system (36) and may be 
attributed to steric hindrance because of the 
endo-3-methyl group. In each case, the product 
contained small amounts of esters having the 
3-methyl orientation changed from that initially 
present, i.e. 6 from 1  and 2; 7 from 3 and 4, 
behavior which would appear to require 6,2- 
hydride shifts. However, 5-methyl-2-norbornyl 
acetates were not detected and authentic samples 
of each of the four isomers were available for 
comparison of spectral data. Thus, the behavior 
of the presumed 3-methylnorbornyl cationic 
species formed by lead tetraacetate decarboxyla- 
tion of 1 4  is distinctly different from that 
formed under solvolytic conditions, as has been 
elegantly characterized by Berson and co- 
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workers (7). The formation of significant amounts 
of acetates with rearranged skeletons supports 
the premise of cationic interniediates since a 
methylnorbor~iyl radical would not be expected 
to rearrange by analogy with the bornyl radical 
which is not subject to skeletal change at these 
teniperatures (8). Nevertheless, the initial inter- 
mediate seems ~iiost likely to be the 3-methyl- 
norbornyl radical (exo-methyl from 1 and 2; 
endo-methyl from 3 and 4), the formation of 
which readily accounts for the finding that 1 and 
2 gave the same products while 3 and 4 gave a 
different mixture of acetates. Each of the crude 
products contained toluene, confirming that 
methyl radicals are generated, presumably in the 
formation of the initial intermediate. Formation 
of an organolead intermediate, froill the initial 
radical, which then decomposes primarily by an 
S,i ~iiechanism, but in part by heterolysis, could 
account for the observed mixtures of acetates. 
This interpretation is entirely analogous to that 
of Gream and co-workers (30, c) for the other 
norbornane derivatives examined. 

Experimental 
Muterials 

The 3-methylnorbornanecarboxylic acids, prepared as 
described by Alder and Giinzl (9). had the following 
melting points: 1 ,  mp 1 11-1 13 "C, (lit. (9) mp 114- 
1 15 "C); 2, mp 67-69 "C (lit. (9) mp 69-70 "C); 3, mp 
36-39 "C (lit. (9) mp 38-39 "C); 4, nlp 57-59 'C (lit. (9) 
mp 57-58 "C). 

T~yicrrl D~~car~Bosylrrtiotr Pt~ncec1~rt.e 
A mixture of the acid (0.308 g, 2.0 rnmol) and lead 

tetraacetate (1.84 g, 4.1 mmol) in dry benzene (8 ml) con- 
taining pyridine (0.478 g, 6.0 mmol) was vigorously 
stirred at  rellux temperature for the required period of 
time (2, 4, or 8 11). After cooling to room temperature, 
brine (20 ml) was added, followed by ether (20 ml), and, 
upon stirring, a brown precipitate formed which was 
removed by filtration through Celite. The Celite was 
washed twice with ether (2 X 10 ml). The ethereal layer 
was separated and washed successively with 6 M HCI 
(15 ml), lo(;{, sodium carbonate (10 ml), brine (4 X 15 
ml), and then dried over magnesium sulfate. After con- 
centration by careful evaporation on a rotary evaporator 
under reduced pressure, a crude product (20-44'); yield) 
was obtained which was analyzed by gc using a 20% Car- 
bowax 4000 column (Chromosorb W 60/SO, 6.5 mm X 
3.03 m). These chromatograms were described above but 
it should be noted that in each case a band of very short 
retention time followed the benzene band; it was shown to 
be toluene by nmr spectroscopy. Preparative gc furnished 
samples of the separate bands from each product mixture. 
For those prepared from 1 and 2, collection of part of the 
band containing 7 and 9 gave a sample enriched in 9. 
Mass spectral analysis of each fraction showed the parent 
peak to have tu/e of 168, confirming that each was a 

methylnorbornyl acetate. Proton spectra were recorded 
for each fraction to establish its identity. The spectrum of 
the third fraction from the reactions of 1 and 2 gave a 
measure of the ratio of 7:9 by integration of the carbinyl 
and methyl absorptions. I3C spectra of 7-11, were record- 
ed to confirm the structures of 8 and 9. Samples of each 
fraction were treated with LiAIH4 in ether to obtain the 
corresponding alcohols for additional proof of the 
assigned structure. The 13C spectra of the alcohols 
derived from 5-12 Ilave been described ( I ) .  Authentic 
samples of 5-7, 10-12, and the corresponding alcol~ols 
were available from other work as well as samples of the 
5- and 6-methyl-2-norbornyl acetates and alcohols ( I ,  6). 

Spectrcr 
Proton spectra were obtained with a Varian HA-100 

spectrometer using CDCIj solutions containing small 
amounts of TMS. Highly concentrated solutions were 
employed to obtain high signal:noise for integration and 
detection of minor components. CDCI3 solutions were 
also used to record the 13C spectra of 7-11 with a Varian 
XL-100-15 system operating in the Fourier transform 
mode with proton decoupling. OK-resonance decoupled 
13C spectra were also obtained to distinguish the methyl, 
methylene, rnethine, and quaternary signals in each 
spectrum. 
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Empirical equations for predicting 'T chemical shifts in nuclear 
magnetic resonance spectra of certain types of amino acids' 
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JAM= C. MACDONALD, GREGORY G.  BISHOP, and MYTOSK MAZUREK. Can. J. Chem. 54. 
1226 (1976). 

13C chemical shift data were obtained for amino acids related to glycine which had the 
following types of substituents on C-2: alkyl, branched chain alkyl, w-amino alkyl, and w- 
guanido alkyl. Such data were obtained for aqueous solutions at  a p H  between the pK values of 
the carboxyl and 2-amino groups (zwitterion form). The data were subjected to graphical and 
statistical analysis to obtain separate predictive equations for C-I ,  C-2, and other carbon atoms. 
Data for the change in chemical shifts on titration with acid were also obtained to aid in '3C 
assignments and to elucidate configuration. 

JAMES C. MACDONALD, GREGORY G.  BISHOP et MYTOSK MAZUREK. Can. J. Che~n.  54, 1226 
(1976). 

On a obtenu des donnees concernant les dkplacements chimiques du IJC pour des acides 
aminks reliCs B la glycine portant les substituants suivants sur le C-2: des groupes alkyles et 
alkyles ramifies, des groupes w-aminoalkyles et des groupes U-guanidoalkyles. On a obtenu ces 
donnCes pour des solutions aqueuses B des p H  entre les valeurs de pK des groupes carboxylique 
et amino-2 (sous la forme de zwitterion). On a soumis les donnies B une analyse graphique et 
statistique afin d'obtenir des Cquations distinctes pour prCdire les deplacements pour les C-1. 
C-2 et des autres atomes de carbone. On a aussi obtenu des donnCes concernant les change- 
ments dans les dCplacements chimiques lors de la titration par de I'acide; ces donnCes ont CtC 
obtenues afin d'aider h ('attribution des dCplacements de '3C et pour Clucider les configurations. 

[Traduit par le journal] 

Introduction 

The 13C spectra of amino acids are useful not 
only for studying their properties (1-3), but also 
as a starting point for the structural deterinina- 
tion of con~pounds derived from ainino acids, 
such as peptides and proteins (4-7), and even 
complex pyrazinones such as arglecin, deoxy- 
aspergillic acid, and flavacol (8). One illethod 
used to assign 13C spectra of amino acids was 
that using additive parameter terms (9) which, 
however, were derived from studies on the 
chemical shifts of entirely different compounds. 
Hagen and Roberts (10) have noted that the 
validity of comparing 13C chemical shifts of 
carboxylic acids in water to shifts for substituted 
hydrocarbons is questionable because of the 
very large difference in environment in which the 
shifts are measured, and the same criticism could 
apply equally well to amino acids. Indeed, the 
predicted shifts obtained by Horsley and Stern- 
licht (9) were not sufficiently accurate to prevent 
the incorrect assigninent of C-3 and C-5 of lysine 

INRCC No. 15143. 

(later corrected by Christ1 and Roberts (5)), and 
they differed from the observed values for alkyl 
amino acids by as much as 4.6 ppm. 

Grant and Paul (11) investigated the 13C 
cheillical shifts of linear and branched alkanes. 
starting with graphical evaluations and continu- 
ing with conlputation techniques, to obtain 
predictive shift parameters for these cor~lpounds. 
The purpose of the present work was to follow 
this systematic method, using 13C chemical shifts 
for aillino acids, to obtain predictive parameters 
better applicable to linear and branched alkyl 
amino acids and, if possible, to w-amino and 
w-guanido amino acids as well. 

Materials and Methods 
I3C spectra were obtained at  25.2 MHz with a Varian 

XLFT-100 nmr spectrometer, using the pulsed Fourier 
transform mode and an acquisition time of 0.8 s (resolu- 
tion 1.25 Hz or 0.05 ppm per spectral point). Maximum 
decoupling power with noise modulation was applied in 
the region of 100 MHz to remove 13C-H coupling. A 
stream of air at  room temperature was used to cool the 
sample contained in a 12 mm diameter sample tube. In 
some cases the air was heated with a Varian variable 
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temperature controller to obtain higher sample tempera- 
tures. Sample temperatures were measured immediately 
after obtaining spectra, with decoupling power still 
applied, by inserting a thermometer prewarmed to the 
approximate sample temperature into the solution still in 
place in the probe. 

The amino acids were commercial samples, except for 
DL-2-aminoheptanoic acid, which was prepared as 
described by Greenstein and Winitz (12). The solvent 
was H 2 0  containing 5'5 D l 0  for the heteronuclear lock 
signal and a small amount of dioxane as an internal 
reference. I3C chemical shifts were expressed as 6 referred 
to 6 TkIS = 0 with this reference ( 6  dioxane - 6 TMS 
= 67.40). In  general, the amino acids as supplied were 
dissolved at I M concentration or the limit of their 
solubility in the above solvent ancl gave a p H  approxi- 
mately halfway between the pK values of their carboxyl 
and ?-amino g r o ~ ~ p s  (12); if necessary, the p H  was so 
adjusted. In the present work, this was defined as the 
zwitterion form, and the form obtained on acid titration 
as the cation form; the positive charge on the W-amino 
and W-guanido groups was disregarded in this definition. 

To convert the zwitterion to the cation, the amino acid 
solutions were adjusted with aqueous HCI to a p H  one 
unit less than the pK of the carboxyl group, or to p H  1.0, 
whichever was less. Conversion to the cation form, there- 
fore, was over 90% for data obtained here. 

Crrlc~rlrrtiott ~VIetllod 
The empirical predictive equation was of the type: 

Y = constant + XIPl + XrP2 + X3P3 + . . . etc., where 
Y was the chemical shift of a certain carbon atom, X,, the 
number of times a specific structural parameter (see 
examples below) was applied to this carbon atom, and P,, 
the value of this parameter. For each case entered in the 
computation, the variables Y, XI, X2, X3, etc. were known, 
and the constant and P values were unknown. Calcula- 
tions were done on groups of cases with an I B M  370 
computer and the SPSS multiple linear regression pro- 
gram (13) to obtain the constant and parameter v a l ~ ~ e s  
which were the least-squares fit of Y with the X variables. 
In order to obtain meaningful results, the program had to 
be run and the results interpreted in a systematic way. 
Parameters of the most obvious importance were those 
concerned with substituents a, p, and -y to the carbon 
atoms being considered. Their X variables were entered 
stepwise in the regression first, follo\ved, in the second 
stage, by stepwise entering of the X variables of the 
parameters of less obvious importance, such as those 
concerned with substituents 6 to the carbon atom, the 
type of bonds, and the type of configuration. In our 
treatment, 2'(2'), a bond between two secondary carbon 
atoms, was considered as the 'normal' type bond, and a 
variable for it was not entered in the regression, although 
X variables for all other bond types (1 1) were. The most 
significant statistical fit was taken as the stage when the 
standard error of estimate of the regression equation 
reached a minimum. At this stage, the statistical I: values 
of individual parameters were tested for significance at 
the 0.05 level (13) and any not significant noted. The 
regression analysis was repeated with X variables for 
significant parameters only, to obtain the final statistics 
and a table of residuals; the latter are observed chemical 

NO. OF CARBON ATOMS IN AMINO ACID 

FIG. I .  13C chemical shifts for C-1 to C-7 of linear alkyl 
amino acids. The greek letters refer to 'C' parameters that 
w o ~ ~ l d  be responsible for the change in chemical shift. 

shift ( Y) less chemical shift ( Y ' )  predicted by the equation. 
Two types of statistics can be obtained from the regres- 

sion analysis. The I:val~~e, multiple correlation coefficient 
s q ~ ~ a r e d  (R ' ) ,  and standard error of estimate (se) indicate 
essentially how well the data fit the equation, while the 
standard deviation of residuals (sd) and range of residuals 
(rr)  indicate how well the equation predicts chemical 
shifts. 

Results and Discussion 
Carbons of amino acids were numbered from 

the carboxyl end (Fig. 1, Tables 1 and 2). 
Substituents on a branch of the carbon chain 
were numbered the same way, but given a 
primed number. For example, the 3-methyl 
substituent of isoleucine and ullo-isoleucine was 
designated as C-4'. Where two methyl groups 
were in the terminal position (valine, leucine), 
the one with the lower chemical shift was arbi- 
trarily designated by a primed number. 

Solvent, Concentration, uncl Heating Effects 
Other workers (2, 5, 7) have also used H20  as 

a s o l v e ~ t  for obtaining 13C spectra of amino 
acids and peptides, and in our experience this 
solvent had the advantage that stronger signals 
were obtained for carboxyl and guanido carbon 
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TABLE I. Increase in 1JC chemical shift in ppm on heating' 

Temperature ("C) 

Amino acid Form Lower Upper C-1 C-2 C- 3 C-4 C- 5 Other 

-0. IJB 
-0.15B 
-0.20 
-0.23 
-0.17 
-0.23 

*Z and C refcr to zwirtcrion a n d  cation forms, respectively. A and  D rcfer to configur;~tion (sec texl) 

atoms than when D 2 0  was used as the solvent. 
Even so, the signal for the carboxyl carbon could 
not be detected in sonie spectra. Where com- 
parisons were possible, the chemical shifts ob- 
tained here were within 0.6 ppm of those ob- 
tained with D 2 0  as the solvent by Horsley and 
Sternlicht (9), as recalculated by Stothers (14). 

For comparison of changes in chemical shifts 
on acid titration it was thought best to obtain 
spectra at  the same concentration used for the 
zwitterion form, even though the aniino acid 
was niore soluble in its cation forni. This pre- 
caution probably was not necessary because 
there was little difference between spectra of 
the cation forni of 2-aminoheptanoic acid run 
at  two concentrations (0.028 M. as used for the 
zwitterion form, vs. 0.5 M, maximum solubility 
of the cation form, maximum discrepancy 
0.1 ppm), or between spectra of the cation form 
of L-leucine run at two concentrations (0.18 M, 
as used for the zwitterion forni, vs. 1.0 M, 
n ~ a x i n ~ u n ~  discrepancy 0.2 ppm). This also sug- 
gests that shifts of the zwitterion form of aniino 
acids measured at  concentrations below 1.0 M 
because of their low solubility were probably 
similar to what niight be expected if 1.0 M 
solutions could be used. 

The use of a high intensity radio-frequency 
magnetic field for proton decoupling can give 
rise to appreciable heating effects which would 
remain undetected unless sample temperatures 
are measured. This heating effect was most 

marked for solutions of high ionic strength, and 
was apparently owing not to proton absorption 
of energy, but to increased motion of ions 
caused by the oscillating niagnetic field, which 
motion caused an increase in teniperature. For 
instance, the teniperature attained by 5 M NaCl 
in either H 2 0  or D 2 0  under the standard cooling 
conditions and applicatioii of full decoupling 
power was 52-53 "C, as compared to 32-33 "C 
for H 2 0  or D 2 0  alone. Our original intent to 
measure titration shifts with 1 M to 2 M excess 
HCI as the solvent was abandoned because of 
such heating effects. For data here, done at more 
moderate p H  values, the temperatures under 
standard cooling conditions were 32-33 OC for 
alkyl amino acids in the zwitterion form and 
36-40 "C for the same in the cation form. For the 
hydrochlorides of w-amino or w-guanido amino 
acids, the temperatures were 35-42 "C for the 
zwitterion form, and 42-48 "C for the cation 
forni. With linear temperature shifts of the maxi- 
mum magnitude shown in Table 1, a 10 "C rise 
in temperature might give a change in chemical 
shift of approxiniately -0.13 and $0.08 ppm 
for C-1 and C-2, respectively, and less than this 
for other carbon atoms. 

Effects of the magnitude mentioned above 
with respect to either concentration or tenipera- 
ture were not considered serious in the present 
work, although they niight become important 
in refined studies on the conformation of amino 
acids. 
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TABLE 2. t3C chemical shifts for the zwitterion form of amino acids and change, A ,  for titration with HCl* 

Amino acid C- 1 C-2 C- 3 C-4 C- 5 C- 6 C-7 Other 

Glycine 
A 

L- Alanine 
A 

DL-Butyrine 
A 

DL-Norvaline 
A 

L-Norleucine 
A 

DL-2-Aminoheptanoic acid 
A 

L-Valine 
A 

L-Leucine 
A 

L-Isoleucine 
A 

D-allo-Isoleucine 
A 

DL-3-Aminoalanine 
A 

DL-4-Aminobuty rine 
A 

L-Ornithine 
A 

L-Lysine 
A 

L-Arginine 
A 

L-Homarginine 
A 

*A positive A value represents a n  upfield shift (to lesser 6"C1 in ppm on  titration with acid. A and B represent relative configuration (see text). 

Parameter Variables 
Each term in the predictive equations was the 

product of an X variable and a parameter 
constant. The definition of the parameter is 
obvious from the definition of the variable, and 
only variables found significant are defined 
below. 

Term Xl V. Xl was a continuous variable, 
whose value was a pK for the carboxyl group, 
evaluated by counting the carbon atoms separat- 
ing the carboxyl and amino groups, and applying 
simple empirical formulae (12). It had the value 
4.83 for carboxylic acids, 2.33 for alkyl amino 
acids, and 1.40, 1.82, 2.03, or 2.15, for the series 

of w-NH3' amino acids from 3-aminoalanine to 
lysine (Table 2), respectively. 

Ternzs X,C,, X3CB, X4C,, X5C,. These were 
integer variables which represented the number 
of carbon atoms in the a, p, y, or 6 position, 
respectively, from the carbon atom being con- 
sidered, excluding the carboxyl carbon from this 
count, since its total effect, combined with that 
of the 2-amino group, was included in 'Z' 
(zwitterion) parameters. 

Term X62"(J0). XG had a value other than 
zero only if the carbon atom being considered 
was secondary, and had at least one tertiary 
carbon atom bonded directly to it. In such a 
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TABLE 3. Parameter constants 

Parameter s~tbscript Other corrections 

Applicable to 01 P Y 6 2°(3(1) 3()(2") 3"(30) A V 

C- 1 n.a. n.a. n.a. n.a. 3.46 
C parameters n.a. 3.31 -0.80 0.21 
N parameters n.a. 0 -1.43* 0 

C- 2 n.a. 0 0 n.a. n.a. 
C parameters 9.05 5 .00  - 1.02 0 
N parameters n.a. 0 -3.06' 0 

C-3 to C-7 -1.07 -2.18 -4.38 -1.19 n.a. 
C parameters 8.70 8.70 -2.49 0 
N parameters 36.07 4.73 -5.00 0 
G parameters 27.61 5.99 -4.83 0 
Z parameters n.a. 9.22 -6.64 0 

- 

*The values for lhcsc parilmcters were b;~sed on onc casc; 11.;). mc;ins not applicable lo, o r  not avail;~blc from, ihc  htructural comp;~risons rn;ldc: 
a figurr of zero indic;~tcs tIi;11 thc pnr;trnctcr was not stntislically significant. 

case, X6 had a value equal to the number of such 
tertiary carbon atoms (1 1). C-2 of most of the 
amino acids in Table 2 was considered to  be a 
tertiary carbon. 

Tertns X73"(2*), X83"(3"). These variables 
had values other than zero only if the carbon 
atom being considered was tertiary. X7 then 
equalled the number of secondary carbon atoms 
bonded to  the tertiary carbon being considered, 
and X8 equalled the number of tertiary carbon 
atoms bonded to  it. 

All the following variables were considered as 
logical variables, having the value 1.0 if the 
description was true, and 0 if it was false. Terins 
X9N,, XloNo, X I I N , :  the carbon aton1 being 
considered was a, P, or y, respectively, to an 
w-NH3+substituent. Terms X12C,, Xl3G0: X14Cy: 
the carbon atom was a, p, or y, respcctlvely, to  
an w-guanido+ substituent. Terms X!5ZB, Xl,Z,: 
the carbon aton1 was /3 or  y, respectively, to  the 
carboxyl and Z a n ~ i n o  groups of the amino acid. 
Term X17A: the carbon atom had the 'A' con- 
figuration (see text). 

In regression analyses, computation of param- 
eter constants was accompanied by c31nputation 
of their 'standard errors'. In our experience with 
data of the type above where most of the vari- 
ables were either discontinuous (integer, from 
0 to 3) or logical (0 or I), these standard errors 
were of no value in indicating the probable 
errors between predicted and observed chemical 
shifts, and therefore have not been supplied in 
Table 3. The agreement that may be expected 

for predictions is adeq~~ate ly  represented by 
other statistics b. T~ven.  

Pre~lic~ive Equuriotz jor  tl7e C-1 C(rrDoxy1ute Ion 
01' Atnino Acids utzcl Curboxylic Acids 

Comparison of data in Fig. 1 indicated that the 
Cp and C ,  parameter constants for C-1 were 
much less than those for other carbon atoms of 
the amino acids. A similar comparison of litera- 
ture values (14) for carboxylate ions of mono- 
carboxylic acids rcvealed that C,, and C,  paraill- 
eter constants for these were sin1il;lr to those for 
the alkyl amino acids. Attempts to fit the 
w-NH3'-substituted amino acids into the frame- 
work of predictions suggested that the major 
differences between chemical shifts for carboxyl- 
ate ions i n  general might be a linear function of 
their pK, and a calculated pK (12) was used so  
that predictions for other similar cornpounds 
would not require experimental data. A regres- 
sion analysis on 13C chen~icill shifts for C-1 of 
acetate to  valerate (14), and glycine to  lysine 
(Table 2) gave the best equation 

and the values for the parameter constailts are 
given in Table 3. Stutistics: 17 cases, F = 3032. 
R 2 =  0.9993, se = 0.13, sd = 0.11,rr  = -0.23 
(isoleucine) to  +0.23 (cillo-isoleucine). The equa- 
tion constant, 165.01, would include a X2C, 
term, but since Xz = 1 for all cases in the regres- 
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MACDONALD ET AL. 1231 

sion analysis, the value for C, could not be 
determined statistically. 

This equation could be used with C-1 of 
arginine and honloarginine by assunling that pK 
values are the same as for ornithine and lysine, 
respectively, and residuals for such a prediction 
would be 0.22 and 0.14 ppm, respectively. The 
equation could also be used with C-1 ofa-alanine, 
in which Xl = 3.58, X3 = Xll = 1, X4 = X5 = 0. 
The calculated shift was 179.28; the shift we 
found experimentally (pH 6.2) was 178.94; the 
residual was -0.34. This shows that the above 
equation might be expected to give good results 
also with w-amino carboxylic acids. 

Predictive Equc~tiorz~for C-2 of'Arl7ino Acicls 
Comparison of the data in Fig. 1 indicated 

that the Co and C, parameters for C-2 were 
about 607, of those for C-3, C-4, etc. Linear 
regression analysis of data for C-2 of amino 
acids from glycine to hornoarginine (Table 2) 
gave a predictive equation ( F  = 531, se = 0.36) 
based on variables Xz to X4, and XII being signifi- 
cant. The predictive equation was improved by 
adding a corrective parameter, 'allo', applicable 
only to C-2 associated with an a110 configuration 
(i.e. allo-isoleucine) about C-2 and C-3. This 
parameter was significant at the 0.005 level 
( F  test) whereas bond parameters, or a corre- 
sponding 'iso' corrective parameter, were not 
significant at thc 0.05 level. Apparently the 
effects of configuration and/or conforination 
about C-2 in the alto configuration were sufli- 
ciently different from those for other compounds 
as to require a special corrective parameter, and 
this parameter may be useful in assigning C-2 in 
spectra of other 2-amino-3-methyl carboxylic 
acids of the nllo configuration. The best equa- 
tion was 

Y' = 42.55 + X2Ca + X3Co + X4C, 

+ X1 + 'allo' 

The a110 parameter term was applied only to C-2 
of 0110-isoleucine and had the value - 1.05; 
values for other parameter constants are given 
in Table 3. Statistics: 16 cases, F = 910, R2 = 

0.9978, se = 0.25, sd = 0.20, rr = -0.43 (or- 
nithine) to  +0.36 (2-aminoheptanoic acid). 

The equation constant, 42.55, would include 
a Z, parameter, which in turn would be com- 
posed of cheniical shift contributions of COO- 

and 2-NH3+ and the type of bonds to these 
substituents, but this parameter cannot be 
determined statistically froin the data. 

Predictive Eql~crtiorz,for C-3 to C-7 of Amino Acids 
The C parameter values for these carbons 

appeared to be similar (Fig. l), and variables for 
substituent and bond paranleters alone gave 
moderately good predictive equations for some 
cases. However, some carbon atoms with ex- 
actly the same substituent and bond parameters 
had different chemical shifts, and are structurally 
diastereotopic (15) (eg. C-4' of isoleucine and 
allo-isoleucine, or C-4 and C-4' of valine). If 
the structures of D- and L-isoleucine, and D- 
and L-0110-isoleucine, whose relative and absolute 
configurations are known, are written in the 
Newman projection (16) with the H atoms on 
C-2 and C-3 eclipsed, then the carbon atom 
eclipsed by the carboxyl can be designated as 
having 'A' configuration, and that eclipsed by 
the amino group as having 'B' configuration (3). 
The carbon atoms designated by A and B had 
changes of chemical shift on titration that can 
be related to those of the diastereotopic inethyl 
groups of valine (3) or leucine. The configuration 
of leucine can be considered with respect to a 
Newrnan projection through the C-2 to  C-4 axis, 
and thus can be related to that of valine. 

For the same group in diastereoisomers (iso- 
leucine US. (1110-isoleucine) or the diastereotopic 
methyl groups in the same con~pound (valine or 
leucine), the carbon atom designated by B had 
a higher chemical shift than that designated by A 
(Table 2). 011 acid titration, the carbon desig- 
nated by B had a positive A value, while that of A 
had a negative or approxiniately zero A value 
(Table 2). In our regression analysis of alkyl 
amino acids, the term for the A parameter was 
significant, that for the B parameter was not, 
and the predictive equation had an F = 3326, 
se = 0.31. 

In the next stage of regression analysis, data 
for 2,w-diainino acids were included with those 
for alkyl amino acids, along with extra variables 
for N parameters. The predictive equation was 
poorer, with F = 746, se = 0.58. The largest 
residuals were those for the w-carbons of 
3-aminoalanine (residual - 1.73) and 4-amino- 
butyrine (+1.72). It seemed probable that the 
close proximity of the w-amino group and the 
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zwitterion caused deviations in substituent 
parameter values, so these two cases were 
deleted from the regression analysis, to give a 
predictive equation with F = 2259, se = 0.31. 

With deletion of the two cases just mentioned, 
the predictive equation obtained from data for 
amino acids from alanine to homoarginine 
(Table 2) was 

Y' = -0.84 + sum of terms containing variables 

XZ to X4, X 6  to Xl7 

The parameter constants are given in Table 3. 
Statistics: 45 cases, F = 2379, R2 = 0.9992, 
se = 0.30, sd = 0.24, rr = -0.71 (C-4' of allo- 
isoleucine) to +0.45 (C-5 of isoleucine). 

The two cases omitted from the above regres- 
sion could be predicted within 0.15 ppm with 
the following assumption. Where a N, and a Z 
parameter term were both non zero for the same 
carbon atom, the variable for the Z parameter 
should be 0.76 instead of 1.0. This attenuation 
of Zg and Z, parameter terms for cases in which 
polar substituents are close together parallels 
effects observed with C-2, which also has polar 
substituents close together and shows attenua- 
tion of parameter constants (Cg, C,, No, N,, 
Table 3) as compared to those for C-3 to C-7. 
The substituent parameters obtained for C-3 to 
C-7 for amino acids in water were, in general, 
less in absolute value than those for neat alkanes, 
as obtained by Grant and Paul (1 1) and referred 
to the TMS scale by Stothers (14). This also 
supports the thesis that high polarity can cause 
an attenuation of substituent parameter con- 
stants. It would seem likely that an adequate 
theory to explain chemical shifts would have to 
include competitive effects, as well as additive 
ones. 

Our regression analysis of the data of Grant 
and Paul (1 1) for alkanes gave the same predic- 
tive equation as theirs. Statistics: 53 cases. 
F = 3606, R2 = 0.9992, se = 0.30, sd = 0.26, 
rr = -0.48 (C-4 of 2-methylpentane) to +0.72 
(C-3a of 3-methylpentane). The predictive equa- 
tions for various carbons of amino acids had 
statistics (present work) that compared favour- 
ably with these. 

by Grant and Paul ( l l ) ,  but these parameters, 
together with the 'A' parameter, would seem 
most likely to be concerned with the shape of 
the molecule. Information on conformation of 
the branched chain alkyl amino acids (e.g. 
rotamer populations) would be of great theoreti- 
cal interest, and preferably would include not 
only the relative mole fraction of the three most 
likely rotamers, but also the chemical shift 
contribution per unit mole fraction of each with 
resDect to various associated carbon atoms. as 
exilained by Gutowsky and co-workers (17,18). 
In favorable cases (18), this type of information 
has been obtained from the temperature de- 
pendence of chemical shifts, with the essential 
prerequisite that the change in chemical shifts 
with temperature be large compared with the 
experimental accuracy. Much of the data in 
Table 1 (resolution 0.05 ppm/spectral point) did 
not meet this prerequisite, because changes even 
for a 50-60 "C temperature rise were relatively 
small. A second essential prerequisite was that 
the temperature dependence should result only 
from changes in the equilibrium proportions of 
the rotamers, and not be modified by molecular 
association or solvation effects (18). Considering 
the nature of amino acids and the solvent used, 
it seems unlikely that the latter prerequisite 
would be met. If a temperature dependent solva- 
tion effect existed, the chemical shift changes on 
heating would be greater for carbons bearing 
polar substituents. This could explain the greater 
changes obtained for C-1 and C-2 as compared 
to other carbon atoms (Table 1). 

The change of chemical shifts on acid titration 
for linear alkyl amino acids, or linear w-substi- 
tuted amino acids from ornithine to hornoargi- 
nine (Table 2) were quite regular, with A values 
in the order C-1 (2.4 to 2.9) > C-2 (1.3 to 1.8) 
> C-3 (0.5 to 0.8) > other carbons (-0.1 to 
0.3). In such amino acids a plot of chemical shift 
vs. pH  could distinguish between C-3 and other 
carbons, and was used here to confirm assign- 
ments for C-3 vs. C-5 for 2-aminoheptanoic acid 
and hornoarginine. The above relationship was 
not applicable to 3-aminoalanine and 4-amino- 
butyrine, in which the polar substituents are 
relativelv close together, or to branched chain 

Conformation with Regarc/ to Temperature ancl alkyl arkno a c i d s r ~ h e  typically different titra- 
Titration Eflects tion shifts for certain carbon atoms of branched 

Theoretical explanations of the branching chain alkyl amino acids gives some insight as to 
parameters such as 3"(3") were not investigated their relative configuration (ref. 3, and see 
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above). Whether titration shifts could give 
information on conformation as well is still in 
reasonable doubt, since interpretations so far 
(1) did not take into account the essential differ- 
ences in configuration of the diastereotopic 
carbon atoms. 

Conclusion 

The 'state of the art' in the prediction of 
chemical shifts of amino acids is such that 
molecular orbital calculations do not satisfac- 
torily account for 13C shift changes on titration 
(2). Until such time that theory can satisfactorily 
account for such changes, can be extended to 
predict chemical shifts as well as these changes, 
and can be easily applied, empirical methods of 
assigning chemical shifts by addition of param- 
eter terms will be widely used. The present 
work emphasizes that parameter constants for 
carbon atoms attached to polar substituents 
may be different from those for less polar 
carbon atoms. The 13C shifts for the latter 
carbon atoms in amino acids are the more diffi- 
cult to assign, and the equation for prediction 
of these shifts should be valuable. 

Sample Calculations 

The pertinent predictive equations are in the 
text above, and the parameter constants in 
Table 3. The parameter variables are determined 
by inspecting the structure of the amino acid. 

Calc~rlation for C-2 of' 4-Amirzobutyrine 
This carbon atom has one carbon CY to it, one 

carbon p to it, and itself is -y to the W-amino 
group, so X2 = X3 = XI, = 1, X4 = 0. The 
equation for C-2 becomes 

Calcrrlation for the Metliylene Carborz ((2-4) of' 
Isolerrcine 

This carbon atom has two carbon atoins CY to 
it, two carbon atoms p to it, and itself is -y to the 
zwitterion carboxyl. It is a secondary carbon 
atom that has one tertiary carbon atom attached 
to it, and it has the 'A' configuration. Accord- 
ingly, X2 = X3 = 2, X6 = XI6 = XI7 = 1, and 
other X variables pertinent to the predictive 
equation for C-3 to C-7 are 0, so the equation 

becomes 

Calculatiotz for C-4 of Ornithine 
This carbon atom has two carbon atoms CY to 

it, and one carbon atom 6 to it. It is -y to the 
zwitterion carboxyl and P to the W-amino group. 
Accordingly, Xz = 2, X3 = X16 = Xlo = I ,  and 
omitting zero value terms, the appropriate 
equation is 
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Reactions of trifluoromethyl radicals with iodine and nitric oxide 

J. C. AMPHLETT A N D  L. J. MACAULEY 
Clremisrr?: Depurrtnetrt, Ro.val Mi l i tnry College of C o t ~ o ~ l ~ r ,  Kitrgstotr, 011tori0 K 7 L  2 W3 
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J.  C. AMVIPHLET~ and L. J.  MACAULEY. Can. J .  Chem. 54, 1234 (1976). 
The reactions 2 and 3 have been studied by competitive methods. Use of previous Arrhenius 

I21 CF3 + 1; --t CFII + I 
131 CF3 + NO + M(?) --t CF3N0 

parameters for reaction 2 leads tok3  = 1.3 X 10lOexp -[(700 100J)/RT]. Arrhenius param- 
eters of reactions 2 and 3 are compared with those for reactions of other radicals with I? and 
NO. 

J .  C. AMPHLETT et L. J.  MACAULEY. Can. J. Chem. 54, 1234 (1976). 
On a CtudiC, par des mCthodes compititives, les rCactions 2 et 3. Utilisant les pararnktres 

dlArrhCnius obtenus antkrieurernent pour la rCaction 2, on peut Ctablir que k3 = 1.3 X 10IU 
exp -[(700 i 100J)/RT]. On compare les paramktres d'ArrhCnius des rbctions 2 et 3 avec 
ceux d'autres rCactions de radicaux avec Iz  et NO. 

[Traduit par le journal] 

Introduction 
Previous papers (1-3) have dealt with the 

determination by competitive methods of Arr- 
henius parameters for the reactions 

CF3 + Xz -) CF3X + X 

CF3 + HX -) CF3H + X 
where X-, = Clz, Br-,, or I-, and HX = HC1, 
HBr, or HI. This work has now been extended 
to include the reactions of CF3 radicals with I-, 
and NO. 

Experimental 
1Muleriu1.r 

Hexafluoroacetone, HFA, was obtained from I'eninsu- 
lar Chemical Research. Analar grade I, was purified by 
vacuum sublimation. NO (Matheson gas products) was 
passed through 907; H2SO4, 50% aqueous KOH, silica 
gel, and a trap at -80 'C; it was collected in a trap cooled 
in liquid air and was further purified by several distilla- 
tions from liquid air to liquid nitrogen. CF3N0 and CFII 
were obtained from Peninsular Chemical Research. Each 
compound was given several bulb-to-bulb distillations itr 
vuc~ro and the middle cut retained for use. All compounds 
were spectroscopically pure (infrared and gsc). 

Apparurrrs utrd Procedrrre 
A conventional high vacuum system was used. The 

'Revision received January 8, 1976. 

quartz reaction vessel was a cylinder of diameter 5 cm? 
length 10 cm, located in an oven with temperature held 
constant to 20.5  "C. Ace Glass greaseless stopcocks were 
used in the region of the reaction vessel and 12 store. The 
line in this region was heated when 1, was used. Pressures 
were measured on a Texas Instruments precision pressure 
gauge. The light source was a medium pressure 220 W 
mercury lamp (Oriel Optics Corp.) fitted with a /'/1.5 
condensing lens for parallel light. The filter employed 
was an aqueous solution containing NiC12 (89 g/l) and 
K?Cr04 (0.25 g/l) in conjunction with two glass filters. 
This filter gave a narrow band peaking at  312 nnl with 
16'T0 transmission. Approximately 20mmol of HFA 
were photolysed in the presence of I? and NO. 

i111nlysi.s 
Products of the photolysis of HFA with 12 and NO 

were first passed through a trap at  0 ° C  to remove I ?  
and then frozen into two Ward stills cooled in liquid air. 
The total noncondensible gas consisting of NO and CO 
was measured in a gas burette and was then cornbusted on 
CuO at 320 "C. The C02 formed was frozen in liquid air 
and the residual unchanged NO was measured and 
discarded. The C0z was then measured and the sum of 
the C 0 2  + NO was always equal, within experimental 
error, to the combined CO + NO before combustion. 
The Ward stills were next warmed to room temperature 
and the contents analysed by gas-solid chromatography 
using either a 6 St X : in. column of silica gel at 140 'C. 
or a 6 ft X & in. column of Porapak Q at 100 "C. Analysis 
for NO2 was carried out in preliminary experiments using 
ir spectroscopy and gsc using the Porapak Q column at 
30 "C. For the analytical procedure used the minimum 
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AMPHLETT AND MACAULEY 1235 

detectable ratio of N02-CO was approximately 2:l. 
Conversions of 12  and NO were 12 5 2' b and NO 5 8(/c. 

Results 
When HFA is photolysed in the presence of 12 

and NO, the following reactions are expected to 
occur 

[I] CF3COCF3 + l ~ v  --t 2CF3 + CO 

[?I CF3 + I2  + CF31 + I 

[3 1 CF3 + NO -+ CF3NO 

Reaction 3 is fast (4) hence the important re- 
actions consuming CF3 radicals in this system 
are [2] and [3]. The presence of CF31 and CF3N0 
in the products of the photolysis of HFA with a 
mixture of 12 + NO was confirmed by gsc and 
their ir spectra. However, quantitative analysis 
of CF3NO in the presence of NO presents 
difficulties. Pure CF3N0 can be readily distilled 
from a Ward still at - 150 "C but it is quite 
involatile at this temperature in the presence 
of an excess of NO (at least a twofold excess). 
Since we have 5 8 %  conversion of NO in 
all our experiments the above situation is 
present. The infrared spectrum of a gaseous 
mixture of NO + CF3N0 is simply the sum of 
the spectra of the separate components, both 
before and after freezing in liquid nitrogen. The 
spectruln was unchanged after leaving the  nix- 
ture for up to 4 h at both liquid nitrogen and 
room temperature. Also addition of CF31 in 
amounts found in our systems showed no effect 
on the spectrum of the NO and CF3N0. This 
seems to indicate that there is no appreciable 
permanent reaction between CF3NO and NO 
under the conditions of our experiments. This is 
contrary to that found by several other workers 
(6, 7) and to the reaction CH3NO + NO which 
reacts fairly readily at room temperature (5). 
It is also noted that a mixture of CF3NO and NO 
when frozen in liquid nitrogen is a green colour 
rather than the deep blue of CF3NO alone. This 
suggests the possibility of a complex being 
formed between the two, probably in the liquid 
phase, which dissociates reversibly at higher 
temperatures. This would explain the involatility 
of the mixture at - 150°C. Yakubovich et al. 
(8) showed that a similar reaction occurs between 
CF3N0 and NO in organic solvents at low 

empirical formula CF3NO-2N0 and it is stable 
at - 100 OC but decoinposes at -50 OC. In our 
case we found that the CF3N0 could be removed 
from the Ward stills at -90 OC. The thermal 
decoinposition of this complex has been de- 
scribed by Boyer (9). The adduct CF3NO. 2N0 
has been isolated, but usually rearranges to a 
diazonium nitrate and then decomposes, re- 
leasing CF3 and NO3 radicals [5]. In the presence 

of excess nitric oxide a disproportionation would 
yield nitrogen dioxide [6]. The CF3 radicals 

would, in part, reforin CF3N0 by reaction 3, so 
that the overall process is the chain dispropor- 
tionation reaction [7] catalysed by CF3N0 

[71 2NO 4 N2 + NO2 

during the warming of the Ward still. 111 our case 
no NOz was detected, therefore either the above 
process is negligible or some other complex is 
formed in the Ward still which decomposes 
quantitatively on warming the still. We also 
found that if trace quantities of 0 2 ,  NO2, or 
CF31 (in quantities coinparable to those found 
in  ref. 7) were introduced into the system, the 
CF3N0 and NO peaks in the infrared spectrum 
were reduced and a peak corresponding to NOz 
appeared. The presence of NO2 was also con- 
firmed by gsc. I n  all our photolysis reactions 
no NOz or any other extraneous products were 
detected in the reaction products. The maximum 
amount of CF3N0 that formed initially and that 
could have been decomposed by reaction 5 must 
be < 1 yo. 

Hence, reaction products plus unchanged re- 
actants were frozen in Ward stills cooled in 
liquid air and the CO and uncomplexed NO 
pumped away or measured. Since it was im- 
possible to separate the products and the re- 
actants, the Ward stills were then warmed to 
room temperature and the total contents con- 
sisting of HFA + CF31 + CF3N0 + complexed 
NO were analysed for CF31 and CF3NO by gsc. 
If  CF31 and CF3N0 are formed only by reactions 
2 and 3 respectively and if [3] is in its second- 
order region then 

[8 I R C F ~ N O I R C ~ F ~ I  = ~ ~ Y o [ N O I I ~ I ~ [ I ~ I  

temperatures. The product is a complex with the where k,, and kN0 are the rate constants for 
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124°C 

u I 2 3 4 

[NO]/ [121 

FIG. 1. Variation of Rc,3No/Rc,31 with [NO]/[lt]; 
test of eq. 5. To  avoid overlap the curve at  124 "C is dls- 
placed upwards by 4 scale units. 

reactions 2 and 3. If any CF31 were formed by 
reaction 9 or CF3N0 removed by reaction 10, 

then eq. 8 would be invalid. Reaction 9 is 
unlikely to occur because both reactions 2 and 3 
are so fast that the stationary concentration of 
CF3 radicals in the system is very low. Reaction 
10 is unlikely to occur to any appreciable extent 
in our systems due to the relatively small con- 
centrations of CF3N0 present. 

If eq. 8 is valid, a plot of RcF3No/Rcp,I vs. 
[NO]/[I2] should be a straight line passing 
through the origin, such plots are shown in Fig. 1 
for temperatures of 68, 124, and 189 "C and they 
indicate that eq. 8 is obeyed. 

The slopes of the lines in Fig. 1 yield values of 
kNo/k12 which, together with results from other 
temperatures, are used in an Arrhenius plot 
shown in Fig. 2. From 28 runs in the range 
68-189 "C we obtain by a least-squares method 

[ I l l  k ~ o / k ,  = (8.8 + 0.20) exp - [(700 + 100J)/RT] 

VOL. 54. 1976 

0.8+ 

0.82 I I 
2.0 2.5 3.5 

FIG. 2. Arrhenius plot for kNO/k12; single runs, 
@ from slopes of curves in Fig. 1. 

Discussion 
The reaction between the CF3 radical and N O  

is of particular interest since very little is known 
about the rate constants for the reactions of 
radicals with NO and the variation of these rate 
constants with temperature. 

Using competitive methods we have deter- 
mined from eq. 11 ENO - E12 = 0.700 f 0.100 
kJ mol-I ANo/A12 = 8.8 f 0.2. Now using 
6.8 X lo9 1 mol-l s-I for the rate of combination 
of CF3 radicalsZ we obtain from the results of 
Amphlett and Whittle (2) AI, = 7.5 X los 
1 11101-l s-l and El, = 0.0 f 2.0 kJ 11101-l hence, 
ENo = 0.7 f 2.0 kJ mol-I, and ANO = 6.6 X 
lo9 1 mol-l s-l. 

The analogous reaction between CH3 and N O  
has been studied extensively and most of the 
previous attempts to measure the rate of com- 
bination [12] have been reviewed (12, 13). This 

reaction is an association reaction which will 
involve a third body at low pressures. However, 
the pressure region over which this occurs is 
uncertain. Sleppy and Calvert (14) found the 
reaction to be second order in the range 150-280 
torr with M = neopentane, whereas Hoare (15) 
found that the reaction was third order up to 
200 torr with M = acetone. The high pressure 
rate constant i.e. klZ (second order) has recently 
been studied using spectroscopic methods. Basco 

2This value of 6.8 X 109 1 101-1 s-I for CF3 combina- 
tion is an average of the results obtained by Ogawa el 01. 
(I 0) and Basco and Hathorne (1 1) at  400 K, assuming that 
the activation energy for CF3 combination is zero. 
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AMPHLETT AND MACAULEY 1237 

TABLE 1. Test of second-order rate equation 
for hNO/k12 at 156 "C 

HFA NO(AV) Iz(Av) CF3N0 CF,I 
(torr) (torr) (torr) (,mol) ( r m ~ l )  kNO/h12 

10.1 3 .2  9 .4  
1 

2.50 1.02 7.19 
20.2 3.1 9 . 3  4.90 2.03 7.25 

1 30.1 3.1 9 .3  7.45 3.09 7.23 
40.0 3.1 9 . 2  9.73 4.03 7.16 
50.1 3.2 9 . 4  12.14 4.96 7.18 
60.1 3.1 9 .3  14.48 5.98 7.26 
69.9 3.6 9 . 3  16.84 6.00 7.25 
20.1 10.2 2.8 12.85 0.49 7.16 
20.2 5.6 5.8 6.47 0.93 7.23 
20.1 12.4 1.4 13.53 0.21 7.19 

et al. (16) found k12(2nd order) = 2.4 i 0.2 X 
lo9 1 1110l-~ s-l, while Van Den Burgh and Callear 
(17) obtained k12(2nd order) = 1.00 0.15 X 
101° 11110l-~ s-I. These values are considerably 
larger than any previously determined values. 

We have assumed that in our work reaction 3 
is second order. Most of our experiments were 
carried out with approximately the sanie quanti- 
ties of reactants, however at 156 "C we varied the 
pressure of the HFA froni 10-70 torr with no 
apparent change in the ratio l ~ , ~ / h ~ ,  (see Table 
1). Uiider these pressure conditions reaction 3 is 

I niore likely to be second order than reaction 12 
since the nulnber of effective oscillators in 
CF3N0 should be greater than in CH3N0 be- 
cause of the lower vibrational frequencies of 
C-F bonds (18). However, if reaction 3 is 
actually third order under our cond~tions, then 

I the calculated second-order rate constant iiiust be 

I less than the true value so that, k3(2nd order) > 
1 6.6 X lo9 1 iiiol-I s-l. This is close to the rate 

constant for coiiibinatioii of CF3  radical^,^ 
6.8 X lo9 1 imol-I s-I, and is also reasonably 
close to the collision nuiiiber Z3 = 1.7 X 1011 
I rnol-l:-l at 400 K based Fn collision dianieters 
of 4.0 A for CF3 and 3.5 A for NO. Both these 
facts provide some support to our assuniption 
that reaction 2 is second order. Furthermore, our 
value obtained for k3 (second order) is of the 
same order of magnitude as the recently obtained 
(16, 17) values for kI2 (second order). Our results 
also indicate that reaction 3 has an activation 
energy fairly close to zero in the range 68-189 "C 
which is consistent with the fact that k3 is siniilar 
in magnitude to Z3. 

Froni our results on the reactions of CF3 

radicals with 12 and NO, reactions 2 and 3, we 
find that k3/k2 = 6.6 at 300 K for eq. 11. The 
corresponding reactions 13 and 14 were studied 

[I31 R + NO -> RNO 

by Christie and Frost (19) who found that, for 
R = CH3, C2H5, CH3CH2CH2, and (CH3)3CH, 
kI4/kl3 = 6, 7, 11, and 22 respectively at rooni 
temperature, assunling that reaction 13 is second 
order. These results are opposite to ours e.g. for 
CF3 kI3/k14 = 6.6 whereas for CH3 kI3/k14 = 
1/6. These results are surprising since one would 
not normally expect such differences in be- 
haviour between CF3 and CH3 radicals especially 
since Christie estimates that for CH3 k14 = 

3.0 X lo9 I 11101-I s-I whereas for CF3 k14 = 
7.5 X lo8 1 iiiol-I s-l. However, using the latest 
reported values of k13 for CH3 (16, 17) we have 
kI3/k14 = 1-3.3. 

Acknowledgments 

We wish to thank Prof. E. Whittle for helpful 
discussion. This work was supported by the 
Defence Research Board Graiit No. 9530-110. 

1. B. G. TUCKER and E. WHITTLE. Trans. Faraday Soc. 
61, 866 (1965). 

2. J. C. AMI'HLETT and E. WHITTLE. Trans. Faraday 
SOC. 62, 1662 (1966). 

3. J .  C. AMPHLETT and E. WHITTLE. Trans. Faraday 
SOC. 63, 2695 (1967). 

4. B. G. TUCKER and E. WFIITTLE. Trans. Faraday Soc. 
61, 484 (1965). 

5. M. I. CHRISTIE, C. GILBERT, and M. A. VOISEY. 
J. Chenl. Soc. 3147 (1964). 

6. A.  H. DINWOODIE and R. N. HASZELDINE. J. Chem. 
SOC. 1675 ( 1965). 

7. JULIAN HEICKLEN. J. P h y s  Chem. 70, 112 (1966). 
8. A. V. YAKUBOVICI-I, S. P. MAKAROV, V. A. GINSBURG, 

N. F. PRIVEZENTSEVA. and L. L. MARTYNOVA. Dokl. 
Akad. Nauk. SSSR, 141, 125 (1961). 

9. J. H. BOYER. The chemistry of nitro and nitroso 
g r o ~ ~ p s .  Edit~clby H. Feuer. Interscience. 1969. p. 265. 

10. T. OGAWA, G. A. CARLSON, and G. C .  PIMENTEL. 
J. Phys. Chern. 74, 2090 (1970). 

11. N. BASCO and F. G. M. HATHORN. Chem. Phys. Lett. 
8, 291 (1971). 

12. E. R .  ALLEN and K. W. BAGLEY. Ber. Bunsenges. 
Phys. Chem. 72, 227 (1968). 

13. J. HEICKLEN and N. COHEN. Adv. Photochern. 5, 275 
(1968). 

14. W. C. SLEPPY and J.  G. CALVERT. J. Am. Chem. SOC. 
81, 769 (1959). 

15. D. E. HOARE. Can. J. Chern. 40, 2012 (1962). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1238 CAN. J. CHEM. VOL. 54. 1976 

16. N. Basco, D. G. L. JAMES, and R .  D. SWART. Int. J. 18. S. W. BENSEN and G. HAUGEN. J. Phys. Chern. 69, 
Chern. Kinet. 2, 215 (1970). 3898 (1965). 

17. H. E. VAN DEN BURGH and A. B. CALLEAR. Trans. 19. M. I. CHRISTIE and J. S. FROST. Trans. Faraday Soc. 
Faraday Soc. 67, 2017 (1971). 61, 468 (1965). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The structure and equilibria of a manganese(I1) complex of fulvic acid 
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DONALD S. GAMBLE, COOPER H. LANGFORD, and JAMES P. K. TONG. Can. J.  Chem. 54,1239 
(1976). 

The binding of Mn2+ to a well characterized fulvic acid sample is reported based on the 
competition with K+ in an ion exchange equilibration. The free energy of binding of +Mn2+ 
to fulvic acid is only 1-2 kJ/equivalent more favourable than that for K+. This suggests an 
outer sphere electrostatic structure for the complex. The suggestion is confirmed by observation 
of minimal change in the presence of fulvic acid of the effect of paramagnetic Mn'+ on the nrnr 
spectra of water. The interpretation of nrnr spectra is supported by comparison with nrnr 
measurements of Mn2+ complexes with simple ligands and contrast with nrnr measurements 
on Fe3+ - fulvic acid complexing. The latter is confirmed as inner sphere. 

DONALD S. GAMBLE, COOPER H. LANGFORD et JAM= P. K. TONG. Can J. Chem. 54, 1239 
(1976). 

On rapporte la liaison du Mn'+ k un khantillon bien caractCrisC d'acide fulvique; les con- 
clusions sont basks sur la compitition avec K+ dans un Cquilibre d'ichange ionique. L'Cnergie 
libre de liaison de ;.Mn2+ I'acide fulvique n'est que de 1 2 kJ  par Cquivalent plus favorable 
que celle pour K+. Ceci suggere une structure Cbectrostatique de sphkre externe pour le com- 
plexe. Cette suggestion est confirmke par l'observation qu'en prisence de l'acide fulvique il ne 
se produit qu'un changement minimal de I'effet de Mn'+ paramagnitique sur le spectre rmn 
de l'eau. L'interprCtation du spectre rmn est en accord avec la comparaison de mesures rmn de 
complexes du Mn2+ avec des ligands simples et est en opposition avec les spectres rmn de 
complexes entre le Fe3+ et l'acide fulvique. On confirme donc que dans ce dernier cas il s'agit 
de spheres internes. 

vraduit  par le journal] 

Introduction 
At least two types of reactions have been found 

between metal ions and fulvic acid. One is outer 
sphere electrostatic binding of ions by a poly- 
anion without displacement of water from the 
ion (1). The second is inner sphere chelation at 
bidentate sites having a salicylic acid type of 
structure (2-4). There are therefore both outer 

!Presented at  the 58 th Chemical Conference and 
Exhibition of the Chemical institute of Canada, Toronto, 
Ontario, May 25-28, 1975. Soil Research Institute 
contribution No. 567. 
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C.H.L. and J.P.K.T. respectively. 

'We thank Douglas Hindle and Katalin Deczky for 
substantial and expert experimental assistance. 

T o  whom correspondence should be addressed. 

sphere and inner sphere complexes. It is sus- 
pected that Mn2+ forms outer sphere complexes 
with many ligands, possibly including fulvic acid. 

The result of this work supports the idea that 
Mn2+ forms outer sphere complexes with fulvic 
acid. The evidence comes from two experinlental 
methods which are entirely independent of each 
other: ( I )  $Mn2+-K+ ion exchange equilibrium 
used as a calibrated probe for measuring the 
conlplexing equilibria of Mn2+ and K+ with 
fulvic acid. (2) Proton nmr line broadening as a 
method of studying changes in inner sphere 
solvation of the paramagnetic ion. 

Theory 

Cation E.xchange Equilibria 
A cation exchange equilibrium is used as the 

calibrated probe with which Mn2+ - fulvic acid 
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complexing may be measured. This necessarily 
introduces a second cation, Kt, which will 
generally compete with the Mn2+ for organic 
ligand coinplexing sites (1). This in turn shifts 
the ion exchange equilibrium. The calibration 
procedure must take this into account. The ion 
exchange reaction is described by [ l ]  

The parentheses indicate ion concentrations in 
the exchanger; 1 7 7 ~ 1  is a molality of MnZ+ and ml< 
is a molality of Kt. is usually assumed to  be 
a constant in complexing studies by the ion 
exchange method (5, 6). This may be unjustified 
in the present case, and is certainly unnecessary. 
It is sufficient to use instead, the more general 
assumption 

The total concentration of metal ions in the ion 
exchanger is 

When this is introduced, [ l ]  nlay be rearranged 
to give a function that accounts for both metal 
ions in solution. [3] gives the resulting empirical 
calibration function Y ,  which is a function of 
only one variable, (mA,). 

The electrostatic binding of Kt has been pre- 
viously demonstrated (I), and outer sphere com- 
plexing is being postulated here. This suggests 
that the problem should be formulated with [4] 
to [6] where T represents a fiilvic acid binding 
site. In these equations, molalities i77 have 
subscripts H, T, and HT, designating respectively 
the proton, the binding site anion, and the 
protonated binding site anion. 

Examination of the present experimental results 
indicates that mT =: 0, within the linlits of 
experimental error. That is, under these experi- 
mental conditions, alnlost none of the carboxyl 
groups are free from cations. The complexing 
equilibria must therefore be described by [7] 
and [a]. 

tnhn"11 K,) = - 
t77T11t77~< 

Let 

CAI, CIi, and CCr are the total solution con- 
centrations of $Mn2.i and K1-  may now be 
calculated from 2, and the calibratioil fililction Y 
defined in [3]. This is done with [lo]. 

Appropriate differential equilibrium functions, 
K, and AG,, are calculated fro111 the correspond- 
ing K functions as previously described (1, 3, 7, 
8). AGi, differs froin AGO to  the extent of a small 
activity coeficient tern1 (7). 
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Nuclear Magnetic Resonance Probes of the 
Solvation Sphere of Mn2+ 

The effect of coordination to an organic ligand 
on the line broadening that a paramagnetic 
Mn2+ ion produces in the solvent (water) nmr 
signal has been used successfully to explore 
manganese binding to enzymes (9). The effect 
depends upon the reduction in T2, the transverse 
relaxation time, of protons in the neighbourhood 
(approximately the inner coordination sphere) 
of a paramagnetic ion. When those protons 
exchange rapidly with the bulk of the solution as 
do water molecules coordinated to Mn2+, the 
nmr spectrum reveals a single average absorption 
with one value of T2 governed by McConnell's 
equation for fast exchange (10). 

[I I] 1/T2(ot~s) = P ~ / T 2 ~  + P ~ / T 2 ~  

In [ll] ,  T2(obs) refers to the experimental re- 
laxation time, PM and Pn, the probabilities that 
a proton is to be found in the coordination 
sphere of the metal ion (M) or the bulk of the 
solution (B), and T2M and T2, represent the 
relaxation times characteristic of these two 
environments. When an inner sphere complex of 
Mn2+ is formed with an organic ligand, the 
ligand replaces coordinated water and conse- 
quently reduces Pap If this were the only effect, 
it would be a straightforward matter to deter- .., 
mine the 'chelating' ability of an organic ligand 
from knowledge of the binding equilibria and 
T2(,,,) as was done for sulfate coordination (11). 
Unfortunately, the situation can become more 
complicated. T2M is related to relaxation of the 
paramagnetic electron (12). The high spin d5 
electron configuration ions like Mn2+ and Fe3+ 
have long electron relaxation times in high 
symmetry environments including octahedral 
species like Mn(OH2)62+. In lower symmetry, 
with an organic ligand coordinated, splitting of 
electronic levels can lead to shorter electronic 
relaxation times which result in longer T2,,. 

To put this in an experimental context, 
1/T2M(ob,) is proportional to the width at half 
height, Avl12, of the nmr absorption signal for 
water. The signal is broadened by Mn2+. Addi- 
tion of an inner sphere complexing ligand may 
decrease that broadening by either of two 
mechanisms: (I) replacement of H20 reducing 
PbI, or (2) enhancement of electronic relaxation 
which lengthens T2,. Results for MnZ+ were 
obtained suggesting a leading role for mechanism 

(I). Contrasting results using Fe3+ suggested a 
leading role for mechanism (2). In both cases, 
evidence on inner vs. outer sphere coordination 
by fulvic acid was obtained. 

Experimental 
Mrz!erirzls atrrl Eqrripmen! 

All solutions were prepared from reagent grade chemi- 
cals and H20 redistilled under N2. The fulvic acid was the 
Batch FA1 previously described (7,  8). Bio Rad AG50W- 
X16, 200 to 400 U.S. Mesh Size, was used for all of the 
ion exchange equilibrations. 

Metal ion concentrations were estimated by atomic 
absorption using a spectrometer calibrated in the usual 
manner. Reference organic compounds were research 
grades used without special purification. Nuclear mag- 
netic resonance spectra were recorded using Varian T-60 
and HA-100 NMR spectrometers for 60 and 100 MHz 
spectra respectively. Transverse relaxation times were 
correlated with the width at half height of absorption 
bands assuming a Lorentzian line shape and the relation: 

where A V , / ~  designates the width at half height of the 
absorption spectral band. 

Procerl~ire (2nd Dora Trerrtrnet~r 
Stock solutions, standards, analysis solutions, and 

experimental samples were all prepared gravimetrically. 
The ion exchange resin was collected and weighed in the 
dry K+ form after use. A time study indicated a 4 h 
equilibration time for Mn2+-K+ ion exchange with 
2 W 0 0  U.S. Mesh Size resin at 25.0 "C. The 24 h 
equilibration time subsequently used included several 
hours of shaking at  room temperature followed by over- 
night storage in a thermostat at  25.00 + 0.05 "C. 

Six independent runs were used for the Mn2+-K+ ion 
exchange calibration curve, with each run having 9 to 12 
measurement samples. These samples were prepared 
from K+ form resin and MnCI2-KC1 stock solution. The 
equilibration temperature was 25.00 + 0.05 "C. Initial 
averaging of the experimental data was done separately 
for each of the six runs. Empirical curves were calculated 
in each case for Mn2+ concentration in solution as a 
function of the weight ratio of dry K+ resin to stock 
solution, and for Mn2+ content of the resin also as a 
function of this weight ratio. The calculations were done 
by least squares fitting to polynomials. The ion exchange 
calibration curve was then calculated with these averaged 
data from all six runs taken together. A least squares 
fitted polynomial was again used. 

Six independent complexing runs were carried out, 
with each run having 15 to 19 ion exchange-complexing 
samples. These samples were prepared from MnCI, - 
KC1 - fulvic acid stock solutions, and ion exchange resin. 
The resin was converted to  39 m o l x  $Mn2+ form, and 
61 mol% K+ form. The partly converted resin limited the 
mass transfer dca t ions  which results from ion exchange. 
This achieved the purpose of limiting the total electrolyte 
concentration in the complexing solutions. Initial averag- 
ing of the solution concentrations of total Mn2+ and free 
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COMPEllTlVE BINDING OF CATIONS M ~ ~ ~ K + , H +  

I t 

I I:O 2:o 1:o 4:0 s:o r:o 7:o a:o P:O IO:O II:O 1a:o 1 
3 

CM X 10 

FIG. 1. Competitive binding of the cations Mn2+, K+, 
and H+, as C,,, the concentration of total +Mn2+, is 
increased. A, molality of complexed ',Mn2+; u = + 15%. 
m, molality of complexed K+; u  = +5';{,. 0 ,  molality 
of free Hf ;  u = +56cj,. 

H+, and of the Mn2+ content of the resin, were done as 
described for the calibration runs. For each of the six 
complexing runs, empirical curves were fitted by least 
squares for the three solution concentrations, total Mn2+, 
total K+, and free H+, as functions of the Mn2+ content 
of the resin. The interpolated values of the latter were 
the same as those used for the calibration curve. The 
i7 and K functions were also calculated for the separate 
runs, but the two Act ,  curves were each calculated with 
data from all six runs taken together. 

Results and Discussion 

The experimental results of the ion exchange 
equilibration experiments demonstrate the fol- 
lowing important points, some of which are 
commonly overlooked: ( I )  Figure 1 shows the 
competitive binding of the three cations by the 
fulvic acid. Contrary to common practice, the 
three equilibria are calculated together. (2) 
Figure 2 indicates that % is a function of two 
independent variables, in the most general case. 
Those chosen here to specify the state of the 
system are Xc, the mole fraction of carboxylates 
having site-bound +Mn2+, and X,,,, the mole 
fraction of carboxyl groups still protonated. This 
verifies experimentally the theoretical conclusion 
(1, 3 ,7)  that % is not a therniodynamic equilib- 
rium constant. I t  also follows from these results 
that a 'conditional constant', for which a single 
numerical value is provided, cannot properly 
represent the system. (3) Kc, froin which the 
$Mn2+ curve of Fig. 3 is calculated, is defined for 
an infinitesimal increment of site-bound complex 
(1, 3, 7). It is found here to be larger than the 
macroscopically observed Kc by a factor of 25 

FIG. 2. : Mn2+ - fulvic acid complexing equilibrium at 
25.00 + 0.05 "C. K c ,  + U  = 20'j;. 0 ,  XTEl  = 0.346 + 
5'%. m, XPrH = 0.353 + 5'H. A, X T H  = 0.363 + 5%). 
0, X T H  = 0.371 k 5%). 

4.0 - 

3.0- 

H' DISPLACEMENT BY METAL I O N S  

M ~ ~ + - F U L V I C  ACID COMPLEXING 

0 0  
0  

0  
0 0.371 

0  
o o o  0  o o O  

FIG. 3. Equilibrium H+ displacement by metal ions at  
25.00 + 0.05 "C. AG,, = AGO + AG,, where AGI- is a 
small activity coellicient term. 
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GAMBLE 

FIG. 4. Water proton nrnr line-broadening in Mn2+ 
solutions at 100 MHz. 0, no additives; A ,  solutions 
containing 5.9 X 10-3 M 2,2-bipyridine; n, solutions 
containing 3.9 X 10-3 M EDTA. 

to 250. A comparable effect has been found in 
previously published Na+ and K+ binding 
results (1). The conceptual distinction between 
Kc and K,  is therefore neither trivial nor 
academic. (4) Figure 3 gives Gibbs free energies 
for the equilibrium complexing of +Mn2+ and 
Kf. These have been calculated from the corres- 
ponding differential functions Kc and Kb, and 
differ from standard Gibbs free energies only to 
the extent of small activity coefficient terms. The 
significant point here is that Mnz.+ is complexed 
to the fulvic acid with an energy very similar to 
that of Kf. The difference, in fact, is only about 
1 to 2 kJ/equivalent of bound metal ion. This 
suggests that ;-Mn2-'- and K+ are complexed to 
the fulvic acid in essentially the same way. 

Turning to nmr results, we see in Fig. 4 the 
effect on water proton line width of addition of 
Mn2+ to sol~itions of several ligands. The 
paradigm of a coinplexing agent is EDTA 
(ethylenediamnlinetetraacetic acid) which is seen 

FIG. 5. Water proton nmr line-broadening in Mn2+ 
solutions with SSA added. Data at  60 MHz. 

to cause very substantial reduction in water nmr 
line width as it complexes. (The ligand displaces 
5-6 water molecules.) A related case is bipyridine. 
This uncharged ligand can display a binding 
constant greater than lo2 only if it forills inner 
sphere complexes displacing water. The charge- 
dipole forces holding an outer sphere would be 
too weak to account for so large a binding 
constant. Again, it is evident that water line 
widths are reduced. Indeed, the change com- 
pared to the aquo-Mn2+ species is entirely con- 
sistent with displacement of one-third of the 
water molecu'les by the ligand. 

Sulfosalicylic acid, SSA, is a different case 
shown in Fig. 5. No reduction of the water line 
width is observed. Since it is known that SSA 
'complexes' Mn2+, it must be the case that it is an 
outer sphere complex that forms with no dis- 
placement of coordinated water and correspond- 
ingly no change in PA,  (see [Ill). In Fig. 6, data 
corresponding to those in Fig. 4 are presented 
for fulvic acid solutions. It is in~n~ediately seen 
that the closest comparison is with SSA although 
there is a slight but definite decrease in water line 
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100 MHz 
03112 HZ 

100MHz Od FAadded 
/ .60 MHz 

&hU. - L,:'" 60 MHz 

FIG. 6. Water proton nmr line-broadening in Mn2+ 
solutions with various amounts of fulvic acid added. 
0, 100 MHz; 0, 60 MHz. The dotted lines show where 100 MHz 
the Mn2+(aq) curves in the absence of fulvic acid appear. 

widths. This could be attributed to a small 
amount of water being displaced from the 
coordination sphere of Mn2+. However, there is 
another possibility. It may be that association of 

within a fulvic acid 'cage' imposes a 
slight but significant distortion from octahedral 
symmetry which changes electron relaxation 
time (12) enough to cause a slight decrease in line 
width. 

Experiments with Fe(II1) provide contrasting 
evidence supporting the picture given of Mn2+ 
complexing by fulvic acid. In Fig. 7, line widths 
as a function of ligand concentration are shown 
for Fe(II1) complexes. The important observa- 
tion is that for small concentrations of SSA, great 
reductions in line width are observed which 
cannot be interpreted simply in terms of dis- 
placement of water from Fe(oH~)6~+.  It must be 
true that the ligand substantially alters electron 
relaxation time and this implies inner sphere 
coordination (12). The binding of fulvic acid is 
parallel. Line widths in excess of the machine 
broadening of pure water could not be accurately 
estimated. When Fe3+ is bound to fulvic acid, the 
remaining paramagnetic broadening is small. It is 
clear that the complex is inner sphere 'chelation', 
but it is impossible to determine the exact 
number of water molecules displaced. 

A referee has pointed out that AGO values in 
the literature for typical MnZ+ and K+ complexes 
further support the postulated outer sphere 
complexing. Regardless of whether they are 
outer or inner sphere, K+ complexes will have 

M x lo4 ~ e ~ '  
FIG. 7. Water proton nmr line width in Fe3+ solutions 

containing SSA. SSA concentrations: 0 = 1 X 10-3 M; 
A = 2 X M; = 1 x 10-2 M. The intercept is 
the experimental line width of pure water. 

primarily electrostatic interactions such as ion- 
polyion or ion-dipole interactions. On the other 
hand, a somewhat stronger bond is likely for a 
Mn2+ complex if it is of the inner sphere type. 
Typical literature values for K+ complexing are 
9.13 kJ/mol 5 -AGO 5 16.6 kJ/mol (13-16). 
Some typical values for +Mnz+ complexes with 
organic ligands, evidently outer sphere, are 1.8 
kJ/mol 5 -AGO 5 21 kJ/mol (13, 17-21). 

If taken separately, neither the comparison of 
equilibrium free energies nor the nmr method 
provides conclusive proof of the postulated outer 
sphere complexing. The two methods are in 
agreement however, and both are consistent 
with this conclusion. There may be some slight 
inner sphere binding, although it is more likely 
that the outer sphere complex is somewhat 
unsymmetrical. We conclude that there is strong 
evidence for M ~ ( O H Z ) ~ ~ +  binding electrostat- 
ically to  anionic outer sphere sites on the fulvic 
acid in a manner very much more like K+(aq) 
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than Fe(II1). In this context, the behaviour of 
, Cu2+ would be especially interesting. 
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Ion pairs and heat capacity of activation for 2,2-disubstituted 
cyclopropyl bromides 
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SURENDRA SINGH and Ross ELMORE ROBERTSON. Can. J. Chem. 54, 1246 (1976). 
The temperature dependence of the rates of hydrolysis of 2,'-dimethylcyclopropyI bromide, 

2,2-cis-vinyl-tru,rs-methylcyclopropyl bromide and 2,2-cis-metl1yl-trut1s-vinylcyclopropyl bro- 
mide have been determined in water. The temperature coefficient of the enthalpy of activation 
(AC,+) for these compounds was determined to be -52, -27 and -37 cal deg-1 mol-1 respec- 
tively. The relative rate ratios for hydrolysis of the 2,2-methylvinylcyclopropyl bromides with 
respect to the appropriate 2-vinylcyclopropyl bromide isomer indicate a considerable progress 
towards allyl cations at the transition state in contrast to the indications of the AC,]+ values. 

The AC,+ term for such reactions in water depends to an  important degree on the external 
effects of charge development on water structure but is insensitive to internal electrostatic 
effects. In the three examples of AC,+ reported in this study, all tend to show small external 
effects in spite of evidence which might suggest larger. The difrerences in AC,,' are attributed 
to the particular shape and charge distribution of the quasi-ion pair. 

SURENDRA SINGH et Ross ELMORE ROBERTSON. Can. J. Chem. 54, 1246 (1976). 
On a dCterminC, dans I'eau, la dipendance sur la tempirature des vitesses des hydrolyses du 

bromure de dimCthyl-2,2 cyclopropyle, du bromure de mithyl-2 t,utrs vinyl-' cis cyclopropyle 
et du bromure de mCthyl-2 cis vinyl-' tr.rr/rs cyclopropyle. On a dCtermini que les coefficients de 
temperature des enthalpies d'activation (ACIJ+) de ces composis sont respectivement de -52, 
-27 et -37 cal deg-1 mol-1. Les vitesses relatives d'hydrolyse des bromures de mCt11yl-2 
vinyl-' cyclopropyle par rapport ii l'isomkre appropriC du bromure de vinyl-2 cyclopropyle 
indiquent qu'il y a un dCplacement considirable vers le cation allylique dans I'itat de transition 
et ceci par opposition aux indications des valeurs de AC,?:. 

Le terme AC,'Qour de telles riactions dans l'eau dipend beaucoup sur des effets externes 
impliquant un dCveloppement de la charge sur la structure de I'eau; ce terme est toutefois 
insensible aux effets Clectrostatiques internes. Dans les trois exemples de AC,,' rapportis dans 
cette Ctude, malgrC les indications qui pourraient suggirer que ces effets sont plus grands tous 
les cas tendent B montrer I'existence de petits efrets externes. On attribue les diffirences dans 
les AC,+ k la forme et B la distribution de charges particulikres dans la quasi paire d'ion. 

[Traduit par le journal] 

It is well established that the enthalpy of 
activation, AH*, for ionogenic reactions in water 
has a negative temperature coefficient, AC,*, 
which varies with the nature of the displaced 
group and with mechanism (1). En~pirically we 
observe that this coefficient, AC,*, appears to 
have at least two sources. One, a rather constant 
value of about -25 to -30 cal deg-' mol-I, 
seems to be independent of the displaced group, 
or the solvent, or solvent mixtures (2). The 
physical significance of this part of AC,* has not 
been identified? The other major contributor to 
AC,* for ionogenic reactions in water has been 
related to the unique nature of the initial state 
solvation of weakly polar solutes in such systems 

[For other suggestions in connection with AC,+ see 
refs. 3, 4. 

and to the effect of charge development in 
breaking down that solvation shell in the activa- 
tion process (1). Since the stability of the initial 
state solvation shell is known to be temperature 
dependent from gas -> aqueous solution equi- 
libria studies (5-7), the negative temperature 
coefficient of AH* from this source at least can 
be rationalized (8). A similar picture has evolved 
to account for the heat capacity changes found 
to characterize acid-base equilibria (9, 10). 

There is, however, one important difference 
between the latter AC,,  values and the majority 
of AC,* values obtained in kinetic studies. 
Whereas the acid-base equilibria reflect differ- 
ences in the solvation of solvent-separated ions, 
the transition state in kinetic studies has the 
possibility of various degrees of residual cova- 
lency, of charge development, ion pairing, and 
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SINGH AND ROBERTSON 1247 

ion separation. This point is implicit in the 
extended rate series of Winstein and co-workers 
(11) who gave formal extension to the opera- 
tional SN1-SN2 classification as2 

kl 
RX = R6'x6-= R'IIX- 5 R'+ X- 

k2 

[I] J k l n  J k 2 .  Jk,,, Jk4, ,  

P P P P 

and thus suggested a more complex framework 
for a detailed examination of solvation effects. 
Reaction 1 nlay not express exactly the detailed 
mechanisn~ but as it stands it enlphasizes the 
possibility of varying internal and external inter- 
actions as well as other potential complexities 
(12, 13) and hence, in so far as it is acceptable, 
provides a model, useful for examining AC,* 
values. This possibility will not be explored here. 
In general whether solvolytic reactions in water 
involve stages beyond the tight ion-pair is 
doubtful. 

Even though the teillperature dependence of 
solvent reorganization is recognized to play an  
important role in determining the value of AC,), 
and ACT,*, and even though the evidence from 
Walden procl~~cts (14) and from AC,,, (15) lead to 
the reasonable conclusion that positive cations 
such as the trimethylammonium ion break up 
water structure (14), indications to date support 
the conclusion that, in general, the cationic 
moiety a t  the transition state in the hydrolysis of 
alkyl halides and related compounds does not 
seem to have much effect on the surrounding 
water structure. Since this deduction can have an 
important bearing on the arguments to be 
advanced to account for the AC,+ values found 
in this study, some of the supporting evidence 
for this observation is given in Table 1. 

O n  the basis of a-deuterium isotope effects (20) 
and general electronic considerations fro111 other 
sources (21) we expect the isopropyl bro~iiide to  
have a Inore ionic transition state than the methyl 
homologue and this expectation is reflected in the 
more negative AC,+ values (Table 1 entry A ) .  
These are, admittedly, overall values and it is not 
readily apparent how the contributions t o  such 
values are to be divided between the effect of the 

ZWe have modified the original equation by including 
6+ and 6-  in the tight ion-pair since the degree of charge 
development is uncertain; probably not complete; may 
and probably does vary from compound to compound. 

TABLE 1 .  A comparison of AC,* values for 
hydrolysis in water 

AC,+ Refer- 
Class Compound (cal deg-1 mol-1) ence 

A Methyl bromide - 46 16 
Isopropyl bromide - 59 17 

B Methyl melhanesulfonate -38 18 
Isopropyl 

methanesulfonate -35 18 

C 3-Methyl-2-butyl 
bromide -82 19 

3-Methyl-2-butyl 
methanesulfonate - 40 19 

positive and the negative charges. However, if we 
examine Table 1 entry B and recogiiize that the 
methanesulfonic ion does not appear to have 
illuch effect on water structure (22)3 then it is 
probable that the positive charge on the isopropyl 
group at  the transition state is either dispersed or 
shielded fro111 the solvent since in B there is no 
appreciable difference between ACp* values in 
spite of a probable difference in charge develop- 
ment. Finally in entry C, the 3-methyl-2-butyl- 
methanesulfonate should have a s  great a positive 
charge or greater than the 3-methyl-2-butyl 
bromide which on the basis of the AC,* value 
tends toward a limiting mechanism (AC,+ for 
tert-butyl chloride = -81 cal deg" mol-') yet 
there is no evidence of an  enhanced positive 
charge. Hence, we conclude that the electrostatic 
influence of the cation on water structure is 
relatively snlall. It might be claimed as a possible 
weakness of this argument, that the transition 
state for all the sulfonates is reached a t  an  early 
stage in charge development but a t  least in C the 
fact that kII/kD is about the sarne for the 
n~etlianesulfonate as for the bromide would seen1 
to discount such an assertion. Fro111 evidence 
such as given in Table 1 (19), and fro111 kinetic 
solvent isotope effects (23) we have concluded 
that in the 177~jority of cases the positive charge 
on the cationic moiety a t  the transition state for 
molecules of the type studied to  date does not 
contribute in an  inlportant way to ACp+. 

In a recent paper Ong and Robertson (24) re- 
ported that the apparent tenlperature coefficient 
of the enthalpy of activation (ACT)*) in the 

'Reference 22 refers to the tosylate ion but on the basis 
of AC,+ values (1) the same conclusion is justitied. 
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TABLE 2. Empirical constants* for the interpolation of rates 

T1-T2 
Compound AI -A2 -A3 (OC)t 

2,2-Dimethylcyclopropyl bromide 89.0183 9610.9980 25.2472 44-70 
2,2-cis-Vinyl-trut~s-methylcyclo- 
propyl bromide 58.5116 7978.0069 15.0763 40-72 
2,2-cis-Methyl-~riitls-vinylcyclo- 

propyl bromide 65.8359 8383.3871 17.4815 40-70 

'For the equation loglo k = A,  + A?/T + AJ loglo T. 
tTj-T? define experimental temperature range. 

hydrolysis of cis- and trans-2-vinylcyclopropyl 
bromide was about -30 cal deg-' inol-l. This 
was as unusual4 a value of  for the hydrol- 
ysis of a halide in water, as it was unexpected, 
particularly where some evidence pointed to an 
ionic ~nechanism (25). Previous determinations 
of this temperature coefficient for the hydrolysis 
of a series of unsaturated halides gave no cause to 
suspect that the initial state solvation effects 
could be responsible for such low5 values (26,27). 
Hence, by implication the cause was presumed to 
lie in some feature of the activation process. 
Since the work reported by Ong and Robertson 
was the first study of the hydrolysis of vinyl- 
cyclopropyl bromides in water to determine the 
temperature coefficient of AH*, further work was 
needed to resolve the apparent anomaly revealed 
by their results. In that-paper we reported rate 
data and derived parameters for the hydrolysis of 
cis- and trans-2-vinylcyclopropyl bromides. Here 
are given results for the hydrolysis of 2,2- 
dimethyl and 2,2-methylvinylcyclopropyl bro- 
mides. Conlplementary work on a series of 2,3- 
din~ethylcyclopropyl bromides will be reported at 
an early date. 

Results and Discussion 
The solvolytic rate data for the hydrolysis 

of 2,2-din~ethyl and 2,2-methylvinylcyclopropyl 
bromides were obtained over a range of tempera- 
tures by a conductance method which has been 
described adequately in previous papers (28). 

4While exceptional values are known, the majority of 
AC,* values are consistent with the generalization that 
those halides which would be expected to react by an 
S,2 mechanism will have a value of -50 i 5 cal deg-1 
mol-1 while halides where other evidence would suggest 
might react by an S,I mechanism, yield values between 
-80 and - I00 cal deg-1 mol-1 (I). 

5"Low" refers to less negative AC,* values. 

Experi~nental details with regard to synthetic 
methods follow the discussion. In so far as could 
be determined the product forming step occurred 
after the transition state and the resulting alco- 
hols corresponded to the respective ally1 cations. 
The temperature dependence of the rates for each 
series has been shown to conform to the equation 

within experimental error. Corresponding con- 
stants derived from a least-mean-squares fit, 
assuming all significant error rests in k ,  are given 
in Table 2. These equations permit the calcula- 
tion of rates at intermediate te~nperatures and in 
conjunction with the application of transition 
state formalism provided for the derivation of 
apparent values of AG*, AH*, AS* and AC,* ( 1 ) .  
The interpretation of the last of these derived 
terms provided the focus for this paper. Values 
of these terms together with the related terms 
from the work of Ong and Robertson (24) are 
given in Table 3. 

It  is evident that the values of AC,* were not 
altered by the substitution of the m'kthyl group 
for 0-hydrogen although the rates of hydrolysis 
were increased significantly : 

Replacement of the vinyl group by methyl to 
give 2,2-dimethylcyclopropyl bromide resulted 
in a more negative value of AC,+ though the 
value (-52 cal deg-I mol-I) was still in the 
"normal" range for primary or secondary halides. 
Unquestionably, the 0-vinyl group resulted in 
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SINGH AND ROBERTSON 1249 

TABLE 3. Enthalpies, entropies, and heat capacities of activation for the solvolysis in water of 
2,2-disubstituted cyclopropylbromides at 50 OC 

AH* 
Compound (kcal mol-1) 

2,2-Dimethylcyclopropyl bromide 27.120i0.02 
2,2-cis-Vinyl-trans-methylcyclopropyl bromide 26.230i0.02 
2,2-cis-Methyl-1rat1s-vinylcyclopropyl bromide 26.549i0.01 
tratls-2-Vinylcyclopropyl bromide 26.360i0.10 
cis-2-Vinylcyclopropyl bromide 27.960i0.28 

AS" ACP* 
(cal deg-1 mol-1) (cal deg-1 mol-1) 

6 .56 i0 .05  - 5 2 i 2  
4 .14 i0 .06  -2714  
5 .10 i0 .02  - 3 7 i 2  
1 .29i0 .03 -35 i 2 *  
0.85 i 0 . 0 8  - 2 7 i 4 *  

* Rcfcrcncc 24. 

TABLE 4. Summary of AC,* values and relative rates for the hydrolysis of 
a series of unsaturated halides 

ACp" Relative rates 
Compound (cal deg-I mol-1) (40 "C) Reference 

Allyl chloride 50k  1 1 26 
0-Methylallyl chloride 4 9 5 5  8 34 
or-Methylallyl chloride 92 k 3 720 34 
tratzs-r-Methylallyl chloride 82 k 3 620 34 
cis-r-Methylallyl chloride 6621 50 34 

significantly more positive values of AC,*. 
In searching for a possible explanation for the 

"abnormal" AC,* values which characterize the 
hydrolysis of p-vinyl substituted cyclopropyl 
bromides (Table 3) we note that the effect of such 
substitution is to enhance the rate relative to the 
unsubstituted parent con~pound." 

Substitution of a methyl group for a P-hydro- 
gen in such compounds has a further accelerating 
effect on concerted disrotatory ring opening 
which differs depending on the configuration of 
the leaving group (29). Such changes i n  the 
relative rate ratios are consistent with the ex- 
planation that in case [I] there is relief of steric 
strain whereas in the other [I11 there is an increase 
in the non-bonded interaction in the activation 
Drocess. In neither case can the effect of the 
&methyl on the rate of hydrolysis be considered 
large. 

Furthermore we note that p-methyl substitu- 
tion makes no difference i n  the values of AC,* 
(Table 3). In all four cases the value of these 
coeixcients indicates that chargc development 
was either very s1nall(24) or was cancelled out in 
so far as extef nal indications are concerned, i.e. 

6Estimated ki for cyclopropyl bromide at 100 'C is 
1.74 X s-1; the 2-cis and 2-t,nt~.s-vinylcyclopropyl 
bromides react 280 and 3000 times faster at the same 
temperature. 

in all four examples, the external effects of 
charge development were insufficient to cause 
significant modification i n  the surrounding 
hydrophobic solvent shell. 

The participation hypothesis (30) proposed by 
Schleyer and co-worker to explain the enhanced 
reactivity of the cyclopropyl compounds com- 
pared to an earlier explanation offered by 
Roberts and Chambers (31) provided for the 
possibility of an unusual activation process and 
hence for the possibility of unusual values of 
ACd. Participation alone had been found to be 
associated with nlore negative rather than less 
negative values of AC,* (19, 32-34). In the case 
of the 2,2-dimethyl substituted cyclopropyl 
bromide, the value of AC,* is not minimal, 
hence participation alone through U-bonding is 
unlikely to be a cause. 

Initially the possibility of a temperature- 
dependent solvation effect analogous to that 
postulated by Robertson and Rossall (35) was 
entertained as a possible source of abnormal 
AC,+ values in the system. Howcver the values 
of AC,* found for a series of allylic compounds 
(Table 4) as well as the accumulation of data for 
other cyclopropyl bromides seemed to oppose 
such an explanation. 

The problem inherent in the AC,* values 
found for the 2-vinyl substituted cyclopropyl 
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bromides was how to  rationalize the indications 
that solvent reorganization was not occurring 
and the conconlitant inlplication that charge 
developnlent was minimal with the other evi- 
dence in favor of enhanced steric hindrance and 
release of non-bonded interaction which pointed 
to  considerable degree of charge development at  
the transition state. Here the operative word is 
"considerable7' and the question follows "why 
is there not, therefore, considerable solvent 
reorganization?". 

One answer t o  that question is that while our 
earlier assumption of a relation existing between 
charge developnlent at  the transition state, 
solvent reorganization, and ACT,* was valid in a 
general sense, the relationship is neither simple 
nor necessarily linear. 

The apparent paradox created by evidence of 
ring opening yet negligible evidence of charge 
development may be rationalized if it is recog- 
nized that while the coeficient AC,* is assumed 
to  reflect the effect of charge on water structure, 
it gives no indication of the degree t o  which 
internal electrostatic interactions reduce the effect 
of charge on the surrounding solvent shell. Thus 
with the 0-vinyl substituted cyclopropyl systenl 
an  extended corljugated systenl is in the process 
of being forilled which could result in a tight-ion 
pair and thus effectively cancel external effects. 
In line with this proposal is the observation that 
the 2-cis epimer which tends to  a sickle-form ion 
(36) has a more positive value of AC,* than the 
trans isomer both in this work and in the earlier 
work of Ong and Robertson. The unexpected 
difference in the ACp* values for the cis- and 
trans-crotyl chlorides (Table 4) might be con- 
sidered as further evidence supporting this inter- 
pretation. Such a hypothesis is not advanced as a 
universal explanation for all "low" AC,* values 
but it does raise the question as to  what the  
"nornlal" value of ACp* should be for a tight ion- 
pair involving a developing halide ion7 and pro- 
vides an alternative to  the previous suggestion 
that the transition state was reached at  an  early 
stage along the reaction coordinate (24). 

The "low" values of A C d  reported here are by 
no means unique. Thus a whole series of sub- 
stituted alkyl benzenesulfonates and methane- 

Values of AC,* in the dimethylcyclopropyl deriva- 
tives are now known to cover the range -52 to - 145 cal 
deg-1 mol-1. 

sulfonates gave values of ACT,* in the same range 
as was found for the 2-vinyl and 2,2-vinylmethyl- 
cyclopropyl bromides (1). Kohnstam had also 
reported many similar values of AC,* (2) for 
hydrolysis of a wide range of reactants in differ- 
ent solvent mixtures where the possibility of 
contributions from hydrophobic bonding t o  
AC,* was extremely unlikely. The value of 
ACT,+ found for the hydrolysis of isopropyl 
chloride in water is -37 cal d e g l  inol-' (17). 
In view o f the  more recent information presented 
here, the tight-ion pair which reduces external 
solvation effects appears to  be a more appro- 
priate inodel for rationalizing the seemingly 
contradictory evidence of participation and 
AC,* value near -30 cal deg-' mol-' for the 2- 
vinyl and 2,2-methylvinylcyclopropyl bromides. 
Whether this alternative is significantly different 
froin the suggestion of Ong and Robertson that  
the transition state occurs at  an  early stage along 
the reaction co-ordinate is a n  open question. 

The recognition that the external effects of a 
tight ion-pair need not reflect the degree of 
charge development is not restricted t o  kinetic 
situations. Thus Ting-Po I and Grunwald (37) 
show that the LiCl ion-pair does not "freeze" 
solvent and remains similar to  LiCl in the gas 
phase. This is an extreme example compared to  
the ion-pairs which presumably is characteristic 
of the transition states discussed above. In the 
case of the benzenesulfonic ion, the introduction 
of a /)-nitro substituent is claimed to  shift the 
electrical center from near the sulfonate oxygens 
t o  the benzene ring (37). This shift appears t o  
have but a small effect on ACT,* (1) suggesting 
either the transition state occurs at an  early 
stage in charge developnlent, or that the charge 
is dispersed or both, as could be argued both 
from a-deuterium and kinetic solvent isotope 
effects. The rather obvious fact stands out that 
solvation effects whether evaluated in terms of 
"rn" values, salt effects or AC,* reflect only the 
external effects of charge developnlent. 

Experimental 
The geru-dihalides were synthesized by the addition of 

dibromocarbe~~e to the appropriate olefin. The dibromo- 
carbene was generated from bromofornl and potassium 
rert-butoxide according to the procedure described by 
Van der Kerk (38). The reduction of the gern-dibromo 
compound was carried out following the procedure of 
Seyferth rr ul. (39). 
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SINGH AND ROBERTSON 1251 

I, I-Dibrotno-2,2-clitnetI~ylcyclop,c1t~e 
Isobutene (100 g, 1.78 mol, K and K) and potass i~~m 

tert-butoxide (76 g, 0.68 mol, Ventron Alpha Products), 
were placed in a two litre 3-neck flask. Distilled bromo- 
form (130 g, 0.52 mol, Fisher Scientific) was added 
dropwise at  about -25 "C under nitrogen. The mixture 
was stirred for 2 h after addition was complete. Then the 
temperature was raised slowly to 20 "C. The addend was 
hydrolysed with 250 ml water and the organic layer 
separated. The aqueous layer was extracted with two 
50ml portions of pentane and the combined organic 
solutions were dried over anhydrous NaZS04. The solvent 
was removed under vacuum and then the residue was 
distilled. The desired product has bp 41-43 "C/8.5-9 mm. 

I-Bromo-2,2-ditnelrylcyclopropot1e 
1,l-Dibromo-2,2-dimethylcyclopropane from the above 

synthesis (10.8 g, 0.05 mol) was reduced with tri-11- 
butyltin hydride (13.8 g, 0.05 mol) to give l-bromo- 
2,2-dimethylcyclopropane (bp 25 "C/33 mm). This prod- 
uct was purified further through glc using 30'h QF, on 
45/60 Chrom W in a 20 ft X In. column. The sample 
collected was >99.95(, pure; nmr (CC14) 6 (TMS) 2.70 
(m, lH ,  CHBr), 1.12, 1.24 (2s, 6H, CH3), 0.60, 0.93 
(m, 2H, -CHI-). Mass spectrum gave parent peaks at 
m/e 148, 150 (1:1), base peak at tn/e 69 (C5H9+) and 
significant fragments at  tn/e 133 and 135 (M-15), 53 
and 41. 

I, I-Dibrotno-2-t~retl~~~l-2-vitrylc~~clo~~r~opc111e 
2-Methylbutadiene (50g, 0.73 mol, Aldrich Chemi- 

cals) and potassium tert-butoxide (90 g, 0.80 mol, Alpha 
Products) and 200 rnl of dry pentane were placed in a 
one litre 3-neck flask and kept under a positive pressure of 
Nz. Freshly distilled bromoform (175 g, 0.69 mol) was 
added dropwise at  -5 "C under N2. The mixture was 
stirred overnight after the addition was complete, then 
hydrolysed with 200 rnl of water. and treated as above. 
The product has bp 45-50 "C/5 mm. 

I-B1~otna-2-nietlr)~l-2-vitr)~lcyclopropa~1e 
1,l-Dibromo-2-methyl-2-vinylcyclopropane from above 

(23 g, 0.09 mol) was reduced with tri-11-butyltin hydride 
(27 g, 0.09 mol) to get 1-bromo-2-methyl-2-vinylcyclo- 
propane. The two isomeric monobromides were separated 
on a prep-glc column using 30%; FFAP column on 
Chromosorb 60-80, 20f t  X in. Identification of the 
isomers was made by nmr and mass spectrum. 

2,2-cis- Vit~),l-trertr.\-tnetI~ylcycloprop~l brotnicle 
The nmr (CC14) 6 (TMS) 5.30-5.58 (m, l H ,  -CH=), 

4.80-5.02 (m, 2H, =CH), 2.78-2.93 (m, lH ,  -CHBr), 
1.34 (s, 3H, -CH3), 0.78-0.92 (m, 2H, -CHI-). Mass 
spectrum gave parent peak a t  m/e 160, 162 (1:1), base 
peak at m/e 79 and significant fragments at  m/e 81, 80, 
77, 53, 41. 

2,2-cis- Metl~~~l-trc~t~.s-vit~yIcyclop,I brotnicle 
The nmr (CC14) 6 (TMS) 5.56-5.88 (m, IH, -CH=), 

4.90-5.14 (m, 2H, =CHz), 2.78-2.94 (m, l H ,  -CHBr), 
1.22 (s, 3H, -CH3), 0.96-1.12 (m, 2H, -CHZ-). Mass 
spectrum gave exactly the same peak distribution as the 
isomer. 

Note on Idet~tificcitiotl of Isomers 
It has been found that in most cases the etrdo-proton 

(i.e. the exo-isomer) (40, 41) absorbs at  a higher field 
than the exo-proton ( i . ~ .  et~clo-isomer). This shielding 
effect is associated with the diamagnetic anisotropy of 
the carbon-carbon on the same side of the ring at  the 
0-carbon. Meiboom and Snyder (42) reported that the 
vicinal coupling constant J-cis is larger than J-trcrtls, an 
observation supported by the earlier calculations of 
Karplus (43). The stereocl~emical assignments made on 
the basis of nmr spectroscopy were found to be con- 
sistent with the kinetic data. 
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The effect of alkene structure upon the rates and product composition 
of addition of 4-chlorobenzenesulfenyl chloride1 
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GEORGE H. SCHMID, COLEEN L. DEAN, and DENNIS G. GARRATT. Can. J. Chem. 54, 1253 
(1976). 

The rates and products of addition of 4-chlorobenzenesulfenyl chloride to 30 mono- and 
disubstituted alkenes have been determined in 1 ,I ,2,2-tetrachloroethane at  25 "C. The rates of 
addition span a range of 106. No correlation with the extended Taft equation was found with 
the rates of all 30 compounds. The rate ratio k,/k,  for addition to nine pairs of isomeric 
cis-trcrrls alkenes ranges from a low of 3.1 for the 2-butenes to a high of 1.57 X 105 for the 
2,2,5,5-tetramethyl-3-hexenes. The rate ratio k,/k, does not always increase regularly with the 
increasing size of the substituents which suggests that relief of ground state strain is not impor- 
tant in the rate determining transition state. Greater steric hindrance between the electrophile 
and the trarls alkene compared to the cis isomer is proposed to account for the results. 

GEORGE H. SCHMID, COLEEN L. DEAN et DENNIS G.  GARRATT. Can. J. Chem. 54, 1253 
(1976). 

On a dCterminC, dans le tCtrachloro-1,1,2,2 Cthane i 25 "C, les vitesses et les produits d'addi- 
tion du chlorure de chloro-4 benzenesulfenyle a 30 alcenes mono- et disubstituCs. Les vitesses 
&addition s'Ctalent sur une Cchelle de vitesse variant par lo6. On n'a trouvC aucune relation entre 
I'Cquation Clargie de Taft et les vitesses de rCaction des 30 composCs. Les rapports de vitesse 
k,/k, pour les additions a neuf paires d'isomtres cis-rrarls varient d'une valeur de 3.1 pour les 
butknes-2 jusqu'a une valeur de 1.57 X 105 pour les tCtramCthy1-2,2,5,5 hexenes-3. Les rapports 
de vitesse k,/k, n'augmentent pas d'une facon regulikre avec une augmentation du volume des 
substituants; ces risultats suggkrent que I'Climination des contraintes dans I'ttat fondamental 
n'est pas le facteur important dans I'Ctape dkterminante de la rCaction. Pour expliquer les 
rCsultats on suggkre qu'il existe, entre I'Clectrophile et I'alckne rrarls, un empschement stCrique 
plus grand qu'avec I'alckne cis. 

[Traduit par le journal] 

Introduction 

The addition of arenesulfenyl chlorides to 
alkenes has been extensively studied by a number 
of workers (2-5). As a result of these investiga- 
tions, a mechanism has been proposed involving 
a rate determining forination of a thiiranium ion 
which is then attacked by chloride ion in the 
product determining step. This two-step mech- 
anism is illustrated in Scheme 1. 

A number of workers have studied the influ- 
ence of the structure of the alkene on the rate of 
addition of arene- and alkanesulfenyl halides. 
Beverly and Hogg (6) measured the rate of addi- 
tion of 2,4-dinitrobenzenesulfenyl chloride to six 
alkyl substituted olefins. Thaler (7) obtained the 
relative rates of reaction of a series of alkyl sub- 
stituted alkenes with methanesulfenyl chloride 
by means of a series of competitive rate deter- 

1Reactions of sulfenyl chlorides and their derivatives. 
XIII. For part XII, see ref. 1. 

Rate determining step 

Product determining step 

SCHEME 1 

minations. These results are suspect, however, 
since it has been shown that the competitive 
method of obtaining rates of arene- or alkane- 
sulfenyl chloride additions to alkenes suffers 
froin the fact that thermodynamically rather than 
kinetically controlled product nlixtures are often 
formed (8). Pritzkow and co-workers (9) have 
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TABLE 1. The specific rate constants for the addition of 4-chlorobenzenesulfenyl 
chloride to alkenes in 1,1,2,2-tetrachloroethane at 25 "C 

Number 
Alkene k2 (M-1 s-1) of runs k , /k ,  

Terminal Alkenes 
CH2=CH2 1 65+3.0 8 
CH3CH=CH2 2 205 + 18 6 
C2HSCH=CH2 3 248 + 10 4 
i-C3H7CH=CH2 4 140+2 4 
11-C4HyCH=CH2 5 133+5 3 
I-C4H9CH=CH2 6 95+3 3 

(CH3)2CLCH2 7 550 + 50 6 
(CzHs)zC=CH2 8 372 + 7 3 
( I - C ~ H ~ ) ~ C = C H ~  9 0.0317+0.0005 4 

C ~ H S ( C H ~ ) C = C H ~  10 611+1 3 
i-C3H7(CH3)C=CH2 11 420 + 5 3 
t-C4Hy(CH3)C=CH2 12 147+2 3 

cis-trat~s Isomers 
CH3CHYCHCH3 cis 13 1340 + 100 16 3.1 

trc111s 14 434+13 11 
C2HSCH=CHC2HS cis 15 3563 3 9.2 

tratls 16 388 3 
i-C3H7CH=CH-i-C3H7 cis 17 990 + 20 3 9.8 

trntls 18 102 + 1 - 7 

t-C4H9CH=CH- t-C4Hy cis 19 846+11 2 1 .57X105 
trot~s 20 5.36+0.02><10-3 2 

C2H5CH=CHCH3 cis 21 2690 + 90 3 4.7 
trcit~s 22 568+9 3 

i-C3H7CH=CHCH3 cis 23 2624 + 54 2 8.1 
trntrs 24 325 +4 2 

r-C4HyCH=CHCH3 cis 25 1029 + 27 6 7.5 
trat~s 26 162+6 5 

i-C3H7CH=CHC2H5 cis 27 2769 + 62 6 11.3 
trntls 28 245 +9 4 

t-C4H9CH=CHC2H5 cis 29 1704 +40 2 14.1 
tt.trtts 30 7 121+1 - 

measured the rate of addition of 2,4-dinitro- chlorobenzenesulfenyl chloride to 30 mono- and 
benzenesulfenyl chloride to a large number of disubstituted alkenes in 1,1,2,2-tetracliloroetl~~me 
alkenes in acetic acid, by both a direct and a (TCE) at 25 "C by iiieans of the stopped-flow 
competitive technique. technique using a Durrum-Gibson stopped-flow 

Tlie data froill these studies are insufficient to spectrophotometer. The rate of disappearance of 
enable us to establish the major efyects of alkyl 4-chlorobenze11es~11fc11yl chloride was followed 
substituents upon both the rate aiid products of by iileasuring the decrease in its absorption a t  
addition of sulfenyl halides to alkenes. Tlie 392.5 nm. The addition was found to exhibit 
major problem is that rarely have kinetic data normal second-order kinetics, first-order in al- 
and product compositions been determined un- kene and first-order in sulfenyl chloride to 80% 
der comparable conditions. We wish to report a completion of tlie reaction. The rate data are 
study of the effect of systenlatically varying the presented in Table 1. 
size and position of alkyl groups on the rate and The product compositions were determined 
product determining steps of tlie addition of by nmr spectroscopy. The basis of this method 
4-chlorobenzenesulfenyl chloride to alkenes. is that protons a or 0 to chlorine are consider- 

ably deshiclded relative to those a or to sulfur 
Results (10, 11). The nii~r parameters of the adducts 

We have measured the rate of addition of 4- obtained in this study are reported in Table 2. In 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHMID ET AL. 1255 

TABLE 2. Proton magnetic resonance parameters of 4-chlorobenze~~es~~lfenyl chloride a d d ~ ~ c t s ' d  
I 

i Group assignments Chemical Shirts (ppm), multiplicity 
I Alkene I 7 3 4 5 6 I 7 3 4 5 6 

cis-2-Pentene CHICS CH:CCI CHICHI CHS CHCl 1.313 1.95m 1.101 3.51dq 3.86dt 
CHlCCl C H K S  CHICHI CHS CHCl 1.55d 1.95m 1.011 3.15dl J .2 ldq 

. . . . . .  . . ,  rro,,s-2-Pentene CHICS CH:CCl CHlCHz CHS CHCl I .35d I .83m I ,OYt 3.30dq 3 .90dt 

. . . . .  . . . . . .  . . CHICCI CH:CS CHICHI CHS CHCl 1.57d 1.83111 1.00t 3.03dt 4.11dq 
. . . . . . . . . . .  . crs-3-Hexeth: CH,CH:CS CHICHzCS CHICH:CCI CH1CH:CCI CHS CCCl 1.001 1.80m I .90m 1.071 3.17111 3.91dt 

rnrn.r-3-Hexenc CHJCH~CS CHICH:CS CHICHICCI CHICH:CCI CHS CHCl 1.001 1.73dt I .S5dt 1.101 3.10111 3.90m 
cis-CMetliyl-2- (CHl):CCS CHCS CHJCCI CHS CHCl I .Md 2.13m 1.60d 2.90dd J.35dq 

petacne ICHl):CCCI CHCl CHICS CHS CHCl 1.07d 2.13n1 1.50d 2.67111 3.70m 
lrcrr~s-4-Methyl-2- (CH1l2CCS CHCS CHICCI CHS CHCl 0.95d 2.50111 1.60d 2.YSdd 4.16dq 

pentene (CH]),CCCI CHCl CHICS CHS CHCl 1.08d ?.50m 1.36d 2.64m 3.73m 
cis-4,J-Dimelhyl-2- r-BuCs CHICCI CHS CHCl 1.13, I .78d 2.93d 4.60dq 

pentenc I-BuCCI CHICS CHS CHCI 1.15s I .42d 3.60dq 3.82d 
rro~fs-4,J-Dimethyl- I-UuCS CHICCl CHS CHCl 1.10s 1.63d 3.28d 4.66dq 

2-pentene I-BuCCI CH,CS CHS CHCl 0.985 1.38d 3.47dq 3.YM 
cis-2-Methyl-3- (CH1)?CCS CH2CCI CHCS CHICHI CHS CHCl I .  l3d 1.93111 I .93m 1.Wt 2.96dd J.lOdt 

henene (CHl):CCCI CHICS CHCCl CH,CH: CHS CHCl I I d  3 n  3 m  0.981 3.16dt 3.76dd 
rro~ts-2-Methyl-3- (CHl)ICCS CHzCCI CHCS CHICHI CHS CHCl I .OZd 1.80m 2.3Jrn 0.951 3.03dd 3.96dl 

hexene (CHl)~CCCI CH:CS CHCCl CHICH: CHS CHCi 1.13d 1.77m 2.54m 0.931 3.13dt 3.80dd 
cis-2,bDimetllyl-3- I-UuCS CH:CCI CHICHI CHS CHCl 1.15s 1 . 8 6 1 ~  0.991 3.01d 4.25dl 

hexenc I-BuCCI CH:CS CtilCH2 CHS CHCl 1.17s 1.861~1 0.961 2.91dt 4.27d 
~m~rs-2.2-Dinlethyl- I-HoCS CH:CCI CHICHI CHS CHCl 1.065 1.96rn 1.031 3.38d 4.36dl 

. . 3-hexene I-UuCCI CHICS CHICHI CHS CHCl 1 . lo* 1.961~1 1.011 3.15dl 3.97d 
cis-2.5-Din~ell~yl-3- (CHl):CCS (CH1):CCCI CHCS CHCCI CHS CHCl 1 .06d 1 .06d 2.13m 2.l3m 2.95dd 3.85dd 

hexene 0.86d 
rro~ls-2.5-Dinlclllyl-3- (CH1):CCS (CH1):CCCI CHCS CHCCl CHS CHCl 0 95d 1 .25d 2.63111 2.63m 3.03dd 3.90dd 

hexene 0.55d I.08d 
I-Bulene CHI C H X H  CHIS CHCl 1.58 1.9111 3.27m 3.63111 
3-Methyl-I-bulene ICHl)?CH (CHl)2CH CHCl CHIS I.W)d 2.10rn 3.88m 3.22d 

0.S8d 
3.3-Dimethyl-I- (CH1),C CHCl CHIS 1.13s 3.77dd 3.30dd 

butene 3.06dd 
I-Bulene CHI CH:CH CHzCI CHS 1.071 1.9ni 3.68111 3.20m 
3-Methyl-I-butetle (CH,):CH (CHI)-CH CHS CH:CI 0.98d 2.07m 3 . 1 3  3.631~1 

I.15d 
3,3-Dimethyl-I- lCHl),C CHS CHKI 1.06s 2.96dd 3 .81dd 

butene 3 .  J9dd 
2-Methyl-I-bulene CHICHI CHICH: CHIC CH2 1.051 1.78q 1.60s 3.35s 
2.3-Dimethyl-I- (CHI):CH (CHl):CH CHIC CH: 1 .001 1.65q 1.15s 3.53s 

butene (CH,)zCH (CH1):CH CHIC CHI 0.98d 2.07m 1.575 3.35s 
(CH1):CH (CH1)>CH CHIC CH: 1.03d 2.07nl 1.135 3.35q 

2,3,3-Trimetliyl-I- (CH,),C CHI CH: 
butene (CHI)IC CHI CH: 1.12s 1.655 3.403 

2-Ethyl-I-butene CHICHI C H J C H ~  CH2 I .W)t I.85q 3.28s 
CHICHI CHICHI CHI 0.95 I .JOq 3.42s 

"Abbreviations: s singlet, d doublet, 1 triplet. q quarter, m multiplet, dl doublet or triplets, dq doublet or quartets, dd doublet of doublets. 

every case it was possible to find at  least one 
nonoverlapping signal from which the isomer 
distribution could be calculated. 

The kinetically controlled product composl- 
tion was determined by immediate nmr analysis 
of the reaction mixture. This uz sit11 determination 
of the adduct isomer ratio is necessary because of 
the known tendency of many 0-chloros~~lfidcs to  
isomerize (3-5). 

The thermodynamically controlled product 
con~position was determined by allowing the 
nmr sample t~ibcs  to  stand at  25 "C until the 
product composition, as determined by nmr, 
remained constant. This technique results in the 
stercospccific isomerization of regioiso~ners (5). 
The kinetically and thermodynamically con- 
trolled product cotnpositions are given in Table 
3. 

In Table 3 we use the designation Markowni- 

koff and anti-Markownikoff to  distinguish be- 
tween isomeric adducts. Such nomenclature is 
confusing for adducts derived from 1,2-dialkyl 
subst i t~~ted ethylenes. When both carbons con- 
tain an  identical number of alkyl groups, we can 
define the Markownikoff isomer as that one in 
which the chlorine is bonded t o  the carbon atom 
whose sum of Tafts' inductive substitucnt con- 
stant (12), Cr*, is the more negative. According 
to  this designation the followi~lg are isonleric 
Markownikoif and atlti-Markownikolf' adducts. 

The nmr data arc consistent with products 
formed by stereospecific anti-addition. Sym- 
~netrical cis-trans iso~neric alkencs each give 
only one product which differ in their pmr 
spectra in the expected manner. Unsynlmetrical 
alkenes form two dinerent products whose iden- 
tity, as established by nmr, are consistent with a 
pair of Markownikoff and crntl-Markownikoff 
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1256 CAN. J. CHEM. VOL. 54, 1976 

Markownikoff adduct Anti-Markownikoff adduct 

C2H5CHCHCHi C2H5CHCHCH3 
I I 

CI SAr S i r  \ C I  

(CH])]CCHCHCH(CH3)2 (CH~)]CCHCHCH(CH~)I 
I I I \ 

CI SAr SAr  CI 

( C H ~ ) I C C C ~ H ~  (CHi),CCHC2H5 
I \ / \ 
CI SAr SAr CI 

isomers. Furthermore their isomerization serves 
to establish their relative configuration. The sole 
examples of nonstereospecific addition occur in 
the case of the addition of 2,4-dinitrobenzene 
sulfenyl chloride to  cis- and ~rmzs-1-phenylpro- 
penes containing methoxy, isopropoxy, and 
phenoxy substituents on the ring (1, 13). These 
alkenes are all capable of forming highly stabi- 
lized benzylic cations. Our results as well as 
previous evidence clearly establishes that the 
addition of alkane and arenesulfenyl chloride to 
aliphatic alkenes occurs stereospecifically anti. 

TABLE 3. Kinetically and thermodynamically 
controlled products of addition of 4-chlorobenzenesul- 

fenyl chloride to unsyn~metrical alkenes in 
1,1,2,2-Tetrachloroethane at 25 "C 

KCPa TCPa 

Alkene M aM M aM 

cis 
trnrls 
c is  
II'~iI1S 
cis 
Il'fillS 
c is  
II'~1ltS 
cis 
II'NIIS 

UKCP = kinelicnlly conlrolled product con~position: TCP = 

therrnodynnniicnlly controlled pt-odnct composition: M = Mnrkowni- 
kofl orientelion; ;IM = rr~rri-Markownikoff orientn[ion. 

bProbnbly no[ KCPJTCP. 

Discussion 
The values of the specific rate constants given 

in Table 1 span a range of loG. In general sub- 
stituting electron-donating alkyl groups for the 
hydrogens of ethylene causes an increase ill rate. 
The exceptions are compounds 9 and 20. This 
rate increase reaches a maximuiii when an ethyl 
group is substituted for hydrogen and thin 
decreases as the size of the alkyl group increases. 
These data indicate that both polar and steric 
effects are important in the rate determining - 

transition state. 
In order to evaluate the relative importance of 

these two effects an extended Taft correlation 
(12) was atte~iipted with all 30 compounds. Such 
a correlation was unsuccessful. Satisfactory cor- 
relations with both the simple and extended Taft 
equation could be obtained by excluding selected 
niembers of the 30 compounds. (Particularly 
colilpounds with sterically bulky groups such as 
tell-butyl.) Such correlations with rather limited 
series of compounds (6, 8) or coiiipounds of 
similar structure (9) have been previously re- 
ported. Similar probleiils have been encountered 
in correlating rates of bromination of alkenes 
with the Taft eq~~a t ions  (14). 

The failure of the Taft equations to correlate 
the rate of addition of all 30 alkenes may be due 
to several reasons. Firstly, the steric constants, 
E,, are determined from-the hydrolysis of ali- 
phatic esters, a reaction whose steric require- 
nients are quite different from those of the 
addition of arenesulfenyl halides to alkenes. 
However, an attempt to ' ~ ~ i i ~ r o v e  the correlation 
by using the steric substituent coilstants Es*, 
obtained by Fellous and Luft (15) for the addi- 
tion of disiamylborane to alkenes was Linsuccess- 
ful. A second reason iilay be that the steric el'fects 
of the substituents are not additive, which would 
be important for large bulky groups. 

A third possibility is that there is a change in 
the structure of the rate determining transition 
state as the bulk of the alkyl substituents in- 
creases. The available evidence is not in accord 
with this possibility. Addition occurs in an anti 
stereospecific rilanner in all cases, even for cis- 
and trans-l,2-di-tert-butylethylene (17). For all 
unsyrninetrical alkenes products with anti-Mar- 
kownikoff as well as Markownikoff orientation 
are obtained. Furtheriiiore, in the case of disub- 
stituted ethylenes, the effect of the two alkyl 
substituents is relatively independent of their 
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TABLE 4. Rates of addition of 4-chlorobcnzenesulfenyl chloride to sets of alkenes 
containing the same substituents 

Al kene kz (M-1 s-1) Alkene k2 (M-1 5-1) 

(CH3)2C=CH2 7 550f 50 C2H5(CH3)FCH2 10 6 1 1 i l  
cis-CH3CH=CHCH3 13 1340 f 100 cis-CH,CH=CHC2H5 21 2690 f 90 
/rurls-CH,CH=CHCH3 14 434 f 13 iratls-CH3CH=CHC2H5 22 568 f 9  

positions. Thus two alkyl groups substituted on 
one carbon have about the  sa~lle effect as when 
they are substituted on adjacent carbons. The 
data are summarized in Table 4. Thus the specific 
rate constants for addition to compounds 7, 8, 
10, 11, and 12 are almost identical to those for 
addition to their isomeric frat1.s alkenes 14, 16, 
22, 24, and 26 respectively.. The agreement is not 
as good with the cis isomers and between the 
1,l- and 1,2-di-ferl-butylethylenes. These results 
are most simply explained by invoking a bridged 
transition state in both the rate and product 
determining steps for all the reactions studied 
here. 

While our data did not correlate with estab- 
lished linear frce energy relationships it is clear 
that both polar and steric factors are important 
in the rate determining transition state. With 
inethyl and ethyl substituents tbe polar effect is 
dominant, while as the groups become bulkier 
the steric clTect becomes the dominant one as in 
the case of the di-/err-butylethylenes. 

One of the most interesting aspects of this 
study is the effect on the rate of addition of the 
position, cis or fratzs, of the two alkyl groups of a 
1,2-dialkylethylcne. The data in Table 1 give the 
results of the rate of addition to nine pairs of 
isomeric cis-rrati.s alkenes. We have found that 
the addition to the cis isoillcr always occurs 
faster than to the rratzs isomer. The ratio, kc/k,, 
ranges from a low of 3.1 for the 2-butenes to a 
high of 1.57 x lo5 for the 2,2,5,5-tetramethyl-3- 
hexenes. These ratios are generally slightly lower 
than those reported by Pritzkow and co-workers 
(9) for the addition of 2,4-dinitrobenzenesulfenyl 
chloride to four iso~neric cis-fmns alkenc  airs 
but are still higher than the ratios obtained for 
the addition of bromine, ISCN, and NOCl. 

In general the ratio k,/h, given in Table 1 
increases with increasing size of the alkyl sub- 
stituents. This can be best appreciated by collect- 
ing the data as shown in Table 5 in which the 
compounds have been arranged into four series. 
In the three 1,2-disubstituted ethylene series one 
alkyl group remains constant while the other is 
progressively varied from nzethyl, ethyl, iso- 
propyl, to 1er.1-butyl, while in the fourth series 
the two substituents are identical. 

In two of the four series the ratio k,/k, in- 
creases regularly with increasing size of the 
substituents. The two exceptions are series one 
and three. In series one, chang~ng the substituent 
from isopropyl to rert-butyl causes a decrease in 

TABLE 5. Variation of kc/k, with increasing bulk 
of the substituents on the alkene 

K 

CH, C2H5 i-C3H7 /er/-C4Hg 

Series l KCH--CHCH3 
3.1 5 .2  8.1 7.5 

-0.7jn -0.880 - 1  .OSC -3.92[' 

Series 2 KCH=CHC2HS 
5.2 9 .2  11.3 11.2 

-0.88" -1 .70C -5.1ze 

Series 3 RCH=CHCH(CH3)2 
8.1 11.3 9.8 

- 1 . OSC - 1.96" 

Serles 1 RCH=CHR 
3.1 9.2 9.8 1.97X105 

-0.75" -1.70 -1.96' -10.2' 

"Reference 18. 
hRcfcrcncc 19. 
CRcfclcncc ?U. 
dRcfcrcncc 21. 
CRcfcrcnce 16. 
/In kcnl/mol for the process cis alkene -+ frorzr alkcne wi th  both 

isomers in  the liquid phnsc at 25 "C. 
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kc/k, as does a change from ethyl to  isopropyl in 
series three. 

Since addition occurs faster to  the cis than to  
the tratis alkene, sonle of the ground state energy 
difference bctween the cis and trans isomer must 
be lost in the rate deter~nining transition state. 
One explanation advanced to  explain this ob- 
servation is that relief of ground state steric 
strain occurs in the transition state of addition t o  
the cis alkene with a consequent increase in rate 
of addition (14). While this inay be a correct 
explanation for certain electrophilic addition 
reactions, we d o  not believe that it adequately 
explains our results for the following reasons. 

In Table 5 are listed the enthalpies of isomer- 
ization for the pairs of isonleric cis-r,m~.s alkenes 
studied in this paper. In all cases the tratzs is the 
more stable isomer. The differences in stability 
range from a low of -0.75 kcal/mol for the 
2-butenes to  a high of 10.2 kcal/mol for the 
2,2,5,5-tetramethyl-3-hexenes. This difference in 
stability is due to the steric interaction of the 
alkyl groups in the cis isomer. If relief of all or  a 
part of this ground state strain occurs in the rate 
determining transition state the11 there should be 
some correlation between AHi and the kc/k, 
ratio. No  clear relationship exists. Particularly 
surprising is the lack of a much larger change in 
the k,/k, ratio iipoll substitution of one lert- 
butyl group. For  example in series one, the 
difference in the cis-tratzs ground state enthalpies 
increases markedly when the substituent is 
changed from isopropyl to  terr-butyl yet the 
kc/k, ratio r/ecrecrse.s. Sinlilarly in series three the 
kc/k, ratio does not parallel the cis-tmzs ground 
state enthalpy differences. 

Further support of this view is obtained fro111 
the results of Yates and McDonald (16) who 
einployed a thermochemical-kinetic approach 
to  the transition state structure of the bromina- 
tion of several geonletrically isomeric I,2-disub- 
stituted ethylenes. They found that in all cases 
the initial enthalpy difference between starting 
cis and tmzs isomers was itict.easecl at  the 
bridged bromination transition state. Thus it 
appears that arguments based upon relief in the 
transition state of ground state steric strain are 
incorrect. 

It inay be possible to  account for the faster 
rate of addition of the cis alkene relative to  its 
tratis isomer on the basis of steric interaction 
between the incoining electrophile and the alkyl 

groups on the double boiid. 111 the cis alkene the 
two alkyl groups are located on the same side of 
the molecule with the result that the path of the 
electrophile is less hindered relative to the t m l s  
alkcne. In the extrenle case with two [err-butyl 
groups, it is possible that the electrophile will be 
forced out of its usual path, perpendicular to the 
plane of the alkene, and attack at a more obliquc 
angle. Such an explanation has been proposed t o  
explain the large difference in rates of addition 
of bromine and arenesulfenyl chloride to  cis- and 
tratis- 1,'-cli-terr-butylethylenes (16, 17). 

The rate of addition t o  the cis alkene would be 
faster if its entropy loss for addition were less 
than that of the tmzs isomer (16). Such a situa- 
tion would occur if the alkyl groups of the cis 
isomer have already lost most of their rotational 
entropy in the ground state. Thus in passing to  
the transition state they would have less entropy 
loss. This could be an important effect in alkcnes 
containing large bulky substituents. 

The second step of the mechanism involves 
attack at one of the two carbon atoms of the 
thiiraniunl ion. Since the products are a11 formed 
by stereospecific rrtiti-addition, it is concluded 
that the transition state ill this step is bridged. 
The kirlctically controlled product coinposition 
serves t o  indicate the relative importance of 
polar and steric factors in this, the product de- 
termining step. Examination of the kinetically 
controlled product distribution in Table 3 shows 
that generally the amount of mri-Markownikoff 
product obtained by chloride attack at one 
carbon atom of the thiirarliunl ion increases with 
the steric bulk of the substituent on the other 
carbon atom. This is particularly true for such 
bulky groups as [err-butyl where the steric effect 
seerns to be dominant. These results are in 
accord with the work of Beverly and Hogg (3) 
and Mueller and Butler (4). 

While we do not completely understand the 
effects of alkene configuration on the rates and  
products of addition of arenesulfenyl chloride it 
is clear that relief of ground state steric strain of 
the alkene in the rate determining transition 
state is not important. I11 the second or product 
determining step steric rather than polar effects 
seem to be the inore important. 

All melting and boiling points are uncorrected. Micro- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHMID ET AL. 

TABLE 6. Analytical data for sulfenyl chloride adducts 

Alkene 

Analysis (';) 

C H S 

Calcd. Found Calcd. Found Calcd. Found 

cis-2-Pentene 
tratls-2-Pentene 
cis-3-Hexene 
tratls- 3-Hexene 
cis-4-Methy lpentene-2 
[ratis-4- Methylpentene-2 
cis-4,4-Dimethylpentene-2 
tratzs-4,4-Dimethylpentene-2 
cis-2-Methylhexene-3 
trat~s-2-Methylhexene-3 
cis-2,2-Dimethylhexene-3 
tmrts-2,2-Dimethy lhexene-3 
cis-2,5-Dimethylhexene-3 
tratls-2,5-Dimethylhexene-3 
Butene- l 
3-Methylbutene-1 
Hexene- 1 
2-Ethylbutene-1 
2-Methylbutene-l 
2,3-Dimethylbutene- 1 
2,3,3-Trimethylbutene-1 

analyses were carried out by A. B. Gygli Microanalysis 
Laboratory, Toronto, Ontario. 

The olefins were obtained commercially and their 
purity was verified by glc and nmr. 

4-C/tlot~obetr~-etrc~.~ii/~ttyl clllorirlc. was prepared as pre- 
viously described (5). 1,1,2,2-Tetrc1c/1lot.oet/1aue was 
purified as previously described (5). 

Kitrrrics, protl~rct co~,ipositiot~, atrrl at~ril~~[icril sarnples 
were carried out or prepared as previously described (5). 
The elemental analysis for adducts not previously re- 
ported are given in Table 6. 
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A simple synthesis of oxazolidine and thiazolidine derivatives 
of hydroxymethylglyceraldehyde acetonide 

Depnrtme~lr of Cl~ernisrry, MrGill U I I ~ V E I : Y ~ I ~ ,  I M ~ I I ~ ~ E N I ,  Q11e0ec H3C 3GI 

Received December 19, 1975 

GEORGE JUST, BONG YOUNG CHUNG, GERALD ROSEBERY, and MICHEL DUPRC. Can. J. Chern. 
54, 1260 (1976). 

Starting from mannitol diacetonide, a simple, I ~ i g l ~  yield preparation of the title compounds 
is described. 

GEORGE JUST, BONG YOUNG CHUNG, GERALD ROSEBERY et ~VIICHEL D U P R ~ .  Can. J. Chem. 
54, 1260 (1976). 

A partir du diacitonide du mannitol, on dCcrit une synthkse simple et ?I rendement ClevC des 
composCs mentionnis ci-haut. 

In connection with a synthesis of cephalo- 
sporin and oxacephalosporin derivatives, we re- 
quired a large amount of hydroxylnethylglycer- 
aldehyde acetonide, in which the aldehyde group 
was protected as an oxazolidine or thiazolidine 
derivative. 

We recently reported (1) that 5 could be 
obtained from mannitol diacetonide (2) 1 via the 
sequence 1 + 2 -> 3 + 4 + 5. When these re- 
actions were carried out on a large scale, it 
became apparent that (i) the lead tetraacetate 
oxidation of 1 was unwieldy; (ii) the distillation 
of dioxolane 3 to  hydroxyaldehyde 4 could not be 
scaled up because of polymerization of 4 ;  (iii) 
that, because of this polymerization, the yield of 
4 was low; and (iv) that 5 was contaminated with 
varying amounts (5-50%) of an impurity. 

The nature of this impurity became apparent 
when 5, containing a particularly large amount of 
side product, was mesylated. In addition to  the 
expected inesylate 7, dirnesylate lob ,  mp 74- 
75 "C, was isolated. Its structure followed from 
its analytical and nmr data and it obviously was 
derived from a Cannizzaro reaction occurring 
during the work-up of 3, which had involved the 
removal of methanol in the presence of potas- 
sium carbonate and formaldehyde. 

Although remaining highly crystalline, it was 
noted that 3 decomposed at  room temperature in 
a period of several weeks, and that formaldehyde 

'Holder of a National Research Council of Canada 
Scholarship, 1974-1975. 

'Holder of a National Research Council of Canada 
Scholarship, 1970-1973. 

was liberated during that transformation. Based 
on this information, it was dccided to investigate 
the periodate oxidation of mannitol diacetonide, 
to  use reaction conditions which minimized the 
undesired Cannizzaro reaction in the trans- 
for~iiation of 2 to 3, and to make usc of the 
equilibrium between 3 and 4 and formaldehyde 
to trap 4 directly as its oxazolidine derivative 5. 

Initial attempts to cleavc mannitol diacetonide 
with aqucous periodate gave 2 in 10-2070 yield 
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JUST ET AL. 1261 

only. A careful study of the reaction indicated ethanolamine in 5OOml benzene was heated to reflux 

that at p~ 5, mannitol diacetonide had dis- and the benzene slowly distilled off over a period of 2 h. 
Distillation gave a 90-95%. yield of 5 ( I ) ,  bp 100-103 "C/ appeared within 5 min, and that glyceraldehyde 0,5 torr, 

acetOnide had started decomposing very rapidly When N-methylthioethanolamine was used instead of 
due to the slightly acidic conditions. When the N-methylethanolamine, thiazolidine 6, bp 98-101 "C/0.05 
periodate reaction was carried out at p H  6, the torr was obtained in 90% yield. A~lcrl. calcd. for 

reaction was complete after 30 with little C I O H I ~ O ~ :  C 51.49, H 8.21, N 6.01, S 13.72; found: 
C51.53,H8.17,N6.13,S 13.63; rn/e233(M+). 

degradation of 2. Reaction of the aqueous solu- 
tion of 2 with aqueous formaldehyde and Mes~ lu fe8  

A solution of 11.65 g of 6 and 7.6 g of triethylamine 
potassium for l6  h' by (1.5 equiv.) in 2OOml of methylene chloride was cooled 

extraction, gave pure in to -50 alld 6.3 g (1.1 equiv,) of freshly distilled 
70-80% yield. A benzene solution of 3 was then methanesulfonvl chloride in 100 ml of methvlene chloride 
boiled for 1 h with continuous removal of water added dropwik over a ~ e r i o d  of 3 h. The clbudv solution 
with 2 equiv. of N-inethylethanolan~ine. Distilla- 
tion gave a 95% yield of pure oxazolidine 5, 
uncontaminated by diol 10a. It was converted to 
its crystalline mesylate 7 in high yield. 

Similarly, treatment of 3 with N-methylthio- 
ethanolamine (3) gave 6 in high yield as a mixture 
of two epimers. No attempt was made to deter- 
mine the relative stereochemistry of two epimers 
of 6. Mesylation of 6 gave 8. 

Conversion of the oxazolidine function in 7 to 
the free aldehyde 9 could be effected by treat- 
ment with aqueous acetic acid (1). The same 
aldehyde 9 was obtained from the thiazolidine 8 
by hydrolysis with mercuric chloride either in 
aqueous acetonitrile (4) or tetrahydrofuran. 
Alternatively, the thiazolidine group could be 
removed under virtually aprotic conditions by 
oxidation of 8 at 0 OC with 2 equiv. of m-chloro- 
perbenzoic acid in methylene chloride for 5 min. 
Direct chromatography of the reaction product 
or washing with aqueous sodium bicarbonate 
gave the free aldehyde 9 in 70% yield. 

Experimental 
Melting points were determined on a Gallenkamp 

block and are uncorrected. Mass spectra were obtained 
on an AEI-MS-902 mass spectrometer at 70 eV using a 
direct insertion probe. Microanalyses were carried out 
by C. Daessle, Montreal. 

Formuldel~~~de Arl~lrrcf 3 from Mur~r~irol Dinreforlicle 
To a solution of 24 g of mannitol diacetonide in 400 ml 

phosphate buffer (pH6)  was added 20.4g of sodium 
metaperiodate. The mixture was stirred for 30 min, 
23.1 g of potassium carbonate in 70 ml water and 74 ml 
of aqueous 40'/" formaldehyde were added, and the 
mixture stirred overnight at room temperature. Methylene 
chloride extraction and evaporation gave 25.5 g (73O4,) 
of pure 3 (I) ,  mp 89-90 "C. 

Oxuzolidirre 5 arrcl Tl~iurolidir~e 6frorn 3 
A solution of 0.1 mol of 3 and 2.2 equiv. of N-methyl- 

was into 300 hl of cold water, separated, and 
washed twice with cold water. Drying and evaporation 
gave a quantitative yield of oily mesylate. The oily residue 
was shaken vigorously with ether, and the solvent 
pumped otl' under high vacuum to give a solid. Treatment 
with ether and filtration after cooling to - 10 'C for 2 h 
gave 14 g (90:/;,) of 8, mp 65-66 'C (mixture of epimers). 
Arlcll. calcd. for C l lH~IN05S? :  C 42.45, H 6.75, N 4.50. 
S20.58; found: C42.25,H 6.59,N4.62, S20.32. 

Alde11).de 9 frorn 8 
Usirlg Merclrric Clrloricle 
To a solution of 31 1 mg of 8 in 80Y6 aqueous acetoni- 

trile or tetrahydrofuran (IOml) was added mercuric 
chloride (280 mg, 1 .I equiv.). The white milky suspension 
was refluxed for 1 11 and filtered. The filtrate was evapo- 
rated irr vnc~ro and the residue extracted with benzene. 
The benzene solution was washed with dilute hydro- 
chloric acid and water, dried over anhydrous sodium 
sulfate, and evaporated to dryness i r~  vucrro, giving 
248 mg (96%) of 9 as a white oil. 

Usirrg rr~-Cl~loroperber~~oic Acid 
A solution of 31 1 mg of 8 in methylene chloride (5 ml) 

was cooled to 0 "C and nl-cl~loroperbenzoic acid (344 mg, 
2 equiv.) was added. The mixture was stirred for 5 min 
and washed with sodium bicarbonate solution. Drying 
over anhydrous sodium sulfate, evaporation, passing 
through a silica gel column using ethyl ether as eluant, 
and evaporation gave 188 mg (72vc) of 9 as a white oil. 
The nmr and ir spectra were the same as those of the 
product ( I )  from the acidic hydrolysis of the oxazolidine 
mesylate. Annl. calcd. for CsH14O6S: C 40.34, H 5.88, 
S 13.46; found: C40.10,H 6.11, S 13.35. 
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Constituents of Nauclea dideuuichii. Part VII. Synthesis of 
nauclederine, naucleonine, and naucleonidine; spectroscopic evidence 
for the structures of 3a-dihydrocadambine and two other constituents 

STEWART MCLEAN, GARY I. DMITRIENKO, AND AKOS SZAKOLCAI 
Departtnetlt qf Clrrmi.rtry, Utliversity of Torotlto, Torotlro, Ot~tario M5S IAl 

Received October 23, 1975 

STEWART MCLEAN, GARY I.  DMITRIENKO, and AKOS SZAKOLCAI. Can. J.  Chem. 54, 1262 
(1976). 

Evidence is advanced concerning the structures of six N. rlirlrrriclrii alkaloids, based on 
synthetic and spectroscopic studies. The synthesis of nauclederine, 2, provides support for the 
structural assignment made earlier. Synthesis has shown that the structures previously assigned 
to the alkaloids designated ND-305B and ND-363C are incorrect; this, however, has led to  
revised structures (19 and 20) for these alkaloids, now named naucleonine and naucleonidine, 
respectively, and these have been established by synthesis. Based on this study and an examina- 
tion of data obtained previously, a tentative proposal is made for the structure 21 of another 
constituent of the plant, designated ND-363B. Spectroscopic studies have allowed a structure 22 
to  be advanced for the glycosidic alkaloid, which was shown to be identical with the alkaloid 
3a-dihydrocadambine obtained by Brown and Fraser. Based on this study and a reexamination 
of data reported previously, structure 25 is tentatively proposed for another constituent of the 
plant, designated ND-370. 

STEWART MCLEAN, GARY I. DMITRIENKO et AKOS SZAKOLCAI. Can. J .  Chem. 54,1262 (1976). 
On prkente des donnCes, basCes sur des Ctudes de synthkse et de spectroscopic, concernant la 

structure de six alcalo'ides N. dirlrrt-icllii. La synthkse de la nauclederine, 2, fournit une preuve 
supplkmentaire pour I'attribution de structure proposCe anttrieurement. On a dCmontrC, par 
synthkse, que les structures proposees anterieurement pour les alcalo'ides ND-305 B et ND-363C 
ne sont pas correctes. Nos Ctudes ont toutefois permis d'attribuer les structures revisies (19 et 20) 
B ces alcaloi'des qui sont maintenant nommes respectivement naucleonine et naucleonidine; ces 
structures ont maintenant ett  etablies par synthkse. En se basant sur I'Ctude prisente et en re- 
examinant les donnees obtenues anterieurement, une structure non-definitive 21 est proposie 
pour le constituant ND-363B de la plante. Des etudes spectroscopiques ont permis de proposer 
la structure 22 pour I'alcalo'ide glycosidique; on a montrC que cet alcalo'ide est identique avec 
I'alcalo'ide 3cr dihydrocadambine obtenu par Brown et Fraser. En se basant sur I'Ctude act~el le  
et B I'aide d'un reexamen des donnCes obtenues anterieurement, oq propose, d'une f a ~ o n  non- 
definitive, la structure 25 pour le constituant ND-370 de la plante. 

[Traduit par le journal] 

We have described the isolation of constituents 
of Nauclea diderrichii which, for convenience, we 
have placed in four categories (1). The structures 
of all of the members of the first two groups, the 
simple P-carbolines and the sinlple pyridines 
were established with confidence (la). In the 
third group, the indole-pyridine alkaloids, only 
naucledine, 1, was assigned a structure unequiv- 
ocally, but provisional structures were advanced 
for other members of the group with varying 
degrees of confidence (lb). Structural assign- 
ments to  the members of the fourth group, 
miscellaneous substances, were at best tentative 
(Ic). More recently we have published pre- 
liminary communications in which we make firm 
structural assignments to several members of the 

third and fourth groups (2). We now provide 
details of these latter assignments and also 
describe progress in the elucidation of the 
structures of several other constituents of this 
plant. 

Because of the small amounts of material 
available from natural sources (la), it has been 
necessary throughout this study to resort to total 
synthesis t o  test and substantiate the structural 
assignn~ents based on spectroscopic studies. The 
structure of the first indole-pyridine alkaloid, 
naucledine, 1, was established in this way (lb), 
and, of the other members of this group, 
nauclederine appeared to be the best candidate 
for a synthetic attack. The favored structure for 
nauclederine was the azepinoindole 2, but a small 
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MCLEAN ET AL. 1263 

number of alternative structures remained pos- 
sible though unlikely since each was difficult to 
reconcile with at least one piece of spectroscopic 
data. One of these, the picolyltetrahydro-p- 
carboline 3, which was considered unlikely on 
the basis of the fragmentation pattern in the 
mass spectrum of the alkaloid, was disposed of 
when it was synthesized and shown to  be different 
from the alkaloid. (The mass spectrunl of 3 was 
that expected for the structure.) The synthesis of 
3 was accomplished by Bischler-Napieralski 
cyclization of the a~iiide 5 and sodium boro- 
hydride reduction of the dihydro-p-carboline 
product. The amide 5 was prepared from the 
dinicotinic acid derivative 6 (X = C1) ( la)  by an 
Arndt-Eistert sequence in which the intermediate 
diazo ketone 6 (X = CHN2) was allowed to  
react with tryptainine in the presence of silver 
oxide. An interesting feature of the dihydro-p- 
carboline intermediate is that its nnir spectrunl 
shows that the iniine form 4 exists in dynamic 
equilibrium with the enaniine 4a; the proton 
signals indicate that both tautomeric forms are 
present in substantial anlounts in the solution 
and the addition of D 2 0  removes all of the 
signals associated with the mobile hydrogens. 

A route to the favored structure, 2, by acid- 
catalyzed cyclization of the amino alcohol 7 

could be seen but it was considered advisable to 
explore this approach by attempting the cycliza- 
tion of the phenyl analog 8, which seemed to  be 
niore readily accessible. This intermediate could, 
indeed, be prepared by the reaction of tryptamine 
with styrene broiiiohydrin or the epoxide derived 
from it, but under all of the reaction conditions 
used, significant amounts of the bis product 9 
were obtained ; attempts to  prevent over-reaction 
left unchanged tryptaiiiine and presented sub- 
sequent problenis with purification of the 
product, and the best practical course was found 
to  be the quantitative conversion of tryptaniine 
to  9 with styrene oxide. A route to  8 alone by 
the reaction of tryptaiiiine with 0-acetylmandelyl 
chloride followed by hydrolysis of the ester and 
reduction of the aniide was developed, but this 
was of little advantage since it was found that 
polyphosphoric acid converted both 8 and 9 to  
10, the phenyl analog of 2, with about the same 
efficiency; it is probable that 9 produced the 
N-substituted derivative of 10, which underwent 
dehydration and hydrolysis under the reaction 
conditions (3). The product 10 was identical with 
material assigned this structure by Freter (4), and 
obtained by a different route. 

The epoxide precursor, 11, required for the 
synthesis of 2 itself was inost conveniently pre- 
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pared from the bromohydrin obtained by treat- 
ment of the diazo ketone 6 (X = CHN2) with 
hydrobromic acid followed by borohydride re- 
duction of the resulting bromo ketone. A small 
amount of the epoxide itself was formed in this 
reduction, but the bulk of the product was 
bromohydrin which was converted to epoxide by 
treatment with sodium hydride under mild con- 
ditions. The epoxide was obtained crystalline, 
mp 63.5-64.5 "C, by sublimation (60°Cj0.05 
torr) and was stable up to this temperature. (In 
contrast, the epoxide of 4-vinylpyridine has been 
described (5) as an unstable liquid.) As in the 
model series, problems with bis alkylation were 
found when tryptamine was treated with epoxide 
11, but in this case conditions were found in 
which acceptable yields of 7 could be isolated, 
provided that the reaction was carried out batch- 
wise with small amounts of reactants. After 
numerous attempts, conditions were found in 
which 7 was cyclized to 2. albeit in only 5.4%) 
yield. The structural identity of 2 and natural 
nauclederine was judged from their spectroscopic 
(ir, uv, nmr, and ms) and tlc characteristics. The 
natural material melted over a wide range (102- 
124 "C), and comment has been made about this 
previously (16); the range observed for the 
synthetic material (94-108 "C) was similar, but 
did not serve as a good criterion of identity. 
Microanalytical values indicated that synthetic 2 
retained a molecule of solvent of crystallization. 
but completely satisfactory and reproducible 
results could not be obtained with the small 

amount of material available and, as with natural 
nauclederine, the best proof of constitution came 
from a determination of the masses of the parent 
ion and certain fragment ions in a high resolution 
mass spectrum. 

In an attempt to  improve the yield in the 
cyclization step, the N,O-diacetyl derivative of 7 
was prepared with the intention of selectively 
hydrolyzing the ester function and leaving the 
nitrogen protected during the treatment with 
polyphosphoric acid. A feature of interest in this 
diacetyl derivative and the corresponding deriv- 
atives in the model series is that the nmr 
spectrum shows two signals for the N-acetyl 
protons, indicative of the existence of two 
relatively stable rotamers. However, the N-acetyl 
group proved to be unusually susceptible to acid 
hydrolysis and, by using the nmr spectrometer 
to monitor the course of the reaction, it could be 
seen that the hydrolysis of the original 0-acetyl 
group was followed by a rapid N -+ 0-acetyl 
migration and then further hydrolysis. It seemed 
most improbable, therefore, that the N-acetyl 
group would provide any protection in the 
polyphosphoric acid treatment. The N-tosyl 
derivative was also prepared and subjected to  
cyclization in polyphosphoric acid, but without 
any improvement in yield. 

The isolation of nauclederine, even in small 
yield, provides strong support for the proposed 
structure 2. It is recognized, however, that this 
sequence does not quite reach the level of a 
conlpletely unequivocal proof of structure, since 
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the mechanism of the acid-catalyzed cyclization 
step has not been established. The nature of the 
electrophilic centre generated in the reaction has 
not been established, and the possibility exists 
that an aziridinium intermediate could be 
formed and lead to rearranged product. In any - - 
case. the electrophilic centre mav well attack the 
p-position of the indole generating a six-mem- 
bered ring, with subsequent Plancher rearrange- 
ment of the spiroindolenine providing the 
azepinoindole (6). Even if this were so, migration 
of the picolyl substituent to form 2 can be 
expected rather than the alternative rearrange- 
ment. Furthermore, the fornlation of 10 from 8 
and from the precursor used by Freter (4) 
buttresses its structural assignment and provides 
firm support for the assignment of 2 to naucled- 
erine, which strongly resembles 10 spectro- 
scopically. 

A further member of the indole-pyridine group 
of alkaloids was the substance referred to by its 
laboratory designation ND-363C and tentatively 
assigned structure 12 (X = C02Me) as a working 
hypothesis (Ib). It was recognized that the sample 
consisted of a pair of equilibratible epimers and 
it was postulated that opening and closing the 
carbinolamine ether (cf: 13) provided a route for 
the epimerization. However, two pieces of 
spectroscopic data could not readily be accom- 
modated by this hypothesis: the presence in the 
nmr spectrum of a T 8.22 peak, readily removed 
by addition of D20,  and the occurrence of an 
M - CH3 ion as the base peak in the mass 
spectrum. Another substance. ND-305B. was 
closely similar in its behavior and was considered 
to be the decarbonlethoxy analog 12 (X = H). 

As a test of the structural hypothesis, synthesis 
of the ring-opened tautomers -13 was undertaken, 
and the most readily available model was 13 
(R = H). y-Butyrolactone 15 (R = H) reacted 
smoothly with ttyptamine to form the amide 14 
(R = H), which was protected as its 0-acetyl 
derivative and subjected to Bischler-Napieralski 
cyclization. Careful hydrolysis of the 0-acetyl 
group led to 13 (R = H) which was isolated as a 
waxy solid. However, this material showed 
spectroscopic characteristics appropriate for the 
ring-opened imine form and showed no tendency 
to cyclize to the carbinolamine ether; in partic- 
ular, the nmr spectrum showed no evidence for 
tautomerism and the uv spectrum was that of a 
typical dihydro-p-carboline in acidic, neutral, 

and basic media. The same sequence was carried 
out with the phenylbutyrolactone 15 (R = Ph) 
and the pyridyl analog 15 (R = 3-pyridyl) which 
was prepared from ethyl nicotinate by a routine 
synthetic sequence. In both cases the product 
existed in the inline form 13, and it was clear 
that the equilibrium was not shifted to favor the 
ring-closed tautomer by an effect associated with 
either the bulk of the substituent or a special 
characteristic of the pyridyl group. Clearly the 
original structural hypothesis was incorrect, and, 
in particular, 13 (R = 3-pyridyl) was not 
identical with ND-305B nor did it lead to it. 

Because these observations raised questions 
regarding the proposed tautomerism, the im- 
minium salt 17 (R = H) was prepared by the 
reaction of harmalan, 16, with 2-brornoethanol, 
and when this was treated with aqueous base, it 
spontaneously formed the ring-closed product 18 
(R = H). Two spectroscopic properties of this 
material were of comnlanding interest: the mass 
spectrum showed an M - CH3 base peak and 
the nmr spectrum showed a three-proton singlet 
at T 8.28 which rapidly disappeared when the 
sample was shaken with D20. Clearly the latter 
observation indicates that some of the enamine 
tautomer is in equilibrium with the carbinolamine 
ether. Furthermore, when harmalan was treated 
with styrene oxide, 18 (R = Ph) was formed 
directly and this material showed, in addition to 
the two spectroscopic features just mentioned, 
the 'doubling' of the nnlr spectrum that had been 
associated in the case of the alkaloids with the 
existence of a pair of epinlers differing in 
stereochemistry at the point of ring-closure. An 
explanation for the problematic spectroscopic 
observations for the alkaloids was immediately 
apparent, and the true structures of ND-363C 
and ND-305B were revealed (2b). 

The obvious synthetic precursor to ND-363C 
was the epoxide 11 which was already available 
(see above), and reaction of this with harmalan in 
refluxing chloroform led to the isolation of a 
glassy solid in 46% yield which showed tic 
behavior identical to that of natural ND-363C. 
This product did not crystallize, nor could a 
crystalline derivative be prepared from it, but a 
sample of the synthetic material that was care- 
fully purified by chromatography gave a satis- 
factory analysis for the expected formula 
C21H21N303. The spectroscopic properties, in- 
cluding the p H  dependence of the uv spectra, of 
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natural and synthetic materials corresponded in 
every important respect, and the differences that 
were observed could be confidently attributed to 
the presence of small amounts of impurities in 
the natural material, which had been difficult to 
isolate and purify (lb). Furthermore, the syn- 
thetic material was available in larger quantities 
than the natural material and its solution spectra 
showed better resolution. 

The precursor required for the synthesis of 
ND-305B was the epoxide of 3-vinylpyridine, 
and this was conveniently prepared by treatment 
of 3-pyridinecarboxaldehyde with dimethyloxo- 
sulfonium methylide (7). The oily product 
darkened rapidly (reference has been niade above 
to  the report (5) of the instability of its 4-isomer), 
and freshly prepared epoxide was used without 
further purification in the reaction with harmalan. 
Synthetic ND-305B was obtained in 32% yield; 
the correspondence between natural and syn- 
thetic materials exactly parallels that described 
for ND-363C. Once again, better resolution 
could be obtained in the nnir spectrum of syn- 
thetic material; the high field methyl signals 
were, for example, clearly resolved into two 
singlets, both removed by treatment with D20.  

Each of the substances ND-305B and ND- 

363C is, therefore, a pair of epimers based on 
structure 18. Although the pairs have not been 
separated, and they iiiay, in fact, be inseparable 
in practice, it is convenient now to assign the 
alkaloids the names naucleonine and naucleoni- 
dine (ND-305B and ND-363C. respectively) with 
the arbitrary designation of relative configura- 
tion shown in 19 and 20. 

Attention iiiay now be drawn to a constituent 
which received the laboratory designation ND- 
363B since its mass spectruni indicated that it 
had the same molecular weight as ND-363C; in 
fact, the two mass spectra appeared to  be very 
similar indeed (8). Most of the other spectro- 
scopic data were also very similar and it was 
initially thought that ND-363B was an impure 
sample of ND-363C and it was not, therefore, 
included in our earlier listing of isolated con- 
stituents (1). The nmr spectru~ii of ND-363B. 
while not well resolved, resembled that of ND- 
363C but had the appearance of an out-of-focus 
p i c t ~ ~ r e  or one seen with double vision; the 
'doubled' spectrum of ND-363C seemed to have 
'doubled' again, particularly in some regions. 
However, the most obvious difference was that 
ND-363B lacked the T 8.22 peak of ND-363C. 
but since there was, at first, no satisfactory 
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explanation for the presence of this peak in the 
spectrum of ND-363C and it was thought to be 
caused by some degree of hydration of the 
niolecule, its absence in ND-363B seeiilcd to be 
associated with the mode of preparation of the 
sample. It is now clear that this explanation can 
not be correct since the established structure for 
naucleonidine, 20, must be iiiodified iiiore 
significantly to accomniodate tlie observations. 
One apparent possibility was that ND-363B was 
a dinler of the assigned formula that fragmented 
readily to 20 in the niass spectrometer. The 
availability of field desorption Inass spectrometry 
offered a means of testing this hypothesis, and 
when the mass spectrum was obtained by this 
technique. ions of approxiniately double the 
originally assigned mass were indeed found at 
low operating temperatures, but these disap- 
peared at higher teiiiperatures. With the tech- 
nique used there is more uncertainty than with 
electron impact mass spectronietry in deter- 
mining exact molecular -weights; besides the 
problems associated with calibration of the m/e 
range there is uncertainty concerning the prob- 
ability of ion-molecule reactions. Nevertheless, 
the values, n7/e 741 and 739, assigned to the ions 
observed in the high mass range are too high to 
be associated with a simple dirner, but could 
arise from a homolog of the dimer. Furthermore, 
there are two ions, m/e 364 and 376, in the inter- 
mediate inass range that could be associated with 
a monomeric fragment and its homolog. A 
reasonable explanation for these observations is 
that ND-363B has a structure such as 21 in which 
two inolecules of naucleonidine (enamine tau- 
tomer) have condensed, in vitro or in vivo, with a 
one-carbon unit equivalent to formaldehyde. 
The niass spectrum would then result from a 
ready fragmentation effectively reversing the last 
synthetic step, the complexity of the nmr 
spectrum would be associated with the diastereo- 
isomeric possibilities implied by 21, and this 
would not show the T 8.22 methyl signals of 
naucleonidine. The signals for the methylene 
protons that replace the methyl groups of 
naucleonidine can not be recopized with con- 
fidence in the higher field envelope, but treat- 
ment of the sample with D 2 0  causes a niarked 
reduction in the integrated area of the signals 
near T 7.9, as would be expected by analogy with 
the behavior of naucleonidine. It is clear that 

alternative modes of condensation can be sug- 
gested and that structure 21 is used to provide a 
concrete illustration of a plausible type of 
condensation product. 

Among the substances of the fourth group 
was an amorphous illaterial which was believed 
to be a glycosidic alkaloid, but it appeared to be 
too involatile to give a satisfactory iiiass spectrum 
and its constitution was not deterniiiied (lc). 
This alkaloid has now been assigned structure 
22 (20). Acetylation provided an a~norphous 
product which was purified chromatographically 
and analyzed. While the results were of limited 
value at this stage, they were compatible with a 
hypothesis that the product was a pentaacetate 
with a molecular weight of about 790; when the 
structure was eventually assigned to the alkaloid, 
these results were in accord with the calculated 
values for the pentaacetate of 22, provided the 
saniplc retained a molecule of solvent. Sub- 
sequently, when field desorption niass spec- 
trometry became available, the results obtained 
with the alkaloid itself and its pentaacetate were 
in accord with tlie formula C27H34N2010 assigned 
to the alkaloid. 

The iiiost decisive structural evidence was 
obtained from the 220 MHz nmr spectra of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1268 CAN. J. CHEM. VOL. 54, 1976 

alkaloid and its pentaacetate. By associating the 
integrated areas of certain key signals with an 
appropriate number of protons in a rational way, 
it was possible to  recognize that the spectra 
indicated that the substance was a nionoglycoside 
of an indolic alkaloid of the expected molecular 
weight. The features associated with the indolic 
portion of the molecule, the methyl 8-alkoxy- 
acrylate, and the glycosidic part (acetylated in the 
case of the derivative) could be recognized; cor- 
relations are available which give evidence that 
the latter feature is a p-glucoside (9). A detailed 
listing of these spectra has already been given 
(20) and will not be repeated here, but attention 
can be drawn to the remaining features in the 
spectra, mainly associated with rings D and E of 
structure 22, the portion of the molecule that is 
presumably of terpenoid origin. The protons 
associated with the cdntiguous positions 3, 14, 
and 15 in the alkaloid could be recognized and 
specific decoupling experiments showed coupling 
constants of 10 Hz between H-3 (T 6.14) and 
H-14b (T 8.26) and 9.5 Hz between H-14b and 
H-15 (T 6.97) which established the structure and 
stereochemistry assigned to  this portion of the 
molecule: similar critical values were found for 
the pentaacetate, but some of the minor details 
could not be seen as clearly in this spectrum. The 
features associated with the chain comprised of 
positions 18, 19, 20, and 21 were, however, more 
clearly visible in the spectrum of the pentaacetate 
than in that of the free alkaloid: H-l8a (7 7.04) 
was coupled, J = 5 Hz, to  H-19 (7 4.60), which 
was also coupled, J = 6 Hz, to  H-18b (T 6.77) 
and, J = 1.5 Hz, to  H-20 (T 7.24), which was 
coupled further, J = 5 Hz, to  H-21 (T 4.50; 
doublet). Each of these couplings was established 
by a decoupling experiment, but the coupling 
between H-15 and H-20 could not be established 
in this manner because the chemical shifts are not 
sufficiently different in the alkaloid or its penta- 
acetate; in the alkaloid, a simple analysis of the 
spectrunl showed that H-15 and H-20 each had 
an unassigned coupling, J = 6 Hz, and this was, 
by elimination, considered t o  be their mutual 
coupling. The structural and stereochemical 
features of rings D and E were assigned froill 
these data. It can be noted that, since ring D is 
seven-membered, the stereocllemical features 
based on coupling constants are not as secure 
as they would have been for a six-tnembered 

ring; furthermore, some of the values which 
could be measured for both the alkaloid and 
its acetylated derivative showed difrerences, 
presumably associated with confortnational 
effects caused by having either O H  or OAc a t  
C-19. The values of J19,20 (3.5 Hz) and J20,21 
(8.5 Hz) were both larger in the unacetylated 
alkaloid. Nevertheless, we feel that the weight of 
the evidence favors the assigned s t ruc t~~re  22 for 
the alkaloid. 

Brown and Fraser (10) have isolated an 
alkaloid from Anthocep'l,hahis ca~klmba to  which 
they assign structure 22; they assign structure 23 
t o  a congener, cadambine, which can be inter- 
related with 22 by chemical transformations. 
Cadambine contains the interesting oxazolidine 
feature we have found in i~aucleonine, 19, and 
naucleonidine, 20, and its oxygen atom bridging 
the seven-i~lembered ring of cadambine can be 
expected t o  lead to  greater confortnational 
rigidity. The type of evidence that Brown and 
Fraser adduce is similar to  ours but, since they 
had both 22 and 23 available, they have taken 
their stereochemical conclusions further than we 
have. Nevertheless, the conclusions regarding 22, 
which should now be called 3a-dihvdrocadam- 
bine, were reached independently, and since the 
identity of samples of the pentaacetate prepared 
in the two laboratories has been established on ~ ~ 

the basis of spectroscopic and chromatographic 
criteria, the evidence and conclusions of both 
groups are corroborative, and the assignments - - 
made are additionally secure. 

It may be noted in passing that structure 24 
was suggested previously for the indole-pyridine 
alkaloid nauclechine (16) on independent evi- 
dence. Although no further evidence from direct 
studies of nauclechine is available yet, the 
assignment of structure 22 to  dihydrocadambine 
makes the assignment of 24 to nauclechine 
increasingly attractive. 

Attention may now be drawn to another 
alkaloid that was placed in the fourth category 
and designated ND-370 (lc). A considerable 
amount of spectroscopic data was obtained for 
this crystalline alkaloid, n ~ p  209-211 "C, which 
was obtained in very si~lall amounts: the formula 
C21H26N204 was assigned to it from mass 
spectrometry, it was clearly an indole alkaloid 
and its formula suggested that it was derived 
from a tryptamine unit and a C9-terpenoid unit. 
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MCLEAN ET AL. 1269 

TABLE 1 .  Nuclear magnetic resonance spectrum and assignments to ND-370, 25 

Chemical Coupling cotistants 
Protons shift ( T )  Multiplicity (Hz) 

16a 

16b 

17 

18a 

18b 

19 

20 

2 1 

OMe 

OMe 

broad s 

m 

dd 

ddd 

dd 

d 

n1 

dd 

ddd 

d 

s 

5 

*Coupling const;lnts demonstrated by caplicit dccoupling expcri~~icnt  (tllc otllcrs arc clcduccd from splitting p;lllcrns). 
5 Integrated arcas arc in ;record with the nuntbcrs of protons assigned. 
tThc  ;~ddition of  DiO/McOD rcrnovcs the signills associated with these protons. 

The nnlr spectrum, which supplied some of the 
evidence for the above conclusions, clearly 
showed the presence of two methoxyl groups in 
the n~olecule, but it appeared to be too coniplex 
to interpret further in structural terms. The uv 
spectrum was of interest since it strongly re- 
sembled those of naucleoninc and na~~cleonidine, 

Glu 

particularly with respect to its p H  dependence. 
Since the structures of naucleonidine and nau- 
cleonine were not cstablishcd at that timc, this 
information was of limited assistance; however, 
now that the structures of these alkaloids have 
been established and the uv characteristics have 
bee11 associated with the oxazolidine unit, a 
feature also observed in the case of cadambine 
(lo), it is logical to expect that ND-370 contains 
this structural unit, and we have reassessed the 
data obtained previously in the light of this 
proposal and experiencc gained with this class of 
alkaloids. Structure 25 accommodates all of the 
data presently available and represents a rational 
hypothesis for the structure of ND-370. 

The mass spectrum of ND-370 had been 
studied in considerable detail (8); the formulae 
of important fragment ions had been assigned 
fro111 accurate mass measurements, and a number 
of metastable ion transitions had been established 
(lc). All of these data are colnpatible with the 
fragmentation pattern expected for an ion pro- 
duced from a nlolecule of forinula 25. The 100 
MHz nmr spectrum had also been examined in 
considerable detail (S), and it is now shown in 
convenient form in Table 1. The interpretation 
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of this sDectrum in the light of more recent 
u 

experience is the principal basis on which we 
have made the assignments shown, leading to  the 
structural proposal 25; the 220 MHz spectrum 
was also examiiied subsequently, but in this case 
it provided no further structiiral information, 
although it did help to  reinforce some of the 
assignii~eiits. The assignments to  the tryptamine- 
derived portion of the molecule (H-1-H-12) and 
the incthoxyl groups are straightforward. A key 
assignment for the rest of the inolecule is that of 
H-19: its chemical shift is appropriate for its 
environiiieiit and it has been shown by de- 
coupling experiments to  be coupled t o  a proton, 
H-18b, which is part of a methylene group, and 
t o  H-20 wliich is also coupled (de~nonstrated by 
decoupling) t o  H-21 (7 5.08; at a carbon bearing 
two oxygen substituents) as well as t o  another 
proton (presumed t o  be I-1-15). The other proton, 
H-17, assigned t o  a carbon bearing two oxygen 
substituents, is coupled t o  the protons of a 
~nethylene group, H-16a,b, which are coupled t o  
a single proton, H-15. Unfortuiiately, it has not 
been possible to  disentangle the signals assigned 
to  H-15 and the adjacent methylene group, - - 
H-14a,b. The continuous chain encolnpassing 
C-18 to  C-21 seems well established, and the 
coupling constants arc in accord with a cis 
relationship of the hydrogens at C-19, C-20, and 
C-21. The data for the C-14 t o  C-17 c h ~ '  in are 
less explicit, but, wherever specific assignments 
can be made, are in accord with the proposed 
structure. The apparent coupling between-H-20 
and H-15 is 12 Hz, considerably larger than in 
cadambine and dihydrocadambine (20, lo), and 
this leads to  difficulties in making stereochemical 
assign~ncnts t o  the re~naining centres that are 
consistelit witli the coupling constant data, 
particularly if the cis relationship assigned to the 
ring fusio~l in cadambine and dihvdro~adarnbiiie 

u 

is assumed t o  be retained. Although the quality 
of the data does not allow the striictural assign- 
ment to  be made as securelv as was the case with 
3c~-dihydrocadali1biiie, the proposed structure 25 
is an attractive working hypothesis, and the 
observation that the hydrogens of the ~nethylene 
group assigned t o  C-14 can be exchanged with 
DzO is what is expected on the basis of precedent, 
and provides support for the present assignments. 

It can now be seen that the alkaloidal con- 
stituents of N. cliclerrichii form a substantial array 
of structural types, many of which seem, at  first 

glance, to  bear little chemical resemblance to  one 
another. Nevertheless, closer examination shows 
that a pattern unfolds which allows the various 
~nernbers to be intercoilnected by rational and 
reasonable cheinical reactioiis. These transforma- 
tions may represent actual steps in the forination 
of the alkaloids either in a biosynthetic sense or 
as accidental reactions forming artifacts during 
the isolation process (Ic). Althougli it is possible 
only to speculate about the reactions, the pattern 
becomes apparent on exaiiiinatio~i of Scheme 1. 

There is a~np le  evidence to expect that these 
alkaloids are derived from tryptophan or tryp- 
tainine. 26, and a terpeiioid component which in 
the final pre-alkaloidal stage is represented by 
secologanin, 27 (11). It is clear that dihydro- 
cadambine, 22, contains these units structurally 
intact with only a minimal chemical modifica- 
tion, an oxidation. This oxidation iiivolves 
traiisforming the viiiyl group to  an epoxidc 
equivalent, probably after the initial condensa- 
tion forming viilcoside (1 l), and reaction of this 
unit with tlie a n ~ i n o  function can lead to  the 
hydroxylated seven-membered ring. (It seems 
likely that the alkaloids of N. Ic~t[folic~ (12) arise 
by a sequence correspoiiding t o  that outlined 
below, but without formation of this seven- 
~ilembered ring; instead, lactaniization occurs a t  
a subsequent stage.) A fi~rtlier oxidation would 
form cadambine, 23, and obvious ~nodifications 
would lead to  isodihydrocadaiiibine (10) and 
rubeniiie, 13, which have been isolated from 
related species. Hydrolysis of 23 leads t o  a key 
interinediate, which can be represented in a 
formal maliner as the carboxydialdehyde 28: 
decarboxylatiorl and cyclization in the presence 
of iiicthaiiol leads t o  the ketal 25 (ND-370); 
reaction of 28 with ammonia or its equivalent, 
either with or without a decarboxylation step. 
leads t o  the dihydropyridines 29 which, by the 
fraginentation showii can form the pyridines 30 
that have been shown to be tauto~ners of 
naucleonine and naucleonidine (19,20); reference 
has already been made to  the formation of 21 
from 30 (R = CO2Me). An alternative opening 
and rearrangement of 29 (R = C02Me)  leads t o  
its isomer nauclechine, 24; alternatively, 24 
could be formed fro111 22 by conversion to  the 
corresponding dihydropyridiiie, followed by 
oxidation to  the pyridine. The formation of 
nauclederine, 2, requires the loss of a two-carbon 
unit and it is rational t o  look for this from 
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McLEAN ET AL. 

24 
(Nauclechine) 

19 
(R = H. Naucleonine) - 

20 
(R = C02Me. Naucleonidine) 

1 - 
(Naucledine) 

2 - 
(Nauclederine) 
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naucleonidine (or a tauton~er) where fragmenta- 
tion has already opened up such a unit; a 
suggestion of how this could occur through 31 
and 32, leading to the synthetic precursor 7 of 
2, is offered. Naucledine, 1, chemically the 
simplest of the indole-pyridine alkaloids, is 
almost certainly the one that has suffered the 
greatest chemical change; it is the only one in 
which the two-carbon unit at a 3-pyridyl position 
has been eroded to a single carbon, and it seems 
probable that it represents an oxidative ring 
contraction product of nauclederine, 2. Although 
other routes to them can certainly be proposed, 
it is interesting to speculate that some, at  least, 
of the sinlple 0-carboline and pyridine alkaloids 
isolated from this plant (la) may also have been 
formed by fragmentation of more complex 
molecules appearing in Scheme 1.  

Experimental 
Melting points were determined on a Thomas-Kofler 

micro hot stage. Spectrometers used were a Perkin-Elmer 
237B for ir spectra, a Unicam SP 800A for uv spectra, a 
Varian HA-100 for routine nnlr spectra (100 MHz), a 
Varian HR-220 (at tlie Canadian 220 MHz NMR Centre) 
for 220 MHz nnir spectra, a CEC 21-490 for routine mass 
spectra, an AEI MS-902 for accurate mass measurements, 
and a Varian CH5 (at the University of Windsor) for field 
desorption mass spectra. Unless otherwise indicated, 
chloroform solutions were used to obtain ir spectra and 
the wavelengths of significant absorptions are reported in 
pm, methanol soli~tions were used to obtain LIV spectra 
(MeOH-HCI or MeOH-KOH means that one drop of 
jC; hydrochloric acid or aqueous potassium hydroxide 
was added to tlie sample cell) and the wavelengths of 
absorption maxima (A,,,:,,) are reported in nm followed 
by the extinction coefficient (6) in parentheses, and 
chloroform-d solutions (with tetramethylsilane as internal 
standard) were used to obtain nmr spectra and chemical 
shifts are reported on the T scale followed in parentheses 
with an indication of the m~~ltiplicity of the signal (initial 
letter abbreviations for singlet, doublet, etc.; the letter is 
placed in quotation marks when the rni~ltiplicity is only 
apparent) and the number of protons associated with it. 
Routine mass spectra were determined at  70 eV and the 
rrl/e values of significant ions are reported followed in 
parentheses by the height of the peak relative to the base 
peak (100"). Merck precoated silica gel F254 plates (0.5 
mm analytical, 2.0 mm prelmrative) with a fluorescent 
indicator were used for tlc ~ ~ n l e s s  otherwise indicated; the 
common elution system 85: I?: l methylene chloride - 
methanol -concentrated an~monia is abbreviated as 
m-m-a. 

~ - D ~ ~ I : ~ ~ ~ ~ / ~ ~ / - ~ - C ~ I I ~ I I ~ I I I L ~ I ~ I ~ . Y I ~ ~ . ~ ~ / ~ I I P .  6 ( X  = CHN?) 
A solution of the acid chloride 6 (X = CI) ( lo)  (2 g, 

10 mmol) in 150 ml of ether was added drol,wise with 

stirring over a period of I5 min to a cold ethereal solution 
of diazomethane (20 mmol), prepared from bis(N-methyl- 
N-nitroso)terephtl~alin~ide and distilled. The reaction 
mixture was stirred under nitrogen for a further 2 11, 
filtered, and the diazo ketone 6 (X = CHN?) was obtained 
in quantitative yield by evaporation of the solvent. An 
analytical sample (decomposed before melting) was re- 
crystallized from chloroforn~-ether. Arrtrl. calcd. for 
C9H7N30,: C 52.68, H 3.44. N 20.48; found: C 52.67, 
H 3.47, N 20.37. Spectroscopic characteristics: ir 4.72, 
5.79, 6.16. 7.37; nmr 0.73 (d,  J = 2 H z ,  IH), 0.89 (d,  
J = 2 Hz, IH), 1.44 ('t', 2 Hz spacing, IH), 3.88 (s, IH), 
5.99 (s, 3H); ms 205 (loo), 177 (30), 174 (16), I64 (57), 
149 (13), 146 (46), 136 (28), 118 (33), 106 (15). 90 (17), 
78 ( lo), 63 ( 13). 

I-(5'-C~1rhor~ic~/l1o,~)~-3'-picoI~I)~IiI1)~~ir.o-B-c~1boi11e, 4 
The diazo ketone 6 (X = CHNz) (3.90 g, 19.0 mmol) 

was added to a stirred solution of tryptamine (3.62g, 
22.6 mmol) in 160ml of dry dioxane at  55 "C under 
nitrogen, and freshly prepared silver oxide (1.4 g) was 
then added in portions over an IS h period. Stirring was 
continued for a further 6 h,  and during the reaction period 
the bath temperature was allowed to rise to 100 "C. 
Filtration and evaporation afforded a brown foam which 
was dissolved in methiinol and passed through a short 
alumina colurnn. Slow addition of ether caused the 
tryptamide 5 to separate as an oil (1.83 g, 2S'j/(,yield) 
which was collected. Spectroscopic characteristics: ir 
(CH3CN) 5.80, 6.00; nmr (DMSO-(/6/CDC13) -0.55 
(~~,IH),I.OO(~,J=~HZ,IH).~.~~(~,J=~HZ,~H), 
1.78 ('t', 2 Hz spacings. I H), 1.90 ( t ,  J = 6 Hz, IH), 
2.33-3. I0 (complex, 5H). 6. I0 (s, 3H), 6.33-6.82 (complex, 
4H), 7.12 ('t', 7 Hz spacings. 2H); ms 337 (13), 316 (14), 
144 ( 14), 143 ( loo), I30 (57); high resolution ms 337.1426 
(C19H19N,0,:  337.1426). 

The tryptamide 5 (250 mg, 0.74 nlmol) was suspended 
in 17 n ~ l  of freshly diztilled ~~hosphorus  oxycliloride and 
refluxed for 2 I1 under nitrogen. Evaporation under re- 
duced pressure alforded a brown residue which was 
dissolved in dilute acetic acid, liltered, and tlie filtrate was 
made basic with clilute aclueoils ammonia. A brown solid 
(200n1g) was obtained by chloroform extraction and 
evaporation of the chloroform. A concentrated chlaro- 
form solution of this solid slowly deposited the dihydro- 
8-carboline 4 (93 mg. 38'g. yield) as a yellow solid. An 
analytical sample, ml, 194-203 ' C  (dec.). was recrystal- 
lized from methanol. il~rctl. calcd. for Cl9H17N,O2: C 
71.45. H 5.37, N 13.16; found: C71.09, H 5.21, N 12.92. 
Spectroscol~ic characteristics: ir (KBr) 5.81; LIV 213 
(21 700, end absorption). 245 (sh), 324 ( I0  900), 352 (sh); 
nrnr ( 8 2  DMSO-r16/CDC13) -0.55 (br, IH), 1.15 (d, 
J = 2 Hz. IH), 1.24 (d ,  J = 2 Hz, IH). 1.76 ('t', 2 Hz 
spacings, 1 H), 2.34-3.04 (coniplex, 4H). 3.9 1 (m. 0.75H), 
4.1 5 (s, 0.75H), 5.82 (s, 0.5H) (the preceding three signals 
together corresl,oncl to 2 .protons, addition of D20 
removes all three signals), 6.02 (s, 3H); 6.53 (br, 2H, after 
addition of DzO. signal is 't'. 6 Hz spacings, 2H), 7.10 
('t', 6 Hz spacings, 2H); rns 319 (3). 318 (4), 317 (3), 316 
(3), I68 (8). 145 (I?),  138 (12), 131 (5). 130 (9). 106 (31). 
I05 (28), 87 (7), 85 (63), 83 (100). 77 (20). 

A solution of sodium borohydride (29 n ~ g ,  0.76 mmol) 
in 2 ml of methanol was added to a stirred suspension of 
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ET AL. 1273 

the dihydro-pcarboline (122 mg, 0.38 mmol) in 14 ml of 
methanol at 5 OC under nitrogen, and 5 ml of diglyme was 
added to effect solution. After the solution had been 
stirred at  5 "C for 5.5 11, the tetrahydro-p-carboline 3 was 
isolated in the usual manner in quantitative yield as a 
beige solid. Spectroscopic characteristics: ir 290 (sharp), 
3.03 (br), 5.80; uv 226 (24800, end absorption), 275 
(6950), 291 (sh); nmr (1 :9 DMSO-(16/CDC13) -0.14 (br, 
lH),0.97(d,J=2Hz,lH),l.33(d,J=2Hz,lH),1.76 
('t', 2 Hz spacings, IH), 2.40-3.07 (complex, 4H), 5.73 
(m, IH), 6.08 (s, 3H), 6.60-7.50 (complex, 6H), 7.76 (br, 
IH); ms 321 (3), 320 ( 1  5), 3 19 (64), 318 (59), 317 (57), 316 
(17), 304 ( I l ) ,  258 (lo), 172 (15), 171 (loo), 129 (13), 115 
(14), 85 (lo), 83 (17); high resolution ms 321.1466 
(Cl9HlgN302: 321.1477). 

Tlre Moclel Plrerr)~ll~ex~rlry~Iro~~~epi~~oi~~~Iole, 10 
N,N-Bis(2-pl1er1yl-2-/1y~Iro,~)~e!lryl)!yprrir, 9 
Styrene oxide (5.24 g, 43.7 mmoi), prepared by treat- 

ment of styrene bromohydrin with sodium hydride, was 
added to  molten tryptamine (3.50 g, 21.9 mmol) and 
stirred at 135 "C for 3 11. Unchanged styrene oxide was 
removed at 135 "C/0.1 torr. When the melt was allowed 
to cool, the disubstituted product 9 formed a glassy 
unstable solid. Spectroscopic characteristics: ir 2.77 
(sharp), 2.87 (sharp), 2.84-3.05; nmr 1.73 (br, IH), 2.40- 
3.12 (complex, 15H), 5.39 (m, 2H), 6.43 (br, 2H, removed 
by D20) ,  7.45-6.87 (complex, 8H); ms 364 (8), 232 (13), 
144 (16), 143 (26), 132 (15), 131 (13), 130 (42), 129 (22), 
120 (14), 118 (13), 117 ( I l ) ,  107 (16), 106 (70), 105 (98), 
104 (35), 103 (28), 102 ( 1  I), 91 (46), 90 ( l j ) ,  89 (I?), 78 
(24), 77 (loo), 76 (14), 69 (14), 64 (15), 57 (27). 56 (14), 
55 (28), 52 (14), 51 (JX), 50 (27). 

N-(2- P l 1 e r 1 ~ ~ 1 - 2 - l r y d r o ~ y e 1 / 1 y 1 ) ~ i e  8 
The monosubstituted product was prepared as a 

mixture with the d i s ~ ~ b s t i t ~ ~ t e d  product (8:9 of 45:55) by 
the addition of styrene bromohydrin to an equivalent 
amount of tryptamine in a boiling solution of sodium 
bicarbonate in aqueous methanol. The mixture c o ~ ~ l d  be 
separated by tlc with methanol elution. A more con- 
venient preparation is the following. a-Acetoxyphenyl- 
acetyltryptamine was prepared from tryptamine and 
0-acetylmandelyl chloride (14) in the usual way. It was 
obtained in 757;~ yield as an uncrystallizable semisolid. 
This material (2.8 g) was refluxed for 6 11 in 70 ml of 3r-/, 
methanolic hydrogen chloride and a-hydroxyphenyl- 
acetyltryptamine was obtained in 9654 yield. An analytical 
sample, mp 183.5-185 "C, was obtained by recrystalliza- 
tion from methanol. Arrrrl. calcd. for Cl8HI8N2O2: C 
73.45, H 6.16, N 9.52; found: C73.39, H 6.21, N 9.48. 
Spectroscopic characteristics: ir (Nujol) 2.97 (sharp), 3.03 
(sharp), 3.1 1 (br), 6.1 1, 6.49; nmr (DMSO-(16) -0.83 (br, 
IH), 1.95 (m, IH), 2.23-3.06 (complex, IOH), 3.82 (d, 
J = 5 Hz, IH), 5.02 (d, J = 5 Hz, IH), 6.55 (4 peaks, 
7 Hz spacings, 2H), 7.1 3 (3 peaks, 7 Hz spacings, 2H); 
ms 294 (2), 276 (IX), 220 ( 1  I), 144 (20), 143 (loo), 132 (I 1) 
130 (49), 77 (15). 

The a-hydroxyphenylacetyltryptamine ( I .30 g, 4.4 
mmol) in 10 ml of dry tetrahydrofilran was added drop- 
wise to a stirred suspension of lithium alumin~lm hydride 
(0.59 g, 15.5 mmol) in 40 ml of dry tetrahydrofuran and 
refluxed under nitrogen for 20 h. Work up by treatment 

with aqueous sodium hydroxide followed by an acid-base 
separation provided the hydroxy amine in 55:; yield, 
and an analytical sample, mp 116-1 17 "C, was obtained 
by recrystallization from methanol. Atrol. calcd. for 
CI8H2,,N:O: C 77.1 1, H 7.19, N 9.99; found: C 76.83, 
H 7.03, N 9.89. Spectroscopic characteristics: ir 2.88 
(sharp), 3.02 (br); nmr 1.72 (br, IH), 2.30-3.00 (complex, 
9H), 5.32 (dd, J = 8 and 4 Hz, 1 H), 6.40 (br, 2H, removed 
by DDzO), 7.05 (complex, 6H); ms 262 (9), 171 (8), 160 (7), 
132(7), 131 (IS), 130(37), 123(11), 122(91), 106(24), 105 
(loo), 78 (9), 77 (64), 51 (17). 44 (23), 40 (44). 

Diacetyl derivative: ir 5.76, 6.12; nmr 1.6 (br, IH), 
2.4-3.2 (complex, IOH), 3.95 (complex, IH), 6.2-6.8 
(complex, 4H), 7.06 (con~plex, 2H), 7.97 (s, 4H), 8.1 1 (s, 
2H). (The complexities of the spectrum are attributed to 
the presence of two rotamers.) 

The disubstituted tryptamine 9 (136 mg, 0.36 mmol) 
was stirred in 4.8 g of polyphosphoric acid at 88 "C under 
nitrogen for 6.5 h, and then water was added to the hot 
reaction mixture. After it had cooled, the reaction mixture 
was made basic with aqueous ammonia, and extracted 
with methylene chloride. The extract afforded a brown 
oil which was purified by preparative tlc with m-m-a 
elution. The product (28 mg, 22[b yield) was identical in 
ir, nmr, and tlc characteristics with a sample of 10 
provided by K. Freter (4). 

These reaction conditions converted the monosub- 
stituted tryptamine 8, to 10 in 26% yield. 

N(rrrclederirre, 2 
Chilled 480h hydrobromic acid was slowly added 

dropwise to freshly prepared 3-diazoacetyl-5-carbometh- 
oxypyridine (6, X = CHN2) with stirring and cooling 
until a slight excess of the acid was present. The paste 
obtained was suction filtered and washed with cold 
acetone, leaving the hydrobromide of the bromo ketone 
6 (X  = Br) as beige crystals (7.74 g, 77% yield). An 
analytical sample (darkens but does not melt below 
355 "C) was recrystallized from methanol-ether. Arrul. 
calcd. for C9H9N03Br2: C 31.91, H 2.68, N 4.13, Br 
47.10; found: C 31.94, H 2.70, N 4.28, Br 46.88. Spec- 
troscopic characteristics: ir (KBr) 3.9 (br), 5.75, 5.77, 
5.85; nmr (methanol-(14) 0.63 (br, IH), 0.86 (br, 2H), 
5.92 (s, 3H), 6.15 (s, 2H). 

Sodium borohydride (475 mg, 12.5 mmol) in 20 ml of 
methanol was added dropwise to a stirred solution of the 
bromo ketone hydrobromide (4.25 g, 12.5 mmol) in 220 
ml of methanol cooled to I "C. Stirring was continued at 
1 "C for 7 min and then at  25 "C for 25 min. A second 
portion of sodium borol~ydride (475 mg, 12.5 mmol) in 
20 ml of methanol was then added. Methanol was re- 
moved under reduced pressure, water containing a few 
drops of acetic acid was added to  the residue, and the 
mixture was extracted with methylene chloride. The 
extract afforded a product which proved to be a mixture 
of the bromohydrin (689;) yield) and the epoxide 11 
(85:15). A sample of the bromohydrin was purified by 
preparative tlc with elution by 95:5 chloroform-methanol 
and obtained as an amorpho~~s  solid. Spectroscopic 
characteristics: ir 2.80 (sharp), 3.10 (br), 5.80; nmr 0.90 
(d, J = 2Hz ,  IH), 1.22(d, J = 2Hz ,  lH) ,  1.62( ' t ' ,2Hz 
spacings, lH), 4.92 ('t', 6 Hz spacings, IH), 5.25 (br, IH), 
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6.03(s, 3H), 6.38 (d, J = 6Hz ,2H) ;  ms261 (1),259(1), 
243 (I), 241 (I), 230 (3), 228 (3), 166 (loo), 134 (13), 78 
(lo), 74 (14), 59 (27), 45 (14), 44 (14); high resolution ms 
258.9845, 260.9825 (equal intensity) (C9HloN03Br: 
258.9845, 260.9825). 

The mixture of products was not normally separated, 
but carried forward to  the next step, in which it was stirred 
with a twofold excess of sodium hydride in dry tetra- 
hydrofuran at  25 OC for about 24 h. The reaction mixture 
was filtered, concentrated to  an oil, and partitioned be- 
tween water and methylene chloride. The organic layer 
afforded the epoxide 11 (935; yield) as an  amorphous 
solid. Sublimation at  60 OC/0.05 torr provided an analyt- 
ical sample, mp 63.5-64.5 "C. Atrul. calcd. for C9H9N03: 
C60.33, H 5.06, N 7.86; found: C60.11, H 5.25, N7.89. 
Spectroscopic characteristics: ir 5.80; nmr 0.87 (d,  J = 
3 Hz, lH) ,  1.28 (d, J = 2 Hz, lH), 1.85 ('t', 2 Hz spacings, 
lH), 6.03 (superimposed s and m, 4H), 6.82 (m, J = 5.8 
and 4.1 Hz, lH), 7.18 (m, J = 5.8 and 2.5 Hz, 1H); ms 
179 (63), 178 (54), 164 ( l l ) ,  151 (44), 150 (30), 148 (45), 
134 ( l l ) ,  121 (lo), 120 (loo), 119 (13), 106 (38), 92 (23), 
78 (22), 65 (27), 63 (27), 59 (16). 

A solution of the epoxide 11 (550 mg, 3.1 mmol) in 
4 ml of methanol was added over a 2 h period to a solution 
of tryptamine (1.08 g, 6.8 mmol) in 4 ml of refluxing 
methanol under nitrogen, and reflux was continued for a 
further 1.5 h. The methanol was removed under reduced 
pressure and the residue containing mono- and disub- 
stituted products was purified by preparative tlc with 
m-m-a elution. The major fraction isolated in 46% yield 
was the amino alcohol 7 which was obtained as an 
amorphous solid. Spectroscopic characteristics: ir 2.88 
(sharp), 3.0 (br), 5.80; nmr 0.94 (d, J = 2 Hz, lH), 1.10 
(br, lH) ,  1.32 (d, J = 2 Hz, lH), 1.72 ('t', 2 Hz spacings, 
lH), 2.26-3.17 (complex, 5H), 5.26 (m, lH,  after D 2 0  
treatment, dd, J = 8 and 4 Hz, lH), 6.02 (s, 3H), 6.60 
(br, 2H), 6.9-7.2 (complex, 6H); ms 339 (4), 321 (lo), 
223 (38), 209 (22), 193 (14), 192 ( l l ) ,  191 (59), 187 (40), 
174 (17), 173 (44), 168 ( l l ) ,  167 (40), 166 (lo), 165 (27), 
164 (16), 144 ( 9 9 ,  143 (36), 134 (27), 132 (18), 131 (loo), 
130 (90), 129 (24), 117 (IS), 106 (16), 78 (12), 77 (I?), 
58(16), 57(14); high resolution ms 339.1583(C19H21N303: 
339: 1583). 

Diacetyl derivative: ir 2.88 (sharp), 5.81 (br), 6.12; 
nmr 0.66 (br, lH) ,  0.81 (d, J = ? H z ,  IH), 1.22 (d, 
J = 2 Hz, lH), 1.70 ('t', 2 Hz spacings, lH),  2.12-3.06 
(complex, 5H), 3.80 (dd, J = 8 and 4 Hz, 1 H), 6.02 (s, 
3H), 6.13-6.60 (complex, 4H), 6.72-7.22 (complex, 2H), 
7.87 (s, 4H), 8.03 (s, 7H). (The complexities of the spec- 
trum are attributed to the presence of two rotamers.) 

The disubstituted tryptamine was isolated as a mixture 
of diastereoisomers in 8% yield. Spectroscopic charac- 
teristics: ir 2.88 (sharp), 2.94 (br), 5.80; nmr 0.90 (br, 2H), 
1.16 (br, 1 H,  removed by DzO), 1.30 (d, J = 2 Hz, 1 H), 
1.40 (d, J = 2 H z ,  lH) ,  1.70 (br, 2H), 2.20-3.14 (com- 
plex, 5H), 5.26 (complex, 2H), 5.70 (br, 2H), 6.01 (s, 
6H), 6.72-7.43 (complex, 8H). 

The hydroxy amine 7 (823 mg, 2.5 mmol) was mixed 
with 40g  of polyphosphoric acid under nitrogen and 
stirred at 95 "C for 8 h. The reaction mixture was cooled, 
made basic with chilled dilute ammonia, and extracted 
with methylene chloride. The extract afforded a product 

which was purified by preparative tlc with m-m-a elution. 
Nauclederine, 2, (42 mg, 5.474 yield) was obtained as a n  
oil that was recrystallized from methanol to give crystals, 
mp 94-108 "C. Atrul. calcd. for CI9Hl9N3O2: C 71.01. 
H 5.96, N 13.08; for C19H19N302.H20: C 67.24, H 6.24, 
N 12.38, for CI9Hl9N302 .CH3OH: C 67.97, H 6.56, N 
11.89; found: C 67.13, H 6.13; by ultramicro analysis: 
C 67.19, H 6.70, N 11.61. High resolution ms 321.1474 
(CI9Hl9N3O2: 321.1477). 292.1212 (C18H16N202: 
292.1212), 279.1 132 (CI,HlsN202: 279.1133). 

The ir, uv, nmr, and ms characteristics of the synthetic 
material and natural nauclederine (lb) were identical in 
all significant aspects; their tlc behavior was identical on 
silica gel (3 systems) and on alumina. 

Tlre Dilyclro-p-cctrbolijies, 13 
I-(3'- Hydro.~ypropyl)cliI~ydro-p-carbolit~e, 13 (R = H) 
A solution of tryptamine (1.60g, 10.0 mmol) and 

r-butyrolactone, 15 (R = H) (0.92 g, 10.7 mmol) in 2 ml 
of absolute ethanol was refluxed under nitrogen for 27 h. 
The solvent was removed on a rotary evaporator and the 
gummy residue was triturated with carbon tetrachloride, 
leaving the tryptamide 14 (R = H) as a crystalline solid 
(2.34 g, 9.5 mmol), mp 67-73 "C. Spectroscopic charac- 
teristics: ir 2.89, 3.0, 6.06; uv 229 (9900), 275 (4850), 282 
(5250), 291 (4500); ms 246 (4), 228 (4), 160 (1 I), 143 (55), 
131 ( 4 9 ,  130 (100). This was acetylated with acetic 
anhydride in pyridine at  room temperature for 24 h, and 
converted to the acetate, mp  92-97 "C, in 89'A yield. 
Atral. calcd. for CI6H20N2O3: C 66.64, H 6.99, N 9.72; 
found: C 66.80, H 6.90, N 9.64. Spectroscopic charac- 
teristics: ir 2.88, 3.0, 5.78, 6.01; uv 229 (12 450), 275 
(4750), 282 (5250), 291 (4400); nmr 1.14 (br, IH, removed 
by NaOD/D20), 2.37-3.13 (complex, 5H), 4.00 ('t', 6.5 
Hz spacings, l H ,  removed by NaOD/D20), 6.00('t', 6 Hz 
spacings, 2H), 6.47 (4 peaks, 6.5 Hz spacings, 2H, after 
NaOD/D20 treatment, 't', 6.5 Hz spacings, 2H), 7.03 
('t', 6.5 Hzspacings, 2H), 7.80-8.23 (m,  4H), 8.05 (s, 3H); 
ms 288 (8), 144 (17), 143 (loo), 131 (8), 130 (61). 

A mixture of the acetoxytryptamide (563 mg, 1.95 
mmol) and 4 ml of freshly distilled phosphorus oxy- 
chloride was refluxed under nitrogen for 2 h. Excess 
phosphorus oxychloride was removed under reduced 
pressure, and the residue was taken up in 100 ml of 205: 
aqueous acetic acid. The solution was made basic with 
solid sodium carbonate and extracted with methylene 
chloride. The extract afforded a brown oil which was 
subjected to preparative tlc with m-m-a elution, and the 
product (192 mg, 36Sb yield) was obtained as an un- 
crystallizable gum: ir 2.89, 3.06, 5.80; uv 216 (14 600), 
229 (14 350), 235 (14 350), 318 (12 450); in MeOH-HCI 
215 (14 350), 247 (10000), 355 (18 500); nmr 2.23-3.07 
(m, 4H), 5.63-6.33 (m, 4H), 6.90-7.43 (m, 4H), 7.57-8.24 
(m, 2H), 8.03 (s, 3H); ms 270 (8), 210 (71), 209 (loo), 
184 (55). 

The above product (58 mg, 0.21 mmol) was dissolved 
in 5 ml of 80'i; aqueous methanol to  which potassium 
bicarbonate (100 mg, 1.0 mmol) was added, and the 
solution was refluxed under nitrogen for 10.5 h. The 
methanol was removed on a rotary evaporator and the 
residue was partitioned between 50 ml of water and 100 ml 
of methylene chloride, and the aqueous layer was ex- 
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McLEAN ET AL. 1275 

tracted with a further 100 ml of methylene chloride. The 
combined organic layers provided an oil which was 
purified by preparative tlc with m-m-a elution, and the 
product 13 (R  = H) was obtained as a waxy solid (46 mg, 
93% yield). Spectroscopic characteristics: ir 2.88, 3.12; 
uv 215 (12 500), 236 (11 950). 241 (11 800), 318 (11 900); 
in MeOH-HCI 214 (12 250), 246 (8300), 353 (19 400); in 
MeOH-KOH 216 (12 900), 236 (13 OOO), 314 (13 200); 
nrnr (CDCI3/CD30D) 2.23-3.07 (m, 4H), 5.90-6.43 (m, 
4H), 6.90-7.40 (m, 2H), 7.80-8.33 (m. 2H); ms 228 ( 3 ,  
210 (68), 209 (loo), 198 ( 3 ,  184 (50). 

A sample was converted to its hydrochloride salt, mp 
186-206 "C (dec.) for analysis. Anal. calcd. for C14H17N2- 
OCl: C 63.51, H 6.47, N 10.58; found: C 63.60. H 6.41, 
N 10.48. 

1-(3'- Hydroxy-3'-pl~er1yIpropyI)ciiI1y~Iro-p-carboIiire, 13 
( R  = Plr) 

A solution of tryptamine (1.60 g, 10.0 mmol) and 
y-phenyl-y-butyrolactone, 15 (R = Ph) (1.74 g, 10.7 
mmol) in 2 ml of absolute ethanol was refluxed under 
nitrogen for 26 h. The solvent was removed on a rotary 
evaporator and the residue was dissolved in hot methanol 
and treated with activated charcoal. The clarified solution 
yielded the tryptamide 14 (R  = Ph) as a light yellow gum 
(3.13 g, 9.6 mmol) that was pure enough for use in the 
next step. An analytical sample was obtained by tlc with 
m-m-a elution. Arzal. calcd. for C20H22N202: N 8.69; 
found: N 8.44. Spectroscopic characteristics: ir 2.87, 3.0, 
6.05; uv 227 (18 150), 275 (5200), 282 (5500), 291 (4700); 
ms 322 (0.2), 304 (2), 162 (38), 160 (17), 143 (25), 131 (54), 
130(100). 

The hydroxytryptamide 14 (R  = Ph) was acetylated by 
stirring it for 18 h with 0.25 ml of acetic anhydride in 1.0 
ml of pyridine and 5 ml of methylene chloride under 
nitrogen. The acetate was obtained in 97(/;, yield as a 
pale yellow gum: ir 2.87, 3.03, 5.79, 6.03; uv 226 (29 900), 
275 (6200), 282 (6600), 291 (5800); nmr 1.0 (br, lH),  
2.2-3.2 (complex, 5H), 4.03 ('t', 6 Hz spacings, lH), 4.25 
('t', 6 Hz spacings, lH), 6.47 ('q', 6 Hz spacings, 2H), 
7.10 ('t', 6 Hz spacings, 2H), 7.7-8.1 (m, 4H), 8.02 (s, 
3H); ms 364 (0.8), 304 (7), 144 (16), 143 (loo), 131 ( l l ) ,  
130 (77). 

The acetylated material (429 mg) was treated with 5 ml 
of freshly distilled phosphorus oxychloride in the manner 
described above. The product was obtained as an un- 
crystallizable yellow gum (122 mg, 29Yc yield): ir 2.90, 
3.06, 5.78; uv 213 (22 400), 235 (14 200), 318 (11 000); in 
MeOH-HC1 212 (22400), 242 (10 250), 356 (15 400); 
nmr 0.57 (br, IH), 2.3-3.2 (complex, 9H), 4.20 ('t', 6 Hz 
spacings, lH), 6.17 ('t', 8 Hz spacings, 2H), 6.8-8.1 
(complex, 6H), 8.03 (s, 3H); ms 346 (2), 288 (9), 287 (29), 
286 (loo), 285 (73), 284 (13), 210 (6), 209 (32), 184 (49). 

The above product (116 mg, 0.34 mmol) was hydro- 
lyzed by refluxing it for 6 h in 5 ml of 80% aqueous 
methanol containing potassium bicarbonate (100 mg, 1.0 
mmol) under nitrogen in the manner described above. 
The product 13 (R = Ph) was recovered in 83% yield as a 
yellow oil: uv 216 (18 900), 248 ( 1  1 300), 289 (6400), 318 
(8500); in MeOH-HC1 214 (18 200), 305 (4700), 352 
(12 500); in MeOH-KOH 217 (21 700), 289 (7800), 31 6 
(10 200); nmr (CDCI3/CD3OD) 2.3-3.1 (complex, 9H), 
5.1-5.4 (m, lH), 6.0-6.5 (m, 2H), 7.0-7.5 (m, 4H), 

7.7-8.2 (m, 2H). A sample was converted to its hydro- 
chloride salt, mp 180-220 "C (dec.), for analysis. Ai~al. 
calcd. for C ? O H ~ ~ N ~ O C I :  C 70.47, H 6.21, N 8.22; found: 
C 70.20. H 6.12. N 8.37. 

Tlre Pyrir~llryrir.o,~~'propyI-p-cnrbolbre 13 
( R  = 3-pyric<yl) 

A solution of p-nicotinylpropionic acid (15) (2.00g. 
11.2 mmol) in 15 ml of water containing sodium hydrox- 
ide (20 mmol) was added dropwise to a stirred ice-cold 
solution of sodium borohydride (400 mg, 10.8 mmol) in 
20 ml of 0.2 N sodium hydroxide under nitrogen. Stirring 
was continued at room temperature for 22 h, and the 
cooled reaction mixture was neutralized with concentrated 
sulfuric acid. A further 10 ml of concentrated sulfuric 
acid was added and the solution was stirred at room 
temperature for 22 h. The solution was made basic with 
solid sodium carbonate and extracted with methylene 
chloride. The extract afforded the lactone 15 (R  = 
3-pyridyl) in 135;; yield as a colorless oil which was 
suitable for the next step. An analytical sample was 
purified by microdistillation. Arlol. calcd. for CgHgN02: 
C 66.24, H 5.56, N 8.58; found: C 66.02, H 5.65, N 8.46. 
Spectroscopic characteristics: ir 5.60; uv 21 1 (6600), 255 
(6200), 260 (6900), 266 (4950); nmr 1.23-2.80 (m, 4H), 
4.47 ('t', 7 Hz spacings, IH), 7.0-8.1 (m, 4H); ms 164 
(19), 163 (loo), 162 (29), 135 ( 3 3 ,  134 (90), 119 (24), 118 
(5Q, 109 (17), 108 (60), 107 (25), 106 (63). 

A solution of the pyridylbutyrolactone 15 (R = 
3-pyridyl) (198 mg, 1.21 mmol) and tryptamine (198 mg, 
1.24 mmol) in 0.5 ml of absolute ethanol was refluxed for 
15 h under nitrogen. The solvent was removed on a 
rotary evaporator, and the oily product was subjected to 
preparative tlc with m-m-a elution. The tryptamide 14 
(R  = 3-pyridyl) was obtained as an uncrystallizable 
colorless gum (206 mg, 0.64 mmol). An analytical sample 
was prepared by microdistillation. Arrol. calcd. for 
CI9H2,N3O2: C 70.56, H 6.55, N 13.00; found: C 70.00, 
H 6.74, N 12.67. Spectroscopic characteristics: ir 2.89, 
3.03, 6.05; ms 323 (I), 305 (2), 164 (9) 163 (70), 162 (18), 
160 (22), 134 (39), 131 (60), 130 (loo), 120 (28), 108 (72), 
107 (15), 106 (30). 

The hydroxytryptamide 14 (R  = 3-pyridyl) (170 mg) 
was acetylated in the manner described above for 14 
(R = Ph). The acetate was recovered in 955; yield as an 
uncrystallizable colorless gum: ir 2.87, 3.0, 5.79, 6.01; 
uv 225 (22 900), 262 (5050), 268 (5300), 282 (4700), 291 
(3950); nmr 0.73 (br, IH,  removed by NaOD/DzO), 
1.3-3.2 (complex, 8H). 3.80 ('t', 6 H z  spacings, IH, 
removed by NaOD/D20), 4.30 (m, lH), 6.48 (4 peaks, 
6 Hz spacings, 2H, after NaOD/D20 treatment, 3 peaks, 
6 Hz spacings, 2H), 7.10 (3 peaks, 6 Hz spacings, 2H), 
7.7-8.2 (m, 4H), 8.00 (s, 3H); ms 366 (4), 365 (14), 305 
( 3 ,  223 (15), 164 (6), 163 (9), 144 (17), 143 (loo), 131 (6), 
130 (40). 

The acetylated product (169 mg, 0.46 mmol) was 
treated with 5 ml of phosphorus oxychloride in the 
manner described above. The product was obtained as a 
yellow glassy solid (132 mg, 0.38 mmol): ir 2.89, 3.06, 
5.80; uv 214 (23 400), 317 ( 1 1  700); in MeOH-HC1 212 
(17 700), 250 (11 200), 356 (16 700); nmr -0.37 (br, IH), 
1.4-3.0 (complex, 8H), 3.9-4.3 (m, lH), 5.9-6.3 (m, 2H). 
6.8-8.2 (complex, 6H), 8.03 (s, 3H); ms 348 (4), 347 (12) 
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289 (65), 288 (54), 287 (52), 286 (50), 21 1 (20), 210 (loo), 
209 (19), 168 (loo), 167 (40); high resolution rns 347.1634 
(C21H21N~02:  347.1634). 

This acetate (120 rng, 0.37 rnrnol) was hydrolyzed in 
the manner described in the preparation of 13  (R = PII). 
The product, 13  (R = 3-pyridyl), was recovered as an 
uncrystallizable glassy yellow solid (103 rng, 0.34 rnrnol): 
ir 2.89, 3.12; uv 213 (17 600), 239 (12 700), 243 (12 600), 
260 (sh), 268 (sh), 319 (12 OOO), in MeOH-HCI 213 
(17 600), 250 (10 loo), 356 (18 100); in MeOH-KOH 213 
(22 300), 239 (14 500), 243 (14 300), 260 (sh), 268 (sh), 
318 (13 400); nrnr (CDCIlIDMSO-ds) - 1.27 (br, lH), 
1.2-3.0 (complex, 8H), 4.8-5.2 (rn, 2H), 5.9-6.3 (rn, 2H), 
6.8-7.5 (rn, 4H), 7.6-8.0 (rn, 2H). 

Narrcleotlit~e, 19, utrd Naucleotliditre, 20 
Model cotnpolrtld 18 ( R  = H )  
A solution of harrnalan, 16, (364 rng, 2 rnrnol) and 0.5 

rnl of freshly distilled ethylene brornohydrin (8 rnrnol) in 
8 rnl of dry chloroform was refluxed under nitrogen for 
16 h. The yellow solid which precipitated was collected, 
washed withchloroforrn, and recrystallized from ethanol - 
ethyl acetate. The hydrobrornide 17 ( R  = H) was ob- 
tained as yellow needles (1 15 rng, 0.37 rnrnol), rnp 233- 
240 "C (dec.). At~ul. calcd. for CI4Hl7N2OBr: C 54.38, 
H 5.54, N 9.06, Br 25.84; found: C 54.57, H 5.78, N 9.04, 
Br 25.83. Spectroscopic characteristics: ir (Nujol) 3.04, 
3.23, 6.18, 6.25, 6.38, 6.46; uv 210 (14 600), 249 (9100), 
358 (17 000). 

The hydrobrornide ( 1  14 rng, 0.37 rnrnol) was suspended 
in a rapidly stirred mixture of 30 rnl of rnethylene chloride 
and 30 rnl of 5'; aqueous potassium hydroxide under 
nitrogen and the stirring was continued for 1 h. The 
phases were separated and the aqueous phase was 
extracted with two 50 rnl portions of rnethylene chloride. 
The combined organic phases yielded the oxazolidine 18 
( R  = H) as a pale yellow glass (74 rng, 0.33 rnrnol): ir 
2.90, 3.05; uv 226 (15 300), 248 (6100), 275 (2300), 283 
(2400), 291 (2600), 357 (10000); in MeOH-HCI 211 
(14 000), 249 (9700), 357 (20 800); in MeOH-KOH 226 
(23 300), 275 (6800), 282 (7000), 291 (5300); nrnr 1.01 (s, 
lH), 2.3-3.0 (rn, 4H), 5.7-6.4 (rn, 2H), 6.5-7.8 (complex, 
2H), 8.28 (s, 3H, removed by D20). 

Model cottlpound 18 ( R  = PI/) 
A solution of harrnalan, 16, (166 rng, 0.9 rnrnol) and 

styrene oxide (233 rng, 1.9 rnrnol) in 8 rnl of chloroform 
was refluxed under nitrogen for 5 days. Removal of the 
solvent afforded a yellow oil which was purified by 
preparative tlc with rn-rn-a elution. The oxazolidine 18 
( R  = Ph) was obtained as an oil (166 rng, 0.55 rnrnol): ir 
2.90, 3.04; uv 225 (20 600), 250 (6200), 274 (3800), 282 
(3800), 291 (3300), 360 (11 400); in MeOH-HCI 214 
(16 600), 250 (10 400), 362 (23 500); in MeOH-KOH 229 
(24 900), 275 (8300), 282 (8300), 291 (7100); nrnr (areas 
based on 50:50 mixture of two CzoHzoN20 isomers) 1.36 
(s, lH ,  removed by D20), 1.53 (s, lH ,  removed by DzO), 
2.4-3.0 (complex, 18H), 4.66 (4 peaks, separations 6, 4, 
6 Hz, lH), 5.12 (4 peaks, separations 6, 1, 6 Hz, lH), 
6.4-7.6 (complex, 12H), 8.21 (s, 3H, removed by D20), 
8.26 (s, 3H, removed by DzO); rns 305 (5), 304 (14), 290 
(20), 289 (loo), 200 (5), 199 (13), 198 (57), 197 (12), 185 
(6), 184 (6), 183 (12), 182 (6), 172 (15), 171 (7), 170 (12). 

A sample of the picrate, rnp 215-230 "C (dec.), was 

prepared for analysis. Atlnl. calcd. for C ~ ~ H ~ I N S O ~ :  
C 58.53, H 4.35, N 13.13; found: C 58.48, H 4.17, N 
12.88. 

Nuricleotlitre, 19 
Sodium hydride (1.8 g of a 570; dispersion in mineral 

oil, 43 rnrnol) was washed with hexane to remove the 
mineral oil, and then suspended in 30 rnl of dry dirnethyl 
sulfoxide stirred under nitrogen. TrirnetI~yloxosulfoniurn 
iodide (9.2 g, 42 rnrnol) was added to the stirred suspen- 
sion and, when evolution of hydrogen had ceased, a 
solution of 3-pyridinecarboxaldehyde (3.51 g, 33 rnrnol) in 
20 rnl of  dirnethyl sulfoxide was added dropwise over 
15 rnin. The mixture was heated in an oil bath at  53 OC 
for 30 rnin, cooled, and poured into 500 rnl of ice water. 
Extraction with rnethylene chloride afforded 3-vinyl- 
pyridine epoxide as a pale yellow oil (3.72 g) which 
darkened rapidly on standing. Attempts to purify the 
epoxide further were unsuccessful because of its in- 
stability. 

The freshly prepared epoxide (1 17 rng, 0.97 rnrnol) and 
harrnalan, 16, (145 rng, 0.8 rnnlol) were heated together 
at  50 'C under nitrogen for 18.5 h. Preparative tlc of the 
crude reaction mixture with elution by methanol yielded 
a glassy solid (77 rng, 0.25 rnrnol) which had the same tlc 
behavior as natural naucleonine (ND-305B) and very 
similar spectroscopic characteristics (lb). The synthetic 
naucleonine, 19, could not be obtained in a crystalline 
form, but further purification was carried out by tlc with 
rn-rn-a elution. Atlal. calcd. for CI,HI9N]O: C 74.73, H 
6.27, N 13.76; found: C 74.77, H 6.15, N 13.28. Spec- 
troscopic characteristics: ir 2.90 (sharp), 3.1; uv 224 
(21 300), 252 (7600), 268 (5400), 281 (4000), 291 (3200), 
360 (10 500); in MeOH-HCI 213 (16 500), 251 (1 1 900), 
363 (23 800); in MeOH-KOH 227 (29 700), 269 (8700), 
282 (7600), 291 (6400), nrnr (areas based on equirnolar 
mixture of 19cz and 19b) 0.96 (s, lH ,  removed by D20), 
1.00 (s, lH,  removed by DzO), 1.3-2.5 (complex, 8H). 
2.5-3.0 (complex, 8H), 4.71 (4 peaks, spacings 6, 3, and 
6 Hz, lH), 5.10 (4 peaks, spacings 6, 1, and 6 Hz, lH),  
6.1-7.6 (complex, 12H), 8.21 (s, 3H, removed by DzO), 
8.24 (s, 3H, removed by D20); rns 306 (5), 305 (18), 291 
(22), 290 (loo), 199 (3), 198 (14), 197 (3), 184 (5), 183 (6), 
172 (5), 156 (3). 155 (5), 154 (4), 144 (5), 143 (3), 130 (4). 
129 (2), 128 (2), 115 (2), 107 (4), 106 (8), 78 (4), 77 (2); 
high resolution rns 305.1530 (CI9Hl9N30 :  305.1528). 

Nnucleotriditi,le, 20 
A solution of the epoxide of 3-vinyl-5-carbornethoxy 

pyridine, 11, (described above) (394 rng, 2.20 rnrnol) and 
harmalan, 16, (377 rng, 2.05 rnrnol) in 5 rnl of chloroform 
was refluxed under nitrogen for 72 h. Solvent was removed 
on a rotary evaporator and the brown gum that remained 
was subjected to tlc with m-rn-a elution. A glassy solid 
(355 rng, 0.98 rnrnol) was obtained that had the same tlc 
behavior as naucleonidine (ND-363C) and very similar 
spectroscopic characteristics ( I  b). The synthetic naucleo- 
nidine, 20, could not be obtained in crystalline form, but 
further purification was carried out by tlc with rn-rn-a 
elution. Atrul. calcd. for C2,H,,N303: C 69.40, H 5.83, N 
11.56; found: C 69.29, H 5.79, N 1 1.26. Spectroscopic 
characteristics: ir 2.90 (sharp), 3.05, 5.80, 5.82 (sh); uv 
224 (28 200), 272 (6650), 291 (4450), 360 (5850); in 
MeOH-HCI 212 (18 950), 250 (10 900), 364 (21 200); in 
MeOH-KOH 225 (35 loo), 273 (10000), 291 (7250); 
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nmr (areas based on equimolar mixture of 200 and 20b) 57.86, H 6.13, N 3.55, 5Ac 27.29; found: C 57.74, H 6.43. 
0.86 (superimposed signals. 3H, after DzO treatment. d. N 3.43. Ac 26.83. 
J = 2 HZ, iH), 1.02 Td, J = 2 HZ, I H X  1.21 (d, J = 2 
HZ. 1H). 1.52 (d. J = 2 Hz. 1H1. 1.68 ('t'. 2 Hz s~ac ines .  Acknowledgments , ,. . " ,  

l ~ ) ,  2.'0 ('t', 2 HZ spacings, IH), 2.4-3.0(complex, 8H), 
4.71 (4 peaks, spacings 6, 3, and 6 Hz, IH), 5.09 (4 peaks, This paper is taken from the Ph.D. theses 
spacings 6, 1, and 6 Hz, IH), 6.10 (s, 3H), 6.34 (s, 3H), Of 1974) Of G.l.D. and A.S. 
6.3-7.5 (com~lex.  12H). 8.22 (s. 6H. removed by DzO); We thank the National Research Council of 
ms 364 (71, 3k3 (191, 349 (261,348 (1001, 332 (2),-318(5); Canada for support of this investigation and for 
199 (8), 198 (25), 197 (6), 183 (6), 172 (lo), 170(6), 169 (6), a scholarship (to G.I.D.). We thank Professor 
165 (9), 164(14), 157(5), 156(5), 155 (9), 154(7), 144(10), 
143 (5), 134 (9), 130 (9), 129 (7), 128 (4), 115 (4), 106 (5), G' W' University Of for the 
104 (5), 99 (6), 77 (6); high resolution ms 363.1585 desor~tion mass spectra. 
(CzlH21N303: 363.1582). 

Alkaloicl ND-363B 
This substance was obtained as a syrup in the tlc 

fractionation of the N. diclct~ricl~ii extract (Ici, b): ir 2.90 
(sharp), 3.1 (br), 5.80, 5.82 (sh); uv (extinction coefficients 
based on mol. wt. 738) 222 (60400), 270 (13 850), 279 
(sh), 289 (sh), 361 (8300); in MeOH-HCI 222 (end 
absorption 29 OOO), 247 (19 600), 265 (sh), 362 (35 600); 
in MeOH-KOH 223 (71 OOO), 273 (15 500), 280 (sh), 289 
(sh); nmr (integrated areas uncertain, comparison made 
with naucleonidine (ND-363C) spectrum (lh) and com- 
ment made only on significant differences) 0.75-2.2 
(peaks correspond, but each broadened or doubled, peak 
at 0.96 removed by D20),  4.76 (4 peaks, each split further), 
5.03 (3 peaks, each split further), 6.04 (s), 6.08 (s), 6.25 (s), 
6.27 (s), 7.9 (broad peak, absent in ND-363C; removed 
by D 2 0 ;  no peak near 8.2); ms 364 (7), 363 (20), 362 (4), 
349 (25), 348 (loo), 332 (3), 316 (4), 279 (5), 199 (13), 198 
(27); metastables 334.0 (calcd. for 363 --t 348: 333.6), 
287.1 (calcd. for 348 --t 316: 286.9); high resolution ms 
363.158 1 (C21H~IN303: 363.1582), 348. 1354(C20H18N303: 
348.1348), 3 16.1089 (CI9Hl4N3O2: 31 6.1086); field desorp- 
tion ms (low temperature) 741 (17), 739 (7). 376 (22), 364 
(loo), 278 (10); (high temperature) 376 (lo), 364 (loo), 
182 (22), 166 (38). 

I Dil~yydrocaclc~rt~bim, 22 
T h ~ s  alkaloid was isolated as a pale brown glass In the 

tlc fractionation of the N. clrclerric1111 extract ( l o ,  h): Ir 
2.92 (sh), 3.05 (br, strong), 5.93, 6.12; uv 225 (27 550), 
278 (6300); nmr tabulated previously (20); field desorp- 
tion ms 546. Acetylation with acetic anhydr~de and 
pyridine a t  room temperature and p~~rlfication by tlc 
with elution by 96:4 chloroform-methanol provided a 
syrup: ir 2.89 (sharp), 3.02 (br, medlum height), 5.73 
(strong), 5.89, 6.10; nrnr tabulated previously (21); field 
desorpt~on ms 756. Atlcrl. calcd. for C37H44N2015: C 58.72, 
H 5.86, N 3.71, 5Ac 28.48, for C37H44NZO15.CH30H: C 

(a) S. MCLEAN and D. G. MURRAY. Can. J. Chem. 
50, 1478 (1972); (6) D. G. MURRAY, A. SZAKOLCAI, 
and S. MCLEAN. Can. J. Chern. 50, 1486 (1972); 
(c) S. MCLEAN and D. G. MURRAY. Can. J. Chem. 
50, 1496 (1972). 
( a )  G.  I. DMITRIENKO, D. G .  MURRAY, and S. 
MCLEAN. Tetrahedron Lett. 1961 (1974); (b)  G. I .  
DMITRIENKO, A. SZAKOLCAI, and S. MCLEAN. 
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Crystal and molecular structure of the salicylaldehydatogallium 
dimethyl dimer 

STEVEN J.  RETTIG, ALAN STORR, A N D  JAMES TROTTER 
Deporlr?ierll of Cltrmistrj~. Utliorrsi!,' of'Brilis11 Colrln~bia, Vntrcolrcer, Britisl~ Collrt~tbicc. V6T I W5 

Received October 10. 1975 

STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 54, 1278 (1976). 
Crystals of the salicylaldehydatogallium dimethyl dimer, [C7H502.GaMe2]2, are triclinic, 

a = 9.845(1), b = 8.6892(8), c = 7.4153(6) A, a = 118.236(5), p = 92.46(1), -y = 115.81(1)", 
Z = 1, space group Pi. The structure was solved by Patterson and Fourier syntheses and was 
refined by full-matrix least-squares procedures to a filial R of 0.050 and R,, of 0.064 for 1644 
reflections with I > 3u(I). The structure features a five-coordinate gallium atom having dis- 
torted trigonal bipyramidal geometry. Monomer units link via the formation of a four-mem- 
bered Ga202  ring to  form the centrosymmetric dimers. Bond lengths in the molecule are: 
Ga-O(eq), 1.933(3), Ga-O(ax), 2.127(3) and 2.469(3), Ga-C, 1.944(6) and 1.946(5), C-0, 
1.333(4) and 1.231(6), C(ar)-C(sp?), !.432(7), mean C-C(ar), 1.395(8), mean C(sp3)-H, 
0.92(4), and mean C(sp2)-H, 0.93(2) A. Bonds not involving hydrogen have been corrected 
for thermal motion. 

STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 54, 1278 (1976). 
Les cristaux du dimere du dimethyl salicylaldChyda~ogallium, [C7H502.GaMe2]2, sont tri- 

cliniques, o = 9.845(1), b = 8.6892(8), c = 7.4153(6) A, CY = 118.236(5), p = 92.46(1), 7 = 
115.81(1)", Z = 1, groupe d'espace Pi. On a rCsolu la structure par les synthkse de Patterson et 
de Fourier et on l'a affinie par la mCthode des moindres carrCs (matrice complkte) jusqu'k une 
valeur finale de R de 0.050 et de R,, de 0.064 pour 1644 rCRexions avec I > 3u(I). Dans la struc- 
ture, on remarque un atome de gallium pentacoordonne posskdant une gComCtrie bipyramidale 
trigonale dCformCe. Les unites monomkres se lient par la formation de cycle Gal02 k quatre 
membres pour former des dimkres centrosymetriques. Les longueurs des liaisons dans les mole- 
cules sont: Ga-O(eq), 1.933(3), Ga-O(ax), 2.127(3) et 2.469(3), Ga-C, 1.944(6) et 1.946(5), 
C-0, 1.333(4) et 1.23 1(6), C(ar)-C(sp?), 1.432(7), moyenpe des C-C(ar), 1.395(8), moyenne 
des C(sp3)-H, 0.92(4), et moyenne des C(sp2)-H, 0.93(2) A. On a corrigC les liens n'impliquant 
pas les hydrogenes pour le mouvement thermique. 

[Traduit par le journal] 

Introduction 
Numerous examples of five-coordinate gallium 

atoms have recently been reported (1-5). The 
present X-ray analysis provides an additional 
crystallographic example of this type of co- 
ordination for the galliuin atom which is novel 
on two counts. It is the first example not to  
include nitrogen in the pentacoordination sphere 
about the metal atom (the gallium is coordinated 
to  three oxygen and two carbon atoms) and it is 
the first example where the dimer units present in 
the solid state are not in evidence in either the 
gas phase or in solution where monomeric con- 
stitutions are indicated. 

Experimental 

Salicylaldel~yda~ogalli~rrn Dimelllyl C7H5o2'GaMe~ (6) 
The compound was prepared by reacting equimolar 

amounts of salicylaldehyde and gallium trimethyl in 
benzene at  room temperature. Methane was briskly 
evolved, and following removal of solvent at  the cessation 

of the reaction, a canary yellow solid product was ob- 
tained. This was sublimed under vacuum to yield air 
sensitive yellow crystals. mp 78 "C; Altui. calcd. for 
C7HS02.GaMe2: C 48.9, H 4.98; found: C 48.8, H 4.98. 
Mol. WI. calcd. for C7H502.GaMe2: 220.9; found 
(cryoscopy in benzene solution): 221 ; proton nmr (C6D.5) 
rca-are (singlet) 11.07 ppm (rCgH6) 2.84 ppm). 

The low frequency infrared spectrum showed charac- 
teristic vc,-, bands at 595 and 555 cm-1 in addition to 
bands at  515, 440, 430, and 370cm-1 which may arise 
from heterocyclic ring modes. 

Cryslallogrc~phic Altalysis 
The crystal chosen for study was positioned in a 

capillary tube under a nitrogen atmosphere to  avoid the 
rapid hydrolysis which occurs on contact of  the com- 
pound with moist air. The capillary was then flame 
sealed. The crystal was mounted with -2 2 1 parallel to 
the goniostat axis and had dimensions of ca. 0.45 X 
0.60 X 0.80 mm. Unit-cell and space group data were 
obtained from film and diffractometer measurements. 
The unit-cell parameters were refined by a least-squares 
treatment of sin' 6 values for 30 reflections measured on a 
diffractometer with CuK, radiation. Crystal data are: 
Cl8Hr2GazO4 fw = 441.8 
Triclinic, a = 9.845(1), b = 8.6892(8), c = 7.4153(6) 
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RETTIG ET AL. 1279 

A, a = 118.236(5), P = 92.46(1), 7 = 115.81(1)0, V = 
477.7(1) A3, Z = 1, p, = 1.5327(3) g cm-3, F(000) = 224 
(22 "C, CuK,, X = 1.5418 A, p = 38.9cm-1). Space 
group Pi (cJ, No. 2). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, CuK, (nickel filter and pulse height an- 
alyser), and a 6-26 scan at 4" min-' over a range of 
(1.80 + 0.86 tan 0) degrees in 20, with 10 s background 
counts being measured at  each end of the scan. Data were 
measured to  20 = 146" (minimum interplanar spacing 
0.81 A). The intensity of the check reflection, measured 
every 50 reflections, decreased uniformly to  a value which 
was 92% of the initial count by the end of the data collec- 
tion. Lorentz and polarization corrections and check 
reflection scaling were applied, and the structure ampli- 
tudes were derived. No absorption correction was made 
due to  possible uncertainties which would result from the 
irregular shape of the crystal. Of the 1921 independent 
reflections measured, 260 had intensities less than 3u(1) 
above background where U' (4 = S + B + (0.06S)' with 
S = scan count and B = time averaged background 
count. These reflections were given zero weight in the 
refinement but were included in the structure factor 
calculations. 

The position of the gallium atom was determined from 
the three-dimensional Patterson function. Two cycles of 
full-matrix least-squares refinement of the positional and 
isotropic thermal parameters of the gallium atom gave 
R = 0.34. The positions of the other nonhydrogen atoms 
were taken from a subsequent difference map. The non- 
hydrogen atoms were refined isotropically for two cycles 
and then anisotropically for two cycles giving R = 0.062. 
The hydrogen atom positions were located from a differ- 
ence map at this point. The entire structure (hydrogen 
atoms having isotropic thermal parameters) was refined 
for six cycles giving a final R of 0.050 and R,, of 0.064 for 
1644 reflections with 12 30-(I) (17 reflections which had 
JF,l - IFc( > 3u(F) were removed from the data set in 
the final stages of refinement). 

The least-squares refinement was based on the mini- 
mization of ~wl:JF, l  - lF,/(l + gl)lI2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 1.6(2) X 10-7. The scattering factors 
of ref. 7 were used for the nonhydrogen atoms and those 
of ref. 8 for the hydrogen atoms. Anomalous scattering 
factors from ref. 9 were used for the Ga,  0 ,  and C atoms. 
The anisotropic thermal parameters employed in the 
refinement are Uij in the expression: 

f = f0 exp [ - 2 ~ ~ ( U ~ , h ~ a * ~  + U22k2b*2 + U ~ , P C * ~  

where fO is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
w = 1 / ~ 2 ( F )  where &(F) is derived from the previ- 
ously defined 0-2(I) gave uniform average values of 
w(lF, - over ranges of JF,I and was employed in 
the final stages of refinement. The mean error in an  
observation of unit weight was 1.59. On the final cycle 
of refinement the mean parameter shift was 0 . 0 3 ~  and no 
parameter shift was greater than 0 .17~ .  A final difference 
map showed maximum fluctuations of k0.9 e A-3 in the 
vicinity of the gallium atom. The final positional and 

TABLE 1. Final positional parameters (fractional X 104, 
G a  X lo5, H X 103) with estimated standard deviations 

in parentheses 

Atom x Y z 

thermal parameters appear in Tables 1 and 2 respectively. 
Measured and calculated structure factors have been 
placed in the Depository of Unpublished Data.1 The 
ellipsoids of thermal motion for the nonhydrogen atoms 
are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (S) motion (10) using the 
computer program MGTLS. The rms standard deviation 
in the temperature factors ULj is 0.0022 A2 The analyses 
were carried out for all nonhydrogen atoms in thecentro- 
symmetric dimer and in the monomer unif. The 'latter 
analysis was successful (rrns AUij = 0.0056 A2) while the 
former was not. This indicates that the dimer unit as a 
whole is not a rigid body and that the thermal motion is 
better described as independent motions of the monomer 
units. 

The appropriate bond distances and angles have been 
corrected for libration (11, I?), using shape parameters 
q2 of 0.08 for all atoms involved. Both corrected and 
uncorrected bond lengths appear in Table 3. Changes in 
the bond angles were not significant, thus only the 
uncorrected angles appear in Table 4. 

Results and Discussion 

The structure consists of centrosym~netric 
dimeric units which contain five-coordinate 

[The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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1280 CAN. J. CHEM. VOL. 54. 1976 

TABLE 2. Final thermal parameters and their estimated the molecular weight in solution, the mass 
standard deviations spectrum, and the structure of the related boron 

( a )  Anisotropic thermal parameters compound salicylaldehydatoboron diphenyl (l3), 
(Uij x lo-', G a  X lo4 A2) dimerize via formation of centrosymmetric (thus 

planar) four-membered Gal02 rings. This type of 
Atom Ull U22 UII U12 "-' U23 dimerization also occurs in the molecules 
G a  681(4) 423(3) 680(4) 293(2) 1572) 301(2) [MeN(CH2CH20)2GaH]2 (3) and [Me2NCH2- 
o ( l )  48(1) 371) 96(2) 16(1) 21(1) 32(1) CH20GaR2I2 (R = H and Me) (4). The resulting 
0(2) 59(2) 61(2) 103(2) 34(1) 23(2) 40(2) dimer (1) features a nearly planar system of five 
C(1) 52(2) 54(2) 68(2) 20(2) 7(2) 38(2) 
C(2) 54(2) 40(2) 68(2) 17(1) l l(2) 32(2) fusedrings. 
C(3) 69(3) 43(2) 89(3) 22(2) 20(2) 30(2) The trigonal planar phenolic oxygen atom, 
c(4)  g9(3) 41(2) 81(3) 16(2) 15(2) 27(2) 0(1), bridges the two gallium atoms and oc- 
C(5) 68(3) 52(2) 81(3) 4(2) l(2) 32(2) 
C(6) 53(2) 69(3) 81(3) 15(2) 5(2) 44(2) cupies an equatorial position on Ga and an axial 
c(7)  51(2) 73(3) 98(3) 33(2) ig(2) 49(3) site on Ga'. O(1)' occupies an axial position on 
C(8) 87(3) 64(3) 85(3) 39(3) 19(3) 48(2) Ga. (Here and elsewhere in this paper primed 
(29) 76(3) 79(3) 77(3) 39(3) 22(2) 43(3) atoms refer to atoms related by the center of 

symmetry at $,$,$ to those whose coordinates are 
(b)  Isotropic thermal parameters ( U  x 100) given in Table 1.) The remaining axial position 

Atom u (A2) Atom 
at Ga is taken by O(2) while the other two equa- 
torial sites are occupied by methyl groups. The 

H(3) 7(1) H(8b) 13(3) angular distortion of the trigonal bipyramid is 
H(4) 8(2) H(8c) 16(3) less marked than in the related compounds 
H(5) 13(2) H(9a) 
H(6) 7(1) H(9b) 

12(2) [MeN(CH2CH20)2GaH]2 and [Me2NCH2CH2- 

H(7) 7(1) H(9c) 0GaR212 which have five-membered rings (rather 
H(8a) 11(2) than six-membered rings) fused to the Ga202 

rings. The angle between the axial substituents is 
gallium atoms having distorted trigonal bipyr- 164.4(1)" in the present structure conlpared to 
amidal geometry. The monomer units (contain- angles in the range 150-152" for the ethanolanline 
ing four-coordinated gallium atoms) predicted by conlplcxes (3,4). The axial-Ga-equatorial angles 

H 
Me 

1 

FZG. 1. A stereo view of the salicylaldehydatogallium dimethyl molecule. 50%> ellipsoids are shown 
for the nonhydrogen atoms. 
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RETTIG ET AL 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 
(a) Nonhydrogen atoms 

Distance (A) Distance (A) 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b) Bonds involving hydrogen atoms 

Bond Distance (A) Bond Distance (A) 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a) Nonhydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 
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TABLE 5 
(a)  Equations of weighted least-squares planes in the form IX + mY + nZ = p where X, Y, Z are orthogonal coordinates (A) with respect to a, b', and c ' ,  

deviations of atoms from the planes are also given 

Deviation of atoms from plane (A) 
Atoms in 

Plane plane x2 Equation of plane Atom Deviation Atom Deviation Atom Deviation Atom Deviation Atom Deviation 

3 Ga,Gaf,O(l). 1155.0 - 0.2211X + 0.6047Y 
0(2), 0(2)', - 0.76522 = - 1.8679 
C(1 )-C(7), 
C( I )'-C(7)' 

"With symmetry related atoms displaced ill the opposite direction. 

(b )  Dihedral angles between the planes 

C(3) 
C(7) 
H(6) 

O(2) 
Ga' 

O(2) 
C(5) 
H(3) 

a 

Planes Dihedral angle (deg) 
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RETTIG ET AL. 

range froin 75.5(1)" in the four-membered ring to 
95.7(2)" for O(2)-Ga-C(9) and the equatorial 
angles range from 110.5(2) to 136.6(3)", the latter 
being the angle between the methyl groups. The 
equatorial group is significantly nonplanar with 
the gallium atom displaced froin the 0(1)C(8)- 
C(9) plane 0.1096(6) A toward O(2). 

The Ga202 ring differs significantly from those 
in related con~pounds. Th: equatorial Ga-O(1) 
bond length of 1.933(3) A iso intermediate be- 
tween the values of 1.960(8) A for [MeN(SH2- 
CH20)2GaH]2 and 1.91 l(3) and 1.913(3) A for 
[Me2NCH2CH20GaR2]2 (R = H and Me re- 
spectively] while the axial Gat-O(1) bond at 
2.469(3)A is considerably longer than th? 
distances of 2.01 8(2), 2.053(3), and 2.078(3) A 
for [MeN(CH2CH20)2GaH]2 and [Me2NCH2- 
CH20GaR2]2 (R = H and Me) respectively. The 
second axial bond, Ga-0(2), at 2.127(3) A is 
also significantly longer than those in the related 
molecules listed above (3, 4). All of the above 
mentioned Ga-0 bonds involve formally 
charged oxygen atoms but the oxygen atoms are 
of three different types. In [MeN(CH2CH20)2- 
GaH]2 and [Me2NCH2CH20GaR2]2 there are 
alkoxide bridges while in the present structure 
there is a phenoxide type bridge as well as a 
dative interaction between the carbonyl oxygen 
O(2) and the gallium atom. In salicylaldehydato- 
boron diphenyl both B-0 bonds ar: similarly 
longer than the usual value of 1.474 A (see e.g. 
refs. 14-17) and the bond involving the carbonyl 
oxygen is significantly longer th!n the other 
B-0 bond (1.574(4) us. 1.500(4) A). The bond 
lengths in the salicylaldehyde moiety of the 
present structure are equal within experimental 
error to those in salicylaldehydatoboron diphenyl 
with the exception of those in the aldehyde 
function. The C(7)-O(2) bond, 1.23 l(6) A, id; 
significantly shorter than the value of 1.263(4) A 
in salicylaldehydatoboron diphenyl and the 
C(1)-C(7) bonds (!.432(7) in the present struc- 
ture and 1.413(5)A in the boron compound) 
differ by a possibly significant 2.2a. The $qua- 
torial Ga-C bonds, 1.944(6) and 1.946(5) A, are 
slightly, but not significantly, 2horter than the 
values of 1.95 l(7) and 1.971(6) A in [Me2NCH2- 
CH20GaR212 (R = Me). The bond distances and 
angles involving hydrogen atoms are as expected 
for X-ray data (see Tables 3 and 4). 

The entire di~ner (excluding the methyl groups) 
is roughly, but not rigorously, planar. The 

TABLE 6. Intra-annular torsion 
angles (deg). Six-membered 

Ga02C3 ring 

Angle 
Bond (obsvd.) 

largest deviation froill this plane is 0.079 A. 
Least-squares mean planes through the illolecule 
are given in Table 5. The Gaz02 ring is exactly 
planar and the aroillatic ring, C(1)-C(6), is 
planar within experimental error. The non- 
planarity of the fused ring system as a whole 
originates in the heterocyclic Ga02C3 ring which 
is significantly nonplanat even though all six 
atoms lie within k0.03 A of the mean plane. 
Intraannular torsion angles in the Ga02C3 ring 
are listed in Table 6. 

The crystal structure consists of well-separated 
dimer units; the closest nonb9nded contact 
between dimers (0. . .O, 3.360(6) A) corresponds 
to a normal van der Waals contact. Table 7 
lists intra- and intermolecular nonbonded con- 
tacts, including those in the galliuill coordination 
sphere. 

The absence of dimer units in both solution 
(measured cryoscopically in this study and 
ebullioscopically in ref. 6) and the gas phase can 
be attributed to the weakaess of the long axial 
Ga-0 bonds (2.469(3) A) which hold the 
monomer units together in the crystal. This 
weakness is also reflected in the rigid body 
thermal analysis. These bonds are presunlably 
ruptured on dissolution of the solid in benzene 
or in vaporization. The difference between the 
two Ga-0 bonds in the monomer unit is also 
reflected in the mass spectrum experinlent in 
which th? C6H50Ga+ ion is apparent (Ga-O(l), 
1.933(3)A) but theo C7H60Ga+ ion is not 
(Ga-0(2), 2.127(3) A). 

The mass spectrum of the complex revealed as 
its strongest signals peaks due to the parent 
mononler ion minus one methyl group (see 
Table 8). The relative intensities of the peaks in 
the doublet signals agree well with those pre- 
dicted from the isotopic distribution of the metal 
atoms ( 6 9 G ~  (60y0); 71Ga (40y0)). The parent 
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(a) Selected intra- and intermolecular contacts (A) 

Intramolecular Intermoleculara 

Atoms Distance (A) Atoms Distance (A) 

(6)  Gallium coordination sphere 

Atoms Distance (A) Atoms Distance (A) 

Ga . . . Ga' 3.485(1) 
O(1). . . O(1)' 2.720(5) 
O(1) . . . O(2) 2.837(4) 
O(1). . . C(8) 3.202(5) 
O(1) . . . C(9) 3.175(7) 

aSuperscripts refer to atoms at positions: '2 - x. I - y. I - z; l 2  - .\-. 2 - y. 1 - I 

TABLE 8. Mass spectrum of salicylaldehydatogallium British Columbia Con~puting Centre for assis- 
dimethyla tance, Mr. P. Borda for the C and H analyses, 

and Mr. J. Nip for recording the mass spectrum. 
m/e  Intensity Assignment 

aRecorded on a Varion MAT CH4B mass spectrometer at 70 eV 
with an ion source temperature of approximately 70 "C. 

monomer ion itself was detected but at a much 
lower intensity compared with the strongest 
signal. No signals due to species with higher 
mass numbers than the monomer ion were 
observed in the spectrum but the expected 
fragmentation of the monomer into lower mass 
fragments was observed, and the various ions, 
together with relative intensities and assignments, 
are collected in Table 8. 
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Bis [o-phenylenebis(dimethy1arsine)l Fe(11) complexes: 
structure and bonding from "Fe Mossbauer spectra 
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G. MICHAEL BANCROFT and GARY CERANTOLA. Can. J. Chem. 54, 1285 (1976). 
57Fe Mossbauer spectra are reported for neutral FeX2(diars)2 (X = C1, Br, I ,  NCS) com- 

plexes and newly prepared cationic [FeCIL(diars)2]Y (L = CO, P(OMe),, P(0Ph)l; Y = SnCI,, 
BPh4) compounds. Using partial quadrupole splittings to calculate quadrupole splittings, all 
compounds are assigned the trcr~rs structure. From 57Fe centre shifts and quadrupole splittings, 
diars is found to be an appreciably poorer u donor than analogous chelating phosphines, and 
a very similar u donor and T acceptor to o-phenanthroline. 

G.  MICHAEL BANCROFT et GARY CERANTOLA. Can. J. Chem. 54, 1285 (1976). 
On rapporte les spectres Mossbauer du 57Fe des complexes neutres FeX,(diar~)~ (X = C1. 

Br, I ,  NCS) et des conlposis cationiques nouvellement preparks [FeClL(diar~)~]Y (L = CO. 
P(OMe),, P(OPh),; Y = SnCI,, BPh,). Utilisant les couplages quadrupolaires partiels pour 
calculer les couplages quadrupolaires, on a assign6 des structures trcr~rs B tous les compos6s. A 
partir des diplacements des centres de 57Fe et des couplages quadrupolaires, on a trouvC quc 
diars est un donneur u beaucoup plus faible que les phosphines chClatantes analogues et un 
donneur u et un accepteur T t r b  semblable B I'o-phinantroline. 

[Traduit par le journal] 

Introduction 

The ligand o-phenylenebis(dimethy1arsine) (1) 
(diars) is an extremely versatile complexing agent. 
It forms colnplexes with transition metals in 
which the coordination number of the metal 
varies from 4 to 8, and in which the oxidation 
state of the metal varies from 0 to +5 (2). Since 
the initial preparation of diars complexes of Fe by 
Nyholm (3), it has been shown that diars forms 
complexes with Fe in oxidation states from 0 to 
4 (4, 5). The FeX2(diars)2"+ (11 = 0, 1, 2) are all 
low spin (4), and the infrared spectra (6) and 
electronic spectra (7, 8)  have been well charac- 
terized. Detailed interpretation of the Mossbauer 
spectra of the n = 1 and 2 corllplexes have 
recently appeared (9, lo), and the Mossbauer 
spectrum of the n = 0 FeClz(diars)2 complex has 
also been reported (10). The infrared (6), 
electronic spectra (7, 8), and prnr spectra (5) 
indicate that all these iron complexes have the 
trans geometry, but no X-ray crystal structures 
have appeared. Very recently, after the corn- 
pletion of our work, a nuinber of Fe(I1) and 
Fe(II1) diars complexes of NO, CO, and CH3CN 
have also been prepared (5). Despite all the work 
on Fe, and other transition metal complexes of 
diars, the factors governing the extraordinary 
coordinating power of diars remain obscure. 

In this paper, we report the Mossbauer spectra 
of a number of novel and known Fe(I1) diars 
complexes. We wanted to use the Mossbauer 
centre shifts and quadrupole splittings to eluci- 
date the bonding properties of diars relative to 
other known ligands using the treatment pre- 
viously published (11, 12). After obtaining a 
relatively sinall negative partial quadrupole 
splitting (pqs) value for diars/2 (-0.52 nun SKI), 
we became very interested in preparing cationic 
FeSr~CI~L(diars)~-!- compounds so that we could 
use the Libbey-Bancroft method (13) for obtain- 
ing relative signs of Fe and Sn quadrupole 
splittings, as well as for studying both Fe and 
Sn Mossbauer parameters as a function of L. 

Experimental 
Preporrrtio~rs 

All compounds were prepared under an atmosphere of 
nitrogen using standard Schenkware inert atmosphere 
techniques (14). All solvents were thoroughly degassed 
before use and purified by standard methods. The ligand 
o-pl~enylenebis(dimethy1arsine) was obtained from Strenl 
Chemicals. The compounds were analyzed by Chemaly- 
tics, Inc., Tempe, Arizona, and the results are given in 
Table 1. 

The complexes FeX?(diars)? (X = CI, Br, I ,  NCS) were 
prepared by the methods of Nyholnl and co-workers 
(3, 6). Because we wanted to make FeSnCl,L(diars)~ 
complexes, our starting material was FeSnCllC1(diars)~. 
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TABLE 1. Elemental analyses 

c (76) H (5%) Halide (%) 
Complex Calcd. Found Calcd. Found Calcd. Found 

FeSnC13Cl(diars)2 27.02 26.84 3.63 3.52 15.96 15.32 
[FeClCO(diars)2]SnCI3 27.53 27.04 3.52 3.34 15.47 15.24 
[FeCICO(diars)2]BPh4 53.47 53.21 5.18 5.02 3.50 3.67 
[FeClP(OPh)3(diars)2]SnC13 39.66 39.21 4.11 4.18 12.32 11.64 
[FeC1P(Ol'h3)(diars)2]BPh4 57.59 57.17 5.22 5.36 2.74 3.23 
[FeCLP(OMe)3(diars)2]SnC13 28.63 26.44 4.28 4.05 14.70 13.14 
[FeClP(OMe)3(diars)2]BPl14 53.31 51.16 5.80 5.84 3.34 3.32 

Clrloro(!ric/rloros~~~~r~~j~l)bis[o-plre~r~le~rebi~(dirr~e~l~j~l- 
r~rs~tre)]iro~r(II) 

FeC12.4H20 (0.140g) and SnC12 (0.133 g) were dis- 
solved in 16 ml of degassed MeOH. Diars (0.41 g) was 
then added. A green-blue precipitate appeared almost 
instantaneously. It was filtered, washed with anhydrous 
ether, and recrystallized in a very small portion of 
chloroform. Yield 89:;. The compound showed great 
instability in undegassed solvents giving a brilliant red 
colour. In excess chloroform, it gave a red precipitate 
which would not analyze. 

Cl~Iorocrrrbotr~lbis[o-plre,,yle- 
irotr(l1) !richIoros!atrtrn/c 

FeSnCI3Cl(diars)z (0.10 g) was added to about 40 ml 
of degassed acetone and CO was bubbled through the 
solution for 30 min. The solution turned orange and there 
appeared to be a slight trace of white precipitate which 
was filtered off. An orange precipitate was taken down 
with degassed 30-60 petroleum ether. The compound 
was washed with solvent several times and dried it1 rrrcrro. 

Cl~lorocrrrbo~rylbis[o-pI~et~j~let~ebis(r/irr~e!lrylarsitr~~]- 
irotr(l1) !e!rrrphetrylborr2,e 

This complex was prepared recently from FeCIl(diar~)~ 
(5). FeSnC13Cl(diars)r (0.1 g) and NaBPh4 (0.0385 g) were 
added to  about 20ml of degassed acetone. CO was 
bubbled through for about 20min. A small amount of 
white precipitate (NaCI) appeared at  the bottom of the 
reaction tube after the solution started changing from 
green to pale orange. The solution was filtered and yellow 
crystals were taken down with degassed 30-60 petroleum 
ether. The yellow compound was washed several times 
with solvent and dried over nitrogen. 

The compound could also be made from the reaction 
of [FeClCO(dia~s)~]SnCl~ with NaBPh4 in acetone. I t  was 
brought down with methanol. 

Plrosplri!e Complexes 
These red compounds were prepared from FeSnC13CI- 

(diars)l in acetone in analogous fashion to  the two CO 
compounds. The SnC13 compounds were brought down 
with anhydrous ether, while the BPh4 complexes were 
brought down with methanol. The P(OMe)3 complexes 
did not analyze well, but no significant impurities (at the 
-5y0 level) were detected in the Mossbauer spectra of 
these two compounds. The poor analyses are probably 
due to the relative instability of these compounds to air 
and moisture. 

O!lrer Rcctctiotrs 
Other similar cationic reactions were carried out using 

r-picoline and dinitrogen. In the former case, a yellow 
compound was isolated which analyzed for FeCll(diars)2. 
In the latter, an infrared band appeared at 2030 cm-1 
which seemed to be characteristic of a coordinated Nz. 
No pure compound has yet been isolated. 

Spec!ro 
Infrared spectra were obtained as Nujol mulls on a 

Beckmann IR-20A spectrometer. The peak positions are 
believed to be accurate to + 3 cm-1. 

57Fe and 11%~ Mossbauer spectra were recorded at  
110 K using an Austin Associates Spectrometer. Centre 
shifts for the 57Fe spectra are quoted relative to a sodium 
nitroprusside absorber at  room temperature, and the 
ll%n centre shift is quoted relative to a BaSnO, absorber 
at room temperature. The spectrometer was calibrated 
with a 99.99% Fe foil. The spectra were fitted with 
Lorentzian line shapes using Stone's program (Appendix 
to ref. 15). Statistically acceptable x2 values (between 500 
and 550) were obtained for all spectra. The Mossbauer 
spectra of the diarsine compounds give poorer absorp- 
tions than those for analogous phosphine complexes (1 1). 
These smaller absorptions are probably due to selective 
absorption of the 14.4 keV -y rays by As. 57Fe absorptions 
were typically between 2 and 3'y,, while the 1l'Sn absorp- 
tion for FeSnCI3Cl(diars)2 was less than 196. For the 
cationic SnC13 complexes, satisfactory Sn spectra could 
not be obtained after numerous attempts, but weak peaks 
at -3 mm s-1 were discernible. 57Fe spectra were not 
recorded for the B44 compounds of P(OPII)~ and P(OMe),. 

Results and Discussion 

Preparations 
The FeSnC13Cl(diars)2 co~nplex is analogous 

to that prepared previously with depe (11) 
(depe = 1,2-bis(diethylphosphino)ethane), and 
appears to be an excellent starting material for 
making cationic compounds. The llgSn Moss- 
bauer parameters for this compound are charac- 
teristic of SnC13 coordinated to a transition 
metal (16-18). Combined with the s7Fe Moss- 
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TABLE 2. 57Fe (and II'Sn) Mossbauer parameters (mm s-1 a t  110 K)" 

Quadrupole splitting 
Centre 

Compound shift Observed Predicted? 

"'Fe line widths were always 0.30 t 0.02 mm s-'. Errors in centre shifts and  quadrupole splittings 
are 0.02 mm s-'. The line widths are typical for Fell low spin compounds on our equipment (12). 

?Predicted qundrupole splitting Tor rra~ls structures. The pqs value Tor d ia r s l l  is derived I'rom 11.arrc- 
FeCIp(diars)z. All other values arc taken from ref. 12. 

fVnlucs in parentheses reported in ref. I0 a t  4.2 K. Centre shift value is corrccled from Fe standard 
by adding 0.26 mm s-'. 

scornpounds and Mossbnucr p;lrnmeters previously reportod in ~ x f .  I I :  dcpc = I,?-bis(diethy1- 
phosphino)ethane, depb = o-plienylenebis(clietliylphosphinc). 

bauer data, all our evidence suggests that this 
compound is a trans six-coordinate Fe(I1) 
compound. 

It was hoped that the large trans labilizing 
influence of SnC13 (19, 20) would result in cati- 
onic FeSnC13L(diars)2+ compounds, especially 
when stabilized by BPh4. However, the analyses 
for the BPh4 compounds (Table 1) show con- 
clusively that the [FeC1L(diars)2]BPh4 conl- 
pounds were obtained. For the SnC13 complexes, 
three pieces of evidence show conclusively that 
these are also FeClL(diars)z+ complexes. First, 
the Mossbauer parameters for the two CO 
con~plexes are identical within error, strongly 
suggesting that the Fe atoms in both complexes 
have the same nearest neighbours. Second, the 
CO infrared stretching frequency observed for 
both SnC13 and BPh4 compounds (1930 cm-l) are 
the same as that observed by Nappier et 01. (5) 
for the FeClO(diars)zBPh4 compound prepared 
from FeClz(diars)z and NaBPh4. Third, the lI9Sn 
Mossbauer spectra, although very weak, did 
indicate lines at -3 mm s-l, typical of un- 
coordinated SnC13- (16, 18). 

Because of the high trans labilizing influence of 
SnC13 (19, 20) and the appearance of a NaCl 
precipitate, it seems likely that in the NaBPh4 

reactions the FeSnC13L(diars)2+ compound is 
formed initially, and gives the FeClCO(diar~),-~ 
compound via elimination of SnC12, i.e., 

NaBPhj 
FeSnC13Cl(diars)2 + CO 

NaCl + [FeSnC13CO(diars)2]Bl'h~ 
i 

rapid 

Such an elimination of SnC12 has been postulated 
in PtSnC13 chemistry (20). 

Structure crnd Boncling 
Previous spectroscopic data (5-8) suggested 

that both the neutral FeXz(diars)z (X =C1, Br, 
I, NCS) compounds and the cationic FeClL- 
(d i a r~ )~+  compounds have the trans structure. 
Our quadrupole splittings (Table 2) also strongly 
suggest that these complexes have the trans con- 
figuration. The positive sign of the quadrupole 
splitting and small ?I for FeCl?(diars)z (10) is 
entirely consistent with a trans structure. All 
partial q~iadrupole splittings for known neutral 
ligands are relatively more negative than the 
halide pqs values (12), and thus any compound 
of the type trans-FeX2L4 will have a positive 
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quadrupole splitting and small 7.' In contrast, 
the cis-FeX2L4 analogue would be expected to 
have a negative quadrupole splitting as observed 
for c ~ s - F ~ C ~ ~ ( M ~ O C ~ H ~ N C ) ~  (22). 

The generally good agreement between pre- 
dicted and observed quadrupole splittings for the 
other Fe(I1) compounds suggests that they also 
have the trans structure. Taking FeCIz(diars)z 
as trans, and using the pqs value of C1(= -0.30 
mm s-l) ( l l ) ,  the calculated pqs value for 
diars/2 = -0.52 mnl s-' (+0.87 = - 1.20 + 
4{diars/2 1). Using the other pqs values given 
previously (12), the quadrupole splittings in 
Table 2 have been calculated. Previously ob- 
served (11) quadrupole splittings for the anal- 
ogous phosphine compounds FeClz(depe)z, 
FeClZ(depb)z, and FeSnCl3Cl(depe)z have been 
included for comparison. All predicted quad- 
rupole splittings in Table 2 are within 0.20 nun 
s-' of the observed values (the limit previously 
suggested as reasonable agreement (12)). Some 
of the predicted quadrupole splittings are sig- 
nificantly smaller than those observed, but the 
predicted quadrupole splittings for cis structures 
would be much smaller still, close to one-half of 
those in Table 2.2 Thus the agreement between 
predicted and observed quadrupole splittings 
for cis structures would be much worse than in 
Table 2 for trans species. 

It is apparent from Table 2 that diars com- 
pounds give significantly smaller quadrupole 
splittings and larger centre shifts than their 
phosphine analogues. Thus trn~-FeC12(diars)~ 
has a centre shift and quadrupole splitting of 0.81 
and +0.87 mm s-I respectively compared to cen- 
tre shift and quadrupole splitting values for the 
phosphine analogue3 trcms-FeCl~(depb)z of 0.64 
and 1.16 nlm s-I. The centre shifts for the 
FeXz(diars)z compounds are unusually large for 
Fe(I1) low spin conlpounds and appear to be the 
largest yet observed for Fe(I1) low spin species. 
In fact, these centre shifts are above that nor- 
mally supposed to be the low spin - high spin 
transition centre shift (1 1). Using the assump- 

IPossible exceptions to this "rule" might occur when 
the in-plane bond angles (the As-FeAs angles in these 
compounds) differ greatly from 90' nrld the quadrupole 
splitting is small (21). 

'For compounds of the type FeXY(diars)l, the cis 
quadrupole splitting will always be larger than half of 
the trarls quadrupole splitting and q f  0. 

3The Fe complex of the exact analogue of dmpb 
(0-phenylenebis(dimethylphosphine) has not been made. 

TABLE 3.  Comparison of partial centre shift and partial 
quadrupole splittings (mm s-1) 

Partial Partial quadrupole 
Ligand centre shift* splitting* 

AsPh3 
diars/? 
PPh; 
phen/2 
depb/? 
depe/l 
P ( 0  Me); 
RNC 

*Values taken from ref. 12, except for t he  phen/2 values (25) and 
dia1s/2 vi~lues. 

tVnlue from the overage of pcs values calculaled from the FeXr- 
(diars)? (X = CI. Br, I. NCS) using centre shif t  = 0.22 + Zpcs (12). 

~ l e r e n c e  25. m,., 
SDer~ved from the quadrupole splilting for cf~-Fe(phen)2(CN)!. 

See ref. 26 for discussion. 

tions and treatment outlined earlier (1 1, 12), the 
very large centre shifts for the diars conlpounds 
show that diars is a weaker u donor and/or 
weaker n acceptor than depb (11) (a weaker 
(u + n) ligand). As discussed earlier ( l l ) ,  both 
increasing u donation and n acceptance lead to a 
snlaller centre shift. Indeed, when partial centre 
shifts (pcs) (1 1) are derived (Table 3) and com- 
pared with a number of other well-known ligands, 
diars has a slightly Inore positive pcs than PPh3 
and o-phenanthroline (phen), indicating that 
diars is a slightly weaker (u + n) ligand than 
PPh3 or phen. 

Diars is norn~ally considered (7, 23) to be a 
slightly stronger field ligand than nitrogen 
ligands such as NH3, pyridine, and ethylene- 
diarne (en) which give high spin co~llplexes with 
Fe(l1). It is apparent that our correlation of pcs 
vs. position in the spectroche~nical series (11) 
does not hold for diars and the nitrogen ligands. 
A possible explanation for this "anomaly" nlay 
be found in the very low /I values found in the 
electronic spectra of the diars conlpounds (7). 

The quadrupole splitting of FeClz(diars)z 
relative to FeC12(depb)2 indicates that diars is a 
weaker u donor and/or stronger n acceptor (a 
weaker (u-n)) ligand than depb (11, 12). A 
comparison of pqs values, which becoine more 
negative as (u-n) increases, enables a qualitative 
separation of u and n effects. As with partial 
centre shifts, diars has a very similar pqs value 
to PPh3 and phen. Thus it can be concluded that 
diars is a very similar or slightly weaker u donor 
and n acceptor ligand to phen and PPh3. How- 
ever, the smaller negative pqs value of diars 
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relative to depb, along with their pcs values and 8. R. D. FELTHAM and W. SILVERTHORN. Inorg. Chern. 

the general correlation between pcs and pqs 9. 1207(1970). 
9. E. A. PAEZ, D. L. WEAVER, and W. T. OOSTERHUIS. values (12), shows that diars and depb are corn- J. Chenl. Phys. 57, 3709 (1972). 

parable weak r acceptors, while depb is a 10. W. T. OOSTERHUIS, D. L. WEAVER, and E. A. PAEZ. 
significantly better donor than diars. J. Chem. Phys. 60, 1018 (1974). - 

It  is inGresting to note in proof the very 11. G. M. BANCROFT, M. J. MAYS, and B. E. BRATER. 

recent Mossbauer results (24) on analogous J. Chern. Soc. A, 956 (1970). 
12. G. M. BANCROFT and E. T. LIBBEY. J. Chem. Soc. 

compounds of ~ e "  with the phosphine ligand Dalton Trans. 2103 (1973). 
dppen (cis- 1,2,-bis(dipheny1phosphino)ethylene. 13. E. T. LIBBEY and G. M. BANCROFT. Chen~. Cornmun. 
The centre shifts, quadrupole splittings, pqs 503 (1973). 
(-0.50 mm s-l), and pcs (0.07 mm s-l) indicate 14. D. F. S H R I V ~ .  The manipulation of air sensitive 

compounds. McGraw-Hill, New York, N.Y. 1969. that d ~ ~ e n  is a 'lightly better donor and 15. G .  M. BANCROFT, W. K,  ONG, A. G .  MADDOCK. 
acceptor than diars, Yet the Fe dppen compounds R. H. PRINCE, and A. J. STONE. J. Chern. Soc. A, 
of FeC12, FeBrz, and Fe12 exhibit high spin forms 1966 (1967). 
(as do the analogues of phen). 16. D. E. FENTON and .I. J. ZUCKERMAN. Inorg. Chem. 

8, 1771 (1969). 
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Reactions of thiyl radicals. XII. Triplet mercury photosensitized 
decomposition of ethyl sulfide in the gas phase 

CONRAD S. SMITH AND ARTHUR R. KNIGHT 
Depnrttnerrt of Chemistq1 ntrd Cl~emicnl Eirgiireeritrg, Utricersitj, of S~rskntclre~vair, Snskcitnnir, Srrskntclre~t'citr S7N 0 WO 

Received December 12, 1975 

CONRAD S. SMITEI and ARTHUR R. KNIGHT. Can. J. Chem. 54, 1290 (1976). 
The triplet mercury photosensitized decomposition of ethyl sulfide vapour has been studied 

at  25 "C. The reaction products include C2H4 (90 = 0.075), C2H6 (90 = 0.013), C4HI0 (90 = 
0.011), C,H5SH (@ = 0.068), 4-methyl-3-thiahexane (@ = 0.01 l) ,  and C2H5SSC,H5 (90 = 
0.175). The overall decomposition q ~ ~ a n t u m  yield is 0.38 at high sulfide pressures. The initial 
decomposition gives principally ethyl radicals and ethylthiyl radicals; a second step which yields 
ethylene and ethanethiol may account for up to 20';;; of the primary process. Comparison of the 
direct and sensitized decompositions indicates that both likely originate in the triplet manifold 
of ethyl sulfide. 

Primary decomposition quantum yields have been accurately redetermined for the direct. 
254 nm, photolysis of methyl sulfide (0.51), methylethyl sulfide (0.46), and ethyl sulfide (0.49). 

CONRAD S. SMITH et ARTHUR R. KNIGHT. Can. J. Chem. 54, 1290 (1976). 
On a CtudiC, ?I 25 "C, la dCcomposition photosensibilisCe par le mercure ?I I'Ctat triplet du 

sulfure d'ithyle en phase vapeur. Les produits de la riaction coniprennent: C2H4 (90 = 0.075). 
C2H6 (W = 0.043), C4HI0 (a0 = 0.01 l), CzHsSH (90 = 0.068), methyl-4 thia-4 hexane ( @ O  = 
0.01 1 )  et C2HsSSC2Hs (90 = 0.175). A pression de sulfi~re ClevCe, le rendement quantique total 
pour la dCcomposition est de 0.38. La dCcomposition initiale conduit principalement aux 
radicaux Cthyles et Cthylthiyles; une deuxikme Ctape, qui conduit a I'Cthylkne et B I'Cthanethiol, 
implique jusqu'i 20';; du processus primaire. Une comparaison des dCcompositions directe et 
sensibilisCe indique que chacun de ces types de dCcomposition trouve son origine dans le triplet 
du sulfure d'Cthyle. 

On a redCterminC avec precision, les rendements quantiques primaires pour la dCcomposition 
directe par photolyse ?I 254 nm du s u l f ~ ~ r e  de mCthyle (0.51), du sulfure de mCthylCthyle (0.46) 
et du sulfure d'Cthyle (0.49). 

[Traduit par le journal] 

Introduction 

The direct and sensitized photolysis of several 
lower molecular weight alkyl sulfides have 
recently been investigated in this laboratory. 
Methyl sulfide has been studied in both direct (1) 
and Hg-sensitized decomposition (2), but only 
the direct photolysis of ethyl sulfide has been 
investigated (3). 

Although the product distribi~tion is riot 
draiiiatically different in the direct and sensitized 
decon~positions, there are several significant 

is 110 obvious explanation for the very large 
differewe in decomposition quantuni yields re- 
ported for the direct and sensitized photolysis of 
these substrates. T o  permit coniparison between 
the several systeliis involved, the a, values for 
nlethyl sulfide, ethyl sulfide, and lnethylethyl 
sulfide in direct photolysis have also been re- 
determined under conditio~is designed to  elim- 
inate possible difficulties in accurate determina- 
tiori of the actual absorbed intensities. 

- 
alterations in relative rates in the two types of Experimental 
'ystem that are of further e x ~ l o r a t i o n t  The apparatus and procedures ill general have been 

particularly as affect product yields described previously (2, 3). In  the sensitized experiments 
fro111 which h.,~isl,ropor~iona~iOII/h.ConI~~I1a~ioI, values the light source was a Hanovia 68SA45 low pressure 
for thiyl radicals can be con~puted.  We have resonance lamp, and the light intensity was determined 
therefore stlldied and report here on the triplet using propane as actinometer. Pre-irradiated propane was 

photolysed and the rate of hydrogen production mea- photosensitized decolnposition of sured. The calculated light intensity absorbed, assuming 
sulfide. cb(H2) = 0.58 (4), was 0.90 peinstein min-1. The cylindrical 

Another important consideration is that there reaction cell had a volume of 0.30 1. 
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The quantum yields in the direct photolysis of CH3- 
SCH3, CH3SC2HS, and C2HsSC2HS were determined in 
the following manner. The light source was a Zeiss 
LX501M high pressure xenon lamp, and the illumination 
was passed through a Zeiss M4QIlId monochromator set 
a t  2550 A with slits fully open, giving a band width of cn. 
80 A, and thence through a 6 cm X 5 cm o d  cy1i;drical 
cell filled with mercury vapour to remove the 2537 A line. 
The absorption cell was mounted in a furnace on an 
optical bench and was 20cm long. The absorbance of 
13.4 torr diethyl ketone used as actinometer, 50.0 torr of 
methylethyl sulfide, 60 torr methyl sulfide, and 30.0 torr 
ethyl sulfide were determined under photolysis conditions 
to be 22.8, 22.0, 15.8, and 14.8%, respectively. The 
absorption was monitored during the experiments by a 
recorder trace of the Zeiss PMQ photomultiplier output. 
The ketone photolyses were carried out at  room tempera- 
ture. A separate investigation in this apparatus demon- 
strated that the three sulfides follow Beer's law over the 
pressure range employed here. The absorbed light 
intensity in the actinometry experiments was determined 
to be 3.6 X ,.teinstein min-1. 

In previo~~s  determinations of the quantum yields in 
the direct photolysis of methyl sulfide ( I )  and methylethyl 
sulfide (5). interference filters were-employed to  isolate 
the photolysing wavelengths, 2288 A. Some preliminary 
experiments carried out in the present work indicated that 
although this procedure is adequate for wavelength 
selection with respect to the s~~ l f ide  absorption, the 
combination of strong lines in the lamp emission at longer 
wavelengths and the small percent transmission of the 
filter at  these wavelengths likely led to  incorrect estimation 
of the fraction of the incident intensity absorbed by the 
actinometer. The problem is exacerbated by the small 
absorption coefficient of the ketone at  the photolysing 
wavelength. Thus the previously reported quantum yields 
for these two systems need to  be revised upwards. 

Results 

The direct photolysis decon~position quantum 
yields for the three alkyl disulfides were cal- 
culated on the basis of the yields of hydrocarbon 
products. For example, in the case of ethyl 
sulfide, the equation is 

"D = "C~II? + $'c21rG + 2 q ' ~ 4 ~ ~ 1 0  + %TII 

where %nITII is the value for 4-methyl-3-thia- 
hexane. The calculation can also be done on the 
basis of the yields of sulfur containing com- 
pounds, but those values are less reliable because 
of the sulfur deficiency generally observed. 

The decomposition quantum yields are sum- 
marized in Table 1. 

The reaction products observed in the mercury 
photosensitized decoinposition of ethyl sulfide 
vapour are the same as those reported for the 
direct photolysis, namely ethylene, ethane, 
butane, ethanethiol, 4-methyl-3-thiahexane 

TABLE 1. Decomposition quantum yields in the 
direct pl~otolysis of alkyl sulfides 

~b, (direct photolysis) 

Sulfide Literature This work 

'Reference 1.  2288 A (Cd-lamp). 
tRcference 5. 2288 (filtered mcdiunl 

pressure Hz-lamp). 
$Reference 3. 2537 A (low p~'cssul.c Hz- 

lamp). 

(MTH), ethyl disulfide, and 4-methyl-3,5-dithia- 
heptane (MDTH). 

As is apparent froin an analysis of the product 
rates, however, there is a significant difference in 
the relative amounts of  products from the 
various recombination and disproportionation 
processes in the two systems. 

Figures 1 and 2 give the rates of formation of 
the six products whose yield was large enough 
t o  determine accurately, as a function of sulfide 
pressure. In the lower pressure range all products 
show the rate increase t o  be expected from in- 
creased quenching collision frequency and pres- 
sure broadening of the absorption line. Beyond 
about 10 torr sulfide it would appear that only 
pressure broadening is a significant factor. 

The effect of exposure time was investigated 
in a series of experiments for which the results 
are given in Figs. 3 and 4. With respect to  the 
possible role of secondary processes, it is in- 

'1 10 2n 'fl w 

FIG. 1. Rate of formation of C4H10, O ; C2HG, 9 ; and 
MTH, 0 ;  as a function of ethyl sulfide pressure for an 
exposure time of 10 min. 
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TABLE 2. Product quantum yields in the Hg-sensitized decomposition of 
ethyl sulfide 

Quantum yield X 10" 
Pressure 

(torr) C2H4 C2H6 C2H,, C2H5SH MTH C2H5SSC2H5 aD" 

2 5.2 4.2 8.3 4.7 0 . 8  3 .3  27 
3 5.5 5 .1  8 .9  5 .2  0 .9  13.6 29 
5.4. 6 . 0  5.5 9.1 5.4 1 .O 14.6 3 1 

20 7 .1  7 .0  10.7 5.9 1 .4  17.3 37 
3 5 7 .6  7 .6  11.3 5.3 1 .6  17.9 39 
20t 7 .5  4 . 2  11.0 6.8 1.1 17.5 35 

*Calculated from eq. I .  
tInitinl quantum yields, determined from tirne depcndence of  rates in Fips. 3 and 4. 

n 1n 2n TI w 
PRESIE, TWR 

FIG. 2. Rate of formation of C2H4, 6; C2H5SH, @; 
and C2H5SSC2H5, 0 ;  as a function of ethyl sulfide 
pressure for an exposure time of 10 min. 

FIG. 4. Yield of C4H,,, 0; C2H5SH, @; C2H5SSC2HS, 
3; as a function of exposure time for 20 torr ethyl 
sulfide. 

the various reaction products, along with the 
value of the decomposition quantum yield 
determined from eq. 1. 

The inass balance in carbon and sulfur for the 
reaction products can be calculated in the 
following way, A rate for carbon-containing 
products can be calculated froin eq. 2. 

The analogous expression for the sulfur-con- 
taining products is 

TIW. rln 

FIG. 3. Yield of C2H4, 6; MTH, e; and C2H6, 9; [31 R s  = R C ~ I I ~ S I I  + R ~ I T I I  + ~ R ( C ~ I I ~ S ) ~  

as a function of exposure time for 20 torr ethyl sulfide. On the basis of the rate so defined there should 
be an equivalence of R c  and Rs in the ethyl 

structive to note the decrease in the rate of sulfide system. The product MDTH, which 
formation of ethanethiol, as well as the decline could not be determined quantitatively, and the 
in R(C4HIO) in a manner roughly parallel to the thioacetaldehyde that would result from dis- 
increase in R(CZHG). proportionation reactions involving CzHsS rad- 

Table 2 gives the calculated quantum yields for icals, are not included in the above equations. 
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TABLE 3. Calculated Rc and Rs values [61 2C2HS --t C2H4 + C2H6 
[71 7C2H5 + C4HI0 Calculated rates (pmol min-1) 

Pressure Time t81 2CzH5S + C2H5SH + C2H4S 
(torr) (min) Rc 4Rs 

[91 2C2H5S + C2H5SSC2H5 
7 - 10 1.03 
3 10 1.14 l .OS [lo] 1.20 C2H5 + C2H5S + CZH5SC2H5 
5 . 4  10 1.21 1.28 [ I l l  C2H5 + C2H5S + C2H4 + C2H5SH 

20 10 1.45 1.51 
3 5 10 1.51 1.54 [I2] C2H5 + C2H5S + C2H6 + C2H4S 
20 1 1.27 I .37 [I31 C2H5 + CZH5SSCZH5 + C2H6 + C ~ H ~ S ~ H C H ~  
20 3 1.42 1.43 
20 6 1.42 1.44 [I41 CZH~S + C2H5SSC2H5 + 

20 13 1.44 1.49 C2HSSH + C ~ H , S ~ H C H ~  
20 16 1.41 1.45 [I51 C2H5 + C ~ H ~ S ~ H C H ~  + MTH 

A deficiency in Rs would therefore be expected 
if those products were formed at significant 
rates. 

Table 3 lists the values of Rc and 4Rs for both 
the pressure and exposure time series. The 
agreement with the stoichiometric expectation 
indicates that the major products of the reaction 
have been accounted for, and that the MDTH 
yield and that of CH3CHS are sufliciently sniall 
not to affect the Inass balance. 

Discussion 

The nature of the products observed in this 
decomposition indicates that the principal pri- 
mary process is 

and the occurrence of all observed products can 
be explained by subsequent reactions of the 
primary radicals. 

Consideration of the relative yields of the 
various products, however, suggests that a 
second primary step, 

is also involved. In order to determine the extent 
to which such a process contributes to the 
observed decomposition on the basis of relative 
product yields, it is necessary to consider other 
steps in the overall mechanism in which C2H4 
and ethanethiol can be produced. 

On the basis of the characteristics of sulfide 
systems previously investigated, it is proposed 
that the mechanism for the Hg-sensitized de- 
composition of C,H5SC2H5 consists of reactions 
4 and 5 and the reactions: 

[16] C2H5S + C ~ H ~ S ~ H C H ~  + MDTH 

[I71 CzHS + C2H5SH + C2H6 + C2H5S 

The mechanism accounts for all of the ob- 
served products and for the time dependence of 
the ethane and ethanethiol rates. As is apparent 
fro111 Figs. 3 and 4 as the quantum yield of 
C2H5SH decreases, there is a parallel increase in 
the ethane yield. In fact, for t >_ IO~nin, 
*c2115SII + *C211G is essentially constant at  0.130 
$. 0.004. 

Making use of known rate constant ratios, an  
estilnate can be made of the quantum yields of 
the products in several specific reactions. 

Butane is formed in process 7 only. From 
and the reported (6, 7) value of 0.14 for 

k ~ / ~ 7 ,  (*C2114)1G] = 0.015 and thus (@c7i14)[5, 111 = 
+C2114 - 0.015 = 0.058, where all calc~lations are 
based on initial quantum yields and the sub- 
scripts in square brackets indicate specific re- 
action or reactions in which that yield originates. 
An alternative estimate of the yields fro111 re- 
actions 5 and I I call be obtained in the follow in^ 
fashion. If k8/k9 is assumed to have the same 
value as observed in the methylethyl sulfide 
system (5), i.c., 0.067 at 25 torr sulfide pressure. 
the thiol yield from sources other than reaction 
8 would beikc2115sII - 0.067*c2~~,ssc2~~5 = 0.054. 
In addition to reactions 5 and 11, ethanethiol 
could be formed in process 14. However, 
reaction 13 is considerably more energetically 
favourable and the observed MTH and MDTH 
prpducts are Illore likely to arise from C2H5- 
SCHCH3 radicals generated principally in re- 
action 13. On that basis the calculated value of 
9 = 0.054 can appropriately be identified as 
(~~c21r5sa)rs , l  ,,. The combined quantum yields 
of reactions 5 and 11 therefore would be 0.056 +_ 

0.002. 
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There is 110 simple way in which the R,51/R1111 
ratio can be extracted from the data. However, 
if it is assumed that the disproportionation 
reaction 1 1  occurs to  the same extent as reaction 
8 involving two thiyl radicals, this would give 

= 0.056 - 0.012 = 0.044. With the de- 
coniposition quantum yield of 0.35, process 5 
would thus contribute between 13 and 16y0 to  
the total decoinposition. If either of the dispro- 
portionation processes contributes inore than 
estimated here, the effect would be to  indicate a 
lower contribution from priniary process 5. 
Conversely, if CzH5S radicals are not involved 
in disproportionation at all, reaction 5 would 
account for 207, of the primary decoinposition. 
Nevertheless, reaction 5 appears to be an in- 
herently unlikely process compared to reactioil 
4 and it may be that its contribution is even more 
ininor than  these estimates indicate. 

Similar limits obtain in any computation of the 
disproportionation:coinbination ratio for ethyl- 
thiyl radicals. If reaction 4 is the sole primary 
process, and reactions 8, 1 1 ,  and 12 occur at 
approximately equal rates, k s / k 9  would be 
(0.068/3)/0.175 or about 0.13. 

The kdis/k,,,,, ratio for thiyl radicals cannot 
be inferred directly fro111 thio1:disulfide yield 
ratios without consideration of other processes 
or the conditions of the experiment. A self- 
consistent interpretation of the data obtained in 
the present work indicates, as has been the case 
in previously investigated systems, that dispro- 
portionation accounts for an order of magnitude 
of 10% of thiyl radicals for~iied photochemically 
a t  room temperaturc. 

Further insights into the photosensitized de- 
coniposition inay be gained from a comparison 
of the product distribution ratios with those 
observed in the direct photolysis. The relative 
yields of products with diethyldisulfide as 100, 
at  20 torr pressure and a nioderate exposure time 
of 30 min are as follows, with values for the 
direct photolysis in parentheses: C4Hl0, 61(62); 
C2H4, 41(48); CzHs, 41(78); CrH5SH, 32(54); 
and MTH, 9(19). In the sensitized system the 
extent of secondary photodecoiiipositio~i of the 
disulfide is a function of the relative concentra- 
tions of the substrate and CzH5SSC2H5 and thcir 
quenching cross-sections. At the relatively low 
conversions here such a process would be q~l i te  
unimportant. Thc alterations in relative rates 
with tinie indicated above are related to  in- 

creasingly effective conipetition for radical attack 
by the ethanethiol product. In the direct photol- 
ysis, on the other hand, secondary photo- 
decoinposition of the product disulfide is 
important. In both systenis, however, the disul- 
fide:ethylene:butane ratios are essentially the 
saiiie. 

The high pressure decomposition quantum 
yield is so~~lewha t  higher (0.49) in the direct 
photolysis than in the sensitized decomposition 
(0.39) but this is evidently due in the main to the 
increased yields of products froin secondary 
abstraction reactions in the former system. 

The weight of evidence therefore suggests that 
when the differences due to  secondary reaction 
effects are factored out, the product distribution 
is essentially the salne in the direct and triplet 
mercury sensitized decompositions. The chemi- 
cal decomposition of the sulfide ~nolecule that 
occurs most likely originates in the triplet 
~nanifold of ethyl sulfide in both cases. In that 
situation, since the originally fonned excited 
state must be singlet, intersystem crossing in the 
lower ~nolecular weight sulfides would be a 
highly eflicient process. Although no emission 
studies have yet been carried out on ethyl sulfide, 
fluorescence cannot be detected in inethyl 
sulfide.' 

The fact that the quantum yields are signifi- 
cantly less than unity in all these systems could 
indicate that there is eflicient intersysten~ crossing 
froiii TI  to higli, non-dissociative vibrational 
levels of the ground state, or that processes such 
as reaction 10 are iiiiportant, or both. Additional 
data on the effect of radical scavengers and 
deactivating addends in these systems will .be 
required to  elucidate those matters. 
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Substituent and solvent effects on organic acids: 
an electrostatic theory1 
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TAKEKI MATSUI and LOREN G .  HEPLER. Can. J. Chem. 54, 1296 (1976). 
We have used an electrostatic model as basis for derived equations to represent the effects of 

substituents and solvents on the thermodynamics of proton transfer reactions. Equations 
derived in this manner are related to those based on earlier 'internal-environmental' models 
and are also discussed in relation to recent gas phase acidity work. 

TAKEKI MATSUI et LOREN G .  HEPLER. Can. J. Chem. 54, 1296 (1976). 
On a utilisC un modkle Clectrostatique comme base pour dCriver des Cquations qui reprB 

sentent les effets des substituants et des solvants sur la thermodynamique des rhctions de 
transfert de proton. Les equations dCriv6es de cette manikre peuvent &tre reliks h celles basCes 
sur les modkles antirieurs 'interne-environnement' et on les discute aussi en termes des travaux 
rkents sur I'aciditC en phase gazeuse. 

[Traduit par le journal] 

We are here concerned with effects of sub- 
stituents and solvents on the thermodynamic 
properties for proton transfer reactions of the 
type represented by 

in which HAo is a reference acid (such as benzoic 
acid), HAx is a substituted acid of the same class 
as the reference acid, and 's' indicates that each 
species is dissolved in some solvent. 

The standard state thermodynamic properties 
for ionization of the reference acid are repre- 
sented by K I I A ~ ,  AGOII .~~,  AHOIIA~, and ASOHA~, 
all referring to solutions in some specified 
solvent at temperature T. Similarly, KHA,, 
AGOHAx, AHoIIAx,  and AS0,,, refer to ionization 
of a substituted acid. 

Many previous investigations of substituent 
and solvent effects on reactions of type 1 have 
been described in terms of the Hammett equation 
that is written here as 

in which u is usually taken to depend only on 

'Part of this work was done while L.G.H. was in Japan 
as Visiting Professor under the programme of the Japan 
Society for Promotion of Science. We are both grateful to 
Professor N. Tokura for providing us with working space 
in the Department of Applied Chemistry, Faculty of 
Engineering, Osaka University. 

2Present address: Technical Research Laboratory, 
Asahi Chemical Industry, Fuji, Shizuoka, Japan. 

substituent while p depends on solvent, tempera- 
ture, pressure, and reaction type. The Hammett 
equation, [2], can also be written as 

in which 

The equilibrium constant ratio in [2] and 6AGu 
in [3] and [4] refer to the reaction represented by 
[I]. Similarly, we have 

and 

in which 6AH0 and 6AS0 also refer to reactions 
of type 1. 

Several earlier theoretical investigations (1-10) 
of reactions of type 1 have been carried out in 
terms of internal (int) and external or environ- 
mental (env) contributions to 6AG0, 6AH0. and 
6AS0: 

Pitzer's (1 1) statistical thermodynamic considera- 
tions lead to 6ASint E 0 for reactions of type 1, 
except when HAx contains a substituent that is 
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located close to  the functional group containing 
the acidic proton. Equation 9 has therefore been 
written as 

and combined (3, 5-8, 10) with a relationship 
between 6AH ,,,, and 6ASe,,,. to obtain 

in which y is a solute-solvent interaction param- 
eter that depends on solvent, temperature. 
pressure, and reaction type. This earlier approach 
(3, 5-8, 10) has been successful in that it has 
accounted for the general form of the Hanlinett 
equation, [2], with p dependent on T-I and has 
also led to 6AHil,, proportional to u. On the 
other hand, these earlier works have been de- 
ficient in that they have not permitted un- 
equivocal evaluation of 6AHil,,, nor have they 
provided detailed information about the related 
parameters p and y. In this paper we move 
toward some remedies for these earlier de- 
ficiences. 

Theoretical approaches to understanding sub- 
stituent and solvent effects on reactions of type 1 
have also been based on various electrostatic 
models, as reviewed by King (12). These ap- 
proaches can be sunlmarized by 

in which e represents the magnitude of the 
electron charge, p, represents a point dipole 
moment associated with the substituent x, $ is 
the angle between the dipole line and the line 
that can be drawn to  connect the dipole with the 
center of the functional group, eCif represents a 
dielectric constant that is discussed below, and c 
is the distance between the substitilent dipole p, 
and the proton to  be dissociated from HAx(s). 

Snlallwood (13) took E, , ,  = 1.0; Eucken (14) 
took eel, to  be the ordinary lnacroscopic di- 
electric constant of the solvent; Kirkwood and 
Westheimer (15) calculated eel, as a complicated 
function of the ~nacrosco~ic  dielectric constant 
of the solvent and reasonable estimates of the 
dielectric constant and shape of the cavity con- 
taining the solute species. Smallwood's (13) 
approach overestinlatEs the electrostatic effect, 
while Eucken's (14) approach underestinlates it. 
There have been several recent applications (16) 
of the more realistic Kirkwood-Westheimer (16) 

FIG. 1. Symbols have the following meanings: a rep- 
resents the radius of the functional group; b represents 
the radius of the aromatic nucleus; c represents the 
distance from the center of the functional group to the 
substituent x; and t, represents the 'dielectric constant' of 
the 'molecular cavity'. In our equations we use -q, and 
-q, to represent elfective charges on the functional 
group in Ax- and Ao-. 

treatment, and King (12) has provided an 
excellent review of some earlier applications. 

Although equations such as [12] have been 
applied (12, 15, 16) usefully to  explanation of a 
variety of substituent effects on ionization, it 
should also be noted (17) that equations of this 
type are generally unable to  account for the 
solvent dependence of the Hanlmett p. Further, 
equations of type 12 generally lead to  the con- 
clusion that 6AS0 = 0, which is often incorrect. 

We begin our new electrostatic treatment by 
considering the free energy of transfer (AG,,) of 
anions (pictured in Fig. 1) froin a hypothetical 
solvent with dielectric constant ei to  a real 
solvent with dielectric constant e,. The difference 
in these free energies of transfer for the anions 
Ax- and Ao- is 

[13] AG,,(Ax-) - AG,,(Ao-) = 

in which terms due to  aronlatic nucleus-solvent 
interactions and dipole-solvent interactions are 
negligible because b > a and (1 - q)<< 1. 
Because an expression arlalogous to [13] for the 
difference in free energies of transfer of HAx and 
HAo involves only terms that are small compared 
to  those that are written above, we have the 
following for the free energy of reaction 1 in 
solvent with dielectric constant e,: 
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ep cos C$ qX2 - qq,2 qx2 - go2 
[14] 6AG0 = - - 

cic2 2a s + 20% 

Now we express the relationship between q, and 
90 as 

[I51 qx = 90 + ( a q / a ~ ) ~  

and co~nbine with [14] to obtain 

ep cos I$ 
[16] 6AG0 = --- 

cic2 

in which we have omitted relatively small terms 
that involve p2(aq/ap)2. 

Equation 16 is conveniently written and used 
in terms of the defined (dimensionless, solverlt 
independent) parameter B: 

[17] B -- (c2qo/ae cos I$) (aq/ap) 

Combination of [3] and [18] gives 

[ep cos.] ['- B'""] 
[ 191 p u = -------- 

2.3R c2T 

in which we identify the first term in brackets as 
proportional to u and the second tern1 in brackets 
as proportional to p .  It is directly clear that the 
term we identify with u is dependent only on 
substituent, as it should be. Over modest ranges 
of temperature for which we may write (18) $1. 
co exp (- T/B), we find that the term we identify 
with p is nearly proportional to T-I. We therefore 
conclude that our electrostatic model and the 
resultant equations [IS] and [19] are consistent 
with the general form and meaning of the 
Ham~nett equation. 

Now we show the connection between the 
present electrostatic theory and the earlier (3, 
5-8, 10) 'internal-environmental' treatment that 
led to [I I]. We begin by grouping the right-hand 
side of [l8] into solvent independent and solvent 
dependent terms : 

Bep cos 4 
[20] 6AG0 = - (+ - $) + 

csc 

Making use of [7] with [20], we obtain 

[21] 6AGi,lt = (1 - B) (ep cos +)/c2ci 

[22] 6AG,,, = (Bep cos +)jc2 E, 

Because the right hand side of [21] is temperature 
independent, we have 

as previously stated in obtaining [lo] from [9]. 
We therefore also have 

[23] 6AHi,,, = (1 - B)(ep cos 4)/(c2 ci) 

Now conlbination of [20] with [23] gives us 

that is of the same form as [ l l ]  obtained pre- 
viously. We can now identify 

These equations, [20]-[25], show the relationship 
between the earlier 'internal-environmental' 
theory and the present electrostatic model (and 
can also be applied to other electrostatic 
theories). 

We now use either [l8] or [24] to compare 
6AG0 in the gas phase ($ = 1) with 6AG0 in 
solution (6,) as follows: 

Taking E, = 78 for water at 25 OC and 
'reasonable' ei values from about 2.5 to about 6. 
we now find the following: negative Bvalues lead 
to the ratio in [26] between about -4 and unity; 
B values from 0 to c,/(E, - ei) lead to the ratio 
in [26] between unity and +a; B values greater 
than c,/($ - ci) lead to negative values for the 
ratio in [26]. Recent measurements (19-23) of 
gas phase acidities have shown that the ratio 
6AG0(gas)/6~G0(aqueous solution) ranges from 
4 to 10 for various acids-bases (pyridines, 
phenols, aliphatic carboxylic acids. and benzoic 
acids). These gas phase results therefore require 
that Bis in the range from about 0.4 to about 0.8. 

We have previously identified the second term 
in brackets in [19] as being proportional to the 
Hammett p .  For a particular reaction series in 
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two solvents x and y with dielectric constants 
and es we obtain from [19] 

Taking values of B in the range specified above 
and choosing 'reasonable' values of eir we can 
calculate values of the ratio p,./p,. For such high 
dielectric constant solvents as water and water- 
alcohol mixtures, these calculated ratios are 
closer to unity than are the few available experi- 
mental values (24). It is possible to improve the 
agreement between calculated and experimental 
p,/p, ratios by choosing an unreasonably large 
value for ti or by choosing B > 0.8. This last 
choice is inconsistent with the gas phase results. 
We therefore conclude that the present electro- 
static model cannot be quantitatively and 
simultaneously consistent with the experimental 
results for aqueous solutions, for other high 
dielectric constant solutions, and for gas phase 
acidities. There are no experimental results 
adequate for testing the model with respect to 
solutions having low dielectric constants. 

In spite of the over-simplifications in this and 
previous electrostatic theories, it does appear 
that these approaches are gradually leading to 
improved understanding of both substituent 
and solvent effects, and are therefore worth 
continuing. 
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Molecular design to  mimic the copper(I1) transport site of human albumin: 
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amide and comparison with human albumin 
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THEO P. A. KRUCK, SHOW-JY LAU, and BIBUDHENDRA SARKAR. Can. J .  Chem. 54, 1300 (1976). 
In continuing the investigation of designing the specific Cu(I1)-transport site of human 

serum albumin, the peptide derivative glycylglycyl-L-histidine-N-methyl amide was designed 
to approximate more closely to the native protein. This peptide derivative was synthesized in 
good yield. The equilibria involved in the binary system, Cu(I1)-glycylglycyl-L-histidine-N- 
methyl amide, have been studied, as well as those in the ternary system, L-histidine-Cu(I1)- 
glycylglycyl-L-histidine-N-methyl amide. This peptide derivative was found to bind Cu(I1) 
exclusively as a 1 : 1 complex in the p H  range 4 to 11, having the same ligand atoms as those for 
the carboxyl-terminal free peptide and human albumin. However, it was found that glycyl- 
glycyl-L-histidine-N-methyl amide bound Cu(I1) more strongly than did glycylglycyl-L-histidine, 
the stability constants being log PI.,, = -0.479 and - 1.99 respectively. In the ternary system, 
only 10% of the mixed complex was detected at p H  7, in comparison to 80% found in the case 
of the carboxyl-terminal free peptide. This finding agrees well with the increased stability of 
this peptide binary complex. These observations are also consistent with the results obtained 
from the equilibrium dialysis experiments. The Cu(I1)-peptide amide complex has a dis- 
sociation constant of 2.07 x lo-'', indicating a higher binding strength of this peptide deriva- 
tive for Cu(I1) over the native albumin by a factor of 3. 

THEO P. A. KRUCK, SHOW-JY LAU et BIBUDHENDRA SARKAR. Can. J. Chem. 54, 1300 (1976). 
Dans le but d'etudier le site de transport specifique du Cu(I1) dans le serum d'albumine 

humaine, on a prepare le derive peptidique N-methylamide du glycylglycyl-L-histidine qui se 
rapproche plus de la proteine reelle. On a synthetic ce derive peptidique avec un bon rende- 
ment. On a etudie I'equilibre implique dans le systeme binaire Cu(I1) plus N-methylamide du 
glycylglycyl-L-histidine de mime que ceux impliques dans le systeme ternaire L-histidine-Cu(I1)- 
N-methylamide du glycylglycyl-L-histidine. On a trouve que ce derive peptidique lie le Cu(I1) 
exclusivement sous forme de complexe I : I dans la zone de p H  4 a I I et qu'il a les mimes atomes 
comme ligands que ceux d.u peptide possedant la fonction carboxyle terminal libre et que 
I'albumine humaine. Toutefois on a trouve que la N-methylamide du glycylglycyl-L-histidine 
lie le Cu(I1) plus fortement que la glycylglycyl-L-histidine; les constantes de stabilite respectives 
log PI.,, sont de -0.179 et - 1.99. Dans le systeme ternaire, a un p H  de 7, on  n'a detecte que 
10% d'un complexe mixte; par opposition on en trouve 80% dans le cas du peptide portant un 
groupecarboxyle terminal libre. Ces donnees sont en bon accord avec I'augmentation de stabilite 
de ce complexe peptidique binaire. Ces observations sont aussi en accord avec les resultats 
obtenus pour des experiences d'equilibre par dialyse. Le complexe Cu(I1) - amide peptidique 
a une constante de dissociation de 2.07 x lo-'' ce qui indique une plus grande force de liaison 
de ce derive peptidique pour le Cu(I1) par rapport a I'albumine naturelle et ceci par un facteur 
de 3. 

[Traduit par le journal] 

Introduction 
As we have previously reported (1, 2), the 

peptide glycylglycyl-L-histidine, which was de- 
signed to mimic the specific Cu(I1)-transport 
site of human albumin, bound Cu(I1) in the 
same manner as did albumin. This small 

'To whom correspondence should be addressed at  
The Hospital for Sick Children. 

molecule permitted studies which often cannot 
be applied to large protein molecules (3). A 
comparative study between this peptide and 
albumin revealed that, although they bound 
Cu(I1) in the same manner, they functioned 
differently. The peptide did not bind Cu(I1) as 
strongly as did albumin and the Cu(I1)-exchange 
rate differed in comparison to albumin (2, 4). 
These studies led toconsiderationofthe improve- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



K R U C K  ET A L .  1301 

ment of the design. In the albumin molecule, the 
carboxyl groupclose to the Cu(I1)-bindingimida- 
zole moiety of the third position histidine residue 
(5) is peptide linked. 1t-was considered that the 
free carboxyl group close to the Cu(I1)-binding 
imidazole residue of the tripeptide may have a 
pronounced effect on the binding strength and 
exchange rate. Thus, the peptide derivative, 
glycylglycyl-L-histidine-N-methyl amide was de- 
signed to approximate the native protein more 
closely. This peptide still excluded all other 
extraneous sections of the macromolecule not 
involved in the specific binding of Cu(I1). 

In this paper, we are reporting the synthesis 
and the detailed Cu(I1)-binding study of the 
peptide amide. A comparative study was under- 
taken between albumin and the peptide amide 
to understand the relative Cu(I1)-binding 
strength. Because of the i m ~ o r t a n c e  of the 

u 

albumin-Cu(I1)-L-histidine ternary complex in 
the transportation of Cu(I1) in blood (6, 7), the 
equilibria in the ternary system L-histidine - 
Cu(I1) - glycylglycyl-L-histidine-N-methyl am- 
ide were investigated. 

Experimental Section 
Malerials 

Human serum albumin (Fraction V) was a gift from 
Connaught Laboratories and purified as described pre- 
viously to yield Cu(I1)-free monomeric albumin (6). The 
CBZ-glycylglycine p-nitrophenyl ester and L-histidine free 
base were purchased from Nutritional Biochemicals. 
The L-histidhe methyl ester dihydrochloride was obtained 
from Fluka Chemical C o m ~ a n v .  Anhydrous monomethvl 
amine gas was obtained 'from   at he son of canad;. 
Dialysis membrane was obtained from Visking Company. 
The radioisotope 6 7 C ~ ( I I )  was obtained as previously 
stated (7). All other reagents were of analytical grade. 

Syr~lhesis of Glycylglycyl-L-hislidine-N-merhyl Anlide 
To  the aqueous solution of L-histidine methyl ester 

dihydrochloride (9.8 g in 10 ml), 100 ml of CHCI, was 
added. The mixture waschilled on salt-ice bath. Then 8 ml 
(10 N) NaOH and 50 g K2C03 were added. The mixture 
was shaken vigorously and filtered intoanhydrous Na2S0,. 
The filtrate was reduced in volume ( -  20 ml) under reduced 
pressure. This solution of L-histidine methyl ester was 
combined with 11.5 g CBZ-glycylglycine p-nitrophenyl 
ester in 1000 ml of CHCI,, and stirred at room tempera- 

overnight. The precipitate was filtered and washed with 
cold EtOH. It was then recrystallized from hot 95% EtOH. 
Dry weight: 5.0 g, mp 236-237 OC. To  5.0 g of CBZ- 
glycylglycyl-L-histidine-N-methyl amide in 300 ml of 
MeOH and 20 ml water, 0.36 g of 10% Pd/C was added. 
Hydrogenation was carried out for 4 h to assure the 
complete removal of the CBZ-group. It was filtered and 
the filtrate was dried under reduced pressure. The residue 
was recrystallized from cold 90% CH3CN (in water). 
The purity of the final product (1.7 g) was examined by 
both thin-layer chromatography and high-voltage electro- 
phoresis. The amino acid ratio of this product after acid 
hydrolysis gave Gly: His as 2 :I. 

Slabilily Conslar~ls and Species Dislribulion 
This study involved the use of the technique of analytical 

potentiometry (8). The 0.1008 N NaOH was prepared 
carbonate-free and stored under argon atmosphere. It 
was standardized against phthalate (National Bureau of 
Standards). A solution of 0.1 N HCI was standardized 
against the 0.1008 N base. Analytical grade cupric 
chloride (Fisher Scientific Co.) was dissolved to give 
0.1 M solution in N HCI and standardized by com- 
plexometric titration with EDTA. The peptide solutions 
were prepared fresh every second day and stored at 4 "C 
if not in use and the concentrations were established by 
titrating the imidazole and the amino functional groups 
(this also provided another check on the purity of the 
peptide). The accuracy of the p H  determination is esti- 
mated at t 0 . 0 5  p H  units. All calculations were performed 
on a G E  400 series computer. The proton liberation data 
and the amounts of unreacted reagents were determined 
by processing the original titration data by program 
PLOT-2.l These data then were worked up, using pro- 
grams GUESS-2 and LEASK-2, to obtain the species 
distribution. A detailed account of the data processing 
has been reported previously (9-12). 

Specrropholornelry 
Absorbance measurements were made against appropri- 

ate references in cells having 5 cm path length in a Cary 
model 15 recording spectrophotometer with the cell 
compartment thermostated to 25 1 0.1 "C. 

Equilibrium Dialysis 
The competitions of the peptide amide and albumin 

for Cu(I1) were carried out in 0.1 M N-ethylmorpholine- 
HCI buffer at p H  7.53, 6 "C and ionic strength 0.16 by 
the equilibrium dialysis technique, in the same manner 
as described previously (7). One half-cell contained the 
stock solution of Cu(I1)-albumin mixed with 67C~C1,, 
the other half-cell contained various amounts of the 
peptide amide. The moIar ratio of the peptide amide to 
Cu(I1)-albumin ranged from 0.25 to 5.0. Radioactivity 
of 6 7 C ~ ( I I )  was measured both before and after dialysis. 

ture for a day. The precfpitate was filtered and washed 
- 

with CHCI, and then anhydrous ether. The purity of the 'The earlier versions of Programs PLOT, GUESS, and 
product, CBZ-glycylglycyl-L-histidine methyl ester (7.5 g) LEASK have been revised and modified to permit more 
was checked by thin-layer chromatography, mp 198 "C. efficient operation. These programs (PLOT-2, GUESS-2, 
This compound (6.0 g) was then dissolved in 450 ml LEASK-2) are available in both FORTRAN-IV and APL 
95% EtOH. The ethanolic solution was kept on ice-bath languages. All inquiries regarding these programs should 
and monomethyl amine gas was passed through until be directed to the author to whomcorrespondence should 
complete conversion (5 h). The mixture was left in cold be addressed. 
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TABLE 1. Sample composition of the system A :  H 
(A = Glycylglycyl-L-histidine-N-methyl amide 
H = proton) titrated in 0.15 M NaCl a t  25 "C 

c,, x 105 c,,,, x 105 
Sample No. (moles) (moles) 

Ligand A variation 
1 0.000 15 .OOO 
2 1.754 18.508 
3 3.508 22.016 

Results 

Determination oj' Complex Species and Stabi/itj3 
Constants 

Calcula t ions 
The general equilibrium between C, moles of 

metal ion M,  C, moles of proton H ,  C, moles of 
anionic ligand glycylglycyl-L-histidine-N-methyl 
amide A and C, moles of anionic ligand 
L-histidine B, is described in reaction 1. 

where p, q, r, and s are the numbers of moles of 
M, H,  A, and B reacting t o  form the complex 
species MpHqA,Bs. The stability constant then is 
represented by PPq,, in terms of concentration at 
constant ionic strength, temperature and pres- 
sure. 

where m, h, a ,  and b are the concentrations of 
free metal ion, hydrogen ion, completely de- 
protonated ligand A and B, respectively. One 
way of accounting for all the species in the 
system is given in eq. 3 

where C, represents'the total metal concentra- 
tion. Equations 4, 5, and 6 were used to  deter- 
mine the unbound metal and ligands remaining 
in soIution throughout the titration experiments 

FIG. 1. Proton displacement dH,+/aC,, as  a function 
of p H  for the proton - glycylglycyl-L-histidine-N-methyl 
amide system ( C ,  = 4.008 x lo-' M). 

titration. Program PLOT-2 is designed to  solve 
these integral equations. The quantities, dH,+/  
d c M ,  dH,+/dC, and 2Hl'/6CB are the inter- 
mediate output data of program PLOT-2, 
representing the molar proton liberation for 
Cu(II), the peptide amide and L-histidine respec- 
tively for the complex systems. 

The acid dissociation constants Po,, were 
determined, using data ti, (the average number 
of bound protons) in eq. 7. 

where Q = maximum number of protons bound 
to the ligand A throughout the titration range. 
To  obtain values for the proton binding con- 
stants Po,,, sets of simultaneous equations, as 
shown in eq. 8, were solved, 

[8] fiH = Pol l ( l  - nH)h + P021(2 - tiH)h2 
[4] p M  = pMo +{:: ZHIt /dCMdpH To  obtain values for the stability constants 

P,,,, of complex species existing in solution, a 
matrix was set UD. containing the coefficients . , - 

PH, mphqarbVor all possible combinations of p ,  q, 
161 PB = pB0 + jpH0 dH,*/dC,dpH r, and s of the unknown stability constants P,,,, 

as shown in eq. 2. This matrix representing 
where subscripts o and i represent the initial simultaneous equations (eq. 3) was solved to 
and final states of the system throughout the obtain values for the unknown P,,,,. 
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TABLE 2. Comparison of log stability constants (log Bpq,, and log K,,,,) of the complex 
species MpHqA,B, (M = Cu(II), A = glycylglycyl-L-histidine-N-methyl amide, 

A' = glycylglycyl-L-histidine, B = L-histidine) in 0.15 M NaCl at 25 "C 

'Reference 2 .  
"eference I I 
'Reference 3. 

TABLE 3. Sample compositions of the binary system M : A  
(M = Cu(lI), A = glycylglycyl-L-histidine-N-methyl amide) 

titrated in 0.15 M NaCl at 25 "C 

C , x 1 0 5  C A x 1 0 5  C,,,,x105 
Sample (moles) (moles) (moles) 

- -- 

Metal variat~on 
4 0.000 4.008 23.016 
5 0.888 4.008 23.016 
6 1.776 4.008 23.016 

Ligand A variation 
7 0.888 2.004 19.004 
8 0.888 4.008 23.016 
9 0.888 5.010 25.020 

Proton - Glycylglycyl- L-hurldine-N-methyl Am- 
ide System 

Solutions 1-3 in Table 1 were titrated and 
the titration curves were processed, using pro- 
gram PLOT-2 to obtain the proton liberation 
data aH,+/dCA as a function of pH. These are 
plotted in Fig. 1. Using increments of 0.2 p H  
units, simultaneous sets of equations (eq. 8) 
were set up and processed by program LEASK-2 
to o b t a ~ n  the protonation constants Poll and 

of the species HA and H2A, listed in Table 2. 

Proton - Cu( 11) - Glycylglycyl-L-hwtidine- N- 
methyl A m ~ d e  System 

To determine the unbound metal as a function 
of pH, solutions 4-6 in Table 3 (metal variation) 
were titrated. The data were digitized and 

processed by program PLOT-2 to yield p M  as a 
function of pH. Simultaneously, the molar 
proton liberation aH,+/dC, was calculated 
The results are shown in Fig. 2, curve I .  T o  
obtain the values for the unbound ligand as a 
function of p H  and ensuing metal complexation, 
solutions 7-9 (ligand variation) were titrated. 
These data again were digitized and processed 
by program PLOT-2 to give pA as a function 
of p H  and an intermediate output aH,+/aC, 
as a function of pH, the latter being plotted in 
Fig. 2, curve 2. 

To  test for the presence of likely species 
formed in the metal-ligand system, the follow- 
ing values for p, q, and r were used: p = 1,  2; 
q = $2, + 1 ,  0, - 1, -2 ;  r = 1, 2. In the 
process of calculating values for P,,, (program 
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FIG. 2. Proton displacement SHl+/E'Cx as a function 
of pH for the Cu(I1) - glycylglycyl-L-histidine-N-methyl 
amide system. Curve I ,  2H,+/2CM; curve 2, 2H,+/SC, 
(C, = 1.776 x lo-" M, C, = 1.776 x lo-" M). 

FIG. 3. Species distribution in the system Cu(I1) - 
glycylglycyl-L-histidine-N-methyl amide as a function of 
pH (C, = 1.776 x lo-" M, C, = 7.016 x lo-" M). 

LEASK-2), it was found that only one com- 
plex species MH-,A was required to give a 
minimum error solution in the p H  range 
4.0-10.8. The stability constant bpqr is listed in 
Table 2. The minimum solution ,!Ipqr was used 
to calculate the species distribution (Fig. 3), 
which gives the amount of the species present 
in the system as a function of pH. 

Proton - Cu(II) - Glycylglycyl- L-histidine- N- 
methyl Amide - L - Histidine System 

To  determine the unbound metal as a function 
of pH, solutions 10-12 in Table 3 (metal 
variation) were titrated. Data processing with 
program PLOT-2 yielded p M  as a function of 
p H  and the intermediate output dHl+/2CM as a 
function of pH. This molar proton liberation 

FIG. 4. Proton displacement 2H,+/2Cx as a function 
of pH for the Cu(1l) - glycylglycyl-L-histidine-N-methyl 
amide - L-histidine system. Curve I ,  ?HI +lac,; curve 2, 
dH,+/dC,; curve 3, SHl'/2CA (C, = 1.776 x lo-" M, 
C, = 7.016 x lo-' M, C, = 8.016 x lo-" M). 

is shown in Fig. 4, curve 1. To  obtain the values 
for the unbound ligand A (glycylglycyl-L- 
histidine-N-methyl amide) as a function of pH, 
solutions 13-15 in Table 4 were titrated. Data 
processing yielded pA as a function of p H  
and o'Hl+/2C, as a function of pH. The latter 
data are plotted in Fig. 4, curve 3. To obtain 
the values for the unbound liaand B (L-histidine) 
as a function of pH, solutions 16-18 in Table 4 
were titrated. Data processing yielded pB as a 
function of p H  and dH,+/dC, as a function of 
pH. The latter data are plotted in Fig. 4, 
curve 2. 

To test for the presence of likely species 
formed in the metal ligand system, the follow- 
ing values for p, q, r, and s were used: p = 1, 
q = + 2 , + 1 , 0 , - 1 , - 2 ; r = l , 2 ; s = l , 2 .  
u p o n  solving the binary systems M,HqAr and 
MpHqB,, it was found that no binuclear or 
polymeric species @ # 1) were formed. To 
solve for stability constants for the ternary 
complex species, all previously determined 
stability constants for the binary systems were 
kept invariant and only the stability constants 
of the ternary species MpHqArB, were treated 
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KRUCK ET AI .  

TABLE 4. Sample compositions of the ternary system M : A :  B ( M  = Cu(ll), 
A = glycylglycyl-L-histidine-N-methyl amide, B = L-histidine) 

titrated in 0.15 M NaCl at 25 "C 
-- -- 

cM lo5 ~ , , ~ l o ~  c B X ~ o 5  cHoX1o5 
Sample (moles) (moles) (moles) (moles) 

Metal variation 
l o  
I1 
12 

Ligand A variation 
13 
14 
15 

Ligand B variation 
16 
17 
18 

as adjustable parameters. The minimum error 
solution for the total system permitted only 
the three following ternary complex species, 
MH2AB, MH-,AB and MH-,AB, while the 
majority of Cu(I1) was bound to the peptide 
amide in the complex MH-,A between p H  5 
and 10. The stability constants ~,,,, of the 
ternary complexes are listed in Table 2, and the 
species distribution is plotted in Fig. 5. 

Specrrophorornerry 
The sample solution contained M : A  in a 

ratio of 1 :4,  0.15 M NaCl under anaerobic 
conditions. The metal concentration was 1.776 x 

M. The spectra were taken a t  various p H  
values and were found to be invariant above 
neutral pH. The spectrum represented in Fig. 6 
was taken at p H  8.0. The complex MH_,A 
was found to have A,,, = 525 nm and E,,, = 103. 

FIG. 5. Species distribution in the ternary system Cu(I1) - glycylglycyl-L-histidine-N-methyl 
amide - L-histidine as a function of pH. Curve 1, unbound Cu(I1); curve 2, MHB;  curve 3, MB; curve 4, 
MHB,; curve 5,  MB,; curve 6 ,  MH-,A: curve 7, MH,AB; curve 8,  MH_,AB; curve 9, MH-,AB 
(C, = 1.776 x lo-' M, CA = 7.016 x M, CB = 8.016 x M ) .  
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K R U C K  ET A L  1307 

Comparison of' Binding Strength Between 
Cu(I1) - Peptide Amide and Cu(I1)-Albu- 
n7 in 

The dissociation of Cu(I1) - peptide amide 
and the competition of Cu(I1) between the 
peptide amide and albumin are similar to that 
expressed previously (2). The dissociation con- 
stant for Cu(I1) - peptide amide was determined 
from the equilibrium dialysis data, using 
6 7 C ~ ( I I )  as a tracer. The results are pre- 
sented in Table 5. The average value of 
K ~ ,  Cu( l i ) - -pephde  amide is 2.07 10-17. 

Discussion 
In the glycylglycyl-L- histidine- N- methyl 

amide - Cu(I1) system (Fig. 3) we observed the 
existence of a single species MH-,A over a wide 
range of p H  which is indicative of a very high 
specificity of this peptide amide for the Cu(I1) 
ion. The peptide glycylglycyl-L-histidine- N -  
methyl amide carries four ionizable groups 
capable of yielding protons. Two of those, the 
imidazole and amino groups, are titratable in 
the normal titration range. The results in Fig. 2, 
curve 1, show that Cu(I1)-complexation starts 
just past p H  4.2 and rapidly reaches a maximum 
value of four protons per mole of Cu(I1) over 
a range less than 2 p H  units. This means that, 
once the first coordination bond is formed, 
the chelate effect will aid in forming the follow- 
ing coordination bonds to  the central Cu(I1) 
ion. Increasing the p H  from -6.0 to 6.5, the 
molar proton liberation reaches 3.5 for a net 
loss of 0.5 protons. Since the imidazole group 
has its pK, established at 6.4, we can conclude 
that this group is involved in Cu(I1) coordina- 
tion. Upon raising the p H  to  8, a value of 2.5 
protons per mole of Cu(I1) is obtained. The 
pK, of the amino group was found to be 8.00. 
This establishes the NH2-terminal amino group 
of this peptide amide as a coordinating ligand 
for the Cu(I1) ion. Above p H  9, a constant value 
for dHl+/2C, = 2.0 is reached. These protons 
originate from coordinating groups with pKa 
values beyond the limits of our titration (pH 
10.8). It has been established that peptide amide 
protons have pK values in excess of 14 (13). 
Furthermore, it is now well established that 
Cu(I1) ion upon binding to peptides and pro- 
teins can displace peptide amide hydrogens (14). 
Since there are no other ionizable groups capable 
of dissociating protons, it can be concluded that 

o !  I I I I I 
400 450 500 550 600 650 700 

Wovelenglh (nml 

FIG. 6. Visible spectrum of the complex system 
Cu(ll) - glycylglycyl-L-histidine-N-methyl amide taken at 
p H  8 (C, = 1.776 x M, C, = 7.016 x lo-' M). 

0 '  
H2 I( H C = O  

0 c-c c/ $-drJv 'CH~ 

/ /,>u(lij'! 4 
H2C\N \ d ~  \ 

Hz I1 FH HC.N/~ 
FIG. 7. Proposed solution structure of the complex 

species MH-,A. 

two peptide nitrogens are coordinated to the 
central Cu(I1) ion. Sterical examinations show 
that the first and second peptide nitrogens will 
occupy two corners of the coordination square, 
while the amino and imidazole groups occupy 
the remaining two positions of the square plane 
as shown in Fig. 7. The observed Amax at 525 nm 
and E,,, of 103 for the Cu(I1) - glycylglycyl-L- 
histidine-N-methyl amide complex, are identical 
to those observed for the Cu(I1)-albumin com- 
plex and the previously reported complex 
Cu(I1) - glycylglycyl-L-histidine. The proposed 
structure for the complex MH-,A shows the 
same coordination geometry as the first Cu(I1)- 
binding site of albumin which has been estab- 
lished earlier, and also identical to the structure 
which has been established for the neutral 
Cu(I1)-complex of glycylglycyl-L-histidine. The 
proposed solution structure of MH-,A is 
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further confirmed by X-ray crystallographic 
analysis of the complex (1 5) .  

Even though the structures for the complexes 
of Cu(I1) -glycylglycyl-L-histidine-N-methyl 
amide and Cu(I1)-glycylglycyl-L-histidine are 
similar, the former complex (MH-,A) shows a 
higher stability than the latter one (MH-,Af), 
log fl,.,, = -0.479 and log f111.21 = - 1.99 
(Table 2). This enhanced stability has t c  be 
ascribed to the replacement of the negatively 
charged carboxyl group by the N-methyl amide 
group which approximates more closely the 
steric and charge distribution conditions of the 
NH,-terminal of the albumin. The results 
obtained from equilibrium dialysis show that 
glycylglycyl-L-histidine-N-methyl amideexhibits 
a higher binding strength for Cu(I1) than that of 
the native albumin by a factor of 3. The higher 
binding strength of the peptide amide is con- 
sistent with the observation of the ligand ex- 
change rate of the peptide amide compared to 
the carboxyl free peptide (16). 

The analysis of the ternary system glycylgly- 
cyl-L-histidine-N-methyl amide - Cu(I1) - L-his- 
tidine gave additional significant information. 
Examination of the species distribution, Fig. 5, 
shows that less ternary complexes (max. -35%) 
are formed in this system than was reported 
for the glycylglycyl-L-histidine-Cu(I1)-L-histi- 
dine system (max. -80%) (2). At p H  7, we find 
10% mixed complex, while in the previously 
examined system, we had 80% of the Cu(I1) 
bound in the ternary complex form. This find- 
ing again is consistent with the fact that this 
peptide N-methyl amide was found to have 
greatly increased stability over the peptide 
carrying a free carboxyl group. Since the forma- 
tion of a ternary Cu(I1)-complex involves the 
formation of at least one coordination bond 
from L-histidine in the coordination square 
plane, it would require the removal of at least 
one of the Cu(I1)-coordinating nitrogens of 
the peptide. Again, with the higher fl,.,, for the 
peptide N-methyl amide, we would expect lesser 

amounts of mixed complexes to be formed; 
we have found this. 

Structurally, this new Cu(I1) - glycylglycyl-L- 
histidine-N-methyl amide complex mimics the 
native albumin binding site for the first equiva- 
lent of Cu(I1). However, this molecule binds 
Cu(I1) with even higher affinity than the 
natural Cu(I1)-specific binding site on albumin. 
Further studies are underway to  delineate this 
interesting phenomenon. 
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NORMAN CAMERMAN, ARTHUR CAMERMAN, and BIBUDHENDRA SARKAR. Can. J. Chem. 54, 
1309 (1 976). 

Glycylglycyl-L-histidine-N-methyl amide is a copper-binding tripeptide designed and syn- 
thesized to mimic the copper-transport site of human albumin. Reddish-purple crystals of 
the copper-tripeptide amide complex (Cu-GGHa), erown at physiological pH, are triclinic, 
with cell dimensioris a = 9.990, b = 9.986, c = 7.682 A, sl = 107.40, b = 91.72, y = 96.49", 
space group PI, Z = two units of Cu-GGHa and two water molecules per cell. The structure 
was solved by interpretation of a Cu-phased Fourier map containing a great deal of false sym- 
metry, after multiple attempts with direct phasing methods failed. Refinement proceeded to 
R = 0.036. The conformations of the two Cu-GGHa units are virtually identical. Each copper 
is tetradentate chelated by the amino terminal nitrogen, the next two peptide nitrogens, and a 
histidyl nitrogen of a single tripeptide molecule in a mildly distorted square planar arrangement. 
The C u . .  . N  distances range between 1.90-2.05 A, with N ... C u  ... N angles of 165 and 176". 
An oxygen atom rovides a fifth position weaker interaction in each case, with Cu. .  . O  distances 
of 2.61 and 2.88 1. 

NORMAN CAMERMAN, ARTHUR CAMERMAN et BIBUDHENDRA SARKAR. Can.  J. Chem. 54, 
1309 (1976). 

La glycylglycyl-L-histidine-N-methyle amide est un tripeptide, pouvant fixer le cuivre, qui 
a ete proposee et synthetisee pour mimer les sites de transport du cuivre dans l'albumine humaine. 
Les cristaux rouge violace du complexe du cuivre et du tripeptide amide (Cu-GGHa), que 
I'on a fait croitre A un pH ph siologique, sont tricliniques avec des dimensions de maille a = 
9.990. b = 9.986, c = 7.682 a = 10740, P = 91.72, y = 96.49'. groupe d'espace PI, Z = 
deux unites de Cu-GGHa et deux molecules d'eau par maille. Apres que de multiples essais 
des methodes directes eurent fait defaut, on a resolu la structure par une interpretation d'une 
carte de Fourier phasee par le cuivre et contenant un grand nombre de fausses symetries. On a 
procede a I'affinement jusqu'a une valeur de R = 0.036. Les conformations des deux unites 
Cu-GGHa sont pratiquement identiques. Chaque atome de cuivre est chelate par  I'azote du 
groupe amino terminal, par les azotes des deux peptides suivants et par un azote du groupe 
hystidyle de la m&me molecule du tripeptide; le tout est dans un arrangement plan carre Iegere- 
ment deforme. Les distances C u . .  . N varient entre 1.90-2.05 A avec des angles N.. .Cu. . .N 
de 165 et 176". Dans chaque cas, un atome d'oxygene fournit une cinquieme position d'interac- 
tion plus faible a des distances Cu.  . . O  de 2.61 et 2.88 A. 

[Traduit par le journal] 

Introduction Cu(1I) transport site of human serum albumin, 
The tripeptide glycylglycyl-~-histidine was and was shown (2) to bind Cu(I1) exclusively 

designed (1)  to achieve a molecule which could as a 1 : 1 complex a t  physiological pH. Although 
adopt a conformation similar to that of the the same ligands were thought to be involved 
-- in the coordination to the copper in both the 

'To  whom correspondence should be addressed. tripeptide-Cu(I1) complex and the albumin- 
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Cu(I1) complex, the binding strength of the 
peptide complex was lower than that for 
albumin and the Cu(I1) exchange rate was also 
different (3). The free carboxyl group of the 
peptide may be partly responsible for the lower 
binding strength; to eliminate this, and to make 
the peptide chemically and structurally more 
similar to the Cu(I1) transport site of albumin, 
the methyl amide of glycylglycyl-L-histidine was 
synthesized, and was found to have a higher 
binding affinity for Cu(I1) than does the free 
peptide (4). 

There is considerable interest both in the 
possible use of a peptide such as this as a copper- 
chelator for rapid removal of Cu(I1) in Wilson's 
disease (3, and in the use of the same concepts 
in the synthetic design of peptides to emulate 
active regions of other macromolecules (6). 
Knowledge of thechemical nature and geometry 
of the binding is of utmost importance to the 
furthering of these studies. Therefore, we have 
determined the three-dimensional structure of 
the Cu(I1) - glycylglycyl-L-histidine-N-methyl 
amide complex (Cu-GGHa) and now present a 
detailed description of the stereochemistry of 
the complex. 

Experimental Section 
Crystals of Cu-GGHa were crystallized from 50% 

water-acetonitrile; they are reddish-purple chunks with 
poorly-developed faces. Preliminary photographic and 
density measurements revealed the crystal cell to be tri- 
clinic with two units ofCu-GGHa and two water molecules 
comprising the asymmetric unit. Unit cell dimensions 
were determined by least-squares refinement of diffractom- 
eter measurements, and crystal data are given in Table I. 

Intensity data were collected on an  automated four- 
circle diffractometer (Zr-filtered M o  radiation) and all 
independent reflections having 28 (MoKa) <55" (cor- 
responding to a minimum interplanar spacing of 0.77 A) 
were measured. The 8/28 scan method was employed, 
with stationary background radiation measurements 
taken on both sides of each reflection. Intensities of 3224 
reflections (out of a total of 3318 in the range recorded) 
were greater than twice their standard deviation and these 
reflections were classified as observed. The crystal used 
for the data collection was small and absorption correc- 
tions were not carried out. The standard geometrical 
corrections to the intensities were applied, and structure 
amplitudes IF1 and normalized structure amplitudes ( E l  
were derived. 

Slruc~ure Deferminalion 
Because the complex contains an  optically-active isomer 

the space group is necessarily P 1 ; the origin was therefore 
defined as the position of one Cu atom and the coordinates 
of the second Cu in the asymmetric unit were obtained 

TABLE 1. Crystal data for copper - glycylglycyl-L- 
histidine-N-methyl amide - H 2 0  
(formula CuC, ,  H,,N,O3.H2O) 

Parameter Value 

Molecular weight 361.85 
Crystal system Triclinic 
a (A) 9 . 9 9 o i o . 0 1  
b (A) 9 . 9 8 6 i 0 . 0 1  
c (A) 7.682+0.01 
a (deg) 107.40 i 0 . 0 5  
P (deg) 91.72 i 0 . 0 5  
Y (deg) 96.49 i 0 . 0 5  
Volume of unit cell (A3) 724.9 
Measured density (g c M 3 )  1.64 
Number of molecules in unit cell 2 
Calculated density (g cm--') 1.66 
Absorption coefficient, p(MoKa) (cm-') 15 .9  
Space group PI 
Wavelength, MoKa (A) 0.7107 

from the largest peak on  an E 2  - 1 Patterson map. A 
three-dimensional Fourier summation, phased on the 
two coppers, necessarily had a false centre of symmetry 
halfway between them. Moreover, because the overall con- 
formation of the Cu-GGHa complex is very roughly 
planar and parallel to the ab plane (I 7 of 2 1 atoms in one 
Cu-GGHa unit have z between 0.44-0.55 and 16 of 21 
in the other Cu-GGHa have z between -0.03-0.08) the 
false symmetry produced an image of each Cu-GGHa 
complex superimposed on the other. This made the 
Fourier map extremely difficult to decipher. Attempts a t  
finding a histidine ring and solving the structure therefrom 
failed, possibly both because of the difficulty in un- 
ambiguously identifying a ring and the inability of a small 
fragment of a molecule to effect any significant degree of 
resolution of the false symmetry in subsequent Fourier 
summations. 

Attempts were then made to get around the problem 
of false symmetry by finding phases by direct methods. 
Phases based on the two Cu atoms were calculated for the 
250 reflectionswith the highest lEl values(3.77 > E > 1.57) 
and these were refined by use of the tangent formula; 
however, no phase changes resulted. Phase determination 
was then initiated with input only of three origin-specifying 
reflections and three symbolic phases into multiple- 
solution tangent formula programs. Two programs were 
used, TANFOR,  in which we specified the starting 
reflections, and MULTAN, in which the program was 
allowed to determine the best starting set. The results 
were similar in both cases: both programs produced 
32 sets of phases, all sets having virtually identical values 
of RKarle (0.073) and of other reliability indices. One set 
of phases from each program, the set with the marginally 
(but insignificantly) best set of reliability indices, was used 
to generate an  E-map; the two maps were different but 
equally uninterpretable. 

The structure was finally solved by interpretation of  
the false symmetry-containing Cu-phased Fourier distribu- 
tion. After a great deal of study, positions were chosen 
for 12 light atoms around one Cu position, and a new 
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TABLE 2. Fractional atomic coordinates and thermal ( x lo5) parameters. Standard deviations are given in parentheses, 
T = exp ( - ( P , , h 2  + Pz2k2 + P3312 + 2P12hk + 2P13hl + 2/ l z3k l ) )  

Arom Y V DL, /j22 /A J b, 2 / 113  112.1 

Molecule 1 
Cu 1 .0  I .O 0 .0  486(9) 453(9) 1644(20) 80(7) - 8(10) 439(11) 
N I I .  1875(4) 0.9342(4) -0.0383(6) 638 568 1539 69 - 48 409 
Ca l I .2916(6) 1.0554(6) 0.0151(8) 673 1003 1757 262 131 738 
C1 1 .2344(5) I .  1933(5) 0.0454(6) 618 609 1067 70 130 277 
0 1 1.3104(4) I .3081(4) 0.1060(6) 642 682 2643 - 129 - I  42 5 
N2 I.  1035(4) I . 1769(4) 0.0066(6) 429 560 1391 36 - 1 1  272 
C?? I .0267(5) 1 . 2943(5) 0.0254(8) 720 532 1573 202 181 342 
C2 0.88 12(4) I .2481(4) 0.0528(6) 573 445 928 8 1 35 186 
0 2  0.8005(4) I .3398(4) 0.0784(6) 625 473 2213 115 88 44.1 
N3 0.85?8(4) I .  1144(4) 0.051 l(5) 528 530 1123 120 23 373 
Ca3 0.7131(4) I .  0629(4) 0.068 l(6) 5 12 446 1380 183 - 7 42 1 
C3 0.6735(4) I .  0864(5) 0.2659(6) 507 700 1059 160 15 140 
0 3  0.5533(4) I .  0800(6) 0.2939(6) 473 2624 1568 341 85 191 
N4 0.7697(4) 1.1097(5) 0.3955(6) 5 29 1021 1394 121 131 412 
Ca4 0.7390(7) 1.1328(8) 0.5858(8) 1032 1742 1355 3 59 490 42 1 
c / j  0.6772(5) 0.91 12(5) -0.0443(7) 639 794 1356 152 - 54 499 
C lh  0.7582(5) 0.8061(5) - 0.0006(6) 673 728 905 132 - 15 205 0 
N2h 0.8970(4) 0.8295(4) 0.0225(6) 70 1 475 1519 78 28 365 > 
C3h 0.9345(6) 0.7148(5) 0.0548(8) 793 573 1877 141 197 383 
N4h 0.8279(5) 0.6203(4) 0.0505(7) 867 51 1 2148 168 276 557 

5 
C5h 0.7152(6) 0.6770(6) 0.0149(8) 780 736 191 1 - 1 - 88 477 2 > 

Z 
Molecule 2 
Cu 0.3322(1) 0.4242(1) 0.4990(1) 339(8) 617(10) 1169(16) 94(7) 62(9) 393(10) r, 
N I 0.3974(4) 0.2522(4) 0.5492(6) 615 732 1151 83 108 377 > 
Ca l 0.28 17(5) 0.1476(5) 0.5423(8) 553 583 1864 38 36 475 r 
C 1 0 1484(5) 0.1998(5) 0.5163(7) 496 738 1098 73 71 339 
0 1 0.0407(4) 0.1170(4) 0.4946(7) 501 1010 3397 - 49 - 104 1237 
N2 0.1619(4) 0.3318(4) 0.5203(6) 428 627 1436 105 16 478 
Ca2 0.0457(5) 0.4019(5) 0.5025(7) 497 853 1200 223 4 1 509 
C2 0.0955(5) 0.5433(5) 0.4710(6) 496 690 1074 l I0 3 1 287 
0 2  0.0102(4) 0.6182(4) 0.4417(6) 418 820 2362 l l2  17 706 
N3 0.2293(4) 0.5748(4) 0.4775(5) 437 531 918 94 107 254 
C?3 0.2816(5) 0.7106(5) 0.4545(6) 534 561 869 212 59 171 
C3 0.2887(5) 0.7091(5) 0.2548(7) 563 512 1325 40 - 78 340 
0 3  0.2911(5) 0.8221(4) 0.2?13(6) 1846 688 1582 226 -71 5 59 
N4 0.2917(5) 0.5885(4) 0.1302(5) 1031 659 869 173 191 346 
Ca4 0.3036(7) 0.5787(7) -0.0603(8) 1494 1356 1011 3 74 277 696 

0.4209(5) 0.7671(4) 0.5557(7) 638 294 1247 27 48 - 52 
X h  0.5302(5) 0.6733(5) 0.5032(6) 502 621 1007 37 - 7 187 
N2h 0.5102(4) 0.5293(4) 0.4861(7) 302 700 1783 13 141 408 
C3h 0.6283(5) 0.4832(6) 0.4486(8) 576 1032 1797 105 77 63 1 
N4h 0.7216(4) 0.5881(5) 0.4458(7) 382 1124 1900 97 270 4.1 1 
C5h 0.6616(5) 0.7067(5) 0.4761(7) 46 1 67 1 1534 - 72 67 117 
OW I 0.9812(5) 0.9009(4) -0.3561(6) 1653 760 1939 - 74 71 418 
OW2 0 5399(4) 0.3408(6) 0.9249(6) 826 1797 2010 362 22 1 846 

Mean standard deviations of lighr atom thermal parameters 60 67 120 50 67 73 
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TABLE 3. Fractional atomic coordinates for hydrogen atoms 
-- ---- --- 

Molecule 1 Molecule 2 
-- 

Atom Y J Y J 

Standard 
deviations 

Fourier was summed with phases based on the Cu's plus eters for the nonhydrogen atoms, and the hydrogen 
these atoms. Although no improvement of the resolution coordinates are given in Table 3. The observed and 
in the molecule input to the calculations occurred, it was calculated structure factors are available.' Scattering 
possible to choose a five-membered ring plus three nearby factors used in the refinement were those of Cromer and 
atomic positions around the other Cu,  and a new Fourier Mann (7), with the neutral Cu curve being utilized. 
phased on the Cu's plus 19 light atoms (one of the original 
I2 refined to an obviously wrong position and so was 
omitted) showed sufficient new detail to allow one (with Results and Discussion 
imagination) to elucidate most of the structure.   if teen ~i~~~~ 1 is a s~ereoscopic representation of 
additional atomic positions were assigned. and a sub- 
sequent difference Fourier revealed the remainder of the the structures of the two Cu-GGHa units in 
peptide atoms plus two water molecule oxygens. the cell shown in similar orientations. The nature 

of the Cu(11) binding of the Cu-GGHa complex 
Slrrrcrure R~fifinettienr 

One cycle of isotropic full-matrix least-squares refine- as elucidated in solution (5), is confirmed here; 
ment resulted in a discrepancy index R = 0.095, and  a in both molecules, the Copper atoms are tetra- 
further cycle with the copper and oxygen thermal param- dentate chelated by the terminal amino nitro- 
eters refined anisotropically lowered R to 0.057. A cycle 
of full anisotropic refinement ( R  = 0.052) was followed 
by a difference Fourier which allowed assignment of 
positions for most of the hydrogen atoms. A number of 
cycles of least-squares, refining (not always concurrently) 
heavy atom positions and anisotropic thermal parameters 
and hydrogen positions (hydrogen atoms were assigned 
thermal parameters oftheatoms to which they are bonded), 
followed by difference Fourier syntheses, gave positions 
for all hydrogen atoms and led to a discrepancy R = 0.038. 
A final least-squares cycle, refining heavy atom positions 
and using unit weights rather than statistical weights 
reduced R to 0.036 and improved the 'goodness-of-fit' 
parameter, I n ' ( F ,  - F,)'/(nl - n ) ]  '", from 2.3 to 1.4. 
Apart from diffraction ripples around the Cu's no density 
above 0.35 electrons was present on a difference Fourier 
map. Table 2 lists the final positional and thermal param- 

gen, the next two peptide nitrogens, and a 
nitrogen of the histidine ring, forming a mildly 
distorted square plane arrangement. The results 
of this X-ray analysis further corroborate the 
spectroscopic, potentiometric, and previous 
structural evidence that of the various possible 
metal coordinating atoms in oligopeptides, at  
p H  > 5, the imidazole, amino, and peptide 
nitrogens are the strongest donor  atoms for 
coordinating to Cu(1I). Inspection of Fig. 1 

'Tables of final observed and calculated structure 
factors are available, at a nominal charge, from the 
depository of unpublished data, CISTI, National Research 
Council of Canada, Ottawa, Canada K I A  OS2. 
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C A M E R M A N  E T  A L  

( 0 )  

FIG. 1 .  Stereoscopic drawings of the two crystallographically-independent Cu-GGHa molecules 
in the unit cell, viewed in similar orientations. (a) molecule I ; (b) molecule 2. 

TABLE 4. Torsion angles (deg). Standard deviations are approximately 0.4-0.6" 
- 

Value Value 

Bond Angle Molecule Cul Molecule Cu2 Bond Angle Molecule Cul  Molecule Cu2 

N-CM 42 -155.1 - 167.9 C-N W I 180.0 - 178.4 
43 -88 .2  -84 1 0 2  - 177.1 - 178.0 

Ca-C $, -4 .1  - 5 . 4  W3 180.0 - 177.6 
$2 -1.1 - 3 . 8  Ca-CP ~3~ 59.6 57.9 
$3 - 19.5 -21.8 CP-Clh h2 . '  -46.9 -47.0 

shows that the overall conformations of the two 
crystallographically-independent Cu-GGHa 
molecules are virtually identical. The torsion 
angles in the two tripeptides (Table 4) differ by 
more than 4" in only one angle, and the average 
difference in all the other corresponding torsion 
angles is 1 .go. 

Bond distances and angles in Cu-GGHa are 
given in Fig. 2 ;  the values shown are averages 

of the equivalent parameters in the two indepen- 
dent units (no corresponding parameters differ 
from the mean by more than 3a in the two 
peptide chains). The cop er-nitrogen distances 
range from 1.90 to  2.05 !i , the longest distance 
being between the Cu(I1) and amino nitrogen, 
and the shortest involving the first peptide nitro- 
gen, which is the only nitrogen occurring in two 
five-membered chelate rings. The C-N-Cu 
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C A N .  J .  C H E M .  VOL. 54. I976 

FIG. 2. Bond lengths ( 6 )  and an  les (deg) averaged over the two independent Cu-GGHa 
units  Standard deviations are 0.004 1 and 0.2' for C u N  bonds and angles, and 0.006 6 and 
0.4" for light atom parameters. 

angles also vary systematically, with 
~Cstl-N1-Cu = 110°, LCI-N2-Cu = 
1 19", L Cz2-N2--Cu = 1 17". L C2-N3- 
Cu = 1 16", L Ccr3-N3-Cu = 126". These dis- 
tances and angles involving copper and nitro- 
gen atoms are closely consistent with the 
previously noted (8) crystal-independent trends 
for interactions between copper and terminal 
amino nitrogens, peptide nitrogens involved in 
two five-membered chelate rings, and peptide 
nitrogens taking part in one five-membered 
chelate ring, respectively, in other copper- 
oligopeptide complexes. The copper-imidazole 
nitrogen distance of 1.962 A is shorter than that 
reported in a Cu(g1y-L-his) complex (9) and in 
other earlier structures (lo),  but is similar to 
the corresponding length of 1.95 A in CU(L-his) 
(L-thr) ( 1  1) and in two complexes of copper 
with mixed glycine and imidazole ligands (12). 
The averaged central N . . . C u . .  . N angles a t  the 
Cu are 82, 84, 95, 99", going clockwise from N 1 
(Fig. 1). The bond Iengths and angles in the pep- 
tide backbone are typical of such molecules and 
need little comment. The values in the imidazole 
ring are very similar to those found in the 
imidazole portions of a bis(histidinat0)nickel 
complex (13). The similar values of the two 

N-C3h distances in the ring indicate electron 
delocalization over these bonds. The averaged 
value of the peptide bonds in Cu-GGHa is 
1.315 A, compared to  1.325 A found in a high 
precision structure determinationoftri-L-alanine 
(14) and 1.326 and 1.330 A determined in 
neutron diffraction studies of r-glycylglycine 
(15) and glycylglycine.HCl.H,O (16). The indi- 
vidual bond lengths and angles involving hydro- 
gens are inaccurate and are not given here; the 
averages of the N-H and C-H distances are 
0.8 and 1 .O A, respectively. 

Figure 3 is a stereoscopic illustration of the 
contents of one unit cell, and shows the mutual 
arrangement of the two independent Cu-GGHa 
molecules. In all the complexes of Cu(I1) with 
amino acids and/or peptides thus far struc- 
turally elucidated the coordination about the 
Cu(I1) has been square planar, square pyramidal, 
or  octahedral (10); in Cu-GGHa, the arrange- 
ment is square planar, with an oxygen atom 
weakly interacting with each Cu(1I) to form a 
square pyramid. In the case of Cul  the oxygen 
atom is that of a water molecule (Cu . .  . OW 1 = 
2.61 A) and for Cu2 the square pyramidal 
interaction is with a carbonyl oxygen ( 0 1 )  of 
another moIecule (Cu..  . O l  = 2.88 A). This 
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C A M E R M A N  ET AL. 1315 

FIG. 3. Stereoscopic drawing illustrating the contents of one asymmetric unit (one unit cell) 
of Cu-GGHa. 

weak fifth coordination of Cu may explain the 
greater Cu-binding of albumin: an  oxygen atom 
of the protein probably occupies this coordina- 
tion position when albumin binds Cu(I1). The 
oxygen atom might even conceivably be from 
the carboxyl side chain of the N-terminal aspar- 
tate of albumin; such a possibility could be 
tested by binding and structural studies of an 
analogous tripeptide with an N-terminal as- 
partic acid. 

Table 5 gives the atomic displacements from 
various planes in the Cu-GGHa units. In both 
cases the deviation of the copper from the 
square plane is in the direction of the weakly- 
interacting pyramidal oxygen. The histidyl 

planes are not coplanar with the square planes, 
the angles between normals being 20 and 18" 
for the Cu 1 -his and Cu2- his planes respectively. 

There is intermolecular hydrogen bonding in 
the Cu-GGHa crystal structure, involving the 
free (N4) imino hydrogens, the water molecules, 
and carbonyl oxygens. Each H(N4) forms a 
hydrogen bond to  an 01 carbonyl oxygen, with 
H . .  . O  distances of 2.05 and 1.88 A and 
N-H . . . O  angles of 127 and 142" in molecules 
1 and 2 respectively (C=O..  . H angles of 129 
and 131"). Water molecule 1 has a hydrogen 
bond to a carbonyl 0 2  (H . . . 0 2  distance is 1.98 
A, OW1-H . . .  0 2  angle is 150°, C2-02 . . .  H 
angle is 119"), and water molecule 2 interacts 

TABLE 5. Atomic displacements (A)  from least-squares planes 

Peptide i = 1 Peptide I = 2 Peptide i = 3 

Atom Molecule I Molecule 2 Molecule I Molecule 2 Molecule I Molecule 2 
- - - - - - - 

C,' -0.004 -0.012 0.018 -0.010 0.001 -0.013 
Ci 0.009 0.010 -0.002 0.005 -0.011 0.002 
0' -0.003 -0.000 -0.008 0.002 0.005 0.005 
~ " b l  -0.000 0.015 -0.034 0.015 0.008 0.024 
c,'+' -0.002 -0.013 0.025 -0.012 -0.003 -0.018 

Square plane Histidyl plane 

Atom Molecule I Molecule 2 Atom Molecule I Molecule 2 

N I 0.015 -0.023 C lh  
N 2 -0.018 0.028 N2h 
N3 0.016 -0.025 C3h 
N2h -0.013 0.020 N4h 
Cu* 0.083 0.061 CSh 
OW* 2.640 -2.726 c g *  

Cu* 

'These atoms were not included in the calculation of  the plane. 
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1316 C A N .  J .  C H E M .  VOL. 54. 1976 

with a carbonyl 01 (H . . .  01 = 1.72 A, 
0W2-H .. .O1 angle = 152". C1-01 . . . H 
angle = 115"). There is also a weak inter- 
molecular contact between H(N4h) on the 
imidazole ring of molecule 1 and a carbonyl 0 2  
atom, the H . .  . O  distance being 2.12 A.  All 
other intermolecular distances correspond to 
normal van der Waals separations. 

The structural results presented here have 
confirmed that the Cu(I1) coordinating atoms 
in G G H a  are those predicted from potentio- 
metric solution studies (4) of the Cu(I1)-peptide 
system, and have provided the detailed stereo- 
chemistry of the complex. These results there- 
fore also support the feasibility of making use 
of knowledge of macromolecular metal binding 
to synthesize a simpler peptide with similar 
binding properties. 
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Structure of 2',3'-dimethyl-3,5-diiodo-D,L-thyronine, a fixed-conformation 
analogue of the thyroid hormone 3,5,3'-triiodo-L-thyronine 
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J. KEITH FAWCET, NORMAN CAMERMAN, and ARTHUR CAMERMAN. Can. J. Chem. 54, 131'1 
(1976). 

The three-dimensional molecular structure of 2',3'-dimethyl-3,5-diiodo-D,L-thyronine (2',3'- 
DMT2) has been determined by X-ray diffraction in order to  establish the conformational 
characteristics responsible for biological activity in thyroid hormone analogues. Crystals of 
2',3'-DMT20hydrochoride hydrate are monoclinic with cell dimensions n = 29.76, b =6.84, 
c = 24.09 A, 6 = 91.4", space group C2/c with Z = 8 molecules per cell. The structure was 
solved by Patterson and Fourier techniques and refined by least squares. The atoms comprising 
the alanine portion of the molecule are disordered but the conformation of the diphenyl ether 
rings is clear: the O-ring 2'-methyl and 3'-methyl groups are situated distal to the a-ring. Thus 
the conformation postulated for this compound in biological tests of fixed-conformation 
thyrornimetics is now structurally supported. 

J. KEITH FAWCETT, NORMAN CAMERMAN et ARTHUR CAMERMAN. Can. J. Chem. 54, 1317 
(1976). 

On a determine, par diffraction de rayon->(, la structure molCculaire tridimentionnelle de la 
dimethyl-2',3' diiodo-3,5 D,L-thyronine (2',3'-DMT2) afin d'itablir les caracteristiques con- 
formationnelles responsables de l'activite biologique d'hormones analogues ?i la thyroide. Les 
cristaux du chlorhydrate hydrate de la 20',3'-DMT2 sont monocliniques avec des dimensions de 
mailles n = 29.76, 6 = 6.84, c = 24.09 A, 6 = 91.4", groupe d'espace C2/c et Z = 8 molCcules 
par maille. On a rCsolu la structure par les techniques de Patterson et Fourier et on l'a aflinee par 
moindres carres. Les atomes formant la partie alanine de la moltcule sont disordonnees mais la 
conformation des cycles diphenyles ether est claire: les groupes cycle 6 methyl-2' et methyl-3' 
sont situCs distal par rapport au cycle a. On peut donc en conclure que la conformation postulee 
pour ce compose lors de tests biologiques de thyromimetiques h conformation fixee r e ~ o i t  
maintenant une confirmation structurale. 

[Traduit par le journal] 

Structural elucidations of the thyroid hormone 
3,5,3'-triiodo-L-thyronine (1, 2) (T3) and other 
thyroactive analogues which also possess asym- 
metric ?-ring structures (3-5) have revealed these 
conlpounds to adopt either one of two n~olecular 
conformations: a roughly mutually-perpendic- 
ular arrangement of the two aromatic rings, with 
the 6-ring 3'-substituent oriented either proxinlal 
or distal to the diiodotyrosyl (a) ring. In order to 
ascertain the conformation which interacts with 
biological receptors Jorgensen er 01. (6, 7) syn- 
thesized 2',3'-dimethyl-3,5-diiodothyronine (2'.- 
3'-DMT,) and 2',5'-dimethyl-3,5-diiodothyronine 
(2',5'-DMTz), analogues of T3 in which the 
methyl group on the 2'-carbon was postulated 
froin steric considerations to be distal to the 
a-ring and to prevent ?-ring rotation, thus fixing 

the conformation of 2',3'-DMT2 and 2',5'-DMT, 
to be 3'-methyl group distal and 5'-methyl group 
proxilnal to the a-ring respectively. Tests of 
hormonal potency (6, 7) and protein-binding 
capacity (8) of these two analogues resulted in the 
conclusion that biological activity resides pri- 
marily in the distal conformiltion. For the 
applicability of these co~iclusions to the naturally 
occurring hormones it is highly desirable that the 
three-dimensional structures of the fixed-con- 
formation models be conclusively established. 
Therefore we have crystallized 2',3'-DMT, (1) 
and determined its striicture by X-ray diffraction. 

Two samples of 2',3'-DMT, were used.' 

'Two samples of 2',3'-DMTz were kindly supplied by 
E. C. Jorgensen. 
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1318 CAN. J. CHEM. VOL. 54. 1976 

1 

Saniple 1, thought to be the D-isomer, was 
crystallized fro111 ethanol - 1 M HC1 (2/ 1 v/v), 
yielding monoclinic laths elongated along b with 
unit-c51l para~iieters cr = 25.95, ob = 6.75, c = 

24.27 A, 0 = 105.8", U = 4091 A3, Z = 8. Al- 
though the sa~nple showed activity in an ord 
spectru~ii the syste~natic absences indicated space 
group Cc or C2/c, and the Patterson function 
was solvable only if a c-glide was assumed, 
suggesting that the sample was optically impure. 
Fro111 the Patterson and Fourier syntheses 19 
atoms only were located (the a- and 8-rings and 
their immediate substituents) and least squares 
refinenlent gave poor bond lengths and angles 
and R = 0.22. Positions for CB, 0(4'), CM(2'), 
and CM(3') were very poorly defined giving high 
temperature factors and ~~nsatisfactory bond 
lengths and angles on refinement. Positions for 
the atoms of the alani~ie group could not be 
assigned. 

Because of the contradictions and poor results 
we turned to sample 2, the ~ ~ - i s o ~ n e r ,  and slow 
evaporation of the saliie solvent as for sample 1 
gave interesting, optically-uniform groupings of 
crystals (Fig. 1). Laths werc cliippecl olT and 
sealed in a capillary with mother liquor; cell 
parameters are rr = 29.76, h = 6.84. c = 24.09 
A, = 91.4", u = 4902 A3; space group cc or 
C2/c, Z = 8. Subsequent refinement favours 

FIG. 1. Crystalline 2',3'-DMT? hydrochloride hydrate 
(magnification approximately 8OX). 

C2/c with one molecule of HCI and at least one 
disordered water of hydration per 2',3'-DMT2 
~iiolecule (CI7H1 7N0412- HCl. H20, mol. wt. = 

607.6, D, = 1.65 g cm-9. It is interesting to note 
that crystals from sample 2 when allowed to stand 
in air for some days exhibit the X-ray pattern of 
sample 1, the difference see~iiingly being due to 
loss of HCl (and possibly H20), since the chlorine 
position appears to be unoccupied in difference 
Iilaps calculated for sample 1. I11 addition. 
crystals from sa~iiple 1, when sealed in capillaries 
with mother liquor, give diffraction patterns 
identical to sample 2. 

For crystal 2, 2312 unique reflections having 
20,101~, < 40" were measured on an automated 
four circle diffractomet~r with zirconium-filtered 
MoKa (A = 0.71069 A) radiation using the 
20-0 scan technique. The fall-off in net intensity 
during data collection was 25% (linear correction 
applied) and was accompanied by small but 
measurable changes in the rr, c, and 8 cell 
para~iieters (0.02 A and 0.2"), causing a decrease 
in cell volume of 0.2%. The 1036 reflections with 
I > 2u(Z) were considered observed and were 
used for all subsequent calculations. No absorp- 
tion corrections were applied (cL(MoKa) = 32.8 
c111-I). 

The iodine positions were close to those for the 
crystal of saniple 1 and Fourier syntheses re- 
vealed the a- and p-rings, their immediate sub- 
stituents, and the C1-. The alanine side-chain is 
thermally and/or statistically disordered but 
many attempts to sort out the exact nature of the 
disorder were unsuccessful (including attempts 
to solve and refine the structure in space group 
Cc). Fourier maps of the alanine region showed 
only diffuse electron density from which it was 
i~ilpossible to estimate atomic positions. Assign- 
nients of positions for CA, N, CC, OC(l), and 
OC(2) were based on chem~cal reasonableness 
and peak heights (1.0-1.7 e/A3) from the differ- 
ence Fourier. Several other peaks in the same 
region of othe difference map had maxima of 
0.6-1.0 e/A3 but they were diffuse and no 
chemical sense could be made of them. Atte~ilpts 
to refine positions and thermal parameters for 
the alanine side-chain resulted in very poor 
~~lolecular parameters. The other atonzs of the 
nlolecule and the CI- ion, however, refined well 
to give satisfactory molecular parameters. There 
was no evidence of disorder in the diary1 ether 
portion of the molecule and the temperature 
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FAWCETT ET AL. 

FIG. 2. Stereoscopic drawing of the molecular 
thyronine hydrochloride hydrate. 

factors and bond lengths and angles of this 
portion are reasonable. Thus, there is little doubt 
that the structure and conformation of the a-, 
p-ring system, which is the primary source of 
interest, is correct. Full matrix least squares 
refinement in space group C2/c with the 2 I and 
C1- anisotropic, the 17 C and 0 atoms of the a -  
and p-rings and immediate substituents isotropic. 
and with the other 5 C, N, and 0 atoms of the 
alanine side-chain as well as two +-occupied 
water oxygens included in the structure factor 
calculation but not refined gave R = 0.14. Unit 
weights were used. Scattering factors for I, C1-, 
0 ,  N, and C were those of Cromer and Mann (9). 
No anonialous dispersion corrections were ap- 
plied. The 1036 observed and calculated structure 
factors are a~a i l ab l e .~  The final positional and 
thermal parameters are given i n  Table 1. Al- 
though the results froin sample 2 are not entirely 
satisfactory they are considerably better than 
those for sample 1. The positions of the iodine 
atoms from sample 1 had esd's 3X those for 
sample 2. The average aroiiiatic C-C distance for 
s$mple 1 was 1.48 A with a range of 1.19-1.76 
A whereas for sample 2 tbe average was 1.39 A 
with a range of 1.33-1.45 A. Over the course of a 
year, illany attempts were made to grow better 
crystals from our limited amount of sample 2 but 
the crystal used was the best that could be 
obtained. 

A stereoscopic drawing of 2',3'-dimethyl- 
3,5-diiodo-D,L-thyronine.HC1 is given in Fig. 2. 
The figure clearly shows that the 3'-methyl group 

2A table of observed and calculated structure factors is 
available, at  a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada K I A  OS2. 

confirmation of 2',3'-dimethyl-3,s-diiodo-D,L- 

is, as expected, distal to the a-ring. As is the case 
for thyroid hornione structures, the planes of the 
phenyl rings are skewed with respect to one 
another and approach mutual perpendicularity. 
The angles between the a- and O-rings and the 
plane of the inter-ring ether linkage (see ref. 3 
for a definition of the sense of these angles) are 
91 and 20°, respectively, similar to values for 
thyroid hormones. (See, for example, ref. 10.) 

Bond lengths and angles in the a- and P-rings 
and their immediate substituents are normal. 
being withino2u of the expected values ((u(C- 
C)) = 0.05 A, (u( L C-C-C)) = 3.0"). The 
angle at the ether oxygen is 121". Short inter- 
molecular contacts between iodine atoms, which 
may stabilize other thyroid hormone and 
analogue structures (4), are not present for 2',3'- 
DMT2. In other thyroid hornione- HCI structures 
(1, 3, 4) the chloride ion accepts hydrogen bonds 
from the aniino nitrogen and water molecules. 
In 2',3'-DMT? it is the phenolic qxygen which 
acts as a donor (rl(0-Cl-) = 3.06 A). There are 
no identifiable water n~olecules close to the CI- 
and the closest contacJ with the poorly-defined 
amino nitrogen is 3.4 A. 

Despite the severe disorder in the alanine 
portion of the molecule, the structure determina- 
tion of 2',3'-DMT2 has established the con- 
formational characteristics of the diphenyl-ether 
system: the 3'-methyl group is distal to the 
a-ring. Thus the conforinational postulations for 
this part of the n~olecules used in the biological 
potency tests are now structurally supported. 

Acknowledgments 
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TABLE 1. Atomic coordinates and thermal parameters. Standard deviations are given in parentheses. Those parameters without standard 
deviations were not refined (positions from difference Fourier synthesis). Anisotropic T = exp (-(bl1h2 + &k2 + 83312 + 281211k + 2813hl + 2823kl)) 

Atom s Y 811 8 2  2 8 3 3  81 2 813 823 

I(3) 0.4292(1) 0.2995(6) 0.2671(1) 0.0020(1) 0.058(1) 0.0019(1) -0.0010(2) 0.0002(1) O.OOOl(2) 
I(5) 0.4453(2) 0.2050(6) 0.5143(1) 0.0037(1) 0.047(1) 0.0019(1) 0.0013(3) O.OOOl(1) -0.0001(2) c 
c1( 1 ) 0.3091(6) 0.5687(46) 0.5657(12) 0.0021(3) 0.116(14) 0.0102(11) 0.0021(17) -0.0008(4) -0.0118(32) 2 

7 

Atom x Y B (A?) Atom x Y z B(&) 2 
rn 

0.3853(13) 0.644(6) 0.4076(16) 4.7(9) o(4)  0.4557(7) 0.128(3) 0.3839(9) 3.1(5) 5 
c(l) 0.3927(12) 0.569(6) 0.3538(15) 3 .8(8) c (  1 ') 0.5051(15) 0.139(7) 0.3771(18) 6.0(1 .O) < 
c(2) c(3) 0.4168(12) 0.406(6) 0.3482(15) 3.4(8) 0.5242(12) - 0.034(6) 0.3531(15) 3.9(8) @ 
c(4) 0.4321(12) 0.289(6) 0.3927(15) 3.7(8) c(3') c(2') 0.5691(10) -0.030(4) 0.3468(12) 2.4(6) 
a? 0.4237(11) 0.366(5) 0.4454(13) 2.9(7) c(4') 0.5921(10) 0.135(5) 0.3726(13) 2.6(6) " 
(26) 0.4023(10) 0.542(5) 0.4512(12) 2.8(6) c(5') 0.5750(14) 0.303(6) 0.3941(17) 4.8(9) 5 
CB 0.3630(21) 0.839(10) 0.4139(25) 8.5(1.6) 0.5292(16) 0.292(8) 0.3974(20) 7.7(1.2) " 
C A 0.311 0.855 0.402 15.0 c(6') o(4') 0.6393(10) 0.129(5) 0.3645(13) 7.3(8) 
CC 0.290 0.780 0.340 15.0 CM(2') 0.4917(14) -0.188(7) 0.3341(18) 5.9(1 .O) 
N 0.295 0.680 0.427 15.0 CM(3') 0.5898(16) - 0.204(7) 0.3217(19) 6.2(1 . l )  
OC(1) 0.325 0.870 0.304 20.0 O(W1) 0.193 0.425 0.464 15 .O 
OC(2) 0.274 0.585 0.344 20.0 O(W2) 0.309 0.080 0.215 15.0 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FAWCETT ET AL. 1321 

Research Council of Canada and from the 
National Institutes of Health grant AM 16417. 
A.C. is the recipient of Research Career Develop- 
ment Award NS70801 from the National Insti- 
tute of Neurological and Communicative Dis- 
orders and Stroke. 

1. A. CAMERMAN and N. CAMERMAN. Acta Crystallogr. 
Sect. B, 30, 182 (1974). 

2. V. CODY. J. Am. Chem. Soc. 96, 6720 (1974). 
3. N. CAMERMAN and A. CAMERMAN. Can. J. Chem. 52, 

3048 (1974). 

4. J. K. FAWCETT, N. CAMERMAN, and A. CAMERMAN. 
J. Am. Chem. Soc. 98, 587 (1976). 

5. V. CODY and W. L. DUAX. Biocheni. Biophys. Res. 
Commun. 52,430 (1973). 

6. E. C. JORGENSEN, N. ZENKER, and C. GREENBERG. 
J. Biol. Chem. 235, 1732 (1960). 

7, E. C. JORGENSEN, P. A. L E H M A N N , ~ .  GREENBERG, and 
N. ZENKER. J. Biol. Chem., 237, 3832 (1962). 

8. G.  C. SCHUSSLER. Science, 178, 172 (1972). 
9. D. T. CROMER and J. B. MANN. Acta Crystallogr. 

Sect. A, 24, 321 (1968). 
10. A. CAMERMAN and N. CAMERMAN. Can. J. Chem. 52, 

3042 (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Nuclear magnetic resonance and molecular orbital studies of the conformational 
preferences of the fluoromethyl group in some benzylfluoride derivatives 

TED SCHAEFER, J .  BRIAN ROWBOTHAM,' WILLIAM J. E. PARR,' KIRK MARAT, 
A N D  ALEXANDER F. JANZEN 

Department o/ Cliele,?iistr~v. Unicersity o/ Manitoba, Winnipeg, Mar~itoba R3T 2NZ 
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TED SCHAEFER, J.  BRIAN ROWBOTHAM, WILLIAM J. E. PARR, KIRK MARAT, and ALEXANDER F. 
JANZEN. Can. J. Chem. 54, 1322 (1976). 

The proton magnetic resonance spectra of some benzylfluoride derivatives yield long-range 
spin-spin coupling constants between ring protons and protons or fluorine nuclei in the fluoro- 
methyl group. In conjunction with the eigenfunctions for a hindered twofold rotor, the couplings 
over six bonds are used to show that in 3,5-dichlorobenzylfluoride in solution the C-F bond 
prefers the benzene plane by 260 f 50 cal/mol; in close agreement with ab initio and MIND013 
molecular orbital calculations. The latter method suggests that in a conformation in which the 
C-F bond lies in a plane perpendicular to the benzene ring, the C - C - F angle reduces to 107.2" 
and the C - C - H angles become 1 16.Ia, perhaps due to increased conjugation of the C-F 
bond or  fluorine atom with the n electrons of the ring. The observed barrier is presumably a 
delicate balance between steric interactions, hyperconjugation or /I-p conjugation effects, and 
dipole-dipole interactions between polarized bonds. 

TED SCHAEFER, J. BRIAN ROWBOTHAM, WILLIAM J. E. PARR, K I R K  MARAT et ALEXANDER F. 
JANZEN. Can. J .  Chem. 54, 1322 (1976). 

Les spectres rmn du proton de quelques derives du fluorure de benzyle permettenc d'obtenir 
les constantes de couplage spin-spin a longue distance entre les protons du cycle et les protons 
ou le noyau de fluor du groupe fluoromethyle. On a utilise les constantes de couplage B travers 
six liens, de concert avec les fonctions eigen d'un rotor binaire empeche, pour demontrer que 
dans le fluorure de dichloro-3.5 benzyle en solution, le lien C-F prefere le plan du benzene 
par 260 50 cal/mol. Cette conclusion est en accord avec des calculs d'orbitales moleculaires 
ab initio et MIND0/3 .  Cette derniere methode suggere que la conformation dans laquelle le 
lien C-F se trouve dans le plan perpendiculaire a celui du noyau benzenique, I'angle C - C - F  
est reduit a 107.2" et I'angle C - C - H  devient 116.1" probablement d l  au fait qu'il y a une 
augmentation de la conjugaison du lien C-F ou de I'atome de fluor avec les electrons n du 
cycle. La barriere que I'on observe est probablement due B une balance delicate entre des 
interactions steriques, des effets d'hyperconjugaison ou de conjugaison p-p et des interactions 
dipole-dipole entre les liens polarises. 

[Traduit par le journal] 

Introduction 
The sixfold barrier to internal rotation in 

toluene is 14 cal/mol ( l ,2) .  Mono- or  disubstitu- 
tion at the methyl carbon a tom gives rise to  a 
predominantly twofold barrier. For  example, 
for benzalfluoride ab initio molecular orbital 
(MO) calculations (3) predict a barrier to  in- 
ternal rotation of 180 cal/mol, the conformation 
with the C-H bond of the difluoromethyl group 
lying in the benzene plane being more stable. 
The long-range spin-spin coupling constants 
between ring protons and protons or  fluorine 
nuclei on the side chain of benzalfluoride and 
some of its derivatives are stereospecific and 

'Research associate, 1974- 1975. 
2Postdoctoral fellow, 1974- 1975. 

their measured magnitudes (4) are consistent 
with the quantum mechanical calculations. 

In this paper some high resolution magnetic 
resonance parameters are reported for the 
benzylfluoride derivatives, 1 t o  5. The proton 
magnetic resonance spectrum of benzylfluoride 
itself cannot be reliably analyzed at  100 MHz,  
covering only about 2 Hz under a variety of 
solvent conditions. This fact is consistent with 
the calculated (3) n electron densities at the 
ring carbon atoms, varying as they d o  by a 
lesser extent than in toluene. Similarly, an 
acceptable analysis of the fluorine and proton 
magnetic resonance spectra of 2,5-dichloro- 
benzylfluoride could not be obtained. 

In this paper it will be assumed that intrinsic 
substituent effects of the chlorine atoms on the 
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S C H A E F E R  ET AL. 1323 

long-range couplings involving the side chain 
are small, i.e., they will be neglected when 
substitution occurs meta or  para to the fluoro- 
methyl group. When substitution occurs at the 
ortho position their bulk will be assumed to 
determine the preferred conformation of the 
fluoromethyl group, without necessarily altering 
the stereospecifically determined magnitude of 
the long-range couplings (see section 2b of the 
discussion below). In various polynitro deriva- 
tives of toluene the long-range couplings are 
equal to those in toluene (5). 

With these assumptions it is possible to deduce 
both the low energy conformation and the 
rotational barrier for 2 and, by implication, for 
1, 4, and benzylfluoride itself, from the long- 
range couplings. MO calculations of conforma- 
tional energies and of spin-spin couplings are 
used as aids in these deductions. 

Experimental 
The benzylfluoride derivatives, 1 to 5, were produced 

from the corresponding benzyl alcohols by reaction with 
sulfur tetrafluoride. Polymerization of the products under 
the action of hydrogen fluoride was inhibited by the 
presence of triethylamine or pyridine in the reaction 
mixture (6). Typically, 1 g of the alcohol was added to 5 g 
of CCI, and 3 g of cyc-C,H,,. (CH,),N (1 equiv.) was 
added to the solution in a 25 ml glass vial. SF, (1.5 equiv.) 
was condensed into the solution from a metal vacuum 
system and the vial was flame-sealed at - 196 "C. After 
10 min at room temperature the gaseous products were 
vented and liquid materials were fractionated under 
reduced pressure. N o  attempt was made to optimize 
yields. Product identity was checked by fluorine and 
proton magnetic resonance spectroscopy and by mass 
spectrometry. Compounds 2, 4, and 5 had boiling points 
of 82 "C/l torr, 84 "C/2 torr, and 90 "C/I torr, respectively. 

TABLE 1. Proton chemical shiftstt and spin-spin 
coupling constants? in 2,4-dichlorobenzylfluoride 

Methylene 
Parameter protons decoupled Six-spin analysis 

"3 

1'5 

1'6 

" ~ 1 1 ~  
3 J k1.H 

JJ  H . t l  

5JPk1,tt 

JJ"H.Ct~z 
SJ HJ.CH. 

5 J H,.CH, 

JJot'." 
5 J H3.CF 

5 J HI.CF 

Z J t1.I. 

Error (rms) 
Largest error 
Lines assigned 
Transitions 

calculated 

'In Hz at 100 MHz to low field of internal ~etramethylsilane of a 
10 mot% solulion in benzene-d,. 

t l n  Hz. the numbers In parentheses corresponding to the standard 
deviation in the last figure. as given by [he leilst squares program 
L A M E  (14). 

Degassed 10 to 20 mol% solutions of the benzyl- 
fluorides in benzene-d6, containing internal tetramethyl- 
silane, had their proton magnetic resonance calibrated 
in the frequency sweep mode of an HA100 spectrometer 
at sweep rates of 0.02 and 0.01 Hz/s. The chemical shift 
range was greater in benzene-d6 than in other common 
solvents, ensuring more reliable analyses. 

INDO-MO-FPT (7, 8). ab itziiio STO-3G (3,9), and 
MIND013 (10. 11) M O  computations were performed 
on a 3701158 computing system."tandard geometries 
(12) were used in all calculations unless indicated other- 
wise. 

Results and Discussion 
( I )  Spectral Analysis 

The spectra, corresponding to six- and seven- 
spin systems, were analyzed with the computer 
program LAME (13, 14). The results of an 
analytical procedure for one compound, 2,4- 
dichlorobenzylfluoride, are given in Table 1. 
The standard deviations in the spectral param- 
eters suggest that the likely error in the coupling 
constants is 0.02 Hz, which also represents the 
rms error in the experimental determination of 
resonance peak frequencies. 
- 

-'The MIND013 program was adapted for use with the 
IBM computer from a version written for a C D C  system. 
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TABLE 2. Long-range coupling constants* between ring protons and side chain 
protons and fluorine nuclei in benzylfluoride derivativest 

Parameter 1 2 3 4 5 

'In Hz lo  an  accuracy of 0.02 Hz, numbering of compounds given in text 
t B e ~ w e e n  10 and 20 mol% in benzene-d, solution. 
$The numbers in parentheses refer to  the ring posilions. 

The full spectral results are not given for all 
compounds. Rather, those of immediate interest 
in this paper, the long-range coupling constants 
between side chain nuclei and ring protons, are 
reproduced in Table 2. The proton spectral 
data for 3 have been previously published (1  5). 

(2) Long-range Couplings and Conformarional 
Information 

The long 
6J,H.CH and 
mechanism 
portional to  

-range couplings over six bonds, 
6 J p H - C F ,  depend on a a-x electron 
(16-19) and apparently are pro- 
sin2 8, where 8 is the angle defined 

in 6 to 8. Thus, in toluene and p-xylene, 
6 J  H . C H 3  = 

P -7JpCH3.CH3 should hold for such a 
coupling mechanism and is found to hold within 
experimental error (18). Furthermore, INDO 
calculations display a sin2 8 relationship for 
6 ~ p H , C H 3  in toluene (19) and for rapid rotation 
of the methyl group, when (sin2 8) = 0.5, we 
find 6JpH.CH3 = - 0.62 Hz ; in exact, if fortuitous, 
agreement with experiment (20). 

F 

0 = 60' for H 0 = 60' for H I  0 = 30" for H 
0 = 0' for F 0 = 0' for H2 0 = 90' for F 

If the values of 6 ~ p H * ' H  and "J,,".'" are known 
for 8 = 90" and if the average of sin2 8 over 
the motion can be calculated for the hindering 
potential, the observed couplings must yield 
both the barrier to rotation and the low energy 
conformation, which we shall assume to  be 6, 

7, or 8. Unfortunately, INDO calculations do 
not necessarily give accurate values of the 
extremes in ' J  (19), so that recourse must be 
had to experimental estimates for these quanti- 
ties. A final assumption, that 6 J  vanishes when 
8 = 0°, is supported by the nonobservable 
6JpH.CH values when the C-H bond of the group 
R, R2C-H is forced to lie in the benzene plane 
(21). 

(a) Calcztlarion of' (sin2 8) a s  a Funcfiorz o/' 
Barrier 

For barriers to internal rotation as low as 1 
to 3 kcal/mol a t  ambient temperatures, an 
algorithm based on harmonic oscillators be- 
comes inadequate. Consequently, following the 
procedure of ref. 22, the hindered rotor problem 
was solved for a twofold potential using the 11 
lowest free rotor eigenfunctions as a basis set. 
Reduced moments of inertia between 0.4 and 
14.0 x g cm2 were employed and the 
values of (sin2 8) were calculated a t  305 K 
(the temperature of the probe) as a function 
of the hindering potential between 0 and 10 
kcal/mol. 

The details of the relatively straightforward 
computations are not given here because the 
general method is adequately described" in ref. 
22. The present approach reduces to the results 
in ref. 22 under the assumptions stated there. 

'Note, however, that eq. 5 of ref. 22 should carry a 
multiplier of 1 0  in the expansion, as should eq. 6 ;  
which should also have an additional term equal to  
(Im) b,,. Furthermore, eqs. 8 and 9 should each have 
a factor of 2/V0 multiplied into the second term, i .e.  
into the summation over the level index. 
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(b) 6JpH.CF and the Barrier to Rotation 
The simplest treatment is given first, followed 

by qualifications. 6 J p H - C F  is -2.43 Hz in 3 and 
sin2 8 = 1 for a rigid form 8, caused by the 
presence of bulky chlorine atoms in the orrho 
positions. 6JpH.CF is - 1.1 1 Hz in 2, less than 
-2.4312 Hz. Hence 6 is the conformation of 
lowest energy in the absence of ortho sub- 
stituents because for 7 and 8 a nonzero barrier 
entails an observed 6JpH.CF of greater than 
- 2.4312 Hz. This condition follows because in 
7 the coupling would be -2.43 x 314 Hz for 
a rigid conformation and would be -2.43 for 
a rigid 8. These two numbers tend towards 
-2.4312 as the barrier tends to zero, i.e., when 
(sin2 8) = i. 

The ratio of the values of 'JPH." in 2 and 3 
is 1.1112.43 or 0.46. The reduced moment of 
inertia of 2 is 0.524 x g cm2 and a plot 
of (sin2 0) us. barrier at  305 K then yields a 
barrier of 220 callmol; perhaps in accidental 
agreement5 with theab initio value of 250 cal/mol 
(3) favoring 6. The derived barrier is insensitive 
to the reduced moment of inertia, a t  least 
within the range of error introduced by the 
assumption of a rigid internal rotor. The 
derived barrier is subject to  the following 
cuveuls. 

(i) If 6 J p H , C F  in 3, having conformation 8, is 
reduced by torsional motions, the value of 
220 callmol is a lower limit; although 6 is still 
the preferred conformation of 2. An estimate of 
any reduction in 6JpH.C' is made as follows. 
Ab initio calculations on 2,6-dichlorobenzyl- 
fluoride, 3, gave 8 as 0.24 and 12.71 kcallmol 
lower in energy than 7 and 6, respectively. 
Optimization6 of the C-C-F angle in 6 and 8 
gave 1 17.2 and 110.5", respectively, and reduced 
the energy difference to  6.81 kcallmol. Such a 
barrier reduces 6 J p H - C F  from its rigid value by 
at  most 5% and recalculation then yields 310 
callmol. 

(ill These two calculations assume that ortho 
substitution by chlorine atoms does not change 
the magnitude of 6JpH.CF,  i.e., intrinsic sub- 

5The INDO-MO method favors 6 over 8 by 2.4 kcal/ 
mol, clearly in disagreement with experiment because 
6J,H.CF would then be -0.4 Hz in 2, as  found from the 
hindered rotor value for (sin' 0). 

6The cpu time for one geometry was about 40 min, for 
optimization of the C - C - F  angle about 2 h, so that 
further calculations became too costly. 

stituent effects are ignored. If this assumption 
is dropped one may proceed by adducing evi- 
dence for such changes. The ring substituents in 
benzalfluoride derivatives alter the magnitudes 
of PvCF2 somewhat (4). In Table 2, 4J0H*CF is 
reduced to 80% of its magnitude on  moving 
from 1 to 2. A similar change in 6JpH,CF yields 
- 1.39 Hz for this coupling in 2. For consistency, 

6JpH,CF in 3 must then change to - 3.04 Hz. Of 
course, these new values of 6JpH.CF have the 
saine ratio as before and lead to the same barrier 
as before. If, as seems reasonable, substitution 
at  ortho positions has a larger intrinsic effect 
on the magnitude of 6JpH,CF than substitution 
at  the meta positions, the estimate above is a 
lower limit to the barrier. If 6JpH.CF is in fact 
as large in magnitude as - 3.16 Hz, as calculated 
by INDO-MO in Table 3, the barrier rises to 
3 10 callmol. 

(iii) The calculated values of 6JpH.CF in Table 3 
closely follow a sin' 8 relationship, a t  least 
between 8 = 5 and 85" (convergence was not 
attained on perturbing the fluorine s orbital for 
8 = 0 and 90"). Comparison of thecalculated and 
observed values in Tables 3 and 2 demonstrates 
the substantial overestimation of computed 
values of and 5J, , ,H,CF,  suggesting the 
sufficient severity of the caveat in ii. 

(iv) The dependence of 6JpH.CF on the C-C-F 
angle is not known. If hyperconjugation is 
responsible for the transmission of spin state 
information, 6JpH.CF will probably decrease as 
the angle increases. The calculated angle of 
110.5" then indicates a reduced 6JpH.CF in 3 
and once more the barrier estimate of 220 call 
mol represents a lower limit. Of course, the 
calculated angle has only changed by 1" so that 
any effect on 6JpH.CF may well be minimal. 

(c) Comparison with o-Fluorotoluene 
The microwave barrier to internal rotation of 

the methyl group is 649 callmol in o-fluoro- 
toluene (23), 567 $ 48 calimol in a-dl-ortho- 
fluorotoluene and 71 1 f 40 callmol in a-d2- 
orrho-fluorotoluene (24). This range of values 
apparently reflects the errors iiltroduced by the 
approximations in the semirigid model to internal 
rotation and is not an isotope effect (24). The 
data for o-fluorotoluene are taken as indicative 
of a small barrier in benzylfluoride and that the 
value of 260 + 50 cal/mol derived from 6JpH*CF 
is possibly comparable in accuracy to the micro- 
wave results. 
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TABLE 3. Computed long-range coupling constants in Hz in benzylfluoride as 
given by INDO-MO-FPT 

0' 4 j O t l . C H  5 J H.CH 6 J H.CH 4 j  H . C F  5 J H.CF 6 j  H.CF 
m P 0 m P 

' 0  IS measured in degrees and is zero when the C-H (C-F) bond of the side chain lies in [he plane 
or'rhe benzene ring and eclipses the C--H bond in [he ring. The  angles in parentheses reler to coupling 
involv~ng fluorine. 

( d l  6JpH.CH and the Barrier to Rotatiori 
The value of 6JpH.CH in toluene is - 1.24 Hz 

when 0 = 90" (19), as discussed above. Sub- 
stitution by the electronegative fluorine atom 
at the methyl carbon polarizes the adjacent 
C-H bonds and may thereby reduce the 
magnitude of In molecular orbital terms, 
the degree of localization of the n type orbitals 
of the CH2F group is greater than in the CH, 
group (25). The extent of the reduction in 
6 J p H q C H  is problematical. 

However, if the conclusions about the barrier 
in 2 reached on the basis of 6 J p H , C F  are correct, 
the value of -0.53 Hz in 2 may be used to 
predict the maximum magnitude of 6 J p H - C H ,  
i.e., when 0 = 90". Remembering that 6 is the 
low energy form, that sin2 0 is decreasing 
towards 0.5 from 0.75 at its maximum as the 
barrier decreases, and that the barrier is 
250 2 50 cal/mol, the hindered rotor solutions 
yield a maximum magnitude in HJpC.H of 
- 1.02 2 0.02 Hz. Note that 6 ~ p H . C H  is less 
sensitive than 6 J p H - C F  to the size of the barrier 
because it has a lower magnitude and because 
it varies by only 25% of its maximum, while 
6JpH.CF varies by 50% of its maximum. 

The derived maximum magnitude of - 1.02 
Hz in 2 is 83% of that observed and calculated 
for toluene. In Table 3 the INDO value for 
benzylfluoride is - 1.09 Hz, 88% of that in 
toluene. Similar changes are noted in the 
calculated a-proton hyperfine coupling con- 
stants in the ethyl and P-fluoroethyl radicals 

(26), in which the corresponding ratio is 90%. 
The coupling mechanism in these radicals dis- 
plays the same angular behaviour as that 
postulated here for 2. 

The calculated value of 6JpH.CH in Table 3 
peaks in magnitude at 0 = 97", a consequence 
of ' the  dissymmetry introduced by the C-F 
bond as the fluoromethyl group is rotated 
about the internal axis. In other words, the 
calculated 6JpH.CH is proportional to sin2 (0 - 7), 
behaving in a manner reminiscent of that dis- 
played by the P-proton hyperfine coupling in 
the P-fluoroethyl radical (26). However, the 
change in magnitude between 0 = 90" and 
0 = 97" is only 0.02 Hz. 

( e )  The Apparently Anomalous Values oj' 
6  J  H.Cl-I in 3 

The value of -0.16 Hz in 3 is much too low 
in magnitude, considering that for 8 more stable 
than 6 its value should be very near - 1.0214 = 
-0.26 Hz. If -0.16 Hz is treated as a normal 
magnitude it follows that the maximum value 
of 6JpH,CH is -0.64 Hz and that conformation 
6 is still the stable form of 2 with a barrier of at 
least 3 kcallmol. This conclusion contradicts 
the larger observed magnitude of 6 ~ p H . C F  in 
2, as well as the indications from the ab initio 
calculations, and is taken as false. 

An explanation of the low magnitude of 
6JpH.CH in 2 goes as follows. In the 8-chloro- 
ethyl radical, the P-proton hyperfine coupling 
is anomalously low in magnitude (26-28). This 
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fact is explained (29) by a decrease in the 
C-C-C1 angle when 8 = 90" and a concomitant 
increase in the C-C-H angle, bringing the 
P-proton nearly into the nodal plane of the 
n-orbital on the methylene group and thereby 
reducing the hyperfine interaction. The C-C-C1 
angle decreases because of the conjugative 
interaction of the orbitals in the C-C1 bond, o r  
on the chlorine atom, with the pn orbitals on 
the methylene group (26-31). 

The present ab initio predictions of the 
C-C-F angle in conformation 8 of benzyl- 
fluoride and of 3 are 11 1.1 and 1 10.SO, respec- 
tively, contrary to the trends indicated for the 
P-chloroethyl radical. In contrast, MIND013 
optimization procedures7 gave the C-C-F 
angle as 107.2" and the C-C-H angles as 
1 16.1 " for benzylfluoride in conformation 8. 
If the latter angle were 120°, a zero 6 ~ p H , ' H  

would be indicated. Therefore the anomalous 
value of 6 J p H - C H  is here attributed to bond angle 
distortion in 3; and can perhaps be taken as 
evidence for such distortion. 

The optimization procedure also allowed 
variation of the C-C, C-F, and C-H bond 
lengths of the CH,F group, other geometries 
being standard. The final (initial) lengths in A 
are C-C, 1.485 (1.52); C-F, 1.387 (1.36); 
C-H, 1.11 3 (1.09). 

Finally, conformation 6 was calculated as 
300 cal/mol more stable than 8 for benzyl- 
fluoride in the optimized geometry, compared to 
570 callmol for a standard geometry. The 
MIND013 predictions are therefore consistent 
with the ab initio results and with theconclusions 
based on 6J ,H.CF for 2. 

(fj The Long-range Couplings ocev Four and 
Five Bonds 

(i) Prototz-Proton Coupling-The average 
calculated value of 4 ~ , H . ' H  in Table 3 is -0.75 
Hz, about 0.1 Hz larger in magnitude than that 
observed in 1, 2, and 4. Of course, there exists a 
slight preference for 8 = 60 and 120" and if 
the 8 dependence of 4J0H.CH were known, it 
could be averaged over the eigenfunctions of 
the hindered rotor problem. The computations 
indicate a mixture of a u-n mechanism, giving 

'Unfortunately, MIND013 cannot be used for 3 
because it contains a second row element, chlorine, and 
a first row element, fluorine, other than carbon and 
hydrogen. 

large magnitudes for out-of-plane conforma- 
tions, and a u mechanism, which yields finite 
couplings for an extended planar arrangement 
of bonds (8 = 180"): so that the computed 
values peak around 8 = 120". 

In 5 the fluoromethyl rotor samples con- 
formations 9, 10, and 11 much more frequently 
than 12, which has a relatively high energy 
according to the ub initio calculations above on 
2,6-dichlorobenzylfluoride. Furthermore, the 
conformation of 3 analogous to 11 is only 240 
cal/mol above that analogous to 8, according 
to these calculations. Accordingly, the value of 
- 0.74 Hz for 4J,H3CH in 5 is larger in magnitude 
than in 1, 2, and 4. More precise conformational 
deductions cannot be reached from 4J,H.CH.  

The observed values of ' J , , , ~ . ' ~  in Table 2, 
are close to the 0.36 Hz measured for toluene 
(20). The computed values in Table 3 are clearly 
too large (19) and peak near 0 = 13S0, again 
implying contributions from both a-n and a 
mechanisms (19). In 5 the coupling of 0.43 Hz 
to proton 5 is larger than the 0.33 Hz to proton 
3, as expected for a predominance of conforma- 
tions 9 to 11. 

The INDO overestimates of the magnitudes 
of 4J,H.CH and ' J , , , ~ . ~ ~  suggest that 6 J p H , C H  will 
hardly be underestimated and thus that the 
arguments in section 2d are reasonable. 

(ii) Profon-Fluorine Couplings-The large 
magnitude of 4J,H.CF near 8 = 0°, as calculated 
by INDO, exemplifies a negative 'through- 
space' coupling mechanism (32) dependent on 
the proximity of the fluorine and hydrogen atoms 
(33). This interaction drops rapidly in size as 
the interatomic distance increases. The a-n 
mechanism peaks a t  8 = 90". The superposition 
of the two contributions then yields a local 
minimum near 8 = 45". If the calculations are 
qualita~ively correct, then the relatively small, 
observed magnitude of 0.70 Hz for 4 ~ 0 H * C F  in 
5 implies that 10 is somewhat lower in energy 
than 9 and 11. Note that the C--H bond is 
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polarized as 'C-H- and that the single C-C1 
bond ortho to it is polarized as 'C-CI- in 
10, as indicated by both sets of M O  calculations. 
perhaps accounting for a stable form 10. 

The calculated values of 5J,,,H3CF peak in the 
vicinity of 0 = 120". In 5 the observed coupling 
is 1.35 Hz to proton 3 and 0.71 Hz to proton 5,  
emphasizing the importance of conformations 
in which the C-F bond avoids the vicinity of 
the ortho C--Cl bond. 

( g )  The 13C Spectrurn of2 
This was measured by R. A. Bell a t  McMaster 

University on a Bruker WH-90 spectrometer. 
The sample was identical to that used in the 
proton magnetic resonance experiments. The 
magnitudes of the I3C,l9F couplings over one, 
two and three bonds are 17 1.4, 18.4, and 7.3 Hz, 
respectively. The deshielding of the ring carbon 
attached to the CH,F group is consistent with a 
preferred in-plane conformation for the fluorine 
atom, as are the chemical shifts of the ortho 
carbon nuclei.' 
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Spectre de l'indazole en resonance magnetique nucleaire du 13C 
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JOSE ELGUERO, ALAIN FRUCHIER et MARIA DEL CARMEN PARDO. Can. J. Chern. 54, 1329 (1976). 
La synthese des cinq monodeuterio-indazoles a permis I'attribution sans arnbiguite en 

resonance du  13C des sept carbones de I'indazole. Des constantes de couplage ' J ,  ' J e t  3J ont 
ete mesurees sur le spectre obtenu en I'absence d'irradiation des noyaux de 'H.  

JOSE ELGUERO, ALAIN FRUCHIER, and MARIA DEL CARMEN PARDO. Can. J .  Chern. 54, 1329 
(1976). 

Synthesis of all monodeuterio indazole derivatives has allowed the assignment of the seven 
carbons in the "C nrnr spectrum of indazole. Some 'J ,  ' J ,  and 3J coupling constants have been 
measured from the coupled spectrum. 

Introduction (28 ~ l s )  avec un temps de repetition de 2.5 s. Le verouillage 
~ - ~ - - -  . . .  

champ-frequence est effeciue sur le signal du deuterium 
La plupart des nOyaux heteroc~cliques penta- du  DMSO-d, utilise comme solvant. Le decouplage des 

gonaux simples ont fait I'objet d'etudes en rmn noyaux de ' H  est obtenu par un bruit de largeur 2.5 kHz 
du I3C (voir Dar exe rn~ le  refs 1 et 2). Seuls tandis que les spectres coup1i.s sont effectuks par la 

l~indazolk,  1, it le benzbtriazole, 2, n.bnt pas technique du "gate decoupling" qui conserve I'effet 

encore ete examines. Overhauser au niveau des atomes de carbone. 

Dans ce travail nous presentons les resultats 
concernant l'indazole, 1, dont tous les derives 
monodeuteries ont ete synthetises afin d'attribuer 
sans ambiguite les deplacements chimiques de 
chaque carbone de la molecule fondamentale. 

Les spectres rrnn ont ete enregistres sur le spectrometre 
JEOL PS-100-FT du Laboratoire de Mesures Physiques 
de 1'U.S.T.L. avec des solutions de concentrations 
rnolaires. Pour la mesure des deplacements chimiques et 
des constantes de couplage, les largeurs des spectres 
sont respectivement 5 kHz et 1.25 kHz. Dans le premier 
cas l'incertitude est de 0.05 ppm et dans le second de 
0.3 Hz. Chaque spectre a demande 500 impulsions a 90' 

'Auteur auquel la correspondance doit &tre adressee. 
' ~ d r e s s e  actuelle: Catedra de Quirnica Organics, 

Facultad de Cienc~as, Universidad Cornplutense de 
Madrid (Espagne). 

Synthese des deuterio-indazoles 
La preparation du deuterio-3 indazole a deja ete decrite 

(3). Les quatre autres derives ont ete obtenus a partir des 
nitro-indazoles correspondants (les nitro-indazoles sont 
tous cornmerciaux sauf le nitro-4 qui a ete synthetisi 
selon la ref. 4) par la methode suivante. 

On agite en chauffant un melange de 0.02 mol de nitro- 
indazole, 0.09 mol de chlorure stanneux et 30 ml d'acide 
chlorhydrique ( d  = 1.19) jusqu'a totale dissolution. On 
refroidit et alcalinise la solution avec de la soude 20%. 
On extrait ensuite a I'acetate d'ethyle, seche la couche 
organique sur sulfate de sodium anhydre et chasse le 
solvant. On obtient ainsi, avec un rendement de I'ordre 
de 90%, l'amino-indazole correspondant dont la pureti 
est suffisante pour continuer la reaction. 

Pour la desamination nitreuse, nous avons adapte la 
procedure decrite par Newkome et Fishel (5). Dans un 
ballon a deux tubulures, protege de I'humiditC ambiante 
et rnuni d'une agitation magnetique, on dissout 0.015 rnol 
d'amino-indazole dans 30 rnl d'acide chlorhydrique 
deuterie 5 N e t  refroidit vers 0 "C. On ajoute ensuite 2.5 rnl 
d'acide chlorhydrique deutkrie 10 N et en I5 min une 
solution de 0.025 rnol de nitrite de sodium dans 5.5 ml 
d'eau lourde. La temperature doit rester inferieure a 6 "C 
pendant toute I'addition. O n  obtient ainsi une solution 
rouge du sel de diazonium que I'on verse en agitant sur 
28 ml d'acide hypophosphoreux deuterie 50% refroidi a 
0 "C. Le melange est agite 3 h a 0 "C et environ I5 h a 
temperature ambiante tout en etant protege de I'hurnidite. 
On neutralise ensuite avec de la soude 10%. extrait a 
I'acetate d'ethyle, seche sur sulfate de sodium anhydre 
et evapore le solvant. Par sublimation du rtsidu entre 
100 et 110 "C sous I torr, on obtient le deuterio-indazole 
pur avec un rendernent compris entre 35 et 45%. 
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FIG. 1. Spectre de I'indazole lorsque les noyaux 'H 
sont irradies. 

L'acide chlorhydrique deuterie se prepare en ajoutant 
avec precaution de I'eau lourde sur du pentachlorure de 
phosphore. L'acide chlorhydrique deutkrie gazeux est 
recueilli dans l'eau lourde jusqu'a ce que la solution soit 
10 N. 

Pour preparer I'acide hypophosphoreux deuterie, on 
elimine, a 40-45 "C sous vide, I'eau d'une solution 
aqueuse 50%, puis dissout I'acide restant dans une 
quantite d'eau lourde &ale a celle evaporee ct recom- 
mence l'operation trois ou quatre fois. 

RQultats et discussion 
Les spectres obtenus avec et sans irradiation 

des noyaw de 'H  sont representes dans les figs 1 
et 2 respectivement. Tous les derives mono- 

deuteries ayant ete synthetises, l'attribution des 
signaux ne pose pas de probleme pour les car- 
bones porteurs d'un atome d'hydrogene. Les 
deplacements chimiques, en ppm par rapport 
au TMS (en reference interne), sont donnes 
dans le tableau I. 

L'effet isotopique de 0.1 ppm vers les fre- 
quences faibles, deja decrit (6, 7), est visible sur 
tous les carbones adjacents a celui qui porte le 
deuterium. 11 permet d'attribuer sans ambiguite 
les signaux des carbones C, et C,. L'effet 
isotopique plus important (6) au niveau du 
carbone directement lie au deuterium n'a pu 
etre observe par suite de la presence d'indazole 
non deuterie en faible quantite. 

Nous discuterons les deplacements chimiques 
en fonction du tautomere N(H)-I, la, seul 
present aussi bien a l'etat solide (8) qu'en 
solution (9). On trouve dans la litterature les 
charges totales de  ce tautomere calculees par les 
methodes C N D 0 / 2  et CNDO/S (8). Nous avons 
donc essaye une correlation avec les deplace- 
ments chimiques. En excluant de la regression 
les carbones C,, C, et C,, qui occupent une 
position peri, on constate que la methode 
CNDO/S donne des resultats plus satisfaisants. 
Ces derniers sont rassembles dans le tableau 1 .  
On obtient une pente de  - 146.4 ppm/e, com- 

FIG. 2. Spectre de I'indazole non decouple. 
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ELGUERO ET A L  1331 

TABLEAU 1. Deplacements chimiques experimentaux et 
calcules de I'indazole 

Carbone be,, Y (0 + 4 6,,1,t A% 

3 133.4* 3.9404 134.9 1.5 
4 120.4* 3.9938 127.1 6 .7  
5 120.1 4.0446 119.7 - 0 . 4  
6 125.8 3.9966 126.7 0 . 9  
7 110.0* 4.0428 119.9 9 .9  
8 139.9 3.9098 139.4 -0.5 
9 122.8 4.0279 122.1 -0 .7  

'Ces de~lacernents chirnioues n'onr Das ete utilisL:s dans la 
regression 

tees vdleurs sont calculees a v a  I'equar~on b = - 146 4q + 71 1 8 
$A = L,, - b<,,, 

parable a celles decrites dans la litterature (lo), 
et un coefficient de correlation de 0.993. Ces 
resultats confirment l'attribution des carbones 

C, et C,. Les carbonesperic, et C, sont dkplaces 
vers les frequences faibles, comme cela etait 
previsible d'apres les resultats de la litterature 
( 1  1). Par contre le carbone C, est faiblement 
perturbe. 

Les constantes de couplage 13C-'H que nous 
avons pu mesurer sont dans le tableau 2. 
On notera que la plus grande constante 'J est 
celle du carbone C, (effet de l'atome d'azote 
voisin (12)) et que les quatre autres sont du 
meme ordre de grandeur. Si les constantes ,J 
sont normales (13), seul le carbone C6 presente 
une interaction ' Jde 2 Hz avec H,. Ce couplage 
n'est mesurable avec precision que dans le 
deuterio-7 indazole, probablement a cause d'un 
autre couplage ' J  tres faible entre le carbone 
C, et H, que nous n'avons pu evaluer, m&me 
sur le deuterio-5 indazole. 

TABLEAU 2. Constantes de couplage proton-I'C (en Hz) dans I'indazole 

H 

'Couplages non observes. 
tLes signaux correspondants aux carbones 8 el 9 sont trop faibles el elargis pour perrnertre la rnesure 

des constantes de couplage. 
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3. J. ELGUERO, A. FRUCHIER et R. JACQUIER. Bull. Soc. 
Chim. Fr. 2619 (1967). 

4. K. VON AUWERS et P. FRESE. Ber. Chem. B, 58, 1369 
(1925). 

5. G .  R. NEWKOME et D. L. FISHEL. J. Org. Chem. 31, 
677 (1966). 

6. R. A. BELL, C. L. CHAN et B. G. SAYER. J. Chem. 
Soc. Chem. Comrnun. 67 (1972). 

7. D. LAVER, E. L. MOTELL, D. D. TRAFICANTE et G. E. 
MACIEL. J. Am. Chem. Soc. 94, 5335 (1972). 

8. A. ESCANDE, J. LAPASSET, R. FAURE, E.-J. VINCENT 
et J. ELGUERO. Tetrahedron, 30, 2903 (1974). 

9. J. ELGUERO, C. MARZIN, A. R. KATRITZKY et P. 
LINDA. The tautomerism of heterocycles. Suppl. Vol. 
1. Advances in heterocyclic chemistry. Academic 
Press, New York. Sous presse. 

10. J. B. STOTHERS. Carbon-13 NMR spectroscopy. 
Academic Press, New York. 1972. 

11. D. M. GRANT et B. V. CHENEY. J. Am. Chern. Soc. 
89, 5315 (1967). 

12. P. LASZLO. Bull. Soc. Chim. Fr. 558 (1966). 
13. G. ENGLERT, P. D ~ E H L  et W. NIEDERBERGER. Z. 

Naturforsch. Teil A, 26, 1829 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The structure of the second coordination sphere of transition metal complexes. 
V. Nuclear magnetic resonance T, measurements 

S. 0. CHAN AND D. R. EATON 
Deparrmenr of Chemisrry, McMasrer Universi~y,  Hamilron, Onrario U S  4MI 

Received October 15. 1976 

S. 0 .  CHAN and D. R. EATON. Can. J.  Chem. 54,1332 (1976). 
Proton spin-lattice relaxation times have been measured for several solute and solvent 

molecules in the presence of paramagnetic chromium(III) acetylacetonate. In each case the T, 
values obtained are considerably shorter than those measured in the absence of the paramagnetic 
complex. Two models are necessary to describe the results. In the first TI is determined by the 
diffusional correlation time of the solute molecule. This corresponds to a case in which there 
is no  detectable second coordination sphere and leads to the prediction that TI will be inde- 
pendent of solute concentration. Acetone, chloroform, and methylene chloride show this 
behaviour. The second model involves a discrete second coordination sphere and leads to the 
prediction that above a certain concentration T, will vary linearly with solute concentration. 
Methanol shows this behaviour. Calculations show good agreement with the observed T,'s 
for a model with a coordination number of 8, a Cr-to-CHI separation of 7 A and an equilibrium 
constant for displacing solvent (chloroform) of around 10. It is suggested that these results 
lead to a criterion for second coordination sphere formation compatible with the second co- 
ordination sphere requirements for an "interchange" type of ligand exchange mechanism. 

S. 0 .  CHAN et D. R. EATON. Can. J. Chem. 54, 1332 (1976). 
On a mesure les temps de relaxation spin-reseau du proton pour plusieurs molecules de 

solutes et de solvants en presence d'acetylacetonate de chrome(lI1) paramagnetique. Dans 
chaque cas, les valeurs de T, obtenues sont beaucoup plus faibles quecelles mesurees en ['absence 
du complexe paramagnetique. Deux modeles sont ntcessaires pour decrire les resultats. Dans le 
premier, TI est determine par le temps de correlation de diffusion de la molecule de solute. 
Ceci correspond a un cas dans lequel il n'y a pas de sphere de coordination secondaire qui est 
detectable et ceci conduit a la prediction que T, sera independant de la concentration de solute. 
L'acetone, le chloroforme et le chlorure de methylene agissent de cette facon. Le second modele 
implique une sphere de coordination secondaire definie et conduit a la prediction qu'au dessus 
d'une certaine concentration, T, variera d'une facon lineaire avec la concentration d e  solute. 
Le methanol agit de cette facon. Les calculs sont en bon accord avec les valeurs observees pour 
TI pour un modele avec un nombre de coordination de 8, une separation du C r  et du CHI 
de 7 A et une constante d'equilibre pour le deplacement du solvant (chloroforme) d'environ 
10. O n  suggere que ces rksultats conduisent a un critere pour la formation d'une sphere de 
coordination secondaire qui est compatible avec les necessites de la sphere de coordination 
secondaire du mecanisme d'echange de ligand de type "interchange". 

[Traduit par le journal] 

Introduction 
In previous papers in this series (1-4) we 

have discussed the use of isotropic shifts of 
nmr resonances, resulting from dipolar inter- 
actions with paramagnetic metal complexes, in 
the study of weak second sphere interactions. 
The number of complexes available for this type 
of study is limited by the requirement that the 
complex have a large magnetic anisotropy if 
significant shifts are  t o  be observed. The  objec- 
tive of this work is to  correlate studies of second 
sphere structure with the mechanisms of  re- 
actions of metaI complexes. For  this purpose it 
is desirable to  develop techniques of more 

general applicability than the isotropic shift 
measurements previously used. In the present 
paper we report an investigation of the use of 
proton T, measurements for this purpose and 
demonstrate that this method provides an 
experimental criterion for the existence of a 
discrete second coordination sphere. Subsequent 
papers will demonstrate the importance of 
second sphere bonding in some catalytic re- 
actions. 

The effect of paramagnetic ions o r  molecules 
in shortening the spin-lattice relaxation times 
(T , )  of nuclei in solution has been well docu- 
mented (5). For  weak interactions between a 
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C H A N  A N D  EATON 1333 

solute and solvent or between two solute 
molecules the predominant mechanism is di- 
polar in nature and demands no specific pre- 
requisites such as that of a large magnetic 
anisotropy as in the case of isotropic shifts. It 
was realized at an early date that such relaxation 
effects have potential for studies of weak inter- 
actions such as occur in the second coordination 
sphere of metal complexes. Thus in 1956 
Morgan et al. (6) reported the effect of a series of 
Cr(II1) complexes on the T, of the solvent 
(water) and deduced a series in which the 
second coordination sphere of water molecules 
becomes increasingly less stable. Much of the 
earlier work in this area has been reviewed in a 
recent monograph (7). More recent workers 
have tended to measure the spin-spin relaxation 
times (T,) rather than T,. Thus Stengle and 
Langford (8) investigated the association of 
PF,- ions with Cr(II1)-containing cations by 
measuring T2's for the 19F resonances. These 
ideas were developed by Frankel (9, 10) who 
deduced the orientation of molecules in the 
second sphere from the relative decrease in T2 
for different nuclei. Langford and White (1 1) 
and Behrendt, Langford, and Stengle (12) 
developed a method for finding the relative 
second sphere binding ability of two solvents 
in a mixed solvent system using T, measure- 
ments and correlated their results with mechanis- 
tic data on the ligand exchange reactions of the 
same paramagnetic complexes. 

In theory, for most of the cases of present 
interest, Tl and T2 are equal. T2 can be obtained 
relatively easily from linewidth measurements 
whereas until recently Tl required special 
instrumentation ofa  type not generally available, 
e.g., a spin-echo spectrometer. However, the 
advent of Fourier Transform nmr spectrom- 
eters has opened up the possibility of relatively 
facile TI measurements which are in fact prob- 
ably more reliable than T2 measurements 
because they do not involve correction for 
instrumental broadening of the lines. There is a 
further important advantage to the use of Tl 
measurements: T2 is affected by processes 
which occur on a time scale determined by the 
reciprocal of a chemical shift difference. For a 
process such as ligand exchange involving a 
paramagnetic complex this is typically lo-, s. 
TI on the other hand is only affected by pro- 
cesses with a time scale of the order o f  the 

reciprocal of the resonance frequency (typically 
lo-' s) (13). There is therefore the possibility 
of making both Tl and T2 measurements on a 
system involving ligand exchange. In this case 
T, will not be equal to T2. In principle T2 
will provide information on the rate of ligand 
exchange and T, on second sphere interactions. 
If ligand exchange proceeds by an  interchange 
(I) mechanism (14) in which the rate is deter- 
mined by a step involving interchange of first 
and second sphere ligands we would expect to 
be able to correlate the two sets of data. 

Before proceeding with an  experiment of the 
type outlined above it seemed prudent first to 
investigate the effect on Tl of second sphere 
interactions with a non-labile complex. For this 
purpose we chose chromium(II1) acetylaceton- 
ate as the non-labile paramagnetic complex and 
methanol as the second sphere ligand. Chro- 
mium(II1) acetylacetonate has been suggested 
as a relaxation reagent to reduce the Tl's in 13C 
nmr spectroscopy (15). Davis and Facker (16) 
have presented infrared evidence to show that 
methanol is weakly bound to  transition metal 
/l diketonates by hydrogen bonding. Frankel 
(9) found that the hydroxyl and methyl group 
T2's ofmethanol were both reduced by Cr(acac),. 
The effect on the hydroxyl group was 2.4 times 
greater than that on the methyl group and he 
inferred that the second sphere methanol mole- 
cules were oriented with the hydroxyl group 
closer to the metal ion. The present measure- 
ments were carried out in chloroform which is 
anticipated to be a less effective second sphere 
ligand than methanol. 

Results 

Table 1 presents a set of TI measurements on 
solutions of methanol in deuterochloroform. In 
the absence of Cr(acac), the relaxation time of 
both types of proton is around 10 s and is 
relatively insensitive to the methanol con- 
centration. In the presence of 0.01 M Cr(acac), 
at low methanol concentration the Tl for CH, 
is reduced to 0.1 s and that of OH to 0.033 s. 
The ratio of these relaxation times of 3.0 may 
be compared with the ratio of 2.4 reported by 
Frankel for the corresponding T2's obtained 
from line width measurements. The dependence 
of the Ti's on the methanol concentration is 
shown graphically in Fig. 1. For  both the CH, 
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TABLE 1. Proton T,'s for methanol* 

TI (s) 

CH, when [Cracac] = 

[CH,OHI 
(mol 1-I) 0 0.005 M 0.01  M 

0.2  10.5 0.198 0.102 
0 . 4  0.201 0.101 
0 . 6  10.2 0.100 
0 . 8  0.199 0.099 
I . 0  9 . 9  0.104 
1 .2  0.196 0.099 
I . 5  9 .7  0.101 
1 .6  0.205 
1 .8  0.111 
2 .0  9 . 5  0.243 0.125 
2 .2  0.140 
2.5 9 . 3  0.305 0.155 
3 .0  0.361 0.185 
3 .5  8 . 9  0.428 0.220 
4 . 0  8 .7  0.477 0.245 

OH when [Cracac] = 

'Solvent CDCI,/CHCI,. T, CHCI, 0.005 M Cr(acac), 0.10 s. T, 0.01 M Cr(acac), 0.05 s, both independent 
of CH,OH concentration. 

and the OH protons, T, is independent of 
methanol concentration until the solution is 
approximately 1.6 M in methanol. Thereafter T, 
increases linearly with methanol concentration. 
A similar set of measurements has been made 
for solutions 0.005 M in Cr(acac),. These data 
are included in Table 1. Halving the concentra- 
tion of paramagnetic complex doubles the T,'s 
at low concentration and the onset of linear 
methanol concentration dependence still occurs 
at 1.6 M. A further experiment was performed 
in mixed CDCl,/CHCI, solution in order to 
measure the solvent relaxation time. Values of 
0.05 s (0.1 M Cr(acac),) and 0.1 s (0.05 M 
Cr(acac),) were obtained which were indepen- 
dent of methanol concentration. In another 
experiment the T,'s of CH2C12 and CHC1, in 
mixed solvent solutions containing Cr(acac), 
were measured. These T,'s were independent of 
solvent composition over the full range of 
compositions from pure chloroform to pure 
methylene chloride (see Table 2). In contrast to 
the behaviour of methanol, solutions of acetone 
in CDCI, give a T, for the solute which is 
inde~endent of concentration. These data are 

graphically in Fig. 2. In the absence of Cr(acac), 
the OH proton moves to low field with in- 
creasing methanol concentration. This effect 
has been attributed (17) to increasing associa- 
tion of the methanol due to the intermolecular 
hydrogen bonding. In the presence of Cr(acac), 
this effect is more pronounced and the plot of 
OH chemical shift us. methanol concentration 
apparently shows two distinct linear portions 
with a break at 1.6 M. This concentration is 
identical with the concentration at which the 

also'contained in Table 2. o I I I 2 I 3 I 4 I 

In the course of making these T, measure- [CH,OH] h o l  I- '  ) 
ments the chemical shifts of the methanol pro- FIG, 1 ,  Dependence of CH, T, on methanol con- 
tons were also obtained; these data are shown centration. Solvent CDCI, 0.01 M Cr(acac),. 
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CHAN AND EATON 

TABLE 2. Proton Ti's for acetone, chloroform, and methylene chloride* 
-- 

Mole 
7-1 (s) fraction T, (s) 

[(CH,)2COl of 
( I  I )  (CH,),CO CHCI, CHCl,? CHCI, CH2C12 

'All solution 0.01 M Cr(acac),. 
tMole  fraction of CHCI, in CHCl,jCH,CI, mi 

Tl's start to increase. There is an indication of 
a similar break point in the CH, chemical shifts 
but the effect is very much smaller. The tempera- 
ture dependence of the OH chemical shifts has 
been examined. The concentration correspond- 

FIG. 2. Chemical shifts ofhydroxyl proton ofmethanol: 
8, no Cr(acac),; 0, 0.005 M Cr(acac),; x , 0.01 M 
Cr(acac), . 

xture 

ing to the change of slope is quite insensitive 
to temperature. However, the chemical shifts 
observed depend strongly on the amount of 
water present in the sample which leads to some 
experimental difficulties in reproducing plots 
from sample to sample. This may be contrasted 
with the TI measurements described above for 
which the observed Tl values are insensitive to 
the amount of water. Because of the above 
limitation we have not attempted any quanti- 
tative analysis of the chemical shift data. 

Discussion 
It seems very probable that the concentration 

dependence of the methanol Tl's shown in Fig. 1 
reflects some form of second sphere interaction 
with the Cr(acac),. The parallel behaviour of 
the OH chemical shifts suggests further that 
hydrogen bonding interactions of the type dis- 
cussed by Davis and Fackler are involved, 
although the effect of adventitious water com- 
plicates the situation. It is therefore desirable 
to develop a model which will account for this 
behaviour. 

In the absence of any second sphere inter- 
action the effect of the paramagnetic molecules 
on the proton relaxation of a solvent or solute 
molecule will be determined by the rate at which 
the diamagnetic molecule diffuses into the 
neighbourhood of the paramagnetic complex. 
Abragam (18) has treated the general problem 
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of relaxation by this type of mechanism and 
Luz and Meiboom (19) have given specific 
formulae for a rather similar case involving 
Co2+. In the latter case the electron spin 
relaxation time is short and determines the 
nuclear spin relaxation time. For Cr3+ the 
electron spin relaxation time is relatively long 
and a small extension of Abragam's formulation 
leads to the relationship 

In this equation N is the number of molecules 
of paramagnetic complex contained in 1 cc of 
solution, a is the radius of the paramagnetic 
complex, y, and y, are the magnetogyric ratios 
of the electron and nucleus respectively, and S 
is the spin of the metal ion. r, is the diffusional 
correlation time which determines the rate at 
which the interacting molecule will diffuse to 
the neighbourhood of the paramagnetic com- 
plex. It will be noted that this equation predicts 
that TI will be inversely proportional to the 
concentration of paramagnetic material but 
independent of the concentration ofdiamagnetic 
molecules. This model therefore satisfactorily 
accounts for the behaviour of chloroform, 
methylene chloride, and acetone in the presence 
of Cr(acac), but not for that of methanol. If the 
reasonable values of a = 4.5 A and r, = 10-" s 
are assumed, this equation gives TI = 0.049 s 
for a 0.01 M solution of Cr(acac), which agrees 
very satisfactorily with the CHCI, value of 
0.05 s. 

Consideration of a model involving molecules 
held in a second coordination sphere requires 
the definition of several correlation times. r, is 
the average time a ligand such as methanol 
spends in the second coordination sphere. r, is 
the rotational diffusion time, r, is the transla- 
tional diffusion time encountered above, and r, is 
the average time of rotational tumbling for the 
complex. These last three correlation times are 
interrelated. For large molecules T, 2 97, and 
r, z 3r,. The value of r, can be obtained from 
13C TI measurements on diamagnetic complexes 
as will be discussed below. We may then define 
the following situations. 

(a) Ts >> r,. This corresponds to a tight 
second sphere complex with a well-defined 
coordination number M and a well-defined TI 

for protons on a second sphere 

ligand. T1,,,,, will be a function of Tl,,o,p ,,,, 
and T,,sr,c,. 

(6) T, << T,. In this case there is no measurable 
second sphere complex formation and T,,ob,, is 
a function of TD as discussed above. 

(c) Ts 2 T,. This corresponds to a loose second 
sphere complex. The coordination number n 
becomes large and poorly defined and T,,,,,, 
will be a complicated function of r, and T,. 

Consider the case of Cr(acac), dissolved in a 
chloroform/methanol mixture in which the 
interaction of methanol with Cr(acac), corres- 
ponds to case a and the interaction of chloro- 
form to case 6. The composition of the solvent 
in the vicinity of Cr(acac), will be determined 
by equilibria such as: 

Km - - C ~ ( ~ C ~ C ) ~ ( C H C I , ) , ~ ~ ( C H , O H ) , ,  + CHCI, 

where m = 1, 2, 3,. .., M (the coordination 
number) and K,,, is an equilibrium constant. 
The relaxation time of the methanol in this 
model will be given by 

where [CH30H], is the concentration of meth- 
anol in the second sphere of the Cr(acac), and 
[CH,OH], is the total concentration of metha- 
nol. [CH,OH], can be expressed in terms of the 
equilibrium constants K,,, and it can be shown 
(see appendix A) that 

where 

and 

The behaviour of TI as a function of  methanol 
concentration therefore depends on the depen- 
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C H A N  A N D  EATON 1337 

For a second sphere complex it is 
reasonable to assume that TI is dominated by 
dipolar electron spin - nuclear spin inter- 
actions. In this case 

FIG. 3. Dependence of p on concentration for different 
values of the equilibrium constant K. 

dence of p on methanol concentration. As a 
simplifying assumption we assume that all the 
successive equilibrium constants K,,, are equal. 
Figure 3 shows a set of plots of p us. [CH,OH], 
for different values of K. At high [CH,OH], p 
reaches a limiting value of M, the coordination 
number, which was taken to be 8 (see below) for 
the purpose of the calculations shown in Fig. 3. 
Therefore at high concentrations of methanol 
we obtain 

[CH~OHIO TL(comp1ex) 
[41 Tl(Ob,, = . - 

[Cr(acac),b M 

i.e., TI,,,,, is proportional to [CH,OH], and the 
ratio T,,,omp ,,,, / M  can be obtained from the 
slope of the plot shown in Fig. 1. At lower con- 
centrations of methanol the plots of Fig. 3 show 
that p increases with [CH,OH], in an approxi- 
mately linear manner. In this case eq. 3 shows 
that T,,,,,, will, to a first approximation, be 
independent of [CH,OH],. The model is there- 
fore qualitatively satisfactory. 

Further analysis requires a knowledge of 

Utilization of this equation requires a knowledge 
of r,. This quantity may be obtained from the 
13C TI values of the diamagnetic complexCo(II1) 
acetylacetonate. We assume that the geometry 
of this compound is closely similar to that of 
Cr(II1) acetylacetonate and that the 13C relaxa- 
tion times are determined by dipolar inter- 
actions with the protons, i.e. 

where b is an internuclear separation between a 
carbon and a proton. Table 3 gives the 13C TI 
relaxation times and the derived values of r ,  
for a 0.2 M solution of Co(acac), in CDCI, and 
also for a solution 0.2 M in Co(acac), and 
3.0 M in CH,OH. It is apparent that the 
addition of methanol causes a small decrease 
in the Tlls and a corresponding small increase 
in r,. This is consistent with the existence of a 

L 

second coordination sphere of methanol mole- 
cules surrounding Co(acac), as has been deduced 
for Cr(acac),. From these results we obtain a 
value of r ,  = 7.7 x 10-'I s for use in eq. 5. 
We may now proceed to calculate values of 
Tl /M to compare with the experimental value 
for this quantity. Some results of these calcula- 
tions are shown in Table 4. Good agreement 
between experimental and calculated values is 
obtained for M = 8 and r, the Cr atom methyl 
hydrogen separation, 7 A. This corresponds 
rather nicely to the expected internuclear separa- 
tion in a model with one methanol molecule 

TABLE 3. I3C Ti's for Co(II1) acetylacetonate* 

Solution A Solution B 

T, k t  TI t rct 
Carbon (s) (s) (s) (s) 

CH3 0.23 7.1 xl0- ' I  0.22 7 . 4  x 10W1 
CO 12.5 7 . 5 ~  10-I' 12.0 7 .8  x lo-'' 
C H 0.67 7 .3  x lo-'' 0.62 7 . 9 ~  10-I' 

'Solution A. 0.2 M Co(acac), in CDCI,. Solution B, 0.2 M Co(acac), + 3.0 M CH,OH 
in CDCI,. 

tcalculated assuming C--C bond length 1.5 A C-H bond length 1 . 1  A .  
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1338 CAN.  J .  CHEM.  VOL. 54. 1976 

TABLE 4. Calculated second sphere relaxation times 

T~(carnp~er)* Coordination T ~ ~ c o m p ~ c x , t  GI (s) number, M M 

5 6.49 x lo-" 8 8.12 x 
6 1 . 9 5 ~  10-3 8 2.45 x lo-" 
7 5.78 x lo-) 8 6 .48  x 
8 1 . 1 2 ~  8 1 . 4 9 ~  lo-' 
9 2.29 x lo-' 8 2 . 8 7 ~  lo-) 

10 4.35 x 24 1.80 x 10-3 
I I 7.67 x lo-' 24 3 . 3 8 ~  lo-' 

*Calculaled assuming 7, = 7.7 x lo-" s. 
tExperimental value of T ,,,,,,,,,, /M = 6.3 x 

situated on each face of a Cr(acac), octahedron. 
It is not consistent with a diffuse second 
coordination sphere leading to larger inter- 
nuclear separations and higher apparent co- 
ordination numbers. 

From the above 13C relaxation measurements 
we may also estimate that T, = 2 x 10-lo s. 
The lifetime of a methanol molecule in the 
second coordination sphere must therefore be 
greater than this value. An upper limit to this 
lifetime of perhaps s may be inferred from 
the fact that only an average resonance of second 
coordination sphere and "free solution" meth- 
anol is observed. 

T o  summarize the existence of a concentra- 
tion region in which the Tl of a potential 
ligand is proportional to ligand concentration 
demonstrates the existence of a discrete second 
coordination sphere with a lifetime greater than 
T, (-2 x 10-lo s in this case). The concentra- 
tion at  which this linear dependence com- 
mences is determined by the equilibrium con- 
stant K. For the case of methanol and Cr(acac), 
in chloroform discussed above the onset of the 
linear portion o f  the Tl us. concentration plot 
occurs at approximately 1.6 M. Reference to  the 
curves of Fig. 3 shows that this corresponds 
to a value of K z 10, i .e.,  methanol is approxi- 
mately a ten times better second sphere ligand 
than chloroform in this svstem. This value is 
consistent with the relative equilibrium con- 
stants reported previously for the Co(I1) pyrazyl- 
borate system (4). In the case of acetone a 
concentration dependence of T, was not ob- 
served. We deduce from this either that the 
lifetime of acetone in the second sphere is less 
than T,, in which case the relaxation 1s dominated 
by diffusion, or that the equilibrium constant 
for second sphere complexation is very small. 
The former -would appear to  be the correct 

interpretation since the curves of Fig. 3 show 
that for small K's p is small and varies only 
slowly with ligand concentration. This would 
lead to values of T,,,,,, larger than those found 
experimentally (assuming a reasonable value of 
Tl(complcx,) and to a dependence on ligand con- 
centration. Equation 1 (the diffusion controlled 
model) predicts no ligand dependence and gives 
reasonable numerical agreement. In any event 
the conclusion is that second sphere complexes 
with acetone are either very weak, very labile or 
both. The observed independence of T, for both 
chloroform and methylene chloride on the 
composition of the mixtures of these two solvents 
leads to the same conclusion regarding their 
properties as second sphere ligands. 

It appears therefore that the existence of a 
concentration range over which Tl varies 
linearly with concentration may be a reasonable 
criterion for defining a second coordination 
sphere. Further, it appears that the condition 
for this criterion, Ts > T,, is closely similar to 
the condition for a kinetically significant second 
coordination sphere (14) leading to the pos- 
sibility of an I, or I, ligand exchange mechanism. 
We suggest therefore that T, measurements may 
provide a valuable experimental probe for 
mechanistic studies particularly on non-labile 
complexes. In principle this experimental method 
can also be applied to labile complexes. There 
are however experimental difficulties since if 
there is fast exchange involving the first co- 
ordination sphere of a paramagnetic complex 
and if the fraction of ligand in the first sphere 
is substantial the first sphere relaxation time 
tends to dominate T,. 

Experimental 
TI n,easurements were carried out on a Bruker WH90 

Fourier Transform instrument. Samples were degassed be- 
fore making measurements to eliminate the effect of oxygen 
on the relaxation times. The programme used (Nicolet 
NIC-27-40713) is based on the usual 180-y-90 plus se- 
quence. The estimated error in the T ,  measurements is 
f 5%. All TI measurements were carried out at 28 "C. The 
temperature dependence of the methanol chemical shifts 
briefly reported was obtained from measurements on a 
Varian HA-100 instrument. 
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C H A N  A N D  EATON 

Appendix A 
Consider the equilibria : 

K", 
[All Cr(a~ac)~(CHCl,),-,+,(CH,OH),,-, + CH,OH ~Cr(acac),(CHC1,),w~,(CH30H)m + CHCI, 

with n7 = 1 ,  2, 3, .. . , M. Then 

The total concentration of complexed methanol is given by 

and the total concentration of Cr(acac), by 

Substituting [A21 in [A31 and [A41 we obtain [A3a] and [A401 

where j' = [CH,OH]/[CHCI,]. 

Combining [A3a] and [A4a] gives 

[A51 [CH30HIc = "'=I M '=' [Cr(acac),], 
i + ~ n t f i ~ ,  

nl=l i=l 

For this model 

where 

[CH3OHl0 = [CH3OH.Ic + [CH,OH] 

Since [CH30H] = [CH,OH], and TI,,-,,,, 2 10 s the second term in [A61 is - lo-' ; l/Tl,o,s, = 
10-lo2 and the second term in eq. 6 may be dropped. 

Therefore 

Substituting eq. A5 

where p is the coefficient of [Cr(acac),], in [A5]. 
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PETER KNITTEL and JOHN WARKENTIN. Can. J. Chem. 54, 1341 (1976). 
2-Hydroxy-2,5,5-trimethyl-A3-1,3,4-oxadiazoline (1) reacts with acetylenic and olefinic 

unsaturated systems by addition of the 2-acetoxy-2-propyl group and a hydrogen atom, respec- 
tively, to  the two atoms forming the multiple bond. The regiochemistry of addition to  unsym- 
metric unsaturated systems is that predicted for a radical chain mechanism, in which the 
2-acetoxy-2-propyl radical adds to  the multiple bond so as to  form the more stable free radical 
which then abstracts a hydrogen atom from the hydroxyl group of 1. Polymerization of the 
unsaturated substrate, as well as abstraction of allylic hydrogen (if any) are competing processes. 
Yields of adducts, based on 1 ,  ranged from 80% in reaction with crotonaldehyde to  10yo in 
reaction with cyclohexene. 

PETER KNITTEL et JOHN WARKENTIN. Can. J. Chem. 54, 1341 (1976). 
L'hydroxy-2 trimtthyl-2,5,5 A3-oxadiazoline-l,3,4 (1) rkg i t  avec les systkmes acttyltniques 

et oltfiniques insaturts par addition du groupe acttoxy-2 propyl-2 et d'un atome d'hydrogkne 
respectivement aux deux atomes formant la liaison multiple. La rtgiochimie de l'addition h des 
systkmes insaturis non-symttriques correspond h celle pridite pour un mtcanisme radicalaire 
en chaine dans lequel les radicaux acetoxy-2 propyl-2 s'additionnent h la liaison multiple de 
facon h former le radical libre le plus stable qui enlkve substquemment un hydrogkne du groupe 
hydroxyle de 1. La polymtrisation du substrat insature de m&me que l'enlkvement de l'hydro- 
gkne allylique (s'il existe) sont des processus qui sont en competition avec la rkction d'addition. 
Les rendements d'adduits, basts sur 1 ,  varient entre 80% pour la rkction avec le crotonaldthyde 
jusqu'h 10% pour la rkction avec le cyclohexkne. 

[Traduit par le journal] 

Introduction application of that type of reaction 

The synthesis and novel induced decomposi- 
tion of 2-hydroxy-2,5,5-trimethyl-A3-1,3,4-oxa- 
diazoline, 1, was reported recently (1). Evidence ['I 

cH3x0H N 0 +kY-  
A+CH3 

for chain decomposition of 1 by radical substitu- CHI 
tion at the hydroxyl hydrogen included the 1 N2 + CH3CO2C(CHJ2 MY 
observation (1) that olefinic substrates react with 
1 according to [I]. In this paper we report initial to the synthesis of tertiary acetates. 
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Experimental 
2-H~dro,~y-2,5,5-trimetI1}fl-A3-I,3,4-oxcrdkzolit~e, 1 

Preparation of 1 from 5,5-dimethyl-A'-1,3,4oxadiazo- 
line, 2, and excess methyllithium has been described (1). 
Addition of 2 in cold ether to excess methylmagnesium 
iodide in ice-cooled ether, followed by the work-up 
described in the methyllithium procedure (I) ,  gave 1 of the 
same quality but in lower yield (607:). 

Trrticrry Acetates 
The following general procedure was used throughout. 

A solution of 1 (2.0 g, 0.015 mol) in benzene (30 ml) was 
cooled with ice and stirred vigorously with a magnetic 
stirrer. The unsaturated compound (2 equiv.) was added 
all at  once, a condenser and drying tube were fitted to the 
flask, and the reaction mixture was heated to 50-60 "C, 
with constant stirring, until the pmr spectrum of an  ali- 
quot showed that all 1 had reacted (about 4 h). Most of 
the benzene and excess unsaturated compound were 
removed by distillation, leaving the product as a crude 
oil. Isolation of a small, pure sample for spectra and 
analyses was done by glpc. Large scale preparations and 
purification by other methods, such as fractional distilla- 
tion, were not attempted in this exploratory work. 
Minimum and maximum yields, 10% for cyclohexene and 
8OY0 for crotonaldehyde, were estimated by pmr, using 
the known concentration of an added standard for refer- 
ence. Effects of other reaction conditions (concentration, 
temperature, additives, solvents) on yields have not yet 
been explored. 

Nuclear magnetic resonance spectra and analyses of 
eight tertiary acetates are listed in Table 1. Eight other 
products of reaction of 1 with olefinic substrates were 
assigned tertiary acetate structures on the basis of their 
spectra and analogy, without confirmatory analytical 
data. Those samples are reported below in the format: 
olefinic substrate, product, major ir bands (CCld), and 
pmr spectrum (CCI,, multiplicity symbol and relative 
integral in parentheses). 

tert-Blltylnce~yletie: 2-acetoxy-2,5,5-trimethylhex-3-ene; 
1738, 1380, 1360, 1248 cm-1; 6 1.01 (s, 9), 1.47 (s, 6), 1.90 
(s, 3), 5.54 (s, 2). 

Tetraclrloroetl~ylerre: 3-acetoxy-3-methyl-1,1,2,2-tetra- 
chlorobutane; 1750, 1661, 1385, 1367, 1240cm-1; 6 1.72 
(s, 6), 1.97 (s, I), 2.05 (s, 3). 

I-(Pyrro1iditro)-I-cyclolre.uetre: 1-pyrrolidino-2-(2'-ace- 
toxy-2'-propyl)cyclohexane; 1745,1640, 1575, 1380, 1355, 
1245 cm-1; 6 1.54 (s, 6), 1 .a-2.00 (m, 13). 2.08 (s, 3), 
2.80-3.30 (m, 5). 

N-Plretr)~ltt~aleimidr: 3-(2'-acetoxy-2'-propy1)-N-phenyl 
succinimide; 1725 (br), 1398, 1365, 1248 cm-I; 6 1.58 
(s, 3), 1.72 (s, 3), 2.76-2.92 (m, 2), 3.56-3.80 (m, I), 
7.04-7.60 (m, 5). 

Maleic arrlrydride: 3-(2'-acetoxy-2'-propyl)succinic an- 
hydride; 6 1.75 (s, 6), 2.1 1 (s, 3), 3.10 (d, 2), 3.78 (t, 1). 

Norbort~odietre: 3 - (2' - acetoxy - 2' - propyl)tricyclo - 
[2.2.1.02-6]heptane; 1740, 1380, 1365, 1252cm-I; 6 1.46 
(s, 3), 1.50 (s, 3), 1.94 (s, 3), 1.04-3.00 (m, 9). 

Acrylic ocid: 4-acetoxy-4methylpentanoic acid; 3400- 
2400, 1740, 1720, 1390, 1370, 1250 cm-1 ; 6 1.50 (s, 6), 2.00 
(~,3),2.10-2.85(m,4),10.13(s,br,l). 

Cyclohexerle: 2-acetoxy-2-cyclohexylpropane; 1732, 
1379, 1360, 1257 cm-1; 6 1.40 (s, 6), 1.99 (s, 3), 1.06-2.18 

(m, 11) and 3,3'-bicyclohexenyl (major product); 3025, 
2940, 2865, 2845, 1650cm-1; 6 1.10-2.30 (m, 14), 5.48- 
5.88 (m, 4). Atrcri. calcd. for CIZHI8: C 88.88, H 11.12; 
found: C 88.71, H 11.28. 

Discussion 
The exploratory work described above demon- 

strates that the potential of 1 for synthesis is 
fairly broad. Nucleophilic olefins (en01 ethers. 
enamines) as well as more electrophilic olefins 
(a,B-unsaturated carbonyl and nitrile systems) 
add the elements of isopropyl acetate1 from 1. A 
radical chain mechanism (I), with the propaga- 
tion steps shown in [2] and [3] accounts for both 
the regiochemistry of addition and the lack of 
stereospecificity in the addition to dimethyl 
acetylenedicarboxylate. Vinyl radicals normally 
lead to both stereoisomeric products (3a). 

Stereospecific addition to tert-butylacetylene is 
probably the result of steric hindrance to  forma- 
tion of the cis adduct. The observed selectivitv of 
addition to norbornene is also not surprising for 
exo attack on that olefin, by both radicals (4) and 
electrophiles (9, is well known. Whether or not 
hydrogen is also added from the exo side in this 
case, where the exo substituent already present 
is large, remains to be tested. 

Present limitations in the use of 1 for svnthesis 
include its failure to  form adducts, in the sense 
of [2] and [3], to a-methylstyrene, styrene, 
ethylazodicarboxylate, azodicarbonamide, trans- 
1,4-dihydroxy- 2 -butene, trans- 1,4-dichloro- 2 - 
butene, benzalacetophenone, 2-methyl-2-butene, 
mesityl oxide, hexachlorocyclopentadiene, cyclo- 
octadiene, and stilbene. Major competitive pro- 
cesses known to occur are polymerization 
(styrenes) and reduction (ethylazodicarboxylate 
to ethylhydrazodicarboxylate). Abstraction of 
allylic -hyhrogen, a majbr process leading to 
3,3'-bicyclohexenyl from cyclohexene, nlay be the 

1Addition of isopropyl acetate directly, rather than in 
its present disguise as 1, is not a promising alternative. 
First, simple esters are poor reagents for radical chain 
adiition and second, they add prefereptially in the sense 
>CC02CHR2 rather than >CHC02CR2 (2, 3b). 
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TABLE 1. Analyses and nmr spectra of tertiary acetates 

Analvsis (%) 

Reactant Producta 

Calcd. Obsvd. 

C H C H 

1.55 (s, 6), 2.02 (s, 3), 2.36 (m, 4) 

0.95 (d, 3), 1.38 (s, 3), 1.46 (s, 3), 
1.92 (s, 3), 1.99-4.75 (m, 3), 9.66 (t, 1) 

1.43(s,6), 1 .98(s ,3) ,2 .18(~,3) ,  
1 .80-2.68 (m, 4) 

1 .38 (s, 6), 1.88 (s, 3), 1 .90-2.42 (m, 4). 
3.61 (s,3) 

1 . I7  (t, 3), 1.47 (s, 6), 1 .94 (s, 3). 
2.02 (t, 2), 3.22-3.63 (m, 4) 

1 .54 (s, 6), 1.98 (s, 3), 2.28-3.18 (m, 3). 
3.68 (s, 3), 3.74 (s, 3)  

1.48 (s, 6), 2.00(s, 3), 1 .OO-2.35 (rn. 1 1 )  

aAll products showed the appropriate inirnrcd bands for the ester function (co. 1735 cm-', the genl-dimcthyl systcm (ca. 1250 cm-') and  for othcr strongly-absorbing functional groups, if any. 
bCClr, 6-values, followed by multiplicity symbol and  relative integral. 
C2-Acetoxy-2-(2'-bicyclo[2.2.I]heptyl)propane; probably the rmo isomer. 
dMethyl 4-acetoxy-3-cnrbomethoxy-4-methylpent-2-cote cis-tra~ls mixtilre. ~ . ;~ t io  2:1. Aucmpts to  separate the isomers by glpc failed and assignment of  thc structures of  the major and mino). 

isomers from spectra of the mixture was not possible. 
C4-Acetoxy-4-methylvaleronitrile. 
JNitrogen: calcd. 9.03, found 8.76. 
04-Acetoxy-3,4-dimetliylpentannl. 
h5-Acetoxy-5-methylhcxan-2-one. 
iMetliyl-2-acctoxy-2-methylpenmnoatc. 
JEthyl-3-acetoxy-3-methylbutyl ether. 
~Mcthyl-2-acctoxy-3-carbometlioxy-2-metli~Ipcntanoa1c. 
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cause of some other failures. Whether or not the 
expected adducts were actually formed in some 
cases but were too unstable to survive, is also 
not known. 

More work will need to be done to  improve 
our understanding of the addition process, and 
of competitive processes, before the potential of 
this new method can be fully realized. It may be 
possible to find selective chain transfer agents 
(HA) which function like 1 in [3] to decrease the 
lifetime of adduct radicals (5), thereby suppress- 
ing polymerization. Such agents would have to  
react more slowlv with 4 than with 5 and the 

valuable reagents for functionalizing alkenes and 
alkynes by radical chain addition. Synthesis of 
monodeutero compounds: using hydroxyl deu- 
terated 1 or its analogs, is an obvious extension 
for which the general approach may be partic- 
ularly well suited. 
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Synthetic application of a-hydroxydiazene systems. 11. 
Uncatalyzed and phenol catalyzed radical chain hydro-tert-butylation 

of unsaturated compounds with tert-butylazodiphenylcarbinol 

DOMINIC W. K. YEUNG AND JOHN WARKENTIN 
Department of Clternistry, McMaster Urziuersity, Hatnilton, Orztario L8S 4MI 

Received July 21, 1975 

DOMINIC W. K. YEUNG and JOHN WARKENTIN. Can. J. Chem. 54, 1345 (1976). 
tert-Butylazodiphenylcarbinol 1 decomposes in benzene solution by a chain mechanism 

involving tert-butyl radicals. Many olefinic compounds and azobenzene act as radical traps and 
are hydro-tert-butylated by 1. The regiochemistry of hydro-tert-butylation of unsymmetric 
alkenes is that expected for a mechanism which involves addition of tert-butyl radical so as to 
form the most stable radical adduct, which subsequently abstracts hydrogen from 1. 

In some cases phenol acts as a catalyst for the hydroalkylation process. The novel catalytic 
effect of phenol in a radical chain process is attributed to the favourable thermochemistry for 
induced, concerted decomposition of 1 by radical attack at hydroxyl hydrogen. 

DOMINIC W. K. YEUNG et JOHN WARKENTIN. Can. J. Chem. 54, 1345 (1976). 
Le tert-butylazodiphknylcarbinol 1 se dCcompose en solution benzknique par un mkanisme 

en chaine impliquant des radicaux tert-butyles. Plusieurs composks olkfiniques et l'azobenzkne 
agissent comme pibge B radicaux et sont hydro-tert-butylks par 1. La rkgiochimie de la rhction 
de l'hydro-tert-butylation des alcknes non-symetriques correspond B celle attendue pour un 
mkanisme qui implique l'addition du radical tert-butyle de f a ~ o n  B former l'adduit radicalaire 
le plus stable suivi par un enkvement subskquent d'hydrogkne B partir de 1. 

Dans quelques cas, le phenol agit comme catalyseur pour le processus d'hydroalkylation. Ce 
nouvel effet catalytique du phknol dans un processus radicalaire en chaine est attribuk B une 
thermochimie favorable pour la dkomposition induite et concertke de 1 par une attaque 
radicalaire au niveau de l'hydrogene hydroxylique. 

[Traduit par le journal] 

Concerted induced decomposition by radical 
attack at the hydroxyl hydrogen [I] is a recently 
recognized mechanism in the chemistry of a- 
hydroxydiazene systems (1-3). The stabilization 
afforded at the transition state from the heats of 

[ I ]  RIR2C-N=N-R3 + RU -+ R4H + RIR2C0 
I 

formation of N2 and of a carbonyl group is 
sufficient to permit a variety of radicals (R4-), 
even highly stabilized ones, to abstract hydroxyl 
hydrogen. In particular, Rq. can be the adduct of 
R3- and an alkene or alkyne (1, 3), such as 
acrylonitrile or dimethylacetylenedicarboxylate. 
In other words, decomposition of an a-hydroxy- 
diazene in the presence of an unsaturated com- 
pound can result in radical chain addition of the 
groups R3 and H to that compound (1-3). 

In this paper we report the application of tert- 
butylazodiphenylcarbinol, 1, (R, = R2 = C6H5, 

'For part I see Knittel and Warkentin (I). 

R3 = tert-Bu) as a reagent for radical chain 
hydro-tert butylation of unsaturated compounds. 

Methods and Results 

tert-Butylazodiphenylcarbinol, 1, was synthe- 
sized from tert-butylazodiphenylmethyl acetate 
as described elsewhere (2). In a typical reaction of 
1 with an unsaturated substrate, 1 in benzene 
was mixed with the substrate (about 4 equiv.) and 
the resulting solution was heated at 50 OC for 
12 h. In some cases the reaction appeared to be 
over in 4 h or less, as judged visually froin the 
rate of gas evolution (bubbling). In experiments 
with added phenol, the phenol was introduced 
all at once before the heating period. 

Yields were determined directly by glpc or 
pmr after addition of a known quantity of an 
internal standard. Pure samples of products, 
most of them known compounds, were obtained 
from the gas chromatograph or by column 
chromatography. Their identities were readily 
confirmed by ms, ir, and pmr spectroscopy. 
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TABLE 1 .  Hydro-tert-butylation of unsaturated compounds 

Reactant Product Yield (%',)a 
- 

CHz=CHCN (CH3)3CCH2CH2CN 63(85)b (20)C 
CH2=CHCOCH3 (CH3)3CCH2CH2COCH3 31(23)C 
CH3CH=CHCH0 (CH3)3CCH(CH3)CH2CH0 32(50)c 
CH2=CHC02CH3 (CH3)3CCH2CH2C02CH3 8(40)C 
CH2=C(CH3)02CCH, (CH3)3CCH2CH(CH3)02CCH3 

&(CH,), 

18(12)C 

& 25(0)C 

GH5N=NCrjH5 C ~ H ~ N H N ( C G H ~ ) C ( C H ~ ) ~  100 
GH5CH=CHC6H5 (trans) C6H5CHrCH(CsH5)C(CH3)3d 0 

"Yield o f  crude product. based on  an assay by glpc or nmr. 
b ~ h e  bracketed number is the yield ofcrude product from a run with phenol present, mol ratio phenol: 

1 = 0.5. 
=The number in parentheses is the yield o f  crude product from a run with phenol present, mol ratio 

phenol: 1 = 1.0. 
dExpected but not obtained. 

tert-Butyl-l,2-diphenylhydrazine was synthesized 
by a second route, from rerr-butyllithium and 
azobenzene. 

Results of small scale reactions of 1 with six 
olefinic substrates and with azobenzene are 
gathered in Table 1. Large scale syntheses were 
not attempted in this exploratory work. 

Discussion 
Although all substrates listed in Table I 

reacted with 1 in the desired sense, the yields 
ranged from 100% down to about 20%, based 
on 1. The quantitative yield with azobenzene is 
striking, especially in view of the fact that de- 
composition of 1 in the presence of trans-stilbene 
did not lead to 1,2-diphenyl-3,3-dimethylbutane. 
Addition to azobenzene, but not to stilbene, 
could be attributed to a large dependence of 
either propagation rate constant on the structure 
of the unsaturated acceptor molecule. That it is 
the addition step which is responsible was 
indicated clearly by the finding that isobutane, 
which is not formed in reaction of 1 with azo- 
benzene, is a major product of decomposition of 1 
in the presence of stilbene. Apparently tert-butyl 
radicals prefer abstraction of hydrogen from 1 
over addition to stilbene, even if the latter is 
present in higher concentration. This could be 
the result of a low rate constant for addition to 
stilbene or of reversibility of the addition step. 
Slow addition or ready reversibility, whichever is 
applicable, must be attributed in part to steric 
hindrance in the 1,2-diphenyl-3,3-dimethylbutyl 
radical. In particular, it is probably difficult to 

achieve the necessary planarity for benzylic 
resonance in that radical. 

Addition to azobenzene, on the other hand, is 
probably more facile than addition to stilbene. 
First, steric hindrance in the adduct radical 
should be less severe because the bond angles at 
both nitrogens are expected to be approximately 
trigonal, on the basis of known angles in di- 
phenylpicrylhydrazyl (4). Second, the adduct 
radical is stabilized by hydrazyl resonance 

. .. .. . 
R-tj-NR2 tt R-v-NR: 

as well as benzyl resonance. The transition state 
for addition would have to be product-like to 
gain most of the available hydrazyl resonance, as 
a rotation about the N-N bond is required to 
bring the originally orthogonal lone pair and 
the T-orbital into conjugation. We have not 
found estimates or experimental values in the 
literature for the magnitude of hydrazyl stabiliza- 
tion. That it is large is suggested by the spin 
density distribution (NI = 62%, N2 = 26%) 
estimated from the epr splittings of diphenyl- 
picrylhydrazyl (for references and a review of 
hydrazyl radical chemistry see ref. 5). If hydrazyl 
resonance is a source of substantial stabilization, 
as available evidence indicates (5), then even a 
fraction of it available at the transition state 
could be sufficient to account for the very 
different behaviours of azobenzene and stilbene 
toward tert-butyl radicals. 

Phenol (and thiophenol) accelerates the chain 
decomposition of 1 (2) and, in some cases, 
increases the yield of the addition product 
(Table 1) from decomposition of 1 in the 
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YEUNG AND WARKENTIN 

presence of an alkene. Efficient chain transfer via 
phenoxy radicals and phenol would decrease the 
lifetime of an adduct radical, thereby nlininiizing 
polymerization, while maintaining (or enhanc- 
ing)2 the reaction rate (Scheme 1). Since phenol 

( C H ~ ) ~ C C H ~ ~ H Y  + CH2=CHY + Telomer and 
polymer 

( C H ~ ) ~ C C H ~ ~ H Y  + ArOH - (CH3)3CCH2CH2Y 
+ ArO. 

ArO. + 1 + ArOH + (C6Hg)zCO + N? + (CH313C. 

can also intercept ieri-butyl radicals before 
addition to substrate has occurred, it is not 
surprising that added phenol can also reduce the 
yield of addition product (Table 1). The con- 
centration of phenol required for optimizing the 
yield of adduct is expected to be different for 
each unsaturated substrate because the rate 
constants for abstraction froni phenol, for 
polymerization, and for chain termination are 
structure dependent. 

Although optiinizatioii experiments still need 
to be done, the discovery that catalysis can occur 
appears to be new and important. While it is 
possible that many free radical reactions are 
catalyzed by adventitious or unintended H-atom 
donors, including reactants or products having 
allylic hydrogens, such catalysis, if it exists, must 
be hard to demonstrate and controL3 We are not 
aware of any other clear cut examples of catalysis 
by an organic compound in a radical chain 
addition. Hydrogen bronlide catalyses radical 
addition of thiols to olefins (6) ,  presuniably 
because addition of thiyl radicals is reversible 
and the reverse reaction is suppressed if an 
outstanding chain transfer agent like HBr is 
present. 

The reason for the rarity of such catalysis is 
most easily seen by considering the features 
which allow phenol to play a catalytic role in the 
present case. Phenol is a good H-donor to 
radicals largely because of the resonance stabiliza- 
tion of the phenoxy radical. That stabilization, 
however, means that phenoxy radicals are very 

2Rate enhancement is presumably the result of a 
decreased rate of termination rather than the result of 
initiation. 

3We thank a referee for this suggestion. 

poor at radical substitution and will not normally 
accon~plish the chain transfer step required to 
complete a catalytic role. Their sluggishness in 
radical addition and radical substitution steps is. 
of course, the basis of the normal inhibitory 
function of phenols in radical processes. Induced 
decon~position of a hydroxydiazene like 1. 
however, is exceedingly exothermic, even if the 
inducing radical is as stable as phenylthiyl (2), 
because of the formation of a carbonyl group and 
of n~olecular nitrogen. E n o u ~ h  of that favourable 
enthalpy change is available at the transition 
state to make the abstraction by phenoxy radicals 
very efficient. Consequently, phenol acts as a 
true catalyst. 

A general principle can be formulated based 
on the present results. For sysieins (A-B) which 
recici 1vi1h ~nuar~iraiecl sli6siraie.s by radical chaitl 
ocl(li~lilio~~, illere 1 7 7 ~ 1 ~ 1  be co~nl~olincls (Y-B) ~l7ich 
can act (is eflecriue caralysis l o r  ike a(1cliiion 01' 
A-B. S~ich caialysis can be exl~ectecl only if both 
chain trcitzsfe~. sieps, Y-B + Re -3 Y e  + BR 
ancl AB + Y. 4 A. + YB, are uery ,/acile. 
Although demonstrated catalysis in radical chain 
addition is currently rare, nlore examples will 
probably be found as illore 'activated addends', 
such as a-hydroxydiazenes, are applied as 
reagents for synthesis. 

Experimental 
I'roton magnetic resonance spectra were obtained with 

Varian HA-100 or Bruker WH-90 instruments using 
CDC13 as solvent and TMS as internal reference. The 
numbers are &values followed, in brackets, by the 
multiplicity symbol, the apparent coupling constant ( J ) .  
where appropriate, and the relative integral. 

Infrared spectra were obtained with a Beckman-1R5 
instrument and mass spectral molecular weights are based 
on low resolution spectra from a Hitachi RMU-6A in- 
strument. 

For gas-liquid partition chromatography, an Aero- 
graph A90-P3 instrument was used with a 10 ft X 0.25 in. 
column packed with Carbowax 20M (157i1) on 60-80 
mesh Chromosorb A, at 100-120 "C and with a helium 
flow rate of 60 ml min-1. 

In a typical procedure the unsaturated substrate 
(ca. 0.060 mol) was added to a solution of 1 (mp 74.5- 
75.5 "C (dec.) (2), 0.40 g, 0.0015 mol) in benzene (3.5 ml). 
The mixture was stirred or shaken until it was homogene- 
ous before it was heated at 50 "C for 12 11 in a septum- 
stoppered flask vented with a syringe needle.4 Vigorous 
gas evolution was observed in all cases either immediately 
after mixing or soon after heating had started. In most 

4Reactions of azobenzene with 1 were carried out a t  
35 "C. 
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cases the bubbling stopped well before the end of t l ~ e  12 11 
heating period. Bulb-to-bulb distillation under vacuum 
left behind the benzophenone and telomeric material, 
if any. 

Yields of the first six products (Table I)  were estimated 
by glpc after addition of rerr-butylbenzene in known 
quantity to the distillate. The thermal conductivities of 
rert-butylbenzene and of methylacrylate, determined by 
injecting a mixture of known composition were found to 
be the same within experimental error. tert-Butylbenzene 
was used as  the standard for the first six products (Table 1) 
without correction for differences in thermal conductivi- 
ties, if any. 

For reactions of azobenzene with 1 the yield was 
estimated by pmr after addition of tert-butylbromide to a 
portion of the crude reaction mixture. Only one high field 
signal was found in addition to that from the bromide and 
integration indicated a quantitative yield, within experi- 
mental error. Isolation of !err-butyl-l,2-diphenylhydra- 
zine by extraction into cold aqueous hydrochloric acid 
was not successful but column chromatography, as 
described below for the alternative synthesis of that 
compound, gave material of mp 52-53 "C in 407" yield 
(isolated). 

Individual syntheses are outlined below in the format: 
olefinic substrate, product, major ir bands (cm-1, CDCI]), 
and pmr spectrum (6,  CDCI]). 

Acrylonirrile: 4,4dimethylvaleronitrile; 2250 (CN), 
1370fierr-BU) (7); 0.93 (s, 9), 1.61 (t, J = 7.8 Hz, 2), 2.30 
( J  = 7.8 Hz, 2). 

Meilly1 uir~il ketone: 5,5-dimethylhexan-2-one (rnol. 
wt. 128); 1710 (CO), 1365 ( (er r -~u) ;  0.89 (s, 9), 1.64 
(t, J = 9.0 Hz, 2), 2.15 (s, 3), 2.48 (t, J = 9.0 Hz, 2). The 
2,4dinitrophenylhydrazone melted at  105-106 "C (lit. 
(8) mp 105-106 "C). 

Crotor~aldel~yde: 3,4,4trimethylpentanal (rnol. wt. 129); 
2820 and 2720 (CHO), 1720 (CO), 1370 (rert-Bu); 0.89 
and 0.97 (s, rert-Bu (s) and one arm of CHI (d), total 12), 
1.54-2.62 (m, 3), 9.66 (m, 1). The 2,4dinitrophenyl- 
hydrazone (rnol. wt. 308) melted a t  l lO°C (lit. (9) mp 
112-1 12.5 "C). 

Metl~yl acrylare: methyl-4,4dimethylvalerate; 1730 
(CO) 1370 (tert-Bu), 1164 (CO~CHJ) ;  0.88 (s, 9), 1.36-1.56 
(m, 2), 2.10-2.30 (m, 2), 3.50 (s, 3). 

Isopropenyl acetate: 2-acetoxy-4,4dimethylpentane 
(rnol. wt. 158); 1725 (CO), 1370 (fert-Bu); 1270 (ester 
C--0-C);0.91 (s,9), 1.20(d, J = 6.1 HZ, 3), 1.40-1.78 
(m, 3), 2.01 (s, 3). 

Norbornetle: exo-2-terr-butylbicyclo[2.2.l]heptane; 1367 
(terr-Bu); 0.87 (s, 9), 0.96-1.60 (m, 9), 2.05-2.30 (m, 2). 
The pmr spectrum (CC4)  reported in the literature (10) is 
in good agreement with ours (CDCI]). 

Azobenzetle: (err-butyl-l,2-diphenylhydrazine (mp 52- 
53 "C); 1365 (rerr-Bu); 1.10 (s, 9), 6.50-7.20 (rn, lo), NH 
not seen in pmr spectrum. Anal. calcd. for C16H20N~: 
N 11.67; found: N 11.62. 

lrldeperldeler~t S~r~tlresis of tert-B~rtyl-l,2-clip/ler1yl/1ydrazi11e 
The approach was based on the reported (11) reaction 

between phenyllithium and azobenzene. 
A solution of azobenzene (5.5 g, 0.030mol) in dry 

benzene (102 ml) was stirred and cooled with ice during 
addition of rert-butyllithium (0.036 mol, 45 ml of 0.8 M 
solution in pentane) over 10 min. After 10min more in 
the ice bath, cold saturated, aqueous NH4CI was added. 
Separation of the benzene layer, extraction of the water 
layer with ether, drying of the combined organic layers 
and evaporation of the solvents in a rotary evaporator left 
a residue which was chromatographed on basic alumina 
(600g, 80-200mesl1, Brock, activity grade 1). Elution 
with petroleum ether - benzene gave a pale yellow 
crystalline product (10%) which was recrystallized from 
methanol to mp 54-55 "C. rert-Butyl-l,2-diphenylhydra- 
zine is not stable in air. AIINI. calcd. for CL6H2,,N~: 
C80.00, H8.33, N 11.67; found: C80.16, H8.50, N 
12.12. 

The mass spectrometric mol. wt. (240) and the pmr 
spectrum matched those of the product from reaction of 
azobenzene with 1. Major ir bands matched also, but the 
material from radical chain addition had additional 
minor bands attributed to an  impurity. 
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Synthesis and radical decomposition of a-hydroxydiazenes. 11.' 
tevt-Butyllazodiphenyllcarbinoll 
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DOMtNlC W. K. YEUNG and JOHN WARKENTIN. Can. J.  Chem. 54, 1349 (1976). 
tert-Butylazodiphenylcarbinol (PhzC(OH)N=NCMe3, 3) decomposes in oxygen-free benzene 

by the unimolecular radical mechanism characteristic of most azo compounds. In benzene or in 
carbon tetrachloride, with or without air present, decomposition of 3 is also induced by radicals 
through abstraction of hydroxyl hydrogen in concert with the formation of nitrogen. Radicals 
which induce decomposition of 3 include trichloromethyl, tert-butyl, phenylthiyl, tert-butyl- 
peroxy and possibly oxygen. The failure of inhibitors like thiophenol to stop chain decomposi- 
tion of 3 is interpreted in terms of the therrnochemistry of induced decomposition. 

DOMINIC W. K. YEUNG et JOHN WARKENTIN. Can. J. Chem. 54, 1349 (1976). 
Le tert-butylazodiphknylcarbinol (Ph2C(OH)N=NCMe3, 3) se dkcompose dans du benzkne, 

sans oxygtne, par un mkcanisme radicalaire unimol6culaire caractkristique de la plupart des 
c o m p o ~ k ~  azo. ~ a n s  le benzkne ou dans le tktrachlorure de carbone, en p&sence ou-enabsence 
d'air, on  peut aussi induire la dkcomposition de 3 par les radicaux par I'enlkvement de l'hy- 
drogkne de l'hydroxyle en m&me temps que la formation de l'azote. Les radicaux qui induisent 
la dkcomposition de 3 comprennent le trichloromkthyle, le tert-butyle, le phenylthiyle, le 
tert-butylperoxy et possiblement l'oxygkne. On interprkte le fait que des inhibiteurs, comme le 
thiophknol, n'arritent pas la dkcomposition en chaine en termes de la thermochimie de la 
dkomposition induite. 

[Traduit par le journal] 

Introduction 
a-Hydroxydiazenes, RIN=N-C(OH)R-,R3, 

were first reported by Schmitz, Ohme, and 
Schramm (2) who synthesized 1. Since that time 
several others of that class, including acyclic and 
cyclic inembers have been reported (3-6). Some 
of these are relatively stable (kinetically) a t  

ambient and higher temperature while others 
decompose so rapidly as to preclude convenient 
purification and isolation. Although the kinetic 
instability of such systems might be attributed, 
in part, to stabilization of the transition state for 
C-N homolysis by the hydroxy substituent(s), 
the wide range of stabilities of a-hydroxydiazenes 
suggested that there might be another factor. 
Evidence for concerted, induced decomposition 
of 2 by radical attack at  the hydroxyl hydrogen 
was reported recently (I), eq. 1. 

'For part I see Knittel and Warkentin (1). 

Radicals capable of abstracting hydroxyl 
hydrogen efficiently from 2 include not only 2- 
acetoxy-2-propyl, arising from induced decompo- 
sition of 2, but also a variety of radicals resulting 
from addition of 2-acetoxy-2-propyl to an alkene 
or alkyne (I,  7). The extraordinary chain transfer 
ability of 2, which makes it a useful reagent for 
synthesis, was attributed to  a concerted abstrac- 
tion mechanism [l] in which part of the heats of 
formation of N-, and of a carbonyl group are 
realized at the transition state to lower the 
usually high (8) activation energy for H-abstrac- 
tion from the hydroxyl group.2 

The potential of 2 and other derivatives of the 

2Griller and Ingold (8) have recently discussed H- 
abstraction from the hydroxyl group of alcohols by free 
radicals. Cyclopropanols are exceptional in their reac- 
tivity, which has been accounted for in terms of ring 
opening in concert with H-abstraction from the hydroxyl 
group (9). 
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A3- 1,3,4-oxadiazolin-2-one family(l0)as reagents TABLE 1. Kinetics of decomposition of 3 at 35 "C 

for radical chain synthesis of small molecules led 
Initial 11s to prepare other a-hydroxyazo systems. In concentration Reaction k X 104 

this paper we report the synthesis of tert- conditions (s-I)n 
butylazodiphenylcarbinol, 3, and some of its 
free radical chemistry. 0.231 CC14, air 25.6 

0.231 CC14, air 18.2 
0.230 CC14, air 34.1 

Results and Discussion 0.220 CCI4, air 36.3 

Synthesis 
tert-Butylazodiphenylcarbinol, 3, was synthe- 

sized according to Scheme 1. The first step, to 
benzophenone-tert-butylhydrazone via tert-butyl 
Grignard reagent had been reported (1 1). Oxida- 
tion with bromine in cold acetic acid gave the 
azoacetate, provided that care was taken (Ex- 
perimental). Conversion of the azoacetate 4 to 
the lithium derivative of 3 by treatment with 
methyllithium, followed by acidification. gave 3 
as a colorless, crystalline solid. 

Spin Trapping 
A benzene solution of 3 and nitrosobenzene 

in an open tube gave a strong, triplet epr signal, 
a,- = 12.89 G, g = 2.0079. A degassed sample 
gave a more complex spectrum in which each of 
the three lines was split into nine lines with 
intensity ratios 1 :2:4:6:6:6:4:2: 1. Hyperfine 
splitting by aryl hydrogens when oxygen is kept 
out of a sample containing phenyl-tert-butyl 
nitroxide radicals has been reported by others 
and our values of the hyperfine constants, 
a H ~ r l h o  = aHPaTa = 2aHmefa = 1.91 G, are in good 

agreement with those in the literature (12, 13). 
These epr results suggest that 3 decomposes by a 
radical pathway and that the radical trapped by 
nitrosobenzene is the tert-butyl radical. The 
products obtained from decomposition of 3 
under other conditions (below) serve to confirm 
that assignment. 

CC14, degassed 
CC14, degassed 
CC14, degassed 
CC14, degassed 
0.02 M CcjH5SH 
C6H6, degassed 
C6H6, degassed 
CGH6, degassed 
CGH6, degassed 

' T h e  first-order rate constant for  disappearance of the Icrl-butyl 
signal of 3 except where otherwise noted. 

b ~ p p a r e n t  first-order rate constant. At  the initial concentration o f  3 
spec~fied only the early points (co. 0.5 I,,?) were slightly off a first-order 
line through the origin. The  plot included points representing u p  to 
four half-lives. 

CBetween first and three-halves order in 3 but  fitting neither. 

phenone, tert-butylchloride, and chlorofornl. 
Disappearance of 3 and appearance of tert-butyl 
chloride, followed by integrating the tert-butyl 
signals in the pmr spectrum, were first order but 
the apparent first-order rate constant was not 
reproducible from run to run (Table 1). That 
behaviour is inconsistent with rate-determining, 
unimolecular homolysis of 3 but is expected for a 
radical chain process, the rate of which can 
depend strongly on the concentrations of 
adventitious initiators and/or inhibitors and/or 
chain transfer agents. 

One initiator of deconlposition of 3 inay be 
oxygen. In carefully degassed carbon tetra- 
chloride solutions, 3 always decomposed more 
slowly than it did in corresponding undegassed 
samples prepared from the same batches of 3 and 
solvent (Table I). The largest observed rate 

Decomposition in Carbon Tetrachloride factor attributed' tentatively to initiation by 
In carbon tetrachloride, 3 decomposes spon- oxygen in air was approximately 165 (Table I), 

taneously at room temperature yielding benzo- for solutions of 3 in carbon tetrachloride. 

I Brz, HOAc 
( I )  CH3Li 4 

(C6H5)2C-N=N-C(CH3)3 <- (C6H5)2C-N=N-C(CH3)3 
I (2 )  H3O+ I 

OAc 

4 
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YEUNG AND WARKENTIN 1351 

First-order chain decomposition of 3 in de- superimposed on unimolecular decomposition. 
gassed carbon tetrachloride is consistent with The most reasonable chain mechanism for de- 
chain termination by reaction of trichloromethyl composition of 3 in benzene is the attack of 
radicals with tert-butyl radicals. tert-butyl radicals at the hydroxyl hydrogen. 

Decomposition in Benzene 
Solutions of 3 (0.24 M) in benzene gave 

reproducible first-order kinetics if air was ex- 
cluded (Table l), suggesting that decomposition 
of 3 goes by unimolecular, radical bond scission 
under those conditions. Higher initial concentra- 
tions, however, led to kinetics which fit neither 
first nor three-halves order. That behaviour can 
be accounted for in terms of a chain component 

The products fit that mechanism well. Benzo- 
phenone and isobutane were the only readily 
detectable products but concentration of the 
isobutane fraction revealed a small amount 
(0.9% by glpc; 2% by ms) of isobutene in it. 
Isobutene could be formed by chain termination 
involving disproportionation of tert-butyl rad- 
icals and by disproportionation reactions of a 
radical pair arisingfrom unimoleculardecomposi- 
tion of 3, [2]. The former source is more likely 

[21 
- N2 

(C~HS)~C-N=N-C(CH~)~ -> ( C ~ H S ) , ~ O H  ~ ( c H ~ ) ~  / 
1 

OH h (C6HS)2CHOH + (CH3)2C=CH2 

for several reasons. First, disproportionation 
step a [2] is more likely than step b on thermo- known to be better H-abstractors than tertiary 
chemical grounds since a leads to a C=O bond radicals like tert-butyl. As expected, the pmr 
whereas b leads to a C=C bond. In support of spectrum of the product mixture from decompo- 
path a and against path b is the report that sition of 3 in benzene in the presence of air was 
diphenylhydroxymethyl radicals are not spin complex and included at least four sigrials slightly 
trapped by 2-methyl-2-nitrosopropane but are downfield from the isobutane doublet. Isobutane 
converted instead to benzophenone by transfer was still a major product under conditions of 
of the OH hydrogen to the nitroso group (14). limited oxygen supply (capped nmr tube). 
Second, the diphenylcarbinol expected from step 
b could not be detected in the benzophenone Eflect of Thiophenol 
fraction by either ir or tlc. If essentially all of the Inhibition of chain decomposition of 3 by 
isobutane originated from induced decomposi- traces of adventitious impurities is unlikely. 
tion of 3, as would be the case for a long-chain Even thiophenol, an excellent inhibitor of many 
process, then the decomposition should fit three- radical chain processes does not inhibit de- 
halves-order kinetics. Since the observed kinetics composition of 3. In fact, thiophenol (0.02 M) 
is between first and three-halves order in 3, it is an effective accelerator of decomposition of 3 
appears that chains are short, in the range of in CC14 (Table 1). The formation of isobutane 
concentrations used, and that isobutane arises (ca. 60%) when thiophenol is present (0.02 M), 
not only from the induced decomposition but but not when it is absent, can only mean that the 
also via path a [2]. tert-butyl radical abstracts much more efficiently 

Mild acceleration of the rate of decomposition from thiophenol than from carbon tetrachloride, 
of 3 in undegassed benzene solutions may be as expected. The resulting phenylthiyl radicals 
attributed to several factors. First, initiation by must in turn be efficient at abstracting hydrogen 
attack of oxygen at the OH group must be con- from the hydroxyl group of 3 to account for the 
sidered in view of the fact that 'stable' free high rate. A chain length near 1000 can be cal- 
radicals like phenylthiyl are chain carriers for culated if it is assumed that the rate constant for 
decomposition of 3 (see below). Another likely unimolecular decomposition of 3 in carbon 
factor is a greater chain length when tert-butyl- tetrachloride containing thiophenol is the same 
peroxy radicals are chain carriers. Peroxy rad- as the rate constant for decomposition of 
icals, which are certain to be formed in oxy- azoacetate 4 in benzene (k13'" = 1.20 X 10-6s-1) 
genated solutions containing alkyl radicals, are and that the thiophenol did not contain initiators. 
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Mechanism and Thermochemistry 
Induced decomposition of 3 by relatively 

stable radicals requires a concerted process, such 
that some of the-heat of formation of nitrogen " 
and of a carbonyl group is realized at the transi- 
tion state [3]. The enthalpy of the reaction [3], 
calculated without considering conjugation in 
benzophenone, is approximate$ +3 1 kcal mol-I 
minus the R-H bond energy. 

For the case where R = C6H=,S [3], AH0 is 
calculated to be about - 50 kcal mol-I . In order 
to have a thermoneutral abstraction step [3] the 
radical R-  would have to form a R-H bond 
with a bond energy near 31 kcal mol-l. Such 
weak bonds are not found in stable molecules 
and it follows that inhibitors which normallv 
function by forming radicals too stable to serve 
as chain carriers may be quite useless for in- 
hibiting induced decomposition of 3. Effective 
inhibitors which function bv addition or sub- 
stitution reactions with radicals may still be 
found, but they will have to inhibit decompssi- 
tion of 3 by virtue of a high activation energy for 
an exothermic process (eq. 3, R = inhibitor- 
derived radical). Triphenyl stannane, which 
inhibits chain decomposition of 2 (I), was found 
to be ineffective as an inhibitor of 3. 

Experimental 
Bet~zopl~et~ot~e Irydrazot~e was prepared by refluxing 

benzophenone (100g, 0.55 mol) with 85y0 hydrazine 
hydrate (75 g, 1.28 mol) in absolute ethanol (100 ml) for 
24 h. The solution was cooled to room temperature and 
subsequently to ice temperature. Filtration of the colorless 
needles and recrvstallization from hot 95% ethanol gave 

Diphetyldiazomethat~e was prepared by oxidation of 
benzophenone hydrazone with yellow mercury(I1) oxide 
(16). From 39 g of hydrazone was obtained 35 g (goy0) of 
product, mp 29-30 "C (lit. (16) mp 29-32 "C). 

Bet~zophetzone tert-butyll~ydmzot~e was synthesized from 
diphenyldiazomethane and tert-butyllithium in a pro- 
cedure similar to that in the literature (1 1), based on tert- 
butyl Grignard reagent. Diphenyldiazomethane (4.0 g, 
0.021 mol) was dissolved in 10 ml each of benzene and 
cyclohexane in a 250 ml septum-sealed flask equipped 
with a stirring bar. The flask was flushed with dry nitrogen 
and cooled with ice before tert-butyllithium (0.024 mol, 
25.0 ml of 0.97 M reagent in pentane) was added from a 
syringe during 15 min. The solution turned dark brown 

and became semisolid. The ice bath was removed and the 
flask was shaken occasionally during 15 min before 
anhydrous ether (30 ml) was added to the mixture to 
dissolve the dark, oily material. Cold, saturated NH4Cl 
solution was added slowly until the color of the solution 
turned to yellow-orange (80-100 ml). The organic layer 
was separated and the aqueous layer was extracted twice 
with ether. Drying of the combined organic extracts with 
anhydrous NarS04, followed by evaporation of the 
solvents under vacuum left a yellow-orange oil. Crystal- 
lization from aqueous ethanol gave a yellow solid, 77% 
yield, mp 74-75 "C (lit. (11) mp 73.5-75 "C). 

More rapid addition of the tert-butyllithium, or in- 
creasing the stirring time before work-up, reduced the 
yield of product, sometimes drastically. 

tert-Butylazodiphenylmetl~yl acetate, available by oxida- 
tion of benzophenone tert-butylhydrazone with Pb(IV) 
acetate (17), was also prepared by oxidation with bro- 
mine. A solution of benzophenone tert-butylhydrazone 
(1.0 g, 4.0 X 10-3 mol) in glacial acetic acid (50 ml) con- 
taining sodium acetate trihydrate (5.4 g) was stirred and 
cooled with ice while bromine (0.70 g, 4.4 X mol) in 
glacial acetic acid (10 ml) was added in the course of 
10-15 min. Ice water (100 ml) was added and the resulting 
mixture was extracted with methylene chloride until the 
aqueous layer was colorless. The combined methylene 
chloride extract was washed, first with water and then 
with 5y0 sodium bicarbonate solution, to remove acetic 
acid. Drying over anhydrous Na2S04, followed by 
evaporation of solvent with a rotary evaporator, left 
0.95 g (77%) of crude product as a yellow oil containing 
some benzophenone (vco 1650cm-1). The oil was dis- 
solved in pentane from which crystals separated after 5 
days in a refrigerator, 3570 yield, mp 59-61 "C (lit. (17) 
mp 61-63 "C). 

tert-Butylazodiphetylcarbit~ol: a solution of tert-butyl- 
azodiphenylmethyl acetate (3.1 g, 0.010 mol) in 70 ml of 
anhydrous ether, under dry nitrogen, was cooled to 
- 10 "C. Methyllithium (0.026 mol, 15 ml of 1.7 M re- 
agent in ether) was added by drops from a syringe, with 
stirring, during 10 min. After 15 min more, ice-cold, 
saturated NH4CI solution (50ml) was added slowly. 
After separation of the organic layer the aqueous phase 
was extracted thrice with ether. The ethereal fractions 
were combined, dried with anhydrous Na2S04, and con- 
centrated (without heating) under reduced pressure with a 
rotary evaporator. The pale yellow solid which remained 
was recrystallized from pentane. The yield of the title 
compound, mp 74.5-75.5 "C. (dec.), was 70%; ir (CCh), 
3625 and 3340 cm-1 (free and bonded OH), 1650 cm-1 
(CO of benzophenone), increasing in intensity with time 
as decomposition progressed; Raman (solid), 1587.4 cm-1 
(N=N); pmr (CC4,  -12 "C), a 1.33 (s, 9), 5.92 (s, I), 
7.28-7.66 (m, 10). The signal at 5.92 6 disappeared as a 
result of shaking the solution with a drop of D20 before 
cooling to - 12 OC. Atlal. calcd. for Cl7H20N20: C 76.12, 
H 7.46, N 10.45; found: C 75.88, H 7.55, N 10.30. 

Kinetics 
Experiments were carried out in nmr tubes at the 

temperature of the Varian-T60 probe (35 "C). Slow runs 
were also done with a constant temperature water bath 
(35.0 + 0.1 "C) from which tubes were transferred at 1 h 
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YEUNG AND WARKENTIN 1353 

intervals to the probe for integration. For kinetic runs 
with oxygen present the tubes were capped while they 
were in the probe but they were removed at  regular 
intervals for shaking and for venting of accumulated gas. 
Kinetic runs with oxygen absent were performed using 
sealed nmr tubes. Solutions in the tubes were put through 
three or more freeze-pump-thaw cycles (vacuum line 
pressure < 0.01 torr) before sealing. 

About 20 integrals of the terr-butyl signals of 3 (6 1.33) 
and of rerr-butyl chloride (6 1.60) were recorded for runs 
in CC14; the time intervals between integrals ranging from 
1 min to  1 h, depending on whether or not air was 
excluded. 

Standard first-order treatment of the data gave straight, 
least-squares fits to  the equation In [a/(a - x)]  = kt + c, 
with small positive values of c except in the case of con- 
centrated solutions in benzene (above). 

Prodrrcts 
The major products from decomposition of 3 in CC14 

were rerr-butyl chloride, chloroform, and benzophenone. 
Isobutane could not be detected by pmr or glpc. !err- 
Butyl chloride and chloroform were identified by pmr 
and by comparing their retention times on several glpc 
columns with those of authentic samples. The yields of 
rerr-butyl chloride (897,) and chloroform (96%) were 
estimated by glpc after addition of a weighed quantity of 
chlorobenzene, which served as a standard. A 10 ft  X 0.25 
in. column packed with Carbowax 20M (157,) on 60-80 
mesh Chromosorb A was used at  110 OC with a helium 
flow rate of 120 ml/min. Peak areas were estimated by 
cutting and weighing. 

Evaporation of the volatile products at  the vacuum 
pump, addition of a small amount of methanol to  the 
residue, and treatment of the resulting mixture with 
2,4dinitrophenylhydrazine reagent gave benzophenone- 
2,4dinitrophenylhydrazone, mp 238 "C (lit. (18) mp 
238 "C). 

Isobutane, from decomposition of 3 in benzene and in 
carbon tetrachloride with added thiophenol, was de- 
tected in the pmr spectrum as a doublet ( J  = 6.0 Hz) at  
6 0.89. The identity of the product producing that signal 
was confirmed, both by glpc and by pmr, with solutions 
prepared by bubbling isobutane (Matheson) into carbon 
tetrachloride (or benzene). 

Yields of isobutane were estimated by calculating that 
fraction of the total high field integral which was con- 
tributed by the isobutane doublet. Reactions in degassed 
benzene gave isobutane yields near 91%. In CC14 with 
thiophenol (0.02 M) added, the yield of isobutane was 
60% and the yield of rerr-butyl chloride was 407,. 

Isobutene from decomposition of 3 in degassed benzene 
was detected as described below. Spent solutions from 
several kinetic runs were cooled before the nmr tubes were 
cut and the contents were transferred to  a bulb attached 
to a vacuum line. The bulb was cooled with liquid N2 
during evacuation and was allowed to  warm while 
another receiver on the line was cooled to  receive volatile 
material from the bulb. Distillate thus collected was then 
allowed to  volatilize into the vacuum line. A sample of 
the gas was analyzed by ms with a Hitachi RMU6A 
instrument using 9eV electrons. The ratio of peaks 
corresponding to  isobutane and isobutene (mass 58 : mass 

56) was 100:2. A sample of isobutane (Matheson) gave a 
negligible signal for mass 56, relative to that for mass 58. 
at  the same instrument settings. 

Some of the gas remaining in the vacuum line was 
condensed into the N2-cooled gas sampling loop of the 
gas sampling accessory for the Varian Aerograph 
A90-P3 gas chromatograph. Simultaneous switching to  
the injection mode and heating of the loop with hot water 
injected the sample onto a 10 ft  X + in. column packed 
with SE 550 (31%) on firebrick. The same column had 
been used previously to  separate isobutane from the 
isomeric butenes (19). Instrumental conditions similar to  
those described (19) led to  two signals the areas of which 
were estimated by triangulation. Injection of a mixture of 
isobutane and isobutene prepared from authentic samples 
(Matheson) was carried out to  confirm identities. 
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Isolation and structure of pimaydolide, a cyclodepsipeptide metabolite 
of Pithomyces maydicuslt2 

D. W. RUSSELL 
Biochemistry Departrnetrt, Dalhortsie University, Halifax, Noca Scotiri 

W. D. JAMIESON AND A. TAYLOR 
National Researcir Cowzcil of Canada, Atlarltic Regional Laboratory, Halifax, Notia Scoria B3H 321 

AND 

B. C .  DAS 
It~stitut de Chimie des Substarlces Natnrelles, C.N.R.S., 91190, Gif-srtr-Yvette, Fratrce 

Received October 29, 1975 

D. W. RUSSELL, W. D. JAMIESON, A. TAYLOR, and B. C. DAS. Can. J. Chem. 54,1355 (1976). 
A new metabolite has been isolated from cultures of Pithon~yces maydicus. Evidence is pre- 

sented that suggests its structure is cyc~o(~-2-oxy-3-methylbutyryl-~-va~y~-~-leucyl-~-2-oxy-4 
methylvaleryl-~-2-oxy-3-methylbutyryl-~-N-methylleucyl), 1. 

D. W. RUSSELL, W. D. JAMIESON, A. TAYLOR et B. C. DAS. Can. J. Chem. 54, 1355 (1976). 
On a isole un nouveau mitabolite des milieux de culture du Pithon~yces rnaydicus. On prt- 

sente des donnies qui suggkrent que sa structure est la suivante soit cyclo(~-oxy-2 mtthyl-3 
butyryl D-valyl D-leucyl L-oxy-2 methyl-4 valeryl L-oxy-2 methyl-3 butyryl L-N-mCthylleucyl) 
(1). 
\ ,  

[Traduit par le journal] 

The crude depsipeptide fraction (1) obtained 
(2) from cultures of Pithornyces rnoydicus on rye 
grain, was separated into two fractions, one 
soluble in carbon tetrachloride and an insoluble 
crystalline material. The former gave sporidesm- 
olide IV (3) and the latter was purified by re- 
peated recrystallization, to  constant, integral, 
amino acid composition. The new metabolite 
was a colorless, crystalline neutral compound, 
soluble in chloroform, sparingly soluble in other 
common organic solvents, and insoluble in 
water. It slowly sublimed when heated above 
200 "C and its ord showed no Cotton effect but its 
cd showed a well defined asymmetric band at 
A,,, 244 nm (A6 -62"). It was separated from 
sporidesmolide IV (3) by tlc on silica gel, using 
toluene - ethyl acetate - chloroform (1 : 1 : 1) as 
the developing solvent. Elemental analysis and 
high resolution mass spectroscopy indicated that 
its molecular formula was C M H ~ ~ N ~ O ~ .  Acid 
hydrolysis gave valine, leucine, N-methylleucine, 
2-oxy-3-methylbutyric acid, and 2-oxy-4-methyl- 
valeric acid in the ratios 1 : 1 : 1 : 1 :2. 

INRCC No. 15174. 
2This work was carried out under the joint scientitic 

agreement between Centre National de la Recherche 
Scientifique de France and the National Research 
Council of Canada. 

Pimaydolide consumed 3 equiv. of alkali on 
saponification, unlike the sporidesmolides which 
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CAN. J. CHEM. VOL. 54. 1976 

required 2 equiv. (3-5). Acidification of the 
alkaline reaction mixture gave a precipitate which 
after digestion with chloroform provided spor- 
idesmolic acid A 2 (4). The chloroform mother 
liquors from sporidesmolic acid A on evapora- 
tion and sublimation gave a crystalline sublimate 
whose elemental analysis and mass spectrum 
indicated its molecular formula to be C I ~ H ~ ~ N O ~ .  
No indication of higher homologues was found 
in its inass spectrum. This C12 compound was not 
acidic but it slowly dissolved in dilute alkali. On 
acid hydrolysis L-2-oxy-3-methylbutyric acid and 
L-N-methylleucine were obtained. Hence, this 
volatile saponification product is the mor- 
pholine-3,6-dione 3. Another saponification 
product, L-2-oxy-4-methylvaleric acid was ob- 
tained by extraction of the filtrate from the acids 
insoluble in water, and sublimation of this 
extract. Thus all the amino and hydroxy acid 
fragments found in pimaydolide, were obtained 
in the saponification products and the sequences 
2 and 3 (assuming the absence of transannular 
esterification processes) are present in the 
metabolite. It is also unlikely, on stoichiometric 
grounds, that the hydroxy acid residues present 
in 2 and 3 arise from the same fragment in the 
metabolite. 

The most probable ion reactions of pimay- 
dolide in the mass spectrometer involved the loss 
of C3H6 or C4Hs from the hydrocarbon side 
chains of the depsipeptide ring. The spectrum 
was searched by a method analogous to that of 
Biemann el al. (9) from the high mass end of the 
spectrum for ions that had retained these side 
chains and hence, sequence information. Mass 
measurement data for such ions are given in 
Table 1, and the ion reactions are summarized 

in Scheme 1. Each ion reaction given was 
observed by focussing the Dupont instrument on 
the daughter ion and then varying the accelera- 
tion voltage. The m/e of the parents were then 
calculated by the product of the m/e value of the 
daughter ion and the inverse of the ratio of the 
voltage at which it was detected to the voltage of 
detection of the parent. An abundant ion in the 
spectrum had m/e 6 1 1 ,  its formation involving 
the loss of one of the three isopropyl side chains 
as C3H6. This m/e 61 1 ion then fragmented by 
the complex reaction 

but the subsequent reactions of the product m/e 
582 ion and its daughters have been demonstrated 
previously in many analogous systems (6, 8, 9). 
Thus the first reaction of the ion m/e 582 is the 
loss of 28 mass units shown to arise from a ring 
carbon by its elemental composition (CO). 
Subsequently a fragment C4HION is lost which is 
most probably derived from the valine residue 
in the metabolite. However after further loss of 

TABLE 1.  Precise mass determinations of the molecular 
ion and fragment ions of pimaydolide 

Precise mass 

Ion Found 

653.4252 
61 1.3884 
582.3857 
554.3799 
482.2957 
454.3039 
354.1919 
326.1981 

Calculated 

653.4251 
611.3881 
582.3854 
554.3805 
482.2991 
454.3042 
354.1917 
326.1967 
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RUSSELL ET AL. 

C34H59 N309  

m/e 528 

v 

m/e 439 

J, m']r7 m / e 3 8 1  L 

V V C,, HZ8  NO5 + CO 

CO the next nitrogenous fragment lost, was not 
C5H12N as would be expected from the sporides- 
molic acid A sequence, but C6H14N. This moiety 
is therefore fragmented from the other end of the 
linear ion(s) whose parent is the m/e 582 ion. 
Thus, the N-methylleucine residue in pimaydol- 
ide is linked to the valine group through a 2-oxy- 
3-methylbutyryl residue, lost in the ion reactions 
653 + 61 1 - 582 - 554. It follows that the 
sequence N-methylleucyl-2-oxy-3-methylbutyryl- 
valylleucine is present in pimaydolide, and the 
complete sequence can be deduced if the mor- 
pholine-3,6-dione 3 does not arise by transan- 
nular transesterification. 

Permethylation of pimaydolide gave-a mixture 
of products (7). When the crude mixture was 
distilled into the mass spectrometer, at room 
temperature a molecular ion at m/e 386.2781 
(C20H3~N205 requires 386.2781) was obtained 
together with abundant ions at m/e 355,200, and 
87 (m* -- 37.3, 200- 87). In the spectrum of 
perdeuteriomethylated pimaydolide, measured 
under the same conditions, ions were observed 
at m/e 398, 364, 206, and 90 (m* -- 39.1, 
206 - 90). These results are consistent with 
conversion of pimaydolide, in the permethylation 
reaction to methyl N,N,O-trimethylsporides- 
molate A. 

When the permethylation reaction was allowed 
to continue for 30 min, a mass spectrum was 
obtained, at a source temperature of 110°C. 
whose most abundant ions had ~ n / e  500.3469 
(C26H48N207 requires 500.3462). 469, 355.2597 
(CI9H35N204 requires 355.2597), 228, 200, and 
87. Metastable peaks indicating the ion reactions: 
500 - 469 (m* -- 440), 469 - 200 (m* -- 86), 
355 - 228 (m* -- 147), 228 + 200 (m* -- 175). 
228+ 87 (m* -- 33) were also observed. An 
abundant ion m/e 413 probably resulted from the 
loss of 87 mass units from the methoxyl end of 
the molecule. These data, therefore uniquely 
define the structure of a second pimaydolide 
permethylation product as l-carboxymethyl-3- 
methylbutyl-N,N,O-trimethylsporidesmolate A 
4. The precursor ion experiments allow this 
sequence to be expanded at the hydroxyl end to 
the expression 5, and hence, on stoichiometric 
grounds to the structure 1 for pimaydolide. This 
structure is in accord with the nature of the 
saponification products 2 and 3 and also with the 
ions observed at 150°C in the mass spectra of 
the permethylated and perdeuteriomethylated 
products at m/e 727 (739) and 681 (687); values 
in parentheses are perdeuteriomethylated species. 
Further a complete analysis of the formation of 
ions of m/e 356.2433 (C19Hs4N05 !requires 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1358 CAN. J .  CHEM. VOL. 54. 1976 

356.2437, 362) and 469.3268 (C25H45N206 re- 
quires 469.3278, 478), where all fragmentation 
~ossibilities were considered led to the same 
sequence of hydroxy and amino acids in the 
depsipeptide ring3 Pimaydolide is therefore a 
structural analogue of sporidesmolide IV in 
which an amino acid residue (L-valyl) is replaced 
by the corresponding hydroxy acid residue 
(L-2-oxy-3-methylbutyryl). This situation is to 
our knowledge unique, but is of some taxonomic 
and toxicological importance (10). 

Experimental 
Melting points were measured on a Kofler hot stage. 

Infrared spectra were measured for paraffin mulls unless 
otherwise stated, using a Perkin-Elmer l37B spectro- 
photometer. Identities were established by comparison of 
ir spectra. Specific rotations were measured with a Hilger 
Model A polarirneter; values quoted are the means of at  
least 10 readings, and the probable error (0.6754 X U )  is 
given. Optical rotatory dispersion and circular dichroism 
measurements were obtained with a Cary 60 spectro- 
polarimeter. Mass spectra were obtained with Dupont 
21-1 10B and A.E.I. MS-9 instruments. Solid samples were 
introduced directly into the ion source using a controlled 
temperature probe (11) at a block temperature of 180- 
200 "C. Precise mass measurements were made ( + 3 ppm) 
by peak matching and ( +7  ppm) by pliotoplate measure- 
ment. In both cases perfluorokerosene was used as an 
internal standard. Permethylation and perdeuteriometliyl- 
ation reactions were carried out by treating pimaydolide 
(1-3 mg) with excess sodium metliylmetliylenesulpliinate 
in dimethyl sulphoxide (0.2 ml) and methyl iodide or 
C[?HI31 for 1-30 rnin (see text for exact times). The reac- 
tion mixture was diluted with chloroform (1.5 ml) and the 
solution washed three or four times witli water, when it 
was evaporated and used without further treatment for 
mass spectroscopy. 

Isolariotl of Pitt~oydolirle fiotn Crrl~rrres of' Pi117ot?7yces 
tnayrlicrrs IMI 46232 

The organism was grown on rye grain as has been 
described (1) for P. cllarrarrrt?~ and after treatment with 
methanol the grain was extracted 3 times with chloroform. 
The chloroform extract was treated with charcoal and 
alumina as previously described (3). The ether insoluble 
portion (57 g) was dissolved in chloroform (1000 ml), the 
volume reduced by distillation to 250 ml, and carbon 
tetrachloride (1750 ml) added. Distillation was con- 
tinued, witli periodic addition of carbon tetrachloride, 
until all the chloroform was removed. The resulting 
cloudy solution (2000 ml), allowed to stand at  4 'C for 
24 h ,  furnished an insoluble product (6.8 g). Repetition 
of this procedure using carbon tetrachloride (500 ml) gave 
a crude depsipeptide (5.1 g) which, on repeated recrystal- 
lization from ethanol (120 ml/g), gave pit~irr~~(loli(l~, mp 

3Full details are available, at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 052. 

(sealed tube) 253-254 'C. Atlrrl. calcd. for C34HS9N309: 
C 62.5. H 9.1, N 6.43, 0 22.04; found (separate samples): 
C62.65, 62.92, 62.07. H8.91, 8.99, 9.05, N6.59, 6.07. 
6.37. 0 22.17, 21.52. [a],?' +6.2 (c 2, CHC13. [@]220Zn 
+25 000 (r. 0.05, trifluoroetlianol), A,,,(MeOH) 244 nlii 
( J e  -62'), A ,;,, 3.0, 3.1 (N-H), 5.73 (ester CO), 5.95. 
6.1 (amide CO), 6.6 (amide 11) pm. 

Acirl Hjriroljsis of Pimayrlolide 
Pirnaydolide (6.5 mg) was hydrolyzed in hydrochlor~c 

and acetic acids and the amino acid composition deter- 
mined by paper chromatography of the reconstituted 
hydrolysate (12, 13). The following amino acids were 
tentatively identified; valine, leucine, and N-methylleucine 
in the ratio 1.18:1.00:1.03 and in a separate sample, 
1.00: 1.04:0.99. Ion exchange chromatography gave 
valine-leucine ratios of 0.95 : 1 .OO and 1.00:0.98 (in 
separate samples). In another sample run at half speed 
for N-methylamino acids (13, 14) valine, leucine, and 
N-methylleucine in the ratio 1.03:0.92:1 .OO were identi- 
fied by comparison of their elution times with those of 
standards. Paper chromatograms of ether extracts of the 
hydrolysates in [err-butyl alcohol - 4.25 N ammonia 
(4:l)  showed 2 acid spots corresponding in R, to 2- 
hydroxy-3-methylbutyric acid and 2-hydroxy-4-methyl- 
valeric acid respectively, the former being the more 
intense. 

Alkalitle Hydrolysis of Pimayrlolirle 
A solution of pimaydolide (2.13 g) in chloroform 

(50 ml) was diluted with ethanol (400 ml) and then con- 
centrated to 200 ml, when sodium hydroxide solution 
(N, 10 ml) was added and the solution evaporated itr 
ctrcrro to 20 ml. Water (50 ml), ethanol (50 ml), and 
sodium hydroxide (N, 25 ml) were added, and after 30 
min the solution was titrated with standard hydrochloric 
acid (3.06 equiv. NaOH/mol). The neutral solution was 
concentrated at  50 "C/14 torr to 50 rnl, filtered, acidified. 
and kept at  4 'C for 24 h. The precipitate was collected 
(A) and the filtrate continuously extracted with ether. The 
extract was evaporated and the residue sublimed 
(60 "C/14 torr). The sublimate was resublimed 3 times 
and the final sublimate recrystallized from ether-hexane 
gave L-2-hydroxy-4-methylvaleric acid (0.24 g, 0.56 mol/ 
mol pirnaydolide), mp 79-81 "C, [aID2' - 13.1 i0 .96,  
( C  1.83, HzO), equivalent, 132, 132 (C6HI2O3 requires 132). 
Na salt, [a]," -24.95 i 1 . 5 4  (c 1.19, H3O). This acid 
(0.199 g) was oxidized with sodium bismuthate (3, 15) and 
gave isovaleraldehyde-2,4-dinitrophenylhydrazoe 0.121 
g, mp 123-124 "C, R, 0.68, ascending paper (Wliatman 
3MM) chromatography, stationary phase dimethyl sul- 
phoxide, mobile phase ethyl acetate - hexane (1 :9). 

The acids (A, 1.58 g) were stirred with chloroform 
(22 ml) for 30 min, the suspension kept at  4 OC for 6 h 
and the precipitate dissolved in sodium bicarbonate 
solution (l';.;,, 80 ml). The solution was acidified, and the 
precipitate (0.87 g) recrystallized from 20% aqueous 
acetic acid (30 ml) furnished sporidesmolic acid A (4) 
(0.75 g), mp 199-200 "C, [a],22 1-60 i 0 . 3  (C 5, HOAc); 
[a]4002' +85, [aI3oo2? +260, [a]?so22 +651 (c 0.1, H20); 
[ a ]40o~~  +58, [a]27722 + 118, [a]25122 0, [a]22qZ2 - 1029, 
(c 0.1, MeOH). The chloroform mother liquors from 
sporidesmolic acid A were evaporated and the residue 
digested with small volumes of chloroform. The precipi- 
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A new depsipeptide from Pithomyces chn~tavum~~~ 
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R. RAHMAN, A. TAYLOR, B. C. DAS, and J. A. VERPOORTE. Can. J. Chem. 54, 1360 (1976). 
Further examination of the pithomycolide fraction of extracts of cultures of Pirhon~yces 

cl~arrarrtm has resulted in the isolation of a new depsipeptide, for which the structure cyclo(~- 
N-methylalanyl-~-valyl-~-3-oxy-3-phenylpropionyl-~-3-oxy-3-phenylpropionyI-~-2-oxy-3-meth- 
ylbutyryl) is proposed. 

R. RAHMAN, A. TAYLOR, B. C. DAS et J. A. VERPOORTE. Can. J. Chem. 54, 1360 (1976). 
Un examen plus poussk de la fraction pithomycolide des extraits de culture du Pir/zon~+vce.s 

cllarrarum nous a permis d'isoler un nouveau depsipeptide pour lequel on propose la structure 
cyclo(~-N-methylalanyl L-valyl D-oxy-3 phenyl-3 propionyl D-oxy-3 phinyl-3 propionyl L-oxy- 
2 methyl-3 butyryl). 

[Traduit par le journal] 

In 1960 Synge and White (1) reported the 
presence of a new natural product containing 
alanine in extracts of cultures of Pithomyces 
chartarum. They reported that the new metabolite 
was nontoxic, had mp 244 "C, [a]  -95 (HOAc), 
and that it was probably related to other depsi- 
peptide metabolites (2) of the mould. These 
cultures were grown on potato-carrot medium 
but in subsequent large scale production of 
sporidesmin (3), the fungus was grown on rye 
grain and relatively large quantities of fractions 
containing the new depsipeptide were accumu- 
lated. An examination of this material was 
carried out by Briggs et (11. (4) who were unable 
to obtain material of similar purity to that of 
Synge and White (1) by extensive fractional 
crystallization. From hydrolysates of their purest 
preparations (mp 242-244 "C (dec.)) Briggs et 01. 
isolated L-alanine, L-N-methylalanine, L-2-oxy- 
3-methylbutyric acid, and D-3-hydroxy-3-phenyl- 
propionic acid in the ratios 1 : 1 : 1 :2. Elemental 
analysis suggested an empirical formula C15H1 8' 

No4 which was expanded to C30H36Nz08 for the 

INRCC No. 15175. 
2This work was carried out under the joint scientific 

agreement between Centre National de la Recherche 
Scientifique de France and the National Research Council 
of Canada. 

molecular formula on the basis of a molecular 
ion at m / e  552, and consideration of the stoi- 
chiometry of the hydrolysis products. These 
recrystallized preparations were, however, in]- 
pure because ions at m / e  580 were observed in 
the mass spectra. Briggs et (11. proposed the 
structure shown in Fig. 2 (R = Me) for the main 
component, named pithomycolide, of the depsi- 
peptide mixture, basing the sequence of amino 
and hydroxy acids on the production of 1.4 mol 
of cinnamic acid on mild alkaline hydrolysis and 
the formation of 2-aminopropan-1-01 after 
treatment of pithomycolide with lithium boro- 
hydride, followed by acid hydrolysis. 

During work on the isolation of sulphur- 
containing metabolites of P. chartarzrm (e.g. ref. 
5) it was found that sporidesmin B (3) could be 
separated from the pitholnycolides by increasing 
the length of the partition chromatography 
column used in the purification of sporidesmin 
(3). A typical separation is shown in Fig. 1A. 
Fractions were combined on the basis of the 
weight distribution and on the formation of 
methyl cinnamate after esterification of the 
products of hydrolysis. Reversed phase chroma- 
tography of such fractions (Fig. 1 B) gave material 
that contained less than 0.0170 S, did not 
give a positive azide-iodine reaction (6), and on 
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RAHMAN ET AL. 

Spor i desm in  

A r----- I 

I \  I P i t homyco l i des  * 

FIG. 1. (A) Partition chromatogram of an  extract of mycelium of P. cl~nrfmnrn on hyflosupercel 
using the solvents carbon disulphide-methanol- water (5:4:1). (B) Reversed phase partition 
chromatogram of fractions 11-16 from chromatogram A using the solvent benzene-chloroform- 
methanol-water (15: 15:23 :7). 

quantitative amino acid analysis gave (mol%): 
N-methylalanine 47.3: arginine (?) 0.5, glutamic 
acid 1.5, glycine 0.5, alanine 32.2, cysteine (?) 
0.5, valine 17.1, leucine 2.4, and N-methylleu- 
cine 0.5. Thin layer chromatography on silica gel 
or high pressure liquid chromatography on por- 
ous glass beads separated this mixture into three 
major zones, which were isolated by preparative 
tlc. The chemistry and physical properiies of each 

Expll. Error 
a/* ppl 

485.2153 1 

332.1499 1 

316.1544 2 

231.1013 3.5 

131.0494 2 

FIG. 2. Fragmentation of pithomycolide (R = Me) and 
its homologue (R = "Pr) in the source of the mass 
spectrometer. The precise mass measurement for the 
molecular ion of the new depsipeptide is given in the text. 
Other mass measurements are means of the results from 
the two compounds; the maximum error is indicated. 

will be discussed in order of increasing RF. 
The band of RI: = 0.44 (pithomycolide) had 

physical properties identical with those reported 
by Synge and White (1). Gas-liquid chroma- 
tography of its methanolysis products (7) gave 
methyl cinnamate as the main peak on the 
chromatogram. Cinnamic acid and ~-2-oxy-3- 
methylbutyric acid were the only non-nitrog- 
enous acids recovered from hydrolysates. 
Quantitative analysis of the amino acids in such 
mixtures gave (mol%); N-methylalanine 49.5, 
alanine 50.1, and valine 0.2. An ion at m/e 
552.2477 ( C ~ O H ~ ~ N Z O ~  requires 552.2471) was 
shown to be a molecular ion by inserting the 
experimental values for its abundance together 
with those of ions 1, 2, and 4 mass units greater 
into the 'ELAL' algorithm recently reported (8). 
No ions greater than these were detected. The 
sequence of ion fragmentations shown in Fig. 2 
were deduced from the appearance of metastable 
ions in the spectra measured on the instrument 
having Nier-Johnson optics. This sequence was 
verified by precursor ion experiments run on the 
instrument having Mattauch-Herzog optics (10). 
The latter results are given in Table 1 where the 
numbers in parentheses indicate the relative 
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TABLE 1. Ion reactions in the first field free region of the mass spectrometer 
after electron impact ionisation of pithomycolide 

m / e  values 

Daughter ion 465 332 

1 
552 (940) 552 (50) 
510 (40) 

465 (1600) 
424 (70) 
404 (210) 

Parent ions 375 (12) 

extent of the fragmentation of the adjoining 
parent ion to its daughter in the first field free 
region of the inass spectrometer. While the 
relationship of these reactions to the fragmenta- 
tion process as a whole has not been determined, 
high figures probably indicate likely fragmenta- 
tion reactions of the molecule. Thus the loss of 
an alanine unit (465), then a phenylpropanoid 
unit (332, 316), then a N-methylalanine inoiety 
(23 l), and finally a valeric acid unit (1 3 1) can all 
be seen to be probable reactions (9). 

Two volatile products of the exhaustive meth- 
ylation of pithoinycolide could be selectively 
distilled into the source of the mass spectrometer. 

The most volatile showed abundant ions at nzle 
316, 285, 200, 172 and 87 corresponding to the 
sequence shown in 1. The other product had 
prominent ions at mle 432, 401, 231, and 131 
easily accounted for by addition of a cinnamoyl 
residue to the entity 1 as shown in 2. These 
results thus support the structure proposed by 
earlier workers (4). 

The band of RF = 0.67 from the preparative 
tlc had the ir spectrum shown in Fig. 3B; the 
differences between this spectrum and the 
spectrum of pithomycolide can be seen in Fig. 3. 
The uv spectra and cd of the two metabolites 
were identical. Cinnamic acid and 2-oxy-3- 
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RAHMAN ET AL. 

I- I I I I I 1 I I I I 4 
4000 3000 2000 1600 1200 800 cm-1 

FIG. 3. Infrared spectra of pithornycolide ( A )  and the new depsipeptide (B). 

methylbutyric acid were found in the ratio 2:l 
in hydrolysates, which on quantitative amino 
acid analysis gave (molyc): N-methylalanine 
48.2: valine 5 1, leucine 0.4, N-methylleucine 0.3, 
and alanine 0.1. Further preparative tlc reduced 
the alanine content of hydrolysates of the major 
band to <O.O1yc but we were unable to remove 
leucine and N-methylleucine from this material 
chromatographically. The mass spectrum of the 
recrystallized band of RF 0.67 was identical with 
that of the total sporidesmolide fraction (9), with 
molecular ions at m/e 638 and 652. By increasing 
the temperature of the sample from 250 to 
270 "C over a period of 60 min, the spectrum 
slowly changed and an ion of m/e 580 increased 
in abundance while those at m/e 285 and 569 (the 
most abundant in the spectra of the sporides- 
molides) disappeared. From the amino acid and 
elemental analysis of the sample, the maximum 
content of sporidesmolides was 0.5%; thus 
fractional sublimation of the sample removed 
these entities and gave a sublimate having mp 
223-224 "C,  which still showed traces of leucine 
in acid hydrolysates, but on mass spectroscopy 
gave a molecular ion at m/e 580.2781 (C32H40- 
N208 requires 580.2783), with no molecular 
species of greater mass detectable. These results 
suggest caution in the interpretation of the mass 
spectra of mixtures of depsipeptides. The most 
abundant ions in the mass spectrum of the new 

depsipeptide were identical with those given in 
Fig. 2 for pithomycolide. The difference in the 
two metabolites thus lies in the fragment lost in 
the formation of the ion m/e 465 (C27H31N06). 
In the case of pithomycolide this is C3H5N02 
and in the new metabolite CsH9N02 correspond- 
ing to alanine and valine residues respectively. 
A volatile product was obtained from the 
permethylation and perdeuteriomethylation re- 
actions of the new metabolite. Its mass spectrum 
was closely similar to that described above for 
the most volatile permethylation product of 
pithomycolide (1). The molecular ion m/e 344 
was shown to bear three introduced methyl 
groups because the perdeuteriomethylated prod- 
uct had m/e 353. The ion at m/e 200 retained 
only one such group, hence in the fragmentation 
processes leading to m/e  200 one nitrogen and 
two methyl groups have been lost. Thus the 
sequence 2-oxy-3-methylbutyryl-N-methylalanyl- 
valine deduced above receives support and the 
new metabolite can be considered as the valine 
homologue of pithomycolide. Such a substitution 
has been reported in the peptidolipin series (1 1). 
It is a remarkable coincidence that the most 
probable ring fission by electron impact occurs 
at the point that is the source of biological 
variability. 

The band of R, = 0.89 from the preparative 
tlc appeared to be mainly sporidesmolides from 
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its mass spectrum and amino acid analyses of its 
hydrolysates. However, the hydrolysates always 
contained cinnamic acid and N-methylalanine; 
thus the presence of higher homologues of 
pithomycolide cannot be excluded. 

Experimental 
Ultraviolet spectra were measured on a Beckman DK-2 

instrument, ir on a Perkin-Elmer 521 spectrometer and 
mass spectra on A.E.I. MS-9 and Dupont 21-1 IOB mass 
spectrometers. Precise mass measurements were made by 
the peak matching method, using a suitable ion of known 
mass in the spectrum of perfluorokerosene. Permethyla- 
tion reactions were carried out by treating the depsipep- 
tides (1-2 mg) with an excess of sodium methylmethylene 
sulphinate and methyl iodide in dimethyl sulphoxide for 
5 to  20min. Circular dichroism measurements were 
obtained on a Cary 60 instrument. Depsipeptides (2 mg) 
were hydrolysed in a mixture of acetic acid (0.2 ml) and 
hydrochloric acid (10 N, 0.2 ml) for 48 h, at 110 "C. The 
diluted (X3)  acidic solution was extracted with ether and 
the raffinate evaporated. The water soluble residue was 
used directly for amino acid analysis using a JEOL JCL- 
5AH instrument for quantitative work. Qualitative paper 
chromatography of hydrolysates was done on Whatmann 
3MM paper with !err-butyl alcohol- ammonia as pre- 
viously described (2). Gas-liquid chromatography was 
carried out using Chromosorb W as the support and 
silicone oil (SAE 30, 5%) as the liquid phase. Helium was 
the carrier gas (10 l/min) and the column dimensions 
were 1.5 m X 1.5 mm. High pressure liquid chroma- 
tography was run in stainless steel columns (1 m X 1.5 
mm) packed with 'Porosil' (Dupont) glass beads and 
chloroform-ethyl acetate (4:l) was the developing 
solvent. 

Isola!iotz of Pi~lzomycolide atrd Relaled Cotnporords 
The crude extract (1.6 g) obtained from cultures of P. 

charravrrtn on rye grain (3) was dissolved in the bottom 
phase (5 ml) of the solvents carbon disulphide - methanol 
-water (5:4:1) and purified Hyflosupercel (2 g) added. 
The excess solvent was allowed to evaporate at room 
temperature and the mixture was then packed (12) on a 
jacketed Hyflosupercel column (45 X 4 cm) prepared 
as described by Ronaldson er id. (3). The column was 
maintained at 28 "C (10.1  "C) by pumping water at  
constant temperature through the jacket. The flow 
through the column was maintained a t  5 ml/min by a 
head pressure of 0.5 kg cm-2. Fractions were collected 
as the surface of the upper mobile phase above the column 
descended each 2 cm. Fractions 11-16 (Fig. 1A) were 
collected from 2 runs of the above column, were com- 
bined (150mg), methyl orange (0.5 mg) added, and 
chromatographed on a hydrophobic (12) Hyflosupercel 
column (35 X 1 cm) using the top phase of the solvents 
chloroform-benzene-methanol-water (1 5:15:23:7) as the 

mobile phase. Fractions were collected as before after 
the appearance of methyl orange in the eluate. Frac- 
tions 24-26 (65 mg, Fig. 1B) were collected, combined. 
and applied as a streak of silica gel (Stahl, 40 X 20 X 
0.2cm) and the plate developed with chloroform- 
ethyl acetate (4:l) until the solvent was 18 mm from the 
top. The plate was dried at  100 "C for 5 min, cooled, and 
sprayed with distilled water, when three bands could be 
seen (R, 0.44, 0.67, 0.89) under intense illumination 
(5, 40 W fluorescent tubes). The bands were eluted 
with ethyl acetate and were rechromatographed in 
the same way until that of RF 0.44 contained only traces 
of valine after hydrolysis, and that of R, 0.67, alanine. 
The band having RF 0.44 recrystallized from benzene- 
hexane as colorless rods (10.2 mg) mp 243-244 "C, 
[ciID25 -67, (c 0.07, CHCIj), -95 (c 0.1, HOAc), A m a x  
(MeOH) 250, 256, 263, 266 nm ( e  690, 855, 650, 400), 
A(Me0H) 217, 227, 261, 267, -305 nm (Ae 0,  -600, 
$4.6, +5.2, $0.9") ir Fig. 3A. The band of R, 0.67 
separated from cyclohexane as colorless rods mp 219- 
220 "C, 4.1 mg, ir Fig. 3B. Atzol. calcd for C32H40N208: 
C66.2, H6.9,  N4.8, 022.1;  found: C66.0, H7.3,  N 
5.1, 0 21.8. This material was heated at 260 "C/0.1 torr 
in a capillary tube when it sublimed as two bands; the 
most volatile was only detectable with a lens. The tube 
was cut between the bands and the least volatile band 
gave colorless rods from cyclohexane mp 223-224 "C, 
m/e 580.2781 (C32H40N208 requires 580.2783), A,,, 
(MeOH) 250, 256, 262, 266 nm (e 630, 670, 555, 380), 
A(Me0H) 217, 227, 261, 267 nm ( A e  0, -500, +4.2. 
+4.S0), ir Fig. 38. The band of R, 0.89 (35 mg) separated 
from methanol as needles mp 251-256 "C, [cu]I,23 -200. 
(c, 0.25, CHC13), v,,, (KBr) 1755, 1675, 1520 cm-1. 
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Crystal structure of 6-D-acetyl cellobiose, c28M380,9 

F. LEUNG, H. D. CHANZY,' S .  PEREZ, AND R.  H. MARCHESSAULT 
Deparmtenr of Cl~emisrry, Uttiversite' de Mott!re'aI, C.P. 6210, Sltcc. A ,  Monrre'al, Qukbec H3C 3VI 
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F. LEUNG, H. D. CHANZY, S .  PEREZ, and R. H. MARCHESSAULT. Can. J. Chern. 54,1365 (1976). 
The crystal structure of O-D-acetyl cellobiose was studied by X-ray crystallography. The 

crystal data are a = 31.814(4), b = 19.414(5), c = 5.614(1) A, space group P212121. Z = 4. The 
structure, solved by direct method, was refined by block-diagonal least-squares to a final R 
value of 0.075 for 2605 observed reflections. The molecular conformation involves 4C1 pyranose 
rings with glycosidic torsion angles corresponding to near maximum extension of the molecule. 
Substantial differences in conformational angles were observed between this molecule and the 
unacetylated counterpart. The molecules lie along the a-axis of the unit cell. 

F. LEUNG, H. D. CHANZY, S. PEREZ et R. H. MARCHESSAULT. Can. J. Chem. 54, 1365 (1976). 
Les cristaux d'acCtyl-p-D cellobiose cristallisent dans le groupe spatial P212121 du systtme 

~rthorhombique. Les pararnktres cristallins sont: a = 31.814(4), b = 19.414(5), c = 5.614(1) 
A et Z = 4. Les intensites de 3013 reflexions indipendantes ont CtC mesurkes sur un diffracto- 
mktre automatique Picker. La structure a CtC rCsolue par utilisation des mCthodes directes. Un 
affinement anisotrope a conduit B un facteur de reliabilitt final de 0.075. La conformation de la 
molCcule est celle des cycles pyranoses 4C1. 

Les angles de torsion glycosidiques sont tels que la molCcule est proche de son extension 
maximum. La comparaison de la conformation de cette molCcule avec son homologue non 
aci ty lk  rCvkle de notables diffkrences au niveau des angles de torsion. Les mol6cules sont 
parallkles B I'axe cristallographique a de la maille cristalline. 

Introduction Experimental 
A classical approach to the solution of poly- 

mer crystal structures is to examine a homologous 
series of oligomers related to the polymer (I). 
In the case of polysaccharides, this idea has not 
yet been fully exploited in view of the difficulty 
of obtaining good single crystals of oligomers. 
In the cellulose series, it is well known that 
acetylated oligomers crystallize easily (2). Fur- 
thermore cellulose acetate structures are known 
to be closely related to those of cellulose (3, 4). 
For this reason, we have undertaken a systematic 
determination of the structures of oligomers of 
the cellulose triacetate series as a means of 
arriving at a fuller understanding of the cellulose 
structure. 

The present work surveys the results of the 
crystal data on P-D-cellobiose octaacetate. Of 
prime interest is the ring distortion compared to 
cellobiose which is introduced by the acetyl 
substituents and the effect of suppression of the 
intramolecular hydrogen bond which is present 
in cellobiose. We are also interested in the effect 
of acetylation on the values of the torsional 
angles 4, I) about the bridge oxygen (5). 

]Present address: CERMAV (CNRS), Domaine uni- 
versitaire, 38041, Grenoble, CCdex 53, France. 

The material, which was prepared by a conventional 
method of cellulose acetolysis, was kindly supplied by 
M. Vincendon, Centre d'Etudes Nuclhires, Grenoble, 
France. Crystals suitable for X-ray work were obtained 
by slow evaporation of acetone and water. The crystals 
were transparent thin prisms elongated along the chosen 
crystallographic c-axis. The cell parameters were deter- 
mined from a least-squares refinement of the angular 
settings of 12 well centered reflections. 
Crystal data are: 
C28H38019 fw = 678 
4 = 31.814(4), b = 19.414(5), c = 5.614(1) A, V = 3467.4 
A', Z = 4, space group P212121r dabs = 1.28 g cm-3. 
dcnlcd = 1.30gcm-3, F(000) = 1432 (20 "C; CuKa, 1 = 
9.39 cm-I). 

Intensity data were collected on a Picker FACS-I 
diffractometer equipped with a graphite monochromator 
using copper radiation (A = 1.54178 A) within one octant 
of the sphere limited by 28 5 120". The 8-28 scanning 
technique was used throughout the data collection with a 
scan rate of l o  (28) min-1 and a minimum scan width of 
1.5" (28). Background counts of 20 s where taken at each 
end of the scan range. The intensities of three reflections 
were monitored as standards every 30 reflections. The 
data were corrected for Lorentz, polarization, and 
absorption effects. Of the 3013 measured reflections, 2605 
(86%) were considered as observed. These reflections 
have 1/0(1) 2 1.96 where u(I) is the standard deviation 
estimated from counting statistics (6). The data reduction 
was performed in the usual manner using the programs 
of Ahmed, Hall, Pippy, and Huber (7). The atomic 
scattering factors used for the hydrogen and non- 
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TABLE 1 
(a )  Final atomic coordinates and thermal parameters of non-hydrogen atoms. The temperature factor used was 

exp -2~2(U~~a*~112 + . . . + 2UI2a*bfl~k + . . .). The standard deviations refer to the last significant digit. 
The coordinates are in fraction of unit-cell edges X 10.2. All thermal parameters are given X lo3 

Atom X Y Z 1/11 0122 u33 u12 3 uz3 

O(1) ' -836(1) -6490(1) -7231( 7) 41( 1) 63( 2) 49( 2) 2 ( 1 )  O(1) 8 ( 2 )  
O(2) -1492(1) -5556(1) -7264( 6) 54( 1) 47( 1) 40( 1) -1( 1) 6( 1) -0( 1) 
O(3) -2294(1) -6242(2) -7770( 6) 49( 1) 78( 2) 41( 2) 3( 1) -3( 1) -8( 2) 
O(4) -2352(1) -7308(2) -3898( 7) 62( 2) 90( 3) 53( 2) -28( 2) 17( 2) -2( 2) 
O(5) -1268(1) -7335(1) -5895( 7) 52( 1) 52( 2) 59( 2) -3( 1) -0( 2) 8( 2) 
O(6) - 1751(1) -8607(2) -6046( 9) 103( 3) 63( 2) 76( 3) -21( 2) 11( 3) 3( 2) 
O(7) - 1442(1) -5538(2) - 11249( 7) 90( 3) 81( 2) 46( 2) O( 2) 8( 2) 1( 2) 
O(8) -2669(1) -5704(3) -5024( 9) 69( 2) 182( 6) 55( 2) 33( 3) 5( 2) -28( 3) 
O(9) -2769(1) -7741(4) -6720(11) 80( 3) 226( 8) 86( 3) -72( 4) 1( 3) -27( 5) 
O(l0) -2151(5) -9271(6) -4041(15) 577(26) 350(15) 88( 5) -382(18) 18(10) 3( 8) 
C(1) -1201(1) -6619(2) -5957(10) 46( 2) 51( 2) 43( 3) -4( 2) -1( 2) -0( 2) 
C(2) -1554(1) -6283(2) -7281(9) 44(2) 54(3)  35(2) -1 (2 )  6 ( 2 )  -1 (2 )  
C(3) -1972(1) -6440(3) -6081( 9) 44( 2) 66( 3) 35( 2) -3( 2) O( 2) -6( 2) 
C(4) -2015(1) -7199(3) -5588(10) 50( 2) 65( 3) 45( 3) -12( 2) 4( 2) -4( 3) 
C(5) - 1619(1) -7487(3) -4353(11) 62( 3) 69( 3) 44( 3) -16( 3) -3( 3) 8( 3) 
C(6) -1625(2) -8246(3) -3885(15) 85( 4) 78( 4) 84( 5) -23( 3) -17( 4) 18( 4) 
C(7) -1415(1) -5244(2) -9391(11) 41( 2) 58( 3) 49( 3) 8( 2) 8( 2) 6( 2) 
C(8) -2621(1) -5874(3) -7049(12) 45( 2) 80( 4) 55( 3) 3( 2) -1( 2) - 10( 3) 
C(9) -2710(2) -7580(4) -4734(15) 69( 4) 123( 6) 77( 4) -45( 4) 13( 4) - 16( 5) 
C(l0) -1990(3) -9129(5) -5886(16) 195(10) 111( 6) 70( 5) -89( 7) 2( 7) 15( 5) 
q l l )  -1288(2) -4525(3) -9000(14) 63( 3) 68( 3) 77( 4) -5( 3) 6( 3) 7( 4) 
C(l2) -2918(2) -575q4) -9018(14) 64( 3) 105( 5) 69( 4) 23( 3) -17( 4) I (  4) 
C(l3) -3026(2) -7630(6) -2732(20) 89( 5) 188(10) 106( 7) -54( 6) 37( 5) -lo( 8) 
C(l4) -2139(5) -9427(6) -8071(24) 371(24) 154(10) 108( 8) -151(14) 63(13) -36( 9) 
o(1') 828(1) -6371(2) -4911(14) 47( 2) 78( 3) 178( 6) 1( 2) -12( 3) -17( 4) 
O(2') 540(1) -7224(2) -8873( 8) 63( 2) 88( 3) 71( 3) 27( 2) 14( 2) 20( 2) 
O(3') -304(1) -7700(1) -7746( 7) 63( 2) 49( 2) 5 4  2) 5( 1) -9( 2) 1( 2) 
q 5 ' )  153(1) -6054(2) -4293(12) 47( 2) 77( 2) 134( 4) 1 ( 2 )  -6 (2 )  -35(3) 
O(6') -264(2) -5089(4) - 1649(15) 122( 4) 147( 5) 136( 6) 14( 4) 55( 5) - 11( 5) 
O(7') 871(2) -8015(3) -6766(11) 128( 4) 116( 4) 75( 3) 64( 3) -1( 3) 3( 3) 
O(8') -651(2) -7567(3) -11199( 9) 131( 4) 121( 4) 58( 3) - 18( 3) -25( 3) 6( 3) 
O(9') 962(2) -5270(3) -5620(35) 114( 4) 89( 4) 466(22) -26( 3) -66(10) 29( 9) 
O(10') -382(3) -4352(4) -4292(25) 256(10) 127( 6) 235(12) -70( 7) 34(11) 9( 8) 
(21') 429(1) -6299(3) -6099(18) 41( 2) 68( 3) 139( 7) 10( 2) -2( 4) -18( 5) 
C(2') 293(1) -7009(3) -6867(12) 49( 2) 53( 3) 66( 3) 7( 2) 1( 3) -3( 3) 
C(3') - 165(1) -7003(2) -7724(11) 45( 2) 47( 2) 54( 3) 3( 2) -2( 2) 7( 2) 
C(4') -441(1) -6608(2) -5999(12) 39( 2) 48( 2) 63( 3) 5( 2) -3( 2) Y( 3) 
C(5') -249(1) -591q2) -5264(15) 46( 3) 48( 3) 108( 5) 1( 2) O( 3) -12( 3) 
C(6') -504(1) -5607(3) -3270(17) 56( 3) 61( 3) 121( 6) - 1( 2) -8( 4) -46( 4) 
C(7') 815(2) -7742(3) -8587(13) 61( 3) 74( 4) 65( 4) 22( 3) -3( 3) -12( 3) 
(38') -560(2) -7913(3) -9460(13) 87( 4) 71( 4) 53( 3) 3 ( 3 )  -1 (3 )  -0 (3 )  
c(9') 1064(2) -5784(4) -4799(36) 66( 4) 82( 5) 31419) -9( 4) -36( 8) -27( 9) 
C(l0') -260(3) -4639(7) -2754(34) 127( 8) 205(12) 343(22) 74( 8) 157(12) 210(14) 
C(lll)  -731(3) -8619(4) -8989(19) 115( 6) 77( 4) 109( 7) - 23( 4) - 18( 6) -1 1( 5) 
C(12') 1034(2) -7911(5) -10844(16) 92( 5) 134( 7) 82( 5) 48( 5) 7( 5) -18( 6) 
C(13') 1423(2) -5921(6) -2958(34) 92( 6) 132( 8) 280(18) -2( 5) -74(10) -56(12) 
C(14') -32(3) -3967(5) - 1179(23) 126( 7) 135( 8) 157(11) -77( 7) 22( 8) -71( 8) 

hydrogen atoms were taken from Stewart et al. (8) and revealed 37 non-hydrogen atoms, the complete molecule 
Cromer and Waber (9), respectively. was obtained after two successive Fourier maps. After 

The structure was solved by direct methods, employing four cycles of full-matrix least-squares refinements of the 
480 reflections with E > 1.40. The correct structure atomic coordinates and isotropic temperature factors 
corresponds to the lowest R,,,, (0.25) of all 32 phase-sets (R = 0.16), a difference map indicated the locations of all 
generated. The TANFOR program (10) was used to per- the non-methyl hydrogen atoms. The rest of the hydrogen 
form the tangent-formula iteration. The resulting E-map atoms were located with successive Fourier difference 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LEUNG ET AL 

(b) Atomic coordinates and thermal parameters of hydrogen atoms. The 
coordinates are in fraction of unit-cell edges X lo3 

Atom X Y Z U (iso) 

syntheses, with the exception of the methyl hydrogens of 
C(6') acetate. An 'unusually' short C-0 (1.07 A) in the 
C(6') acetate was observed at this stage. A thorough 
analysis and examination of the intensity data revealed 
no obvious errors. At this stage, ideal bond lengths and 
angles were assumed for the position of the C(6') acetate 
group and a new refinement cycle was undertaken. 
However, this yielded the same positions for the atoms in 
question. No other refinement approaches were tried to 
solve this anomaly. 

Block-diagonal least-squares refinements were used 
subsequently to adjust the non-hydrogen atomic posi- 
tions anisotropically and the hydrogen atomic coordinates 
isotropically. The methyl hydrogens of the C(6') acetate 
were excluded in the refinement. The final R was 0.075 for 
2605 reflections havine non-zero intensities. The function 

refinement, the average shift-to-u ratio was less than 
0 . 6 ~ .  A final electron density map showed some residual 
density located around the C(6') acetate, the extreme 
fluctuations being 0.60 and -0.55 e A-3. The final posi- 
tional and thermal parameters are listed in Table 1. 

Results and Discussion 
The bond lengths, bond angles, and the num- 

bering system of the molecule are shown in 
Fig. 1 a and b.2 The standard deviations of these 
quantities derived from the calculated esd's OF 
the fractional coordinates amount to 0.015 A 
and 0.7" for non-hydrogen atoms bond distances 

minimized was C I V ( ~ ~ J  - IF,)' where IV is a weight 'The structure factor table is available, at a nominal 
inversely proportional to the variance derived from the charge, from the Depository of Unpublished Data, 
value of u(1): IV = l/uZ(F). CISTI, National Research Council of Canada, Ottawa, 

No extinction correction was made. At the end of the Canada K I A  OS2. 
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C 13' 

, s ' L O - 3  

y' 
0 s' 

0 8  

C 5 

C 12 

-i/ 
C 13 

FIG. 1. Bond length, bond angles, and atomic nurnberlng for p-D-acetyl cellob~ose. The reader 1s warned that the standard deviations for bond d~stances and 
bond angles yithin the different acetate groups are 0.02 A and 1' respectively except for the q 6 ) .  q l ' ) ,  and C(6') acetate youps for which the standard deviations 
average 0.03 A and 2" for bond distances and angles. 
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LEUNG ET AL. 1369 

and angles respectively, when referring to the 
pyratose rings. These quantities amount to 
0.02 A and 1" for bond distances and angles 
within the different acetate groups with the 
exception of the C(6), C(ll), and C(6') acetate 
grouEs for which the standard deviations average 
0.03 A and 2" for bond distances and angles 
respectively. All bond distances and angles are 
similar to those found in other carbohydrates 
(11) with the exception of C(6), C(ll), and 
particularly C(6') acetate groups. The latter 
belongs to the acetate group situated on the 
'reducing moiety' of the disaccharide and, as can 
be seen in Fig. 1, it has a unique environment 
compared to all other acetate groups in the 
molecule in that it has no acetate nearest neigh- 
bors. It is expected that this would allow the 
maximum opportunity for disorder or thermal 
motion which is probably responsible for the 
abnormal geometry of this group. 

The torsional angles of this molecule and those 
of the ,8-D-cellobiose are listed in Table 2; since 
the esd for these angles is about 4", differences in 
equivalent angles (A) of less than 10" should not 
be considered significant. Apart from the striking 
difference in the orientation of the C6H20R 
groups of the two molecules, significant differ- 

ences in torsional angles are found in [0(2)-C- 
(2)-C(3)-0(3)] and [0(3)-C(3)-C(4)-0(4)]. 
Such differences are certainly due to the non- 
bonded repulsion of the acetate groups on the 
external part of the ring. Comparison of the 
same torsional angles in the primed residue fails 
to show the same large differences. 

The relative orientation of contiguous pyrano- 
sides is customarily described by the torsional 
angles around the glycosidic bonds, C(1)-0 
and 0-C(4'). The angles [H(l)-C(1)-0-C- 
(491 and [C(l)-0-C(4')-H(4')I are denoted 
as the conformational angles 4 and I) respec- 
tively (5). For p-D-cellobiose, the (4, $) values 
are (44.6", - 13.7"), the corresponding angles in 
the acetyl cellobiose are (44.1°, 15.7"). In both 
cases, the angles were calculated based on the 
computed hydrogen positions assuming sp3 
hybridization of the carbocn atoms and with a 
C-H bond lengtli of 1.10 A. The removal of the 
intramolecular hydrogen bond between 
O(5)---O(3') as found in p-D-cellobiose is evi- 
dently responsible for the variation of the angle $. 

A stereoscopic view of the molecuie is shown 
in Fig. 2. 

It is interesting to note that the molecules are 
packed in the unit cell such that their lengths lie 

TABLE 2. Comparison of torsion angles for cellobiose and acetyl cellobiose as 
deduced from X-ray diffraction data 

(a) Torsion angle about the glucosidic bonds 

Torsion angle 

Bonds 

- - 

0-D-Cellobiose 0-D-Acetyl cellobiose 
(ref. 15) (This work) 14 

(b) Torsion angle for the unprimed residue 
(i) Endocyclic torsion angles 

Torsion angle 

Bonds 
p-D-Cellobiose O-~-Acetyl cellobiose 

(ref. 15) (This work) IN 
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(ii) Exocyclic torsion angles 

Bonds 

Torsion angle 

p-D-Cellobiose p-D-Acetyl cellobiose 
(ref. 15) (This work) !a1 

(c) Torsion angle for the primed residue 
(i) Endocyclic torsion angle 

Torsion angle 

Bonds 
p-D-Cellobiose p-D-Acetyl cellobiose 

(ref. 15) (This work) jilj 

(ii) Exocyclic torsion angle 

Torsion angle 

Bonds 
p-D-Cellobiose p-D-Acetyl cellobiose 

(ref. 15) (This work) 1 A1 
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LEUNG ET AL 

FIG. 2. Stereoscopic view of the molecule of p - ~ a c e t y l  cellobiose. 

along the longest cell edge, the a-axis. The line 
joining O(4) and O(1') makes an angle of only 
11" with the a-axis. This confirms one of the 
speculations made by Leuck and Mark in 1934 
(12) concerning the packing of the molecular 
chains. It also offers the hope that crystallog- 
raphy of a higher oligomer single crystal of a 
cellulosic material will lend itself to the basic 
hypothesis used in all fiber X-ray analysis of 
polymers viz. the macromolecular axis is parallel 
to one axis of the unit cell. If such a hypothesis 
can be made, the solution of such a structure by 
combining packing analysis with a modest 
amount of diffraction data should be possible. 

In the present case, the finding that O(6) and 
O(6') are conformationally different with respect 
to the ring is of significance. Recent high resolu- 
tion nmr data (13) on cellobiose octaacetate have 
shown that the protons on C(6) and C(6') are 
also conformationally different. On the other 
hand, in cellulose triacetate a single conforma- 
tion is found for all the methylene protons (14). 
From this, we conclude that while C(6) acetates 
in acetylated cellobiose display two conforma- 
tional states, a single state obtains for the poly- 
mer in solution. It remains to be shown whether 
the conformational state of the C(6) or of the 
C(6') acetate of cellobiose octaacetate or both, 
is to be found in cellulose acetate. The structure 
of p,~-cellotriose undecaacetate appears to be 
the logical model in order to answer this question 
and this study is underway in our laboratory. 
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Base-catalyzed intramolecular displacements on certain 1,2-epoxides 

V.  SRINIVASAN AND E. W. WARNHOFF 
Department of Cltentistry, University of Western Ontario, London, Ontario N6A 5B7 

Received December 11. 1975 

V. SRINIVASAN and E. W. WARNHOFF. Can. J. Chem. 54, 1372 (1976). 
intramolecular displacement by hydroxyl on the 1,2-epoxide group under basic or neutral 

conditions has been studied for seven of the stereoisomeric 1,2-diols derived by oxidation of 
the exocyclic double bond of 1. In six of the examples (the seventh is ambiguous) the single or 
largely predominant product is that one of the less strained cis-fused isomers which has the 
fewer unfavourable steric interactions leading to it, without regard to whether the displacement 
occurs at the secondary or tertiary epoxide carbon. 

V. SRIN~VASAN et E. W. WARNHOFF. Call. J. Chem. 54, 1372 (1976). 
On  a CtudiC le delacement intramolkulaire par un hydroxyle du groupe Cpoxyde-1,2; ces 

etudes ont CtC effectuCes dans des conditions neutres ou basiques utilisant sept diols-1,2 sttrCo- 
isomkres obtenus par oxydation de la double liaison exocyclique de 1. Dans six des exemples, (le 
septikme est ambigu) le seul produit ou le produit largement predominant est I'isomkre, attache 
par une jonction cis, qui est le moins tendu; I'etat de transition conduisant a c e  composE prCsente 
moins d'interactions stCriques non favorables que la rCactioll de deplacement se produise au 
niveau des carbones secondaire ou tertiaire de I'Cpoxyde. 

[Traduit par le journal] 

Some time ago it was shown that base- 
catalyzed intramolecular displacement in the 
caryophyllene oxidodiol 10 led exclusively to 
attack at the tertiary (rather than the secondary) 
carbon of the oxide to produce glycol 17 (1). It 
was pointed out that this reaction, if applied to 
other stereoisomers of 10, provided a means of 
probing the relative importance of various fac- 
tors in an intramolecular SN2 reaction of an 
epoxide. Caryophyllene is a convenient molecule 
because three of the four epoxide stereoisomers 
of 1 were known, both possible configurations of 

the hydroxyl group at C-8 were accessible by 
suitable choice of oxidizing agent, and finally the 
structure and stereochemistry of the products 
were easily discernible. These three points are 
discussed below, followed by the results for 
specific compounds. 

The two cis-oxides 6 and 7 and one trans-oxide 
3 were known from the work of Barton and 
co-workers (2) and Ramage and Whitehead (3), 
and the second trans-oxide of structure 1 has re- 
cently been found to be a minor product in the 
epoxidation of caryophyllene (4). The reaction 

of each of the four oxides with 0 s 0 4  occurred 
only from the a-side1 of the molecule, and the 
resulting 1,2-diol underwent intramolecular cy- 
clization in the reaction medium. With oxides 
2 and 7 the reaction of KMn04 also gave 
a-attack and the same cyclization product as 
obtained from 0 ~ 0 4 .  The argument for a-hy- 
droxylation is threefold. First, since the hydrox- 
ylation reagents must bond to both carbon atoms 
of the double bond in a five-membered transition 
state A, steric effects will be i m p ~ r t a n t . ~  Of the 
two extreme conformations of the exocyclic 
methylene group in the two trans-oxides, the one 
with the methylene down has both faces of the 
double bond strongly hindered toward such 
reagents, while the conformation with the 
rnethylene up has the a-face unshielded although 
the 0-face is hindered by the 0-methyl at C-11 
and the 0-hydrogens at C-1 and C-5. Second, the 
cyclization products from the two trans-oxides 
have been proved by interrelation to have the 
same configuration at C-8 (4), and therefore both 
oxides underwent reaction at the same side of the 

'The term 6 refers to  substituents on the same side of 
the molecule as the reference hydrogen atom at C-1, 
while a refers to  those substituents on the side opposite 
this hydrogen atom. 

'Cf: the ready epoxidation of 1,l-dineopentylethylene 
with its failure to  react with KMn04  a t  room temperature 
(5) 
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SRINIVASAN AND WARNHOFF 1373 

double bond. Third, for each of the four epoxides 
a much more strained stereochemistry is required 
to fit the structure of the cyclization product if 
8-attack is assumed. In ioto, this argument is a 
convincing one that only a-attack has occurred. 

On the other hand, when the two cis-oxides 

R, 

and one ~rms-oxide were treated with peracid, 
the major bisepoxide in each case resulted from 
reaction at the opposite face of the double bond 
from that attacked by 0 s04 .  The proof of this 
reversal lies in the fact that base-catalyzed ring 
opening and cyclization of each of the three 
major bisepoxides gave glycols different from 
those of the corresponding 0 s 0 4  reactios. The 
change in the direction of attack is a reflection of 
the smaller steric requirements for epoxidation 
(see B);2 a-attack is presumably slowed because 
the bulkier -CH2- part (6) of the developing 
-0-CH2- group encounters the greater steric 
hindrance of the C-11 8-methyl and C-10 8-H. 
Other examples of this reversal of major product 
depending on whether peracid or 0s04/KMn04 
is used are known, such as in Scheme 1. 

The structures of the transannular glycol 
cyclization products were easily determined for 
the caryophyllene molecule because in each of 
the four conceivable products from a single oxide 
the combination of hydroxyl group types was 
different: lo  + 2": 1" + 3", 3" + 2", or 3" + 3". 
Hence, the nature of the hydroxyl groups in the 

product defined the ether ring formed and, 
therefore, the glycol structure. Once it had been 
verified that each glycol was not a 1,2-diol by its 
failure to react with NaI04, the type of hydroxyl 
group was determined by mild acetylation and 
chromic acid oxidation in conjunction with infra- 
red and lHmr spectroscopy. The only remaining 
point of uncertainty, the stereochemistry of the 
cyclization products, was fixed by the assump- 
tion that in each ca'se the 1,Zepoxide ring was 
opened with inversion at the carbon atom under- 
going displacement; this assumption is justified 
as follows. The C4,Cs-epoxy group did not open 
solvolytically in an S,1 reaction since the 142" 
diol 10 and the 127" diol 110 were stable to long 
reflux in methanol. However. since these and two 
other epoxy 1,2-diols did uniergo base-catalyzed 
intran~olecular cyclization in inethanolic hy- 
droxide, the cyclization must be an S,2 displace- 
ment by an alkoxide ion on the oxide ring with 
inversion thus required at the reaction center. 
For the cyclizations that occurred during the 
course of KMn04 or Os04 hydroxylations, the 
KMn04 reactions occurred in an increasingly 
basic solution and in the case of 3 and 7 the same 
product was obtained from Oso4 as from 
KMn04. Finally, the KMn04 and 0 s 0 4  reac- 
tions with caryophyllene oxide 3 gave the same 
1 19" glycol 17 obtained by base-catalyzed cycliza- 
tion of the 142" diol 10 (1); likewise, reaction of 
OsO4 with 6 produced the same glycol 20 as 
hydroxide-catalyzed cyclization of 13a. 

In the case of the bise~oxides. the oxide front 
the exocyclic methylene group is opened first. 
Caryophyllene oxide 3 itself did not react with 
aqueous KOH at 150°C, whereas under these 
conditions its bisepoxide 4 opened and cyclized 

kriauric 
acid 

H H 

Q ;?,S;CH20H - oso4 Perbenzoic 7 
acid 

(8) 

\ 
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TABLE 1. Glycols from oxidation and cyclization of the four caryophyllene monoepoxides 1 

Glycol mp Product Product Nature of Glycol 
Starting material Reagent ("c)  from C r 0 3  from Ac20 O H  groups structure 

fratis-Oxide 3 
a-1,2-Diol 10 (from 3) 

Bisepoxide 4 (from 3) 
8-1,2-Diol l l a  (from 3) 

8- 1 ,2-Diol 150 (from 7) 

cis-Oxide-6 6 
a-.I ,2-Diol 13a (from 6) 

Bisepoxide 5 (from 6) 

HO- or $CH20-1 
HO- + MeOH ( 

HO- + MeOH 

0 ~ 0 4  1 
HO- + MeOH 

119 Keto aldehyde Di  Ac 

116 Aldehyde 25 Mono Acb 

130 Aldehyde 28 Mono Acb 

227 No reaction No reaction 

195.5 No reaction No reaction 

153 Not done Mono Acb 

136 Ketone 23 Mono Acb 

ODetails reported in ref. 1 .  
*The monoacetate did not react with CrOl 
CDetails reported in ref. 4. 

to the 119" glycol 17. As expected, the primary 
carbon of the exocyclic epoxide is the point of 
attack, and in the benzyloxide reactions (see 
Experimental) the benzyl ethers formed were 
attached to this priinary carbon 

As it turned out, each transannular cyclization 
either gave exclusively one product or else one 
very predominant product. The product of each 
reaction together with its hydroxyl group type 
analysis is summarized in Table 1. The lHmr 
data for the various products and intermediates 
are summarized in Table 2. The stereochemistry 
of the products and intermediates is shown in 
Scheme 2. The 116" glycol 180 and the 130" 
glycol 21a were further differentiated from each 
other (and froin the 119" glycol 17 and the 136" 
glycol 16) by oxidation of each to a different 
hydroxy aldehyde 25 and 28, respectively. Where 
possible, stereostructural assignments were sup- 
ported by interconversions. Thus, the two glycols 
16 and 17 were correlated by chromic acid 
oxidation and Wolff-Kishner reduction to the 
same unsaturated 1,2-diol 31 (1, 4). The mono- 
acetates of the glycols 18a and 19n were de- 

'The use of a benzyl alcohol solution of hydroxide 
(instead of aqueous hydroxide) to open the bisepoxides 
offered the advantages of homogeneity and lower reaction 
temperature because the more nucleophilic alkoxide in 
the less polar solvent allowed the reaction temperature 
to be lowered about 50 "C for the same reaction time. 
The benzyl ethers were easily hydrogenolyzed under 
neutral conditions. 

hydrated to mixtures of the same pair of un- 
saturated inonoacetates 26 and 27. whereas the 
monoacetate of glycol 21n was dehydrated to a 
different pair of unsaturated monoacetates 29 
and 30. In the dehydration of the monoacetate 
186 (but not 196 or 21b), a third product was 
formed which proved to be 326 resulting from 
1,2-hydride shift.4 Hydrolysis of 326 and treat- 
ment of the resulting 32n with NaI04 gave 
diketone 33. 

A priori, each oxido 1,2-diol (or its equivalent 
bisepoxide) could have given four -possible 
cyclization products depending on whether the 
primary or the tertiary hydroxyl group attacked 
the secondary or the tertiary carbon atom of the 

4Formation of a hydride shift product such as 326 from 
186 only is understandable since the preferred conforma- 
tion of 186 has the worst arrangement of the three for 
a ~ r i  elimination toward C-3, and therefore a carbonium 
ion intermediate is more likely for 186, while 196 and 21b 
can give concerted atrti elimination toward C-3. Any 
carbonium ion generated from 186 mav be stabilized 
partly by hydridLshift to i although T-sta6ilization by the 
oxygen atom is offset to some extent by strain introduced 
by the sp2-carbon at the bridgehead. In agreement with 
this interpretation, the endocyclic double bond isomer 27 
was the minor component (-15%) of the olefinic acetate 
product. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SRINIVASAN A N D  WARNHOFF 1375 

ky-$ - '.@ - "6 OW 
0 '  n o  ' 

0 i 

8 IS a,c 22 34 35 
a R = H  b R = OAc c R  = C6H5HC2 

SCHEME 2 
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Compound C4- Meb C5- H Cs-CH2b C1,-gem-diMeb Other peaks 

Bisepoxide 4 
Bisepoxide 34 
Bisepoxide 5 
Bisepoxide 35 
Bisepoxide 8 
1,2-Diol 10 
1,2-Diol l l a  
1,2-Diol 13a 
1,2-Diol 15a 
1,2-Diol monoacetate 116 

2.52 and 2.64 ( J  = 5) 
2.62 s 
2.60 (J=a)d 

? 
2.58 and 2.72 ( J=5)  
3.69 bs 
3.38 ( J=Qd 
3.23 ( J = d ) d  
3.21 and 3.33 (J=10) 
3.72 and 3.88 ( J = l l )  

2.16 b (20H) 
2.10 s (CH3C=O) 
2.24 s (OH) 
2.07 s (CH3C=O) 
2.34 b (OH) 

?C 

2.13 s ( C H 3 G O )  
2.89 b (20H) 
2.05 s ( 2 ~ ~ ~ ~ 0 1  
2.94 s (20H) 
2.05 S ( C H 3 G O )  

1,2-Diol monoacetate 136 

Glycol 16 
Glycol 16 monoacetate 
Glycol 17 
Glycol 17 diacetate 
Glycol 18a 
Glycol monoacetate 18b 

3.84d 
3.78 and 3.92 ( J =  12) 
3.20 s 
3.85 s 
3.30 and 3.76 ( J=12)  
4.07 s 

Glycol 19a 1.32 
Glycol monoacetate 191) 1.31 

2.54 n1 (OH) 
-3.95 m 3.34 and 3.76 (J=12) 0.95,0.96 1.64 bs (OH) 
-3.95 m 4.08 s 0.95, 0.98 2.04 s (CH,C=O) 

Glycol 20 irr pyriditre 1.53 
Glycol 21a 1.31 
Glycol monoacetate 21b 1.31 

-4.02 m 3.60 and 4.08 ( J =  10) 0.98, 1.00 
3.93 m 3.23 and 3.37 (J= 11) 0.98 

Glycol 22 irr pyridine 1.62 
Glycol benzylether 18c 1.00 

-3.90 m 3.49 and 3.71 ( J =  10) 1 .OO 
3.96 m 3.43 s 0.93 

7.25 bs' (c~H,) ' 
Hydroxy ketone 23 1.28 - 2.99 and 3 .57(J=12)  1.00 
Hydroxy ketone 24 1.28 - 3.40 s 1 .OO 
Hydroxy aldehyde 25 1.06 1.13 m 9.72 s (CH=O) 0.94,0.97 2.58 b (OH) 
Hydroxy aldehyde 28 2,4-DNP 1.36 4.08 m 7.42 s (CH=N) 1.04 2.88 b (OH) 
Dehydration product 26 4 .75bsand4 .89bs  -4.17m 4.17 s 1 .OO, 0.92 2.10 s (CH3C=O) + (=CH2) 

27 1.58 bs ? 4.05 and 4.29 ( J = 7 )  0.97 2.07 s (CH3C=O) 
4.70 m (=CH-) 

Dehydration product 29 4.90 bs (=CHz) ? 3.94 s 1 .OO 2.08 s ( C H 3 e O )  + 
30 1.72 ? 3.96d 1 .OO 

Keto diol monoacetate 326 1.02 d (J=7)  - 3.84 and 3.96 ( J =  12) 0.91, 0.92 2.08 s (CH3CEO) 

OChemical shifts are given in ppm from tetramethylsilane (6) and coupling constants in Hz for CDCh solutions unless otherwise specified; s singlet, d doublet, m multiplet, b broad. All methyl 
goups except one were singlets and no designation is given except for that one. 

bThe carbon atoms of each compound are considered to retain the numbering shown in formula 1 .  
CSolubility problems prevented observation of this absorption. 
dPaltern unclear because of weakness of spectrum, or overlapping peaks, or coupling to hydroxyl proton. The chemical shift given is that of the ccntrc of the pauern. 
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SRINIVASAN AND WARNHOFF 

TABLE 3. Analysis of cyclization reactions 

Destabilizing interaction 
cis-Cyclization cis-Cyclization Bicyclic in cyclization 

Diol cyclized actually observed NOT observed system formed NOT observed 

l l a  3 " O H - + 2 " C  l 0 O H + 3 " C  [5.2.1] CsHP tt Hp-CI 

1% 3 " O H + 2 " C  3 " O H + 3 " C  [5.2.1] Torsional and angle strain 
required to get 3" O H  behind 3' C 
CI-Hp tt 3" O H  

13a l o O H + 2 " C  1 ° 0 H + 3 " C  [5.2.2] None obvious 

14 3" O H  + 2" C 3" O H  + 3" C [5.2.1] Torsional and angle strain 
required to get 3" O H  behind 3" C 

oxides, and it remains to discuss why only one 
predominant product is formed in each case. 
One factor is angle strain in the potential 
cyclization product. Subject only to the provisos 
of a-hydroxylation by Mn04-/0s04 and inver- 
sion at the epoxide carbon atom undergoing 
substitution, each of the products actually 
formed has a cis ring fusion in the new bicyclic 
system. Dreiding models reveal that in each case 
the corresponding trans-fused systems would 
have much more angle strain, and since two of 
each of the four possible cyclization products 
would have a trans bicyclic fusion, the activation 
energy for these two cyclizations is prohibitive. 
Evidence that this is so is the fact that the benzyl 
ether 15c did not cyclize; its single tertiary 
hydroxyl group could only give a trans-fused 
product, whichever carbon atom of the epoxide 
it attacked with inversion. 

The factor(s) responsible for deciding which of 
the remaining two cis products is formed is not 
so obvious. It is not merely so simple as a 

preference for SN2-attack at the secondary rather 
than the tertiary carbon atom of the epoxide 
system as is the general rule for intermolecular 
exan~ples.~ Although five of the seven reactions 
in Table 3 (diols l l a ,  120, 130, 14, and 15n) do 
follow this rule, and although in four of these 
five cases (120, 130, 14, and 150) one of the two 
hydroxyl groups could have given a cis-fused 
product by attack at either the secondary or 
tertiary oxide carbon atom, nevertheless the 

practice, this was not strictly true. For the two 
compounds (7 and 2) whose reaction with 0 s 0 4  gave only 
cyclized product directly and no 1,2-diol, it is assumed 
that the same cyclized product would have resulted from 
the reaction of 1,2-diol with hydroxide ion. This assump- 
tion is supported by the reactions of 3 and 6 which did 
give the same cyclization product from 1,Zdiol plus 
hydroxide as from the Mn04-/0s04 reaction. 

For the bisepoxide 5 the 1,Zdiol 12a was not isolated 
because the benzyl ether 12c underwent cyclization to 
19c. Therefore, only the tertiary hydroxyl group was 
offered the possibility of reacting in this case. 

- - 

@'Under basic or neutral conditions, the normal isomer 
(corresuondin~ to  attack on the least substituted carbon 
atom) i's nearl;always the major or only isolated product" 
(9). 
- 3  

"In general nucleophiles attack at  the less highly 
substituted carbon atom of the epoxide ring in neutral or 
basic media, as would be anticipated for a normal SN2  
process" (10). 

"As indicated, if one of the carbons in the ethylene 
oxide ring is less substituted than the other, attack will 
occur preferentially (sometimes exclusively) a t  the less 
substituted carbon" (1 1). 
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other two reactions (diols 9 and 10) are an- 
omalous in that a cis-fused product of reaction 
at the tertiary carbon atom is formed instead of 
the alternative cis-fused product of reaction at 
the secondary carbon atom. Thus the diol 
intermediate 9 in the reaction of 2 with 0 s 0 4  
had the option of cyclization to a cis bicyclic 
system either by attack of the tertiary hydroxyl 
group on the secondary oxide carbon or by 
attack of the primary hydroxyl group on the 
tertiary oxide carbon atom; it chose the latter 
possibility. On the other hand, diol l l a  was 
offered the same choice, and it chose the former 
possibility of attack of tertiary hydroxyl on the 
secondary oxide position. 

The usual situation of secondary attack lead- 
ing to a less crowded transition state than 
tertiary attack in intermolecular SN2 displace- 
ments would not necessarily hold for an intra- 
molecular reaction. When the SN2 transition 
state leading to each of the possible cis products 
from each of the seven diols is considered by 
means of both Dreiding and Stuart-Briegleb 
models, then the observed product from six of 
the diols (9,10, l l a ,  12a, 14, and 15a) clearly has 
the less crowded transition state leading to it. 
The serious steric interaction destabilizing the 
other transition state that would have led to the 
unobserved cis product is noted in Table 3. From 
this analysis, the cyclizations of 9 and 10 are both 
anomalous because of the C-4 methyl group on 
the epoxide ring; in the case of 9 this methyl 
group would be jammed into the /3 C- 1 hydrogen 
atom in the transition state for the unobserved 
product, while for 10 this same methyl group 
would be crowded into the a C-9 hydrogen in 
the transition state for the unobserved product. 
For the seventh diol, 13a, this analysis did not 
reveal any obvious difference in steric interac- 
tions for attack of the primary hydroxyl on the 
secondary relative to the tertiary carbon of the 
epoxide. Conceivably the extra crowding and 
restriction due to the epoxide C-4 methyl group 
in the pentacoordinate carbon atom for reaction 
at tertiary C-4 relative to secondary C-5 is 
responsible; possibly the lower energy of the 
chair six-membered ring for reaction at second- 
ary C-5, relative to the seven-membered ring for 
reaction at tertiary C-4, is reflected in the two 
transition states. 

Such anomalous intramolecular SN2 openings 
of epoxide rings are not restricted to the caryo- 

phyllene skeleton, and a particularly interesting 
example occurs in Levisalles and Rudler's con- 
version of carotol epoxide 36 into daucol37 with 
methanolic potassium hydroxide (12). The hy- 
droxyl group situated directly behind the epoxide 
C-C bond is ideally disposed for S,2 displace- 
ment at either the secondary or tertiary carbon 
atom, and a five-membered ring would result 
from reaction at either site. In fact, displacement 
occurs entirely at the tertiary carbon atom. The 
probable reason for this result is clearly seen 
from Dreiding models of both possible products: 
the product 37 formed is relatively strainless with 
a chair six-membered ring, whereas the product 
38 of reaction at the secondary site would have 
considerable torsional (and angle?) strain intro- 
duced by the trans-fusion of the new furan ring 
to the other five-membered ring. These product 
differences must be reflected in the transition 
states for cyclization. 

Experimental 
General procedures and apparatus are the same as for 

ref. 1 except for the following. Mass spectra were run on a 
Varian M-66 instrument. Analyses were done in the 
laboratories of A. Bernhardt, Miilheim; A. B. Gygli, 
Toronto; and Chemalytics, Tempe, Arizona. In the 
general workup procedure ether extracts were washed to  
neutrality with dilute aqueous HCI, aqueous NaHC03. 
and water before being dried and evaporated. 

Caryophyllene monoxide, isocaryophyllene, and iso- 
caryophyllene oxides ( -b  and -a) were prepared as  
described previously (I). 

The following abbreviations have been used: MeOH 
for methanol, Py for pyridine, AczO for acetic anhydride, 
PE for petroleum ether (bp 60-8O0C), and D M F  for 
N,N-dimethylforrnamide. Optical rotations are expressed 
in degrees. 

Airempied Solvolysis of rhe 142" Diol10 
A solution of 2 mg of the 142" diol 10, mp 138-139 "C. 

in 2 ml of MeOH was refluxed for 160 h. Removal of 
solvent gave white crystals, mp 137-139 'C, undepressed 
on admixture with starting material. Thin layer chromat- 
ographic examination gave a single spot corresponding 
in R, to 10. 

Caryophyllene Bisepoxide, 47 
T o  a solution of 3.50 g (15.9 mmol) of pure monoxide 3 

in 4 ml of ether was added 75 ml of a solution of mono- 
perphthalic acid in ether (equivalent to  19.3 mmol), and 
the reaction mixture was kept at  -5 "C for 90 h. Filtra- 
tion from phthalic acid, washing with aqueous NaHC03. 
drying, and evaporation afforded 9.34 g (94%) of colorless 

7This crystalline bisepoxide is unstable on standing for 
several months at  room temperature; it liquified and 
gave several tlc spots. 
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SRINIVASAN A l  YD WARNHOFF 1379 

viscous oil, [aJD2' -72 (c 2.13, CHC13). The nmr spectrum 
showed (ratio of C4:Me peaks) the product to  be a mix- 
ture of 4 and 34 in the ratio of --65:-35 contaminated 
with 5-10% of starting material 3. Six recrystallizations 
from PE gave 714 mg (19%) of colorless prisms of the 
major bisepoxide 4, mp 76-77 'C; [aJD20 -69 (c 1.71, 
CHCI,); v,,, (CS2) 3050 and 3030 cm-1 (CH and CH2 of 
epoxide ring). Anal. calcd. for C15H2402 (236.3): C 76.22, 
H 10.23; found; C76.57, H 10.15. 

When perbenzoic acid in benzene was used for the 
epoxidation (7 days, room temperature), the ratio of the 
bisepoxides 4:34 in the product (one tlc spot) was --80:20. 
The previously reported bisepoxide was a liquid (13). 

Base-catalyzed Cleavage of Bisepoxide from Caryophyllet~e 
Oxide 4 

Long Time 
A solution of 351 mg of pure bisepoxide 4 and 10 

NaOH pellets in 5 ml of benzyl alcohol was heated on a 
steam bath for 30 h. The yellow reaction mixture was 
steam distilled to remove excess benzyl alcohol. Extrac- 
tion of the steam distillation residue with ether gave 677 
mg of the benzyl ether 18c and excess benzyl alcohol. The 
crude product was hydrogenolyzed in 6 ml of EtOH 
containing 146 mg of 5% Pd/C for 24 h. Filtration and 
evaporation left 349 mg (929;) of glassy 18a which 
crystallized on standing and gave one major tlc spot with 
two less polar trace contaminants. Three recrystallizations 
from ether gave colorless granules of glscol 18a, mp 115- 
116 OC, [aIDl8 -49 (C 3.17, CHCI3); vm,, (CHC13) 3480 
and 3580 cm-1 (OH). The mixture melting point with the 
119" glycol 17 was depressed to 90-1 10 "C. Atrul calcd. 
for C15H2603 (254.4): C70.83, H 10.30; found: C 70.85, 
H 10.06. 

When a solution of 62 mg of 18a and 100 mg of NaIO., 
in 3 ml of MeOH and 1 ml of water was allowed to  stand 
at room temperature for 5 h, 56 mg of 18a was recovered 
(tlc, ir, mp, mixture mp). 

The same glycol 18a was obtained from the reaction of 
the bisepoxide 4 with aqueous KOH in a sealed tube at  
150 "C for 35 h. On the other hand caryophyllene mon- 
oxide 3 was recovered unchanged from aqueous KOH 
in a sealed tube at  150 'C for 29 h (tlc, mp). 

Although the other, minor bisepoxide 34 was not 
isolated, base-catalyzed opening of a mixture of 4 and 34 
gave Treibs' 119" glycol 17 in addition to the 116" glycol 
18a in confirmation of the stereochemical assignments 
to the two bisepoxides. 

Shori Time 
When 667 mg of a mixture of the two bisepoxides 

(4:34, --65:35) from caryophyllene monoxide 3 and 5 
NaOH pellets in 5 ml of benzyl alcohol was heated on a 
steam bath for only 20 h, there was obtained 657 mg 
(96%) of crude glycol mixture after steam distillation and 
hydrogenolysis. Preparative tlc on two thick plates 
(EtOAc-PE, 15:85) gave 180 mg of recovered bisepoxide 
mixture and 325 mg (62%) of glycol mixture which was 
acetylated at  room temperature for 24 h with 2 ml of 
AclO and 2.5 ml of Py. The acetylated product (380 mg, 
100%) was recrystallized three times from ether to  give 
113 mg (30%) of long felted needles of motloacetate l l b ,  
mp 149-151 OC, [a]D'8 -100(c 1.26, CHC13); v,,, 3571, 
3509 (OH), and 1739 cm-1 (ester G O ) .  Anal. calcd. for 

C17H2804 (296.4): C 68.89, H 9.52; found: C 69.02. 
H 9.84. 

When the mother liquor from the first crystallization 
of l l c  was concentrated, acrop of 150 mg of >PO% pure 
monoacetate l l b  was collected. 

Sapot~ificatiot~ of the 151" Mot~oacetuie l l b  
A solution of 50 mg of monoacetate l l b  and 0.7 g of 

KOH in 7 ml of MeOH was refluxed for I h. Dilution 
with water and extraction with ether gave 35 mg (81%) 
of colorless solid. Two recrystallizations from PE gave 
19 mg of colorless felted needles of I,2-do1 l l a ,  mp 
126-127 "C, [aJDL8 -121 (C 1.46, CHCI,); v,,, (CHC13) 
3560 and 3440 cm-1 (OH). Exact muss calcd. for C15H2,03 : 
254.1882; found (ms): 254.1886. 

NuI04 Cleavage of tile 127" Diol l l a  
A solution of 12 mg of l l a  and 25 mg of NaI04 in 

1 ml of MeOH and 1 ml of water was allowed to  stand 
for 2 h. Dilution with water and extraction with ether 
gave 7 mg of ketoepoxirle 3 (=0 for =CH?), mp 62.5- 
63 "C after two recrystallizations from PE (bp 30-60 "C). 
which was identical (mp, mixture mp, ir, tlc) with an 
authentic sample prepared by KMn04 oxidation of 3 (3). 

Base-catulyzed Isomerizutiotr of tire 127' Diol l l a  
A solution of 19 mg of 1 ,2-diol l l u  and 4 KOH pellets 

in 2.5 ml of MeOH was refluxed for 118 h. Dilution with 
water and extraction with ether gave 9 mg (51%) of 
colorless solid. Two recrystallizations from ether yielded 
granules of glycol 180, mp 112-1 14 "C undepressed on 
admixture with an authentic specimen of 18a, mp 
115-116°C. 

A solution of 2 mg of 1 ,2-diol l l a  in 2 ml of MeOH 
was refluxed for 120h. Thin layer chromatography 
(EtOAc) showed the 2 mg of product to have the same 
R, as starting material l l a  and different from the R, of 
glycols 18a and 17. 

116" Glycol Mot~oucetute 18b 
A solution of 1.0 g of glycol 180 and 10 ml of Ac20 

in 10 ml of Py was left at  room temperature for 24 h. 
Dilution with water and extraction with ether gave 1.1 g 
(94y0) of an oil that crystallized on trituration with PE 
(bp 30-60 "C). Thin layer chromatography (EtOAc) 
showed the product to  consist of over 90% of a mono- 
acetate and 10% of a less polar component (diacetate?). 
Three recrystallizations from PE gave 800 mg (687,) of 
colorless needles of monoacetate 18b, mp 92-92.5 OC, 
[aID18 -44 (c 2.1 1, CHCI,); v,,, (CS2) 3600, 3490 (OH), 
and 1748 cm-1 (ester -0). At~ul. calcd. for CI,H2604 
(296.4): C 68.89, H 9.52; found: C 69.30, H 9.52. 

The attempted oxidation of 74 mg of monoacetate 18b 
with 30 mg of CrO, in 1.5 ml of Py at room temperature 
for 14 h gave 72 mg of recovered 18b (tlc, nmr, ir) as the 
only product. 

Cr03 Oxidatiotr ofthe 116" Glycol 180 
A solution of 300 mg (1.18 mmol) of pure 18a in 2 ml 

of Py was added to the orange complex from 300 mg 
(3.00 mmol) of Cr03  and 2 ml of Py. After 24 h at  room 
temperature the reaction mixture was diluted with 
CH2C12 and filtered through alumina (neutral IV) to yield 
280 mg of oil whose tlc showed two spots of about equal 
intensity, one corresponding to starting material and the 
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other less polar spot from aldehyde 25. Preparative tlc 
gave 95 mg of oily Irgdroxy aldehyde 25, u,,, (CS,) 3600, 
3510 (OH), 28 10,2710 (CH=O), and1745 cm-1 (CH=O). 
Atral. calcd. for CI5H240] (252.4): C 71.39, H 9.59; 
found: C 71.26, H 9.56. 

Delrydratior~ of the 116" Glycol Morroacefrrfe 186 
The procedure of Hazen and Rosenburg was used (14). 

T o  a vigorously stirred (magnetic bar) solution of 355 mg 
(1.20 mmol) of 186 in 4 ml of r-collidine (freshly distilled) 
and 5 ml of D M F  (freshly distilled from type 4A molec- 
ular sieves) cooled to 0 'C was added in small portions, 
during 1 min, 2.03 g (19.6 mmol) of CH3S0,CI (freshly 
distilled) containing 105 mg of SO,. After 15 min the ex- 
cess CH3S02CI in the muddy brown mixture was destroyed 
by addition of water. Extraction of the wine red solution 
gave after washing (10% aqueous HOAc, water), drying, 
and evaporation 334 mg (100%) of a pale yellow solid 
whose tlc (EtOAc-PE, 65:35) had two major spots, 
R, 0.80 and 0.60. 

Recrystallization from PE gave 120 mg (36y0) of the 
more polar compound, R, 0.60. Four more recrystalliza- 
tions from the same solvent gave flocculent needles of the 
Irydroxy keto acetate 326 (from hydride shift), mp 138- 
139.5 "C; [a],'8 +50 (C 2.06, CHCI3); urn,, (CHCl1)3560 
and 3460 (OH), 1725 (ester C=O), and 1700cm-I 
(9-ring ketone e O ) ;  m/e 296 (molecular ion). Arlo1 
calcd. for C17H2$04 (296.4): C68.89, H 9.52; found: 
C 68.85, H 9.69. 

Evaporation of the mother liquors from the first 
recrystallization left 200 mg of an oil which was chromat- 
ographed on a thick plate in EtOAc-PE (65:35). The less 
polar product, R, 0.80, was separated and eluted to give 
126 mg (38';/,) of a liquid mixture (single tlc spot) of the 
double bond isomers 26 and 27 in a ratio of -85:-15 
(nmr spectrum), v,,, (CS,) 3060 (=CHz), 1735 (ester 
G O ) ,  and 885 cm-I (=CH2). Arral. calcd. for C17H2G03 
(278.4): C 73.35, H 9.41; found: C 72.62, H 9.54. 

Degrrr(I(rtiorr of Hydroxy Keto Acetate 326 
The hydroxy keto acetate 326 (25 mg) was saponified 

by reflux in 2.5 ml of MeOH containing 3 KOH pellets. 
Dilution with water and ether extraction gave 20mg 
(93%) of keto diol32a whose tlc (EtOAc-PE, 65:35) had 
two spots R, 0.20 and R, 0.25 (second spot from a 
hemiketal of 32a?). 

The 20 mg of 320 in 1.5 ml of MeOH was allowed to 
react for 11 h with 25 mg of Na104 in 1 ml of water. 
Dilution with water and extraction with ether gave 14 mg 
(80%) of liquid diketorre 33, R, 0.70 (EtOAc-PE, 65:35), 
urn,, 1695 cm-1 (9-ring ketone G O ) ;  m/e 222 (molec- 
ular ion). 

Os04 Oxidatiorr of Isocaryop/ryIletre Oxide-a, 7 
T o  a solution of 980 mg (3.85 mmol) of 0 s 0 4  in 5 ml 

of anhydrous ether was added at  room temperature a 
solution of 840 mg (3.82 mmol) of 7, mp 73-75 "C, in 
6 ml of anhydrous ether. After 6 days the reaction 
mixture was diluted with ether and saturated with H2S. 
Filtration and evaporation of the filtrate left 470 mg of 
colorless glass. The black precipitate was refluxed with 
KOH-EtOH-H20-mannitol and extracted with ether to 
yield 200 mg of a dark glass. Thin layer chromatography 
(EtOAc-PE, 60:40) on the combined product (670 mg, 

69%) revealed one major spot and seven faint spots; the 
nmr spectrum was that of one main product. Chroma- 
tography on 20 g of alumina (neutral 1V) gave 365 mg 
(54% of crude) of 21a on elution with CHCi3-C6H~ 
(25:75). Three recrystallizations from PE gave 145 mg 
of colorless needles of glycol 210, mp 128.5-130 "C, 
[aID2o -2.6 (c 3.13, 95% EtOH); u,,, (CC14)3420cm-1 
(OH). Arral. calcd. for C15H2603 (254.4): C 70.83, H 10.30; 
found: C 70.36, H 9.99. 

Glycol 210 was unchanged (mp, tlc, ir) on treatment 
with NaI04 in H20-MeOH. 

From a KMn04 (2.5 g) oxidat~on of 1.0 g of cis-oxide- 
(I, 7, in 25 ml of acetone and 0.3 ml of water a t  room 
temperature there was obtained by filtration and chroma- 
tography on alumina (neutral IV) 155 mg (13%) of pure 
glycol 21rr in addition to recovered 7 and keto oxide 7 
(=0 for =CHz). 

CrOl Oxidatiorr of tire 130" Glycol 210 
A solution of 80 mg (0.32 mmol) of 210 in 1 ml of Py 

was added to a slurry of 60 mg (0.60 mmol) of C r 0 3  in 
2 ml of Py. After 96 h at  room temperature the reaction 
mixture was diluted with CH2C12 and passed through 
alumina (neutral IV). Evaporation of the eluate left 51 
mg (62%) of Irydroxy aldelry(1e 28, R, 0.63, contaminated 
with a minor spot of starting material 210, R, 0.20, 
(EtOAc-PE, 65:35). Evaporative distillation a t  0.02 torr 
gave pure 28 as a colorless glass, urn,, (CHCI3) 3390 (OH) 
and 1754 cm-1 (-CH=O). The 2,4-dinitropker1yl11y~lra- 
zone was prepared and recrystallized twice from CHCI3 - 
95% EtOH to give small yellow needles, mp 215-218 "C; 
m/e 432 (molecular ion). Arral. calcd. for CzlHz8N40n 
(432.5): C 58.32, H 6.53; found C 58.56, H 6.62. 

130" Glycol Morrorrcetate 216 
A solution of 90 mg of 21a and 1 ml of Ac20 and 2 ml 

of Py was allowed to stand at  room temperature for 24 h. 
Dilution with water and extraction with ether yielded 
112 mg (100%) of colorless oily monoacetate 216 which 
gave a single tlc spot in EtOAc-PE (65:35). A sample was 
evaporatively distilled at  75-80 "C  (0.02 torr) for analysis, 
[aID'6 -8.0 (C 1.80, CHCI]); u,,, (CC14) 3570 (0H)and  
1748 cm-1 (ester C=O). Arral. calcd. for C17H2804 
(296.4): C68.89, H9.52; found: C68.87, H9.55. 

The attempted oxidation of 46 mg of 216 with 20 mg 
of CrOl in 4 ml of Py for 24 h gave as the only product 
40 mg of recovered 216 (ir, tlc) on passage through 
alumina (neutral IV) in CH2CI2. 

Dehydration of the 130" Glycol Monoacetate 21b 
According to the procedure of Hazen and Rosenburg 

(14), there was added in small portions during 1 min 1.14 
g ( I0  mmol) of freshly distilled CH3S02C1 containing 
60 mg of SO2 to a vigorously stirred (magnetic bar) 
solution (maintained at  0 "C) of 178 mg (0.6 mmol) of  
pure 216 in 3 ml of D M F  (freshly distilled from 4A 
molecular sieves) and 2 ml of freshly distilled r-collidine. 
After 15 min the brown reaction mixture was diluted with 
water and extracted with ether to yield 152 mg (9lCi/,) of  
pale yellow liquid. Thin layer chromatography (EtOAc- 
PE, 65:35) gave one major spot, R, 0.85, and a trace of  
more polar starting material. Preparative tlc in the same 
solvent system gave 100 mg of a mixture of 29 and 30, 
ratio -85:15, single tlc spot, urn,, (CS2) 3070 (=CH) 
and 1740 cm-1 (ester e O ) .  
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Epoxidatiorr of Isocaryopllyller~e Oxide-a, 7 
To a solution of 13.56 g (61.6 mmol) of cis-oxide-a 7 

in 50 ml of benzene was added 350 ml of a benzene solu- 
tion of perbenzoic acid (61.5 mmol) at room temperature. 
After 7 days the reaction mixture was diluted with ether, 
washed with aqueous NaHCO,, dried, and evaporated 
to leave 14.5 g (100%) of pale yellow oil. Thin layer 
chromatography in EtOAc gave one major spot, Rf 0.80 
(different from 7, R, 0.90) and one minor (-]Or/;) :pot, 
R, 0.40. The nmr spectrum was consistent with a single 
bisepoxide stereoisomer. Rapid chromatography (to 
minimize rearrangement) on 330 g of alumina (neutral 
111) gave 5.5 g (38%) of crystalline 8 in the PE eluate and 
9.0 g (625;) of a mixture of 8 and a more polar trans- 
formation product in the ether eluate. Three recrystalliza- 
tions of a sample of 8 from PE (bp 30-60 "C) gave color- 
less crystals of bisepoxide 8, mp 98.5-100 "C, [alD18 -21 
(c 2.38, CHCI3); urn,, (CS2) 3010 and 3020 cm-1 (epoxide 
CH). Arlal. calcd. for C15H2402 (236.4): C 76.23, H 10.24; 
found: C 76.04, H 10.32. 

Base-catalyzed Cleavage of Bisepoxide 8 from 
Isocaryoplryllene Oxide-a 

A solution of I .68 g (7.1 mmol) of pure 8 and 3.5 g of 
KOH in 27 ml of benzyl alcohol was heated on a steam 
bath for 96 h. The light yellow reaction mixture was 
steam distilled to remove excess benzyl alcohol. The 
steam distillation residue was extracted with ether to  
yield 3.5 g of crude benzyl ether 15c containing some 
benzyl alcohol. The crude product was hydrogenolyzed 
in I00 ml of 95% EtOH containing 3 g of 5% Pd/C on a 
Parr shaker a t  room temperature for 40 h. Filtration and 
evaporation left I .80 g (lOO~o) of colorless semisolid 
glycol mixture. Thin layer chromatography (EtOAc-PE, 
65:35) gave one major spot R, 0.25 (-80%) and two 
minor spots R, 0.10 and 0.05. Thin layer chromatographic 
comparison with authentic 210, R, 0.15, showed that no 
21a was present. 

Chromatography on 50g  of alumina (neutral 1V) 
yielded 1.15 g (60%) of crystalline 15a. Three recrystal- 
lizations from ether gave rosettes of prisms of glycol 150, 
mp 151-152 "C, [alDI8 -45 (C 2.44 CHCI,); u,,,(CHCl1) 
3570 and 3440cm-I (OH). Arlal. calcd. for CI5H26O3 
(254.4): C 70.83, H 10.30; found: C 70.67, H 10.44. 

Nu104 Cleavage of the 152" Glycol 15a 
A solution of 254 mg (1.00 mmol) of 150 in 1 ml of 

MeOH was allowed to react a t  room temperature with a 
solution of 255 mg (1.2 mmol) of Nal04 in 3 ml of water. 
Dilution with water, and ether extraction yielded 215 mg 
(98%) of liquid keto oxide 7 (=O for =CH2), single spot 
on tlc, [alDl8 -79 (c 4.46, MeOH) (lit. (3) [a], -72). 
The ir and nmr spectra were identical with those of 
authentic 7 (=0 for =CHz) prepared by KMnO, 
oxidation of 7. 

Base-camlyzerl lsomerizafior1 of the 152" Glycol 15a 
A solution of 175 mg (0.68 mmol) of 15a in 5 ml of 

MeOH containing 0.6 g of KOH was refluxed for 168 h. 
Dilution with water and extraction with ether gave 140 
mg (807,) of white solid, major tlc spot (-85%), R, 0.28, 
and two minor spots, R, 0.10 and 0.05. Three recrystal- 
lizations from CHCI, gave clusters of small colorless 
needles of glycol 22, mp 225-227 "C (sealed capillary), 

+31 (c 1.25, MeOH); urn,, 3430cm-I (OH); m/cJ 
254 (molecular ion). Arrul. calcd. for CI5H2603 (254.4): 
C70.83, H 10.30; found: C70.49, H 10.18. 

The attempted acetylation of 18 mg of 22 in 0.5 ml of 
Py and 0.5 ml of Ac20 for 24 h a t  room temperature 
gave only 17 mg of recovered starting material 22 on 
work-up. 

The attempted oxidation of 12 mg of 22 with 15 mg of 
CrO, in 1 ml of Py for 24 h gave only 11 mg of recovered 
22 on work-up (tlc, ir, mp, mixture rnp). 

When the acid-catalyzed isomerization of 9 mg of 1 5 ~  
in 1.5 ml of acetone and 0.5 ml of 5% aqueous 
was attempted, the crude product showed four tlc spots 
and was not investigated further. 

0 s 0 4  Oxidatiorz of Isocnryopl~yller~e Oxide-b (6) 
To a solution of 1.00 g (3.94 mmol) of 0 s 0 4  in 5 ml of 

dry ether was added a solution of 870 mg (3.94 mmol) of 
isocaryophyllene oxide-b (-85% oxide-h 6 contaminated 
with -15% of oxide-a 7) in 6 ml of dry ether. After 
5 days the reaction mixture was diluted with ether and 
saturated with HIS. Filtration and evaporation of the 
filtrate left 398 mg of colorless viscous oil. The black 
precipitate was refluxed with KOH - 95% EtOH - 
mannitol and extracted with ether to yield 350 mg of 
viscous oil. Thin layer chromatography (EtOAc-PE, 
65:35) on the combined product (748 mg, 74%) revealed 
one major spot, R, 0.45, and three minor more polar 
spots, R, 0.25, 0.15, and 0.10. Chromatography on 45 g 
of alumina (neutral IV) gave 127 mg (17%) of recovered 
oxide-b 6 (eluted by PE) and 361 mg (485;) of crystalline 
20 (eluted by benzene-CHCI,). Six recrystallizations of a 
portion from CHC1,-PE gave colorless felted needles of 
glycol 20, mp 194-195.5 "C (sealed capillary), [aIDly 
-24 (c 1.28, MeOH); urn,, (KBr) 3300 cm-1 (OH); m/e 
254 (molecular ion). Arlnl. calcd. for C15H2603 (254.4): 
C 70.83, H 10.30; found: C 71.15, H 10.44. 

Further elution with CHCI3 and preparative tlc with 
EtOAc gave 85 mg (I 17;) of 1,2-diol13a and 20 mg (3%) 
of glycol 21 (from cis-oxide-a 7). 

The attempted acetylation of 51 mg of 195.5" glycol in 
1 ml of Ac2O and 1 ml of Py for 24 h at room temperature 
gave 50 mg of recovered starting material, R! 0.30, con- 
taminated with a less polar carbonyl conta~nlng com- 
ponent (-2074, presumably an acetate), R, 0.65 in 
EtOAc-PE (65:35). 

The attempted oxidation of 48 mg of 20 with 40 mg of 
CrO, in 1 ml of Py gave 35 mg of recovered starting 
material contaminated with some (-20%) less polar 
material showing carbonyl ir absorption. 

The 195.5" glycol 20 was not cleaved by NaI04 in 
MeOH. 

NalO4 Cleavage of the 1,2-Diol13a 
A solution of 15 mg of the 1,2-diol 13a in I ml of 

MeOH was allowed to react at room temperature with a 
solution of 40 mg of NaI04 in 1 ml of water. Dilution 
with water and ether extraction yielded 6 mg of an oil 
whose ir and tlc behavior were identical with that of 
authentic keto oxide-b 6 (=O for =CHz) prepared by 
KMn04 oxidation of 6 (3). 

I,2-Diol Monoacetate, 136 
A solution of 60 mg of 1,2-diol 13a and I ml of AczO 
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in 1 ml of Py was left at  room temperature for 24 h. 
Dilution with water and extraction with ether afforded 
65 mg of an oil which solidified on cooling. Three re- 
crystallizations from PE (bp 30-60 "C) gave crystals of 
motroacelate 13b, mp 86-87 "C, [ffIDl7 4-34 (c 2.00, 
CHCI,); r,,, (CS2) 3450 (OH) and 1748 cm-1 (ester 
C=O). Atlal. calcd. for C17H2804 (296.4): C 68.89, H 
9.52; found: C 69.22, H 9.71. 

Bnse-catalyzerl Ison~eriirrtiot~ of' tire 1,bDioI 130 
A solution of 95 mg of a mixture of monoacetates (70% 

21b and 30% 13b) in 5 ml of MeOH containing 0.5 g of 
KOH was refluxed for 7 days. Dilution with water and 
extraction with ether gave 80 mg (98';/0) of an  oil whose 
tlc (EtOAc) showed two spots Rf 0.40, corresponding to 
20 from oxide-b, and R, 0.25 corresponding to the 130" 
glycol 210 from oxide-a. Separation by chromatography 
on alumina (neutral IV) gave 12mg of pure 20, mp 
192-194 "C (sealed capillary) after recrystallization from 
PE, and 35 mg of pure 210. 

Epoxidntiotl of Isocaryopl~yilene Oxide-b, 6 
T o  a solution of 2.2 g (10 mmol) of cis-oxide-b 6 (con- 

taminated with -30% of cis-oxide-a 7) in 10 ml of ether 
at 0 "C was added 30 ml (15 mmol) of an  ether solution 
of monoperphthalic acid. After 7 days at -5'C the 
reaction mixture was worked up as described for the 
preparation of bisepoxide 8 to yield 2.2 g (93%) of an  oil. 
Thin layer chromatography (EtOAc-PE, 65:35) showed 
one major spot R1 0.65 different from starting material, 
R, 0.85, and two faint spots Rf 0.20 and 0.10. The nmr 
spectrum exhibited the C-4 methyl peaks of 5 and 35 in a 
ratio of -70:-30 together with the C-4 methyl peak of 
the bisepoxide 8 from cis-oxide-n. Since the bisepoxides 
tended to rearrange readily, the crude bisepoxide mixture 
was used in the next experiment. 

Base-mtrrlyzed C1eal;age of Bisepoxide 5.from 
lsocaryophyllene Oxide-b 

A solution of 2.10 g of the crude bisepoxide mixture 
obtained from the above experiment and 3.5 g of KOH 
in 30 ml of benzyl alcohol was heated on a steam bath 
for 96 h. The yellow reaction mixture was steam distilled 
to remove excess benzyl alcohol. Ether extraction of the 
steam distillation residue gave 8.40 g of benzyl ether 19c 
containing some benzyl alcohol. The crude product was 
hydrogenolyzed in 100 ml.of 95% EtOH containing 4 g 
of 5% Pd/C on a Parr shaker at  room temperature for 
21 h. Filtration and evaporation left 2.30 g (loo'%) of an 
oil which solidified on standing. Thin layer chromatog- 
raphy (EtOAc-PE, 65:35) gave a major spot and three 
minor spots. Recrystallization of the crude glycol mixture 
from ether-PE afforded 370 mg (16%) of the major spot 
material. Further recrystallization from ether gave color- 
less needles of glycol 19a, mp 152-153 "C, [cY],'~ -62 
(C 1.75, CHC13); r,,, (CHC13) 3590 and 3440 cm-I (OH). 
Anal. calcd. for CI5H26O3 (254.4): C 70.83, H 10.30; 
found: C 70.57, H 10.10. 

Two of the minor components in the crude product 
were shown to be 1,2-diols by Nal04 cleavage of the 
mother liquor material to a mixture of keto oxides 6 
(=O for =CH2) and 7 (=0 for =CH2). Further amounts 
of the 153" glycol 190 were obtained by chromatography 
of the NaI04 product. 

When a solution of 20 mg of 190 and 27 mg of Na104 
in 1 ml of MeOH and 1 ml of water was allowed to stand 
for 24 h at  room temperature, 17 mg of starting material 
19a was recovered. 

153" Glycol Motloncetote 19b 
A solution of 115 mg of pure 19a and 1 ml of Ac2O in 

1 ml of Py was left at  room temperature for 24 h. Dilution 
with water and extraction with ether gave 135 mg (100%) 
of an oil which solidified. Three recrystallizations from 
PE (bp 30-60 "C) gave 78 mg of crystals of monoacetate 
19b, mp 84.5-86 "C, [ c Y I , ~ ~  -57 (c 0.89, CHCI,); r,,, 
(CHCI,) 3590, 3440 (OH), and 1725 cm-I (ester C=O). 
AIINI. calcd. for C17H2804 (296.4): C68.89, H9.52: 
found: C 68.58, H 9.46. 

Dellydmtiotl of !he 153" Glycol Motloacetate 196 
The reagents and procedure of Hazen and Rosenburg 

(14) were used as described for the dehydration of the 
116" glycol monoacetate 18b. To a vigorously stirred 
solution of 40 mg of monoacetate 19b in 3 ml of 7- 
collidine and 4 ml of D M F  cooled to 0 OC was added 115 
mg of CH3S02Cl containing 25 mg of SO2 during 1 min. 
Work-up as described previously gave 40 mg of a yellow 
oil whose nmr spectrum showed the product to be a n  
approximately 50:50 mixture of the same two double 
bond isomers 26 and 27 obtained from the 116" glytol 
monoacetate 18b, r,,, (CS2) 3060 (=CH2), 1740 (ester 
C=O), 1625 (C=C), and 890 cm-1 (=CH2). 
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Enthalpies of formation of Cr3+ (aq) and the inner sphere complexes 
CrF2+Qaq), CrC12+(aq), CrBr2+(aq), and CrSO,+ (aq) 
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INGEMAR DELLIEN and LOREN G. HEPLER. Can. J. Chem. 54, 1383 (1976). 
We have carried out calorimetric measurements leading to AHfO = -60 kcal mol-1 for 

Cr3+(aq). Further calorimetric measurements have led to enthalpies of reaction of Cr3+(aq) 
with HF(aq), C1-(aq), Br-(aq), and SO4'-(aq) to form the 'inner sphere' complexes CrF2+(aq), 
CrCI2+(aq), CrBr2+(aq), and CrS04+(aq). Results of our measurements lead to AH,O = 
(-60.0 + 1.5) kcal mol-1 for Cr3+(aq), AH,O = - 136.8 kcal mol-1 for CrF2+(aq), AHfO = 
-93.7 kcal mol-I for CrC12+(aq), AH? = -80.1 kcal mol-1 for CrBr2+(aq), and AH? = 
-269.7 kcal mol-1 for CrS04+(aq). 

~ N G E M A R  DELLIEN et LOREN G. HEPLER. Can. J. Chem. 54, 1383 (1976). 
On a effectuC des mesures calorimitriques permettant de diterminer que le AH? du Cr3+(aq) 

est -60 kcal mol-1. D'autres mesures calorimCtriques ont permis d'Cvaluer les enthalpies des 
rhctions du Cr3+(aq) avec HF(aq), C1-(aq), Br-(aq) et S042-(aq) conduisant B des complexes 
de "sphkre interne" CrFZ+(aq), CrC12+(aq), CrBr'+(aq) et CrS04+(aq). Les rCsultats de nos 
mesures conduisent aux valeurs de AH? = (-60.0 f 1.5) kcal mol-1 pour Cr3+(aq), AHfO = 
-136.8 kcal mol-I pour CrFZ+(aq), AHfO = -93.7 kcal mol-1 pour CrC12+(aq), AHfO = 
-80.1 kcal mol-I pour CrBrTaq)  et AHfO = -269.7 kcal mol-1 pour CrS04+(aq). 

[Traduit par le journal] 

Introduction 
The National Bureau of Standards Technical 

Note 270-4 (1) lists AH; = -477.8 kcal mol-I 
for Cr (H~o)~~+(aq ) ,  which corresponds to 
AH; = -477.8 - 6(-68.315) = -67.9 kcal 
mol-I for Cr3+(aq) in which no water of hydra- 
tion is explicitly included. Dellien et al. (2) have 
recently reviewed seven different paths to this 
enthalpy of formation and have calculated AH; 
values ranging from - 5 1 to - 62 kcal mol-I for 
Cr3+(aq). We (2) selected AH; = -57 kcal 
mol-' for Cr3+(aq) and the corresponding 
AH; = - 57 + 6(-68.3 15) = -467 kcal mol-I 
for Cr(H20)63+(aq) as 'best' values. Neither the 
selection of ref. 2 nor that in ref. 1 can be de- 
fended as accurate or reliable. We have therefore 
undertaken calorimetric measurements to resolve 
the substantial (17 kcal mol-l) discrepancy be- 
tween 'reasonable' interpretations of previously 
published results. 

There are also significant gaps and uncertain- 
ties in the presently available thermochemical 
data for some important halide and sulfate com- 
plexes of Cr(II1) in aqueous solution. We have 
therefore made calorimetric measurements on 
some of these species. 

]On leave from Chemical Center, Physical Chemistry I, 
University of Lund, Lund, Sweden, 1974-1975. 

It is likely that the substantial discrepancies 
between the results of earlier investigators are 
mostly due to chemical difficulties rather than 
calorimetric errors. We have therefore taken 
considerable care to identify the chromium 
species involved in the various calorimetric 
reactions we have investigated. 

Experimental 
All calorimetric measurements were made with the 

LKB 8700 Precision Calorimetry System. The standard 
100 ml LKB glass reaction vessel was used with 1 ml 
glass ampoules for some of the measurements; other 
measurements were made with a stainless steel bomb 
calorimeter (from which we could exclude oxygen) iden- 
tical to that described by Olofsson, Sunner, Efimov, and 
Laynez (3). All of our calorimetric results refer to 
25.00 + 0.03 OC and are reported in terms of the defined 
thermochemical calorie (1 cal = 4.184 J). 

Solutions of chromous perchlorate were prepared by 
electrolytic reduction of solutions of chromic perchlorate, 
as described by Pecsok and Schaefer (4+ Concentrations 
of Cr2+(aq) in final solutions ranged from 0.080 to 
0.100 M, as determined by reaction with excess 1: 
followed by titration with thiosulfate solution. 

Our preparations of ferric perchlorate solutions began 
with FeC13.6H,0 (BDH Analar), which was dissolved in 
aqueous perchloric acid. The 'ferric hydroxide' that was 
precipitated on addition of NH,(aq) was filtered off, 
washed, redissolved in perchloric acid, reprecipitated 
with NH3(aq), etc., until the resulting ferric perchlorate 
solution showed no test for chloride with silver nitrate. 
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Solutions were standardized with KMnO, solution after 
reduction of Fe3+(aq) to Fe2+(aq) with zinc. 

A solution of cupric perchlorate was prepared by dis- 
solving CuO (BDH) in perchloric acid. After the solution 
was filtered, it was standardized by reaction with iodide 
and thiosulfate. 

Stock Ce(IV) perchlorate solution was prepared by 
dissolving (NH4)2Ce(N03), in warm HClO,. After the 
solution was cooled and the precipitated ammonium 
perchlorate removed by filtration, Ce(IV) concentration 
was determined against K4Fe(CN),.3H20 with ferroin 
indicator. 

Solutions of CrF2+(aq) were prepared according to the 
procedure of Swaddle and King (5), except that we used 
somewhat lower concentrations than they did. Spectra of 
our solutions agreed well with those reported by Swaddle 
and King (5). Solutions were stored in a refrigerator, with 
all calorimetric runs and analyses being completed within 
36 h of the original preparation. Solutions of CrC12+(aq) 
were prepared and handled in similar fashion, as also 
described by Swaddle and King (5). 

Solutions of CrBr2+(aq) were prepared as described by 
Guthrie and King (6), except that we began with electro- 
lytically prepared solutions of Cr2+(aq) as described 
above so that we had no Zn2+(aq) in our solutions. 
Extinction coefficients of our solutions were about 4% 
larger than values previously reported by Taube and 
Myers (7). Solutions were stored in the refrigerator, with 
samples taken out for analyses and calorimetric measure- 
ments within a few hours of completion of the prep- 
aration. 

Solutions of Cr(SO,)+(aq) were prepared by reducing 
cold solutions of K2Cr207 and H2S04 with H202 ,  fol- 
lowed by ion exchange separation with Biorad AG 
50W X 8 resin. The spectra of the resulting solutions 
were similar to that reported by Fogel, Tai, and Yar- 
borough (8), but our extinction coefficients (X = 590 nm, 
e = 19.0 M-1 cm-1; X = 420 nm, E = 18.9 M-1 cm-1) 
were larger than theirs. In this connection we note that 
our extinction coefficients for Cr3+(aq) agree with those 
of several earlier investigators. 

Solutions containing the various inner sphere com- 
plexes of Cr(II1) were analyzed for chromium spectro- 
photometrically after oxidation with H 2 0 2  in alkaline 
solution,, as described by Haupt (9). A Cary 14 spectro- 
photometer was used for these and other spectrophoto- 
metric measurements. The same instrument was used for 
observation of various calorimetric solutions to insure 
that appropriate reactants and products were identical as 
required for combination of various reaction A H  values. 

Reduction of Cr03  with H 2 0 2  in HC10, solution led to 
solutions of chromic perchlorate from which we obtained 
hydrated crystals of chromic perchlorate after several 
weeks' storage with concentrated H2S04 in a desiccator. 
Solutions of Cr3+(aq) prepared by dissolving these 
crystals in water and perchloric acid were free of dimers 
as judged by the spectrum around the 267 nm peak and 
also Iower wavelengths. 

Results and Calculations 
We have measured the enthalpy of reaction of 

Cr2+(aq) with Fe3+(aq). Our choice of Fe3+(aq) 

as oxidizing agent was partly based on the sug- 
gestion of Ardon and Plane (10) that monomeric 
Cr3+(aq) is the principal product when Cr2+(aq) 
is oxidized in one electron transfer reactions. We 
carried out test tube reactions followed by 
spectrophotometric analysis of the product solu- 
tions to establish that more than 95% of the 
chromium product was present as the desired 
mononleric Cr3+(aq). Ardon and Plane (10) had 
previously used an ion exchange method (prob- 
ably better than our spectrophotometric method) 
to show that more than 99% of the chromium 
was present as monomeric Cr3+(aq) in similar 
solutions. We therefore represent the calori- 
metric reaction by 

Our calorimetric measurements on reaction 1 
were carried out with weighed amounts of 
standardized concentrated ferric perchlorate 
solution in the ampoule and a slight excess of 
dilute chromous solution in the bomb calori- 
metric vessel, with both solutions being 0.5 M in 
HC104. Seven measurements led to a total 
AH = - 36.0 kcal mol-I (average deviation = 

0.6 kcal mol-l) for reaction 1 plus the enthalpy 
of dilution of the ferric perchlorate solution. 
Separate determination of this enthalpy of 
dilution (0.31 kcal mol-l) permits us to select 
AH0 = - 36.3 kcal mol-I for the reaction repre- 
sented by [I]. Because of the electrical symmetry 
of this reaction, it is reasonable to assume that 
the effect of the 0.5 M HC104 on the enthalpy of 
reaction is small coinpared to the uncertainty 
indicated by the average deviation of our results 
cited above; we have therefore neglected further 
heats of dilution in arriving at our standard 
enthalpy of reaction represented by AH0. 

Stout and Chisholm (11) have reviewed 
earlier investigations and have calculated an 
apparently reliable AH: = - 94.52 kcal mol-I 
for CrClz(c). Gregory and Burton (12) have 
measured the enthalpy of solution of CrClz(c) in 
1.0 M C1-(aq), with a result in fair agreement 
with an earlier (13) measurement. Combination 
of these results with our estimated enthalpies of 
dilution and the AH: of CrC12(c) cited above 
leads to  AH: = - 34.3 kcal mol-I for Cr2+(aq). 
These AH: values for CrClz(c) and Cr2+(aq) are 
the same as listed in ref. 1. We therefore use 
these values for calculations with our AH0 for 
reaction 1 .  
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The difference in AH: values listed in ref. 1 
for Fe2+(aq) and Fe3+(aq) amounts to 9.7 kcal 
mol-'. We use this value for subsequent calcula- 
tions, although it should be noted that there is 
some evidence (14) that this difference is larger 
than 9.7 kcal mol-'. 

Use of the AH: values cited above with our 
AH0 for reaction 1 leads to AH: = - 60.9 kcal 
mol-l for Cr3+(aq). We suggest that the total 
uncertainty in this value is about -t 1.5 kcal 
11101-l. Choosing a larger difference between 
AH? values for Fe2+(aq) and Fe3+(aq) would 
lead to AH: of Cr3+(aq) being less negative 
than the -60.9 kcal mol-l above. 

We have also made calorimetric measurements 
on the enthalpy of reaction of excess Cr2+(aq) 
(in the bomb) with Cu2+(aq) (in the ampoule), 
all in 0.5 M HC104 solution. Duplicate test tube 
experiments followed by ion exchange separation 
of products established that the principal calori- 
metric reaction can be represented by 

with about 4% of the Cr(II1) present as hy- 
drolytic dimers or polymers. Five determinations 
(adjusted for enthalpy of dilution of cupric 
perchlorate solution) lead to AH0 = -25.9 kcal 
mol-l (average deviation = 1.8 kcal mol-l) for 
reaction 2. 

Reference 1 lists AH: = 15.48 kcal mol-l for 
Cu2+(aq) and AH: = 17.13 kcal mol-I for Cu-'-- 
(aq). Use of these values with the AH: for 
Cr2+(aq) cited above and our AH0 for reaction 2 
leads to AH? = -60.95 kcal inol-I for Cr3+(aq). 
We suggest that the uncertainty in this value is 
about + 2 kcal mol-l . Use of slightly different 
(15) AH: values for Cu+(aq) and Cu2+(aq) leads 
to an insignificantly different AH: of Cr3+(aq). 

Oxidation of Cr2+(aq) with Agf(aq) was tried 
but found to be unsuited for our purposes 
because a considerable fraction of the Cr(II1) 
formed was in the form of dimers or hydrolytic 
polymers rather than the desired Cr3+(aq). 
Similarly, reduction of Cr(V1) in acidic solution 
by H202(aq) leads to  solutions containing sub- 
stantial fractions of Cr(II1) in the form of dimeric 
or larger species. We also note that the species 
formed by reaction of me'tallic chromium with 
aqueous hydrochloric acid depend on purity of 
the metal, presence or absence of oxygen, and 
possibly other factors, all sufficiently complicated 
that we did not choose such reactions as promis- 

ing for detailed calorimetric investigation. 
We have also made calorimetric ineasurements 

of the enthalpy of oxidation of monomeric 
Cr3+(aq) with Ce(IV) in 0.5 M HC104 solution 
as represented by 

[3] Cr3+(aq) + 3Ce(IV) = Cr(V1) + 3Ce(III) 

Our ineasurements lead to AH = -2.2 kcal 
mol-l (average deviation = 0.7 kcal mol-l) for 
this reaction. We have also measured the 
enthalpy of oxidation of Fe2+(aq) with Ce(IV) 
in 0.5 M HC104 and found AH = -28.76 kcal 
mol-l (average deviation = 0.06 kcalmol-') for 
the reaction that we represent by 

Finally, we have also carried out calorimetric 
measurements to  find that AH = -2.1 kcal 
mol-l (average deviation = 0.4 kcal mol-l) for 
dissolving K2Cr04(c) in our Ce(IV) calorimetric 
solution and AH = 0.002 kcal mol-I for adding 
water to our Ce(IV) solution, as represented by 
reactions 5 and 6: 

Combination of our enthalpies of reactions 
3-6 leads (neglecting enthalpies of dilution) to 
;lHO = 86.18 kcal mol-l (average deviation = 
0.8 kcal mol-l) for the reaction that we represent 
by 
[7] Cr3+(aq) + 3Fe3+(aq) + 2K+(aq) + 4H20(liq) 

= K2Cr04(c) + 3Fe2+(aq) + 8H+(aq) 

We use this result with AH: = -335.4 kcal 
mol-' for K2Cr04(c) from our recent review (2), 
AH: values for Fe2+(aq) and Fe3+(aq) froin ref. 
1, and AH: values for Kf(aq) and HlO(1iq) from 
ref. 16 to obtain AH: = -56.8 kcal mol-l for 
Cr3+(aq). Use of a larger difference between 
enthalpies of formation of Fe2+(aq) and Fe3+ (aq) 
leads to AH: of Cr3+(aq) more negative than 
-56.8 kcalmol-l. We also point out that the 
AH; for K2Cr04(c) is related (2) to AH? values 
for (NH4)2Cr207(c), Cr03(c), and Cr203(c), for 
all of which there may be non-negligible un- 
certainties. It is therefore impractical to provide 
an estimate of the uncertainty to be associated 
with the above AHO = -56.8 kcal mol-I for 
Cr3+(aq). 

On the basis of uncertainties in our calori- 
metric results and in various AH: values that we 
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have used, we suggest that AH? = -60 kcal 
mol-I for Cr3+(aq) is the best value that is 
presently available (as compared to the range 
from -51 to -67.9 kcal mol-I cited in the 
Introduction). We also suggest that the un- 
certainty in this value is about + 1.5 kcal mol-I. 
Because some enthalpies of complex formation 
are known with accuracy considerably better 
than + 1.5 kcal mol-I (as discussed later in this 
paper), we suggest that the value above be 
written as AH? = -60.0 kcal mol-I. We there- 
fore also adopt AH? = -469.9 kcal mol-' for 
Cr(H~0)6~+(aq)  in which we have explicitly in- 
cluded water of hydration. 

Now we turn to our investigations of various 
aqueous complexes of Cr(II1). All of our work 
has been done with 'inner sphere' complexes, 
such as CrF(H20)52+(aq). We choose to describe 
all of our results concisely without specifically 
indicating the water of hydration; thus we 
represent the chromic fluoride complex by 
CrF2+(aq), and similarly for other complexes. 

We have measured the enthalpy of oxidation of 
CrF2+(aq) with Ce(IV) in 0.5 M HC104 to be 
- 12.22 kcal inol-I (average deviation = 0.1 kcal 
mol-I) and the enthalpy of oxidation of solu- 
tions of Cr3+(aq) and HF(aq) to yield an identical 
final solution to be - 12.55 kcal mol-I (average 
deviation = 0.3 kcal mol-I). Combination of 
these two results yields AH = -0.33 kcal mol-I 
for the reaction 

The only earlier result we can compare with is 
AH = 1.3 kcalmol-I at 86OC reported by 
Swaddle and King (5) on the basis of their d In 
K/dT results for 1 M LiC104 solutions. 

We have ineasured the enthalpy of oxidation 
of CrC12+(aq) with Ce(IV) in 0.5 M HC104 to be 
- 8.42 kcal mol-I (average deviation = 0.2 kcal 
mol-I) and the enthalpy of oxidation of solutions 
of Cr3+(aq) and C1-(aq) with Ce(IV) to  yield 
identical final solutions to  be -2.13 kcal mol-I 
(average deviation = 0.04 kcal mol-I). Com- 
bination of these values leads to AH = 6.29 
kcal mol-I for the reaction 

Related earlier investigations have been carried 
out by King and co-workers (17); our earlier 
assessment (2) of their results led to AH = 5 
kcal mol-I for reaction 9, but it is also reasonable 

to select a larger value in close agreement with 
our new result. 

We have measured the enthalpy of oxidation 
of CrBr2+(aq) with Ce(IV) in 0.5 M HC104 to be 
- 20.16 kcal mol-I (average deviation = 0.14 
kcal mol-I) and the enthalpy of oxidation of 
solutions of Cr3+(aq) and Br-(aq) to yield 
identical final solutions to be - 1 1.23 kcal mol-I 
(average deviation = 0.07 kcal mol-I). Com- 
bination of these values leads to AH = 8.93 
kcal mol-I for the reaction 

Our AH for oxidation of CrBr2+(aq) includes a 
correction for decomposition of the complex. 
The amount of such decomposition during the 
time between analysis and calorimetric reaction 
was estimated by way of the rate data of Guthrie 
and King (6); the magnitude of the correction 
was less than 0.6 kcal mol-I for all runs. 

Earlier d In K/dT results of Espenson and King 
(18) lead to an enthalpy of reaction 10 (taken to 
be 5 kcal mol-I in our review (2)) that is signifi- 
cantly smaller than the value we have obtained 
above. 

We have measured the enthalpy of oxidation 
of CrS04+(aq) (inner sphere complex) by Ce(IV) 
in 0.5 M HC104 solution to be - 10.30 kcal 
mol-I (average deviation = 0.10 kcal 1nol-l) and 
the enthalpy of oxidation of solutions of Cr3+(aq) 
and (S042-(aq) and HSOi-(aq)) to yield the 
same final solution to  be -6.65 kcal mol-' 
(average deviation = 0.03 kcal inol-I). Com- 
bination of these results leads to  AH = 3.65 
k c a l i ~ ~ o l - ~  for the reaction we represent by 

in which a is the fraction of S(V1) that is in the 
HS04-(aq) form. For the reaction 

we have taken log K = -0.75 and AH = -5.4 
kcal mol-I (both for 0.5 M HC104 solution) on 
the basis of inany results summarized by SillCn 
and Martell (19). We combine all of these results 
to obtain AH = 7.6 kcal mol-I for 

[I31 Cr3+(aq) + SO4'-(aq) = CrS04+(aq) (inner sphere) 

Kinetic results from Fogel, Tai, and Yar- 
borough (8) show that dissociation of Cr(S04)+-- 
(aq) complexes is negligible in our solutions 
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DELLIEN AND HEPLER 1387 

TABLE 1. Enthalpies of formation 
(298 K) 

A H,o 
Ion (kcal mol-1) 

during the time between completion of the 
preparation and completion of the calorimetric 
measurements. Their results (8) also show that 
outer sphere association of Cr3+(aq) with 
S042-(aq) is negligible (less than 0.2%) in our 
solutions. Fogel et al. (8) have previously re- 
ported AH = 7.2 kcal mol" for this reaction: 
based on their equilibrium constants over the 
temperature range 48 to  84 "C in 1 M NaC104 
solution. 

Our enthalpies of reactions 8-10 and 13 have 
been combined with our AH: of Cr3+(aq) and 
AH: values for HF(aq), C1-(aq), Br-(aq), and 
S042-(aq) from ref. 16 to  obtain the AH: values 
for CrF2+(aq), CrC12+(aq), CrBr2+(aq), and 
CrS04+(aq) (all inner sphere complexes) that are 
listed in Table 1. 
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J. G. ROTH and M. J. DIGNAM. Can. J. Chem. 54, 1388 (1976). 
McDonald's study of the absorption band at  3749 cm-1, due to  the 0-H stretching vibration 

of hydroxyl groups on outgassed powdered silica, revealed substantial changes in center 
frequency and band area upon adsorption of Ar. The main features of these changes are ac- 
counted for here using an optical model for porous adsorbent-adsorbate systems due to  
Dignam, Rao, and Roth. The possibility of using the measured change in band intensity on 
adsorbing an inert gas, as a general indicator of the orientational distribution of the adsorbed 
species responsible for the band, is noted. 

J. G. ROTH et M. J. DIGNAM. Can. J. Chem. 54, 1388 (1976). 
L'Ctude de McDonald, sur la bande d'absorption B 3749 cm-1, due B la vibration de frCquence 

0-H des groupes hydroxyles sur des silices en poudre et dCgasCes, revelait que des changernents 
importants dans le centre de frCquence et dans la surface de la bande se produisent lorsqu'il y a 
adsorption de Ar. Les principales caractCristiques de ces changements peuvent &tre expliquCes 
en utilisant un modkle optique, dD B Dignam, Rao et Roth, pour des systkrnes poreux ad- 
sorbant-adsorbC. On note la possibilitC d'utiliser les changements mesurCs dans 1'intensitC des 
bandes lorsqu'il y a adsorbtion d'un gaz inerte comme un indicateur gCnCral de la distribution 
des orientations des espkces adsorbks responsables pour ces bandes. 

[Traduit par le journal] 

Introduction light of the above optical models, the data 

Infrared spectroscopy of species adsorbed on 
powdered specimens has been the subject of 
considerable interest for some time. Comprehen- 
sive reviews have been given by Little (1) and 
Hair (2). Results have been interpreted almost 
exclusively in chemical terms, rather than optical 
terms. Thus shifts in the frequency of an absorp- 
tion band are ascribed to chemical interactions 
of the various species with each other and with 
the surface. Similarly, changes in peak intensities 
following adsorption are generally interpreted in 
terms of changes in the population of the ad- 
sorbed species. 

Optical models of porous adsorbent-adsorbate 
systems have been presented (3 )  based on the 
scattering and extinction properties of particles 
and cavities coated with anisotropic films (4).  
These have been tested against data for CO ad- 
sorbed on various alkali halides (5) and it was 
found that local field effects (i.e. phenomena 
purely optical in nature), could explain most of 
the spectroscopic features observed and pre- 
viously explained in terms of special adsorption 
sites, i.e. chemical interactions (6) .  The purpose 
of the present publication is to reexamine, in the 

o'ibtained by ~ c ~ o n a l h  (7 )  for OH-groups on 
powdered silica glass. 

McDonald studied the absorption band at  
3749 cm-I due to the oxygen-hydrogen stretch- 
ing vibration of the free hydroxyl groups on out- 
gassed powdered silica glass and the effects on 
the spectrum of adsorbing various gases. Figure 
1 shows the results obtained using argon as the 
adsorbing gas. The dotted curve represents the 
spectrum obtained for the outgassed silica. The 
dashed curve was obtained following admission 
of argon to the cell at 135 torr and 83 K. The 
solid line is the spectrum obtained when argon 
was allowed to condense into the transmission 
cell a t  73 K. An interpretation of these results 
will now be attempted. 

Theory 
A set of equations has been derived ( 3 )  for the 

chemical extinction coefficient of a porous ad- 
sorbent-adsorbate system consisting of a random 
isotropic distribution of coated spherical particles 
of random size, but with particle size and 
separation small compared t o  the wavelength of 
light in question. Defining the chemical extinc- 
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tion coefficient of the adsorbed species, P,, 
according to 

[l l  P, = (l/L) log10 (ItO/It) 

where I, and I,O are the transmitted light intensi- 
ties with and without adsorbate respectively, and 
L the thickness of the specimen, the following 
equation for p, was derived for this model: 

where A is the surface area per unit volume of the 
adsorbent, 6, and E, the substrate and ambient 
dielectric constants respectively (assumed real 
valued), XO the wavelength in vacuo, and Im 
denotes the imaginary part of the function. C, 
is a constant which depends on (E,/E,) and the 
relative pore volume but is close to  unity for all 
reasonable choices of these (3). In deriving [2], 
the adsorbed film was treated as uniaxial with 
its optic axis coincident with the local normal to 
the surface to allow for possible non-isotropic 
molecular orientation. Defining E,, and E, as the 
complex dielectric tensor components for the 
film in the directions normal to and tangent to 
the surface respectively, then y,, and 7, are de- 
fined according to 

[31 ~t = cI(6tI~~ - 1) 

and 

[41 ~n = d(l - ~ n / ~ n )  

where d is the effective thickness of the film. 
They characterize the optical properties of the 
molecular layer and are 4~ times the polarization 
relative to  the ambient phase in the t (tangential 
to the surface plane) or n (normal) direction per 
unit adsorbent area divided by the t or n conl- 
ponent of the field that would obtain in the 
absence of the adsorbate (8). 

Dignam and Moskovits (8) derived the follow- 
ing expressions relating y,, u = n, t, to  the 
components of the mean polarizability, a,, u = 

n, t, of the adsorbed species relative to the 
ambient: 

where N is the mean surface concentration of the 
adsorbed species. The 8's express the correlation 
between the polarizability of a molecule at a 
point on the surface and the field a t  that point 
due to the other molecules on the surface. In the 
analysis below, we assume these quantities to be 
uncorrelated, and hence set the 8's to unity. Any 
error introduced by this assuinption will prob- 
ably be small for the cases studied here (8). The 
quantity n is related to the pair distribution 
function, f(r), (i.e. the expectation value of the 
number of molecules within a distance r of anv 
given molecule divided by the corresponding 
number for a random distribution of points on a 
plane) through 

f r m  7 

It  was also shown that if the adsorbed mole- 
cules are treated as randomly distributed hard 
discs of diameter el', then at low coverage a = 

(4/3)df while for a close packed square planar 
array, a = 0.935~1' with n being about 20% 
smaller for a hexagonal close packed array. Thus 
for a random distribution of adsorbed species, 
all of diameter d', a varies from (4/3)clf at low 
coverage to about 0.9~1' at full coverage. In the 
following treatment we make the simplifying 
approxirnations (i) that a is constant, inde- 
pendent of the concentration and composition of 
the adsorbed layer, and (ii) that 8, = 1 = 8,. 

The difference in the sign of the terms in the 
denominators of [5] and [6] arises from the fact 
that for a tangentially oriented external field, the 
field due to the induced dipole moments aug- 
ments the external field, while for a normally 
oriented external field, the opposite is the case. 

If pre-adsorbed species (e.g. OH groups) 
occupy only a fraction of the surface area, with 
subsequently adsorbed species (e .g.  Ar) occupy- 
ing some or all of the remaining area, then on 
making simplifying approxirnations (i) and (ii): 
the following substitutions into [5] and [6] may 
be made. 

41rNa, P I  N a ,  +- Nau + N"aUf' 
151 Y t  = 

, where u = n, t ;  a and a" are the components of 
the mean polarizability tensors of the,adsorbed 
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hydroxyl radicals, and the adsorbed 'inert' gas 
molecules respectively; and N and N" are the 
corresponding concentrations per unit area. 

Assuming that the 'inert' gas molecules do not 
absorb near the spectral region of interest, a," 
will be constant and real valued. The components 
of the polarizability of the hydroxyl radicals can 
be represented approximately by Lorentzian 
functions : 

where u = n, t ;  a,," is the high frequency con- 
tribution; s, is the oscillator strength; w' is the 
center frequency; and r is the line width. Both of 
these last two quantities are assumed to be the 
same for the normal and tangential components 
since only a single ir absorption band is irivolved. 
The relative values of the oscillator strength can 
be calculated from a knowledge of the orienta- 
tional distribution of the related transition dipole 
moment. Thus, for example, if the transition 
dipole moment makes an average angle 0 with 
the surface normal, 

where s is the oscillator strength of the transition 
and 

For the isotropic case, the dipole is equally 
likely to be oriented normal to  the surface or in 
one of the two orthogonal tangential directions, 
and st = s,. No simple relationship will in 
general exist between the high frequency con- 
tributions, but for the isotropic case they will be 
equal. 

Substituting [8] into [5] and. [6], and expressing 
the results as Lorentzian functions gives 

where 

L 
withu = n, t ;  Kt = l ; andK, ,  = -2. 

Substituting [8] and [9] into [5] and [6] and 
assuming Ku(4a/3)(N/a)aum and similar terms 
are small compared to unity, gives the following 
expressions for the frequency shift on adsorption 
of the 'inert' gas: 

r171 wt" - W t  - - -- [my) - 1' N""" 
w' 2 3 ; S t  Nst 

[I81 
w," - W, = -2 [("") - (") 1' N""" 

w1 3 a Sn Nsn 

where on" (u = n: t) is the center frequency with 
the 'inert' gas adsorbed, and w, that for the out- 
gassed silica. Thus the normal component is, in 
general, shifted more than the tangential, both 

being shifted to lower frequencies. 
Another quantity of interest is the peak ab- 

sorbance, which for a Lorentzian function is 
given approximately by S/r. It can be shown by 
similar calculations that when the 'inert' gas is 
added to the surface, the peak absorbance due 
to  the tangential component increases while that 
due to the normal component decreases. 

For the case of the gas condensed in the cell, 
[5] and [6] can be applied directly, except that the 
polarizability of the hydroxyl radical must be 
replaced by its effective polarizability in the 
condensed gas. It is assumed that the condensed 
gas does not perturb the polarizability of the 
radical except that the effective polarizability 
must be calculated for the new ambient. This is 
achieved as follows. The effective polarizability, 
a,, of a spherical particle of radius R in an am- 
bient medium of dielectric constant E, is given by 

[19i a, = R3(e - E,)/~E, + E) 
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where e is the dielectric constant of the medium 
composing the particle. The macroscopic di- 
electric tensor components for the OH radical 
are calculated using [19], which with the ambient 
assumed to be vacuum, gives 

where u = n, t ;  while substituting [20] back into 
[19], keeping R fixed, gives 

[21] a," = R3[6, - cc]/[6, + 2 ~ ~ 1  

as the effective polarizability in the new ambient, 
where cc is the dielectric constant of the con- 
densed phase. 

Calculations and Results 

Equations 2, 5, 6, 8, and 9, along with values 
for the physical parameters, can now be used in 
an attempt to reproduce the data of Fig. 1. The 
results presented in Fig. 2 were generated as 
follows. First the normal component of the 
polarizability tensor for the OH radical was 
assumed Lorentzian (as given by [9]) with the 
tangential component represented by a real 
valued constant. The parameters were then 
chosen to more or less duplicate McDonald's 

FIG. I .  Infrared spectrum for OH groups on powdered 
silica: A,  McDonald's results (7); B, calculated curves. 
The three curves correspond to results for:. . . . , outgassed 
silica; ---, Ar adsorbed at 135 torr and 83 K ;  -, and Ar 
condensed in the cell a t  73 #. 

i 1 
1.0 J I 
3600 36!jo 3700 3790 9800 

F R E Q U E N C Y  / cm- '  

FIG. 2. Infrared spectrum for OH groups on powdered 
silica calculated assuming the OH groups to be oriented: 
A, normal to the surface, B, tangential to the surface. The 
three curves are identified as in Fig. 1. 

result for the outgassed silica (dotted line in 
Fig. 1A). The values so chosen were approxi- 
mately those discussed below for the more 
detailed analysis of the hydroxyl-argon system. 
The frequency shifts resulting from adsorption 
and then condensation of argon could be ad- 
justed somewhat by changing certain parameters 
in accordance with [17] and [I91 but significant 
line broadening could not be produced. Results 
are also shown in Fig. 2 using the same para- 
meters as above except that the OH radicals 
were assumed to lie parallel, rather than normal, 
to  the local surface. The resulting frequency 
shifts are approximately correct, but again no 
broadening is obtained. 

A further attempt was made to duplicate the 
results of McDonald by mixing the normal and 
tangential modes as given by [113] and [11] and 
the results are shown in Fig. 1. The powdered 
silica substrate was assumed to be 0.5 mm thick, 
with sample density per unit beam area of 10 
mg/cm2 and a surface area of 200 m2/g, as given 
by McDonald (7). This gave a volume fraction, 
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V, of 0.087 and surface area per unit volume, A,  
of 0.4pm-l. The dielectric constant of the 
particles was assumed to be that of fused silica (9) 
and the ambient was assumed to be vacuum. The 
hydroxyl radicals on the outgassed silica were 
assumed to form a layer of one-eighth full 
coverage, based on 8 per nm2 (lo), and the 
layer was assumed to be 0.26 nm thick, estimated 
as the sum of the radius of liquid water and the 
covalent radius of oxygen (11). The polariz- 
ability as given by [9] was then adjusted to best 
duplicate McDonald's spectrum for the out- 
gassed surface using [2], and assuming 80% loss 
due to scattering, as McDonald observed. The 
parameter values that gave the best agreement 
were: a high frequency polarizability of 0.85 X 

cm3, a center frequency, w1/2ac, of 3741 
cm-l, and a relative line width, r, of 0.003, the 
same set applying for both components. The 
strength in the normal direction, s,, was 0.15 X 

cm3, with the strength in the tangential 
direction being 60% of this value, this proportion 
being chosen to give the best fit to  the spectrum 
resulting from adsorbing one monolayer of Ar. 
This corresponds to  a mean angle for the 0-H 
axis of about 50" to  the surface normal (from 
[lo] and [12]). The oscillator strength and con- 
centration per unit area appear essentially as a 
product, making the strength and coverage 
factor one adjustable parameter. In all, five 
adjustable parameters were used to  fit all three 
spectra: the center frequency, the line width, the 
ratio of strengths, the strength of the normal 
mode, and the high frequency polarizability, the 
last two being essentially scaling parameters. 

For monolayer coverage, argon atoms were 
assumed to occupy all remaining surface sites, 
and have an isotropic polarizability of 1.65 X 

cm3 (7), unperturbed from the gas state. 
The substitution [8] was made and the result was 
a band shifted to  3740cm-I compared to the 
observed value 3741 cm-I and a width at half 
height of 19 cm-I as compared to the observed 
24 cm-l. The peak intensity decreased to about 
the same extent as observed by McDonald. The 
broadening in the calculated spectrum is due 
mainly to the superposition of the normal and 
tangential contributions to the absorption band. 
For outgassed silica the tangential mode does not 
contribute significantly to  the calculated spec- 
trum (Fig. l), but does make a significant con- 

tribution following adsorption of one monolayer 
of Ar (see Fig. 2). 

For the spectrum resulting after argon is con- 
densed in the cell, [20] and [21] were used to 
calculate the polarizability of the OH radicals 
relative to the new ambient. This resulted in a 
shift of 33 cm-I (compared to the observed shift 
40cm-I), but a narrowing of the band to 12 
cm-I at  half height (compared to a broadening 
to 30cm-I). The calculated narrowing occurs 
because the tangential component again does not 
contribute significantly to the band. Calculations 
for krypton and xenon show similar agreement, 
while the calculations for nitrogen, oxygen and 
methane do  not agree with McDonald's results. 

Discussion 
McDonald attributed the observed line 

broadening and frequency shifts to the formation 
of weak hydrogen bonds between surface 
hydroxyls and the adsorbed molecules. This 
bonding was assumed to perturb the hydroxyl 
radical and alter the stretching frequency. He 
attempted to  correlate the frequency shifts with 
adsorbate polarizabilities, the noble gases giving 
a smooth relationship, but not nitrogen, oxygen, 
and methane. The relatively large effect of these 
last three gases was attributed by Frohnsdorff 
and Kingston (12) to  interactions with the large 
quadrupole moments of these molecules. While 
these explanations are probably correct for 
nitrogen, oxygen, and methane, the results for 
the noble gases (where any hydrogen bonding 
would be considerably weaker) can be largely 
accounted for on the basis of the purely optical 
effects treated here. The present treatment 
specifically neglected perturbations to  the OH 
radicals on adsorption of the 'inert' gas. We do  
not claim that there are in fact no such perturba- 
tions present in these systems. On the contrary, 
it is likely that the broadening observed on 
condensing argon into the cell is due largely to  
van der Waals interactions leading to phonon 
broadening. The conclusion we wish to  draw 
from our calculations is that it is necessary to  
take into account the effects of altering the di- 
electric environment of surface species, in 
addition to  considering effects due to  chemical 
interactions. 

Finally, we point out the usefulness of results, 
such as those presented by McDonald, for 
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ROTH AND DIGNAM 1393 

determining the orientation of chemisorbed 
species. If the transition dipoles of the chemi- 
sorbed molecules for a particular band are 
oriented in a direction normal to the surface, 
adsorbing a monolayer of an 'inert' gas would 
result in a decrease in the area of the band, 
whereas if they are tangentially oriented, an 
increase would result (see Fig. 2). The 'inert' gas 
would, of course, have to be one that did not 
interact significantly with the chemisorbed spe- 
cies, and should have a high polarizability. 
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The thermal (dark) decomposition of 2-(2',4'-dinitropheny1amino)- 
2-deoxy-D-glucose (DNP-glucosamine) in alkaline borate buffer 

R. 0. OKOTORE' 
Deparr~netll of  Biologicnl Sciellces, U~riversiry of Logos, Logos, Nigerirr 

Received November 12, 1974' 

R. 0. OKOTORE. Can. J. Chem. 54, 1394 (1976). 
The thermal lability of 2-(2',4'-dinitropheny1amino)-2-deoxy-D-glucose (DNP-glucosamine) 

in alkaline borate buffer is reported. This was dependent on borate ion concentration at con- 
stant pH. Of the many reaction products, 2,4-dinitroaniline was isolated and identified by 
spectroscopic and other means. It was formed in 207; yield. A mechanism of reaction is 
suggested. 

R. 0. OKOTORE. Can. J. Chem. 54, 1394 (1976). 
On a Ctabli la IabilitC thermique du (dinitro-2',4' phCny1amino)-2 dCoxy-2 D-glucose dans des 

tampons alcalins de borate. A p H  constant, cette propriCtC dCpend de la concentration en ions 
borates. De tous les produits de la reaction, on a pu isoler et identifier la dinitro-2,4 aniline par 
spectroscopic ainsi que d'autres mithodes. Ce composC se forme avec un rendement de 20%. 
On suggkre un micanisme pour cette reaction. 

[Traduit par le journal] 

Introduction 
The amino sugars occur as components of 

mucopolysaccharides, mucoids, and glycopro- 
teins. Identification of naturally occurring hexos- 
amines, especially glucosamine and galactos- 
amine (chondrosamine) have been accomplished 
as the hydrochlorides, the benzyloxycarbonyl 
chloride derivatives (I), as various Schiff bases 
(2, 3), and by X-ray diffraction (4). Numerous 
colorimetric methods for their determination 
have also been reported, (5-7). 

The first quantitative estimation of these 
hexosamines in a natural product, blood group 
substances, carried out by Annison et al. em- 
ployed the N-2,4-dinitrophenyl derivatives, (8). 
~ h r o n ~ a t o ~ r a ~ h ~  of these derivatives on alkaline 
borate buffered Celite columns led to a successful 
separation of glucosamine from galactosamine. 
However, the colour of the DNP-glucosamine 
band on these columns faded continuously dur- 
ing chron~atography resulting in variable and 
consistently low recoveries of DNP-glucosamine 
as compared to DNP-galactosamine which was 
stable. It was inferred from this observation that 
DNP-glucosamine probably underwent decom- 
position. This paper reports a detailed investiga- 
tion on the nature of thermal (dark) decomposi- 

'Formerly, Department of Biochemistry, Dalhousie 
University, Halifax, Nova Scotia. 

2Revision received December 15, 1975. 

tion of DNP-glucosamine in alkaline borate 
buffer. 

Experimental 
All chemicals used in this study were of analytical 

reagent grade and were not further purified. 
D-Glucosamine hydrochloride and fluoro-2,4-dinitro- 

benzene were obtained from Koch-Light Laboratories 
Limited, Colnbrook, Bucks., England. Cellulose powder, 
M N  300, silica gel H (without binder), silica gel G (15% 
CaS04), and silica gel powder (chromatographic grade) 
were products of E. Merck A.G. Darmstadt, Germany. 

Ultraviolet-visible spectra were recorded with a Uni- 
cam SF 800 spectrophotometer, and occasionally with a 
wavelength calibrated Carl Zeiss PMQ 11 spectropho- 
tometer, using silica cuvettes, with a 1.%cm light path. 
Wavelengths are accurate to within + 2  A. Unless other- 
wise stated, solutions for ultraviolet spectrophotometry 
were prepared by diluting aliquots from the reaction 
mixture with distilled water. 

Infrared spectra were measured with a Perkin-Elmer 
Infra-cord spectrophotometer; parafin mulls were used 
except where otherwise stated. 

Pr~prrrario~~ qf DNP-gl~icosomi~~e 
DNP-D-glucosamine was prepared by a modification of 

the method of Lloyd and Stacey (9). D-Glucosamine 
hydrochloride (25.0 g) was dissolved in water (250 ml) 
and stirred vigorously with fluoro-2,4-dinitrobenzene 
(13.9 ml) followed by acetone (125 rnl) in a dark bottle 
during the rapid addition of sodium carbonate (12.9 g), 
previously dissolved in water (250 ml). 

Stirring was continued for 18 h at  room temperature. 
The mixture was concentrated under reduced pressure on 
a water bath initially at  30-40 "C, but was not further 
heated. After 2-3 h the heavy yellow suspension which 
formed was carefully decanted through a filter, leaving a 
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gum adhering to the flask. The solid on the filter was 
washed with a little cold water and dried in vcrcrro over 
concentrated sulphuric acid to give a yellow solid (24 g). 
The filtrate and washings were combined, stored at 4 'C 
overnight, and filtered. In most preparations a further 
1-2 g thus obtained, was combined with the main product. 

The combined material was boiled with water (300 ml) 
and the boiling extract decanted from an oily residue. The 
decantate was boiled with charcoal (5 g) and filtered while 
hot. The filtrate, cooled at 4 "C overnight, yielded a 
crystalline product (7.81 g). The dried product was 
extracted at room temperature with acetone (170 ml) in 
which it was almost completely soluble. The filtered 
extract was diluted with an equal volume of benzene. 
After storage at 4 "C overnight, the bright yellow crystals 
of DNP-D-glucosamine were collected, washed with ben- 
zene, and dried irl vaclro (H2S04). Yield 5.45 g; mp 199- 
201 "C (uncorrected), (lit. (9) 194-196 "C; (8) 201-203 "C 
(uncorrected)); [a],Z' 4-60.5 + 2 (c 0.08 in 80% v/v 
EtOH). (lit. (9) 4-63.70; (10) 4-50); R, = 0.80 (system 
A) (lit. (9) 0.8). 

The mother liquors contained mainly the required 
product (tlc) but were not worked up. The product, as 
obtained above, was used for the experiments to be 
described. It recrystallized from water without change in 
melting point or specific rotation. 

Spectr~opliotornetric Arinlysis 
Solutions of DNP-D-glucosamine were prepared in 

standard volumetric flasks made of actinic glass and kept 
in a dark cupboard for the specified period of incubation 
(see results). Aliquots (50 pl) were withdrawn from the 
incubating solution at h intervals into other flasks and 
diluted with distilled water to 10ml. The ultraviolet 
spectrum of this diluted solution was recorded. The ratio 
E360/E295 was the index for monitoring the rate of de- 
composition. 

Solverzt Systerns 
The following solvent systems were employed: (A) 11- 

butanol-ethanol-water (4:1:5 v/v) upper phase; (B) ethyl 
acetate - absolute alcohol - water (188 :12: 1 v/v). 

Results 
The ultraviolet absorption spectrum of DNP- 

D-glucosamine in absolute alcohol is shown in 
Fig. 1. The A,,, and A,;, were at 352 nm and 
295 nm respectively. The molar absorptivity, e ,  
was 19 600. The spectra of DNP-D-glucosamine 
solutions in the p H  range 1-8, kept in the dark 
during a 24 h incubation period or even for 5 
days, were similar. There was no evidence of 
decomposition. 

DNP-U-glucosamine in Alkaline Buffer Systems 
Solutions of DNP-D-glucosamine (0.01 M )  

were prepared in three different buffer systems, 
(0.05 M ) :  phosphate-KOH, boric acid-borate, 
and bicarbonate-carbonate at p H  9.5. 

Each test solution was sampled at intervals. 

0 1 I I I I I I I 
200 2 L 0  280 320 360 LOO L L O  L80 

Wavelength ( n m )  

FIG. 1. The ultraviolet spectrum of DNP-D-glucos- 
amine (50 pM) in absolute alcohol. The pat11 length was 
1 cm. 

The plot of E3(j0/E2g5 against the period of 
incubation for the sample (0.01 M )  and also at 
higher concentration (0.03 M) in the bicarbonate- 
carbonate buffer at p H  9.5 is depicted in Fig. 2. 

At p H  8.5, this ratio was 6.05 for freshly pre- 
pared solutions in all three buffer systems. This 
value decreased to 4.0 after one day incubation 
for solutions in borate buffer only, but it was 
fairly constant in the remaining two systems. At 
p H  9.0, the ratio decreased to 4.0 within 90 min 
incubation, changing to 1.5 after one day. 

Effect o fpH  
Solutions of DNP-D-glucosamine (0.01 M )  

0 
0 10 20 30 

TIM ( h )  

FIG. 2. DNP-D-glucosamine in bicarbonate-carbonate 
buffer (0.05 M) at p H  9.5. 
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FIG. 3. Decomposition of DNP-D-glucosamine in bo- 
rate buffer (0.2 M) as a function of pH. 

were prepared in borate buffers of four different 
pH  values, viz. 8.0, 8.5, 9.0, and 9.5 and then 
sampled at intervals. In each case the ratio 
E360/E295 was plotted against time, (Fig. 3). The 
initial reaction was fastest at pH  9.5. 

Effect of Borate Concentration 
Solutions (0.01 M) of DNP-D-glucosamine 

were prepared in borate buffers of different 
molarities, viz. 0.025, 0.05, 0.10, and 0.20 M at 
pH 9.5, then sampled at intervals. 

The times at which the bathochromatic shift 
occurred in the spectra of these solutions respec- 
tively were 24, 43, 3, and 2 h after incubation. 
This suggested that the reaction was dependent 
on the borate concentration. 

Effect of DNP-D-glucosamine Concentration 
Solutions of DNP-D-glucosamine, approxi- 

mately 0.01, 0.03, and 0.05 M in 0.20 M borate 
buffer at p H  9.5 were stored and sampled at 
intervals. The plot of E360/E295 against time is 
shown in Fig. 4. The most rapid decrease in 
E360/E295 took place in the most dilute solution. 

Investigation of the Reaction Products 
The results of the experiments described above 

led to the conclusion that the best condition for 
the rapid thermal decomposition of DNP- 
glucosamine was to incubate it in borate buffer, 
0.2 M, p H  9.5. 

Solutions of DNP-D-glucosamine in the alka- 
line borate buffer after decomposition had oc- 
curred were yellow but little colour was extracted 
into ethyl acetate. However, in the presence of 

excess D-mannitol, added after decomposition, 
most of the colour was extracted into the organic 
phase. Acidification of the aqueous layei and 
further extraction with ethyl acetate led to the 
total removal of the yellow colour. Thin layer 
chromatography of the ethyl acetate layer in 
solvent system B (cellulose layers) gave three 
yellow spots, Rf 0.91, 0.65, and 0.28. In a 
semipreparative run, the three bands were eluted 
with 957, ethanol, and were found to contain 
roughly equal quantities of material by weight. 
Only the product from the fastest moving band, 
Rf 0.91 was homogenous in several solvent 
systems. The other two bands, RI 0.65 and 0.25 
respectively were inhomogenous. They were not 
further investigated. 

The infrared spectrum of the product extracted 
from the chromatographically pure band, R, 
0.91, was diagnostic. It had two N-H stretching 
absorptions at 2.91 pin and 3.03 pm characteris- 
tic of a primary amine (-NH2). The diffuse 
absorption in the region 3.0-3.3 pm characteristic 
of -OH stretching absorptions from the sugar 
portion of the starting material was absent which 
suggested that the scission of the carbohydrate 
(C-N) bond had occurred. This product (mp 
178-180 "C) was identified as 2,4-dinitroaniline. 
An authentic sample of 2,4-dinitroaniline (mp 
180 "C) caused no depression of the melting 
point of the product (mixture mp 179-180 "C). 
The infrared spectrum of the authentic sample of 

FIG. 4. Decomposition of DNP-D-glucosamine in bo- 
rate buffer (0.2 M) at pH9.5 as a function of DNP-D- 
glucosamine concentration. 
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3 4 5 6 7 8 9 10 11 12 13 14 1 5  
WAVELENGTH (MKRONS) 

FIG. 5. The infrared spectra of authentic 2,4-dinitroaniline (A) and the isolated chromatographically 
pure component (B). 

2,4-dinitroaniline and that of the isolated product pound in benzene was 330 nrn and the absorb- 
were indistinguishable (Fig. 5). Its ultraviolet ance was proportional to the dinitroaniline 
spectrum was indistinguishable from that of an concentration in the range 1.0-11 pg/ml. 
authentic sample of 2,4-dinitroaniline (Fin. 6). A solution (0.01 M) of DNP-D-glucosamine 

in borate buffe; (0.2 M, pH 9.5) was7sampled at 
Yield of 2,4-Dinitroaniline from the Reaction intervals for the content of 2,4-dinitroaniline 

Mixture present therein. The amount of the latter formed 
In Separate it was as a function oftime is shown in Fig. 7. The yield that only the product identified above as 2,4- was at a maximum after of incubation and 

dinitroaniline was extractable with benzene from constituted roughly 20Yo of the starting material. 
the reaction mixture. The A,,, for this com- 

4 8 12 16 20 2L 
Time ( h )  

FIG. 6. The ultraviolet spectra of 2,4-dinitroaniline FIG. 7. Rate of formation of the isolated component, 
(0.0014%) solution in absolute alcohol (A) and isolated (2,4-dinitroaniline) from DNP-D-glucosamine in borate 
component, 0.0010/, solution in absolute alcohol (B). buffer (0.2 M) at pH 9.5 as a function of time. 
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Discussion 
Glucosamine is recovered almost quantitatively 

from its DNP derivative by alkaline hydrolysis 
with an anion exchange resin in the hydroxide 
form, the other product being 2,4-dinitrophenol 
(9). Also, amino acids are con~monly recovered 
from their DNP derivatives by hydrolysis with 
hot amrnonium hydroxide in a sealed tube. Both 
reactions presumably involve attack of a hydrox- 
ide ion on the aro~natic carbon and require a high 
concentration of hydroxyl ion. Both DNP- 
glucosamine and DNP-amino acids are reason- 
ably stable at alkaline pH, not too far removed 
fro111 neutrality. In the present work, however, 
little decon~position of the carbohydrate deriva- 
tive occurred in phosphate (pH 9.0) or carbonate 
(pH 9.5) buffers. Moreover, the decon~position 
that occurred in borate was not accompanied by 
any detectable amount of 2,4-dinitrophenol. 
Accordingly, an explanation for the instability of 
DNP-glucosainine in alkaline borate solutions 
cannot be sought in a sinlple attack of hydroxide 
ion of the type encountered at high pH. 

Borate forms a complex with cis-1,2-diol 
structures (11). These groupings are absent in 
DNP-glucosainine which is presumably in the 
pyranose form like DNP-galactosamine, (9) so 
no possibility of borate complexation exists. 

However, Good and Bessman, (12), in their 
study of the effect of borate on the Morgan- 
Elson reaction, (13) found that the chrornogens 
obtained were furan derivatives of type 1. It is 
supposed that their precursor is the furanose 
form of N-acetylglucosamine. The yield of these 
chrornogens increased when borate was present 
in the medium. To  explain this, they postulated 
that N-acetylglucosamine formed a 3,5-borate 
complex in the furanose form thus disturbing the 
pyranose-furanose equilibrium in favour of the 
latter. Strong support for the concept was 
obtained by a study of molecular models and, 
from the work of Mazurek and Perlin (14). 

Paper electrophoresis of DNP-D-glucosamine 
in alkaline buffer systeins (boric acid - borate, 
bicarbonate-carbonate) at p H  9.5 (Table I), 

TABLE 1. Electrophoretic behaviour of 
DNP-D-glucosamine in alkaline buffer systems at pH 9.5* 

Distance migrated from the 
origin (mm)t 

Boric acid - Bicarbonate- 
Compound borate buffer carbonate buffer 

Glucose +I5 -7 
Glucosamine - 6 - 10 
DNP-D-glucosamine +2.0 - 3 
2,LCDinitrophenol +I9 +I9 

'Thc clcctrophorelic run was carried ou t  a t  115 V for 30rnin o n  
Whnunan I m m  (15 X S cm) strips. Thc chromatogmms werestained 
with nlkalinc silvcr nitratc rcagcnt and  also ninliytlrin rcagent for  the 
detection o f  glucosc and  glucosaminc rcspcctivcly. 

tMigrat ion directions: +, towards anode: -, towards cathode. 

provide support for the existence of such a com- 
plex. In the borate buffer DNP-D-glucosamine 
behaved like glucose to form complexes with a 
resultant net negative charge, hence the migra- 
tion towards the anode (15). 

Thus, the results of this investigation may then 
be interpreted, if not explained, by postulating 
that it is the 3,5-borate coinplex of 2-(2'4'- 
dinitrophenylamino) -2-  deoxy - D -glucofuranose, 
which suffers alkaline degradation. In a typical 
example of this complex, 2, there is the possibility 
of hydrogen bond formation between the free 
borate hydroxyl group and the imino group of 
the dinitrophenylamino moiety. This might 
promote the scission of the (sugar) carbon- 
nitrogen linkage, by creating a better leaving 
group (i.e. an incipient 2,4-dinitroaniline mole- 
cule) on attack of hydroxyl ions at C-2 as shown 
in 2. It is suggested that borate increases the rate 
at which the furanose borate conlplex is formed, 
while the hydroxyl ions increase the rates of both 
complex formation and decomposition. 

L 

The alternative plausible mechanism that may 
explain the elimination of 2,4-dinitroaniline as 
suggested by one of the referees would involve 
the formation of a Schiff base as an intermediate. 
The arrangement to  the Schiff base via an en01 
could arise if a furanose 3,5-borate complex such 
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The hydrolysis of maleimide in alkaline solution 
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REMlGlO GERMANO BARRADAS, STEPHEN FLETCHER, and JOHN DOUGLAS PORTER. Can. J. 
Chem. 54, 1400 (1976). 

The hydrolysis of maleimide has been investigated in the p H  range 8.5-14. Polarographic 
limiting currents were well-defined, so that the bulk concentration of reactant during reduction 
could be clearly followed as a function of time. Logarithmic analysis of derived data indicated 
an arrest in the rate of reaction at circa p H  12, and a reaction scheme is proposed to  explain this. 
In this scheme, the neutral maleimide molecule exists in equilibrium with its anion, and both of 
these species may undergo hydrolysis at  the appropriate pH. From derived rate equations, the 
pK, of maleimide was found to be 10.0, whilst estimates of the rates of hydrolysis were also 
calculated. 

R E M ~ G I ~  GERMANO BARRADAS, STEPHEN FLETCHER et JOHN DOUGLAS PORTER. Can. J. Chem. 
54, 1400 (1976). 

On a Ctudii I'hydrolyse de la maliimide i des p H  allant de 8.5-14. Les courants limitants en 
polarographie sont bien dCfinis; on peut donc en conclure que I'on peut mesurer la concentration 
globale du rQctif durant la rQction en fonction du temps. L'analyse logarithmique des donnCes 
dirivies indique qu'un arrCt de la vitesse de la riaction se produit aux environs d'un p H  de 12 
et on propose un mkanisme rhctionnel pour expliquer ce risultat. Dans ce schima, la molicule 
de la maliimide neutre existe en Cquilibre avec son anion et ces deux espkces peuvent subir une 
hydrolyse i un p H  approprii. A l'aide des Cquations de vitesse qui ont CtC Ctablies, on a trouvi 
que le pK, de la maliimide est de 10.0 alors qu'on a aussi calculi des estimCs pour les vitesses 
d'hydrolyse. 

[Traduit par le journal] 

Introduction TABLE 1. Composition of buffer at  

During electrochemical investigations, it has 
been observed that maleimide and its derivatives 
undergo hydrolysis in alkaline, aqueous media 
(1). This observation is confirmed in the present 
work, where accurate measurement of the hy- 
drolysis rate of the parent maleimide has been 
achieved using polarography. By conducting the 
investigation in the p H  range 8.5-14 several 
interesting features were revealed. An overall 
reaction scheme is postulated which reasonably 
describes the experimental behaviour, and from 
this the corresponding rate equations are de- 
d uced. 

These equations are in agreement with the 
conclusions of Tirouflet et al. (2,3), who showed 
that phthalimide and its derivatives undergo a 
similar hydrolysis in aqueous, ethanolic media. 

It is also shown that an estimate of the pK, of 
maleimide can be determined from derived data, 
as well as the rate constants for the hydrolysis of 
both the neutral molecule and its anion. 

Experimental 
All experiments were performed in aqueous, alkaline 

various p H  values 

Buffer composition p H  range 

buffers. Because of the broad p H  range covered, three 
separate buffer systems had to  be employed; these are 
listed in Table 1. Water was distilled twice before use. 
The maleimide was a commercial product (Aldrich 
Chemicals) mp 92-94°C. All other reagents were of 
ANALAR quality. 

All potentials are quoted relative to  the saturated 
calomel reference electrode (s.c.e.). The cell used in 
polarography was undivided and was equipped with a 
luggin reference probe and a dropping mercury electrode 
(11 = 38.7 cm, f = 0.96 s, ni = 6.07 mg s-1). Short drop- 
times were utilized in order to obtain the maximum 
number of data points. Deoxygenation was accomplished, 
as was stirring, by flushing theapparatus with a stream of 
nitrogen purified by the method of Meites (4). Mercury 
was checked for purity before use by mass s~ectrometry. 
All polarization data were recorded on a Beckman 1005 
,v-t recorder. 

Because of the complex cell design used, thermostats 
could not be employed. Therefore the test solutions were 
allowed to equilibrate to room temperature (22 'C), and 
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accurate measurement was verified irz sill[ with a Comark 
electronic thermometer to ensure that all solutions were 
at  identical temperatures. During the course of the 
measurements, the laboratory temperature varied no 
more than 1 "C from 22 "C, whilst the cell temperature 
remained virtually constant at  22.0 OC. 

Results 
Figure 1 shows a typical polarogram run a t  

p H  8.54 in a NaHC03/NaOH buffer solution, 
initially 0.026 M in maleimide. Two distinct 
waves are observed with well-defined limiting 
currents. These arise because of the reaction (1): 

[ I ]  CH.CO 2e/2H+ 
1 1  'NH Product 

CH.CO/ 

Maleimide 
0 10 20 

Limiting currents were found t o  be propor- 
tional to  the concentration of the reducible t / min 
species in the bulk of solution, in accordance FIG. 2. Diminution of polarographic limiting currents 
with the IlkoviC equation: us. time. ( A )  p H  9.48, (B) p H  9.89,.(C) p H  10.31, (D) p H  

11.60, ( E )  p H  14.05. 
[21 jli, = 607~~1/2m2/3t1/6~' '  

Consequently, the bulk concentration of male- injected into a series of buffers in the polaro- 
imide (C" could be followed by measurement of graphic cell, and deoxygenated for 30 s. It was 
the total wave-height as a function of time. observed in all cases that 

Maleimide samples from a stock solution were . . - 
[31 L = exp (-Kt) 

FIG. 1. Typical polarogram of maleimide in alkaline 
solution, several minutes after injection of sample. 
Initial concentration 0.026 M, p H  8.54 (NaHCO,/NaOH 
buffer). 

where R i s  a constant at a given pH. Thus plots of 
In i us. t are linear with intercept In and 
gradients of -K. Some of these are shown in 
Fig. 2. Sillall corrections had to  be made for 
background currents, because the product of 
hydrolysis generated a two-electron wave at more 
negative potentials. Its Tafel region therefore 
coincided with the limiting current region of the 
inalehide wave proper. However, such correc- 
tions were easy to  perform by allowing the 
hydrolysis to go to  completion, and then measur- 
ing the background current a t  t + CO. 

Figure 3 plots polarographic limiting currents 
as a function of pH. These values were obtained 
by applying least-square analyses to  the data of 
Fig. 2, and extrapolating back to  t = 0 S. I t  is 
clear that a virtually constant limiting current is 
observed below p H  12, whilst above this value 
the data steadily increase from circa 33 to  54 pA 
at  p H  14. 

The graph of log K us. p H  showed a most 
interesting phenomenon (Fig. 4). As the p H  
range is ascended (region A) the rate of hy- 
drolysis increases, but reaches an arrest in 
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FIG. 3. Computed values of overall polarographic 
limiting currents at t = 0 s us. pH. 

region B. Finally, in region C, the reaction rate 
once more increases rapidly. In both of the 
limiting cases the reaction approaches first order 
in [OH-]. 

Figure 6 shows the reaction order plot in pro- 
tons for the electrochemical reduction of male- 
imide. Note the changes of gradient at pH's 7 
and 10. Below p H 7  the maleimide accepts a 

FIG. 4. Reaction order plot for the overall hydrolysis 
rate constant (K )  as a function of pH. 

proton prior to reaction, whilst in the p H  range 
7 to 10 the neutral molecule is reduced. Finally, 
above p H  10, it is the anion which predominates 
in the bulk of solution. The system thus behaves 
in classical fashion; the more protonated mole- 
cule reduces at the least negative potentials. In 
consequence, the reactive species in the vicinity 
of the electrode can be readily identified at a 
given pH. 

Discussion 
in the light of the electrochemical data de- 

scribed above, the following reaction scheme is 
postulated to explain the hydrolysis mechanism 

CH.CO\ k ,  CH.COOH 
[51 OH- + ll N H +  I I  

CH.CO/ CH.CONH2 

Such a reaction scheme has been previously 
reported for the hydrolysis of phthalimides (2,3). 
We now present a rigourous derivation of the 
corresponding rate equation. 

If we assume that any back reaction is neg- 
ligible, and that the reactants are at equilibrium 
throughout the reaction, then we may write 

where [A] and [B] represent the concentrations 
of maleimide and its anion respectively. Because 
of the equilibrium, the disappearance of B will 
affect the concentration of A, and vice versa. In 
consequence, we see: 

Taking kb to be a pseudo first-order rate con- 
stant, incorporating a term in [H20], then we 
may describe the concentration of A at any time 
in terms of [B] according to 
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[lo1 ki[AI[OH-l = kdB1 

Substituting in [9] allows us to eliminate [B], so 
that loo 1 --', 

Polarographically, we may only measure 
d[A]/dt because the neutral molecule reduces 
more easily than the anion. The anion must 
always accept a proton before electron transfer 
takes place. In effect, the increasingly negative 

-1 LnR 
0 

reduction potentials above p H  10 merely reflect 
a diminution in the concentration of species A. I I I I I I I 

Now by simple integration 7 8 9 10 1 1  12 13 

[A1 
- k, [OH-] - k2 5 [OH-l2 

[I21 [Al,=o = exp 
kb 

I + 5 [OH-] 
kt, 

= exp (-Kt) 

Computed values of Rfrom this equation were 
then superimposed iteratively on the experi- 
mental data until the best fit was obtained. This 
is shown as the smooth curve in Fig. 4. The 
resulting values of the rate constants were 

kl = 47 M-l s-l + 5y0 
k2 = 10-2 M-1 s-1 k 10% 

The errors were estimated by standard devia- 
tion of the experimental data from the best-fitted 
curve. The error associated with k2 is somewhat 
greater than that of kl,  presumably because of 
the short time-scale required for its measurement. 

The pK, of maleimide is thus 10.0, and a useful 
check of this is as follows: the limiting hydrolysis 
rate at low pH(i.e. in region A, Fig. 4) is given by 

whilst the observed rate is 

FIG. 5. Dissociation curve for the equilibrium between 
maleimide and its anion. 

The ratio of these two rates, plotted us. pH, is 
a dissociation curve, since 

Rate01,s Ratio = --- 
Ratelin) 

provided the equilibrium constant is independent 
of concentration. The result is shown in Fig. 5, 
assuming kl is 47 M-l s-l. Once again, the pK, 
is 10.0. Furthermore, the experimental points 
coincide with the theoretical shape for a simple 
dissociation reaction. 

The curve shown in Fig. 3 is also explained by 
the outlined mechanism. Presumably, the diffu- 
sion coefficient of maleilnide and its anion are 
not identical, so that iLi, in the IlkoviC equation 
would necessarily be expected to vary with pH. 
Changes in solution composition will also affect 
D, as well as producing changes in the surface 
tension of the dropping mercury electrode. 
However, such changes will not affect the derived 
values of fT, because of the differential nature of 
the analysis used. 

The product of hydrolysis at all pH's has a 
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FIG. 6. Reaction order plot in protons for the electro- 
chemical reduction of maleimide. 

well-defined 2-electron reduction wave at poten- 
tials more negative than maleimide, and was 
readily shown by mass spectroscopy and nmr to 
be the half-amide rather than the fully hydrolysed 
product (singlet, 6 = 6.8, m / e  = 115.09, mp 
152 "C). 

In consequence, we deduce that the rate- 
determining step is the cleavage of the carbon- 
nitrogen bond; 

The half-amide of 0- 
maleic acid 

Finally, it is interesting to compare the derived 
pK, with the polarographic pK'. The pK' is 
obtained by plotting the reduction half-wave 
potential as a function of p H  (Fig. 6). A change 
in reaction mechanism occurs at p H  10 because 
in the bulk of solution the reactive species 
becomes the anion rather than the neutral 
maleimide molecule. 

For p H  < pK' 

For p H  > pK' 

Nevertheless, at the electrode surface the 
electron transfer still takes place into the neutral 
molecule as described earlier. Consequently, it is 
clear that the mechanism deduced electrochemi- 
cally validates the assumptions made concerning 
the structures of the reactive species in the bulk 
of solution in [4], [5], and [6]. 

Conclusions 
The rates of hydrolysis of maleimide and its 

anion have been calculated to be 47 ML1 s-I and 
M-I s-l, respectively. The reaction scheme 

proposed is consistent with both electrochemical 
and kinetic data, and the reaction pathway is 
found to be identical to that deduced by Tirouflet 
el al. (2, 3) for the hydrolysis of phthalimide 
derivatives. 

The pK, of maleimide has also been deter- 
mined from the experimental data, and a 
rigorous proof of the rate equation has been 
described. 
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Structure of radicals produced by y-radiolysis. 
Part 5. Radicals derived from some aliphatic alkene molecules 
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R. E. LINDER, D. L. WINTERS, and A. CAMPBELL LING. Can. J. Chem. 54, 1405 (1976). 
Adamantane isolation matrices have been used to determine the structure of radicals produced 

by room temperature r-radiolysis of certain selected alkene systems. The molecules studied 
include linear I-ene homologues, linear 2-ene homologues, 2-methylpropene (2MPr), 2-methyl- 
butene-1 (2MBI), 3-rnethylbutene-1 (3MB1), 2-methylbutene-7 (2MB2), 2-methylpentene-1 
(2MP1), 2-methylpentene-2 (2MP2), 4-methylpentene-2 (4MP2), 2,3-dirnethylbutene-2 (DMB2). 
3,3-dimethylbutene-I (33DMB), and 2,4,4-trimethylpentene-1 (TMPE). The general mode of 
reaction is allylic radical formation, with one isomer predominating, and structures have been 
either confirmed or assigned for the radicals derived from butene-1, butene-2, 2MPr, 2MBI. 
2MB2, 2MP1, 4MP2, DMB2, and a listing of hfsc values have been obtained for each radical 
studied. 

R. E. LINDER, D. L. WINTERS et A. CAMPBELL LING. Can. J. Chem. 54, 1405 (1976). 
On a utilise des matrices isolantes d'adamantane pour determiner la structure des radicaux 

produits par la radiolyse 7, B temperature de la pikce, de certains systkrnes choisis d'alckne. Les 
moltcules Ctudiees comprennent des homologues liniaires d'alcknes en position 1, des homo- 
logues d'alcknes en position 2, le methyl-2 propkne (2MPr). le methyl-2 butkne-1 (2MB1), le 
methyl-3 buthe-1  (3MB1), le methyl-2 butene-2 (2MB2), le methyl-2 pentkne-1 (2MP1), le 
methyl-2 pentkne-2 (2MP2), le methyl-4 pentkne-2 (4MP2), le dimithyl-2,3 butkne-2 (DMB2), 
le dimethyl-3,3 butkne-1 (33DMB) et le trimethyl-2,4,4 pentkne-1 (TMPE). Le mode general de 
reaction irnplique la formation d'un radical allylique dans lequel un isomkre pridomine; on a 
confirme ou attribue les structures des radicaux dirivant du butkne-I, du butkne-2, 2MPr, 
2MB1,2MB2,2MPI, 4MP2, DMB2 et on a obtenu une liste des valeurs hfsc pour chacun des 
radicaux 6tudiCs. 

[Traduit par le journal] 

Introduction 
Radiolysis studies of alkenes have occupied 

the attention of many investigators in the past. 
Problems associated with resolution of electron 
spin resonance (esr) signals from solid samples 
have precluded entirely unambiguous assign- 
ments of radical structures in many cases, and 
controversies still exist as to the nature of the 
predominant radical species produced from 
various alkenes and their homologous and iso- 
meric molecules. Adamantane isolation tech- 
niques are well established as an alternate 
investigatory method for attacking such prob- 
lems, and can often provide data unavailable by 
other means (I). Even at room temperatures, esr 
resolution from radicals trapped in adamantane 

'To whom correspondence should be addressed. 
2Revision received January 2, 1976. 

(CloH1 6) and perdeuterated adamantane (C10D16) 
is far superior to other matrix isolation tech- 
niques, and can approach that achieved in liquid 
phase studies, with FWHM line-widths that can 
be as small as 0.4 G in Cl0DI6 matrices. 

Previous studies of alkenes in condensed 
phases seem to indicate that radiolysis produces 
preferential formation of ally1 radicals. Stabilized 
by electron delocalization, allylic radical species 
have been seen in rigid glassy and polycrystalline 
matrices a t  low temperatures. Identification of 
such allylic radicals has often come by compari- 
son with concurrent liquid phase studies, where 
unambiguously produced radical species can be 
seen clearly, and only rarely can the solid state 
spectrum be directly attributed to any one par- 
ticular structure. Smith and West (2) have used 
adamantane isolation methods to  examine both 
alkane and alkene solutes, and they report that 
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1406 CAN. J. CHEM. 

radiolysis of alkane solutes in CloH16 at 77 K 
produces a radical derived from CloH16 initially. 
On warming towards room temperature, this 
adamantyl radical disappears and is replaced by 
a radical derived from the alkane solute. A 
similar sequence of changes was observed by 
Ling and Kevan when 2-niethyltetrahydrofuran 
was subject to y-radiolysis while held in CIODI6 
matrices (3). This behavio~ir may be contrasted 
with that observed from y-radiolysis of alkene 
solutes in C10H16, where Smith and West (2) 
report that both an alkyl radical and a radical 
derived from ada~nantane are observed at low 
temperatures, and on warming, both disappear 
to yield an ally1 radical. The allylic species there- 
fore appears to be the high temperature stable 
product from alkenes. 

Among other studies reported are: radiolyses 
of polycrystalline pure phase alkenes (4), radi- 
olyses of glassy pure phase alkenes (5), and 
radiolyses of some selected alkene derivatives 
held in adamantane (lo, le, 2, 6). It is of interest 
to note that abstraction reactions induced by 
chemical agents, e.g. lerl-butoxy radicals (7), 
and kinetically hot methyl radicals (4), produce 
qualitatively identical results to those seen 
following radiolytically induced abstraction. This 
seems to indicate that the radiation induced 
abstraction process occurs through abstraction 
by a second n~olecule, i .e.  a bimolecular process 
rather than a radiolytically induced unimolecular 
process. This is in accord with the data presented 
by Smith and West (2), where the adamantyl 
radical disappears and a solute radical appears. 

For alkenes held as solutes in solid inert 
isolation matrices, H-atom addition to the alkene 
should provide a conipetitive pathway for radical 
production. Such addition has been noted for 
aliphatic alkene molecules (la,  6) and aromatic 
systems (lb) held in adamantane, together with 
radiolyses of pure-phase aromatic alkenes (8). 
Addition of H atoms has also been studied 
following H-atom bombardment of thin films of 
alkenes held at low temperatures (see a series of 
reports, from, among others, ref. 9), together 
with the elegant experimental technique devel- 
oped by Bennett and Mile (lo), which utilizes 
both H-atom bombardment and adamantane 
isolation methods to provide superior esr resolu- 
tion from solid state trapped radicals. Also 
pertinent to this study are photolyses of poly- 
crystalline pure-phase alkenes (1 I), photolyses of 

VOL. 54, 1976 

alkenes held in inert-gas isolation matrices (12) 
where allenyl radical formation was noted for 
conjugated-ene systems, and photolyses of al- 
kenes and chloro-olefins held in adaiiiantane 
matrices (le). 

Experimental 
Adamantane (CIOHI6),  perdeuterated adamantane 

(CloDl,), alkenes, and other incidental chemicals were 
supplied from standard commercial sources. Experi- 
mental techniques for incorporating liquid solutes into 
adamantane matrices have been adequately described pre- 
viously, together with details of radiation sources (Ic, 6a. 
13). A Varian Associates E.3 Electron Spin Resonance 
Spectrometer was used throughout these studies, typically 
operated at  3380 + 100 G ,  0.5-50 mW microwave power, 
and 0.1 to  2 G modulation at 100 kHz. Computer 
simulations were executed by an IBM 360/75 computer 
and CalComp Plotter accessory using a Fortran IVG 
program written by one of us (14). 

Results and Discussion 

Adalnantane isolation techniques provide sim- 
ple experimental procedures that can, in general, 
yield excellently resolved esr signals from a 
variety of radicals trapped at room temperature. 
It is not necessary, even, to irradiate and monitor 
samples while under vacuum, although exposure 
to the atmosphere can lead to H-atom scavenging 
by oxygen and thus curtailment of H-atom addi- 
tion processes in alkenes and alkynes, and 
exposure to the atmosphere can shorten the 
lifetime of the observed radical. Wood and 
co-workers ( lb )  have reported marked differences 
in the ratio of H-atom abstraction to H-atom 
addition i n  aniline and other aromatic alkene 
derivatives when samples are X-irradiated in 
vacuum or in oxygen atmospheres. Whether 
significant H-atom addition occurs, and thus 
whether H-atom scavenging can be seen, appears 
to depend on the relative size of the T-cloud in 
the molecule; since we cannot see H-atom addi- 
tion in cyclopentene, but can see it in cyclo- 
pentadiene (6n), and can only see H-atom addi- 
tion in sonle furan and thiophene derivatives 
but not all (15). Radical lifetimes at room 
temperature exposed to the atmosphere can 
exceed lo3 min, and are rarely less than 10 min 
(Ic). Observed Lorentzian line-widths can be as 
small as 0.4 G FWHM, and co. 0.6 G peak- 
to-peak in first derivative presentations, for 
Cl0DI6 matrices; allylic and allenylic radical 
species seen1 to exhibit a markedly snlaller line- 
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LINDER ET AL 

FIG. 1. First derivative esr spectrum obtained by r-radiolysis of 2-methylpropene held in an 
adamantane matrix a t  room temperature. Lines marked X show contribution to  spectrum from the 
tert-butyl radical formed by Ha addition reactions. 

width and correspondingly enhanced esr resolu- 
tion when compared to alkyl radicals (1 5). Thus, 
hyperfine coupling constants and assignments of 
structure to a radical via esr spectrometry can 
often be determined as unambiguously as for 
liquid phase studies, and esr resolution from 
adamantane matrices is far superior to that 
achieved in any other solid matrices. 

2-Methylpropene (2MPr) 
The first derivative esr spectrum obtained 

following y-radiolysis of 2MPr in CloH1 at room 
temperature is shown in Fig. 1, and exhibits 
features characteristic of at least two radicals. 
The spectrum is basically asymmetric, and ex- 
hibits two clearly distinct line-widths. The central 
portion of the spectrum, the predominant 
radical, is characterized by a line-with of ca. 1 G 
(peak-to-peak in first derivative), and a hyperfine 
pattern of 3 X 3 X 4 lines with hyperfine split- 
ting constants (a" values) of 13.8 (2 protons), 
14.7 (2), and 3.2 G (3), re~pectively.~ These aH 
values are typical of allylic species (16), and may 
be compared to those obtained by Kochi and 
Krusic (l6b) for a radical obtained by tert-butoxy 
initiated H-atom abstraction from 2MPr (13.82, 
14.68, and 3.19 G, respectively), and by Volman 
and co-workers (le) by direct photolysis of the 

3cf. values of 14.81 (2 protons), 13.90 (2), and 4.06 (1) G, 
were noted for the ally1 radical itself by Kochi el al. (see 
Table 1). 

requisite chloro-olefin held in adamantane (13.8, 
14.7, and 3.2 G). 

This spectrum is assigned to radical 1, where 

each proton of the 'CH2 group are non- 
equivalent. However, this assignment fails to 
account for all of the clearly discernible lines in 
the spectrum shown in Fig. 1. A second radical 
species produces an overall wider spectrum, with 
line-widths of > 2  G ,  and is characterized by a 
single a" value of 22.7 G. We attribute this 
spectrum to the tert-butyl radical obtained by 
H-atom addition to 2MPr. Lines 2,3,4,7,8,9 of 
the 10-line spectrum are marked X in Fig. 1, 
lines 1 and 10 cannot be distinguished from back- 
ground noise due to relative intensity factors. 
Fessenden and Schuler (17) report asH (9) = 
22.72 G for a tert-butyl radical produced by a 
continuous flow liquid phase radiolysis experi- 
ment at sub-ambient temperatures. 

2-Methylbutene-l(2MB1) and 2-Methylpentene-1 
(2 MP1) 

Structurally related to 2MPr are 2MB1 and 
2MP1, the latter being of intrinsic interest to 
radiation chemists for its use as an isolation 
matrix and/or positive charge scavenger. Data 
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FIG. 2. First derivative esr spectra obtained a t  room temperature from r-radiolysis of 2-methyl- 
butene-1 and 2-methylpentene-1 at  room temperature held in adamantane matrices; ( A )  experimental 
spectrum for 2MB1; (B) experimental spectrum for XMPI ; ( C )  computer simulation of esr spectrum 
for radical 2 ;  (D) computer simulation of esr spectrum for radical 3;  (E) computer spectrum containing 
80120 contributions from radicals 213, respectively. The arrow and X in ( A )  indicate probable inter- 
ference from a radical derived from the adamantane matrix. 

- - - - - - - - - -  
from room temperature radiolyses of 2MBl and CH2-C-CH, 
2MPl held in adamantane matrices are shown in 1 - - - - - -----  

CH2 CH2-C-CH-CH2-CH3 Fig. 2 A and B, respectively. It is clear from an 
examination of these spectra that line resolution I 

CH2 
I 
CH3 

is poor, and that the two spectra are probably not I 
related to each other directly, and therefore the CHI 
radicals derived from each molecule differ struc- 4 5 
turally in fundamental geometry. Computer simulation of esr spectra using a 

The 'pcies from 2MB1 is variety of hyperfine coupling constants and 
either 2 or 3 if we assume that allylic H-atom line-widths aDDears to indicate that 

- - - - - - - - - -  - - - - - - - - - -  
CH2-C-CH2 CH2-C-CH-CHI 

radical2 (with nH(2) =Li4.2, nH(2) = 13.5, and 
I I nH(2) = 2.75 G, and Lorentzian peak-to-peak 
I I 

CH2 line-widths of 1.6 G) is a major contributor to 
I the observed spectrum in Fig. 2A. The computer 

CHI simulation of 2 is shown in Fig. 2C. A corre- 
2 3 sponding simulation of 3 (with aH(2) = 14.0, 

nl'(l) = 14.5, aH(3) = 13.5, and aH(3) = 3.2 G,  
abstraction will occur; the corresponding allylic peak-to-peak line-width of 1.7 G) is shown in 
structures from 2MPl are shown in 4 and 5. Fig. 20 ,  and exhibits a basic septet of quartets 
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LINDER ET AL. 1409 

pattern. This is noticeably different to the experi- 
mentally observed spectrum from 2MB1 shown 
in Fig. 2A, and thus 3 cannot be a major com- 
ponent from -y-radiolysis of 2MB1. However, the 
observed resolution is too poor to distinguish 
small contributions less than 20% of 3 to the 
experimentally observed spectrum, and we show 
a computer simulation in Fig. 2E that exhibits a 
20y0 contribution of 3 with 2 which might be 
interpreted as providing a slightly better fit than 
2 alone to  the experimental spectrum. 

In view of the relative magnitude of y-coupling 
constants in aliphatic alkenes and alkanes, we 
would not expect the spectrum froni 4 to differ 
significantly from that seen from 2. Any possible 
?-coupling will contribute primarily to line- 
broadening, and will not change the hyperfine 
pattern observed under the conditions of our 
experiments. We, therefore, discount 4 as a major 
contributor to the experimentally observed spec- 
trum froni 2MP1 shown in Fig. 2B. 

Structure 5 is similar to 3 and will produce a 
qualitatively similar pattern. Con~puter simula- 
tion of 5 (with aI1(2) = 14.0, a"(2) = 13.5, 
n"(1) = 14.5, and aI1(3) = 3.2 G, 1.7 G line- 
width peak-to-peak Lorentzian shape) produces 
a basic sextet of quartets visually similar to the 
septet of quartets produced by 3 and shown in 
Fig. 20 ,  and in our opinion matches the ob- 
served spectruni in more detail than does a 
simulation based on structure 4. Thus we believe 
that the predominant contributor to  the experi- 
mentally observed spectruin produced by -y- 

radiolysis of 2MPl in adamantane is 5: but 
contributions froin 4 cannot be entirely ignored. 

Consideration of radical structures formed by 
H-atom addition can be discounted on several 
points. Of the two possible radicals that H-atom 
addition would produce froni 2MB1, and the 
equivalent two radicals from 2MP1, one of each 
pair has already been unequivocably identified 
by us previously (18). Since 2MB1 and 2MP1 
would lead to isopentyl and 2-methylpentyl 
radicals, respectively, each of which has been 
identified previously. Neither of the experi- 
mentally observed spectra in Fig. 2 A and B have 
any points of similarity to those seen froin iso- 
pentyl and 2-methylpentyl radicals, respectively. 
Equally, other possible alkyl radicals would lead 
to esr spectra that are too wide overall to match 
observed spectra. Finally, although the resolu- 
tion exhibited in Fig. 2 A and B is generally poor, 

observed line-widths are less than 2 G (~eak-to-  
peak first derivative), and generally alkyl radicals 
exhibit line-widths that are cn. 2.5 G, or broader. 
We conclude that alkyl or alkenyl radical species 
with a saturated spin-center do not contribute 
significantly to our observed spectra, and that 
under the conditions of our experiment neither 
H-atom abstraction at sites renloved from the 
ene-group (i.e. non-allylic abstraction) nor H- 
atom addition to  the ene-group, occur to any 
observable extent for 2MB1 or 2MPl in our 
systems at rooin temperature. This is in agree- 
ment with the data from Smith and West (2), 
who indicate that the alkyl radical formed from 
alkenes initially at low tei,lperatures in adaman- 
tane is unstable at rooin temperatures. 

2-Methylblrteize-2 (2MB2) ur7rZ 2-MethyZperztene-2 
(2 MP2) 

Data froin room te~nperature y-radiolysis of 
2MB2 held in CloHIG inatrices are shown in 
Fig. 3C. By analogy with the results above, two 
possible allylic radicals can be formed, structures 
6 and 7. Structure 6 is identical with 3 derived 
froin 2MB1. 

Computer silliulations of first-derivative esr 
spectra from 6 and 7 are shown in Fig. 3 A and 
B, respectively. The parameters chosen for 6 are 
identical to those used for 3 (aH(2) = 14.0, 
a"(1) = 14.5, aI1(3) = 13.5, ~" (3 )  = 3.2 G, 1.7 
G peak-to-peak first derivative line-width). The 
parameters chosen for 7 were: a1'(3) = 15.5, 
a"(3) = 12.25, n"(1) = 14.0, aI1(l) = 13.3, and 
(il'(l) = 3.5 G, with a peak-to-peak first deriva- 
tive line-width of 1.7 G. Comparison of the 
experimentally observed spectruni shown in 
Fig. 3C with the sinlulations in 3A and 3B 
appears to support the hypothesis that 7 is the 
predominant species contributing to  the experi- 
mental spectrum. As for 2MB1, contributions 
from the other possible allylic species cannot be 
discounted, and we show a computer sin~ulation 
containing 20% contribution of 6 to 7. The 
simulated con~posite spectrum provides a slightly 
better fit to the experimentally observed spec- 
trum, but is far from being an unambiguous 
assignment of the data. Again, as for 2MB1, 
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FIG. 3.  First derivative esr spectra for the radicals derived from 2-methylbutene-2 by y-radiolysis in 
adamantane at  room temperature; ( A )  computer simulation of radical 6; (B) computer simulation of 
radical 7;  (C) experimentally observed spectrum from 2MB2; (D) computer simulation comprising 
20/80 contributions of 6/7, respectively. 

there are no data supporting the formation of 
alkyl radicals from H-atom addition under these 
conditions, and non-allylic H-atom abstraction 
in 2MB2 is structurally impossible. 

The esr spectrum obtained via room tempera- 
ture 7-radiolysis of 2MP2 in adamantane (not 

FIG. 4. First derivative esr spectra obtained from room 
temperature y-radiolysis of 4-methylpentene-2 held in an 
adamantane matrix; ( A )  experimentally observed spec- 
trum, ( B )  computer simulation of esr spectrum based on 
structure 6. 

shown) was poorly resolved, and the resolution 
could not be improved. The observed spectrum 
did not respond to microwave power saturation 
techniques to enhance one radical species at the 
expense of another, and a rational assignment of 
structure for the radical derived from 2MP2 can- 
not be made at this time. 

4-Methylpen iene-2 (4MP2) 
The lack of satisfactory data from 2MP2 

prompted the examination of an isomer, 4MP2. 
The experimental first derivative esr spectrum 
obtained by 7-radiolysis of 4MP2 in adamantane 
a t  room temperature is shown in Fig. 4A. Prima- 
facie evidence from overall spectrum width 
together with hyperfine coupling constant values 
appears to rule out any possibility of an alkyl 
radical, and thus denies the possibility of a radi- 
cal formed by non-allylic abstraction or H-atom 
addition under our conditions. The two possible 
allylic structures derived from 4MP2 are radicals 
8 and 9. Radical 9 resembles that derived from 

2MB2 (radical 7) except that one terminal allylic 
proton in 7 has been replaced by a methyl group 
in 9. Thus the expected allylic terminal methyl 
coupling of ca. 14 5 2 G will replace a single 
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proton with a similar coupling, and the expected 
overall spectrum width from the radical derived 
from 4MP2 should be considerably wider than 
that derived from 2MB2 if the radical has struc- 
ture 9. In fact, the experimental spectrum from 
4MP2 (ca. 65 G total) is considerably narrower 
than that seen from 2MB2 (ca. 115 G). For this 
reason, and our failure to simulate the experi- 
mental spectrum using 9 as a structural basis, we 
reject 9 as a predominant contributor to the 
experimental spectrum. Radical 8, however, is 
simply the ally1 radical itself with one p-proton, 
and will be a very narrow overall spectrum more 
closely resembling the experimentally observed 
spectrum. The observed spectrum is deceptively 
simple, suggesting that several coupling con- 
stants are closely matching, leading to severe 
line-broadening and line-overlapping, and mark- 
edly altering relative intensities of lines observed. 
Computer simulations of the observed spectrum 
using 8 as a basis were not totally successful, but 
we show one such simulation that provides rea- 
sonable agreement with the experimental spec- 
trum using aH(l) = 14.5, aH(2) = 13.7, aH(l) = 

10.0, and aH(l) = 3.8 G, and a first derivative 
peak-to-peak line-width of 2.3 G.  It is probable 
that the two methyl groups of the isopropyl 
moiety will contribute a r-coupling of ca. 0.2- 
0.4 G which will lead to a marked increase in 
line-width compared to other allylic radicals. 
This is reflected in simulations where a 2.3 G 
line-width is used for 4MP2 compared to 1.6 or 
1.7 G used for other systems above. 

2,3-Dimethylbutene-2 (DMB2) 
Of particular interest to this study of radiolysis 

effects in aliphatic alkene systems is the com- 
pound DMB2, since the hydrogen atoms in this 
molecule are all equivalent, and there is only one 
possible radical structure that can result from 
H-atom abstraction, radical 10. The experi- 

mental first derivative esr spectrum obtained by 
r-radioly~is of DMB2 at room temperature in 
adamantane is shown in Fig. 5. The resultant 
spectrum in C1oHI6 is well resolved and almost 
totally symmetrical, indicating that one species 
predominates, and can be interpreted as an 

FIG. 5. Experimentally observed first derivative esr 
spectrum obtained from room temperature r-radiolysis 
of 2,3-dimethylbutene-2 held in an adamantane matrix. 

allylic radical with a" value of 15.5 (3 protons), 
12.25 (3), 13.5 (I), 14.5 (I), and 3.2(3)G, and 
peak-to-peak line width of 1.3 G. These con- 
stants can be compared to those noted for the 
DMB2-cation radical seen by Dessau (19), where 
a nine-line spectrum characterized by one coup- 
ling constant of 16.6 G was observed in the 
liquid, and attributed to equivalent coupling to 
four methyl groups. 

Linear 1 -A lkenes 
Experimental first derivative esr spectra ob- 

tained by 7-radiolysis of butene-1, hexene-1, 
heptene-1, and nonene- 1 held in adamantane 
matrices, are shown in Fig. 6. A marked qualita- 
tive difference in spectra is noted for nonene- 1, 
characterized by a distinct loss of resolution from 
line-broadening. This is possible prima-facie data 
affording an estimate of the "size" of trapping 
sites accessible to solutes held in an adamantane 
matrix, line-width broadening being attributed 
to a curtailment of isotropic tumbling mobility 
by steric factors. Octene-1 (not shown) yielded 
an equally ill-resolved spectrum, with consider- 
able asymmetry, compared to 1-heptene and 
smaller homologues. 

In general, the spectra are asymmetric about 
their centers, a good indication that two, or more, 
radicals with different g-values are contributing 
to the observed spectrum. However, for 1- 
alkenes, only one possible allylic radical can be 
formed, structure 11, where R may be H, CH3, 

or larger hydrocarbon moieties. On this basis, 
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FIG. 6. Experimentally observed first order esr spectra obtained by r-radiolysis of 1-alkenes held 
in adamantane matrices at room temperatures; ( A )  butene-I; (B) hexene-1; ( C )  heptene-1; (D) 
nonene-l . 

butene-1 (Bl) can only lead to a radical similar to 
that obtained from butene-2 (discussed below), 
and indeed the experimental spectrum obtained 
from either system are identical. Equally, since 
the group R in 11 is so far removed from the 
spin-center (except where R = H), the esr spec- 
tra obtained from all 1-alkenes should be 
virtually identical (line-width and resolution 
factors permitting). It is immediately obvious 
from Fig. 6 that this state of affairs does not 
obtain. It is probable that allylic H-atom abstrac- 
tion will occur for smaller molecular weight 
1-alkenes, such as butene-1 and pentene-1, but 
that random non-allylic abstraction occurs for 
the larger molecules such as hexene-1 and 
heptene- 1. 

Equally, in view of the data from other 
alkenes above, and from previous studies, it does 
not seem probable that H-atom addition will 
occur in these alkenes under the conditions of 
our experiments. Moreover, the coupling con- 

stants noted for these esr spectra (shown in 
Fig. 6) are typical of allylic species (apparent 
a" values of ca. 12-14G, with closely spaced 
doublets or multiplets of ca. 3 G). In view of 
these observations, we must conclude that some 
form of ene-group isomerization is occurring to 
yield different allylic species from each homo- 
logue. This could be initiated by non-allylic 
abstraction at a point well removed from the 
ene-group, an internal cyclization process (intra- 
molecular radical addition), followed by re- 
arrangement of the cyclized intermediate to a 
different linear radical with an allylic structure. 
Such cyclization processes have been noted for 
alkene radicals in solution, and the strong cage 
effect operating in Cl0HI6 matrices will be 
equally conducive to such reactions. In view of 
the linear structure of the radicals, the allylic 
species expected in each case by direct allylic- 
abstraction would contain a lone central proton, 
and each radical would differ in the nature of the 
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LINDER ET AL 

FIG. 7. First derivative esr spectra obtained by r-radiolysis of alkene-2 in adarnantane matrices; 
( A )  butene-2; (B) pentene-2; (C) hexene-2; (D) heptene-2. 

terminal allylic groups. This would produce a 
spectrum characterized by a multiple set of 
doublets, these can be seen clearly for B1, but are 
either obscured or absent froin the other spectra. 
In support of this latter conjecture, there is no 
reason-to suppose that if cyclization and subse- 
quent rearrangement does occur, and which is 
probably unlikely in B1 for steric reasons, that 
the resultant final radical could not eqwally well 
contain a short side chain involving a methyl or 
ethyl moiety. Thus, the resultant allylic species 
from the higher homologues may not exhibit a 
lone central allylic proton, and no doublet 
pattern may be observable. We have beell unable 
to  simulate any of the spectra shown in Fig. 6 on 
the basis of direct allylic abstraction, except for 
butene-1 which is discussed in the next section, 
and we are unable at  this time to  account for the 
observed spectra in terms of other linear allylic 
isomers produced by isomerization processes. 

Linear 2-Alkenes 
Experimental first derivative esr spectra ob- 

tained by 7-radiolysis of butene-2, pentene-2, 
hexene-2, and cis-heptene-2, held in adamantane 
matrices a t  room temperatures are shown in 
Fig. 7. The spectra are all reasonably well re- 
solved, more symmetrical about their centers 

than spectra from the corresponding 1-alkenes, 
and are characterized by a small doublet splitting 
(ca. 3.5 + 0.5) for each homologue and which is 
typical of allylic radicals with one lone central 
proton. If allylic H-atom abstraction predomi- 
nates as usual, then whichever allylic H-atom is 
removed, the resulting radicals will each contain 
such a lone central proton, and the overall 
radical will differ only in the nature and con- 
formation of the end group to the allyl-system as 
different homologues are considered. 

As was noted above, the experimental spec- 
trum from 2-butene (B2) was identical to that 
obtained froin 1-butene, and the best fit to the 
experimental data was obtained with a" values 
of 13.8 (2 protons), 14.5 (3), 14.2 (l), and 
3.8 (1) G, with a peak-to-peak Lorentzian line- 
width of 2.0 G. These values are similar to those 
obtained by other workers (20). 

Since the spectra from 2-alkenes do not match 
those from the corresponding 1-alkenes to any 
extent, it is probable that the predominant species 
contributing to the observed spectra is a radical 
with structure 12, where R = H for butenyl, and 
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1414 CAN. 1. CHEM. VOL. 54. 1976 

TABLE I. Hyperfine splitting constants for radicals derived from some aliphatic alkenes by 
r-radiolysis at room temperature 

Precursor Text hfsc values (G) and Line-widthb 
moleculea identity radical structures postulated (GI Reference 

C 
/ \ 

(14.81) H-C 0 C-H (14.81) 

CH3 (3.2) 
I 

C 
/ \ 

(14.7) H-C '?' C-H (14.7) 
I I 

B1 and B2 H (3.8) 
I 

C 
/ \ 

(14.2) H-C C-CH3 (14.5) 
I I 

1.6 This work 

1 .7  This work 

c 
/ \ 

(14.5) H-C C-CH, (13.5) 
I 

H H 
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LINDER ET AL. 1415 

TABLE 1 ( C o ~ ~ / i l ~ l ~ e d )  

Precursor Text hfsc values (G)  and Line-widthh 
moleculea identity radical structures postulated (GI Reference 

2MB2 7 H (3  '5) 1.7 This work 
I 

This work 

1.7 This work 

2.3 This work 

1.3 This work 

/ \ 
(15.5) CH,-C- C-H (14.5) 

I I 

Linear 1-enes 11 cn. 2.2 This work 

C 
/ \ 

H-C /'? C-CH2-R 
I I 
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1416 CAN. J. CHEM. VOL. 54. 1976 

Precursor Text hfsc values (G) and Line-widthh 
moleculen identity radical structures postulated (G) Reference 

Linear 2-enes 12 H co. 2 .2  This work 
I 

C 
/ \ 

CH3-C C-R 
I i 

nScc text for  idenlificarion of nbbrevintions used. 
bl'eak-to-peak Lorentzian first derivative line-nidtli 
CLiquid phase studies by Koehi el  01. (7) 

R = CH3, CH3CH2-, etc. for pentenyl, hexenyl, 
and higher homologues, respectively. It is certain 
that the radical is allylic, and since the spectra 
have coincident centers (within the experimental 
errors) they are all structurally similar with 
regard to the environment of the unpaired 
electron. The coupling constants found exclude 
the possibility of alkyl radical formation from 
H-atom addition, or internal cyclization (which 
has been noted for liquid phase studies). Never- 
theless, despite the noted resolution accessible to 
us, and the apparent simplicity of observed 
spectra, we have been unable to successfully 
simulate the observed spectra for hon~ologues 
higher than butenyl. Experimental work involv- 
ing spin-trapping techniques, and further com- 
puter-based analyses, are currently in progress. 

Other Experimerztal SysZen7.s 
Other alkenes examined in this study were 

3-methylbutene-1 (3MB1), 3,3-din~ethylbutene-1 
(33DMB), and 2,4,4-trimethylpentene-1 (TMPE). 
These compounds were selected since, for 3MB1, 
the only allylic hydrogen is also a tertiary 
hydrogen atom, and this should have led to  
"reinforcement" of the one radical that should 
be formed, by analogy with previous data from 
alkanes (18) and the above studies for alkenes; 
equally, 33DMB was of interest in that it has no 
allylic hydrogen atom to lose, whereas TMPE has 
only one accessible allylic atom. Unfortunately, 
the spectra obtained from each of these systems, 
even that from 3MB 1, were poorly resolved, and 
quite unassignable to a structure for the radical 
observed. 

temperature are shown in Table 1. Assignments 
of esr hfsc values to cis/lratzs conformers in 
allylic systems have been made on the basis of the 
results obtained by Kochi and Krusic (7, 160), 
they have not been confirmed by specific labelling 
experiments, and must be regarded as tentative. 
The predominant radical in each case is allylic, 
and there is little evidence for H-atom addition in 
these systems under the conditions of our experi- 
inents except for 2MPr where the symmetrical 
and relatively stable ~ert-butyl radical has been 
detected. Where the formation of more than one 
allylic species is possible, the predominant species 
detected appears to be the more symmetrical of 
the possible isomeric radicals. Although radical 
life-times for allylic species at room temperature 
in adamantane were comparable to  those ob- 
tained for us by alkyl radicals (lc, 6a, 18) and 
heterocyclic radicals (3, 15) (cn. 10-100 min), it is 
interesting to  note that the experimentally ob- 
served peak-to-peak first derivative line-widths 
(Lorentzian) for allylic radicals in adanlantane 
at room temperature are significantly smaller 
(ca. 1.3-2.3 G) than those observed for alkyl 
radicals (2.0-2.8 G), and are comparable to those 
observed for substituted benzene radicals (21), 
heterocyclic radical systems (15), and other 
delocalized or partially delocalized systems (lc). 
Moreover, use of perdeuterated adamantane 
matrices did not lead to  any noticeable increase 
in esr spectral resolution for allylic systems, 
although substantial reductions in experimental 
line-widths had been observed for other species 
by this method (3, 15). 
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Macroscopic viscosity and the dielectric relaxation of some 
substituted benzenes 
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S. C. SRIVASTAVA and J. CROSSLEY. Can. J. Chem. 54, 1418 (1976). 
Microwave dielectric constants and losses, and viscosities (v) have been obtained for aceto- 

phenone, anisole, bromobenzene, and p-dimethoxybenzene in 11-heptane, 11-hexadecane. 
paraffin oil, and three 11-heptane + paraffin oil mixtures between 15 and 60 "C. The dielectric 
results have been analyzed for mean relaxation times (so). Plots of In T ~ T  against In 7 for bromo- 
benzene are compared with those for the other solutes in an  attempt to  determine the effect of 
contributions from intramolecular relaxation processes. The results suggest that measurements 
employing several solvents at  one temperature provide a better insight into mechanisms of 
dipole reorientation than those with one solvent at  several temperatures. 

S. C. SRIVASTAVA et J. CROSSLEY. Can. J. Chem. 54, 1418 (1976). 
On a obtenu les constantes et les pertes dielectriques de microonde ainsi que les viscosites (v) 

de I'acetophCnone de l'anisole, du bromobenzene et du p-dimkthoxy-benzene dans le n-heptane. 
le 11-hexadecane, l'huile de paraffine et trois melanges de n-heptane et d'huile de paraffine entre 
15 et 60 "C. On a analysi les resultats dielectriques afin d'itablir les temps de relaxation moyen 
ro. On a compare la courbe de In roT en fonction de In v pour le bromobenzene avec celles des 
autres solutes dans un effort pour determiner l'effet des contributions des processus de relaxa- 
tions intramol6culaires. Les risultats suggkrent que les mesures faisant appel i plusieurs 
solvants ii une temperature fournissent une meilleure vue des micanismes de reorientation de 
dipole que ceux dans un solvant ii plusieurs tempkatures. 

[Traduit par le journal] 

Introduction 
The effect of increasing macroscopic viscosity 

upon the dielectric relaxation of some n-alkyl- 
bromides and alkanones was examined in an 
earlier paper (1). It was evident that additional, 
more systematic, studies were required before 
any conclusions, regarding the possibility of 
employing viscous solvents to provide some 
insight into mechanisms of dipole reorientation, 
could be reached. 

The Debye (2) equation 

culated from eq. 1 are considerably longer than 
the experimental values. This is especially true 
for small spherical solute molecules and for 
viscous solvents. Several modifications of the 
Debye equation have been put forward (4), but 
it is seldom possible to predict, with any cer- 
tainty, the relaxation time of a polar molecule 
from molecular dimensions and the viscosity of 
the medium. 

Kalman and Smyth (5) found that the em- 
pirical relationship 

[ 11 T = 4rga3/kT = 3g V/kl' [21 T = constant X gZ/T 

in which a is the radius of a spherical nlolecule 
of volume V in a homogeneous fluid of viscosity 
g, k is the Boltzmann constant and T is the 
absolute temperature, gives relaxation times, T: 

in reasonable agreement with experiment only 
when the volume of the solute is about three 
times greater than that of the solvent (3). In the 
majority of cases, however, relaxation times cal- 

'To whom correspondence to be addressed. Present 
address: Edward Davies Chemical Laboratories, Univer- 
sity College of Wales, Aberystwyth, Dyfed, U.K. SY23 
1NE. 

satisfactorily represented their data for polar 
solutes in the viscous Nujol solvent over a small 
temperature range. It can be shown (6) that, for 
a particular solute-solvent system, the ratio of 
the activation energy for dielectric relaxation to 
that for viscous flow n(AH,*/AH,*) should 
equal x, provided the entropies of activation for 
the two processes are the same. Higasi (7) finds 
that x is close to zero for small spherical solute 
molecules and approaches unity for large non- 
spherical solute molecules. Furthermore, the x 
value for benzophenone, which relaxes by whole 
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SRIVASTAVA AND CROSSLEY 1419 

molecule rotation, is almost twelve times that for 
diphenylether, a molecule of similar shape and 
size which relaxes primarily by a fast intra- 
inolecular process. Thus the parameter x should 
provide some insight into the mechanisms of 
dipole reorientation. 

The majority of relaxation time - viscosity 
studies have been confined to  the relatively small 
viscosity changes possible with the conventional 
nonpolar solvents, or, by small temperature 
variations. Grubb and Smyth (5) employed 
Nujol (paraffin oil) to  separate the two relaxation 
processes, overall illolecular rotation and intra- 
molecular rotation, for some aromatic ethers. A 
more systematic approach has been made by 
Balogun and Cumper (9) who used benzene + 
liquid paraffin mixtures to obtain a wide range 
of  solvent viscosities. They made their measure- 
ments at several temperatures and were thus 
able to  obtain AH,*, AH,*, and x values. 
Unfortunately, they did not include nonrigid 
aromatic compounds amongst their solutes, and 
benzene nlay not have been a particularly good 
solvent for diluting the paraffin oil, since it 
interacts quite significantly with many polar 
molecules (10). In addition, paraffin oil is a 
mixture of aliphatic hydrocarbons which are 
of course molecularly quite different from ben- 
zene. 

This paper reports dielectric relaxation time 
and viscosity data for both rigid and nonrigid 
substituted benzenes in n-heptane, n-hexadecane, 
paraffin oil, and paraffin oil + 11-heptane inix- 
tures between 15 and 60°C. Kalman and 
Smyth x values (eq. 2) are obtained from ( i )  
temperature variations for a given solution and 
( i i )  viscosity variations, produced by using 
different solvents, at fixed temperatures. 

Experimental 
The apparatus and procedure used to determine the 

dielectric constant (E') and the dielectric loss (e") at  35, 
24, 16, 9.3, 2.5, 1.9, 1.5, and 0.98 GHz have been de- 
scribed previously (11, 12). Low frequency dielectric 
constants (eo) were measured at 2 MHz using a WTW 
Dipolmeter. The solution viscosities (v) were measured 
using calibrated Ubbelohde type viscometers and density 
bottles. All the chemicals were dried prior to their use. 
Each solute was dissolved (about 0.2 to 0.4 moll-') in 
pure tr-heptane, pure 11-hexadecane, pure paraffin oil 
(p.o.), and paraffln oil + 11-heptane mixtures made up in 
the following percentages by volume: ( i )  75'j;; paraffin 
oil + 25% 11-heptane (p.o.75), (ii) 859; paraffin oil + 
15% 11-heptane (p.o.85), and (iii) 95% paraffin oil + 5% 
?I-heptane (p.o.95). 

0.00 1 I 8 

218 2.26 234  

c' 
FIG. 1. Cole-Cole plots for (a) acetophenone and 

(6)  anisole in paraffin oil at  25 'C. The frequencies are: 
35.11, 23.98, 16.20, 9.31, 2.5, 1.9, 1.5 (0.98 for aceto- 
phenone only) and 0.002 GHz. 

Results 

Cole-Cole plots (13) for all the acetophenone. 
bromobenzene, 11-dimethoxybenzene, and the 
majority of the anisole solutions were quite 
syminetrical (Fig. la). The anisole in pure 
paraffin oil solutions showed some indication of 
separation into two dispersion regions (Fig. lb). 
Mean relaxation times ( T ~ ) ,  Cole-Cole distribu- 
tion parameters ( a )  and high frequency dielectric 
constants ( e m )  were determined for all the solu- 
tions, by a computer fit of the experimental E', 
E", and €0 data to the Cole-Cole equations as 
described previously (14). The errors involved in 
this type of analysis have been discussed in 
detail (14). Previous work has shown that the 
dielectric absorptions of the anisole and p- 
dimethoxybenzene solutions contain contribu- 
tions from two relaxation processes (8, 15, 16). 
In view of the distribution of relaxation times 
observed for bromobenzene, which has only one 
relaxation process, however, we have refrained 
from analyzing the data for the other systems in 
terms of two discrete relaxation times. 

The mean relaxation times, Cole-Cole distri- 
bution parameters, and viscosities are listed in 
Table 1. 
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1420 CAN. J. CHEM. VOL. 54, 1976 

Enthalpies of activation for dielectric relax- In 7 against 1/T plots respectively. The values are 
ation (AH?) and viscous flow (AH,*) were presented in Table 2. 
obtained from In T ~ T  against 1/T (Fig. 2) and Values of x in the Kalman and Srnyth equation 

TABLE I. Relaxation times, distribution parameters, and solution viscosities for 
polar solutes in several nonpolar solvents 

T 70 9 7' 7'' r O k T  
102~ x - 

Solvent ("C) (ps) a (cP) (PSI (PSI 39 

Heptane 

p.o.75 

p.o.85 

p.o.95 

p.0. 

Heptane 

Hexadecane 

p.o.75 

p.o.85 

p.o.95 

Bromobenzene 
0.00 0.479 
0.00 0.435 
0.00 0.389 
0.00 0.324 

0.14 16.2 
0.17 10.3 
0.09 6.39 
0.14 3.89 

0.16 12.8 
0.15 6.84 

0.22 69.0 
0.30 39.4 
0.12 19.9 
0.17 9.80 

0.27 183 
0.33 87.3 
0.15 39.2 
0.18 16.9 

Anisole 
0.11 0.479 
0.07 0.431 
0.05 0.374 
0.06 0.316 

0.11 3.46 
0.12 2.43 
0.10 1.84 
0.15 1.38 

0.19 9.44 
0.22 7.16 
0.16 4.63 
0.20 3.01 

0.20 20.7 
0.26 14.3 
0.29 8.33 
0.24 4.75 

0.23 41.7 
0.29 27.8 
0.21 15.0 
0.24 7.97 

0.24 83.9 
0.28 50.3 
0.23 23.4 
0.31 11.7 
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SRIVASTAVA AND CROSSLEY 

T 70 'I 7' 7" 
rokT 

10'4 X - 
Solvent ("C) (ps) a (cP) (PS) (PSI 3'1 

Heptane 

Hexadecane 

p.o.75 

Heptane 

Hexadecane 

p.o.75 

Acetophenone 
15 9.7 0.05 0.48 
25 8.4 0.06 0.43 
40 6.7 0.08 0.37 
60 5.4 0.14 0.32 

25 19 0.09 2.81 
40 14 0.08 2.08 
60 9.5 0.11 1.49 

15 34 0.19 14.2 
25 26 0.16 9.68 
40 19 0.13 6.07 
60 13 0.11 3.75 

15 49 0.22 32.0 
25 36 0.21 20.7 
40 25 0.18 11.7 
60 16 0.13 6.53 

15 63 0.23 77.6 
25 49 0.23 43.8 
40 31 0.21 21.6 
60 19 0.16 10.6 

15 77 0.24 186 
25 61 0.21 89.4 
40 40 0.21 41.7 
60 24 0.16 18.2 

p-Dirnethoxybenzene 
25 6.1 0.27 0.432 
40 5 .0  0.38 0.375 
60 3.9 0.32 0.318 

25 12 0.21 2.93 
40 8.1 0.22 2.04 
60 6.6 0.27 1.46 

15 30 0.32 15.1 
25 22 0.20 10.5 

: were obtained from plots of In roT against In a given solution at  the four tenlperatures using 
tl (Fig. 3) by two methods: the relationship 

(a) Linear regression analysis of the points for [3] In rOT = In A + x' In tl 
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TABLE 2. The effect of temperature on the dielectric relaxation and viscosity for 
polar solute - nonpolar solvent solutions 

AH,,': AH," 
(kcal (kcal aH,; A k 

1014 x - 
Solvent mol-1) mol-1) AH,," x' 1 0 S X A  3 

Heptane 
12.0.75 
p.0.85 
p.o.95 
p.0. 

Heptane 
Hexadecane 
p.o.75 
p.0.85 
p.0.95 
p.0. 

Heptane 
Hexadecane 
p.0.75 
p.0.85 
p.o.95 
p.0. 

Heptane 
Hexadecane 
p.0.75 
p.o.85 
p.0.95 
p.0. 

Bromobenzene 
1.48 0.89 0.86 
3.04 0.51 0.50 
3.75 0.47 0.49 
3.75 0.45 0.45 
4.10 0.41 0 .40 

Anisole 
1.18 0.67 0.56 
3.15 0.83 0.79 
3.92 0.80 0.65 
3.95 0.63 0.66 
3.97 0.56 0.56 
4.60 0.54 0.49 

Acetophenone 
1.85 1.13 1 .10  
3.04 0.87 0.90 
3.43 0.60 0.59 
4.07 0.59 0.60 
4.45 0.52 0.53 
3.90 0.38 0.45 

p-Dimethoxybenzene 
1.91 1.10 1.10 
2.72 0.68 0.70 
2.75 0.49 0.50 
3.82 0.54 0.54 
3.34 0.39 0.39 
3.91 0.40 0.26 

(b) Linear regression analysis of the points for 
a solute in each of the solvents, at  a given 
temperature, using the relationship 

The constants A and B i n  the above equations 
are dependent upon the solute and solvent, and 
replace 3 V / k  in the Debye equation. Values of 
A and B have been determined from the inter- 
cepts of the In TOT against 111 7 plots by methods 
(a) and (b), respectively. In order to  assess the 
linearity of these plots relaxation tiines T' and T" 

calculated from x' and A ,  and, x" and B respec 
tively are compared with the experiinental TO 

values in Table 1. 

Discussion 
Dielectric relaxation times for rigid polar 

molecules of the same shape measured in the 
same solvent at  the same temperature are found 

t o  be proportional to  their nlolecular volumes 
(17). For acetophenone, anisole, bromobenzene. 
and p-dinlethoxybenzene the calculated molec- 
ular volumes (18) are 121, 108, 107, and 132 X 

cc, respectively. The TO values (Table 1) 
for anisole and p-dimethoxybenzene, especially 
in the inore viscous solvents, are significantly 
shorter than those for the rigid bromobenzene. 
Consequently, the dielectric absorption of the 
two ethers must, in accord with earlier measure- 
ments (8, 15, 16), contain contributions from an 
intramolecular relaxation process, i.e. methoxy 
group rotation. I t  has been suggested (19) that 
acetyl group rotation makes a significant con- 
tribution to  the dielectric absorption of aceto- 
phenone. However, the mean relaxation times 
for acetophenone and bromobenzene are very 
nearly in the same ratio as their molecular 
volumes. 

Table 1 gives the molecular volumes ( ~ o k T / 3 ~ )  
for the polar solutes calculated from the experi- 
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SRIVASTAVA AND CROSSLEY 1423 

with corresponding data for bromobenzene 
reveals that they are not sensitive indicators of 
contributions from intramolecular relaxation 
processes. Volumes (AK/3 in Table 2) calculated 
from the intercepts of the In TOT against In 7 
plots are, of course independent of temperature. 
However, they are considerably smaller than the 
true values and they decrease with increased 

I- 
solvent viscosity. Obviously some additional 
parameter(s) must be contained in the A values 

k-? 
- in order to obtain better agreement. The A, and 

thus AK/3, values in pure paraffin oil are the 
only ones in Table 2 which reflect the contribu- 
tion that intramolecular rotation makes to the 
dielectric absorption of the two ethers. In 
addition, the A value for acetophenone in 
paraffin oil is larger than that for bromobenzene 
which suggests that acetophenone behaves es- 

30 U 
sentially as a rigid molecule. It is clear, however, 

to1 that n, x', and A do not provide any appreciable 
4 

FIG. 2. Plots of In T ~ T  against 1/T for brornobenzene 
in heptane A ;  p.o.75 0 ;  p.o.85 0; p.o.95 + ; and 
p.0. 0. 

mental TO and solution viscosity values. These 
calculated volumes are much smaller than the 
true values, and they decrease markedly with 
increased viscosity, which illustrates the in- 
adequacy of the Debye equation and the use of a 
macroscopic viscosity for these systems. 

The AH,* values (Table 2) increase with 
increased viscosity and are similar to those 
reported for benzene + paraffin oil solutions by 
Balogun and Cumper (9). In contrast, the AH,* 
values do not increase markedly with increased 
viscosity for the heptane + paraffin oil solutions. 
Plots of In TOT against In 7 for a given solution 
at the different temperatures are linear (Fig. 3) 
and the slopes x' are, as predicted (6), very 
similar to the respective n values. The relaxation 
times, T',  calculated from the slopes and inter- 
cepts of these plots are in excellent agreement 
with the experimental TO values. For all the 
solutes, n and x' (Table 2) tend to decrease with 
increased solvent viscosity and follow the same 
trend as those obtained by Balogun and Cumper 
(9). The values in paraffin oil are quite similar to 
those reported, for 1-chloronaphthalene (0.38) 
and isoquinoline (0.43) in Nujol, by Kalman and 
Smyth (5). A comparison of the n and x' data in 
Table 2 for anisole and p-dimethoxybenzene 

-2 0 2 4 
In 7 

FIG. 3. Plot of In against In 7 for acetophenone in 
several solvents at 15 "C, v; 25 "C, 0 ;  40 "C, 0; and 
60 "C, 0. The solid lines are drawn through the points, 
for each of the six solvents, at a fixed temperature 
(slope x"). The broken lines are drawn through the points 
for the n-heptane and p.o.75 solutions at four ternpera- 
tures (slope x') .  
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TABLE 3. The effect of solvent on the dielectric 
relaxation for polar solute - nonpolar solvent solutions 

Bk 
Solute T("C) s" 10SXB 1024XX3 

Brornobenzene 15 0.36 1.53 0.70 
25 0.34 1.35 0.62 
40 0.37 1.43 0.66 
60 0.36 1.25 0.58 

Anisole 15 0.29 0.87 0.40 
25 0.24 0.68 0.31 
40 0.23 0.57 0.26 
60 0.18 0.38 0.17 

Acetophenone 15 0.36 1.94 0.89 
25 0.37 1.92 0.88 
40 0.37 1.71 0.79 
60 0.37 1.46 0.67 

p-Dirnethoxy- 15 0.10 1.07 0.49 
benzene 25 0.29 0.96 0.44 

40 0.32 0.95 0.44 
60 0.36 1.02 0.47 

insight into the mechanisms of dielectric ab- 
sorption in these systems. 

Table 3 lists the slopes (x"), intercepts (B), and 
volumes (Bk/3) obtained from In TOT against 
In ?I plots for each of the solutes a t  fixed tempera- 
tures, i.e. both TO and are increased by in- 
creasing the solvent viscosity. Again the calcu- 
lated relaxation times, T", are in good agreement 
with those determined by experiment. The x" 
values for a particular solute are, with the excep- 
tion of p-dimethoxybenzene, relatively inde- 
pendent of temperature and, of course, the 
solvent. Higasi (7) obtained x" values of 0.20, 
0.23, and 0.31 for the rigid molecules o-dichloro- 
benzene, isoquinoline, and 1-chloronaphthalene 
respectively, although he did not indicate the 
viscosity range. Crossley ( I )  obtained x" values 
of about 0.27 for a number of alkylbromides and 
alkanones in paraffin oil + heptane mixtures a t  
25 "C. The x" and B values for the nonrigid 
anisole and p-dimethoxybenzene are clearly 
smaller than those for the rigid bromobenzene. 
The ratio of the B values for acetophenone and 
bromobenzene is about 1.25 compared with 
1.14 for their molecular volumes, which further 
indicates that acetyl group rotation does not 

significantly contribute to  the dielectric absorp- 
tion of acetophenone. 

The results in Tables 2 and 3 suggest that 
dielectric measurements of a polar solute in a 
series of different viscosity solvents may provide 
a better insight into the mechanisms of dipole 
reorientation than illeasurements with one 
solvent at several temperatures. It will be interest- 
ing to  note whether these conclusions are sub- 
stantiated by measurements on polar solutes of a 
different shape and size. 
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Alkylation of the dimethylglyoximato ligands in reduced cobaloxime 
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RICHARD B. SILVERMAN and D. DOLPHIN. Can. J. Chern. 54, 1425 (1976). 
Cobalt(I1) cobaloxirnes can undergo atom transfer reactions with certain alkyl halides to give 

the corresponding alkyl cobalt(II1) cobaloxirnes. However, in the presence of powerfully electro- 
philic alkyl halides, such as chloromethyl methyl ether, reaction at  the periphery, and not a t  
the cobalt, occurs to give dirnethylglyoxime-0-rnethoxyrnethyl ether. 

RICHARD B. SILVERMAN et D. DOLPHIN. Can. J. Chern. 54, 1425 (1976). 
Les cobaloxirnes de cobalt(I1) peuvent subir des rdactions de transferts d'atornes avec certains 

halogCnures d'alkyle pour conduire aux cobaloxirnes correspondantes de cobalt(II1) alkyld. 
Toutefois en prCsence d'haloginures d'alkyle trbs Clectroaffinitaires, tel que le mdthoxychloro- 
rnithane, une rCaction B la pdriphkrie, et non pas au niveau du cobalt, se produit pour conduire 
k 1'Cther dirnCthylglyoxirne-0-rnCthoxyrnCthyle. 

[Traduit par le journal] 

In the presence of certain alkyl halides 
cobalt(I1) cobaloximes are known to undergo 
atom transfer reactions (1). Thus the reaction of 
two equivalents of pyridine(bisdimethylg1yoxi- 
mato)cobalt(II) with benzyl bromide, in benzene, 
yields equal amounts of bromo- and benzyl- 
(pyridine)cobaloxime (2) (reaction 1, Scheme I), 
and such reactions are favored when the inter- 
mediates are 'stable' organic radicals, such as the 
benzyl radical. 

We wish to  report here a novel reaction of 
pyridine(bisdimethylglyoximato)cobalt(II) with a 
highly reactive alkyl halide, chloromethyl methyl 
ether, in which an ionic, rather than radical, 

'National Institutes of Health Predoctoral Trainee, 
1971-1974. 

2To whom correspondence should be addressed. 

pathway leads to preferential alkylation of the 
ligand rather than of the cobalt. When chloro- 
methyl methyl ether was added to a solution of 
pyridine(bisdimethylglyoximato)cobalt(II), in de- 
oxygenated dry benzene, a blue solid slowly 
precipitated. Addition of this blue solid to water 
gave a pink solution containing a white pre- 
cipitate. Anhydrous cobalt(I1) chloride is a blue 
complex which turns red upon hydration, and 
this suggested that the reaction had produced 
inorganic cobalt and a modified ligand (reaction 
2, Scheme 1). This was confirmed when the white 
solid was shown to be identical to a sample of 
dimethylglyoxime-0-methoxymethyl ether, pre- 
pared by monoalkylation of sodium dimethyl- 
glyoxime with chloromethyl methyl ether. 

No reaction occurred when chloromethyl 
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methyl ether was added to bromo- or methyl- 
(pyridine)cobaloximeCo(III), in methanol, meth- 
ylene chloride, or benzene. Thus the cobalt 
needs to be in a lower oxidation state in order for 
ligand 0-alkylation to occur, indicating that the 
greater electron density of the divalent cobalt 
must be transmitted into the ligand system, which 
renders the glyoxime oxygens more nucleophilic. 
The rate of 0-alkylation is then faster than the 
cobalt-atom transfer reaction and destruction of 
the complex occurs. 

Similar observations have been made with the 
cobalamins, for which the cobaloximes are 
frequently used as model compounds (3). Thus 
reactions at the periphery of the corrin nucleus 
may be modified by varying the electron density 
of the trivalent cobalt (4). When cyanocobalamin 
was treated with an equivalent of chloramine T, 
cyclization of the ring B acetamide side chain, of 
the corrin nucleus, occurred to give the stable 
fused lactone upon hydrolysis, and then the 
further action of chloramine T brought about 
substitution at  Clo of the corrin nucleus to  give 
the chloro-lactone (Scheme 2). The reaction of 
methylcobalamin, however, took a different 
course. The first equivalent of chloramine T 
caused substitution at  Clo with no lactonization, 
and excess chloramine T was required to bring 

be transmitted to the periphery of both the 
corrin and cobaloxime ligands. 

Experimental 
Melting points were determined in a Thomas-Hoover 

capillary melting point apparatus and are uncorrected. 
The ir spectra (KBr) were determined with a Perkin-Elmer 
457A Grating Infrared Spectrometer. The pmr spectra 
were determined on a Varian Associates A-60 spec- 
trometer with tetramethylsilane as internal standard and 
deuterio-chloroform as solvent; chemical shifts are ex- 
pressed on the &-scale. 

Dimethylglyoxime-0-methoxymer/lyl Ether 
T o  dirnethylglyoxime (2.32 g, 0.02 mol) in boiling 

methanol (50 rnl) was added solid sodium methoxide 
(1.1 g, 0.02 rnol). After a few minutes, chloromethyl 
methyl ether (1.5 rnl, 0.02 mol) was added. The reaction 
mixture was cooled to room temperature, the white solid 
which precipitated was removed by filtration, and the 
solvent evaporated. The yellow residual oil was extracted 
with benzene and the solvent was evaporated to  give a 
yellow oily solid. The color was removed and crystalliza- 
tion induced by stirring in water; a white solid was 
collected and washed with water. Recrystallization of the 
solid from ether - petroleum ether, then from 11-hexane 
gave the product as shiny white needles (0.84 g, 26%) 
mp 87-87.5 "C, v 1470, 1456, 1433, 1393, 1368 (note that 
dimethylglyoxime exhibits two bands a t  1428 and 1364 
cm-1); pmr 2.08 (s, 3H), 2.12 (s, 3H), 3.48 (s, 3H), 5.23 
(s, 2H), 9.10 (bs, 1H). Anal. Calcd. for C6H12N203: 
C44.99, H7.55, N17.49. Found: C44.99, H7.59, 
N 17.22. - 

about lactonization (Scheme 2). 
Reactiotls between Pyridit~e(bisdimethylglyoximato)- 

o-Protonation of the dimeth~lgl~Oxime ligand cobalt(l1) ~ t l d  Clllorometllyl Metl~yl Ether 
has been suggested by numerous authors ( 5 ,  6 )  Pyridine(bisdimethylglyoximato)cobalt(II) (8) (0.74 g. 
and crystalline 0-protonated alkylcobaloximes 2.0 mmol) was flushed with argon for 30 min, then 

have been recently reported (7), indicating that d e ~ x ~ g e n a t e d  dry benzene (15 rnl) was added. When all 
the solid had dissolved, deoxygenated chloromethyl 

the increased density On when methyl ether (0.45 ml, 6.0 mrnol) was added through a 
supplied by a carbanion as axial ligand (i.e. syringe. After stirring for 2 h, the blue solid (0.75 g) 
in the alkyl-cobalamins and -cobaloximes), can formed was collected by filtration and was stirred in 
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SILVERMAN A N D  DOLPHIN 1427 

water (5 ml), giving a white solid in a pink solution. After 
recrystallization from ether - petroleum ether, then from 

I 
I 11-hexane, long whlte needles were obtalned (mp87.5- 

88 "C), having Identical nmr and ir spectra as dimethyl- 
I glyoxlme-0-methoxymethyl ether. A mlxture meltlng 

polnt was undepressed. 
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A stereochemical investigation of substituted ethylene sulfites via '"C 
nuclear magnetic resonance 
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GERALD W. BUCHANAN and DESMOND G. HELLIER. Can. J. Chem. 54, 1428 (1976). 
13C nmr chemical shifts for ethylene sulfite and 17 derivatives are presented. From the magni- 

tudes of the -, shifts and the tenets of conformational analysis, support is gained for the existence 
of twist-envelope conformations in solution. Pseudorotational paths are suggested which do 
not involve inversion a t  the sulfur atom. 

GERALD W. BUCHANAN et DESMOND G. HELLIER. Can. J. Chem. 54, 1428 (1976). 
On rapporte les d6placements chimiques en rtsonance magnktique nucliaire du 13C du sulfite 

d'tthylkne et de 17 de ses dtrivCs. En se basant sur les amplitudes des dtplacements et sur les 
principes de I'analyse conformationnelle, on est port6 2i croire i I'existence, en solution, de 
conformations enveloppe tordue. On suggkre des chemins de pseudorotation qui n'impliquent 
pas une inversion au niveau de I'atome de soufre. 

[Traduit par le journal] 

Introduction 
The conformational analysis of cyclic sulfites 

is an area of current interest in several labora- 
tories. For ethylene sulfites, physical methods 
such as infrared (ir) spectroscopy (I), 'H nmr 
(2-6), and electron diffraction (7) have been 
applied to  the problem. 

The early ir data (1) for ethylene sulfite were 
interpreted in terms of a conformational equi- 
librium in solution as depicted in Scheme 1. 

Subsequently, variable temperature proton nmr 
work (2, 3) led to  the postulate of a 'non- 
inverting' ring with a pseudo axial preference for 
the S=O bond. On the basis of 'H nmr chemical 

0 
I I 

1 Author to whom correspondence should be addressed. 

shift additivity relationships and a similar solvent 
and concentration dependence of the S = O  
stretching frequency, methyl and phenyl-substi- 
tuted ethylene sulfites were deemed to possess 
similar geometries to the parent compound 
(4, 5). The most recent nmr work (6) which 
presents a detailed analysis of vicinal couplings, 
suggests the existence of twist-envelope forms 
which are interconverted by rapid pseudorota- 
tory paths not involving inversion at  sulfur 
(Scheme 2). By contrast, an electron diffraction 

study (7) has indicated an essentially planar 
structure for the ethylene sulfite ring. 

For trimethylene sulfites (8) and thiane-oxides 
(9) it has been found that 13C nmr is a valuable 
method for conformational analysis, as the 
chemical shifts are highly sensitive to the stereo- 
chemistry of the S=O bond. Since 'H decoupled 
13C spectra are first order the application of this 
technique to  the ethylene sulfite problem seems 
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BUCHANAN AND HELLIER 

TABLE I .  13C chemical shifts of ethylene sulfites (6, from TMS *0.1)* 

(!runs) 

Position 

Corn- 4-CH3 4-CH3 4-CH2-Xt 4-CH2-Xt 5-CH3 5-CH3 
pound* C-4 C-5 (cis) (trans) (cis) (Irans) (cis) (Irans) C-quat. C-o C-m C-p 

*0.05-0.10 M solutions in CDClr. 
tFor compounds 11 and 12 X = Cl; for compounds 13 nnd 14 X = OPh. 

attractive. Herein we present 13C data for ethyl- 
ene sulfite and 17 substituted derivatives, in 
which comparison with trends found in the 
trimethylene sulfites permits some useful con- 
formational deductions. 

Results and Discussion 
I3C chemical shifts for the materials examined 

as CDC13 solutions are presented in Table 1. 
Assignments are based on well established trends 
of alkyl substitution (lo), selective 1H decoupling 
using published lH  data (4, 5 ) ,  and single fre- 
quency off-resonance decoupling (SFORD) ex- 
periment~.~ 

Before embarking on a detailed discussion of 
the ethylene sulfite data, it is necessary to recall 

2Specifically, relative assignments of C-4 and C-5 in 
2-4, 8, 9, 11, 12, 15, and 16 were made by off-resonance 
decoupling. For 5, 13, and 14 selective IH decoupling 
permitted unambiguous assignments, since the 1H spectra 
of these materials have been analyzed (4, 5). 

the major stereochemical features of the 13C 
shifts for trimethylene sulfites (8). Initially, the 
'y' shift is a useful indicator of the interaction of 
an axial S=O bond with syn-axial H's, I(ax), 
and results in a shielding of the y carbon of ca. 9 
ppm relative to the case where the S=O is 
equatorial, I(eq). Replacement of a syn-axial H 

I (ax) I (eq) 

by a carbon results in the loss of the major part 
of the '7' shift as indicated in II(ax) and II(eq). 

I1 (ax) 11 ( 4  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1430 CAN. J. CHEM. VOL. 54. 1976 

A second, albeit less dramatic, result, is the 
so-called '6' shift (1 1) in which a methyl group 
which is syn-axial, III(ax), to an S = O  bond 
experiences a minor deshielding effect relative to 
its equatorial counterpart. 

111 (ax) 

With these findings as a background it is 
interesting to compare shifts for the epimeric 
4-methyl ethylene sulfites 2 and 3. For 2, having 
the CH3 trans to the S=O, the preferred con- 
formation is suggested (6) to be that depicted as 
2a in which the CH3 is essentially equatorial and 
the C-4 H is axial. (Newman projection along 
C-4-5 bond.) In isomer 3, however, there will be 

H I! 

repulsive van der Waals interactions between the 
cis CH3 hydrogens and the S=O function which 
will force the conformational equilibrium toward 
3b. Also gauche CH3- - -0 interactions will de- 
stabilize 2b and 3a. 

CHI 

The '7' shifts for 2 and 3 are consistent with 
these conformational arguments. For 2, C-4 is 
shielded by 3.7 ppm relative to C-4 of 3, since the 
H on C-4 is syn-axial to the S=O in 2a. Con- 
versely, C-5 of 2 is deshielded relative to this 
position in 3 by ca. 2 ppm since C-5 of 3b bears a 
H which is syn-axial to the S=O bond. The 
minor '6' shift for the CH3 of 3 (0.9 ppm) may 
arise from the contribution of conformer 3a. An 
alternative argument which is more satisfying 
from the energetic point of view, is that the CH3 
of 2 is preferentially shielded compared to 3 due 

to the contribution from 26. In 2b there is a 
gauche CH3- - -0 interaction which is known to 
cause increased shielding at carbon (12). Quan- 
titatively, the lH data (6) led to a suggestion that 
the preference for 2a is ca. 60% and for 3b is ca. 
95%. The 13C data are qualitatively supportive. 

In the gem-dimethyl derivative 4 it is some- 
what surprising that there is no shift difference 
between the CH3 groups. From previous argu- 
ments the preferred rotamer should be 4a in 
which the axial CH3 has no steric compression 
with the S-0. The gauche CH3- - -0 interaction 

H CH3 

is expected to shield the axial CH3 in 4a (12), 
however, no effect is observed. 

For the trans-vicinal dimethyl compound 5, 
again viewing the Newman projection along the 
C-4-C-5 bond, it has been proposed (6) that a 
conformer similar to 5a should dominate. To 
relieve the gauche CH3- - -CH3 interaction in 5a, 
it has been suggested on the basis of vicinal 
couplings (6) that the molecule may assume an 
intermediate geometry as indicated in 5c. The 

upfield 7 shift at C-4 relative to C-5 is in qualita- 
tive agreement with a quasi-axial H on C-4, and 
the quasi-axial CH3 at C-5 is evidenced by its 
deshielding relative to the C-4 CH3 group. 

Comparing the other vicinal dimethyl isomers 
6 and 7, the substitution of two CH3 groups 
trans, 6,  and cis, 7, to the S=O bond produces 
in each case rotamers that are equivalent by 
symmetry. The shielding 7 effect for C-4,5 of 6 
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BUCHANAN AND HELL~ER 143 1 

6 a 6 6 

(2.7 ppm) and the deshielding 6 effects for the 
CH3's of 7 are consistent with earlier arguments. 

The possible staggered twist-envelope forms 
for the trimethyl compounds 8 and 9 are illus- 
trated in Scheme 3. In order to suggest preferred 
forms, a value of 1.1 kcal/mol (6) is used for 
each syn-axial CH3- - -S=O interaction, 0.3 
kcal/mol for each CH3- - -0 gauche interaction 
(13) and 0.8 kcal/mol for each CH3- - -CH3 
gauche interaction (13). 

(6 effect) in addition to the CH3- - -0 and 
CH3- - -CH3 gauche interactions. 

In the tetramethyl systenl 10 the CH3's cis to 
the S = O  are deshielded by only 0.4 ppm relative 
to the trans groupings. The presence of the two 
cis-CH3's nlay be sufficient to cause the ethylene 
sulfite ring to distort such that the S=O bond 
becomes equatorial or at least pseudo axial. 
thereby decreasing the 6 effect. 

By analogy with 2 and 3,  the preferred rota- 
mers of 11 and 12 are presumably l l a  and 12b 
respectively. 

H H 

l l a  11 h 

On this basis, substantial preferences (ca. 0.5 
kcal/mol) are predicted for conformers 86 and 
96 respectively. The C-5 chemical shifts of 80.6 
in 8 and 86.1 in 9 are in accord with a syn-axial 
H- - -S=O in 8 ,  as in 86. It is interesting to note 
that the C-5 CH3 shift in 8 of 13.5 ppm is the most 
shielded of any methyl resonance in these com- 
pounds. The presence of two gauche CH3- - -CH3 
interactions in 86,  which are known to cause 
increased shielding (14), no doubt account for 
this. For 9 the C-5 CH3 group resonates at 15.7 
ppm. Presumably this follows from the pre- 
ponderance of conformer 96 in which there is a 
deshielding syn-axial CH3- - -S=O interaction 

The '7' shifts at the C-4 position of 11 us. 12 are 
in agreement with an axial H at C-4 of 11. Also 
the minor shielding effect (0.8 ppm) observed for 
the CH2-C1 carbon of 11 reflects the greater 
contribution which 116 makes to the time aver- 
aged geometry of 11 relative to  the contribution 
of 120 to 12. Sinlilar arguments apply to the 
results for 13 and 14 ( X  = OPh in Table 1). The 
only apparent anomalies in the comparison of 
13C data for 11-14 with 2 and 3 are the C-5 
chemical shifts. In 3 it was argued that the pre- 
dominance of 36 in which there is a syn-axial 
H- - -S=O interaction shields the C-5 of 3 rela- 
tive to 2. For the corresponding compounds 12 
and 14 C-5 becomes slightly deshielded (cn. 
1 ppm) relative to 11 and 13 respectively. Ap- 
parently replacement of a methyl hydrogen by a 
larger C1 or OPh group introduces a further 
(unaccountable at present) perturbation. 

For the 4-phenyl isomers 15 and 16, the shifts 
at C-4 and C-5 are in accord with the trends 
noted for the corresponding methyl compounds 
2 and 3,  thereby supporting the case for the 
predominance of conformers 15a and 16b re- 
spectively, in solution. 
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15a 16 b 

Compounds 17 and 18, having the vicinal 
phenyl groups trans and cis to the S = O  bond 
respectively, exhibit y effects at C-4,5 of similar 
magnitude to the analogous dimethyl isomers 
6 and 7. Accordingly one can suggest similar 
solution conformations for these systems. In 
conclusion it is evident that the 13C y shifts pro- 
vide useful information regarding ethylene sulfite 
conformations. Support for the concept of 
twist-envelope forms in which there are rapid 
pseudorotation paths, not involving conforma- 
tion inversion at sulfur, is gained. 

Experimental 
Spect ra 

The '3C chemical shifts were determined using previ- 
ously described procedures (1 5). 

Materials 
Syntheses and physical data for all sulfites described 

have been reported earlier (4-6). 
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Etude par rCsonance magnCtique nuclCaire des propriCtCs acides 
de 1'CthyltrifluoroacCtoacCtate d'uranium(1V) 

J. PARIS ET G. FOLCHER 
CEN-Saclay, Commissariat C? 1'Energie Atomique, B.P. 2,  91190 G$sur-Yvette, France 

J. PARIS et G. FOLCHER. Can. J. Chern. 54, 1433 (1976). 
Le composC (CF3COCHCOOC2H~)4U a CtC prCparC. Les dCplacernents chimiques des 

protons du groupe Cthyle sont trks importants et ont CtC trouvCs trks sensibles aux interactions 
avec le solvant. Leur Ctude a permis d'8ablir certaines corrClations avec d'autres grandeurs 
physiques accessibles par ailleurs. Ces dCplacements peuvent &tre interpr&tCs comme rCsultant 
de la variation de la rkpartition des electrons non appariCs de I'uranium entre le chdatant 
et la base. 

J. PARIS and G. FOLCHER. Can. J. Chern. 54, 1433 (1976). 
The compound (CF3COCHCOOC2H5)4U has been prepared. The chemical shifts of the ethyl 

protons are very important and were found to be very sensitive to interactions with the solvent. 
From their study certain correlations were established with physical quantities available else- 
where. These displacements can be interpreted as resulting from the variation of the sharing of 
the non-paired electrons of uranium between the chelate and the base. 

[Journal translation] 

Introduction 

I1 a CtC montrC (1) que les /3 dicitonates 
d'uranium(1V) prCsentent des propriCtCs de 
rkactifs conformationnels. Cet effet met en 
Cvidence des interactions de type acide base entre 
ces chClates et les molCcules capables de se com- 
porter comme des donneurs. Une  bonne con- 
naissance de ces interactions ainsi que des 
composts d'addition form& permettrait une 
meilleure utilisation de ces rtactifs. Les pro- 
priCtCs acides d'un nombre important de molC- 
cules prCsentant une aciditi de Lewis ont CtC 
ttudikes par ir (2-6). I1 est plus difficile d7accCder 
aux aciditCs des ions mitalliques engages dans 
des chClates par cette mCthode. Les diplacements 
chimiques d'un proton appartenant i un acide 

11 a CtC montrC (10) que dans le cas de l'asso- 
ciation des chClates de nickel avec des anilines 
substitukes les dCplacements chimiques de con- 
tact des protons des bases varient largement. 

Dans l'exemple particulier que nous avons 
choisi nous nous sommes intCressCs aux protons 
du chelate et nous nous somnles efforcCs d'ttablir 
des relations simples entre ces dCplacements 
chimiques et la force des liaisons que ce composC 
peut Ctablir avec diverses bases. 

L'analyse des relations entre la nature de la 
base et la stabilitt des produits d'addition a ttC 
interprEtCe en s'appuyant sur la thCorie de 
Drago et Wayland (1 1) qui permet de dkterminer 
les parts relatives de covalence et des interactions 
Clectrostatiques dans ces composCs d'addition. 

ont Ctk utilists (7-9) pour apprCcier la force des Partie exp6rimentale liaisons formCes dans le composC d'addition. La 
Le composC est prCparC de m h e  f a ~ o n  que les 0 difficult6 avec les diplacements d'origine para- dicCtonates d,uranium On mC,ange une solution 

magnttique rtside dans 1'ambiguitC de l'inter- aqueuse #ULV g p~ 1 avec HTFEA (CF~COCH~- 
prktation des rksultats. En effet, le dtplacement COOC2Hs) et on agite pendant 15 min. Le prCcipitC qui se 
est la somme d'un terme de pseudocontact forme lentement est filtrC, lavC h I'eau et recristallisk dans 
dkpendant des propri~t is  g~omttriques de la le benzkne. On obtient ainsi un solide vert, contrairement 

aux autres 0 dicetonates d'uranium. Le composC se moltcule et d'un terme de dC~endant  de dCtCriore lentement si on le laisse expost 2 I'air humide, 
la dtlocalisation des Clectrons du mCtal et il est rnais conserve son aspect si on le maintient en dessicateur. 
difficile de prCvoir comment la stabiliti du Les spectres sont obtenus sur un appareil Varian NV14. 
composC formi va influer sur chacun de ces 0x1 ophe en gCnCral sur des solvants non deutkrits. 

termes. 
RCsultats 

IRevision cepe  le 15 dkembre 1975. La fig. 1 reprksente le spectre de rksonance du 
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CH, CH, OCOCHCOHCF, 

- 
1 ' 

FIG. 1. Spectre rmn du proton pour: A le trifluoro- 
acCtylacCtone; B le trifluoroacCtylacCtate d'uranium(1Y) 
(en solution dans Ie CC14 a 20% de benzkne). 

proton de HTFEA et de (TFEA)4U dans CCl4. 
On identifie sans difficulte' les pics attribuables au 
radical Cthyle et au proton rne'thyle'nique. 11 est B 
noter que le dkplacernent chirnique du groupe- 
ment e'thyle est plus important que pour des 
composCs sernblables (12) et apparaissant B plus 
de 7 ppm vers les hauts champs, il peut Etre 
observC rnEme dans des solvants protone's. 

La tableau 1 prCsente les valeurs des de'place- 
rnents chirniques des protons du groupe ithyle 
A6, et ainsi que du proton rnithyltnique 
A&,,. 

TABLEAU 1. Deplacements chimiques des protons du 
trifluoacCtylacCtate d'uranium pour diffkrentes bases 

Base A&Z Ah, 

Hexane 17.70 9.10 - 
Benzkne 17.43 8.93 -5.57 
p-Xylkne 17.23 8.83 -5.68 
,c3,pf-Dichloroethylether 17.23 8.84 -6.39 
Mesitylkne 17.03 8.73 - 
Acetonitrile 15.67 8.07 -6.25 
AcCtone 14.43 7.43 -6.92 
Dioxane 13.60 7.13 - 
Pyridine 12.38 6.42 -8.82 
Aniline 12.38 6.40 -8.05 
Dimethylformamide 11.27 5.90 
Triisobutylphosphate 10.43 5.37 -5.75 
Triisobutylarnine 11.37 5.92 

Pour les trois cas A6 re~risente  la difference 
en pprn entre les frkquences de re'sonance des 
protons du HTFEA et du (TFEA)4U. La partie 
diarnagne'tique du de'placement est nkgligeable 
devant la partie paramagnCtique cornrne I'a 
montre' Wiedenheft (12) en cornparant des 0 
dice'tonates de thorium et d'uranium. (TFEA)4U 
Ctant dissout dans le coinposC B avec lequel il 
forme un conlposi d'addition, nous considhe- 
rons que I'e'quilibre 

est entikrement de'plack vers le compose' d'addi- 
tion et qu'il n'existe pas de (TFEA)4U libre. 
Par ailleurs, on n'a pas de'terrnine' avec chacune 
des bases la stoechiornCtrie du composC d'addi- 
tion mais il a i t6 vCrifiC, par ailleurs, (I) que les 0 
dicCtonates d'UIV ne donnaient que la stoechio- 
rnCtrie 1 : 1 avec diverses bases fortes. En effet, le 
de'placernent chirnique de la base varie IinCaire- 
rnent avec le rapport rnolaire [U]/[Base], ce qui 
est en accord avec les conclusions de Reuben 
(13). La line'arite' de cette courbe jusqu'8 des 
valeurs du rapport molaire de 0.7 (1) rnontre 
que la constante est tlevCe. 

Dans le cas de bases faibles cornme le benzkne 
nous pensons que le trks gros excks de ces 
molCcules par rapport B celles du compose' 
d'uranium implique que peu de mole'cules de ce 
cornpose' sont libres. Nous faisons l'hypothkse 
que la stoechiorne'trie est conservke. 

Des rnesures B ternpCrature variable ont e'gale- 
ment CtC faites dans deux cas extrErnes: celui du 
benzkne et celui de la pyridine. La fig. 2 montre 

FIG. 2. DCplacements chirniques des protons du quad- 
ruplet en fonction de I'inverse de la ternpiratwe: X 
benzkne, @ pyridine. 
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PARIS ET 1 WLCHER 1435 

que les diplacements sont lintaires en I / T  pour 
les protons du groupe Cthyle et que l'extrapolation 
B I / T  = 0 conduit h un dkplacement sensiblement 
nu1 ce qui n'est pas vtrifie' sur d'autres chClates 
tels que (BTFA)4U (BTFA = C6H5COCHCO- 
CF3). 

Enfin, nous nous sommes assures que l'ura- 
nium Ctait bien liC aux oxygknes citoniques et non 
B l'oxygkne adjacent au  groupe Cthyle. Le spectre 
ir de (TFEA)4U, dans KBr ne montre pas de 
bandes attribuables B un C=O non complex6 
(attendue B 1720 cm-') et on trouve bien les 
frCquences C=O complex6 i 1630 et 1580 cm-l, 
frtquences voisines de  celles rapportkes par 
Grinberg et 01. (14) et Yoshimura et al. (15) pour 
plusieurs 0 dicCtones d'uIV. FIG. 3. Deplacements chimiques des protons du quad- 

ruplet en fonction de la frCquence infrarouge de la liaison 
OD du methanol Dour ( I )  le benzkne; ( 2 )  le xylkne; (3) la 

Discussion 

Proprie'tds acides 
Le dkplacement chimique des protons du 

chClate est l'indice sensible des interactions de ce 
chtlate avec le solvant. La question est de savoir 
comment cette mesure se relie :d la basicitt du 
solvant et quelle indication elle donne sur 
l'aciditC du chilate. 

Les bases provoquant un dkplacement chimi- 
que provoquent aussi un diplacement des 
friquences de vibration d'acides tels que le 
mithanol, le pyrrole, l'acide cyanhydrique. Si on 
reporte le A6 des protons en fonction du Av 
variation de la frCquence de vibration de la 
liaison X-H chaque valeur Ctant prise pour une 
base donnCe, on constate qu'il y a une certaine 
corrtlation dans le cas mCthanol suivant la 
nature du donneur (fig. 3). Dans le cas du pyrrole, 
A6 et AU varient dans le m&me sens, quelle que 
soit la base considtrte et la nature de l'atome 
donneur. Cette remarque suggkre que l'on ne 
peut pas difinir les interactions acide-base par 
un seul paramktre, mais qu'il convient de les 
mesurer par un couple de paramktres conformt- 
ment B la thiorie de Drago et Wayland (11). 
Selon cette thiorie, on peut reprisenter un acide 
par deux param6tres EA et C A  et une base par 
deux param6tres EB et CB, de sorte que l'en- 
thalpie de formation de l'adduit s'tcrive 

Les valeurs EA = 1, CA = 1 ont CtC arbi- 
trairement affecttes B l'iode. Les valeurs de EB 
et CB ont CtC ditermintes pour un nombre 

dimethylaniline; (4) l'acetonitrile; (5) li pyrihine; (6) la 
triisobutvlamine ( 7) le dichlorotthvlether ; 18) I'acttone; 
(9) le Aoxane; ( j 0 )  le dimbthyf formimide; ( 1 1 )  lk 
triisobutylphosphate. 

important de bases par des mesures calorimktri- 
ques. I1 a CtC montri sur de nombreux exemples 
qu'il y a une bonne corrklation entre A H  et 
AvX-H (16). 

Si on compare le comportement du pyrrole et 
celui de (TFEA)4U par rapport B toutes les bases, 
on constate que A6 est proportionnel h Aux-H 
(tableau 2 ) .  Comme Avx-H est proportionnel B 
l'enthalpie de formation de l'adduit, donc i la 
quantiti EpEB + CpCn (p correspondant au 
pyrrole) quel que soit EB et CB. A6 devra donc 
s'exprimer sous une forme analogue REB + 
SCB avec R / S  = EPIC,. Ceci montre que A6 
est proportionnel B l'enthalpie de formation de 
l'adduit et que les paramktres E,, et C ,  sont 
proportionnels i ceux du pyrrole. Le rapport 
E / C  est de 8.6 (17) pour le pyrrole. On doit 
attendre une valeur voisine pour l'uranium dans 
le chClate. Cette valeur peut &tre comparCe B la 
valeur obtenue dans le cas analogue de l'hexa- 
fluoroacCtylacttonate de cuivre E / C  = 2.42 (17). 
Elle confirme le fait que 1'U4+ se prisente dans la 
classification de Pearson (18) comme un accepteur 
plus dur que Cu2+ lequel occupe une position 
intermkdiaire (19). 

Le cas des interactions avec les hydrocarbures 
aromatiques peut &tre soulignC, Caldow et 
Thomson (4) ont montri, dans le cas de l'inter- 
action de l'acide cyanhydrique avec les cycles 
aromatiques, que Yon pouvait relier Av de HCN 
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TABLEAU 2. Paramktres de Drago et diplacements chimiques pour les protons 
du trifluoroacitylacitate d'uranium 

Base Cc Ee A 6 ~ ~ ~ ~ . a  A~cxP."  

Benzkne 0.681 0.525 3.28 3.87 
p-Xylkne 1.78 0.416 3.20 4.07 
Mesitylkne 2.19 0.574 4.30 4.27 
Acitone 2.33 0.987 6.76 6.87 
p-Dioxane 2.38 1.09 7.29 7.70 
Acitonitrile 1.34 0.886 5.62 5.63 
D M F  2.48 1.23 8.14 10.03 
Pyridine 6.40 1.17 9.76 8.92 
TBPc 6.55 0.838 8.80 10.87 
Triisobutylamined 11 1 12.10 9.93 

- - 

*Les valeurs sont calculCcs en prcnant les mcilleurcs valeurs pour Eu ct Cu. 
bLes valeurs exptrimentales sont les dCplaccments mesures par rapport a u  compose suppose gazcux. 

Le mcilleur accord est obtenu en prenant 21.3 ppm pour le composi sans interaction. Les calculs sont 
fnits sur les dfplacemcnts des protons notes "a" (fig. I). 

CLcs valeurs dc E ct C sont celles dc la trimethylphosphinc. 
dLcs valeurs dc E ct C sont celles de la triethylamine. 
'Les valcurs de C et  E sont cxtraites de ['article de Drego (17). 

avec les pararnktres de Taft C (uI + uR) des 
cycles. La fig. 4 montre qu'une corrtlation 
analogue est observie entre les pararnktres de 
Taft et les dtplacernents des protons de notre 
chtlate. Cette corrtlation dtrnontre l'existence 
d'interaction entre les hydrocarbures aromatiques 
et le chtlate d'uranium. Cette interaction se 
faisant suivant l'axe perpendiculaire du cycle. 
On peut aussi en dtduire que dans le cas de la 
dirnithylaniline la liaison se fait par le cycle et 
non par l'azote. 

Ddplncements clrimiques 
Les dtplacernents chirniques pararnagnttiques 

des protons de (CF3COCHCOOC2H5)-, lit A 
l'uraniurn(1V) par rapport B un chilate oh l'ion 

central serait diamagnttique, sont dus B deux 
types d'interaction: contact et pseudocontact. 

Les diplacements de contacts sont calcults par 
l'expression 

oh Ai est la constante de couplage hyperfin, 7, 
et rI1 les rapports gyrornagnttiques de l'ilectron 
et du proton et g la valeur nloyenne du facteur 
spectroscopique. La partie du pseudocontact 
peut se rnettre sous la forme 

conforme a la variation liniaire en I /T du 
dtplacement mesurt fig. 2, oh Fest  une fonction 
des positions des atonles dans le chtlate du type 
de l'iq. 21, calculie par Kurland et McGarvey 
(20). Dans le cas de l'uraniurn, elle n'aurait pas 
ntcessairernent la forrne en 

de McConnell et Robertson (21) en syrnttrie 
axiale. 

+ cr) 15, 0;2 , 0;4 , ?6 , 0;. 1 Nous observons donc les protons du groupe 
tthyle donnant un quadruplet et un triplet et le 
proton rntthylinique qui donne un singulet. Le 

FIG. 4. Diplacements chimiques des protons du quad- fait que chaque type de proton du ligand ne 
ruplet en fonction des paramktres de Taft pour (I) le 
benzkne; (2) le tolukne; (3) le xylkne; (4) le misitylkne; qu'une position de rtsOnance 12! 22* 
(5) la dimithylaniline. 23) s'explique gtntralement par un tchange 
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rapide des ligands entre diverses positions 
possibles. 

Pour une base donnte, les dtplacements des 
protons en a et /3 de l'oxygkne s'tcrivent 

K et K' sont deux constantes et Fa Fg les valeurs 
de la fonction F correspondantes aux positions 
des protons en a et en /3 de l'oxygkne. 

Lorsque la base change, on doit s'attendre :d 
une variation des facteurs g , A  ainsi que des 
paramktres gtomttriques du chtlate, donc de la 
fonction F. 

On constate (fig. 5) que A6, et varient 
proportionnellement. ~e rtsultdt pourrait Ctre 
obtenu si les deux termes des A6 ttaient pro- 
portionnels :d une meme quantitk, par exemple 
la densitt de spin non apparik, mais alors le 
diplacement du proton mkthyltnique serait aussi 
proportionnel 2 A6, et Abs, ce qui n'est pas le 
cas. La proportionnalitt de A6,:A6@ peut Etre 
obtenue dans certains cas si l'un des termes est 
nkgligeable devant l'autre. Si le terme de contact 
est nkgligeable 

Ce rapport peut rester constant si la gkomttrie 
des divers adduits est la mCme, quelle que soit la 
base, mais la variation des A6 serait alors 
uniquement fonction de facteurs de la forrne 
(g, - gll) et la corrtlation avec la basicitk 
serait fortuite. 

Si le terme de pseudocontact est ntgligeable, 

ARIAB dtcrit la rtpartition de spin non apparit 
sur les groupes CH2 et CH3, rapport qu'il est 
raisonnable de supposer constant. 

Dans cette hypothkse, A6 varie comme le 
produit gA.  La variation du dtplacement due 2 
g ne semble pas raisonnable, Ctant donnk 
l'importance d; cette variation. Or, on a vu 
qu'il y a proportionnalitt entre A6 et la fonctioll 
de Taft (cf. fig. 4) qui chiffre la densitt tlectroni- . - 

que d'un cycle participant B la liaison avec 

FIG. 5. Deplacernents chirniques des protons du quad- 
ruplet en fonction de ceux du triplet pour toutes les bases 
utilisees. 

l'uranium dans le chtlate. On peut alors avancer 
l'hypothkse selon laquelle les valeurs de A qui 
dtpendent de la densitt de spin des Clectrons f de 
l'uranium susceptibles de se dklocaliser sur les 
atomes du chClatant diminuent quand cette 
densitk de spin peut aussi se dklocaliser vers la 
~noltcule basique de l'adduit. 

Ce rtsultat rejoint celui de Berus et al. (10) qui 
ont montrk, sur des 0 dicktonates de nickel, que 
quand la force de la base croit, la densitt 
d'tlectron non apparit sur cette base croft. Cette 
croissance se fait donc au dttrirnent de la densitt 
d'tlectrons non apparits sur le chtlatant. 

De plus, Schwendiman et Zink qui ont rnesurk 
la susceptibilitt magnttique et les dtplacements 
de chtlate d'europium dans divers solvants, plus 
ou moins donneurs, n'ont pas trouvt des cor- 
rtlations trks nettes entre ces deux quantitks (24). 

11s interprktent, par contre, leurs rtsultats 
plut6t par l'intervention du dkplacement de 
pseudocontact. Wiedenheft (12) explique aussi la 
majeure partie des dtplacements d'un chtlate 
d'uranium par le pseudocontact. Nous pensons 
que le cas du chtlate (TFEA)4U est difftrent. 
En effet, si on admet une structure antipris- 
rnatique pour les chtlates d'uranium(1V) (25), 
l'angle moyen que fait la chaine tthyle avec l'axe 
de l'antiprisme est voisin d'une valeur qui 
annule 3 cos2 B - 1. 
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Medium effects on tetraalkylammonium ions in aqueous acid solutions 

TOMASZ A. MODRO, WILLIAM F. REYNOLDS, AND KEITH YATES 
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TOMASZ A. MODRO, WILLIAM F. REYNOLDS, and KEITH YATES. Can. J. Chem. 54,1439 (1976). 
Medium effects upon 1H and '3C chemical shifts have been determined for some tetraalkyl- 

ammonium ions in 0-10 M aqueous solutions of H2S04, HCIO,, and H3P04. The observed 
effects are very weak in magnitude, thus justifying the choice of tetraalkylammonium ions as 
reference standards for studies of ionic species in aqueous solutions of strong acids. The trends 
in the observed low-field shifts are interpreted in terms of changes in cation hydration and in 
hydrogen bonding between alkyl hydrogens and acid anions. 

TOMASZ A. MODRO, WILLIAM F.  REYNOLDS et KEITH YATES. Can. J. Chem. 54,1439 (1976). 
On a dCterminC les effets du milieu sur les dCplacements chimiques du ' H  et du 13C pour 

quelques ions tCtraalkylammonium dans des solutions aqueuses de &I0 M e n  H2S04, HCIO, 
et H3P04. Les effets observCs sont de trks faible amplitude ce qui justifie le choix des sels des 
ions tCtraalkylammonium comme produits de rCfCrence pour des Ctudes d'espkces ioniques dans 
des solutions aqueuses d'acides forts. On interprkte les tendances observCes dans les dCplace- 
ments B bas champs en termes de changements dans l'hydratation du cation et dans les liens 
hydrogknes entre les hydrogknes des groupes alkyles et les anions des acides. 

[Traduit par le journal] 

A knowledge of the behavior of activity co- 
efficients of cationic species is of primary impor- 
tance in studies of acid-base equilibria and 
acid-catalyzed reactions in nondilute solutions.' 
In the acidity function approach, the medium 
dependence of the activity coefficients of the 
indicator base (f,) and its conjugate acid CfBH+) 
provide a key to the understanding of the very 
individual behavior of different classes of 
organic bases in their protonation equilibria. 
For acid-catalyzed reactions it has been demon- 
strated (2) that it is possible to determine the 
acidity-activity coefficient dependence for the 
transition state of the rate-determining re- 
organization of the protonated substrate for 
some reactions in strongly acidic media. In this 
case, the activity coefficient under consideration, 
.fS, also involves an ionic system and its be- 
havior can be directly coinpared with those of 
various stable cationic species of related struc- 
ture. Since the activity coefficients of single ions 
are experimentally inaccessible, the generally 
accepted approach introduced by Boyd (3) in- 
volves the use of standard reference ions, and 
presents the ion activity coefficient relative to the 
reference ion, i.e. 

where X+ is the standard reference cation. The 
most commonly used reference cation is the 
tetraethylammonium ion (TEA+) which is ex- 
pected to be relatively free of medium-dependent 
specific solute-solvent interactions? This rather 
intuitive choice can be, in principle, tested ex- 
perimentally by examining medium effects on the 
TEA+ ion in aqueous solutions of strong acids 
and comparing them with similar effects on 
some structurally related ions. It is known (1) 
that the activity coefficients of some tetraalkyl- 
ammonium ions, relative to that of TEAf, vary 
significantly with a change of acidity for aqueous 
solutions of HzS04. This can be considered, 
however, only as a measure of the differences in 
the free energy of the ion studied and the 
reference ion for a given medium and provides 
no information concerning absolute values of the 
changes in ion-medium interactions with the 
change in medium composition. 

Most physical techniques such as solubility or 
distribution lneasurements only yield informa- 
tion about the sum of the cation and anion 
interactions with the nledium. By contrast, 
measurements of nuclear magnetic resonance 

2Recently determined (4) hydronium ion activities in 
aqueous solutions of strong acids are also expressed 
relative to the standard reference ion (TEA+): 

'For a recent review of this topic see ref. 1 .  O H + *  -- a ~ + / . f ~ ~ ~ i +  
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shifts can provide information not only about 
the interaction of a specific ion with the medium, 
but even about the interactions of individual 
atoms within the molecule. Both 'H (5'1 and 13C . , 
(6) chemical shifts are sensitive to medium effects. 
In this investigation, we have determined and 
compared medium effects upon 'H and 13C 
chemical shifts for TEA+ and other tetraalkvl- 
ammonium ions in aqueous solutions of sulfuric, 
perchloric, and phosphoric acids. These medium- 
induced shifts are inter~reted in terms of 
solvent-solute interactions, particularly with 
respect to the relative hydration of tetraalkyl- 
ammonium ions and to the involvement of alkyl 
hydrogen atoms in weak hydrogen bonding with 
acid anions. 

Experimental 

Materials 
Tetramethylammonium fluoroborate (Aldrich Chem. 

Co.) and tetraethylammonium fluoroborate (Ozark- 
Mahoning Co.) were used as supplied. Methyltriethyl- 
ammonium fluoroborate was synthesized by methylation 
of triethylamine with trimethyloxonium fluoroborate (7); 
yield 96y0, dec. 320 "C. Anal. calcd. for C7H18BF4N: 
C41.41, H 8.94, N 6.90; found: C 41.23, H 8.85, N 7.07. 
Tetramethylammonium and tetraethylammonium pen- 
tacyanopropenides were prepared according to Middleton 
et 01.  (8). All solutions were prepared by diluting the 
appropriate concentrated acid or dissolving the salt in 
distilled water. The concentrations of aqueous solutions 
of acids were determined from their densities; densities 
were measured with a DMA 02C digital precision density 
meter a t  25.0 "C. 

Chemical ShiJi Measuremet~ts 
Proton magnetic resonance spectra were run on a 

Varian HA-100 spectrometer operating in the frequency 
sweep mode. Chemical shifts were measured relative to 
external TMS (coaxial tube). They were taken as the 
centers of gravity of multiplets, and each value represents 
the mean of a t  least two determinations. Most experi- 
ments were performed at  a 0.050 M concentration of the 
tetraalkylammonium salt. '3C nmr spectra were obtained 
on a Varian CFT-20 spectrometer operating in the pulsed 
Fourier transform mode. Chemical shifts were measured 
relative to external 1,4-dioxane (20% v/v in D20,  coaxial 
tube). Tetraalkylammonium salt concentrations were 
0.20 M. 

Magnetic Susceptibility Correctiot~ 
The true chemical shift relative to  the chemical shift in 

pure water was calculated as 

where Aa(observed) is a measured difference between 
chemical shifts in a given solution and in water (in ppm); 
X.HzO = -0.719 X lo6 (9) is the volume magnetic sus- 
ceptibility of water, and x,"Ol the corresponding suscepti- 

TABLE 1. Activity coefficients of TMA+ at 25.0 "C 

1% ~ T M A + * ( ~  

Acid concentration (M) HCIO, H3PO4 

bility of the medium. Values of x,aO' were calculated from 
the specific magnetic susceptibilities x, and densities, 
since x, = x, X d. For aqueous solutions of sulfuric (lo), 
phosphoric ( I l ) ,  and perchloric (12) acids values of x, 
were available in the literature. For aqueous solutions of 
the salts, the values of x, were calculated from the 
equation (I 3): 

where XsHzO = -0.720 X is the specific suscepti- 
bility of water, xm is a molar magnetic susceptibility of a 
salt, M is the salt's molecular weight, and c is a concentra- 
tion of salt, expressed in moles per 1000 g of solution. The 
following values of xm were used: NaClO,, -39.0 X 
(1 3); NaHSO,, -43.8 X 10-6 (14); NaH2P04, -45.72 X 
10-6 (15). 

Activity Coeficiet~t Measuremet~fs 
All activity coefficients were determined by the solu- 

bility method, as described previously (4), and are col- 
lected in Table 1. Values of fTM,+* in aqueous H2SO4 
and fpCp- in aqueous H2S04 and HCIO, were taken 
from ref. I .  

Results and Discussion 

Carbon and proton chemical shifts of tetra- 
methyl-, tetraethyl-, and methyltriethylammoni- 
um ions have been determined in aqueous solu- 
tions of sulfuric, perchloric, and phosphoricacids, 
and their monosodium salts. Medium effects are 
expressed as the difference in magnetic resonance 
frequency (in ppm) between a given medium and 
in water; downfield shifts are shown as positive. 
All data have been corrected for the changes in 
the bulk magnetic susceptibility of the medium. 
The observed differences are essentially in- 
dependent of the concentration of the ammoniuln 
salt (in a range of 0.002-0.020 M) and of the 
nature of the counterion (BF4- or pentacyano- 
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propenide, PCP-);3 we therefore ascribe these 
effects t o  the interactions between the tetra- 
alkylammonium cation and the medium. For all 
systems, the trends found in aqueous solutions 
of acids are followed by similar trends in the 
solutions of the monosodium salts of these 
acids; the latter values are believed to  be less 
reliable because of the possibly lower accuracy 
of magnetic susceptibility corrections in these 
media. The nuclei of individual groups in the 
rnethyltriethylammonium ion show the chemical 
shift changes similar to  those for the correspond- 
ing groups in the TMA+ and TEA+ ions. In 
consequence, we will focus our attention mainly 
on the medium effects on chemical shifts ob- 
served for TMA+ and TEA+ ions in aqueous 
sulfuric, perchloric, and phosphoric acids. 

In the first place it should be emphasized that 
the medium effects observed for tetraalkyl- 
ammonium ions in aqueous acids are extremely 
weak in nature. For such a dramatic change in 
medium composition, as from pure water t o  10 
M solution of strong acids, the differences in lH 
chemical shifts do not exceed a value of 0.13 
ppm, and those in 13C chemical shift a value of 
0.48 ppm. This is in sharp contrast with the 
value of As, = 2.27 ppm found for the TMA+ 
ion in chloroform and 1-bromonaphthalene solu- 
tions (16). Similarly, Asc = 4.24 ppm for chloro- 
form when the solvent is changed from cyclo- 
hexane to  hexamethylphosphorotriamide (1 7). 
Thus our results suggest that the tetraalkyl- 
a m n ~ o n i u n ~  ions represent good reference ions 
for studies in strongly acidic aqueous solutions. 

The differences in 13C chemical shifts for all 
carbons in TMA+ and TEA+ ions are presented 
in Figs. 1 and 2. While the observed shifts are 
small, there are certain patterns of deshielding 
effects which we believe can be interpreted in 
terms of solution interactions. We suggest that 
the observed deshielding effects result mainly 
from two types of medium-solute interactions, 
being of different relative importance for different 
atoms in the tetraalkylan~monium ion. The first 
'general' effect involves a decrease in the avail- 
ability of water and consequent decrease in the 
hydration of the positively charged nitrogen. 
This should result in decreased shielding (low- 
field shift), assuming that hydration increases 

C O N C .  [M] 

FIG. 1. '3C chemical shifts of R4N7 as a function of 
acid concentration. 0, tetramethylammonium ion; e, 
a-carbons in the tetraethylammonium ion. 

CONC. [M] 

FIG. 2. 13C chemical shift of the 0-carbons in tetra- 
ethylammonium ion as a function of acid concentration. 

'This observation itself supports Boyd's assumption 
(3)  that in a dilute aqueous solution of a salt behavior of shielding by effectively part of the 
the ion should be independent of the counterion. positive charge on nitrogen. When the water 
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nlolecules are subsequently replaced by anions 
of the mineral acid, the effective solvation (and 
in consequence shielding effects) is most likely 
decreased because of the steric hindrance for the 
approach of the bulky anion to the close prox- 
imity of the positive center. The next 'specific' 
interactions can probably be best described in 
terms of weak hydrogen bonding between the 
acid anion and the alkyl hydrogen atoms in the 
tetraalkylaminoniu~~~ ions. Hydrogen bonding 
to C-H bonds is known to cause low-field 
shifts for both 13C and lH nuclei (17). The net 
changes in the external shielding factors can be 
therefore represented for the aqueous solutions 
of an acid AH as: 

Since the effect related to the removal of water 
increases the -I effect of the ammonium nitro- 
gen, it is expected to influence mostly the shield- 
ing of a-carbon atoms; (3-carbons should be 
much less sensitive to the changes of the effective 
charge at the positive center. The second type of 
interaction should depend on the degree of the 
negative charge delocalization in the acid anion 
and should decrease in the order: H2P04- > 
HS04- > C104-, with all anions being superior 
to H20 (decrease in hydrogen bonding donor 
ability). This effect should be more important 
for the methyl groups than for the sterically 
hindered methylene hydrogens in the TEA+ ion. 
The above interpretation is consistent with the 
observed chemical shift behavior. For the 
inethylene carbons in the TEA+ ion (Fig. I), if 
we ignore the hydrogen bonding effects, the low- 
field shift results primarily from the decrease in 
the hydration of the positive center. At acid 
concentrations below 5 M, this effect increases 
in the order H3PO4 < H2S04 < HC104, follow- 
ing the order of the decrease in water activity in 
these media (18). These deshielding effects tend 
to level off at higher acid concentrations, 
probably due to the removal of most of the 
water inolecules from the solvation shell of the 
ammonium cation (in H3PO4 some increase in 
A6 values is observed at high concentrations, 
probably as a result of some H-bonding effect 
due to the HzP04- ions). The acid concentrations 
at which the levelling of the plots occurs corre- 

spond to a similar value of log (cn. -0.5) in 
these media. 

For the TMA+ ion (Fig. l) ,  the above effect 
can be superimposed with the additional de- 
shielding due to the C-Ha . -A- hydrogen 
bonding. The latter interactions should be of 
least importance for the HC104 sys t en~ ,~  and in 
fact the A6 plots for TMA+- and C, in TEA+- 
(Fig. 1) in aqueous HC104 are almost identical. 
In sulfuric and phosphoric acid, the deshielding 
at low acid concentration is presumably mainly 
due to decreased hydration. However, at high 
acidity, hydrogen bonding should become in- 
creasingly important. Above 5 M, low-field 
shifts are in the order H3PO4 > H2SO4 > 
HC104, consistent with increasing acid anion 
hydrogen bonding. 

The medium dependence of the chemical shift 
for the (3-carbon of the TEA+ ion (Fig. 2) is 
essentially different from that of the a-carbon: 
the low-field shift decreases sharply in the order 
H3P04 > H2S04 > HC104 over almost the total 
range of acidities. This remains in agreement 
with the expected order of hydrogen bonding 
abilities of the conjugate bases of these acids and 
indicates that in the case of atoms in a (3-position 
to  the positive center, this type of interaction 
plays a major role in determining the shielding 
effects of the medium. Analogous behavior, re- 
flecting the relative extent of the C-H. . .A- 
hydrogen bonding in H3P04, H2S04, and HC104, 
is also observed for the variation of the values of 
A6 for all hydrogens in TMA+ and TEA+ ions 
(as well as in the methyltriethylammonium ion) 
in these media. Although the pmr chemical shifts 
differences are smaller in magnitude, and there- 
fore less reliable, the observed trends can again be 
interpreted in terms of the hydrogen bonding to 
the medium and they support conclusions drawn 
from the results obtained for the carbon chemical 
shift data. Figure 3 shows the typical variation 
of the A6 values for protons of the methyl groups 
in the TEA+ ion. There is a close parallel 
between Figs. 2 and 3, except that the 13C 
chemical shifts are approximately twice as large 
as the lH chemical shifts. This supports the 

4Harmon ef al. (19) demonstrated the existence of 
cation C-H to  anion hydrogen bonding in the solid state 
even for tetramethylammonium perchlorate; these effects 
should be still stronger for bisulfate and dihydrogen- 
phosphate anions because of the lower degree of charge 
delocalization. 
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I I 
0 5 10 15 

CONC. [M] 

FIG. 3. 1H chemical shift of the 8-hydrogens in tetra- 
ethylammonium ion as a function of acid concentration. 

model of specific acid anion hydrogen bonding 
since it has been shown that 13C chemical shifts 
in CHC13 are almost exactly two times as 
sensitive to hydrogen bonding interactions as the 
corresponding 'H chemical shifts (17). 

In terms of the relative magnitude of medium 
effects on the chemical shifts, TMA+ ion ex- 
hibits rather higher sensitivity to the changes in 
medium composition than the TEA+ ion (cf. 
Fig. 1). This is probably a consequence of the 
higher hydration requirements of the small 
tetramethylammonium ion as compared with the 
case of the relatively shielded tetraethylammo- 
niurn ion. The difference in hydration require- 
ments of these two cations are also reflected in 
the relative values of the free energies of transfer 
of these ions from pure water to aqueous 
solutions of strong acids. Figure 4 presents the 
behavior of the TMA+ ion activity coefficient 
relative to that of the TEA+ ion VTMA+*= 
fTMA+/fTEA+) for aqueous H2S04, H3P04, and 
HC104 solutions. In all media, when the acid 
concentration increases, i .e. water availability 
decreases, the TMA+ ion shows a salting-out 
(relative destabilization) effect, decreasing in the 
order HC104 > H2S04 > H3P04. Since per- 
chloric acid removes water from the medium 

most effectively, and the compensating solvation 
of the tetraalkylammonium ion by the acid anion 
is in this case lowest (because of the highest 
degree of charge delocalization in the C104- 
anion), the salting-out effect is most pronounced 
in this medium. On the contrary, in phosphoric 
acid, water activity decreases slowly and the 
H2PO4- anion is a relatively good solvating 
species. Thus, the difference between the be- 
havior of TMA+ and TEA+ ions is small. 

According to the proposed model, the transfer 
of the tetraalkylammonium ion from pure water 
to a solution of strong acid results in the removal 
of water molecules from close proximity to the 
positive charge and in the formation of weak 
hydrogen bonds between alkyl hydrogens and 
anions of an acid. For the tetraethylammonium 
ion, the first effect is assumed to be responsible 
for the a-carbon down-field shifts; the second 
type of interaction determines the down-field 
shifts of the P-carbons. In the tetramethyl- 
ammonium system the observed shift changes are 
the consequence of both effects, superimposed 
on each other. If this is true, the variation of the 
sum of the A6 values for both a- and p-carbon 
atoms in the TEA+ ion should, to a first approxi- 
mation, be similar to that of the A6 values for the 
TMA+ ion. Such a plot is presented in Fig. 5; 
in fact, up to at least a 7 M concentration of 
acids, the change in C A 6  are strikingly similar to 
those for the TMA+ ion (Fig. 1). For a given 
acidity the total chemical shifts for the TEA+ 
ion are slightly larger than those for TMA+; this 
could be expected since the 'general' effects are 

-I 
0 5 10 

CONC. [M] 

FIG. 4. Activity coefficient behavior of tetramethyl- 
ammonium ion in aqueous acids. 
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I I 
5 10 15 

CONC. [M] 

FIG. 5. Sum of the J3C chemical shifts for a- and 
P-carbons in tetraethylammonium ion as a function of 
acid concentration. 

probably operating to some extent with respect 
to the P-carbons, and 'specific' effects contribute 
also to the deshielding of a-carbons. 

In conclusion, we believe that the medium 
effects observed fully justify the choice of tetra- 
alkylammonium ions as reference standards for 
studies of the behavior of ionic species in strongly 
acidic aqueous solutions. The magnitude of these 
effects indicates that the absolute variation of the 
tetraalkylammonium ion activity coefficients 
with acid concentration cannot be large. This 
allows the value of fz+* for any ionic species to 

reflect reasonably well only the behavior of the 
Z+ ion. Our results indicate that the TEA+ ion 
fulfils the requirements for an 'ideal' reference 
ion better than the TMA+ ion, since the latter 
shows a higher demand for solvation by water 
molecules, and therefore higher sensitivity to the 
changes in medium composition. 
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Olefin cycloadditions to 2',3',5'-triacetyluridine 
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JAMES L. CHARLTON and HOI K ~ O N G   LA^. Can. J. Chem. 54, 1445 (1976). 
Photocycloadditions of 2',3',5'-triacetyluridine to  tetramethylethylene, isopropenyl acetate. 

1 ,I-diethoxyethylene, and vinylene carbonate are described. The rearrangement of the vinylene 
carbonate adduct to 2',3',5'-triacetyl-5-formylmethyluridine followed by oxidation to the 5- 
carboxymethyl or decarbonylation to the 5-methyl (ribothymidine) derivative is also described. 

JAMES L. CHARLTON et HOI K ~ O N G  LAI. Can. J. Chem. 54, 1445 (1976). 
On dkr i t  les cycloadditions de la triacityl-2',3',5' uridine au tCtramCthylCthylkne, A I'acCtate 

d'isopropCnyl, au diithoxy-l,l Cthylkne et au carbonate de vinylkne. On dCcrit aussi le rC- 
arrangement de I'adduit du carbonate de vinylkne en triacCty1-2',3',5' formyl-5 mCthyluridine 
qui aprks oxydation ou dCcarbonylation conduit aux dCrivCs carboxymCthyl-5 ou mCthyl-5 
(ribothymidine). 

[Traduit par le journal] 

Introduction 
Despite the fact that many authors (1) have 

studied the photodimerizations of pyrimidine 
nucleosides such as uridine and thymidine, there 
has been little investigation of simple photo- 
additions with olefins. Shugar and co-workers 
have prepared the ethylene adduct of 2'-deoxy- 
uridine and the propylene and I-hexene adducts 
of uridine as part of a larger study involving 
5-alkyl pyrimidine nucleosides (2). 

The fact that photocycloaddition had been 
demonstrated suggested the possibility of pre- 
paring a variety of 5,6-substituted pyrimidine 
nucleosides. These adducts might be useful for 
biological studies themselves, but more im- 
portantly they might also be used as inter- 
mediates in the synthesis of other less common 
but naturally occurring nucleosides. Unfortu- 
nately the addition of asymmetrical olefins across 
the 5,6 double bond of a nucleoside such as 
uridine might lead to as many as eight different 
stereoisomers. Although this might make com- 
plete product characterization impossible, earlier 
work by Swenton et al. on dimethyluracil had 
shown the addition to be somewhat stereoselec- 
tive (3). We also hoped that selection of the 
symmetrical olefin tetramethylethylene would 
allow complete characterization of at least this 
one adduct. 

It was the primary purpose of this work to 
demonstrate the feasibility of photocycloaddition 
of 2',3',5'-triacetyl uridine to a variety of olefins. 
Secondly we have attempted the specific syn- 

thesis of the naturally occurring nucleosides, 
5-carboxymethyluridine and ribothymidine from 
uridine, via a vinylene carbonate adduct. The use 
of vinylene carbonate for carrying out this type 
of transformation was first described for a,p-un- 
saturated ketones by Wiesner and co-workers 
(4) and later for uracil by Bergstrom and Agosta 
(5). 

Results and Discussion 

The photochemistry of uridine has been 
largely studied in aqueous solution as the com- 
pound is not particularly soluble in organic 
solvents. Uridine has also been reported to 
photoreact with hydroxylic solvents such as 
alcohol and water to give either addition to the 6 
position and/or photoreduction (1). Since we 
wished to avoid these side reactions, all experi- 
ments were carried out on 2',3',5'-triacetyluridine 
in ethyl acetate, a solvent we found convenient 
for the photoreactions. Irradiation of 2.0 X 
M solutions of triacetyluridine in ethyl acetate 
containing an olefin (2y0 by volume) resulted in 
complete disappearance of the uridine chromo- 
phore after a few hours. The irradiations were 
carried out using a water cooled quart? vessel 
and a low pressure mercury lamp (2537 A). The 
olefins tetramethylethylene, isopropenyl acetate. 
1,l-diethoxyethylene, and vinylene carbonate 
were successfully added. With diphenylacetylene 
no reaction could be detected. In each case the 
adducts could be separated from the olefin by 
silica gel chromatography and the yield of crude 
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FIG. 1. Triacetyluridine-tetramethylethylene adduct 111. 

product in most cases was nearly quantitative. 
Elemental analyses and mass spectra were con- 
sistent with 1: 1 adducts in each case. The fact 
that the uridine chronlophore at 257 nm (ethyl 
acetate) disappeared indicated saturation of the 
5,6 double bond and additional evidence for this 
was gathered from nuclear magnetic resonance 
(ninr) spectra of the crude adducts. Although 
these spectra were complicated, indicating a 
mixture of isomers, they showed the lack of the 
typical uridine Hg and Hg absorption. 

Separation of the isomeric product mixture 
was accomplished only in the case of the tetra- 
methylethylene adduct. Careful chromatography 
led to the differentiation of three isomers. Two 
of these isomers were obtained pure and gave 
satisfactory elemental analyses and mass spectra. 
The presence of the third isomer was determined 
from the nmr spectrum of a mixed fraction. The 
spectrum of one of the pure isomers is illustrated 
in Fig. 1 with the proton assignments. The other 
isomers exhibited similar spectra and the data 
can be found in the experimental section. From 
these .spectra it was clear that the compounds 
were 1 : 1 adducts formed at the uridine 5,6 double 
bond. The Hs to H6 coupling in two of the 
isomers was 9.8 Hz, characteristic of a cis hydro- 
gen coupling (3):. The third isomer had an Hs to  

Hg coupling of 13.3 Hz more indicative of a 
trans fused ring system (3, 6). 

Having demonstrated the ready accessibility 
of the 5,6-uridine adducts we attempted to 
convert one of them, the vinylene carbonate 
adduct, to other known uridine derivatives. 
Dissolution of the vinylene carbonate adduct in 
absolute ethyl alcohol containing 2% triethyl- 
amine resulted in the appearance of a single new 
spot on thin layer chromatography (tlc) after 
15 min. An nmr spectrum of the residue left after 
evaporation of the solvent was most consistent 
with the formation of 5-carboxymethyl triacetyl- 
uridine. From tlc and nnlr it is estimated that the 
crude product is more than 90% pure. The com- 
pound could likewise be obtained by simply 
stirring the vinylene carbonate adduct in ethanol 
(95%) for 2 days although the presence of im- 
purities is evident on tlc. Material recovered from 
tlc gave a satisfactory elemental analysis and had 
an ultraviolet (uv) maximum at 260 nm typical 
of the uridine chromophore. Evidently the alde- 
hyde expected from rearrangement of the adduct 
is very susceptible to air oxidation. 

5-Carboxymethyluridine had been isolated 
previously from wheat and yeast tRNAs (7) and 
the synthesis described here represents a consid- 
erable improvement in yield over the more 
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R = 

OAc OAc 

classical approach described in the literature (8). some cases.) Nuclear magnetic re~onance spectra were 

decarboxylation of 5 -ca r~oxymet~y~ur i -  recorded in deuteriochloroform on a Varian A56-60 or 
HA-100 spectrometer. Chemical shifts are reported in dine to riboth~midine has been described ppm relative to tetramethylsilane. Melting points are 

(8) but the yield was very low (5). Since tristri- uncorrected. The elemental analvses were carried out bv 
phenyl phosphine rhodium chloride (TPRC) has 
been used to  decarbonylate aldehydes (9) we 
attempted to  isolate the aldehyde intermediate. 
It was found that stirring the vinylene carbonate 
adduct in MKOH in 95% ethanol for 
0.5 h gave the largest yield of a compound 
running at Rf 0.45 on tlc. Attempted character- 
ization of this material was unsuccessful but 
immediate treatment of the eluted material with 
TPRC gave up to 40% yields of 2',3',5'-triacetyl- 
ribothymidine. The product was identified by 
comparison of both itself and its hydrolysis 
product to authentic samples.' 

It is hoped that further investigations of the 
methods and intermediates described here will 
lead to  synthetic routes to  other known nu- 
cleosides. 

Experimental 
Photocycloadditions were carried out by irradiating a 

2 X 10-2 M solution of 2',3',S1-triacetyluridine in ethyl 
acetate containing 27, by volume of the olefin. The source 
was a low pressure mercury arc (Ultraviolet Products Inc. 
PCQXI) and the reaction vessel a Hanovia 450 W lamp 
jacket (No. 19434). Tap water (ca.  10 "C) was circulated 
through the jacket. 

Column chromatography was carried out on silica gel 
(Camag DSF-5), which was also used for tlc separations. 

Ultraviolet spectra were recorded on a Cary-14 record- 
ing spectrometer and mass spectra (ms) obtained on a 
Finnigan 1015 mass spectrometer at an ionization energy 
of 70 eV. The reported mass ratios are precise only to  
k20j,. (Mass plus one peaks are often observed in this 
instrument presumably due to  chemical ionization in 

'A sample of ribothymidine was provided by K. K. 
Ogilvie, McGill University, Montreal, Quebec. 

Chemalytics Inc., Tempe, Arizona. 

2',3',5'-Triacetyluriditre 
Uridine (1.0 g, Sigma Chemicals) was dissolved in dry 

pyridine (10.0ml). Distilled acetic anhydride (40.0 ml) 
was then added and the solution stirred for 15 h. Meth- 
anol (20ml) was added cautiously and the solution 
warmed on a steam bath for 30 min. Evaporation it1 cacrro 
and recrystallization from ether-hexane gave a quantita- 
tive yield of triacetyluridine, mp 126-128 "C (lit. (10) 
128-130 "C). The nmr exhibited typical vinyl absorption 
at  6 5.75 ( l H ,  d, J = 8.0 Hz) and 7.48 ( lH ,  d, J = 8.0 
Hz). 

2',3',5'-Triacetyluridirle - Isoproperryl Acetate Adduct 
The triacetyluridine and isopropenyl acetate (Eastman 

Kodak) were irradiated for 3 h (see general procedure). 
Evaporation of the solvent followed by tlc (eluant 
benzene - ethyl acetate 50:50) gave a band at  R, 0.23. 
The band was eluted and after treatment with charcoal 
and evaporation gave 90% yield of solid residue, based on 
the triacetyluridine. Mass spectrum: m / e  (relative 
intensity) 471 (< I ) ,  371 (36), 259 (>100), 191 (21), 139 
(> 100), 115 (66), 113 (100), 97 (>loo). Anal. calcd. for 
C20H26N2011: C 51.11, H 5.57, N 5.95; found: C 51.38, 
H 5.67, N 5.78. 

I ,I-Dietlloxyetl~yler~e 
1,l-Diethoxyethylene was prepared by the method of 

McElvain and Kundiger (1 1) in 60% yield. 

2',3',5'-Triacetyluridine-l,I-Dietl1oxyetllyIe11e Addrrct 
The triacetyluridine and 1,l-diethoxyethylene were 

irradiated for 3 h (see general procedure). Evaporation of 
the solvent and tlc (eluant benzene-ethyl acetate 50:50) 
gave one major product, R, 0.62, 49% yield based on 
triacetyluridine. Mass spectrum: m / e  (relative intensity) 
441 (7, M - OEt), 259 (70), 157 (loo), 139 (>loo), 116 
(>IN)),  112 (93); nmr 6 1.11-1.40(8H, m), 2.15 (9H, 3s), 
2.40 (2H, m), 3.50 (4H, q), 4.24 (4H, m), 5.50 ( lH ,  m), 
5.80 ( lH ,  m), 6.18 ( l H ,  br), 8.58 ( lH ,  br). Arral. calcd. 
for CllH30N2011: C 51 35 ,  H 6.22, N 5.76; found: 
C 51.63, H 6.20, N 5.70. 
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2',3',5'-Triacerylrrriiiit~e - Vit~yletie Carbot~rrte Aiiiirtct 
The triacetyluridine and vinylene carbonate were 

irradiated for 3 h (see general procedure). Evaporation of 
the solvent gave a glassy solid which, on dissolution in 
benzene, gave a low yield of white crystals having mass 
spectral peaks at tn/e 173 and 86 (vinylene carbonate 
dimer?). The remainder was chromatographed on silica 
gel using benzene- ethyl acetate as eluant. After the 
vinylene carbonate one fraction was collected to give 90% 
yield of product based on triacetyluridine. Mass spectrum: 
nt/e (relative intensity) 457 (3), 384 (6), 371 (6), 310 (36), 
259 (>loo),  250 (75), 191 (loo), 139 (>loo),  97 (>loo).  
Atrrrl calcd. for ClSH20N201~:  C 47.37, H 4.42, N 6.14; 
found: C 47.70, H 4.80, N 5.75. 

2',3',5'-Triacer~~lrrricli,re-Te~r~1metI1ylerl1~let1e Addrrcr 
Triacetyluridine and tetramethylethylene (Aldrich 

Chemicals) were irradiated for 2 h (see general procedure). 
Evaporation of the solvent gave a glassy solid. Column 
chromatography of 1.1 9 g of the crude product on 70 g of 
silica gel (DSF-5) using benzene - ethyl acetate as eluant 
gave three compounds. In order of elution these were 
characterized as follows. 

Compound I ,  recrystallized from ether-hexane to give 
white crystals, had mp 59-61 "C. Mass spectrum: m / e  
(relative intensity) 455 (2), 396 (15), 371 (15), 259 (>loo),  
139 (loo), 84 (77); nrnr 6 1.05 (3H, s), 1.08 (3H, s), 1.21 
(6H, s), 2.08 (9H, s), 2.56 ( lH ,  d, J = 13.3 Hz), 3.75 ( IH,  
d, J = 1 3 . 3 H z ) ,  4.05-4.41 (3H, m), 4.82 ( lH ,  d, J =  
13.03 Hz), 6.06 (2H, m), 7.48 ( lH ,  s). Atlal. calcd. for 
C21H30N209: C 55.50, H 6.65, N 6.16; found: C 55.23, 
H 6.69, N 5.93. 

Compound I1 was obtained only in a mixture with 111 
(see below). Its nmr spectrum was obtained by ignoring 
the contribution of 111; nmr 6 1.02 (6H, s), 1.10 (3H, s), 
1.25 (3H, s), 2.10 (9H, s), 2.95 ( lH ,  d, J = 9.8 Hz), 4.00 
( IH,  d, J = 9 . 8 H z ) ,  4.10-4.38 (3H, m), 5.12 ( l H ,  t, 
J2j3' = 5 . 8 H ~ ) ,  5.30 (1H, t, JZf3' = 5.8Hz), 5.79 ( IH,  
d, J = 5.6 Hz), 8.78 ( lH ,  s). 

Compound 111 could be recrystallized from ether- 
hexane, mp 48-53 "C. Mass spectrum: tn/e (relative 
intensity) 455 (I) ,  371 ( IS) ,  259 (21), 139 (loo), 113 (52), 
97 (>loo),  84 (>  100); nmr 6 0.96 (3H, s), 1.00 (6H, s), 
1.22 (3H, s), 2.06 (3H, s), 2.11 (6H, s), 2.96 ( lH ,  d, 
J = 9.8Hz), 3.92(1H,d, J = 9.8 Hz),4.15-4.36(3H,m), 
5.14 ( IH,  t, J2c3, = 5.8 HZ), 5.35 (1H, J2r3' = 5.8 HZ), 
5.95 ( IH,  d ,  J = 5.6 Hz), 8.61 ( lH ,  s). Atlal. calcd. for 
C21H30N209: C 55.50, H 6.65, N 6.16; found: C 55.29, 
H 6.71,N 5.91. 

5-Carboxymerllyl-2',3',4'-~iace1yI11ridi11e 
The triacetyluridine - vinyleni: carbonate adduct (100 

mg) was dissolved in absolute ethanol (25 ml) and tri- 
ethylamine (0.5 ml) then added. The solution was stirred 
at  70 "C for 15 min then evaporated to dryness in uacuo. 
Dissolution in ethyl acetate followed by extraction with 
1 N HCI removed traces of triethylamine. Thin layer 
chromatography (solvent ethyl acetate - benzene (75:25)) 
gave a single compound ( R ,  0.25) which, after elution and 
treatment with charcoal, recrystallized from ether- 
hexane, mp 84-89 "C; uv A,,, (EtOAc) 260nrn; ms 
m / e  (relative intensity) 413 (< I ) ,  384 (55), 310 (100), 259 

(>loo) ;  nrnr 6 2.10 (9H, s), 3.43 (2H, s), 4.34 (3H, m), 
5.30 (2H, m), 6.04 (IH, d), 7.46 ( lH,  s), 9.69 (IH, s), 9.77 
( IH,  s). Atlal. calcd. for C17H20N2011: C 47.67, H 4.71, 
N 6.54; found: C 47.89, H 4.86, N 6.13. 

2',3',5'-Triacetybiborlytnic/i,~e 
The vinylene carbonate - triacetyluridine adduct (230 

mg) was dissolved in 955b ethanol (20 ml). A solution of 
KOH (0.2 ml, 0.1 N) was added. After 30 rnin acetic acid 
was added to  neutralize the base and the solution then 
evaporated it1 oacrro. The residue was chromatographed 
on thin layer plates (solvent ethyl acetate- benzene 
(7525)) and the material at  RI 0.45 eluted. This was 
evaporated to  dryness and promptly dissolved in ben- 
zene - 95% ethanol (10 ml : 2 ml). Tristriphenylphos- 
phine rhodium chloride (460 mg) was added and the 
mixture refluxed 3 h. The rhodium complex was separated 
by filtration, the solvent evaporated, and the residue 
triturated with ethyl acetate to  leave a residue of triphenyl- 
phosphine oxide. Thin layer chromatography of the 
extract (solvent ethyl acetate- benzene (90:lO)) gave 76 
mg (3956); uv A,,, (EtOH) 266 nm; ms m / e  (relative 
intensity) 384 ( < I ) ,  324 (3), 311 (2), 259 (loo), 208 (17), 
204 (23), 157 (loo), 139 (>loo).  nrnr 6 1.9 (3H, s), 2.15 
(9H, s), 4.30 (3H, m), 5.35 (2H, m), 5.96 ( IH,  m), 7.2 
( lH ,  s), and 9.6 (1H). 

Riborhymiiiitle 
2',3',5'-Triacetylribothymidine (36 mg) was dissolved 

in 15% NH,OH (3 ml) in methanol. The solution was 
stirred overnight at  room temperature. Thin layer 
chromatography (solvent tetrahydrofuran) gave IOrng; 
uv A,,, (EtOH) 266 nm (lit. (12) 267 nm); ms m / e  258, 
155, 133, 125, and 97 (identical to literature (12)). 

I. A. A. LAMOLA. Pure Appl. Chem. 34, 281 (1973). 
2. E. KRAJEWSKA and D. SHUGAR. Science, 173, 

453 (1971); Acta Biochim. Pol. 19, 207 (1972); 
E. SZTUMPF-KULIKOWSKA and D. SHUGAR. Acta 
Biochim. Pol. 21, 73 (1974). 

3. J. S. SWENTON, J. A. H Y A ~ T ,  J. M. LISY, and J. 
CLARDY. J. Am. Chem. Soc. 96, 4885 (1974). 

4. P. T. Ho,  S. F. LEE, D. CHANG, and K. WIESNER. 
Experientia, 27, 1377 (1971). 

5. D. E. BERGSTROM and W. C. AGOSTA. Tetrahedron 
Lett. 1087 (1974). 

6. P. J. NELSON, D. OSTREM, J. D. LASSILA, and 0. L. 
CHAPMAN. J. Org. Chem. 34, 811 (1969). 

7. M. W. GRAY and B. G. LANE. Biochim. Biophys. 
Acta. 134. 234 (1967): Biochemistrv. 7. 3441 (1968): 
T. D: TUMAITIS'  and'^. G. LANE. ~ ibch im.  ~ i o ~ h y s :  
Acta, 224, 391 (1970). 

8. G. A. IVANOVICS, R. J. ROUSSEAU, and R. K. ROBINS. 
Physiol. Chim. Phys. 3, 489 (1971). 

9. M. C. BAIRD, C. J. NYMAN, and G. WILKINSON. J. 
Chem. Soc. A, 348 (1968). 

10. D. M. BROWN, A. R.  TODD, and S. VARADARAJAN. J. 
Chem. Soc. 2388 (1956). 

11. S. M. MCELVAIN and D. KUNDIGER. Organic syn- 
thesis. Wiley and Sons Inc., New York. 1964. p. 506. 

12. R. HALL. The modified nucleosides of nucleic acids. 
Columbia University Press, New York. 1971. p. 162. 
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The assignment of 'H and I3C chemical shifts for dihydro-3(2H)- 
furanone derivatives by means of specific 'H labelling experiments 

and 13C { 'H 1 decoupling experiments 

PATRICK M. BURKE, WILLIAM F. REYNOLDS, JANET C. L. TAM, AND PETER YATES 
Lash Miller- Clremical Lnborrrtories, Utriuersity oj'Toronto, Toronto, Ontorio M5S IAI 
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PATRICK M. BURKE, WILLIAM F. REYNOLDS, JANET C. L. TAM, and PETER YATES. Can. J .  
Chem. 54, 1449 (1976). 

The ' H  nmr spectrum of dihydro-2,2,5,5-tetramethyl-3(2H)-furanoe (1) in 80% sulfuric acid 
shows a time-dependent decrease in the intensity of the lower-field gem-dimethyl signal relative 
to the upper-field gem-dimethyl signal. This is interpreted as involving reversible opening of 1 
to 2-hydroxy-2,5-dimethyl-4-hexen-3-one, resulting in deuterium exchange at the C-5 methyl 
groups of 1. The lower-field gem-dimethyl signal of 1 in this medium is therefore assigned to 
these methyl groups. A similar relationship between the methyl proton signals of 1 in organic 
solvents has been demonstrated by (i) synthesis of 1-rl, (8), (ii) comparison of the IH nmr 
spectra of 1 and its 2,2- and 5,5-dimethyl analogs, and (iii) observation of long range coupling 
in the spectrum of 1. Assignment of l3C chemical shifts for 1 has been made based on proton- 
coupled spectra, showing that the signal of the C-5 methyl carbons appears at crr. 4 ppm to- 
wards lower field than that of the C-2 methyl carbons. Both the IH and 13C chemical shift 
assignments for 1 were confirmed from 13C (1H) spectra using low power single frequency J H  
decoupling, demonstrating the utility of this technique for the assignment of chemical shifts. 

PATRICK M. BURKE, WILLIAM F. REYNOLDS, JANET C. L. TAM et PETER YATES. Can. J. 
Chem. 54, 1449 (1976). 

Le spectre rmn du 1H de la dihydrotCtramCthyl-2,2,5,5 (2H) furannone-3 (1) dans l'acide 
sulfurique i 80% montre que le rapport des intensitis des signaux dus aux groupes gem- 
dimCthyles apparaissant respectivement i champ faible et fort diminue en fonction du temps. 
On interprkte ce rCsultat en faisant l'hypothkse qu'il se produit une ouverture rCversible de 1 
conduisant i l'hydroxy-2 dimkthyl-2,s hexkne-4 one-3 et provoquant un Cchange de deutirium 
au niveau des groupes mCthyles en C-5 de 1. On attribue donc le signal i champ faible, db au 
gem-dimCthyle de 1 et observC dans ce milieu, ?i ces groupes mCthyles. On dCmontre ?i l'aide des 
rCsultats suivants qu'une relation semblable existe entre les protons des groupes mCthyles de 1 
dans des solvants organiques: (i) par une synthkse de 1-rl, (8), (ii) par comparaison du spectre 
rmn du ' H  de 1 avec ceux de ses analogues dimCthylCs en 2,2 et en 5,5 et (iii) par l'observation 
d'une constante de couplage i longue distance dans le spectre de 1. On a fait l'attribution des 
dkplacements chimiques du 13C dans 1 en se basant sur un spectre, oh les protons sont couplCs, 
montrant que le signal des groupes mCthyles en C-5 apparait i un champ d'environ 4 ppm 
plus faible que celui des carbones du groupe mCthyle en C-2. Les diplacements chimiques de 
IH et 13C de 1 ont pu Ctre confirmCs A partir des spectres 13C([H] utilisant un dkcouplage de 
1H frCquence unique de faible intensitk; on dCmontre ainsi I'utilitC de cette technique pour 
I'attribution des dCplacements chimiques. 

[Traduit par le journal] 

Several years ago in the course of an investiga- 
tion of the reaction of dihydro-2,2,5,5-tetra- 
methyl-3(2H)-furanone, 1, with sulfuric acid we 
concluded that, contrary to  original anticipation, 
the signal arising from the C-5 methyl groups in 
the 'H nrnr spectrum of 1 in carbon tetrachloride 
occurs a t  lower field than that of the C-2 methyl 
groups (1). A similar conclusion was reached in 
respect to  the hydrogen atoms at  the C-5 and C-2 
positions of the parent dihydro-3(2H)-furanone, 
2, on the basis of direct examination of its 

spectrum (2).' Subsequently, an analysis of the 
'H nmr spectra of several dihydro-3(2H)-fur- 
anones was based on the 'rule' that the signals of 
C-5 protons and methyl groups occur on the 
low-field side of the corresponding C-2 signals 
(4), although some of the assignments are not 
without ambiguity. We discuss now the evidence 
that led t o  our original conclusion together with 
recent corroborative evidence from more de- 

1Cf. ref. 3. 
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1450 CAN. 1. CHEM. VOL. 54. 1976 

tailed lH nmr studies and related observations 
from 13C nmr studies. 

The lH nmr spectrum of 1 in carbon tetra- 
chloride shows two six-proton singlets at 6 1.18 
and 1.32, attributable to the two gem-dimethyl 
groups and a singlet at 6 2.40, arising from the 
C-4 p r o t ~ n s . ~  The spectrum of 1 in 80% sulfuric 
acid shows corresponding signals at 6 1.42, 1.5 1, 
and 2.87,3 which are attributed to the protonated 

species 3. A very similar spectrum was observed 
for a freshly prepared solution of 3 in 80% 
deuterosulfuric acid - deuterium oxide (6 1.40, 
1.49, 2.85),3 attributable to the deuterated species 
4. As expected, this spectrum changed rapidly 
with time and after 20 min the methylene proton 
signal was no longer detectable due to deuterium- 
hydrogen exchange at C-4 to give 5. Unexpec- 
tedly, however, after the solution had stood for 
40 h a small diminution (lOyo) in the intensity of 
the signal at 6 1.49 relative to that at 1.40 could 
be detected; after 5 days the ratio of the inten- 
sities of the two signals had become 1 :2. 

The most probable route for the exchange of 
the protons of one of the gem-dimethyl groups 
appeared to be that shown in Scheme 1, in which 
5 undergoes reversible conversion to an acyclic 
intermediate 6 that results in incorporation of 
deuterium into the gem-dimethyl groups at C-5. 
The occurrence of such ring opening is corrobo- 
rated by the observation that treatment of 1 with 
96% sulfuric acid followed by quenching in 
water leads to products that include compound 
7, corresponding to 6 (1). Scheme 1 necessarily 
implies that in sulfuric acid solution the C-5 
methyl signal appears at lower field than the 
C-2 methyl signal. 

To investigate whether a similar circumstance 
holds in solution in carbon tetrachloride, com- 
pound 8 was synthesized from 7 by the route 
shown in Scheme 2. Deuteration of 7, which 

2The spectrum of 1 in chloroform reported in ref. 4 
must clearly include a typographical error as one of the 
gem-dimethyl signals is listed as occurring a t  6 3.86. 

3Tetramethylammonium chloride was used as an  
internal standard, and assigned a value of 6 3.10 relative 
to tetrarnethylsilane (cf. ref. 5). 

could readily be followed by 'H nmr spectro- 
scopy, resulted in almost complete conversion to 
9, which cyclized to 8 in the presence of a 
catalytic amount of p-toluenesulfonic acid in 
chloroform. The lH nmr spectrum of 8 in carbon 
tetrachloride shows a strong signal at 6 1.18 with 
weak residual signals at 6 1.32 and 2.40, lending 
strong support to the assignment of the signal of 
1 at 6 1.18 to the C-2 methyl protons. 

Further support for this assignment was ob- 
tained by comparison of the methyl H chemical 
shifts for 1 with those for compounds 10 and 11 
(see Table 1) and the observation that the low- 
field methyl signal of 1 is split into a triplet 
( J  = + 0.3 Hz) due to long range coupling to the 
methylene protons. Since 4Jc~upl ing  is normally 
greater than 'J coupling (6) this supports the 
assignment of the low-field signal to the C-5 
methyl groups. 
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BURKE ET AL. 1451 

Assignment of the 13C chemical shifts of 1 was 
initially based on proton-coupled spectra. In 
addition to  'J splittings (which are listed in 
Table l), the methylene carbon and the methyl 
carbon signals all show splittings of ca. 4 Hz, 
characteristic of vicinal H-C-C-C coupling (7). 
The septet splitting for the CH2 signal is assigned 
to 13CH2-C(CH3)2 coupling, the tetrad splitting 
for the high-field methyl signal is assigned to 
13CH3-C-12CH3 coupling within a pair of methyl 
groups, while the sextet splitting of the low-field 
methyl signal is attributed to a combination of 
13CH3-C-12CH3 and 13CH3-C-CH2 coupling, 
assuming these two coupling constants are 
nearly equal in magnitude. 

The above 'H and 13C chemical shift assign- 
ments for 1 were confirmed from 13C IIH 1 spectra 

\ , .  
obtained using low power single frequency lH 
decoupling (see Experimental for details of de- 
coupling power level for each experiment). 
Irradiation in the proton region at 6 1.10 (high- 
field methyl lH ~ i g n a l ) ~  collapsed the high-field 
13C methyl signal to a singlet while leaving the 
low-field 13C methyl signal as a close-spaced 
quartet (JC-H - 5 HZ), due to partial decoupling 
of the directly bonded 13C-lH coupling. Simi- 
larly irradiation at 6 1.25 (low-field methyl l H  
signal) collapsed the low-field 13C methyl signal 
to a singlet while leaving the high-field methyl 
signal as a partially collapsed quartet. These 
experiments confirm that the low-field 13C and 
lH methyl signals are due to the same methyl 
group. 

Irradiation with very low power5 at 6 2.43 
(CH2 chemical shift) collapsed the sextet splitting 
of the low-field methyl signal to a quartet, corre- 
sponding to removal of the 13CH3-C-CH2 COUP- 

ling. Similarly, very low power irradiation at 
6 1.25 would be expected to  remove both 
l3 CH3-C-12CH3 and 3CH2-C(CH3)2 vicinal 
coupling. As expected, the methylene carbon 
septet splitting was removed while the low-field 
methyl sextets collapsed to triplets, correspond- 

TABLE 1. 1H and 13C chemical shifts for 
dihydro-3-furanone derivativesa 

1 10 11 

Compound 1 10 11 

C(2lH2 - - 3.89 
C(41H2 2.40 2.42b 2.23 
C(5)H2 - 4.05b - 
C(2)-CH3 1 .18 I .17 - 

C(5)-CH3 1.32 - 1.33 

c(2) 80.8 79.1 70.2 
c(3) 218.8 217.5 216.1 
C(4) 48.4('JC-,=132Hz) 35.9 49.5 
C ( 5 )  76.1 61.5 80.1 
C(2>CH3 26.3 (1 JC-, = 128 Hz) 22.3 - 
C(5>CH, 30.1 ('Jc-, = 126 Hz) - 27.2 

"In ppm to low field of internal tetramethylsilane: 'H spectra were 
recorded in CCI, and '>C spectra in  CDCII. 

bTriplet J = 7 Hz. 

ing to the residual 13CH3-C-CH2 coupling to  the 
methylene hydrogens. These two experiments 
confirm that the low-field methyl groups are 
coupled to the methylene group and thereby 
confirm that these groups are to one another. 
These experiments demonstrate the usefulness of 
low power single frequency decoupling of indi- 
vidual C-H coupling constants for assignment 
of 13C spectra. Selective decoupling experiments 
of this type allow assignment of all 13C-lH 
coupling constants, with the assignment of 
chemical shifts for individual carbons and pro- 
tons following logically from the splitting pat- 
terns. 

Comparison of the lH nmr spectrum of 1 with 
that of 2,2,5,5-tetramethyltetrahydrofuran, 12 
(6 1.15 (6H), 1.75 (4H)), shows that the over- 
riding effect of the introduction of the carbonyl 
group on the methyl proton signals is to cause a 
downfield shift of the C-5 methyl proton signal 
(A6 0.17); there is little effect on the C-2 methyl 
proton signal (A6 0.03). 

A corresponding effect has been observed in 
the lH nmr spectrum of 13, the carbocyclic 
analog of 1. The spectrum of 13 in carbon 
tetrachloride shows two six-proton singlets at 
6 1.05 and 1.10 and two twolproton singlets at 

4Proton chemical shift in acetone-d6 (see Experimental). 
5At very low power 'J couplings were unaffected and 6 1.75 and 2.15. Assignment of the methyl signals 

only vicinal splittings were changed; multiplicities quoted Was accomplished by the synthesis of the tri- 
here refer specifically to the latter splittings. deutero derivative 14 by conjugate addition of 
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methyl-(13-magnesium iodide to 3,5,5-trimethyl- 
2-cyclopentenone, 15. The spectrum of 14 shows 
high-field signals at 6 1.05 and 1.10 in the ratio 
of 2:1, demonstrating that the corresponding 
signals in the spectrum of 13 arise from the C-2 
and C-4-methyl groups, respectively. Thus, as in 
the case of 1, the distal methyl signal occurs at 
lower field than the proximal methyl signal, 
although the chemical shift difference is smaller 
in the case of 13. 

The 13C chemical shift difference for the C-2 
and C-5 methyl groups in 1 probably primarily 
reflects the -y effect of the carbonyl oxygen since 
C-4 in 2-pentanone occurs at -5.1 ppm (high 
field) relative to C-4 in n-pentane while the 
corresponding shift for C-5 is only - 0.2 ppm 
(8). The lH chemical shift difference may pri- 
marily reflect the electric field effect (9) of the 
polar C=O group. Since this field acts nearly 
directly along the bond axes of the C-5 methyl 
groups but more nearly at right angles to those 
of the C-2 methyl groups, one would expect a 
greater low-field shift for the C-5 methyl pro- 
tons, consistent with the shift changes in 1 
relative to 12 (vice s~rpra). Since the field effect is 
an order of magnitude greater for 13C chemical 
shifts (lo), this could also partially account for 
the 13C chemical shift difference. Finally, the 'H 
chemical shift difference could be at least partly 
due to the anisotropic magnetic susceptibility of 
the carbonyl group. However, it is impossible to 
estimate this contribution with certainty, both 
because of uncertainty concerning the molecular 
conformation and because the various reported 
A x  values for the carbonyl group (1 1-13) lead to 
completely contradictory conclusions concerning 
the relative effects on C-2 and C-5 methyl groups 
in 1. 

Experimental 
Melting and boiling points are uncorrected. Vapour 

phase chromatographic analyses were carried out on an 
F and M Model 500 apparatus with helium as the carrier 
gas at  a flow rate of 35-45 ml/min. The following 0.25-in. 
columns were used: 10% Carbowax 1500 on 60-80 mesh 
Chromosorb P (6 ft) and 10% neopentylglycol sebacate 

(NPGS) on 60-80 mesh Chromosorb P (8 ft). Preparative 
vpc separations were carried out on an F and M Model 
770 apparatus with helium as the carrier gas at  a flow 
rate of 1.5-2 litre/min and two 4-ft X 0.75-in. columns 
of 10% NPGS on 60-80 mesh Chromosorb W. 

2-Hyrlroxy-2,5-llirnetl1yl-4-Rexe~1-3-ot1e, 7 
2-Acetoxy-2,5-dimethyl-4-hexen-3-one was prepared by 

the method of Lozac'h (14). It was obtained as a colorless 
liquid, bp 56 "C10.75 torr) (lit. (14) bp 96-97 "C/14 torr;; 
A,,, (CCI,) 5.75, 5.90, 6.15 pm; " 6  (CCI,) 1.39 (s, 6H), 
1.91 (br s,  3H), 1.98 (s, 3H), 2.09 (br s, 3H), 6.10 (m, 1H). 
Hydrolysis of the acetate (14) gave 7 as a colorless liquid, 
bp 42 "C/0.9 torr, t ~ ~ ~ ~  1.4668 (lit. bp 81 'C/16 torr, 
1 1 ~ 2 0  1.461). This sample was contaminated with 3,5,5- 
trimethyl-2-cyclopentenone (1); purification by vpc 
(Carbowax, 120 "C) gave pure 7; A,,, (CCI,) 2.90, 5.97, 
6.18 pm; A,,, 240 nm ( e  12 600); H6 (CCI,) 1.27 (s, 6H), 
1.96 (d, J = 1.5 Hz, 3H), 2.18 (d, J = 1.5Hz, 3H), 3.75 
(br s,  lH) ,  6.20 (m, 1H). 

Dil~clro-2,2,5,5-tetrnmetl1yl-3(2H)-j1rnt~ot1e-c1, 8 
Compound 7 (500 mg) was allowed to stand for 3 days 

in D 2 0  containing a catalytic amount of KOH (20 mg). 
The solution was extracted with ether (2 X 10 ml), the 
extract was dried (MgSO,), and the ether was evaporated; 
the ' H  nmr spectrum of the product showed a strong 
signal at  6 1.27 (s), and only weak signals corresponding 
to  the other signals in the spectrum of 7. This product was 
dissolved in CCI, (5 ml) containing p-toluenesulfonic acid 
(30 mg) and the solution was boiled under reflux for 2 
days. The solution was diluted with chloroform (15 ml), 
washed with water (15 ml), and dried, and the solvent 
was evaporated under reduced pressure. Vapour phase 
chromatographic analysis (NPGS, 100 "C) showed the 
presence of five compounds; a sample of 8 was collected 
by vpc as  a colorless liquid A,,, (CCI,) 4.5-4.7, 5.71 pm; 
* b  (CCI,) 1.18 (s, 6H), 1.32 (s, 1.5H), 2.40 (s, 0.8H). 

Dil1yclr.o-2,2-climetl1yl-3(2H)-j1r.n110te, 10 
Compound 10 was prepared by the general method of 

Gianturco and co-workers (15). T o  a suspension of 
sodium hydride (9.60 g) in ether (200 ml) was added 
methyl 2-hydroxy-2-methylpropionate (23.6 g) with stir- 
ring. After the evolution of hydrogen had stopped, the 
ether was removed under reduced pressure, and a solution 
of methyl acrylate (18.92 g) in DMSO (100 ml) was added 
in one batch to the residue cooled in an ice-water bath. 
Stirring with cooling was continued for 15 min, and then 
the solution was stirred a t  room temperature for 30 min. 
The solution was filtered, poured into excess ice-cold 
dilute sulfuric acid, and extracted With ether (3 X 200 ml). 
The combined extracts were washed with saturated 
aqueous NaCl and dried (Na2S04), and the solvent was 
evaporated under reduced pressure. The residual oil was 
distilled to  afford 4-carbomethoxy-2,2-dimethyl-3(2H)- 
furanone (9.73 g, 37%) as  a colorless liquid, bp 68-69 "C/ 
0.5 torr; A,,, (CCI,) 5.66, 5.74 pm. This keto ester 
(9.73 g) was heated with boiling 10% sulfuric acid 
(100 ml) under reflux for 1 h under nitrogen. The solution 
was extracted with ether (3 X 100 ml), and the com- 
bined extracts were washed consecutively with aqueous 
NaHCO, and saturated aqueous NaC1, and dried 
(MgSO,). The solvent was removed by distillation a t  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BURKE ET AL. 1453 

atmospheric pressure; distillation of the residual oil gave 
10 as a colorless liquid (4.22 g, 67%), bp 70-71 "C; 
A,,, (CCI,) 5.68 pm. 

Di/1ydro-S,S-dimetl1yl-3(2H)-j1ro11011e, 11 
Compound 11 was prepared by the method of 

Gianturco and co-workers (15). It was obtained as a 
colorless liquid; A,,, (CCI,) 5.68 pm. 

3,5,5-Trimeti1yl-2-cyclope11te11011e, 15 
Compound 15 was prepared by the method of Sargent 

(16), which gives a mixture of 15 and 3,4,4-trimethyl-2- 
cyclopentenone. These were readily separated by prepara- 
tive vpc (NPGS, 120 "C). Compound 15 was the com- 
pound with the lower retention time and was obtained 
as a colorless liquid, 1 1 ~ ~ 0  1.4670; A,,, (CCI,) 5.84, 
6.15 pm; A,,, (EtOH) 229 nm ( E  12 600); " 6  (CCI,) 1.05 
(s, 6H), 2.09 (d, J = 1.5 Hz, 3H), 2.48 (br s, 2H), 5.78 
(m, lH). 

2,2,4,4-Te~rametlrylc)~clope1zm11oue, 13 
Compound 13 was prepared by the method of Slomp 

et 01. (17). I t  was obtained as a colorless liquid, bp 
72-74 "C/35 torr, 1lD23 1.4300 (lit (17) bp 165.4 'C, 
1lD2O 1.4305); A,,, (CCI,) 5.74 pm; " 6  (CCI,) 1.05 
(s,6H), 1.10(s,6H), 1.75(s,2H),2.15(s,2H).Itwasalso 
prepared by conjugate addition of methylmagnesium 
iodide to 15 in the presence of Cu2Cll (r f .  preparation 
of 14). 

i 2,2,4,4-Tetrame~l1ylcyclope111a1~011e-d~, 14 
i Trideuteromethylmagnesium iodide was prepared by 

addition of trideuteromethyl iodide (Merck, Sharpe and 
Dohme: I .6 g) in dry ether (30 ml) to magnesium turn- 
ings (240 mg). Cuprous chloride (10 mg) was added and 
the mixture was cooled to 0-5 "C in an ice bath. A solu- 
tion of compound 15  (1.10 g) in ether (40 ml) was added 
with stirring, and the reaction mixture was allowed to 
come to room temperature overnight. Water (5 ml) and 
20% sulfuric acid (2.5 ml) were added, and the ethereal 
layer was separated and washed with aqueous 5% 
NaHC03 (20 ml) and water (2 X 20 ml). The ethereal 
solution was dried (MgSO,) and the ether was evaporated. 
The resulting yellow oil (830 mg) was separated into three 
approximately equal fractions by preparative vpc 
(NPGS, 120°C). The middle fraction afforded 14 as a 
colorless liquid: A,,, (CCI,) 4.50, 4.82, 5.75 pm; 

(CC14) 1.65 (s, 6H), 1.10 (s, 3H), 1.75 (s, 2H), 2.12 
(s, 2H). 

Te1ralydro-2,2,5,5-~me1I1ycfi1rn1112 
Compound 12 was prepared by a modification of the 

method of Gillis and Beck (18). 2,5-Dimethyl-2,5- 
hexanediol (20g) and anhydrous DMSO (128 g) were 
heated together at 155-165 "C for 22 h. The reaction 
mixture was distilled at 85-135 'C through a 10-in. 
Vigreux column. Separation of the entrained water gave 
a colorless liquid (14.5 g), which was dried (Na2S04). A 
stream of nitrosyl chloride was passed through the liquid 
until a permanent green color was produced. It  was then 
distilled under reduced pressure over potassium carbonate 
to give 12. 

methylsilane as internal reference. IIC spectra were 
obtained on an XL-100-15 spectrometer operating in the 
pulsed Fourier transform mode. Most 13C spectra were 
recorded for 0.5 M solutions in CDC13. Specific de- 
coupling experiments for 1 were performed using the 
neat liquid with 20% (v/v) acetone-r16 added to provide 
the deuterium lock signal. The 1H spectrum of this solu- 
tion was measured on an HA-100 to provide accurate IH 
chemical shifts for specific decoupling. Specific single 
frequency decoupling of direct methyl 1%-'H couplings 
was carried out with a decoupler power level, -yH/2* = 
500 Hz. Selective decoupling of vicinal 13C-C-C-IH 
couplings was carried out using decoupler power levels in 
the range 15-30Hz. Decoupler power levels were 
measured by the method of Pachler (19). 
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RAFIK 0 .  LOUTFY and RAOUF 0. LOUTFY. Can. J. Chem. 54, 1454 (1976). 
The polarographic half-wave oxidation and reduction potentials, singlet and triplet energies 

of a series of ( i )  monocyclic aza-aromatics, ( i i)  polycyclic aza-aromatics and their N-oxides, (iii) 
condensed aromatic hydrocarbons, and (iu) substituted benzene derivatives are reported. The 
interrelation between the spectroscopic and electrochemical data is developed and discussed 
in regard to  theoretical and experimental parameters. A linear free-energy relationship between 
the triplet energies and the absolute difference between the oxidation and reduction potentials 
of the first three series was found. These correlations were utilized to estimate the triplet 
energies of other molecules in the series, to  predict the true half-wave oxidation potential of 
some heteroaromatic N-oxides and to  compute the coulomb repulsion integral. No correlation 
between ET(?r,?r*) and (E!120S - E112R) for substituted benzenes was found. The various reasons 
for this deviation were d~scussed. 

RAFIK 0. LOUTFY et RAOUF 0. LOUTFY. Can. J. Chem. 54, 1454 (1976). 
On rapporte les potentiels d'oxydation polarographique S1 demi vague et les potentiels de 

reduction ainsi que les Cnergies singulet et triplet d'une serie ( i )  de composCs aza-aromatiques 
monocycliques, (ii) de composCs aza-aromatiques polycycliques ainsi que de leurs N-oxydes, 
(iii) d'hydrocarbures aromatiques condensis et (iu) de dCrivCs benzeniques substitues. On 
dCveloppe une interrelation entre les donnCes spectroscopiques et Clectrochimiques et on les 
discute en fonction de paramktres thioriques et expCrimentaux. On a trouve une relation 
IinCaire d'Cnergie libre entre les Cnergies des Ctats triplets et les diffirences absolues entre les 
potentiels d'oxydation et de reduction des trois premikres series. On a utilist ces corrClations 
pour estimer les Cnergies triplets des autres molCcules de la sCrie afin de prCdire les valeurs 
rCelles des potentiels d'oxydation B demi-vague pour quelques N-oxydes de composCs hCtCro- 
aromatiques et pour calculer I'intCgrale de rtpulsion coulombienne. On n'a trouvC aucune 
relation entre ET(?r,**) et (E1/20x - E1/2R) pour les dCrivCs benziniques substituCs. On discute 
des diverses raisons pour cette diviation. 

[Traduit par le journal] 

Introduction 
Recent years have seen the development of the 

use of electrochemical redox potential data to  
interpret photochemical reactions in which the 
excited states undergo electron or charge transfer 
processes (1, 2). In order to understand these 
processes, it is necessary to  know not only the 
excitation energy of the electrons, but also the 
oxidation and reduction potentials of the inter- 
acting molecules, which provide a convenient 
method of determining the absolute position of 
energy levels of these molecules. A desire to 
develop the connection between spectroscopic 
and electrochemical data (3, 4) prompted us to 
examine the polarographic redox potentials and 
the singlet and triplet energies of a series of aza- 

heterocyclics, aromatic hydrocarbons, and sub- 
stituted benzenes. 

The objective of this study is to establish the 
relationship between the triplet excitation energy 
and the absolute difference in the electrochemical 
oxidation and reduction potential for the com- 
pounds studied. These correlations were utilized 
to: (a) predict the triplet energies (ET) of other 
molecules in the series with transitions which are 
inaccessible or undetectable by experimental 
spectroscopy, (b) estimate the true half-wave 
oxidation potential (EIl2OX) of inolecules which 
are difficult to lneasure because of experimental 
limitation, and (c)  estimate the coulomb repul- 
sion integral, J I 2 .  It is interesting to compare the 
J12 term as predicted from simple electrochemical 
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data with that obtained using semi-empirical 
lnolecular orbital theories. 

Results and Discussion 
A full understanding of the relation between 

electrochemical and spectral data requires care- 
ful examination of both with regard to theoretical 
and experimental parameters. This will be dis- 
cussed below. 

The single configuration fornlula for the 
singlet and triplet excitation energy, Es and ET 
respectively, can be given as (5) 

[I] Es = €1 - €2 - J I ~  + 2K12 

PI E T =  €1 - € 2 -  JI2 

where el  and €2 are the energies of the highest 
occupied and the lowest vacant molecular 
orbital respectively, JI2 is the coulomb repulsion 
integral, and K12 is the exchange integral. 

The exchange integral, also named overlap 
integral, K12, depends on the overlap density of 
the atomic orbitals $, and $2; i.c. on the volume 
to which the electron is confined. The lnolecular 
orbital calculation of the diagonal elements JI2 
and K12 involves computation of N4/8 integrals, 
where N is the number of the valence electrons. 
Applying the zero differential overlap approxi- 
mation the number of integrals can be reduced to  
N2/2. For instance, at least 648 integrals must be 
computed for benzene. Calculation of these pa- 
rameters for large molecules becomes impractical 
and the coulomb and exchange integrals in terms 
of atomic orbitals are usually evaluated by means 
of empirical or semi-empirical procedures rather 
than computation. However, a distinction must 
be made between the energy of the lowest vacant 
molecular orbital of a molecule when occupied 
by an electron after excitation and the energy of 
the empty orbital in closed shell configuration. 
This difference, in the case of a singlet excited 
state (- JI2 + 2KI2) could be as large as 0.4 eV. 

Maccoll (6) was the first to point out that the 
reversible polarographic half-wave oxidation and 
reduction potentials could be related to the 
energy of the highest occupied (el) and. lowest 

vacant (tz) molecular orbitals, respectively. The 
orbital energies are also related to the gas phase 
ionization potential (IP) and electron affinity 
(EA) of the n~olecule (7). In practice, the half- 
wave potentials, for reversible reactions, are set 
equal to  the standard potentials, EO, however, 
the full expression (7) is 

where J,, j b  are the activity coefficients of the 
ions and neutral niolecules and DR, DO are their 
diffusion coefficients. The estimated error in- 
volved in neglecting these terms is less than 
10 mV. Thus 

where C is a constant which includes the poten- 
tial of the reference electrode on the absolute 
scale, and el and €2 correspond to the energy of 
the highest occupied and lowest vacant molecular 
orbital in solution. 

Substituting [6] and [7] into [l] and [2], the 
singlet and triplet excitation energy can be given 
simply as 

The relation between the energy levels of 
inolecules as determined by electrochemical. 
spectroscopic, and niolecular orbital nieasure- 
~nents is schematically shown in Fig. 1. 

According to [9], a linear relationship should 
exist between the absolute difference between 
the oxidation and reduction potential and the 
triplet excitation energy for a series of closely 
related lnolecules provided that the coulomb 
repulsion integral is constant or varies in a 
regular manner within the series. Similarly, and 
according to [8], the existence of a linear free- 
energy relationship between the redox properties 
of series of molecules and their singlet excitation 
energy is expected, provided that the term 
(-J12 + 2K12) is constant. Equation 8 can be 
written in the forni: 

We recently reported (4) a linear relationship 
between the singlet excitation energy and the 
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VACUUM LEVEL 

MOLECULAR 

GAS PHASE ELECTROCHEMICAL SPECTROSCOPIC ORBITAL 1 
FIG. 1. Relation between gas phase, electrochemical, spectroscopic, and quantum mechan- 

ically calculated molecular energy levels. 

absolute difference in electrochemical oxidation 
and reduction potential for over 50 dye mole- 
cules. The determined value of the constant k 
was found to be 0.35 eV (cf. eq. 15). 

Monocyclic Azu-aromu~ics 
The electronically excited triplet states of N- 

heterocyclics have recently been the subject of 
extensive investigation because of their important 
role in photobiological reactions (8). 

Innes (9) measured the n , ~ *  triplet energies of 
pyridine, pyrimidine, pyrazine, pyradazine, and 
1,3,5-triazine while Tabner and Yardle (10) 
studied their electroreduction. The reduction 
process has been shown to be one-electron 
transfer forming radical anions. The half-wave 

reduction potentials and the singlet and n : ~ *  
triplet energies of the above compounds are given 
in Table 1. From the results in Table 1, it can be 
shown that the n , ~ *  triplet energy of monocyclic 
aza-aromatic compounds are linearly related to  
the absolute difference between the oxidation 
and reduction potentials of these compounds 
(see Fig. 2). The equation for the regression line 
is 

The deviation of the slope from the expected 
unity can be mainly attributed to small but 
systematic variation in JI2 along the series. 
However, J12 apparently is dependent on the 

TABLE 1. Electrochemical data, triplet and singlet energies of monocyclic aza-aromatics 

ET 
ET(~,**) E s  2K12  J , ,  -E112R E1/20T E O x  - E n  calcd. 

Number Compound (eV). (eV)* (eV) (ev)  (v)" (VId (v)  

1 Pyridine 3.68 4.265 0.585 1.29 2.76 2.21 4.97 3.82 
2 Pyrimidine 3.63 3.83 0.20 1 . l l  2.35 2.39 4.74 3.62 
3 Pyrazine 3.32 3.79 0.47 1.08 2.17 2.23 4.40 3.32 
4 Pyridazine 3.08 3.32 0.24 1.03 2.22 1.89 4.11 3.07 
5 synl-Triazine 3.26 3.91 0.65 1.08 2.05 2.29 4.34 3.27 

"Reference 9. 
DReference 11. 
CRefcrence 10. The reduction potentials were measured in D M F  as. Ag/AgCI reference electrode. 
"Cculated from the ionization potential. See ref. 12. 
2Calculated using [Il l .  
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FIG. 2. Relationship between the n,r* triplet energies of 
monocyclic N-heteroaromatics and the absolute difference 
between their oxidation and reduction potentials. 

magnitude of the redox difference, which can be 
written as 

where a and b are constants, characteristic of 
each series of closely related molecules. Sub- 
stituting from [12] in [9] gives 

For this series of monocyclic aza-aromatic the 
value of the constants a and b are found to be 
0.54 and 0.12, respectively. The singlet-triplet 
splittings 

for the above monocyclic aza-aromatic com- 
pound are also shown in Table 1. The values of 
the exchange integral Kn,r* vary from 0.2 for 
primidine to 0.65 eV for sym-triazine. Kn,r* 
depend on the overlap integral between the 
n-orbital and the T*-orbitals and since these 
orbitals are orthogonal, the exchange integral 
will be generally small and highly dependent on 
the charge distribution in the molecule and the 
orbital hybridization of the heteroatom. No 
correlation between the singlet energies of these 
molecules and their redox parameters is expected 
due t o  the large variation in the exchange integral 

(see eq. 8). The average coulomb repulsion 
integral JI2 for the monocyclic aza-aromatic 
calculated from [9] or [12] was found to be 1.12 f 
0.1 eV. 

In Table 1 we show a comparison between the 
experimental ET(n,r*) and those calculated 
using [l l] .  The agreement is quite good. 

Polycyclic Aza-arotnatics 
The lowest excited triplet states of  non no cyclic 

aza-aromatics are due to  n-T* transitions as we 
have discussed. However, in the case of poly- 
cyclic aza-aromatics, the lowest excited states 
are of the r , r *  type and thus expected to show 
different reactivity, lifetime, and S-T splitting. 

The electroreduction and oxidation potential 
of 15 poly N-heterocyclic compounds are given 
in Table 2 together with their T,T* singlet and 
the triplet energies of 7 of them. A plot of the 
absolute difference between the oxidation and 
reduction potentials of the polyaza-aromatics 
us. their triplet and singlet energies is shown in 
Fig. 3. An excellent linear free-energy relation- 
ship was obtained. The equations for the linear 
regressions are : 

ox red. 
(Ev2 -Ek2 ) , V  

FIG. 3 .  Plots of the difference between the oxidation and 
reduction potentials of polycyclic aza-aromatics against 
the r , r *  singlet (0) and triplet energies (9). 
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TABLE 2. Electrochemical data, triplet and singlet energies, S-Tsplitting, and coulomb repulsion integral of 
polycyclic aza-aromatics 

ET 
ET(*,**) Ed*,**) 2K12 J 1 2  -E1121L E1/201 EOX - E R  calcd. 

Number Compound (eV)a.b (eV)O (eV) (eV) (V)c (V)C (V) (eV) 

6 Quinoline 2.71 3.96 1.25 1.05 2.03 1.73 3.76 2.70 
7 Isoquinoline 2.61 3.96 1.35 1.09 2.13 1.57 3.70 2.64 
8 Acridine 1.60 3.18 1.58 0.94 1.54 1.00 2.54 1.60 
9 Pyridine-N-oxide 2.97 4.39 1.32 1.13 2.30 1.80 4.10 3.00 
10 Isoquinoline-N-oxide 2.61 4.00 1.39 0.94 1.95 1.60 3.55 2.51 
11 Quinoline-N-oxide 2.31 3.543 1.233 1.07 1.84 1.54 3.38 2.35 
12 Acridine-N-oxide 1.62 2.74 1.12 0.96 1.30 1.28 2.58 1.63 
13 Pyrazine-N-oxide - 4.53 (1.48)d (1.10) 1.84 2.31 4.15 3.05 
14 Pyrimidine-N-oxide - 4.64 (1.48) (1.12) 1.93 2.35 4.28 3.16 
15 Quinoxaline-N-oxide - 3.75 (1.35) (1.02) 1.456 1.97 3.426 2.40 
16 Phenanthridine-N-oxide - 3.62 (1.35) (1.02) 1.81 1.48 3.29 2.27 
17 Phenazine-N-oxide - 2.94 (1.14) (0.97) 1.02 1.75 2.77 1.80 
18 Pyrazine di-N-oxide - 3.87 (1.54) (1.02) 1.615 1.74 3.356 2.33 
19 Quinoxaline di-N-oxide - 3.02 (1.15) (0.97) 1.247 1.598 2.845 1.87 
20 Phenazine di-N-oxide - 2.51 (1.22) (0.90) 0.851 1.344 2.195 1.29 

*Reference 14. 
CReferences 15 and 26. The oxidation and reduction potentials were measured in acetonitrile cs. SCE 
dValucs in parentheses are estimated. 

The average T,T* singlet-triplet splitting was 
found to be -- 1.30 eV, which is larger than the 
corresponding value of n 4 T* transitions, 
however, of the same magnitude as that found 
for aromatic hydrocarbons. The coulomb re- 
pulsion integral 

for the polycyclic aza-aromatics was found to be 
1.02 +_ 0.10 eV. It is interesting to note that the 
coulomb repulsion integral for both series of 
aza-aromatics is quite similar. However, for this 
series of polyaza-aromatics the values of the 
constants a and b are 0.687 and 0.10, respectively 
(cf. eqs. 14 and 12). 

In Table 2 the triplet energies calculated from 
[14] are listed for comparison with the ex- 
perimentally measured triplet energies. The 
calculated triplet energies are also given for the 
eight heterocyclic N-oxides for which an experi- 
mental value has not yet been obtained. 

Previously the determination of the triplet 
energies of organic compounds has relied on 
measuring emission spectra (phosphorescence) in 
solid matrices at low temperature (16) or from 
singlet-triplet absorption techniques, phospho- 
rescence excitation (17), or oxygen-intensifica- 

tion (18). However, in general, reported triplet 
energies are scarce compared to the singlet 
energies of organic compounds. A correlation of 
the type presented in this paper could be re- 
garded as a useful method for estimating the 
triplet energies of compounds with transitions 
which are inaccessible or undetectable by ex- 
perimental spectroscopy. In addition, the inter- 
relation between electrochemical and spectro- 
scopic data could be utilized to estimate the 
coulomb repulsion integrals (see column 6 in 
Table 2) which is usually difficult to compute. 

The term (- JI2 + K12) for polyaza-aromatic 
compound was found to be 0.30 eV (see eq. 15). 
This represents the difference between the energy 
of the lowest vacant molecular orbital when it is 
occupied by an electron after excitation com- 
pared to being empty in closed shell configura- 
tion. 

Recent advances in electronic instrumentation 
have made possible the development of techni- 
ques for studying fast electrochemical reactions. 
Among these techniques are cyclic voltammetry 
and pulse polarography which enable accurate 
measurement of redox potentials even in cases 
where the electrolysed organic compound pro- 
duces a short-lived reactive intermediate. How- 
ever, generally follow-up chemical reaction or 
irreversible electron transfer processes complicate 
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TABLE 3. Electroreduction, triplet and singlet energies, and the calculated oxidation potential of 
poly-N-hetero aromatic hydrocarbons 

ET Es A(S - T) - Ell2R EOS - ERc E1/zO" 
Number Compound ( W a  (ev). (eV) ( Y b  calcd. calcd. 

21 Quinoxaline 2.63 3.345 0.715 1 .80 3.69 1.87 
22 2-Methylquinoline 2.71 3.93 1.22 2.20 3.77 1.57 
23 4-Methylquinoline 2.70 3.90 1.20 2.25 3.76 1.51 
24 6-Methylquinoline 2.64 3.87 1.23 2.19 3.70 1.51 
25 8-Methylquinoline 2.61 3.81 1.20 2.22 3.66 1.44 
26 2,6-Dimethylquinoline 2.62 (3 .987)d 1.37 2.31 3.68 1.37 
27 5,6-Benzoquinoline 2.71 3.56 0.85 2.20 3.77 1.57 
28 7,s-Benzoquinoline 2.69 3.53 0.84 2.23 3.75 1.52 
29 3,4Benzoquinoline 2.66 3.51 0.85 - 3.72 - 

30 3-Methylisoquinoline 2.503 (3.84) 1.34 2.28 3.55 1.27 
31 Phenazine 1.93 2.78 . 0.85 1.20 2.91 1.71 
32 Phenanthroline 2.738 3.655 0.92 2.12 3.81 1.69 
33 Di benzophenazine 2.28 3.15 0.87 1.35 3.30 1.95 
34 Dibenzoquinoxaline 2.85 3.41 0.56 1.78 3.93 2.13 

QReference 14. 
bReference 19. 
"Calculated using [14]. 
dValues in parentheses are estimated. 

the measurements. Also, in many cases experi- hydrocarbons. Table 4 contains the electro- 
mental restrictions imposed by the type of chemical oxidation and reduction potentials. 
material investigated on the selection of solvents r,a* singlet and triplet energies of 13 aromatic 
and electrolytes limits the positive potential hydrocarbons. A plot of (El/,Ox - for the 
range which make Ell2OX inaccessible. These polycyclic aromatic hydrocarbons against their 
oxidation potentials could sbe estimated from ex- r,a* triplet energies is shown in Fig. 4. A linear 
perimentally measured values of ET and E1/2R,  
utilizing [14]. In Table 3 ,  the electroreduction 

40 potentials, a,a* singlet and triplet energies of 14 
polyaza-aromatics are listed. The oxidation 
potentials of these materials were calculated 
using [14 ]  by substituting the measured values of 
the triplet energies and reduction potentials. 
The true oxidation potentials are of interest to ,, 
electrochemists studying the rate of hetero- 
geneous electron transfer. 

Aromatic Hydrocarbons 2 
Watson and Matsen ( 2 0 )  were the first to point L 

out that a correlation could exist between the 
energy of the lowest excited singlet state of poly- 
cyclic aromatic hydrocarbons and the corre- 
sponding half-wave reduction and oxidation 
potentials. Examples are now well established ( 2 .  
21-26). Condensed aromatic hydrocarbons are 
one of the most widely studied group of com- ,, 
pounds in spectroscopy. Hence, the triplet states 
of aromatic molecules continue to receive con- 2 .o 3.0 4.0 

siderable attention from both the experimental (€,OX - E ~ ~ . I ,  v 
12 12 

and theoretical viewpoints. The interrelation FIG, J, The relation between - Of 

between the electrochemical data and triplet aromatic hydrocarbons and their triplet (@) and singlet 
energies may be extended to cover aromatic energies(0). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1460 CAN. 1. CHEM. VOL. 54, 1976 

TABLE 4. Electrochemical oxidation and reduction potentials, T+T* singlet and triplet energies, and the 
calculated repulsion integrals for aromatic hydrocarbons 

ET ES 2 K I 2  J I 2  -ER EOX Eox-ER E T ~  mm - mm+, 
Number Compound (eV)a (eV)" (eV) (eV) (V)* (V)c (V) calcd. (8) 

35 Anthracene 1.84 3.27 1.43 1.20 1.95 1.09 3.04 1.96 0.83 
36 1,2-Benzanthracene 2.05 3.20 1.15 1 . I3  2.00 1.18 3.18 2.07 0.904 
37 1,2-Benzpyrene 2.31 3.33 1.02 0.80 2.10 1.01 3.11 2.02 0.742 
38 Biphenyl 3.00 4.16 1.16 1.49 2.58 1.91 4.49 3.15 1.41 
39 Chrysene 2.47 3.42 0.95 1.13 2.25 1.35 3.60 2.42 1.04 
40 1,2,5,6- 

Dibenzanthracene 2.27 3.16 0.89 0.96 2.04 1.19 3.23 2.12 0.948 
41 Naphthacene 1.27 2.62 1.35 1.08 1.58 0.74 2.35 1.39 0.59 
42 Naphthalene 2.64 3.93 1.29 1.43 2.53 1.54 4.07 2.80 1.236 
43 Pentacene 0.98 2.12 1.14 0.92 1.36 0.54 1.90 1.03 0.439 
44 Perylene 1.55 2.82 1.27 0.97 1.67 0.85 2.52 1.54 0.695 
45 Phenanthrene 2.69 3.59 0.90 1.25 2.44 1.50 3.94 2.70 1.21 
46 Pyrene 2.10 3.34 1.24 1.15 2.09 1.16 3.25 2.13 0.89 
47 Triphenylene 2.96 3.62 0.66 1.05 2.46 1.55 4.01 2.75 1.368 

"Reference 11. 
bReference 27. The reduction potentials were measured in acetonitrile or. SCE. 
CReference 15. The oxidation potentials were measured in DMF cs. SCE. 
"Calculated using [16]. 

free energy relationship was obtained. The 
equation for the linear regression is 

The average value for the exchange and coulomb 
integrals of the aromatic hydrocarbons is found 
to be 1.12 + 0.3 eV, while the values of the 
constants a and b were found to be 0.52 and 0.18, 
respectively. 

The energy of the highest occupied (el,,) and 
lowest vacant (E,,) molecular orbitals of the 
aromatic hydrocarbons can be given as el,, = a, 
+ m,,P and el, = a, + m,,+lP respectively (28). 
Hoijtink (29) has shown that the half-wave 
oxidation potentials of aromatic hydrocarbons 
give a good linear correlation with the energy 
coefficient, m,,,? of the highest occupied molecular 
orbitals. Similarly the half-wave reduction 
potentials were found to linearly relate to the 
energy coefficient, n~,,,,~, of the lowest vacant 
molecular orbitals (28), see [6] and [7]. For 
alternate hydrocarbons the m-values of the ho 
and lv MO's differ only in sign; hence a plot of 
polarographic reduction potentials us. oxidation 
potentials should, and was, found to give a 
straight line (29). Consequently, we would 
expect that the triplet energies of aromatic 
hydrocarbons should be related to either the 
oxidation or reduction potentials. Such linear 
correlations are indeed obtained (see Fig. 5). The 

slopes were found to be close to two as would be 
expected. 

Thz relation between the singlet transition 
energies and the Hiickel molecular orbital 
(HMO) energy difference, (m,, - m,+,) has 
been reviewed by Streitwieser (28). We also found 
an excellent linear correlation between the triplet 
energies of aromatic hydrocarbons and the HMO 
calculated energy difference (Fig. 6). The slope 
of this line corresponds to the resonance integral 
P = 2.11 eV. 

Benzene Derivatives 
The existence of linear free energy relationship 

between triplet energies and electrochemical data 
of series for closely related molecules depends on 
the assumption that the coulomb repulsion 
integral is constant or varies regularly along the 
series. It was found that the average value of J12 
for condensed aromatics and aza-aromatics r,r* 

transition in solution is about 1.12 eV. To test 
the generality of this treatment we examined the 
electrochemical redox potentials and triplet and 
singlet energies of a series of halogenated and 
other benzene derivatives. The data are listed in 
Table 5. No correlation was found between the 
absolute difference of oxidation and reduction 
potentials of substituted benzenes and their 
triplet or singlet energies. The deviation from the 
correlation predicted by [9] could be due to 
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REDOX VOLTAGE 

FIG. 5. Plot of ET(?r,?r*) of aromatic hydrocarbons against their half-wave oxidation (a) 
and reduction (0) potentials. 

variation in the coulomb repulsion integral 
within the series in a manner not predicted by 
[12] or a number of other possible reasons. Sub- 
stituting one to six halogen atoms for hydrogen 
atoms in the benzene ring causes a marked 
change in the charge distribution in the ground 
and excited state of the molecule. A considerable 
charge transfer between the ring T-system and 
the substituents will profoundly affect the overlap 
integral and thus, the value of JI2 will be highly 
dependent on the perturbation of the charge 

distribution caused by the substituent. If one 
assumes that the deviation is mainly due to 
irregular variation in J12, it is possible to  calculate 
this term using [9 ] .  As expected, the Jvalues vary 
irregularly along the series. Comparison between 
the repulsion integral estimated from [9] with 
calculated values might verify the assumption 
that the deviation from linearity is indeed due to 
the variation of J .  This comparison will be 
discussed later. 

Another factor which might contribute to the 

TABLE 5. Electrochemical data, T-T* singlet and triplet energies, and the calculated repulsion 
integrals of some benzene derivatives 

ET Es - ER EoX E O X  - E R  J12 
Number Compound (eVa (ev). ( V b  (v>  ( v )  (eV) 

48 Benzene 3.65 4.71 2.80 2.18 4.98 1.33 
49 Fluoro- 3.66 4.67 2.69 2.40 5.09 1.43 
50 Chloro- 3.58 4.61 2.64 2.37 4.63 1.43 
51 Bromo- 3.50 4.55 2.35 2.28 4.63 1.13 
52 Trifluoromethyl- 3.62 4.69 2.54 2.68 5.22 1.60 
53 Cyano- 3.37 4.42 2.30 2.70 5 .OO 1.63 
54 m-Difluoro- 3.56 4.69 2.64 2.52 5.16 1.60 
55 p-Difluoro- 3.45 4.46 2.68 2.49 5.17 1.72 
56 o-Difluoro- 3.59 4.66 2.62 2.50 5.12 1.63 
57 1,2,4,5-Tetrafluoro- 3.49 4.54 2.40 2.51 4.91 1.42 
58 Pentafluoro- 3.31 4.46 2.35 2.78 5.13 1.82 
59 Hexafluoro- 3.22 4.28 2.11 2.86 4.97 1.75 
60 Hydroxy- 3.55 4.42 2.10 1.34 3.44 -0.11 
61 Amino- 3.32 1.66 1 .OO 2.66 -0.66 
62 Methyl- 3.57 4.71 2.80 1.98 4.78 1.21 

"Reference 30. 
bRcferences 31 and 15. The reduction potentials were measured in DMF us. SCE. 
CRefercnces 12 and IS. The oxidation potcntials were rncnsured in AN us. SCE. For compounds 52-59 Lox were calculated from Eol - 

0.6031P - 3.15. 
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FIG. 6. Plot of E,(T,T*) of aromatic hydrocarbons 
against the HMO coefficient energy difference (m,,,, - 
n'm). 

deviation could be inaccuracies in the reported 
triplet energies of benzene derivatives. Most 
benzene derivatives exhibit a structureless phos- 
phorescence spectrum (30b) from which the 
triplet energies were calculated from the intercept 
of the plot of emission intensity us. wavelength. 
In another report (32) the phosphorescence 
cmission maximum of fluorobenzene derivatives 
were found to be shifted about 3000 cnl-I to  the 
red of the 0-0 band. In addition, the nature of the 
triplet transition for benzene derivatives having 
strong electron donating substituents, might be 
different from those having strong electron with- 
drawing substituents (due to  charge transfer to  or 
from the a-ring). Thus both inaccurate measure- 
ment as well as possible variations in the nature 
of the triplet states of benzene derivatives could 
contribute to the absence of a correlation be- 
tween ET and electrochemical data. 

A final possible reason could be that most 
benzene derivatives exhibit irreversible reduction 
waves (31b) making the accuracy of El,," doubt- 
ful. Also, the oxidation potential of compounds 
52-59 were calculated froin the corresponding 
ionization potentials assuming that the solvation 
energy of the radical cation is constant. However, 
when the ionization potential is very large, an 
indication that the electrons are very strongly 
bound t o  the core in the gas phase, solvation of 

the ion can be very strong. AS a result the solva- 
tion energy is expected to  be larger for benzene 
derivatives with higher IP's. It should be men- 
tioned here that bigger aromatic hydrocarbons 
are not expected to  show such dependence since 
the solvation energy of large ions having well 
delocalized electrons could remain independent 
of IP  and EA. 

Rel~~rlsiot~ Integr~ils 
The numerical calculations of the electronic 

structures and spectra of polyatomic ~nolecules 
are very coinplicated and a dificult problem. 
Semi-empirical procedures are widely used t o  
calculate and understand the electronic states of 
molecules. A number of purely semi-empirical 
theories, in which various assumptions were 
made to  simplify computation, were reviewed by 
Jaffe (33). One of the questions raised by thesc 
semi-empirical theories concerns the repulsion 
integral, (#i~lgl lF. i#j) ,  where g is the repulsion 
operator. The coulo~nb repulsion integral given 
in terms of Hartree-Fock LCAO-MO wave 
functions, eq. 4, may be expanded in terms of 
atomic orbitals to  give the expression: 

Pariser-Parr and Pople introduced the zero 
differential overlap approximation (ZDO) (34). 
According t o  the ZDO inethod only the one- 
center and two-center coulomb repulsion integrals 
remain to be evaluated and then .Iij in terms of 
the MO's can be written as follows 

The coulomb integrals in terms of AO's may be 
evaluated by empirical or semi-empirical pro- 
cedures. The one-center repulsion integral y,,,. 

estimated semi-empirical by Pariser ( 3 9 ,  is given 
by 

t 191 r I,,, = IP,, - EA,, = 10.5 eV 

where IP,, and EA,, are the valence state ioniza- 
tion potential and electron affinity of the neutral 
carbon atom. This semi-empirical relation was 
recently justified by Freed (36). He also showed 
that the true two-center repulsion integrals r,,. 
are in semi-quantitative agreement with their 
empirical counterparts. 

Table 6 shows a comparison between the 
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TABLE 6. Comparison between the semi-empirically 
calculated coulomb repulsion integral and that 

estimated from electrochemical and spectroscopic data 

Jl2 

Compound MOa Calculated" 

Benzene 1.20 
Pyrene 1.30 
Anthracene 1.34 

OReferences 37 and  38 
bcalculated from [91. 

c o u l o m b  repulsion in tegral  predicted f r o m  
electrochemi~al/spectroscopic d a t a  a n d  t h a t  
evaluated using t h e  above  relationships (37) f o r  
benzene, pyrene, a n d  anthracene.  T h e  reasonable  
agreement~ver i f ies  t h e  validity of es t imat ing the 
c o u l o m b  repulsion integral f r o m  electrochemical 
a n d  spectroscopic data. 

In s u m m a r v :  the interrelations between elec- 
t rochemical  a n d  spectroscopic data measured in 
solut ion were developed a n d  utilized to es t imate  
the triplet  energies fo r  c o m p o u n d s  in  which th i s  
t ransi t ion is e i ther  inaccessible or unobservable  
b y  exper imental  spectroscopy. T h e  t rue  oxidat ion 
~ o t e n t i a l s  were calcula ted f o r  a n u m b e r  o f  aza- 
aromat ics .  A deviat ion in  t h e  re la t ionship  
between ET(a,n*) a n d  t h e  absolute  difference 
between oxidat ion a n d  reduct ion ~ o t e n t i a l  o f  
benzene derivatives was  a t t r ibuted to var ia t ion 
of the c o u l o m b  repulsion integral in this  series. 
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Geometry and rotational barriers in 1,3,5-triphenylpentadienyllithium by 
' H and ' 3C nuclear magnetic resonance1 
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D. H. HUNTER, R. E. KLINCK, R. P. STEINER, and J. B. STOTHERS. Can. J. Chem. 54, 1464 
(1976). 

Variable temperature studies of 'H and 13C spectra have been employed to establish the 
geometry of 1,3,5-triphenylpentadienyllithium in tetrahydrofuran solution. These data show 
that the anion exists in both W and S forms, which are of comparable energy, and intercon- 
version between the two S forms is more rapid than W $ S. This represents one of the few 
reported measurements of the barrier to rotation about an internal bond in a delocalized 
carbanion. 

D. H. HUNTER, R. E. KLINCK, R. P. STEINER et J. B. STOTHERS. Can. J. Chem. 54, 1464 (1976). 
On a utilisk des etudes a temperature variable des spectres rmn du 'H et du I3H pour etablir 

la gtometrie du triphknyl-1,3,5 pentadienyllithium en solution dans le tttrahydrofuranne. 
Ces donnees montrent que I'anion existe dans les deux formes W et S qui sont d'energie com- 
parable et I'interconversion entre les deux formes S est plus rapide que I'interconversion W e S. 
Ces donnees correspondent a une des quelques valeurs rapportees pour la barriere a la rotation 
autour d'un lien interne dans un carbanion di.localise. 

[Traduit par le journal] 

Introduction p h + & w p h  

A number of open-chain delocalized car- 
- - 

~ i +  ~ i +  
banions have been examined and characterized 
in solution by 'H nmr spectroscopy (for a 
review see ref. l), e.g.,  allyl, pentadienyl, *ph - Ph-Ph - 

heptatrienyl, and nonatetraenyl. These investi- ~ i +  ~ i +  
gations also included a variety of alkyl, vinyl, 
and aryl substituted derivatives. In several cases, SCHEME 1 

specific geometries have been assigned on the 
basis of proton-proton coupling constants and 
symmetry. Examples pertinent to the present 
study include pentadienyllithium (2), l-phenyl- 
allyllithium (3), 1,3-diphenylallyllithium (4), 
and 1,5-diphenylpentadienyllithium (5) whose 
proposed geometries are shown in Scheme 1. 
Each of these exists predominantly in the W 
form. Variable temperature 'H  nmr studies (6) 
have been made on some systems including 
those shown (except 1,5-diphenylpentadienyl- 
lithium). These spectra indicated that there are 
appreciable barriers to rotation around the 
terminal bonds (labelled a in Scheme 1) as well 
as around the bonds to the phenyl ring and the 

'Part 57 in the series 13C nmr studies; for part 56 see 
ref. 12. 

2Present address: Urbana College, Urbana, Ohio, 
43078, U.S.A. 

3Present address: Dept. of Chemistry, University of 
Utah, Salt Lake City, Utah, 841 12, U.S.A. 

magnitudes of these barriers o r  the coalescence 
temperatures have been determined. However, 
observation and measurement ofbarriers around 
inner bonds (labelled b in Scheme 1) have been 
much less frequent. 

Two geometries of 2-methylpentadienyl- 
lithium have been observed by proton nmr (2) 
and the rate of rotation around the 2,3-bond 
was estimated for the coalescence temperature 
( - 5  "C). A combination of 'H and 13C nmr 
spectroscopies has been used to  identify more 
than one geometry of some methyl substituted 
open-chain pentadienyl anions (1,6). Although 
it was possible to obtain evidence for the 
presence of minor amounts of S shapes along 
with the predominant W form in some cases, 
barriers could not be estimated. Proton nmr 
has revealed two geometries for 7-oxohepta- 
trienyl potassium due to restricted rotation 
around the 3,4-bond (7). 
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HUNTER ET AL. 1465 

There are very few cases for which quenching 
of the carbanion has been used to assist in the 
assignment of geometry. Nonetheless the prod- 
ucts from quenching some pentadienyl anions 
(5,6,8) indicated the presence of minor amounts 
of the S form along with the major W shape. 

As part of a study of the electrocyclization 
of aza-substituted pentadienyl anions, we had 
occasion to prepare and study 1,3,5-triphenyl- 
pentadienyllithium, 1. The application of vari- 
able temperature ' H  and 13C nmr as well as 
quenching experiments have allowed direct 
observations of both S and W shapes with the 
S form predominating. The barrier to rotation 
around the inner bond has been estimated and 
it has been shown that direct interconversion of 
S shapes is not only possible but extremely 
facile. 

Experimental 
Spectra 

Proton spectra were obtained with a Varian HA-100 
spectrometer using tetrahydrofuran-$ solutions of the 
anion (0.2 and 0.4 M) prepared in sealed tubes as described 
below. The same solutions were employed initially for I3C 
spectra using a Varian XL-100-15 system operating in 
the Fourier transform mode. The lower field solvent 
signal served as the 'H lock signal. For both 'H and I3C 
spectra the probe temperature was monitored before and 
after the collection of each spectrum with a thermo- 
couple placed in a sample tube containing toluene. The 
two concentrations were examined over the temperature 
range of +50 to -90 O C  initially at I0 OC intervals. These 
spectra revealed the approximate coalescence temperatures 
which were more precisely determined by examining 
spectra obtained at 2-3 "C intervals in the appropriate 
regions. These experiments were done twice for each 
solution. To obtain better I3C spectra, a comparable 
solution (0.4 M) was prepared in a 12 mm tube and two 
sets of data over the range +50 to -77 "C were obtained, 
initially at I0 "C intervals and then at 2 OC intervals near 
the coalescence temperatures. 

To aid the assignments for the 13C spectrum of the 
anion at ambient temperature some selective decoupling 
experiments were performed and a proton-coupled spec- 
trum was obtained with the usual gated-decoupling 
technique. 

Preparation of 1,3,5-Triphenylpentadieny!lirhium, 1 
The following is a typical procedure. Into an nmr tube 

attached to a one-necked reaction vessel was added 
308 mg (1.07 mmol) of I ,3,5-triphenyl-l,3-pentadiene (2), 
either trans,trans or as a mixture with rruns,cis (9). After 
evacuating the vessel and introducing an argon atmos- 
phere, 348 mg (2.5 mmol) of 2,2,6,6-tetramethylpiperidine 
(TMP) was added to the reaction bulb and degassed. 
To the TMP at -20 "C was added 1 ml (2 mmol) of 
n-butyllithium (2 M in hexane, Ventron). After warming 
to room temperature, the solvent and the excess TMP 
were removed at 0.03 torr. 

To the reaction bulb was added the appropriate volume 
of THF-d8 (dried with Na/K alloy) by bulb-to-bulb 
distillation at 0.03 torr. After the base solution was 
warmed to room temperature, the solution was tipped 
onto the pentadienes and the nmr tube sealed. 

Preparation of 1 ,5,5-Trideuterio-l,3,5-triphenyl-l.3-penta- 
dienes, 2-d3 

A 100 mg (0.3 mmol) sample of 1,3,5-triphenyl-trans, 
trans-l,3-pentadiene, 2, was sealed in a degassed, evacuated 
tube with 2 ml of 0.59 M potassium methoxide in rneth- 
anol-0-d (10). After heating at 100 "C for 2.5 days, the 
tube was opened and the contents poured into an excess 
of D,O. After extraction with ether, the dienes were 
purified by thi'ck layer chromatography using silica gel and 
10% ether-pentane. 

A proton nmr spectrum indicated a 3 :  1 mixture of 
trans,trans-2 and trans,cis-2, respectively. Signals due to 
the 1-  and 5-protons were not observed, indicating 390% 
exchange. 

Results and Discussion 
Solutions of 1,3,5-triphenylpentadienyl- 

lithium (1) in tetrahydrofuran-d8 were prepared 
by reacting 1,3,5-triphenyl-trans, trans-1,3-penta- 
diene (trans,trans-2) or a mixture of trans,trans-2 
and trans,cis-2 with lithium 2,2,6,6-tetramethyl- 
piperidide in THF-d8. Besides using ' H  and 13C 
nmr to characterize the deep blue solution of 1, 
the products of quenching with acetic acid were 
also identified. The reaction of 1 in THF at 
ambient temperature with acetic acid yielded a 
mixture of 46% of trans,trans-2 and 54% of 
trans,cis-2. Quenching with D,O yielded the 
same mixture which analyzed for 947&d1 and 
6%-do material. 

Proton Nuclear Magnetic Resonance Results 
Variable temperature proton spectra were 

obtained using two solutions of 1 in THF-d, 

trans, (runs 
~i + 

LiTM P 
- ....................................... 

2 - Ph-CH-CH-C-CH-CH-Ph 
THF-dK I 

trans. cis 
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TABLE 1. Spectral parameters for the A B  spectra 
observed for 1 

Temperature 
("'3 V A ( P P ~ )  V B ( P P ~ )  J ~ ~ ( H z )  

"Shielding determined by decoupling experiments 

(0.2 and 0.4 M) over the temperature range 
+50 to -90 "C. Precipitation because of 
decreased solubility and deterioration of the 
lock signal determined the lower temperature 
limit while concern over the stability o f  1 deter- 
mined the upper limit. Changes in the nmr 
spectra proved to be reversible and reproducible 
with no observable differences in behaviour of 
the 0.2 and 0.4 M solutions. 

The ambient temperature ( + 32 "C) spectrum 
was characterized by a complex multiplet in the 
6.1-7.1 pprn region assigned to  the aromatic 
protons. The four protons on the pentadienyl 
chain appeared as an AB system with 6, near 
5.3 pprn and 6, near 6.6 pprn amid the aryl 
proton absorption. The latter assignment (see 
Table 1) was established by proton-proton de- 
coupling experiments. 

The signals near 5.3 pprn were assigned to  
the protons on carbon-1 and -5 of the penta- 
dienyl chain on the basis of the hydrogen- 
deuterium exchange experiment. A sample of 
trans,trans-2 was treated with KOCH3-DOCH, 
which resulted in 1,5,5-trideuterio-2 as a mix- 
ture of geometrical isomers. Reaction of this 
material with LiTMP gave 1,5-dideuterio-1 
whose proton nmr spectrum showed the ab- 
sence of signals near 5.3 pprn and the collapse 
of the doublet near 6.6 pprn to a singlet. 

Upon lowering the temperature, the spectrum 
of 1 changed markedly and the variations in the 
region near 5.3 pprn proved to be of greatest 
diagnostic value. The doublet observed a t  
+ 32 "C gradually broadened and collapsed into 
a single broad band (T ,  - 15") and then re- 
appeared in the range -40 to  -60 "C as two 
doublets centered a t  4.9 and 5.5 pprn (Fig. 1). 
Both the integrated intensities and the peak 
positions were consistent with relative popula- 
tions of 1 :2.1 favoring the lower field signal. 
These doublets were analyzed as the high field 
halves of two AB spectra and this assignment 

was corroborated by decoupling experiments to 
locate the low field halves (Table 1). On further 
cooling the less intense doublet near 4.9 pprn 
was essentially unaffected while that near 5.5 
pprn appeared to collapse into a single broad 
band near -80 "C. Unfortunately, spectra 
could not be obtained below -90 "C and thus 
the slow exchange limit for this second rate 
process could not be observed. 

If planar or near-planar conformations are 
assumed for the pentadienyl chain in 1, there 
are three forms available: W, S, and U. If the 
phenyl rings are placed on these chains to 
minimize nonbonded interactions then the 
geometries shown (Scheme 3) should be the 
most stable. The U form is expected to be the 
least likely of the three as has been verified for 
the unsubstituted pentadienyllithium (2,6). Thus 
the W and S forms areconsidered to be the major 
contributors on the basis of nonbonded inter- 
actions although in this specific case nmr does 
not allow a distinction between U and W. 

The signals in the 5.0-5.5 pprn region arise 
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HUNTER ET AL. 

FIG. 1 .  The effect of temperature on the signals arising from protons at positions I and 5 in 1. 
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//fast fast \\ ' -I5 

bph - 
faster 

Ph -80°C 
S P~*P~ S' 

FIG. 2. Mechanistic scheme consistent with the vari- 
able temperature ' H  and 13C nmr results. 

from the protons at the 1 -  and 5-positions on 
the pentadienyl chain. In the three shapes con- 
sidered, these protons have a trans-vicinal 
neighbor which is consistent with the observed 
15.0 Hz coupling constants (1,l l) .  The low 
temperature nmr results show that (i) there is 
more than one environment available for these 
protons, (ii) there is interchange between these 
environments and (iii) these environments are 
not equally probable (i.e., the 2.1: 1 ratio at 
60 "C). Thus, there is dynamic interconversion 
between two or more forms in solution. Inter- 
converting S shapes would exhibit equally in- 
tense doublets at - 60 "C. Since these are in 
a ratio of 2.1 : 1 it is concluded that the W and 
S forms are present in unequal amounts. 

The observation of a single doublet in the 
5.0-5.5 pprn region for the S form could arise 
in two ways: a coincidence of signals or a 
rapid interconversion of S forms but not via 
the W form. The latter explanation is favored 
since lowering the temperature from -60 to 
- 80 "C results in coalescence of the more in- 
tense doublet at 5.5 ppm. This observation is 
permissive evidence that the ratio of S : W forms 
is 2.1 : 1. The overall scheme (Fig. 2) that 
emerges has the W S interconversion charac- 
terized by coalescence at a higher temperature 
( -  15 "C) than the S + S' interconversion 
(T,  - -80 "C), indicating the existence of a 
low energy direct interconversion of S forms. 

Carbon Nuclear Magnetic Resonance Results 
In an attempt to obtain independent evidence 

bearing on the shape of 1 in solution, variable 
temperature I3C spectra were examined using 
0.2 and 0.4 M samples of 1 in THF-d,. The 
signal assignments for the ambient temperature 

FIG. 3. 13C shieldings and  one-bond coupling con- 
stants, J,,, (Hz, in parentheses) observed for 1 at 32 "C. 
The shieldings are given in pprn relative to TMS assuming 
that the THF-d8 shieldings are 25.3 and 67.4 ppm. 

spectrum (Fig. 3) were made on the basis of the 
proton-coupled spectrum and selective de- 
coupling experiments. Again, variable tempera- 
ture studies over the range $50 to -80 "C 
revealed a number of characteristic changes in 
the spectra which were reversible and repro- 
ducible. The region that proved to be of greatest 
diagnostic value contained the signals near 
100 pprn assigned to carbons 1, 3, and 5 of the 
pentadienyl chain. The overlap of the signals 
due to carbons 2,3,4,5, and 6 of the phenyl rings 
and carbons 2 and 4 of the pentadienyl chain 
was sufficient to discourage analysis of their 
temperature dependent behaviour. The signals 
of carbon-I of the phenyl rings were sufficiently 
separate from the remainder of the aromatic 
carbons but the terminal phenyl signals were 
only slightly separated at low temperature. 
The central phenyl was more useful and pro- 
vided results consistent with carbons 1, 3, and 5 
of the pentadienyl chain. 

As illustrated in Fig. 4, above ambient 
temperature at the fast-exchange limit, two 
signals appeared in the ratio 2 : l  readily 
assigned to C-1, C-5 (101.3 ppm), and C-3 
(102.8 ppm). As the temperature was lowered, 
these signals broadened and collapsed into a 
broad band at -9 "C to reemerge as four 
peaks near -40 "C. Upon further cooling to 
-70 "C, the signal at 103.8 pprn disappeared 
while the other three remained. As indicated in 
Fig. 4, the peaks at 106.3 and 101.3 pprn can 
be associated with the C-3 signal at 102.8 pprn 
in the spectrum at +51 "C and the signals at 
103.8 and 94.9 pprn to the high temperature 
C-1,C-5 signal at 101.3 ppm. 

As deduced from the proton results, the car- 
bon spectra are consistent with the presence 
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HUNTER ET AL. 

FIG. 4. The effect of temperature on the "C signals for C-I, -5, and -3 in 1. The shieldings (ppm 
from TMS) are given for +32 and +51 "C. Only the signal near 106.3 ppm showed an appreciable 
temperature dependence. 
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of two interconverting forms, presumably the 
W and S. Although the exact position of the 
signal near 106.3 ppm is temperature sensitive, 
the ratio of the W and S shapescan be estimated 
from the ratio of the change in signal positions 
due to coalescence. This corresponds to a ratio 
of 2.4:l in reasonable agreement with the 
2.1 : 1 ratio obtained from the proton spectrum. 
Thus the signals at  106.3 ppm (carbon-3) and 
94.9 ppm (carbons-1 and -5) arise from the 
minor form and the signals at  103.8 ppm 
(carbons-1 and -5) and 101.3 ppm (carbon-3) 
from the maior form. 

The absorptions attributed to the major form 
should represent the average values for S $ S' 
if the interpretation of the proton spectra is 
valid. Slowing the S e S' interconversion (Fig. 
2) could result in collapse of the C-1, C-5 sig- 
nal but that for C-3 should remain unaffected. 
This feature is unique to the S form and is 
corroborated by the change noted at -70 "C. 
Thus both the 13C and ' H  nmr results are 
consistent with the scheme illustrated in Fig. 2. 

Mechanism of'the Geometrical Interconversion 
The nmr observations can be interpreted in 

terms of a mechanism involving rotations in 
the delocalized anion itself. In this picture, the 
lower AG* for S e S' than for S $ W cor- 
responds to a lower barrier for bond rotation 
process 'b' than process 'a' (see Scheme 3). The 
1,3-hydrogen, phenyl interactions involving the 
central aryl ring in the S form can be relieved 
by process 'b' while process 'a' seems to lack a 
similar driving force.- he precise route followed 
for the S * S' interconversion is not clear 
except that a planar U form seems to be an 
unlikely intermediate. While nmr shows the 
presence of both the W and S shapes, the 
absence of a third geometry suggests that the 
U shape is the highest energy species available. 
Nonetheless the S $ S' interconversion probably 
proceeds through a twisted U-shape. An ex- 
amination" of the anticipated transition states 
for S $ W interconversion and S $ U inter- 
conversion also suggests that the latter (trans, 
trans-l,3-diphenylallyl like) may well be lower 
in energy than the former (trans,cis-1,3-di- 
phenylallyl like). 

The foregoing argument has neglected any 

4The authors wish to thank R. B. Bates for this sug- 
gestion. 

influence of the cation whose possible perturba- 
tions are difficult to assess. We have no direct 
evidence to show whether 1 exists as an ion-pair 
or a dissociated ion except that the nmr be- 
haviour is the same for both concentrations 
examined. 

The combination of 'H  and I3C coalescence 
phenomena allow an estimation of activation 
parameters for the S e W interconversion 
although T, is difficult to gauge for the carbon 
signals. From the carbon T, of -5  "C and the 
proton T, of - 15 "C, A P  = 13 kcal/mol and 
at both temperatures AG' = 12 kcal/mol. Cer- 
tainly, within experimental error, AS' = 0. 

Integrated intensities and observed line posi- 
tions gave a ratio of 2.1-2.4 for the relative 
amounts of S and W forms, respectively. After 
correcting for the twofold degeneracy of the S 
form, it appears that the S and W forms must 
have nearly identical AHrormation values. A com- 
parison of the interactions in the two forms 
seems to suggest that the central phenyl ring 
must be twisted out of the plane to minimize 
its 1,3-non-bonded interactions in the W form. 

Summary 
The combination of variable temperature 'H 

and 13C spectra has shown that (i) 1 exists in 
both W and S forms, (ii) the W and S forms 
have comparable energy, (iii) the S $ S' inter- 
conversion is more rapid than S * W and (iv) 
these rotational processes in the delocalized 
anion account entirely for the observed results. 
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The conversion of phthalideisoquinolines into spirobenzylisoq~~inolines 
and rhoeadine precursors 
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HERBERT L. HOLLAND, MICHAEL CURCUMELLI-RODOSTAMO, and DAVID B. MACLEAN. 
Can. J .  Chem. 54, 1472 (1976). 

Treatment of hydrastine with p-nitrophenylchloroformate in the presence of diethyliso- 
propylamine resulted in opening of the isoquinoline ring with the formation of an ene-lactone 
carbamate. The latter compound rearranged upon treatment with methanolic sodium methoxide 
t o  an indan-1,3-dione carbamate which gave, on basic hydrolysis, the corresponding amine. 
This was ring closed to a spirobenzylisoquinoline. In addition, acid-catalysed dehydration of 
the amino indandione led to the formation of two isomeric benzazepines, synthetic precursors 
of the rhoeadine alkaloids. The predominately formed isomer has a substitution pattern 
identical with that of the rhoeadines. 

HERBERT L. HOLLAND, MICHAEL CURCUMELLI-RODOSTAMO et DAVID B. MACLEAN. Can. 
J .  Chem. 54, 1472 (1976). 

La reaction de l'hydrastine avec le chloroformate dep-nitrophenyle en presence de diethyliso- 
propylamine conduit a I'ouverture du cycle isoquinoleine et a la formation d'un carbamate de 
he-lactone.  Ce dernier compose se rearrange par traitement avec du methylate de sodium 
en milieu methanolique pour fournir un carbamate d'indandione-1,3 qui par hydrolyse basique 
conduit a I'amine correspondante. Cette amine peut &tre cyclisee en spirobenzylisoquinoleine. 
De plus la deshydratation acido catalyse de l'amino-indandione conduit a la formation de deux 
benzazepines isomeres qui sont des precurseurs de synthese des alkaloi'des rhoeadines. L'iso- 
mere forme d'une faqon predominante a un patron de substitution identique a celui des 
rhoeadines. 

[Traduit par le journal] 

The functionality inherent in the phthalide- 
isoquinolines, 1, and their availability in nature 
and by synthesis (see refs. 2-4 and for a recent 
review, ref. I ) ,  makes them useful starting 
materials for the synthesis of other isoquinoline 
alkaloids. The facile conversion of narcotine, 
la, into narceine 2 (5) by treatment of narcotine 
methiodide with aqueous base demonstrates the 
ease with which the C-I-N bond may be cleaved 
when the heteroatom is quaternized. Reactions 
of this type may be used to functionalize both 
C-1 and C-1' of the phthalideisoquinoline 
system. The formation of an ene-lactone, as 
shown in Scheme 1, through the treatment of 

Y H 3  

(Absolute stereochemistry is not necessarily implied) 

a phthalideisoquinoline with acyl halides is one 
such example. This approach has been used 
in the conversion of a phthalideisoquinoline to 
a rhoeadine alkaloid. The ene-lactone derived 
from the reaction of bicuculline, l b ,  with 
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phenyl chloroformate was converted in a series 
of steps into the alkaloid rhoeadine 3 (6). 

Ene-lactones such as that shown in Scheme 1 
may be readily rearranged by treatment with 
methanolic methoxide to the corresponding 
indan-1,3-diones, as shown in Scheme 2 (7). 

This approach has been used in a successful 
synthesis of the spirobenzylisoquinoline alkaloid 
ochrobirine, 4 (7). The ene-lactone derived 
from a phthalideisoquinoline already possesses 
the aminoethyl side chain necessary for the 
elaboration of ring B of the spirobenzyliso- 
quinoline system, and corresponding indanones 
have been successfully cyclised to spirobenzyl- 
isoquinolines (8) (Scheme 3). The precursor 
shown in Scheme 3 has also been converted 
into the rhoeadine system by condensation of 
the indanone carbonyl at nitrogen, forming a 
benzazepine system, followed by oxidative 
transformations of ring C (9). 

The indanones from which the spirobenzyl- 
isoquinoline (7) and rhoeadine (8) alkaloids 
were obtained were produced by de noco syn- 
thesis. We now report that analogous indan- 
diones may be obtained from phthalideiso- 
quinolines in high yield. The key step is the 
base catalysed rearrangement of the enelactone 
derived from a phthalide to give an indan-1,3- 
dione. The latter was then converted both to 
the spirobenzylisoquinoline and to  the benzaze- 
pine systems in high yield. The overall sequence 
is shown in Scheme 4. 

Treatment of 8-hydrastine, 5, with a variety 
of acyl chlorides led to the formation of the 
ene-lactone system. The choice of an  N-pro- 

tecting group was dictated by the following 
considerations; firstly, it should be stable to  the 
basic conditions employed in the benzylide- 
nephthalide --, indanedione rearrangement, and 
secondly, it should be easily removable under 
conditions which would not affect the product 8. 
The p-nitrophenylcarbamyl group was found to 
fulfill these requirements, and treatment of 
,!I-hydrastine with p-nitrophenylchloroformate 
in the presence of a base produced the ene- 
lactone 6 in 88% yield. Treatment of 6 with 
methanolic sodium methoxide resulted in nearly 
quantitative conversion to the indanedione 7. 
Spectral analysis of both 6 and 7 confirmed the 
structures shown in Scheme 4. Compound 6 
showed infrared absorption (v,,, 1770 cm-') 
characteristic of a five-membered lactone sys- 
tem, and 7 had infrared absorption at 1710 and 
1740 cm-' attributable to  the indan-1,3-dione 
carbonyl groups. An interesting feature of the 
pmr spectrum of 7 is a duality of many of the 
major peaks attributable to  restricted rotation 
about the amide linkage; such an effect was not 
observed in 6. 

Removal of the protecting group by basic 
hydrolysis gave the amine 8 in high yield. 
Compound 8 was obtained as red crystals which 
were insoluble in most organic solvents and 
which did not show the presence of the distinctive 
indan-1,3-dione carbonyl absorption in the 
infrared spectrum. This was attributed to the 
crystallisation of 8 in the zwitterionic form, 12. 
The dipolar character of 8 was confirmed by 
spectral data (see Experimental). However the 
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hydrochloride obtained from 8 exhibited both spectral properties entirely analogous with 
pmr and ir (v,,, 1705, 1740 cm-') spectral data spirobenzylisoquinolines of known structure 
consistent with the structure shown in Scheme 4. (7, 8). In particular, the pmr spectrum of 9 

As anticipated, 8 was readily transformed to was characteristic of a spirobenzylisoquinoline 
the spirobenzylisoquinoline 9 by bromination (2, 7, 8). The resonances at 6 5.95 and 6.62 
at C-2' followed by treatment of the bromide were assigned to the C-8 and C-5 hydrogens, 
with triethylamine (8). Compound 9 exhibited respectively, by comparison with the spectra of 
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analogous alkaloids (2, 7). The overall yield 
from phthalideisoquinoline to spirobenzyliso- 
quinoline was 75%. 

Treatment of 8 with p-toluenesulfonic acid 
in boiling toluene resulted in the formation of 
the enamino ketones 10 and 11 in unequal 
amounts. The skeletal structures of 10 and 11 
were confirmed by analysis of data presented 
in the Experimental section. Their pmr spectra 
are both very similar to that reported for the 
analogous tetramethoxy enamino ketone (9). 
The observation of a single carbonyl stretch in 
the infrared spectrum of both 10 and 11, and 
mass spectral data for both compounds, 
strengthen the structural assignments. The iso- 
mers 10 and 11 were differentiated through 
nuclear Overhauser experiments. Irradiation at  
the N-methyl frequency (6 3.34) of 10 produced 
a 23% enhancement of the lower field portion 
of the AB quartet (6 6.63 and 7.0). The signals 
at  6 7.0 are therefore assignable to the C-8 
hydrogen. Similar irradiation of 11 at 6 3.14 
caused no appreciable signal enhancement in 
the aromatic region of the spectrum. 

The signals caused by the isolated aromatic 
hydrogens at C-1 and C-4 of 10 and 11 were 
assigned by double irradiation experiments. In 
both cases, the higher field singlet (6 6.46 in 10 
and 6.52 in 11) was broader than that at  lower 
field, and sharpened considerably on irradiation 
at  the C-5 hydrogens (6 2.90 in 10 and 2.96 in 
11). The aromatic singlets at  higher field are 
therefore assigned to the C-4 hydrogens, and 
the broadening to long range coupling with the 
C-5 hydrogens. 

OCHj 
12 

We therefore conclude that the structures 'of 
10 and 11 are as shown. The~redominan t  isomer 
10 has a n  oxygenation pattern corresponding 
to that of the natural rhoeadines and analogues 
of 10 have been converted into rhoeadine alka- 
loids (9). Accordingly, the reactions of Scheme 4 
constitute a formal conversion of a phthalide- 
isoquinoline into a rhoeadine alkaloid, pro- 

viding an alternative to the published procedure 
(6). The concurrent formation of 10 and 11 
provides a convenient route both to natural 
rhoeadine alkaloids and to  analogues oxy- 
genated at  C-8 and C-9. 

The application of the reactions of Scheme 4 
to  phthalideisoquinolines should prove to be 
general. It is therefore anticipated that this 
sequence of reactions will be of general utility 
in the synthesis of both the spirobenzyliso- 
quinoline and rhoeadine alkaloid types. 

Experimental 
Apparatus. Materials, and Methods 

Melting points were determined on a Kofler block and 
are uncorrected. Infrared spectra were recorded with KBr 
pellets on a Beckman IR 5 spectrophotometer. The pmr 
spectra were obtained at 100 MHz on a Varian HA 100 
instrument, using deuteriochIoroform as solvent and 
tetramethylsilane as internal standard. Chemical shifts are 
reported in ppm (6) from TMS, the symbols, s (singlet), 
d (doublet), t (triplet), and m (multiplet) being used in 
reporting the spectra. Mass spectra were routinely run on 
all samples using a C.E.C. 21-1108 instrument. Merck 
silica gel F-254 was used for tlc. 

Microanalyses were performed by Gygli Microana- 
lytical Laboratory, Toronto. 

p-Ni/rophenyl[2-[(6'.7'-dime/hoxph/halidylidene)me/hy/]- 
4.5-(methylenediosy)phene/hy[lmethylcarbutue, 6 

p-Nitrophenylchloroformate (10.0 g) was added to a 
stirred solution of p-hydrastine, 5 (8.7 g), and diisopro- 
pylethylamine (3.3 g) in benzene (200 ml) and the mixture 
stirred at room temperature for 20 h. The solvent was 
removed under reduced pressure and diisopropylethyl- 
amine (5.3 g) and dimcthyl sulfoxide (33 ml) were added 
to the residue. The resulting solution was heated on a 
steam bath for 5 h, cooled, poured onto ice water, and 
extracted with chloroform. The extract was dried and 
evaporated to give a residue, which on crystallization 
from acetonitrile, afforded 6 (1 1.0 g, 88%), mp 205-207 "C. 
The analytical sample was recrystallized from the same 
solvent, mp 206-208 "C. Infrared v,,, 1720, 1770 cm- ' :  
pmr 6 2.8-3.6 (m, 4H, C-1'' and C - 2  H's), 2.92 (s, 3H, 
NCH,), 3.79 (s, 3H, OCH,), 4.03 (s, 3H, OCH,), 5.87 
(s, 2H, OCH,O). 6.66 and 6.70 (s, each lH ,  aromatic 
and benzylidene H's), 7.07, 7.43 (ABq, 2H, J = 8.5 Hz, 
C-4' and C-5' H's), 7.24, 8.17 (ABq, 4H, J = 9.0 Hz, 
p-nitrophenyl H's), 7.74 (s, I H, aromatic H);  ms (m/e, Yo), 
548(55), 518(23), 410(100). Anal. calcd. for C,,H,,N,O,,: 
C 61.31, H 4.41, N 5.1 1; found: C 61.42, H 4.29, N 5.01. 

p-Nirrophenyl[2- (4',5'-dime/hoxj-l',3'-dio,vo-2'-indany/)- 
4.5-(me~hylenedioxy)phene~hy~muthplcarhnmate, 7 

A methanolic solution of sodium methoxide ( I  M. 
20 ml) was added to a stirred suspension of 6 (10 g) in 
methanol (500 ml) under nitrogen, and the resulting red 
solution refluxed for4  h. The solution was then evaporated 
and ice water added to the residue. The aqueous solution 
was washed with ether, acidified, and then extracted with 
chloroform. The extract was washed, dried, and evaporated 



1476 CAN. J .  CHEM.  VOL. 54. 1976 

and the residue crystallized from methanol. Recrystal- 
lization from chloroform-methanol afforded the title 
compound (9.5 g, 95%), mp 1 8 9  191 "C. lnfrared v,,, 
1710, 1725, 1740 cm-'; pmr 6 2.88 (m, 2H, C-2" H's), 
2.98, 3.02 (each s, total 3H, NCH,), 3.56 (m, 2H, C-I" 
H's), 3.96 (s, 3H, OCH,), 4.02 (s, 3H, OCH,), 4.38, 4.56 
(each s, total IH, C-2' H), 5.83 (s, 2H, OCH,O), 6.24 
6.26 (each s, total IH, aromatic H), 6.71, 6.77 (each s, 
total lH ,  aromatic H), 7.19, 7.72, and 7.21, 7.76 (each 
ABq, total 2H, J = 8 Hz, C-6' and C-7' H's), 7.29, 7.35 
and 8.12, 8.19 (each ABq, total 4H, J = 9 Hz, p-nitro- 
phenyl H's); ms (mle, %), 548(10), 4 lO(100). Anal. calcd. 
for C2,H2,N20,,: C 61.31, H 4.41, N 5.11; found: C 
61.15, H 4.61, N 5.19. 

2-[2'- (T-Merhylaminoelhy1)-4',5'-merhylenedio,~y]-4.5 .di- 
melhoxyindan-l,3-dione, 8 ,  12 

A solution of 7 (1 g) in aqueous sodium hydroxide 
(I M, 25 ml) and dimethyl sulfoxide (25 ml) was heated 
on a steam bath for 3 h. Water was then added and the 
solution acidified (HCI) and washed with ether. Ammonia 
was added to the aqueous solution until p H  8 was reached. 
and the solution then extracted with chloroform. The 
extract was washed with a saturated solution of NaCl 
and the washings back-extracted with chloroform. The 
combined extract was dried and evaporated to yield a 
residue which was crystallized from ethanol to yield 
0.68 g (98%) of red crystals of the zwitterion 12, mp 
229-230 "C. lnfrared v,,, 1420-1600 (br), 2400-3200 
(br); pmr (DMSO-d,, D20)  6 2.70 (t, 2H, C-I" H), 3.20 
(t, 2H, C - 2  H), 3.38 (s, 3H, NCH,), 3.72 (s, 3H, OCH,), 
3.80 (s, 3H, OCH,), 5.90 (s, 2H, 0 C H 2 0 ) ,  6.62 (s, IH, 
aromatic H), 6.70, 6.82 (ABq, 2H, J = 8 Hz, C-6 and 
C-7 H's), 6.82 (s, IH, aromatic H) ;  ms (mle, %) 383(1), 
38 1 (2), 365(100), 350(18), 340(15). Anal. calcd. for 
C2,H2,N06:  C 65.79, H 5.52, N 3.65: found: C 65.91, 
H 5.72, N 3.49. 

Hydrochloride 
Dry HCI was passed through a suspension of 12 

(40 mg) in chloroform (0.5 ml) until solution was complete. 
The hydrochloride separated on standing at room 
temperature, mp 168-170 'C. lnfrared v,,, CHCI,, 1705, 
1740 cm-I; pmr 6 2.66 (m, 2H, C-I" H), 3.20 (m, 5H, 
C - 2  H and NCH,), 3.94 (s, 3H, OCH,), 4.00 (s, 3H, 
OCH,), 4.88 (s, 1 H, C-2 H), 5.80 (s, 2H, OCH,O), 6.12 
(s, 1 H, aromatic H), 6.70 (s, 1 H, aromatic H), 7.28, 7.68 
(ABq, ?H, J = 8 Hz, C-6 and C-7 H's), 9.0-9.4 (br s, 
2H, -NH2): Anal. calcd. for C2,HZ2N0,CI: C 60.07, H 

I 
5.28, ~ ' 3 . 3 4 ,  CI 8.44; found: C 59.93, H 5.49, N 3.38, 
C1 8.55. 

6,7-Me~hy1enedioxy-1,2.3.4-1errahydr0ii~0y~in01ine-1-.~piro- 
2'-(4',5'-dimelhoxyindan-1',3'-dione) . 9 

A solution of bromine (0.45 g) in acetic acid (5 ml) was 
added to a stirred solution of 12 (1 g) in acetic acid (25 mi) 
under nitrogen. The solution was immediately evaporated 
under reduced pressure at room temperature and the oily 
residue dissolved in chloroform (20 ml). Triethylamine 
(2 ml) was then added, and the solution evaporated. 
Crystallization of the residue from ether yielded 0.84 g of 
9, rnp 149-151 'C. Concentration of the mother liquors 
yielded a further 0.1 g, mp 147- 150 "C. Recrystallization 

of the combined material from ether gave 0.9 g (91%) of 
9, mp 150-152 'C. lnfrared v,,, 1705, 1740 cm-I ; pmr 
6 2.36 (s, 3H, NCH,), 2.8-3.4 (m, 4H, C-3 and C-4 H's), 
4.01 (s, 3H, OCH,), 4.06 (s, 3H, OCH,), 5.79 (s. 2H, 
0 C H 2 0 ) ,  5.95 (s, IH, C-8H), 6.62 (s, IH, C-5H), 7.38, 
7.80 (ABq, 2H, C-6' and C-7' H's); ms (m/e, %), 381(100), 
366(31), 352(40), 338(19), 324(54). Anal. calcd. for 
C2,HI,NO,: C 66.13, H 5.02, N 3.67: found: C 66.21, H 
5.16, N 3.54. 

6,7- Dihydro-/0,1I-dime~ho.~y-2,3-me~h~vlenedio,~~~-7-merh- 
ylbenr[d]indeno[l,2-blazepin-12(5H)-one. lO,and6,7- 
dil1ydro-b,Y-dimetho,~~~-2,3-merl1ylenedioxy- 7-melhyl- 
benz[d,'indet70[1.2-b]azepin- 12(5 H)-one, I 1  

p-Toluenesulfonic acid (350 mg) was added to a solution 
of 12 (1.0 g) in toluene (200 ml) and the mixture refluxed 
under a Dean-Stark trap for 4 h. The solution was cooled, 
washed with saturated sodium bicarbonate, and then 
dried and the solvent evaporated. Crystallization of the 
residue from anhydrous ether gave purple crystals of LO 
contaminated with a small amount of 11. Recrystallization 
from ether gave pure 10 (0.32 g, 34%), rnp 188-189 "C. 
lnfrared v,,, 1650 cm-I; pmr 6 2.90 (m, 2H, C-5 H's), 
3.34(s, 3H, NCH,), 3.68(m, 2H, C-6 H's), 3.81 (s, 3H, 
OCH,), 3.98 (s, 3H, OCH,), 5.84 (s, 2H, 0CH20) ,  6.46 
(s, lH, C-4 H), 6.63, 7.0 (ABq, 2H, J = 8 Hz, C-9 and 
C-8 H's respectively), 7.56 (s, IH, C-1 H): ms (mle, %), 
365(100), 350(11), 336(4), 335(2). Anal. calcd. for 
C2,H,,NO,: C 69.03, H 5.24, N 3.83; found: C 69.18, 
H 5.34, N 3.71. 

The mother liquors from the crystallization of 10 were 
evaporated and the residue chromatographed on silica gel. 
Stepwise gradient elution from chloroform to 10% 
dioxan in chloroform gave 11 (0.12 g from ether, 1470)~ 
followed by 10 (0.28 g from ether, total 0.60 g, 63%). 
Compound I1 had the following properties: mp 
185-187 'C; ir v,,, 1660 cm-': pmr 6 2.96 (m, 2H, C-5 
H's), 3.14 (s, 3H, NCH,), 3.74 (m, 2H, C-6 H's). 3.79 
(s, 3H, OCH,), 3.88 (s, 3H, OCH,), 5.87 (s, 2H. OCH,O), 
6.52(s, I H , C 4 H ) , 6 . 7 2 , 7 . 2 4 ( A B q , 2 H , J =  8 Hz,C-10 
and C-1 l H's), 7.71 (s, lH, C-1 H); ms (mle, TO), 365(100), 
350(5), 336(3), 33544). Atlal. calcd. for C,,H,,NO,: C 
69.03, H 5.24, N 3.83; found: C 69.32, H 5.48, N 3.78. 
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TIMOTHY R. B. JONES, JACK M. MILLER, J. LOWELL PETERSON, and DEVON W. MEEK. Can. 
J. Chem. 54, 1478 (1976). 

A comprehensive low-resolution study of the mass spectra of the compounds C6F,M(CH,),, 
where M = N, P, As, is described, fragmentation pathways being assigned with the aid of normal 
metastable ions and mass analyzed ion kinetic energy spectra (mikes). A comparison of these 
spectra has re-affirmed the absence of halogen transfer processes for atoms such as N which 
are incapable of providing the necessary vacant orbitals apparently prerequisite in the mechan- 
isms. The influence of increased coordination to phosphorus and effects on halogen transfer 
processes are discussed with respect to the mass spectra of the compounds C,F,PX(CH,),, 
X = 0 ,  S, Se and the gold adducts C,F,P(CH,),.AuX, X = CI, Br, I. 

TIMOTHY R. B. JONES, JACK M. MILLER, J .  LOWELL PETERSON et DEVON W. MEEK. Can. 
J. Chem. 54, 1478 (1976). 

On decrit une etude complete, a basse resolution, des spectres de masse des composes 
C,F,M(CH,),, oh M = N, P, As; on attribue les modes de decomposition a I'aide des ions 
metastables normaux et des spectres d'energie cinetique des ions analyses par masse (mikes). 
Une comparaison de ces spectres a permis de conclure a I'absence de processus de transfert 
d'halogene pour des atomes tels que l'azote qui sont incapables de fournir les orbitales vacantes 
necessaires et qui sont apparemment prerequises dans les mecanismes. On discute aussi de 
l'influence de l'augmentation de coordination au phosphore et des effets sur les processus de 
transfert d'halogenes sur les spectres de masse des composes C,F,PX(CH,),, X = 0 ,  S, Se et 
des adduits de l'or C,F,P(CH,),.AuX, X = C1, Br, I. 

[Traduit par le journal] 

Introduction 
In recent publications, we have regarded the 

presence of available, empty orbitals on the 
Group IV (1-3), V (4-6), and VI (7) heteroatoms 
of perfluoroaromatic derivatives as a necessity 
for the operation of halogen transfer processes 
in the electron impact mass spectra of such 
compounds. We have now investigated the mass 
spectra of N,N-dimethylpentafluoroaniline, di- 
methylpentafluorophenyl phosphine, and di- 
methylpentafluorophenyl arsine using both 
normal metastable analysis and modified mikes 
(8) to achieve elucidation of the relevant frag- 
mentation pathways. 

Possible suppression of the halogen transfer 

'For Part IX, see ref. 7b. 
l T o  whom correspondence should be addressed. 

phenomenon was investigated in the mass 
spectra of pentafluorophenyl phosphine oxide, 
sulfide, and selenide as well as the phosphine 
adducts C6F5P(CH3),.AuX (X = C1, Br, I). 

A large number of mass spectral studies of 
organic derivatives of Group V have been 
reported in the last decade, especial] y compounds 
of nitrogen and phosphorus. Fluoroaromatic 
derivatives have been limited to (3-FC,H,),P 
and (4-FC,H4),P, (C6F5)3M? (C6F5)2(C6H5)M? 
and (C,F5)(C6H5),M (6) (M = P, As, Sb) all of 
which are quite symmetrically substituted. A 
number of trends have been noted with respect 
to ion abundances. It is quite apparent that the 
M-C bond strength in both alkyl and aryl 
substituted compounds is weakened as one 
moves down the series, i . e . ,  N > P > As > 
Sb > Bi. This trend also reflects the tendency 
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TABLE 1. Partial mass spectra of CbF5M(CH3), (M = N ,  P, As) 
-- 

M M 
-- 

Ion N P As Ion N P As 

I . o  
0 . 3  
1 . 6  
0 . 4  
1 . 1  
1 .9  
0 .  I 
0 . 2  
0 . 3  

- 0 . 3  
1 .o  
1.1 
0 . 4  

- 0 . 2  
0 . 9  
1 .3  
0 . 5  
- 

- 

1.1 
1 .4  
- 

- 
Masked 
by PF2 

for multiple bonding to carbon which is so 
evident in the spectra of amines and much less 
common for the other Group V atoms. 

Recently, Henrick et al. (9) reported their 
observations concerning the mass spectra of a 
number of organic derivatives o f - ~ r o u ~  V, 
including the series C6H,E(CH3),  (E = N ,  P, 
As, Sb). The above general trends were noted 
as well as some interesting details particular to 
each E atom, which we will discuss further in 
our comparisons. 

Experimental 
N,N-dimethylpentafluoroaniline was prepared by the 

method of Allen et a/. (10). Its purity was confirmed by 
gc/ms analysis before use. All other compounds in this 
study were prepared according to procedures previously 
p ~ b l i s h e d . ~  

3The other compounds used in this study were pre- 
pared according to  procedures adapted from those of 
similar compounds. For example, C6F5P(CH3)2 and 
C6F5As(CH3), were prepared from (pentafluoropheny1)- 
magnesium bromide and (CH3)2PCI and (CH3)2AsI, 
respectively ( I la ) .  The phosphine oxide, sulfide, and 
selenide derivatives were prepared by treating solutions 
of C6FSP(CH3), with air, sulfur, and potassium seleno- 
cyanate respectively. Detailed experimental conditions 
are contained in ref. I lb .  

Mass spectra were obtained on an AEI-MS30 double 
beam mass spectrometer at 70 eV with an accelerating 
voltage of 4 kV, resolution - 1000 and a source tempera- 
ture of 180 "C. Samples were admitted to  beam I via the 
AGHIS or solid probe while PFK (high boiling) was 
admitted via a gas-liquid probe into beam 2 to serve as a 
chemical mass marker, simultaneously recorded but not 
interfering with the spectrum under investigation. Mass 
analyzed ion kinetic energy spectra were obtained by 
techniques previously described (8). Metastable transi- 
tions were assigned with the aid of a FORTRAN com- 
puter program BMETAST. In cases where more than one 
ion composition was possible, high resolution data were 
employed to  distinguish between the various choices. 

Assignment of mikes transitions were usually supported 
by normal metastable evidence. In those cases where no 
normal metastable species could be detected, the peak 
assignments were made on the basis of the most intense 
daughter ion in the region under scrutiny. In addition, 
normal metastables could often be observed on s u p  
pression of the normal ion spectrum (8). The apparent 
doublet nature of the normal ion beam in the mike 
spectra (Fig. 1) is an instrument artifact due to saturation 
of the amplifiers, the plots being attenuated at the X-Y 
recorder, rather than by electron multiplier gain. 

Results and Discussion 
The Spectra oj '(CH3),  M(C6F,) ( M  = N ,  P ,  As) 

?'he partial mass spectra of the species under 
discussion are shown in Table 1 as a percentage 
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10 2 0  30 4 0  50 6 0  7 0  8 0  9 0  100 110 120 130 140 

BEAM 2 DEFLECTOR VOLTAGE 

FIG. I .  Mass analyzed ion kinetic energy mike spectra of ( A )  [C,F,P(CH,),]+, (B) [C,F,PCH31t 
( C )  [C,F,PCM]+. 

of the total positive ion current, summed over 
all i so to~ ic  contributions due to a  articular 
species. The observed normal metastables as 
well as the mike spectra enable us to  assign the 
partial fragmentation schemes shown (Scheme 
1). Typical mikes voltage scans are shown in 
Fig. 1 for three of the prominent ions in the 
spectrum of C6F,P(CH3),. 

The decreasing abundance of the parent ions 
through N, P, and As can be regarded as a 
simple weakening of the C-M bond but one 
cannot ignore other arguments related to 
x-electron withdrawal/donation involving the 
pentafluorophenyl ring (12). Nitrogen, with its 
greater ability to share electronic charge through 
x-donation into the ring system, thus facilitating 
resonance distribution of the positive charge 
during ionization, would be expected to  give a 
more abundant parent species. Aside from the 
fact that phosphorus and arsenic are more 
polarizable, "softer" heteratoms and should 
therefore, in themselves, be able to stabilize a 
positive charge to  a somewhat larger extent, 
the x-withdrawal effects of these atoms is more 
significant than back-donation to the C6F, ring, 

resulting in preferential C-M cleavage. This 
aspect of "hard" nitrogen us. "soft" phosphorus 
or arsenic is clearly evident in the fragmentation 
pathway of the C6F,MCH3 ion shown below 
where route A is preferred for M = N, the 

/c6F5+ + McH3 

C,F,MCH, i 
\ 

B 

'c,F,. + TMCH, 
ring carrying all of the positive charge after 
cleavage while route B is more important for 
M = P, As, the charge tending to  remain with 
the "softer" heteratom fragment. This is also 
consistent with the order expected in considera- 
tion of the respective ionization potentials. 

The high abundance of C,F,MC,H, in the 
spectrum of the amine is a result of the typical 
cr-cleavage observed with all alkyl substituted 
amines, usually forming a significant part of the 
breakdown process. Since this latter process is 
initiated by a radical site on M, it is not sur- 
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prising that the more polarizable phosphorus observation is the effect of C6F5 substitution on 
and arsenic centers d o  not give significant ions the operation of the pathway C. The Table 2 
resulting from loss of a proton. The comparison indicates a two-fold increase in abundance for 
presented in Table 2 indicates the a-cleavage 
process is also very important in the mass C~X,&=CH + C C6X5+ + HCN 
spectrum of N,N-dimethylaniline. A significant 

TABLE 2. Partial mass spectra of 
C6X,N(CH,)2 (X = H*, F) 

(in %J relative intensity) 

*From MSDC EIGHT PEAK INDEX. 
Vol. 1, Compound 4D0015. 

C,X,N=CH when X = F reflecting the in- 
creased electronegativity of C6F5 over C6H, and 
its subsequent resistance to formation of the 
C6F5+ moiety. 

The base peaks in the spectra of the phosphine 
and arsine are the molecular ion and (P-CH,)' 
ions respectively, a behaviour identical to that 
observed by Henrick et al. (9) for the dimethyl- 
phenyl phosphine and arsine. These ions reflect 
the relative weakening of the M-C bond in 
support of the general trend previously men- 
tioned. 

A rather surprising feature of these spectra is 
the high abundance of the ion formulated as 
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JONES ET AL.  1483 

C6F5MCH, which arises from sequential loss of 
CH,. and H,. Facile multiple bonding to carbon 
predicts 1 as a stable structure for M = N, but 
2 and 3 seem more plausible as structures for 
M = P or As particularly in view of the facile 
loss of MF and M from these derivatives. 

The formation of this ion roughly parallels a 
similar pathway described for the trimethyl 
derivatives (13, 14), e .g . ,  in the mass spectrum 
of (CH,),P, the base peak is (CH,),P+ which 
then loses H2 to give the ion CH2=P=CH,, 
the second most intense species in the spectrum. 
Similarly, C2H4N+ and C2H4As+ are prominent 
ions in the mass spectra of (CH,),N and 
(CH,),As respectivlly. The fact that the 

C7F5MH ion is most abundant in the case of 
the phosphine can be explained in terms of 
differences in fragmentation pathways. The 
arsine favours consecutive loss ofmethyl radicals 
in the initial stages of fragmentation while for 
the amine it is suppressed by the much higher 
abundance of the M+ and (M-H)+ species. 

A distinct difference in the spectra of dimethyl- 
phenyl phosphine and arsine and their fluorine 
analogues is the rather high abundance of the 
C,H,M ion. The corresponding C,F,M ions 
are observed in low abundance, probably a 
result of pathways involving fluorine abstraction 
processes. As has been observed in many other 
cases (1-4), loss of central atom fluorides (PF, 
PF,, PF,, AsF, and AsF,) neutral species leads 
to a variety of fluorocarbon ions. No evidence 
for fluorine transfer phenomena was detected 
in the spectrum of C6F5N(CH,),. Any fluoro- 
carbon ions observed in this spectrum resulted 
from prior loss of C,H,N species. For both the 
arsine and phosphine, however, ions of the 
form C,F,+ and C,F,H,+ carry approximately 
40% of the total positive ion current, many of 
these being formed by direct loss of a central 
atom fluoride (see Scheme 1). Of the other 
possible routes to formation of these ions, there 
is one transition, depicted schematically in 
Scheme 2, which results in a rather odd rear- 
rangement common to both phosphine and 

arsine. The C7F5H,+ ion is also formed in the 
spectrum of  the amine, but in two steps: 

The driving force in the rearrangement depicted 
in Scheme 2 is apparently the formation of the 
stable tropylium ion species, which is usually 
prominent in substituted aromatics. 

The arsine spectrum exhibits some features 
which either are not observed or are of sig- 
nificantly lower abundance for the amine and 
phosphine. The first is the presence of a highly 
abundant +AS(CH,), ion, the formation of 
which indicates the capacity of the polarizable 
arsenic for carrying a positive charge since no 
C,F5+ is observed in this spectrum. Two other 
fragment ions which are significant only in the 
arsenic spectrum are shown in Scheme 3. The 
most favourable structures appear to be those 
where multiple bonds to arsenic do not exist. 

No such species were observed in the spectrum 
of C,H,As(CH,),, obviously because favourable 
fragmentation pathways (H, us. H F  losses) 
were not available to this molecule. There were, 
however, quite significant amounts of the ion 
4 formed in all three spectra, 46 being the 
  referred structure in the case of arsenic (9). 
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The Mass Spectra of C,F5P(E) (CH,), ( E  = 0, 
S .  S e )  

C6F5PECH3+ -% 

, , 
The partial mass spectra of these compounds 

are shown in Table 3 and their postulated frag- 
mentation pathways in Scheme 4. A large 

C7F3Hzf (Se)  

number of normal metastable ions was observed 

-CHj C7FdH3.' 

for the oxide in contrast to both sulfide and 
selenide. As one might predict from the strengths 
of the P=E bond. the abundance of PX- 
containing ions follows the pattern E = 0 > 
E = S > E = Se. Indeed, the primary frag- 
mentation pathways also reflect this order. The 
selenide ini'tially loses a Se atom, the resulting 
phosphine moiety giving rise to fragments 
characteristic of the phosphine spectrum. Apart 
from the parent ion, phosphorus-selenium 
bonded fragments are of quite low abundance. 
In contrast, the major pathway in breakdown 
of the oxide and sulfide occurs via initial 
cleavage of a P-CH, bond. 

Fluorocarbon ions of the type C,F,H,+ are 
still of some importance, especially the tropylium 
species such as C,F5H2+. As one might expect, 
the abundance of these ions increases with 
decreasing P=E bond strength. This appears 
to be a direct result of the tendency towards a 
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JONES ET AL. 1485 

TABLE 3. Partial mass spectra of (CH,),PE(C,F,) (E = 0, S, Se) 

E E 

Ion 0 S Se Ion 0 S Se 

I more simple phosphine-type breakdown as one 
descends the series, E = 0 ,  S, Se. There seems 
to be no obvious influence on the fluorine 
transfer process even though the phosphorus 
is in a four-coordinate state initially. The 
transition, 

F+'  - 
/ -CH PF 

C6F,P(CH3), 2 C7F4H3+ 

is im~or t an t  in the s~ec t rum of both oxide 
(E = b) and sulphi& (E=S). The nature 
of the phosphoryl bond in such an ionized state, 
whether or not it involves a dn-pn component, 
must allow for some flexibility to enable further 
overlap of empty phosphorus d-orbitals with 
available fluorine p-orbitals if fluorine migra- 
tion is to take place. 

and its fragments (I, and I are important frag- 
ments where X = I). The parent ion and some 
gold-containing species are listed in Table 4. 

One noteworthy species appearing in all of 
these spectra is that corresponding to a halogen 
transfer to phosphorus, i.e., C6F5PX(CH3),+ 
(X = C1, Br) and C6F5P(CH,)X+ (X = Br, I). 
This is obviously a very peculiar fragment 
arising from rapid expulsion from the parent 
ion of a gold atom. 

TABLE 4. The partial mass spectra of C6F,P(CH3),.AuX 
(X = CI, Br, I) (fragments arising from C6F,P(CH3), 

are not included) 

Relative intensity* for X = 

The Mass Spectra of the Complexes C6F5(CH3),- c6F,P(CH3)2.AuX+. .04 0.73 0.10 
PeAuX ( X  = Cl, Br, I) C,F,P(CH,),.Au+ 1 .79 4.41 0.16 
Studies of these compounds revealed no c,F;P(cH;);x+ 2.01 1.09 - 

evidence for any fluorine exchange with the C6F5P(CH3)X+' - 0.52 0.53 

gold atom. The spectra are almost devoid of y P ( C H 3 ) 2 + '  100.00 100.00 93.70 
- 5.18 100.00 

peaks corresponding to gold-containing species, 
the most intense species being the phosphine 'Base peak In specrrum glven as 100% relative lntenslty. 
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TABLE 5. Abundance of even and odd electron species 
(0) C,FsM(CH,)2 

-- 

M 
- - 

Electron ions N P As 

Even C,F,H2M+ 51.6 43 .5  4 1 . 6  
C,F,H:' 9 . 0  24.2 29.7 

Odd C,F,HIM+ 38 .0  24 .7  21.4 
C,F,H=' 1 . 4  7 . 6  7 . 3  

Electron ions 0 S Se 

Even C,F,H,PE' 36.2 26.9 3 . 3  
C,F,HIP+ 17.2 27 .4  32.9 
C,F,H;+ 28.3 22.6 26.7 

Odd C,F,H,PE+ 11.4 14.3 14.2 
C,F,HIP+ 1 . 4  3 . 0  15.7 
C,F,H,+ 5 . 2  5 . 8  7 .2  

varies (Table 5) for the C,F,(CH,),M and 
C,F,(CH,),P(E) (E = 0 ,  S, Se). For the former 
even electron species increase for heavier ions, 
while in the latter the reverse is true as X 
becomes heavier. Phosphorus-containing ions 
are inore abundant for (CH3)2PC,F, than in the 
corresponding P=O, P=S, o r  P=Se deriva- 
tives. 

It is also clear that the heteroatom, in spite of 
the presence of pentafluorophenyl groups, con- 
trols the course of fragmentation to a significant 
extent. This work further demonstrates the 
great utility of metastable-defocussed experi- 
ments in the elucidation of fragmentation 
pathways. 
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Solubilities of the silver halides in benzonitrile and trichloroacetonitrile 
mixtures with propylene carbonate 
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MARK SALOMON. Can. J. Chem. 54, 1487 (1976). 
The complex solubilities of the silver halides, AgCI, AgBr, and AgI, have been determined in 

benzonitrile and trichloroacetonitrile mixtures with propylene carbonate. The results are 
compared with previous work in acetonitrile and propionitrile and are discussed in relation 
to the solvent effect on ion solvation. 

MARK SALOMOIU. Can. J. Chem. 54, 1487 (1976). 
On a determine les solubilites complexes d'halogenures d'argent, AgCI, AgBr et AgI, dans 

des melanges de benzonitrile et de trichloroacetonitrile avec le carbonate de propylene. On 
compare les resultats avec ceux obtenus anterieurement dans I'acetonitrile et le propionitrile 
et on les discute en fonction des efTets de solvant sur la solvatation des ions. 

[Traduit par le journal] 

Introduction In each distillation, the middle 315 fraction was collected 
at - 10 torr and 29-32 "C. All solvents were stored in 

The present paper is a continuation our the dry box. Three PCITCAN mixtures were prepared 
studies on the effect of solvent on the c o m ~ l e x  in the dry box and their densities determined Dvcnomet- 
solubilities of the silver halides (1). The complex rically a t  25 + 1 "C. The concentrations of tiese mixed 

equilibria studied are solvents are:  [TCAN] = 1.496 M, 3.990 M, and 5.895 M 
(or. on a mole fraction basis. x,,,, = 0.131. 0.362. and 

[I] AgX e Ag+ + X- K,, 0.565). All electrolyte solutions-'were maintained a t  a 
constant ionic strength of 0.0500 M with the exception 

121 Ag+ + nX- e AgXnl-" Pn of the PCITCAN (5.895 M) solutions which were 0.0250 
M. TPAP was used to adjust the ionic strengths. 

and 

PI A ~ X  + X- e ~ g x , -  Kr 2 

where X is C1, Br, and I. These equilibria were 
studied in benzonitrile (BnN) and mixed solu- 
tions of trichloroacetonitrile (TCAN) in pro- 
pylene carbonate (PC). The magnitude of K,, 
and K,, are of particular interest as they relate 
to the relative stabilities of the Ag' and X- 
ions in a given solvent. BnN and TCAN were 
chosen for the present study since similar data 
exist for acetonitrile (AN) and propionitrile 
(PN) and comparisons can be made on the 
effects on the above equilibria by the s u b  
stituent R in R-C-N. 

Experimental 
Materials 

Tetrapropylammonium perchlorate, chloride, bromide, 
and iodide (TPAP, TPACI, TPABr, and TPAI, respec- 
tively) and PC were purified as described earlier (1). 
Trichloroacetonitrile was distilled at 765 mm from CaO 
under argon. The middle third, collected at 84-86 "C 
was transferred to a VAC argon-filled dry box (0 ,  and 
H,O content < 1 ppm). Benzonitrile was distilled under 
vacuum twice from type 4A molecular sieve and P,O,. 

Method 
The solubility and stability constants were obtained 

from potentiometric titration data. The titrant was 50 m M  
AgCIO, in all the solvents except in the PCITCAN 
(5.895 M) solutions where the titrant was 25 m M  AgCIO,. 
The indicator electrode was a coiled Ag wire and the 
reference electrode was a silver wire in 50 or 25 m M  
AgCIO, and was separated from the titrate by a salt 
bridge (see ref. 1 for further details). The titration cell 
(a three-necked 100 ml flask with ST-joints) and 10-15 ml 
of TPAX + TPAP solution' was fitted with a Gilmont 2 
ml microburet, removed from the dry box and placed 
in a water bath at 25 +_ 0.1 "C. Magnetic stirring was 
maintained throughout the titrations. A Doric model 
DS-100 integrating microvoltmeter was used for the emf 
measurements in the 1.496 and 3.990 M TCAN solutions. 
The emf's for the other solutions were measured with an 
Orion model 801 p H  meter. Both instruments are repro- 
ducible to within k0.1 mV. 

Results 
The experimental concentrations' used to cal- 

culate the equilibrium constants are C,, C,,, 

'Complete set of tabular data containing concentrations 
and emfs  is available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Re- 
search Council of Canada, Ottawa, Canada KIA 0S2. 
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TABLE I. Experimental equilibrium constants" 

Debye- Hiickel 
Solvent A (M'12K312) Salt -log Kso log 1 2  1% 1 3  1% K,z log /LA 

-- 

BnN 2.802 AgCl 15.50+0.01 17 .12+0.02  19.1 +O. 1 1 .62+0.03  
AgBr 15.87_+0.01 17 .12+0.01  1 . 2 6 k 0 . 0 1  
A d  17 .12+0.03  18.08+0.01 0 . 9 6 k 0 . 0 3  20 .7+0.1  

PCJTCAN 0.824 AgCl 19 .56+0.03  20 .20+0.05  0 . 6 4 + 0 . 0 5  
1.496 M AgBr 2 0 . 2 5 k 0 . 0 2  20 .66+0.01  0.41 k 0 . 0 3  

PCjTCAN 1.214 Ag Cl 19 .94+0.04  20.15+0.01 0.21 k 0 . 0 4  
(3.990 M )  AgBr 2 0 . 0 0 ~ 0 . 0 1  20 .10+0.01  0 .10+0.01  

PCjTCAN 1.931 Ag Cl 19 .91+0.04  2 0 . 2 3 k 0 . 0 2  0 . 3 2 k 0 . 0 4  
(5.895 M )  AgBr 2 0 . 2 9 k 0 . 0 3  20.21+0.02 2 2 . 2 k 0 . 1  - 0 . 0 8 k 0 . 0 3  

"Based on the  molar scale a1 25 ? 0.1 "C 
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SALOMON 

TABLE 2. Standard equilibrium constants" 

Solvent Salt 1% K500 1% Pz0 1% KszO 

BnN AgCl 
Ag Br 
AgI 

PCITCAN (1 ,496 M) AgCl 
AgBr 

PCITCAN (3.990 M) AgCl 
Ag Br 

PCITCAN (5.895 M) AgCI 
Ag Br 

AN * AgCl 
AgBr 
AgI 

PN ' AgCl 
AgBr 
AgI 

PCd AgCl 
AgBr 
AgI 

'Units based on  the molar scale a t  25 "C. 
"eference 3. 
'Reference 4. 
dReference la. 

and [Ag']. C, and CA, are the total halide and 
silver concentrations and the silver ion con- 
centrations were obtained from the Nernst 
relation 

In eq. 4, E is the measured emf and E' is a 
formal potential since it contains contributions 
from nonideality and a liquid junction. E' is 
assumed to remain constant because of the use 
of a constant ionic strength medium. The emf 
values were generally stable to within k0 .5  mV 
and E' values, determined from the titration 
data in the region where C,, > C,, had 
standard deviations of 1-2 mV. 

The stability constants, p,, were calculated 
by an iterative least squares method (1). The 
standard deviations of the p,'s were calculated 
by Sillen's pit-mapping method (2). The Kso 
values are averages calculated by a Newton- 
Raphson iteration for each point in the saturated 
solution. The refined equilibrium constants and 
their standard deviations are given in Table 1. 
In Table 2 the equilibrium constants corrected 
for activity effects are given along with data 
for AN (3), PN (l), and PC (4). The activity 
coefficients used to obtain KO values were 
calculated from the Davies equation (5) 

[51 log y, = -- ~ $ 1 ~  
1 + p'I2 

+ 0.3Ap 

In eq. 5, p is the ionic strength and the Debye- 
Hiickel A factors are given in Table I. The 
dielectric constants of the mixed solvents were 
assumed to be a linear function of the mole 
fraction. Pure PC and TCAN have dielectric 
constants of 64.4 (6) and - 7.8 (7), respectively. 
Standard deviations are not included in Table 2 
but are expected to be about 10% higher than 
the experimental values because of the un- 
certainty in the use of eq. 5 and the neglect of 
the possibility of ion-pairing. 

Several experimental points were omitted in 
the least squares refinement of the p's as they 
gave rise to abnormally large standard devia- 
tions.' These points usually occurred just prior 
to precipitation of AgX ( i .e .  at C,,/C, - 0.5). 
In the AgI-BnN system, a series of points in the 
region C,,/C, = 0.40 to 0.68 were omitted. If, 
as suggested by L'Her and co-workers (8), this 
region is governed by the equilibrium 

[61 2Ag12- + Ag+ + Ag,I,- &3 

then a value of P,, (p,, = &3p22) can be cal- 
culated from 

x (2 log (3 - 4x) - log (2x - 1)) 
and 

[8] D = E' + 0.059 
x {log &, - log C,, - log 2) 
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TABLE 3. Single ion free energies of transfer from water to an organic solvent" 

AG,'(ion) 

Solvent Li+" Rb+" Ag+ CI- Br- I-  AgCI,- Ag1,- 

AN 9 . 2 b  3 .9b  - 3 . 5  8 . 2  5 . 4  1 . 4  1 . 5  - 6 . 6  
PN 8.5 '  3 . 7 b  - 2 . 0  9 . 5  7 . 0  3 . 5  1 . 2  - 4 . 7  
BnN 10.6b 4 .  6b  - 1 . 2  7 . 6  4 . 4  3 . 5  1 . 6  - 5 . 2  
PC/TCAN ( 1 ,496 M) 5 . 3  8 . 4  5 . 9  1 . 4  
PC/TCAN (3.990 M) 6 . 1  8 . 3  5 . 0  2 . 0  
PC/TCAN (5.895 M) 6 . 1  8 . 1  5 . 2  1 . 6  
PC 2 .8 '  -3 .8 '  5 . 5  8 . 7  5 . 9  1  .O 1 . 3  - 8 . 2  

'AG," values a1 25 "C in  kcaljmol. 
bReference 9. 
'Reference 10. 
dMolal scale: all other data are based on the molar scale. 

In eq. 7, x = CA,/C, and K,, values were 
calculated from the region where 0.5 < s < 0.68 
(see Table 1). 

No experiments were carried out for the AgI 
system in PC/TCAN because TPAI ieacted 
with the nitrile to give I , .  In addition, no 
experiments were carried in pure TCAN because 
AgC10, is insoluble in this solvent (TPAC1 is 
quite soluble). PC was chosen as the co-solvent 
for TCAN mixtures because it is known (1) to 
be a poor solvator for Agi and X- and any 
change in solvation properties upon TCAN 
addition would be easily discernible. This has 
been demonstrated previously (1) where small 
additions of tetrahydrothiophene and SO, to 
PC and PN resulted in large changes in AG,'(ion) 
values. The difference in solvation properties of 
the solvents listed in Table 2 can be determined 
by comparing the free energies of transfer of 
the individual ions (AGto(ion)) from water to 
the organic solvent. The AGto(ion) values were 
evaluated using the extra-thermodynamic as- 
sumption ( I )  AG:(AgCI,-) = -AG,0(AgBr2-). 
The AGlo(ion) values obtained using this as- 
sumption are generally within 2 kcal/mol, and 
of correct sign, to those obtained by more con- 
ventional methods (20, 21) with the exception 
of the iodide systems. The origin of the dis- 
crepancy in AGtO(I-) values is not known, but 
in view of the agreement for the other ions, 
trends are easily discernible. For  more accurate 
AG?(ion) values, other works should be con- 
sulted (20, 21). The free energies of transfer of 
the individual ions, along with those obtained 
by Coetzee et al. (9) for AGtO(Li+ and Rb') are 
given in Table 3. 

Discussion 
The data in Table 3 strongly suggest that AN,  

PN, and BnN behave as typical class 'b' (1 1) 
or 'soft' (12) Lewis bases. This is somewhat 
surprising since nitrogen, having the highest 
electronegativity next to oxygen and fluorine, 
would be expected to behave as a class 'a' or  
'hard' donor which is the case for TCAN. 

In order to determine those factors which 
govern the basicity of the nitrogen, CNDO/2 
(13) calculations were carried out for AN,  PN, 
BnN, and TCAN. Standard bond lengths and 
angles were taken from ref. 13 and the results 
for the electron distributions and populations 
at the cyano group are given in Fig. 1 and 
Table 4, respectively. The C N D O  results for 
R-C=N show that a major effect of R on the 
nitrogen in -C-N is in the n bond and the 
lone-pair electrons. Comparison with the total 
atom densities (Fig. 1) suggests (13, 14) that 

H 

FIG. I. Electron distribution in the nitriles (units of 
lo-' electrons). 
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SALOMON 

TABLE 4. Bond population of the cyano group" 

Bond population 

Carbon Nitrogen 

Molecule 2s 2pX 2 ~ , .  + 2pZd 2sb 2pXc 2pS + 2 ~ , "  

AN 1 ,086 0.946 1.878 1.650 1.339 2.174 
PN 1.091 0.947 1.877 1.650 1.336 2.181 
BnN 1.085 0.947 1.883 1 ,647 1 ,334 2.185 
TCAN 1 ,064 0.904 1 ,906 1.651 1.324 2.142 

"In  electron units. C=N bond taken as the x-axis. All orbitals are arornic orbi~als.  
%-Bond density. 
'Lone-pair density. 
%-Bond density. 

there is considerable hyperconjugation in AN, 
PN, and BnN. The effect on the lone-pair 
electron density at nitrogen by C1 substitution 
in the methyl group is an inductive rather than a 
hyperconjugative effect. The present results for 
AGIO(Ag') and Coetzee's results for AGlO(Li') 
and AG,O(Rb') are complimentary to these 
results. A C N D 0 / 2  calculation on the 
CH3CN-Li' interaction (15) has shown that 
there is considerable charge transfer from the 
cyano-carbon which suggests that the charge 
density at the a-carbon also plays a major role 
in cation solvation since accumulation of 
positive charge on both the cyano and a-carbons 
would lead to instability. This is evident from 
the data in Table 3 and the atom densities in 
Fig. 1 which show that the charge on the 
a-carbon decreases (becomes more positive) as 
R is varied from CH, to CC1,. 

There is still the question why the nitriles in 
general behave as soft bases. The essential 
difference between hard and soft bases is that 
the latter are highly polarizable and tend to 
coordinate more strongly with highly polarizable 
(soft) acids (11, 12). However Rb' and Cs' 
may be regarded as soft acids (12) since their 
polarizabilities are 1.8 and 2.8 A3, respectively, 
as compared to 1.8 A3 for Ag' (16). The data 
in Table 3 show that Ag' is considerably more 
stable than Rb' (and Cs' as discussed in ref. 
96) so that other factors must be involved. 
Chatt and co-workers (1 1) have proposed that 
the soft acids are stabilized by n bonding since 
all metallic soft acids possess a large number of 
low energy d-electrons. The back donation of 
4d electrons into low lying p-orbitals on sulfur 
has been suggested previously (1, 21, 22) to 
explain the large negative values of AG,O(Ag') 

in the transfer from water to several sulfur- 
containing solvents. The back-donation of 4d 
electrons from AE' into the n* orbital of 

.A 

R-C=N appears to be significant for several 
reasons. It would explain the increased stability 
of Ag' over the larger alkali metal cations 
which do not have low lying d-orbitals. The 
back-bonding effect would also reduce the 
positive charge at the cyano and a-carbons 
which is opposite to the effect produced by the 
hard Li'. Another factor contributing to the 
reduction of positive charge on thi cyano- 
carbon and to the stability of the N-cation 
bond is that the nitrogen apparently undergoes 
a rehybridization upon coordination (17, 18). 
This occurs by a destabilization of the n orbitals 
and by stabilization of the a orbital in the 
C e N  link and an increase in the p-character 
of the lone-pair orbital on nitrogen. This effect 
results in an increase in the C=N force con- 
stant. Back-donation from the metal into the 
n* orbital results in further destabilization of 
the n orbitals which tends to weaken the C e N  
link and hence offset the strengthening by a 
stabilization (186). The importance of back- 
bonding when soft acids are involved can be 
inferred from the fact (18) that the increase 
in the C=N force constant is smallest when the 
nitrogen coordinates with a soft Lewis acid and 
largest with a hard acid. The solvent effect on 
AGrO(Ag') thus appears to be due to electronic 
effects rather than steric or dielectric (solvent 
structure) effects. For example, in the series AN, 
PN, BnN, TCAN, AG,"(Ag+) decreases in the 
same way that the ~ o n e - ~ a i ;  electron density on 
the nitrogen decreases. Steric hindrance would 
also appear to be of minor importance since 
Ag' forms linear complexes of the type Ag(L),'. 
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A n i o n s  i n  AN t e n d  t o  h a v e  no effect  on t h e  
C=N f r e q u e n c y  b u t  do l o w e r  t h e  C-H s t r e t ch -  
i n g  f r e q u e n c y  and t h e r e f o r e  sugges t s  t h a t  t h e  
a n i o n - A N  i n t e r a c t i o n  o c c u r s  a t  t h e  m e t h y l  
p r o t o n s  r a t h e r  t h a n  a t  t h e  c y a n o - c a r b o n  (19). 
For a n i o n  s o l v a t i o n  i n  TCAN, t h e r e  is  a w e a k  
i n t e r a c t i o n  w h i c h  p r o b a b l y  o c c u r s  a t  t h e  c y a n o -  
c a r b o n .  The n a t u r e  o f  t h e  r e a c t i o n  o f  I- w i t h  
TCAN was not pursued. 
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Erratum: Mercury(1) chemistry. Part I. Complexes of the 
mercurous ion with some arenes 

PHILIP A. W. DEAN, DAVID G. IBBOTT, AND J. B. STOTHERS 
Departnietlt of Clremistry, U~iiversity of Western Otltario, Lorldori, O~ltario N6A 587 

Received March 23, 1976 

(Ref.: Can. J. Chem. 54, 166 (1976)) 

The sentence commencing on line 1, left column, on page 169 should read "Analysis in terms of the 
formation of both 1 : 1 and 2: 1 complexes gave the parameters listed in Table 2". 

Erratum: The heat of formation of N,H, and the proton affinity of N, 

C. WILLIS, F. P. LOSSING, AND R. A. BACK 
Divisiott of Chemistry, Natiotlal Researcl~ Coirrlcil of Canada, Ottawa, Car~ada KIA OR6 

Received March 8 ,  1976 

(Ref.: Can. J. Chem. 54, 1 (1976)) 

I 

On page 2, column 2, the sentence in lines 1 and 2 should read: From our value, a mean N-H 
bond energy of 34 kcal/mol is obtained. 
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COMMUNICATIONS 

The total synthesis of coccinelline and precoccinelline 

WILLIAM A. AYER AND KIMIAKI FURUICHI 
Departmertt of Cl~emistry, Ut~iuersity of Alberta, Edmontorz, Alta., Car~atla T6G 2G2 

Received February 12, 1976 

WILLIAM A. AYER and K l M r A K l  FURUICHI. Can. J. Chem. 54, 1494 (1976). 
The synthesis of the ladybug defensive substances precoccinelline and coccinelline, starting 

from 2,6-lutidine, is described. 

WILLIAM A. AYER et KIMIAKI FURUICHI. Can. J. Chem. 54, 1494 (1976). 
On dkcrit la synthbe ?i partir de la lutidine-2,6 des substances dkfensives des coccinelles soit 

la precoccinelline et  la coccinelline. 
[Traduit par le journal] 

Recently we have described the synthesis from 
2,4,6-collidine of the ladybug defensive sub- 
stances myrrhine (1) hippodamine (2), and con- 
vergine (3) (1). The key step in the synthesis of 
these substances involved the cyclization of the 
ketoaldehyde 4a (which is isolated as the car- 
binolamine ketol 5a) to furnish the ketones 6a 
and 7a. Removal of the oxygen function from 6a 
provided myrrhine (I), and from 7a, hippod- 
amine (2). The ketone 8, a potential precursor of 
precoccinelline (9) and thus also of coccinelline 
(lo), could not be obtained from 4a (1). Coccinel- 
line (10) (2) is the major defensive substance of 
several species of Coccinellidae (ladybugs) (3) 
and thus its synthesis remained a challenge. As 
noted previously (1) the ketone 76 ( =11), 
potentially available from the ketoaldehyde 46, 
is an attractive precursor of precoccinelline (9). 
We now report the synthesis of 11 (= 76) and its 
transformation to precoccinelline (9) and coc- 
cinelline (10). 

The synthesis of 46 followed the same path- 
way as the synthesis of 4a except that 2,6-lutidine 
was utilized as starting material rather than 
2,4,6-collidine. Treatment of the monolithium 

derivative of 2,6-lutidine (1 equiv.) with P-bromo- 
propionaldehyde dimethyl acetal(1 equiv.) (4) in 
ether in the presence of excess 2,6-lutidine (2 
equiv.) gave the acetal 12,' bp 85-90 "C/0.3 torr, 
in 76% yield (based on alkylating agent). Treat- 
ment of an ether solution of 12 with phenyl- 
lithium, followed by the slow (over 4 h) addition 
of an ethereal solution of acetonitrile (1 equiv.) 
(1) provided after work-up the crude ketone 1 3  
which was immediately transformed (ethylene 
glycol - benzene - p-toluenesulfonic acid) to the 
diacetal14(bp 110-120 "C/O. 1 torr)'. The overall 

'All new compounds reported, with the exception of 16, 
gave satisfactory combustion analyses. Nuclear magnetic 
resonance, ir, and mass spectra were obtained on all new 
compounds and are completely consistent with the struc- 
tures formulated. 
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COMMUNICATIONS 1495 

10 11 

yield of 14 from 12 was 487,, with 27% of 12 
(as the ethylene acetal) recovered. 

Reduction of 14 using sodium - isoamyl 
alcohol followed by careful chromatography over 
silicic acid gave the cis piperidine 1 5  (bp 135- 
140 "C/0.05 torr, hydrochloride mp 118-1 19 "C)' 
in 637, yield. The trans-isomer of 15 was isolated 
in 25% yield. The stereochemistry of the major 
product was assigned on the basis of: (I) its mode 
of formation (thermodynamically favored prod- 
uct); (2) a comparison of its cmr spectrum with 
that of the trans-isomer (cf. ref. 1); (3) trans- 

formation to  the carbinolamine ketol 5b. Hy- 
drolysis of 15 with 57, aqueous hydrochloric 
acid gave the ketol 5b (mp 87-88.5 "C)l which 
shows O H  absorption and strong Bohlmann 
bands in the ir, a methyl signal a t  6 1.48 (s, 3H) 
in the pmr and a t  6 30.3 in the cmr, and thus 

must have the structure and stereochemistry 
shown in 56 (cf. 5c1, ref. 1). 

Cyclization of 56 (closed form of 4b) using 
pyrrolidine (1 equiv.) and acetic acid (2 equiv.) 
in refluxing tetrahydrofuran (1) gave a 1 :I 
mixture of ketones 6b and 7b ( = 11) in 86% 
yield. The mixture of ketones was separated by 
chromatography over silicic acid (eluant CHC13- 
MeOH-NHMe2, 100: 10: 1); 66 (bp 75-80 "C, 
0.2 torr)' shows carbonyl absorption a t  1730 
cm-I and strong Bolzlnzantz batzds in the ir; 7b 
(= 11) (mp 82-84 "C)' shows carbonyl absorp- 
tion a t  1710 cm-1 and no Bohlnzcmn bancl.~. 

Treatment of ketone 7b with methyllithium in 
ether followed by dehydration of the resulting 
carbinol with thionyl chloride in methylene 
chloride yielded the air sensitive olefin 16 (pmr, 
6 1.66 (bs, 3H), 5.15 (bs, 1H)) which was hydro- 
genated (Pt, CHsOH, room temperature, 1 atm) 
to  give precoccinelline 9 (77% yield from 7b), 
identical (ir, pmr, ms, tlc) with an authentic 
 ample.^ Oxidation of synthetic precoccinelline 
with m-chloroperbenzoic acid in methylene 
chloride gave coccinelline (lo), mp 205-210 "C 
(dec.), hydrochloride mp 215-220 "C (dec.), 
identical (mp, ir, ms, tlc) with an authentic 
 ample.^ 

Treatment of ketone 6b with methyllithium 
followed by dehydration (SOC12-CH2C12) and 
hydrogenation gave myrrhine (1). 

Acknowledgement 

We wish to thank the National Research 
Council of Canada for financial support. 

1. W. A. AYER, R. DAWE, R. A. EISNER, and K. FURUI- 
CHI. Can. J. Chem. 54, 473 (1976). 

2. R. KARLSON and D. LOSMAN. Chem. Commun. 626 
(1972). 

3. J. M. PASTEELS, C. DEROE, B. TURSCH, J. C. BRAEKMAN, 
D. DALOZE, and C. HDOTELE. J. Insect Physiol. 19, 
1771 (1973). 

4. A. KIRRMANN, M. GOUDARD, and M. CHAHIDZADEH. 
Bull. Soc. Chim. Fr. 2, 2148 (1935). 

?We wish to thank Prof. B. Tursch for samples and 
spectra of precoccinelline and coccinelline. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The catalytic hydrodesulfurization of thiophenes. VIII. 
Benzothiophene and 2,3-dihydrobenzothiophene 

E. FURIMSKY AND C. H. AMBERG 
Depc~rft?letrt of Clret?~istr)~, Corletoti Utlicersitj, Ottaivn, Cottcrckr KIS 5B6 

Received December 5, 1975 

E. FURIMSKY and C. H. AMBERG. Can. J. Chem. 54, 1507 (1976). 
The hydrodesulfi~rization of be~lzothiophene (BT) and 2,3-dihydrobenzothiopl~ene (DHBT) 

has been examined over a commercial cobalt molybdate on alumina and over an unsupported 
MoS2 catalyst promoted with Co. The results, in particular the appearance of styrene among 
the products, support cleavage of the hetero-ring in BT as the initial step in the reaction 
sequence under our low-pressure conditions. Ethylbenzene is the predominant product from both 
BT and DHBT, although increasingly significant amounts of DHBT are dehydrogenated to 
BT with rising temperature. 

E. FURIMSKY et C. H. AMBERG. Can. J. Chem. 54, 1507 (1976). 
On a CtudiC la rCaction d'hydrodCsulfurisation du benzothiophkne (BT) et du dihydro-2,3 

benzothiophene (DHBT) en prCsence d'un catalyseur commercial de molybdate de cobalt sur 
I'alumine et d'un catalyseur de MoS2 sans support mais activC par du Co. Les rCsultats obtenus. 
et en particulier la formation de styrkne, suggkrent que la reaction initiale, B basse pression. 
implique un bris de I'hCtCrocycle du BT. Quoique des quantitCs de plus en plus grandes de BT 
se forment, B partir du DHBT, B mesure que la temperature augmeilte, 1'Cthylbenzkne est le 
produit majeur que Yon parte du BT ou du DHBT. 

[Traduit par le journal] 

Introduction 

The mechanism of the catalytic hydrodesul- 
furization of aromatic sulfur compounds is 
complex and a number of questions remain 
unanswered. In the case of thiophene, earlier 
work in this series (1) strongly supported C-S 
bond scission rather than ring hydrogenation as 
the primary reaction in the hydrogenolysis 
sequence, the first product being 1,3-butadiene 
or one of its acetylenic precursors. These experi- 
ments were carried out in a microreactor under 
steady-state conditions. Several unsupported 
MoSz catalysts were used, as well as a supported 
cobalt molybdate and a chromia catalyst, all 
fully sulfided. 

Benzothiophene (BT) has been studied by 
Givens and Venuto (2) using cobalt molybdate 
in the oxidic rather than the sulfided form. At 
400 "C and low Hz flow rates only ethylbenzene 
(EB) was found, but a t  high flow rates about 2% 
of 2,3-dihydrobenzothiophene (DH BT) appeared 
as an additional product. After a series of experi- 
ments in which DHBT was en~ployed as a reac- 
tant, these authors concluded that the following 
equilibrium is established between BT and 
DHBT, and that the desulfurization reaction 
leading to  EB drains this equilibrium in an 

irreversible manner. From their data they were 
unable to  exclude either BT or DHBT as a 
possible source of the desulfurized product. 
Schuit and Gates have stated in their important 
review article (3) that hydrogenated benzo- 
thiophenes (unsubstituted and alkyl-substituted) 
are formed rapidly from benzothiophenes, and 
hence, that the former may indeed be intermedi- 
ates in desulfurization reactions, although they 
are too short-lived to be identifiable. Bartsch and 
Tanielian (4) have recently investigated the 
hydrogenolysis of BT on supported cobalt 
molybdate over a wide temperature range, and 
estimated the value of the activation energy to  be 
approximately 5 kcal mol-I. Their catalyst had 

B T  D H B T  
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been prereduced and sulfided in a H2 f H2S reactants (thiophene, BT, DHBT, EB, and STY) were fed 

mixture. to the stream through an injection port. Because of poor 
separation of BT and DHBT in hydrogen, the procedure As part of Our  comparative study of unsup- for the reactions of DHBT had to be varied. Products 

ported and catalysts, and also to containing these compounds were therefore trapped out 
accumulate additional information on reactants and introduced into the analvtical column in a helium 
of higher molecular weight, we have undertaken stream. 

The reactant conversions and product yields were 
a study of BT desulfurization On analyzed using a 6-ft squalane on fire brick column 
cobalt molybdate (catalyst G) and unsupported (25% w,w,, 
MoS2 activated with Co [Co/(Co + Mo) = 0.25, 
catalyst MI. We have recently compared these 
catalysts (5) and shown that catalyst G,  which 
has a high surface area of about 240 mvg ,  
exhibits higher catalytic activity per gram than 
does catalyst M, which has a low surface area of 
about 5 m2/g. However, when activities were 
expressed in terms of reaction rates per unit 
surface area (mol m-2 s-I), catalyst M was about 
20 times more active than catalyst G. This 
suggests that a higher concentration of active 
sites is available on catalyst M, even if part of the 
alumina support were to remain exposed. Lipsch 
and Schuit (6) have estimated that no less than 
20% of the alumina surface is covered in a 
typical 'cobalt molybdate' catalyst, so that ac- 
tivities expressed per m%f active surface would 
still differ by at least a factor of four. In order to 
obtain more information about the role of 
DHBT in the hydrodesulfurization of BT, special 
attention was paid also to DHBT as a reactant. 

Experimental 

Materials 
Benzothiophene (Aldrich) was purified by molecular 

still. 2,3-Dihydrobenzothiophene was prepared from BT 
using the method of Bordwell and McKellin (7). Thio- 
phene (Eastman) was purified by preparative gas chroma- 
tography, and ethylbenzene (Phillips) and styrene (East- 
man) were used as supplied. 

Catalysts 
(i) Catalyst G ,  Girdler G 35A, through 65 mesh, was 

prepared from crushed pellets. This is a 'cobalt molybdate' 
supported on alumina. 

(ii) Catalyst M was prepared by impregnation of MoS, 
(Anachemia) with CO(NO,)~ in liquid ammonia as 
described elsewhere (5). Composition: Co/(Co + Mo) = 
0.25. This catalyst had exhibited higher activity per unit 
surface area than any other catalyst over the whole range 
of Co compositions. 

Apparntrrs nrld Procedure 
The basic design of the microcatalytic reactor was that 

described in previous work (1). A stream of hydrogen 
near atmospheric pressure was passed through the reactor 
and the analytical glc column, with hydrogen serving 
both as a reactant and as the carrier gas. Samples of the 

Results and Discussion 

In the hydrodesulfurization of BT on catalyst 
G,  EB was found as the only product other than 
H2S. DHBT, which had been suggested as an 
intermediate in the desulfurization of BT (3), 
was not found under the present experimental 
conditions. In the reaction of BT, more BT was 
apparently consumed than would be expected 
from the yield of EB. This is attributed to  the 
adsorption of BT on the catalyst surface; it 
became significant especially below 300 "C. At 
this temperature the conversion of a 3-pl pulse of 
BT on 115 mg of the fresh catalyst was 19.2% 
and this conversion decreased to almost zero 
after six successive pulses. When the same 
catalyst had been subsequently reheated to 
400 "C and kept at that temperature in a stream 
of hydrogen for 1 h, then cooled back to 300 "C, 
the original conversion was regained. At 400 "C 
the conversion of successive pulses did not 
change. This demonstrates that the discrepancy 
was due entirely to adsorption rather than 
polymerization or coking; or, less likely, that it 
was due to a hydrocarbon residue removed by 
hydrogenation at 400 "C. When a 2-p1 pulse of 
EB was injected at 300 "C onto the same amount 
of catalyst, all of the EB was recovered from the 
microreactor. 

The products from the reaction of DHBT 
on catalyst G consisted of EB and BT. The 
appearance of BT as a product shows that 
dehydrogenation had taken place as well as 
desulfurization. The product distribution-tem- 
perature relation is shown in Fig. 1 in the form 
of an Arrhenius plot. Curve I in the figure shows 
the amount of DHBT consumed, while curve 2 
shows the yield of EB. These amounts are equal 
only at temperatures higher than 300 "C. Below 
this limit, the amount of DHBT consumed is 
larger than the yield of EB, just as in the case 
of BT. 

In the desulfurization of both BT and DHBT 
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FURIMSKY AND AMBERG 1509 

TABLE 1. The amount of styrene in desulfurizatio~i 
products over catalyst M (3-~1 pulses of pure reactants in 
a stream of Hz ;  flow rate: 30ml min-1; pressure near 

atmospheric) 

Weight of Tempera- Desulfur- 
catalyst ture ization Styrene 

(mg) Reactant ("C) (5;) (%) 

50 BT 373 > 23 
BT 416 5 29 
DHBT 373 10 33 
DHBT 417 38 36 

159 BT 415 16 18 
DHBT 371 -13 14 
DHBT 427 -18 17 

1.3 1.4 I .  1.6 1.7 1.6 1.9 2.0 

IOOO/T (K-') 

FIG. 1. Arrhenius plot of the conversions of 3-PI observed on the catalyst, while DHBT was con- 
pulses of 2,3-dihydrobenzothiophene. Hydrogen flow 
rates: 30 ml min-1; pressure: near atmospheric. ( 1 )  moles c o m ~ l e t e l ~  giving predominantly d e h ~ -  
of DHBT desulfurized; (2) yield of EB in moles; and drogenation, and to a Small extent also desul- 
(3) yield of BT in moles. furization, products. Results from these experi- 

on catalyst M, STY was formed as an additional 
product. The results in Table 1 show that the 
relative yield of STY in the desulfurization 
products is smaller with larger amounts of 
catalyst, probably due to  longer residence of STY 
in the catalyst bed resulting in increased hydro- 
genation. The experience with catalyst M sug- 
gests that STY cannot be completely ruled out 
as a product on catalyst G, either. Failure to find 
it in that case would have to be attributed to its 
high rate of hydrogenation. Such a high rate was 
indeed confirmed after 3 p1 of STY had been 
injected into the microreactor, and complete 
hydrogenation of STY to EB was observed even 
on as little as 30 mg of catalyst G. On the other 
hand, when pure STY (1 p1) was injected over 
50 mg of catalyst M, 22% was hydrogenated to 
EB, while over 159 mg of this catalyst the conver- 
sion increased only to  48%. When pure EB was 
injected under the same conditions, no reaction 
was observed. After hydrogen had been replaced 
by helium, no conversion of BT whatsoever was 

ments have-been summarized in Table 2. 
The temperature dependence of the conversion 

of BT and DHBT is shown in Table 3. The 
'activation energies' were calculated from plots 
similar to those in Fig. 1. Here, two methods 
were employed: A ,  in which the amount of BT 
and DHBT desulfurized was used, and B, in 
which the yields of the desulfurization products 
were used in the calculations. The difference in 
values obtained by these methods (BT: 5.2 and 
11.6 kcal mol-' for A and B respectively; DHBT: 
5.0 and 7.5 kcal mol-l) must arise from the 
adsorption of reactants, as discussed above. The 
higher of the two values (i.e. method B) must be 
regarded as being more meaningful. Thus, in 
order to measure the EB yield on an optimally 
clean surface, care was taken at low temperatures 
to determine each conversion value on a fresh 
catalyst. The situation was different on catalyst 
M, where the activation energies for BT (12.2 
and 11.9 kcal mol-I) and DHBT (7.0 and 7.6 
kcal mol-l) were similar for both these methods, 
showing that the adsorption of reactants on the 

TABLE 2. Reaction of DHBT in helium at 400 "C using 3-r1 pulses 
(flow rate: 300 ml; pressure: near atmospheric) 

Composition of 
Catalyst desulfuriiation products 

Dehydrogena- Desulfuriza- 
Type Amount (mg) tion tion EB STY 
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TABLE 3.  Temperature coefficients of the pulse reactions 
of BT, DHBT, and T over catalysts G and M 

'Activation energy' 
Reactant Catalyst Method* (kcal mol-I) 

BT G A 
B 

BT M A 
B 

DHBT G A 
B 

'Yield of BT' 

DHBT M A 
B 

T G A 
M A 

'Method A :  from amoun t  of orgnnosulfur compound consumed. 
Method B :  from yield of desulfurization products. 

low surface area catalyst is not very important. 
Temperature coefficients were calculated in the 
straight-line regions between 250 and 400 OC in 
all cases. 

The temperature change of the yield of BT 
(curve 3 in Fig. 1) was used to  estimate the 
'activation energy' of dehydrogenation of DHBT. 
The slope is steeper than the others, thus giving a 
higher activation energy for dehydrogenation 
(14.8 kcal mol-l) as compared to  desulfurization. 
This indicates that with increasing temperature 
the rate of dehydrogenation becomes increasingly 
important in comparison with that of desul- 
furization. 

For  comparison thiophene (T) was also in- 
vestigated on both these catalysts. Surprisingly, 
on catalyst M the 'activation energy' was 12.3 
kcal mol-I, a value which is similar to that for 
BT. The Arrhenius plot for this catalyst gave a 
good straight line in contrast to  that on catalyst 
G ,  where the line curved downwards a t  low 
temperatures, thus making an estimate of activa- 
tion energy inaccurate. The value of about 
16 kcal mol-I is higher than that on catalyst M 
and the difference, if real, could be explained by 
assuming adsorption of some products on the 
surface of catalyst G a t  low temperatures. 

I t  would appear, then, that the adsorption 
of both reactants and products on the catalyst 
surface, especially that of catalyst G ,  plays 
a significant role in determining the value of 
the temperature coefficient ('activation energy'). 
Moreover, the effect of hydrogen cannot be 

ignored, although i~~sufficient data are available 
a t  present. According to Lipsch and Schuit (S), 
the adsorption of hydrogen on a supported 
cobalt molybdate catalyst increases from 220 OC 
to a maximum at  about 550°C, and then de- 
creases again with a further rise in temperature. 
This could be an additional factor affecting the 
temperature coefficient of desulfurization. The 
effect of hydrogen on unsupported MoS2 cata- 
lysts is not well understood. However, because 
of the negligible adsorption of organic materials 
on catalyst M,  it is safe to  say that the values of 
the 'activation energies' we have determined over 
this catalyst from the temperature dependence of 
the conversions are that much more realistic. 
Finally, the unexpectedly similar values of the 
activation energies for BT and T are consistent 
with the possibility that the two reactants desul- 
furize by similar initial steps in the reaction 
sequence. 

Before discussing the mechanism of the hydro- 
desulfurization of BT we wish to  summarize 
some relevant facts observed so far. Apart from 
the possible similarities in the behaviour of T 
and BT to  which we have referred in the above 
discussion on activation energies, the observation 
of STY among the products in the desulfuriza- 
tion of BT and DHBT supports the mechanism 
involving direct C-S bond scissio~l without an 
intermediate hydrogenation of the thiophene 
ring. The tendency of DHBT to  dehydrogenate 
extensively, especially a t  higher temperatures. 
does not rule out BT as the source of desulfuriza- 
tion products even in t h  hydrodesulfurization 
of DHBT. On the basis of these observations, 
several reaction routes can be proposed t o  
explain the formation of STY in the desulfuriza- 
tion of BT on catalyst M.  For  the sake of com- 
pleteness, routes involving reactions of DHBT 
are also shown. 

Reaction route a suggests participation of the 
p-hydrogen of the thiophene ring in C-S bond 
cleavage, and formation of product 1. The very 
low stability to be expected of such a product 
rules out any chance of its detection. Some 
support for this route can be found in the ob- 
servation of Givens and Venuto (2) of a marked 
decrease of the desulfurization rate of BT, when 
the p-hydrogen had been substituted by a methyl 
group. Route O involves C-S bond cleavage 
with the participation of hydrogen reactant as the 
initial step. Similarly, here the detection of 
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FURIMSKY AND AMBERG 

DHBT E B 

SCHEME 2 

product 2 is difficult due to the very high rate of 
desulfurization of thiophenol derivatives. Route 
c involves the intermediate ring saturation of the 
hetero-ring in BT. Under the present experi- 
mental conditions, however, DHBT tended to 
dehydrogenate on both our catalysts, thus ren- 
dering improbable this particular step, at least 
under those conditions. 

The formation of STY beside EB in the desul- 
furization of DHBT on catalyst M indicates that, 
for this reactant, migration of one of the p-hy- 
drogens with subsequent C-S bond cleavage 
(route c") takes place as well. The results ob- 
tained with DHBT under helium on both our 
catalysts, where both EB and STY were found as 
products, lend some further support to this route. 
In that case EB can be formed either directly 
from DHBT via route c", or by hydrogenation of 
STY produced in reaction sequence c'-6'. 

The position of equilibrium between BT and 
DHBT may have an effect on the mechanism of 
hydrodesulfurization of BT. One of the factors 
affecting the equilibrium is the concentration of 
hydrogen. One would expect that, with an 
increase in concentration, the equilibrium will 
shift towards DHBT. This may explain the 
occurrence of DHBT among the products at very 
high Hz flow rates in the desulfurization of BT as 
observed by Givens and Venuto (2). Similarly, 
in the proposed mechanism, the routes most 
affected by an increase in H2 pressure are 6 and c. 
The stability of DHBT compared to that of 

intermediate 2 can be expected to increase with 
an increase in Hz pressure. As the result of such 
an equilibrium shift DHBT would become a 
direct source of EB in the desulfurization of BT. 
Thus, for a complete understanding of the 
mechanism of hydrodesulfurization of BT it 
becomes essential to conduct experiments at 
high H2 pressures over a sufficiently wide tem- 
perature region. Work at moderately high pres- 
sures has recently been undertaken by de Beer 
et al. (9); their results appear to be consistent 
with the above. 
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synthesis and X-ray crystallography of 
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Condensation of cis-9-methyl-2-decalone, 9, with ethyl 2-pyrrolidineacetate, 10, afforded a 
mixture of two isomeric vinylogous amides, 11. Oxidation of either one pure isomer, l l a ,  or the 
mixture 11 to the same pyridone, 12, revealed that the two condensation products were stereo- 
isomeric a t  a single carbon atom and not structural isomers. Reduction of l l a  afforded the 
amino ketone 13. The structures assigned to 11,12, and 13 are based on X-ray crystallographic 
analysis of 13. 

Similarly, condensation of 9 with ethyl Zpiperidineacetate, 14, afforded the isomers 150 and 
15b both of which were oxidized to the same pyridone, 16. Reduction of 15a afforded 17. The 
structures assigned to 15, 16, and 17 are based on X-ray crystallographic analysis of 17. 

RONALD B. KELLY, BARRY A. BECKETT, IJAZ MUMTAZ, ERIC STANLEY et PETER S. WHITE. 
Can. J. Chem. 54, 1512 (1976). 

La condensation de la methyl-9 decalone-2 cis, 9, avec le pyrolidineacktate-2 d'kthyle, 10, 
conduit B un melange de deux amides vinylogues isomkres, 11. L'oxydation soit d'un isomkre 
pur, l l a ,  ou du melange 11 conduisant a la meme pyridone, 12, rhkle  que les deux produits de 
condensation sont des stCrCoisomkres au niveau d'un seul atome de carbone et non pas des 
isomkres structuraux. La reduction de l l a  conduit l'amino &tone 13. Les structures attribuees 
i 11,12 et 13 sont bakes sur une analyse de diffraction de rayon->( de 13. 

De la mCme maniere, la condensation de 9 avec la piperidineacetate-2 d'ethyle, 14, conduit 
aux isomkres 150 et 15b qui peuvent &tre tous les deux oxydCs en pyridone, 16. La reduction de 
15n conduit h 17. On a attribue les structures 15,16 et 17 grdce B l'analyse de 17 par diffraction 
des rayons->(. 

[Traduit par le journal] 

Introduction On the other hand. there also exists the uossi- 
Communications from various sources (e.g. 

ref. 1) have described condensations of cyclic 
ketones with amino acid esters to give cyclic 
enamino ketones (e.g. 3). The mechanism of such 
condensations, which are performed in the 
presence of an acid catalyst, presumably in- 
volves the initial formation of an enamine, 1, 
which undergoes intramolecular acylation to 
produce an iminium salt, 2. The latter is then 
transformed into a cyclic, conjugated enamino 
ketone, 3, by abstraction of a proton (Scheme 1). 

The ability to perform condensations of this 
type suggests the intriguing possibility of form- 
ing the 14-aza- and the D-homo-14-azasteroidal 
nuclei in a single step from simple, readily avail- 
able starting materials. For example, the con- 
densation of a 9-methyl-2-decalone, 4, with 
2-pyrrolidineacetate, 5, could, conceivably, give 
7 which possesses the 14-azasteroidal nucleus. 

bility of the condensation of 4 and 5 producing 
8, a structural isomer of 7 with an azacyclo- 
pentaanthracene skeleton (Scheme 2). 

The ratio of structurally isomeric enamino 
ketones of type 7 and 8 in the product is de- 
pendent upon the relative extent of the participa- 
tion of the two possible enamines (6a and b) in 
the cyclization which leads to the final products. 
In the case of trans-9-methyl-2-decalones, it 
might be expected that the 'nonsteroidal' isomer 
8 would predominate because of the tendency of 
trans-2-decalones to enolize in the direction away 
from the ring junction (refs. If, 2, and references 
cited therein). This tendency leads to the expec- 
tation that enamines of type 6b, leading to 8, 
would be favoured in the case of trarzs-2- 
decalones. 

With cis-9-methyl-2-decalones no such specu- 
lations can be entertained with any degree of 
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KELLY ET AL. 1513 

confidence because of the combined effects of 
conformational flexibility and steric factors (lj; 
2). As a matter of fact, the nmr spectrum of the 
pyrrolidine enamine of cis-9-methyl-2-decalone, 
9, shows signals for two different vinylic protons 

indicating the presence of both the possible 
enamines. 

From the above considerations it appeared 
that the chances of obtaining enamino ketones 
possessing the 14-aza- and the D-homo-14- 
azasteroidal nuclei were better with cis-9-methyl- 
2-decalone, 9, than with the trans-isomer. 
Accordingly, our efforts have been concentrated 
on an investigation of the condensation of 
cis-9-methyl-2-decalone with ethyl 2-pyrrolidine- 
acetate, 10, and ethyl 2-piperidineacetate, 14. 

Synthetic Studies 

Condensation of cis-9-methyl-2-decalone, 9? 
with ethyl 2-pyrrolidineacetate, 10, in refluxing 
toluene in the presence of a catalytic amount of 
trifluoroacetic acid afforded a crystalline product 
in 67y0 yield. The course of this and similar 
condensations could be conveniently monitored 
by the increasing intensity of an absorption 
maximum in the uv spectrum at ca. 340 nm. 
Although tlc and vpc suggested that the product 
was a single compound, the appearance of two 
methyl singlets in the nmr spectrum attested to 
the presence of two compounds. 

These compounds were intractable to separa- 
tion by chromatographic methods but a pure 
compound (110, m p  170 "C) was isolated in 42% 
yield by fractional crystallization; the remainder 
(25y0) was, like the crude product, a mixture, 11. 
of two compounds. Structures 11, 12, and 13 are 
based on an X-ray crystallographic analysis of 
the latter (uicle irfra). In agreement with the 
structure 11 assigned to the condensation prod- 
uct, both the mixture 11 and the pure compound 
l l a  exhibited spectral properties1 attributable 
(3) to a vinylogous amide (u,,,, 1600 and 1545 
cm-I ; A,,, 340 nm). 

Oxidation of either the pure condensation 
product l l a  or the mixture 11 with mercuric 
acetate afforded, in 78% yield, the same crystal- 
line pyridone 12. The spectral properties of the 
oxidation product were in agreement with the 
assigned structure (u,,,, 1640 and 1530 cm-I ; 
A,,, 266 nm; nmr 6 6.13 (vinylic proton)). This 
result shows that the two products present in the 
condensation product 11 are C-12 stereoisomers 

'Spectral data for all compounds are in agreement with 
assigned structures. Only data pertinent to the discussion 
will be given in this section; for further details see 
Experimental. 
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l l a  (mp 170 "C;58%) 
11 (mixture) 

and not structural isomers of the type 7 and 8. 
Reduction of the pure condensation product 

l l a  with lithium in liquid ammonia followed by 
equilibration with base afforded a crystalline 
amino ketone (v,,, 1708 cm-l) in 47% yield 
(36% of starting material recovered). An X-ray 
crystallographic analysis (uicle infio) revealed 
that the amino ketone had the 'non-steroidal' 
structure represented by 13. It follows, then, that 
the structures assigned to the condensation 
product 11 and to the derived pyridone 12 are 
valid. Thus, only compounds possessing the 
'non-steroidal' azacyclopentaanthracene skele- 
ton were obtained (Scheme 3). 

Simultaneously with the work described above, 
the condensation of cis-9-methyl-2-decalone, 9, 
with ethyl 2-piperidineacetate, 14, was studied in 
a parallel series of experiments (Scheme 4). The 
condensation, employing conditions similar to 
those used in the above case, afforded two 
crystalline products. The major product, 15a 
(mp 224 "C), was obtained in 51% yield while 
the minor product, 15b (mp 165 "C), was ob- 
tained in 17% yield. The spectral properties of 
the two products were in accord with the 
presence of a vinylogous amide group (3) (v,,,, 
two bands between 1615 and 1610 cm-I and 1560 
and 1550 cm-l; A,,,,, ca. 330 nm). The structures 
assigned to  the condensation products and to the 
derived compounds 16 and 17 are again based on 
X-ray crystallographic analysis (of 17, vide infra). 
Therefore, in analogy with the previously de- 

scribed sequence, only compounds with the 
'non-steroidal', azabenzanthracene skeleton were 
forthcoming. 

Oxidation of either of the condensation prod- 
ucts 15a or b with mercuric acetate afforded, in 
67% yield, the same crystalline pyridone 16 
(v,,, 1625 and 1558 cm-'; A,,, 266 nm;  nmr 
6 6.08 (vinylic proton)). The two products are 
therefore C-12 stereoisomers and not structural 
isomers. 

Reduction of the major condensation product 
15a with lithium in liquid ammonia, followed by 
equilibration with base, afforded a crystalline 
amino ketone (1710 cm-l) in 67% yield. X-ray 
crystallographic analysis showed unequivocally 
that the amino ketone had the structure repre- 
sented by 17, hence, the structures assigned to 
the Drecursors 15 and 16. 

The differences in  the steric configurations at  
C-7, C-8, and C-12 relative to the angular methyl 
group in the amino ketones 13 and 17 are note- 
worthy since these compounds were obtained by 
reduction of the corresponding enamino ketones. 
l l a  and 15a respectively, with lithium in liquid 
ammonia. These differences are likelv due to 
fundamental differences in the stereoelectronic 
conformations of the transition states encoun- 
tered during the reduction (4). The nature of the 
transition states, hence the stereochemistry and 
the conformations of the products, may in turn 
be controlled by the stereoconfiguration at C-12 
of the precursor enamino ketones l l a  and 15a. 
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KELLY ET AL, 

15a (mp 224 "C; 5 1 %) 

15b (mp 165 "C; 17%) 

It is also appropriate to  point out at this stage 
that the structures of 1 3  and 17, as determined by 
X-ray crystallography (uirle infra), have different 
conformations of the cis-fused A/B ring system; 
the remaining conformational features of these 
molecules follow from the particular A/B con- 
formation which is present. Conformational 
drawings of 13 and 17 are provided in Schemes 3 
and 4 (cf. Figs. 1 and 2). 

It is apparent that application of the approach 
described herein to  the selected starting materials 
does not provide compounds possessing the 
14-aza- and the D-homo-14-azasteroidal nuclei. 
However, it is conceivable that control of regio- 
and stereochemical factors could result in the 

production of such compounds. The failure to 
obtain these compounds does not detract from 
the potential utility of the approach in other 
aspects of synthetic chemistry. 

X-ray Crystallographic Analysis 

The structures of the two compounds 13 and 
17 have been solved by X-ray techniques. Pre- 
liminary Weissenberg photographs taken of both 
compounds were used to establish space group 
and approximate cell dimensions. 

The final atomic coordinates and temperature 
factors are given in Tables 1 and 2 in which the '., 
hydrogen atoms are numbered after the carbon 
atom to which they are bonded. Figs. 1 and 2 (9) 

FIG. 1. ORTEP (9) plot of compound 13, thermal FIG. 2. ORTEP (9) plot of compound 17, thermal 
elipsoids drawn with 50% probability. elipsoids drawn with 50% probability. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54, 1976 

(a) Final parameters and estimated standard deviations (e.s.d.'s) X 104 for compound 13. 
t.f. = exp [ - 2 ~ ~ ( a * ~ U ~ ~ 1 z ~  + b*2U22k2 + c*2Uj3I2 + 2a*b*U121zk - 2a*c*U13hl - 2b*~*U~~/11)] 

Atom s Y UI I u2 2 u3 3 u12 u13 u2 3 
- -  p p p p p p  - 

c(1)  8808(3) 5927(2) 1269(3) 470(19) 392(17) 614(22) 40(15) 82(16) -75(16) 
c(2)  157(3) 5946(3) 1479(4) 51 l(21) 578(22) 699(24) 81(17) 136(18) -34(19) 
c(3)  672(3) 6905(3) 2213(4) 425(19) 657(24) 714(25) 3(17) 119(17) 320)  

237(3) 7038(3) 3503(3) 481(20) 622(22) 665(25) -45(18) -4(17) -52(20) 
C(4) c(5) 8881(3) 7030(2) 3303(3) 472(18) 508(20) 409(18) -5(15) 65(14) 14(16) 
C(6) 8357(3) 8029(2) 2654(3) 528(19) 399(18) 523(21) -80(15) 89(15) -78(15) 
c(7)  7017(3) 8053(2) 2427(3) 524(19) 396(18) 425(18) 5(15) 145(15) -24(15) 
c(8)  6482(2) 7133(2) 1590(3) 398(17) 380(17) 445(18) 19(14) 104(14) 2(15) 
C(9) 6980(3) 6136(2) 2240(3) 484(19) 374(17) 503(21) -26(14) 123(16) 24(15) 
c(10) 8341(3) 6057(2) 2554(3) 436(18) 380(17) 444(19) lO(13) 65(14) 55(14) 
N(11) 5187(2) 7173(2) 1393(3) 419(15) 421(15) 558(17) 35(12) 99(12) -20(13) 
C(12) 4702(3) 81 13(2) 719(3) 490(20) 528(20) 571(21) 117(16) 105(16) - 1 l(17) 

5130(3) 9056(2) 1550(4) 635(24) 481(20) 759(26) 162(17) 155(19) - 1 l(19) 
C(14) 6460(3) 9051(3) 1881(4) 679(24) 360(19) 753(26) 9(18) 130(20) -82(19) 
c(15) 4546(3) 6339(3) 604(4) 439(21) 557(21) 823(27) -7(16) 32(18) -70(19) 

3293(3) 6764(3) 125(4) 488(23) 773(30) 1242(38) 53(20) -9(22) -187(27) 
'(I6) 3385(3) 7908(3) 413(4) 519(22) 732(28) 1064(33) 151(19) 86(21) -62(25) 
C(18) 8649(3) 5091(3) 3428(4) 601(23) 518(22) 844(28) 33(18) 46(20) 258(21) 
0 7042(3) 9784(2) 1664(4) 812(20) 453(15) 1790(33) -48(15) 94(20) 196(19) 

(b) Final parameters (e.s.d.'s) X lo3 for compound 13 

Atom .Y \I U Atom Y 1' U 

present perspective views of the two molecules 
and indicate the numbering scheme used and 
Figs. 3 and 4 give bond  length^.^ 

Experimental 

X-ray Analysis 
Unit-cell and space group data were obtained from 

Weissenberg photographs. Both compounds 13 and 17 
exhibited systematic absences corresponding to the space 

'Complete tables of observed and calculated structure 
factors are available, a t  a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada K I A  0S2. 

group P21/c. Final cell dimensions were obtained by a 
least-squares fit of 12 well centered reflections on  a 
Picker FACS-1 diffractometer. The relevant crystallo- 
graphic data for the two compounds are:  

Compound 13 
C17H27N0 f.w. = 261.4 
 monoc clinic, P21/c, a = 11.527(4), b = 12.943(5), c = 
10.268(4)A, B = 101.45(2)", V = 1531,9A3, p, = 1.13, 
Z = 4, (20 "C; MoKa,  X = 0.71069 A); crystal size, 
0.60 X 0.36 X 0.24 mm; p = 0.74 cm-I. 

Compounrl17 
C18H29N0 f.w. = 275.4 
Monoclinig, P2,/c, a = 12.106(4), h = 2.672(2), c = 
17.324(6)A, /3 = 98.27(3)", V = 1593.5A3, p,  = 1.15, 
Z = 4, (20°C; MoKa,  X = 0.71069 A); crystal size, 
0.50 X 0.36 X 0.36 mm; p = 0.75 cm-I. 
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KELLY ET AL. 1517 

TABLE 2 
(a) Final parameters (e.s.d.'s) X 10"or compound 17 

t.f. = exp [ -2*2(n*2UlIIi2 + b*2U2Zk2 + + 2~1*b*U~~hk + 2a*c*Ul3I~1 + 2 b * ~ * U ~ ~ k l ) ]  

Atom Y Y UI I u2 2 u3 3 u12 u ~ 3  u2 3 

(6)  Final parameters (e.s.d.'s) X 103 for compound 17 

Atom .Y 1' U Atom s 1' U 

Intensities were measured on the diffractometer using 
graphite monochromated MoKa radiation. A 8-28 scan 
at a rate of 1" m-1 was used with a base range of 2" 
corrected for dispersion of the K a  doublet. A stationary 
background count of 20 s was made on both sides of each 
reflection. A standard reflection monitored every 20 
reflections showed no systematic intensity change for 
either compound. After correction for background, 
reflections with a net intensity of less than 15 counts were 
classified as unobserved. Data were collected to 28 = 50" 
for compound 13 and to  28 = 45' for compound 17, 
resulting in 2647 allowed unique reflections, of which 
1334 were considered unobserved, for compound 13; 
for compound 17 there were 2086 allowed unique reflec- 
tions of which 737 were considered unobserved. 

Both structures were solved by multi-solution direct 
methods using the program MULTAN (5). In  each case 

FIG. 3. Bond lengths (A) for compound 13. C-H 
bonds are not shown. 
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CAN. J .  CHEM. 

FIG. 4. Bond lengths (A) for compound 17. C-H 
bonds are not shown. 

the solution with the best 'combined figure of merit' 
calculated by the program was used to produce an  E-map. 
These maps were searched for the highest peaks and the 
program FRAGMENT (6) was used to  identify possible 
molecules, consistent with expected bond angles and 
distances. The E-map for compound 13 gave a fragment 
of 22 peaks from which the 19 non-hydrogen atoms in 
the molecule could easily be identified. The E-map for 
compound 17 also gave a fragment of 22 peaks, however, 
in this case it was not possible to unambiguously identify 
the molecule. The problem was resolved by one cycle of 
least-squares refinement after which the two erroneous 
peaks were immediately obvious. In both cases chemical 
information was used to place the oxygen and nitrogen 
atoms. 

The X-ray 72 suite of programs (7) was used for refine- 
ment of the structures, scattering factors used were those 
given in the International Tables for Crystallography (8). 
Initial least-squares refinement of the non-hydrogen 
atoms with isotropic thermal parameters resulted in 
agreement indices of 0.19 for compound 13 and 0.16 for 
compound 17. At this point all the hydrogen atoms for 
both compounds were located in difference Fourier maps 
and their inclusion in the refinements reduced the agree- 
ment indices to 0.14 and 0.10 respectively. Cruickshank's 
weighting scheme (7) was used for further refinement, the 
parameters being adjusted so that the average IVA' was 
similar for groups of reflections analysed in terms of IF; 
and sin 8. The quantity minimized was C ~ v ( l F ~ l  - IFcI)' 
for observed reflections only. Inclusion of anisotropic 
temperature factors for the non-hydrogen atoms gave 
final agreement indices of 0.049 for compound 13 and 
0.052 for compound 17. 

Itrs/rrrmet~tntiotr, Methocls, ntlcl Mn/erials 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The ir spectra were 
recorded on a Perkin-Elmer model 237 B spectrophotom- 
eter and uv spectra were determined with a Perkin-Elmer 
Coleman model 124 instrument. The nmr spectra were 
recorded with a Varian T-60 instrument; chemical shifts 
were expressed in ppm (6-values) downfield from the 
signal for tetramethylsilane which is used as an  internal 
standard. 

Vapour phase chromatography was performed on a 
Hewlett-Packard model 5750 instrument fitted with a 
stainless steel column (6 X in.) packed with 10% of 
UC-W98 (silicone gum rubber) on diatoports (80-100 
mesh). The tlc was carried out on silica gel GF-254 pro- 

VOL. 54, 1976 

cured from Brinkman Instruments (Canada) Ltd. 
Petroleum ether refers to  the fraction with boiling 

point range 30-60 "C. Brine refers to a saturated solution 
of sodium chloride. 

Cotrde~lsatiot~ Proclrrcts 11 r11icl11~ 
A solution of 500 mg of cis-9-methyl-2-decalol1e, 9 

(lo),  374 mg of ethyl 2-pyrrolidineacetate (I I) and 0.1 1 
ml of trifluoroacetic acid in 5.3 ml of toluene was refluxed 
under a nitrogen atmosphere for 27 h. Water formed 
during the initial stages of the reaction was removed by 
molecular sieve (Linde, type 4A) in a Soxhlet adaptor. 
The course of the reaction was monitored by the increas- 
ing intensity of an  adsorption maximum at cn. 340 nm. 
The cooled reaction solution was treated with 70 ml of 
cold, 1 M sodium carbonate solution and the product 
was extracted into benzene. 

The product, obtained by evaporation of the benzene 
extracts, on crystallization from ether afforded 387 mg 
(67(,;,) of crystalline 11, mp 145-158 "C. This crystalline 
material gave rise to a single spot on silica gel tlc and a 
single peak on vpc. The nmr spectrum exhibited two 
methyl singlets at  6 0.90 and d 0.94 demonstrating the 
presence of two compounds. 

Successive recrystallizations from ether afforded 
259 mg (42%) of a single compound l lc i ,  mp 169-170 "C;  
A,,, (EtOH) 340 nm (e 14 970); v,:,, (CHC13) 1600 and 
1545 cm-1 (vinylogous amide); nmr (CDCI,), S 0.90 
(s, 3H, methyl). Atrnl. calcd. for C17H25NO: C 78.72, 
H 9.71, N 5.39; found: C 78.52, H 9.96, N 5.34. 

The mother liquors afforded 102 mg of crystalline 
material (mp 157-163 "C), with uv and ir spectra identical 
with those of 1 1 ~ 1 .  There were, however, two methyl 
singlets in the nmr spectrum at 6 0.90 and 6 0.94 indicat- 
ing the presence of two compounds. 

Pyrirlo~re 12 
A solution of 100 mg of 110, 124 mg of mercuric 

acetate, and 146 mg of the disodium salt of ethylene- 
diamine tetraacetic acid in 10.2 ml of 559; acetic acid 
was heated at  65-70 'C for 26 h (12). After cooling, the 
reaction mixture was made basic by careful addition of 
1 M sodium carbonate solution and extracted with 
methylene chloride. Evaporation of the extracts it1 crrcrio 
afforded the crude product. 

Purification of the crude product by tlc on silica gel 
with 7% of methanol in ether as solvent and subsequent 
crystallization from benzene-ether afforded 78 mg (78%) 
of 12,  mp 191 "C;  A ,,, (EtOH) 266 nm (e 12 360); v,,, 
(CHC13) 1640 and 1530cm-1 (pyridone (13)); nmr 
(CDCI,), 6 0.96 (s, 3H, methyl), 6.2 (s, IH ,  vinylic proton). 
Atral. calcd. for CI,H,,NO: C 79.34, H 9.01, N 5.44: 
found: C 79.03, H 9.15, N 5.68. 

Oxidation of the mixture 11 of condensation products. 
as above, alforded the same pyridone 12 in 78% yield. 
The identity of the two pyridones was established by 
mixture melting point (no depression), identity of uv, ir. 
and nmr spectra and identical behavior on tlc (silica gel) 
in a variety of solvents. 

Arnitro Ke/otre 13 
A solution of 91 mg of condensation product 110 in 

1.0 ml of dry tetrahydrofuran was added to a solution of 
78 mg of lithium in 30 ml of liquid ammonia. After 
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stirring on a dry ice-acetone bath for 90 mln, excess 
reagent was destroyed by the addition of solid ammonium 
chloride and the ammonia was allowed to evaporate at 
room temperature. T o  the residue was added 60 ml of ice 
water and the aqueous solution was extracted with 
benzene. Evaporation of the extracts yielded an 011 which 
was refluxed with 20 ml of 1 M methanolic potassium 
hydroxide for 2 h. After removal of most of the solvent 
by evaporation itz uacrro, 50 ml of water was added and 
the aqueous solution was extracted with benzene. Evapo- 
ration of the extracts ill vacrro afforded 86 mg of oil. 

The oil was separated into two fractions by tlc on 
s~lica gel with 0.576 methanol in ether as solvent. One 
fraction (33 mg, 36%) was found to be starting material. 
The second fraction, on crystallization from pentane, 
afforded 43 mg (47%) of amino ketone 13, mp 79 "C;  
v,,, (CHCI,) 1708 cm-1 (ketone); nmr (CDCI,), 6 1.00 
(s, 3H, methyl). Mol. Wt. calcd. for C,,H2,NO: 261, 
found: 261. 

Etl~yI 2-Piperiiii~~eircetute 14 
This ester was prepared as follows (cj. ref. 14). A 

solution of 1.25 g of 2-pyridylacetic acid hydrochloride in 
500 ml of glacial acetic a c ~ d  was hydrogenated over a 
platinum catalyst (from 1.0 g of plat~num oxide) a t  room 
temperature and at 8 atm for 7 11. The catalyst was 
removed by filtration and the volume of the filtrate was 
reduced t o  90 ml whereupon the product crystallized. 
Recrystallization from acetic acid afforded 1 .I49 g (89T0) 

I of 2-piperid~neacetic acid hydrochloride mp 185 "C (11t. 
(146) m p  185 "C). A solution of 1 .O g of Zpiperidineacetic 
acid hydrochlor~de in 50 ml of absolute ethanol was 
saturated with dry hydrochloric acid while cooling on an 
ice-salt bath. The solvent was evaporated ill vnclro, 
replaced with another 50 ml portion of absolute ethanol, 
and saturation with dry hydrochlor~c a c ~ d  was repeated. 
Evaporation of the solvent ill uacrro and crystallization of 
the residue from ethanol-ether afforded 1.04 g (88%) of 
ethyl 2-piperidineacetate hydrochloride, mp 146 "C. 
AtmI. calcd. for CBH18N02C1: C 52.05, H 8.74, N 6.74; 
Found: C 52.19, H 9.19, N 6.66. 

A solution of 910 mg of the ethyl ester hydrochloride 
III 50 ml of cold 1 N sodium carbonate solution was 
extracted with three 50-ml portions of ether. The ether 
extracts were washed with 50 ml of ice water, dried, and 
evaporated ill caczro. Distillation of the residue (bp 97- 
98 "C/9 torr) afforded 602 mg of 14 as a colorless 011 
which gave a proate, mp 125 OC (lit. (140) mp 125 " 0 .  

Corzclerrsntiot~ Prodrtcts 15a n11d156 
A solution of 1.00 g of ethyl 2-piperidmeacetate, 14, 

2.00g of cis-9-methyl-2-decalone, 9 (lo), and 0.4 ml of 
trifluoroacetic acid in 10 ml of dry toluene was refluxed, 
under an atmosphere of nitrogen, for 6 days. Water 
formed in the initial stages was removed by molecular 
sieve (Linde, type 4A) in a Soxhlet adaptor. The course 
of the reaction was monitored by the increas~ng intensity 
of an absorption maximum at cn. 330 nm. T o  the cooled 
reaction mixture was added 150ml of 1 M sodium 
carbonate solut~on and the aqueous mixture was extracted 
with benzene. 

Evaporation of the extracts yielded a crude product 
which was separated into two fractions by tlc on s~lica 
gel with 5% methanol in ether as solvent. Crystallization 

of one fraction from methylene chloride - ether afforded 
816 mg (51%) of 15a, mp 224 "C; A,,, (EtOH) 330 nm 
(E 14 000); r,,, (CHCI,) 1615 and 1560cm-I (vinylogous 
an~ide); nmr (CDCI,), 6 0.90 (s, 3H, methyl). Arlol. 
calcd. for Cl8HZ7NO: C 79.07, H 9.94, N 5.12; found: 
C 79.18, H 10.03, N 5.05. 

The second fraction, on crystallization from methylene 
chloride-ether, afforded 272rng (17%) of 156, mp 
165 "C; A,,, (EtOH) 334 nm ( E  13 980); v,,, (CHCI,), 
1610 and 1550 cm-I (vinylogous amide); nmr (CDCI,), 
6 0.90 (s, 3H, methyl). Al~al. calcd. for CISHZ7NO: 
C 79.07, H9.94, N 5.12; found C79.40, H 10.07,N 5.18. 

Pyriclorle 16 
Oxidation of 80 mg of condensation product 15a by 

the procedure described previously for the oxidation of 
11 and 110 t o  12  afforded 70 mg (88%) of pyridone 16, 
mp 242°C; A,,, (EtOH) 266 nm (E  11 200); v ,,,, 
(CHCI,) 1625 and 1558 cm-1 (pyridone (13)); nmr 
(CDCI,), 6 0.95 (s, 3H, methyl), 6.08 (s, l H ,  vinylic 
proton). Allnl. calcd. for CISH2SNO: C 79.66, H 9.29, 
N 5.16; found: C 79.36, H 9.20, N 5.44. 

Oxidation of condensation product 156, as above, 
afforded in 87% yield, the same pyridone 16. Identity of 
the two oxidation products was established by mixture 
melting point (no depression), identity of uv, ir, and nmr 
spectra, and identical behavior on tlc (silica gel) in a 
variety of solvents. 

Atnirlo Ketorle 1 7  
Reduction of 235 mg of the condensation product 15n 

by the procedure used to obtain the amino ketone 13 
afforded 230 mg of oil. Purification of the oil by tlc on 
silica gel with ether as solvent afforded 157 mg (67%) of 
amino ketone 17, mp 108 "C; v,,,, (CHCI,), 1710cm-1 
(ketone); nmr (CDCI,), 6 1.03 (s, 3H, methyl). Arlal. 
calcd. for CISHz9NO: C, 78.49, H 10.61, N 5.09; found: 
C 78.69, H 10.53, N 5.41. 
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Iduence of remote substituents on ionization potential. 
Part 11.' Enamines 
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R. S. BROWN. Can. J. Chem. 54, 1521 (1976). 
Electronic interactions in vinylamines can be divided into ns-T conjugation, and effects 

arising as a consequence of the electron-withdrawing abilities ( - I )  of both the nitrogen and 
*-system. Dehydroquinuclidine represents an ideal model which minimizes n,-*conjugation, 
and exhibits a pe spectrum which indicates that both the nx and *-orbitals are stabilized by 
about 0.4 eV relative to quinuclidine and bicyclooctene respectively. This stabilization is 
proposed to be a consequence of - I  effects of each group and/or rehybridization of the 
nitrogen. Similar inductive effects are assumed to operate in enarnines which do not prohibit 
n ~ - *  interaction. In these cases, strong conjugative effects are operative in addition to the - I  
effects. 

R. S. BROWN. Can. J. Chem. 54, 1521 (1976) 
On peut diviser les interactions Clectroniques des vinylamines en conjugaison n, -T  et en 

effets derivant des propriktts Clectroaffinitaires ( - I )  B la fois de l'azote et du systkme T .  La 
dihydroquinuclidine represente un modkle ideal qui minimise la conjugaison n, -T  et qui 
montre un spectre pe indiquant que les orbitales r et n, sont stabilisees respectivement par 
environ 0.4 eV par rapport B la quinuclidine et au bicyclooctkne. On propose que cette stabilisa- 
tion provient des effets - I  de chaque groupe et/ou de la rthybridisation de I'azote. On fait 
l'hypothkse que des effets inductifs semblables sont en operation dans les Cnamines qui n'em- 
pCchent pas les interactions n, - r. Dans ces cas, des effets de conjugaison trks puissants sont 
en operation en plus des effets - I .  

[Traduit par le journal] 

Enamines have become progressively impor- 
tant as synthetic intermediates since their utility 
was first demonstrated by Stork et al. in 1954 (2). 
Their ability to undergo electrophilic additions at 
both carbon and nitrogen has been ascribed to 
resonance forms such as 1 and 2 which formally 
place high electron density at either end of the 
three-atom four-electron system (for a com- 
pendium of leading references on this feature and 
its chemical consequences see ref. 3). 

,-. 

The enamine nitrogen can, in principle, exert 
two opposing effects on the double bond, an 
electron-withdrawing inductive effect (-I) and 
an electron-releasing conjugative interaction 
(+R). In most enamines both effects operate 
simultaneously, and the physical properties of 
the molecule will reflect the summation of the 
two. In terms of electrophilic addition to the 
carbon end of the enamine, the conjugative 

'For part I ,  see ref. 1. 

abilities of the amine will far outweigh the -I 
effect as illustrated in eq. 1. 

Recognizing the possible opposing influences 
of the nitrogen on the *-system, we felt such 
systems were particularly suited to study by 
photoelectron spectroscopy (pes). In order to  
individually assess the contribution of the 
opposing - I  and +R effects to the total charac- 
ter of the molecule, a model compound was 
chosen in which one of the effects is minimized 
relative to the other. Since conjugative inter- 
actions depend markedly upon coplanarity of 
orbitals for maximum effect while inductive 
interactions do not (4) the best model would be 
one in which the nitrogen lone pair (nN) is 
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perpendicular to the T-system. Such an  arrange- 
ment is provided in the simple system 1-aza- 
bicyclo[2.2.2]oct-2-ene or dehydroquinuclidine. 
3 (5). Determination of the ionization potential 
(IP) of the T-bond in 3 will provide an estimate 
of the -I effect of the adjacent nitrogen. With 
this value in hand, one can turn to an analysis of 
the pe spectra of I-(N,N-dimethylamino)cyclo- 
hexene, 5, and I-(N,N-dimethylamino)cyclo- 
pentene, 7, in which both +R and -I effects are 
operating in concert. 

Experimental 
The pe spectra were determined under conditions 

similar to  those described before (1). Dehydroquinucli- 
dine, 3, was prepared according to published procedure 
(5b). Compounds 5 and 7 were prepared by the method of 
Blanchard (6), while the saturated analogues 6 and 8 were 
obtained via a procedure described by Mousseron et 01. 
(7). All physical constants agreed with those published 
and spectral data were consistent with the assigned 
structures. 

Results and Discussion 

The pe spectra for compounds 3 and 5-8 are 
presented in Figs. 1 and 2 respectively, while the 
corresponding data and assignments are pre- 
sented in Table 1. 

Dehydroquinuclidine, 3, was first prepared by 
Grob el al. (5) as a vinylanline in which no 
resonance interaction of n, and the T-bond is 
possible. Several chemical and physical proper- 
ties of 3 reflect reactivity atypical of regular 
enamines. For example, 3 is relatively stable in 
either aqueous acid or base (5) while typical 
enamines such as 5 and 7 rapidly hydrolyse in 
aqueous media to  the corresponding ketones and 

15 I4 13 12 1 1  10 9 8 

IONIZATION POTENTIAL ( e V )  

FIG. 1. The pe spectrum of dehydroquinuclidine using 
argon as an internal calibrating gas. 

secondary amine. Treatment of 3 with methyl 
iodide results in exclusive N-alkylation, while 
enamines such as the pyrrolidine enamine of 
cvclohexanone react with methvl iodide to form 
a quaternary salt which may be decomposed by 
water to yield 70% 2-methylcyclohexanone (2). 
Grob et al. have concluded that 3 is 1.13 pK units 
weaker a base than quinuclidine in aqueous 
solution a t  25 OC, and have attributed this 
feature to  (-I)  electron-withdrawal of the 
double bond. While it is certain that basicitv in 
aqueous solutions is subject to  solvation effects 
(8), in the gas phase where such effects are 
absent, dehydroquinuclidine, 3, may be very 
close in basicity to  quinuclidine. For example in 
aqueous solution quinuclidine, 5, is about 2200 
times as strong a base than benzoquinuclidine, 9, 
but in the gas phase they possess equal basicity 
within experimental error (8). 

For systems in which both the -I and + R 
effects are operative, Stamius and Maas (9) have 
determined the base strengths of the morpholine, 
piperidine, and pyrrolidine enamines of iso- 
butyraldehyde in aqueous solution at 25 "C, and 
concluded that thev are 30-200 times weaker 
bases than the corresponding saturated anlines 
and 200-1000 times weaker than the secondary 
amines from which they were formed. Un- 
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BROWN 1523 

doubtedly such enamines again show strong 
solvation effects in water but in chloroform 
solution, the base strength of several enamines 
has been shown to be 10-30 times weaker than 
secondary amines from which they were derived 
(10). In these cases, the base weakening has been 
attributed to  both the inductive effect of the 
double bond and the mesomeric delocalization 
illustrated in 1 and 2 (9, 10). 

Plzotoelectron Spectra 
Assuming the validity of Koopmans' theorein 

( 1  I), when one compares the n-bond energy of 3, 
with that of the carbocyclic analogue bicyclo- 
[2.2.2]oct-2-ene, 10, the former appears to be 
stabilized relative to the latter by 0.36 eV (9.41 
eV us. 9.01 eV (12)). In principle, stabilization of 
the n-bond in dehydroquinuclidine relative to 10 
could be a consequence of the - I  effect of 
nitrogen and/or a conjugative interaction of the 
n-orbital with an appropriate combination of 
empty coplanar antibonding N-C orbitals. The 
latter effect could effectively lower the n-bond 
level as illustrated in 11, but is suspected to be 

minimal or nonexistent in related systems (1) and 
therefore probably contributes little to the 
rnolecule at  hand.2 

Interestingly, the n, orbital of 3 has been 
lowered in energy by (8.44 eV - 8.02 eV = 0.42 
eV) relative to quinuclidine, 4. This stabilization 
is undoubtedly due to the presence of the n-bond 
and can, in principle, arise from the greater 
inductive effect (13) of the adjacent sp2 hybridized 
carbons relative to  the sp3 hybridized carbons in 
quinuclidine. The pe spectrum of benzoquinu- 
clidine, 9, also shows a marked stabilization of 

IONIZATION POTENTIAL (eV) 2CND0/2 calculations on dehydroquinuclidine indi- 
cate that the orbital corn~rised rnainlv of T-character 

FIG. 2. The pe spectra of I-(N,N-dimethy1arnino)cyclo- possesses no contribution df the type siggested in 11. In  
hexene, 5, N,N-dimethylarninocyclohexane, 6 ,  I-(N,N- fact the T-molecular orbital in dehydroquinuclidine ap- 
dirnethy1amino)cyclopentene 7, and N,N-dimethylarnino- pears extensively delocalized and contains contributions 
cyclopentane, 8, using argon as an internal calibrating gas. from the coplanar a-framework. 
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TABLE I .  Ionization potential data for compounds 3-8 
derived from pe spectroscopy 

Compound Vertical 1P (eV) and Assignment 
- ~ 

Dehydroquinuclidine 3 8 .44(nX)O, 9 .41 (~) ,  10.7qu)b 
Quinuclidine 4< S .02(nN), 1 0 . 4 5 ( ~ ) ~  
1-(N,N-Dirnethy1amino)cyclohexene 5 7.56(nN - H), 9.7411, + H), 10.66(u) 
N,N-Dirnethylarninocyclohexane 6 S .Og(nx), 10.4qa) 
1-(N,N-Dirnethylarnino)cyclopentene 7 7 .46(nN - H), 9 .76(nx + H), 11.25(u) 
W,N-Dimethylarninocyclopentane 8 8 . 3 4 ( n ~ ) ,  10.86(~)  

- - -- - - 

OAdiabatic IP (taken as the onset poteniial) is 8.02 eV. 
"(u) defines the first maximum of the broad envelope ascribed to  the ionization of the u-bonds. 
rReference 24. 

the n, orbital, relative to 4, also caused by the 
presence of the aromatic ring (IPV nx = 8.35 eV 
(14)). 

An alternative explanation which may account 
for the lowering of the n, orbital of 3 relative to 
4 might involve a sterically imposed rehybridiza- 
tion of the nitrogen in 3 to generate an n, 
orbital of larger s-character than that in 4. 
Morishima and co-workers (15) have demon- 
strated a linear relationship between the IPV of 
the n, orbital of cyclic amines, and percent 
s-character. The question reduces to one of 
whether the presence of a-bond in 3 constrains 
the nitrogen sufficiently to account totally for 
the lowering of n,. 

Intuitively, it seems peculiar that two con- 
nected electron-withdrawing groups should lower 
the energy of the outerinost occupied orbital on 
each group. One may well expect that, if simple 
inductive arguments hold, the excess electron 
density acquired by nitrogen from its neighbors 
would be reflected in a reduction of the IP of n,. 
That such a reduction is not observed suggests 
additional factors which complicate the situation. 
The stabilization of the outermost orbitals of two 
electron-withdrawing groups by the presence of 
each other is not a unique phenomenon restricted 
to  3. In fact, an assessment of some IP data for 
propenes substituted at the allylic position by an 
electronegative group reveals the same general 
shifts of the n, and a-orbitals as shown above. 
For the exainples given in Tdble 2, homo- 
conjugative interactions between n, and the 
a-bond would not be expected to produce the 
observed shifts. In these noncyclic molecules, 
sterically imposed rehybridization of the type 
demonstrated by Morishiina and co-workers (15) 
cannot be important, since such geometric 
restriction is absent. However, inductive effects 

can account for the observed trends. Un- 
fortunately the charge redistribution which 
results from the introduction of groups of 
differing electronegativity will probably be 
closely associated with some rehybridization 
which allows the molecule to reach its lowest 
possible energy. 

This aspect of substituent effects was originally 
discussed by Walsh in 1947 (16) who suggested 
the following rule: "If a group X attached t o  
carbon is replaced by a more electronegative 
group Y, then the carbon valency toward Y has 
more p-character than it had toward X". Later 
Bent (17) in applying this generalization t o  atoms 
containing lone pairs reformulated the rule as: 
"Atomic s-character concentrates in orbitals 
directed toward electropositive substituents". If 
lone pairs are considered to be directed toward 
highly electropositive groups (17, 18), then in- 
creasing the electronegativity of groups X 
attached to atom N puts more p-character into 
the N-X bonds, and conversely more s-charac- 

TABLE 2. Vertical ionization potentials of 3-substituted 
propenes 

- 
Vertical 1P (eV) 

- - - 

Compound T-(C-C) Substituent n 

Propene 
1-Propanol 
Allyl alcohol 
I-Chloropropane 
Allyl chloride 
1-Brornopropane 
Ally1 bromide 
Ally1 fluoride 
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BROWN 1525 

x\ x - 9  
x' 

I2  
ter into the lone pair, thus lowering its energy. 
Hence, it is entirely conceivable that one cannot 
separate the - I  effect from inductively induced 
rehybridization because one effect is a con- 
sequence of the other. If such effects are operative 
in the open-chain systems, they may also be 
evident in the bicyclic system as well. For the 
remainder of the discussion, we will attribute the 
lowering of the n, orbital in 3 relative to  4 to the 
- I  effect of the a-bond, regardless of whether 
the exact cause is electronegativity or induced re- 
hybridization. 

With the inductive effects of each group on 
the other qualitatively evaluated, we can now 
apply these data to enarnines 5 and 7 in which 
delocalization is not prohibited by the stereo- 
chemical relationships of the groups. Inductive 
effects such as those present in dehydroquinu- 

clidine must also be operative in conjugated 
enamines although they are undoubtedly altered 
by changes in bond length and substitution. 

Conjugative interaction between n, and a in 
both 5 and 7 preclude orbital assignments which 
may be classified simply as the nitrogen lone 
pair or a-bond (14). Rather, as has been clearly 
discussed by Hoffrnann (19), when two orbitals of 
different energy interact, the lower energy one 
becomes stabilized by "mixing into itself the 
higher one in a bonding way, while the upper 
orbital mixes into itself the lower one in an 
antibonding way" and becomes destabilized. 
Thus in enarnines 5 and 7 where such interaction 
is possible, the highest occupied n~olecular 
orbital (homo) can be represented as (nx - a )  
while the second highest MO is represented as 
(nN + a). An energy level diagram illustrating 
this point is shown in Fig. 3. 

Figure 3 depicts two situations for both 5 and 
7 before and after conjugative interaction. In the 

FIG. 3. An energy level diagram illustrating the conjugative interaction between n, and T ~ ~ - ~  in 
enamines 5 and 7. Energy levels are assumed to be equal to -IP, (9). Values of the levels of the non- 
interacting units were derived from suitable models corrected for the inductive effects of the substituents 
(see text). The shaded areas represent the broad envelope ascribed to ionization of the U-orbitals. 
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absence of delocalization, the starting n, level systems, and if present should be easily mon- 
for 5 will simply b e  that of N,N-dimethyl- itored by pe ~pectroscopy.~ 
aminocvclohexane. 6. modified bv the -I effect 
introdiced by theAprLsence of thk double bond 
(- 8.09 eV -0.42 eV). Similarly the a(C-C) level 
will be that of unsubstituted cyclohexene (20) 
modified by the -I effect of the nitrogen 
(- 9.12 eV - 0.36 eV). These -I effects of each 
group upon the other can at least be qualitatively 
assessed by a comparison of the observed pe 
values for the orbitals of dehydroquinuclidine. 
quinuclidine (21), and bicyclo[2.2.2]oct-2-ene 
(12). Allowing the two orbitals to interact causes 
a substantial increase in their separation relative 
to the non-interactive case. The splitting ob- 
served between n, - a and n, + a in 5 and 7 
is 2.3 1 eV and 2.30 eV re~pectively.~ 

It can be shown (23) from a simple LCAO 
inodel that when two orbitals (n, and a) of 
differing energy interact, the final separation 
of the two can be given as: 

AE = ((n, - al2 + 4p2)lI2 
where 

p = j(n,Ha)d.~ 

Using basis orbitals obtained as above, one 
can calculate that b(n,, a )  = 0.59 and 0.65 eV 
for 5 and 7 respectively. Thus the resonance inter- 
action of the two moieties in both enamines is 
substantial and probably equal. One has no 
means of assessing whether the interaction in 
5 and 7 is optimized, but it certainly will be de- 
creased as the n, orbital approaches a perpen- 
dicular orientation to the double bond. Some 
chemical reactivity consequences of the lack of 
coplanarity of orbitals were demonstrated by 
Opitz et 01. (24) for the pyrrolidine enamines of 
cycloheptanone, cyclooctanone, and cyclonon- 
anone. 

Alkylation of 1-pyrrolidinocycloheptene with 
ethyl iodide produces 41% C- and 53% N- 
alkylation while similar conditions produce only 
N-alkylation for the eight- and nine-membered 
rings. Presumably geometric restrictions prevent 
optimum interaction of n, and a in the latter 

'A recent study (22) has shown that the n,- r and 
n, f r levels in 2-methyl-2-azabicyclo[3.2.l]octa-3-ene 
are separated by 2.77 eV. I t  is difficult to compare this 
separation with those found here because the substitution 
of the double-bond differs. 

Conclusion 

From the above study one can see that the 
enamine nitrogen can exert two opposing effects 
on the adjacent double bond, a -I effect and a 
+R effect. These effects can be distinguished 
from each other by recognizing that maxi- 
mum conjugative interactions require coplan- 
arity of the interacting orbitals. In the absence 
of such conjugation the .electronegativity of 
nitrogen results in inductive withdrawal of 
electron density from the a-bond forcing the 
latter to higher binding potential. Observation of 
increased binding potential for n, of dehydro- 
quinuclidine relative to quinuclidine leads one to  
assess the consequences of the introduction of a 
a-orbital on the IP of the nitrogen lone pair in 
the absence of conjugation. If Koopmans' 
theorem holds and molecules 3 and 4 do not 
experience widely differing relaxation effects on 
ionization, then the reasons for the above 
observation may be associated with the inductive 
withdrawal of electron density from n, to the 
a-system and/or 'inductively induced' rehybridi- 
zation. The exact reasons are as yet unclear but 
are certainly deserving of further study. 
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Effect of aging on properties of polynuclear hydroxyaluminum cations1 
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ROBERT C. TURNER. Can. J. Chem. 54, 1528 (1976). 
Very slow partial neutralization of 5 X 10-4 to 6 X lo-' M solutions of A1C13 and A1(C104)3, 

using either finely ground dolomite or NH3 as the base, resulted in the formation of polynuclear 
hydroxyaluminum cations without the appearance of any solid phases. Certain properties of 
the polynuclear cations did not change and no solids formed during an aging period of two years. 
The properties of the polynuclear cations examined were their rate of reaction with 8-hydroxy- 
quinoline and hydrolysis constants using formulas suggested in the literature. In contrast, the 
concentration of the polynuclears decreased, although very slowly, during aging. This decrease 
was accompanied by the appearance of a second type of polynuclear hydroxyaluminum cation, 
which apparently has the same OH/A1 mole ratio but is much less reactive than the first type. 

ROBERT C. TURNER. Can. J. Chem. 54, 1528 (1976). 
La neutralisation partielle, tres lente, de solutions 5 X 10-4 B 6 X lo-' M de AIC13 et 

A1(C104)3: utilisant soit de la dolomite en poudre fine ou de l'ammoniac comme base, conduit k 
la format~on de cations hydroxyaluminium polynuclCaires sans l'apparition de phases solides. 
Certaines proprietis des cations polynuclCaires ne changent pas et aucun solide ne se forme 
durant une piriode de vieillissement de deux ans. Les propriCtCs des cations polynuclCaires qui 
ont CtC examides sont leur vitesse de reaction avec l'hydroxy-8 quinolCine et leur constante 
d'hydrolyse utilisant des formules suggCr6es dans la littkrature. Par opposition, la concentration 
des cations polynuclCaires diminue, quoique tres lentement, durant le processus de vieillissement. 
Cette diminution est accornpagnCe par l'apparition d'un second type de cations hydroxyalu- 
rninium polynuclCaires qui a apparamment le mCme rapport molaire OH/Al mais qui est 
beaucoup moins rtactif que le premier type. 

[Traduit par le journal] 

Introduction 
It was concluded by Turner (1) and Smith (2) 

that three forms of A1 existed in partially 
neutralized aqueous solutions or more properly 
suspensions. This conclusion was based on the 
observation of different rates of reaction with 
8-hydroxyquinoline (1) and ferron (2). The first 
reaction was instantaneous for all practical 
purposes, which led to the assumption that the 
reaction was with mononuclear A1 cations. The 
second was a pseudo-first order process leading 
to the assumption that the solution contained 
polynuclear hydroxyaluminum cations. The third 
form was thought to be composed of solids, from 
the observation that it reacted very slowly or not 
at all after a few hours aging. There is some 

'Contribution No. 534 S.R.I. and No. Rl65 Saskat- 
chewan Institute of Pedology. 

2Present address: Department of Soil Science, Saskat- 
chewan Institute of Pedology, University of Saskatche- 
wan, Saskatoon, Saskatchewan S7N OWO. 

disagreement, however, concerning the effect of 
aging and degree of neutralization on properties 
of the polynuclear cations. Turner and Ross (3) 
stated that the specific rate constant for the 
reaction between them and 8-hydroxyquinoline, 
using the standard procedure (4), was 0.16 min-' 
and that this rate constant was independent of 
degree of neutralization and length of time of 
aging of the polynuclear cations. They concluded 
that the polynuclear cations do not hydrolyze 
and polymerize upon standing, that is, only the 
initial solid phases progress to gibbsite. 

Smith (2), on the other hand, claimed that the 
rate constant decreased with increasing degree of 
neutralization and, at least in some cases, with 
length of time of aging. Smith (2) concluded from 
his results, largely on the basis of the changes in 
the magnitude of the rate constant, that the 
polynuclear cations grow and eventually become 
gibbsite. 

Smith's (2) conclusion supports the theory 
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expressed by Hsu and Bates (5) for the develop- 
ment of crystalline aluminum hydroxides. Patter- 
son and Tyree (6) ,  however, as late as 1973, 
suggest that further work similar to that done by 
Smith (2) and Bilinski and Tyree (7) should be 
done to decide the equilibrium state to which 
hydrolyzed aluminum solute species are tending. 

The exact formula for the polynuclear cations 
is not known. Some of the formulae that have 
been suggested are: A ~ ~ ( O H ) I ~ ~ +  (8); A18(OH)2o4+ 
(9); A ~ I ~ ( O H ) ~ ~ ~ +  (10); A114(OH)348+ (1 1). It 
is not possible, therefore, to calculate un- 
equivocally the concentration of the polynuclear 
cations from a knowledge of the concentration 
of A1 present as polynuclear cations. It is 
possible, however, to calculate their concentra- 
tion assuming any particular formula. 

From the foregoing, it is obvious that the 
question of whether or not the properties of the 
polynuclear cations change with degree of 
neutralization and aging is of prime importance. 
Furthermore, using the standard procedure (4) 
for determining the concentration of A1 present 
as polynuclear cations, it is possible to calculate 
their concentration based on any one of the 
formulae suggested. The calculated concentration 
will depend, of course, on the formula chosen. 
From the calculated concentration of the poly- 
nuclear cations along with p H  and A13+ con- 
centration it is possible to calculate a concentra- 
tion-dependent hydrolysis constant for the 
formula chosen. The only assunlption implied is 
that only one species exists in the solution. The 
effect of degree of neutralization and length of 
time of aging can then be determined. If the 
degree of neutralization and/or aging affect the 
calculated hydrolysis constant for the particular 
formula assumed one can be reasonably sure that 
the formula is not the correct one or the poly- 
nuclear cations are changing with degree of 
neutralization and/or aging. 

The objective in the work reported here was to 
prepare solutions containing polynuclear cations 
but without the formation of any solid phases. 
If this could be done no gibbsite should form, if 
Turner and Ross are correct. the concentration 
of the polynuclear cations should remain con- 
stant indefinitely and properties of the poly- 
nuclear cations could be studied over an un- 
limited length of time. The properties selected for 
study were: (a) the rate of reaction between them 
and 8-hydroxyquinoline and (b) the hydrolysis 

constants for their formation assuming each of 
the following formulae in turn: A I G ( O H ) ~ ~ ~ +  
(8); A ~ s ( O H ) ~ ~ ~ +  (9); A113(OH)327+ (10); and 
Al14(OH)357+. The justification for using the 
fourth arose from observations made during 
this study. 

Experimental 
The procedures followed for partially neutralizing Al 

salt solutions without the formation of any solid phases 
were based on the idea that the polynuclear cation would 
form at an ion activity product, (AI)(OH)3, lower than 
that at which the solids could form (3). In  particular, the 
base was introduced at a rate such that the formation of 
the polynuclear cations would maintain the ion activity 
product less than that required for the formation of the 
initial solid phases. The chemicals used were reagent 
grade with the exception of dolomite, which was a natural 
product. The Ca/Mg mole ratio of the dolomite was unity 
and it had the theoretical C 0 2  content. I t  was ground to 
pass a 100 mesh sieve. X-Ray analysis of oriented samples 
was done with a Phillips diffractometer using Fe-filtered 
Co radiation. In the dialysis experiments the solutions 
were placed in dialysis bags and the bags were then 
suspended in double distilled H20. A continuous flow of 
water was maintained outside the bag and the bag was 
agitated intermittently over a 24 h period. 

Procediire A 
Finely ground dolomite, which has a relatively slow 

rate of dissolution, was added to solutions of A1C13 or 
Al(C1O4), and the solutions were stirred vigorously with a 
magnetic stirrer for 5 days. The solutions were then 
filtered through No. 42 Whatmann filter papers and 
C02-free air was bubbled through the filtrates for several 
hours with the object of removing carbonic acid. The 
solutions were stored in ground glass stoppered Erlen- 
meyer flasks with gentle stirring at 25 "C.  Over an 
extended length of time, the pH, total and dialyzable Al 
and the rate of reaction between 8-hydroxyquinoline and 
the Al in solution by the standard method (4) were 
determined periodically. The concentration of mono- 
nuclear Al was assumed to be that which reacted in- 
stantaneously and the concentration of Al present as the 
polynuclear cations that which reacted via the pseudo- 
first order reaction with 8-hydroxyquinoline. 

Procedirre B 
The Al salt solutions were placed in Teflon reaction 

vessels and stirred vigorously with magnetic stirrers. Air 
which had passed through a succession of scrubbers con- 
taining NaOH, H2S0,, lithasorb, and H 2 0  was bubbled 
through a column of a solution of N NH,CI to which 
NaOH had been added. The mixture of C02-free air and 
NH3 was led into Teflon reaction vessels over the surface 
of the salt solutions. There was another outlet to allow 
the air-NH3 mixture to pass out of the reaction vessels. 
The concentration of NaOH in the NH,Cl solutions 
governed the concentration of NH3 in the air that was led 
into the containers. The concentration of NH, was 
adjusted so that it required a month or more to reach 80% 
neutralization. The solutions, after neutralization to  the 
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TABLE 1. Effect of aging on the specific rate constant for reaction between the hydroxyaluminum 
polynuclear cations and 8-hydroxyquinoline 

Mean 
specific 

Concen- Degree Number Days Correlation rate Standard 
Salt tration Base neutralization of dtns. aned coefficienta constant deviation" 

A ~ C I ~  lo-' Dolomite 0.8 1 24 553 $0.09 0.160 
A1C13 1 0-2 Dolomite 0.79 10 65 1 +0.60C 0.161 
A I C ~ ~  10-I Dolomite" .79 12 214c -0.22 0.167 
AIC1, 10- Dolomite 0.55 17 730 +0.34 0.166 
AICl, 10-2 Dolomite 0.29 15 530 1-0.44 0.170 
AIC13 10-2 Dolomite 0.13 13 356 -0.13 0.162 
Al(C104)3 6 X 10-2 CaC03  0.8 1 7 4651 -0.20 0.157 
AIC1, 5X Dolomite 0.75 18 445 -0.31 0.155 
A1C13 5 X 10-4 Dolomite 0.52 12 646 -0.30 0.163 
A I C I ~  5X 10-4 Dolomite 0.32 12 432 -0.53c 0.162 

Total with procedure A 121 - t 0 . 0 2  0.162 

A I C I ~  10-2 NH3 0.81 16 558 -0.20 0.164 
A I C I ~  lo-' NH3 0.75 12 58 1 -0.03 0.164 
AlC1, lo-' NH3 0.46 15 589 +0.47c 0.164 
AI(C104)3 lo-' NH3P 0.83 11 66" +0.05 0.170 
AIC13 5X10-4 NH3 0.79 6 107 -0.17 0.156 
A1Cl3 5 X 1 0-"H3 0.54 10 110 -0.12 0.161 

Total with procedure B 59 +O .06 0.163 

aCorrelntion coefficient for regression o f  rate constant on  days aging. 
bStandard deviation. 
CSignificant at Pa.oa level. 
dSeeded witli synthetic gibbsite after 224 days aging. 
Volynuclears absent after 214 days but solid showed only a trace ofgibbsite after 517 days aging. 
fPolynuclears absent after 465 days aging but the solid did not show a very strong gibbsite pattern after 837 days aging. 
oNH3 added in 24 11. 
hStrong gibbsite pattern after 66 days aging. 

degree desired, were stored in closed Teflon bottles a t  
25 "C with gentle stirring. The same determinations were 
made as with Procedure A. 

Three variations of procedures A and B were made to  
show the effect of initial solid phases, which crystallize to  
gibbsite during aging, on the properties of systems con- 
taining polynuclear cations. The variation with procedure 
B was to increase the concentration of NH3 to the extent 
that 80% neutralization was attained in 24 h. I t  was not 
possible to increase the rate of dissolution of the dolomite 
so one variation with procedure A was to replace the 
dolomite with CaCO,, which dissolves much more 
rapidly. A second variation with procedure A was to 
divide a solution, which had been 797, neutralized and 
aged 224 days, into two. T o  one was added a small 
amount of synthetic gibbsite and then both solutions 
were aged for a further 517 days. 

Results and Discussion 
When procedure A or B was used, the presence 

of solids could not be detected in any of the 
systems at  any time during more than 2 years 
aging. All of the A1 passed through a 25 nm 
millipore filter and diffused readily across a 
dialysis membrane regardless of the total A1 
concentration, which varied from 5 X to  

6 X M, or degree of neutralization, which 
varied from 0.04 t o  0.81. Thus the first objective 
of the work, to  prepare the polynuclear cations 
without the formation of any solid phases, was 
successful. On the other hand, when dolomite 
was replaced with CaC03, which dissolves much 
more rapidly, solids formed and gibbsite was 
eventually identified in the suspensions. The 
X-ray diffraction patterns of the oriented speci- 
mens for the various samples of gibbsite were 
never very strong, however, even after 837 days 
aging. With the rapid addition of NH3, so that 
the desired degree of neutralization was attained 
in 24 h, solids were formed and after three weeks 
aging exhibited strong X-ray diffraction patterns. 

Table 1 is a summary of the results showing 
the effect of degree of neutralization and aging 
on the specific rate constant for each reaction 
between the polynuclear cations and 8-hydroxy- 
quinoline. The rate constants were calculated 
using the method of linear least squares for the 
best fit of the natural log of the concentration of 
A1 as polynuclear cations remaining to  react us. 
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time. The concentration remaining to  react was 
calculated as the concentration that had reacted 
a t  t = m minus that which had reacted a t  t = r .  
Since there was no measurable reaction between 
30 and 50 min for all experiments during the first 
4 weeks of aging, t = 30 min was used as r = 

for all the subsequent experiments. In calculating 
the line of best fit, t = 2 rnin was taken as zero 
time for two reasons: (a) the reaction with the 
dimer Alz(OH)z4+, although not instantaneous. 
is very rapid and is complete in 2 min (12); and 
(b) with low concentrations of A1 and relatively 
high degrees of neutralization using dolomite as 
the base (procedure A), there was a sillall but 
definite induction period, probably caused by the 
presence of carbonates. In three cases the cor- 
relation coefficient for the regression of the 
specific rate constant on number of days aged 
was significant a t  the Po.o5 level (Table 1). In two 
of these cases, however, one with procedure A 
and one with procedure B, the correlations were 
positive while in the other it was negative. When 
all of the results by either procedure A or B 
were combined, the correlation coefficient be- 
tween the rate constant and length of time of 
aging was not significant even at the Po.5o level. 
Similarly, the results in Table 1 show no signi- 
ficant effect of degree of neutralization on the 
specific rate constant. There were differences 
between individual pairs but, as with the effect 
of aging, the differences were obviously caused 
by experimental error. When all of the results by 
procedure A were combined the mean specific 
rate constant was 0.162min-I and the corre- 
sponding mean by procedure B was 0.163 min-1. 
With the three special experiments, which were 
made to  show the effect of the formation of solid 
hydroxyaluininum phases on the polynuclear 
cations, the experimental error was relatively 
large because many of the determinations were 
made with rather low concentrations of poly- 
nuclear cations. The mean value for the s~ecific 
rate constant with these experiments was 0.166 
min-I. From these results, it can be concluded 
that the polynuclear cations do not increase in 
size and complexity with length of time of aging 
or degree of neutralization, when the rate of 
reaction with 8-hydroxyquinoline is the criterion 
used to  characterize them. 

Hydrolysis constants Kc(,,,,) were calculated, 
assuming in turn that A16(0H)153+, A18(OH)204f, 
A113(OH)327+, or Al14(OH)3s7+ was the formula 

for the polynuclear cations, for all experiments 
in which procedures A and B were used. The 
subscript c in the K,,'s denotes that they are not 
thermodynamic hydrolysis constants, i.e. they 
depend largely on concentrations rather than 
activities. The Kc's are defined by the equation 

where square brackets and parentheses denote 
concentrations and activities, respectively. 

The calculated pKc's were the same regard- 
less of whether procedure A or B was used. 
Table 2 shows the pK,'s for A113(OH)3z7+ and 
A16(0H)153+. Those for A18(OH)Pf and AlI4- 
(OH)357+ were calculated but are not shown in 
the table because the two shown are sufficient t o  
illustrate everything necessary for interpretations. 
Results from another investigation, in which 
NaOH was the base used, are included in Table 1. 
In that investigation, the degree of neutralization 
was only 0.04 so that no solid phases were 
formed. It seemed legitimate, therefore, to  
include them here. 

The magnitude of the pKc's were not affected 
by the length of time of aging of the polynuclear 
cations, as shown by the very small standard 
deviations for each experiment. This evidence 
supports the conclusion reached with the reaction 
rate studies (Table l), i.e. the polynuclear 
cations do not increase gradually in size and 
complexity with length of time of aging. 

The effect of degree of neutralization on the 
calculated pKc's is not consistent. The pKc(15,6)'s 
were higher for the very low degrees of neutrali- 
zation (0.04) than for the higher ones, for a given 
total A1 concentration or ionic strength. The 
calculated pKcoo,8,'s were also affected in the 
same way by the degree of neutralization but t o  a 
lesser extent. The and pKc(3,,14)'s 
however, were not affected by the degree of 
neutralization. The formula A13(OH)327f has an 
OH/Al mole ratio solnewhat less than 2.5, 
whereas the others have this ratio equal to  2.5. 
It was for this reason that A114(OH)357+ was also 
considered. Since P K ~ ( ~ ~ , ~ ~ )  was also independent 
of degree of neutralization, it appears that the 
affect of degree of neutralization on pKc(15,6) and 
pKc(z0,8) was because the formulas A16(OH)1s3' 
and A18(OH)zo4+ d o  not have enough A1 atoms 
per polynuclear cation to  represent the formula 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1532 CAN. J. CHEM. VOL. 54. 1976 

TABLE 2. Effect of aluminum concentration and degree of neutralization on calculated 
hydrolysis constants and on [Al](OH)3 when no solids were formed 

Concentration Degree of Days 
(MI neutralization aged N u  P K c ( ~ ~ , I ~ )  ~ ~ ~ ( 1 5 . 6 )  p[A9(OH13 

6x10-' 0.70 613 13 104.9810.29"50.49 10.14" 31.94 
6X lo-' 0.44 687 1 I 104.7610.33 50.56 10 .23  32.03 

low2 0.81 555 24 103.2710.93 50.1010.44 31.82 
10-2 0.81 70 6 15 103.3410.35 50.10+0.19 31.95 
10-2 0.79 620 9 103.6510.66 50.2410.33 31.85 
lo-' 0.75 58 1 12 103.14k0.59 50.0010.28 31.89 
lo-' 0.55 672 18 103.61 1 0 . 4 7  50.21 10 .25  32.08 
10-2 0.46 586 14 103.06k0.49 50.0110.22 32.15 
lo-? 0.29 538 15 103.5810.50 50.4410.27 32.16 
10-3= 0.04 30 10 103.4010.13 51.4710.09 32.17 

5 x lo-4C 0.04 30 10 103.0810.13 51.5510.13 32.16 
1 0-4C 0.04 30 10 103.7610.70 51.7710.31 31.97 
10-3" 0.04 30 10 101.1510.16 50.4410.12 32.38 

5X 0.79 107 6 101.1311.03 49.8510.47 31.90 
5 x lo-4 0.72 485 17 100.5610.54 49.6610.25 32.03 
5 X 0.54 I 12 10 100.5911.11 49.61 10 .51  32.16 
5 X 0.52 647 12 100.7710.42 49.7710.21 32.16 
5 X 0.40 677 14 101.0410.30 49.99k0.15 32.21 
5 X 0.04 30 10 100.85 10 .09  50.72k0.06 32.37 

10-4" 0.04 30 10 100.6010.08 50.60!~0.06 32.24 

aNumber of dctcrminalions made periodically during aging. 
*Standard deviations. 
C9dIncluded from another investigation. NnOH as base. Aged 30 days and then 10 replicate determinations. (c adjusted to ionic strength0.06.) 

for them. On the strength of the fact that 
P K ~ ( ~ ~ , ~ ~ )  and pK,(,,,,,) were not affected by the 
degree of neutralization, it can be concluded that 
the polynuclear cations do not increase in size 
and complexity with degree of neutralization, 
a conclusion that is again in agreement with the 
results from the rate of reaction studies (Table 1). 

It has been shown so far that it is possible to 
prepare polynuclear hydroxyaluminum cations 
without the formation of any solid phases, and 
these polynuclear cations do not increase 
gradually in size and complexity with degree of 
neutralization or length of time of aging. There 
remains the question of whether or not, under 
these conditions, the polynuclear cations remain 
at constant concentration regardless of length 
of time of aging. 

It can be seen by the results in Table 3, which 
are representative of 18 such individual experi- 
ments, that there was a positive correlation 
between length of time of aging and concentra- 
tion of inononuclear A1 cations and a negative 
correlation between length of time of aging and 
either p H  or concentration of polynuclear 
hydroxyaluminum cations. The regressions, how- 
ever, were small. On the basis of the calculated 
linear regression equation, the changes for a two 

year period of aging were 0.03 and 0.09 p H  units, 
0.13 X and 0.17 X lop3 in concentrations 
of n~ononuclears and 3.21 X and 3.94 X 

in concentrations of polynuclears for pro- 
cedures A and B, respectively. These small 
changes in the concentration of mononuclear 
cations and pH, which resulted in very little 
change in [A1](OH)3, showed that the poly- 
nuclear cations were not hydrolysing to a higher 
OH/A1 mole ratio, as would have been the case 
if gibbsite were being formed. These results are 
entirely different from those obtained when 
neutralization was rapid enough to form the 
initial solid phases. 

In one experinlent in which 83% neutraliza- 
tion with NH3 was attained in 24 h, the p H  
started at 5.22 and decreased to 3.96, the con- 
centration of mononuclear cations increased 
from 0.04 x to 1.69 x lop3 M, the A1 
present as polynuclear cations decreased from 
8.12 X to 0.17 X i0-3 M, the A1 present as 
solids increased from 0.54 X lop3 to 6.84 X 
M and P[AI](OH)~ increased from 3 1.02 to 32.9 1 
during an aging period of only 101 days. The A1 
present as solids in the systems was calculated 
assuming it was equal to the total A1 in the 
system less that in the mononuclear and poly- 
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TABLE 3. Effect of aging 81% neutralized approximately 10-3 M A m 3  on pH and 
concentrations of Al as mononuclear and polynuclear A1 cations 

Procedure Aa Procedure Ba 

Days A1 as rnonosb A1 as polysb Al as monosb A1 as polysC 
aged pH X 10' M X lo3 M [Al](OH)3 p H  X 103 M x 103 M [AI](OH)3 

4 
30 
56 

108 
173 
234 
258 
277 
320 
398 
423 
468 
554 
672 
740 
790 
Standard 

deviationd 
re 

UMeans over 7 day period. 
bMononuclear Al cations. 
CPolynuclear Al cations 
"ooled standard deviations. 
ECorrelation coefficients on days aged 

nuclear cations. The correctness of this assump- 
tion was verified, however, at 0, 11, and 32 days 
aging by determining the nondialyzable A1 
present in the systems. In another similar ex- 
periment, in which the degree of neutralization 
was only 0.35 and the length of time of aging 
was extended to 326 days, the pHdecreased from 
4.09 to 3.59, the concentration of mononuclear 
cations increased from 5.76 X to 6.23 X 

M; the A1 present as polynuclear cations 
decreased from 4.08 X lop3 M to nil, the A1 
present as solids increased from 0.16 x to 
3.77 X lop3 M and P[A~](OH)~ increased from 
32.00 to 33.44. The X-ray analyses of the solids 
showed strong gibbsite diffraction patterns after 
only 3 weeks aging. 

The results in Table 3, which are characteristic 
of all the experiments, using procedures A and B, 
show without a doubt that the concentration of 
the polynuclears decreases although extremely 
slowly, with length of time of aging. The fact 
that the pH, concentration of the mononuclears, 
and P[A~](OH)~ changed very little over the same 
aging period, compared with the corresponding 
changes when the initial solid phases were 

formed, showed that the polynuclears were not 
hydrolyzing to gibbsite. In fact, it was found 
that, as these polynuclears that react with 8- 
hydroxyquinoline with a specific rate constant of 
0.16 min-I disappeared, a new type of poly- 
nuclear hydroxyaluminum cation appeared. This 
second type of polynuclear is adsorbed by cation 
exchangers in an exchangeable form. Further- 
more, they will react with 8-hydroxyquinoline, 
with the standard method (4), via a pseudo-first 
order reaction but a t  a very slow rate. The 
specific rate constant for this second type of 
polynuclears is roughly 1/300th of that with the 
first type. This will be dealt with in detail in a 
later paper. 
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Trajectory study of atomic recombination reactions. VII. 
Recombination of I and Br atoms1 

D. T. C H A N G ~  AND GEORGE BURNS 
Lash Miller Cliernical Lnboratory, Utlioersity of Torotiro, Torotlto, Ot~t. .  Crrtrorln M5S I A l  

Received December 4. 1975 

D. T. CHANG and GEORGE BURNS. Can. J. Chem. 54, 1535 (1976). 
Classical 3-D trajectory investigation of bromine and iodine atom recombination reactions 

in He, Ar, and Xe, performed earlier, are extended, using an improved sampling technique, to  
include a larger number of trajectories and a wider temperature range (200-1500 K). The three 
body potential energy surfaces used were assumed to be nearly additive, but otherwise were de- 
fined by the existing molecular beam and spectroscopic data and contained essentially no 
arbitrary parameters. The agreement between computed and experimental rate constants is 
reasonable, and is best if the third body is heavy and reaction proceeds via a bound complex, 
such as IXe. Orbiting inert gas - recombining atom intermediate dimers, XM*, where X = I or 
Br, contribute to  the overall recombination reaction via XM* + X + X7 + M reaction, pro- 
vided M is heavy. If M = He, this reaction path is negligibleat all temperatures studied, again 
provided that X = I or Br. 

D. T. CHANG et GEORGE BURNS. Can. J. Chem. 54, 1535 (1976). 
On a Ctendu les Ctudes classiques de trajectoire en 3-D des atomes de brome et d'iode pour 

leurs reactions de recombinaison dans He, Ar et Xe qui avaient Cte effectuies anterieurement; 
cette extension qui a CtC faite afin d'inclure un plus grand nombre de trajectoires et un intervalle 
de temperature plus grand (200-1500 K) a etC rCalisCe en faisant appel B une mCthode d'echan- 
tillonnage amklioree. On fait l'hypothbe que les surfaces d'energie potentielle, pour trois corps. 
qui ont Cte utilisees sont additives; elles ont toutefois Cte dCfinies autrement par des donnees 
antkrieures provenant de la spectroscopie et d'ktudes de fais ceaux molCculaires et ne contiennent 
essentiellement aucun parametre arbitraire. L'accord entre les constantes de vitesse calculees et 
experimentales est raisonable; il est meilleur si le troisikme corps est lourd et si la reaction se 
produit par l'intermediaire cl'un complexe lie tel que IXe. Des dimkres intermidiaires, B savoir 
des dimeres orbitant de gaz inerte et de l'atome recombinant, XM* (Xe = I ou Br), contribuent 
i la reaction de recombinaison globale par I1intermCdiaire de XM* + X -+ X7 + M ;  M doit 
toutefois Ctre lourd. Si M = He et X = I ou Br, cette trajectoire reactionnelle est negligeable B 
toutes les temperatures CtudiCes. 

[Traduit par le journal] 

Introduction 
Recombination of iodine and bromine atoms 

in inert gases has been studied previously (1-6) 
using classical 3-D trajectory technique and 
Monte Carlo method of sampling. Two dynami- 
cal mechanisms were considered in these calcu- 
lations: the classically bound, or radical-mole- 
cule, complex (BC) mechanism 

X M + X + X 2 + M  

'Research sponsored, in part, by the Air Force Ofice of 
Scientific Research, Air Force Systems Command, USAF, 
under grant No. A75-2856. The United States Govern- 
ment is entitled to reproduce and distribute reprints for 
Government purposes, notwithstanding any copyright 
notation hereon. 

"resent address: Singer Simulation Products, Silver 
Springs, Maryland 20901. 

and the energy transfer (ET) mechanism 
X + x e x z *  

X2* + M- Xz + M 

Here the X M  is a classically bound inter- 
mediate (1) and X2* is an orbiting quasidimer 
(3, 7) with a positive total energy. More recently 
( 5 ,  6) X M  quasidimers. XM*,  were also in- 
cluded in calculations. This reaction path in- 
volves unbound orbiting states of the radical- 
molecule complex XM, and it can be referred 
to  a s  the quasi-radical-t~zolecule complex mech- 
anism (QRMC). Since Q R M C  and ET mech- 
anisms involve collisions of three unbound 
particles, Q R M C  + E T  mechanism can be re- 
ferred to  (6) as a triple collision (TC) mechanism. 

Previous calculations yielded (1-6) theoretical 
rate constants in fair agreement with experiment: 
furthermore, detailed dynamical information on 



1536 CAN. J. CHEM. VOL. 54, 1976 

recombination reactions was obtained. In addi- 
tion, 3-D trajectory study of bromine and iodine 
n~olecule dissociation (8, 9) further extended 
understanding of halogen recombination-disso- 
ciation reactions. 

Since the above mentioned work (1-4) was 
completed, it became possible, using the molecu- 
lar beam technique, to  determine (10-12) the 
interaction potentials between the recombining 
atom and an inert gas. This removed an impor- 
tant uncertainty in poteiltial energy surfaces. 
which affected significantly (1) the magnitude of 
rate constants and the reaction dynamics of 
recombination-dissociation reactions. At the 
same time, it became possible t o  extend the 
temperature range over which halogen recom- 
bination-dissociation reactions could be studied 
experimentally. Thus, iodine recombination was 
recently studied (13) at 200 K, while measure- 
ments o f  the dissociation rate of Br2 were ex- 
tended (9) t o  3000 K.  All these facts meant that a 
meaningful comparison between experimental 
and previous trajectory (1-6) rate constants could 
not always be easily made. This situation was 
further complicated by the discovery that com- 
putation (5, 6) of the XM* + X QRMC two- 
body rate coefficients, kZeq, involved an error in 
the weighting factor. 

In the present work, new molecular beam 
(1 1, 12) data were used t o  determine XM poten- 
tials and the above mentioned error removed. 
The recombination rate constants for Br and 1 

TABLE 1 
(a) Interaction potentials used for iodine1 

t r  in kcal mol-1, s in A. Number in parentheses is the ratio am'"/ 
, ,xo>1, 

(b) Interaction potentials used for bromine? 

M emBrM ,,,BrM emKrM ,,,KrM 

t r  in kcal rnol-'. rn in  A.  Number in parentheses is the ratio emnr"/ 
(=KrH, 

used (5, 6) previously. All values of emX" are 
internally consistent, i.e. they satisfy reasonably 
well the relationship 

,ij = €il($j/ E11)0.5 

where i represents X and j, 1 represent different 
M. Some uncertainty in E, remains because the 
molecular beam data (1 1, 12) d o  not satisfy pre- 
cisely the above relationship, which is known t o  
be not exact. For the purpose of trajectory 
calculations, in the case of X2* dimer, the maxi- 
mum inter~uclear separation was taken to  be 
equal to  8 A, independent of internal energy or 
angular momentum. - 

in He, Ar and Xe were computed at 200y (b) Equilibt-irsn Recombination Rate Coeflcienls 
300, 600, looo, and 1500 and with The equilibrium recombination rate coeffi- 
experimental data, as well as, whenever possible, cients (Tables 2 and 3) can be written (5) as the 
with earlier trajectory studies. sum of contributions from the three (BC, 

QRMC, ET) mechanisms: 
Results 

(a) Potential Energy Sr~rfaces 
Modified additive three-body potential (1) B 

was used throughout these calculations. The po- 
tential energy parameters for XM dimers (Table 
1) were consistent with parameters (E,"" = 0.45 
kcal/mol (11) and E,'"' = 0.33 kcal/mol (l2)), 
obtained by using the molecular beam technique 
(11, 12).3 The a values were derived (1-6) from 
the corresponding E, values using Herschbach- 
Johnston's (14-16) empirical relationship, while 
€,IAr, E , ' ~ ~ ,  and emBrAr were identical to  those 

where K is the equilibrium constant for the 
dimers and kZeq is (1,2) the two-body equilibrium 
rate coefficient. The overall electronic degen- 
eracy factor for each mechanism was taken t o  be 
1/16. Whenever the potential parameters, used 
previously (5), are the same as those used now, 
values of K, obtained here agree well with earlier 
results (5). Present k;: results for iodine case are 
presented in Tables 4 and 5. 

The computational procedures for evaluating 
are grateful to Professor Lee for permitting us to kzeq were described (11 2, 5, 6) previously. For 

use his experimental findings prior to publication. each third body at  each temperature, enough 
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TABLE 2. Equilibrium one way flux rate coefficients, krcQ (in 107 12 mol-2 s-I), for iodine1 

!ires 
Mech- 

Manism 200 K 300 K 600 K 1000 K 1500 K 

He BC 10.2 (400, 48) 5.3 (400, 35) 0.92 (600, 20) 0.57 (800, 24) 0.37 (800, 22) 
QRMC 0.24 (600, 2) 0.13 (600, 1) 0.26 (600, 3) 0 (600, 0) 0.02 (600, 1) 
ET 120.9 (2200, 176) 121.0 (2200, 144) 129.5 (3000, 147) 126.2 (3000, 115) 132.5 (3000, 102) 

Ar BC 203.0 (800, 201) 98.3 (800, 159) 22.9 (1200, 124) 12.7 (600, 56) 5.1 (600, 33) 
QRMC 7.3 (600, 10) 4.2 (600, 8) 6.3 (600, 15) 4.8 (600, 20) 2.7 (600, 15) 
ET 65.9 (1200, 158) 71.9 (1200, 142) 82.2 (2400,232) 91.5 (2400, 198) 89.3 (2400, 161) 

Xe BC 329.3 (800, 196) 178.0 (800, 180) 51.9 (1200, 187) 19.7 (800, 76) 10.7 (600, 46) 
QRMC 46.0 (600, 37) 37.7 (600, 38) 15.2 (600, 28) 13.1 (600, 34) 6.8 (600, 26) 
ET 27.1 (1200, 101) 31 .O (1800, 142) 38.8 (2400, 195) 53 .O (2400, 200) 49.8 (2400, 158) 

t T h c  first figure in thc parentheses indicates the numbcr of trn~cctorics w h ~ c h  were run ,  thc second figure indicntcs the number of trn~cclorics 
which actually led to rccombinat~on. In all trnjectory cnlcul.~tions the initial scp.lrat~on bctwccn thc ~ncomlng atom and the dimer was takcn to 
bc 12.5 A, while thc maximum impact paramctcr was lnkcn to be 8 A. In cnscs of QRMC and ET mechanisms, all tra~cctorlcs w ~ t h  posltivep, 
values were omlttcd. Sce ref. 3. 

TABLE 3. Equilibrium one way flux rate coefficients, krcq  (in 107 1' m ~ l - ~  s-I), for brominel 

Mech- 
M anism 

He BC 
QRMC 
ET 

Ar BC 
QRMC 
ET 

Xe BC 
QRMC 
ET 

?The  first figurc in the pnrenthcscs indicates the number of trajectorics which were run;  the sccond figurc indicntcs thc numbcr of trajectorics 
which actually Icd to recombination. In all trajectory calculntions the initial separation bctwcen the incoming atom and thc dimcr was tnkcn to 
be  11 A, while the maximum impact paramctcr was takcn to bc 8 A. In cascs of QRMC and ET mechanisms, all trajcclories with positive initial 
pr values were omitted. Sec ref. 3. 

TABLE 4. Equilibrium constants for IM dimers (1 mol-I), I + M 2 IM 

k e a  
c q Mech- 

System (kcal mol-1) (A) anism 200 K 300 K 600 K 1000 K 1500 K 

IHe 0.2 3.08 BC 5.6857X10-2 3 .0399X10-2 1 .0584X10-2 4.8923X10-) 2.6562X10-3 
QRMC 9.3345X 5 .4098x10-2 2 . 0 3 9 4 x 1 0 - V  9.7286X10-3 5.3656X 10-I 

1Ar 0.6 3.55 BC 5.3261XlO-1 2.6396XlO-1 8.7060X10-2 3.9613X10-2 2.1365X10-2 
QRMC 5.2568x 10-1 3.3793 X10-1 1.4293x10-1 7. 1630x10-2 4.0521 

IXe 0.7 3.90 BC 9.4143X10-1 4.5379X10-1 1.4691~10-1 6.6515X10-2 3.5803X10-2 
QRMC 8.1202X10-1 5.3341X10-1 2.3157X10-1 1.1742X10-1 6.6836X10-? 

trajectories were run for the dominant mech- obtained from trajectory calculations, and N is 
anism to obtain the rate coefficient with a the number of trajectory runs). Enough tra- 
standard deviation of less than 15% (the latter jectories were also run for the other two mech- 
was defined as anisms. to ensure that the overall rate coefficient 

% S.D. = [P(1 - P)/N]1/2/P X 100 would still have a less than 15% standard 
deviation. 

where P is the probability of recombination In agreement with previous studies (3-6), it 
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TABLE 5. Equilibrium constants for I,:': dimers I + I % 12* (ref. 5)t 

T ( 1 1 )  

(kcal mol-1) 
( 1 )  

(K) (10-12 S )  h' (hS.D. 

? D o  = 35.863 kcal rnol-I, Re = 2.667 A. a = I 
!I) = liTetimeoTI:*. 

was found that BC mechanism predominates at  
lower temperatures and in the case of stronger 
X-M interactions. At higher temperatures and 
for lighter third bodies (weak X-M bond), the 
ET mechanism predominates (3-6), so that if 
M = He, the ET mechanism is important at all 
temperatures studied. 

For recombination of both Brand I atoms, the 
contribution of the QRMC mechanism to k,"'l 
amounts to < 1% for He, < 15y0 for Ar and 
<20% for Xe at all temperatures. The general 
trend is that for a given X the contribution from 
the QRMC mechanism increases with the atomic 
weight of the third body. Furthermore, the con- 
tribution from the QRMC mechanism increases 
as atomic number of recombining atom de- 
creases. This result difers from our earlier 
studies (5, 6), and is due to elimination of the 
sampling error which occurred earlier. It follows 
from the present results that the QRMC mech- 
anism should be important in recombination of 
light atoms, such as hydrogen, and in some cases 
may be predominant, as for the 2H + He reac- 
tion. For the 2H + Xe reaction the contribution 
from the QRMC mechanism will be larger than 
from the ET mechanism. However, for this 
particular system either BC or QRMC mech- 
anism could be predominant. Which of these two 
mechanisms will be the most important will 
depend on strength of H-Xe bond. 

Whenever a comparison between previous 
(1-6) and present results is possible, the agree- 
ment in k,"" was found to be good. Thus, for the 
2Br + He reaction, present k,"" (ET) agrees 
within about 10% with earlier (3) studies, even 
though emBrHe used previously (3), is 2.5 higher 
than emBr"" used now. For the 2Br + Ar (Xe) 
reaction, the agreement with an earlier study (3) 
is particularly good at 1500 K. This occurs 
because recombination via the ET mechanism is 

,859 A-l. ( r r )  = average relntivc kinetic energy. 

not sensitive to E ~ " " ' ,  if it is reasonably small, 
and if the temperature is reasonably high. 

(c) Noneq~rilibrilrnz Correction Factor 
The steady-state recombination rate constant 

(the observable) can be written (5) as a sum of 
contributions from the three mechanisms: 

where f' is the nonequilibrium correction factor 
(2), i.e. the fraction of molecules formed that 
does not redissociate on subsequent collisions. 
The calculated nonequilibrium correction factors 
were listed in Tables 6 and 7. Also listed in the 
tables were the sample size of the nascent mole- 
cules subjected to successive collisions, their cor- 
responding mechanism (lo), the number of colli- 
sions required to  establish the steady state, and 
the number of molecules remaining at the steady 
state. As previously (5, 6), an absorbing barrier 
was placed at  -3kT below the dissociation limit 
and, consequently, molecules with internal en- 
ergy below this boundary were assumed to be 
'permanently' recombined. In a number of cases, 
the same nascent ensemble was used twice. In 
such cases, the initial configurations and relative 
velocities of successive collisions were selected 
differently. The results, thus obtained, agreed 
with each other to  within loyo',. However, there 
remains some additional uncertainty, since na- 
scent ensembles might not be sufficiently large. 

Present calculations of nonequilibrium correc- 
tion factors are more extensive than those pub- 
lished (2-6) previously. In some cases, a mean- 
ingful comparison between present and previous 
work can be made. Thus, for the case of the 
2Br + Ar reaction, the f(ET) factors, obtained 
(3) previously, agree within 10-20% with present 
results. The same can be said about the .f(ET) 
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T A ~ L E  6. Redissociation correction factors, f, for iodine1 

T 
M 7  

M (K) IV: irg Bound Meta f 

176 (ET) 
144 (ET) 
147 (ET) 
115 (ET) 
102 (ET) 

201 (BC) 
159 (BC) 
142 (ET) 
232 (ET) 
198 (ET) 
161 (ET) 

196 (BC) 
180 (BC) 
187 (BC) 
195 (ET) 
200 (ET) 
158 (ET) 

t A n  absorbing barrier was placed a t  -3kT below the dissociation limit. 
f N is the number of  nascent molecules subjected to successive collisions. 
$11 is the number of  successive collisions needed to  establish the steady state. 
7 M  is the number of  molecules remained a t  the steady state. 

TABLE 7. Redissociation correction factors, f for bromine? 

:M:l 
T 

M (K) N i  irff Bound Meta f 

162 (ET) 
127 (ET) 
96 (ET) 

114 (ET) 
95 (ET) 

187 (BC) 
139 (BC) 
226 (ET) 
187 (ET) 
164 (ET) 
140 (ET) 

211 (BC) 
177 (BC) 
120 (BC) 
183 (ET) 
165 (ET) 
136 (ET) 

t A n  absorbing barrier was placed a t  -3kT below the dissociation limit. 
f N  is the number of  nascent molecules subjected to  successive collisions. 
$n is the number of successive collisions needed to  establish the stendy state 
1IM is the  number of  molecules remained a t  the steady state. 

factor for 21 + Ar reaction, which was also constants were compared with experimental data 
carefully studied (5) previously. (17-20), as well as, whenever possible, with 

earlier calculations (Figs. 1-6). The agreement 
(d) Calcrrlatecl Observable Rate Constcrnts with earlier calculations is very good (Figs. 1 

The calculated steady-state observable rate and 4). The experimental rate constants agree 
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8.21 I I I I I 
2.3 2.5 2.7 2.9 3.1 

log T ( K )  
FIG. 1. Recombination rate constants for 21 + He = 

I2 + He reaction as a function of temperature. Open 
circles, dashed line: experimental results from refs. 13 and 
20; solid line and solid circles: present work; dot-dashed 
line, k,ET (emI1%e = 0.5 kcal/mol) from ref. 5. 

with calculated results within a factor of better 
than four. In the intermediate temperature 
range, i.e. between about 600 and 1000 K, the 
agreement is excellent, and for the case of Xe and 
Ar, the temperature coefficient of the recom- 
bination rate constant is in a reasonable agree- 
ment with experiment. However, in the case of I 
and Br in He, calculated rate constants fail to 
reproduce experimental temperature depend- 
ence of the rate constants, and for iodine in Xe 
and Ar, the recombination rate constants at 
200 K are significantly lower than experimental 
results. 

It was shown previously (1) that it is possible 
to obtain a good agreement between computed 
and experimental rate constants, simply by 
making adjustments of parameters, such as 
emX", which define the potential energy surface 
of the recombination reaction. However, this 
approach does not seem justifiable to us, because 
it would bring us in conflict with recent molecu- 
lar beam data (11, 12). Since potential energy 
surfaces used contain no significant arbitrary 
parameters, the agreement between theory and 

7.6 2 3  a 25 2.7 2.9 3.1 

log T ( K )  

FIG. 2. Recombination rate constant for the 21 + Ar = 
I2  + Ar reaction as a function of temperature. Open 
circles, dashed line: experimental results from refs. 13 and 
20; solid line and solid circles: present work. 

8. 1 I I I I 
2.3 2.5 2.7 2.9 3.1 

l og  T ( K )  

FIG. 3. Recombination rate constant for the 21 + Xe = 
I2 + Xe reaction as a function of temperature. Open 
circles, dashed line: experimental results from refs. 13 and 
20; solid circles and solid line: present work. 
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FIG. 4. Recombination rate constant for the 2Br + 
He = Br2 + He reaction as a function of temperature. 
Dashed line: experimental results from ref. 16; solid 
circles and solid line: present work; dot-dashed line 
krET (tmRrAe = 0.5 kcal/mol), ref. 3. 

experiment is gratifying. The discrepancies be- 
tween theory and experiment for cases in which 
the T C  mechanism predominates (i.e. Figs. 1 and 
4) may be due to  the fact that in such cases we 
deal with a genuine collision of three unbound 
particles. In the present work, whenever the T C  
mechanism is used, the three-body collision is 
approximated by two two-body collisions. Pre- 
liminary calculations, for 21 + He system, a t  
1500 K,  indicate that such an approximation may 
change the rate constant by a t  least 30y0',. More 
careful methods of studying genuine three body 
collisions of unbound particles, using trajectory 
calculations, are now being developed in our 
laboratory. 

Another discrepancy between computed and 
experimental rate constants appears to  occur at 
lowest temperatures, where recombination may 
proceed predominantly via the BC mechanism. 
This discrepancy may be due, in part, to  partici- 
pation of electronically excited states of X2 in the 
overall recombination reaction. In this connec- 
tion it may be noted that much needed low 
temperature (i.e. below 300 K)  recombination 

7.6 1 I 1 I I 
2.3 2.5 2.7 2.9 3.1 

log T ( K )  
FIG. 5. Recombination rate constant for the 2Br + 

Ar = Br2 + Ar reaction as a function of temperature. 
Dashed line: experimental work from ref. 16; solid line 
and solid circles : present work. 

T K 
lo,o 371 670 I t  4 

2 B r + X e  

50 
9.6 

7 . 6 7  
2.3 2 5  2.7 2.9 3.1 

log T ( K )  
FIG. 6. Recombination rate constants for the 2Br + 

Xe Br2 + Xe reaction as a function of temperature. 
Dashed line: experimental work from ref. 19; solid line 
and solid circles: present work. 
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rate constants are still difficult t o  obtain for Br 
and I atoms (13). 
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IMARY KURIYAN and Huw 0. PRITCHARD. Can. J. Chem. 54,1543 (1976). 
Variational calculations are reported on the lsrrs singlet and triplet states of the helium atom, 

up to and including 11 = 26. By suitable choice of terms in the expansion for the wave function, 
significant economies in computer time are possible, and we quote an example of a 12-term 
uncorrelated wave function which gives a lower energy than Pekeris' 220-term correlated wave 
function. The problems of extending these calculations to much higher 11 (e.g. 11 > 100) to 
include states of astrophysical interest are enumerated. 

MARY KURIYAN et Huw 0. PRITCHARD. Can. J. Chem. 54, 1543 (1976). 
On rapporte des calculs variationnels des Ctats 1 s t ~ ~  singulet et triplet de I'atome d'helium 

jusqu'g une valeur de 11 = 26. En choisisant correctement les termes pour l'expansion de la 
fonction d'onde, des Cconomies substantielles en temps d'ordinateur sont possibles et on met 
en Cvidence un exemple d'une fonction d'onde non corrCl6e de 12 termes qui donne une Cnergie 
plus basse que la fonction corrClCe de 220 termes de Pekeris. On inurnere aussi les probEmes 
inhCrents ?i l'extension de ces calculs ?i des nivaux beaucoup plus Clevis de 11 ( e . ~  rl > 100) de 
f a ~ o n  B inclure les Ctats intkessants en astrophysique. 

[Traduit par le journal] 

Introduction 
The recent discovery of very highly excited 

states of the helium atom in Orion and in other 
stars (1-4) presents a formidable challenge to  
computational quantum theory. Some ofthe states 
involved are, for example, Is1 101, 1~1351, 1~1601, 
and so on, where 1, the azimuthal quantum 
number, is unspecified. When 1 is large, as it is in 
all these observed spectra, the singlet-triplet 
splitting will be infinitesimal, and the estimation 
of the energies of these states using the hydrogen- 
like approximation is trivial, i.e. assuming that 
the nucleus plus the 1s electron looks like a 
simple hydrogen core to  the distant second 
electron. However, any two-electron calculation, 
which would be necessary to  describe adequately 
the properties of lsns, lsnp, or lazd states 
(where the singlet-triplet splittings are signifi- 
cant), would be very difficult indeed, and it is 
towards this problem that we address ourselves 
in this paper. 

Laboratory observation of excited lazl states 
of helium extends only up to ls15f, lsl7s, 1.~21d, 
and 1~221) (5) and variational calculations have 
terminated a t  ls17s (ref. 6, see however ref. 20 
below and discussion thereof), which Pekeris 
regards as about the limit of feasibility of his 
methods with present-day computers. 

The difficulty with any variational calculation 

is twofold. Firstly, depending upon whether one 
is interested in the singlet or the triplet state, one 
requires either the nth or the (n - 1)th eigenvalue 
of the  secular determinant. But it is a matter of 
coinmon practical experience (7-12) that as 11 

increases, it becomes progressively more difficult 
to  achieve a given accuracy for the energy of the 
target state. As it were, the 'rubbish' contained 
in the original basis set is the most easily pro- 
jected out for the ground state, less easily for the 
first excited s t a t6  less so still for the second 
excited state, and so on ;  thus, the highest eigen- 
values and their corresponding eigenvectors may 
be constructed essentially only from the 'rubbish' 
that is contained in the basis set, and these 
solutions bear no resemblance whatever to  any 
real state of the system. For example, if one 
chooses to  ~er fo rn l  a calculation on a simple 
atom or nlolecule using a rather uninspired 
choice of N basis functions (N, say, about 20) 
then typically, of the order of N/2 of the calcu- 
lated eigenvalues will be bound, and of the order 
of N/4 of the calculated eigenvalues could be 
regarded as being recognisable approximations 
to  real states of the svstem. Thus, if one is 
interested in moderately large 12, N may have to  
be very large, of the order of 4n. We shall see 
below, however, that if the components of the 
basis set are chosen in an intelligent way, rather 
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than by the 'natural' methods often used in 
variational calculations, one can get exceedingly 
good approximations to the energies of lsns 
states of helium when N E n + 3. 

The second major problem is that as n in- 
creases, the exponential decay characteristics of 
the parts of the wave function representing the 
two electrons become more and more dissimilar 
(the 1s electron will give rise to an exponential 
term in the wave function rather like e-2'1 whereas 
the ns electron will be best described by a term 
rather like e-'~'" as n becomes large). Thus the 
wave function must give each electron a different 
exponential dependence if it is going to allow 
efficient computations for excited states. But as n 
becomes large, the dynamic range of the neces- 
sary two-electron integrals becomes so large that 
it cannot be accommodated on a computing 
machine operating with numbers of fixed ex- 
ponent length; this, therefore, is the more 
serious limitation for us. To some extent, this 
difficulty would be eased by considering lsnl 
states where I = n - 1, but the complexity of 
the integrals themselves becomes considerably 
greater (10). 

The Wave Functions 

The trial wave function used in this work is 

x ( rlir2jrl 2' exp [{(arl + br2 + crlz)] 

+ r2irljrlt exp [{(or;! + brl + crl2)l) 

and details of the computation of the necessary 
two-electron integrals and matrix elements are 
available in earlier papers (9-11). This form of 
wave function has certain attractive features 
(13, 14). In particular, it allows each electron to 
have a different exponential dependence, and the 
advantages of this flexibility are now well 
established (6, 9, 10). Furthermore, if c is re- 
garded as a disposable parameter (9), it gives rise 
to some 'free' correlation even if powers of r12 
are excluded from the wave function (i.e. k = 0 
only). It has been argued, however (15), that c 
sh6uld not be regarded as disposable: but that 
{c should be kept fixed at the value of 3 in order 
to force the r12 CUSP to have the correct form 
(9, 15); it turns out below that adherence to this 
view represents a severe handicap if one is 
interested in the energies of excited states rather 

than the ground state, cJ: also Table 1 of ref. 10. 

Conq~~~tational Proced~rre 
The secular problem was solved by the Chol- 

eski-Householder-Bisection technique which we 
have described previously (16), making use of the 
Sturm-sequence property of the bisection pro- 
cedure to locate either the nth or the (n - 1)th 
eigenvalue, for a singlet or a triplet state respec- 
tively. The calculated energy of the target state 
was nlinimised with respect to the disposable 
parameters in the wave function i.e. {, a, 0, and c 
for the given basis set. The computational 
strategy then separates into three phases: (i) how 
to guess the appropriate values of all the dis- 
posable parameters; (ii) how to select members 
of the basis set in the most efficient manner: 
(iii) how to extend the methods to very high n. 
The answer to (i) turns out to be almost trivial and 
most of the present discussion will be concerned 
with item (ii), and to some extent with item (iii). 

Selection of Members ofthe Basis Set 
In using a wave function like eq. 1, it is natural 

to choose-the basis functions by <aking permuta- 
tions of the indices i, j, and k in a systematic 
manner. Thus with 8 terms, one can include all 
permutations up to ra (a = 1, 2, or 12), 27 terins 
cover all permutations up to rG2, 64 terms up to 
ra3, and so on. This turns out to be a very 
ineffective way of attacking the excited-state 
problem because if we single out, for example, 
the ls8s state, the part of the wave function 
which describes the nlotion of the excited electron 
must have seven nodes in it, and it is very 
difficult to construct a function having. the correct 
nodal behaviour from functions wGch only go 
up to rU2 or ra3. TO demonstrate the strength of 
this difficulty, it is possible to get very good 
approximations to the energy of the ls8s 3 S ~ t a t e  
by choosing an 8-term wave function which has 
the natural capability of giving the required 
number of nodes i.e. all terms in r1° r2jr120, 
j = 0, 1, ..., 7, or rI0 r2Orl?, k = 0, 1, ..., 7; such 
functions will be designated by the shorthand ter- 
minology C(ijk) i.e. Cl,o(OjO) or Cl= o(OOk) 
res~ectivelv. The former function is rather more 
efficient, and even with c = 0, i.e. no 'free' corre- 
lation, it gives a lower energy than Winkler and 
Porter's 165-term wave function (17). Extending 
the function up to 12 terms (i.e. to j = 1 I) gives a 
much lower energy even than Pekeris' 220-term 
wave function (18), as shown in Table 1. 
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TABLE 1. Comparison of energies (in atomic units) of the 
ls8s triplet state of the helium atom calculated with 

correlated wave functions, and with uncorrelated 
C(Oj0) wave functions 

Number Energy 
Source of terms Condition (a.u.) 

Winkler and 
Porter (17) 165 Correlated - 1.9896 

Equation 1 8 Uncorrelated -2 .a8387 
Pekeris (18) 220 Correlated -2.008414 
Equation 1 12 Uncorrelated -2 .GO8419 
Pekeris (6) 2300 Correlated - 2.008427 

This behaviour is consistent with ail observa- 
tion of Pekeris (18) that in his nlethod "the first 
time the root of the lsrzs state appears is at 
u,,,~, = rz - 1 for singlet states, and at wlnin = 

n - 2 for triplet states"; here w = (a + b + c)  
where he considers polynomials containing ria.  
1.2' r3' in the perimetric coordinates rl ,  1.2, and r3.1 

At this stage, the choice of the disposable 
paraineters becomes very simple. As we had 
found previously (9, lo), the best value of { was 
always two; furthermore, for states higher than 
ls3s, the best value of a was always ininus one, 
and for states higher than ls8s, the best value of c 
was always 0. Thus, in practice, there is really 
only one disposable parameter, b. 

There is another very interesting (and in hind- 
sight perhaps rather obvious) point about 
choosing terms for triplet wave functions. For 
high target states (rz > 20), it is relatively dis- 
advantageous to  include the first term (000) in 
the expansion for 1+5 (i.e. r10 r2O r120) and for a 
fixed expansion length, it is always better to sub- 
stitute for this an extra (OjO) term. This effect is 
easily rationalised by reference to  a different form 
of wave function, namely a product of hydrogen- 
like orbitals, where we found the effect is very 
marked. When talking about singlet states, one 
has to include the IsZ configuration in the 

'We thank a referee for adding the comment that 
Winkler and Porter's wave functions contain no factors 
of powers of r,, which of course explains why their 
calculations gave good results for low-lying states, but 
not for higher ones because they cannot reproduce the 
appropriate nodal behaviour. Another example of this 
effect, also drawn to our attention by the second referee, 
is the reasonably good representation of lsrrs states of 
Ne IX and Ar XVII, (up to  rz = 23 and 24 respectively) 
using a basis set consisting of only 25 hydrogen-like 
functions (23), although the effect is not so marked for 
lower values of Z. 

calculation, but when talking about triplet states, 
it is a hindrance to  have the (unwanted) Is2 
configuration in the basis set, and the best com- 
promise the variational procedure can achieve 
in trying to project out this invalid configuration 
is poorer (for the same number of terms) than if 
it is consciously excluded. 

Results 

Table 2 coinpares some energies of correlated 
wave functions for the states ls4s to ls8s in- 
clusive, using a 24-tern~ wave function of the 
form 

This illustrates another point about selection of 
terms in the wave function. In general, for a given 
expansion length, it is better to go to  higher 
single powers in rz or r i2  than to  use terins which 
couple non-zero powers of r2 and 1.12 Also, it is 
always preferable to  include another term in j or 
k rather than in i; in other words, any departures 
of the functional form of the inner electron from 
a 1s orbital are taken care of automatically by 
the r12 or the errlz parts of the function. Table 2 
shows that in general these 24-term functions 
give better energies than Winkler and Porter's 
165-term functions (17): and also better energies 
than Pekeris' 220-term calculations (18) for 
triplet states above ls5s (but not for singlet 
states). 

Since we would like to direct our attention to 
very high lsns states, it now becomes clear that 
the most efficient functions for a given expansion 
length N are uncorrelated and of the general type 

N -  1 N 
[3] Na = C(Oj0) or Nb = C(Oj0) 

j = O  j =  1 

Table 3 shows the results of such calculations 
with N = 25 or 26, yielding approximations for 
all states up to ls26s. The termination of our 
calculations at this point is not due to  restric- 
tions of storage space or machine time (these 
calculations take about 3 min per case on an 
IBM 370/158 in quadruple-length arithmetic, 
and this time could probably be halved if a 
determined attempt were made to optimise all 
stages of the calculation). The termination at this 
point is caused, in fact, because as n increases, 
the optimum numerical magnitude of the non- 
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TABLE 2. Energies (in atomic units) of l a ~ s  states of the helium atom using correlated wave functions 
of order N = 24, in comparison with other similar calculations 

Energy 

Winkler and Pekeris and 
This work Porter (17) Pekeris (18) co-workers (6) 

State -0 c (IV = 24) (N= 165) (N = 220) (N=2300) 

TABLE 3. Energies (in atomic units) for uncorrelated wave functions for singlet 
and triplet l a ~ s  states of the helium atom 

Singlet Triplet 
Con- 

figuration N* -b Energy N* -0 Energy 

ls2s 
ls3s 
1 s4s 
1 s5s 
1 s6s 
1 s7s 
ls8s 
ls9s 
IslOs 
ls l ls  
ls12s 
ls13s 
ls14s 
ls15s 
ls16s 
ls17s 
ls18s 
ls19s 
1 s20s 
ls21s 
1 s22s 
1 s23s 
1 s24s 
ls25s 
1 s26s 

*For dcfinition of No or Nl), scc cq. ; 

linear parameter b decreases, and so the integrals Table 3 start by building up the integrals from 
for high powers of r2 become very large. The 0 or instead of 0 or 1 as the appropriate 
integrals then~selves are generated by a recursion values of the 8-function, and the integrals over- 
formula (Appendix I of ref. 10) and, apart from flow, i.e., become greater than for N > 26, 
a trivial scaling by J6/8r2, are built up starting (-b) < 0.02. Consequently, without a dispro- 
from a pair of 8-functions. The results shown in portionate amount of programnling effort, Table 
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lsns STATES W HELIUM I 

- TRIPLETS 

SINGLETS - 
THIS WORK 

-0 01 

5 10 I 5  20 25 

n 

FIG. 1. Comparison of present results for excited singlet and triplet lsrls states of the helium atom, 
and of those of Pekeris, with the Rydberg approximation. The vertical axis represents the logarithm 
of the ratio of the Rydberg to the computed ionisation potential for the state in question. 

3 represents the limit of this method using a n  
IBM computer, although other machines are not 
so restricted. 

U p  as far as 15's or 173S, the reliability of the 
energies given in Table 3 is easily assessed by 
comparison with Pekeris' 2300-term solutions, 
whence it is seen that our singlet levels are about 
1.2 cm-I too high, and our triplet levels about 
0.2 cin-I too high; in fact, our ~rtzcorrelalecl 26- 
term wave function for 173S actually gives a 
lower energy than Pekeris' 2300-term (method C) 
wave function! In an attempt to  assess the likely 
accuracy of the energies for higher states, we 
have constructed in Fig. 1 a graphical compari- 
son between our values, Pekeris' values, and the 
Rydberg-type formulae for the energies of these 
states, uiz. 

where 6 = -0.298 for triplets and 6 = -0.140 
for singlets (ref. 19, p. 143). Thus, the binding 
energy of the second electron (i.e. J = (E + 2) 
a.u.) for both our own and Pekeris' calculations 
is compared with the appropriate Rydberg 
formula. This diagram suggests that if the Ryd- 
berg formula is assumed to be reliable beyond 
ls16s, our singlet binding energies are probably 
accurate to within about 0.25% i.e. 1.2 cm-I at 
ls15s, 0.45 cm-I a t  ls25s. Similarly, until about 
ls21s, our triplet binding energies would seem 
to  be accurate to  within 0.04% i.e. 0.16 cm-I a t  
ls17s and about 0.10 cm-I a t  ls21s; thereafter, 

there is a suggestion of a slight deterioration to 
about 0.16 cm-I a t  ls24s, with 1~25.7 and ls26s 
being less accurate. 

Since this work was completed, a paper reach- 
ing rather similar conclusions has beenhublished 
by Birss and Senn (20) on the 3S states of 
helium. Using 51 configurations constructed 
from a Slater basis set having principal quantum 
numbers up to N = 25, good eigenvalues were 
obtained up to  and including ls23s. This again 
demonstrates the principle that the basis func- 
tions need t o  have sufficient flexibility to describe 
the nodal properties of the wave functions, in 
which case target states of very high n are rela- 
tively easily represented; thus, the importance of 
selecting the members of the basis set comes out 
of their work also. To  the number of decimal 
places quoted by them, there is exact agreement 
with our results~for all levels except ls23s, where 
we estimate that our likely error is 0.16cm-I. 
considerably less than the discrepancy (3.3 cm-I) 
between the two calculations. w e  also note that 
for the low-lying triplet states, ls2s to  ls5s 
inclusive, our uncorrelated energies listed in 
Table 3 are slightly lower than the values they 
quote for the Hartree-Fock limit. 

Towards Stales of' Astrophysical Iizteresl 
There is no fundamental reason why the cal- 

culation described in this paper could not be 
extended t o  higher values of n ;  likewise the 
parallel calculations of Birss and Senn. All of the 
states observed t o  date could be treated ade- 
quately by the solution of matrices of the order 
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TABLE 4. Singlet-triplet splittings (in MHz) of some very highly excited Isns, Islip, and Islid states of 
the helium atom, estimated either from separate Rydberg-formulae energies for the states in question, 

or from the + B1r5 formula for the splittings themselves 

1s-3s 
'P-3P 1 0 - 3 0  Frequency 

Rydberg A11-l +B11r5 AIZ-~+BII-~ AIZ-3 +B11r5 of the IICX 

11 formula formula formula formula transition 

of (at most) 200, which is not prohibitive (6, 18, 
21). However, if one is limited to the range of 
numbers from to 10+75, as we are with our 
IBM computer, Table 3 represents the limit to 
this approach, more or less, without a very 
significant increase in programming effort. 

However, Fig. 1 demonstrates that in all 
probability, the energies of these highly excited 
states will be well represented by simple Rydberg 
formula such as eq. 4, and it follows automati- 
cally from this conclusion that the original 
assignments of these observed spectra using the 
hydrogen-like approximation must be correct. 
Thus, it is only for two-electron properties of 
these states that such computational athletics 
would be required. At the present time, the 
two-electron property most amenable to observa- 
tion is the singlet-triplet splitting, which is 
relatively large for S, P, and D states. We can 
estimate these splittings in two ways, one by 
calculating separately the approximate energies 
of the singlet and the triplet states using eq. 4 and 
the other using Chang and Poe's suggestion that 
the singlet-triplet splittings themselves should be 
well represented by a formula (22) of the kind 
A x 3  + B d .  These two estimates agree very 
well indeed for S states as shown in Table 4: also 
listed in Table 4 are the frequencies of some 
observed na (i.e. ls(n + 1)1+ lsn(1 i: 1)) transi- 
tions: and the singlet-triplet splittings for P and D 
states calculated by the Chang and Poe formula; 
for F states, the splittings are all less than 0.1 
MHz, whereas the width of the 109a line is about 
0.3 MHz, and consequently these splittings are 
not tabulated. 

It would seem that the 109a line is the one 
most likely to show satellites due to a singlet- 
triplet splitting, first because the lower the value 
of n, the greater the fraction of the atoms will be 

in states of low I, and second because this line is 
one of the strongest so far observed. At iz  - 110, 
roughlyZ one atom in 6000 will be in the I = 0 
state at thermodynamic equilibrium, 3 in I = 1, 
5 in I =  2, and 7 in 6000 i.e. -0.1% in I = 3. 
Now, since transition probabilities for rzl-> 
(n - I)(/- 1) transitions decrease somewhat as 
I increases (ref. 19, p. 266), lines corresponding 
to transitions from Is1 lOf + ls109d should be 
no less than about 0.1% of the total intensity in 
the 109a line, which might be just above ob- 
servable, and according to Table 4, should occur 
roughly 2 MHz on either side of the 10901 line 
itself. The P and S splittings would be much 
larger, and much harder to find, but would occur 
roughly 200 and 600 MHz on either side of the 
main line, respectively: the latter estimate takes 
into account the fact that for n in the range of 
10-20, the separation between lsnp 3P  and lsns 
lS is about half the separation between lsnslS 
and lsns 3S, and it is assumed that this pattern 
persists to high n. 
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Calculation of electro-optical parameters, a new approach. Part In. 
Applications to X,CZ molecules (X = H, F, C1, Br and Z = 0, S) 
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P. L. PRASAD and SURJIT SINGH. Can. J. Chem. 54, 1550 (1976). 
Calculations of electro-optical parameters by the modified first order approximation (MFOA) 

method have been extended to XzCZ (X = H, F, CI, Br; Z = 0 ,  S) molecules with a view to 
investigate the transferability of these parameters. The diagonal and cross elements of the bond 
moment derivative matrix have been evaluated. Unique values of PC-, are obtained for the A1 
species. The bond moment derivatives are found to  be transferable among Al and B1 species. 
Transferability of the pc-, in B, and B2 species is obtained for thiocarbonyl halides. Bond 
moment derivatives with respect to angle deformations are not found to  be very significant 
whereas other cross elements of the bond moment derivative matrix are found to  be of high 
magnitude. 

1'. L. PRASAD et SURJIT SINGH. Can. J. Chem. 54, 1550 (1976). 
Faisant appel A une approximation du premier ordre modifii, on  a Ctendu des calculs de 

paramktres Clectro-optiques A des mol6cules X2CZ (X = H, F, CI, Br; Z = 0 ,  S); le but de 
cette etude etait d'tvaluer la transfkrabilite de ces paramktres. On a 6valuC les elements diago- 
naux et croisis de la matrice derivee du moment des liasons. On a obtenu des valeurs uniques de 
p c - ~  pour les especes Al. On a trouve que les derives du moment de lien sont transferables 
entre les esphes A1 et Bl. On obtient une transferabilite du dans les espkces B, et B2 pour 
les haloginures de thiocarbonyles. On trouve que les derives du moment de lien par rapport aux 
angles de deformations ne sont pas importantes; toutefois les autres elements croisCs de la 
matrice des derives du moment des liasons sont importants. 

[Traduit par le journal] 

Introduction 
In the previous two papers (1, 2) it was shown 

how the electro-optical parameters in polyatomic 
molecules can be evaluated using a modified first 
order approximation (MFOA) method. In this 
approximation the cross elements of the bond 
moment derivatives matrix are represented in 
terms of the ratios of the L matrix elements and 
the diagonal elements. Applications of the new 
approach to the calculations of these parameters 
have been demonstrated for the Al species of 
nitromethane (2). 

Infrared band intensities and simple calcula- 
tions of electro-optical parameters have been 
reported for X2CZ molecules (where X = H, F, 
CI, Br and Z = 0, S), by Hopper et 01. (3) and 
by Hisatsune and Eggers (4). Recently Bruns 
et 01. (5) have performed CNDO molecular 
orbital calculations on these molecules and, with 
the correct sign combinations thus determined, 
carried out the calculations of bond moments 

'CIDA/NRCC Research Associate a t  University of 
Calgary, Calgary, Alberta, 1974-1975. 

'To whom all correspondence should be addressed. 

and their derivatives. It was found that the bond 
moments and their derivatives evaluated were 
transferable neither in the same molecule among 
vibrations of different symmetry species nor 
among the set of molecules considered. 

We thought it of interest to carry out the 
MFOA calculations on these n~olecules to deter- 
mine whether or not they lead to transferable 
electro-optical parameters. 

Calculations 

Infrared band intensities of the H2CO mole- 
cule have been reported by Hisatsune and Eggers 
(4). Because of the band overlap in the spectrum 
of HzCO, a simulation technique was applied 
recently by Jalsovszky (6) and improved band 
intensities were determined. Duncan (7) has 
reported a refined set of force constants. The L 
matrix of HzCO was calculated using Duncan's 
force field (7) and the optimum geometry (Table 
1) calculated using the force method by Kana- 
kavel et 01. (8). Employing the improved band 
intensity data of Jalsovszky (6) and the L matrix 
of Table 1, +/asj values were calculated for all 
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PRASAD AND SINGH 

TABLE 1. Geometry and L matrices for H2C0 

Geometry Al species Bl species 

0.3653 0.0602 -0.0932] [ 1.0564 
-0.0093 -1.0229 -0.0153 -0.1622 1.0635 

L HCH = 116" 0.7695 0.0856 1.4325 

TABLE 2. Comparison of experimental d p / d S ,  values with CNDO values 

Al species BI species 

Slgn S ~ g n  
combination combination 
of a P Z / a Q ,  ~ P , / ~ s I  J P ~ / ~ S ~  a P Z / a s 3  of ar, /aQt aP , /as4  aP , /as5  

--+ -3.29 0.96 0.13 -+ - 1.21 0.34 -+- -2.08 -1.31 -0.48 ++ 1.31 0.36 +++ 2.07 -0.99 0.46 
-+f -3.29 -1.33 0.11 
CNDO -3.45 0.57 0.06 CNDO -1.20 0.57 

TABLE 3. Bond moments and their derivatives calculated by MFOAC1 

Al species BI spec~esb 
Bz species 

~ P C - z  PC-s a ~ c - r  ~ P C - x  - - -- 
PC-z - 

Molecule arc-, rc-x arc-x r c - z  r c - z  

HzCO - 3.05 0.15 0.39 0.22 1.58 0.61 

FzCO -2.11 -7.21 - 1.44 1.12 5.58 4.99 

CI:CO -3.81 -0.98 -1.10 0.81 4.73 2.26 
0.51 4.98 

BrlCO -4.82 -0.55 -0.69 -0.29 1.85 1.38 

FzCS 0.58 -1.76 -3.10 1.96 2.56 2.51 
1.64 3.12 

ClzCS -1.83 -1.17 -2.36 1.95 1.01 2.15 
1.55 2.71 

"The 3p/aS, values used are of the same sign combination o f  ar /5Ql  as  preferred in ref. 5 
bTwo sets of values ~n this species correspond to the two sign combinations of 3p/5Qr wh~cll  are  cornpatlble w ~ t h  the CNDO values (ref. 5)  

Bending symmetry coord~notes  are  sc2led by 1 A 

possible sign combinations of dp/dQ, and are 
given in Table 2. A con~parison of these values 
with the CNDO values obtained by Bruns et 01. 
(5) shows that the - - + combination agrees 
with experimental values (Table 2). The dp/dS,  
values from the - - + combination of Table 1 
have been used for further calculations on 
H2C0. The necessary L matrices and band 
intensity data for other molecules are taken from 
ref. ?. 

A ,  Species 
Equations for the evaluation of electro-optical 

parameters by MFOA for X2YZ type molecules 
have been given for the Al species previously 
(1,2). In the present calculations those equations 
are used by suitably replacing X by H, F ,  C1, Br; 
Y by C ;  and Z by 0 or S. The values for pc-x, 
dpc-x/drc-x, and dpc-z/drc-z for H2C0, 
F2C0,  C12C0, Br2C0, F2CS, and C12CS are given 
in Table 3. To  give an example of the use of the L 
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1552 CAN. J. CHEM. VOL. 54. 1976 

matrix for cross elcments of the bond moment derivatives matrix (for explanation, see refs. 1 and 2) 
thc following relationships may be examined for H,CO. 

1 
arc-, - 0.0602 - 

-(- 0.0093) 
- - 0.0932 arc-11 - 4 2  -- 

a r c - ~  0.3653 ae 2 z(l .4325) 

Similar relationships for other molecules can be given using the L matrix elements of ref. 3. 

B1 Species 
The equilibrium dipole moment of the molecule X 2 Y Z  along the x-axis can be written as follows: 

pz = py-z cos 90 + PY-;Y, cos (81 - 90)  - MY-x2 cOS (82 - 90)  

In a normal vibration of this class the angles are assumed to change as shown in Fig. la. A small 
increment in p, due to this vibration can be written as follows: 

-hy-x2 - APY-x~)  cos 

With the approximation that sin (Ag /2 )  = Ag/2  and that the product of two small terms like 
Ape A8 can be neglected, we get the following equation: 

A8 4 . 3  A fl 
AP, = -PY-z - - PY-X,  sin (81 - 9 0 ) ,  + Ally-,, cos (8,  - 90)  - pY-,, sin (82 - 90)  2 - - 

+ APY-X~ cos (82 - 90)  
Since Y-XI  and Y-X2 bonds and angles PI, O2 are equivalent, this equation can be written as 
follows : 

Ap, = -PY-Z + PY-x cos 8.AB + 2 A p y - ~  sin 8 - 
Hence 

and 

- -  ~PY-x - -$py-z + rx-y COs 11 + 2- 
a8 a0 

sin P 

These expressions are used to evaluate electro-optical parameters in BI species. For example, using 
MFOA (1, 2), the ratios ag/ar and apC-,/ap for H 2 C 0  can be given as follows: 
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PRASAD AND SINGH 

and 

With these approximations, the eqs. la and 16 are left with three unknowns, namely, 
apY-x/ay-x,  and p y - ~ .  Since p y - ~  has already been evaluated from Al species of vibrations, and 
assuming the transferability of this parameter, the other two parameters acry-x/ary-x and pY+ 
can be evaluated. Bond moments py-z and their derivatives thus evaluated for all the molecules 
considered are given in Table 3. 

B2 Species 
In the literature (3, 5 )  ap , / aS6  has been equated either to p y - ~  or py-, depending on whether the 

YX2 frame distorts with respect to a fixed Y-Z bond or vice versa. However, it seems to be more 
appropriate if it is assumed that both the XYX frame and the Y-Z bonds are distorted by A 6 / 2  
each, the total distortion being A6, as shown in Fig. Ib. 

The dipole moment of the planar X2YZ molecule along the y-axis can be given as follows: 

pr/ = pY-z cos 90 + 2pY-x cos e / 2 .  cos 90 ( e  = LXYX) 

For a small increment, Ap, ,  along the y-axis, this equation can be written as follows: 

pu + Ap,  = (pY-z + Apy-z)  cos + ~ ( C I Y - x  -k b y - x )  COS e/2 'COS 

I Hence 

I Again ~ Y - X  of the Al species is transferred to this equation and the value of p Y-Z  is evaluated. 
These values for all the molecules considered are given in Table 3. 

Discussion 
The dipole moments of the C-X bond for all these molecules were evaluated for an Al symmetry 

species. As can be noticed from Table 3, the bond moment decreases in the series F2C0 > ClzCO > 
Br2CO > H2CO and F2CS > C12CS. The bond moments can also be calculated roughly by invoking 
Pauling's ( 9 )  relationships on percentage ionic character and electronegativities. The p / r  values 

I 

I 
A&/! I 

I +---- - -----  , I - - - ----+. - + X - a x i s  C 
,/- 

X I ,  x 2  z 

FIG. 1. Distortion of the equilibrium geometry of XzCZ molecules during (a)  B, and (b) Bz vibrations. 
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1554 CAN. J. CHEM. VOL. 55. 1976 

TABLE 4. Bond moments and their derivatives after inclusion of rehybridisation momentsff 

A ,  species Bl species 
B2 species 

JNC-z NC-s ~ P C - s  JPC-s PC:-% PC-z - - - - 
Molecule arc-z Yc-x arc-x arc-); r c - ~  rc-z 

H2CO - 2.0408 0.4563 0.2973 -0.5767 0.0969 0.6801 

F2CO -1.3508 -1.5679 -1.1861 I .2822 4.0599 2.2418 

ORehybridisation moments were obtnincd from R. E. Bruns by private comniunication. 

for isolated C-X bonds thus calculated are 
found to be 2.07,0.34,0.12, and 0.19 for X = F,  
C1, Br, and H respectively. Whereas C-F and 
C-H bond moments obtained by Pauling's rela- 
tionships agree well with the values obtained by 
MFOA, the C-CI and C-Br bond moments are 
comparable only as to order of magnitude. The 
trend in the values of bond moments for C-F, 
C-CI, C-Br is, however, similar. The experi- 
mental values of bond moments for C-F (10) 
and C-C1 (11) are fairly close to the values 
obtained by these calculations. 

The bond inoment derivatives apc-o/arc-o 
and apC-,/arc-, are found only in the A, 
species. These values are found to increase in the 
series F2C0 < ClzCO < Br2C0 and F2CS < 
C12CS. The value in H2CO is found to be in 
between that of C12CO and Br2CO. Further 
apc-o/arc-o is found to be greater than 
apC-,/arc-, both in fluorinated and chlorinated 
derivatives. These trends are similar to the 
trends observed in the bond inoment derivatives 
calculated by Bruns et a[. (5). Unlike the con- 
clusion drawn by Hopper et 01. (3), apc-o/arc-o 
is not a characteristic of C=O bond. 

The values of dpc-x/arc-x were found in Al 
and Bl species and are found to be transferable 
within an error of 0.3 except in F2CS where the 
difference is 1.1. The values are found to decrease 
in the series F2C0 > C12CO > Br2CO > H2CO 
and F2CS > CLCS as observed in the case of 
p c - ~  values. The all,-,/arc-, is found to be 
less in X2C0 molecules than in X2CS molecules, 
similar to what is observed in the values of 
Hopper et a[. (3) and of Bruns et a[. (5). A gen- 

eral conclusion can be drawn from these values 
that, whereas allc-,/arc-, decreases in the 
series F2CO > CI2CO > BrzCO > HzCO, the 
all,-,/arc-, values increase. Further apc-x/ 
arc-, in the XzCO molecule is less than in 
XzCS n~olecules whereas apc-o/arc-o in vari- 
ous X2CZ molecules is greater than the corre- 
sponding aPc-,/arc-, values. 

The pc-o and pc-, values are found in BI and 
B2 symmetry species and are found to decrease 
in the series F2CO > C12CO > Br2CO > H2CO 
and FzCS > C12CS. The values seein to be 
transferable in B1 and B-, symmetry species for 
F2CS and CLCS molecules but are not found to 
be transferable in all X2CO n~olecules. Whereas 
the bond inon~ents are co~uparable in Al species. 
their derivatives do not seem to be transferable 
in the set of ~nolecules considered. 

Orville-Thomas proposed rehybridisation the- 
ory (12) for acquiring transferability of bond 
moment parameters among different symmetry 
species of the same molecule. The bond moment 
parameters are calculated by MFOA including 
rehybridisation nlolnents obtained by Bruns et 01. 
(5) by CNDO calculations. These values are 
listed in Table 4. As can be noticed the allc-,/ 
arc-, values obtained after inclusion of re- 
hybridisation moments are transferable in A, 
and BI species within an error of 0.1. As men- 
tioned previously (2) the difference in parameters 
obtained before and after including rehybridisa- 
tion contributions will give the hybridisation 
contributions of individual bonds. It is interest- 
ing to note that the hybridisation contributions 
to C-X bonds, i.e. the differences in values of 
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TABLE 5. Final values of bond moments and total dipole moments for all moleculesu 

PC-z PC-S - 
Molecule rc-z rc-x PZ CNDO 

H2C0 -1.58 0.15 -1.72 -1.94 
F2C0 -3.85 -2.21 -1.10 -0.77 
C12CO -2.26 -0.98 -0.67 -0.41 
BrzCO -1.38 -0.55 -0.46 - 

C12CS -2.14 -1.18 -1.31 -0.57 
F2CS -2.51 -1.76 -1.34 -0.95 

OTo calculate total dipole moments p c - x / r c - x  values arc taken from A! spccies for all molecules 
and p c - z / r C - ~  values are taken from B2 species except for F2CO and HrCO. For F!CO, pc-o/rc-o 
is approximared as 3.85 and for HlCO Pc-o/rc-o is taken from thc 111 spccies. 

pcex of Tables 3 and 4, are found to be -0.84, 
-0.74, -0.94, and -0.90 in FzCO, C12C0, 
FzCS, and CLCS, respectively. The constancy of 
this value might indicate that the hybridisation 
contributions to C-F and C-C1 bonds in both 
carbonyl and thiocarbonyl halides are the same. 
However, inclusion of rehybridisation moments 
did not improve the transferability of pcPo. The 
total dipole moments of all these molecules 
calculated are given in Table 5 where they are 
compared with CNDO values. 

Using apC-,/drc-, and dpc-ddrc-x values 
of A, species (Table 3), the cross elements of 
these bond moment derivatives can be calcu- 
lated; for example, 

~Pc-z  _ - -.- ~Pc-z arc-z 
drc-x arc-z arc-x 

and 

and d ~ ~ - ~ , / d R ~  will be equal to dpc-x2/dRj, 
where R j  is any other internal coordinate. The 
values of cross derivatives thus calculated are 
given in Table 6. The values of cross derivatives 
of bond moments, especially derivatives with 
respect to bond angle deformation, are small 
compared to diagonal derivatives as found 
earlier (2). The values of dpc-z/drc-x and 
apc-x/arc-z are found to increase in the order 
F2C0 > C12C0 > Br2C0. In general the cross 
derivatives of bond moments of H2CO are not in 
line with those of other molecules. 

The dipole moment of any bond X-Y is 
written as px-, = t.rxPY where t is the effective 
charge and rxPy is the bond length. The bond 
moment derivative can be written as follows: 

The derivatives drc-z/drc-x, drc-z/ae, etc. are The difference between the bond moment and its 
approximated by the ratios of L matrix elements derivative will reflect the change in ionic charac- 
as mentioned earlier in the text. It should be ter of the bond during vibration and is known 
remembered that, since C-XI and C-X2 trans- as the delocalisation moment (13). 
form into each other and constitute a symmetry 
coordinate in the Al irreducible representation, a t  -. ~Px-Y Px-Y rx-Y = - - - 
d ~ ~ - ~ / d r ~ - ~ ,  will be equal to dpC-z/arC-X2 ~TX-Y drx-y rx-Y 

TABLE 6. Cross derivatives of bond moments calculated by MFOA 

Molecule a ~ - / a r ~ -  ~ P , - z / ~ o  ~ P C - X / ~ ~ C - Z  

H2CO 0.25 0.24 -0.01 
F2CO -0.45 0.07 0.52 
ClzCO -0.31 0.04 0.37 
Br2CO -0.12 0.10 0.23 
F2CS 0.47 -0.09 1.82 
C12CS 0.61 0.00 1.03 
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TABLE 7.  Comparison of bond moment derivatives calculated by MFOA with literature values 

~ P ~ - z / J ~ c - z  ~ P C - X ~ ~ ~ C - S  

Molecule Hopper et al. (3) Bruns et al. (5) MFOA Hopper el al. (3) Bruns et al. (5) MFOA 

Thus the values of this parameter for all mole- 
cules are given below: 

ae 
- 'rc-x 

Molecule arc-x 

The trend in values of this parameter in 
X2CS and X2CO molecules can be compared 
with the electronegativity difference of C-X 
bonds. The difference in electronegativity for 
C-X bonds is in the order C-F > C-C1 > 
C-Br > C-H. But in the series of values of 
( a ~ / a r ~ - ~ ) . r ~ - ~ ,  as can be seen from above, 
the value for C-H comes next to C-F bond. 
This might indicate that the percentage of charge 
migration during vibration is greater for H2C0 
than for Cl2CO and Br2CO. The change in the 
sign of these values is due to the fact that the 
magnitude of apc-x/arc-x is greater than 
pc-x/rc-x for all molecules except for F2CO. 

Finally it is interesting to compare the various 
relationships among the bond moment deriva- 
tives of these molecules given by Hopper et al. 
(3) and Bruns et al. (5). The values of the bond 
moment derivatives of refs. 3 and 5 and from the 
present calculation are compared in Table 7. 
From this table we can notice that semiempirical 
CNDO calculations predict that apc-s/arc-s is 
smaller than apc-o/arc-o by 1.0 and 2.1 in 
F2CZ and ClzCZ molecules, respectively. Our 
values predict a difference of 2.6 and 2.0. This 
difference becomes 1.0 in both the F2CZ and 
C12CZ molecules after including rehybridisation 

moments (Table 4). The magnitudes of apc-r:/ 
arc-, and apc-c,/arc-c, in A, species are 
greater by 1.6 and 1.2 in thiocarbonyl halides 
than in carbonyl halides, whereas Hopper et (11. 
(3) predict them to be greater by 1.5 and 1.6, 
respectively. The prediction of Hopper et al. (3) 
and Bruns et al. ( 3 ,  that the difference between 
apt-,/arc-, and apc,l/arc-cl of carbonyl 
halides is equal to the corresponding difference 
in thiocarbonyl halides, is more readily apparent 
from the values from the present calculation by 
MFOA in Table 7. From this table it is interest- 
ing to note that, even though the magnitudes of 
the bond moment derivatives calculated by 
MFOA differ considerably from values of 
Hopper et al. (3) and Bruns et al. ( 9 ,  the values 
of differences among the derivatives mentioned 
above, in all calculations, are comparable. 

Conclusion 

The calculations show that it is possible to 
evaluate the full set of electro-optical parameters 
using the MFOA method. Transferability of 
apc-,/arc-x parameters has been achieved 
in Al and Bl species for all molecules consid- 
ered, whereas transferability of pC-Z/rC-Z was 
achieved only for the thiocarbonyl halides. The 
magnitudes of the cross derivatives compared to 
the diagonal derivatives clearly show that the 
former cannot be ignored and explain why the 
zero order approximation will not yield trans- 
ferable values. The main advantage of the 
MFOA method is that the bond moments and 
derivatives can easily be calculated even for 
bigger molecules. 
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CARLO PRETI and GIUSEPPE TOSI. Can. J. Chem. 54, 1558 (1976). 
The complexes of deprotonated thiazolidine-2-thione (ttz) with many transition metals have 

been prepared. Probable structures have been proposed for the complexes on the basis of 
chemical analysis, spectral data (infrared and visible), and magnetic susceptibility measure- 
ments. The ligand field parameters have been evaluated and are in keeping with the proposed 
structures. 

CARLO PRETI et GIUSEPPE TOSI. Can. J. Chem. 54, 1558 (1976). 
On a prepare les complexes de la thiazolidinethione-2 (ttz) dkprotonee avec plusieurs metaux 

de transition. On a propose des structures probables pour les complexes en se basant sur 
l'analyse chimique, des donnies spectrales (infrarouge et visible) et des mesures de suscepti- 
bilite magnitique. On a evalui les paramktres de champs de ligand et ceux-ci sont en accord 
avec les structures proposhs. 

[Traduit par le journal] 

The complexing properties of the HNCS 
group with metal ions have been studied for 
some time in our laboratory (1, 2). The thiazoli- 
dine-2-thione forms a variety of interesting 
complexes with transition metal ions being 
coordinated through either the nitrogen or the 
sulphur of the ring or the exocyclic sulphur of 
the thioketo group (refs. 3 and 4 and literature 
cited therein). 

This ligand exhibits thiol-thione isomerism 
involving -N=C-SH and -NH-C=S 
groups in a thiol-thione equilibrium 

Thiol form Thione form 

It has been demonstrated from the ir spectra 
that the ligand exists in the solid state as a 
hydrogen-bonded thioamide complex, which par- 
tially breaks down in carbon tetrachloride solu- 
tion (5). The ir spectra d o  not show a v(SH) peak 
in the region of 2500cm-I nor v(C=N) a t  
1700 to  I590cm-I, but show a strong absorption 
around 3400 cm-I corresponding to the v(NH) 
stretch (6). 

Complexation is achieved either by the re- 
placement of a proton by the metal or direct 
coordination with the ligand acting as mono- 
dentate, or by formation of a chelate structure 
involving both sulphur and nitrogen atoms. 

Polymeric structures involving bridging ligand 
are also possible. 

The present paper deals with the investigation 
of the structural aspects of the complexes of 
deprotonated thiazolidine-2-thione with metal 
ions like Zn(II), Cd(II), Hg(II), Co(II), Ni(II), 
Cu(I), Pd(II), Pt(1I): Ag(I), Ir(III), and Mn(I1). 
Tentative structures have been proposed for the 
complexes on the basis of spectral and magnetic 
susceptibility data and the results of chemical 
analyses. 

Results and Discussion 

Table 1 lists the new complexes obtained, 
together with the analytical results, room tem- 
perature magnetic moments, and other physical 
properties. The band energies from the solid 
state electronic spectra are listed in Table 2. The 
most important ir bands in the range 4000 t o  
50 cm-I are given in Table 3. 

The complexes are powdery and insoluble in 
the most common organic solvents; this last fact 
suggests that they are polymeric with coordina- 
tion of more than one ligand molecule to  the 
metal atom. The general insolubility of the 
complexes precludes their study by such means 
as nmr, molecular weight, and molar conduc- 
tivity measurements. 

Magnetic and Visible Spectral S t ~ ~ d i e s  
The reflectance spectrum of the inner cobalt 
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PRETI AND TOSI 1559 

TABLE 1. Analytical data and other physical properties 

Found ';A Required 7; Dec. 
P point 

Compound Colour C H X C H X (B.M.) ("C) 

Z n ( t t ~ ) ~  White 23.2 2.7 22.0 23.9 2.7 21.7 dia. 270-272 
Cd(ttz), White 20.8 2.6 32.4 20.7 2.3 32.2 dia. 180-183 
Hg(ttz)? White 16.5 2.1 45.7 16.5 1.8 45.9 dia. 160-162 
C o ( t t ~ ) ~ . H ~ 0  Turquoise 23.0 3.1 18.6 23.0 3.2 18.8 4.2 > 350 
Ni(ttz), Brown 24.6 3.1 19.9 24.4 2.8 19.9 1.2 255-260 
Cuttz Pale yellow 20.3 2.2 7.7* 19.8 2.2 7.7* dia. 225-230 
Pd(ttz)? Orange 21.4 2.4 31.0 21.0 2 .4  31.0 dia. 255-257 
Pt(ttz)? Hazel- brown 16.9 2 .0  45.0 16.7 1.9 45.2 dia. > 350 
Agttz White 15.9 1 .9  6.2* 15.9 1.8 6.2* dia. 188-190 
A~(ttz)zf Pale yellow 16.7 2.2 45.0 16.6 1.9 45.5 dia. 165-167 
Ir(ttz), Orange-yellow 19.6 2.7 7.7* 19.8 2.6 7.7* dia. 158-160 
M n ( t t ~ ) ~ . H ~ 0  White 23.7 3.4 9.1" 23.3 3 .3  9.1* - > 350 

*X = nitrogen for copper, silver, mnng:lnese, and iridium deriv;~tives: = mela1 for all the ~.crnaining complexes. 
t N %  found 6.5; required 6.2. 

TABLE 2. Electronic spectra and ligand field parameters 
- 

Ligand field* 

Value 
Compound tl-rl transitions Wave number Parameter (cm-I) 

Co(ttz),.H?O q2(F)+4TI(P) 16 400 
V2(F)+4Ti(F) 7 575 
4A2(F)+4T2(F) 4 410t 

Ni(ttz)? Charge transfer 23 260 
1 Ag+lB3g 20 950 
1 Ag+IBIS 16 660sh 

Pd(ttz)? IAg+Blg 33 800 

I r ( t t ~ ) ~  I Alg+'T2:. 32 000 
'A 1~ 4 T I g  -76 450 
I A1g+3T1E 21 050 

M n ( t t ~ ) ~ . H ? 0  GAl+4E,(4D) 28 735 
6AL+4Eg, 4A1g(4G) 24 200 
6A1+4TIc(4G) 20 830 

' B  is taken to be 967 and 660 cm-' for Co" nnd Ir" free ions. respectively. 
tCalculated value. 

derivative shows two bands at  7 575, v2 and 
16 400 cm-I, ~3 indicating a tetrahedral con- 
figuration. It is reasonable to suppose its struc- 
ture to  be that of an infinite polymer with the 
ligand forming bridges between cobalt ions. A 
similar structure has been suggested for di- 
benzimidazolatocobalt(II) and diimidazolatoco- 
balt(I1) (7, 8). Using the values of vz and v3, the 
ligand field parameters Dy and B' have been 
evaluated (Table 2). 

By comparison of Dy values reported for 
CoL4 groups (9) we can see that the complex 
Co(ttz)2.H20 shows a Dy value that is, using the 

'law of the average environment', typical of a 
CoS2N2 chromophore. 

The magnetic moment is 4.2 B.M. Since the 
orbital contribution in the tetrahedral cobalt(I1) 
is much less than that of the octahedral, tetra- 
hedral cobalt(I1) complexes have generally values 
of magnetic moments in the range 4.3-4.7 B.M. 
(10). The magnetic moment of Co(ttz)2. H20 is a 
bit lower than that expected for a tetrahedral 
geometry and this value could be attributed to  
the S-C-N chains which form part of a 
mobile n-electron system present in the ligand in 
polymeric complexes. 
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1560 CAN.  J. CHEM. VOL. 54. 1976 

TABLE 3. Infrared absorption bands (cm-I) 

Thio- Thio- Thio- v(CS) sym. 
Compounds amide I amide 11 amide I l l  and asym. v(M-N) v(M-S) Other bands 

ttz 
Z n ( t t ~ ) ~  
Cd(ttz), 
Hg( t tz)~ 
Co( t t~ )?  . H 2 0  
Ni(ttz), 
Cuttz 
Pd(ttz), 
Pt(ttz), 
Agttz 
Au(ttz)? 
Ir(ttz), 
M r ~ ( t t z ) ~ . H ~ O  

The nickel complex N i ( t t ~ ) ~ ,  already reported 
in a previous paper (11) but not studied in 
detail, is considered in this paper for a more 
accurate examination. The p value of this com- 
pound is 1.2 B.M. It is noteworthy that the 
electronic spectrum is indicative of a stereochem- 
istry with a predominantly planar environment 
(Table 2); thus on the basis of electronic and ir 
spectral studies (see below) a planar polymeric 
structure is proposed for the nickel complex 
(12-15). Being a spectrum of low resolution it is 
not possible to  obtain meaningful bonding 
parameters. 

The copper derivative which resulted is dia- 
magnetic and the analytical results support the 
formulation of the type Cuttz. Repeated syn- 
theses and elemental analyses gave reproducible 
results. This fact of the reduction of copper(I1) 
to  copper (I) by the ligand is in keeping with the 
observations on the previously reported com- 
plexes of copper with ttz which resulted in 
products always containing copper(1) (16, 17). 
No d-cl transitions have been observed in the 
eIectronic spectrum of this complex. 

Basson and du Preez (18) have prepared a 
compIex of copper with ttz of stoichiometry 
Cu(ttz)l, yellow and slightly paramagnetic, 0.79 
B.M. The fact that copper remains in the com- 
plex in 2+ oxidation state is quite surprising. 
Any attempt to  prepare the complex in the same 
way as reported by these authors failed and we 
have obtained only a derivative whose elemental 
analyses fit well with a Cu(1) complex. Even if 
our analytical results were incorrect, we should 

have found in the electronic spectrum the typical 
transitions of copper(I1) and moreover a peak 
around 375 nm explaining the completely quench- 
ing of the paramagnetism (19, 20). We could 
propose for the copper derivative the following 
forms: ((1) a four-ring structure with the copper(1) 
coordinated through the sulphur and the nitrogen 
atoms in polymeric materials; (6) a salt-like 
structure with the copper(1) replacing a hydrogen 
ion; (c) a polymeric structure with sulphur 
bridges in which the copper(1) achieves its maxi- 
mum coordination number. This question is 
considered further after the discussion of the 
ir spectra. 

The Pd(l1) and Pt(I1) ions, with d8  configura- 
tion, have square planar arrangements of ligand 
molecules around them in a Iarge number of 
their complexes. In the electronic spectrum of the 
palladium(I1) derivative, recorded in the solid 
state as  a Nujol mull, only the band a t  23 800 
cm-I can be considered a d-cl transition of the 
type ' A ,  i lB,,(x2 - y2 i xy). The value of 
A , ,  by the standard treatment, is 25 900cm-I 
(13); this is what one should expect in the square 
planar geometry. Assignments have not been 
possible in the case of the platinum(I1) de- 
rivative. 

The solid state electronic spectrum confirms 
an octahedral configuration of the central atom 
in the I r ( t t ~ ) ~  derivative. The two observed 
absorption bands are in the ranges expected for 
the two spin-allowed transitions from the ground 
state ' A , , .  The ratio of the energies of v2 and vl is 
1.20. The ligand field parameters A,  B', and B 
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PRETI AND TOSI 1561 

have been calculated by means of the equations 

and are reported in Table 2. 
The B' value is of the order of 56% of the free 

ion value, suggesting a considerable orbital over- 
lap in the complex. The value of A is higher than 
those found for the iridium dithiocarbamates 
(22) and could be indicative of an octahedral 
symmetry with iridium-sulphur and iridium- 
nitrogen bonds in polymeric materials. 

Working with manganese(I1) we have obtained 
the compound Mn(ttz)z.HzO. The energies of 
the 6A1 + 4E,"A1(4G) and 'A1 + 4E(4D) transi- 
tions are independent of Dq, depending only on 
B and C. The values of B and C have been 
obtained using the expressions 

These values of B and C have then been used 
together with the 6A1 ->4T,,(4G) transition in 
solving the secular equations of Tanabe and 
Sugano (23) t o  evaluate the value of Dq and are 
reported in Table 2. 

Zinc(II), cadmium(II), and mercury(l1) do not 
show (I-d transitions and therefore the stereo- 
chemistry of their complexes cannot be derived 
from diffuse reflectance spectra. Most of the 
complexes of these metals with a 1:2 metal: 
ligand ratio reported in the literature are tetra- 
hedral, therefore we can propose these dia- 
magnetic derivatives Zn(ttz)2, C d ( t t ~ ) ~ ,  and 
Hg(ttz)z a tetrahedral arrangement of the ligand 
molecules in polymeric structures. 

The silver(1) complex is diamagnetic and a 
linear structure is proposed for this derivative. 

Infiaretl Spectra 
The coordination mode of the ligand can be 

distinguished by an analysis of the positions and 
intensities of the thioamide bands and of the 
bands due to  the prevailing contribution of 
v(C-S) symmetric and antisymmetric (Table 3). 
The directions of the shifts in the position of all 
the bands in the spectra of the complexes are the 
same; this fact indicates that the bonding pattern 
in all the complexes must be similar. 

The infrared spectra of the complexes do not 
display the bands due to v(NH) and 6(NH). 
thus indicating the absence of the imino-hydro- 
gen in these compounds. The thioamide I. 
observed a t  1490 cnl-I in the ligand, is shifted at 
higher wave numbers in the complexes; this fact 
clearly indicates that the nitrogen atom is in- 
volved in the coordination to the metal. Band I1 
experiences a blue shift of about 10cm-I in- 
dicating that the bond order of C=N is in- 
creased and showing that the inetal atom is 
bonded to  the exocyclic sulphur; band 111 shows 
a red shift of about 20 cm-I. 

Thioamide I has a predominant contribution 
from 6(CH) + v(CZN), band I1 has a predomi- 
nant contribution from v(C=N) + 6(CH) + 
v(C=S), while band 111 has a contribution from 
v(C111N) + v(C-S). According to literature 
data (24-26), the shifts above reported are 
clearly indicative of simultaneous metal-nitrogen 
and metal-sulphur bonds. The sulphur atom in 
the ring is clearly not involved in the coordina- 
tion, being the stretchings due to  the prevailing 
contribution of v(C-S) symmetric and anti- 
symmetric shifted towards higher energies. These 
results agree very well with the conclusions from 
the electronic spectra. 

Further confirmation of -N and -S bond- 
ings t o  the metals in the complexes is obtained by 
the low-frequency spectral absorptions. In the 
spectra of N-bonded and S-bonded complexes. 
absorptions due to  v(M-N) and v(M-S) are 
present in the range 350 to  150 cm-I. In our ir 
spectra new bands are present in the low fre- 
quency region, Table 3, which are tentatively 
assigned to  v(M-N) and v(M-S) in good 
accord with literature data (1 1, 27-36). 

In the case of C o ( t t ~ ) ~  HzO and Mn(ttz)y H 2 0  
complexes, bands due to  v(0H) and 6(HOH) 
are present a t  3500 cm-I (broad) and 1600 cm-I 
(broad), clearly indicating the presence of lattice 
water. Twisting, wagging, and rocking vibra- 
tional modes of the coordinated water are 
absent in the expected ranges. 

In light of the ir results we propose for all the 
complexes here reported polymeric structures 
with the ligands linked t o  the metal ions through 
the sulphur and nitrogen atoms; the insolubility 
of these derivatives in water and even in organic 
solvents points to  a ~olymeric  intermolecular 
linkage. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1562 CAN. J. CHEM. VOL. 54, 1976 

Experimental 

Plrrificotiorl of the Liprlri 
The commercially available ttz has been purified by 

repeated recrystallizations from hot water, mp 106-107 "C 
(lit. 106-107 "C (37)). 

Prepar.atiorr of tlle Cor71plexes 
Metllori A 
An aqueous solution of the metal chloride or nitrate 

or acetate, maintained a t  a p H  value lower than that of 
precipitation of the correspondent hydroxide, has been 
treated with an aqueous/ethanol solution of the ligand in 
the metal:ligand stoichiometrical ratio of 1 : 1, 1 :2, and 
1:3 depending on the oxidation number of the starting 
metal. The p H  value has been checked by a p H  meter 
Polymetron 42B during preparation. The chloride, 
nitrate, or acetate ions were never present in the resulting 
complexes. 

Metllod B 
The metal salts were dissolved in ethanol and added 

dropwise to a stirred solution of ttz in a mixture of 
ethanol and dimethylsulfoxide in the ratio 20:3. 

The complexes obtained have been purified by means 
of repeated washing with ethanol and dried over P4010. 

Itfrored Meosrrrernerlts 
The ir spectra have been recorded in the range 4000 to 

50 cm-1 with Perkin Elmer 457 and 225 and Hitachi - 
Perkin Elmer FIS3 spectrophotometers. The spectra in 
the range 4000 to 400 cm-1 were measured for KBr discs 
or CHCI, solution. Far ir spectra were measured for 
Nujol mulls supported between polyethylene sheets. 
Atmospheric water was removed from the spectro- 
photometer housing by flushing with dry nitrogen. 

Ultraviolet-Visible Spectra 
The electronic spectra have been recorded with a 

Shimadzu MPS-50L spectrophotometer in the solid state 
in the range 4 000 to 35 000 cm-1. 

Magrletic Srrsceptibility Merrsrrren~errts 
These were carried out by Gouy's method a t  room 

temperature. Molecular susceptibilities were corrected 
for diamagnetism of the component atoms by use of the 
Pascal's constants. 
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Studies on di-pthiocyanato dithiocyanato nickel(I1) diisothiocyanato 
tin(IV) or titanium(IV) and related complexes 
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P. P. SINGH and S. B. SHARMA. Can. J. Chem. 54, 1563 (1976). 
NiM(NCS),, [NiL,][M(NCS),], and [NiL6][M(NCS)6] (M = Sn(lV), Ti(1V); L = pyridine 

(py), 3-cyanopyridine (cpy), nicotinamide (nia), ethylnicotinate (ent), and ethylenediamine (en)) 
have been prepared and characterised by elemental analysis, magnetic moment, and infrared 
and electronic spectral studies. These studies suggest a thiocyanate bridged structure for 
NiM(NCS), and a cationic-anionic structure for [NiL,][M(NCS),] and [NiL6][M(NCS)6]. 

P. P. SINGH et S. B. SHARMA. Can. J. Chem. 54, 1563 (1976). 
On a prepark et caractCrisC par analyse CICmentaire, moment magnitique et etudes spectrales 

infrarouge et klectronique les complexes NiM(NCS),, [NiL,][M(NCS),] et [NiL,][M(NCS),] 
(M = Sn(IV), Ti(1V); L = pyridine (py), cyano-3 pyridine (cpy), nicotinamide (nia), nico- 
tinate d'kthyle (ent) et ethylknediamine (en)). Ces etudes suggkrent qu'il existe une structure 
pontie par le thiocyanate dans le NiM(NCS)6 et une structure cationique-anionique dans le 
[NiL,][M(NCS),] et le [NiL,][M(NCS),]. 

[Traduit par le journal] 

Introduction 

In this article we are presenting the synthesis 
and structure of a new class of hexathiocyanates. 
These are of the general formula NiM(NCS)6, 
[NiL4][M(NCS)6], and [NiL6][M(NCS)6] (M = 
Sn(IV), Ti(1V); L = a number of pyridine deriv- 
atives and ethylenediamine). 

Experimental 

Materials arld Mar~iprrlatiorls 
Tin(1V) and titanium(1V) chlorides were purified by 

the method of Hildebrand and Caster (1). Reagent grade 
anhydrous nickel(I1) chloride and potassium thiocyanate 
(BDH) were used after drying in vacuum for 24 h. 
Ethylenediamine (en) and pyridine (py) (BDH) were 
purified by double distillation. Nicotinamide (nia) (BDH) 
was crystallized from alcohol and dried in vacuum. 
Ethylnicotinate (ent) and 3-cyanopyridine (cpy) were syn- 
thesized by standard methods (2), from nicotinic acid and 
nicotinamide respectively, and were purified by distilla- 
tion under reduced pressure. Solvents were purified and 
strictly dried by known methods. All reactions were 
carried out in a dry box flushed with nitrogen. 

Preparatiori of the Complexes 
The whole apparatus (Fig. 1) along with the required 

chemicals was placed in a dry box flushed with nitrogen. 
Tin(1V) chloride (1.3 g, 5 mmol), finely powdered po- 
tassium thiocyanate (2.9 g, 30 mmol), stringently dried 
acetonitrile (50 ml), and a teflon-coated magnetic stirring 
bar were placed in the flask A. The whole mass was stirred 
for 12 h at room temperature. The stop cocks (C and D)  
were closed and the apparatus was removed from the dry 

box, and inverted. The stop cock D was connected to the 
vacuum pump, when quick filtration took place. The 
residue (KCI) remained on the sintered disc (E) and the 
filtrate came into the flask B. The apparatus was again 
transferred to  the dry box. Anhydrous nickel(I1) chloride 
(0.65 g, 5 mmol) was added to  the filtrate in flask B 
along with a Teflon-coated magnetic stirrer. The flask A 
and the disc arm (F) were replaced by fresh components. 
The stirring was done for 2 h, and the apparatus was 
brought out of the dry box and inverted. The filtration 
was done as described above, potassium chloride on the 
disc was rejected and the filtrate preserved in the flask A. 

Following a similar procedure, about a dozen solutions 
in different flasks A were prepared. Solvent from one of 
the flasks was evaporated by vacuum, when yellowish 
green crystals separated. This was NiSn(NCS)6. 

T o  the various other flasks, ligands in 1 :4 or 1 :6 molar 
ratio were added and stirred for 6 h. In each case solid 
complexes were formed which were filtered, washed 
with the solvent and dried in vacuum. 

NiTi(NCS),, [NiL,l[Ti(NCS),], and [NiL,I[Ti(NCS)6] 
were prepared by a similar procedure. 

Pl~ysicul Measirrernerrts 
The infrared spectra of ligands, metal hexathiocyanates, 

and complexes were recorded on a Perkin-Elmer model 
621 or 457 spectrophotometer in the range 4000-200 cm-1. 
Samples were run as Nujol mulls using Csl plates. 
Spectra of soluble ligands were also recorded in solution. 
Infrared spectral data are included in Tables 1 and 2. 

Electronic spectra were obtained on a Cary-14 spectro- 
photometer between 1700-300 nm. Samples were run as 
their methanol, ethanol, or acetone solutions and as 
Nujol mulls. Electronic spectral data are included in 
Table 3. 

Magnetic susceptibility measurements were made at  
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TABLE 1. Assignment of infrared spectral bands and fundamental species of NiM(NCS), (ref. 20)' 

Band positions (cm-1) 

Schematic description Cz, Species No. Assignment of species N ~ S ~ I ( N C S ) ~  NiTi(NCS)6 

NCS pseudo antisymm. st. degenerate (v(CN)) 3A1+2Bl+Bz 1 Al+B2(terminal N-bonded) 2050111 2060mb 
2 A, +Bl(terminal S-bonded) 2120s 2120sh 
3 AI + Bl(bridged) 2160s 2160s 

NCS pseudo symm. st. degenerate (v(CS)) 3A1+2Bl +Bz 4 Al+Bz(terminal N-bonded) 770m 767m n 
5 A1+ Bl(terminal S-bonded) 722m 720m 
6 AI+BI(bridged) 

5 
760sh,740sh 760sh,735sh L 

M-NCS deformation A* (G(MNC)) 2Al+Bl+Bz 7 A,+ Bz(terrninal N-bonded) 500m 495m n 
8 Al+Bl(bridged) - - 2 

- - 
z 

Ni-SCN deformation A* (G(NiSc)) 2Al+2Bt 9 AI+Bl(terminal N-bonded) 
435sh 430sh 

< 
10 A1 + Bl(bridged) o r 

M-NCS and Ni-SCN deformation B" (8(NCS)) and (8(SCN)) ~ A I + ~ B I + B ~  11 Al+Bz(terrninal N-bonded) 482w 480m VI 

456s 
P 

12 Al+Bl(bridged) 455s - 
13 Al+ Bl(terminal S-bonded) 420w 120w w --, 

m 

M-N, degenerate stretch (u(M-N)) ~ A I + B I + B ~  14 A1 +Bz(terminal N-bonded) 307s 305sb 
15 Al+ Bl(bridged) 290sh 280sh 

N i p s 4  degenerate stretch (u(Ni-S)) 2Al+2Bl 16 Al+ Bl(terminal S-bonded) 270sh 275sh 
17 Al+Bl(bridged) 245w 250w 

M-N4 deformation (G(NMN)) AI+BI+B~ 18 -~ - - 

Ni-S4 deformation (8(SNiS)) AI+BI 19 - - - 

t t 
'A* involves M-N-C-S deformation and B* involves M-N-C-S deformation (20) st. = stretch, symm. = symmetric, s = strong, m = medium, w = weak, sh = slloulder. 

1 1 1  1 1  I 
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FIG. 1. Apparatus for the preparation of NiM(NCS)6, 
[NiL41[M(NCS),I, and [NiL6][M(NCS)6] (M = Sn(IV), 
Ti(1V)). 

room temperature by Gouy's method using HgCo(NCS), 
as standard. The diamagnetic corrections were made by 
the method outlined by Figgis and Lewis (3). Magnetic 
moment data are included in Table 3. 

Molar conductance of the complexes were determined 
in alcohol with the help of a Philips conductivity bridge 
model PR-9500. Molar conductance data are included in 
Table 4. 

Results and Discussion 

NiSn(NCS)6 on(/ NiTi(~Vcs)~ 
(i) The infrared absorption bands assigned to 

C-N stretching illode are observed at  2160, 
2120, 2050, and 2080 cm-I. The positions of 
these bands indicate the presence of both bridged 
and termiilal thiocyanates (4,6, 16, 17). The posi- 
tion and number of bands in C-S stretching and 
NCS bending regions as presented in Table 1 
also support the presence of both terminal and 
bridging thiocyanates (7, 9, 16, 17). 

(ii) The electronic spectra of the complexes in 
solid phase show the presence of three bands a t  
about 9 100, 14 600, and 25 000 cm-I (Table 3), 
due to the transitions 3A2, + 3T2,, 3A2g -> 
3T1,(F), and 3A2, + 3Tl,(P), respectively. The 
positions of these bands are typical of nickel(I1) 
in octahedral environment (10). The colour and 
Bohr magneton values also favour an octahedral 
geometry for nickel(I1). The Dq values suggest a 
weak interaction between nickel(I1) and thio- 
cyanate ion. Similarly, the Racah parameter 
(B') indicates less orbital overlap. 

(iii) On the basis of the above observations we 
can tentatively propose the following structure 
(Fig. 2). In these complexes the sulphur end of 
thiocyanate has been shown attached to nickel(I1) 
and the nitrogen end, to tin(1V) or titanium(1V) 
according to H.S.A.B. theory (11). The octa- 
hedral configuration by nickel(I1) and tin(1V) or 
titanium(1V) is perhaps achieved by weak 
attachment of thiocyanates at the axial position, 
similar to nickel(I1) in NiHg(SCN)4 (12). 

(iv) If the proposed structure is correct, the 
complexes will belong to the C2, point group. 
Assuming this point group, the number of 
normal modes along with their species have been 
calculated (Table 5). The comparison of the 
observed and calculated number of bands indi- 
cates that our proposed structure is correct. 

TABLE 3. Electronic spectral band assignments, spectral parameters, and magnetic moment of Ni(I1) 
octahedral complexes 

v I  (cm-1) v L  (cm-1) v3 (cm-1) lODq B ' Perf 
Complexes 3A2, -, jTzZ 3A2, --t 3TI,(F) 3A2, 4 3Tl,(P) (cm-1) (cm-1) B (B.M.) 
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TABLE 4. Analytical results and molar conductance data 

yo Tin or % % Molar conductance 
Melting :& Nickel titanium Thiocyanate Sulphur (A,,) (mhos cm-2 mol-1) 
point 

Complexes Colour ("c)  Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. M/512 M/1020 

Green 
Greenish yellow 
Blue 
Greenish yellow 
Yellow 
Blue 
Blue 
Yellowish green 
Light green 
Blue 
Blue 
Yellow 
Blue 
Blue 
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T A ~ L E  5. Calculated normal modes of different point groups and their fundamental species' i! 2 
No. of ir M-NCS and No. of ir -. 

Complexes Point M-NCS and M-L active M-L, def. or active CI 
or ions group Vibrational species st. species st. species bend. species def. species 5 % 

NiM(NCS), c20 19A1+Az+14_B~+6_B2 lOdt+7B,+6_B, 20 9Al+A2+7@1+3& 19 < 
0 

M(NCS)62- 0, 3Alg+3Eg+2Tlg+6_Tlu+3T2~+3Tlu 3A1g+3Eg+3_Tttl 3 3T2g+3z1,,S3Ta, 3 r 

'st. = stretching: del. = dclormation; bend. = bending, 
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SCN NCS 
NCS\ j ,,SCN\ j /NCS 

M 
NCS/~ ' \SCN/  i \NCS 

SCN NCS 

FIG. 2. Di-p-thiocyanato dithiocyanato nickel(I1) diiso- 
thiocyanato tin(1V) or titanium(1V). 

( u )  Unlike polymeric bridged tetrathiocyanates 
(12), these complexes are sharp melting and 
soluble in polar organic solvents. This shows that 
they are perhaps monomeric in nature. Attempts 
to find out the molecular weight were not 
successful as the complexes get solvated with the 
solvent molecules, and probably a species of the 
type [Ni(Solv)il[M(NCS)6] is formed. The forma- 
tion of such a species is justified by the molar 
conductance and infrared spectral measurements. 
The complexes in ethanol have molar conduc- 
tance values equivalent to 1 : 1 electrolyte and the 
solution spectra show the presence of only 
nitrogen bonded thiocyanates. 

[NiL4][M(NCS)6] and [NiL6][M(NCS)6] 
(L = nia, ent, py, cpy; M = Sn(IV), Ti(IV)) 

(i) The infrared spectra of these complexes, 
show the presence of only one band in C-N 
stretching region. The position of this band 
indicates that thiocyanate is nitrogen bonded. 
The position and number of bands in C-S 
stretching and NCS bending regions also 
support the presence of only nitrogen bonded 
thiocyanates (5, 9, 13). 

(ii) The colour and magnetic moment values of 
[NiL6][M(NCS)6] show that the nickel(I1) in these 
complexes is in octahedral configuration. The 
position of the electronic spectral bands and 
various ligand field parameters as presented in 
Table 3, also support the octahedral configura- 
tion of nickel(I1) in these complexes. The Dq 
values of this series of complexes are higher than 
NiSn(NCS)6 and NiTi(NCS)6, showing greater 
interaction of ligands with the metal ion. The Dq 
values also vary from ligand to ligand. This 
shows that the ligands (L) are attached to 
nickel(I1) and not to tin(1V) or titanium(1V). 
The complexes [NiL4:I[M(NCS)6] are diamagnetic 
and yellow in colour. This shows that nickel(I1) 
in these complexes is in the square planar 
geometry. The electronic spectral band positions 
also support this configuration of nickel(I1). 

(iii) The molar conductance values of these 
complexes in ethanol are typical of I : 1 electro- 
lyte (Table 4). 

(iu) On the basis of the above results we can 
propose a cationic-anionic type of formula for 
these complexes. The cation will consist of 
nickel(I1) with four or six ligand n~olecules, and 
the anion, of tin(1V) or titanium(1V) with six 
isothiocyanate ions. Hence the complexes can be 
formulated as [NiL41[M(NCS)6] and [NiL6]- 
[M(NCS)6] (M = Sn(lV), Ti(1V)). 

Since the thiocyanate is nitrogen bonded it will 
prefer Sn(IV) or Ti(lV) for coordination accord- 
ing to H.S.A.B. theory (1 1). 

(u) We have assumed D4, point group for 
[NiL4lW, Oh for [NiL612+ and [M(NCS)6]2+ and 
have calculated the number of normal modes 
and their species, the results of which, along 
with the observed number are presented in 
Tables 2 and 5. The comparison of calculated 
and observed number of bands also supports the 
proposed formulae. 

Conclusions 
(i) The MPt(SCN)6 (14) and MHg(SCN)4 (5: 

6, 12, 15), (M = Fe, Co, Ni, Zn, Pb) have 
generally a polynleric thiocyanate bridged struc- 
ture. NiM(NCSl6 (M = Sn(IV), Ti(1V)) how- 
ever, appear to be monomeric in nature. 

(ii) The thiocyanate bridging in NiM(NCS)6 
is perhaps the weakest of all known tetra or 
hexathiocyanates. 

(iii) It has been shown recently (18,19) that the 
thiocyanate bridge in MM1(NCS)4 is weak when 
M and M' belong to class a type metals and the 
bridge is stable if one of the two metals belongs 
to class b type metals. On reaction with bases the 
thiocyanate bridge is ruptured more easily when 
both M and M' belong to class a type, and with 
difficulty when one of them belongs to class b 
type of metal. It has also been shown that in the 
presence of ligands of weak basicity the bridge 
is not ruptured even when both M and M' are 
class a type (18). The thiocyanate bridge in 
NiM(NCS)6, however, appears to be very weak 
as it breaks even in polar solvents like ethanol 
or acetonitrile. 
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J. C. POMMELET et J. CHUCHE. Can. J. Chem. 54, 1571 (1976). 
La synthkse stCrCospkifique d'aziridines diCthylCniques 3a-d et de phCnylvinylaziridines 

3e-g cis et trans est rCalisCe i partir des kpoxydes la-g correspondants. 
La divinylaziridine 3a cis n'est pas stable h temperature ordinaire; le rhrrangement de Cope 

de la dipropCnylaziridine 3c cis donne la dihydroaztpine 4c cis. La thermolyse des divinyl- 
aziridines 30-d tratts conduit aux dihydroazCpines, celle des phCnylvinylaziridines au  pyr- 
rolines-2. Les rksultats sont compares h ceux obtenus en sCrie Cpoxydique. 

J. C. POMMELET and J. CHUCHE. Can. J. Chem. 54, 1571 (1976). 
The stereospecific syntheses of the cis- and trat~s-diethylenic aziridines 3n-rl and phenylvinyl- 

aziridines 3e-g was achieved with the corresponding epoxides la-g as starting materials. 
cis-Divinylaziridine, 3a,  is not stable a t  ordinary temperatures; the Cope rearrangement of 

cis-dipropenylaziridine, 3c, yields cis-dihydroazepine, 4c. Thermolysis of the tratls-divinyl- 
aziridines 3a-d leads to  the dihydroazepines while that of the phenylvinylaziridines yields 
2-pyrrolines. The results are compared with those obtained in the epoxide series. 

[Journal translation] 

Introduction 

Le rkarrangement thermique de cycles 8 trois 
chainons insaturCs (Cpoxydes, X = 0 ;  cyclo- 
propanes, X = CH2; R' = 4 ou vinyle) a fait 
l'objet de nombreux travaux. Dans tous les cas, 
les systkmes cis A et trans B se coupent sous 
l'effet de la chaleur selon la liaison C-C 
(schCma 1). 

La nature des produits de transposition dCpend 
8 la fois de R' et de X. Quand R' = vinyle: (i) le 
rkarrangement de Cope des isomkres cis A 
conduit dans tous cas au cycle B sept chainons 

CH2 Vinyl 1 ,2 ,  3 , 7  
CH2 6 8 
0 Vinyl 4, 5 ,  6 
0 6 9 

SCHBMA I 

(cycloheptatrikne (1-3) ou dihydrooxCpine (4, 
5)); (ii) la nature de l'atome X influe sur le rC- 
arrangement des isomkres trans B: le divinyl- 
Cpoxyde trans (X = 0 )  donne B la fois C et D 
(4-6), le divinylcyclopropane (X = CH2) ne 
conduit qu'8 C (7). Pour R' = phCnyle, on note 
dans tous les cas: (i) 1'isomCrisation cis-trans 
(A + B); (ii) la formation de cycle B cinq 
chainons D (phCnyl-4 cyclopentBne (8) ou 
dihydrofuranne (9)). 

En sCrie azotCe (X = N-R") peu de travaux 
ont CtC rCalisCs jusqu'ici. Ainsi Stogryn et Brois 
ont vainement tent6 d'isoler 1'Cthyl-1 divinyl- 
2,3 aziridine cis et de rCarranger l'aziridine trans 
(10) (comme la divinyl-1,2 aziridine (11), la 
divinyl-2,3 aziridine cis se rCarrange B tempCra- 
ture ordinaire (12)). Enfin rCcemment, un ex- 
emple de rkarrangement de phCnylvinylaziridine 
cis a CtC publiC par Bore1 et al. (13). 

Ces travaux ont CtC entrepris en vue de prC- 
parer et d'isoler la divinyl-2,3 aziridine cis connue 
pour Ctre instable (lo), de rCaliser 1'Ctude cinCti- 
que et d'ttudier la stCrCochimie de son re'arrange- 
ment, de rCaliser pour la premikre fois 1'isomCri- 
sation thermique de divinylaziridines trans et de 
la comparer B la thermolyse des phCnylviny1- 
aziridines. 

Resultats 
Le principal obstacle B 1'Ctude des divinyl- 

aziridines rCside dans leur mode de prtparation. 
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TABLEAU 1. Deplacernent chirnique en pprn des protons des arninoalcools par 
rapport au TMS (solvant CC14) 

Ja.b Jb.e 
Arninoalcool HZ H b  R" R ' R (Hz) (Hz) 

20 rhrko 
e'ryrhro 

26 Pryrhro 

2c thrPo 
Pryl l~ro 

2d Pry f l ~ r o  

2e rhrko 

2f rhrko 
Pry 111ro 

2g 111rPo 
&rylAro 

QProtons CthylCniques: entre 4.8 et 6.2 ppm. 
bImpossible i determiner. 

En 1965, Stogryn et Brois (10) ont tent6 la 
synthbe de 1'Cthyl-1 divinyl-2,3 aziridine cis 
selon une mCthode dCrivCe du procCdC Wenker 
(14). 

Des mCthodes rCcemment dicrites (15, 16) 
nous ont permis de synthCtiser de f a ~ o n  stCrCo- 
spkcifique des vinylaziridines cis et trans diverse- 
ment substituCes sur l'atome d'azote, B partir des 
Cpoxydes correspondants cis et trans dCjB prt- 
parks (4, 17).l Les Cpoxydes sont convertis inter- 
mkdiairement en a-aminoalcools. 

a-Aminoalcools 
L'epoxyde est transforme en amino-alcool par 

simple aminolyse avec l'amine primaire cor- 
respondante (schkma 2). La rCaction est stCrCo- 
spkcifique. Les isomkres la-g cis conduisent aux 
aminoalcools 2a-g thrko, les isomkres la-g trans 
aux aminoalcools 2a-g krythro. 

Ces aminoalcools sont caractCrisCs par leur 
spectre de rmn; conformCment B la 1ittCrature 
(19, 20) la constante de couplage Ja,b est plus 
faible pour les composCs krythro (krythro h. 4.5 
Hz; thrko = 8 Hz); le dCplacement chimique du 
proton H, est Cgalement plus faible pour le 
diastirioisomkre thrko (20, 21) (cf. tableau 1). 
Enfin, quand R' = 4 (2e-g), l'ouverture de 
1'Cpoxyde est rCgiosClective; la base attaque 
toujours le carbone portant le groupeinent 

1Les divinylCpoxydes l a  cis et Irons ont CtC prCparCs en 
utilisant 1'Cther anhydre cornrne solvant; le rendernent en 
est arnCliorC (respectivernent 54 et 50% au lieu de 33 
et 8% (4)). 

vinyle: le proton H, apparait alors sous forme 
d'un doublet (tableau 1). 

I1 est possible d'acckder sCparCment B chacun 
des diastCrCoisomkres 2a-g, except6 B 2c thrko. 
Ne pouvant disposer de dipropCnylCpoxyde l c  
cis pur (4), nous avons prCparC un mClange de 
2c thrko et brythro; une cristallisation fractionnke 
n'a pas permis d'isoler l'isomkre thrko pur. 

Aziridines 3a-g 
La cyclisation par la dibromotriphCnylphos- 

phine d'a-aminoalcools en aziridines se rCalise 
aisCment i temgrature ordinaire; une inversion 
de configuration accompagne la reaction (15). 
Nous avons applique cette mtthode aux amino- 
alcools 2a,c,e (cf. Partie expirimentale) et 
travail16 B temgrature ordinaire sauf dans le cas 

IN-g cis 2a-g thrCo 

a R = H ;  R' = -CH=CH2; R" = Me 
b R = H ;  R '  = -CH=CH2; R" = I-BU 
c R = M e ;  R' = -CHdH-Me; R" = Me 
(1 R = M e ;  R' = -CH=CH-Me; R" = I-Bu 
r R = H ;  R ' =  +; R " =  Me 
J R =  H ; R 1 =  +; R" = 1-BU 
g R = Me; R' = +; R" = 1-Bu 
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de 2a thre'o pour lequel la cyclisation a CtC 
effectuke i - 15 "C. Dans tous les cas, nous 
avons is016 l'isomtre attendu; la reaction est 
sttrkosptcifique (schkma 3). 

Une modification a CtC apportCe rCcemment 2 
cette mtthode (16); elle consiste B remplacer 
formellement la dibromo par la dichlorotriphC- 
nylphosphine; elle a l'avantage, tout en ttant 
stCrtospCcifique, d'&tre beaucoup plus gtnkrale 
et de donner en particulier de bien tneilleurs 
rendements (15, 16) (tableau 6); cette rCaction a 
CtC appliqute aux aminoalcools 2b,c,d,j;g; les 
aminoalcools thre'o conduisent aux aziridines cis, 

les aminoalcools e'rythro aux aziridines trans. Ces 
aziridines ont kt6 caractCrists par leur spectre de 
rmn (cf. tableau 2). 

Nous n'avons pas fait d'ttude particulikre 
concernant le phknomkne d'inversion de l'azote 
dans ces aziridines. Dans le cas des aziridines 
ditthylkniques 3a-cl trans les protons H, et HI, 
se prCsentent en rmn sous la forme d'un ou de 
deux signaux selon qu'on se trouve au dessus ou 
au dessous de la temperature de coalescence 
(voir schCma 4). 

Pour les aziridines 3a et 3c trans (R" = CH3) 
les spectres sont ma1 rCsolus 2 temptrature 
ordinaire; par contre, i - 15 "C nous sommes en 
prtsence des deux invertomkres: deux groupes de 
quatre raies a 1.7 i 1.9 ppm, protons syn par 
rapport B CH3 et i 2.20-2.30ppm, protons 
anti (22, 23). 

Conformtment i la 1ittCrature (24-26) le 
remplacement d'un groupement mtthyle par un 
radical tert-butyle abaisse la temptrature de 
coalescence; ainsi, pour les aziridines 3b et 3d 
trans (R" = tert-Bu) l'inversion de l'azote est 
rapide i temptrature ordinaire (un seul multiplet 
en rmn pour H, et HI,). 

Enfin, dans le cas de la divinylaziridine cis 3a 
(schkma 5) on n'observe qu'un seul signal pour 
les protons H, et Hb (1.92 ppm; champs forts): 

TABLEAU 2. Dtplacement chimique en ppm des protons des aziridines 30-g par 
rapport au TMS (solvant CCI,) 

Ja,b 
Aziridine H a  El 11 R R ' R" (Hz) 

3e cis 2.67 d 2 .18m -d 7.30 2 .55s  6.5 

3f cis 2.90 d 2.40 -d 

trarls 2.84 d 2.50 2do 7.20 : 2.2 

3g cis 2.82 d 2.36 m 1.53 2dh 7.21 1 .05s  6.2 

QSpecrre enregistre h -15 "C. 
bJn.b = 2.8 Hz: Jb,c = 6 Hz. 
C J n s  = 2.8 Hz; J ~ , E '  = 8 HZ. 
dprotons CthylCniques cnrre 4.8 ct 6.3 pprn. 
'Melange d'nziridines 3c cis + rrans. 
f J n g  = 3.0 HZ; = 8.7 Hz. 
gJn.b = 2.2 Hz: Jb.c = 9.0 Hz.  
*J,J.cH~ = 6.1 H Z ;  J C , C H ,  = 1.2 HZ. 
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POMMELET ET CHUCHE 1575 

TABLEAU 3. Diplacement chimique en ppm des protons de 40 et c. Reference interne TMS (solvant CCI4) 

j2 .3  et 
Compose N-CH, H, et H, H3 et H6 R H, et H5 j 6 . 7  (Hz) 

({J,, ,  = 6 Hz. 
' J J : , c H ~  = 7 HZ. 

phtnylvinylaziridines trans et de savoir en 
particulier si, comine en strie tpoxydique (9), la 
stirtochimie de la pyrroline est indtpendante de 
la configuration cis ou trans de l'aziridine de 
dipart. 

Nous avons rtarrangt les divinylaziridines 
3a-cl trans et les phtnylv~nyl 3f,g cis et trans. Les 
essais en phase liquide et  en tube scelli effectuts 
avec les aziridines 3c,e se soiit rCvClCs infructueux 
(polymtrisation). Les rtarrangements ont kt6 
rkalists en rtgiine dynamique:-le produit passe 
rapidement en phase vapeur dans une colonne 
de verre chauffte Clectriquement (4). 

La therinolyse des aziridines ditthyltniques 
effectute B 250 "C pour 3a,b trans et  300 "C pour 
3c,d trans, conduit dans tous les cas B la di- 
hydroaztpine (rnin, voir tableau 3 et Partie ex- 
ptrimentale, tableau 9). 

Pour les aziridines 3a,c (R" = CH3), il y a 
polymtrisation partielle des produits; par contre. 
dans le cas de 3b,cl (R" = tert-Bu) la reaction 
est particulikreiiient propre; B cdt t  des dihydro- 
aztpines 4b,d (40 B 50% du produit brut de 
rtaction) se fornlent deux autres produits X et Y 
qui n'ont pu 2tre ni siparts, ni identifits (schtnia 
7). Le spectre de rinn nous periiiet de conclure B 
l'abseiice de pyrroline-2; ceci ii'exclue pas toute- 
fois la formation d'une pyrroline instable qui se 
dtconiposerait rapidement (voir plus l o i n  l'in- 
stabilitt de telles pyrroliiies). Les dihydro- 
aztpiiies 40-cl n'ayant pu 2tre stparies, la 
stirtochimie au niveau des carbones C4 et Cs n'a 

pu 2tre ttablie avec certitude; toutefois, les 
doubles liaisons sont cis (J2,3 = J6,7 = 9.5 Hz). 

La therniolyse des phtnylvinylaziridines 3flg a 
kt6 rtaliste entre 240 et 300 "C. On note (i) que 
les isoliikres 3f;g trans se transposent B des 
tempCratures plus basses que les isoinkres 3f,g 
cis (3f;g trans: 240 "C; 3f;g cis: 300 "C); (ii) qu'en 
aucuii cas, il n'y a d'isomCrisation cis-trans ou 
trans-cis de l'aziridiiie; et  (iii) enfin, qu'il se 
fornie dans tous les cas la pyrroline-2 6 (schtma 
8). 

trans 

R 
\ 

C I S  

V e t  g 6J'et g 

/ 'R  = H ; g R = C H ,  

R 
Dans le cas de  3g trans, la riaction est s t i r to-  5% p +.+. sptcifique: il ne se fornie que l'isomkre 6g trans; 

elle ne l'est pas dans le cas de 3g cis; B cdtt  de 
l'isomkre 6g cis on trouve un faible pourcentage 
de I'autre isoinkre (nioins de 20y0 de 6g trans). 

R 
R 

Les pyrrolines 6 sont instables B tempkrature 
ordinaire, notainment 6g cis qui se dicoinpose en 

30-d trans 40-d moins d'une heure. Uil coiiiportement semblable 
S C H ~ M A  7 a t t t  observt avec le tert-butyl-1 phinyl-3 
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TABLEAU 4. DCplacement chimique en ppm des protons des pyrrolines-2 6 ,  et 
des dihydrofurannes 7 par rapport au TMS (solvant CCI,) 

6f et g 7f et g 
X  = N-I-Bu X = O  

f Rq = R4' = H 
cis g R4 = Me R4' = H 

trans g R4 = H R4' = Me 

Sf 6.17m 4.1 m 4.48 2da - -a 

6g cise 6.072db 4.46C 4.50 d 0.44 dd 11 

6g trar~s 6.122db 4.482dc 3.77d 1.07 d 7 .5 

7fJ 6.39 q 4.86 q 5.45 qf - - f 

7g cisJ 6.382do 5.05th 5.42d 0.55 qi 9.8 

7g rrat~sJ 6.382dg 5.05t11 4.86 d 1.20 dt 8.1 

~ J H S , R I  = 8.5 Hz; J H I . R I ,  = 11.5 HZ. 
bJ2.3 = 4.0 HZ; J ? . I  = 1.6 HZ. 
CJs.4 = 2.3 Hz. 
d J n r . n ~ ,  = 7.5 Hz. 
%pcctre enregistre h - 17 "C. 
/ J H S . R I  = 8.8 Hz; Jtis,nr,  = 10.6 Hz. 
":.a = 2.8 Hz; J2.4 = 2.6 Hz. 
hJ3,r = 2.6 Hz. 
iJnr.nr, = 7.1 Hz. 
JR t f e rence  9. 

dihydro-2,3 pyrrole (30, 31). Les pyrrolines 6f,g 
sont identifiies par rmn (tableau 4). 

I1 existe une analogie entre ces spectres de 
rmn et ceux des dihydrofurannes 7 correspon- 
dants (i) le mtthyle de l'isomkre 6g cis rCsonne B 
champs plus forts que celui de l'isomkre 6g trans; 
(ii) la constante de couplage J H 4 , ~ ~ 5 ,  plus grande 
pour l'isomtre 6g cis, confirme la stCrCo- 
chimie des pyrrolines 6g; et (iii) la diffirence de 
dCplacement chimique entre les protons H 5  de 
6f et de 6g trans est importante (0.7 ppm); elle 
est pratiquement nulle entre les protons H5 de 
6f et de 6g cis. 

Discussion 
Le riarrangement des vinyl-2 aziridines 3f;g en 

pyrrolines-2 6f,g entraine nkcessairement la 
rupture de la liaison C-C du cycle; il n'existe B 
notre connaissance que peu d'exemples de 
riarrangements de ce type (13, 30-32). 

Les risultats obtenus avec les phCnylpropiny1- 
aziridines 3g diffkrent fondamentalement de ceux 
observCs en sCrie e'poxydique (9): alors que les 
phCnylpropinylipoxydes cis et trans conduisent 

au mEme dihydrofuranne 7g cis, la stirtochimie 
de la pyrroline-2 6g dipend de la configuration 
cis ou trans de l'aziridine de dCpart. 

Pour rendre compte des risultats expCrimen- 
taux, trois mkcanismes peuvent Ctre envisages: 
un mCcanisme biradicalaire, un ~nCcanisme 
sigmatropique- 1,3, un micanisme par ylures. 

Le micanisme radicalaire peut Ctre exclu car il 
ne permet pas d'expliquer la stiriospCcificitC des 
rearrangements (9). 

Micanisme sigrnatropique 
Nous avons reprCsentC schema 9, la stirto- 

chimie attendue pour la pyrroline-2 formCe B 
partir de l'aziridine 3g cis ou trans. La moltcule 
d'aziridine est supposCe dans une conformation 
gauclze de faqon B ce que les pyrrolines formCes 
posstdent une double liaison cis (4). 

En admettant que la riaction s'effectue par un 
mCcanisme B symitrie permise (a: + u , b u  
a,'+ u,2) dans le cas de 3g trans (33), les 
rCsultats sont en bon accord avec la thCorie; par 
contre, avec 3g cis, nous sommes obligCs de 
faire appel B une compitition entre deux 
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6 g  t rans 3g t rans 6 g  trans 

6 g  cis 3g cis 6 g  cis 

mtcanismes permis (as2 + ua2 ou ?ra2 + et 
interdit (as2 + us2 ou ?ra2 + ua2) pour expliquer 
les rtsultats. 

Des exemples de compttition entre ces deux 
mtcanismes ont d t j i  kt@ dtcrits dans le cas de 
riactions sigmatropiques- 1,3 (34,35). Cependant, 
il nous semble difficile d'interprtter la difftrence 
de comportement des deux isomkres et en 
particulier la temptrature d'isomCrisation plus 
Clevte dans le cas de 3g cis. 

Mt!canisme par ylures 
L'ouverture thermique conrotatoire de cer- 

taines aziridines conduit par rupture de la 
liaison C-C B des ylures d'azomtthine (36); 
leur existence a CtC prouvte en piCgeant ces inter- 
intdiaires avec des dipolarophiles (37, 38). 
L'isomtrisation de ces ylures a CtC dtmontrte; 
elle explique notamment 1'isomCrisation cis- 
trans des triphtnyl-1,2,3 aziridines (39). 

Pour chaque isomkre 3f,g cis et 3f,g trans, 
deux modes d'ouverture sont possibles; nous 
avons reprtsentt schtma 10 les ylures d'azomt- 
thine ainsi obtenus. La fermeture Clectrocyclique 
disrotatoire des ylures 8 et 10 qui posskdent des 
carbones terminaux voisins, permet d'expliquer 
la sttrtosptcificitC de ces rtarrangements (100% 
de 6g trans, 80% de 6g cis). De plus, ce intca- 
nisme rend compte de la temptrature de trans- 
position plus tlevte pour 3g cis. En effet, dans 
l'ttat de transition conduisant aux ylures, une 

interaction stCrique importante entre le groupe- 
ment tert-butyle et l'un des substituants vinyle 
ou phtnyle se dtveloppe dans le cas de l'isomkre 
cis; cette interaction est inexistante lors de la 
formation de l'ylure 8 B partir de 3g trans. Bien 
que l'ttude cinttique de cette rtaction n'ait pas 
Ctt rtaliste, il est vraisemblable que l'tnergie 
d'activation est plus tlevte pour l'isomkre cis 
que pour l'isomkre trans (40). 

Pour interprtter la formation de 20% de 
composC 6g trans B partir de 3g cis, il est nCces- 
saire de faire intervenir une isomCrisation des 
ylures dYazomCthine. Alors qu'en strie Cpoxydi- 
que cette isomtrisation accompagne la formation 
de dihydrofuranne (on observe en particulier une 
isoinCrisation cis-trans ou ~rmzs-cis de l'tpo- 
xyde), dans les exemples Ctudits ici, elle semble 
beaucoup plus difficile, ce qui correspond 2 une 
plus grande stabilitC des ylures d'azomtthine par 
rapport aux ylures de carboilyle (18). 

La stabilitt des ylures 8, 9, 10 et 11 dCpeild de 
leur encombrement sttrique; ainsi, nous pensons 
que la stabilitt de ces ylures dtcroit dans l'ordre 
8 > (10 et 11) > 9; dans 9 l'encombreinent est 
maximum; 3g trans doit donc donner prtftren- 
tiellement l'ylure 8. La formation sttrtosptcifique 
de 6 trans exclue 1'isomCrisation de 8 en 10 B 
240 "C. Par contre, une ison~Crisation de l'ylure 
10 autour de la liaison C-N conduit B un ylure 
8 plus stable (aucun substituant en interaction 
avec le groupement tert-butyle (40)): une 
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6 cis 

9 11 3 cis 

isomtrisation de 10 en 8 est donc possible. Dans 
ces conditions, bien que le rtarrangement B 
240°C de 3g trarzs soit entikrement stkrto- 
spkcifique, il est concevable qu'8 300 "C celui 
de 3g cis conduise B un melange de 6g cis et 6g 
trans. 

De plus, l'absence de 3g trarzs lors de l'isomtri- 
sation de 3g cis, m&me pour des taux de con- 
version faibles, (constatke tgalement dans une 
skrie analogue (30, 31)) indique qu'B partir de 
l'ylure 8, la vitesse de formation de 6 trans est 
plus rapide que celle de 3 trans. Nos rksultats 
sont en bon accord avec ceux prksentks par 
D. Bore1 et al. (31). 

Re'arrangement cles divinyl aziriclines trans 
En skrie divinylique, l'ouverture conrotatoire 

de 3a-cl trans (schkma I I) donne prCfCrentielle- 
ment l'ylure 12; celui-ci peut conduire par 
klectrocyclisation conrotatoire (systkine B 8e) B 
la dihydroazkpine 4 trans. La formation de 
pyrroline-2 B partir de 12 n'a pas ktt constatke 
mais n'est pas B exclure. 

La sttrkochimie de l'azkpine n'ayant pu &tre 
dkterminke, nous ne pouvons Ccarter la possi- 
bilitk d'isomkrisation trans-cis de l'aziridine. 
L'isomkrisation 12 4 13 suivie de la fermeture 
klectrocyclique conrotatoire B 4e conduirait B 
l'aziridine cis qui s'isomkriserait immkdiaten~ent 
en azkpine 4 cis (4). 

phtnylvinylaziridines cis et trans. En particulier 
la divinyl-2,3 aziridine cis (R = CH3) a kt6 
isolte pour la premikre fois; elle a une instabilitt 
comparable B celle du divinylcyclopropane cis. 
Le rkarrangement de Cope de la dipropknyl- 
aziridine cis est stCrtospkcifique et donne la 
dihydroazkpine cis. 

La thermolyse des aziridines ditthylkniques 
trans conduit aux dihydroaztpines, celle des 
phknylvinylaziridines B des pyrrolines-2 dont la 
stkrtochimie dkpend de la configuration cis ou 
trans de l'aziridine de dkpart. Le rkarrangement 
des phtnylvinylaziridines est trks st6rkospicifique 
et ne n'accompagne pas d'une isomtrisation . - 

gComktrique. 
Bien que les rksultats sttrtochimiques ne 

permettent pas d'exclure la possibilitk d'un 
mkcanisme sigmatropique B symCtrie permise 
(ou interdite) les rkarrangements s'interprktent 
bien en supposant la formation intermkdiaire 
d'ylures d'azomkthine. 

Nous avons pu nlontrer qu'il existe une trks 
grande diffkrence de comportement thermique 
entre les phknylvinylaziridines et les phCnyl- 
vinylkpoxydes. La prksence d'un substituant sur 
l'htttroatome rnodifie la stabilitk des ylures 
d'azomkthine comparativement B celle des ylures 
de carbonyle correspondants et explique les 
rksultats expkrimentaux. 

Partie expkrimentale 
Conclusion 

Les points de fusion sont pris sur un appareil Biichi. Les 
tours de ce travail, nous avons effectui la spectres de rmn sont enregistrks sur un spectrographe 

synthkse et le rkarrangement de divinyl et de varian A 60 A le TMS servant de rkfkrence interne; les 
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30-el Irons 

dCplacements chimiques sont exprimCs en parties par 
million (ppm), les constantes de couplage en Hertz (Hz); 
les abrCviations utilisCes sont les suivantes: s singulet, 
d doublet, t triplet, m multiplet. 

Pr6pparoriorr des anib~oalcools 20-g 
Les aminoalcools sont prCparCs i partir des Cpoxydes 

(4, 17) selon un mode operatoire dCjB dCcrit (lo), et sont 
purifiCs soit par distillation, soit par recristallisation. 
Rendements et caracteristiques physiques, voir Tableau 5. 

Prip:pa,nriotl des aziriditles 3a, c er e par la mr'rlrorle 
Oknda el al. (15) 

Diprophlylnziridit~e 3c lrcrrrs 
La reaction est effectuCe avec 0.04 mol de dibromotri- 

phCnylphosphine, 0.04 mol (6.20 g) d'aminoalcool 2c 
irylllro, 0.08 mol (8.08 g) de trikthylamine (solvant 
acktonitrile). Le procCdt est calquC sur celui d'Okada (15). 
En fin de reaction, on filtre le prCcipitC de bromure de 
triCthylamonium, on concentre la solution d'acCtonitrile, 

TABLEAU 5. PrCparation des aminoalcools 20-g 

Aminoalcool Rendement ('j'c) pf ou p Cb ("C) 

5510.05 torr 
44 
5010.03 torr 
8812 torr 
65 
7810.3 torr 

21125 
9010.2 torr 

- 

- 

4o-d cis 

on extrait le residu quatre h cinq fois au pentane. On con- 
centre la solution de pentane, filtre le prCcipitC d'oxyde de 
triphCnylphosphine, puis chasse entikrement le pentane. 
On distilleenfin sur potasse. On recueille 0.88 g d'aziridine 
3c Ir0tls. 

Aziriclit~es 30 el 3e cis 
Le mode opkratoire est le m&me; toutefois, dans le cas 

de 30 cis, on maintient la temptrature vers - 15 "C (bain 
mCthanol i - 15 "C, filtrations B froid, extraction avec 
du pentane prklablement refroidi). Rendements, voir 
tableau 6. 

TABLEAU 6. Synthese des aziridines 3,-, cis et trans 

Rendement Rendement 
Aziridine ((,&I Aziridine (%I 

3a cisa 2120 3d rratzsb 35 
30 rratlsa -- 77 3e cisa 30 
36 transb 40 3f cis + rra~lsb 60 
3c cis + tratlsb 37 3g cisb 35 
3c I r a ~ r s ~ , ~  Isa 3g transb 53 

36b 

aMithode.  Okada et a/. (15). 
bMithode,  Appel et  Kleinstuck (16). 

TABLEAU 7. DCplacement chimique des protons de 
3cr cis et de 40 (solvant benzene) 

ComposC N-CH, H2 H3 H4 

3a cis 2.12s 1.74 m - 
40 2.52s 5.54da 4 .62m 2.42m 

"J2.r = 3 6 . 7  = 9.5 Hz. 
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TABLEAU 8. DCplacement chimique des protons de 5a et c (solvant CCI,) 

.4ldimine HCZ H2 N-CH3 R4 R5 

- 

a J H a . n a  = J H 4 . R '  = 7 Hz. 

TABLEAU 9. Deplacement chimique des protons de 4b et d (solvant CCI,) 

12.3 et 
Compose N-1-Bu H2  et H7  H3 et H 6  R H4 et HS J6.7 (HZ) 

Sj~t~thGse des aziriditles 3b-(1, f, et g par. la mhthocte 
Appet et Kleit~stiick (16) 

Dipropit~ylaziridit~e 3c trat~s 
Dans un rhcteur de 100cm3 sont introduits 30cm3 

d'acetonitrile et 4.23.g (0.027 mol) de 2c irytl~ro. On 
ajoute successivement 8.23 g (0.031 mol) de triphenyl- 
phosphine, 2.76 g (0.027 mol) de triithylamine et 4.2 g 
(0.027 mol) de tetrachlorure de carbone. On agite le tout 
pendant 24 h et on extrait comme precidemment. Aprks 
distillation sur potasse skche, on recueille 1.4 g d'aziridine 
3c trnt1s. 

Aziriditzes 3b, d, f et g 
Le mode operatoire est identique. Rendements, voir 

tableau 6. 

Riarrcrtigetrtet~t drl clitiitiylaziriditte 3a cis: htucle citletique 
Les dosages sont rCalisCs en rmn; on suit la disparition 

des pics B 1.74 ppm (protons H, et H3  de 30 cis) et 
I'apparition des signaux B 2.42 et 2.52 ppm, correspon- 
dant au N-CH3 et aux protons H4 et HS de 40 (voir 
tableau 7). Les risultats sont parus dans une note pre- 
liminaire (12). 

RParrangetnet~f drl dipropb~ylaziridit~e 3c cix 
La transposition du dipropknylaziridine cis a CtC 

rhlisie en tube scellC et en solution dans le CCI, avec un 
melange des aziridines 3c enrichi B 80% d'isomere cis. 

Trat~spositions de 4a el c etz aldimit~e 5a et c 
Ces transpositions sont effectuees en tube scellt. La 

dihydroazepine 4 est chauffke dans un melange CCI,, 
H,O B 100 "C pendant 1 h pour 40,150 "C pendant 5 min 
pour 4c cis. Dans les deux cas le rearrangement en 
aldimine-cyclopentinique 5 est quantitatif (rmn, voir 
tableau 8). 

Trat~spositiot~s des aziridit~es 3o-d trcms et 3f-g cis 
el tratts 

Elles sont effectukes dans un tube de verre de 18 mm 
de diamktre et 750 mm de hauteur, thermostat& B la 

temperature dCsirCe et rempli de billes de verre calibries. 
Le vide est realis6 B I'intCrieur du tube. Une solution 
d'aziridine dans le CCI, est alors introduite goutte B 
goutte (une goutte toutes les 30 s). Les produits sont 
condenses B la sortie et analyses en rmn avant et aprks 
transvasement sous pression riduite. 
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Utilisation de la mCthode de Wittig pour la synthitse de 
vinyl-2 aziridines N-substituCes 

DANIEL BOREL, YVONNE GELAS-MIALHE ET ROGER V E S S I ~ R E ~  
Grorrpe de Reel~erclle rle Cll i t~ie Orgutliqlre 2 ,  U.E.  R .  Seietlces Excretes et N(rtlrt.el/es, U~licersitP fie 

Clertnotlt-Ferrr~t~d, B.P. 45, 631 70 Alrbiere, F~.utlce 

R e ~ u  le 21 juillet 1975 

DANIEL BOREL, YVONNE GELAS-MIALHE et ROGER VESSI~RE. Can. J. Chem. 54, 1582 (1976). 
Plusieurs vinyl-2 aziridines sont prCparCes par action de phosphoranes sur des acyl-2 aziridines 

N-substituks. L'Ctude des spectres de rmn des produits ainsi obtenus permet de prCciser leur 
stCrCochimie au niveau du cycle et de la double liaison. La gComCtrie de l'acyl-2 aziridine de 
dCpart est conservCe chez la vinyl-2 aziridine form&. 

DANIEL BOREL, YVONNE GELAS-MIALHE, and ROGER VESSI~RE. Can. J. Chem. 54,1582 (1976). 
Several 2-vinylaziridines were prepared by treating N-substituted 2-acylaziridines with 

phosphoranes. The stereochemistry of the ring and the double bond of the products was estab- 
lished from a study of their nmr spectra. The geometry of the starting material 2-acylaziridine 
is conserved in the 2-vinylaziridine formed. 

[Journal translation] 

La 1ittCrature signale trois grandes mCthodes 
de synthkse des vinyl-2 aziridines: (i) I'addition 
d'un nitrkne & un composC diCnique (1); (ii) la 
riduction d'oximes a,p-insaturies (2a et 26) ou 
leur reaction sur les organomagnCsiens (2c); et 
(iii) une modification de la synthkse de Wenker 
appliquCe & des aminoalcools Cthyltniques (3). 

Par ailleurs, Hortmann et Koo (4) ont rCcern- 
ment montrC qu'il Ctait possible de prtparer 
quelques vinyl-2 aziridines secondaires par traite- 
ment par une base forte de mtthyl-2 aza-1 
bicyclobutanes. Exception faite pour ce dernier 
procCdC, dans toutes ces mCthodes le cycle 
aziridine est crCC sur un systkme tthyltnique con- 
venablement choisi. 

R? 

R t  
R\ ,GCH R~ 

C-C 
H' \N/ 'H 

I 
R' 

1Ce travail fait partie de la t h b e  de 3kme Cycle de 
D. Borel (NO 421, UniversitC de Clermont-Fd, octobre 
1974); il a fait l'objet d'une note prkliminaire (10) et d'un 
expos6 aux JournCes d'Ctudes sur la chimie des aziridines 
(Nice, dkembre 1974). 

Nous proposons ici un procCdt dans lequel la 
double liaison est crCCe sur une molCcule pos- 
sCdant le cycle aziridine par application de la 
rkaction de Wittig & des acyl-2 aziridines [I]. 

A notre connaissance aucune vinylaziridine 
n'avait Ctt prCparCe par ce procCdC; la seule 
rtaction mentionnie dans la litttrature (5) 
conduit & la formation d'une illline [2]. 

Les acyl-2 aziridines 1 & 9 utilisCes pour cette 
Ctude (tableau 1) ont CtC prCpar6es par la 
~nCthode de Cromwell et Hoeksema (6) et sont 
pour la plupart connues; leur spectre de rmn 
permet de prCciser leur stCrCochimie (cf: Partie 
expkrimentale). L'action sur ces dtrivCs de 
divers phosphoranes permet d'acdder aux vinyl- 
2 aziridines 10 & 23 avec des rendements en 
produits purs gCnCralement conipris entre 30 e t  
60%. 

D ~ S  les expkriences 1 & 9, 11 et 12, un seul 
isomkre de la vinyl-2 aziridine attendue a kt6 
isolC. Par contre, dans les expCriences 10, 13 e t  
14, deux vinyl-2 aziridines isomkres sont formtes 
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TABLEAU 1. Vinylaziridine~ prCparCes par reaction de Wittig S L I ~  les acyl-2 aziridines R'-HC-CH-C-R' 
'N' 1 1  

I 0 
R '  

No 
Acy laziridine Vinylaziridine 

exp. Cornposk R1 R2 R3 StCrCochirnie" Phosphorane Compose StCrkochimiea Rdt (76) 

1 1 C(CH3)3 CH3 H Ph3P=CH2 10 
2 2 C(CH3), Ph H Ph3P=CH2 11 tratls 50 o 
3 3 CHzPh Ph H Ph3P=CH2 12 trc~trs 33 c 
4 4 C(CH313 H H Ph3P=CH=COOC2H5 13 tratrs 77 L 
5 50 CH2Ph Ph CHI R*S* Ph3P=CH2 140 R*S* 50b -I 
6 6 CH(CH3), CHI Ph R*S* 67(%+R*R* 33'j;; Ph3P=CH2 150 R*S* > 
7 7 cCsHll Ph Ph R*S" 77' ;/o+R*R* 23%) Ph3P=CH2 160 R*S" 

l 2  r. 
60b 

8 8c1+8b CH(CH3I2 Ph Ph R"S' 5O'&+R*R* 50(); Ph3P=CH2 17n R*S* 16 
9 80 CH(CH3)2 Ph Ph R*S* Ph3P=CH2 170 R*S* 56 

10 86 CH(CH3), Ph Ph R*R* Ph3P=CH2 17h+17hf R" R" trcrtrs+R* R* cis 51 
11 90 CHzPh Ph Ph R*S* Ph3P=CH2 18n R:%S* 48 
12 90 CH2Ph Ph Ph R*S* Ph3P=CHCI 190 R*S* 30 
13 90 CHzPh Ph Ph R*S* Ph3P-=CHPh 20a+21a R*S* Z+R*S* E 36 
14 90 CHzPh Ph Ph R*S* Ph3P=CH-CHI 22a+23u R"S* Z+ R*S* E 

R*R' 
41 

15 9b CH2Ph Ph Ph Ph3P=CH2 Non isolkec 

aR*R* ct R'S* d6finissent In stdrCochimie nu nivcnu des cnrbones d u  cyclc. B e t  Z ; IU  n i v a ~ u  d c  la double liaison, cis ct trrr~rs par  rapport ;IU groupc vinylc ct ; I U  substitu;~nt d c  I'azotc. 
ORcndement en  produit brut. 
CLr seul produit isole cst I'iminc PII-CH=N-CH(PII)CH-.C(PII)CH~, 24. 
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dans les rapports suivants: 

ExpCrience 10 17b:17b1 = 33:67 
ExpCrience 13 20a:21a = 50:50 
ExpCrience 14 22a:23a = 75:25 

Aucune vinylaziridine n'a Cte' isolCe dans la 
rCaction entre le mCthylknetriphCnylphosphorane 
et la cCtone 96, le seul produit form6 a CtC 
identifiC B l'imine 24 [3]. 

Dans les conditions expkrimentales adoptCes 
cette &action n'est pas totale; la sttrCochimie de 
la cttone rCcupCrte n'est pas modifite par 
rapport B celle de la cCtone de dipart. 

Enfin, l'aziridine 9a ne rtagit pas sur 1'Cthoxy- 
carbonylmCthylknetriphCnylphosphorane. 

L'identification des vinylaziridines obtenues et, 
dans la plupart des cas, la ditermination de leur 
stCrCochimie, ont CtC rtalistes par ttude de leur 
spectre de rtsonance magnktique nuclCaire 
(tableau 2). 

Stdr4ochimie au niveau du cycle 
La vitesse d'inversion de l'atome d'azote ttant, 

en gtnCral, relativement faible chez les aziridines, 
les dCrivts 1,2-disubstituks peuvent donc se 
prtsenter sous deux formes diasttrCoisomkres 
cis et trans selon la position relative des deux 
substituants par rapport au plan du cycle. Pour 
les compose's 1,2,3-trisubstituks, qui posskdent 
trois centres asymktriques, quatre formes iso- 
mkres doivent Etre prises en conside'ration 
(schCma 1). 

La position relative des substituants fixts sur 
les carbones 2 et 3 est dtduite de la valeur du 
couplage vicinal J2,3 laquelle est de l'ordre de 5 B 
7 Hz pour une relation cis et de 2 B 3 Hz pour une 
disposition trans (7). Par ailleurs, lorsque la 
vitesse d'inversion de l'atome d'azote est lente, 

la position relative du substituant R1 port6 par 
l'azote peut Etre Cgalement dCtermine'e au 
inoyen des donnCes rmn; en effet, le phCnomkne 
d'anisotropie diamagnttique causC par la liaison 
N-R1 est plus important sur les protons syn par 
rapport B R 1  que sur les protons anti; en con- 
stquence, les premiers rtsonnent B champ plus 
fort que les seconds (8). En outre, l'effet sur les 
protons syn est d'autant plus faible que plus 
important est l'encombrement de R1  (7). 

Pour l'aziridine 11, le spectre rmn des protons 
du cycle apparait sous forme d'un seul motif 
ABX non modifiC dans l'intervalle de tempCra- 
ture - 57 - + 120 "C; compte tenu des rCsultats 
prCcCdemment acquis pour d'autres aziridines 
fonctionnalisCes en position 2 (7 et 9), il est 
probable que l'inversion de l'atome d'azote chez 
le derive' 11 est trks lente dans ce domaine de 
temptrature; la reaction ne fournit donc qu'un 
seul des deux invertomkres pour lequel la valeur 
du glissement chimique des protons du cycle 
conduit 2 lui attribuer la configuration trans (R1 
et groupe vinyle en trans). 

L'analyse du spectre de rmn de l'aziridine 12 
permet, pour les mEmes raisons, de lui attribuer 
Cgalement la configuration trans. 

La stCrtochimie de l'aziridine 13 ne peut Etre 
prCcisCe avec certitude. En effet, son spectre de 
rmn pourrait correspondre B celui d'un composC 
de configuration cis, le proton H-3 Ctant dCplacC 
vers les champs faibles par rapport au proton 
H-3'. Toutefois, une telle structure semble 
thermodynamiquement peu stable en raison des 
importantes interactions sttriques dCveloppCes 
entre les substituants de l'azote et du carbone 2 et 

R'S' cis R'R" cis C
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BOREL ET AL. : I 

2 
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0" 
P, 

U  

rn m r) rn m m m - 
u B "  - - 2 3  "u U  

" ' U  P P 13 
U  U  U U  Pu P d X X  

U U U U  

C = B a s  g z  = 2 2 f 2 2 2 2  
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BOREL ET AL. : I 1587 

i l  est peut-etre plus raisonnable de penser que la 
configuration de la moltcyle est irrilzs, le dtblin- 
dage du proton sytz du cycle pouvant se justifier 
par la compression sttrique exercte par le 
groupement ieri-butyle (7-9). 

Les spectres de rlnn des aziridines 12 et 13 
effectuts B temperature ambiante sont analogues 
B ceux enregistrts B 120 "C, l'tnergie disponible 
B cette te~iiptrature est donc insuffisa~ite pour 
provoquer l'inversion de l'atome d'azote. 

La ~nultiplicitt des sig~iaux attributs aux 
protons H-2 et H-3 dans l e  spectre de rlnn de 
l'aziridine 10 n'a ~ L I  &tre ttablie, il ne nous est 
donc pas possible de prtciser la gtoiilttrie de ce 
con1posC. 

Chez les aziridines 1,2,3-trisubstitutes 14~1 ,  
150, 170, 180, 19a, 200, 210 et 230, la valeur de 
la constante de couplage Jz,3 comprise entre 6 et 
6.8 Hz perlnet de leur attribuer la configuration 
R*S". Chez le dtrivt 170, la valeur J 2 , 3  = 2.7 
Hz correspond B une configuration R* R'!'. 

Ces rtsultats ~iiontrent que la gtornttrie de 
l'acyl-2 aziridine de dtpart ( c j  tableau 1) est 
conservte chez la vinyl-2 aziridine o b t e n ~ ~ e .  

Un seul signal est observt pour les protons 
H-2 et H-3 sur le spectre de rnin du conlpost 22a 
quel que soit le solvant utilist (CDCI3, CD3CO- 
CD3, C6H6, (32); par ailleurs, l'addition de sel 
d'europium B une solution de ce dtrivt dans 
CDC13 ne provoque aucun dtplacenlent des 
difftrents signaux du spectre. I1 ne nous a donc 
pas CtC possible de dtterminer chez ce dtrivt la 
valeur de la constante J2,3. Toutefois, l'acylaziri- 
dine utiliste pour la prtparation du dtrivt 220 
Ctant de configuration R'I'S*, il semble raison- 
nable, coinpte tenu des rtsultats prtctdents, 
d'attribuer tgalenlent B la vinylaziridine 220 la 
configuration R*S*. Pour la 11i2rne raison, nous 
avons attribut la sttrtochimie R:l:S:l: au co~npost  
16n bien que la multiplicitt des signaux corre- 
spondant aux protons H-2 et H-3 ne soit pas 
observable. 

Sur le spectre de l'aziridine 170' les signaux 
affectts aux protons du cycle sont ~ n a l  rtsolus; il 
se~nble toutefois raisonnable de considtrer 176 et 
170' comiiie les deux invertonlkres de l'isopropyl- 
1 (phtnyl-1 vinyl)-2 phtnyl-3 aziridine R'I'R*. Le 
proton H-3 de l'isomkre 170' rtsonne B champ 
plus fort que celui de 176; en conskquence, chez 
176' H-3 est en sjin par rapport au substituant 
R1.  L'aziridine 176' est donc de configuration 
cis, 170 i tant I'invertonlkre lrarzs. La constante 

d'tquilibre K6, est Cgale h 2, ce qui correspond h 
une tnergie libre AGO de -0.4 kcal 11101-I. 

Le spectre de rnin des dtrivts RS:S* 150. 16ri. 
180, 22ci et 23a n'est pas niodifit dans une zonc 
dc teiiiptrature comprise entre - 85 et + I00 ' C .  
Le spectre des composts 14~1 ,  17c1,19ci, 200 et 21ci 
rtalist B 100 "C est analogue h celui enregistrt ?I 

tc~nptrature an~biante. Com~ne  pour les aziri- 
dines 1,2-disubstitutes 11 B 13, nous pensons que 
l'inversion de l'azote est bloqute, la rtaction 
conduisant au seul isomkre ireins. 

Siire'ochi177ie rirr niueau (Ie la clo~r0le liciisorz 
Chez l'aziridine 200, le signal du proton H-2 

est situt 2 champ faible par rapport B celui de son 
isoinkre 21ci. Les modkles inoltculaires nlontrent 
que le protoll H-2 se trouve dans le plan du 
substituant R 4  = Ph lorsq~ie la double liaison 
est de configuration Z; cette situation doit 
entrainer un dtplaceinent du signal H-2 vers les 
champs faibles. En constquence, les substituants 
dc la double liaison doivent &tre en relation Z 
dans l'aziridine 20a et E dans l'isomkre 210. 

Sur le spectre de rmn du con~post  230, on 
observe LIII couplage homoallylique 'J = 1 HZ, 
couplage qui n'apparait pas sur le spectre de son 
isomkre 22ci; cc couplage indiquc Llne disposition 
transoi'de des protons concernts dans l'isomkre 
230, donc une configuration E au niveau de la 
double liaison, l'isonikre 22ci ayant la structure 
z. 

Aucun tltnlcnt du  spectre de rmn ne nous 
permet de prtciser la config~~ration de la double 
liaison des vinylaziridines 13 et 190. 

Les spectres de resonance rnag~iktique nuclCaire ont CtC 
enregistris B l'aide d'un appareil Varian A 60 oil Varian 
T 60 en utilisant le tCtrarnethylsilane comrne reference 
interne. Les diplacements chirniques sont exprimes en 
pprn et les constantes de couplage en Hz. Les spectres 
infrarouge ont Cte effectues sur L I ~  spectrophotom~tre 
Perkin-Elmer 157. Les chrornatographies sur colonne ont 
CtC rCalisCes sur sel de silice (7734 - Merck). 

trrt-B~rtyl-1 ncdtj.1-2 crzit.ic/irle I 
Obtenue B partir de 1'0-chlorovinylmethylcCtone selon 

rCf. 7 :  rdt 35'4,; p t b  65-67 "C/12 torr; ir 1700 crn-I 
(C=O); rmn (CCI,) 0.98 (s, C(CH,),), 1.87 (s, COCH,), 
1.70-2.30 (m, CH, cycle). 

tert-Blrtyl-1 j?ot.r77),1-2 tiziriclirre 4 
PrCparCe selon Duhamel et crl. (11): rdt 89'h; p Cb 

54-60 "C/19 torr; rrnn (CDCI,) 1 .OO (s. C(CH,),), 1.90- 
2.40 (m, CH, cycle), 8.95 (d, CHO, J = 4.5 Hz). 
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Acj~lrrziric/itres 2, 3, et 5-9 
Obtenues selon Cromwell et coll. (6, 12). 
Tert-birtyl-1 0etr:o!*l-2 a:ir.iclirle 2-Resonance magnB 

t i q ~ ~ e  nucleaire (CDCI,) l .O5 (s, C(CH,),), 1.97 (dd, H-3), 
2.08 (dd, H-37, 3.11 (dd, H-2), 7.00-8.20 (m, CGH5); 
J2,, =6, J2,3, = 2.8, J3,3 ,  = 1 . 8 H ~ .  

Bet~z!,l-l betrzoyl-2 ~zirirlitle 3-Resonance magnetique 
nuclkaire (CDCI,) 1.80 (dd, H-3), 2.30 (dd, H-37, 2.92 
(dd, H-2), 3.57 (spectre AB,  N-CH,), 7-8 (m, C6H,); 
J2,, = 6.5, J2,3 ,  = 3, J3 ,3 ,  = 2 HZ. 

Betrz!~l-l bet~zoyl-2 tiiPtli).l-3 ~zirirlitre 50-Obtenue sous 
forme de solide: pf 71-73 "C; rdt 55%; rrnn (CDCI,) 1.20 
(d,  CH3, J = 6 HZ), 2.27 (dq, H-3), 3.02 (d, H-2, J2,, = 7 
Hz), 3.68 (spectre A B ,  N-CH?), 7.00-7.60 (m, C,H5). 

Isopropyl-1 acityl-2 phe'tr!.l-3 ~zirirlitre 6-La rmn du 
produit brut montre qu'il est constituk d'un melange de 
deux stCreoisomkres R*R* et R*S* que nous n'avons pas 
sCparts: rmn (CDCI,) (i) isomere R*R* (33%) 0.92 (dd, 
C(CH3)2), 1.87 (m, N-CH), 1.68 (s, COCH,), 3.32 (m, 
H-2 et H-3), 7.30 (m, C,H,); (ii) isomkre R"S* (675/,) 1.21 
(dd, C(CH3)2), 1.87 (m, N-CH), 2.31 (s, COCH,), 2.90 
(spectre AB,  H-2 et H-3, J2,) = 7 Hz), 7.30 (m, C,H,). 

Cjclohe.r,./-I betrzojl-2 plie',yl-3 uzirirlitre 7-Obtenue 
sous forme de solide, pf 97-98 "C (CH,OH), melange des 
deux isomeres R*R* et R*S* lesquels n'ont pas CtC 
sipares (R*S*:R*R* = 7723): rmn (C6H6) 1-2 (m, 
C,HII), 2.83 (spectre AB,  H-2 et H-3 de l'isomkre R*S*, 
J = 7 Hz), 3.6 (spectre AB,  H-2 et H-3 de I'isombre 
R*R*, J = 2.5 Hz), 7-8 (m, C,H,). 

Isopropyl-I bet1:o!.l--7 plrhryl-3 riziriclit~es 80 et 86- 
Obtenues sous forme d'huile, melange des isomkres R*S* 
(50c;) et R ' V X "  (5O1;i) en accord avec ref. 13. Les deux 
isomkres ont CtC sipares par chromatographie sur 
colonne (eluant benzene - lheptane - acetate d'ithyle 
38:12:50). rrnn (C6H6) (i) isomere R*S:' 8r1 1.05 (d) et 
1.15 (d, C(CH,),), 1.50 (m, N-CH), 2.85 (spectre AB,  
H-2 et H-3, J = 7 Hz), 6.80-8.00 (m, C,H,); (ii) iso~nkre 
R*R* 86 0.92 (d) et 1.12 (d, C(CH,),), 3.20 (m, N-CH), 
3.49 (d) et 3.67 (d, H-2 et H-3, J = 2.5 Hz), 6.80-8.00 
(m, C A ) .  

Berrzyl-1 0etrzoyl-2 pl~hlyl-3 rrziriclitres 9ri el 96-Le 
produit brut est un melange des deux stCrCoisomeres 
R*R* et R*S* sipares selon Cromwell el 01. (12) et 
identifies par leur spectre de rmn (14): isomkre R*S* 9ri 
pf 103 "C; rrnn (CDCI,) 3.31 (s, H-2 et H-3), 3.87 (spectre 
AB,  N-CH,), 7.30 B 8.00 (m, C,H,); isomkre R*R* 90 
pf 53-55 "C; rrnn (CDCI,) 3.68 (s, H-2 et H-3), 4.10 
(spectre AB,  N-CH?), 7.10 i 8.10 (m, C,H,). 

Vir~/ftzirir/itles 
Pripnrertiorr rles clc-'ricc;s 10-12, 14-18 et 20-23 
Les ylures de phosphore, no11 stables dans les condi- 

tions normales, sont prepares "in situ" par action du 
11-butyllithium sur le sel de phosphonium. 

Le mode operatoire adopt6 est inspire de celui utilisi 
par Wittig et Schollkopf (15). 

Dans un rCacteur muni d'un agitateur et traverse con- 
stamment par un courant d'azote, on place le sel de 
phosphonium et 200 ml d'ether anhydre. On ajoute, B 
I'aide d'une a m p o ~ ~ l e  B brome et sous atmosphkre d'azote, 
le 11-butyllithium en solution dans I'hexane B raison de 
1.5 B 2 mol par mol de sel. La solution est ensuite agitCe 
pendant 4 h B temperature ordinaire. On introduit alors 
0.75 mol de cCtone par mol de sel de phosphonium; la 

solution se decolore et un prCcipitC apparait. Le melange 
est chauffi B reflux pendant environ 4 11, puis ramen6 B 
temperature ambiante. On a j o ~ ~ t e  de l ' e a ~ ~  et extrait B 
I'tther. Les phases CthCrCes sont sCchCes sur sulfate de 
magnesium et evapories. Les produits obtenus sont alors 
purifies. 

tert-Blrt),l-1 isoprope',~yl-2 a:iriflitrc 10-La reaction ef- 
fectuie B partir de 0.14 mol(50g) de bromure de triphenyl- 
m~thylphosphonium et de 0.1 mol (14.1 g) de tert-butyl-l 
acetyl-2 aziridine conduit a un liquide dont la composition 
est determinee par rmn. I 1  contient 405; de cetone de 
depart et 60(;{; de rert-butyl-1 isopropenyl-2 aziridine. Ces 
deux produits sont sipares par cpv preparative sur 
colonne DEGS (95 "C): rmn cf: tableau 2; ir (CCI,) 1640 
cm-1 (C=C). Arlo/. calc. pour C9HI,N: C 77.70, H 12.23, 
N 10.07; trouvC: C 77.60, H 12.07, N 10.16. 

terr-Brrtyl-I (plrh~jl-1 cit1!.1)-2 ctzirie/itle 11-Le produit 
brut est purifie par chromatographie sur colonne, cyclo- 
hexane - acetate d'Cthyle 9 : l :  rrnn cf. tableau 2;  ir 
(CDCI,) 1600, 1640, 1680 cm-1 (C=C + CGH5). 

Ber~zyl-1 (plre'~r!.l-l c;11jl)-2 ciziriclitre 12-Le produit 
brut est purifii par chromatographie sur colonne, cyclo- 
hexane - acetate d'ithyle 8:2: rmn cf: tableau 2; ir (pur) 
1600, 1680, 1700 cm-1 (C==C + C,H,). 

Berr:j.l-l (pl~ei~!,l-l cit~!,/)-Z mitlrjl-3 ozirirlitle 140-Elle 
est isolCe par chromatographie sur colonne, cyclo- 
hexane - acetate d'ethyle 8 2 :  rrnn cf. tableau 2; ir (pur) 
1590, 1610, 1690 cm-1 (C=C + CGH5). 

Isopropyl-1 isoproph~yl-2 plrei1!.1-3 ciziriclit~e 150-Elle 
est purifiie par chromatographie sur colonne, benzkne- 
heptane 3: l :  rmn cf. tableau 2; ir (CDCI,) 1590, 1640. 
1690 cm-1 (C=C + CGH5). 

Cyc/o/resyl-1 (pllei~yl-1 cit1y1)-2 pl1(;,!).1-3 ~ziriclitre 16a- 
Ce compose est purifiee par chromatographie sur colonne, 
benzkne-heptane 3 : l :  rmn cf. tableau 2; ir (CCI,) 1600. 
1630 cm-1 (C=C + C,H,). 

lsoprop!~l-1 (plib~yl-1 ciry1)-2 plrh~yl-3 ~zir~iclit~es 170. 
176 + 176'-La reaction realisee au depart d'isopropyl-l 
benzoyl-2 phinyl-3 aziridine (80 50':. + 80 50');) conduit 
B un produit qui est purifiC par recristallisation (metha- 
nol); il constitue l'aziridine 170 pure: pf 94 "C; rrnn cf: 
tableau 2; ir (CCI,) 1600, 1630 cm-I (C=C + C6Hs). 
Atlei/. calc. pour C19H2,N C 86.69, H 7.98, N 5.31 : 
trouve: C 86.53, H 8.01, N 5.41. 

L'aziridine 17fi peut &tre Cgalement obtenue B partir de 
la cetone 8ci pure. 

Le produit brut fornlC dans la reaction de la cCtone 86 
pure sur le mCthylknetriphenylpl~ospI~orane est purifiC par 
chromatographie sur colonne, cyclohexane - acetate 
d'Cthyle 9:l .  Son spectre de rrnn montre qu'il constitue 
un melange des deux aziridines 176 et 176': rrnn cf :  
tableau 2;  ir (pur) 1600,1625,1665 cm-1 (C=C + CGH,). 

Berrzyl-I (plrhrryl-1 city/)-2 plie',ryl-3 a:irirlit~e 18ri-Le 
produit brut obtenu est purifie par recristallisation 
(C2H,0H 70%;). pf 54 "C; rmn cf. tableau 2; ir (CCI,): 
1600, 1620cm-1 (C=C + CGH5). Atral. calc. pour 
C23H21N C 88.74, H 6.75, N 4.50; trouve: C 87.23, 
H 6.74, N 4.86. 

Betrz!l/- I (plrhryl- 1 s r y ~ l ) - 2  pl161!./-3 riziiYclirres 200 et 
2lri-Le spectre de rrnn du produit brut montre qu'il est 
constitui d'un melange des deux aziridines isomtres 20c1 
et 210 en quantiti egale. Leur separation est rCalisCe par 
chromatographie sur colonne, benzene-cyclohexane 1 :2: 
rmn cf. tableau 2;  ir (CDCI,) 20n + 21r1 1600, 1610, 
1670 cm-1 (C=C + CGH5). 
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Isomerisation thermique de vinyl-2 aziridines N-substituCes 

Grorrpe cle Reclrercile de Cilitnie Org~ltliclire 2 ,  U .E .R .  Scietlces Esnctes et Natlrrelles, U~ricersirP ck. 
Clert?lot~t-Ferrcrt~cl, B.P. 45, 631 70 Airhiere, Frcitlce 

DANIEL BOREL, YVONNE GELAS-MIALHE et ROGER VESSI~RE.  Can. J. Chem. 54, I590 (1976). 
L'isomCrisation thermique de vinyl-' aziridines diversement substituCes sur le cycle et la 

double liaison est CtudiCe. La nature des produits formCs dipend de celle des substituants en 
position 1 et 3. Lorsque le carbone 3 du cycle porte Ltn groupement phCnyle, la therrnolyse 
conduit, dans la plupart des cas, h utle A-2 pyrroline. Avec les aziridines non substituies ou 
alkylCes en 3 la rCaction Cvolue, selon la nature du substituant de l'azote, soit vers une imine 
CthylCnique, soit vers un mClange de A-2 et A-3 pyrrolines. Des mCcanismes permettant I'inter- 
prktation des rCsultats expirimentaux sont proposis. 

DANIEL BOREL, YVONNE GELAS-MIALHE, and ROGER VESSI~RE. Can. J. Chem. 54, 1590 (1976). 
The thermal isomerization of 2-vinylaziridines, variously substituted on the ring and the 

double bond, has been studied. The nature of the products formed depends on the nature of the 
substituents in positions 1 and 3. If the ring carbon-3 carries a phetlyl substituent, the thermolysis 
yields, in most cases, a A-Zpyrroline. With unsubstituted or 3-alkylaziridines the reaction 
proceeds, depending on the nature of the substituent on the nitrogen, either to  an ethylene 
imine or to a mixture of A-2- and A-3-pyrrolines. Mechanisms to interpret the experimental 
results are proposed. 

[Journal translation] 

Plusieurs auteurs (1) ont montrC que les 
vinyl-2 aziridines constituaient des substrats 
susceptibles de conduire par isolnCrisation 
thermique B des pyrrolines-3. La rtaction est 
gCnCralement justifiCe par ilne rupture thermique 
de la liaison C-N selon un processus compa- 
rable A celui invoqut dans 1'isoniCrisation des 
vinylcyclopropanes en cyclopentknes. Toutefois, 
la nature des substituants portCs par le cycle 
aziridine peut lnodifier 1'Cvolution classique de la 
rCaction (lc-g, 2-4). 

Disposant de plusieurs vinylaziridines ( 5 )  
diverselnent substituCes sur le cycle, il Ctait, d t s  
lors, intCressant d'Ctudier leur coniportement 
thermique. 

Rbultats 
Les conditions dans lesquelles les rCactions 

d'isomCrisation ont CtC eKectuCes sont prCcise'es 
dans le tableau I, ainsi que les produits que nous 
avons obtenus. Ces derniers ont CtC identifiks 
principalelnent par leurs spectres de rmn (c / :  
Partie exptrimentale). 

I c e  travail fait partie de la thkse de 3ktne Cycle de 
D. Borel (NO 421, UniversitC de Clermont-Fd, octobre 
1971); il a fait l'objet d'une note preliminaire (10) et d'un 
expose aux JournCes d'Ctudes sur la chimie des aziridines 
(Nice, dCcembre 1974). 

L'examen du tableau 1 niontre que 1'Cvolution 
de la rCaction est considCrablement affectte par 
la nature des substituants dl1 cycle aziridine. 

(i) Lorsque le carbone C-3 de I'aziridine porte 
un groupeinent phCnyle et lorsque la double 
liaison n'est pas substituke en position 2, 
l'isomtrisation conduit h un seul produit identifii 
i tine pyrroline-2 norilialenient stable (ex- 
pCriences 1-3). 

(ii) Les aziridines dont le carbone C-3 porte un 
hydrogtne ou un groupement mtthyle et dont  le 
substituant de l'azote posstde des hydrogknes sur 
Ic carbone cx s'isomCrisent dans les iiiEines con- 
ditions en u11 seul produit identifiC A une imine 
/3,y-CthylCnique (experiences 4-6). 

(iii) L'aziridine 11, non substituCe en position 
3 et portant sur I'azote le groupement tert-butyle: 
s'iso~iiCrise plus diflicilement que les cornposCs 
prCcCdents en conduisant A u11 11iClange de 
pyrroline-2 30 et de pyrroline-3 31. Ces pro- 
duits ont CtC identifiCs sur le spectre de  rlnn du  
niClange et n'ont pas pu Etre sCparCs. Ils sont, en 
eR'et, instables: si on les abandonne quelques 
jours A tempCrature ambiante, ils se transfonnent 
en deux nouveaux produits qui o11t pu Etre 
sCparCs. Le spectre de  rmn de  l'un d'eux est 
identiqi~e A celui dCcrit dans la IittCrature (9) 
pour le N-tert-butyl phCnyl-3 pyrrole 32. Le 
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BOREL ET AL.: 2 1591 

second composC constitue vraisemblablement le 
(N-mtthylidkne tert-buty1amino)- 1 phCnyl- 1 cy- 
clopropane 33. 

(iv) Lorsque le systkme vinylique de l'aziridine 
porte un substituant en position 2, la pyrroline-2 
peut prksenter les configurations cis et trans. Les 
rCsultats que nous avons observts inontrent que 
la stCrCosClectivitC de 1'isomCrisation des aziri- 
dines dtpend de la gComCtrie de leur double 
liaison (expkriences 8-10). Les pyrrolines-2 
obtenues sont stables et constituent les produits 
cinCtiques des rCactions de thermolyse. En effet, 
le rapport 34a:34b ne varie pas au cours de la 
thermolyse du coinposC 210 (exptrience 9) et, 
quel que soit le degrC d'avancement de la rCaction 
de thermolyse de l'aziridine 20a (experience 8), 
seule la pyrroline-2 346 est prCsente dans le 
mClange rkactionnel. En constquence, dans les 
conditions adopte'es pour la thermolyse des 
aziridines 20a et 210, une Cventuelle isomCrisa- 
tion cis-trans des pyrrolines-2 34a et 34b doit 
&tre exclue. De inEine, au cours du rkarrange- 
ment thermique du con~post  23a (experience 10) 
seule la pyrroline-2 350 cis est formCe, nous 
n'avons jamais detect6 de pyrroline-2 trans quel 
que soit le degrC d'avancement de cette rCaction. 

(v) La gCoinCtrie de la double liaison de la 
vinyl-2 aiiridine semble Cgalement influencer 
1'Cvolution de la rCaction: l'aziridine 230 de 
configuration E se rCarrange en pyrroline-2 350 
(expCrience 10) alors que son isomkre 22a Z 
conduit B l'amine dienique 36 (experience 11). 

Nous avons vCrifiC que le rearrangement 
therinique de toutes ces vinylaziridines nlCtait, ni 
preckdC, ni acco~npagnC d'une isonlCrisation de 
l'aziridine de dCpart, tant au niveau du cycle 
qu'au niveau de la double liaison. En effet, 
lorsque les reactions sont arr&tCes avant leur 
terme, on constate que la geon~Ctrie de l'aziridine 
rCcuperCe n'est pas inodifiee par rapport B celle 
du produit de depart. 

Discussion des rksultats 

Fortnntion cles pyrrolines-2 
La formation des pyrrolines-2 iillplique la 

rupture de la liaison C-C du cycle aziridine, 
rupture favorisCe par la presence d'un groupe- 
ment phCnyle sur le carbone C-3: Plusieurs 
micanismes peuvent alors t tre envisagks. 

Mkcanisme raclicalaire 
A l'image du rearrangement thermique des 

vinylcyclopropanes, on peut penser que l'iso- 
inCrisation des vinyl-2 aziridines implique une 
rupture radicalaire du cycle (schCma 1). 

La rCaction devrait alors conduire A un 
melange des deux pyrrolines-2 isomkres quelle 
que soit la configuration de la double liaison de 
la vinyl-2 aziridine de dCpart. U n  tel inCcanisme 
ne permet donc pas de justifier la stCrCosptcifi- 
citC de 1'isomCrisation des aziridines 20a et 23a 
qui conduit respectivement aux seules pyrrolines 
346 trans et 35a cis. 

Mkcanistne ioniqire 
Huisgen et al. (6) ont montrC que les aziridines 

pouvaient s'ouvrir en ylure d'azoinCthine selon 
un processus conrotatoire. 

L'ouverture de l'aziridine 230 doit alors 
conduire B un ylure trans susceptible de prCsenter 
quatre conformations; sa cyclisation en pyr- 
roline-2 ne peut t tre rCaliste que si les deux 
atomes de carbone entre lesquels s'itablit la 
liaison u ne sont pas trop CloignCs I'un de l'autre, 
ce qui est uniquenlent rCalisC pour la conforma- 
tion repre'sentee dans la schema 2. 

La fermeture Clectrocyclique de l'ylure vrai- 
semblablement disrotatoire (7) doit alors con- 
duire B la pyrroline 350 cis. 

Au dCpart de l'aziridine 210, la cyclisation 
disrotatoire de l'ylure doit t tre plus difficile en 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1592 CAN. J. CHEM. VOL. 54. 1976 

TABLEAU 1. Thermolyse des vinyl-2 aziridines 

Conditions opkratoires 

Temps (h)  TempCrature ("C) Exp. No Aziridines Produits obtenus 
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BOREL ET AL.: 2 1593 

raison de l'interaction exerce'e par les deux 
groupements phknyle dont l'approche est sytz; 
la cyclisation de l'ylure tr.rnzs peut alors etre 
cornpktitive avec son isollikrisation en ylure cis 
dont la cyclisation conduit B la pyrroline-2 
trans 34b (sche'ma 3). 

Dans cette hypothkse. l'isorne'risation de 
l'aziridine 210 n'est pas ste'rtospkcifique: ce qui 
est en accord avec nos rksultats expkriinentaux. 

Le meme raisonnenient applique' B l'aziridine 
20a conduit B penser que son re'arrangement est 
ste're'ospe'cifique. En effet, la cyclisation de 
l'ylure trans doit &tre plus rapide que son 
iso~nkrisation en ylure cis trks encombre' (sche'rna 
4). 

Nos rtsultats sent en accord avec cette 

hypothkse, l'isome'risation de l'aziridine 20(i 
conduit B l'unique pyrroline 34b trans. 

Rkactiotz concertbe. Sigmatrol~ie-1,3 
Le me'canisnle sigmatropique-1,3 B syniktrie 

permise a CtC propost par Woodward et Hoff- 
mann (8) pour l'isornkrisation du vinylcyclo- 
propane en cyclopentkne. Aucune exptrieiice n'a 
permis B ce jour d'infirmer ou de confirmer cettc 
hypothkse. S'il en est ainsi, la migration sig- 
matropique-1,3 fait intervenir un processus 
suprafacial-antarafacial rs2 + u:,' ou T , ~  + us2 : 
dans ce rne'canisme, la therniolyse d'une vinyl- 
aziridine Rx'S* de configuration E sur la double 
liaison doit etre ste're'ospkcifique et conduire B une 
pyrroline-2 cis. Un tel processus ne permet donc 
pas de rendre compte de nos rksultats expkri- 
lnentaux concernant l'aziridine 21a. Par ailleurs 
et coinilie nous le verrons par la suite, il n'est pas 
possible dans ce cadre de justifier l'influence d'un 
groupe phknyle fix6 sur le carbone 3 sur le 
dkroulement de la rkaction. 

Isom~risation r/e l'azirir/itze 11 
Ce compost5 ne porte sur l'atome d'azote ou 

sur l'atome de carbone 3 aucun substituant 
capable d'abaisser l'e'nergie de rupture des 
liaisons carbone-azote ou carbone-carbone. Ces 
deux ruptures semblent donc e'galernent proba- 
bles. Nos re'sultats expkrimentaux inontrent 
qu'elles ont effectivenlent lieu; en effet, les deux 
pyrrolines correspondant aux deux ruptures 
possibles de l'aziridine sont fornites en Cgale 

210 [runs 340 cis 

I 

CH2Ph 

cis 346 trans 
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H 
I 

phsk,Ph - - H\ I 
C \ +  -c 

I Ph' \N' \H 

CH2Ph CH2 I Ph CH2Ph 

20u ylure rrutls 34b 

ylure cis 

quantitk. I1 est difficile de prCciser le caractkre 
radicalaire ou ionique de ces deux rkactions. 

La formation du (N-inCthylidknea1kylainii10)- 1 
cyclopropane 33 B partir de la pyrroline-2 30 
constitue un nouvel exeinple de transposition 
siginatropique- 1,3 en sCrie hCtCrocyclique (schC- 
ina 5). 

For111ation des irnines 28 et 29 
Les aziridines 12 et 140 dont la thermolyse 

conduit aux imines 28 et 29 ne posskdent pas sur 
le carbone 3 de substituants susceptibles d'abais- 
ser 1'Cnergie de rupture de la liaison C-C ou 
C-N. Par contre, les hydrogknes du mCthylkne 
du groupe benzyle port6 par l'azote peuvent 
donner lieu h une inigratioil sigmatropique-1,5 
(schCma 6). 

L'isornCrisation de l'aziridine deutCriCe 37 en 
imine deutCriCe 38 est en faveur d'une telle 
hypothbe (cf. tableau 1). Ce inCcanisme implique 
une relation cis pour les substituants vinyle et 
benzyle, or nous avons indiquC que les aziridines 
12 et 14a Ctaient de configuration trans B 

teinpkrature ambiante (5), la formation des 
irnines 28 et 29 impose donc une inversion de 
l'azote antCrieure h 1'isoinCrisation. 

Ce mCcanisme permet, par ailleurs, de justifier 
la formation de l'imine 24 dans la rCaction entre 
le inCthyltnetriphCnylphosphorane et la cCtone 
9b R*R* signalCe dans le inkmoire prCcCdent 
(rCf. 5, exp. 15, tableau 1). Cette rCaction aurait 
dfi perinettre d'accCder B la vinylaziridine 18 
pour laquelle il est logique d'admettre par 
analogie avec les dCrivCs 17b et 17b' un Cquilibre 
entre les deux formes cis et trans h tempCrature 
arnbiante (schCma 7). 

Une migration sigrnatropique- 1,5 d'hydrogkne 
chez l'aziridine 18b cis conduit B l'iinine 24, seul 
produit isolC. Ce rCsultat indique que le produit 
prirnaire de la riaction entre le mkthyltnetri- 
phCnylphosphorane et la cCtone 9b (rCf. 5, exp. 
15, tableau 1) est la vinylaziridine 18b dont une 
fraction au lnoins est de structure cis. 
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Ph 
I , Ph 

Ph-CH=N- CH- CH=C, 
CH3 

Obtention c/e l'anzine diitiiqlle 36 
La fortnation de l'amine ditnique 36 au dipart 

de l'aziridine 220 fait vraisemblablement inter- 
venir un processus de migration 1,5 d'hydrogkne 
analogue celui proposC par Rees et coll. (le) 
(schCma 8). 

Ce processus doit nCcessiter une Cnergie 
d'activation infirieure h celle mise en jeu dans la 
rlaction conduisant h la pyrroline-2 par rupture 
de la liaison C-C du cycle aziridine. 

Conclusion 

Au cours de ce travail nous avons montri que 
la thern~olyse des vinylaziridines pouvait con- 
duire h divers produits dont la structure dCpend 
essentiellement des substituants portCs par 
l'hitirocycle de dCpart. Seloil leur nature et leur 
position sur le cycle aziridine ou sur la double 
liaison, ils orientent 1'isomCrisation vers la 
formation de pyrrolines-2, de pyrrolines-3, 
d'imines P,r-CthylCniques ou d'amines diiniques. 

Ces rCsultats sont en bon accord avec ceux 
prCsentCs dans la rCf. 11. 

Partie expbrimentale 
Les spectres de rCsonance magnttique nuclCaire ont CtC 

enregistrks B l'aide d'un appareil Varian A 60 011 Varian 
T 60 en utilisant le tCtramCthylsilane comme reference 
interne. Les dCplacements chimiques sont exprimis en 
ppm et les constantes de couplage en Hz. Les spectres 
infrarouge ont CtC effectuCs sur un spectrophotomttre 
Perkin-Elmer, les spectres de masse sur un appareil 
Varian Mat CH5 (knergie d'ionisation 70 eV). Les 
chromatographies sur colonne ont CtC rCalisCes sur gel de 
silice (7734 - Merck). 

La preparation des vinylaziridines est dkcrite dans le 
memoire prCcCdent (5). 

Pr&pat.atioti cle I'aziridit~e cle~rlhir'e 37 
La benzylamine deutCriCe nCcessaire pour prCparer ce 

produit est obtenue par rCduction de l'amide benzoi'que 
avec le deuttrure de lithium aluminium. 

Cette benzylamine deutCrite riagit sur l'a,p-dibromo- 
propiophCnone selon le mode operatoire dCcrit prCcC- 
demment (5) pour conduire B la benzyl-1 benzoyl-2 
aziridine deutCrite en CY de I'azote. 

L'action du mCtl~ylknetriphtnylphospl~orane sur cette 
cCtone conduit B l'aziridine 37 dont la purification est 
effectuCe par chromatographie sur colonne, cyclohexane - 
acetate d'Cthyle 8020:  rmn (CDCl,) 1.71 (dd, H-3), 1.89 
(dd, H-3'), 2.31 (dd, H-2, J2,, = 6.5, Ja,,* = 3.5, J3,3* = 
0.5 HZ), 5.37 (s, =CH2), 7.15 ?i 7.70 (m, 10H CGH5). 

Riarratlge~nen! clrertniqire cles citryl--3 aziriclit~es 11, 12. 
14a,15a, 17a, 18a, 20a, 21a,22a el 23a 

Un Cchantillon de 0.2 g de vinylaziridine pure ou en 
solution dans du chlorobenztne est chauffC pendant un 
temps dCterminC dans une ampoule scellCe sous vide. Le 
produit brut est ensuite analyst et  identifiC B l'aide des 
spectres ir, de rmn et de masse. 

Isorn&risatiot~ cle I'isoprop~l-I isop1.op61yl-2 pbhryl-3 
ciziriclitre 15a 

ChauffCe 160 "C pendant 2 11, elle se transforme, avec 
un rendement quantitatif, en isopropyl-1 methyl-3 
phCnyl-5 pyrroline-2, 25: rmn cf .  tableau 2. 

Isotnirisatiotl cle I'isopt.op~1-1 (p lre i~~l - l  citr)~/)-2 
pl!(:,1yl-3 aziriclit~e 170 

Apres chauffage 160 "C pendant 2 h, on obtient, avec 
un rendement quantitatif, l'isopropyl-ldiphCnyl-3,5 
pyrroline-2,26: rmn c/: tableau 2;  ir (CDCl,) 1600, 1620, 
1660 cm-1 (C=C + CGH5). Atrcil. calc. pour C19HzlN: 
C 85.60, H 9.25, N 5.12; trouvC: C 84.90, H 9.15, N 4.99. 

Isotne',.isatiotz cle lo be~rz).l-I (pl~e',l)~l-l cit1y1)-2 p/iL;I1~1-3 
oziridit1e 180 

Si l'on chauffe cette aziridine B 160 "C durant 2 h, on 
forme, avec un rendement quantitatif, la benzyl-1 
diphCnyl-3,5 pyrroline-2,27: rmn cf. tableau 2; ir (CDC1); 
1600, 1620, 1670cm-1 (C=C + CGH5). Atral. calc. pour 
C2,Hz1N: C88.74, H6.75, N4.50; trouvt: '285.48. 
H 6.42, N 5.26. 

Isotne'risci!iot~ cle la betlzyl-I (plibiyl-I citry1)-2 
aziriclitre 12 

Aprts 2 h de chauffage B 160 "C, on obtient, avec un 
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BOREL ET AL. : 2 

rendement quantitatif, la N-benzylidene(phCny1-3 butkne- 
2 yl) amine, 28: rmn (cf. tableau 3). 

Isor,lh.isatiorl de In berlzyl-1 (pllh~yl-I ~ir1y1)-2 r~titl~yl-3 
nziridir~e 14a 

Par chauffage B 160 "C pendant 2 h, on forme, avec 
un rendement quantitatif, la N-benzylidkne(mCthy1-1 
phinyl-3 butkne-2 yl) amine, 29: rmn cf. tableau 3. 

Isomhisntiorl de I'nziridine derrtiriie 37 
Cette aziridine, en solution dans du chloroben- 

zkne, est chauffCe pendant 2 11 h 160 "C. L'analyse 
du spectre de rmn de la solution montre qu'elle est 
uniquement constituke de I'imine 38: rmn (C6H5CI) 

Ph-CD=N-CH2-CH=C < Ph 38, 4.32 (d, 2H, 
CH2D 

J = 6.5 Hz, N-CH2), 6.05 (m, 1 H, -CH=), 1.97 
(S pic large, 2H, -CH2D). 

Isornbisatiorl de In tert-butyl-I (pllirlyl-I ei11y1)-2 
aziridirle 11 

Un khantillon est chauffC 2 h B 200 "C. Une rmn faite 
immkdiatement a p r b  l'isom6isation montre que le 
produit brut est formi uniquement de deux produits que 
nous n'avons pu sCparer mais que nous avons identifies h 
la tert-butyl-1 phCnyl-3 pyrroline-2, 30, et ?i la tert- 
butyl-1 phenyl-3 pyrroline-3, 31: rmn (CDC13) de la 
pyrroline-2 30,1.09 (s, C(CH3)3), 6.65 (pic large, -CH=), 
2.50 h 3.40 (spectre A2B2, -CH2-CH2-), 6.70 B 7.40 
(m, C6H5); rmn (CDCI3) de la pyrroline-3 31, 1.08 (s. 
C(CH3)3), 3.60 B 4.10(spectre AiB,', -CH2-N-CH2-). 
6.05 (t, J = 1 HZ, -CH=), 6.70 & 7.40 (m, C6H5). 

Ce mClange, abandonni 20 jours h temperature am- 
biante, est alors constitui de deux nouveaux composCs 
que nous avons sCparCs par chromatographie sur couche 
mince (benzkne- acCtate d'Cthyle 9 : l )  et identifiis B 
I'aide de leurs spectres ir et de rmn. 

tert-Butyl-1 phCnyl-3 pyrrole 32: rmn (CDCI3) (son 
spectre est analogue B celui d k r i t  dans la IittCrature (9)), 
7.20 B 7.60 (m, 5H), 7.12 (t, J = 2 Hz, lH),  6.84 (t. 
J = 2 H z ,  lH) ,  6.45 (t, J = 2 H z ,  lH) ,  1.51 (s, 9H); ir 
1600, 1700, 1725 cm-l ( G C  + C6H5). 

(N-mithylidkne tert-buty1amino)-1 cyclopropane 33: 
rmn (CDCI3) 8.30 (s, -CH=N), 7.20 B 7.90 (m, CGH5), 
2.30 B 3.80 (spectre A i B i ,  -CH2-CH2-), 1.30 (s. 
C(CH3),); ir 1600, 1640,1680 cm-1 ( G N  + CGH5). 

Spectre de masse d'un mClange des composCs 30, 31 et 
32: m/e 201 (33, M;'), 200 (7, M+' - H'), 199 (25, M+'), 
186 (100, M+' - CH3), 184 (4, M+; - e ~ 3 ) ,  144 (47, 
M+' - C(CH3)3), 143 (80, 200 - C(CH3)3 et M+' - 
(CH3)2C=CH2), 142 (4, M+. - ~(CH,),) ,  117 (15. 
144 - HCN et 143 - C H e C H ) ,  116 (10, 144 - 
CH2=CH2), 115 (25, 143 - C H z N H ) ,  91 (10, C7H7+), 
84 (2, 144 - Ph-CeCH), 77 (2, C6H5+), 51 (5, C4H3+). 
41 (33, 143 - P h - G C H ) .  

Isor~~krisation des ber~zyl-1 (pllblyl-1 styry1)-2 
aziridirles 20a et 21a 

Aziridirle 20a-Aprbs 211 de chauffage B 100°C 
on obtient, avec un rendement quantitatif, un produit 
identifit5 h la pyrroline-2 trcrr1.s 344. Spectre de masse; 
387 (?O, M"), 310 (6, M+' - C6H5), 296 (M+' - 
Ph-CH2), 208 (30, 310 - Ph-CsCH), 194 (6, 296 - 
Ph-CsCH), 191 (21), 179 (?I), 178 (23), 149 (29 ,  118 
(5, 310 - Ph-CH-C-Ph), 117 (3, 310 - Ph-CH? - 

\ / 
C H  

m  
w 

N ? C 9  
- 0 0  

- 
m t - w  

E E 
0  0  
0'0: 
t- t- 

E ,a .a 
0  0  0  
90909 
w w w  
.a 
0  
9 
t- 

TJ 
PI 

b: - 
m - 0 m  
0  - PI 

N 9 9  
PI PI PI 

E 
m  

gr? .o" 
m w m  
r? ,a 7 
w m w  

' A  

m  m  z 
m m w  
b:?? 
m  d ct 

m m m  
m - w  
d. P! r? 
w w w  

b m m  
N N N  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1598 CAN. J. CHEM. VOL. 54. 1976 

Ph-C=CH), 116 (3, 296 - Ph-CH=CH-Ph), 115 
(14, 310 - Ph-CH=N-CH2-Ph), 106 (57, 310 - 
2Ph-C-CH), 105 (54, 106 - H'), 101 (7, 296 - 
Ph-CH-C-Ph), 91 (100, C7H7+), 77 (47, CGHs+) 

\ 1 
CH 

51 (20, C4H3+): rrnn cf. tableau 2. 
Aziridirle 210-Chauffke pendant 2 h B 100 "C, cette 

aziridine conduit, avec un rendement quantitatif, B un 
melange constitue de 705; de benzyl-1 triphenyl-3,4,5 
pyrroline-2 cis 34a et de 307; de benzyl-1 triphknyl-3,4,5 
pyrroline-2 trurls 346 que nous n'avons pas tent6 de 
skparer. Spectre de masse du mklange: 387 (10, Mt'), 
310 (1, M+' - CGH5), 296 (3, M+' - Ph-CH2), 208 (13, 
3 10 - Ph-C-CH), 194 (7, 296 - Ph-C=CH), 179 
(lo),  178 ( l l ) ,  118 (6, 310 - Ph-CH-C-Ph), 117 (5. 

\ // 
CH 

310 - ~ h - e ~ ~  - Ph-CECH), 116 (2, 296 - Ph- 
CHZCH-Ph), 115 (5, 310 - Ph-CH=N-CH2-Ph). 
106 (100, 310 - 2Ph-C=CH), 105 (72, 106 - He), 
104 (6, 296 - Ph-CH-C-Ph), 91 (100, C7H7+), 77 (80, 

\, i /  
C H  

CGH5+), 51 (45, C4H3+): rmn de la pyrroline-2 34a (:/: 
tableau 2. 

Isorne'risntiorl des berlzyl-1 (phblyl-1 propi.rle-1 ?*I)-? 
plririyl-3 nziridirles 230 et 220 

Azjriclirre 230-Par chauffage B 150 "C pendant 2 h ,  ce 
dkrive se rkarrange quantitativement en benzyl-1 di- 
phknyl-3,5 methyl-4 pyrroline-2 350 que nous avons 
identifike grice B son spectre de rmn, cf. tableau 2;  ir 
(CDCI,) 1600, 1640, 1670 cm-1 (C=C + CGH5). 

Aziriciirle 220-Chauffk dans les m&mes conditions que 
le prickdent, ce composk fournit de f a ~ o n  quantitative la 
N-benzyl (diphknyl-1,3 pentadikne-2,4 yl) amine 36 
identifike par son spectre de rmn; ir (CDCI,) 3400 cm-I 
(N-H); 1610, 1700 cm-1 (C=C + C6H5): rmn (CDCI,) 
Ph-CH2-NH-CH(Ph)-CH=C(Ph)-CH=CH2 6.80 
h 7.70 (m, 19H, CGH, + CH= + CH,=), 4.20 (m, lH ,  
N-CH), 3.70 (s, 2H, N-CH2), 2.40 (pic large, l H ,  
N-H). 
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Reduction of nitrobenzene with sodium and lithium naphthalenide 
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NORMAN L. HOLY. Can. 3. Chem. 54, 1599 (1976). 
Reduction of nitrobenzene with sodium or lithium naphthalenide results in formation of 

azobenzene and azoxybenzene in modest yields. With sodium naphthalenide, azoxybenzene 
formation is favored; use of lithium naphthalenide results in enhanced azobenzene yields. 
Reduction of azoxybenzene with naphthalenide results in azobenzene and a variety of frag- 
mentation products. Hydrazobenzene was the only product formed upon azobenzene forma- 
tion. 

NORMAN L. HOLY. Can. 3. Chem. 54, 1599 (1976). 
La rCduction du nitrobenzkne par les naphtalures de sodium ou de lithium conduit B la 

formation, avec des rendements modestes, d'azobenzkne et d'azoxybenzkne. Avec le naphtalure 
de sodium, la formation de I'azoxybenzkne est favorisie; l'utilisation du naphtalure de lithium 
conduit B des rendements plus ClevCs en azobenzkne. La reduction de I'azoxybenzkne avec les 
naphtalures conduit B I'azobenzkne et B une variCtC de produits de fragmentation. La reduction 
de l'azobenzkne conduit uniquement B la formation de l'hydrazobenzkne. 

[Traduit par le journal] 

Introduction 
Aromatic radical anions have proven to be 

valuable reducing agents for some functional 
groups (1). Sodium naphthalenide (NaN), for 
example, is nearly as powerful a reducing agent 
as metallic sodium and has the advantage, com- 
pared to the metal, of homogeneity. Reductions 
are rapid a t  room temperature or below. The 
principal disadvantages of this approach t o  
reduction are: (I), deprotonation may occur in 
compounds having pK;,'s of approxin~ately 33 or 
lower and (2),  separating the naphthalene and/or 
its derivatives from other products is, a t  best, 
often tedious. Nevertheless, alkali metal naph- 
thalenides have been used to reduce inter alici 
sulfonate esters (2), sulfonamides (3), ethers (4), 
and nitrogen (5), as well as initiate 'living 
polymer' reactions (6). In this paper the results 
of nitrobenzene reduction are reported. 

Discussion 
Treatment of nitrobenzene in T H F  at - 10 "C 

with sodium or lithium naphthalenide was fol- 
lowed by quenching with ice water after 2-5 min 
and adding a standard (phenyl ether) for glpc 
analysis (3y0 SE-30 and 570 QF-1). The results 
are found in Table 1. Use of sodium naphtha- 
lenide eventuates principally in the formation of 
azoxybenzene, whereas lithium naphthalenide 
leads to  higher yields of azobenzene. The balance 

of the nitrobenzene was apparently converted to 
polymer as this product did not migrate on a 
silica gel tlc plate with 10yo chloroform: 90yC 
petroleum ether, conditions under which azo- 
benzene had a Rf value of 0.8, azoxybenzene, 0.7. 

When azoxybenzene is treated with sodium or 
lithium naphthalenide the product distribution 
again reflects a metal effect. The yield of azo- 
benzene is appreciably higher from lithium 
naphthalenide than that resulting from use of 
the sodium salt, a trend consistent with observa- 
tions noted for nitrobenzene reduction (Table 2). 

Reduction with sodium naphthalenide (NaN, 
azoxybenzene = 4.0) eventuates in a t  least 18 
products. With the exception of azobenzene, 
none of these substances was detected from 
among the nitrobenzene reductio~l products. 
Three of the products were isolated after separa- 
tion by column chromatography followed by 
repeated preparative thin-layer purifications: 
identified were o-anilinoazobenzene (1 6701, 11-an- 
ilinoazobenzene (7701, and 2,2'-dianilinoazo- 
benzene (6%) by comparison with literature 
data. 

Upon treatment of azobenzene with sodium 
naphthalenide the only product formed was 
hydrazobenzene. With 2.5 equivalents of re- 
ducing agent the yield was virtually quantitative. 
An assessment of the yield of this product 
formed upon reduction of azoxybenzene was not 
attempted in view of the known facile conversion 
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TABLE 1. Reduction of nitrobenzene with sodium and lithium naphthalenide" 

Experiment MN [MN]/[PhN02] 9; Azobenzene % Azoxybenzene [PhNOJ 

NaN 
NaN 
NaN 
NaN 
NaN 
NaN 
LiN 
LiN 
LiN 
LiN 
LiN 
LiN 
LiN 
LiN 

1 
4 

14 
18 
2 

Trace 
9 

30 
20 
18 
18 
14 
7 - 

Trace 

"Yields based on  nitrobenzene. 

TABLE 2. Reduction of azoxybenzene with sodium and lithium naphthalenide 

Experiment MN [MN]/[azoxybenzene] 7;  Azobenzene 7; Azoxybenzene 

I NaN 4.0 
2 NaN 2.0 
3 NaN 1.5 
4 LiN 4.0 
5 LiN 2.0 
6 LiN 1.5 

of hydrazobenzene to azobenzene in the presence Li Li . /o 
of oxygen (7). Since this product has a very PhNO2 - PhN, 

distinct color reaction (deep purple) to phospho- 0 

molybdic acid (in ethanol) developer, it was Li .. ,OLi 
readily apparent that hydrazobenzene was indeed - PhN, OLi 
formed upon the reduction of azoxybenzene with 
both sodium and lithium naphthalenides, but -Li20 
that it was present in only trace amounts. Also, - P ~ N O  

the yield of azobenzene in Table 2 actually 
represents the sum of the azobenzene produced Li 
directly plus that due to air oxidation of the P ~ N O L ~  

hydrazobenzene. 
While this work was in progress a paper was OLi 

">N-N/ 
published by Kalyanaraman and George on the LiO \ ~ h  
reduction of nitrobenzene with various alkali 
metals (8). Sodium and potassium were largely -Li20 , Ph\ 

O/N=N\ 
ineffective; lithium reduction resulted in azo- Ph 
benzene (34%),2-anilinoazobenzene (12%), 2,2'- 
dianilinoazobenzene (0.5%): 2,4'-dianilinodiben- Li Ph\ N=N, 
zopyridazine, and polymeric azo compounds. Ph 

Formation of azobenzene was proposed to pro- Our results are consistent with this scheme. We 
ceed via the steps outlined in the following do observe, however, differences in product 
scheme. distributions. Azoxybenzene was totally absent 
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from their products; this was attributed to  the 
low reduction potential of azoxybenzene (9). But 
in our study azoxybenzene was the major prod- 
uct of nitrobenzene reduction using sodium 
naphthalenide; its formation is explicable as a 
kinetic effect. Kalyanaraman and George ob- 
served that azobenzene was the sole product of 
the reduction of azobenzene with metallic lith- 
ium, whereas a variety of products were formed 
from naphthalenide reduction. Thus, naphtha- 
lenide directly cleaves the azoxy linkage without 
intermediate reduction to  the azo structure. 
Cleavage of the azo linkage does not occur and 
the sole product formed derives from simple 
reduction. The enhanced yields of azobenzene 
resulting from use of lithium naphthalenide are 
consistent with a leaving group effect in which 
lithium oxide cleaves more readily than sodium 
oxide, thus directing the reduction into the azo- 
benzene manifold. 

Experimental 
All melting points were taken with a Fisher-Johns 

melting point apparatus and are uncorrected. Infrared 
spectra were determined on a Perkin-Elmer Model 710 
infrared spectrometer. Nuclear magnetic resonance spec- 
tra were recorded on a Varian A60A spectrometer using 
TMS as an internal standard. Gas-liquid phase chro- 
matographic results were obtained on a Varian ZOO, 
using 5 ft X ?, in. columns packed with 3% SE-30 on 
Varaport 30 (100/120 mesh) and 5% QF-L on Chromo- 
sorb W (60/30 mesh). Mass spectra were recorded on a 
Perkin-Elmer U6 at  the University of Kentucky, ionizing 
voltage 70 eV. 

Sfarfitlg Ma!erials 
Tetrahydrofuran was purified by distillation under 

nitrogen from benzophenone sodium kety I. Reagent grade 
nitrobenzene was purified by distillation. Reagent grade 
azobenzene and azoxybenzene were recrystallized from 
95% ethanol before use. Reagent grade naphthalene was 
used directly. 'Baker Analyzed' sodium metal was cleaned 
of oxide coating before use. Lithium metal was used 
directly. 

General Proced~rre for file Reducfiotl of Nifrobetlzerre, 
Azoxybnlret~e, rrtid Azobetlzene rviflr Sod i~nr  rrrlrl 
Lifl~ilrm N a p l ~ ~ l ~ a l e t ~ i d e  

The naphthalenides were prepared by adding finely 
divided portions of the metals to  a 10% M excess of 
naphthalene in dry, deoxygenated T H F  at - 10 "C under 
nitrogen. The mixture was stirred for 12-15 h before the 
total base concentration was determined by removing 
three 5 ml aliquotes, quenching them in 50 ml portions of 
water and titrating with standard hydrochloric acid to  a 
phenophthalein endpoint. Naphthalenide concentrations 
were maintained at  err. 0.1 M so the optical density of the 

solution was sufficiently low to  permit convenient 
measurement of volumes. 

The reactions were performed by cooling 15 ml of T H F  
containing crr. I g of nitrobenzene, azoxybenzene, or 
azobenzene to - 10 OC with an ice-salt bath. A nitrogen 
atmosphere was maintained. The requisite amount of 
naphthalenide was then added via syringe over crr. 20 s. 
After stirring for 2 min the reactions were quenched with 
ice water and the p H  adjusted to 7-8 with 3.0 M hydro- 
chloric acid. For glpc samples a weighed quantity of 
phenyl ether was added, the water layer separated, the 
T H F  evaporated off on a rotary evaporator and the 
residue dissolved in ethyl ether and dried over sodium 
sulfate. This procedure led to less tailing than if the T H F  
solution was used directly. Samples were analyzed on 
both 37,; SE-30 and 5% QF-1 columns against prepared 
standards using knowns from commercial sources. 

The products of azobenzene reduction were quenched 
with degassed water and analyzed by spotting a silica gel 
tlc plate, eluting with chloroform in a nitrogen atmosphere 
and comparing the results with known azobenzene and 
hydrazobenzene. 

Reacfiotl o f  Azo.u).bet~zore tvif11 Sorliutn Nnpllfllnler~irle 
To a 200 ml T H F  solution of sodium naphthalenide 

(1 1 g, 86 mmol, naphthalene; 1.84 g, 80 mmol, sodium) 
at  -10 "C was added dropwise a solution of 3.96 g 
(20 mmol) of azoxybenzene in 50 ml of T H F  over a 5 min 
period. After stirring for an  additional 2 min, ice water 
was added and the p H  adjusted to  7-8 with 3.0 M 
hydrocl~loric acid. Separation of the phases was followed 
by extraction of the aqueous layer with ethyl ether. The 
combined organic portions were washed with water, dried 
over anhydrous magnesium sulfate and evaporated to  
yield 16.0 g of red solid. Chromatography on a 20 X 20 
cm silica gel thin layer plate with chloroform followed by 
spraying with phosphomolybdic acid (saturated in 95(;;. 
ethanol), without heating, revealed at  least 18 products. 

The red solid was chromatographed on a 4.5 X 80 cm 
column, packed with 1200 g of Matheson, Coleman and 
Bell activated alumina. Elution with lo%, chloroform 
gives: 90(& petroleum ether (bp 60-90 "C) 0.98 g (18%) of 
crude 2-anilinoazobenzene, mp 45-52 "C. After two silica 
gel tlc purifications, eluting with chloroform, there was 
obtained 0.87 g (16'4) of 2-anilinoazobenzene, mp 52-54 
(lit. (8) 56 "C). Infrared (CCI,) 3400 (NH) and 1450 
(N=N); uv (95% ethanol), ,,,285 nm (25 OOO), 316 
(3 1 OOO), and 450 (10 000); ms (273). 

Further elution of the chromatographic column with 
10% chloroform: 907.; petroleun~ ether, followed by two 
preparative silica gel thin layer separations with chloro- 
form, gave 0.38 g (75;) of 4-anilinoazobenzene, rnp 80- 
81 OC (lit. (10) 82 "C). Infrared (CCI,) 3400 (NH) and 
1450 (N=N); ms (273). 

Further elution of the chromatographic column with 
207b chloroform:30'i;l petroleum ether followed by two 
silica gel separations (chloroform led to 0.44 g (6%) of 
2,2'-dianilinoazobenzene, mp 156-157 "C dec. (lit. (8) 
158 "C). Infrared (CCI,) 3400-3200 (NH) and 1455 cm-I 
(N=N); uv (95'i;, ethanol) 279 nm (32 000) and 310 
(16 000); ms (364). 
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Pouvoirs donneur et accepteur des ligands dans les derives de Mo(CO), 

Deparrement de Chitnie, Litliversite Laval, Quebec, Quebec G I K  7P4 
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CLAUDE BARBEAU et JACQUES TURCOTTE. Can. J .  Chem. 54, 1603 (1976). 
Un modele de distribution electronique dans les derives de Mo(CO), a ete elabore a partir 

de certaines correlations entre frequences d'extension CO. L'utilisation des donnees spectrosco- 
piques des composes Mo(CO),-,L, a permis d'etablir une echelle des pouvoirs relatifs donneur 
et accepteur de plus de 50 ligands. 

CLAUDE BARBEAU and JACQUES TURCOTTE. Can. J .  Chem. 54, 1603 (1976). 
A model of electron distributions in some Mo(CO), derivatives has been constructed from cer- 

tain correlations among the CO stretching frequencies. The use of spectroscopic data for the 
compounds Mo(CO),_,L, permitted establishing a scale of the relative donor and acceptor 
powers of more than 50 ligands. 

[Journal translation] 

Introduction 
En vue d'etablir une echelle du pouvoir 

donneur net des ligands presents dans les 
metaux carbonyle et afin de mettre en evidence 
certains indices experimentaux pouvant per- 
mettre d'expliquer la stabilite et la facilite de 
substitution des metaw carbonyle substitues, 
nous avons etudie les caracteristiques des derives 
de Mo(CO), tant du point de vue des frequences 
de vibration d'extension CO que de celui des 
moments dipolaires. 

Dans ce premier article nous nous limiterons 
a demontrer de f a ~ o n  empirique, qu'il est 
possible d'utiliser un modele de distribution 
base sur les frequences de vibration CO pour 
constituer une echelle relative du pouvoir don- 
neur net des ligands et pour caracteriser les 
atomes donneurs selon la repartition des charges 
dans les groupements CO de symetrie cis et 
trans. 

Modele de distribution electronique 
A l'aide de donnees spectroscopiques, 

Bigorgne (1) a etabli les fondements du modele 
de distribution electronique dans les derives des 
metaux carbonyle. La principale caracteristique 
du modele reside dans la variation du pouvoir 
donneur net d'un ligand selon le nombre et la 
qualite des autres ligands coordines au metal. 
Ainsi la substitution d'un ou plusieurs CO de 
Mo(CO), par un ligand L, dont le pouvoir 
donneur net est superieur a celui de CO, 
entraine les charges supplementaires suivantes 
pour les differents degres de substitution: 

Mo(CO),L, (5/5)6; Mo(CO),L,, 2 x (4/5)6; 
Mo(CO),L3,3 x (3/5)6; Mo(CO),L4,4 x (2/5)6; 
oh 6 represente le pouvoir donneur net du 
ligand dans un systeme hexacoordine contenant 
cinq CO. Lors de la substitution d'un groupe- 
ment CO par L le metal central conserve la meme 
charge que dans Mo(CO),. Les potentiels 
energetiques des ligands L et CO doivent donc 
varier dans des directions opposees afin de 
maintenir la meme charge sur Mo. 

Du modele propose par Bigorgne (1) decou- 
lent deux relations applicables aux groupements 
CO: (I) La variation de potentiel d'un CO 
moyen selon le degre de substitution suit une 
relation lineaire. (21) La somme des potentiels 
des CO varie selon les rapports 1 : 1.6 : 1.8 : 1.6: 1 
en passant de M(CO), a M(CO),-,L, (n = 1 
a 5). 

Tout changement dans le potentiel energetique 
de CO devrait se manifester au niveau de la 
liaison CO. Moins rigoureuses que les cons- 
tantes de force de liaison, les frequences d'ex- 
tension CO sont neanmoins de fideles temoins 
des variations electroniques au voisinage du 
metal et elles devraient verifier les deux relations 
precedentes. 

Le tableau I contient tous les composes de 
Mo(CO),-,,L,, dont les frequences d'extension 
CO de Mo(CO),L et Mo(CO),L, cis ont ete 
mesurees en solution. Parce que seulement un 
tres petit nombre de composes Mo(CO),L, 
trans sont connus, seuls les composes oh le 
ligand est en position trans a un groupement 
CO ont ete retenus pour cette etude. 
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TABLEAU 1 Calculs el sommes des ecarts enlre les frequences d'extens~on CO de Mo(CO),* el de Mo(CO), ,,L,,t 
-- -- -. 

-- - -- 

I , ~ ~ $  (em-' ) I!, (em-') AI,", (em-') 
- 1 

Numero Compose A,"' B, B2 E CO'll COG' CO"' CO'2' (f 2 em-') n Reference 

Mo(CO),As(OMe), 
Mo(CO),[As(OMe),I2 
Mo(CO),[As(OMe),J, 

Mo(CO),CN 4 
Mo(CO),[CN 412 
Mo(CO),[CN41, 

Mo(CO),P(SMe), 
Mo(CO),[P(SMe),l, 

Mo(CO),P(OMe), 
Mo(CO),[P(OMe),12 
Mo(CO),[P(OMe),l, 

Mo(CO),P(OMe),Me 
Mo(CO),[P(OMe),Me], 
Mo(CO),[P(OMe), Me], 

Mo(CO),CN Me 
Mo(CO),[CN Me], 
Mo(CO),[CNMe], 

Mo(CO),CN/-Bu 
Mo(CO),[CN/-Bu], 
Mo(CO),[CN/-Bu], 

Mo(CO),CNEt 
Mo(CO),[CNEt], 
Mo(CO),[CNEt], 

Mo(CO),PH, 
Mo(CO),[PH,I, 
Mo(CO)3[PH313 

Mo(CO),As(N Me,), 
Mo(CO),[As(N Me,),], 

Mo(CO),Sb4, 
Mo(CO),[Sb4,]2 
Mo(CO),[Sb4,], 

MO(CO),AS$, 
Mo(CO),[As4312 
Mo(CO),[As4,1, 
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TABLEAU 1 (Suite) 
-- 

vCo$ (cm-' ) \I,, (cm-') Av,,, (cm-I) 

CO"' CO"' CO"' C0'2' 
1 

Numero Compose A,'" A ," '  B, B2 E (+2cm-I)  x Reference 

7- 9 
6-8, 20 

1 I 

24 
24 

24 
24 

18, 25 
l l ,  18 
18 m 

> 
17 7 

17 
m 
m 
> 

26 
C 
m 

27 -I 
-I 
C 

7-9 7 

7-9 g 
7-10 2 

28 
!? - 

28 

24 
24 

30 
30 
30 

26 
27 

7, 8, 10 
7, 8, 10 
7, 8, 10 

3, 22 
3 , 2 2  - 
3 , 2 2  2 
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TABLEAU 1 ( S U ~ / P  e/ , f i t7 )  
- -- .. . - - -. - . . -- -- -- -. . -- . .. . . - . . . - . -- - .. . .. 

(em- ' )  v,,, (em- ' )  Av,,, (cniV1) 

A,"' A," '  
1 

Numero C o m p o s e  BI B2 E CO"' Coo' CO"' CO"' ( k 2  ern- ' )  n Rkference 

*Mo(CO),,: A,,(ZI 16.7). E(2018.8). T,,(1986.1). (2). 
tC.0"' = CO rro,,s 6 L; CO"' = CO cis a L: I,,,, = frt-quencc mo enne calculCe selon: L,,,CO"'[MO(CO) L] = A  " '  [Mo(CO),L,] = (A,"' + B,)lZ. [Mo(CO),L,] = ( 2 E  + ~ , " ' ) 1 3 .  

Mo(CO) 6 - - T,, = 1986 cm-':  t,,,,CO"' [Mo(CO),L] = (2E + B, + A,x')i4. [Mo(CO),L,] = (B, + A,"')/z, M~(co),,  I i 3 ~ , ,  + ZE + A )I6 = 2019 cm-I. At,,,, = Ccarl enlrc la I.rCquc~~ce 
moyenne de Mo(C0) el celle d'un dirivk substilut. Z = somme des At,,,,: Mo(CO),L, X, = ~A~,co"' + IAv,,CO"'; Mo(CO),L2, Z, = Z~t<, ,hrb /~"  + ZAL,,,CO'~': Mo(CO),L,, Z, = 3Av,,,C.O"'. 
n = Ae..CO"'iAt~ ... CO"'. 

TFrequence calculke d'apres la relauon 6,  = (A," '  + 20!3. 
9Les I'requences ont ele observees en solulion el correspondent h des valeurs nloyennes lirces de la lifleralure. 
llNouvelle attr~buuon cornple tenue des composes 6 el 8. 
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B A R B E A U  ET TURCOTTE: I 1607 

FIG. 1. Convergence des frequences d'extension C O  cis et C O  rrans des derives Mo(CO),-,L, 

Pour verifier la relation (I)  I'aide des 
frequences d'extension CO, i l  convient, en 
premier, de distinguer les CO en position trans 
des ligands de ceux en position cis. Dans la 
partie gauche de la fig. 1 on constate que la 
frequence moyenne des CO trans, CO'", varie 
lineairement selon le degre de substitution et 
converge vers la frequence 1985 cm-', voisine 
de celle du mode T,, de Mo(CO), (1986 cm-'). 
La partie droite de la fig. 1 presente un faisceau 
de droites constituees par les frequences 
moyennes des CO cis, CO'*', qui converge vers 
2020 cm-', frequence proche de celle du mode 
E, de Mo(CO), (2019 cm-'). La relation (I) 
etant donc bien suivie par les frequences CO 
on peut associer frequence d'extension CO et 
potentiel energitique CO. Les deux valeurs 
extrapolees de la fig. 1 nous permettent de plus 
de relier les frequences des CO cis et trans de 
Mo(CO),-,,L,, a des frequences particulieres de 
Mo(CO), . 

La relation (II) est partiellement verifiee en 
se servant des frequences d'extension CO. En 
effet, la fig. 2 montre que la somme des ecarts 
entre les frequences d'extension CO de Mo(CO), 
a Mo(CO),L2 est souvent 1.6 fois plus elevee 
que celle entre les frequences CO de Mo(CO), 

Mo(CO),L. La fig. 3 montre d'autre part que 
beaucoup de composes obeissent au rapport 
attendu de 1.8 entre la somme des ecarts de 
frequence CO de Mo(CO), a Mo(CO),L, et la 
somme des ecarts de frequence CO de Mo(CO), 
a Mo(CO),L. 

11 apparait donc que toute charge nette 
transferee par le metal aux groupements CO, 
lors du remplacement d'un CO par un ligand L, 
est proportionnelle a la somme des ecarts de 
frequence d'extension CO representee par Z. 

Une etude attentive du tableau 1 et des figs 2 
et 3 montre que tous les composes obeissant a 
la relation (II) presentent un rapport n = (ACO'"/ 
ACO'*') voisin de 1 .O, valeur theorique attendue 
lorsque chaque CO reqoit la meme fraction de 
la charge nette apportee par le ligand. Par 
contre les composCs qui s'eloignent le plus des 
droites de pente 1.6 et 1.8 sont ceux dont la 
valeur n est de beaucoup superieure a 1.0. Afin 
de tenir compte d'une repartition variable dans 
les CO cis et trans, nous avons modifie le 
modele original de Bigorgne en y introduisant 
le facteur n. 

Modkle modifie 
La charge nette resultant d'une substitution 

et representee par 1 est repartie selon le facteur 
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FIG, 2, Relation entre la somme des de frequence FIG. 3. Relation entre la somme des ecarts de Srequence 

CO des derives bisubstituis et la somme des de CO des derives trisubstitues (G) et la somme des ecarts 

frequence C O  des derives monosubstituCs (x,). de frequence C O  des derivb monosubstitues ( C ) .  

n entre CO'" et CO"). et n sont obtenus en 
considerant 1es ecarts de frequence d'extension 
CO en passant de Mo(CO), a Mo(CO),-,,L,,. 
Pour chaque compose Mo(CO),-,,L,, cis la 
charge nette et le facteur de repartition sont les 
suivants : 

MO(CO)~L C, = Cll  + 4C, l  

n = C11iC12 

M0(C0)4L2 C,? = 2 ( C 2 1  + CL2) 

n = C2l/Cz2 

Mo(CO)3L3 C 3  = 3x3' 

A I'aide de cette repartition et de la relation 
(I) on tire les relations suivantes: 

[I1 C21 = 2CI1  

Dl Cz2 = 2C12 

[31 C 3  = 3 x 1 ~  

Calculs et discussion 
Le tableau 2 demontre clairement que les 

donnees spectroscopiques peuvent Etre utilisees 
telles quelles pour decrire adequatement la 
distribution des charges dans un derive de 

TABLEAU 2. Verification des relations du modele modifit. 
- 

Valeur 
Nombre 

Relation Theorique Experimentale de composes 
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B A R B E A U  ET TU RCOTTE: I 1609 

Mo(CO),. L'excellent accord entre les valeurs 
numeriques theoriques et experimentales, pour 
les composes mono- et bisubstitues (relations 
[ l ] ,  [2], [4]), indique que le remplacement de 
deux C O  s'effectue d'une facon similaire au 
remplacement d'un CO. Compte tenu du  plus 
petit nombre de  composes trisubstitues et de 
l'imprecision sur la valeur G (largeur de la 
bande E), les valeurs numeriques experimentales 
des relations [3] et [5] confirment egalement le 
r61e distinct des CO'" et des CO"' dans la 
repartition des charges. 

Du tableau 1 et des figs 2 et 3 on peut tirer 
plusieurs observations en utilisant le modele 
modifie. 

(1) La valeur n, dans la plupart des cas, est 
semblable pour les composes mono- et bi- 
substitues. Lorsqu'elle varie, on constate tres 
souvent une imprecision dans les frequences 
mesurees causee par un chevauchement des 
bandes d'absorption (2, 4, 5, 14, 15, 21, 22, 24, 
28). 

(2) Des 32 composes etudies, seulement 5 
(1, 4, 16, 22, 30) presentent une valeur nume- 
rique eloignee de 0.3 de la valeur moyenne de 
2.0 obtenue pour la relation [2] et 6 composes 
(1, 2, 4, 5, 22, 29) s'eloignent de  plus de  0.3 de 
la valeur moyenne de  2.0 associee a la relation 
[I]. Parmi les 20 composes impliques par la 
relation [3], on  trouve 14 composes presentant 
une valeur numerique comprise entre 2.6 et 
3.0 tandis que 5 composes (2, 4, 5, 7, 16) mon- 
trent une valeur numerique eloignee de plus de 
0.6 de la valeur attendue de  3.0. 

I1 apparait donc que l'on doive accorder plus 
de confiance aux ecarts des CO'2' qu'aux ecarts 
des CO'" et qu'un certain effet de nivellement se 
manifeste dans le trisubstitue oh les charges 
reques par les C O  sont souvent moindres que 
celles calculees selon le modele. 

(3) Plus de la moitie des composes mono- 
substitues possedent une frequence de  mode 
A,"' mesuree qui est semblable a $ 2  cm-' pres 
de la valeur obtenue selon l'expression (A,"' + 
2 0 1 3 .  On peut donc se servir de cette valeur 
"calculee" pour obtenir I'ecart des CO'2' ou 
pour verifier les attributions des bandes d'ab- 
sorption C O  du monosubstitue. 

(4) Les composes dont le ligand contient un 
groupe O R  ou 0 4  (1, 3, 4, 5, 33, 34) se distin- 
guent par une valeur n < 1.0, des sommes I 
faibles et un rapport &'/I,' superieur a 3.0. 

( 5 )  Bien qu'il n'existe que tres peu de com- 
poses ou les ecarts de  frequence C O  soient 
negatifs (35, 36), on  constate que le modele de 
distribution peut s'appliquer, de  facon ap- 
prochee, pour les ligands dont le pouvoir 
donneur net est inferieur a celui de CO. 

Echelle des ligands 
En utilisant les donnees du tableau 1 et en 

tenant compte des desaccords entre valeurs 
numeriques calculees et observees, il est possible 
de  degager, pour chaque ligand, une somme 0, 
qui represente la valeur moyenne evaluee de 
l'ecart de frequence C O  entre Mo(CO), et 
Mo(CO),L. 0, etablit le pouvoir donneur net 
d'un ligand relatif a C O  dans un complexe du 
type Mo(CO),-,,L,,. Dans la plupart des cas 0, 
correspond a I , .  Cependant, lorsque une ou 
plusieurs des relations [I] a [5] ne sont pas 
suivies, la valeur 0, sera deduite des donnees 
considerees les plus stires. 

Dans le tableau 3 on trouve, outre les ligands 
des 36 composes du tableau 1, plusieurs autres 
ligands dont les frequences C O  de leur compose 
monosubstitue Mo(CO),L ont ete mesurees en 
solution. La valeur n, represente, soit la 
moyenne des valeurs n, soit le rapport ACOO'/ 
ACO'Z'juge le plus stir. 

En comparant toute les donnees du  tableau 3 
on peut degager les observations suivantes: 

( I )  Le pouvoir donneur net des ligands 
symetriques decroit selon un ordre qui confirme 
l'importance des effets inductifs. En effet, plus 
le pouvoir donneur intrinseque du ligand est 
eleve, plus grande sera la charge negative 
distribuee sur les CO. 

(2) Le facteur no est peu sensible aux groupe- 
ments attaches a un meme atome donneur. Si 
la repartition entre CO'" et CO'2' est une in- 
dication d'un effet mesomere, on doit conclure 
que les groupements ont peu d'effet sur le 
pouvoir accepteur intrinseque de I'atome prin- 
cipal. 

Ces deux constations sont semblables a celles 
faites sur des derives d e  Ni(CO), (40). 

(3) On observe un rehaussement du pouvoir 
donneur net parmi les ligands non-symetriques 
contenant un groupement 4 .  

(4) Le facteur no moyen des donneurs P est 
tres voisin de l'unite (1.1). Puisqu'un CO'" 
reqoit approximativement la mime charge qu'un 
CO"', on  pourrait conclure que le pouvoir 
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1610 C A N .  J .  C H E M .  VOL 54. 1976 

TABLEAU 3. Pouvoir donneur net et caractere 
accepteur des ligands 

00 

Numero Ligand ( 2 cm-' )t ~ , , f  Reference 

P4Et2  200' 1 .  I 
P4Me,  190 1.1 
P(m-tolyl), 185' I .O 
PBu.3 185' I . 2  
P ~ B u ,  175 1.1 
P@-tolyl), 175' 0 . 9  
PEt.3 170 1 . 2  
P4(OMe)2  170' I . 2  
P 4 Z C Z H , P ~ 2  170' 1 . 2  
P(NMe,), 165 I . 2  
P&NMe2 165 I .  I 
Pd2NPr,  164 1 .2  
PMe, 163 I .  I 
P4,NBu2 163 I . 2  
P&Bu 163 1 .  I 
P4,NEt2 158 1 . 1  
p 43 15 1 I . 2  
PFI-Bu, 125 I .O 
pH3 122 1 . o  
P(OEt), 120' 0 . 8  
P(OMe), 115' 0 . 8  
P(OMe),Me 115* 0 . 8  
P(SMe)., 100 1 . 1  
p(o+),  75' 0 . 8  
PF,I-BU 60* I .O 
PC13 - 25' 
P F3 - 55* 
As4Me, 200' I .  I 
AsEt, 174 1.1 
A S ~ , C H , A S ~ ~  162 1.1 
A s h  156 1 .  I 
As(NC,H,,), 145* I .O 
As(NMe,), 125' 1 .  I 
As(OMe), 60' 0 . 9  
SbEt, 155' 1 .3  
Sb+, 135' I .  I 
E tC=CEt 210* I . 2  
MeCmCH 190' 1 . 2  38 
HC-CH 150* 1 . 3  38 
MeHC=CH, 130' I . O  38 
H2C=CH2 120' 1 .1  3 8 
CNI-Bu 120' I .O 
C N E t  120* 1 .2  
H,C=CH- 

CH=CH, 115* 1.1 38 
C N M e  I l oP  1 . 2  
C N 4  95' I . o  
NH,C,H,, 235* 2 . 5  9, 32 
NC4H9 220 1.9 
NOC,H8 201 2.1 
N H C S H l ,  ZOO* 1.9 9 
NHzEt  190* 2 . 0  39 
N H z M e  190' 2 . 0  39 
NHMe, 185* 2 .1  39 
NC5H5 1 80' 2 .  I 
NCCH, 150' 2 . 3  

accepteur de I'atome P est semblable a celui de 
CO. 

(5) Les donneurs As sont similaires aux don- 
\ ,  

neurs P tant du point de  vue donneur ( a , )  
qu'accepteur (no). Les donneurs Sb paraissent 
posseder une capacite donneur moindre que les 
deux precedents. 

(6) Les donneurs C ressemblent beaucoup 
aux donneurs P quant a leur pouvoir accepteur 
(no = 1 .  I) mais se revelent, en general, de  moins 
puissants donneurs. 

( 7 )  Avec une valeur moyenne no egale a 2.1, 
les donneurs N se distinguent des autres ligands. 
Dans les quelques composes comparables, les 
valeurs a, sont plus elevees avec N qu'avec P. 

Des observations precedentes on peut con- 
cevoir le mecanisme de repartition suivant: 
"Lu clzurge introduire pcrr le liguncl renzplu~crnt 
un CO (Ie Mo(CO), esr rkpurrie ~gulernetz~ pur 
le mktal selon les rrois p~~itzcipuus uses. Les 
poucoirs accepteurs relatifS de L er CO derer- 
tninenr la qunnrire de charges sur CO""'. 

Dans li cas des donneurs N. o h  la c a ~ a c i t e  
d'accepteur est nulle, toute la charge a distri- 
buer entre N et C 0 " ' s e  retrouve sur CO'" qui 
possede ainsi le double des charges de CO'2': 
le facteur no est alors de 2.0. La separation de 
charges dans un complexe hexacoordine sera 
plus equilibree si le ligand possede un pouvoir 
accepteur voisin de celui de  CO. Les donneurs P 
avec no = 1 pourraient remplacer les C O  sans 
perturbation majeure entre CO'" et CO'2'. 

Conclusion 
Le modele de distribution decoulant de  

I'utilisation empirique des donnees spectro- 
scopiques sur les frequences d'extension C O  
permet, entre autres choses. de  constituer une 
echelle du pouvoir donneur net a, des ligands 
et d'evaluer le pouvoir acceteur no de  l'atome 
donneur. MCme si aucune limite de a,, applicable 
a la stabilite des composes n'a pu Ctre observee, 
le facteur n,, est apparu de  premiere importance 
pour des perturbations entre CO. L'article qui 
suit tentera de quantifier les charges sur les 
constituants des complexes Mo(CO), et 
Mo(CO),-,,L,,. 

Remerciernents 
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Les auteurs remercient le Ministere de  
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Moments dipolaires theoriques des derives de Mo(CO), 

CLAUDE BARBEAU ET JACQUES TURCOTTE 
Departenlent de Chimie, Unicc~rsitk Local. Qui~bec. Quibec G I K  7P4 

R e ~ u  le 30 septembre 1975 

CLAUDE BARBEAU et JACQUES TURCOT.~E. Can. J. Chem. 54, 1612 (1976). 
On demontre qu'il est possible de calculer, d priori, les moments dipolaires des derives cis de 

Mo(CO),_,L,. La mesure des moments dipolaires ArMo(CO), permet d'obtenir le moment 
partiel M o - 4 0  de Mo(CO),. Une etude comparative des moments dipolaires calcules et 
mesures cherche expliquer les ecarts observes. 

CLAUDE BARBEAU and JACQUESTURCOTTE. Can. J. Chem. 54, 1612 (1976). 
It is demonstrated that it is possible to calculate, u priori, the dipole moments of the cis- 

derivatives of Mo(CO),_,,L,. The partial moment Mo-CO in Mo(CO), can be obtained from 
the measured dipole moments of ArMo(CO),. Attempts are made to explain the differences 
observed between the measured and calculated dipole moments. 

[Journal translation] 

lntroduction 
Connaissant les pouvoirs relatifs des ligands 

vis-A-vis le monoxyde d e  carbone dans les 
derives de  Mo(CO), ( I ) ,  i l  devrait etre possible 
de convertir le pouvoir donneur D,, en unites 
d'electron et ainsi de proceder a des calculs de 
moments dipolaires theoriques. L'utilisation 
d'un modele de distribution electronique relie A 
l'arrangement geometrique et aux centres de 
gravite pourrait permettre d'evaluer la charge 
sur le molybdene et de nlettre en evidence une 
ou plusieurs causes de  I'instabilite de certains 
derivb.  

la presence de ce ligand. La baisse de la fre- 
quence d'extension C O  est ordinairement asso- 
ciee A une densite electronique supplementaire 
au niveau des orbitales n anti-liantes; i l  serait 
alors normal d e  trouver le centre de gravite des 
charges negatives le long de  l'axe Mo-C-0. 
Si on situe ce centre ri une distance s de Mo, i l  
est possible d'envisager le calcul des moments 
dipolaires des composes Mo(CO),-,,L,, d'apres 
les equations suivantes:' 

Partie expkrimentale ((I + .Y) + B] 
Les derives ArMo(CO), ont Cte obtenus par reaction 4 + TCo 

thermique entre ~ o ( C ~ ) , e t  le donneur aromatique, dans 
I'ethyle cyclohexane ou I'ether de petrole (p.e. 90-120 "C), 
a la temperature d'ebullition du melange et selon la 
technique mise au point par Strohmeier et Gerlach (2). r 

Les spectres infrarouges ont ete enregistres a I'aide (pz/  J2)  - po - 2no(u + S) + 2rr 
d'un spectromttre Perkin-Elmer 621 ti partir de solutions [4] Z = - 

dans le cvclohexane. PI  -Po nO(o + .Y) +z 
Les moments dipolaires rksultent de mesures d e  cons- 

tante di6lectrique d3indiu de refraction e~ectuees  a ou Po = moment d i ~ o l a i r e  intrinseque Mo- 
25 "C dans I'appareil et selon la methode dtcrits pre. C--0 A la frequence C O  de 1986 ~ m - '  ; 'Jg7CO/ 
cedemment (3). ( 4  + n,,) =charges sur C O  tron.r dans Mo(CO),L, 

Charges et frequences 
Le probleme majeur dans tout calcul theo- 

rique de moments dipolaires reside dans la 
localisation des centres de gravite. Alors qu'il 
est raisonnable de situer le centre de gravite des 
charges positives sur I'atome donneur d'un 
ligand L, i l  est par contre difficile de  localiser 
le centre des charges negatives qui resultent de 

(I = distance en ~ ' e n t r e  I'atome donneur du 
ligand et I'atome M o ;  B = facteur de  con- 
version entre les unites de  frtquence A Y  et les 
unites de charges electrostatiques, AelAv. 

Afin d'obtenir B et s, nous avons utilise les 
moments dipolaires des composes ArMo(CO),, 

La representation geometrique des centres de gravite 
dans les der~ves Mo(CO),_,Ln est donnee par Bigorgne (4). 
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B A R B E A U  ET TURCOTTE 11 1613 

[51 pArC = $(PO + pArl) 

Cette expression est reliee a I'equation de la 
2 0 4 0  *a I 0  

droite aui traduit les donnees du tableau 1 et 

tableau 1, lesquels presentent une variation 
I lineaire en fonction de l'ecart des frequences 

d'extension CO entre Mo(CO), et ArMo(CO),, 1 

fig. 1. Une telle correlation nous permet d'entre- 
voir une interdependance des charges nettes 
portees par un ligand dans un compose 
Mo(CO)~-,,L,, et les valeurs a, attribuees a ce ' 

- 
mime ligand (I) .  

=.4 Si on considere ArMo(CO), comme un 
derive tricarbonyle, son moment dipolaire se 
decompose en p, et pArl .  

I 

de la fig'. 1 : A v', co (cm ') 

FIG. I .  Determ~nat~on du moment dlpolalre part~el 
[6] p A , E = $ ( 1 . 7 7 ~ + 0 . 0 2 7 4 A ~ )  Mo-CO (p,) dans Mo(CO), ou ses der~ves 

- 

- 

, _ -  . ,. - ,' .' 
< - , - , < , , . < - ,  

- _',- 
_', , 
, . , - - .  

,.-H 
,:- ,: - 0 CEH,? - 

0 '6% 

En utilisant la valeur 1.77D pour po dans 
l'eq. 4 on peut comparer les valeurs Z experi- 

1 mentale, Z E ,  et Z calculee, Z C ,  pour differentes I distances s. 
1 On constate au tableau 2, que l'accord entre 

ZE et Z C  est excellent si on place le centre de 
I gravite des charges negatives apportees par un I ligand L 6 une distance ,Y voisine de 0 A. 1.1 est 

I important de remarquer que cette decision de 
placer le centre de gravite des charges supple- 

I mentaires negatives sur le metal plut6t que sur 
l'axe Mo-C-0 decoule d'un resultat indepen- 
dant des charges a, et des distances a. 

Pour obtenir B on se sert des eqs 5 et 6 ou 
p,,' = 0.027,Av. Puisqu'il s'agit d'un tricar- 
bonyle, Av = 3aono/(4 + no) d'ou on tire' B = 

. . . . . . . . . . . . . . . . . 
. . . .  . . . . .  .. . >  . . .  . . .  0.027,/a. Dans un compose ArMo(CO), la 

. . . . .  . . .  . .  . . 
. . distance Ar-Mo correspond a la normale au 

plan abaissee sur Mo. Par comparaison avec 
un compose similaire (5) et les composes 
analogues du chrome (6), on peut evaluer cette 
distance a 1.70 0.05 A, distance a peu pres 
constante de C6H6-Mo a C6(CH3),-Mo (6). 
Le centre de gravite des charges positives etant 
considere au centre de gravite du plan de 
l'aromatique, la distance a,  qui correspond a la 
distance entre le molybdene et un centre situe 
sur un des axes orthogonaux de L,Mo(CO),, 
est obtenue en effectuant une projection sur 
l'axe correspondant, i.e. a = 1.7 x J?I = 2.9, A. 
B represente le facteur permettant de trans- 
former la baisse de frequence d'extension CO 
en unites de charges negatives apportees sur le 

metal. Dans le cas du molybdene, la valeur B se 
situe a environ 0.0093 u.e.s. cm-'. 

Le tableau 2 presente quelques valeurs p l  
calculees pour differents s, selon 1'eq. 1 et les 
valeurs a correspondant aux distances M o  - 
atome donneur. On observe une bonne con- 
cordance entre p l E  et p l C  pour une distance x 
voisine de 0.0 A. Nous estimons que ces 
derniers resultats joints a ceux des ZE et Z c  justi- 
fient le choix des distances .u et a,,. 

Calculs et discussion 
En utilisant les valeurs de  a, et no obtenues 

dans l'article precedent (I), nous avons calcule 
les moments dipolaires p l ,  pz et p, pour les 
complexes cis de I'hexacarbonyle de molybdene 
dont on connait au moins un moment dipolaire 
experimental (tableau 3). 

Sauf pour un cas, tous les moments dipolaires 
p I C  et p I E  sont identiques a I'erreur p r k .  11 
apparait evident, par voie de  comparaison, que 
le moment p ,  de Mo(CO) ,P+~NE~,  est erronk, 
sa valeur etant certainement trop faible. Les 
calculs ont ete effectues en p l a ~ a n t  le centre de 
gravite des charges positives des ligands MX, 
(Sb, As, P et N) sur I'atome donneur M. 
Lorsque N est lie au carbone par une liaison 
multiple, l'accord entre p l E  et p lc  s'obtient 
seulement si le centre de gravitk est situe sur le 
carbone. 

On constate que la plupart des pZC ne sont 
que peu superieurs aux pZE. En moyenne l'ecart 
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TABLEAU 1. Moments dipolaires et frequences C O  des composes ArMo(CO),* 

. P t  (D) PS (Dl vCO (cm-') 

'1 Y' PG' '1 Y' PG' All2' E ""7 A\'", 
Compose (k0 .05)  (kO.05) ( + I )  ( + I )  ( k 2 )  

tMesure dans le cyclohexane i 25 "C. 
:Mesure dans le benzene i 25 "C. 
* a  = d ~ : , ~ i d . l ~ :  ;.' = dnl12id/; (3): pG' = moment dipolaire calcule d'apres la relation rnodifiee [3]  de Guggenheim: r,, = ( 2 E  + A , " ' ) / 3 :  A\.,, = I986 cm- '  - I,,,,. 

TABLEAU 2. Influence de la position du centre de gravite des charges negatives sur les moments dipolaires 
-- 

Z' pour s = ( D )  pour .r = 

0 0  PIE 
Ligand (cm-I) no ZE I .ON 0.50 0 .20  0 .  ON ( k 0 . 1  D) 2 . 5  A 2 .0  A 1 . 0  A 0 . 5  A 0 . 0  A 

Sb4, 135 1.1 0.83 1 .03  0.94 0.87 0 .82  5 . 1  5 . 8  5 . 7  5 .4  5 . 3  5.2 
A d ,  156 1.1 0.82 1.03 0.94 0.87 0.82 5 . 4  6 . 3  6 . 2  5 . 9  5 . 7  5 . 5  
P42NPr2 164 1 . 2  0.81 1.06 0 .97  0.90 0.85 5 . 5  6 . 3  6 . 2  5 . 8  5 . 7  5 . 6  
NCCH, 150 2 . 3  1 .Ol 1.30 1.19 1.11 1 .05  6 . 8  7 . 9  7 .7  7 . 2  6 .9  6 . 7  
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BARBEAU ET TURCOTTE: [ I  

t 4 - t  
S ; S o ~ m \ o m m  mr- e nr- 
&dGddddd d G  d I & &  

ttt 
m a m b  b - m d m  . . .  I I I I &  I &  & m a -  

O O O ~ b m m -  0 -  m 0 0 0  
0 0 \ r - ~ 3 \ 0 \ 0 v , v ,  o m  m  o m v ,  
N - - - - . - - -  N-. - N- -  
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1616 CAN J CHEM. VOL. 54, 1976 

Ap se situe a 0.2 D mais les ligands MdR,  sont 
associes a des valeurs Ap voisines de 1.0 D. 

Quatre des cinq trisubstitues dont les moments 
dipolaires ont ete mesures presentent un ecart 
~i eleve. 11 est intkressant de noter que, d'une 
part la stabilite des complexes Mo(CO),(M4,), 
decroit selon I'ordre Sb > As > P (seul Sb4, 
forme un complexe tetrasubstitue), et que 
d'autre part p,' -p,E passe de 0.0 D pour 
Sb4, a 1.7 D pour As#, et a 2.1 D pour P4,. 

Comme nous l'avions suggere precedem- 
ment (7), toute modification structurale pro- 
voquee par des repulsions de nature sterique ou 
electrostatique suffirait aexpliquer une difference 
pC - pE. Les ouvertures angulaires qui ont 
deja ete observees (1 1) dans des complexes con- 
tenant des groupemenets P4, en position cis 
sont precisement suffisantes pour abaisser le 
moment dipolaire et justifier le manque de 
stabilite. 

Le moment dipolaire intrinseque p, traduit 
la situation des charges portees par le molyb- 
dtne et le groupement C O  dans Mo(CO),. 
En situant le centre de gravite des charges 
ne atives au voisinage du carbone, i.e. a environ 
2 ! du molybdirne, p, serait relie A une charge de 
0.18 electron. Le monoxyde de carbone agit 
alors comme accepteur net et la presence de 
six CO dans Mo(CO), entraine, selon cette 
approche, une charge positive unitaire (I +)  sur 
le molybdene. 

Selon la fig. 1, l'extrapolation des p,,, mesures 
dans le cyilohexane ou  le benzirne conduit 
approximativement a la mZme valeur p,. La 
pente Iegerement superieure des p,,, mesures 
dans le benzene s'explique par le moment di- 
polaire additionnel, qui resulte de l'attraction 
entre une molecule de solvant et la charge 

positive sur l'aromatique, et dont la grandeur 
depend de la charge sur l'aromatique. 

Nous pensons avoir demontre qu'il existe une 
interdependance simple entre les frequences 
d'extension CO et les moments dipolaires, inter- 
dependance qui permet d3expliquer partielle- 
ment certaines instabilites et qui permet egale- 
ment de calculer les moments dipolaires a 
priori. Une etude semblable (12) portant sur les 
derives de Cr(CO), et W(CO), a permis de tirer 
les memes conclusions. 
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Kinetics of radical exchange in the reaction of CF, radicals with tin tetramethyl 
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T. N .  BELL and P. J. YOUNG. Can. J .  Chem. 54, 1617 (1976). 
The reaction of CF, radicals with SnMe, leads to hydrogen abstraction and also radical 

exchange. 

CF, + SnMe, 5 CF,SnMe, -+ CF,SnMe, + Me 

We propose the exchange reaction proceeds via a five coordinate intermediate. The Arrhenius 
parameters for the exchange reaction are, 

log (kc ,  ml mol-I s-') = 1 1.60 - 9.3212.3 R T  

Additional data for the H abstraction reaction 

CF, + SnMe, - CF,H + CH,SnMe, 

combined with previous data yields an  improved rate constant for abstraction, 

log (k, , , ,  ml mol-I sC1) = 12.00 - 7.6912.3RT 

T. N.  B E L L ~ I  P. J .  YOUNG. Can. J .  Chem. 54, 1617 (1976). 
La reaction des radicaux CF, avec le SnMe, conduit a un enlevement d'hydrogene et aussi 

a une reaction d'echange de radicaux, 

CF, + SnMe, S CF,SnMe, - CF,SnMe, + Me 

On suggere que la reaction d'echange se produit par un intermediaire pentacoordonnee. 
Les parametres d'Arrhenius pour la reaction d'echange sont 

log (k ,,,,,,, ml mol-' s-I) = 11.60 - 9.32!2.3RT 

En combinant des donnees additionnelles pour la reaction d'enlevement d'hydrogene 

CF, + SnMe, - CF,H + CH2SnMe, 

avec des donnees anterieures on obtient une constante de vitesse amelioree pour la reaction 
d'elimination d'hydrogene, 

log ( k  ,,,,,,,,,,, ml mol-' SKI) = 12.00 - 7.6912.3RT 

Introduction 
In previous work, formation of methyl- 

containing products was noted in the reaction 
of CF, radicals with Group 1V organometallics 
and with boron trimethyl (1-3). A radical ex- 
change mechanism was proposed to account 
for the formation of methyl radicals in these 
various systems. In the case of tin tetramethyl 
an estimate was made of the rate constant for 
exchange at  one temperature, and the present 
work was designed to examine the exchange 
reaction over a range of temperature in order to 
establish the conditions for exchange, and also 
the Arrhenius parameters. During this in- 
vestigation additional complexities in the system 

[Traduit par le journal] 

were found. At low temperatures this appeared 
to involve the reaction of the organometallic 
compound with excited hexafluoroacetone mole- 
cules. 

Additional data were obtained on the hydro- 
gen abstraction reaction, which when added to 
previous data (2) establish more precisely the 
Arrhenius parameters for that reaction. 

Experimental 
Marerials 

The sources of compounds used in this work were 
hexafluoroacetone (Allied Chemicals) and tetramethyltin 
(Alfa Inorganics). Each was fractionated in the usual 
manner, with middle cuts being retained and stored in 
blackened bulbs. 
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1618 C A N  J .  C H E M .  VOL 54. 1976 

Apparar~is 
A typical glass vacuum line was used, photolyses being 

carried out in an Ultrasil cell (illuminated volume 249 ml). 
The cell was enclosed in a tubular aluminum block 
furnace, whose temperature was controlled to k 0 . 5  "C. 
with an RFL platinum resistance controller. 

The light source (P.E.K. 200 W mercury arc) was 
filtered, using Corning 0-53 and C o r n ~ n g  CS7-54 filters. 
These yielded a band of radiation between 2900 and 
3800 A with a maximum at 3300 A .  

Pressure measurements were made using a Texas 
Instruments Inc. precision quartz spiral gauge. 

Procedures 
After reaction, the gases non-condensible in liquid 

nitrogen (CO, CH,) were measured using a gas burette 
and gas chromatography (Porapak Q, 60-80 mesh). 

The condensible products were subject to fractionation 
and those materials volatile at - 131 "C were separated 
from the bulk of reactants, and subjected to quantitative 
analysis by gas chromatography using an alumina 
column (5 min at 30 "C, followed by temperature pro- 
gramming at 6 "C min-'). Frequent checks were made to 
ensure that the volatile compounds of intcrcst to this 
study were completely removed from the bulk of the 
product mixture for quantitative analysis. 

Results 

Hexafluoroacetone photolyses according to 
the equation 

1 1 1 s  
HFA - 2CF, + CO 

The primary quantum yield above 200 "C is 
unity below that temperature the quantum 
yield falls, the normal useful temperature range 
of hexafluoroacetone as a source of CF, 
radicals being > I00 "C (4). 

In the presence of tetramethyltin, the photol- 
ysis of HFA leads to the volatile products 
CzF6, CF3H, CFlCH2,  CH4, CZH,, CF3CH.), 
together with CO. 

This study of the reaction was carried out 
over a wide temperature range, with com- 
plexities being observed at high and low 
temperature. The results obtained over the 
various temperature ranges are discussed below. 

In a previous paper the formation of CH, 
containing products was ascribed to the re- 
actions of methyl radicals formed in an exchange 
process involving a five coordinate intermediate 
(I) .  The following mechanistic scheme may be 
written for the reactions of the CF, and CH, 
radicals in the presence of Sn(Me),. 

[I]  CF, + %(Me), $ CF,Sn(Me), -CF,Sn(Me), + C H ,  

[2 ]  CF, + %(Me),-CF,H + CH2Sn(Me), 

[3] CH, + Sn(Me),-CH, + CH2Sn(Me), 

141 CF, + CF, - CZF, 
M 

[5] CH, + CF, +CF,CH,*-CF,CH, 

[6] \CF2CH2 + H F  

[71 CH, + CH,+C,H, 

Additional nlechanistic complexities occur 
due to the reactions of the CH,Sn(Me), radicals 
in combination processes. 

We have shown (2, 3, 5-7) that the combina- 
tion of CH2M(Me), (M = B, Si, Ge, Sn) with 
CF, leads to a vibrationally hot molecule which 
may stabilize or undergo a facile fluoro- 
rearrangement-elimination process, forming ad- 
ditional CF,CH2 through reaction 10. 

[8] CF, + CH,Sn(Me), - CF,CH,Sn(Me),* 

A kinetic analysis to determine k ,,,,,,,,, i.e. 
k, may be made as follows 

RCx - [CF,I[Sn(Me),I [I I.] - - 
R.lb.1 ~ 2 [ ~ ~ 3 1 [ ~ n ( ~ e ) , l  

- Rate formation of CH, products 
- 

RCF.,H 

A major problem arises from the formation of 
CF,CH, through reactions 6 and 10 and deter- 
mining the amount produced from reaction 6, 
given the difficulty in directly measuring the 
complementary products H F  and FSnMe,. Two 
alternative approaches are possible. 

The first is to use the experimental data for 
the formation of CF,CH,, in conjunction with 
data by Giles and Whittle (8), on the stabilisa- 
tion/decomposition ratios of CF,CH,;. This 
suffers from the fact that these ratios are 
dependent on the third body M .  Thus k, ,k,  = 

4.5 x 10' (acetone), 106 (HFA), and 1.4 x 10" 
(cyclo-C,F,,). The third body in our work is 
HFA + Sn(Me),. 

The second approximation is to estimate the 
amount of CF,CH,* produced in reaction 5 
from a knowledge of the CF, and CH, radical 
concentrations. These may be determined from 
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B E L L  AN D Y O U N G  

a measure of RC2F6 and &],, together with the 
recombination rate constants, k, and k,  (9, 10). 
The calculated values obtained by this method, 
assuming a value for k, = 10'3.34 (same as for 
k,), were used in the kinetic analysis, as a result 
of which eq. 1 1  is written as eq. 12. 

R,,, + R,,,,,,* (calculated) + 2RCLHb - -  - 
R C F ~ H  

The above analysis ignores any loss of 
CH, from the recombination of CH, with 
CH,Sn(Me),. There appears no way around 
this dilemma, it being impossible to measure 
trace quantities of CH,CH,Sn(Me), in the 
presence of relatively large amounts of Sn(Me),. 
If, however, this recombination was an im- 
portant reaction, the experimental results would 
not be expected to fit eq. 12, to yieldan Arrhenius 
plot with the excellent straight linecharacteristics 
as was obtained. 

H Abstraction by CF, 
Measurement of CF,H and C,F, allows a 

determination of k,, using a value for k, = 
2.3 x 1013 ml mol-' s-I (9), thus 

Results obtained in the present work (Table 1) 
fit well with previous results (2) for k,, and are 
combined with those results in the Arrhenius 
plot shown in Fig. 1 .  Least squares analysis of 
the combined data yields a value 

log k2(ml mol-' s-') = (12.00 + 0.06) 

This compares with the previously reported 
value (2), 

log k, (ml mol-' s-I) = 1 1.7 - 7.2512.3RT 

determined in the temperature range 25- 150 "C. 

Radical Excthangc 
The kinetic data on exchange was obtained 

in the temperature range 150 to 250 "C; exten- 
sive checks showed no dark reaction occurred. 
The reaction cell was initially cleaned and con- 
ditioned by photolysing a mixture of H F A  + 

FIG. I .  log k, , /k:~f , , , ,  us. 1/T for CF, + Sn(CH,),. 
A, Bell and Platt (2); 0, this work. 

SnMe, before obtaining the series of quantita- 
tive results in Table 1. The various temperatures 
used were selected randomly in terms of the 
sequencing of the experiments, in order to 
eliminate any concern that there was a syste- 
matic changing of the cell conditions with 
temperature and to give reproducibility in the 
experimental results. 

In the temperature range 150 to 250 "C the 
CF, product ratios R,,,,lR~$,, and the CH, 
product ratios RcH4/ R i s 6  agreed well with those 
ratios expected by calculation from the known 
abstraction and recombination rate constant 
data (2,9-11). This agreement is consistent with 
the requirement of the mechanism proposed, 
that the ~ r o d u c t s  of reaction are a result of the 
radical reactions 1 to 7, resulting in the kinetic 
analysis eq. 12. 

The results using 10 torr HFA and 10 torr 
Sn(Me), are reported in Table 1, and plotted in 
Arrhenius form in Fig. 2. A good fit to eq. 12 
is observed, and the several results at each 
temperature are reproducible. 

From a least squares analysis of the data and 
using the amended value obtained for k, (see 
above), the Arrhenius parameters for the ex- 
change reaction 1 are 

log A, = 1 1.60 f 0.07 

E = 9.32 & 0.15 kcal mol-' 
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B E L L  A l  \ID YOUNG 1621 

1.9 2.0 2.1 2 2 2.3 

( I / T )  ~ 1 0 ~  K - '  

FIG. 2. log kc ,  L.S. l IT for CFJ + Sn(CH,)-(. 

Results ut LON' Ten7perur~rr.e 
Mixtures of H F A  + Sn(Me), underwent a 

noticeable pressure decrease when exposed to 
the photolysing radiation at temperatures < 100 
"C, for the time required (-20 min) for the 
exchange studies. No dark reaction was, how- 
ever, observed. 

Examination of the cell after photolysis 
revealed the formation of a non-volatile colour- 
less liquid and a white deposit was formed. 
The mass spectrum of the non-volatile liquid 
was consistent with a formula of the type 
(Sn(CH,),),,, although this is by no means 
conclusive. 

The above con~plication was not noticed 
previously by Bell and Platt (2) in their measure- 
ments of k,,,, by CF, radicals; however, only 
short photolysis times (2 min) were used in 
their work. 

Measurement of the CH, showed this product 
to be formed in amount considerably greater 
than that expected from the stationary state 
of CH, radicals calculated from the C,H, 
formed. Thus R,HA(experin~ental)/&.H,(calcu- 
lated) varied up to 40. The results appeared to 
depend on the condition of the reaction vessel, 
and were not very reproducible. 

The ratio RcFIH/~~!$6,  however, was con- 
sistent with that expected from the rate constant 
for H abstraction by CF, determined by Bell 
and Platt (2), and was slightly modified by this 
present work. 

Several experiments were carried out to  check 
whether Sn(Me), quenched the emission from 
HFA at 4200 A (singlet) and 5000 A (triplet) 
(12) at  these lower temperatures. Strong quench- 

ing was in fact observed. Chemical analysis 
showed that the Sn(Me), pressure had a marked 
effect on the CO yield. 

We suggest that the lifetime of excited H F A  
at temperatures < 100 "C is such as  to result in 
a photosensitized reaction through collisional 
deactivation by Sn(Me),, followed by methane 
production via a non-radical mechanism. 

The high temperature pyrolysis (13) of 
Sn(Me), has been reported to yield CH, with- 
out C2H,. If this observation is correct, it sug- 
gests the formation of CH, intramolecularly. 

It is possible that the processes for CH, 
formation are similar in the above cases. 

R~su l t s  ur High Tctnpernture 
At temperatures above 300 "C the product 

ratios measured deviated from those expected, 
in this case those involving the CF, radical. 
Thus, while in the temperature range used for 
the kinetic results R , , , , ( e ~ p e r i m e n t a l ) / R ~  
(calculated) is essentially unity, a dark reaction 
was observed forming CF,H and CFzCH, at 
300 "C. 

Discussion 
In addition to  the work reported here we 

attempted to measure the rate of exchange for 
the systems CF, + SiMe,, FSiMe,, FzSiMez, 
F,SiMe. The reaction was far too slow for 
quantitative study, H abstraction being the 
predominant reaction. 

This agrees with the qualitative order of 
reactivity 

BMe, > SnMe, >> GeMe, = SiMe, 

suggested by Bell and Platt (1). 
Grotewold et al. (14) measured the rate of 

exchange, 

CH, + BEt, -+ C2H, + CH,BEt, 

obtaining 

log k,, = 10.6 - 5200/2.3RT 

At 150 "C this yields 

compared with our  value for 

k,,(CF, + SnMe,) z 6 x 106 

suggesting the qualitative order of reactivity 
above is correct. 
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1622 CAN.  J .  C H E M .  VOL. 54, 1976 

The competitive process to exchange is H The overall enthalpy of the exchange reaction 
abstraction. Using Grotewold's value for 1 will be approximately zero on the basis of one 

Sn-C bond being formed and one broken. 
log kabs! (CH3 + BEt3) = 12.38 - 7780/2.3" The competitive H abstraction process has an 

k,,,, (150 "C) = 2.3 x 10' overall exothermicity -2 kcal. The energy 
diagram for the competitive processes using the 

leads to experimental energies of activation may be 
k,,/k,,,, = 0.35 depicted as follows. 

In the system CF3 + ~ n ~ e ,  and using the CFlSnMe4 ,.---., 
data in this paper ;' ,-. '', 

k,,/k,,,, = 0.05 4 ;,i' ',,\ 
:: \ ' 

A Factors ' ' : : I ' 
The A factor for exchange in the present :: \ ,, 9.3 

7.7 kcal :I 1 work, is slightly less than that for abstrac- : 1 
1 :  

\ 1 

tion, 10I2.O, suggestive of a similar and reason- :: 1 ,/) :: ably loose transition state, 
8 \ \  * 

A 

kcal 

CFl + SnMe, h' I, \, CH3 + CF3SnMe3 
A,x/Aabs, = 0.4 -----l 

* '-- 3 2  kcal 
If exchange is envisaged as proceeding through 

a five coordinate complex, presumably trigonal The lower energy of activation for the boron 
bipyramidal, the 6d orbital system would be system (5.2 kcal) may well be due to a much 
involved. At such high quantum numbers the higher B-C bond strength relative to the Sn--C 
character of the orbitals is much less prescribed system, a greater exothermic contribu- 
than, for example, in the boron system. Exten- tion to the formation of the transition complex 
sive bending vibrational modes might be ex- (presumably tetrahedral). Thus, for example, 
pected, leading to a 100% transition complex. the Sn-C bond energy in SnMe, has been 

In the CH, + BEt, system estimated (14) at 50 kcal mol-I, and that for 

A,,/A,,,, = 0.02 B-C in BMe, at 87 kcal mol-' (16). 
Such arguments are clearly speculative at this 

suggestive of a much tighter exchange transition time. 
state. The 2p orbital would be involved in the 
formation of the transition state (presumably Acknowledgment 

and given the 2~ We are grateful to the National Research 
orbital character, an important steric contribu- Council of Canada for financial support. 
tion might well be expected. 

Activation Energies I .  T. N. BELL and A. E. PLATT. Chem. Commun. 325 

The formation of this transition complex will (1970). 
2. T. N. BELL and A. E. PLATT. Int. J. Chem. Kinet. 2, involve two enthalpy terms; one exothermic 299 (1970), 

equivalent to a one electron bond being formed, 3, T. N. BELL and A. E. PLATT. Int, J. Chem. Kinet. 3, 
the other endothermic involving the geometrical 307 (1971). 
reorganisation 4. D. A. WHYTOCK and K. 0. KUTSCHKE. Proc. Roy. 

Soc. London, A306, 503 (1968). 
tetrahedral -+ trigonal-bipyramidal 5. T. N. BELL and U. F. ZUCKER. J .  Phys. Chem. 74, 

979 (1970). 
It would be useful to calculate these enthalpy 6. T. N, BELL u. F. ZUCKER. Can. J .  Chem. 47, 
terms with a view to comparing this with the 1701 (1969). 
competitive H abstraction process. 7. T. N. BELL, R. BERKLEY, A. E. PLATT, and A. G. 

SHERWOOD. Can. J. Chem. 52, 3158 (1974). 
C FI 8. R. D. GILES and E. WHITTLE. Trans. Faraday Soc. 
i ,CHI 

H3C-Sn, 61, 1425 (1965). 
: CHI 9. A. J. SHEPP. J. Chem. Phys. 24, 939 (1956). 
CHI 10. P. B. AYSCOUGH. J. Chem. Phys. 24, 944 (1956). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BELL AND YOUNG 1623 

11. T.  N. BELL, P. SLADE, and A. G. SHERWOOD. Can. J.  14. J .  GROTEWOLD. E. A. LISSI, and J. C. SCAIANO. 
Chem. 52, 1662 (1974). J. Chem. Soc. (B), 1187 (1971). 

12. A. G A N D I N I  and K. 0 .  KUTSCHKE. Proc. R. Soc. 15. M. F. LAPPERT. J.  SIMPSON, and T. R. SPALDING. 
London, A306, 51 1 (1968). J. Organomet. Chem. 17, 1 (1969). 

13. C. E. WARING and W. S. HORTON. J. Am. Chem. 16. E. L. MUETTERTIES. The chemistry of boron and its 
SOC. 67, 540 (1945). compounds. John Wiley and Sons Inc. 1967. p. 502. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Absolute gas-phase acidities of CH,NH2, C2H,NH2, (CH,),NH, 
and (CH,),N 

GERVASE I .  MACKAY,' RONALD S. HEMS WORTH,^ AND DIETHARD K. BOHME~ 
Deportment o/Cl iemistry ,  York Uniuersity, Downsuiew. Onrario M3J IP3 

Received August 13. 1975 

GERVASE I. MACKAY, RONALD S. HEMSWORTH, and DIETHARD K. BOHME. Can. J.  Chem. 54, 
1624 (1976). 

The flowing afterglow technique has been employed in measurements of the rate and 
equilibrium constants a t  296 f 2 K for reactions ot' the type 

and 
NH,- f R , R 2 N H  P R,R,N- + NH, 

where R, and R, may be H, CH,, or C,H,. The equilibrium constant measurements provided 
absolute values for the intrinsic (gas-phase) acidities of the Brginsted acids CH,NH,, C,H,NH,, 
(CH,),NH, and (CH,),N, the heats of formation of their conjugate bases, and the electron 
affinities of the corresponding radicals R ,  R,N. Proton removal energies, AGO,,,/(kcal mol-I), 
were determined to be 395.7 f 0.7 for CH,NH, P CH,NH- + H+, 391.7 _f 0.7 for 
C,H,NH, P C,H,NH- + H+, 389.2 f 0.6 for (CH3)2NH @ (CH3),Nd + H', and >396 
for (CH,),N F? (CH,),NCH,- + H+. Heats of formation, AH0,,,,,, were determined to be 
30.5 f 1.5 for CH,NH-, 21.2 f 1.5 for C,H,NH-, and 24.7 f 1.4 for (CH,),N-. Electron 
affinities (in kcal mol-') were determined to be 13.1 +_ 3.5 for CH,NH, 17 f 4 for C,H,NH, 
and 14.3 f 3.4 for (CH,),N. These results quantify earlier conclusions regarding the intrinsic 
effects of substituents on the gas-phase acidity of amines and provide an experimental assess- 
ment of recent molecular orbital calculations of proton removal energies for alkylamines. 

GERVASE I. MACKAY, RONALD S. HEMSWORTH et DIETHARD K.  BOHME. Can. J .  Chem. 54, 
1624 (1976). 

On a utilise la technique de la lueur d'ecoulement pour mesurer les vitesses et les constantes 
d'equilibres i 296 f 2 K des reactions de type 

H- + R , R , N H  F? R,R,N- + Hz 
et 

NH,- + R,R,NH P R , R , N  + NH, 

ou R,  et R, peuvent Ctre H, CH, ou C,H,. Les mesures des constantes d'equilibres fournissent 
des valeurs absolues pour les acidites intrinseques (en phase gaseuse) des acides de BMnsted 
CH,NH,, C,H,NH,, (CH,),NH et (CH,),N de mtme que les chaleurs de formation de leurs 
bases conjugees et les affinites electroniques des radicaux R,R,N correspondants. On a deter- 
mine les energies AGO,,,/(kcal mol-') necessaires pour enlever les protons; les valeurs s'eta- 
blissent a 395.7 f 0.7 pour CH,NH, P CH,NH- + H + ,  a 391.7 f 0.7 pour C,H,NH, P 
C,H,NH- + H + a  389.2 + 0.6 pour (CH,),NH ~t (CH,),N- + H' e t a  > 396 pour (CH,),N Ft 
(CH,),NCH,- + H'. On a determine que les chaleurs de formation, AH0,,,,,, sont 30.5 f 1.5 
pour CH,NH-, 21.2 + 1.5 pour C,H,NH- et 24.7 + 1.4 pour (CH,),N-. On a determine 
que les affinites electroniques (en kcal mol-I) sont 13.1 f 3.5 pour CH,NH, 17 + 4 pour 
C,H,NH et 14.3 f 3.4 pour (CH,),N. Ces resultats permettent d'etablir d'une f a ~ o n  quantita- 
tive les conclusions anterieures se rapportant aux effets intrinseques des substituants sur I'acidite 
en phase gaseuse des amines et fournissent une base experimentale pour des calculs d'orbitales 
moleculaires recents concernant les energies d'enlevement de protons des alkylamines. 

[Traduit par le journal] 

'This work was presented by G. I. Mackay in partial Introduction 
fulfilment of the Ph.D. requirements. 

'Present address: Culham, UKAEA Research Group, Recent developments in experimental tech- 
Abingdon, Berkshire, England. niques ( I ) ,  riz. pulsed ion cyclotron resonance, 

,Alfred P. Sloan Research Fellow, 1974- 1976. pulsed electron beam high-pressure mass spec- 
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M A C K A Y  ET A L .  1625 

trometry, and the flowing afterglow technique, ture (296 f 2 K). The plasma communicates with a 

have provided a means of measuring, i n  the quadrupole mass spectrometer through a small orifice 
mounted at the tip of a sampling nose cone. Rate con- gas phase, rate and equilibriunl 'Onstants for stants and equilibrium constants for reactions of  ions 

ion-molecule reactions of the type often en- with molecules are determined by measuring changes in 
countered in solution. In the case of proton ion signals as a function of the addition of neutral 
transfer reactions such measurements have 
proven to be useful for (i) the determination of 
intrinsic molecular properties of acids and their 
conjugate bases, (ii) the experimental assess- 
ment of molecular orbital calculations of such 
properties, and (iii) the thermodynamic analysis 
of the transfer of protonated species from the 
gas phase to solution. Aliphatic amines repre- 
sent an important group of acids whose gas- 
phase acidities have recently been ordered (2) 
from determinations of the preferred direction 
of proton transfer reactions of the type 

In this paper we report flowing afterglow 
measurements of the rate and equilibrium con- 
stants at 296 f 2 K for reactions of the type 

(21 NH2- + R,R,NH s R , R , N  + NH, 

reactant molecules. 
The gases used were He (Linde. Prepurified Grade, 

99.995% He), NH, (Matheson, Anhydrous 99.99% min 
(liquid phase)), HZ (Linde, Very Dry Grade 99.95% HJ, 
CH,NH, (Matheson, 98.0%min (liquid phase)), C,H,NH, 
(Matheson, 98.5% min (liquid phase)), (CH,), NH (Mathe- 
son, 99.0% min (liquid phase)), and (CH,),N (Matheson, 
99.0% min (liquid phase)). 

The determination of the flows of the amines required 
a separate measurement of their viscosities. The vis- 
cosities were determined relative to the well-established 
values for Hz and He. For Poiseuille flow through a 
fixed capillary from a fixed reservoir 

where rl is the viscosity, Ap is the pressure drop across the 
capillary, and p is the pressure in the reservoir. The ratio 
of viscosities of two pure gases can, therefore, be deter- 
mined directly from measurements of Ap, p ,  and the rate 
of fall of pressure, dpldr, for the flow of the two gases 

where R, and R~ may be H, CH,, or c ,H~.  through a'fixed capiilary. The viscosities measured for 
the amines at 296 f 2 K were: 112 pP for CH,NH2, The equilibrium constant measurements provide 92.9 pP for C2H,NH2, 99,8 pP for (CH,)2NH, and 

absolute values for the intrinsic (gas-phase) 96 p p  for (CH,),N. Independent measurements with gases 
acidities of the Brdnsted acids CH,NH2, of known viscosities, ci:. CO. N2, and Ar, indicated an 
C2H,NH,, (CH,),NH, and (CH,),N, the heats accuracy for this method of better than 5%. 

of formation of their bases, and the o f ~ ~ ~ ~ ~ ~ , e n t s  were carried out a t  a room Iemperature 

electron affinities of the corresponding radicals 
R,R,N. These results quantify earlier con- Data Analvsis 
clusions (based on measurements of orders of The analytical used for 
acidity) regarding the intrinsic effects of sub- mination of rate and equilibrium constants from 
stituents on the gas-phase acidity of amines (2) the raw Rowing afterglow data for reactions 
and also provide an experimental assessment of of the type 
recent molecular orbital calculations of proton 
removal energies for alkylamines (3-5). [51 A- + BH=B- kc + AH 

k ,  

Experimental 
The experiments were performed with the flowing 

afterglow technique and are of the type described 
previously (6). Reactant ions are produced in a flowing 
plasma either by electron impact or by secondary ioniza- 
tion or  ion-molecule reactions. In these experiments the 
plasma was generated with ionizing electrons having 
energies in the range 35-70 eV. The filament emission of 
the electron gun was 0.5 mA. 

The neutral reactant is introduced sufficiently down- 
stream of the ion production region to ensure that the 
reactant ions have undergone enough collisions with the 
carrier gas (helium was used in the experiments reported 
here) to become thermalized at the ambient room tempera- 

have been described in detail previously (6). 
Expressions have been derived for obtaining, 
from a fit to the decay of the A- signal, values 
for k,. when the extent of reverse reaction is 
negligible (the reaction is far removed from 
equilibrium) and fork, and k ,  when appreciable 
back reaction is taking place (the reaction 
approaches equilibrium). When equilibrium is 
actually attained the fitting procedure allows a 
determination only of unique values for the 
ratio of rate constants, viz. k,./k,. The expressions 
developed for these analyses take into account 
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the loss of A- and B- ions due to  ambipolar 
radial and axial diffusion as well a s  effects 
introduced by the neutral gas inlet and sampling 
port. Equilibrium constants are obtained from 
the ion signal ratio, (B-)/(A-), measured at  
equilibrium. Mass discrimination factors are 
deduced from the stoichiometry of reaction 5. 

In previous equilibrium studies of reactions 
of type [5] the reactant gases BH and AH were 
of high ( 3  99.9%) purity and the reactions pro- 
ceeded generally in the absence of competing 
and secondary processes. This was often not the 
case for the systems investigated here. The 
commercially available amines contained im- 
purities as large as 2% (liquid phase) and in 
several instances competing and secondary re- 
actions were encountered. Consequently we had 
to consider in our  analysis of some of the data 
the more general scheme represented by 

k," 1 AH(YH) k," 1 BH(XH) 

where XH and YH are impurities present in BH 
and AH respectively and k' and k" are the rate 
constants for competing o r  secondary reactions. 
The kinetic equations for this scheme were 
solved exactly (7); diffusion was neglected. 
Model calculations incorporating realistic values 
for the concentrations of the impurities and the 
various rate constants were performed to  indi- 
cate the effect of competing as well as secondary 
reactions on the decay of the reactant ion, 
d In [A-]/dFBH, the rise of the product ion, 
d In [B-IIdF,,, the ratio plot, d([B-]/[A-])/dF,,,, 
and the mass discrimination plot, d[A-] jd[B-1, 
all at  various flows of AH,  F,\,. A number of 
special cases were considered. The following 
observations were made for values of 
k, = 1 x lo-' cm3 molecule-' s-' , k ,  = 1 x 10-" 
cm3 molecule-' s-' (ci:. K = loo), FBH < 10'" 
molecule s-', 10'' molecule s-' < F,,, < lo2" 
molecule s-', and a reaction time of 10 ms. 
These reaction parameters and operating con- 
ditions are typical of the experiments whose 
results are reported in this paper. 

in large excess to that generated by reaction. 
The AH is usually added upstream of the 
ionizer since AH often serves as the source gas 
for A-. Reactions of A- with A H  or an impurity 
YH in AH result in a depressed initial A- 
signal and give rise to  increased curvature in 
the A- decay, a shallow maximum in the ratio 
plot and curvature in the mass discrimination 
plot whose initial slope will yield a low value 
for the mass discrimination factor. At sufficiently 
high values of FBH the A- signal approaches the 
unperturbed value and the ratio [B-]/[A-] 
asymtotically approaches the unperturbed ratio. 
At moderate flows of BH the extent of deviation 
from the unperturbed behaviour will depend 
on the relative rates of the proton transfer 
reaction of A- with BH and possible reactions 
of A- with AH and YH. 

For  the systems under study and the adopted 
experimental operating parameters, k,.[BH] 3 
100k,"[AH] and 100k,"[Y HI a t  moderate flows 
of BH. Under these conditions the apparent 
values of k,/k, (determined from the fit to the 
A- decay), K (determined from the ratio plot), 
and m (determined from the m plot) will be 
within 90% of the true values. 

(2)  Further Reactions of' B- ~vitli AH( YH) 
Competing reactions of B- with AH(YH) 

serve as sinks for B- which may prevent the 
establishment of equilibrium even at large flows 
of BH. They lead to decreased curvature in the 
A- decay, a maximum in the B- signal prior 
to the establishment of an asymptotic value, an  
asymptotic approach to the unperturbed con- 
centration ratio, [B-j/[A-], and curvature in the 
mass discrimination plot whose initial slope will 
yield a high value for the mass discrimination 
factor. The extent of the deviation from the un- 
perturbed behaviour will depend on the relative 
rates of the proton transfer reaction of B- with 
A H  and the competing reactions of B- with 
A H  and YH. For the systems under study and 
the adopted experimental operating parameters 
k,[AH] 3 k,'[AH] and k,'[YH]. Under these 
conditions the apparent value of k, /k,  is within 
lo%, of K is within I%, and of m is within 
20% of the true value. 

( 3 )  Further Reac~ions of'both A- and B- with 
( I )  Further Reacliotls of A- with AH( YH) A H (  YH) 

In studies of the equilibria for reactions of For  the special case when k," = k,' the 
type [5], A H  is added into the reaction region reactions of B- with AH(YH) and of A- with 
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M A C K A Y  ET AL. 1627 

AH(YH) act to depress the product and re- 
actant ion signals without altering the shapes 
of the various ion profiles, viz. d In [A-]/dF,,,, 
d ln [B-IldF,,, d([B-I/[A-l)ldF,,, and d[A-I/ 
d[B-1. Differences in these two rate constants 
of course lead to either case 1 or case 2. 

(4) Furtller Reactioris of'A- n:it/7 BH(XH) 
For the operating conditions and reaction 

parameters typical of the studies reported here, 
the occurrence of reactions of A- with BH 
and/or reactions of A- with impurities, XH, 
does not lead to any characteristic perturbations 
in the shapes of the decay of A-, the production 
of B-, and the variation of [B-]/[A-] with 
addition of BH(XH). The mass discrimination 
plot shows curvature at low [A-] and yields a 
value for m which is too high. The best fit to 
the A- decay and the ratio plot would lead to 
values for an apparent equilibrium constant 
approximately equal to (k, + k,')/k, and/or 
(k, + k,'[XH]/[BH])/k,. For  the studies re- 
ported here k,'< 0.1 k, and k,[BH] 3 0.02kr'[XH], 
so that the values of the apparent equilibrium 
constant should be within ca. 10% of the value 
of the true equilibrium constant. 

(5) Further Reactions of'B- with BH(XH) 
In contrast to competing reactions of A- 

with BH(XH), secondary reactions of B- with 
BH(XH) can have a marked influence on the 
shapes of the ion profiles characteristic of the 
unperturbed equilibrium. The curvature in the 
A- decay will be decreased (if krU[BH] or 
krf'[XH] > k,[AH] the decay cannot be fitted 

with the standard analysis), the B- production 
will reach a maximum at low additions of BH, 
the ratio [B-][AH]/[A-:I[BH] will not converge 
to a constant value, and the sign of the slope of 
the mass discrimination plot will change at low 
LA-]. 

(6) Further Reactions of both A- and B- with 
BH(XH) 

For the special case when k," = k,' the ratio 
[B-][AH]/[A-][BH] does converge to a con- 
stant value which provides a measure of the 
true equilibrium constant if the mass discrimina- 
tion factor is known. The sign of the slope of 
the mass discrimination plot still changes at low 
[A-1. The slope approaches the true value of m 
at high [A-1, viz. in the limit of little conversion 
of A- to B-. The curvature in the A- decay 

is still decreased and the B- production still 
reaches a maximum value at low additions of 
BH. A fit to the curvature in the A- decay will 
result in a high value for k,/k,. 

Results 
The extended analysis given above proved to 

be most valuable for predicting the operating 
conditions under which the rates of competing 
and/or secondary reactions were sufficiently 
depressed to allow an adequate determination 
of the true rate and equilibrium constants of the 
proton transfer reaction of interest with the 
application of the standard analysis. The shapes 
of the mass discrimination plots as well as, of 
course, the observed changes in the total mass 
spectrum proved to be the most sensitive 
indicators of the presence- of competing and/or 
secondary reactions. In the experiments reported 
here special care was required to avoid com- 
plications which could be introduced by the 
occurrence of clustering reactions either of the 
type 

o r  of the type 

and by the occurrence of reactions with im- 
purities in CH,NH2 and C2H,NH2. This was 
accomplished either with a judicious choice of 
the flows of AH and BH and the reaction time 
o r  with a study of the reverse direction of 
reaction. Complications introduced by cluster- 
ing reactions of the types 

and two-body secondary or competing reactions 
with BH or AH were generally not encountered. 

The rate and equilibrium constants deter- 
mined for the reactions of types [2] and [3] 
investigated in this study are summarized in 
Tables 1 and 2. Only those values are included 
for whose determination the effects of competing 
and secondary reactions were negligible, so that 
the standard analysis was applicable. Under 
less ideal conditions the extended analysis was 
employed but only to establish further con- 
fidence in the results. The results obtained for 
the individual reactions are described in detail 
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M A C K A Y  E T  AL 1629 

TABLE 2. Summary of the experimental measurements at 296 1 2 K of rate constants (in units of lo-' cm3 
molecule-I s-I) and equilibrium constants for proton transfer reactions of the type X- + YH s Y- + XH 

involving Hz, NH,, and several amines 

Reaction klarward" Nh K' Nh 

NH,- + H, -, H- + NH, 0.023+0.005 (8) 5 26 5 6 (8) 8 
NH,- + CH,NH2 s CH,NH- + NH, 2 0 . 1  2 . 4 5 0 . 4  1 1  
CH,NH- + H, s H- + CH,NH, 0 . 2 0 ~ 0 . 0 6  4 1 2 5 3  7 
NH,- + C,H5NHL s C,H,NH- + NH, 2 . 6 5 0 . 8  5 ( 1 . 3 + _ 0 . 4 ) x  lo3 I I 
H- + C,H,NH, s C,H,NH- + H, 1 . 1 k 0 . 3  4 7 7 k  14 6 
H- + (CH3),NH s (CH,),N- + H, 4 . 3 k 0 . 9  4 ( 5 . 2 f  1 . 1 ) ~  lo3 5 
NH2- + (CH3)2NH * (CH,),N- + NH, 2 3 
NH2- + (CH3),N --t ~ 0 . 0 0 1  

--- 

"Vdlues of were determined ualng e ~ t h e r  Andlysls A or  B (6) The  llmlls glven dlong u l th  the medn vdlue represent the estlmdted 
accuracy 

* N  IS the number  ol experiments 
'The value for K represents the we~gh ted  mean together w ~ t h  Its atdnddrd error  0 1  measurements ~nc lud lne  one  o r  more of ( A ,  

(A , / k . ) , , ,  a n d  K,,, ,  In one  o r  both dlrecuona ol the reactlon (6)  

below. An account of the usual sources of error 
has been given previously (6). 

In the remainder of this section the best 
estimate of a true value is taken to be the mean 
of a series of measurements. The limits given 
along with the mean value represent the best 
estimate of the precision (9). 

Figure 1 shows the variation of the dominant 

FIG. I. The variation of the major negative ion signals 
i recorded upon the addition of CH,NH2 into a flowing 

NH,-He plasma in which NH,- is initially a major ion. 
T = 297 K ,  p = 0.433 torr, I. = 8.8 x lo3 cm s-I, and 
L = 60 cm. 

negative ions observed upon the addition of 
methylamine into a flowing NH,-He plasma 
in which NH,- is initially a major negative ion. 
The behaviour shown is representative of the 
observations made in five separate experiments 
performed under similar conditions: effective 
reaction length, L = 60 cm, average flow 
velocity, r = 8.8-8.9 x lo3 cm s-', total pres- 
sure, p = 0.426-0.452 torr, and flow of NH, = 
1.19-1.27 x 1019 molecule s-I. The ions CN- 
and C1- which are usual impurity ions detected 
in the mass spectrum were also monitored but 
are not included in Fig. 1 as they were observed 
to  be insensitive to the added CH3NH,. 
Helium was used as the buffer gas in all experi- 
ments and the NH,- ion was produced via 
electron impact of ca. 40 eV on NH,. 

The decay of the NH2- signal and the ac- 
companying increase in the CH,NH- signal can 
be attributed for the most part to the occurrence 
in the reaction region of the proton transfer 
reaction 7. For the adopted experimental con- 
ditions however, a number of alternate sinks 
and sources for NH,- and CH3NH- have to 
be considered. 

Possible alternate sinks for NH2- are the dis- 
placement reaction 

[7a] N H ,  + CH,NH, 4 H- + Neutral products 

and reactions with the major impurities, c:iz. 
H20 ,  (CH,),NH, and (CH,),N, which are 
present in the CH3NH, reactant gas 

[8] NH2- + H 2 0  4 OH- + NH, 
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01 I I I 
0 0.5 LO 15 

CH3NH- I O N  SIGNAL / l o 3  

FIG. 2. A plot of the NH2- signal against the CH,NH- 
signal as a function of CH,NH2 addition for the data 
shown in Fig. 1. The curvature at low NH2- signals is 
indicative of secondary and/or competing reactions pro- 
ceeding in either direction. Curve a is representative of 
the mass discrimination plot obtained from a study of 
the reverse direction of reaction which was observed to 
be uncomplicated by secondary or competing reactions. 
Curve a is normalized to the initial NH2- signal. 

Independent experiments which are discussed 
later in this section indicated that NH2- does 
not react rapidly with (CH,),N. There was 
some evidence for the occurrence of reaction 
7 a ;  at very low flows of CH,NH, the initial H- 
signal actually increases slightly before decay- 
ing as a result of further reaction. The reactions 
with impurities are undoubtedly also occurring 
to some extent. The observed increase in the 
(CH,),N- signal may result, at least in part, 
from the occurrence of reaction 9. The slight 
increase in the OH- signal can be attributed 
to reaction 8. The ensuing decrease in the OH- 
signal results from the three-body association 
reaction 

[lo] OH- + CH3NH2 + M + OH-.CH3NH2 + M 

for which the product cluster is readily observed. 
An analysis of the observed increase in the 
OH-.CH3NH2 signal at low methylamine ad- 

ditions provided a value for k,, -. 5 x 
cm6 molecule-2 s-' . 

A number of reactions appear to be depleting 
the CH3NH- produced from reaction 7 .  Several 
secondary reactions with CH3NH, are allowed 
on the basis of thermodynamic considerations 

[I la]  CH3NH- + CH3NH2 + NH2- + (CH3)2NH 

[ I  lcl + H- + Neutral products 

One or more of these reactions may be respon- 
sible for the observed decrease in the CH3NH- 
signal at large methylamine additions. CH,NH- 
may also be depleted to some extent by proton 
transfer reactions with the H 2 0  and (CH,),NH 
impurities in CH,NH,. Finally, a fraction of 
the CH3NH- ions appear to be clustered with 
1VH3 (which is a fixed quantity in each experi- 
ment) as a result of the three-body association 
reaction 

An increase in the NH, flow was observed to 
result in an increase in the CH,NH-.NH, 
production. 

Reaction I l a  represents a possible source of 
NH,- other than reaction ' -7 ' .  The proton 
transfer reaction 

which accounts for the bulk of the H- decay, 
represents an alternate source of CH,NHP. 
The H- is also depleted to some extent as a 
result of fast proton transfer reactions with the 
H 2 0  and (CH,),NH impurities in methylamine. 

The cluster ion NH2-.NH,, present in only 
small amounts in these experiments, appears not 
to react rapidly with CH,NH2. The initial 
decay in the NH,-.NH, signal can be attributed 
entirely to the depletion in the reaction region 
of the precursor ion NH2-. 

The observations shown in Fig. 1 and the 
considerations of the foregoing section indicate 
that the ion chemistry proceeding in the reaction 
region under the adopted experimental con- 
ditions is fairly complex. The mass discrimina- 
tion plot shown in Fig. 2 provides further 
evidence of this complex behaviour. Such a plot 
should be linear with a slope of -m if the proton 
transfer reaction 7 is the only reaction occurring, 
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M A C K A Y  ET A L  1631 

I I secondary and/or competing reactions are not 
NH; +C&Nff2 = CH, NH-+ NH3 excessive. In order to obtain a measure of the 
N% FLOW =L 2 x /019 mo/ecU/e S-1 extent of secondary and competing reactions 

u=2.2 the extended analysis was applied to a fit of the 
NH2- decay, the concomitant rise in the 
CH,NH- signal, and the mass discrimination 
plot. The extended analysis incorporated the 
reactions 

[14] NH,- + CH,NH, (impurity) - Products 

[I51 CH3NH- + CH3NH, (impurity) - Products 

L . . ' I  I 

Oo 
1 

a5 LO 
CHJ N& FLOW //mo/ecu/e s-I  /0191 

FIG. 3 The observed varlatlon In the ratlo of the 
product to the reactant (on s~gnal  corrected for mass d ~ s -  
crlmlnatlon, [CH3NH-]/[N132-], w ~ t h  addi t~on  ofCH3NHz 
at h ~ g h  back reactant NH, flows T = 297 K, p = 0.433 
torr, I. = 8.8 x lo-' cm s-', and L = 60 crn The mass 
d l sc r~mlna t~on  factor ( I H  = 1 5 )  was deterrn~ned from a 
study of the reactlon In the reverse d ~ r e c t ~ o n  

and will become non-linear in the presence of 
secondary and/or competing reactions. The 
shape of the m plot shown is consistent with the 
occurrence of ~ competing reactions between 
NH,- and CH,NH, (or impurity) and secondary 
reactions between CH,NH- and CH,NH2 (or 
impurity), cases 4 and 5 in the extended analysis, 
respectively. The curvature in the n? plot of 
course prevents a direct determination of an 
accurate value for the mass discrimination 
factor (the initial slope provides only an upper 
limit). It was, therefore, decided to adopt the 
value of m = 1.5 + 0.1 determined from a-study 

I 

of reaction 7 in the reverse direction under 
similar sampling conditions. Included in Fig. 2 
is a normalized mass discrimination plot ob- 
tained from a study of the reaction '-7' which 
was found to be uncomplicated by secondary 
and/or competing reactions. 

Figure 3 shows the variation of the ratio of 
the product ion to reactant ion concentrations, 
[CH,NH-]/[NH,-1, as a function of the neutral 
reactant CH,NH2 flow for the data given in 
Fig. 1. This behaviour is representative of the 
observations made in all five ex~eriments.  Not- 
withstanding thecomplexity oftceion chemistry, 
the linearity of these ratio plots suggests that 
equilibrium is readily established, even for the 
lowest measurable additions of methylamine. 

! The five measurements provided a value of 
K = 2.25 rt_ 0.13 which should equal the value 

I of the true equilibrium constant if the rates of 

Reactions 14 and 15 represent any or all of the 
possible competing and secondary reactions 
described above with methylamine and the 
impurities therein. The standard analysis which 
ignores reactions 14 and 15 allowed a fit to the 
NHI- decay only at low flows of CH,NH,. 
However, the extended analysis allowed a fit to 
the variation of both the NH,- and CH,NH- 
ions (and therefore the mass discrimination plot) 
over the entire range of CH,NH2 flows using 
the values k,/k-, = 2.2, m = 1.4, k, = 15k,, 
and k-, = IOk,,. Consequently, it appears that 
the rates of the competing and/or secondary 
reactions are not excessive and that the adopted 
value of m is in fact reasonable so that the value 
of K determined from the ratio plots should be 
very nearly equal to (within 10% of) the true 
value. 
[-71 CH3NH- + NH, NH,- + CH3NH2 

Reaction '-7' was investigated in order to 
minimize the complications due to competing 
and secondary reactions encountered in the 
study of reaction 7 and so to establish further 
confidence in the value for the equilibrium 
constant. The purity of the NH, is considerably 
better than that of CH,NH2 so that reactions 
with impurities present in the forward reactant 
will be reduced, while reactions with impurities 
in the methylamine, which is of constant con- 
centration in the reaction region. will be un- u 

important so long as the rates of depletion of 
NH2- and CH,NH- are similar (case 3 in the 
extended analysis). This then leaves only com- 
plications due to any competing and secondary 
reactions with NH, and CH,NH, as potential 
sources of error. Figure 4 shows the variation 
of the dominant negative ion signals recorded 
upon the addition of NH, into a CH3NH2-He 
plasma in which CH,NH- is initially a major 
negative ion. This behaviour is representative 
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1632 C A N .  J .  CHEM. V O L .  54. I'J76 

FIG. 4. The variation of the major negative ion signals 
recorded upon the addition of NH, into a flowing 
CH,NH,-He plasma in which CH,NH- is initially a 
dominant negative ion. The curve drawn through the 
observed CH,NH- decay represents a computed fit which 
yields a value for the ratio of rate constants, k , / k , ,  for the 
proton transfer reaction CH,NH- + NH, s NH,- + 
CH,NH,. The ion observed at ni/e 44 is presumed to 
arise from the (CH,),NH impurity in CH,NH,. T = 298 K,  
p = 0.295 torr, c = 9.3 x lo3 cm s-', and L = 59 cm. 

of the observations made in three separate 
experiments which were performed over the 
following range of reaction conditions: L = 59 
cm, p = 0.287-0.296 iorr, c = 9.3-9.4 x 10" 
cm s-', and CH3NH2 flow = 6.5 x loL7-2.13 x 
101%olecule s-l. The usual impurity ions 
OH-, CN-, and CI- were also monitored bur 
are not included in Fig. 4 as they were observed 
not to react rapidly with ammonia. The curva- 
ture in the decline of the reactant ion CH,N H- 
and the increase in the NH2- signal can be 
attributed to the occurrence of the proton 
transfer reaction '-7'. The observation that 
the C,H,N- ion (mle 44) is insensitive to the 
addition of NH, is strongly suggestive that 
reaction I lc, while thermodynamically allowed, 
is nevertheless not a significant process at 
thermal energies. If this reaction were an ini- 
portant source of (CH,),N- then the loss of its 
precursor ion CH,NH- would result in a 

corresponding decrease in the signal at m/e 44. 
Most likely the ion at m/r  44 observed in both 
the forward and reverse studies is (CH,),N- 
arising from the dimethylamine impurity in the 
methylamine. Since NHz- and CH,NH- prob- 
ably react with (CH,),NH with very similar 
rate constants the (CH,),NF signal does not 
vary as reaction ' - 7' proceeds. 

The H i o n  present in the CH,N Hz-He plasma 
is in part a precursor of CH,NH- in the re- 
action region according to reaction ' -  13' 
which has a measured rate constant of (1.6 f 
0.5) x lo-" cm3 molecule-I s-I. Also, Bohine 
el al. (8) have established that H- reacts with 
NH, according to 

which has a measured rate constant of (9.0 f 
1.8) x lo-', cm3 molecule-' s-l. The decay of 
the H in Fig. 4 can therefore be attributed to re- 
action ' -  16' and, to a lesser extent, to the reac- 
tion of H- with H 2 0  impurity in ammonia. 
Because of reaction ' - 13' the depletion of H- by 
NH, contributes indirectly to the loss of CH,- 
NH- in the reaction region. The decay of CH,- 
NH- will of course also be influenced by any 
three-body contribution to the reaction of CH,- 
NH- with NH,, uiz. 12. However, both these 
contributions to the CH,NH- decay were never 
sufficient to noticeably influence the ratio of rate 
constants obtained from the fit to the CH,NH- 
decay or the equilibrium constant obtained from 
the equilibrium ion and neutral concentrations 
present at the adopted experimental conditions. 
In all three experiments equilibrium was ap- 
parently attained for reaction '-7', already at 
the smallest additions of ammonia. This is 
demonstrated by the linearity at the lowest flows 
of NH, in the ratio plot shown in Fig. 5. 
Furthermore, the mass discrimination plots were 
observed to be linear over a large range of 
NH, flows. The slopes of these plots were 
independent of the CH3NH2 addition and 
provided an average value form = 0.67 f 0.04. 
These results also provide a good indication 
that any further reactions of NH2-and CH,NH- 
with CH,NH2 (or impurity) and NH, (or im- 
purity) do not sufficiently perturb the equilibrium 
under investigation to prevent the applicability 
of our standard equilibrium analysis. The three 
ratio plots yielded a mean value for K-, of 
0.41 rt 0.04. Fitting of the CH,NH- decay 
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MACKAY ET AL.  1633 

FIG. 5. The observed variation of the ion concentra- 
tion ratio [NH,-]/[CH,NH-1, with NH, addition. The ion 
signal ratio was corrected for mass discrimination. The 
linearity of this plot indicates the attainment of equilib- 
rium at all measured NH, flows. T = 297 K, p = 0.287 
torr, 6 = 9.3 x lo3 cm s-', L = 59 cm, and m = 0.65. 

provided a unique value only for the ratio of 
rate constants (k-,/k,),. The mean value for 
(k-,/k,), obtained from the three experiments 
was 0.41 + 0.03. Fig. 4 includes a fit to the 
CH3NH- decay. 

The initial slope in the decay of CH3NH- 
provides a lower limit for k-, of -4  x lo-' '  
cm3 molecule-I s-'. This result together with 
the observation that k-,/k, = 0.41 provides a 
lower limit fork, of - 1 x 10-'0cm3 molecule-' 
s-I . 

The addition of H, to a CH3NH2-He plasma 
in which CH3NH- is initially a dominant ion 
resulted in the ion variation shown in Fig. 6. 
The entire decay of the CH,NH- signal was 
attributed to the proton-transfer reaction as 
there was no evidence for other reaction channels. 
Several alternative (thermodynamically allowed) 
reaction routes can be envisaged which result 
in the interconversion of CH3NH- and H-, ci:. 

FIG. 6. A determination of the rate constants for the 
reaction of CH,NH- with H, from the best fit to the 
observed decay of CH,NH- upon addition of Hz  into a 
He-CH,NH2 plasma. T = 297 K , p  = 0.345 torr, 6 = 8.3 x 
lo3 cm s-', and L = 60 cm. 

I CHJ N+ FLOW = 6 6 ~ 1 0 ~ 9  molecule r 

b 4 -  
K I I /  

FIG. 7. The observed variation of [H-]/[CH,NH-] 
with H, flow showing the approach to and attainment of 
equilibrium for the reaction CH,NH- + H, F? H- + 
CH,NH,. The best straight line through the data points 
at high H, flows yields a value for K of 11. T = 297 K, 
p = 0.345 torr, 1, = 8.3 x lo3 cm s-', L = 60 cm, and 
tn = 1.4. 

N H,- Four separate experiments were performed 
However there was no evidence for the rapid over a range of flows of CH3NH2 from 3.84 x 
occurrence of these alternate routes; no NH,- 1017 - 6.6 x 1018 molecule s-', a range of fi 
was observed at low flows of H, and CH3NH2. from 8.3-9.1 x lo3 cms-', and reaction lengths, 
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NHJ FLOW = 5 . 2 x / 0 / 8  molecule s-I 

- 

NzH5- - 
a -- 

0 I 2 3 4 5 

CzH5NH2 FLOW / lmolecule s - l x 1 0 1 ~ )  

FIG. 8. The variation of the major negative ion signals 
recorded upon the addition of C,H5NH2 into a N H , H e  
plasma in which N H ,  is initially dominant. The solid 
line drawn through the observed NH,- decay represents 
the best fit which provides the values indicated for the 
rate constants of the reaction NH2- + C,H,NH, F? 

C,H,NH- + NH, .T  = 295K,p  = 0.398torr,c = 8.2 x 
10, cm s-', and L = 85 cm. 

L = 60 and 84 cm. The total gas pressure, 11. 
had values from 0.287-0.354 torr. Fitting of 
the four decays of CH,NH- using analysis B 
(6) resulted in unique values for both k, ,  = 
(2.0 + 0.2) x 10" cm3 molecule-' s-I and 
k-,, = (1.6 + 0.3) x lo-'' cni3 molecule-' s-I 
and a mean value for (k13/k~,,) , ,  = 13 + 2. 
In three of the four experiments equilibrium 
was established at high flows of H2. Fig.' 7 
shows the ratio plot for one of these three 
experiments. The linear regions in all three 
ratio plots could be fitted with a value for 
K13 = 11.0. 

[18] N H 2  + C,H5NH2 P C,H,NH- + NH, 

Figure 8 shows the variation of the dominant 
negative ion signals upon addition of CzH,NH2 
into a NH3-He plasma in which NH2- is 
initially a major negative ion. Along with the 
usual unreactive impurity ions, ion signals were 
monitored at tnle 1, 16, 31, 33, and 44 which 

were identified as H-, NH2-, N2H,-, N2H5-, 
and C2H,NH- respectively. 

H- initially present in the NH3-He plasma 
reacts with C2HSNH, according to 

[I91 H- + C,H5NH2 + C,H5NH- + Hz 

The C2H,NH- produced in this reaction con- 
tributes about 10% to the total C,H,NH- 
signal. The observed increases in the N2H5- 
and N2H3- signals can be ascribed either to 
additional channels for the forward reaction, 
1'1:. 

or to additional channels for the reverse reaction, 
C I Z .  

This latter possibility was however ruled out on 
the basis of the observed independence of the 
C2HjNH-/N2H,- and C2H,NH-/N,H3- ion 
signal ratios on the flow of NH,. Finally the 
slight increase in the OH-signal with C2H,NH2 
addition can be attributed to the reactions of 
H-, NH2-, and C2H,NH- with HzO impurity 
in C2H,NHz (lo). 

Five separate experiments were performed 
over a range of flows of N H, from 1.4-7.6 x 1 018 
molecule s-' a t  total gas pressures, p, in the 
range 0.334-0.445 torr and effective reaction 
lengths, L, of 60 and 85 cm. The gas velocity, F, 
had values in the range 8.1-8.6 x lo3 cm s-I. 
The standard equilibrium analysis adequately 
reproduced the behaviour of the NH2- and 
C2H,NH- ion signals under these operating 
conditions. The mass discrimination factor, the 
ratio of rate constants, and the equilibrium 
constant were observed to be independent of 
the flow of NH, and C2H,NH2. Apparently 
the rates of the competing and secondary 
reactions were low enough to leave the equilib- 
rium undisturbed. The application of the stan- 
dard fitting procedure to the five decays of N Hz- 
yielded unique values for k,, = (1.6 f 0.1) x 
lo-' cm3 molecule-' s-I, k - , ,  = (1.1 + 0.5) x 
10-l2 cm3 niolecule-' s-I and (k,,/k-,,),, = 
(1.3 + 0.3) x lo3. The fit to the decay of NH2- 
in one of these experiments is shown in Fig. 8. 
In four of these experiments and two additional 
experiments performed at higher flows of NH, 
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NH3 FLOW 1 5.2r10~8molecule s-I 

> 7.5- 
~ : l . ~ r / 0 3  

2 < 

- 

FIG. 9. The observed variation in the ion concentration 
ratio [C2H,NH-]/[NHz-] as a function of C,H,NH2 
addition showing the approach to and attainment of 
equilibrium for the reaction NH,- + CzH,NH2 2 

C2H,NH- + NH3. The best straight line through the 
points at high C2H,NH2 flows yields a value of K = I .2 x 
lo3. T  = 295 K, p = 0.398 torr, L: = 8.2 x 10" cm s- ' ,  
L = 85 cm, and In = l .2. 

(1.9 and 4.4 x 10"' molecule s-I) equilibrium 
was achieved at high flows of C2H,NH2 as 
illustrated in Fig. 9. The slopes of the linear 
portions in the ratio plots yielded a value for 
K , ,  = (1.3 5 0.3) x lo3 which is in good agree- 
ment with the ratio of rate constants determined 
with the fitting procedure. 

The observed decay of the H- signal and the 
accompanying rise in the C2H,NH- signal with 
addition of C,H5NH2 into a NH3-H,-He 
plasma is shown in Fig. 10. The H- is produced 
by electron impact on NH,. Sufficient Hz, 
which acts as the back reactant in this e x ~ e r i -  
ment, was added downstream of the ionizer 
to remove NH2- prior to the reaction region 
via reaction 16 which also ~ r o v i d e s  an additional 
source of H-. The additi'on of small amounts 
of CzHjNHz into the reaction region gave rise 
to  sampling effects reminiscent of our  experiences 
with NH, (8) and also CH,NH,. The sampling 
effects which are evidenced by the sharp initial 
increase in the C1- signal shown in Fig. 10 
discouraged an extensive study of this reaction 
in this direction. At higher additionsofC,H,N Hz 
the ion signals stabilize to reproducible values. 
The fit to the H-  decay shown in Fig. 10 gave a 
value for (k,,:k-,,), = (7 f 3) x 10 whereas 
the ratio plot shown in Fig. 1 1  yielded K,,  = 

l o  1 I I I 
0.5 1.0 

C2H5NH2 F L O W / h o / e c u / e  s - ~ x / o / ~ J  

FIG. 10. The variation of major negative ion signals 
recorded upon the addition of CzHjNHl  into a NH3- 
Hz-He plasma. The solid line drawn through the observed 
H- decay represents the fit which provides the value 
indicated for k , i k ,  of the reaction H- i CzHSNHL F! 
C,H,NH- + Hz. T =  2 9 8 K , p  = 0.316 torr ,?  = 8.4 x 
lo3 cm s-I, and L = 59 cm. The flow of NH, = 5 x 10" 
molecule s-I. 

0 I I I I I 
0.25 0.5 0.75 /.O 1.25 

CZHJ N+ F~&+'/(ma*cu/a s - l r 1 0 4  

FIG. I I .  The observed variation in [C2HjNH-]/[H-] 
as a function of C,HjNHz flow for the data shown in 
Fig. 10. The best straight line through the points yields a 
value for K = 80. rn = 0.4. 

(8 f 3) x 10. The large uncertainty in the 
value for K arises from the uncertainty intro- 
duced in the determination of the mass dis- 
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C 2 H 5 N H - +  Hz = H - + C 2 H 5 N H 2  

C2H5NH2 FLOW 2.0x10~~rno lecu le  S-I 

l o 2  I- 2 

Hz FLOW / l rnolsculs s - I  ~ 1 0 ~ ~ )  

FIG. 12. The variation of the reactant C2H,NH- and 
product H-ions upon the addition of HZ into a C,H,NH2- 
He plasma in which C,H,NH- is initially a dominant ion. 
The solid line through the C,H,NH- decay is a fit which 
provides a value for k , / k ,  of 0.013. T = 298 K, p = 0.309 
torr, c = 8.9 x 1@ cm s-', and L = 59 cm. 

crimination factor by the unfavourable sampling 
conditions. 

The rate constant for reaction 19 was deter- 
mined from the earlier studies of reaction 18. 
In these latter experiments the small amounts 
of H- present in the absence of H, were observed 
to react rapidly with C2H5NH, (see Fig. 8) 
with a rate constant k,, = (1.1 f 0.1) x lo-" 
cm3 molecule-' s-'. 

The decay of the C,H,NH- signal and the 
concomitant increase in the product H- signal 
observed upon the addition of hydrogen into 
a C2H5NH,-He plasma is shown in Fig. 12. 
The slight increase in the OH- signal with H, 
addition may be attributed to the proton 
transfer reactions of H- and C2H5NH- with 
H 2 0  both of which are rapid at 297 K (10). 
The water vapour impurity arises from two 
sources, that present in the back reactant 
C2H,NH2, and that introduced with the Hz. 
The rate constant for the reaction of H- with 

VOL. 54. 1976 

H 2 0  is almost three times as large as the rate 
constant for the reaction of C2H5NH- with H,O 
so that part of the increase in the OH- signal 
will arise from the more rapid reaction of the 
product H- with the water vapour present in 
the back reactant ethylamine. The slight de- 
crease in the H- signal at large hydrogen flows 
may be ascribed to the reaction of H- with the 
H,O present in the forward reactant hydrogen. 
Three experiments were carried out under the 
following range of conditions: L. = 8.4-8.9 cm3 
s-', p = 0.309-0.316 torr, L = 59 and 85 cm, 
and C2H5NH2 flow = 1.75-7.3 x 1017 mole- 
cule s-'. The maximum H, flow was 2.4 x loZ0 
molecule s-'. An extended analysis which in- 
cluded the further reaction of both H- and 
C2H5NH- with the quoted levels of water im- 
purity in the Hz and C,H,NH, indicated that 
the standard analysis of the C2H5NH- decay 
under these operating conditions should provide 
values for the rate constants within 10% of the 
true values for flows of C2H5NH2 below - 3 x I O l 7  molecule s-'. Figure 12 shows a 
fit to the C2H5NH- decay as determined with 
the standard analysis. This fit provided a value 
for k-,,/k,, = 0.013. The extended analysis 
also indicated that the occurrence of the 
reactions of H- and C2H5NH- with the H,O 
impurities in H, and C,H,NH, would not 
noticeably influence the determination of the 
equilibrium constant from the equilibrium 
concentrations present under the chosen operat- 
ing conditions and that the true value of the 
mass discrimination factor could be obtained 
from the data taken at  low flows of hydrogen. 
The ratio plot of the data shown in Fig. 12 is 
displayed in Fig. 13. It provided a value for 
K-,, = 0.010. In all three experiments equilib- 
rium was established already at  the lowest 
flows of H, used. The three ratio plots provided 
a mean value for K = 0.01 2 + 0.004. 

Figure 14 shows the variation in the major 
negative ion signals upon the addition of 
dimethylamine into a NH3-H,-He plasma in 
which H- is initially a major negative ion. Of 
the ions monitored in the range m/e 1-50, only 
the ions with m/e 1 (H-)  and m/e 44 ((CH3),N7) 
responded significantly to the addition of di- 
methylamine. Figure 14 also includes the be- 
haviour of the tn/e 46 (NO,-) signal which 
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M A C K A Y  ET A L .  1637 

H -+ a/, NH = 1CH3/, N - t Hz 

Hz FLOW s2D x/&o/ecu/e s-I 

K -61103 

FIG, 13, ~h~ of the ratio of the product to FIG. 15. The variation of the ratio of the product to 
reactant ion concentrations, [H-],[C2H,NH], with HZ reactant ion concentrations, l(CH,),N-J/lH-I- with 
addition for the data shown in Fig. 12. t ~ i  = 2.4. (CH,),NH addition for the data shown in Fig. 14. 

nl = 3.8. 

H - + ( C H ,  j, NH = (C4 j, N-+ Hz 
Hz FLOW - 2.0 x / O m o / e c u / e  s-1 

/CH3b NH FLOW /(mo/ecu/e s-1 101 71 

FIG. 14. The determination of the ratio of rate con- 
stants for the reaction H- + (CH,),NH * (CH,),N- + Hz 
from the best fit to the observed decay of H- upon the 
addition of (CH,),NH into a NH,-H,-He plasma at  
high fixed H, flow. T = 296 K , p  = 0.457 torr. F = 8.7 x 
103cms-',and L = 85cm.Thef lowofNH,  = 3.5 x 10'' 
molecule s-'. 

1.98 x 10"' molecule s-') and (CH3)2NH flows 
(0-7.0 x 10" molecule s-') sufficiently large 
to allow the determination of unique values for 
kz, and k-,, from a fit to the H- decay and K,, 
from equilibrium concentrations using the stan- 
dard analysis. The pressure had values in the 
range 0.372-0.457 torr, I. had values in the 
range 8.2-8.7 x lo3 cm sC1 and L had values 
of 60 and 85 cm. In two experiments the 
hydrogen flow was sufficiently low to  permit the 
determination of unique values for k,, = 

(4.30 t 0.4) x lo-" cm3 molecule-' s-I and 
k-Z, = (8.7 f 1.2) x 10-l3 cm" molecule-' s-' 
from fits to the H- decay. The third experiment, 
the data for which is shown in Fig. 14, provided 
only a unique value for the ratio of rate con- 
stants k,,/k-,, = 4.8 x lo3. One additional 
experiment was carried out in which hydrogen 
back reactant was not added. A fit to the expo- 
nential decay of the H- signal provided a value 
for the forward rate constant k2, = 4.2 x lo-" 
cm3 molecule-' s-'. In two of the experiments 
equilibrium was established. One of the ratio 
plots is shown in Fig. 15. The linear portions 
of the two ratio plots provided a mean value 
for K,, of (5.4 -t 1.1) x lo3. Due to the large 
value of the equilibrium constant no attempt 
was made to investigate reaction 20 in the 
reverse direction. 

typifies the usual behaviour of an unreactive [21] NH2- + i C H 3 ) 2 N H  F? iCH,) ,N- + NH3 

impurity ion. One experiment was performed to investigate 
Three separate experiments were performed the proton transfer reaction 21 in a flowing 

over a range of hydrogen flows (1.10 x 10"-- NH3-He plasma. Due to the large value of the 
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TABLE 3. Changes in the standard free energy, standard entropy, and standard enthalpy at 298 K for proton 
transfer reactions of the type X- + YH F? XH + Y- involving Hz, NH,, and several amines 
-- --- 

Reaction -AGo2,,/(kcal mol-') AS029n/(eu) -AHo2,,/(kcal rnol-') 
--- 

NH2- + H2 F? H- + NH3 1 . 9 k 0 . 2  (8) - 4 . 3 0 0 . 5  (8) 3 . 2 k 0 . 4  (8) 
NH2- + CH,NH2 2 CH,NH- + NH, 0.51 +O. 10 + 0 . 4 + 1 . 6  0 . 4 k 0 . 6  
CH3NH- + Hz F? H- + CH3NH2 1 . 5 + 0 . 2  - 4 . 5 k  1 . O  2 . 8 k 0 . 5  
NH2- + C2H,NH2 P C2H,NH- + NH, 4 . 2 k 0 . 2  + 0 . 8 +  1 .6  4 . 0 k 0 . 7  
H- + C2H5NH2 P CZHsNH- + Hz 2 . 6 k 0 . 2  + 5 . 1 + 1 . 0  1 . 1 k 0 . 5  
H- + (CH3),NH P (CH,),N- + Hz 5 . 0 + 0 . 1  + 3 . 5 + 1 . 0  4 . 0 i 0 . 4  

equilibrium constant, - lo', and unstable 
sampling conditions at  the required flows of 
ammonia and dimethylamine, reaction 21 was 
not studied under equilibrium conditions. From 
the decay of the N H,-ion at moderate (CH3),N H 
flows i t  was possible from this one experiment 
to determine a value for k,, - 3 x lo-" cm3 
molecule-' sf'. The conditions under which 
this experiment was carried out were: p = 0.367 
torr, t. = 8.6 x lo3 cm s-', L = 60 cm, and 
NH, flow = 2.9 x 10'' molecule s-I. 

[22] NH2- + (CH,),N P (CH,j2NCH2- + NH, 

An investigation of reaction 22 was carried 
out again in a NH3-He plasma in order to 
assess whether any of the methyl protons were 
acidic enough to be abstracted by NH,-. For 
large additions of trimethylamine ( - 1 x 10'" 
molecule s-') the NH2- ion was observed to 
decline slowly with an accompanying increase 
in the ion signals at  m/e 31, 34, and 44 which 
were identified as CH3NH-, OH-.NH,,  and 
(CH3),N- respectively. A careful search was 
made for the ion (CH3)2NCH2- (mle 58), 
which would be the product of reaction 22, for 
the conditions: p = 0.336 torr, C = 8.1 x I@ 
cm s-', L = 59 cm, NH, flow = 1.7 x 10" 
molecule s-', and (CH3),N flows up to 1 x 10'" 
molecule s-'. The failure to observe (CH,),; 
NCH2- over this range of flows suggests an 
upper limit to the rate constant for reaction 22 
of 1 x 10-'' cm3 molecule-' s-I. The majority 
of the observed decay of the NH2- signal could 
therefore be attributed to proton transfer re- 
actions with the impurities H 2 0 ,  CH3NH,, and 
(CH,),NH present in the (CH3),N. All of these 
reactions are rapid, and the rate constant for 
the depletion of NH,- determined from the 
slope of the NH2- decay, k = 3.8 x lo-" cm3 
molecule-' s-I, was consistent with the total 

rate constant expected from the quoted impurity 
level of - 1%. However, a part of the increase 
in the m/e 44 signal could have been due to the 
displacement reaction 

and/or the reaction 

Discussion 
Table 1 indicates the agreement between the 

measured ratios of rate constants determined 
from fits to the primary ion decays (and inde- 
pendent of mass discrimination) and the mea- 
sured equilibrium ion concentrations (corrected 
for mass discrimination) together with their 
observed independence on the direction of 
approach to equilibrium. These results, together 
with the observed constancy of the measured 
ratios of rate constants and equilibrium con- 
stants over the range of reaction times and 
neutral concentrations adopted in these experi- 
ments, provide confidence that these measured 
values represent true equilibrium constants 
(6, 11). Further confidence is provided by the 
internal consistency between single-step and 
multi-step measurements. The equilibrium con- 
stant of 26 k 6 determined directly from a 
study of the NH,/H, system (8) compares 
favourably with the equilibrium constants of 
29 $ 12 and 17 k 8 determined indirectly from 
a study of the NH3/CH3NH, and CH3NH2/H2 
systems and the NH,/C,H,NH, and C,H,NH2/ 
Hz systems, respectively. The measured equilib- 
rium constants summarized in Table 2 should 
therefore provide values for changes in the 
standard Gibbs free energy, AGO2,,, according 
to the relation 
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M A C K A Y  E l  A L  

TABLE 4. Absolute intrinsic acidities of amines at 298 K 
-- -- -- 

RH P R + H' AGo2,,/(kcal mol-') 

H2 * H- + H+ 3 9 4 . 2 k 0 . 5  (12) 
NH, s N H ,  + H+ 3 9 6 . 1 1 0 . 7 ( 8 )  
CH,NHZ P CH,NH- + Hi 3 9 5 . 7 k 0 . 7  
C2HSNH, P C , H , N H  + H+ 3 9 1 . 7 + 0 . 7  
(CH3),NH * (CH,),N- + H+ 3 8 9 . 2 k 0 . 6  
(CH,),N 2 (CH3),NCH2- + H+ >396 

The thermodynamics of the proton transfer 
reactions may be specified further by estimating 
the standard entropy changes, ASo2,,, from 
the known or  estimated entropies of the indi- 
vidual species (12) and then calculating the 
standard enthalpy changes, AHo2'18, according 
to the relation 

[241 AH", = AGO, + T A S O ~  

The results of these calculations are sum- 
marized in Table 3. The entropies of the amide 
ions CH,NH-, C,H,NH-, and (CH,),N- were 
assumed to be equal to the entropies (1 3) of the 
isoelectronic species CH,OH, C,H,OH, and 
(CH,),O respectively. 

AGO,,, for reactions of types [2] and [3] is a 
measure of the difference in the intrinsic acidity 
of the pairs of Br$nsted acids H2 and R, R,NH 
and NH, and R ,  R,NH, respectively. Absolute 
values for the intrinsic acidities of the amines, 
R,R,NH, can therefore be derived from the 
values of AGO,,, in Table 3 when reference is 
made to the well-established intrinsic acidity of 
Hz. The relative acidity of H, and NH, has 
been measured previously (8). The resulting 
acidities are summarized in Table 4 and the 
scale of acidities shown in Fig. 16. The order 
of acidity, ci:. dimethylamine > ethylamine > 
methylamine > ammonia is consistent with 
that first determined by Brauman and Blair (2) 
with their ion cyclotron resonance and pulsed 
double-resonance spectroscopy techniques. 
However, the absolute magnitudes of the 
differences in acidity show an unexpected pat- 
tern. The acidity increase from NH, to CH,NH, 
is only 0.4 kcal mol-' while the corresponding 
increase from CH,NH, to (CH,),NH is 6.5 
kcal mol-'. Furthermore there is a rather large 
increase of 4.0 kcal mol-' from CH,NH2 to 
C2H5NH2.  

The observed order of increasing acidity of 
the amines with increasing alkyl substitution 

FIG. 16. Scale of intrinsic acidities. The measured 
relative acidities of pairs of Brdnsted acids are repre- 
sented by the brackets shown on the right hand side. 
The scale is set by the well established value of the acidity 
of H,. The shaded rectangles indicate the experimental 
uncertainty in acidity relative to the acidity of Hz. The 
uncertainty in the absolute acidity is indicated for H, and 
H 2 0  which is included for comparison. 

has been rationalized bv Brauman and Blair 
(2) in terms of a model in which the charge 
localized on the N atom of the conjugate base 
is stabilized by the alkyl group acting as a 
polarizable medium. Such a model has also been 
invoked to explain the acidity orders observed 
for aliphatic alcohols (14) and monosubstituted 
carboxylic acids (IS), acetylenes (16), and 
phenols (17). However, a 'first member anomaly' 
is observed in the latter groups of acids (except 
o-substituted phenols) in the sense that formic 
acid, acetylene, and phenol have acidities which 
are unexpectedly large relative to the acidities 
of the other members of their homologous 
series. For the acidities of the amines reported in 
this study the small difference in acidity between 
NH, and CH,NH, compared to the larger 
differences between CH,NH, and (CH,),NH 
as well as between CH,NH, and C,H5NH2 
may also reflect a similar anomaly in that the 
acidity of NH, can be regarded to be un- 
expectedly large. The first member anomaly has 
been explained qualitatively in the case of the 
acetylenes and carboxylic acids in terms of a 
superimposition in the conjugate base of intrinsic 
permanent dipole and intramolecular induced 
dipole effects which act to localize and de- 
localize respectively the charge on the site in the 
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TABLE 5. A comparison of experimental and calculated proton affinities (in kcal mol-I) ofanions 

Calculatedb 
-- 

R- Measured" Hopkinson et a/. (5) Radom (4) Hehre and Pople (3) 

"PA = AHo,,, for the reaction R H  * R -  + H * .  
hPA = AE. 
'AE corrected for zero point vibration. 

TABLE 6. Standard heats of formation of amide ions, the electron affinities of the corresponding 
radicals, and pertinent thermochemical information in kcal mol-'. Values determined in this study are 

underlined 

RH AH0,.,98(RH) AH0,,298(R) AH0f,2w(R-) EA(R) 

- 

"Calculated from Do,,,(C,H,N H-H) 2 D0,,,(CH,NH-H) = 101 

anion from which the proton was removed. It is 
questionable whether a similar explanation is 
also appropriate in the case of the amines. 
Further measurements of acidities of other 
homologous series should provide a more con>- 
plete and quantitative appreciation of all the 
factors which influence gas-phase acidity. The 
only quantitative assessment which is possible 
at this time is provided by quantum mechanical 
calculations of proton removal energies. 

A number ofquantum mechanical calculations 
of proton removal energies have recently been 
attempted for amines. Table 5 includes the 
results of ab itiitio molecular orbital studies 
reported by Hopkinson er a/. (5), Radon1 . (4). 
and Hehre and Pople (3). Although the calcula- 
tions differ appreciably in quality according to 
the choice of the basis sets, they all correctly 
reproduce the observed order of proton affinity 
of the amide ions in the gas phase. However, 
the calculated absolute energies for proton 
removal are consistently higher than the experi- 
mental values by as much as -35%. Better 
agreement (within - 10%) is obtained with the 
more extensive basis sets. Differences in intrinsic 
acidities also appear to be reproduced more 
accurately with the extensive sets. For example, 
the measured proton affinity difference of 

+ ? kcal mol-' (2) .  

3.8 + 2.0 kcal mol-' for PA(CH,NH-)- 
PA(C2HsNH-) compares more favourably (in 
fact remarkably well) with the value of 3.5 
kcal mol-' obtained by Radom (4) with the 
extended 4-31G set than the value of 1.3 kcal 
mol-I obtained with the minimal STO-3G set. 

The experimentally determined values of 
AH0,,, given in Table 3 for reactions of types 
[2] and [3] provide a measure of AH0,,,,, 
(R ,  R,N-), EA(R, R2N), and PA(R, R2N-) ac- 
cording to the relations 

where R = H o r  NH2. The heats of formation 
of the amide ions and the electron affinities 
obtained in this manner are given in Table 6 
and the proton affinities of the amide ions are 
summarized in Table 5. The trend in electron 
affinity with alkyl substitution of the amino 
radical also supports the notion that polarizable 
alkyl groups disperse negative charge from a 
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charged centre and that larger alkyl groups do must await measurements of the temperature 
so more effectively (2, 4). dependence of the rate constants and detailed 

Recent room temperature measurements of calculations of reaction surfaces. 
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Gas-phase reactions of anions with halogenated methanes at 297 + 2 K 
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K. TANAKA, G. I. MACKAY, J. D. PAYZANT, and D. K. BOHME. Can. J.  Chem. 54, 1643 (1976). 
The rate constants for a number of exothermic displacement (S,,2) reactions of the type 

X- + CH3Y - Y + CH3X where X- = H-,  0 - ,  C- ,  F-, S-, CI-, OH- ,  C,-, C N - ,  SH-, 
S,-, C,H-,  NHz-.  NO,-, C H F - ,  CH,CI-, C H , B r ,  C H 3 0 - ,  CH,S-. and C H , N H  and 
Y = F, CI, and Br, have been measured in the gas phase at 297 f 2 K using the flowing after- 
glow technique. These gas-phase measurements provided an opportunity to determine the 
intrinsic nucleophilic reactivity of 'nude' anions and hence to assess the role of solvation in 
the kinetics of S,,2 reactions proceeding in solution. Comparisons of the experimental rate 
constants with rate constants calculated using classical theories of capture indicate that several 
displacement reactions may possess large inrrin.sic energies of activation, E, >> 2 kcal mol-I. 
Correlations were found between apparent activation energies and the heats of reaction. 
These correlations provided a convenient classification of the various anion nucleophiles. 
Displacement was observed to compete with proton transfer in reactions involving nucleophiles 
of high intrinsic basicity and with hydrogen atom transfer and Hz' transfer in the reactions 
of the 0- radical anion. 

~~ ~ - 

K. TANAKA, G. I. MACKAY, J. D. PAYZANT et D. K. BOHME. Can. J .  Chem. 54, 1643 (1976). 
Utilisant la technique de la lueur d'ecoulement on a mesure. en phase gaseuse, a 297 + 2 K, 

les constantes de vitesse d'un certain nombre de reactions de deplacements exothermiques (S,,Z) 
du type X- + CH3Y - Y- + CH3X ou X- = H - ,  0- ,  C-,  F- ,  S-, CI-, OH-,  C2-,  CN- ,  SH-,  
S2-, C2H- ,  NH2-,  NOz-,  C H F - ,  CH,CI-, CH,Br-, CH,O-, CH3S- et CH3NH- et Y = F, 
CI et Br. Ces mesures en phase gaseuse fournissent une occasion de determiner la reactivite 
nucleophile intrinseque d'anions 'nus' et ainsi de determiner le r61e de la solvatation dans la 
cinetique des reactions L 2  se produisant en solution. Une comparaison des constantes de 
vitesse experimentales avec les vitesses de reaction calculees en utilisant les theories classiques 
de capture indiquent que plusieurs reactions de deplacement peuvent posseder de grandes 
energies intrinseques d'activation, E, >> 2 kcal mol-l. On a trouve des correlations entre les 
energies d'activation apparentes et les chaleurs de reaction. Ces correlations fournissent une 
classification commode des divers anions nucleophiles. On a observe que le deplacement est 
en competition avec le transfert de protons dans la reaction impliquant des nucleophiles de 
basicites intrinseques elevkes et avec le transfert d'atome d'hydrogene et le transfert de H,' 
dans les reactions de I'anion radical 0-. 

[Traduit par le journal] 

Introduction solution by activation energies approximately 
The kinetics of nucleophilic displacement in the range 15-30 kcal mol-'. In order to  attain 

(S,2) or CH3+ transfer reactions o f  the type an appreciation of the extent to which solvent 

have been studied extensively in solution in a 
variety of protic and dipolar aprotic solvents 
( I ) .  The second-order rate constants for these 
reactions measured at 25 "C have values 
generally < lo3 1 mol-' s--' ( < 10-l8 cm' 
molecule-' s-') and are extremely sensitive to 
the nature of the solvent, being often as much as 
lo6 times faster in dipolar aprotic than in protic 
solvents. The reactions are characterized in 

determines the kinetics and energetics of such 
reactions in solution, Moelwyn-Hughes and 
co-workers (2) were the first to consider the 
intrinsic interactions between 'nude' ions, X-, 
and polar molecules, CH,Y. They were led to 
speculate that the solvent was entirely respon- 
sible for impeding these reactions in solution 
and to suppose that such reactions should pro- 
ceed in the gas phase essentially in the absence 
of activation energies and with intrinsic rates 
which would be immeasurably fast. Gas-phase 

'Present address: Department of Chemistry, University techniques have 'Ow become which 
of Alberta. Edmonton. Alberta. in fact allow the measurement of these intrinsic 

 ifre red P.  SIO& ~ e s e a r c h  Fellow, 1974-1976. rates (3-5). Early, such measurements indicated 
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that reactions of type [I] involving charge- 
localized anions could indeed proceed extremely 
rapidly in the gas phase and that solvation of 
the anion by one or  more solvent molecules did 
in fact act to reduce the specific rate (3). These 
results prompted Won and Willi to reopen the 
discussion of the mechanism of the S,2 reactions 
of methyl halides with nucleophiles in solution 
(6). Later measurements ( 5 ,  7) revealed several 
slow S,2 reactions and suggested that energy 
barriers rather than orientation or steric effects 
were the important rate controlling factors as 
had been predicted in several molecular orbital 
calculations (8, 9). 

In this paper we report a systematic study of 
exothermic reactions of type [I] between a 
variety of anions and the methyl halides CH3F, 
CH3CI, and CH,Br at 297 f 2 K. The study was 
initiated in part to provide a characterization 
of the intrinsic behaviour of such reactions so 
that a comparison of this behaviour with that 
observed in solution would provide some 
appreciation of the extent to which the solvent 
dominates the kinetics and energetics of these 
reactions in solution. 

Experimental 
All experiments were performed using a flowing after- 

glow apparatus whose details ofconstruction and operation 
have been described previously together with the con- 
comitant data analysis (lo). Helium was used as the carrier 
gas at flows in the range 0.9-2.1 x 10" molecule sC1 
with resulting average values of the total gas pressure in 
the range 0.256-0.592 torr. The anions were produced 
in a flowing plasma of helium containing a suitable parent 
gas. The piasma was generated with-an electron gun 
operating at a filament emission of 1.0 mA with electron 
energies in the range 35-70 eV. The anions generated for 
this study and their parent gases were: H- (NH,, CH,), 
NH2- (NH,), OH- (H20) ,  C N -  (CH3NH2), CH,O- 
(CH30H),  S- (H2S), SH- (CH'SH, H2S), S2- (CH3SH, 
H2S), CH3S- (CH,SH), CH3NH- (CH3NH2). C- (C2H2), 
C2- (C2HZ), C2H- (C,H,), 0- ( H 2 0 ,  air), NO,- (air), C1- 
(CCI,) and F- (CF,, CH3F). The halogenated methanes 
were introduced sufficiently downstream of the anion 
production region to ensure that the anions had undergone 
a sufficient number of collisions (>> 100) with the helium 
carrier gas to become thermalized at the ambient room 
temperature (297 2 K). The effective reaction lengths 
were in the ranges 59-61 cm and 84-85 cm. The average 
gas velocity in the reaction region had values in the range 
7.8-9.7 x 10' cm s-I. Reaction rate constants were 
determined in the usual manner from measurements of 
changes in the anion signals as a function of the addition 
of the halogenated methane into the flowing plasma. 

The gases used were He (Linde, Prepurified Grade, 
99.995% He), NH, (Matheson, anhydrous, 2 99.99% NH, 

GAS P H A S  NUCLEOPHILICITY SCALE 

I I PO 

FIG. I .  Scale of thermodynamic nucleophilicity of 
anions in the gas phase. The width of the shaded areas 
represents the uncertainty. 

(liquid phase)), CH, (Matheson, Ultrahigh Purity, 
299.97% CH,), H,O (boiled tap water), CH3NH, 
(Matheson, 298.0% CH3NH2 (liquid phase)), C H 3 0 H  
(BDH Chemicals), H2S (Matheson, C.P. Grade, 299 .5% 
H,S (liquid phase)), CH3SH (Matheson, 299.5% CH,SH 
(liquid phase)), C,H, (Matheson, Purified, 299.6% 
C2H2), CCI, (BDH Chemicals), CF, (Matheson, 299.7% 
CF,), C H 3 F  (Matheson, 299.0% CH,F (liquid phase)), 
CH3CI (Matheson, 299.5% CH,CI (liquid phase)), and  
CH,Br (Matheson, 2 99.5% CH,Br (liquid phase)). 

Results 
Sufficient thermodynamic information is now 

available to characterize the intrinsic thermo- 
dynamic nucleophilicity of many atomic, di- 
atomic, and polyatomic anions in gas-phase 
reactions of type [I]. For these reactions the 
intrinsic thermodynamic nucleophilicity is deter- 
mined by the electron affinity, EA(X), of the 
nucleophile and the H3C-X bond strength of 
the neutral product since the overall standard 
enthalpy change may be expressed as 

[2] AH' = EA(X) - D0(CH3-X) 

- EA(Y) + D0(CH3-Y) 

Figure 1 provides a scaIe of the thermodynamic 
nucIeophilicity in the gas phase of most of the 
anions whose reactions were investigated in this 
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TABLE 2. Measured reaction and calculated capture rate constants (in units of lo-' cm3 molecule-' s-I) 
for exothermic reactions of anions with C H 3 F  in the gas phase at 297 k 2 K 

Anion N kurp~jh  kc ' kcxpll/kcd -AHo2,,/(kcal mol-I) 

H - 4 0 . 0 1 5 k 0 . 0 0 2  7 . 6  0 . 0 0 2 0 ~ 0 . 0 0 0 4  5 6 k 8  
0- 3 1 . 1 k O . 1  2 . 3  0 . 4 8 k 0 . 0 9  2 7 k 7  
C- 3 GO.002 2 . 5  < 0.0008 2 5 k 9  
OH- 5 0 .025k0.002  2 .2  0 . 0 1 1 ~ 0 . 0 0 3  1 8 k 9  
c2 - 3 G0.002 2 . 0  <0.001 5 k 37 
CN-  4 G0.003  1 . 9  GO.002 4 k 1 1 '  
C, H- 3 G 0.0003 2 .0  G 0.0002 34 +_ 2S1 
NH2- 3 0 . 0 1 7 6 ~ 0 . 0 0 0 6  2 . 3  0.0076+0.0015 3 2 k 9  
CHF-  I 2 0 . 4 1  1 .8  2 0 . 2 3  
CH,O- 3 0 .014k0.002  1 . 9  0 . 0 0 7 4 ~ 0 . 0 0 1 6  2 3 k  10 
CH,S- I GO.001 1.7 G0.0006 4 + 9 
CH3NH- 1 0 .05 1 .9  0 .03  4 3 k  12 

" N  is the number of measurements. 
'The limits given along with the mean value o l t h e  measurements represent [he best esl~m'ate o f t h e  preclclon (27). The accuracy is e s t ima~ed  

to be i ? O O / o .  
'The  capture rate constant 1s calculated using [he Average-Dipole-Or~entation Theory (28) with C = 0.23 
dThe uncertainty In k ,,,,, , k ,  reflecrs only the accuracy o f k  ,,,,,. 
"For  the lbrniar~on of CH,-CN. 
' For  rhe fo rmal~on  ol'CH,-C=CH. 

Fig. 1 in the sense that the displacement of any 
nucleophile above it on this scale represents the 
thermodynamically preferred (exothermic) 
direction of displacement. The experiments 
reported here were intended to determine the 
specific rates at 297 f 2 K for all the exothermic 
displacements of F-, C1-, and Br- from CH3F, 
CH3C1, and CH3Br respectively, which can be 
identified in Fig. 1 .  The measurement of the 
specific' rates was always accompanied by a 
careful search for product ions since in several 
instances the displacement reaction was observed 

Z 
9 to compete with other reaction channels. 

Summaries of the rate constant measurements 
are included in Tables 2, 3, and 4. Sources of 
error have been described previously (10). The 
absolute accuracy of the reported rate constants 

1 I ?, I 

, is estimated to be &lo%. A number of the 
CN -//m measurements included in Tables 2 and 3 have 

been reported previously (7). 
/B 

0 2 ~ 4 ~ 6  X- + C H 3 F  
CHJF FLOW/ho/ecu/e S - / . X / O / ~ )  

Figure 2 is representative of the observations 
FIG. 2. Summary plot of the variation of anion signals 

observed as a function of CH3F flow, = 297 K, = of the exothermic displacement reactions of 
0.331 torr, G = 8.1 x 10' cm s-', L = 84 cm, and the H-,  OH-, NHz-, CH3O-3 and CH3NH- with 
flow of NH, = 1.4 x 1017 molecule s-I (H-, NH2-, OH-,  CH3F for which the rate constants proved to be 
and CN-1, of CH,OH - 2 x loL7 molecule s-' (CH3O-1. measurable. F- was the only observed product 
and of CH3NH2 = 3.8 x 10'' molecule s-' (CH,NH-). ion in case, ~h~ appearance of the ~ 1 -  

ion can be attributed to a chloride impurity 
study. Table 1 summarizes the thermodynamic (probably CH3CI) in CH3F. The reactions were 
information used to calculate these nucleo- generally slow, havingrateconstants in the range 
philicities. H- is the 'strongest' nucleophile in 1-6 x lo-'' cm3 molecule-' s-'. 
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FIG. 3. The variation of anion signals observed as a 
function of CH,F flow. T = 295 K. p = 0.41 1 torr, 
6 = 8.7 x lo3 cm s-I, L = 85 cm, and the flow of 
C 2 H 2  = 1.5 x 1O1%olecule s-'. The data of S2- and 
CH,S- are taken from another experiment. T = 297 K, 
p = 0.360 torr, 6 = 8.2 x loJ cm s-I, L = 85 cm, 
and the flow of CH,SH = 7.1 x I O l 7  molecule s-I. 

Figure 3 includes observations of the exo- 
thermic reactions of anions with C H 3 F  with 
rate constants for which only an upper limit 
could be determined. Neither the C-,  CN-,  
C,-, S,-, C,H-, and CH,S- signals nor the F- 
signal, whose representative behaviour is in- 
cluded in Fig. 3, were observed to change upon 
the addition of CH,F into flowing plasmas 
containing these ions. The increase in the C1- 
signal again reflects the presence of a chloride 
impurity in CH,F. 

Figure 4 shows the behaviour of the product 
ions observed upon the addition of C H 3 F  into 
a flowing H 2 0 - H e  plasma containing measur- 
able amounts of 0- ions. 0- appears to react 
with CH,F in three ways according to 

P a ]  0- + CH3F - O H -  + C H 2 F  

Channel 3a corresponds to H-atom transfer and 
channel 3c to H,' transfer. The CHF-  ion 

OH- -I 

FIG. 4. The variation of the major ion signals observed 
for the reaction of 0- with CH,F. T = 295 K, p = 0.409 
torr, 1: = 8.3 x 10' cm s-I, L = 60 cm, and the flow of 
H 2 0  - 2 x l O I 7  molecule sC1. 

rapidly reacts further, apparently to produce F- 
according to the displacement reaction 4 

Uncertainties (of at most a factor of three) 
associated with sampling and detection sensi- 
tivities and the further reactions of CHF-  and 
OH- with CH,F precluded a direct determina- 
tion of the exact branching ratio for reaction 3. 
however,  the H-atom transfer reaction is clearly 
the dominant channel. A fit to the OH- ,  F-,  
and CHF- behaviour which ignored differences 
in sampling and detection sensitivities provided 
a branching ratio of approximately 98: 1 : 1 for 
OH-  : F- :  CHF- .  

Figure 5 displays typical results observed for 
the reactions of H- ,  F- ,  OH- ,  C H 3 0 - ,  CN-,  
and N O ,  with CH,Cl. H-,  F - ,  and OH- are 
seen to react rapidly to produce C 1  whereas 
CN-  and NO2- d o  not react with a measurable 
rate in spite of the fact that these latter two 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 34. 1976 
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I 

FIG. 5. The variation of anion signals observed as a 
function of CH3CI flow. T = 297 K, p = 0.289 torr, 
6 = 8.3 x 10' cm s-l, L = 59 cm, and the flow of 
CH,F = 1.1 x loL7 molecule s-'. H- ,  OH- ,  NO,-, and 
CN- are present as impurity ions in this particular experi- 
ment. The CH,O- decay was taken from another experi- 
ment: T = 296 K, p = 0.332 torr, L: = 8.9 x 10, cm s-I, 
L = 59 cm, and the flow of CH,OH - 4 x loL7 molecule 
s-I. 

reactions are also exothermic. The results 
obtained for the reactions of the carbonaceous 
anions C-, C,-, and C,H- and the sulfur con- 
taining anions S-, SH-, s,-, and CH,S- are 
shown in Figs. 6 and 7 respectively. A large 
range in the values of the rate constants for 
these reactions is again apparent. 

Figures 8 and 9 include observations of the 
reactions of NH,- and CH,NH-, the two 
strongest bases of the anions investigated in 
this study, with CH3C1. Since independent 
experiments indicated that the reactions of OH- 
and H- with CH3C1 proceed solely by C1- 
displacement, the observed production of 
CH,Cl- in Figs. 8 and 9 can be attributed to the 
proton transfer reactions 

[5] NH,- + CH,CI -+ CH2C1- + NH, 

Again only a qualitative assessment could be 
made of the branching ratio, in this case the 

FIG. 6. The variation of carbonaceous anion signals 
observed as a function of CH3CI flow. 7 = 298 K,  
p = 0.433 torr, 6 = 8.3 x 10' cm s-I, L = 60 cm, and 
the flow of C,H, = 3.9 x I O l 7  molecule s-I. 

extent to which proton transfer competes with 
C1- displacement. Displacement does appear 
to be the predominant channel with ca. 10% 
of the collisions leading to proton transfer. 

CH,Cl- is observed to react further with 
CH,CI according to 

Figure 10 displays the observation of the 
reactions of 0- with CH,C1 

[gal 0- + CH,CI - CI- + CH,O 

[8bl - OH- + CH2Cl 

184 - CHCI- + H 2 0  

The three channels are analogous to those 
observed for the reaction of 0- with CH3F. 
H-atom transfer is, however, much less domi- 
nant with the displacement channel gaining in 
importance. 

X- + CH,Br 

Figures 1 1 - 13 are representative of the ob- 
servations of the exothermic reactions of H-, 
C-, F- ,  C1-, OH-, C2-, CN-, SH-, S2-, C2H-, 
NO,-, CH30-,  and CH3S- with CH3Br for 
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FIG. 7. The variation of sulfur containing anion 
signals as a function of CH,Cl flow. T = 296 K, p = 0.347 
torr, t. = 8.5 x lo3 cm s-', L = 59 cm, and the flow of 
CH,SH = 7.4 x 1017 molecule s-'. The data of S are 
taken from another experiment, T = 297 K,  p = 0.336 
torr, E = 8.4 x lo3 cm, L = 85 cm, and the flow of 
CH,SH = 1.5 x lo i7  molecule s-I. 

CH3 Cl FLOW/lmolecule r-1 loJ7) 

FIG. 8. The variation of the major ion signals observed 
for the reaction of NH2- with CH,CI. T = 296 K, 
p = 0.524 torr, C = 9.5 x lo3 cm s-', L = 60 cm, and 
the flow of NH, = 4.3 x 1 0 1 h o l e c u l e  s-I. 

m 
lo 0 2 4 6 8 

C H ~  CI FLOW ( m o ~ e c u ~ e  r-1 1017) 

FIG. 9. The variation of the major ion signals observed 
for the reaction of CH,NH- with CH,CI. T = 296 K, 
p = 0.465 torr, E = 9.6 x lo3 cm s-', L = 60 cm, and 
the flow of CH,NH2 = 2.6 x 10'' molecule s-' . 

I I I I 
1 0  2 0 3 0  

CH3 CI FLOW/lmolecule s-I 1017) 

FIG. 10. The variation of the major ion signals 
observed for the reaction of 0- with CH,CI. T = 298 K, 
p = 0.397 torr, fi = 8.2 x lo3 cm s-', L = 60 cm, and 
the flow of air - 3 x 10" molecule s-'. 
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TANAKA ET AL. 1651 

FIG. 11. Summary plot of the variation of anion 
signals observed as a function of CH,Br flow. T = 298 K,  
p = 0.461 torr, L. = 8.3 x 10' cm s-I, L = 60 cm, and 
the flow of H,O - 5 x lOI7 molecule s-I (OH-,  C1-, 
and NO2-), of CH,OH - 6 x 1017 molecule s-I (CH,O-), 
of CF, = 1.4 x loL7 molecule s-I (F-), and of NH, = 
1.3 x 101%olecule s-I (H- and CN-). 

CH3 Br FLOW//molscule 3-1 /Of71 

FIG. 12. Summary plot of the variation of anion 
signals observed as a function of CH,Br flow. T = 295 K, 
p = 0.342 torr, I. = 8.3 x 10' cm s-', L = 85 cm. and 
the flow of C2H2 = 6.6 x 10" molecule s-' (C-, C2-. 
C2H-), of CH,SH = 4.3 x 10" molecule s-I (S- ,  SH- ,  
CH,S-) and of CH,SH = 2.3 x 10" molecule s-' (S2-). 

FIG. 13. Summary plot of the variation of anion sig- 
nals observed as a function of CH,Br flow. T = 296 K ,  
p = 0.348 torr, 1: = 8.2 x 10' cm s-I, L = 85 cm, and 
the flow of C2H2 = 4.6 x I O l 7  molecule s-I (Cz-), of 
CH,SH = 4.9 x loL8 molecule s-' (S,-), of CH3NH2 = 
2.4 x lO'%olecule s-' (CN-). and of CCI, - 5 x lOI7 
molecule s-I (C1-). 

I 

H - / l o  

I 
/ O F  2 4 6 8 

I 

CH3 Br FLOW/fmohuuls s-I /o1Q 

FIG. 14. The variation of the major ion signals 
observed for the reaction of NH2- with CH3Br. T = 296 
K, p = 0.531 torr, L. = 9.5 x 10' cm s-I, L = 61 cm, 
and the flow of NH, = 3.9 x 1O1%oIecule s-I. 
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TABLE 4. Measured reaction and calculated capture rate constants (in units of lo-' cm3 molecule-I s-') for exothermic reactions of anions with 
CH,Br in the gas phase a t  297 + 2 K 

kc,,,, 

Anion Nu This workb Other values kcc kcrptlIkrd -AHo2,,/(kcal mol-l) 
- - 

H- 
0- 
c- 
F- 
s- 
c1- 
OH- 
c2- 
CN- 
SH- 
s2- 
C2 H- 
NH2- 
NO,- 
CH2Br- 
C H 3 0 -  
CH3S- 
CH,NH- 

"N is the number of measurements. 
'The limits given along with the mean value of the measurements represent the best estimate of the precision (27). The accuracy is estimated to be +20%. 
'The capture rate constant is calculated using the Average-Dipole-Orientation Theory (28) with C = 0.19. 
dThe uncertainty in kc ,  ,,/k reflects only the accuracy of k,,,,,. 
"For the formation of EH,:CN. 
'For the formation of  CH,-CECH. 
g F ~ r  the formation of  CH,-NO,. 
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I I I I I 
2 4 6 8 

CH' Br FLOW (molecule 5'/10/? 

FIG. 15. The variation of the major ion signals 
observed for the reaction of CH,NH- with CH,Br. 
T = 296 K, p = 0.459 torr, fi = 9.7 x 103 cm s-l, 
L = 60 cm, and the flow of CH3NH2 = 1.7 x 10'' 
molecule s-' . 

FIG. 16. The variation of the major ion signals 
observed for the reaction of 0- with CH3Br. T = 298 K, 
p =0.404 torr, 6 = 9.5 x lo3 cm s-l, L = 60 cm, and 
the flow of air - 5 x 10" molecule s-l. 

all of which Br- was the only observed product 
channel. A large range in the values of the rate 
constants for these reactions was again apparent. 

The displacement reactions of NH,- and 
CH3NH- were again observed to compete 
with proton transfer as displayed in Figs. 14 
and 15. The proton transfer product CH,Br- 
reacts further with CH3Br according to 

0- was observed to react with CH3Br as 
shown in Fig. 16 in a manner analogous to the 
CH3Cl and CH,F reactions 

[ 104  - OH- + CH2Br 

The relative magnitude of the Br- displacement 
channel is enhanced still further. 

Discussion 
The results summarized in Tables 2 to 4 

revealed several kinetic features which can serve 
to characterize and classify the intrinsic re- 
activities of anions towards methyl halides. 

( I )  The specific rates oj'exothermic displace- 
ment reactions of'anions with methyl halides are 
generally much higher in the gas phase than in 
solution. 

As predicted by Moelwyn-Hughes and co- 
workers ( 2 ) ,  many S,2 reactions of type [ I ]  
do indeed proceed extremely rapidly in the gas 
phase especially the reactions with CH3C1 and 
CH3Br. The reactions with CH3F are generally 
at least - 100 times slower. Table 5 provides 
a comparison of bimolecular specific rates for 
several displacement reactions investigated in 
both the gas phase and solution. It is readily 
apparent that the specific rates in the gas phase 
exceed those in solution by many orders of 
magnitude, viz. by factors of 2 10". This dis- 
parity in the magnitude of the specific rates must 
reflect the effect of solvent on intrinsic reactivity 
so that one would expect a lowering in the 
specific rate in the gas phase as a result of the 
selective solvation of the 'nude' nucleophile by 
one or more solvent molecules. Such a lowering 
in specific rate has been observed previously for 
displacement reactions of 'nude' and solvated 
alkoxide ions with CH3C1 (3) .  

In the gas phase the specific rate of the dis- 
placement reactions of type [I] is limited by the 
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TABLE 5. A comparison of bimolecular specific rates and apparent activation energies for several displacement 
reactions investigated in uacuo and in solution 

Solution Gas phase 

Reactants k298 K Ea k297 K E," 
CH3Y + X- Solvent (cm3 molecule-' s-I) (kcal mol-I) cm3 molecule-' s-I (kcal mol-') 

CH3F + OH- H,Ob 9 .7  x 21.6 (2 .520 .5 )  x lo-'' 2 .7kO.  1 
CH3CI + OH- H 2 0 b  1 .Ox 24.3 ( 1 . 5 k 0 . 3 ) ~  0 .28+0.14 
CH3C1 + F- H 2 0 b  2 .5  x 26.9 ( 1 . 8 k 0 . 4 )  x 0 .15+0.13 
CH3Br + OH- H 2 0 b  2 . 3  x 23.0 (9 .9k2 .0 )  x 10-lo 0 .5020 .14  
CH3Br + F- H 2 0 b  5 .6  x 25.2 (1 .220 .2 )  x lo-9 0 .31kO.  14 
CH3Br + CI- H 2 0 b  8 . 2 ~  lo-27 24.7 (2.1 f 0.4) x lo-'' 2 . 6 k 0 . 1  

CH30Hc  1 .1  x 
DMFd 6 . 7 ~  
MeCOd 5 .3  x 

"The uncertainly in E, reflects only the uncertainty in the measured specific rate, 297 K.  
'Reference 2. 
'Reference 40. 
"eference 1 

collision or capture rate just as the diffusion 
rate provides an upper limit in solution. The 
capture rate is readily estimated from current 
classical theories of collision. For collisions 
between ions and neutral polar substrates hav- 
ing a Maxwell-Boltzmann energy distribution, 
the Average-Dipole-Orientation (ADO) theory 
of Su and Bowers (28) has proven to predict the 
capture rate at 297 K most adequately (29, 30). 
According to this theory the capture rate con- 
stant is given by 

where e is the charge on the ion, p the reduced 
mass of the collidants, ci the polarizability and 
pD the permanent dipole moment of the 
molecule. C is the 'dipole locking' constant 
which can be determined from the polarizability 
and permanent dipole moment of the neutral 
substrate (28). Tables 2, 3, and 4 include values 
of kc calculated for all the reactions investigated 
in this study. Values for pD and ci were taken 
from Rothe and Bernstein (31). The ratio 
(kexpll/kc)297K is a measure of the reaction 
probability per collision. An inspection of the 
values of kexpll/k, provided in Tables 2, 3, and 
4 indicates that whereas manv of the reactions 
proceed essentially upon every collision, a large 
group of exothermic reactions proceed on at 
most every 100 collisions. 

( 2 )  Many exothermic displacemenf reactions 
oj' anions wifh mefhyl halides apparenfly have 
activafion energies in [he gas phase. 

Displacement reactions are characterized in 
solution by large activation energies, E, - 15- 
30 kcal mol-' (see Table 5). These activation 
energies are usually associated with the work 
required to break down initial state solvation. 
Nevertheless, some concern has been expressed 
regarding the extent to which these observed 
activation energies reflect intrinsic properties 
of the reacting systems. Parker has drawn 
attention to the caution which should be 
exercised in any attempt to extract such informa- 
tion from solution measurements of specific 
rates (1). Quantum mechanical calculations of 
portions of the intrinsic energy surfaces of dis- 
placement reactions of type [ l ]  have in fact 
indicated the presence of what are, in some 
instances, quite substantial energy barriers 
(8, 9). The gas-phase (single temperature) 
measurements reported here can also provide 
some indication of the possible presence and 
magnitude of these intrinsic activation energies. 

The magnitude of the activation energy can 
be estimated from the reaction probability per 
collision, kexpll/k,, in the traditional Arrhenius 
manner if the following expression is assumed 
to be approximately valid (32) 

Although such a treatment is a gross over- 
simplification in that it completely ignores con- 
straints to reaction resulting from short-range 
interactions, e.g. orientation or  steric effects, 
there is some evidence (7) that it is reasonable 
to a first approximation for displacement re- 
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T A N A K A  E T  AL. 

TABLE 6 .  Apparent activation energies" (in kcal mol-I) for exothermic 
displacen~ent reactions with CH,F. CH,CI, and CH,Br it1 vacuo 
-- 

Nucleophile CH3F CH,CI CH,Br 

H- 
c- 
F- 
s- 
c1- 
OH- 
C, - 
CN- 
S H- 
s2 - 
C, H- 
N H,- 
NO,- 
CH30-  
CH,S- 
CH,NH- 

"Values underlined correspond to reactions which, within (he uncertainty o I 'AH"~ , ,~ .  
may in fact be endothermic by an amount  2 the calcula~ed value for E,. 

actions of type [I]. Nevertheless we recognize 

that this approach 1s somewhat speculative and 
perhaps too enterprising but feel that it 1s 

I warranted at this stage of development of our 
knowledge of activation energies in ion- 
molecule reactions. Clearly the activation 
energles determined in this manner should be 
viewed with caution until rate measurements at 
several temperatures become available. Table 6 
summarizes the magnitudes of the apparent 
activation energies determined uslng eq. 12. 
The values range from -0- 2 5 kcal mol-' and a 
definite trend in reactivity can be identified. 
The nucleophlles H-,  F-, OH- ,  CH,O-, NH2-,  
and CH,NH- appear to react with CH,CI and 
CH,Br wlth little or no activation energy 
(E, < 1 kcal mol-') whereas thelr corresponding 
reactions wlth CH,F (excluding F- + CH,F) 
exhibit apparent activation energies 2 < E, < 
4 kcal mol-I. The reactions of the remaining 
nucleophiles exhibit a similar decrease in ap- 
parent activation energy In going from CH,F 
to CH,C1 to CH,Br wlth the reactivities of C,-, 
S,-, CN-, and C1- remaining low (E', > 2 kcal 
mol-') even wlth CH,Br. 

(3) The nucleophlles may be convenrently 
clussrfied uccordmg 10 their reuctrcrly and its 
variation M * I I / Z  heat o/ reaction. 

In an attempt to correlate the magnitudes of 
the apparent activation energies with some 
simple property of the reactlng systems, we have 
found most useful the empirical expression 

established about 40 years ago by Evans and 
Polanyi (33) which relates the activation energy 
of a reaction to its heat of reaction according to 

[I31 E, = AH + c 
where 0 < r < 1 and C is a constant for a 
homologous series. Expression [13] can be 
arrived at qualitatively from a consideration 
of the attractive and repulsive potential energy 
curves for a series of homologous reactions of 
varying exothermicity (33, 34). The applicability 
of the Polanyi relation has been clearly estab- 
lished for a few series of neutral reactions of 
very closely related compounds (34). However, 
experimental results for gas-phase ion-molecule 
reactions which often have no apparent activa- 
tion energy have not been subjected to such a 
correlation. M. Polanyi and co-workers did, 
however, include negative-ion displacement re- 
actions of type [I]  amongst the reactions for 
which relation [13] was developed and in fact 
attempted to predict activation energies for such 
reactions proceeding in solution at a time when 
gas-phase results were unavailable (35). 

The Polanyi relation predicts an activation 
energy which approaches the heat of reaction 
for highly endothermic processes and becomes 
negative for sufficiently exothermic reactions. 
Johnston has developed an analogous empirical 
expression which constrains the activation 
energy to approach zero for highly exothermic 
reactions (36). 
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FIG. 17. A plot of the apparent activation energy cs. 
reaction exothermicity for a series of homologous reactions 
of specific anions with CH,F. CH,CI, and CH,Br. The 
uncertainties in E, and AH0,,, displayed for the H-  
series is approximately representative of the uncertainties 
associated with the other anion series. The plots for each 
anion series (exclud~ng the H- series) assume a linear 
relationship between E, and AH02,j,. 

FIG. 18. A plot of the apparent activation energy cs. 
reaction exothermicity for series of homologous reactions 
of CH,F, CH,CI, and CH,Br with F-, O H - ,  CH,O-, 
NH,-, CH,NH-,  and H- ,  respectively. The uncertainties 
in E, and AH0,,, displayed for the H- series is approxi- 
mately representative of the uncertainties associated with 
the other anlon series. 

A number of series of homologous reactions 
can be identified from the reactions investigated 
in this study. Consider, for example, the homo- 
logous series of reactions between a specific 
anion A and the three methyl halides, ci;. 

[I41 A- + CH,Y + CH,A + Y- 

where Y = F, C1, or Br. For such series of 
reactions, the exothermicity increases from 
CH3F to CH3Br in accordance with the decrease 

EA?% I Y I  - Djgs /CH3 - Y I  

FIG. 19. A classification of nucleophiles according to 
their Polanyi-Johnston characteristics for series of homo- 
logous displacement reactions with CH,F(O),  CH,CI(O) 
and CH,Br(e) .  

in the intrinsic thermodynamic nucleophilicity 
of the halogen, cir. F > CI > Br, which is 
largely determined by D(CH3--Y) since the 
electron affinities of F, C1, and Br are very 
nearly equal. Figures 17 and 18 explore the 
variations of the apparent activation energies in 
Table 6 for such series of reactions with exo- 
thermicity. The variations generally fit a pattern 
remarkably consistent with the Polanyi-John- 
ston expressions which in turn enhances our 
confidence in the reality of the presence of 
activation energies in the displacement reactions 
under study. Those reactions in a homologous 
series in which a strong bond is broken are 
generally less probable than those in which the 
bond is weak. The variations for the S2-, SH-, 
S-, CH3S-, CN-, C,-, C-, and C,H- series 
can be fit with the Poianyi relation with values 
of r in the range 0.1 to 0.3. The variations for 
the F-, OH-, CH30-,  NH,-, CH,NH-, and 
H- series are more consistent with an empirical 
expression of the type derived by Johnston since 
the apparent activation energies approach zero 
for the more exothermic reactions with CH3CI 
and CH3Br. Also one expects, and indeed can 
observe, a similar accord with the Polanyi- 
Johnston relations for groups of homologous 
reactions of a specific halide with a series of 
homologous anions, e.g. S-, SH-, CH3S-, and 
S,- or N H ,  and CH3NH- or OH- and 
CH,O-. 

A consideration of the magnitudes of the 
apparent activation energies and their variation 
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T A N A K A  E T  A1 

TABLE 7 .  Predicted values for the apparent activation energies ( in  kcal mol-I) 
of exothermic and thermoneutral displacement reactions with CH,F and CH,CI 

in the gas phase 

Other 
X- + CH,Y Ea results - A H o > , ,  (kcal mol-I) 

- 

"Cornpuled hsighrs of energy barriers. 
'Apparent acl ivar~on energy deduced from a measured rate cons1;lnt - 6 x 1 0 "  clnZ 

molecule-' s- '  . 

with exothermicity encountered in Figs. 17 and 
18 suggests a convenient classification of the 
nucleophiles into three distinct groups according 
to Fig. 19 in which the apparent activation 
energies are plotted against the thermodynamic 
nucleophilicity of the halogen leaving group. 

(a) Anions demonstrating high nucleo- 
philicity: H- ,  F- ,  OH- ,  NH2-,  C H 3 0 - ,  and 
CH3NH-.  These anions all demonstrate high 
reactivity towards CH3CI and CH,Br (E:, < 1 
kcal mol-') and low reactivity towards CH,F 
(E, > 2 kcal mol-'). Their Polanyi-Johnston 
characteristics are all of similar shape with r. 
being dependent on exothermicity. 

(6) Anions demonstrating medium nucleo- 
philicity: C-, S-, SH-,  CH3S-,  and C2H-.  
These anions are distinctly less reactive towards 
CH,CI (E, >, 2 kcal mol-I) than CH3Br (E, 5 1 
kcal mol-'). Their reactions with CH,F, when 
exothermic, appear to have activation energies 
>>4 kcal mol-'. r has values in the range 
0.1-0.3. 

(c) Anions demonstrating low nucleophilicity : 
CI-, CN-,  C,-, and S,-. These anions are 
distinctly less reactive than the group b anions 
towards CH3Br (E, > 2 kcal mol-I), CH3CI 
(E, > 3 kcal mol-I), and presuinably also 
CH3F (E, >> 4 kcal mol-'). r has values 20.2.  
In each of the three groups the order of leaving 
group ability (LGA) is Br- 2 C1- > F-. 

The empirical correlations established for the 
three groups of anions allow predictions of 
values for the apparent activation energies of 
exothermic and thermoneutral displacement re- 
actions not directly measurable in these experi- 
ments. These are summarized in Table 7. For 
the reactions of F- and CN- with CH3F com- 
parisons can be with the barrier heights com- 

puted by Dedieu and Veillard (8) and Bader 
el rrl. (9). Within the uncertainty of the empirical 
correlation and its extrapolation the accord 
between theory and experiment is reasonable. 
Brauman el 01. (5) have reported a measured 
rate constant for the displacement reaction of 
CI- with CH,CI which can be reduced to an 
apparent activation energy E, - 3.4 kcal mol-', 
in fair agreement with the extrapolated value of 
E, 2 4.5 kcal mol-'. 

(4) Displiicen~en~ in 1/1e gcrs phcrse OI 298 K 
t?7crj3 proceecl it1 con7prliliot1 rr3il/1 olher recrcljorz 
chcrt7tzels. 

A variety of channels were observed for the 
reactions of several anions with methyl halides, 
ciz. methyl cation transfer or S,2, [IN], proton 
transfer, [Ib], hydrogen atom transfer, [lc], 
and H,' transfer, [Id) 

[I(.] - XH' + CHzY 

Channel I b becomes exothermic when PA(X-) > 
PA(CH,Y-), i.e. when the intrinsic BrBnsted 
basicity of X- exceeds that of CH2Y-. When the 
nucleophile, X-, is a radical anion, the channels 
Ic and 1cl become viable alternate channels since 
XH- and H,X are now likely to have a significant 
stability. Channel 1c becomes exothermic when 
the hydrogen-atom affinity of the nucleophile, 
ciz. D(X--H), exceeds the H,YC-H bond 
strength, i.r. when 
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Channel I d  becomes exothermic when 

The intrinsic basicity order of the nucleo- 
philes investigated in this study is as follows: 
CH3NH- > NH2- > H- > OH- > C H 3 0 -  > 
C2H- > 0- > F- > C- > CH3S- > SH- > 
CN- > S- > NO2- > C1- > Br-.3 The basici- 
ties of C2- and S,- are not well established but 
are not likely to  be very high. Competing proton 
transfer channels were observed only for the 
reactions of CH3NH-  and NH2- with CH3CI 
and CH3Br. These proton transfer channels are 
the most exothermic. It appears, therefore, that 
proton transfer will compete with displacement 
only if the nucleophile is also a strong base. The 
possibility remains however that proton trans- 
fer will compete only if it is exothermic in 
accordance with the basicity order CH2F- > 
CH3NH- > NH,- > CH,Cl-, CH,Br- > H-. 
The intrinsic Br$nsted acidities of CH3F,  
CH3C1, and CH3Br have not been determined 
previously. 

Thermodynamic considerations indicate that, 
of the radical anions 0 - ,  C- ,  S-, C2-, and S,-, 
onlv 0- is likelv to  have an H-atom affinitv 
higier than the H,YC-H bond strength which 
would explain why H-atom abstraction was 
observed only for the reactions of this anion. 
The H2+ transfer channel I d  is also the most 
exothermic for the reaction of 0- and was 
observed only with this anion. 

Channels la,  I c, and I d  have been previously 
observed for the reactions of 0- with CH3C1 
by Bohme and Young (3) in a flowing afterglow 
(FA) experiment and for the reactions of C H 3 F  
(channels Ic and Id  only), CH3CI and CH3Br 
by Tiernan and Hughes4 in a tandem mass 
spectrometer (tms) experiment at  impacting 
ion energies of 0.3 ? 0.3 eV. The hydrogen 
atom transfer channel dominates in the re- 

'The basicities of X- = H-, OH-, 0 - ,  F-, C-, SH-, 
S-, CI-, and Br- were computed from known values for 
IP(H), EA(X) and Do2,,(XH) as determined from 
(H, X, and XH) see refs. 1 1 ,  12, 14, 19. and 37. Measure- 
ments from this laboratory have provided values for the 
basicities of CH,NH- (25), NH,- (23). C2H- (22). and 
CN- (38), and the relative basic~ties of CH,O- and 
CH,S-, unpublished results. 

'T. 0 .  Tiernan and B. M. Hughes, private communica- 
tion. 

action of 0 with CH3F but decreases in 
importance in the reactions . of 0- with 
CH3CI and CH3Br. It may be of interest to 
note here that the reaction of 0- with CH,, a 
possible fourth member in the homologous 
series of 0- reactions, has been observed to 
proceed only by hydrogen a tom transfer (39).4 
Both the tms and FA experiments indicate an 
increasing contribution of the displacement 
channel to the overall reactions of 0- in pro- 
gressing from CH3F to CH3Br. However, at 
the higher ion energies of the tms experiments 
H-atom transfer remains the dominant channel 
even for the reaction of 0- with CH3Br. The 
branching ratio therefore appears to be sensitive 
to the initial energetics of the reacting system. 
A measure of the change in branching ratio 
with ion energy or temperature of the reacting 
system would no doubt be most instructive 
in providing further insight into the mechanisms 
of reactions of this type. 
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I. W. J. STILL, N. PLAVAC, D. M. MCKINNON, and M. S. CHAUHAN. Can. J. Chem. 54. 1660 
(1976). 

"C nmr data have been obtained for a series of 4-thiazoline-2-thiones. Substituent chemical 
shift (s.c.s.) effects for methyl and phenyl substitution have been collated and are discussed in 
comparison with s.c.s. effects in other heterocyclic systems. Some attempt has also been made 
to compare our data with those reported previously for the thiazoles and for some thiones in 
the isothiazole series. 

I. W. J. STILL, N.  PLAVAC, D. M. MCKINNON et M. S. CHAUHAN. Can. J. Chem. 54, 1660 
(1976). 

On a obtenu des donnees concernant les spectres rmn du pour une serie de thiazoline-4 
thiones-2. On a collige les efTets sur les deplacements chimiques de substitutions (s.c.s.) dus a 
des groupes methyles ou phenyles: on discute de ces effets par comparaison avec d'autres 
effets s.c.s. dans d'autres systemes heterocycliques. On fait aussi quelques efforts afin de com- 
parer nos donnees avec celles rapportees anterieurement pour les thiazoles et pour quelques 
thiones de la serie isothiazole. 

[Traduit par le journal] 

Introduction in the light of an earlier study by Faure and 

A relatively large number of papers reporting CO-workers of a large number of simple thiazoles 

13C nmr chemical shift data in a variety of (8). 
heterocyclic systems has appeared recently 
(1-4), and the subject has also been reviewed in 
a recent monograph ( 5 ) .  We ourselves had 
earlier examined the 13C nmr spectra of a 
number of isothiazole and benzo[c]isothiazole 
derivatives (6) and Faure et rrl. later reported 
data independently For a further series of 
isothiazoles (7). 

In our earlier study we had also examined a 
limited number of isothiazoline-thiones, as part 
of an investigation aimed a t  proving (or dis- 
proving) the existence of a simple correlation 
between chemical shift data for C=O and 
C=S carbon atoms in related series of com- 
pounds. We now report the data which we have 
obtained for a number of 4-thiazoline-2-thione 
derivatives. In addition to the obvious com- 
parisons to be drawn between the two series of 
thiones, we have attempted to discuss our data 
-- 

'Part 1V of a series. For part 111 see reS. 9. 
'Author to whom correspondence should be addressed. 

Experimental 
Natural abundance proton decoupled "C nrnr spectra 

were obtained on a Varian XL-100-15 spectrometer 
operating at 25.16 MHz in the pulsed Fourier transform 
mode. The temperature of the probe was 32 i 3 "C. 
Spectral widths of 6000 Hz, acquisition times of 0.666 s, 
and pulse widths of 10 ps (90" pulse = 55 11s) were 
routinely used. In some cases, pulse delays of 1-10 s were 
used to intensify quaternary carbons. and in other cases, 
paramagnetic chromium trisacetylacetonate3 was used for 
the same purpose. The spectra were transformed using a 
Varian 16K-620i computer giving 4096 real points with 
an  accuracy of -t 0.1 ppm. Off-resonance proton decoupled 
spectra were obtained where deemed necessary. The 
deuterium of the solvent (chloroform-d, or dimethyl 
sulfoxide-d, in one case) was used as lock and primary 
reference in all cases, and all chemical shifts are measured 
from TMS (5%) added as internal reference. 

Literature references for the preparation of the com- 
pounds l~sed in this study, with the two exceptions noted 
below, are quoted in Table 1. 3-Methylbenzo[cl]thiazo- 
line-2-thione wasobtained commercially (Aldrich Chemical 
Co.) and used without further purification. 

'[Cr(AcAc),] s 17 mg,2.5 ml of solution. 
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TABLE 1. 13C nmr chemical shifts" of 4-thiazoline-2-thiones, and related compounds 

Aromatic 

Compound C-2 C-4 C- 5 C- l 0- tn- P- Other Reference 

- 

37. 5(N-CH,) 
32. I (N-CH,) 
34.1 (N-CH,) 
15. 7(C-CH,) 
37.2(N-CH,) 
12. 6(C-CH,) 
34. 8(N-CH,) 
13. Ic(C-4-CH,) 
1 1 . 6'(C-5-CH,) 
36.2(N-CH,) 
36 .2(N-CH,) 
21 . 3(C-CH,) 

15 
16 

See Experimental 
16 

33. I(N-CH,) See Experimental 
126.9(C-7) 
124.7(C-5) 
121. l(C-6) 
1 12.3(C-4) 

16. 7(S-CH,) 17 
19.1(C-CH,) 20 

"All shills In ppm relative lo TMS,  in CDCI,, except as  noted. 
hln DMSO-d,. 
'These assignments may be reversed. 
'Substantial overlapping of signals in this region reduces the number 01 peaks observed. 
''Although this is a fused ring compound, Tor convenience these carbons are identified with the C-4 and C-5 positions o l a  simple thinzole. 
I D .  M. McKinnon and M. H. Hassan, unpublished results. 
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3- Methyl-4-t11iaroli~1-2-otie 
3-Methyl-4-thiazoline-2-thione (1.0 g) was added to a 

stirred solution of boiling acetone (500 ml) saturated with 
potassium permanganate, and the reaction mixture stirred 
for 16 h. Filtration and evaporation of the filtrate afforded 
a pale yellow oil. Extraction with benzene and reevapora- 
tion afforded a product which was contaminated with 
about 10% of the starting thione. Since we had already 
recorded the spectrum of the thione, this was not a serious 
drawback, and no further purification was undertaken. 

Results and Discussion 
The most obvious feature of the '% chemical 

shift data for the I I representatives of the 4- 
thiazoline-2-thione series presented in Table 1 
is the relatively constant 6 value for the 
C=S(C-2) carbon atom. In the parent com- 
pound 1 this is observed at 188.4 ppm. That the 
thione structure, and not the thiol structure, is 
indeed the major tautomer present is evident by 
examining the chemical shift data for the C-2 
carbon in the N-methyl derivative 2 and its 
S-methyl isomer 3. The values observed are 
187.1 and 166.4 ppm, respectively. Furthermore, 
the positions of the C-4 and C-5 resonances in 2 
are much closer to the analogous signals in 
compound 1, than are those of 3. N-Methylation 
produces a 11 deshielding effect at C-4 of + 3.7 
pprn and a ;l shielding effect at C-5 of - 3.1 ppm. 
We have recently observed similar effects upon 
N-methylation of 2-pyridinethione (9). The 
preference for the thione rather than the thiol 
form in a number of heterocyclic systems is well 
established (9). 

The position of the thione carbon signal in 1 
(188.4 ppm), although at relatively high field 
for a C=S functionality, is very similar to  the 
values of 186.7 and 187.3 pprn which we reported 
for two 4-isothiazoline-3-thione, 4, derivatives 
(6). In part, this must be attributed to the effect 
of the adjacent N-atom with its electron-releas- 
ing capability (sulfur having a much smaller 
effect). Even in the 3-isothiazoline-5-thione, 5, 

1 2  2 1 
RN-S 

7 1 

TABLE 2. Substituent chemical shift (s.c.s.) effects" for 
methyl and phenyl in the 4-thiazoline-2-thione series 
----- -- 

s.c.s. effects 

Substituent 1 1 7 
--- 

4-CH3 + 7 . 5  -5 .0  + 0 . 4  
5-CH3 +13.1  -3 .6  - 0 . 6  
4-C,H5 + 12.2 - 2 .5  + 1 .O 
4-C&CH3@) +12.4  - 2 .8  + I .O 
5-C,H5 + 18.8 - 5.9 - 0 . 4  

"In ppnl: pos~tive values indicare shifrs lo lower field 

series, where the nitrogen is located in a vinyl- 
ogous relationship to the C=S, the mean shift 
observed for the thione carbon was 193.4 ppm. 
The position of the C=S signal in the present 
series is relatively insensitive to alkyl or aryl 
substitution at positions 3, 4, or 5, varying 
between 185.0 and 190.1 ppm. It was noted, 
however, that in general the C=S signal tended 
to drift to higher field with increasing substitu- 
tion on the ring, e.g. 6 values of 185.0 in the 
3,4,5-trimethyl derivative and 186.1 pprn in the 
3-methyl-4,5-diphenyl analogue were observed. 
Whether this is due to steric compression or 
electronic factors is uncertain, although the 
smallness of these effects and the lack of a 
correlation with substitution patterns suggest 
that the former is more likely. 

The carbonyl analogue of 2, 3-methyl-4- 
thiazolin-2-one, is included in Table 1 for com- 
parison. The chemical shift observed for the 
C = O  group at 172.2 pprn is 14.9 pprn upfield 
from the analogous C=S group. This A6 value 
compares closely with the A6 value of 14.1 pprn 
observed earlier for both the 2- and 4-pyridones 
and their respective C=S analogues (9). In 
comparing the C-4 and C-5 signals in the 4- 
thiazolin-2-one and 4-thiazoline-2-thione sys- 
tems, although the individual values differ 
quite widely, there is a relatively constant 
difference in AS for C-4 and C-5 of 24.3 in the 
carbonyl compound and 21.7 pprn in the 
thiocarbonyl compound. 

We have been able to compare the substituent 
chemical shift (s.c.s.) effects for the 4- and 5- 
methyl substituted 4-thiazoline-2-thiones in 
Table 1 with the data obtained by Faure and co- 
workers (8) for 4-methylthiazole and the results 
recently reported by Gronowitz et a/. (10) for 
2- and 3-methylthiophenes. Our  s.c.s. data, for 
both methyl and phenyl substituted compounds, 
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STILL ET AL.  1663 

are collected in Table 2. We have earlier reported 
similar data for the isothiazole and l,2-dithiole- 
3-thione systems (6). The 2-effect observed at 
C-4 in our system is + 7.5 ppm, which compares 
with + 10.55 ppm in 4-methylthiazole and + 10.9 
ppm in 3-methylthiophene, o r  the + 12.9 ppm 
reported for propylene (cs. ethylene) by 
Miyajima el a/. (1 1). The p-effect observed in 
our system for C-4 methyl substitution, -5.0 
ppm, on the other hand, is much more similar 
to those observed in 4-methylthiazole ( - 5.3) 
and 3-methylthiophene (-4.3), although still 
smaller than the -7.4 ppm observed in 
propylene. Turning to the C-5 methyl substi- 
tuted 4-thiazoline-2-thione, a much larger x- 
effect of + 13.1 and a smaller /$effect of - 3.6 
pprn were observed. Faure did not report data 
for 5-methylthiazole, but the a- and p-effects 
observed in 2-methylthiophene ( lo)  were + 14.2 
and - 1.4 ppm, respectively. Given the obvious 
perturbing influence of the ring C=S group in 
our case, our data seem to correlate reasonably 
well with those in the model systems chosen. 

Fewer model systems are available for com- 
parison with the S.C.S. effects for the4-phenyl and 
5-phenyl substituted analogs (Table 2). The a- 
and [)-effects reported for phenyl substitution 
in ethylene (1 1) are + 14.4 and -9.5 ppm, re- 
spectively. In our4-phenyl substituted case, both 
effects are smaller, but in the 5-phenyl com- 
pound a very large 2-effect of + 18.8 ppm may be 
noted. This presumably reflects the greater 
ability of the phenyl group a t  C-5 to accom- 
modate the excess electron density a t  that 
position : 

As expected, the 4-p-tolyl substituent has an 
effect virtually identical with that of the4-phenyl 
group. 

We have included the y-effects for comparison 
in Table 2, but these are too small to allow any 
but the most speculative explanations to  be 
advanced. 

As a test of the predictive power of the S.C.S. 
effects in Table 2, we used these values to calcu- 
late the expected 6 values for the C-4 and C-5 
signals in 3,4,5-trimethyl-4-thiazoline-2-thione 
and Imethyl-4,5-diphenyl-4-thiazoline-2-thione. 
The differences between calculated and observed 

(Table 1) values ranged between 0 and 2.4 ppm. 
Since no allowance is made for steric crowding, 
this agreement must be regarded as satisfactory. 

The N-methyl signals observed in these com- 
pounds range from 34.1-37.5 ppm in the methyl 
series and from 36.2-37.7 pprn in the phenyl 
series. Substitution in either case a t  C-5 has 
virtually no effect on the N-CH, chemical 
shift, whereas the 4-substituted and 4,Sdisubsti- 
tuted analogues reveal shielding effects of up to 
-2.3 pprn in the methyl series and - 1.3 pprn in 
the phenyl series. It may be noted that the 
N-CH, signal in 2 at  37.5 is deshielded by 5.4 
pprn relative to that in its carbonyl counterpart. 
This difference may be compared with a similar 
effect of 4.2 pprn in the 2-pyridone/2-pyridine- 
thione analogues (9), and is due to the more 
effective deshielding cones associated with the 
thiocarbonyl groups. Dean er al, (12), for 
example, have recently remarked on the distinc- 
tive downfield shift (in ' H  nmr) of the x-vinyl 
proton signal, when 0 is replaced by S in the 
part-structure below : 

The C-methyl signals reported in Table 1 
require little comment, except for the fact that 
the 6 values for C-4 and C-5 methyl groups 
differ by 3.1 ppm, the latter being at higher field. 
This presumably parallels to some extent the 
6 values for theC-4 and C-5 positions themselves, 
and hence the electron density distribution in 
the ring. The gap between the 6 values narrows 
to 1.5 ppm in the 4,5-dimethyl analogue, but 
again this may be due to the intervention of 
steric factors. 

Of the remaining compounds in Table 1 
which have not been discussed in detail, a few 
brief comments will suffice. 2-Methyl-4-phenyl- 
thiazole was included as a further point of 
reference to Faure's earlier results and it is 
interesting, in the light of our earlier comments 
regarding S.C.S. effects of phenyl and methyl in 
this heterocyclic system, that the 6 values 
reported by Faure and co-workers (5,8) for C-2, 
C-4, and C-5 in 2,4-dimethylthiazole are very 
similar to those for the analogous carbons in 
our compound. Substitution at C-2 by CH,S- 
or by CH,- produces very similar x-deshield- 
ing effects (+  14.2 and + 11.8 ppm, respec- 
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tively), as expected. In the benzo-fused analogue 
6 the assignments of the signals due to C-4, C-5, 
C-6, and C-7 were made using the normal aro- 
matic s.c.s. effects for nitrogen (13) and sulfur 
(14) substituents, with generally good agreement 
between calculated and observed values. Little 
influence is felt by the ring carbon atoms on 
replacing the N-CH, group by N-C,H,, 
except for a deshielding effect of +2.0 ppm on 
the C=S signal. This probably reflects the 
competing resonance delocalization possibilities 
for the nitrogen lone pair  electron^.^ 
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Influence de la nature des ions et sur 1'Cvolution structurale des 
weberites A2B207: les weberites Cd, -,SrXSb2O7 

G. DESGARDIN, C. ROBERT ET B. RAVEAU 
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G. DESGARDIN, C. ROBERT et B. RAVEAU. Can. J. Chem. 54,1665 (1976). 
Une nouvelle solution solide Cd2-,Sr,Sb207 (0 5 x 5 2) de type wCbkrite est isolCe et carac- 

ttriste. L'analyse de la structure wCbCrite, met en Cvidence pour cette dernihre, trois distances 
mCtal-oxyghne et conduit B proposer un phCnomene d'ordre des ions A permettant d'expliquer 
1'Cvolution structurale de ces composCs. 

G. DESGARDIN, C. ROBERT, and B. RAVEAU. Can. J. Chem. 54, 1665 (1976). 
A new series of solid solution Cd2-,Sr,Sb20, (0 < x _< 2) of the weberite type has been 

prepared and characterized. Examination of the weberite structure has revealed the existence of 
three critical metal-oxygen distances. The proposed ordering of the A ions permits the struc- 
tural features of these compounds to be explained. 

L'Ctude de l'influence de la nature des ions A 
et B sur 1'Cvolution structurale des oxydes 
A2B207 de type pyrochlore a fait l'objet de 
nombreux travaux (1-6). Parmi les oxydes de 
m&me formulation, les antimonates A2Sb207 
(A = Cd, Ca, Sr) dont la structure de type 
wCbCrite (7) est ttroitement reliie B celle des 
pyrochlores (8, 9), mettent en Cvidence le com- 
portement particulier de l'antimoine B l'Ctat 
d'oxydation +5: l'itude de l'influence de l'ion B 
sur l'tvolution de la structure des oxydes de type 
wCbCrite, montre que la substitution de Sb(V) 
par des ions de taille voisine (Ta, Nb, Ti) stabilise 
en effet la structure pyrochlore (5, 10). En 
revanche, l'influence de la nature des ions A sur 
1'Cvolution de la structure wCbtrite a ttC peu 
etudite B notre connaissance, malgrt son im- 
portance pour mieux comprendre les stabilitts 
relatives des structures wCbCrite et pyrochlore. 
Cependant, le cadmium, en raison de sa structure 
Clectronique, se distingue des ions alcalino- 

terreux par l'existence possible pour la composi- 
tion Cd2Sb207 des deux formes wCbCrite-pyro- 
chlore (9). Le prtsent travail est donc relatif B 
l'Ctude de la substitution dans la wCbCrite 
Cd2Sb207 du cadmium par un ion alcalino- 
terreux de plus grande taille, le strontium. 

Methode experimentales 
L'Ctude du systkme Cd2SB207-Sr2Sb207 a CtC effectuk 

de deux f a ~ o n s  diffkrentes, conduisant B des rtsultats 
identiques : 

Chairffage ?I I'air des mPlatrges d'oxydes CdO, Sb203 el 
du carbotla~e SrC03 

Le prkhauffage de ces composCs de purete supkrieure h 
99.5%, B 650 "C pendant 12 h, permet d'assurer dans un 
premier temps une oxydation totale de l'antimoine au 
degrC d'oxydation +5. La rbction est ensuite poursuivie 
par paliers distants de 100 "C, depuis 800 "C jusqu'h 
1200 "C. Chaque traitement thermique, dont la d u r k  
diminue lorsque la temperature augmente, est suivi de 
broyages. On limite ainsi la perte de masse au-delh de 
650 "C B moins de 1% de la masse des oxydes CdO ou 
Sb203 de dipart. 
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Cllarrffoge l'air rles rn/lcrr~grs des w6bPritrs Cd2Sb207 
et Sr2Sb207 

Ces melanges ont CtC prialablement obtenus suivant le 
mode opCratoire dCcrit pricedemment. 

I1 faut cependant noter que les composes Cd2-,SrZSb20, 
correspondant h 0.80 < x < 1.2 sont moins bien cristal- 
IisCs, quelle que soit la mCthode utilisCe. Une meilleure 
cristallisation de ces composCs a pu ttre obtenue pour ces 
compositions, en traitant les produits prCchauffCs B 
650 "C l'air, B 1 I00 "C en tubes de silice scellCs sous vide. 
Les produits obtenus ont CtC CtudiCs sur diffractomktre a 
poudre Philips utilisant un goniomktre horizontal et la 
raie K, du cuivre (sans monochromateur). 

Rksultats et discussion 

CrrractPristiqlres strlrctlrrales cles wibkrites 
Cd2-,Sr,Sb207 

Dans les conditions prCcCdemment dCcrites, 
nous observons un passage continu de la wPbCrite 
Cd2Sb207 B la wCbCrite Sr2Sb207 suivant: 

xSrC0, + Sb203 + (2 - x)CdO + O2 -+ 

Cd2-,Sr,Sb207 + xC02  7 
ou 

Quelle que soit la valeur de x comprise entre 
0 et 2, nous observons une seule phase, qui se 
prCsente sous la forme d'une poudre bien 
cristalliske de couleur blanchitre. 

Les diffractogrammes de ces phases Cvoluent 
de fason rCgulikre en fonction du taux de substi- 
tution x depuis la wCbCrite Cd2Sb207 jusqu'8 la 
wCbCrite Sr2Sb207. 11s ont CtC indexes pour les 
composts les plus riches en cadmium (x < 0.60) 
et en strontium (x > 1.20) dans une maille 
orthorhombique voisine de celle de la wCbCrite, 
et dans une maille quadratique pour les composi- 
tions voisines de x = 1 (0.8 < x < 1). Le com- 
posC CdSrSb207, correspondant 8 x = 1, se 
distingue des autres termes de la solution solide 
par la relation particulikre observCe entre ses 
paramktres (a = b = c j f i ) ,  permettant son in- 
dexation dans une maille cubique d'ordre 2. 
L'examen de 1'Cvolution des caractkristiques 
structurales ainsi obtenues (tableau 1, fig. 1) 
montre que la distorsion orthorhombique de 
la maille dCcroit progressivement depuis x = 

0, jusqu'i x = 1, puis croft i nouveau lorsque 
la teneur en strontium augmente jusqu'h x =2. 
L'Cvolution des paramktres de la maille est 
complexe et fait apparaitre deux regions situCes 
de part et d'autre de CdSrSb207: pour x 5 1, 

TABLEAU 1. Paramktres des composCs Cd2-,Sr,Sb207 

s a (A) b (A) c (A) ci&(A) 

'Les paramitres o et b donnfs prfcfdernrnent par diiTirents auteurs 
(5,  7). ont ftf  intervertis (voir texte). 

les paramktres b et c croissent de fason sen- 
siblement linCaire lorsque x augmente, alors 
que a diminue, mais trks 1Cgkrement; pour 
x > 1, a et b augmentent alors que c diminue de 
fason 1inCaire. Cette rupture dans 1'6volution des 
paramktres au voisinage de x = 1, se retrouve, 
mais de fason moins sensible, dans 1'Cvolution 
du volume de la maille (fig. 2). 

FIG. 1. Evolution des paramktres de la maille ortho- 
rhombique des composCs wCbCrites Cd2-,Sr,Sb207. 0, ( I :  

A, b; Q, c. 
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0. A 
la1 I bl 

FIG. 4, Dispositions relatives des plans A3B et AB3 
dans la structure wCbCrite. (a) Les tCtrakdres A3B. 
(b)  Les titratdres AB3. 

Les deux structures pyrochlore et wCbCrite, se 
difftrencient donc principalement par l'empile- 
ment de ces deux types de plans. 

11 en rCsulte que les rtseaux de tttrakdres A4 et 
B4 du pyrochlore dCcrits prCcCdemment par 
Pannetier et Lucas (12) font place respectivement 
dans la wtbCrite B des rCseaux de titrakdres A3B 
et AB3 (fig. 4 a et 6) .  

Dans ces conditions, il apparait, compte tenu 
des caractiristiques structurales prCsenttes par 
CdSrSb207, deux possibilite's quant B la structure 
de cette phase qui peut &tre constituke: (i) soit de 
tktrakdres rCguliers A4 et Sb4 comme dans le 
pyrochlore; (ii) soit de tktrakdres rtguliers A3Sb 
et ASb3. 

Dans chacune des deux structures, les tktrakdres 
A4 et A3B contiennent respectivement un atome 
d'oxygkne. Ce dernier, situC au barycentre de 
tktrakdres A4 dans la structure pyrochlore, ferait 
a p p p i t r e  pour CdSrSb207 une distance A-0 = 

2.2 A, trop faible pour permettre la prCsence de 
strontium dans ces tktrakdres, conduisant A rejeter 
pour cette phase la possibilitt d'une telle struc- 
ture. En revanche, la prCsence dans les tCtrakdres 
A3Sb de la wkbtrite, de cion antimoine de petite 
taille (Sb-0 = 1.96-2 A) devrait permettre des 
distances Sr-0 convenables. 

Un examen plus approfondi de la structure 
wCbCrite, et plus particulikrement de l'environne- 
ment des ions A, est donc nicessaire pour 
expliquer l'tvolution structurale des compose's 
Cd2-,Sr,Sb207. 

Analyse de la structure we'bkrite: environneinent 
cIes ions A 

L'examen de la structure des composCs A2B2X7 
de type we'be'rite (fig. 5) fait apparaitre d'aprks les 
rtsultats obtenus par Bystrijm (7, 8) pour 
Na2MgA1F7, l'environnement des ions A et B. 
Les ions B de petite taille prisentent la coordi- 
nence octatdrique sensiblement dCformCe, alors 

que les ions A, occupent deux types de sites de 
gkomttrie trks diffirente, 11otCs ici A, et AII et 
dtcrits par les prCctdents auteurs respectivement 
comme des sites octatdriques dCforme's et cu- 
biques dtformCs. 

Les sites AI 
11s sont en fait caracttrisCs par une coordi- 

nence 2 f (4 f 2). La description rCcente de la 
structure wibtrite, en couches de type bronze 
hexagonal prtsentte par Pouchard et coll. (1  1) 
permet de montrer que l'ion AI est situC au 
centre d'une bipyramide hexagonale gauche, 
formCe par les octakdres SbO6 enehaints par les 
sommets. La gComCtrie de ce site (fig. 6a) est 
donc caractCrisCe comme dans les pyrochlores 
A2B2X7, par deux distances A,-0, c o ~ r t e s , ~ e t  
six distances plus longues (supkrieures h 2.50 A). 
La coplanCitC des oxygknes 011 et des ions A,, BI, 
analogue B celle rencontrke dans le bronze 
hexagonal, fait apparaitre quatre distances 
A,-011 Cgales, conduisant B un octakdre 
AIO6; deux distances A,-011 plus longues 
rCsultent de la forme chaise de l'hexagone 
oxygkne. Ces premikres observations laissent 
penser que les distances A,-0, seront des 
distances critiques trks sensibles B la taille des 
ions A,. 

(0) (b) 

FIG. 5. La  structure wCbCrite: ( ( I )  suivant le plan 001. 
(b)  suivant le plan 100. 

FIG. 6. GComCtrie des diffirents sites des atornes A 
dans les wCbCrites A,B20./. (a )  site A,, (b) site A,,. 
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FIG. 7. Enchainement des diffkrents polytdres dans la 
structure wkbkrite A2B20,. ( ( I )  Enchainement des polyk- 
dres A(,,,Os suivant m. (b )  Enchainement des polykdres 
Ao)OG et BOG suivant cr. (c )  Enchainement des polybdres 
A(,,)Os et BO, suivant b. (d) Enchainement des polytdres 
A(,,Os et BO, suivant b. ( e )  Enchainement des poly'edres 
A(,,06 et A(II)Os suivant c. 

Les sites AII 
La ge'ome'trie de l'environnement des ions A,, 

est trop loin de celle d'un cube pour &tre con- 
sidCrCe comme une dkformation de ce dernier. 
On a en effet une coordinence 4 + 4 correspon- 
dant aux plans (AII-01) et (AII-011), (fig. 6b), 
l'angle entre les plans Ctant voisin de 70" dans 
Ca2Sb207 et Na2MgA1F7. L'ion AII dans son 
polykdre AII O8 est donc sit& au centre d'un 
rectangle avec 4 di2tances A,,-011 Cgales ou 
supkrieures B 2.60A, alors qu'il prCsente une 
coordinence voisine de celle d'un carre' dans le 
plan AII OI avec quatre distances A,,-0, beau- 
coup plus courtes (voisines de 2.35 A dans 
Ca2Sb207). I1 est donc B nouveau permis de 
penser que les distances A,,-Or, seront des 
distances critiques trks sensibles B la taille des 
ions A,,. 

InJrtence cle la tuille cles iotls A el B slit. 
l'&uol~trion cles pa,mnl.tres cle In rvPb&rite : 
enclzc/itzen~ent e1e.s polyl.clres AI06 et AIIOs 

L'examen de la structure wCbCrite fait appa- 
raitre les remarques suivantes: 

(i) suivant "a", les polykdres AII Ox sont joints 
entre eux par leurs c8tCs parallttles B c (fig. 5a). 
Les plans d'oxygknes 0, faisant avec la direction 
"a" (fig. 7a) un angle faible et les distances 
A,,-0, Ctant des distances critiques, la taille des 
ions AII pourra avoir une influence notable sur 
la valeur de a. 

Par ailleurs, l'enchainement des polyttdres 
A, O6 et B 0 6  (fig. 7b), qui mettent en commun 
leurs cGtCs normaux B "a", montre que la valeur 
de "a" sera like aux distances 011-011 et par 
suite dCpendra des distances A,-011 et B-OII. 

(ii) suivant "b" les polyttdres AII 0 s  et les 
octattdres B 0 6  mettent en commun leurs c8tCs 
parallttles B c (fig. 5n). Le plan des oxygttnes 011 
fait avec la direction b un angle faible (fig. 7c) 
impliquant une contribution notable des dis- 
tances AII-OIL B la valeur de b. Cependant, ces 
distances n'e'tant pas critiques, le pararnktre "b" 
sera peu sensible B la taille de l'ion AI1. I1 n'en est 
pas de m&me pour les polyttdres AI 0 6  joints 
suivant "b" par leurs sommets avec les octakdres 
B 0 6  (fig. 7cl): les distances B-OI et AI-OI Ctant 
des distances critiques, les tailles des ions A, et B 
auront une influence importante sur la valeur 
de "6". 

(iii) suivant "c" les polyttdres All 0 s  et AI OG 
sont joints entre eux par les c8te's (fig. 5b), de telle 
sorte que chaque polyttdre AI 0 6  ait ses cStCs 
communs B quatre polyttdres AII 08.  On constate 
que les c8te's 011-011 paralleles B "c" des 
polykdres AII O x  sont mis en commun avec les 
octattdres B06, et par suite, la distance 011-011 
suivant "c" dCpendra principalement de la taille 
de B. En revanche, les c8tCs 01-OI des polykdres 
A,, O8 parallkles B "c" dont les sommets appar- 
tiennent toujours 5 deux octattdres diffkrents, 
sont indipendants de B, et la variation des 
distances 01-OI qui conduit B un changement 
d'orientation des polykdres A, 0 6  (fig. 7e), pourra 
entrainer une variation du pararnktre c. La 
distance A,,-0, Ctant critique, il en r6ulte que 
la taille de A,, pourra conditionner la valeur 
de "c". 

I1 faut cependant noter que la taille des ions A 
et B ne peut &tre le seul facteur influen~ant 
I'Cvolution structurale de ces composks. La 
structure Clectronique de l'ion A peut avoir une 
influence notable sur les distances AI-OII. Ainsi, 
la wCbCrite Cd2Sb207 pre'sente une diffkrence 
entre les paramtttres a et b beaucoup plus faible 
que celle observe'e pour la wCbCrite Ca2Sb207 
malgrC les tailles trtts voisines des ions cadmium 
et calcium. Ce re'sultat peut Etre dG B I'aptitude 
du cadmium B prCsenter une coordinence 6 + 2 
voisine de celle observCe dans les pyrochlores. 
D'aprks les valeurs des distances Cd-0 ob- 
servCes dans les pyrochlores Cd2Nb207 et 
Cd2Ta207 (9), et des distances Ca-0 observCes 
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dans Ca2Sb207 (7), il en rtsulterait que le 
remplacement total du calcium par le cadmium 
dans Ca2Sb207 devrait conduire B une diminu- 
tion des distances AI-OI et B une augmentation 
des distances A,-OII. Ces distances contribuent 
de f a ~ o n  importante respectivement aux para- 
mktres b et a de la wtbtrite. 11 s'ensuit que le 
remplacernent total du calcium Dar le cadmium 
dank la wtbtrite Ca2Sb207 de;rait conduire B 

FIG. 8. Environnement de I'oxygkne OI dans le une diminution de "b" et B une augmentation de rgulier (CdSr2Sb)OI correspondant la 
"a". La structure de Cd2Sb207 n'ayant pas t t t  cdsrsb20,,  
dtterminte, en raison du caractkre isotlectro- 
nique des ions cadmium et antimoine(V), il est 
permis de penser que les paramktres donnts prt- 
ctdemment pour cette phase (5, 7) doivent &t!e 
inversts: a = 7.341, b = 7.222, c = 10.189 A. 

Interpretation rle I'iuoli~tion slrilctitrale r1e.s 
ivebkrites Cr12-,Sr,Sb207 

La plus grande aptitude du cadmium B 
prendre une coordinence 6 + 2 voisine de celle 
observte dans les pyrochlores, laisse penser 
qu'il y aura remplacement prtftrentiel du cad- 
mium par le strontium dans les sites AII, jusqu'B 
x = 1, conduisant B la wtbtrite ordonnte 
C d ( ~ ~ ) S r ( ~ ~ ~ ) S b ~ 0 7 ,  puis au-deb de x = 1, il y 
aura remplacement progressif du cadmium des 
sites AI par le strontium. Ce modkle est en 
excellent accord, compte tenu de l'analyse de la 
structure wtbtrite prtctdente, avec l'tvolution 
des paramktres observte au cours de la substitu- 
tion (fig. 2). 

Pour x < 1, le seul remplacement du cadmium 
par le strontium dans les sites AII doit conduire B 
une augmentation des distances critiques AII-O,, 
sans modifier la gtome'trie et les dimensions des 
sites A,. I1 en rksulte que seules les distances 
01-OI parallkles B "c" doivent augmenter, 
entrainant une croissance simultante des para- 
mktres b et c par redressement des poly2dres 
AI Os suivant "b" (fig. 7e), sans variation 
notable du paramktre a.  Au-delB de x = 1, le 
remplacement du cadmium par le strontium dans 
les seuls sites AI fait apparaitre une augmentation 
t r b  nette de la distance critique A,-O,, d'oG la 
croissance beaucoup plus importante de b ob- 
servCe pour x > 1 (fig. 1). La substitution du 
cadmium par le strontium de plus grande taille 
dans les sites A1 doit tgalement entrainer une 
augmentation des distances AI-011, et par suite, 
du paramktre "a" en accord avec les rtsultats 
exptrimentaux, Cvitant ainsi une trop grande 

dtformation des octakdres B06. L'augmentation 
des distances AI-OI et Ar-011, entraine un 
accroissement notable des distances 0,-OI des 
polykdres AII Ox, dirigtes suivant "a" (fig. 76). 
Aucune substitution n'ttant effectute sur les sites 
Air, les distances AII-Or restent sensiblement 
constantes, et par suite, les secondes distances 
01-OI des polykdres AII OX paralltles B "c", 
doivent diminuer, entrainant la decroissance de 
"c" observte pour x > 1. 

En rtsumt, il est permis de penser que trois 
distances critiques doivent influencer princi- 
palement l'tvolution structurale des wtbe'rites 
A2Sb207. Ces trois distances critiques se re- 
trouvent dans le rtseau des tttrakdres A3SbOI et 
il en rtsulte que les tailles relatives des ions 
prbents auront une influence notab!e sur leur 
dtformation. Le rayon moyen (0.97 A) des ions 
mttalliques des tttrakdres rtguliers (CdSr2Sb)OI 
de la wtbkrite GdSrSb207, voisin de celui du 
cadmium (0.95 A) pr6ent dans les tttrakdres 
(Cd4)O des pyrochlores, de volume sensiblement 
tgal, est en accord avec le phtnomkne d'ordre 
propost pour ce compost (fig. 8). Les relations 
particulikres entre les paramktres observtes pour 
les wtbtrites Cd2-,SrZSb2O7 au voisinage de 
x = 1 ,  semblent donc Ctre dues aux tailles 
relatives des ions mttalliques et ne reflktent pas 
la symttrie rtelle de la structure. 

1. F. BRISSE et 0. KNOP. Can. J. Chem. 46, 859 (1968). 
2. 0. KNOP, F. BRISSE et L. CASTELLIZ. Can. J. Chem. 

47, 971 (1969). 
3. R. COLLONGUES, F. QUEYROUX, M. PEREZ, Y. JORBA 

et J. C. GILLES. BuII. SOC. Chim. Fr. 4, 1141 (1965). 
4. G. DESGARDIN, G. JEANNE et B. RAVEAU. C. R. Acad. 

Sci. Ser. C, 276, 851 (1973). 
5. G. DESGARDIN, G. JEANNE et B. RAVEAU. C. R. Acad. 

Sci. Ser. C, 279, 565 (1974). 
6. G .  JEANNE, G. DESGARDIN et B. RAVEAU. Mat. Res. 

Bull. 9, 1321 (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DESGARDIN ET AL. 1671 

7. A. BYSTROM. Ark. Kemi, Mineral. Geol. 18A, no 21 10. C. HENAULT, G. DESGARDIN et B. RAVEAU. Rev. 
(1944). Chim. Miner. 12,247 (1975). 

8. A. BYSTROM. Ark. Kemi, Mineral. Geol. 18B, no 10 11. M. VLASSE, J. C. MASSIES, J. P. CHAMINADE et M. 
(1944). POUCHARD. C. R. Acad. Sci. Ser. C, 278, 1505 (1974). 

9. F. BRISSE, D. J. STEWART, V. SEIDL et 0. KNOP. 12. J. PANNETIER et J. LUCAS. Mat. Res. Bull. 5, 797 
Can. J. Chem. 50, 3648 (1972). (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Conformation of 2-thiophenesulphonanilides from dipole 
moment studies 
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GIUSEPPE C. PAPPALARDO, SALVATORE GRUTTADAURIA, EMANUELE MACCARONE, and GIUSEPPE 
MUSUMARRA. Can. J. Chem. 54, 1672 (1976). 

The electric dipole moments of a number of 2-thiophenesulphonanilides have been measured 
in benzene solution at  25 "C. The data obtained have been analyzed by the vectorial additive 
method of calculation. Results of the calculations have shown that the SO2-NH group prefers 
thega~~cl~e-syrr conformation in which the N-H bond lies on the plane bisecting the OSO angle. 
Conformations about the Ph-N bond in the 2'- and 3'-substituted derivatives have also been 
determined and are discussed. 

GIUSEPPE C. PAPPALARDO, SALVATORE GRUTTADAURIA, EMANUELE MACCARONE et Gius~ppe 
MUSUMARRA. Can. J. Chem. 54, 1672 (1976). 

On a mesurC, en solution benzinique k 25 "C, les moments dipolaires Clectriques d'un certain 
nombre de thiophkne-2 sulphonanilides. On a analysC les donnees obtenues par la mCthode de 
calcul vectoriel additif. Les rCsultats des calculs montrent que le groupe SO1-NH prCf6re la 
conformation gr~~rclre-syrr dans laquelle le lien N-H se trouve dans le plan bisecteur de l'angle 
OSO. On a aussi dCtermine et on discute des conformations autour des liens I'h-N dans les 
dCrivb substituCs en position 2' et 3'. 

[Traduit par le journal] 

Introduction 

The problem of the spatial structure of the 
sulphonamido group has not yet been fully re- 
solved. Previous dipole monlent measurements 
for benzenesulphonainides have been interpreted 
in terms of eclipsed forms (1) or of free rotation 
about the N-S bond (2). On the other hand, 
the application of general simplifying rules (3), 
which are based on theoretical estimates of the 
repulsive interactions between electron lone pairs 
and polar bonds, to benzenesulphona~nide shows 
that the gauche-syn (I, 11) and the gauclze-anti 
(111) confor~nations (Fig. 1) are the energetically 
most favoured ones. This view is also in a g ree- 
inent with results of X-ray studies on the solid 
(4), showing that the pertinent atoms are in a 
gauche-syn arrangement. Because of the inherent 
limitation of the method, however, the N-H 
orientations in the gauche-syn forms indicated 
by I and PI were indistinguishable. 

A definite approach to the resolution of this 
stereochemical problem has been made by us 

[Author to whom correspondence should be addressed. 

FIG. I. The possible gorrche conformations about 
N-S bond in benzenesulphonamide (Newman projec- 
tions viewed along the N-S bond). 

with the aid of a dipole inolnent method in the 
course of studies on a series of 2-thiophene- 
sulphonanilides. We present here thc measured 
dipole moments (benzene, 25 "C) for these 
molecules, together with an analysis of the 
relevant data in terms of solution state conforma- 
tions. 

Experimental 

Materials 
The formulae and compound numbers of the com- 

pounds examined are given in Table 1. The 2-thiophene- 
sulphonanilides 1 (S), 2 (G, 7), 3 and 4 (8), 5 (9), 6 and 13  
(lo), 7 ( I t ) ,  8-12 (I?), 14-17 (12), were prepared accord- 
ing to methods described in the literature cited. Com- 
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TABLE 1. Total polarizations (P2,& molar refractions (R,), dipole moments (p), and other parameters for their 
evaluation, for 2-thiophenesulphonanilides in benzene solution at 25 "C 

R* R' 

pound 
number crf' B P2,/cmj RD/cmi P/D 

R' = R3 = R4 = R5 = R6 = H 
X = H 1 10.10 
X = CI 2 6.72 
X = Br 3 6.32 
X = I  4 6.39 
X = NO2 5 8.90 

R2 = R3 = R5 = R6 = H .  X = H 
R4 = C1 6 6.91 
R4 = NO' 7 8.52. 

R 3 = R 4 = R S Y R 6 = H . X = H  
R2 = CH3 8 10.05 
R2 = C2H5 9 8.88 
R2 = CH(CH3)? 10 9.35 
R2 = CI 11 11.53 
R" NO, 12 15.48 

R L R 4  = RS = R6 = H .  X = H  
R3 = C1 13 7.27 
R3 = NO2 14 8.18 

R3 = R4 = R5 = H ;  X = H 
R2 = R6 = CH3 15 9.37 
R' = R6 = C2H5 16 7.67 
R" R6 = CH(CH3)' 17 6.63 

pounds were all purified by recrystallisation to constant 
mp and constant E , , , ~ , ~  before dipole moment determina- 
t~on .  The purity was alwa)ls >>99% for each sample, as 
determined by glc just prior to the dipole moment 
determination. 

Benzene was used as solvent and was purified as prc- 
viously described (1 3). 

Method of Calculation 

In attempting to interpret the magnitudes of 
the experimental moments, theoretical dipole 
moments for the separate conformers Ia, 110, 16. 
I16 (Fig. 2) have been calculated by a vectorial 
additive scheme from the suitable values of the 
component bond and group moments. 

To deduce a reliable set of individual bond 
moments, the benzenesulphonamide molecule 
has been chosen as model compound. The basic 
assumption has been made that this molecule, as 
solute, adopts the same conformation as in the 
solid state (4); this is because extremely high 
rotational energy barriers have been theoretically 
predicted for rotation about the N-S bond (4). 
Thus, on this basis, it appears reasonable to 
consider benzenesulphonamide, even in solution, 
as a rigid model compound in a conformation of 
type I or 11. Therefore, its experimental moment 

Pl~ysical Mertsrrremetl~s 
Electric dipole moments were determined in benzene 

solution at 25 1. 0.01 "C. The dielectric constants (el'), 
specific volumes (uI2), and refractive indexes (11,') of 
solutions at various weight fractions of solute 0v2) were 
measured using the apparatus and experimental tech- 
niques described in detail elsewhere (14). The total solute 
polarization (P2m) has been obtained by extrapolation to 
infinite dilution using the Halverstadt-Kumler method 
(15). The value of the experimental molar refraction (R,,) 
for the Na, line has been used as the electronic and 
atomic polarization, PC and I>:,, in calculating the dipole 
moments (p) from Debye's formula. 

The estimated error in p is k0.02 D. Duplicate deter- 
minations of p have shown reproducibility of i0.01 D. 

The experimental results are summarized in Table 1. 
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(4.77 D (16), in benzene at 25 "C) was given in 
the form of the sum of the vectors of the moments 
of the individual fragments. For the calculation 
the following bond moments were assumed 

The chosen values of the interbond angles were 
those obtained by X-ray structure analysis (4). 
In this way the unknown p(N-S) was readily 
calculated for the two possible structures I and I1 
using simple trigonometric procedures. Results 
of the computations show that two values are 
mathematically admissible for the N-S bond 
moment when considering benzenesulphonamide 
in the conformation I, i.e. p(N-S) = 1.65 D and 
p(S-N) = 5.95 D. The similar calculation based 
on a 11 type model of benzenesulphonamide 
provides a value p(S-N) = 2.15 D. 

Three different sets of calculations were thus 
developed to obtain the total moments, corre- 
sponding to the conformations I and 11, for 
the 2-thiophenesulphonanilides under study, as 
follows: for the possible conformations I the 
bond moments p(N-S) = 1.65 D and p(S-N) 

11. I l b  

FIG. 2. Possible conformations of 2-thiophenesul- 
phonanilides (Newman projections viewed along the 
N-S bond). 

FIG. 3. The molecule of 2-thiophenesulphonanilide in 
the conformation Ib  oriented along the coordinate system 
of axes. The x-axis is the perpendicular to  the N-S bond 
on the Car-S-N-H plane; the y-axis is the perpendicu- 
lar to this plane (and thus to the plane of the paper), with 
the negative end directed toward the observer; the z-axis 
is coincident with the N-S bond. The same orientation is 
adopted for the model benzenesulphonamide. 

= 5.95 D were used to calculate the moments 
pcnlc(l) and pcaIc(2), respectively; the bond 
moment value p(S-N) = 2.15 D was adopted to 
calculate the total moment pC,,,(3) for the 
possible conformations of type I1 (Fig. 2). The 
other bond moments were kept fixed at the 
values assumed for benzenesulphonamide. The 
molecular model of 2-thiophenesulphonanilides 
was oriented relative to the same coordinate axes 
selected for benzenesulphonamide (Fig. 3). 

In the calculations the group moments (19) 

were employed for the substituents in the phenyl 
ring. For the group moments of the substituents 
in the thiophene ring the values 

were used, as deduced from experimental data 
for thiophene and its corresponding 2-substituted 
derivatives (20). The geometry of the heterocycle 
was assumed to be that given by microwave 
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PAPPALARDO ET AL. 1675 

TABLE 2. Theoretical and experimental dipole moments of X- and R4-substituted 2-thiophenesulphonanilides 
- 

Conformation 

10 Ib IIa IIb 

Compound ~ c a ~ c ( l )  ~ c a l c ( 2 )  ~ c a l c ( 1 )  ~ c n l c ( 2 )  ~ c s l e ( 3 )  @ C ~ I C ( ~ )  Pexo 

spectroscopy (21); the direction of action of its 
resultant inoment (phct) was taken from the 
center of the cycle to the heteroatoin (22). 

Thus, the total moment for the 2-thiophene- 
sulphonanilides 1-5 having no substituents in the 
phenyl ring was easily calculated for conforma- 
tions of type I by summing the components along 
the coordinate axes for the benzenesulphonamide 
moiety to the additional component moments for 
the thiophene fragment in the rotational isomers 
a (conformation Ia) and b (conformation Ib). 
The same procedures also apply to determining 
the total molecular moments for conformations 
of type 11, with the difference that, in this case, 
the components along the x, y, and z axes for the 
benzenesulphonamide model are those corre- 
sponding to the components in form 11. 

When considering the remaining derivative 
compounds with substituents in the phenyl ring, 
the additional projections (on the same system of 
coordinate axes) of the vectors of the group 
moments (pR) were taken into account. A sum- 
mation of these components was then made 
individually, with the corresponding components 
on the x, y,  and z axes derived for each conforma- 
tion considered for the unsubstituted 2-thio- 
phenesulphonanilide, 1, molecule. In this way, 
the total inoment for conformations Iu, Ib, IIa, 
and IIb, of compounds 8-14 was calculated as a 
function of the angle 8. This is the rotational 
angle described by the phenyl ring about the 
Ph-N axis in a clockwise direction (see Fig. 3) 
in the molecules in which a 2- or 3-substituent 
is present. The conformation 0 = 0" was assumed 
as the one in which the ring plane makes an 
angle of 90" with the C-N-S plane and the 2- 

or 3-substituent is on the side of the N-H 
linkage. 

Results of the calculations are sumillarized in 
Tables 2 and 3. 

Results and Discussion 

Table 2 shows that the experimental moment 
for 2-thiophenesulphonanilide 1 is closer to the 
calculated values for the conformations Ia and Ib 
than for the IIa and IIb possibilities. On this 
basis a conformation of type I about the N-S 
bond can be inferred as the more probable for 
this molecule in solution and its derivative com- 
pounds 2-17. The difference that can be observed 
between the pesp and pC,,,(3) values, however. 
could be considered as not great enough to 
determine unambiguously the conformation of 1. 
On the other hand, results of calculations for 
inolecule 5 permit a more definite discrimination 
between the I and I1 conformations in favour of 
the former. In the case of this derivative com- 
pound 5, both structures IIa and IIb can be firmly 
discounted on the basis of the substantial 
difference between p,,,, and the two pCalc(3) 
values. The experimental moment is, in fact. 
2.84 D and 1.54 D higher than these calculated 
~noinents, and the above deviations considerably 
exceed the value attributable to the uncertainty 
of the method of calculation. Furthermore, the 
good agreement between the measured moment 
and the pC,,,(1), pC,,,(2) values clearly indicates 
that this molecule adopts preferentially con- 
formation Iu or Ib. 

In the case of all remaining molecules listed 
in Table 2 a choice cannot be made between the 
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TABLE 3. Values of 0 at which p,,,, and p,,,, agree for 
R?- and R3-substituted 2-thiophenesulphonanilides in the 

conformations l a  and Ih  

Compound Conformation 0 (deg.1 

8 In 81,170.8,189.2 
I b  81.3,169.4,190.6 

I and I1 conformations on the basis of the dipole 
moment data, all the pcalc values being compar- 
able to the measured moments. The conforma- 
tion 1, however, can be reasonably postulated for 
these compounds by analogy with the 1 and 5 
derivatives. 

It should be pointed out that for all molecules 
examined a definite distinction cannot be made 
between the a and b forms. This is due to the low 
value of the thiophene group moment; hence, 
the difference between the calculated moments 
for the Ia and Ib conformations cannot be con- 
siderable. 

The possibility that a different system of bond 
moments leads to the same results occurs for the 
2-thiophenesulphonanilides dealt with. There is 
an exception with the inolecules 6 and 7 that 
permits an evaluation of the appropriate N-S 
bond moment. By considering that conforma- 
tion I is retained in the compounds 6 and 7, 
the expected moments calculated with the 1.65 D 
bond moment (i.e. pcalc(l)) are in better agree- 
ment with the experimental than the calcu- 
lated with 5.95 D (pCa1,(2)). I t  can be therefore 
concluded that 1.65 D is the effective N-S 
bond moment and, thus, that the pc,lc(l) values 
only, are to  be considered in the present dis- 
cussion. 

To  deduce the orientations of the phenyl group 
in derivatives 8-14, the conformational angle 0 
for each molecule was determined through com- 
parison of measured and calculated dipole 

moments. Since, in these n~olecules retention of 
conformation I about the N-S bond can be 
reasonably assumed, the N-S bond moment of 
1.65 D was used in the computations. The values 
of 0 for which there is agreement between p,,,, 
and pcalC(l) are shown in Table 3. Examination of 
scale molecular models indicates that the possible 
conforn~ations in which is 0 > 180" can be 
eliminated on steric grounds. Further steric 
considerations suggest the possible values of 0 in 
the range 120-180" correspond to the less 
hindered positions and thus to the most probable 
conformations about Ph-N bond in these 
molecules. The above view is substantiated by 
results for the derivative compound 9 bearing a 
bulky alkyl-substituent in the ortho position. 
In this case the experimental moment corre- 
sponds only to  a single rotational conformation 
having 0 .= 180". 

In conclusion, the precision of the whole 
approach appears more convincing when con- 
sidering that our present findings are in accord 
with predictions based on the effects of electro- 
static influences between the free electron pair 
and the two polar S-0 bonds that may cause 
an increase of the total energy of the system 
in conformation 11. These repulsive effects ap- 
pear to be lower in conformation I which 
can be furthermore stabilized bv some electro- 
static attraction operating between the 0 atoms 
(negatively charged) of the SO? group and the H 
atom (positively charged) of the NH group. The 
vector addition scheme of bond moments is, in 
general, approximate in character. However, as 
in the present favourable case, essential improve- 
ments that enable the method to solve somewhat 
hard stereochemical problenls can be made 
possible by the use of properly chosen model 
compounds and selected bond moments. In a 
recent book (23) that represents the first com- 
plete treatment of the topic to  date these argu- 
ments concerning the conditional validity of the 
method are widely discussed. 
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JACQUES C. VEDRINE, JEAN MASSARDIER et ANTOINE ABOU-KA~s. Can. J.  Chem. 54, 1678 
(1976). 

Utilisant le rayonnernent 7 comme source ionisante il a kt6 possible d'etudier par resonance 
paramagnetique Clectronique, les sites d'adsorption et les espkces paramagnktiques adsorbCes 
sur des zeolithes de type H-Y. Les sites d'adsorption sont principalement les atomes d'oxygkne 
du reseau. On a observe que I'hydrogkne neutralise les sites ionisks tandis que I'oxygene donne 
des radicaux de type 0 2 -  pour lesquels la ripartition de densitk de spin non apparii est legere- 
ment iniquivalente (43 et 57%). Le monoxyde de carbone donne des espkces de nature C+O qui 
riagissent instantanernent B 77 K avec l'oxygkne en donnant des radicaux de type 0 2 -  pour 
lesquels la densite de spin est trks inkgalement rCpartie sur les deux atomes (:, i). Des radicaux 
de type OH' et NH2' ont pu Ctre CtudiCs ainsi que leur mobiliti. Ils proviennent de l'ionisation 
par le rayonnement d'entites H z 0  et NH3 physisorbies, le meilleur rendement Ctant obtenu pour 
un recouvrement monocouche. Cette etude permet une approche originale des propriCtCs 
adsorbantes des zColithes. 

JACQUES C. VEDRINE, JEAN MASSARDIER, and ANTOINE ABOU-KAIs. Can. J.  Chem. 54, 1678 
(1976). 

Use of y radiation as an ionizing source has been successfully applied to an  epr study of 
adsorption sites and of adsorbed species in the case of H-Y zeolites. Adsorption sites have 
appeared to be mainly oxygen nuclei from the lattice. It has been observed that molecular 
hydrogen neutralizes paramagnetic sites while molecular oxygen gives rise to 02--type radicals 
which have nearly equal unpaired spin density on the two nuclei (43 and 57%). Carbon mon- 
oxide gives rise to a species assigned to C+O which reacts very easily a t  77 K with molecular 
oxygen to  yield an 02--type species for which the spin density distribution is not equivalent on 
the two oxygen nuclei (i and i). The nature and the mobility of OH' and NH2' radicals have 
been studied in detail. They arise from the ionization of physisorbed HzO and NH,, the better 
yield being obtained at  a monolayer coverage. This study leads to an  original approach to  the 
study of the adsorptive properties of zeolites. 

Introduction 
La rCsonance paramagnttique Clectronique 

(rpe) est une technique prCcieuse permettant 
d'obtenir de nombreuses informations sur la 
structure insme d'un inatCriau solide: directe- 
inent s'il existe des entitts paralnagnttiques qui 
jouent le r6le de "sonde" (1) ou indirectement 
par introduction de telles entitCs dans le matCriau 
soit chirniquernent soit en ionisant des entitCs 
structurales diamagnttiques B I'aide de rayonne- 
inents (7, X, uv). De tels rayonnenients sont 

'A qui toute demande concernant ce travail peut Ctre 
demandee. 

particulikrement bien adaptts B ces Ctudes car ils 
ont un pouvoir ionisant ilevt et ils ne perturbent 
gCnCralement pas le inatkriau. Ainsi l'emploi 
coup16 de l'irradiation et de la rpe a perrnis 
d'Ctablir des corrClations intkressantes entre 
1'activitC catalytique et la concentration de 
centres V provenant d'entitts silico-aluminates 
dans une silice-alumine (2), entre l'aciditi forte 
de Brsnsted et par consCquent 1'activitC cata- 
lytique due A cette acidit6 et le piCgeage d'atomes 
d'hydrogkne libre (Ha)  dans des tchantillons 
irradits de ziolithe (3). De tels centres V sont 
apparus coinme caractkristiques d'entitks consti- 
tuant le rCseau lui-ri121ne (4) et en relation avec 
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VEDRINE ET AL. 1679 

l'activitt catalytique de mattriaux tels que les 
ztolithes (5) ou MgO (6) par exemple. 

L'ttude de la rtactivitt de ces entitts para- 
magnttiques vis-8-vis de divers adsorbats ainsi 
que la ditermination tventuelle des espkces 
intermtdiaires d'adsorption prtsente un grand 
inttrzt dans la comprthension des mkcanismes 
catalytiques. Dans ce domaine, la rpe peut 
fournir des renseignelnents trks utiles non seule- 
ment sur la nature du radical adsorb6 rnais aussi 
sur so11 environnement, sa mobilitt, et tventuel- 
lement la nature des sites d'adsorption. 

L'Ctude rpe anttrieure (3-4) de zkolithes H-Y 
irradites B 77 K par les rayolls 7 a montrt qu'il y 
avait crtation d'une part d'hydrogkne atomique 
caracttrist par un doublet de stparation 500 Oe 
et d'autre part de centres V ou "trous d'tlectron" 
localists sur des atomes d'oxygkne du rkseau 
pontant des atomes de Si soit B des atomes de A1 
(centres dits V,) soit B d'autres atomes de Si 
(centres dits V2). 

Le but du prtsent travail est donc d'ttudier la 
rtactivitk de ces centres et de caracttriser pour 
une ztolithe H-Y les espkces paramagnttiques 
observtes reprtsentatives des espkces diamagn6 
tiques adsorbkes sur le solide initial non irradit. 

Partie expkrimentale 
Le matCriau utilisC est une zColithe Linde de type Y 

dont 87% des ions Na+ ont CtC CchangCs par des cations 
NH4+. La zColithe ammoniCe est traitCe ?i 670 K en lit 
mince sous oxygkne puis sous vide (p - 10W torr) A cette 
tempirature pour obtenir un Cchantillon proton6 H-Y 
sauf spCcification diffkrente. 

Les Cchantillons sont placCs dans un tube rpe de silice 
fondue surmontC d'un tube CquipC d'une fine membrane 
de verre, facilement cassable B l'aide de marteaux en 
verre, pour permettre l'introduction ultkrieure d'adsorbat 
et d'un tube latCral permettant de traiter le solide sous 
vide avant l'irradiation et que I'on isole par scellement 
sous vide aprks le traitement. 

L'irradiation a CtC effectuie B 77 K dans un irradiateur 
au 60Co pour des doses de l'ordre de 2 Mrad. 

L'adsorption des diRCrents composCs a CtC effectuie 
soit B 77 K (rCactivitC des centres V) soit ?i tempCrature 
ambiante (espkces adsorbies). Les adsorbats ont CtC 
sCchCs avec soin sur tamis molCculaire, purifiis des gaz 
occlus par le traitement suivant ripkt6 plusieurs fois 
"solidification B 77 K, dCgazage B 77 K, richauffement A 
295 K". L'ammoniac a aussi CtC purifit par cryodistilla- 
tion sous vide. Dans le cas de H2  et CO les traces d'Or ont 
CtC soigneusement 6liminCes par pikgeage sur tamis 
molCculaire 77 K. Certaines expCriences ont CtC r CalisCes 
en prCsence de molCcules enrichies en isotope ?i spin 
nuclQire non nu1 ('70, I = 5/2;13C, I = 112; D ,  I = 1). 

Les mesures rpe ont CtC effectuCes A 77 K avec spectro- 

mktre Varian €9 CquipC de klystrons de 9.4 (bande X) ou 
34.5 (bande Q) GHz. 

Resultats expkrimentaux 
Les centres V, caracttrisant les oxygknes du 

rtseau, et de type 0- dans un schtma ionique, ne 
sont pas stables B la tenlpkrature ambiante de 
sorte que leur rtactivitt n'a pu &tre ttudite que 
pour des composks ayant une temptrature de 
liqutfaction peu Clevte tels HZ, 0 2  et CO. Leur 
rtactivitt vis-84s d'adsorbats tels H20, NH3, 
CO2 etc. n'a pas pu &tre considtrte mais dans de 
tels cas l'irradiation B 77 K en prtsence de ces 
adsorbats permet de surmonter la difficultt. 

Riactiuife' des centres V 
Action de l'lzyclrogbne 
L'introduction d'hydrogkne moltculaire en- 

traine une diminution dans le rapport 1/2 du 
signal rpe dii aux centres V mais la forme de cc 
signal ainsi que le nombre d'H' pitgts ne sont 
pas modifits tandis qu'aucun autre signal n'ap- 
parait. Si l'irradiation a lieu en prtsence d'hydro- 
gkne le signal dii aux centres V garde une forme 
identique au cas prtctdent mais son intensitk 
n'est plus que de lo%, toutes autres proprittts 
restant tgales par ailleurs. 

On avait montrC anttrieurement (4) que la 
formation de centres V ttait rtgie par des 
tquilibres fortement dtplacks B gauche comme 
dans l'tq. 1. 

Centres V, ou V2 suivant que T = Al ou Si 

I1 est donc vraisemblable que l'hydrogkne 
~nolkculaire se dissocie et neutralise les centres V. 
L'irradiation en prtsence d'hydrogkne lnontre 
que l'hydrogkne agit sur les sites diamagnttiques 
prCcurseurs des centres V. Ces deux proprittts 
sont probablement en relation ttroite avec les 
proprittks hydrogknantes (7) et le caractkre 
oxydant de la ztolithe Y. 

Action de l'oxygbze 
L'adsorption d'oxygkne sur la ztolithe H-Y 

irradite sous vide conduit dks les faibles pressions 
( y  -- 10-I torr) B la disparition instantante du 
slgnal dQ aux centres V et B l'apparition d'un 
signal d'intensitt comparable correspondant i la 
superposition de deux signaux (8). 
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En utilisant de l'oxygkne enrichi en 170 

(I = 5/2) il avait Ctt montrC que l'on a affaire 2 
un radical diatomique de type 02- oh la densit6 
de spin non apparit est 1Cgkrement diffkrente sur 
les deux atomes d'oxygkne avec: C: = 84.5 et 
CL1 = 64.2 Oe, C, et C, ttant trop faibles pour 
&tre dCtectCs, ce qui correspond B une densit6 de 
spin de 56.7 et 43.375, respectivement, et confkre 
un lCger caractkre peroxydique aux espkces 
"oxygkne adsorbe". Nous noterons que les 
paramktres rpe de ces espkces de l'oxygkne sont 
tout B fait distinctes (valeurs principales des 
tenseurs g et c) de ceux d'une espkce 03- (13) que 
l'on pourrait attendre de l'action de 0 2  sur un 
centre V de nature 0- .  Ceci montre que la 
liaison entre l'oxygkne adsorbt et l'oxygkne du 
rtseau (centre V) est trks faible, en accord avec 
l'exptrience puisque si l'on dtsorbe l'tchantillon 
en le rkchauffant, les centres V sont restaurts. De 
plus nous n'avons pas dCtectC d'interaction 
superhyperfine due B l'aluminium contrairement 
i d'autres rtsultats sur ztolithe Y (9). Cependant, 
l'observation de deux signaux correspondant B 
deux valeurs distinctes de g, (2.032 et 2.022) avait 
permis de conclure que l'oxygkne Ctait adsorbt 
sur des sites distincts, lies B des cations Si4+ et 
A13+ respectivement (11-12), ce que nous 
avons reconfirmt. 

De plus, lorsque l'oxygkne est introduit sur un 
Cchantillon de zColithe Na-Y trait6 A 670 K, on 
obtient principalement deux signaux rpe super- 
posts avec les paramktres suivants 

Les valeurs de g, sont intermidiaires entre celle 
correspondant B un ion monovalent d'adsorption 
(2.113, rCf. 10) et les valeurs prkctdentes. I1 
semble donc que sur une ztolithe Na-Y l'oxy- 
gkne s'adsorbe sur les n~&mes sites que pour les 
ztolithes H-Y; les ions Naf restant A proximitt 
de ces sites. 

Action dlc monoxycle de carbone 
Alors que nous avions observt une rCactivitt 

instantante des centres V dks l'introduction 
d'une faible pression d'oxygkne, nous avons 
constat6 qu'il fallait une pression importante 
(p r~ 30 torr) en oxyde de carbone paur que tous 
les centres V disparaissent au profit d'autres 
espkces paramagnktiques (fig. 1A). Cette pro- 
priCtC est tout B fait caracttristique de la diffC- 

rence de propriCtC d'adsorption de la zColithe 
vis-B-vis de 0 2  et CO. 

Lorsque de l'oxyde de carbone enrichi en 13C 
(90%) est mis en prCsence de ztolithe H-Y 
traitte i 670 K on obtient un spectre rpe prC- 
sentant les paramktres suivants (16) 

La dtcomposition du tenseur hyperfin en ses 
parties isotrope et anisotrope conduit aux valeurs 
respectives 

(1 = 277 Oe 
b, = 15.3 Oe 
b, = 6.7 Oe 

Les ~aramktres ~r tc tdents  sont assez dClicats 
2 expliquer et nous avions propost prCctdemment 
(16) qu'ils correspondaient i un radical de type 
CO+, sournis i un champ cristallin fort dans la 
zColithe ce qui conduit-; un tcart important 
vis-2-vis d'une symCtrie uniaxiale. Un calcul 
thtorique CNDO/SP du radical COf libre donne 
une valeur du couplage hyperfin isotrope en 
excellent accord inais le tenseur hyperfin aniso- 
trope est uniaxial (17). Si un tel radical est place 
en interaction avec un proton, un Ccart par 
rapport ?I la symCtrie uniaxiale a pu &re calcult 
(17) mais demeure nettement inftrieur B 1'Ccart 
exptrimental. La perturbation par un proton 
correspond A un modkle de calcul mais est 
intkressante i consid6er puisque le radical est 
observC sur une ztolithe protonte. Pour tenter 
de mettre en Cvidence une Cventuelle influence 
des protons, nous avons donc effectuC une 
experience analogue mais en deshydroxylant la 
zColithe B 900 K pour tliminer la majeure partie 
des protons. Le spectre rpe obtenu par action 
de 13C0 sur les centres V est prbentt  sur la fig; 2. 
On constate par comparaison avec la fig. 2 de la 
rtf. 16 que le spectre est nettement mieux rtsolu 
et prtsente les paramktres suivants 

Le tenseur hyperfin peut tgalement &tre dtcom- 
post en deux tenseurs uniaxiaux selon les axes 
x et z avec 
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VEDRINE ET AL 

: .  . . . . . . . . DPPH I i: 
1.' . . . . 

:: 2.0000 

FIG. 1. Spectre rpe a 77 K. ( A )  Adsorption de l2CO (40 torr) B 77 K sur I'echantillon de zeolithe 
HY-670 K irradiC sous vide. (B) Adsorption ulterieure B 77 K de I6O2 (0.1 torr). (C) RCchauffement 
de 116chantillon B a temperature ambiante. 

On constate donc que le caracttre s du radical 
s'est ICgkrement accru alors que le caractkre p 
n'a pas subi de modifications B la pre'cision des 
mesures, ce qui montre que la symitrie observCe 
ne dipend pas de la prCsence de protons. Compte 
tenu des paramktres rpe, nous proposons le 
modkle d'adsorption suivant 

;/o 
I 

Notons enfin que le radical HCO' (couplage 
hyperfin de l'ordre de 130 Oe avec l'hydrogkne) 
n'a pas CtC observC. 

Rkuctiuitk des especes CO+ udsorbkes 
Lorsque CO est introduit sur la ziolithe 

FIG. 2. Spectre rpe B 77 K du radical CO+ en utilisant 
du CO enrichi en 13C introduit sur l'6chantillon traite B 
900 K avant l'irradiation B 77 K .  
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VEDRINE ET AL 

FIG. 3. Espkce form& i 77 K par adsorption d'OL enrichi en ' 7 0  sur le radical CO+ de la zkolithe 
H-Y 670 K. Les Ctoiles correspondent B des raies existant sur l'khantillon avant l'irradiation. 

ment et ne disparaissent qu'8 des tempiratures 
de 200 K. Leur stabilitt n'est pas modifite en 
prtsence d'hydrogkne. En mCme temps que les 
espkces oxygkne disparaissent, les centres V les 
plus stables thermiquement sont restaurts. 

En conclusion on peut dire quelles espkces 
radicalaires de l'oxygkne rtagissent principale- 
ment sur les composts radicalaires tels que NO 
et ce, d'autant mieux qu'elles prtsentent un 
caractkre peroxydique plus marqut, comme ceci 
a t t t  observt par rpe. 

Caractkrisation d'esp.?ces adsorbkes szrr ziolithe 
Dans ces exptriences l'irradiation a lieu en 

presence de l'adsorbat. 
Radical OH' 
Le but de ces exptriences ttait de dtterminer si 

D P P H  
l'eau d'une part et les groupements hydroxyles c7-l p 
d'autre part pouvaient Ctre ionists par les rayons r ;?I 

en espkces paramagnttiques. On a observt un 8,  

doublet fortement anis0trope (fig. 4) dfi au FIG. 4. spectre rpe 77 K des radicaux OH. et OD. 
couplage de l'tlectron ctlibataire avec un proton sur l'kchantillon H-Y rehydrati. 
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VEDRINE ET AL. 1685 

cornrne le prouvent les expiriences rtalistes aprtts d'un spectre de poudres. Cornpte-tenu de travaux 
Cchange par l'eau lourde D20 ( I  = 1 pour D et utilisant de l'ammoniac enrichi en lSN et 2H 
,LLH/,LLD = 6.5). On a pu observer que le radical (23, 24) et pour assurer la correspondance entre 
OH' n'est obtenu qu'en prCsence d'eau physisor- les spectres en bandes X et Q, nous avons Ctt 
bCe et que son intensit6 est inaxinlum pour une amenCs B dCcomposer le spectre expkrirnental en 
adsorption de l'ordre de la rnonocouche. Ses deux signaux sous jacents d'intensiti comparable 
pararnktres rpe sont et de paramtttres rpe voisins 

gl = 2.0028 cl = -26Oe = = 24.3 f 1 Oe 
9 2  = 2.0050 cz = -47Oe 
g, = 2.010 c3 = -53 Oe C1lN(l) = 30 k 1 Oe 

CLN(l) = CLN(2) = 3 f 1.5 Oe 
La dCcomposition du tenseur hyperfin donne CllN(2) = 33.3 k 1 Oe 

On peut dire que la rotation de ce radical est 
totalement bloquCe ce qui correspond h une 
adsorption forte. La dkcornposition du tenseur 
hyperfin en deux tenseurs uniaxiaux alors qu'on 
n'en attendrait qu'un peut &tre expliquke par des 
liaisons hydrogknes avec les atomes d'oxygttne 
du riseau. I1 est B noter que le spectre obtenu est 
netteinent plus anisotrope que celui obtenu dans 
d'autres matrices (20) et en particulier dans la 
matrice inkre H 2 0  (21). Ceci rnontre bien que 
l'eau est forteinent physisorbCe dans les zCo- 
lithes, en accord avec leur capacitC d'adsorption 
irnportante. 

Notons encore que les groupenlents hydroxyles 
structuraux ne donnent pas naissance i des 
radicaux OH', la scission sous irradiation ayant 
probablement lieu entre 0 et H comnle dans 
1'Cquilibre 1. Ceci est en relation avec la mobilitC 
des hydrogttnes et leur acidit6 de Brernsted (3). 

Radical NH2' 
Les conditions de formation de ce radical sont 

tout B fait analogues i celles du radical OH'. I1 
apparait que seul l'ammoniac physisorbt donne 
naissance B NH2' avec une intensit6 inaximum 
pour des taux de recouvreinents voisins de 
l'unitC. Des radicaux de type NH3+ (22), dcs B 
l'ionisation de NH4+-, n'ont pas CtC observCs. 

Les Cchantillons dCgazCs B 670 ou 870K ont 
CtC ammonits B la teinpCrature ambiante par 
contact avec la vapeur de NH3 pendant une nuit. 
Les spectres les plus caractCristiques et les plus 
intenses ont CtC obtenus lorsque 1'Cchantillon est 
dCsorbC ensuite entre 300 et 370 K pour Clirniner 
l'excks de NH3 physisorbC. 

Les spectres obtenus (fig. 5) prCsentent une 
structure hyperfine B cinq raies caractkristique 

on obtient 

aisox(l) = 12 Oe (2.2%) 
bN(l) = 9 Oe (43%) 

aiSoN(2) = 1 3 Oe (2.3 %) 
bN(2) = 10 Oe (48%) 

L'interaction du radical avec des atonles d'Al 
( I  = 5/2) ou d'hydrogkne ( I  = 1/2) n'a pas t t i  
dCtectCe. 

L'observation d'une anisotropie hyperfine forte 
et uniaxiale pour l'azote indique que le radical est 
adsorb6 par l'interrnediaire de son noyau d'azote. 
La non observation d'anisotropie des hydrogknes 
de NH2' pourrait indiquer une mobilitC de ces 
atoines, par exen~ple par rotation autour de l'axe 
d'adsorption. Cependant une telle anisotropie est 
souvent faible et sa non observation pour des 
spectres de poudres doit Etre considCrCe avec 
prCcaution. Notons enfin que NH2' piCg6 dans 
une matrice inerte (25) ou dans la matrice lnttre 
(26) prtsente un spectre isotrope B neuf raies 
hyperfines. Le spectre pour les zColithes rnontre 
que le radical est bien adsorb6 sur des sites du 
rCseau et sa rotation forternent bloqde pro- 
bablement du fait de l'existence de liaisons 
hydrogkne avec les atolnes d'oxygkne du rCseau, 
cornlne ceci B CtC observe i un degrC lnoindre sur 
le Vycor cornposC i grands pores (30). 

Deux types de radicaux ont CtC envisagCs pour 
interprCter le spectre obtenu. Ceci correspond 
vraisernblablernent B des radicaux adsorbCs sur 
les deux types de sites donnant naissance aux 
centres V1 et V2. Notons en effet que ces centres 
V ne sont plus dCtectCs lorsque l'ammoniac est 
adsorb6 sur la zColithe (fig. 5) avant irradiation. 

Radical C02- 
Par action de C 0 2  sur les centres V (type 0- )  
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on pourrait s'attendre B obtenir des espkces de 
type C03-. En fait, aucune rCactivitC n'a CtC 
observCe, inais ceci peut provenir de la trop 
faible tension de vapeur de CO2 B la tempCrature 
de I'expCrience (77 K). 

Nous avons irradit un Cchantillon de zColithe 
H-Y en prtsence de CO2. Le spectre obtenu 
correspond B la superposition des signaux dfis 
aux centres V et B un signal que l'on a pu 
attribuer B C02- B partir du couplage du 13C 
(15, 27) ai,, .U 155 Oe. Ce dernier signal a Line 
intensit6 faible par rapport B celle des centres V 
et nous n'avons pu 1'Ctudier en dttail. On peut 
cependant conclure que CO2 s'adsorbe sur des 
sites diffkrents de ceux donnant naissance aux 
centres V. 

Conclusion 
La prCsente Ctude a permis de caractiriser la 

nature d'espkces adsorbkes, leur site d'adsorp- 
tion, leur mobilitC et Cventuellement leur rCac- 
tivitt. On a pu montrer que la coadsorption de 
CO et 0 2  modifie fortement la distribution de 
densit6 de spin sur la moltcule d'oxygkne et donc 
son caractkre radicalaire et en constquence sa 
rCactivitC. 

Les difftrentes esptces sont adsorbkes sur le 
solide par des liaisons assez faibles mais ntan- 
moins suffisantes pour bloquer leur inouvement 
de rotation. Dans le cas de radicaux protonts 
(OH', NH2') les liaisons hydrogkne avec les 
atomes d'oxygkne du rtseau bloquent fortement 
le mouvement du radical et donnent des spectres 
rpe beaucoup plus anisotropes que ceux obtenus 
pour les m2mes radicaux piCgCs dans des ~natrices 
inertes ou de leurs inolCcules mkres. 

La majorit6 des adsorbats Ctudits s'adsorbent 
sur les centres prtcurseurs de centres V donc sur 
des atomes d'oxygkne du rtseau ou B proximiti 
immCdiate. Seul C 0 2  semble s'adsorber difft- 
remment . 
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Solvolysis rates in aqueous-organic mixed solvents. 111. Kinetics of the 
alkaline solvolysis of monochloroacetate ion in water - tevt-butyl 

alcohol solutions 
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EL-HUSSIENY M. DIEFALLAH. Can. J. Chem. 54, 1687 (1976). 
The temperature dependence of the rate of alkaline solvolysis of monochloroacetate ion in 

water - tert-butyl alcohol solutions has been determined. The rates of reaction were first order 
with respect to  both the chloroacetate ion and to  the total solvoxide ion concentrations. The 
reactivity is enhanced, first slowly, and then more rapidly, by increasing the concentration of 
tert-butyl alcohol in the solvent mixtures. The rate of reaction increases with the reciprocal of 
the dielectric constant of the medium and the plot of log k us. 1/D can best be represented by 
two lines intersecting at  a point corresponding to  0.9 water mole fraction. The activation 
parameters AH* and AS* for the solvolysis reaction showed a minimum at about 0.9 water 
mole fraction. The significance of these results from the viewpoint of the electrostatic theory 
and the changing of solvent structure in such mixtures is discussed. 

EL-HUSSIENY M. DIEFALLAH. Can. J. Chem. 54, 1687 (1976). 
On a determine la dependance sur la temperature de la vitesse de solvolyse alcaline de l'ion 

monochloroac~tate dans des solutions d'eau et d'alcool tert-butylique. Les vitesses de la 
reaction sont du premier ordre par rapport B l'ion chloroacCtate et par rapport & la concentra- 
tion totale d'ion solvolysant. La rCactivitC augmente lentement au debut et ensuite plus rapide- 
ment mesure que I'on augmente la concentration d'alcool tert-butylique dans les melanges de 
solvant. La vitesse de la reaction augmente avec l'inverse de la constante diklectrique du milieu 
et I'on peut representer la courbe de log k en fonction de 1/D par deux lignes se croisant k un 
point correspondant & une fraction molaire d'eau de 0.9. Les paramktres d'activation AH* et 
AS* pour la reaction de solvolyse montrent un minimum lorsque la fraction molaire d'eau est 
pr&s de 0.9. On discute de l'importance de ces resultats par rapport B la thkorie electrostatique 
et par rapport au changement dans la structure du solvant dans de tels melanges. 

[Traduit par le journal] 

Introduction 

For many solvolysis reactions carried out in 
aqueous-organic mixed solvents, the activation 
enthalpy and entropy pass through an extremum 
as the solvent composition is varied (1-10). The 
position and depth of the extrema are dependent 
upon the substrate and the nonaqueous com- 
ponent of the solvent mixture. If the extrema in 
the various activation parameters are related to 
the same physical phenomena, it is expected that 
the variation of these extrema with changes in 
the organic component of the solvent mixture 
should parallel one another (8). For this reason, 
we have studied the alkaline solvolysis of sodiun~ 
rnonochloroacetate in a series of water- tert- 
butyl alcohol solutions covering the composition 
range 0-50y0 by weight tert-butyl alcohol, in 
order to test the reality of this expectation and to 

'Present address: Chemistry Department, Faculty of 
Science, King Abdul-Aziz University, P.O. Box 1540, 
Jeddah, Saudi Arabia. 

learn illore about solvent effects upon reaction 
rates. The kinetic study of the alkaline solvolysis 
of n~onochloroacetate ion in water-methanol and 
water-ethanol solutions has been carried out 
(1,2). It was deillonstrated that the monochloro- 
acetate ion solvolyses in alkaline solution with 
the operation of an S,2 mechanism. The reaction 
yields hydrochloric acid and the corresponding 
a-solvoxy con~pound. 

Experimental 
For all rate determinations, C.P. grade VEB Labor- 

chemie Apolda monochloroacetic acid was used after 
further recrystallization from benzene. tert-Butyl alcohol, 
reagent grade (obtained from Carlo Erba), was distilled 
(bp 82.9 "C) and the middle fraction used. Doubly dis- 
tilled water and the purified alcohol were used to prepare 
all the solutions. All solvent mixtures used throughout 
this investigation were mixed by volume, and the mole 
fractions and weight percentages were calculated making 
use of the density of the pure components (11). Enough 
of each solvent mixture was made to  complete the series 
of studies. The rates of reaction were determined by 
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FIG. 1. Second-order plots at 48.0 "C in mixtures of water and tert-butyl alcohol. Percent by weight 
tert-butyl alcohol: @, 0.0; X, 8.05; 0, 16.5; 0, 25.3; f3, 34.4; El, 39.2; A,  44.2. 

titrimetric methods by comparison of chloride ions 
liberated with base consumed in the reaction, as has been 
previously described (1). 

The appropriate initial concentration ranges for the 
kinetic studies of the alkaline solvolysis of sodium mono- 
chloroacetate were 0.100-0.020 mol/l for sodium mono- 
chloroacetate and 0.200-0.100 mol/l for sodium hydrox- 
ide. The reactants in the solvent mixture lead to a clear 
solution when the tert-butyl alcohol in the solvent 
mixture is less than about 50% by volume. At higher 
alcohol concentrations, the reaction mixture solutions are 
turbid due to phase separation which is more noticeable 
at  higher hydroxide concentrations and lower tempera- 
tures. Thus, we limited our kinetic runs to solvent 
mixtures containing less than about 50(h by volume 
tert-butyl alcohol. Under these conditions the reaction 
mixtures were clear and the results were reproducible 
giving rise to strictly second-order behaviour. 

Results and Discussion 
The rates of solvolysis reaction follows the 

second-order expression ( a  z 6): 

2.303 b(n-x) k = -  log - 
(a - b)t a(b - X) 

where x is n~ol/ l  reacting in time 1, N is the initial 
concentration of sodium inonochloroacetate. b 
is the initial concentration of base, and k is the 
specific reaction rate constant. The rate con- 
stants were evaluated from the slopes of the 
straight lines obtained when log b(n - x)/ 
a(b - x) are plotted against time, 1. Figure 1 
shows typical plots obtained at 48.0°C in 
solvent mixtures of water and tert-butyl alcohol. 

Table 1 lists the values of the rate constants 
obtained at 39.0, 48.0, and 56.0°C and the 
medium dielectric constant D of the various 
solvent mixtures investigated. The rate con- 
stants represent the average of at least four 
determinations. I11 each solvent mixture, D was 
calculated from the experimental value for the 
pure solvents (1 1) and the colnposition of the 
solvent mixture, assuming linear dependence on 
composition. Figure 2 shows how thc second- 
order rate constants for the reaction vary with 
solvent conlposition. It can be seen that the rate 
of reaction increases in a nonlinear manner as 
the tert-butyl alcohol content of the solvent 
nlixture increases and that the rate first increases 
slowly up to about 30% by weight tert-butyl 
alcohol and then more rapidly on further increase 
in the alcohol concentrat ion. 

Since the transition state of the solvolysis 
reaction bears a double ncgative charge, it is 
nlore strongly solvated than the ground state. 
and it is expected that as the solvent polarity 
increases the reaction rate increases (12). How- 
ever, the data in Table l shows that this is not 
true and that the rate of the reaction increases as 
the dielectric constant of the medium decreases. 
Moreover, Fig. 3 shows that the plot of log k us .  
1/D at each specified temperature gave rise to  
two straight lines intersecting at about 25% by 
weight tert-butyl alcohol (0.9 water mole frac- 
tion). These results show that there is no simple 
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DIEFALLAH 1689 

TABLE 1. Effect of temperature and solvent composition 
on the rate constants of the alkaline solvolysis of 

P monochloroacetate ion in mixtures of water and 
tert-butyl alcohol 

56.0 "C 
Solvent Rate 

water - t-butyl Medium constant 
T alcohol dielectric k X lo6 

("'2) (v/v) constant (1 mol-1 s-1) 

39 .O  Water 73.8 5 .26k0.2  
90.0:lO.O 69.0 5.51 kO.2 
80.0:20.0 63.4 5 .67k0.2  

c 
O 0 10 20 .30 40 50 

"10 (wt) t-butyl alcohol 
FIG. 2. Dependence of the second-order rate constants 

on solvent composition. 

correlation between the dielectric constant D and 
the rate constant k and that the values are not 
even in the same order predicted by simple 
electrostatic theory. The predictions of the 
dielectric theory of medium effects sometimes 
fit and sometimes fail to  fit the actual behaviour 
of polar reactions (13). This failure of the 
electrostatic picture might be because its general 
postulates are too simplified and because solva- 
tion effects other than those describable in terms 
of the dielectric constant can be expected t o  be 
of similar importance. 

The energy of activation of the reaction was 
calculated from the temperature coefficient of 
the reaction rates. The enthalpy and entropy of 

6.0' 
1.5 2.0 2.5 

I/D x lo-' 

FIG. 3. Dependence of the second-order rate constants 
on the dielectric constant of the medium. 

70.0:30.0 
60.0:40.0 
55.0:45.0 
50.0:50.0 

Water 
90.0:lO.O 
80.0:20.0 
70.0:30.0 
60.0:40.0 
55.0:45 .O 
50.0:50.0 

56.0 Water 
90.0:lO.O 
80.0:20.0 
70.0:30.0 
60.0:40.0 
55.0:45 .O 
50.0:50.0 

21.0' 
0.05 0.10 0.15 

116 
t-butyl almhd (mol fraction) 

FIG. 4. Dependence of the activation parameters AH" 
and AS* on solvent composition: 0, A H * ;  O, AS*. 

activations were calculated from the rate con- 
stants using the transition-state theory equations 
(14): 

- RTe-All*/n~ , m / n  
NI1 

AhN 
A S *  = Rln- 

eTR 
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TABLE 2. Activation parameters (at 48.0 " C )  for the solvolysis of monochloroacetate 
ion in water - tert-butyl alcohol solvent mixtures 

Solvent 
water - t-butyl Water 

alcohol mole A H -  - AS- AG* 
(v/v) fraction (kcal/mol) (cal deg-I mol-1) (kcal/mol) 

Water 1 .O 21.9 12.6 26 .O 
90.0:lO.O 0.979 21.7 13.3 25.9 
80.0:20.0 0.955 21.5 13.9 25.9 
70.0:30.0 0.924 21.2 14.7 25.9 
60.0:40.0 0.887 71.4 13.6 25.8 
55.0:45.0 0.864 22.0 11.6 25.7 
50.0:50.0 0.839 22.7 9.1 25.6 

where A is the frequency factor, R / N  is the 
Boltzmann gas constant, and 12 is Planck's con- 
stant. Table 2 shows the results of the activation 
parameters calculated at 48.0 "C. 

A change in solvent usually affects both the 
enthalpy and entropy of activation (13). The 
variation of AH* and AS* with solvent com- 
position is shown in Fig. 4. It is seen that when 
the concentration of rert-butyl alcohol in the 
solvent mixture is increased, the enthalpy and 
entropy of activation first decrease to a minimum 
of about 0.9 water mole fraction, and then 
increase. It  can also be seen that a large entropy 
is associated with a large enthalpy and a small 
entropy with a small enthalpy. This is charac- 
teristic of reactions involving moderate changes 
in structure or solvent (13). 

The extremum behaviour of the activation 
enthalpy and entropy has been observed for 
many solvolytic reactions (1-10) and under a 
variety of conditions, and seems to reflect a 
common solvent behaviour (7-10). The appear- 
ance of the minimum in aqueous-organic solvent 
mixtures was explained by Arnett and co-workers 
(7) on the basis of the behaviour of heats of 
solution in aqueous alcohols. Both the heat of 
solution and the enthalpy of activation are re- 
lated to the same kind of change in solvent 
structure with changing composition. There is 
evidence (7, 15-17) which further supports the 
conclusion that the addition of alcohol to  water 
increases the structuredness of the solution in the 
water-rich concentration range and that the 
extremum behaviour may be related to the 
accompanying solvent reorganization attending 
the activation process for solvolysis in binary 
alcohol-water systems (10). In such cases it is 
concluded that the breakdown of solvent struc- 

ture as a consequence of charge separation in the 
activation process parallels the sensitivity to 
changes in the solvent composition. 

The behaviour of variations in AH* and AS* 
with changes in solvent composition observed in 
this study is similar to  that found for the solvol- 
ysis of sodium monochloroacetate in methanol- 
water and ethanol-water solutions (1, 2). How- 
ever, in rerr-butyl alcohol - water solutions, the 
depth of the AH* minimum relative to  pure 
water is about 0.8 kcal/mol and that for AS* is 
2.3 cal deg-I 17701-l. This compares with 4 kcal/- 
in01 and 12 cal deg-I inol-I for the methanol- 
water and 1.5 kcal/mol and 4.2 cal deg-' mol-' 
for ethanol-water solutions. These results indi- 
cate that in rerr-butyl alcohol - water solvent 
mixtures the activation parameters show rela- 
tively little variation with changing solvent 
composition. The reorganization of solvent 
inolecules during the activation process has 
relatively less effect on the alkaline solvolysis of 
monochloroacetate ion in the [err-butyl alcohol - 
water system than in the methanol-water system. 
Table 3 suminarizes the results showing the 
effect of the size of the alkyl group of the alcohol 
on the position and depth of the AH* and AS* 
minima. 

In aqueous-organic solvent mixtures, the 
-OH group of the alcohol is visualized as fitting 
into the hydrogen-bonded network of the water 
structure while the water forins a continuous 
hydrogen-bonded shell about the alkyl group (9). 
There is evidence (9, 10, 18, 19) for these binary 
mixtures which supports the conclusion that the 
relative amount of alcohol compatible with a 
three-dimensional quasi-aqueous structure is 
directly dependent on the volume of the alkyl 
group, i.e. extrelna being observed at succes- 
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DIEFALLAH 

TABLE 3. Effect of the size of the alkyl group of the alcohol cosolvent on the 
position and depth of AH" and AS* minima in the alkaline solvolysis of 

monochloroacetate ion 

Position of AS* Depth of AS" Depth of AH#: 
Organic or AH* minimum minimuma minimumn 

cosolvent (water mole fraction) (cal deg-1 mol-1) (kcal/mol) 

Methyl alcoholb 0.7 12.0 4 .0  
Ethyl alcoholC 0.S 4 .2  1.5 
tert-Butyl alcohol(l 0.9 2.3 0.8 

"Relative l o  pure wntcr. 
Weferencc I. 
CReference 2. 
dThis study. 

sively lower concentrations of alcohol as the 
hydrophobic alkyl group increased in volume. 
Our kinetic results are in agreement with this 
conclusion. Table 3 shows that the observed 
minilnuin is shifted from 0.7 water mole fraction 
in methanol-water to  0.8 and 0.9 water inole 
fractions in ethyl alcohol - water and ~ert-butyl 
alcohol - water solvent mixtures, respectively. 

The calculated values of AG* are also listed in 
Table 2 and it can be seen that they do not change 
inuch with solvent composition. This must be due 
to the linear compensation between AH* and 
AS*.  The plot of AH* us. AS* gave rise to a 
straight line as shown in Fig. 5. The slope of the 
straight line, known as the isokinetic or iso- 
equilibrium temperature, equals 270 K. Linear 
AH* - AS* relationships have been observed 
for many systeins (9, 13) and also for the 
solvolysis of sodium inonochloroacetate in 

FIG. 5. A plot of AH* us. AS* for the alkaline solvoly- 
sis of monochloroacetate ion in a series of water - tert- 
butyl alcohol solvent mixtures. 

methanol-water and ethanol-water solutions (1. 
2) and this behaviour is expected if the solvents 
in a series perfor111 closely similar roles in the 
reaction (13). 
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Vapour pressures of solid and liquid NbCl, and TaCl, 
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DONALD R. SADOWAY and S. N. FLENGAS. Can. J. Chem. 54, 1692 (1976). 
The vapour pressures of solid and liquid NbCI, and TaC15 have been measured over the 

temperature range 425 to  525 K by a quartz Bourdon-type spiral pressure gauge. Enthalpies 
and entropies of sublimation, fusion, and evaporation as well as melting points and boiling 
points have been calculated. The present results are compared with those reported in the 
literature. 

DONALD R. SADOWAY et S. N. FLENGAS. Can. J.  Chem. 54, 1692 (1976). 
A moyen d'une jauge Bourdon B spirale de quartz, on a mesure les tensions de vapeur du 

pentachlorure de niobium et de tantale B 1'Ctat solide et liquide, B des temperatures variant 
entre 425 et 525 K. Les enthalpies et les entropies de sublimation, de fusion et d'kvaporation 
ont kt6 calculkes, ainsi que les temperatures de fusio~l et d'kbullition. Les rksultats obtenus sont 
compares avec les donnks  publikes dans la litterature scientifique. 

Introduction by Keneshea et cil. (14). Any oxychloride and water 
impurities present should react according to  

The equilibrium vapour pressures of pure 
solid and liquid NbClj (1-6) and TaCl5 (1-4, 

and 
MOCl,(,, + SOC12(,, -) MC15(,, + SO2(,, 

7-10) have been the subject of many investiga- H20(,, + SOC12(,, + 2HCl(g) + SOz(gj 
tions. It is evident in Fies. 3 and 4 that the results 

u 

of various investigations differ greatly. The un- where M represents Nb or Ta. The purified compounds 
were sublimed into glass ampoules which were subse- certainties in values of the derived thermody- quently sealed under vacuum. 

namic properties such as the enthal~ies and The apparatus for measuring the equilibrium vapour 
entropies of evaporation and of sublimation are pressures is shown in Fig. 1. It consisted of a Bourdon- 
even greater since their calculation depends 
upon an accurate knowledge of the derivative of 
the logarithm of pressure with respect to the 
reciprocal of temperature. 

In the present investigation the pressures of 
NbCls and TaClj vapours, in equilibrium with 
the pure compounds NbClj and TaCl5, respec- 
tively, have been measured by a direct method 
over a temperature range extending below and 
above their melting points. 

The study is part of a research program con- 
cerned with the thermodynamic and electro- 
chemical properties of refractory-metal chlorides 
(11-13). 

Experimental 
The compounds NbCl, and TaCl, were obtained com- 

mercially' and were certified to be of purity 99.99% and 
99.9a/o, respectively. These were further purified by 
sublimation in a stream of oxygen-free and dehydrated 
helium gas saturated with thionyl chloride, as described 

'The salts were obtained from Research Organic/ 
Inorganic Chemical Corporation, Belleville, New Jersey, 
U.S.A. 

iype fused quartz spiral.? This was enclosed in a quartz 
chamber in such a way that the salt vapour from the 
sample entered only the inside of the spiral while air 
could be admitted to  the chamber surrounding the spiral 
to  equilibrate pressures inside and outside the spiral. The 
gauge served only as a null point detector while the 
pressure was read directly on a closed-end mercury 
manometer. The null point of the quartz signal was 
determined with the aid of a telescope to  the nearest 
0.2 mm Hg. Mercury levels in the manometer were 
measured by a cathetometer. 

The quartz spiral-type gauge was found to  be superior 
to both the spoon-type Bourdon gauges (15, 16) and the 
molten tin isoteniscopes (17, 18) used previously in this 
laboratory because of its ability to sustain large and 
sudden pressure changes without shattering. This elimi- 
nated the need for close supervision of the apparatus since 
it was nn longer necessary to balance the pressures con- 
tinuously. In addition, because of the compact size of the 
spiral-type gauge and because it was connected directly 
to  the sample container, the volume of the gas phase was 
kept to a minimum. Furthermore, the salt sample and its 
vapour were contained in a closed system. This facilitated 
conducting experiments over extended time periods with 
no accompanying material losses. 

Heat was supplied by a resistance furnace consisting of 

2The Bourdon spiral was manufactured by Worden 
Quartz Products, Houston, Texas. 
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SADOWAY AND FLENGAS 

TABLE 1. Measured vapour pressure of NbCI, and TaCI, 

NbCI, TaCI, 

Sublimation Evaporation Sublimation Evaporation 

Temperature Pressure Temperature Pressure Temperature Pressure Temperature Pressure 
("C) (mm Hg) ("C) (mm Hg) ("C) (mm Ha) ("C) (mm Hg) 

TO CLOSED-END - 

healed by 
upper furnace 
windings 

FUSED QUARTZ BOUROON SPIRAL 

-OUTER CHAMBER 

healed by middle 
furnoce wind~ngs 

healed by lower 
furnoce w ~ n d ~ n p s  

THERMOCOUPLE WELL 

-SAMPLE CONTAINER 

FIG. 1. Apparatus for the measurement of vapour 
pressure. 

three independently controlled nichrome tape windings. 
The lowest winding heated the sample, while the upper 
two windings created a temperature profile in the spiral 
and the tube connecting it t o  the sample such that con- 
densation of salt in these regions was prevented. The 
temperature variation in the zone of the furnace occupied 
by the sample was k0.25 K. Temperature was measured 
by means of a chromel-alumel thermocouple contained 
in a glass tube immersed in the salt sample. The thermo- 
couple had been calibrated against a certified platinum - 
13% rhodium us. platinum standard. Thermal emf's were 
measured by a volt potentiometer. 

In a typical experiment the salt was distilled into the 
sample container. The system was then sealed under 
vacuum. Experiments lasted usually a period of three 
days. During this time the sample was subjected to  
repeated heating and cooling cycles over the entire 
temperature range of interest to demonstrate the absence 

of hysteresis in the Bourdon spiral and to establish the 
reversibility of the measurements. 111 each case a t  the end 
of the experiment the pressure returned to within 2 to  
3 mm Hg of zero. 

Results and Discussion 

The apparatus was capable of measuring the 
total vapour pressure in the system. Density 
measurements of NbC15 and TaCls vapours from 
500 K to the critical temperature by Nisel'son 
et al. (19) and by Johnson and Cubicciotti (20) 
have shown that in  the temperature range of the 
present work the vapour phase may be con- 
sidered a monomeric ideal gas. Accordingly, in 
the following thermodynamic calculations fugaci- 

FIG. 2. Temperature dependence of vapour pressure of 
NbC1, and TaC1,: results of the present study. 
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ties have been replaced by measured vapour pressures. 
The pressure measurements are displayed in Table 1. Pressures were measured in mm Hg, and 

corrections were made for scale expansion, mercury expansioi~, and gravity (21, 22) to give the 
corresponding mercury column height under standard conditions, i.e. at 273.15 K and an accelera- 
tion of free fall of 9.80665 m/s2. These corrected values appear in the table. Temperatures reported 
are based on the IPTS-68 (23). In Fig. 2 these data are plotted. 

Since the heat capacities of NbCIS are known (14) it was possible to calculate the complete temper- 
ature dependence of its vapour pressure by applying the 2 function method (24). Enthalpy contents 
of solid and liquid NbCIS were measured by drop calorimetry by Keneshea e t  al. (14) and the molar 
heat capacities of solid and liquid NbC15 are given as 35.35 cal/K and 57.26 - 22.06 X TT' 
cal/K, re~pectively.~ 

Werder, Frey, and Guenthard (26) measured the vibrational spectra of solid NbCIS and calculated 
the molar heat capacity of the gas from theory based on the harmonic-oscillator rigid-rotator 
approximation. These results have been fitted herein to the equation 

[I] Cp,sas = 31.73 - 2.678 X 105T-2 cal/K mol 

which is valid in the temperature range 300 to 600 K .  
Linear regression of Z us. 1/T yields the following equations for NbC15 

Figure 3 shows a comparison of various vapour pressure studies of NbC15. -It may be seen that the 
results of this investigation are within the range of reported values and agree well with the work 
performed on this system since 1970 by Johnson e t  al. (5) and Staffansson and Enghag (6). 

In the case of TaClS, heat capacity data could not be found in the literature. However, Schaefer 
and Kahlenberg (27) have estimated the following values based on the properties of ZrC14 and HfC14 

and 
C ~ , ~ ~ l i d  = 38 - 3 X 105T-2 cal/K mol 

Cp,,,, = 3 1.6 - 3.7 X 105T-2 cal/K mol 

The 2: function analysis of the sublimation vapour pressures yields the following approximate 
equations for TaC15 

In the absence of any estimate of the heat capacity of molten TaC15 least-squares analysis of the 
evaporation vapour pressures gives the following equations 

T h e  molar heat capacity of NbCI, was misprinted in eq. 7 of ref. 14 as 57.36 - 22.02 X 10-6T2 cal/K along with the 
statement that its value is 56.8 cal/K at  the melting point. The correct value is 57.26 - 22.02 X T 2  with a value 
of 52.2 at the melting point quoted in the paper. Both errors also appear in the GMELIN handbook (25). These 
corrections have been confirmed in a private comm~~nication by D. Cubicciotti, Stanford Research Institute, Menlo 
Park. California. 
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A Opykht~no  and Fleisher (11 
o Torosenkov ond Komandin ( 2 )  
o Alaronder and Foirbrolher (31 
A Johnson. S ~ l v o ,  and Cubicciolli (5) 

Stoffanason and Enphop (6) 
- Ih~s a r k  

-1.0 - 

- 
E - 
0 
\ ; -2.0 - 
a 
Z 
a - 
C - 

FIG. 3. Temperature dependence of vapour pressure of NbCI,: comparison with other investigations. 

Figure 4 compares the pressure results of 
various investigations of the TaC15 system. The 
results of this study agree very well with the 
recent work by Saeki et ul. (8). 

Table 2 displays calculated values of the boil- 
ing point, melting point, and the various en- 
thalpies and entropies of transition of NbC15. 
Table 3 compares various determinations of the 
thermodynamic properties of NbC15. The results 
of the present study lie within the range of values 

reported in the literature for any given property. 
Noteworthy in Table 3 are the values for the 
molar enthalpy and entropy of sublimatioil a t  
298.15 K which compare well with values re- 
ported by Schaefer and Poelert (4) who measured 
vapour pressures of NbC15 from 350 to  384 K. 

Table 4 shows calculated values of thermo- 
dynamic properties of TaC15. The melting point 
is determined in this work to  be 496.9 K ,  which 
is about 2 K higher than that quoted elsewhere. 

TABLE 2. Thermodynamic properties of NbCI,' 

AH, AS, 
Temperature Phase transition (kcal/mol) (cal/K mol) 

Boiling point: 521.4 K Liquid-gas 12.77+0.10 24.5+0.1 
Mean temperature: 502.3 K Liquid-gas 13.1750.10 25 .350.1  
Melting point: 48 1 .5  K Liquid-gas 13.61 k0 .10  26 .2 f0 .1  
Melting point: 481.5 K Solid-liquid 6 .85 f0 .55  14 .3 f1 .2  
Melting point: 48 1 .5  K Solid-gas 20.4650.45 40 .5k1.1  
Mean temperature: 449.8 K Solid-gas 20 .62f0 .45  40 .8k1 .1  
Standard temperature: 298.15 K Solid-gas 21 .47f0 .45  4 3 . 1 f l . l  

*Al l  entries in Table 2 were calculated with the use of only [2] through [ 5 ] .  The mean temperature is 
defined as the reciprocal of the mean value of T-' for the reported data points. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. 3. CHEM.  VOL. 54. 1976 

TABLE 3. Comparative values of the thermodynamic properties of NbC15 
(a) Sublimation 

AHTS ASTI AH298 As29~ 
(kcal/mol) (cal/K mol) (kcal/mol) (cal/K mol) Reference 

20.0 k0 .8*  39.8+1.8* 20.91. 42.41 1 
18.3 k0.5 '  36.1k1.0* 19.41 39.11 2 
20.0 k0.5' 38.9k1.1* 21.01 41.71 > 

- - 22.8 36.2 4 
18.5 - 19.6 39.4 6 
22.00k0.23 43.81 23.17 46.81 28 
20.62k0.45 40 .7k1 .1  21.47k0.45 43.1k1.1 This work 

'Analysis of data pcrformcd by Schacfcr et a/. (33). 
tAnalysis of data pcrformcd by Schacfcr and  Poclcrt (4). 
:T iq the mcan temperature of the measured vapour prcssurea. 

(6) Evaporation 
- - 

AHTS A s ,  t. 
(kcal/mol) (cal/K mol) Reference 

1 
2 (Boiling points) 
2 (Static method) 
3 
5 
6 

28 
34 
This work 

'Analysis pcrformcd by Schacfcr et a/. (33). 
tThcsc values wcre calculated herein using only the 3 points of ref. 5 

which lie in the temperature range of  the prescnt study. 
:T is the mcan tempcratul.e of the measured vapour pressure>. 

(c) Fusion 

Experimental method Reference 

9.95 Visual synthetic method - phase diagram 35 
8 .30F0.4 Phase equilibria 34 
8.15 Visual synthetic method - phase diagram 36 
8.09k0.23 Drop calorimetry 14 
6.85i.0.55 Vapour pressures This work 

'T is the melting point determined in the respective investigation. 

TABLE 4. Thermodynamic properties of TaCI," 

a H~ AST 
Temperature Phase transition (kcal/mol) (cal/K mol) 

Boiling point: 507.3 K Liquid-gas - - 

Mean temperature: 502.7 K Liquid-gas 12.81 k0.40 25.3k0.8  
Melting point: 496.9 K Solid-liquid 6.25k0.85 12 .5k1 .7  
Melting point: 496.9 K Solid-gas 19.06k0.41 37.8k0.9  
Mean temperature: 468.2 K Solid-gas 19.26k0.41 38.2k0.9  
Standard temperature: 298.15 K Solid-gas 20.43k0.41 41.3k0.9 

'All entries in Table 4 were calculated with thc use of  only [6] through [9]. The mean temperature is 
defined as  the reciprocal of  the mcan valuc of  T-' for the reported data points. 
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SADOWAY AND FLENGAS 

a Opykhlina and Flrisher (1) 
0 Taraaenkov and Komandln 12) 
o Alexander and Fairbmttmr 131 
A Shchukarsv and Kurbanov ( 7 1  
m Saekt, Mat8uraki. Yanai, and Funaki (8) 
V Brink and Stevsn8on ( 9 )  

Staffanasan and Enghag (101 
- this rork  

FIG. 4. Temperature dependence of vapour pressure of TaCIS: comparison with other investigations. 
Data of Saeki et nl. were estimated herein from Figs. 7 and 8 of ref. 8. Data of Shchukarev 
and Kurbanov were calculated herein at  selected temperatures using equations for the least-squares 
lines quoted on p. 146 of ref. 7. 

The melting point is reported to lie in the range previously reported. The enthalpy and entropy 
of 488 K (28) to 495 K (29). The boiling point of of evaporation agree well with other studies. The 
507.3 K falls within the reported range of 506 K enthalpy of fusion with a value of 6.25 f 0.85 
(28) to 515 K (30, 31). Table 5 compares various kcal/mol lies well below the value of 8.6 kcal/ 
determinations of the thermodynamic properties mol determined calorimetrically by Dobrotin et 
of TaC15. The enthalpy and entropy of sublima- al. (32). No error limits were quoted in their 
tion are lower by approximately 10% than those work. 

TABLE 5. Comparative values of the thermodynamic properties of TaCI5 
(a) Sublimation 

A ~ T  S AH298 
(cal/K mol) (kcal/mol) 

AS2 9 8 
(cal/K mol) Reference 

1 
2 
3 
4 
7 
8 
9 

10 
This work 

'Analysis of data obtained by Schaefer er 01. (33).  
TAnalysis of data obtained by Schaefer and Poelert (4). 
IT is the mean temperature of the measured vapour pressures. 
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(b) Evaporation 

AHT t AS, t 
(kcal/mol) (cal/K mol) Reference 

11.7 t 2 . 3 *  23.0 +4.7* 1 
11.7 +0.7* 23.0 +1.4:" - 1 

13.64k0.26" 26.6 50 .5"  3 
14.9 k l  .O 29.3 5 1 . 0  7 
13.71 27.04 8 
14.03 27.51 10 
13.1 k 0 . 4  25.9 k 1 . 3  28 
12.81 k 0 . 4  25.3 k0 .8  This work 

*These values were calculated herein by numerical analysis of  the ex- 
perimental data. 

tT is the mean temperature of  the measured vapour pressures. 

(c) Fusion 

AHT* 
(kcal/mol) Experimental method Reference 

9.15 Visual synthetic method - phase diagram 3 5 
8.6 Calorimetry 3 2 
8 .4  Visual synthetic method - phase diagram 36 
6.25k0.85 Vapour pressures This work 

tT is the melting point determined in the respective investigntions 
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cis and trans isomers in R,Fe(CO),I compounds 
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KEITH STANLEY and D. W. MCBRIDE. Can. J. Chem. 54, 1700 (1976). 
The synthesis and separation of the cis and trrrtrs isomers of Fe(trotis-~-CF=CFCF,)(C0)~1 

is described. The two isomers are identified from the carbonyl region of the infrared spectrum. 

KEITH STANLEY et D. W. MCBRIDE. Can. J. Chem. 54, 1700 (1976). 
On dtcrit la synthkse et la stparation des isomkres cis et trrrtrs du Fe(trc~ris-U-CF=CFCF,)- 

(CO),I. On a identifit les deux isomkres grace la rCgion carbonyle du spectre infrarouge. 
[Traduit par le journal] 

Introduction 

In the work of Stone and co-workers ( I ,  2), it 
was pointed out that compounds of the type 
RfFe(C0)41 can exist in either cis or trans con- 
figurations. 

I 

CO 
cis 

Group theory predicts different C-0 stretch- 
ing patterns in the ir spectrum for these isomers. 
The trans configuration, which has local carbonyl 
symmetry C4", is expected to  have two ir active 
carbonyl absorption bands, A l  + E. The cis 
configuration corresponds to  the point group C,? 
(local carbonyl symmetry) which should show 
four carbonyl absorption bands (3A' + A") in 
the ir spectrum. Also, some weak 13C-0 bands 
are expected for both these isomers. However, 
Stone and co-workers did not satisfactorily 
establish the configuration of the compounds 
they isolated, (Rf = CF3, C2Fs, C3F7). We report 
here the isolation and characterization of the cis 
and trans isomers of Fe(trons-a-CF=CFCF3)- 
(co)41. 

Experimental 
Perfluoroallyl iodide (bp 53-55 "C at  760mm) was 

'Present address: Department of Chemistry, Queen's 
University, Kingston, Ont., Canada K7L 3N6. 

'Revision received February 23, 1976. 
3The perfluoropropenyl ligand has a trotrs arrangement 

of the CF3 and Fe(CO),I,groups about the double bond, 
as shown by the fluorine-fluorine coupling constant 
JFA-FB = 130 HZ (Table 1) (3). 

prepared from perfluoroallyl chloride (4) by the method 
of Miller and Fainberg (5) and stored at  0 OC to  reduce 
decomposition. Fe2(C0)9 was prepared by the photolysis 
(sunlight) of neat Fe(CO),. Prior to  use, it was washed 
with pentane and dried it: oacrro. 

19F nmr spectra were run on a Varian A 56/60A with 
variable temperature accessory. Samples were prepared 
under nitrogen and the tube flame sealed under vacuum. 

Infrared spectra were recorded on a Perkin-Elmer 337 
instrument with an external recorder to obtain expanded 
scale spectra. The spectra were calibrated with indene 
and run several times to check reproducibility. 

Mass spectra were run on a Hitachi Perkin-Elmer 
RMU-6D instrument. 

Preparatiotl of cis ntrd trotis Fe(trotrs-o- CF=CFCF3XCO),I 
All procedures were carried out under nitrogen or it1 

cocrro. Perfluoroallyl iodide (1.3 g, 5 mmol) and Fe2(CO), 
(1 g, 2.7 mmol) were reacted in refluxing pentane for 1 h 
under nitrogen. The pentane was removed it1 vacrro at  
room temperature. Still under vacuum (0.01 mm), the 
reaction flask was then warmed up to  50 "C (hot water 
bath) and a mixture of red crystals and rust powder 
sublimed on to  the neck of the flask. This material was 
transferred to  a subliming tube (15 cm long, 1 cm i.d.), 
and resublimed (0.01 mm). The red crystals (mp 61 "C) 
sublimed higher on the tube than the rust powder (mp 
56 "C) which moved just above the level of the hot water. 
A total yield of 15C4 was obtained. Sublimation of either 
compound separately gave a mixture of the two products. 
Both compounds gave a parent ion at  m/e 426 with the 
consecutive loss of four CO groups in the mass spectrum. 
After a few days itz uacuo or under nitrogen, both com- 
pounds appeared tarnished. Neither isomer could be 
obtained completely free of  the other in respectable 
quantities; therefore, an elemental analysis of an approxi- 
mately 1 :1 mixture of the isomers was obtained. Atrol. 
calcd. for C,F,FeIO,: C 19.7, F22.3, 129.8; found: C 
20.0, F 22.9, I 30.2. 

Discussion 

Rapid sublimation of the products from the 
reaction of perfluoroallyl iodide with Fe2(C0)9 
gave two isomers: a rust powder and red crystals. 
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STANLEY AND MCBRIDE 1701 

TABLE 1. '9F nrnr and infrared data* for cis and trcr~rs F~(~~OIIJ-U-CF=CFCF~)(CO)~~ 

CF3 F,\ 

\c=c/ 
/ \ 

F B Fe(CO),I 

Isomer? v(C0) cm-' G ~ ~ 3 f :  6 ~ A  J~,t-rB J ~ A - ~ ~ 3  J ~ B - ~ ~ 3  

cis 2141.5 (rn) 66.0 92.5 159.3 130 22 1 1  
2093.1 (vs) 
2071.4 (s) 
2055.0 (w)(13C-O) 

tra~ls 2147.2 (w) 66.2 87.9 161.9 130 22 I I 
2088.2 (vs) 
2052.4 (w)(13C-0) 

'Infrared spectra In rnethylcyclohexane, nmr In tetmhydrofuran (10% CFCI1). w = weak, rn = med~urn, s = stlong, vs = tely sflong 
tBoth Isomers have the C=C v ~ b r a t ~ o n  at 1640 crn-' (weak) 
$6 values In pprn upfield from CFC13. J values In Hz. 

The 19F nmr spectra (Table 1) show that both isolated as red crystals can therefore be identified 
compounds contain the a-perfluoropropenyl as trmzs-Fe(trans-a-CF=CFCF3)(CO)JI. 
ligand. Perfluoroallyl to perfluoropropenyl re- The number of 12C-0 bands expected for the 
arrangements have been observed previously (3) cis isomer is four. Spectrum B, however, shows 
and studied by Goldwhite et a[. (6) for the only three 12C-0 bands and a weak absorption 

I compound CF2=CC1CF2Mn(C0)5 in which a at  2055.0 cm-I which can be assigned to  a 
bimolecular process was postulated. 13C-0 stretch. The 2145.5 cm-I band can be 

Figure 1 shows the carbonyl region of the in- assigned to the A' mode in which there is a 
frared spectra for the two compounds isolated. symmetric stretching vibration of the pair of 
Spectrum A shows 12C-0 bands a t  2147.2 (A1) carbonyl groups trans to  one another. The 
and 2088.2 (E) and a weak band at 2052.4 which remaining modes 2A' + A" must be contained 

I can be assigned to a 13C-0 vibration. The isomer in the 2093.1 cm-I and 2071.4 cm-I bands with 

FIG. 1. Infrared carbonyl absorption bands of ( A )  red crystals, tro~rs-Fe(rrmtrs-U-CF=CFCF3)- 
(CO),I, and ( B )  rust powder, cis-Fe(rrntrs-~-CF=CFCF~)(C0),1 in rnethylcyclohexane (expanded 
spectra calibrated with indene). 
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the former, more intense absorption containing 
two accidentally degenerate  vibration^.^ On this 
basis, the rust powder was identified as cis- 
Fe(irrnzs-~-CF=CFCF3)(C0)~1. 

While both isomers were configurationally 
stable in the solid form, the preferred species in 
solutioil at room temperature was the cis isomer. 
The irons-to-cis isomerization can be followed 
by infrared or I T  nmr above 0 OC. The trans- 
to-cis half-life at 295 K in THF was approxi- 
mately 20min (followed by nmr). At room 
temperature after several hours a solution which 
contained pure trans initially showed pure cis by 
nmr. Lowering the temperature did not bring 
about the reappearance of the tmzs form. 
Raising the temperature resulted in the decom- 
position of the cis isomer to paramagnetic 
species. It was possible to accomplish the cis- 
to-trans conversion by sublimation at 55 OC 
in uacuo. 

The isolation of cis and trans Fe(trans-a-CF= 
CFCF3)(CO)J and their identification by infra- 
red spectroscopy suggests that other R,Fe(C0)41 
compounds (R, = CF3, C2Fs, 12-C3F7 (2) and 
i-C3F7, n-C7F15 (1 1)) may in fact exist in the two 
isomeric forms. For instance, the reported 
carbonyl spectrum (2) of C2F5Fe(C0)41 is 

4Quasi support for this comes from the infrared spectra 
of cis-Fe(CO),12 (7, 8) and (CF2)4Fe(C0)4 (2). It has been 
observed for both these compounds that two of the 
I2C-0 vibrational frequencies are accidentally degenerate 
and appear as the most intense band. However, cis 
compounds of the form (X3M)Fe(CO),X (where M is a 
Group IVB metal and X is H, C1, Br, or I) do not show 
this accidental degeneracy and four infrared active 
I2C-0 bands are observed (9, 10). 

2 146(w), 2 140(w), 2 112(vw), 2087(vs), 2073(sh), 
and 2056(w) (in tetrachloroethylene). The two 
high frequency absorption bands especially indi- 
cate the presence of both isomers, comparing 
well with the 2147 cm-I and 2141 cm-I carbonyl 
bands for trans and cis Fe(trans-a-CF=CFCF3)- 
(C0)41 respectively. No evidence for both iso- 
mers was apparently seen in the nmr spec- 
trum which indicates that special attention must 
be paid to the isolation and handling of these 
compounds in solution. 
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WILLIAM A. AYER and DAVID R. TAYLOR. Can. J. Chem. 54, 1703 (1976). 
The structure of 1-hydroxy-6-methyl-8-hydroxymethylxanthone, a new xanthone isolated 

from the culture broth of C))atl~lrs irltertnedirrs, has been confirmed by synthesis. Regioselective 
hydroxylation of the 8-methyl of 1-hydroxy-6,8-dimethylxanthone was achieved via the peroxide 
formed by reaction of oxygen with the photoenol, and also via bromination of the photoenol. 
Extraction of the mycelia of C .  itllertnedirts yielded ergosterol and D-mannitol. 

WILLIAM A. AYER et DAVID R. TAYLOR. Can. J. Chem. 54, 1703 (1976). 
On a confirme par synthkse la structure de l'hydroxy-1 methyl-6 hydroxymethyl-8 xanthone. 

une nouvelle xanthone isolee du milieu de culture du C).atltils it1tert~1eclirrs. On a effectue I'hy- 
droxylation regioselective du methyl-8 de l'hydroxy-1 dimethyl-6,8 xanthone par l'intermidiaire 
du peroxyde forme par reaction de l'oxyghne avec le photoinole et aussi par bromuration du 
photoenole. L'extraction de mycelles du C .  irrternledirrs fournit de l'ergosterol et du D-mannitol. 

[Traduit par le journal] 

We have previously reported on our investiga- 
tion of the constituents of the rare bird's nest 
fungus, Cyath~rs heletzae Brodie, which provided 
several novel diterpenes, the cyathins (2, 3). We 
are engaged in examining other species of this 
genus and have recently reported (1) on the 
metabolites of C. bulleri Brodie. In this paper, 
we describe the isolation and synthesis of a new 
xanthone. 1. from C. itzternzerlilrs. . , 

C. intermedilrs was cultured as described for 
C. Aeleizae (4), and, after 30 days, the culture 
broth was extracted with ethyl acetate. The crude 
extract was partitioned between Skellysolve B 
and methanol-water (4:l) and the aqueous 
methanol phase was then extracted with benzene. 
Preparative thin layer chromatography (ptlc) of 
the residue from the benzene phase gave a very 
small amount of a yellow crystalline compound, 
C15H1204, mp 176-178 "C. The uv (5) and ir 
spectra suggested that the compound was a 
xanthone. The presence of a sharp, exchange- 
able, one proton signal at 6 12.68 in the nmr 
spectrum indicated a strongly chelated hydroxyl 
at C-1. The fourth oxygen atom was shown to be 
part of a hydroxymethyl group by the nmr 
spectrum which displays a two proton doublet at 
6 4.98 (J = 7 Hz) coupled to an exchangeable 
triplet at 4.32. The low field position of the signal 

'For part 4, see ref. 1 

for the methylene group when compared to  that 
of benzyl alcohol (6 4.65) locates the hydroxy- 
methyl at C-8, yeri to the carbonyl(6). The nmr 
spectrum further revealed an aromatic methyl 
group and five aromatic protons. Two of these 
latter protons are tneta coupled, while, of the 
other three, that at lowest field shows coupling 
to two ortho protons which appear as tneta and 
ortho coupled double doublets. These data are 
consistent only with structures 1 and 2. A deci- 
sion in favour of 1 was made by comparing the 
chemical shifts of the three mutually coupled 
aromatic protons with those of the correspond- 
ing ones in 3 (7), and this has been confirmed by 
the synthesis described below. 

A simple and direct synthesis of 1 would 
involve the preferential functionalisation of 
1-acetoxy-6,8-dimethylxanthone, 4, at the C-8 
methyl group. It has been shown that o-alkyl 
aromatic carbonyl compounds bearing an ali- 
phatic hydrogen at the r-position, such as 
o-methylbenzophenones, undergo a reversible 
photoenolisation on irradiation (8). This process 
has also been observed in o-tolualdehyde (9, lo), 
1-methylanthraquinone (1 l), 3-aroyl-2-benzyl- 
chromones (12, 13), and other systems (12, 13), 
but examples where the expected photoenolisa- 
tion does not occur are also known (12, 14). 
These photoenols can be trapped in a Diels- 
Alder reaction (8, 14, 15) and can also undergo 
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oxidation at the ?-carbon by reaction with 
oxygen (10, 11, 13, 16) to give peroxides, alde- 
hydes or ketones, and acids. Photooxidation of 
the dimethylxanthone 4 should therefore yield a 
peroxide which can be reduced to 5, thus allow- 
ing regioselective hydroxylation of the C-8 
methyl of 4. 

I R = H, X = C H 2 0 H  2 
4 R = Ac, X = C H I  
5 R = Ac, X = CH2OH 
6 R = H , X = C H 3  
8 R = H, X = C H O  
9 R = H , X = C O z H  

11 R = Ac, X = CH202H 9 
12 R = Ac, X = CH2Br 

\ 0 

3 

1-Hydroxy-6,8-dimethylxanthone, 6, was syn- 
thesised (17) by the condensation of 7-resorcylic 
acid with 3,5-dimethylphenol catalysed by poly- 
phosphoric acid or phosphorous oxychloride and 
zinc chloride. We have used the latter method 
(18) and confirmed that 6 is accompanied by a 
large amount of 1,6-dihydroxyxanthone-5-car- 
boxylic acid 3,5-dimethylphenyl ester, 7 (17). 
Acetylation of 6 with acetic anhydride and 
pyridine at room temperature gave the acetate 4, 
mp 133-134 0C.2 The nrnr spectra of both 4 and 
6 show the signal for the C-8 methyl at low field 
(6 2.79 and 2.80 respectively) as expected (6). 

Irradiation of a dilute solution (cf'. ref. 10) of 4 
with a Hanovia medium pressure mercury vapor 
lamp in cyclohexane in the presence of oxygen 
gave a major and a minor product (tlc). Reduc- 
tion of the mixture with triphenylphosphine and 
ammonolysis of the acetate furnished a mixture 
which was separated by ptlc into l-hydroxy-6- 
methyl-8-hydroxymethylxanthone, 1 (60%), iden- 
tical with the natural product, and l-hydroxy-6- 
methyl-8-formylxanthone, 8 (14%): mp 208- 
210 "C as well as 6 (7%). No attempt was made 
to isolate more polar material which might be 
expected (1 1, 16) to include the acid 9. A com- 

2The use of sodium acetate and acetic anhydride at 
reflux temperature (17) gave material of mp 205 "C which 
was said to be the acetate. The limited nrnr data quoted 
shows i t  to be different to  4. 

parison of the nmr spectra of 1 and 6 reveals that 
the hydroxymethyl in 1 has replaced the low field 
(6 2.80) aromatic methyl in 6 and thus confirms 
that oxidation had taken place selectively at the 
C-8 methyl. The structure of the aldehyde 8 
follows from its spectral data. In particular, the 
aldehydic proton occurs at 6 11.16 in the nrnr 
spectrum, reflecting its anisotropic deshielding 
by the xanthone carbonyl (6), while the methyl 
gives a singlet at 2.56 as expected for its location 
at C-6. 

The initial oxidation product of a photoenol 
has been shown, in the few cases in which it has 
been isolated (10, 13, 16), to be a cyclic peroxide. 
Evaporation of the solvent after photooxidation 
of 4 gave a mixture whose nmr spectrum showed 
that the major constituent was the peroxide 10. 
In the nrnr spectrum of 10, the C-8 methylene 
protons form an AB quartet (J = 16 Hz) at 
6 5.23, while the aromatic protons are shifted 
upfield relative to  their positions in 4. The 
absence of the xanthone nucleus is further 
supported by the ir and uv spectra (see Experi- 
mental). The peroxide 10 could not be rigorously 
characterised since attempted purification by 
ptlc on silica gel resulted in its isomerisation to 
the hydroperoxide 11 whose spectra corre- 
sponded closely with those of 4, thus confirming 
the regeneration of the xanthone nucleus. Neither 
10 nor 11 show a molecular ion in their mass 
spectra. 

We have also regioselectively brominated 4 on 
the C-8 methyl. Irradiation of a carbon tetra- 
chloride solution of 4 in the presence of bromine 
gave, rapidly, mainly one product (tlc). The mass 
spectrum of the crude product showed it to 
contain a monobromide (m/e 360/362) con- 
taminated with a small amount of a dibromide 
( m / e  438/440/442). The nrnr spectrum contains 
a two proton singlet at 6 5.22 for the C-8 benzylic 
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protons and only a very weak peak (<0.2H) at 
4.45 which could be ascribed to a product with a 
C-6 bromomethyl (cf. PhCH2Br at 6 4.43 in 
CC14 (19)). The main product from the bromina- 
tion is thus 12 and crystallisation of the mixture 
gave pure monobromide 12, mp 159-162 "C, 
whose spectral data (see Experimental) fully 
support the assigned structure. The monobro- 
mide 12 is also formed in the presence of 
galvinoxyl and hence must arise by an ionic 
bromination of the photoenol (cJ: ref. 12). 
Reaction of the crude bromination product with 
sodium hydrogen carbonate in aqueous tetra- 
hydrofuran gave, in low yield, the natural 
xanthone 1. 

Xanthones with the carbon skeleton of 1 are, 
with two exceptions (20), confined to lower 
plants (21) and are presumed to arise by cleavage 
of an anthraquinone or anthrone (22, 23) pre- 
cursor. The carbon atom which originated in the 
ring (that at C-8 in 1)  is commonly found to 
occur as an acid or ester (24), but examples have 
been recently reported in which it is at the 
oxidation level of an aldehyde (23) and as a 
hydroxymethyl as in 1 (25). 

The mycelia of C. iniertnecli~is were also 
extracted but yielded only ergosterol and D- 

mannitol, both of which have been previously 
encountered in fungi (ref. 24a, pp. 27 and 253). 

Experimental 
High resolution mass spectra were recorded on an 

A.E.I. MS-9 mass spectrometer, ir spectra on a Unicam 
SPlOOO grating spectrometer for solutions in CHCl,, uv 
spectra on a Perkin-Elmer 202 spectrometer for solutions 
in ethanol, and nrnr spectra on a Varian Associates HA- 
100 spectrometer for solutions in CDC13 with tetramethyl- 
silane as internal standard, unless stated otherwise. 

Preparative thin layer chromatography (ptlc) was 
carried out on 0.75 mm layers of silica gel PF-254 + 366 
(E. Merck AG) and developed with Skellysolve B - 
acetone (7:3). Bands were detected by viewing under uv 
light. Skellysolve B refers to Skelly Oil Company light 
petroleum, bp 62-70 "C. Irradiations were performed in 
Pyrex flasks using a Hanovia medium pressure mercury 
vapor lamp (140 W). 

Isolutio~i of l-Hydro.~y-6-metI1yI-8-lydroxye 
xa~ltho~le, Z 

Cyathus i~itermedius was cultured as described for C. 
Rele~rae (4) and C. brtlleri (I), and after 30 days the culture 
broth was extracted with ethyl acetate. The crude extract 
from 6 1 of broth (560mg) was partitioned between 
Skellysolve B (50 ml) and methanol-water (4:I, 50 ml). 
The aqueous methanol layer was then extracted with 
benzene (50 ml). The residue from the benzene layer 
(60 mg) was subjected to  ptlc (two developments) and 

the yellow band (green under 254 nm uv light) at R, 0.55 
was isolated by extraction with acetone to give l(2.5 mg), 
yellow needles from acetone - Skellysolve B, mp 176- 
178 "C; ir 3500, 1649, 1624, 1611, and 1571 cm-1; uv 
A ,,,,, 233 (17 OOO), 254 (15 500), 262 sh (12 500), 292 
(6700), 300sh (6500), and 363 (3050) nm; with added 
NaOH, A,,, 235 (19 700), 255 (12 OOO), 264 (12 500), 
303 (5700), 310 (5700), and 399 (2700) nm; nrnr 6 2.52 
(s, 3H, C-6 CH3), 4.32 (t, J = 7 HZ, l H ,  CH20H),  4.98 
(d, J = 7 Hz, 2H, CH20H),  6.83 and 6.94 (dd, J = 1.0 
and 8.5 Hz, 1H each, H-2 and H-4), 7.18 and 7.28 (bs, 
I H  each, H-5 and H-7), 7.62 (t, J = 8.5 Hz, IH, H-3), 
and 12.68 (s, l H ,  ArOH); m / e  (relative intensities in 
parentheses) 256.0732 (100) (calculated for CI5Hl2O4: 
256.0736), 241 (18), 238 (56), 227 (44), and 210 (61). 

l-Hy~lroxy-6,8-dirnetI1yIxa11tI1011e, 6 
A mixture of 3,5-dimethylphenol (1.22 g), r-resorcylic 

acid (1.57 g) and zinc chloride (3 g) in phosphorous 
oxychloride (5 ml) was heated at  80 "C for 3 11. The 
mixture was cooled, diluted with cold water, and extracted 
with chloroform. The chloroform solution was washed 
with aqueous NaHCO, and water and evaporated to  give 
a gum (1.49 g), shown by tlc to  contain two main com- 
pounds (approximately 1 :I). Crystallisation from acetone 
yielded the compound of higher R,, 6 ,  as yellow needles 
(158 mg), mp 178-179 "C (lit. (17) 179 "C); ir 1646, 1615 
sh, 1604, and 1568 cm-1; uv A,,, 234 (30000), 253 
(25 OOO), 260sh (19 OOO), 288 (9500), 302 (90001, and 
362 (5000) nm; with added NaOH, A,,, 235 (34 000): 
257 (19 500), 263 (19 500), 301 sh (8000), 310 (8700), and 
389 (5600) nm; nrnr 6 2.38 (s, 3H, C-6 CH,), 2.80 (s, 3H, 
C-8 CH,), 6.69 and 6.77 (dd, J = 1.5 and 8.5 Hz, 1H 
each, H-2 and H-4), 6.84 and 7.00 (bs, 1H each, H-5 and 
H-7), 7.47 (t, J = 8.5 Hz, l H ,  H-3), and 12.97 (s, IH,  
ArOH); ~ n / e  240.0795 (100) (calculated for CISH1203 
240.0787), 225 (6), 222 (3), 211 (7) and 197 (4). A~lal. 
calcd. for CI5Hl2o3: C 75.0, H 5.0; found C 74.9, H 5.0. 

The mother liquour gave 1,6-dihydroxyxanthone-5- 
carboxylic acid 3,5-dimethylphenyl ester, 7, colourless 
crystals from methanol, mp 183-185 "C (sealed tube) (lit. 
(17) 184-186 OC), m/e  376 (M+) whose spectral data were 
identical with those quoted (17). 

I - A ~ ~ ~ o x ~ - ~ , ~ - ~ ~ ~ ~ ~ ~ I I ~ I x ~ ~ I I I I I o I I ~ ,  4 
A solution of 6 (100 mg) in pyridine (3 ml) and acetic 

anhydride (5 ml) was set aside at room temperature. The 
reaction was complete after 4 days (tlc) and the product 
was isolated by diluting with water and, after 1 h. 
extraction into chloroform. The acetate 4 crystallised from 
methanol as colourless needles, mp 133-134 "C; ir 1767, 
1659,1630,1617, and 1568 cm-1; uv A,,, 236 sh (35 000). 
241 (36 OOO), 273 (13 OW), 277 sh (12 500), and 340 (6200) 
nm; nrnr 6 2.38 (s, 3H, C-6 CH,), 2.46 (s, 3H, OAc), 2.79 
(s, 3H, C-8 CH,), 6.88 and 7.06 (bs, 1H each, H-5 and 
H-7), 6.92 (dd, J = 1.3 and 8.5 Hz, IH,  H-2 or H-4), 7.30 
(dd, J = 1.3 and 7.8 Hz, l H ,  H-4 or H-2), and 7.61 (dd, 
J = 7.8 and 8.5 Hz, l H ,  H-3); ~ n / e  282.0983 (11) (cal- 
culated for C,,H1,04: 282.0982) and 240 (100). A I I U ~ .  
calcd. for C17H1404: C 72.3, H 5.0; found: C 71.9, H 5.0. 

Sy~ithetic l-Hydroxy-6-1netlyl-8-l1y~lroxy1~1etl1ylxu11t~1011e,Z 
(a) Via the Peroxide 10 
A stirred solution of the acetate 4 (31 mg) in cycle- 
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hexane (50 ml) was irradiated while passing oxygen gave the crude product (14 mg) which was purified by 
through the solution. After 75 min, tlc showed about 90% ptlc to give 1 (3.5 mg), mp 173-176 "C, identical with the 
conversion of 4 to  one major and one minor product. natural product by spectral comparison. 
Irradiation was stopped, an excess of Ph3P added and the 
solution stirred for 45 min. The solvent was removed 
it! caclro and replaced by a saturated solution of ammonia 
in methanol. After 1 11 at room temperature, the solvent 
was evaporated and the residue separated by ptlc to give 
1,  (17 mg, 60%), mp 176-178 "C (from acetone-water), 
identical with the natural product by mmp, ir, uv, nmr, 
and mass spectral comparison. Anal. calcd. for CISHL2- 
0 4 + H 2 0 :  C 69.1, H 4.8; found: C 68.7, H 4.7. 

The chromatogram also yielded 6 (2 mg, 7yb) and 
I-hydroxy-6-methyl-8-formylxanthone, 8 (4 mg, 14C/o), as 
vellow crvstals. mD 208-210 "C (from methanoll: ir 
2930, 2850, 1695, 1848, 1618 sh, 1608, and 1575 cm-it uv 
A,,, 234 (31 OOO), 256 (22 500), 294 (12 500), and 369 
(4750)nm; nrnr 6 2.56 (s, 3H, C-6 CH,), 6.84 (dd, 
J = 1.0and 8.2Hz, l H , H - 2 o r H - 4 ) ,  6.95 (dd, J = 1.0 
and 8.4 Hz, lH ,  H-4 or H-2), 7.51 (narrow multiplet, l H ,  
H-5), 7.63 (bs, IH,  H-7), 7.64 (dd, J = 8.2 and 8.4 Hz, 
IH, H-3), 11.16 (s, lH ,  ArCHO), and 12.46 (s, l H ,  
ArOH); nt/e 254.0582 (24) (calculated for C[5H1004: 
254.0579), 226 (loo), 198 (12), 197 (7) and 169 (2). 

Photooxidation of 4 (10 mg) in cyclohexane (15 ml) as 
above and evaporation of the solvent at room temperature 
yielded a mixture which was mainly 10 by nmr; ir (CCI,) 
3480, 1783, 1760 (H-bonded acetate), 1663 (m), and 1615 
cm-I; uv (cyclohexane) A,,, 213 (14 200), 232 (11 500), 
238 sh (11 300), 271 (2900), and 278 (3000); nrnr 6 2.35 
(s, 3H, C-6 CH3), 2.39 (s, 3H, OAc), 4.67 (bs, l H ,  OH), 
5.03 and 5.43 (d, J = 16 Hz, 1H each, C-8 CH2), 6.64 and 
6.94 (bs, 1H each, H-5 and H-7), 6.80 and 7.16 (dd, 
J = 1.5 and 8 Hz, I H  each, H-2 and H-4), and 7.32 (t, 
J = 8 Hz,  IH, H-3). Attempted purification of the 
mixture by ptlc gave the hydroperoxide 11; ir 3700, 3530, 
1768, 1657, 1631, 1618, and 1572 cm-1; uv A,=,, 236 sh 
(25 300), 241 (26 200), 272 (10 300), 277 sh (9400), and 
340 (4300); nrnr 6 2.47 (s, 3H, OAc), 2.50 (s, 3H, C-6 
CH,), 5.73 (s, 2H, CH202H), 6.96 (dd, J = 1.5 and 8 Hz, 
IH, H-2 or H-4), 7.23 and 7.37 (bs, I H  each, H-5 and 
H-7), 7.37 (dd, J = 1.5 and 8 Hz, IH,  H-4 or H-2), 7.66 
(t, J = 8 Hz, IH, H-3), and 8.52 (bs, l H ,  CH202H). 

(6) Via the Brotnide 12 
To  a stirred solution of the acetate 4 (21 mg) in CCI, 

(4 ml) was added a solution of bromine in CCL, (0.46 ml, 
25.4 mg/ml) and an excess of solid NaHCO,. After 
irradiation for 15 min, the solution became colorless and 
tlc showed almost complete reaction. Filtration, evapora- 
tion, and crystallisation from acetone - Skellysolve B 
gave the bromide 12, m p  159-162 "C; nrnr 6 2.47 (s, 3H, 
C-6 CH,), 2.51 (s, 3H, OAc), 5.26 (s, 2H, CH2Br), 6.96 
(dd, J = 1.5 and 7.5 Hz, 1 H,  H-2 or H-4), 7.20 and 7.22 
(d, J = 2 Hz, 1H each, H-5 and H-7), 7.35 (dd, J = 1.5 
and 8.0 Hz, IH,  H-4 or H-2), and 7.65 (dd, J = 7.5 and 
8.0 Hz, lH ,  H-3); ~ n / e  362/359.9997 (5) (calculated for 
Cl7Hl3O4 79Br: 359.9993), 318/320 (27), 281 (4), 239 
(100) and 210 (17). 

Repeating the bromination in the presence of galvinoxyl 
(0.01 mol/mol) yielded the same product at the same rate. 

The crude bromination product (37 mg) was hydrolysed 
with NaHC0, in tetrahydrofuran-water under reflux for 
1.5 h. Dilution with water and extraction with CHCI3 

Extrrrctiut~ qf the Mycelia of' C.  O~termerlilrs 
The air dried mycelia (50 g) were blended with ethyl 

acetate. Filtration and evaporation gave the crude ethyl 
acetate extract (470 mg). The mycelial residue was then 
extracted with methanol at  room temperature. Partial 
evaporation of the solvent yielded white crystals of 
D-mannitol (130 mg), mp 165-166 "C (lit. (26) 166 "C). 
The hexaacetate, m p  122-123 "C (lit. (26) 125 "C) had 
[a],, 4-20 (lit. (26) 4-15). The main constituent of the 
ethyl acetate extract was isolated by ptlc and shown to be 
ergosterol by comparison with authentic material. 
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Action of Grignard reagents on hexuronic esters and attempted 
dehydration of tertiary alcohols to give hexd-enopyranosides 
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GERALD 0. ASPINALL, OSAMU IGARASHI, THINNAYAM N. KRISHNAMURTHY, WALTER MITURA, 
and M ~ s u o  FUNABASHI. Can. J. Chem. 54, 1708 (1976). 

The attempted formation of hex-5-enopyranosides from glycosiduronates by the action of 
Grignard reagents followed by dehydration affords hex-6-enopyranosides or 1,6-anhydro- 
hexopyranoses as major products. 13C nmr spectra of 6,6-di-C-substituted hexose derivatives 
are compared with those of a number of structurally related compounds. The formation of a 
hex-5-enopyranoside and the selective cleavage of its glycosidic linkage is illustrated by the 
synthesis and controlled hydrolysis of methyl 6-0-(6-deoxy-2,3,4-tri-O-methyl-p-~-arc1bit1o-hex- 
5-enopyranosyl)-2,3,4-tri-O-methyl-p-~-glucopyranoside (2). 

GERALD 0. ASPINALL, OSAMU IGARASHI, THINNAYAM N. KRISHNAMURTHY, WALTER MITURA 
et M ~ s u o  FUNABASHI. Can. J. Chem. 54, 1708 (1976). 

L'essai de formation d'hexkno-5 pyrannosides par I'action de rkactif de Grignard sur des 
glycosiduronates suivie par une deshydratation conduit aux hexkno-6 pyrannosides ou aux 
anhydro-1,6 hexopyrannoses comme produits principaux. On compare les spectres rmn 13C des 
derivks di-C-substituks en 6,6 des hexoses avec ceux d'un certain nombre de composCs qui leur 
sont relies d'une f a ~ o n  structurale. On illustre la formation d'un hexkno-5 pyrannoside et le 
clivage sklectif de son lien glycosidique par la synthkse et I'hydrolyse contrblee du mktl~yl 
G-0-(6-dkoxy-2,3,4-tri-O-m~thyl-~-~-c1rc1bit1o-hex-5-knopyrannosyl)-2,3,4-tri-O-mkthyl-~-~-glu- 
copyrannoside (2). 

[Traduit par le journal] 

As part of a series of investigations (1, 2) on 
the development of procedures for the selective 
fragmentation of polysaccharides we have ex- 
amined the formation of hex-5-enopyranosides. 
In order to  explore a method for the modifica- 
tion of hexuronic acid (or ester) units in poly- 
saccharides we attempted to prepare hex-5-eno- 
pyranosides by the dehydration of tertiary 
alcohols formed by the action of Grignard 
reagents on methyl (methyl 2,3,4-tri-0-methyl- 
a-D-glucopyranosid)uronate (or its 0-anomer). 
These experiments were unsuccessful in their 
overall objective and the results are described 
later. However hexuronic acid residues in acidic 
polysaccharides, which carry permanently (e.g. 
0-methyl) or temporarily (e.g. 0-methoxyethyl 
(3)) stable substituents, may be readily reduced. 

'TO whom enquiries should be addressed 
?On leave (1973-1974) from Ochanomizu University, 

Research Institute of Food Chemistry, Bunkyo-ku, 
Tokyo, Japan. 

That such reduction products may be converted 
into hex-5-enopyranosides which undergo selec- 
tive acid hydrolysis was shown by the following 
series of reactions. Methyl 6-0-(6-deoxy-6-iodo- 
2,3,4-tri-0-methyl-a-D-galactopyranosy1)-2,3,4- 
tri-0-methyl-(3-D-glucopyranoside, 1, was pre- 
pared from methyl 2,2',3,3',4,4'-hexa-0-methyl- 
0-melibioside (1) by reaction with triphenylphos- 
phite methiodide (4). Dehydroiodination of the 
iodo compound 1 proceeded smoothly on heating 
with DBU (1,5-diazabicyclo[5.4.0]undec-5-ene) in 
benzene3 and furnished methyl 6-0-(6-deoxy- 
2,3 ,4-tri-O-methyl-0-~-arabino-hex-5-enopyrano- 
syl)-2,3,4-tri-0-n~ethyl-~~-glucopyranoside, 2. 
The same product was obtained on treatment of 

31n contrast to the dehydroiodination of G-deoxy-6- 
iodo-D-glucopyranosides, which occurs readily at  room 
temperature, the less ready reaction of the D-galacto- 
pyranoside probably results from the unfavourable steric 
interaction in the transition state between the departing 
iodo and the axially oriented 4-0-substituents. 
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R'--- /q *{ Ph, / P h  

RO 
R o  Ro%OR R o  

OR OR 
RO O R 

7 R = CH3, R' = Ph,  (conformer a) 7 conformer h 8 R = CH3 
11 R = CH3, R' = H 

related compounds. These spectra are sum- 
marized in Tables 1 and 2. 

First of all, the I3C nmr spectra of the 6,6-di-C- 
substituted D-glucopyranosides 4-6 were com- 
pared with those of methyl 2,3,4,6-tetra-0- 
methyl-a- (9) and -0- (10) D-glucopyranosides, 
and methyl 2,3,4-tri-0-methyl-0-D-glucopyrano- 
side, 3. With the exception of the C-6 resonances 

in glycosides 4-6, which are readily recognized as 
singlets in the proton undecoupled spectra and. 
as expected, are shifted downfield, the 6-C- 
substituents showed little effect on the spectra 
and the other resonances may be assigned with 
reasonable confidence. The spectrum of the 
anhydro compound 7 was then compared with 
that of 1,6-anhydro-2,3,4-tri-0-methyl-0-D-glu- 

TABLE 1. 13C nmr spectra of D-glucopyranose derivatives 

Assigned resonances* 
Unassigned 

Compound C-1 C-2 C-3 C-4 C-5 C-6 resonances Other data 

Me Me4 a - ~ - G l c p  (9) 98.2 82.6 84.3 80.6 71.0 72.4 Data from ref. 11 
97.4 81.7 83.4 79.3 69.9 71.1 J(C1-HI)= 164 H Z  

Me Me3 6,6-C-Ph2 a-D-Glcp (5)  97.4 82.0 84.4 82.0 75.0 78.9 

Me Me, p-D-Glcp (10) 105.0 84.6 87.2 80.5 75.4 72.3 
104.3 83.7 86.6 79.4 74.7 71.3 

'J(C1-H1)=166 HZ 

Data from ref. 11 
fJ(C1-HI)= 158 HZ 

- 

'6 Valucs arc relativc to tctramethylsilanc. Italicized figures indicate resonances unambiguously assigned to C-l as the most deshieldcd carboll 
and to  C-6 on the basis of the multiplicity of the signal in the undecoupled spectrum. 
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ASPINALL ET AL 171 1 

TABLE 2. 13C nmr spectra of maltose derivatives 

Assigned resonances 

C-1 C-2 C-3 
Compound (C- 1') (C-2') (C-3') 

Me Me, p-maltoside (14) 104.8 84.9 87.4 
(96.7) (82.6) (83.9) 

Me Me6 p-maltoside (13) 104.3 84.2 86.4 
(96.9) (81.8) (83.5) 

1,6-A Me6 p-maltose (12) 100.2 
96.7 81.8 82.5 

C-4 C-5 C-6 Unassigned 
(C-4') (C-5') (C-6') resonances Other data 

73.2 74.7 72.1 Data from ref. 11 
(80.3) (71.7) (72.2) 

72.2 74.6 61.1 
(79.9) (71.5) (71.1) 

66.1 80.7 77.9 lJ(C1-H1)=174Hz 
71.0 75.3 70.3 IJ(C1-Hl)=168 HZ 

79.3 (X2) 

copyranose, 10. Both compounds gave downfield 20 + 2". The ir spectra were measured on a Unicam 

signals, may be assigned to C- 1, are SP 200 spectrophotometer. IH nmr spectra were recorded 
on JEOL C-60H and Varian A-60, EM-360, and HA-100 intermediate between those for C-l in a- and spectrophotometers in deuterochloroform with tetra- 

p - ~ - g l ~ c o ~ ~ r a n o s i d e s  which are present in the methylsilane as internal standard. 13C nmr spectra were 
4C1 conformation. These signals for the 1,6- recorded on a Varian CFT-20 F T  spectrometer operating 
anhydro compounds showed larger 13Cl-Hl at 20 MHz with an 8K 620L-100 computer. Chemical 

couplings ( 1 4  (-174 H ~ )  than those of a-D- shifts were internally referenced to deuterochloroform 
and are reported corrected to tetramethylsilane. Mass 

g l u c o ~ ~ r ~ ~ o s i d e s  (166-168 Hz) and p-D-glucO- spectra were recorded on A.E.I. MS 12 and Perkin- 
pyranosides (158-160 Hz). Although individual Elmer-Hitachi RMU-6 mass spectrometers with ioniza- 
assignments cannot be made for resonances in the tion potentials of 70 eV.   as-liquid chromatography was 
spectrum of 1,6-anhydro-2,3,4-tri-O-methyl-p-~- performed with a Hewlett-~ackard model 5750 chromat- 

ograph using columns of dichlorodimethylsilane-treated 
glucopyranose? lo, these (other than Celite coated with (a) 5% of neopentylglycol adipate 
that of C-1) appeared a t  6 < 80 ppm. It is polyester (operating temperature 160-180°C), (b) 3% 
vrobable. in this case. that the marked downfield of silicone eum ECNSS-M (o~erat ine  temperature . 
shifts which normall; accompany 0-methylation 150 "C), and '?c) 3% of silicone gum xE-60 (operating 

of hydroxyl bearing carbons are largely offset by temperature 130-150 "C). For glc- mass 
columns b and c were used in a Pye 104 chromatograph 'pfield shifts of the of attached to the A.E.I. mass spectrometer, or in a Perkin- 

adjacent to  those carrying axial 0-substituents Elmer 990 chromatograph attached to the Perkin-Elmer- 
(1 1, 12). Similar conclusions may be drawn from Hitachi mass spectrometer, in both cases via a Watson- 
a comparison of the spectrum of 1,6-anhydro- BiemannseParator. 

Thin layer chromatography was performed with hexa-o-meth~l-p-maltose, 12, with that ofmethy' Kieselgel H F  254 as the adsorbellt and the plates were 
2,2',3,3',4,4'-hexa-~-methyl-p-maltoside 13 (11, sprayed with ethanol containing 5% of sulfuric acid and 
and that recently reported for methyl hepta-0- heated at  about 150°C. Solvent systems used for tlc 
methyl-p-maltoside, 14, (1 1). In contrast the were benzene-acetone (25:3), benzene-methanol (253). 
spectrum of the 6 , 6 - d i - ~ - ~ h ~ ~ ~ l  1 ,6-anhydro ethyl acetate - ethanol (10:1), light petroleum - acetone 

(5:1), and chloroform-acetone (9:l). Column chroma- 
compound ' showed for ring tography was carried out on silica gel (Davison grade 
atoms (presumably those of C-2, C-3, and C-4) 950,60-200 mesh). Light petroleum refers to the fraction 
a t  6 > 80 ppm. The greater deshielding of these of petroleum ether with bp 30-60 "C. Solutions were 
carbon nuclei is most readily explained if the concentrated at  bath temperatures of 50 "C or below. 

pyranose ring in this compound adopts a non- ~ ~ l l ~ , , l  6-0-6-Deoxy-(6-io~-2,3,4-[r.j-0-r~~e~/l~~-ol-~- 
chair (probably a Is4B) conformation in which ~~~i.nluctopyrar1osy~)-2,3,4-lri-0-rnef/ly~-p-~- 

the three 0-mkthyl substituents are in pseudo- gllrcvp).hrloside, I 

equatorial orientations. Methyl 2,Z1,3,3'4,4'-hexa-0-methyl-p-mellbioslde, 1 
(2.0 g), was kept in benzene (75 ml) containing triphenyl- 
pho<phite meihiodide (5 g) for 24 h, at which h e  tlc 

Experimental showed complete disappearance of starting material. The 
solution was chromatographed on neutral alumina to 

Gerlerul remove salts, and the benzene eluate was concentrated to 
Melting points are uncorrected. Optical rotations were a syrup which was further purified by chromatography on 

measured with a Perkin-Elmer model 141 polarimeter at  silica gel. Recrystallization of the product from ethanol 
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1712 CAN. J. CHEM. VOL. 54, 1976 

furnished the iodo compound 1 (2.0 g), mp 114-115 "C, 
[a], $72 (c 1.4, chloroform); 1H nmr T 4.92 (d, lH,  
J 1 ~ , 2 ~  = 3 HZ, H-1'), 5.83 (d, lH,  J1,2 = 7 HZ, H-I), 6.37- 
6.50, (s, 3H, 7 X 0CH3). Atrrrl. calcd. for C19H350111: 
C 41.46, H 6.36, 123.08; found: C 41.63, H 6.21, 123.33. 

Preparatiorr arrd Hydrolysis of Metlryl 6-0-(6-Deoxy- 
2,3,4-tri-O-metlryyl-p-~-~rabirro-lrex-5-erropy1~crt1osyl)- 
2,3,4-tri-0-met/ry~-p-~-~copyr.nrloside, 2 

Iodo compound 1 (200 mg) was heated with DBU 
(0.7 ml) in benzene in a sealed tube at 95 "C for 20 h. The 
cooled solution was concentrated and the resulting syrup 
was chromatographed on a column of silica gel with 
chloroform-acetone (4.:1) to give the unsaturated di- 
saccharide 2 (120mg), [aID $47 (c 1.1, chloroform); 
v,,, (film) 1640cm-1 (C=C); A,,, 208 nm (E 1200 in 
methanol); 1H nmr T 4.80 (d, lH,  J1,,2, = 3 HZ, H-1'), 
5.85 (d, lH ,  J 1 . 2  = ~ H z ,  H-1), 6.39-6.53 (s, 3H, 7 X 
OCH,). AIINI. calcd. for C19H3,010: C 54.02, H 8.06; 
found: C 54.34, H 8.10. 

Unsaturated disaccharide 2 (20 mg) in acetone (1 ml) 
and water (1 ml) was stirred overnight with Dowex 50(H) 
resin. Thin layer chromatography showed complete 
disappearance of starting material with formation of a 
single detectable product. Filtration of the solution and 
concentration gave a syrup which crystallized from 
methanol to afford methyl 2,3,4-tri-0-methyl-p-D-glu- 
copyranoside, 3 (7 mg), mp and mixture mp 94-95 OC, 
[a], -24 (c 1.0, chloroform). In this experiment the 
second product, 6-deoxy-2,3,4-tri-O-methyl-~-arabi1ro- 
hexos-5-ulose, was presumably lost during work-up. In a 
parallel experiment the formation of 6-deoxy-2,3,4-tri-0- 
methyl-D-s))lo-hexos-5-ulose on hydrolysis of methyl 6- 
deoxy-2,3,4-tri-0- methyl- a-D-x)d0-he~-5-en0pyran0~ide 
was demonstrated by reduction with sodium borohydride 
and acetylation to give an epimeric pair of 6-deoxy-2,3,4- 
tri-0-methylhexitol diacetates, whose constitutional iden- 
tities were established by glc - mass spectrometry. 

Metlryl 7-Deoxy-6-C-t11etl1yl-2,3,4-lri-O-t~1etlr}~l-a-~- 
gl~rco-lreptopyrattos~c~e, 4 

Methyl (methyl 2,3,4,-tri-0-methyl-a-D-glucopyrano- 
sid)uronate (1.05 g) in ether was added during 20 min to 
methylmagnesium iodide (from methyl iodide (2 ml) and 
magnesium 0.5 g)) in boiling ether (25 ml), and the 
mixture was heated under reflux for 1 h. The cooled 
reaction mixture was poured into ice water, and, after 
acidification with dilute sulfuric acid, the ether layer was 
separated, washed with water, dried, and concentrated to 
a syrup (550 mg). The aqueous solution was further 
extracted with chloroform, and the chloroform layer was 
washed with saturated aqueous sodium chloride, dried, 
and concentrated to a syrup (360 mg). The combined 
syrups were separated by preparative layer chromatog- 
raphy using benzene-methanol to give crystalline com- 
pound 4 (660 mg), which, after recrystallization from 
light petroleum had mp 45 "C, [a], $167 (c. 1.00, 
dichloromethane); v,,, 3700 cm-1 (OH); IH nmr T 5.23 
(d, lH,  Jl.2 = 4Hz,  H-1), 6.37 (s, 6H), 6.54 (s, 3H) and 
6.67 (s, 3H, 4 X OMe), 8.73 (s, 6H, CMe2). Arral. calcd. 
for C12H2,0,: C 54.51, H 9.15; found: C 54.50, H 9.13. 

Delrydratiorr of Metlryl 7-Deoxy-6-C-metlryI-2,3,4-~i-O- 
metlyl-a-D-gllrco-/reptopyrarroside 

Thionyl chloride (685 mg) in carbon tetrachloride 

(5 ml) was added to glycoside 4 (280 mg) in pyridine (3 
ml) and carbon tetrachloride (3 ml) at 0 "C and the solu- 
tion was kept for 30 min. The solution was poured into 
ice water containing sodium hydrogen carbonate, the 
mixture was extracted with chloroform, and the chloro- 
form extract was washed with water, and concentrated 
to a syrup (230 mg). Preparative layer chromatography 
in benzene-acetone gave a chromatographically homo- 
geneous syrup (180 mg) which gave a single peak on glc; 
v,,, (film) 1650 cm-1; rille 246 (M+), 215 ( M  - 0CH3)+. 
176 ( M  - (CH3)2C=C=O)+. The 1H nmr spectrum was 
consistent with the presence of methyl 7-deoxy-2,3,4- 
tri-O-methyl-6-C-vinyl-a-~-glrrco-heptopyranoside and 
methyl 7-deoxy 6-C-methyl-2,3,4-tri-0-methyl-a-D-.rylo- 
hex-5-enopyranoside in the ratio of 7 : l ;  T 8.37 (s, CMe2), 
8.24 (m, CH3-C=CH2), 6.40-6.67 (s, 4 X OMe), 5.27 
(d, 1 H, J,,, = 3.3 Hz, H- 1), 5.00 (m, =CH2). 

Metlr~~l2,3,4-Tri-O-metl1yI-6,6-cli-C-plrer1yl-a-~- 
glrrcopyrarroside, 5 

Methyl (methyl 2,3,4-tri-0-methyl-a-D-glucopyrano- 
sid)uronate (0.53 g) in ether (25 ml) was added during 
20min to phenylmagnesium bromide (from bromo- 
benzene (1.86 g) and magnesium (0.3 g)) in boiling ether 
(20 ml), and the mixture was heated under reflux for 1 h. 
The cooled solution was kept overnight at room tempera- 
ture and poured into ice water containing dilute sulfuric 
acid. The ether layer was separated, the aqueous layer 
was extracted with ether, and the combined ether extracts 
were washed with water, dried over potassium carbonate, 
and concentrated to a syrup. The syrup was chromato- 
graphed on silica gel (10 g), elution with benzene removing 
bromobenzene and diphenyl, and elution with benzene- 
acetone furnishing a syrup (0.63 g). This syrup was 
purified by preparative layer chromatography using 
benzene-acetone to give the glycoside 5 (0.51 g) as a 
syrup, [a], $2.5, (c 1.51, dichloromethane); v,,, (film) 
3600cm-1; IH nmr T 5.84 (s, IH, J4,5 = 9.6Hz, H-5). 
5.36 (s, lH ,  Jl,z = 3.5 HZ, H-1), 5.21 (s, l H ,  OH), 
2.14-2.90 (m, 10H, 2 X phenyl); tn/e 388 (MY, 370 
( M  - H20)+. Aircrl. calcd. for C22H2806: C 68.00; H 
7.26; found: C 68.14, H 7.45. 

MerlryI 2,3,4-Tr~i-O-nietlry1-6,6-ili-C-pI1e11~~l-p-o- 
glrrcopyrcrrrosicle, 6 

As described for the a-anomer, 5, the p-D-glycoside 6 
was prepared from the reaction of phenylmagnesium 
bromide (from bromobenzene (0.93 g) and magnesium 
(0.144 g)) with methyl (methyl 2,3,4-tri-0-methyl-p-D- 
glucopyranosid)uronate (0.31 g), and was isolated as a 
syrup (320 mg), [a], - 116 (c 2.7, dichloromethane); 
v,,, (film) 3620 cm-1 (OH); 1H nmr T 6.47, 6.51, 6.93. 
7.00 (s, 3H, 4 X OMe), 5.43 (s, lH, OH), 2.30-2.97 
(m, 10H, 2 X phenyl); m/e 370 ( M  - H2O)+, 356 
( M  - CH,OH)+. The glycoside was later obtained as a 
crystalline solid which, after recrystallization from light 
petroleum, had mp 84-85 "C. Arral calcd. for C2~H2aOs: 
C 68.00, H 7.26; found: C 68.30, H 7.30. 

1,6-Arrl1~~dro-2,3,4-tri-O-1netI1yl-6,6-di-C-plre1~yl-~-~- 
glrrcopyrcrrtose, 7, nrrd Metlg~l 2,3,4-Tri-O-metlr~.1-1- 
6 ,6 -d i -C-p l rer ry l -p -~ -xy lo - l rex . -5 -py~  8 

The methyl a-D-glycoside 5 (0.6g) was heated in 
methyl sulfoxide (10 ml) at 165 "C for 15 h. The cooled 
solution was poured into ice water, the mixture was ex- 
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ASPINAL ET AL. 

tracted with chloroform, and the chloroform extract was 
washed with aqueous 57, sodium chloride, dried, and 
concentrated to a syrup which crystallized. The crystalline 
mass was purified by preparative layer chromatography 
in chloroform-acetone and recrystallization of the major 
product from methanol gave the I ,6-anhydro compound 7 
(0.4g) mp 124-124.5 "C, [a], -120 (c 0.95, dichloro- 
methane); ir no  absorption at  3600cm-1; IH nmr 
7 6.75, 6.59, 6.50 (s, 3H, 3 X OMe), 4.94 (d, IH,  J,,, = 

1.2 HZ, H-5), 4.56 (s, l H ,  J 1 . 2  = 5 0 . 5  HZ), 2.47-2.90 
(m, 10H, 2 X phenyl). Atlal. calcd. for CZ1H2,05: 
C 70.77, H 6.79, OMe 26.10; found: C 70.31, H 6.99, 
OMe 26.03. 

The methyl p-D-glycoside 6 (2 g) was heated in methyl 
sulfoxide (20 ml) at  165 "C for 15 h. The reaction mixture 
was worked-up as described above and gave a syrup from 
which a crystalline mass separated. The crystalline sub- 
stance was purified by preparative layer chromatography 
in light petroleum - acetone to give the 1,6-anhydro 
compound 7 (300mg), which was identified by mp and 
mixture mp  123-124 "C and by its 1H nmr spectrum. The 
syrupy residue (550 mg) from the above separation was 
fractionated by preparative layer chromatography in 
chloroform, and the major component (300 mg), chroma- 
tographically homogeneous but not analytically pure, 
was assigned the structure methyl 2,3,4-tri-0-methyl- 
6,6-di-C-phenyl-p-D-xylo-hex-5-enopyranoside, 8 ;  v,,, 
(film) 1630 cm -1 ( G C ) ;  1H nmr 7 6.80 (s, 3H), 6.60 
(s, 6H), and 6.47 (s, 3H, 4 X OMe), 2.40-2.90 (m, 10H, 
2 X phenyl); m/e 370 (M)+. Ozonolysis of the syrup 
(100mg) in ethyl acetate, followed by treatment with 
palladium-charcoal catalyst, furnished a mixture of 
products from which benzophenone separated and was 
characterized by mp and mixture mp, and by the identity 
of its mass spectrum with that of an authentic sample. 

I,6-A11I1ydr0-2,2',3,3',4',6'-lrexa-O-metl1yI-p-n1altose, 12 
1,6-Anhydromaltose (13) (5 g) was methylated with 

methyl iodide (20 ml) and silver oxide (8 g) in N,N- 
dirnethylformarnide (30 ml), and after normal work-up 

the product crystallized from light petroleum to give the 
hexamethyl ether 12 (3.5 g), mp  62-63 "C; ' H  nmr 7 4.83 
(bs, IH,  separation 2 Hz, H-1), 5.08 (d, l H ,  J I , , ~ ,  = 3.5 
Hz, H-l'), 6.45-6.70, (s, 3H, 6 X OMe). At~al.  calcd. for 
ClsH320,0: C 52.93, H 7.90, OMe 45.60; found: C 52.71. 
H 7.80, OMe 45.74. 
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Oligoribonucleotide synthesis. IX.' Synthesis of sequences 
corresponding to the dihydrouridine loop neck region common in 

several transfer RNA molecules 

T. E. ENGLAND AND THOMAS NEILSON 
Departrnetlt ofBioclzemistry, McMaster Utlicersity, Hamiltotr, Ot~t. ,  Catlado L8S 4J9  
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T. E. ENGLAND and THOMAS NEILSON. Can. J. Chem. 54,1714 (1976). 
The syntheses of the oligoribonucleotides GpApGpC, GpCpUpC, and ApGpCpUpC by an 

improved phosphotriester method are described. These sequences are found in the double- 
stranded region adjacent to the dihydrouridine loop of several transfer RNAs. Of special 
significance is the improvement in yields that the activating agent, mesitylenesulfonyl triazolide, 
provides in coupling reactions involving purine residues. 

T. E. ENGLAND et THOMAS NEILSON. Can. J. Chem. 54, 1714 (1976). 
On dCcrit la synthkse des oligoribonuclCotides GpApGpC, GpCpUpC et ApGpCpUpC par 

une mCthode amCliorCe des phosphotriesters. On trouve ces siquences dans la rigion de la 
double hilice adjacente a la boucle dihydrouridine de plusieurs RNA de transfert. I1 est im- 
portant de signaler que les rendements ont CtC nettement amtliorCs grbce A I'utilisation de 
I'agent activant mesityl~nesulfonyltriazolide pour les reactions de couplage impliquant des 
rCsidus purine. 

[Traduit par le journal] 

Our interest in the functional role of various 
regions of the transfer RNA molecule has re- 
sulted in the synthesis of oligoribonucleotides 
whose sequences correspond to specific segments. 
Subsequent studies involving the participation of 
these tRNA fragments in protein biosynthesis 
are intended. Synthesis of a nonaribonucleotide 
corresponding to the anticodon loop of E. coli 
tRNA, has already been reported (2). 

We now describe the synthesis of sequences 
which correspond to the double-stranded region 
(Fig. 1, Ib) adjacent to the dihydrouridine loop 
of several tRNAs, for example, tRNAPhe (E. coli) 
(ref. 3 and references therein). Heterologous 
charging studies with yeast phenylalanyl-tRNA 
synthetase (ligase) (4, 5) indicate this neck region 
to be a partial recognition site for the enzyme. 
The duplex formed from these two comple- 
mentary sequences may allow studies to deter- 
mine the elements of recognition between the 
neck and the ligase. Information of this nature 
should be invaluable in understanding the gen- 
eral problem of nucleic acid - protein inter- 
actions of which almost nothing is known. 

Since pentamer ApGpCpUpC contains a 
self-complementary sequence, it could form a 
duplex which might compete with the desired 

'For part VIII see ref. 1. 

duplex Ib. Availability of tetramer GpCpUpC 
would allow formation of duplex Ic which would 
be free from such complications and still 
approximate to the recognition site. These com- 
plementary oligomers, GpCpUpC and GpAp- 

G .C 
G - C  
A . UGAGCC U A 

A .\k 
A 
A2mtbl 

G A A  

10 

FIG. 1. E. coli tRNAPhc in conventional 'cloverleaf' 
secondary structure; ( 6 )  and (c) two possible duplices from 

'synthetic oligoribonucleotides. 
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ENGLAND AND NEILSON 1715 

bz 
TracGtOH 

1 

bz bz 
TracGtp-0- + HOAtOH 

' T 3  
bz bz 

TracGtpAtOH 

bz bz bz 
TracGtpAtpGtOH 

7 

bz bz bz bz 
TracGtpAtpGtpCtOH 

10 

SCHEME 1. Abbreviations are as suggested by the 
IUPAC-IUB commission. Trac is 5'-0-triphenyl- 
methoxyacetyl, t is 2'-0-tetrahydropyranyl and bz 
represents a benzoyl modification of the base amino 
function. p-0- is 3'-0-(2,2,2-trichloroethyl) phosphate 
and p between two characters, e.g. GtpAt, indicates a 
3'-5' (2,2,2-trichloroethyI)phosphotriester internucleo- 
tide linkage. 

GpC, and ApGpCpUpC and GpApGpC, should 
make an interesting system for studying the 
various parameters involved in helix formation 
(67) .  

In several other tRNAs, for example, ~ R N A ~ ~ "  
(yeast) and tRNAp"" (wheat) (3), the sequence in 
this neck region is Apm2GpCpUpC instead of 

ApGpCpUpC. Apparently methylated guanine 
in this sequence does not affect the association 
(K,) of the tRNA with the synthetase but does 
alter the rate (V,,,,) of aminoacylation (8). Thus 
duplex ID may be recognized by the readily 
available phenylalanyl-tRNA synthetase from 
yeast. 

In this communication we report, therefore, 
the synthesis of the oligoribonucleotides 
GpApGpC, GpCpUpC, and ApGpCpUpC out- 
lined in Schemes 1, 2, and 3, respectively, using 
the stepwise phosphotriester method developed 
in this laboratory (9-1 1). 

bz 
TracGtOH 

1 

bz bz 
TracGtp--0- + HOCtOH 

' T 9  
bz bz 

TracGtpCtOH 
11 

bz bz 
TracGtpCtp-0- + HOUtOH 

l2 T l3 

t 
bz bz bz 

TracGtpCtpUtp-0- + HOCtOH 
15 T 9  C
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1716 CAN. J. CHEM. VOL. 54, 1976 

bz 
TracAtOH 

17 

bz bz 
TracAtp-0- + HOGtOH 

bz bz 
TracAtpG tOH 

bz bz bz 
TracAtpGtp-0- + HOCtOH 

bz bz bz 
TracAtpGtpCtOH 

21 

bz bz bz 
TracAtpGtpCtp-0- + HOUtOH 

22 

bz bz bz 
TracAtpGtpCtpUtOH 

23 

bz bz bz bz 
TracAtpGtpCtpUtp-0- + HOCtOH 

24 T 9  

Syntheses proceed from the 5' toward the 3' 
end of the oligoribonucleotide. The nucleoside 
destined to  occupy the 5'-terminal position 

(guanosine in Scheme 1) is protected by 5'- 
trityloxyacetyl (Trac), 2'-0-tetrahydropyranyl (t), 
and N-benzoyl (bz) (except uridine) while its 3'- 
hydroxyl remains free. Phosphorylation is 
effected a t  this 3'-position using mono-2,2,2- 
trichloroethyl phosphate to give a 3'-nucleotide 
derivative. The next nucleoside in the sequence 
(adenosine in Scheme 1) has only 2'-0-tetra- 
hydropyranyl and N-benzoyl protection, and its 
5'-hydroxyl is condensed to the 3'-nucleotide 
derivative forming a new 3'-5'-phosphotriester 
internucleotidic linkage. N o  evjdenie for the 
undesirable 3'-3' linkage has been detected. 
Apparently the bulky 2'-0-tetrahydropyranyl 
grouping sterically 'shields' the vicinal 3'- 
hydroxyl from the phosphorylation complex and 
so forbids 3'-3' condensation. 

Two improvements have been incorporated 
into our earlier endeavours. First the free mono- 
2,2,2-trichloroethyl phosphate was employed in 
place of its corresponding bis(cyclohexy1am- 
monium) salt. Traces of cyclohexylamine re- 
maining after exhaustive evaporation from an- 
hydrous pyridine were thought to interfere with 
coupling by reacting with the phosphorylation 
complex. Second, TPS was replaced by mesity- 
lenesulfonyl- 1,2,4-triazolide (MST) (12) as coup- 
ling agent. Arenesulfonyl chlorides appear to  
attack the N7 of guanosine derivatives leading to  
imidazole ring opening in the basic conditions 
used during deprotection. Loss of guanine 
residues during later synthesis would have serious 
consequences leading to  a mixture of fragments. 
Pyridine hydrochloride is not a passive side 
product, especially towards acid-labile tetra- 
hydropyranyl groups. TPS coupling reactions in 
pyridine are highly coloured and these colora- 
tions seem to  associate with products during 
elution from silica gel columns. MST sidesteps 
these pitfalls. 

The use of free mono-2,2,2-trichloroethyl 
phosphate and MST has resulted in a greater 
than 50% increase in yields (Table 1). Of special 
significance is the improved efficiency in coupling 
purine residues, for example, 17 with 6 ,  and 
4 with 6. MST-condensed reactions proceed 
smoothly to  completion without additional 
quantities of coupling agent, a necessity with 
similar reactions using TPS. Reaction times were 
much shorter and coloration considerably re- 
duced. 

Investigations into the possibility of using 
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ENGLAND AND NEILSON 

TABLE 1. Comparison of TPS and MST as condensing agents in 
oligoribonucleotide synthesis 

TPSt yield MSTS yield Improvement 
Coupling reaction (76) (%) (%I 

1 + 3 (G + A)* 
4 + 6 ( G A + G )  
8 + 9 ( G A G + C )  

1 + 9 ( G + C )  
12 + 13 (GC + U) 
14 + 9 (GCU + C) 

17 + 6 (A + G) 
19 + 9 (AG + C) 
21 + 13 (AGC + U) 
23 + 9 (AGCU + C )  

*G + A represents thc following reactions: 

br br 

TracGtp-0- + HOAtOH 
2 -rJ 3 

bz bz 
TracGtpAtOH 

4 
tPhosphorylation with the  cycloliexyl~mrnonium salt of mono-2,2,2-trichlorocthyl phosphate 
TPhosphorylation wi th  the free acid of mono-2,2,2-trichloroethyl phosphate. 

MST to esterify selectively the 5'-hydroxyl group 
of N-benzoyl-2'-0-tetrahydropyranyl nucleosides 
with triphenylmethoxy acetate were undertaken, 
to thus eliminate TPS entirely from our synthetic 
scheme. Unfortunately considerable quantities 
of the 3'-isomer resulted and so TPS-esterifica- 
tion has been retained. These studies do, how- 
ever, provide some insight into the mechanism of 
esterification via mixed sulfonyl-carboxylic an- 
hydrides. Apparently the bulky TPS complex 
cannot approach a hydroxyl vicinal to a tetra- 
hydropyranyl grouping whereas the MS complex 
can. 

completed in 3-4 days (Table 2). 
The desired oligoribonucleotide could be 

isolated from the incoming nucleoside derivative 
and the unreacted sequence bearing a 3'- 
phosphodiester by silica gel column chroma- 
tography. Occasionally the desired sequence and 
the incoming nucleoside coeluted. This problem 
could be easily resolved by a 'back-tritylation' 
reaction (10) and subsequent silica gel chroma- 
tography. 

Sequences terminating in C residues (11 and 
22) were more difficult to phosphorylate than 
sequences of comparable length ending in A, G. 
or U. An explanation for this observation was 

General Procedure for Co~rpling bz 

not evident as TracCtOH itself phosphorylated 
Phos~hor~la t ion  the 3 ' - h ~ d r 0 x ~  protected readily. However, additional equivalents of 

nucleoside or oligonucleotides was accomplished activated phosphate could overcome this reduced 
using 2 equiv. of pyridinium mono-2,2,2-tri- bz bz 

chloroethyl phosphate, previously activated with reactivity (Table 2). Sequence TracGtpCmOH 
4 equiv. of MST. Two to four days were usually also did not phosphorylate readily (2). 
sufficient for complete reaction (Table 2) which After each addition of each nucleoside deriv- 
was monitored by silica gel tlc. For longer 
sequences 3 or 4 equiv. of activated phosphate 
were found to be advantageous in certain cases. 
After quenching with water, the methylene 
chloride extracted phosphorylated material was 
reactivated with a fresh 1.2 equiv. of MST and 
1.5 equiv. of the next protected nucleoside was 
added. This second coupling step was normally 

ative to the growing protected sequence, a sample 
was completely deprotected and sequenced by 
enzymatic digestion. This procedure confirmed 
the integrity of the synthetic scheme. Table 3 
provides chromatographic data of the various 
sequences and Table 4 gives the ratios of nucleo- 
tide and nucleoside components of the principal 
oligonucleotides. 
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1718 CAN. J .  CHEM. VOL. 54, 1976 

TABLE 2. Summary of the preparation of protected oligoribonucleotides 
( ( I )  Phosphorylation reactions 

Quantity of reactants (mg, with mmol in parentheses) 

Mono-2,2,2- 
trichloroethyl 

No. phosphate MST 

Product 

Days to 
No. completion 

1 500(0.65) 300(1.30) 650(2.59) 2 3 
17 500(0.68) 305(1.30) 665(2.60) 18 - 7 

4 525(0.37) 170(0.74) 370(1.48) 5 -I 
19 SOO(0.35) 160(0.70) 350(1.41) 20 - 7 

14 450(0.23) 160(0.70) 350(1.41) 15 5 
7 300(0.14) 65(0.29) 145(0.58) 8 5 
23 220(0.09) 80(0.34) 172(0.69) 24 6 
11 345(0.25) 115(0.50) 250(1 .GO) 12 <80% after 6 days 
11 450(0.32) 220(0.97) 485(1 .94) 12 2 
21 400(0.20) 90(0.39) 195(0.78) 22 <75% after 6 days 
tz be 

TracCtOH 180(0.25) 115(0.50) 250(1 .OO) TracCtp-0- - 7 

(b )  Coupling reactions 

Reactants Product 

Incoming nucleoside 
MST Quantity 

No. Quantity (mg, with (mg, with (mg, with Days to 
(ca. mmol) Compound mmol in parentheses) mmol in parentheses) No. % in parentheses) completion 

TABLE 3. Experimental data of deprotected sequences 

RG"* 
Yield (%) 

for complete 
Sequence System A System B System C deprotectiont 

- - - - - 

'Syslet~r A paper chromatogrc~phy, clhanol - I M NHlOAc, pH7.3  (70:30), Whatman No.  I : 
System l3 tlc, ethanol - I MNHIOAC,  pH7.3, (70:30), Avicel F; Systou C paper electrophoresis, 
1400 V/95 cm, Whatman No.  I ,  0.05 M triethylammonium bicarbonatc, pH 8.0. 

tCalculated from speclrophotomelric data assuming a 90% hypochromicity factor (10). 
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ENGLAND AND NEILSON 1719 

TABLE 4. Enzyme digestion of principal oligoribonucleotides* 

Oligomer Snake venom phosphodiesterase Bovine spleen phosphodiesterase 

'Enzyme digestion products were separated by paper chromatography in System A. 

ModiJied Deproieciiort Procedures 
The method for complete deprotection was 

slightly modified from our previous three-step 
procedure (1, 10). Paper chromatography was 
used to purify the partially deprotected sequence 
after the first two steps. At this point only the 
2'-0-tetrahydropyranyl protecting groups should 
be present. This isolation permitted easier 
identification of the completely deprotected 
sequence after the final step of the deprotection 
procedure, especially for longer sequences. Yields 
of the completely deprotected sequences re- 
inained low and tended to decrease with increas- 
ing length of sequence (Table 3). The procedure 
is described fully for GpA in the experimental 
section. Poor yields have also been reported by 
other workers employing a Zn/Cu couple to  
cleave the phosphate protecting group, mono- 
2,2,2-trichloroethyl (13). Alternate deprotection 
procedures are currently under investigation. 

Studies into duplex formation of these com- 
plementary sequences and incorporation of a 
radioactive label are underway. 

Experimental 
Silica gel (Baker Analyzed Reagent) was used for 

column chromatography, and Analtech prescored silica 
gel plates were employed for tlc. The plates were devel- 
oped in 5 or 10% methanol in methylene chloride 
mixtures. 

The tlc detection was carried out using a ceric sulfate 
spray (1 g H4Ce(S04), in 10% aqueous sulfuric acid 
solution) and followed by heating the plates at  300- 
400 O F .  Compounds containing a trityl group develop as 
yellow spots, while others appear as brown spots. 

It was essential that moisture be excluded from all 
coupling reactions. After evaporation in cnciio of the 
pyridine solution, normal pressure was restored with dry 
nitrogen and rlot atmospheric air. All such evaporations 
were carried out in the temperature range 30-40 "C. 

Emulsions, frequently obtained during methylene 
chloride extractions of aqueous pyridine solutions, were 
broken by the addition of a few millilitres of saturated 
sodium chloride solution. 

Protected Nircieosides 
Details of the preparation of the various modified 

nucleosides used in the synthesis have been described 
previously (1, 9, 11, 14). 

Free Acid of Mo110-2,2,2-tricl1lrn.oetI1yl Phosphate 
The free acid of mono-2,2,2-trichloroethyl phosphate 

was prepared by a modification of Eckstein's procedure 
for the preparation of the cyclohexylammonium salt (15). 
Instead of adding cyclohexylamine, the material was 
acidified with 2 N sulfuric acid solution, extracted with 
diethyl ether and evaporated ill caclro to a light yellow 
oil. During evaporation in cnciro from toluene, white 
crystals separated, mp 119-121 "C (120-121 "C)'. 

N2- Be11zo~l-2'-O-tet1~~iIiy~iropyr~111yI-5'-O-tri~I1e11~~i- 
rt1etho,~y~cetylgii~111osirrr-3'-2,2,2-tricl1loroetl1~~l 
Phosphate, 2 

(a) The bis(cyclohexylammonium) salt of mono-2,2,2- 
trichloroethyl phosphate (15) (720 mg, 1.62 rnmol) was 
dissolved in anhydrous pyridine (30 ml) with warming 
and converted to  the corresponding pyridinium salt by 
repetitive evaporation ill ~aciro and solution in pyridine 
(5 X 30 ml). TPS (980 mg, 3.23 rnmol) was added to the 
above pyridine solution (ca. 15 ml) and the solution was 
then left to stand at  room temperature under a nitrogen 
atmosphere. After 1 11 a pyridine solution (ca. 5 ml) of 

br 
TracGtOH, 1, (1 1) (400 mg, 0.52 mmol) was added to  the 
deep yellow solution of activated phosphate. Thin layer 
chromatography indicated that the phosphorylation was 
cri. 80% complete (R, 0.70 4 0.30 in 10% CH30H- 
CH2C12) after 1 day. Additional TPS (50 mg, 0.17 mmol) 
was added to complete the reaction in 2 days. Ice (err. 2 g) 
was added to  quench the reaction. After stirring for 
30 min the reaction was poured into ice water (cri. 75 ml) 
and extracted with methylene chloride (4 X 30 ml). The 
combined organic fractions were washed with water 
(2 X 30 ml) and evaporated bz oacrro to a brown foam. 

bz 
TracGtp-0-, 2, was used without further purification. 

(b) The free acid salt of mono-2,2,2-trichloroethyl 
phosphate (300 mg, 1.3 mmol) was converted to its 
pyridinium salt by solution in anhydrous pyridine and 
repetitive evaporation iti vricrio (5 X 30 ml). MST (650 
mg, 2.59 mmol) (12) was added to this pyridine solution 
(ca. 10 ml) and then left to stand under nitrogen for 1 h. 
Gentle heating (40°C) was required to redissolve py- 
ridinium trichloroethyl phosphate which frequently sep- 

bz 
arated. Pyridine solution (ca. 5 ml) containing TracGtOH, 
(1) (500 mg, 0.65 mmol), was added to the clear solution 
of activated phosphate. Thin layer chromatography in- 
dicated that the phosphorylation was complete (R, 
0.70 -0.30 in 10% CH30H-CH2C12) in 3 days. The 
reaction was quenched with ice (crr. 2 g), poured into ice 
water (cri. 50 ml), and extracted with methylene chloride 
(5 X 25 ml). The combined organic extracts were washed 

'C. B. Reese, personal communication. 
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with water (2 X 40 ml) and evaporated it1 cacrro to a light 
yellow foam which was used immediately. 

N2-Bet1zoyl-2'-O-tetrrrl1ydropyrrrt1yl-5'-0-triphet1yl- 
merhoxyacer~~lg~mt1~~lyl(3'-2,2,2-rrichloroetl1yl-5')- 
N6-bet~zoyl-2'-O-te~rc~I~ydrop~~rc~~~yladet~osit~e, 4 

bz 
(a) TracGtp-0-, 2 (en. 0.52 mmol) prepared above 

using TPS was repetitively evaporated from anhydrous 
pyridine (3 X 40 ml, final volume ca. 10 ml) and TPS 
(180 mg, 0.59 mmol) was then added. After 1 h a pyridine 

bz 
solution (5 ml) of the high R, isomer of HOAtOH, 3 
(345 mg, 0.76 mmol), (9) was added. Additional portions 
of TPS (50 mg, 0.17 mmol) were added on days 3 ,4 ,  and 
5. After 8 days tlc indicated ca. 60% reaction (R, 
0.30 --, 0.75 in 10% CH30H-CH2C12). The reaction was 
quenched with ice (err. 2 g), poured into ice water (ca. 
75 ml), and extracted with methylene chloride (4 X 30 
ml). Combined organic fractions were washed with water 
(30ml) and evaporated it1 caclro to dryness. The last 
traces of pyridine were removed from the residue by 
codistillation with toluene (2 X 20 ml) to give a brown 
foam which was purified by silica gel column chro- 
matography. Elution with 3.0% methanol - methylene 

bz bz 
chloride yielded a pure fraction of TracGtpAtOH, 4 (202 

bz bz 
mg), plus a 50% mixed fraction containing TracGtpAtOH, 

bz 
4, and HOA~OH, 3 (325 mg). 

This mixed fraction was dissolved in anhydrous 
pyridine and repetitively evaporated it1 cacrro (3 X 20 ml). 
Excess p-anisylchlorodiphenylmethane (150 mg, 0.45 
mmol) was added to the pyridine solution. After 2 h, 
contaminating 3 was converted to its 5'-0-p-methoxy- 
trityl derivative (R, 0.65 --, 0.95 in 10(/0 CH,OH-CH2C12). 
The reaction was quenched with ice (ca. 2 g), poured lnto 
ice water (40 ml), and extracted with methylene chloride 
(3 X 25 ml). The combined organic extracts were washed 
with water (2 X 40 ml) and evaporated it1 caclro to dry- 
ness. Subsequent column chromatography on silica gel 

bz bz 
yielded further TracGtpAtOH, 4 (60 mg). The trityl 
derivative of 3 was preeluted with 1% methanol - 
methylene chloride. 

bz bz 
The total isolated yield of TracGtpAtOH, 4 (262 mg, 

0.18 mmol), was 35%. 
bz 

(b) TracGtp-0-, 2 (err. 0.65 mmol), prepared above 
using MST, was repetitively evaporated it1 vacrro from 
anhydrous pyridine (4 X 30ml, final volume ca. 5 ml) 
and MST (195 mg, 0.78 mmol) was added. After 1 h a 
pyridine solution (err. 5 ml) of the high R, isomer of 

bz 
HOAtOH, 3 (440 mg, 0.97 mmol), was added. Thin layer 
chromatography indicated the coupling reaction was 
complete (R, 0.30 --t 0.75 in 10% CH30H-CH2C12) after 
2 days. The reaction was quenched and worked-up in the 
usual manner to give a light yellow foam which was 
purified by silica gel chromatography. Elution with 3%) 
methanol - methylene chloride gave a pure fraction of 

bz bz 
TracGtpAtOH, 4 (360 mg), and a mixed fraction (475 mg) 
of 4 and 3. 'Back tritylation' of the mixed fraction and 

subsequent silica gel column chromatography gave 
further quantities (195 mg) of 4. The total yield of 

bz bz 
TracGtpAtOH, 4 (555 mg), was 57%. 

Synthesis of the remaining oligoribonucleotides in 
Schemes 1, 2, and 3 followed the same procedure as for 

bz bz 
TracGtpAtOH, 4. Table 2 contains the essential data for 
those syntheses. Protected sequences longer than trimers 
did not require 'back tritylation' as these sequences 
eluted at  a higher percentage of methanol - methylene 
chloride than the incoming nucleoside. 

bz bz 
TracGtpAtOH, 4 (10 mg), was dissolved in anhydrous 

N,N-dimethylformamide (1 ml). Zn/Cu couple (en. 20 mg) 
was added and stirred for 2 h at  50°C. Thin layer 
chromatography indicated complete removal of 2,2,2- 
trichloroethyl (RF 0.75 --t 0.0 in 10% CH,OH-CH2C12). 
Methanolic ammonia (MeOH - concentrated NH, I : 1) 
(5 ml) was added and stirring was continued for 72 h a t  
room temperature. Reaction was filtered to remove the 
Zn/Cu couple which was washed well with dilute aqueous 
ammonia. The filtrate and washings were evaporated in 
cacuo to reduce the p H  to en. 9. Chelex 100 (ca. 1 g, 
100-200 mesh, Na+ form) was then added to remove Zn 
and Cu ions. After stirring for 30 min the resin was 
filtered off and washed well with water. The filtrate was 
evaporated it1 W C L ~ O  to a small volume (<  1 ml) and 
applied to Whatman 3 MM paper. Descending paper 
chromatography in ethanol - 1 M NH40Ac, p H  7.3 (50: 
50, v/v), yielded a uv absorbing band (R, 0.85, err. 
50 A260)3 that was eluted from the paper with water. The 
eluate was adjusted to p H  2 with a few drops of 2 N HCI 
and stirred at  room temperature. The removal of tetra- 
Ihydropyranyls was followed by Avicel F tlc in ethanol - 
1 M NH40Ac, p H  7.3 (70:30, v/v) (R, 0.80 --, 0.10). 
After 48 h the solution was neutralized with dilute 
ammonia, evaporated it1 cacrto to a small volume ( < 1 ml), 
and applied to Whatman40 paper. Descending paper 
chromatography in ethanol - l M NH40Ac, p H  7.3 (50: 
50, v/v) gave a uv absorbing band (R, 0.45). This band 
was desalted by soaking for 1 h in absolute ethanol and 
10 min in diethyl ether and then eluted with water (16). 

The deprotection procedure yielded GpA (46 A260, 
28(;/0) which was characterized by enzymatic digestion. 
Snake venom phosphodiesterase in NaOAc-Mg(OAc), 
(0.1 M, p H  8.80) gave the desired products G and PA. 
Spleen phosphodiesterase in sodium succinate (0.1 M, 
p H  6.5) gave the desired products G p  + A. Products of 
the enzymatic digestion were identified by Avicel F tlc 
(ethanol - 1 M NH40Ac, p H  7.3, (70:30, v/v)). 

Similar deprotection procedures were used for all the 
protected oligoribonucleotides. Enzymic analysis of 
longer sequences frequently required the use of a second 
system (Avicel tlc, isobutyric acid - 0.5 M NH40H,  
50:30, v/v, p H  4.3). 
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A search for protonated cyclobutane 
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CHOI CHUCK LEE and ERIC C. F. KO. Can. J. Chem. 54, 1722 (1976). 
Attempted protonation of cyclobutane with H2S0,-r or CF3COOH-I failed to give any open 

chain butyl product as evidence for the formation of protonated cyclobutane. The treatment of 
cyclobutane with an excess of CF3S03H-r in a sealed tube at  75 "C for 3 days followed by 
hydrolysis did give rise to the f o ~ ~ r  isomeric butyl alcohols containing some T-label in the butyl 
groups. The upper limit for this ring cleavage, probably via protonated cyclobutane, was a b o ~ ~ t  
1 ?$,. H-T exchange in the recovered cyclobutane was also observed. 

CHOI CHUCK LEE et ERIC C. F. KO. Can. J. Chem. 54, 1722 (1976). 
Des essais de protonation du cyclobutane avec H2S0,-r ou CF3COOH-1 n'ont pas conduit 

aux produits butyliques en cliaines ouvertes qui auraient pu prouver la formation de cyclo- 
butane protone. Le traiternent du cyclobutane avec du CF3S03H-r en excks (en tubes scellCs, B 
75 'C, pendant 3 jours) suivi d'une hydrolyse conduit B quatre alcools butyliques isonikrescon- 
tenant un peu de marqueur T dans les groupements butyliques. La limite supkrieure pour cette 
coupure de cycle impliquant probablenient un cyclobutane proton6 est d'environ 1'5,. On a aussi 
observC un Cchange H-T dans le cyclobutane rCcupCrC. 

[Traduit par le journal] 

Considerable work has been done on pro- 
tonated cyclopropanes (1-4). The initial defini- 
tive evidence for such species was obtained by 
Baird and Aboderin (5) froin the reaction of 
cyclopropane with DzS04, and these results were 
subsequently confirmed by the treatment of 
cyclopropane with H2S04-t (6). Protonated cy- 
clobutane intermediates have been suggested as 
being involved in the mass spectral fragmenta- 
tion of the butyl cation (7). In the present work, 
attempts were made to obtain evidence for the 
existence of protonated cyclobutane under ther- 
mochemical conditions. By analogy with the 
protonation of cyclopropane with H2S04-~, the 
initial experiments were carried out by treating 
cyclobutane with H2SO4-1. 

It is anticipated that if protonated cyclobutanc 
intermediates were involved in the reaction of 
cyclobutane with tritiated acids, tz-butyl products 
would be formed with the T-label located at C-4 
or C-1 and C-4 depending on whether the prod- 
uct is derived from the corner- or edge-protonated 
species (1 or 2), either as a transition state or as 
an intermediate (Scheme 1). Further equilibra- 
tion among these protonated species would 
result in more extensive scrambling of the 
T-label over the four carbon positions of the 
tz-butyl product. 

The general experimental approach involved 
the treatment of cyclobutane with the tritiated 
acid followed by the hydrolysis of any butyl 
esters formed in the reaction to the correspond- 

'Revision received February 27, 1976. 
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LEE AND KO 

TABLE 1. Data from the reaction of cyclobutane with CF3S03H-r 

11-BuOHt 

Cyclo- Specific 
butane activity Yield: 

(mmol)* (dpmimmol) 

18 684 OOO(70 400)s 0.8 
6.3 199000(20800)~ 1.0 

sec-BuOHt iso-BuOHt 

Specific Specific 
activity Yield: activity Yield: 

(dpmimmol) % (dpmirnmol) (%) 

67900 0.08 63400 0.07 
21 100 0.1 16300 0.07 

t-BuOHf 

Specific 
activity Yield: 

(dpmimmol) (%J 

65000 0.08 
21800 0.1 

'Amount of cyclobutane i n  2.0 ml of CF~SOJH-t, the specific activity of which was 1.48 X lo8 dpmjmniol. 
tThc alcohols were diluted with inactive carriers (2.0 to 3.5 g), I-ccovered by prcpnralive vpc and ass;~yed as the 3,s-dinitrobenzoatc except in  

the case of lert-BuOH which was assayed as sodium rert-butoxide. 
f Based on isotope dilution calculations; these yiclds would be uppcr limits since part of the activity may be due lo cxcliangc. 
§The data in the parentheses are the specific activities oTCH3CH?CH?COOH from the rr-BuOH, assayed as the S-benzylisothiouronium salt. 

ing alcohols. These alcohols were then isolated 
by preparative vpc with the aid of carriers. In- 
corporation of the T-label into the butyl groups 
of the alcohols would suggest the formation of 
butyl products from cyclobutane, probably via 
protonated cyclobutane. When cyclobutane was 
shaken in a sealed tube with H2S04-t a t  tempera- 
tures up t o  100 OC for several days, there was no 
detectable T-incorporation to indicate the cleav- 
age of cyclobutane into open chain butyl prod- 
ucts, suggesting no solvolytic reaction via pro- 
tonated cyclobutane. 

Some cleavage of cyclobutane t o  open chain 
butyl products did occur when cyclobutane was 
treated with a stronger acid, CF3S03H-t. After 
the heterogeneous mixture of CF3S03H-t and 
cyclobutane was shaken for 3 days a t  75 OC, the 
resulting material was hydrolyzed and the data 
obtained are summarized in Table 1. Although 
the conversion of cyclobutane into butyl prod- 
ucts, as recorded in Table I, was n o  more than 
about 1%, the incorporation of T-activity into 
the butyl groups was real and not the result of 
contamination. If the activities in the various 
butyl alcohols were simply due t o  contamination 
of the added carriers, similar results would have 
been observed in the experiments with H2S04-I, 
but this was not the case. 

The calculation of the yields of butyl products 
from isotope dilution (illustrated in the experi- 
mental section) was based on the assumption 
that the T-activities in the various solid deriva- 
tives of the butyl alcohols (Table 1) were derived 
from protonation of cyclobutane by the tritiated 
acid, such as in Scheme 1. The processes in 
Scheme 1 would give only the n-butyl ester which, 
on hydrolysis, would account for the n-BuOH. 
It  is, however, quite probable that, in the 
CF3S03H medium, any tz-butyl cation formed 

during the reaction could also rearrange t o  the 
other isomeric butyl cations. Moreover, if H-T 
exchange were to  occur between CF3S03H-t and 
the butyl products, the yields calculated from 
isotope dilution would be too high since part of 
the observed activities would have been due t o  
exchange. In order t o  get some clarification on 
these points, the effect of CF3S03H-r on small 
amounts of rz-BuOH was investigated and it was 
found that under the conditions used in the 
present studies, some exchange as well as re- 
arrangements t o  the isomeric alcohols did occur. 
Moreover, oxidation of the active rz-BuOH 
derived from the exchange reaction gave an  
essentially inactive CH3CH2CH2COOH, indi- 
cating that the H-T exchange took place at  the 
a-C of tz-BuOH. The fact that the active rz-BuOH 
derived from the protonation experiments lost 
nearly of its activity upon oxidation t o  
CH3CH2CH2COOH (Table 1) would support the 
conclusion that some exchange, at  the a-C, likely 
has also occurred during the protonation reac- 
tion. However, the magnitudes of the T-activities 
resulting from exchange, when compared with 
those in Table 1, suggested that the exchange 
could account for only a minor part of the 
observed activities recorded in Table 1. I t  can, 
therefore, be concluded that the treatment of 
cyclobutane with an  excess of CF3S03H-t did 
result in a small extent of ring cleavage, probably 
via protonated cyclobutane, t o  give an 11-butyl 
product. During the reaction, the tz-butyl cation 
or product initially formed could also undergo 
H-T exchange as well as rearrangement to  give 
other isomeric butyl species. 

In the early work on protonated cyclopropane 
by Baird and Aboderin, it was noted that treat- 
ment of cyclopropane with D2SO4 resulted in the 
formation of monodeuterocyclopropane (8). Sol- 
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volytic ring cleavage of the cyclopropane was 
found to occur concurrently with exchange, the 
rate of solvolysis being about twice that of 
exchange. When cyclobutane was shaken with 
excess CF3S03H-t at 75 OC for 3 days, the recov- 
ered cyclobutane was found to bi tritiated, its 
specific activity being the same as that of the 
original CF3S03H-t. This observation indicated a 
complete exchange between cyclobutane and 
CF3S03H-t to give a monotritiated cyclobutane. 
The similarity to the formation of monodeutero- 
cyclopropane in this exchange reaction thus gave 
further support to the probability of a role for 
protonated cyclobutane; however, since only a 
very small amount of ring cleavage was observed 
(Table l), the rate of solvolytic cleavage of 
cyclobutane obviously was much slower than the 
rate of exchange under the conditions employed. 

Since the treatment of cyclobutane with 
CF3S03H-t involved a two-phase heterogeneous 
system, a homogeneous solution of cyclobutane 
in an excess of CF3COOH-t in a sealed tube was 
shaken at 60 OC for 5 days. While the recovered 
cyclobutane had also undergone exchange, show- 
ing a specific activity equalling about 12Y0 of the 
specific activity of the CF3COOH-2, no tritiated 
open chain butyl product was detected, indi- 
cating no solvolytic ring cleavage. Thus sol- 
volytic cleavage of cyclobutane, probably via 
protonated cyclobutane, was observed only upon 
treatment with CF3S03H-t. Since the upper limit 
for the ring cleavage was only about 1Y0, it is 
unlikely that processes via protonated cyclo- 
butanes could be major pathways in thermo- 
chemical reactions. It is also of interest to note 
that in the trifluoroacetolysis of 1-butyl-1-14C 
tosylate (9), the isotopic scrambling results 
suggested the possibility of some involvement of 
protonated methylcyclopropane rather than pro- 
tonated cyclobutane. 

Experimental 
Tritiated Acids 

Essentially 100yo H2S04-t, CF3S03H-t, or CF3COOH-t 
were prepared by adding H20-t and the calculated 
amount of SO3 (from fuming H2S04), trifluoromethane- 
sulfonic acid anhydride, or trifluoroacetic anhydride to 
ordinary H2S04, CF3S03H, or CF3COOH. 

Prototlatiot~ Experimetlls 
The mixture of cyclobutane and an excess of the 

tritiated acid in a sealed tube was shaken at the desired 
temperature for different lengths of time. The resulting 
material was made basic, subjected to hydrolysis, and 

then worked up in the presence of added isomeric butyl 
alcohols as carriers. The following is the description of 
one of the experiments with CF3S03H-t. 

Cyclobutane (1.01 g, 18 mmol), bp 12-13 "C, prepared 
from 1,4-dibromobutane (lo), was distilled directly into 
the reaction tube which contained 2.0 ml of CF3S03H-t 
(1.48 X 108 dprn/mmol) and which was cooled in a dry 
ice - acetone bath. The tube was sealed and the heteroge- 
neous mixture was shaken mechanically in an oil bath at 
75 + 0.2 "C for 3 days. After cooling, the material was 
made basic with 20 ml of 207; NaOH solution, transferred 
to a 50 ml flask, and heated under reflux at 75 "C over- 
night to effect the hydrolysis of any butyl esters that were 
formed. To the hydrolyzate, inactive carriers (32.7, 32.6, 
3 1 .O, and 3 1.9 mmol of 11-BuOH, sec-BuOH, iso-BuOH, 
and tert-BuOH, respectively) were added. The resulting 
material was extracted with ether, the extract dried over 
MgS04, and the alcohols were recovered by vpc using a 
Pye automatic preparative chromatograph with a 12 ft X 

in. copper column at 80 "C packed with 20% FFAP on 
Chromosorb W. The recovered alcohols were converted 
to the appropriate solid derivatives (Table I) and assayed 
for T-activity by a liquid scintillation counter to give the 
results summarized in Table 1. 

The following is an illustration of the isotope dilution 
calculations. Since the specific activities of the 11-BuOH 
before and after isotopic dilution were 1.48 X lo8 and 
6.84 X 105 dpm/mmol, respectively, and since the amount 
of 11-BuOH carrier was 32.7 mmol, if x is the yield of the 
11-BuOH-t produced in the protonation reaction, then: 

where x = 0.15 mmol or (0.15/18)100 = 0.8%. 

Effect of'CF3SO3H-t 011 11-BuOH 
In a typical experiment, 13 mg (0.18 mmol) of 11-BuOH, 

corresponding to a 1 O/ ,  yield from the cyclobutane used in 
one of the protonation experiments, was shaken for 3 
days at 75 + 0.2 "C with 2.0 ml of CF,S03H-t (1.48 X 
108 dpm/mmol). The resulting material was subjected to 
basic hydrolysis and then worked up with 28.3, 29.8,26.4. 
and 28.7 mmol, respectively, of 11-BuOH, sec-BuOH. 
iso-BuOH, and lerl-BuOH as carriers. The recovered 
alcohols, assayed as solid derivatives as in the protonation 
experiment, were found to be active, the observed activities 
being 31 800, 4400, 3300, and 6000 dmp/mmol, respec- 
tively, for 11-BuOH, sec-BuOH, iso-BuOH and terl-BuOH. 
Oxidation of the active 11-BuOH by alkaline KMN04 (1 1) 
to butyric acid resulted in a loss of essentially all of its 
T-activity. 

H-T Exchange ill the Recocered Cyclobulat~e 
A mixture of 1.01 g (18 mmol) of cyclobutane and 

2.0 ml of CF3S03H-t (1.42 X 107 dpm/mmol) in a sealed 
tube was shaken at 75 + 0.2 "C for 3 days as in the 
protonation experiment. The unreacted cyclobutane was 
distilled at room temperature into 20 ml of scintillation 
counting solution (toluene containing PPO and POPOP). 
The weight of cyclobutane dissolved in the toluene was 
determined and after appropriate dilution, the specific 
activity of the recovered cyclobutane was found to be 
1.42 and 1.43 x 107 dpm/mmol for duplicate experi- 
ments, indicating 100% exchange of one H of the cyclo- 
butane with the CF3S03H-t. 
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In a similar exper~ment, a homogeneous solution of 
0.67 g (12 mmol) of cyclobutane In 2.0 ml of CF3COOH-1 
(1.86 X lo6 dpm/mmol) in a sealed tube was shaken at  
60 + 0.2 "C for 5 days. (One experiment a t  75 "C was 
lost since this temperature was higher than the bp of 
CF3COOH and the sealed tube exploded.) From dupli- 
cate runs, the recovered cyclobutane showed specific 
activities of 2.28 and 2.30 X 105 dpm/mmol, correspond- 
ing to  about 12% exchange of one H in the cyclobutane 
with the CF3COOH-1. 
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HING-BIU LEE and PATRICK M. HENRY. Can. J. Chem. 54, 1726 (1976). 
The oxidation of ethylene in methanol a t  25 "C by palladium(ll) chloride plus LiCI, was 

found to yield mainly CH3CH(OCH3)2. If the reaction is run in C H 3 0 D  the acetal is undeuter- 
ated. In order to interpret the kinetics the equilibria between Pd(I1) and chloride and Pd(I1) and 

KH K I  
C2H4 were studied. The equilibria, PdC13(CH30H)- + CI- e PdC142- and PdCI4'- + C2H4 e 
PdC13(C2H4)- + CI-, were found to be operative with K1, = 0.010 M-1 and KI = 8.1 at  25 "C. 

K2 
The value of K2 for the equilibrium PdC13(C2H4)- + CH30H = PdCI2(C2H4)(CH3OH) + CI- 
was found to be less than 10-2 M. The ethylene oxidation was studied by gas uptake using 
quinone to prevent precipitation of Pd(0). The reaction is strongly inhibited by acid and chloride. 
The acid inhibition by weak acids such as methanesulfonic and acetic depends on the square root 
of acid concentration which is consistent with a first order acid inhibition. In the [H+] range 
from about 10-2 to M the rate expression is identical to that previously found in water; 
-d[C2H4]/dt = kKl[PdC142-][C2H,]/[H+_I[CI-]2. The solvent isotope effect kCI130H/kCH30D = 

1.34 is much smaller than that found previously in water (kI120/kD20 = 4.05). The effect of 
ionic strength is analogous to that previously found in water. The rate first increases with in- 
creasing ionic strength, reaches a maximum a t  about p = 0.75 and then gradually decreases. 
The rate expression and other factors suggest a mechanism analogous to that previously pro- 
posed for the aqueous system. This mechanism has the slow step in the reaction involving cis 
insertion of a coordinated methoxide to coordinated ethylene to give a p-methoxyethylpalla- 
dium(l1) alkyl. Evidence for the mode of decomposition of this alkyl is provided by the oxidation 
of C2H4 in CH30D.  The resulting dimethyl acetal of acetaldehyde contains no deuterium. This 
suggests a decomposition step involving Pd(l1)-hydride elimination and readdition in the 
opposite mode to put the Pd(I1) on the carbon containing the methoxy group. The Pd(I1) is 
reductively eliminated from this adduct to give Pd(0) and the dimethylacetal product. At [H+] < 

M the rate becomes independent of [H+] and at  [H+] < 10-8 M the rate actually decrease5 
with decreasing [H+]. The cause of this change in [HC] dependency is uncertain. 

HING-Biu LEE et PATRICK M. HENRY. Can. J. Chem. 54, 1726 (1976). 
On a trouvC que l'oxydation de I'Cthylkne, dans le mCthanol B 25 "C, par le chlorure de 

palladium(I1) en presence de LiCl conduit principalement au CH3CH(OCH3)2. Si on effectue la 
rCaction dans le CH30D,  I'acCtal n'est pas deutCrC. D e  fason B interpreter la cinCtique, on a 
CtudiC I'Cquilibre entre Pd(I1) et le chlorure et Pd(I1) et CzH4. On a trouvC que les Cquilibres 

KH KI  
PdCI3(CH3OH)- + Cl- e PdC14'- et PdC142- + C2H4 e PdC13(C2H4)- + Cl-, sont des 
reactions qui se produisent; KH = 0.010 M-1 et K1 = 8.1 B 25 "C. On a trouvC que la valeur de 

K ?  
K2 pour l'iquilibre de PdCI3(C2H4)- + CH30H = PdC12(C2H4)CH30H) + Cl- est plus faible 
aue lo-' M. On a CtudiC l'oxvdation de I'ethvlene oar l'absorotion de eaz utilisant la auinone 
;our prCvenir la pr~cipitati& du Pd(0). ~ ; r i ac t \on  est foriement i ihibie par l'aciie et le 
chlorure. L'inhibition acide, par des acides faibles tel que le mCthanesulfonique et l'acide 
acitique, varie avec la racine carrC de la concentration de l'acide; ceci est en accord avec une 
inhibition acide du premier ordre. Lorsque la concentration en H +  varie entre 10-2 et 10-j M.  
l'expression de vitesse est identique B celle trouvie antirieurement dans l'eau soit -d[C2H4]/ 
dt = kKI[PdC142-][C2H4]/[H+][C1-]2. L'effet isotopique du solvant kcH3011/k,H30u = 1.34 est 
beaucoup plus faible que celui trouvC antirieurement dans l'eau (k,,o/kD20 = 4.05). L'effet 
de la force ionique est analogue B celui trouvi antirieurement dans l'eau. La vitesse commence 
par augmenter avec l'augmentation de la force ionique, elle atteint un maximum aux environs 
de p = 0.75 et diminue graduellement. L'expression de vitesse et les autres facteurs sugghrent 
un mCcanisme analogue B celui proposC antkrieurement pour le systbme aqueux. Ce micanisme 

'To whom correspondence should be addressed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEE AND HENRY 1727 

implique une Ctape dtterminante au cours de laquelle il se produit une insertion cis d'un 
mtthylate coordonnt vers un Cthylene coordonnCe de facon i produire un alkyle de p-mtthoxy- 
tthylpalladium(I1). On obtient des indications concernant le mode de dCcomposition de cet 
alkyle par l'oxydation du C2H4 dans le CH,OD. Le dimethyle acttal de I'acCtaldChyde qui en 
rtsulte ne contient pas de deuttrium. Ceci suggere une Ctape de decomposition impliquant une 
Climination de Pd(I1)-hydrure et une readdition dans le mode oppost de facon B obtenir un 
palladium sur le carbone contenant le groupe mtthoxyle. Le palladium(I1) est tlimine d'une 
facon rtductrice de cet adduit pour donner du Pd(0) et un produit dimCthylactta1. A une con- 
centration de H+ < 10-5 M la vitesse devient indtpendante de la concentration de H+ et 
B [H+] < 10-8 M, la vitesse diminue avec une diminution de [H+]. La cause de ce changement 
de dtpendance sur la concentration en H+ n'est pas connue. 

[Traduit par le journal] 

Introduction K I  
[51 PdC13(RCH=CH2)- + H 2 0  = 

The field of organic synthesis by palladium(I1) PdCI2(RCH=CH2)(H20) + CI- 
catalysis has received considerable study in the 
last fifteen years (1). The most important example 
is the oxidation of ethylene by palladium(I1) L6] WC12(RCH=CH2)(H20) 

chloride in aqueous solution. PdC12(RCH=CH2)(0H)- + H30T 

H20 OH 
[I] C2H4 4- H 2 0  + PdC142- --3 RCH 

- CI 
I 

CH2-CHR 
CH3CH0 + Pd(0) + 2HCI + 2C1- B'cH2 5 /v 

This oxidation is the basis reaction of the Wacker CI OH CI OH2 

process for acetaldehyde manufacture from 
ethylene. Higher olefins are oxidized to mixtures 
of aldehydes and ketones (1, 2). 

The kinetics of the oxidation of olefins by 
aqueous palladium(I1) chloride has been studied 
by several workers (3-7). All agree that over a 
wide range of [H+] and [Cl-] and at [PdC142-] < 
0.1 M the following rate expression holds for the 
oxidation of ethylene, propylene, and the 
butenes, 

where K is the equilibrium constant for a- 
complex formation. 

The equilibrium corresponding to reaction 3 has 
been detected under several reaction conditions 
and values of K measured (4-10). Thus the rate 
equation can be written as 

The important feature of the mechanism is the 
cis insertion of the elements of Pd(I1) and co- 
ordinated OH across the olefinic bond. 

Since this original suggestion there have been 
several reports of both trans and cis additions 
of nucleophiles and Pd(I1) to olefins (11-16). 
These results have raised some doubts about the 
original proposal for the Wacker process. In fact 
the addition of water to cyclooctadiene to give a 
stable adduct has very recently been reported to 
be trans (17). Unfortunately with monoolefins in 
water the carbonyl oxidation products give no 
information as to stereochemistry. A series of 
studies on exchange and oxidation reactions in 
acetic acid indicate that in this solvent addition 
can be cis or trans depending on nucleophiles and 
reaction conditions (12). The intermediates in 
this solvent. however. are not identical to those 

[41 
- d[olefin] - k1[PdC13(olefin)-] in aqueous solution so these differences may not 

- 
dt [H+I[cl-] be surprising. 

Methanol. however. would be much closer to 
Although there is some disagreement about water than acetic acid and thus oxidation in this 

details of some steps, the general mechanism solvent might be mechanistically similar to water 
outlined below is accepted by most workers. and there is the possibility in methanol, of re- 
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inforcing kinetic results with stereochemical 
results. There have already been some stereo- 
chemical studies carried out in this solvent. Thus, 
diolefins are known to react with methanol to 
give stable adducts by trrrns addition (12, 13) 
while the oxidation of cis- and trans-2-butene by 
palladium(I1) chloride in the presence of CO 
gives carboxylic acid esters whose stereochemis- 
try can best be interpreted in terms of trans 
methoxypalladation (18). However, the kinetics 
of these processes have not been investigated and 
the stereochemistry of methoxypalladation of 
monoolefins in the absence of CO is not known. 
Because CO forms Pd(I1) carbonyl the stereo- 
chemistry of methoxypalladation in the presence 
of CO is likely to be quite different than in its 
absence. 

To our knowledge there, has been only one 
kinetic study of the oxidation of ethylene by 
palladium(I1) chloride in methanol. This study, 
carried out in the presence of CuC12 which con- 
verted the Pd(0) back to Pd(II), gave the 
following rate expression at low [CuCl,] (19) 

This rate expression was interpreted in terms 
of a rate determining step which involved attack 
of methoxide ion on a Pd(I1)-ethylene a-com- 
plex. 

However, in the presence of CuC12 the actual 
chloride concentration is uncertain. Therefore, it 
seemed worthwhile as a first step in a study of 
the methanol system to determine the rate ex- 
pression in the absence of CuC12. This paper 
describes such a study. 

Experimental 
Marerinls 

The palladous chloride was purchased from Engelhard 
Corp. The methanol was of GC-Spectrophotometric 
quality from I. T.  Baker Chemical Co. I t  was further 
dried with trimethyl orthoformate. The ethylene (C.P. 
grade) was purchased from Matheson of Canada, Ltd. 
All other chemicals were reagent grade. As palladous 

chloride alone is sparingly soluble in methanol stock 
solutions of composition 0.2 M Li2PdCI, were prepared. 
Reaction mixtures were prepared by diluting these stock 
solutions. 

Ultrrruiolet Spectrrrl Strrrly 
The spectra were recorded on a Cary 14 or a Cary 118 

spectrophotometer at  25 "C. The cell thicknesses were 
1, 5, and 10 mm depending on the Pd(l1) concentrations. 

Kit~etic Rrrns 
The rates of oxidation of ethylene were followed by the 

uptake of ethylene measured in gas burets and creased 
flask agitated by means of magnetic stirring bars. All 
reactions were run in the presence of quinone and a t  a 
constant ethylene pressure of 1 atm. The temperature of 
the thermosiated gath was kept at  25.0 + 0.1 k. 

Apart from the initial uptake, a plot of AV us. timegave 
a straight line in all runs until the reoxidant was used up. 
The solubilities of ethylene were measured by the ethylene 
uptake of solutions of the same composition as the re- 
action mixtures but from which the palladium salt was 
omitted. The reactions were much too slow to  be diffusion 
limited. 

Grrs Clrrotnarogr~plry 
Analyses were carried out with a Hewlett-Packard 

research chromatograph (model H.P. 57508) using a 6 f t  
20% Carbowax 20M column on 60-80 mesh Chromosorb 
W. Temperature was 68 "C and helium flow rate was 
35 ml/min. 

Results 

The PPrlC142- nr~rl CI- Eq~rilibrirrrn 
The equilibrium between palladium(l1) chlo- 

ride and LiCl in methanol was studied by uv 
absorption spectroscopy in the 400-200 nm 
region at 25 "C. The solutions were adjusted to  a 
constant ionic strength of 2.0 M by means of 
LiC104. 

Stock solutions of composition PdC1, + 2LiC1 
were prepared and their spectra recorded. It was 
found that addition of more LiCl caused rapid 
changes in spectra. At [LiCl] > ca. 0.4 M there 
was no further change suggesting complete con- 
version to the final species. The spectra at high 
chloride was almost identical to  K2PdC14. In the 
presence of an acid such as methanesulfonic acid 
isosbestic points at lower lithium chloride con- 
centrations (3 15,266, and 236 nm) were observed 
suggesting two species were in equilibrium. The 
two most logical equilibria are given by re- 
actions 10 and 11. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEE AND HENRY 

TABLE 1. Calculation of KT,  from spectral data" 

0.68 l .OO 
0.94 1.08 
1.24 0.99 
1 .78 0.93 
2.40 0.94 
3.79 1.02 
5.02 1 .Ol 
6.27 1.02 

Average 1.00 

Q[Pd(Il)]r = Pa = 7.5 X lo-'. 
bcalculated by using .I = 1.03 X 10' M-I cm-' and t? = 2.58 X loJ M-' cm-'. Latter value  calculaled from intercept of plot of P o / A D  cr. 

[CI-'1. ValueofK, calculntedfromslopeoftliisplo~is0.98 X lo-'. 

If we assume reaction 10 is operative then the 
following can be written (PI = PdC142- and 
PZ = PdC13(CH30H)-; Di is optical density at 
[cl-li). 

Now writing the equilibrium and substituting, 
eq. 15 follows. 

This equation can be rearranged to give eq. 16. 

Since Dm is known AD and therefore Po/AD 
can be calculated at various [Cl-1. Plots of 
Po/AD us. [Cl-] at several palladium(I1) con- 
centrations gave straight lines from which A t  
and K could be calculated. 

Alternately, if reaction 11 is assumed to be 
operative the values of KD can be calculated using 
various values of e2 for the Pd2C16'- species. The 
lower limit of e2 can be determined from the 
optical densities at low [Cl-1. At all values of e2 
the values of KD vary considerably with both 
[Cl-] and total palladium(I1) concentration 

indicating eq. 11 does not represent the true 
equilibrium. 

Some typical data are shown in Table 1. Using 
€2 calculated from the intercept of the straight 
line the values of K,, remain constant as [Cl-] 
varies. Average value of K,, is 1.0 X lo-' at 
25 "C. 

In the absence of an acid, isosbestic points 
were not obtained, indicating that other equil- 
ibria are also operative. Attempts have also been 
made to record-the ultraviolet absorption spectra 
of PdC14'- in a series of buffered solutions in 
methanol, particularly those at low acidities and 
low chloride concentrations. Because of the 
rapid decomposition of Pd(I1) to Pd(0) under 
such conditions, the quality of the spectra was 
not good enough for the calculation of equil- 
ibrium constants. However, the spectra do show 
changes at various acidities, sugkesting that an 
equilibrium such as the one shown below might 
also be operative. 

Oxidation of Ethylene in Metlzarzol 
Ethylene was oxidized by Pd(I1) in anhydrous 

methanol to give dimethylacetal of acetaldehyde 
and methyl vinyl ether which were analyzed by 
gas-liquid chromatography (glc). At 25 OC, the 
major product was the acetal (ca. 95% yield, 
based on the amounts of reoxidant and pal- 
ladium salt used). The reaction can be made 
catalytic by adding a reoxidant such as p- 
benzoquinone to the reaction mixture. 

[18] Pd(1l) + C2H4 + CH30H + 

Pd(0) + CH3CH(OCH3)2 + CH2=CHOCH3 + 2H+ 
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TABLE 2. Determination of equilibrium constants from initial ethylene 
uptake at high acid concentrationn 

[CI-I:, [PdCI3(C,H4)-1 [PdCI42-] [Cl-lc K* 

0.6 0.0105 0.0204 0.6108 8.15 
0.5 0.0115 0.0195 0.5118 7.87 
0 .4  0.0128 0.0180 0.4132 7.62 
0 .3  0.0155 0.0152 0.3160 8.42 
0.2 0.0187 0.0120 0.2192 8.86 
0.1 0.0218 0.0087 0.1225 7.94 
0.05 0.0244 0.0060 0.0752 7.91 

Average 8.10 

aConditions: [Pdlr = 0.0312 M, [CHISOIH] = 1.0 M ,  [C~HI]  = 0.0385 M , p  = 2.0 M ,  T = 25.0°C. 
[CI-In is concentrillion of NaCl added: [CI-I, is concentration of free cliloridc a t  cquilibrium. 

bAveragc of a t  least three runs. 

Ethylene T-Complex Fori~lation 
The determination of the T-complex formation 

constant and the kinetic studies described in the 
next section were carried out using gas uptake 
measurements. 

The reaction of ethylene and palladium(I1) 
chloride in the presence of excess lithium chloride 
consisted of a very rapid initial ethylene uptake 
followed by a much slower reaction. At a con- 
stant acid concentration, the volume of ethylene 
initially taken up in excess of solubility require- 
ments decreased with increasing chloride con- 
centration. Since the net ethylene uptake de- 
creased with increasing chloride ion, it is 
reasonable to  assume that a pal1adium:ethylene 
T-complex was formed in the initial reaction. 
Further evidence is provided by the fact that the 
colour of the solution changed from brown to  
yellow. Under the conditions used, the major 
form of the starting material is PdC142- as can be 
anticipated from the KH value described above. 
The reaction can thus be represented by the 
following equilibrium 

Kl 
[201 PdCI4'- + C2H4 = PdC13(C2H4)- + CI- 

A 1 :2 pal1adium:ethylene complex is unlikely 
to be formed here since the corresponding 
formation constant KI'  

did not give constant values a t  various chloride 
concentrations. 

At high acid concentration (1.0 M), the 
oxidation of ethylene was stopped even a t  low 
chloride concentrations (e.g., 0.05 M )  and the 
total ethylene uptake equaled to  the sum of 
solubility and that required for T-complex 
formation. The values of K1 (Table 2) calculated 
from these uptake data have an average value of 
8.1 a t  25 "C. 

These data were also treated according to  the 
method of Pestrikov et 01. (10). Thus, if we 
assume that the equilibrium represented by [22] 

is also operative and define + = [CZH4It/[C2H4] 
where [C2H4It represents the total ethylene con- 
centration (T-complex plus solubility) and [C2H4] 
is the ethylene solubility, it can be readily shown 
that [23] applies. 

A plot of the left side of [23] us. [Cl-] should give 
a straight line with slope K, and intercept KIK2. 
The data in Table 2 do give a straight line plot 
with intercept near zero. A least squares fit of the 
data gives a slope of 7.93 with an intercept of 
0.046 which corresponds to  a K2 value of 0.006. 
The correlation coefficient is 0.9972. By dropping 
various points and refitting the data the maxi- 
mum intercept consistent with the data can be 
determined. It appears that an intercept greater 
than 0.17 is impossible and an intercept higher 
than 0.09 is very unlikely. This would set a 
maximum value on KZ of about lo-' M. 

At low acid concentrations (<0.1 M) where 
oxidation was usually carried out, the K, values 
could also be calculated from the initial ethylene 
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LEE AND HENRY 

TABLE 3. Determination of equilibrium constants from initial ethylene 
uptake at low acid concentrationn 

[CI-I:, [ P ~ C ~ ~ ( C Z H ~ ) - I  [PdC142-] [cl-le K b  

0.5 0.0139 0.0170 0.5142 9.11 
0.4 0.0157 0.0152 0.4161 9.33 
0.3 0.0180 0.0128 0.3184 9.68 
0.2 0.0209 0.0099 0.2213 10.18 
0.1 0.0239 0.0068 0.1244 9.45 
0.075 0.0248 0.0058 0.1004 9.28 
0.05 0.0261 0.0015 0.0767 9.28 

Average 9.47 

aconditions: [Pd], = 0.0312 M, [CH3S03HJ = 0.1 M ,  [C>H,] = 0.0461 M, p = 2.0 M, T = 25.0 "C. 
bAverage of at least three runs. 

TABLE 4.  Effect of acidity on x-complex formationa 

Added C1- 
Net uptake (ml of gas at 25 oC)b 

(M) I M CH3S03H 0.1 M CH3S03H 0.1 M LiOAclO.1 M HOAc 

0.1 13.3 14.6 11.5 
0.2 11.4 12.8 10.1 
0.3 9.5 11.0 8.5 

a(PdC11'-I = 0.0312 M, p = 2.0 M. Volume of solution is 25 ml 
bEthylene pressure is I atm. 

TABLE 5. Rates of oxidation of ethylene at various Li2PdC14 and LiClconcentrationsn 

Initial Initial 
[PdC142-] [Cl-] [PdC13(C2H4)-Ib [Cl-Ieqb k o b s  / i ~ c  

(MI (MI (M x lo2) (M) (MS-1 x 105) (MS-1 x 105) 

aAll runs at 25 "C under L atni of ethylene pressure and 0.1 M in CHISOIH. 
bcalculated using KI for eq. 20 = 9.47; these values are the values at equilibrium 
Ck' = kob3[CI-].9/[PdC13(C2H~)-]. 

uptakes. The results (Table 3) were similar to 
those presented in Table 2 and the average value 
of Kl was 9.47. Because these values are less 
accurate than those in Table 2 the data were not 
treated according to the procedure of Pestrikov 
et al. In Table 4 is given the ethylene uptake at  
various acidities. As can be seen the net (total 
volume of gas absorbed - volume absorbed due 
to solubility) uptake decreases to some extent at 
low [H+]. 

Kinetic Studies 
All reactions were carried out at  25 "C under 

1 atm ethylene pressure. Most are run in the 
presence of quinone. 

(1) Chloride, Olefin and Pd(II) Depetzdencies 
If the rate equation in methanol is analogous 

to that found in water (eqs. 3 or 4) these depend- 
encies are difficult to separate. Thus the chloride 
could be inhibiting formation of a-complex via 
reaction 20 as well as also displaying a second 
inhibition term. Also since n-complex formation 
occurs to a significant extent the rate should not 
be strictly first order in [Pd(l[)]. Samples of rate 
data at  three initial [PdC142-] and two initial 
[Cl-] are given in Table 5. As can be seen from 
the final column, the value of k' remains constant 
when this rate expression is assumed. AS a 
further indication of the second chloride in- 
hibition a plot of keorr(=ko,,d/[PdC13(C~H4)-1) 
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3 tions were kept constant, the reactions were 
pseudo zero-order. A plot of the rates us. 
l / . \ I m y i e l d e d  a straight line within the range 
of acid concentrations shown in Fig. 2. Since 
CH3S03H is a weak acid in methanol, [HT] is 

c- 2 -  proportional to  a d ] .  Thus the rates of : oxidation of ethylene have an  inverse first-order 
Ln 
v dependence on [H+]. 

S 
Y 

In addition to  CH3S03H, CH3COOH, and 
CHC12C02H were also used as acids. I t  was 
found that the slope of the plot of k,,, us. 

-.-A 

IN [acid] depended oil the particular acid used. 
This is expected since the change in [H+] with 
[acid] will depend on the K ,  of the acid. Thus, a t  

o 5 10 15 constant [Cl-] the value of k,,, is given by 
eq. 26 and the slope is equal t o  k ' / m .  

'/[c,-] (M-I) 

k' k' 
FIG. 1. Plot of k ,,,, C.Y. I/[CI-1; [PdCI,?-] = 0.0312 M [26] kohs = 7 - 

and [CH3S03H] = 0.1 M. [H ] - m.\Ix 

us. l/[Cl-] a t  constant acid concentration gives a 
straight line (Fig. 1). 

Thus a t  constant acid concentration the rate 
expression is given by eq. 24 

This rate expression can alternately be written in 
terms of initial palladium(I1) concentration 
([PdCli12-li,,t). 

In this equation as in all other rate expressions 
the ethylene concentration is the solubility of 
ethylene in the reaction mixture a t  1 a tm since all 
runs are made a t  1 atm pressure. The total 
ethylene concentratioil is, of course, [C2H4] + 
[PdCL(CzH4)-]. 

In this study the ethylene concentration was 
not varied but under all conditions the value of 
K[C2H4] in eq. 25 was of the order of magnitude 
of [Cl-1. However, as demonstrated by Table 5, 
eq. 25 is obeyed a t  various [Pd(IT)],, indicating 
the reaction is first order in [PdC13(C2H4)-1. 

(2) Hydrogen Ion Depenclence 
The rates of oxidation of ethylene in methanol 

were strongly inhibited by Hf .  Methanesulfonic 
acid, a moderately weak acid in methanol, was 
used in these acid dependence runs. If the 
palladium(I1) chloride and ethylene concentra- 

Thus k' = slope X K:, should be constant for all 
acids. Using the value of K:, a t  p = 0 since the  
values a t  p = 2.0 are not available, the values of 
k' for CH3C02H and CHCl2CO2H are given in 
Table 6. The values are fairly close considering 
the high ionic strength. The average k' is 1.84 X 

FIG. 2. Plot of kobs m. ~/J[CH,SO,H]; [PdCI42-] = 
0.00625 M and [CI-] = 0.48 M. 
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LEE AND HENRY 

TABLE 6. Rates of oxidation of ethylene in the presence of various acids" 

K:lC 
Acid Slope" (P = 0) a:, h . 1 ~  

n[Pd(Il)] = 0.00625 M; [LiCI] = 0.48 h l .  
hSlope of plot of kobi c3. 1 / m. 
CFrom ref. 20. 
(/Calculated. 
Ek' = (Slope) X (G) .  
fAveragc of vnlucs for CH3CO:H and  CHCI?CO?H. 

loM3. Using this value to  calculate K:, for 
CH3SO3H the value of 3.4 X is obtained. 
The pK:, of CH3S03H in water a t  25 OC has been 
determined to  be - 1.20 by nmr (21) and - 1.86 
by Raman spectroscopy (22). The K,,'s of many 
organic acids are in general lo5 times weaker in 
methanol than in water (20). Thus, the calculated 
K, of CH3S03H is somewhat lower than would 
have been calculated from its K, in H20 .  

I t  was noted that the rates in these runs be- 
came independent of acid concentration at low 
acid concentrations. This is illustrated by the 
acetic acid runs shown in Fig. 3. The acidity was 
further decreased by meails of buffered solutions 
such as lithium acetate plus acetic acid. In this 
range of acidity, rates of oxidation actually de- 
creased with decreasing acidity. Figure 4 shows 
a plot of rates of oxidation us. [Ki-1. The straight 
line indicates the rate expression in this range 
contains a first-order [Kt-] term in the numerator. 

Since the acidity in this range is varied by chang- 
ing buffer ratios of LiOAc/HOAc there is the 
possibility this first-order catalytic term in [He] 
really results from a first-order inhibition term in 
[LiOAc]. However, this possibility was eliminated 
by running the reaction a t  the same buffer ratio 
but different buffer concei~trations. Thus a t  
[LiOAc]/[HOAc] = 0.15 the rates for [LiOAc] = 

1.5 X 3.0 X lo-', and 4.5 X 1 0 - W  were 
0.262, 0.239, and 0.248 ml/min respectively a t  
[Pd(II)] = 0.00625 M and [Cl-] = 0.48 M. If the 
inhibition were by LiOAc the rate should have 
decreased by a Fdctor of three in going from the 
highest to  lowest value of [LiOAc]. The overall 

FIG. 3. Plot of kobs US. I/V'[CH~CO~H~; [PdC142-] = 

0.00625 M and [CI-] = 0.48 M. 

FIG. 4. Plot of kobs CS. [Hf] in a LiOAc/HOAc buffer 
system; [PdC14?-] = 0.00625 M and [CI-] = 0.48 M. 
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- 

0 CHCI,CO,H 
CH,CO,H 

o CH,CO,H/ LiOAc 

' 2 3  4 5 6 7 8 9 1 0 ' 1 1  

FIG. 5. Plot of k,,, c.7. pH; [PdC142-] = 0.00625 M 
and [CI-] = 0.48 M. 

picture of rates us. acidity was shown in Fig. 5. 
(3) Effecf of' Ionic Strength 
The dependence of reaction rates on ionic 

strength is depicted in Fig. 6. Acids were not 
used in these runs since the K,'s of the organic 
acids also varied with ionic strength. The rates 
reported here have been corrected for the de- 
creasing amount of the active species PdCl3- 
(C2H4)- as the solubility of ethylene in methanol 
decreases with increasing ionic strength. The 
reaction rates reached a maximum at ionic 
strength in the range 0.5-1.0 M and decreased 
at either high or lower ionic strengths. A similar 

FIG. 6. Variation of k,,, with ionic strength in the 
absence of acid; [PdC14'-] = 0.005 M and [CI-] = 0.2 M. 

trend has been previously observed in the water 
system. 

(4) Studies in Methanol-cl 
The solvent deuterium kinetic isotope effect 

was determined by measuring the rates of ethyl- 
ene oxidation in CH30D and CH30H. The 
value kcF130EI/kcr13qD was 1.34 at  25 "C. 

A simple distillat~on of the reaction products 
obtained in MeOD yielded an azeotropic mixture 
enriched in dimethylacetal (ca. 5%). The 'H nmr 
spectrum (60 MHz) of this sample in CH30D 
showed resonances at 75.45 q ( J  = 5.2 Hz): 
6.70 s, and 8.77 d ( J  = 5.2 Hz) which was 
identical to that of an authentic sample of 
dimethylacetal in the same solvent. Integration 
showed no deuterium is incorporated in the 
acetal. 

Discussion 
The complete rate expression for the oxidation 

of ethylene in methanol catalyzed by Pd(I1) in 
the concentration range; [Cl-] = 0.05-0.5 M ,  
Pd(I1) = 0.006-0.1 M ,  and [H+] = 10-'-10- .5 M ,  
is 

where the average Kl is 9 at  25.0 "C and p = 2.0 
M. If we assume that the K, of CH3S03H is ca. 

then the overall rate constant k is ca. 
6.2 X lo-' M2 S-I at  25.0 "C. In this rate 
expression all concentrations are equilibrium 
concentrations. The rate expression can also be 
written in forms analogous to eqs. 24 and 25. 

The rate expression is identical to that found 
for the aqueous oxidation and differs from the 
expression previously proposed by Francois 
which contains only a first-order chloride in- 
hibition term (19). As in the Wacker reaction the 
chloride inhibition terms are consistent with the 
prior formation of an ethylene n-complex and its 
subsequent solvolysis reaction 

The value of KI in methanol is similar to that 
found in water (17.4) (6). The best fit of the data 
indicated a value of K2 of 0.006 M. However, 
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LEE AND HENRY 1735 

considering the magnitude of the experimental 
error this value is probably not significantly 
different from zero. In any case K2 cannot be 
much larger. 

The proton inhibited term is consistent with 
either a direct external methoxide attack on 2 or 
formation of a reactive methoxide species such as 
3 by dissociation of a proton from 2. 

k 1 

[301 2 + CH30- + Products 

The external methoxide ion attack can be 
ruled out on the basis of rate. If this is the route, 
the rate expression would be 

[321 rate = kl [2:I[MeO-] 
= kl(K2Ks[~II[H+I[C1-1) 

where (23) 

Substituting the maximum value of for 
K2, one can calculate k l .  It has a value of 3 X 
1013 M-I s-I which is cu. lo4 larger than the rate 
for a diffusion controlled process in solution. 
This route is thus clearly impossible. 

In analogy with the Wacker reaction as well 
as other Pd(I1) catalytic chemistry, the decompo- 
sition of 3 almost certainly proceeds through a 
o-bonded complex. The n-a shift of the methoxy- 
T-complex, 3, can occur either by attack of 
methanol on the complex or by internal attack of 
coordinated methoxide. Although both are con- 
sistent with the kinetics but the former seems 
unlikely. Thus, 3 is of the same charge type as 1 

and would be expected to have similar reactivity 
towards nucleophilic attack. Yet since the con- 
centration of 3 is about of 1, 3 would have 
to  be 10"ore reactive than 1 to attack methanol. 
This does not seem reasonable. Therefore, the 
most likely path consistent with the kinetics 
appears to be internal attack [35]. 

The reason for the lack of reactivity of 1 or 3 to  
external methanol attack is probably the negative 
charge on the complexes. In a series of exchange 
studies in acetic acid it was found that the re- 
active species was always a dimeric n-complex 
which usually underwent external attack (12). 

[361 
\- 
CHY +X-  - @' 

CI C1 C1 ,Y 

Monomeric n-complexes analogous to 1 were 
completely unreactive. 

\* 
,371 73' CHY + X -  

C1 C1 
,Y 

The reason for this large difference in reactivity 
is believed to result from the smaller negative 
charge on the Pd(I1) complexed to the olefin in 
the case of the dimeric n-complex. Since, in water 
and methanol, dimers are not present and the 
monomers 1 and 3 are unreactive the preferred 
path is apparently the internal attack of hydrox- 
ide or methoxide. Stereochemical studies are 
presently under way to find evidence for the 
stereochemistry of addition of the methanol. 
These studies would either confirm or reject the 
interpretation of the kinetic data. 

In regard to stereochemistry the configuration 
of the p-substituted acids esters formed from 
cis- or trarzs-2-butene and CO in methanol 
catalyzed by Pd(I1) was interpreted as resulting 
from initial trans methoxypalladation. 

PdC12 
[38] CH3CH=CHCH3 + CO + 2CH30H 

CH3\ /CH3 
CH-CH 

CH,O/ \COOCH~ 
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This interpretation is very likely correct but it 
should be remembered that the active catalysis is 
almost certainly a Pd(I1) carbonyl and thus quite 
a different species from the reaction in the 
absence of CO. Thus, the carbonyl would very 
likely be a neutral species which would be sus- 
ceptible to  external nucleophilic attack. 

The kinetic isotope effect for oxidation of 
C2D4 suggested that the ~ - g  shift is the slow step 
in the aqueous reaction (see later discussion). 
This experiment was not performed in the present 
study but by analogy with the aqueous oxidation 
it would be expected to be the rate determinin~ 
step in the oxidation in methanol. 

- The solvent isotope effect kCI13011/kCI130D - 
1.34 is somewhat smaller than that found in 
water where kH20/I~D20 = 4.05. The latter is the 
ratio found for the dissociation constants of 
weak acids in these solvents and is thus con- 
sistent with the mechanism proposed. To the 
authors' knowledge no corresponding data for 
the dissociation of weak acids in CH30H and 
CH30D is known. It is, however, reasonable that 
the solvent isotope effect is smaller for methanol 
since hydrogen bonding is less important. 

The effect of ionic strength on rate S ~ O W ~ I  in 
Fig. 6 is analogous to that found in water. It is 
the type of dependence that the dissociation of 
weak acids displays so this behaviour is con- 
sistent with the proposed mechanism. 

The effect of acid on reaction rate outlined in 
Fig. 5 has been previously observed in water (5). 
In addition a rate maximum has been observed 
in water at low [Cl-] when rate was plotted us. 
[Cl-1. The effect of [Cl-] at very low [Cl-] was not 
tested in the present study but presumably a 
similar maximum would be observed as in the 
[H+] plot. 

Two theories have been advanced for these 
effects. One of the authors has attributed the 
decrease in rate at low acidities as resulting from 
the formation of inactive hydroxyl species which 
are probably polymeric. Other workers were 
able to fit their data over the entire range of 
[H+] and [Cl-] by the following equation (25): 

[391 
(I[H+II[C~-] 

Rate = 
b + [H+I2[C1-l3 

To account for the form of this equation they 
postulated the following set of reactions. 

[421 
slow 

5 7 Products 

Assuming the concentration of 5 to be small they 
arrived at the followiiig rate expression ([Pd], = 

total [Pd(II)]): 

[43] Rate = k'K1K"[Pd],[C2H4:~[H+][C1-] 
K1[C2H4] + [H+]2[CI-]3 

This rate expression is of the same form as [39]. 
The reason given for the inactivity of 4 relative 
to 5 is the higher tr(1ns effect of CI- over OH-. 
Thus the lruns chloride would withdraw electron 
density making the olefin more susceptible to  
nucleophilic attack. 

Now, as pointed out previously, if 4 or any 
other intermediates in the equilibria are small in 
concentration these intermediate species are 
kinetically insignificant. Examinatioii of [43] 
shows that the reaction becomes acid and chlo- 
ride catalyzed only when K1[C2H4] becomes 
larger than [H+:IyCl-]3. However, the K1[C2H4] 
term only becomes significant when appreciable 
quantities of PdC142- are converted to  4. This 
would predict that the equilibrium constant for 
H-complex formation should increase with de- 
creasing [H+] and [Cl-1. It has been reported that 
the equilibrium constant actually cIecrea.ses as the 
chloride concentration is lowered (7). In the 
present work it was found that KI decreases to  
some extent at low values of [H-I] (Table 4). This 
result is inconsistent with the route shown in 
reactions 40-42. 

The other possibility is that at low [H+] un- 
reactive Pd(I1) methoxy species are formed. This 
theory is supported by the observations of 
spectral changes of Pd(1I) solution in the absence 
of olefin at low [H+]. However, if this is the case, 
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LEE AND HENRY 1737 

the value of Kl would be expected to also de- 
crease since the unreactive Pd(l1) species would 
not be expected to form a-complexes. As shown 
in Table 4 the ethylene uptake decreases only a 
little on going to  low [H+]. It is possible that 
unreactive a-complexes could be formed but at 
present the cause of the rate retardation has 
certainly not been definitely established. 

The final step to consider is the decomposition 
step. An important experimental result in re- 
lationship to the decomposition step is the 
finding that C2H4 oxidized in CH30D gives 1,l- 
dimethoxyethnne which contains no deuterium. 
a result reported previously in a preliminary form 
by Moiseev and Vargaftik (26). On the basis of a 
similar isotope result it was originally proposed 
that the decomposition step in the aqueous 
oxidation occurred via a palladiurn(I1) assisted 
hydride shift from one carbon to the other 
without the distinct stage of formation of a 
Pd(1 I) hydride. 

more this route is consistent with the deuterium 
labeling experiment. Thus a decomposition 
scheme in methanol analogous to that given by 
[46] and [47] would predict no deuterium in- 
corporation. 

One reason the hydride elimination was not 
completed was believed due to  the fast electronic 
rearrangement to  convert the alcohol to  a 
carbonyl group. In methanol this mechanism 
would suggest vinyl ethers to be the initial 
product since an electronic rearrangement to 
aldehyde is impossible and thus the hydride 
elimination would be completed. The 1,I- 
dimethoxyethane would then be formed by 
addition of methanol across the double bond. 
If the oxidation was carried out in C H 3 0 D  the 
1,l-dimethoxyethane should contain one deute- 
rium. 

The actual experimental findings that no deuter- 
ium is incorporated in the acetal product is in- 
consistent with this decomposition route. 

A more recent proposal involves a Pd(I1)- 
hydride vinyl alcohol complex, 5 (5, 24). The 
reason that 6 is more reactive towards solvolysis 
since the incipient carbonium ion is stabilized by 
the electron donating a-oxygen. There is recent 
evidence that a-oxygen groups do, in fact, cause 
the reductive elimination to Pd(0) (27). Further- 

A comment about the slow step of the Wacker 
reaction is in order. As mentioned earlier it was 
originally proposed on the basis of a small 
isotope effect with CzD4 ( k I I / k D  = 1.07), that the 
hydroxypalladation step was the rate determining 
step. The reason was based on the fact that a 
hydride shift occurred in the reaction. Such a 
shift would be expected to result in a kinetic 
isotope effect if H is replaced by D. More 
recently it has been suggested that the decompo- 
sition of 6 [47] is rate determining. All previous 
steps are equilibrium. In this case the small 
isotope effect can be explained by the fact it is an 
equilibrium isotope effect which is smaller than a 
kinetic isotope effect. However, a recent study of 
the oxidation of 1,2-dideuteroethylene indicates 
this is not the case (28). If the equilibrium isotope 
effect is about one the oxidation of CHD=CHD 
should give equal mixtures of CH2DCH0 and 
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CD2HCD0.  Actually the ratio of the first to  the 
second is 1.7 indicating that the isotope effect 
of 1.07 is not an equilibrium isotope effect. This 
provides evidence that the hydroxypalladation 
step is, in fact, the slow step of the reaction. 

The reason Francois did not detect the second 
chloride inhibition is, as mentioned in the Intro- 
duction, related to  the presence of CuC12 in the 
reaction mixture. Its presence could either 
change the mechanism or cause an incorrect 
calculation of the free [Cl-] since the equilibria 
between CuC1, and Cl- in methanol is not 
known. It is of interest, however, that his 
proposal for direct attack of methoxide ion on 
the -C13Pd(C2H4) a-complex (reaction 9) can be 
discarded on kinetic arguments. Thus, if we use 
the KI value for formation of this a-complex 
(reaction 20) determined in this study and his 
values for the rate constants, the rate for this 
attack can be calculated to be 5.5 X 1014 M-I s-I 
which is lo5 times faster than a diffusion con- 
trolled reaction. 

Finally since Francois did not know the 
correct value of free chloride a t  low [CuC12] 
there is the possibility his rate expression a t  high 
[CuC12] which contains a [CuCl,] term is also 
incorrect. 
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Formation of tevt-butyl cation in methane 
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K. HIRAOKA and F. KEBARLE. Can. J. Chem. 54, 1739 (1976). 
The reactions of CH3+ with pure methane in the torr range show an interesting temperature 

dependence. C2HSi is formed at  all temperatures by the well known reaction: CH3+ + CH, = 
C2Hs+ + H2. In the lowest temperature interval studied (105-125 K) C2HSi adds two CH, 
molecules to  give a C,H,,+ species. At higher temperatures only one CH, molecule is added on. 
The resulting C3HB+ then reacts with one more CH, molecule according to reaction 6. 

The rate constant k6 is found to be second order and has a positive temperature dependence. 
An Arrhenius plot gives: 

k g  = 9 X 10-l3 exp (-2.1 kcal mol-IIRT) cm3 molecule-1 s-1 

At temperatures above 200 K reaction 6 ceases to occur since C3H9+, being unstable at  high 
temperatures, decomposes to s-C3H7+ + Hz 

The reactions were studied using ultra pure methane irradiated with electrons in a pulsed 
beam high ion source pressure mass spectrometer. 

The gas phase reaction mechanism for the formation of I-C4HBi is found to bear close re- 
semblance to the probable mechanism by which the I-C4H9+ ion is formed from methane 
dissolved in superacid media. 

K. HIRAOKA et P. KEBARLE. Can. J. Chem. 54, 1739 (1976). 
Les reactions du CH,+ dans du mithane pur B une pression d'environ une torr varient d'une 

facon inttressante avec la temperature. A toutes les temperatures, il se forme du C2H5+ par la 
rkction bien connue CH3+ + CH,= C2H5+ + Hz. Aux temperatures les plus basses (105- 
125 K), le C2H,+ additionne deux molicules CH, pour conduire aux espkces C4HI3'-. AUX 
temperatures plus ClevCes, il additionne qu'une molicule CH,. Le C3H9+ qui en rCsulte rCagit 
alors avec une autre molCcule de CH, suivant le rkction 6 

On a trouvC que la constante de vitesse k6 est du deuxikme ordre et varie d'une facon positive 
avec la temperature. Une courbe d'ArrhCnius permet dlCtablir que 

k6 = 9 X exp (-2.1 kcal mol-IIRT) cm3 molecule-1 s-1 

Aux temperatures plus ilevkes que 200 K, la rCaction 6 cesse de se produire puisque que C3Hg1' 
n'est pas stable B haute tempCrature et qu'il se decompose en s-C3H7+ + H2. 

On a CtudiC ces reactions utilisant du mithane ultra pur irradie avec des Clectrons dans un 
spectromktre de masse CquipC d'une source d'ions B faisceau pulse fonctionnant B haute 
pression. 

Le mtcanisme de la rCaction en phase gaseuze pour la formation du t-C4H9+ est semblable au 
micanisme probable par lequel I'ion I-C,H9+ se forme B partir du methane dissout dans un 
milieu superacide. 

[Traduit par le journal] 

Introduction 
The ion molecule reactions in methane have [I1 CH,+ + CH, = CHSi + CH3 

been studied extensively at low and high pres- CH3+ + CH4 = C2HSC + H j  
sures and at various temperatures (1-4). The 
two major primary ions produced by electron The CHsi- ion is totally unreactive towards 
impact or other ionizing radiation are CH4+ and methane. At low temperatures (5, 6) this ion 
CH3+ roughly in a 1 : I  ratio. CHJ+ reacts by [ I ]  forms clusters of the type CHS+(CH~),,. Similarly 
to give CH5+ while CH3+ gives CzH5+ via [2]: at low temperatures C2Hs+ forms condensation 
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products by the third body dependent reactions 
[3] and [4]. 

The equilibria [3] were observed (7) between 
150-250 K and [4] between 105-1 25 K. 

The product of reaction 3 is written as C3Hgi(b) 
since this species is believed (7) to correspond to 
protonated propane of structure B, i.e. C-C 
protonated propane. A study (8) of the tempera- 
ture dependence of the reaction of C2Hsi- with 
methane in the temperature interval 240-600 K 
showed that at these higher temperatures the 
reaction proceeded as  indicated in [5]. 

[j]  C2H5+ + CH, e C3H9+(b) + C3H9(a) 
-+ s - C ~ H , ~  + H1 

The second order rate constant k5 for the 
overall reaction leading to s-C3H7+ showed posi- 
tive temperature dependence. The activation 
energy E5 = 2.5 kcal/mol combined with the 
heat of formati011 of C3Hg+(b) (obtained via 
AH3 from the equilibria [3]) lead (8) to an energy 
barrier of -9 kcal/mol for the dissociation of 
C3Hg+(b) to s-C3H7+- + H2. AS indicated ill 

reaction 5 it was assumed that this dissociation 
proceeds through the intermediate species 
C3Hg+(a) which is assumed to have the struc- 
ture A. 

Reaction 5 represents a synthesis of S - C ~ H ~ ~  
by ion molecule reactions in pure methane 
involving the primary ion CH3+. The present 
work will describe a somewhat similar reaction 
also involving CH3+ but occurring in the tem- 
perature interval 120-200 K by which the tert- 
butyl ion is synthesized. The formation of tert- 
butyl+ from methane, is of interest since it is an 
example of how a much higher molecular weight 
product can be obtained in irradiated methane 
by a temperature dependent process. 

The formation of tert-butyli- in gas phase 
methane described in this work is also of interest 
in connection with reactions occurring when 
methane is dissolved in superacids. It will be 
shown that the gas phase reaction mechanism 

VOL. 54, 1976 

bears close resemblance to  the probable mech- 
anism in solution. 

Experimental 
The experiments were done with the pulsed electron 

beam high ion source pressure mass spectrometer with 
high and low temperature capability which has been 
described earlier (9). 

The methane used was Linde UHP which>vas further 
p~~rified by passing it at  1 atm through a 5 A molecular 
sieve loaded trap cooled with dry ice. The methane stream 
before entering the ion source, i .e ,  at pressure in the torr 
range, was passed through a second 5 A molecular sieve 
trap cooled to liquid nitrogen temperature. 

The primary ions were produced by an electron pulse 
of I 5  ps duration and there were 15 Ins between successive 
electron p~~lses .  At -4 torr pressure and the low tem- 
peratures ~ ~ s e d  ( -  150 "C) ion diffusion to  the walls is 
rather slow and an appreciable total ion signal persists 
even after 15 ms. In order to eliminate the ions before the 
new pulse was triggered, a 30 V positive voltage p~llse of 
some 200 ps duration was applied to a repeller electrode 
mounted about I cm from the ion exit slit. It was ob- 
served that the application of this pulse C L I ~  ofT the ion 
signal sharply. Evidently the magnitude of the voltage 
was suficiently large to  cause rapid drift and discharge of 
the ions on the bottom wall of the ion source. 

Results and Discussion 

As already mentioned in the introduction, the 
C3H9+ ion formed from CzHsi and CH4 by 
reaction 3 can form stable C4H13+ by addition of 
CH4 at low temperatures (reaction 4) or can de- 
compose to  s-C3H7+ + Hz at high temperatures 
(reaction 5). But in the intermediate temperature 
range 120-200K this ion seems to engage in a 
different reaction leading to  the formation of 
t-C4Hgi. Results from a typical run under these 
latter conditions are shown in Fig. 1. The time 
dependence of the ion intensities after the ion- 
izing electron pulse shows two major species, 
these are the CH5+(CH4),, ions with rz = 1 and 2. 
These ions, derived from CH5+- are in equilibrium 
and have time independent concentrations. The 
absence of impurities like ethane and propane is 
also attested by the time invariant CH5+(CH4),, 
concentrations since in the presence of such 
compounds protoil transfer would have been 
rapidly decreasing the CH5+(CH4),, concentra- 
tion. The other major ions in Fig. 1 are C3Hsi- 
and C4H$. The C3Hgi ion decreases with time 
while the C4H9+ ion shows an equivalent in- 
crease. This must be due to a reaction converting 
C3H9+ to  C4H9+. Since the decomposition of 
C3Hg+ to C3H7+ + H2 by reaction 5 is too slow 
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' ; I ; ; ; !  
TIME (ms)  

FIG. 2. Plot of log [C3H9+]  US. time for different meth- 
ane pressure and constant temperature of 141 K:  0. 
2.46 torr; 0, 3.4 torr; A, 4.9 torr; 0, 5.5 torr methane. 
Slope taken equal to  reaction frequency v,. 

0 2 4 6 

TIME (ms) 

FIG. 1. Normalized ion intensities in function of time 
after the ionizing electron pulse. Methane pressure 4.3 
torr, T = 155 K. Decrease of C 3 H 9 +  and increase of 
C 4 H 9 +  assumed to be due to reaction 6. 

(8) at  the experimental temperature, the conver- 
sion cannot involve C3H7+ as intermediate. We 
conclude therefore that the process responsible 
should be reaction 6. 

C4H13+, instead of being stabilized by collisions, 
as is the case at  lower temperatures, decomposes 
by loss of hydrogen to yield ultimately t-C4H9+. 
The pressure dependence of the disappearance 
of C3H9+ was examined in several experiments. 
Logarithmic decay plots of C3H9+ a t  different 
CH4 pressure and constant temperature are 
shown in Fig. 2. The slopes obtained in Fig. 2, 
equal to the reaction frequency (or pseudo first 
order rate constant), ~ 6 ,  are shown in Fig,. 3. This 
plot of v6/[CH4] = kb is constant with CH4 
pressure and shows that reaction 6 is first order 
in [CH4], i .e.  overall second order. 

An Arrhenius plot of k6 values obtained in the 
temperature interval 120-200 K in which tert- 
butyl+ was the reaction product is shown in 

I I I I I I 
2 4 6 

PRESSURE (torr) 

FIG. 3. Plot of v G / [ C H 4 ]  based on data of Fig. 2. 
Independence on pressure shows that v 6 / [ C H 4 ]  = k ~ ,  i.e. 
that reaction 6 is first order in methane and first order in 
C 3 H 9 + ,  thus second order. 

Fig. 4. The straight line obtained defines the 
relationship 7. 

[7] kg = 9 X 10-l3 exp (-2.1 kcal mol-l/RT) 
cm3 molecule-I s-I 

Reaction 6 is seen to have a pre-exponential 
factor that is lower than Langevin (10-9cm3 
molecule-I s-I) and a positive temperature de- 
pendence leading to a small activation energy of 
2.1 kcal/mol. The small pre-exponential factor is 
consistent with the assumption that the reaction 
proceeds via C4H13+. While the C4H13+ might be 
formed with Langevin collision rates, back dis- 
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1000/T (K) 
FIG. 4. Arrhenius plot of k6. Straight line obtained 

defines relationship: k6  = 9 X 10-l3 exp (-2.1 kcal 
mol-1/RT cm3 molecule-1 s-I). 

sociation to  C3H9+ + CH4 must lead to  a lower 
than Langevin pre-exponential factor for reac- 
tion 6. The temperature dependence and 
parameters of k6  are close to  those for the 
somewhat similar reaction 5 described earlier 
(8). These were: ks = 6 X 10-l3 exp (-2.5 kcal 
mol-'/RT). However, the present reaction 6 has 
both a higher pre-exponential factor and a lower 
activation energy such that it is appreciably 
faster a t  lower temperatures. The values of k5 
obtained by extrapolating the Arrhenius plot 
from the region 350 to -35 "C, where k5 was 
measured (8), to the present, lower region of the 
k6 plot, predicts a value that is about five times 
lower than the value of k g .  

The C4H9+ product of reaction 6 is identified 
as I-C4H9+ on the basis of energetic considera- 
tions. Since AHf(C3H9+(b)) = 194.5 kcal/mol 
(7) only the reaction leading to 1-C4H9+, whose 
AHf = 169 kcal/mol (Lossing (10) and Tsang 
(11)) is exothermic with an enthalpy change 
AH6 = -7.6 kcal/mol. A reaction leading to  
s-C4H9+ (AHf = 183 kcal/mol) (10) would be 
endothermic by over 6 kcal/mol, which is much 
larger than the observed activation energy. All 
other C4H9+ isomers have even higher heats of 
formation and are therefore also impossible as 
products. 

Available thermochemical information and the 
present results have been combined in Fig. 5 to  
obtain a schematic potential energy diagram for 

FIG. 5. Schematic representation of potential energy 
changes involved in reaction 6. Numbers in figure are 
equal to  energy in kcal/mol. 

reaction 6. The C3H9+(b) and CH4 interact to  
form a C4H13+ adduct. The -4 kcal/mol energy 
that is released is based on an approximate 
determination (7) of AH4 = -4 kcal/mol from 
a Van't Hoff plot of K4. The C4H13+ adduct 
probably should be visualized as a C3H9+ of 
structure B interacting via the most positive 
hydrogen (i.e. the three centre bonded H)  with a 
CH4 molecule. Before an H2 molecule can be 
eliminated a barrier equal to: - AH4 + E6 = 
6 kcal/mol must be overcome (see Fig. 5). We 
suspect that after the loss of the first H2 molecule 
and before the final products: t-C4H9+ + 2H2 
are formed, the system will pass through the 
stage t-C4H9+.H2 + H2 indicated on Fig. 5. 
Recent work (12) from this laboratory has shown 
that the enthalpy change for reaction 8 is very 
small (AH = - 1 kcal/mol). 

The C4Hll+(a) corresponds to a tert-butyl. ion 
interacting with the electrons of the HZ molecule. 
This means that once the C4Hl l+(a) ion is formed 
in the reaction seauence 6 its further dissociation 
to tert-butylt and H2 occurs spontaneously. 

The formation of terr-butyl+ in methane gas 
described above is of interest also in connection 
with carbocation reactions in solution. Olah, in 
his first communication on chemistry of super- 
acids (13), reported the formation of tert-butyl' 
resulting from the reactions of methane with 
"magic acid". The reaction sequence suggested 
by Olah (13) starting with CH3+ and proceeding 
through C2Hs+, C3H9+, C3H7f, to  t-C4H9+ was 
nearly identical to  the gas phase reaction se- 
quence proposed in the present work. However, 
Olah assumed that the te1.r-butyl was not formed 
directly from C3H9+(b) as in reaction 6 but by 
reaction 9. 
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HIRAOKA AND KEBARLE 1743 

The s-C3H7+ being formed by the prior decom- 
position of C3H9+(b) to s-C3H7+ + H2. Reaction 
9 may seem more appropriate for the superacid 
solution experiments which were done above 
room temperature (13) since C3H9+(b) is rela- 
tively unstable and may decompose to s-C3H7+ + 
H2 before it has time to engage in reaction 6. 
Thus earlier work in this laboratory (8) showed 
that the activation energy for this decomposition 
(in the gas phase) is only 9 kcal/mol. On the 
other hand, the present work and earlier experi- 
ments (8) showed that in the gas phase s-C3H7+ 
does not react with methane to give tert-butyl+, 
i.e. reaction 9 does not occur in the gas phase. 
We consider it possible that also in solution tert- 
butyl is formed via reaction 6, i.e. that the 
C3H9+(b) survives long enough to meet and 
react with a CH4 molecule. This could be possible 
in solution since the C3H9+(b) is thermal. In the 
gas phase the C3H9+(b) contains excess energy 
equal to the exothermicity of the condensation 
reaction of C2H5+ with CH4 and decomposes to 
s-C3H7+ + H2 at much lower temperatures (see 
reaction 5). 

In any case it is really interesting that the 
oligo-condensation of CH3+ to t-C4Hgi- in solu- 
tion can be also effected in the gas phase at 
pressures which are only in the torr range, so 
long as the temperature is kept low and in the 

right range. The gas phase reactions should be of 
significance to the solution chemist since in the 
gas phase the intermediate ions are positively 
identified and since often the energetics of the 
reaction sequence can be worked out. 
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Spectres de resonance paramagnetique Clectronique de quelques 
radicaux de type diarylmethyle 

P. DEVOLDER 
Laboratoire de Physicochirnie des &tats excites, UniuersitP rles Sciences et Teclrtliqrres rle Lille I. 

B.P. 36 - 59650 Villenellue D'Ascq, France 

R e p  le 5 juin, 197S 

P. DEVOLDER. Can. J. Chem. 54, 1744 (1976). 
Les spectres de resonance paramagnetique Clectronique de quelques radicaux de type anthro- 

nyle, xanthyle ou thioxanthyle sont obtenus et compares aux spectres simules correspondants. 
Des calculs de densitis de spin (mkthode de McLachlan) permettent I'attribution de la plupart 
des constantes de couplage. Certains couplages anormalement tlevCs sont interpretis i partir 
des calculs INDO de Pople concernant le radical benzyle. 

P. DEVOLDER. Can. J. Chem. 54,1744 (1976). 
Electron paramagnetic resonance spectra of some anthronyl, xanthyl, or thioxanthyl type 

radicals are obtained and compared to their simulated spectra. Spin density calculations accord- 
ing to the method of ~ c ~ a c h l a n  give the a ~ s i ~ n m e n t s o f  mos~exper im~ntal  splittings. A few 
unexpected high splittings are interpreted with Pople's INDO calculations on the twisted 
benzyl radical. 

Introduction 
Les radicaux de type diarylmtthyle dont les 

deux groupes phtnyle sont coplanaires ont fait 
l'objet d'un grand nombre de travaux tant en 
spectroscopie de resonance paramagnttique Clec- 
tronique qu'en spectroscopie Clectronique d'ab- 
sorption ou de fluorescence. Ces radicaux sont 
en effet d'une part des modkles plans pour le 
radical non plan diphCnylmCthyle (18) et d'autre 
part sont t r b  directement apparentts au radical 
benzyle auquel un nombre conside'rable de 
travaux thioriques et expirimentaux a CtC con- 
sacrt. Les spectre rpe des radicaux xanthyle 1 et 
anthronyle 2, rapportis ici, complktent les rCsul- 
tats du radical xanthyle (I)  pour ce qui concerne 
les densitCs de spin des radicaux plans de type 
diphinylmithyle. Dans le cas o i ~  les groupes 
phCnyle ne sont pas coplanaires, comme pour le 
radical triphCnylmtthyle par exemple (13, lo), la 
dktermination de l'angle d'kquilibre pour lequel 
effets sttriques et de conjugaison se compensent 
est Cgalement d'un grand intCr&t. La comparaison 
des spectres rpe des radicaux 3 et 4 avec celui de 
2 permet la mesure de cet angle; en outre, le 
radical 4 permet de tester la validitt du modkle 
de Pople (14) concernant les constantes de 
couplage d'un groupe phCnyle faiblement con- 
j u g d .  

'Revision resue le 9 fkvrier 1976. 

Rksultats expkrimentaux 

Forrna ti011 des radicalrx 
Le radical xanthyle 1 est prepare par thermolyse de son 

dimkre, le bithioxanthyle ( I  5h). 
Le radical anthronyle 2 est prepare de m&me par 

thermolyse vers 20Cb250 "C de son dimkre, le bianthronyle 
(15). Au-dessus de 27Cb280 "C, temperature de decom- 
position du bianthronyle, la solution devient verte et le 
radical 2 disparait de manikre irreversible au profit de 3. 

Luckhurst (5) a observe par ailleurs un spectre moins 
rtsolu de 3 par thermolyse de la bianthrone. La bian- 
throne, dont le thermochronisme (forme verte forme 
jaune) a fait l'objet de nombreux travaux (16), se forme 
probablement pendant la dCcomposition du bianthronyle. 
L'absence du radical 3 par thermolyse ou photolyse du 
bianthronyle en-dessous de 260 "C exclut la presence de 
bianthrone en tant qu'impurete. Le radical 3 se forme 
Cgalement par thermolyse de la diazoanthrone catalyske 
ou non par le cuivre. Dans ce cas, 3 est toujours accom- 
pagnC d'un radical 3 bis issu de l'attaque du solvant par 
le carbkne formi (15) et la risolution du spectre de 3 
diminue fortement quand temperature ou concentration 
initiale en diazoanthrone augmentent. 

Le radical phinylanthronyle 4 est prepark: (i) soit par 
thermolyse de phknylanthrone (15) vers 120°C dans 
I'orrho-terphknyle ou le t~tta-xylkne comme solvants: les 
constantes de couplage sont ensuite mesurees 2 la tem- 
perature qui donne la meilleure resolution du spectre 
compatible avec la diminution d'intensite avec la tem- 
perature; (ii) soit par photolyse de phenylanthrone dans 
le peroxide de tertiobutyle (K&K) vers -20°C. Les 
spectres rpe observes avec ces divers solvants diffkrent 
trks legkrement en raison de differences minimes dans les 
valeurs de a,,,,,. 

Le radical 5 est obtenu par photolyse dans le peroxide 
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DEVOLDER 1745 

TABLEAU I. Constantes de couplage (en Gauss) des 
radicaux CtudiCs:' 

a = +0.10G b = +0.03G c = +0.01G 

Position Radical 
du 

proton 1 2 3 4 5 

9 

1, 8 
2 , 7  
2, 6 
4, 5 

orllro 

mi la  
para 

Largeur de raie (en Gauss) (expkrimentale 
et simulCe) 

'Conditions expirimentales (solvant et IempCrature): 1, o-terphenyl, 
300°C; 2, o-terphcnyl, 230°C; 3, fluorinone, 15OoC; 4, iil-xyl6ne, 
2 0 ° C  et -50°C; 5 ,  peroxide de tertiobutylc, 65°C.  

t 2 0  'C. 

de tertiobutyle du xanthkne substituC en position 9 
correspondant (15b). 

Appareillage calcltls 
Le spectromktre rpe est du type Varian V 4502 B 

modulation de 100 kHz et muni de l'accessoire B tem- 
pCrature variable Varian. 

Une forme de raie Lorentzienne est adoptCe pour la 
simulation des spectres rpe. Le calcul des densitis de spin 
selon la mCthode de McLachlan (ML) (7) est effectuC en 
utilisant le formalisme des polarisabilit6: 

pi M L  = pi HMO + C r i j p j  HMO 
j 

Pour la liaison 9-9' on adopte la classique dipendance de 
1'intCgrale d'Cchange en cos 0. Pour le calcul des contribu- 
tions a** au couplage orrl~o selon la formule proposCe 
par Lunazzi el al. (3): 

a11 orlho = QII* - lapara( 
avec 

aH* = 507 rpg1q5cg[~:)12 (Gauss) 

l'orbitale suivante, de type SCF S T 0  (19) a CtC adoptCe: 

correct des couplages observes (tableau 2). Cependant, 
l'attribution des constantes de couplage hyperfin aux 
protons correspondants est Ctablie par analogie avec des 
radicaux trks voisins tels que xanthyle (I), phenylxanthyle 
(1, 3), phenylthioxanthyle (2), pour lesquels des deutira- 
tions sClectives Cvitent toute ambigui'tC. 

Cette mCthode par extrapolation semble dans notre cas 
plus judicieuse qu'une interprktation basCe sur les calculs 
de densit6 de spin: en effet, de tels calculs effectuCs 
suivant les mCthodes de McLachlan (1-3) ou lNDO (2) 
prCvoient toujours a ,  < a l l ,  en contradiction avec 
llexpCrience. 

InterprCtation et discussion 

Radicaux 1 et 2 
Un spectre t r b  diffkrent de celui enregistrt par 

les auteurs a ttC attribuC par ailleurs (4) au 
radical 2. L'extrEme similitude des couplages 
observks pour les radicaux 2, 3, 4 d'une part, le 
bon accord avec les calculs de densitt de spin 
d'autre part, confirme la validit6 de notre 
attribution. 

La constante de couplage a9 des radicaux 
diphCnylmtthyle et 9-fluortnyle substituts ou 
non a fait l'objet d'une longue controverse: la 
grande diversitt des valeurs de a9 (pour une 
revue rtcente, voir rtf. 17) contraste avec la 
constance relative de a9 12 -- 13 G pour les 
radicaux 1, 2 et xanthyle. Nos rbultats, en bon 

+c!, = 1.74r exp (- 1.57r) cos a accord d'une part avec la valeur rCcente et 

(un i t~s  atomiques) dtfinitive de ag pour le radical non plan diphtnyl- 
mtthyle (18) d'autre part avec les rCsultats - .  

Risirllars concernant ie radical 9-ph~nylfluortnyle (10) 
Les spectres rpe des radicaux 1, 2, 3, 4 et 5, ramenCs B 

leurs constantes de couplage, sont rassemblCs dans le permettent de prtvoir une valeur de ag de l'ordre 
tableau 1. Des calculs de densit6 de spin (HMO, Mc- de l 2  13 G pour le radical 9-fluorCnyle, en 
Lachlan (7)) permettent de retrouver l'ordre de grandeur dtsaccord avec les attributions de Dalton et ~011. 
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TABLEAU 2. DensitCs de spin experimentale et  calculCes selon la mCthode de Huckel simple (HMO) et la methode de McLachlan (ML). Le choix des 
paramktres semiempiriques necessaires au calcul (constante Q de McConnell, paramktres h et k des hCtCroatomes) est conforme aux references citees 

Position 1 * 21 3t 4 t  5 t  
d u  

proton Exp. HMO ML Exp. HMO ML Exp. HhfO ML Exp. HMO ML Exp. HMO ML 

poru 

Constnntc 
Ct 

pnramktrcs 
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DEVOLDER 

FIG. 1. Spectres expkrimental et sirnu16 de 1. 

(8). Notre conclusion se trouve par contre 
confirmte par les spectres attribuks t r b  rtcem- 
ment au radical 9-fluorknyle (23, 24). 

Radical 3 
Le radical 3 a dtjB t t t  observe par thermolyse 

ou photolyse de la bianthrone (5, 6). Bien que 
nos valeurs des constantes de couplage soient en 
excellent accord avec celles trouvkes par ailleurs, 
notre attribution en diffkre en raison de la 
remarque suivante: les calculs de densitt de spin 
selon la mtthode de McLachlan pour les radi- 
caux de type benzyle (7), di- (9) ou tri- (10) 

phenylmethyl conduisent toujours B a,,,,,i > 
a,,,,J en contradiction avec I'exptrience. Cette 
remarque reste valable pour les radicaux xan- 
thyle (1) et phknylthioxanthyle (3). 

L'absence de constantes de couplage pour les 
protons de la moitit du radical contenant le 
groupement hydroxyle s'explique par l'existence 
d'un angle de 70/80° entre les deux moitiks de la 
molkcule. On peut en effet calculer que pour un 
angle de 85", le couplage maximum dfi aux 
protons du cycle portant OH vaut a' = 0.03 G.  
D'autre part, par comparaison avec le radical 3 
ter (6) (alo* = 0.2 G) on en dtduit que a' < 
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1748 CAN. J. CHEM. VOL. 54. 1976 

0.05 G. De telles faibles valeurs des couplages ne Radical4 
peuvent donc &tre dCtectCes eu Cgard B la largeur La simulation du  spectre enregistri B tempCra- 
de  raie (0.12 G). ture ambiante ne permet pas de lever l'incertitude 

FIG. 2. Partie centrale des spectres experimental et simulC de 4 B 20 "C (gauche) et a -50 'C (droite). 
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DEVOLDER 1749 

portant sur la valeur du couplage ortho. Cepen- 
dant, l'examen du spectre h plus basse temptra- 
ture (fig. 2) rend plus probable la valeur = 

0.84 G. L'obtention de valeurs anormalement 
Cleve'es pour les couplages hyperfins des protons 
ortho est B rapprocher de la situation analogue 
rencontrCe pour les radicaux phenylxanthyle, 
-thioxanthyle et -stltnoxanthyle (2, 3). De plus, 

l'tquivalence des protons me'ta et para est Cgale- 
ment e'tablie sans ambigui'tk pour le radical 
phenylxanthyle. Une ttude ENDOR rtcente (20) 
confirme d'ailleurs l'ordre de grandeur des 
couplages mesur6 par rpe (1, 2). La variation 
avec la tempe'rature du spectre de 4 semble B 
priori confirmer le modkle de rotation restreinte 
proposC par Lunazzi et nl. (3); on peut en effet 

1 Gauss 

FIG. 3. Spectres exptrimental et simulC de 5. 
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l'expliquer qualitativement par une modification 
de l'angle du groupe phknyle autour de la liaison 
9-9'. Cependant, la contribution aII* provenant 
du recouvrement de l'orbitale 2p, centrCe en Cg 
avec les protons ortho, calculCe selon la mCthode 
de Lunazzi (3), est trop faible pour interprtter 
nos risultats. Gilbert et coll. (25) concluent de 
manikre identique leur trks rtcente ttude rpe des 
cations 10-phCnylphCnoxazine et 10-phtnylpht- 
nothiazine. On doit donc penser plutSt B un 
mCcanisme de type hyperconjugaison, ce qui 
permettrait d'expliquer qualitativement la varia- 
tion du couplage avec l'angle de rotation 0 
autour de la liaison 9-9'. Ce mtcanisme a tgale- 
ment t t t  proposC pour expliquer les couplages 
"anormaux" de certains radicaux allyles (1 1), de 
type benzyle (12, 27), triarylme'thyle (26), xan- 
thyle (28) ou du radical triphtnylmCthyle (13). 

D'autre part, Pople et Beveridge (14) a calculi 
par la mtthode INDO les constantes de couplage 
du radical benzyle en fonction de l'angle de 
rotation 0 du groupe phCnyle: sauf pour 
l'accord avec 17expCrience (0 = 0) est satisfaisant. 
Ce radical benzyle peut servir de modkle pour 4 
compte tenu de la rtduction de densitt de spin 
en Cg calculte d'aprks 2: pg = 0.44 (Q = 27 G). 
On peut ainsi estimer un ordre de grandeur des 
couplages ortho et para en ajoutant les contribu- 
tions dues B l'interaction a-.lr (B partir de a,,, du 
radical benzyle pour 0 = 90") et B la dClocalisa- 
tion (a&IL pour 0 Z 90"). Modkle 1: 

Ce calcul amCliore trks sensiblement l'accord 
avec l'exptrience (tableau 3). 

Une autre mCthode consiste B utiliser directe- 
ment les rCsultats INDO du radical benzyle pour 
tenir compte de la diminution des constantes de 
couplages lorsque l'angle 0 passe de 0 B 0 degrCs. 
A partir des valeurs exptrimentales de ce radical 
benzyle, on peut alors calculer les valeurs 
correspondantes des couplages pour 4, ceci pour 
un angle quelconque: modkle 2: 

(benzyle expkrimental) 

L'application de cette formule pour e = 75" 
donne d'excellents rCsultats en ortho et para 
(tableau 3). 

TABLEAU 3. Constantes de couplage de 4 pour un 
angle 0 de 75" 

Exp.! ML (A = 1 . 1 )  Modkle 1 Modele 2 

or1110 -0.84 -0.21 -1.24 -0.82 
m61a 0.36 +0.08 0.69 0 .62  
para 0.36 -0.19 -0.48 -0.32 

RacIical5 
Bien que nos rtsultats soient en bon accord 

avec ceux de Sevilla et Wincow (1) concernant 
divers radicaux de type xanthyle, l'existence de 
couplages observCs pour les cinq protons du  
groupe phCnyle (donc par l'intermtdiaire du  
soufre) est plus surprenante en raison de l'tloi- 
gnement du carbone Cg. Signalons cependant 
que le radical 9-benzylxanthyle montre tgale- 
ment de tels couplages (0.14 G et  0.04 G). Pour 
ce radical 5 trks particulier (fig. 3), en ntgligeant 
la participation possible des orbitales d du soufre, 
l'ordre de grandeur correct des couplages ob- 
serve's est obtenu en adoptant une intCgrale 
d'Cchange de 0.26 PC, pour la liaison 9'-10'. 
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Etude de I'equilibre tautomere des pyrazolinones-4 

C. SABATB-ALDUY ET J. BASTIDE 
Laboraroire ile Syr~tl~Bse Orgirrliq~re, Cenire Uriil;er~i/uire, 66025 I'erpigr~irtr, Frorrcc, 

Regu le 23 avril 1975' 

C. S ~ s a r t - A ~ ~ u u  et J .  BASTIDE. Can. J .  Chem. 54, 1752 (1976). 
L'Ctude de 1'Cquilibre citoinolique de pyrazolinones-4 diversement substituees est ekfectuCe 

dans plusieurs solvants; ces composes n'existent que sous la forme inolique. Une etude thCo- 
rique en comparaison avec les pyrazolinones-5 est rhlisie.  

C. SABATC-ALDUY and J .  BASTIDE. Can. J .  Cheni. 54, 1752 (1976). 
The keto-en01 equilibria in variously substituted LCpyrazolinones were studied in several 

solvents; these compounds exist in the en01 form only. An MO theoretical study of these 
compounds in comparison to  the 5-pyrazolinones is reported. 

L'tquilibre tautomkre des pyrazoline-2 ones-5 
a fait l'objet de nombreuses publications (1-5) 
par contre les recherches portant sur les pyrazo- 
line-2 ones-4 sont trks limittes. 

Nye et Tang (6) ont Ctudit l'tquilibre cttotno- 
lique des pyrazolinones-4 mais tous les composCs 
qu'ils ont analysts sont du mZme type, disubsti- 
tuts en 3,5 par des groupes aromatiques. A cat6 
du travail de Nye et Tang on peut noter une 
publication de Farkas (8) qui traite des pyrazo- 
lones substitutes par des groupes mtthoxycar- 
bonyles et une de Vinokurov (9) qui porte sur la 
phtnyl- 1 pyrazolinone-4. 

Dans le cas des pyrazoline-2 ones-5 deux fac- 
teurs influencent d'une f a ~ o n  importante l'tquili- 
brecCtotnolique: la nature du solvant dans lequel 
est Ctudit le compost et les substituants portts 
par le cycle. 

Nous avons donc t tudit  l'tquilibre cttotno- 
lique des pyrazoline-2 ones4 en fonction de ces 
deux paramktres. 

Les tquilibres tautomkres des formes princi- 
pales de ces composts peuvent Ctre reprtsentts 
comme suit dans le schCma 1. Les pyrazoline-2 
ones-4 ttudiCes sont indiqutes dans le tableau 1. 

Les composCs 2 B 5 ont t t t  synthttists par 
cycloaddition dipolaire-1,3 du diazoacktate d'tth- 
yle sur le sel de sodium du malonate d'ithyle 
mono substitut. Les composts 1, 6 et 7 ont Ctt 
obtenus par hydrolyse et dtcarboxylation respec- 
tivement, des pyrazoline-2 ones-4 2, 3 et 4. 
Enfin les composCs 8 B 11 ont CtC obtenus par 
condensation de l'hydrazine sur les tpoxychal- 
cones et aromatisation ulttrieure de l'hydroxy-4 

'Revision recue le 27 fCvrier 1976. 

pyrazoline obtenue. La synthbe dttaillCe de ces 
difftrents composts est dCcrite par ailleurs (10). 

CaractCristiques spectrales gCn6rales des 
diffkrentes formes 

Iizfrarouge 
La prtsence de la forme A ou de la forme B 

peut Ctre facilement dicelie (pour les composCs 
1 et 8-11) par l'existence ou non d'une bande 
carbonylte (dans le cas d'un cornposi bloquC 
sous la forme A IVye (6) a observt la bande 
carbonylte B 1680cm-I). Pour les autres com- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HR"\~+R, 
ComposC R 1 R1 ComposC RI  R2 

1 H H 7 COC6H5 H 
2 C02C2H5 C02C2H5 8 C6Hs C 6 H ~  

3 CO2C2Hs COCH3 9 C6H5 p-CH30C6H4 
4 C01C2HS COC6H5 10 C6H5 ~ - ~ ~ 2 ~ 6 ~ 4  
5 C02C2HS CH2C6H5 11 C6H5 p-ClC6H4 
6 COCH3 H 

TABLEAU 2. Spectres Ir des pyrazolinones-4 ( v ,  cm-I) 

ComposC OH-NH G O  (ester) R-C=O Phase 

1 3240, 2560 Nujol 
3360 CH3CN 

2 3400,3230 1725,1690 Nujol 
3410 1720,1710,1690 CHC13 
3220 1705,1690 CH3CN 

3 3360,3200 1680 Nujol 
3400 1680 CHC13 
3230 1705 CH3CN 

4 3330,3160 1700 Nujol 
3220 1715 CH3CN 

5 3400,2600 1700 Nujol 
3515,3430 1720,1680 CHC13 

I 3270 1720,1690 CH3CN 

6 3150 Nujol 
3460 CH3CN 

7 3150 Nujol 

8 3220,2450 Nujol 
3300 CH3CN 

9 3200,2500 Nujol 
3300 CH3CN 

10 3400,2600 Nujol 

11 3200,2450 Nujol 
3300 CH3CN 

posis cette mithode ne permet pas une diter- 280-290 nm (chromophore-N-N=C-C=O) 
mination certaine du fait de la pre'sence d'autres et la forme B une absorption vers 235 nm 
fonctions carbonyle'es dans la molCcule. (1'Cthoxy-4 pyrazole absorbe B 233 nm (1 1)). 

Re'sonance mngne'tiqlre nucle'aire Ces diffkrentki mtthodes peuvent donc per- 

L~ forme A devrait pr6senter une absorptioIl n~ettre d'identifier les formes A ou B des com- 

correspondant au proton en position dans la POSCS ktudiks dans les diffkrents solvants. 

zone 3-5 ppm, alors que la forme B devrait 
prCsenter un proton hydroxyle dans la rkgion KCsultats 
6-8 ppm. Les rCsultats des diffkrentes mesures spectrales 
Ultraviolet sont porte's dans les tableaux 2, 3 et 4. 

La forme A doit prCsenter une absorption vers L'analyse des diffkrents risultats obtenus 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN.  J. CHEM. VOL. 54. 1976 

H 5 peut Stre interprktie par la prCsence des deux 
formes chClatCes en Cquilibre (schkma 2). On 
peut penser que les composCs CtudiCs par Farkas 
et Flegelova (8) en ir prksentent ce meme type de 

I OEt 
chilation et que l'attribution de la deuxikme 

H 
I ,,o 
H , bande carbonyle B la forme A est erronke. 

montre que, quel que soit le solvant employC, les 
pyrazolinones-4 se prisentent toujours sous leur 
forme Cnolique hydroxy-4 pyrazoles. En par- 
ticulier dans le cas des composCs substituCs en 3 
(5), par un groupe mCthoxycarbonyle la spectro- 
scopie de rmn permet d'Climiner la forme A que 
la spectroscopie ir pouvait laisser envisager en 
solution dans le chloroforme. 

L'apparition de deux bandes carbonylCes dans 

Discussion des risultats 
Dans le cas des pyrazolinones-5 la forme 

cCtonique apparait comme la plus stable dans 
certains solvants, en particulier le chloroforme. 
I1 nous a paru intkressant d'essayer de com- 
prendre pourquoi l'on observait une diffirence 
de comportement entre les pyrazolinones-5 et 
les pyrazolinones-4. 

Prenons le cas du modele fondamental pyrazo- 
linone-5, sa faible solubilitC n'a pas permis une 

TABLEAU 3. Resonance magnetique nuclhire: diplacements chirniques des pyrazolinones-4 (6, ppm) 

ComposC OH H3 et H, CH3 CH, Aromatique Solvant 
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TABLEAU 4. Spectres u.v. (C2H50H, 95%) des pyrazolinones-4 

CornposC X(nrn) log e X(nrn) log s X(nm) log e 

ttude dans tous les solvants, et, dans les solvants 
utilists la forme carbonylte n'a pas CtC mise en 
tvidence. La comparaison des rCsultats obtenus 
avec les pyrazolinones substitutes par des 
groupes mCthyles permet de penser que cette 
forrne carbonylCe peut exister dans les solvants 
peu polaires. 

I I I 
Solvant H H Me 

CHCI, I(+ IV) I 
CH3CN IV IV I(85) + IV(15) 

pyrazolinones-5 par diffkrentes mCthodes de  
calcul que la forme I Ctait la plus stable. 

Nous avons Ctudit les formes A et B des 
pyrazolinones-4 et les formes I B IV des py- 
razolinones-5 par la mtthode CNDO/2 (14). 
Les gtomCtries de I B IV sont celles utilisCes par 
Arriau (13) et celles des pyrazolinones-4 ont CtC 
dCfinies par analogie avec celles des pyrazoli- 
nones-5. 

Les rkultats suivants ont t t t  obtenus: 

CornposC ET (u.a.) ComposC ET (u.a.) 

A -66.0378 I1 - 66.0470 
B -66.0732 111 - 66.0302 
I -66.0567 IV -66 .0559 

A 1'Ctat vapeur la rnCthyl-3 pyrazoline-2 one-5 
se trouve sous forme d'un melange de I et I1 
(I semblant etre en quantitt plus importante 
(12)), on peut donc penser que dans le cas de la 
pyrazoline-2 one-5 les deux formes sont Cnergt- 
tiquement t r b  voisines. 

Dans le cas de la pyrazoline-2 one-4 dans le 
chloroforrne, ce compost n'existe que sous la 
forme B (en spectroscopie uv, il ne prtsente pas 
d'absorption au del i  de 240nm); la forme 
tnolique semble donc, d'une f a ~ o n  gtntrale, 
&re tnergttiquement plus favorisCe que la forrne 
cttonique pour les pyrazolinones-4 et inverse- 
ment pour les pyrazolinones-5. Dans les deux cas 
cependant la forme tnolique correspond B un 
systkme aromatique, un autre facteur doit donc 
expliquer cette diffkrence de comportement. 

Nous avons alors essay6 de voir si les calculs 
thtoriques rendaient bien compte de cette difft- 
rence. 

Arriau et coll. (13) ont trouvt pour les 

Nous voyons que la forme B est plus stable 
que la forme A et que I est plus stable que 11, I11 
et IV. Dans le cas des pyrazolinones-4 la forme 
Cnolique B est beaucoup plus stable que la forme 
cCtonique A; par contre dans le cas des py- 
razolinones-5, la forme cttonique I est la plus 
stable mais tr&s 1Cgkrement par rapport B la 
forme tnolique IV ( A E  = 0.5 kcal/mol). On 
peut donc penser qu'8 1'Ctat gazeux on a un 
mtlange des deux formes cCtone et tnol. 

Ces valeurs sont qualitativernent bien en 
accord avec les rtsultats experimentaux; dans le 
cas des pyrazolinones-5 les interactions avec le 
solvant sont suffisantes pour dCplacer l'tquilibre 
mais elles ne le sont pas dans le cas des pyrazo- 
linones-4. Dans le cycle pyrazolinone-5 la fonc- 
tion carbonylte est de type amide alors que dans 
le cas de la pyrazolinone-4 c'est une fonction 
cttone. 

Afin de voir si cette diffkrence au niveau de la 
fonction carbonylke pouvait Ctre B l'origine de la 
difftrence de comportement des deux composts, 
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nous avons CtudiC 1'Cquilibre cCtoCnolique de 
l'acktone et de l'acktamide par la mCthode 
CND0/2 ;  nous avons obtenu les risultats 
suivants: 

La fonction cCtone est donc plus facilement 
Cnolisable que la fonction amide; ceci peut 
expliquer la diffkrence de comportement vis-8-vis 
de 1'Cquilibre ~Ctoknolique entre les pyrazoline-2 
ones-5 et les pyrazoline-2 ones-4. 
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An improved colorimetric procedure for the analysis of vitamin A 

J. A. BLAKE AND J. J. MORAN 
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J .  A. BLAKE and J. J. MORAN. Can. J. Chem. 54, 1757 (1976). 
Factors affecting the reaction between antimony trichloride and 2,3-dichloropropanol 

(2,3-DP) with retinol and related compounds were examined. It is shown that purified 2,3-DP 
with the addition of antimony trichloride produces a stable colour complex with retinol 
absorbing at 555 nm. A tentative scheme for the reaction mechanism and the possible structure 
of the complex are also presented. 

J. A. BLAKE et J .  J. MORAN. Can. J .  Chern. 54, 1757 (1976). 
On a examink les facteurs affectant la reaction du trichlorure d'anrimolne et du dichloro-2.3 

propanol (2,3-DP) avec le rktinol et d'autres composCs qui lui sont relies. On a montrC quc 
l'addition de chlorure d'antimoine du 2,3-DP provoque la formation, par reaction avec le 
retinol, d'un complexe de couleur stable absorbant a 555 nm. On propose un schema reactionnel 
et une structure possible pour le complexe. 

[Traduit par le journal] 

I Introduction 
Vitamin A and compounds having vitamin A 

activity are most commonly assayed in food 
materials or samples of biological origin by; 
(I) bioassay, (2) ultraviolet absorption, (3) fluoro- 
metric analysis, and (4) colorimetric analysis. 

A large number of related compounds have 
varying degrees of vitamin A activity. Mild 
physical or chemical treatment can convert a 
biologically active compound such as all-irons 
retinol into a compound of low potency like the 
eleven cis isomer. Most physico-chemical tests 
respond to  the different isomers and even t o  
many retinol analogues as if they were all-irons 
retinol. These procedures give an upper limit to  
the estimate of the amount of vitamin A in a food 
or biological material. The true vitamin A 
activity can only be determined by bioassay 
techniques. These are unfortunately so cumber- 
some and time-consuming that they have been 
replaced in most routine testing by the fast, 
relatively simple, cheap and reliable physico- 
chemical tests. 

Another major difficulty in assaying foods is 
the presence of carotenoids, food additives, and 
other materials which interfere with the physico- 
chemical procedures employed in the analysis. 
In order to eliminate these interferences extensive 
chromatographic and extraction purification is 
necessary in the analysis of most foods. The 
higher level of vitamin present and the simpler 

character of most pharmaceutical preparations 
makes these systems inherently easier to  analyze 
than foods. 

The ultraviolet absorption method (measure- 
ment of the absorption a t  the maximum in the 
vitamin A curve) is an excellent Drocedure if few 
interfering compounds are present and if the 
vitamin is present in relatively high concentra- 
tion. This method is one of those recommended 
by the Association of Official Analytical Chem- 
ists (AOAC) for the determination of vitamin A 
in margarine (2). For this purpose it is a difficult 
but acce~table Drocedure. 

Vitamin A fluoresces strongly near 480 nm 
with excitation a t  330-360 nm. This fluorescence 
has been little used for quantitative purposes 
until recentlv. because of extraneous- fluores- 
cence from Fhytofluene and other fluorescent 
materials present in many food materials and 
biological samples. Improved column chroma- 
tographic methods of removing the interfering 
fluorescing compounds have sparked a renewal 
of interest in the fluorometric procedure (3, 4). 
This is an excellent. verv sensitive research 
method, especially where the concentration of 
vitamin A is low, if the interfering compounds 
can be satisfactorily removed. 

Most vitamin A analvsis is carried out by 
colorimetric techniques. Vitamin A reacts with 
many Lewis acids t o  produce a transient blue 
colour (5). In another of the official methods of 
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the AOAC (2), vitamin A in food materials is 
determined by reacting a vitamin A solution 
(extracted from the food with nonpolar an- 
hydrous solvents) with a 20-25% solution of 
antimony trichloride in chloroform. The blue 
colour produced (A,,,, = 620 nm) reaches inaxi- 
mum intensity in 5 to 10 s and then rapidly fades. 
This procedure, which is usually called the 
Carr-Price (6) method, has the advantage over 
the ultraviolet technique of being less liable to 
interference and somewhat more sensitive. Its 
major disadvantages are: (I) it is necessary to 
take readings of the absorbance within 5 to 10 s 
of addition of the reagent, (2) the poisonous and 
corrosive nature of the reagent, and (3) the 
development of the colour is affected by traces 
of water and alcohol. These problems make the 
method less precise than the ultraviolet tech- 
nique. 

Budowski and Bondi (7) have introduced a 
second colorimetric procedure. This involves the 
conversion of vitamin A to anhydrovitamin A 
with anhydrous ethanolic - HC1 or p-toluene- 
sulphonic acid. The reaction is very specific for 
vitamin A but low results are obtained if even 
small traces of water are present. 

A third colorimetric procedure was described 
by Sobel and Werbin (8). They showed that the 
reaction of 'activated' 1,3-dichloro-2-propanol 
(1,3-DP) with vitamin A produces a pink 
coloured complex which has its absorption 
maximum at 555 nm and which is stable for 2 to  
10 min. The method has never become popular 
because of the difficulty of reproducibly acti- 
vating 1,3-DP and because the procedure is less 
sensitive than the Carr-Price. Sobel and Werbin 
activated the chemical by vacuum distilling 
1,3-DP from a 2.0y0 solution of antimony 
trichloride in chloroform. Unfortunately, the 
1,3-DP supplied by many commercial sources 
either cannot be activated by Sobel and Werbin's 
method or shows only a weak activity with 
vitamin A. 

Penketh (9) has suggested that the activating 
principle is hydrogen ion. Sobel and Werbin (10) 
stated that their preparations contained varying 
amounts of antimony trichloride but that this 
was not the activating chemical, because direct 
addition of antimony trichloride did not activate 
1,3-DP. 

In the study reported here we have concen- 
trated our efforts: (I) on improving and under- 

standing the 'activation' of 1,3-DP and the 
isomer 2,3-dichloro-1-propanol (2,3-DP) and 
(2) on determining the mechanism of the reac- 
tion. Our purpose was (a) to develop procedures 
using dichloropropanol compounds which would 
be more convenient than the common physico- 
chemical methods, and (b) to suggest, from a 
study of the reaction mechanism, other com- 
pounds which may give a more intense colour 
reaction with vitamin A. 

Results and Discussion 
(a) Preliminary Results with 1,3-DP 

When 1 ml of a solution containing less than 
15OPg/ml of vitamin A is added to 3 ml of 
1,3-DP activated as described by Sobel and 
Werbin (lo), a transient blue colour appears 
(A,,, = 620 nm), but it is replaced within ap- 
proximately 1 min by a pink colour (A,,,,, = 

555 nm). The Carr-Price procedure also pro- 
duces a blue colour with maximum absorption 
at 620 nm. 

Using the chloramine T method (1 1) it was 
found that commercially activated 1,3-DP (glyc- 
erol dichlorohydrin for vitamin A analysis from 
Eastman Kodak, Distillation Products Division) 
and our own 1,3-DP, activated as described by 
Sobel and Werbin (lo), contained approximately 
0.15% reducing material, undoubtedly antimony 
trichloride. Efforts were concentrated on at- 
tempting to activate 1,3-DP by direct addition of 
antimony trichloride. This was found to be 
impossible with most commercial samples of 
1,3-DP. A pink colour could, however, be 
developed if the directly activated solution were 
heated immediately after addition of vitamin A. 
A sample from BDH described as dichlorohydrin 
had decomposed slightly and was, therefore, 
distilled and dried before addition of antimony 
trichloride. This solution developed a strong pink 
colour (A,,,,, = 555 nm) when mixed with 30 
Pg/ml of retinol acetate. Similar distillation of 
the other samples of 1,3-DP prior to direct 
addition of antimony trichloride did aid activa- 
tion but the pink colour produced with retinol 
acetate was quite weak. An analysis of the 
dichlorohydrin solution showed that it consisted 
of an approximately 50:50 mixture of 1,3-DP 
and 2,3-DP. A sample of 2,3-DP which had been 
obtained previously, activated readily after dis- 
tillation. Even crude, undistilled 2,3-DP, pre- 
pared as described in the Experimental section, 
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BLAKE AND MORAN 1759 

TABLE 1. Effect of antimony trichloride concentration on absorption and chromophore stability at 
555 and 660 nm for retinol-acetate-2,3-DP and retinal-2,3-DP respectively* 

Concentration Absorbance Time to reach Absorbance Time to reach 
of SbCI3 at 555 nm maximum at 660 nm maximum 

(gm/ 100 ml) (retinol acetate) absorption (min) (retinal) absorption (s) 

0.1 0.135 G 0.00 
0.2 0.155 4 0.027 < 30 
0.5 0.160 2 0.013 < 30 
1 .O 0.190 1 0.104 < 30 
3 .O 0.210 0.  G 0.137 < 30 

10.0 Not measured 0.260 60 

'Thrcc millilitrcs of a solution composed of 90 ml of I ,2-dicliloroctlianc, I0 ml of 2,3-DP, and s g of antimony trichloridc wcrc mixcd with I ml 
of rctinol acctatc or rctinal in 1.2-dichlorocthanc. The relinol acctatc concentration was 13.2 pg/ml and the rctinal 4.64 pg/ml. Tlie tcmpcraturc 
was 20 'C .  

activated easily, but the colour produced with 
vitamin A decayed rapidly, probably because of 
the presence of HC1. Both practical grade 1,3-DP 
and the 2,3-DP produced from allyl alcohol 
contain 3-15% impurity before distillation. These 
impurities, especially in the case of 1,3-DP, 
appear to inhibit the colour development. Our 

WAVELENGTH (nm) 

FIG. 1. Spectra of the 2,3-DP - SbCI3 - vitamin A 
coloured complexes at 32 "C in chloroform: 0, retinal - 
2,3-DP - 1 % SbCI3; -, retinal - 2,3-DP - 10% SbCI3; 
- - - , retinol acetate - 2,3-DP - 1 'y; SbCI3; -.- .-, retinoic 
acid - 2,3-DP - I yo SbC13. 

distillation procedure and Sobel and Werbin's 
method remove sufficient of these impurities 
from 1,3-DP to enable it to be activated by 
antimony trichloride. In Sobel and Werbin's 
method, the extent of this activation depended 
partly on the degree of purification achieved and 
partly on the amount of antimony trichloride 
carried over in the distillate. According to their 
own determinations this varied between 0 and 
0.67%. Our analysis of several different samples 
of practical grade 1,3-DP showed that they con- 
tained varying amounts of several impurities and 
their ability to be activated was found to depend 
inversely on the amount of an impurity which 
eluted at a retention time of 0.12 relative to 
1,3-DP. 

Our method of activation is capable of greater 
reproducibility because it is possible to control 
much more accurately the removal of impurities 
and the addition of antimony trichloride. For- 
tunately, 2,3-DP prepared from allyl alcohol 
(see Experimental section (6) for details) appears 
to contain few if any inhibiting impurities and it 
can be activated reproducibly by direct addition 
of antimony trichloride. In the remainder of this 
report, we describe the use of 2,3-DP, thus 
activated, in the analysis of vitamin A. 

(b) St~rclies with 2,3-DP 
(i) Efect of Antimony Triclzloride 

Concentration 
The dependence of the absorbance at 555 nm 

of the retinol acetate-2,3-DP chromophore and 
at 660 nm for the retinal-2,3-DP chromophore 
is presented in Table 1. The spectra of the 
vitamin A - 2,3-DP coloured complexes for 
retinol acetate, retinal, and retinoic acid are 
presented in Fig. 1. The rise and decay of the 
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I 1  , I I I I 

TIME (rnin l4 6 

FIG. 2. Rate of change of the absorpt~on a t  555 nm 
as a funct~on of SbCI, concentration. One mlllilitre of 
13.2 ,.tg/rnl retinol acetate in 1 ,?-dlchloroethane was 
m~xed with 3 rnl of 90:IO:x dichloroethane - 2,3-DP - 
SbC1, a t  20 "C: -, 0.15; SbCI,; - - - ,  0.25; SbCI,; 

, 0.5% SbC13; . . .. I ( (  SbC13; A, 10% SbC13. 

absorption intensity at 555 nm for retinol acetate 
are shown in Fig. 2. In earlier work it was found 
that, in the case of retinol acetate, 1 yo antimony 
trichloride was a good compromise between the 
intensity of colour developed and the rate of 
decay of absorbance. If maximum sensitivity is 
not required, possibly 0.5 or even 0.2% is a 
better choice. Retinol does not react as readily 
with 2,3-DP so at least a 1 % solution is necessary 
to obtain a satisfactory absorbance value. A 
10yo solution gives a useful two and one-half 
fold increase in sensitivity. 

(ii) Cololrr Con7l~lexes of' Vitarnin A Active 
Compo~mcls 

The absorbances relative to retinol acetate of 
several vitamin A active compounds are pre- 
sented in Table 2. No absorbance was detected 
for retinoic acid when a lyo SbC13 solution was 
used. If a high concentration of retinoic acid was 
mixed with a 5y0 SbCl3 solution, the complex 
spectrum shown in Fig. 1 was obtained. 

VOL. 54, 1976 

TABLE 2. Absorbance of colour complexes of 
vitamin A compounds* 

Absorbance relative to 
Compound retinol acetate Wavelength 

Retinol acetate 1 .O 555 nrn 
Retinol palmitate 1 .O 555 nm 
Retinal I .6 (3.7)i  660 nrn 
Retinoic acid 0 

'Thrcc millilitrcs of a solution composcd of 90 ml of 1,2-dichloro- 
ethane or chloroform, 10 rnl of 2,3-DP, and I g of antimony trichloride 
werc mixcd wilh 1 ml of the sample solution. The solvcnt for the 
samplc was eithcr 1,2-dichlorocthanc or chlorofo~m and the tempera- 
turc was 20 "C. 

t10% SbCI, solution. 

TABLE 3. Effect of solvent on the 555 nrn chrornophore*' 

Absorbance at  555 nm 

Solvent Absorbance at  555 nm in CHCI, 

CHC13t 
Reagent grade CHCI, 
Nitromethane 
Absolute alcohol 
Methanol 
?-Propano1 
1,2-Dichloroethane 
Carbon tetrachloride 

*Three rnillilitrcs of a solution composcd of 90 ml of solvcnt, 10 ml 
of 2,3-DP, and I g of antimony trichloridc were mixcd with I ml of 
retinol acctatc, in the snnle solvcnt. The tcmpcrature was 32 "C and 
the cxpcrirnents werc conducted using a Spcctronic Modcl 20. 

tChloroform was washed and distilled as dcscribcd by Stroheckcr 
and Henning (I). 

(iii) Eflect of' Solvent on ille Absorbance crf 
555 Illll 

The effects of solvent were quite complex. 
Results are summarized in Table 3. Addition of 
0.5 ml of alcohol per 4 ml of vitamin A - 2,3-DP 
solution completely prevents colour develop- 
ment. Even the 0.75y0 alcohol present in reagent 
grade chloroform severely inhibits colour devel- 
opment. Nitromethane also appears to  be an 
inhibitor. 

Carbon tetrachloride is immiscible with 2,3-DP 
in the proportions employed to construct Table 3. 
If the concentration of carbon tetrachloride is 
reduced, i.e. by adding I ml of retinol acetate in 
carbon tetrachloride to 3 ml of our standard 
chloroform-2,3-DP-SbC13 mixture, the absorb- 
ance obtained is identical with that obtained 
when only chloroform is present. The presence of 
carbon tetrachloride also appears to suppress 
the blue absorbance at 620 nm and to slow the 
reaction rate slightly. The effect of solvent will be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BLAKE AND MORAN 1761 

1 Carr-Price / 

yg/rnl RETINOL ACETATE 

FIG. 3. Comparative Beer-Lambert plots for the Carr- 
Price and the 2,3-DP procedures A, .. Curves were 
obtained at  32 "C in a Spectronic 20 and are corrected to a 
pathlength of 1 cm. In the solution containing 2,3-DP the 
ratios of solvent 2,3-DP-SbC1, were 90:lO:l. The 
Carr-Price reagent contained 25 gm/100 ml SbCI,. 

further discussed in section (uii). Clearly, purified 
chloroform or 1,2-dichloroethane are the sol- 
vents of choice and alcohols should be either 
avoided or removed from all solvents. 

(iu) Beer-Lambert Law Del~enclence 
The Beer-Lambert law plots of retinol acetate 

in purified chloroform and 1,2-dichloroethane 
are shown in Fig. 3. The Carr-Price curve is also 
given. The absorbance of the coloured complex is 
linear in the concentration range 0-26 pg/ml 
when the 2,3-DP is diluted 9: 1 with solvent. If 
2,3-DP is used without dilution, the Beer- 
Lambert plot is not linear and the absorbance is 
about one-third less intense. On the basis of the 
above, the recommended procedure is to add 1 
to 3 ml of a vitamin A solution in 1,2-dichloro- 
ethane to 3 ml of a 90: 10: 1 1,2-dichloroethane - 
2,3-DP - antimony trichloride solution contained 
in a spectrophotometer cuvet and to record the 
maximum absorbance obtained at 555 nm (for 
retinol acetate). 

One of our major goals has not been realized 
as yet, in that the absorbance is still about 3.5 
times less intense than the corresponding Carr- 

Price absorbance when retinol acetate is assayed. 
As shown in Table 2, the sensitivity of the re- 
agent for retinal is approximately the same 
factor higher, so that retinal can be detected by 
2,3-DP with approximately the same sensitivity 
as retinol acetate by the Carr-Price method. 

The lower sensitivity of this method for retinol 
acetate is not actually important in routine 
analysis. Most pharmaceutical preparations con- 
taining vitamin A have such a high level that 
dilution is necessary before analysis can be 
employed. Sebrell and Harris (12) show that 
most food sources of vitamin A contain consid- 
erably more than the 3 pg/g of vitamin A for 
which we found an absorbance of 0.076. 

(u) Dependence ofthe Absorbance at 555 ntn 
on Temperature 

The absorbance at 26.5 OC was found to be 
13y0 higher than at 20 OC. To prevent errors due 
to temperature effects, the procedure is best 
carried out in a controlled temperature room or 
a correction table can be prepared if this is not 
possible. If an instrument like the Spectronic 20 
is used, the sample tube should not be inserted 
into the spectrophotometer until the pink colour 
appears, as the lamp of the Spectronic 20 notice- 
ably heats the tube. 

(ui) Stability of' the Reagent 
Two samples of reagent prepared by different 

workers from different samples of ally1 alcohol 
and distilled at different maximum temperatures 
gave absorbances at 555 nm which differed by 
only 5y0 even though one reagent sample had 
been prepared 3 months before the other. 

(uii) Mechanism of the Reaction 
The first step in the reaction is certainly the 

Carr-Price reaction. By omitting the 2,3-DP we 
found that a strong transient absorption occurs 
at 620nm even though the concentration of 
antimony trichloride is much smaller in our 
experiments than in the normal Carr-Price pro- 
cedure. Solvents and the concentration of anti- 
mony trichloride markedly affect the absorbance 
at 620 nm. At antimony trichloride concentra- 
tions of less than 0.5% or in the presence of 
carbon tetrachloride or nitromethane even at 
lyo antimony trichloride concentration, the 
620nm absorbance is very low and does not 
vary appreciably with time. 

In the presence (or absence) of 2,3-DP two 
peaks appear immediately at 397 nm with the 
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0.400 

0.3 

- 
O O  2 4 6 8 10 

TIME (rnin) 
FIG. 4. Effect of 2,3-DP on the rates of change of the 

absorptions at  390, 620, and 555 nm: -, 3 rnl of ly, 
SbC13 in CHC13 + 1 rnl of 16.1 mg/rnl retinol acetate; 
- - -, 3 rnl of 90: 10: 1 CHC13/2,3-DP/SbC13 + 1 rnl of 
16.1 @g/rnl of retinol acetate. Temperature 8 "C. Rates 
rneas~~red in a Beckman DB spectrophotometer. 

hint of a third peak at 355 nm. The antimony 
trichloride solution absorbs strongly below ap- 
proximately 370 nm with complete absorption 
occurring below 350nm. Thus we could not 
determine the rate of change of the vitamin A 
concentration. Edisbury et al. (13) and Shantz 
et al. (14) showed that anhydrovitamin A is a 
product of the Carr-Price reaction. Anhydro- 
vitamin A absorbs at 392, 37 1, and 35 1 nm in 
ethanol (12). The absorptions we obtained at 
397 and 375 nm are undoubtedly due to anhydro- 
vitamin A. At 10 OC in the presence of 2,3-DP, 
absorption at 390 nm was found to fall rapidly 
whereas in the absence of 2,3-DP it fell very 
slowly (Fig. 4). On the same time scale the pink 
colour rose to a maximum when 2,3-DP was 
present. 

The relative values of the 620 and 390 nm 
absorptions depend on the concentration of 
antimony trichloride. At antimony trichloride 
concentrations in excess of 1% the 620nm 
absorbance usually exceeds the 390 absorption 
whereas the reverse is true at lower concentra- 
tions of antimony trichloride. 

Several different experiments have show11 that 
the absorbance at 390 nm reaches a peak value 
before the 620nm absorbance. For instance, 
1 ml of a solution containing 9 pg/ml of retinol 
acetate in carbon tetrachloride was rapidly mixed 

VOL. 54, 1976 

at 30 "C with 3 ml of a solution containing 
purified chloroform, 2,3-DP, and antimony tri- 
chloride in the ratio 90: 10:l. The 390 nm 
absorbance reached its maximum value in 6 s 
whereas the 620 nm absorbance took 14 s. 

The rate and relative rate of decrease of the 
absorption at 620 and 390nm depend on the 
concentration of antimony trichloride. As al- 
ready stated, at low concentrations of antimony 
trichloride the 620 nm absorbance changes very 
little whereas the 390 nm absorbance decreases 
gradually from a fairly high value. At higher 
concentrations with purified chloroform or 1,2- 
dichloroethane as solvent, both absorptions 
decrease at approximately the same rate. The 
disappearance of the 620 and 390 absorptions 
and the rise of the absorption at 555 nm are best 
fitted by kinetic equations based on the assump- 
tion of reversible first-order kinetics. In the 
presence of 1 % antimony trichloride all forward 
rate constants measured (k620, k390, k555) agree 
within 20-30%. 

If 0.5 ml of absolute ethanol is added to the 
reaction mixture after the 620 and 390nm 
absorptions have reached their maximum values 
and the pink complex is present, the absorptions 
at 620 and 555 nm drop to zero within the mixing 
time of the chemicals. even at 0 OC. The 390 nm 
absorption does not change. 

The present findings also indicate that a rela- 
tively stable complex absorbing at 555 nm is 
formed in the presence of both antimony 
trichloride and 2,3-DP. The structure of this 
complex has not been fully established but can be 
reasonably assumed to be that given in Fig. 5 by 
analogy with the known reaction of retinol with 
ethanol and Lewis acids. Earlier workers have 
shown that on treatment with anhydrous eth- 
anol- HC1, vitamin A is first converted to  
anhydrovitamin A (13, 14) and on prolonged 
treatment, to isoanhydrovitamin A which bears 
an ethoxy group at 4, 14, or 15. This compound 
is reported to  show absorption peaks at 332,348, 
and 366 nm (15), while the Carr-Price complex 
absorbs at 620 nm (13). Whether or not the 
complex displays a weaker absorption peak at 
shorter wavelengths is not reported. Unfor- 
tunately, the strong absorption of antimony 
trichloride in the ultraviolet precludes the possi- 
bility of determining unequivocally whether a 
similar compound is formed between anhydro- 
vitamin A and 2,3-DP in the reaction under study. 
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SbCI3 Retino! Anhydrovitamin - 
acetate A 

Blue 2,)-DP - Pink 
complex - complex 

(A,,,,, at 620 nm) (A,,,,, at 555 nm) 

FIG. 5. Proposed reaction mechanism and the postulated structure of the pink complex. 

The proposed mechanism for the reaction 
scheme is shown in Fig. 5. The first step is the 
conversion of retinol to anhydrovitamin A by 
antimony trichloride. 

Lewis acids interact further with the anhydro- 
vitamin A to form a a-complex with the con- 
jugated system. The strong inductive effect of the 
chlorine atoms produces a fractional charge 
separation over the a-complex. The most strongly 
affected molecular orbital will be the highest 
occupied orbital (highest energy). Since the long 
wavelength transition is due to the promotion of 
an electron from this to the lowest unoccupied 
molecular orbital, the A,,,, of the transition will 
be altered. The effect of the formation of the 
a-complex will be to destabilize (increase the 
energy of) the ground state (highest occupied 
molecular orbital) and to stabilize the excited 
state (lowest unoccupied molecular orbital). This 
is brought about by the stabilization of the 
necessary dipole produced in the optical transi- 
tion. The decrease in the energy difference 
between the two states leads to the observed 
strong bathochromic shift from the ultraviolet 
to 620 nm. 

The slower subsequent addition of 2,3-DP 
produces the complex shown in Fig. 5 and in 
effect reduces the conjugation path by a further 
formal double bond. Since the energy difference 
between the highest occupied and lowest un- 
occupied molecular orbital increases with de- 
creasing conjugation path length, interaction 
with antimony trichloride now gives rise to  the 
transition at  555 nm. Justification for this as- 
sumed scheme can be gained from the fact that 
the Carr-Price complex of vitamin A2 (with six 

double bonds in the unperturbed state) absorbs 
at 693 nm (a shift of 73 nm compared to the 
retinol complex). If this 73 nm shift is of the right 
order for addition or subtraction of one double 
bond then the calculated long wavelength ab- 
sorption maximum of the Lewis acid complex 
should be 547 nm. As has already been stated 
the measured absorption maximum occurs at 
555 nm, only 8 nm removed from the calculated 
value. 

Blatz et (11. (16, 17) postulated extensive cis- 
trans isomerism of retinol in the reaction with 
Lewis acids leading to the formation of cyclic 
structures. In view of the known hindrance to 
rotation due to steric interference between the 
methyl groups at positions 9 and 13 and the 
proximal H atoms this is felt to be unlikely 
though selective cis-lrans isomerism is obviously 
possible. 

Further Work 
Work is proceeding on determining if 2,2',3,3'- 

tetrachloro-1-propanol, 2,3-dibromo-1-propanol, 
and 2,3-diodo-1-propanol have any advantage 
over 2,3-DP as colorimetric reagents for vitamin 
A analysis. Isolation of the isoanhydrovitamin A 
analogue (Fig. 5) is also being attempted. 

Chemicals and Experimental Detail 

(u) Cl/ernicals 
Retinol acetate, 1,3-DP for vitamin A determination. 

2,3-dichloro-1-propanol (2,3-DP), ally1 alcohol, and anti- 
mony trichloride were obtained from Fisher Scientific. 
Most of the 1,3-DP was manufactured by Eastman 
Kodak, except for 100 ml from the Baker Chemical 
Company. Retinol acetate, retinal, retinol, retinoic acid. 
and retinol palmitate were obtained from the Sigma 
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Chemical Company. Dichlorohydrin was supplied by 
British Drug Houses (BDH), Chloroamine-T by Eastman 
Kodak, and chlorine gas by Matheson. 

Carbon tetrachloride, nitromethane, I ,2-dichloroeth- 
ane, absolute ethanol, and chloroform were obtained 
from Fisher Scientific. Alcohol was removed from the 
chloroform by the method described by Strohecker and 
Henning (I). 

Chemicals were analyzed on a 6 ft by 0.25 in. 15',.; 
EGSS-X on Gas Chrom Q 100-120 mesh column mounted 
in an F and M 810 gas-liquid chromatograph. A similar 
DEGS column was also satisfactory. 

Absorbance measurements were made in 1 cm quartz 
cells in a Beckman DB spectrophotometer. In our mech- 
anism studies, the temperature of the cells was controlled 
to i l "C by a  ams son TEZ9 circulator and a Neslab 
Instrument PBC-4 bath cooler. 

(b) P1.clparcrtiot1 qf'2,3-Diclrloro-l-pro~~~111ol(2,3-DP) 
Chlorine gas was bubbled through cooled pure allyl 

alcohol contained in 500 ml gas washing bottles until glc 
analysis showed that the reaction was complete. Solvents 
were not used as they were found to be difficult to remove 
from the 2,3-DP. A temperature programmed run from 
I10 to 200 "C at  a rate of 4 "C/min adequately separated 
the reaction products on the glc column. The 2,3-DP 
eluted in approximately 12 min. The chromatogram 
showed that there were three major impurities and several 
minor components. Only a trace of I ,3-DP was present. 
If the reaction was not taken to completion a considerable 
amount of allyl chloride was detected. If, however, the 
reaction was continued until the solution turned yellow 
due to excess chlorine no ally1 chloride was found. Pre- 
sumably one of the other impurities is the completely 
chlorinated product of allyl chloride. 

The solution also contained a considerable amount of 
HCI either from the cylinder gas or from a side reaction. 
To purify the 2,3-DP, water was added and the acid was 
neutralized to p H  6-7 with sodium bicarbonate or car- 
bonate. The neutralized solution was separated from the 
sodium chloride, washed with water, and then dried over 
anhydrous sodium sulphate. The impurities were distilled 
from the 2,3-DP at a pressure of a few torr and a maxi- 
mum temperature of 92 "C. The 2,3-DP darkens above 
this temperature and rapidly decomposes above 120 "C. 
The 2,3-DP left in the reaction flask had a slight reddish- 
brown tinge and was quite viscous. 

(c) Cnrr-Price Procecl~rre 
A 25'4 SbCI, solution in CHCI, (3.5 ml) was rapidly 

added from a wide-mouthed pipet to 1 ml of vitamin A 
solution contained in a 1.13 cm pathlength Spectronic 
20 cell mounted in the spectrometer. Readings were taken 
a t  the 'pause' point, 5 s after mixing (temperature 32 "C). 

(d) Rare Srlrdy Procecllrre 
All chemicals and glassware were cooled to the spectro- 

photometer's cell temperature in the main tank of the 
circulator. Nitrogen gas was circulated through the cell 

compartment of the spectrophotometer to prevent 
fogging of the cells. Activated 2,3-DP (3 ml) or a total of 
3 ml of activated 2,3-DP plus solvent containing the 
requisite amount of antimony trichloride were placed in 
a test-tube in the tank of the circulator. A solution of 
vitamin A in the appropriate solvent (1 ml) was added, 
the solution agitated for 5-10 s on a vortex mixer and 
then poured into the precooled sample cell of the double 
beam spectrophotometer. Mixing was satisfactory at  
I0 "C but inclusion of air bubbles made results at  0 and 
- 10 'C diflicult to obtain. 

The blank consisted of all components of the solution 
except vitamin A. The signal from the spectrophotometer 
was recorded on a 10 in. Beckman potentiometricrecorder. 
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The collisional quenching of electronically excited oxygen atoms, 
0(2'D,), by the gases NH,, H,O,, C2H6, C,H,, and C(CH,),, 
using time-resolved attenuation of atomic resonance radiation 
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I. S. FLETCHER and D. HUSAIN. Can. J. Chem. 54, 1765 (1976). 
A kinetic study of electronically excited oxygen atoms, 0(21D2), is presented. These optically 

metastable species were generated by repetitive pulsed irradiation in the Hartley-band con- 
tinuum and monitored photoelectrically in absorption by time-resolved attenuation of resonance 
radiation at  X = 115.2 nm (O(31D;) + 0(2'D2). Absolute rate constants for the collisional 
quenching of 0(21D2) are reported for the gases NH3, H20z, C2H6 C3Hs, and C(CH3),. These 
are found to be respectively (in units of 10-10 cm3 molecule-I s-1 at  300 K), 6.3 f 0.7.5.2 i 0.6. 
7.3 1 0.8, 9.5 + 1.0, and 12.3 f 1.3. With the exception of a recent measurement for NH,. 
these data represent the first absolute measurements for these quenching gases. Further, a 
general comparison is made between absolute rate measurements using this technique and 
recent work by Schiff and co-workers using time-resolved emission at  X = 630 nm (0(21D2! -* 
0(23P2)) in order to monitor the excited atoms. 

I. S. FLETCHER et D .  HUSAIN. Can. J. Chem. 54, 1765 (1976). 
On prCsente une etude cinCtique des atomes d'oxygkne excitis Clectroniquement, 0(21D2). 

On gCnkre ces espkces optiquement mktastable par une irradiation pulsCe rCpititive dans le 
continuum de la bande de Hartley et on les dCtecte photoClectroniquement dans un mode 
d'absorption par une attinuation rCsolue dans le temps de la radiation de rCsonance B = 

115.2 nm O(31D;) + 0(21D2)). On rapporte les constantes absolues devitesse pour la dhactiva- 
tion par collision de 0(2'D2) par les gaz NH3, H202,  C1H6, C3Hs et C(CH3),. On trouve qu'elles 
sont respectivement Cgales B (en unit6 de 10-lo cm3 rnolCcule-1 s-1 k 300 K) 6.3 f 0.7,5.2. f 0.6. 
7.3 i 0.8,9.5 i 1.0 et 12.3 i 1.3. A l'exception de la mesure rCcente pour le NH3, ces donnCes 
repkentent  les premikres mesures absolues pour la disactivation par ces gaz. De plus on fait 
une comparaison gCnirale entre les mesures de vitesses absolues utilisant cette technique et le 
travail ricent de Schiff et de ses collaborateurs utilisant une Cmission rCsolue dans le temps B 
X = 630 nm (0(21D2) -+ 0(2'P1)) de facon B mesurer les atomes excites. 

[Traduit par le journal] 

Introduction 
There is extensive and detailed current interest 

in the collisional behaviour of electronically 
excited oxygen atoms, O(2l D2), 1.967 eV above 
the O(Z3P2) ground state (I), both on account of 
its importance in the chemistry of the strato- 
sphere (2) and the interpretation of the kinetic 
behaviour within the context of a general frame- 
work concerned with the relationship between 
electronic structure and reactivity (3). In recent 
years, some emphasis has been given to  kinetic 
studies in which 0(21D2) has been monitored 
directly. Noxon and co-workers (4-6) have em- 
ployed the weak, magnetic dipole-allowed emis- 
sion at A = 630 nm (0(21D2) -> 0Q3P2),  A,,,, = 

I I / T ~  = 6.9 X s-l) (7) during the continuous 
photolysis of O2 and C 0 2  in a static system and 

I reported kinetic data for the gases 0 2 ,  N2, CO, 

and C02.  Schiff and co-workers (8) employed the 
observation of the emission in the time-resolved 
mode following the repetitive flash photolysis of 
ozone in the Hartley-band contiiluum (200- 
320 nm). Very recently, SchifX and co-workers. 
together with a group a t  the NOAA Environ- 
mental Research Laboratories a t  Boulder, COI- 
orado (9) have modified this technique in order 
t o  effect the photolysis of O3 by means of a 
frequency-quadrupled neodymium-YAG laser 
(A = 266 nm). They have reported absolute 
quenching rate data for 0(21D2) with a range of 
added gases. By contrast, Heidner, Husain, and 
Wiesenfeld have employed the electric dipole- 
allowed time-resolved absorption in the vacuum 
ultraviolet a t  A = 115.2 nm (O(3lD;) + O(2lD2)) 
in order to  monitor the optically metastable atom 
following the repetitive flash photolysis of 0 3  
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(10-14) and have employed this technique to  
obtain absolute rate data for a large range of 
collision partners. 

In this paper, we employ the attenuation of 
resonance radiation method at  X = 115.2 nm in 
order to  obtain absolute rate data for the re- 
moval of 0(21D2) with the gases NH3, H20z, 
C2H6, C3H8, and C(CH3)4. These gases are either 
important in atmospheric chemistry or in tech- 
niques used t o  obtain rate data for 0(21D2). 
Apart from the very recent work by Schiff and 
co-workers (9) on NH3, carried out simultane- 
ously with the present investigation, absolute 
rate data for these gases have not been reported 
hitherto. 

Experimental 
The experimental arrangement was similar to that 

employed previously (10, 11). Briefly, 0(2'D2) was gener- 
ated by the repetitive pulsed irradiation (E = 64 J) of 
ozone in the Hartley-band continuum and monitored 
photoelectrically in absorption by attenuation of the 
X = 115.2 nm resonance transition, derived from a 
microwave-powered atomic How lamp (2% O2 in He, 
ptotnl with = 100 N m-2, incident power = 50-100 W). 
The Rowing reactant system as used in the present ar- 
rangement is equivalent to a static system (10, 11). The 
attenuated signals at  X = 115.2 nm were detected by 
means of a solar blind photomultiplier tube (E.M.R. 
5416-08-18), mounted at  the exit slit of a 1 m concave 
grating vacuum monochromator (Hilger and Watts), and 
amplified with a current-to-voltage converter employing 
a fast-settling operational amplifier (15). 

The principal modification to the experimental ar- 
rangement employed in previous attenuation studies of 
0(21D2) (10-14) is the inclusion here of a rapid response 
precision logarithmic signal converter with a large scale 
voltage limiter and an a.c.-coupled amplifier with one- 
directional clamping. This has been described in a 
previous study on N(12DJ) and N(22PJ) (16), and a 
modified circuit, now employed as a regular electronic 
tool in this laboratory, in a later paper on C(13PJ) (17). I t  
is appropriate to note the principal advantages of em- 
ploying this circuit for measurements on 0(21D2), 
namely, it effectively permits measurements of In (lo/Itr) 
(where the symbols have their usual significance) directly 
for rapidly decaying signals, including those for relatively 
weak absorption, and removes the necessity of spreading 
out the decay signals over a long time base in order to  
determine the lo value. Overall, this system leads to rate 
data of considerably improved signal-to-noise ratio (16). 

Following passage of the amplified photocurrent 
through the precision logarithmic circuit, the transient 
signals were digitised and stored in a 200-channel signal 
averager (Datalab, model l02A). Each kinetic run pre- 
sented here is, in general, the average of 32 repetitive 
experiments employing sweep times of 2-50 ps/channel. 
The contents of the signal averager memory were then 
punched onto paper tape for subsequent analysis in the 

University's computer (IBM 370). As previously (10, 1 I), 
the numerical data smoothing procedure of Savitsky and 
Golay (18) was used in order to obtain maximum use of 
the raw data at low degrees of light absorption. Further. 
we employ the modified Beer-Lambert law 

[I] I t ,  = I, exp ( - e ( c f ) ' )  

where the symbols have their usual significance (19) in 
order to relate the concentration of 0(21D2) to the 
attenuated and unattenuated signals. The use of this law, 
in the light of recent studies on eq. 1 by other workers, 
will be discussed later. For the conditions employed here, 
previous measurements have yielded y = 0.41 0.03 for 
this transition (10). 

Materials 
He, Kr (for the photoHash lamp), 0 3 ,  0 2 ,  and C 0 2  were 

employed as previously described (11). Cylinder NH, 
(I.C.1.) was trapped a t  liquid nitrogen temperatures 
(- 196 "C), degassed by several freeze-pump-thaw (fpt) 
cycles and fractionally distilled from the temperature of 
a C02/acetone slush (-80 "C) to -196 "C. 'Chemically 
pure' cylinder propane (Matheson Co.) and ethane 
(Matheson Co.) were trapped at  - 196 "C and degassed 
by several fpt cycles. A similar procedure was employed 
for neopentane (B.D.H.) except that this material was 
fractionally distilled from a chloroform slush temperature 
(-63 "C) to -196 "C. Particular care was taken in the 
case of hydrogen peroxide. H202  (Laporte Titanium 
Ltd.) (mole fraction of H,02 in H 2 0  = 0.78 from vapour 
pressure measurements (20)) was transferred to a specially 
constructed vacuum system with greaseless taps in order 
to avoid decomposition of the material by standard tap 
greases. After degassing by fpt cycles, an attempt was 
made to concentrate further the starting material by 
careful evaporation. However, this was found to lead to 
decomposition. The procedure adopted was therefore to 
carry out rate measurements on 0(2LD2) with the vapour 
of the initial material and to correct the observed decays 
for the vapour pressure of H 2 0  using the previous 
measurement for kHIO reported by Heidner er 01. (1 I). 

Results and Discussion 
An example of the raw data representing 

In (ltr/Io) a t  X = 115.2 nm resulting from pass- 
age through the precision logarithmic amplifica- 
tion circuit and digitising in the signal averager 
is given in Fig. 1 in order to  indicate the nature 
of the decay of 0(21D2) in the presence of am- 
monia. I t  can be seen from eq. 1 that In (Io/l,,) is 
a direct linear measure of the concentration of 
0(21D2). Figure 2 shows typical first-order 
kinetic plots for the decay of 0(21D2) in the 
presence of varying pressures of NH3. Inspection 
of eq. 1 shows that the slopes of such plots are 
given by -rk' where kt is the overall first-order 
decay coefficient for 0(21D2). k' can then be 
expressed in the form: 
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LO 80 120 160 200 
Channel 

FIG. I .  Digitised time-variation of In (lt,/lO) at X = 
115.2 nm (0(3lD!),--t 0(21D2)) indicating the decay of 
resonance absorption by 0(21D2) in the presence of 
ammonia. E = 64 J ;  repetition rate = 0.2 Hz; po, = 

0.025 N m-', P N H ~  = 0.019 N m 2 ,  ptotal wltl,  He = ca. 
2.0 kN m-?; average of 32 experiments; 20% of actual 
point density represented; sweep rate = 5 ps/channel. 

- - 
- 
& -3.0- - 
C - 

0 200 GOO 600 800 

Time I p s  

FIG. 2. Typical pseudo first-order plots for the decay of 
0(21D2) obtained by monitoring the absorption of light at 
x = 115.2 nm (O(31D2) + 0(21D2)) in the presence of 
ammonia. E = 64 J ;  po, = 0.025 N m-', ptotnl l ie  = 

crr. 2.0 kN m-'; pNI13(N m-'1: 0, 0.0; a, 0.019; 0, 
0.045; 0,  0.08. 

where kQ is the absolute second-order rate con- 
stant for the collisional removal of 0(21D2) by an 
added quenching gas, Q, and, in the case of the 
data of the type given in Fig. 2, kNI13. K repre- 
sents first-order decay contributions to  kt  other 
than by Q, comprising collisional removal by the 

I I I I I 

0.02 0.OL 0.06 0.08 030 
Po INm-2 

FIG. 3 .  Plots of pseudo first-order rate coefficients 
(?kt) for the decay of 0(2ID2) in the presence of NH3 and 
C2Hs. O,H, NH3; O, 0,  C2H6. Ptotn~ wit11 He (kN m-'): 
0, H, co. 2.0; 0,  0, ca. 3.5 (yk' for NH3 displaced by 
- lo3 S-I). 

Po l ~ m - ~  
FIG. 4. Plots of pseudo first-order rate coefficients 

(yk') for the decay of 0(21D2) in the presence of H20,, 
C3Hs and C(CH3),. H, H202; 0,  0, C3H8; A, C(cH314. 
ptotnl with He (kN m-'): H, 0,  A, crr. 2.0; 0, ccr. 3.5 
(yk' for H202 displaced by -2 X lo3 s-1). 

products of photolysis, weak spontaneous emis- 
sion, diffusion and removal by O3 itself. K is taken 
to  be a constant in a given series of kinetic runs 
in which [Q] alone is varied. Figures 3 and 4 
indicate the linear variation of rk' with [Q] for 
the gases NH3, H202, C2H6, C3Hs, and C(CH3)4, 
the slopes of these plots, with the above measured 
value of 7, yielding the absolute values of kQ. 
Measurements were also carried out on 0 2  and 
C 0 2  in order to check consistency with previous 
measurements by this technique but which did 
not employ the precision logarithmic converter. 
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TABLE 1. Absolute rate constants (1010 kQ,  cm3 molecule-' s-1, 300 K )  for the collisional removal of 0(21D2) 

10"' kQ 

Q This worka Schiff and co-workers (9)b Clark and Noxon (6)C Cvetanovid (2)" 

aAttenualion of atomic resonance radiation ( A  = 115.2 nm) 
bTime-resolved emission ( A  = 630 nm). 
CSteady emission ( A  = 630 nm). 
"Recommended values from data compilation. 

Table 1 shows the absolute values for kQ derived 
from this investigation, together with those from 
previous measurements involving direct moni- 
toring of O(2l D2). 

Regarding the consistency of the present 
measurements employing the logarithmic cir- 
cuitry and those for 0(21D2) absorption measure- 
ments made hitherto, whilst the present data for 
CO2 and O2 are marginally lower than those 
previously reported (1 l), the difference is small 
when the errors are included (Table I). The 
absolute values of kQ for NH3, H202, C2H6, 
C3H8, and C(CH3)4 show these molecules to be 
highly efficient quenching species (Table 1). The 
only possible comparison w~ th  a direct measure- 
ment is that for kNI13 which Schiff et al. (9) 
have found to be much smaller from their 
0(21D2) emission measurements and more in 
accord with the estimate given in the compilation 
of CvetanoviC (2). It must be mentioned that 
Schiff and co-workers (9) did find anomalous 
emission profiles at 630nm when using NH3 
(and also H2, CH4, and HCI). They believed this 
to  be due to  the (9-3) OH Meinel emission band 
in this region resulting from chemical reaction. 
In such cases, exponential decay profiles were 
subsequently restored by the addition of SF6 
which was presumed to relax the higher vibra- 
tional levels of OH. On the other hand, the 
majority of the data presented here (Table 1) is 
in reasonable accord with those from Cvetano- 
viC's 'recommended values' though it should be 
noted that these values (2) are strongly influ- 
enced by a standard for kco, which is close to  
that given by Heidner et al. (11) (Table 1). 
However, within the context of the present 

method, attenuation of atomic resonance radia- 
tion on 0(2'D2) has yielded two independent 
measurements over the span of three years for 
C 0 2  and O2 which can be regarded as consistent. 

Expressing the rate data relative to that for 
C 0 2  for each set of measurements, the data 
for O2 from both the absorption and emis- 
sion investigations are in accord. The value 
obtained here for kNI13 (relative to  C02) still 
remains high relative to both that reported by 
Schiff and co-workers (9) and that derived from 
the rough estimate for the recommended value 
given by CvetanoviC (2) (Table 2). It is clearly 
beyond the scope of this paper to discuss the 
various individual measurements leading to 
Cvetanovik's recommended values and the re- 
lated values derived therefrom. However, we 
would mention that recent measurements by 
Gauthier and Snelling (21) lead to relative 
quenching rates of 0(21D2) for C02, 02, C3H8, 
and C(CH3)4 which are, respectively, 1 :0.37: 
4.0:5.2, in good agreement, when the quoted 
errors are included, with CvetanoviC's relative 
data and that of the present work (Table 2). 

Finally, this discussion cannot avoid a general 
comparison between data derived by the present 
method and those given by Schiff and co- 
workers (9). Table 3 lists the absolute rate data 
derived by the two methods where a comparison 
is possible. It is clear that the absorption tech- 
nique has yielded higher values than the emission 
method; it is also clear that the two methods 
canizot be resolved by a constant factor. Phillips 
(22) has recently investigated the validity of 
eq. 1 in the present measurements by carrying 
out a calculation on the X = 1 15.2 nm transition 
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FLETCHER AND HUSAIN 1769 

TABLE 2. Relative rate data for the collisional removal of 0(21D,) (relative to C02) 

Relative rate 

Q This work Schiff and co-workers (9) Clark and Noxon (6) CvetanoviE (2) 

TABLE 3. Comparison of absolute rate data for the collisional quenching of O(210,) from time-resolved 
absorption, 0(310,0) + 0(2'D2), and time-resolved emission, 0(21D2) -+ 0(23P2) 

Method Hz D2 N2 0 ? 0, 

Time-resolved absorption ((10-14) + this work) (? = 0.41) 2.7 1.8 0.69 0.53 2.7 
Time-resolved absorption ((1C14) + this work) (? = 1) 1 . I  0.74 0.28 0.29 1 . 1  
Time-resolved emission (9) 1.3 1 .3  0.30 0.41 3.4 

10l0 kQ (cm3 molecule s-1, 300 K) 

Method C 0 2  N 2 0  H 2 0  NH3 CH4 

Absorption (? = 0.41) 1 .7  2.2 3 .O 6.3 3.1 
Absorption (? = 1) 0.70 0.90 1.2 2.6 1.3 
Emission 1.2 1.4 2.1 3.4 1.3 

similar to that reported by Bemand and Clyne 
(23) for the X = 130nm resonance triplet of 
0Q3PJ). On the basis of various absolute esti- 
mates for the concentration of 0(21D2) in the 
reaction vessel and a Lorentz broadening cross 
section of 3 X 10-I cm2 for helium together 
with various 'two layer' temperature profiles in 
the resonance source, Phillips has calculated that, 
for the range L = In (In (Io/I,,)) = ca. - 1.0 to 
-3.5,r is indistinguishable from unity. He pro- 
poses that a value of 7 = 0.90 f 0.10 should be 
employed. It should be noted that the 7-value of 
0.41 f 0.03, which we have reconfirmed, was 
determined experimentally for the range L = 

+0.3 to - 1.0 (10) and this is in reasonable 
accord with Phillips calculation in this range 
where 7 = ca. 0.5 (22). Dividing the rate data 
from 0(21D2) absorption measurements by the 
ratio Y ~ ~ ~ ( ~ ~ ) / Y ~ ~ ~ ( ~ ~ )  = 0.90/0.41 = 2.2 does not 
resolve the two sets of data as is clear from 
Table 3. Indeed, some of the data are in agree- 
ment. 

Schiff and co-workers (9) have suggested that 

a value of 7 = 0.7 might be employed to recon- 
cile em~iricallv the two sets of data. It seems to 
the au&ors thBt the analysis of the data derived 
from the attenuation technique could be consid- 
ered from two viewpoints: either a 7-value of 
0.41 as rneasured(10) be employed, or a value of 
unity, i.e., adherence to the Beer-Lambert law, 
which is clearly seen from the appropriate plots 
in Phillips' line profile calculations (22), be 
ado~ ted .  Table 3 thus includes the data derived 
f ro4  the attenuation measurements in these two 
forms. One could clearly present all the data 
obtained from the line absorption measurements 
on this basis (10-14), including those for quench- 
ing by the noble gases (14). It can be seen that a 
7-value of unity, or even 0.9, would result in a 
number of particularly low quenching rate con- 
stants for 0(21D2) (Table 3). Certainly, the 
general trend between the two sets of data, i.e., 
absorption and emission, appears to be signifi- 
cant and this aspect of the-comparison, in our 
opinion, remains unresolved. 

Apart from the absolute values of the quench- 
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ing rate constants, the comparison of the data for 
H2 and D2 perhaps merits separate comment. 
Sorbie and Murrell(24) have presented a detailed 
analytical potential function for the insertion of 
0(21D2) into Hz, and the reaction dynamics on 
the surface, unfortunately not including D2, are 
in the course of preparation (25). One would 
expect some difference in dynamics between the 
two isotopes, if only on the basis of a mass 
effect. Certainly, a simplified r - V o n g  range 
potential of the type employed by Tully (26) and 
by Miller and co-workers (27) for 0(21D2) + NZ 
leads to the ratio of kH,/kD, = z5lG = CCI. 1.8, 
in reasonable accord with t h e  observed ratio of 
1.5 from the attenuation technique (Table 3) but 
not in agreement with the equality in the rates 
resulting from emission measurements (Table 3).' 
This is a further aspect of the absorption and 
emission data that requires resolution. 
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ALICE ANN SAYLER and HERBERT BEALL. Can. J. Chem. 54, 1771 (1976). 
The sequence of electrophilic substitution for o- and m-carborane has been the subject of 

much experimental and theoretical work. The molecular structure of tribromo-m-carborane 
( ~ ~ I - B , ~ B ~ , H ~ C , H ~ )  shows that the third bromine atom to be substituted is found bonded to 
boron atom 12-(or 5). The crystal data are: space group, Pbcrn; n = 8.47(4), b = 12.19(8), and 
c = 12.25(8) A; p, = 1.98(2) and pc = 2.00 g/cm3 for Z = 4. Data were collected using 
Weissenberg geometry and Ni-filtered CuK, radiation. The visually estimated intensities of 
920 reflections were used in the anisotropic block-diagonalized least-squares refinement of the 
76 structural parameters. The final value of the conventional residual index was 0.087. 

ALICE ANN SAYLER et HERBERT BEALL. Can. J. Chem. 54, 1771 (1976). 
La sequence de substitution Clectrophile des o- et rn-carborane a fait l'objet de beaucoup de 

travaux expCrimentaux et thCoriques. La structure molCculaire du tribromo-m-carborane 
(m-BloBr3H7C2H2) indique que le troisikme atome de brome B se substituer se trouve liC B 
I'atome de bore en position 12 (ou 5). Les donnies ~ristallographiques sont: groupe d'espace, 
Pbcm; a = 8.47(4), b = 12.19(8) et c = 12.25(8) A; P, = 1.98(2) et P, = 2.00g/cm3 pour 
Z = 4. On a recueilli les donnCes en faisant appel B la gComCtrie de Weissenberg et B une 
radiation CuK, filtrCe par le nickel. On a utilisC les intensites CvaluCes d'une faqon visuelle pour 
920 rkflexions dans l'affinement anisotrope de la structure; pour y parvenir, les 76 param'etres 
structuraux ont CtC affinb par la mCthode des moindres carrCs (blocs diagonaux). La valeur 
finale de R est de 0.087. 

[Traduit par le journal] 

The stepwise electrophilic substitution of o-car- 
borane (1,2-dicarba-closo-dodecaborane (1 2)) 
and its C-methyl derivatives with halogens in the 
presence of AlC13 has been extensively investi- 
gated (1-25). It has been found that the ground 
state charge distribution in 0-carborane gives a 
reasonable account of the successive positions of 
electrophilic attack (10). It has been predicted 
that similar results can be expected for the elec- 
trophilic substitution in m-carborane (1,7-di- 
carba-closo-dodecaborane (12)) (26). 

If the ground state charge distribution is not 
altered in the transition state and if steric and 
neighbor effects are not dominant, electrophilic 
halogenation should occur first at the borons 
where ground state charges are most negative. 
Since the carbon atoms in the carborane moiety 
withdraw electron density, a simple inductive 
rule gives the relative charges (27). Boron atoms 
2 and 3, which are bonded to both carbon atoms, 
should be the most positive boron atoms while 
boron atoms 9 and 10, which are the farthest 
away from both carbon atoms, should be the 
most negative. The other boron atoms, which are 
bonded to only one carbon, should be inter- 
mediate in charge. A molecular orbital study of 

117-carborane predicted the charge distribution 
as - 0.16 for B(9) and B(10), - 0.03 for B(5) and 
B(12), - 0.03 for B(4), B(6), B(8), and B(l l), and 
f0.10 for B(2) and B(3) (28). A later study 
yielded charges of -0.25 for B(9) and B(10), 
-0.06 for B(5) and B(12), -0.03 for B(4), B(6), 
B(8), and B(11), and f0.13 for B(2) and B(3) 
(26). It has been shown that the electrophilic 
chlorination and bromination occurs first at the 
B(9) and B(10) in HZ-carborane and its C-methyl 
derivatives (2, 3, 7, 15, 16, 18, 22, 23, 26, 29-35). 
However, the third bromine substituent could 
occupy either the B(5 or 12) or B(4, 6, 8, or 1 I) 
since molecular orbital calculations and simple 
inductive rule give very similar framework 
charges. 

The stepwise halogenation of I-methyl-m- 
carborane has been investigated (34). It was 
found that the electrophilic bromination of 
I -methyl-9,lO-dibromo-nz-carborane yields a mix- 
ture of the tribromo-m-carborane containing 
73 % of the 1-methyl-9,10,12-tribromo-m-car- 
borane and 25% of the I-methyl-4,9,1O-tri- 
bromo-m-carborane. It appears that the third 
bromine preferentially substitutes at the B(12) 
position. However, the methyl group would be 
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1772 CAN. 1. CHEM. VOL. 54, 1976 

expected to  alter the charge distribution since it 
can donate electron density to  the carborane 
moiety. In o-carborane, it was found that 
C-methyl substituents d o  not alter the position 
of electrophilic attack (11). In order t o  find 
whether the same holds true in m-carborane, we 
have determined the three-dimensional X-rav 
single crystal structure of tribromo-m-carborane. 
Substitution of third bromine was, in fact, found 
to  occur a t  the B(12) (or B(5)) position. 

Structure Determination 
Photographically recorded X-ray patterns given by 

single crystals of tribromo-m-carborane, B10Br3H7C2H2, 
showed reciprocal lattice symmetry of mnlm and system- 
atic absences of Okl when k is odd and I101 when I is odd. 
Two lozenge-shaped single crystals about 0.05 by 0.05 by 
0.01 mm were mounted for rotation along the a and b 
axes for photographic collection of diffraction intensities 
by Weissenberg geometry. The pertinent crystal data are 
summarized below: 
B10Br3H7C2Ff2 fw = 380.9 
Orthorhomblc, n 8.47(4), b = 12.19(8) and c = 12.25(8) 
A ,  V = 1264.8 A3, space group Pbc2' or Pbcm (the 
latter being consistent with the proposed structure), 
po = 1.98(2), p, =02.00 g/cm3, Z = 4, p = 127 cm-1 for 
CuK,, A = 1.542 A. 

The unit cell dimensions were calibrated by Al powder 
diffraction lines and the observed density was measured 
by flotation in an aqueous ZnCl? solution. 

Seventeen layers of equi-inclination Weissenberg in- 
tensity data, seven along n and ten along b, were recorded 
using multiple-film techniques and Ni-filtered CuK, 
radiation. The intensity data were estimated visually and, 
because of the small size of the crystals, no absorption 
corrections were made. After the usual Lorenz-polariza- 
tion corrections, the data were correlated and merged on 
a single scale by a method of least-squares which mini- 
mizes a sum of residuals linear in the logarithms of the 
scale factors for overlapping sets of intensity data (36). 
The overall reliability factor for the average intensities 
was 0.1 1. A total number of 920 independent reflections 
was thus obtained and all of these were considered 
observed in the structure analysis described below. 

The positions of the three bromine atoms were deter- 
mined by examination of the sharpened Patterson func- 
tion, and the remaining non-hydrogen atoms appeared in 
a Fourier synthesis phased according to the bromine 
contributions to the structure factors. 

The distinction between B and C atoms was based on 
consideration of electron density and atomic environment 
(see Table 2 apropos shorter interatomic distances where 
C atoms are involved). Block-diagonal least-squares re- 
finement of positional and anisotropic temperature 
parameters for all non-hydrogen atoms was effected. 
The weighting scheme used in this refinement was 
w = I/(a + F o  + b F o ~ + c F 0 3 ) w h e r e n  = 2Fm1,, b = 

2/Fm,,, and c = 5/Fm,,2, i.e. n = 88.0, b = 7.627 X 
c = 7.272 X 10-7. The scattering factors for all the 

atoms were taken from ref. 37. A correction for the 

TABLE 1. Error summary for selected classes of 
reflections in tribromo-rn-carborane 

sin2 B ranges R-index Number of reflections 

0.0-0.1 0.094 51 
0.1-0.2 0.089 86 
0.2-0.3 0.087 111 
0.3-0.4 0.090 113 
0.4-0.5 0.076 121 
0.5-0.6 0.073 119 
0.6-0.7 0.081 101 
0.7-0.8 0.075 104 
0.8-0.9 0.089 85 

Ranges of 11 R-index Number of reflections 

Okl 0.094 81 
lkl  0.080 132 
2kl 0.082 139 
3kl 0.081 136 
4kl 0.087 103 
5X-1 0.109 117 
6kl 0.106 85 
7kl 0.081 48 
8kl 0.071 38 
9kl 0.072 3 3 

1 Okl 0.068 8 

anomalous scattering of the bromine atoms was included. 
The hydrogen atoms were not found in the Fourier 
difference synthesis. Therefore, the hydrogen atoms were 
fixed in theoretically calculated positions (exten%ion of 
straight lines through opposite cage atoms 0.95 A from 
the appropriate atoms) and the hydrogen contributions, 
with isotropic thermal values fixed at  somewhat larger 
values than those of the atoms to which they were 
attached, were included in further block-diagonal least- 
squares refinement. The final R = C(lF,I - IFcJi/CFo! 
was calculated to be 0.087 for the observed reflections. 
The R values for different classes of reflections are sum- 
marized in Table 1. 

Results and Discussion 

The molecular structure is shown in Fig. 1; 
the crystal packing in Fig. 2. The final atomic 
parameters are listed in Table 2; the estimated 
hydrogen atom parameters, in Table 3; the bond 
distances and meta and para distances, in 
Table 4; the bond angles, in Table 5;  and the 
structure factors, in Table 6.' N o  corrections of 
the bond distances for thermal motion have 
been made. 

The position of electrophilic attack in the 

'Photocopy of Table 6 is available, at  a nominal 
charge, from the Depository of Unpubilshed Data, 
CISTI, National Research Council of Canada, Ottawa. 
Canada KIA OS2. 
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SAYLER AND BEALL 1773 

Friedel-Crafts tribromination in rn-BloHloC2H2 of 1.99(1), 1.72(1), and 1.77(3) A, respectively. 
is B(9), B(10), and B(12 or 5). The order of are in agreement with those found in the other 
substitution parallels that of the l-methyl-m- 
carborane. 

The average B-Br, C-B, and B-B distances Y P  

FIG. 1. The.structure of tribromo-nz-carborane. 

d b 
FIG. 2. Packing diagram for tribromo-m-carborane 

viewed with the c axis horizontal and the h axis vertical. 

TABLE 2. Final atomic parameters X 104 for tribromo-m-carborane" 

Atom x L' 

Br(12) - 1239(2) 9754(2) 2500 
C(1) 4514(18) 8374(12) 2500 
c(7) 1494(19) 7949(11) 2500 
B(5) 4246(20) 9772(13) 2500 
B( 12) 1024(20) 9322(13) 2500 
Br(9) 2148(2) 11360(1) 964(2) 
B(3) 3147(17) 7658(9) 1758(12) 
B(4) 3853(17) 8956(10) 1308(13) 
B(8) 1831(17) 8668(10) 1322(15) 
B(9) 2512(14) 9974(9) 1785(11) 

Atom 81 I 822 83 3 8 2 3  813 812 

Br(12) 101(2) 71(1) 220(3) - - 
- - 

28( 1) 
11 l(22) 49(9) 117(16) 

- 
21(1) 

'(I) 12424) 32(8) 142(19) - 2% 1) 
c(7) B(5) 83(20) 51(11) 117(19) - - -31(4) 
B(12) 1 14(24) 46(9) Sl(14) - - 26(1) 

264(3) 65(1) 119(1) 79(2) 143)  42(3) 
84(11) --14(14) 7(24) 32(19) 
92(11) -5(16) 61 (26) 27(22) 

106(12) -25(16) - lOl(27) -3(21) 
B(9) 83@) lO(13) -6(21) 24(16) 

'Numbers in parentheses are estimated standard deviations in the last significant figure. The aniso- 
tropic temperature factors are in the form exp [ -(hZB1~ f klB:: + I'BJI + 2hkB1? + 2hlS1~ + 2klB21)l. 
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1774 CAN. J .  CHEM. VOL. 54, 1976 

TABLE 3. Fractional ?ordinates X I@ and isotropic 
temperature factors (A2), assigned to hydrogen atoms 

Hydrogen x 1. BISO 

crystal structure determinations of m-carborane 
derivatives (26, 34, 35, 38). In Table 7 selected 
cage atom distances for these structures are 
given for comparison. In nz-BloC1loC2H2 and 
m-BloBr2H8C2H2, the B(2)--B(3) bond of 1.89(6) 
A was found to be remarkably long while in 
1-methyI-9,10,12-tribromo-m-carborane this dis- 

tance was 1.74 A, In our case, the B(2)--B(3) 
bond of 1.82(2)A is midway between these 
values. 

Examination of the other cage atom distances 
in tribromo-nz-carborane reveals a slight dis- 
tortion from true icosahedral symmetry in the 
cage. The C-B distances are somewhat shorter 
than the B-B distances. Similarly the C-B 
meta and para distances are shorter than those of 
the B-B. This is consistent with the general 
trends for the distances listed in Table 7 for 
compounds 1,2, and 5. However, it is in contrast 
to the undistorted icosahedral structure found 
in 1-methyl-9,10,12-tribromo-nz-carborane al- 
though in this structure determination the stand- 
ard deviations in bond lengths were not given 
(34). It is possible that the differences are the 

TABLE 4. Bond distances and r,ieta and para distances (A) in 
tribromo-ni-carborane' 

Atom pairs Distance Atom pairs Distance 
- - 

Br-B Atoms B-B rlieta Ator,is 
Br(9)-B(9) 1.99(1) B(3)-B(6) 2.91(2) 
Br(12)-B(12) 1.99(2) B(3)-B(1 I )  2.88(2) 

Ave. 1.99(0,0) B(3)-B(5) 2.89(2) 
B(3)-B(9) 2.88(2) 

C-B AIorns B(3)-B(12) 2.86(2) 
C(l)-B(3) I .71(2) B(4)-B(6) 2.92(2) 
C(1 )-B(4) 1.72(2) B(4)-B(10) 2.88(2) 
C( 1 )-B(5) 1.72(2) B(4)-B(12) 2.84(2) 
C(7)-B(3) 1.71(2) B(5)-B(8) 2.84(2) 
C(7)-B(8) 1.71(2) B(5)-B(12) 2.78(2) 
C(7)-B(12) 1.72(2) B(8)-B(10) 2.87(2) 

Ave. 1.72(1,1) B(8)-B(l1) 2.89(2) 
B(9)--B(6) 2.88(2) 

B-B Atonis Ave. 2.87(3,9) 
B(3)-B(2) 1.82(2) 
B(3)-B(4) 1 .78(2) C-B meta Atoms 
B(3)-B(8) 1 .74(2) C( 1 )-B(8) 1.72(2) 
B(4)-B(5) 1.80(2) C(1 )-B(9) 2.73(2) 
B(4)--B(8) I .75(2) C(7)-B(4) 2.76(2) 
B(4)-B(9) 1.78(2) C(7)-B(9) 2.76(2) 
B(5)-B(9) 1.73(2) Ave. 2.74(2.2) 
B(8)-B(9) 1.79(2) 
B(8)-B(12) 1.79(2) C-C t t ~ e ~ a  Atorrls 
B(9)-B(10) 1.75(2) C(l)-C(7) 2.61(2) 
B(9)-B(12) 1.73(2) 

Ave. 1.77(3,5) C-B parn Atonis 
C(1)-B(12) 3.18(2) 

B-B para Atorns C(7)-B(5) 3.22(2) 
B(3)-B(10) 3.38(2) Ave. 3.20(2,2) 
B(4)-B(l1) 3.39(2) 

Ave. 3.39(1,1) 

*The numbers in  parcnthcscs arc cstirnatcd standard deviations in thc last significant figure. The 
numbers in parenthcscs following the avcragc valucs arc the mean and maximum deviation for thc  
individual datum from thc avcragc value. 
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SAYLER AND BEALL 

TABLE 5. Bond angles in tribromo-m-carborane* 

Atoms Angle (deg) Atoms -4ngle (deg) 

B-C-B Angles 
B(3)-C(1)-B(2) 
B(3)-C(1)-B(4) 
B(4)-C(1)-B(5) 
B(3)-C(7)-B(2) 
B(3)-C(7)-B(8) 
B(8)-C(7)-B(12) 

Ave. 

C-B-B Angles 
C(1)-B(3)-B(2) 
C(lt--B(3)-B(4) 
C(1)-B(4)-B(3) 
C(1)-B(4)-B(5) 
C(1)-B(5)-B(4) 
C(7)-B(3)-B(2) 
C(7)-B(3)-B(8) 
C(7)-B(8)-B(3) 
C(7)-B(8)-B(12) 
C(7)-B(12)-B(8) 

Ave. 

B-B-B Angles 
B(3)-B(4)-B(8) 
B(3)-B(8)-B(4) 
B(4)-B(3)-B(8) 
B(4)-B(5t--B(9) 
B(4)-B(8t--B(9) 
B(4)-B(9)-B(5) 
B(4)-B(9)-B(8) 
B(5)-B(4)-B(9) 
B(5)-B(9)-B(10) 
B(8)-B(4)-B(9) 
B(8)-B(9)-B(12) 
B(8)-B(12)-B(9) 
B(9)-B(5)-B(1O) 
B(9)-B(8)-B(12) 
B(9)-B(12)-B(10) 
B(10)-B(9)-B(12) 

Ave. 

Br-B-B Angles 
Br(9)-B(9)-B(4) 
Br(9)-B(9)-B(5) 
Br(9)-B(9)-B(8) 
Br(9)-B(9)-B( 10) 
Br(9)-B(9)-B(12) 
Br(12)-B(12)-B(8) 
Br(12)-B(12)-B(9) 

Ave. 

'The numbers in parcnthescs are estimated standard deviations in the last significant figure. The 
numbers in parentlieses following the average values are the mean and maximum deviation for the 
individual datum from the average value. 

TABLE 7. Selected cage atom distances in m-carborane 
derivatives* 

Distance 

Atoms 1 t 2f 35 4! (  5:i 

C(l)-B(2) 
C ( l F B ( 4 )  
c(l)-B(5) 
C(7)-B(8) 

Ave. C-B 

B(2FB(3)  
B(3)-B(4) 
B(4)-B(5) 
B(4)-B(8) 
B(4)-B(9) 
B(5)-B(9) 
B(9)-B(10) 

Ave. B-B 

'The compounds for which distances are cited are as follows: 1, 
rn-B~oCl~oCzH?; 2. rn-B1oBr?H8C?Hr; 3, m-BloBrrHiC2(CHj)H: 4, 
m-BloBr~HiCzHz; and 5, nr-B1aCljHsC2(CH~)z. 

tRcference 35. 
IRcference 26. 
5Refcrence 34. 
(]This work. 
~Referencc 36. 

result of the presence of the halogen atoms which 
interferes with the precise location of the cage 
atom positions. 
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Les r6acQions de Friedel et Crafts d9acylatiow des hydrocarbnres 
aromatiqnes polycycBqaaes. PX. L9ac6tylation de 19anthrackaae et de ses 

Bmomolognes miso-m6thy1l6s1 

FRANGOIS PERIN, MARTINE CROISY-DELCEY ET PIERRE JACQUIGNON 
Irrstitlit de Cllirnie rles Srrhsto~zces Nntrrrelles drr C.N.R.S., 91190 - Gif srrr Yvette, Frnrrce 

R e ~ u  le 26 novembre 1975 

F R A N ~ O I S  PERIN, MARTINE CROISY-DELCEY et PIERRE JACQUIGNON. Can. J. Chem. 54, 1777 
(1976). 

L'Ctude de I'influence de divers facteurs rtactionnels (solvant, tempkrature, nature et quantiti 
de catalyseur et d'agent acylant) sur le rendement et I'orientation de I'acCtylation du mCthyl-9 
et du dimethyl-9,10 anthrackne par rapport B I'anthrackne lui-mCme, met en evidence I'impor- 
tance du rearrangement de la miso-substitution vis B vis de la substitution des autres positions. 
L'analyse des conditions nCcessaires i la rCversibilitC rCvkle que I'excks de catalyseur en est le 
principal responsable. Les rCsultats expCrimentaux autorisent B proposer un mtcanisme pour 
ce riarrangement et B formuler une hypothkse n'impliquant pas la dissociation prCalable de 
I'agent acylant lors des acylations par les anhydrides d'acides. 

F R A N ~ O ~ S  PERIN, MARTINE CROISY-DELCEY, and PIERRE JACQU~GNON. Can. J. Chem. 54, 1777 
(1976). 

A study of the influence of various reaction parameters (solvent, temperature, nature and 
quantity of the catalyst and of the acylating agent) on the yield and isomeric orientation of the 
acetylation of 9-methyl- and 9,lO-dimethylanthracene relative to that of anthracene itself. 
reveals the importance of the rearrangement of the meso-substitution product vis B vis that of 
products substituted in other positions. Analysis of the conditions necessary for reversibility 
indicates that an excess of the catalyst is the main factor responsible. The experimental results 
allow one to propose a mechanism for this rearrangement which does not involve the prior 
dissociation of the acylating agent during acylations by acid anhydrides. 

[Journal translation] 

Dans une prCctdente Ctude exptrimentale (1) I'acCtylation du mCthyl-9 anthradne l (cttones 
nous avions montrC qu'au cours de l'acttylation, 2, 3 et 4) en presence de chlorure d'aluminium. 
le methyl-9 anthrackne l a un comportement 
comparable B celui de son homologue infkrieur. 
C'est B dire qu'aprb une substitution rapide et 
massive sur la position me'so libre, la labiliti du 
substituant sur ce sommet se traduit par une 5 10 4 

dCsacttylation dtpendant au moins, quant B sa I 0 ~ ~ k 4  
vitesse, de la temptratrlre et du solvant et dont 2 

dtcoule l'acttylation lente des positions 2 ,4  et 3. 
Le sommet 1, vraisemblablement trop encombri, CH3 0  
n9Ctant pas impliqu; dans la a c t i o n ,  celle-ci 9 erH3 conduit par constquent B un mtlange, variable \ / / 

selon les conditions exptrimentales, des cttones / / 

2, 3, 4 et 5. d 'CH, 4 
Cependant au vu des rtsultats expirimentaux 3 

divers aspects relatifs aux conditions, au r61e et B 
l'importance du rtarrangement par rapport B 
une Cventuelle substitution directe sur les posi- 
tions a et p, nous ont incitts B entreprendre une 
strie d'essais se classant en trois cattgories. 
( i )  Comportement des principaux produits de 

[Partie VIII, voir rCf. I .  
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1778 CAN. J. CHEM. VOL. 54, 1976 

TABLEAU 1. Essais de rtarrangernent d'acCtyl rnCthyl-9 anthracknes 

Produits formis (C/o)* 
- 

CCtone de Methyl-9 Isornkre 10 Tsornkre 4 Isornkre 2 Isornkre 3 
dipart Anthrackne anthrackne 2 3 4 5 

Isornkre 10 
2 Traces 3s Traces 19 30 9 

Isornkre 4 
3 - - - - - 100 

Isornkre 2 
4 - - - - 100 - 

*Pourcentagcs Cvalu&s, aprks correction de la reponse d u  dflccteur, par  intfgration des pics dc cpv. 

(ii) Acttylation du dirntthyl-9,10 a~lthrack~le. 
(iii) Cornparaison avec l'acttylation de l'anthra- 
ckne et interprttation des rtsultats. 

Malgrt les multiples travaux publits sur l'acC- 
tylation de l'anthrackne (rCf. 3 et pour une revue 
des travaux anttrieurs B 1964, rtf. 2) ce dernier 
point nous a conduit B revoir expkrimentalernent 
cette rCaction. Or ce sont ces essais qui se sont 
rtvklCs les plus fructueux aussi bien en ce qui 
concerne les facteurs dkterrninant le rendernent 
que du point de vue des conditions rCactionnelles 
du rtarrangernent. 

Action du chlorure cl'alutnini~nn slrr les ucdfyl 
me'thyl-9 anthracenes 

En m&me temps que la rCalitC du rtarrange- 
rnent de l'isornkre de mkso--substitution, il parais- 
sait nCcessaire de vtrifier la stabilitC de la 
substitution sur les autres positions en replaqant 
les trois principaux produits de l'acttylation dans 
les conditions de la rCaction. 

Dans un premier temps, chacune des cttones 
(2 ,3  et 4) dissoute dans le chlorure de rntthylkne 
a Ctt soumise, aprks passage durant 15 rnin de 
gaz chlorhydrique dans la solution, B l'action du 
chlorure d'alurniniurn (1.2 mol). Aprks 3 h de 
repos B ternpkrature ainbiante, le produit rtsul- 
tant du traiternent habitue1 a ttC analyst par 
chromatographie en phase vapeur (cpv). Le 
rtsultat de ces trois essais, exprimt en proportion 
relatives, est donnt dans le tableau 1. 

I1 ressort donc que seul l'acttyl-10 rntthyl-9 
anthfackne 2 subit la transformation attendue et 
nous n'avons pas trouvt trace d'une quelconque 
isomtrisation ou rnerne desacttylation des deux 
autres cttones. La tndso-desacktylation se rtvkle 
par contre totale en 3 h dans ces conditions, rnais 
l'importante quantitt d'hydrocarbure rtgCntrke 
est rCvClatrice de la lenteur de la rtacttylation. 

Puisque la solvatation du cornplexe inter- 
rntdiaire est au rnoins une condition nCcessaire 
au rkarrangernent, c'est ensuite le r61e du solvant 
dans ce processus qui a CtC exarnint, en omettant 
toutefois, pour juger de son influence, le passage, 
en dtbut de riastion, d'acide chlorhydrique dans 
la solution. 

Pour ces essais, le sulfure de carbone a 
naturellernent kt6 Clirnint puisque l'insolubilitt 
totale du complexe n'y autorise aucun rtarrange- 
rnent (2). Mais c'est pas contre en raison des 
importantes rCsinifications qui accornpagnent 
son utilisation et qui fausseraient ici suffisamrnent 
le rtsultat pour l e  rendre sans valeur, que le 
nitrobenzkne, pourtant souvent ernployt et re- 
connu cornrne t r b  favorable au phtnornkne 
(4, 5), a Cgalernent t t t  rejett. Les rtsultats ob- 
tenus dans les trois autres solvants les plus 
courarnment utilists sont consignts dans le 
tableau 2. 

La relation entre la vitesse de desacCtylation et 
la solubilitt du cornplexe est netternent exprirnte 
par la quantitC dtcroissante de cttone 2 rtcu- 
ptrte dans les trois solvants aprks le m&rne temps 
de contact, puisque le cornplexe n'est que peu 
soluble dans le premier, rnoyennement dans le 
second et totalement dans le troisikrne. Cette 
m&me relation apparait Cgalernent dans la quan- 
titi d'hydrocarbure rtgtnCrCe rnais cette dernikre 
valeur est surtout significative de la faible vitesse 
de la rtacCtylation,~laquelle semble encore plus 
lente dans les solvants polaires oh l'on s'atten- 
drait, pourtant, B trouver une quantitt plus 
irnportante de produits de rCacttylation. 

En rn&me temps que la rCacCtylation preferen- 
tielle des positions P rnoins encornbrtes, cette 
dernihe rernarque est en faveur de la participa- 
tion du solvant au cornplexe acylant. La m&me 
observation a d'ailleurs CtC faite par Hawkins (6) 
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PERIN ET AL. 1779 

TABLEAU 2. R61e du solvant sur le rkrrangement de l'acktyl-I0 methyl-9 anthrackne 

Produits form& ( C j , )  

Methyl-9 Isomkre 10 Isomkre 4 Isomkre 2 Isornkre 3  
Solvant Anthrackne anthrackne 2 3 4 5 

Benzkne Traces 16 7 5  Melange 10 
~ 3 . 5  zx 5  ~ 1 . 5  

Chlorure de 
methylhe Traces 3 J 48 9 13 5 

Nitro- 
methane 9 48 - 7 2 1 14 

qui, avec l'acttyl-9 anthrackne et le chlorure 
d'aluminium dans le nitrobenzkne, obtient avec 
un rendement mCdiocre, surtout llacCtyl-2 an- 
thrackne. 

Une autre remarque, non dtnute  d'intCrCt, 
dtcoule de la comparaison des deux essais 
effectuCs dans le chlorure de mkthylkne avec et 
sans acide chlorhydrique. I1 apparait en effet que 
l'enrichissement prtalable du milieu en acide 
chlorhydrique se traduit par une acctlCration 
importante de la dtsacktylation. I1 sera montrt 
ultkrieurement que cet aspect permet de mieux 
comprendre le mCcanisme du rtarrangement et 
d'expliquer certains rtsultats apparemment anor- 
maux enregistrts lors de l'acttylation du methyl 
anthrackne (1). 

I1 ne semble pas par contre que I'on puisse 
attribuer B l'acide chlorhydrique, un r81e quel- 
conque dans l'orientation de la rtacktylation 
puisque dans les deux cas les proportions rela- 
tives des trois isomkres sont sensiblement les 
memes. 

Ace'tylation c l ~ i  din7e'thyl-9,10 atzthraci.rze 
Malgrt l'apport tlectronique suppltmentairc 

d'un second groupement mCthyle, le dtrivk mCso- 
dimCthylt de l'anthrackne pouvait, B priori, Ctre 
considCrC comme un modkle valable de la 
rCactivitC de la position p et de la substitution 
directe sur ce sommet au cours de l'acttylation. 

En effet, B moins d'une dCmCthylation tou- 
jours possible et d t j i  observte avec l'homologue 
infkrieur (l) ,  l'accks aux positions CY est, comme 

pour deux d'entre elles dans le dtrivt  mono- 
mCthylC, sttriquement empCcht par l'encombre- 
ment des substituants. 

I1 Ctait d'autre part possible ainsi que cela a 
CtC avanct pour l'ortho et le para-xylkne (7), que 
l'augmentation globale de rtactivitt qui devrait 
rCsulter de l'introduction du second groupe 
Clectrodonneur soit, en raison meme des posi- 
tions relatives de ces deux groupements, com- 
pensCe par la compCtitivit6 dans la rCpartition 
des charges. Ceci se traduit thtoriquement par le 
fait que pour une position 0 donnCe, un seul 
d'entre eux peut Ctre impliqut dans la stabilisa- 
tion par hyperconjugaison du complexe CT inter- 
mCdiaire (schema 1). 

N'ayant t r o ~ ~ v t  dans la litttrature que trois 
exemples peu explicites d'acylation (tous trois 
des acttylations) de cet hydrocarbure (8) nous 
avons entrepris d'examiner I'influence des condi- 
tions rtactionnelles sur la vitesse et le rendement 
de la rtaction. 

La principale constatation qui dtcoule de la 
vingtaine d'essais effectuts est que la (les) posi- 
t ion(~)  p se rtvkle(nt), malgrt une certainc 
lenteur de la rtaction, nettement plus rtactive(s) 
que ne le laissaient supposer les remarques 
ci-dessus. Ainsi qu'attendu, par contre, aucune 
trace de substitution en CY n'a pu Ctre dtcelte. 
Ceci est en accord avec les observations dlHewett 
(9) puis de Gore et Hoskins (lo), h propos du 
dimtthyl-1,4 et du tttramtthyl-1,2,3,4 naphta- 
lkne. 

Mais nous nous proposons d'ttendre ultt- 
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CAN. 1. CHEM. VOL. 54, 1976 

TABLEAU 3.  RBle du solvant sur l'acitylation du dimethyl-9,10 anthrackne 

Acityl-2 
dimethyl-9,10 DimCthyl-9,10 

anthrackne anthrackne DemCthylation 
Solvant.< (5) (%) (%) 

Sulfure de carbone 3 8 6 1 1.1 
Benzkne 70 28 1 . 5 h 2  
Chlorure de mCthylene 8 2 16 -- -7 

' 150 ml pour 5 g d'hydrocarbure. 

rieurement cet aspect sttrique de l'acylation A 
divers dimCthy1-anthrackne tels que 6, 7 et 8 qui 
prCsentent une ou deux positions tn&so libres 
mais encombrCes. 

En ce qui concerne le dCrivt dimtthyl-9,10, 
tous les essais ont CtC effectuts B temperature 
ambiante selon la mtthode d'Elbs (addition du 
catalyseur B la solution du mtlange hydro- 
carbure, agent acylant) qui prtsente, sur les 
autres mtthodes (Perrier, Bouveault) l'avantage 
de minimiser les rtactions secondaires (desalkyla- 
tion, diacylation, polymtrisation . . . ). Trois 
cattgories de facteurs ayant une influence sur le 
rendement ont ainsi t t t  mis en Cvidence. 

Nature clu solucmt 
Des divers solvants les plus couramment em- 

ployts n'ont Ctt retenus que le sulfure de 
carbone, le benzkne et le chlorure de mtthylkne. 
De m&me que, pour les raisons dtjh cittes, le 
nitrobenzkne, le nitromkthane a ,  en effet, t t t  
rejet6 car il n'avait, malgrt plusieurs tentatives, 
conduit qu'a un trks faible rendement (22%) 
avec l'homologue inftrieur (1). Les rendements 
dttermin6 par cpv aprks 5 h de contact sont 
donnCs dans le tableau 3. 

I1 parait raisonnable d'attribuer les Ccarts de 
rendement dans les trois solvants aux difftrences 
de solubilitt du complexe acylant, ce qui, par 
conskquent, est significatif de la relative lenteur 
de la substitution. Sachant que quatre positions 
identiques sont simultantment offertes B la rtac- 
tion, cette observation va dans le sens d'une 
rtactivitt tout compte fait, peu tlevte de la 
position 8. 

Cotzcentratiotz 
En effectuant I'acttylation dans les conditions 

prCconisCes par de Bruyn (8b), c'est-B-dire avec 
deux fois plus de benzkne que dans l'essai 
prickdent nous avions constat6 que le rende- 
ment avoisinait 40% seulement. Ceci impliquait 
un effet de concentration habituellement inap- 
parent dans la plupart des acylations d'hydro- 
carbures aromatiques dont les concentrations 
sont en gCnCral fort tlevtes. 

I1 est certain que la faible solubilitt du di- 
mtthyl-9,10 anthrackne, tout juste suptrieure g 
celle de l'anthrackne lui-meme, ne permet pas les 
concentrations quatre B cinq fois plus fortes 
utilistes pour le dtrivt monomtthylt. C'est ainsi 
que la proportion de 1 g pour 30 ml utiliste dans 
les essais prtctdents constitue pour le benzkne la 
limite de solubilitt B temptrature ambiante. 

C'est donc le chlorure de mtthylkne qui a ttC 
choisi pour trois essais B concentration difftrente 
puisque tout en conduisant B de bons rendements 
il autorisait une concentration suptrieure. L'tvo- 
lution de la rtaction reprCsentCe par les trois 
courbes de la fig. 1, a CtC suivie par cpv de 
prtlkvements rtguliers durant les six premikres 
heures et par une dernikre mesure aprks 20 h de 
contact. 

En dtpit de ltgkres fluctuations likes aux 
erreurs exptrimentales on constate d'une part, 
que dans les trois cas, le rendement est pratique- 
ment acquis dans les 5 h et qu'aprks 3 h (et 
m&me moins) d'autre part, la progression du 
rendement demeure sensiblement la m&me dans 
les trois cas alors qu'on aurait pu s'attendre h 
une tvolution, certes plus lente, mais plus durable 
pour les essais B concentration plus faible. 

Puisque le rendement reste, mCme pour une 
durCe de rtaction de 24 h (donc relativement 
longue pour une acylation) fortement dtpendant 
de la concentration, il est clair que l'obtention 
d'un rendement convenable ntcessite beaucoup 
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PERlN ET AL. 1781 

FIG. 1. AcCtylation du dimithyl-9,10 anthrackne. In- 
fluence de la concentration sur le rendement. Solvant: 
CH2C12; T = 20 "C. 

plus l'emploi d'un bon solvant de l'hydrocarbure 
que la prolongation du temps de reaction. 

Dans le m2me ordre d'idke, nous avons kgale- 
ment constatk que des essais, effectuks avec des 
quantitks de solvant telles que l'hydrocarbure 
n7est que partiellemelit soluble, ne conduisent, 
en raison de la faible solubilisation ultkrieure de 
l'hydrocarbure, qu'8 des rendements mtdiocres 
souvent associts dans le cas de l'anthrackne et de 
ses homologues7 B des phtnomknes secondaires 
(desalkylation diacylation, acylation du solvant 
lorsqu'il s'agit du benzene). 

Nature clzt carnlysezrr er cle I'agenr acylar~r 
Dans le tableau 4 figurent les rendements 

obtenus en 5 h dans le chlorure de mtthylkne B 
tempkrature ambiante en utilisant pour chacun 
des catalyseurs, chlorure d'aluminium et chlorure 
stannique, le chlorure d'acktyle ou l'anhydride 
acitique. 

Apparemment surprenantes, les variations de 
rendement peuvent s'expliquer B notre point de 
vue, en tenant compte de la "force" du catalyseur 
donc de la nature et de la stabilitt du complexe 
acylant. 

Des rksultats comparables ayant t t t  enregistrts 

TABLEAU 4. Les rendements obtenus avec des 
catalyseurs divers 

Catalyseur Agent acylant Rendement* 
(1.10 mol) (1.05 mol) (%I 

A1C13 CH3COC1 82 
AICI, (CH3C0)20 69 
SnCI, CH3COC1 3 5 
SnC1, (CH3CO)zO 78 

*Concentration en hydrocarbure: 35 g/l. 

avec le mkthyl-9 anthrackne (1) et avec l'anthra- 
ckne lui-m&me (cj: la partie suivante) une inter- 
prttation plus gknkrale de l'acylation par les 
anhydrides d'acides sera dtveloppte en fin de ce 
mtmoire. 

Cornparaisorl avec l'arztl1rac2rze 
Re'examen cle l'ace'fylatiorz cle l'anthrackne 
Alors que du point de vue qualitatif, les 

nombreux rksultats signalts dans la litttrature 
sur l'acttylation de l'anthrackne, s'avkrent, gr2ce 
aux remarquables contributions de Gore et coll. 
(2-4, 1 l), relativement conciliables, sur le plan 
quantitatif (rendement global et proportions des 
isomkres), leur diversitt ne nous a pas permis de 
les confronter utilement B nos observations sur 
les homologues mtthylts. C'est donc dans 
l'espoir d'obtenir quelques informations supplt- 
mentaires sur le rale des conditions rkactionnelles 
dans la dttermination du rendement et l'appari- 
tion du processus de desacktylation-rtacttylation 
que nous avons rtexamint quelques aspects de 
la rtaction. 

(a) Soluant-S'il n'est pas douteux que la solu- 
bilitt du complexe intermkdiaire (donc la nature 
du solvant) soit un facteur iltcessaire au rtar- 
rangement et par constquent responsable quali- 
tativement du rtsultat final, il semble que peu 
d'auteurs aient accord6 de l'importance, vis B vis 
du rendement, B la solubilitk initiale de l'hydro- 
carbure et du complexe acylant. 

C'est toutefois avec ce souci d'amtlioration du 
rendement et de la reproductibilitk que, pour 
obtenir prkfkrentiellernent l'isornkre en rne'so ou 
l'isomkre en 1, Bassilios et (11. prtconisent soit le 
chloroforme (13) soit le dichlorkthane (126). 11 
faut cependant rernarquer que, pour amtliorer la 
solubilisation de l'anthrackne qui n'est encore 
que partielle, ces auteurs opkrent dans les deux 
cas, B 40 "C donc B une ternpkrature qui favorise 
le rkarrangement et les reactions secondaires 
(diacylations). 

pour notre part, il est apparu, a p r b  quelques 
essais peu satisfaisants, que seul un mklange de 
solvants pouvait permettre, B tempkrature am- 
biante, une concentration initiale convenable en 
hydrocarbure et la solvatation ultkrieure du 
complexe. 

C'est le mtlange en parties tgales de sulfure de 
carbone et de dichlorkthane (B raison de 100 ml 
pour 5 g d'hydrocarbure) qui a donnt les 
meilleurs rksultats. Dans ces conditions, en effet, 
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TABLEAU 5. Les rendements obtenus aprks 2 h et 20 h de contact 

R 
AcCtyl-anthrackne (O/o) 

Catalyseur Agent acylant 
(1.25 mol) (1 mol) (%) AcCtyl-9 AcCtyl-1 AcCtyl-2 

Alc13 CH3COC1 97; 97 90; 39 10; 61 0; traces 
A1C13 (CH3C0)20 60; 63 2 9 5 ;  62 <5; 30 0; 8 
SnC1, CH3COC1 18; 25 2 9 7 ;  85 7 3 ;  15 0; 0 
SnCl, (CH3C0)20 78; 85 >99;92 <aces;8 0;O 
TiC1, (CH3CO)zO 72; 81 100; 100 0;  0 0; 0 

oh la concentration malgrt tout peu Clevte 
autorise une addition rapide du catalyseur sans 
tchauffement apprtciable, le rendement en 
acttyl-9 anthrackne pur dtpasse en 15 min. 

Or ce rendement est atteint sans qu'il soit 
nbcessaire de mettre en jeu plus de 1 mol de 
chlorure d'acttyle et plus de 1.2 mol de chlorure 
d'aluminium alors que bon nombre de tech- 
niques dtcrites (2) prtconisent jusqu'i 6 mol du 
premier et 2 ou 3 mol du second. 

Nous admettons que le souci de concision, 
trop souvent exigt des auteurs, ait fait omettre, 
dans bon nombre de cas, les raisons de l'utilisa- 
tion d'excks aussi considtrables de rtactifs mais 
il n'en reste pas moins vrai qu'en dehors de leur 
inttret pratique indtniable, les rtsultats ainsi 
obtenus n'apportent que peu d'informations sur 
le dtroulement de la rtaction. 

Ceci constituant une raison suppltmentaire h 
la poursuite de nos essais, tous ceux-ei ont t t t  
effectuks dans le mtlange prtcitt selon le mode 
opiratoire d'Elbs. 

(b) Nature cllr catalysew et de I'ccgent ncylttzt- 
Le remplacement du chlorure d'acttyle par 
l'anhydride acttique et du chlorure d'alurninium 
Dar le chlorure stanniaue a conduit B des rtsul- 
tats tout B fait comparables, voire identiques, B 
ceux obtenus avec les homologues mtthylks. 
Quoique la rtaction ait t t t  suivie tout au long de 
sa duite, seuls les rendements enregistrts aprks 
2 h et 20 h de contact sont consignis dans le 
tableau 5 o h  figure tgalernent un essai rtalist 
avec le chlorure de titane et l'anhydride acitique. 

Malgrt leur apparente dispersion, mais-en 
raison meme de celle-ci, les valeurs obtenues se 
rtvklent, tant du point de vue du rendement 
global que sous l'angle du rtarrangement, par- 
faitement compatibles avec le classement habi- 
tuellement admis de "force" des catalyseurs: 
AIC13 > SnC14 > Tic14 (2, 1 la ,  13). Les difft- 
rences qui apparaissent entre les cinq cas s'ex- 
pliquent en effet, aistment pour peu que l'on 

considkre cette notion d'efficacitt du catalyseur 
par rapport B la nature de l'agent acylant utilist. 

C'est ainsi que les chutes de rendement des 2" 
et 3" cas dtcoulent de phtnomknes opposts: la 
"faiblesse" du chlorure stannique ne conduit, en 
prCsence de chlorure d'acbtyle, qu ' i  une concen- 
tration rtduite en ion acylium alors qu'au 
contraire, la "force" du chlorure d'aluminium 
lorsqu'il est associt B l'anhydride d'acide pro- 
voque la dissociation partielle de celui-ci avant 
sa fixation, ce qui entraine la consommation 
(dtcomposition) d'une partie du catalyseur. 

Ceci implique tvidemment d'admettre la vali- 
dit i  du processus d'acylation par les anhydrides 
proposi en fin de ce mtmoire mais en constitue 
par ailleurs une preuve. 

(c) Corzclitions du re'arrangement-S'il est dC- 
sormais acquis malgrt les nombreuses contro- 
verses soulevtes par le problkme de la rtversi- 
bilitt de l'acylation en strie aromatique, que la 
solubilitt partielle ou totale du cornplexe en est 
une condition ntcessaire et que des facteurs 
divers (temptrature, concentration, efficacitt du 
catalyseur) en dtterminent la vitesse, il ne 
semble pas que les conditions de son dtclenche- 
ment soient clairement itablies ou aient fait 
l'objet d'itudes particulikres. 

Sans mtconnaitre les objections de Gore (2b), 
nos propres rtsultats nous incitaient h penser 
comme Baddeley (14) que le riarrangement 
n'intervient qu'en presence d'un excks de chlorure 
d'aluminium et met en jeu l'acide chlorhydrique 
ntcessairement present en plus ou moins grande 
quantitt dans le milieu. Cette hypothbe apparait 
d'autant plus fondte qu'il est logique d'envisager 
que, proctdant de mtcanismes analogues B ceux 
du rtarrangement des groupements alkyles lors 
des alkylations selon Friedel et Crafts, la river- 
sibiliti de l'acylation doit nicessiter l'interven- 
tion de catalyseur libre, condition qui, con- 
trairement aux alkylations, n'est remplie que 
par la prisence d'un excks de celui-ci. 
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PERIN ET AL. 1783 

FIG. 2. Vitesse du rkarrangement en fonction de 
l'excks de catalyseur, sans addition d'HCI. 

Afin de virifier cette assertion nous avons 
effectuC trois acCtylations de l'anthrackne dans 
les conditions prCcitCes, mais en utilisant, tou- 
jours pour 1 mol de chlorure d'acktyle, respec- 
tivement 1, 1.2 et 1.5 mol de chlorure d'alu- 
minium. Dans les trois cas le rendement Ctait 
supCrieur B 95% aprks 15 min de rCaction. 
L'tvolution de celle-ci durant 20 h a ensuite CtC 
suivie par l'analyse en cpv de prises d'essais. 

I Etant donnC que I'acCtyl-2 anthrackne n'ap- 
parait qu'B 1'Ctat de traces en fin de rCaction, le 
rkarrangement est exprimC, dans les courbes de 
la fig. 2, par la variation dans le temps du 
pourcentage d'acityl-1 par rapport h l'isomkre 
en rnkso, seul produit initialement formC. 

Le rkarrangement Ctant pratiquement nu1 avec 
1 mol de catalyseur, la courbe I reprCsente plus 
une Cvaluation qu'une mesure rCelle de la propor- 
tion d'acktyl-1 anthrackne qui reste infirieure B 
5% aprks 20 h de contact. 

En ce qui concerne la courbe 111, nous devons 
prtciser qu'en raison de la grande rapidit6 du 
rkarrangement, la partie en trait plein reprksente 
en rCalitC la disparition progressive et pratique- 
ment totale en 8 h de l'isomkre de rnkso-substitu- 
tion. En effet la quantitC rCelle dYacCtyl-1 
anthrackne (courbe pointillie) est sensiblement 
plus basse et diminue avec le temps. Cette 
diminution ne provient pas de sa degradation ou 
de sa dCsacCtylation mais rCsulte au contraire du 
fait que, par sa concentration rapidement Clevte, 
il subit lui-mCme, parallklement et concuremment 
B l'anthrackne rCgCnCrC, une acCtylation lente qui 
conduit, en fin de rCaction, B 12% du mClange, 
dCjB ttudit  par Gore (3), des diacCty1-1,5 et -1,s 
anthracknes. 

Le fait que le riarrangement n'intervienne pas 

FIG. 3. Vitesse de rkarrangement en fonction de l'excks 
de catalyseur, avec addition d'HCI. 

avec la quantitC juste nCcessaire de catalyseur, 
implique que l'acide chlorhydrique, pourtant 
prCsent, ne suffit pas h lui seul, B dCclencher le 
processus. D'ailleurs la saturation par un courant 
de gaz chlorhydrique d'une solution d'acCtyl-9 
anthrackne dans le dichlorkthane ne conduit, 
apr6s 5 h de contact et inalgrC une forte colora- 
tion du milieu, B aucun rearrangement (ou 
dCsacCtylation) perceptible. 

Cependant, l'addition prCalable d'acide chlor- 
hydrique gazeux aux tro& essais prCctdents con- 
duit, en tenant compte des mCmes remarques que 
pour la fig. 2, aux courbes de la fig. 3 qui mon- 
trent sans ambiguitC llaccCICration du Drocessus ', 
de rkarrangement, celui-ci restant toujours nCgli- 
geable en l'absence d'excks catalyseur (courbe I). 

Enfin l'influence simultanke de la tempkrature 
et de l'acide chlorhydrique sur le r ~ a r r a n ~ e m e n t  
est exprimCe dans le tableau 6 oh figurent deux 
essais effectuCs dans le dichlorkthane B 60 "C, en 
prCsence de 1.2 mol, de chlorure d'aluminium. 

Quantitativement, la comparaison de ces rC- 
sultats avec les courbes I1 des figs. 2 et 3, montre, 
dans les deux cas, la t r b  nette, et d'ailleurs 
prtvisible, augmentation par la tempkrature, de 
la vitesse de  rkarrangement. 

Qualitativement par contre, il apparait que si 
1'ClCvation de tempkrature favorise, dans le cas 
o h  la concentration en HC1 est faible, la rCacC- 
tylation en 5 ou 8 de l'acttyl-1 anthrackne (prCa- 
lablement formC) et non pas la formation 
dYacCtyl-2 anthrackne, c'est le contraire qui est 
observC dans le second essai oh le rapport de 
repartition (4: 1) des deux isomkres est Ctabli d b  
le debut de la rCaction. 

Contrairement B Agranat et al. qui ont rCcem- 
ment t tudit  et dCmontrC la rCversibilitC de la 
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TABLEAU 6. Rbrrangernent de I'acCtyl-9 anthrackne dans le dichlorithane B 60 'C. 
DurCe de rCaction 8 11 

Produits presents (';/,)'# 
Importance du 
riarrangernent DiacCtyls 

Conditions (9;) AcCtyl-9 AcCtyl-1 Acttyl-2 1,5 et 1,8 

Sans HCI 6 5 3 5 3 1 Traces 12 
Avec HCI 100 0 65 16 Traces 

(en 4 h) 

'La diffC-rencc entre I;! soninie des produits formfs et 100% co~.~.espond h dc I'anthlaci.ne rfgCnfr6. 

benzoylation du  naphtalkne B 140°C dans 
1'A.P.P. (15), nous n'avons jamais constatt, dans 
les conditions B vrai dire moins stvtres utilisCes 
ici, de  rearrangement de  l'isomkre a en isomtre 0 
thermodynamiquement plus stable. 11 faut donc 
admettre que la formation de celui-ci, apparem- 
ment favoriste par la richesse du milieu en 
protons, s'effectue, grdce B llCICvation de tempt- 
rature, B partir de  l'ion proton6 en tne'so sur 
lequel repose tout le processus du rearrangement 
(cf: interprktation des rCsultats). 

Re'acliuile' cotnl~nre'e (le lenm7lhrnci.ne el de ses 
hotnologues 

Dans I'ultime intention de  corroborer I'en- 
semble de nos observations et d'Cvaluer, par leur 
compktitivitt, la rtactivitC propre des diffkrentes 
positions substituables des trois hydrocarbures, 
nous avons effectut d'une part le rkarrangement 
de l'acktyl-9 anthrackne et de  l'acktyl-10 mCthyl-9 
anthrackne en prksence de  dimtthyl-9,10 an- 
thrackne, d'autre part l'acttylation du  mtlange 
tquimoltculaire de  mkthyl-9 et  de  dimtthyl-9,10 
anthractne. 

Ces trois exptriences ont Ctt menCes B tempC- 
rature ambiante dans le dichlortthane avec 1.2 
mol de chlorure d'aluminium et  ont t tk suivies 
durant 20 h par cpv. En raison de  l'intervention 
simultante d'une dtmtthylation non nkgligeable, 
la complexitt du mtlange (stparation incomplkte 
de certains pics) n'a pas permis, malgrC une 
identification (par addition d'tchantillons authen- 
tiques dans le mtlange) aiste des constituants, de  
mesurer correctenlent leurs proportions relatives. 

L'examen des chromatogrammes confirme ce- 
pendant entikrement les rCsultats obtenus avec 
chacun des hydrocarbures pris isoltment et 
autorise quelques remarques supplCmentaires. 

( i )  Pour l'anthrackne et le mCthyl anthrackne, 
la substitution des positions a et /3 est, pour des 
conditions normales d'acktylation totalement 

dtpendante du  rkarrangement. Contrairement h 
ce que nous avions suggtrC (1) pour expliquer la 
forte proportion d'isomtre en 4 dans certains cas 
d'acttylation du  methyl-9 anthrackne, nous 
n'avons retrouvt aucune evidence exptrimentale 
d'une quelconque substitution directe de ces 
positions. 

(ii) En tenant compte de  l'avantage statistique 
rCsultant du  nombre de  positions Cquivalentes, la 
vitesse de substitution sur le sommet 2 d u  
dimithyl-9,10 anthrackne apparait encore su- 
pCrieure B celle de  la position 4 de l'homologue 
monomtthylC. En consCquence, lors de l'acttyla- 
tion du  mClange le rtarrangement de l'acttyl-10 
mCthyl-9 anthrackne, d'abord form6 en grande 
quantitC, se fait en grande partie a u  profit d u  
dCrivt dimtthylt avec rtgtntration progressive 
du  methyl-9 anthrackne. 

(iii) De beaucoup plus lente pour des raisons 
B la fois sttriques et Clectroniques que la tne'so- 
desacCtylation, la rCversibilitC de  la methylation 
n'affecte que les seules positions me'so, ce qui se 
traduit par l'absence dans tous les cas d'isomkres 
mtthylts autres que ceux normalement attendus. 
Cette particularit6 est surtout apparente lors d u  
rkarrangement de  l'acCtyl-9 anthractne a u  profit 
du dimCthy1-9,10 o h  l'on constate en fin de  
rCaction, la prCsence d'une quantitt telle de  
mtthyl-9 anthractne (et de  ses dCrivts acktylts) 
que sa formation implique ntcessairement, en 
plus de la dtmtthylation partielle du  dCrivt 
dimtthylC, la mtthylation de  l'anthrackne r t -  
gCnCrC par le dCpart du groupement acttyle. 

Interpretation des rksultats 

Confirmant, si besoin Ctait, la rtalitt de la 
rkversibilitt de  l'acylation tgalement constatte 
rCcemment h propos de la benzoylation du 
naphtalkne (15) l'analysz des facteurs exptri- 
mentaux a surtout montrC qu'en ce qui concerne 
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l'anthrackne oh elle se rCvkle particulikrement 
aisie, cette rCversibilitC n'est cependant pas un 
phinomkne alkatoire. En cons~quence, liaspect 
complexe que revst B priori l'acCtylation de 
l'anthrackne et de ses homologues alkylCs rksulte 
pour beaucoup de l'intervention, incontrb1Ce ou 
difficilement contrblable dans certains modes 
opCratoires, du rkarrangement consCcutif B la 
mkso-dCsacCtylation. 

Selon Gore et Hoskins (1 la), qui ont CtC les 
premiers B rechercher les raisons de l'exception- 
nelle labilitC du groupement acCtyle sur cette 
position, celle-ci rCsulte de l'important volume 
du groupement mCthyle qui, par-la prCsence des 
hydrogknes en pkri, s'oppose lors de la substitu- 
tion, 8 la conjugaison du carbonyle donc 8 la 
stabilisation par dClocalisation. Par contre cette 
contrainte stCrique doit-&tre moindre avec le 
groupement benzoyle qui se rkvkle effectivement 
beaucoup plus stable. Bien qu'8 notre connais- 
sance aucune interpritation en termes riaction- 
nels n'en ait CtC faite, cette explication Ctait 
rCcemment reprise 8 propos de la dibenzoylation 
et de la dicinnamoylation de l'anthrackne (16) qui 
peuvent s'effectuer par rkarrangement du dCrivC 
monosubstituC en prCsence d'un excks de chlo- 
rure d'aluminium et pour lesquelles les auteurs 
prtcisent cependant que la vitesse de rCaction 
peut-&tre considCrablement accrue par addition 
de gaz chlorhydrique. 

I1 dkcoule par consCquent de cette observation 
et de nos propres r~sui ta ts  que le processus de 
desacylation ou de desacCtylation peut se rC- 
sumer par le schCma 2 o h  A reprCsente le com- 
plexe intermkdiaire, B le complexe final de la 
mkso--substitution et C le complexe proton6 plus 
stable que A pour les raisons pricitCes et dont la 
rCalitC n'est plus B dCmontrer (17). 

Mais il apparait alors que la formation de 
celui-ci B partir de A (ou de B) nkcessite un 
apport de proton donc la prCsence d'un excb  de 
catalyseur puisqu'une mole de celui-ci est utilisie 

- - 

soit par le complexe intermkdiaire (ou final) soit 
par le complexe acylant initial ou rCgCnCrC. Les 

divers aspects que peut revstir l'acttylation de 
l'anthrackne sont donc contenus dans ce schCma 
et reposent sur les possibilitCs de formation de C. 
Sans excks de catalyseur, la rCaction est effective- 
ment IimitCe 8 la formation de B via A, alors que 
dans le cas contraire, la vitesse de desacCtylation 
(donc du r6arrangement)se rCvkle dCpendante de 
la richesse du milieu en proton laquelle est 
dkterminte par l'importance de l'excb et par la 
concentration en acide chlorhydrique. 

Cette dernikre condition qui fait intervenir la 
solubilitC de l'acide chlorhydrique dans le milieu 
rCactionnel pourrait expliquer que lors de l'acC- 
tylation du mCthyl-9 anthrackne B 40 "C nous 
ayons constat6 (1) un rkarrangement moindre 
qu'8 tempkrature ambiante puisque 1'ClCvation 
de tempCrature ne peut que favoriser 1'Climina- 
tion de l'acide chlorhydrique formC. I1 n'est pas 
impossible que se soit cette m&me raison qui 
rende compte de la difference d'orientation de la 
substitution, signalCe par Bassilios et al. (12), 
entre le chloroforme et le dichlorkthane 8 40 "C. 
ce dernier conduisatlt B une quantitC prCpondC- 
rante d'acktyl-1 anthrackne. I1 est difficile, en 
effet, de mettre en cause dans ce cas, la solubilitC 
(apparemment totale dans les deux solvants) du 
complexe de rnkm-substitution dont le rble est 
cependant prCpondCrant puisqu'elle conditionne 
tout le processus. 

En ce qui concerne cette indispensable solvata- 
tion, il est vraisemblable que la plus ou moins 
grande participation du sofvant au complexe est 
susceptible non seulement d'accroitre la vitesse 
de desacCtylation, mais de favoriser la rCacCtyla- 
tion des positions f l  moins encombrCes, ce qui est 
effectivement observC avec des solvants polaires 
comme le n i t rod thane  ou le nitrobenzene 
(1, 5, 18). 

Que ce soit au  vu de nos propres rCsultats sur 
les trois hydrocarbures ou de ceux de la littCra- 
ture sur l'anthrackne, il apparait que ce sont 
ensuite les facteurs Clectroniques, stCriques et 
thermodynamiques qui gouvernent l'orientation 
de la rtacCtylation (15). 11 ne nous parait pas 
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utile de dttailler ici cette analyse qui dtcoule en 
grande partie de  l'examen des divers Ctats de 
transition mais il est Cvident que la composition 
du produit final dtpend avant tout de la vitesse 
de desacttylation par rapport B la durte de  
rtaction et que se sont essentiellement le solvant 
et la temptrature qui dtterminent la prtpondt-  
rance de l'un ou l'autre des isomttres. Mais de  ce 
fait, et en raison de  la plus faible vitesse de  
rtacttylation des positions a et p,  le rendement 
global en produits acttylts risque, comme le 
montrent certains risultats de la litttrature (2) 
d'2tre strieusement rtduit lorsque les conditions 
d'une dtsacttylation rapide sont remplies et que 
le temps de contact est trop court et (ou) la 
temptrature trop basse. Dans le cas contraire le 
rendement n'est que ligkrement affect6 (pertes en 
ion acylium si l'agent acylant n'est pas en excks) 
par le rtarrangement mais l'exceptionnelle rapi- 
d i t t  de la me'so-desacitylation dans certaines 
conditions pourrait conduire B conclure h2tive- 
ment B une substitution directe des positions 
a et B .  

Ce n'est cependant pas h l'intervention d u  
rtarrangement qu'il faut imputer les variations 
de rendement enregistrtes selon le catalyseur, 
lors de  l'utilisation d'anhydride acttique, mais a u  
processus m2me de  ce type d'acylation qui, a u  
moins dans certains cas, doit @tre considtrt 
comme difftrent de celui qui met en jeu les 
chlorures d'acides. 

En effet, que se soit avec les essais dtcrits ici 
ou B propos d'autres hydrocarbures (19) nous 
avons maintes fois constatt que, contrairement h 
ce qui est le plus souvent admis dans la litttra- 
ture, l'emploi d'anhydride acttique, qui peut par 
ailleurs modifier l'orientation (18), n'exige pas 
ntcessairement pour que le rendement soit Clevt, 
la mise en oeuvre de deux, ou m2me trois moles 
et plus, de catalyseur. 

Par constquent, sans rechercher l'utilisation 
complkte de l'anhydride en plus des eqs simpli- 
fites habituelles 1 et 2, il faut admettre que In 
substitution sans dissociation prtalable de l'an- 
hydride selon l'tq. 3, doit intervenir d'une 
manittre importante. 

/ 
/ 

[I] CHICOX.  MX, + ArH + Ar+ 0-MX,, + Ar-CO.MX,, + H X  
'>, / 

C 
I 

C H I  

131 (CHlC0)20.MX,,  + A r H  --t A r i  0-MX, --, Ar-CO .MX,, + C H 3 C 0 2 H  % 

DtjB envisagie par Satchel1 (20) en tant 
qu'iventualitt, cette voie d'acylation directe est 
ntcessairement dtpendante du mode opiratoire, 
de la "force" du  catalyseur et de  la rtactivitt 
(pouvoir nucltophile et effets sttriques) de l'hy- 
drocarbure. Elle est en effet like B la stabiliti, 
donc B la vitesse de  transformation en complexe 
acylant classique (Cqs. 1 et 2), du  complexe 
coordinatif D par rapport h la vitesse de forma- 
tion du  complexe de transition avec l'hydro- 
carbure. 

C'est pourquoi elle n'intervient probablement 
que peu ou pas lorsque le catalyseur (i fortiori 
s'il s'agit du chlorure d'aluminium) est prtalable- 
ment mis cn prtsence de l'anhydride selon un 
mode optratoire qui exige eflectivement au  moins 
2 mol de  catalyseur. Et c'est sans doute pour 
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cette raison que dans une ttude de l'acttylation 
de divers substrats benziniques, Olah et 01. (21) 
considkrent, au vu des rksultats sur le tolukne et 
des spectres de rmn des complexes respectifs du 
chlorure d'acttyle et de l'anhydride acttique avec 
le chlorure d'aluminium, que l'entitt rtagissante 
est la m&me dans les deux cas. 

Un  avis un peu difftrent a itk avanct prici-  
demment par Burton et Parill (22) qui admettent 
qu'avec l'anhydride, l'entitt rtagissante est le 
complexe 

mais qui constatant, ainsi que nous l'avons fait, 
que ce mode d'acylation en prtsence de cataly- 
seurs faibles n'est pas accompagni de dtgage- 
ment d'acide chlorhydrique, en dtduisent que 
seuls les catalyseurs trks efficaces comme le 
chlorure d'aluminium sont capables de pro- 
voquer la dissociation compltte de l'acide 
acttique formt dans la rtaction (dernikre i tape 
de l'tq. 3). 

Ayant pour notre part, toujours opirk par 
addition finale du catalyseur (ce qui minimise les 
rtactions secondaires) nous pensons pourtant 
que dans ces conditions, le complexe coordinatif, 
particulikrement avec le chlorure stannique, 
pridomine lors de l'acitylation avec l'anhydride 
et que c'est le complexe ionist habitue1 qui inter- 
vient avec le chlorure d'acide. 

Pour en revenir B l'anthrackne et B ses homo- 
logues, il apparait alors que la chute de rende- 
ment constatie avec le chlorure d'aluminium et 
l'anhydride acitique provient d'une consomma- 
tion partielle de catalyseur par formation de 
complexe ionisi tandis que celle enregistrte avec 
le chlorure stannique et le chlorure d'acityle 
rtsulte de l'ionisation insuffisante et de la faible 
rtactiviti du complexe coordinatif. 

Le fait qu'au lieu d'&tre riduit ou emp&chi, 
lors de l'utilisation d'anhydride, par la desactiva- 
tion de l'excks (toujours inftrieur B 0.5 mol) de 
catalyseur, le rtarrangement intervienne dans 

rtsultats et montrer que l'acttylation de l'an- 
thrackne et de ses homologues n'est pas une 
rkaction tout B fait dtpourvue de reproductibilitt. 

Les divers essais dlacCtylation ont CtC effectues sur 
0.03 mol d'hydrocarbure, B tempCrature ambiante dans 
les conditions prCcisCes dans le texte, le catalyseur Ctant 
ajoutC en dernier (procCdC d'Elbs). Les essais de rCarran- 
gement direct ont CtC rCalisCs B tempCrature ambiante ou B 
chaud (voir texte) avec du chlorure d'aluminium priala- 
blement repurifiC par sublimation sous vide. 

Le dimithyl-9,10 anthrackne a CtC prCparC par formyla- 
tion, suivie d'une rCduction du methyl-9 anthrackne selon 
la technique dCcrite pour celui-ci (1). I1 est obtenu exempt 
de dCrivC monomCthylC par chromatographie sur colonne 
de silice au stade du dtrivt formylC (Clution cyclohexane 
puis benzkne). 

L'analyse des produits des diverses rCactions a Ctt 
effectute par chromatographie en phase vapeur sur un 
appareil Girdel 75 F H  tquipt d'un dCtecteur B ionisation 
de flamme et d'une colonne de 2 m (4 po) chargCe de 
Chromosorb W contenant 5% de SE 30. L'identification 
des divers constituants a ttC obtenue par addition dans le 
melange d'tchantillons purs. Dans la plupart des cas la 
tempCrature du four a CtC de 225 "C mais avec des 
mClanges complexes (acktylation simultanie des hydro- 
carbures, prCsence de dtrivCs diacCtylCs) une programma- 
tion de 210 B 250 'C B raison de 5 "C par minute, a CtC 
nkessaire. 

La ditermination des proportions des constituants a 
CtC effectute par integration des pics au moyen d'un 
intigrateur numCrique L.T.T. 1103. Un facteur de correc- 
tion propre B chaque composC a CtC appliqut aux valeurs 
obtenues, a p r b  evaluation de la rCponse du dCtecteur au 
moyen de melanges de proportions connues. Dans 
quelques cas un contrBle a CtC rialist par siparation des 
produits de la riaction sur colonlie de silice. 

- 
tousles cas, constitue un argument supplimen- 
taire en faveur du processus. 

Et comme enfin, l'encombrement vraisembla- 
blement plus tlevt du complexe coordinatif 
justifie simultaniment la vitesse moins Clevte de 
la miso-substitution et l'augmentation de pro- 
portion des produits d'acttylation en p, le seul 
jeu de ce processus et du rtarrangement nous 
parait suffisant pour rendre compte des divers 
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On the extension of the Hiickel rule to polycycBc non-alter 
conjugated hydrocarbons 

I. GUTMAN AND N. T R I N A J S T I ~  
Tile Rugjer Boikovic' Itzstitute, P.O.B. 1016, 41001 Zagreb, Croatia, Y~~goslaoicc 
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I. GUTMAN and N. TRINAJSTIC. Can. J. Chem. 54, 1789 (1976). 
General rules for aromatic stability of non-alternant polycyclic conjugated hydrocarbons are 

obtained using graph-theoretical considerations. Every pair of odd-membered rings contained 
in the conjugated molecule has a stabilizing effect if one ring is of the size 4N + 1 and the other 
of the size 4N + 3. If both rings are of the size 4N + 1 or 4N + 3, a destabilizing effect occurs. 
This conclusion holds both for fused and disjointed rings. The *-electron system is said to be 
relatively more stable if the number of (4N + 1)-membered rings is equal to the number of 
(4N + 3)-rings. 

I. GUTMAN et N. TRINAJSTIC. Can. J. Chem. 54, 1789 (1976). 
Faisant appel aux theories de graphes on deduit des rkgles generales permettant de determiner 

la stabilite aromatique d'hydrocarbures conjugues polycycliques non alternants. Chaque paire 
de cycles contenant un nombre impair d'atomes dans la molecule conjuguie a un effet stabilisant 
sur l'ensemble si un cycle est de grandeur 4N + 1 et l'autre de grandeur 4N + 3. Si les deux 
cycles sont de grandeur 4N + 1 ou 4N + 3, il se produit un effet dkstabilisant. Cette conclusion 
est valable autant pour les cycles condenses que pour les cycles disjoints. On dit que le systkme 
d'electron T est relativement plus stable si le nombre de cycle contenant 4N + 1 chainons est 
Cgale au nombre de cycle contenant 4N + 3 chainons. 

[Traduit par le journal] 

I In the last couple of years a rapid development- 
of the topological theory of co~ijugated mole- 
cules has produced a number of novel results 

, (1-10). In spite of this advance, there has been 
rather limited work carried out on the elucida- 

I tion of the structural factors determining the 
chemical behaviour of non-alternant hydro- 
carbons (2, 4, 11, 12). The recent work of 
Kruszewski and Krygowski (13) therefore pre- 
sents an important break-through in this field. 

The Huckel4N + 2 rule (14) is both theoreti- 
cally and experimentally a well established fact 
for annulenes (15, 16). Although this rule was for 
a long time believed to hold for an arbitrary 
conjugated system (17), its general validity has 
been proved quite recently (18). The proof of that 
relatively complicated proposition was possible 
by applying graph spectral theory to  the Coulson 
integral formula for a-electron energy (19, 20). 
In the present work we wish to  use the same 
mathematical technique, discussed in detail in 
ref. 18, to  obtain extensions of the Huckel rule of 
the same type as in ref. 13. However, it should be 
noted that while the results of Kruszewski and 
Krygowski are mainly based on numerical ex- 
perience, our conclusions follow from a more 

formal graph-theoretical analysis. Hope can be 
expressed that these two approaches are com- 
plementary, that both are useful for predicting 
and rationalizing facts of current interest in the 
chemistry of conjugated compounds. 

However, it should be noted that all our 
considerations are within the scope of the HMO 
approximation. Therefore, our conclusions are 
qualitative ones. Nevertheless, it has been re- 
cently demonstrated by Hess and Schaad (21) 
that the Huckel theory can also produce satisfac- 
tory quantitative agreements with experimental 
facts. In particular, the total a-electron energy of 
the HMO approximation was shown to be 
simply related to  measurable thermodynamic 
constants of conjugated systems (22). Therefore, 
throughout this work the calculated a-electron 
energies are assumed t o  be equal to  the actual 
stabilization or destabilization of molecules. The 
reader's attention is called to this limitation. 

The Hiickel Rule 

The exact formulation of the Huckel 4N + 2 
rule is closely related to  the understanding of the 
topological factors which determine the total 
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T-electron energy (E,). In fact, it is necessary to 
establish the way in which a particular detail of 
the molecular structure contributes to the total 
value of E,. If the contribution of a particular 
structural detail increases E,, one says that it has 
a stabilizing effect. On the contrary, every struc- 
tural detail which yields a negative contribution 
to E, is said to destabilize the molecule. Unfor- 
tunately, an explicit expression for the depend- 
ence of E, on the details of the molecular 
structure does not exist (23). 

Suppose it is possible to determine the sign of 
the contribution to E, of every ring contained in 
the conjugated molecule, then the Hiickel 
4N + 2 rule reads: (a) Every (4N + 2)-mem- 
bered ring contained in the conjugated molecule 
has an increasing contribution to E,. (b) Every 
(4N)membered ring contained in the con- 
jugated molecule has a decreasing contribution 
to E,. Thus, the presence of (4N + 2)-rings will 
in general stabilize and the presence of (4N)- 
rings destabilize the conjugated hydrocarbon. A 
rigorous proof of this proposition was given 
elsewhere (18). 

In order to formulate statements of the 
analogous type for (4N + 1)- and (4N + 3)- 
membered rings let us introduce the following 
graph-theoretical concepts. The topology of a 
conjugated molecule will be presented by a graph 
(so-called molecular graph) in the usual way (10). 
The subgraphs of this graph, the components of 
which are rings (of the size 3, 4, 5, . . .) and 
complete graphs of degree two (these contain 
two vertices joined by an edge) are called Sachs 
graphs (I). Let the Sachs graph s contain c2(s) 
components which are complete graphs of degree 
two and c~(s), c~(s), c~(s), . . . components which 
are rings of the size 3,4,5, . . ., respectively. Then 
the total number of components c(s) and the 
total number of rings r(s) are 

The number n(s) of vertices of the Sachs graph s 
is similarly 

Finally, we introduce the quantities Ro(s), Rl(s), 
R2(s), and R~(s), the total number of (4N)-, 
(4N + I)-, (4N + 2)-, and (4N + 3)-membered 
rings respectively, contained in the Sachs graph s. 

In ref. 18 the following variant of the Coulson 
integral formula 19 has been derived: 

where the term a,, (the nth coefficient of the 
characteristic polynomial (1)) is determined by 

The summation in [6] goes over all Sachs graphs 
with n vertices. 

Two properties of the coefficients a,, are im- 
portant for the further discussion, namely 

and 

with y being the size of the smallest odd-mem- 
bered ring in the molecule (18). 

From eqs. 5 and 6 one sees easily that E, 
depends solely on the structure of the Sachs 
graphs contained in the molecular graph. In fact, 
Sachs graphs represent exactly those structural 
details of the molecule, the contributions of 
which are known. Thus, the contribution from 
each Sachs graph either increases or decreases the 
value of E,. Therefore, it seems reasonable to  
introduce a 'stability' function u with the 
property 

+ 1 if s increases E, 
[91 ~ ( s )  = - 1 if s decreases E, 

An inspection of [5]-[8] reveals that 
c+n/2 for n = even 

~101  u = :),c+in-T)/2 for = odd 

In the case of alternant hydrocarbons (when R1 
and R3 are zero for all Sachs graphs) one obtains 
(1 8) : 
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which is an algebraic formulation of the Huckel 
rule. The meaning of [l  11 is that every Sachs graph 
containing an arbitrary number of (4N + 2)- 
rings but no (4N)-membered rings (Ro = 0) has a 
positive contribution to Er. Every Sachs graph 
containing a (4N)-ring (Ro = 1) gives a negative 
contribution to  Ex. The seeming contradiction 
that Sachs graphs with two (4N)-membered 
rings (Ro = 2) stabilize the molecule is overcome 
by taking into account that the existence of such 
a Sachs graph necessarily implies the existence of 
additional four graphs with Ro = 1. Details of 
these considerations are given elsewhere (18). 

Hiickel-type Rules for Odd-membered Rings 

Equation 11 may be generalized for the case of 
presence of odd-membered rings in a conjugated 
molecule. An elementary, but tedious, calcula- 
tion gives: 

(- l)Ro+(Rl-R3)/z for n = even 
[I2] = {(- l)Ro+lr-(Rl-Rd1/2 for n = odd 

Without the loss of generality of the present 
discussion, one may take RO = 0, since the effect 
of the presence of (4N)-membered rings is dis- 
cussed in the previous section. 

Rules which follow are deduced from [12] 
using graph-theoretical considerations analogous 
to those of ref. 18. These elementary,-but rather 
lengthy, derivations will be omitted. The reader 
should keep in mind that our rules are in fact 
mathematical theorems valid within the Huckel 
theory, which are not necessarily in agreement 
with chemical observations. However, we hope 
to be able to  show that these rules indeed reflect 
relevant chemical facts. 

From now on it is implied that two odd- 
membered rings are of the same type if their sizes 
are both 4N + 1 or 4N + 3; a (4N + 1)- and a 
(4N + 3)-membered ring will be said to be of the 
opposite type. Note, however, that in graphs 
representing chemically relevant non-alternant 
topologies, five- and seven-membered rings occur 
almost exclusively. Nevertheless, we will formu- 
late our results in a more general 'modulo 4' (24) 
fashion. 

Rule I 
If there is only one odd-membered ring present 

in the molecule, there will be a small stabilization 
effect arising from its presence. 

Numerical calculations (25) confirm this con- 
clusion, but show, however, that the quantitative 
effect in conjugated systems containing one odd- 
ring (e.g. fulvene) is rather small. 

RlrIe 2 
Similarly, in the polycyclic case there exist also 

positive contributions to E, arising from all rings 
being of the same type as the smallest odd-ring in 
the molecule. Odd-rings of opposite type exhibit 
a destabilization effect. 

However, these contributions are largely 
screened by some other topological phenomena 
(see Rules 3 and 4) and therefore seem not to be 
of chemical relevance. 

Rule 3 
A pair of Jirsetl odd-membered rings causes 

stabilization if the rings are of the opposite type, 
and destabilization if the rings are of the same 
type. 

This rule applies directly to the relative stability 
of pentalene, 1, azulene, 2, and heptalene, 3 (see 
Table l), but it can be used in a straightforward 
manner for all other polycyclic cases as well. In 
order to use the rule one has to count the number 
of pentalene-like, azulene-like, and heptalene- 
like subgraphs of the molecular graph and to  
take into account that every such subgraph will 
contr:lbute to molecular stability according to 
Rule 3. Inspection of Table 1 shows a good 
agreement between our results, the calculated 
resonance energy per electron of Hess and 
Schaad (26), and the experimental findings. 
Thus, the parent compounds or methyl deriva- 
tives have been synthesized for all systems pre- 
dicted to  be stable (e.g.: 2, 5, 6, 11, 12, 13). All 
these molecules, except 2, contain one pentalene 
or heptalene subgraph, the presence of which, 
perhaps, explains some anomalies in their chem- 
istry (34). 

Several inolecules (c..g.: 3, 9, 10, 14, 15) are 
predicted to be of low stability. Here experi- 
mental data are rather scarce, but those existing 
for heptalene, 3, indicate this molecule to be too 
reactive to be isolated (28). An interesting pre- 
diction is that 10 should be less reactive (more 
stable) than 9. Unfortunately, there are no 
experimental data, at  present, available to test 
our prediction that 10 is a better candidate for 
synthesis than 9. This, however, is confirmed in 
the case of 14 and 15. Our prediction that 14 
should be more stable than 15 because it con- 
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tains more azulene-like and less heptalene-like 
subgraphs is verified by experiment. The methyl 
derivative of 14 is known (30), whereas neither 
the parent compound nor the derivatives of 15 
have been prepared. 

Finally, all compounds (e.g.: 1, 4, 7, 8, 16) 
predicted to  be unstable are not yet known. 
However, it should be noted that hexaphenyl- 
pentalene, 17, 1-methylpentalene, 18, and di- 

lithium hexachloroacepentylendiide, 19, have 
been prepared (35-37). The reasons for stability 
of 17 have been discussed in refs. 2 and 38. 
These are related to  the alternant part of the 
molecule. 1-Methylpentalene and dilithium hexa- 
chloroacepentylendiide are transient species ob- 
tained under severe experimental conditions a t  
low temperatures; the former molecule is pre- 
pared a t  - 196 OC while the latter a t  -70 O C .  

Consider compound 8. This molecule, which 
contains pentaleie-like subgraphs only and has a 
very low REPE value (- 0.036 P), is predicted to 
be a very unstable antiaromatic species, and has 
not been prepared yet. However, Garratt and 
Sargent (39) expressed an optimism about the 
possibility of its synthesis based on the 4N + 2 
T-electron perimeter of this molecule. Here we 
have, therefore, a very good example of the 
danger of applying the Hiickel rule in its tradi- 
tional form directly to the perimeter of polycyclic 
conjugated systems. 

In more complicated molecular structures 
another effect is also playing an important role 
in determining stability. This is summarized in 
the subsequent rule. 

Rule 4 
A pair of disjoint odd-membered rings causes 

stabilization if the rings are of the opposite type, 
and destabilization if the rings are of the same 
type. 

The analogy between Rules 3 and 4 is evident. 
Therefore it is worth mentioning that they have 
been derived using two relatively different proof 
techniques. The application of this rule to ful- 
valene and its homologues (13) is obvious. 

Rules 3 and 4 together give the statement of 
Kruszewski and Krygowski (13): 

Rule 5 
A non-alternant system is relatively stable 

Ph Ph CH3 (aromatic) if the number F of (4N + 1)-mem- 
17 18 bered rings is eq~lnl to  the number S of (4N + 3)- 

membered rings. 
However, if the difference S - F is divisible by %I2- 4, but is not zero, such molecules are extremely 

reactive; no one compound to  our knowledge 

a < (-I 2 ~ i +  
with S - F = +4 has been prepared yet. Ex- 
amples of this case are the hypothetical structures 
8 ( S  - F = -4) and 1 6 ( S -  F = +4). 

As an additional improvement over the work 
19 (13) it is to be emphasized that all the obtained 
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GUTMAN A N D  TRINAJSTI~ 

TABLE 1. Fused non-alternant hydrocarbons containing five- and/or 
seven-membered rings* 

Compoundt P A H REPE (in P) Statusf Reference 

1 1 0 0 -0.018 - 
2 0 1 0 0.023 I 27 
3 0 0 1 -0.004 r 28 
4 3 0 0 -0.062 - 
5 1 2 0 0.018 m 29 
6 0 2 1 0.016 m 30 
7 0 0 3 -0.019 - 

8 5 0 0 -0.036 - 
9 3 2 0 -0.002 - 

10 2 3 0 0.002 - 
11 1 4 0 0.021 i 31 
12 0 4 1 0.022 I 32 
13 1 3 1 0.016 m 

3 
338 

14 0 2 0.009 m 30 
15 0 2 3 0.004 - 
16 0 0 5 -0.011 - 

*P,  A ,  and H denote the number of  pentalene, azulene, and heptalene subgraphs respectively, con- 
tained in the molecular graph. The REPE values are taken from (26). 

tThe list o f  the studied molecules is given in text. 
ii, isolated; r, existingin solution, but too reactive to be isolated; -, unknown; m, methyl derivatives 

known. 
§In ref. 30 is mentioned the unpublished synthesis o f  unsubsliluled 13 by K. Hafner and F. Bauer. 
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Using graph-theoretical proof techniques, the 

rule proposed in ref. 13 has been proved and 
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form are obtained. The structural factors deter- 
mining the aromatic stability of non-alternant 
conjugated hydrocarbons are, thus, to great 
extent understood. 

1. A. GRAOVAC, I. GUTMAN, N. TRINAJSTIC, and T. 
~ I V K O V I ~ .  Theoret. Chim. Acta, 26, $7 (1972). 

2. I. GUTMAN, N. TRINAJSTIC, and T. ZIVKOVIC. Tetra- 
hedron, 29, 3449 (1973). 

3. G. G. HALL. Int. J. Math. Educ. Sci. Technol. 4, 233 
(1973). 

4. I. GUTMAN and N. TRINAJSTI~.  Croat. Chem. Acta, 
46,243 (1974). 

5. D. CVETKOVI~,  I. GUTMAN, and N. TRINAJSTIC. 
J. Chem. Phys. 61, 2700 (1974). 

6. M. RANDIC. Tetrahedron, 30, 2067 (1974). 
7. W. C. HERNDON and M. L. ELLZEY, Jr. Tetrahedron, 

31, 99 (1975). 
8. H. HOSOYA, K. Hosol, and I. GUTMAN. Theoret. 

Chim. Acta, 38, 37 (1975). 
9. R. B. MALLION. Proc. Roy. Soc. (London) A341,429 

(1975). 
10. I. GUTMAN and N. TRINAJSTI~. Topics Curr. Chem. 

42,49 (1973). 

Chem. 53, 945 (1975). 
14. E. H ~ ~ C K E L .  Z. Phy~.  76, 628 (1932). 
15. F. SONDHEIMER. Pure Appl. Chem. 7, 363 (1963); 

Proc. Roy. Soc. (London) A297, 173 (1967). 
16. R. C. HADDON, V. R. HADDON, and L. M. JACKMAN. 

Topics Curr. Chem. 16, 103 (1971). 
17. M. J. S. DEWAR. Molecular orbital theory of organic 

chemistry. McGraw-Hill, New York. 1969. Chapt. 6. 
18. I. GUTMAN and N. T R I N A J S T ~ ~ .  J. Chem. Phys. In 

press. 
19. C. A. COULSON. Proc. Cambridge phil. Soc. 36, 201 

(1940). 
20. A. GRAOVAC, I. GUTMAN, and N. TRINAJSTI~. Chem. 

Phys. Lett. 35, 555 (1975). 
21. B. A. HESS, Jr. and L. J. SCHAAD. J. Am. Chem. Soc. 

93, 305 (1971); 93, 2413 (1971). 
22. L. J. SCHAAD and B. A. HESS, JR. J. Am. Chem. Soc. 

95, 3907 (1973). 
23. I. GUTMAN. Theoret. Chim. Acta. 35. 355 (1974). 
24. M. J. GOLDSTEIN and R. HOFFMANN: J. Am.  hem. 

SOC. 93, 6193 (1971). 
25. I. GUTMAN, M. MILUN, and N. TRINAJSTI~ .  Un- 

published results. 
26. B. A. HESS, JR. and L. J. SCHAAD. J. Org. Chem. 36, 

3418 (1971). 
27. W. HENTZSCHEL and J. WISLICENUS. Lieb. Ann. 275, 

312 (1893). 
28. H. J. DAUBEN and D. J. BERTELLI. J. Am. Chem. Soc. 

83,4659 (1961). 
29. K. HAFNER and J. SCHNEIDER. Lieb. Ann. 624, 37 

(1959). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1794 CAN. 1. CHEM. VOL. 54, 1976 

30. K. HAFNER, G. HAFNER-SCHNEIDER, and F. BAUER. 34. K. HAFNER. Pure Appl. Chern. 28, 153 (1972). 
Angew. Chem. 80, 801 (1968). 35. E. LEGOFF. J. Am. Chern. Soc. 84, 3975 (1962). 

31. H. REEL and E. VOGEL. Angew. Chern. 84, 1064 36. R. BLOCH. R. A. MARTY, and P. de MAYO. J. Am. 
(1972). Chern. Soc. 93, 3072 (1971). 

32. A. G. ANDERSON, JR., A. A. MACDONALD, and A. F. 37. 1. T. JACOBSON. Chern. Scripta, 6, 30 (1974). 
MONTANA. J. Am. Chem. Soc. 90, 2993 (1968). 38. W. C. HERNDON. Tetrahedron, 29, 3 (1973). 

33. K. HAFNER, R.  FLEISCHER, and K. FRITZ. Angew. 39. P. J. G A R R A ~  and M. V. SARGENT. Advan. Org. 
Chern. 77, 42 (1965). Chem. 6, 1 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Nitration of the tetramethylbenzenes in acetic anhydride. 
Formation and rearomatization of adducts 

ALFRED FISCHER A N D  DAVID R. A. LEONARD 
Departrnerz! of Cl~ernis~ry, Urziuersi~y of Victoria, Victoria, B.C., Cnrlada V8 W 2Y2  
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ALFRED FISCHER and DAVID R. A. LEONARD. Can. J. Chem. 54, 1795 (1976). 
Nitration of the tetramethylbenzenes in acetic anhydride a t  temperatures below -50 "C 

gives the I-acetoxy-4-nitro and 5-acetoxy-2-nitro adducts from the 1,2,3,4 isomer, the 5-acetoxy- 
2-nitro adduct from the 1,2,3,5 isomer, and the I-acetoxy-4-nitro adduct from the 1,2,4,5 
isomer as well as the expected nitro derivatives. Corresponding nitritonitro adducts are also 
formed as  well as side-chain (benzylic) derivatives: nitrates and phenylnitromethanes. Re- 
aromatization of the tertiary acetate adducts leads to aryl acetates, benzylic derivatives, or 
nitroarenes, depending upon the acidity of the solvent. In  the benzylic derivatives the methyl 
group substituted is that ipso to the acetate in the precursor adduct, that pnra to the most 
activated ipso position of the arene. 

ALFRED FISCHER et DAVID R. A. LEONARD. Can. J. Chem. 54, 1795 (1976). 
On a r6alisC la nitration des tCtramCthylbenzknes dans l'anhydride acCtique B des tempCra- 

tures plus basses que -50 "C; l'isornkre 1,2,3,4 conduit aux adduits acCtoxy-1 nitro-4 et acCtoxy- 
5 nitro-2 alors que les isomkres I ,2,3,5 et 1,2,4,5 conduisent respectivement aux adduits acktoxy- 
5 nitro-2 et acCtoxy-1 nitro-4; ces adduits sont formis en supplement des derives nitrCs attendus. 
I1 y a aussi formation des adduits correspondants nitritonitro de mCme que des dCrivCs sur la 
chaine laterale (benzylique): nitrates et phCnylnitromCthanes. La re'aromatisation des adduits 
acetates tertiaires conduit, suivant I'aciditC du solvant, aux acCtates d'aryle, aux dCrivCs ben- 
zyliques ou aux nitroarknes. Dans les dCrivCs benzyliques, le groupe mCthyle substituC est celui 
qui est ipso par rapport B I'acCtate de l'adduit prCcurseur et qui est para par rapport B la position 
ipso la plus activCe de l'arkne. 

[Traduit par le journal] 

Electrophilic attack at a substituted (iyso) 
position often competes effectively with normal 
substitution in the course of aromatic nitration 
(1). In acetic anhydride solution iyso-nitration 
leads to the formation of 1,4-acetoxynitro ad- 
ducts which, in favourable cases, may be isolated 
(2-4) but which are prone to undergo rearo- 
matization leading to 'abnormal' nitration prod- 
ucts (2-6). In an earlier study of the nitration of 
the tetramethylbenzenes in acetic anhydride sub- 
stantial amounts of aryl acetates and side-chain 
nitro derivatives were found (7). In the cases of 
11-xylene and pseudocumene (1,2,4-trimethyl- 
benzene) it was shown (2b, i, k) that such 
derivatives are secondary products obtained via 
the formation and rearomatization of adducts 
(Scheme 1) and it seemed clear that adducts must 
be formed in the cases of the tetramethylben- 
zenes although attempts to detect them were 
not successful (7). The high yields of 'abnormal' 
products obtained, reaching 75% in the case 
of prehnitene (1,2,3,4-tetramethylbenzene), and 

(Table 1) predictions based on partial rate 
factors for attack at ipso, ortlzo, meta, and yam 
positions (8) indicated that potentially large 
amounts of adducts should be found with the 
tetramethylbenzene substrates. This paper re- 
ports the successful isolation of adducts from 
these systems and some rearomatization studies. 
Related studies include the nitration of dichloro-, 
dibromo-, and dinitrotetramethylbenzenes (9, 
lo), the nitration of the homologs of isodurene, 
ethylmesitylene, and propylmesitylene (1 I), and 
the chlorination of isodurene (6). 

Results 

Nitration of' and Addition to Tetramethylbenzenes 
Prehnitene (I ,2,3,4-Tetramethylbenzene) 
Careful reaction of prehnitene with nitric acid 

in acetic anhydride at -60°C followed by 
quenching with ammonia at the same tempera- 
ture, work-up, and chromatography at - 50 OC 
gave as major products the diastereoisomeric 
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TABLE 1. Predicted relative extents of attack at the indicated 
positions in tetramethylbenzenesa 

Substitution or addition at position 
(%I 

Tetramethylbenzene 1 2 3 4 5 6 

Prehnitene (1,2,3,4 isomer) 22 18 18 22 10 10 
Isodurene (1,2,3,5 isomer) 0.1  52 0 .1  24 0.1  24 
Durene (1,2,4,5 isomer) 21 21 8 21 21 8 

"Data for ipso positions in italics. 

TABLE 2. Relative gradients (gradient 1-OCOCH, = 1.00) of proton 
chemical shifts for diene adducts from the addition of E~([ZH,lfod)~~ 

Compound 1-CH3 2-CH3 3-X 4-CH3 5-X 6-H 

l a  0.55 0.35 0.1Xb 0.21 0.21c 0.85 
l b  0.57 0.35 0.23b 0.19 0 .  27C 0.90 
l a / lb  ratio 0.96 0.99 0.78" 1 . l l  0 . 7 8 ~  0.94 
5a 0.53 0.34 0.33c 0.26 0.15h 0.87 
56 0.55 0.32 0.36c 0.21 0 .  17b 0.92 
5a/5b ratio 0.96 1.06 0.92c 1.24 0.86b 0.95 

aAbsolute gradients of 1-OCOCHI: la. 15.1: l b .  17.0; 5n, 15.1; 56, 17.0 ppm mol ofsubstrateper mol 
of shift reagent. 

'X = CH3. 
CX = H. 

Me NO2 

AcO Me Ac H 

M e p e  p e  

Me Me 
Me OAc Me OAc Me ON0 

1-acetoxy-4-nitro adductsl l a  and 16, the dia- 
stereoisomeric 5-acetoxy-2-nitro adducts 2a and 

lIndividual members of a pair of diastereoisomeric 
adducts are designated as a and b. In those cases (here 1 
and 5) for which the stereochemical assignment has been 
made the a designation is used for the tratu N02,0Ac 
isomer and b for the cis. 

26 and Snitroprehnitene, together with smaller 
amounts of another 1,4 adduct, tentatively iden- 
tified as 1,2,3,4-tetramethyl-4-nitro-1 ,4-dihydro- 
phenyl nitrite, 2,3,4-trimethylphenylnitrometh- 
ane, and 2,3,4-trimethylbenzyl nitrate. 2,3,4,5- 
Tetramethylphenyl acetate, although not isolated, 
was recognized in some column fractions. 

The 1,4 adducts 1 were distinguished from the 
2,5 adducts 2 and the structures assigned from 
the nuclear magnetic resonance spectra. The 1,4 
adducts exhibited the typical AB quartet with 
J = 10 Hz, appropriate for the adjacent vinyl 
protons of 1. When the methyl region was 
irradiated to remove longer range couplings, the 
2,5 adducts revealed an AB quartet with a much 
smaller coupling, appropriate for the adjacent 
vinyl and allylic protons of 2 (2c, f, 12). The 
stereochemical assignment in the case of the 1,4 
adduct 1 is based on the effect of the shift 
reagent tris-(1,1,1,2,2,3,3-heptafluor0-7,7-[~H6]- 
dimethyl - 4,6 - [2H~]octanedionato)europium(III) 
(E~[~Hs]fod3]  (Table 2). The relative shift ratio 
(1a:lb) for corresponding protons in l a  and 16 is 
1.1 1 for the 4-methyl protons and less than or 
equal to unity for all other p r o t ~ n s . ~  Hence, in 

2Because of the normalization procedure the relative 
ratio for the acetate protons is exactly 1.00. 
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FISCHER A N D  LEONARD 1797 

TABLE 3. Yields (%) of products of  rearornatization of 1,2,3,4-tetrarnethyl-4-nitro-l,4-dihydrophenylacetate (1)' 

Nuclear (5-) substituted Side-chain (I-) substituted 
prehnitenes; substituent prehnitenes (2,3,4-trirnethylbenzyl 

group derivatives) 

Reagent NO2 OAc Other NO2 OAc Other 

CH3C02H 94 5 I a 

CH3CH2C02H 1 45 45b 5C 5" 
50% HC02H in CH2CI2 5 40 5Oc 5J 
CF3C02H 100 
H2S04 (100 prnol) in CH3C02H 9 20 50 210 
H2S04 (1 mmol) in CH3CH2C02H - 7 3 15 70" 100 
H2S04 (1 rnrnol) in HC02H 80 8 121 
H2S0, (1 0 rrnol) in (CH3C02)0 10 40 50 
BF3 . Et20  (5 prnol) in CH2C12 8 52 40 
CH30H, reflux 70 30, 
H2S04 (10 prnol) in CH30H 1 58 37) 4' 
H2S04 (1 rnmol) in CH30H 49 45) 6" 

a2.3,4-Trimethylbenzyl nitrate. 
b2.3,4,5-Tetramethylphenyl propionate. 
CNot distinguishable from the stde-chain nttratc 
dAnd /or side-chain propionate. 
e2,3.4.5-Tetramethylphenyl formate. 

I fAnd/or side-chain formate. 
02,3,4-Trirnethylbenzaldehyde. 
"2.3.4-Trimethylbenzyl propionate 
i2.3,4-Trtmethylbenzyl formate. 
fMethyl 2.3,4,5-tetramethylphenyl e t h e ~  
kMethyl 2.3.4-trimethylbenzyl ether. 
'Reactions were carried out using l a  and 10 as  substrates and s~milar results were obtatned In both cases 

I 

l a  the acetate and 4-methyl groups are cis, i.e. l a  
is the trans adduct and 1b the cis (2f). Because the 
relative shift ratio for the 4-methyl protons is 
only slightly greater than unity and because we 
are unable to  account for the low (both are 0.78) 
relative shift ratios for the 3-methyl and the 5 
protons, both of which should be unity, the 
structural assignment must be regarded as tenta- 
tive. Similar problems have arisen in the cases of 
other tertiary acetate adducts (2k, 

Isodrrrene (1,2,3,5-Tetramerlzylbenzene) 
Nitration a t  -65 "C gave 4-nitroisodurene, 

3,4,5-trimethylbenzyl nitrate, the nitritonitro 3 
and acetoxynitro 4 adduct diastereoisomers, and 
3,4,5-trimethylphenylnitromethane. For the ace- 
toxynitro adduct 4 the structure was assigned 
from the nmr spectra which indicate that there 
are two identical methyl groups and that the two 
ring protons are also identical. The 2,5 and 5,2 
adducts would have similar nmr spectra but since 

3In contrast, in the cases of secondarv acetate adducts 
the relative shift of the 4-methyl proions in the tmus 
isomer is much larger than that of the corresponding 
protons in the cis isomer, the ratio being 2 or larger 
(2f, /) and the stereochemical assignments in such cases 
can be accepted with confidence. 

the 2 position is 500 times as reactive as the 5 
(Table 1) the nitro group must be attached to the 
2 position and the acetate to the 5 position. 
Similarly, 3 must be the 2-nitro-5-nitrito adduct. 

Dirrene (1,2,#,5-Tetmt~zethylbenze~ze) 
Nitration in acetic anhydride - methylene chlo- 

ride solution a t  -55 "C gave after work-up the 
acetoxynitro adduct 5 as the major product 
together with some nitritonitro adduct 6 and 
hydroxynitro adduct 7. 2,4,5-Trimethy'lbenzyl 
nitrate was the only aromatic product isolated. 
The relative shift for the 4-methyl protons of the 
first-eluted isomer of the acetoxynitro adducts is 
greater than that for the corresponding protons 
of the second isomer, the ratio being 1.24 
(Table 2). On this basis the first-eluted isomer is 
assigned the trans adduct structure 5a and the 
second the cis structure 56 although, as in the 
case of the prehnitene adducts, the difference in 
shifts is not large and the assignments must be 
regarded with caution. 

Rearotnatization of Tetrcrnzethylberzzem Adducts 
The acetoxynitro adducts of prehnitene and 

durene were rearomatized under a variety of 
conditions to  give the products shown in Tables 
3 and 4. 
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TABLE 4. Yields (76) of products of rearomatization of tr.cl11~-1,2,4,5-tetramethyl-4-nitro-1,4-dihydr0phenyl acetate (50) 

Reagent 

CH3C02H 
CF3C02H (1OPmol) in CH2C12 
50% CF3C02H in CH2C12 
H2S04 (100 pmol) in CH3C02H 
CH30H, reflux 
CH3C6H4SO3H in CH30H 

Nuclear (3-) substituted durene: Side-chain (I-) substituted durene: 
substituent group substituent group 

NO2 OAc Other NO2 OAc Other 

100 
40 36 24" 

67 33" 
15 25 60 

100 
44 1 4c 42'1 

n2,4,5-Trimethylbenzyl nitrate. 
bIncludes other unidentified side-chain products. 
CMethyl 1,2,4,5-tetr;~methylphenyl ether. 
"Methyl 2.4,5-trimethylbenzyl ether. 

Discussion isolated. Isodurene has three different ipso posi- 

Nitration Reactior2s 
Nitration of the tetramethylbenzenes in acetic 

anhydride gave large amounts of adducts, in 
agreement with prediction (Table 1). In each 
case side-chain (benzylic) derivatives were also 
formed which evidently were derived through the 
intermediate formation of the adducts which 
subsequently underwent partial rearomatization 
during the reaction or in the course of the 
work-up.4 The tetramethylbenzene adducts are 
exceedingly labile. When the nitration reactions 
were carried out at  temDeratures above -50 "C 
rearomatization was essentially complete and 
only the rearomatization products were obtained. 
Moreover, the adducts, when isolated, were 
prone to  decomposition via rearomatization, 
particularly so when allowed to  warm to  room 
temperature, and this complicated the investiga- 
tion of their physical properties and reactions. 
The failure of previous attempts (7) to  detect the 
tetramethylbenzene adducts is easily understood. 
There are two different ipso positions (I and 2) in 
prehnitene which are of comparable reactivity. 
Correspondingly both 1,4 and 2,5 adducts were 

4I t  is possible that the side-chain derivatives which are 
formed during the nitration are formed, wholly or in 
part, from the ipso-nitrocyclol~exadienyl cation before the 
cation adds the nucleophile to form the conjugate acid of 
the adduct, or before the conjugate acid is deprotonated 
to the adduct. This would require closely similar rates of 
formation of side-chain product and of adduct from the 
cation. This is a more restrictive condition than that 
which follows from the assumption that the side-chain 
product is formed (via the cation (2k)) from the adduct. 
This would only require that the rate of formation of the 
side-chain product from the cation be slower than the 
rate of formation of the adduct. 

tions (1, 2, and 5). However, the 2 position is 
several hundred times more reactive than the 
others and thus only the 5-acetoxy-2-nitro adduct 
was formed. In durene all of the ipso positions are 
identical and accordingly structurally isomeric 
adducts are not possible. All of the acetoxynitro 
adducts were obtained as a mixture of diastereo- 
isomers and the separate diastereoisomers were 
isolated. 

Nitritonitro adducts were also formed in the 
course of the reactions. In principle, adducts 
containing a nitro group and the anion conjugate 
base of any acid (HX) present in the nitrating 
system can be formed according to a sequence 
analogous to  8 - 9 + 10 (Scheme I). Acetic and 
nitric acids are obviously present although the 
latter is almost completely converted into acetyl 
nitrate in the presence of excess acetic anhydride 
(13). Stoichiometry requires that nitrous acid be 
formed in those rearomatization reactions of the 
adducts which lead to non nitro-containing 
products (20, 14); cf: Scheme 1 : 10 -, 11 and 
10 -, 15 (Y # NO?). Moreover, mixtures of 
nitric acid in acetic anhydride are reported to  
develop nitrous acid spontaneously on standing. 
Since rearomatization reactions did occur in the 
course of the nitration these reactions and the 
reaction with the solvent could account for the 
nitrous acid required for the formation of the 
nitritonitro adducts. The hydroxynitro adduct 7 
isolated from the nitration of durene was prob- 
ably a solvolysis product of the nitritonitro 
adduct and formed on work-up. The formation 
of hydroxynitro adducts has been noted in the 
nitration ofp-xylene (2k) and to a small extent in 
the nitration of p-cymene (2m). Solvolysis of the 
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FISCHER AND LEONARD 

MeNOz 

shift 6 
- HN02 X 

Me Me Me X Me 
8 9 10 11 

I 

14 15 

SCHEME 1. Formation and potential rearomatization reactions of 1,4-dimethylbenzene adducts. 

nitritonitro. adduct of isodurene in methanol 
resulted in isomerization to the dinitro adduct 
(16). Presumably the adduct ionized to form the 

ipso-nitrocyclohexadienyl cation and nitrite anion 
(cf. 10 (X = ONO) + 9) which recombined with 
the nitrogen of the ambident anion (15) behaving 
as the nucleophilic centre (cf. 9 -> 10 (X = NOz). 

Nitration of the tetramethylbenzenes with 
methyl nitrate catalyzed by boron trifluoride 
gives the mononitro derivatives in yields of 97% 
or greater (16). Under conditions of low solvent 
nucleophilicity the ipso-cation (di-Me-9) rear- 
ranges before capture to form the non-illso cation 
(di-Me-12), which is rapidly deprotonated to the 
nitro derivative (di-Me-13), the only observed 
product. The occurrence of this process in the 
nitration of o- and p-xylene and 1,2,3- and 
1,2,4-trimethylbenzene in aqueous sulfuric acid 
has been demonstrated by Schofield and co- 

workers (17). At low acidity (high solvent 
nucleophilicity) the illso-cation is captured by 
water and yields of the nitroarenes are low. As 
the acidity is increased and the solvent nucleo- 
philicity decreased yields of the nitroarenes are 
increased because more of the illso-cation rear- 
ranges before capture. Nitro group migration in 
the nitrohexamethylbenzenium cation has been 
directly observed by Olah et 01. (18). Clearly, 
nitration of arenes should always be carried out 
in a strongly acidic medium (e.g. trifluoroacetic 
acid) if nitroarenes are the desired products. 
Under such conditions any illso cation formed is 
encouraged to  rearrange to the non-ips0 cation 
and thus to form nitroarene rather than other 
products, such as benzylic derivatives. 

Side-chain (benzylic) nitrate derivatives are 
formed when the dihalotetramethylbenzenes in 
methylene chloride are nitrated with nitric acid 
(9). Excellent yields of the side-chain nitrates are 
obtained when the dinitrotetramethylbenzenes 
are nitrated with mixed acid (10). Side-chain 
nitrates are also formed, together with nitro- 
arenes and other products when ethylmesitylene 
and propylmesitylene, in methylene chloride, are 
nitrated with nitric acid (11). I t  is evident that 
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adduct intermediates are formed with these 
substrates. 

Rearon7alizalion Reacliotzs 
Rearomatization of the acetoxynitro adduct 1 

was investigated in considerable detail and of 5 
to a lesser extent. Rearomatization of 2 and 4 
was not studied directly but some information is 
available from the rearomatization reactions 
which accompanied nitration. Adducts 1, 4, and 
5 are tertiary acetates. In discussion of the re- 
aromatization reactions of the parent tertiary 
acetate adduct, from p-xylene (2k), it has been 
noted that three types of rearomatization prod- 
uct are obtained: the (rearranged) nitroarene, 
side-chain (benzylic) derivatives, and the (re- 
arranged) aryl acetate. The mechanisms of the 
first two reactions, which share the il~so-cyclo- 
hexadienyl cation 9 as a common intermediate, 
are depicted in Scheme 1 : 10 (X = OAc) 4. 

9-12-13andlO(X = O A ~ ) - 9 ~ 1 4 - 1 5 .  
The third reaction involves an intramolecular 
1,2-shift of the acetate, Scheme 1 : 10 (X = 

Me, ,NO2---H---A 

OAc) + 11 (X = OAc), and 17 has been pro- 
posed as the transition state. 

Rearomalizalion of 1 
Substantial yields of 2,3,4,5-tetramethylphenyl 

acetate were obtained from the rearomatization 
reactions of 1 (Table 3) in acetic acid, propionic 
acid, 50% formic acid in methylene chloride, 
methanol, and acidified methanol. Comparable 
amounts of the corresponding propionate, for- 
mate, and methyl ether were obtained in the re- 
spective reactions. These other products are most 
likely formed by partial exchange of the acetate in 
1 for propionate, formate, or methoxide (cj:, e.g. 
Scheme 1: 10 (X = 0Ac)-9->I0 (X = 

0COCH2CH3)), followed by rearrangement- 
elimination (cj: 10 (X = 0COCH2CH3) - 11 
(X = 0COCH2CH3)) involving a transition state 
analogous to  17. Exchange reactions have been 
shown t o  occur in the case of the parent p-xylene 
adduct (2k). The extent of prior exchange before 
rearrangement is evidently greater in the case of 1 

than for the 11-xylene adduct under comparable 
conditions. Formation of the il~so-nitrotetra- 
methylcyclohexadienyl cation di-Me-9 should be 
much faster than formation of the ipso-nitro- 
dimethylcyclohexadienyl cation 9. The transition 
state for the rearrangement reaction (17) should 
be much less polar than that for cation formation 
and hence less affected by the additional methyl 
groups. Thus formati011 of the cation, and 
through it exchange, is able to  compete more 
effectively with the acetate rearrangement in the 
case of the prehnitene adduct (and other tetra- 
methylbenzene adducts) than in the case of the 
11-xylene adduct.= Small amounts of the side- 
chain products, 2,3,4-trimethylbenzyl acetate, 
propionate, formate, and methyl ether (di-Me-15) 
also accompanied the rearrangement-elimination 
products in the respective reactions. Under 
somewhat more acidic conditions, sulfuric acid 
in acetic acid, sulfuric acid in propionic acid, or a 
catalytic amount of boron trifluoride etherate in 
methylene chloride, the side-chain products pre- 
dominated and, as well as the acetate or pro- 
pionate, 2,3,4-trimethylphenylnitromethane was 
obtained. The greater amount of side-chain 
product formed in the reactions in acidified 
acetic and propionic acids is attributed to  the 
removal of trace amounts of water from the 
system. In the cases of the p-xylene (2k) and 
11-cymene (217.1) adducts it has been demonstrated 
that water has a striking catalytic effect on the 
rearrangement-elimination reaction leading t o  
the aryl acetate. This is attributed to  the require- 
ment for water t o  act as a base in removing the 
proton, as depicted in transition state 17. In the 
complete absence of water, i.e. by using an- 
hydrous acetic acid, the rearrangement reaction 
of the p-xylene adduct is inhibited to  such an 
extent that the reactions leading t o  side-chain 
products (10 - 15) compete effectively. In the 
reactions of 1 in acidified acetic and propionic 
acids the added strong acid should remove, 
through solvation, the trace (impurity) water 
present, thus producing the same result as the 
use of anhydrous acids. Support for this explana- 
tion is provided by the observation that in 
methanol added sulfuric acid had little effect in 

5The lability of the tetramethylbenzene adducts noted 
earlier can likewise be explained in terms of the activating 
erect of the additional methyl groups on the formation of 
the cation, the intermediate for two rearomatization 
reactions, and on transition state 17. 
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inhibiting the yield of the nuclear derivatives. 
Methanol would be expected to be sufficiently 
basic to be able to take the place of water in 
removing the proton in the transition-state of the 
rearrangement-elimination reaction. Addition of 
acid to methanol would not then significantly 
reduce the concentration of basic molecules 
present since these are present at the solvent 
concentration. In contrast, in acetic anhydride 
containing sulfuric acid, which must be com- 
pletely anhydrous, no aryl acetate was formed. 
A base is also required to effect the conversion of 
the cation di-Me-9 to the triene di-Me-14. Even a 
weak base, such as acetic acid, suffices to bring 
about this conversion; the stronger base water is 
not necessary. However, as the basicity (and 
nucleophilicity) of the solvent is reduced both 
this reaction (cf. 9 9 14) and the cation capture 
reaction (cf. 9 + 10) would be expected to  
become slower and the cation rearrangement 
reaction (9 + 12) is then able to compete, 
resulting in the formation of nitroarene. The 
onset of this change is apparent in formic acid 
solvent where 5y0 ofthe nitroarene was observed, 
compared with lyo in the less acidic propionic 
acid. In formic acid containing sulfuric acid the 
nitroarene was the major product and in the 
more acidic and less basic trifluoroacetic acid it 
was the only product. 

Rearomarizarion of 5 
Results obtained from rearomatization of the 

durene adduct 5a support the conclusions 
reached from the study of rearomatization of the 
prehnitene adduct 1. In acetic acid (presumably 
containing the catalytic base water), methanol 
and acidified methanol, where basic solvent 
molecules are present, the aryl acetate (and 
methyl ether) was obtained as the major product. 
In acetic acid containing sulfuric acid (in which 
the impurity water is not available to act as a 
base), a less basic solvent, the side-chain deriva- 
tives predominated, while in the very weakly 
basic solvent trifluoroacetic acid the nitroarene 
became the major product. Both aryl acetate and 
benzylic derivatives were formed when a catalytic 
amount of trifluoroacetic acid in methylene 
chloride was used. In this case as in the example 
of the reaction of 1 with catalytic boron tri- 
fluoride - etherate, the acidity or basicity of the 
system is affected to  a major extent by the acetic 
and/or nitrous acid released in the rearomatiza- 
tion and is not dominated by the trace amount of 

catalyst added. The formation of side-chain 
products is consistent with this suggestion. 

Sicle-chain Subsrir~rrioiz 
Formation of the particular side-chain deriva- 

tives obtained under the various reaction condi- 
tions can be explained in terms of a competitioii 
between the various nucleophiles (HY) present 
for the triene intermediate analog of 14 (2k). The 
2,3,4-trimethylbenzaldehyde formed in some re- 
actions of 1 is probably a secondary product 
derived from the corresponding nitrate (106, 19) 
or nitrite (20). 

As mentioned earlier side-chain (benzylic) 
derivatives were isolated from the nitration 
reactions on each substrate. Clearly, these re- 
aromatization products were formed under an- 
hydrous conditions (in acetic anhydride) in a 
moderately basic solvent. From the foregoing 
discussion these are just the conditions that 
favour the formation of side-chain products 
rather than aryl acetate or nitroarene. Some aryl 
acetate was detected in the column fractions from 
prehnitene nitration. However, this was likely 
formed from the 2,5 adduct, a secondary acetate, 
which by elimination of nitrous acid can form the 
aryl acetate without rearrangement. In the earlier 
work (7) on nitration of the tetramethylbenzenes 
aryl acetate was obtained from each substrate. 
Here rearomatization of the adducts occurred 
during the reaction and/or on work-up. Any 
rearomatization which did occur during the 
work-up, which involved quenching with water, 
would lead t o  formation of aryl acetate. 2,4,5- 
Trimethylbenzyl alcohol was isolated from nitra- 
tion of durene (7). This likely arose from 
solvolysis of the corresponding nitrate. 

It is to be noted that in formation of side-chain 
derivatives the methyl group substituted is that 
para to  the position of ipso attack by the ni- 
tronium ion, i.e. that which is ipso to the acetate 
group in the adduct; consistent with the mech- 
anism shown in Scheme 1. Thus the side-chain 
derivatives formed in the nitration of isodurene 
have the 5-methyl group of isodurene substituted. 
In the case of the derivatives from prehnitene 
symmetry prevents the distinction between the 
1 and 4 groups of the original prehnitene but, 
significantly, it is the 4- (or 1-) methyl group 
which is substituted and not the 2-methyl. 
Because of the symmetry of durene it is not 
possible to say which methyl group of the adduct 
is the one substituted. By analogy, it would be 
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expected that the substituted methyl is that in a 
1,4-relationship t o  the nitro group. Evidence that 
the methyl ipso t o  the acetate in the adduct is that 
substituted in the rearomatization to  side-chain 
derivatives was first obtained for the structurally 
isomeric pseudocumene adducts (2i). An earlier 
observation (7), that it is the methyl group pma 
to  the most activated iuso Dosition which is 

' 1  

substituted, during nitration of arenes, is con- 
sistent with this. In the situation where struc- 
turally isomeric adducts, each containing 1- and 
4-methyl groups, are possible (pseudoEumene, 
isodurene), the predominant adduct and the 
major source of side-chain products is that with 
the nitro group a t  the most activated ipso 

The side-chain products obtained in the nitra- 
tion of substrates related to  the tetramethyl- 
benzenes are just those which have the substituted 
methyl group yarn to  the most activated ipso site. 
Thus, it is the methylpara to  the ethyl and propyl 
groups of ethyl and propylmesitylene which is at- 
tacked in the nitration of these substances (1 1). 
Nitration of 4,6-dinitroisodurene gives 2,6-di- 
nitro-3,4,5-trimethylbenzyl nitrate (10). Here the 
2-ipso position is both the most activated by the 
methyl groups (Table 1) and the least deactivated 
by the (n7eia) nitro groups. Nitration of the 4,6- 
dihaloisodurenes gives both 2,6-dihalo-3,4,5- 
trimethyl- and 3,5-dihalo-2,4,6-trimethylbenzyl 
nitrate (9). In this case the 4,6-halogens deacti- 
vate the (meia) 2-ipso position more strongly 
than the (orillo) 5-ips0 position and act against 
the directing effect of the methyl groups. How- 
ever, the methyl groups d o  just dominate the 
situation since the 2,6-dihalo nitrates are formed 
in greater amount than the 3,5-isomers. Because 
of symmetry the results of nitration of the dihalo- 
and dinitroprehnitenes and durenes are am- 
biguous. Yet it is to  be noted that all of these 
compounds, which lead to  side-chain products, 
contain the required para methyl groups and in 
the case of the prehnitenes, which have other 
methyl groups, it is only those (I-) methyl groups 
which have a para methyl which are substituted. 
Chlorination o f  isodurene in acetic acid gives 
3,4,5-trimethylbenzyl chloride and 3,4,5-trimeth- 
ylbenzyl acetate as well as the expected aryl 
chloride (6). Here again it is the methyl para to  
the most activated iuso ~osi t ion which-is sub- ' .  
stituted, a conclusion which presumably may be 

generalized to  all electrophilic substitution re- 
actions. 

Tllel-t?7al Decot~~posiiiotz of' 1 
Thermolysis of 1 on injection into a gas 

chromatograph was also investigated. On PEGA 
the 5-NO2 (4y0), 5-OAc, and side-chain OAc 
(28y0) derivatives of prehnitene and prehnitene 
itself (62%) were identified. On QF-1 the 5-NO2 
(9y0), 5-OAc (2293, side-chain OAc (42%) 
aldehyde (7yG) derivatives, and prehnitene (4'3,) 
were obtained. The different product distribu- 
tions are unlikely to  be related to  the different 
column packings but rather to  unperceived 
differences in the conditions in the injection 
chamber. Reversion of the adduct t o  the arene, 
which occurred on thermolysis, has not been 
observed in solution although the mechanism 
provides for this possibility (Scheme 1). Such 
reversion has been observed in solution for 
adducts from substituted arenes (217, J ,  I). 

Experimental 
General experimental methods have been described 

previously (2). Alumina was deactivated with 3% of 10% 
aqueous acetic acid. 

Nilroliotz of Prel~t~iletze (1,2,3,4-Tett~~tnrtI1ylbe11~e11e) O r  
Acetic Atllydricle 

A solution of nitric acid (18.9 g, 0.3 mol) in acetic an- 
hydride (200 cm3) was added to a stirred solution of 
prehnitene (26.8 g, 0.2 rnol) in acetic anhydride (200 cm3) 
at -78 "C. The temperature was allowed to rise to 
-60 "C and maintained there for 4.5 h. The reaction 
mixture was then added to ether (1.5 dm3) at -78 "C 
and quenched with ammonia, keeping the temperature 
below -60 "C. The nmr spectrum of the residue obtained 
after work-up indicated that 50% was dienes. Chroma- 
tography on alumina at -50 "C and elution with ether- 
pentane mixtures gave in the 0-20% ether fractions, in 
order: prehnitene, 2,3,4-trimethylphenylnitromethane; ir 
(film) 1550 and 1365 cm-I (NO,); nmr (CDCl,) 6 2.18 (s. 
3, ArCH,), 2.24 (s, 3, ArCH,), 2.27 (s, 3, ArCH,), 5.39 
(s, 2, CH,), 7.02 ppm (s, 2, 5-H and 6-H'); mass spectrum 
(70 eV) m/e (relative intensity) 179 (0.5, M), 133 (100. 
M - NO,); 2,3,4-trimethylbenzyl nitrate; ir (film) 1630. 
1280,855 cm-1 (ONO,); nmr (CDCl,) 6 2.14 (s, 3, ArCH,) 
2.23 (s, 6, Ar(CH3),), 5.35 (s, 2, CH,), 6.99 pprn (s, 2, 
5-H and 6-H); mass spectrum (70 eV) ~ n / e  (relative 
intensity) 195 (23, M), 149 ( M  - NO,), 133 ( M  - ONO,), 
119 (100); a diene; ir (film) 1545 (NO,), 680 cm-1 (ONO); 
nmr (CCI,) 6 1.57 (s, 3, CH3), 1.68 (s, 3, CH3), 1.71 (s, 6, 
(CH3)2), 5.85 (nq, 1, J = lOHz, vinyl H), 6.07 (nq, 1, 
J = lOHz, vinyl H);  5-nitroprehnitene; mp 61 "C (lit. 
(21) mp 61 "C); ir (Nujol) 1520, 1350, 830 cm-I (NO,); 
nmr (CDCI,) 6 2.23 (s, 6 Ar(CH3),), 2.28 (s, 3, ArCH,), 
2.32 (s, 3, ArCH,), 7.37 pprn (s, 1, 6-H). 
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The residues (12.3 g) from the 20 and 3052 ether 
fractions were recrystallized (X5) from ether-pentane to 
give prisms of trarls-l,2,3,4-tetramethyl-4-nitro-l,4-di- 
hydrophenyl acetate(1a)mp 64-65 "C (dec.); uv (CH30H) 
198 nm (e 4560 m2 mol-1); ir (Nujol) 1735, 1245 (OCO- 
CH,), 1530 cm-1 (NO,); nmr (CCI,) 6 1.43 (s, 3, I-CH,), 
1.70 (q, 3, J = 0.75 Hz, 3-CH,), 1.72 (q, 3, J = 0.75 
HZ, 2-CH,), 1.73 (s, 3, 4-CH,), 1.91 (s, 3, OCOCH,), 5.76 
(nq, 1, J = lOHz, 5-H), 5.84ppm (nq, 1, J = lOHz, 
6-H). Mol. Wt .  calcd. for C12N17N04: 239; found: 241. 

The diastereoisomer, cis-1,2,3,4-tetramethyLCnitro- 
1,4-dihydrophenyl acetate (lb) was obtained by re- 
crystallizing (X5) the residue (1.37 g) from the 80 and 
90% ether fractions from ether-pentane, mp 53.0-54.3 "C 
(dec.); uv (CH,OH) 198.5 nm (e 3100 m2 mol-1); ir 
(Nujol) 1740, 1250 (OCOCH,), 1540 cm-1 ( N o d ;  nrnr 
(CCI,) 6 1.41 (s, 3, I-CH,), 1.62 (s, 3, 4-CH,), 1.68 (b, 3, 
3-CH,), 1.77 (b, 3, 2-CH,), 5.77 (nq, 1, J = 10 Hz, 5-H), 
6.24 ppm (nq, I,  J = 10 Hz, 6-H). Mol. Wt .  calcd. for 
CI2Hl7NO4: 239; found: 242. 

The residues (7 g) of the 50 and 60% ether fractions 
were rechromatographed. The new 50% ether fraction 
gave one diastereomer of 2,3,4,5-tetramethyl-4-nitro-1,4- 
dihydrophenyl acetate (2a) after recrystallization (XS) 
from pentane, mp 33.5-34 "C (dec.); uv (CH30H) 196 nm 
(e 5200 m2 mol-I); ir (Nujol) 1735, 1240 (OCOCH,), 1540 
cm-1 (NO,); nrnr (CCI,) 6 1.68 (m, 3, 3-CH,), 1.73 (s, 3, 
4-CH,), 1.74 (rn, 3, 2-CH,), 1.74 (m, 3, 5-CH,), 2.00 (s, 3, 
OCOCH,), 5.48 (m, 1, J1,, = 4.5 Hz, 1-H), 5.78 ppm 
(m, 1, J1,6 = 4.5Hz, J5-CH3,G = 1.3Hz, 6-H). Mol. W t .  
calcd. for CI2Hl7NO4: 239; found: 241. 

The 60Yo ether fraction of the second column afforded 
the other diastereomer of 2,3,4,5-tetramethyl-4-nitro-1,4- 
dihydrophenyl acetate (26, 80 mg), which was recrystal- 
lized from ether-pentane, mp 57.0-58.5 "C (dec.); uv 
(CH30H) 196 nm (e 2840 m2 mol-1); ir (Nujol) 1730,1240 
(OCOCH,), 1540 cm-I (NO,); nrnr (CCI,) 6 1.65 (s, 3, 
CH,), 1.69 (3, 2-CH,), 1.72 (6, 3-CH, and 5-CH,), 5.48 
(m, I,  I-H), 5.67 (m, 1, JI,, = 3 HZ, J5-CH3,6 = 1.3 HZ, 
6-H). Mol. Wt ,  calcd. for CI2Hl7NO4: 239; found: 241. 

Nitrrrtiorr of Isodrrret~e (I,2,3,5-Tetrrm~etI1ylbe~1zer1e) 
A solution of nitric acid (9.5 g, 0.15 mol) in acetic an- 

hydride (100 cm3) was added slowly to a stirred solution 
of isodurene (13.4g, 0.1 mol) in acetic anhydride (300 
cm3) at -65 "C and the resulting solution maintained at 
that temperature for 4 h. The reaction was worked-up as 
described for prehnitene to give a residue which contained 
(nmr) as main products 4-nitroisodurene and 3,4,5-tetra- 
methylbenzyl nitrate together with 30Yo of diene adducts. 
Chromatography on alumina (400g) and elution with 
pentane and ether-pentane mixtures gave isodurene (3.9 
g) in the pentane fraction, a mixture (4.1 g) of 4-nitro- 
isodurene (40%), 3,4,5-trimethylbenzyl nitrate (30%), and 
1,3,4,5-tetramethyl-4-nitro-1 ,4-dihydrophenyl nitrite (3, 
30%). Rechromatographing of this fraction gave 4- 
nitroisodurene which was recrystallized from pentane, 
mp 40-40.6 "C (lit. (22) mp 39 "C), ir (melt) 1525 and 
1365 cm-1 (NO,); nmr (CDCI,) ii 2.14 (s, 6, Ar(CH,),), 
2.17 (s, 3, ArCH,), 2.24 (s, 3, ArCH,), 6.84 pprn (s, I, 
6-H). The trirnethylbenzyl nitrate and the diene could not 
be separated but characteristic spectral peaks of each 
could be discerned in the mixed fractions. 3,4,5-Tri- 

methylbenzyl nitrate had ir (film) 1620 and 1282cm-1 
(ONO,); nmr (CDCI,) d 2.19 (s, 3, 4-CH,), 2.30 (s, 6, 
3-CH, and 5-CH,), 5.32 (s, 2, CH,), 6.07 ppm (s, 2, 2-H 
and 6-H); mass spectrum rn/e 195 (M). Oxidation of the 
nitrate by heating under reflux for 30 min in s ~ l f u r i c ~ , . . ' ~ , ~ ~ ~  
acid - water - acetic acid (1 :10:20) gave 3,4,5@ 
methylbenzaldehyde which was recrystallized from pen- 
tane, mp 62.0-62.3 "C (lit. (23) mp 52 "C); ir (Nujol) 1675 
cm-1 (CHO); nmr (CDCI,) 6 2.23 (s, 3, 4-CH,), 2.34 (s. 
6, 3-CH, and 5-CH,), 7.48 (s, 2, 2-H and 6-H), 9.87 ppm 
(s, I, CHO); mass spectrum (70 eV) nz/e (relative in- 
tensity) 148 (74, M), 147 (loo), 119 (69). 3,4,5-Trimethyl- 
benzaldoxime had mp 135.6-136.2 "C. The diastereo- 
isomer of I ,3,4,5-tetramethyl-4-nitro-l,4-dihydrophenyl 
nitrite (3n) had ir (film) 1635 and 753 (ONO), 1545 and 
1365 cm-I (NO2); nrnr (CDCI,) ii 1.53 (s, 3, I-CH3),'1.61 
(s, 3, 4-CH,), 1.69 (d, 6, J 2 , 3 - C ~ ~ 3  = JG,S-~I-I ,  = 0.7 HZ. 
3-CH3 and 5-CH,), 5.84 ppm (br s, 2, 2-H and 6-H). On 
standing the mixture of diene and nitrate in methanol the 
diene isomerized to 1,3,4,5-tetramethyl- 1,4-dinitro- 1,4- 
dihydrobenzene (16), which was recrystallized from 
pentane, mp 76-77 "C; uv (C6HI2) 195 nm (e 1940 m2 
mol-I); ir (Nujol) 1545 and 1378 cm-I (NO2); nrnr 
(CDCI,) ii 1.78 (s, 3, 4-CH,), 1.80 (s, 3, I-CH,), 1.81 (d, 
6, J2,3-c113 = JG,5-CH3 = 0.7 HZ, 3-CH3 and 5-CH,), 5.94 
pprn (br s, 2, 4-H and 6-H). Mol. Wt .  calcd. for CIOH14- 
N,O,: 226; found: 224. The dinitrodiene 16 was also 
recognized in a column fraction of the nitration mixture. 

The 1596 ether fraction from the original reaction 
mixture contained a mixture of 3,4,5-trimethylphenyl- 
nitromethane and a second diastereomer of I ,3,4,5- 
tetramethyl-4-nitro-1,4-dihydrophenyl nitrite (3b). 3,4,5- 
Trimethylphenylnitrometliane, although the minor prod- 
uct, crystallized preferentially from pentane, mp 63- 
65 "C; ir (Nujol) 1545 and 1380 (NO2); nmr (CDC13) 
ii 2.18 (s, 3, 4-CH,), 2.29 (s, 6, 3-CH, and 5-CH,), 5.30 (s, 
2, CH2N02), 7.05 ppm (s, 2, 2-H and 6-H); mass spec- 
trum (70 eV) 112/e (relative intensity) 179 (1.5, M), 133 
(100, M - NO,). The second crop of crystals was pale 
yellow leaflets of the second diastereoisomer of 1,3,4,5- 
tetramethyl-4-nitro-1,4-dihydrophenyl nitrite (36) which 
decomposed before melting; uv (C6H12) 198.5 Iim ( e  5100 
m2 mol-1); ir (Nujol) 1625 and 757 (ONO) 1540 cm-l 
(NO,); nmr (CDCI,) ii 1.53 (s, 3, I-CH,), 1.77 (s, 3, 
4-CH3), 1.78 (d, 6, J2,3.CH3 = JG ,5 .C~~3  = 0.7 HZ, 3-Cff3 
and 5-CH,), 5.97 ppm (br s, 2, 2-H and 6-H). Mol. Wt .  
calcd. for CIOHI4N2O4: 226; found: 225. 

The residue (0.27 g) from the 40y0 ether fraction was 
one diastereomer of 1,3,4.,5-tetramethyl-4-nitro-l,4-di- 
hydrophenyl acetate (4n), recrystallized from pentane, 
mp 59.5-60.5 "C; uv (CH30H) 199 nm (e 1500 m2 mol-I): 
ir (Nujol) 1735 and 1249 cm-I (OCOCH,), 1540 cm-I 
(NO2); nmr (CDCI,) ii 1.53 (s, 3, I-CH,), 1.75 (d, 6. 
J,,, -,,, , = JG ,,-, :,,, = 0.7 Hz, 3-CH, and 5-CH,), 1.78 
(s, 3, 4-CH,), 1.96 (s, 3, OCOCH,), 5.82 pprn (s, 2, J = 
0.7 Hz, 2-H and 6-H). Mot. Wt .  calcd. for C1,Hl7NO4: 
239; found: 241. 

Recrystallization of the residues (0.18 g) of the 80 and 
90% ether fractions gave prisms of the other diastereomer 
of 1,3,4,5-tetramethyl-4-nitro-1,4-dihydrophenyl acetate 
(4b), mp 84-85 "C; uv (CH,OH), 199nm (e 1230m2 
mol-I); ir (Nujol) 1740 and 1246 (OCOCH,), 1535 (NO,); 
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nmr (CDCI,) 6 1.35 (s, 3, 1-CH3), 1.63 (s, 3, 4-CH,), 1.80 
(d, 6, J2,3-cE,3 = J6 ,,-, ,, = 0.7 Hz, 3-CH3 and 5-CH,), 
2.02 (s, 3, OCOCH,), 5.89 pprn (br, 2, 2-H and 6-H). 
Mol. Wt .  calcd. for CI2Hl7NO4: 239; found 242. 

Nitration of Dlrret~e (1,2,4,5-Tetramct/~lbe1zze11e) 
A solution of nitric acid (9.5 g, 0.15 mol) in acetic 

anhydride (100 cm3) was added slowly to a stirred solu- 
tion of durene (13.4 g, 0.1 mol) in methylene chloride 
(200 cm3) and acetic anhydride (100 cm3) at -78 "C. 
The mixture was allowed to warm to -55 "C and 
maintained at that temperature for 3 h. The reaction 
solution was then added to ether (800cm3) at -78 "C 
and quenched with ammonia, keeping the tempera- 
ture below -60 "C. The nrnr spectrum of the residue 
obtained after work-up indicated that 65% was dienes. 
Chromatography on alumina (400 g) at -50 "C and 
elution with pentane and ether pentane mixtures gave 
a small amount of unchanged durene followed by 
2,4,5-trimethylbenzyl nitrate; ir (film) 1635, 1280, and 
860 cm-1 (ONOz); nrnr (CCI,) 6 2.18 (s, 6, Ar(CH3)2), 2.26 
(s, 3, ArCH,), 5.26 (s, 2 ArCH20N02), 6.87 (s, 1, ArH), 
6.96 pprn (s, 1, ArH), mass spectrum (70 eV) m/e (relative 
intensity) 195 (27, M), 133 (100, M - ONOz), 119 (87). 
Confirmation of the structure of the nitrate was provided 
by its quantitative oxidation to 2,4,5-trimethylbenzalde- 
hyde on heating under reflux for 30min in sulfuric 
acid - water - acetic acid (1 :5:10). The aldehyde after 
sublimation had mp 43.8-44 "C (lit. (24) mp 42 "C); ir 
(melt) 1690 cm-1 (CHO); nrnr (CDCl,) 6 2.25 (s, 6, 
4-CH3 and 5-CH,), 2.54 (s, 3,2-CH,), 6.96 (s, 1,3-H), 7.49 
(s, 1,6-H); mass spectrum (70 eV) nt/e (relative intensity) 
148 (76, M), 147 (100). The oxime had mp 106-107 "C 
after recrystallization from ligroin and 11 1-1 12 "C after 
recrystallization from aqueous ethanol (102 "C, from 
ligroin (24)). 

The early column fractions (5-10% ether) which 
contained the benzyl nitrate also contained a small 
amount of diene which, on standing at -20 "C, crystal- 
lized as pale yellow rhombohedrons of 1,2,4,5-tetra- 
methyl-4-nitro-1,4dihydrophenyl nitrite (6), mp 75.5- 
76 "C; uv (CH30H) 199 nm (e 1420 mZ mol-1); ir (Nujol) 
1635 and 770 (ONO), 1540 and 1360 (NO,); nmr (CCl,) 
6 1.63 (s, 3, 1-CH,), 1.73 (s, 3, 4-CH,), 1.82 (d, 6, J,,,,,, 
- - J6,5-CH3 = 2 Hz, 2-CH3 and 5-CH,), 5.70 (q, 1, 

J3.z-CH, = 2 Hz, 3-H), 5.98 P P ~  (q, 1, J6.s-err, = 2 Hz, 
6-H). Mol. Wt .  calcd. for Cl0Hl4N2O4: 226; found: 226. 

The residue (5.7 g) from the 15-50% ether fractions 
afforded trarrs-l,2,4,5-tetramethyl-4-nitro-1,4-dihydro- 
phenyl acetate (5a) as colourless rhombohedrons after 
recrystallization from ether-pentane, mp 78-78.5 "C; uv 
(CH30H) 196 nm (e 4000 m2 mol-I); ir (Nujol) 1745 and 
1244 (OCOCH,), 1530 and 1355 (NO2); nrnr (CCI,) 6 1.43 
(s, 3, 1-CH,), 1.73 (d, 3, J6,5-CH3 = 1.0 HZ, 5-CH,), 1.75 
(s, 3, 4-CH3), 1.76 (d, 3, J3,2-CH3 = 1.0 HZ,2-CH3), 1.91 
(s, 3, OCOCH,), 5.46 (q, 1, J3,2-C133 = 1 . 0 H ~ ,  3-H), 5.66 
PPm (q, 1, J6.5-CH3 = I.OHZ, 6-H). Mol. Wt .  calcd. for 
C12H17N04: 239; found: 239. 

The residue (0.73 g) from the 70 and 80% ether 
fractions gave cis-l,2,4,5-tetramethyl-4-nitro-1,4-dihydro- 
phenyl acetate (5b), colourless rhombohedrons mp 65- 
66 "C, after recrystallization from ether-pentane; uv 
195 nm (e 2230 mz mol-1); ir (Nujol) 1745 and 1244 

(OCOCH,), 1540 and 1365 (NOz); nrnr (CCl,) 6 1.46 (s, 3, 
1-CH3), 1.63 (s, 3, 4-CH,), 1.78 (d, 3, J6,,-,,, = 1.4Hz, 
5-CH,), 1.82 (d, 3, J,,,,,, = 1.4 HZ, 2-CH,), 1.96 (s, 3, 
OCOCH,), 5.51 (q, 1, J3,2-CH3 = 1.4 HZ, 3-H), 6.09 ppm 
(q, 1, J6,+CH3, 6-H). Mol. Wt .  calcd. for ClzHI7NO4: 239; 
found: 239. 

The residue (0.72 g) of the second and third 100% 
ether fractions afforded 1,2,4,5-tetramethyl-4-nitro-1,4 
dihydrophenol ( 3 ,  colourless needles mp 50.5-51.5 "C 
after recrystallization from carbon tetrachloride - pen- 
tane; uv 197 nm (e 925 m2 mol-1); ir (Nujol) 3375 and 
1080 (OH), 1535 and 1360 cm-1 (NO2); nrnr (CCI,) 6 1.37 
(s, 1, OH), 1.40 (S, 3, 1-CH3), 1.74 (d, 3, J 6 , 5 - ~ ~ 3  = 1.4 
Hz,~-CH,) ,  1.78 (s, 3, 4-CH3), 1.90 (d, 3, J3,2-cH3 = 1.4 
Hz, 2-CH,), 5.48 (q, l ,J3,2-CH3 = 1.4 HZ, 3-H), 5.82ppm 
(q, 1, J6,+CH3 = 1.4 Hz, 6-H). Mol. Wt .  calcd. for 
Cl0HI5NO3: 197; found: 196. 

Rearomatizatiort Reactions 
In the standard procedure the adduct (0.2 mmol, 48 

mg) was dissolved in methylene chloride (1 cm3), the 
solution cooled to -78 "C and treated with 9 cm3 of a 
solution of the reagent. The solution was then allowed to 
warm to ambient temperature and stood for 2 h,6 then 
added to distilled methylenechloride and washed with 2% 
ammonia solution.7 After drying and removal of the 
solvent the residue was analyzed by nmr and glc. 

Rearontatizatiort of Addrrcts front Prel~nitene 
In addition to compounds isolated from the original 

nitration mixture and already described the following 
compounds were formed on rearomatization. 2,3,4- 
Trimethylbenzyl acetate was obtained as the major 
product when the trans-1,4-adduct l a  was decomposed in 
acetic acid in the presence of a catalytic amount of 
sulfuric acid. It was isolated by chromatography on 
silica gel; ir (film) 1735, 1230cm-1 (OCOCH,); nrnr 
(CDCl,) 6 2.06 (s, 3, OCOCH,), 2.19 (s, 3, ArCH,), 2.24 
(s, 3, ArCH,), 2.28 (s, 3, ArCH,), 5.07 (s, 2, CH2), 7.01 
pprn (s, 2, 5-H and 6-HI; mass spectrum (70 eV) m/e  
(relative intensity) 192 (6, M), 150 (12, M - CH2CO), 
135 (18), 133 (55, M - CH3C02), 132 (100, M - 
CH3C02H). 
2,3,4,5-Tetramethylphenyl acetate was formed when 

the adducts were decomposed in acetic acid. It was 
purified by passage through alumina followed by re- 
crystallization from pentane, affording needles mp 54- 
55 "C (lit. (21) mp 56-57 "C), ir (Nujol) 1755, 1205 cm-I 
(OCOCH,); nmr (CDCI,) 6 2.05 (s, 3, ArCH3), 2.15 (s, 3, 
ArCH,), 2.19 (s, 3, ArCH,), 2.23 (s, 3, ArCH,), 2.28 (s, 3, 
OCOCH,), 6.67 ppm (s, 1, 6-H); mass spectrum (70 eV) 
m/e (relative intensity) 192 (12, M), 150 (91, M - 
CH2CO), 135 (100). 

Methyl 2,3,4,5-tetramethylphenyl ether, formed in re- 
aromatization reactions in methanol, was prepared by 
methylation of the corresponding phenol with methyl 
iodide - silver oxide (25) and purified by chromatography 
on silica gel; ir (film) 1122, 1098 cm-1; nrnr (CDCI3) 6 
2.15,2.20,2.26 (3s, 12, Ar(CH,),), 3.75 (s, 3, OCH,), 6.53 

6Reactions in neat acetic acid were stood overnight. 
7Reaction mixtures from reaction in methanol contain- 

ing sulfuric acid were washed with brine in order to avoid 
loss of the phenol formed in the reaction. 
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ppm (s, 1, ArH); mass spectrum (70 eV) m/e (relative 
intensity) 164 (66, M), 149 (100, M - CH,). 2,3,4,5- 
Tetramethylphenol itself was obtained by methanolysis 
of the acetate with 5% sulfuric acid - methanol and was 
purified by chromatography on silica gel. After recrystal- 
lization from pentane it had mp 82.5-83.5 "C (lit. (26) 
mp 82.5-83.5 "C); (Nujol) 3280,1070 cm-1; nmr (CDCI,) 
6 2.09 (s, 3, ArCH,), 2.16 (s, 9, Ar(CH,),), 4.74 (s, I ,  
exchanged with D20,  OH), 6.37 ppm (s, 1, 6-H); mass 
spectrum (70 eV) m/e (relative intensity) 150 (86, M). 
149 (15, M - H). 135 (100, M - CH,). 

Methyl 2,3,4,-trimethylbenzyl ether, was prepared by 
heating the benzyl nitrate under reflux for 2 h in 5% 
sulfuric acid in methanol; ir (film) 1093 cm-1 (CH20CH3); 
nmr (CDCl,) 6 2.20 (s, 3, ArCH,), 2.27 (s, 6, Ar(CH3)2), 
3.35 (s, 3, OCH,), 4.40 (s, 2, CH2), 7.00 ppm (s, 2, 5-H 
and 6-H); mass spectrum (70 eV) m/e (relative intensity) 
164 (21, M), 162 (15), 149 (36), 147 (24), 133 (66), 132 
(100). 

The position of side-chain substitution in the benzyl 
derivatives was confirmed by oxidation of each derivative 
(acetate, ether, and nitrate) to 2,3,4-trimethylbenzalde- 
hyde by refluxing in sulfuric acid - water -acetic acid 
(1 :10:20), to which was also added a 50% mol excess of 
nitric acid in the cases of the acetate and ether, ir (film) 
1685 cm-1 (CHO); nmr (CDCI,) 6 2.14 (s, 3,  3-CH,), 2.28 
(s, 3, 4-CH,), 2.50 (s, 3, 2-CH,), 7.06 (nq, 1, J = 8 Hz, 
5-H), 7.43 (nq, 1, J = 8 Hz, 6-H), 10.14 ppm (CHO); 
mass spectrum (70 eV) m/e (relative intensity) 148 (89, 
M), 147 (100, M - H), 119 (56). Autoxidation of the 
aldehyde gave 2,3,4-trimethylbenzoic acid; mp 179- 
179.5 "C (lit. (27) mp 167-168 "C); ir (Nujol) 270&2500, 
1680, 1270 cm-1 (C02H); nmr (CDCI,) 6 2.22 (s, 3, 
3-CH,), 2.32 (s, 3, 4-CH,), 2.55 (s, 3, 2-CH,), 7.00 (nq, 
1, J = 9 Hz, 5-H), 7.68 (nq, 1, J = 9 Hz, 6-H), 11.64 
ppm (b, 1, C02H);  mass spectrum (70 eV) n7/e (relative 
intensity) 164 (90, M) 147 (59, M - OH), 146 (92, 
M - H20),  119 (100). 

Rearoma~izaliotz of the Adduct from Duretle 
The following compounds were obtained on rearomati- 

zation of adduct 5. 2,3,5,6-Tetramethylphenyl acetate; 
mp 78.5-79 "C (lit. (28) mp 79-80 "C); ir (Nujol) 1765, 
1220 cm-I (OCOCH,); nmr (CDCl,) 6 1.96 (s, 6, Ar- 
(CH,),), 2.20 (s, 6, Ar(CH3)2), 2.23 (s, 3, OCOCH,), 6.73 
ppm (s, 1, 4-H); mass spectrum (70 eV) m/e (relative 
intensity) 192 (18, M), 150 (100, M - CH2CO). 2,4,5- 
Trimethylbenzylacetate, ir (film) 1745, 1230 cm-1 (OCO- 
CH,); nmr (CDCl,) 6 2.05 (s, 3, OCOCH,), 2.20 (s, 6, 
Ar(CH,),), 2.26 (s, 3, ArCH,), 5.02 (s, 2, CH2), 6.93 
(s, 1, ArH), 7.04 ppm (s, 1, ArH); mass spectrum (70 eV) 
m/e (relative intensity) 192 (10, M), 150 (39, M - 
CH2CO), 135 (39), 133 (34, M - CH3C02), 132 (100, 
M - CH3C02H). 1,2,4,5-Tetramethyl-3-nitrobenzene; 
mp 113-114 "C (lit. (21) mp 112-113 "C); ir (Nujol) 1520 
cm-1 (NO2); nrnr (CCl,) 6 2.08 (s, 6, Ar(CH,),), 2.23 (s, 6, 
Ar(CH,),, 6.92 ppm (s, 1, 6-H); m/e 164 (M). 2,4,5- 
Trimethylphenylnitromethane; mp 52-53 "C (lit. (21) 
mp 52.5 "C); ir (film) 1550, 1365cm-1 (NO2); nmr 
(CDCI,) 6 2.02 (s, 6, Ar(CH3I2), 2.30 (s, 3, ArCH,), 5.39 
(s, 2, CH2), 7.01 (s, 1, ArH), 7.08 (s, 1, ArH); mass 
spectrum (70 eV) m/e (relative intensity) 179 (2, M) 133 
(100, M - NOz). 
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Defensive substances of Coccinella tvansuevsoguttata and Hippodamia caseyi, 
ladybugs indigenous to western Canada 
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WILLIAM A. AYER, MICHAEL J.  BENNETT, LOIS M. BROWNE, and JAMB T. PURDHAM. Can. J. 
Chem. 54 1807 (1976). 

The defensive substances of two species of ladybug indigenous to western Canada have 
been isolated. The known compounds precoccinelline (I) and coccinelline (2) are present in 
Coccinella transtiersoguttata, and hippodamine (3) and convergine (4) in Hippodan~ia caseyi. 
From the latter insect we have also isolated two new alkaloids, a new base, N-oxide pair, which 
we have named hippocasine and hippocasine oxide. The structure of hippocasine oxide (8) 
was established by spectroscopic methods and confirmed by X-ray analysis of the hydro- 
chloride (9d and Fig. I). 

WILLIAM A. AYER, MICHAEL J.  BENNETT, LOIS M. BROWNE et JAMB T. PURDHAM. Can. J. 
Chem. 54, 1807 (1976). 

On a isole les substances defensives de deux especes de coccinelles indigenes a I'ouest canadien. 
Les composes connus, precoccineiline (I)  et coccinelline (2), sont presents dans la Coccinella 
transtiersoguttata et I'hippodamine (3) et la convergine (4) dans I'Hippodamia caseyi On a 
isole deux nouveaux alcaloi'des a partir de ce dernier insecte; il s'agit d'une nouvelle paire de 
base et d'oxyde d'azote correspondant que I'on a nommes respectivement hippocasine et oxyde 
d'hippocasine. On a etabli la structure de I'oxyde d'hippocasine (8) par des methodes spectro- 
scopiques et on I'a confirmee par analyse de rayon-X du chlorhydrate (9d et fig. 1). 

[Traduit par le journal] 

The polka-dotted beetles (ladybugs) because gl,,bcHJ v:,,tcH3 H 
of their voracious appetite for aphids, mealy 
bugs, and scale insects have long been known as N / 
a friend of man (1). These colorful beetles, . H H,\\‘ 
members of the family Coccinellidae, not only 
have potential economic impact in the bio- 
logical control of plant pests on agricultural 5 6 
crops but also exhibit an interesting protective 
mechanism against their predators through 
secretion of defensive compounds associated 
with 'reflex bleeding' (2). 

In recent years, Tursch and co-workers have H,\\‘ 

investigated the defensive substances present in 
several species of Coccinellidae. They found 

Q' 7 

that the defensive compounds are bitter-tasting 8 N-Oxide of 7 
alkaloids, many of which are related to 2-methyl- 
P ~ ~ ~ Y ~ ~ ~ - ~ ~ - ~ ~ ~ P ~ ~ ~ ~ ~ ~ ~ ~  and the coccinelline (2) (3), hippodamine (3), conver- 
ing N-oxides. These include precoccinelline ( I ) ,  gine (4) (4), myrrhine (5) ( 5 ) ,  and propyleine (6) 

(6) .  
Q:oc~3 m'HJ We have examined the defensive substances 

present in two species of ladybugs indigenous 
to western Canada: Coccinella transverso- 

H"" H" guttata Faldermann and Hippodamia caseyi 
Johnson. At this time we wish to report the 

1 3 isolation and characterization of precoccinelline 
2 N-Oxide of 1 4 N-Oxide of 3 (1) and coccinelline (2) from C. transversoguttata; 
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TABLE I .  Alkaloids isolated from H. caseyi 

Compound R, M + Empirical formula 

C 0.72 191 C13H,,N* (M' - I )  
D 0 . 6 5  193 C,3H,,N 

E 0 .38  209 C13H23NO* 
F 0 .31  207 C I ~ H , I N O *  

'De~ermined by h ~ g h  resolul~on mass measurerncnl. 

hippodamine (3), convergine (4), and two new 
alkaloids, hippocasine (7) and hippocasine 
oxide (8), from H. caseyi. 

The beetles (-500 Coccinella transcerso- 
guttatu) were blended with methanol and the 
supernatant was separated and partitioned 
between methanol-water (9: 1) and pentane. 
Concentration of the aqueous methanol extract 
followed by chromatographic separation (alu- 
mina) led to the isolation of two alkaloids: 
compound A (C13H2,N) and compound B 
(C,,H,,NO). That B was the N-oxide of A was 
shown as follows. Treatment of compound A 
with m-chloroperbenzoic acid followed by 
hydrochloric acid gave compound B hydro- 
chloride (superimposable ir, co-tlc). Compound 
B, which crystallizes from acetone, shows a mass 
spectral fragmentation pattern similar to that 
reported for the 2-methyl-9b-azaphenalene N- 
oxides (3). Its nmr spectrum displays a methyl 
doublet (6 1.03) and a three-proton low-field 
multiplet (6 3.38). Its 13C nmr spectrum shows 
eight signals. The evidence presented isconsistent 
with that reported for coccinelline (3). Com- 
parison of the spectra of compound B with that 
of an authentic sample of coccinelline revealed 
the two were identical. Thus compound B is 
coccinelline, 2, and compound A is precoccinel- 
line, 1. 

The extract from Hippo~/uiclnzia cuseyi Johnson 
was obtained by the method described above. 
Chromatographic separation (alumina) of the 
crude extract led to the isolation of four alka- 
loids. The mass spectra of these compounds 
suggested the presence of two free base N-oxide 
pairs (see Table 1). 

The relationship between compounds C and 
F and compounds D and E was shown in the 
following way. Treatment of compound D with 
nz-chloroperbenzoic acid (8) followed by salt 
formation gave compound E hydrochloride 
(co-tlc, superimposable ir) while treatment of 
compound Cwith methanolic hydrogen peroxide 

(9), then salt formation, gavecompound Fhydro- 
chloride (co-tlc, superimposable ir). As well, 
pyrolysis of compound E (150-155 "C) gave 
compound D, whereas pyrolysis of compound 
F gave compound C. Since the free bases, C and 
D, were isolated in small quantities and decom- 
posed readily, they were characterized as their 
N-oxides. 

Compound E (C13H2,NO) was isolated as 
an oil. It was transformed to a crystalline hydro- 
chloride by treatment with hydrochloric acid in 
acetone. The nmr spectrum shows a methyl 
doublet at 6 0.87, J = 4 Hz and low-field 
multiplets at 6 3.9 (1 H) and 6 4.5 (2H). The mass 
spectrum shows a fragmentation pattern similar 
to that observed for the 2-methylperhydro-9b- 
azaphenalene N-oxide skeleton (3). 

Comparison of the spectral data of compound 
E hydrochloride with that of a synthetic sample 
(10) of convergine hydrochloride, 4, showed 
that they were identical in all respects. In addi- 
tion, the ir spectrum of compound E hydro- 
chloride was superimposable on that of con- 
vergine hydrochloride, 4, isolated from Hippo- 
datniu conuergens by Tursch a ~ l d  co-workers (4). 

As mentioned previously compound D was 
transformed to compound E by treatment with 
m-chloroperbenzoic acid. Since compound E 
has been shown to be convergine, 4, compound 
D must be hippodamine, 3. 

Compound F (C13H2, NO, and for which we 
propose the name hippocasine oxide) is an 
optically active alkaloid which was isolated as 
an oil. It was characterized as its hydrochloride 
which decomposes without melting above 
220 "C. The ir spectrum of hippocasine oxide 
hydrochloride shows salt (0-H) bands (2700- 
2500 cm-') and olefinic absorption (1675 cm-'). 
The nmr spectrum shows a vinyl methyl (6 1.78), 
a low-field, three-proton multiplet (6 4.03-4.27, 

I 

-CH-h-) and an olefinic proton (6 5.42). 
Long range coupling between the olefinic proton 
and the vinyl methyl group as well as with an  
allylic methylene was established by double 
irradiation experiments. The mass spectral frag- 
mentation pattern of hippocasine oxide hydro- 
chloride is similar to that observed for the 
2 -  methylperhydro-9b-azaphenalene N-oxide 
system except that each major fragment is two 
mass units less. Assuming the same carbon 
skeleton, this data is consistent with the struc- 
tures 9a, 96, 9c, 9d. 
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Further analysis of the nmr spectrum of 
hippocasine oxide hydrochloride shows that the 
olefinic proton Ha, is a nine-line multiplet 
resulting from the overlapping of a doublet of 
sextets with coupling constants J,, = J,, = 
1.5 Hz, Jad = 4.5 Hz. Examination of molecular 
models of compounds, 9a, 96,9c, and 9d  reveals 
that only in 9d  is the dihedral angle between 
H a  and H, small enough to account for the 
observed coupling (1 1). In the other three 
isomers (9a, 96, 9c) O,, - 90" and thus J,, 
would be expected to be much smaller (1 1). 

In order to verify that hippocasine oxide is 
9d - 8, transformation of 8 to convergine 4, 

FIG. I. The molecular structure of hippocasine oxide 
hydrochloride. 

was attempted. Catalytic hydrogenation of 8 
over palladium-charcoal led to the formation 
of a base C,,H,,N which was transformed to 
the N-oxide hydrochloride in the usual manner. 
Comparison of the ir spectrum of this compound 
with that of convergine hydrochloride showed 
that the two compounds were not identical. 
Catalytic hydrogenation of hippocasine oxide 
may proceed from the a-face to give the com- 
pound with an axial methyl group. Attempted 
dissolving metal reduction o f 8  was unsuccessful. 

Since small quantities of hippocasine oxide 
remained, its structure was confirmed by X-ray 
analysis of the hydrochloride. The result is 
shown in Fig. 1. The average C-C bond 
length and the C=C distance are normal. The 
average C-N distance of 1.541 t% agrees well 
with that of 1.548 t% found in convergine hydro- 
chloride (4). The N-0 bond length of 1.430 t% 
is similar to that found in convergine hydro- 
chloride and coccinelline hemihydrochloride 
(36). Bond lengths and intramolecular angles are 

TABLE 3. Interatomic distances with estimated standard 
deviations in parentheses 

Bond Distance (A) Bond Distance (A) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  C H E M .  VOL. 54. 1976 

TABLE 4. Intramolecular angles with estimated standard deviations in parentheses 
-- - 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 5. Atomic parameters 
( a )  Atom coordinates 

Atom x Y B 

C I 
0 
CIO 
N 
C 1 

(b) Anisotropic parameters 

Atom U ,  1 / 2 2  u 3  3  I / ,  2  u 1 . 3  U23 

given in Tables 3 and 4 and atomic parameters 
are given in Table 5. Structure factor tables are 
available (Table 2).' 

As discussed earlier compound C was trans- 
formed to compound F by treatment with 
methanolic hydrogen peroxide. Since compound 
F, hippocasine oxide, has been shown to be 8, 

'Table 2 is available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 

i t  follows that compound C, hippocasine, is 
represented by structure 7. 

Experimental 
Optical rotatory dispersion (ord) spectra were measured 

in methanol using a Jasco Optical Rotatory Dispersion 
Recorder Model ORV/UV-5. 

Infrared spectra (ir) were measured in KBr unless 
otherwise specified using a Perkin-Elmer 421 grating ir 
spectrophotometer or a Unicam SP 1000 grating ir spectro- 
photometer. 
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Proton magnetic resonance spectra were measured in 
CDCI, unless otherwise specified using a Varian Associates 
HA 100 spectrophotometer with TMS as internal standard. 
I3C magnetic resonance spectra were measured in CDCI, 
using a Varian HA 100 15 in. system interpaced to a 
Digilab FTS/NMR 3 data system and pulse unit. 

Mass spectra were recorded on an A. E.1. Model MS-9 
mass spectrophotometer and are reported as tn/e (relative 
intensity). Unless diagnostically significant, only peaks at 
least 20% as intense as the base peak are reported. For 
the hydrochloride of the N-oxides, the sample was allowed 
to stabilize at 155 "C, then recorded. 

Optical density measurements were recorded in meth- 
anol using a Perkin-Elmer 141 Polarimeter. 

Melting points were recorded on a hot-stage Fisher- 
Johns melting point apparatus and are uncorrected. 

Insect Material 
Coccinella trat~scersoguttatu were collected in the 

Edmonton area and identified by J. Belicek, Department 
of Entomology, University ofAlberta, Edmonton, Alberta. 

Hippodatnia caseyi Johnson were collected from their 
over-winter site (7) in south-central British Columbia and 
identified by R. D.  McMullen, Entomologist, Canada 
Department of Agriculture, Research Station, Summer- 
land, British Columbia. 

Extraction and Isoluriot~ oJthe AIka1oid.s 
Coccitlellu tratlsuersoguttatu 

Approximately 500 ladybugs (C. transrersoglrttarrr) were 
extracted with methanol in a Waring blender. The extract 
was filtered, diluted with water (10% by volume), then 
washed several times with pentane. The aqueous methanol 
extract was concentrated in cacuo to give a crude extract. 
Thin layer chromatography (alumina, chloroform) of this 
material revealed the presence of two basic components 
as well as nonbisic material. 

Elution chromatography of the extract (chloroform) 
over alumina led to fractions rich in compound A (150 mg). 
Further purification by acid-base extraction gave 90 mg 
compound A. Elution with chloroform-methanol (100: 1) 
gave compound B (27 mg). 

Precoccit~ellit~e, 1 
Compound A was isolated as an  oil: nmr 6 0.97 (d, 3H, 

J = 5 Hz, CH,), 3.0 (m, 3H, N-CH); E.~act Mass calcd. 
for C,,H2,N: 193.1830; found (ms): 193.1821; ms tnje 
193.1821 (58), 192 (loo), 178 (21), 164 (23), 151 (49). 
150 (46), 137 (35). 136 (20), 41 (22). 

Concersion o j  Precoccinelline, 1 ,  to CoccineNit~e. 2 
Compound A (40 mg) and tn-chloroperbenzoic acid 

(40 mg) in chloroform were allowed to stand in the 
refrigerator overnight. The mixture was concentrated and 
the product isolated by preparative thin layer chroma- 
tography over alumina (chloroform-methanol, 20: 1). 
Compound A N-oxide was converted to its hydrochloride 
salt in the usual manner. The ir spectrum of compound 
A N-oxide hydrochloride was superimposable on that of 
compound B hydrochloride. 

Coccinellitle, 2 
Coccinelline was isolated as a solid which was recrystal- 

lized from acetone: mp >215 "C (chars); ir 3300, 2950, 
2910, 2860, 2720, 2650, 1450, 1440, 1430, 1370, 1350, 
1340, 1320, 1290, 1280, 1260, 1195, 1180, 1160, 1120, 1100, 

1040, 990, 970, 940, 900, 870, 850, 840, 820, 800, 650, 
600 cm-I : nmr 6 1.03 (d, 3H, J = 5 Hz, C-CH,), 3.38 
(m, 3H, N-CH): I3C nmr 6 (CDCI,), 73.9, 58.7, 36.0, 
30.7, 27.6, 25.7, 21.5, 18.3; Esact Mass calcd. for 
C,,H2,NO: 209.1780: found (ms): 209.1785; ms tnje 
209.1785 (9), 129 (100). 191 (64), 190 (75). 178 (22). 
176 (95), 164 (30), 151 (49), 150 (62). 137 (41). 136 (41), 
134 (20), 122 (241, 82 (23), 69 (23), 68 (23), 67 (30), 60 (22), 
55 (67). 54 (26), 53 (26), 43 (57), 41 (100). 

Coccinelline was converted to its hydrochloride salt in 
the usual way and recrystallized from methanol-ether: 
mp 220 "C (dec. without melting): ir (KBr) 3300, 2940, 
2920, 2870, 2850, 2500, 1520, 1490, 1460, 1445, 1430, 
1380, 1370, 1300, 1280, 1260, 1210, 1 180, 1 170, 1 120, 
1100, 1030, 990, 985, 970, 950, 910, 900, 880, 855, 770, 
610 cm-I. 

E,~tractiott and Isolatiot~ o/ the Alkrrloicls 01' Hippoclatnia 
caseyi Johtlsot~ 

Approximately 5000 ladybugs (H. c ~ s e ) ~ i  Johnson) were 
extracted with methanol in a Waring blender. The extract 
was filtered, diluted with water (10% by volume), then 
washed several times with pentane. The aqueous methanol 
extract (1.5 I) was stored in the refrigerator; further 
isolation work was carried out on portions of this extract. 

In one experiment, the aqueous methanol extract 
(500 ml) was concentrated it1 cucuo to give an oil (2.9 g). 
Thin layer chromatography of this material (alumina. 
chloroform-methanol 50: I) showed the presence of four 
basic (Dragendorf positive) components (R,: C 0.72, 
D 0.65, E 0.38. F0.31) as well as nonbasic material. 

Elution chromatography over alumina (BDH, 300 g) 
with chloroform led to isolation of fractions rich in base C 
(30 mg) and base D (47 mg). Each of these fractions was 
purified further by acid-base extraction to give base C 
(10 mg) and base D (12 mg). Elution with chloroform- 
methanol (50: 1) led to isolation of base E (17 mg) and 
base F (47 mg). 

The free bases appeared to decompose on standing and 
thus were converted to and stored as their hydrochloride 
salts. 

Get~eral Method oj' Preparariotl o j  Hydroclllorides 
The alkaloid was dissolved in acetone and a few drops 

of concentrated hydrochloric acid were added. The mix- 
ture was allowed to stand a t  room temperature for about 
5 min, then concentrated in eacuo. If the residue was dis- 
colored it was dissolved in methanol and filtered through 
a small olue of charcoal (AU-4). 

Hippodamit~e, 3 
Compound D (R, 0.65) was isolated as an oil: ir (neat) 

2920, 2850, 1450 (sh), 1440, 1375, 1350, 1340, 1320, 
1280, 1220, 1190, 1155 (sh), 1145, 1130, 1115, 1100, 1070, 
1020, 885, 835, 830, 800, 710 cm-'; ms tn/e 193 (55). 
192 (loo), 178 (34), 165 (44), 152 (20), 151 (83), 150 (65), 
149 (20), 137 (38). 136 (3 I), 1 1 1 (23), 109 (28), 97 (38), 
96 (24), 95 (34). 85 (38), 83 (59), 81 (38), 71 (38). 68 (51), 
66 (341, 57 (62), 55 (80). 43 (68), 41 (68); nmr 6 0.86, 
(d, J = 6 Hz), 1.5 (m), 1.9 (m), 2.2 (m), 3.0 (m). 

Conversion o j  Hippodatnine, 3 ,  to Cotlcergine Hydro- 
chloride, 4 

Compound D (12 mg) and tn-chloroperbenzoic acid 
(15 mg) in chloroform were allowed t o  stand in the 
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refrigerator overnight. The reaction mixture was con- 
centrated and the residue chromatographed over alumina 
(BDH). Elution with chloroform gave compound D N- 
oxide (6 mg). 

Compound D N-oxide was converted to a hydrochloride 
in the usual manner. The ir spectrum of compound 
D N-oxide hydrochloride was superimposable on that of 
compound E hydrochloride. 

Convergine, 4 
Compound E, R, 0.38, was isolated as an  oil. It was 

converted to its hydrochloride; chars without melting 
>215 "C: ir 2940, 2880, 2550 (br), 1500, 1450, 1380, 
1360, 1330, 1315, 1305, 1265, 1210, 1205, 1 160, 1095, 1020, 
1010, 1000, 970, 940, 930, 900, 890, 850, 820, 810, 740, 
610 cm-'; Exact Mass calcd. for Cl ,H2,NO: 209.1780; 
found (ms): 209.1794; ms mle 209.1794 (20), 193 (34). 
192 (loo), 191 (24), 178 (20), 176 (36), 164 (28), 151 (32), 
I50 (32), 55 (22). 41 (28); nmr 6 0.87, (3H, d, J = 4 Hz), 
3.9 ( IH,  m). 4.5 (2H, m). 

The spectral data for compound E hydrochloride is 
identical with that obtained for a synthetic sample of 
convergine hydrochloride prepared in these laboratories 
(10). Additionally, the ir spectrum of the naturally occur- 
ring convergine hydrochloride is superimposable on the 
ir spectrum of convergine hydrochloride isolated by 
Tursch and co-workers (4). 

Conversion of Convergine, 4 ,  to Hippodamine, 3 
Convergine (2 mg) was heated in a glass tube in a 

sublimation block at 150-155 "C for about 1 h .  The 
portion of the glass tubing outside the block was cooled 
by a wick dipped in ice water. The oil obtained from this 
distillation has the same R, (0.65) and ir spectrum as 
hippodamine, 3. 

Hippocasine, 7 
Compound C, R, 0.72 was isolated as an oil: ir (neat) 

2880, 2820, 1625 (>C=C<),  1490, 1480, 1445, 1430, 
1370, 1330, 1210, 1190, 1105, 1070, 1045, 1020, 955, 910, 
880, 830, 820, 800, 735, 710 cm-I ; Exact Mass calcd. for 
C,,H,,N: 190.1596; found (ms): 190.1592; msmle 191 (60), 
190.1592 (1 OO), 176 (84), 162 (49), 148 (38), 147 (37), 120 
(25). 107 (22), 94 (26). 93 (25), 91 (25), 81 (26), 70 (28), 
66 (29), 55 (42), 43 (35). 41 (65). 

Conversion of' Hippocasine, 7, lo Hippocasine Oxide. 8 
Compound C (14 mg) and 30% hydrogen peroxide 

(I drop) in methanol (2 ml) were allowed to stand at room 
temperature. Additional hydrogen peroxide (I drop) was 
added after 2 h and 6 h. After 48 h, platinum black (fe,w 
grains) was added. When oxygen evolution was com- 
plete the reaction mixture was filtered and concentrated. 
The residue was converted to the hydrochloride to give 
compound C N-oxide hydrochloride (13 mg). The ir 
spectrum of this compound was identical in all respects 
with that of hippocasine oxide hydrochloride. 

Hippocasine Oxide, 8 
Compound F, R, 0.31, was isolated as an oil. It was 

converted to a hydrochloride which was crystallized from 
ethyl acetate containing a trace of methanol (dec. without 
melting above 220 "C), + 14.8 (c, 0.73, methanol): 
ir 2940, 2900, 2860, 2700, 2500, 1675, 1500, 1460, 1425, 
1380, 1360, 1350, 1335, 1310, 1290, 1280, 1260, 1230, 

1200, 1150, 1140, 1110, 1090, 1065, 1010, 970, 955, 925, 
895, 870, 845, 835, 825, 800, 790, 730, 690, 650, 640, 
620 cm-'; E.uact Mass calcd. for C, ,H2,NO: 207.1623; 
found (ms): 207.1630; ms tnle 207.1630 (20), 191 (42), 
190 (loo), 188 (94), 176 (58), 174 (36), 162 (37), 160 (27). 
148 (26), 94 (20) 55 (30). 43 (22), 41 (45); nmr (CD,OD) 
6 1.78, (br s, 3H, C=C-CH,), 1.8 (m), 2.25 (m), 4.0-4.3, 
(m, 3H, -CH-N-); 5.42 (nine line m, IH, J = 1.5, 
4.5 Hz, C=C-H); irradiation at 5.42 sharpens 1.78 and 
2.25; ord [a],, + 15.8, [a],,, +42.l, [a],,, +94.7 (c 1.9, 
methanol). 

Conversion of Hippocasine Oxide, 8 ,  to Hippocasine, 7 
Hippocasine oxide (2 mg) was pyrolyzed as described for 

convergine. The oil obtained in the distillate had identical 
tlc behavior (R, 0.72) and superimposable ir spectra with 
that of hippocasine, 7 

Catalytic Hydrogenatiotz of' Hippocasine Oxide 
A solution of hippocasine oxide hydrochloride (14 mg) in 

methanol containing palladium-charcoal ( -  10 mg) was 
hydrogenated under 48 psi hydrogen overnight. The 
solution was filtered and concentrated to give an oil (7 mg): 
mle Mi  193, 192 (base), 178, 164, 151, 150. 

The hydrogenation product was dissolved in chloroform 
and treated with m-chloroperbenzoic acid (I0 mg) for 12 h. 
The reaction mixture was concentrated and chromato- 
graphed over alumina (BDH). The N-oxide (5 mg) thus 
obtained was converted to a hydrochloride salt in the 
usual way: ir 3500,2930,2920,2700 (br), 1600 (br, hydrate), 
1450, 1430, 1390, 1355, 1340, 1310, 1270, 1220, 1160, 
1 130, 1 100, 1065, 1030, 1020, 1000, 975, 940, 900, 870, 
860, 830, 820, 810, 750, 670 cm-I. 

Crystal Structure Determinarion of' Hippocasine Oxide 
Hydrochloride 

Crystal data:  
C,,H,,NOCI f.w. = 243.5 
Monoclinic, a = 10.01 1(2), b = 8.117(2), c = 8.312(2), 

= 104.02(2), V = 655.3, p, = 1.24(1), Z = 2. p, = 
1.234 (20 "C; CuK,, i, = 1.54182 A). 

The molecule crystallizes in the space group P2, .  A 
total of 766 significantly above background reflections 
were measured on a Picker FACS 1 automatic diffrac- 
tometer, using nickel filtered CuK, radiation. The data 
were corrected for Lorentz and polarization effects and 
structure factor amplitudes and standard deviations calcu- 
lated, using an uncertainty factor of 0.03 (12). Absorption 
and extinction corrections were not applied to the data. 

The structure was solved by conventional Patterson and 
Fourier techniques and refined to a value for R = 0.057. 
In the refinement, each structure amplitude was given a 
weight which was the inverse of its standard deviation 
and the quantity minimized was Xw(lF,I - (F,I). The 
chlorine, oxygen, and methyl carbon atoms were refined 
anisotropically, all other atoms having isotropic tempera- 
ture factors. The hydrogen atoms of the tricyclic system 
were included in calculated positions, with temperature 
factors 1070 greater than the atom to which they were 
attached, and were not refined. The  methyl hydrogens 
were located in a difference electron density map, and 
included in the refinement as a hindered rotor (13). N o  
feature in the difference electron density map could be 
attributed to the hydrogen of the hydrochloride system 
and this atom was omitted from the calculations. 
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Scattering factors for all heavy atoms were those of 
Cromer (14), while for hydrogen thoseofstewart, Davison, 
and Simpson were used (15). Anomalous dispersion factors 
were included for chlorine. 

The statistically favoured configuration (16) is that 
shown in Fig. I, but there was very little difference 
between the weighted R values for the two hands, and an 
unambiguous choice could not be made. 
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Determination of D[(C2H5),Sn-C2H5] by the toluene carrier method 
and studies of the reaction of C2H5 with toluene 

MARY DALY AND S. JAMES W. PRICE' 
Depar~nenl oj'Chemislry. University of' Windsor, Windsor, Ont., Canada N9B 3P4 

Received February 9, 1976 

MARY DALY and S. JAMES W. PRICE. Can. J .  Chem. 54, 1814 (1976) 
The thermal decomposition of tetraethyltin in a toluene carrier flow system has been studied 

over the temperature range 725 to 833 K and decompositions of 3.4 to 98.0%. Total pressure 
in all runs were in the range 0.63 to 0.90 kPa and contact times of 0.59 to 4.2 s were used. 

The progress of the reaction was followed by carrying out full analysis of all pyrolysis products 
involving the C,H, radical, assuming that all four C,H, groups are released. In selected runs 
analysis for unreacted alkyl was also performed. The agreement between the two methods 
indicates that reaction I is followed rapidly by reactions 2, 3, and 4, 

or alternate reactions that result in the release of all four C,H, groups each time reaction 1 occurs. 
The decomposition is essentially homogeneous and 

log k, (s-I) = 16.00 + 0.36 - 
248 300 9000 

19.15 T 

or  - 59 34014.58T if the activation energy is expressed in cal rather than J. 
Combination of present values of k, with data from previous studies 

where Hg(C,H,), and Zn(C,H,), were used a s  sources of ethyl radicals gives 

43 100 
log k, (cm3 mol-l s-') = 11.28 - - 

19.15T 

with an estimated uncertainty in E, of + 4  000 J mol-I (E ,  = 10 300 cal mol-I). 

MARY DALY et S. JAMES W. PRICE. Can. J. Chem. 54, 1814 (1976). 
On a etudie la decomposition thermique du tetraethyl d'etain dans un systeme en mouve- 

men1 utilisant du toluene comme gaz porteur; ces etudes ont ete effectutes a des temperatures 
allant de 725 jusqu'a 833 K et des pourcentages de decomposition de 3.4% jjuqu'a 98.0%. 
La pression totale dans tous les cas variaient de 0.63 a 0.90 kPa et on a utilise des temps de 
contact de 0.59 jusqu'a 4.2 s. 

On a suivi le progrQ de la reaction en effectuant des analyses completes de tous les produits 
de pyrolyse impliquant le radical C,H5 et en faisant I'hypothese que les quatre groupes C,H, 
sont elimines. Dans des cas particuliers, on a aussi effectue I'analyse de I'alkyle qui n'a pas 
reagit. La concordance entre les d e w  methodes indique que la reaction I est suivie rapidement 
par les reactions 2, 3 et 4, 

ou d'autres reactions qui conduisent a I'expulsion des quatre groupes C,H, chaque fois que la 
reaction 1 se produit. 

'To  whom correspondence should be addressed. 
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D A L Y  A N D  PRICE 

La decomposition est essentiellement homogene et 

ou - 59 340i4.587 si I'energie d'activation est exprimee en calories plutBt qu'en joules. 
En combinant les valeurs que nous avons trouvees pour k, avec des donnees obtenues ante- 

rieurement pour 

ou Hg(C2H,), et Zn(C,H,), avaient ete utilises comme sources de radicaux, on peut determiner 
que 

Introduction 

43 100 
log k, (cm3 mol-I s-I ) = 1 1.28 - - 

19.15T 

avec une incertitude que I'on estime a k 4  000 J mol-I pour E, (E, = 10 300 cal mol-I). 
[Traduit par le journa(] 

The present paper is the third in a series in 
the pyrolysis of ethyl metallic alkyls by the 
toluene carrier method and is related to previous 
studies on methyl metallic alkyls. The  toluene 
carrier study of diethylmercury (1 )  gave log A 
(s-') = 15.4 and E = 191.2 kJ mol-', in excel- 
lent agreement with values proposed by Benson 
and O'Neal (2). Three previous studies of this 
compound (3-5) all gave slightly lower log A 
and E values but all four studies showed a 
reasonable degree of agreement when rate con- 
stants were compared. The toluene carrier work 
on diethylzinc (6) showed marked catalysis by 
zinc oxide. In the absence of zinc oxide log A 
(s-') = 14.3 and E = 205.0 kJ mol-'. These are 
the only Arrhenius parameters available for this 
compound. 

In both toluene carrier studies data was also 
obtained on the reaction of ethyl radicals with 
toluene. The present work extends this study. 

Experimental 
Malerials 

(i] Toluene 
The toluene employed was toluene from sulfonic acid, 

number X325 as supplied by Eastman Organic Chemicals. 
It was dried by refluxing under vacuum at least 24 h over 
freshly pressed sodium ribbon and then degassed by 
bulb-to-bulb distillation. 

(ii] Terrae~hyl~in 
The tetraethyltin was obtained from Alfa Inorganics. 

It was carefully fractionated with head and tail fraction 
being discarded. Analysis by flame ionization gas 
chromatography showed no detectable impurities in the 
center cut used for the kinetic studies. 

Apparatus ancl Procetlurc 
The experiments were carried out in a system similar 

to that used in previous work (7). The reaction vessel 
had a volume of 205 cc. To test for surface effects a vessel 
was packed with small quartz tubes. This vessel had a 
volume of 101 cc and a surface-to-volume ratio twenty 
times that of the unpacked vessel. Both vessels were 
treated with hot concentrated nitric acid before use. 
The residual acid was baked out under vacuum after the 
vessels were installed in the reaction system. 

The gaseous products were analyzed using a Perkin- 
Elmer model 154 gas chromatograph equipped with a 
6 mm x 2 m silica gel column. The column was main- 
tained at 80 "C, and a helium Row rate of 20 cm3 per min 
was used. For hydrogen analysis nitrogen was used in 
place of  helium. 

The liquid products from selected runs were analyzed 
on either Perkin-Elmer model 800 or model 900 gas 
chromatographs equipped with flame ionization detectors. 
The model 800employeda 0.5 mm i.d. by 46m open tubular 
column coated with poly(propy1ene glycol) (Perkin-Elmer 
Column R). The column and injection port temperatures 
were set at 75 and 135 "C respectively. Nitrogen was used 
as the carrier gas. The analyses using the P.E. 900 were 
done on a 2 mm i.d. x 2 m column packed with 80-100 
mesh n-octanelporasil C (chemically bonded Durapak). 
The column and injection port temperatures were 125 and 
150 "C respectively. 

The preparation of gas chromatographic standards and 
the method of analysis for butane dissolved in toluene 
have been previously described (6). 

Analysis for residual tetraethyltin was performed con- 
currently with the gas chromatographic analyses of the 
liquid products. A digital integrator was used and all 
analyses and standardizations were based on peak areas. 

Results and Discussion 
Selected experimental results for the thermal 

decomposition of tetraethyltin in a toluene 
carrier flow system are given in Tables 1, 2, 
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1816 C A N .  J .  C H E M .  VOL. 34, 1976 

TABLE 1. Exper~mental parameters and product distributions for selected runs -- - -- 

[Toluene] Product (mol x 1 05) 

[AlkyIl 
T P 1 (molar ?I-Propyl 

( K )  (kPa) (s) ratio) Hz C H.t C2 H6 C2H, benzene C,H,, 

and 3. They may be discussed in terms of the 
following proposed mechanism. 

[I1 Sn(C2H5), + Sn(C,H,), + CZH5 

[21 Sn(C,H,), + Sn(CZH,)2 + C2H, 

[3] Sn(C2H5)? + Sn(C2Hs) + C,H5 

[4] Sn(CZH,) - Sn + CZH5 

[51 C2Hs + CoHsCH, + C2H, + C,H,CHZ 

[5al C2H5 + C,H5CH2 + CbHsCjH, 

[61 2C2Hs + C,Hlo 

[71 2C2 H5 -- C2H, + C2 Hb 

[a] C,H5-CZH, + H 

[91 H + C,H,CH, + CH., + C,,H,, 

[lo] H + C,HSCH3 + H, + C,HSCH2 

[I I] CH, + C6H5CH3 + CH, + C,HSCH, 

1121 CH, + C,Hs + C3H8 

[I31 CH, + C,H,CH2 - C,H,C,H, 

[141 H + C,H,CH, + C,H,CH~ 

[I51 5H + C,HSCHJ + C,H,,CH3 

[I61 6H + C6H6 + C,H,* 

[171 2 H + M - H 2 + M  

[I81 H + C,Hs + CZHb 

In addition, based on recent studies on diethyl- 
zinc (6), reactions 19 and 20 were considered. 

[I91 CH, + Sn(C2Hs), + CH,Sn(C2HS), + CzHs 

1201 H + Sn(C,Hs), - HSn(C2Hs), + C,Hs 

Even though the retention time for CH,Sn- 
(C,H,), could be calculated from retention 

index values for Sn(CH,), and Sn(CzHs)s, no 
trace of this compound was found when analysis 
by flame ionization gas chromatography was 
carried out. Similarly no HSn(C,H,), could be 
detected. Based on these negative results re- 
actions 19 and 20 were considered negligible 
under the conditions used in the present work. 

Assuming all CH, observed is from reaction 
1 1  and using previously published data (8) on 
reaction 21 

[21] 2CH3 + M + C 2 H 0  + M 

indicates that up to 10% of the C2H6 found 
may be from this reaction but in general this 
figure is well below 5%. Correction for reaction 
21 is therefore significant in calculations of 
kj/kb1 but is of limited importance in calcula- 
tions of k, where, with one exception, it con- 
tributed to an overestimate of the percent 
decomposition ofSn(C2Hj), of less than (0.005 x 
percent decomposition). 

Perhaps the major difference in the pyrolysis 
of Sn(C,H,), compared to the previous studies 
on Zn(C,H,), and Hg(C2H,), from this labora- 
tory is the much greater involvement of reaction 
8 and therefore of secondary reactions in- 
volving hydrogen atoms. 

Using values of k lq  estimated from data on 
hydrogen abstraction trom benzene by hydrogen 
atoms (9) in conjunction with the abstraction 
reactions of methyl radicals from benzene (10) 
and toluene (8) indicates that as the toluene to 
alkyl ratio changes from 200: 1 to 8 :  1 the percent 
of the observed hydrogen formed by reaction 
10 varies from 100% to approximately 50%. 
Similarly it may be estimated that based on the 
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D A L Y  A N D  PRICE 1817 

TABLE 2. Comparison of percent decomposition of 
Sn(C,H,),* based on analysis for unreacted alkyl with 

the %decomposition based on product analysis 

T % Decomposition 5% Decomposition 
(K) (product analysis)* (unreacted alkyl) 

'Assum~ng  four C2H, rad~cala released Ibr each Sn(C2H,), under- 
going reaction. That IS. i ract~on decomposed = [2(mol C,H,,,) + 
mol (C,H, + C,H, + C,H, + 11-propylbenzene)]/4(mol Sn(C,H,), 
used). 

literature value of reaction 18 (9) this reaction 
\ ,  

accounts for less than 1% of the total ethane 
and therefore involves only a minute fraction 
of the hydrogen atoms. T o  obtain a material 
balance in terms of hydrogen then still requires 
that as the toluene/alkyl ratio goes from 8 :  1 to 
200: 1 approximately 35% to 60% of the hydro- 
gen atoms generated by reaction 8 must be 
removed by reactions 14, 15, and 16. The 
benzene concentrations are of the order of lo-, 
of the toluene concentrations so that as ex- 
pected no significant contribution from reaction 
16 could be detected. However, particularly for 
runs with toluene to alkyl molar ratios of 20: 1 
or greater (the case in the majority of runs in 
this work), analysis for methyl cyclohexane 
indicates that reaction 15 accounts for 13-30% 
of the hydrogen. This still indicates however 
that reaction 14 or other similar process must 
be important. 

In addition to the products shown in Table 1 ,  
small quantities of propane, benzene, and 
ethylbenzene were observed. The propane yields 
were about 0.5-1.0% of the ethylene while the 
ethylbenzene was 0.2-0.5% of the ethylene. 
The yields of benzene which ranged from 
0.5 x lo-' to 5.0 x lo-' moles were in general 
agreement with the moles (methane + pro- 
pane + ethylbenzene) as would be expected if 
CH, is removed primarily by reactions 1 1, 12, 
and 13. 

Table 2 indicates that each time reaction 1 
occurs it is rapidly followed by reactions 2, 3, 
and 4 or some equivalent processes. The values 
of k, in Table 3 and the 51 values of k ,  used to 

TABLE 3. Effect of Sn(C2H,), 
concentration on k, 

Initial Sn(C2H,), 
T concentration k I 

(K)  (lo9 m o ~  c ~ - - ' )  (s-l) 

obtain Fig. I were calculated from the usual 
first order equation. The values in Table 3 
indicate that the assumption of first order seems 
valid within the limits of experimental error. 
Of the 51 values of k, used in the figure 33 are 
based on product analysis and 18 on residual 
alkyl analysis. In 1 1  runs both methods were 
used. No significant heterogeneous contribu- 
tion to k, was observed. 

A linear least squares analysis of the points in 
Fig. 1 gives 

log k ,  (s-I) = 16.00 0.36 - 
248 300 k 9 000 

19.15T 

if the activation energy is expressed in J (El = 

59 340 cal mol-I). The error limits are 90% 
confidence limits. With AH,,9,0(Sn(C,Hj),,g) = 
-45.6 kJ mol-' (1 l), AH,2,,0(C2Hj,g) = 105 kJ 
mol-I (1 l), and AH,,,,O(Sn,g) = 302 kJ mol-I 
(1 1) the sum of the four metal-carbon bond 
dissociation energies in Sn(C,H,), is 766 kJ 
mol-'. Correcting E l  to 298 K gives approxi- 
mately D,,,0[(C2Hj)3Sn-C2Hj] =239 kJ mol-I. 
The average value For D, through D, is then 
180 kJ mol-'. With reasonable estimate of log 
A, = 9.5, log A, = 15, and log A, = 12 it is 
possible to satisfy the requirement k ,  << k,, 
k,, k, by assigning D,, D,, and D, in the ranges 
125-150, 205-230, and 165-190 kJ mol-I 
respectively. This certainly does not establish 
reactions 2, 3, and 4 as the steps subsequent to 
reaction 1 but at least indicates that this sequence 
is consistent with the thermochemistry of the 
system. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1818 C A N .  J .  C H E M .  VOL. 54. 1976 

FIG. 1. Arrhenius plot for the decomposition of tetra- 
ethyltin. Subscripts indicate number of points averaged 
to obtain a given point. Superscripts indicate number 01' 
runs in packed vessel included in the point. The solid line 
shown is the linear least mean squares plot. 

The low value for log A, is based on the as- 
sumption that the return of the tin 5s electron 
to its ground state occurs during reaction 2 
and is a limiting factor. This is the most restric- 

u 

tive assumption that can be made. Relaxation 
of this assumption makes reactions 2 through 4 
even more thermodynamically feasible. 

Although no previous determinations of 
D[(C,H,),Sn-C2H,] have been reported values 
of D[(CH,),Sn-C,H,] = 268 + 25 kJ mol-I 
and D[(CH,),Sn-CH,] = 289 + 25 kJ mol-' 
have been calculated from self-consistent re- 
tarded potential difference (r.p.d.) appearance 
potential data (12). Previous toluene carrier 
studies (13) gave D[(CH,),Sn-CH,) = 270 + 4 
kJ mol-I. It might reasonably be expected that 
D[(CH,),Sn--C2H,] should differ little from 
D[(C,H,),Sn-C,H,]. I f  this is so then even 
though both r.p.d. values are above the kinetic 
values the difference D[R3Sn-CH,] - 

D[R3Sn-C2H,] of about 20 kJ mol-I is very 
close to the difference observed in the kinetic 
results. 

Values of k, obtained in the present study 
have been used along with the data from two 
previous studies (1, 6) to obtain the Arrhenius 
plot shown in Fig. 2. The values shown are 
reIative to log k, = 12.6. The detailed method 
of caIculation has been previously published (6). 

FIG. 2. Arrhenius plot for the abstraction of hydrogen 
from toluene by ethyl radicals: 0. radical source 
Sn(C,H,), (present work): a, radical source Zn(C2H,)2 
(6); 9, radical source Hg(C,H5)2 ( I ) .  

The data may be represented by 

43 100+4 000 
log k, (cm%mol-I s-I) = 1 1.28 - -- 

19.15T 

or alternately - I0 30014.58Tif E5 is expressed 
in cal mol-I. The value of E5 reported here is 
1.5 kJ mol-' higher than the previously reported 
value (6). 
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The kinetic activation volumes for the binding of chloride to iron(III), 
studied by means of a high pressure laser temperature jump apparatus1 

BRIAN B. HASINOFF' 
Uniuersiry Chemical Laboratory, University of' Kent at Canterbury, Canterbury, Kent. England 

Received January 19, 1976 

BRIAN B. HASINOFF. Can. J. Chem. 54, 1820 (1976). 
The volumes of activation for the kinetics of the reaction of Cl- with Fe3+ and FeOH2+ 

have been determined by a laser temperature jump relaxation method at pressures up to 2.76 
kbar. The results indicate that the two species, FeOH2+ and Fe3+, react with CI- by different 
mechanisms. The activation volume for the binding of C1- to FeOH2+ is positive (7.8 + 1.0 
cm3 mol-I), which is consistent with a dissociative interchange mechanism. The activation 
volume for the binding of C1- to Fe3+ is negative (-4.5 + 1 . 1  cm3 mol-I), which is consistent 
with an associative interchange mechanism. 

BRIAN B. HASINOFF. Can. J. Chem. 54, 1820 (1976). 
On a determine, a des pressions allant jusqu'a 2.76 kbar et utilisant une methode de relaxa- 

tion par des sauts de temperature par laser, les volumes d'activation pour les cinetiques de 
reaction du CI- avec Fe3+ et FeOH2+. Les resultats indiquent que les deux especes FeOH2+ 
et Fe3+ reagissent avec CI- par des mecanismes differents. Le volume d'activation pour la 
liaison du CI- avec le FeOH2+ est positif (7.8 + 1.0 cm3 mol-') ce qui est en accord avec un 
mecanisme d'echange dissociatif. Le volume d'activation pour la liaison du C1- avec le Fe3+ 
est negatif (-4.5 + 1.1 cm3 mol-') ce qui est en accord avec un mecanisme d'echange asso- 
ciatif. 

[Traduit par le journal] 

A variety of ligands have been used to study 
the kinetics of ligand substitution on Fe(II1) 
including chloride, azide, bromide, thiocyanate, 
and sulfate (1). In previous kinetic high pressure 
studies, the activation volumes (AV) for substi- 
tution of several ligands on such metal ions as 
Co2+, Ni2+, Zn2+, and Cu2+ (2-4) were found 
to be consistent with a dissociative interchange 
mechanism as suggested by Eigen and Wilkins 
(5 ,  6) in which in the activated complex a water 
molecule has begun to dissociate from the 
metal ion. 

This work extends these studies of ligand 
substitution kinetics to another charged anionic 
ligand, C1- : 

111 
kr 

Fe3+ + CI---' FeC12+ 
kd 

The weakly basic ligand C1- was chosen in order 
to eliminate the kinetic ambiguity that arises 
when the neutral acid formed from the ligand is 
also present in concentrations such that it can 
be a reactive species. Under the conditions of 

'This work has been supported by the Science Research 
Council by Research Grant B/SR/8667. 

'Present address: Department of Chemistry and Faculty 
of Medicine, Memorial University of Newfoundland, 
St. John's, Newfoundland AIC 5S7. 

high acidity in which reaction 1 was carried out, 
HC1 is present in only vanishingly small con- 
centrations. 

Brower (7) has measured the effect of pres- 
sure on the kinetics of thiocyanate substitution 
on Fe(II1) at a single acid concentration but did 
not obtain the activation volumes for each term 
in the rate law. 

Experimental 
Reagents 

All reagents used (Fe(NO,),, NaCI, NaCIO,, HCIO,, 
and Cu(N03),) were of analytical reagent grade. Acid 
concentrations were determined by titration of stock 
solutions before known dilutions were made. All solutions 
were prepared with triply distilled water on a molar con- 
centration scale. For the purposes of the pressure work, 
the rate and equilibrium constants are on a molality scale 
reduced to molarity at I bar; that is, no corrections to the 
rate and equilibrium constants were made for the compres- 
sion of the solvent. The compression is less than 4% (8). 
The total ionic strength in all experiments was kept 
constant at 1.5 M by the addition of NaCIO, to solutions 
containing NaCl and HCIO,. 

Apparatur 
The high pressure laser temperature jump apparatus 

used in previous studies has been described in some detail 
(2, 3, 9). It is sufficient to say that the kinetics of the 
reaction of CI- substitution were followed spectro- 
photometrically on a Tektronix 549 storage oscilloscope. 
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The ruby laser pulse was 90% complete in 500 ps and 
was much faster than the observed chemical relaxations. 

The temperature of the stainless steel pressure vessel 
was maintained constant to k0 .1  K through channels 
carrying circulating water from a thermostat bath. 

All reaction solutions were 5 x 10-2 M in cupric nitrate 
which was used to absorb the light energy at 694 nm from 
the laser and convert it into heat; the temperature jump 
was 1.3 K. Since Cu(I1) binds CI- to some extent a small 
correction of the order of 4 to 6% was made to the total 
[CI-1. Kinetic experiments conducted in the presence and 
absence of cupric nitrate on a joule heating temperature 
jump apparatus (Messanlaagen, Gottingen) indicated that 
there was no detectable chemical interaction between 
Cu(I1) and the other reagents. The concentration of 
Fe(II1) in all kinetic experiments was constant at 
2.5 x M .  The sample solution was contained in a 
Pyrex spectrophotometric cell sealed by a KEL-F piston 
and rubber O-rings, which showed no deterioration after 
long exposure to the concentrated HC10, solutions. 

The exponential traces obtained upon application of 
the temperature perturbation of the equilibrium of reaction 
I were measured by a trace matching method (9) to obtain 
T-', the reciprocal relaxation time. 

Results 
Kinetic 

The acid dependence of the kinetics of the 
binding of C1- to Fe(II1) has been interpreted 
by a reaction scheme in which the species Fe3+ 
and FeOH2+ react at  different rates with C1- 
(10-12): 

where KO, = [FeOHL+] [Hf]/[Fe3+ ] and KoHcl = 

[FeOHCl+] [Hf ]/[FeC12+]. The relaxation ex- 
pression for reaction scheme 2 is 

where 

and 

Combining eqs. 4 and 5 with eq. 3 gives 

The equilibrium constant for the binding of C1- 
according to reaction 1 is given by 

However, under conditions of high acid concen- 
tration such as that used in this study, [Fe3+] >> 
[FeOH2+] and [FeC12+] >> [FeOHClf], so that 
eq. 7 reduces to 

Hence 

Kc, = kllk-1 

From the principle of detailed balance applied 
to reaction scheme 2 the rate and equilibrium 
constants are related by 

which has the effect of reducing the number of 
unknown parameters in eq. 6 from 4 to 3 a t  any 
given temperature and pressure. 

The experimentally determined values of z-' 
as a function of [H'], ([Fe(III)] + [Cl-1) and P 
are given in Table 1. From transition state theory 
the change in rate constant with pressure is 
given by (8) 

which is similar in form to the molar volume 
change in a reaction for which the equilibrium 
constant, K, varies with pressure. 

The pressure dependence of In k (or In K) has 
usually been analyzed in terms of one of two 
equations: I n k  = a + b P o r  In k = a + b P  + 
cP2.  The latter is applied where the plot of In k 
is curved with pressure. In cases where there is 
little or  no curvature it is common to use the 
equation that is linear in P.  A preliminary 
analysis of the relaxation data of Table 1 was 
carried out by putting eq. 6 in a form that could 
be analyzed by a series of linear plots whose 
slopes and intercepts were determined by a 
weighted linear least-squares analysis carried 
out by computer. In the first analysis k, and k, 
of eq. 3 were obtained from a least squares 
analysis of plots of z-' us. ([Cl-] + [Fe(III)]) at 
each successive pressure. The  logarithms of 
values of k, and k2KoH obtained from an 
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TABLE 1. Reciprocal relaxation times for the reaction of Fe(II1) with CI- at  various 
hydrogen ion concentrations and pressures at  25.0 "C and ionic strength 1.5 M 

T-'(s-') at  P (kbar) 

analysis of eq. 4 and k-, and k-,KoHc, obtained 
from an analysis of eq. 5 were then plotted 
against P. In all cases it was found that the plots 
were linear within experimental error; the 
constants describing the curvature were in- 
sufficiently accurate to warrant analysis by this 
method. Hence for this preliminary analysis, 
values of A P were obtained from such plots for 
each term of eqs. 4 and 5. 

The final analysis, the results of which are 
given in Table 2, was obtained by solving all of 
the data in Table 1 simultaneously by means of 
a non-linear least-squares computer program 
using the values obtained in the preceding linear 
least-squares analysis as the initial parameter 
estimates (IBM SHARE Library, Program SDA 
3094, 1964). Also shown for comparison in 
Table 2 are rate constants determined by 
previous workers. When the pressure dependence 
is taken into account eq. 6 becomes 
[13] r-l = k e ( - P A V ~ ' / R T )  (. SFe(III)I + [Cl-1) 

+ k7K e ( - P A V ~ ~ ~ ' I R T )  - OH 

x ([Fe(III)] + [Cl-I) ([Hf I-') 
+ k- e(-PAV-l' IRT) 

1 

+ k-2KOHCI e ( - P A V - z ~ ~ ~ ~ ' I R T )  ([Hf1-') 

where the pre-exponential terms are the values 

of constants (rate and products of rate and 
equilibrium constants) at 0 bar which is effec- 
tively equal to 1 bar for this study. In eq. 13 
there are three independent variables ([Hf], 
([Fe(III)] + [Cl-I), and P) and one dependent 
variable (7-I), along with 8 constant parameters. 
In the final analysis, the number of parameters 
in eq. 13 was reduced to 6 by means of eq. 10; 
k-,KO,,, was replaced by k,KoHk-l/kl and 
A V-20HCT by (A GoH* + A V-'* - A V13). These 
substitutions have the effect of reducing the 
number of unknown parameters and allowing 
all parameters to be determined with a greater 
degree of accuracy. The standard errors on the 
individual parameters were decreased by about 
half in going from the linear to the non-linear 
analysis. 

All of the errors quoted are fitting errors of 
f 1 standard deviation and are not equivalent 
to the estimated reliabilities of the parameters. 
The non-linear least-squares fit to the r-' data 
is shown in part in Figs. 1 and 2. 
Equilibrium 

The change in equilibrium constant with 
pressure for reaction 1 was measured spectro- 
photometrically by determining &, at each 
successive pressure. A weighted linear least- 
squares analysis of a plot of AA/([Fe(III)] + 
[CI-1) against AA gave Kc, at each pressure (1 3). 
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HASINOFF 

TABLE 2. Volumes of activation and rate constants for the reaction 
of Fe(II1) and CI- at  25.0 "C and ionic strength 1.5 Ma 

I 

A V *  
Reaction step Rate constant at  0 barb (cm3 mol-I) 

Value of Parameter A  V* 
Parameter at  0 bar (cm3 mol-I) 

"Values of these parameters were determ~ned by non-linear leas1 squares 
analysis of eq. 13. 

bPrevious determinations for k,  range from 9.4 to 19 M-' s-' (10, 11, 26): 
for k-, from 1.1 to 4.7 s-' (10-12, 26); for k2Ko, from 18 to 33 s-' (10, 11, 16, 
28) and for k.,K0,,,, from 3.4 to 10 M s-' (10-12. 26. 28). A l l  these values at 
25 "C but with the Ionic strength variously from 0.6 l o  2 M. 

FIG. 1. The reciprocal relaxation time, T-', observed for the reaction of Fe(II1) with C1- plotted 
as a function of ([Fe(III)] + [Cl-1) at 25.0 "C and an ionic strength of 1.5 M. The solid straight lines 
are those calculated from the overall non-linear least-squares analysis of all of the data in eq. 13. 
This function is linear when plotted against ([Fe(ll])] + [Cl-1) at  a given constant pressure and [H']. 

A subsequent linear least-squares analysis of 
the data in terms of eq. 12 gave a value of A V0 = 
4.6 + 2.3 cm3 mol-' , and a value of Kc, at 1 bar 
of 5.5 + 1.4 M-'. This compares well with a 
previous determination interpolated to an ionic 
strength of 1.5 M and, at a pressure of 1 bar of 
K,-, = 4.5 f 0.2 M-' (13). The value of AVO 
determined spectrophotometrically agrees with 
the value calculated kinetically from the param- 
eters of Table 2 and eq. 9, AVO = AV,' - 

AV-,' = 4.6 1.3 cm3 mol-'. This is an inde- 
pendent check of the self consistency of 
mechanism 2. The magnitude and the sign of 
AVO is consistent with a reaction that involves 
charge neutralization resulting in a decrease in 
electrostriction of solvent water around the 
ions and a consequent increase in volume (8). 

Knowing KO, and &,,,, it is possible to 
calculate k, and k-, from the value of k,&, and 
k-,&,,, in Table 2. The value of &, at 1 bar 
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FIG. 2. The reciprocal relaxation time, T-', observed for the reaction of Fe(II1) with CI- plotted 
as a function of P at 25.0 "C and an ionic strength of 1.5 M. The solid curved lines are those 
calculated from the overall non-linear least-squares analysis of all of the data in eq. 13. Each of the 
data points that fall along the curved lines were determined at the indicated constant values of [H+] 
and ([Fe(III) + [CI-I). It is necessary to plot the data in this manner as eq. 13 contains 1 dependent 
and 3 independent variables. 

and ionic strength 1.5 M has been determined 
as KO, = (1.5 + 0.1) x M (14) and 
&,,, = (1.2 f 0.2) x M at 1 bar and 
ionic strength 0.4 M (12). Using these values 
gives k2 = (5.5 f 0.5) x lo3 M-'s-' and k-, = 
(4.7 + 1.0) x lo2 s-' at 1 bar. Similarly, since 
A V2* = A VZoH* - AVoHO, A V2* = 7.8 f 1.0 
cm3 mol-' taking AV2,,* = 6.8 + 0.8 cm3 
mol-' from Table 2 and AVoHO = - 1 cm3 
mol-' .3 

Discussion 
Reaction oj'FeOH2+ with Cl- 

It would appear that a large number of ligand 
substitution reactions (15-18), particularly on 
divalent metals, follow Eigen's mechanism 
(5, 6) in which, after prior formation of an 
outer sphere complex, ligand water dissociates 
from the first coordination sphere of the metal 
ion. This mechanism predicts that for a reaction 
such as that of FeOH2+ and CI- 

where k2 is the second order rate constant for 
ligand binding in reaction 2, KO, is the outer 
sphere formation equilibrium constant, and 
kHz, is the first order rate constant for dis- 

'D. R. Stranks, private communication to E. F. Caldin, 
1973. 

sociation of inner coordination sphere water 
from the metal ion - outer sphere complex. It 
follows from eq. 14 that the overall activation 
volume is given by 

Starting from a theoretical expression for 
KO, developed by Eigen (19) and Fuoss (20), 
Hemmes (2 1) showed that 

where R is the gas constant; z+ and z- are the 
charges on the two ions; a is the distance of 
closest approach; D is the dielectric constant; 
k is Boltzmann's constant, and is the solution 
compressibility. Using this formula, Hemmes 
(21) found reasonable agreement with experi- 
mentally determined values of A Vo:. For the 
formation of an outer sphere complex between 
FeOH2' and C1- in water, following previous 
work (4, 21) and taking z+z_ as - 2, a as 0.5 nm, 
D as 78, (d In Dl2P) as 5.9 x bar-' in 
water at 25 "C and 1 bar (22), this gives A VHZoO as 
about 3.2 cm3 mol-'. Hence the value of A VHZO*, 
calculated from eq. 15, is A Vo: = (7.8 - 3.2) = 
4.6 cm3 mol-'. This value is consistent with the 
results of previous work with some bivalent 
metal ions reacting with various ligands which 
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HASINOFF 1825 

TABLE 3. Values of A VA0 calculated assuming 
a dissociative mechanism for ligand 

substitution 

A G o  
Metal ion Ligand (cm3 mol-') 

FeOH2+ C1- 
CoZ+ PADAd 

NH3 
Glycinate- 

Ni2+ P A D A ~  
NH3 
Glycinate- 

CuZ+ Glycinate- 
Zn2+ Glycinate- 

"This work. 
Qeference 3. 
'Reference 4. 
d p  yr~d~ne-2-azo-p-dimethylaniline . . 

all give values in the range 4 to 9 cm3 mol-' 
(Table 3). It suggests that the activation volume 
is due to the stretching of the metal ion - water 
bond (3, 4, 8) in the activated complex in a 
dissociative process. 

Reaction of'Fe3+ with Cl- 
In contrast to the positive value of AV2* for 

the reaction of FeOH2+, the value for the reac- 
tion of Fe3+ with C1- is negative; A V,* = 
-4.5 f 1.1 cm3 mol-'. This result cannot be 
explained simply on the basis of the Eigen 
mechanism. Equation 16 would predict for 
reaction of a 3 + ion with a 1 - ion, a value of 
A V,, of 5.4 cm3 mol-' ; hence, by eq. 15 A VH,,* = 
(-4.5 - 5.4) = -9.9 cm3 mol-'. This large 
negative value is not consistent with stretching 
of the metal ion - water bond in the activated 
complex in a dissociative mechanism. 

The negative activation volume, (AV,* = 
-4.5 + 1.1 cm3 mol-I), for the overall reaction 
is consistent with an associative mechanism (8) 
for ligand substitution in which in the activated 
complex the ligand is entering the inner coordi- 
nation sphere of the metal ion. If it is further 
assumed that the mechanism is an associative 
interchange in which the ligand in the second 
coordination sphere (or outer sphere complex) 
enters the inner coordination sphere in the 
activated complex, the overall value of A V, " 
should consist of a bond-making component, 
AVbm*, and a contribution from outer sphere 
formation; thus AV," = AVbm* + AVO:. It 
may be calculated for this mechanism that the 
bond making component AV,," = (-4.5 - 

5.4) = -9.9 cm3 mol-'. Such a value is typical 
of bond making processes (8). 

The ligand dependence of the formation rate 
constant of reaction of Fe(II1) given by the first 
term of eq. 6, with various ligands (1, 5, 23, 24, 
25) has been well noted. Generally, dependence 
of a formation rate constant upon the nature of 
the ligand is taken as evidence for an associative 
type mechanism (15). But in the case of ligands 
that are weakly acidic (e.g., azide, acetate, 
salicylate, etc.) (23, 24) there is a kinetic ambi- 
guity as to which path or paths are kinetically 
significant. This ambiguity may give rise to  a 
ligand dependence on the rate constant. This 
ambiguity has to do with the placement of the 
H+ in the activated complex; as to whether it is 
on the metal ion or on the incoming ligand. This 
'proton ambiguity' as it has also been called 
cannot be resolved from examining the [H+] 
dependence of k,. Hence the following path- 
ways are kinetically indistinguishable 

where KA is the acid dissociation constant of an 
acidic ligand, HX. For the extended mechanism 
k, in eq. 6 may now be replaced by (k, + 
k3KoH/KA). For weakly acidic ligands it can be 
seen that the ligand dependence on the forma- 
tion rate constant, kf, can be explained by the 
presence of KA in the above expression (23, 24). 
Values of kHz, calculated from eq. 14 in the 
expression above (assuming k, = 0) have been 
noted to 'cluster about' the value of 3 x lo4 s-' 
without any correlation with the acidity of the 
ligand. For the case of weakly acidic ligands 
this evidence would seem to indicate that this 
path could also be dissociative interchange. 

However, in the case of ligands that are 
strong acids (C1-, Br-, SCN-) the k, term 
cannot be kinetically very significant due to the 
vanishingly small concentration of protonated 
ligand (HC1). For strongly acidic ligands the 
ratio Ko,/KA will be small and the k, term will 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1826 CAN.  J .  CHEM.  VOL. 54. 1976 

predominate. Thus the observed 10-fold varia- 
tion in k l  with the acidity of the ligands C1-, 
Br-, and SCN- (23) is further evidence for the 
associative character of the k, reaction path. 

A study (26, 27) of reaction 1 at high ionic 
strengths and acid concentrations, which had 
the effect of greatly reducing the activity of 
water showed that k-,, AH-,' and AS-,' are 
essentially medium independent, indicating that 
the activated complex for the dissociation of 
FeC12+ closely resembles the reactants. Further 
it was concluded from the observed water 
activity dependence for the formation rate 
constant (k,) that the most likely mechanism 
involves ion pair formation of C1- with Fe3+ 
followed by exchange of Cl- for an inner sphere 
water molecule, rather than a mechanism involv- 
ing loss of water followed by addition of C1-. 

Swaddle (15) goes even further and suggests 
that there is a change in the general mechanism 
(except for cobalt) from dissociative inter- 
change to associative interchange in going from 
divalent to trivalent transition metals. 

Eigen (25) has proposed an 'internal hy- 
drolysis' mechanism for ligand binding to Fe3+ 
that involves dissociation of water in the acti- 
vated complex in order to explain thedependence 
of k, upon the acidity of the incoming ligand. 
This mechanism is not consistent with the 
measured negative activation volume of this 
reaction path as a dissociative mechanism 
would be expected to give a positive activation 
volume. 

The reason for the change in mechanism (dis- 
sociative to associative) in going from FeOH2+ 
to Fe3+ may well be that the higher charge 
density of Fe3+ raises the energy required to 
dissociate the metal cation - water bond. Hence 
the dissociative mechanism is energetically less 
favoured than the associative, in which the 
energy barrier is lowered because of the forma- 
tion of the new Fe3+-C1- bond. 

The results of the investigation of the effect 
of pressure on the kinetics of the reaction of C1- 
with FeOH2+ and Fe3+ indicate that these two 
species may undergo ligand substitution by 
different mechanisms. The reaction of the more 
labile FeOH2+ has a positive activation volume 
consistent with a dissociative interchange type 

mechanism; the reaction of the more inert Fe3+ 
has a negative activation volume consistent with 
an associative interchange mechanism. 

Acknowledgement 
I would like to acknowledge the advice and 

encouragement of Professor E. F. Caldin in the 
course of this work. 

I. D. J. HEWKIN and R. H. PRINCE. Coord. Chem. Rev. 
5,45 (1970). 

2. E. F. CALDIN, M. W. GRANT, and B. B. HASINOFF. 
J .  Chem. Soc. D., 1351 (1971). 

3. E. F. CALDIN, M. W. GRANT, and B. B. HASINOFF. 
J .  Chem. Soc. Faraday I, 68, 2247 (1972). 

4. M. W. GRANT. J. Chem. Soc. Faraday 1,69,560 (1973). 
5. M. EICEN and R. G. WILK~NS.  Adv. Chem. Ser. No. 

49, 55 (1965). 
6. M. EICEN. Pure Appl. Chem. 6, 97 (1963). 
7. K. R. BROWER. J. Am. Chem. Soc. 90, 5401 (1968). 
8. W. J. LE NOBLE. Progr. Phys. Org. Chem. 5,207 (1965). 
9. E. F. CALDIN, M. W. GRANT, B. B. HASINOFF, and 

P. A. TRECLOAN. J .  Phys. E. 6, 349 (1973). 
10. R. E. CONNICK and C. P. COPPEL. J. Am. Chem. Soc. 

81, 6389 (1959). 
11. T. YASUNACA and S. HARADA. Bull. Chem. Soc. 

Jpn. 42, 2165 (1969). 
12. R. KOREN and B. PERLMUTTER-HAYMAN. Inorg. Chem. 

11, 3055 (1972). 
13. E. RABINOWITCH and W. H. STOCKMAYER. J.  Am. 

Chem. Soc. 64, 335 (1942). 
14. R. M. MILBURN and W. C. VOSBURCH. J. Am. Chem. 

SOC. 77, 1352 (1955). 
15. T. W. SWADDLE. Coord. Chem. Rev. 14, 217 (1974). 
16. R. G.  WILKINS. The study of kinetics and mechanism 

of reactions of transition metal complexes. Allyn and 
Bacon, Boston. 1974. p. 181. 

17. K. KUSTIN and S. SWINEHART. Progr. Inorg. Chem. - 
13, 107 (1970). 

18. R. G.  WILKINS. ACC. Chem. Res. 3, 408 (1970). 
19. M. EICEN. Z. Phys. Chem. N.F. 1, 176 (1954). 
20. R. Fuoss. J. Am. Chem. Soc. 80, 5059 (1958). 
21. P. HEMMES. J .  Phys. Chem. 76, 895 (1972). 
22. B. B. OWEN and S. R. BRINKLEY. Chem. Rev. 29, 

461 (1941). 
23. S. GOUGER and J. STUEHR. Inore. Chem. 13. 379 - 

(1974). 
24. P. G .  T. F o c c  and R. J. HALL. J. Chem. Soc. (A), 

1365 (1971). 
25. M. EICEN. Advances in the chemistry of coordination 

compounds. MacMillan, New York, N.Y. 1961. p. 371. 
26. J. K. ROWLEX and N. S U T ~ N .  J .  Phys. Chem. 74, 

2043 (1970). 
27. T. C. KING and J. K. ROWLEY. J. Phys. Chem. 75, 

1113 (1971). 
28. H. WENDT and H. STREHLOW. Z. Elektrochem. 66, 

228 (1962). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Effets de suhtituants en resonance magnetique nucleaire du 13C. 
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GILBERT DANA, ODILE CONVERT, JEAN-PIERRE GIRAULT et ETIENNE MULLIEZ. Can. J. Chem. 
54, 1827 (1976). 

On etudie les spectres rmn de "C dans des derives du phenylfuranne et du phenylpyrrole. Les 
carbones a et p de l'heterocycle, conjugues au substituant X en para sur le benzene, presentent 
des variations de deplacement chimique en relation simple avec l'effet donneur de X. Ceci 
est interprete par le changement de densite electronique dQ a cette conjugaison. Cette con- 
jugaison apparait plus importante dans la serie du phenyl-2 pyrrole que dans les series du 
phenyl-2 furanne notamment si on examine le comportement du pale a. 

GILBERT DANA, ODILE CONVERT, JEAN-PIERRE GIRAULT, and ETIENNE MULLIEZ. Can. J. Chem. 
54, 1827 (1976). 

The "C nmr spectra of derivatives of phenylfuran and phenylpyrrole were studied. The a and 
,!l carbons of the heterocycle, conjugated to the substituent X in the para position of the benzene 
ring, show variations in chemical shifts which bear a simple relationship to the donor properties 
of X. This is interpreted by the change in electron density caused by this conjugation. This con- 
jugation seems more important in the series of 2-phenylpyrroles than in the series of 2-phenyl- 
furans especially if  the behaviour of the a position is considered. 

[Journal translation] 

L'etude des substitutions electrophiles sur les 
heterocycles pentagonaux (1) dans les substrats 
1, 2 et 3 a permis de mettre en evidence une 
difference importante dans les regles d'orienta- 
tion suivant la nature de I'heterocycle, en ce 
qui concerne la competition entre les p6les P 
et P'. 

u X = NO2 d X = C I  ,y X = OCHJ 
b X = C02Et , X = H h X = NH2 
c X = CHO j ' X = CHI 

Ainsi, lorsque R = CH,, l'orientation ob- 
servee en serie furannique 2 montre que le p61e 
p est active par conjugaison avec un substituant 
benzenique X donneur (2a) alors que dans la 
serie du pyrrole 3, ce facteur electronique joue 
un r61e apparemment minime (2b). 

Pour interpreter de f a ~ o n  precise l'ensemble 
des resultats observes, en tenant compte even- 
tuellement du caractkre x plus ou moins im- 
portant des Ctats de transition (3) dans ces 
reactions, nous avons Ctk amen& a etudier ces 

molecules dans leur etat fondamental. Ceci per- 
mettrait de prkciser si le furanne n'est pas, d'une 
f a ~ o n  generale, plus sensible a la conjugaison 
du substituant X du noyau benzenique que le 
pyrrole. 

En spectroscopie rmn du I3C, une relation 
entre la distribution de densite Clectronique et 
le deplacement chimique du 13C est souvent 
invoquke, aussi bien pour les cycles aromatiques 
benzeniques (4) que pour les hettrocycles du 
m&me type (5). Nous avons donc etudie l'in- 
fluence du substituant X sur les 6 13C des car- 
bones des deux heterocycles furanne et pyrrole 
dans les molCcules 1 et 2 d'une part (series du 
phenylfuranne) et 3 d'autre part (serie du 
phenylpyrrole). I1 est ainsi possible d'evaluer la 
difference de conjugaison de chacun des hetero- 
cycles avec le noyau benzenique. 

Resultats expkrimentaux 
Les spectres rmn 13C ont etk enregistres a 

25.15 MHz sur des solutions (-0.5 M )  dans 
CDCl, (TMS en reference interne, 6 positif vers 
les champs faibles) sur un spectrographe JEOL 
PS 100, equipe de transformee.de Fourier. Les 
spectres sont normalement effectues avec dC- 
couplage des protons par une bande de bruit 
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FIG. 1. Spectre non dtcouple (SD) des carbones 
aromatiques de lc.  On note I'existence d'un couplage 
supplementaire du proton aldthydique avec C ,  (,J = 
2 Hz) et C ,  (*J = 5.5 Hz). 

(DPB), sur une Cchelle de 5000 Hz en utilisant 
une memoire de 8 K :  la precision des mesures 
est donc de k0.04 ppm sur les deplacements 
chimiques. Toutefois, pour attribuer les diffe- 
rents signaux, nous avons egalement enregistre 
certains spectres avec decouplage selectif hors 
resonance (DSHR) ou sans decouplage (SD) 
dans des conditions de relaxation quasi-totale 
(impulsions correspondant a un angle de 12" 
avec une repetition de 2.5 s (voir figs 1 et 2 par 
exemple)). Pour ces deux types de spectres, l'en- 
registrement a ete effectue sur une echelle de 
2500 Hz en utilisant une memoire de 8 K :  la 
precision des mesures est donc de k0.6 Hz sur 
les constantes de couplage. Certains de ces 
spectres ont ete egalement enregistres sur spec- 
trographe Varian XL 100-12 a 25.20 MHz (voir 
par exemple fig. 1). 

Phinylfurannes. Series 1 et 2 
Les spectres DPB des phenylfurannes 1 et 2 

comportent huit signaux (tableau 1) attribues 
aux differents carbones aromatiques de la 
molecule grdce aux criteres suivants. 

(a) Pour la molecule de reference l e  (X = H), 
les carbones a et a' apparaissent a plus bas 
champ et les carbones P et P' a plus haut champ 
que les carbones du benzene(7). Les differents 
carbones du noyau benzenique, pour cette 
molkcule le, sont attribues par les considera- 
tions suivantes. (i) Le carbone C, ne portant pas 
de proton donne lieu a un signal peu intense et ne 

presente.pas de grand couplage dans le spectre 
SD (triplet simple, 3J(meta) = 6.1 Hz). (ii) On 
distingue les pics correspondants a C,, C,, C, 
par leurs intensitts dans le spectre DPB et par 
leurs structures fines dans le spectre SD. On 
sait, en effet, que dans un noyau benzenique, 
,JCH(meta) (5 a 7 Hz) est plus grand que 
2JCH(ortho) ou 4JCH(para) (1 a 2 Hz) (8). On 
trouve dans ce cas pour C, deux doublets ( 'J  = 
159.5 Hz et 3J = 7.3 Hz), pour C, deux triplets 
( ' J  = 159.9 Hz et 3J = 6.7 Hz) et pour C4 deux 
triplets ( ' J  = 161.7 Hz et 3J = 7.4 Hz) d'in- 
tensite plus faible (spectre SD effectue dans des 
conditions de relaxation quasi totale). 

Les differents carbones du noyau furannique 
de l e  sont discernables par leurs structures 
fines comparees a celle du methyl-2 furanne 
(5b, 9). (i) C,.n'a pas de couplage ' J (massif non 
resolu). (ii) C, : deux quadruplets ( 'J  = 202 Hz, 
,J = 10.7 pour 10.4 Hz, et = 7.6 Hz pour 
7.2 Hz (9)). (iii) Cq:  deux quadruplets ('J = 
175.2 Hz,,J = 4.3 Hzpour4.2Hzet = 5.5 Hz 
pour 5.5 Hz). (iv) Cp.: deux quadruplets ( 'J  = 
175.2 Hz, ,JCH, = 13.4 Hz pour 13.1 Hz et 
3JCHp = 3.6 Hz pour 4 Hz). 

(b) Pour les autres termes de la serie 1, les 
attributions des carbones du noyau benzenique 
ont ete etablies sur la base des increments de 
deplacements chimiques du substituant X ob- 
serves pour les benzenes monosubstitues (10) 
(tableau 1). Celle des carbones a et a' du furanne 
est effectuee par simple examen du spectre SD de 
mime que celle des carbones f i  et a' (fig. 1). 
Cette derniere est de plus confirmee par applica- 
tion de la methode graphique de Feeney et coll. 
(1 l), utilisant des spectres DSHR. Cette methode 
permet, en particulier, d'etablir que celui des 
deux carbones Cp et Cp, qui resonne a plus 
haut champ est lie, dans tous les cas examines 
(y compris la reference le) au proton qui 
resonne a plus bas champ. Compte tenu des 
spectres 'H (12), on verifie l'attribution generale 
6Cp. > 6C,. 

(c) L'interpretation des spectresde la deuxieme 
serie furannique 2 (R = CH,) devient alors 
possible. On applique les m&mes methodes que 
dans la serie 1 (examen du spectre SD de 2e 
(X = H), methode des increments pour les 
carbones benzeniques, methode graphique 
DSHR pour les carbones P et P'). De plus, cette 
serie fournit deux confirmations de l'ensemble 
des attributions (series 1 et 2) pour les carbones 
du noyau furannique, d'une part en appliquant 
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TABLEAU 1. Deplacements chimiques 6°C dans la serie des phenylfurannes 1 (valeurs en ppm, par rapport au TMS en reference interne). Les valeurs indiquees 
entre parentheses sont les dkplacements chimiques calcults pour les carbones du cycle benzknique en utilisant les increments de deplacement du substituant 

X dans le benzene (10) en prenant la molecule le  (X = H) comme reference 

Compose X ox 6 c a  6C,. 

la NOz +0.78 143.98 112.30 

l c  CHO +0.45* 143.37 112.05 

'Constante a (CHO) (ref. 60). 
tValeurs approchees, calculees avec I'incrtment connu du groupe C0,Me (6b). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLEAU 2 .  Deplacements chimiques 6 13C dans la serie des phenylmethylfurannes 2 (valeurs en ppm, par rapport au TMS en reference interne). Les valeurs indiquees 
entre parenthises sont les deplacements chimiques calculCs (i) pour les carbones du cycle benzenique en utilisant les increments de deplacement du substituant X 
dans le benzkne (10) et en prenant la molecule 2e (X = H) comme reference; (ill pour les carbones du cycle furannique en utilisant les increments de deplacement 

du groupe C H ,  dans le furanne (7) et en prenant la molecule 1 correspondante comme reference 

Compose x ox 6Cz SC,. ~ C D  SC,. 6C1 6 c2 6C3 6c4 6 R SX 
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FIG. 2. Spectre non decouple (SD) des carbones !J et 
8' du pyrrole dans 3e (voir tableau 2). On note les cou- 
plages caracttristiques suivants compares a ceux observes 
dans le dimethyl-2,s pyrrole ( 5 b ) :  Cp: ' J  = 169.1 Hz, 
2~C ,HB.  = 4.9 pour 4.6 Hz et 3JC,NH = 6.1 pour 7.1 Hz; 
C,.: 'J = 169.1 Hz, 'J .- 3.7 pour 4.6 Hz, 3JC,.CH, .- 
3.7 Hz et 'JC,.NH .- 7.3 pour 7.1 Hz. 

une methode d'increments de deplacement 
chimique dti au methyle en sc (7) (tableau 2), 
et d'autre part grice a l'existence d'un couplage 
des protons du methyle avec le seul carbone P' 
(voir partie experimentale). 

Phenylpyrrole. Serie 3 
Bien que les carbones C, et C,. du  pyrrole 

aient (contrairement au cas d u  furanne) des 
frkquences de  resonance voisines de celles des 
carbones benzeniques (7, 13) l'analyse des 
spectres S D  et DPB de  3e (X = H) est possible 
par simple examen, sauf pour les signaux de 
C, et C,.. En particulier, les carbones Cp et C,,. 
donnent deux signaux a haut champ attribues, 

dans chaque cas, par la methode graphique de 
Feeney et coll. (1 1) (spectres DSHR). Ceci est 
d'ailieurs confirme, comme dans la serie 2, par 
examen de la multiplicite des signaux dans le 
spectre S D  (legende de la fig. 2). L'attribution 
des carbones benzeniques pour l'ensemble de 
la serie est deduite de la reference 3e par la 
methode des increments et permet dans tous 
les cas d'identifier avec certitude les deux sig- 
naux de C, et C,. (tableau 3). L'attribution des 
pics correspondants a ces deux carbones C, et 
C,, a ete effectuee par analogie avec les series 
furanniques 1 et 2. En effet, on  a trouve dans 
ces derniers que 6C, diminue lorsque l'effet 
donneur de X augmente, alors que 6C,, aug- 
mente. On remarque la coincidence fortuite 
6C, = 6C,. pour 3d (X = C1) (tableau 3); 
l'attribution des signaux pour les autres com- 
poses de la serie en resulte sans ambiguite 
(fig. 3). 

Interpretation des resultats 
Nous avons cherche des correlations entre le 

deplacement chimique de chaque carbone de 
l'heterocycle et les constantes ap(X) de  Hammett 
ou ap+(X) de  Brown (14). Le calcul montre que 
les meilleures correlations (evaluees par la 
methode des moindres carres) sont obtenues 
avec les constantes a(X) de  Hammett (figs 3-5 
et tableau 4). On voit que l'effet du substituant 
X sur le deplacement chimique des 13C du 
noyau furannique ou pyrrole n'est pas lie de 
f a ~ o n  simple a son seul caractere donneur ou 
attracteur. En particulier, le sens des variations 
observees pour 6 C ,  est l'inverse (fig. 3 ou 5 )  de 
celui attendu en fonction du caractere donneur 
de X.  De meme, le deplacement chimique du 

FIG. 3. Correlation des deplacements chimiques des carbones C, et C,. dans les series 2 et 3, avec 
la constante de Hammett, u(X). 
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TABLEAU 4. Correlations des deplacernents chirniques 6 "C des carbones de I'heterocycle dans les series 1, 2, 3 et les 
constantes u et u+ d e  Harnrnett et d e  Brown; r ' ,  coefficient de correlation correspondant 

Serie 1 Serie 2 Serie 3 

-0.6 -0.4 -0.2 0 +0.2 t0.4 t0.6 

N H 2  0CH3 CH,  H C I Q ( X  1 

FIG. 4. Correlation des deplacernents chirniques des carbones C, et CS. dans les series 2 et 3, avec 
la constante d e  Harnrnett, o(X). 

FIG. 5. Correlation des deplacernents chirniques des carbones du noyau furannique dans la strie 
1 avec la constante de Harnrnett, o(X). 
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carbone Cp depend faiblement de l'electro- 
negativite de X (valeurs faibles des pentes p 
dans le tableau 4 et fig. 4). Ceci est a rapprocher 
du cas du benzene lui-m&me pour lequel les 
increments de deplacements chimiques produits 
par un substituant X, surtout s'il est fortement 
mesomere donneur, peuvent presenter une 
alternance de signes. L'effet sur le carbone 
meta est souvent faible ou negligeable, mais 
l'effet sur le carbone para correspond generale- 
ment bien a un blindage supplementaire pour 
les groupes donneurs et a un deblindage pour 
les groupes attracteurs (5b, 10). On note alors 
que les carbones C,,., non conjugues a X, se 
comportent comme les carbones meta du ben- 
zene. Certains auteurs ont mCme tente des 
correlations pour des carbones dans la position 
analogue 3' du biphenyle 4 (15) avec les cons- 
tantes a, et a,+ relatives a la position meta de X. 
En fait. ils trouvent bien aue la correlation 
avec a, est de meilleure qualite, ce qui nous 
semble assez normal puisque le noyau B (dont 
on ktudie une propriete) est bien un substituant 
en para, par rapport a X. 

Nous nous sommes alors demande si dans le 
cas des heterocycles des series 1, 2 ou 3, la 
situation est analogue au cas du biphenyle. 
L'experience montre que 6Cp. donne une meil- 
leure correlation avec a,(X) qu'avec o,,,(X) 
pour les series 1 et 3. En revanche, la correlation 
est legerement meilleure avec a,,(X) (p = 1.60, 
r' = 0.855) ou a,'(X) (p = 1.61, r' = 0.837) 
qu'avec a,(X) pour la serie 2. En fait, pour ce 
carbone C,' les correlations cherchees doivent 
rendre compte de variations minimes sur les 
deplacements chimiques, (tableaux 1-3). Sur 
ces petites variations, les incertitudes relatives 
sont grandes et nous pensons que les correla- 
tions trouvees sont assez illusoires. 

En ce qui concerne les carbones C, et C,,, en 
position de conjugaison vis-a-vis de X, ils 
presentent des variations dans le sens attendu 
en fonction de l'electronegativite de X (pente 
p positive). Les coefficients de correlation sont 
meilleurs avec les constantes a, que a,+. Ceci 
est analogue au resultat observe dans la serie du 
biphirnyle 4 pour le carbone 4' (p = f2.18,  
? = 0.994) (15) de m2me position que C, dans 

nos series (tableau 4). Pour le carbone 8, on 
peut trouver des analogies soit avec le carbone 
2' du biphenyle 4 (15), soit avec le carbone 
du styrene 5 (16). 

Dans le premier cas, les auteurs trouvent une 
meilleure correlation avec a,+ (p = f0.64, 
r2 = 0.906) alors que pour C,, du styrene 5, a, 
convient mieux (p = f6.28, r' = 0.955) que 
a,+ (p = 3.87, r' = 0.925) (valeurs calculees a 
partir des donnees de ref. 16). I1 semblerait que 
notre cas rappelle davantage celui du styrene 
5 que celui du biphenyle 4, aussi bien pour les 
valeurs de p observees (tableau 4) que pour la 
nature de la correlation avec a, de Hammett 
plut6t que a,+ de Brown. 

I1 reste alors le cas du comportement du 
carbone C,. qui donne, dans nos series 1, 2, 3 
aussi bien que dans celles du biphenyle 4 (C,.) 
et du styrene 5 (C,) une pente p negative. I1 
a ete montre, notamment dans le cas des sty- 
renes substitues (17), que ce comportement 
resulte de la plus grande importance, pour ce 
carbone, de l'effet de champ a travers l'espace 
par rapport a l'effet de resonance et a I'effet de 
polarisation des electrons n, qui se transmettent 
a travers le squelette. On peut d'ailleurs signaler 
que pour le biphenyle 4, les auteurs (15) pre- 
ferent correler SC,, avec a,,,, ce qui constitue 
un autre point de vue sur la question mais ne 
change pas le probleme du sens des variations 
observees. En fait dans notre cas, SC,. donne la 
meilleure correlation avec o,(X) pour la serie 
3, mais avec a,,+(X) pour les series 1 (p = - 3.60, 
r' = 0.956) et 2 (p = -3.35, r' = 0.989). Dans 
la mesure oh l'effet d'electronegativite de X 
n'est m&me pas directement responsable du sens 
des deplacements observes, il est probable que 
la plus ou moins bonne qualite des correlations 
trouvees est plus ou moins fortuite. 

Conclusion 
A l'aide des resultats obtenus dans la pre- 

sente etude, i l  est possible de comparer la 
transmission des effets electroniques de X dans 
chacun des heterocycles pyrrole et furanne. 

Le p61e le plus interessant au point de vue 
des effets de conjugaison nous semble 2tre le 
seul p61e a pour lequel on observe une sensi- 
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bilite aux variations de X nettement plus im- 
portante dans le cas des phenylpyrroles 3 
(p(sr) = f4.14 pour 3 superieur a p(sr) = + 2.83 
pour 2, tableau 4). 

Le p61e ,!I, en position analogue au point de 
vue conjugaison avec X, mais plus proche du 
noyau benzenique donc'eventuellement plus 
perturbe par des effets locaux, donne un resultat 
dans le mkme sens bien que nettement plus 
faible (p(P) = f 5 . 0 3  pour 3 de mkme ordre 
que p(P) = f 4 . 9 2  pour 2). 

Etant donnee la precision des determinations 
actuelles (limitees par les difficultes de syn- 
these dans la serie 3 du pyrrole), i l  semble donc 
que la plus grande sensibilite observee p o l r  le 
pyrrole vis-a-vis des variations de X (com- 
paree au furanne) revele que la conjugaison de 
l'heterocycle avec le benzene serait meilleure 
dans la serie 3 du pyrrole que dans les series 2 
(OU 1) du furanne. Ce resultat, inverse de celui 
observe pour les vitesses des substitutions 
electrophiles (1, 2) est important dans la mesure 
ou il revele, comme nous le montrerons dans un 
prochain memoire, une difference de structure 
des etats de transition pour chacune des deux 
series heterocycliques. 

Les spectres rrnn de protons ont ete effectues sur un 
spectrographe Varian A-60A (TMS en reference interne, 
echelle 6 en ppm) en solution a 10% dans CDCI, ou CCI, 
(abreviations: s = singulet; d = doublet; q = quaruplet; 
rn = rnultiplet). 

Les points de fusion (pf) sont non corriges. 
Les formules brutes ont ete determinees par analyse 

des derives carbonyles obtenus lors de I'etude des substi- 
tutions electrophiles (rtsultats corrects +0.2% pour 
C, H et N et a +0.4% pour CI) et confirmees par les 
spectres de masse (sm) (spectrographe Hitachi-Perkin- 
Elmer RMU-6 EMS a 75 eV). Ces spectrographes, de 
mime que ceux utilises pour la rmn du I3C, sont ceux 
du Groupement de Mesures Physiques de Paris Centre. 

Preparation des aryl-2 f'urannes I et des aryl-2 meti~yl- j  
furannes 2 

Nous avons employe une synthese de Gornberg: de- 

composition du sel de diazoniurn obtenu a partir d'une 
aniline para substitute, dans le furanne (12, 19) ou le 
rnethylfuranne(2). 

Pour le para-nitrophenyl-2 methyl-5 furanne, 2a, la 
reaction est realisee avec le chlorobenzene cornrne 
solvant et le methyl-2 furanne en leger exces ( x 1.2) par 
rapport au sel de diazoniurn. p-Nitrophenyl-2 methyl-5 
furanne 20: pf 1 15 "C (CCI,) cristaux jaunes; rnw C, ,  H,NO, 
203; srn M" 203; rrnn 6CH, = 2.43, 6Hp = 6.80 (d), 
6Hp. = 6.31 (m) pprn; J H p H p  = 3.2 Hz, J H p , C H 3  = 
1.1 Hz. 

L'amine 2h est obtenue par reduction du derive nitre 
precedent par la poudre d'etain dans HCI ou sirnplement 
par hydrogenation sur nickel (19). p-Amit~ophenyl-2 
nlbthyl-5 furanne 2h; liquide jaune clair, fragile a I'air; 
mw C , , H , , O N  173; srn M" 173 (100%) et 130 (48%); 
rrnn SCH, = 2.27 pprn, 6H,, = 6.25 ppm, 6Hp. = 5.9 pprn; 
J H p . C H 3  - 1 Hz, J H p H p .  = 2.4 HZ, 6C,H, = 6.6 et 
7.4 pprn (AA'BB'), NH, var~able de 3.5 a 5 pprn; uv 
i.,,,(EtOH) 295 nm. 

Les composes de la serie 1 ont ete deja decrits, sauf 
quelques fois en ce qui concerne leurs spectres rrnn de 'H.  
Nous avons trouve dans ces cas les valeurs du Tableau 5, 
qui ont t t e  utilisees pour les attributions des spectres de 
13C par la rnethode graphique (DSHR). 

Dans les spectres de 13C, nous avons note les couplages 
suivants avec les protons. (i) Serie 1: JC,H, = 202 + 
0.6 Hz, JC,H,. = 7.5 + 0.2 Hz, JC,H, = 10.7 t 0.3 Hz, 
JC,.H, = 13.4 Hz, JC, .H.  = 174.9 + 0.4 Hz, JC,.H, = 
3.6 Hz, J C p H p  = 174.2 + I Hz, JCpH, = 5.5 Hz, 
JC,H,. = 4.3 Hz. (ii)Serie2: JCP.HP. = 171.5 + 1.2 Hz, 
JCp.Hp = 3.3 + 0.3 Hz, JC,.CH, = 3.3 + 0.3 Hz, J C p H p  = 
171.8 + 0.3 Hz, et JC,,H,. = 4.0 + 0.3 Hz. 

Preparation des aryl-2 methyl-5pyrroles 3 
Ces composes ont ete obtenus par  cyclisation des aryl-l 

pentanediones-I,4 correspondantes en presence d'am- 
moniaque: la preparation de ces y-dicetones a kte effectuee 
par les trois methodes suivantes selon le substituant X. 

Preparation des y-dicetones X = CI, H ,  CH, 
Nous avons suivi le mode operatoire decrit par Chiron 

et Graaf (20). Pour le cas non decrit par  ces auteurs, 
X = CI, le mode operatoire est identique sauf la tempera- 
ture de la reaction qui est celle du reflux du chlorobenzene 
(p kb = 132 "C) utilisk cornme solvant et comme reactif. 
On obtient ainsi apres distillation et avec un rendement 
de 35%, la para chlorophenyl-l pentanedione-1,4. 

Preparation de la y dicerone X = CH,O (p-at~isyl-1 
pentane dione-1.4) 

La preparation de cette y-dicetone s'effectue par hydro- 
lyse acide de l'ester by'-dicttonique correspondant ob- 

N 0 2  7.71 6.98 6.68 2 - 4 
C 0 2 E t  7.52 6 . 7 8  6.51 1 .5  - 3 . 6  
C H O  7.53 6 . 7 8  6 .65  1 .8  0 . 8  3 . 6  
N H2 7.33 6 .35  6 .35  - - - 
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The reaction of catechol and derivatives with potassium superoxide 

E. LEE-RUFF AND A. B. P. LEVER 
Departrne~it of Clre~,iistry, York U~~iuersitj, Torollto, O~rr., Cr11wrlr1 M3J IP3 

AND 

J. RIGAUDY 
Laboratoi~r de Recherclres Orgo~riqlres rle l'E.S.P.C.I., 10, rue Vrrrrq~leli~l, Prrris, Frcr~~cc 
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E. LEE-RUFF, A. B. P. LEVER, and J. RIGAUDY. Can. J. Chern. 54, 1837 (1976). 
Serniquinones are produced in the oxidation of o- and p-dihydroxyarenes with potassium 

superoxide. These radical anions in the case of o-dihydroxyarenes are further oxidized to 
dicarboxylic acids. The serniquinones were also obtained by reduction of the corresponding 
quinones with potassium superoxide. 

E. LEE-RUFF, A. B. P. LEVER et J. RIGAUDY. Can. J. Chern. 54, 1837 (1976). 
On obtient des semiquinones par oxydation des o- et p-dihydroxyarknes par le superoxyde 

de potassium. Ces radicaux anions, dans le cas des o-dihydroxyarknes, sont transform& en 
acides dicarboxyliques. On peut aussi obtenir les rn&mes serniquinones par reduction des 
quinones correspondantes par le superoxyde de potassium. 

[Traduit par le journal] 

The intervention of the superoxide anion 
radical in enzyme oxidation systems has recently 
been the subject of a number of investigations 
(1,2). Its formation is the result of a one electron 
reduction of molecular oxygen and its presence 
can be tested by the use of superoxide dismutase, 
an enzyme which inhibits t h e  oxidations by 
destruction of superoxide in these systems. For 
example, the presence of superoxide ion in the 
pyrocatechase-oxygen system has been sus- 
pected (3). With the recent report on the prep- 
aration of stable solutions of potassium super- 
oxide in organic non-hydroxylic solvents by 
complexation with crown ethers (4), the organic 
chemistry of superoxide call be conveniently 
studied (5, 6). In order to  gain insight as to  the 
preliminary steps of the pyrocatechase catechol 
oxidations we decided t o  look at the reaction of 
catechol and other o-dihydroxy arenes with 
potassium superoxide with particular interest ill 

the paramagnetic species involved by the use of 
esr spectroscopy.' 

'During the course of this work we came across a pre- 
print of Professor C. Foote's work on the oxidation of 
2,5-di-tert-butylcatechol by superoxide in which a serni- 
quinone radical ion is postulated. 

The addition of diphenols 1-4 to T H F  solu- 
tions containing KO2 and dicyclohexyl-18-crown- 
6 (DCC) produced strongly coloured radical spe- 
cies as evidenced from their esr spectra. In all 
cases the semiquinone radical anion was present 
and identified by comparison with the spectra 
obtained from the one electron reduction of the 
corresponding quinones under identical condi- 
tions (7). These were also compared with re- 
ported spectra (8, 9) and in all cases they were in 
good agreement. Table 1 summarizes the esr 
data for the semiquinones. 

Careful quenching of these solutions with 
water and subsequent work-up with methylene 
chloride and isolation of the acidic material with 
bicarbonate resulted in the production of dicar- 
boxylic acids 9-11 in yields ranging from 5% 
(in the case of 1) to 607, (for 3) (30% yield for 
10). These acids were identified by comparison 
t o  authentic samples obtained from the super- 
oxide oxidation of the corresponding quinones 
under the conditions described by Le Berre and 
Berguer (10). Quenching of solutions of 8 with 
water resulted in isolation of unchanged 4 ( 8 0 7 ~ )  
and p-quinone (2070). 

These results suggest that if free superoxide 
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a:: - a: - @:H + Polymer 

3 7 11 

TABLE 1. Electron spin resonance data of semiquinones 5-8 

Semiquinone f i  Hyperfine splitting (G)f $ 

'The tiyperfinc splitrings in these casts were not assigned to specific protons. 
tSlight diKerenees in u from literature values arc  probably due t o  changcs in the elcctronegativc behaviour of the oxygen atoms in different 

solvents and hence result in changes in [lie spin-density distribution of the odd electron within the molecule. 
:Solutions were prepared by dissolving 2 rng ofquinonc or  dihydroxynl-enc in 250 ml of 0.01 M KO: and 0.05 iM crown cttier in tetrahydro- 

furan. All spectra were recorded a t  I-oom temperature. 

is involved in the enzyme system, then semi- 
quinones would result as observable intermedi- 
ates. Furthermore, the oxidation products ap- 
pear to  arise from semiquinones rather than the 
corresponding quinones since we, as well as R a o  
and Hayon ( l l ) ,  have observed that the one 
electron reduction by 02- of o- and p-quinones 
is a very efficient process (k = 9.8 X lo8 M-I 
s-I). In fact, this may explain the quenching 
effect of 1,2-naphthoquinone on the activity of 
catechol 1,2-dioxygenase (12). If the first step 
involves hydrogen abstraction in the oxidation 
of catechol then it may not be expected to  

compete favourably with the one electron reduc- 
tion of quinones (k hydrogen abstraction by 02- 
for 11-hydroquinone = 1.6 X lo7  M-I s-I 1 (11)- 
Whether the semiquinones are produced by the 
sequence 1-2 or 3-4 is not clear. There is evi- 
dence from our esr studies of a transient radical 
prior t o  semiquinone formation in the case of 1 
and the reaction is retarded by addition of KOH 
to  the mixture, however, the latter observation 
does not necessarily negate the intervention of 

a" L. aO- - Oxidation 
O H  0' 
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sequence 3-4 since in the presence of KOH the 
dianion may be formed. We are currently in- 
vestigating the subsequent oxidation steps of the 
semiquinones as well as superoxide reactions 
with other organic substracts. 
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Gas phase nucleophilic reactions in 1,l-difluoroethylene 
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JOSE M. RIVEROS and KEIKO TAKASHIMA. Can. J. Chem. 54, 1839 (1976). 
An ion cyclotron resonance study reveals that alkoxide ions react easily with 1,l-difluoro- 

ethylene in the gas phase to yield a species CH2CFO-. Rate parameters, thermochemical 
estimates and a rationalization for the mechanism are presented briefly. 

Jose M. RIVEROS et KEIKO TAKASHIMA. Can. J. Chem. 54, 1839 (1976). 
Une Ctude de resonance ionique par cyclotron rhkle  que les ions alcoolates rCagissent facile- 

ment avec le difluoro-l,l Cthylkne en phase gazeuse pour conduire B l'espkce CH2CFO-. On 
prCsente brikement les paramktres de vitesse, les estimCs thermochimiques et une rationalisa- 
tion du micanisme. 

[Traduit par le journal] 

The outcome of gaseous ion-molecule reac- 
tions reveals in many cases chemical processes 
which are attenuated in solution either by the 
bulk solvent or by the energetics of solvation 
phenomena. For the particular case of nucleo- 
philic reactions in aromatic systems, it has been 
shown that reaction 1 is surprisingly the pre- 
dominant reactive channel of fluorinated ben- 
zenes in the gas phase when the competing 
proton transfer is thermodynamically unfavor- 
able (1). 

X = F, CI, NO2 

More recent studies have illustrated the useful- 
ness of this type of reaction as an analytical tool 
(2), and as a guideline to  new reactions in 
solution (3). 

The formal similarities in the mechanism of 
nucleophilic substitution in aromatic and vinylic 
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sequence 3-4 since in the presence of KOH the 
dianion may be formed. We are currently in- 
vestigating the subsequent oxidation steps of the 
semiquinones as well as superoxide reactions 
with other organic substracts. 
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JOSE M. RIVEROS and KEIKO TAKASHIMA. Can. J. Chem. 54, 1839 (1976). 
An ion cyclotron resonance study reveals that alkoxide ions react easily with 1,l-difluoro- 

ethylene in the gas phase to yield a species CH2CFO-. Rate parameters, thermochemical 
estimates and a rationalization for the mechanism are presented briefly. 

Jose M. RIVEROS et KEIKO TAKASHIMA. Can. J. Chem. 54, 1839 (1976). 
Une Ctude de resonance ionique par cyclotron rhkle  que les ions alcoolates rCagissent facile- 

ment avec le difluoro-l,l Cthylkne en phase gazeuse pour conduire B l'espkce CH2CFO-. On 
prCsente brikement les paramktres de vitesse, les estimCs thermochimiques et une rationalisa- 
tion du micanisme. 

[Traduit par le journal] 

The outcome of gaseous ion-molecule reac- 
tions reveals in many cases chemical processes 
which are attenuated in solution either by the 
bulk solvent or by the energetics of solvation 
phenomena. For the particular case of nucleo- 
philic reactions in aromatic systems, it has been 
shown that reaction 1 is surprisingly the pre- 
dominant reactive channel of fluorinated ben- 
zenes in the gas phase when the competing 
proton transfer is thermodynamically unfavor- 
able (1). 

X = F, CI, NO2 

More recent studies have illustrated the useful- 
ness of this type of reaction as an analytical tool 
(2), and as a guideline to  new reactions in 
solution (3). 

The formal similarities in the mechanism of 
nucleophilic substitution in aromatic and vinylic 
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compounds in solution has led us t o  probe into 
the gas phase behavior of fluorinated olefins. The 
present communication reports that a remarkable 
similarity to  reaction 1 is observed in the gas 
phase with 1,l-difluoroethylene suggesting a 
characteristic behavior for unsaturated systems. 

Experiments were carried out in an ion cyclo- 
tron resonance spectrometer operating in the 
negative ion mode. Alkoxide ions were generated 
by electron impact of alkyl nitrites (1, 4) at  
pressures of 5 X 10-"orr. Whereas vinyl fluor- 
ide, at  a pressure of 5 X torr, appears 
essentially unreactive with alkoxide ions in a 
drift cell with typical residence times varying 
between I and 4 ms, CH2CF2 gives rise t o  a 
product ion of in/e 61 under similar circum- 
stances. Double resonance and pressure studies 
clearly identify this latter species as a reaction 
product, and not due to  one of the components 
of the mixture. 

The factthat CH30-,CD30-, C2H50-,C2D5OP, 
and ;SO-C3H70- give rise t o  the same product ion 
with CH2CF2 suggests by simple mass considera- 
tions the formation of a species C2H2FOP. Such 
a product can be rationalized as a special case of 
the addition-elimination mechanism of vinvlic 
compounds (5). Thus, nucleophilic attack a t  an 
activated carbon atom is followed by elimination 
of R F  in a manner analogous to  reaction 1. 

A lower limit of 45 kcal/mol can be estimated 
for the exothermicity of reaction 2 based on 
observations of CH2CFO- as the major product 
of several ion-molecule reactions involving F- 
and carbonyl derivatives (6). 

Rate constants were measured at  296 K for 
several alkoxide ions, and are larger for all cases 
than those of the competing proton transfer 
reactions which give rise t o  CF2CHP (m/e 63): 

These constants are believed to  be better than 
25% accurate based on estimates of the accuracy 
in pressure measurements and experimentally 
determined ion residence times. 

The values of the rate constailts indicate that 
reaction 2 is insensitive t o  the size of the alkyl 
group within the large experimental error. The 
significance of this fact with regard t o  a possible 
mechanism for the break-up of the intermediate 
can be assessed by con~parison with well char- 
acterized gas phase processes. Elimination of R F  
from the intermediate can be accomplished by 
an  internal nucleophilic displacement for which 
the alkyl dependence may be small if analogies 
can be made with gas phase SN2 reactions. For  
the latter case, rate constants for the reactions of 
F-  with CH3C1 and C2H5C1 differ by 5% (6)). An 
alternate route possible for the larger alkyl 
groups involves an  intramolecular elimination 
either t o  yield RF ,  or  HF ,  and an  olefin. Al- 
though the neutral product of reaction 2 could 
not be ascertained, this type of mechanism has 
been shown t o  lead t o  a dramatic enhancement 
in the rate constant of F- with alkyl formates t o  
yield HCOO- in going from the methyl t o  the 
ethyl and isopropyl derivative. Such a behavior 
makes this mechanism doubtful for the present 
case. 

As in the case of aromatic systems, the 
abilitv of a second fluorine substituent in the 
olefin to  promote reaction 2 is indeed remarkable. 
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polyacene quinone radical polymers 

R. N.  O'BRIEN AND K. J. LUSHINGTON~ 
Departt?letzt of Chetnistry, Utriuersity of Victoricr, Victoria, B.C., Crri~oda V8W ZY.? 

Received December 29, 1975 

R. N. O'BRIEN and K. J. LUSHINGTON. Can. J. Chem. 54, 1841 (1976). 
A series of polyacene quinone radical polymers were made. The chemical analysis showed 

that the severe reaction conditions favored the Scholl (elimination of Hz  and H20)  over the 
Friedel-Crafts reaction. Electron paramagnetic resonance spectra confirmed the presence of a 
biradical. Conductivity measurements in the ohmic and space charge limited regions showed 
that large T systems existed and that carrier traps were shallow. The T system structure and 
absence of quinone structure was confirmed by ir spectrometry which also showed the optical 
absorption edge to be 0.8 eV. Charge was injected into the polymers forming electrets and 
thermally stimulated current emission spectra confirmed a shallow trap depth (-0.4 eV). It is 
postulated that thermal excitation to a triplet state produces the biradical and conduction is by 
hopping between adjacent T systems and charge storage is associated with the extensive T 

systems. 

R. N. O'BRIEN et K. J .  LUSHINGTON. Can. J. Chem. 54, 1841 (1976). 
On a prepare une skrie de polymkres radicalaires de polyackne quinone. L'analyse chimique 

montre que les conditions experimentales tres drastiques utilisies favorisent la reaction de 
Scholl (avec I'ilimination de H2 et H20)  par opposition h la reaction de Friedel-Crafts. Les 
spectres de rpe confirment la presence d'un biradical. Des mesures de conductivite dans la 
region ohmique et la region limitee d'espace charge montrent que de grands systkmes T existent 
et que les pikges des vecteurs sont peu profonds. On a confirme par spectroscopie infrarouge la 
structure du systeme T et l'absence d'une structure quinone; la spectroscopie infrarouge montre 
aussi que I'absorption optique est de 0.8 eV. On a inject6 des charges dans les polymkres de 
f a ~ o n  B former des electrets et des spectres de courant d'kmission stimulks thermiquement 
confirment la presence de  pieges faibles (-0.4 eV). On  postule que l'excitation thermique vers 
un i tat  triplet produit le biradical et que la conduction se produit par un saut entre des systkmes 
T adjacents et que l'emmagasinage de charge est associe avec les grands systkmes T .  

[Traduit par le journal] 

Introduction 

Charge storage in dielectrics has, for many 
years, been associated with the electret phenome- 
non; that is, dielectrics which possess a perma- 
nent electric field. The proceedings of recent 
conferences on electrets provide a comprehen- 

IPresent address: Department of Chemistry, McMaster 
University, Hamilton, Ontario. 

sive review of charge storage and transport in 
dielectrics (1, 2). 

The permanent electric field characteristic of 
the electret can be attributed to a number of 
internal charge storage n~echanisn~s; permanent 
dipole alignment along some externally defined 
axes, microscopic distortions of ion species from 
their equilibrium lattice positions (again along 
some defined axes), ion formation or injection 
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during clectret preparation, or electron-hole 
trapping. The first two mechanisms result in a 
dielectric sanlple with a well-defined electric 
field vector opposed to the external applied elec- 
tric field used to  create the electret. The final two 
mecha~lisms lead to  complex charge distribu- 
tions with no well-defined electric field vector; 
in fact the sample may no longer be electrically 
neutral. 

The polyacene quinone radical (PAQR) poly- 
mer system was studied, as the polymers possess 
some interesting electronic properties which 
could influence charge storage. These polymers, 
first prepared and investigated by Pohl and co- 
workers (3-6) offer polymers whose conductivity 
(a) ranges from 10-I t o  10-l4 nl-I. Every 
polymer also contains a large, stable free radical 
population. In  order t o  study charge storage 
effects, only polymers loosely classed as semi- 
insulators (10-"-I m-I < u < 10-l4 m-I 1 
could be used. 

The polymeric nature of the system made 
charge storage due to  some polarisation mode 
unlikely, and thus, any charge storage observed 
could be ascribed to  an  electronic process. In 
low conductivity solids, however, the differences 
between electron or hole trapping and ion forma- 
tion are slight, as an ion is simply an  electron or 
hole trapped on a specific chemical entity. A 
study of several polymers should show the inter- 
relations of such properties as electron mobility, 
free radical concentration, and chemical struc- 
ture, with charge storage. 

The polymers examined were first subjected 
t o  a series of standard chemical analysis tech- 
niques such as electron spin resonance, infrared- 
visible spectroscopy, elemental analysis, and 
X-ray powder photography, in order to  deter- 
mine as much as was possible about the chemi- 
cal nature of the polymers (a problem still 
unclear after Pohl's extensive study of the semi- 
conducting members of the series). The charge 
storage and conductivity behavior of the poly- 

mers were determined by first measuring the 
ohmic and space charge limited (scl) conductivi- 
ties (7) of the untreated polymer, followed by 
measuring the thermally stimulated current (tsc) 
emission of the electret state (8). When dealing 
with a polymer in the electret state, the apparent 
surface charge was measured using the vibrating 
electrode method developed by Reedyk and 
Perlman (9). 

A comparison of charge storage data with 
infor~nation from the co~lductivity and chemical 
analysis data lead to  several interesting correla- 
tions. 

Experimental 
Four polymers from the PAQR series were prepared, 

following the procedure outlined by Pohl (3), using a 
Friedel-Crafts type, melt polymerisation at  529 K,  with 
zinc chloride (ZnCI,) as the catalyst. The specific pre- 
cursors for each polymer are given in Table I .  

In all cases the resulting polymers were black, insoluble 
solids which were purified by exhaustive extraction (3). 

The infrared spectrum of PAQR was obtained, over the 
region of 10 000 cm-1 to 350 cm-1, using Beckman I.R.4 
and Beckman I.R.20 spectrometers. The insoluble 
nature of the polymer required the use of mull and 
attenuated total reflection sampling techniques to obtain 
a reasonable spectrum. The spectrum of PAQR 2 was 
also obtained over the region from 30 000 cm-I to 12 000 
cm-1, using a Cary 18 spectrometer, referenced against a 
magnesium carbonate standard. 

In addition to these optical methods, a standardcarbon, 
hydrogen, and oxygen analysis was performed for all four 
polymers. 

The electron spin resonance spectrum was obtained, 
for all polymers prepared, using a Varian E-6s X band 
spectrometer with a dual cavity. The polymer sample was 
finely powdered and placed in an evacuated quartz tube. 
All spectra were calibrated against Fremy's salt (a, = 
13.09, g = 2.0055) which allowed the evaluation of g 
values to  ,0.0003. 

An X-ray powder photograph of a PAQR 2 specimen 
was obtained using a Strauman's type powder camera 
with 0.5 mm collimating pinhole. Values of the dielectric 
constants were determined using a comparative capacitor 
bridge, one arm of which contained the unknown 
dielectric in a parallel plate capacitor. The bridge was 
calibrated against two known dielectrics, Teflon K = 2.05, 
and a polycarbonate K = 3.2. The PAQR polymer 

TABLE 1. Precursors for preparation of PAQR polymers 

Reference Acid Aromatic Reactant ratio anhydride: 
number anhydride hydrocarbon hydrocarbon: catalyst 

2 Phthalic(CsH403) Triphenylmethane ((C6H5),CH) 1:1:2 
5 Phthalic(C8H403) p,p-Biphenol (C12Hs(OH)2) 1 :I :2 
6 Phthalic(CsH403) Triphenylmethylchloride ((C6H,)3CC1) 1 :I :2 
7 Phthalic(CsH4O3) 1,4-Diphenylpiperazine (cl6Hl4N2) 1:1:2 
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O'BRIEN AND LUSHINGTON 1843 

samples were in the form of compressed pellets, formed at  
6.76 X 10s Pa, and were approximately 5 X 10-"nm 
thick, by 25.4 mm diameter. The capacity of the parallel 
plate condenser was measured at  frequencies from 100 to 
1000 Hz for all polymers. 

The conductivity measurements, both ohmic and space 
charge limited, were made using a plane, parallel electrode 
configuration. The problem of sample electrical contact 
was investigated and for this particular system no 
differences between a simple mechanical contact and a 
deposited electrode on the sample were measurable. The 
limited amount of polymer available made the mechanical 
contact more attractive, since if the sample cracked, re- 
casting was possible. All measurements were made using 
silver mechanical contacts. The problem of surface 
currents was removed by the use of a guard ring. 

The entire shielded electrode system was enclosed in a 
thermostated air bath capable of maintaining the tem- 
perature to within one degree, over the range from 298 to 
363 K. 

The steady-state d.c. conductivity was measured by 
impressing a constant voltage across the sample (using a 
Keithley 246 high voltage supply), and monitoring the 
resulting current, (with a Keithley 610B electrometer). 
The sample was always maintained at a constant temper- 
ature until an equilibrium current was established. 

The only difference between the ohmic and space 
charge limited conductivity measurements was in the 
larger voltage required to initiate a space charge regime. 

The thermally stimulated current (tsc) measurements 
were made on PAQR polymers in the electret state. The 
electrets were formed by one of two methods of sample 
charging; high field emission or corona discharge. Both 
methods used silver electrodes with a point-to-plane 
geometry. 

The high field emission technique placed a high voltage 
(10 kV) point electrode in contact with the sample, such 
that the field at the tip of the probe was approximately 
2 x 10s V m-1. No  current was allowed to flow through 
the sample as this inevitably lead to catastrophic break- 
down. The alternate method placed the point electrode 
5 mm from the sample in an atmosphere of nitrogen. The 
voltage on the point electrode was gradually increased 
until a corona discharge was initiated. The current 
through the sample was maintained at  3.5 mA. The 
samples were charged for 1 11 using either technique. 

The apparent surface charge on the PAQR polymers, 
in the electret state, was measured using the vibrating 
electrode method of Reedyk and Perlman (9). 

The apparatus for tsc measurements must be able to 
measure low current levels (10-9 to 10-14 A), while the 
temperature is increased linearly with time. A block 
diagram of the apparatus is shown in Fig. 1. 

The linear heating rate was obtained using a F and M 
240 temperature programmer with the a.c. output passing 
through a full wave rectifier and filter. The rectification 
was needed to lower noise levels within the oven. The 
non-inductively wound heating coils were in the bottom 
section of the oven, electrically isolated from the oven 
body and surrounded by two layers of steel mesh. 

The low signal levels required extensive shielding from 
the signal source (the sample) to the preamplifier of the 
Cary 401 vibrating capacitor electrometer, used to mea- 

Gary 4 0 1  

E l e c t r o m e t e r  

r e f e r e n c e  

T e m p e r a t u r e  
c o n t r o ~ l a r  

FIG. 1. Thermally stimulated current apparatus. 

sure the current. The input lead was a low noise, 100% 
electrostatically shielded, high temperature (up to 450 K)  
coaxial cable, encased in a rigid steel pipe to limit cable 
movement. The oven contained three separate shields. 
The outside cylindrical case was made of 7 mm thick steel 
with a stainless steel cylinder coaxially mounted within. 
Both cylinders were grounded. The final shield was a 
complete copper electrostatic shield, grounded only to the 
electrometer to prevent ground loops. 

The sample, a compressed pellet of the PAQR polymer, 
was held between two springloaded silver electrodes with 
the input leads mechanically attached to the electrodes. A 
shielded thermocouple was in contact with the ground 
electrode. 

The entire oven assembly and the electrometer pre- 
amplifier were mounted on anti-vibration pads to remove 
vibrationally induced electronic signals. 

A tsc spectrum was obtained by feeding the output of 
the electrometer and a thermocouple into a X-Y recorder. 
This apparatus was capable of measuring currents as low 
as 10-15 A, while linearly sweeping the temperature from 
273 to 423 K. An uncharged PAQR polymer sample gave 
a background noise level of approximately 3 X lOV5 A. 
The background noise appeared to be due mainly to 
Johnson thermal noise in the high impedance sample. 

In most cases, the sample was recoverable after a tsc 
experiment and no loss in reproducibility was encountered 
upon the re-use of the sample material in other experi- 
ments. 

Theory 
Concl~rctiorz Processes 

In very low conductivity, intrinsic semicon- 
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ductors ((T < Q-I nl-1) d.c. conduction may 
be ohmic ( J  ac V), or spacc charge limited (scl) 
(J cc V" where 2 2). A comprehensive treat- 
ment of scl theory and techniques is givcn by 
Mark and Lainpert (7). 

Physical dcfccts, such as dislocations, vacan- 
cies, and grain boundaries, and chemical struc- 
ture irregularities in solids, car1 cause modifica- 
tions to  the bancl structure of the solid. Localisecl 
states within the band gap can be associated with 
such irregularities. These localised states can act 
as charge carrier traps and thus alter the con- 
ductivity behavior of the solid. 

If a trap is situated in the band gap above the 
fermi level, with a depth AE below the bottom 
edge of the conduction bancl, then it is said to  be 
shallow and a partition constant, 0, can be 
defined: 

no N,; 
0 = - = - exp (- E/kT) 

17t gNt 

where no = number of free charge carriers; 
n, = number of trapped charge carriers; N, = 

effective density of states in the conduction band; 
N, = density of trapping states; and g = de- 
generacy factor (normally g = 2). 

The partition constant defined by eq. 1 ex- 
presses the free carrier - trapped carrier ratio in 
terms of a discrete set of monoenergetic, shallow 
trapping levels. This is the simplest possible case. 

In a shallow trapping regime, the apparent 
drift mobility, p,, is a product of the intrinsic 
mobility of the free carrier, p ~ ~ ,  and the fraction 
of free carriers, 0, in the solid. Ohm's law can 
then be written: 

where e = electronic charge; J = current den- 
sity; and E = applied field. 

In  this equation two terms are temperature 
dependent, no, and 0. The intrinsic free carrier 
concentration, no, is formed by thermal promo- 
tion from the valence band and is given by: 

[31 110 = N,  exp [-(E, - Eo)/kT] 

where - E, is the enerey at  the bottom of the 
conduction band. 

As the applied field is increased, charge is 
injected into the sample, but significant depar- 
tures from Ohm's law cannot occur until the 
average injected carrier concentration is roughly 
equal to  the intrinsic free charge concentration. 

Thc transition field E,, is approximated by: 

wherc L = sample thickness; c = dielectric per- 
mittivity. 

Once the ii~jected carrier concentration ex- 
ceeds the intrinsic concentration, injection be- 
comes space charge limited and independent of 
no. The current clensity is given by the Mott- 
Gurney square law (10): 

The clepelldence of the current density on the 
square of the applied field is only true for the 
case where the charge trapping predominantly 
occurs in a set of monoerlergetic shallow traps. 
Other trapping levels may be present but if their 
concentration is much lower or if they are 
deeper, they will have littlc effect on the form of 
the conductivity. 

Equation 5 assumes that 0 < 1, for if 0 >> 1, 
the trapped charge will exert a negligible effect 
on the conductivity, and the solid will behave a s  
a trap-free conductor. The i~ljectioll of current in 
the scl regime will shift the ferlni level slightly, 
thus affecting relative trap depths and thermal 
promotion, but a t  the low current injection levels 
in those low conductivity semiconductors the 
shift could be expected to  be small. 

If the current density -field relationships are 
determined over a narrow temperature range 
(350-500K) it is a good assumption that the 
temperature dependence of the intrinsic mobility, 
p,, is weak and can be neglected. 

Tllermnlly Stit77ztlcrretl Current Etnissiotl 
Thermally stimulated current (tsc) analysis of 

charge and polarisation storaoe rovides the best ? P  
available means for studying these storage 
processes in dielectrics. In large polymers, such 
as the PAQR polymer system, charge storage 
strongly predominates over polarisation storage, 
as the latter requires a reorientation of all or 
part of the n~olecular framework. 

Any form of charge storage is only kinetically 
stable, and the decay of such a charge state is 
prevented by a potential barrier impeding the 
progress of the charge through the dielectric. 
The tsc method measures the instantaneous 
charge decay rate, that is, the current flow, J, 
from the sample, while linearly increasing the 
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sample temperature with time. As the charges 
within potential wells gain thermal energy, the 
probability of esczpe will increase, and the 
externally measured current will register a cor- 
responding increase. The location and form of 
such 'current peaks' yield inforn~ation about the 
storage processes. 

On a microscopic level, the charge decay pro- 
cess can be represented by first order kinetics, 
similar to nuclear decay, which lead to an ex- 
ponential dependence of the charge decay rate on 
temperature. Unfortunately this simple relation- 
ship is complicated by the small number of 
charges in any given sample. In a tsc experiment, 
the induced charge decay causes a large decrease 
in the overall stored charge population, and thus, 
on a macroscopic scale, some measure of the in- 
stantaneous stored charge population must be 
included in the kinetics of decay. 

Creswell and Perlman have developed an ex- 
pression for charge storage release, assuming that 
all the charge is isolated in a thin layer a t  one 
face of the sample: 

where E, is the potential barrier height, T, the 
temperature and To, the initial sample tempera- 
ture a t  zero time (1 1). The constants A and Bare 
model dependent, while the general form of the 
equation can be transformed into a more 
experimentally tractable form: 

The integral expresses the charge remaining in 
the sample a t  some temperature T, and it 
is therefore the population scaling factor neces- 
sary to describe the kinetics of charge decay. 
Using eq. 7 the entire peak in a tsc spectrum can 
be analyzed to obtain a value of the potential 
barrier height, En. 

Results 

Several standard chemical analysis techniques 
were performed on some of the polymers pre- 
pared. The outcome of these analyses was 
expected to indicate the nature of the chemical 
structure in this polymer system. 

Elemental analysis of two polymers, PAQR 2 
and PAQR 7, was used to assess the degree of 
polymerisation and possible reaction pathways. 
The results, accurate to within 0.50/,, were used 
to calculate the best possible empirical formulac 
for each of the polymers, based on an assumption 
that the aromatic rings remained intact during 
the polymerisation. A further cxtensiol-I was 
made from the empirical formula and the average 
reacted monomer con~position was calculated as 
an indication of the reaction pathway. In Table 2 
these data are s~~mmarised, with the average 
reacted monomer composition expressed as the 
relative difference from the ~~nreacted monomers. 

The infrared spectrum of the poly~ners proved 
to be very difficult to obtain. For the polymer 
PAQR 2, however, a spectrum with several well 
resolved peaks was obtained. The strongest of 
these peaks were assigned to aromatic out-of- 
plane C-H bending (735 and 690 cm-I), and to 
aromatic C-C skeletal vibration (1600 cm-I). 
A weak peak a t  3060cm-I was assigned to  
aromatic C-H stretch. Other peaks of low 
intensity were consistent with carbonyl stretch 
in aryl ketones or quinones (at 1660 cm-l) and 
in aryl esters, anhydrides or five member lactone 
rings (at 1749 cm-I). 

A continuation of the optical spectrum of 
PAQR 2 through the near infrared to the visible 
region showed a sharp optical absorption edge, 
above which the sample absorbance appeared 
complete. The photon energy at the half maxi- 
mum of the optical absorption was found to be 
0.74eV (1.19 x 10-lg J). 

The X-ray powder pattern of PAQR 7 con- 
firmed the suspicion based on the method and 
nature of the polymerisation, that these polymers 
are amorphous. The powder pattern had only a 
series of several very diffuse bands. 

PAQR polymers have a large radical popula- 
tion and esr provides a useful probe into the 
chemical and electronic structure of the poljr- 
mers. The esr spectrum was, for all polymers, a 
single broad lorentzian line for which the gyro- 
magnetic ratio, g ,  and the peak width a t  the 
maximum slope, AH,,, were measured. 

The esr work by Po111 and Chartoff (4) estab- 
lished several interesting trends in the esr be- 
havior of these polymers. The radical population 
has a weak exponential temperature dependence, 
suggesting that the radicals are created by 
thermal promotion to the first excited triplet 
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TABLE 2 
(a) Results of analysis of PAQR 2 and PAQR 7 

Elemental analysis* 
Empirical Empirical 

Polymer formula weight C H N 0 

PAQR 2 C356H202029 4938 86.6 4.1 0 9.3 
PAQR 7 C ~ z ~ H 3 ~ 4 0 ~ o N 3 ~  8022 78.8 4.4 6.7 10.1 

'Averagcd over several analyses 

(b) Average reacted monomer composition 

Hydrocarbon Acid anhydride 

Polymer A%C* ACJOH A%N AycC* A%H A%o 

PAQR 2 0 26 - 0 0 31 
PAQR 7 0 28 0 0 0 31 

*Defined as zero by the assumptions uscd. 

TABLE 3. Electron spin resonance TABLE 4. Conductivity and dielectric constant 
results for polymers of certain thickness 

" H V I ,  u298 L 
PAQR b' (mT) I'olymer (a-1 m-I) I; (nm) 

3 3 - 2.0028 0.617 - 6X10-" 2.85 70 
5 2.0031 0.548 6 8x10- l3  2.45 80 
6 2.0028 0.650 7 3 X 10-10 2.20 70 
7 2.0027 0.698 

state. The radical populations also varied with 
polymer conductivity, ranging from 10" to loz6 
spins m-3 on going from the lowest to highest 
conductivity polymers. An inverse relationship 
between the esr peak width and conductivity was 
also found by Pohl and Chartoff. 

The temperature dependence of radical popu- 
lation for PAQR 2 was measured and an ap- 
parent activation energy of 0.002 eV was found. 
This implies that, at  room temperature, almost 
every molecule is in an excited state. 

The values for the gyromagnetic ratio shown 
in Table 3 indicated the radicals are hydrocarbon 
based, and not associated with semiquinone 
structures as first suggested by Pohl (3). The 
relatively narrow lorentzian peaks are strongly 
indicative of exchange narrowing, that is, radi- 
cals on neighbouring sites are rapidly exchang- 
ing, thus averaging out the assymmetries in the 
individual sites. 

All the esr data suggest that PAQR polymers 
form stable biradicals by thermal promotion, 
within the aromatic system, of an electron from 
the singlet ground state to the excited triplet 
state. The low thermal excitation energy sug- 

gests that the a systems are very large. 
The dielectric constant was measured (over 

the frequency range of 10&1000 Hz) and found 
to vary from 2.2 to 2.85 for the low conductivity 
polymers studied (see Table 4). No frequency 
dependence was found for these polymers. 

The conductivity, U ,  of each polymer was 
evaluated in the ohmic region, a t  298 K, using 
as low an applied field as possible. The values are 
tabulated in Table 4. Most PAQR polymers have, 
superimposed on the ohmic current, a slight 
exponentially field-dependent current. Pohl and 
Rosen (5) had related this weak effect to the 
possibility that an electron in the aromatic a 
system could gain energy from the applied field, 
while suffering few collisions in the a systems. 
The net effect would be to lower the height of the 
potential barrier impeding conduction. Pohl 
correlated the current density increase with the 
average length of the a system, L, in the direc- 
tion of the applied field. Measurements of the 
exponential field dependence of the current 
density in these low conductivity polymers used 
in this work allowed the estimation of the size of 
the aromatic systems, L, using Pohl and 
Rosen's model. 
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I , L l h e o r f i  

rn ~~1 7 . o h m i c  
1 / ~ ~ ,. .. 

I-" * 
1.0 2.0 

FIG. 2. Current density - field characteristic for PAQR - 
The isothermal ohmic data allowed the magni- 

tude of the free carrier density-effective mobility 
product, ilo(Opn), to  be determined (using eq. 2), 
while the corlstant field temperature dependence 
of the ohmic current density allowed the deter- 
mination of the trap depth in the solid. Once the 
ohmic region was investigated, the applied field 
was increased a t  constant temperature until an 
scl conduction region was entered. 

The ohmic-scl transition fields E,, were ob- 
tained from graphical analysis of the current 
density - field data. The transition was never 
found to  be abrupt (see Fig. 2). and E, could 
only be estimated. These estimated values for EL 
were used to  find the scaled free carrier density, 
ilo/O (using eq. 3). 

Above the transition field, EL, the conduction 
was space charge limited, exhibiting the charac- 

teristic squared dependence on the applied field, 
and through eq. 4, a value for the effective 
nlobility, OpR, a t  298 K was determined. 

The temperature behavior of the conduction 
at constant field was examined in order to gain 
information about the partition constant, 0. The 
polymers were investigated in the scl 
conduction region, as the higher current densities 
facilitated the measurements, but one polymer, 
PAQR 6, was extensively studied in the ohmic 
region. The trap depths found for each polymer 
are given in Table 5 ,  along with the other basic 
quantities determined in the conduction experi- 
ments. For  PAQR 6, the ohmic trap depth was 
found to  be 0.05 eV deeper than for the equival- 
ent depth determined in the scl region. 

The temperature dependent conductivity also 
gave a value for the pre-exponential factor, 
OopR, which is the high temperature limit of the 
effective mobility. 

The values given in Table 5 are obtained 
directly from the conduction data, and are based 
only on the assumption that the functional forms 
chosen were correct. T o  break down these values 
to  more useful parameters some approximations 
must be made. The nature of these approxima- 
tions and the resulting quantities obtained will 
be given in the Discussion section. 

The formation of the electret state in these 
polymers allowed the investigation of non- 
equilibrium charge trapping which could then be 
compared with the dynamic equilibrium case 
present in the conduction experiments. 

The polymers were charged using both the 
negative corona discharge and the highly stressed 
electrode (positive and negative) methods. The 
measurement of the apparent surface charge 
gave little information of quantitative use, for 
the polymers all supported very large electro- 
static charges. These static charges effectively 
masked all contributions from trapped charge. 
The polarity of the measured surface charge was 
in all cases the same as the charging polarity. 

TABLE 5. Results of conduction experiments on polymers 

N ~ ( b ~ )  No - em 
Polymer (at 298 K) 8 (at 298 K) OOPIL a E (eV) 

2 4X 107 3x10'7 1x10-'0 1X10-5 0.31(scl) 

6 5X 106 3x1017 3x10-11 5X 1 0 - P . 4 3  (scl) 
0.48 (o hmic) 

7 2 x  109 5x10'7 1x10-8 lXlO-) 0.29(scl) 
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ous effect was found above 380 K where the 
sample appeared to exhibit some form of thermo- 
electric effect cntirely independent of trapped 
charge. Attempts to investigate the nature of the 
behavior did not lead to any definitive answers. 

The information from tsc spectra of samples 
P A O R  5 5 charged at different impressed voltages indicated 

that the chargc was trapped in a layer near the 
surface being charged. As the poteiltial was 
increased, howevcr, there was evidence that 
appreciable charge density was present through- 

P A O R  I out the sample. In addition to this, the polymers 
appeared to be able to support excess positive 
and negative charge with equal ease. 

L/ Discussion and Coliclusions 

FIG. 3. Thermally stimulated current spectra from some 
PAQR polymers. 

The electret state (i.e. charged state) was 
investigated using tsc techniques. All polymers 
examined had similar tsc spectra, a representative 
sample of which is shown in Fig. 3 with one 
broad peak occurring slightly above the tempera- 
ture at which the samples were charged (298 K). 
This broad peak was assigned to the thermal 
release of trapped charge in the polymer. 

These broad peaks, centered at  approximately 
315 I< for all polymers studied, were fitted to an 
expression of the form of eq. 7, and in all cases 
a good fit was obtained by utilizing data from 
the entire peak. 

The major result obtained from the curve 
fitting procedure was the magnitude of the trap 
depth, E:,. In addition, the total area under the 
tsc spectrum was measured and a value for the 
total trapped charge density, p ~ ,  was found. The 
pre-exponential factor, C,  in eq. 7 was not a 
useful parameter, as it appears to depend on 
trapping lifetimes, retrapping probabilities, car- 
rier mobilities, and even the exact nature of the 
charge distribution. 

Quantitatively, the single peak indicated that 
only one type of trapping site predonlinated in 
the polymer. For some of the higher conduc- 
tivity polymers, PAQR 7 and others, an anomal- 

The integration of data from co~lductio~l and 
charge trapping experiments with some basic 
chemical knowledge of the PAQR polymer sys- 
tem allows a more complete ~~nderstanding of 
the electronic processes occurring in these poly- . 
mers. The examination of the chemical proper- 
ties of a few polynlers enabled the extraction of 
some of the more prominent chemical features 
of this polymer system. 

The elemental analysis, of two difrerent poly- 
mers, indicated that polynlerisation had resulted 
in large losses of both oxygen and hydrogen. The 
Friedel-Crafts type of reaction originally in- 
tended to occur would cause elimination of 
water but the elemental analysis indicates that 
far more hydrogen has been lost than if this were 
the case. Other reactions are probably occurring. 
The harsh reaction conditions suggest many 
possible reactions. One favourable possibility is 
the Friedel-Crafts related Scholl reaction. The 
Scholl reaction leads to hydrogen elimination 
between two adjacent aromatic rings and a 
carbon-carbon bond is formed linking the two 
rings. Most possible reactions that can be de- 
vised have one factor in common; they all tend 
to increase the size of the conjugated system. 

The optical data contain little conclusive 
information, but several interesting points can 
be deduced from the results. The very low energy 
optical absorption edge, above which the poly- 
mers exhibit almost total absorption, suggests 
that the polymers contain very large T systems, 
each of which have a large number of possible 
excited states. The infrared also has a few sur- 
prising details. All the major peaks are best 
assigned to aromatic and olefinic bond features, 
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O'BRIEN AND LUSHINGTON 1849 

such as C-H stretch and C-H ou t -of -~ la~ ie  
bending, while there are 110 peaks corresporiding 
to  the iiormally strong carbonyl stretch, which 
would be present with q~iinone or ketone link- 
ages iii the polymer.  his negative evidence sug- 
gests that the Friedel-Crafts reactions leading to  
quinones are not as important as was originally 
thought. 

The data from the esr experiments are com- 
parable to  the results obtained in the earlier 
work by Pohl and ChartofY. Indeed the esr 
spectra were ~lsed as a partial check of polymer- 
ization techniques. The thermal creation of 
radicals in the PAQR polymer systenis first 
reported by Pohl and Chartoff (4) and confirmed 
by this work, suggest that the triplet state, the 
first excited state in any aromatic systeni, has 
been lowered in energy to sucli an extent that 
significant mixing with the ground state occurs, 
thus destroying the validity of the spin selection 
rule. 

The esr does not detect a t r i ~ l e t  radical as the 
large size of the a system allows electron- 
electron interactions to be minimised, thus 
creating a biradical. Biradicals behave as singlets 
in an esr spectrum (12). In addition to  spin birth 
energy information, the esr singlet, for all the 
polymers studied, has a gyromagnetic ratio, 
indicative of a hydrocarbon radical, rather than 
the g value of a semiquinone radical, thought 
previously to be present. This piece of esr data 
supports the conclusion drawn from the optical 
results which is that the aromatic ring systems 
are the dominant chemical feature of these 
polymers. Finally, the lorentzian line shape of 
the esr signal is indicative of electron exchange 
between adjacent radical sites. For radical ex- 
change to  occur, the electron orbital overlap 
must be significant, and if the radicals are con- 
fined in an extended a system, there is a strong 
implication that the adjacent radicals must be 
in a systems which are in close proximity to 
each other. 

Finally, in connection with the polymer struc- 
ture, Pohl and Rosen (5) found that the hyper 
electronic polarisability in the higher conduc- 
tivity members of thin polymer series could best 
be described by an extended a system model. 

All data obtained for these polymers indicates 
that polymerisation has resulted in the formation 
of large aromatic IT systems which dominate the 
chemical and physical nature of these polymers. 

The conductivity and tsc data can be analysed 
in terms of this general picture to yield a self- 
consistent set of parameters for the electronic 
processes which occur in these polymers. No  
other model provides as good a framework for 
the analysis the results. 

The conductivity data allowed the determina- 
tion of several useful parameters; the trap depth, 
the effective carrier mobility and the transition 
field for the ohmic-scl cross-over. The trap 
depths were found to be small for all polymers 
studied, which is consistent with the apparent 
shallow trapping regime observed in the scl 
region. If it is assumed that the traps lie close to 
the fermi levcl then the band gap in these poly- 
mers is approximately twice the trap depth 
(that is, about 0.8 eV). In normal semi-conduct- 
ing materials, a band gap energy of this magni- 
tude would imply high carrier concentrations in 
the conduction band and a reasonable con- 
ductivity. These polymers, however, exhibit a 
very low conductivity caused by an extremely 
low effective carrier mobility. 

Using band formalism, a low effective mo- 
bility is the result of narrow bands (of the order 
of kT wide) which lead to extensive scattering of 
the carrier. Alternatively, a more physical 
interpretation of these results comes from the 
tight binding approximation. If the carrier 
source is an aromatic IT system, then the magni- 
tude of the carrier mobility will depend on the 
wave fu~iction overlap between adjacent a sys- 
tems, and in the limit of the low overlap, the 
motion of the carrier can best be described by a 
hopping or tunneling mode between a systems. 
The carrier mobility then becomes a function of 
barrier height and width. The low values of the 
carrier mobility for the PAQR polymers suggest 
that the hopping model is the most applicable. 
The esr work by Pohl and Chartoff (4) displayed 
an inverse relationship between the conductivity 
and the esr line width and the lorentzian line 
shapes found in this work suggest the line width 
is, in turn, a function of electron exchange. 
Electron exchange, while different from carrier 
mobility, also depends on the wave function 
overlap between adjacent radical sites. The esr 
peak width serves as a measure of the probability 
of carrier hopping, provided the radicals and the 
carriers are associated with the same molecular 
feature. 

The transition field, E,, is important for it 
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allows the extraction of some fundamental 
parameters from the conduction data, but to  
accomplish this, some assumptions must be 
made. The effective mobility, OpR, at  298 K was 
measured in the scl conduction region, while the 
free intrinsic carrier concentration - effective 
mobility product, no(OpR), was measured in. the 
ohmic region. If we assume that the effective 
mobility is not strongly affected by the applied 
field, then an estimate of the magnitude of no 
can be made. This assumption relies on two 
factors; the first is that the barrier impeding 
conduction is not altered significantly by the 
application of an electric field, while the second 
is that the fermi level does not radically shift 
when charge is injected into the solid. These 
assum~tions are reasonable for molecular solids. 
but they could lead to some discrepancies. An 
examination of the activation energies for con- 
duction in both the ohmic and scl regimes for 
PAQR 6 indicates that the trap depth appears to 
be slightly dependent on the applied field. The 
assumptions are, therefore, not strictly valid, but 
they do  allow an order of magnitude estimate 
of no. 

From E,, the scaled free carrier density, 
no/O, is known, and thus, by using the value 
for no, an estimate of the partition constant, 8, 
can be made. For all three polymers 8 was found 
to be close to one. The effect of the partition 
constant, 8, can now be eliminated from the 
effective carrier mobility to obtain an estimate 
of the mean carrier mobility pw All these values 
do, of course, rely on the initial assumptions 
and therefore should be used carefully. 

The temperature dependence of the scl current 
allows the high temperature limit of the effective 
carrier mobility, BopR, to  be determined, and 

through this, Oo can be estimated. The constant 
Oo is the ratio of the detisity of states in the con- 
duction band, N,, to the density of the trapping 
states, gNt,. The free carrier density, no, is also 
related to N ,  through eq. 3. By using the previ- 
ously determined value of tzo, both N ,  and g N ,  
can be evaluated. Finally, by using eq. 8, the 
trapped electron concentration, n,, can be found 
(evaluated a t  298 K with g assumed to be equal 
to 2) (13). 

[81 11, = 
Nt, 

1 N ,  exp (- AE/kT) 
1-L- 

The values for these conduction-related param- 
eters are given for three of the PAQR polymers 
in Table 6. 

The mean carrier mobilities, p,, finally ob- 
tained are very low and are highly characteristic 
of a hopping conduction mechanism. Further- 
more, a comparison of the conductivity, the free 
carrier density, and the mean carrier mobility, 
all interrelated by eq. 2, suggests that the carrier 
mobility, not the free carrier density, is the 
dominant factor determining the polymer's 
conductivity. 

The three polymers examined all have ap- 
proximately the same free carrier density, but 
the carrier mobilities are spread over three orders 
of magnitude. The small changes in the chemical 
nature of the polymers appear to strongly affect 
the nature of the potential barriers between 
hopping sites. In terms of the extended T systems 
acting as hopping sites, the chemical structure of 
the non T system portion of the polymers plays a 
key role in determining the magnitude of the 
conductivity. 

Pohl first recognised the interrelation between 

TABLE 6. Values of conduction-related parameters of polymers 

110 tl PR 
Polymer ( m 3 )  (298 K) (m' s-I V-1) oo(T + m) 

- - 

N c  6 N t  1't 
Polymer ( w 3 )  (m-3) (m-3) 
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O'BRIEN AND LUSHINGTON 1851 

the radicals present in the polymer and the 
polymer's conductivity. He also noted, however, 
that the re la t ionsl~i~ must be indirect as the free 
carrier density, 110, was much smaller than the 
radical density. The radical densities measured 
by Pohl ranged from 102?0 loz4 m-3, on going 
from low conductivity polymers to the high 
conductivity polyn~ers. The results obtained 
from the scl data provide a clue to the nature of 
the indirect relationship between the free carrier 
density and the free radical concentrations. The 
effective density of states in the conduction band 
Nc, is the maximum number of free carriers 
available as the temperature becomes very high. 
Thus Nc represents the number of potential free 
carriers present in the solid, and the magnitude 
of the density of carrier states is comparable to 
the magnitude of the radical densities measured 
by Pohl. I t  appears then that in the large aroma- 
tic a systems, the apparent source of free radi- 
cals in these polymers, are also the source of the 
charge carriers. The charge carriers must have, 
however, a much higher formation energy than 
the free radicals. The carriers are probably 
formed as ionic excitons, where an electron in a 
a system is transferred to a neighbouring a sys- 
tem, thus forming delocalised excitons which are 
split apart (or ionized) by an applied field. The 
resulting positive and negative ions could then 
migrate through the solid by an inter a system 
electron hopping mechanism. The extended a 
system model, first proposed by Pohl, thus 
allows a consistent physical interpretation of 
both the esr and the conductivity data. 

The exact nature of the trapping sites still 
remains unclear. The reproducibility of conduc- 
tion data for a given polymer, on going from 
one sample to another, suggests that defects in 
the solid are not a likely source of trapping sites. 
The other alternative is that some intrinsic 
chemical feature of the polymer can act as a 
trapping site. A possibility in this category is that 
the extended a syste~ns could act as shallow 
traps, with the carrier localised in some inter- 
mediate level to  facilitate carrier formation. 
The first step could involve the formation of an 
intra a system excitation, with an electron pro- 
moted to  an intermediate level, followed by 
electron transfer to a neighbouring a system. 
Once the a system has been ionised the charge 
carriers could be trapped in the intermediate 
excitation level of any a system. The conduction 

data can thus be used to speculate about the 
nature of the trapping sites although nothing 
definite can be determined. 

This work was originally initiated by a strong 
interest in charge storage phenomena and more 
specifically, the mechanism of charge storage. 
The investigation of charge storage aspects of 
the PAQR polymers gave some interesting re- 
sults. These polymers were quite remarkable, 
compared to other materials which have been 
studied, as they appeared to be able to support 
excess positive and negative charge with equal 
facility. The extended a system model gives an  
adequate interpretation of this behavior. The 
polarisability of an extended a system would be 
very high (the PAQR polymers exhibit anomalous 
dielectric behavior attributable to very high 
polarisability) and a positive or negative excess 
charge residing in such a a system would tend to  
be effectively screened from its surroundings, 
thus reducing the intercharge repulsions. The 
stability of charge storage would then be greatly 
increased. 

The PAQR polymers also exhibited extremely 
high surface charges which made surface charge 
measurements, as a means of assessing charge 
storage, completely erroneous. Information about 
the surface charge was obtained from the tsc 
experiments. I t  was found that if the sample was 
cooled below the charging temperature, then the 
tsc spectrum tended to have a large initial peak 
due to mobile static charge, followed by a small 
peak occurring at  the charging temperature. The 
small peak results from a fraction of the static 
charge loosely bound in shallow traps on the 
polymer's surface. The loose binding of the 
surface charge would account for the excep- 
tional stability of electrostatic charges on these 
polymers. 

More importantly, the tsc spectrum also gave 
information about charge storage in the PAQR 
polymer system. The intense single peak, shown 
by all the polymers studied, was analysed to give 
an average trap depth energy and the magnitude 
of the trapped charge density. The single peak 
is characteristic of a single, dominant mode of 
charge storage, while the low temperature of the 
peak maximum suggested that the traps were 
shallow (relative to the system fermi level). The 
trap depths and charge densities, given in Table 
7, were not exceptionally useful in determining 
the illechanism of the charge storage. An ap- 
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TABLE 7. Some properties of tsc spectra 

p (2 ELL$: Peak 
Polymer (C  m-3) (eV) maximum C 

TABLE 8. Values of E:,, P,, and r r ,  of polymers 

~ S C  El, SCI E ~ S C  p q  SCI rzt 
Polymer (eV) (eV) (m-') (m-') 

- - - 

'The number in  p; t~~entl~cses is the nrrrnbcr of tsc spectra ovcrogccl 
1 0  nbtnin the data .  

proximate lifetime for the charge storage could, 
however, be calculated from the trap depth and 
the pre-exponential constant. The calcu1at:d life- 
times for the electrically isolated polymers were 
all found to  be approximately 20 days. 

The similarities between the tsc data and the 
conduction results do, however, allow some 
conclusion about the mechanism of charge 
Storage. 

The trap depth determined from the conduc- 
tion experiments compares very well with the 
average trap depth, or activation energy for 
charge release, determined in the tsc experiment. 
This correspondence suggests that the trapping 
sites which impede conduction are also respon- 
sible for the charge storage. This conclusion is 
further supported by the close similarity be- 
tween the magnitude of the stored charge 
density, p g ,  and the density of trapped charge, t i , ,  

(from the scl measurements). These data are 
given for"comparison in Table 8. 

The activatioil energies given for polymers 2 
and 7 are more significant as they are averaged 
over several experiments. The tsc activation ener- 
gies are larger than the corresponding conduc- 
tion trap depths probably due to  field distortion 
of the potential barriers or an elevation of the 
fermi level caused by heavy charge injection 

during scl conduction. This is, of course, analo- 
gous to the similar trend found between the 
ohmic and scl conduction results. 
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Chaleurs de dilution de solutions aqueuses d'acide polymCthacrylique 
et de ses sels de sodium et de rubidium 

HUBERT Dhot is~  ET ALAN LAJOIE 
Dc'pcrrrr~~~eirr (/e C/riliiio. lJlli~el..~i/~; MOIII~(;CI/, C.P. 6210, Sriccrr,:s~rle A ,  Mo11rrc;rrl (QlrP.) C(r~rcrc/cr H3C 3 V I  

HUBERT DAOUST et ALAIN LAJOIE. Can. J. Chem. 54,1853 (1976). 
Des chaleurs de dilution de solutions aqueuses d'acide isobutyrique (AB) et de deux echan- 

tillons d'acide polymCthacrylique ayant des valeurs de masse molCculaire nloyenne viscosi- 
mCtrique de 5000 (APM-I) et 140 000 (APM-11) respectivement, ont CtC mesurees B l'aide d '~ln  
microcalorimktre Tian-Calvet B 25 "C. Les memes mesures ont CtC reprises en prCsence de HCl 
(0.2 N). Des solutions aqneuses de sels de sodium et de rubidiunl de APM-I et APM-I1 ont aussi 
CtC CtudiCes par la mCnie mtthode. La dilution de solutions de AB est endothermique i con- 
centration ClevCe et devient exothermique lorsque la concentration dicroit et la presence de 
HC1 ne modifie en rien I'allure des resultats. La dilution de solutions de APM est exothermique 
sur toute la ganinle des concentrations CtudiCe en accord avec les risultats d'Eliassaf et coll. 
L'ichantillon APM-I donne des chaleurs de dilution plus exothermiques que APM-I1 dans le 
domaine des basses concentrations. La presence de HCI n'atfecte pas beaucoup les rCs~11tats 
obtenus avec APM-I1 mais rend la dilution de solutions de APM-I moins exothermique. Les 
rCs~~ltats sont disc~~tCs B la l~~mikre  du nlodkle s~~ggCrC par L i q ~ ~ o r i  'I (11. pour la chaine d'APM 
qui peut adopter une conformation globulaire OLI celle d ' ~ ~ n e  chaine Ctendue selon les pro- 
priCtCs du milieu solvant. Les chaleurs de dilution des solutions aqueuses du sel de sodium des 
deux Cchantillons APM-I et APM-I1 sont endothermiques tandis que celles pour le sel de 
rubidium sont exothermiques. 

HUBERT DAOUST and ALAIN LAJOIE. Can. J. Chem. 54,1853 (1976). 
Heats of dilution of aqueous solutions of two polymethacrylic acid samples having a viscosity 

average molec~llar weight of 5000 (PMA-I) and 140 000 (PMA-11) respectively and of isobutyric 
acid (BA) have been measured at  25 "C using a Tian-Calvet microcalorimeter. The same 
measurements have been repeated in presence of HCI (0.2 N). Aqueous solutions of sodium and 
rubidium salts of PMA-I and I 1  have also been investigaled. Dilution of BA solutions is endo- 
thermic at  high solute concentration and then becomes exothermic as concentration decreases 
and the presence of HCI does not affect the results. Dilution of PMA solutions is exothermic 
over the investigated concentration range in agreement with the results of Eliassaf and co- 
workers. PMA-I gives a more exothermic heat of dilution than PMA-11 in the lower concentra- 
tion range. The presence of HCI does not affect appreciably the results for PMA-I1 but it makes 
the dilution of PMA-I solutions less exothermic. The results are discussed in the light of Liquori 
ei a/.'s model for PMA chain which may adopt a globular or an extended solvated coil depend- 
ing on solvent properties. Heats of dilution of aqueous solutions of sodium salts of both samples 
I and I1 are endothermic over the entire concentration range investigated whereas the heats of 
dilution of rubidium salts are exothermic. 

Introduction conformation des chaines d'APM dans l'eau et 

Les ttudes sur le comportement de 13acide dans l'acide chlorhydrique diluk est celle d'une 

polymtthacrylique en solution sent rkparties sur pelotte conlpacte. Afin d 'ex~l iquer  le comporte- 

une ptriode de plus de 20 Parmi les ment d'APM, ils ont postult l'existence de liens 

premiers travaux importants se trouve celui de hydrogkne intramoltculaires. 11s ont aussi sou- 

Silberberg e l  a[. (1) dans lequel ils montrent par lignt le fait que la prksence d'un groupement 

17ktude du coefficient thermique de la diffusion m k t h ~ l e  et d'un groupement ca rbox~le  sur le 

de la lumikre et de la ,,iscositt intrinskque les m&me carbone produit un effet de contraction 

chaleurs de dilution de solutions aqueuses d3acide important sur la c h i n e .  Plus tard, un change- 

polyacrylique (AP*) sent endothermiques tandis ment de conformation de la chaine d'APM a kt6 

que celle de l'acide p o ~ y m ~ t ~ a c r y ~ ~ q u e  ( A ~ M )  mis en tvidence par spectroscopie uv, potentio- 

sent exothermiques. ]ls aussi trouvk clue la mQrie et viscosimttrie (2-5). 11 fut suggkrk alors 
que des forces hydrophobes jouent un r81e im- 

'Revision r e y e  le 27 fevrier 1976. portant dans cette transition conformationnelle 
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(5, 6), excluant les liens hydrogkne intramolCcu- 
laires comrne facteur important (3). Cependant, 
des ttudes en spectroscopie Raman-laser (7) sur 
1'APM B 1'Ctat solide et en solution aqueuse ont 
montrt que les groupements carboxyles d'APM 
sont presque tous impliquCs dans des liens 
hydrog6ne B l'ttat solide et que cette situation 
persiste en solution aqueuse, ce qui est difftrent 
du cas d'APA; ces risultats sont confirmts par 
Michels et Zana (8). 

Les liens hydrophobes chez 1'APM viennent 
de l'existence des groupements latCraux mCthyles 
et il appert, selon le modkle de Liquori et 01. (5), 
qu'h faible degrt d'ionisation des groupements 
carboxyles, les groupements mtthyles se t rowent  
B l'intirieur de la molCcule, de meme qu'une 
fraction des groupements carboxyles, de f a ~ o n  h 
prisenter une structure globulaire stabilisie par 
les inttractions hydrophobes. Au fur et h mesure 
que l'ionisation augmente, la structure va s'ouvrir 
de f a ~ o n  h donner une chaine solvatie, i.e., les 
groupements mkthyles deviennent accessibles aux 
molCcules d'eau. De toute Cvidence, cette ouver- 
ture de la structure est due h la rtpulsion entre les 
sites ntgatifs qui apparaissent le long de la 
chaine. Des transitions conformationnelles sem- 
blables ont 6tC observCes dans le cas de protCines 
globulaires. 

Les sels alcalins d'APM sont des polyClectro- 
lytes forts et il est connu que la nature du cation 
joue un r61e important dans les rCsultats obtenus 
sur les chaleurs de dilution et sur les densitis des 
solutions modtrtment concentrtes de polyClec- 
trolytes (8-1 1). L'association ionique de paire 
avec l'hydratation ionique sont sptcifiques B 
chaaue cation et la conformation de la chaine 
peut alors &tre dtfinie par la nature des cations. 
Les sels de sodium et de rubidium d'APM ont 
aussi CtC CtudiCs dans le prtsent travail de f a ~ o n  
B comparer leur compo~tement B celui des sels 
d'autres polyacides. 

Partie expkrimentale 
Prodrrits rrtilisEs 

Deux Cchantillons d'acide polymCthacrylique furent 
utilisCs dans ce travail. Le premier (AEM-I), de masse 
molCculaire moyenne viscosirnCtrique (M,) Cgale B 5000 
fut fourni gracieusement par la compagnie Rohm and 
Haas de Philadelphie, Pa. Le second (AMP-11) fut prepare 
selon un mode similaire B celui utilisC ailleurs (1, 12). La 
polymerisation de 100 ml d'acide methacrylique (Eastman 
Kodak, Rochester, N.Y.), prialablement distill6 a 60 "C 
sous une pression de 12 torr, fut initiCe par 1.8 g d'azobis- 
mCthyl-2 proprionitrile-2,2' (Eastman Kodak) en solution 

TABLEAU 1. Chaleurs de dilution de l'acide isobutyrique 
a 25 OC 

Solvant : eau 

0.2194 0.1821 
0.2339 0.1630 
0.2261 0.0505 
0.0359 0.3948 
0.0276 0.4041 
0.0220 0.3980 
0.0167 0.3946 
0.0121 0.4053 
0.0094 0.3959 
0.0072 0.3911 
0.0061 0.4570 
0.0041 0.4045 
0.0011 0.3942 

Solvant: HC10.2 N 

0.2261 0.1896 
0.2293 0.1437 
0.2170 0.1304 
0.0357 0.4047 
0.0289 0.4007 
0.0220 0.3957 
0.0165 0.3958 
0.0136 0.3967 
0.0099 0.3819 
0.0077 0.4220 
0.0056 0.4001 
0.0043 0.3886 
0.0033 0.4227 
0.0013 0.4186 

dans 300 ml de butanone-2 (J. F. Baker, Phillipsburg, 
N.J.). La reaction s'est faite B 48 "C pendant 15 h. Le 
taux de conversion Ctait de 85%. Le polymkre obtenu a 
Cte sCchC sous vide et purifiC par dialyse durant une 
semaine. La solution aqueuse fut liophylisCe et le poh- 
m h e  sec 97% fut conserve sur P20,. Sa valeur de M ,  
Ctait de 140 000 en se basant sur les risultats de Silberberg 
et a/. (1). 

L'acide isobutyrique (Fisher Scientific Co., Fair Lawn, 
N.J.) fut distille et la fraction passant entre 154.2 et 
154.6 "C fut retenue. 

Les sels de sodium et de rubidium furent prepark selon 
une methode dicrite ailleurs (13). L'hydroxyde de 
rubidium fut obtenu B partir du chlorure (Anachemia 
Chemicals, MontrCal) en solution aqueuse passee dans 
une colonile de resine Cchangeuse d'ions Dowex 2 x 4 .  Les 
solutions furent ensuite purifiCes par dialyse pendant 12 h, 
puis IiophylisCes et les sels gardes B sec sur P2O5. 

Crrlorinl61rie 
Les mesures de chaleurs de dilution furent rCalisCes B 

25 "C B I'aide d'un microcalorimktre Tian-Calvet Cquipe 
de cellules de 25 et 35 mm de diamktre; les dCtails tech- 
niques sont dCcrits dans des travaux prCcCdents (9, 14). 
Les concentrations initiales avant dilution variaient entre 
0.5 et 15y0 en poids. 
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TABLEAU 2. Chaleurs de dilution de I'acide 
polymethacrylique 2 25 "C 

'11 112 All, 

APM-I/H20 

1 .I176 0.0344 0.3991 
1.2251 0.0278 0.4037 
1.2785 0.0218 0.4057 
1.3101 0.0170 0.4066 
1.2085 0.0145 0.4035 
1 .3028 0.0129 0.3878 
1 .3276 0.0668 0.4059 
1.3226 0.0033 0.3973 
1.2523 0.0013 0.3954 

APM-I/HC10.2 N 

1.2175 0.0450 0.4003 
1.1535 0.0395 0.4028 -0.440 
1 .I921 0.0302 0.3850 
1 ,2042 0.0231 0.4037 
1.2809 0.0184 0.3992 
1.2743 0.0139 0.4006 
1 .3626 0.0056 0.3959 
1.3105 0.0042 0.4045 
1.2955 0.0019 0.4109 

APM-II/H20 

0.9557 0.0278 0.3589 -0.522 

RCsultats et discussion 

Les rtsultats obtenus sont donnts dans les 
tableaux 1 B 3. La quantitt nl reprtsente le 
nombre de moles de solvant dans la solution 
avant la dilution, n2, le nombre de moles de 
solutt ou de moles de motif de base (selon le cas) 
et Anl ,  le nombre de moles de solvant ajouttes 
lors de la dilution. Dans le cas de HC1 0.2 N 
utilist comine solvant, t z l  et Anl reprtsentent le 
nombre de moles d'eau et de HCl globalement. 

FIG. 1. Variation de I'Cnergie de dilution intermediaire 
avec le nombre moyeil de moles d'eau (pour une mole de 
solute) pour l'acide isobutyrique h 25 "C: A AIB/H20; 
A AIB/HC1(0.2 N). 

L'tnergie de dilution intermkdiaire, AEd, est 
exprimte en joules. Les figs 1 B 3 reprtsentent 
l'allure de la variation des chaleurs de dilution 
par mole de solutt ou mole de motif de base avec 
le nombre moyen de moles d'eau 

par mole de solutt. 
Le systkme eau - acide isobutyrique ttant par- 

tiellement miscible i 25 "C, les dilutions ont CtC 
faites au-dessus et au-dessous des deux concen- 
trations conjugtes. La fig. 1 inontre qu'B con- 
centration tlevte, les chaleurs de dilution sont 
endothermiques car la rupture des ponts hydro- 
gkne persistants entre les moltcules d'acide est un 
phtnomkne endothermique. Au-dessus de la 
concentration conjugte inftrieure, les chaleurs de 
dilution sont fortement exothermiques et ceci a 
dtjh t t t  expliqut par la formation d'icebergs 
autour des groupements hydrophobes de l'acide 
organique (14). Au fur et B mesure que la dilution 
progresse, les moltcules du solutt sont disperstes 
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TABLEAU 3. Chaleurs de dilution de sels de l'acide 
polymCthacryliclue B 25 "C 

0.0289 
0.0225 
0.0171 
0.0130 
0.0114 
0.0096 
0.0085 
0.0064 
0.0050 
0.0031 
0.0014 
0.0009 

NaPM 

uniformCment dans le solvant et pratiquement 
seulement l'ionisation pourrait alors contribuer 
B la chaleur de dilution; l'ionisatiori en solution 
aqueuse est essentiellement un phCnomkne exo- 
thermique. De meme que pour l'acide pro- 
pionique (14), la presence de HC1, qui dCtruit la 
structure de l'eau, n'affecte pas le mCcanisme de 
dilution de l'acide isobutyrique. Le fait que la 
prisence de HC1 ne modifie pas les valeurs de la 
chaleur de dilution montre que l'ionisation de 
l'acide propionique et de l'acide isobutyrique est 
nCgligeable dans le domaine de concentration oil 
ces mesures ont CtC faites car Cvidemment la 
presence de HC1 refoule toute ionisation possible 
de ces acides. I1 faut donc supposer que l'hydra- 
tation exothermique des groupements hydro- 
phobes se fait sentir mCme i dilution apprkciable. 
Cependant, il est B noter que la chaleur de 
dilution augmente avec la dilution B concentra- 
tion ClevCe, contrairement B l'acide propionique; 
cela pourrait s'expliquer par le fait que I'on 
s'approche de la dkmixtion. 

L'allure des rCsultats obtenus pour les deux 
Cchantillons d'acide polymCthacrylique est reprt- 
sentCe dans la fig. 2. L'ionisation de ce polyacide 
Ctant nkgligeable dans le domaine de concentra- 
tion Ctudit ici, la chaleur de dilution serait due h 
la rupture de ponts hydroghe intramolCculaires 
entre les groupements carboxyles, phCnomkne 
endothermique, B l'hydratation des groupements 
methyles venant en contact avec l'eau et qui est 
exothermique et probablement B la rupture de 
particules de gel qui peuvent &tre prCsentes dans 
des solutions concentrCes d'APM B faible p H  
(15). Etant donne' que les gels sont produits par 
la formation de liens hydrogkne intermolCcu- 
laires (15), leur rupture devrait &tre endother- 
mique. On peut Cgalement considCrer l'effet de 
chaine qui a dCjB Cte' mentionnC pour expliquer 
les chaleurs de dilution endothermiques de 
solutions aqueuses d'acide polyacrylique (14); 
cet effet de chaine aurait pour consCquence la 
rupture d'un certain nombre d'agrtgats de 
molCcules d'eau crCant ainsi un effet endother- 
mique d'autant plus important que la chaine est 
longue. Afin de contrecarrer les trois effets 
endothermiques mentionnCs ci-haut, l'hydrata- 
tion des groupements mCthyles doit &tre trks 
importante. Contrairement 2 l'acide isobuty- 
rique, le groupement mCthyle d'APM n'est pas 
aussi accessible aux mo!Ccules d'eau. En effet, 
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DAOUST ET LAJOIE 

FIG. 2. Variation de I'inergie de dilution intermidiaire avec le nombre moyen de moles d'eau (pour 
une mole de motif de base) pour I'acide polymithacrylique B 25 "C: 0 APM 5000/H,O; @ APM 
5000/HCl (0.2 N); A APM 140 OOO/H1O; A APM 140 000/HC1 (0.2 N). 

d'aprks le modkle de Liquori et al., B concentra- 
tion Clevte la majeure partie des groupements 
rntthyles sont englobCs B l'inttrieur de la struc- 
ture globulaire de rn&me qu'un certain nombre 
de groupements carboxyles, ayant pour const- 
quence de diminuer l'effet de solvatation de ces 
groupements. Lors de la dilution de l'APM, il y 
aurait un phtnornkne cooptratif qui compren- 
drait l'ouverture de la chaine favorisant l'hydra- 
tation des groupes mtthyles et carboxyles, un 
phtnomkne fortement exothermique. Les rtsul- 
tats indiquent que dans l'eau, l'accessibilitt des 
groupes mtthyle et carboxyle aux moltcules de 
solvant est plus grande pour APM-I que pour 
APM-I1 ou peut &tre l'effet de chaine est plus 
important pour une chaine plus longue. 

Lorsque HC1 0.2 N est utilisC comme solvant, 
les rtsultats ne changent gukre apprtciablernent 
pour APM-I1 et ceci signifie que le nombre de 
liens intramoltculaires responsables de la struc- 
ture globulaire postulte par Liquori et al., et de 
liens intermoltculaires responsables de la forma- 
tion de particules de gel ne change pratiquement 
pas lorsque le p H  passe d'une valeur neutre & une 
valeur trks acide pour une longue chaine dYAPM. 
Cependant, l'effet de HC1 se fait sentir d'une 
f a ~ o n  non-ntgligeable pour APM-I, laissant 
supposer un effet plus grand du p H  sur les 
chaines plus courtes. Les changements de struc- 
ture secondaire, tertiaire et rnerne quaternaire 

, seraient plus importants pour une courte chaine, 
une situation que l'on rencontre dans le cas des 
polypeptides lorsque seules des courtes chaines 

hCiicoi'dales tendent B donner la structure en 
feuillets, structure dite P ,  par agrtgation (16). 

Les rtsultats obtenus pour les chaleurs inter- 
mtdiaires de dilution des solutions de sels de 
sodium et de rubidium sont illustrCs B la fig. 3. 
Afin de cornparer ces rtsultats avec d'autres 
semblables dans la litttrature, la chaleur inttgrale 
de dilution d'une solution de molalitC moyenne 
172 (correspondant B K ~ )  i la molalitt moyenne la 
plus faible Zo, dtfinie par 

a Ctt calculte B partir des rtsultats de la fig. 3. Les 
rtsultats obtenus pour les sels de sodium sont 
reprtsentts B la fig. 4 et ils sont cornparts avec 
ceux calcults B partir de rtsultats dCjB obtenus 
pour le NaPA (14) et le polystyrknesulfonate de 
sodium NaPSS (9). I1 ressort que le comporte- 
ment du NaPM-I et -Ij, du moins pour des 
concentrations dilutes, diffkre de celui des autres 
sels NaPA et NaPSS en ce qui concerne la 
chaleur inttgrale de dilution. Ce n'est qu'8 faible 
concentration que la dilution devient exother- 
rnique pour NaPM-11. En se basant sur le modkle 
de Liquori et crl., B haute valeur du pH, la chaine 
polym6thacrylique serait dtplite et par const- 
quence, les groupements mtthyles seraient d t j i  
tous hydratts et la chaleur de dilution ne serait 
due qu'aux inttractions ioniques en solution 
concentrke. Le traitement utilist par Eigen et 
Wicke (17) pour expliquer l'endotherrnicitt de la 
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CAN. J. CHEM. VOL. 54, 1976 

FIG. 3. Variation de 1'Cnergie de dilution intermkdiaire avec le ~iornbre moyen de moles d'eau (pour 
une mole de motif de base) pour les sels de I'acide polymCthacrylique 2 25 "C: 0 NaPM 5000/H20; 
8 NaPM 140 000/H20; A RbPM 5000/H20; A RbPM 140 000/H20. 

FIG. 4. Variation de 1'Cnergie de dilution intigrale avec 
la rnolalitC nloyenne pour les sels de sodium B 25 "C: 
3 NaPM-I; @ NaPM-11; A NaPA (ref. 14); A NaPSS 
(ref. 9). 

dilution de solutions concentrCes de certains 
Clectrolytes forts s'applique Cgalement aux solu- 
tions concentrCes de polyClectrolytes forts (9). 
A concentration ClevCe, l'association entre les 
contre-ions et les sites chargCs nigativement le 
long de la chalne est importante et ceci demande 
beaucoup d'inergie lors de la rupture. La dis- 
sociation s'accompagne de l'hydratation des 
espkces ioniques libCrCes, un phCnomkne forte- 
ment exothermique (9); l'allure des re'sultats pour 
NaPM-I et -11 s'explique donc par la compitition 
entre ces deux effets de chaleur opposCs. A la 
lumikre des risultats, il faut conclure que l'ion 

sodium est plus fortement associi B la chaine 
dans le cas prCsent que dans le cas du polyacry- 
late (14) et du polystyrknesulfonate (9). La 
diffkrence des rCsultats entre les deux Cchantillons 
I et I1 serait due au nombre de sites chargCs 
portCs par la chaine et ceci est conforme h une 
prCdiction thCorique (9) basCe sur le modkle 
sphe'rique du macro-ion en solution concentrCe. 

L'association ionique devient plus importante 
lorsque la dimension du contre-ion augmente et 
ceci a e'tt confirmi par les rCsultats sur les 
chaleurs de dilution de solutions aqueuses de 
polystyrknesulfonates d'alcalins (9, 10). Skerjanc 
et al. (10) ont obtenu une Cquation pour la 
chaleur inttgrale de dilution h partir du inodkle 
de polyions sous forme de britonnets orientCs de 
Lifson et Katchalsky (18). Cependant, ils ont dO 
tenir compte de la dimension du cation afin 
d'expliquer l'allure des risultats expe'rimentaux. 
Par ailleurs, Mita et Okubo (19) ont aussi obtenu 
une relation pour la chaleur intCgrale de dilution 
mais h partir de la loi limite de Manning (20). 
Cette dernikre relation thtorique prCvoit que la 
chaleur intCgrale de dilution varie liniairement 
avec In 112 mais h la condition que la fraction des 
contre-ions "condensCs" sur le polyion, supposi- 
ment sous forme de britonnet, soit constante. Or, 
cette hypothese n'est valable que pour les solu- 
tions suflisamment diluCes afin de pouvoir traiter 
les contre-ions libres dans l'approximation de 
Debye-Huckel. Lorsque 6, le paramktre de den- 
sit6 de charge, est plus petit que l'unitt, la 
thCorie prCvoit que la chaleur intigrale de 
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DAOUST ET LAJOIE 1859 

Frc. 5. Variation de I'Cnergie de dilution intkgrale avec 
la rnolalitC rnoyenne pour les sels de rubidium B 25 "C: 
0 RbPM-I; 0 RbPM-11; n RbPSS (rCf. 9). 

dilution augmente avec [ et passe par un maxi- 
mum pour [ = 1 pour ensuite dCcroitre lorsque 
[ > 1 B cause de la diminution des charges 
effectives due A la formation de paires d'ions. 
L'allure de la variation de la chaleur intCgrale de 
dilution avec la rnolalitC moyenne pour les sels 
de rubidium est reprCsentCe A la fig. 5.  Par 
comparaisol~ avec RbPSS, la dilution des solu- 
tions de RbPM-I et -11 est exothermique sur toute 
la gamme des concentrations Ctudites tandis que 
pour le RbPSS, la dilution devient endother- 
mique A concentration relativenlent faible. La 
diffCrence dans le comporternent des sels RbPSS 
et RbPM peut s'expliquer comme suit. Dans le 
cas de RbPM, un nombre suffisant de sites 
nCgatifs le long de la chaine sont neutralisis par 
association ionique afin de confkrer A la chaine 
une structure globulaire semblable A celle qu'elle 
posskde h faible valeur de pH. Lorsque la dilu- 
tion progresse, la dissociation ionique augmente 
et ceci est e'quivalent B augrnenter le pH. Les 
groupements mCthyles s'hydratent lorsque la 
chaine passe d'une structure globulaire A une 
structure plus Ctendue. La dilution demeure 
exotherrnique car l'hydratation des groupements 
mCthyles est beaucoup plus importante au point 
de vue chaleur de dilution que la dissociation 
ionique. 

Pour conclure, il faut souligner l'importance 
de la nature de la chaine dans le comportement 

des polyClectrolytes en solution. Les rCsultats 
pourraient laisser croire que les ions Nai sont 
plus fortement associCs au polyion que les ions 
R b i  contrairelnellt aux polystyrknesulfonates 
mais il faut maintenir que l'ordre relatif du 
degrC d'association des cations ne change pas 
quand on passe d'un polyion A un autre. I1 faut 
plut8t s'en remettre au caractkre particulier de la 
chaine polymCthacrylique qui subit une transi- 
tion conformationnelle importante contraire- 
ment h la chaine polystyrknesulfonique. 
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Preparation and characterization of salts containing the triply bridged 
dimeric iridium(II1) ion, [H(Ar3P),Ir(SAr1),C1Ir(PAr,),H] + 
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TIMM L. KELLY and CAESAR V. SENOFF. Can. J. Chem. 54,1860 (1976). 
The dimeric iridium(II1) hydride complexes [IrHCI(SAr')(PAr3)2]2 where Ar = 4-CH3C6H4 

or C6HS and Ar' = 4-CH3C6H4, 4CH30C6H4,  4-FC6H4, or C6HS have been shown to react in 
halogenated solvents such as chloroform or 1,2-dichloroethane to form triply bridged dimeric 
hydrated complexes of the type, [H(Ar3P),Ir(SAr')2C11r(PAr3)H]C1.2H20. When PAr3 = 
(4-FC6H4),P, no triple bridge formation was observed. However, the dimeric complexes, 
[IrHCI(SAr')(PAr3)2]2 including PAr3 = (4-FC6H4)3P all react with AgCIO, in acetone to  form 
the complexes, [H(Ar3P)21r(SAr')2CIIr(PAr3)2H]CI0,~x(CH3)2C0 (zc = 0-3). The isolation and 
characterization of these triply bridged dimeric iridium(II1) hydrides are discussed. 

TIMM L. KELLY et CAESAR V. SENOFF. Can. J. Chem. 54, 1860 (1976). 
On a montrC que les complexes dimkres de I'hydrure d'iridium [IrHCI(SAr')(PAr3)2]2, oh Ar = 

4-CH3C6H4 ou C6H5 et Ar' = 4-CH3C6H4, 4-CH30C6H4, 4-FC6H4, ou C6HS, peuvent rhgir  
avec des solvants halogCnCs tels que le chloroforrne ou le dichloro-1,2 Cthane pour former des 
complexes hydratCs dirnkres a triple pont qui sont du type [H(Ar3P)21r(SAr')2CIIr(PAr3)H]- 
C1.2H20. Quand PAr3 = (4-FC6H4hP, on n'observe aucune formation d'espkce a triple pont. 
Toutefois les complexes dirnkres [IrHC1(SAr')(PAr3)2]2, y cornpris PAr3 = (4-FC6H4)3P, 
rhgissent tous avec AgC104 dans I'acCtone pour donner des complexes [H(Ar,P)21r(SAr1)2- 
C11r(PAr3)iH]CI04 .s(CH3)2C0 (zc = 0-3). On discute de I'isolement et de la caracterisation de 
ces hydrures d'iridium dirnkres a triple pont. 

[Traduit par le journal] 

Introduction 

We have recently reported the preparation and 
characterization of some dimeric iridium(II1) 
hydride complexes of the type, [IrHCl(SAr)- 
(PPh3),],(l) where Ar = apara-substituted phenyl 
ring. During the course of investigating the re- 
activity of these complexes towards oIefinic 
bonds, we have observed that these complexes 
will readily revert to novel triply bridged dimeric 
complexes having two arenethiolate and one 
chloride bridging ligands via (a) reaction in a 
halogenated solvent such as chloroform or 
1,2-dichloroethane or (b) reaction with Ag+ in 
acetone (2). Details of the preparation and 
characterization of these triply bridged species 
are herein reported. 

Results and Discussion 

The dimeric complexes, [IrHC1(SAr)(PPh3),I2 
have been previously prepared by the reaction of 

]Present address: Amchem Products, lnc., Ambler, 
Pennsylvania, 19002, U.S.A. 

2Author to  whom all correspondence should be 
addressed. 

IrC1(PPh3)3 (3) or IrC1(C2H4)(PPh3), (4) with the 
appropriate arenethiol in benzene at room tem- 
perature (I,  5). A more convenient synthetic route 
to complexes of the type, [IrHCI(SAr1)(PAr3)2]2 1 
where Ar' = 4-CH30C6H4, 4-CH3C6H4, C6H5, 
or 4-FC6H4 and Ar = 4-CH3C6H4, C6H5, or 
4-FC6H4 was used in this investigation. This 
involves an initial reaction of the cyclooctene 
complex, [IrC1(C8H,4)2]2 (6) with PAr3 in benzene 
followed by further reaction with the appropriate 
arenethiol, HSArl, according to [I]. Analytical 

and pertinent infrared (ir) data for these com- 
plexes are given in Table 1. As expected, the pres- 
ence of an electron-releasing substituent (CH3) 
on the triarylphosphine causes a lowering of the 
v ~ , - ~ . ~  frequency (ca. 20 cm-l) relative to the 
analogous derivatives with PPh3 (1) or P(C6H4F)3. 

The dimeric complexes, 1, having Ar = C6H5 
or 4-CH3C6H4 will slowly dissolve in halogenated 
solvents such as CHC13, CDC13, or CH2ClCH2Cl 
at room temperature and undergo the reaction 
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KELLY AND SENOFF 

TABLE 1. Analytical and infrared data for new complexes of the type 
[IrHC1(SAr')(PAr3)2]r 

Analysis (C/c) Infrared 

Ar Ar' Calcd. Found vlr-rx (cm-1) vlr-cl (cm-I) 

given by [2]. Complexes 2 contain the novel 

triply bridging unit shown below which results 
a 

I.: > \sd S,Af 

Ar' 

from the loss of one chloride ligand in 1 to the 
outer coordination sphere and bridge formation 
with the remaining chloride ligand in 1. Once 
formed in solution, complexes 2 can be isolated 
from solution by the addition of petroleum ether 
as the tzydrales, [H(Ar3P)21r(SAr')2C11r(PAr3)2H]- 
C1.2H20. Analytical data for these complexes 
are presented in Table 2. The presence of water 
of crystallization in these complexes has been 
confirmed by the presence of bands in their ir 
spectra at 1634, 3370, and 3320 cm-I (7) as well 
as the presence of a sharp singlet a t  about 3 ppm 
in their 'H nmr spectra recorded in acetone-d6. 
The resonance of uncoordinated water in ace- 
tone-d~  also occurs at about 3 ppm downfield 
from internal TMS as standard. The signal a t  
3 ppm also completely collapsed upon the addi- 
tion of a small amount of DCl/D20 to the 
acetone solutions containing 2. The number of 
water molecules was determined by integration 
of the phenyl or CH3 protons us. the H 2 0  pro- 
tons. Pertinent ir and 'H nmr data are presented 
in Table 3. No  absorption band was observed 
between 300-200 cm-I which could be associated 
with the Ir-C1-Ir moiety. The v I r - ~ . ~  vibration 
occurs as  a weak band a t  cn. 2280 cm-I. 

The electrical conductivity of 2 was measured 
a t  25 "C in nitromethane and methanol. The 
conductivity data are given in Table 4. It may be 

TABLE 2. Analytical data for the complexes 
[H(Ar3P)21r(SAr')zCIIr(PAr3),H]CI.2H,0 and 

[H(Ar3'P)zIr(SAr)2CIIr(PAr3')2H]C104 .x(CH3),C0 

(0) [H(Ar3P),Ir(SAr')2CIIr(PAr3)2H]CI.2H20 

Analysis (70) 

Ar Ar' Calcd. Found 

- - 

(6)  [H(Ar3P)zIr(SAr')2CIIr(PAr3)2H]C104.x(CH3)2C0 

Analysis (70) 

Ar Ar' s Calcd. Found 

C6H5 CGH5 3 C 5 6 . 8 9  C 5 6 . 8 2  
H 4.59 H 4.51 
CI 3.62 C1 4.07 

CsH5 4-CH3CGH4 1 C 57.00 C 56.69 
H 4.38 H 4.40 
CI 3.79 CI 4.21 

4-CH3CGH4 CGH5 0 C 58.90 C 58.06 
H 4.91 H 5.17 
CI 3.63 CI 4.43 

4-FCGH4 CGH5 3 C 51.25 c 50.90 
H 3.58 H 3.20 
CI 3.26 CI 3.60 
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TABLE 3. I n f r a r e d  a n d  I H  n m r  d a t a  

A r  Ar '  V I ~ - I I  ( ~ m - ' ) ~  611,o ( P P ~ ) ~  a,,-1I ( P P ~ ) ~ ~ "  O t h e r  ( p p m ) ~  

C6H5 C6H5  2278 2 .78  23 .36  
C6H5 4-CH3C6H4 2278 2 . 9 3  23 .77  dcI13, 2 . 1 6  
C 6 H ~  4 - C H 3 0 C 6 H 4  2277 2 . 8 8  23 .42  6c,130, 3 . 21  
C6H5 4-FC6H, 2277 2 . 1 5  23 .45  
4-CH3C6H4 C6H5 2265  2 . 6 3  23 .77  GcII,, 2 . 0 4  

(b) [H(Ar3P)21r(SAr')2CIIr(PAr3),H]C104 . x ( C H , ) ~ C O J  

A r  Ar '  s v ~ r - I I  (cm-')" 81r-II ( P P ~ ) ~ "   other^ 

 avo^ observed at 3370 and 3320 crn-': 6 0 ~  observed a t  1634 crn-' 
bRecorded as Nujol mulls. 
CRecorded in acetone-da. 
dRecorded in CDC13. 
cobserved as a poorly resolved triplet, upfield rrorn TMS. 
Jvco for free acetone observed a t  1714 cm-I (Nujol). 

TABLE 4 .  Conduc t i v i t y  da t au  
[H(Ar3P)21r(SAr')2CIIr(PAr3)2H]CI 2 H 2 0  

A r  Ar '  Solventb hlI (ohm-' mol-1 cm2)  

"Conductivily of [H(P~JP)?I~(SPI~)~CII~(PPI~~)~H]BPI~~ dcterrnincd in acetone at 25 "C was 96.8 ohm-I 
mol-I crnz (3.89 X lo-' A!). 

bConccntrations used were -10-4 M. 

noted that the observed molar conductivities are 
somewhat low for 1 : 1 electrolytes in this solvent 
(8). However, the ionic chloride in 2 can be 
readily displaced by tetraphenylborate ion and 
the conductivity of this derivative measured in 
acetone is reasonable for a 1: 1 electrolyte (see 
Table 4). The low conductivities in methanol and 
nitromethane can be accounted for by the 
presence of the equilibrium shown in [3]. 

[3] [H(Ar3P)21r(SAr'),C11r(PAr3)2H]CI = 
[IrHC1(SAr1)(PAr3)J2 

It may be noted that with PAr3 = (4-FC6H4)3P, 
reaction 2 does not proceed. The original dimer, 
2, may be recovered intact from either chloro- 

form or 1,2-dichloroethane. Presumably, the 
iridium-chlorine bond in this particular dimer is 
quite strong and is not readily cleaved in these 
solvents. However, one of the Ir-C1 bonds is 
readily cleaved by Ag+ ion (vide ir?fi.a). 

The source of the water of hydration in 2 is a t  
present unknown. It  may originate from the 
trace amounts of water present in the reagent 
grade solvents used or from the atmosphere since 
no precautions were taken to exclude air during 
the course of working-up the reaction mixtures. 

In order to  further establish the nature of the 
cation present in 2, the dimeric hydrides, 1, were 
reacted with AgC104 under reflux in acetone. 
This reaction proceeded smoothly according to 
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KELLY AND SENOFF 

[4] and complexes of the type, [H(Ar3P)21r(SAr')2- AI 

Cllr(PAn)H]C10~~x(CH3)2C0 ( x  = 0-3) 3 were L 7 7 L 
\ / \  / isolated. Analytical data for these complexes are 

[4] [IrHC1(SAr')(PAr3),]2 + AgCIO, + ' A  s b L  
[H(Ar3P)21r(SAr')2C11r(PAr3)2H]C104 + AgCl AI 

3 

presented in Table 2. 
Both the chloride, 2, and perchlorate, 3, salts 

exhibited a poorly resolved 'triplet' signal at  
about 23 ppm upfield from TMS in CDC13 for 
the hydrogen bonded to  iridium (see Table 3). 
Resolution of this signal was not improved at 
-70 "C. This observation precluded a specific 
assignment of the stereochemistry of the phos- 
phine ligands bonded to  iridium and further 
lH nmr studies were not carried out. 

However, single crystals of 3 having Ar = 

Ar' = C6H5 were obtained and the structure of 
[H(Ph3P)21r(SPh)2C11r(PPh3)2H]C104. 3(CH&CO 
was determined (2) in the solid state confirming 
the presence of three bridging ligands as shown 
below where L = PPh3. This result lends further 

support to the structure originally proposed for 1 
(1) having two arenethiolato bridging ligands. 

The hydride ligands in 1 undergo a stereo- 
chemical rearrangement during the course of 
forming 2 or 3 ([2] and [4]). In 1 the hydride 
ligands are trails with respect to the two iridium 
atoms but are cis in 2 or 3. This stereochemical 
change may involve cleavage of at  least one of the 
iridium-sulfur bonds in 1 during the course of 
forming 2 or 3 accompanied by a rearrangement 
of one of the resulting five- or four-coordinate 
moieties (depending o n  whether or not a chloride 
ligand has been displaced from the appropriate 
iridium atom) according to Scheme 1. 

An alternative route for the formation of the 
observed triply bridged product may be consid- 
ered. This involves the presence of a 'cis form' of 
1 in solution which is in equilibrium with the 
'trans form'. The 'cis form' can then dissociate a 
C1- ligand followed by bridge formation to yield 
the observed product according to Scheme 2. 

However, this seems unlikely in view of the 
fact that [2] proceeds as indicated even in the 

presence of an excess of added triphenylphos- 
phine and that the conversion from the ' trans 
form' to the 'cis form' of 1 must involve cleavage 
of a t  least one Ir-P bond. 

The reaction of 1 to  form the triply bridged 

C I I H  a i -a  
L I  S l  L , \ I  ,S\k-" - \ , \ , 

,1r\ , \ - L I  S I  L ,Ir\ ,L'\ 
H I CI 

L I  H S I  I H  L 
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species 2 in a halogenated solvent is unexpected plexes. A sample (0.50 g) of the dimeric complex, 
since transition metal hydride complexes nor- [I'H(SAr1)(PAr3hl2> was added to 100 ml of chloroform 

or 1,2-dichloroethane. After about 10-1 5 min a clear mally undergo exchange in yellow solution resulted which was stirred for about 18 h. 
solvents according to [5] (9). The volume of the solution was then reduced to about 

[5] M-H + RX -, M-X + R H  

It is also somewhat unusual to observe the 
conversion of a doubly bridged dimeric complex 
into a triply bridged dimeric complex ([2] and 
[4]). The propensity of iridium(II1) to remain 
six-coordinate presumably is the driving force 
for this behaviour. It may also be noted that in 
the presence of excess Ag+, 3 is also formed, 
indicating that once one chloride ligand is dis- 
placed by Ag+; the rate of bridge formation with 
the remaining chloride is much faster than 
displacement by Ag+ ion. 

Experimental 
Materials 

Commercially available triphenylphosphine was re- 
crystallized from ethanol prior to use. Iridium trichloride 
was purchased from Johnson-Matthey Co. Ltd. Solvents, 
used were reagent grade. Other chemicals used were 
commercially available samples. Unless otherwise indi- 
cated all reactions were carried out under an atmosphere 
of N2 or Ar. 

Pl~ysical Measirretnerrts 
Itrfirired Spectrri ritrd 1H N~rclerir Magrretic Resotrnrrce 

Spectra 
These were recorded on a Beckman IR-12 spectro- 

photometer as Nujol mulls between KBr or CsIaplates. 
IH nmr sDectra were recorded on a Varian H A  100 

5-10 ml on a rotoevaporator and the concentrated solu- 
tion was filtered into 250 ml of petroleum ether (bp 63- 
75 "C). An off-white solid immediately formed which was 
filtered off, washed with petroleum ether, and dried 
ill caciro at  25 "C. 

(4) [H(PII~P)~~~(SPII)~CII~(PPII~)~H]BPII,. A sample of 
[H(Ph3P)21r(SPh)2C11r(PPh3)2H]CI.2H20 (0.40 g) was dis- 
solved in 50 ml of methanol and the resulting solution was 
filtered. Sodium tetraphenylborate (0.4 g) was dissolved 
in 5 ml of methanol and this solution filtered into the first 
solution to yield a white precipitate which was washed in 
succession with a small amount of acetone and methanol. 
The crude complex was recrystallized from acetone/ 
methanol and dried itt vaciio at  25 "C. AtraI. calcd. for 
[H(Ph3P)21r(SPh)2C11r(PPI~3)2H]BPh,: C 64.58, H 4.58, C1 
1.77; found: C 64.00, H 4.87, Cl 1.40. 
(5)[H(PAr3)tlr(SAr')ZCIIr(PA~3)2H]C10~~ x(CH3)2C0. 

Unless otherwise indicated, the following general pro- 
cedure was used to prepare these complexes. The appro- 
priate dimer, [IrH(SAr')(PAr3)2]2 (0.50 g) was suspended 
in acetone (25 ml) and AgCIO, (1.1 mol per iridium) was 
added. The resulting suspension was heated under reflux 
for 3 h, cooled to room temperature, and filtered twice 
through Whatman No. 5 filter paper to remove AgCl. The 
filtrate was stored overnight at  -5 "C during which time 
pale yellow crystals of the perchlorate salt formed. If 
crystallization did not occur, 11-hexane was added to the 
filtrate to promote crystallization. Identical products were 
obtained if the amount of AgCIO, used were doubled. 

Acknowledgements 
-. 

spectromeier with tetramethylsilane as internal reference. The authors thank the National Research 
Cot~drctioi~y Measrirernerr~s Council of Canada and I m ~ e r i a l  Oil Limited for 
Electrical c-onductivities were recorded on a Beckman financial support. 

RC16BI conductivitv meter at 1000 Hz usine a standard 
conductivity cell with blackened platinum electrodes. 
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Preparalior~ of Coniplexes 

(I) [IrC!(C8Hl,)2],. This was prepared as described in 
the literature (6). 

(2) [IrHCI(SAr')(PAr3)2 J2. The following general pro- 
cedure was used to prepare these complexes. T o  a solution 
of [IrC1(CBH14)2]2 (0.50 g; 0.56 mmol) in 15 ml of benzene 
(pre-saturated with dinitrogen or argon) was added 3.5 
mmol of the appropriate triarylphosphine. The dark red 
solution was stirred for several minutes whereupon 
0.30 g of the appropriate arenethiol was added and the 
solution immediately darkened. The reaction mixture 
was stirred under an  N2 atmosphere for 18 h during which 
time the product precipitated from solution. The solid 
was collected, washed with several portions of benzene, 
and dried irz caclro over boiling benzene. 

(3) [H(Ar3P)21r(SAr')2Cllr(PAr3)2H]CI - 2H20. The fol- 
lowing general procedure was used to isolate these com- 
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An R.K.R.-like estimate of the effective non-adiabatic internuclear 
potential for the hydrogen molecule 

MARY KURIYAN AND HUW 0. PRITCHARD 
Cetlrre for Reseorclr it1 Experi l l lel l l~~ Space Science, York Utlioersil}~, Do~vlsc ie~v ,  Otlr., Cat~arla M 3 J  I P 3  
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MARY KURIYAN and Huw 0. PRITCHARD. Can. J. Chem. 54, 1865 (1976). 
An effective internuclear potential for the hydrogen molecule is deduced from the experi- 

mental energy levels; this potential is valid in the sense that it reproduces the rotation-vibration 
energy levels to an accuracy of the order of k0.1 cm-1, and is unique in the sense that it is 
equally accurate for all observed values of the rotational quantum number J .  

The implied corrections to the adiabatic relativistic internuclear potential are consistent with 
the estimated values for the non-adiabatic coupling correction over the whole range of inter- 
nuclear separation. 

MARY KURIYAN et Huw 0. PRITCHARD. Can. J. Chem. 54, 1865 (1976). 
Utilisant les niveaux inergetiques expirimentaux, on en diduit un potentiel internucliaire 

effectif pour la molecule d'hydrogkne; ce potentiel est valable puisqu'il permet de reproduire 
les niveaux d'inergies rotationnelles et vibrationnelles avec une precision de l'ordre de k0.1 
cm-1 et de plus il est unique puisqu'il est aussi precis pour toutes les valeurs observees du 
nombre quantique rotationnel J .  

Les corrections impliquees au potentiel internucleaire relativistique adiabatique sont en 
accord avec les valeurs estimies pour la correction de couplage nonadiabatique pour toutes les 
valeurs de siparation internucliaire. 

[Traduit par le journal] 

Since 1964 when Koios and Wolniewicz pub- 
lished their accurate solution of the Schrijdinger 
equation for the hydrogen molecule (I), consid- 
erable effort has been devoted to  the achievement 
of an exact matching between the calculated and 
the observed rotation-vibration energy levels 
(2-6); the references cited here represent a very 
inexhaustive selection, and the flow of papers on 
this topic continues unabated (7-10). The follow- 
ing is a very brief historical sketch of the develop- 
ment of this problem. The original internuclear 
potential, corrected for adiabatic and relativistic 
effects (1, 2) yielded a set of rotation-vibration 
energy levels for the ground state of hydrogen 
which had two faults: one, that the calculated 
dissociation energy was too large by 4 cm-l, and 
two, that the calculated vibrational spacings for 
low v were too large by the order of 0.8 cm-' per 
spacing. In an analysis of these discrepancies, 
Wilkinson and Pritchard (5) concluded that the 
spectroscopic dissociation limits observed by 
Herzberg and Monfils (11) must be in error by 
about 4 cm-l, and this was subsequently con- 
firmed by Herzberg (12) although (8) some small 
uncertainties in the exact position of the limit 
may still remain; however, as far as the vibra- 
tional spacings were concerned, the origin of the 

discrepancy must be in the theoretical calcula- 
tion. There are four possible reasons why the 
theoretical calculations might be inaccurate. 
(i) Simple lack of convergence of the variational 
calculations: this aspect has been examined 
recently by Kofos and Wolniewicz (7), and it is 
clear that the variational calculations are reason- 
ably well converged in the important regions of 
internuclear separation (R). (ii) That the inter- 
nuclear potential, although essentially correct, 
contains a 'noise' component because all points 
are not equally converged (or alternatively, that 
the interpolation scheme required in the Cooley 
method of solving for the energy levels could 
introduce that noise): this problem was examined 
extensively by LeRoy and Bernstein (3) and our 
own further examination shows that no difficulty 
of this kind could invalidate the results presented 
in this paper.' (iii) That there could be a logical 

l o n e  of the authors wishes to apologise for what he 
now realises was an unjust criticism of the work of LeRoy 
and Bernstein (3): we had argued (5) that it was improper 
to assume that the upper vibrational spacings of H, could 
be calculated correctly even though the lower ones were 
not; this would certainly have been true if an expansion 
method had been used to solve the Schrodinger equation 
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flaw in the original procedure for the solution of 
the Schrijdinger equation for H2 (14), but recent 
examination of this defect (10) reveals that the .. , 

effect is at least an order of magnitude too small. 
(iv) Neglect of non-adiabatic coupling (3,4,6,9),  
a conclusion which is supported, by and large, 
by the work reported below. 

In view of the enormous complexity and 
costliness of these calculations on the hydrogen 
molecule, and of the extreme difficulty in making 
a rigorous calculation of the non-adiabatic 
effects, we decided to find out if it was possible 
to generate an acceptable internuclear potential 
function for Hz by inverting the observed 
rotation-vibration energy-level scheme, with the 
expectation that it would then be rather clear 
what was the cause of the remaining discrep- 
ancies between theory and experiment! 

An obvious way to approach this problem 
initially is to start with the R.K.R. potential for 
Hz and improve it, either by including higher 
order corrections (15-17), or by using some other 
kind of iterative procedure (18, 19). The methods 
evolved so far are not easy to use, and are 
troubled by divergences, poor convergence or 
oscillatory behaviour, and although it is ex- 
pected that many of these problems will be 
resolved in the near future (20), we meanwhile 
sought an alternative approach making use of 
the fact that in this particular case, we already 
have available an extremely good approximation 
to the required potential curve. 

The following solution to the problem retains 
much of the flavour of the R.K.R. method (21), 
although it is a purely empirical approach. 
Curve I, Fig. 1, represents a good approximation 
to the rotationless internuclear potential, in this 
case the Koios and Wolniewicz potential with 
adiabatic and relativistic corrections included, as 
tabulated by Bishop and Shih (9). The horizontal 
line which terminates at each end on I is the 
u = 0 energy level found using this approximate 
potential. The lower horizontal lines in each of 

(13), but is not the case when the Cooley method is used. 
The essential result here is (ref. 3, Appendix I) that a small 
imperfection in the potential curve only affects the level 
whose turning point is close to that point, and therefore 
it follows that small imperfections in the potential in the 
region of the normal internuclear separation will not 
invalidate the computed energies of levels whose outer 
turning points are at large values of R (small imperfec- 
tions at the inner turning points being much less impor- 
tant). We had not appreciated this sufficiently at the 
time (5). 

FIG. I. Schematic representation of four possible 
model corrections to the approximate potential curve I 
to give an acceptable representation I1 of the true poten- 
tial. In each diagram, the upper horizontal line is a 
vibrational level of potential curve I, and the lower one 
is the experimentally observed energy of that level. The 
construction of curve I1 from curve I proceeds by making 
the dotted area equal to the cross-hatched area. 

the four diagrams represents the position of the 
observed u = 0 energy level, and the four curves 
labelled I1 represent possible forms of the poten- 
tial which would give rise to the experimentally 
observed u = 0 level. These four sets of curves 
have one thing in common, that the cross- 
hatched areas equal the dotted areas and the 
problem is to find out how to calculate a unique 
curve 11; the diagrams are, of course, very 
exaggerated and only schematic, the real dis- 
crepancies amounting only to au or less. 

First, one has the choice of making a correc- 
tion which is generally of type (a) or generally of 
type (b): the major effect of the former is to shift 
the level down without altering the zero-point 
energy, whereas the latter reduces the zero-point 
energy. If we choose to measure energies with 
respect to the dissociation limit, then we are not 
precisely sure what is the energy of the u = 0 
level (8), but this is immaterial if we measure our 
energies with respect to the u = 0 level itself, any 
required adjustment in the nature of a small 
change in dissociation energy can be accommo- 
dated later using a type (a) shift. However, to 
the extent that the potential curve itself has 
physical meaning, so does the zero-point energy, 
and there exists a discrepancy between the 
spectroscopically derived zero-point energy (1 1) 
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KURIYAN AND PRITCHARD 1867 

and the calculated one (2) of about 0.5 cm-1; TABLE 1. The effective potential as a function of 
thus, the shape of the curve has to be ill internuclear separation R for the hydrogen molecule, in 

the neighbourhood of the minimum, implying the region where it differs from the tabulation of 
Bishop and Shiha 

that the absolute correctioil may have a type (a) 
component, but must have a component re- -lo5 x AV(R)  
sembling one of (b), (c), or ((1). 

( V ( R )  + A V(R))* 

Confining our attention now to the change in 1.5 0 - 1 .I7235555 
shape of the curve as opposed to any absolute : f  0.40 -1.16809851 

0.70 -1 .I6198591 
shift, we have to choose between the three , , 8  1.10 -1.15460762 
general types (b), (c), and ((1). Assu~lling that the 1.9 1.50 - 1 .I4639957 
correction AV(R) to be added to the existing 2.0 1.80 - 1.13768930 
potential curve V(R) is zero at  the minimum, 2.1 2.00 -1.12872530 

2.2 2.35 i.e. R = 1.400, trial calculations were carried out 2.3 
- 1 .I1969889 

2.70 -1.11075262 
for each of the three models: (b) increase in area 2.4 2.90 -1.10199509 
equally disposed on either side of R = 1.4ao: 2.5 3.05 - 1.09351099 
(c) increase in area all confined to the region 2.6 3.10 -1.08536266 
R < 1.400; ((0 increase in area all confined to i:; 3.15 - 1.07759760 

3.25 -1.07024989 
the region R > 1.400. Moreover, it was assumed 2.9 3.35 - 1.06334176 
that since the correction term is very small, 3.0 3.38 -1.05688582 
AV(R) could be taken as a first approximation to 3.1 3.30 - 1.05088745 
be proportional to p = IR - R,J. Each of these 3.2 3.25 - 1.04534795 

3.3 3.15 - 1.04026047 three trial calculations was extended up to u = 3, .4 3 .OO - 1.03561230 
using the Raman data of Stoicheff (22) to define 3.5 2.60 -1.03138738 
the level spacings between u = 0, 1, 2, and 3, 3.6 2.60 - 1.02757129 
J = 0, and their estimated positions relative to 3.7 2.40 -1.02413714 

the bottom of the potential curve; the constant i:; 2.30 
- 1.02106421 

2.20 -1.01832616 
of proportionality between AV(R) and p was of 4.0 2.00 - 1.01589693 
course different between each turning point. At 4.1 1.85 - 1.01374875 
this stage, we now have three different trial 4.2 1.65 -1.01185779 
internuclear potentials, which are each the 4.3 1.50 - 1.01019903 

4.4 1.40 -1.00874868 original smooth V(R) curve (9) with small 4.5 1.30 -1.00748346 
piecemeal linear correction patches A V(R) which 4.6 1.20 -1.00638280 
are continuous, but have discontinuous dA V(R)/ 4.7 1.10 - 1 .00542740 
dR at each classical turning point. The Raman 4.8 0.80 - 1.00459774 

4.9 data of Stoicheff extends up to J = 4 for these 5.0 
0.60 - 1.00388100 
0.50 - 1.00326300 

four vibrational states, and of course, the same 5.1 0.40 -1.00273012 
correction function AV(R) I ~ Z L ~ S ~ ,  when the cen- 5.2 0.40 - 1.0022721 4 
trifugal term J ( J  + 1)/2pR2 is included in the 5.3 0.40 - 1.00187819 
Schrodinger equation, yield simultaneously the 5.4 0.40 - 1.00154061 

5.5 0.40 -1.00124883 correct level spacings for all u,  J pairs. It turns 5.6 0.40 - 1.00099924 
out that the model (c) correction makes the 5.7 0.36 -1.00078471 
rotational spacings much worse than for the 5.8 0.34 - 1.00060085 
original potential V(R): likewise, the model (b) 5.9 0.32 -1.00044318 

6.0 correction also makes the rotational spacings 6. 
0.30 - 1.0003079~ 
0.28 - 1.00019207~ 

worse, whereas the model (61) correction yields 6.2 0.25 -1.00009258 
the positions of all the twenty levels 0 5 u < 3, 6.3 0.19 -1.00000690 
0 < J 5 4 correct to  within f 0.1 cm-l. This 6.4 0.10 -0.99993308 
fortunate coincidence (because, as LeRoy and 6.5 0.04 -0.99986988 

6.6 0 -0.99981578 
Bernstein (3) recognised, it is not possible in 

aAll quantities in atomic units. The asterisk denotes that  the poten- principle t' obtain a unique t' this t in\  listed in the  final column has been smoothed. 
problem this way) means that as far as the shape 
of the potential curve is concerned, we need only limb of the potential curve. One should add that 
apply the correction AV(R) on the right-hand the positions of the vibrational levels are much 
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TABLE 2. Comparison of vibrational energy levels for 
H2, J  = 0  calculated using the potential in Table 1, 

with the experimental values; units are cm-1 

Vibrational energy levels (cm-1) 

c Calculated Observed Source 

aHerzberg and Monfils ( I  I). 
bStoicheff (22). 
CHerzberg and McKenzie, quoted by Bishop and Shih (9) 

less sensitive to errors on the left-hand rather 
than on the right-hand side of the potential curve 
(3), so that there could be a small AV(R) term to 
be added for R < 1.4a0, but it is certainly not 
large. 

We then proceeded to extend the calculation 
from u = 3, J = 0 up to u = 14, J = 0 using the 
so far unpublished experimental data for these 
levels quoted by Bishop and Shih (9). We now 
have a corrected potential curve which has a 
small kink in AV(R) at  each outer turning point, 
which as we have noted, could give rise to 
a spurious noise spectrum and shift the levels 
slightly. Thus, the potential function i.e. 
(V(R) + AV(R)) was smoothed by taking first, 
second, and third differences of the interpolated 
potential (i.e. the function used in the Cooley 
program to solve for the energy levels), and 
making srnall adjustments to make these differ- 
ences monotonic; these small smoothing correc- 
tions did alter the positions of the energy levels 
slightly (as can be judged from the fact that for 
J = 0, our final calculated energies are no longer 
identical with the experimental results whereas 
they were, before smoothing) but the changes 
were sufficiently small that it is not necessary to 
go back and repeat the whole procedure again. 
Table I shows the required correction AV(R), 
interpolated back to the tabular points of Koios 

TABLE 3 
(a) Calculated energy levels for H2, 0  5 v 5 3,  

O S J 5 4  

Enerny level (cm-1) 

(b) Comparison of the difference between theory and 
experiment for these states, as tabulated by Bishop and 

Shih, in italics, with the shift in these energy levels 
caused by adding AV(R) to  V(R) and smoothing, 

in Roman type 

Difference in energy (cm-I) 

and Wolniewicz (1, 7), and which, when taken 
together with the adiabatic and relativistic cor- 
rections by Bishop and Shih (9) yields an effective 
potential (V(R) + AV(R))*, which is also tabu- 
lated. The potential (V(R) + AV(R))*, as opposed 
to (V(R) + AV(R)), is smooth, and generates the 
rotationless vibrational energy levels shown in 
Table 2. It can be seen that the agreement is 
satisfactory. Table 3 demonstrates the essential 
uniqueness of our trial potential, because it 
shows that this potential automatically repro- 
duces the correct energy-level spacings for all 
values of 0 < u < 3 , 0  5 J < 4; in fact we have 
examined the differences between our computed 
energy-level spectrum and that quoted by Bishop 
and Shih (9) for all levels 0 < u < 14,O < J < 4 
and nowhere is there a discrepancy greater than 
0.3 cm-I. Figure 2(a) shows the form of the 
correction term AV(R) as a function of R, and it 
can be seen that it amounts to a little over 7 cm-I 
at R = 3ao. Figure 2(b) shows the lowering of 
the energy levels AE(u) brought about by the 
change in potential AV(R), compared with three 
semi-empirical estimates (3, 9) for the non- 
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KURIYAN A N D  PRITCHARD 1869 

(0) Internudear separation in olomic units (b) Vibmtional quantum number 

FIG. 2. The correction AV(R)  required to force the Kofos and Wolniewicz potential (with adiabatic 
and relativistic corrections) to yield the observed rotation-vibration energy levels for H2. (a) A V ( R )  
plotted as a function of internuclear separation R.  This correction has been adjusted (see text) so that 
the total potential is smooth, and so A V ( R )  itself is not smooth because the original potential V ( R )  is 
not completely smooth, each individual point having been optimised differently. (b) AE(o) plotted as 
a function of vibrational quantum number c ,  denoted by the discrete points. The solid lines represent 
estimates of the non-adiabatic coupling correction made by LeRoy and Bernstein: the upper curve is 
their  LIE(^) and the lower one ~ E l ' ( c ) ;  the dotted line is a semi-empirical estimate by Bishop and Shih. 

adiabatic coupling corrections for the ground 
state of Hz. 

We conclude two things. One, that it now 
appears virtually certain that, although non- 
adiabatic effects have been thought t o  be unim- 
portant for Hzf (23), they are the main cause of 
the remaining discrepancies between theory and 
experiment for the ground state of Hz. Two, we 
believe that we have inverted the rotation- 
vibration energy-level scheme for Hz in a satis- 
factory manner to  yield an acceptable approxi- 
mation to  the effective internuclear potential, 
and in consequence, it appears that it is possible 
to represent these non-adiabatic effects as an 
effective correction to  the potential, as we do in 
Fig. 2(a) and Table 2 ;  whether this effective 
potential can usefully be used to  describe 
properties of Hz other than the rotation- 
vibration energy levels remains to  be seen. 
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Electronic absorption spectra and dipole moments of diazafluoren-9- 
ones studied by the MIM, PPP, and CNDQ/2 methods 
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CONCET~A GANDOLFO, GIUSEPPE BUEMI, DOMENICO GRASSO, and SALVATORE FASONE. Can. J. 
Chem. 54, 1870 (1976). 

The electronic spectra of three diazafluoren-9-one isomers have been measured in cyclo- 
hexane solution and the results compared with those of 'molecules in molecules' (MIM) and 
PPP calculations. A satisfactory agreement between experimental and theoretical data has 
been found, and five ?r + ?r* transitions can be assigned to their 'uv spectra. For two com- 
pounds dipole moments in benzene solution have been measured and results are compared 
with theoretical values obtained by MIM and CND0/2  calculations. 

CONCET~A GANDOLFO, GIUSEPPE BUEMI, DOMENICO GRASSO et SALVATORE FASONE. Can. J. 
Chem. 54, 1870 (1976). 

On a mesuri les spectres ilectroniques de trois isomkres de la diazafluorinone-9. On a com- 
par6 ces mesures, effectuies en solution dans le cyclohexane, avec les risultats des calculs MIM 
("molicule dans molicules") et PPP. On a trouvi une relation satisfaisante entre les donn6es 
thioriques et expirimentales et on a pu attribuer cinq transitions r -+ ?rs dans les spectres uv. 
Pour deux composis, on a mesurC les moments dipolaires en solution benzinique et compari 
cesvaleurs expirimentales avec lesvaleurs thioriques obtenues par des calculs MIM etCND0/2.  

[Traduit par le journal] 

Measrrreme~lts A . m n  

The ultraviolet absorption spectra of the compounds, FIG. 1. Absorption spectra of diazafluoren-9-ones in 
dissolved in methanol and cyclohexane (spectrograde cyclohexane. 

Introduction reagent), were recorded by a PYE-UNICAM SP 1800 
spectrophotometer over the 210-370 nm range. 

In the last years the electronic absorption The electric dipole moments were determined in 
spectrum of fluorenone has been much dis- benzene solution a t  25 + 011 "C; for the dielectric 

cussed. After different interpretations on the 
nature of the lowest singlet-singlet transition, 
first believed to be an n + a:h transition (1) and 
successively assigned to a a -> a* transition 
(2-4), five a + a* transitions have been definitely 4.6- 

assigned in the near ultraviolet spectrum of 
fluorenone (5). 

In this paper we have extended our study to 
the three diazafluoren-9-one isomers (Fig. I) and '.O- 

carried out MIM, PPP, and CND0/2 calcula- 
tions to correlate their electronic spectra and o 

dipole moments. For these molecules the relevant f ,- 
literature data provide only the preparation of 
compounds (6) and the uv spectrum of 43 -  
diazafluoren-9-one in ethyl alcohol (7). 

3.0 

Experimental 

Moterials 
4,5-Diazafluoren-9-one (I), 1,5-diazafluoren-9-one (2) =- 

and 1,8-diazafluoren-9-one (3) were prepared according to 
the procedure described in ref. 6. 

" \. L: 

\---.-/,I 
I! 

0- 

'\ 

I I I I 
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GANDOLI :O ET AL. 1871 

constant measurements, a Dipolmeter WTW model 01 
was used ( A c / c  = 10-5 at a frequency of 2 MHz). 

The refractive indices werc measured on a Bausch and 
Lonib refractometer with an accuracy of i 3  X 10-5. 

The solute molar polarization, extrapolated to infinite 
dilution, was eval~~ated by the simplified Guggenheim 
method (8). 

Theoretical Calculations and Results 

The energies of the excited electronic states of 
the compounds have been calculated by the 
MIM and PPP methods and compared with 
experimental data. 

The details of the MIM method are discussed 
in refs. 9 and 10. In this paper, the same two 
geometries adopted for the fluorenone (cases 
EG3 and EG4 in ref. 5) are used. 

The fragments considered for the molecules 
studied are pyridine and formaldehyde. The 
SCF-MOs by Mataga and Nishinloto (11) and 
the activation energy and ionization potential 
values by Favini and Gamba (12) are used for 
pyridine, while the SCF-MOs and an activation 
energy of - 1.78 eV by Edwards and Grinter 
(13) are used for the formaldehyde fragment. 
Also used are the same locally excited states of 
pyridine and formaldehyde as reported in refs. 
13 and 14 respectively. For the EG4 symnletry 
the core resonance integrals were evaluated by 
Kon's relationship (15), while for the EG3 
geometry the same values for fluorenone were 
used. 

The two centre integrals were evaluated by the 
Pariser-Parr semienlpirical formulas, using the 
parameter values reported in Table 1. 

Dipole moment values were calculated by the 
MIM and C N D 0 / 2  methods for both geom- 
etries. 

In particular, in the MIM calculation, the 
experimental dipole moment of formaldehyde 
(2.29 D (16)), the r moments reported in ref. 17, 

TABLE I .  Two-centre electron repulsion integrals 
(/'p/qq) = (I + />I. + C r L  

11 (/ (I 1) c rll,,,(A)* 

C C 11.130 -2.912 C.253 4.80 
C 0 13.200 -4.205 0.452 3.95 
C N 11.735 -3.255 0.302 4.50 
N N 12.340 -3.779 0.414 3.25 
N 0 13.805 -4.535 0.499 3.85 

'For r > ni,, the two-ccntrc electron repulsion integrals werc 
cvaluatcd as e z / r .  

and the calculated mesomeric moments were 
considered. 

Conclusions 

The absorption spectra of compounds in 
cyclohexane solutions are shown in Fig. 1; the 
experimental absorption ranges and oscillator 
strengths and the theoretical results are collected 
in Table 2. 

The spectra show three different ;~bsorption 
ranges; for 1,8-diazafluoren-9-one the experi- 
mental band a t  longer wavelength is relatively 
well resolved and has very much the appearance 
of the band a t  longer wavelength of fluorenone 
(5). 

Moreover, the red-shift of this band passing 
from cyclohexane to methanol (AX = 9 nm) is 
like that found for the fluorenone, characteristic 
of the a + a* transitions. 

The relatively small intensity for a a+ a4: 
transition is substantiated by the theoretical 
results. 

Possible n + a* transition in the same range 
can be disguised from the superimposed a + a* 

transition. 
From an evaluation of these theoretical data, 

it appears that the calculations give a satisfactory 
interpretation of these spectra, and show five 
a -> a* transitions in the near ultraviolet region. 
A comparison between theoretical and experi- 
mental data suggests that the transition of lowest 
energy should correspond to the experimental 
band a t  the longest wavelength, while the two 
transitions a t  intermediate energy and the two 
energetically highest should be ~nvolved in the 
second and third absorption ranges respectively. 

This assignment is similar t o  that proposed 
for fluorenone (5). 

A careful analysis of the theoretical data 
shows that the results obtained assuming EG3 
geometry as basis for the calculations are in 
every case energetically higher with respect t o  
those obtained assuming the EG4 geometry. 
Similar results were obtained for fluorenone (5). 

A comparison between the calculated energy 
values considering the same geometry shows that 
on going from the MIM to PPP method, the first 
and the last transitions for compounds 2 and 3 
increase their energy, while the three intermedi- 
ate transitions practically remain constant. 

For compound 1 only the highest energy 
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TABLE 3. Composition (yo) of the excited electronic states of diazafluoren-9-ones* 

Combined configurations 
State 

Geometry (symmetry) APy Tz c' Aco Dominating configurations 

4,s-Diazafluoren-9-one 

TABLE 4. Theoretical and experimental 
dipole moments (D) 

P311h1 ~ C S D O / ~  

Compou~id pen" EG3 EG4 EG3 EG4 

- 

*Extrapol;~ted value (see Conclusions). 

transition increases strongly on passing from the 
MIM to PPP method. 

The results obtained by this method for com- 
pounds 1 and 2, adopting an EG4 geometry, 
seem to give a better interpretation of experi- 
mental absorption spectra than the MIM. 

For compbnd  3, the MIM method, using the 
EG3 geometry, gives the best results. 

Table 3 reports the composition (%) of the 
excited electronic states for the compounds in the 
EG4 geometry, the values obtained for the EG3 
geometry being very close. From our evaluation 
of these data it appears that both charge- 
transfers and locally excited states contribute 
remarkably at all transitions. 

Experimental and theoretical dipole moment 
values are collected in Table 4. A value for the 
dipole moment of 1,8-diazafluoren-9-one can be 

extrapolated, by means of a qualitative argu- 
ment, from the experimental values of the other 
two compounds. In fact, if one assumes that 
passing from 1,5-diazafl~loren-9-one to 1,s-diaza- 
fluoren-9-one the dipole moment increases the 
same amount, then one has, passing from 
4,5-diazafluoreil-9-one to 1,5-diazafluoren-9-one, 
a value of 6.34 D. This result is very close to  
those obtained by the CND0/2 and MIM 
calculations for both geometries. 

For the other two con~pounds the MIM re- 
sults reproduce satisfactorily the dipole moment 
of the con~pound 2 but not that of compound 1, 
while the CND0/2 ones give a fine agreement 
for both molecules. 

I .  J. 1 '~orr .  J. Chem. I'hys. 19, 101 (1951). 
2. A. KUDOYAMA. Bull. Chem. Soc. Jpn. 37,1540 (1964). 
3. K.  YOSH~E~ARA and D. R. KEARNS. J. Cheni. Phys. 45, 

1991 (1966). 
4. H. KUZODA and TOSIYASU L. KUNII .  Theor. Chim. 

Acta, 9, 51 (1967). 
5. G.  FAVINI, G. BUEMI, D. GRASSO, and G .  CAPIETTI. 

J. Elect. Spectrosc. 2, 239 (1973). 
6. J. DRUEY and P. SCIIMIDT. Helv. Chin]. Acta, 

XXXIII, 1080 (1950). 
7. G .  E. INGLETT and G.  F. SMITH. J. Am. Chern. Soc. 

72, 842 (1950). 
8. J. W. SMITH. Electric dipole moments. Butterworths, 

London. 1959. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1874 CAN. J. CHEM. VOL. 54. 1976 

9. G .  FAVINI, A. GAMUA, and M.  SIMONETTA. Theor. 12. G. FAVINI  and A. GAMUA. Gazz. Chim. Ital. 98, 627 
Chim. Acta, 13, 175 (1969). (1968). 

10. K. H .  GIOVANNELLI, G. HOI-ILNEICHER, and P. A.  13. T .  G. EDWARDS and 1'. GRINTER. Theor. Chim. Acta, 
STRAUB. Ber. Bullsens, I'hys. Chern. 75, 857 (1971). 12, 387 (1968). 

11. N. MATAGA and K. NISHI~IOTO.  2. Phys. Chem. N F  14. G. FAVINI,  A. GAMUA, and 1. K. BELLOBONO. Spectro- 
13, 140 (1957). chin.  Acta, 23A, 89 (1967). 

15. H.  KON. Bull. Chem. Soc. Jpn. 28, 275 (1955). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Tertiary ghosghine complexes of the cobalt(I1I) 
NN'-ethylenebis(salicylic%eneiminato) and bisdimethylglyoximato systems 

C. W. SMITH, G. W. VAN LOON, AND M. C. BA~RD 
Depcr~~rnle~rr ?f Clren~isfry, Qlree~l's Utricersiry, Ki~rgstotr, Otrr., Cntrndci K7L 3 N 6  

Received November 3 ,  1975 

C. W. SMITH, G. W. VAN LOON, and M. C. BAIRD. Can. J. Chem. 54, 1875 (1976). 
Complexes of the types [CosalenPR3]X, [C~sa len (PR~)~]X,  [ C O ( D H ) ~ P P ~ ~ X ] ,  and [CO(DH)~- 

(PR3)2]C104, many of them new, have been prepared and characterized with respect to  IH nmr 
spectra, ligand field parameters, and equilibrium constants for the formation of the 2:l salen 
complexes. IH chemical shifts appear to be dominated by anisotropic rather than inductive 
effects, while the relative tertiary phosphine ligand field strengths appear to correlate with the 
steric requirements of the phosphines as well as their expected u donor strengths. Ease of 
formation of the 2:l salen complexes is determined largely by steric effects, as are rrntrs effects 
in the D H  systems. 

C. W. SMITH, G. W. VAN LOON et M. C. BAIRD. Can. J. Chem. 54, 1875 (1976). 
On a prepare et caractkrise, grice k la spectroscopie rmn, aux paramktres de champ de ligand 

et aux constantes d'iquilibre pour la formation de complexes 2:1, les complexes des types 
[CosalenPR3]X, [Co~alen(PR~)~]X,  [ C O ( D H ) ~ P P ~ ~ X ]  et [ C O ( D H ) ~ ( P R ~ ) ~ ] C I O ~  parmi lesquels 
plusieurs Ctaient nouveaux. I1 semble que les dCplacements chimiques sont dominks par des 
effets anisotropiques plut6t qu'inductifs alors que les forces relatives de champ de ligand des 
phosphines tertiaires seraient corrClCes avec les exigences stCriques des phosphines de m&me 
qu'avec les forces que l'on peut attendre pour ces phosphines comme donneurs U. La faciliti de 
formation des complexes (salen) 2:1 est diterminee principalement par des effets steriques; il en 
est de m&me pour les effets rrn~is dans les systkmes DH. 

[Traduit par le journal] 

Because of their anticipated similarity to the 
chemistry of vitamin BIZ, a cobalt-corrin system, 
a number of octahedral and square pyramidal 
cobalt complexes containing essentially planar, 
tetradentate, strong-field chelate systems have 
been studied in recent years (1, 2). Pertinent to 
the work discussed here are investigations of the 
NN'-ethylenebis( salicylideneiminato )cobalt(III), 
[CosalenL2]+ (1) and bisdimethylglyoximatoco- 
balt(III), [Co(DH),L,]+ (2) (L = neutral ligand), 
systems, which have been studied with a view to 
determining the effects of varying both the axial 
ligands (L) and the chelate group on the physical 
and chemical properties of the central cobalt ion. 

Measurements of ligand field parameters of the 
chelate systems are made difficult because of the 
low symmetry of the complexes (3) and because 
their electronic spectra are often dominated by 
intense charge transfer bands (4). Empirical 
crystal field calculations (9, however, suggest 
that the (DH), grouping has a relatively high 
ligand field strength, above (NH3)4 and (en),, but 
below (CN-)4 (6) in the spectrochemical series. 
Generally there appears to be considerable 
covalency in the bonding to cobalt (9, and the 

metal ion in many cases exhibits unusual kinetic 
lability of the axial ligands (7, 8) and a prefer- 
ence for 'soft' axial ligands (9, 10). 

A number of rather inconclusive attempts have 
been made to understand the mutual inductive 
influences of the axial and the in-plane ligands 
on the properties of each other. For instance, for 
the compounds [Co(DH),LX] (L = neutral, X = 
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anionic ligands), it was reported that the D H  
methyl resonances become more shielded, the 
oxime proton resonances less shielded as the 
axial ligands beco~lle better donors (as measured 
by their Hammett CT,, values) (1 1). However some 
of the compounds have subsequently been shown 
to have been incorrectly formulated (12), and the 
chemical shift data may be better explained in 
terms of anisotropic shielding by paramagnetic 
currents on the cobalt rather than purely in- 
ductive effects (12). Also, for similar compounds, 
there is no apparent correlation between the pK,, 
of the oxime protons and the pK, of HL-I- (13). 
Furthermore, the acidity of the coordinated 
water in the compounds [CO(DH)~(H~O)L]+ 
decreases as the basicitv of L increases when L is 
a tertiary phosphine, but does the opposite when 
L is a substituted aniline (7). 

Although cobalt(III)(DH,) complexes appear 
to be invariably six-coordinated, five-coordinated 
complexes of the type [CosalenX] are formed 
when X is a highly polarizable, strong CT donor 
such as an alkyl group or a tertiary phosphine 
(14, 15). Few axial ligand equilibrium studies are 
available, although the equilibrium constants 
for the reaction 

decrease in the order PPh3 < PEtPhz < PBu3 
(15). 

As much of the above work is concerned with 
complexes where L is a nitrogen donor, it 
seemed of interest to investigate a series of 
tertiary phosphine complexes. This paper ex- 
tends the series of known tertiary phosphine 
cobalt complexes (15), and compares the relative 
influences of the four tertiary phosphines, PPh3. 
PMePh?, PMe2Ph, and PBu3, differing widely in 
electronic properties and steric requirements, on 
the physical and chemical properties of complexes 
of the types [CosalenL2]+ and [CO(DH)~L~]+.  
Subsequent papers will consider the electro- 
chemistry of the same complexes. 

Experimental 
The complexes [CosalenPR3]C1O4~H20 and [Cosalen- 

(PR3)2]C104 were prepared by methods described in 
literature (15-17), although product analysis and polaro- 
graphic behaviour of the supposed [C~salen(H~O)~]ClO, 
(17) suggested that the material was actually [Cosalen- 
(H20)0H]. The desired diaquo complex was readily 
prepared it1 sit11 by suitable p H  adjustment. I t  is not 
known whether the complexes [CosalenPR3]C10,~H20 

VOL. 54, 1976 

are five-coordinated or wlietlier, in fact, the water 
molecules are coordinated. Their dark green colours, 
however, are very similar to  the colours of their solutions 
in 95% ethanol, in which five-coordinated species are 
believed to be present (see below), and thus thesolid 
materials are also probably five-coordinated. Tlie nmr 
spectra of the bis-phosphine salen derivatives are con- 
sistent with the suggested formulations; Iiowever 
elemental analyses for these compounds were not 
obtained. 

Tlie complexes [CO(DH)~(PR~)~[C~O,  and [Co(DH)?- 
(PR3)2]N03 were prepared by the general methods of 
Costa et (11. (18) using starting materials described in 
literature (19-21). Difficulties were encountered in 
attempts to isolate the mono-phosphine (DH)2 complexes 
by treatment of the diaquo complex with slightly less than 
stoichiometric amounts of PR3 (18). The materials 
isolated were found to  be the bis-phosphine complexes 
for PR3 = PBu3 and PMe2Pli, and mixtures of the bis- 
and mono-forms for PMePH,, after recrystallizatioli from 
methanol. Syntheses of the bis-phosphine complexes pro- 
ceeded smoothly using the same route with excess tertiary 
phosphine. The compounds [CO(DH)~PP~,X)  were also 
prepared by standard procedures (11, 22). 

Analyses were performed by A. B. Gygli Microanalysis 
Laboratory, Toronto, and Schwarzkopf Microanalytical 

FIG. I. Comparison of the temperature dependence of 
the nmr spectrum of [Co~alen(PMePh~)~]+ with the 
computer generated spectra for triplet collapse due to  
phosphine exchange. 
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SMITH ET AL. 1877 

TABLE 1. Analytical data 

Calculated Found 

Complex C H N C H N 

[ C O ( D H ) ~ ( H ~ O ) ~ I N O ~  23.71 4.98 17.28 22.94 5.05 16.95 
[CO(DH)~(PPI I~ )~CIO~ 57.87 4.86 6.14 57.15 5.73 5.82 
[ C O ( D H ) ~ ( P M ~ ~ P ~ ) ~ ] N O ,  45.94 5.78 11.16 45.87 6.15 11.21 
[ C O ( D H ) ~ ( P B ~ ~ ) ~ ] C I O ~  48.45 8.64 7.06 48.21 8.69 6.94 
[Cosalen(H20)OH] 53.40 4.76 7.77 55.40 4.23 7.90 
[CosalenPPh3]CI04.H20 57.93 4.43 3.97 57.26 4.45 3.94 
[CosalenPMePhz]CI04.H20 54.18 4.55 4.36 54.96 4.36 4.59 
[CosalenPMe2Ph]C104~H20 49.63 4.69 4.82 49.10 4.81 4.84 
[CosalenPBu3]C10, 53.64 6.59 4.47 53.88 6.72 4.58 

TABLE 2. Nuclear magnetic resonance spectral parameters for [CosalenL]CI04~H20 and 
[CosalenL2]C104 in CD,CNn 

Complex dczH4) T(CH) r(PMe) 

L = PBu3 6.02(br) 1.98 (d, JpH = 3 Hz) - 
L = PMe2Ph 6.12(br) 2.26 (d, JpII = 3.5Hz)  8 .35(d,Jp11 = 13.5Hz) 
L = PMePh: 6.04(br) 2.31 (d, JpII = 3 Hz) 8.52 (d, JpII = 14.5 Hz) 
L = PPh3 6.21(br) r - 
L2 = (PBu,)~" 6 .25(br)11 2.12(br)" - 

L2 = (PMe2Ph)2" 6.55(br)" 2.63(br)" 8.52 (t, 'JPH + 4JPI1 = 8.8 HZ) 
L2 = (PMePh2)2C 6.43(br) c 8.13 (t,2Jp, +4Jp, ,  =g .OHz)  

"d = doublet, t = lriplet. br = broad. 
b ~ t  280 K .  
cAt 253 K.  
(LResonnnce narrows on "P dccoupling. 
'Resonance obscurcd by nronintic rnultiplcr 

Laboratory, Woodside, N.Y.; analytical data are pre- 
sented in Table I .  

Ultraviolet-visible spectra were obtained using Unicam 
SP800 or Spectronic 505 spectrophotonieters. When 
titrations with the air-sensitive phosphines were carried 
out, it was necessary to use anaerobic techniques. The 
titrations were done by adding aliquots of the phosphine 
with a Hamilton microlitre syringe to a solution of the 
cobalt(II1) complex maintained under nitrogen. The 
photometric cell was fitted with a serum cap and was 
purged with nitrogen via two 22 gauge needles; after 
purging for 4 min, both needles were withdrawn, leaving 
a positive pressure. Aliquots of solution were transferred 
via a flushed 5 ml syringe and were injected through the 
serum cap into the cell. 

Nuclear magnetic resonance experiments were carried 
out using a Bruker HX-60 instrument. Line-shape analysis 
for protoll nmr triplet collapse reflecting chemical ex- 
change in chemical systems is apparently unprecedented. 
A rate line-shape equation was therefore derived, follow- 
ing the analysis outlined by Meiboom and co-workers (23) 
for quartet collapse due to proton exchange from the 
methylammonium ion, using the Gutowsky, McCall, and 
Slichter model (24). A dissociative phosphine mechanism 
was assumed (8) and line shapes were computed for thirty 
values of the mean lifetime of the phosphine at  the 
coordinated site between 1 O3 and The input param- 
eters T2 (relaxation time in the absence of exchange) and 
6, (coupling constant in radians per second) were 

obtained from the experimental spectra at  low tempera- 
ture; computed line shapes for T = lo3 matched the low 
temperature spectra well with respect to coupling con- 
stants, bandwidths and normalized peak heights (see 
Fig. 1). 

Results and Discussion 

Proto11 N~iclem. Mrrgtzetic Reso~icr~zce Sl~ectrci 
'H nmr spectra data for the salen complexes 

are listed in Table 2. Assignments were based on 
integrations, phosphorus-decoupling experiments 
and data in the literature for similar compounds 
(25) ,  and are reasonably straightforward. Al- 
though 31P decoupling had no effect on the line 
widths of the ethylene and methine resonances of 
the 1 : 1 complexes, the corresponding resonances 
of the 2:l  complexes narrowed on 31P decoup- 
ling in several cases, indicating long range 
phosphorus-hydrogen coupling in the latter 
cases. Interestingly, the methine chemical shifts 
of both the 1 : 1 and 2: 1 complexes move to 
higher field in the order PBu3 < PMe2Ph < 
PMePh2 < PPh3, i.e. in the reverse direction to 
that expected on the basis of relative donor 
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TABLE 3. Activation parameters for dissociative phosphine 
exchange from the complexes [C~salen(PR~)~]ClO,  

AG+ 
E:L (kcal mol-1) aH:i AS:': 

I'R, (kcal mol-1) 298 K (kcal/mol-1) (eu) 

TABLE 4. Nuclear magnetic resonance data for the complexes C O ( D H ) ~ P P ~ , X  and CO(DH),(PR~)~(NO,,  CIO,) 

X, PR3 7DHMe (JPFI) T Z - C I C  (JIVI) T ~ - ~ ~ ~  (JPII) 7 other resonances (excluding Ph) 

8.02 (1.6Hz) 
8.01 (1 .9Hz)  
8.17(3.1 Hz) 
8 .35(3 .0Hz)  
8.38 (3.3 Hz) 
8 .19(3 .5Hz)  
8.30 (3.4 Hz) 
8.41 (3 .0Hz)  
8 .38(2 .2Hz)  
8.53 (2.5Hz) 
8.18 (2.5 Hz) 
7.65 (2.5 Hz) 

- 

8.81 (3.9 Hz) 
7.65 (3.8 Hz) 
7.66 (4.3 Hz) 
Obscured by D H  

- 
6.95 (6.5 Hz) 

- 

- 

- 

9.25 (7.8 Hz) - 
Obscured by D H  
9.58 (8.2 Hz) 

- 

- 

9.05(Pr Me) 
- 

6.37(OMe), 3-5(C6H4) 

strengths. It is possible that through space 
anisotropic shielding by the phosphine phenyl 
rings could result in the order observed (1 I), 
particularly as the efTect is greater for the 2: 1 
complexes. However, the correlation with the 
ethylene chemical shifts is less satisfactory, and 
more data are needed to explain this ~in~isual  
cis influence. 

The room temperature proton nmr spectrum 
of the complex trrri~s-[Cosalen(PMe~Ph)~]ClO~ in 
CD3CN contailis a 1 :2: 1 triplet a t  T 1.48 which 
may be assigned to the phosphorus inethyl 
groups. The triplet structure can be interpreted 
in terms of an AA1X6X6' spin system in which 
J*4A' ( i .e.  JpP) >> JAkX (26). On raising the tem- 
perature, the triplet structure collapses to a 
singlet. In contrast, the phosphorus methyl 
resonance of trm~s-[Co~aleii(PMePh~)~]ClO~ is 21 

singlet at T 1.87 at  room temperature, and can 
only be resolved into the triplet expected for an 
AA1X3X3' spin system at lower temperatures. 

Coalescence temperat~ires in both cases are 
independent of added free phosphi~le, suggesting 
a dissociative process and moderately fast ex- 
change of phosphine between free and coordi- 
nated sites. The spectrum of [C~salen(PMe~Ph)~]-  

C104 as a function of temperature is compared 
with computer-generated spectra for a range of T 

(see Experimental section) in Fig. 1. The fit is 
reasonably satisfrictory, suggesting that the proc- 
ess observed is indeed 
[2] [Co~alen(PMe~Ph)~]+ -* 

[CosalenPMe2PhF + I'MelPh (rate-determining) 

[3] [C~sa l enPMe~Ph] -~  + PMe2Ph --t 
[Co~alen(PMe~Ph)~]+ (fast) 

The experimentally observed and calculated 
syminetrical collapse of the triplet is consistent 
with [2] being rate-determining, as unsymmetri- 
cal collapse would be expected if [3] were not 
rapid. The 1: 1 and 2: 1 species would probably 
exhibit difTerent methyl chemical shifts, and 
collapse would be expected to a position inter- 
mediate to these two values if significant amounts 
of the 1 : 1 complex existed in solution. 

Rate constants for the exchange process were 
determined over a range of approximately 100" 
for each complex, and the derived activation 
parameters are listed in Table 3. Unfortunately, 
similar information could not be obtained for 
the PPh3 and PBu3 complexes. 

H data for the complexes [CO(DH)~(PR~:I~]X 
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SMITH ET AL. 1879 

(X = NO3, ClO4) are listed in Table 4. In all 
cases, the DH niethyl resonances arc triplets 
because of spin-spin coupling to two equivalent 

' 

phosphorus atoms in mutually trmzs positions. 
Triplets werc also observed for the PMe reson- 
ances of the PMePh? and PMe2Ph complexes for 
the same reasons as for the corresponding sale11 
complexes, although the oxime resonances in all 
cases were broad, featureless bands. As with the 
saleii complexes, there is no clear relationship 
between DH methyl chemical shifts and the 
electron donor properties of the tertiary phos- 
phines. The IH nmr spectra for all four com- 
plexes retained thc triplet structures LIP to the 
decomposition temperatures (>400 K);  tlius thc 
complexes are much less labile tlim the corre- 
sponding saleii coniplexes. 

Room temperature proton nmr spectra of the 
complexes trcnl.~-[Co(DH)~PPh3X] (X = Br, I ,  
alkyl, aryl) in most cascs contain ;I doublet for 
the methyl resoiiaiicc of the DH lig;~nds (JplI - 
1.6-3.0 Hz) (Table 4); thc solc exception was 
that of the isopropyl complcx, for which the DH 
methyl resonance was a singlct. 111 the cases of 
the bronio and iodo coniplexes, raising the tem- 
perature to the deconiposition points (> 360 K), 
had little effect 011 the spcctra. On raising the 
temperature of most of the alkyl coniplexes, 
however, the DH iiiethyl resonanccs broadened 
and coalesced into sharp singlets; in these cases, 
coupling of the phosphorus to the protons of the 
coordinated alkyl groups was also lost at higher 
temperatures. In the case of the isopropyl com- 
plex the situation was revcrsed, phosphorus 
coupling being observed only at lowcr tem- 
peratures. 

Neither added phosphine nor changc of sol- 
vent (CDC13, CGDG, CD3CN, DMSO-(IG) affected 
the coalescence temperature of the methyl com- 
plex significantly, and thus a nicchanism in- 
volving dissociation of the pliosphine is again 
implied. Similar arguments havc been applied 
previously to the complexes [ C O ( D H ) ~ P R ~ M ~ ]  
(R = Ph, OMe) by Brown et (11. (8), who carried 
out detailed line-shape analyses and obtained 
AH+ of approximately 20-22 kcal n~ol-' and 
small, positive AS*, consistent with a dissociative 
process. For the compounds reported here, wc 
have calculated only AG* from the observed 
coalescence teniperatures (T,) (Table 5). The 
approach is justifiable because the AG* values 
calculated this way can be expected to be very 

TABLE 5. T,  and AC+ for the complexes 
[CO(DH)~PPII~X] 

accurate (27). It is also expected that the values 
of AS* should be sniall and approximately con- 
stant in all cases, and thus the derived values of 
AG* should accurately reflect relative activation 
energies. Values of T, and AG* for the methyl 
complex agree very well with data obtained by 
Brown et 01. (8). 

Consideration of kinetic data obtained for 
both the salen aiid the DH systems leads to the 
conclusion that the coniplexes exhibit greater 
than normal lability for octahedral cobalt(lI1) 
systems (28). Similar observations have been 
iioted previously (7-9, 29-3 1 )  and both trcitls 
effects of the axial ligands and cis effects of the 
in-plane chelating ligands appear to be important 
in labilizing the complexes. It has also been noted 
previously that salen complexes appear to be 
more labile than the corresponding DH com- 
plexes (7), as has been observed here. 

The ordering of relative ir(ii~.s effects of the 
axial ligands agrees only partially with the orders 
expected for strongly u bonding ligands (28) 
(taking pK:, values (32, 33) as a measure of the u 
donor strengths of the tertiary phosphines). Thus 
while it is expected that alkyl ligands in tlie DH 
system should have higher trciizs effects than 
tcrtiary phosphines or halides, the order 
PMePh? > PMe2Ph is not expected i l l  the 
s;tle~i systeni. Steric effects, however, appear to 
be very important. Tolinan and co-workers 
(34, 35) have shown 011 the basis of tertiary 
phosphine exchange studies that steric effects 
are niore important than electronic efrects in 
determining coniplex stabilities for nickel(0) 
complexes of the type NiL4 (L = phosphorus 
donor). As a quantitative criterion of ligand size, 
the 'cone angle' was defined as the apex angle of 
the cone, centred at the metal atom, which just 
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TABLE 6. Electronic spectra of the complexes [CosalenL]C10,.H20 
and [CosalenL2]C10, in ethanol 

Complex E m a s  (kK) (log 4 

Absorbance 

I- 

FIG. 2. Spectrophotometric titration of [Co~alen(PBu~)~]ClO~ (0.0824 m M  in 9574 EtOH, 0.1 M 
LiNO,, T = 24°C). Ratio of PBu3 to Con': A ,  0; B, 0.39; C, 1.4; D, 2.3; E, 4.3; F, 6.3; G, 10.1; 
H, 14.0; I, 21.8; J ,  60.9; K, 99.9; L, 198. 

encloses the Van der Waals radii of the ligand 
atoms. 

Phosphorus donor steric requirements, as ex- 
emplified by cone angles, appear to be important 
in octahedral complexes containing chelating 
ligands such as the dimethylglyoximate anion 
(DH). Thus the two chelate rings of trans- 
[Rh(DH)2PPh3C1] are tilted away from the PPh3 
such that the normals to the planes make an 
angle of 17.1" (36). Perhaps surprising, however, 
is the report (37) that phosphines with large cone 
angles decrease the rate of the reaction 

[4] 2[Co(DH),L] + RX + [CO(DH)~LR] + [Co(DH),LX] 
L = phosphorus donor, RX = benzyl halide 

The rate-determining step is believed to be the 
transfer of an electron from cobalt(I1) to the 
organic substrate to form a benzyl radical. As 
this step should be enhanced by good electron- 
donating phosphines, it was suggested that 
sterically hindered ligands may have a lower 
'effective basicity' than would be expected on the 
basis of substituent electronic effects. 

It has also been reported that there is a good 
correlation between phosphine cone angles and 
the methanol methyl chemical shifts of the com- 
plexes [CO(DH)~(PR~)M;OH]+ (38); although 
the nature of the relationship is not completely 
understood, electron donating properties of the 
phosphines appear to be less important than do  
the apparent steric requirements of the phos- 
phines. 

In the cases of the compounds studied here, 
the orders of lability (PMePh2 > PMe2Ph for 
the complexes [Cosalen(PR3)2]+ and iso-Pr > 
n-Pr > Et > Me, and benzyl, aryl > Me for the 
complexes [ C O ( D H ) ~ P P ~ ~ X ] )  may well reflect 
the importance of steric effects. 

Electronic Sl~ectra, Ligmld FieM Parameters 
Electronic spectral data for the salen com- 

plexes in ethanol are listed in Table 6; spectra in 
acetonitrile were very similar. The 1 : 1 complexes 
are green in colour, exhibiting low energy 
transitions in the visible region of the spectrum 
as noted previously (15). Spectra of this type 
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have been interpreted (15) as being characteristic 
of five-coordinated, square pyramidal complexes, 
analogous to  complexes of the type [Cosalen- 
(alkyl)] (5, 14). Thus the tertiary phosphines 
appear to exhibit a thermodynamic t rm~s influ- 
ence comparable with those of alkyl groups. 

Upon titration of [CosalenPR3If with PR3, the 
solutions change to deep red, the low energy 
bands being replaced by more intense absorp- 
tions in the range 16 to  21 kK (see Fig. 2). The 
limiting spectra are essentially identical to  those 
of [ C ~ s a l e n ( P R ~ ) ~ ] C l O ~  in the presence of excess 
PR3, and are very similar t o  the reported spectra 
of [CosalenPR3N02] (15). Thus formation of the 
trnt~s octahedral species is inferred. 

Bands in the spectra of the complexes [Co- 
(DH)z(PR~)~]X occur a t  somewhat -higher- en- 
ergies than those of the corresponding salen 
complexes (Table 7). Except for possibly the 
PPh3 complex, addition of up  to 20: 1 excess PR3 
does not cause significant changes in the spectra, 
and thus it is inferred that phosphine dissociation 
does not occur to an appreciable extent. 

Busch and co-workers (5) have applied an 
empirical crystal field model of Wentworth and. 
Piper (6) to cobalt(lI1) conlplexes siillilar to the 
salen and D H  complexes considered here; the 
latter derived thc ligand field parameters DqZu 
and D,Z, felt to  reflect the relative coordinating 
strengths of the in-plane and axial ligands, 
respectively. D4/, symmetry was assumed, and the 
two lowest energy bands in the spectra in 95y0 
ethanol were used to  obtain the parameters. 
Using an essentially identical approach, D,"" 
was estimated to  be about 2560cm-I for the 
salen complexes discussed here, slightly lower 
than what has been found for [Cosalen(pyridine)- 
Me] (3.'  Values of D,, the ligand field parameter 
for the axial phosphine ligands, are shown in 
Table 8, compared with values reported for the 
methyl group (5). As can be seen, the apparent 
ligand field strengths decrease in the order 
Me > PMezPh > PBu3 > PMePh2 > PPh3. Sim- 
ilar calculations cannot be done with the (DH)2 
complexes because the relevant bands are shoul- 
ders on stronger absorptions and cannot be 
assigned with the necessary accuracy. Neverthe- 

lThe electron mutual repulsion parameter C was 
arbitrarily estimated as 3 kK for purposes of calculation, 
as it is about 3.8 kK and is reasonably independent of X 
and Y for the complexes of the type [Co(NH3),XY]ni (6). 

TABLE 7. Electronic spectra of the complexes 
[CO(DH),(PR~)~]X in 95% ethanol and 

[Co(DH),PPh3X] in CHCI, 

Complex 

TABLE 8. Empirical crystal field 
parameters for the complexes 
[CosalenLIi and [CosalenL2]+ 

Complex 
D*= 

(cm-1) 

L = PPh3 1680 
L = PMePh, 2240 
L = PMe2Ph 2480 
L = PBu; 2480 
Me 2500 
L2 = (Ph,), 1270 
L, = (PMePh2), 1890 
L, = (I'MezPh)Z 2220 
L2 = (PBuj), 2210 
Lz = Me, pyr 2350 

less, the positions of the peak maxima of the 
lower energy absorptions shift to  lower energy in 
the order PMe2Ph > PBu3 > PMePh2 > PPh3, 
parallelling the order observed for the salen 
systems. There is no obvious trend of the low 
energy bands of the complexes [CO(DH)~- 
PPh3X], although the alkyl groups would ap- 
pear to  have higher ligand field strengths, as 
expected (ref. 39 and references therein). 

Although the data may not be very significant 
for such a small number of phosphines, particu- 
larly when the limitations of applying a crystal 
field model to such highly covalent complexes 
are considered, the observed trends only partially 
parallel the expected n donor or n acceptor 
properties of the ligands. Interestingly, however, 
the trends do correlate well with the apparent 
steric requirements of the tertiary phosphines in 
similar systems (38), as expressed by their cone 
angles. Thus steric and electronic factors may 
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TABLE 9. Formation constants for addition of 
PR3 to [CosalenPR3]C10, 

K,  (M-1) 

PR3 95% EtOH MeCN 

contribute to the strength of the cobalt-phos- 
phorus iilteractions in these complexes. 

Formation Cotz.stcrtzts of' tlze Cobalt Saletz 
Cotnl~lexes 

Formation constants, K,, for the equilibrium 

were determined by spectrophotometric titra- 
tions of the monophosphine complexes. Forma- 
tion of the 2: l complex is indicated by a change 
from deep green to red, accompanied by two 
isobestic points; the spectrophotometric titration 
of [CosalenPBu3]Cl04.H~0 in 95y0 ethanol, for 
example, is shown in Fig. 2. Values of K, 
obtained from similar titrations for all phos- 
phines studied in both 957, ethanol and ace- 
tonitrile are reported in Table 9 . T h e r e  was no 
spectral evidence of dissociation of tertiary 
phosphine from the 1 : 1 complexes. 

In both acetonitrile and 957, ethanol, there is 
an increasing tendency for the monophosphine 
form to be stabilized in the order PMe2Ph < 
PBu3 < PMePh2 < PPh3. An essentially op- 
posite trend has been reported by Costa and 
co-workers for the addition of the relatively 
small nitrite to 1:l  complexes, i.e. PBu3 < 
PEtPh2 < PPh3 (15). While the latter order is 
that expected for thermodynamic tratls influence 
dominated by phosphine substituent inductive 
influences on the o orbital donor strength of the 
phosphorus, the former correlates very well with 
the cone angles of the tertiary phosphines (38). 
Thus the extent of addition of a bulky second 
tertiary phosphine to the salen system appears to  
be largely determined by steric considerations. 

2Kr = ( A  - A o ) / ( A ,  - A)[PR3] M-1 (40), where A, and 
A ,  are absorbances at the frequency monitored with no 
added phosphine and with a large excess of added 
phosphine, respectively. 
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Solubilities in the system indium tribromide - sodium bromide - 
water at 25 "C 

ELINOR M. KARTZMARK 
Departr?lerrr o f  Clletnistry, Utriuersity o j  Marliroba, Witlr~ipeg, Marl., Canaria R3T 2N2 
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ELINOR M. KARTZMARK. Can. J. Chem. 54,1884 (1976). 
The system InBr3-NaBr-H20 shows the existence of the following solid phases at 25 "C: 

InBr,(anhyd.), NaBr(anhyd.), and NaBr .2H20. A hydrated form of indium tribromide does 
not exist a t  25 "C 

ELINOR M. KARTZMARK. Can. J. Chem. 54, 1884 (1976). 
Dans le systkme InBr3-NaBr-H20, on note I'existence des phases solides suivantes i 25 "C: 

lnBr3(anhydre), NaBr(anhydre) et NaBr .2H20. I1 n'existe pas de forme hydratie du tribro- 
mure d'indium A 25 'C. 

[Traduit par le journal] 

Introduction 

This work was undertaken in order to establish 
whether indium tribromide crystallises with 
water of hydration a t  25 "C, analogous to  indium 
trichloride which forms a trihydrate. A dihydrate 
of indium bromide was found by Ensslin et 01. 
( I )  to exist in equilibrium with solution between 
22 and 34.5 "C, the work is reported in Linke and 
Seidell (2). The n~ethod of Ensslin et 01. co~lsisted 
in analysing the solid phase and reporting the 
water present as hydrate water. Like indium 
trichloride, indi~im tribromide is very hygro- 
scopic, so this method seemed dubious. 

Sodium bromide was chosen as third coni- 
ponent, because the analogous chloride system 
did not form double salts (3); it was hoped that 
the ternary invariant solution might contain 
considerable indium tribromide and hence give 
tie-lines of sufficient slope to differentiate be- 
tween possible hydrates. Several early authors 
(4-7) report on systems containing sodium 
bromide which crystallises at  25 "C as Na- 
Br.2H20 and persists, according t o  Richards (6), 

solid corresponded to  InBr3.2H20, a result which estab- 
lished the dihydrate as the maximum possible water 
content. Sodium bromide was the B.D.H. reagent grade, 
used without further treatment. 

The systems were stirred in a thermostat a t  25.00 "C for 
three to four days to ensure attainment of equilibrium. 
Solutions and solid phases were analyzed after separation 
and the formulae of the stable solids were determined by 
the well-known method of the 'wet rest'. Solutions high in 
indium bromide content were very viscous. They were 
filtered using suction for as short a time as possible. The 
solid phases were placed between two thick layers of filter 
paper and subjected to hydraulic pressure, so as to render 
them as free from mother liquor as possible. In this way, 
the error in extrapolating tie-lines is minimized. 

Bromide was estimated by precipitation as silver bro- 
mide, with an accuracy of 0.05c,'i and sodium bromide 
was estimated by flame spectrometry, using a Perkin- 
Elmer flame photometer, Model 146, with an accuracy of 
+ 1%. Indium tribromide was obtained by difference. 

Results 
The compositions of equilibrium liquid and 

solid phases are plotted in Fig. 1 and sum- 
marized in Table 1 ; the data are to  be found in 
the depository.1 

until 50.674 "C. This readily obtainable system, Discussion 
NaBr.2H20 in equilibrium with NaBr and H 2 0 ,  
was suggested by Richards as a fixed point for Little discussion is necessary, except t o  remark 

that indium tribromide, unlike indium tri- standardizing thermometers. chloride. is anhvdrous in the solid state at  room 
temperature. This accounts for the fact that its 

Experimental heat of solution is much less negative than that 
Indium tribromide was prepared by the method de- 

scribed by Campbell (8) using metallic indium generously 'The data may be obtained at a nominal charge from 
donated by Cominco, of Trail, B.C. (99.99% pure). the Depository of Unpublished Data, CISTI, National 
Indium tribromide is very hygroscopic, analysis of the Research Council of Canada, Ottawa, Canada KIA OS2. 
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KARTZMARK 

TABLE 1. Solubilities in the system InBr3-NaBr-H20 at 25 "C 
- - 

Liquid phase 

Wt.% NaBr Wt.yo InBrl Nature of solid phase 

0 83.97 InBr3(anhyd.) 
14 72 Invariant*: InBr3(anhyd.) + NaBr(anhyd.) 
23.001 50.07'1 
24.55 47.77 Invariant: NaBr(anhyd.) + NaBr . 2 H 0  

24.28 49.01 
48.83 0 NaBr . 2H20 

*The invariant point involving lnBr3 and NaBr and solution was obtained by the intersection o f  the 
solubility curves, since it was vcry difficult to obtain this system cxpcrirnentnlly. 

FIG. 1. System InBr,-NaBr-H20 at  25 "C. 0, composition of liquid phase (wt.%); 0, composi- 
tion of solid phase (wt.%). 

for indium trichloride, which forms a trihydrate. 1. F. ENSSLIN, B. ZIEMECK, and L. DE SCHAEPDRYVER. 

The very high solubility, 84%, of indium tribro- Z. Chem. 2 5 4 3  293 
2. W. F. LINKE and A. SEIDELL. Solubilities of inorganic mide explains the existence of anhydrous sodium and organic compounds. Val. 4th ed. ACS 

bromide over a broad region of the ternary Washington. 1958. p. 1292. 
diagram. This dehydration of a hydrate by a 3. E. M. KARTZMARK. Can. J. Chem. 52, 3460 (1974). 
highly soluble third component is a-well kndwn 4. D. H. COCHERET. Dissertation Leiden 1911. 

phenomenon. occurs in this system evell 5. L. C. DE COPPET. Ann. Chirn. Phys. [5] 30,417 (1883). 
6. T. W. RICHARDS. Z. Phys. Chem. 28 314 (1899). 

though the temperature the 7. J. E. Rlcc1, J. B u ~ 1 . q ~  and N. B ~ ~ ~ J J U L I A .  J. Am. 
system (50 "C) is well removed from the tempera- Chem. Soc. 59. 868 (19j7). . , 

ture of the ternary study. 8. A. N. campbell. In press. 
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The decomposition of dimethylbenzylanilinium chloride in 
alcoholic solvents 

MUNAN KO, TS~JNEYUKI  SATO, A N D  TAKAYUKI OTSU~ 
Depar/metrr o/'Appliecl Clren7isr,:v, Frrcrdry of'Etrgitreeritrg, Osaka Ciry Utrioersiry, Sluniyoslri-krr, Osrtkrt, Japmz 
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MUNAN KO, TSUNEYURI SATO, and TAKAYUKI OTSU. Can. J. Chem. 54, 1886 (1976). 
The decomposition of dimethylbenzylanilinium chloride (DMBAC) was found to follow 

second-order kinetics in ethanol or aqueous ethanol solvents, but first-order kinetics in higher 
alcoholic solvents. From the activation parameters obtained at  80 "C, different isokinetic 
relationships were found for the ethanol series and the higher alcohol series. The dissociation 
constants of DMBAC in ethanol and isopropanol at 80 "C were calculated to be 7.34 X lo-) 
and 2.10 X 10-4 mol/l, respectively, from conductivity measurements. Accordingly, it was 
concluded that in higher alcohols the major part of DMBAC exists as ion pairs, which are 
responsible for the decomposition reaction, but in ethanol the decomposition involves a 
bimolecular reaction between free ions. 

MUNAN KO, TSUNEYUKI SATO et TAKAYUKI OTSU. Can. J. Chem. 54, 1886 (1976). 
On a trouvC que la cinCtique de La dCcomposition du chlorure de dimCthylbenzylanilinium 

(DMBAC) est du deuxikme ordre dans I'Cthanol ou dans des melanges ethanol-eau; cette 
dCcomposition est toutefois du premier ordre dans des solvants alcooliques de poids molCcu- 
laires plus Clevis. A I'aide des paramktres d'activation obtenus 21 80 "C, on a trouvC diffirentes 
relations isocinCtiques pour les skies Ctl~anoliques et pour ses homologues supCrieurs. On a 
calculC, B partir de mesures de conductivitC k 80 "C, les constantes de disssciation du DMBAC 
dans I'Cthanol et I'alcool isopropylique qui sont respectivement 7.34 X 10-3 et 2.10 X 
mol/l. On en conclut donc que, dans les alcools de poids molCculaires plus ClevCs, la portion 
principale du DMBAC existe sous fornle de paire d'ions qui sont responsables pour la reaction 
de dCcomposition; dans I'Cthanol, la dCcomposition implique une rCaction bimolCculaire entre 
ions libres. 

[Traduit par le journal] 

Introduction 

In a previous paper (I),  it was reported that the 
binary system of dimethylaniline and benzyl 
chloride or their quaternary salt, dimethylbenzyl- 
anilinium chloride (DMBAC), could serve as 
radical initiator of vinyl polymerization. From 
the results of kinetic and tracer studies on the 
polymerization of methyl methacrylate with 
DMBAC, the initiating radical was found to be a 
phenyl or methyl radical which might be formed 
via a redox reaction [2] between DMBAC and 
dimethylaniline, itself formed through a reverse 
Menshutkiu reaction of DMBAC [I ] :  

where R1, R2, R3, and X are C6H5, C6H5CH2, 
CH3, and C1, respectively. 

For the deconlposition of ammonium and 
sulfonium salts in solution, the following two 
SN2 mechanisms have been established kinetically 
(2-5) : 

Sjv2 clecon?l~osition of' tile ion pair: 

[3] (R),NfX- 4 (R)3N + RX 

Rate of decomposition = kI[(R),N+X-] 

where kl  is the first-order rate constant and 
[(R)4N+X-] is the concentration of the quater- 
nary salt. 

[I] RIR'N+(R~)ZX- 4 RLN(R3)z + R2X 
S,\r2 cleconzposition of'the free ions: 

R I R ~ N + ( R ~ ) ~ X -  + RlN(R3)z 4 

'C~HS 4- RzN(R3)z + R I N + ( R ~ ) ~ x -  [41 (R),N+ + X- + (R),N + RX 

0 r Rate of decomposition = k2[(R),N+X-1' 

P I  .CH3 + RINR2R3 + R I ~ ~ + ( R ~ ) ~ X -  Ross et [I / .  (3) investigated kinetically the 
decomposition of benzyldimethylanilinium thio- 

1Author to whom correspondence should be addressed. cyanate in various solvellts, and in the presence 
'Revision received February 27, 1976. of various neutral salts, and pointed out that the 
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KO ET AL. 

kinetics changed with both the salt and solvent 
used, depending on the degree of association of 
the quaternary ammonium salt. 

In the course of our earlier study on vinyl 
polymerization with DMBAC, the rate of de- 
composition of DMBAC was found to change 
widely with the solvents used. 

The present paper will describe the results 
obtained kinetically on the decomposition of 
DMBAC in a series of alcoholic solvents. 

Experimental 
Materials 

DMBAC was synthesized and purified according to the 
method described in the previous paper (1). Ethanol was 
refluxed with niagnesium ethoxide, followed by distilla- 
tion. Isopropanol, 11-butanol, and tert-butanol were dis- 
tilled. The other reagents were also purified by ordinary 
methods. 

Detertnitratiotr of Rate of Decot~~positiotr of D MBAC 
Fro171 tlre Detert~~ittatiott of Ditnetlrylatrilitre Pro(/rtced 
As reported previously (I), the main products from the 

decomposition of DMBAC in ethanol were confirmed to 
be dimethylaniline and benzyl chloride. Especially the 
former was produced in quantitative yield, as determined 
by gas chromatography. I t  was also confirmed that the 
rate of reaction of dimethylaniline with benzyl chloride 
was much slower than that of the decomposition of 
DMBAC under similar conditions. Therefore, the rates of 
decomposition of DMBAC in solution were determined 
by a spectroscopic measurement of dimethylaniline 
(A,,, 298 nm) produced, by using a Hitachi EPS-3T 
spectrometer. 

The reactions were carried out in a sealed glass tube, 
which contained the required amounts of DMBAC and 
alcoholic solvent, in a thermostat maintained at a given 
temperature. After an  appropriate reaction time, the tube 
was removed from the thermostat and cooled in a dry 
ice - methanol bath. Then a specific aliquot of the reac- 
tion mixture was transferred into a uv cell, and its spec- 
trum measured. It was observed that there is a straightaline 
relationship between the concentration of dimethylaniline 
and its absorbance. 

F,wt7z tire Determirratio~r of Utrreacted DMBAC 
Since DMBAC reacts quantitatively with sodium 

tetraphenylborate ((C6H5),BNa) to give dimethylbenzyl- 
anilinium tetraphenylborate (C6HSN+(CH3)2CH2C6H~- 
(C6HS),B-), the rate of decomposition was also deter- 
mined by measuring the weight of tetraphenylborate salt 
obtained. The reactions were carried out in a sealed glass 
tube. After reaction for a given time, the contents of the 
tube were poured into a water solution containing excess 
sodium tetraphenylborate, and the resulting precipitate 
was filtered, washed with water, and then dried under 
vacuum. From the yield of this precipitate, the concentra- 
tion of unreacted DMBAC was determined. 

When the decomposition of DMBAC (0.1613 g) was 
performed in ethanol (10 ml) at  90 OC for 2 h, the extent 
of decomposition was 20.6% (from dimethylaniline) and 

Time (h )  

FIG. 1. Second-order plots for the decomposition of 
DMBAC in ethanol: [DMBAC] = 1.214 X mol/l. 

19.8% (from unreacted DMBAC). The fact that almost 
identical values were obtained by both methods, indicates 
that DMBAC decomposed into dimethylaniline and 
benzyl chloride quantitatively, within experimental error. 

Results and Discussion 

Decon~positiotz Rates of DMBAC in Alcoholic 
Solverz t s 

In order to investigate the effect of solvents on 
the decomposition reaction of DMBAC, the 
rates of decomposition were determined in 
various alcoholic solvents at temperatures be- 
tween 60 and 95 "C. Figure 1 shows the second- 
order plot for the DMBAC decomposition in 
ethanol, determined from the dimethylaniline 
produced. When the plots were made for a 
first-order reaction, no straight line relationship 
was observed. 

Similar second-order plots were also obtained 
for the reactions in 95%, 90%, and 80% aqueous 
ethanol solvents. From these results, the second- 
order rate constants ( k z )  obtained at various 
temperatures are summarized in Table 1.  

However, no second-order plot was observed 
for the decomposition in higher alcohols, i.e. 
isopropanol, n-butanol, and tert-butanol. In 
these cases, first-order plots were observed. 
Figure 2 shows the first-order plots for the de- 
composition of DMBAC in isopropanol. The 
first-order rate constants ( k l )  thus obtained are 
also shown in Table 1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1888 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Rate constants for the decomposition reaction 
of DMBAC at various solvents and temperatures 

Temperature k2 X 10) k l  X 105 
Solvent ("c) (I mol-1 s-1) (s-1) 0.2 

Ethanol 70 1.89 - 
75 3.81 - 

95% Ethanol 

90% Ethanol 

90 
92.5 
95 

80% Ethanol 80 
8 5 
90 
9 5 

Isopropanol 65 
70 
75 
80 
85 

!I-Butanol 65 
70 
75 
80 

!err-Butanol 60 
65 
70 
75 
80 

To further clarify the solvent effect, the result- 
ing rate constants were plotted against the Y 
values as a measure of ionization ability of the 
solvent in the Grunwald-Winstein equation [5] 
(6): 

FIG. 2. First-order plots for the decomposition of 
DMBAC in isopropanol: [DMBAC] = 1.214 X 10-I 
mol/l. 

FIG. 3. Relationship between log k ,  or log k2  and Y 
values in the Grunwald-Winstein equation (5). 

Effect of Temperuture about 30-35 kcal/mol. Such a result is expected 
The effect of temperature on the decomposi- from a reaction proceeding from a charged salt 

tion of DMBAC in alcoholic solvents at tempera- to  two neutral molecules. Correspondingly, it 

151 log k = I?ZY tures ranging from 60" to 95 "C was investigated. 

where nz is a constant independent of the solvents From th;: data shown in Table 1, activation 

used. The results are shown in Fig. 3, from which parameters were calculated and are summarized 

the straight line relationships were observed in Tables 2 and 3. 

between log k2  and Y ( t n  = - 1.06), and log kl  As can be seen from both tables, the activation 

and Y (m = - 2.75). entropies (AS*) in all solvents are large positive 
values, while the activation enthalpies (AH*) are 
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KO ET AL. 1889 

TABLE 2. Activation parameters for decomposition of DMBAC at 80 "C 

k2 Relative A H7 AS" AG+ 
Solvent (1 mol-1 s-1) rate (kcal mol-1) (cai deg-1 mol-1) (kcal mol-1) 

Ethanol 4.61 ~ 1 0 - 5  10.2 34 .O 26.7 24.6 
95% Ethanol 2.02X10-3 4.5 33 .O 22.1 25.2 
90% Ethanol 9.67X10-4 2.1 32.2 18.3 25.7 
80% Ethanol 4.54X10-4 1 30.8 11.7 26.6 
Methanol 4 . 0 4 ~  10-4 0.9 - - - 

TABLE 3. Activation parameters for decomposition of DMBAC at 80 OC 

kt Relative AH+ AS+ AG+ 
Solvent (s-l) rate (kcal mol-I) (cal deg-1 mol-1) (kcal mol-I) 

12-Butanol 5.70X10-5 1 34.7 19.9 27.7 
Tsopropanol 9 . 1 9 ~ 1 0 - 5  1.6 33.7 18.9 27 .O 
tert-Butanol 6.92X10-4 12.2 32.3 18.2 25.9 

the solvent polarity, and this order relates to  an 
increase in activation entropy. Accordingly, the 
reaction seems to  be controlled by eilthalpy in 
the former solvent series, but by entropy in the 
latter solvent series. Similar entropy-controlled 
reactions have been reported in some Menshutkin 

Effect of Common Iorls 
as*  (e.u.1 The results of reactions in the presence or 

FIG. 4. Relationship between AH* and AS+ in the absence of lithium chloride and tetramethyl- 
decomposition of DMBAC in various solvents. ammonium chloride are shown in Table 4. AS 

can be seen from this table, the rate in ethanol 
is considerably accelerated 'by the presence of 

has been that in the reac- these salts, but in isopropanol it is only slightly 
a large negative activation is accelerated. Such a difference is compatible with 

obtained (7). different reaction mechanisms, as is described 
The change in activation parameters with the later. 

solvents used is opposite in the two series of 

reactions From the (8). data in Tables 2 and 3, the plots 
between AH" and AS* are shown in Fig. 4, from 
which isokinetic relationships are set up sep- 

+ I 

1 a 3 3 1  ! ~-BuOH* ~ ~ " t o E t ~ H  

alcoholic solvents.-1n the higher alcohol series 
(Table 3), in which a first-order decomposition 
proceeds, the observed rates increase with a 
lowering of the polarity of the solvent, and this 
tendency corresponds to  a decrease in activation 
enthalpy. In the ethanol or aqueous ethanol 
series (Table 2), in which a second-order reaction 
proceeds, the rates decrease with increasing of 

311 arately for the two solvent series. Both show 
straight line relationships, with isokinetic tem- 
peratures of 216 K in ethanol solvents and of 

10 2 0 3 0 
1396 K in the higher alcohol solvents. 

3 2 

Condrlctiuity Measurement 
From the results shown in the preceding 

sections, it was assumed that the existing modes 
(free ion or ion pair) of DMBAC in these sol- 
vents largely determined the observed kinetic 
behavior. To  further clarify the extent of dis- 
sociation of DMBAC in these solvents, con- 
ductivity measurements were undertaken. The 

9O0/.EtOH - 
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TABLE 4. Common ion effect of neutral salts on the decomposition of DMBAC 
in the solventa 

Amount of 
Neutral Temperature DMA produced Relative 

salt Solvent ("c) X lW (mol/l) rate 

None Ethanol 90 1.53 1 
LiCl Ethanol 90 2.38 1.56 
(CH3),NCI Ethanol 90 2.31 1.51 
None Isopropanol 70 1.79 1 
LiCl Isopropanol 70 1.94 1.08 
(CH3),NCI Isopropanol 70 2.09 1.17 

"Reaction condition: [DMBAC] = [Neutral salt] = 1.214 X lo-' mol/l, for 2 11. 

TABLE 5. Dissociation of DMBAC in various alcohols from conductivity 
measurements 

Temperature 
Solvent ("C) 

90% Ethanol 25 
Ethanol 25 
Ethanol 40 
Isopropanol 25 
Isopropanol 40 
11-Butanol 25 
ferf-Butanol 30 

aDegree of dissociation (r) was calculated from the equation: K = cr2/(l - r )  where c = 1.214 X 
lo-' mol / I .  

FIG. 5. Relationship between 1/A and K in various 
solvents: (a) ethanol (25 "C), (b)  ethanol (40 "C), (c)  90% 
aqueous ethanol (25 "C), (d) isopropanol(25 "C), (e) iso- 
propanol (40 "C), (f) 11-butanol (25 "C), and (g) fert- 
butanol(25 "C). 

results are shown in Fig. 5, in which X is the 
equivalent conductivity and K is the specific 
conductivity in the following equations [6], [7], 
and [8] (9): 

where k is the cell constant, R is the resistance, 
A, is the equivalent conductivity a t  infinite 
dilution, K is the dissociation constant, and c is 
the concentration of DMBAC. 

From Fig. 5, the straight line relationships 
with an intercept of 1/X, and a slope of 1/XW2K 
are observed in plots of 1/X us. K. The values of 
X, and K obtained in various solvents with their 
dielectric constants (D) are shown in Table 5. 

In Table 5, the degree of the dissociation (r) 
calculated from the observed K value (see foot- 
note in Table 5) for a given salt concentration is 
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also listed. The K values of DMBAC in alcohols 
coincided with those of other quaternary tetra- 
alkylammonium salts in these alcohols, as re- 
ported by Fuoss ef al. (10). 

It is interesting to  note from Table 5 that 
DMBAC dissociates more than 90% in ethanol . 
and in 90% aqueous ethanol solvents, but it 
dissociates less than 60% in higher alcohols. 

From Table 5 ,  the enthalpies (AHO) of the 
dissociation of DMBAC in ethanol and in 
isopropanol are calculated as - 1.47 and -3.39 
kcal/mol, by using the van't Hoff equation (1 1) 

AH0 = -2.303 Rd (log K/rl(l/T)) 

From these values, the dissociation constants 
and the degrees of the dissociation of DMBAC 
in ethanol and in isopropanol a t  80°C are 
calculated to  be K = 7.34 X mol/l, r = 
87.4% and K = 2.10 X mol/l, r = 33.8, 
respectively. 

Mechanism of Reaction 
The kinetic behavior of the decomposition of 

DMBAC was found to  be different in ethanol or 
aqueous ethanol than in isopropanol or higher 
alcohols. By means of conductivity measure- 
ments of DMBAC in these solvents, it was con- 
cluded that in ethanol most of the DMBAC 
exists as free ions, while in isopropanol the major 
part exists as ion pairs. The difference in kinetic 
behavior is considered to  originate from this fact. 

In higher alcohol solvents, DMBAC exists 
largely as the ion pair, so that the rate of its 
decomposition is directly proportional to the 
concentratioil of DMBAC. This is in agreement 
with the observed first-order kinetics. 

On the other hand, in ethanol and aqueous 
ethanol solvents, DMBAC dissociates into free 
ions. Since the concentration of the ion pairs is 
now presented as a product of both chloride and 
anilinium ions, the rate becomes second-order 
with respect to the DMBAC concentration. This 
result also agrees with the observed kinetic data 
and the common ion effect. 
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Studies on inorganic ion exchangers. I. Preparation, properties, 
and applications of ferric phosphate 

J. P. RAWAT A N D  PRITAM SINGH THIND 
Depcrrr~~lerlr o f  Cllernisrry Aligar.11 Mrdslinl U~litiersiry, Alignrlr, (U.P.) Illdin 
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J. P. RAWAT and PRITAM SINGH THIND. Can. J. Chem. 54, 1892 (1976). 
Eight samples of ferric phosphates have been prepared at  different p H  values under different 

conditions. This material shows cation exchange properties. Ferric phosphate prepared by 
ferric nitrate and ammonium dihydrogen phosphate at  p H  1 is the most stable and shows the 
maximum ion exchange capacity, hence, this sample is studied in detail. The mole ratio of 
Fe3+ :PO,J- is 1 :2. The ion exchange capacity depends upon temperature and hydrated radii, 
and these relations are discussed. Certain important separations are achieved on the ferric 
phosphate column. Its oxidation properties are also qualitatively investigated with some 
reducing agents. 

J. P. RAWAT et PRITAM SINGH THIND. Can. J. Chem. 54, 1892 (1976). 
On a prCparC huit khantillons de phosphate ferrique B des valeurs diffkrentes de p H  sous 

diverses conditions. Ce matCriel presente des propriCtCs d'khange cationique. Le phosphate 
ferrique prCparC par rhction de nitrate ferrique et du phosphate diacide d'ammonium B un 
p H  de 1 est le plus stable et prCsente la capacitC maximale d'khange ionique; on a donc CtudiC 
cet khantillon en detail. Le rapport molaire de FeJ+:PO43- est de 1:2. La capacite d'echange 
ionique depend de la temperature et des rayons hydratCs. On discute de ces relations. On peut 
rCussir certaines siparations importantes sur la colonne de phosphate ferrique. On a aussi 
CtudiC ses propriites oxydantes par rapport B quelques agents rCducteurs. 

[Traduit par le journal] 

Introduction 
In the past ten years various illorganic ion 

exchangers have been prepared and used for 
several possible applications (1-5). Out of these, 
the phosphates are the most studied. Phos- 
phates of zirconium (6), titanium (7), tin (8), 
cerium (9), chromium (lo), tantalum (1 l), and 
antimony (12) have been synthesized and used 
for various separations in analytical chemistry. 
Few ion exchange studies on iron salts have been 
made. Iron phosphate was prepared by Koba- 
yashi (13) by mixing ferric hydroxide and phos- 
phoric acid. The phase equilibria was studied but 
this compound was slightly soluble in phosphoric 
acid. 

We have prepared ferric phosphate by the 
combination of ferric nitrate and phosphoric 
acid or ammonium dihydrogen phosphate in 
different mole ratios and at  various p H  values. 
Of these, the sample prepared by mixing 0.1 M 
ferric nitrate and 0.1 M ammonium dihydrogen 
phosphate in the ratio of 1 :2 at p H  1.0 seems 
stable and possesses the maximum ion exchange 
capacity. Therefore, the various studies, for 
example determination of Kd values, separations, 
p H  titrations, stability etc., are performed on this 

sample. Chemical analysis and hydrolysis of a 
few other samples has also been performed. A 
relation of ion exchange capacity with hydrated 
radii of the metal ions is discussed. The electron 
transfer process of this compound by some 
reducing agents is also studied. 

Experimental 
Reage~irs 

Ferric nitrate (BDH) and orthophosphoric acid or 
ammonium dihydrogen phosphate (BDH) were used. All 
other chemicals were of analytical grade. 

Appamrlrs 
An electric temperature controlled S IC0  shaker was 

used for shaking. A Bausch and Lomb spectronic 20 was 
used for spectrophotometric measurements. p H  measure- 
ments were made with an Elico pH-meter model Li-10 
(India). A Philips conductivity bridge p H  9500, Sargent 
Oscillometer type (V) was used for conductometric and 
high frequency titrations. 

Syt~rlresis 
Ferric phosphate was precipitated by adding phos- 

phoric acid or ammonium dihydrogen phosphate to the 
solution of ferric nitrate with constant stirring under the 
conditions given in Table 1. The required p H  of the final 
product was adjusted by adding either hydrochloric acid 
or sodium hydroxide solution. On standing for 24 h, the 
precipitate settled. It was filtered, washed first with 
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RAWAT AND THIND 1893 

TABLE 1. Conditions of preparation and properties of ferric phosphates 

Conditions of synThesis Properties 

Molarity of Mixing Ion 
reagents volume Colour exchange 

ratio in H +  capacity Composition 
Sample Fe P (Fe :P) p H  form (mequiv./g) (Moles of Fe:P) 

0.1 FN* 
0.1 F N  
0.1 FN 

0.1 F N  

0.1  F N  

0.05 FN 
0.05 F N  
0.05 FN 

0.1 ADPt 
0 .1  PA$ 
0.1 PA 

0.1 PA 

0.1 PA 

0.05 PA 
0.05 ADP 
0.05 ADP 

White 
White 
Light 
yellow 
Light 
brown 
Light 
brown 
White 
White 
Brown 

'FN, ferric nitrntc. 
tADP,  ammonium dihydrogen phosphnte. 
$PA, phosphoric acid. 

TABLE 3. Ion exchange capacity of ferric phosphate (sample 1) 
for different uni- and divalent metal ions 

Ion 
Exchange 

Metal p H  of the Hydrated capacity 
ion Salt solution used solution radii (A) (mequiv./g) 

Lithium nitrate (2 M)* 
Sodium nitrate (2 M) 
Potassium nitrate (2 M) 
Magnesium nitrate ( I  M )  
Calcium nitrate (1 M )  
Strontium nitrate (1 M) 
Barium nitrate (1 M )  
Ammonium nitrate (2 M )  

water at the precipitation pH, then with demineralized 
water at p H  6, and dried in an oven at 40 "C. The mate- 
rial was converted into the H+ form by treatment with 
1.0 M nitric acid for 24 h with occasional shaking and in- 
termittent changing of the acid. The product thus formed 
was dried at 40 "C in a temperature controlled oven. 

Detertninatiorz of  lor^ Exc11arrg.e Capacity 
The ion exchange capacity of the various samples of 

ferric phosphate was determined by column operation. 
The ion exchanger in the hydrogen form was placed in the 
column with a glass wool support. Sodium nitrate 
solution (1.0 M) was used as the eluent, and 400 ml of 
effluent was collected in every case. The hydrogen ions 
eluted from the column were titrimetrically determined 
with a standard solution of sodium hydroxide. 

Detertnitratiorl o f  Optim1rr?2 Mole Ratio 
For the preparation of the ion exchanger the com- 

bining ratio was found by titrating Fe(NO,), with 

NH4H2P04 using high frequency and conventional con- 
ductometric methods. Breaks in the curves were obtained 
at the Fe3+:P04,- mole ratio of 1 :2 in both cases. This 
ratio was obtained for the preparation of ferric phosphate 
for most of the samples. 

Cl~emicul Analysis 
For this analysis 500 mg of the well powdered material 

was dissolved in 10 ml of hot concentrated hydrochloric 
acid. Ferric ion was estimated volumetrically by the usual 
iodometric titration and phosphorous pentoxide by 
ammonium phosphomolybdate precipitation, followed 
by neutralization titration. 

Clremical Stability 
T o  determine the solubility of the material, 0.5 g of the 

exchanger in H+ form was shaken with 50ml of the 
solution concerned at 30 f 1 "C. After 6 h of equilibrium 
the supernatant liquid was removed and analysed for 
phosphate and iron. The phosphate analysis was per- 
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formed spectropliotometrically using the niolybdova- 
nado-phosphoric acid method (14) and the analysis of 
iron was also performed spectrophotometrically using 
the potassium cyanide - potassiun~ ferrocyanide reagent 
method (15). 

lot! Excl~atrge Po/etr/ioti~e/~~ic Ti/t,(i/iotrs 
Potentiometric titrations on 0.5 g of ferric phosphate 

sample 1, having a total volun~e of 50 ml with 0.1 M 
solutions of lithium hydroxide, sodium hydroxide, 
potassium hydroxide, and ammonium hydroxide, were 
performed by tlie method of Topp and Pepper (16). 
In the case of added salt titrations, 0.1 M solutions of 
salts of the above nlentioned alkalies were added. The p H  
of the solution after shaking with the reaction mixture 
for 4 h was noted. 

Hyirolysis 
Hydrolysis of samples 1, 4, 5, and 6 was studied by 

using 0.5 g of the ion exchanger in the hydrolysis ap- 
paratus (Visser's method) (17). For this purpose an 
apparatus was assembled in which the agitated sample 
was washed continuously with conductivity water ( p H  
7.0 to 6.5). The flow rate of the eflluent was 6-8 drops per 
minute. The effluent was titrated with sodium hydroxide 
(0.01 M )  in 10 ml fractions until the p H  approached the 
value of pure water. 

Dis/ribll/iotr Coeficietr/s 
The distribution studies were carried out for 27 metal 

ions by a batch process in the usual manner (18) after 
attaining equilibrium by shaking the metal ion solution 
with exchanger beads for 6 11 at room temperature (30 i 
I 'C. The Kd values for metal ions were calculated by 
using the following expression (for cases where the 
determination of the metal ion was feasible in the 
presence of PO,'-): 

I - F  50 
Kc, = - 

F Xg.j 

where I  is the volume of EDTA consumed by the original 
solution and F  is the volume of EDTA consunled after 
equilibriuni. The total volume of the solutions was 50 ml 
and the amount of exchanger used was 0.5 g. U022+, 
V02+, Caz+, and Co'+ could not be determined by 
EDTA titrations. The amounts of these metal ions present 
in solution initially and after e q ~ ~ i l i b r i ~ ~ m  were determined 
by spectrophotometry. Uranium and vanad i~~m were 
estimated by the peroxide method. Calciun~ was deter- 
mined using nlurexide as tlie c o l o ~ ~ r  developing reagent. 
The estimation of Co?+ was performed by noting the 
absorbance of green colour developed in concentrated 
hydrochloric acid m e d i ~ ~ m  at 625 nm. 

Sepclro/io/rs 
For separation studies. 2 g of ferric phosphate in the 

H+ form was taken in a glass column 30 cm in height and 
0.69 cm in diameter. It was regenerated with nitric acid 
(1.0 M )  and washed with demineralized water until the 
effluent was neutral. The rate of Row in all separations 
was 0.5 ml/min. The separation of metal ions was tried 
for those for which the separation factor was greater than 
6. The eluents were water, nitric acid, and acetic acid. 

Osi(/(~riorr Propc.t./ies 
T o  s t ~ ~ d y  the oxidation properties, a few granules of 

ferric phosphate sample I in H+ form were treated with 
vario~ls lower oxidation state species and the colour 
change was noted. 

Results and Discussion 

Ferric phosphate possesses cation exchange 
capacity, reasonable stability, and differential 
selectivity for various nietal ions and hence can 
be used for analytically important separations. 

The results of the study of ion exchange 
capacity and coniposition of various samples of 
ferric phosphate are presented in Table 1. In 
order to determine the working capacity as an 
ion exchangcr, the capacity of sample No. 1 was 
determined for some mono- and divalent cations, 
also. The results are given i11 Table 2. Ion ex- 
change capacity depends upon the hydrated radii 
of the nietal ions in the same group. We have 
used the equilibrium in the solution phase where 
hydrated radii play an important role. The plots 
of ion exchange capacity against hydrated radii 
of the metal ions of the alkali metal group and 
alkaline earth metal group are straight lines, 
which reveals that ion exchange capacity de- 
creases as the hydrated radii increase in the same 
group. The results for NH4+ are not considered 
because the initial pH value of the NH4NO3 
solution obtained as eluent was 4-5 which was 
considerably less than the p H  value of the rest of 
the eluent solutions having initial p H  value 6-7; 

The studies on stability determinations re- 
vealed that Fe(II1) is not dissolved in water and 
acetic acid while a slight dissolution (0.080 mg of 
Fe/50 ml) does occur in 0.1 M nitric acid. How- 
ever, phosphate dissolved to a greater extent than 
iron. Phosphate dissolved was 0.412, 0.456, and 
0.560 n ~ g  of P/50 n ~ l  in HN03 (pH l), CH3COOH 
(pH 3), and water (pH 6.8) respectively, which 
shows that as the pH of the solution increases 
the dissolution of phosphate also increases. 
These results are in agreement with those of 
Larsen and Vissers (17). Repeated ion exchange 
measurements for K' ion (1 M I<NO3) give i0? 
exchange capacities of 1.28, 1.24, 1.20, 1.16, and 
1.1 1 niequiv./g after 1, 2, 3, 4, and 5 cycles. 
These results reveal that a slight decrease in ion 
exchange capacity was observed after the fifth 
cycle and this loss of capacity is due to  hydrolysis 
and dissolution of phosphate. 
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RAWAT AND THIND 

TABLE 3. Hydrolysis of ferric phosphate 
- 

Volume of NaOH (0.01 M) in ml 
Volume of 

emuent Sample 1 Sample 4 Sample 5 Sample 6 Sample 1 
(ml) in H+ form in H+ form in H+ form in H+ form ill Na+ form 

FIG. 1. p H  titration of ferric phosphate (sample 1) 
with added salt method: 0 KC]; A LiC1; @ NaC1; 
A NH4Cl. 

The potentiometric titration results plotted in 
Figs. 1 and 2 for different alkali salts and 
hydroxides indicate that ferric phosphate be- 
haves as a weak acid. The shape of the curves is 
somewhat disturbed by the addition of salts. 

The effect of heat on ferric phosphate was 
studied by drying sample 1 at different tempera- 
tures in a muffle furnace for 2 h and the ion 
exchange capacity for Na+ (1 M NaNO3) was 
determined. The capacities were 0.77, 0.60, 0.38, 
0.22, 0.07, and 0.00 mequiv./g for the products 
dried a t  45, 100, 200, 300, 400, and 600°C 
respectively. These results indicate that the ion 
exchange capacity of this material decreases as 

12 - 

Volume 0.1 M olkol~ hydroxoda lm110.5gl  

2 

I 
FIG. 2. p H  titration of ferric phosphate (sample 1) with 

different alkali hydroxides: @ NaOH; 0 LiOH; A 
KOH. 

L 

- 

t ~ I 1 1 1 1 1 1  

the drying temperature is increased. A plot of ion 
exchange capacity against the square root of the 
temperature ("C) (Fig. 4) is a straight line. There 
seems no theoretical basis for this relation. The 
results of hydrolysis (Table 3) reveal that all the 
samples undergo hydrolysis when treated with 
water at p H  6.8. However, sample 1 undergoes 
the least hydrolysis. Hence sample 1 was studied 
in detail. 

On the basis of the molar ratio of Fe3+ :P043- 
(1 :2) determined by chemical analysis and pre- 
dicted by high frequency and conductometric 
titration (keeping in mind the resemblance of 
ferric phosphate to  phosphates of Zr4+ (6), 
Th4+ (19), Ce4+ (9), and Ti4+ (7) as M(HP- 
04)2.nH20 where M is the corresponding metal 
ion) a tentative formula of ferric phosphate can 
be proposed as FeH(HP04)y 11H20. 

The analytical importance of ferric phosphate 

0 5 10 15 2 0  2 5  30 35 4 0  45 50 

Volume 0.1 M alkali salt (m1/0 .5g)  
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D M W  - p H  1 ( ~ ~ 0 3 )  

E f f luent  Volume ( m l )  

FIG. 3. Binary separations on a ferric phosphate column (sample 1). 

can be deduced from the results of K, values. On 
the basis of K, values in nitric acid (pH 1) and 
acetic acid (pH 3), the selectivity sequence for 
some metal ions on ferric phosphate was found 
to be as  follows. 

At p H  1.0 

These separation factors were defined as the ratio 
of Kd values. On the basis of the separation 
factor greater than 6, the anticipated separations 
were achieved (Fig. 3). These separations are 
quantitative as is clear from Table 5. 

The separation of Hg(I1) and Pb(l1) is im- 

portant because both are heavy metals and 
Pb(I1) is often found as an impurity with Hg(I1). 
The separation of Lu(II1) and Eu(II1) is of 
analytical importance because both are lan- 
thanides and have similar properties. 

Vissers (20) reported that Ce(IV) phosphate in 
contact with a manganese(I1) solution, changed 
from bright yellow to nearly black. The assump- 
tion was made that the manganese exchanged 
with the protons on the solid, and then was 
oxidized to  a state higher than two. The exact 
oxidation state was not determined because of 
analytical problems, but is assumed to be three. 

The same behaviour of electron transfer was 
shown by Fe(II1) phosphate sample No.  1 in H+ 
form. It was observed that when the granules of 
Fe(II1) phosphate were put into the solution of 
Ce(II1) nitrate, first of all exchange of Ce(II1) 
takes place for H+ ions, then the Ce(II1) is con- 
verted to Ce(IV) by giving an electron to  Fe(II1). 
This is confirmed by the change of colour of the 
solution and the granules from white to  bright 
yellow. In this process the electrical neutrality is 
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RAWAT AND THIND 

FIG. 4. Plot of ion exchange capacity as a function of the square root of temperature. 

TABLE 4. Oxidation properties of ferric phosphate (sample 1) 

Colour of 
Initial solution 

Substance colour of after the Probable colour 
Number added solution reaction change due to 

- - - - -  

Colourless Bright yellow Ce(II1)-Ce(IV) 
Violet Colourless Ti(II1)-Ti(1V) 
Green Yellow Cr(II1)-Cr(V1) 
Green Blue Cu(1)-Cu(I1) 
Light pink Black Mn(I1)-Mn(II1) 
Colourless Dark brown 31--1,- 

internally maintained and the hydrogen ion 
release is only proportional to  the moles of 
cerium exchanged. The process may be described 
by the following equation: 

Fe(III)H(HP04)2 + Ce(1II) 
Ion exchange 

step > 

Fe(III)Ce(lII)(P04)2 + 3Hf transfer> 
step 

Fe(II)Ce(IV)(P04)2 
(Bright yellow colour) 

This mechanism is confirmed by the electron 
transfer reactions observed (Table 4) with some 
metal ions (in the lower valency state). Thus 
Ti(II1) changes to Ti(IV), and the violet colour 
of solution disappears. Similarly Cu(1) and 
Mn(l1) convert to the Cu(I1) and Mn(II1) states. 
Cr(lI1) changes to chromate, in this case chro- 
mium(II1) is first exchanged on the granules and 
then oxidized to  the anionic species and released 
to the solution. In the case where the ferric 

phosphate granules are in contact with an iodide 
solution such as potassium iodide, an immediate 
release of hydrogen ion occurs, probably as the 
result of potassium exchange. There is also an 
immediate release of triiodide ion to the aqueous 
solution. 

The change in the oxidation number of Fe(II1) 
to Fe(I1) in this reaction is confi,rmed by the 
experiment given below: 

Granules of ferric Granules become 
phosphate K4(Fe(CN)6) -i dark blue 

Granules of ferric 
phosphate treated 
with lower oxidation + K4(Fe(CN),) --, No colour 
state species 

This indicates that the granules of ferric phos- 
phate give a blue colour with K4Fe(CN)6 due to 
the presence of Fe(II1) and if ferric phosphate is 
treated with any lower oxidation state species 
uiz., Mn(I1) and then treated with kdFe(CN)6 no 
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TABLE 5. Separations on ferric phosphate (sample I) columns 

Amount of 
cations Amount of 

Vol. of exchanger in 

Separation 
effluent Loaded Recovered the colirnns Error 

Eluents (ml) ( ~ g )  ( ~ g )  (g) (%) 

'DMW, demineralized water. 

blue colour is observed due to the absence of 
Fe(II1) which changes to Fe(I1). 
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Influence du substituant tertiobutyl-4 sur les constantes d'aciditd du 
cation cyclohexylammonium et de l'acide cyclohexane carboxylique 

dans les milieux mixtes eau-DMSO et mdthanol-DMSO 
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R e ~ u  le 26 janvier 1976 

JOHN T. EDWARD, PATRICK G. FARRELL, JITKA KIRCHNEROVA, JEAN-CLAUDE HALLE et 
ROBERT SCHAAL. Can. J. Chem. 54, 1899 (1976). 

Les constantes d'aciditC des composCs 1-6 ont CtC dCterminCes potentiomCtriquement dans 
divers milieux mixtes eau-DMSO et mCthano1-DMSO. Quelque soit le mClange CtudiC, la 
position Cquatoriale est plus favorable a I'ionisation des fonctions amine et carboxylique que la 
position axiale. Les rksultats obtenus dans les mClanges contenant suffisamment d'eau montrent 
que le substituant tertiobutyle influence I'ionisation des groupements ammonium et carboxy- 
lique. Une explication bake  sur le diplacement des molCcules de solvant au sein de la deuxitme 
couche de solvatation est proposCe. 

JOHN T. EDWARD, PATRICK G. FARRELL, JITKA KIRCHNEROVA, JEAN-CLAUDE HALLE, and 
ROBERT SCHAAL. Can. J. Chem. 54, 1899 (1976). 

Acid dissociation constants for the compounds 1-6 in water-DMSO and methanol-DMSO 
of varying composition have been determined by a potentiometric method. In all solvents the 
equatorial group ionized more easily, by gain or loss of a proton, than the axial group, but in 
the more aqueous solvents the presence of a !err-butyl group across the cyclohexane ring in- 
hibited this ionization slightly. An explanation based on displacement of solvent molecules 
from the outer solvation sphere is advanced. 

Introduction 

Depuis la mise en Cvidence de l'influence de la 
structure stCrCochimique sur la dissociation 
d'acides divers (I), la ditermination des cons- 
tantes d'acidite' est devenue une mtthode de 
choix pour l'analyse conformationnelle (2, en 
particulier pp. 62-63 de la rtf. 20 et les rCfCrences 
cities ?i ce sujet). En effet, il a CtC montrC qu'en 
gCnCral, les amines e'quatoriales sont des bases 
plus fortes que les amines axiales (ApK[= pKNCr3+- 
(axial) - pKNCr3+(tquatorial)] < 0) (3) et que 
les acides carboxyliques Cquatoriaux sont plus 
forts que leurs tpimkres axiaux (ApK [= pKcooH- 
(axial) - pKcooCr(tquatorial)l > 0) (4-7). Ces 
rCsultats s'expliquent par une meilleure stabilisa- 
tion des ions ammonium et carboxylate placCs en 
position Cquatoriale en raison du moindre 
encombrement sttrique, qui dans ce cas n'est pas 
de nature ?i g&ner leur solvatation (2-7). 

Quoique la gCnCralisation concernant ces 
diffkrences d'aciditt ait CtC initialement retenue 
comme rtgle permettant de distinguer les groupe- 

ments ionisants axiaux et Cquatoriaux, plusieurs 
exceptions sont apparues (30, 3b, 8-1 1) avec des 
ApK quelquefois trks petits (12). Ces exceptions 
ont amen6 Cremlyn et ses collaborateurs (9), ?i 
proposer un nouveau critkre, qui consiste B 
ignorer le signe de ApK et B ne prendre en con- 
sidtration que la variation d'aciditk qui rksulte 
du changement de la composition du solvant 
mixte. L'aciditC du groupement Cquatorial, plus 
sensible aux variations de solvatation que le 
groupement axial, doit en effet subir plus in- 
tendment l'influence du changement de solvant. 
Ces auteurs ont ainsi appliqut leur critkre ?i la 
dttermination des configurations de plusieurs 
paires e'pimkriques d'acides a-aminks, obtenus 
par les rCactions de Strecker et de Buchtrer- 
Bergs, en se p l a ~ a n t  dans les mtlanges eau- 
acCtone contenant respectivement 25, 50 et 67% 
d'acttone en volume. Des travaux rCcents vien- 
nent cependant contredire les conclusions de 
Cremlyn (10, 11, 13) concernant les configura- 
tions de ces compose's. I1 est fort possible que ce 
re'sultat surprenant soit limit6 aux acides a- 
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dirnkthylsulfoxyde et mkthanol-dirnkthylsulfox- 

OH + 
yde de teneur en DMSO variable, les dtterrnina- 
tioils d'aciditt relatives aux acides cis (1) et trans 

2 
tertiobutyl-4 cyclohexyl arnrnoniums (2) ainsi 
que cis (3) et fratzs tertiobutyl-4 cyclohexane 
carboxyliques (4). Par ailleurs, nous avons 
examink le comporternent, dans ces msmes w2' solvants, des acides cyclohexylammonium ( 5 )  et 
cyclohexane carboxylique ( 6 )  en vue de tester 

4 l'hypothkse de Stolow (5) et Sicher et coll. (6) 
relative B l'itude des systkmes mobiles 5a 5e et 
6a @ 6e. - ---- - - - - ~ N H ?  

Partie expkrimentale 

aminks puisque le critkre de Cremlyn n'a jamais 
ktt testk avec des amines et des acides car- 
boxyliques simples. 

C'est donc un des buts de ce travail oh nous 
avons effectut dans les milieux mixtes eau- 

La purification des solvants et la preparation des 
mClanges eau-DMSO et MeOH-DMSO ont dCjB CtC 
dCcrites (14, 15). L'acide cyclohexane carboxylique 
(produit Aldrich) a CtC purifiC par cristallisations suc- 
cessive~ suivies d'un sechage sur P205. La cyclohexyl- 
amine (produit Merck) a CtC distillCe sous vide et le coeur 
de la distillation transformi en chlorhydrate. 

Les mithodes utilisks pour la preparation des acides 
cis et trans tertiobutyl-4 cyclohexane carboxyliques et des 
cis et trans tertiobutyl-4 cyclohexylamines sont celles de 
Stolow (5, 12); les deux amines ont Cgalement CtC trans- 
formCes en chlorhydrates. Les points de fusion correspon- 
dent B ceux publiCs par Sicher (6). 

Les diterminations d'aciditi ont CtC r6alisCes B 20 "C, 

TABLEAU 1. pK B 20 OC des cations arnrnoniums 1, 2, 5 et des acides 3, 4 et 6 dans les milieux mixtes 
eau-DMSO et mCthanol-DMSO 

(a) Milieux eau-DMSO* 

Fraction molaire en DMSO (%) 

ComposC 0 5.9 9.6 13.5 19.5 26.6 35.6 48.7 59.3 69.7 83.1 100 

(b) Milieux methanol-DMSO 

Fraction molaire en DMSO (7,) 
Compost 0 5.9 12.2 19.5 27.1 35.7 45.5 56.5 69.5 83.7 91.5 

5 11.68 11.44 11.21 11.02 10.97 10.96 11.16 11.15 11.18 11.24 11.39 
2 11.63 11.41 11.19 10.99 10.92 10.93 11.13 11.16 11.20 11.28 11.42 
1 11.54 11.33 11.11 10.90 10.84 10.84 11.03 11.05 11.07 11.15 11.27 
6 9.92 9.73 9.52 9.42 9.53 9.78 10.26 10.59 10.98 11.57 12.18 
4 9.84 9.65 9.44 9.35 9.46 9.70 10.19 10.50 10.87 11.48 12.12 
3 10.22 10.01 9.81 9.72 9.83 10.08 10.51 10.81 11.15 11.66 12.28 

RCfCrence 16. 
tValeur extrapolb sur la fig. 1. 
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EDWARD ET AL. 1901 

par potentiornCtrie (14, 15b), en mesurant B 1'Clectrode prCpar&s h partir des composis h Ctudier. Les forces 
d'hydrogbne, indicatrice de 1'activitC du proton solvat6 electromotrices E, et E, des chaines Clectrolytiques A et 
a,+, dans les milieux eau-DMSO (14) et methanol-DMSO B suivantes: 
(15b), le pS+ (-- - log a,+) des solutions tarnponnies 

J"' 
( A )  

Pt; H2, , H2; I't 
dans S ( p  = C,) 

J"' 
(B)  Solution tampon KC1 saturk NaOH (C,)I 

Pt; H2, 1 dans S dans S 
3 Hz; Pt 

dans S ( p  = C,) 

conduisent en effet independamment au pS+ du tampon p < 0.01) et B un seul rapport d'ionisation: 3 pour 3 et 4. 
puisque pour chaque mklange, les activitks rrs,+ et as,+ : pour 1 et 2. Dans ces conditions, la prCcision a CtC 
des solutions acides et basiques peuvent &tre calculCes ?I amCllorh en rCpCtant chaque rnesure quatre ou cinq fois. 
partir des coefficients d'activitk et du produit ionique du Nous estirnons que I'incertitude sur les pK est alors un 
milieu (14-156). peu plus grande (ApK? 0.05) que celle qui caractirise 

F F RCsultats et discussion 
+ 2 . 3 ~ ~ ~ - ~ -  2 . 3 ~ ~  (E,,lll - EJf) 

Nos risultats, consigne's dans le tableau 1, 

1 [21 ps+  = psb+ corrigent quelques erreurs parues dans un me'- 
- - 

moire preliminaire (16). 11 ressort de la fig. 1 oh 
F F 

(E,,,lf - E,,lf) nous avons trace' les variations de pK en fonction 
+ ~ . ~ R T ~ B -  KT de la fraction molaire en DMSO, que les deux 

I 

Rappelons que cette double determination permet de 
s'assurer que, dans la rnesure oh les forces ioniques ( p )  
des cornpartlrnents de rnesure des piles A et B sont les 

, rn&rnes, l'incertitude sur la determination des pS+ due aux 
potentiels des jonctions liquides h Ccoulement (14), est 
t r b  falble et infkrieure aux autres incertitudes expCri- 
rnentales (E,, -- E,,, -- E,,,,) (146). 

Les constantes d'acidite sont ensuite calculCes h partir 
des expressions [3], pour les acides carboxyliques, et [4] 
pour les cations arnrnoniurns: 

[31 P K , ~  = PS+ - log r + fi. B 

[41 p ~ , ~  = PS+ - log I. - fi. B 
Dans ces expressions r reprksente le rapport entre les 
formes basique et acide du compose et B designe le 
coefficient de la relation sirnplifiCe de Debye-Hiickel 
(14, 15b). Trois rapports d'ionisation r ont en general Ctk 
utilisks: :, 1 et 3 et les solutions de rnesure ont e t t  prt- 
parCes de telle sorte que la force ionique p soit Cgale A 
0.01. Cependant, dans les milieux eau-DMSO contenant 
moins de 30% de DMSO en masse ( ~ 1 0 %  en fraction 
molaire), la faible solubilitC de 3 et 4 d'une part, et des 
arnines correspondant h 1 et 2 d'autre part, nous a 
contraints h travailler h force ionique plus faible (0.001 < 

lLes solutions acides et basiques des melanges metha- 
nol-DMSO ont CtC respectivement prCpartes h partir 
d'acide benzbnesulfonique anhydre et d'une solution 
rnCthanolique de methylate de potassium (15b). 

- 

courbes relatives au mCme composC se rejoignent 
dans les milieux les plus riches en solvant dipo- 
laire aprotique. Tout en facilitant l'extrapolation 
au DMSO pur, cet excellent accord timoigne de 
la pricision de notre me'thode. 

Inj71ience cl~i solvnnt sur I'acidite' cies grolqJements 
amlnoni~mz olr cmboxylique, uxinlrx olr 
Pquatorinux 

Pour tester I'hypothkse de Cremlyn, nous 
avons rassembli dans le tableau 2 les ApK qui 
siparent, dans les milieux eau-DMSO et me'- 
thanol-DMSO, les aciditis des ipimkres axiaux 
e t  Cquatoriaux. En ce qui concerne les cations 
ammoniums, il apparait, cornpte tenu des incer- 
titudes expirimentales que l'influence du  DMSO 
sur la ApK (= pK(1) - pK(2)) est nigligeable 
jusqu'h 70% de DMSO en fraction molaire. Dans 
ces conditions, l'hypothkse de Cremlyn n'est pas 
satisfaite et les trks faibles variations observies 
pour les teneurs supirieures h 707, en DMSO 
restent trop petites pour Ctre significatives. On 
doit donc se demander si les plus grandes 
variations de ApK observies par Cremlyn dans 
les mtlanges eau-acitone sont bien attribuables 
au comportement gkniral des cations ammo- 
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TABLEAU 2. Influence du solvant sur les ApK = pK,, - pKcq des fonctions NH3+ et COOH situies sur le 
tertiobutyl-4 cyclohexane 

Eau-DMSO MCthanol-DMSO 

Fraction Fraction 
rnolaire rnolaire 

en DMSO (%) pK(1) - pK(2)  pK(3) - pK(4) en DMSO (5%) pK(1)  - pK(2) pK(3)  - pK(4)  

'Vnleur cnlculie h pnrtir des pK extmpolis. 

fraction molaire en  DMSO 

FIG. 1. Influence de la teneur en DMSO sur les pK du 
cation cis tertiobutyl-4 cyclohexylarnrnoniurn (a) de 
I'acide cis-tertiobutyl-4 cyclohexane carboxylique (A) et 
de l'acidecyclohexanecarboxylique ( 0 )  dans les melanges 
methanol-DMSO (- - -) et eau-DMSO (-): (a)  les 
courbes ( 0 )  sont decalks de - 1 unite pK. 

niums, auquel cas l'acttone serait responsable 
de l'effet observt, ou si elles ne seraient pas 
plutbt particulikres aux acides a-aminCs (seconde 
aciditC) pour lesquels l'ionisation du groupement 
ammonium est fortement influencte par la dCsol- 
vatation progressive de l'anion carboxylate, au 
fur et B mesure que la teneur en solvant dipolaire 
aprotique augmente (17). Par contre, les rtsultats 
relatifs aux acides cyclohexane carboxyliques 
sont conformes B la rkgle de Cremlyn dans les 
deux systkmes de solvants mixtes (voir rCf. 16 
ainsi que tableaux 1 et 2), bien que les variations 
de ApK observtes sont encore inftrieures B celles 
qui caractkrisent la premikre ionisation des 
acides a-amints dans les mClanges eau-adtone 
(9). 

Le critkre proposC par Cremlyn n'est donc pas 
d'application gCntrale: quand il semble s'appli- 
quer il est alors souhaitable de le contrbler en 
modifiant autant que possible le milieu et (ou) 
l'environnement de la fonction qui s'ionise. 

Influence du sr/bstititarzt tertiobrttyl-4 sr/r l'aciditk 
drt cation cyclohexylammoni~~nz 

Pour fixer un groupement en configuration 
axiale ou tquatoriale, Winstein et Holness (18) 
et Eliel et Lukach (19) ont introduit l'emploi du 
substituant cis ou ti-aizs tertiobutyl-4 qui "gkle" 
l'kquilibre conformationnel cyclohexanique. Ces 
auteurs ont par ailleurs suppost que l'tloigne- 
ment des sites -1 et -4 est suffisant pour que les 
effets polaires ou sttriques du substituant tertio- 
butyl-4 n'affectent pas les propriktts du groupe- 
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EDWARD ET AL 

ment -1. Ceci revient B admettre que les pro- 
priCtCs des dCrivCs axiaux ou equatoriaux du 
cyclohexane (e.g. 5a ou 5e) sont respectivement 
les m&n~es que celles des composCs cis (e.g. 1) ou 
trans (e.g. 2). I1 rCsulte donc de cette approxima- 
tion, que les proprittts du vCritable cyclohexane 
substitut, qui est un mClange des deux con- 
formkres (e.g. 5a + 5e) en Cquilibre rapide, 
devraient Etre intermkdiaires entre celles des 
composb modkles cis et trms. Par ailleurs, des 
calculs bien connus depuis 20 ans (5, 6, 18, 19) 
permettront d'estimer les proportions de ces 
conformkres. Ainsi, la constante d'aciditC ap- 
parente K(5) doit verifier [6]: 

oh X, et X, dCsignent respectivement les fractions 
molaires des conformations Cquatoriale 5e et 
axiale 5a (5, 6). Meme si l'approximation: 
X, --- 0.96 (20) n'est pas tout B fait exacte, en 
raison de la petite influence du solvant sur la 
proportion des deux conformtres (20), elle in- 
dique ntanmoins, que le pK du cation 5 doit &re 
trks prks du pK(2) tout en lui restant infirieur. 
Les valeurs de pK(5) sensiblement suptrieures B 
celles de pK(2) surtout dans les milieux eau- 
DMSO contenant moins de 90% de DMSO en 
masse sont donc incompatibles avec 161. De 
m&me dans les milieux riches en DMSO, l'uti- 
lisation de la relation 6 conduit, au fur et B 
mesure que l'on se rapproche du DMSO pur, B 
des pourcentages en forme axiale suptrieurs B ce 
qui est habituellement admis (20). La valeur 
X, -- 0.5 estimCe pour le DMSO anhydre semble, 
en effet, peu p r ~ b a b l e . ~  

Ces anomalies, qui mettent en Cchec le postulat 
de Winstein et d'Eliel, ne peuvent s'expliquer que 
par une influence certaine du substituant tertio- 
butyl-4 sur l'ionisation du groupement am- 
monium. Dans la mesure o c  l'influence observe'e 
est, dans la plupart des milieux mixtes, contraire 
2 ce que l'effet polaire du groupement tertio- 
butyle permettait d'attendre (augmentation de la 
basicit6 de la fonction amine), nous pensons 
pouvoir expliquer raisonnablement ce phtno- 
mkne par une diminution de la solvatation du 

2Un exarninateur a soulevC la possibilitC d'une pro- 
portion importante de conformations "bateaux-croisCs" 
telle que proposCe par Garbisch et Patterson (23). Cette 
possibilitk peut aider B expliquer les rCsultats. 

FIG. 2. Illustration B I'Cchelle des surfaces de van der 
Waals du rrarrs-tertiobutyl-4 cyclohexylarnrnoniurn avec 
deux rnolCcules d'eau (W), une dans la couche intkrieure 
(i) et I'autre dans la couche extCrieure (0 )  de solvatation. 

cation ammonium qui, moins stabilisC, sera donc 
plus acide. La fig. 2, construite d'aprks les 
distances et les angles connus pour les liaisons 
chimiques (21) et les rayons de van der Waals 
(21, 22), illustre dans l'eau la solvatation du 
cation 2. 11 y apparait trks nettement que le 
substituant tertiobutyle diminue le nombre de 
molCcules d'eau de la deuxitme couche de 
solvatation. Par ailleurs, cet effet permet d'ex- 
pliquer les diffirentes aciditCs du groupement 
ammonium Cquatoria13 port6 par les carbones-2, 
-3, -6 et -7 du squelette cholestane (30, 3b). Ce 
phinomkne a Ctt ricemment reconnu par Arnett 
et coll. (24, 25) au cours de son analyse des 
enthalpies et des enthalpies libres de solvatation 
dans l'eau des cations ammoniums. Bien qu'en 
toute rigueur la solvatation de l'amine libre soit 
tgalement B considerer (25) nous pensons que, 
dans le cas prCsent, la solvatation du  cation 
ammonium est dCterminante dans son processus 
d'ionisation. 

I~~Juence du s~lbsti(umzt tertiobu~yl-4 sur I'acidite' 
cle l'acide cyclohexane carboxylique 

La relation 8 sera justifite si, quelle que soit la 
nature du solvant, la constante d'aciditk appa- 
rente de l'acide cyclohexane carboxylique 6 est 
intermtdiaire entre K(3) et K(4) avec ApK6,4 
(I pK(6) - pK(4)) positif. 

3J. T. Edward, rCsultats non publiCs. 
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TABLEAU 3. Influence de la teneur en DMSO sur les ApK = pK(systkme mobile) - pK(conformation Cquatoriale fixCe) 
relatifs aux fonctions NH,+ et COOH introduites respectivement sur le cyclohexane et le tertiobutyl-4 cyclohexane 

Fraction 
molaire 

en DMSO (C/ , )  pK(5) - pK(2) pK(6) - pN4)  

En ce qui concerne la plupart des milieux 
mCthano1-DMSO le tableau 3 fait apparaitre que 
[8] semble assez bien vCrifite. En effet, les valeurs 
calculCes pour X, (~0.70-0.74) d'une part, et 
l'enthalpie libre standard de 1'Cquilibre: 6a F', 6e 
(AGO = 500-600 cal mo1-l) d'autre part, sont 
compatibles avec les donnCes de la 1ittCrature 
(20). I1 convient cependant de prCciser que ces 
valeurs ne doivent pas Etre considtrCes comme 
absolues puisque les calculs ignorent complkte- 
ment l'influence possible du groupement tertio- 
butyle sur la solvatation de 3 et de 4. Les 
rCsultats obtenus dans les milieux eau-DMSO 
(tableau 3) riches en eau (contenant moins de 
40% de DMSO en masse soit "20% en fraction 
molaire) ou en DMSO (contenant plus de 85% 
de DMSO en masse soit =60% en fraction 
molaire) apportent la preuve incontestable de 
cette influence. L'empechement de solvatation4 
au niveau de la deuxikme couche de l'anion trans 
tertiobutyl-4 cyclohexane carboxylate permet 
Cgalement d'expliquer l'affaiblissement notable 
de l'aciditC, dO au substituant tertiobutyl-4, 
observC dans les mClanges riches en eau (dans 
l'eau ApK6,4 = -0.20). Dans la mesure oh le 

MCthanol-DMSO 

Fraction 
molaire 

en DMSO (9;) pK(5) - pK(2) pK(6) - pK(4) 

0 0.05 0.08 
5.9 0.03 0.08 

12.2 0 .02 0.08 
19.5 0.03 0.07 
27.1 0.05 0.07 
35.7 0.03 0.08 
45.5 0.03 0.07 
56.5 -0.01 0.09 
69.5 -0.02 0.11 
83.7 -0.04 0.09 
91.5 -0.03 0.06 

100.0 -0.05 -0.06 

dimtthylsulfoxyde est un mauvais solvant des 
anions B charge localiste (14b-17) la substitution 
tertiobutyl-4 perturbera moins la solvatation de 
l'anion cyclohexane carboxylate comme en tC- 
moignent les faibles valeurs de ApK6,4 nkgatives 
observtes dans les milieux trks riches en DMSO 
(tableau 3). 

I1 est fondan~ental de remarquer que les Cqs 
8 et 6 ont toujours ttC testCes pour des milieux 
hydroorganiques dont la teneur en solvants 
organiques varie de 50 B 80% (5,7). I1 n'est donc 
pas surprenant que les valeurs positives de 
A P K ~ , ~  et nkgatives de A P K ~ , ~ ,  aieilt conduites h 
retenir ces Cquations pour 1'Ctude des Cquilibres 
conformationnels comme nous serions Cgalement 
tentCs de le faire au seul regard des rCsultats 
concernant les milieux eau-DMSO de teneur en 
DMSO semblables (20 B 60% de DMSO en 
fraction molaire) pour lesquels ApK6,4 est positif 
(tableau 3). L'examen des rCsultats relatifs aux 
mClanges eau-DMSO de faibles ou fortes teneurs 
en DMSO montrent que l'approximation qui 
conduit B la relation 8 n'est pas justifiCe ce qui 
rejoint notre conclusion concernant l'influence 
notable du substituant tertiobutyl-4 sur l'aciditk 
du cation cyclohexylammonium. 

4Bien que les variations d'aciditC qui accompagnent la Conclusion 
substitution ~rrrrls tertiobutyl-4 soient ici conformes 2 La diminution de solvatation que le groupe- 
I'effet donileur de ce groupement, 110~s lui prCfCrons merit tertiobutyl-4 apporte un substituant 
l'explication CvoquC prCcCdemment; elle seule rend introduit sur le site -1 du cyclohexane, doit compte, en effet, de l'influence acidifiante du substituant 
Imrls tertiobutyl-4, sur l'ionisation du cation cycle- Cgalement se manifester sur la cinCtique de 
hexylammonium. rkactions affectant une fonction placie en -1, 2 
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condition que l'ttat de transition soit fortement 
solvatC. La saponification des esters en est un 
exemple. Cavell et nl. (26) ont ainsi trouvt que la 
vitesse de saponification de l'ester mCthylique de 
I'acide cyclohexane carboxylique est, dans le mi- 
lange eau-dioxanne contenant 50% de dioxanne 
en volume, 15% plus ClevCe que celle de l'homo- 
logue trmzs tertiobutylC en -4. Ce substituant 
tertiobutyl-4 exerce donc une influence sur cette 
rCaction puisque s'il n'en Ctait pas ainsi, la 
vitesse relative au compost non substitut serait 
un peu nloins ClevCe en raison de la petite pro- 
portion du conformkre axial. Le groupement 
tertiobutyl-4 perturbe donc bien la solvatation 
de 1'Ptat de transition de cette rCaction. En 
revanche, la distance plus grande qui stpare le 
substituant tertiobutyl-4 de la charge ntgative de 
l'ttat de transition correspondant B la saponifica- 
tion dans l'eau du monophtalate de cyclohexyle, 
peut expliquer, dans ce cas, l'influence insigni- 
fiante du substit~iant tertiobutyl-4 sur la vitesse 
de saponification (18). Une telle influence, qui 
dtpend du solvant, est Cvidemment privisible 
pour d'autres rtactions s'accompagnant du dt-  
veloppement d'une charge (rCaction de Men- 
schutkin par exemple). Des travaux plus poussts 
dans cette voie s'avkrent donc souhaitables. 
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The kinetics of the reactions of chlorodithioformate esters with 
azide ions in 70 % aqueous acetone 
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ALAN QUEEN, DAVID M. MCKINNON, and ALEXANDER W. BELL. Can. J. Chem. 54,1906. 
(1976). 

The rates of reaction of a series of chlorodithioformate esters with azide ions in 70% aqueous 
acetone decrease with increasing electron donation to the reaction site. This order is the reverse 
of that observed for Sxl  solvolysis. The entropies of activation are highly negative and the 
rapid rates of azide attack result from the low activation energies. These results indicate a 
bimolecular mechanism for azide attack and this is supported by the first-order dependence of 
the reaction rate on azide concentration. 

ALAN QUEEN, DAVID M. MCKINNON et ALEXANDER W. BELL. Can. J. Chem. 54.1906. 
(1976). 

Les vitesses de rtkction d'une serie d'esters de I'acide chlorodithioformique avec les ions 
azotures dans I'acCtone aqueux a 70% diminuent avec une augmentation de la densite Clec- 
tronique au site de la rCaction. Cet ordre est I'inverse de celui observe pour les rtkctions de 
solvolyse SN1. Les entropies d'activation sont trks negatives et les vitesses rapides de I'attaque 
par les ions azotures proviennent d'inergies d'activation faibles. Ces resultats indiquent que 
les ions azotures attaquent par un mecanisme bimolbulaire et cette conclusion est en accord 
avec la dependance du premier ordre des vitesses de rtkction sur la concentration des ions 
azotures. 

[Traduit par le journal] 

Introduction 
Although esters of chlorodithioformic acid 

hydrolyse by the SN1 mechanism in aqueous 
acetone (l), we have recently (2) presented 
evidence that the corresponding reaction of tk:e 
methyl compound with azide ions in the same 
medium is largely a bimolecular process. How- 
ever, although in this case substitutions by S,1 
pathways are swamped, within the limits of the 
experimental errors, by the rapid bimolecular 
reaction, it is reasonable to assume that a small 
amount of concurrent unimolecular azide attack 
also occurs. This conclusiol~ is based on the fact 
that the rate of solvolysis is greatly decreased by 
the less nucleophilic chloride ion which, conse- 
quently, must capture a free acylium ion. We 
have used this evidence to  exclude an ion-pair 
mechanism (3) for the nucleophilic substitution 
reactions of methyl chlorodithioformate and to 
support the concurrent operation of independent 
SNl and bimolecular processes. 

In order to  confirm the bimolecular natures of 
the azide reactions, we have now studied the 
reactions of phenyl, methyl, and ethyl chloro- 
dithioformates with azide ions in 707, aqueous 

acetone. Activation parameters for the corre- 
sponding reactions of the phenyl and methyl 
compounds have also been measured. 

Products 
It would be expected that the reaction of 

chlorodithioformate esters (1) with azide ions 
would lead to  the corresponding azides (2), but 
such compounds are unknown. Previous at- 
tempts to  prepare them (4, 5) have led to 5- 
substituted thiatriazoles (3, R = alkyl), which 
can also be obtained (6) by treating the sodium 
salt of 5-mercaptothiatriazole (3, R = H) with 
alkyl iodides. The aryl analogues cannot be 
produced by this latter route and have not been 
previously prepared. 

R\ S-C ,,C R\ 3 R ~ s ~ ~ ~  

*s 
S-C\ 

\ S 

Phenyl chlorodithioformate reacted with an 
excess of azide ions in 70y0 aqueous acetone to  
give an almost quantitative yield of a crystalline 
solid which analysed as C7H5N3S2, as required 
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QUEEN ET AL. 

TABLE 1. The effect of salts on the rates of hydrolysis of chlorodithioformate in 
70% aqueous acetone 

T [Salt] li X lo4 
Compound ("C) Salt (M) (s-l) /io.os//io:k 

CH3S-C-CI 10.3 None 2.11 k0.03 
1 1  NaCIO, 0.0496 2.93k0.04 1.39 
S NaCl 0.0608 0.273k0.005 0.275 

C6HsS-C-C1 20.5 None 6.1510.05 
1 1 NaCIO, 0.0515 8.32k0.08 1.34 
S NaCl 0.0478 1.72k0.02 0.261 

*Calculated for 0.05 molar salt, assuming a lincar depcndencc on sa l t  concenlration. 

TABLE 2, The rates of react~on of chlorodithioformate esters with azide ions in 70% aqueous acetone 

C6HSS(CS)CI CH3S(CS)C1 C2H5S(CS)Cl 

[%I T kobs k~ kob% k~ kobs k x 
(MI ("c) (s-1) (s-1 M-1) (s-I) (s-1 M-1) (s-I) (s-1 M-1) 

*Sce ref. I 

by the structures 2 and 3 (R = C6H5). The com- 
pound did not absorb near 2140 cm-I, the 
characteristic azide stretching frequency (7), but 
did have bands a t  1600(w), 1310(s), 1240(s), and 
1090(s) cm-I which are consistent with the pres- 
ence of the 1,2,3,4-thiatriazole ring (6). 

The corresponding reaction of methyl chloro- 
dithioformate yielded a pale yellow oil which 
crystallized on standing at 5OC but melted again 
on standing a t  room temperature. 5-Methyl- 
thio-1,2,3,4-thiatriazole (3, R = CH3) has been 
prepared from methyl bromide and sodium 
thiatriazolinethionate and a melting point of 
34 "C was reported (6). In our hands, this reac- 
tion gave an oil which crystallized on standing a t  
5 "C but which, like the earlier sample, turned to  
an oil when placed in the melting-point apparatus 
at room temperature. The two samples had iden- 
tical infrared spectra lacking bands near 2140 
cm-I and identical ultraviolet spectra showing 
maxima at 278 nm. The phenyl compound also 
had a similar absorption band at 276 nm. 

On the basis of these results, the products 
obtained by reacting chlorodithioformate esters 
with azide ions in aqueous acetone are consid- 
ered to be the 5-substituted- 1,2,3,4-thiatriazoles 
(3, R = aryl or alkyl). 

Kinetic Results 

Table 1 summarises the effects of sodium 
chloride and sodium perchlorate on the rates of 
solvolysis of methyl and phenyl chlorodithio- 
formate. The large accelerating salt effects due to  
perchlorate and the massive common-ion rate 
depressions, which are far too large to  be due to 
negative salt effects, are in accord with the SN1 
mechanism previously proposed (1) for these 
reactions. 

In our earlier paper (2) we showed that the rate 
of reaction of methvl chlorodithioformate with 
azide ions is first order in azide ions, within 
experimental error. Table 2 lists additional re- 
sults for the phenyl, methyl, and ethyl com- 
pounds a t  3.88 "C, using a much wider range of 
nucleophilic concentrations than previously. In 
each case, it can be seen that the calculated 
second-order rate constants decrease with azide 
concentration. However. results obtained for the 
phenyl compound using a fixed azide concentra- 
tion and varying amounts of sodium perchlorate 
show that these changes in kN are due to  nega- 
tive salt effects (Table 3). Negative salt effects on 
bimolecular reactions involving neutral sub- 
strates and negatively charged nucleophiles have 
been previously reported (8). 
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TABLE 3. The effect of sodium perchlorate on the rate 
of attack of 0.09625 M sodium azide on phenyl 

chlorodithioformate in 705; aqueous acetone at 10.22 "C 

[NaClO,] [Salts] kobs k~ 
(MI (M) (S-I) (s-1 M-1) 

Table 4 summarises data showing the effects of 
temperature on the rates of reaction of phenyl 
and methyl chlorodithioformate with 0.1 M 
sodium azide in 70% aqueous acetone. 

Discussion 

The different rate sequences for solvolysis and 
azide attack (Table 2) are in accord with the 
different mechanisms proposed (1, 2) for the two 
reactions; i.e. mechanism Ssl for solvolysis 
being reflected in an increase of reactivity as 
electron donation to  the reaction site increases 
due to increasing stabilization of the acylium 

ions while bimolecular azide attack decreases 
with increased electron donation due to repulsion 
of the negatively charged nucleophile. Bimolecu- 
lar azide attack is also supported by the first- 
order dependence of the rates on nucleophile 
concentration. It is difficult to  see how Sneen's 
ion-pair mechailism (3), Scheme 1, could readily 
account for these contrasting results. 

The activation for the azide reac- 
tions (Table 4) can be compared to  those (1) for 
the solvolysis of methyl chlorodithioformate in 
707, aqueous acetone; AH* = 20.18 kcal mol-', 
A S +  = - 3.7 cal mol-I deg-I . Clearly, the large 
effects of azide ions on the rates of reaction are 
due to the lower activation enthalpies, which 
more than compensate for the more negative 
entropies of activation. These differences provide 
further support for different paths for solvolysis 
and bimolecular azide attack. However, the 
results d o  not allow conclusions to be drawn 
concerning the mechanism of the bimolecular 
process. For solvolysis in 70% aqueous acetone, 
the entropies of activation for reaction by 
the S, 1 (AS* cv - 2 to  - 5 cal mol-I deg-I), SN2 
(AS cv - 15 to - 20 cal mol-I deg-I) and bimo- 

RSH + COS + HCI 

Ion-pair N; \ N-N 
R S - ( ~ ) ~  + Cl- 

TABLE 4. The effects of temperature on the rates of reaction of methyl and phenyl chlorodithioformates with 
sodium azide in 70% aqueous acetone 

AH* AS* 
Compound T ("C) k o bs (S-~)o k, (s-I M-l)t (kcal mol-l) (cal mol-1 deg-1) 
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QUEEN ET AL. 1909 

lecular addition-elimination mechanisms (AS* = 
-30 to  -35 cal mol-I deg-I) are sufficiently 
different (9, 10) to enable a choice to be made. 
Unfortunately, the standard state to which the 
activation parameters for azide attack refer 
(Table 4) is not the same as for solvolysis. Data 
for bimolecular substitutions by azide ions in 
70% aqueous acetone are not available. How- 
ever, entropies of activation in the range - 15 to  
-40 cal mol-I deg-I have been reported (1 1) for 
azide attack on vinyl halides by the addition- 
elimination mechanism. Unfortunately, the val- 
ues depend markedly on the solvent system used 
and none of the results refer to 70% aqueous 
acetone, so that interpretations based on these 
figures must be accepted with caution. 

Recent work by Guthrie (12) and Jencks (13) 
suggests that the specific rate constants for the 
expulsion of amine groups from negatively 
charged tetrahedral intermediates are about 
los s-I. I t  has therefore been suggested that the 
lifetime for such species with chloride as the 
leaving groups would be less than a molecular 
vibration so that bond making and bond break- 
ing are concerted, leading to  the classical SN2 
mechanism for reactions involving an acid halide 
and a negatively charged nucleophile. In the 
absence of direct evidence, this conclusion must 
also be accepted with caution and our recent 
observation (14) that kl: > ka for the acetate 
catalysed hydrolysis of 6methoxyphenyl halo- 
formates indicates that it may not be always 
correct. These leaving group effects are most 
readily explained in terms of reaction via tetra- 
hedral intermediates and a similar mechanism is 
likely to apply to the present reactions, although 
our results cannot confirm this. 

We conclude that our results support an S,1 
mechanism for solvolysis and that the free 
acylium ion may also be captured by other 
nucleophiles. In the presence of a powerful 
nucleophile such as azide ions, the products 
mainly arise from the operation of an independ- 
ent bimolecular pathway, the details of which 
cannot be decided a t  the present time. 

Experimental 
The preparation and purification of the chlorodithio- 

formate esters and the preparation of the solvents have 
been previously described (1). 

Salts were Analar reagents and were recrystallized and 
dried irz cacrro at 100 OC over phosphorus pentoxide. 

Acetone (70%) was prepared by mixing 70 volumes of 
acetone and 30 volumes of water. All solvents were 
'out-gassed' on the vacuum line before mixing. 

Meusrrrenle~~t qf Ratc~.s 
The slow reactions were followed at 325 nm using a 

Beckmann DK lA  spectrophotometer fitted with a 
thermostated cell holder. Temperatures were recorded in 
the reaction cell before and after each run and found to be 
constant to within k0.02 "C. The fast rates were obtained 
with a 'Canterbury' stopped-flow apparatus (15) with 
on-line data processing (1 6). Temperatures were measured 
with a platinum resistance thermometer and were con- 
stant to better than 0.005 "C. 

Prod~rcts 
In a typical experiment, phenyl chlorodithioformate 

(0.5 g) was added dropwise to a stirred solution of 
sodium azide (0.65 g) in 705; aqueous acetone (50 ml) at 
room temperature. After 10 min, the solvent was evap- 
orated on the vacuum line, the residue shaken with water, 
and the organic material extracted with ether. After 
drying, the solvent was removed at room temperature and 
the solid residue recrystallized from methanol to yield 
5-phenylthio-1,2,3,4thiatriazole (3, R = C6H5), mp 61- 
62 "C, 0.49 g (94');). AIINI. calcd. for C,H5N3S2: C 43.8, 
H 2.6, N 21.5, S 32.8; found: C43.6, H 2.8, N 21.2, 
S 32.5. 
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A second species of polynuclear hydroxyaluminum cation, 
its formation and some of its properties1 
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ROBERT C. TURNER. Can. J. Chem. 54,1910 (1976). 
When a solution of A1(CI04)3 or AICI, with total Al concentration between 5 X 10-4 and 

6 X 1 0 - W  is partially neutralized very slowly with a base, it is possible to produce a solution 
of polynuclear hydroxyaluminum cations with no solid phases present. When such a solution is 
aged, the polynuclear hydroxyaluminum cations, Alpl, disappear very slowly at 25 "C and a 
second type of polynuclear hydroxyaluminum cations, Alp-,, is formed. The second type, Alpz, 
has some properties that are the same as those of Alp1, e.g. they both have an OH/A1 mole ratio 
equal to or very nearly equal to 2.5, diffuse readily across a dialysis membrane, and are removed 
from solution by the clay mineral bentonite in an exchangeable form. Some of their properties, 
however, are entirely different, e.g. AIpI reacts with 8-hydroxyquinoline about 250 times faster 
with a much lower energy of activation than does Alp,, is much less resistant to attack by HC1, 
and is precipitated at a p H  about 0.5 p H  units lower than Alpz. The transformation of AlPI to 
Alpz is a first order process with an energy of activation of 20.8 kcal per mol. The specific rate 
constant seems to be affected somewhat by the extraneous anion present and the degree of 
neutralization; experimental values varied from 0.57 X 10-3 to 3.5 X 10-3 day-1 at  25 "C. 

ROBERT C. TURNER. Can. J. Chem. 54,1910 (1976). 
Quand on neutralise partiellement et trks lentement une solution de A1(C10,)3 ou de AlC13 

ayant des concentrations totales de A1 entre 5 X 10-4 et 6 X 1 0 - W  par une base, il est possible 
de produire une solution de cations hydroxyaluminium polynuclCaire dans laquelle il n'y a pas 
de phase solide. Quand on laisse vieillir une telle solution, le cation hydroxyaluminium poly- 
nuclCaire AlpI disparait trks lentement h 25 "C et un second type de cation hydroxyaluminium 
polynuclCaire Alp, se forme. Les cations des types Alp, et Alpz ont quelques propriCtCs qui sont 
les m&mes; entre autre les deux ont un rapport molaire de OH/A1 qui est Cgal ou presqulCgal a 
2.5, ils diffusent tous les deux facilement h travers une membrane de dialyse et ils sont tous les 
deux enlevCs d'une solution par l'argile minCrale bentonite sous forme Cchangeable. Toutefois 
quelques unes de leurs propriCtCs sont complktement diffkrentes; par exemple Alp, rCagit avec 
l'hydroxy-8 quinolkine environ 250 fois plus rapidement et avec une Cnergie d'activation beau- 
coup plus basse que ne le fait Alp,; de plus AlPI est beaucoup moins rCsistant h une attaque par 
HC1 et par rapport h Alpz on peut le prCcipitC h un pH, environ 0.5 unitC, plus bas que Alpz. 
La transformation de Alp, en Alpz est un processus du premier ordre avec une Cnergie d'activa- 
tion de 20.8 kcal par mole. La constante de vitesse spCcifique semble @tre affectCe jusqu'h un 
certain point par la prCsence d'anions extCrieurs et par le degrC de neutralisation; les valeurs 
expCrimentales varient entre 0.57 X 10-3 jusqu'h 3.5 X 10-3 jours-I h 25 "C. 

[Traduit par le journal] 

Introduction perchlorate solution are : 

It was shown in a previous paper (1) that it is [I] A1.6Hz03+, f 30H-F? 
possible to prepare polylluclear hydroxyalu- A/(OH),.XH20 + (6 - X)H20 
minum cations without forming any solid phases. 
Methods for doing this were based on the as- [21 A/(OH), .XH20 --r Al(OH),, + XHzO 

sumption (2) that t h e  principal reactions oper- [3] 1nA1 .6H203+, f IIOH- F? 
ating when a base is added to an aluminum 

A1,1,(OH),c3111-71)+~ Y H20, f (1716 - Y)H20 

where s, c and italics denote solution, gibbsite, 
LPublication No. R171. 
'Present address: Department of Soil Science, Univer- and amorphous solid, respectively. The ex- 

sitv of Saskatchewan. Saskatoon. Sask.. Canada S7N traneous ions are omitted, X and are 
OWO. known and n/nz is equal to or very nearly equal 
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TURNER 191 1 

to 2.5. Reaction 1 is a very fast reaction but will 
not occur until the ion activity product (Al)(OH)3 
is increased to 10-31.7. Reaction 2 is a slow solid 
state reaction, or series of processes, whereby the 
initial solid phases (ISP) from reaction I ,  through 
elimination of H20 and rearrangement of the A1 
and OH ions, eventually becomes gibbsite. 
Reaction 3 is a competing reaction with respect 
to [l] and is slower than [l] but will occur with 
(Al)(OH)3 less than 10-31.7. The products of the 
latter reaction are polynuclear hydroxyalumi- 
num cations, which will be referred to as Alpl, 
with an OH/A1 mole ratio equal to or near 2.5. 
If AlC13 is used instead of Al(C104)3 the reactions 
are the same, providing the C1- concentration is 
not too high (3), except that the ISP contains 
appreciable amounts of C1- (3, 4) which retards 
the transformation of ISP to gibbsite. 

In order to produce Alp,, without forming any 
solid phases, the base was added at a very slow 
rate so that the formation of Alp, maintained 
(Al)(OH)3 below that at which reaction 1 could 
occur (1). The base was added as the gas NH3 or 
as solid dolomite to eliminate the problem of 
nonhomogeneous distribution of added base 
solution (5). Although no solids were formed, 
the concentration of Alp, decreased very slowly 
with length of time of aging. The decrease in 
concentration of Alp, was not accompanied by 
any change in the specific rate constant of the 
pseudo first order reaction between Alp, and 
8-hydroxyquinoline by the standard method (1). 
A decrease of approximately 35% in the con- 
centration of Alp, during an aging period of 2 
years at 25 "C was accompanied by a very small 
increase in the concentration of mononuclear A1 
cations and only a slight decrease in pH, which 
indicated that the Alp, was not hydrolyzing to 
any extent to form a new product with an 
OH/A1 mole ratio much different from that of 
Alp,. From the foregoing and other observations 
it was concluded (1) that as Alpl disappeared a 
new species of polynuclear hydroxyaluminuin 
cation, Al,,, was formed which had some 
properties that were entirely different from those 
of Alp1. 

The object of the work reported here was to 
gain experimental evidence in support of the 
existence of Alp,, as a polynuclear hydroxy- 
aluminum cation, by determining a number of its 
properties and to study the kinetics of the 

transformation from Alp, to Alp,. The properties 
studied were the kinetics of reaction between it 
and 8-hydroxyquinoline by the standard pro- 
cedure for AlpI, diffusion across a dialysis 
membrane, the p H  of precipitation by a base and 
its cation exchange characteristics. 

Experimental 
The Alp1 was prepared as described in a previous paper 

(1) by Procedure A or B. With Procedure A finely ground 
dolomite was added to solutions of either AlC13 or 
AI(CIO,), and the suspensions were stirred vigorously 
with a magnetic stirrer. The Al concentrations used were 
5 X 10-4 to 6 X 10-2 M. After 5 days the solutions were 
filtered through No. 42 Whatmann filter papers and 
C02-free air was bubbled through the filtrates for 4 h. 
With Procedure B a mixture of NH3 and C02-free air was 
led into reaction vessels over 10-2 M Al salt solutions 
which were stirred vigorously with a magnetic stirrer. The 
concentration of NH, in the air was adjusted so that it 
required a month or more to reach 80% neutralization. 
The solutions from both procedures were then aged at  
25 "C with gentle stirring for periods up to 2 years. 

During the aging periods, reactions between aliquots 
of the solutions and 8-hydroxyquinoline - sodium acetate 
were followed until all of the A1 in solution had reacted, 
using the standard procedure (6). The fraction that 
reacted with the usual first order specific rate constant of 
0.16 min-1 was assumed to be Alp,. The remainder, which 
reacted much more slowly but completely via a first order 
process, was assumed to be Alp,. 

The pH's at  which Alp, and Alp2 were precipitated at  
25 "C were determined by potentiometric titration of 
solutions containing different proportions of Alp, to 
Alp,. The base, 0.1 N NaOH, was added dropwise while 
the solutions were stirred with a magnetic stirrer. The p H  
was followed during titration by means of an  expanded 
scale Beckman p H  meter. 

Cation exchange studies were done with Wyoming 
bentonite originally saturated with Na+. One hundred mg 
of clay was mixed with 20 ml of solution containing 
known concentrations of Al in the form of Alpl and Alpz. 
The suspensions were then centrifuged at 15 000 rpm. The 
concentrations of A1 in the form of Al,, and Alpz were 
determined in the supernatants by the procedure de- 
scribed above. The residues were extracted twice with 
20 ml of 2 N NaCl and the two extracts combined. The 
concentrations of Al in the two forms were determined 
in the extracts. 

The dialysis experiments were done by placing solutions 
containing known concentrations A1 in the form of Alp, 
and Alp2 in dialysis bags and placing the bags in re- 
distilled H20.  A continuous flow of H 2 0  was maintained 
outside the bag and the bag was agitated intermittently. 
The concentrations of Al in the form of Alp, and Alp2 
inside the bag were determined after dialysis. 

Results 

The results in Fig. l(b), which show the con- 
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Days 

FIG. 1. (a) Effect of temperature on rate of decrease in 
concentration of Alp, in 10-2 M AI(C104)3 54% neutral- 
ized with NH3. A, 26 "C, specific rate constant 0.0017 
day-I ; ., 50 "C, specific rate constant 0.023 day-l; 0,  
70 "C, specific rate constant 0.16 day-' ; and I, standard 
deviations. (6)  Rate of decrease in concentration of Alp, 
at 25 'C. A,  10-2 M AICI,, 81(& neutralized with dolo- 
mite; specific rate constant 0.00057 day-'; a, 10-2 M 
AICL, 8 1% neutralized with NH,; specific rate constant 
0.00057 day-1; 0, 10-2 M AICI,, 34'2; neutralized with 
NH3; specific rate constant 0.0010 day-1; 0 , 6  X 10-2 M 
AI(C104h, 70'x1 neutralized with dolomite; specific rate 
constant 0.0017 day-1 ; 0,  6 X 10-2 M AI(ClO4),, 40% 
neutralized with dolomite; specific rate constant 0.0035 
day-' ; 1, standard deviations. 

centrations of A1 in the form of Alp, as a 
function of length of time of aging a t  25 "C, 
indicate that the reaction was a first order 
process. The results with 6 X M Al(C104)3, 
which had been 40% neutralized with dolomite 
(Procedure A), show that the reaction appeared 
to be approaching equilibrium with 5 to 10% of 
the Alpl remaining. The smooth curves were 
calculated with specific rate constants ranging 
from 5.7 to to 3.5 X day-' (Fig. 1). 
The length of time of aging was calculated 
ignoring the time required for adding the base. 
Because the reactions were first order with 

equilibrium well over to the right and the results 
in the figure are expressed as percent of A1 in the 
form of Alp, remaining to react, ignoring the 
time required for adding the base should have no 
measurable effect on the calculated specific rate 
constants or on the results as shown in the figure. 
The effect of temperature on the rate of dis- 
appearance of Alp, with a solution of lop2 M 
Al(Cl04)3 547, neutralized with NH3 (Procedure 
B) is shown in Fig. l (a) .  The solution was held 
a t  26 "C for 75 days, raised to 50 "C for 15 days, 
and then raised to 70 "C for 38 days. The lengths 
of time of reaction at  26 and 50 "C were sufficient 
for calculation of specific rate constants assuming 
a first order process, an assumption supported 
by results in Fig. 1(b) and corroborated by the 
results a t  70 "C shown in Fig. l (a ) .  At 70 "C the 
reaction appeared to be approaching equilibrium 
with 6 to 137, of the Alpl remaining but, because 
the same solution was used a t  26 and 50 "C, 
considerable reaction had occurred before the . 
temperature was raised to 70 "C. Thus the per- 
cent of Alp, originally present remaining a t  
equilibrium would be considerably less than 6 to 
13. The specific rate constants calculated from 
the experimental values were 1.7 X lop3, 2.3 X 
10-5 and 1.6 X 10-I day-', respectively, at  26, 
50, and 70 "C. The Arrhenius plot gave a straight 
line showing an activation energy of 20.8 
kcal/mol. 

The specific rate constant varied considerably 
at  26 "C from one experiment to another (Table 
1). It can be seen that the rate constant increased 
with decrease in degree of neutralization at  a 
given A1 concentration except at  the lowest 
concentration, 5 X M, where the degree of 
neutralization seemed to have no effect. Besides 
this fairly consistent relationship with degree of 
neutralization, the rate constant appeared to be 
greater when perchlorate rather thanchloride was 
the anion present, as can be seen by comparing 
rows 6, 7, and 8 with the last row in Table 1. 

A number of experiments were made on the 
rate of reaction between Alp, and 8-hydroxy- 
quinoline using the standard method for reaction 
with Alpl (6). During aging at  25 "C, discussed 
above, the reaction with 8-hydroxyquinoline 
was occasionally followed through to  comple- 
tion. In all cases all of the A1 in the solution 
reacted in a matter of days. The procedure was 
to add an appropriate aliquot of the solution to 
the correct amount of the 8-hydroxyquinoline - 
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TURNER 1913 

TABLE 1. Effect of degree of neutralization and extraneous anions in solution on the specific rate constant for 
the disappearance of Alp, at 26 OC 

Degree Length of time Specific 
of of reaction rate constant 

[All X 103M Salt Base neutralization (days) (day+) 

Dolomite 
Dolomite 
Dolomite 
Dolomite 
Dolomite 
NH3 
NH3 
NH3 
Dolomite 
Dolomite 
Dolomite 
NH3 

TABLE 2. Alpl and AlP2 adsorbed by Wyoming bentonite and released again by 2 N NaCl 

Original Equilibrium 
solution solution 
M x lo3 M x lo3 Percent Percent 

Al as Al as adsorbeda released0 

Expt Alp1 Alp2 A ~ P I  Alp2 A ~ P I  A l ~ z  A ~ P I  Alp2 

aPcrccnt of that in the original solution adsorbed by the clay. 
bPcrccnt of that adsorbed that was released to the NaCl solution. 
CDuplicatc experiments. 
dEquilibration time 144 h. In the others the equilibration time was 5 min 

sodium acetate solution with sufficient H 2 0  
added to give the correct volume in a separatory 
funnel. The separatory funnel was then placed in 
a constant temperature cabinet a t  25 O C  and 
allowed to react with gentle agitation for a given 
length of time. After each had reacted for the 
desired length of time, the procedure for extrac- 
tion with chloroform and measurement of the A1 
concentration, the same as in the regular pro- 
cedure (6), was used. The reaction after 30 min, 
i.e. after the time required for essentially all of 
the Alp, to react, was a first order process and all 
of the A1 in the system was extracted in the 
chloroform after one week of reaction. The mean 
value for the specific rate constant was 6 x 
min-I with a standard error of the mean of 
0.2 X Knowing the specific rate constants 
for the two forms, the concentration of A1 in the 
form of Alrl and Alp, could then be calculated 

from the rate curves. The effect of temperature 
on the specific rate constant was determined at 
30, 50, 60, and 70 O C .  The technique used at  
30 O C  was the same as that used at  25 "C but at  
50,60, and 70 "C the standard procedure (6) was 
used throughout, the reaction being continued 
until all of the A1 in the solution had reacted as 
shown by the concentration of A1 in the chloro- 
form. The reactions with the Alp, were first order 
at  all temperatures with specific rate constants of 
6.1 x 8.1 x 10-4, 5.5 x 1.4 x 10-2, 
and 3.3 x min-I at  25,30,50,60, and 70 "C, 
respectively. The Arrhenius plot gave a straight 
line showing an energy of activation of 18.3 
kcal/mol. 

Results from the exchange experiments with 
Wyoming bentonite are shown in Table 2. The 
percent absorbed from the original solution was 
about the same for Alp, as it was for Alp,, the 
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8.0- The dialysis experiments showed that both 
Al, ,  and Alp, diffused readily across a dialysis 

7.0- 
membrane. In one experiment, in which the 
concentrations of A1 in the Alp, and Alpz forms 
were 8 and 42%, respectively, 59% of the Alp, 

x 
p 6.0- 

b 
and 75y0 of the Alp, diffused out of the dialysis 
bag in 1 h. In all other experiments, the length of 
time of dialysis was 24 h and all of the Alp, and 

5.0- Alp, diffused out of the bag regardless of the 
degree of neutralization, the ratio of the con- 

4.0- 
centrations of Alp, to Alp,, or the temperature at  

o 1 2 3 4 5 6 which Alp, was formed. 
mlO.1 N NaOH 

FIG. 2. Potentiometric titration of Alp, and Alpz with 
0.1 N NaOH, (a) 6.3% mononuclear, 23.7% Alp,, 70.09; 
Alpr; (b)  4.3% mononuclear, 95.77, Alp,. 

means of the percent absorbed for the five 
experiments shown being 77.2 and 79.0, respec- 
tively. The percent of adsorbed material released 
to the 2 N NaCl was somewhat higher for Alp, 
than it was for Alp,, the means of the percents 
released for the four experiments in which the 
clay was in contact with the original solution for 
only 5 min being 96 and 88, respectively. When 
the original solution was in contact with the clay 
for 144 h the percent released to the NaCl 
solution was much greater for Alp, than for 
Alp, (last row of Table 2). Although the greater 
release of Alp, than of Alp, to the NaCl is 
probably significant, it would be dangerous to 
attempt an explanation of this with the few 
results available, especially because the duplicate 
experiments (3a and 36) show that the experi- 
mental error in such work is appreciable. The 
object of these experiments was to show that 
both Alp, and Alp, are adsorbed in an exchange- 
able form by the clay mineral. The fact that the 
percent of each in the original solutions that was 
adsorbed by the clay was about the same is 
fairly strong evidence that the charges on Alp, 
and Alp* are not greatly different. 

The potentiometric titration curves (Fig. 2) 
show that the buffer zone for Alp,, where it is 
precipitated, is near p H  6.0 whereas the corre- 
sponding buffer zone for Alp, is 0.40 to 0.50 p H  
units higher. Although this particular experiment 
was not done in duplicate, a number of such 
experiments were made with varying ratios of 
Alp, to Alp, and the buffer zone for Alp, was 
always 0.40 to 0.50 p H  units higher than that 
for Alp,. 

Discussion 

The relatively rapid transformation of Alp, to 
Alp2 at 70 "C indicates that the polynuclear 
hydroxyaluminum cations produced by Mesmer 
and Baes (7) and Macdonald et al. (8) were Alp, 
type rather than Alp(. The latter, being the first 
product, is very slowly transformed to the second 
type at  25 "C. 

There is no way of deciding from the results to 
date whether Alp, is formed very slowly from 
solution, which would make the solution un- 
saturated with respect to AlpI, or from rearrange- 
ment of the ions in Alp,, i.e. by the gradual 
transformation of Alp, to Alp,. The fact that the 
decrease in concentration of Alpl followed a first 
order process (Fig. 1) supports the latter mech- 
anism. This conclusion is based on the fact that 
the concentrations of A13+ and OH- in solution 
changed very little during aging ( I )  which would 
mean that the rate of formation of Alp, should 
be very nearly a zero order process. The increase 
in concentration of Alp,, however, corresponded 
quantitatively with the decrease in concentration 
of Alp,, thus the formation of AlP2 was not a 
zero order process. On the other hand, the rate of 
decrease of Alp,, and thus the rate of formati011 
of Alp,, was greater when C104- was the anion 
present rather than C1- (Table 1). This is difficult 
to explain if the formation of Alp, is simply the 
rearrangement of ions in Alp,, unless Alp, con- 
tains some C1- replacing OH- or that there is ion 
pairing between the polynuclear cations and 
C1-, either of which might slow down the 
transformation. There still remains the question 
of why this transformation would be faster a t  
lower degrees of neutralization (Table 1). The 
final answer to this aspect of the problem will 
have to await further investigations. 
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TURNER 1915 

There is no question concerning the relative 
resistance of the two forms Alp, and Alp, to 
attack from other chemicals. Alp, is attacked 
much more readily by 8-hydroxyquinoline (spe- 
cific rate constant 0.16 min-I a t  26 "C) (6) than 
is Alp, where the specific rate constant is less by 
260-fold. Alp, also resists precipitation until the 
pH's are well above that a t  which Alp, is pre- 
cipitated (Fig. 2). Although no formal experi- 
ments were made to determine the relative 
resistance of the two forms to attack by HCI, it 
was observed that in HCI solutions a t  p H  1.6 

same or nearly the same positive charge (Table 2) 
indicates that Alp2 is not the result of some form 
of polymerization or condensation of Alp,. 

Studies concerning the structure of both Alp, 
and Alp, may be necessary to  explain why some 
of their properties are quite different while 
others are similar. 

I .  R. C. TURNER. Can. J. Chem. 54, 1528 ( 1  976). 
2. R. C. TURNER and G. J. Ross. Can. J. Chern. 48,723 

(1970). 
3. G. J. Ross and R. C. TURNER. Soil Sci. SOC. Am. Proc. 

Al,, was completely destroyed at 100  in less 359 389 (1971). 
4. R. C. TURNER and G. J. Ross. Can. J. Soil Sci. 49,389 than $ h, whereas Alp, was not completely (1969). 

the length time was extended 5. A. V. VERMEULEN, J. W. GEAS, R. J.  STOL, and P. L. 
to several hours. In some respects, however, the DE BRUYN. J. Colloid Interface Sci. 43,449 (1975). 
two forms are very similar. They are both re- 6. R. C. TURNER and W. SULAIMAN. Can. J. Chem. 49, 

moved from solution by bentonite in an ex- 1683 
7. R. E. MESMER and C. F. BAES, JR. Inorg. Chern. 10, changeable form and both diffuse readily across 2290 (1971), 

a dialysis membrane. The fact that they have 8. D. D. MACDONALD, P. BUTLER, and D. OWEN. J. Phys. 
about the same OH/A1 mole ratio (1) and the Chern.77,2474 (1973). 
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Thermodynamics of the dissociation of trans-cinnamic acid 

REBATI CHARAN DAS 
Depcrrtiizetrt of' Clretnistty, C/triuer.sity College of Etlgitreeritrg, Burlo 768018 (Orisso) ltlclia 

AND 

UPENDRA NATH DASH AND KSHAMA NIDHI PANDA 
Depar.f~i~eirt of Clretiiistr)~, G. M. College, So~iibnlprrr (Orisso) brdo 

Received January 5, 1976 

REBATI CHARAN DAS, UPENDRA NATH DASH, and KSHAMA NIDHI PANDA. Can. J. Chem. 54, 
1916 (1976). 

The dissociation constant of trcrtrs-cinnamic acid in water has been determined at 15, 20, 25. 
30, 35, 40, and 45 "C using a cell without liquid junction potential. From the temperature 
coefficient of the dissociation constant, the standard enthalpy, entropy, and free energy changes 
of the dissociation process have been calculated. 

REBATI CHARAN DAS, UPENDRA NATH DASH et KSHAMA NIDHI PANDA. Can. J. Chem. 54, 
1916 (1976). 

Utilisant une cellule sans potentiel de jonction liquide, on a ditermini les constantes de 
dissociation de l'acide cinnamique en solution dans I'eau B 15, 20, 25, 30, 35, 40 et 45 "C. A 
partir des coefficients de tempirature sur les constantes de dissociation, on a calculi les change- 
ments standards d'enthalpie, d'entropie et d'inergie libre pour le processus de dissociation. 

[Traduit par le journal] 

Introduction 

The present work has been undertaken as n 
part of our programme of the determination of 
dissociation constants and other thermodynamic 
parameters of organic acids in aqueous and 
mixed solvents. A survey of the literature shows 
that the dissociation constant of trails-cinnamic 
acid has been determined colorimetrically (1 )  a t  
25 "C, but data about other thermodynamic 
parameters ( A H o ,  A S o  etc.) are lacking. 

A cell without liquid junction, 

where Ci stands for cinnamate ion. was used. 

Experimental 
tratrs-Cinnamic acid (Bush, England) was crystallised 

three times from boiling conductivity water, dried at 
60 "C for 2 h and kept in a vacuum desiccator over 
calcium chloride. Sodium cinnamate was prepared by 
adding calculated amount of sodium hydroxide (G.R.) 
solution to a known weight of pure cinnamic acid, 
evaporating the solution to dryness on a steam bath and 
recrystallising the product from 95% alcohol. The salt 
was dried at  110-120 "C and stored in vacuum desiccator 
over calcium chloride. Sodium chloride (BDH, AnalaR) 
was dried above 100 "C and stored in vacuo. The silver - 
silver chloride electrode was prepared by the latest 
method available (2). Electromotive force measurements 

were made with a Bajaj (India) potentiometer in conjunc- 
tion with a d.c. galvanometer (OSAW) and a Weston 
standard cell (Muirhead and Co., England). 

Results and Discussion 
The dissociation constant of trans-cinnamic 

acid can be written as 

where m and 7 are molality and activity co- 
efficient, respectively (assuming rll+ = rcl- = 
r+  and r ~ ~ c i  = I). The apparent hydrogen ion 
molality, nil,+', is related to the emf of the cell by 

[2] - log rnII+' 

- - 
F(EO - E) 
2.3026RT + log incl- + 2 log r *  

- - F(EO + log Incl- - 
2A 

2.3026RT 1 + ~ d m o  

where I and (lo are the ionic strength of the solu- 
tion and the density of the solvent, respectively. 
As a first approximation I was taken to  be equal 
to mz + 1n3 but subsequently a n  accurate value 
was obtained by successive app~oximation and 
refinement t o  a constant value of I. The apparent 
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DAS ET AL. 1917 

dissociation constant, Kt,  was calculated from 
the expression 

[3] log K' 

- - 2A t7711+t(m2 + tnIIi') 
- 

1 + B R W o  + log (nq - tnII+') 

The true dissociation constant, K, was deter- 
mined from the intercept of the log Kt  us. I plot. 
At each temperature about 7 to  9 readings were 
taken with rn, in the range of 0.3-0.9 X lop3 
mol kg-', m2 in the range 0.25-1.6 x mol 
kgp1, and m3 in the range 20-86 X mol 
kg-', and I between 3-9 X lo-? The final 
results1 are tabulated in Table 1. 

TABLE 1. Values of pK of trans- 
cinnamic acid in water at  different 

temperatures 

In the calculation the standard electrode 
potentials of the silver - silver chloride and of the 
quinhydrone electrodes have been taken from 
literature (3). This calculation requires a suitable 
choice of the ion-size parameter, a", and it is well 
known that a wrong choice of the value of h is 
often a source of considerable uncertainty in pK 
(4, 5). For example, the pK, of phosphoric acid 

lDetailed tables of experimental data are available, at  
nominal cost, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 

shifted by 0.004 whea the assumed a" value was 
changed from 4 to 6 A. To ascertain the correct 
value of a", the pK at  25 "C %IS calculated for 
v a r i p s  values of d (3 to  6 A a t  intervals of 
0.5 A) from the data a t  that temperature and it 
was observed that its v a l ~ e  had the least stand- 
ard deviation for d = 5 A. Thus, following the 
principle adopted by Roy, Robinson, iind Bates 
(6), d was taken to be equal to 5 A in our 
calculations. 

The pK of trrins-cinnamic acid has earlier been 
reported to be 4.44 a t  25 "C by spectropho- 
tometry. This is slightly different from our value 
of 4.50 5 0.01 at the same temperature. Such 
differences exist even in very accurate determina- 
tions of equilibrium constants by different physi- 
cal methods, examples are plentiful in literature 
(7). 

The value of the AH0 of the dissociation 
reaction has been calculated from the slope of 
the plot of pK against 1/T, assuming it to  be 
independent of temperature. The AGO, AH0, and 
A S O  values of the dissociation process at 25 "C 
are 25.67 f 0.07 kJ mol-l, 2.87 + 0.46 kJ mol-l, 
and -76.5 + 1.7 J deg-I mol-l, respectively. 

1. S. GLASSTONE. An introduction to electrochemistry. 
Van Nostrand Publishers. 1964. p. 330. 

2. G.  C. PAL and M. SENGUPTA. J. Indian Chem. Soc. 45, 
179 (1968). 

3. (a) H. S. HARNED and B. B. OWEN. The physical chem- 
istry of electrolytic solutions. Reinhold. 1967. p. 715. 
(b) R. G.  BATES. Electrometric p H  determination. 
Wiley, New York. 1954. 

4. R. G. BATES. J. Res. Natl. Bur. Stand. 47, 127 (1951). 
5. E. J. KING and G.  W. KING. J. Am. Chem. Soc. 74, 

1212 (1952). 
6. R.  N. ROY, R. A. ROBINSON, and R. G. BATES. J. Am. 

Chem. Soc. 95, 8231 (1973). 
7. L. G. SILLEN and A. E. MARTELL (Editors). Stability 

constants of metal ion complexes, 2nd ed. Chemical 
Society Publication, London. 1964. 
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The nuclear Overhauser effect between phosphorus and hydrogen in 
selected organo phosphorus compounds 

H. BEIERBECK, R. MAR TI NO,^ AND JOHN K. SAUNDERS 
De'partet?~etlt de cltit?~ie, Ut~ioersitL: ~ l e  Slterbrooke, Slret.br.ooke (Qtre'.), Catlada J I K  2R1 

AND 

CLAUDE BENEZRA 
DL:parrer?~et~t de cl~it?~ie, Utliuersite' rl'Ottnwa, Ottn\va (Ot~t.), Catlada K I N  6N5 

Received August 15, 1975' 

H. BEIERBECK, R. MARTINO, JOHN K. SAUNDERS, and CLAUDE BENEZRA. Can. J. Chem. 54, 
1918 (1976). 

The nuclear Overhauser effect (nOe) observed between phosphorus and hydrogen together 
with carbon and phosphorus spin lattice relaxation time (TI) data are presented for a number of 
phosphorus containing compounds. The dominant mechanism for phosphorus relaxation is 
shown to be the dipole-dipole interaction between phosphorus and hydrogen. From the nOe 
and TI data the determination of phosphorus-hydrogen internuclear distances is demonstrated. 

H. BEIERBECK, R. MARTINO, JOHN K. SAUNDERS et CLAUDE BENEZRA. Can. J. Chem. 54, 
1918 (1976). 

Nous avons mesuri, pour quelques composCs phosphores, l'effet nuclCaire Overhauser (nOe) 
entre les atomes de phosphore et d'hydrogkne ainsi que les temps de relaxation spin-rCseau (TI) 
des atomes de carbone et de phosphore. Les resultats obtenus montrent que le processus de 
relaxation dominant de l'atome de phosphore rCsulte des interactions dipole-dipole entre le 
phosphore et I'hydrogkne. A partir des mesures de nOe et de TI nous avons pu dCterminer les 
distances internucleaires entre le phosphore et l'hydrogkne. 

The nuclear Overhauser effect (nOe) arising 
from the interaction proton-proton has been 
used to advantage in structural and conforma- 
tional studies (1-3). Also, the enhancement 
observed at carbon on saturation of protons has 
been of considerable use in spectral assignment 
and in relaxation mechanism studies (3, 4) as 
have the {H)-15N (5) and {HI-Si noes (6). 
However, to date, little mention has been made 
of the phosphorus-hydrogen interaction which 
is somewhat surprising as phosphorus occurs in 
a large number of molecules of biological interest 
and is reasonably easy to observe, having a 
natural abundance of 100% and a relatively high 
sensitivity. We wish to report the results of a 
study on a number of simple phosphorus con- 
taining molecules in order to demonstrate that 
the dipole interaction between phosphorus and 
hydrogen is significant and thus the phos- 
phorus-proton nOe can be of use in structural 
and conformational analysis. 

IHolder of a bourse post-doctorale France-QuCbec. 
*Revision received March 4, 1976. 

Theory 

The nOe observed for the absorption of A 
when that of B is saturated is given by [l]  (1) 

with 

and 

R~ = PAB + C PAi  + P': 
2 

where i represents all other nuclei which are 
coupled in a time dependent manner to  A, T, is 
the isotropic correlation time for molecular 
motion, rAB is the internuclear distance between 
A and B and p* is the contribution from all other 
relaxation mechanisms. Thus for a spin system 
consisting of one phosphorus and several hydro- 
gen atoms, complete saturation of all hydrogen 
resonances would result in a maximum en- 
hancement (p* = 0) of fp(H) = yH/2yP = 1.24. 

For a three spin system consisting of two pro- 
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tons HA and HB and one phosphorus P, [I] can 
be solved to  give equations such as [2] (1) from 
which the ratio of the relaxation rates can be 
calculated. 

Equation 2 can be simplified to give [3] provided 
fHA(HB) = fI1,(HA) = 0 and the internuclear 
distances are independent of time. In [3], the 

correlation times represented by rc are the 
effective correlation times for the interactions 
P-HA and P-HB. Evidently, for a rigid molecule 
undergoing isotropic motion, the values of rc 
will be identical and the ratio of the internuclear 
distances can be obtained directly from the nOe 
data. However, if internal motion is present as is 
the case in the compounds studied here, then 
both correlation time and nOe data are required 
in order to determine internuclear distances. 

In our examples, the values of rc can be deter- 
mined using the 13C relaxation time data. The 

u 

overall correlation time can be obtained using 
[4] for carbons (a)  whose C-H bond vectors are 
modulated only by the motion of the molecule 
itself. 

The correlation time for carbons (8)  whose 
C-H bond vectors are modulated by both 
overall molecular motion and internal rotation 
can then be calculated using [5] (7, 8). 

and p = R 1 / R l l  where R, and Rll  are the diffusion 
rate constants relative-to the axis of internal 
rotation and can be represented by p = rR/ri, 
where ri is the correlation time for internal 
motion. The values of A, B, and C depend on the 
angle 4 between the C-H bond vector and the 
axis of rotation and are 

A = i(1 - 3 cos2 +)2 

B = 3 sin2 4 cosZ 4 

C = $ sin4 4 

The effective correlation times are then calculated 
from [5] where 4 is now the angle that the 
P-H vector makes with the axis of internal 
rotation. Equation 3 gives the ratio of inter- 
~luclear distances and the enhancement measured 
on saturation of all proton resonances gives the 
value of p * .  The internuclear distance is then 
calculated from a knowledge of the experimental 
phosphorus TI  value. Thus in order to com- 
pletely define the system we must obtain experi- 
mentally all nOe values as well as carbon and 
phosphorus TI  values. 

Experimental 
The compounds in Table 1 were obtained commercially 

and were used without further purification in either 
CD3COCD3 or D 2 0  as solvent. The compounds in 
Table 2 were prepared as described previously (9 )  and 
were studied as CDC13 solutions. The D 2 0  solutions were 
degassed by passing. nitrogen through the solution 
whereas the CDCI3 or CD3COCD3 solutions were de- 
gassed by a freeze-thaw-freeze cycle. The T1 and nOe 
data were obtained on a Bruker HX-90 equipped with a 
Nicolet 1083 computer operating in the Fourier trans- 
form mode. 

The TI data were obtained under conditions of complete 
proton decoupling using 180"-~-90"-5T, pulse sequences 
as described previously (10). The use of complete decoup- 
ling allows both spectrum simplification and also leads to 
a mono exponential solution of the Bloc11 equations ( 1 1 )  
as shown below. The Bloch equation as modified by 
Solomon (12) is given in [6] .  

provided the only time dependent coupling is the dipole- 
dipole interaction. If A is phosphorus or carbon and the 
nuclei represented by i are all protons then saturation of 
all proton resonances causes Mzi to be zero for all values 
o f t .  If at  time t = 0,  we apply a 180" pulse then at  time t  
the magnetization is given by (1 ,  3). 

X (1 - 2e-'/T1) 
and at  t  = w 

Yi Phi 

The value of T1 is obtained from the slope of a plot of In 
( M Z A ( a )  - MZA(t))  US.  f .  

Experimentally the nOe is defined as 
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TABLE 1. Spin lattice relaxation time and nuclear Overhauser effect data" 

Compound 
Concentration 

Solvent ( M I  nOe 

28.9 

(CH3(CH2)3-O)3-P=0 CD3COCD3 1 .O fp(allH) = 0.9kO.l  

QTI values written above respective nuclei in seconds: error limits for TI measurements 5 % .  

with MZA(a) being the equilibrium value of the magnet- 
ization of A with saturation of the B resonance and Mo" 
the magnetization at equilibrium without saturation. The 
value of MzA(a) is determined using (-90"-5Tl-) pulse 
sequences with continuous saturation of the B resonance. 
The value of MO2' is determined using the suppressed nOe 
technique in which the decoupler is turned on just during 
spectral accumulation and then the system is allowed to  
return to  equilibrium after data acquisition with the de- 
coupler off. This is shown in [8] which is the solution of 
[6] if at t = 0 the decoupler is turned on after having 
been off for ST, s. 

- 

Thus, if the system is sampled when t = 0,  i .e.  the 
decoupler is turned on as the pulse for data acquisition 
occurs, MzA = MOA, and it is M,-' that is measured. 

plot of log (Mz(a) - Mz(t)) w. t was always 1% or less. 
The use of the log (Mz(a)  - Mz(t) os. t plot is very 
dependent on the value of Mz(a) and any errors in this 
measurement will be reflected in the value of TI without 
changing the standard deviation. Thus the error limit will 
be greater than the 1% observed in the standard de- 
viation. The error limit of k57, was determined ex- 
perimentally by repeating the TI determinations several 
times. In the compounds studied here, reasonably con- 
centrated solutions were used and consequently good 
signal to noise ratios could be obtained relatively rapidly 
and also little or no resonance overlap occurred. For the 
nOe measurements, Mz(a) was determined at least ten 
times and at least six measurements of Mz(t) at each 
value of t were made. The errors quoted were obtained 
experimentally and correspond in most cases to  + loyo. 

Results and Discussion 
However, saturation of the second spin (s) requires a ~ h ,  relevant T,  and data for triphenyl- 
finite time during which undesired transients will affect the 
intensity of the observed signal (1). These transients will meth~lphosphonium bromide are given in 
decay to zero with a time constant of T2*. Since under 1 .  The correlation time for the motion of the 
conditions of complete proton decoupling for 31P or 13C molecule was calculated using [4] and the T I  
nmr, T2* < T1 we could use values of t such that t = values for the yarn carbon, since the C-H bond 
0.5T1. Experimentally we have found that if sampling is 
done at t = 0, the resulting resonances had unsatisfactory vector for this carbon is not modulated by 
lineshapes and the intensities were irreproducible. For  internal rotation (13). The rotation rates about 
values of t such that 0.2T1 < t  < 0.5T1, the signals had the respective P-C bonds were then calculated 
normal lineshapes and gave reproducible results which using [5] with values for the angle between the 
were compatible with those obtained using CW methods. C-H bond vector and the axis of rotation of 
With values o f t  > 0.5T1, the ratio of MZA(a) to  MzA(t) 
is such that the experimental error becomes significant. 4 = 600 for the phenyl group and for the 
Thus various values of Ml(t) were measured with values rotation about the P-CH3 bond. The ratios of 
of t such that 0.2T1 < t < 0 . 5 ~ ~  in order to determine the rotation rates. D .  so calculated are 5.0 and , , r  

the value of M,A using [8]. 30.6 for rotation about the P-Ar and P-CH3 
The error limits for TI measurements are +5%. For 

each carbon or phosphorus, M,(a) was measured at least bonds, respectively. Substitution of these values 
six times and Mz(t) values were obtained for at  least 15 into [51 gave rc(P-Ar) = 0.48 7R and rc(P- 
values of t. The standard deviation from the least-squares CH3) = 0.572 rR when angles between the P-H 
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BEIERBEC 

TABLE 2. TI and nOe data for compounds 1-3 

Compound T,(P) (s) fp(all H)  fp(OCH2) 

Error limits for T I  measurements i 5%. 

vector and the axis of rotation of 49.2" and 
26.5", respectively, are used. The ratio of inter- 
nuclear P-H distances were then calculated 
from [3] 

where the factors 6 and 3 represent the number of 
equivalent hydrogens. The meta and para protons 
are too far removed from the phosphorus to 
give an enhancement. Substitution of this ratio 
together with the calculated rC's into 

gives values of rp-II = 2.3 i 0.1 A and 
hf e 

~ P - H ~ , ,  = 2.8 f 0.1 A which compare favourably 
with those calculated from molecular geometry 
(or measured from models) of 2.26 A and 2.85 A 
respectively. 

As can be observed, the nOe is within experi- 
mental error of the maximum (1.24) and thus the 
phosphorus relaxation processes are dominated 
by the intramolecular dipole-dipole interaction. 
In Table 1, the nOe and TI data for several 
similar compounds are also given. The com- 
pounds where the phosphorus has geminal 
hydrogens all give nOe values close to the 
maximum. For the phosphate ester the nOe is 
0.9 with a TI value of 28.9 s indicating that 
mechanisms other than dipole-dipole are signifi- 
cant, although the latter still dominates. From 

:K ET AL. 1921 

these, values of T,(DD) = 40.4 s and TI (other 
mechanisms) = 101 s were calculated which dem- 
onstrate that relaxation processes other than the 
P-H dipole-dipole interaction are extremely 
inefficient. 

The compounds 1-3 all gave nOe values ap- 
proaching the maximum and thus in each 
compound the relaxation process is dominated 
by the dipole-dipole interaction (Table 2). In 
each case the nOe for the interaction between the 
two methoxyl groups and phosphorus could be 
measured. However, the resonances of the pro- 
tons on the norbornane portion could not be 
saturated uniquely. The difference in TI between 
2 and 3 is a consequence of the distance P-H3 
(endo) being significantly shorter in 2 than the 
distance P-H3 in 3. 

For the triphenylphosphonium bromide, the 
rate constants for rotation about the P-Ar and 
P-CH3 bonds are calculated to  be 4.54 X 101° 
rad/s and 2.81 X 10" rad/s respectively. The 
corresponding barriers to  rotation are then 
calculated using 

where N = number of equivalent positions and 
ko = (kT/I)'lZ (13). Thus ko = 3.49 X 10'' 
rad/s for the rotation about the P-Ar bond 
and 1.33 x 1013 rad/s for the rotation about the 
P-CH3 bond. The barriers to  rotation are then 
calculated to be 2.7 and 2.6 kcal/mol for rota- 
tion about the P-Ar and P-CH3 bonds re- 
spectively. 

It is apparent from the results presented here 
that the nOe, (HI-P, can be of significant use in 
the determination of structure and conformation 
since the phosphorus relaxation processes are 
dominated by the dipolar interaction. From an 
nOe standpoint, the advantage of phosphorus 
relative to carbon is that selective decoupling 
can be achieved since most compounds of inter- 
est do not have hydrogens directly bonded to 
phosphorus and hence the coupling constants 
JP-II are significantly smaller than Jc-%1. 
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A simple synthesis of alkylated and acylated dihydrothiopyrans 
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JOHN M. MCINTOSH and HAMDY KHALIL. Can. J. Chem. 54, 1923 (1976). 
The reaction of p-rnercaptoaldehydes and ketones with vinylphosphonium salts results in 

the ready formation of 3,6-dihydro-(2H)thiop~rans. The presence of an a-substituent on the 
salt blocks this reaction. It has also been shown that both a -  and 0-mercaptoaldehydes can be 
condensed with conjugated aldehydes to give 5,6-dihydro-(2H)thiopyran-3-carboxaldehydes 
(13-15) or 2,5-dihydrothiophene-3-carb~x~aldehydes (16, 17). The potential synthetic applica- 
tion of these reactions to stereospecific olefin synthesis is indicated. 

JOHN M. MCINTOSH et HAMDY KHALIL. Can. J. Chem. 54, 1923 (1976). 
La reaction des p-mercaptoaldChydes et cetones avec les sels de vinylphosphonium conduit a 

la formation facile de dihydro-3,6 (2H)thiopyrannes. La prCsence d'un substituant en a sur le 
sel empCche la reaction. On a aussi montrC que les a et les 0 mercaptoaldehydes peuvent se 
condenser avec des aldehydes conjuguCs pour donner les dihydro-5,6 (2H)thiopyrannecarboxal- 
dehydes-3 (13-15) ou des dihydro-2,5 thioph~necarboxyaldehydes-3 (16, 17). On indique les 
possibilitCs d'application de ces rhctions pour effectuer la synthkse stCrCospCcifique d'olefines. 

[Traduit par le journal] 

The synthesis of organic molecules containing 
an isolated double bond of specific position and 
configuration is a challenging problem and is of 
considerable interest in connection with such 
problems as insect pheromone synthesis (I). The 
two general approaches that have been used 
center either on means of increasing the stereo- 
selectivity of known reactions (e.g. the Wittig 
reaction (2)) or on methods which afford the 
product in a necessarily stereospecific manner. 
One of the classical methods which falls into the 
second group involves forming the olefin as part 
of a ring which is subsequently cleaved. 

Recently, Biellmailn and Ducep have shown 
(3) that reductive desulfurization of alIylic 
sulfides can be achieved without apparent 
isomerization of the double bond either in 
position or stereochemistry using lithium in 
ethyl amine. Others have improved this pro- 
cedure (4) and applied the technique to the 
synthesis of Cecropia Juvenile hormone utilizing 
the 3,6-dihydro-(2H)thiopyran system (1) (43). 
This allows the exclusive formation of the 
thermodynamically less stable 2-olefin isomer. 

The usual method for the synthesis of 1 in- 
volves the Claisen condensation of appropriately 
substituted thiodipropionic esters, decarboxyla- 

'National Research Council of Canada predoctoral 
fellow, 1974-present. 

tion (6), and subsequent reduction and elimina- 
tion. It seems clear that, even if the formidable 
synthetic obstacles to the preparation of un- 
symmetrically substituted 2 could be overcome, 
eliminations of water in such a system would not 
lead to a single isomer of 1. A partial solution to  
this problem exists in the regioselective alkylation 
of 1 which introduces substituents a t  the allylic 
position adjacent to sulfur (3-5), but an alternate 
synthesis which would allow substitution at other 
positions would greatly expand the scope of the 
method. Our interest in the reactions of vinyl- 
phosphonium salts (7) with mercaptocarbonyl 
compounds (8) led us to consider the possibility 
of a regiospecific synthesis of 1. 

The advantages to this method are clear. The 
flexibility of substitution available in the vinyl 
salts and the ease of their formation has already 
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TABLE 1. Products and yields of dihydrothiopyrans 
from phosphonium salts 

Time Yield 
3 4 Mercaptan Salt Product (h) (7,) 

been established (8a) and in theory the use of 
appropriately substituted mercaptans, derived by 
addition of hydrogen sulfide to the olefinic 
aldehydes or ketones, would allow the introduc- 
tion of substituents at any or all positions of 1. 
Most important, the position of the double bond 
relative to the substituents would be known with 
certainty. 

Results and Discussion 

The mercaptans 3 are extremely viscous oils 
which possess strongly objectionable odors.2 
Unlike the a-mercaptocarbonyl compounds 
which exist as dimeric hemithioacetals (8a, 9), 
3 appear to be polymeric in nature. Distillation 
is very difficult and is attended by severe de- 
composition, the products of which make the 
purification of 1 tedious. Fortunately, many of 
the mercaptans 3 are obtained relatively pure and 
we have found it advantageous to use them 
without further purification. In other cases, 
notably those of 3b and 3c the product was 
obviously highly impure. However, attempts at 
purification were both malodorous and un- 
productive and the crude material was best used 
directly. 

The results of the investigation are shown,in 
Tables 1 and 3. From these it can be seen that the 
reactlon did proceed as expected and that the 
yields obtained make the method a synthetically 
viable one. It should be noted that the quoted 
yields are based on pure 3 and thus, especially in 
the cases of impure mercaptans (36 and 3c), the 
actual yields of 8 and 9 are probably significantly 
higher than indicated. 

When vinyl salts which bore an alkyl sub- 
stituent on the a-carbon atom (11) were used, a 
completely different reaction ensued, leading to 
the formation of 13. Schlosser (2) has noted that 
the presence of an a-alkyl group in a phosphorus 
ylide results in a tenfold decrease in the rate of 
betaine decomposition in the Wittig reaction. 
We have already observed and commented on 

ZCompound 3 is one of the principal odiferous com- 
ponents of cats' urine (10). 

QReference 13 
"Reference 6. 

(11) the fact that retardation of the normal 
Wittig cyclization in this type of system appears 
to allow time for competing reactions to inter- 
vene. Apparently in this case, the elimination of 
hydrogen sulfide from 3 is the most favourable 
competing reaction and subsequent condensation 
of 3 with the elimination product leads to 1 3  
(Scheme 1). It is interesting to note that no sign 
of hydrogen sulfide elimination could be de- 
tected using the unsubstituted salts 4, which 
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McINTOSH AND KHALIL 1925 

TABLE 2. P r o d ~ ~ c t s  and yields of formyldihydrothiopyrans 

Mer- Time Yield 
captan Acceptor Product (h) (%Iu 

30 fHO aCHO 18 94 

UBnscd on unrecovcrcd rnercaptnn 
bTwo equiv. uscd. 

suggests a relatively rapid rate of ring closure in 
these cases. 

The implication that vinyl salt 11 was not in- 
volved in the reaction was verified by carrying 
out the condensation between 3 and a variety of 
conjugated carbonyl compounds 12 and isolating 
the products in good yields (Table 2). Further- 
more a-mercaptoaldehydes (e.g. 3e) could be 
used and the expected dihydrothiophenes 16 and 
17 were formed. Products of this type are not 
available from the previously reported reactions 
of vinylphosphonium salts.3 Compounds 13-17 
as collected from glc were uniformly clear oils 
which rapidly turned yellow. Consequently, 
although we were able to obtain good spectral 
data, attempts at elemental analysis were fruit- 
less. However, high resolution mass spectrometry 
gave parent peaks whose composition supported 
the assigned structures. 

As is indicated in Table 2, 16 and 17 were 
contaminated with varying amounts of the 

'Formation of this type of product would require the 
use of the unknown a-formylvinylphosphonium salts or a 
3-mercapto-2-ketoaldehyde. 

corresponding thiophenes 160 and 170. It was 
easily shown that simple contact with air caused 
a significant and rapid increase in the amounts of 
these oxidation products. When precautions 
were taken to exclude air during the reaction, the 
amounts of these products were minimized. The 
ease with which dihydrothiophenes carrying 
electron-withdrawing substituents at the 3-posi- 
tion are oxidized, and the fact they produce 
thiophenes rather than 3-sulfolenes, has been 
previously noted (12). 

Support for the concept that elimination of 
hydrogen sulfide can compete when the rate of 
ring closure is reduced is found in the reaction of 
30 and 12c. A 65% yield of product which con- 
sisted of 65:35 mixture of 15 and 13 was ob- 
tained. The rate of ring closure of a ketone would 
be expected to be slower than that of an aldehyde 
and thus it is consistent that products derived 
from the elimination reaction would be found in 
this case. Furthermore, when the reaction of 120 
with the mercaptan derived from mesityl oxide 
(3d) was attempted, mass spectral analysis 
showed that the mixture of products contained a 
component with a molecular weight of 202. This 
is highly suggestive of the presence of the simple 
addition product 18 and other intense peaks at 
m/e 43 and 99 are also explicable in these terms. 
The occurrence of an intense peak at m/e 156 
suggests the presence of significant amounts of 
13 which can be derived from 18 in a straight- 
forward manner. In this case, cyclization of 18 
appears to have been almost completely sup- 

pressed as judged by the very low intensity of the 
peak at m/e 184.4 Unfortunately, separation of 
the mixture into its components could not be 
achieved. 

An important result was obtained from the 

4Previous experience has shown that compounds of 
type 13 have the molecular ion as the base peak. 
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TABLE 3. Spectral and analytical data for products ,-. w 
h, m 

Analysis (%) 

Calculated Found 

Compound tlD2' Infrareda Nuclear magnetic res0nanceb.c C H C H 

5.88(m,2), 3.20(m,2), 2.83(m,l), 2.25(m,2), 
1.33(d,3,J=7.5 Hz) 

5.78(m,2), 3.70(m,l), 3.00(m,l), 2.20(m,2), 
1.30(d,6,J=7.5 Hz) 

5.73(m,2), 3.63(m,1), 3.08(m,l), 2.21(m,2), 
1.6(q,2,J=7.5 Hz), 1.30(d,3,J=6 Hz), 
1 .03(t,3,J=7.5 Hz) 

7.33(~,5), 5.83(m,2), 4.00(m,2), 2.48(m,2), 
1.35(d,3,J=7.5 Hz) 

5.53(m,1), 3.18(m,2), 2.08(m,2) 

5.57(m,l), 3.18(m,2), 2.08(m,2), 1.72(m,3), 1.33(s,6) 

9.66(~,1), 6.83(m,l), 3.70(m,l), 2.95(m,1), 2.55(m,2), 
1 .45, 1.43(2d,3,J=6 Hz), 1 .33 ,  1.30(2d,3,J=6 HZ) 

9.2(s,l), 6.83(m,1), 3.33(d,2,J=3 Hz), 3 .l-2.3(m,3), 
1.35(d,3,J=6 Hz)o 

9.1(~,1) ,  6.83(m,l), 3 .G5(q,l,J=6 Hz), 3.1-2.3(m,4), 
1.45(d,3,J=6 Hz)o 

6.83(m,l), 3.71(m,l), 2.98(m,3), 2.63-1 .53(m,6). 
1.33, 1.23(2d,3,J=6 Hz) 

10.02(s,l), 6.72(m,1), 4.42(m,2), 1.77(m,2), 
1.50(d,3,J=6.5Hz), 1.05(t,3,J=7 Hz) 

10.20(s,l), 7.05(s,l), 2.77(q,2,J=7 Hz), 1 .75(s.3). 
1.30(t,3,J=7 Hz) 

9.40(s), 6.80(m), 3.90(m), 3.30(m), i .95(m), 1 .13(t)u 

9.03(s,l), 7.90(m,l), 7.23(m,l), 2.80(q,2,J=7 Hz), 
1.30(t,3,J=7 Hz) 

aRun in chloroform solution. 
bRun in CDCI, solution. 
CTabulation follows the order: chemical shift (6), multiplicity, nunlber of protons, couplilig const;int 
dFentureless. 
eReferencc 6 (no = 1.5239). 
fPure sample not available. 
OObtained by subtraction. 
hmle  (Mt) calcd.: 182.0766; found 182.0681. 
fni le  (M+) calcd.: 140.0296; found 140.0290. 
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reaction of 3a with acrolein (12b). Although the 
glc showed only one product on several columns, 
and the elemental analysis was in good agreement 
with the expected product 14, the nmr spectrum 
quickly showed that two isomeric materials, 14  
and 14a, were present in a ratio of 7:3. The 
presence of the latter was indicated by a quartet 
(6 = 3.65) due to the allylic methine proton 
adjacent to  sulfur which was coupled to  a doublet 
a t  6 = 1.45. In comparison, the methyl doublet 
of 14 appears a t  6 = 1.35 and the allylic meth- 
ylene adjacent to  sulfur occurs at 6 = 3.33. The 
occurrence of both 14  and 14a suggests that, in 
addition to  the elimination of hydrogen sulfide, 
proton transfer leading to  equilibration of the 
reaction intermediates can also occur (Scheme 2). 

The factors which determine the relative rates o r  
the various reactions, a point of some synthetic 
interest, are not clear and further work in this 
area is required. 

The potential for synthetic use of compounds 
like 13 and 17 is apparent and forms the basis for 
future work. 

Experimental 
Nuclear magnetic resonance spectra were recorded on 

Varian EM360 or JEOLCO C60 HL instruments and are 
reported in parts per million downfield from TMS as 
internal standard. Gas chromatography was performed on 
an F and M Model 720 instrument utilizing an 8 ft  X 
0.375 in. column packed with 20y0 SE30 on Chromosorb 
W. The flow rate of the helium carrier gas was 60 ml/min. 
Mass spectra were obtained using a Varian MAT CH5-DF 
spectrometer controlled by an INCOS computer system. 
Microanalyses were performed by A. B. Gygli, Micro- 
analysis Laboratory, Toronto, Ontario. 

Mercaptans 3a (13) and 3d (14) were prepared accord- 
ing to literature procedures. 

3-Mercapto-3-phet1ylp1'opat1al(3b) 
Cinnamaldehyde (33 g, 0.25 mol) was added in the 

presence of 10 ml of triethylamine to a saturated solution 
of hydrogen sulfide in 250 ml of chloroform at - 10 "C 
and stored at  this temperature for 14 h. Hydrochloric 
acid (150 ml, 2 N) was added and the mixture was stirred 
for 30 min. The organic layer was separated and washed 
with 2 N acid, with water and was dried over sodium 
sulfate. Evaporation of the solvent gave 39 g of very 
thick oil which was used directly. 

4-Me1'capto-2-blrtatlo,re (3c) 
Using the procedure of Kollonitsch (15) 10.5 g (0.15 

mol) of methyl vinyl ketone afforded 14g  of product 
which was used without further purification. The com- 
pound was previously obtained in very low yield by 
Murata and Arai (14). 

Preparatiotls of Dil~ydrotl~iopyra,rs 5-10 
The allylic triphenylphosphonium salt was first iso- 

merized to the vinyl isomer by heating in pyridine 
solution containing a catalytic amount of triethylamine 
(74 .  

T o  a well-stirred solution of the vinyl salt 4 (0.01 mol) 
in 50 ml of pyridine containing triethylamine (0.012 mol) 
was added a pyridine solution of the appropriate 3 
(0.01 mol). The reaction mixture was refluxed for the 
time indicated in Table 1, cooled, diluted with water 
(500 ml), and extracted with ether (4 X 150 ml). The 
combined extracts were washed with 10% hydrochloric 
acid, water, dried, and evaporated. The residue was 
chromatographed on alumina using pentane-ether (1 :2 
V/V) to afford essentially pure thiopyran. Analytical 
samples were collected from glc. Yields and spectral data 
are incorporated in Tables 1 and 3. 

Syt~tlresis of 5,6-Dil1ydro-(2H)tl1iopyr~111-3-1de1de 13-15 
In a typical experiment, a solution of 3a (1.04 g, 0.01 

rnol) in 50 ml of pyridine which contained 2.02 g (0.02 
rnol) triethylamine was stirred under nitrogen for 20 min 
at room temperature. T o  this yellow solution was added 
0.7 g (0.01 rnol) of crotonaldehyde (12a) in 15 ml of 
pyridine and stirring was continued for 20 min at  ambient 
temperature. The solution was refluxed for 14 h, cooled, 
added to 300 ml of water, and extracted with three 100 ml 
portions of ether. The organic phase was washed with 
10% hydrochloric acid (2 X 100 ml) and with water until 
the washings were neutral. After drying and evaporation 
of the solvent, 1.47 g (94%) of 13  was obtained; which 
was pure to glc analysis; (2,4-DNP mp 237 "C (lit. (13) 
mp 234-236 "C). 

Sytrtl~esis of 2,5-Dil1ydrotl1iop/1erre-3-alde/1ydes 16 atld 17 
The following procedure is representative. A mixture of 

a-mercaptobutyraldehyde (3e) (1.04 g, 0.01 mol), tri- 
ethylamine (2.02 g, 0.02 rnol) and 60 ml of pyridine was 
stirred under nitrogen for 15 min a t  room temperature. 
A solution of 0.7 g (0.01 rnol) of crotonaldehyde (12a) in 
15 ml of pyridine was added dropwise with stirring. After 
stirring for 20 min, the solution was refluxed for 11 h, 
cooled, poured into 400 ml of water, and extracted'with 
ether (4 X 100ml). The combined organic layer was 
washed with 10% hydrochloric acid (2 X 100ml) and 
water. The dried solution was evaporated, leaving 1.31 g 
of thick yellow oil which was shown by glc to bea  mixture 
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1928 CAN. J. CHEM. 

of unreacted mercaptan 3e (24%), dihydrothiophene 17, 
and thiophene 170. This corresponds to a combined yield 
of 64% based on unrecovered 3e of which 63y0 is 17 and 
37% is 170. 

Further exposure to air caused conversion of 17 to 170. 
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Application of photoelectron spectroscopy to intramolecularly 
hydrogen-bonded systems. Part 111. The photoelectron spectra of 

cis and trans 2.substituted cyclopentanols and cis and trans 
2-substituted cyclohexanols 
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R. S. BROWN. Can. J.  Chem. 54,1929 (1976). 
The photoelectron spectra of several well defined molecules exhibiting intramolecular 

hydrogen bonding has been determined and the analysis of the spectra is in accord with recent 
molecular orbital calculations of related systems. The experimentally determined enthalpies of 
the hydrogen bonds in cis-2-aminocyclopentanol and cis- and trans-2-aminocyclohexanol do  not 
correlate in any simple fashion with the shifts in the ionization energies of the no and nN 
orbitals compared to  a model which precludes hydrogen bonding. The spectral differences 
attributed to hydrogen bonding in the cis and tratls 2-substituted cyclanols cannot be attributed 
to differences in the through-bond interaction of the n orbitals on either atom since the cis and 
trarrs isomers of 1,2-dimethoxycyclopentane and 1,2-dimethoxycyclohexane show virtually 
identical pe spectra. A discussion of the applicability of Koopmans' theorem and the effect of 
the hydrogen bond in both the ion and ground states is presented. 

R. S. BROWN. Can. J. Chem. 54, 1929 (1976). 
On a determine les spectres photoelectroniques de plusieurs molCcules bien definies montrant 

des ponts hydrogkne intramoleculaires; l'analyse de ces spectres est en accord avec les calculs 
recents d'orbitale moleculaire de systkmes qui leur sont relies. Les enthalpies determinks 
experimentalement pour les ponfs hydrogene dans l'amino-2 cyclopentanol-cis et les amino-2 
cyclohexanols cis et trolls ne peuvent pas Ctre relies d'une faqon simple avec les deplacements 
dans les energies d'ionisation des orbitales no et n, compares avec un modttle qui empCche les 
ponts hydrogkne. Les differences spectrales attr ibuks aux ponts hydrogene dans des cyclanols 
substitues en position 2 (cis et tratrs) ne peuvent pas Ctre attr ibuks a des differences dans les 
interactions a travers les liens des orbitales n de chacun des atomes puisque les isomkres cis et 
tratrs des dimithoxy-1,2 cyclopentane et dimethoxy-1,2 cyclohexane presentent des spectres 
photoelectriques pratiquement identiques. On presente une discussion sur la possibiliti d'appli- 
quer le theoreme de Koopman et sur I'effet des ponts hydrogene dans l'ion et les etats fonda- 
mentaux. 

[Traduit par le journal] 

The fundamental importance of hydrogen- 
bonding is best realized when one considers the 
large quantity of research expended toward its 
understanding (for a compendium of leading 
references see ref. 1). Recently several sophisti- 
cated molecular orbital calculations concerning 
this phenomenon have elucidated the subtle 
electronic redistributions which occur within 
molecules during hydrogen-bonding (H-bonding) 
(2). The majority of calculations reach similar 
conclusions in that charge cloud repulsion and 
electrostatic and charge redistributions con- 
tribute significantly to the H-bonding interaction, 
and that while the H involved in the interaction 
loses electrons, the electronegative atoms at the 
termini of the H-bond gain electrons upon bond 
formation (2c). 

Our previous investigations concerning intra- 
molecular H-bonding reported changes in the 
photoelectron spectra (pes) of isomeric a-amino- 
alcohols (3a) and a-hydroxy ketones (3b). The 
general observation for those compounds which 
exhibited an intramolecular H-bond was that the 
electron pair involved in the formation of the 
H-bond exhibited a higher ionization energy 
(IP), and the electron pair residing on the hydro- 
gen donor atom exhibited a lower IP than those 
in a geometrical isomer in which H-bonding was 
precluded. Two other investigations of tempera- 
ture induced variations in the pe spectra of 
flexible aminoalcohols (4a) and carboxylic acid 
dimers (4b), although reporting similar observa- 
tions to ours (3), were not without ambiguity 
since such spectral variations may have resulted 
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from conformational changes as a function of 
temperature. 

Several questions which seemed of impor- 
tance were raised as a result of these investiga- 
tions. Firstly, since the differences in the pe 
spectra were consistent with the formation of an 
intramolecular H-bond in one of the geometric 
isomers, it was not without reason that such 
shifts might reflect the extent of the perturbation 
of the orbitals by the H-bond, and therefore per- 
haps a quantitative measure of the enthalpy of 
H-bond formation could be derived from the pe 
spectra. Secondly, it has been theoretically pre- 
dicted by Hoffman (5) and experimentally 
demonstrated by Heilbronner and co-workers (6) 
that lone pairs within a molecule can interact by 
either a direct through-space mechanism or a 
through-bond mechanism. Such an interaction 
generally increases the splitting between the 
orbitals in contrast to those observations already 
presented and attributed to H-bonding (3), 
however, one does not know to what extent these 
interactions may be significant in the above cases. 
Therefore it is important to show that the 
spectral differences between the geometric 
isomers that we attribute to H-bonding do not 
arise from unrelated orbital interactions. Thirdly, 
it is desirable to demonstrate that this technique 
can be used to detect the consequences of intra- 
molecular H-bonding in related systems in which 
other groups serve as the electron donor. To this 
end we have synthesized and determined the pe 
spectra of cis- and trans-2-methoxycyclopentanol 
and cis- and trans-2-methoxycyclohexanol. The 
following represents the findings concerning 
these questions. 

Experimental 
The cis- and trotis-2-aminocyclohexanols were prepared 

by the method of Bannard er al. (7). Methylation of the 
cis isomer by the Eschweiller-Clarke procedure (8) 
afforded cis-2-(N,N-dimethylamino)cyclohexanol while 
the corresponding tr.atls isomer was produced by opening 
of cyclohexene oxide with dimethylamine (9). rratls-2- 
Methoxycyclohexanol, and rrntls-2-methoxycyclopentanol 
were quantitatively prepared by the sulfuric acid catalysed 
opening of the corresponding epoxides in anhydrous 
methanol and gave physical properties which compared 
well with those published (10, 11). The trotis isomers were 
converted into the corresponding cis isomers by the 
method of Buck er al. (1 1). 
rratis-1,2-Dimethoxycyclohexane and rrr111~-1,2-dimeth- 

oxycyclopentane were prepared from the corresponding 
trorzs-2-methoxycyclanols by the methylation procedure 

of Diner er nl. (12), while the cis-l,7-dimethoxycylanes 
were prepared by complete methylation (12) of the cis- 
1,2-diols (13). Each of these diethers had spectral and 
physical properties consistent with the assigned struc- 
tures (14). 

Photoelectron spectra and ir spectral measurements 
were determined under conditions described previously 
(30). 

Results and Discussion 

Aminocyclanols 
The observed vertical ionization energies (VIP) 

for the aminocyclohexanols (1-4) and amino- 
cyclopentanols (5-8) are presented in Table 1. 

Since the gross trends and general appearance of 
the pe spectra of the cyclohexane series resembles 
that of the cyclopentane series, they need not be 
reproduced here. It  was hoped that the pe spectra 
of the more flexible aminocyclohexanols com- 
pared with the relatively rigid aminocyclo- 
pentanols, might reveal differences in the spectra 
which might be related to differences in the H- 
bond strength. For that reason, it might be 
reasonable to compare the differences in the VIP 
values of the easily identifiable lone pairs on 
nitrogen (nN) and oxygen (no).' Hence, if trans- 
2-aminocyclopentanol (6 )  in which intramolec- 
ular H-bonding is absent (30) can be taken as a 

lThe term 'lone pair' used to  describe the electron pair 
associated with the oxygen or nitrogen atoms is somewhat 
misleading since this molecular orbital is probably ex- 
tensively delocalized and contains significant components 
of atomic orbitals centered on adjacent atoms. Neverthe- 
less, we shall use this terminology throughout for the sake 
of simplicity to  refer to  that pair of electrons associated 
with the nitrogen and oxygen atoms. 
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BROWN 

TABLE 1. Vertical ionization energies (VIP) in electron volts (eV) and 
assignments for the 2-arninocyclohexanols (1-4)a and 2-aminocyclopentanols (5-9)" 

Compound VIP n, VIP no AIP(n, - no) 

cis-2-Aminocyclohexanol (1) 9.59 10.09 0.50 
trarrs-2-Aminocyclohexanol (2) 9.49 10.19 0.70 
cis-2-Aminocyclopentallol (5) 9.70 10.11 0.41 
trans-2-Aminocyclopentanol (6)  9.25 10.24 0.99 
cis-2-(N,N-Dimethylarnino)cyclohexanol (3) 8.64 9.70 1.06 
trarls-2-(N,N-Dimethylamino)cyclohexanol (4) 8.36 9.86 1.50 
cis-2-(N, N-Dimethylamino)cyclopentanol (7) 8.69 9.89 1.20 
trarls-2-(N,N-Dirnethylamino)cyclopentanol (8) 8.30 10.02 1.72 

aThis work. 
*Reference 30. 

model compound, then the pe spectra of cis-2- 
aminocyclopentanol (5) and cis- and traizs-2- 
aminocyclohexanol (1  and 2 respectively) which 
clearly demonstrate H-bonding may be com- 
pared with that of (6). Differences in the spectra 
may arise from H-bond induced perturbations 
of the orbitals. A similar sort of comparison may 
be attempted in the N,N-dimethylamino series.. 

We have previously determined the enthalpy 
of the intramolecular H-bond in cis-2-amino- 
cyclopentanol (5) to be - 1.92 kcal mol-I (3a). 
utilizing similar techniques and solvents (15) 
we have now determined the AH values for the 
H-bonds of cis- and trans-2-aminocyclohexanol 
(1 and 2) to be - 2.5 kcal mol-I and - 2.8 kcal 
mol-I respectively. Hence it seems clear that the 
magnitude of the spectral shifts obtained for 
these compounds from Table 1 correlates in no 
simple way with the enthalpies of H-bonding. 
Apparently it is a gross oversimplification to 
expect that the magnitude of the shifts in the n, 
and no orbitals on H-bonding will reflect 

the enthalpy of the interaction. 
What we have neglected due to the uncertainty 
of measurement, are the changes in the energy of 
several of the a-bonds and in particular the 0-H 
a-bond which should be perturbed by H-bond 
formation. Thus, while it appears that pe spectral 
shifts of geometric isomers can be qualitatively 
ascribed to H-bonding, it is not likely that the 
simple shifts of the two non-bonded pairs of 
electrons (n, and no) will quantitatively lead to  
H-bond enthalpy in these systems. 

which no H-bonding is possible. If there were no 
interaction between the no orbitals in cis- and 
trans-1,2-dimethoxycyclopentane then these or- 
bitals would be degenerate. However the pe 
spectra of these compounds presented in Fig. 1 
indicates that some interaction has removed 
their degeneracy. It is significant to  notice 
that the pe spectra of the cis and trans isomers 
in both the cyclopentane and cyclohexane series 
are virtually superimposable and that the orbital 
splitting obtained from Table 2 is the same 
for both isomers. The dihedral angle between 
the two C-OCH3 bonds in 9 is shown from 

models to be nearly 0" (even if some torsional 
strain is allowed) while that exhibited in 10 
is roughly 120". Assumiilg that through-space 
interaction depends upon the overlap and hence 
distance between the interacting orbitals one 
would expect that this interaction would be far 
less for 10 than 9 since the distance between the 
oxygens increases appreciably in the former. 
Since the splitting observed in the pe spectra is 
constant, one can rule out this direct type of 
interaction. On the other hand, through-bond 

Orbital Interactions interactions of the type elaborated by Hoffman 
In order to assess the importance of orbital et al. (16) and later experimentally verified for 

interactions in the observed pe shifts attributed 1,4-diazabicyclooctane by Heilbronner and 
to  H-bonding, we decided to look at isomers in Muszkat (6d) are not expected to be markedly 
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16 15 14 13 12 11 10 9 16 15 14 13 12 1 1  10 9 

IONIZATION ENERGY ( e V )  IONIZATION ENERGY (eV)  

FIG. 1. The pe spectra of cis- and trans-l,2-dimethoxycyclopentane (9 and 10) and cis- and 
trar~s-l,2-dimethoxycyclohexane using argon as an internal calibration. 

TABLE 2. Vertical ionization energies (VIP) in electron volts (eV) and 
assignrnentsa of the two highest orbitals in cis- and trarzs-l,2-dimethoxycyclopentane 

and cis- and trans-1,2-dirnethoxycyclohexane 

Compound VIP n+ VIP n- AIP(n- - n,) 

cis- 1 ,2-Dirnethoxycyclopentane 9.29 9.75 0.46 
trarls-l,2-Dimethoxycyclopentane 9.39 9.84 0.45 
cis-1,2-Dirnethoxycyclohexane 9.24 9.64 0.40 
trans-I ,2-Dimethoxycyclohexane 9.31 9.69 0.38 

G e e  text for the origin of assignment. 

dependent upon rotational variations about the 
central C-C axis as long as the overlap between 
each no orbital and the central C-C bond is 
constant. That the experimentally observed 
splitting in 9 and 10 remains equivalent seems to 
dictate that this must be the case. Unless there 
are anomalous cancellations and an exactly 
compensatory reordering of n- and n+ in passing 
from the trans isomer to the cis isomer, we 
would follow the predictions of Hoffman et al. 

(16) in assigning n+ as the highest occupied 
molecular orbital (homo), in these cis- and trans- 
1,2-dimethoxycyclanes. 

Regardless of the ordering, the important 
point of the experiment is that because there 
exists no change in the splitting of the n+ and n- 
orbitals in passing from the trans to cis isomer, 
the importance of such orbital interactions in the 
pe spectral differences attributed to the presence 
of the H-bond is minimal. 
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TABLE 3 .  Vertical ionization energies (VIP) in electron volts (eV) and 
assignments for cis- and rratis-2-methoxycyclopentanol (11 and 12) 

and cis- and rratzs-2-methoxycyclohexanol (13 and 14) 

Compound VIP(nijo,) VIP (nij,) AIP(nijH - nijcH1) 

Methoxycyclanols 
In our hopes to establish that such pe spectral 

changes could result from intramolecular H- 
bonding in other systems, we decided to in- 
vestigate the 2-methoxycyclopentanols and 2- 
methoxycyclohexanols (compounds 11-14). The 
VIP values and assignments for the ionizations 
are given in Table 3. 

The assignments of the lone pair ionizations 
are based on the accepted lowering of ionization 
potential with increasing alkyl substitution (VIP 
CH~OH,  10.96 eV (17); VIP C H ~ O C H ~ ,  10.04 
eV (18)). A comparison of cis- and trans-2- 
methoxycyclopentanol shows that the ionization 
of the methoxyl lone pair (nijcH,) is more 
difficult by 0.2 eV and hydroxyl lone pair (nij,) 
less difficult by 0.17 eV in the former. Therefore, 
as a result of H-bonding present in the cis 
isomer (11) the ionization of the oxygen lone 
pairs tend to approach each other in terms of 
energy. This is undoubtedly a consequence of 
the electronic reorganization initiated by the 
presence of the H-bond and is totally consistent 
with the observations made on the amino al- 
cohols (3a). One might rationalize these observa- 
tions by considering that the H-bond involves 

both electrostatic and charge-transfer inter- 
actions between the electron donor and proton 
donor termini of the H-bond (2). As a result of 
the interaction with the proton, the electron pair 
now becomes somewhat more bonding and 
moves to lower energy than in the absence of the 
H-bond. Concomitantly, charge transfer from 
the electron donor concentrates more electron 
density on the proton donor, facilitating the 
ionization of its lone pair. The cis and trans 
isomers of 2-methoxycyclohexano1 exhibit the 
same ionization energies for the 0CH3 and OH 
lone pairs suggesting similar interactions in both 
isomers. 

Solution phase ir data are presented in Table 4 
and indicate that all the 2-methoxycyclanols 
show marked intramolecular H-bonding except 
tra~zs-2-methoxycyclopentanol(12). We have not 
attempted to see if a correlation exists between 
the enthalpy of the H-bond and the induced pe 
spectral shifts in comparison to 12 since none of 
those compounds in which an intramolecularly- 
bonded OH stretching frequency is observed 
exhibit a free -OH stretch, thus precluding 
enthalpy measurements (15). As in the case of 
the 2-aminocyclanols however, it is not likely 
that such a correlation will exist since the 
spectral shifts in the g-bonding region, which 
undoubtedly represent major electronic changes 
in the C-C, C-0-, and C-H skeleton, defy 
analysis. 

I t  is apparent that intramolecular H-bonding 
can cause appreciable changes in the pe spectra 
of 2-aminocyclanols (3a), a-hydroxy ketones 
(3b), and 2-methoxycyclanols, in comparison 
with model compounds which possess similar 
substituent effects but in which the molecular 
geometry precludes H-bonding. While pe spec- 
troscopy has been used previously to probe 
H-bonding in flexible aminoalcohols (4a) and 
carboxylic acid dimers (46) such determinations 
relied upon temperature induced differences in 
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TABLE 4. Infrared 0-H stretching frequencies of cis and trans 2-substituted 
cyclanols determined in C12C=CC12 solution at  room temperature 

vOH (cm-1) 

Compound Free Intramolecular inter molecular^ 

cis-2-Methoxycyclopentanol (11) 
trat~s-2-Methoxycyclopentanol (12) 
cis-2-Methoxycyclohexanol(13) 
tratls-2-Methoxycyclohexanol (14) 
cis-2-Aminocyclohexanol (1) 
tratrs-2-Aminocyclohexanol (2) 
cis-2-(N,N-Dimethylamino)- 

cyclohexanol (3) 
trarls-2-(N,N-Dimethylamino)- 

cyclohexanol (4) 

"Exhibits diminishing intcnsity as dilution increases. 
bPosition of this intermolecular band shifts to higher frequency (but lower intensity) as dilution 

increases. 
CPrevious values reported in CCI,: 11. 3570; 13, 3586; 14. 3594 cm-1 (ref. 11). 
dExhibits free N-H stretch at 3390 cm-'. 

the pe spectra to infer the presence of the H- 
bond. That such shifts are exclusively attri- 
butable to such bonding is ambiguous since 
Ames and Turner (19) have shown that the pe 
spectrum of 1-bromo-2-chloroethane, which ob- 
viously cannot intrarnolecularly H-bond, is sub- 
ject to temperature dependence, presumably due 
to different molecular conformations. 

In our studies we have attempted to verify the 
consequence of H-bonding on the pe spectra of 
somewell-defined systems at ambient tempera- 
ture in order to minimize the effects of conforma- 
tional heterogeneity. In all cases in which intra- 
molecular H-bonding could be demonstrated by 
conventional techniques (ir) the pe spectra 
showed large shifts when compared to a non 
H-bonding model. 

By a consideration of only two of the pairs of 
electrons perturbed during H-bond formation 
we could see no well-defined correlation which 
would allow quantitative assessment of the H- 
bond strength as determined by standard 
techniques (15). The H-bond energy reflects the 
net change in energy of the entire molecule upon 
bond formation which cannot be meaningfully 
approximated by determining changes occurring 
in the ionization energies of only two of the 
occupied orbitals. 

Another important factor which is perhaps 
more to the point when assessing the appli- 
cability of pes to such subtle phenomena as 
H-bonding concerns the validity of applying 
Koopmans' theorem (20) to such systems. If we 

were to simply assume that Kooprnans' theorem 
holds for the ionization, then the increase in the 
ionization energy of the electron-donor orbital 
in passing from trails- to cis-2-methoxycyclo- 
pentanol (12 to 11 respectively) might be attri- 
buted to the stabilization of that orbital upon 
H-bond formation. At the same time, H-bond 
formation raises the energy level of the no 
orbital on the proton donor if one assumes that 
the -1P value corresponds to the orbital energy 
level. Of course this analysis does not actually 
conform to reality in that it assumes that 
electronic reorganization is negligible during 
ionization. 

However, as pointed out by Eland (21), the 
experimental ionization energies can be exactly 
defined as the energy difference between the 
neutral molecule and the molecular ion in a 
particular state. Thus one must ask what in- 
fluence the Dresence of the H-bond has on the 
ground state energy and the energy of an ion 
state created by instantaneous removal of an 
electron from a particular orbital. The ideas of 
Pimentel (22) are particularly relevant to this 
question. When a carbonyl-containing molecule 
is placed in an H-bonding solvent, a decided 
n-T* blue shift occurs. While this phenomenon 
was originally attributed to H-bond induced 
lowering of the n-orbital(23), Pimentel discussed 
it in terms of solvation of the ground state and 
first excited singlet state, and the Franck- 
Condon principle. He suggested (22) that while 
H-bond formation might stabilize the ground 
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I I 

B - H  INTERNUCLEAR DISTANCE 

FIG. 2. A potential energy diagram for an intra- 
molecularly H-bonded moleci~le as a function of inter- 
nuclear distance for both the ground and ion state 
created by removal of a non-bonding electron localized on 
the B: residue. It is projected that the ground state of the 
molecule is stabilized by H-bond formation, while the 
vertically produced ion state of the same molecular 
dimensions may be destabilized by the H-bond. See 
footnote 2. 

state of a molecule (by lowering the energy of the 
electron-donor orbital), it might possibly de- 
stabilize the first excited singlet state. An exten- 
si9n of these ideas to  ionization processes such 
as that illustrated in [I.] can be envisioned. 

the presence of the hydrogen of the formerly 
stabilizing H-bond. Hence what we are ex- 
perimentally determining is not simply a con- 
sequence of the ground state stabilization, but 
rather the change in energy between two states 
which may be differentially influenced by the 
presence of the H-bond.. 

In accord with these beliefs, Del Belie has 
calculated the potential curve for the first excited 
singlet state of the formaldehyde-water dimer as 
a function of internuclear separation and found 
it to  be repulsive (25). Her calculations suggest 
that removal of a n  electroll from the carbonyl 
oxygen no orbital and transferring it to  the 
orthogonal T* orbital promotes the formerly 
neutral, stabilized H-bonded dimer into an 
excited state of the same molecular dimensions, 
but no longer stabilized by the presence of the 
H-bond. 

If we can extrapolate these calculations to  our 
intramolecularly H-bonded system, then a 
potential enero diagram of the ground state and ?Y 
excited state l ~ k e  that shown in Fig. 2 may be 
envisioned. 

Figure 2 illustrates that the potential curve for 
the ion-state created by removal of an  electron 
from base B may be repulsive, and the vertical 
ionization energy is simply the vertical line con- 
necting the two states of equal molecular 
dimensions.Wne might qualitatively explain the 
upper curve by recalling that if the H-bonded 
species in the ground state can be represented by 
the polarized structure 15, then instantaneous 
removal of the localized non-bonding electron 
from B converts the molecule into ion 16 which 

,H .' 
[ I ]  CHI-$'' lo: 5 u 'The calculations dealine with the acetone-water and 

formaldehydewater dime; ( 2 5 )  show that the first 
excited singlet state produced by excitation is no longer 

Since removal of that electron is an  instanta- stabilized (but 110t necessarily destabilized) by the 
neous process (within the Franck-Condon presence of the hydrogen-bond. It is entirely probable, 
principle (for a discussioll of the application of however, that the ion state produced by electron removal 

may be somewhat more sensitive to the neighboring the Franck-Condon principle pe spectroscopy hydrogen and show such destabilization. Unfortunately 
see ref. 24)) and no nuclear reorganization is we have no theoretical data which bears directly on this 
permitted, the ion may well be destabilized by point. (See Acknowledgement.) 
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H - B O N D  
E N E R G Y  IN 
ION S T A T E  

. . .... 

I I 

B-H INTERNUCLEAR DISTANCE 

FIG. 3. A potential energy diagram for an intra- 
molecularly H-bonded molecule as a function of inter- 
nuclear distance in both the ground state and ion state 
created by removal of a non-bonding electron localized 
on the 0-H moiety. I t  is speculated that this ion-state 
may well possess a stronger H-bond than the ground state 
due to increased polarity of the 0-H U-bond in the latter. 
The exact positioning of the well of the potential curve for 
the ion state is uncertain at this time. 

experiences strong dipole repulsion. On the other 
hand removal of the oxygen non-bonded electron 
creates an ion (17) in which the effective electro- 
negativity of the oxygen is markedly increased 
leading to  even larger polarization of the 0-H 
u-bond than in the ground state. Hence the 
H-bond in ion 17 may well be stronger than in 
the neutral ground state. This situation is 
qualitatively represented in Fig. 3. Once again 
the experimental ionization energy is defined as 
the energy required to  interconvert the two states. 

The important projection of the above dis- 
cussion is that if the potential curve for the ion 
state is vastly different than that of the ground 
state, then the experimental ionization energies 
cannot be treated under the assumption of 
Koopmans' theorem. I t  would be of great benefit 

to determine these curves before any pe data can 
be used t o  infer orbital energies for H-bonded 
systems. 
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Product yields and mechanism of penicillamine radiolysis at p H  5 
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GREESEI CHAND GOYAL and DAVID ANTHONY ARMSTRONG. Can. J. Chem. 54, 1938 (1976).  
The major products from the radiolysis of penicillamine in N20-saturated solutions a t  

p H  5 are penicillamine disulfide, penicillamine trisulfide, and valine with yields of 2.0, 1.2, and 
1.5 molecules per 100 eV in lo-' M solutions and 1.8, 0.94, and 0.60 molecules per 100 eV in 
10-3 M solutions respectively. These yields remain essentially the same when the major attacking 
radical is changed from .OH to .CH20H,  .Br2- or .(CNS)?-, and it is concluded that all four 
species produce predominantly pens. radicals on attacking penicillamine. The formation of 
trisulfide and an equivalent amount of valine is attributed to secondary reactions of pens. 
radicals and discussed in the light of recent pulse radiolysis experiments and other work. 

In deaerated solutions hydrogen and H2S were observed in significant yields and the valine 
yield increased. These observations can be accounted for quantitatively by the reactions: 

[To] . H  + penSH + pens.  + H z  

171 . H  + penSH + pen. + H2S 

[I31 e,,- + penSH + pen. + SH- 

[251 pen. + penSH+penH + pens.  
The yields of minor (G < 0.5 molecules per 100 eV) products like NH3 and CH2=C(CH3)- 

CH(NH,+)COO- indicated that fragmentation of p e n  and other secondary radicals from 
penSH was more important than for cys. and other radicals from cysSH. 

GREESH CHAND GOYAL et DAVID ANTHONY ARMSTRONG. Can. J. Chem. 54, 1938 (1976) 
Les produits majeurs de la radiolyse de la pinicillamine dans des solutions saturees de NzO 2 

un p H  de 5 sont le disulfure de ~Cnicillamine, le trisulfure de pCnicillamine et la valine avec des 
rendements respectifs de 2.0, 1.2 et 1.5 molCcules par 100 eV pour des solutions B 10-2 M et 
de 1.8, 0.94 et 0.60 molicules par 100eV pour des solutions B 10-3 M. Ces rendements ne 
changent pratiquement pas quand le radical provoquant l'attaque majeure change de .OH B 
.CHIOH, .Br2- ou .(CNS)2-et on en conclut que les quatre espkces prod~~isent principalement 
des radicaux pens. par attaque sur la pCnicillamine. On attribue la formation du trisulfure et  
une quantiti equivalent de valine B des reactions secondaires des radicaux pens. et on discute 
de cette formation en fonction dlexpCriences ricentes de radiolyse pulsie et d'autres travaux. 

Dans des solutions ne contenant pas d'air, on a observC la formation d'hydrogkne et de H2S 
avec des rendements importants et le rendement de valine augmente. On peut expliquer ces 
observations par les reactions: 

[701 . H  + penSH + pens. + H2 

[71 . H  + penSH + pen. + H,S 
el,,- + penSH + pen. + SH- 
pen. + penSH + penH + pens 

Les rendements des produits forrnis en quantitis mineures, (G < 0.5 molecules par 100 eV) 
comme NH3 et CH2=C(CHl)CH(NHl+)C00-, indiquent que la fragmentation du pen. et des 
autres radicaux secondaires B partir du penSH est plus importante que pour cys. et d'autres 
radicaux provenant de cysSH. 

[Traduit par le journal] 

Introduction efficient itz uivo radiation protectors (1). However 
~h~ sulfhydryl amino acid cysteine (HS- penicillamine, which differs from cysteine in 

CH2CH(NH3+)Co2-) and the 1,2-amino thiols possessing two methyl groups adjacent to the 
related to it are generally among the most sulfhydryl (viz. HS-C(CH~)~CH(NH~-I-)CO~-), 

is an exception to this rule and in some situations 

I Present address : Biophysics Laboratory, Department may evenLact as a radiation sensitizer (2, 3). The 
of Physics. Illinois Institute of Technology, Chicago, ex~lanatioll for the lack protective ability in 
Illinois. penicillamine is clearly of fundamental impor- 
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tance to an understanding of the mechanism of 
sulfhydryl protection. For this reason and also 
because of the significant role played by mole- 
cules related to penicillamine in medicinal 
chemistry, the present investigation of the 
products of degradation of penicillamine by free 
radicals was undertaken. For convenience the 
formula of the molecule is henceforth abbre- 
viated to penSH. 

Earlier esr studies (4) in flow systems have led 
to the conclusion that the radicals formed by OH 
attack are predominantly thiyl radicals: 

More recent research on the pulse radiolysis of 
nitrous oxide-saturated solutions is in agreement 
with this (5-8) and has shown (6) that . CH20H 
radicals also produce pens. radicals: 

At pH's where the pens- concentration is 
significant ( p H  2 7 ;  PK,,,,~, = 7.9 (6)) pens. 
radicals form penSS-pen radical anions, which 
possess a strong optical absorption with A,,, at 
450 nm (5-8). The absorption attributed to 

pens. radicals is much weaker and has a maxi- 
mum at 330 nm (5-8). The kinetics of the 
decays of the optical absorptions were consistent 
with the following radical-radical reactions: 

and 

[5] pens. + pens>-pen + pens- + penSSpen 

However, there was also evidence for a first order 
decay of penSS-pen at low doses per pulse (6), 
which was tentatively attributed to reaction 6. 

[6] penSS-pen (+ HzO) + penSS. + penH + OH- 

Purdie, Gillis, and Klassen (6) have reported 
yields of penSSpen, penSSSpen, penH, and H2S 
from the pulse and O0Co 7 radiolysis of nitrous 
oxide-saturated solutions at p H  5 and 8. The 
hydrogen sulfide (G(H2S) = 0.5 to  0.7) was 
attributed primarily to  reaction 7 

which had previously been observed at p H  = 1 
by Peterson (9) and investigated by competition 
kinetics by Tung and Kuntz (10). The formation 

of trisulfide was attributed to reactions 6, 8, 
and 9: 

with the tetrasulfide reacting with penSH prob- 
ably in reaction 10: 

The rate of this reaction was such that any 
tetrasulfide produced would have disappeared in 
the time which elapsed between radiolysis and 
analysis (approximately 1 h) in the experiments 
of ref. 6. The penSSH from reaction 10 may 
reasonably be expected to form further trisulfide 
in reaction 11 : 

Purdie et al. (6) found that the yield of tri- 
sulfide increased with increasing pH, and this 
supports the involvement of penS.S-pen ions iil 
the formation of trisulfide. The yield also in- 
creased at lower dose rates which is consistent 
with the longer time available for reaction 6. 
However, the increase was not as great as 
expected for quantitative agreement with the 
rates of reactions 3 to 6 at p H  8. 

Apart from the above studies and the hydrogen 
yield determinations of Tung and Kuntz (10) no 
systematic investigations of product yields from 
penicillamine radiolysis have been reported. The 
present study was undertaken to obtain a more 
complete picture of the products resulting from 
the reactions of e,,-, . H, and . OH at p H 5  where 
the pens- concentration is small. Experiments 
were also performed with CHzOH, . (Br)2-, and 
.(CNS)2-, since it seemed important to deter- 
mine whether the production of trisulfide 
occurred only with - H and . OH. 

Experimental 
Reager~ts 

D-Penicillamine and L-norleucine from the Sigma 
Chemical Co., D-valine from Mann Research Labora- 
tories, grade 'A' p-hydroxyvaline from Calbiochem, and 
D-penicillamine disulfide and 5,5'-dithiobis-(2-nitroben- 
zoic acid) from the Aldrich Chemical Co. were used 
without further purification. The penicillamine trisulfide 
was kindly supplied by J. W. Purdie of the Defence 
Research Board in Ottawa. Only the free base forms of 
amino acids were used in this work to avoid possible 
formation of .Clz- from the hydrochloride salts. 

The sources of potassium bromide, sodium thiocyanate, 
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perchloric acid, and methanol were as given in ref. 11, 
which also states the source and method of purification 
ofthe nitrous oxide. All other chemicals were of analar or 
reagent grade. 

Procedures arrd Ar~ai)*ses 
Penicillamine solutions were prepared in fresh triply 

distilled nitrogen-purged water which contained the 
solutes needed for the production of the radicals being 
investigated. The use of buffers was avoided, the solutions 
being allowed to assume their natural pH's which lay in 
the range 4.8 to 5.4. Aliquots of 5 ml were transferred to  
the carefully cleaned Pyrex cells and attached to the 
vacuum line. After thorough degassing (12) the samples 
were equilibrated with N,O a t  760 torr and sealed. One 
served as an unirradiated standard and was injected 
immediately into the Technicon amino acid analyser. The 
remaining samples were stored in a refrigerator prior to 
irradiation. Immediately after the irradiation a small 
accurately measured volume (usually 1 ml) was taken and 
the analysis for amino-containing products was performed 
on the amino acid analyser. Norleucine was used as an 
internal standard and elution buffers of p H  3.18,3.80, and 
5.00 were employed in succession for periods of 130, 90, 
and 80 min respectively. These were first passed through 
a Hi-Rez Type DC-3 resin (Pierce Chemical Co.) to 
remove ammonia impurities. Standardisation procedures 
and other details of the amino acid analyses may be 
found in refs. 12 and 13. As the vinyl compound (CH2= 
CH(CH3)CH(NH3+)COy) has been carefully identified 
as a product of the radiolysis of penSSpen (14) and since 
no standard sample of it was available, it was prepared by 
irradiating a solution of the disulfide. This solution was 
injected into the analyser and used to determine the 
elution time for the vinyl compound, which is also pro- 
duced from penSH but in a relatively small yield. 

Hydrogen sulfide yields were determined with the 
molybdate reagent (15) using previously described cali- 
bration procedures (12), and hydrogen yields by the 
technique outlined in ref. 12. 

The loss of penSH was normally calculated from the 
reduction in the height of the penSH peak on the amino 
acid chromatogram for the irradiated solution. However, 
in some cases the loss of penSH was confirmed with 
Ellman's reagent (5,s'-dithiobis-(2-nitrobenzoic acid)) 
after purging the irradiated solution with purified nitrogen 
to remove H2S. The procedure has already been described 
(16, 17). 

In preliminary experiments the number of amino- and 
sulfur-containing products was established by high voltage 
ionophoresis. Small aliquots of the irradiated solutions 
were applied to Whatmann 3 M M  paper as a band and 
crystal violet dye marker was applied as a spot. Amino 
acid markers ( R  and T) were applied as 5/11 aliquots 
to a 1 cm band. After vertical ionophoresis at  p H  2 and 
4 kV for 30 min the dye had migrated 18 cm and the 
paper was dried and cut into strips. Amino acids were 
detected by treating one of the penSH strips with colli- 
dine-ninhydrin reagent (18). The presence of sulfur- 
containing products was established by treating a second 
strip with freshly prepared platinic iodide reagent (19). 

Irradiatiorrs 
All irradiations were performed a t  23 "C in a 'Gamma 
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Cell 220' purchased from Atomic Energy of Canada. The 
dose rate was determined several times during the course 
of the study using ferrous sulfate dosimetry and assuming 
G(Fel+) = 15.6 (p. 217 of ref. 20). The mean value over 
the duration of the investigation was 5 X 1016 eV 
ml-1 min-1. 

Results 

Iclent$catiot2 of Atnitlo Proh~c i s  
In addition to the peaks for residual penicil- 

lamine and the internal standard norleucine, the 
amino acid chromatograms of irradiated solu- 
tions exhibited six other peaks. Comparison of 
their elution times with those of standards led to 
the following identifications, which are given in 
the order of appearance: P-hydroxyvaline (a very 
small peak), vinyl compound (CHFCH(CH3)- 
CH(NH3+)C02-, a small peak), penSH, penH, 
penSSpen, norleucine, penSSSpen, and am- 
monia (a small peak). There are therefore two 
major amino products containing sulfur (pen- 
SSpen and penSSSpen) and one without it 
(penH). The formation of the two sulfur-con- 
taining amino products agreed with the results 
of the ionophoresis experiments. These also gave 
evidence for the vinyl compound and penH, but 
did not detect the very small yield of 8-hydroxy- 
valine or the ammonia. 

Particular care was taken to substantiate the 
identification of the trisulfide peak since it was 
not expected as a product in the radiolysis of a 
monosulfhydryl. In one experiment an aliquot of 
an irradiated penicillamine solution was analysed 
to obtain the area of the peak assigned to 
penSSSpen. A second aliquot was then mixed 
with a standard solution of penSSSpen and also 
chromatographed. Only one uniform peak 
attributable to penSSSpen was observed and its 
area had increased to that expected for the 
combined penSSSpen concentrations. In a 
second experiment which was kindly performed 
for us by P. J. Krueger and G. Lee the Raman 
spectrum of an irradiated solution was taken on 
a Cary model 82 laser Raman spectrometer and 
analysed. This solution exhibited a band at 510 
cm-l, which has been assigned to trisulfide 
vibrations (21). Other bands at  590 and 560 
cm-I due to the C-S and S-S stretching modes 
were also observed. These occur in both di- and 
trisulfides. 

Proclz~ct Yields 
For every system the number of radicals of 
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T A B L ~  1. G values for radicals reactlng with penicillamine and radical balances for 
deaerated and N 2 0  saturated 10-I M penicillam~ne solutions at p H  4.8 to 5 4 

G(Rad1ca1s attacking penSH) 

Pr~mary H1O 
radical species 

Solute Total of Z[G(RSSR)+G(RSSSR)] 
Solute system radicals go,, gcnq- glr all radicals for M penSH 

Deaerated solutions 
lo-' M penSH only - 2 . 8 p  2 .7p O.Goh 6.2 6 .0(977h)L 

N 2 0  saturated solutions 
(i) lo-' M penSH only - 5 .4p  0.5f 0.60b 6 .6  6.5(98 C/; )  

(6.0)" 
( ~ i )  10-2 M penSH with 

1 M CH?OH gr1,,o,,=5.91C 0.&' 0.52C 0.3?' 7 .O 6.3(90C/,) 

(iii) 10-' M penSH with 
0.15 11.1 KBr ~ ( ~ ~ , ~ - = 4 . 4 , /  1 .09/ 0.SLC 0.50n 6.6 6.3(953,) 

(iv) lo-' M penSH with 
0.10 M NaCNS g(css)2-=5.74'L 0.Z411 0 . 5 ~ ~  0 . 5 ~ g  7.0 6.5(93 yo) 

"From yield-react~v~ty curves (25) using k,.,-+,..sH X (penSH) = 5.1 X lo's-' and ~oH+~. ,su  x (penSH) = 4 5 X lo7 s-l. k,.,-+,.,sH = 5.1 X 109 M-I s" 
was taken from refs. 23 and 24 and ko~~+~..stl = 4.5 X 109 M-I s-I from refs. 4 and 6; average of 4.7 X 109 M-I s'l and 4.3 X 109 M-I s". 

%om ref. 20. p. 140. 
'Calculated from the yields g, = 3.05 and goa = 2 90 based on the data of ref 26, uslng kc.,-+,..a~ from footnote a and k..,-+N,O = 9.0 + 0 3 X 109 

M-I s-I from ref. 22. 
I I dFrom data of ref. 6 

'gou was increased from 2.90(see footnote c) to 3.40 based on y~eld react~v~ty curves (29 ,  to take account of the Increased reactlvlty lo OH due to kou+c~ ,on  X 
(CHIOH) = 8.4 X IPS-'. We took k o ~ + c a  ou = 8.4 X 1 0  M-' s-I In neutral solutions from ref. 27. The proportion of OH reacting with CHIOH to form 
.CHzOH was calculated using this rate consdnt and that in ". ~ H + C H , O H  was taken as 1.6 x l W  M-I s-I (28) and k ~ + , . , a ~  as 1.9 X 109 M-I s-I (10). 

'goa was increased from 2.90 to 3.00 to take account of reactivity (25) due to 0.15 MBr-. ~ O H + B ~ -  X (BI-) = 1 8 X I@ S-I based on ~ O H + B ~ -  = I 2 X 
109 M-I 5-1 (27). 

'ga in Br- and CNS- solutions was reduced by 0.1 to allow for uravenglng of H (29). 
'gon was increased by 0.5 to take account of reactivity (25) due to 0.1 M CNS-. k o ~ + c ~ s -  x (CNS-) = 1.10 X 109 s-I based on k o ~ + c ~ s -  = 1.1 X lot0 

M-1 s-1 (27). 
'Numbers in parentheses in rlght hand column are percentage radial balances equal to. 100 x 2[G(RSSR) f G(RSSSR)J/G(Total of all radicals). 

each type expected to react with penicillamine 
was calculated from the known rate constants for 
the competing reactions. For the nitrous oxide- 
saturated solutions reaction 12 competes with 
reaction 13, 

the rate of which has been measured (8, 22, 23). 
Also in the presence of added methanol (see 
Table 1) reactions 14 and 15 are in competition 
with [l] and [7] plus [7a] respectively, 

[~ ( J I  .H  + penSH -) H2 + pens. 

while reactions 16 to 19 

1161 .OH + Br- --, OH- + .Br 

[I71 .Br + Br- -) .Br2- 

[I81 .OH + CNS---, OH- + CNS. 

[I91 CNS. + CNS- -) .(cNs),- 

occur when KBr and NaCNS are present along 
with NzO. The numbers of radicals reacting with 
penSH in each solute system have been cal- 
culated assuming straightforward competitions 
between the solutes and penSH. They are listed 
in Table 1 along with the rate constants employed 
in the calculations. Initial experiments showed 
that at  p H  - 5 reaction with hydrogel1 peroxide 
occurred as was observed for cysteine. 

However, its rate was slow enough (cf: ref. 13) 
that any contribution from it could be neglected 
since the samples were injected into the analyser 
directly after radiolysis. 

G values were calculated from the slopes of 
product concentration - dose plots. Exa~nples 
of such plots are shown in Fig. l a  for Hz and 
H2S from M deaerated solutions, and in 
Fig. 16 for penSSpen and penSSSpen from 
and M solutions and NH3, penH, and vinyl 
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I I I 1 

2 4 6 

Dose (eV ml-' ) x lo-'' 
FIG. 1. Plots of product concentration cs. dose: (a) 

deaerated solutions; 10-3 M penSH: V H2S, V H2;  
( 6 )  N 2 0  saturated solutions; Ad penSH: A penSS- 
pen, 0 penSSSpen; lo-? IM penSH : A penSSpen, C 
penH, . penSSSpen, u NH,, CH2=C(CH3)CH- 
(NH3+)C02-. 

compound from M solutions, all of which 
were N20-saturated. As illustrated in Fig. lb,  
for lo-' M solutions these plots were linear up to  
at  least 6 X 1018 eV ml-I and the G values cal- 
culated from them are expected to be within 
experimental error equal to the initial G values 
for this concentration. This is borne out by 
arguments presented in the Discussion. 

Detection of most amino products was not 
feasible below 0.4 X 10Is eV ml-I and for the 

M penSH solutions G values were derived 
from the slopes in the 0 to 2 X 1018 eV ml-I 
range. Since 1018 eV ml-I corresponds to  10 
molyo consumption of the penSH,"hese G 
values will be lower than initial G values and 
must be interpreted with caution. Thus our 
conclusions regarding the mechanism are based 
primarily on the yields for M solutions. 
However, the results for M solutions are 
useful for purposes of comparison for certain 
products and a few yields for this concentration 
are therefore reported also. 

I t  is worth noting that  the plots for the 
penSSSpen concentrations d o  not curve upward 
with dose in either the 1 0 - h r  M penSH 

'In lo-' M penSH. For lo-' M penSH the m o l x  con- 
sumption at this dose is <2. 

TABLE 2. I 'rod~~ct yields from reactions of OH, en,-, 
and H with penicillamine in deaerated solutions 

Value 

p H  = j . O i 0 . 1  p H  = 5 . 4 i 0 . 1  
Parameter [penSH] = 10-I 11.I [penSH] = 10-I M 

G(penSSpen) 
G(penSSSpen) 
G(penH) 
G(viny1) 
G(NH3) 
G(H2) 
G(HIS) 
Total G(-N)" 
Total G(-S)" 
G(-penSH) 

"G(-N) = Sum of (G value) X (nurnbcr of  N ntoms per molecule) 
for  all N-containing products. 

*G(-S) = Sun1 of (G \*;~luc) X (number of  S ntoms per molcculc) 
for  all S-containing products. 

solutions. Such curvature would be expected if 
disulfide were an  intermediate in the formation 
of penSSSpen. Further evidence against this 
possibility was derived from experiments in 
which 5-10 mol% of penSSpen was added to  

M penSH solutions before irradiation. 
While this tended to depress product yields it 
caused no marked rise in G(penSSSpen). 

G values for the products obtained in deaerated 
and nitrous oxide solutions are list.ed in Tables 2 
and 3 respectively. Stoichiometry requires that 
the number of molecules of peilSH destroyed per 
100 eV, G(-penSH), be equal to  the total yield 
of nitrogen, G(-N), appearing in products and 
also to  the total yield of sulfur, G(-S), appearing 
in products. The degree of agreement between 
these three quantities provides a test of the 
completeness of product identification. As seen 
from Table 2, for the deaerated solutions G(-N), 
G(-S), and G(-penSH) agreed within 6%. 
For  the nitrous oxide-saturated solutions (see 
Table 3) G(-N) agreed with G(-penSH) to 
within 5% except for the S ( B ~ ) ~ -  solutions. Here 
the difference was 10% but it is still within the 
combined standard deviations. Hydrogen sulfide 
was not determined by us in nitrous oxide- 
saturated solutions. However, if one uses 
G(H2S) = 0.7 per 100 eV as reported for 1 0 - M  
solutions in ref. 6 G(-S) is 8.4, in an excellent 
agreement with G(-N) and G(-penSH) in 
column two of Table 3. In view of the highly 
satisfactory agreement between G(-penSH), 
G(-N), and G(-S) for our conditions the con- 
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TABLE 3.  Product yields from reactions of oxidising radicals with 
penicillamine in N 2 0  saturated solutions 

Value 

Parameter (0) (b) (c) (4 (el (f) 

G(penSSpen1 2.O4+0.l6 2 .005 0.20 1.9,fo.17 2 . 0 ~ 5 0 . 1 ~  1.a1+_o.i5 2 . 0 ~ k 0 . 1 ,  
G(penSSSpen) 1.l950.O4 1 . l6 f0 .O4  1 . 1 ~ k o . 0 ,  l . l , 5 0 . 0 4  O . ~ ~ + O . O ~  0 . 9 0 + 0 . 0 ~  
G(penH) 1.5050.10 1 . 5 ~ 5  0.10 1.4550.10 1.33f 0.05 0.60+_0.04 0.6850.04 
G(viny1) 0.155 0.02 0.63+0.07 0 .08f0 .04  0 . 0 5 ~ 0 . 0 3  0.125 0.05 0.'13k0.04 
G(NH3) 0.31k 0.03 0.14f 0.03 0.4,+0.05 0.16f  0.05 0.38+0.05 - 
Total G(-N) 8 .450 .6  8 .7k0 .7  8 .350 .6  8 .1  5 0 . 7  6 . 6 5 0 . 5  7 .0k0 .5  
G(-penSH) 8 .850 .8  9 . 0 k 0 . 8  9 . 4 5 1 . 0  8 . 5 5 1 . 0  6 .750 .5  7.1 k 0 . 5  

aNo added solute; pH = 5.0 f 0.1; major attacking radical = .OH; [penSH] = 1 0 - 9 f .  
bAdded solute = I M CHJOH; pH = 5.0 f 0.1; major attacking radical = . CH2OH; [penSH] = lo-' M. 
CAdded solute = 0.15 M KBr; pH = 4.8 f 0.1; major attacking radical = .(BIZ)-; [penSH] = 10-1 M. 
dAdded solute = 0.1 M NaCNS; pH = 5.2 f 0.1; major attacking radical = .(CNS)?-; [penSH] = 10-W. 
eNo added solute; pH = 5.4 + 0.1; major attacking radical = .OH;  [penSH] = lo-' M. 
/Added solute = I M CHIOH; pH = 5.4 f 0.1; major attacking radical = .CH?OH; [penSH] = 10-1 M. 

clusion that the total yield of as yet unidentified AT,,KAT ,,,, 
.CH HH; 

products is less than 1 per 100 eV appears to be I )  I 
[Zl] . X  0enSH ----r XH * HS - C - C - CO; 

reasonably well justified. 

Discussion 
Free radical reactions with the penicillamine 

molecule may conveniently be classified in terms 
of the sites at which chemical damage initially 
occurs. These are shown in the following 
diagram, 

and Scheme 1 gives sequences of reactions which 
lead to the formatioil of the vinyl compound, 
penH, ammonia, and H2S after attack by a 
radical . X  at sites ( I ) ,  (2), and (4). The rapid 
elimination o f .  SH assumed to occur in reactions 
22 and 29 is consistent with the low C-S bond 
dissociation energy in free radicals (-10 kcal 
mol-I (30,3 1)). Reactions of oxidising radicals at 
sites (5 )  and (6) could also lead to . SH elimina- 
tion and ammonia formation. However, we 
found less literature evidence for such processes 
and have not discussed them here. Non-amino 
products from the fragmentation of the molecule 
(for example CH(CHs)2COC02- formed in the 
multistep reaction 27) are not detected by our 
techniques, but the extent of their formation 
inferred from the ammonia yields is <0.4 per 
100 eV, except for the solutions with (Br)2- as 

c - c - ca;  1-1 

I I 

[24] ck 
R I.C."S.. .lC I 

ATTACK AT SITE 121, 
CH, HH; 

[ZJ] . X  - 0lnSH - XSH r 

RH 

c s ,  HII; 

c - c -  ca; 

I 
CHI 

I 2 d  

A T T K K  AT SITE 141 
CH, HH; 

I 
I I 

major reactant (see Table 3). Abstraction of the 
H atom at site (3) produces pens. .  

The magnitudes of G(penSSpen) and G(pen- 
SSSpen) for the M solutions in Tables 2 and 
3 ark constant and independent of the nature of 
the attacking radicals. Except for G(penSSpen) 
in the deaerated solutions this feature also 
applies to the M solutions. It is best ex- 
plained if .OH, .CH20H,  .(Br)2-, -(CNS)2-, 
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and pen. each produce predominantly pens. 
radicals, which form the di- and trisulfide in 
subsequent reactions. Stoichiometry requires 
that these reactions also contribute to the penH 
yield and we assume these contributions t o  be 
equal to the mean values of G(penSSSpen) for 
the and lop3 M solutions, 1.18 and 0.93 per 
100 eV respectively. The nature of the secondary 
reactions of pens. will be discussed later. The 
reactions of . H and e,,,- and processes produc- 
ing the vinyl compound and ammonia are 
considered first. 

Reacfions of'. H aizd e,,- 
Analogy with other low molecular weight 

sulfhydryl molecules suggests that initial attack 
by e,,- will occur at site (2) and by . H at sites 
(2) or (3). If reactions 7, 7c1, and 13 are the only 
reactions producing significant yields of hydro- 
gen and hydrogen sulfide then the relation 
G(H2) + G(H2S) = g,,,,- + grr + GII~" should 
hold for the deaerated solutions. The results in 
Table 2 give G(H?) + G(H2S) = 3.6 per 100 eV 
for the 1 0 - W  solutions and 3.0 per lOOeV 
for the M solutions. These values are very 
similar to 3.6 and 3.1 per 100 eV for 10-"nd 
lop3 M cysteine solutions at pH  5.6 (13). The 
lower magnitude of G(H2) + G(H2S) in the 
M solutions is attributed to the fact that the 
radical yields are smaller at the lower concentra- 
tion and to the greater proportion of primary 
and secondary radicals reacting with products. 

Allowing for the effect of intra-spur scavenging 
(25, 13) we estimate GI[," = 0.3,~ per 100 eV for 
the M solutions: Hence, g,,,- + g11 = 

G(H2) + G(H2S) - 0.3,~ = 3.3, which is in agree- 
ment with 3.35 per 100 for g,,,,- + g,, from 
Table 1. The observed hydrogen yleld is 0.64 per 
100 eV which leaves 0.64 - 0.3,~ = 0.& mole- 
cules per 100 eV to be attributed to reaction 7c1. 
On this basis gIIk7n/(k7a + k7) is 0.34, whence 
we calculate k7,/k7 = 1.3. 

For the deaerated solutions G(H2S) should be 
equal to [g,,,- + g11k7/(1~7, + k7)I. Using gc,,- 
= 2.75 and = 0.60 per 100 eV from Table 1, 
and the above value of I c ~ ~ / ~ ~  one obtains 3.0 
per 100 eV, which is again in good agreement 
with the experimental result in Table 2 for the 
deaerated 1 0 - W  penSH solutions. The signifi- 
cantly smaller value of G(H2S) for the M 
solutions (2.17) is believed to be caused to a 
large extent by secondary reactions of this 

product with p e n  and other radicals, since the 
H2S concentration - dose plots for these solu- 
tions exhibited curvature. For the M 
nitrous oxide-saturated solutions the number of 
electrons reacting directly with penSH is 0.52 
(see Table 1) and the total H2S yield from [7] and 
[13] should be 0.78 molecules per 100 eV. This is 
close to 0.7 molecules per 100 eV reported in ref. 
6 for these conditions. Therefore the hydrogen 
and hydrogen sulfide yields at p H  = 5 can be 
satisfactorily explained by reactions 7a, 7, and 
13 with k7a/I~7 = 1.3. This value of k7Jk7 is 
about three times larger than 0.44 and 0.50 
observed at p H  = 1 (10) and pH = 0 (32) 
respectively, suggesting that k7Jk7 is p H  de- 
pendent. 

If all p e n  radicals from reactions 7 and 13 
were converted to penH in reaction 25, then for 
the M deaerated solutions the combined 
yield from this reaction and the secondary 
reactions of pens. radicals (1.18 per 100 eV see 
above) would be 4.18 per 100 eV (= G(H2S) + 
1.18). The observed magnitude of G(penH) was 
3.5, implying that about 0.7 pen. radicals per 
100 eV are lost in reactions other than [25]. Like 
[13] this is a counterpart of a reaction occurring 
in the cysteine system, where there is no signifi- 
cant deficit of the corresponding product, CysH 
(13). The lower bond dissociation energy for the 
tertiary C-H bond of penH (Dtcrtiary C-II r~ 9 1 
kcal mol-I as opposed to DPrimary c-II r~ 95-100 
kcal mol-I (33)) formed in the penSH case will 
decrease the exothermicity of reaction 25. This 
together with the steric hindrance of the methyl 
radicals will tend to slow the rate of H atom 
transfer, permitting a greater proportion of 
alternative reactions of the pen. radical. Those 
shown in Scheme 1 ([24] and [26]) yield ammonia 
and the vinyl compound. Some pen. radicals 
may combine with pens. to form penspen. 
However, the absence of significant peaks 
attributable to  penspen indicates that G(penS- 
pen) < 0.2 per 100 eV. 

Recrcfioizs of - OH, . CH?OH, . (Br)2-, clnd 
. (CNS)2- 

Minor Proclrrcts 
The yield of pen. radicals will be drastically 

reduced in nitrous oxide saturated solutions 
where most ex,- react with N20.  Thus the 
increase in G(NH3) to 0.3 1 in the M nitrous 
oxide-saturated solutions from 0.19 + 0.03 in 
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deaerated solutions of the same concentration 
means that there are sources of NH3 other than 
the reactions of pen- radicals. A similar be- 
haviour occurs in the lop3 M solutions (Tables 
2 and 3). Reactions 28, 29, and 27 are probable 
additional sources of ammonia and their 
analogues in the cysteine system have been pro- 
posed previously (1 1). Rather interestingly for 
the lo-' M solutions G(NH3) is greatest for 
. (Br),, for which the negative charge and strong 
oxidising power would enhance the rate of 
reaction at site (4) relative to  site (2) or (3). I t  is 
next highest for . O H  and comparatively small 
for . C H 2 0 H  and -(CNS)2-. However, for each 
radical species G(NH3) is larger than was 
observed with cysteine, and this must be due to  
steric or inductive effects of the methyl groups, 
which reduce the likelihood of attack on the SH 
group of penSH. 

From Table 3 vinyl production is most 
efficient for .CH20H,  suggesting an enhanced 
contribution from reactions 21 and 22 or some 
other process in this system. 

I~erzSSpen arzcl ~xtzSSS~~etz  
Although the yields of ammonia and vinyl 

compound in Table 3 show that radical attacks 
a t  sites other than the sulfhydryl H atom are 
more frequent with penicillamine than with 
cysteine (cf: thc smaller ammonia yields in ref. 
l l ) ,  they are still small relative to  the yields of 
the major products. This is consistent with the 
previously mentioned conclusio11 that - O H ,  

CH,OH, - (Br)?-, (CNS)?-, and pen- produce 
predominantly pens. radicals upon reacting 
with penSH in reactions 1, 2, 31, 32, and 25. 
In the cysteine system the corresponding radical 

[321 .(CNS)Z- + penSH + ZCNS- + H+ + pens 

[251 pen. + penSH --, penH + pens. 

cysS- disappears primarily by combination to  
form cysSScys and for any set of conditions the 
relation 2G(cysSScys) = G(tota1 radicals) holds. 
If reactions 4-6 and 8-1 I are responsible for the 
production of penSSpen and penSSSpen in the 
present system, the corresponding relation would 
be 2[G(penSSpen) + G(penSSSpen)] = G(tota1 
radicals). The values of 2[G(penSSpen) + G- 
(penSSSpen)] for M solutions in the penul- 
timate column of Table 1 have been expressed 
as a percentage of the calculated total radical 

yields and are given in the last colunln. These 
percentages lic in the range 92 to  98%, showing 
that the relationship holds to  a good approxima- 
tion. Thc small deficiencies in the yields arc 
expected in view of the probable occurrence of 
radical disproportion reactions such as [24] and 
[26] (see Scheme l), which d o  not produce 
penSSpen or penSSSpen. 

For thc M nitrous oxide-saturated solu- 
tions 2[G(penSSpen) + G(penSSSpen)] = 5.8, 
with 1 M C H 3 0 H  and 5.50 with no solute (i.e. for 
. O H  as the major attacking radical). Thesc 
quantities are significantly smaller than the 
estimated total radical yields in Table 1, reflecting 
the enhanced importance of product-radical 
reactions a t  this concentration. Similarly 2[G- 
(penSSpen) + (penSSSpen)] = 4.7 for the de- 
aerated lop3 M solutions is much smaller than 
6.0 per 100 eV calculated for the total radical 
yield using g l ~  = 0.6, gp, , -  = 2.65 and go11 and 
2.70 from yield-reactivity curves in ref. 25. I t  is 
also less than 2G(cysSScys) = 6.0 for lop3 M 
cysteine, which indicates a higher proportion of 
radical-product and radical-radical reactions 
(other than [4] and [5]) in the penSH system. 

Taking K33 = M (6) and K3 = 300 M-I 

[331 penSH = pens- + Ht 

(6) one finds [penSS-pen] = 3 X lop3 X [pens.] 
in lop2 M penSH a t  p H  = 5, which means that 
reaction 5 can be neglected. Applying the steady 
state approximation t o  the concentrations of 
pens- ,  penSS. and penS,SPpen one then obtains 

where p is the total rate of production of pens. 
radicals. From this relationship it follows that 

Also 

Assuming reaction 3 maintains an equilibriunl 
and writing d[penSSSpen]/dt = r ,  one can 
derive the expression 
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FIG. 2. Dependence of normalised trisulfide yields on 
penicillamine concentration and pH: 0, data of this study 
at  p H  5.4 for 10-3 M penSH and p H  5.0 for 10-2 M 
penSH and 5 X 1016 eV ml-1 min-1; p, from ref. 6 and 

from Purdie2 at pH5.0, varying [penSH] and 4.9 X 
1017 eV ml-1 min-1. For definitions of p  and p see Discus- 
sion. The estimated errors in p  are larger at  4.9 X 1017 
eV ml-1 min-1 because of the much smaller values of 
G(penSSSpen). Dashed line shows value expected for 
reaction 6 in 1 0 - U p e n S H  at p H  5. 

The quantity r./p is equal to G(penSSSpen) 
divided by G(tota1 pens. radicals formed), which 
can be assumed to be 6.6 per 100 eV. In Fig. 2 we 
test expression 34 for p H  in the range 5 to 5.4, 
using the present data and other values of 
G(penSSSpen) observed a t  a tenfold higher dosc 
rate. One of these was given in ref. 6 and the 
remainder have been obtained by P ~ r d i e . ~  The 
left hand side of expression 34 is denoted as 
PdP. The dashed line passing through the origin 
shows quantitatively the behaviour expected, 
assuming the rate constants for reactions 4 and 6 
and the equilibrium constant for reaction 3 are 
p H  independent. 

The fact that the high and low dose rate results 
in Fig. 2 are brought into coincidence on 
multiplying P by dp confirins the dependence of 
G(penSSSpen) on this parameter and supports 
the view that a first order reaction of a radical 

inadequate to explain the trisulfide formation at  
p H  = 5. Hence it would appear that species 
other than penSS-pen may be involved, and in 
this regard the possible intermediacy of the 
sulfenium radical (penSS(H)pen) cannot be 
ignored. Although this radical is currently be- 
lieved to  be much less stable than penSS-pen 
(7, 8) it inay conceivably exist in a high enough 
concentration a t  p H  = 5 for reactions 35 to 38 

to provide a significant pathway to penSS. 
formation. 

Since the number of penSS radicals is small 
relative to pens. ,  reaction 9 was neglected in 
deriving expression 34. However, the situation 
is still complicated by the possibility that pen- 
SSSSpen produced in a significant yield from 
reaction 9 may react with p e n s  radicals. 

Reactions of this type have been postulated to 
occur with sulfanes (34) and methyl polysulfides 
(35). They will tend to decrease the penSSSpen 
yield, since they reduce the lifetime of pens. .  
This could contribute to the fact that for experi- 
ments all done a t  p H  close to  5 (as in Fig. 2) $ 
is not directly proportional to  [penSH]. Likewise 
it may be a reason why G(penSSSpen) from the y 

radiolysis at  p H  8 is less than predicted from the 
rate constants determined from pulse radiolysis 
at  that pH, which indicated that reaction 6 
should be the dominant mode of penSS-pen 
decay (6). 

More work on the dependence of G(penSSS- 
pen) on [Hf] and [penSH] in the p H  range 0 to  6 
will be required before the mechallisin of tri- 
sulfide formation in acid solutions can be settled, 
and further pulse radiolysis studies of the inter- 
mediates in the p H  = 0 to 6 region would also 
be of great value. - 

intermediate competes with radical combination. 
"The dependence of P ~ P  on [penSH]/[H+] may if 

On the other the "lid line F ig  does not anything be less than illdicated by tile solid lille in 
pass through the showillg that a lnech- Fig, 2, since the values of P for low [penSH]/[H+] are 
anism based only on reactions 3 to 6 and 8 is calculated from G ( ~ e n S S s ~ e n )  for 10-3 M venSH, AS 

seen above from a 'compa;ison with radical'yields, the 
3We are indebted to Dr. J. W. Purdie for making these product yields in these solutions tend to be smaller than 

data available to us. expected. 
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J .  E. GRABENSTETTER and M. A. WHITEHEAD. Can. J. Chem. 54, 1948 (1976) 
A single-centre basis set on CI is developed for an  SCF calculation on HCI to give an  accurate 

expectation value for the electric field gradient at the CI nucleus. The SCF energy, orbital 
eigenvalues, dipole moment, molecular electric quadrupole moment, Hellmann-Feynman 
force on CI and virial ratio are also reported, and the variation of the electric field gradient at 
CI with changes in internuclear distance is examined. 

J. E. GRAUBNSTETTER et M. A. Wi-IITEHEAD. Can. J. Chem. 54, 1948 (1976). 
On a dCveloppC un ensemble de fonction de base i centre unique orient& sur le chlore per- 

nlettant d'effectuer un calcul SCF du HCI de fason i obtenir une valeur moyenne dans la sens 
de mecanique ondulatoine qui soit precise pour le gradient de champ Clectrique au niveau de 
I'atome de chlore. On rapporte aussi les energies SCF, les valeurs propre des orbitales, les 
moments dipolaires, les moments quadrupolaires Clectriques molCculaires, les forces Hellman- 
Feyman sur le chlore et les rapports viriels; on examine aussi la variation du gradient de 
champ Clectrique au niveau du chlore avec un variationement de la distance internucliaire. 

[T rad~~i t  par le journal] 

Introduction 
One-centre expansion (OCE) basis sets are no 

longer appropriate for general calculatioiis of 
electronic wavefunctions and molecular proper- 
ties, results of greater accuracy ~ ~ s u a l l y  being 
attainable in coinparable coniputing times with 
multicentre bases. However, an OCE approach 
may be the most eficient way t o  generate a 
wavefunction accurate for those one-electron 
properties whose operators are strongly depend- 
ent upon the electron density near the heavy 
nucleus in a hydride. 

The electric field gradient (EFG) at the C1 
nucleus in HC1, given by the operator 

with 0 measured from the principal axis of the 
EFG tensor and r measured from the C1 iiucleus, 
is strongly dependent 011 the electron distribution 
near the C1 nucleus (1). This suggests that an 
SCF wavefunction for HC1 with an OCE basis on 
the Cl would give a relatively accurate expecta- 

tion value of q* with a moderately sized basis set 
and little computational expense. 

Moccia (2) reported an OCE-SCF wavefunc- 
tion for HCI in a basis consisting of 71 Slater- 
type orbitals (STO's) centred on Cl(3 1 u orbitals, 
20 a pairs), and calculated an SCF energy 
(EscIo) of -460.05810 hartrees (at R = 2.424 
bohrs) and an expectation value for $ q* over the 
electronic and nuclear charges of 5.95 X 1015 esu 
(at R = 2.4085 bolirs in the same basis), which 
corresponds to an expectation value for 4 over 
the electronic wavefunction (qelec) of 3.53 atomic 
units (au, a n  au of EFG is 1 This calcu- 
lated result was in excellent agreement with the 
experimental quadrupole coupling constant of 
2H35Cl, a t  2.4085 bohrs, of 67.3 Mc/s (2). How- 
ever, these wavefunctions were calculated with 
electron repulsion integrals stored to only six 
significant figures (3); the calculations were here 
repeated with integrals stored to  full double- 
precision length and giving Esclz = -460.05261 
hartrees and qCle, = 3.73 au .  These are to be 
corn~ared with the near-Hartree-Fock values 
obtained in a large two-centre basis by McLean 

'TIlis paper is dedicated to Professor C. A. Winkler of and Yoshimine (4), Escl; = -460.1 119 hartrees 
McG~ll University on the occasion of his sixty-fifth birth- slnd qcle, = 3.42 aLl. ~h~ difference ill ,rsCl, be- 
day by one of Ihis colleagues (M A.W.). 

zpresent address: Department, Ulliversity of tween Moccia and the present result, caused by 
Waterloo, Waterloo, Ontarlo, Canada. integral storage length, is nuinerically significant 

3Revision received March 8, 1976. but iiot qualitatively important; qel,,, however, 
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GRABENSTETTER AND WHITEHEAD 

TABLE 1. OCE basis for HCI, u orbitals I through 10 and all r orbitals are 
taken from Gilbert and Wahl (5), all orbitals centred on C1 

- 

Orbitals 11 I 111 j. rInCkx (bolirs) 

which involves near cancellation of contributions 
from u and rr MO's, goes from a reasonably 
accurate prediction by Moccia to a rather poor 
value with the present calculation. 

Thus Moccia's large OCE basis does not yield 
qclcc to a near-Hartree-Fock accuracy when the 
integrals are accurately calculated. However, 
since Moccia chose the orbital exponents to 
minimize Escl: (2), an OCE basis chosen on other 
grounds might yield qclc, nearer the Hartree- 
Fock limit. 

Choice of Basis 

It would be expected that an OCE basis 
accurate for q,,,, in HC1 could be developed 
starting with a good basis for the C1 atom or ion, 
and adding orbitals to describe the wavefunction 
at  the proton. Consequently the double-{ plus 
polarization basis of STO's optimized for C12 by 
Gilbert and Wahl (5) was the starting basis. T o  
this were added c orbitals with principal quan- 
tum number r z  = 9 and all allowed orbital 
angular momentum numbers (I = 0 to 8). The 
choice of 12 = 9 was made arbitrarily. The quan- 

tum number iz determines the sharpness of 
peaking of the radial factor of the orbital (6); for 
iz > 9 the change in width of the radial factor 
(measured between poi~lts of maximum deriva- 
tive) becomes small with a change in r z  or 1 for the 
exponents used in this work. Thus it is assumed 
that the choice of 12 = 9 is not critical in that 
choosing iz = 10 and adding 10 orbitals should 
change the result little; this point has not, how- 
ever, been established by calculations. 

The exponents { of the iz = 9 orbitals were 
chosen to place the maximum of the radial 
factor, r,,, = (n - I)/{, at  the internuclear 
distance to allow the wavefunction to peak as 
sharply as possible a t  the proton. However, the 
electron density due to a radial function 4(r) in 
an infinitesimally thin, hollow spherical shell of 
radius r is proportional to r24"r); for an S T 0  
this reaches a maxim~im a t  r. = iz/r. Thus the 
present basis, with { = ( n  - 1)/R, where R is 
the intern~iclear distance, ensures peaking of the 
wavefunction, rather than the electron density, 
at  the proton. The resulting 29 S T 0  basis (19u 
orbitals, 5rr pairs) is given in Table 1. 
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TABLE 2. Selected properties of HCI, from present OCE-SCF calculation, near Hartree-Fock SCF calculatio~l 
of McLean and Yoshirnine (4), and experiment, all calc~~lations at Re = 2.4087 bohrs 

Value 

Parameter 
Expt (or exact) 

OCE-SCF Reference 4 wavefunction 

Energy (hartrees) 
(Ie~ee (e/flo3) 
Y t o t n ~  = Yelee + QIIILCI 

Dipole moment (D) 
Molecular quadrupole moment (10-26 esu cm?) 
Virial theorem ratio 
Hellman-Feynman force on C1 nucleus (e2/o02) 
Orbital eigenvalues (hartrees) 

1u 
2u 
3 u 
4u 
5u 
17r 
2* 

Results 

The SCF qcl,, in this basis is 3.49 ail at  the 
experimental bond length (2.4087 b o h r ~ ) , ~  com- 
pared to McLean and Yoshimine's near-Hartree- 
Fock value of 3.42 au and the experimental value 
of 3.49 au (8). The three-figure agreement with 
experiment is fortuitous, but it indicates that qelec 
in this basis is accurate enough for detailed 
analysis (1). 

Escs in the basis of Table 1 is -460.06894 
hartrees at  R = 2.4087 bohrs. A lower EscF can 
be obtained in a similar basis by varying the 
exponent of the 11 = 9 orbitals to minimize the 
energy; calculations at  R = 2.4087 bohrs for 
several { and interpolation to the energy mini- 
mum gave EscI: = -460.076579 hartrees at 
{(n = 9) = 3.59397. This exponent is close to 
(n - +)/R, midway between the wavefunction- 
peaking value { = (12 - 1)/R chosen for this 
work and the density-peaking value { = n/R. 
However qelee in the {(]I = 9) = 3.359397 basis 
is interpolated to be 3.35 au, a rather poor value. 
This illustrates that a moderately sized basis, 
optimal for the energy, may be poor for one- 

4Reference 7(n) gives Re = 1.27460 ? 0.00005 A; the 
1965 conversion factor 1 bohr = 0.529167 A (7(b)) gives 
Re = 2.4087 bohrs. 

electron properties. The interpolated EscF given 
above is the lowest yet reported for HC1 with an 
OCE-SCF wavefunction, even though the basis 
is much smaller than that employed by Moccia. 
It still lies significantly above McLean and 
Yoshimine's value, -460.11 19 hartrees. 

The energy, orbital eigenvalues, qelec, electric 
dipole and qiiadrupole moments, virial theorem 
ratio, and Hellman-Feynman force on the C1 
nucleus are compared in Table 2 as calculated in 
the OCE basis of Table 1, and as reported by 
McLean and Yoshimine (4). Experimental values 
are given where applicable. All calculations refer 
to the X1.F state of HC1 at the equilibrium 
internuclear distance, 2.4087 bohrs. It is to be 
noted that all properties in Table 2 which depend 
strongly on electron density at  moderate or large 
distances from the C1 nucleus (i.e. all properties 
except qelec) are given more accurately by the 
two-centre wave function of McLean and Yoshi- 
mine than by the OCE-SCF wavefunction, as 
expected. 

It is of interest to examine the variation of q 
as the internuclear distance is changed, by 
determining the coefficients qi in 

where t = (R - R,)/R,, Re = 2.4087 bohrs. The 
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value of q in [2] now includes the nuclear con- 
tribution to the EFG of 0.143114 due to  the 
proton. Accurate experimental values are known, 
Kaiser (8) found qo = 3.6339 1: 0.0003, ql = 

5.32 1: 0.22, and q2 = -6.00 1: 0.85 au,  all with 
the same dimension as q. Near-Hartree-Fock 
theoretical values are also available, Cade and 
Huo found (reported in ref. 8), using the Cade- 
Huo wavefunctions (9), qo = 3.569, q1 = 5.31, 
and 92 = -5.50 au ,  all very close to the experi- 
mental values. 

OCE-SCF calculations were performed a t  
R = 2.3887, 2.3987, 2.4087, 2.4187, and 2.4287 
bohrs in the basis of Table 1, except with 
((11 = 9) = (11 - l)/R a t  each R. Polynomial 
fitting of the calculated q from the wavefunctions 
gave qo = 3.6373, ql = 5.651, and ql = -9.96 
au.  The numbers of significant figures quoted in 
the q, reflect the 957, confidence limits calculated 
by a least-squares fitting routine. These values of 
q include the nuclear contribution q,,,,,, and 
consequently 0.143114 has to be added to the 
qelec of Table 2. These agree well with experiment 
except for q2, which is of the correct sign but 507, 
bigger than the experimentally determined co- 
efficient. For sufficiently large t any SCF calcula- 
tion, whether one- or two-centre, must give q(t) 
significantly less than the experimental values, 
because the SCF wavefunction dissociates to a 
bare proton and a CI- ion, with q = 0 ;  the 
XIZ+ state of HCI, however, dissociates to CI 
and H atoms in the ground states, q for the CI 
atom in the ground state being 5.6 a u  (10). The 
OCE-SCF wavefunction tends to the C1- wave- 
function more quickly with increasing R than 
does the two-centre wavefunction because of the 
absence of basis orbitals on the proton; this is 
reflected in the more negative qz. 

Conclusions 

The closeness of the OCE q,,,, t o  the experi- 
mental and near Hartree-Fock values shows that 

an  OCE calculation may still be worthwhile for 
an operator like $, whose expectation value in 
HC1 is strongly dependent on the electron dis- 
tribution near the CI nucleus. The simplicity of 
the prescription for choosing the basis suggests 
that a basis suitable for the aiialysis of properties 
strongly dependent 011 the electron density near 
the heavy nucleus in a hydride may be chosen 
without an cxpensive optimization procedure for 
the orbital exponents. The addition of a relatively 
large number, 9, of basis orbitals centred on C1 
is preferable, for calculating the E F G  at  C1, to  
the addition of a snialler number of orbitals on 
the proton, even though the integral calculating 
times might be comparable and the electronic 
energy lower, because, as shown in detail else- 
where (I), the net EFG at  C1 is almost entirely 
due to  the electron density in bonding orbitals 
ivitllin 0.3 bohrs of the C1 nucleus (1 1). 
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Enthalpies de melange du tetrachlorure de carbone avec des hydrocarbures a 
I'aide d'un microcalorimetre Picker a ecoulement continu, equipe de separateurs 

JEAN-PIERRE E. GROLIER ET AMERICO INGLESE' 
Centre de Recherches de MicrocalorimCfrie et de Thermochimie du CNRS, 26, rue du Idle  RIA 

13003 Marseille, France 

Recu le 8 decembre 1975 

JEAN-PIERRE E. GROLIER et AMERICO INGLESE. Can. J. Chem. 54, 1952 (1976). 
Les enthalpies de melange pour les systtmes tetrachlorure de carbone + heptane n, + nonane 

n, + decane n, et + dodecane n ont ete mesurees a 298.15 K a l'aide du microcalorimirtre 
Picker a ecoulement continu equipt! de separateurs qui empechent les liquides rtactifs d'etre 
en contact avec les pompes d'injection. L'appareil a ete teste a 298.15 K avec deux melanges 
binaires, tetrachlorure de carbone + benzene et dichloromethane + benzene; on a montre 
que son exactitude n'est pas affectee par l'utilisation de ces separateurs. 

JEAN-PIERRE E. GROLIER and AMERICO INGLESE. Can. J. Chem. 54, 1952 (1976). 
Molar enthalpies of mixing for carbon tetrachloride + n-heptane, + n-nonane, + n-decane, 

and + n-dodecane have been measured at 298.15 K using the Picker dynamic flow micro- 
calorimeter equipped-with separators which prevent the direct contact of the reacting liquids 
with the injection pumps. The apparatus was checked at 298.15 K with two binary mixtures, 
carbon tetrachloride + benzene and dichloromethane + benzene; and it was shown that its 
accuracy is not affected by the use of the separators. 

Ce travail est la suite d'une etude systema- 
tique des possibilites d'utilisation du micro- 
calorimetre Picker a ecoulement continu. Dans 
les travaux precedents (1, 2) nous avons montre 
que l'appareil permet de tracer en continu la 
courbe d'enthalpie de melange de non electro- 
lytes en fonction de la composition avec une 
precision de I'ordre de 1% et une reproducti- 
bilite de l'ordre de 0.5%. 

Cependant les petits joints toriques en viton 
situks dans les micropompes d'injection des 
liquides "reactifs" ne sont pas toujours inertes 
chimiquement. Leurs caracteristiques ou leurs 
proprietes mkcaniques peuvent Stre alterees, 
parfois de facon considerable, par suite d'un 
contact prolongi avec certaines substances 
organiques (produits chlores, cetones, etc.). Ces 
modifications se traduisent directement Dar des 
variations de debit qui affectent la mesure des 
enthalpies de melange. 

Afin d'eviter cet inconvenient, nous avons 

est ainsi identique au debit du liquide "pous- 
seur", inerte vis-a-vis des joints en viton et 
dont le debit est lui-m&me contr61e par les 
micropompes. 

D'autre part, l'utilisation de ces separateurs 
se justifie entierement si l'on veut etudier des 
moltcules dont la taille ou la fragilite empeche 
qu'elles soient pompees directement par les 
micropompes. Ces separateurs sont donc indis- 
pensables pour l'etude de substances d'interct 
biochimique (proteines) ou d'autres grosses 
molecules (polymeres). 

Nous avons verifie le microcalorimetre equipe 
de ces separateurs avec le systeme test endo- 
thermique tetrachlorure de carbone - benzene 
et avec le systeme legerement exothermique 
dichloromethane - benzene. Puis nous avons 
determine les enthalpies de melange des sys- 
temes tetrachlorure de carbone + heptane n, 
nonane n, dkcane n et dodicane n pour lesquels 
les valeurs dans la litterature sont assez dis- 

introduit des separateurs dans le systeme d'in- persees. 
jection, entre les micropompes et le calorimetre. 
Dans ces skparateurs, une fine membrane de Partie expiirimentale 
teflon skpare le liquide "pousseur", provenant 

Appareillage 
des micropompes, du liquide "reactif" injecte Nous avons utilise la version commerciale fabriqutre 
dans le calorimetre. Le debit du liquide "reactif" par Setaram (Lyon, France), du microcalorimirtre Picker. 

Par rapport au prototype que nous avions utilise (l), cet 
'En stage post-doctoral; Institut de Chimie Physique appareil presente les deux modifications indiquees prece- 

de 1'Universite de Bari, Italie. demment (2): une chambre de melange, qui assure une 
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GROLIER ET INGLESE 1953 

I t  t I  
3 1 2 3 

FIG. I. Schema des separateurs. A :  teflon; B: plexi- 
glass; C :  cerclages metalliques servant a l'assemblage; 
D :  cerclage metallique assurant la rigidite generale et 
servant de support a I'ensemble; E: petites vannes; 
M :  membranes en teflon; I et 2: liquides "reactifs"; 
3 : liquide "pousseur". 

meilleure mise en contact des liquides, et une program- 
mation des debits des micropompes d'injection plus fiable. 

Au cours des travaux anterieurs (1, 2), nous avions 
utilik cet appareil pour tracer en continu la courbe d'en- 
thalpie de melange, en fonction de la composition. Dans 
le cas present, nous avons egalement travaille en pro- 
grammant les debits des liquides "reactifs"; mais la 
programmation a ete obtenue, par l'intermediaire des 
membranes des separateurs, grdce au liquide "pousseur" 
circulant dans les micropompes d'injection. 

Le schema des siparateursZ est indique sur la fig. I. 
Les compartiments qui servent de reservoir aux liquides 

'Le principe de ces separateurs est dii a Picker. L'un de 
nous (J.-P. E. G.) les a utilises lors d'une etude des en- 
thalpies de melange de systimes contenant des cetones (3). 
Les separateurs utilises au cours de la presente etude ont 
&ti  realises au C.R.M.T. a Marseille. 

"reactifs" I et 2 sont usines dans un rondin de teflon 
(diametre exterieur 12 cm). Chaque compartiment a un 
volume maximum d'environ 32 cm3. Une membrane M, 
en teflon, tres souple (epaisseur 0.05 mm) separe le liquide 
"pousseur" 3 des liquides "reactifs". Ce dispositif permet 
de transmettre tris fidelement aux liquides "reactifs" la 
pression du liquide "pousseur", de I'eau dans ce cas, qui 
provient des micropompes contrdant son debit. Nous 
estimons que le deplacement, sans deformation irre- 
versible, de la membrane de teflon permet de disposer d'un 
volume utile de 25 cm3 environ. Nous avons en effet 
verifie que, pour un tel volume de liquide dilivre par les 
separateurs, le debit des liquides "rCactifs"reste identique, 
a mieux que I%, a celui du liquide "pousseur". 

Chaque compartiment est pourvu d'une sortie haute, 
munie d'un petit robinet, qui permet d'eliminer les bulles 
lors du remplissage. Les faces externes des deux separateurs, 
en contact seulement avec le liquide "pousseur", sont en 
plexiglass et permettent ainsi de voir si ce remplissage se 
fait correctement. 

Ces separateurs presentent plusieurs avantages. (11 Les 
liquides "reactifs" ne sont en contact qu'avec un seul 
materiau en general inerte (teflon). (ii) On peut distiller 
directement dans ces compartiments des produits particu- 
lierement delicats a manipuler. (iii) Un seul liquide 
inerte vis-a-vis des joints circule dans les micropompes; 
d'autre part ce liquide peut Etre choisi avec une tension 
de vapeur relativement faible, permettant ainsi d'eviter 
la formation de bulles dans les micropompes comme on le 
constate avec des produits volatils. 

Produirs urilises 
Les substances organiques choisies parmi les plus pures 

disponibles dans le commerce ont ete utilisees sans puri- 
fication supplementaire. Les specifications indiquees dans 
le tableau suivant sont celles donnees par le fabricant. 

Purete 
Produits Analyse (mole %) 

Benzine, Fluka puriss sans 
thiophine 

Tetrachlorure de car6one, 
Fluka puriss 

Dichloromethane, pour spectro 
uv avec garantie Fluka 

Heptane n, pour spectro uv 
avec garantie Fluka 

Heptane n, Phillips research 
grade reagent 

Nonane n, Phillips research 
grade reagent 

Decane n, Fluka purum sans 
olefine 

Dodkane n, Phillips pure 
grade reagent 

175098 25 299.5 

21297114 299.5 

171642 44 

18083 1 l 

lot 1405 2 99.92 

lot 1378 2 99.72 

17154874 2 9 9  

299.3 

Tous les solvants ont i te  partiellement degazes sous 
pression reduite avant dY&tre introduits, a l'aide d'une 
seringue, dans les compartiments correspondants des 
separateurs. L'eau bidistillk servant de liquide "pousseur" 
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CAN. J. CHEM. VOL. 54, 1976 

TABLEAU 1. Valeurs des coefficients Ai (J mol-I), eq. 1, et ecarts standards u, eq. 2 

Melanges A0 

CCI4(1) + C6H6(2) 458.6k0.2  
CC12H2(1) + C6H6(2) -328.2k0.3  
CC14(1) + C,H,,(2)*t 1391.5k0.7 
CCI4(I) + CgHzo(2) 1595.7k1.6 
CC14(1) + CloH22(2) 1660.0+1.0 
CC14(1) + C,2H26(2) 1836.2k3.1 

'Heplane n, Phillips research grade. 
tAvec heptane n Fluka les valeurs des coefficients sont respectivement: 1399.1 k 0.9; 260.9 + 3.3: 198.5 + 8.2 

a ete egalement partiellement degazee sous pression 
reduite, directement dans les flacons reservoirs des micro- 
pompes (2). 

Resultats et discussions 
Toutes les mesures ont ete effectuees a 

298.15 K. La technique operatoire et le traite- 
ment des donnkes ont ete identiques a ceux 
dkcrits precedemment (2). 

Les valeurs de l'enthalpie molaire d'exces HE, 
en fonction de la fraction molaire x, du produit 
chlore, ont ete lissees avec une equation de la 
forme 

egalement calculees, de mime que l'ecart stan- 
dard defini par 

oh ) v j  est le poids statistique du point j. Nous 
donnons dans le tableau 1 les valeurs des coeffi- 
cients A, de l'eq. 1 calculees a partir des valeurs 
H ~ E .  

Sur les figs 2 a 6 les courbes representent les 
valeurs de H E  lisskes a l'aide de l'eq. 1. La partie 
de ces courbes tracee en trait plein correspond 
au domaine de concentration oh la precision 
est la meilleure et de l'ordre de 1%. 

Les erreurs sur les coefficients A, ,  consecutives 
au lissage et a la ponderation utilisee, ont ete Systeme tetrachlorure de carbone(1) + ben- 

zene ( 2 )  

FIG. 2. Enthalpie d'excirs HE, a 298.15 K, pour le 
melange CC12H2(1) + C6H6(2) en fonction de la fraction 
molaire x,. La courbe en trait plein et en tires (vqir texte) 
reprtsente nos valeurs lissees a l'aide de I'eq. 1 et en 
utilisant les coefficients du tableau 1 : 0, Otterstedt et 
Missen (6); 0, Benson (7); 0, Tanaka et al. (8). 

Ce systeme a etk choisi pour verifier la con- 
cordance des enthalpies de melange obtenues 
avec et sans l'intermkdiaire de separateurs. 
Nous avons constate que l'accord est en general 
a mieux que 1% (tableau 2); les separateurs 
n'alterent donc pas le debit des liquides "pous- 
ses" dans le calorimetre. Rappelons (2) par 
ailleurs que la verification d'un calorimetre, 
surtout a ecoulement, avec ce systeme test, est 
plus severe, par suite des differences assez 
grandes de densite et de viscosite des deux 
liquides, que la verification avec le systeme 
cyclohexane - hexane n. 

Systeme dichloromethane(1) + benzene(2) 
Ce systeme est le premier melange exother- 

mique de non electrolytes, Ctudie avec le micro- 
calorimetre Picker a ecoulement continu, pour 
lequel il existe d'excellentes valeurs de com- 
paraison dans la litterature (6,7,8). Les viscosites 
et les densites des produits etant assez diffe- 
rentes et la courbe XE(cp,) de l'enthalpie volu- 
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FIG. 3. Enthalpie d'exces H E ,  a 298.15 K ,  pour le 
melange CC14(1) + heptane n(2) en fonction de la frac- 
tion molaire s , .  La signification de la courbe est identique 
a celle indiquee fig. 2: 0, nos mesures avec le calorimetre 
Calvet-CRMT; a, Moon (13); a, Berryman et Heric 
(12); 0, Bissel el al. (1 1); @, Harsted et Thomsen (17) 
(valeurs interpolees); Q, Jain el al. (10) a 300.05 K. 

\ 

o PZ PI a 6  x, d.8 
1 1 - 

FIG. 4. Enthalpie d'exces H E ,  a 298.15 K ,  pour le 
melange CC14(1) + nonane n(2) en fonction de la fraction 
molaire x,. La signification de la courbe est identique a 
celle indiquee fig. 2:  0, nos mesures avec le calorimetre 
Calvet-CRMT; a, Moon (13), e, Berryman et Heric 
(12). 

mique d'exces 2 enregistree en fonction de la 
fraction volumique cpl tres asymetrique, l'etude 
de ce systeme constitue un test encore plus 
severe du calorimetre a ecoulement. La fig. 2 
montre que l'accord est en general bon. Seule- 
ment dans le domaine oh la derivee dXE/dcp1 
est tres grande (x, < 0.5), nos valeurs sont 
legerement ( - 3%) plus elevees en valeur absolue 
(tableau 3). 

TABLEAU 2. Cornparaison des enthalpies molaires 
d'exces H E ,  a 298.15 K ,  obtenues pour le systeme 
tetrachlorure de carbone(1) + benzene(2) avec et 

sans (2) separateurs 

H E  (J mol-I) 

s1 Ref. 2 Ce travail Marsh (5) 

TABLEAU 3. Resultats exptrimentaux d e  l'enthalpie 
molaire d'exces, a 298.15 K, pour le systeme 

dichloromethane(1) + benzene(2) 

XI H E  (J mol-I) XI H E  (J mol-') 

Systtmes tttrachlorure de carbone(1) + alcanes 
normaux (2) 

Les valeurs experimentales directes HjE 
choisies sur la courbe HE(x1), pour ces systemes, 
sont publiees par ailleurs sous la forme de 
tables 'DATA' (4). 

L'etude de ces melanges est d'un grand in- 
tCr&t, a la fois experimental et theorique (9). 
Les differences de taille et de forme entre les 
molecules d'alcanes et de CC1, se traduisent par 
des courbes P ( x 1 )  de plus en plus asyme- 
triques quand la longueur de l'alcane croit. 

Les differences de densite et de viscosite, 
associees aux differences de taille et de forme 
des molecules, rendent la mesure des enthalpies 
de melange delicate. Ce qui explique le desac- 
cord entre les diffkrents auteurs. 

Les resultats de Jain et al. (10) a 300.05 K 
obtenus a l'aide d'un calorimetre isotherme a 
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I' I 
0 02 04 06 , 08 1 
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FIG. 5. Enthalpie d'exces HE, a 298.15 K, pour le 
mtlange CC14(1) + decane n(2) en fonction de la fraction 
molaire x,. La signification de la courbe est identique a 
celle indiquee fig. 2: 0, nos mesures avec le calorimetre 
Calvet-CRMT. 

changement de phase, prksentent une tres grande 
dispersion. Berryman et Heric (12), Bissel et al. 
(1 1) ainsi que Moon (13), ont determine recem- 
ment les enthalpies de melange, a 298.15 K, du 
CC1, avec diffkrents alcanes. Bien qu'ils aient 
utilisk des calorimktres d'un m&me type (Mc- 
Glashan et coll. (14, 15)) leurs resultats different 
notablement. Nous pensons que ces ecarts sont 
consCcutifs a des processus de mtlange incom- 
plets. I1 Ctait donc interessant de comparer nos 
resultats a ces differentes series de mesures. Pour 
completer cette comparaison, nous avons mesure 
les HE a quelques concentrations avec un calori- 
mktre du type Calvet-CRMT (16). 

Les figs 3 a 6 montrent que les valeurs deter- 
minees avec le calorimktre Calvet-CRMT sont 
en bon accord avec nos valeurs determinkes 
avec le calorimetre a ecoulement. D'autre part, 
ces dernieres sont legerement plus elevees (2- 
3%) que celles des autres auteurs (figs 3 et 4). 
Ceci indique, nous pensons, que le processus 
de melange s'effectue bien sinon mieux dans 
notre calorimktre a Ccoulement. 

La comparaison de nos valeurs avec celles, 
interpolees a 298.15 K, que Harstedt et Thomsen 
(17) ont dkterminkes avec un calorimetre a 
Ccoulement du type Wadso (18) (LKB 10700-1) 
montre (fig. 3) que nos valeurs ne sont que trks 
lkgkrement supkrieures (- 1%). 

I1 n'est pas possible d'expliquer ces deviations 
faibles mais systematiques seulement par la 

FIG. 6. Enthalpie d'exces HE, a 298.15 K, pour le 
melange CC14(1) + dodecane n(2) en fonction de la 
fraction molaire x,. La signification de la courbe est 
identique a celle indiquee fig. 2: 0, nos mesures avec le 
calorimttre Calvet-CRMT; @ Jain er al. (10) a 300.05 K. 

purete des produits. En effet, et plus particulikre- 
ment dans le cas du melange CCl, + heptane n, 
ou l'ecart de nos valeurs avec celles des autres 
auteurs est plus grand, nous avons utilise de 
l'heptane de deux origines differentes (Fluka et 
Phillips, sans purification supplementaire). On 
constate que les courbes d'enthalpies de melange 
obtenues dans les deux cas sont en trks bon 
accord (< 1%) entre elles. On rappelle, d'autre 
part, que l'accord de nos valeurs avec celles de la 
litterature pour le systkme test cyclohexane + 
hexane n, est excellent (2). 

Le desaccord que nous constatons entre nos 
valeurs et celles de la litterature pour les systemes 
CCl, + alcanes normaux nous amkne a sug- 
gerer qu'une etude de ces systemes soit entre- 
prise avec des produits de mEme origine et en 
utilisant differents types de calorimetres. Tout 
particulierement des mesures qui, a notre con- 
naissance, n'existent pas, realiskes avec un 
calorimktre a dilution de type Van Ness (19) 
devraient permettre d'klucider ce point. 
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Chemistry of proximal n-bond systems. Part 1V.l The structure of 
5,6-dimethylenebicyclo[2,2,I]hept-2-ene molybdenum tricarbonyl 

BRYAN F. ANDERSON A N D  GLEN B. ROBERTSON 
Research School of Chemistry, Australian National University, Canberra, Australian Capital Territory 

AND 

DOUGLAS N .  BUTLER 
Chemistry Departmetrt, York University, Downsview, Ont . ,  Canada M3J 1P3 

Received August 18, 19752 

BRYAN F. ANDERSON, GLEN B. ROBERTSON, and DOUGLAS N. BUTLER. Can. J. Chem. 54, 
1958 (1976). 

Crystals of 5,6-dimethylenebicyclo[2,2,l]hept-2-ene molybdenum tricarbonyl 1 (M = Mo) 
are monoclinic, a = 7.4451(3) A, b = 13.5783(7) A, c = 11.2691(4) A, P = 92.593(3)", Z = 4, 
space group P2,lc. The structure was solved by the 'heavy atom' method and was refined by 
full-matrix least square procedures to a final R = 0.031. The weighted R factor was 0.051. 
Experimental bond lengths and angles are close to other reported values for bicyclo[2,2,l]hept- 
2-ene systems except for three major distortions in the triene ligand namely: the closing of the 
angles C(2)-C(1)-C(6) and C(3)-C(4)-C(5) by about 5.3", the bending of the butadiene 
fragment plane C(8)-C(5)-C(6)-C(9) toward the metal atom by about 20" and the twisting 
of the terminal methylene hydrogens H(8i) and H(9i) out of the butadiene fragment plane 
(0.44 and 0.53 A respectively) away from the molybdenum atom. 

BRYAN F. ANDERSON, GLEN B. ROBERSTON et DOUGLAS N. BUTLER. Can. J. Chem. 54, 1958 
( 1976). 

Les cristaux du dimethylene-5,6 bicyclo[2,2,1] hepttne-2 tricarbonyle de molybdtne 1 
(M = Mo) sont rnonocliniques, a = 7.4451(3) A, b = 13.5783(7) A, c = 11.2691 (4) A, 

= 92.593(3)", Z = 4, groupe d'espace P2,lc. On a resolu la structure par la methode des 
atomes lourds et on I'a affinee par la mirthode des moindres carres (matrice compltte) jusqu'a 
une valeur finale de R = 0.031. Le facteur R,, est egal a 0.051. Les valeurs experimentales 
pour les angles et les longueurs de liaisons se rapprochent de celles rapportees pour des systtmes 
bicyclo[2,2,1] hepttne-2 a l'exception de trois distorsions importantes dans le ligand trienique 
soit: le rapetissement des angles C(2)-C(1)-C(6) et C(3)-C(4)-C(5) par environ 5.3", le 
plissement du plan du fragment butadienique C(8)-C(5)-C(6)-C(9) vers l'atome mttallique 
par environ 20°, et le deplacement des hydrogtnes mtthyleniques terminaux H(8i) et H(9i) 
hors du plan du fragment butadienique (respectivement 0.44 et 0.53 A) et loin de I'atome de 
molybdtne. 

[Traduit par le journal] 

Introduction 
In 1961, King and Stone (1) described the 

preparation of three metal tricarbonyl com- 
plexes of 5,6-dimethylenebicyc10[2,2,I]hept-2- 
ene (2) of the type C,H,,.M(CO), 1 (M = Mo, 
Cr, or W) and compared some of their physical 
and chemical properties with certain related 
polyene metal carbonyls, notably those of 
bicyclo[2,2,l]hepta-2,5-diene 2 and cyclohepta- 
triene 3. The geometric differences between the 
trienes 2 and 3 as well as our difficulty in inter- 
preting the reported pmr data, provoked us to 
re-examine the molybdenum tricarbonyl adduct 
1. 

'For Part 111 see ref. 24. 
'Revision received March 11, 1.976. 

The X-ray crystallographic structure of cyclo- 
heptatriene molybdenum tricarbonyl4 (3) shows 
that the three double bonds are nearly planar 
(Mo-C = 2.31-2.46 A) and alternate with 
C-C single bonds. The methylene -CH,- is 
bent upwards out of this plane by 0.67 A, 
implying a torsional twist a t  the termini of the 
triene system. The three carbonyl groups adopt 
a staggered conformation wiih respect to the 
C=C bonds. A planar geometry of the triene 2 
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3N ET AL. 1959 

is obviously unavailable in compounds of type 1 
and the distances from the incyclic double bond 
and the co-ordination site of the butadiene 
fragment appear too large unless considerable 
distortion of the triene takes place in forming 
the complexes. Hence a structure determination 
was made on the complex 1 (M = Mo) to help 
clarify the nature of the bonding of the unusual 
tridentate n-ligand. Two triene hydrocarbons, 
related to 2 (2) were also shown to readily 
form similar complexes 5 and 6 when reacted 
with molybdenum hexacarbonyl. 

Experimental 
All melting points are uncorrected. The ir spectra were 

determined on a Perkin-Elmer 257 spectrophotometer. 
The pmr spectra were recorded on a Jeol Minimar 
instrument using tetramethylsilane as the internal 
reference. Mass spectra were taken at 70 eV using an A.E.I. 
MS9 instrument. The uv spectra were recorded on a 
Unicam SP800 spectrophotometer. 

5.6-Dimethylenebicyclo[2,2,l]hept-bene Molybdenlrm 
Tricarbot~yl 1 ( M  = Mo) 

5,6-Dimethylenebicyclo[2,2,I]hept-2-ene 2 was obtained 
as described (2). The molybdenum tricarbonyl adduct 1 
(M = Mo) was prepared using n-octane as solvent rather 
than ethylcyclohexane and purified as described (I). 

Crystals were grown by slow evaporation of a methylene 
chloride/pentane solution of the sublimed complex, mp 
108.5-109 "C (lit. (2) 105-107 "C); pmr 6 (CDCI,) 3.70 
(m, 2H), 3.57 (m, 2H), 3.15 (m, 2H), 2.29 (d, J = 9 Hz, 
IH), 1.89 (d, J = 9 Hz, 1 H), 1.75 (s, 2H); m/e MC 294 
(Mo = 92, the other parent ions appeared approximately 
in proportion to their respective isotopic abundances). 

5.6-Dimethylenebicyclo[2,2,21oct-2-ene Molybdet~un~ 
Tricarbonyl5 

5,6-Dimethylenebicyclo[2,2,2]oct-2-ene (2) (0.53 g) and 
molybdenum hexacarbonyl (0.82 g) were heated to reflux 
under N2 in n-octane (7 ml) for 3 h. The solvent was 
evaporated under vacuum and the residue sublimed twice 
at 1 10°/0.05 mm to afford the pure adduct 5 as orange 
crystals (0.74 g), mp 127-128 "C; pmr 6 (CDCI,) 3.64 (m, 
2H), 3.39 (s, 2H), 2.79 (m, 2H), 1.74 (A2B2q, 4H), and 
1.52 (s, 2H); ir (cyclohexane) 1994, 1932, and 1903 cm-'; 
uv (cyclohexane) 1,,,218 (29 700) and 334 (1 1 500) nm; 
m/e M+ 308 (Mo = 92, the other parent ions appeared 
approximately in proportion to their respective isotopic 
abundances). 

8,9-~imeth~let1etricyclo[3,2,2,U~~~]non-6-ene Molybdenum 
Tricarbonyl6 

Prepared as described for 5 from 8,9-dimethylenetri- 

cycI0[3,2,2,0~~~]non-6-ene (2) (0.58 g) to afford the pure 
adduct 6 as orange crystals (0.88 g) mp 157-158 "C; pmr 
6 (CDCI,) 3.43 (s, 2H), 3.17 (m, 2H), 3.01 (m, 2H), 1.66 
(s, 2H), 1.40 (m, 2H), 0.91 (m, IH), and 0.44 (dd, IH); 
ir (cyclohexane) 1995, 1934, and 1904 cm-' ; uv (cyclo- 
hexane) 2,,,218 (31 000) and 331 (11 500) nm; m/e Mf 
320 (Mo = 92, the other parent ions appeared approxi- 
mately in proportion to their respective isotopic abun- 
dances). 

X- Ray Data Collectiot~ and Structure Analysis of' I 
(M = MO), 

The complex 1 (M = Mo) crystallised from methylene 
chloride/pentane as red hexagonal shaped prisms exhibit- 
ing point group symmetry 2/m. Oscillation and Weissen- 
berg photographs confirmed the crystal class as mono- 
clinic, space group P2,lc and afforded preliminary 
estimates of the unit cell dimensions. Precise dimensions 
were subsequently determined in the usual way from 
least-squares analysis of the setting angles for twelve 
carefully centered high-angle reflections using a Picker 
FACS-I four-circle diffractometer (4). 

Crystal data for 5,6-dimethylenebicyclo[2,2,l]hept-2- 
ene molybdenum tricarbonyl are as follows 
M°C12H1003 f.w. = 297.9 daltons 
Monoclinic, a = 7.4451(3) A, b = 13.5783(7) A, c = 
11.2691(4) A, P = 92.593(3)". Space group P2,/c, p,(by 
flotation) = 1.73 g cm-,, p, = 1.739 g cm-,, Z = 4, 
R(CuKa,) = 1.54051 A, p(CuK2) = 86.3 cm-', F(000) = 
592. 
A typical crystal with approximate dimensions of 

0.030 x 0.015 x 0.020 mm was mounted with the a 
axis parallel to the goniometer 4 direction and used for 
all data collection. A total of 2218 unique reflections 
(reflection forms hk I)  were collected within the limits 
2" < 20 < 126" on an automated four circle diffractom- 
eter using graphite monochromated CuKa radiation. 
The take off angle was set at 3.5" and the room temperature 
was maintained at a constant 20 lo. Each reflection 
was measured from 0.8" below the calculated position 
of the a, maximum to 0.8' above the a, peak using the 
8-28 scan mode and a 2"/min scanning rate. Backgrounds 
were measured for 10 s at either end of the scan range. 
Three standard reflections were remeasured every 50 
data and a small decline (ca. 5%) in intensity noted over 
the period of the collection. Data were subsequently 
corrected for this effect according to the procedure sug- 
gested by Churchill and Kalra (5). 

Data were also corrected4 in the usual manner for 
Lorentz and polarization effects and for the effects of 
specimen absorption (6). Reflections for which indi- 
vidual background measurements differed significantly 
(i.e. if AB/u(AB) > 3) were discarded as were' those 
reflections with I/u(I) < 3. After sorting and averaging 

,All computations were carried out on the UNIVAC 
1108 computer at the Australian National University. 
The programs used were those of the A.N.U. System for 
the Crystal Structure Analysis developed by Drs. P. 0 .  
Whimp and D. M. Taylor. 

4The Lorentz-polarization correction was assumed to 
have the form Lp =(cos2 28 + cos2 28,)/[sin 28 (1 + 
cos2 28,)l. 8 and 8, ( =  13.25") are the reflection and 
monochromator Bragg angles respectively. 
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of equivalent reflection forms the final data set contained 
1754 unique reflections to each of which was assigned an 
individual weight w = I / [u~(F,) ]~  with u2(F,) = {[u(I)/ 
Lp12 + @IFo12)2]1'2/21FoI and p, the 'instrumental un- 
certainty factor' (7), being assigned the value 0.001. 

The heavy atom coordinates were obtained from the 
unsharpened Patterson synthesis and all the light atoms 
were found from the first heavy atom Fourier calculation. 
Refinement by full-matrix least-squares of a model in- 
cluding nonhydrogen atoms only, first with isotropic and 
then with anisotropic temperature factors, resulted in 
weighted (R,, = {Zw(lF, - IFcI)2/Z~~IFo12}1'2; w = 
($)-I) and unweighted reliability factors (R = ZI(F,J - 
IF,II/ZIF,I) of 0.080 and 0.039 respectively. 

The nonhydrogen atomic formfactors used were those 
of Cromer and Waber (8) while the molybdenum anoma- 
lous dispersion contributions were calculated from 
Cromer's tables (9). 

A difference synthesis calculated at this stage revealed 
all 10 hydrogen atoms and these were included in the least 
squares calculations with the scattering factor given in 
ref. 10 and isotropic temperature factors set initially at 
5.0 A2. The refinement converged with all parameter 
shifts less than 0.1 times the appropriate esd. Terminal 
values of R,,, and of R were 0.051 and 0.031 respectively, 
while the estimated standard error of an observation of 
unit weight [Zw(lF,I - IF,I)~/(~ 7 s)]li2 was 1.5. The 
terminal difference Fourier contalns only two residual 
peaks of height greater than 0.4 e AW3 (0.44 and 0.44 e 
cf: 0.51 e k 3  av. for hydrogen atoms), neither of which can 
be associated with the hydrogen containing coordinated 
triene moiety. 

Results and Discussion 
Figure 1 shows the atom numbering system 

adopted for the molecule and the final atom 
parameters together with their esd's are given 
in Table 1. Table 2 lists the relevant interatomic 
separations and interbond angles while Table 3 
gives details of various least squares planes 
calculated through the 5,6-dimethylenebicyclo- 
[2,2,l]hept-2-ene moiety. Tables of observed and 
calculated structure factors are available from 
the Depository of Unpublished Data.' 

~ o s t  bond lengths and angles in the hydro- 
carbon moiety agree well with values found for 
various uncomplexed bicyclo[2,2,l]hept-2-ene 
derivatives (11-14). Bond lengths are not 
significantly different (G3a) from standard 
values (15) and like the other X-ray structure 
determinations of such molecules (1 1-14), the 
bonds C(1)-C(7) (1.53 l(5) A) and C(4)-C(7) 
(1.531(5) A) are within experimental error of 
the values observed for the adjacent C(1)-C(2), 

'The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 

FIG. I .  Atom numbering scheme of 5,6-dimethylene- 
bicyclo[2,2,1]hept-2-ene molybdenum tricarbonyl. 

C(1)-C(6), C(4)-C(3), and C(4)-C(5) bonds 
(average = 1.522 A). Baenziger and co-workers 
have reported a similar result from their low 
temperature analysis of the structure of bicyclo- 
[2,2,1]hepta-2,5-diene palladium dichloride (1 6). 
For a strain free system standard Csp3-Csp3 
and Csp3-Cs# bond distances are about 1.54 
and 1.51 A respectively. The present observa- 
tions (Csp3-Csp3, average = 1.531(4) A; 
Csp3-Csp2, average = 1.522(6) A do not differ 
significantly from these values. However, in 
bicyclo[2,2, Ilhepta-2,5-diene palladium dichlor- 
ide the Csp3--Cs# distances (average = 
1.553(4) A) are each significantly longer than the 
standard value, whereas the Csp3-Csp3 dis- 
tances (average = 1.547(6) A) appear to be 
relatively unaffected by strain. For the un- 
complexed bicyclo[2,2, Ilhepta-2,5-diene ligand, 
gas phase electron diffraction studies give 
Csp3-Csp2 and Csp3-Csp3 distances of 1.535 f 
0.007 A and 1.57 f 0.01 A respectively (18), 
suggesting that both types are strain affected 
to a similar degree. Within the quoted error 
limits the X-ray result for the complexed 
ligand is not inconsistent with the electron 
diffraction observation. 

In the present complex 1 (M = Mo) the 
interbond angles within the ring system are 
appreciably distorted vis-a-vis unstrained tetra- 
hedral and trigonal values, but except for the 
angles C(2)-<(I)-C(6) and C(3)-C(4)-C(5), 
differ only in detail from those in related un- 
complexed molecules (1 1 - 14). The C=C dis- 
tances (average 1.363(7) A) are likewise relatively 
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TABLE 1. Fractional atomic positional and thermal parameters for 1 (M = Mo) 
(a) Refined positional and anisotropic thermal parameters* 

Atom X/A Y/B z / c  PI 1 Pzz P33 PIZ flu P23 

*Anisotropic thermal parameters are of the form exp[-(P,,h2 + P,,k2 + P,,I2 + 2P,,bk + 2P,,hl + 2P,,kl)]. 

(b)  Final hydrogen atom coordinates and isotropic thermal parameters 

Atom X/A Y/B z /  c B( AZ) Atom XIA YIB 21 C B( AZ) 

H(1) 0.347(6) 0.296(3) 0.406(3) 6.9(9) H(7s) 0.633(6) 0.212(3) 0.460(3) 8.3(11) 
H(2) 0.310(5) 0.282(2) 0.170(3) 5.3(7) H(8i) 0.324(6) -0.053(3) 0.385(3) 6.5(9) 
H(3) 0.522(5) 0.154(3) 0.111(3) 5.9(8) H(80) 0.520(8) -0.067(3) 0.287(4) 8.3(12) 
H(4) 0.708(6) 0.102(2) 0.277(3) 5.7(8) H(90) 0.057(6) 0.184(3) 0.427(3) 7.9(11) 
H(7a) 0.665(5) 0.276(3) 0.337(3) 6.0(8) H(9i) 0.135(8) 0.069(4) 0.459(5) 9.9(16) 
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TABLE 2. Structural parameters for 5,6-dimethyIenebicyc10[2,2,l]hept-2-ene 
molybdenum tricarbonyl* 

(a) Bond lengths 

Bond Length (A) Bond Length (A) 

Mo-C(l) 2.992(3) Mo-C(4) 3.001 (3) 
Mo-C(2) 2.419(3) Mo-C(3) 2.427(3) 
Mo-C(6) 2.280(3) Mo-C(5) 2.281(3) 
Mo-C(9) 2.441(4) Mo-C(8) 2.448(4) 
Mo-H(9o) 2.99(4) Mo-H(80) 3.15(5) 
Mo-H(9i) 2.81(5) Mo-H(8i) 2.75(4) 

c (  I)-c(2) 1.522(4) c(4)-c(3) 1.518(4) 
C(l)-C(6) 1 .530(5) C(4)-c(5) 1.519(4) 
c (  1)-c(7) 1.531(5) c(4)-c(7) 1.531(5) 
c (  1)-c(4) 2.224(4) 
C(l)-H(l) 0.97(4) C(4)-H(4) 0.99(4) 
C(2)-C(3) 1 .355(4) 
C(2)-H(2) 0.93(3) C(3)-H(3) 0.91(4) 
c(6)-c(5) 1.456(5) 
C(6)-c(9) 1 .364(6) C(5)-C(8) 1 .368(5) 
C(7)-H(7a) 0.94(4) 
C(7)-H(7s) 1.01(4) 
C(8)-H(8i) 0.99(4) C(9)-H(9i) 0.91(5) 
C(8)-H(80) 1 .13(6) C(9)-H(90) 1 .02(5) 
C(8)-C(9) 3.064(7) 
M o X ( 1 0 )  1 .983(3) C(10)-O(11) 1 .142(4) 
M 0 4 ( 1 2 )  1.981(4) C(12)-O(13) 1.145(5) 
Mo-C(14) 1 .974(3) C(14)-O(15) 1 .146(4) 

(6) Bond angles 

Bonds Angle (deg) Bonds Angle (deg) 

'The figures in parentheses are the esd's in the last significant figures shown 
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Atoms 
Plane in plane Equation of plane* 

Deviation of atoms from plane 

Atom Deviation (A) Atom Deviation (A) 

TABLE 3. 
(a) Equations of various planes* within the 5,6-dimethylenebicyclo[2,2,l]hept-2-ene moiety of 1 (M = Mo) 

> 
C c ( l ) ,  c(7),  0.1947X + 0.5624Y - 0.80362 + 0.8205 = 0 z 

C(4) 
O 
m 

D c(9), C(6) -0.2558X + 0.1986Y - 0.94612 + 4.3742 = O  C(9) 0.0004(39) C(6) - 0.0003(26) 
0.0004(31) - 0.0003(44) 

z 
C(5), C(8) C(5) C(8) 

2 
rn 
4 

*The orthoganalised coordinates X, Y, Z are given by X = 7 . 4 4 5 0 ~  - 0 . 5 0 9 8 ~ ,  Y = 13.5780y, Z = 11 .2575~ .  > 
r 

(b)  Dihedral angles between planes 

Planes Dihedral angle (deg) 

AB 106.95 
AC 127.95 
BC 125.09 
BD 159.78 
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FIG. 2. Stereoscopic view of 5,6-dimethylenebicyclo[2,2,I]hept-2-ene molybdenum tricarbonyl 
showing the 41 % probability thermal ellipsoids for the nonhydrogen atoms. 

unperturbed by complexation and do not differ 
significantly from those in but-2-ene (1.339(5) 
A) or propene (1.353(5) A) (l7). Indeed the 
main perturbation of the free ligand configura- 
tion due to complex formation is the decrease 
in the interbond angles C(2)-C(1)-C(6) and 
C(3)-C(4)-C(5) from about 107" in analo- 
gous uncomplexed molecules to about 101" in 
the present complex. This decrease results from 
an increased bend of the ligand about the line 
C(l) -+ C(4) which appears in turn, to result 
from the requirement that all three carbon- 
carbon double bonds be brought simultaneously 
within bonding distance of the metal atom. 
Thus in the complex, the dihedral angle between 
the planes C(1)-C(2)-C(3)-C(4) and C(1)- 
C(6)-C(5)-C(4) becomes 106.9" (compare 
1 1 1 " in bicyclo[2,2,1]hept-2-ene p-bromobenzo- 
ate (1 3), 1 12.4" in dicyclopentadienol p-bromo- 
benzoate (12), and 113" in 5,6-endo-bicyclo- 
[2,2,l]hept-2-ene dicarboxylic acid anhydride 
(1 1). In the present complex, the steric require- 
ment (vide supra) is further facilitated by a second 
bend along the line of the bond C(5)-C(6) 
such that the interplanar angle between the 
planes C(8)-C(5)-C(6)-C(9) and C(1)- 
C(6)-C(5)-C(4) is reduced to 159.8", the 
terminal methylene carbons being bent towards 
the metal atom. Despite these distortions, the 
metal-diene fragment bonding is still slightly 
asymmetric with- terminal methylene carbon - 
metal distances (Mo-C(8) = 2.448(3) A, Mo- 
C(9) = 2.441(3) A) averaging 2.445 A while the 
incyclic methylene carbon - metal distances 

(Mo-C(5) = 2.28 l(3) A, Mo-C(6) = 2.280(3) 
A) average only 2.281 A. In contrast, the in- 
cyclic double bond is symmetrically bound 
(Mo-C(2) = 2.419(3) A, Mo-C(3) = 2.427(3) 
A) but is positioned marginally further from the 
metal atom than either ofthe exocyclic methylene 
groups. 

The terminal methylene hydrogens are dis- 
placed significantly from the plane of the con- 
jugated diene moiety. Within experimental 
error, these displacements are symmetric with 
the inner hydrogens H(8i) and H(9i) lying 0.44 
and 0.53 A above the plane (i.e. away from the 
molybdenum(+)) and the outer hydrogens H(80) 
and H(90) displaced 0.19 and 0.27 A below the 
plane(-). Similar displacements of the methy- 
lene hydrogen atoms from the coordinated 
ligand plane have also been observed in the cis- 
1,3-butadiene complexes (C4H )(C,H,)FeCO 
(H(i) = 0.56 A(+). H(o) = 0.21 W(-)) (19) and 
( C 4 H e M n C 0  (H(i) = 0.72 A(+), H(o) = 
0.00 (-)) (20). All three complexes exhibit 
inequivalence of the methylene hydrogen - 
metal distances with the H(i)-metal distance 
uniformly less than the H(o)-metal distance. 
In the present complex the inequivalences ob- 
served at each of the crystallographically inde- 
pendent methylene groups are each apparently 
significant in a statistical sense (A(8) = 0.30(5) 
A; A(9) = 0.18(5) A). The relevance of this 
result to the pmr data is discussed below. 

The three carbonyl ligands all appear normal 
and are disposed in a staggered configuration 
with respect to the three 71 bonds so that the 
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FIG. 3. Packing diagram for 5,6-dimethylenebicyclo- 
[2,2,l]hept-2-ene molybdenum tricarbonyl. 

molybdenum maintains a distorted octahedral 
bonding arrangement. As shown in Fig. 2 
the molecule has near C, symmetry in the solid 
state. 

Figure 3 shows the packing of the molecules 
into the unit cell and Table 4 gives those inter- 
molecular contacts less than 3.5 A. The closest 
contact is between the carbonyl oxygen O(15) 
and its centrically related equivalent (3.25 A). 

The usual distortions of the triene ligand, 
particularly in the butadiene fragment, as 
revealed by this X-ray study, led us to attempt 
to prepare similar adducts from less strained 
bicyclic trienes with structures related to 2 and to 
try to rationalize their pmr spectra. 

The analogous triene molybdenum tricar- 
bony1 complexes 5 and 6 were also isolated as 
orange-red crystals and their pmr spectra are 
shown in Fig. 4 together with our assignments. 
As mentioned earlier, it is difficult to rationalize 
the published pmr data (1, 19) obtained in CS, 
solvent. In all three compounds the incyclic 
vinyl proton absorptions are about 2.6 ppm 
downfield from their corresponding positions 
in the respective parent hydrocarbons (2) (com- 
pare bicyclo[2,2,l]hepta-2,5-diene vinyl CH(S 

I .  . . .  I . . . . t . . . . l . . . . I  

4 3 2 I 0 8 p p m  
FIG. 4. Proton magnetic resonance spectra in CDCI, 

of the complexes 1,5, and 6. 

TABLE 4. Intermolecular distances less than 3.5 A 

Atoms D (A) Symmetry operation 
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6.62) and bicyclo[2,2,l]hepta-2,5-diene molyb- 
denum tetracarbonyl vinyl CH(6 4.97) (1)). The 
bridgehead protons however appear little 
affected by the presence of the metal atom, 
absorbing only about 0.1 ppm upfield from 
their respective positions in the parent trienes. 
Most striking are the 'inside' and 'outside' 
methylene absorptions. For the parent hydro- 
carbons, the 'inside' proton absorptions are 
downfield from the 'outside' signals (20). By 
analogy with the accepted designations of the 
corresponding 'inside' and 'outside' proton 
absorptions of iron tricarbonyl complexes of 
1,3-butadiene (21), we assign the sharp singlet 
absorptions of 1 (M = Mo), 5 and 6 nearest 
TMS as the 'inside' methylene protons. It 
should be noted that in the structure of 1 
(M = Mo), the 'inside' methylene protons are 
slightly nearer to the Mo atom than those 
'outside' in spite of the twisting of the methylene 
groups out of planarity as already discussed. 
Unfortunately thesecompounds proved to be too 
unstable in solution to allow a nuclear Over- 
hauser effect study to be made and thus allow 
a definite assignment. 

The mass spectra of these three compounds 
all show the successive loss of the three CO 
ligands from their respective parent ions as their 
most significant feature with the natural abun- 
dances of the seven molybdenum isotopes 
being repeated at each successive decarbonyla- 
tion. The infrared spectra of 5 and 6 (cyclo- 
hexane) showed three carbonyl bonds between 
1900 and 2000 cm-' as expected (2); 
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Equilibria in the liquid system V20 , -V20 ,  at temperatures up to 1130 K 

Deparlmenl of Metallurgy and Malerials Science, Uniuersit)] of Toronto, Toronlo, On[. , Canada 

Received March 22, 1976 

A N D R E W  BLOCK-BOLTEN. Can. J .  Chem. 54, 1967 (1976) 
The equilibrium oxygen pressure in the V20-V20, system from temperatures near melting, 

up to 1130 K has been measured. A closed system solid electrolyte cell with a Ni/NiO reference 
electrode was used. The results of the present investigation for liquid solutions consistently 
extend those reported for solid solutions. 

A N D R E W  BLOCK-BOLTEN. Can. J .  Chem. 54, 1967 (1976). 
On a mesure la tension d'equilibre de I'oxygtne dans le systeme V205-V,O, a partir de 

temperatures proches de la fusion et jusqu'a 1130 K. Une cellule tlectrolytique fermee avec 
electrode de reference en Ni/NiO a cite utilisee. Les resultats presentes ici pour les solutions 
liquides constituent une extension des donnees experimentales communiquees par d'autres 
chercheurs pour les solutions solides. 

Recently Endo et al. (1) have studied the 
phase equilibria of solid V205-V,O, solutions. 
Oxygen pressures were measured and phases 
were identified after quenching by both the 
X-ray diffraction method and the gravimetric 
method. Also, a new paper by Fotiev et al. (2) 
and an older paper by Flood and Kleppa (3) 
give reliable data on the solid region and are 
used here for comparison. 

The PO, values obtained here for liquid 
solutions meet the results obtained for solid 
solutions by refs. 1-3, forming an extension of 
their curves into the liquid region. The results 
of Suito and Gaskell (4) extrapolated to 1100 K 
give log Po2 = - 3.86 while the present measure- 
ments give an average value of -3.94, which 
is in excellent agreement with the former. 
Data presented in ref. 5 could not be compared 
for two reasons. First, the experiments by 
Katsura and Hasegawa were conducted iso- 
thermally at 1600 "C, and secondly the 
vanadium pentoxide equilibrium was not quoted. 
The old paper by Milan (6) gave, at 1130 K, 
results one order of magnitude higher than the 
present work. The results of Allen, Kuba- 
schewski, and Goldbeck (7) suffer from an 
arithmetic arror in the combination of enthalpy 
of fusion of V205 (4). The results for PO, of 
MacChesney et al. (8) are approximately 12 
orders of magnitude lower than those quoted 

the vanadium oxides. Assuming that Mac- 
Chesney et al. employed correct data for the 
oxidation of CO to CO,, it must then be con- 
cluded the values of oxidation of V204 to 
liquid V205 compiled by Couglin (9) must be in 
error. Perhaps some side reactions also take 
place under the experimental conditions of 
ref. 8. Hughes and Hill (lo) describe the forma- 
tion of the species VOCO when CO is contacted 
with lower vanadium oxides. The excellent 
calorimetric data of Mah and Kelley (11) are 
affected by the same error as ref. 7 in the 
estimation of the free energy of oxidation of 
V204 to liquid V205. Two other papers (12, 
13) having an entirely different character are 
noted. Here the oxygen partial pressures were 
imposed and the response read. If Kachi and 
Roy's (14) phase diagram is used, the results 
of ref. 13 are 2 to 3 orders of magnitude lower 
than ours at the liquidus line at  1130 K ;  how- 
ever, the use of activities in place of mole 
fractions in eq. 4 of ref. 13 could correct the 
situation. On the other hand, it must be stated 
that nitrogen has not been found to be inert in 
the presence of melts containing V205 (15), 
and that its use (13) to establish oxygen partial 
pressures in this system, may in part account 
for the discrepancy. 

The purpose of this work was to measure the 
partial pressure of oxygen for the reaction 

in refs. 1 to 4 and in the present study. In ref. 8 [,I V205.,iq = t o 2  + v2°4dirsolvcd 
gas mixtures of CO/CO, were equilibrated with 

over the temperature range extending 200 K 
'Present address: Department of Chemical Engineering, above the VzOs--VzO4 eutectic point, and to 

University of Toronto, Toronto, Ont., Canada. close the gap in existing data. 
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44°C COLD 
JUNCTION 1 

VACUUM puMp-E:::c 

PI-CRUCIBLE WITH 
V20,-V20q MELT OUARTZ TUBE 21mm OlA 

ALUMINA PELLETS 

FIG. 1. Solid electrolyte cell. 

The heart of the apparatus was a sealed solid 
electrolyte cell. The advantage of such a design 
is that thermodynamic data may be calculated 
from measured emf's directly with the aid of 
only one extra equation: namely, the well 
established free energy of formation of NiO. 
The disadvantage of this arrangement is that 
for the purpose of identification of the solid 
phases present it was not possible either to 
withdraw samples for X-ray analysis or to per- 
form X-ray analysis (of the melts) in situ. 

Experimental 
The cell Ni/NiO-CaO/ZrO,-V,O,/V,O,-Pt (Fig. 1) 

was built in the following way: a closed-end calcia- 
stabilized zirconia tube (Zirconium Corporation of 
America) was filled with a mixture of Ni and NiO powders 
(Fisher Scientific Co.) and connected with the top of the 
apparatus by means of a pure nickel wire (Electronic 
Space Products Inc., Los Angeles). The CaO-ZrO, tube 
was placed inside a quartz tube, 21 mm i.d. A Pt/Pt - 13% 
Rh thermocouple was connected to the platinum crucible. 
After simultaneous evacuation of both sides of the cell, 
the glass connections to both compartments were sealed 
by flame. A volt-potentiometer (Leeds and Northrup 
K2) served to measure the temperature, and a pH-meter 
(Radiometer model 22) was used to measure the emf of 
the cell. After agglomeration of the Ni/NiO mixture, 
which typically occurred at approximately 800 OC, stable, 
reversible cell emf's were observed. In contrast to the 
behaviour of an earlier cell which employed an open gas 
reference electrode (air or oxygen) the present cell showed 

no signs of drifting emf's, and responded quickly to 
temperature changes. About 130 measurements of oxygen 
pressure were made in three independent cells of this type. 
The results are shown in Fig. 2 and have been corrected 
for the thermal emf produced by the Pt and Ni leads. 
The magnitude of the correction determined herein was 
about -9.5 mV at 1130 K and -7.7 mV at 950 K. This 
compares well with that reported in ref. 16. 

Theoretical 
On one side of the calcia-zirconia solid 

electrolyte the Ni/NiO solid mixture character- 
ized by low Po, is present; on the other the 
V205-V20, liquid solution with high Po,. The 
free energy change of the overall cell reaction 
is given by 

and 

[31 EceIl (V) = -AG/2zF where z = 2 

this means that 

and finally 

[51 log POz,high 
= (E,,,, (V) - ENio (V))/O.O000496T 

The ENio values are those reported by Charette 
and Flengas (17). 

[6] ENio (V) = 1.21083 - 0.00043993T 

Results 
The results of the three independent experi- 

ments are very consistent. Only a part of the 
experimental points is visible in Fig. 2, as most 
of them cover each other exactly. Series I is 
different from series I1 and 111 by the different 
initial concentration of V204 in V205. This is 
seen in Fig. 2 where the Po, line splits in the 
solid region. In the liquid region, however, 
which was the principal area of study, there is 
no detectable difference. It is noteworthy that 
the results of the present work meet all three 
curves measured by Endo et al. (I), Fotiev and 
Volkov (2), and by Flood and Kleppa (3) at the 
eutectic temperature. The local maximum in 
the curve at about 700 "C, which is really a 
minimum as far as oxygen pressure is concerned, 
can be explained by the presence of the oxygen- 
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consuming peritectic reaction at this tempera- 
ture. 
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Structure of radicals produced by y-radiolysis. Part 4. Adamantane matrices 
doped with various 5-membered heterocyclic molecules 
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D. L. WINTERS and A. CAMPBELL LING. Can. J. Chem. 54, 1971 (1976). 
The effects of y-radiolysis at room temperature on adamantane and adamantane-dl, matrices 

doped with 5-membered heterocyclic molecules has been examined by X-band electron spin 
resonance (esr) spectrometry. Radical structures formed from heterocyclic solute molecules 
are discussed and tentative assignments made for 2-methyl-, 3-methyl-, and 2,5-dimethyl- 
thiophene, 2-methyl-, and 2,5-dimethylfuran. Discussion of possible radical structures derived 
from furan, tetrahydrofuran, 2-methyl- and 3-methyltetrahydrofuran, 2,5-dihydrofuran, and 
4,5-dihydro-2-methylfuran, is included, but unambiguous assignments of structure cannot be 
made for these compounds from the esr data obtained. Other molecules examined included 
thiophene, pyrrole, and I-methyl- and 1,2,5-trimethylpyrrole. For these latter molecules, 
experimentally obtained first derivative X-band esr spectra were too poorly resolved to allow 
rational discussion of possible structures. It was noted that perdeuterated adamantane matrices 
provided superior resolution for esr spectra derived from radicals with a delocalized spin 
center such as ally1 or allenyl species. 

D. L. WINTERS et A. CAMPBELL LING. Can. J. Chem. 54, 1971 (1976). 
On a examine par la spectrometrie rpe de la bande X les effets de la radiolyse y, a la tempera- 

ture de la piece, sur des matrices d'adamantane et d'adamantane-dl, dopees avec des molecules 
heterocycliques a cinq membres. On discute des structures radicalaires formees a partir des 
molecules de solutes hetCrocycliques et on fait des attributions non-definitives pour le methyl-2, 
le methyl-3 et le dimethyl-2,5 thiophtne et le methyl-2 et le dimethyl-2,5 furanne. On inclut 
aussi une discussion des structures radicalaires possibles pouvant derivees du furanne, du 
tetrahydrofuranne, des methyl-2 et -3 tetrahydrofuranne, du dihydro-2,5 furanne et du di- 
hydro-4,5 methyl-2 furanne; toutefois on ne peut faire d'attributions non-ambiques pour ces 
composes a partir des donnees rpe obtenues. Parmi les autres molecules qui ont ete examinees, 
on note le thiophene, le pyrrole et les methyl-1 et trimethyl-1,2,5 pyrroles. Pour ces dernitres 
molecules, les premitres derives obtenues expCrimentalement a partir des spectres rpe de la 
bande X ne sont pas assez bien resolus pour permettre une discussion rationnelle des structures 
possibles. On a note que les matrices de perdeutiroadamantane fournissent une meilleure 
resolution pour les spectres rpe derives des radicaux avec un centre de spin delocalise, tels que 
les esptces allyle et allenyle. 

[Traduit par le journal] 

Introduction 
In conjunction with a study of 5-membered 

alicyclic molecules (1) and to provide supporting 
data concerning radiolyses of furanose sugars 
and pyrimidine bases ( 2 ) ,  we have used adaman- 
tane isolation techniques to examine the effects 
of y-radiolysis on adamantane doped with 
selected 5-membered heterocyclic molecules. 
In view of their structure and relative resonance 
energies, furan, thiophene, and pyrrole are of 
intrinsic interest to radiation chemistry, since 

'To whom correspondence should be addressed. 
'Revision received March 18, 1976. 

they may display both H-atom loss and H-atom 
addition, together with the possibility of stabi- 
lized electron attachment modes of reaction. 
This latter mode has been reported by Kasai 
and co-workers (3) to occur for furan and other 
small heterocyclic compounds trapped in inert 
gas matrices at 4 K, but has not been seen in 
other studies. Trofimov et al. (4) report the 
results of a study of radiolysed pure-phase 
polycrystalline furan and thiophene compounds, 
and indicate that at 113-143 K H-atom addition 
predominates following an initial primary event 
of H-atom abstraction. Wood and co-workers 
(5) have shown that for adamantane matrices 
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containing aromatic solutes, the ratio of H-atom 
addition to H-atom loss can be markedly 
altered by conducting radiolyses under an 0, 
(or air) atmosphere relative to in vacuo studies. 
We were unable to produce similar results in 
aliphatic alkenes (6) or pyrimidine bases (2), 
but did note H-atom addition reactions in 
cyclopentadiene (I), as did Wan and co-workers 
in cyclooctatetraene held in adamantane 
matrices (7). This may merely reflect the relative 
size of the 71-cloud in each molecular system. 

Radiolysis studies of aqueous liquid phase 
furan solutions by Schuler et a/ .  (8), radiolysis 
studies of pyrrole in aqueous solutions by 
Samuni and Neta (9), studies involving .OH 
radical generation from Fenton's reagent and 
other metal ionlhydrogen peroxide radical 
generators in the presence of various selected 
heterocyclic substrates (lo), and pulse radiolysis 
studies of nitrofuran compounds in aqueous 
solution (1 l), all indicate that addition reactions 
(of -OH radicals) predominate. Further, single 
crystal studies by Whiffen and co-workers (12) 
with carboxylic acid derivatives of furan and 
thiophene show that H.-atom addition reactions 
are the preferred mode. 

Radiolyses performed in revising this manuscript were 
done through the agency of a newly installed 850 Ci 60Co 
dry cavity source,) dose rate maximum (Fricke dosimetry) 
of ca. 6 x 10'' eV g-' ~ n i n - ' , ~  total doses were usually 
in the range 1018 eV g-', but some exposures were made 
up to lo2' eV g-'. The esr monitoring was via a Varian 
Associates Model E3 spectrometer, typically at 9.45 GHz, 
100 KHz modulation, and 0.1 to 2.0 G amplitude, 16 min 
to 4 h scan at 3375 4 50 G. Radical lifetimes were in 
excess of 102 min at room temperature, and it was usual to 
monitor esr spectra for any one sample at regular intervals 
over 5-10 days. Computer simulations were performed 
via an IBM-360175 computer with Cal-Comp plotter 
accessory using a program written by one of us (17). 
Adamantane ( C 0 H 6 )  perdeuterated adamantane 
(CloD16), and all solutes were obtained from commercial 
sources; adamantane was purified by multiple vacuum 
sublimations (6-10 successive sublimations), and per- 
deuterated adamantane via one sublimation; solutes were 
usually distilled once prior to use. 2-MTHF, 3-MTHF, 
and tetrahydrofuran (THF), were distilled, passed through 
a 10% ww/ AgN03 - silica gel column 5-8 times, refluxed 
over Cu(I1) chloride for 2-3 h, distilled from over KOH 
pellets into a receiver containing LiAIH, under a N2 
atmosphere, refluxed for 2-3 h, and then transferred to 
a vacuum line and stored in a thoroughly degassed state 
over an Na mirror until required. Samples were then 
made up under vacuum in the manner used to prepare 
cyclopentadiene samples described previously (1). All 
spectra displayed in this report have the magnetic field 
increasing from left to right. 

Of particular interest to radiation chemists Results and Discussion 
is the- structure of the radical formed from 
2-methyltetrahydrofuran (2-MTHF), and much 
controversy has been evident as to the nature 
of this radical, and the reactions leading to its 
formation (13). The structure of this radical is 
also pertinent to studies recently initiated by 
Kevan and co-workers (14) concerning the 
environment of the trapped electron in MTHF 
glasses at various temperatures. Both 2-MTHF 
and propylene carbonate (15) are structurally 
similar, form stable glasses at 77 K, and would 
be expected to yield tertiary radicals, as was 
seen previously for aliphatic alkane systems 
(16). The exact mechanism of radical formation 
in the pure phase glassy state is still speculative, 
but could involve H+-transfer from neighbour- 
ing parent ions. However, solid state inter- 
actions in the glass have precluded direct and 
unambiguous assignments of radical structures 
in these systems, and others, from esr spectral 
data. 

Experimental 
Radiolyses were performed initially with a 150 Ci 60Co 

water well source, dose rate (Fricke dosimetry) of ca. 
3 x 1 0 ' ~  eV g-' min-', and total doses of ca. 10" eV g-'. 

Line widths for esr spectra of radicals held in 
adamantane isolation matrices are usually far 
narrower than those found in other solid state 
matrices. We have found values at room 
temperature of ca. 0.7-1.5 G (FWHM, Lorent- 
zian absorption lines, corresponding to ca. 
0.9-2.0 G for peak-to-peak separation of first 
derivative representations), with an apparently 
lower limit of 0.7 G found for the N,N,N',N1- 
tetramethyl-p-phenylenediamine cation at room 
temperature. A further increase in esr line 
resolution may be (but apparently not always) 
achieved by the use of perdeuterated adaman- 
tane (Cl,D16) matrices, with values of ca. 0.3 
to 0.4 G found for the toluenyl radical (2), and 
for some radicals formed from thiophene 
derivatives herein. Unfortunately, even with 
Cl,Dl6 matrices, esr resolution for some species 
was inadequate and precluded rational dis- 
cussion of possible structures. The situation was 

'A dry cavity 60Co source installed at West Virginia 
University Department of Chemistry as of January 1975. 

,We thank Mr. James J. Carni, B.S. undergraduate 
research participant from W.V.LJ., for making these 
measurements. 
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often further complicated by the appearance of 
signals from the matrix molecule itself. How- 
ever, the use of CloD16 minimizes this factor, 
since the resulting spectrum from y-irradiated 
CloD16 is considerably narrower than that from 
CloH16 under the same conditions (18, 19)5 and 
thus does not obscure such a large proportion 
of the solute esr spectrum. 

Apart from the actual question of whether 
H-atom loss or H-atom addition predominates 
and under what conditions, the source of 
H-atoms that add to unsaturated centers is of 
interest. It is therefore pertinent to point out 
that from prima facie evidence, the H-atoms 
appear to originate from the solute molecules 
and ilot the matrix. This is unusual. For solutes 
that are postulated to exhibit both H-atom loss 
and H-atom addition to give two radicals 
simultaneously, there is no evidence at all to 
show that D-atom addition occurs in CloD,,, 
although H-atom addition is seen in Cl0Dl6 
matrices for the same solute. Further work is 
in progress to determine relative yields of Hz, 
D,, and HD, in various selected systems. 
peripheral support for this hypothesis is found 
from other experimentally noted points. The 
lifetime of solute radicals in Cl0D,, matrices 
is significantly longer (qualitatively) than for 
the same solute radical species held in ClOHl6. 
This type of 'secondary isotope effect' involving 
deuterated matrices is not unusual. and one 
example is the tenfold increase in lifetime seen 
for the methyl radical held in 3-methylpentane 
(3-MP) compared to the methyl radical in 
perdeuterated 3-MP, where initial half-lives of 
ca. 16 and 150 min were noted for 3-MP and 
3-MP-dl,, respectively (20). More pertinently, 
little or no evidence is found for H-atom 
addition in Cl0HI, matrices, whereas this mode 
of reaction is thought to contribute to the ob- 
served spectrum in CloD16 matrices (e.g. 2,5- 
dimethylthiophene (2,5-DMT), see discussion 
below). On this basis, it may be tentatively 
hypothesized that H-atoms are more easily 
lost from the system in CloH16 matrices and 
that perhaps this loss is partly attributable to 

5A more complete description of the complex changes 
seen when adamantane itself is radiolysed a t  low tempera- 
tures and then monitored by X-band and Q-band esr 
spectrometry, together with the changes seen when 2- 
methyltetrahydrofuran is radiolysed in adamantane and 
adamantane-dl, matrices under similar conditions, has 
been published, ref. 21. 

FIG. 1. First derivative esr spectra taken at room 
temperature and obtained from y-radiolysis of 2,5-di- 
rnethylthiophene held in adamantane-dl, a t  room tem- 
perature; taken ( A )  ca. 7 rnins, ( B )  3 h, (C) 117 h, after 
termination of y-irradiation. 

H, (or correspondingly HD) formation by 
abstraction from the matrix, since there is no 
apparent reason why 0,-scavenging of H-atoms 
should differ markedly in efficiency in CloH16 
relative to Cl0Dl6.  Mass spectrometric measure- 
ments of relative H,: HD:  D, ratios are not 
available at this time to allow further support 
or denial of these qualitative speculations. 

Two other experimentally noted points de- 
serve comment prior to a discussion of radical 
structures derived from individual molecules. 
Firstly, the esr spectrum from any particular 
solute develops positively with time from the 
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solute radical formation via an abstraction 
process initiated by a radical derived from the 
matrix, but there is no definitive evidence for a 
concommittant loss of esr signal attributable 
to adamantyl radicals as the solute radical signal 
develops. Equally, we do not have data from 
optical spectral analysis to speculate whether an 
ion, or some species that does not exhibit an esr 
signal, is initiating the radical growth. A second 
experimental observation is that the solute 
radical decay process is faster when the y-dose 
is increased. This is partly attributable to the 
fact that radical decay follows second-order 
kinetics (2), and thus the initial half-life is con- 

FIG. 2. First derivative esr spectra for the radical 
derived from 2-methylthiophene by y-radiolysis at  room 
temperature in adamantane and adamantane-dl, matrices; 
( A )  in adamantane, (B) in adamantane-d,,, (C) computer 
simulation of the experimental spectrum. 

termination of y-irradiation and while monitor- 
ing the sample. This is illustrated for 2,5-DMT 
and exhibited in Fig. 1. The signal intensity, and 
particularly the spectrum resolution, grows 
and/or alters over a period of several hours, 
and the observed spectrum does not develop 
fully until approximately 2-4 h after the ir- 
radiation process has ended. The spectrum then 
continues to change with time, but now in- 
volving a degradation process as one, or more, 
radical decays. In cases where two radicals are 
seen, this decay process is different for each, as 
evidenced by different half-lives for decay. It is 
tempting to ascribe this observed effect to 

centration dependent. It may also be due to a 
radical-site interaction, i.e. recombination of 
solute radicals with radicals or other species 
formed directly from the matrix (21). 

2-Methylthiophene ( 2 - M T )  and 2-Methylfia.an 
(2- M F )  

The esr spectra for the radicals derived from 
2-MT and 2-MF following y-radiolysis in 
adamantane matrices at room temperature are 
shown in Figs. 2 and 3, respectively. The spectra 
labelled A in each of Figs. 2 and 3 are those 
from radicals held in ClOH,,, those labelled B 
are from CloD,, matrices, and those labelled 
C are computer simulations of esr spectra 
based on parameters shown in structures 1 and 2 

(coupling constants given in gauss). The only 
point of controversy concerns structure 2, as to 
whether the proton at C-3 or C-5 in the furan 
derivative yields an 8.0 or 9.0 G coupling, and 
we do not have data from deuterium labelling 
experiments to distinguish this point specifically. 
However, by analogy with the cyclopentanonyl 
radical discussed by Pratt and co-workers (22), it 
is probable that the 5-position proton will have 
a smaller coupling constant than the 3-position 
proton due to the influence of the adjacent oxy- 
gen atom. Moreover, Schulei et al. (8) describe 
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FIG. 3. First derivative esr spectra for the radical 
derived from 2-methylfuran (2-MF) by y-radiolysis at 
room temperature in adamantane and adamantane-d,, 
matrices; ( A )  in adamantane, (B) in adamantane-d,,, 
( C )  computer simulation of the experimental spectrum. 

several allylic and allenylic systems involving 
a terminal oxygen atom, and show that the 
terminal proton for such systems is often 
characterized by an 8 G coupling. Finally, it is 
pertinent to this discussion that the 3-position 
proton in 2,5-dimethylfuran (2,5-DMF) has a 
coupling constant of 9.2 G (see below) as a 
tentative assignment. All of these inferential 

FIG. 4. First derivative esr spectrum for the radical 
derived from 2,s-dimethylthiophene by y-radiolysis at  
room temperature in an adamantane matrix. 

spectrum from C,,D,, matrices is sufficient to 
distinguish this clearly, and computer simula- 
tions emphasize their differences unambiguously. 
It is apparent from the agreement between 
experimental spectra and simulated spectra in 
Figs. 2 and 3, that only H-atom loss is occurring; 
there is no evidence for H-atom addition, or for 
D-atom addition derived from the matrix itself. 
We conclude that either addition is not favored 
for this system, or that H-atoms are being 
scavenged by a mechanism involving other than 
0, or 0-atoms. 

2,5-Dimelhylfhiophene (2 ,5-DMT) and 
2,5-DimethyCfuran (2,5-DMF) 

The esr spectra from y-radiolysis of 2,5-DMT 
in C,,D16 matrices are shown in Fig. 1 and for 
2,5-DMT in C,,H16 in Fig. 4; equivalent esr 
spectra for 2,5-DMF are shown in Fig. 5. 
The spectrum obtained from y-radiolyses of 
2,5-DMF in C,,D16 (Fig. 5B) is poorly resolved 
when compared to those obtained from 2-MF 
and 2-MT under similar experimental con- 
ditions, but can be assigned on a reasonably un- 
ambiguous basis to radical 3 via computer 
simulation studies, and by analogy with the data 
obtained from other structural analogues. The 
resolution, however, is too poor to allow dis- 
tinction between the two protons of the =CH, 
group as was seen in 2-MF, and which is 

points support the assignment made in structure 
(1.5) H H (8 ? 1 )  2. It is interesting to note the inequivalency of 

the--CH, group protons in the furan derivative, 
but apparently equivalent protons in the thio- 

acH2 (13.7) (8.0) CH3 

phene derivative. Resolution of the experimental 3 
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FIG. 5. First derivative esr spectra for the radical 
derived from 2,s-dimethylfuran by y-radiolysis at room 
temperature in adamantane and adamantane-d,, matrices; 
( A )  in adamantane (B) in adamantane-d,,, ( C )  computer 
simulation of experimental spectrum. 

characteristic of furan derivatives but not thio- 
phene derivatives. 

The data obtained from 2,5-DMT is more 
complex. Firstly, the esr spectrum obtained from 
room temperature radiolyses of 2,5-DMT in 
CloH16 is quite different to that obtained from 
2,5-DMT in CloDl, matrices (compare Fig. 4 
with Fig. lB ,  respectively), although it should 
be noted that the spectral pattern shown in 
Fig. 4 makes a significant contribution to the 
spectrum displayed in Fig. 1 B. Secondly, the 
spectrum obtained from 2,5-DMT in CloD16 
changes markedly with time, and shows a 
growth pattern involving both enhancement of 
spectral resolution and development of new 
spectral features for a time period of > 3  h 
after termination of y-irradiation. Thirdly, the 

spectrum exhibits a differential rate of decay 
over a further period of more than 100 h, 
indicating the presence of at least two radicals 
whose rates of decay differ significantly from 
each other. Fourthly, the spectrum is clearly 
asymmetric and exhibits two distinct line widths, 
a further indication that at  least two species 
are contributing to the observed esr spectrum 
displayed in Fig. 1. From both computer simula- 
tion techniques and methods involving spectral 
subtraction of observed lines and their postulated 
symmetry partners, analysis unambiguously in- 
dicates that three species contribute to Fig. 1 B. 

One species produces a contribution to the 
observed esr spectrum with a line width6 of 
ca. 0.65 G, a characteristic value for radicals 
with an allylic or allenylic delocalized spin 
center. The spectrum appears to display four 
hyperfine constants, and by analogy with other 
data and via a detailed computer simulation 
study, we assign a structure shown by radical 4. 

The computer simulations are not sensitive to 
small changes in one coupling constant assigned 
to the 4-position, but small variations in the 
remaining three coupling constants lead to 
significant changes in terms of overall spectral 
width, and line overlap. 

A second species exhibits a quartet (aH = 
19.5 G) of triplets (aH = 25.8 G) and a FWHM 
line width in both Cl0H,, and C1,D,, of ca. 
2 G, characteristic of a saturated radical center 
(1, 2, 16, 19). Since H-atom addition to mole- 
cules containing extensive delocalized electron 
systems has been observed by several investi- 
gators (1, 5 ,  7) and since tertiary radicals are 
generally more stable than secondary radicals, 
we assign this spectrum to radical 5, produced 
by H-atom addition at the 3-position. Note 
that H-atom addition to the electrophilically 

,FWHM width corresponding to ca. 1 G peak-to-peak 
in the first derivative. 
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favoured 2-position will produce the allylic 
species 6, and this should exhibit line widths 
similar to those seen for radical 4, and radicals 
derived from 2-MF and 2-MT. Further support 
for this assignment comes from a recent study 
of the y-radiolysis of .2-methyltetrahydrofuran 
(2-MTHF) in Cl0H,, and CloD16 via Q-band 
esr spectrometry (21). One radical, identified as 
7, formed by H-atom loss7 from the 2-position 
tertiary carbon of 2-MTHF, has been assigned 
the structure shown. The slightly reduced value 
for in 2-MTHF compared to 2,5-DMT is 
consistent with a greater degree of spin density 
loss to the more electrophilic oxygen of the 
furan system compared to the sulfur atom in 
thiophene derivatives. 

It is interesting to comment on the spectral 
growth observed in Fig. 1, which manifests 
itself primarily in the appearance of lines 
attributable to radical 5. This growth at room 
temperature is relatively slow (2-3 h), and denies 
support for a mechanism involving prompt 
addition of H-atoms directly following y-initi- 
ated H-atom formation elsewhere in the system. 
Since there is neither indication of a concom- 
mittant decrease of any spectral feature as 5 
grows in, nor indication of H-atom trapping 

'As pointed out by a referee, it is possible that tertiary 
radical 7 is formed from MTHF in adamantane (Ad) by 
a proton transfer mechanism analogous to that already 
proposed for glassy matrices (1311), but involving charge 
transfer from adamantyl cations. If the reasonableassump- 
tion is made that the ionization potential of adamantane 
is greater than that for the solute MTHF, a scheme can 
be envisaged involving: 

Adi + MTHF + MTHFC + Ad 

MTHFC 4 MTHF' + Hi 

where MTHF' represents 7. It would be expected that H' 
could escape from the trapping cage, a process seen for 
H-atoms in adamantane. 

in adamantane matrices at room temperature, 
we must conclude that a slow intermolecular 
transfer of H-atoms is occurring from a species 
that does not itself exhibit any esr ~ i g n a l . ~  This 
latter species could be one of the many ionic 
species necessarily present in any y-irradiated 
solid system. Moreover, little or no sign of 5 
can be seen in the spectrum obtained in Cl0H,, 
matrices, see Fig. 4, a matrix effect that is quite 
striking. This appears to indicate that a com- 
peting reaction exists to scavenge H-atoms 
initially, or one that interferes with the slower 
intermolecular transfer postulated, or  both. 
This can be accounted for in part by an in- 
creased incidence of H-atom abstraction from 
the matrix by H-atoms produced initially by 
the y-induced abstraction process. This pre- 
dominantly 'hot' process is curtailed in per- 
deuterated matrices, and leads to appreciable 
populations of H-atoms migrating freely in 
CloD16. Since no signs of D-atom addition 
can be discerned, the H-atoms that are postu- 
lated to add to 2,5-DMT must originate from 
other 2,5-DMT solute molecules. It is probable 
that this process still obtains in ClOHl6 matrices 
also. 

A third species contributes to the observed 
spectrum in Fig. 1 B, and produces the spectrum 
shown in Fig. 4. The yield of this species is con- 
siderably enhanced in C,,H16 and/or depressed 
in CloDl, matrices, in direct contrast to the 
behaviour of radical 5, which is enhanced in 
CloDl, matrices. The observed line width of 
this species, ca. 2.5 G,  characterizes a radical 
with a saturated spin center, and thus indicates 
a radical derived from 2,5-DMT solute by a 
radical addition process, or a radical derived 
from CloH16 or CloD16 by H-atom or D-atom 
abstraction, respectively. The observed hyper- 
fine structure of 1 :2: 1 triplets (24.1 G) split 
into 1 :1 doublets (16.3 G) could be assigned, 
prima facie, to the 2-adamantyl radical (one 
a-proton and two /3-protons at the adjacent 
bridgehead positions). In support of this assign- 
ment, it should be noted that secondary radicals 
derived from bicyclo[2.2.2]octane show aZH = 
21.5 G and apH = 37 G, whereas bridgehead 

'The nature of this slow intermolecular process is not 
known, but it could involve self-diffusion and/or solute 
diffusion (translational/rotational) in the solid adamantane 
matrix at these temperatures (ca. 25 OC), and thus effectively 
'encounter controlled kinetics'. 
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FIG. 6 .  First derivative esr spectrum taken at room 
temperature and derived from y-radiolysis at room 
temperature of 2,5-dimethylthiophene held in perdeuter- 
ated adamantane; ( A )  stick spectrum for 'triplet of 
doublets' spectrum observed from 2,s-dimethylthiophene 
in adamantane (see Fig. 4), (B)  experimentally observed 
spectrum in C,,D,, 6 h after y-radiolysis ended, (C)  stick 
spectrum for radical 5. 

radicals in this system, and in norbornane 
derivatives (23, 24),' and the bridgehead radical 
from adamantane itself (I-adamantyl) reported 
by Krusic et al. (25), exhibit considerably 
smaller aH values than those for the 2-radicals 
of each molecule. Data for authentic 2-adaman- 
tyl radicals are presently unavailable. However, 
this assignment is difficult to reconcile with the 
following two points. Firstly, 3-dimensional 
cage type molecules exhibit substantial coupling 
to the ; ~ - ~ r o t o n s , ~  and even to the 6-protons 
(Krusic et al. (25) report aaH = 2.67 G for the 
bridgehead radical derived from the bicyclo 
[2.2.2]octane molecule), and values of ca. 4-6 G 
for aYH values. This magnitude of coupling 
ought to be resolved in our system. Secondly, if 
this species is assigned to 2-adamantyl, it is 
difficult to explain why it should be observed 
from experiments involving ClODl6;  although 

'Bonnazola and Marx (23), and Lemaire and co-workers 
(24), report substantial coupling to the ?-protons in 3- 
dimensional cage type molecules, ca. 4-6 G in bridgehead 
radicals (tertiary spin center) and secondary radicals 
derived from bicyclo[2.2.2]octane and norbornane deriva- 
tives, and Krusic el al. (25) report a," = 4.7 G for 
1-adamantyl radicals. 

i t  is observed to be considerably enhanced in 
C,,H,,. Thus, it is necessary to postulate sub- 
stantial contamination of C,,D16 samples by 
CloH16, together with the proviso that preferen- 
tial energy transfer takes place to the ClOHl6 
minority population from the major mole frac- 
tion content of CI,Dl6. This latter proviso is 
observed in many systems, and in the absence 
of specific deuterium assays of the commercially 
supplied CloD16, this second factor cannot be 
discounted entirely. 

A second alternative is that this radical 
species is derived from the solute by radical 
addition following a mechanism that is favored 
in ClOHl6 but suppressed in ClODl6. There are 
data that deny the possibility of free migration 
by species larger than H-atoms in adamantane 
matrices at room temperature (2). Thus an 
acceptable alternative is that this spectrum 
results from addition of H-atoms to 2,5-DMT 
and a subsequent or consequent rearrangement 
of the molecule formed. Simple addition to the 
3- or 4-position of 2,5-DMT would lead to a 
spectrum assigned to radical 6, and simple 
addition to the 2- or 5-position should lead to 
an allylic species. Addition at the S-atom and 
subsequent rearrangements, including ring 
opening, and bond rearrangements have been 
considered, but we are unable at this time to 
assign this triplet of doublets to any radical 
structure derived from 2,5-DMT. A stick spec- 
trum for radical 5, and a stick spectrum for this 
unknown triplet of doublets spectrum, are 
shown appended to an experimental spectrum 
taken 6 h after the end of room temperature 
y-irradiation of 2,5-DMT in CloD16, see Fig. 6. 

3-Methylthiop/zene ( 3 - M T )  
First derivative esr spectra obtained from 

room temperature y-radiolysis of 3-MT in 
adamantane matrices are shown in Fig. 7. The 
data from 3-MT in CloH16, shown in Fig. 7A, 
appear to exhibit the basic 'triplet of doublets' 
seen from 2,5-DMT in CloH16, but with a super- 
imposed further doublet splitting. The spectrum 
obtained from 3-MT in Cl,D16 clearly mimics 
this basic pattern, but now exhibits a well 
resolved doublet of doublets pattern. The in- 
creased resolution obtained in CloDl, already 
noted for radicals with delocalized spin centers 
(3), serves to emphasize the asymmetry seen in 
Fig. 7B; this is particularly obvious when the 
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FIG. 7. First derivative esr spectra for the radical 
derived from 3-methylthiophene by y-radiolysis at room 
temperature in adamantane and adamantane-d,, matrices; 
( A )  in adamantane, (B) in adamantane-d,,. 

center high-field set is compared to the center 
low field set of lines. The basically 3 x 2 x 2 x 2 
line format with aH values of 16.25, 8.7, 1.5, and 
0.75 G,  respectively, together with an observed 
line width characteristic of delocalized spin 
centers, precludes any possibility of H-atom or 
D-atom addition to 3-MT. Thus by analogy 
with previous data for 2-MT, 2,5-DMT, and 
equivalent furan derivatives (together with data 
from toluene in ref. 3), we assume that H-atom 
abstraction has occurred a t  the methyl group. 
An assignment that is consistent with these data 
is radical 8; where the asymmetry noted could be 
due either to a contribution from a second 
species, or to a slight non-equivalence of the 
protons of the =CH, group.1° We are unable 

to reproduce this asymmetry by computer 
simulations involving different aH values for 
the two protons of the =CH, group, and we 

''We thank one of the referees for assistance in this 
assignment. 

are inclined to believe that a second species is 
contributing to the observed spectrum. One 
point can be made concerning this possible 
second radical, the esr spectrum derived from 
it has to have a very narrow overall width, ca. 
16-20 G,  since line overlap is seen to affect 
the inner pair of line groups to only a small 
extent. Such narrow spectra are characteristic 
of n-radicals derived from such species as ben- 
zene, cyclooctatetraene anions, and C,H, radi- 
cals from cyclopentadiene, perhaps suggesting 
that we are observing e--attachment to the 
3-MT molecule. Further experiments involving 
spin trapping with 2-methyl-2-nitrosopropane 
did not yield any additional data. 

Fnran and Hydrogetfated Furan Derivutives 
Adamantane samples containing either furan, 

tetrahydrofuran (THF), 2-methyltetrahydro- 
furan (ZMTHF),  3-methyltetrahydrofuran (3- 
MTHF), 2,5-dihydrofuran (DHF), o r  4,5-di- 
hydro-2-methylfuran (DHMF),  were y-ir- 
radiated at room temperature exposed to air, 
and monitored via an esr spectrometer at room 
temperature. Experimental first derivative esr 
spectra for furan, THF,  2-MTHF, and 3-MTHF, 
are shown in Fig. 8. All of these spectra are 
characterized by relatively poor resolution (not 
improved by use of perdeuterated matrices) 
and a prominent central line probably attribu- 
table to the signal generated by the matrix 
radical (1-adamantyl radical). It has not proven 
possible to assign unambiguous structures to 
the radicals observed, but some specific points 
deserve comment. Foremost among these is the 
narrow overall width of the spectrum from T H F  
(ca. 35-45 G), together with the relatively 
simple hyperfine pattern. This small overall 
width seems to preclude the possibility of 
H-atom loss from either the 2- or the 3-position, 
since the resultant alkyl type radical would 
resemble the cyclopentyl radical (from 3-posi- 
tion loss), o r  for 2-position loss might be 
expected to exhibit hyperfine coupling con- 
stants similar to those seen by Pratt and co- 
workers (22) in cyclobutanone and cyclopenta- 
none radical systems (azH values ca. 18.5 G,  
a,," values ca. 35 G). Equally, neither H-atom 
addition nor electron capture reactions are 
viable alternatives for these saturated hetero- 
cyclic molecules. Tertiary H-atom abstraction 
in 2-MTHF and 3-MTHF would be expected 
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FIG. 8. First derivative esr spectra for the radicals derived from furan derivatives by 7-radiolysis 
at room temperature in an adamantane matrix: ( A )  furan, (B) tetrahydrofuran, (C) 2-methyltetra- 
hydrofuran, (D) 3-methyltetrahydrofuran. 

to produce a basic quartet pattern, and H-atom 
abstraction from the methyl group would lead 
to a triplet pattern. This latter reaction mode 
would be most unusual, and the preferred 
method of radiation attack is expected to be 
H-atom abstraction from the heterocyclic ring. 
If this loss were from the 5-position in 2-MTHF 
or 3-MTHF, then it is possible that an overall 
doublet pattern would be observed if the two 
protons at carbon-4 are nonequivalent (21); 
this pattern of equal intensity single lines form- 
ing a doublet pattern overall (with large super- 
imposed singlet envelope in the center) can be 
distinguished throughout Fig. 8. 

Since previous reports have described both 
H-atom addition reactions and H-atom loss 
from furan and due to the disappointing results 
obtained from adamantane isolation studies 
reported here, a different approach to this 

problem was utilized. It seems to be well 
established that radiolyses of alkenes will lead 
to allylic radical formation at room tempera- 
tures via H-atom loss adjacent to the double 
bond (2). Thus, radiolysis of 2,5-dihydrofuran 
(DHF) could lead to a radical identical to that 
obtained by H-atom addition to the 2-position 
in furan itself ( i .e .  structure 9 in Scheme 1) 
the expected position for the fundamentally 
electrophilic attack by H-atoms if this mechan- 
ism obtains. Accordingly, samples of DHF in 
C,,D,, were subjected to y-radiolysis at room 
temperature, and the experimental spectrum is 
shown in Fig. 9B. The resulting spectrum does 
not contain sufficient matching points to war- 
rant identification with that from furan itself. 
The observed spectrum from DHF (Fig. 9B) 
is asymmetrical, and probably consists of con- 
tributions from two or more species. Power 
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WINTERS A N D  LING 

saturation experiments have not added any 
additional information. There appear to be two 
possible reaction mechanisms in the light of the 
above data, and by comparison with reports 
from other investigators; H-atom addition to 
DHF can only lead to one species, 10, and 
allylic H-atom loss can only lead to structure 11. 

Structure 10 can be discounted as the pre- 
dominant contributor to the observed spectrum 
since this radical would exhibit a spectrum that 
is structurally related to the cyclopentyl or 
cyclohexyl radical, albeit that one pair of the 
P-protons might be expected to be different 
from the other pair. The expected esr spectrum 
would be > 100 G wide, rather than the 60 G 
width observed, and we have been unable to 
simulate the observed spectrum using coupling 
constants considered representative of such 
alkyl radicals. The allylic radical, structure 11, 
should yield a narrower overall esr pattern con- 
sistent with the observed spectrum, but we have 
failed to obtain satisfactory computer simula- 
tions based on this structure and matching the 
spectrum shown in Fig. 9B. 

Radiolysis of 4,5-dihydro-2-methylfuran 
(DHMF) in adamantane matrices at room 
temperatures leads to the esr spectrum shown in 

FIG. 9. First derivative esr spectra of radicals derived 
from: ( A )  4,s-dihydro-2-methylfuran and (B) 2,5-di- 
hydrofuran by y-radiolysis at room temperature in an 
adamantane matrix. 

Fig. 9A. The spectrum from DHMF is very 
much better resolved compared to that from 
DHF, and consists of a triplet (aH = 12.8 G) 
of doublets (aH = 12.0 G) split into a further 
set of doublets (aH = 3.8 G). This pattern 
can be reproduced by computer simulation 
techniques, but does not account satisfactorily 
for the more probable structures that might 
result from radiolysis of DHMF. For example, 
allylic H-atom loss from DHMF leads to either 
12 or 13. For structure 12, the 12.8 G triplet is 
assignable to the terminal =CH, of the ally1 
system, although previous data indicate that 
the protons of such a group in furan derivatives 
are usually inequivalent (cf. 2-methylfuran dis- C
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cussed above). Equally, the 12.8 G triplet could 
be assigned to the P-protons at the 4-position 
carbon. Whichever assignment is made, there 
are now only two remaining coupling constants 
to be assigned to three apparently inequivalent 
protons. Structure 13 presents equal difficulties. 
The 12.0 and 3.8 G doublet couplings are typical 
of ally1 systems, and allowing for a considerable 
reduction in spin density adjacent to the oxygen 
of the heterocycle, the 12.8 G triplet could be 
assigned to the two 8-protons at the 5-position. 
However, there is no discernible quartet pattern 
expected from the allylic terminal methyl group. 
Among the remaining possibilities are H-atom 
loss from the 5-position, to produce radical 14, 

and radicals formed by H-atom addition to 
the double bond in DHMF. Radical 1411 
would require assignment of one of the doublet 
aH values to the lone proton at carbon-3, and 
thus an aYH value approaching 4 G. This is 
improbable in these systems. H-atom addition 
to the 3-position should yield a predominating 
quartet pattern, which is not observed. H-atom 
addition to the 2-position would produce 
radical 15, which would be expected to have a 

3 x 2 x 2 pattern as observed, but necessitates 
assigning an apH value of ca. 12 G to apparently 
standard alkyl 8-protons, and then retaining 
the other 12-13 G aH value for an apparently 
conventional alkyl a-proton. This leaves the 
lone tertiary 8-proton at carbon-2 with an 
assigned value of apH = 3.8 G, a possible value 

"This radical 14 has a spin center similar to one already 
identified (21) from 2-MTHF, which has the structure 

and has assigned values of a/ = 13-14 G, and aBH = 
22-24 G and aBH = 30-33 G. However, the /?-protons of 
14 are expected to be equivalent, and have an aBH value 
intermediate between these values. No trace of any 
6-coupling was observed for the radical derived from 
2-MTHF. 

if the electrophilic nature of oxygen and factors 
associated with the P-dihedral angle combine to 
reduce apH by a considerable margin. However, 
the a-proton and 4-position 8-proton aH values 
if assigned in this manner are sufficiently 
unusual with respect to other alkyl radicals, 
that in the absence of supporting data at the 
present, we discount 15 as a possible contributor 
to the observed spectrum in Fig. 9A. A final 
possibility, that of ring opening by the furan 
system following H-atom addition to the oxygen 
(a well known reaction of furans when initiated 
by H'), or ring opening followinge--attachment, 
has been investigated, but we are unable to 
assign the observed esr spectrum to any open 
chain radical species at this time.12 Spin- 
trapping experiments with 2-methyl-2-nitroso- 
propane did not produce any further data to 
help in this assignment. 

Other Experimental Systems 
Adamantane samples containing thiophene, 

2-chloro, 2-iodo, and 2-cyano derivatives of 
thiophene, 2-carboxaldehyde derivatives of thio- 
phene and furan, 2-amino derivatives of furan 
and tetrahydrofuran, dioxane, pyrrole, N- 
methylpyrrole, and 1,2,5-trimethylpyrrole, were 
prepared and y-irradiated at room temperature. 
All data from these compounds, except the 
latter, were poorly resolved and very dis- 
appointing; the spectrum from 1,2,5-trimethyl- 
pyrrole was resolved adequately, but is presently 
unassigned. 

Summary 
These data presented indicate clearly that 

H-atom abstraction from subsidiary methyl 
groups attached to the delocalized heterocyclic 
ring predominates, and the resulting =CH, 
group exhibits nonequivalent protons in furan 
derivatives, but not in thiophene derivatives. 
Reactions involving H-atom addition to the 
unsaturated heterocyclic ring occur for selected 
systems, but they constitute a minor reaction 
pathway under these conditions, and are sup- 
pressed in ClOH,, matrices; this indicates that 
some of the initially produced H-atoms are 
being scavenged by a mechanism probably 
involving H-atom abstraction from CloH16 by 
the H-atoms produced and which is energetically 

''Data for possible open chain radicals derived from 
furan can be found in a report by Simic et al. (26). 
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WINTERS AND LING 

TABLE 1. Structures of radicals formed by r-radiolysis of some 
5-membered heterocyclic molecules held in adamantane" 

Radical structuresf 
Abbreviation (011 values are given S t r~~c tu re  number 

Molecule in text in gauss) in text 

'7-Radiolyses performed at room temperature, samples exposed to air, csr monitoring performed at 
room temperature. 

tAll except 5 are delocalized spin centers with allylic or allenylic structures. 

unfavourable in Cl0Dl6 for comparable D-atom 
abstraction (27). Where H-atom addition is 
seen, it seems certain that the H-atoms originated 
from other solute molecules, since no evidence 
can be found for D-atom addition in ClODl6 
under the conditions of our experiments (room 
temperature y-irradiations, samples exposed to 
atmosphere, room temperature esr monitoring). 
Systems containing 2,5-DMT as a solute exhibit 
anomalous growth behaviour with respect to 
their time development of observed esr spectra. 
A third species, in addition to the two radicals 
derived from 2,5-DMT by H-addition and H- 
abstraction, is presently unidentified. It has been 
seen in both CloH16 and CloD16 matrices; and 
could be identified as the 2-adamantyl radical, 
but it is not clear why 2,s-DMT should be the 
only solute system to exhibit this behaviour. 
A possible mechanism of radical formation has 
been tentatively identified as involving a rela- 
tively slow transfer of H-atoms, this is analogous 
to the mechanism already proposed by Filby 

and Gunther for radical production in CloH16 
(28). An increased resolution of esr spectra 
from radicals with a delocalized spin center is 
seen when CloD16 matrices are used instead of 
CloH16 (with line widths at FWHM that can 
be as small as ca. 0.4 G in X-band first derivative 
presentations), but saturated alkyl radicals do 
not appear to undergo a similar enhancement 
following this experimental change. It has not 
proven possible to assign unambiguous struc- 
tures to many of the radicals observed, or in 
some cases even, to obtain resolved spectra that 
will allow any form of rational interpretation. 
This latter is particularly true for furan deriva- 
tives, where the change from a sulphur contain- 
ing heterocyclic to an oxygen containing hetero- 
cyclic molecule introduced severe problems of 
spectral resolution and/or spectral overlap by 
several contributing radical species. This prob- 
ably reflects the lower resonance energy and 
general instability of furan derivatives relative 
to thiophene. However, it should be noted that 
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A study of molecular motion in tetramethylphosphoniurn halides by 
proton magnetic resonance 
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T. T. ANG and B. A. DUNELL. Can. J. Chem. 54, 1985 (1976), 
Spin-lattice relaxation times of tetramethylphosphonium chloride, bromide, and iodide 

were measured between 100 and 500 K and the two minima in TI found for each compound 
have been assigned to methyl group reorientation and whole cation tumbling. The second 
moments also indicate that the cations are tumbling isotropically at nmr frequencies in the 
upper half of this temperature range, and suggest that librational oscillation of the whole cation 
occurs at  frequencies at least of the order of lo5 s-' near 150 K. The energy barriers for both 
methyl group reorientation and isotropic tumbling decrease from chloride to bromide but 
increase when one goes from bromide to iodide. Powder photograph X-ray diffraction analysis 
indicates that the chloride and bromide have hexagonal crystal structures (a and c measured), 
but that the iodide has lower, undetermined symmetry. 

T. T. ANG et B. A. DUNELL. Can. J. Chem. 54, 1985 (1976). 
On a mesure, entre 100 et 500 K, les temps de relaxation spin-rkseau des chlorures, bromures 

et iodures de tetramethylphosphonium et on a attribue les deux minima dans TI, trouves 
pour chacun des composes, a la reorientation du groupe methyle et a un renversement complet du 
cation. Les moments seconds indiquent aussi que les cations se renversent d'une faqon isotrope 
aux frequences rrnn dans la partie superieure de l'intewalle de temperature et ces risultats sug- 
gerent que I'oscillation librationnelle du cation complet se produit a des frequences au  moins 
de l'ordre de lo5 s-I pres de 150 K. Les barrieres energetiques, pour la reorientation du groupe 
methyle ainsi que celle pour le renversement isotrope, tous les deux, diminuent lorsque l'on 
passe du chlorure au bromure mais augmentent quand on passe du bromure a I'iodure. Les 
analyses de diffraction de rayon-X en poudre indiquent que le chlorure et le bromure ont des 
structures cristallines et hexagonales (on a mesure a et c); toutefois l'iodure a une symetrie 
plus basse et non determinee. 

[Traduit par le journal] 

Motional properties of compounds of the 
type (CH3),Z, where Z = C, Si, Ge, Sn, and 
Pb, have been studied extensively by both 
broadline nmr and nmr spin-lattice relaxation 
times (1-5). There has also been considerable 
interest recently in the motional properties of 
the tetramethylammonium ion (5-10). In this 
paper we report a spin-lattice relaxation study 
of polycrystalline samples of the compounds 
(CH3),PCX-, where X = C1, Br, and I. Infrared 
and Raman spectroscopy have shown that the 
tetramethylphosphonium ion in (CH3),PC1 has 
the same tetrahedral configuration as the tetra- 
methylammonium ion (1 1). 

Experimental 
The tetramethylphosphonium halides were prepared 

(1 I) by mixing (CH,),P (Pfaltz and Bauer, New York) in 

'Visiting Scientist. Permanent address: School of 
Chemical Sciences, Universiti Sains Malaysia, Penang, 
Malaysia. 

dry ether with the appropriate methyl halide (Matheson) 
and refluxing for 2 days under nitrogen. The precipitated 
product was filtered off, washed with dry ether, dried 
under vacuum at room temperature for 2 days, and 
finally sealed off under v a c u w  in sample tubes. Proton 
spin-lattice relaxation times were measured at 30 MHz 
using a x-t-x/2 pulse sequence from a Bruker BKR-322s 
pulse spectrometer and a Bruker box-car integrator. 
Following van Putte (12), a correction was made to the 
relaxation time to allow for the inhomogeneity of the rf 
field HI.  The relaxation time TI was given by the slope of a 
least squares fit of log (Mo - Mz(r))/2Mo vs. t, where 
M,(I) is the magnetization in the direction of the external 
field at a time t after the x pulse, and Mo is the equlibrium 
magnetization. 

Because the variation of relaxation times with tempera- 
ture led to values of activation energies of molecular 
motions which did not change monotonically in the 
sequence chloride, bromide, iodide, a fresh set of samples 
was prepared and the experiments repeated on the new 
samples. Particular care was taken to be sure the samples 
were thoroughly dry by heating them under vacuum at 
110 "C for at least 2 days. Since the correction for in- 
homogeneity of HI was very small in the first set of results, 
it was not applied in the second set. Microanalyses for C 
and H were run on the new samples of the bromide and 
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iodide and showed good agreement with theoretical 
values. Anal. Calcd. for (CH,),PBr: C 28.07, H 7.07; 
found: C 28.07, H 7.20. Anal. Calcd. for (CH,),PI: 
C 22.02, H 5.55; found: C 22.07, H 5.43. The chloride 
was so hygroscopic that it was impossible to obtain a 
microanalysis without elaborate techniques. Instead, a 
high resolution nmr spectrum of the sample in D,O was 
run on a Varian T-60 spectrometer. The spectrum showed 
no indication of any organic impurity and we believe 
that drying the sample for 4 days at 110-120 "C under a 
vacuum of about 0.01 mm of Hg removed all water. The 
results for the two iodide samples were sufficiently alike 
to be described by a single curve, as were the results for 
the two bromide samples. The curves for the two chloride 
samples could not be combined into a single curve, but 
the new activation energies obtained from the second 
sample differed from the first by only 12% and 6% and 
produced no new sequence in the series chloride, bromide, 
iodide. 

The relaxation function (Mo - Mz(t))/2Mo decreased 
exponentially with time over the whole temperature 
range for all three compounds. This statement should 
perhaps be qualified by noting that non-exponential 
behaviour was observed in the first prepared sample of 
chloride below about 210 K. 

Continuous wave spectra were obtained at 8 MHz for 
the bromide and the iodide and second moments cal- 
culated from the spectra. Our chloride sample was so 
small that we were unable to obtain a satisfactory CW 
spectrum for it at most temperatures, and second moments 
were obtained above 250 K by fitting the solid echo 
following a 90-T-90,, pulse sequence to the expression 
(13, 14) 

where f (I) is the height of the solid echo, normalized to 
f(0) = I at the maximum point of the echo, and M, is 
is the nth moment of the line shape. 

Debye-Scherrer X-ray powder photographs were taken 
of each of the salts, using the second set of samples. A 
Philips X-ray set was used and the radiation was CuKa 
(A taken to be 1.425 A). The d,,, spacings were calculated 
and attempts were made, using Hull and Davey charts 
(15), to index the arcs to cubic, tetragonal, or hexagonal 
symmetries. 

Results and Interpretation 
X-Ray Powder Photographs 

Since the lattices of the tetramethvlammonium 
halides are tetragonal at room temperature 
(6, 16-19) and tetramethylarsonium bromide is 
hexagonal (20), it was expected that the tetra- 
methylphosphonium halides might be tetrag- 
onal or hexagonal. The arcs of the Debye- 
Scherrer photographs of the tetramethylphos- 
~honium chloride and bromide could be in- 
dexed in the hexagonal system and the cell 
parameters were found to be a = 6.90 + 0.01 A, 
c = 9.72 f 0.05 for the chloride and a = 
7.03 + 0.01 A, c = 9.98 f 0.05 A for the 

XX) 140 180 220 260 303 340 380 420 460 503 
TEMPERATURF ( K I 

FIG. I. The variation of T, with temperature for 
tetramethylphosphonium chloride. The line through the 
points is calculated from [I] and [4] and the best fit 
parameters. 

bromide. For 16 arcs indexed on the chloride 
photograph, the average deviation I(dhk,),,,, - 
(dhk,),,,l was 0.0045 I% and for 14 arcs indexed 
on the bromide photograph, the average devia- 
tion was 0.012 A. The powder photograph of 
the iodide could not be indexed to either a 
tetragonal or a hexagonal lattice. A single 
crystal study of tetramethylarsonium bromide 
(20) has shown its space group to be P6,nzc. 
No systematic absence demanded by that space 
group appears in the indexed lines of the 
tetramethylphosphonium chloride or bromide, 
so there is a good possibility that these two 
phosphonium salts are isostructural with 
(CH,),AsBr. The tetramethylphosphonium 
iodide crystal must have lower symmetry. 

Spin-Lattice Relaxation Times 
The variation with temperature of the spin- 

lattice relaxation times of tetramethylphos- 
phonium chloride, bromide, and iodide is shown 
in Figs. 1, 2, and 3. In the case of the bromide 
and iodide the points for both the independently 
prepared samples are shown and are distin- 
guished by open circles for the first prepared 
samples and filled circles for the second prepara- 
tions. In the case of the chloride only the 
points for the second sample are shown. In 
all cases, the lower temperature minimum in Tl 
has a depth of about 20 ms and can be identified 
with relaxation by reorientation of all four 
methyl groups about their C, axes. The higher 
temperature minimum in Tl has a depth of 
about 40 ms in each case, which, as discussed 
below, agrees quite well with the theoretical 
value for isotropic reorientation of the whole 
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A N G  A N D  DUNELL 

- 
[ I ]  TI-' = Ag(w0~,2) + Bg(worCl) (CH,),PBr, with presumed space group P6,mc, 

1000 where 

rC2- = T,- + T,,-' 

wo = 4wor 
T (ms 

g(o0r) = I + wo2r2 + 1 + 4 w O 2 i  
100 

[21 A = (9120) (y4h2 / w0r6) 

and 

[3] B = (3/20)(y4h2/wor6) 
i03 140 180 220 2M) 303 340 383 420 463 503 

TEMPERATURE (K) + (27/10)(y4h2/~or,6) 
FIG. 2. The variation of T, with temperature for In [3], r is the interproton distance in a methyl 

tetramethylphosphonium bromide. The open circles are group and r, is the distance between centres of 
for the first sample that was prepared and the filled circles the equilateral triangles formed by each methyl are for the new sample. The solid line is calculated from 
[I] and [4] and the best fit parameters. group. The second term of [3] estimates the 

contribution to the relaxation rate made by 
10'- 

m- 

- 
2 - 
F- 

KX): 

5- 

interactions between protons in different methyl 
groups when r, << r,, . 

With the assumption that the correlation 
times have an Arrhenius dependence on tem- 
perature 

141 r = r0 exp (EIRT) 

the experimental curves of Figs. 1-3 were fitted 
to  [I] by a non-linear least-squares computer 
program (21). The best fit parameters A and B, 
war, and E for C3 motion of the methyl groups, 
and war,, and El for isotropic tumbling of the 
cations are listed in Table 1, and the best fit 
curves are the solid lines in Figs. 1-3. The un- 
certainties shown in the experimental parameters 

KX) d~ I& ;$o k~ 340 GO 4i0 & 5d0 represent the asymptotic standard deviations for 
TEMPERATURE ( K )  the parameters given by the iterative fitting 

FIG. 3. The variation of TI with temperature for procedure. Theoretical values of A and B, as 
tetramethylphosphonium iodide. The open circles are for well as theoretical values of the depths of the 
the first sample that was prepared and the filled circles minima in T, are also shown in ~ ~ b l ~  1. ~h~~ are for the new sample. The solid line is calculated from 
[I] and [4] and the best fit parameters. have been calculated on the assumption that 

the bond angles are tetrahedral and the bond 

cation superimposed on methyl group re- distances C-H = 1.10 A and C-P = 1.84 A, 
orientation. so that r = 1.80 A and r, = 3.60 A. Since the 

If we assume that the lattice motions which agreement between experimental and theoretical 
values is quite good, the assignment of relaxa- give proton spin-lattice relaxation in these com- 

pounds are the same as those which relax the tion mechanisms to the two minima is consistent 

tetramethylammonium halides (9), namely, re- with the observations. This conclusion is sup- 

orientation of the methyl groups about their C3 ported for the higher temperature mechanism 

axes with a correlation time r,, and isotropic by consideration of the second moments of the 

tumbling of the cation with a correlation time CW spectra. These second moments are 0.7 +_ 

r,,, we can use the relation of Albert, Gutowsky, 0.1 G2 above 260 K for the chloride and bromide 

and Ripmeester (9) for the relaxation rate and above 300 K for the iodide. The theoretical 
second moment for the hexagonal structure of 
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TABLE 1 .  Spin-lattice relaxation parameters for tetramethylphosphonium chloride, bromide, and iodide* 

Activation (T1),,,in (ms) A or B (s-') 
energy 50 

Motion (kcal/mol) (s-I) Expt. Theory Expt. Theory 

(CH,),PCl 
C, rotation of CH, 2.58k0.05 (8.9f 1 . 4 ) ~  lo-', 20 .3k0 .7  17.4 34 .6k1 .2  40.4 
Isotropic rotation of cation 8 . 9 k 0 . 2  ( 2 . l f 0 . 5 ) ~  10-1, 40.9+ 1.4 40.8 17 .2k0 .6  17.2 

(CH3),PJ3: 
C, rotatlon of CH, 2.39k0.06 (8.5f 1 . 6 ) ~  lo-'' 20 .5k0 .9  17.4 34 .2k1 .6  40.4 
Isotropic rotation of cation 8 . 5 k 0 . 3  (3.1 f 1 . 1 ) ~  lo-', 46.4f 2.3 40.8 15 .1k0 .8  17.2 

(CH314PI 
C, rotation of CH, 3 .52k0.04 ( 4 . 7 f 0 . 5 ) ~  lo-13 20.1 k 0 . 6  17.4 34.9+ 1.1 40.4 
Isotropic rotation of cation 10.8 k 0 . 4  (2 .6k1.2)  x 10-l5 44 .8k2 .1  40.8 15 .7k0 .8  17.2 

'The uncertainties are the standard deviations of' the best fil parameters. 
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A N G  A N D  DUNELL 1989 

two molecules per unit cell, and isotropic 
tumbling of the cations, is 0.66 G2 according to 
Smith's calculation in which all the protons of 
a given molecule are located at the centre of the 
isotropic motion (3). With decreasing tempera- 
ture, the second moments of these halides 
increase to about 6 1 G2 in the range 120- 
190 K and increase again as the temperature 
goes to 77 K, where the second moment is about 
10 G2. With C3 motion of the methyl groups 
the theoretical second moment of these com- 
pounds would be 6.8 G2 plus the interion 
contribution of at least 1 G2. It appears, there- 
fore, that the step in the second moment of 
some 6 G2 in the general region of 150 K 
corresponds to reorientation of all the methyl 
groups at a rate much in excess of that required 
to influence the second moment, plus additional 
motion with a correlation frequency greater 
than about 6 x lo4 s-' (i.e., yfi, where M2 
is the second moment of 6 G2). The additional 
motion is probably librational oscillation of 
relatively small amplitude of the (CH3),P+ ion 
about one or more symmetry axes. 

Neither the activation energy of methyl group 
reorientation nor that of cation tumbling 
changes monotonically in the sequence chloride, 
bromide, iodide. Our value of 3.52 kcal/mol for 
the activation energy of methyl group re- 
orientation in the iodide agrees well with the 
value 3.20 f 0.5 found by Rager and Weiss (22). 
If we consider separately the best fit parameters 
for the experimental points for the two samples 
we prepared, the two values for the methyl 
rotation barrier are 3.42 f 0.03 for the first 
sample and 3.71 f 0.07 for the second. Again 
the uncertainties are standard deviations. For 
the two samples together it would probably 
be appropriate to indicate the energy barrier 
height as 3.5 0.2 kcal/mol, and our value 
is the same as that of Rager and Weiss within 
the probable errors. Our observed decrease in 
activation energy for both methyl reorientation 
and isotropic tumbling as one goes from 
chloride to bromide conforms with the be- 
haviour observed for the tetramethylammonium 
halides (6, 9) and rationalized theoretically for 
cation tumbling in terms of the energy barriers 
calculated from simple electrostatic interactions 
within the ionic lattice (9, 23). The increase we 
observe in the two barriers in going from 

bromide to iodide is probably accounted for by 
the change in crystal structure which occurs 
between iodide and the other two halides. 
One should note, however, that in the case of 
the simple phosphonium halides, PH4X, there 
is a small increase in the barrier to cation 
tumbling as one goes from the bromide to the 
iodide, even though they both have a tetrag- 
onal unit cell (24). This might be related to 
increasing importance of Lennard-Jones poten- 
tial terms in the interionic interactions in the 
phosphonium iodide (25). Further elucidation 
and rationalization of the nature of the barriers 
in the tetramethylphosphonium halides would 
be aided by a single crystal X-ray diffraction 
analysis of the compounds. 
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COMMUNICATIONS 

A total synthesis of (rfr )-cedrol and (+)-cedrene via an intramolecular 
Diels-Alder reaction 

EDWARD G. BREITHOLLE A N D  ALEX G. FALLIS 
Depnrt~nei~f of Clrer,iistr:,., Me~i~orini  Utrice/.sity of Neyforur(ilnt~c/, St .  Jo~ I I I ' s ,  Nfld., Carlaria A l C  5S7 

Received March 8, 1976 

EDWARD G. BREITHOLLE and ALEX G. FALLIS. Can. J. Chem. 54, 1991 (1976). 
A total synthesis of racemic cedrol and cedrene is described in which a key step is the intra- 

molecular Diels-Alder reaction of alkyl cyclopentadiene 3 to give the tricyclic olefin 4. Oxidation 
of this material followed by ring expansion gives cedrone (6) which is converted to the sesqui- 
terpenes. Modification of the functionality of the starting materials will permit the application 
of this general route to diverse tricyclic systems. 

EDWARD G. BREITHOLLE et ALEX G. FALLIS. Can. J. Chem. 54, 1991 (1976) 
On dCcrit une synthkse totale du cCdrol et du cedrPne racemique; 1'Ctape clC de cette sequence 

est la reaction de Diels-Alder intramolCculaire de I'alkylcyclopentadikne 3 conduisant B 
I'olCfine tricyclique 4. L'oxydation de ce compose, suivi d'une extension de cycle, conduit a la 
cidrone (6) qui est ensuite transformie en sesquiterpknes. En modifiant les fonctions prisentes 
dans les produits de depart, il sera possible d'appliquer cette nlethode gCnCrale B la prCparation 
de systkmes tricycliques divers. 

[Traduit par le journal] 

Interest in the tricyclic cedrenoid sesquiter- 
penes is widespread and a number of diverse 
syntheses of these natural products continue to  
be reported (see ref. l a  for first total synthesis 
and ref. 16 for biogenic-type syntheses). In view 
of both the steric and electronic requirements of 
the Diels-Alder reaction intramolecular applica- 
tions of this useful cyclization to  different 
natural product systems are increasing (2). When 
the diene component is cyclic the opportunity to 
prepare stereoselectively a variety of tricyclic 
sesquiterpenes is apparent and we report herein 
a total synthesis of (+)-cedrol (1) and (+)- 
cedrene (2) via an intramolecular Diels-Alder 
reaction of an alkyl cyclopentadiene. The stereo- 
selective route is direct and should be suitable 
for construction of related compounds. 

The approach is based on the generation of a 
suitable tricyclo[5.2.1 .01,5]dec-8-ene intermediate 
(i.e., 4) by internal cycloaddition of the alkyl 

cyclopentadiene 3. It was anticipated, due to  the 
stereochemical constraints of the system, that 
the cyclopentane side chain would have the 
correct exo orientation (c]: ref. 3) and that 
hydroboration would give the desired ketone 5 
for ring expansion to  cedrone (6). 

Alkylation of sodium cyclopentadiene with 
tosylate 7l (from 6-methyl-5-hepten-2-01 (4)) in 

IElemental analysis, proton magnetic resonance, and 
infrared spectra were in accord with the assigned struc- 
ture. 
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T H F  (0 "C 0.5 h, 23 "C 4 h) afforded, after work 
up, the isomer 36. The pmr spectrum, which dis- 
played a multiplet at 6 2.80 due to  the two 
allylic cyclopentyl hydrogens and a complex 
signal from 6 5.8-6.5 representing the three vinyl 
ring hydrogens, was consistent with this struc- 
ture. 

Cyclization of 3 was effected by heating in 
hexamethylphosphoramide a t  205 * 5 "C for 
7 hours to give the tricyclic olefin 4 (36%)' The 
isomeric internal Diels-Alder structures (see i 
and ii)* are excluded by the pmr spectrum. The 
olefinic signals appeared as an unsymmetrical 
multiplet 6 6.01 representing the AB portion of 
an ABX system while the single allylic bridge- 
head proton (X) gave rise to  a broad resonance 
at 6 2.27 ( W112 = 6 HZ). The methyl signals 
appeared as singlets a t  6 0.80 and 6 1.05 due to 
the endo and exo geminal group and as a doublet 
at 6 0.91 (J = 6.5 Hz) representing the secondary 
methyl function. From models it appeared that 
the preferred orientation of this group during 
cyclization might be that found in the natural 
product but unfortunately, although 4 was 
homogeneous by both glc and tlc, the proton 
noise decoupled cmr spectrum3 indicated it was 

lAlthough 30, if present (it was not detected), would 
cyclize to the wrong product i, 3c, (also not detected) was 
not expected to give monomeric tricyclic material since 
the product ii violates Bredt's rule. Other 'twistane' type 
products are precluded due to the inefficient overlap of 
the reacting centres allowed by the geometry of the 
system. 

I I I 

3We are grateful to A. W. McCulloch and J .  A. Walter, 
National Research Council of Canada, Halifax, N.S. for 
obtaining this spectrum. 

an epimeric mixture at C2 (- 1 : 1). This spectrum 
confirmed the single mode of attachment of the 
cyclopentane side chain and the success of the 
synthesis indicated this was exo. 

Hydroboration of 4 in dimethoxyethane gave, 
after oxidative workup with Jones' reagent, the 
desired ketone 5 (ir 1735 cm-I). Since 5 was 
inert to  diazomethane (even with Lewis acid 
catalysis) and conventional cyanohydrin forma- 
tion failed, the trimethylsilyl cyanohydrin deriva- 
tive was prepared (Me3SiCN, ZnIz, 5 h 23 "C) 
(5). The primary amine obtained upon lithium 
aluminum hydride reduction was treated with 
nitrous acid (9 h, 5-25 "C) to  give the ring 
expanded ketones in 73% overall yield from 5. 
The resulting epimeric cedrone mixture 6 was 
converted, after tlc separation of -20% of the 
positional ketone isomer, to a 1 :1 mixture of 
(f )-cedrol (1) and (A)-epi-cedrol by stereoselec- 
tive addition of methyl lithium (1). The alcohols 
were separated by glc and the spectral (pmr, ir, 
ms) and chromatographic properties (glc, tlc) of 
the synthetic cedrol were indistinguishable from 
an  authentic sample of the natural material. 
Dehydration (pyridine, SOC12, 5 "C) afforded 
(+)-a-cedrene (2) and (*)-P-cedrene in quanti- 
tative yield (ratio 80:20) to  complete the synthe- 
s ~ s . ~  

Several related more highly oxygenated ses- 
quiterpenes possessing the tricycl0[5.3.1.0'*~]- 
undecane skeleton, such as shellolic acid (7) and 
other vetiver oil and lac resin components (8), 
are known. Extension of this route using modi- 
fied side chains should provide access to  these 
compounds as well as the related tricyclo- 
[6.2.1 .O1sG]undecane ring system possessed by 
isolongifolene. 

Acknowledgment 
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Newfoundland for financial support of this 
research. 
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On the entropy production in chemically reacting systems 
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EDUARDO LISSI. Can. J. Chem. 54, 1995 (1976). 
The concept of monotonicity of entropy production is discussed regarding its application to 

chemically reacting systems. It  is concluded that the concept cannot be generally applied even 
to elementary reactions in ideal homogeneous systems. 

EDUARDO LISSI. Can. J. Chem. 54, 1995 (1976). 
On discute du concept de la monotonicit6 de la production d'entrople par rapport a son 

application B des systemes chimiques en reaction. On en conclut que ce concept ne peut pas &tre 
applique d'une f a ~ o n  gknerale m&me pour des reactions 6lCmentaires dans des systbnles homo- 
genes ideaux. 

[Traduit par le journal] 

In 1966, McKean introduced the idea of mono- adiabatic conditions ; (6) successive reactions for 
tonicity of entropy production (1). This mono- which the entropy production in the second step 
tonicity implies that the derivatives of the total is larger than in the initial step; and (c) reactions 
entropy production have the following property whose rate law is zero-order with respect to one 

In a most interesting paper on the entropy pro- 
duction in chemically reacting systems, Pritchard, 
Labib, and McElwain have extended this concept 
t o  chemically reacting systems (2). In a second 
paper on the entropy production in simple 
chemical reactions taking place isothermally and 
in closed systems, Pritchard concluded that 
entropy production appears to be a completely 
monotonic function of time for several chemical 
reactions or reaction sequences, including ele- 
mentary processes and consecutive reactions (3). 
On the other hand, it was shown that the mono- 
tonicity principle does not extend to autocata- 
lytic or oscillatory processes (3). In the present 
paper, we show that this concept cannot be 
generally applied to a series of simple reactions: 
(a) exothermic reactions which take place under 

or more reactants. 

Exothermic Reactions Carried out under 
Adiabatic Conditions at Constant Volume 

Let us consider with some detail the first men- 
tioned example. This is a particularly relevant 
one since it involves a simple chemical reaction: 

[21 B e C  

where B and C can be considered ideal gases. 
Under adiabatic conditions, and if the reaction is 
slow enough to assure thermal equilibrium. the 
first derivative of the entropy is given by 

PI dS/dt = (A/T)o  

where A is the affinity of the reaction considered, 
and v is the reaction rate 64). For the system 
considered 
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[4] A = T(S$ - sB0) - RTln (Nc/NB) - AH 

and 

151 v = fkNB 

where k is the specific rate constant for the for- 
ward reaction, and f is defined by 

[6] f = 1 - Nc/(KNB) 

In eq. 6, K is the equilibrium constant. 
Considering eqs. 3 and 5 we obtain 

[71 d s id t  = (AfNB) k l ~  

Since chemical reactions which are far from 
the equilibrium cannot be treated generally by 
the methods of the thermodynamics of irrever- 
sible processes (4), this equation has to be 
analyzed rather empirically (3). In eq. 7, A, f, NB.  
T, and k will be determined by the initial condi- 
ditions and the conversion. The factor (AfN,: T) 
will usually decrease when the time increases but, 
if the reaction is exothermic, the value of k will 
increase rapidly due to the increase in tempera- 
ture. For reactions which have a high activation 
energy, this factor dominates and the value of 
dS/dt increases with time. This result is then 
contrary to that required by eq. 1. Let us demon- 
strate this with the aid of a simplified example 
which employs reasonable kinetic and thermo- 
dynamic parameters. If 

(C,), = (Cv)c = 20 cal deg-I mol-I at  400 K 
- 

(SB0 = SCO) 

AH = - 10 kcal mol-I at  400 K 

k = lOI4 exp (-23000,lT) 

the values of dSldt can be obtained as a function 
of NB if we know the change in the specific heat 
of the mixture with temperature. If we assume 
that 

which overestimates the increase in GV with 
temperature (9, we obtain the values shown in 
Table 1. From this table we can see that the rate 
of entropy change increases by more than a 
factor of lo7, due to the increase in reaction rate. 

TABLE 1. Evaluation of d S / d t  as a function of 
the conversion 

1% Temperature k d S / d t  
(mole) (K) (s-I) (cal K-1 s-1) 

This conclusion is quite general and almost 
independent of the parameters assumed for the 
reaction considered, provided that the reaction is 
exothermic, the heat capacity of the system is 
small, and the reaction has a high activation 
energy (i.e. for the thermal isomerization of 
cyclopropane to  propylene (6)). A similar in- 
crease in dS/dt with time was obtained by 
Pritchard in an analysis of the methyl isocyanate 
isomerization under similar conditions to those 
considered in the present work (7). 

Consecutive Reactions at Constant T and V 

Let us consider the simplest set of consecutive 
reactions: 

which is a simplification of scheme 11 of 
Pritchard's work (3). For this system 

If the reactions considered are highly exo- 
thermic and the concentrations are not extremely 
low, eq. 10 reduces to  

dS/dt will increase when NB increases. This con- 
clusion is contrary to that reached by Pritchard 
for simple consecutive first order reactions (3). 

Zero Order Reactions 

Let us consider the following reaction 

[I21 A + 2 C + 2 D  

which takes place with a rate law given by 
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[I31 u = k N A  

If 

(ND)~=o = 0 
and 

N-4 >> Nc 

the first derivative of the entropy will be given by 

dS  d t  = b + R ln (& ' 2a t )  

where b and u can be considered as constants. It 
can be easily shown that under these conditions 
d2S/dt2 goes through a maximum at N ,  = 

0.5(Nc),,,, and that d3Sidt3 becomes negative 
beyond this point. It can be mentioned that a 
situation like that represented by eqs. 12 and 13 
will hold for several homolyses in the presence of 

scavengers (i.e. in the photolysis of azomethane 
in the presence of a small amount of nitric oxide 
and a large excess of nitrogen). 

From the preceding examples we can conclude 
that, even for simple chemicai reactions, the con- 
cept of lllonotonicity of entropy production 
cannot be generally applied. 

1. M. MCKEAN. Arch. Ratl. Mech. Anal. 29,343 (1966). 
2. H. 0. PRITCHARD, N. I. LABIB, and L. L. 5. MCELWAIN. 

Can. J. Chem. 52, 2618 (1974). 
3. 11. 0. PRITCHARD. Can. J. Chem. 53, 1756 (1975). 
4. I. PRIGOGINI. Thermodynan~ics of irreversible pro- 

cesses. Interscience Publishers, New York. 1967. 
5. S. W. BENSON. Thermochemical kinetics. J. Wiley and 

Sons, New York. 1968. 
6. H. 0. PRITCHARD, R. G. SOWDEN, and A. F. TROTMAN- 

DICKENSON. Proc. Roy. Soc., A, 217, 563 (1953). 
7. 11. 0. PRITCHARD. Personal communication. 
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EBERHARD KIEHLMANN, J. I. WELLS, and WILKINS REEVE. Can. J. Chem. 54, 1998 (1976). 
Derivatives of the carboxylic acids RCOCH2CH(OCH,)COOH and RCOCH=CHCOOH 

(R = Me, i-Bu, or tert-Bu) have been identified among the major methanolysis products of 
three l,l,l-trichloro-2-hydroxy-4-alkanones, RCOCH2CH(OH)CC13. In addition, p-methoxy 
esters RCOCH(OCH,)CH2COOCH3 are obtained if hydrogen atoms are present at the alkyl 
carbon directly attached to the carbonyl group (R = Me or i-Bu). l,l,l-Trichloro-2-hydroxy-4- 
pentanone (1) yields the known methyl 5-chloro-2,4-pentadienoate (9) as a minor by-product. 
An a,a-dichloro epoxide (15) is postulated as the key intermediate in the methanolysis mech- 
anism leading to the 0-methoxy esters. 

EBERHARD KIEHLMANN, J. I. WELLS et WILKINS REEVE. Can. J. Chem. 54, 1998 (1976). 
On a identifie les dCrivCs d'acides carboxyliques RCOCH2CH(OCH3)COOH et RCOCH= 

CHCOOH (R = Me, i-Bu ou ieri-Bu) parmi les produits majeurs formes lors de la methanolyse 
de trois trichloro-1 , 1, 1 hydroxy-2 alkanones-4 RCOCH2CH(0H)CCl3. Si des atonles d'hydro- 
gbne sont prCsents sur le carbone de l'alkyle attach6 directement au groupe carbonyle (R = Me 
ou i-Bu) on obtient en plus les 8-mithoxy esters RCOCH(OCH3)CH2COOCH3. La trichloro- 
1,1,1 hydroxy-2 pentanone-4 (1) conduit, comme sous produit mineur, au chloro-5 penta- 
dikne-2,4 oate de m6tllyle (9) qui est connu. On fait I'hypothkse qu'un a,m-dichloroCpoxyde (15) 
est l'intermkdiaire clC dans le mecanisme de methanolyse conduisant aux P-methoxy esters. 

[Traduit par le journal] 

Introduction 

Phenyl(trichloromethy1)carbinol and its ring- 
substituted derivatives are known to react with 
methanolic potassium hydroxide to form n- 
methoxyarylacetates in high yield (1, 2) [I]. 

[I] ArCHOH--CC13 + KOH/CH,OH -+ 

ArCHOCH3-COO- 

a-Methoxyphenylacetic acid, obtained from the 
parent compound (Ar = C&) by this method, 
may be used as an analytical reagent for the 
detection of sodium ions (3), and several of its 
chlorinated derivatives are effective plant growth 
regulators (4). These observations suggested the 
synthesis of aliphatic trichloromethylcarbinols 
and a study of their behavior toward base in 
methanolic solution. 

Caujolle et ul. (5) found that certain 1,1,1- 
trichloro-2-hydroxy-4-alkanones react with 4 
equiv. of sodium hydroxide per mole of starting 
material to form 3 mol of sodium chloride, and 
P-ketoaldehydes and sodium formates were 
postulated as the major organic reaction prod- 

ucts. However, they were not successful in 
isolating and identifying these compounds. 
Breusch and Keskin (6) obtained a,p-unsaturated 
y-keto acids on treatment of I,l,l-trichloro-2- 
hydroxy-4-alkanones with aqueous potassium 
hydroxide or potassium carbonate solution at 
elevated temperature [2]. The product structures 

[2] RCOCH2CHOH-CC13 + KOH or 

were proven by hydrogenation of the double 
bond and independent synthesis of authentic 
product samples. Under similar reaction condi- 
tions, 1 , 1 ,1-trichloro-2-hydroxy-4-pentanone (1) 
has been shown to give 5-chloro-2,4-pentadienoic 
acid (2) in low yield (7-9) [3] .  Since l,l,l-tri- 

[3] CH3COCH2CHOH-CCI3 + KOH/H20, then 
B 

HCl -+ CICH=CHCH=CHCOOH 
2 

chloro-2-methoxy-4-pentanone yields the methyl 
ester of the same acid on treatment with meth- 
anolic sodium carbonate, the latter reaction is 
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likely t o  proceed via 4,5-dichloro-2-cyclopen- 
tenone as intermediate (lo), although dehydra- 
tion of 1 followed by a Favorski-type rearrange- 
ment of the resulting alkenone (9) cannot be 
entirely ruled out as an alternative mechanistic 
pathway. The remarkable dcpcndencc of thc com- 
position and structure of the products formed 
during the alkaline methanolysis of three ho- 
mologous 1,1,1 -trichloro-2-hydroxy-4-alkanones 
RCOCH2CH(OH)CC13 (R = Me, i-Bu, and tert- 
Bu) on the nature of R, as reported below, 
indicates intramolecular interactions between thc 
(trichloromethy1)carbinyl group and the a'- 
carbon (C-5) and thus provides further indirect 
support for the former rcarrangemcnt mech- 
anism. 

Results 

(3), and 1 , I  ,1-trichloro-2-hydroxy-5,5-dimethyl- 
4-hexanone (4) were chosen as starting materials 
for this investigation since they are readily syn- 
thesized in pure form (i.e., free of structural and 
stereoisomers) by the crossed aldol condensation 
of chloral with the corresponding methyl ketones 
(RCOCH3; R = Me, i-Bu and tert-Bu, respec- 
tively) (5,6, 11). Their reaction with 5 mol equiv. 
of methanolic potassium hydroxidc at 50 O C  

under conditions exactly identical to those re- 
ported for the methanolysis of phenyl(trich1oro- 
methy1)carbinol [I] yielded potassium chloride 
(93-987,) and mixtures of various carboxylic 
acids and esters, with the number of components 
formed depending strongly on the structure of 
the starting material. 

Thus, ketol 3 gave three methyl esters (5, 6. 
and 7) in the ratio 7 :8 :24 after acidification of the 

l , l ,  1-Trichloro - 2 - hydroxy - 4 - pentanone (1). crude product mixture and methylation of the 
l,l,l-trichloro-2-hydroxy-6-methyl-4-heptanone acid fraction with excess methyl iodide and silver 

oxide [4]. They were separated by preparative 

(I)  KOH/CH30H 
[4] (CH3)2CHCH2COCH2CHOH-CC13 * (CH3)2CHCH2COCH=CHCOOCH3 

3 (2) HCI 5 
(3 )  CH,I/Ag20 

vpc (elution order 5-6-7), and their structures 
were determined by spectroscopic and quantita- 
tive elemental analysis. The ester of lowest reten- 
tion time was identified as methyl B-isovaleryl- 
acrylate (5) by its typical olefinic double doublet 
( r  2.93 and 3.40) in the nmr spectrum, its C-C 
stretching vibration (1635 cm-l) in the infrared 
(ir) spectrum, and by independent synthesis [5]. 
Furthcrmore, the corresponding carboxylic acid, 
a small quantity of which was isolated in crystal- 
line form from the crude acid fraction, had the 
correct mclting point (6) and mixture melting 
point with an authentic sample. Quantitative 
methoxyl determination, CH analysis, and nmr 
revealed the two major products clearly as 
methyl a- and p-methoxyisovalerylpropionate. 
However, because of the close similarity in the 
nmr chemical shifts and splitting patterns (aide 
infra), unambiguous structure assignments were 

possible only by mass spectrometry and inde- 
pendent synthcsis of one of the two isomers. 
The strong m t e  143 and 117 peaks in the 
mass spectra of 7 and 6, respectively, are attrib- 
uted to the resonance-stabilized oxonium ions 
i-BuCOCH2CHOCH3- and +CH(OCH3)CH2- 
COOCH3 formed by a-cleavage. A sample of pure 
iz-butyl a-methoxy-P-isovalcrylpropionate syn- 
thesized by an entirely different route (12, 13) 
from n-butyl glyoxylate and methyl isobutyl 
ketonc [5] had a vpc retention time identical to 
that of the least volatile of the n-butyl analogs of 
5, 6, and 7 prepared by alkaline methanolysis of 
3, acidification, and csterification with n-butyl 
iodide and silver oxide. 

To verify the above structural assignments, we 
investigatcd the methanolysis of the homologous 
ketols 1 and 4 which, as expected, revealed 
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[6] CH,COCH2CHOH-CCI3 (I) K0H'CH30Hc ClCH=CHCH=CNCOOCH, + CH3COCH=CHCOOCH3 
1 (2) HCI 9 10 

(3)  CH3I/A@ 

+ CH3COCH2CHOCH3-COOCH3 + CH3CO-CHOCH3-CH2COOCHs 
11 12 

similar reaction patterns. In the case of ketol 1, 
four products (ratio 2:3:4:10, [6]) were isolated 
from the esterified crude acid fraction and 
identified as methyl 5-chloro-2,4-pentadienoate 
(9), methyl 8-acetylacrylate (lo), and methyl 
a- and p-methoxy-8-acetylpropionate (11 and 
12). The dienoate 9 gave the same nmr spectrum 
and vpc retention time as an authentic sample 
prepared from 1, 1 ,1-trichloro-2-penten-4-one (9. 
lo), and the acrylate 10 was identical in its 
physical and spectral properties to a sample 
obtained from methyl levulinate by bromination 
and subsequent dehydrobromination (14). The 
a-methoxy ester 11 was synthesized from furfuryl 
alcohol by the four-step procedure [7] reported in 
the literature (1 5) and it was found to be identical 
(nmr and vpc) to the third component of the 
ester mixture. The completely analogous nmr 
chemical shifts and splitting patterns found for 
11 and 7, on one hand, and 12 and 6, on the 
other hand, not only revealed the structure of the 
fourth and major product of reaction 6 but also 
confirmed the assignments for the two major 
methanolysis products (6 and 7) of ketol 3. Thus 
both 11 and 7 give, surprisingly, a sharp doublet 
at T 7.17 and 7.20, respectively, for the two 
diastereotopic methylene protons, and a sharp 
triplet at T 5.77 for the methine proton, while 
these patterns are less symmetrical and addi- 
tional fine-splitting is observed f ~ i  the corre- 
sponding protons of 12 (CH? at T 7.32, CH at 
T 6.03) and 6 (CH2 at T 7.32, CH at r 6.02). The 
prominent oxonium ion fragments at m/e 101 
(CH3COCH2CHOCH3+) and 117 (+CHOCH3- 
CH2COOCH3) found in the mass spectra of 111 
and 12, respectively, further support the assigned 
structures. 

In sharp contrast to  ketols 1 and 3, l,l,l-tri- 
chloro-2- hydroxy- 5,5-dimethyl-4-hexanone (4) 
yielded only two products (13 and 14, ratio I : 15) 
on treatment with methanolic potassium hy- 

droxide followed by esterification. Separation 
and purification by preparative vpc and nmr 
spectroscopic analysis led to the structural assign- 
ments shown in [8]. The expected @-methoxy 

(I)  KOH/CH30H 
[8] (CH3)3CCOCH2CHOH-CCIs HCI + 

4 
(3)  CH3I/Ag,O 

isomer of 14 was detected neither in the nmr 
spectrum of the crude product mixture nor by 
vpc on three different columns (30% QF-1 at 
215 "C, 10y0 Carbowax at 140°C, and 574 
DEGS at 150 OC). We conclude from this result 
that the a-hydrogen, absent at the fully methyl- 
ated a'-carbon of 4, may participate in the 
mechanism leading to the formation of the 
analogous esters 6 and 12 from ketols 1 and 3, 
respectively. 

Contrary to our expectations, the reaction of 
the title compounds with sodium methoxide in 
dry methanol, followed by a simple extraction- 
distillation work-up, gave less satisfactory results 
than the three-step methanolysis-acidification- 
esterification sequence described above, yielding 
mainly unidentifiable nonvolatile products. In 
the case of ketol3, application of this alternative 
procedure led to the formation (187, yield) of an 
ester mixture containing 28y0 5, 25% 6, 357, 7 
(identified by vpc, ir, and nmr), and three minor 
components of lower vpc retention times. 

Discussion 

Recvc and co-workers (1, 2) have proposed 
that the alkaline methanolysis of aryl(trich1oro- 
methy1)carbinols [9] proceeds via an a,a-dichloro 
cpoxide which undergoes ring-opening either by 
nucleophilic attack of methoxide at the aryl- 
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'Oute ' ArCHOCHJ-COCI 
KOH 

[9] ArCHOH-CCI, - Ar-CH-CCI? 
CH30H 

7 \ArCHOCH-COO 

\ +\---- ArCHCL-COCI 
0 route b 

,-' 
substituted carbon, followed by acyl chloride 
hydrolysis (route a), or by an a-chloro expoxide- 
a-chloro carbonyl rearrangement (16) followed 
by methanolysis of the intermediate a-chloroacyl 
chloride (route b). Mechanistic studies on opti- 
cally active phenyl(trichloromethy1)carbinol (17) 
have shown that at least 75y0 of the reaction 
proceeds by route a, i.e., with inversion of 
configuration at the a-carbon. The failure of 
1 ,1, I-trichloro-2-methoxy-4-pentanone, the meth- 
ylated derivative of ketol 1 which is incapable of 
epoxide ring closure, to give compounds 10, 11. 
and 12 on treatment with methanolic potassium 
hydroxide (10) strongly suggests that the trans- 
formation of ketols 1, 3, and 4 to the a-methoxy 
esters 7, 11, and 12, respectively, occurs by an 
analogous mechanism. The other esters ma) 
arise from the postulated epoxide intermediate 
15 via one or more of several pathways, one of 
which involves abstraction of an a-methylene 
proton and subsequent ring opening to yield the 
olefinic products 5, 10, and 13 [lo]. Dehydration 

which, under our ketol methanolysis conditions. 
led to the formation of methyl a- and p-meth- 
oxy-p-acetylpropionate (11 and 12) in the ap- 
proximate ratio 1:5, and the saponification of 
rz-butyl a-niethoxy-b-isovalerylpropionate (8) fol- 
lowed by reesterification with methyl iodide and 
silver oxide yielded small amounts of 5, 6, and 7. 
However, this reaction sequence, when applied 
to ketol 4, would be expected to give not only 
the observed esters 13 and 14 but also the 
9-methoxy isomer of 14 which was not detected 
experimentally. We, therefore, conclude that the 
d-methoxy esters 6 and 12 arise, at least in part. 
via a 1,4-cyclopentadione intermediate (16 or 17) 

R-CH-CO R<H-CO 
1 

CO AHOMe 
1 I 

CO CH 
\ /  

CH2 
\ /  

CH 

16 17 

formed by abstraction of an a'-hydrogen from 
epoxide 15 (or from the initially produced esters 
5, 7, 18, or 11) and subsequent internal Claisen- 
type condensation. Since all attempts to isolate 
the postulated cyclic structures 16 or 17 have 
failed, the experimental evidence to date does not 
permit a clear distinction among the proposed 
reaction pathways. 

RCOCH=CHCOCI --t 5, PO, and 13 Experimental 

of the 1,1,1-trichloro-2-hydroxy-4-alkanone as an 
initial reaction step, followed by hydrolysis of the 
trichloromethyl group and methanol addition to 
the double bond is considered unlikely because, 
due to the C-0 bond strengthening eEect of the 
electron-withdrawing chlorine atoms (19), all 
known attempts (10, 11) to synthesize l,l,l-tri- 
chloro-2-alken-4-ones by this route, without 
prior conversion of the hydroxyl group to a 
better leaving group (20), have failed. Conversion 
of the originally formed a-methoxy compounds 
to  their respective a,@-unsaturated derivatives by 
E2 elimination followed by partial readdition of 
methanol to give the a-methoxy esters 4 and 12 
represents another mechanistic possibility. The 
conjugate addition of methanol to methyl d-ace- 
tylacrylate is indeed a known reaction (181, 

Elemental analyses were performed by A. Bernhardt 
Microanalytical Laboratory, Elbach, Germany, and 
metl-ioxyi determinations by Dr. Franz Kasler. The nmr 
spectra were recorded on a Varian A 56/60 spectrometer 
using TMS as internal standard and CDCI, as solvent, 
and ir spectra on a Beckman IR-12 spectrometer using a 
thin film of neat liquid (or melt) between sodium chloride 
plates. Vapor phase chromatographic (vpc) analyses were 
performed on a Varian Aerograph 1200-1 HY-FI I11 and 
an FM 300 gas chromatograph using 105% Carbowax 20M 
on Aeropak 30 (12 ft X in.), 10% Carbowax 20M on 
silanized diatomaceous earth (7 ft X 4 in.), or 207; decyi 
phthalate on acid-washed Chromosorb P (7 ft X i in.) at 
140 to 160 'C. All quantitative estimates of the composi- 
tion of product mixtures by vpc are based on a com- 
parison of integrated peak areas obtained for the indi- 
vidual components with those obtained for standard 
mixtures prepared from the pure components. The peak 
areas were measured planimetrically. For the purpose of 
identification and characterization, small samples of all 
esters were isolated in >95',: purity by preparative vpc 
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on a Varian Aerograph A90-P3 chromatograph using a 
30% QF-I column (20 ft X X in.) at 150 to 200 "C. Mass 
spectra were run on a double-focusing RMU-6E Hitachi- 
Perkin-Elmer instrument. 

I,1,1-Trichloro-2-hydroxy-4-alka11011es 1,  3, a17d 4 
(RCOCH2CHOHCCl3; R = CH,, i-Bu arzd ter t -BI~ 

The title compounds were prepared from acetone, 
methyl isobutyl ketone; and pinacolone, respectively, 
with chloral, glacial acetic acid as solvent and sodium 
acetate as catalyst as described in the literature (11). 
They were obtained in 44, 46, and 40C/;! yield after 
recrystallization from cyclohexane. 

Methunolysis of I , I ;  I-T1~ickloro-2-l~~dro.~~-6-metl1yI-4- 
hepranorze (3) 

A solution of 49.6 g (0.2 mol) of 3 in 60 ml methanol 
was heated to 50 'C in a 500-ml flask equipped with 
thermometer, stirrer, dropping funnel, and reflux con- 
denser. Then, a solution of 56.0 g (1.0 mol) of potassium 
hydroxide pellets in 240ml of methanol was added 
dropwise (45 min), the temperature of the reaction mix- 
ture being maintained constant between 49 and 51 "C by 
occasional cooling. Stirring was continued for an addi- 
tional 2 h with the reaction temperature being kept 
between 42 and 58 "C by immersing the flask in a hot 
water bath. The mixture was allowed to cool, filtered, and 
the filter cake was washed with 60 ml methanol and dried 
in a dessicator to  give a 985; yield (43.8 g, 0.588 mol) of 
potassium chloride. The filtrate was concentrated to a 
volume of 140 ml by distillation under reduced pressure 
at a bath temperature <55 "C. After the addition of 200 
ml water, the mixture was extracted with three 120-ml 
portions of ether, the combined organic layers were 
dried over anhydrous MgSO,, and the solvent was 
evaporated to give 2.7 g of a neutral fraction which was 
not further investigated. The alkaline aqueous layer 
(pH 10) was acidified with 6 N hydrochloric acid (46 ml) 
to Congo red, extracted twice with ether, and dried 
(MgSO,) to give 29.5 g of a brown, oily crude acid 
fraction. Upon standing in the refrigerator for several 
days, a small amount (1.5 g) of crystals were formed. 
They were isolated by suction filtration and recrystallized 
from cyclohexane and carbon tetrachloride, successively, 
to give isovalerylacrylic acid, mp 91.5-92.5 "C (lit. (6) 
mp 91-92 "C). 

Esteri$cation of Carboxylic Acid Mixtirre 
The crude acid (29.5 g) obtained in the preceding 

experiment was dissolved in 192 ml (3.2 mol) of methyl 
iodide, and 86 g (0.404 mol) of silver oxide, freshly pre- 
pared from sodium hydroxide and silver nitrate according 
to Hudson and co-workers (21), were added slowly with 
cooling. The mixture was magnetically stirred for 4 h in a 
500-ml Erlenmeyer flask equipped with reflux condenser 
and calcium chloride tube, subsequently diluted with 
ether, and filtered. The solvent and excess methyl iodide 
were removed from the filtrate on a steam bath, and the 
reaction product (32.5 g) was distilled in cucuo to  give 
19.6 g (50% yield) of a clear yellow ester mixture boiling 
at 79-89 "C/0.7 torr. The n-butyl esters were prepared 
analogously from the crude acid fraction of a second run, 
using n-butyl iodide instead of methyl iodide as the alkyi- 
ating agent. 

The methyl ester mixture containing 17.5% methyl 
p-isovalerylacrylate (5), 207G methyl p-methoxy-p-isoval- 
erylpropionate (6), and 6OCA methyl a-methoxy-0- 
isovalerylpropionate (7) was separated by preparative vpc 
to give pure samples of the individual components. 
Oxidation of a small aliquot with 5yo cold aqueous 
permanganate solution in acetic acid removed 5 selectively 
from the ester mixture. 

Characterization of 5: Anal. calcd. for CgHI4o3: 
C 63.51, H 8.29, CH,O 18.23; found: C 63.66, H 8.20. 
C H 3 0  18.40; ir 1635 (C=C), 1703 and 1736 ( G O )  cm-1; 
nmr T 2.93 (d, -COCH=), 3.40 (d,=CHCOOR, J = 16 
Hz), 6.20 (s, COOCH,), 7.48 (d, CHJ, 7.80 (m, CH), and 
9.05 (d, 2CH,, J = 6 Hz). 

Characterization of 6: Anal. calcd. for ClOHl8O4: 
C 59.39, H 8.97, CH,O 30.69; found: C 59.30, H 9.06, 
CH,O 29.14; mass spectrum (17 eV) m / e  75 (96%) and 
117 (1005';); nmr T 6.02 (t, CHOR), 6.33 (s, COOCH,), 
6.60 (s, ROCH,), 7.32 (d, CH2COOR), 7.58 (m, >CH- 
CH2), and 9.07 (d, 2CH3). 

Characterization of 7: Anal. calcd. for CI0Hl8o4: see 
6; found: C 59.20, H 8.69, C H 3 0  29.08; mass spectrum 
(SO eV) m/e 75 (725%). 85 (10052), and 143 (62';); nmr 
T 5.77 (t, CHOR), 6.27 (s, COOCH,), 6.60 (s, ROCH,), 
7.20 (d, CH2COOR), 7.70 (m, >CHCH2), and 9.08 (d, 
2CH3). 

n-But~l  a-h4etho.u)-p-isocale~lpropio~zate (8) 
11-Butyl glyoxylate was prepared by the oxidation of 

11-butyl tartrate with lead tetraacetate (22). Following the 
procedure given by Arbuzov and Klimova (13), a mixture 
of 92.4 g (0.71 mol) of n-butyl glyoxylate (bp 63-79 " C j  
18 torr) and 213 g (2.13 mol) of methyl isobutyl ketone 
was heated at 110 "C for 24 h. Excess ketone was removed 
by distillation at reduced pressure (18 torr). High vacuum 
distillation of the residue gave 106 g of SOL;', pure n-butyl 
a-hydroxy-p-isovalerylpropionate (755'; yield), bp 139- 
146 "C/3-5 torr. Methylation with methyl iodide and 
silver oxide yielded the title compound with a vpc 
retention time (Carbowax 20M. 160 'C) identical to that 
of the least volatile component of the rz-butyl ester 
mixture prepared by methanolysis of ketol 3 and sub- 
sequent butylation of the crude acid fraction (as described 
above). 

p-Isoc.alerylacrylic Acid und Metlzyl Ester (5) 
A mixture of 23.0 g (0.10 mol) of 12-butyl a-hydroxy-0- 

isovalerylpropionate, 100 ml glacial acetic acid and 10 ml 
2 N hydrochloric acid was placed in a 250-ml flask 
equipped with a reflux condenser, and heated on a steam 
bath for 2 h. After removal of the solvent and hydro- 
chloric acid by distillation under reduced pressure, 18.2 g 
of a yellow liquid was obtained which solidified to a white 
paste upon cooling and yielded the title compound, mp 
91-91.5 "C (lit. (6) 91-92 "C), after recrystallization from 
aqueous ethanol (5050 v/v). A mixture melting point test 
and nmr spectroscopy showed this compound to be 
identical to the unsaturated carboxylic acid isolated from 
the methanolysis products of ketol3 after acidification of 
the reaction mixture. Methylation with silver oxide and 
methyl iodide (see above) gave the corresponding ester 
(5) with a vpc retention time (decyl phthalate, 160 "C) 
and an nmr spectrum identical to that of the most volatile 
component of the ester mixture obtained from ketol3 [4]. 
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Methanolysis of I,I,I-Trichloro-2-I~yd1oxy-4-pel2tanote ( I )  
Following the procedure described above for the 

methanoiysis of 3, 16.0 g (59y0 yield) of a crude acid 
fraction was obtained from the title compound which 
yielded methyl 5-chloro-2,4-pentadienoate (9), methyl 
p-acetylacrylate (lo), methyl a-methoxy-p-acetylpropion- 
ate (11), and methyl p-methoxy-p-acetylpropionate (12) in 
the approximate ratio 2:3:4:1O after esterification (with 
CH31 and Ag20, as before) and vacuum distillation (bp 
60-70 "C/1.0 torr). The individual components were 
separated by preparative vpc and identified by nmr 
analysis. The spectra and gas chromatograms of 9, 10, 
and 11 were found to  be superimposable on those of 
independently prepared authentic samples. 

Characterization of 9: Anal. caicd. for CGH,C102: 
C49.17, H 4.81, C124.19; found: C49.29, H 4.61, CI 
23.95. Independent synthesis from 1 .l ,l-trichloro-2- 
penten-4-one (10). 

Characterization of 10: nmr T 3.00 (d, -COCH=), 
3.37 (d, =CHCOOR, J = 16 Hz), 6.20 (s, COOCH,). 
and 7.65 (s, CH3CO). Independent synthesis from methyl 
levulinate (14). 

Characterization of 11: nmr T 5.78 (t, CH), 6.25 (s, 
COOCH,), 6.60 (s, ROCH,), 7.17 (d, CH:), and 7.83 
(s, CH3CO); mass spectrum (80 eV) m/e 43 (100%) and 
101 (607,). Independent synthesis from furfuryl alcohol 
(15). 

Characterization of 12: nmr 76.03 (t, CH), 6.33 (s, 
COOCH,), 6.58 (s, ROCH,), 7.32 (d, CH,), and 7.78 
(s, CH3CO); mass spectrum (20 eV) m/u 75 (IOO~,) and 
117 (90%). 

Reactinn of Mefl~yl p-Acei)~lacrylate (10) with 
Methanolic KOH 

A mixture of 3.84 g (0.03 mol) of 10, 41 ml methanol 
and 8.4 g potassium hydroxide was subjected to the same 
reaction conditions and work-up procedure as described 
for the methanolysis of ketol3. Esterification of the crude 
acid fraction (1.0 g, 21% yield) with diazomethane and 
distillation (bp 45 "C/0.25 torr) yielded a clear liquid 
containing the methoxy esters 11 and 12 in the approxi- 
mate ratio 1 :5 (by vpc on XF-1150 at 150 'C) and a 
trace of unreacted starting material. 

Mei/~atzol~sis of ,f,l,l-Trichloro-2-/?ydros~-5,5-n 
4-hexanotle (4) 

Application of the standard methanolysis procedure 
(see ketol3) to ketoi 4 gave a crude acid fraction in 75';; 
yield which was esterified with diazomethane, distilled 
(75-80 "C/0.05 torr), and analyzed by vpc (105; Carbo- 
wax 20M at 140 "C). The two products formed in the 
approximate ratio 1:i5 viere separated by preparative 
vpc and identified as methyl 0-pivaloylacryiate (13) and 
methyl a-methoxy-0-pivaloylpropionate (14), respec- 
tively. The nmr of 13: 7 2.53 (d: -COGH=), 3.27 
(d, =CHCOOR), 6.22 (s, COOCH,) and 8.82 (s, 3CH3), 

nmr of 14: T 5.73 (unsym. q, CH), 6.27 (s, COOCH3), 
6.60 (s, ROCH,), 7.12 (1 :1 :1:1 q ,  CH2), and 8.87 (s. 
3CH3). 
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The metal-ligand oxidations of dibenzobicyclo[2.%.2]scta&riene by 
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thaBlinmQIIII) acetate, and mercuric acetate 
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DENNIS D. TANNER, PETER B. VAN BOSTELEN, and MATHEW LAI. Can. J. Chem. 54, 2004 
(1976). 

The isoelectronic series lead tetraacetate - hydrogen fluoride, lead tetraacetate, thallium(II1) 
acetate, and mercuric acetate were used to oxidize the bicyclic olefin dibenzobicyclo[2.2.2]- 
octatriene. The stereochemistry of the products formed from these reactions substantiates the 
proposal that the first formed intermediate in these oxidations is the cis-molecular addition 
product of the metal and its ligand to the bicyclic olefin. Subsequent stereospecific rearrange- 
ment of the adducts in the case of the lead and thallium reagents verified the absence of the 
involvement of homolytic processes in the formation or decomposition of the adducts. 

DENNIS D. TANNER, PETER B. VAN BOSTELEN et MATHEW LAI. Can. J. Chenl. 54, 2004 
(1976). 

On a utilisC les series isoClectroniques tetraacktate de plomb - f uorure d'hydrogene. tetraace- 
tate de plomb. acetate de thalliurn(lI1) et acetate mercurique pour oxyder l'olefine bicyclique 
dibenzobicyclo[2.2.2.]octatri6ne. La sterkochimie des produits formis 2 partir de ces reactions 
supporte la proposition que la premier intermediaire form6 dam ces oxydations est le produit 
d'addition molCculaire cis du metal et de son ligand a I'olCfine bicyclique. Un rearrangement 
sterCospCcifique ulttrieur des adduits dans le cas des rCactifs du plomb et du thallium a permis de 
verifier l'absence d'une implication des processus homolytiques dans la formation ou la dC- 
composition des adduits. 

[Traduit par le journal] 

Introduction 
Recently a mechanism was proposed for the 

reaction of the lead tetraacetate - hydrogen 
fluoride reagent (LTA-HF) with several un- 
saturated hydrocarbons (1). It was suggested 
that in the case of the reactions with norbornene, 
a cis-molecular addition of the reagent to the 
bicyclic olefin led to an unstable intermediate 
organolead compound which yielded stable 
products by the backside displacement of the 
metal from the carbon to which it was bonded 
(paths a, b, c). 

The intermediacy of a lead ligand addition 
product was also utilized to rationalize the 
products formed upon the treatment of 1.1- 
diphenylethylene with the LTA-HF reagent. 
Since the publication of the proposal that an 
organolead intermediate was involved as an 
intermediate in the LTA-HF reaction with 
olefins ( l , 2 )  an organolead addition intermediate 
has been isolated from the reaction of pregneno- 
lone and the reagent (3) .  

The mechanism for the LTA-HF reaction 
with norbornene was proposed by analogy to 
other metal-ligand oxidations of that olefin by 
mercuric acetate (4) and thallium(II1) acetate ( 5 ) ,  
where the intermediate organometalic addition 
products were stable, and could be isolated and 
characterized. In analogous reactions of lead 
tetraacetate with other olefins, however, both 

lTaken in part from the Ph.D. dissertation of Peter Van 
Bostelen, University of Alberta, 1972. 

where m.n = 0--4 

y = OAc or F 
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homolytic and heterolytic pathways, as well as 
oxidation of the intermediate radicals (in the 
homolytic path) to thc corresponding carbonium 
ions by Pbl', have been invoked to rationalize 
the reaction products (60-f). 

The possibility existed that processes of this 
type were, likewise, involved in the o.uidation of 
norbornene with the LTA-HF reagent, since a 
holllolytic process had first been suggested to 
explain the products obtained from the reaction 
of 1 ,I-diphenylethylene with this reagent (7). The 
stereochernical consequence of the oxidatiori of 
another bicyclic olefin, dibenzobicyclo[2.2.2]- 
octatriene 1 has been used as a probe to investi- 
gate the possible involvement of the oxidation- 
reduction process previously proposed. The 
stereochemistry of the products of the oxidation 
of 1 with LTA-HF was compared (in a manner 
similar to that used for norbornene) to that of the 
products obtained from its reaction with mer- 
curic acetate, thallium(II1) acetate, and lead 
tetraacetate to substantiate the conclusion, pre- 
viously reached, that these isoelectronic metal- 
ligand oxidations followed analogous methanistic 
pathways. 

Results 
The reaction of dibenzobicyclo[2.2.2]octatri- 

ene, 1, with LTA-HF gave five detectable 
products, 2-6, obtained and characterized in a 
987, isolated yield. 

Compound 4, dibenzobicyclo[3.2.1]octadien- 
exo-2-syn-8-diol diacetate, was identified by 
comparing its melting point, mixture melting 
point, and nmr spectrum with those of the 
authentic material. Admixed with 4, traces - 1.47,, of the epimeric diacetate, dibenzo- 
bicyclo[3.2.1]octadien-enclo-2-syn-8-diol diacetate 
(6) could be detected in the nmr spectrum of iso- 
lated 4. The structures of compounds 2, syn-8-exo- 
4-difluorodibenzobicyclo[3.2.l]octadiene, and 3, 
syn-8-fluorodibenzobicyclo[3.2.l]octadien-exo-2- 
01 acetate were assigned on the basis of their 
microanalysis and nmr spectrum and from the 
observation that 2 underwent solvolysis in 
glacial acetic acid, under mild conditions, to 
yield a mixture of 3 and 7 (its epimeric isomer), 
syn- 8-fluorodibenzobicyclo[3.2. lloctadien-endo - 
2-01 acetate. 

The structure of 5, cis-dibenzobicyclo[2.2.2]- 
octadiene-2,3-diol monoacetate was assigned on 
the basis of its microanalysis and nmr and mass 
spectra, and from the observation that when 4 

P b(OAc), 
* 

HF 

Trace of H 2 0  
4 
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was subjected to the reaction conditions two 
products were obtained, 5 and 6 (dibenzobicyclo- 
[3.2.l]octadien-en&-2-syn-8-diol diacetate). The 
structural assignment of the cis-diol monoace- 
tate, 5, was further confirmed since its melting 
point and infrared (ir) spectrum were the same as 
a compound given that structure by Cristol et al. 
(8) which was obtained after aqueous work-up, 
from the reaction of 4 with sulphuric acid in 
acetic acid solution. 

When 1 was allowed to react with lead tetra- 
acetate in glacial acetic acid (80 "C) a 927, yield 
of two products was isolated, in a ratio of 
99.5:0.5. The major isomer, was shown to be 4 
and the minor one is presumed, on the basis of its 
nmr spectrum, to be its endo epimer 6. 

Pb(0AcI  + 

\ HOAc 

Treatment of 1 with mercuric acetate in 
glacial acetic acid followed by sodium chloride 
gave a quantitative yield of the oxymercuratioll 
compound, cis-dibenzobicyclo[2.2.2]octadienzyl- 
3-acetoxy-2-mercuric chloride (8). 

H g ( 0 A c h  . 
HOAc 

1 

The structure of 8 was assigned on the basis of 
its nmr and mass spectra and by the observation 
that upon reduction with basic sodium boro- 

hydride it was transformed to the known com- 
pound, dibenzobicyclo[2.2.2]octadien-2-01 ace- 
tate (9). 

The treatment of 1 with thallium(II1) acetate in 
acetic acid led to the near quantitative (977,) 
production of 4. 

Discussion 
The cis-exo-metal-ligand additions of mercuric 

acetate (4) and thallium(II1) acetate ( 5 )  to 
norbornene have been mechanistically rational- 
ized by Traylor (9) by his suggestion that the 
electrophilic metal bonds simultaneously the 
ligand and the strained olefin, and cis-addition 
will be preferred over trans-addition due to the 
twist strain introduced into the transition state 
for trans-addition : 

C C c---Y C-Y 

This proposal has been adopted by analogy to 
rationalize the products obtained from the treat- 
ment of norbornene with LTA-HF ('I); however, 
it was necessary to extend the analogy by com- 
paring the reactions of ethenoanthracene 1, with 
mercuric acetate, thallium(II1) acetate, and lead 
tetraacetate in order to use the reaction of 1 as a 
probe for the mechanism of decomposition into 
products of the organometallic intermediates 
formed from the LTA-HF reactions with bicyclic 
olefins. 

Reactions n,itlz Merc~tric Acetate 
The reaction of mercuric acetate (followed by 

sodium chloride) with 1 gave only one product, 8, 
which on reduction with sodium borohydride 
yielded unrearranged acetate, 9. Since 9 has the 
[2.2.2] ring skeleton, and since borohydride 
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reduction products of bicyclic organomercurials 
are formed without rearrangement (10, 4), the 
organomercurial resulting from the reaction of 
mercuric acetate with 1 was assigned the unre- 
arranged [2.2.2] skeleton. An examination of the 
nmr spectrum of 8 confirms this assignment and 
further allows the assignment of the stereochem- 
istry of the substituents. The nmr spectra of a 
large number of 2,3-disubstituted ethanoanthra- 
cenes, of known structure, have been analyzed 
(1 1). The average values of the spin-spin coup- 
ling constants for the 2,3-protons of the cis- 
2,3-disubstituted dibenzobicyclo[2.2.2]octadienes 
were reported as J2,3 = 8.S i O.S while those for 
the trans-protons were J2,3 = 3.5 k 1.1. The 
coupling constant recorded for 8, J2,3 = S.5, 
confirms the proposal that the metal-ligand 
addition of mercuric acetate to 1 proceeded by a 
concerted cis-addition. Nonconcerted ionic addi- 
tions to this system under llonequilibrium condi- 
tions lead exclusively to rearranged products (12). 

Reacrion with Thalliui??(III) Acetate 
Since the organometallic intermediate from the 

oxidation of 1 by thallium acetate was not stable 
under the reaction conditions, the stereochem- 
istry of the organothallium intermediate must be 
deduced from the stereochemistry of the prod- 
ucts of its solvolysis. By analogy to the addition 
products formed from the oxidation of nor- 
bornene a cis-molecular addition to 1 would lead 
to  intermediate 10. 

The heterolysis reactions of 2,3-disubstituted 
dibenzobicyclo[2.2.2]octadienes under conditions 
leading to kinetic control of products show only 
clean backside rearrangement with no loss df 
stereochemical identity (i.e., no [2.2.2] cation is 
involved) (120, 8).2,3 Capture of the rearranged 

2A high energy intermediate [2.2.2] cation has been 
recognised in the mechanism leading to products formed 
reversibly; however, if this were the case in the organo- 
metallic oxidations in question the stereochemical integ- 
rity of the system would not be maintained, see ref. 21. 

3The possible intervention of the cyclic acetoxonium 
ion, 11, formed from the solvolysis of a trans adduct can 
be ruled out since the intermediacy of 11 and other cyclic 
onium ions have been shown to yield unrearranged 
[2.2.2] reaction products (8). 

[3.2.1] cation by most nucleophiles favours exo 
substitution. 

By analogy, the production of 4 from the 
heterolysis of 10 is consistent with the structure 
proposed. 

Reactiorzs ~cifh Leacl(1V) Reagents 
The stereochemistry of the three rearranged, 

previously unknown, compounds 2, 3, and 6 
obtained from the reaction of 1 with LTA-HF 
could be assigned on the basis of their nrnr 
spectra, as could the stereochemistry of the 
previously reported unrearranged addition prod- 
uct 5. Upon inspection of the spectra of com- 
pounds 2,3,  and 6 it is evident that one is dealing 
with the rearranged [3.2.1] skeletal ring system 
(13) rather than that of the [2.2.2] structure (1 1). 
Spin decoupling experiments ('H and lgF) veri- 
fied that each spectrum showed in addition to  the 
aromatic protons, and in the case of 3 and 6 the 
acetate methyl protons, four unique proton 
signals (1-H each) each having the first order 
coupling expected for the rearranged [3.2.1] sys- 
tem, which in the case of 2 and 3, is further split 
by fluorine substituents. Once it was established 
that one was dealing with the rearranged [3.2.1] 
ring system for compounds 2, 3, and 6, the steric 
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arrangement a t  the C-8 and C-2 positions could 
be established by a comparison of the proton 
coupling constants observed with those assigned 
previously for a large number of 2,s-disubstituted 
dibenzobicyclo[3.2. lloctadienes (13). 

The nmr spectrum of 3 compares well with 
those of the other syn-8-halodibenzobicyclo- 
[3.2.1]octadien-exu-2-01-acetates previously re- 
ported (13). 

Solvolysis of 2 in dry acetic acid at 115 OC for 
576 h resulted in the displacement of the C-4 
fluorine and the formation of two compounds, 
3, and syn-8-fluorodibenzobicyclo[3.2.l]octadien- 
endo-2-01 acetate, 7, in a 1 :2 ratio (nmr integra- 
tion). The nmr spectra of the solvolysis mixture 
were in good agreement with those of the chloro 
and bromo analogs of compounds 3 and 7 
previously reported (13). The results of the 
solvolysis reaction confirm that one is dealing 
with the rearranged dibenzobicyclo[3.2.l]octa- 
diene system. Had 2 been an unrearranged 
dibenzobicyclo[2.2.2]octadiene it would not have 
solvolysed unless more forcing conditions had 
been used (12a). 

In the nmr spectrum of 4, isolated from the 
reaction of 1 with LTA-HF, was also seen a 
small amount (-1.47,) of another product 
tentatively assigned the structure of 6 on the 
basis of its Ilnlr absorption and coupling con- 
stants (12~1, 13). 

The amount of compounds 5 and 6 initially 
formed in the reaction of 1 with LTA-HF 
appeared, by a rough visual estimation of the 
amounts separated by tlc, to be variable depend- 
ing upon the length of time that the reaction 

mixture was allowed to stand before the products 
were isolated. From this observation it was 
assumed that both 5 and 6 were secondary 
reaction products formed from the reaction of 4 
with the reagent. This assumption was confirmed 
when 4 was subjected to the reaction conditions 
and found by tlc to yield a mixture of two 
products, 5 and 6, besides starting material, 4. 
The mole ratio (nmr integration) of 4:5:6 was 
2:2:1. The mixture of products could be sep- 
arated into two fractions by tlc, one fraction a 
mixture of 4 and 6 and the other containing 5. 
The hydroxy acetate, 5, was identical (ir, nmr, 
mp) with that isolated from the reaction of 1 with 
LTA-HF. The mixture of 4 and 6 gave the same 
nmr absorption pattern as that obtained from the 
mixture isolated from the reaction of 1 with 
LTA-HF, except the amount of 6 relative to 4 
(1 :2) was greater. 

The observation that 4 could be converted 
stereospecifically into 5, under acidic conditions 
followed by aqueous work-up, had been reported 
previously by Cristol et ul. (8). The mechanism 
proposed for this conversion leads to  a stabilized 
cation, 11, which upon reaction with water 
yields 5. Presumably, the intermediate epimeric 
sjx-en&-diacetate, 6, was formed, in the LTA- 
H F  reaction, from the [3.2.1] cation by reaction 
with an acetate anion at  an early stage of the 
reaction. 

Mechanistic Concl~rsioils 
The reaction of 1 with both Pb(OAc)4 and 

Pb(OAc)4-HF, likewise, follows the same stereo- 
chemical course as the Tl(OAc)3 oxidations. 
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- 
L 

L = OAc or F 

A different scheme has previously been pro- 
posed by Alder et 01. to rationalize the oxidation 
of norbornene with LTA (14). The production of 

12, via this scheme necessitates, however, an 
unprecedented stereospecific front side displace- 
ment of lead by the acetoxy group in order to 
produce the sjx-7-exo-2-diacetoxynorbornane. 
The products of the reaction can more readily be 
explained, by analogy to the metal-ligand oxida- 
tion of thallium(II1) acetate, mercuric acetate, 
and LTA-HF, by a ci.7-molecular addition 
process followed by the displacement of lead to 
yield an  acetoxy norbornyl cation and ultimately 

diacetate. Norman and co-workers have likewise. 
recently suggested that the reaction of lead(1V) 
(15, 161, thallium(ld1) (16), and mercury(I1) 
acetate (16) with several acyclic olefins yields 
oxidation products by a mechanism which 
involves cationic species at two stages of the 
reaction (i.e., at  the addition and the hornolysis). 
It is not necessary, however, that the first stage 
of these reactions must invoive cationic inter- 
mediates, since under the reaction conditions it 
is riot unlikelv that the initial 1.2-addition 
products would be unstable and by an analogy 
to the mechanisms proposed for the bicyclic 
systems yield the products observed. However. 
lead-ligand oxidations of olefins less strained 
than the bicyclic systems studied may not pro- 
ceed via the concerted cis-addition process pro- 
posed, since the analogous add~tions of mercuric 
acetate follow a cis-addition process during the 
oxymercuration of strained olefins, but yield 
frms-addition products from the reactions of 
monocyclic olefins and open chained alkenes. 
The stereochemistry of the latter additions are 
stereospecific and trans, although it is reported 
that they do  not proceed through free cationic 
intermediates (17). 

Since the reaction of 1 with either LTA or 
LTA-HF leads to completely rearranged prod- 
ucts in a stereospecific manner (if one omits the 
stereospecific secondary reaction of 4 leading to 
5), and since both reactions cleanly maintain the 
syiz-exo (or endo) stereochemistry, then the 
mechanism established for norbornene, cis- 
molecular addition, satisfactorily rationalizes the 
products and stereochemistry observed. while the 
reactions proceeding kia the alternative routes. 
a and b, afe much less attractive (see Scheme 1). 
Reaction proceeding through path a requires. as 
in the case of norbornene, a stereospecific front 
side displacement of lead from the bridge posi- 
tion and although this process has been proposed 
(14, 15) there seems to be no evidence to support 
its occurrence. A homolytic reaction proceeding 
via ~ a t h  b to form a radical center at  the 3- 
position could conceivably lead to rearrange- 
ment, followed by oxidation of the rearranged 
radical to give the benzylic cation or oxidation of 
the unrearranged radical to give directly the 
rearranged cation. Rearrangement of 3-position 
radicals in this system have been observed: 
however. they proceed non-stereospecifically to 
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give products having both sj.12 dnd urztl stereo- 
chemistry (18). The unrearranged radicals upon 
atom transfer prior to rearrangement yield both 
cis- and trarzs-2,3-addition products (18). On thc 
basis of the above, it is unlikely that a homolytic 
process would, upon oxidation to a catio~lic 
intermediate, yield products stereospecifically. 

The production of rearranged products i n  a 
stereospecific manner from the entire isoelec- 
tronic series studied, ~ g " ,  T1'I1, PbIY, strongly 
supports the suggestion that for the reaction of 
strained bicyclic olefins these oxidations all 
proceed via a similar mechanism having as its 
first step a cis-molecular addition process. 

Experimental 

Material 
Lead tetraacetate (Matheson reagent grade) was re- 

crystallized several times from acetic acid containing 470 
of acetic anhydride and the white crystals were washed 
with acetic acid, and filtered. The lead tetraacetate used in 
each reaction was determined by titration. 

Anhydrous hydrogen fluoride (Matheson) was distilled 
and condensed into an  open polyethylene flask cooled to 
-80 'C, and was used without further purification. When 
used in this manner it could no longer be considered 
anhydrous. 

Methylene chloride was distilled from phosphorus 
pentoxide prior to use. 

Dibenzobicyclo[2.2.2]octatriene was prepared by the 
method of Cristol et al., mp 121-122 "C (lit. (12a) mp 
119.5-120 "C). The purity of the compound was con- 
firmed by its nmr spectrum and by the observation that it 
behaved as a homogeneous compound when subjected to 
tlc (silica gel, CHC13). 

Mercury(11) acetate (Fisher, reagent grade) was dried 
under vacuum over phosphorus pentoxide. 

Glacial acetic acid was dried by distillation of glacial 
acetic acid containing 45, acetic anhydride and a drop of 
concentrated sulfuric acid. 

Dibenzobicyclo[2.2.2]octadien-2-01 acetate was pre- 
pared by the method of Alder and Rickert, mp 99-100 "C 
(11t. (19) mp 100-101 "C). The nmr spectrum was identical 
to that reported (I I). 
Dibenzobicyclo[3.2.1]octadien-exo-2-syt1-8-diol diace- 

tate was prepared by the method of Cristol et al., mp 
169-171 'C (lit. (12a) mp 168-169 "C). The nmr spectrum 
was identical to that reported (13). 

Reacfiotz of Dibetzzobicyclo[Z.2.2.2]0cfnfrie~1e with Leacl 
Tetraacetate-Hydroge~ Fluoride (LTA-HF) 

To a precooled, 0 "C, solution of LTA (43.2 g, 0.0974 
mol) in 300 ml of methylene chloride was added liquid 
hydrogen fluoride (3.8 g, 0.19 mol). The mixture, in a 
polyethylene flask, protected from additional atmospheric 
moisture by a calcium chloride drying tube, was stirred 
at 0 "C for I h to preform the reagent. To the stirred 
mixture was added 30 ml of a precooled, 0 "C, solution of 
1 (9.95 g, 0.0488 mol), and the reaction was stirred for an 
additional 30 mi11 at  0 'C.  The reaction mixture was 
poured into a cold, 0 "C, saturated potassium carbonate 
solution and the organic and inorganic layers were 
separated. The organic layer was filtered through Celite 
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Filter Aid. The aqueous layer was extracted with methyl- 
ene chloride, and the combined organic phase was washed 
with water, a solution of saturated sodium bicarbonate, 
again with water, and dried over anhydrous magnesium 
sulfate. Evaporation of the solvent left a residue of 13.10 g 
which showed five distinct bands on tlc (silica gel GF, 
CHC13). The residue was subjected to preparative tlc. 
Each of the five bands was isolated and the silica gel 
containing the compound from each fraction was ex- 
tracted with chloroform. The cl~loroform was evaporated 
leaving a combined total residue weight of 13.02 g (i.e., 
98% recovery). The first fraction (nearest the solvent 
front) contained unreacted starting olefin (1.952 g, 0.0095 
rnol), mp, mixture mp, and ir and nmr spectra, were 
identicarto those of the authentic material. 

The second compound isolated, 23.9'1, of the olefin 
reacted, (2.271 g, 0.00938 mol) was syn-8-exo-4-difluoro- 
dibenzobicyclo[3.2.l]octadiene 2, mp 152-153 'C; nmr 
(CDC13) T 4.58 (H-8, IH, d o f t ,  J8H,RF = 54 HZ, Jt = 5 
Hz), 4.51 (H-4, lH,  br d, Jd = 50 HZ, W1/2 = 3 HZ), 5.87 
(H-1, 1H,d,JX,, = 5 Hz),6.10(H-5, l H , d o f m ,  J4F,511 = 
11 Hz). Spin decoupling experiments verified the asslgn- 
rnents. When the signal at T 5.87 was irradiated the signal 
a t  T 4.58 collapsed to a d of d. Irradiation of the absorp- 
tion at T 6.10 affected the signals at r 4.58 and 4.51. 
Anal. catcd. for CI6Hl2F2: C 79.32, H 4.99; found: C 
79.47, H 5.12. 

The third compound isolated, syn-8-fluorodibenzo- 
bicyclo[3.2.l]octadien-exo-2-01 acetate 3, after recrystalli- 
zation from Skelly B yielded 4.144 g, 0.0147 rnol (37.5% 
based on olefin reacted), mp 136.5-137 "C; nmr (CDC13) 
T 4.32 (H-2, lH,  d, J1,2 = 1.5 HZ), 4.69 (H-8, lH,  d o f t ,  
J ,  = 52 HZ, J ,  = 5 HZ), 6.03 (H-5, lH,  d, J 5 , 8  = 5 HZ), 
6.42 (H-1, lH,  d of d, J = 5 HZ, J1,2 = 1.5 HZ), 7.91 
(CH3-H, 3H, s); ir (CC14), 1740,1238 cm-1; m/e 282.1054 
(calcd. for C18H15F02: 282.1056). Anal calcd. for 
Cl8Hl5FO2: C 76.58, H 5.36; found: C 76.53, H 5.33. 

The fourth compound isolated, dibenzobicyclo[3.2.1]- 
octadien-exo-2-syn-8-diol diacetate 4, after recrystalliza- 
tion from Skell; B, yielded 3.396 g (0.0102 mil, 26.07, 
based on olefin reacted); mp 169-171 "C (lit. (12a) mp 
168-170 "C). The ir spectrum was identical to that of the 
authentic material. The nmr spectrum before recrystalliza- 
tion showed the presence of another minor compound, 6,  
representing 5.5'x of the mixture; the nmr (CDC13) was 
identical to that previously reported (13). The nmr of the 
minor component 6 showed absorption at r 3.72 (H-2, 
1H, d, J1,, = 5.0Hz), 4.48 (H-8, IN, t, J5,* = 5 . 0 H ~ )  
7.91 (CH,, 3H, s), 8.15 (CH3, 3H, s), 5.85 (H-5, IH, dl. 
The absorption for the C-1 hydrogen was coincident with 
the C-1H absorption at T 6.10 in compound 4. 

The fifth compound isolated, cis-dibenzobicyclo[2.2.2]- 
octadiene-2,3-diol monoacetate (5) was isolated in 12.3% 
yield (1.357 g, 0.00481 mol), mp 169-171 "C (lit. (8) mp 
169-170 "C). Anal. calcd for C18H1603: C 77.12, H 5.75; 
found: G 76.95, H 5.88. The ir was identical to that re- 
ported (8). The nmr (CDC13), 5.59 (H-1 and PI-4, 2PI), 
4.99 (H-2, IH, d of d), 5.81 (H-3, 1H, m), 8.37 (OH, IN, 
d), 8.07 (CH3, 3H, s). 

When the nmr sample was shaken with D 2 0  the absorp- 
tion at r 8.37 disappeared and the absorption at T 5.81 
became a quartet. Spin decoupling experiments confirmed 
the cis assignment of the stereochemistry at carbons 2 and 
3. J3,0H = 9.0, JZe3 = 7.5, J3,$ = 3.0 = J1,~.  The large 

coupling constant JZl3 = 7.5 was consistent, as in the case 
of 8, with the assignment of a cis-stereochemistry (11). 

Solvolysis of syn-8-exo-4-Di~uorodiber2zobicyclo[3.2.I]- 
octadier~e 2 

Compound 2 (51 mg, 0.21 mmol) was dissolved in 6 m! 
of dry glacial acetic acid sealed In a Pyrex ampoule, and 
heated at 115 '@ for 576 h. The reaction mixture was 
poured into 20 ml of water a i d  extracted with chloroform. 
The organic layer was washed with waler, saiurated 
sodium bicarbonate solution, and dried over anhydrous 
sodium sulfate. The solvent was removed by rotary 
evaporation and the residue was studied by nmr (see 
Results and Discussion). 

Reaction of4 with LTA-HF 
To a cold solution, 0 "C, of ETA (800 mg, 1.8 mmol) 

in l0ml  of methylene chloride was added 0.5 ml (20 
mmol) of liquid hydrogen fluoride. The mixture was 
stirred for I h at 0 "C. To the preformed reagent was 
added a 10 ml methylene chloride solution of 4 (162 mg, 
0.487 mmol) together with a drop of distilled water. The 
mixture was stirred for 30 min at 0 'C and the products 
were isolated, as were those from the reaction of 1 with 
the reagent, yielding 154 mg of a waxy solid. Nuclear 
magnetic resonance analysis of the residue showed three 
compounds, 6 ,4 ,  and 5 in the ratio of 1 :2:2. The mixture 
could be separated into two fractions by preparative tlc 
(silica gel GF, CHC13). Extraction of the two fractions 
from the silica gel yielded 39 mg (0.138 mmol) of 5 and 
115 mg (0.325 mmol) of a 2:l mixture (nrnr integration) 
of 4 and 6.  

The mp, 169-171 "C, and nmr and ir spectra of 5 were 
identical with those for the sample of 5 isolated from the 
reaction of 1 with LTA-HF. 

The nmr and ir spectra of the mixture of 4 and 6  were 
identical (except for absorption intensities) with the 
mixture of these compounds obtained from the reaction 
of 1 with LTA-HF. 

Reaction of P with Lead Tetraacefate 
A solution of 1 (347 mg, 1.70 mmol) and LTA (1631 

mg, 3.68 mmol) in 15 rnl of dry glacial acetic acid was 
stirred for 21 h at 80 "C. The reaction mixture was 
extracted with ether, washed with sodium carbonate 
solution, then water, dried over anhydrous magnesium 
sulfate, filtered, and the solvent evaporated. A light 
yellow solid (0.527 g) was obtained. Thin layer chroma- 
tography (silica gel GF, CHC13) showed a trace of a 
yellow compound and one major component. The nmr 
(CC14) of the crude product showed the presence of two 
compounds in the ratio of 99.5:0.5. The major product 
had the spectrum of 4  while the minor compound was 
assigned the structure of 6. Recrystallization of the crude 
product from Skelly B gave 0.511 g (0.00159 mol) of a 
white compound 4, mp 169-171 "C. 

Reaction of Mercitry(llj Acetate - Sodium Chloride with I 
A solution of mercuric acetate (2.120 g, 0.0665 rnol) 

and 1 (0.595 g, 0.00292 mol) in 16 mi of dry glacial 
acetic acid was stirred at room temperature for 1 h. The 
reaction mixture was then poured into 75 ml of ice water 
containing sodium chloride (0.93 g, 0.016 mol). The 
heterogeneous mixture which now contained a white 
precipitate was stirred for another 2 h. The white solid 
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was filtered, washed with ice water, and dried in cacuo 
over phosphorus pentoxide. The yield of the product, 
cis-dibenzobicyclo i2.2.21 octadienyl-3-acetoxy-2-mercuric 
chloride (8), was 1.458 g (0.00292 mol), 100%; mp 
187-190 T ;  mass spectrum Mi m/e 500.0456 (calcd. for 
C18H1502202Hg35C1: 500.0467), base peak (M - C4H5- 
C1HgO2)+ m/e 178.0788 (calcd. for Cl,Hlo: 178.0783); 
nmr (C13C13) T 5.33 (H-4, lH, d, J3,4 = 3.0 Hz), 5.42 
(H-1, l H , d ,  J I , 2  = 2.5Hz),4.67(H-3, 1 H , q , J j , 4  = 3.0 
HZ, J 2 , 3  = 8.5Hz), 6.96 (Pi-2, 1H, q. J2,3 = 8.5Hz, 
J ,  = 2.5 Hz); ir (CWC13), 1745 cm-1. And. calcd. for 
C ; ~ H , , O ~ H ~ C I :  C 43.29, H 3.03; found: C 42.76, H 3.01. 

Red~rcfiort of8 with Sodium Borohydride 
The oxymercuration product, 8, (186 mg, 0.374 mmol) 

was dissolved in 10 ml of tetrahydrofuran. A solution 
(12 ml of 3:1 THF-H20) of sodium borohydride (0.25 M )  
and sodium hydroxide (3 M )  was then added. The mixture 
was stirred for 1 min. The TI-IF layer was separated, 
filtered, washed twice with water, and dried over an- 
hydrous magnesium sulfate. The resulting bright yellow 
solution was decolorized with activated charcoal and 
filtered. The filtrate was evaporated to dryness leaving a 
white solid which was then recrystallized from water - 
ethyl alcohol to yield 97.8 mg (0.370mmol) of 9; mp 
99-100 "C (lit. (19) mp 100-101 "C); ir and nrnr spectra 
were identical with those of an authentic sample. 

Reaction 04.1 with Tiralliurn(li1) Acerate 
To a mixture of thallium(II1) oxide (2.741 g, 0.00600 

mol), acetic anhydride (2.04 g, 0.02 mol), and 40 ml of 
dry glacial acetic acid (i.e., the it1 si fu  preparation of 
thallium(1II) acetate) (20) was added 1 (0.816 g, 0.00400 
nlol), and the heterogeneous mixture was stirred for 24 h 
at 80 "C. The thallium oxide dissolved after 12 h to form 
a clear yellow solution. The reaction mixture was poured 
into 40 ml of water and the product was extracted with 
ether. The ethereal solution was washed with water, 
sodium bicarbonate, and again with water, dried over 
anhydrous magnesium sulfate and filtered. A white solid, 
4 (1.220 g, 0.0038 mol) was obtained after the ether was 
evaporated, mp 169-171 'C (lit. (13) nlp 168-169 "C). 
The ir and nmr spectra were identical with those of an 
authentic sample of 4. 
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Addi~on sf iodine to dimethyl norbornadiene-2,3-diearboxylarte: 
nuelem magnetic resonance ('HQ and 136) specks and 

stereoehernis&y sf nortricyclenesl 
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A. W. M c C u ~ z o c ~ i ,  A. G. MCTNNES, D. G. SMITH, and J. A. WALTER. Can. J. Chem. 54,2013 
(1976). 

The free radical addition of iodine to dimethyl bicyclo[2.2.l]hepta-2,5-diene-2,3-dicarboxylate 
(3a) yields three stereoisomeric dimethyl 3,5-diiodotricyclo[2.2.1 .02.6]heptane-2,3-dicarboxylates 
(nortricqclenes 4-6), as well as dimethyl 5,6-diiodobicyclo[2.2.l]hept-2-ene-2,3-dicarboxylate 
(9). By-products are two dimethyl 3-hydroxy-5-iodotricyclo[2.2.1.02~6]heptane-2,3-dicarboxyl- 
ates (nortricyclenes 7,8).  Compounds 4 and 5 are also obtained as major products of addition 
of iodine to dimethyl tetracyclo[2.2.1.02~~03~~]heptane-2,3-dicarboxylate (quadricyclane IOU). 
The structures of these various products were elucidated with the aid of lN and 13C nmr and 
high-resolution mass spectroscopy. 

A. W. MCCULLOCH, A. G. MCINNES, D. G. SMITH et J. A. WALTER. Can. J. Chem. 54,2013 
(1976). 

L'addition radicalaire d'iode au bicyclo[2.2.l]heptadik11e-2,5 dicarboxylates-2,3 de dimithyle 
(3u) conduit aux trois diiodo-3,s tricyclo[2.2.1.02~6~heptanedicarboxylates-2,3 de dimCthyle 
(nortricyclknes 4-6) de m&me qu'au diiodo-5,6 bicyclo[2.2.l]heptkne-2 dicarboxylate-2,3 de 
dimethyle (9). On retrouve comme sous-produits les deux hydroxy-3 iodo-5 tricyclo[2.2.1.02,6]- 
heptanedicarboxylate-2,3 de dimCthyle (nortricyclknes 7 et 8). On obtient aussi les composCs 
4 et 5 comme produits majeurs de l'addition de I'iode au tCtracyclo[2.2.1.0~~603~5]heptanedicar- 
boxylates-2,3 de dimCthyle (quadricyclane 10~1). On a Ctablie les structures de ces divers produits 
B l'aide de la rmn du 1H et du 13C et de la spectroscopie de masse B haute rCsolution. 

[Traduit par le journal] 

Introduction spectra been undertaken, and here the com- 

We have recently reported the iodine-promoted pounds involved have either been symmetrically 

isomerization of 7-oxanorbornadienes 1 to 6- 
bydroxyfulvenes 2 (1). In the course of investi- 
gating the mechanism of this rearrangement we 
studied the reaction of iodine with the struc- I 
turally analogous norbornadiene diester 3a. The 

3 H 

reaction product contained five 3,5-disubstituted 
nortricyclenes 4-8, as well as the norbornene 9. 

A survey of the literature showed that although 
a considerable amount of work has been carried 
out on the lPI nmr spectra of various substituted 
nortricyclenes, many of the data are incomplete. 
In only a few cases has a detailed analysis of the 

'Issued as NRCC No. 15269. 7 8 
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substituted (2) or have lacked protons at C-7 (3). 
In addition, apart from some work on nortri- 
cyclene itself (4), the only significant data 
reported appear in a study of the chemical shifts 
of some substituted nortricyclenes by Lippmaa 
et al. (5). The isolation of a series of similarly 
substituted nortricyclenes thus presented an 
excellent opportunity to carry out an nmr study 
('H and 13C). 

Results and Discussion 

Homoconjugate addition to the norbornadiene 
system is well known and may proceed under 
ionic or free-radical conditions. The major 
products formed by addition of bromine (7) or 
chlorine (8) to  norbornadiene, for example, are 
isomeric 3,5-dihalonortricyclenes; addition of 
iodine is reported to give a mixture (not sepa- 
rated) of 3,5-diiodonortricyclenes (9). While it 
has been reported that the quadricyclane diacid 
BQb forms a moderately stable diiodide (structure 
not investigated), the corresponding norborna- 
diene diacid 3b was found to be unreactive (10). 

We have found that reaction of 3a with 
iodine (in daylight) gave three isomeric 3 3 -  
diiodonortricyclenes 4 (46%), 5 (2073, and 6 
(1 %), together with a pair of isomeric 3-hydroxy- 

5-iodonortricyclenes 7 and 8 (total 2%) and the 
exo-cis 5,6-diiodonorbornene 9 (57,). 

In accord with a free-radical mechanism for 
the reaction (Scheme 11, iodination of 3a in the 
dark was significantly slower (by a factor of 
ca. 8). Supplementary evidence for the inter- 
mediacy of radicals a and b (Scheme I )  in the 
formation of 4 and 5 was provided by the isola- 

ZWe have recently reported I3C nmr data for two 
7-oxanortricyclene derivatives (6). 

tion of the two corresponding nortricyclyl 
alcohols formed by exo or enclo attack by .OH3 
on radical b. The isolation of 9 was also con- 
sistent with a radical pathway; products of 
exo-cis addition have been observed previously 
in free-radical additions to norbornadienes (1 1). 

Iodination of the corresponding quadricyclane 
10a under identical conditions gave the two 
nortricyclenes 4 and 5 in a ca. 2: 1 ratio. In view 
of the similarity of the product ratio it seems 
highly probable that the intermediates involved 
are the same as those involved in the radical 
addition to 3u (Scheme 1) (cj. 12). Similar addi- 
tions to other quadricyclane 2,3-dicarboxylic 
acid derivatives have also been reported to give 
a pair of C-3 epimers (3, 13, 14). 

Isolation of the third isomer 6 from addition 
to 3a was unexpected. This minor product most 
likely arose via the less favored endo attack by 
iodine at C-5 in 3a (to give c), followed by 
preferred exo attack at C-3 in the rearranged 
radical d (Scheme 1). We were unable to detect 
any product having the spectral characteristics 
expected of the fourth possible isomer 11. 
theoretically also derivable from radical d. 

The pathways outlined in Scheme 1 also ex- 
plain the partial isomerization ofo 4 to 5 on 
standing or on irradiation at 3000A, as well as 
the conversions of both 4 and 5 to 12 on pyrolysis 
(see Experimental). These pyrolytic conversions 
must both have proceeded via intramolecular 
lactonization of 4 (cf. 3, 13). As expected, the 
rearrangement of 5 to 12 occurred more slowly 
than that of 4, and both 4 and 5 could be 
detected in each crude pyrolysis product. 

Structures 
Conzyouizds 4, 5, arzd 4 
The overall 2,3-dicarbomethoxy-3,5-diiodonor- 

tricyclene structure of products 4, 5, and 6 was 
confirmed by their 'II and 13C nmr spectra. All 
three compounds in addition gave mass and ir 
spectra in accord with their structures (see 
Experimental). 

The 13C nmr data (Table 2) for each com- 
pound indicated two cyclopropyl methine car- 
bons (with characteristic high-field chemical 

3Wo special precautions were taken to ensure anhydrous 
experimental conditions. The alcohols are apparently not 
formed via hydrolysis of 4 and/or 5: attempted hydrolyses 
of 4 and 5 (moist ether) at room temperature were un- 
successful. Increased amounts of 7 and 8 were, moreover. 
obtained after irradiation of 4 (see Experimental). 
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E I. 
Minor - 

H - 
1 

I. 
Major 

E 

4 
* I 

E 
H 

shifts (15a, 16) and high values (15b)), 
and two other high-field quaternary carbons 
consistent with cyclopropyl (l5a, 16) or iodine- 
substituted (15a) centers. The remaining carbon 
resonances (methine, bridge, and carbomethoxyl 
carbons) could be readily identified on the basis 
of their chemical shifts and multiplicities. 

The l H  nmr spectra (Table 1) also exhibited 
shifts and coupling constants in accord with 
literature values for other nortricyclenes (17-19). 
With the exception of J7a,7b and J1,6, all coupling 
constants were in the range 0-2 Hz. 

Additions to both the norbornadiene (7, 8, 
19-21) and to the quadricyclane (3, 13, 14) sys- 
tems have consistently afforded a pair of C-3 
epimeric 3,5-disubstituted nortricyclenes. Analo- 
gous addition to 3a would thus be expected to  

yield 4 and 5 as predominant products. The 
facility with which 4 is converted to 12 indicates 
that in 4 the carbomethoxyl substituent at C-3 
must be oriented endo, and the iodine at C-5 exo, 
to the bridged ring (cf. 3, 13). 

It is well known that chemical shifts (lH and 
13C) in norbornyl and nortricyclyl compounds 
are extremely sensitive to changes in molecular 
geometry (2, 5, 22). The most important long 
range effects in the nortricyclene system are 
steric interactions of the type shown in Fig. 1. 
Interactions of substituent X lead to changes 
(usually diamagnetic) in the chemical shifts of 

4The formation of 12 involves elimination of methyl 
iodide from 4, and indeed a singlet resonance in the 
nmr spectrum of the crude pyrolysis product at 2.17 6 can 
be attributed to this compound. 
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TABLE 1. 100 MHz 'H nmr parameters for 4-9 and 12 (C6D6) 

Parameter 4 5 6 7 8 12 9 :$ 

Chemical shifts (6) 
H- l 
H-4 
H- 5 
H-6 
H-7a 
H-7b 

-C02CH3 

--OH 

Coupling constants (Hz) 
1,4 
1,5 
1 6  
1,7a 
1.7b 
4.5 
4.6 
4,7a 
4,7b 
5,6 
5,7a 
5,7b 
6,7a 
6,7b 
7a,7b 

'Spectrum in CDCII: in CsDs signal for H-1 / H - 4  is obscured by the OCH3 resonance. 
?Value cannot be obtained directly from the spectrum or from simulation (spectrum is independent of this parameter) 

FIG. 1. (C/X) and 6(H/X) steric interactions in nortri- 
cyclenes. 

C-3, (2-5, or C-7 (51, while interactions of H-5, 
H-7a, or H-7b with substituent X result in shifts 
(usually paramagnetic) of these hydrogens (2). 
The differences observed in the nmr spectra of 
4 and 5, in the chemical shifts of H-5, H-7a, C-5, 
and C-7 (Tables 1, 2) thus confirm that these 
compounds are epimeric at C-3. 

There are two possible structures for the third 

isomer, viz. 6 and 11. Confirmation that the 
iodine at C-5 is endo is provided by (a) the signi- 
ficant downfield change in the chemical shift of 
C-3 (relative to that in 4 and 5), reflecting the 
new characteristic steric interaction with the C-5 
halogen; (b) the separation in the pmr spectrum 
of the bridge methylene hydrogens, H-7b ap- 
pearing as expected at much higher field (19), 
while H-7a remains deshielded by the C-3 
iodine, and (c) the small value of J H - 5 , H - 7 a  This 
coupling constant is larger when H-5 is endo 
(4 and 5) and in a 'W' configuration relative to  
H-7a, and smaller when exo (6) and in a 'sickle' 
arrangement with H-7a (23). 

Additional evidence of the stereochemistry at 
C-5 was provided by the observation that H-5 
(exo) in 6 was shifted upfield by 0.8 ppm when 
the solvent was changed from CDC13 to C6D6, 
while the chemical shift of H-5 (endo) in 4 and 5 
was found to be virtually independent of this 
solvent change (Table 3). The dramatic shielding 
effect is due to solvation with benzene which will 
be sterically favored when H-5 is exo. 

Assignment of the stereochemistry at C-3 in 6 
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TABLE 2. l3C nmr (25.16 M H z )  parameters for 4-9 and 12 (CGD6) 

4 5 6 7 8 12 9 

6 and 6 and 8 and 6 and 6 and 8 and 6 and 
Carbon mult.* J ( H z ) t  mult. J ( H z )  mult. J ( H z )  mult. J ( H z )  mult. J ( H z ) $  mult. J ( H z )  mult. J ( H z )  

"s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b = broad. 
t Multiplicities and coupling constants were derived from high-resolution spectra. 
f Coupling constants were calculated from the residual couplings in the off-resonance decoupled spectrum, on  the basis of a coupling in the 

methoxll resonances of 147.5 Hz. 

TABLE 3. Effect of solvent on 6(H-5)  in nortricyclenes 

Orientation 6(H-5) a(H-5)  
Compound of H-5 in C6D6 in CDC13 

4 errdo 3.79 3.93 
5 endo 4.66 4.78 
6 exo 3.13 3.93 
7 elldo 4 .54  4.50 
8 ell& 4.69 4.76 

12 exo 3.97 4.94 

is based on the fact that the shift (17.9 ppm) of 
C-5, which is susceptible to changes in substitu- 
ent orientation at C-3, corresponds closely to 
that (20.5 ppm) of C-5 in 4. For the alternative 
structure 11 the shift of C-5 would be expected 
to  be similar to that (29.4 ppm) observed in 5 
(identical stereochemistry at C-3). 

Compo~rnds 7 and 8 
It was possible to achieve only partial separa- 

tion of these isomers and only 7 was obtained in 
a pure state. However, examination of the lEI 

and I3C (proton noise decoupled and off- 
resonance decoupled) nmr spectra of a mixture 
rich in the minor isomer 8, and comparison with 
the spectra of pure 7, allowed complete data to 
be determined for 8. The 13C parameters of 
both compounds were quite similar to those of 
4 and 5 except that one carbon was significantly 
deshielded. The fact that this resonance, obvi- 
ously due to  the carbon carrying the hydroxyl 
group, is for a quaternary carbon, confirms the 
substitution pattern. 

The relatively low-field chemical shift of H-7b 
and large value of J,-,,,-,, in 7 and 8 strongly 
indicate that H-5 in both isomers is endo to the 
bridged ring, confirming that these two com- 
pounds are also epimeric at C-3. The assignment 
of the stereochemistry is based on their mode of 
formation (the major isomer should correspond 
to 4), and comparison of their chemical shifts 
with those of the corresponding centers in 
4 and 5. 
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Coml~ound 12 
The structure of 12 follows from its mass 

(M+ 320), ir (lactone C=O at 1779 cm-I, ester 
C=O at 1720 cm-I), lH, and 13C nmr spectra 
(Tables 1, 2). The chemical shift of C-5 indicated 
lactonization at  this center, and the exo orienta- 
tion of H-5 was confirmed by (a) the high field 
chemical shift of H-7b (cf. 19); (b) the small 
value of JH-5,H-7a resulting from the 'sickle' 
orientation of these two protons (23); and (c) the 
upfield shift (0.97 ppm) of H-5 when CDC13 was 
replaced by C6D6 as solvent (see above and 
Table 3). 

Compound 9 
The symmetry of the unsaturated product was 

readily revealed by the limited number of 
resonances in its 13C and l H  nmr spectra. In 
addition to signals for a methylene and for pairs 
of equivalent carbonyl, methoxyl, and quaternary 
olefinic carbons, the 13C spectrum of 9 shows 
resonances with chemical shifts indicative of 
pairs of equivalent bridgehead and iodine- 
substituted carbons (Table 2). 

The absence of significant coupling between 
the bridgehead protons H-1,H-4 and the adja- 
cent methine hydrogens H-5,H-6 in the 'H nmr 
spectrum (Table I) indicates that the latter are 
both endo to  the bridged ring (cf. 24). The rela- 
tively large coupling (J = 2.2 Hz) between 
H-5,H-6 and the bridge proton H-7a is also 
consistent (characteristic 'W' arrangement (cf. 
23)), with H-5,H-6 being oriented endo. 

Experimental 
Proton magnetic resonance (pmr) spectra were recorded 

in benzene-d6 (unless otherwise stated) on a Varian 
HA- 100 spectrometer, the tetramethylsilane or benzene-H 
resonance being used to provide the field-frequency lock. 
Initial simplification of the spectrum of 5 was achieved by 
addition of the shift reagent E ~ ( f o d ) ~  which permitted 
resolution of the cyclopropyl, bridge, and bridgehead 
hydrogens. The analysis was completed with the aid of 
spin-decoupling experiments and spectral simulation using 
a Varian VT-100 data system associated with a Varian 
XL-100 nmr spectrometer. With the parameters of 5 
available it became much simpler to analyze the cor- 
responding 1H spectra of 4, 7, and 8, using multiple- 
irradiation experiments and spectral simulations to 
confirm assignments. Analysis of the pmr spectrum of 6 
was simplified on account of the much wider separations 
of H-7a and H-7b and of H-1 and H-6. 

l3C nmr spectra at  25.16 MHz were obtained on a 
Varian XL-100-15 spectrometer. Samples (50-100 mg/0.5 
ml) in benzene-d6 were contained in 5 mm tubes. The 
deuterium resonance from the solvent was used for the 

field-frequency lock. Spectral width was 5120 Hz, with 
an  acquisition time of 0.8-3.2 s, using 8-32K transforms 
and yielding a resolution of I 0.6 to %0.15 Hz. Coupling 
constants (J~l,-~,,) were measured from high resolution 
spectra enhanced by applying the noise modulated de- 
coupling field between data acquisition periods to retain 
the nuclear Overhauser enhancement. In  the case of 
compound 8 signal assignments were made with the 
assistance of the off-resonance. single-frequency de- 
coupled spectrum. 

High-resolution mass spectra ae re  recorded using a 
Dupont-C.E.C. 21-llOB instrument, with electrical de- 
tection being used for mass measurements. Infrared ab- 
sorptions were measured in a Perkin-Elmer 521 spectrom- 
eter. Column chromatographic separations were carried 
out on Mallinckrodt silicic acid (100 mesh) and prepara- 
tive thin-layer chromatography (plc) on 2.0 mm Merck 
silica gel F-254 precoated plates. 

Prepurutiotl of3u 
Freshly-distilled cyclopentadiene (5.62 g, 0.085 mol) 

and dimethyl acetylenedicarboxylate (11.97 g, 0.085 mol) 
were mixed in CH2CI2 (100 ml) at  0 "C, and the mixture 
then allowed to stand overnight a t  room temperature. 
Removal of CH2C12 under reduced pressure afforded 
dimethyl bicyclo[2.2.l]hepta-2,5-diene-2,3-dicarboxylate 
3a as a pale yellow oil in almost quantitative yield. 

Rerrctiotl 0 f 3 ~  >t'ifll Ioditle 
A solution of 3u (7.16 g, 0.034 mol) in Et.0 (220 ml) 

was treated with a solution of iodine (10.13 g, 0.040 mol) 
in Et.0 (200 ml). The mixture was allowed to stand in 
daylight for 4 h at  ambient temperature, and after 
washing with sodium bisulfite solution and H 2 0 ,  was 
finally dried (Na2S0,). Evaporation of E t20  under re- 
duced pressure afforded a paste. Trituration of this with 
methanol gave dimethyl 3-exo, 5-exo-diiodotricyclo- 
[2.2.1.0236]heptane-2,3-etzdo dicarboxylate 4 as a cream- 
colored solid (7.01 g, 4454). Crystallization from me- 
thanol gave prisms, mp 117-118 "C. Molecular ion 
(((1%) a t  m/e 462 (CllHL20412 requires 462); base peak 
at  m/e 334.9788 (CllH12041 requires 334.9783); ions at  
m/e 430.8621 (3%) (C10H90312 requires 430.8645), 403 
(2%). 303 (27';), 275 (7571, 254 (2151, 208 (15%), 207 
(12r;), 177 (15Cc), 176 (23(;;), 149 (35YG). 148 (14yG), 
128 (17(;;), and 127 (15%). Y,,, (KBr) 1728, 1714 cm-1. 

The methanol-soluble portion of the product was a 
viscous oil (6.62 g) which was submitted to column 
chromatography (257, ethyl acetate - petroleum ether). 
The products eluted in the following order: 4 (2%), 5 
(207;), 9 (j",), 6 ( I s ) ,  and 7 and 8 (combined 2'3,). 
(Total yields were estimated from the pmr spectra of the 
various column fractions; no unreacted 30 was detected.) 

(i) Repeated plc (257% ethyl acetate - petroleum ether) 
of one fraction (0.32 g) afforded pure dimethyl 5-exo, 
6-exo-diiodobicyclo[2.2.l]hept-2-ene-2,3-dicarboxyate 9 
as a pale yellow oil (0.21 g, 1.3%). Molecular ion (3%) at  
m/e 461.8815 (C11H120412 requires 461.8829); base peak 
a t  m/e 128 (HI+); ions at  m/e 431 (a%), 403 (<I(;), 335 
(797$), 303 (465;), 275 (87;). 254 (475%), 208 (415);), 
207 (21%), 193 (165;2), 177 (43%), 176 (545) ,161 ( l l s ) ,  
149 (97y0), and 127 (557,). v,,,, (liquid film) 1720, 1620 
cm-1 . 

(ii) Repeated plc (CHC13) of another fraction (0.33 g) 
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afforded dimethyl 3-euo. 5-etzr/o-d11odotr1cyclo[2.2.1 .02 6 ] -  

heptane-2.3-etlrio-dlcarboxylate 6 as a colorle~s solid. 
Crystall~zat~on from ethyl acetate - petroleum ether gave 
pure 6 as colorless rosettes (73 mg. 0 5' ,). mp 131 5- 
133 5 C Molec~llar ion (<<Ic,) at  177 e 461.8806 
(CI1HI2O4I2 requlres 461 8829), base peak at n7 e 334 9781 
(CIIH12041 requlres 334 9783), Ions at  rt l ,  e 430 8643 (2' ') 
( C I O H 9 0 3 1 ~  requires 430.8645). 402.8690 t 1.5' ,) (CgH902- 
l 2  requlres 402 8696). 303 ( loc , ) .  275 (j ' ,). 254 (38' c). 
208 (19 '0 ,  207 ( l j C C ) .  193 ( 7 ' 0 ,  177 (19' c). 176 (26(().  
161 ( j C c ) ,  149 (40' 0, 148 (gee), 128 (23' 0. and 127 
(19rc) ,,, (KBr) 1720. 1696 cm-I. 

(111) The major fract~on (3.39 g) Mas rechromatographed 
under the same cond~t~ons .  From t h ~ s  column was 
obtalned a pure sample of dlmethyl 3-erlclo. 5-euo- 
d11odotr1cyclo[2 2.1.02 6]heptane-2,3-euo-d~carboxylate 5 
as a cream-colored sol~d (1 29 g. 8',), mp 65-67 C. 
Molecular Ion (<<Ic;) at r?I/e 461 8815 (CilH120412 re- 
quires 461 8829). base peak at nz,e 334 9785 (CIIH12OII 
requires 334 9783). Ions at tn/e 430.8625 (2' ,) (C10Hg0312 
requlres 430.8645), 403 (2',), 303 (32',). 275 (7,',), 254 
(19'c), 208 (18',), 207 (17'c). 193 (7(r ) ,  177 (17';), 176 
(27Cc), 161 (6"). 149 (42rc). 148 (II ' , ) ,  128 (2 j cC) ,  and 
127 (21';) vms, (KBr) 1724, 1716 cm-1. 

(11.) The slowest runnlng fract~ons (177 mg) contamed 
the two alcohols 7 and 8 (see below) In a ratlo of ( (1 .  2.5 .I .  

Effect of Nl~rrnrt~at~ori 
The abobe reactlon was repeated, the reactants belng 

m~xed and allowed to stand In the dark Work-up as 
above after 4 h gave an 011 containing approx~mately 40' 
3a (from pmr) Tlme stud~es of the l~ght  reactlon showed 
that reactlon of 3c1 60'; c~mplete  after only 30 mln 
(complete after 1 h), ind~catlng that ~t 1s approximately 
e~gh t  t~mes faster than the dark reactlon 

Irradiatiotz of 4 
A solutjon of 4 (5.00 g) in Et2O (450 ml) was irradiated 

a t  3000 A for 4 h at  30 "C. The residue obtained on 
evaporation of the solvent was chromatographed (25% 
ethyl acetate - petroleum ether). In  order of their elution 
from the column, were obtained 4 (37?;), 5 (26','c), and a 
mixture of 7 and 8 (combined l l c ) ,  the yields being 
estimated from the pmr spectra of the various fractions. 

A small amount (93 mg, 2.4';:) of pure dimethyl 3-exo- 
hydroxy-5-exo-iodo tricycl0[2.2.1.0~~~]heptane-2,3-et1do- 
dicarboxylate 7 was obtained directly from the column as 
a colorless solid, mp 98-100 "C. hlolecular ion (((1%) at  
m/e 352 (CllHI3O5I requires 352); base peak a t  m/e 165; 
ions at  m/e 335 ( < I % ) ,  320.9633 (2';:) (CloHlo041 re- 
quires 320.9626), 293 (lo%), 261 (847,), 225 (48<$), 197 
(68%), 193 (195;), 137 ( 9 5 ) ,  133 (225) ,  128 (157;), 127 
(951,), and 105 (225;). v,,, (KBr) 3458, 1728, 1688 cm-I. 

Repeated plc (CHCI3) of fractions containing mixtures 
of 7 and 8 afforded a fraction (50 mg) containing SOC/; 
dimethyl 3-endo- hydroxy- 5- exo-iodotricyclo[2.2.1.02.6]- 
heptane-2,3-exo-dicarboxylate 8. 1H and 13C data (Table 
1 and 2) were obtained by comparison of the spectra of 
this fraction with those of pure 7. 

Preparatiotz of Quadricyclatie I O U  (cf. ref. 10) 
A solution of freshly-prepared norbornadiene 3a (4.0 

g) in E t20  (400 ml) was irradiated a t  3000 A for 4f h a t  
30 "C. Evaporation of the solvent gave dimethyl tetra- 

cycio[2.2.1.02~60~~~]heptane-2,3-dicarboxylate 1Oa as a 
viscous pale yellow oil (3.99 g). 6(C6D6) 1.88 and 2.08 (m, 
each IH ,  H-7a and H-7b. J,,,;, = 12.0 Hz), 2.17 and2.32 
(m, each 2H. H-1 /H-4 and H-5/H-6, J 1 , ,  = J4,5 = 5.0 
Hz), 3.55 (s, 6H, 0CH3).  

Reactiotl oflOa witlz Iodine 
A mixture of freshly-prepared 10a (2.95 g, 0.014 mol) 

and iodine (3.61 g, 0.014 mol) in E t20  (150ml) was 
allowed to stand at  room temperature in daylight for 4 h. 
The mixture was washed with sodium bisulfite then H20 ,  
and dried (Na2S04). Concentration gave a viscous pale 
yellow oil which partially crystallized on standing. 
Trituration with methanol afforded 4 (2.66 g, 41%). The 
methanol-soluble portion of the residue was chromato- 
graphed (25Yc ethyl acetate - petroleum ether) to give 
pure 5 (0.712 g, 11 ( 1 )  together with a mixture (1.077 g, 
16.5%) of 4 and 5 (ratio 1:2.2). 

Isornerizatiot~ of4 to 5 
After one month at  room temperature a solution (0.4 

IM)  of 4 in benzene-d6 ~howed  405; conversion to 5 (pmr). 
When a solution (0.07 M) of 4 in benzene was refluxed 
for 24 h, approximately 25% isomerization to 5 was 
observed. After 120 h reflux pmr indicated a ratio of 
4:5 = 9:4. 

Pjrolysis of 4 
(a) Pure 4 (3.33 g) was heated under reflux at  130- 

135 'C (oil bath) for 2 h, during which time some iodine 
crystals sublimed from the melt. After cooling the dark 
red residue was submitted to column chromatography 
(CHCI,). The initial fractions (1.60 g) contained a mixture 
of 4 and 5 (in an  approximateratio of 5:7). Later fractions 
afforded 2-carbomethoxy - 3-exo-iodotricyclo[2.2.1.02~6]- 
heptane-5-erido-hydroxy-3-endo-carboxyc acid lactone 
12-as a colorless solid (1.10 g, 48%), -mp 129-129.5 "C. 
Molecular ion (81%) at  m/e 319.9556 (Cl0H9O4I requires 
319.9548); base peak at  m/e 149; ions at  m/e 289 (157,), 
276 (18C,;), 246 (144;), 245 (157,), 208 (16C/,), 163 (llcj,), 
128 (76%). and 127 (385%). v,,, (KBr) 1779, 1720 cm-1. 

(b) Progress of separate experiments was monitored by 
pmr, aliquots being withdrawn a t  various times. During 
the early stages of the pyrolysis a sharp singlet was 
observed (CDCI3) at  2.17 6, probably due to methyl 
iodide. 

Very high conversion to 12 could be achieved by in- 
creasing the reaction time or temperature (to 150-160 OC). 
The conversion was almost complete after 10 min at 
180 "C. 

Pyrolysis of 5 
(a) Compound 5 (200 mg) was heated at  140-150 "C 

(oil-bath) for 60 min. After cooling, the dark purple 
residue was submitted to plc (CHCI3). This afforded one 
band containing 5, together with a small amount of 4 
(total weight 0.077 g), and a second band yielding pure 12 
(89 mg, 64%). 

(b) Heating 5 (168 mg) a t  120-130 "C for 60min 
caused partial isomerization to 4 (ratio 5:4 = 3:1), but 
only low conversion to 12. 

We wish to thank Mrs. M. 6. Flack for her 
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I~fluence des snbsti$aaants sgar la basicit6 de pysidines en milien apolaire 

C .  LAURENCE ET M. Lugon 
Lnbor.nfoire de Spectrochi/nie Mol&c~:clllaire, U.E.R. de Cllimie, B.P. 1044, 44037 Nur~fes Ceciex, fia~icc 

R e p  le 2 i  janvier 1976 

C. LAURENCE et M. LVGON. Can. J. Chem. 54,2021 (1976). 
La frCquence "(OH. . .N) des complexes mCthanol - pyridines substituies semble un detec- 

teur sensible des effets de substituant sur la basicit6 des pyridines en milieu apo!aire. Les 
coeficients pI et p, de sensibilitk aux effets I et R obtenus B partir de 1'6quation de Taft- 
Ehrenson concordent pour les trois positions de substitution avec ceux trouvCs pour les pK, 
des ions pyridinium. Les divergences observies s'expliquent par le pouvoir Clectroattracteur 
trks supkrieur du groupe azonium par rapport aLt groupe aza. 

C. LAURENCE and M. LUGON. Can. J .  Chem. 54,2021 (1976). 
The frequency v(OH. . .N) of methanol complexes w:th substituted pyridines appears to be a 

sensitive detector of substituent effects on the basicity of pyridines in an  apolar medium. The 
coeficients p, and p,, which respond to I and R effects and which are obtained from the Taft- 
Ehrenson equation, agree with those found for the pK, of pyridinium ions for the three substitu- 
tion positions. Those values which are observed to diverge are explcined by the much greater 
electron attracting power of the azonium group compared to that of the aza group. 

[Journal translation] 

De nombreuses corrklations ont CtC Ctablies 
(1,2) entre la frCquence de groupe d'un vibrateur 
port6 par un noyau benzCnique diffkremment 
substituC et les facteurs de Hammett (3). Leur 
intCr&t nait de la facilitt d'obtention de la 
grandeur physique considkrte et de mesures 
gtntralement effectuies dans un solvant apolaire 
sans interaction avec le substituant. La ~rkcision 

classes selon les critiires dictis par Ehrenson et al. 
(10) ont Ctt CtudiCes. Le manque de solubilitk 
dans CC14 des o-, in-, p-amino, nz-hydroxy et 
11-nitropyridines ainsi que la transformation des 
pyridine-aldihydes en acttals par le mkthanol 
ont contraint 2 abandonner leur ttude. Le 
tableau 1 rassemble les frkquences u(0H. . .N). 
Pour les substituants X = o-OPh. o-OMe. o-. 

de ces corrClations est souvent limitke cependant m- ou 11-CN et o-, 172- ou p-COR, on observe une 
par des effets non Clectroniques tels que couplage deuxikme bande associte correspondant B un 
de vibrations (4), isomCrie de rotation (5) ou deuxikme complexe 1-1 du type OH. . .X (l'ob- 
risonance de Fermi (6). Aussi avions-nous servation d'un com~lexe 2-1 est rendue im- 
CtudiC les effets ClectronikJes dans les molicules 
XC6H5 l'aide d'un observateur exttrieur, le 
vibrateur u(OH) de phCnols complexts par 
liaison d'hydrogkne sur leur nuage T (7). Cette 
mCthode est ici ktendue B une nouveile shie,  les 
pyridines XC6H4N, en mesurant en solvant 
apolaire la frkquence u(OH. . .N) du mithanol 
complex6 sur le doublet libre de l'azote. Cette 
frkquence constitue une mesure de la basicit6 
des pyridines puisqu'elle est proportionnelle B 
Av = u(OH) - u(OH. . .N), grandeur qui, dans 
une strie structuralement homogiine, traduit la 

probable par les concentrations de methanol et 
de pyridine choisies: voir partie expCrimentale). 
La bandc correspondant au complexe OH. . .N 
se situe aux frkquences les plus basses; elle est la 
plus intense, sauf pour les substituants nz- 
CON(Me)2 ct o-CQR, ce qui traduit une basiciti 
des amines plus grande que celle des tthers. 
nitriles et dkrivts carbonylts. 

Les corrdlations ont @tC Ctablies par la mithode 
des moindres carrCs sous la forme 

force de la liaison d'hydrogkne (8,9) c'est-8-dire 
v et V O  sont les friquences respectives des pyrt- 

le pouvoir accepteur de proton de la dines substituCes et non substituke, p,, p, et h les engagCe dans le complexe. 
coefficients de la rtgression; UI mesure les effets 

R6sultats inductifs eet UR les effets de dtlocalisation des 

u n e  quarantaine de pyridines 0 - 3  tn- o~lp-bub- 1Cette forme est utiliske par Charton (11) et Swain et 
stituies par des groupes appartenant & toutes les Lupton (12). Ehrenson et al. (10) prCfkrent fixer h = 0. 
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CAN. J.  CHEM. VOL. 54, 1976 

TABLEAU 1 .  Frequences v(0H. . .N) des compiexes mkthanol-pyridines 

Substitilant Substituant Substituant 
para v(cm--1) mefa v(cm-l) ortho v(cm-1) 

COPh 
COMe 
COOMe 
COOEt 
C1 
Br 
CN 
Pyrazine 

H 
Et 
Me 
COPh 
COOEt 
COOMe 
COMe 

C1 
Pyrimidine 
CN 

Et 
Me 
CH=CH2 
OMe 
Pyridazine 
COMe 
OPh 
Br 
C1 
COPh 
F 
CN 

Clectrons T (10). Le rapport X = pn/pI des 
coefficients de sensibilitt aux effets R et I mesure 
leur importance relative. Selon les critkres Ctablis 
par Ehrenson et al. (10) les effets de rCsonance 
peuvent Ctre du type (T+, (T, u0 ou U- et s'expri- 
ment alors par quatre Cchelles UR, UR, uR0 OLI 

uR-. La quantitt f = Ccart-type de l'estima- 
tion, Ccart-type des donnCes permet de comparer 
les prCcisions des corrClations obtenues avec ces 
diffirentes Cchelles. L'expCrience montre (10) que 
les corrClations t r b  prCcises correspondent B 
j 5 0.1. Le tableau 2 rassemble les valeurs de 
pI, p ~ ,  h, X et f ,  obtenues pour 1es corrClations 
Ctablies B partir d'un nombre n de donnCes et 
rappelle, 5 des fins comparatives, les rtsultats de 

Ehrenson et al. (10) pour la dissociation des 
ions pyridinium dans l'eau. 

Discussion 

Dans le cadre de la mtthodologie de Ham- 
mett-Taft, dont la cohkrence est parfois discutCe 
(13). l'effet de substituant sur la basicit6 de 
pyridines est traduit de manikre similaire par la 
frCquence v(0H. . .N) des complexes mCthano1 - 
pyridines substituCes et le pK, des ions pyri- 
dinium correspondants, ceci pour deux solvants 
aussi diffkrents que l'eau et le CC14. 

En effet, on observe pour ces deux propriCtCs: 
(i) que les effets de rksonance des substituants 

TABLEAU 2. BasicitC des pyridines substitukes: correlations avec u, et u, 

Position de Meilleure 
substitution corriiation 11 PI PR X 11 f 

( ( I )  v(0H. . .N) des complexes methanol-pyridines. CCI,, 33 "C 
ortho Ea(uRT) -11 230 -4 0 . 0 2  8 0.168(0.172b-0.163C-0.170d) 

rnitn Ea(%O) -7 129 3 7 0.28 8 0.220 (0.209~-0.220C-0.249b) 

para -5 111 46 0.41 9 0.108 (0.550b-0.202c-0.342d) 

(6) pK, des ions pyridinium, H20 .  25 =C 

ortlzo OR- - 10.60 1.39 0.13 1 1  0.142 

me'tu En(uRO) - 6.02 2.63 0.43 13 0.076 

para "R * - 5.15 2.69 0.52 13 0.060 

aCorreiations iquivalentes pour routes les echelles oR; les rt'sultats sont donnCs pour l'ichcile rR indiquie entre parentheses 
DPour uR-. 
CPour cR. 
aPour on[. 
'Pour oR*. 
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LAURENCE ET LUGON 2023 

parti sont du type U - .  En effet le groupe aza est 
fortement demandeur d'Clcctrons a aux substi- 
tuants +R selon la structure limite I. 

- x c p J :  - 

1 

(ii) qu'en ndtn les diffkrences observCes entre 
les Cchelles ne sont pas significatives. 

(iii) que le coefficient X de pondCration des 
effets I et R suit l'ordre 

La premikre inCgalit6 traduit la plus forte trans- 
mission bien connue des effets R B partir de la 
position yara. Pour la position oriho, on observe 
plut8t 

lorsque le groupe fonctionnel est exocyclique. 
Sa position endocyclique conduirait donc B 
l'inversion. Cet effet Clectrique ortho 'anormal' a 
dCjB CtC noti par Charton (14) pour plusieurs 
hCt6rocycles. La valeur AT', faible pour un effet 
du type C+ doit Etre attribuke au fait que la 
forme 1 est moins stabiliske que la fornie 
quinonique habituelle 2 

(iv) que si l'on dCfinit finalement les nombres 
KIo ,= pro/ KIm = prnL pIP et KIP, on confirnie 
la sequence classique 

L'influence nulle du solvant sur ces valeurs K 

s'explique probablement par une transmission 
du champ Clectrique uniquement B travers la 
cavitC molCculaire: les lignes de force ne passant 
pas 2 travers le solvant, la constante diilec- 
trique de ce dernier n'influe pas notablement 
sur p1. 

Par ailleurs, il convient de remarquer: 
(i) que les valeurs de J sont plus grandes pour 

v(OH. . .N), CC14 que pour pK,, H2O. Cette 
imprkcision supirieure peut correspondre B une 

inadaptation de certaines valeurs de u1 et GR en 
passant de l'eau. leur solvant de difinition, B 
CC14 et (ou) B la dkterniination moins prtcise 
d'une frkquence v(0H. . .N) que d'un pK, (voir 
partie expirimentale). 

(ii) que le coefficient Xp(CC14) est significative- 
~ n e n t  infkrieur B XP(H20). Plut6t qu'8 l'influence 
du solvant, qui ne semble jouer un r61e sur A que 
lorsque des formes quinoniques 2 contribuent 
aux effets de rksonance (lo), nous attribuons 
cette diffe'rence aux effets Clectrom&res +R 
(forme li~nite 1) plus grands dam l'ion pyridi- 
ilium que dans la mole'cule neutre, puisque le 
groupe azonium (u,  -- 2.34 B 2.63 selon rCf. 3. 
p. 101) est beaucoup plus Clectroattracteur que 
le groupe aza (u, .v 0.76 B 0.96 selon rCf. 3. 
p. 101). 

(iii) On peut expliquer de mEme 1'inCgalitC 
X0(H20) >> XO(CC1d). En fait, en orfho pn(CC14) 
n'est pas significativement diffkrent de zero (le i 
de Student indique qu'il y a 6 5 7 ,  de chances que 
la diffkrence pIt - 0 soit due au hasard). A 
l'instar du de'placement chimique du 19F dans 
les fluorobenzknes me'tn-substituks (15), la frC- 
quence v(OH. . .W) des complexes methanol - 
pyridines ortl~o-substituCes ne dipend que du 
facteur inductif gI et pourrait servir B sa dCfini- 
tion. 

Les pyridines utilisCes sont des produits commerciaux 
purifiCs. Le methanol et CC1, de qualitC spectroscopique 
ont CtC sCchCs sur tamis molCc~ilaire. Les complexes 
mCthanol-pyridines sont form& en solution ternaire dans 
CC14:C,,th,,,l 0.01 M et C,,,i,ii ,,,, -- 0.2 B 0.4 IM. 
LqCpaisseur des ceilules est fixCe B 8 mm. Les solutions 
sent prCparPes sous atmosphkre skche. 

Les bandes v(OH. . .N) sont eilregistrkes B l'aide d'un 
spectrophotomktre Beckman IR 9. Le dv/dt non nCgli- 
geable de la bande v(OH. . .N) oblige B maintenir les 
solutio~ls B tempirature constante (33 "C). 

Entre 0 et 1.5 M de pyridine on observe de plus une 
variation dv/dC voisine de I3 cm-l/M. En toute rigueur 
la frCquences v(OH.. .N) en l'absence de tout effet 
d'environnement serait celle extrapolke B dilution infinie 
de pyridine (16). L'imprCcision de l'extrapolation. due 
aux difficultis inhkrentes a la dktermination du maximum 
d'une bande large (f'Ccart-type de trois mesures varie de 
0.2 B 1.5 cm-I), et f'observation que les gradients dv/dC 
ne sont pas trop diffirents pour les diverses pyridines 
(fig. I), nous ont conduits B considirer comme satis- 
faisantes les valeurs obtenues avec une faible concentra- 
tion de pyridine. 

Pour la 4-picoline par exemple, on estime l'erreur 
commise sur v - YO 1.5 cm-1 (fig. 1) soit une psicision 
d'environ 7' , , alors que la reprod~~ctibilite de 0.05 unit6 
pK obtenue gCnCralement pour la determination du pK, 
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2024 CAN. J. CHEM. 

des ions pjridinium (17) correspond B une prCcision de 
6C; sur ApK, 

0.6 1.5 
C o n c e n t t d t l o n  I M 1 

FIG. 1. Variation de la frequence u(OH. . .N) en f o ~ ~ c -  
tion de la concentration en pyridine. Droites des moindres 
carrCs: 4-picoline v = -6.3C + 3337.2; pjridine u = 

-13.8C + 3366.9; p-I-pyridine v = -13.2C + 3406.9; 
o-F-pyridine v = - 16.7C + 3484.9. 
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Crystal structure of tetraammonium diphosphate, (NM,),B,B, at 22 "6: 

NORA MIDDLEMISS AND CRISPIX CALVO 
Department of Clzernistrj., ~McMasfer C'ninicer~zty, Karnilfor~, Onf. ,  Cuttadu L8S 4MI  

Received January 28, 1976 

NORA MIDDLEMISS and CRISPIN CALVG. Can. J. Chen~ .  54, 2025 (1976). 
Crystals of tetraammonium diphosphate, (NH,),P,O,, crystallize in the monoclinic system 

with space group CZ/c, Z = 4 and lattice parameters n = 11.758(3), b = 6.486(2), c = 

13.659(2) A and P = 103.81(1)'. The structure was refined using full-matrix least-squares 
methods with 8 10 reflections to an  R value of 0.092. The diphosphate anion contains a crystallo- 
graphic two-fold axis, and has a config~rati~on intermediate between staggered and eclipsed. 
The bridging P-O bond length is 1.624(2) A and the terminal 1'-O bonds average 1.507 A. 
The diphosphate groups lie in sheets defined by (202) and are bridged by NH4- groups which 
hydrogen bond to only the terminal oxygen atoms. Each hydrogen is bonded to one oxygen 
atom but each of the terminal oxygen atoms interacts with either two or three hydrogen atoms. 

NORA MIDDLEMISS et CRISPIN CALVG. Can. J. Chen~ .  54, 2025 (1976) 
Les cristaux du diphosphate de t6traarnnloniun1, (NH4)4P207 cristallisent dans le systemc 

monoclinique avec un groupe d'espace~C2 'c, Z = 4 et les parametres de rkseaux sont n = 

11.758(3): O = 6.486(2). c = 13.659(2) A et p = 104.81(1)'. On a affne la structure par la 
niithode des rnoindres carrCs (matrice compltte) avec 810 r6flexions jusqu'k une valeur de R de 
0.092. L'anion diphosphate coiitient un axe cristallographique binaire et a une configuration 
internlidlaire entre decal6 et eclipse. La l o n g ~ i e ~ ~ r  du lien faisant le pont ectrele P-0 est de 
1.624(2) A et les liens terminaux P-0 ont une longueur moyenne de 1.507 A. Les groupes 
diphosphates se trouvent en fe~~illets definis par (207) et sont lie5 par des groupes NH4+ qui 
ferment des ponts hydrogtnes uniquement avec les atomes d'oxygtne terminaux. Chaque 
hydrogkne est lie a un atome d'oxygtne mai\ chaque atome d'oxjgkne terminal interagit soit 
avec deux ou trois atornes d'hydrogtne. 

[Traduit par le journal] 

Introduction 

Ammonium polyphosphates are well known 
fertilizers consisting of mixtures of the am- 
mo~lium salts of ortho and condensed poly- 
phosphates of various orders (1). Frazier, Smith, 
and Lehr (2) showed that of the fourteen 
crystalline components obtained upon reacting 
ammonia with phosphoric acid, six were di- 
phosphates with various degrees of substitution 
of ammonium for hydrogen and with various 
degrees of hydration. The present study concerns 
the structure of a non-hydrated fully ammoniated 
member of the series. It has been undertaken as a 
member of the series of compounds with the 
general formula M4X207 where X = P, As. or V. 
Na4P207 shows a variety of phase transforma- 
tions basically consisting of a series of first order 
phase transitions in one direction superimposed 
up011 a continuous disorder in the orthogonal 
plane (3). Na4As207 also has a solid-solid 
phase transformation (4) but based upon a 
different structure type compared with Na4P207 
It  would appear that the variety of structure types 

might provide an interesting field of investiga- 
t1011. 

Experimental 
Crystals of tetraammonium diphosphate were prepared 

as suggested by Coates and Woodard (5). A saturated 
sodium diphosphate solution was passed through an 
ammoniated amherlite IR-120(H form) ion exchange 
resin. Tetraammonium diphosphate crystals nere grown 
from the resulting aqueous solution made saturated by 
the slow addition of ethanol. Crystals, which decomposed 
slowly in air, were clear, colourless and rod-shaped up to 
0.8 mm in length. Precession photograpl~s sho\ved ex- 
tinctions consistent with the space groups C2/c (as 
suggested by Frazier, Smith, and Lehr (2)) or Cc. A crystal 
approximately 0.25 X 0.25 X 0.45 mm was selected for 
data collection and mounted in a sealed capillary tube to 
prevent decomposition. 

Accurate parameters Lvere obtained by least squares 
refinement of the lattice parameters using 15-moderately 
high 20 values measured with a Sy~ltex P I  automatic 
diffractometer. The crystal data are: 

~ilteisities nere collected on a Pi automatic diffrac- 
tometer using graphite monochromatized MoKa radia- 
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2026 CAN. J. CHEM. VOE. 54, 1976 

TABLE I .  Pos~ t~ona l  and thermal parameters tor (NH4l,P2O7 w ~ t h  estimated standard devlat~ons in l?arentheses 
(all values except for fraction3 are m~lltlpl~ed by 104) 

Atom Y I Lr1 I 0 2  2 u3 3 u12 U~ 3 L2 3 

P 4069(1) 1444(2) 1529(1) 243(8) 151(7) 41(7) -36(7) 28(5) 12(7) 
1 1 0 1 - 
2 144(8) i 299(28) 147(27) 64(16) 0 - 38(21) 0 

0 2  4720(4) 2986(6) 1053(3) 468(25) 279(24) 152(22) - 1 19(20) 38(19) 53(18) 
0 3  3684(4) 9577(6) 868(3) 515(26) 221(22) 132(20) - 113(21) -5(18) - 13(19) 
0 4  3 103(3) 2397(7) 1922(3) 330(22) 456(28) 189(23) 104(22) 70(18) 48(21) 
N1 2305(4) 6332(8) 1179(3) 398(26) 226(25) 158(24) 3 8 ( 2 5 )  102(20) -11(23) 
N2 5715(4) 6767(8) 1045(4) 393(27) 222(27) 202(26) - 3(22) 82(22) 12(22) 
H I  2786 7394 1144 600t 
H2 1829 6684 1573 6005 
H3  2737 5127 1445 6001- 
H4 I868 6024 553 6 0 0 ~  
H5 6428 7012 1464 600i 
H6 5459 5518 1182 hoot 
H7 5766 6798 100 600i 
H8 5205 7740 1136 600t 

* U z j 3 s  in A2 are computed from Bi j  = 2ii"ibjUij where T = exp - 
and b,'s are reciprocal lattice vectors. 

TThese are the fixed isotropic thermal parameters. 

tion (A  = 0.71069 A). A 8-28 scanning mode, with 
variable scanning rates of 4-24' per min depending on the 
peak intensities, was used. Backgrouild intensities were 
measured lo  from either side of the peak. All the inten- 
sities of positive measure were used. The resulting 
intensities were corrected for background, torentz,  and 
polarization effects. Absorption corrections were deemed 
negligible and were not made (p  = 4.57 cm-1). The 
standard deviation, u, for each reflection was obtained 
from counting statistics. A total of 810 symmetry inde- 
pendent reflections were obtained within a sphere defined 
by a maximum 28 value of 50'. A statistical analysis of 
the E-values distribution suggested that the space group 
is centrosymmetric. This requires the bridging oxygen to 
lie on an element of symmetry if the structure is not 
disordered. The phosphorous atom position was found 
from a Patterson map. The P-P vector generated by the 
two-fold axis was short enough to suggest that the 
bridging oxygen must lie on this symmetry element. The 
remaining oxygen and nitrogen atom positions were 
located using a difference Fourier synthesis. This model 
was refined initially with isotropic thermal parameters, 
and when the shiftlerror ceased to be significant, indi- 
vidual components of the anisotropic thermal parameters 
were varied. Hydrogen atom positions determined from a 
difference Fourier map at  this state, yielded unrealistic 
N-H bond lengths and NHqT geometries upon refine- 
ment. The two amrnonium groups were then taken as 
rigid tetrahedral groups with N-N bond lengths fixed at  
0.90 A (and U = 0.06 A2). The orientation and centre of 
these groups, initially placed as suggested by a AF map. 
were varied. A full-matrix least-squares program written 
by Stephens was used. Scattering curves for P, 0 - ,  and N 
were taken from Cromer and Mann (6) and for H from 
the International Tables for X-ray Crystallography 
(7). A weighting scheme (w = (1.0 - 0.05F f 0.004F2 + 
800(~/F)~)- I )  was used with the coefficients chosen so 
that w:F ,  - F C 2 =  1 .  The refinement was terminated 
when the maximum shift per error was less than 0.014. This 

- (p i ih2 + . . . f 28i?hk + . . .) appear in the structure factor expression 

gave final rel~ability values of R o  = ( (XU F, - F c 2 )  
CwFo2)1/2 = 0.080 and R = (Zl lF ,  - l F c l j ) / ~ l F ,  = 
0.092. 

The peaks In the final AFmap did not exceed 1 /20 of an  
oxygen atom. The atomlc parameters are In Table 1 and 
a table of observed and calculated structure factors 1s 
available.1 

Descriptiorz of the Str l lc t l r~e 
The structure of (NH,),P,O, consists of corner sharing 

P0,3- groups forming diphosphate anions which lie in 
sheets defined by (202) planes (Fig. 1). The anion lies on a 
crystallographic two-fold axis and has a configuration 
23" from being eclipsed as based on the Neumann 
projection along PP of the two P-03 bonds. These 
anions are arranged in a diamond configuration within 
the sheets with two neighbours, those along b, having the 
same orientation, and the remaining four with the 
direction of the P-0-P moiety inverted because of the 
centers of inversion. The ammonium ions lie between the 
sheets of these diphosphates and bridge neighbouring 
anions forming zig-zag rows along b separated by nearly 
1/2 b. Both NH,+ groups are hydrogen bonded to only 
terminal oxygen atoms. The N(2)H4+ group hydrogen 
bonds by sharing an edge with one PO, member end of 
an  anion and corner sharing with two P2074- groups in 
the next adjacent sheet. N(l)H,+ in contrast shares three 
apices with anions in one sheet and a fourth with the next 
adjacent sheet (Fig. 1). 

A pair of N(1)Hq7 and a pair of O(3) atoms on separate 
anions join to form hydrogen bonded rings about the 
centers of symmetry at  1/4 114 1/2 and 3/4 3/4 1/2. 
A similar ring is formed about the center of symmetry 
between N(2)HhT at 1/2 1 /2  1 /2  and two 0 (2 )  atoms 

'Photocopies of Table 2 are available, at  a nominal 
charge, from the Depository of Unpublished Data. 
CISTI, National Research Council of Canada, Ottawa. 
Canada MIA 0S2. 
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MIDDLEMISS AND CALVO 2027 

L 

FIG. 1 .  The structure of (NH4),P~O7 projected onto the 
uc plane. The proposed hydrogen bonding is indicated 
by the dashed lines. 

from separate diphospliates. This hydrogen bonding 
network runs along the LI direction while that along c 
involves the N(l)H,+ and 0 (3 )  rings alternating with 
helices composed of N(l)H, and 0(4).  

The phosphate groups of the anion are distorted in 
characteristic manner. The bridging P-0 bond is larger 

TABLE 3. Bond lengths and angles for (NH,),P2071: 
(a) P20, group 

Bond Length (A) Bonds Angle (dee) 

P-0 1 1 .624(2) 01-P-02 107.9(2) 
P-02 1.504(5) 01-P-03 101.8(2) 
P-0 3 1 .509(4) 01-P-04 1 06.6(2) 
P-04 1.507(5) 02-P-03 112.5(3) 
P-P 2.977(2) 02-P-04 113.2(3) 

03-P-04 11 3.9(3) 
P-0-P 132.9(3) 

(b) Hydrogen bonding? 

Bond Length (A) Bonds Angle (deg) 

- 'Symmetry transformations are: u = X,J,Z; b = -x,JJ,;,- =; - 
x , - Y , - z ; d = x , - ~ , i + ; ; e = $ + . x , : + ~ , z ; f = ;  - , y , ; + ? ,  

: - z ; 5 = f , - \ . '  - , 2  , -4. - - . , ,= '  L ,  2 + x,; - y , :  + z .  
tThe  e.s.d. s do not Include the uncertainty in the positions of the 

hydrogen atoms. 

(1.624 A) than the average terminal P-0 bond length 
(1.507 A) (Table 3). The terminal P-0 bonds do not 
differ significantly although 0(2)  is involved in only two 
hydrogen bonds while O(3)  and O(4) each participates in 
three. The 0-1-0 bond angiei involving the bridging 
atom zre all less than ideal and those involving only 
terminal oxygen atoms are greater; suggesting that the 
pl~osphorus atom is displaced primarily along the pseudo 
three-fold axis away from the bridging oxygen atom. 

Discussion 

The structure of (16H4)4P2O7 is unlike that of 
any previously reported compound with the 
same stoichiometry. This is not unexpected 
because of the specificity of the hydrogen bond- 
ing of the cation. On the other hand, the geom- 
etry of the diphosphate group is very much in 
keeping with that found in other diphosphate 
structures. P-0-P angles at  the bridging 
oxygen range from 123 to 157' for s t ruct~~res  with 
nearly staggered ailion coilfigurations (8). The 
nearly eclipsed anion configuration shows a 
narrower range of 127 to 138' (8). It is gratifying 
that the P-0-P angle, at  139.2", is inter- 
mediate since the anion coiifiguratioil lies most 
nearly halfway between the extreme confi, ('ma- 
tion. Generally, the smaller bridging angle occurs 
with some additional cationic bonding to the 
central oxygen. The terminal P-0 bond lengths 
seem to be limited by intra-ionic oxygen-oxygea 
repulsion to values no lower than about 1.50 A 
whereas the bridging P-0 bonds show con- 
siderable variability and inequality, where per- 
mitted by the symmetry, within a given anion. 
As has been indicated, some correlation between 
the diEerence between the average bridging and 
average terminal P-0 bond and the P-0-P 
exists (8), particularly so, if the highly disordered 
linear P-0-P groups are disregarded. The 
P-0(-P) bond is the largest reported for a 
diphosphate but comparable with that found for 
the inner P-0(-P) bond in Na5P38,0 (9) and 
2n5(P301~)2. 1'7H20 (18). 

The systematics of the anion configuration 
upon replacing successive NH4+ by protons and 
for various degrees of hydration should prove 
interesting. 
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The hydrogen and methane chemical ionization mass spectra 
sf some formate esters 
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ALEX 6, HARRISON aild CHUN WAI TSANG. Can. J. Chem. 54, 2029 (1976). 
The H2 and CH, chemlcal ionization mass spectra of formate esters up to the but11 formates 

have been determined. Deuterium labelling of the ester and deuterated reagent gases have been 
used to establish reaction mechanisms. The major fragnientation reactions of the protonated 
molecular ion are 

(b )  I HC02H2+ + (R-H) 

Reaction (a) is the dominant fragmentation for methyl formate. ( b )  is the dominant fragmenta- 
tion for ethyl formate, while (c) is the dominant fragmentation for higher formate esters. The 
results show that the relative importance of the fragmentation routes cannot be predicted from 
the enthalpy of reaction of ground state HC02R.H+ but are determined by the fragmentation 
rate coefficients averaaed over the appropriate internal enerev distribution of the excited 

L A  . -. 
RC0,R.H' ions. 

ALEX G. HARRISON et CHUN WAI TSANG. Can. J. Chem. 54,2029 (1976). 
On a dCterminC les spectres de masse par ionisation chimique B l'aide du H2 et  du CH, de\ 

esters de I'acide formique jusqu'au formate de butyle. On a utilisi des gar rCactifs deutCrPs et le 
lnarquage au deuterium des esters pour Ctablir les micanismes reactionnels. Les reactions 
principales de fragmentation de l'ion molCculaire proton6 sont 

(b )  I HC02H2" + (R-H) 

La reaction (a) est la riaction principale de fragn~entatiori du formate de rnithyle, ( b )  est la 
riaction principale de fragmentation du formate d'Cthyle alors que (c) est la reaction principale 
de fragmentation des esters de l'acide forniique de poids molCculaires plus Clevis. Les rCsultats 
montrent que l'on ne peut pas prCdire l'importance relative des chemins de fragmentation h 
partir de I'enthalpie de la rCaction de 1'Ctat fondamental HC02R.H+; ces importances relative5 
sont plut6t dCterminCes par les coefficients de vitesse de fragmentation moyennCs sur la distribu- 
tion appropriie de I'Cnergie interne des ions excites HC02R.HT.  

[Traduit par le journal] 

Introduction 
As part of the initial survey of the potential 

usefulness of chemical ionization (CI) mass 
spectrometry as an analytical technique. Munson 
and Field (1) reported the CH4 CI mass spectra 
of a series of propionate esters as well as the 
spectra of a representative selection of other 
esters. More recently, the CHe CI mass spectra of 
a few formate, acetate, and propionate esters 
have been reported (2). Additional studies have 
been concerned with the CI of mono-enoic and 
mono-epoxy fatty acid methyl esters (3) and with 

'Present address: Department of Mathematics and 
Sciences, Hong Kong Polytechnic, Kowloon, Hong Kong. 

the H2 and CH4 CI inass spectra of methyl 
11-alkanoates up to methyl stearate (4). However. 
apart from a study, using deuterium labelling, of 
the origin of CH3C02H2-' in the CH4 CI of ethyl 
acetate(5) and a more general study (2), using 
deuterium labelling and icr techniques, of the 
CH4 CI of ethyl acetate, there have been no 
detailed mechanistic studies of the chemical 
ionization of simple esters. 

The present wirk reports a detailed study of 
the H2 and CH4 chemical ionization of the lower 
alkyl formates. Deuterium labelling of the esters 
and the use of deuterated reagent gases (both D2 
and CD4) have permitted the elucidation of the 
major ionization and fragmentation processes 
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occurring and their dependence on moiecular 
structure. I t  has been shown (6. 7) that M2 CI 
mass spectra depend strongly oil the internal 
excitation of the H3- reactant ion. This excitation 
is controlled by the total Hz pressure which 
determines the extent of collisional deactivation 
of the H3+" I O T ~ S  formed initially. The deperidence 
of the H2 CH inass spectra of the formate esters 
on the internal energy of the H3- reactant has 
been investigated qualitatively in the present 
work by varying the H2 pressure by a factor of 
4.5, the limits being determined by the in- 
strumentation available. 

Experimental 
The chemical ionization mass spectra were obtained 

using a Dupont 21-490 mass spectrometer equipped with 
a high pressure chemical ionization source. With this 
instrument source pressures cannot be measured directly; 
however, approximate measurements. using a thermo- 
couple gauge probe inserted in place of the solid sample 
probe, indicated that the instrument could be operated 
over the range from 0.2 to 0.9 mm pressure. The accom- 
panying figures for the variation of product yields with 
HZ pressure cover this approximate pressure range. The 
CH4 CI mass spectra mere obtained \\ith a source pressure 
of methane of approximately 0.4 mm. Other operating 
conditions xere a source temperature of -150 "C and a 
heated inlet system temperature of -130 'C. Spectra 
obtained using 70 and 400 eV ionizing eiectrons were 
identical. The repeller plates were held a t  cage potential. 

All samples were admitted through the heated inlet 
system. The unlabelled esters and alcohols were com- 
mercial samples of high purity. Methyl formate-d, ethyl 
formate-d, isopropyl formate-d, ethyl-d, formate, and 
CD4 were obtained from Merck, Sharp and Dohme, 
Montreal. Methane, hydrogen, and deuterium. all re- 
search grade, were obtained f r o ~ n  Matheson and Co. The 
deuterium was purified before use by passing it through a 
heated palladium thimble to remove a low-leve! impurity 
of mass 28, which gave a prominent ion at m:q 30 under 
Ci conditions. 

Results and Discussion 

Chetnical Io~zization of Methj-l Formate 
Figure 1 shows the variation of product yields 

(% of total additive ionization) with pressure of 
reactant gas for the PIC02@H3-Hz, D@02CH3- 
PI;?, and HC02CH3-D2 systems. In  the Hz CI of 
methyl formate the protonated molecule, MH- 
(m lq  61) is -- 1075 of the total ionization and, as 
expected, shifts quantitatively to m, q 62 in the 
other two systems investigated. The major frag- 
ment ion is nz, q 33 which accounts for --75Yc of 
the total ionization a t  higher 1-12 pressures. This 

P R E S S U R E  ( a r b i t r a r y  u n i t s )  

FIG. 1. H? and D2 Cl mass spectra of methyl forrnatei 
as function of reagent gas preisure. 

product shifts to 117 q 34 in both the DC02CH3- 
H2 and HC02CH3-D2 systems indicating in- 
corporation of the formyl hydrogen and one 
hydrogen from the reactant M3+ ion and, thus, 
fragmentation reaction 1, probably originating 
from the ether-oxygen protonated form of MH-. 

In the electron impact mass spectrum of methyl 
formate an analogous rearrangement of the 
formyl hydrogen in the molecular ion leads to  the 
CH30H+' fragment ion (8). 

The m / q  3 1 fragment shifts almost completely 
to tn q 32 in the DC02CH3-H2 system but 
largely remains at n? ' q  3 1 in the HC02CH3-D2 
system, indicating incorporation of the formyl 
hydrogen in the fragment but very little incorpo- 
ration of the proton from the PI3- reactant ion. 
Huntress and Bowers (6) have shown that re- 
action 2 i n  the CI of methanol yields equal 

amounts of CH20Ht and CH20D-. If the m, g 
3 1 observed in our system originated by further 
fragmentation of the CH30HZt ion formed in 
reaction 1 one would expect equal yields of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HARRISON AND TSANG 203 1 

CH201-14 (nzjq 3 1) and CH20D- (nzlq 32) in the 
DC02CH3-H2 and HC02CH3-D2 systems. The 
failure to observe equal yields must mean that 
the major reaction sequence forming CH20H+ 
(m,'q 31) is hydride abstraction followed by 
fragmentation (reaction 3 )  

A similar rearrangement of the HC02CH2f Ion 
in the electron impact mass spectrum of methyl 
formate leads to 171 q 31 as the base peak in the 
70 eV mass spectrum (8). The low yields of 
m q 31 and 17.1 q 32 in the DC02CH3-H2 and 
HCQ2CH3-142 systems, respectively, probably 
indicate that a snlall fraction of the CH20HT 
product originates by loss of H2 from CH30H2 I .  

The decrease in the yield of the 172 q 31 product 
with increasing H2 pressure is consistent with the 
observations by Huntress and Bowers ( 6 )  that 
hydride abstraction by H3 decrease5 in impor- 
tance with increasing collisional deactivation of 
excited H3f ions. 

The minor products at 111 q 29 and nz q 15 
undoubtedly arise by reactions 4 and 5,  

CoH 0 I 
[j] H-C-0-CH3 -. HC-OH + CH,' 

?\J 

although for formation of CM3- an entirely 
analogous reaction can be writtcn involving 
initial protonation at the ether oxygen rather 
than the carbonyl oxygen. In the HC02CH3-D2 
system the methyl ion product is distributed from 
m q 15 (CH3+) to iiz q 18 (C&-) due to the 
exchange reaction of CH3+ with D2 (9). 

In the CH4 CI lllass spectruin of methyl 
formate the protonated molecule (nl q 61) 
accounted for -95% of the total additive 
ionization, with only minor fragmentation to 
yield CH30H2' (-3C& of total ionization). A 
small ( - 2 7 ,  of total ~onization) ion signal at m q 
101 results from the collisionally-stabilized addi- 
tion of C31-JL5? to the ester. Interestingly, the 
analogous peak corresponding to C2HgL addition 
to  the ester was not observed, and C2H5- must 
react entirely by proton transfer. 

PRESSURE OF H, ( a r b ~ t r a r y  u n i t s )  

FK;. 2. Hz CI mass spectra of ethyl formates as func- 
tion of reagent gas pressure. 

Chet??iccil Ionizntio~z of' E r l ~ ~ l  Forr?~c~te 
Figure 2 shows the variation with H2 pressure 

of the product yields in the H2 CI of HC02G2H5. 
DC02C2H5, and HC02C2Ds. The protonated 
molecule, MH+: accounted for -27, of the total 
ionization over the whole pressure range and is 
not shown in Fig. 2. The dominant product ion 
observed in the CI mass spectrum of HC02C2H5 
is t n jq  47. This product shifts to t n /q  48 in the 
HZ CI of both DC02C2H5 and HCQ2C2D5, and in 
the D2 CI of HC02C2H5, indicating that the ion 
is HCQ2H2" rather than C2H50H2+, analogous 
to the CH30M2+ product observed in the H2 CI of 
methyl forrnate. In the H2 CI of HCQ2C2D5 no 
ion signal was observed at 171 : q  52 corresponding 
to C2D50H2+. The q 47 product contains the 
formyl hydrogen, one proton from the H3+ 
reactant ion, and one hydrogen from the ethyl 
group, as indicated in reaction 6 ,  although a 
similar hydrogen transfer in the ether protonated 
form cannot be excluded. 

The second most abundant fragment ion is 
observed at 117 q 29. From the shifts on deuterium 
labilling this product obviously corresponds 
entirely to the ethyl cation, formed by the 
reaction analogous to [5], with no contribution 
from HCO+. The increase with H2 pressure of 
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nziq 33 and, a t  higher pressures, ~q 32 in the 
HZ CI of HC02C2D5 suggests that there is a slob 
exchange of the C2D5+ ion with HZ, similar to the 
known exchange reaction of CH3- with DZ (9). 
The m 'q 28 product (C2H4+) is -6-87, of the 
total ionization a t  low H2 pressures and de- 
creases rapidly in importance with increasing H2 
pressure. The mechanism of formation is not 
clear; however this product may arise by charge 
transfer from highly excited H3- ions. The 
abundance of such highly excited ions is strongly 
dependent on HI! pressure (10, 11). 

The labelling results indicate that the m q 45 
and nzlq 31 products result from further frag- 
mentation of the lolls produced by hydride ion 
abstraction (reaction 7) and CH3- abstraction 
(reaction 8), respectively. 

+ 
+ CO + HOCHCH; 

To  avoid overlap of product species at the 
same nominal mass, the CH4 CI mass spectrum 
of HC02C2D5 was determined. The spectrum 
is shown in bar graph form in Fig. 3a. As 
expected, the less exothermic proton transfer 
from CH5'jCZH5' results in a much-increased 
abundance of the protonated molecule, MHT. 
and decreased abundance of ions resulting from 
fragmentation of MH+. The C2D5+ fragment ion 
is almost completely absent and protonated 
formic acid has become the major fragmentation 
product. Of particular interest is the low- 
abundance ion at  vlz/q 52 corresponding to 
C~I950H2+ produced by the reaction 

which was not observed in the H2 CI. The ion 
signal observed at  HI q 120 corresponds to C3H5+ 
addition to the ester. No  adduct of C2Hs+ was 
observed but rather the product (n7 q 46) 

FIG. 3. CH4 C1 mass spectra of (a) ethyl-ii5 formate. 
(h )  isopropyl formate. ( c )  tr-propyl formate. 

resulting from C2HS- addition followed by C2D4 
elimination (reaction 10) 

Clzemical Ionizatiorz o f  I s o p r o ~ ~ j ~ l  Fortnate 
Figure 4 shows the variation of product yields 

with reagent gas pressure in the HC02CH(CH3)~- 
HZ> DC02CH(CH3)Z-H2, and HC02CH(CH3)2- 
D2 systems. The protonated ester accounted for 
-- 1.57, of the total ionization over the pressure 
range studied and is not included in Fig. 4. In 
contrast to methyl formate and ethyl forrnate, 
the alkyl ion C3H7+ (miq 43) is the major 
product of fragmentation of the protonated 
molecule (reaction 11). 

No  protonated alcohol is observed and pro- 
tonated formic acid (!?I q 47 or n z  q 48), which 
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HARRISON AND TSANG 2033 

major product ions resulting from fragmentation 
of MH+ are C3H7- (n7 q 43) and HC02H2- 

60 ( m / q  47) as observed in the H2 CI. In addition, 
the low-intensity signal at  111 q 61 (shifting to 
In, q 62 in DC02CH(CH3)2) must correspond to 
protonated isopropyl alcohol formed by reaction 
14, a reaction not observed in the H2 ci. 

0 
1, H 

q [14] H-&"H(CH;)~ -+ CO + (CH&CHOH:- 

P Also of interest are the ion signals at  in q 75 and 
8 8 in q 87 corresponding, respectively, to the 

addition of C2&- and C3Hjh to the ester. 
4 followed in each case by elimination of c3H6 

(reaction 15). 
O 1 2 3 4  1 2 3 4  1 2 3 4  0 OR 

PRESSURE OF I+, ( a r b ~ t r o r y  u n i t s )  I 

FIG. 4. H2 and D2 CI mass spectra of ~sopropql for- [ 1  51 R- + H-C-0CH(CH3), -, H-$-OCH(CH3)2 

mates as functlon of reagent gas pressure "OH 

was the most abundant ion in the CI of ethyl 
formate, accounts for only 8-107, of the total 
ionization. 

The other minor fragment ions observed are 
m/q 45, nz, q 59, and 177 q 3 1, presumably arising 
by hydride or CH3- abstraction with subsequent 
decomposition (reactions 12 and B 3). 

1121 0 
i 7 

H3L + HC02CH(CH;)2 + H2 + CH4 + HC-0CHCH3 
+ 

-) CO + H0CHCI-I; ( t ~ q  15) 

[I31 o 
I + 

H3+ + HC02CH(CH3)2 + 2H2 + HC-OC(CH3)z 
- 

+ CO + HOC(CH3)2 (rn / q  59) 

These fragmentation sequences are identical to 
reactions occurring in the electron impact in- 
duced fragmentation of isopropyl formate (8). A 
moderately abundant (-6%) in q 42 (C3H6 L, 
product is observed a t  low H2 pressures pre- 
sumably arising by charge transfer from excited 
H3+. 

The CH4 C1 mass spectrum of isopropyl 
formate is shown in Fig. 3b. The much higher 
abundance of the protonated molecule. com- 
pared to the H2 CI, again reflects the lower 
exothermicity of the protonation reaction. The 

I i 
+ HC-OR + C3H6 

Although C3H5- addition to ethyl formate is 
observed (nz q 120, Fig. 3u), the subsequent 
olefin elimination step is not observed. 

Chemicul Ionizurior~ of rz-Propj31 Fornzute 
Figure 5 shows the variation with pressure of 

the product yields in the M2 and D2 CI of n-propyl 
formate. As for the isopropyl formate system the 
yield of MH+ was small (--I%), the major 
fragmentation reaction yielding C3H7+ (m q 43) 
with a smaller yield of HCQ2H2- (171, q 47). The 
low yield of nz/q 44 in the HC02C3H7-D2 
system suggests a slow exchange reaction of 
C3Hf- with D2. The other major fragment ions 
observed are m q 31, q 59, and rnlq 45. 
presumably arising from H- or alkide ion 
abstraction reaction with subsequent fragrnenta- 
tion of the ions so formed. The major distinction 
between the two propyl formates lies in the 
relative intensities of the nz q 3 1 and m q 45 ions 
which in each case reflect the dominant alkide 
ion abstraction reaction, i.e., CH3- abstraction 
from isopropyl formate and c 2 H 5  abstraction 
from n-propyl formate. As was observed for the 
isopropyl formate, the iz-propyl ester showed an 
abundant (-- 11 yc) C3HGL (nz q 42) fragment at  
low Hz pressures, with the yield decreasing 
rapidly with increasing Hz pressure, consistent 
with a charge transfer reaction from highlq 
excited H3T. 
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o l 1 l I I l l I I 1 I l l  
1 2 3 4 5  I 2 3 4 5  

PRESSURE OF H2 ( o r b i l r o r y  u n i t s )  

FIG. 5. H? and D2 CI mass spectra of 11-propyl formate 
as function of reagent gas pressure. 

The CH4 CI mass spectrum of 11-propyl formate 
is shown in Fig. 3c. The spectrum is very similar 
to that observed for isopropyl formate and the 
origin of the ions is as discussed above for the 
latter ester. The major difference between the 
two spectra lies in the C3H7- MH+ (MI q 89) 
ratio which was always significantly larger for 
the rz-propyl ester, indicating a more facile 
fragmentation of MH- in this case. Using the 
ther~nochemical data summarized in the Amen- 

L L 

dix we calculate for the two fragmeiltation 
reactions 

TOH 
l l  

[16] HC-0-i-C3H, -+ i-C,PI,-- + HCOOH 

'OH 
I !  

[17] HC-0-tl-C3H7 I tz-C3H7+ + HCOOH 

AH16 = 28 kcal mol-I and L f i 7  = 38 kcal 
mol-'. Both reaction endothermicities are much 
less than the -70 kcal mol-I exotherm~clty of 
proton transfer from CH5 to the esters, ~ n d ~ c a t -  
ing that fragmentation of MM- would be 
anticipated. However, contrary to observations, 
the relallve values predict that the fragmentation 
should be more extensive for the isopropyl ester. 

On the other hand, if we assume that the C3H7+ 
ion formed in reaction 17 has the isopropyl 
rather than the 12-propyl structure AHl7 becomes 
22 kcal molt1 and reaction 17 be- bon~es ener- 
getically favoured compared to reaction 16. 
Electron impact induced fragmentation of r z -  
propyl derivatives leads to formation of the 
~sopropyl cation, at  least at  threshold energies 
(12). and the above observations may imply that 
the same is true for fragmentation reactions 
induced by chemical ionization. 

Chert~ical Iorr~zatiorz o j  Higher Alkjl  Fortnates 
Figure 6 cornpares the H2 CI mass spectra of 

methyl, ethyl, and the propyl for~nates with the 
Hz CI mass spectra of the corresponding alcohols. 
For the methyl and ethyl compounds there are 
significant differences in the C1 spectra, partic- 
ularly in view of the fact that m q 47 is C2H50HzA 
for ethyl alcohol but HC02H2+ for ethyl formate. 
However the HZ CI mass spectra of the propyl 
formates are very similar to the spectra of the 
alcohols from which they are derived. The only 
significant differences are the observation of ion 
signals at  n7 q 47 (HC02H2+) for the esters with 
an intensity 12-15% of the C3H7- base peak; the 
very low intensity MH- peaks for the esters 
could easily be missed if the background was high. 

FIG. 6. Comparison of Hz Ci mass spectra of ROH and 
R02CH. 
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HARRISON AND TSANG 2035 

FIG. 7. Compar~son of Hz CI mass spectra of ROH and 
R02CH. 

This s~milarity of the spectra of the formate 
esters to the spectra of the corresponding alcohol 
appears to extend to all higher alkyl formates. 
Figure 7 shows the comparison for three b ~ ~ t y l  
compounds and the n-pentyl compound. As was 
the case for the propyl compounds the only 
notable differences are the low intensity m q 47 
(HC02H2-) peaks for the formate esters which 
are missing from the spcctra of the alcohols. For 
identification purposes the presence of the r?7 q 
47 peak is sufficient to distinguish the formate 
ester from the free alcohol; however, the CH4 CI 
mass spectra (Fig. 8) of the higher formates are 
much more informative since they show abun- 
dant MK ions as weil as rnodcrately abundant 
peaks correspondrng to C2Hj and C3Hs- 
addition to HC02R with loss of (R-H). In 
addition the CH4 CI spectra shov, the charac- 
teristic alkyl ions which dominate the Hz CJ 
spectra. 

Role of Energetics in the Fragmentutron o j  MH-  
The three major fragmentation reactions of the 

protonated molecular ion observed in the H2 CI 
of formate esters are 

Table 1 summarizes the fractional abundances of 
these product ions for the esters studied and also 
presents the reaction endothermicities calculated 
for decomposition of ground state HCQ2RHd 
using the thermochemical data summarized in 
the Appendix. 

For protonated methyl formate reaction 18 is 
strongly favoured energetically and is the major 
fragmentation reaction observed. However, for 
ethyl formate, although reaction 18 is ener- 
getically favoured no C2H50H2+ is observed and 
HC02H2 , the product of reaction 19, is the 
major fragment ion. In addition, C2Hst, the 
product of reaction 20 accounts for -20% of the 
total ionization even though AH20 is considerably 
greater than AH,,. The failure to observe 
C2H50Hyt cannot be due to decompositioll of 
this ion to C2H5' + H 2 0  since, as shown in 
Fig. 6 ,  the reaction of H3- directly with ethyl 
alcohol leads to formation of C2H50H2- ions 
which have a lifetime sufficient to be detected. 
We must conclude that for ethyl formate reaction 
18 does not occur in the H2 CI even though it is 
the most favoured reaction energetically. 

Similar conclusions apply to  the propyl and 
butyl formates where no protonated alcohol is 
observed even though reaction 18 has the lowest 

FIG. 8. CH,, CI mass spectra of butyl formates and 
,I-penlyl formate. 
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TABLE 1. Fractional yields and reaction endothermicitiesa in Hz CI of formates 

Product ion 

Ester AH Yield 

HC02CH; 15 0.78 
HC02C2H5 12 0 
HC02rr-C3H, 10 0 
HC02i-C3H, 10 0 
HC02t1-C4H9 1 0  0 
HC02i-C4M9 13 0 
HCO2~-C4Hy 11 0 

"Rcs~tion endotheirn~i~t:. ( k ~ ~ l  mol ') foi fidgn 

endothermicity for ground state protonated ester 
molecules. For these esters the dominant frag- 
mentation reaction is [20] in all cases, even 
though in most cases reaction 19 is more 
favoured energetically. These observations indi- 
cate that one cannot readily predict the relative 
abundances of fragment ions in chemical ioniza- 
tion processes from calculated reaction en- 
dothermicities for ground state species, partic- 
ularly if one is comparing silnple bond cleavage 
reactions (reaction 20) with rearrangement 
reactions (reactions 18 and 19). 

The reaction of H3- with the formate esters is 
approximately 90 kcal mol-I exothermic. Al- 
though it is not known what fraction of the 
reaction exothermicitv is retained as internal 
energy in the protonated ester the observations 
that essentially no MH+ ions are observed and 
that C2H5- ions are observed in the H2 CI of 
ethyl formate indicates that the internal excita- 
tion of the protonated esters must be a t  least 
40 kca! mol-I and that little deactivation by 
collision with H2 occurs. To predict relative 
fragment ion abundances one must compare not 
relative activation energies for fragmentation of 
ground state species but relative rate coeficients 
for the possible fragmentation reactions suitably 
averaged over the internal energy distribution of 
tlie fragmenting ion. For the protonated esters 
formed by H2 CI this internal energy distribution 
niav extend from 40 to 90 kcal mol-l. While 
simple bond cleavage reactions (reaction 20) 
may have substantially higher activation energies 
than rearrangement reactions (reaction 18 and or 
19) the energy independent term in the rate 
coefficient expression (i.e., the frequency factor 
or entropy of activation) also wlll be larger with 
the result that at  high internal energies the 

HCQ2M2- R' 

AH Yield AH Yield 

~ 

~cntation of ground state protoiiated ester. 

reaction of higher activation energy may be the 
dominant fragmentation route. This appears to 
be the situation in the H2 CI of the formate esters. 

In terms of the above description one would 
anticipate that when MH-- is formed by a less 
exothermic route, thus decreasing the average 
excitation of MH-, the relative contribution of 
ions arising by rearrangement fragmentation of 
the protonated molecule should increase in 
importance compared to those ions formed by 
silnple bond cleavage reactions of high activation 
energy. This is borne out in the present work by 
the observation of KOH2- fragment ions in the 
CH4 GI of ethyl and propyl formates; these 
products are not observed in tlie H2 GI. In addi- 
tion the ion current ratios HC02H':R+ which 
are 3.4, 0.16, and 0.14 in the H2 CI of ethyl 
formate, rz-propyl formate, and isopropyl for- 
mate, respectively, increase to 70, 0.22, and 0.21 
in the CHJ ci indicating that the rearrangement 
reaction 19 has become more competitive with 
the simple bond cleavage reaction 20 as the 
average excitation of the MH' ions decrease. 
Thus we conclude that to predict relative frag- 
ment ion abundances from chemical ionization 
reactions one must compare relative fragmenta- 
tion rate coeficients over the appropriate internal 
energy region, rather than simply comparing 
activation energies (2). 

The authors are indebted to the National 
Research Council of Canada for financial 
support and to Professor P. Kebarle for com- 
munication of results prior to publication. 
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Appendix 
Thermochemical data: The heats of formation 

used for the neutral esters, the protonated esters. 
the prototlated alcohols, and alkyl ions are sum- 
marized in Table 2. Data for all neutral species 
as well as AHf(H-) = 366 kcal mol-I here taken 
from ref. 13. The heats of formation of the alkyl 
ions have been reported by Lossing and Semeluk 
(12). The AH~(HCO~R.H-)  were derived from 
the proton affinities of the esters using the 
average of the values reported by Yamdagni and 
Kebarle (14) and Harrison ct nl. (15),2 1.e. 
PA(HC02CH3) = I87 keal mol-I, PA(HC02C2- 
H5) = 192 kcal mol-l, PA(HC02rz-Pr) = 192 
kcal mol-I, and PA(HCQ2i-Pr) = 194 kcal 
molP1). For the butyl forrnates a proton atlinity 
of 195 kcal mol-I was assumed in all cases. The 
1Hf(ROH2+) Rere derived from PA(CH3OH) = 

182 kcal mol-I (14), PA(ClH5OH) = 186.5 kcal 
mol-I (14, 15) and assumed values of 189 for the 
propyl and butyl alcohols since no reliable 
values for the latter have been reported. From 
PA(HCQ21) = 178 kcal mol-I (14) we derive 
1Hf(HC02H2-) = 98 kcal 1110l-~. 

'Some of the proton affin~t~es reported 111 ref 15 are 
relative to an ass~lmed value of 202 kcal mol-1 for acetone 
rhese have been recalculated relatice to the kalue of 
195 kcal mol-1 measured by Yamdagnl and Kebarle (13) 

TABLE 2. Standard heats of format~on (kcal mol-1) 

R AHf(HC02R) AHf(HC02R.H-) AHf(ROH2') AHf(R7) 
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A study of non-bonded interactions sf nib0 and nitronate 
substihenis in inosito%sl 

HANS M. BAER AND JAN Koviii 
Departmerzt of C/zemistry, Uni~ersi ty of Olfawa, Otfuwa, Ont., Car~ada KIN 6N5 

HANS H. BAER and JAN Kovdii. Can. J. Chem. 54,2038 (1976). 
In the family of mutually interconvertible 6-0-methyl-deoxynitroinositols having the myo-5 

(I), neo-2 (2), al!o-5 (3), epi-1 (4), epi-6 (5), and cis(6)configurations the relative thermodynamic 
stabilities of the individual members and of the three corresponding sodium nitronates It, 3': 
and 5' were assessed by determining equilibria of epimerization at  pH8.2 and p H  > 12. The 
orders of stability are I >> 4 = 5 > 3 > 2 >> 6 and 1' > 3' > 5'. The equilibrium data, to- 
gether with those previously obtained for the stereoisomeric series comprising the corresponding 
scyllo (7, myo-l (8), epi-3 (9), and muco-3 (10) epimers and their nitronates 7", 8', and 9', were 
compared with theoretical values that were obtained from calculated conformational energies. 
The non-bonded interactions of the nitro and the nitronate group were evaluated and variable 
energy parameters were devised on the basis of differing puclze arrangements. 

HANS H. BAER et JAN KovAG. Can. 3. Chem. 54, 2038 (1976) 
Dans la farnille des 6-0-methyl-dCsoxynitroi~~ositols qui peuvent Ctre interconvertis mutuelle- 

ment et qui ont les configurations myo-5 (I), neo-2 ( 2 ) ,  aNo-5 (3), Ppi-1 (a), &pi-6 (5) et cis (6), on 
a Cvalut les stabilitis thermodynaniiques relatives des membres individuels et des trois nitronates 
de sodium correspondants (It, 3' et 5') en determinant les Cquilibres d'~~imCrisation"8 p H  8.2 
et pH > 12. Les ordres de stabilitC sont 1 >> 4 = Ei > 3 > 2 >> 6 et 1' > 3' > 5'. Les mesures 
d'Cquilibre ainsi que ceiles obtenues auparavant pour la sCrie stCrCoisomirique comprenant lei 
Cpimkres correspondants scyl!o (7, wyo-1 (8). epi-3 (9) et rnuco-3 (10) ainsi que leurs nitronates 
(7, 8' et 9') ont CtC comparkes aux valeurs thCoriques qui ont CtC obtenues B partir des Cnergies 
conformationnelles calculCes. Ees interactions non-liCes des groupes nitro et nitronate ont CtC 
CvaluCes, et des paramktres variables dlCnergie ont CtC Ctablis sur la base de differents arrange- 
ments garcches. 

Intrsduction 

In a detailed recent study (2), base-catalyzed 
cyclizations of 6-deoxy-3-0-methyl-6-nitro-u- 
allose and -L-talose have bzen shown to furnish 
8-0-methylated deoxyliitroinositols having the 
inyo-5 (a), izeo-2 (21, D-nUo-5 (D-3), L-nllo-5 
(L-31, 14-epi-1 (D-41, ~-cpi-a (L-a), and epi-6 (5) 
configurations. These are seven out of a possible 
eight rneinbers of the configurational farniiy of 
epimers which is characterized by an identical 
cis,cis arrangement of the methoxyl and its two 
flanking hydroxyl groups. The eighth member, 
the cis epimer (61, has not been detected among 
the products, The distribution of stereoisomers 
in the cyciization mixtures was found to depend 
on reaction conditions as these may favor kinetic 
control or allow for thermodynamic equilibra- 
tions of epimers (21, according to principles 
previously discussed in respect of another con- 
figurational family of stereoisomeric deoxynitro- 

'Part XXXVI in a series on reactions or' nitro sugars. 
For part XXXV (erroneousiy numbered XXXIV) and 
part XXXIV, see refs. l a  and 16, respectively. 

inositols (3-5). The present article is to show that 
the relative thermodynamic stabilities of 1-6 
(and also those of their sodium nitronates), which 
are reflected in their equilibria of epimerization. 
correlate well with calcillations of conformation- 
a1 free energies based 011 non-bonded substituent 
interactions. The data on hand permit, as will be 
seen, an analysis of steric requirelnents of the 
nitro and nitronate groups in variable environ- 
ments. 

The proportions of individual epimers obtain- 
able by alkaline equilibratioil are pH depe~ldelit 
since the free-energy differences of the undis- 
sociated nitro con~pounds are not proporiional 
to the free-energy differences of their corre- 
sponding conjugate bases, the nitronates. The 
equilibrium constants for the free nitro com- 
pounds can be obtained in close approximation 
by measuring product ratios aftcr equilibration 
in a avc.aklj alkaline medium (pN8-9) where 
nitronate coilccntratio~ls are negligible yet epi- 
merization proceeds, if slowly, at  a tolerable 
rate. The constants for the nitronates can be 
determined siini!arly a t  a higher alkalinity (pH 
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11-12) which assures the concentration of con- 
jugate acid to be insignificant. At whatever pH 
the equilibrium of epimers is established, any 
chiral components (11-3, L-3, D-4, L-4, or the 
corresponding nitronates) will eventually exist 
as racemates, and it is to  these that the formula 
numbers 3 and 4 will refer. 

Results and Discussion 

Equilibrium of Free Nitro Compounds 
As already reported (21, the 1??yo-5 and neo-2 

derivatives 1 and 2, which are epimeric at the 
nitromethine carbon atom, undergo mutual in- 
terconversion in 1 CjG aqueous sodium bicar- 
bonate solution at pH8.2 and 25 "C,  reaching 
equilibrium between themselves in the course of 
one day. Very slowly, epimerization then pro- 
gresses to involve neighboring carbinol centers, 
giving rise to nllo-5 (3) as well as epi-l and epi-6 
epimers (4 and 5, which were not separated from 
each other by our method of glc analysis). This 
slow process was incomplete after 8 days. A 
similar if somewhat more complicated sequence 
of processes, likewise incomplete after 8 days, 
was found to take place with D-3 (2). We have 
now determined the final equilibrium composi- 

tions, which were reached after 7 weeks and, as 
expected, proved virtually independent of the 
starting compound. The proportions were 79- 
82% of 1,2-3% of 2 , 4 5 5 ;  of 3, and 11-1370 of 
4 + 5. Conformational considerations outlined 
below suggest that 4 and 5 are quite similar in 
energy so thdt they were probably present i n  
comparable amounts, and since the cis isomer 6 
was not detected we may surmise that its pro- 
portion was less than 17& Therefore, we pro- 
visionally write for the equilibrium composition 
1:2:3:4:5:6 = 81 :2 .5:4 .5:6:6:  < 1. 

In order to see if the relative thermodynamic 
stabilities revealed by this result accord with 
conformational theory, we calculated the relative 
conformational enthalpy for each of the two 
chair conformers of 1-6 (Table 1) and obtained 
from these data the conformational free energies 
AGO, taking into account where applicable the 
entropy changes due to mixing of conformers 
and (or) enantiomers. Therefrom were derived 
the energy differences AAGo and equilibrium 
constants K relative to the most stable isomer I. 
It may be seen that the percentage proportions 
correspondingly calculated agree well with the 
experimentally obtained ratio, and it is also 
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TABLE 1. Conformational energy calculations for free deoxynitroinositols 

AH0 (kcal/mo!) C, in equilibrium 
Compound AG" AAGO 

(configuration) eq M e 0  a s  M e 0  (kcal/mol) (kcal/mol) EL Calcd. Found 

1 9.00 3.30 3.30 0 .00 1 .0 79 .0 79-82 
(myo-5) 

2 6.60 5.50 5.40 2.10 35.5 2 . 2  2-3 
(ilea-2) 

3 5.45 6.30 4.93 1.63 15.8 5 . 0  5 
(DL-allo-5) 

4 8.55 5.20 4.79 1.49 12.5 
(DL+- 1) 11-1 3 

5 4.70 7.90 4.70 1.40 10.7 7.38 
(epi-6) 

6 8.90 7.50 7.45 4.15 1100 

6'351 
0.07 - 

(cis) 

7 2.10 10.80 2.10 0.00 1 .0 70.9 71.5 

obvious that one could not expect to observe the 
isomer 6. Of course this agreement is predicated 
on the choice of reasonable, empirical energy 
parameters for the various types of non-bonded 
interactions present, and although accepted 
parameters were used as far as possible, some 
additional values had to be introduced which 
require detailed justification. (See the next 
section.) An important check for the validity of 
the chosen parameters is found in the fact that 
the calculations are consistent with indepenclent 
experimental data. Thus, the thermodynamic 
equilibrium of the deoxynitroinositol &methyl 
ethers having the scyllo (7), D L - I I Z ~ O - 1  ($1, epi-3 
(9), and rnuco-3 (10) configurations, which are 
not interconvertible with their stereoisomers 1-6 
by spontaneous epimerization, has been found (4) 
to be 71.5:22:1.2:1.8. Table 1 shows that the 
revised mode of calculation gives excellent agree- 
ment with this finding. Also included with this 
second set of isomers in Table 1 are calculated 
energy data for the unknown r12j.o-2 (11) and 
DL-chiro-1 (12) con~pounds. These epimers have 
not been identified in our studies (3, 4) although 
the calculations now made do  suggest that they 
should be present a t  equilibrium in detectable 

proportions which, in fact. should slightly exceed 
those of 9 and 10. It seems possible that unidenti- 
fied products amounting to 3-4Cc: which have 
been observed (4), partly represented the missing 
epimers.' 

Norz-bonded Interaction Energies in the Free 
Nitro Coni~~ounds  

The parameters used for the computation of 
coriformational enthalpies (Table 1) were, as far 
as interactions of hydtoxyl or methoxyl groups 
with each other and with ring hydrogen atoms 
are concerned, essentially those proposed by 
Angyal (6) and widely employed in conforma- 
tional analysis of inositol and pyranose systems 
in aqueous solution. Thus, we assigned 0.45 
kcal mol to 1,3-diaxial OH-H and OMe-H, 
and 1.7 kcal mol to 1,3-diaxial OH-OH and 

'Furthermore, in glc of epimerizat~on mixtures the peak 
of 8 invariably was accompanied by a minor peak that 
was unexplained (4). Since this minor peak arose also 
from pure, crystalline 8 it was integrated together with the 
main peak in the evaluation of product analyses. How- 
ever, it may well have belonged to 12 and its appearance 
in pure 8 could be due to epimerization during the 
process of trimethylsilylation. 
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OMe-OH  interaction^.^ To gauche OK-OH 
and OH-OMe interactions we applied 0.35 
kcal, mol. However, some recent observations 
(7) appear to indicate that an additional strain 
exists when an axial OMe group has t ~ o  equa- 
torial substituents as neighbors, and we took this 
into account by adding 0.3 kca1,mol for any 
such OH,,-OMe,,-OH,, moiety? 

A more detailed discussion is needed with 
respect to  the interactions involving the nitro 
group. For the unknown energy of a 1,3-diaxial 
NO2-OH interaction we have chosen for the 
purpose of this exercise an arbitrary figure of 
2.0 kcalhmol. assuming that it should be some- 
what greater than that of a 1,3-diaxial OH-OH 
grouping. Precise knowledge of it is not a critical 
factor at this juncture since the arrangement 
occurs only in unstable conformers whose en- 
thalpies are so high that variations within reason 
would scarcely affect the calculated free energies 
of the compounds in question. Of greater signifi- 
cance, on the other hand, is the choice of 
parameters for interaction of an axial nitro group 
with opposing ring hydrogen atoms, and for 
gauclze nitro-hydroxyl arrangements. As regards 
the former, the study of nitro carbohydrates had 
hitherto furnished no value. In a previous con- 
formational evaluation we adopted (4) an A- 
value of 1.05 kcal /mol for an axial nitro group 
interacting with two sjn-axial hydrogen atoms, 
which is an average value obtained (9) in studies 
of the nitrocyclohexane system, but in another 
context (10) we found indirect evidence that a 

3The latter value gives the most satisfactory agreement 
with our experimental data; previously, 1.9 and 1.5 
kcal/mol had been used in inositols and pyranoses, 
respectively (6). 

4This interaction appears to result from the inability 
of the Me-0 bond to adopt a conformation which is not 
encumbered by either a I,3-parallel C-0 bond or two 
sytz-diaxial ring hydrogens, or by eclipsing with the 
vicinal C-H bond. A numerical value for this condition 
has not been recorded. Limited data pertaining to 3 - 0 -  
methyl-D-allose (7a) and 3-0-methyl-D-psicose (70) sug- 
gest that it could amount to more than 0.6 kcal/mol but 
our results are better in line with a lower value. A similar 
strain should actually occur in systems having an equa- 
torial OMe group flanked by equatorial substituents; and 
the conformational equilibrium of methyl 2.3,4,6-tetra-0- 
methyl-a-D-idopyranoside in water (8) seems to bear this 
out. However, we refrained from adding any increment in 
such instances since, in our particular case, the effect on 
AAGo values would have happened to be negligible. We 
thank Professor S. J. Angyal for discussions on this 
subject. 

considerably larger energy may be associated 
with an axial nitro group in certain circum- 
stances. The data now available lead us to retain 
the previous value (but rounded off to 1.1 
kcaVmol) and to ascribe special energy con- 
tributions to the interaction of the axial nitro 
group with neighboring equatorial hydroxyl 
groups as will be explained in the following 
paragraph. 

The gazrchc NO2-OH interaction had previ- 
ously been treated under the simplistic assump- 
tion that the energies associated with equatorial- 
equatorial and axial-equatorial situations are not 
significantly different. On this premise a numeri- 
cal value was normally not required in the 
computatiorl of free-energy differences since 
molecules to be compared would in most cases 
have an equal number of such galrche interactions 
so that the unknown parameter would cancel. 
When a numerical value was needed in one 
special ease, 0.35 i 0.05 kcavmol was tenta- 
tively used as it appeared that the energy was 
similar to that in a gauche OH-OH grouping 
(4 ,  10, 11). Although application of the same 
procedure to the present set of experimental data 
gave reasonable agreement on the whole, there 
occurred one striking discrepancy: the energy so 
calculated for 2 was too low by 1 kcal mol to 
account for the small equilibrium concentration 
of this compound which was actually found, and 
this could not be put down to experimental error. 
Now compound 2 is peculiar in that its prevalent 
conformation is the NO2-axial one (2), and in 
order to eliminate the discrepancy one might 
have contemplated doubling the energy value of 
its syn-axial NO,--H interactions. However, 
such trivial expedient would cause incongruities 
elsewhere and could not readily be justified. It 
rather appeared that the problem must be ap- 
proached by a more refined consideration of 
nitro group interactions which includes a differ- 
entiation between the various kinds of gauche 
arrangements. The following concept is pro- 
posed. Let us first consider compound 1, which 
is the most stable of the epimers 1-6 and almost 
exclusively exists in the NO2-equatorial conform- 
ation, and let us retain for each of its two 
NO,-OH interactions the arbitrary (though 
reasonable) value of 0.35 kcal;mol, that is. 
0.7 kcal, mol for the whole triequatorial (e,e,e) 
nitrodiol grouping. Now one may postulate that 
certain other steric arrangements in nitrodiols 
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with gauche relationships will differ in energy 
because of the conformational requirements of 
the nitro group in respect of torsion about the 
G-W bond. Inspection of a molecular model 
shows that in 1 the preferred torsion angle is 0" 
(in the notation of Klyne and Prelog (12)), which 

means that the plane of the nitro group is per- 
pendicular to the plane of the carbon ring. This 
permits maximum separation of oxygen atoms 
although there is eclipsing between one N-O 
bond and the nitromethine hydrogen atom. In 
an a,e,a arrangement as for instance in the 
equatorial-nitro conformer of 2, the same torsion 
angle of 0" would cause severe interaction of tbe 
syn-triaxial type between nearly parallel N-O 
and C-0 bonds, and the preferred angle will be 
90", with the plane of the nitro group lying 
parallel to the plane of the carbon ring. This 
shortens the distance between nitro and hy- 
droxyl oxygen atoms by about 12% and accord- 
ingly should increase the enthalpy but, at the 
same time, the aforementioned eclipsing is re- 
moved and the torsion angle is that which is 
favored in unhindered nitrocyclohexane systems 
(13), so that there will probably result little net 
change in enthalpy. The value of 0.3 kcal/mol is 
therefore applied to this arrangement also. In the 
unsymmetrical e,e,a arrangement, on the other 
hand, the nitro group is forced to seek a torsion 
angle of energic compromise between 0 and 90". 
An angle near 30" would provide equidistance 
between the two hydroxyl oxygens and the 
nearest nitro oxygen; the distance would then be 
the same as in the a,e,a case but there would be 
greater bond eclipsing and it therefore appears 
justified to assume a moderately increased en- 
thalpy (0.9 kcal/mol). A rather strong increase in 

gauche interaction is likely associated with an 
axial nitro group in the e,a,e case, as for example 
in the preferred conformer of 2. The torsion 
angle will be 90°, i.e., the plane of the nitro 
group will be parallel to the line connecting the 
two adjacent carbinol carbon atoms. The nitro 
to hydroxyl oxygen distance in this arrangement 
is about 257, shorter than in the e,e,e case, and 
since repulsion increases exponentially with ap- 
proach a value of 0.9 kcallmol for each of the 
two gauche interactions may appear rea~onable .~  
Finally, for the e,a,tr arrangement with only one 
gauche relationship, we also apply the value of 
0.9 kcal mol to  the latter. assuming that possible 
steric relief by a limited change in torsion angle 
would be cancelled by enhanced eclipsing of 
N-0 with C-0 bonds. In support of the ideas 
presented in this paragraph it is to be mentioned 
that Angyal and Luttreil (14) have on similar 
grounds invoked different gauche interactions of 
the nitro group in cis and trarz~ I-nitro-2-phenyl- 
cyclohexane. 

Equilibriunz of Nilronate~ 
We designate the nitronate that corresponds to 

the mnyo-5 and neo-2 inositols as 1'; that of the 
D L - N I I o - ~  and DL-epi-1 isomers, as 3'; and that of 
the epi-6 and cis isomers, as 5'. Table 2 shows the 
results of the thermodynamic equilibrations of 
these nitronates in 0.1 N NaOH solution at 25 "C. 
As expected, the reactions were much faster than 
those at low pH. Especially the equilibrium 
between 3' and 5' was established within a few 
minutes, and over-all equilibrium was almost 
reached after 5 b. The final product ratios 
remained constant for at least two days. The 
reaction mixtures were analyzed by glc after 

jEven in this preferred rotameric form, interaction of 
the nitro group with the two sw-axial hydrogen atoms is 
more than 1 kcaljmol. A torsion angle of 0" would place 
one of the nitro oxygen atoms in the endo position with 
respect to the carbon ring and therefore much closer to the 
opposing hydrogens, and the N-0 bond would be nearly 
parallel to two C-Q bonds like in a highly unfavorable 
sytz-triaxial situation. 

We have contended (10) that a conformational energy 
of an  axial nitro group equal to only 1 kcal/mol would be 
unable to account for the behavior of methyl 3-deoxy- 
3-nitro-6-D-ribopyranoside which exists predominantly in 
the 1C4 form (e  NOz). An explicit proviso was equivalence 
of the gauche interactions in both chair forms. The con- 
cept that these are not in fact equivalent but are particu- 
larly large in the e,a,e arrangement of the nonfavored 
4C1 form ( a  NO3 of this glycoside readily explains the 
observed conformational preference. 
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FABLE 2. Epimeric equilibration of deoxynitroinositols 
in excess 0.1 N WaOH a t  25 "C 

Products (Y,)* 
Time Starting 

(h) compound 1 2 3 4 + 5  

0.05 1 65 20 13 - -J 

0.05 3 6 3 78 13 
0.05 5 7 3 73 17 

1 1 61 17 17 3 
I 3 37 3 45 11 
I 5 37 3 45 11 

5 B 67 9 19 5 
5 3 67 5 20 8 
5 5 64 7 23 6 

48 P 64 6 18 7 
48 3 65 5 19 7 
48 5 68 4 18 6 

48 Mean: 65.7 5 .0  18.3 6 .7  

'Where the sum of percentages is less than 100, small peaks of 
unidentified substances other than deoxynitroinositols were present. 

acidification. Consequently, the amount of 1' 
present in a given nitronate mixture is defined by 
the sun1 of the amounts of B and 2 found in g k 6  
Unfortunately it was not possible to determine 
in a similarly definitive manner the proportions 
of 3' and 5'. This was so because 4 and 5 could 
not be separated by glc and it was therefore not 
determinable what part, if any, of the corre- 
sponding peak was attributable to 4 (i.e., was 
contributed by 3') and what part was due to 5 
(i.e., represented 5'). Nevertheless, one can de- 
duce from the data of Table 2 certain limits for 
3' and 5'. Thus, the proportion of 3 that was 
found represents the iniizitnunz value for 3', and 
addition thereto of the entire 4 + 5 peak gives 
the maxinzurn (which would apply only for the 
unlikely case of 5 = 0%) Conversely, the 4 + 5 
peak indicates the possible nzaxinzunz proportion 
of 5' (which wouid apply for the case of 4 = 07,). 
Hence, the equi!ibrium ratio 11:3':5' can be ap- 
proximated as 70.7:18.3-25.0s6.7. Therefrom, 
K1113, = 3.85-2.83 (AAGO = 0.80-0.61 kcal/mol) 
and K1f /~1  = 2 10.6 (AAGO 2 1.39 kcal/mol). In 
the independent series of nitronates derived from 
7, 8, and 9 (or BB), the equilibrium ratio 7':8':9' 
had been determined (4) to be 6.5:30.1:63.4, 

T h e  ratio of 1:2 produced on acidification is irrelevant 
in this connection. The ratio seems quite sensitive to 
conditions of acidification (see also ref. 14), and in our 
preceding paper (2) we have described experiments 
yielding a greater proportion of 2 than 1. The reason for 
the observed dime dependence of the ratio is not clear. 

corresponding to Kyf / s ,  = 2.1 (AAGO = 0.44 
kcal/mol) and K Y ~ I , ~  = 9,75 (AACO = 1.34 kcal 
mol). 

Interaction Energy of the Nitronnte Group 
Table 3 contains calculated conformational 

energies for the two groups of nitronates, and 
good agreement with the experimental results 
just mentioned is noted. The parameters used for 
hydroxyl and methoxyl group interactions are 
those listed in a preceding section. As regards the 
A ( ' , ~ )  effect. the non-bonded interaction between 
nitronate oxygen and a vicinal, equatorial hy- 
droxyl group, which previous work had revealed 
(10, 11) to be of the order of 2 kcal/mol, the 
following refined treatment was devised. A single 
A(lv3) condition was credited with an energy of 
2.5 kca1,'mol. If a second A ( ' , ~ )  condition existed 
in the molecule due to flanking of the nitronate 
group by two equatorial hydroxyls, an increment 
of only 1.5 was allowed, for a total of 4.0 
kcal/mol. Such unequal increlnenls appear justi- 
fied because one mav assume that a first. and 
rather severe, s ter i i  interaction will tend to 
cause a ring distortion by which the ring is 
flattened and concomitantly, the unfavorably 
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TABLE 3. Conformational energy calculatio~ls for nitronates 

AHo (kcal/rnoi) 
K 

Conformation AGO AAG" 
Compound eq Me0  ax M e 0  (kcal /mol) (kcal/mol) Calcd. Found 

small dihedral angles between the C=W bond 
and neighboring equatorial bonds are widened 
so that introduction of a secoild equatorial 
hydroxyl group in 9' position should entail less 
additional strain. It is recognized that silch ring 
distortion may also alter some of the remaining 
substituent interactions whereby slight increases 
as well as decreases may occur. Often these 
secondary effects will tend to cancel and it does 
not seem profitable or necessary to consider 
them for a first-order analysis based on the data 
preser~tly available. 

Experimental 
The compounds. processing of reaction mixtures. and 

glc method of analysis used in this study were described 
earlier (2). The epimerization experiments at p H  8.2 
(in 15, sodium hydrogen carbonate solution) were identi- 
cal with those recorded (2) except that attainment of final 
equilibrium was awaited (7 weeks). The epimerizations at 
p H  > 12 were performed in exactly the same way with 
e q ~ a l  volumes of 0.1 IV sodium hydroxide solution sub- 
stituted for the sodiumhydrogen carbonate solution. 
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EEet de solvank en rCsonance magnCtiqne nnclCaire du 13@. 

I. Cas d9nn solnaC apoliaire: n-pentane 

BERNARD TIFFON ET JEAN-PIERRE DOUCET 
Luhoratoire de C/zimie Org~zl~icjlre Pirysiqrle iie I'U~ricersitB cle Puris VII. a.rsociB rrir C.N.R.S.. 

I ,  rile Grly cfe la Brosse, 75005, Paris, France 

R e p  le 24 juiliet 1975' 

BERNARD TIFFON et JEAN-PIERRE DOUCET. Can. J. Chem. 54, 2045 (1976). 
L'importance quantitative (plusieurs ppm) des interactions de van der Waals solutBsolvant 

sur le dkplacement chimique du 13C esf mise en Cvidence sur un soiutC non polaire, le rz-pentane. 
CtudiC en solution dans 17 solvants ainsi qu'en phase gareuse. Le terme de constante d'Ccran de 
van der Waals est discute par rapport aux diffirentes expressioils thCoriques fonctions de 
l'indice de rifraction du solvant. L'extension au cas du 13C de l'echelle de paraniktre de solvant 
caractCrisant en rmn du i9F les interactions de van der \Vaals rend compte quantitativenient du 
phCnom6ne et permet de sCparer le terme d'anisotropie dans le cas de C6H6. Cette Cchelle de 
paramktres est etendue au cas de plusieurs solvants. La variation lineaire en fonction de la 
fraction volumique de l'effet de van der Waals sur le dkplacement chimique est interprCtCe. 
conduisant B une relation permettant de calculer le pai.ani6tre d'un milange de solvants. La 
variation de sensibiliti B cet effet des differents sites magnitiques suivaiit leur position dans la 
chaine carbonie est discutie. L'expression thkorique de i'effet de site ne rend compte que 
qualitativement de cette variation. 

BERNARD TIFFON and JEAN-PIERRE DOUCET. Can. J. Chem. 54, 2045 (1976). 
The quantitative importance (several ppm) of the effect of solute-solvent \an  der Waals' inter- 

actions on the '3C chemical shift is shown for a non polar solute, rz-pentane. in solution in 17 
solvents and in the gas phase. The van der Waals screening constant term is discussed in respect 
to several theoretical functions of the solvent refractive index. The extension to the case of i 3 & :  

of the solvent parameter scale which characterises the van der Waals interactions in 19F nmr 
explains quantitatively this phenomenon and allows the separation of the anisotropic tern1 in 
the case of C6H6. This parameter scale is extended to several solvents. The linear variation of 
this van der Waals effect on the chemical shift in terms of the volume fraction is interpreted 
leading to a relationship which allows calculation of this parameter for a solvent mixture. The, 
variation of the sensitivity to this effect of the different magnetic sites depending on their 
position in the carbon chain is discussed. The theoretical expression of the sitc factor leads 
only to a qualitative explanation of this variation. 

Introduction 
La plupart des travaux consacris aux effets de 

solvant sur le diplacement chimique du carbone 
en rmn portent sur des effets de grande amplitude 
dus B des interactions intermoltculaires fortes 
(effets polaires, liaisons hydrogkne) (1-8). Les 
variations de diplacement chimique dues B des 
interactions intermoliculaires faibles (forces de 
dispersion de van der Waals) ont i t6 presque 
totalement nigligtes. Seuls Bergmann et Dahm 
(9) ont i tudit  l'effet de quelques me'thanes 
halogknts sur certains alcanes line'aires. Une 
forte variation de la sensibiliti B l'effet de ces 
solvants suivant la position du carbone dans la 
chaine a t t t  mise en e'vidence. Toutefois, ces 
risultats restent lirnitks 2. un seul type de solvant. 

'Get article fait partie de la thkse de doctorat de 
Bernard Tiffon B soutenir devant 1'Universite Paris V11. 

2Revision resue le 18 mars 1976. 

Nous nous proposons d'ttudier l'importance 
de l'effet de van der Waals sur le diplacement 
chimique des carbones d'un solute modkie 
:~polaire (11-pentane), ceci pour une large gamme 
de solvants associants et non-associants, les 
rtsultats acquis ici devant servir B Cvaiuer l'etTet 
de van der Waals afin de pouvoir en tenir compte 
dans le cas d'un soluti polaire oh les interactions 
fortes prtdominent. 

La constante d'icran d'un site magnitique est 
la somrne d'un terme intramoliculaire corre- 
spondant B la molicule isolie (en pratique 122 

phase gazeuse) et de termes interrnoltculaires 
correspondant B L'influence du mi!ieu oh se trouve 
la molicule considkrie : 

cb, terme de susceptibiliti magnktique volumique 
du milieu; G , , , , ~ ~ ~  peut s'exprimer sous la forme 
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d'une somme cie plusieurs termes correspondant 
B des phinornbnes diffirents (10, 11): 

a,, terme d'anisotropie magnitique des moli- 
cuies environnantes; a,, terme dfi aux inter- 
actions faibles de van der Waals; uE, terme dir 
aux effets polaires; G I X ,  terme global corre- 
spondant aux interactions fortes (liaisons hydro- 
gbne par exemple). 

Le choix du soluti modkle rtpond au double 
souci, d'une part, d'tliminer les termes GH et a~ 
en utilisant une moltcule aussi inerte que possible 
vis-8-vis de tous les solvants utilisis (alcane) et 
a p o l a i ~ e , ~  et d9avoir, d'autre part, un soluti de 
volume moliculaire proche de celui de l'acttone, 
modble itudik en parallkle.4 Le terme de suscep- 
tibilitk magnktique volumique ah est calculi. Les 
seules contributions 2 a,,,,,u sont a, et, dans le 
cas de solvants magnttiquement anisotropes, le 
terme d'anisotropie a,. 

En rmn du proton, de nombreux auteurs ont 
itudit les effets de van der Waals sur le diplace- 
rnent chimique, notamment du mtthane ou de 
composks X(CH3)4 et d'alcanes liniaires (1 1-1 8). 
Abraham et coll. (19, 20) ont montri l'impor- 
tance quantitative de G, en rmn du 19F et difini 
statistiquement un paramktre de solvant S, et 
un parambtre de soluti S,, tels que: 

q ~ e l  que soit le couple solvant-s01utt.~ 
Dans cette ttude l'ensemble des 17 solvants 

choisis, apolaires, polaires, et anisotropes nous a 
permis de sCparer et d'ivaluer les termes a, et 
crW La phase gazeuse a tgalement fait I'objet 
d'une mesure. Pour prtciser l'interaction s o l u t b  
solvant nous avons effectuC quelques mesures sur 
le perfluore-rz-hexane afin de comparer la soiva- 
tation des groupes mithyle et fluoromtthyle. 

L'appareil utilisC est un spectromktre rmn par trans- 
formation de Fourier JEOL PS 100/PFT 100 fonction- 
nant h 25 MHz. Tous les spectres ont CtC obtenus en 

3Nous ~Crifions B posteriori que U, est nu1 dans le cas 
d'un solutC apolaire dans des solvants polaires. 

4 6 .  Tiffon et  J. E. Dubois, B paraitre. 
Tendant que ce travail Ctait soumis au journal, une 

revue critique due B Rummens a kt6 publiie (21) con- 
cernant !e problkme du terme de constante d'ecran de 
van der Waals. 

dicouplage complel des protons (solutC n-pentane) ou 
partiel du fluor (solute I I - C ~ F , ~ ) .  L'incertitude expiri- 
mentale est de 50.04 ppm (rCsolution digitale 1 Hz 
environ: 4096 points dans le domaine de frCquence pour 
4 kHz de Iargeur spectrale). Toutes les mesures ont CtC 
faites B une tempirature de 22 "C. 

Pour une telle Ctude des interactions faibles soluti- 
solvant. il est impCratif que le composC chargC de fournir 
une raie rmn de reference ne soit pas soumis B ces interac- 
tions. Par consequent, les deplacements chimiques ont 
CtC mesurCs en riference externe (benzene). Celle-ci, ainsi 
que le compose deutere (DMSO-d6) necessaire au verrouil- 
lage hCtCronuclCaire du champ magnitique sur le signal 
rmn du deuterium, est contenue dans un tube coaxial au 
tube porte echantillon. Ce tube coaxial d'un diamktre 
extirieur de 3.5 mm est positionnC par des entretoises en 
tCflon dans le tube porte-Cchantillon de diametre extirieur 
et intirieur 8 et 7 mm respectivement. Le m&me tube 
rCfCrence a CtC utilise pour toutes les mesures en phase 
liquide. kes tubes porte-Cchantillon sont scelles. 

Nous avons tenu compte du terme U ,  de pl] de la fason 
suivante: les diplacements chimiques sont corriges du 
terme de susceptibilite magnitique volumique (qui pour 
un Cchantillon cylindrique est u,, = 2 ~ / 3  x,) en rame- 
nant arbitrairement les valeurs numCriques des deplace- 
ments chimiques B celles qui auraient CtC mesurCes dans 
un milieu de susceptibilite magnitique volumique con- 
stante (ici x, du solutC: 11-pentane ou perfluoro-11-hexane): 

2?r 
- Ix, (solution) - x, (n-pent. liquide)] 
3 

Les valeurs de x, proviennent de la ref. 22 sauf pour 
I I - C ~ F , ~  (19) et le DMSO (20). Pour les solutions x, a Cte 
CvaluC par interpolation liniaire en fonction de la fraction 
volumique (23). x, de la phase gazeuse a CtC prise Cgale B 
0 (11) (xv (solution) = 0 dans [4]). 

Les dkplacements chimiques sont comptCs positivement 
champ faible par rapport au benzene (il n'a pas CtC tenu 
compte de la correction, constante pour tous les deplace- 
ments chimiques, due B la difference de x ,  entre le 
n-pentane pur et le benztne B lor; dans le DMSO-d6). 
Les mesures ont ete effectuees pour chaque solvant B un 
minimum de six concentrations differentes, la plus faible 
(IC, en volume) correspondant B la sensibiliti de l'ap- 
pareil pour un temps de mesure d'une nuit. Dans le cas 
du DMSO non totalement miscible au rz-pentane, seules 
les plus faibles concentrations ont CtC mesurkes. La 
mesure en phase gazeuse a CtC effectuee sur la vapeur 
saturante du 12-pentane B 22 "C (pression 0.6 atm soit 
0.03 mol/I environ). L'Cchantillon a i t6 dCgazC et le tube 
porte-echantillon (porte-capillaire Wilmad 520 contenant 
du benzkne B loC> dans du DMSO-d6. dans un tube 
513 A) scCllC sous vide dans l'azote liquide. Un temps de 
mesure de 3 jours (350 000 accumulations) n'a permis de 
mesurer que les deplacements chimiques des deux sites 
magnetiques doubles (mithyles 1 et mCthylenes 2) de la 
molCcule de 11-pentane, le signal du mkthylkne central ne 
se distinguant pas du bruit de fond (fig. I ) ,  avec une 
incertitude de i 0 . 0 8  ppm (resolution digitale deux fois 
plus faible que pour Ies mesures en phase liquide pour 
gagner un facteur 2 en sensibilite). 
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l'indice de rifraction du solvant auxquelles 
devrait &tre proportionnel le terme u, selon les 
diff Crentes thCories proposkes dans la littirature 

CKHS (24-26) et d'autre part, avec le paramktre de 
solvant empirique S, d'Abraham et Wileman 

C H ~ - C H ~ - C H ~ - C H ~ - C H ~  (19, 20). 

FIG. 1. Spectre '3C du rz-pentane en phase gazeuse 
(temps de mesure: 72 h). 

Quelques mesures ont CtC effectuies sur le perfluoro- 
rz-hexane en tant que solutC. L'importance des constantes 
de couplage I 3 C J F  (I/= 300 Hz, ?J 1. 30 Hz) oblige B 
un dkcouplage cohkrent sCparCment sur chacun des trois 
sites magnitiques en I9F pour avoir une puissance 
suffisante. Dans ces conditions, seuls les dCplacements 
chimiques des carbones 1 et 3 ont pu Ctre mesurCs. 

Les carbones (2) sont couplCs en 2J B deux types de 
fluors de dkplacements chimiques trks differents (40 ppm); 
le couplage I J  Ctant Climini par irradiation des fluors (2), 
les couplages 2 J  ne le sont pas et la multiplicitC des raies 
est trop grande pour que le signal soit visible. Par contre, 
les CF3 dCcouplCs en I J  donnent un triplet (2J) qui est 
mesurable. Les CF2 (3) sont pratiquement totalement 
dicouplks. 

Les solvants utilisCs sont donnCs dans le tableau 1. 11s 
sont, ainsi que le ,I-pentane, de qualit6 spectroscopique et 
utilisCs sans autre purification. Les indices de refraction 
des solvants proviennent de la ref. 22. 

RCsultats et discussion 
Nous avons d'abord ditermine' le diplacement 

chimique du 12-pentane B dilution infinie dans 
chacun des solvants. Nous avons ensuite corrtlt 
ces risultats avec, d'une part les fonctions de 

De'termincrrrolz cles d&placen~ents chitlziq~tes d 
dilution injinie 

La variation du dCplacement chimique des 
trois sites magnitiques du n-pentane est linCaire 
en fonction de la fraction volumique ou de la 
concentration du soluti (mais non en fonction de 
la fraction molaire) quel que soit le solvant 
utilise'. Une telle variation linCaire a dijB CtC 
relevie par Lumbroso-Bader et coll. (17) en rmn 
du proton (tz-C6H14 et n-C7H16 dans CC14). La 
fig. 2 illustre ce risultat dans le cas des mCthyles 
pour quelques solvants, dont ceux donnant les 
diplacements maximaux champ fort (perfluoro- 
n-hexane) et champ faible (bromoforme) ainsi 
que pour le sulfure de carbone. Les variations 
sont les plus importantes dans le cas des mkthyles 
(environ 4 ppm du perfluoro-12-hexane au bromo- 
forme). 

Moyennant les hypothkses suivantes: (i) l'effet 
de van der Waals dG a un solvant est proportion- 
nel au nombre de molCcules de ce solvant en- 
tourant le solutC (en accord avec la thCorie de la 
cage proposCe par Rummens et al. (13a)), (ii) les 
contributions B a, dues B chacuil de deux sol- 
vants mtlangis sont additives, (iii) le volume de 
melange des deux solvants est nkgligeable, un 
raisonnement simple montre que la linCaritC 
de la variation du diplacement chimique avec 
la fraction volumique implique simplement que 
la re'partition des molCcules des deux solvants 
autour d'une molCcule de solute est la ripartition 
statistique des solvants dans le mClange, en 
d'autres termes qu'il n'y a pas d'accumulation 
pre'fkrentielle de l'un ou de l'autre des solvants 
autour d'une molCcule de solutC. 

Dans le cas des solvants anisotropes, la 
linCaritC en fonction de la fraction volumique est 
e'galement vQifiCe. Ceci implique que le terme 
d'anisotropie a, est proportionnel B la fraction 
volumique, ce qui a dijB it6 montrt par Schug 
(23) en rmn du proton. Un raisonnement simi- 
laire dkmontre la proportionnalitk de a, au 
nombre de molCcules de solvant anisotrone en- 
tourant le soluti. Une telle proportionnaliti est 
d'ailieurs une des hypothkses conduisant B 
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TABLEAU 1. DCplacements chimiques extrapoles B dilution infinie des carbones du 
tz-pentane et du perfluoro-tz-hexane* 

SolutC Solvant CI c 2  C3 

n-CsH12 Ciaz 
tz-C6FI 4 

tz-CsHL2 
t2-c6H14 
tz-C,H16 
ChH1? 
1z-C16H34 
CCI, 
CB~CI,  
CHC13 
CH2C12 
CHBr3 
C6H6 
CS2 
DMSO 
CH3COCH3 
Cyclopentanone 
1,4-Dioxanne 
CH30H 

I I - C ~ F ~ ~  rz-c6FI4 
n-C,H,z 
CC14 

'En ppm, positibement champ faible i partir du benzene a 10% dans le DIMSO-(la (11-pentane), ou 
d'une reference arbitraire, la frequence porteuse RF, pour le perfluoro-n-hexaiie. 

tVoir note 6. 

FIG. 2. DCplacement chimique des mCthyles du tz-pentane en fonction de la fraction volumique 
dans quelques solvants. 
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l'expression thiorique du terme d'anisotropie 
proposCe par Rummens (27), cette hypothkse 
ayant Cgalement t t t  reprise par Homer et 
Redhead (28). 

Les dkplacements chimiques extrapolts IinCai- 
rement 2. dilution infinie par une mCthode de 
moindres carrCs sont donnCs dans le tableau 1. 
Les rCsultats sont en accord pour les solvants 
communs (CC14 et CH2C12) avec ceux de Berg- 
mann et Dahm (9). 

Corr&lations auec Ies fonctioiz.~ de l'indice de 
r4fracfion du solvant 

Le terme de constante d'icran a, dQ aux 
interactions de van der Waals est selon Stephen 
(29) thkoriquement proportionnel & la moyenne 
du carrC du champ Clectrique dG aux dipoles 
induits dans les molCcules de solvant par les 
fluctuations Clectroniques du solutC. La valeur 
moyenne de ce champ Clectrique est nulle mais 
celle de son carrC ne l'est pas. 

Utilisant le principe du champ de riaction. 
plusieurs expressions quantitatives de a, ont it6 
proposCes (24-26) dicrivant ce phCnomkne de 
f a ~ o n  macroscopique en caractkrisant le solvant 
par son indice de rCfra~tion.~ 

Howard et coll. (24) font intervenir la fonction 
de l'indice de rCfraction du solvant: 

alors que Montgolfier (25) propose une expres- 
sion de U, proportionnelle B 

RCcemment Rummens (26) a reconsidCrC le 
problkme et proposC une nouvelle expression de 
a, oh le solvant (indice 2) intervient par le carrC 
de la fonction g:  

v l ,  friquence caractiristique du solute (hul est 
assimilable B l'knergie de transition entre l'itat 
fondamental et le premier Ctat excitC); al, 

6Rummens et al. (130) ont propost une thiorie baste 
sur un modele de collisions binaires Ctablie dans le cas des 
gaz par Raynes et al. (13b). Toutefois la nCcessite de 
connaitre les paramktres des potentiels de Lennard-Jones 
qui interviennent dans l'expression de D, rend difficile 
son application. 

FIG. 3.  Diplacement chimique des methyles du r r -  
pentane en fonction de (rz2 - 1);21z2 + I ) :  pente = 26.9. 
Ccart-type 0.3 ppm (gaz exclu). 

polarisabilitk du solutC; nl ,  indice de rifraction 
du solutt; a2, indice de rCfraction du solvant. 
Remarquons que u, est le produit de deux termes 
respectivement fonction du solute et du solvant. 

Nous avons corrClt les dtplacements chimi- 
ques 6 extrapoles a dilution infinie avec les 
fonctions g et gZ de l'indice de refraction du 
solvant (la fonction de Montgolfier n7Ctant 
valable selon Rummens (26a) que dans le cas des 
liquides purs). 

Avec la fonction g les corrilations sont 
liniaires pour la plupart des solvants rnais la 
phase gazeuse en est exclue ainsi que le montre la 
fig. 3 relative aux groupes mCthyIes, cornme c'est 
le cas en rmn du proton (12, 171, du 19F (19) 
et du 31P (30). 

Par contre les corrilations avec g-e meme 
qu'en rmn du proton (26) incluent la phase 
eazeuse lnais 19Ccart-type est trks largement u 

supCrieur B l'incertitude exptrimentale (figs. 4 
et 5) .  

L'exclusion des deux solvants s'kcartant le plus 
des corrklations (CbHh et CS2) amiliore con- 
sidirablement la reprisentation. Pour tous les 
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FIG. 4. Diplacement chimique des mithyles du tz- 
pentane en fonction de [(t12 - 1)/(2tz2 + 1)12: - - - m+C, 
pente = 70.5, Ccart-type 0.33 ppm, intercept -118.28 
ppm; -B pente = 79.4, ecart-type 0.20 ppm, intercept 
-118.54. 

autres solvants, la proportionnalitt de U, B la 
fonction g2 suivant [7] est sensiblement vCrifiCe 
pour les trois sites magnttiques du rz-pentane et 
pour les deux sites mesurables du perfluoro-tz- 
hexane (les pentes des corrtlations figurent dans 
le tableau 2),  justifiant ainsi la validitt de la 
fonction g2. Mais [7] ne rend pas compte de la 
variation du facteur de solutt pour des sites 
magnktiques diffirents appartenant B une m@me 

molicule. Ce point sera discutk ci-dessous. 
Parmi les deux solvants exclus des corrtlations, 

l'un au moins (C6H6) est magnttiquement 
anisotrope (11, 23, 27. 28, 31-36), le terme 
d'anisotropie (champ fort) variant en rmn du 
proton de 0.2 B 0.6 ppm. L'anisotropie de CS? 
(d'un point de vue macroscopique) par contre est 
discutte (14. 26u, 26c) bien que certains auteurs 
(11, 23, 28, 31, 34-36) aient avanct en rmn du 
proton un terme d'anisotropie champ faible. 
jusqu'B -0.42 ppin (1 1 ) .  

Les tcarts verticaux aux droites de corrilation 
des points correspondants C6H6 et CS2 sont 
donnts dans le tableau 3.  Dans le cas de CSHB ces 
tcarts ont le sens thiorique du terme d'anisotro- 
pie (la valeur obtenue pour les mtthyles parait 
toutefois trop grande), mais dans le cas de CS2 la 
deviation des nlkthyles de prks de 1 pprn champ 
fort est incompatible avec le terme d'anisotropie 
thkorique (champ faible). 

Les tcarts aux corrilations 6 g9n ' t t an t  pas 
interprttables en terme d'anisotropie, nous avons 
chercht B appliquer une proctdure due B 
Abraham et W~leman (20) ttablie en rinn du 19F 
et ayant permis de stparer du terme de van der 
Waals un terme d'anisotropie dans le cas de C6H6 
et CS? (tableau 3) .  

Corre'latior~~ uvec le paron~itre de solvunt St 
Abraham et coll. (19) ont dkfini une tchelle de 

paramktres de solvant S,  et une tchelle de 
paramktres de solute' S,,, telles que pour tout 
couple solutt non polaire, solvant le terme de 
van der Waals en rmn du 19F s'e'crive: 

ceci pour des solvants aussi bien non polaires 
(19) que polaires (20). 

Ces deux Cchelles de parametres sont dtfinies 

TABLEAU 2. Pentes des correlations 8/g' et paramktre de solutes S,, (obtenues en excluant les points 
correspondant ?i C6Hs et CS2) 

11-Pentane Perfluoro-tl-hexane 

c1 c2 c3 c1 c2 c3 

Pente 6 / g 2  79.4 30.4 21.8 37.6 - 18.1 
Facteur de site* 3.44 1.39 1 - - - 

S, (13C) -0.70 -0.26 -0.21 -0.32 - -0.07 
Facteur de site* 3.33 1 .24  1 - - - 

s, (19F)t - - - -1 .OO -0.79 -0.69 
Pente (6/g2)/ - S,  ( I T )  113.4 116.9 103.8 117.5 - 115.7 
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TIEFON ET DOUCET 

CH~-CH~-C%-CH~-CH~ 
--- 

I kcart-type :0.1;9ppm 
intercept :-108.00 ppm 

I 

, 1 CH,-CH~-CH~-CH~-CH, 

--- 

FIG. 5. Deplacement chimique des mithylenes du n-pentane en fonction de [(iz2,- 1)/(2?z2 + 1)12. 
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TABLEAU 3. Ecarts verticaux aux droites de correlation et paramhtres S ,  (les Ccarts sont comptes en ppm 
positivement champ fort selon l'echelle des U )  

Esarts/(8/g2) Ecarts/(~/S,) 

Solvant CI C2 c3 c1 cz c3 vs ,lDI)i (nloyen)* o, (lyF)t S,  (13C): S ,  (I9F) 
- 

C6M6 1.05 0.61 0.62 0.31 0.33 0.42 0 . 5 2 i 0 . 1 1  0.25 5.56 5.60 
CS2 0.91 -0.31 -0.22 -0.78 -0.98 -0.70 - 0 . 6 9 i 0 . 2 7  -0.50 5.21 5.22 
Cyclo- 

pentanone 0 .19r0 .08  -1.83 
1,4-Dioxanne 0 . 1 7 i 0 . 0 2  -1.70 
CH2C12 0.061-0.09 -1.94 
CH30H 0.081-0.02 3.70 

"Ordonnie a l'origine de In corrilation 6/S,,. 
t Rifirence 20. 
tPente de la corrilation bl&.  

B un facteur constant arbitraire prks (par dC- 
finition S, = 0 pour la phase gazeuse et 
arbitrairement S,, = 1 pour le soluti CF3CC13). 
Pour des solvants anisotropes il est possible 
Cgalement de dCterminer un paramktre de solvant 
ainsi que le terme d'anisotropie B condition de 
faire l'hypothkse que celui-ci est constant quelque 
soit le solutC: 

Les valeurs de S,, parametre de solute en 
13C sont donnCes pour les trois sites du n- 
pentane ainsi que pour les deux sites mesurables 
du perfluoro-n-hexane dans le tableau 2 (les 
constantes d'icran Ctant comptCes positivement 
champ fort, les paramktres S,, sont nkgatifs). 

Les solvants polaires (CHCI,, CHBr3, CH2C12. 
I 

191 #milieu = uw U n  = SuSv + ua 
g'== 

En portant umiiie, en fonction de S, pour un 
certain nombre de solvants, on determine le 
facteur du solutC considCri et, Cventuellement, le 
terme d'anisotropie. Inversement les paramktres 
S, ayant ktC diterminis au prkalable pour un 
certain nombre de solutCs, si la corrClation entre 
amilieu et les paramktres S, est liniaire, la pente de 
la droite dCfinit le paramktre S, du solvant 
anisotrope et l'ordonnie B l'origine est le terme 
d'anisotropie supposi constant pour tous les 
soiutks. 

Wous avons corrilt avec S, les dkplacements 
chimiques des trois sites du n-pentane infiniment 

cI6n3' ................. diluC dans les solvants de parametre connu (19. -115 

20). Les corrtlations sont sensiblement linCaires. 
De nouveau l'exclusion de C6H6 et de CS, 
amkliore considtrablement les reprtsentations : 
19icart-type diminue de moitiC (figs. 6 et 7). 

Ceci nous a amen6 B considtrer sCparCment le ............. 

cas de la phase gazeuse et des solvants salis- 
faisants aux relations liniaires 6 / S ,  (solvants I )  0 1 2 3 4 5 6 7 8  

et d9autre part celui de C6HG et de CS2 (sohants SV 
11). FIG. 6. Diplacement chimique des methyles du 11- 

Pour les solvants I, compte tenu de la linCaritC pentane en fonction du parametre de solvant S,: - - - 
des relations 6,/S, nous posons: @+m, pente = 0.71. Ccart-type 0.27 ppm, intercept 

-118.85 ppm: -@, pente = 0.70, Ccart-type 0.14 ppm. 
'Tsolv - ggaz  = ffmilicu = s u S \ -  intercept - 118.83 ppm. 
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TIFFON ET DOUCET 2053 

- 96 

-95 

- 9i: 

5 sv 
FIG. 7. DCplacement chimique des mkthylknes du rz-pentane en fonction du paramktre de solvant S,. 

CH30H, CH3COCH3, DMSO) ne se distinguent solvant polaire et dont l'expression thCorique [7] 
pas des solvants apolaires. I1 en risulte que le fondCe sur le principe du champ de reaction ne 
terme ac est bien nu1 pour un solute non polaire. tient pas cotnpte est negligeable pour ces sol- 
I1 en rCsulte Cgalement que le terme a ~ 2  traduisant vants. (La m&me conclusion peut &tre t ide  du 
un effet moyen du carre du champ Clectrique dfi fait que ces solvants polaires ne se distinguent pas 
aux fluctuations des diptiles permanents du des autres solvants I dans les corrClations 6 g2.) 
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Wummens(26c)aboutitBune conclusion identiq~ae 
dans ie cas du proton du methane. 

Ricemment, de Kaan el coil. 437) ont CtudiC 
les variations de diplacement chimique de 
mklanges d'alcanes liniaires, dont le iz-peiitane 
dans le a-heptane et le n-hexadicane et interprk- 
tent ces variations comme risultant en partie de 
changements conformationnels dans les alcanes 
considiris. Nos rCsultats montrent que de telles 
variations peuvent @tre plus sirnplement inter- 
prktkes par la prise en compte de la seule varia- 
tion de l'effet de van der Waals liCe au passage 
d'un solvant B un autre. I1 n'est donc pas utile de 
faire appel aux modifications conformationnelles 
pour expliquer les variations de diplacement 
chimique du carbone constatkes lors de la 
dilution d'un alcane par un autre. 

Dans le cas de C6H6 et de CS2, il est nicessaire 
d9ajouter un terme supplimentaire de constante 
d'Ccran : 

asolv - agae = grnlileu = S u S v  + asnpg~ 

Pour dkterminer ce terme suppltmentaire, 
nous avons B ce stade deux possibilitts: ( I )  Les 
parametres S, de ces solvants (dCterminCs Et 

partir des rksultats en 19F (20)) Ctant connus. 
kcrire simplement comme il a i t6 dijB fait ci- 
dessus B partir des corrklations 6/g2 que les 
icarts verticaux aux droites de corrilation 
reprksentent les termes supplkmentaires u,,,,~ 
cherchks. On ne fait alors aucune hypothkse sur 
la constante de ce terme quel que soit le carbone 
considQC. Les rCsultats figurent dans le tableau 3. 
Remarquons que ces icarts sont, pour tous les 
sites, dans le meme sens que le terme thkorique 
d'anisotropie champ faible (a ,  nigatif) pour CS2 
et champ fort (u, positif) pour CGHGe (2)  Utiliser 
le traitement expos6 ci-dessus impliquant l'hy- 
pothkse de constante de a,,,,l quel que soit le site 
m a g n i t i q ~ e : ~  nous trouvons (tableau 3) des 
valeurs du paramktre de solvant S, en trks bon 
accord avec celles d'Abraham et Wileman (20) 
pour le benzkne et le sulfure de carbone. Les 
valeurs de sont comparables avec celles 
diterminies ci-dessus, compte-tenu des Ccarts- 

7Pour le mCthylkne central de I I - C ~ H ~ ~ ,  B g a e  n'ayant 
pas pu Ctre dCterminC experimentalement nous avons 
utilisC l'ordonnCe B l'origine de la corrklation 6/g2, soit 
95.80pprn, plut6t que celle de la correlation 6/S, 
(95.97 ppm) car cette dernikre est Ctablie avec un nornbre 
de solvants plus faible (12) que la prCcCdente (16) et que 
d'autre part la representation 8 /g2  intkgre mieux la phase 
vapeur que 6 /S ,  dans le cas des deux autres sites. 

types des corrilations 6 S,  et 6 S,. Les deux 
mCthodes permettent de diterminer des valeurs 
comparables entre elies d'un terme de constante 
d9Ccran, Toutefois i'incertitude importante sur 
les valeurs de ce terme ne permet pas de dCcider 
si l'hypothkse de son invariabiliti suivant le site 
magnCtique est justifiie ou IIOII. 

Dans le cas de G6HGR le terme as,,,,1 peut @tre 
attribui B I'anisotrogie. ies valeurs obtenues sont 
raisonables (alors que 1'Ccart des mCthyles par 
rapport B la drolte 6 g2 est nettement plus grand 
que les valeurs de a, en proton ou en IgF1F). 

I1 n'est toutefois pas possible Ctant donnCs les 
Ccarts-types des corrilations de determiner si le 
terme d'anisotropie est constant quel que soit le 
site ou bien s'il varie comme l'a privu thiorique- 
ment Beconsall (33) el comme l'ont montri 
expCrimentalement Rurnmens et Eouman (38) 
dans le cas de molCcules de solutC non sphiriques. 

Dans le cas de CS2, on obtient maintenant des 
Ccarts dans le sens du terme d'anisotropie 
thiorique, mais 190rdre de grandeur, s'il est 
compatible avec celui obtenu par la m&me 
mithode en 19F (201, est incompatible avec les 
valeurs obtenues en rmn du proton (11, 23, 28, 
34-36) (0 B - 0.15 ppm). 

Si on admet comme Rummens (26c) que le 
comportement macroscopique de CS2 est iso- 
trope, I'icart champ fort relevC par rapport au 
terme en g2 pour les mithyles, reste inexplicable 
meme en adjoignant B [7] le facteur de site de 
Rummens (26c) (voir ci-dessous). 

La mCthode de dttermination du paramktre de 
solvant S5 a Cti appliquie aux quatre solvants de 
S, inconnu: pour le mithan01 et le chlorure de 
me'thylkne, l'ordonnie B l'origine est pratique- 
ment nulle, ces deux solvants s'intkgrent aux 
solvants 1. Pour la cyclopentansne el  le 1,4- 
dioxanne, les ordonnies B l'origine sont respec- 
tivement de 0.19 et 0.17 ppm champ fort mais 
restent de 190rdre de grandeur des Ccarts-types 
des corrilations 6, S, et ne permettent donc pas 
de conclure B l'existence d'un terme d9aniso- 
tropie. Les paramktres S, de ces quatre solvants 
figurent dans le tableau 3. 

I1 risulte de la 1inCaritC de la variation de a ,  
avec la fraction volumique u que, lc paramktre 
Su de soluti Ctant constant, 

[la] S,(mClange) = 

c(n-pent.) S>(iz-pent.) + ~(solv.) S,(solv.) 

et plus gCniralement le facteur de solvant d9un 
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I 

0' 
I b 
0 0 5  

(ST 
FIG. 8. Paramktre desolvant S ,  en fonction de [(n2 - 1)/ 

(2~22 + 1)12: - - - @ + 7, pente = 93.1. kart-type 0.60 
unit6 S, ; - @, pente = 112.2, kart-type 0.34 unite S,. 

mClange de deux solvants I est: 

Les rCsultats pricedents montrent que 19Cchelle 
de paramktres de solvant S,. est extensible au cas 
du 13C. 

Nous avons corrtlC S ,  avec g Z :  comme on 
pouvait s'y attendre Ctant donni la linCaritt des 
corrClations 6,"g2 et 6;'S,, la corrklation est 
liniaire sauf pour C6H6 et CS2 (fig. 8). Pour les 
solvants non anisotropes le paramktre S, est 
sensiblement proportionnel 8 la fonction g2. 
Bier1 que la correlation 6 / S ,  soit meilleure que la 
corrtlation 6/g2 pour les mtthyles du n-pa ~ n t a n e  
(et comparable pour les deux types de mCth- 
ylknes) l'intCri2t de l'e'chelle S,. parait limit6 pour 
ces solvants (un paramktre de solutC relatif au 
paramktre de solvant g2  peut &tre dtfini par une 
relation analogue 2 la relation 10). Dans le cas de 
CS2 l'utilisation de S,, aboutit B un rCsultat en 
contradiction avec l'anisotropie de ce solvant en 
rmn du proton. Par contre pour CGH6 l9utilisa- 
tion du paramktre S, permet de dtterminer des 
termes d'anisotropie plus cohCrents que ceux 
obtenus avec la fonction gZ. I1 semble donc que 
pour ces solvants dont l'indice de rifraction est 
trks ClevC compte tenu de leur masse molkculaire 
le terme de van der Waals ne soit pas proportion- 
nel B la fonction d'indice gZ. 

Parambtres cle sohrte'. Effet de site 
Les valeurs relatives du paramktre de solutC S, 

ou des pentes des corrtlations 6 /g2 qui leur sont 
sensiblement proportionnelles (tableau 2) tradui- 
sent la sensibilitk d'un site magnCtique donnC aux 
interactions de van der Waals (facteur de site). 

Les valeurs du paramktre S, pour les trois 
sites magnktiques du n-pentane montrent que le 
mkthyle est nettement plus sensible aux inter- 
actions de van der Waals que les deux mithyl- 
knes. Abraham et coll. (19) ont montrt une 
dkcroissance empirique approximativement lin- 
taire des paramktres de solutt avec la fonction de 
l'environnement Clectronique dG aux atomes 
voisins du site considkrk: 

z, numtro atomique de l'atome, r ,  distance de 
cet atome au site magnitique. 

Cette fonction a pour valeur (sommte sur des 
atomes distants jusqu'8 deux liaisons du carbone 
considbi): 

CW3-CH2-CH2 
7.2 9.2 10.0 

Nous trouvons une dCcroissance lintaire de 
S,, avec une pente de -0.2, trois fois plus faible 
en valeur absolue qu'en 19F (19). Le paramktre 
solutC dicroit beaucoup plus vite le long de la 
chaine carbonCe que ne le laissent prkvoir les 
risultats en 19F. Cette fonction de l'tcran 
Clectronique n'est pas le seul facteur gouvernant 
la sensibilitk d'un atome aux interactions de 
van der Waals. 

En effet, les fluors de tous les solutis (19) sont 
toujours situts B la pCriphCrie de la moltcule et 
offrent donc une possibilitt d'approche com- 
parable aux solvants. Par contre, il n'en est pas 
de m&me dans une chaine carbonCe. Le mtthyle 
est entourable d'un plus grand nombre de 
molCcule de solvant que les mithylknes d'oh 
une plus grande sensibilitt aux interactions de 
van der Waals Ctant donnC la proportionnalitC de 
cet effet au nombre de molCcules de solvant en 
interaction avec le solutC (voir ci-dessus). 

De m&me, en comparant (tableau 2) les valeurs 
du paramktre de solutC des carbones du n- 
pentane d'une part et du perfluoro-n-hexane 
d'autre part, il apparait que le CF3 de ce dernier 
est beaucoup moins sensible que le CH3 du 
n-pentane. De meme, la sensibilitk du CF2 (3) 
est beaucoup plus faible que celle du CH2 (3) du 
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11-pentane. Ceci peut sminterprCter comme rC- 
sultant des deux m&mes causes que pricCdem- 
ment, tendant toutes deux B diminuer S, dans le 
cas de l'alcane fluort: (I) Une moindre acces- 
sibiliti des carbones liis 2 des fluors (longueur 
C-F + rayqn van der Waals F = 1.41 + 
1.35 = 2.76 A,  et longueur C-H t; rayon van 
der Waals H = 1.09 + 0.9 = 1.99 A) d'oh une 
distance moyenne solvant-site magnktique nettc- 
ment plus grande dans le cas de CF3. (2) Une 

valeur de la fonction d'tcran Clectronique C 2 
z I', 

plus grande pour le groupe fluoromithyle CF3 
(20.2) que pour le groupe mCthyle CH3 (7.2). 
Cette interprktation reste qualitative et la 
variation avec la fonction de 1'Ccran Clectronique 
ne repose sur aucune base theorique. 

Ce probleme de facteur de site dans les efretets 
de solvant en rrnn a CtC abordC thkoriquernentpar 
Rummens et Beinstein (39) et Rummens (40) 

\ ,  \ ,  

d'abord dans le cas d'interaction entre deux 
molCcules de symitrie sphkrique. Dans le cas des 
interactions de van der Waals, pour une lnolCcule 

de solvant, ce dernier auteur a proposC (26c): 

[I51 
1 s = ---- 

(1 - q2I3 
avec 

d, distance du site au centre de la molCcule de 
solutC; rl et 1'2 rayons moliculaires respective- 
ment du solutC et du solvant. Ce facteur de sitc 
n'est pas &parable en un produit de deux fac- 
teurs, l'un caractCrist~que du solute, l'autre du 
solvant. Nous avons nianmoins cherchC si pour 
un site donnC (cl et ri Ctant constants) il existe une 
correlation 6 (S.g2). 

Les r, et r2 ont CtC CvaluCs pour chaque solvant 
en les assimilant au rayon calculi B part!r du 
volume molaire & 20 "C (21) (lequel varie de 300 
environ pour n-CI6H34 B 40 pour le mtthanol, S 
variant alors de 1.31 B 1.75 dans le cas {es 
mCthyles du n-pentane pour lesquels cl  = 2.5 1 A). 
Les corrClations 6 (S.g2) sont moins bonnes que 
les correlations 6 g-ue l'on exclue ou non C6t16 
et CS2 pour les mCthyles et les mithylknes (2) 
(pour les mithylknes (3), on a Cvidemment S = 1 
quel que soit le solvant puisque cl = 0). 

D9autre part si on calcule S avec rl  et r2 

constants (ici rl = 1'2 = 3.58 A pour le ,I-pentane 
pur), on obtient: 

S = 1.48 pour les mithyles ((1 = 2.51 A) 
= 1.15 pour les mCthylknes (2) ((1 = 1.54 A) 
= 1.0 pour les mithylknes (3) ((1 = 0) 

alors que les sensibilitis relatives expirimentales 
de ces trois carbones sont respectivement: 3.64- 
1.39-1 (corrClations en fonction de g2), o ~ i  3.33- 
1.24-1 (corrClations en fonction de S,). La 
variation rtelle de I'effet de site est donc beau- 
coup plus importante que celle prCvue par 
l'expression 15. 

Remarquons que [15] s'icrit, si (I2 r2  << 1 cc 
qui est giniralement virifii ici : 

expression peu diffCrente du  rapport des U, pour 
les deux types de protons de Si(C2H5)4 pioposC 
par Rummens et coll. (13a): 

(modble du gaz) 

(modttle du  cage) 

Aucune de ces deux expressions ne rend compte 
du rapport 

obtenu exptrimentalement dans le cas du 11- 
pentane (0.09 < c12(CH3) 'r2 < 0.17 suivant les 
solvants). 

Dans le cas de CS2, r2 Ctant petit (2.88 A). 
toutes choses Cgales par ailleurs ((1 et rl), le 
facteur de site devrait Etre plus grand que pour un 
solvant ayant un 1'2 plus grand. Ceci ne peut donc 
pas expliquer la dCviation champ fort des 
mCthyles (r ,  plus petit que ne le prCvoit l'expres- 
sion 7 B cause de la valeur ilevte de I'lndice de 
rifraction de CS2). 

Enfin, si l'effet de site variait aussi con- 
sidtrablement avec le solvant, il ne devrait y 
avoir aucune corrklation entre d'une part u,,,,,,, 
du carbone C3 du n-pentane (pour lequel, du fait 
de la position de ce carbone au centre de la 
molCcule. S est Cgal B 1 quel que soit le solvant) 
et d'autre part u,,,,,,,, des deux carbones C1 et 
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C2 pour lesquels S varie avec le solvant. Or. sauf 
pour CtH6 et CS2 les corrklations sont sensible- 
ment linkaires. 

L'effet de site semble donc moiris dipendant 
d u  solvant (r2) et beaucoup plus du solutC (d et 
r l )  que ne I'indique l'expression de S.  Cela est 
une justification supplkmentaire de la validitk au 
moins en prernikre approximation, de la dicom- 
position de U, en un produit facteur de solutC X 
facteur de solvant, l'effet de site ktant inclus dans 
le facteur de soluti. Toutefois, la molCcule de 
tz-pentane est trks 6loignke du modkle 5 sym- 
mCtrie sphkrique inhirent B l'expression 15, et 
dans notre cas, le problkme de l'interprktation 
thioriaue de l'effet de site reste entier. I1 est 
possible qu'une thCorie de U, plus raffinte 
comme la thCorie statistique de Raynes et al. 
(13b) puisse rendre cornpte avec une plus grande 
precision des risultats expCrinientaux et ex- 
pliquer le comportelnent de CS2, bieii que, pour 
ce nieme sohant en rmn du proton, cette thiorie 
(avec un facteur de site empirique) conduise . . 

Cgalement B uii CT, calculC trop grand (38). 
Ren~arquons pour terminer que, du fait de la 

forte variation de sensibilitk aux interactions de 
van der Waals suivant le site rnagnktiq~le con- 
sidirk, il risulte qu'on ne peut pas s'affrancl~ir du 
terme U ,  en utilisaiit une rCfirence interne pour 
la mesure des dkplacements chimiques: le para- 
metre de solutC du carbone de rifirence ne 
pouvant &tre simultankment le meme que ceux 
des diffirents carbones de la molicule Ctudike. 
Par conskquent, 011 doit tenir compte du terrne 
u, lors de l'analyse des effets de milieu et ne pas 
attribuer la totalit6 des variations de diplace- 
ment chilnique aux autres composantes de u,,,,,,,, 
(uE et a H )  La variation du terme de van der 
Waals,en passant d'un solvant 2 un autre peut 
&re CvaluCe avec une bonne approximation B 
partir, soit de la fonction de l'indice de rifraction 
du  solvant g2,  soit de 1'Cehelle de paramktre S,, 
le ou les parametres de solutk correspondants 
pouvant &re dCterminCs B partir de l'effet de 
solvants non anisotropes (u ,  = 01, apolaires 
(gE = 0) et parfaitement inertes vis-B-vis du 
s o l ~ l t i  (u, = 0). 
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13C Fourier transform nuclear magnetic resonance. XII. Structure of 
the phytol-lecithin bilayer. Application of electric field effects 
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ROBERT J. CUSHLEY and BRUCE J. FORREST. Can. J. Chem. 54,2059 (1976). 
Phytol has been incorporated into lecithin bilayers. x3C spin-lattice relaxation times, which 

have been measured for both components of the model membrane, indicate a marked destabil- 
ization of the bilayer due to  intercalated phytol. The disruption of normal phospholipid packing 
is due to the highly branched nature of the phytyl hydrocarbon chain. In  addition, the position 
of phytol in the bilayer has been determined by means of a linear electric field effect of the polar 
lipid head group upon the 13C chemical shifts of the phytol olefinic carbons. 

ROBERT J. CUSHLEY et BRUCE J. FORREST. Can. J. Chem. 54,2059 (1976). 
On a incorpori du phytol dans des doubles couches de Iecithine. Les temps de relaxation 

spin-rkseaux du 13C, qui ont ete mesures pour les deux composCs de la membrane modkle. 
indiquent une destabilisation marquee des doubles couches due B l'introduction du phytol. On 
attribue la destruction de l'organisation normale du phospholipide B la nature trks ramifiee de 
la chaine hydrocarbonie du phytol. De plus la position du phytol dans la double couche a Cte 
determinee au moyen d'un effet de champ electrique lineaire du groupe de tCte du lipide polaire 
sur les deplacements chimiques du 13C des carbones olefiniques du phytol. 

[Traduit par le journal] 

Introduction 

As an initial study on the factors affecting 
membrane stability we wish to  report the effect 
of added phytol (1) on the conformation and 
fluidity of lecithin bilayers. 

A number of reports have appeared indicating 
the isoprenoid phytyl moiety is effective in the 
treatment of several disorders. For example, 
phytol and phytanic acid (2) were found to be as 
effective as vitamin E (D-a-tocopherol, 3) in 
alleviating symptoms of nutritional muscular 
dystrophy in chicks (1). Vitamin E is ineffective 
in the treatment of progressive muscular 
dystrophy in mammals. 

Another disorder, methylmalonic aciduria, 
results in the excretion of large amounts of 
methylmalonic acid in the urine of children. It 
has been proposed that the buildup of methyl- 
malonyl CoA, which occurs when a deficiency of 
B12 coenzyme exists, may lead to  the biosynthesis 
of branched chain fatty acids which are not 
usually produced, and possibly cause the harmful 
neurological effects (2). 

Patients with Refsum's disease cannot a- 
oxidize and decarboxylate phytanic acid and, 
as a consequence, this fatty acid accumulates (3). 
The result is a degeneration (severe demyelina- 

3a 7a Ila 15a 

1 Phytol 
3,7,11,15-Tetramethylhexadec-trans-2-en-1-01 

2 Phytanic acid 
3,7,11,15-Tetramethylhexadecanoic acid 

0- 
+ I 

(CH3)3-N-CH2-CH2-O-P-O-CH2 
II I 
0 HC-R 

I 
H2C-R' 

Egg lecithin 

R = Oleic ( l8: l )  or linoleic acid (18:2) 
R'  = Palmitic (16:O) or stearic acid (18:O) 
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tion)' of the nervous system, neurological defects, 
and eventual death. 

Other studies point to the isoprenoid moiety 
as being the physiologically active component. 
Thus, Lucy and Dingle (49 found that the rapid 
hemolysis of rabbit erythrocytes in vitro by 
addition of retinol is inhibited by a-tocopherol, 
as well as other branched chain compounds such 
as 6-0-acetyl-a-tocopherol, squalene, ubiqui- 
none-30, vitamin KI ,  and phytol, while N,N1- 
diphenyl-p-phenylenediamine and hydroquinone 
were completely without effect. Weber et 01. ( 5 )  
have shown that cvtochrome-c reductase. which 
has been inactivated by its extraction from pig 
liver, can be reactivated not only by D-a-toco- 
pherol, but also by 6-0-acetyl-a-tocopherol, 
phytanic acid, phytol, and isophytol. Both 
groups concluded that the redox system of a- 
tocopherol is not responsible for the physiolog- 
ical activity but it is due to the isopreizoicl side 
chain. 

It is well known that added cholesterol in- 
corporates into phospholipid bilayers by inter- 
lacing the hydrophobic fatty acid chains (6). This 
addition places the bilayer in an 'intermediate 
fluid condition' due to the necessary deviation 
from normal lipid packing. The fatty acid 
carbons near the head group become sterically 
hindered due to the bulky steroid nucleus while 
the fatty acid carbons near the terminal end and 
paralleling the D-ring side-chain experience a 
lessened effect. It is clear that any change in the 
packing of the lipid molecules severely alters the 
properties of the membrane (7). 

Phytol, like cholesterol, intercalates between 
the fatty acid chains of a lecithin bilayer, but the 
resultant effect on the lipid packing is completely 
different. Because of the disruptive effect of the 
phytol branched chain, a general destabilization 
of the membrane occurs. This is evidenced by the 
13C TI measurements reported herein. Reso- 
nances were resolved not only for lecithin, but 
also for the interjacent phytol. 

On a molecular level, intercalation of com- 
pounds 1-3 tends to disrupt the packing of the 
hydrocarbon region of the myelin and of other 
lipid bilayers because of the highly branched 
nature of the phytyl chain. Since the London 
attractive forces between the hydrocarbon chains 
of lipid bilayers are highly distance dependent. 

even a small expallsion of the bilayer would lead 
to a large decrease in the interaction of adjacent 
lipid molecules. 

Additionally, we have been able to determine 
the position of phytol in the lipid bilayer by 
means of a inte~~nolecular electric field effect. 

Experimental 
Lecithin was extracted from fresh egg yolks by the 

method of Singleton et ill. (8). Thin layer chromatographic 
(tlc) analysis (CHCI3-MeOH-H20 65:25:4) sl~ov,ed a 
single spot when sprayed with 50'; H2S04 and heated. 
Phytol was obtaiileti from Nutritional Biochemical 
Corporation. Synthetic dipalmitoyl lecithin (DPL), grade 
1, 99', pure. was obtained from Sigma Chemical Co. 
Lecithin diipersions (2OC; by weight) were prepared by 
adding D20 to the dry lipid and mechanical shaking. The 
dispersions were then sonicated under nitrogen on a 
Biosonik 111 probe type sonicator until translucence 
(20 min - 2 h). The vesicle preparations were centrifuged 
a n d  or passed through a 0.22 p Millipore filter to remove 
titanium fragments and subsequently transferred. under 
nitrogen, to a 12 mni nmr tube. The 13C spectra were 
taken immediately. 

Mixed vesicle preparations (20', egg lecithin by weight. 
1 : 1 mole ratio lecithin-phqtol; 20(, DPL, 2:  1 mole ratio 
lecithin-phy tol) were prepared in a similar manner. 

Phytol was dispersed in D 2 0  10-20r; w/v by the addi- 
tion of 2-20 mol ' 1 sodium dodecyl sulphate (SDS) and 
shaking. The mixture was then sonicated in the manner 
described abobe. Chemical shifts of the phytol reson- 
ances. measured relative to external TMS, here deter- 
mined to be independent of the SDS concentration in the 
range used to within ~ 0 . 0 5  ppn~ .  

A11 13C spectra were taken on a Varian XL-100 spectro- 
meter operating at 25.2 MHz in the pulse Fourier trans- 
form mode using an internal deuterium field-frequency 
locli uith an 8K data-set. Thus, chemical shifts are 
accurate to k0.05 ppm. The I3C T, relaxation times were 
measured using the inversion-recovery technique of Vold 
ei ill. (9) which employs a (T-r-T, 2-T) pulse sequence 
\vliere T is the delay time between T and a12 pulses. The 
pulse sequence was repeated after a delay time, T. of at 
least five times the largest T I  value to be measured. The 
percentage error for each measurement is included in 
parentheses and averages t 7' : occasionally duplicate 
runs sho~bed variance in the two runs up to 10';. Thus. 
our confidence limit is set at  i 10' ,. If the variance 
exceeds the percentage error, we report the variance in 
Tables 3-5. 

Although the time required for a set of inversion- 
recovery spectra is up to 48 h, the sample remained 
homogeneous and subsequent tlc analysis showed little 
decomposition of the lipid. I11 addition, there were no 
major dilTerences in proton noise-decoupled 13C spectra 
obtained before and after the inversion-recovery ex- 
periments. 

Results and Discussion 

'Myelin has a lipid composition which results in an 
unusually stable bilayer. 

The chemical shifts of the lecithin carbons at 
52 and 11 "C are given in Table 1 for bilayers 
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CUSHLEY AND FORREST 2061 

TABLE 1. Lecithin 13C chemical shifts for sonicated dispersions of lecithin and lecithin-phytol 1 :1 mixtures in D,O 

Chemical shift* at 52 "C Chemical shift at 11 OC 

Carbon Lecithin Lecithin + phytol Lecithin Lecithin + phytol 

Choline N+(CH3); 54.87 54.78 54.30 54.24 
N T H 2  66.96 66.80 66.36 65.98 
CH20P 60.08 60.00 59.79 59.79 

Chain CI 174.04 173 .87 173.90 173.50 
C2 34.73 34.66 34.33 34.40 
C3 25.62 + 25.46 1 
(CH2),, 30.39 j29 .91  30.27 130.03  

130.39 130.30 
C'H 14.47 14.46 14.36 14.33 
CH2CH3 23.24 23.151- 23.16 --. 37 9Oi' 
CH2CH2CH3 32.57 32.49 32.45 32.42 
C l l  linoleic 26.25 26.22 25.91 25.83 
C8 and 11 oleic j 
C8 and 14 linoleic r 27.85 27.75 27.57 27.46 

C9 oleic 
C10 oleic '( 
C9 linoleic f 
C10 linoleic 
C12 linoleic 

*Chemical shift (ppm) relative to external TMS. 
?Resonance coincident with phytol carbons 150 and 16. - .  
$Resonance coincident with phytol carbons 9 and 13. 

TABLE 2. i3C chemical shifts* for phytol 

Chemical sh~ft at 52 "C Chemlcal shift at 11 'C 

1 : l  phytol- 1 :1 phytol- 
Carbon D,O dispers~on lecithin ves~cles D,O d~spersion lecithin vesicles 
number Neat (20', + 2'; SDS) ( 2 0 5  ~n DZO) Neat (2OC, + 27, SDS) (205; in D20) 

*Chemical shift (ppm) from external TMS. 
tResononce coincident with penultimate carbon of lecithin chain. 

with and without incorporated phytol. Assign- phytol dispersed in D 2 0  by sonication with the 
ments were taken from those made by Batchelor addition of 2mol% SDS, and for phytol in- 
et 01. (10) and by comparison with 13C chemical corporated into the bilayer. The phytol 13C 
shifts of a series of fatty acids and their methyl assignments are taken from Goodman et al. (12). 
esters (11). Chemical shifts of phytol carbons at The high field portion of the proton noise- 
52 and 11 OC are given in Table 2 for neat phytol, decoupled I3C nmr spectrum of a 1 : 1 mole ratio 
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of lecithin-phytol vesicles at 52 "C is shown in 
Fig. 1. At 52 "C the resonance signals of both 

40 30 20 10 
HO- P P ~  

FIG. 1. Proton nose  decoupled I3C nmr spectra for the 
reglon 5 ppm to 45 ppm in D20 at  52 C ( A )  20Cc w/v 
leclth~n veslcles wlth the incorporation of an equal mole 
ratlo of phytol (B) sonlcated dlspers~on of 2Wc w/v 
phytol wlth the addltlon of 2 mol ', SDS 

lecithin and phytol are strikingly sharp. In light 
of recent work by Finer (13) and Bloom et 01. 
(14), such high resolution linewidths must be 
attributed to increased rotational tumbling of 
the vesicle and/or rapid lateral diffusion of 
lecithin molecules above the phase transition 
(15). 

A noteworthy feature of the 13C spectrum of 
the lecithin-phytol mixture is the splitting of the 
main methylene envelope of lecithin into two 
distinct peaks by the addition of phytol. In 
addition to thc (CH2), resonancc at 30.39 ppm 
observed with egg lecithin alone, a 'new' peak 
of nearly equal intensity is observed approxi- 
mately 0.5 ppm upfield in the lecithin-phytol 
admixture. 

13C TI relaxation times for the lecithin carbons 
generally reflect segmental motion along the acyl 
chains provided the correlation time, 7,, is faster 
than other aggregate motions. Thus, the TI  
values in Table 3 provide carbon by carbon 
analysis of motional freedom along the acyl 
chain. In keeping with previous studies (16). 
segmental motion increases upon increased 
distance from the head group culminating with a 
large increase for the last few carbons in the 
chain (cf .  colun~n 2 ,  Table 3). 

An increase in -757, of the lecithin TI values 

TABLE 3. Lecithin 13C relaxation times for sonicated dispersions of lecithin and lecithin-phytol 1 :1 mixtures in D 2 0  

Carbon 

TI (s) at 52 "C T , ( s )a t  11 "C 

Lecithin Lecithin + phytol Lecithin Lecithin + phytol 

Choline Ni(CH3); 0.88(+0.07) 1.16(10.08) 
N T H 2  0.51(*0.04) 0.52(+0.05) 
CH20P 0.50(i-0.04) 0.53(+0.04) 

Chain C1 2.80( i0 .21)  2.22(f 0.24) 
CZ 0.28(+0.02) 0.87(+0.06) 
C3 0.32(+0.03) 'r 
(CHZ),~ 0.5% 50.05)  1.03(upfield)( i 0 . 0 7 )  

0.76(downfield)( i 0.05) 
CH3 4.12(+0.29) 4.00(10.32) 
CHzCH3 2.25(+0.18) 2 .44*( i0 .17)  
CH2CH2CH3 1 . l l ( iO.O8)  1.64(+0.11) 
C l l  linoleic 1 .22( i0 .11)  1.15(+0.08) 
C8 and 11 oleic 1. 
C8 and 14 linoleic J 0.76( * '.O7) l . l l ( 1 0 . 0 8 )  

C9 oleic 0.90(+0.06) 1.20(10.08) 
C10 oleic '( 
C9 linoleic J 1.05(10.10) 1.33(10.12) 
C10 linoleic 0.90(+0.06) 1.36(*0.10) 
C12 linoleic 1.39(+ 0.12) 1 .56( i0 .11)  

*Resonance coincident with phytol carbons 15a and 16. 
tResonance coincident with phytol carbons 9 and 13. 
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CUSHLEY AND FORREST 2063 

TABLE 4. 13C relaxation times for phytol 

Carbon 
number 

TI (s) at 52 "C TI (s) a t  11 "C 

D20 
Neat dispersion 

0 .42( i0 .03)  0.34(+0.02) 
0 .48( i0 .03)  0.43(+0.03) 
3.06(+0.21) 3.52(10.25) 
0.33(+0.03) 0.28(*0.02) 
0.72(50.05) 0.85($0.08) 
1.51(10.11) 1 .40( i0 .15)  

1 : l  phytol 
lecithin 
vesicles 

D2O 
Neat dispersion 

I : 1 phytol- 
lecithin 
vesicles 

0 .15( i0 .01)  
- 

1 .18( i0 .08)  
0.17(+0.02) 
0 .19( i0 .01)  
0.22(*0.02) 

*Resonance coincident wi th  penultimate carbon of lecithin chain. 

upon addition of phytol at 52 OC (column 3) 
reflects the increased internal motion due to the 
disruptive influence of the intercalated phytol. 
In contrast, at the same temperature, cholesterol 
increases the packing of dioleoyl lecithin mole- 
cules with a concommitant decrease in TI'S (17). 

The increase in the fluidity of the bilayer at 
52 OC is especially evidenced by the increase in 
the relaxation tillles of the main methylene enve- 
lope. As the terminal carbon is approached (i.e. 
w - 2 to w), the effect of the interjacent phytol 
is lessened, since at this temperature, even in the 
absence of phytol, there is significant freedom of 
motion of the chain termini. The increased rate 
of motion in tlze bilayer is also evidenced by 
substantial increases in the relaxation times for 
phytol backbone carbons (Table 4, compare 
columns 3 and 4) and by lesser increases in the 
TI values for the phytol methyl groups which we 
propose are in the closest proximity to  the 
lecithin fatty acid chains. The phytol methyls are 
likely to show smaller increases in TI in the 
mixed bilayer as their motions will already be 
quite large in dispersion. 

Since the phytol hydroxyl extends into the 
hydrophilic region, the effect of phytol would be 
to  create a larger volume of relatively free move- 
ment for the terminal lecithin carbons. Thus, at 
52 "C, we observe TI for w - 2 of lecithin in- 
creases 4870 upon addition of phytol (Table 3). 

While the 13C relaxation time of the choline 

CHzOP in the absence of phytol is reduced 
approximately twofold on going from 52 to 
11 "C, the reduction in motional freedom is 
much greater in the presence of phytol (Table 3). 
It should also be noted that this differential de- 
crease as the temperature is lowered is smaller 
for the adjacent CH2Nt, while the NT(CH3)3 
relaxation time is increased in the phytol ad- 
mixture, even at 11 OC. Such a trend in head 
group correlations indicates that the phytol 
hydroxyl must extend into the hydrophilic 
region of the bilayer. 

As the temperature is lowered, and the tran- 
sition temperature, T,, approached, the bilayer 
packing becomes more ordered as reflected by 
decreased TI values (compare columns 2 and 4, 
Table 3). Upon addition of phytol at the lower 
temperature, the TI value for CH20P shows a 
much accelerated decrease from 0.21 s to  <0.07 
s. Such a marked decrease in CH20P motional 
freedom is consistent with H-bonding of the 
phytol hydroxyl to the negatively charged phos- 
phate. The TI of the N-(CH3)3 carbons would 
then increase, as is observed, due to decreased 
ionic interaction with the negatively charged 
phosphate of adjacent, but now more distant, 
lecithin molecules. 

As one approaches the head group, the effect 
of phytol at 11 "C is varied. The relaxation times 
of the 9,lO-unsaturated carbons (oleic) increase, 
while for the 12-unsaturated carbon (linoleic). 
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TABLE 5 .  13C T I  measurements for sonicated 
dispersions of DPL and DPL-phytol (s) at 52 "C 

20' w, v DPL 
contalnlng 

DPL carbon 20',  w / v  DPL 3 3  mol '; phytol 

TI  decreases. Similarly, the resonance of the 
main methylene envelope which is considerably 
broadened at 11 'C, experiences a differential 
effect. The 'new' peak at high field (30.03 ppm) 
has approximately the same TI as (CH,), in the 
absence of phytol. while the relaxation time of 
the peak at low field is reduced by approximately 
22%. Of course, the TI value for this peak 
envelope is the average of a number of methylene 
carbons. 

The phytol backbone, ~ i p  to C14, displays 
more internal mobility in the lecithin vesicle than 
when dispersed in D20 ,  as evidenced by the TI  
values in Table 4. Methyl carbons 7a and l l a ,  
on the other hand, are more hindered since they 
are proximate to the fatty acid chains of lecithin, 
and the T1 values drop from 0.55 to  0.46 s 
(16.4%) at 11 "C (i.e., when packing require- 
ments become more stringent as the transition 
temperature, T,,, is approached). 

Dipalmito~l Lecithrn 
Relaxation times determined for synthetic 

dipalmitoyl lecithiil vesicles, and for dipalmitoyl 
lecithin with 33 m 0 l 7 ~  incorporated phytol are 
presented in Table 5. DPL assi, onments were 
taken from Levine et a/. (16). Several phytol 
resonances were also resolved, but, due to the 
lesser amount incorporated, these resonances 
were not generally of sufficient intensity to allow 
an accurate determination of their relaxation 
times. 

An examination of the TI  values obtained 
(Table 5, columns 2 and 3) reveals trends similar 
to those observed for phytol incorporation into 
egg lecithin bilayers at  52 "C. Increases in the 

majority of the hydrocarbon chain relaxation 
times again indicate greater motional freedom in 
the hydrophobic region of the model membrane. 
The T, of the main methylene envelope reso- 
nance (C44C13) increases by 83% upon the 
incorpo~ation of 33 m o l s  phytol. Increases of 
56Yc and 30Yc are observed for carbons 14 
(w - 2) and 15 (w - 1) respectively. Relaxation 
times for carbons 2 and 3 houever are relatively 
unchanged. 

The trend in the Ti's for the head group 
carbon atoms is also sinlilar to that observed 
with egg lecithin. The relaxation time for the 
choline CHzOP resonance is decreased by 38% 
in the presence of incorporated phytol, con- 
sistent with hydrogen bonding of the phytol 
hydroxyl function to the negatively charged 
lecithin phosphate moiety. 

Interinolec~rlar Fzeld Effect \ 
The incorporation of phytol into the bilayer 

is characterized by a relatively large effect on the 
chemical shifts of the unsaturated phytol carbons 
2 and 3. At 52 "C, C2 is shifted upfield by 0.46 
ppm, while C3 is shifted downfield by 0.51 ppm 
from their positions in D 2 0  dispersions (Table 2). 
These shifts cannot be attributed simply to a 
change in the solvent system, but must be a 
result of the proximity of the unsaturated 
carbons of phytol to the polar surface of the 
lecithin bilayer. 

The characteristic upfield-downfield chemical 
shift for an olefinic pair can be interpreted in 
terms of an ~ntermolecular linear electric field 
effect (11, 18). The electric field polarizes the 
double bond causing an equal and opposite 
electron density change at the two carbons, with 
the olefinic carbon near the head group bearing 
the increased charge. Changes in the electron 
density, 69, at a carbon atom as a result of the 
polarization of the bond by an electric field can 
be estimated bv 

where the sum is over all the bonds of an atom, 
El is the field resolved parallel to the bond, 1 is 
the length of the bond, bI1 is the longitudinal 
bond polarizability and e is the electronic charge. 

The resulting chemical shift is then given by 

where 6 ~ e  is the shiftielectron value obtained 
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from the literature (19, 20). Due to the large 
polarizability of a C-C bond relative to  a C-C 
or C-H bond, the sum in [I] may be approxi- 
mated by a single term. 

Electrostatic and electrokinetic studies carried 
out on bilayers suggest that the phosphatidyl 
choline head group of lecithin is oriented in a 
plane perpendicular to the fatty acid chains (21). 
This is in agreement with surface dipole moment 
measurements of lecithin in monolayers. 

The value of the electric field resolved parallel 
to  the phytol double bond may be estimated 
from the formalism of Ziircher (22) by using the 
surface dipole moment. Since the surface dipole 
moment is the normal component of the dipole 
averaged over the whole surface, it will be 
assumed in this treatment that the field ex- 
perienced by the unsaturated phytol carbons 
arises from a point directly above the phytol 
hydroxyl moiety, and in the plane of the lecithin 
head group. It is further assumed that the inter- 
calated phytol chain will parallel the lecithin 
fatty acid chains. 

In this approximation. the field resolved 
parallel to the phytol double bond is given by 

where 111 is the surface dipole moment and r IS 

the distance from the surface dipole to the mid- 
point of the C=C bond. 

While it would not be expected that the phytol 
hydroxyl would penetrate into the highly charged 
plane of the choline head group, it is most 
probable that phytol is engaged in hydrogen 
bonding with the phosphate 0:l2-. Using a 
hydrogen bond length of 1.75 A, this waul? 
place the phytol hydroxyl approximately 0.88 A 
below the dipole surface. This would be at thc 
point of closest possible approach of the branch- 
ed phytol molecule to the lecithin chains. 

Using bond lengths and angles for structuraliy 
similar molecules, we calculate that the distance 
from the dipole to  the midpoint of the phytol 
C2 double bond is 4.72 A .  For a surfzce di- 
pole moment of 0.6 D (23), the value of the 
field is found to be 1.14 X lo4 esu-cm, cm3. 
Therefore using [I]  and [2], the calculated 
theoretical chemical shift difference for the phytol 
unsaturated carbons due to the linear electric 
field effect is 0.90 ppm (observed = 0.97 ppm). 

It should also be noted that the observed field 
effect shift for C3 increases from 0.51 to 0.74 

ppm as the temperature of the mixed bilayer is 
lowered from 52 to 11 OC. Such an increase is 
most likely a consequence of increased molecular 
packing at the lower temperature. 

In the case of DPL a smaller linear electric 
field effect is observed (0.70 ppm for DPL) vs. 
0.97 ppm for egg lecithin). A decreased chemical 
shift nonequivalence for DPL compared with egg 
lecithin is due to a difference in the magnitude of 
the surface dipole moment. 

From monolayer surface potential measure- 
ments, the surface dipole moment per molecule 
may be calculated by 

where AV is the observed surface poteiltial, 12 is 
the number of molecules per square centimetre 
of film, p1 is the surface dipole moment, and K 
is a constant (24). Using the surface potential 
measurements of Shah and Schulman (25), it is 
found at both low and high surface pressures 
that the surface dipole illonlent per n~olecule egg 
lecithin is approximately 25YG greater than that 
of DPL. Since the magnitude of the surface 
dipole is increased in egg lecithin, the observed 
field effect should also increase, as is observed. 

The observed chemical shift nonequivalence of 
phytol C2 and C3 is consistent with the known 
direction of the lecithin d i ~ o l e  moment. The 
total surface dipole moment of a lecithin 
molecule may be thought of as being the sum of 
four components, These are the carbonyls of the 
fatty acid chains which produce a negligible 
vertical component since they are oriented in an 
approximately horizontal plane, the glycerol 
carbons and the oxygens of the ester linkage, the 
phosphate group, and the trimethylammonium 
group. The resultant surface dipole moment is 
oriented such that the negative pole is pointing 
outwards into the aqueous phase (25, 26). This 
orientation of the resultant dipole has been con- 
firmed by surface dipole moment measurements 
of plasnialogen (25). 

I t  has been shown that the addition of sodium 
ions to the subphase of the lec~thin monolayers 
increases the surface dipole moment, p ~ ,  by 
approximately 40YG (23). Such an increase. 
probably due to increased ion-dipole inter- 
actions, would be expected to increase the linear 
electric field eft'ect on the phytol C=C in the 
mixed biiayer. When we added 150 mM NaCl to 
the DPL-phytol bilayer, the olefinic chemical 
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2066 CAN. 1. CHEM. VOL. 54. 1976 

FIG. 2. Space filling molecular models illustrating the 
proposed structure of the lecithin-phytol bilayer. 

shift nonequivalence increased to 0.94 ppm (i.e. 
by 347,) exactly as predicted by [I] .  

Although subject to a considerable amount of 
error due to  the necessary assumptions, the 
above field effect values are in qualitative agree- 
ment with the structure we propose for the 
lecithin-phytol bilayer, as shown in Fig. 2, since 
it places the phytol hydroxyl close enough for 
H-bonding to the head group. 

Conclusion 

Based on 13C TI relaxation measurements and 
on 13C chemical shifts we have shown that 
incorporation of phytol into a model membrane 
system greatly increases the fluidity of the 
bilayer above the transition temperature. Only as 
the transition temperature is approached, and the 
packing requirements of the bilayer become 
much more stringent, does the fluidity of the 
mixed bilayer approach that of the pure phos- 
pholipid. The phytol-lecithin system serves as a 
model for branched chain compounds such as 
phytanic acid or a-tocopherol incorporated into 
lipid bilayers. The demonstrated effects of added 
phytol may prove of fundamental importance i n  

explaining the progression of degenerative 
(nerve) membrane diseases or diseases wherein 
branched chain compounds accumulate. 
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Synthesis and reactions of some cyclopentadienyl 
complexes of platinum 

H. C. CLARK AND ALAN  SHAVER^ 
Depurrmertt of Ci~emistr!, Ut~icersiij of Westerrt Or~iario, Lor~rlorl. Orlr.. Cutiun'cl N6A 5B7 
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H.  C. CLARK and ALAN SHAVER. Can. J. Chem. 54, 2068 (1976). 
Reaction of PtCl(X)(COD), COD = 1,5-cyclooctadiene (X = CH3, C1) with T1C,H5 gives 

n'-C5H5 complexes Pt(q1-C5H5)(Y)(COD) (Y = CH3, C1, r11-C,H5). Pt(a'-C5H5)(CH3)(COD) is 
converted to Pt(n5-C5H5)(CH3)L by treatment with L = CO, P(OCH3),, P(OC6H,)3, P(OCH3)- 
(C6H5)2: treatment with CF3C=CCF3 or maleic anhydride results in a Diels-Alder addition 
to the diene residue of the ?Il-C,H5 ring from the side of the ring opposite the Pt atom. Diels- 
Alder addition occurs between Cf,C=CCF, and one T$-C~H~ ring of Pt(171-C5H,)2COD; the 
other ?11-C5H5 converts to ?Is displacing the COD, and thc norbornadiene is bidentate. ' H  and I3C 
nmr data are presented for some and a5-C,H, complexes. 

H. C. CLARK et ALAN SHAVER. Can. J. Chem. 54, 2068 (1976). 
La rCaction du PtCl(X)(COD), COD = cyclooctadihne-1,5 (X = CH3. CI) avec le TiC5HI 

conduit aux complexes 71-C5Hj Pt(711-CjH5)(Y)(COD), (Y = CH,. Cl, ?I-CjH5). On peut 
transformer le Pt(vl-C5H5)(CH3)(CQD) en Pt(r15-C5Hj)(CH3)L par traitement avec L = CO. 
P(OCH3)3, P(OC,H,),, P(OCH,)(C,H,),; le traitement par le Cf3C-CCF3 ou l'anhydride 
malCique conduit B Lln produit d'addition de Diels-Alder au rCsidu diCnique du cycle 'll-C5H5 
provenant du cBtC du cycle opposC B l'atome de Pt. Une reaction d'addition de Diels-Alder se 
produit entre CF3C=CCF3 et un cycle vl-C5Hj du Pt(711-C,Hj)2COD; l'autre ,$-C,W5 est trans- 
form6 en + diplacant le COD et le norbornadihne est bidentate. On prCsente des donnCes 
rmn du IH et 13C pour quelques complexes q1 et +-CsH5. 

[Traduit par le journal] 

Recent work shows that tridentate poly- which include 7' to q5 rearrangements of the 
pyrazolylborate ligands can stabilize five co- C5H5 ring, and Diels-Alder cycloadditions (for a 
ordinate 18 electron complexes of platinum such preliminary account, see ref. 3). 
as in P ( 1 ) .  Such complexes are very stable and will 
not undergo insertion reactions of the acetylene Experimental 

Inert atmosphere techniques were used for all prepara- 
tions and recrystallizations. THF was distilled from 

R sodium benzophenone just before use. PtCI(CH,)(COD), 
\ where COD = 1,s-cyclooctadiene, was prepared by re- 

ported procedures (4). T1C,M5, obtained commercially "/ 'c" or prepared as described (51, was purified by sublimation 
H' 5 4 R (0.01 torr, 80-90 'C) and stored under nitrogen in the 

.\ 
2 

dark. 
I IH nmr spectra were run on a Varian Associates HA- 

into the platinum-carbon bond. analogy is 100 spectrometer at  100 MHz with TMS as an internal 
reference/lock signal. 13C nmr spectra were obtained 

often drawn between the tridentate P ~ ~ Y P Y ~ ~ ~ ~ ~ Y ~ -  using a Varian XL-100-15 spectrometer.2 Chemical shifts 
borate and cyclopentadienide ligands since both are reported in ppm downfield (positive) from TMS. The 
occupy three coordination sites and are 6 electron mass spectra were obtained on a Varian M-66 mass 
donoranions (2). Thus, attempts to synthesize 2 spectrometer. Melting points were obtained using a 

have been undertaken leading to the characteriza- Thomas Hoover 'unimelt' point 
apparatus and are uncorrected. Analyses were performed 

tion lllamber new 111-C5H5 by Spang Microanalytical Laboratory, Ann Arbor, 
These undergo a number of interesting reactions Michigan or Midwest Microlab, Ltd., Indianapolis. 

Indiana. 
'Present address: Department of Chemistry, McGill 

University, P.O. Box 6070, Station 'A', Montreal, Quebec 'We thank Dr. J. B. Stothers of this Department f o ~  
H3C 361. assistance. 
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Preparation of C5 Hj)(CH3)(COD), 3 
To a solution of PtC1(CH3)(COD) (1.02 g, 2.89 mmol) 

in 30ml T H F  was added TICjHj (0.78 g, 2.89 mmol) in 
one portion. 

The flask was wrapped in aluminum foil t o  keep light 
out, and was stirred vigorously. After 2 h the reaction 
mixture was filtered (under a nitrogen atmosphere). The 
yellow filtrate was stripped to dryness and the yellow 
residue pumped on for I h (10-2 torr). The residue was 
extracted with 20 ml ether (deoxygenated by a nitrogen 
purge) and the extract filtered (under a nitrogen atmos- 
phere) through a short (10 mm wide by 20mm long) 
column of florisil. The filtrate \+as concentrated to about 
8 ml by passage of a stream of N2. Crystallization was 
initiated by scratching and the solution cooled, first to 
-20 'C overnight, and finally to -40 "C. The mother 
liquors \vere removed by means of a syringe, the crystals 
washed with cold (-78 'C) ether and dried ill cacuo; 
yield = 0.89 g. Mass spectrum: m lcj 383(Mi), 368(M+ - 
CH3), 318(M^- - CjH5). 

Preparatiorz of Pr(vL-C,Hj)2(COD), 4 
In a similar manner PtC12(COD) (0.99 g. 2.65 mmol) 

in 50ml THF was treated with T1CjH5 (1.47 g, 5.50 
mmol). Because the product is quite insoluble in ether. 
75 ml of acetone was used for the extraction. The filtered 
extract was cooled to -20cC and then to  -78 "C 
overnight. The crysta!~ were isolated as before; yield 
0.87 g. Mass spectrum: n?/e 433(Mt). 368(M' - CjH5). 
325(M+ - C8H12). 

Prepnratiorz of PtCI(vl-CjHj)(COD), 5 
PtCI2(COD) (1.00 g, 2.68 mmol) was treated with one 

equivalent of TIC5HS (0.72 g. 2.68 mmol). The acetone 
extract was cooled to -20 'C, yield 0.43 g. The mass 
spectrum gave only peak? corresponding to the mass ion 
of 4 and fragments thereof. 

Preparcition of Pt(q5-C,H5)COD.CI, 6 crnd 
Pt(v5-CjH5)COD.PF6; 7 

If the mother liquors from the crystallization of 5 are 
concentrated; then 6 is isolated, yield 0.21 g. Alternatively, 
if 5 is dissolved in acetone and warmed to 60 'C for 1 11. 
then 6 is obtained in quantitative yield. 

Treatment of 5 (0.10 g, 0.25 mmol) in 8 ml CH2C12\vith 
AgPF6 (0.07 g, 0.26 mmol) in 2 mi CH2C12 plus 4 mi 
acetone gave a white precipitate which was compacted by 
centrifugation. The supernatant liquid was poured off and 
stripped to a colourless residue. This was recrystallized 
from CH2Ci2/hexane to give 7,  yield = 0.08 g. 

Prepcrratiort of Pfji15-CjH5)(CK3)(C0), 8 
Pt(vl-CjHj)(CK3)(C0D) (0.30 g, 0.78 mmol) was dis- 

solved in 15ml acetone in a 100ml two-necked flask 
equipped with a nitrogen inlet and a stopper. The yellow 
solution was stirred and treated with CO for JOmin 
during which time it turned green. The nitrogen inlet was 
replaced with a short adapter tube which was connected 
to  a vacuum distillation collector and 5 ml flask. The 
reaction solution was cooled to  about -50 "C with dry 
ice. The collector was connected to  a trap which was 
cooled by liquid nitrogen and which was connected to the 
vacuum line. The apparatus was carefully evacuated and 
the 5 ml flask cooled to -20 "C with an acetone bath. 

The reaction mixture was fractionated by allowing it to 
warm without stirring. The acetone and displaced COD 
were collected in the -198 "C trap and the yellow 
Pt(vj-C5Hj)(CH3)(C0) was collected in the flask at 
-20 'C; yield >0.20 g. Mass spectrum: mje 303(Mi), 
288(M' - CH3), 275(Mf - CO), 260(Mi - CO-CH3). 
v(C0) = 2036 (in cyclohexane). 

Prepuratiorl of Pt(v5-CjHj)(CH3)[P(OCH3)3], 9 
Pt($-C,Hj)(CH3)(COD) (0.21 g, 0.55 nlmol) in 30 ml 

acetone was treated with P(OCH3), (0.063 ml in a 
microsyringe, 0.55 mmol). The solution was stirred for 
1 h then stripped to a yellow oil. This was transferred to 
a microdistillation apparatus and distilled (10-2 torr. 
60 'C) yield >0.12 g. Mass spectrum: m/e 398(M+ - 
2H) plus a fragmentation pattern expected due to the loss 
of C,H5 and CH3. 

Prepuratiorz of Pi(v5-C5 HjKCH3)[P(OC6H5)3] and 
Pr(v5- Cj Hj)(CH3)[P(O CH3XCsHj)21 

These complexes were prepared in a manner identical 
to that for 9 except that they could not be isolated in high 
purity due to their tendency to decompose before they 
distilled. These complexes were identified by nmr only. 
Yields were high in each case. 

Preprrration of Pt(q1(7)-C9 F6H5KCH3)(COD), 10 
Pt(vl-CjH5)(CH3)(COD) (0.32 g, 0.84 mmol) in 10 ml 

acetone was cooled to - 198 'C (liquid nitrogen) and 1.1 
equivalents of CF3C=CCF3 were condensed on to  the 
frozen solution. The system was sealed and allowed to 
warm over a period of 1.5 h with stirring. The original 
bright yellow solution became paler. The solution was 
stripped to a yellow oil which was dissolved in pentane 
and passed through a short (2 in.) florisil column and 
again stripped. The pale yellow solid was recrystallized 
from hexane at -20 "C, yield = 0.28 g. Mass spectrum: 
m je 545(Mf). 

Preparation of Pt(?11(7)-C9H703)(CH3)(COD), I1 
Pt(rl-CjH5)(CH3)(COD) (0.11 g, 0.29 mmol) in 0.4 ml 

acetone-d6 was treated with maleic anhydride (0.028 g. 
0.28 mmol), and the reaction followed by observing the ' H  
nmr spectrum. After 15 min, the reaction was complete as 
signified by the disappearance of the peak due to the 
vI-Cp. The solution was stripped and the oil taken up in 
CH2CI2 and passed through a short column of florisil. 
The solution was concentrated with a stream of N2 and 
hexane was added until the solution was just cloudy. 
After cooling to -20 'C, clear, colourless needles, 0.060 g. 
were collected, washed, and dried. Mass spectrum: no 
parent peak was observed; a peak at mje 445 and a 
spectrum due to  3 were observed. 

Preparatioiz of Pt($(7,2,3)-C9 F&)(r15-C5Hj), I2 
Pt(?ll-C5H5)2(COD) (0.22 g, 0.50 mmol) was treated 

with 4 equivalents of CF3C= CCF3 in the same manner 
used to  prepare 11. The bright yellow product was too 
soluble to recrystallize from pentane so it was sublimed 
(lo-' torr, room temperature), yield 0.15 g. Mass spec- 
trum: m/e 487(Mi), 325(Mi - C4F6) 

Preparntiotz of Pt(CH3)(POF2)(COD), 13 
Pt(?11-C5H,)(CH3)(COD) (0.21 g, 0.55 mmol) was treat- 

ed with PF3 as in the preparation of 8. There was an 
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TABLE 1. Analytical and physical data 

Melting c; Carbon 5 Hydrogen ": Other 
Yield point 

Compound Number ((2) (OC) Calcd. Found Calcd. Found Calcd. Found 

Pt(v1-CsHs)(CH,)(C0D) 3 80 74-75 43.86 44.12 5.22 5.39 
Pt(?'-CsHs)z(COD) 4 76 110-1200 49.88 49.94 5.08 5.41 
PtC1(?11-C5H5)(COD) 5 46 lOOa 38.66 38.72 4.21 4.30 
Pt(n5-C5H5)(COD). C1 6 b 171 38.66 38.24 4.21 4.32 
Pt(vS-C5H5)(COD) .PF6 7 o 152 31.27 30.95 3.78 3.22 
Pt(~5-C~Hs)(CH3)(Co) 8 84 Liquid 27.72 27.80 2.64 3.02 64.36 63.96 (Pt) 
Pt(?5-C~H~)(CH3)(P(OCH3)?) 9 55 Liquid 27.00 27.99 4.25 4.24 49.00 48.20(Pt) 
Pt(17'(7)-C9F6H5)(CH3)(COD) 10 84 93 39.63 39.64 3.67 3.67 20.92 21.00(F) 
Pt(?'(7)-C9H,03)(CH3)(COD) 11 45 119 44.91 45.08 4.57 4.20 
Pt(?3(7,2,3)-C9F6H5)(?5-C5H5) 12 61 66 34.50 34.36 2.05 2.27 23.41 23.27 (F) 
Pt(CH3)(POF2)(COD) 13 29 133 26.80 26.99 3.72 4.00 9.42 13.9(F) 

"Decomposes. 
DSee Experimental sectlon 

immediate lightening of the colour which then became 
brown. After 5 min the solution was stripped to a black 
solid. This was dissolved in CH2C12, passed through a 
florisil column, concentrated, and treated with hexane to 
give grey crystals (0.065 g). These were recrystallized 
from CH2Clz/hexane. Molecular weight: calcd. = 403: 
found = 395 (in CHCI3). 

Analytical and physical data are given in Table 1. 

Results and Discussion 

When PtCl(CH3)(COD) is allowed to react 
with KHBPz3 and AgPF6 the COD ligand is 
displaced ( I )  but in reactions with TlCp the COD 
ligand is retained leading to the preparation of 
three new +Cp compounds. Cyclopentadienyl- 
platinum complexes of any kind, 171 or $, are 
not plentiful (6), probably due to a lack of 
suitable synthetic pathways rather than to in- 
herent instability. It is noteworthy that with few 
exceptions successful syntheses of such com- 
pounds have involved the cleavage of chloro- 
bridged platinum dimers. One exception is the 
compound PtC12[C6H4(A~Et2)2] which reacts 
smoothly with one equivalent of TlCp to give 
PtC1(?71-C5H5)[C6H4(A~Et2)2] (6). This result. 
taken together with our observations, indicates 
that the use of monomeric platinum complexes 
with chelating ligands of the type PtCl(X)(A-A) 
might be a general route to cyclopentadienyl- 
platinum c~mplexes .~  The preparation of 3 is 
depicted in reaction 1. 

3After the completion of our work, a report appeared 
(7) describing the preparation of some a'-CsHs complexes 
of Pt, by the same route with A-A = cyclooctatetraene, 
COD, and dicyclopentadiene. 

T H F  
+ TlCp 

Compounds 4 and 5 were prepared by similar re- 
actions. These are highly crystalline yellow solids, 
which are stable to air, but the compounds 
decompose steadily in solution. Compound 3 is 
unstable in hexane solution decomposing com- 
completely even under a nitrogen atmosphere to 
a brown precipitate within a few minutes. 
However, in solvents such as THF, acetone and 
ether, 3 is quite stable. 

The Cp protons in 3,4, and 5 appear as sharp 
peaks in the nmr between T 3.7 and T 4.0 accom- 
panied by 195Pt satellites J(Pt-H) - 40 HZ 
(Table 2). Observation of lg5Pt-H coupling to 
the protons of the vinyl groups establishes that 
the COD is bidentate in all cases. The proposed 
structure of 3 has been confirmed by an X-ray 
analysis (8). Cooling an nmr sample of 3 to 
-90 "C does not cause any broadening of the 
Cp resonance which is consistent with rapid ring 
'whizzing' (9) at this temperature and above. 

Two peaks in the nmr spectrum for each of 3 
and 5 are observed for the olefinic protons. 
Unlike 4 where both olefinic groups are equiva- 
lent, these positions in 3 and 4 are different due 
to the presence of different trans ligands. The 
assignment of these peaks is possible by cornpar- 
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TABLE 3. J(Pt-H) to olefin ~rirrrs to group (Hz) 

Group J(Pt-H) 

C1 72.5 
CP 53.6.49.0.  47.5; average = 50.0 
CH3 36.2 

ing the J(Pt-H) values to those previo~lsly 
determined for a series of COD cornpounds (4). 
Thus the peak in the spectrum of 3 with 
J(Pt-H) = 36.2 Hz is assigned to the olefinic 
group trans to methyl while in the spectrun~ of 5 
the peak with J(Pt-H) = 72.5 is assigned to the 
olefin trarzs to chloride. Olefinic groups with 
J(Pt-H) - 50 are trarzs to Cp ligands. This 
establishes an nmr trrins influence (10) for Cp. 
From Table 3, it is perhaps surprising that the 
trarzs influence for Cp should be so much weaker 
than CH3 especially since both are bonded to 
Pt by sp3 hybridized carbon atoms.5 

The nmr spectrum of 5 was observed to change 
with time. New peaks grew in while the original 
ones decreased in intensity and finally disap- 
peared. This occurred much faster in CDC13 than 
in acetone-&, to the extent that it was impossible 
to record the spectrum of 5 in CDCl without 
the presence of these peaks. 

Analysis of these peaks, particularly a sharp 
peak in the Cp  region with J(Pt-H) - 17 Hz, 
leads to the conclusion that they were due to the 
compound Pt(qS-C~HS)(COD).C~: 6 (reaction 2). 

This was confirmed by the synthesis of the 
compound Pt(q5-C5H5)(COD).PFC;, 7, by reacting 
5 with AgPF6. Compound 7 is an analogue of a 
previously reported complex Pt(r15-CsH5)(COD).- 
BF4 (1 1). 

The COD in 3 can be displaced by CO and 
P(OR)3, where R = alkyl or aryl, to give q5-Cp 
compounds (reaction 3). 

4The Pt-Cp bo11d is significalltly longer than the 
Pt-CH, bond and the Pt-olefin bond is longer for the 
olefinic group iFarls to CH3 than for that ti,rirls to Cp (8). 
In order to explain the nmr and s t ruct~~ral  results, the 
existence of hyperconjugation between the Pt-Cp bond 
and the 4~ system of the Cp ring has been proposed (8). 

In contrast to the rll-Cp compounds which are 
highly crystalline these are yellow liquids. Com- 
pound 8, with L = CO, is particularly volatile 
and has a strong characteristic mushroom-like 
odour. It is also somewhat thermally unstable 
and must be stored at -20°C. The complex 
with L = P(OCH3)3 is much less volatile but 
could be distilled with difficulty. The other conl- 
plexes of this type could not be distilled without 
extensive decomposition contaminating the dis- 
tillate. It is reasonable to assume that the forma- 
tion of these +-Cp complexes involves initial 
attack on 3 to form a 5-coordinate intermediate. 
The diene residue of the Cp  ring then displaces 
the COD, resulting in an interesting +-Cp to 
115-Cp transformation. 

It will be noted that 8 is an analogue of 2, the 
initial goal of the project. Attempts to prepare 2 
by treating 8 with CF3C=CCF? gave no reac- 
tion. Treatment of 8 with P(C6H5)3 led to evolu- 
tion of gas, probably CO, and formation of an 
intractable tan precipitate. 

The nmr data for the compounds discussed so 
far, contained in Tables 2 and 4, show that 
ql-Cp rings are more highly coupled to Pt than 
$-Cp rings. This has been noted before for the 
protons on the Cp ring by Cross and Wardle (6). 
The three compounds reported here that contain 
ql-Cp rings have J(Pt-H) > 35 Hz while the 
five q5-Cp rings have J(Pt-H) < 17 Hz. A simi- 
lar trend is observed for carbon where for 3 
and 4 J(Pt-C) > 87 Hz while for 8 and 9 
J(Pt-C) < 10 Hz. These data form the basis 
for a useful diagnostic test whereby the bonding 
mode of a Cp-Pt colnplex can be determined 
easily from data readily obtainable from an 
nmr spectrum. Since the protons on the r15-Cp 
rings of Pt($-C5H5)(CH3)3 (12) and Pt(a5-C5Hs)- 
(CH3)2(C(0)CH3) (13) have J(Pt-H) < 6 Hz 
one can also distinguish between Cp-Pt(I1) and 
CP-Pt(IV) compounds. 

The relative nmr trans influences of Cp and 
CH3 in 3 are again revealed by the much larger 
J(Pt-C) values for groups trans to Cp  as com- 
pared to identical groups trans to CH3. This is 
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CLARK AND SHAVER 2073 

consistent with the lH nmr data discussed earlier. 
The spectroscopic properties of the CO and 

CH3 groups in $ are of interest when compared 
to  those of square planar complexes (14, 15). 
The carbonyl stretching frequency (v(C0) = 

2036 cm-I) is just beyond the range observed for 
a series of other carbonyl colnplexes (2041.- 
2149 cm-I). The chemical shift for the CO in 8 
(6(CO) = 163 ppm) is within the range observed 
for the square planar complexes but J(Pt-C) = 

2.459 Hz which is 505; greater than that previ- 
ously observed (14). The chemical shift of the 
methyl (6(CFI) = 44.1 ppm) is abnormally high 
but the coupling constant is normal (15). The 
unusual values are probably related to great 
differences in structure between 8 (an 18 electron 
complex) and the square planar (16 electron) 
complexes studied. 

When 3 was treated with CF3C=CCF3 in an 
attempt to prepare 2, it was soon apparent from 
the nmr spectrum of the reaction solution that a 
quite new product, PO, had been formed. The 
presence of a norbornadiene residue in 10 was 
easily detected by means of its characteristic 
nmr spectrum (17). Diels-Alder reactions be- 
tween C5H5 rings bonded to metals and acetyl- 
enes (see, for example, refs. 16-18) are of interest 
particularly with respect to the stereochemistry 
of addition. For 3, a (2n + 4n) reaction of the 
vl-Cp metal species and an acetylene could give 
rise to four possible products depending on the 
stereochemistry of addition, 100-rl. 

Compounds 10a and POb result from acetylene 
attack on the vl-Cp ring from the side opposite 

the metal, while 1Oc and 1Ocl result from attack 
on the ring from the same side as the metal. 
Interconversion of 100 with 10c or 10b with 1Od 
requires inversion at  the apical carbon hhich is 
U-bonded to the metal, a high energy process 
which is unlikely. 

In POb and 1Ocl an olefin residue is bonded to 
the platinum to give a 5-coordinate structure. 
Precoordinatio~l of the acetylene to the metal 
would probably be necessary to achieve the 
formation of 10c and 10d by attack on the most 
hindered side. Such pre-coordination has been 
postulated in the reaction of Ni(v5-C5H& with 
CF3C-CCF3 since addition occurs from the 
same side of the ring as the nickel atom such 
that the double bond formed from the acetylene 
is bonded to the metal. 
R-=--R 

I t  was not possible to choose between 10a-tl 
on the basis of spectroscopic data. The observed 
coupling for 10 between the lg5Pt and lgF atoms 
was 11.2 Hz. This seems rather small to arise 
from a direct bonding interaction such as 1Ocl 
yet too large to arise from anything other than 
some type of bonding interaction. A direct 
bonding Interaction 10d, a long range five bond 
coupling, 10a or 1Oh, or perhaps a through-space 
coupling in 10c, might each constitute an ade- 
quate description. The question has been resolved 
by means of an X-ray structure which shows that 
10n is the correct structure (3). 

This result is important with respect to other 
similar reactions (17, 18) where the stereo- 
chemistry for the addition of the dieneophile has 
been assigned by comparison of the spectro- 
scopic data (nmr) with that reported for the 
product obtained from Ni(?75-C5Hs)2 and CF3C= 
CCF3 (16). A similar comparison of the nmr 
data for 10 would have led to the wrong con- 
clusion. Assignments of geometry on this basis 
must be regarded as highly tentative. 

The result is also important to  the more 
general topic of the role of metals in cycloaddi- 
tion reactions between cyclic polyolefins coordin- 
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TABLE 4. IjC nmr datan 

CH3 C5H5 COD 

Compound ; J(Pt-C) 6 J(Pt-C) 6(CH2) J(Pt-C) 6(CH) J(Pt-C) 

Pt(q1-C5H,)(CH,)(Cm) 6 . 2  724 115.2 87 .8  31.1h 11 .1  92.3O 104.3 
29 .Oc a 1 0 6 . 3  55 . 0  

Ptr vt-C,H5)2(COD) 116.5 96.8 30.1 fi 101.3 110.5 

Other resonances and couplings 

""C chemical shifts are  reported i11 ppni (positite) d o ~ n f i e l d  from TMS; couplings arc  in hertz: perdzuterodioxnne was the solvent 
bTrai1s to  Cp.  
<Trans to  CH:. 
m o t  observed. 

ated to transition metals and electrophilic form a norbornadiene unit. However, a major 
acetylenes. Of particular interest are reactions rearrangement occurs: the unreacted ql-Cp dis- 
where the metal is thought to lift symmetry places the COD and changes from 171 to q5, and 
constraints of otherwise 'symmetry forbidden' the norbornadiene is bonded as shown. 
thermal cycloadditions (19). The exact manner 
in which this is achieved is not known but metals 0 
might cause normally forbidden concerted reac- 
tions to proceed in a stepwise manner (20). The 
ability of metals to overconle large negative 
entropy factors by bindins both reactants in 
close proximity and in the proper orientation 
must also be important. In the case of the reac- 
tion of 3 with CF3C-CCF3 there is no participa- 
tion by platinum in the mechanism of-addition. 
The presence of the platinum atom as a substitu- 
ent on the Cp ring may affect the rate of reaction, 
just as any other substituent might, by electronic 
or steric effects. The fact that only one isomer 
of 10 is isolated in high yield implies a high 
steric effect for the Pt(CH3)(COD) residue. 

Compound 3 reacts with maleic anhydride to 
give another Diels-Alder product 11. We assume 
that this reaction proceeds via the same mechan- 
ism as that with CF3C-CCF3, so that structure 
11 is assigned which results from attack of the 
olefin on the ql-Cp ring from the side opposite 
the metal. A normal erzrlo addition is assumed. 

When Pt (~ l -CjH5)~coD was treated with 
CF3C=CCF3 a Diels-Alder reaction occurs to 

The presence of the q5-C5H5 is easily confirmed 
by the J(Pt-H) coupling constant of 15.3 Hz. 
The vinyl protons of the norbornadiene unit in 
12 are shifted upfield to T 5.69 and coupled to 
platinum, J(Pt-H) = 80.8Hz, while in 10 
these protons appear at 3.14 T and are not 
coupled to platinum. The large upfield shift and 
large coupling constant are characteristic of 
olefins bonded to platinum, consistent with the 
above structure for 12. Significantly, a coupling 
constant between the platinum atom and the 
fluorine atoms of 14.2 Hz was observed to be 
very similar to the value found for 10. These 
long range coupling constants (5 bonds) are 
probably due to the rigid cage structure of the 
norbornadiene units. It can verv certainlv be 
concluded that cycloaddition h& occurre2 on 
the Cp ring on the opposite side to platinum. 

It is notable that 12 has a ?73-norbornadiene 
ligand similar to the one in the product obtained 
from Ni(qs-CsHs)z and CF3C=CCF3 except that 
in 12 the bonded olefin residue originates in the 
Cp ring, not the acetylene. Formally at least, 
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CLARK AND SHAVER 2075 

12 can be considered to result from the Diels- 
Alder addition of CF3C-CCF3 to Pt(?75-C~H~)2. 
The ease with which the COD is displaced in 
this system suggests that 4 might be a precursor 
to  Pt(a5-C5H5)2. A peak in the mass spectrum of 
4 appears at mle 325 corresponding to PtCp2 but 
attempts to  observe this compound by following 
the changes in the nmr spectrum of a sample 
heated to  85 "C for 1 h were not successful; 
4 has considerable thermal stability. In another 
experiment an nmr sample of 4 was irradiated 
with uv light. Compound 4 showed surprising 
stability but eventually decomposed to form a 
dark red solution. A very weak peak at T 4.35 
J(Pt-H) 13.6 was observed. The coupling con- 
stant and chemical shift values fall in the range 
for a5-Cp rings bonded to platinum but nothing 
more can be said. Efforts along these lines will 
be continued. 

Compound 3 reacts with PF3 to give 8 in 
relatively low yield. It seems probable that the 
structure of 8 is that shown resulting from the 

g P t c H 3  POF, 

partial hydrolysis of PF3 to POF2-.5 The H nmr 
spectrum and analytical data indicate that no 
CsHs ring or residue is present. The lH nmr 
spectrum is quite similar to that of PtCl(CH3)- 
(COD) consisting of two peaks for the olefinic 
protons at T 4.5 and T 4.17, a broad peak for 
the methylene region and a sharp doublet with 
195Pt satellites for the Pt-CH3 group in the 
ratio 2:2:8:3 respectively. The peak at T 4.5 has 
J(Pt-H) = 38.0 Hz consistent with the olefin 
being trans to CH3. The other peak has J(Pt-H) 
= 48.0 Hz and additional coupling to phos- 
phorus J(P-H) = 5.5 Hz which was resolved 
when the sample was double irradiated at the 
methylene peak T 7.42. The Pt-CH3 group also 
shows phosphorus coupling J(P-H) = 2.5 Hz 
in addition to platinum coupling J(Pt-H) = 

73.0 Hz. The 19F nmr spectrum consists of a 
widely spaced doublet of triplets centered at 
26.52 ppm with J(Pt-F) = 1150 Hz and J(P-F) 
= 1225 Hz. In the infrared spectrum (Nujol) 

are indebted to Professor Reinhard Schmutzler for 
pointing out the possibility of hydrolysis of PF,. 

there was in addition to strong P-F peaks at 
790 and 535 cm-l a strong band at 1240 cm-I 
which we assign to vP=O. 

The 19F nmr and infrared data are very similar 
to those obtained for other Pt-POF2 complexes 
(21). ]If it were a PF3 complex 8 would neces- 
sarily contain paramagnetic Pt(1). This is not 
consistent with nmr data. These facts taken 
together strongly support the assigned structure. 

Compound 3 also reacts with phosphines PR3, 
where R = alkyl or aryl, to form apparently, a 
homologous series of products differing only in 
the phosphine present. The lH nmr spectroscopic 
parameters of these products are consistent with 
the presence of both a methyl group and a phos- 
phine bonded to platinum, and analytical data 
indicated that the Cp and COD moieties are 
also retained in the product. 

Complete characterization is difficult but it 
seems likely that some intra~nolecular rearrange- 
ment involving the Cp ring and the GOD has 
occurred. Our results do not preclude the pos- 
sibility of a simple transfer of the Cp to a vinyl 
carbon of COD as has been postulated (7) for 
some similar systems. Work is continuing on 
this problem. 

Acknowledgements 

The financial support of the National Research 
Council of Canada and the award of an NRCC 
Post-doctorate Fellowship (to A.S.) are grate- 
fully acknowledged. 

1. H. C. CLARK and L. E. MANZER. Inorg. Chem. 13. - 
1291 (1974). 

2. S. TROFIMENKO. ACC. Chem. Res. 4, 17 (1971). 
3. H. C. CLARK. D. G. IBBOT, N. C. PAYNE. and A. 

SHAVER. J. A;. Chem. Soc. 97, 3555 (1975). 
4. H. C. CLARK and L. E. MANZER. J. Organomet. 

Chem. 59, 411 (1973). 
5. F. A. COTTON and L. T. REYNOLDS. J. Am. Chem. 

SOC. $0, 269 (1958). 
6. R .  J. CROSS and R. WARDLE. J. Chem. Soc, (A), 2000 

(1971). 
7. M. N. S. HILL, B. F. C. JOHNSON, T. MEATING, and 

J. LEWIS. J. Chem. Soc. Dalton Trans. 1197 (1975). 
8. V. W. DAY, H. C. CLARK, and A. SHAVER. In prepara- 

tion. 
9. F. A. COTTON. ACC. Chem. Res. I, 257 (1968). 

10. T. 6. APPLETON, W. C. CLARK, and k. E. MANZER. 
Coord. Chem. Rev. PQ, 335 (1973). 

11. B. F. G. JOHNSON, J. LEWIS, and D. A. WHITE. 
1. Chem. Soc. (A), 1738 (1970). 

12. S. D. ROBINSON and B. L. SHAW. 2. Naturforsch. 
Part B, 18. 507 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2076 CAN. J.  CHEM. VOL. 54. 1976 

13. H. C. CLARK and A. SHAVER. Unpublished results. 
14. W. J. CHERWINSKI, B. F. G. JOHNSON, J .  LEWIS, and 

J. R. NORTON. J. Chem. Soc. Dalton Trans. 1155 
(1975). 

15. M. H.  CHISHOLM, H. C. CLARK, L. E. MANZER, 
J. B. STO.JHERS, and J. E. H. WARD. J. Am. Chem. 
Soc. 94, 721 (1975); 95, 8574 (1973). M. C. CLARK 
and J. E. H. WARD. J. Am. Chem. Soc. 96, 1741 
(1974), Can. J. Chem. 52, 570 (1974). H.  C .  CLARK, 
L. E. MANZER, and I. E. H. WARD. Can. J. Chcm. 52. 
1165 (1974), 52, 1973 (1974). 

16. D .  W. .MCBRIDE, E. DUKEK, and @. G. A. STONE. 
J. Chem. Soc. 1752 (1964). L. F. DAHL and C .  H. WEI. 
Inorg. Chem. 2, 714 (1953). 

17. W. P. GIERING, S. RAGHU, M. ROSENBLGM, A.  
CUTLER, D. EHNTHOLT, and R. W. FISH. J. Am. 
Chem. Soc. 94, 8251 (1972). 

18. J. L. DAVIDSON, M. GREEN, F. G.  A. STONE, and A. J .  
WELCH. J. Chem. Soc. Chem. Comniun. 286 (1975). 

19. R. E. DAVIS, T. A. DODDS, T.-H. HSEU, J. C. WAG- 
KON, T. DEVON, J. TAKCREDE, J. S. MCKENNIS, and 
R. PETTIT. J. Am. Chem. Soc. 96, 7562 (1974). 

20. R .  DAVIS, M. GREEN, and R .  P. HUGHES. J. Chem. 
Soc. Chem. Commun. 405 (1975). 

21. J. GROSSE, R. SCHXUTELER, and W. S. SI-IELDRICK. 
Acta Crystallogr. B30, 1623 (1974). J .  GROSSE and 
R. SCHMULTZLER. J. Chem. Soc. Dalton Trans. 
In press. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Peadiuoroalkyl- alnd flruoroalbyl- complexes of rhodium(1II) 

HOWARD C. CLARK AND KENNETH J. REIMER 
Departmelzt of Chemistry, Uni~ersity of Western Ontario, Londorz, Otzr., Canada N6A 5B7 

Received February 17, 1976 

HOWARD C. CLARK and KENNETH J. REIMER. Can. J. Chem. 54, 2077 (1976). 
A series of perfluoroalkyl (R,-) and fluoroalkyl (R,CH2-) complexes of rhodium(lI1) have 

been prepared by oxidative addition reactions of RfI and RICM21 (R, = CF,, C2F5 and C3F7) 
with tra1z~-RhClCO(PMe~Ph)2. The reaction of CF31 with tra1zs-RhClCO(PMePH2), gave 
RhC11(CF3)CO(PMePh2), but no reaction was observed with CF3CH21. The tratrs stereo- 
chemistry of addition has been assigned to all complexes by nuclear magnetic resonance 
measurements and the comparison of the far-infrared spectra to those of some bromo com- 
pounds: RhBrI(CF,)CO(P,Me,Ph), and RhBrI(C3F,CH,)CO(P~Me2Ph)2. Both l H  and I9F nmr 
data are presented and discussed. 

HOWARD C. CLARK et KENNETH J. REIMER. Can. J. Chem. 54, 2077 (1976). 
On a prepare une serie de complexes perfluoroalkyle (R,-) et fluoroalkyle (R,CH2-) ~ L I  

rhodium(II1) par des reactions d'addition oxydative de R,I et RfCHI1 (Rf = CF,. C2F5 et C3F,) 
au R I I C I C O ( P M ~ ~ P ~ ) ~  ,'rails. La reaction du CF31 avec le RhC1CO(PMeOh2), rt-rrrzs conduit 
au RhC11(CF3)CO(PMePh2)2 mais on n'observe aucune reaction avec le CF3CH21. On a attribue 
la steriochimie tra~zs pour l'addition B tous les complexes B l'aide de mesures de resonance 
magnetique nucleaire et par comparaison des spectres infrarouges lointains de ces composCs avec 
ceux de quelques derives bromes; RhBrl(CF3)CO(PMe2Ph)2 et RhBrI(C3F7CH2iCO(PMePH):. 
On prCsente et on discute des donnees rmn du 1H et d u  J9F. 

[Traduit par le journal] 

Introduction 
Oxidative addition reactions comprise a 

particularly important aspect of the chemistry of 
organometallic compounds (1-4). Besides their 
significance in catalytic processes, they can often 
provide convenient synthetic routes to  new com- 
pounds such as perfluoroalkyl complexes (5). 
Thus, there has been considerable interest in the 
characterization and structures of the products 
of oxidative addition as we11 as in the kinetics 
and mechanisms of such reactions (6-10). 

Although oxidative addition reactions of com- 
plexes of the type IrXCOL2 (% = halide; E = 

tertiary phosphine or arsine) have been exten- 
sively studied (1-3, 6-9, 11-13), those of the 
corresponding rhodium compounds have re- 
ceived less attention (14, 15). For example, the 
perfluoroalkyliridium compounds, IrCII(Rf)- 
COL2 (R = CF3, C2F5, C3F7; L = PPh3 and 
PMePh2), were prepared by Collman and co- 
workers (3, 16) but analogous rhodium com- 
plexes have not been reported. Because of the 
significance of both oxidative addition reactions 
and fluorocarbon derivatives; and previous 
studies by this group of some fluorocarbon- 
platinum compounds (17) the following study 
was undertaken. In addition to  perfluoroalkyl- 
iodides, RfI, comparative reactions of fluoro- 

alkyliodides, RfCH21 (Rf = CF3, C2F5, C3F7). 
with some rhodium complexes were also ex- 
amined. 

Results and Discussion 

Preparation and Stereochemistry 
The complex trans-RhClCO(PMe2Ph)2, I, 

reacts in acetone at room temperature with 
CF31, C~FST, C3F71, CF3CH21, CF3CF2CH21, and 
CF3(CF2)2CH21 to give air-stable, yellow, or 
orange crystalline compounds (Table 1). 

Although all reactions were allowed to pro- 
ceed for 24 h, there were some notable differences 
in the apparent rates of the reactions depending 
on the fluorinated alkyl iodide used. For ex- 
ample, crystals of the trifluoromethyl derivative 
separated from the reaction mixture within 2 h. 
In all reactions with the perfluoroalkyl iodides, 
RfI, the solutions changed from the yellow 
colour characteristic of acetone solutions of 1 to 
an orange co!ouration (denoting formation of 
the rhodium(lI1) product) within a few minutes 
of mixing the reactants. This contrasts with the 
several hours required for any discernible colour 
change in reactions involving the fluoroalkyl 
iodides, RfCH21. 

When the compound trans-RhClCO(PMe- 
Ph2)2, 2, was allowed to react with trifluoro- 
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TABLE 1. Analytical and physical data for perfluoroalkyl- and fluoroalkyl-rhodium(II1) complexes 

Analysis 

Melting 
pointb 

%C 7r-I Method of 
Compounda Colour (cC) Found Calculated Found Calculated preparation Yield yo 

Orange 
Dark orange 
Yellow 
Yellow 
Orange 
Pale orange 
Yellow 
Orange 
Orange 
Orange 

aL = PMelPh, L' = PMePh?. 
bAIl compounds melt with decomposition. 
CSamples were always contaminated with acetone; see Experimental 

methyl iodide for 24 h under conditions identical 
to those used in the analogous reaction with 1, 
a mixture of the desired product and the starting 
material was isolated. However, after shaking a 
solution of 2 with a ten-fold excess of CF31 for 
7 days, RhC11(CF3)CO(PMePh2)2 was obtained. 
No reaction was observed between 2 and a large 
excess of CF3CH21 even after several days. 

The propensity for ds metals to undergo 
oxidative addition reactions generally increases 
upon descending a triad or passing from right to  
left within Group VIII (2, 3). This is consistent 
with the above greater sensitivity of rhodium to 
ligand changes relative to iridium, and also with 
the fact that Collman and Sears (16) obtained the 
perfluoroalkyliridium derivatives, IrCII(Rf)- 
COE2, where L = PPh3, PMePh2, the reactions 
requiring only 3 min. 

All compounds obtained from the reactions of 
trans-RhClCOL2 (L = PMe2Ph or PMePh2) are 
tentatively assigned configuration 3 resulting 
from trans addition of the fluorinated aikyl 
iodide. 

3 
I. = PMe27Ph and for R = CF3 only, P1MePh2 

Alternative configurations such as those resulting 
from cis additions, or with cis-phosphine ligands 
seem unlikely in view of the foLlowing evidence: 

section. 

(i) For all complexes where L = PMe2Ph the 
methyl groups bonded to phosphorus show two 
main resonances in the 'H nmr spectra indicating 
that their time-averaged magnetic environments 
are different. This is a consequence of the 
absence of a plane of symmetry along the P- 
Rh-P axis making the two methyl groups 
attached to a given phosphorus atom mag- 
netically nonequivalent (14, 18, 19). Moreover, 
except for R = C2F5 and C3F7 (which will be 
discussed in greater detail later), the phosphine- 
methyl resonances appear as 1 :2: 1 triplets due to 
strong phosphorus-phosphorus coupling charac- 
teristic of mutually truns phosphines (20). For 
RhCII(CF3)CO(PMePh2)2, only the one ex- 
pected phosphine-methyl resonance is observed 
but it is a 1 :2: 1 triplet verifying the trarzs 
disposition of the phosphine ligands. 

(ii) It has been suggested that the relative 
intensity of two weak infrared bands at ca. 1570 
and 1585cm-I is dependent on the relative 
position of phenyl substituted phosphine ligands. 
In trans complexes the lower energy band is more 
intense (1 1,21,22). In all the complexes prepared 
in this study the low energy band is the more 
intense of the two, consistent with trans phos- 
phine ligands. 

(iii) For iridium complexes, extensive studies 
(23) have indicated a marked dependence of 
v(Hr-CI) on the trans ligand, and similar effects 
have been found for a variety of other metal 
complexes. Although fewer correlations have 
been made for rhodium compounds, sufficient 
data are available to establish stereochemistry. 
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CLARK AND REIMER 2 0 7 9  

TABLE 2. Infrared spectra (cm-1) of perfluoroalkyl- and fluoroalkyl-rhodium compounds 

Compounds v(C0)b v(Rh-CI)C Carbon-fluorine vibrationsC Otherc 

nL = PMe?Ph, L' = PMePhs. 
6Measured in benzene solution. 
CNujol niulls. 
dCI- trans to CO, u(R11-CI) for C I  trails to CF3 could not be located with ccrtaint!. 
CNot assigned with certainty, coincident with some ligand vibrations. 
JSpcctrulu identical to that of RIICII(C~F~CH~)COL? in region 1400-300 cm-'. 

For the perfluoroalkyl compounds prepared in 
this study v(Rh-C1) occurs at 328 cm-I (L = 

PMe2Ph) and 325 cm-I (L = PMePh2) and at 
312cm-I for the fluoroalkyl derivatives, con- 
sistent with a chlorine atom trans to carbon 
monoxide (23). 

The assignment of the rhodium chloride 
stretching frequencies was accomplished by com- 
parison with the spectra of corresponding bromo 
complexes. As the spectra of all of the com- 
pounds within each class in the region 500-200 
cm-I were essentially identical, only two bromo 
derivatives, RhBrI(CF3)CO(PMe2Ph)2 and Rh- 
BrI(C3F7CH2)CO(PMe2Ph)2, were prepared. 
They were obtained by the oxidative addition of 
the appropriate fluorinated alkyl iodide to  
trans-RhBrCO(PMe2Ph)2. 

(iu) Further support for these conclusions is 
provided by the formation of a yellow precipitate 
of silver iodide when silver hexafluorophosphate 
is added to acetone solutions of the complexes. 
If the higher trans influence of alkyl or per- 
fluoroalkyl groups relative to carbon monoxide 
found for other systems may be extended to these 
rhodium(II1) complexes, the halide ligand (trans 
to  Rf or RfCH2 groups) would be expected to be 
labile (23). This property may be exploited 
synthetically. If lithium chloride is added to a 
filtered solution of the cation obtained after the 
reaction of AgPFG with RhClII(CF3)CO(PMe2- 
Ph)2, the dichloro complex, RhC12(CF3)CO(P- 
MezPh)2 is obtained in high yield. Spectroscopic 
data confirm the assignment of configuration 3 
with the iodide replaced by chloride. 

Itfrarecl Spectra 
In addition to the far-infrared spectroscopic 

absorptions referred to above, all compounds 
show characteristic bands due to the phosphine 
ligands as well as carbonyl stretching bands. The 
latter are in the range 2050-2100 cm-I (Table 2) 
characteristic of rhodium(II1) complexes (14). 
Notably, the values of v(C0) for the perfluoro- 
alkyl compounds are 12-29 cm-I highcr than the 
fluoroalkyl derivatives suggestive of greater re- 
moval of electron density from the metal in the 
former case. There are also strong absorptions 
in the region 1350 to 900cm-I indicative of 
carbon-fluorine vibrations (24-3 1). 

The spectra of the trifluoromcthyl - transition 
metal compounds usually exhibit two bands in 
the region 1100-1000 cm-I. The higher frequency 
band is attributed to  thc symmetric C-F 
stretching vibration and the lower frequency 
band to the degenerate stretching mode. For 
some complexes, the lowcr (degcncrate) band is 
split, presumably as a result of low molecular 
symmetry (26-3 1). Consistent with these observa- 
tions, all of the trifluoromethylrhodium com- 
plexes exhibit a strong broad band at ca. 1095 
cm-I and a very strong band near 1000 cm-I 
which is split into two components. Although 
there are some weak bands in this region which 
may be attributed to other ligand vibrations, the 
carbon-fluorine modes are readily identified 
because of their much greater intensity. Assign- 
ments of the C-F infrared bands of the other 
perfluoroalkyl groups are less definitive, but 
those reported here are similar to previously 
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TABLE 3. 1H nmr data" for perfluoroalkyl- and fluoroalkyl-rhodium compounds 

Phosphine methyls 
RfCH2 

Coupling constants (Hz) 

8 . 5  
8  .o 
9 .O 
8  .o 
8 .O 
6.5  
8 . 5  
8 . 5  

e 

8 . 5  
e 

7 .O 1 .69 J(H-F) = 15, J(P-H) = 6.5. J(Rh-H) = 3 . 0  
8.5 
7 .3  l .63 Triplet J(H-F) = 26 
8  .o 
6 .O 1 .72 Triplet J(H-F) = 28 
9.0 

aMeasured at 100 MHz in  dichlorornethane. 
bL = PMe2Ph. L' = PMePh:. 
CChernical shifts are reported in ppm downfield (positive) froin TMS. 
dJ* = 'J(P-H) + "J(P-H) (ref. 20). 
Gee text and Fig. 1 .  

published data (30). There have been very few 
reports of infrared spectra of fluoroalkyl com- 
plexes and vibrational assignments must await 
the accumulation of a sufficient body of data. 

Additional bands (300-250 cm-I), found in the 
spectra of some CF3-Ir complexes, have been 
tentatively assigned to vibrations involving 
some Y(M-C) character (13). For the CF3-Rh 
compounds reported here, similar spectral 
characteristics have been observed, i.e. bands at 
280 cm-I for CF3 trans to I-, and 295 cm-I for 
CF3 trans to  C1-. These bands are shifted to 
lower energy in the spectra of the perfluoroethyl 
and perfluoropropyl derivatives. The suggested 
assignments (13) for these bands are further 
supported by the absence of any bands below 
300 cm-I in the infrared spectra of the fluoro- 
alkyl complexes. 

' H Nuclear Magnetic Resotzance Data 
Nuclear magnetic resonance data for the com- 

pounds are presented in Table 3 ('H nmr) and 
Table 4 (19F nmr). 

Perfluoroalkyl Conlpounrls 
As described earlier, the phosphine-methyl 

resonances for RhC11(CF3)CO(PMe2Ph)2 appear 
as two well-defined 1:2:1 triplets. For the com- 
pounds RhC11(Rf)CO(PMe2Ph)2 (Rf = C2F5, 
C3F7), although two resonances are observed, 

only one of these is a well-defined triplet. The 
other band appears as a broad rnultiplet. These 
features are illustrated in Fig. 1. Moreover, this 
pattern is unchanged in  a variety of solvents, and 
(in benzene containing CFC13) over the range 
- 20 to 100 O C .  Close examination of an ex- 
panded spectrum of this multiplet suggests that 
it could be a triplet of triplets, presumably due to 
coupling with the a-CF2 group. with J* = 

2J(P-H) + 4J(P-H) = ca. 8.4 Hz, and ,I- 
(M-F) = ca. 1.5 Hz. For purposes of this dis- 
cussion, groups are labelled according to the 
scheme : 

Rh-CF2CF2CF3 Rh-CH2CF2CF3 
u . P ?  f f P  

Broadening of the higher field resonance has 
also been observed for some fluorocarbon- 
platinum complexes. 

Fluoroalkyl Cornpound.\ 
For the RfCH2-derivatives the phosphine- 

methyl resonances are also triplets but the 
differences in chemical shift are not as great and 
the signals are overlapping. The difference in 
chemical shift between the magnetically non- 
equivalent methyl groups increases with in- 
creasing length of the fluoroalkyl group. 

For all of the fluoroalkyl compounds the 
resonance due to the CH2 protons appears at 
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TABLE 4. 19F nmr data for perfluoroalkyl- and fluoroalkyl-rhodium compounds 

Other coupling 
Compounds 6 F b  J(P-F)C J(Rh-F) J(H-F) Description Assignment constants 

Triplet of doublets 
Triplet of doublets 
Triplet of doublets 
Triplet of doublets 
Broad triplet 
Singlet 
Multiplet 
Singlet 
Triplet 
Triplet of doublets 
Triplet 
Singlet 
Multiplet 
Singlet 
Triplet 
Multiplet 
Singlet 
Triplet 

aL = PMe2Ph, L' = PMePh?. 
06 in ppm upfield relative to internal CFCII; measured at 94.1 MHz; in dichloromethane. 
CCoupling constants are given in Hertz. 
dSee text. 
eResolved by homonuclear decoupling. 
R ~ - C F % C F Z C F J ,  Rh-CHzCFpCF3 etc. 

a 8 y  a B 

FIG. 1. IH nmr spectra of RhClI(R,)CO(PMe,Ph), 
complexes (a ,  Rf = C3F7, b, R, = CF3) showing phos- 
phine-methyl resonances. Measured at 100 MHz in 
dichloromethane using a 250 Hz sweep width. 

higher field (6 .= 1.7 ppm) than that of the 
phosphine-methyl protons. This contrasts to a 
position to lower field (6 - 3.1 ppm) for PtI- 
(Me)2(CF3CH2)(AsMe2Ph)2 (17). For the rho- 
dium-CH2CF3 derivative, the lH  nmr spectrum 
of the CH2 protons exhibits a complex pattern 
(Fig. 2) which is rarely observed. There is a large 
coupling with the CF3 group ( J  = 15 Hz), con- 
firmed by inspection of the 19F spectrum. Each 
peak of the quartet is split further into triplets 
due to coupling with 31P ( J  = 6.5 Hz) and the 
resulting quartet of triplets is additionally 
doubled by coupling with rhodium (I = 1/2, 
1007, abundance). The rhodium-proton coup- 
ling constant of 3.0 Hz compares with the value 
of J(Rh-Me) = 2.2 Hz observed in RhBr2(Me)- 
CO(PMe2Ph)2 (1 4). 

For the CF3CF2CH2- and CF3(CF2)2CH2-- 
compounds the CH2 resonances appear essen- 
tially as 1 :2: 1 triplets due to very large coupling 
with the a-CF2 groups (J(H-F) = 26 and 28 
Hz respectively). This increase in the magnitude 
of H-F coupling to the a-CF2 groups with 
increasing length of the fluoroalkyl chain has 
also been noted for PtI(Me)2(RfCH2)(PMe2Ph)2 
(R, = CF3 and CF3CF2: J = 15 and 25 Hz 
respectively (17)). For the present compounds, 
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FIG. 2. 1H nmr spectrum of RhCII(CF3CH2)CO(P- 
Me2Ph)2 showing coupling to CH2 resonance. Measured 
at  100 MHz in dichloromethane using a 250 Hz sweep 
width. 

each part of the triplets shows additional fine 
structure but we are unable to resolve them 
sufficiently to assign accurate values to the phos- 
phorus and rhodium coupling constants. They 
do, however, appear to be similar to those cal- 
culated for the CF3CH2 compound. 

19F Nuclear Magnetic Resonunce Data (32) 
Perjuoroalkyl Complexes 
The 19F resonance of the CF3 group (Table 4) 

is found at very low field, much lower than for 
the a-CF2 groups in the other compounds. The 
coupling constants to phosphorus and rhodium 
are very similar (J(P-F) = ca. 18 Hz, J(Rh- 
F) = ca. 14 Hz) in all of the complexes. 

For both the perfluoroethyl and perfluoro- 
propyl complexes the a-CF2 resonance consisted 
of a very broad signal in the expected region. 
Only in the former case could phosphorus- 
fluorine coupling be resolved ( J  = 26 Hz) but 
each part of the triplet was complex due to small 
rhodium coupling as well as the H-F coupling 
considered earlier. A change in rhodium-fluorine 
coupling is not unexpected as such coupling 
appears to decrease with increasing length of the 
fluorocarbon chain. Thus for R ~ I ( C F ~ ) ( I ~ ~ - C ~ H ~ ) -  
(CO), J(Rh--F) = 1 1.7 Hz whereas the coupling 

(to the a-CF2) in the perfluoropropyl analogue 
falls to 4 Hz (33). Moreover, no metal-fluorine 
coupling was observed in the spectrum of 
RhI(C3F7)(r15-CsHs)(C2H4) (34). Similar trends 
have been noted in a series of platinum com- 
pounds PtI(Me)2(Rf)(PMe2Ph)2 where J(Pt-F) 
(to adjacent CF3 or CF2 groups) is 517,273, and 
260 Hz for Rf = CF3, C2F5, and C3F7 respec- 
tively (17). 

For the RhC11(C3F7)CO(PMe2Ph)2 complex, 
the a-CF2 resonance could not be resolved, 
presumably because it consists of a large number 
of lines. Unfortunately, homonuclear decoupling 
of the triplet due to the CF3 group did not im- 
prove the resolution of the a-CF2 band. For both 
the perfluoroethyl and perfluoropropyl com- 
pounds the resonances due to  the b groups 
appeared as the expected (for discussions of 19F 
nmr see ref. 32), although slightly broadened. 
singlets. They were unaffected by homonuclear 
decoupling experiments and the slight broaden- 
ing is probably due to very small contributions 
from rhodium and possibly, phosphorus coup- 
ling. 

Fluoroulkyl Compoutzcls 
The most significant features of the 19F nmr 

spectra of the RfCH2 compounds are the de- 
creased rhodium-fluorine and increased hydro- 
gen-fluorine coupling constants with increasing 
length of the fluoroalkyl chain. 

Consequently the spectrum of RhClI(CF3C- 
H2)CO(PMe2Ph)2 showed a triplet of doublets: 
each peak of the triplet being further split by 
small coupling to rhodium ( J  = 3.8 Hz). Only a 
triplet was observed for the a-CF2 resonance in 
the CF3CF2CH2 compound. The CF3 band 
showed an expected, although slightly broadened, 
singlet. The a-CF2 resonance of RhClI(C3F7C- 
H2)CO(PMe2Ph)2 appeared as a complex multi- 
plet. Irradiation of the triplet J(FaFy) = 10 Hz 
due to the CF3 group allowed resolution of the 
triplet attributed to J(H-F) = 28 Hz but no 
rhodium coupling was observed. 

Experimental 
Reactions were conducted under nitrogen or under an  

atmosphere of the perfluoroalkyl iodide (for R,I = CF31 
or C2F51). However, work-up (recrystallization, handling 
and storage) was performed without special precautions 
as none of the compounds exhibited instability with 
respect to air or moisture. All solvents, although of 
'spectroquality', were dried over molecular sieves (BDH. 
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CLARK AND REIMER 208 3 

Type 5A) and were vacuum degassed or purged with 
nitrogen before use. 

Infrared spectra were recorded on a Perkin-Elmer 
Model 621 Grating Spectrophotometer. Solid state 
spectra (4000-450~m-~) were obtained as Nujol mulls 
between KBr plates or as KBr pellets. For examination of 
the region 500-200cm-1 Nujol mulls were smeared on 
polyethylene strips and the instrument was purged with 
dry air to remove water vapor. The reproducibility of all 
solid state spectra suggests an accuracy of ca. + 2  cm-1. 
Solution spectra were obtained using benzene as a solvent 
and the carbonyl absorptions are somewhat broad. 
Accuracy is therefore probably 110 greater than + 5 cm-1. 

1H and 19F nmr spectra were run on a Varian Associates 
HA-100 spectrometer a t  100 MHz and 94.1 MHz with 
tetramethylsilane and "Freon-1 1" (CFCI,) as the internal 
reference-lock signals respectively. 

Analyses were obtained from Midwest Microlab Ltd., 
Indianapolis, Indiana. Melting points were determined in 
air using a Thomas Hoover 'unimelt' capillary melting 
point apparatus and are uncorrected. 

Perfluoro- and fluoro-alkyl iodides were purchased from 
Peninsular Chemresearch Inc., except trifluoromethyl 
iodide and heptafluoropropyl iodide which were obtained 
from Columbia Organic Chemical Co. Inc. Free iodine 
was removed from C2F71 by shaking it with mercury. The 
other chemicals were used without further purification, 
as were RhCI3.3H20 (Alfa Inorganics and Johnson, 
Matthey and Mallory) and dimethylphenylphosphine 
(Maybridge Chemical Co.). 

Preparntiorr of Conrplexes 
The syntheses of tr~rzs-RhXCO(PMe~Ph)~ (X = C1, Br) 

and trans-RhClCO(PMePh2)2 have been previously 
described (35). 

Proced~lre A :  Two equivalents of the perfluoroalkyl 
iodide were condensed on to an acetone solution (5 ml) of 
the appropriate rhodium complex, trans-RhClCO(P- 
Me2Ph): (0.4 g, 0.91 mmol) or RhBrCO(PMe2Ph)2 (0.15 g, 
0.31 mmol), in a 20 ml Carius tube. The tube was sealed 
under vacuum, allowed to warm to room temperature and 
agitated on a mechanical shaker for 24 h. The tube was 
then opened, the contents transferred to a 25 rnl round- 
bottomed flask and evaporated to dryness under reduced 
pressure. The residue was recrystallized from dichloro- 
methane-hexane. 

Procedure B :  The appropriate fluorinated alkyl iodide 
(1 ml) was added to  an  acetone solution (10 ml) of trans- 
RhXCO(PMe,Ph),, X = C1 or Br (0.15 g) in a nitrogen 
filled Schlenk tube and the mixture stirred a t  room 
temperature for 24 h. The solution was evaporated to  
dryness under reduced pressure and the residue re- 
crystall~zed from dichloromethane-hexane. In  the case of 
RhBr1(C3F7CH2)CO(PMe$h), the compound could not 
be recrystallized. Samples evaporated to dryness always 
contained traces of acetone. However, 19F nmr and 
infrared spectra indicated that reaction had occurred. 

Proced~tre C: Trifluoromethyl iodide (2.6 mmol) was 
condensed on to an acetone solution (5 ml) of trarrs- 
RhClCO(PMePh2)2 (0.15 g, 0.26 mmol) in a 20 ml Carius 
tube. The tube was sealed and allowed to warm to room 
temperature. After it had been shaken for 7 days, the tube 
was opened, the orange solution was transferred to a 25 
ml round-bottomed flask and evaporated to dryness. The 

residue was recrystallized from dichloromethane-hexane 
to give orange crystals of carbonylchlorobis(methyl- 
diphenylphosphine)iodotrifluoromethylrhodium. 

Procedure D: To a solution of RhCII(CF3)CO(PMe2- 
Ph)2 (0.22 g, 0.34 mmol) in acetone (1Oml) was added 
AgPF6 (0.087 g, 0.34mmol). Yellow silver iodide was 
precipitated immediately. After stirring for 15 min the 
solution was filtered into a nitrogen filled Schlenk tube 
containing lithium chloride (0.04g, 0.94mmol). The 
yellow solution was stirred for 20 min and evaporated to 
dryness. The residue was extracted with benzene, filtered, 
and freeze-dried. Recrystallization from dichloromethane- 
hexane gave carbonyldichlorobis(dirnethylphenylphos- 
phine)trifluoromethylrhodium (0.159 g, 85% yield). 
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Charge distribu~oas and chemical effects, X, Enthalpies of formation 
of aa%aanes, a calculation from 13C a~cjear magne6c resonance shifts1 
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HERVB HENRY, SANDOR FLISZAR, and ANDRE JULG. Can. S. Chem. 54, 2085 (1976). 
An analysis of the molecular energy in terms of bond contributions indicates that the latter 

(eij) can be approximated by a linear combination of the changes in net charges qi and qj .  From 
the equation AH(atomization) = Ceil, and the relationship between 13C chemical nmr shifts 
and C net charges, it is then possible to derive a two-parameter equation, aH,O = AffF(C2H6) + 
v(N - 2) + xC(N, ,  + 1)6ett1, which enables the calculation of enthalpies of formation of 
alkanes CSH2S+2 from 13C nmr shifts (6eth = shift relative to ethane, N,, = number of CC 
bonds formed by the C atom whose shift is set"). 

H E R V ~  HENRY, SANDOR FLISZAR et ANDRB JULG. Can. J. Chem. 54, 2085 (1976). 
L'analyse de l'inergie moliculaire en termes de contributions de liaisons (eij) indique que 

celles-ci sont bien reprisentkes par une combinaison IinCaire des variations des charges nettes 
q i  et qj. L'iquation AH(atomisation) = Ceij et la relation entre les dkplacements chimiques 
du 13C et les charges nettes des atomes de C conduisent ainsi k une equation B deux paramktres, 
AHt0 = AHfO(C,H6) + v ( N  - 2) + XC(N,, + I)@", permettant Ie calcul des enthalpies de 
formation des alcanes CSH2.,7i2 h partir de leurs spectres rmn pour le l3C (Aeth = diplacement 
relatif B l'kthane, N,, = nombre d'atomes C reliis B celui auquel se th  se rkfttre). 

In a first approximation, the heat of formation 
of saturated molecules can be estimated by 
additive rules, assuming that the contribution of 
each bond is the same as for any other molecule 
containing the same bond. In practice, the situa- 
tion is somewhat different from this simple 
additivity scheme. Indeed, various corrections 
accounting for steric effects were brought in (I),  
involving extensive empirical parametrizations. 
The present approach is different, in that steric 
effects are neglected altogether. Here, changes in 
bond properties are studied in terms of inductive 
effects. While each bond is still regarded as a 
separate unit, the present treatment recognizes 
that, because of some charge transfer from 
neighboring bonds, a given bond is not exactly 
the same in the various environments. Ultimately, 
the changes in bond properties are evaluated in 
terms of charges allocated to the bond-forming 
atoms. 

'Work extracted from the Ph.D. thesis of H.H. 
2To whom correspondence to be addressed. 
3Revision received March 24, 1976. 

Molecular Energy in terms of Bond Contributions 

Apparently at variance with the classical 
chemical concept of binding pairs, quantum 
mechanics yields electron densities which are 
delocalized over the whole molecule. It is well 
known, however, that it is possible, by means of 
an appropriate unitary transformation, to re- 
place the above orbitals by new functions which 
would largely localize the various electron pairs 
according to classic schemes ( 2 ) :  core electrons. 
binding pairs, and lone pairs. The total energy 
and the electronic charges remain unchanged in 
this transformation if all the levels are doubly 
occupied. Such a description, which is that of 
the classical chemical concepts, is closely related 
to the concept of hybridization (3). Indeed, 
since the hybrid atomic orbitals are constructed 
to point toward each other, they represent an 
effective basis for constructing localized molecu- 
lar functions. 

In the present approach we postulate ( i )  that 
the total energy of a molecule can be regarded 
as the sum of the energies, t , ,  assigned to the 
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individual bonds i j ,  i.e., 

E = C t,, 
[ijl 

and (ii) that the ty term can be expressed by 
some function, t,, (Qi,Q,), of the total popula- 
tions Q, and Q, of atoms z and j. 

Provided that for a given bond the variations 
in QZ and Q, due to changes in nlolecular 
environment are small, we obtain from a Taylor 
series limited to the first order that 

i.e., in terms of net charges q, and q,, where 
Aq = -AQ, 

Following this argument, we write for the 
C-C bonds 

where, if the C-C bond of ethane is chosen as 
a reference (tccO), the Aqc's are simply q, - 1, 
because of the choice made earlier (4) for defin- 
ing charges on a scale of relative units with 
respect to qcO = qc(ethane) = 1. Similarly, with 
reference to tcKO for the ethane C-H bond, our 
approximation yields 

remembering that qHO = q,(ethane) = - 1 3 
(relative units) (4). 

Net Atomic Charges q 

The charge distributions which shall be used 
are those derived from the theory (4) ~ h i c h  is 
explicitly based on the inductive efTects of the 
alkyl groups. These 'inductive' net charges were 
shown to be in good agreement with quantum 
mechanical results from semi-empirical and 
partially or non-optimized ab initio methods and 
are virtually identical to  fully optimized ub 
initio (§TO-3G) charges. 011 a scale of relative 
units defined by q,(ethane) = 1 (arbitrary unit), 
the various C and H charges are functions of a 
parameter, n ,  whose value is critical in any 

comparison of a property with C net charges 
(4,5). The charge distributions in alkanes reflect- 
ing the 'most even electron distribution', i.e., a 
situation where the various C charges are as 
similar as possible among themselves, correspond 
to n = -4.4 (5). 'Experimental' determinations 
of the inductive parameter tz indicated n = 
- 4.4083 from adiabatic ionisation potentials 
(6), and n = -4.4122 from 13C chemical shifts 
( 5 .  7).4 The latter are correlated to the C net 
charges, in relative units, by eq. 5. 

[5]  6, = -237.1qc + 242.64 (from TMS) 

Whenever the 'inductive' charges were known 
from the 'inductive theory' and/or from optim- 
ized ub itzitio calculations, eq. 5 appeared to 
be in excellent agreement with experimental 6c 
results. Indeed, the standard deviation (0.3 ppm) 
is small in comparison with the error (-2.4 ppm) 
in ac, which would correspond to a lyo error in 
the estimate of q,. On these grounds, eq. 5 can 
now be used to calculate C net charges (relative 
to q, = 1 for ethane) when these are not known 
from previous work. In fact, it turns out to be 
more practical to rewrite eq. 5 as follows: 

[6] Gc (ppm from ethane) = - 237. l(qc- 1) 

Expressions for AH(atomization) 
and AH(formation) 

Adopting the simplest possible scheme, we 
can write, conforming to common use: 

[7] AH(atomization) = AH, = CE,, 
Such a bond energy scheme has been studied 

earlier by Laidler and co-worker (9) who con- 
sidered that the energy terms of primary, 
secondarv. and tertiarv C-H bonds are not , , 
identical, whereas the C-C terms were presumed 
constant. Tatevskii's modification (10) is based 
on the assumptioll that not only should the C-H 
bonds in be classified according to their 
immediate environment, but that the C-C bonds 
should be similarly classified. In the present 
work, the fine-tuning of the individual t,, con- 
tributions is provided by their charge-dependence 

"These results support the hypothesis made in writing 
eq. 2ri and 2b, i.e., that the charges experience only small 
variations due to changes in molecular environment. 

5For a detailed discussion, see review article ref. 8. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HENRY ET AL. 2087 

(eqs. 3 and 4). Their summation6 (eq. 7 )  for 
paraffins C,-H2.y+2 gives eq. 8 ,  where NCc = the 
number of C-C bonds formed by the C atom 
to  which Aq, refers. 

[a] AH, = 2tCI10 - tCCO + 2 ~ / ' 3  $ 

By means of the relation AHfO = NAH,O(C) + 
(2N + 2)AH,O(H) - AHiL, and of eq. 6 ,  it is now 
easy to derive an expression for the enthalpies 
of formation, AHfO, in terms of C chemical shifts. 

TABLE 1. Comparison of experimental and calculated 
heats of formation (kcal/mol), using eq. 11" 

- AHfO (exp) Deviation 
Compound (25 'C) AHfO (calc) - 4H,O (exp) 

c 1 17.89 -0.22 
c2 20.14 0.00 
c3 24.82 -0.20 
c4 30.15 0.01 
2-MeC3 32.15 -0.05 
c, 35 .00 -0.20 
2-MeC, 36.92 0.22 
2,2-Me2C3 40.27 0.52 
c G 39.96 -0.31 
2-MeC5 41.66 -0.13 
3-MeC, 41.02 -0.19 
2,3-Me2C4 42.49 0.25 
c, 44.89 -0.14 

where t' = 2AH:(H) - 2fCH0 + tCCO - 2c 3 ,  2-MeC6 
3-MeC6 

LJ = 2AHf0(H) + AH?(C) - €CC0 - 2tCH0 + T-EtC5 
c'3, X I  = (a  - b)  237.1, and X 2  = (4b - c) 2,2-Me2C5 
237.1. Inserting 6't" = 0 in eq. 9 it is seen that 2,3-MezC5 

t' + 2v = AHf0(C2H6), i.e. 2,4-Me2C, 
2.2,3-Me3C4 

A comparison of eq. 10 with experimental 
enthalpies of formation (Table 1 )  indicated that 
XI  --. X2. Equation 10 can, therefore, be written 
as follows, without any significant loss in 
precision 

The results presented, in Table 1 were calcu- 
lated using7 AHf0(C2H6) = - 20.14, LJ = - 1.65 1 ,  
and X = -0.04657 (kcal mol). The chemical 
shifts relative to ethane, 6eth, were calculated 
from the nmr results extracted from refs. 13 
and 14. 

6For paraffins C.yH2S+2; in which the number of C-C 
bonds is N - 1, their contribution is Xe,,: = (N - 1) 
tccO + aCNccAqc:. Similarly :remembering that the num- 
ber of C-H bonds is 2N + 2, their contribution is 
C e C H  = (7-N + 2 ) e ~ H 0  + b C N ~ l q c  + cXAqH,  where 
N H  = the number of H atoms bonded to the C atom of 
which Aqc is computed, i . e . ,  NH = 4 - Nee. Finally, 
observing that C A q ,  = x q H  - (2N + 2)qH0 = - x q C  
+ ( 2 N  + 2) 13, the summatloll over all the eij terms yields 
eq. 8. 

7This value was selected considering the experimental 
ones -20.04 i 0.07 (11) and -20.24 i 0.12 (12) kcall 
mol (gas, at 25 'C). 

c s 49.82 -0.24 
2-MeC, 51.50 -0.19 
3-MeC, 50.82 -0.46 
4-MeC, 50 .69 -0.43 
3-EtC6 50.40 0.66 
2,2-Me2C6 53.71 0.01 
2,3-Me2C6 51.13 -0.40 
2,4-Me2C6 52.44 0.02 
2,s-Me2C6 53.21 -0.02 
3,3-Me& 52.61 0.51 
3,4-Me2C6 50.91 -0.03 
2-Me-3-EtC5 50.48 0.14 
2,2,3-Me3CS 52.61 -0.96 
2,3,3-Me3Cj 51.73 0.25 
2.3,4-Me$, 51.97 0.10 
2.2,3,3-Me& 53.99 -0.61 
c9 53.74 -0.29 
4-MeC, 56.19 0.14 
2,2-Me&, 58.83 0.12 
2,2,5-Me3C6 60.53 0.33 
2,3,3-Me3C6 57.31 0.32 
2,3.5-Me3C6 57.97 0.27 
2,2,3,3-Me&, 57.07 -0.67 
2,3,3,4-Me& 56.68 0.28 

*Except as noted below, exper~rrierital data die from ref 17 The 
value selected for ethane IS d~scussed In footnote 7 For neooentane the . ~. 
value is that of ref. 15. For 2,3-Me2Cj, the value given in API Table 3p 
is based on the work of Prosen and Rossini (18). According to these 
authors the samole of 2.3-MeCi available to them was irnoure. . ~. 
Following Somaya~ulu and Zwolinski (Id), we chose Jessup's value 
quoted by Proben and Rossini. The values for the C-9 alkanes are 
extracted from ref. In'. 

Discussion 

The multiple correlation coefficient (0.99937) 
and the mean deviation (k0 .27  kcalimol) are 
satisfactory considering the simplicity of eq. 11 
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which, admittedly, represents the crudest pos- 
sible approach in terms of charges. There are, 
however, several compounds (not listed in 
Table 1) for which the disazreement between 
calculated and experimental enthalpies of forma- 
tion is quite marked: EtCMe3 (exp. -44.35, 
deviation = 0.91), EtzCMe2 (-48.17. 1.94), 
Et3CMe (-51.38,2.20), and 2,2,4-MejCs (-53.57, 
-2.74). Interestingly, these molecules, as well 
as 2,2,3-Me3C5, also give unusually large devia- 
tions in Allen's calculations (10) and both 
Allen's and our calculated deviations are in the 
same direction. While it is possible that these 
deviations ~ o i n t  at the necessitv for a more 
sophisticated treatment, it should also be con- 
sidered that any attempt directed toward better 
numerical fits should be preceded by an ex- 
amination of the exverimental  data.^^ In addi- 
tion, possible errors in calibration of the nmr 
results should also be e ~ a m i n e d . ~  

Considering the results given in Table 1, we 
may thus regard that, at  this stage, any further 
numerical inlprove~nent is illusory. Indeed, if 
quadratic terms of charges in the c,, contribu- 
tions (or s~ecific steric effects) which were 
hitherto neglected, were to be taken into con- 
sideration, the accompanying proliferation of 
parameters would certainly help in reducing the 
deviations without adding, however, anything 
substantial to the understanding of the basic 
phenomena involved. Present results support 
(despite its crudeness) our analysis of the 
molecular energy in terms of bond contributions, 
and the view that the latter can be adequately 
approximated by a linear combination of the 
variations in net charges, Aqi and Aq,, of the 
bond-forming atoms. 
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Can. J. Chem. 54, 2089 (1976). 

Reactions of the oxazolidine ( 2 )  and thiazolidine (3) derivatives of 2-mesqloxyrnethylglycer- 
aldehyde acetonide with oxygen and sulphur anions are described. Whereas oxazolidine fororma- 
tion does not protect the aldehyde function against nucleophiiic atvack. the thiazolidine group 
is completely inert to these nucleophiles. 

GEORGE JUST, BONG YOUNG CHUNG, SUNGGAK KIM, GERALD ROSEBERY et I%HILLIP ROSSY. 
Can. J. Chem. 54, 2089 (1976). 

La rCaction des derives oxazolidine ( 2 )  et thiazolidine (3) de l'acetonide du n~CsyloxymCthyle-2 
glycCraldChyde avec des anions oxygene et soufre est descrite. Tandis que la formation d'un 
derivC oxazolidine ne protkge pas la fonction aldkhycle contre une attaque n~iclCophile, le 
groupe thiazolidine est inerte a ces nuclCophiles. 

In connection with a synthesis of cephalo- 
sporin and oxacephalosporin derivatives, we 
studied the condensation of aldehyde H or of a 
suitably blocked derivative 2 or 3 (1, 2) with 
sulphur and oxygen anions $a, 9a, and 1 2 ~  in the 
hope of obtaining the product of displacement 
of the l~iesylate by these anions. 

Direct displacement of the mesylate function 
in aldehyde 1 by thiolate 90 did not proceed in 
the desired manner. Since conventional protect- 
ing groups such as the methyl acetals could not 
be removed without the destruction of the 
molecule formed, we studied the potential useful- 
ness of the oxazolidine and thiazolidine pro- 
tecting groups. 

The formation of the latter has been described 
by Bergmann and Kaluszyner (3), and it has 
been used as an aldehyde producing group by 
Meyers et al. (41, but to our knowledge it has 
never been used as an aldehyde protecting group. 

The reaction of oxazolidine mesylate 2 with 
potassium thioacetate in acetone gave the antic- 
ipated displacement product 4 in 96% yield (1). 

We next set out to apply this reaction to 
mesylate 2 and thiomethyle~~eoxazolsne (6). 

Thiornethyleneoxazolone 9 was prepared in 
10% yield by treating a pyridine solution of 

'Molder of a National Research Council of Canada 
Scholarship, 1974-1975. 

?Holder of a McConnell Fellowship, 1974-1 976. 
3Holder of a National Research Cou~lcil of Canada 

Scholarship, 1970-1973. 

cthoxymethyle~~eoxazolone 5 (5b) with hydrogen 
sulfide for 24 h. It was then discovered that if the 
ethoxyrnethyleiieoxazololle 5 was treated with 
1 cquiv. of sodium hydrosulfide in methanol for 
3 mi11 at 0 "C and the reaction mixture poured 
into hot dioxane, the sodium thiolate 6a sep- 
arated as yellow starlike crystals on cooling in 
85% yFld. The free thiol6, prepared from $0 by 
precipitation from an aqueous solution with 
acetic acid, proved to be different from 9. The 
structures of 6 and 9 were assigned, based 
mainly on their infrared (ir) spectra, which 
showed for 6 the anhydride doublet at  1805 and 
1795 cm-l, and a hydrogen-bonded C=N band 
a t  1660cm-l, whereas 9 showed the hydrogen- 
bonded anhydride doublet at  1760 and 1710 
cm-l and the C=N band as a shoulder at 
1490 cnl-I. 

Co~~densatiorl of 6u with mesylate 2 in bu- 
tanoae, followed by filtration through alumina. 
gave 4, rnp 127 "C, in 50-557;; yield. The 
relatively low yield may be attributed to a 
cornpetirlg reactioi~ of the thiolate anion on the 
labile oxazolidine group. Hydrolysis of 7 with 
50y0 aqueous acetic acid gave 8, mp 80-81 "C, in 
807, yield. Analogous results were obtained 
when thiolate 90 was reacted with mesylate 2. 
giving, after hydrolysis, 9, rnp 83-85 "C. 

We next turned to the study of the reaction 
of mesylate 2 with the sodium and thalli~am sales 
of the readily available methyl 2-ph'chalimido-3- 
hydroxyacryiale 42 46). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2090 CAN. J. CHEM. VOL. 54, 1976 

X ' yH\ ' CHO Ikph 
s/c 

Condensation of the sodium or thallium salt 
of 12 with oxazolidine mesylate 2 gave a mixture 
of the crystalline perhydrooxazepine derivative 
84 and of the desired product 13. 

There are two possible structures, 14 and 15. 
for the perhydrooxazepine derivative. Since it is 
known (7) that oxazolidines containing a 
secondary amine function exist in part as the 
tautomeric Schiff base, it could be assumed that 
oxazolidine mesylate 2 may exist to a small 
extent as the immonium ion. Reaction of the 
immonium ion with the nucleophile 12a may 
then give an intermediate, which n a y  be ex- 
pected to cyclize to give 15. However, the nmr 
data of the isomeric product did not fit this 

structure. but that of the perhydrooxazepine 
derivative 84. One would also anticipate that 15 
would not be stable to 507, aqueous acetic acid. 
but the product was stable to these reaction 
conditions. The product was perhaps formed by 
attack of the tertiary amine on the mesylate. 
followed by ring opening by the anion, although 
other reaction paths cannot be excluded. 

Since the sxazolidine protectirig group was not 
stable to nucleophilic attack, it was decided to 
use a thiazolidine protecting group. 

Treatment of the thiazolldine mesylate 3 (2) 
with 1.3 equiv. of the thallium salt of the methyl 
ester 12 in refluxing butanone gave a quantitative 
yield of the thiazolidine methyl ester 16 as an 
amorphous solid. 

Hydrolysis of the thiazolidine function of the 
thiazolidine methyl ester 16 to the corresponding 
aldehyde methyl ester 114 was carried out by 
treatment of I6 nit11 mercuric chloride (4) in a 
mixture of tetrahydrofuran and hater (5:1), 
giving a crystalline aldehyde methyl ester 1'7 in 
957, yield. Hydrolysis of the oxazolidine methyl 
ester 13 with 507, aqueous acetic acid also gave a 
quantitative yield of the aldehyde 1'7 as a 
crystalline compound. Similar condensation re- 

R = pkthalimido 
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actions could be carried out with salts of the 
analogous benzyl and trichloroethyl esters. 

The chemical shift of the vinyl proton in 117 
and 18 (8) ranges from 7.3 to  7.6 ppm, and 
opening of the oxazolidine ring deshields the 
vinyl proton slightly. In its geometric isomers 
10, the corresponding vinyl proton is found at 
8.3 ppm. Since substitution of the sulphur atom 
on the vinyl group by oxygen should deshield the 
vinyl proton, and since that vinyl proton appears 
in Id  at 7.8 ppm., we think that the geometry of 
13 is as depicted. 

The yield of formation of thiomethylene- 
oxazolone 8 could be considerably improved 
when the thiazolidine protecting group was used. 
Condensation of thiazolidine mesylate 3 with 
thiolate anion 6a gave 7~ as a mixture of epimers 
a t  C-4 in over 857, yield. Hydrolysis of the 
thiazolidine group at room temperature for 1-2 h 
with mercuric chloride in aqueous acetonitrile 
gave aldehyde 8 in 85% yield. 

Experimental 
Melting points were determined on a Gallenkamp 

block and are uncorrected. Mass spectra were obtained 
on an AEI-MS-902 mass spectrometer at 70 eV using a 
direct insertion probe. Nuclear magnetic resonance spec- 
tra were recorded on a Varian T-60 spectrometer using 
tetramethylsilane as an internal standard. Infrared spectra 
were obtained on a Unicam SP-1000 ir spectrophotom- 
eter. Ultraviolet spectra were recorded using a Unicam 
SP-800 spectrophotometer. Microanalyses were carried 
out by C. Daessle, Montreal. 

2-Plre;1yi-4-thion~etI1yle;1e-5-oxazolone Sodium Suit (6~) 
To a stirred ice-cooled suspension of 5 g of 2-phenyl-4- 

ethoxymethylene-5-oxazolone (5) in lorn1 of methanol 
was added 1.3 g (1 equiv.) of sodium hydrosulfide. The 
solution was stirred for 3 min at O "C and then poured 
into 80 ml of dioxane heated to 70 "C. The clear red 
solution was cooled in an ice bath until precipitation of 
the bright yellow sodium thiol was complete (about 1 h). 
The product was removed by filtration, washed with 
ether, and dried it2 cacuo, giving 4.9 g (955/;) of 6cs, mp 
245 - 247 "C (dec.); 6 (D20) 7.35-8.1 (m, 5H, aromatic), 
9.14 pp~m (s, l H ,  C=CH). A~zai. calcd. for CloH61adOZSI\Ja: 
C 52.86, H2.64, N6.16; found: C 52.41, H2.83, N6.32. 

2-PRenyl-4-tl~iorneiI1~yIene-5-oxazoiure (6) from 6a 
Sodium thiolate 6u ( I  .0 g) was dissoived in 10 ml of 

water and 2 m! of glacial acetic acid was added. The 
product precipitated and was removed by filtration, 
washed well with water, and dried in cncuo, giving 0.9 g 
of 6, mp 180-181 "C;  A,,, (EtQM) 405 nm ( e  22 300); 
m / e  205 (M+); ir (CHCI;) 2460 (SH), 1805/1795 (C=O): 
1660 cm-1 (C=N); 6 (CDCI,) 7.3 (s, 1 H; C=CH), 
7.3 ,-- 8.2 (m, 5H, aromatic), 11.8 ppm (br s ,  1H. SH). 

Z-Phet?yl-4-fhiomefI1y/e11e~5-oxa;olone 9 
Hydrogen sulfide was passed for lOmin through a 

soiution of 5 g of 5 in 25 mi of dry pyridine a t  0 '6 in a 
pressurc bottle, which was then scalcd and kept at room 
temperature for 24 h. The mixture was poured with 
vigorous stirring info ice-cold dilute hydrochloric acid 
and filtered immediately; giving 0.47 g (1051,) of 9 ,  mp 
176 "C (lit. (5rr) mp 175-176 'C): ir (CHCI,), 2480 (SH), 
1760/1710 (C=8). 1690cm-1 (C=N); 6 (CDCI-,) 7.3- 
8.2 (m, 5H, phenyl), 8.25 (s, IH, C=CM), 11.9 ppm 
(br s, IW, SH). 

2-P/1er~yl-4-~hiometl1yler1e-5-oxazolor1e Sodium Salt (9a) 
To a solution of 200 mg of the thiol9 in 2 mi of abso- 

iute ethanol was added a solution of 22.5 mg ( 1  equiv.) of 
sodium in 2 mi of absolute ethanol. The mixture was 
dripped slowly into 50 ml of ice-cold vigorously stirred 
ether. The sodium salt precipitated, was removed by 
vacuum filtration, washed with ether, and dried it1 cc1cuo. 
giving 190mg (8QC,) of 9a; 6 (D20)  7.4-8.2 (m, 5H. 
aromatic), 9.30 ppm (s, 1H: C-CH). 

Oxnzolidi;le Oxuzolorze 7 
A soiution of 1.2 g of oxazoiidine mesylate 2 in 30 ml 

of dry 2-butanone and 1.2 g (1.3 equiv.) of sodium 
thiolate 6u was refluxed for 1.5 h. After filtration and 
evaporation, the residue was filtered on 10 g of neutral 
alumina (Woelm, activity 1). Elution with 50 ml of 
chloroform-ether ( 1  :1) gave a pale orange residue which 
was taken up in 4 ml of ether and cooled at -20 'C until 
crystallization was complete. Filtration and washing with 
5 ml of cold ether gave 0.82g (50:;) of 7, nip 127 ' C .  
A,,, (MeOH) 361 nm ( c  45 600): m/e  404 (I%+); ir (KBr) 
1780 (C=O), 1633 cnl-1 (C=N); 6 (CDCI;) 1.4 (s, 6H). 
2.5 (s, 3H, N-CH3). 2.4-2.8 (m, 1H), 3.0-4.0 (m, 7H). 
4.1 (s, lH, N-CK-0), 7.3-8.3 ppm (m, 6, C=CH and 
phenyl). Atlai. calcd. for C20H24N205S: C 59.41, HI 5.94. 
N 6.93, S 7.92; found: C 59.21, H 5.88. N 7.18, S 7.89. 

Alrleliydr 8 front Oxazoliiiine 7 
A solution of 0.9 r of oxazoiidine 7 in 10 ml of 505, 

aqueous acetic acid b a s  allowed to stand at room tem- 
perature for 1 11 and dililted wit11 49 ml of water. Chloro- 
form extraction and crystallization from 5 mi of ethyl 
ether gave 0.62g (80:;) of aldehyde 8, rnp 80-81 "C; 
A,,, (MeBH) 361 nm (t 42 800); n?/e 347 (M-+); ir (KBr) 
1780 (C=O), 1740 (PI-C=O), 1630 cm-1 (C=N): 
6 (CDCI;) 1.5 (2s, 3H each), 3.5 (s, 2H, CH2-S), 4.2 
(ABq, 2M, / = 10 Hz, --8-CH2-C4), 7.2-8.2 (m, 6. 
phenyl and C-CH), 8.9 ppm (s, IH, H-C=O). A m l .  
calcd. for C17HL7N05S: C 58.79, H 4.93. N 4.03, S 9.23: 
found: C 57.03, Pi 4.82, N 4.23, S 9.25. 

Alde/zyc/e-oxuzolol?e I I  
This compound was prepared in 35';; yield, based on 2. 

in the same way as 8, but using 9a instead of 6a (see 
preparation of '9 and 8); mp 83-85 " C ;  ir (MBr) 1765/1760 
(C=O), 1730 (PI-C=0), 1640 cm-I (C=N); 6 (CDCI,) 
1.55 (2s, 3H-I each), 4.25 (ABq, 2H, J = fOHz. 
-4-CH2-C), 4.65 Is, 2H, M2C-S), 7.3-8.2 (m, 5H. 
phenyl) 8.25 (s, 1H, C=CH), 9.9 pprn (s, lH, H-C=O). 

~ V f e t i ~ j ~ l  2-Pht/1alimido-3-l1yd1'oxyc1crylate Thalli~lm Salt % 
Methyl 2-phthalimido-3-hydroxyacrylate 12 (6) (2.47 g) 

was dissolved in hot benzene (50rnI) and thallium 
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ethoxide (2.74 g. Aidrich. 98';) was added. The pale 
yellow powder which settled down immediately was 
col!ected by filtration and recrystallized from ethanol. 
giving a quantitative yield of 12~2, nip 245-247 ' C  (dec.); 
ir (KBr) 3600-3300 (salt). 1800; i 730 (phthalimido), I720 
(ester), 1670 cm-1 (C=C); 6 (DIMSO-d,) 3.6 (s. 3H, CH,), 
7.9 (s, 414, plithaiimido), 8.98 ppm {s. !H, C-CW). Anul. 
calcd. for C12H,N05T!: C 3?.03, K 2.03, N 3.1 1 ; found: 
63 31.76, H 2.01, N 3.23. 

Oxrrz~iiriiiie ibir!!~j.l Esfer 13 
The thailium salt 32a (3.375g) was suspended in a 

solution of the oxaroiidine mesyla'ie 2 (1.475 g) in dry 
2-butanone (50 ml). The mixture was refluxed for 6 !I, 
al!owed to cool, and filtered. The yeiiow filtrate was con- 
centrated under reduced pressure. The resulting foamy 
solid showed two spots in tlc. This crude product was 
passed through an aiumina column using methylene 
chloride - ethyl ether (5:l)  as eluent. A total of 100 ml of 
the eluent was collected and evaporated irr rucim. The 
white foamy solid was dissolved in ethyl ether (5 ml) and 
kept overnight in the refrigerator. The crystalline com- 
pound 14 was filtered off and the fi!traie vvas evaporated. 
giving 1.0 g (45';) of 13, mp 43-45 'C; ir (CHC13) 
1800/1740 (phthalimido), 1735 (ester), 1670 cm-1 (C=C), 
m/e446 (Mi+); S (CDCI,) 1.27, 1.38 (3H each, s, ace. 
tonide), 2.45, 2.50 (2s.  3M: N-CH,), 2.4-2.7 and 
3.0-3.3 (m, 2H, N-CH2-CH,-O), 3.72 (s. 312, 
0-CM,), 3.6-4.02 (m. 2H, N-CH2-CH,-O), 3.91 
(s, lH, N-CH-O), 4.0 (s, 2H, 0-CH2), 4.22 (q, 211. 
OCH,), 7.68-8.0 ppm (m, 5H. phthalimido and C=CH). 
Aizczl. ca!cd. for C2ZH26NiOS: C 59.18, H 5.87, Pd 6.28; 
found: C 58.93, H 6.04, N 6.32. 

Perlzydroo?cazepifle Deriuatire 14 
This crystalline compound was separated by the 

method mentioned above, giving a 46';; yield of 114, nlp 
173-174°C; ir (KBr) 1800/1740 (plithalimido), 1725 
(ester), 1670 cm-I (C=C); nz/e 446 (M+); 6 (CDCI,) 
1.15, 1.25 (each s, 6H, acet~nide),  2.34 (s, 3H, N-CH3), 
2.4-2.7 (m, 4H, CH2-N-CH2), 3.73 (s, 3H, QCPP3), 
3.7-4.14 (m, 4H, OCH,), 5.1 3 (s, IH, 0-CH-O), 
7.63-7.94 (m, 4H, phthalimido) 7.92 ppm (s, 1H, C=CM). 
A/~a i .  calcd. for G2,Hz6N2O,: C 59.18, H 5.87, Pd6.28; 
found: C 58.89, FI 6.01, N 6.54. 

Thilirtsolidit~e i l fet lr~l  Esfrr 16 
The thallium salt U a  (10 g) was suspenaled in a solr!tion 

of the thiazolidine mesylate 3 (6.22 g j  in dry 2-butanone 
(100 ml). The mixture was refluxed for 6 h,  cooled, and 
filtered. Evaporation of the solvent gave a foam, which 
was passed through a silica gel col~amn using methylene 
chloride - ethyl ether (l  : I )  as ail eluent. Evaporation of 
the solvent gave 9.2 g (100';) of the white foamy 16, ir 
(CHCI,) 1800/1735 (phthalimido), 1720 (ester), 1667 
cm-1 (C=C); m/e 402 (M+); 6 (CDCI,) 1.27, 1.37 (each s. 
5H, acetonide), 2.28, 2.35 (each s, 3H, N-CH,)> 2.78- 
3.23 (m, 4M, N-CH2-CH2-S), 3.73 (s, 3M. OCH,). 
3.8-4.02 (m, 2W, 0CH2), 4.13-4.33 (m, 3H, 0 C H 2  and 
N-CEE-S), 7.7--8.02 ppin (m, 5I8, phthaiimido and 
C=CH). Aizal. calcd. for C22H26NL0,S: C 57.14, H 5.67, 
N6.04, S6.92; found: C57.38. H 6.02. N5.89. S 6.62. 

Alcieilyiie Meflrjl Esfer IS, from I 6  
The thiazolidine methyl ester 16 (4.62 g) was dissolved 

i!i tetrahydrofuran-water (4:1) (50ml) and nlercuric 
cllioride (3.0 g = 1.1 equiv.) was added. The immediately 
formed milky suspension was refluxed for I h ,  cooled, and 
filtered, Tlie filtrate was concentrated under reduced 
pressure and the residue extracted three times with 
beiizene. Tile combined extracts were washed with dilute 
hydrochloric acid and water, dried over anhydrous 
sodiurn sulfate, and filtered. Evaporation of the solvent 
gave 3 89 g (lOO1>;) of the white foamy 17; ir (KBr) 3500 
(hydrate form of aldehyde). 1800/1735 (phthalimido). 
!735 (ester), 1720 (aideliyde). 1670 cm-1 ( C - C ) ;  m / e  389 
(M-); a (CDCI,) 1.43 (s, 6H. acetonide), 3.72 (s, 3H. 
GBOCH,), 3.9-4.12 ( n ~ .  2H> 0CH2).  3.33 (s, 213; 0CW2), 
7.68-8.0 (m, 4M, phthalimido), 7.9 (s, 1H: C=CH), 9.8 
ppnn (s. 1 3 ,  aldehyde). Al~al.  calcd. for Ci,H,,NO,M,O: 
C56.02, H 5 . 2 0 , N  3.44; found: C56.29, H5.21, N3.89. 

Aldeirycie PLfetllyi Ester. 17froriz 13 
The oxazolidille methyl ester 13 (446 mg) was disso!ved 

in 50'; aqueous acetic acid (10 ml) and the mixture 
stirred for 2 I-i at room temperature. Water (20 ml) was 
added and the mixture extracted three times with chloro- 
form. The extracts were back-waslied twice with water. 
combined. and dried over ar~hydrous sodium sulfate. 
Evaporation of the solvent gave 380 mg (995 i )  of a white 
foamy a7. The nmr. i r ,  and mass spitctral data were the 
same as those of the p r o d ~ ~ c l  from the thia~olidine 
ester 17. 

- 
; iiin:o!it/ii~r 0.unzoloile 70 

To a solution of 520 mg of thiarolicline mesylate 3 in 
20 ml of dry 2-butanone was added 500 rng (1.3 equiv.) of 
sodium thiol 6a. The mixture was rel1i:xed ~ ~ n d e r  nitrogen 
for 4 h and allowed to cool. After filtration and evapora- 
iion. the res id~~e uas  passed illrough a column of silica 
gel (6 g. Woelrn Activity I l l ) .  Elution with 60 mi of 
chioroform-ether ( I  : i )  gave 620 mg (88' ;) of 7u, A,,,, 
(EtOM) 361 nm (t 41 200); 111!e 420 (Mt): ir (CMC13) 
1780 (C-O), 1635 (C-N), 1600 cm-I; G(CDC1;) 1.5 
( b ,  6H) 2.4-2.6 (d, 3H. N-CH3) 3.0-3.4 (m, 4H. 
-SCH2CH2N), 3.5 - 3.9 (m. 2W. -S-GI-I?), 4.0-4.4 
(m,  2H; -0-GH2-C-0). 4.5 - 4.8 (m, 1 H ,  N- 
CH-S). 7.3 - 8.4 (ni, 6H, C=CH and phenpl). Ar~ul. 
calcd. for C20H24W2g)4S2: C 57.14, H 5.71, N 6.67. S 
:5.24; found: C57.20, N 5.63, N 6.46. S i4.78. 

Al~/ei?j.tle 8,f1win T/~irinzoliiliti,le Ta 
A solution of 120 mg of thiazolidine oxazolone 7u in 

12ml of acetonitrile-water 15:l) containing 1OOmg 
(1.2 equiv.) of mercuric chloride has  stirred at room 
temperature for 2 h and filtered. Evaporation, ether 
extraction. and crystallizatioil gave 85 mg of 8 (85';). 
identical in ail respects with 8 prepared from 7. 
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GEORGE A. NEVILLE, FARILA B. HASAN, and IAN C. P. SMITII. Can. J. Chern. 54, 2094 (1976). 
Cieavage and recyclization of the lactone ring of pilocarpine (8) and of isopilocarpine (2) in 

D,BB with varying p,D have been studied by 13C nmr spectroscopy. Aikalinetreatment (pD 10-13) 
results in rapid ep~merizationl of pilocarpine to form isopilocarpine ( 2 8  + 3';; at 30 'C) and 
hydrolysis of the parent compound(s) to for111 the open chain pilocarpinate (isopilocarpinate). 
By contrast, isopilocarpine does not epimerize to pilocarpine under similar treatment. A 
mechanism is discussed for the epimerization of pilocarpine and the nonepimerization of the 
isopilocarpine is rationalized. pli, values of 5.7 and 6.5, respectively, have been determined for 
pilocarpinic acid and for the dissociation of the protonated quaternary nitrogen of the imidazole 
ring of pilocarpine. A basis for assay of degradation products in aqueous pilocarpine solutions 
utilizing differences in 13C chemical shift for C-8 is discussed. 

GEORGE A. NEVILLE, FARIZA B. HASAN et IAN C.  P. D~IITH. Can. 9. Chem.'54, 2094 (1976). 
On a 6tudi6, par spectroscopic rmn du '3C, la coupure et la recyclisation du cycle lactonique 

de la pilocarpine (I) et de l'icopilocarpine (2) dans la D,O B des pD variables. Le traitement 
alcalin (pD 10-13) conduit h une 6pimCrisation rapide de la pilocarpine pour former l'isopilo- 
carpine (28 r 3' ; h 30 -C) et a l'hydrolyse des composCs parents pour former les composCs en 
chaine ouverte pilocarpinate et isopilocarpinate. Par opposition, l'isopilocarpine ne s'epimerise 
pas en pilocarpine par un traiternent s~milaire. On discute d'un mCcanisme pour 1'CpimCrisation 
de la pilocarpine; la non-CpirCmisation de l'isopilocarpine est rationalisie. On a dCterminC des 
valeurs respectives de pK, de 5.7 et de 8.5 pour I'acide pilocarpinique et pour la dissociation de 
l'azote quaternaire protone du cycle inlidazole de la pilocarpine. On discute d'une base pour 
determiner Ie pourcentage des produits du degradation dans des solutions aqueuses de pilo- 
carpine utilisant les differences dans les dCplacements chimiyues du 13C pour le carbone C-8. 

[Traduit par le journal] 

Pilocarpine as an ophthalmic solution is 
valued as a topica! miotic in the treatment of 
glaucoma because it is less irritating than 
physostigmine salicylate and can be used for 
extended periods without producing undesirable 
side effects (1). While acidic aqueous prepara- 
tions of pilocarpine are relatively stable 42-41, 
the stability of pilocarpine decreases progres- 
sively with increasing p H  especially at  elevated 
temperatures (2, 3, 5-7) and is affected by 
phosphate and carbonate buKers (6, 8). The 
hydrolysis of pilocarpine in aqueous solutio~l 
has been studied at  various p H  values and 
temperatures (2, 3, 5-7, 9-1 1) including a recent 
kinetic study of the hydrolysis and epimerization 
of pilocarpine Is isopilocarpine (1 1). The abso- 
lute configuration of the two asymmetric centers 
in the lactone moiety of these two stereoisomers 
has been established as 2S:3R for the cis-isomer, 

pilocarpine (I) and as 2R:3R for the trans- 
isomer, isopilocarpine % (12). 

Degradation of aqueous pilocarpine solutions 
can occur by hydrolysis to  pilocarpinic acid and 
by epirnerization to isopilocarpine. As either 
degradative pathway results in loss of pharma- 
cological act~vity, it is important to be able to 
monitor, physically or chemically, pilocarpine 
ophthalmic solutions for evidence of such degra- 
dation. Unfortunate!y there has been no simple 
or adequate method for separating the two 
diastereoisomers. No  method of quantitating 
either epimer in the presence of the other was 
available until Nunes and Brochmann-Hanssen 
(1 1) showed recently by proton nmr spectroscopy 
that the methyl proton chemical shifts of the 
ethyl subsiituents differed by 0.1 ppm for the 
two epimers and provided a means of quantitat- 
ing epimerization by integration of the scale- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NEVILLE ET AL. 

TABLE 1. 13C chemical shifts for pilocarpinc and isopilocarpine':' 
- 

Piiocarpine Isopilocarpine 

(3 D,O Base Acid DzO Base Acid 

*&, ppni from external TMS. 
tSee B of Fig. 3 for numbering of carbon atoms. 

expanded triplet patterns. In spite of this recent 
work, little is still known concerning the epimer- 
ization reaction of pilocarpine, it being con- 
sidered that epimerization does not occur after 
the lactone ring has been opened, whether in the 
anion or in the free acid form (11, 13, 14). As 
13C Fourier transform nmr spectroscopy is 
admirably suitable for providing detailed insight 
into the molecular nature of species formed upon 
degradation of pilocarpine, the purposes of this 
investigation were to develop an unambiguous 
method for quantitating epimerization and to 
characterize the products of hydrolysis more 
specifically, in order to  provide a fuller interpre- 
tation of the epimerization reaction. 

Experimental 
Pilocarpine hydrochloride, mp 204-205 'C ,  and iso- 

pilocarpine nitrate, mp 157 "C were used as obtained 
from the Aldrich Chemical Company. Pilocarpine refer- 
ence standard was obtained from U.S.P.-N.F. Reference 
Standards, 12601 Twinbrook Parkway, Rockville, Mary- 
land, U.S.A. 20852. 

13C nmr spectra were recorded in D28  using 10-mm 
tubes a t  30 "C on a Varian CFF-20 spectrometer. A 
Varian XL-100-15 spectrometer utilizing 12 mm tubes 
was used for temperature studies ranging between 9.5 and 
65 "C. Both instruments were operated in the pulsed 
Fourier transform mode to provide spectra with and 

nithout proton coupling. Chemical shifts are reported in 
parts per million (ppm) cionniield from external tetra- 
methylsilane (TLIS) contained in a concentric 5 mnl tube. 

The spectra used for the calc~~lations were obtained by 
i~sing 1 K  data points ocer a spectral width of 4 ItHz. an 
acq~~isitioii time of 0.5 s, a p ~ ~ l s e  angle of 45 , and no 
pulse delay. In order to check the accuracy of the ob- 
served intensities (peak height), spectra of a sample of 
U.S.1'. Standard pilocarpine nitrate in DIO at pD 13.1 
mere obtained using 8K data points \\ithin a 2kHz  
spectral width, and acquiiition time of 2 s. and no pirlse 
delay (same pulse angle). These conditions elinlll~ated anj  
error' due to insufficient data points and error due to 
differences in relaxation times in the spectra. The in- 
tegrated peak areas from these spectra were in good 
agreement (kg' ( of measured values) with the result5 
obtained by the more rapid method. 

The pD \\as adjusted nith NaOD or DCl. and pD 
\,slues \yere measured by meter (pD, pH meter reading + 
0.4) (15). The pic, values nere determined from corrected 
p H  nleter readings in D 2 0 .  and they do not necessarilj 
represent the pl(, values in H 2 0  because of a possible 
isotope effect (16). Solutions \$ere a l l o ~ ~ ~ e d  to equilibrate 
for at  least .i, 11 at each p D  and temperature before 
scanning was commenced. 

Results 

The "3C chemical shifts for pilocarpiile and 
isopilocarpil~e under different conditions, are 
given in Table 1, comparative spectra with 
changing pD are shown in Fig 1, and the varia- 
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CHEMICAL SHIFT ( p ~ m )  CHEMICAL SHIFT(ppm) 

FIG. 1 .  Comparative '3C nmr spectra of pilocarpine and of isopilocarpille in D20 with changing pD. 

tion in 13C chemical shift for various carbon effects (14). Thc 136 nmr spectra of pilocarpine 
n~iclei with changing pD is plotted in Fig. 2. solutions in D20 at pD 10-14 at room tempera- 
The assignment of carbon frequencies was based ture (30 "G) show the presence of 28 i- 3% 
on a cornparis011 of proton coupled and de- of the ring-opened form of isopilocarpine (iso- 
coupled spectra and knowledge of shielding pilocarpinate) admixed with that of pilocarpine 
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NEVILLE ET AL 

CHEMICAL SHIFT ( p p m i  

FIG. 2. Variation of 13C chemical shift for various carbon nuclei of pilocarpine with changing pD 
ifor numbering, see 1 of Fig. 3). 

(pilocarpinate). When D20 solutionas of iso- 
pilocarpine were similarly treated with base, no 
evidence of pilocarpinate could be found ad- 
mixed with isopilocarpinate. Upon acidification 
of the pilocarpinate and isopilocarpinate solu- 
tions to pD 1 to recyclize the lactone structure. 
the pilocarpinate mixture yielded spectra indi- 
cating the preserlce of 28 + 35; isopilocarpine 
whereas the isopilocarpinate solutions provided 
spectra identical with that of isopilocarpine 
nitrate in DZO 

At lower temperature (9.5 "C) at pD 12.5 the 
13C spectra show only 38 i 3Cj, of the pilo- 
carpine 5s deiactonized, of which 25 + 3% is 
converted to the isopiiocarpinate form. At higher 
temperature (65 "C) at the same pD, pilocarpine 
was completely delactonized and the proportion 
of isopilocarpinate was 27 5 354. Under any of 
these conditions the C-1 l hydrogen undergoes 
exchange in D20 which causes considerable 
diminution of the C-l l carbon resonance. This 
effect is readily seen in the lower left spectrum 
of Fig. 1. The weak remaining resonance at 
47.6 ppm is due to residual protonated C-ll of 
isopilocarpine. The resonance of the deuterated 
6- 1 1, which might be expected to undergo a 
slight isotope shift with respect to the resonance 
of the C-H moiety and to manifest a triplet 
structure due to spin-spin coupling with deu- 
terium, is not visible in the spectrum. This low 
signal-to-noise ratio is due to: (i) a decrease to 
0.3 of the intensity of the resonance of the 
protonated analog due to splitting into three 

components, (ii) considerable saturation of the 
resonance resulting from rapid acquisition of 
data relative to the spin-lattice relaxation time 
( T I )  of the deuterated carbon which is approxi- 
mately 45 times longer than that of the proton- 
ated analog. 

By plotting variation in 13C chemical shift for 
various carbon nuclei of pilocarpine with chang- 
ing pD (Fig. 2), one obtains values of pK, = 
5.7 + 0.1 (from C-10 and C-l I)  for dissociation 
of the open chain hydroxy acid form (pilocarpin- 
ate) and pK, = 8.5 5 0.1 (from C-2, C-4, and 
C-5) for dissociation of the protonated quater- 
nary nitrogen of the in~ldazole ring of pilo- 
carpine. 

Dissussion 

On treating pilocarpine ( I )  with base. the 
lactone is cleaved by hydro!ysis (see Fig. 3) to 
yield an epimeric mixture of 7-hydroxy car- 
boxylates, pilocarpinate (major), and isopilo- 
carpinate (minor). The kinetics sf the hydrolysis 
of pilocarpine have received some study (7, 11). 
Comparison of 13C spectra of base treated 
pilocarpine and isopilocarpine (Fig. 1) reveals 
the presence of three resonances for isopilo- 
carpinate carbons differing in frequency from 
those of the corresponding pilocarpinate carbon 
sites. The C-8 methylene carbon of isopilo- 
carpinate at 62.80 ppm is well resolved from the 
G-8 pilocarpinate carbon at 61.33 ppm and as 
such the C-8 carbon resonances constitute the 
best indicators for monitoring pilocarpine solu- 
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FIG. 3. Epimerization of pilocarpine (1) to isopilocarpine (2) by base-acid cyclization 

tions for epimeriaation. A shoulder at  42.82 ppm 
for the tertiary C-7 of isopilocarpinate is seen 
on the 42.57 ppm resonance for the pilocarpine 
C-7. Similarly a shoulder at  23.87 ppm for the 
C-12 methylene carbon of isopilocarpinate is 
seen on the 23.46 pprn resonarm for G-12 of 
pilocarpinate. Pilocarpinate and isopilocarpinate 
appear to have ail other 13C resonances in com- 
mon, a feature which is consister~t with the re- 
moteness of these carbon atoms from the 
diastereoisomeric centres. The isopilocarpinate 
reference spectrum affords an ideal comparisorl 
because no evidence of epimerization of iso- 
piiocarpine is seen either on 'breatnaent with base 
or upon strong acidification of the isopilo- 
carpinate to efiect lactone closure. 

The lability of the lachone ring of piiocarpine 
is illustrated graphically in Fig. 2 where the 13C 
chemical shift is plotted against changing pD. 
Under alkaline conditions exiendillg to ap- 
proximately pD 8, the stable nnolecular species 
is the lactone cleaved, hydroxy carboxylate 
(pilocarpinate). As the pD is decreased, lactone 
formation occurs resulting in the formation of 
pilocarpine whose @-8 resonance affords the 
best resolved and most sensitive indicator of its 
generation. From pD 7 to 5 proton association 
of pilocarpinate occurs to form the free hydroxy 
acid (pilocarpinic acid, pKa = 5.7 k 0.1) as 
indicated by the infiectior-is of the titration 
curves for the C-18 and C-18 resonances. By 
pD 4.5, proton association by pilocarpinate is 
virtually complete and the titration curves for 

resonances C-11, C-10, C-8, and 63-7, formerly 
representing pilocarpinate, now essentially re- 
flect pilocarpinic acid in equilibrium with pilo- 
carpine from pD 4.5 to 3.6. By pD 3.6, the C-10, 
C-2, C-4, and C-5 resonances indicate appreci- 
able formation of pilocarpine in equilibrium 
with the open-chain pilocarpinic acid; however. 
a t  lower pD values, piiocarpine resonances are 
seen exclusively. 

It has been reported that if solutions of pilo- 
carpinate and isopilocarpinate are carefully 
acidified with deuterochloride to about pH3.5 
( i .e .  pD 3.91, the deuterochlorj.de salts of the 
corresponding free acids, pilocarpinic acid and 
isopi l~c~rpinic  acid can be obtained (7, 11). This 
p H  was used by Nunes and Brochmann-Hanssen 
(11) for the preparation of reference solutions 
of pilocarpinic and isopilocarpinic acids for their 
kinetic studies. At this pH, the rate of lactone 
formation, as inferred from kinetic modelling, 
was assumed to be slow (7).  The carbonyl 13C 
resonances provide a means to identify the free 
acid forms of both compounds. From our 133C 
nmr spectral examination of the progressive 
acidificatior~ of pilocarpine and isopilocarpine 
solutions (Fig. 26, it is seen that pilocarpinic acid 
does not exist alone in solution except in equi- 
librium with pilocarpinate (pD 5-7) and with 
pilocarpine (pi3 3.6-8). The proton nrnr spectral 
data reported by Nunes and Brochmann- 
Hanssen (11) for pilocarpinic acid and iso- 
pilocarpinic acid, allegedly obtained by neutral- 
izing alkaline solutions with deuterochloride to 
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pH 3.5 (pD 3.9), therefore represent equilibrium 
mixtures of parent compounds and their respec- 
tive open chain forms. At pD 3.6 following 
acidification of alkaline pilocarpine solution, we 
find from analysis of the three 13C nmr reso- 
nances for C-8 that the solution contains 42 1- 
39% pilocarpine, 31 + 37,  isopilocarpine, and 
27 3% pilocarpinic acid. 

The cyclization of pilocarpinate solutions was 
further checked by acidifying solutions to p H  1 
(pD 1.4) to  effect lactonization followed by an 
adjustment of the solution pD, i.e. same pD as 
the reference solution of pilocarpine 13C1 dis- 
solved in D20.  Comparison of the 13C spectrum 
from the base acidified mixture with the refer- 
ence pilocarpine spectrum revealed the presence 
of isopilocarpine (28 i 37,). This was verified 
by matching of chemical shifts with a reference 
solution of isopilocarpine nitrate a t  the same pH. 
When isopilocarpine was similarly hydrolyzed 
completely by base and recycled in acid media, 
the 13C nmr spectrum of the product was identi- 
cal with that of the isopilocarpine reference 
solution before hydrolysis. Isopilocarpine, therc- 
fore, does not epimerize under these conditions, 
a t  least to an extent that could be detected by 
13C nmr spectroscopy (23CJc), in agreement with 
the conclusion reached by Nunes and Broch- 
mann-Hanssen (1 I)  from proton nmr spectro- 
scopy at 100 MHz. 

Rationalizatio~z of the Epirnerizcrtion Renctioiz 
From kinetic studies of the base hydrolysis of 

aqueous pilocarpine solutions, Chung el 01. (7 )  
considered hydrolysis to  pilocarpinic acid and 
epimerization to isopilocarpine to be independ- 
ent pathways of degradation. They considered 
opening of the lactone ring to be the most 
important of these pathways, and considered 
that as long as the lactone ring was intact, the 
alkaloid would maintain its stereochemical con- 
figuration. Nunes and Brochmann-Hanssen (1 1) 
extended this kinetic modelling by assuming that 
the overall effect of aqueous base on pilocarpine 
could be considered to be the result of three 
principal reactions: hydrolysis to pilocarpinate, 
epimerization to isopilocarpine, and hydroiysis 
to  isopilocarpinate. From the advantage afforded 
us by the specificity of 13@ nlnr spectroscopy to 
reveal the integral moiecular nature s f  reaction 
constituents, we can now offer a rationalization 
of the epimerization reaction. 

It  is known that a-protons of r-lactones are 
more acidic than those of open esters (181, and 
Dopke and d'Heureuse (14) have shown that 
epimerization of pilocarpine to isopilocarpine 
with sodium methoxide under anhydrous condi- 
tions occurs exclusively at  the a-carbon of the 
lactone ring. Under alkaline aqueous conditions, 
therefore, it is not urlreasonable to assume, as 
in kinetic analysis (1 11, formation of the enolate 
of pilocarpine. This is confirmed by our observed 
exchange in D 2 8  of the C-l l hydrogen with con- 
comitant broadening of the C-11 carbon reso- 
nance, and it constitutes evidence for epimeriza- 
tion of pilocarpine and for the absence of 
epirnerization by isopilocarpine. Once formed, 
however, the enolate would be readily attacked 
by water resulting in uptake of a proton and 
generation of a 50:50 mixture of isopilocarpinate 
and pilocarpinate (Fig. 4). The enolate should 
contribute a different set of resonances in 13C 
nmr spectra for the ethyl carbon atoms from 
either pilocarpinate and isopiiocarpinate. The 
absence of resonances attrib~itable to  the enolate 
form in I3C spectra suggests that the equilibrium 
concentration of the enolate is very low or that 
its lifetime is very short. The epimerization of 
pilocarpine (28 & 3 % )  at room temperature 
indicates rapid attack of the enolate by water. 
Since 28% of the pilocarpinate in solution would 
be generated frorn the enolate. the remaining 
44Yc pilocarpinate in solution would have to 
arise by direct hydrolysis of pilocarpine (Fig. 4). 
This evidence and line of reasoning suggests that 
enolization does provide a significant pathway 
for epimerizatioll of pilocarpine. The observa- 
tions of others that once the lactone is hydro- 
lyzed and the hydroxy acid is in the anionic 
form, no further epimerization takes place (7, 11, 
13: 14) are verified by our 13C ninr spectral 
findings that the pilocarpine isopilocarpine ratio 
foliowing acidification is the same as the pilo- 
carpinatqisopiiocarpinaie ratio under alkaline 
conditions. 

The question naturally arises as to why iso- 
piiocarpine in basic aqueous media does not 
sufTer eepimeriration to pilocarpine. Isopilo- 
carpine is regarded as the therrnodynan~icallj 
more stable rrar7.s-epimer ( I  1-14) but e-xamina- 
lion of Dreiding stereornode!~ provides a clue to 
differing enolization behaviour. In piiocarpine. 
the severe steric interaction of the cis ethyl and 
imidazole substituents can Se relieved through 
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\ v A' 
I (92x1  2 caex~ 

FIG. 4. Mechanism for epimerization of pilocarpine via enolization. 

dissociation of the a-proton to give the enolate 
with a nearly planar sp2 a-carbon. In isopilo- 
carpine, there is little, if any, steric interaction 
beGeen the ethyl and imidazole substituents: 
thus, the a-proton is probably less acidic and 
not prone to enolization under aqueous condi- 
tions. This interpretation is slipported by the 
observed absence of deuteriunl exchange at C-11 
with isopilocarpine. 

Finally, our temperature studies indicate that 
basic hydrolysis o f  the iactone of pilocarpine is 
strikingly impaired with decreasing temperature 
with little concomitant impairment to the enol- 
izatioa process which affords the pathway to 
epimerization. This finding based on nmr 
spectral studies is contradictory to the finding 
based on kinetic studies ( i l )  with assumed 
solution comoosition to the effect that the rate 
of hydroxide ion catalj~zed epimerizatiox in- 
creases more rapidly with temperature than does 
the rate of h~drolysis. 
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D6parfetnetlt c/e Cl~irnie, tit~icersifk r/e 12%ntr@a!. C.P. 6210, ,Wurilr.kr~I (QlrB.), Canar/ri H3C 3Vl  

ROBERT DOMAIY, W ~ R C E L  R I N F K ~ T  et ROBERT L. Btholr. Can. J. Chern. 54, 2101 (1976). 
Les basicittc des cinq solvants dipolaires aprotoniques. sulfolane; carbonate de piopyltne. 

acitonitrile, dimij.thylformamide, din16tliylsulfoxyde. et de l'eau. ont 6tCcaract6risies en utilisant 
comme paramktre i'enthalpie de solvatation du proton gazeux. Les valeurs correspondantes de 
I f f (g  + s)(H-) sont diduites de donnies calorimCtriq~~es expkriincntales sur !a riactioli 
HCl(g) + H+(s) + C1-(s) et des changements d'entliaipie c o n ~ ~ u s  correcpondant a W ( g )  4 
Hi(aq) et B Cl-(aq) --, Cl-(5). Les enthaipies de transfert de Ci-; de l'ea~! au solvant sont 
Cvaluees sur la base d'une hypothese extratliern~odynamique. Les valeurs de I N ( g  -+ s)(H-) 
obtenues (kcalmol-1) sont: TIVS(-252.6), AN(-256.6). CP(-259.5), W,O(-270.0). 
DMF(-276.7); DMSB(-276.1). On compare ces vale~lrs aux autres parametres couramment 
utilisCs pour caracteriser la basicit6 de ces solvants soir B l'etat mol6cuiaire soit en tant que 
milieux. Ainsi, les afinit6s protoniques sont teiles, qu'en phase gazeuse, I'acCtcnitrile est de 
17 kcal mol-1 plus basique que l'eau, alors qu'en phase iiquide, nos r6sultats indiquent que 
l'acetonitrile est cette fois de 13 kcal mol-1, moins basiqiie que l'eau. Ce:*:e variation de 30 kcal 
mol-1 est attribuee aux diK6rences dans la nature du proton solvate W ( s j  dans les deun soivanti: 
divers indices suggtrent que H-(s) est soils la forrne H+(AN)2 dans 1'AN. solval~t aprotonique. 
alors qu'il cst stabilisk sous !a forme H-(H20),  dam l'eau. solvant protonique, par suite de la 
formation de liaisons hydrogtne de type cooperatif. On montre que ies ordres tie basicit6 des 
solvants correspondant B \H(g 4 s)(H+) et  1N(g  4 s)(HA) different ei  on en examine le\ 
cons6quences quant B I'effet de soivant sur la dissociation des acides HA. Par ailleurs, une 
relation sensiblement IinCaire est obtenue pour Ies cinq solvants dipolaires aprotoniques entre 
les valeilrs de l H ( g  4 s)(H-) et l'enthalpie de protonation dans l'acide Auorosulfonique. 

ROBERT DOMAIN, MARCEL RIRFRET, and ROBERT L. BENOIT. Can. 9. Chem. 54, 2101 (1976). 
The basicities of five dipolar aprotic solvents. sulf01ane~ propylene carbonate, acetonitrile. 

dimethylibrn~amide. dimetlql sulfoxide, and of water have been characterized by using as 
parameter the soivaiion enthalpy of the gaseous proton. The corresponding values of 
i H ( g  4 s)(H~+) are deduced from experimental caloriinetric data on the reaction HCl(g) -> 

HL(s) + Cl-(5) and the I~.nown enthalpy changes for W ( g )  --, H7(aq) and C!-(aq) -+ Cl-(s). 
The transfer enthaipi~i  of Cl- fi-or:: water to solvent are estimated o r  the basis of an  extra- 
thermodynamic assti~i~prion. The values obtained for l H ( g  - s)(R-) are (kcal mol-1): 
TMS(--251.6). AN( - 256.6), PC(-259.5). H 1 8 (  -270.0). DMF(-276.7), DMSO(-276.1). 
These values are cc~npared to other parameter> currently used to define thz basicity of these 
so!ve::ts wherher as inolecuies or as media. Thus. proton affinities are such that in the ga:, 
phase, acetoilitrile is more basic than water by 17 kcal mo!-1, xhiiie in the liquid phase our 
resilks indicate that a-cetonitrile is less basic than water by 13 kcal no!-!. This variation of 
30 kcal mol-1 is attributed to differences in the nature of the scivated proton W ( s )  in both 
solvents: several indications suggest ?hat H1-(s) is present as HT(AN), in AN; an aprotic solvent. 
while it is stabilized as H7(H20),, in water, a protic solvent becaiise of the formation of hydro- 
gen bonds of a cooperative nature. Solvent basicity orders as defined with respect to 
AH(g - s)(Hi) and 1H(g + s)(HA) are shown to differ and the consequences as to the solvent 
effect on the dissociation of acids HA are considered. Further, there is a nearly linear relation- 
ship for the five dipolar aprotic solvents between the values of a K g  - s)@-) anci the enthalpy 
of protonation in !Iluorosulfonic acid. 

Introduction ont des proprZt6s acides. Ainsi la basicit6 du 
Parmi les propriitks qui caractirisect !a riac- solvant influence des processils physicochimiques 

tivitC d9un solval~t, !a basicit& sccnpe ane place tels que la disseciaeion dbes acides, les rkactions 
importante puisque tout effet de solvant sur un acldes-bases. . . . Les prapriktis spectroscopiques 
processus cornporte une corviposante due B la de solutis acides, soit mo'bicralaires, scit calio- 
basiciti: du solvant, cha-que fois, et le cas est niques, ssnt a ~ s r i  affecttes par la basicit6 du 
frtquent, que !es esp6ces chimiques impliqutes so9van6. 
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La plupart des solvants nioliculaires possedent 
des proprittts basiques en ce sens que les 
molicules de solvants, de par la disponibiliti des 
dectrons sur certains des atomes, peuvent gin&- 
ralement @tre considiries comme des bases de 
Lewis. La basicit6 serait ainsi une propriitC 
moliculaire intrins2que. Cependant, bien que 
l'on ait, dans cetre optique, proposi d9utiliser les 
dtcalages en inergie de liaison d'ilectrons de 
coeur comme mesure opirationelle de la basiciti 
de Lewis (I) ,  ies basicitis sont giniralement 
comparies 8 partir des parametres thermody- 
namiques (AC ou AH) de riactions impliquant 
les diffirentes bases avec un acide de rifirence 
commun (2). Cette approche conduit mal- 
heureusement & des risultats qui dipendent. dans 
une certaine mesure, du choix de l'acide de 
rifirence, du milieu riactionnel, et aussi du type 
de riaction acide-base impliquie (3). 

Etant donni le r81e capita! j o d  par le proton 
dans les riactio~ls chimiques (3) nous avons 
choisi, dans ce travail, de prendre HA cornme 
acide de riftrence. Nous avons dCtermi~iC comme 
parametre reactionnel l'enthalpie, plut6t que 
l'inergie libre (4), vu la siniplicitC relative des 
mesures calorimttriqraes. Nous avons aussi uti- 
lisi comme milieu riactionnel le solkant lui- 
meme. Nous avons donc caractiris6 la basicit6 
des solvants sur la base de l'enthalpie de solvata- 
tion du proton gazeux c'est-8-dire B partir du 
changement d'enthalpie, Ai-B(g + s)(H-),I associC 
B la riaction 1. Ees solvants i tcdits sent 19eau et 

une sCrie de solvaiits dipoiaires aprotoniques 
(dpa). Nous comparons ensuite Ies valeurs de 
AiY(g + s)(H-) ainsi obtenues avec les prin- 
cipaux paramgtres g6nCralement iitilisis pour 
caractirises la basiciti des solvants (2). 

Notre mithode d'obtention de A%b(g - s)(Hi-) 
irnplique la ditermination expirirne~ltale des 
changements d0enthalpis,' AH(d9 g -3 s), asso- 
ciis aux reactions 2. 

1Les symboles s et (s) ont CtC ciioisis de prCfCrence & 
(so1v) afin de ne pas a!ourdir les notations. 

?Toutes nos valeurs des AH peuven~ &tre conibndaes 
avec les changements d.eisti:alpie standard compte-ten11 
des hibles concentratior~s utilisies et de la pricision des 
mesures calorimCtriques. La presence d9eau rCsidueile 
dans les solvacts rendrait d'ail!eurs diEcile Lane extrapo- 
lation des A H  & concentration null:: d"acide. 

On combine ensuite ces valeurs avec les varia- 
tions d'enthalpie connues correspondant aux 
riactions 3, 4 et 5.  

-aH(d,  g 4 aq) = 17.9 kcal r n ~ l - ~  

[ j l  H+(s) -- H+(aq) 
AN(g 4 aq)(MA) = -270.0 kcal mol-I 

Les changements d'enthalpie associis aux riac- 
tions 4, c'est-&-dire les enthalpies de transfert 
de C1-, sont obtenues en utilisant l'hypothkse 
extrathermodynamique tttraphinylarsoniurn-ti- 
traphinylborate (tatb) (5 ) .  Le cycle thermody- 
namique dicrit par les riactions 2, 3, 4 et 5 con- 
duit alors aux valeurs cherchies de AH(g + s)- 
(H+) correspondant B la riactioll 1.  

Riuctigs 
Le sulfolane, fourni gracieusement par Shell Canada a 

CtC purifi6 (5). Avant chaque utilisation le produit distill6 
est soumis B chaud, pendant plusieurs heures B un vide de 
10-1 torr, de manikre B reduire !a concentration en eau B 
moins de 5 X M. L'acCtonilrile (Eastman Kodak 
X-$88) a i t6 agitC pendant 24 11 avec du tamis molCculaire 
4 A, la concentration en eau est alors infirieure B 2 X 
10-3 M. Le carbonate de propylkne (Eastman Kodak 
7050) a CtC purifiC par distillation sous pression rCduite 
(10-1 torr). On conserve la fraction centrale du distillat 
(tempkrature de passage 63 -C), soit environ 60(,;. Le 
produit est transparent dks 320nm, la conductivite 
spicifique 6 X 10-8 a-1 cm-i h 25 ' C  et la concentration 
en eau voisine de 4 X 10-3 IW. Le dimithylformamide 
(Fisher D-133) est agitC en presence de GaH2 puis distiilC 
sous pression rCduite (1 torr). La concentration en eau est 
de l'ordre de 5 X ,W. Le dimethyisulfoxyde (Fisher 
D-136) est distill6 sous pression rCduite (1 torr), sa con- 
centration en eau a p k s  distillation et sCchage est voisine 
de 7 X IM. Ees solutions de chlorure d'hydrogkne 
ont i t6 obtenues par barbotage de MC! anhydre (Mathe- 
son). Le chlorure de iC:raCtI~ylammonium, un produit 
Easiman Kodak, est recristallis6 deux fois dans un 
rnCla11ge Cthanol 5';; - acetate d'iti~yie 95(,; puis sCchC 
sous vide B 40 'C. Les solutions de chlorure sont preparkes 
par pesCe. Le pentachiorure d'antimoine, produit 
"'Reagent" de Fisher, et !'acide trifiuoromCthanesulfo- 
nique (3M Chemical) ont CtC utilisCs sans purification 
ultCrieure. 

Iiilesilres 
Pr tss io i~s  cIe cupezcr 
Ees nesures dc pression de vapeur ont CtC effectuCes B 

I'aide d'une jauge de Bourdon (mod& 145-01 Texas 
Instruments) antkrieurement dkcrite (6). 

Cu/o?ime'trie 
Les chaleurs de solution de SbC15(1) dacs les solvants. 
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DOMAIN ET AL. 2103 

les chaleurs de reaction de SbC15(1) avec les solutions de 
chlorures d'ammonium substituis ou de HC1, et celle de 
NEt,CI avec une solution d'acide fort, ont CtC mesur6es en 
utilisant la mCme celluie et le rntme calorimktre isopCri- 
bolique (L.K.B. rnodkle 8725-2) que lors d'une Ctude 
prCcCdente (6). k e  calcul des quantitks de chaleur d6gagCes 
a CtC fait comme prCcCdemment (5) .  Les chaleurs de 
solution de MCl(g) dans les solvants ont CtC mesurees B 
l'aide d'un calorimktre B gaz que nous avons mis au point 
(7). Ce calorimktre simple, du type isopCribolique, com- 
prend une rampe de purification du gaz, une fiole de 
stockage du gaz et la cellule calorimCtrique proprement 
dite toutes deux immergkes dans un bain thermostat6 
( i 0 . 0 1  "C), ainsi qu'un circuit Clectrique de calibration. 
Le chlorure d'hydrogkne est purifi6 par passage successif 
dans l'acide sulfurique concentre puis dans un pikge 
acCtone - glace skche. I1 est ensuite conservC dans une 
fiole conique de 500 ml imrnergCe dans ie bain. La 
vidange de ce rCservoir et par suite 1'Ccoulement du gar 
dans la cellule ca1orimCtrique contenant ie solvant, se fait 
grice B la pression exercCe par du mercure contenu dans 
un reservoir supirieur. Dipendant du but poursuivi un 
deuxikme montage a aussi CtC utilisk. On substitue aux 
deux fioles de 506 ml un serpentin de verre immergC dans 
le bain entre la rarnpe et la celiule. Ce second montage 
nous permet d'atteindre des concentrations en HCi 
dissous supCrieures B 0.2 M. L'entrCe du gaz dans la 
celiule calorimCtrique se fait par ~111  tube capiliaire irn- 
merge et terrninC B son extrimit6 par une cloche de verre 
de 1 cm3 afin d'augmenter la surface de contact gaz- 
solvant. La cellule, qui peut recevoir 200 ml de solvant est 
constituCe d'un vase Dewar dont la partie superieure, en 
dehors du bain, est fermCe par un bouchon de ti-Ron. 
Trois orifices permettent d'introduire le tube d'entree du 
gaz, un thermomktre et un agitateur flexible actionnC 
manuellement. Un  quatrikme orifice est destine B 1'Cvacua- 
tion du trop piein de gaz iors du barbotage. Le circuit 
electrique de calibration est aliment6 par une source de 
tension stabilisCe (petentiostat PRT 2000 Tacussel). La 
rCsistance chauffante de calibration (-1 5 ohms): un fil de 
chrome1 recouvert d'une gaine d'amiante, est placCe en 
sCrie avec une risistance Ctalon constituie de deux 
rCsistances de 10 ohms (i0.00001 ohm) en parallele. Le 
calorimktre est calibre Clectriquement avant et aprks 
chaque barbotage de gar. La quantitC de chaleur dissipCe 
par la rCsistance chauffante est dCterminCe en mesurant le 
voltage A ses bornes, le voltage aux bornes de la rCsistance 
Ctalon et le temps de chauffage. L'Clevation de tempera- 
ture observCe au cours de ces calibrations (ou pendant le 
barbotage du gaz) est reperCe B l'aide d'un thermomktre 
graduC au 1/100 de clegrC. On suit alors la temp6ratuie en 
fonction du temps. La mCthode graphique d'extrapola- 
tion de Dickinson est utilisCe pour trouver les quantit6s 
de chaleur dCgagCes. Les qualitCs de l'appareillage ont CtC 
testCes en dCterminanf la chaleur de solution de MCl(g) 
dans l'eau. Ees valeurs obtenues correspondent aux 
valeurs de la littiraiure B mieux de 1.0';; (8). Cette 
precision, bien que modCrke, est suffisante pour ie type 
d9Ctude entrepris ici. 

La d&terminarion exptrime~ltale des change- 

ments d'enthalpie AH(d, g + s) associts aux 
rkactions 2 
[21 HCl(g) -+ W(s)  + C1-(s) 

est effectuCe en deux Clapes. Dans un premier 
temps, on mesure AH(g -> s) l'enthalple de solu- 
tion de HCl(g) dans les difftrents solvants: 

151 PI[c~(~) + PIG~(S) 

La dissociation de HC1 dans les solvants TMS, 
AN ct CP est nigligeable de telie sorte que 
AN(g + s)(HCI) est obtenu directement suivan: 
[ O ] .  Des corrections sont apportees dans le cas du 
DMF et du DMSO. Dans un deuxikme temps, 
on determine indirectenlent l'enthalpie de disso- 
ciation AH(d) de RCl(s): 

[71 HCl(s) + H+(s) + Cl-(5) 

Les rtactions 6 et 7 combintes csnduisent B la 
reaction 2 el AH(d, g + s). 

En fhnbie Y c/e ~olufinrz rle MCI gaze1c.x 
La prtscnce d'eau rtsiduelle (2 X M -  

1 X M )  dans ies solvants nous a impost 
19u"llisation de deux mithodes diffkrentes pour 
diterminer i'enthalpie de solution de HCl(g). 
Avec les solvants les plus basiques, DMF et 
DMSO, l'eau rCsiduclie n'a pas d'influence 
notable (9) sur la rCaction 2, les ions HT et C1- 
restant peu hydratts (10). En consiquence, les 
valeurs de AH(g + s)(HCl) ont CtC dtterminies 
par calorimitrie directe en dissolvant des quan- 
titis d'WCl correspondant B des concentrations 
comprises entre 0.07 M e t  0.25 M. Les quantitts 
de chaleur expCrimentales sont corsigtes, la 
correction Ctant infisieure B 27,, pour aenir 
compte de la faibie dissociation de HG1, On a 
utilist pour le DMSO, K(d) = 10-20 (9) el 
AH(d) = - 1.2 kcal mol-I et pour le DMF. 
K(d) = 1 0-3.6 (1 I)  et B a d )  = - 1.7 kcal mol-I, 
les deux vdlems de AH(d) e'tant celles diter- 
minCes par apres (tableau 2). kes valems de 
AH(g + s)(HG1) rapportees dans le tableau 1 

TABLEAU 1. Enthalpies de solution de HCl(g) 
 AH(^ + s) (kcal mol-1) dans ies solvants 

Solvant - AH(g + s)(WCI) TernpCrature ( C) 

TMS" 5 . 8 + 0 . l t  28-45 
AN 5 . 7 i 0 . 1 T  13-31 
CP 6.3j10.27 19-35 
DMF 17.8iO. i :  25 
DMSO 18.3iO. l :  24 

"Riference 6, 30 "C.  
iMcsures de pressions ds vapeur. 
:Mesures caiorimetriques. 
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sent des moyennes de trois diterminations pour 
cbaque so!van:. 

Dans le cas des soivants moins basiques TMS, 
AN et CP, !'eau r&siduelle influence la reaction 2, 
deux Cquilibres accesssires (7) venant s'ajouter, 
soit 

Ces deux rtactions itant exothermiques, les 
valeurs de AH49 -. s)(HGI) dtterminees par 
calorimitrie directe sont trop Ple-vies. Ainsi, dans 
le cas de !'AN, on a trouvk une valeur de -A.  I 
kcal mol-I (HC1 0.29 M el H 2 0  1.3 X 1 0 - W )  
c'est-&-dire d'environ 8CJc superieure B Ia valeus 
adopt& - 5.7 kcal mol-I (tableau 1). On a donc 
utilisC pour la ciktermination de AH(g -. s)(HCl) 
dans les solvants AN et CP, la rntthode indirecte 
impiiquant la mesure de pressions de vapeur B 
diffkrentes ternpiratuses el l'application de l'tqua- 
rion de Van't HOE. De cette fagon, on peut 
minimiser l'infiuence des rtactions 8 et 9 en opi- 
rant avec des concentrations d'HCi y!ns tlevtes 
et d'eau pius faibles qu'en ca!orirnCtrie directe (la 
manipulation des solutions Ctant plus simple). 
Les mesures ont it6 effectutes pour chaque 
solvant B quatre teniptratures entre 13 et 37 "C 
sur deux solutio~is d'MCI de concentratio~ls 
differentts comprises elitre 0.25 et 0.9 M. Dans 
le cas de I'AN, la pressiori d'HC! a CtC obteniie 
en retranchant de ia pression totale, la pression 
partielle du solvant calculee & partir de la 
pressicn d u  solvant pur en supposant que la 
solution sc comporte idkalement aux faibles 
fractions molaires ratilisies (x 5 0.03). Les mo- 
yennes des vaieurs des enthalpies de solutio~i 
d'HC1 ainsi obtenues sorit dam 1s Tableau I .  Lcs 
rCsultats pour le sulfolane out it6 donnPs prCcC- 
dernrnent (6). I1 ne nous a pas ttC possible de 
fake de rnesutes valables des pressions partielles 
trop faibles, d9HCl du-dessus de soiutions dans 
le DMF et ie DMSO mCme en utilisant des 
solutions a ~ ~ s s i  concentrtes que 5 M. Avec lc 
DMSO les Irks fa~bles prrsslorls mesurkes 6taient 
vraisemblableme~lt dues B des traces de dlmithyl- 
sulfure provenant d"une 1Cgkre dicomposition 
du solvank. 

Enthaoxe~ de dlr tocrlrfron cle HCl 
k9entha!ple de dissoc~at io~~ de HCi drssous, (21, 

est sbhenue pour les solvants TMS, AN, CP el 
DMF en combinant les valeurs expir~mentales 

des enthalpies associies aux deux riactions 10 
r t  11: 

[lo] SbC15(l) + CL-(\) + SbC1,-(5) 

On opkre dans chaque cas en faisant riagir 
SbCl!(i) avec un excb de C1- et HCl(0.05-1 M) 
en solut io~~.  La formation complete de SbCI6- et 
HSbC16 est indiquke par la proportionaliti, aux 
erreurs d3expCrience prks, enkre la chaleur dt-  
gag& et la q~rantitk de SbC15 ajoutie. On a de 
plus nlol~trt  prCctdemment, par conductiviti, 
que HSbCIG Ctait complktement dissocie dans le 
TMS (121, le solvant le moins basique de la strie 
TMS, AN, CP. Les quantitts de chaleur me- 
surCes pour la reaction 11 sont corrigkes afiil de 
prendre en considiration la r&action de protona- 
tion de i'eau risiduelle (103, qui, cornpte-tenu dcs 
faibles quantitis d9eau prtsentes, s'Ccrit 

La vaieur du changelnent d'enthalpie de cette 
reaction, - 11.4 kcal rnol-I (10) dCterminte dans 
ie TMS, a aussi Cti utilisCe pour estimer la 
correction pour 1'AN et CP, solvants de basicitt 
voisine. 

Une deuxikme mtthode a permis de ve'rifier ies 
valeurs ainsi obtenues pour I'enthalple de dis- 
soclatlon de HCI dans les solvants TMS et DMF 
et de determiner uile valeur pour le DMSO. 011 

combine cette fois les vaieurs exptri~~isntales des 
cntbalp~es correspondant aux deux rtactions 
13 et 14: 

[ : 3 ]  NEt4Cl(c) t H'(s) --t NEt,+(s) + NCl(s) 

On a prls comme acide fort dam la riactio~i 13, 
HCFjSOj pour le DMSO (9) et le DMF (131, et 
HSbCI6 pour ie TMS (12). Les valeurs de 
l'enthalpie de solution de NEhC1 [I41 dans les 
trois solvants ont Ctt tirtes de la !ittCraturc et 
sont respeci~venient 2.42 kcai 1no1-I ddans le 
DMSO (14), 1.66 kcai mol-I ddns le DMF (15) 
et 3.94 kcal mol-I dans re TMS ( 5 ) .  Des correc- 
tions ont t t t  apport6es dans 1e cas d ~ 1  DMSO et 
du DMF pour tenis compte de la d~ssociation 
~ncompl&te de HC1 dans ces deux solvants 
K(d)  = dans le DMSO (9) et I;C(d) = 

(' dans le DMF 4 1  1). Les vdleurs finales des 
enthalpies de dissociat~on de HCJ, APB(d) ob- 
tenuer par les deux mithodes sont rassemblii;es 
dans le tableau 2 
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TABLEAU 2. Enthalpie de dsssociation de HCl(s) AH(d) (kcal mol-I) dans les solvants B 25 'G 

- AH(rCaction 10) - AH(rCaction 11) AH(rCact1on 13) AH(rCaction 14) 
Solvant SbCI,(l) + CI-(5) SbCI,(!) + HCl(s) AH(d) NEt,C!(c) + H+(s) NEt,+(s) + C1-(s) AH(d) 

TMS* 36 .6C0 .6  2 4 . 3 i 0 . 4  +11.7 - 7 . 5 ~ 0 . 2  -3 .9  $11.4 
AN 3 3 . 2 k 0 . 3  2 6 . 4 k 0 . 3  +6.8  
CP 36 .2k0 .5  3 0 . 6 ~ 0 . 2  f 5 . 6  
DMF 36 .7+0 .1  38."0.1 -1 .5  3 . 6 k 0 . 1  -1 .7  - 1.9  
DMSO 3 . 6 k 0 . 2  -2 .4  -1 .2  
-- 

"30 "C. 

TABLEAU 3. DonaCes enthalpimCtriques AH (kcal mol-1) 

-  AH(^ --P s) Aff(d) AH(& g + s) AH(aq --P s )  AH(aq --t s) AH(aq -+ s) 
Solvant (HCI) (HC1) (Hc1) (HL,C1-) (c1-) (H+) 

TMS' 5.8  11.5+ 5 .7  23.6 6 . 2  17.4 
AN 5 .7  6 .8  1 . 1  19 .0  5 .6  13.4 
CP 6 . 3  5  . 6  -0 .7  17 .2  6.7 10.5 
D M F  17.8 - 1 . 7 i  -19.5 -1.6 5 .1  -6.7 
DMSO 18.3 -1.2 -19.5 -1 .6  3 . 5  -6 .1  
H,O -15s - - 3 -17.91 0  0 0 

*a 30 OC. 
tvaleurs diduites du tableau 2. 
f Rifirence 8. 
SCctte valeur (rif. 7), eri desaccord a tec  la valeur (4.3) de McCoubi 

Entizulpies de t run~fer t  
Le calcul de AH(g + s)(H-) est fait comme 

suit. L'addition des changements d'enthalpie des 
rkactions 6 et 7 donne .AH(d, g-, s)(HCl) = 
AH(g I s)(HCl) + AH(d)(HCl); puis en com- 
binant [2] et [3], on diduit laen?halpie cle transfert 
du couple (HA, Cl-) suivant: AH(aq + s)(HT, 
CI-) = AH(d, g - s) - AH(d, g + aq). On cal- 
cule ensuite (rkactious 2, 3 et 4) AH(aq + s)- 
(H-) = AH(aq + s)(H7, Cl-) - A H a q  -3 s)- 
(Cl-), les enthalpies de transfert de l'ion @I-, 
AH(aq + s)(Cl-), Ctant obtenues B partir de l9hy- 
pothkse extrathern~odylla~nique tatb. Les valeurs 
ricentes de Parker et coil. (16) sont utilisies pour 
les enthaipies de transfert de l'eau vers les sol- 
vants TMS, CP, DMF et DMSO. Pour le trans- 
fert eau - AN, on a combine AH(aq + AN)- 
(Br-) = 2.00 kcal mol-' (16) avec les enthalpies 
de transfert eau + AN des tlectrolytes Me4NBr 
et Me4NC1 donnkes par Abraham (17), soit re- 
spectivement - 1.7 1 et + 1.90 kcal mol-l. Finale- 
ment, on obtient AH(g + s)(H1) = AH(aq - s)- 
(Hf) + A H(g + aq)(H+) avec AH(g -> aq)(H+) 
= -270.0 kcal mol-' (18).3 Toutes les valeurs 
des enthalpies utilistes sent rCsumCes dans le 
tableau 3. 

3Cette valeui a CtC adoptCe ici de prkfirence B la valeur 
-260.7 kcal mol-1 utilisee dans notre prCcCdent article 
(10). 

-el ,  est voisine de celle (12.5) esti~nee recernment par Myers (ref. 31).  

Discussion 
L'ordre de basicit6 des solvants, tel que dCdult 

de nos valeurs (kcal mol-l) de AH(g -t s)(PId) 
(ou de AH(aq -- s)(H+)) est TMS (-252.6) < 
AN (-256.6) < CP (-259.5) < H 2 0  (-270.0) 
< DMSO (- 276.1) -- DMF (- 276.7). La faible 
diffkrence, 0.6 kcal mol-l, entre les valeurs cor- 
respondant aux deux solvants DMSO et DMF 
~l'est en effet gas significative, I'erreur sur 
AH(aq+ s)(H-) i tant la somme d'une erreur 
estimie, pour ces deux solvants, B i O . 5  kcal 
mol-I sur AH(aq + s)(HA, C1-) et d'une erreur. 
difficile 2 &valuer, sur AH(aq + s)(C1-). Les 
valeurs obtenues pour AH(aq -, s)(H+) reposent 
Cvidemrnent sur les valeurs des enthalpies de 
transfert de Cl-, AH(aq 4 s)(ClP), CvaluCes B 
partir de l'hypothkse extrathermodynamique 
tatb. Bien que Yon ne puisse que spCculer sur la 
validit6 des valeurs de 84-l(aq + s)(CIF), on 
remarque qu'elles sont sensiblement constantes 
pour les cinq solvants dpa (tableau 3). Cette 
observation, que les enthalpies de transfert d'un 
anion varient peu entre solvants dpa, semble bien 
confirmke par les faibles variations (tableau 2) 
dans les changements d'enthalpies de la rkaction 
10 pour les cinq solvants dpa. Des risultats 

analogues ont aussi Ctt obtenus pour d'autres 
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TABLEAU 4. Paramtftres enthalpimktriques de basicit6 AH (kcal mol-I) 

- AH(g + s) - AH(r --t s) - aH(g - s) - AH(g - s) -AH -AH, 
Solvant (H+) (PFP)* (H . .  .OH)? (NzO): (SbCl, + B)5 @)il 

TMS 252.6 4 .94 ,4 .25  6.15 8 . 9  14.8 11.8 
AN 256.6 6.13 8 . 5  14.1 14.6 
CP 259.5 4.99,4.53 6.20 8 . 6  15.1 17.8 
DMF 276.7 8 .13 ,6 .97  7.85 11.4 26.6 29.5 
DMSO 276.1 7 .66 ,7 .21  8.13 11.8 29.8 28.6 
H20 270.0 7.68 10.5 18 .O 16.5 

"Enthalpie de solutio~i dup-fluoroph6nol (en solution dnns r = CCIJ dans le solv,int (I-ef. 3 ) ;  In seconde v;ileur est corrigic pour tenir comptc 
d'interactions non-specifiques (ref. 3). 

tEnthalpie de solvatation de I'cspece hqpothetique H.. .OH (ref. 22). 
ZEnthalpie de solution de H2O(g) calculCe 8 partir d s  I'enthalpie de vaporisation dc l'enu +10.5 kcal nlolk' ct dc 13 chaleur de solution de 

Hzo(l) (ref. 10 et 7). 
SChnngement d'enthalpie associe i la reaction entre le solvant B et SbCl; dans C?H;CI? (rCf. 27). 
IIEnthalpie de protonation du solvant B dans HS03F (ref. 3). 

reactions anions-moltcules (19). Que le solvant se comporte diffiremment 
Nos valeurs de AH(aq - s)(H-'-1 lorsque com- vis-8-vis des acides H' et HA met bien en 

par6es B celles de AG(aq + s)(H-) obtenues par Cvidcnce les difficultts qui existent pour rendre 
Kolthoff et Chantooni (4) pour trois des solvants compte ou privoir l'effet du solvant (s) sur la 
d&jB ttudits ici, AN (1 1.1), DMF (-3.4) et dissociation (pK(d)) d'un acide HA (9) suivant: 
DMSO (-4.5 kcal mol-') indiquent que les 
variations d'entro~ie de transfert AS(aa + s>- [I1] MA(s) e FI-(s) + A-(s) 

\ I  ' 
(H-) jouent un rBle non n6gligeable comme Ie 
laissaient entrevoir les quelques valeurs de 
AS(aq + s) donntes pour des cations autres 
que H+ (17, 20, 21). 

Nous pouvons effectuer des comparaisons 
inttressantes entre nos valeurs de AH(g - s)(H+) 
et d'autres parambtres caractkisant la basicit6 
des solvants ttudits (tableau 4), soit en tant que 
milieux, soit en tant que n1ol6cules isoltes dans 
une phase inertc ou un milieu de rCf6rence acide. 
Examinons lout d9abosd les paramktres carac- 
tkrisant la basicit6 des solvants en tant que 
milieux S. On peut ainsi comparer nos valeurs de 
AH(g -. s)(H+) avec les changements d'enthalpie 
AH(g + s) donnts aux tableaux 1 et 4 pour les 
acides de Brsnsted, HCl, p-fluorophtnol (g est 
remplack par CCld), Hz0 et l'espbce hypotht- 
tique He . * O H  telle que d6finie par Krishnan et 
Friedman (22). L'ordre de basicit6 par rapport 8 
ces acides est TMS - AN - CP 5 DMF - 
DMSB, il diffkre de l'ordre correspondant B W-. 
La basicit6 des solvants varie ainsi suivant que 
l'on considkre pour la caractiriser, soit la rtac- 
tion de protonation S + H+ = SM', soit une 
rkaction conduisant B la formation d'une liaison 
hydrogbne S + HA = S. . . HA. Arnett et al. 43) 
ont d6jA not6 cette diffkrence au niveau de la 
basicit6 des moltcules B et i90nt attribuke B la 

Ainsi d'aprks le tableau 3, pour HC1 = HA, 
on note qu'en passa~lt du solvant TMS B AN, 
la variation de AH(d) (4.7 kcalmol-I), soit 
ApK(d) = 3.5, provient presqu'uniquement d'un 
effet de solvant sur H-(s); par contre, en passant 
du TMS au DMSO la difftrence des AH(d) 
(12.7 kcalmol-I), ApK(d) = 9.3, rtsulte prin- 
cipalement de l'effet de solvant sur W-(s). 
ApK(d) = 17.3, cornpens6 par un effet important 
et contraire d'environ 8 unitts sur HCl(s). Si 
l'on considbre de plus que pour une s6rie d'acides 
HA les interactions entre HA et les deux solvants 
pourront ne pas varier rkgulikrement, on com- 
prend pourquoi les ApK(d) pour deux solvants 
sont difficiles B rationaliser (9), mtme pour les 
solvants dpa oir l'effet du solvant sur l'anion 
A-(s) est faible et n'apporte ainsi pas de com- 
plications suppl6rnentaires. 

Considirons maintenant les relations entre 
nos valeurs de AH(g + s)(HT) et les parambtres 
caractirisant la basicitt des n1ol6cules de solvant 
isol6es B, soil en phase gazeuse, soit dans un 
milieu inerte. Arnett et 01. 43) one suggkr6 que le 
parambtre le plus simple pour caractkriser la 
basicitt d'une moltcule B est son afinitt! pro- 
tonique AP, c9est-A-dire 19enthalpie de la rkaction 
de protonation de B en phase gazeuse suivant: 

nature diffirente des deux rtactions. 1121 B(g) + H-(g) --. BH+(g) 
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Les valeurs retenues4 de 1'AP pour les solvants 
considkrks ici (kcal mol-I), - 171 (H20), - 188 
(AN) et -209 (DMF) (2) sont a comparer 
aux valeurs de AH(g + s)(Ha), - 270 (H20), 
- 257 (AN) et - 277 (DMF). Considtrons 
d'abord les cas de 1'AN et H20.  Les rksultats 
indiquent que si 1'AN est plus basique que H 2 0  
en phase vapeur, la situation est inversCe quand 
on considkre 1'AN et H20  en tant que solvants. 
Cette inversion de la basicitt est due aux carac- 
tkres aprotonique et protonique respectifs des 
deux solvants. Les rtsultats de Gr~msrud et 
Kebarle (23) laissent prkvoir qu'en phase gazeuse, 
lorsque B est un donneur de liaison hydrogkne 
comme H20, la rkaction avec HT conduit a une 
sCrie d'ions H-B,, de stabilitks graduellement 
dCcroissantes. Par contre, lorsque B n'est pas un 
donneur de l~aison hydrogkne comme l'AN, la 
stabilitt des ions H+B,, oh n > 2 diminue 
brusquement par suite de 19absence de stabilisa- 
tion possible par liaison hydrogkne. De la meme 
f a ~ o n ,  en milieu solvant, les ions H+(s) seraient 
stabllists sous forme de H-S,, dans les solvants 
protoniques par formation de liaisons hydrogkne 
de type coopkratif, alors que dans les solvants 
dipolaires aprotoniques, I'absence de liaisons 
hydrogkne de ce type ne permettralt pas d'aller 
au delh de H+S2. Ce point de vue se trouve 
confirm6 par des risultats de rmn. Olofsson et 
coll. (24, 25) ont CtudiC les reactions entre le 
DMSO, le dimCthylacCtamide (DMA), trks voisin 
du DMF, et HCI-SbCl5 dans C2H4C12. Ces 
auteurs ont mls en evidence le complexe proton6 
[H-B]SbCI6- et en prCsence d'un excks de B, 
[H-B2]SbC16-. Les diplacements chimiques 6 des 
protons acides du complexe H+B2 se trouvent 2 
8-9 ppm au deli de ceux du complexe HtB, les 
6 (HfB) Clent d'anileurs en bon accord avec les 
valeurs observies pour les bases B protontes 
dans HS03F ou HSO3F-SbFS. Les valeurs de 
8 (H+ B2) (pprn) obtenues par Olofsson, 14.43 
(DMSO) et 18.67 (DMA) sont trks vorsrnes de 
celles que 1x0~s avons diterminkes pour des 
solutions d acides forts dans les deux sslvants 
DMSO ek UMF. 14.5 (DMSO) (91, 18.8 (DMF) 
(7). On pourrait doac condure sur Zd base de 
cetite comgaralson que le proton est bien solvatt 
sous ic forme HfS2 dans ces solvants dpa. 
On c o ~ p r e n d  aussi pourcjuoi Les valeurs de 
6 (H-H20) extrapoiies B partir de mesures slar 

4Ces valeurs :Ccentes nous ont CtC airnabiernent com- 
muniquCes par :e Professeur 9. L. Beauchamp 

des solutions d'acides forts dans l'eau sont par 
contre variables (rtf. 26 et rkfkrences citCes) les 
espkces El+§,, Ctant ma1 dCfinies quand S est un 
solvant protonique. Nous avons aussi essay6 de 
comparer les rtsultats calorimttriques dlOlofsson 
et coll. (24) sur la protonation du DMSO et du 
DMA, par HC1-SbC15 dans C2H4C12, avec nos 
rtsultats sur la protonation des solvants DMSO 
et DMF. Les changements d'enthalpie (kcal 
mol-l) calculks d'aprks les valeurs d'Olofsson 
sont pour la rCaction 

- 51 (B = DMSO) et -57 (B = DMA), et 
respectivement -- -36 et -46 pour les rCac- 
tions analogues donnant [H+B][SbC16-1. Nos 
valeurs pour 

sont -- -55 (S = DMSO) et -56 (S = DMF). 
Bien que les effets de solvatation sur [H+B2]- 
[SbC16-] ne puissent etre CvaluCs, les faibles 
kcarts observQ pour les enthalpies des deux 
rCactions 13 et 14 sont en faveur de notre 
interpretation quant B la prCsence de la m&me 
espkce soit H+S2 dans C2H4C12, et le DMSO et le 
DMF. D'autres auteurs ont aussi conclu, & partir 
de rCsultats de spectroscopie ir, B la prCsence de 
l'ion Hf(DMSO)2 dans des solutions d'acides 
dans le DMSO (27, 28, 29) et l'ion lui-m&me a 
CtC isolk dans le complexe [H+(DMSO)2][AuC14-] 
(29). 

Revenons ii la comparaison des valeurs (kcal 
malt1) de ?'AP cette fois pour 13AN (- 188) et le 
DMF (-209) avec celies de AH(g+ s)(H+), 
-257 (AN) et -277 JDMF). On note, B l'en- 
contre de ce qui a CtC vu pour 19AN et H20, 
qu'll y a porn ces d e w  solvants aprotoniques une 
exceilente correspondance (a - 20 kcal mol-I) 
entre les basicltts en phases vapeur et liquide. 
La difTirence entre ABP(g - s)(H+) et 19AP 
augmentte de la chaleur de vaporisation du 
solt~an", s a t  globalement -77 (AN) et -79 
(DMF) correspond B I9enthalpie de solvatation 
de HAS dazs S. Ces deux valeurs sont tvidem- 
ment nettemen: p!uc Caibles que dans le cas de 
H20 ( - 2093, so:var,% proton~que, oh le proton 
se t rowe stablhst. Des comparaisons plus corn- 
plktes entse 1'AN et DMF poidrrzient &re faites 
si i90n disgosait, comme pour le dimtthylCther 
aprotonique (231, des vaieurs de 19enthalpie de 
la rdaction 
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r H l g + a l  (K ' I  h r e l  mol' 

FIG. 1. Relation entre AHi ,  l'enthalpie de protonation 
du sulfolane, de 1'acCtonitrile. du carbonate de propylkne, 
du dim6thylformamide, du dimCtliylsulfoxyde et de l'eau 
dans HS03F, et AH(g + s)(Hi), l'enthalpie de solvatation 
de Hi(g) dans ces solvants. 

puisque l'on pourrait alors ivaluer l'enthalp~e de 
solvatation de l'espkce difinie t14 S2 dans S. 

GonsidCrons maintenant les relations entre 
AH(g + s)(H+) et les paramktres caractirisant la 
basiciti de B dans un milieu inerte. Les valeurs 
du changement d'enthalpie de la riaction dans 
C2H4C12 des solvants dpa avec l'acide de Lewis 
SbCl5, couramment utilisi iomrne paramktre de 
basiciti ("nombre donneur" de Gutman11 et 
Schmid (30)), sont donnies dans le tableau 4. 
L'absence de corrkiation que l'on note entre ces 
valeurs et celles de AH(g - s)(HA) peut, 18 
encore, &tre attribuie B la nature diffirente des 
deux rCactions considCrCes. 

Finalement, nous avons cornpari les valeurs 
de AH(g + s)(H+) avec ceiles des enthalpies de 
protonation AHi des molkcules de solvants dans 
le milieu de riftrenee acide HSO3F. Ces en- 
thalpies telles que diterminkes par Arnett et a / .  
(3) sont donnies dans le tableau 4. On note une 
relation sensiblemen: liniaire entre les deux 
series de vaieurs pour les cinq soivants dpa 
(fig. 1). Des mesures sont en cours pour deter- 
miner si cette relation inttrcssante s'itend B 
d'autres solvants dpa. I1 n'est pas surprenant 
d90bserver que 19eau, un solvant protonique, 
Cchappe B la corriiation: la valeur pour M 2 8  
AWg + s)(H+), - 260 kcal mol-I qui correspon- 
drait sur ia droite de la fig. 1, B AK = - 16.5 
kcal mol-I est infkrieure B la valeur rieiie - 270 
puisque cette dernikre correspoild B la basicilk, 
plus forte, de 19eau en tant que milieu alors que 

la valeur -260 serait liCe B la basiciti de la 
molicule d'eau isoiie. Les raisons de la corrila- 
tion entre AH(g -. s)(H+) et AH, sont vraisem- 
blablement complexes puisque AH(g + s)(HL) 
se rCfkre au proton sous la forme HLS2 dans le 
solvant S, alors que AH, caractirise le proton 
sous la forme H+B dans HS03F. Afin d'essayer 
d'expliquer la corrClation. on a cherchC s'il y 
avait une relation entre AG(g -. s)(H+), ces 
dernikres valeurs t tant plus nombreuses que 
ceIles de AN, et l 'afiniti protonique AP, pour 
d'autres solvants dpa que ceux CtudiCs ici, mais 
la corrilation observCe entre AG(g + s)(Ht) et 
19AP n'est qu'approximative (2). Par ailleurs. 
Arnett (3) ayant itabli pour une sCrie de bases, 
une relation liniaire entre AN, et les pK, diter- 
minis dans l'eau et les milanges H20-H2S04, on 
peut privoir sur la base de nos risultats. une 
relation liniaire entre les pK des solvants dpa et 
les valeurs de AH(g + s)(H+). 

Nous remercions le Conseil National des 
Recherches du Canada pour son aide financikre 
et le Coriseil des Arts pour l'octroi d'une bourse 
a l'un de nous (R.D.). Nos rerncrcicrncnts vont 
aussi B J. Charbonneau et S. Y. Lam pour leur 
collaboration. 
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Metals intercalated in graphite. 111. The reactions of aroma~c, 
olefinic, and acetylenic hydrocarbons with potassium-graphite 

intercalates 

JEAN MARC LALANCETTE AND ROGER ROUSSEL 
Ddpartemenf de chimie, Ut~iuersitd de Sherbrooke, Sherbrooke (Que'.), Canada J I K  2Rl 
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JEAN MARC LALANCETTE and ROGER ROUSSEL. Can. J. Chem. 54, 2110 (1976). 
Potassium-graphite intercalates (C24K) can act as a catalyst for the reduction of olefins and 

alkynes. C2& is a very efficient catalyst for the isomerization of cis-stilbene to trans-stilbene. 
C2& can promote deuterium exchange with hydrogens carried by hydrocarbons having an 
acidity equal to or higher than that of benzene. C24K can condense benzene to biphenyl and 
can isomerize 2-alkynes to 1-alkynes at  low temperature. 

JEAN MARC LALANCETTE el ROGER ROUSSEL. Can. J. Chem. 54, 2110 (1976). 
Les composks d'insertion du potassium dans le graphite (C2&) prksentent des propriktes 

catalytiques pour la rkduction des alcknes et des alcynes. CZ4K s'avkre un agent trks efficace 
pour la convertion du cis-stilbene en trans-stilbene. C2,,K permet l'kchange de deuterium avec 
des hydrocarbures portant des hydrogknes d'aciditk comparable ou plus grande que celle du 
benzkne. Cl4K permet la condensation du benzkne en biphknyle et donne I'isomerisation des 
alcynes-2 en alcynes-1 g de basses temperatures. 

The reaction of hydrocarbons in the presence 
of potassium-graphite intercalates has been re- 
ported by several authors. For example, Ichikawa 
er al. ( I )  have described exchange reactions of 
methane and other hydrocarbons with deuterium 
at 300 "C, in the presence of graphite-potassium 
lamellar compounds. Potassium intercalates in 
graphite have also been reported as catalysts for 
polymerization of olefins (2). An excellent review 
of the catalytic properties of alkali metals- 
graphite intercalation compounds has appeared 
recently and summarizes well the state of the 
literature on this subject (3).  In our work, we 
have used the preparative techniques described 
by earlier authors without difficulties (3). The 
physical and chemical properties of our inter- 
calates were consistent with those reported in the 
literature and no structural determinations have 
been done by us on these intercalates. 

As part of a study of the chemistry of metals 
intercalated in graphite (4) we have examined the 
reactions of hydrocarbons with intercalated 
potassium. This has led to a better understanding 
of the system hydrogen - potassium-graphite 
intercalates - hydrocarbons. Also, we have noted 
several new reactions typical of this system. 
Three areas have been examined as described 
below. 

( I )  The State oj'Hj.drogerz or Deureri~mz in the 
Presence of Potassiutn Intercalatecl it? 
Granhite 

A very basic question that must be solved in  
order to understand the behavior of hydro- 
carbons in the presence of potassium intercalated 
in graphite is to  know the state of hydro, ue11 or 
deuterium in equilibrium with this solid phase. 
It has been reported that potassium-graphite 
intercalates can adsorb (5) or absorb (6) hydro- 
gen, even a t  atmospheric pressure. A priori, the 
hydrogen held up by potassium intercalates can 
exist, in part or entirely, under one of the follow- 
ing states: (a )  as a hydride ion, chemically 
bonded to  potassium, (b) dissociated as a H' 
radical, or ( c )  as a molec~tle PI2 physically 
adsorbed on the surface of the solid phase or 
held within the lattice of the intercalate. The 
presence of available hydride ions in the inter- 
calated potassium treated by hydrogen is unlikely 
if the report of Saehr and Herold (7) on this 
matter is-taken into account. 

The other alternatives have been examined in 
order to understand the ability of hydrogen to 
dissociate when held on CsK. It has been re- 
ported that CsK is inactive for promoting 
hydrogen-deuterium exchange reactions but that 
the potassium intercalate, when it already holds 
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LALANCETTE AND ROUSSEL 2111 

TABLE I .  Reduction of olefins with H2 in the presence of C2,K 

Results 
P T Duration 

System Solvent (psi) ("C) (h) Hydrocarbon 5% yielda Ratio 

Nil 

Nil 

Nil 

C6H6 
C6H6 

C6H6 

c6w6 

C6H6 

Octane 
I-Methylcyclohexane 
Octane 
Dodecane 
Octane 
Methylcyclohexane 
1,2-Diphenylethane 
1,2-Diphenylethane 
cis-Stilbene 
trans-Stilbene 
1 ,ZDiphenylethane 
cis-Stilbene 
trat~s-Stilbene 
1,2-Diphenylethane 
cis-Stilbene 
trans-Stilbene 
1,2-Diphenylethane 
cis-Stilbene 
tra~zs-Stilbene 

*The yo yield represents the product distribution in the recovered material. The total yield of recovered material was in the range of 90-955 
of the weight of the starting hydrocarbons. 

bHydrogen was replaced by 1 atm of nitrogen. 
CMain product, plus other minor aromatic products. 

either hydrogen or deuterium, can promote the 
exchange (8). We have performed two different 
experiments to verify the capacity of exchange of 
deuterium held on potassium-graphite inter- 
calates. In a first experiment, methanol was 
added to CsK saturated with a measured volume 
of deuterium. The gas evolved from the attack of 
methanol on CsKD, had exchanged to the 
amount of 18%. In a second experiment a 
measured volume of deuterium was adsorbed 
over C8K. The system was then filled with 
hydrogen. The amount of exchange noted after 
36 h was 30%, the system being kept at  room 
temperature and atmospheric pressure. From 
these results, in good agreement with the reports 
of Watanabe et al. (9) and Colin and Herold (lo), 
we believe that deuterium is physically adsorbed 
either on the surface or within the lattice of C8K 
and that in this state, deuterium (or hydrogen) is 
partly dissociated or at  least activated to an ex- 
tent that allows exchange at a measurable rate at  
25 "C with either nascent or molecular hydrogen. 

(2) Recluction and lsornerization oj Ole$nic 
Hj,drocarbons wiflz C24K 

We have found that C24K behaves as a 

moderately active catalyst for the hydrogenation 
of olefins. Typical results are reported in Table 1. 
I t  can be seen that even at high pressure, and 
after a long contact time, the reduction of 
aliphatic olefins remains incomplete. Also, it is 
apparent that the steric environment around the 
double bond markedly influences the speed of the 
reduction. With the aromatic olefins studied, the 
cis and trans-stilbenes, it appears that the reduc- 
tion proceeds more readily to the saturation 
stage. By adjustment of the conditions of re- 
actions, it has been possible to show that prior to 
reduction, the cis isomer is transformed into the 
trans isomer. In fact, C2& alone at  room 
temperature, in the absence of HZ, can achieve 
the isomerization of cis-stilbene to trans-stilbene, 
a reaction that cannot be performed by potas- 
sium alone. The reduction then appears as a 
process subsequent to the rearrangement of the 
double bond. The reduction of trrms-stilbene by 
hydrogen in the presence of CZ4K is a relatively 
rapid reaction in comparison with the reduction 
of less sterically hindered aliphatic olefins. 
However, the speed of isomerization of cis- 
stilbene is faster than the speed of reduction. 
Consequently the 'sites9 of CZ4K, active for the 
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isomerization, are either more iiumerous or more 
active (or both) than the 'sites' for reduction. If 
the same 'sites' are used for isomerization and 
reduction, then, these 'sites' have a better ability 
for isomerization than for reduction, at least 
for the system we have studied. The nature of 
these 'sites' remains an open question. 

We have noted that when cis-stilbene was 
isomerized t o  trurzs-stilbene, in the absence of 
hydrogen, a small percentage of secondary 
products was formed. This secondary fraction 
was mainly 1,2-diphenylethane. Partial reduction 
of the truns-stilbene, to  explain the small amount 
of 1,2-diphenylethane, called for a source of 
hydrogen from within the reaction mixture, since 
there was no external source of this agent. This 
led us to  examine the stability of benzene, used as 
a solvent in this experiment, towards CZ4K. To  
our surprise, we found that benzene, at reflux 
temperature in cyclohexane, will react in the 
presence of CZ4K to give biphenyl. After a reflux 
of 48 h, up to  20% of the starting benzene had 
keen transformed into biphenyl. Consequently: 
we believe that the small amount of 1,2-diphenyl- 
ethane formed when cis-stilbene is isomerized to  
trans-stilbene may come from dehydrogenation 
of a portion of the material present in the system. 

These interesting reactions with benzene and 
cislfmns-stilbenes establish the remarkable re- 
activity of C2& in the system hydrogen-olefin. 
We believe that with hydrocarbons of acidity 
equal to  or higher than that of benzene (pK, 
37) C24K will be able, at moderate temperature, 
to promote reactions such as deuterium ex- 
changes, involving the rupture of the C-H 
13011ds of the hydrocarbon. This opinion is sup- 
ppited by the fact that 1,2-diphenylethane, 
toluene (pK, 351, and triphenylmetharle (pK;, 
3 1.5) d o  exchange deuterium for hydrogen, in an 
atmosphere of deuterium at temperatures of the 
order of 100 " C ,  as we have  show^^. The rate of 
exchange is faster for protons in the a position of 
at1 aromatic ring khan on the aromatic ring itself, 
as shown by our analysis of the reaction mixture 
obtained for the exchange reaction with 1,2- 
dipbenylethane. It is certain that C2& is respon- 
sible for this effect. We have noted that neither 
potassium nor graphite will give the isomeriza- 
tion or reduction reactions with cis-stilbene or 
the formation of biphenyl urlder the very mild 
condi t io~s  used, The different reactions of stil- 

benes with C24K and hydrogen are presented in 
eq. 1 .  

(3) Tlze Recluctiorz arzd Ison~erizrition of Alkynes 
itlitlz C2& 

Alkynes can be reduced by hydrogen in the 
presence of C24K This has been illustrated by 
the reduction of 1-phenyl-1-butyne, the main 
reaction product being I-butylbenzene, obtained 
with a yield of 75%. This main product was 
accompanied by secondary products showing 
olefinic protons in the nmr. 

The main interest of C2& as a reagent in the 
chemistry of alkyne appears to  be the activity of 
this i~~tercalate as an agent for isomerization of 
the triple bond. Under mild experimental con- 
ditions, 86y0 of 2-octyne can be converted to 
I-octyne. This represents a relatively simple 
method of isomerization of a triple bond to  the 
l,2-position in an aliphatic chain allowing the 
reaction to  proceed a t  much lower temperature 
than other methods (lla). We have noted the 
presence of the corresponding allene in the 
course of the isomerization. The formatioil 
of allene has already been postulated as an 
intermediate in the process of isomerization 
of 2-alkyne to I-alkynes (1 lb). The use of potas- 
sium alone in CGHG at 25 "C does not isonierize 
2-decyne. When potassium is intercalated to  give 
C2&, a yield of 20% of 1-decyne and 9y0 of 
1,2-decadiene is noted (see Table 2). When the 
reaction is performed in the presence of an 
aliphatic hydrocarbon, there are no secondary 
products such as biphenyl. Although alkali 
metals, such as potassium or sodium are reported 
to  isornerize 2-alkynes to  1-alkynes above 100 "C 
(12) the results reported here indicate that the 
intercalation of the alkali metal greatly facilitates 
the isomerization and lowers the temperature at 
which this conversion takes place. 
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LALANCETTE AND ROUSSEL 

TABLE 2. lsomerization of alcynes in the presence of CZ4M 

Products 
T Duration 

Systenl ("C) (h) Solvent Hydrocarbon 5; yieldn 

2-Decyne 25 48 CsK, 1-Decyne 20 
1 ,ZDecadiene 9 
2-Decyne 7 1 

2-Decyne 80 60 C6H6 1-Decyne 65 
I ,2-Decadiene 4 
2-Decyne 15 
Biphenylb 16 

2-Octyne 80 100 C6H6 1 - ~ c t y n e  26 
1,2-Octadiene 7- 
2-Octyne 5 
Biphenyl 52 
Unidentified product 14 

2-Decyne 80 40 Cyclohexane 1-Decyne 86 
1,ZDecadiene 7 
2-Decyne 7 

aSame as  footnote a of Table 1. 
hFormed from the benzene uaed as solvent. 

Conc~lasicon (Hitachi RMLJ-6); m / e :  2, relative intensity (ri) 78 
(69.6%,); 3, ri 20 (17.9%); 4, ri 14 (12.55;). 

The examination of the behavior of C24K with 
(3) Excharzge Reactiorz of Hydrogerz with Deuterium the  systems olefins-hydrogen and alkynes- AcisorbedocerC,K 

has led new in of inter- The intercalate was prepared as in section 2. After 
mediates and reaction products. This study cooling to 25 "C  a volume of 122 mi (STP) of deuterium 
should emphasize the much modified reactivity was adsorbed over C s K .  The system was flushed rapidly 

induced by intercalation of an entity such as wit11 HZ and kept in ail atmosphere of hydrogen, at  
atmospheric pressure for 36 h. After this contact time, at 

potassium ill the lattice of graphite. The observed 25 cC,  the gas in contact with intercalate was an- 
properties of C24K should be common, at  least alyzed by mass spectrometry; n ~ / e :  2, ri 320 (66.gC;;,); 3, 
as a trend, to hon~ologous intercalates in ri 144 (30.0%); 4, ri 15 (3.1%). The experiment was 
graphite. repeated under identical conditions, except that the 

duration of contact was 24 h. Thc analysis of the gas gave 
76.7% H2, 21.5y0 FIN, and 1.8% D2. 

Experimental (4) Hjdrogeizatiotz o f  a  mixture of 1-Octez~e aizcf 

( I )  Preparatiotz of Potassium Iritercolates I-~Metlzjl-1-cyclohexet~e irr tire Presetrce of G4K 
Potassium intercalates were prepared by mild heating The was performed a Parr I1ydrogena- 

of a mixture of graphite and potassium, in measured tion bomb, of 500ml capacity. The intercalate was 

amounts at 100-120 "c, ~h~ intercalation was rapid and obtained as described above, from 10.0 g of graphite and 

gave colored products, as reported (3). Potassium was g of potassium. At temperature and in an 
handled under petroleum ether and the graphite (spectro- inert atmosphere (7.15 g, mo') and 
scopic grade, 20 mesh) was dried at  150 OC, under 1.0 torr l"meth~l-l-c~clOhexene g, were added 
for 24 h. ~ l l  manipulations of intercalates were done to the intercalate and the system heated at  100 "C for 
under inert atmosphere. 20 h, under a pressure of i000 psi of hydrogen (large 

excess of hydrogen). After cooling, the C2dK which was 
(2) Exchange Reaction of Deliterium with Ifjdrogerz still very reactive was destroyed by careful addition of 

Generated irz situ fronz C ,  K methanol. After extraction of the organic phase with 
In  a well-dried 50 ml three-necked flask were placed ether, in the presence of water, the reaction mixture was 

1.0 g of graphite and 0.40 g of potassium. The intercalate isolated by distillation of the solvent. The reaction 
was formed and after cooling to 25 "C, a volunle of products were identified by analytical vpc with a SEX 
147 ml (SFP) of deuterium (99.5% Dl) was adsorbed 10% 5 ft column, the position of the peaks being identi- 
over this weight of C8K a t  atmospheric pressure. T o  this fied by reference products. Results are reported in 
product, a t  25 "C ,  was added first 10 rnl of dry ethyl ether Table 1 which includes reactions performed on several 
and then 5 ml of methanol, in one portion. The evolved olefins and olefin mixtures. With aromatic olefins, identi- 
gas was collected and analyzed by mass spectrometry fication of the reaction products was completed, beside 
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using vpc analysis; by nmr analysis: found for trans- 
stilbene: 6 7.25 (s, 2H), 7.55 (m, 10H); found for cis- 
stilbene: 6 6.78 (s, 2H), 7.35 (d, J = 1.5 Hz, 10H). 

(5) Treatmetzt of cis-Stilbetze ~vitlz 
An intercalate of potassiun~ was prepared in a 125 ml 

erlenmeyer flask from 5.0g of graphite and 0.75 g of 
potassium. After cooling to 25 "C, a solution of 0.50 p 
(0.0028 mol) of cis-stilbene in 10 ml of dry benzene was 
added. The reaction mixture was kept at  room tempera- 
ture for 48 h, the suspension being stirred from time to 
time. After this contact, the reaction mixture was diluted 
to 100 ml with benzene, stirred for 5 min, and filtered. By 
evaporation of the solvent, a white solid was obtained. 
The material recovered (0.450 g) was a mixture of 1,2- 
diphenylethane (75, of the recovered products; nmr 
6 2.9 (s), 7.30 (s)) and tram-stilbene ( 9 3 5  of the recovered 
products; nmr 6 7.2 (s), 7.5 (m)). The relative proportion 
of these two products was established by vpc analysis. The 
absence of cis-stilbene and the presence of trrztzs-stilbene 
was confirmed by comparison of nrnr and vpc with 
fiieasurements made on authentic samples of the two 
isomers. 

The presence of 1,2-diphenylethane was positively 
established in a similar fashion but there is a possibility 
that other products might be present, along with 1.2- 
diphenylethane. The small amount of this fraction 
prevented a more exhaustive analysis. 

The experiment was repeated twice, following the 
identical procedure, and gave the same results. Also, the 
experiment was carried out as above but with potassium 
alone. The starting cis-stilbene was then recovered quan- 
titatively (945)  and unaltered. 

(6) Reaction of Betzzetze with C2,$K 
In a 100 ml three-necked flask an intercalate of po- 

tassium was prepared from 5.0 g of graphite and 0.80 g 
of potassium. A solution of 2.0 g of benzene (Spectro 
grade) in 50 mi of dry cyclohexane (Reagent grade) was 
then added to the intercalate. After a reflux of 42 h, the 
suspension was cooled, treated with an  excess of methanol 
and water, filtered, dried, and the organic solvent evap- 
orated. These operations gave 0.40g of biphenyl, mp 
67-69 "C (lit. (00) 70 "C), a yield of 205; from the starting 
benzene. The reaction was repeated several tlmes g~ving 
typical yields such as 23.55; of biphenyl after a contact 
time of 4 days. Mass spectrometry of biphenyl: rn/e 154 
(C6H5-C6H5), 77 (C6H5); nrnr 6 7.6 (m); identical with 
nmr of an authentic sample of biphenyl. 

It has been noted that potassium alone (0.80 g), under 
reflux conditions similar as above, with a solution of 
2.0g of benzene in cyclohexane gave no biphenyl. 
Graphite alone (5.0 g) was also inert toward benzene 
under experimental conditions as described. 

(7) Exchatzge Reactiotz of Hydrocarbotzs ~vitlz Deuterium 
in the Presence of C?4K 

In order to proceed with these exchange reactions, we 
used a steel bomb of 2 ml capacity. The intercalate was 
prepared as above with 0.40 g of graphite and 0.10 g of 
potassium. The intercalate, prepared in a glass capsule. 
was covered with a solution of 0.45 g of 1,Zdiphenyl- 
ethane in 0.75 ml of benzene. The reactor, under a 
pressure of 200 psi of deuterium, was kept at  110 'C for 
48 h. After the usual operations, the organic phase was 

taken up with pentane and fractionated with an  efficient 
column. The recovered diphenylethane (0.38 g, 85%) was 
identified by its nmr: 6 2.9 (s), 7.35 (s), ratio of intensity at  
7.35 over 2.9: 3.72. This ratio for the fully protonated 
starting 1,2-diphenylethane was measured as 2.29. 

Using identical solutions of protonated and partly 
deuterated 1,2-diphenylethane we found differences in 
intensities at  7.35 6 and 2.9 6 indicating 56C; of exchange 
of the aliphatic protons and 29'5 of exchange of the 
aromatic protons. The ms m/e: 182, (CI4HI4) ri 100; 183, 
(CI4Hl3D) ri 43; 184, (CI4H12D2) ri 38; 185, (C14HllD3) 
ri 40; 186, (C14H10D4) ri 41; 187, (CI4H9D5) ri 29; 91. 
(C7H,) ri 100; 92, (C7H6D) ri 49; 93: (C7H5D2) ri 46; 94. 
(C7H4D3) ri 28. 

Similar experiments were performed with toluene and 
triphenylmethane. Deuterated triphenylmethane: nmr 
6 5.7 (s), 7.3 (d: J = 1.5 Hz). Ratio 7.3 over 5.7 for the 
deuterated sample 46. The measured ratio for the starting 
triphenylmethane was 17. With toluene the following 
peaks are observed from ms: m/e: 92, (C7H8) ri 68; 93. 
(C,H7D) ri 100; 94. (C7H6D2) ri 90; 95, (C,H5D3) ri 59: 
96, (C7H4D4) ri 24. 

(8) Red~ictiorz of I-Plzetzyl-I-b~~tytze ~litlz H),i/rogerz itr 
the Presetzce of CZ4K 

The experimental procedure was similar to section 4. 
10.0 g of graphite and 1.5 g of potassium being used to 
form the intercalate and 4.57 g (0.035 mol) l-phenyl-l- 
butyne being reduced. After a contact of 20 h at 100 'C 
and under a pressure of 1000 psi of hydrogen, the reaction 
mixture was treated to extract the organic phase (3.75 g, 
827; by weight) which was analyzed by vpc, the main 
fraction being separated by preparative vpc. The main 
product, 7 5 5  of the recovered material, was rl-butyl 
benzene: nrnr 6 0.95 (t, 3H), 1.6 (m, 4H), 2.70 (t, 2H). 
7.35 (s, 5H). The residual material was olefinic in nature 
as suggested by its peak at 5.8 and 6.5 6 in the nmr. The 
problem of separating and isolating these minor fractions 
prevented a full identification. 

(9) Isornerizafiotz of Alkyt~es 
In a three-necked 100 ml flask, 5.0 g of graphite and 

0.80 g of potassium were transformed into an  intercalate., 
A solution of 1.0 g (0.0072 mol) of 2-decyne in 50 ml of 
C6H6 was added and refluxed for 60 h. After hydrolysis 
with methanol and water, the organic phase was extracted 
with benzene, dried, and the solvent distilled. A weight of 
0.96g was recovered, containing a smali amount of 
biphenyl, thus leaving a yield of the order of 807; of the 
Clo material from the starting 2-decyne. The reaction 
mixture was analyzed by vpc, ir, and nmr; yields are 
reported in Table 2. In the case of the reaction done in 
cyclohexane, the yield was 0.90 g from 1 .OO g of starting 
2-decyne. Infrared of the reaction mixture: band at  3300 
(H-C=C), 1960cm-1 (C=C=C); nrnr 6 1.8 (m, 
CH3-SC- ,  H-C=C-CH2), 5.5 (m), and 5.9 (in, 
CH2=C=CH-). In  order to identify the presence of the 
allene, 1,2-decadiene was prepared according to the 
method of Meisters and Swan (13). Their and nrnr of this 
synthetic material were identical to the reported values in 
the literature: nmr 6 0.91 (t, 3H), 1.32 (br s, IOH), 2.0 
(m, 2H), 4.72 (m, 2H), 5.16 (m, 1H). Infrared: band at  
1960 cm-1 (medium). Identical retention times with vpc; 
the presence of the typical band a t  1960 crn-1 and nrnr 
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LALANCETTE AND ROUSSEL 2115 

indicated the presence of allene in the reaction mixture. 
The experiment has been repeated with 2-octyne and 

results are shown in Table 2. The reaction with 2-decyne 
a t  room temperature gave 9 5  allene and 2 0 5  I-alkyne. 
Under similar conditions at  room temperature potassium 
alone had no effect on the starting 2-alkyne, this sub- 
stance being recovered unaltered with a yield of 92%. 
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K. W. CHAMBERS, E. A. CHERNIAK, 6. TAYLOR, and J. Yu. Can. J. Chem. 54, 2116 (1976). 
In the 120 kradih, ~ ' ' C O - ~  radiolysis of air-free, anhydrous solutions of ferric hexafluoro- 

acetylacetonate (Fe(HFA),) in toluene at 27 "C, G(-Fe(HFA),) = G(Fe(HFA),) = 1.05 0.03 
rnolec~1les/100 eV and G(HHFA) = 0 where Fc(I-IFA)~ is radiolytically inert ferrous hexafluoro- 
acetylacetonatc and HHFA is hexafluoroacetylacetonc. G(H2) = 0.1 3 f 0.03 is not affected by 
Fe(HFA),while G(CH,)is reduced from 0.0088 + 0.0020 to 0.0052 f 0.0020 and G(4CH2CH2+) 
is increased from 0.102 k 0.019 to 0.307 0.026 by Fe(HFA)3. Activation energies for the 
radiolyiic fornlation of Fe(HFA)2. H2, CH4, and 4CH2CH2+, in the temperature range -95 to 
27 "C,  are 670 130, 0, 1200 i 900, and 1280 _+ 25 calrnol-1; respectively. 

G(-Fe(HFA),) = 1.05 represents the total yield of radicals scavenged since a t  the concen- 
trations of solute used in the radiolyses the quantum yield for the disappearance of Fe(HFA), 
by reaction with solvent S, and/or Ti states, generated by flash photolysis, is negligible (=10-'). 
Radicals trapped by Fe(MFA), a? -CH, (G = 0.004) and unknown radicals (G = 0.4) which 
are capable of combining with 4CN2. Fe(HFA), does not scavenge 4CW2 radicals (G = 0.6). 
The formation of Hz in scavenger inaccessible spurs and CE14 and +CH2CH2+ outside spurs has 
been confirmed. 

#. 9W. CHAMBERS, E. A. CHLRNIAIC, 6. TAYLOR et J. Yu. Can. J. Chem. 54, 2116 (1976). 
A des taux de dose de 120 kradjh, la radiolyse par b°Co-? de solutions sans air et anhydre 

d'hexafluoroaci.ty1acCtonate ferrique (Fe(HFA),) dam le tolukne a 27 'C, G(-Fe(HFA),) = 

G(Fe(MF& = 1.05 r 0.03 molCcules/100 eV et G(HHF.4) = 0; Fe(HFA)2 correspond 
l'hexafl~1oroac6tylacCtonate ferreux inerte ~ L I  point de vue radiolyse et HHFA est l'hexafluoro- 
acetylacetone. G(H2) = 0.13 5 0.03 n'est pas affect6 par Fe(HFA), alors qiie ['addition de 
Fe(SIFA), reduit G(CH4) de 0.0088 i- 0.0020 2 0.0052 i 0.0020 et augmente G(+CH2CH?$) 
de 0.120 i 0.019 2 0.307 ? 0.026. Les energies d'activation pour la formation radiolytique de 
Fe(MFG)z, HZ. CH, et +CH2CH24 a des temp6ratures allant de -95 a 27 'C sont respective- 
rnent de 670 i 130, 0. 1200 * 900 et 1280 I 25 cal rnol-1. 

G(-Fe(HFA),) = 1.95 reprisente le rendement total des radicaux pieges; en ert'et aux con- 
centra.:ions de solut6s utilises dans la radiolyse, les rendements quantiques pour la disparition 
de Fe(&IFAI3 par reaction avec its etats S ,  et/ou T I  du solvant. gen6ri.s par photolyse eclair. 
sont negiigeables (=10-"). Les radicaux pikgks par Fe(HFA)3 sont -C!$3 (G = 0.004) et des 
radicaux inconnus (G = 9.3) qui sont capables de se combines avec +CH2. Le Fe(HFA), ne 
pikge pas les radicaux +CH2 (G = 0.6). On a confirme la formation de HZ dans des cavites 
inaccessibles aux piPges et Cbf, zt +CF12CH2$ dans les cavites extiriei~res. 

[Traduit par le journal] 

Isatroductiosp 
In the radiolysis of liquid toluene very rapid 

isra recon-ibinations (1) result in the formation of 
excited siizglei and triplet states (+CH3*) with 
G(+CH3*) - 4-5 molecu!es/100 eV (2, 3). A 
small percentage of these states are converted to 
radicals as the yield of sadica!~ captured by the 

'Present address: Analytical Chemistry Branch, White- 
shell Nuclear Research Establishment, Pinawa, Manitoba. 

"resent address: Department of Chemistry, Brock 
University, St, Catharines, Ontario. 

scavengers DPPH, aroxyl and styrene monomer 
is 0.9 or 1.23, 1.5, and I .  1, respectively (4). The 
primary radicals are considered to be 4CH2, 
tolyls, &., .CM3 and PI. which readily abstract 
H atoms frqm and add to toluene to produce 
secorldary +CH2, tolyls, cyclohexadienyl and var- 
ious substituted cyclohexadie~lyl radicals (4-6). 
Ma~ly final products of radiolysis have been 
characterized (4). Of these Hz, CH4, and 
$CH2CH2$ are relevant to this investigation. 
H2 is mainly formed in spurs by processes 
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involving +CH3* (7, 8) and CH4 and +CH2CH2+ 
are mainly formed outside of spurs by reactions 
1 (4, 7, 8) and 2 (4, 91, respectively. 

in this study the paramagnetic, quasi-arornatic 
chelate ferric hexafluoroacetyiacetonate, Fe- 
(I-IFAl3 (MFA = CF3COCHCOCF3), has been 
used (a) to determine the yie!d of radicals cap- 
tured in the " C O - ~  radioiysis of air-free, an- 
hydrous toluene at  27 "C,  (b )  to show that the 
reaction of Fe(HFA)3 with radicals (R. )  is [3]  
where Fe(HFA)2 is ferrous bexafluoroacetylace- 
tonate and RHFA is a derivative of HHFA 
(hexaf uoroacetylacetone, CF;COCH2COCF3), 

[3] Re + Fe(HF7A); -+ Fe(HFA)2 + RHFA 

(c) to ascertain whether or not the chemical 
quenching of +CW3" by Fe(HFA)3 occurs and 
((1) to determine, through the study of the influ- 
ence of F ~ ( H F L % ) ~  o : ~  G(H2), G(CH4), alld 
G(+CF12CH2+), the va1:dity of hypotheses re- 
garding the origins of H2, CH4, and +CM2CH2+. 
the reactivity of Fe(HFA)? touards ;CH3 and 
+CH2 and 6;-values for sCH3 and +CH2 scav- 
enged by this solute. Activation energies for the 
radiolytic fortnation of H2, CH4, and +CH2CH2+ 
(in the presence and absence of Fe(HFA)3) and 
the radiolytic disappearance of Fe(HFAj3 have 
also been determined in the temperature range 
-95 to 27 "C. 

There is some evidence, ~n various studies 
reported 011 systems analogous to Fe(HFA)3, 
that [3] is important. For example. while tert- 
butoxy radicals abstract H from the 3-position 
of MHFA they do  not abstract H from the ligand 
3-positions in ferric acetylacetonate, F e ( a ~ a c ) ~  
(acac = CM3COCMCOCH3) (10). Some reduc- 
tion of Co(acac)3 to C ~ ( a c a c ) ~  occurs durlng the 
" C O - ~  rad~olysis of toluene solutions containing 
Co(acac)3 (11) and Bamford and Ferrar (12) 
have shown that manganic trifluoroacetylace- 
tonate, Mn(TFA)3 (TFA = CF3COCHCOCH3), 
reacts with polymethylmethacrylate and poly- 
styryl radicals to retard the polymerizations of 
methyl methacrylate and styrene monomers, 
respectively. These authors presume that these 
reactions Yesult in reduction of the oxidation 
state of the metal'. 

In view of the large yields of excited states 
produced in the radiolysis of liquid toluene, the 

known similarities in the radiation physics (1) 
and chemistry (4) of toluene and benzene, the 
importance of pararnagneric and heavy atom 
que~lching of electronical!y excited states (13u) 
and the fact that at very low doses the para- 
magnetic radical scavenger FeC13 is observed to 
chemically quench excited benzene in the liquid 
state (14) and in low temperature crystalline 
bcnzene (15) 11 was alliicipdted that similar 
indirect evidence for the chemical quenching of 
+CH3* by Fe(HFA)3 might be obtained in this 
bark. 

Direct photochemical evidence for this quench- 
ing has also been sought. Lintvedt and Kernitsky 
(16) have assigned the 284 nm (log E = 4.4), 383 
nm (log E = 3.6) and 446 nm (log t = 3.6) ab- 
sorption bands of Fe(HFA)3 in CHC13 to intra- 
ligand (a* + a), metal-to-ligand (T + t2,) and 
ligand-to-metal (e ,  + a )  transitio~is, respectively. 
Gafney, Lintvedt, and Jaworiwsky (17) have 
shown that direct excitation of the ligand-to- 
metal (345 nm) transition of FeQHFA)3 in eth- 
anol leads to photoreduction of the chelate [4] 
and oxidation of the ethanol [ 5 ] .  

[J] Fe(HFA) $ h v  4 Fe(HFA)2HFA 

[j] -HFA + C2H50H -+ HHFA + oxidized ethanol 

A very intense flash photolysis source has been 
used, in conjunction with suitable optical filters, 
to  selectively excite intraligand and charge trans- 
fer transitions in Fe(HFAI3 as well as S1 + So 
transitions in +CH3 to determine quantum yields 
for direct and +CH3* sensitized photolyses of 
Fe(HFA)3. 

Experimental 
Reagent grade toluene was treated with concentrated 

H2SO4 followed by 105; (w/v) aqueous Wa2C03. The 
acid-free toluene was filtered through Na,SO,, dried over 
P2O5., and then fractionally distilled over sodium in a 
Todd Precise Fractionator. Reagent grade toluene was 
also purified by preparative glc (Aerograph 'Autoprep') 
on a 10 ft, 4 in. (i.d.) aluminumcol~~rnn packed with 2 0 5  
(w/w) DC-710 silicone oil on 60-80 mesh Celite. The 
purified toluene was dearated by the freeze-pump-thaw 
method and dried in cacuo over reactivated Linde 
molecular sieve 4A. The results reported here were inde- 
pendent of the method of solvent purification used. 

Fe(HFA), was prepared itz crlcrlo by reacting excess 
anhydrous HHFA with vacuum sublimed FeC1, in 
anhydrous ether at room temperature. (Anhydrous 
HHFA was obtained by treating an ethereal solution of 
HHFA.2H20 with p205. The dihydiate was prepared by 
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the method of Nenne ei al. (IS).) After removal of ether 
and unreacted HHFA the product was sublimed a t  35 "C 
into Pyrex vials filled with break seals. The ruby red. 
triply vacuum sublimed crystals melted a t  51.8 + 0.8 "C. 
Anal. Calcd. for C15H3F1806Fe: C 26.62, M 0.45, F 50.50, 
Fe 8.25. Found: C 26.46, H 0.66, F 50.37, Fe 8 .02. The 
principal ir absorption frequencies for this compound 
were 1642, 1618, 1440, 1251, and 1110 cm-1 (IVujol mull) 
which agreed well with those reported for Fe(HFA)3 by 
Morris et a/ .  (19). 

Fe(NFA)2a2H20 was prepared by reacting an aqueous 
solution of Mohr's salt with a methanolic solution of 
HHFA.2H20. An aqueous solution of NaOAc was 
added to the mixture which was then stirred and allowed 
to stand overnight at  0 "C. The fine brown crystals which 
deposited were filtered, washed with ice-cold water and 
recrystallized from aqueous C H 3 0 H  overnight at  0 '6  to 
yield violet black crystals which melted at  193 5 1 'C. 
Anal. Calcd. for CIoH6F1206Fe: C 23.7; N 1.2, F 45.1. 
Fe 11 .O. Found (after recrystallization from hot, aqueous 
CH30N):  C 23.9; H 1.4. F 45.2, Fe 11.0. The principal ir 
frequencies for this compound were 3475, 1347, 1268. 
1148, and 805 cm-1 (Nujol mull) which agreed well with 
those reported for Fe(HFA)2.2H20 by Morris et al. (19). 

Two views of the apparatus used for irradiations and 
analysis are shown in Fig. 1. The Pyrex radiolysis bulb 
(R) and the quartz spectrophotometric cell (S) were 
cleaned with chromic acid soiution and baked at  400 "C 
for 1 h before incorporation in the apparatus shown. 
(A) was used to introduce weighed amounts of Fe(HFA), 
or known volumes of Fe(HFA)202H20 in methanol into 
(R). After sealing off at  (A) and evacuating the apparatus. 
crystals of Fe(HFA), could be sublimed into (K); through 
the glasswool plug (P), while crystals of Fe(HFA)2.2H,0 
were left behind in (R) following evaporation of the 
solvent. After evacuation of the apparatus, with the 
chelate in (R) immersed in liquid nitrogen, the apparatus 
was sealed off below (P) and a t  ( Y ) .  (B) was then fused to 
the high vacuum system. A quantity of air-free anhydrous 
toluene was distilled through the broken seal near (E) and, 
with the solid chelate-toluene mixture in (R) under liquid 
nitrogen, the apparatus was sealed off a t  (X). 

Irradiations of samples in (R) were performed in a 
2400 Ci Gammacell 220 irradiator. During irradiation 
(S) was surrounded by a lead shield to minimize radiation 
induced discoloration of quartz. For irradiation of 
samples at  temperatures less than 25 "C the radiolysis 
bulbs were immersed in various low temperature baths 
in a Dewar within the irradiator cavity and the tempera- 
tures of these baths were measured with a thermocouple. 

Electron density corrected Friclce dosimetry was used 
to obtain rates of energy deposition in toluene-chelate 
solutions and in pure toluene. The dose rates determined 
for the dosimetry solution were in the range (6.77-9.08) x 
10' 8 eV ml-1 h-1. 

Chelate concentrations were determined spectrophoto- 
metrically with either a Beckman D U  or Bausch and 
Lomb 505 spectrophotometer. The path lengths of the (S) 
cells were determined by measuring the absorbances of 
standard alkaline potassium chromate solutions in these 
cells and by comparing these values with those obtained 
for standard (Beckman) I cm cells. The absorbances of 
the irradiated toluene-chelate solutions were corrected for 

U U 
FIG. 1. Two views of apparatus used for irradiations 

and analysis. (R); pyrex radiolysis bulb; (S), cyclindrical 
quartz spectrophotometric cell; tubes for (A), introduc- 
tion of solute; (B), introduction of toluene it2 ~CICIIO;  (C). 
glc analysis of liquid products; (D), analysis of gaseous 
products; (E), to high vacuum system; (P), glass wool 
plug; (X), (Y), seal-of points. 

the radiation induced coloration of the (S) cells. 
Absorption spectra of Fe(HFA), in toluene were 

obtained for each of the (S) cells at  chelate concentrations 
in the range 50 to 1000 PM from which calibration curves 
for the analysis of Fe(HFA), at  h = 455 nm were con- 
structed. The absorption spectra of Fe(N[FAj3 and 
Fe(HFA)2, as determined with the Beckman D U  spectro- 
photometer, are shown in Fig. 2. The absorption spectrum 
of Fe(HFA)2 is that of the anhydrous chelate. I t  was 
found that Fe(tPFA),-2H20 could be readily dehydrated 
by evacuating at  room temperature overnight. 

A Topler-McLeod system was used to remove gases 
produced in radiolysis, to determine the total number of 
moles of gas collected. and to collect gaseous products in 
gas sample bulbs for mass spectrometric analysis. 

Analyses of liquid samples were performed with the 
Beckman GC-2A chromatograph with either hydrogen 
flame or thermal conductivity detector. Pyrex glass 
ampoules, containing the liquid samples it1 cncrro, were 
crushed directly in the He carrier gas stream. DC-710 
silicone oil ( 2 0 5  w/w) on 60-80 mesh Celite 545 was 
used at 84 ' C  for HHFA calibrations and analyses while 
23 71 (w/'w) a-bis(a-)a-pheiloxyphenoxy)-phenoxybenzene 
(Moasanto7P6E) on 60-80 mesh, nonacid washed. 
Chromasorb W was used at  154 'C for 4CH2CH2$ 
calibrations and analyses. 
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A solution containing 24.2 mg Fe(HFA)3 in 25 ml air- 
free anhydrous toluene was irradiated for 20 h in the 

3 W  420 500 
h hrn) 

FIG. 2. (A)  Absorption spectra of Fe(HFA)3 and 
F ~ ( H F L ~ ) ~  in toluene. (B) t-decadic molar absorption 
coefficient. 

Gammacell220 irradiator. The irradiated liquid was 
evaporated to dryness in a stream of moist N2 and the 
residue was extracted with methanol. The extract was 
evaporated to 1 ml and heated to 60 'C .  On addition of 
0.7 ml of hot water a flocculent, brownish yellow pre- 
cipitate was formed which was immediately removed by 
filtration. A further 0.3 ml of hot water was added to  the 
heated filtrate and the solution was allowed to  stand 
overnight at 0 "C. The black needle-like crystals which 
formed were removed by centiifugation, redissolved in 
1.5 ml of hot 50% (v/v) aqueous methanol and recrystal- 
lized by cooling the solution slowly to  0 OC. The melting 
point of the crystals was 191.5 + 1.5 "C. Elementary 
analysis of this compound gave C 25.4, H 1.53, F 44.12. 
Fe 11.66. The ir, near uv, and visible absorption spectra 
of this product were identical to the spectra obtained for 
synthetic Fe(WFA)2.2LW20. 

Two solutions of Fe(HFA)2 in toluene, with concentra- 
tions of 673 and 1240 pM were irradiated and absorbance 
measurements were made a t  X = 455 nm at  various 
irradiation times. No change in absorbance was noted 
even after irradiating for a period of 11 h. 

Air-free and dry oxygen saturated solutions of 
Fe(HFA)3 in anhydrous toluene, with concentrations 
in the range 300 to 650 pM, were photolyzed in 4 cm X 
1 cm X i cm Hellma Suprasil quartz fluorescence cells 
which were sealed to Young greaseless valves. Irradiations 
took place between a parallel pair of series coupled, 
1900J, Xe-filled (P = 5 torr) flash lamps with 30ps 
duration at half pulse maximum (measured a t  410 nm). 
Preliminary kinetic spectrophotometric studies a t  = 
410 nm (unfiltered flash output) and a sweep rate of 
20 ps/cm provided no evidence for the rapid disappear- 
ance of Fe(HFA),. Accordingly, absorption spectra were 
recorded before and after repeated flashing and changes 
in the concentration of F ~ ( H F L % ) ~  per flash were deter- 
mined spectrophotometrically at any one of three 
wavelengths; 390, 410, and 455 nm. Potassium ferrioxa- 
late (6 mM) actinometry (20) was used to determine flash 
intensities and average quantum yields for the disappear- 
ance of Fe(MFA)3 (@-Fee(IIFA)3) for various spectral 
ranges isolated by Schott (6G420 and 6 6 3 7 5 )  as well as 
soft glass and Pyrex transmission filters with cut-offs a t  
400, 350, 300, and 280 nm, respectively. Average outputs 
per flash were 1.8 X 1017 quanta (in the range 200-300 
nm) and 3.9 X 1017 quanta (in the range 300-490 nm). 
For each spectral range average values of the actinometer 
quantum yield and fractions of radiation absorbed by the 
actinometer and toluene solutions were used to calculate 
* - F ~ ( H F A ) ~  values (20). 

Results and Discussion 
Typical observed dependences of [Fe(HFA)3], 

on the irradiation time are shown in Fig. 3 where 
[Fe(HFA)3], is the apparent concentration of 
Fe(MFA)3. Initial apparent C-values for the 
radiation induced disappearance of Fe(HFA)3, 
G(-Fe(MFA)3),, were independent of the initial 
concentrations of F~(HFPL)~,  [Fe(HFA)3]o, in the 
range 50 to 1400 pM at 27 "C (Fig. 4) and 
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dependent on temperature in the range -95 to 
27 "C (Fig. 4). At 27 "C,  G(-Fe(HFA)3), = 
0.54 i 0.05 and the activation energy for the 
radiation induced disappearance of (Fe(HFA)3, 
in the above temperature range, was 670 i 130 
cal mol-I . 

Figure 3 shows that [Fe(HFA)3], attains a 
constant, nonzero value after a sufficiently long, 
[Fe(HFA)3]o-dependent period of irradiation. 
This effect arises because Fe(HFA)3 is radio- 
lytically reduced to F~(HF! I )~ ,  which is not 
subject to radiolysis. At any time ( t )  the ab- 
sorbance (A,) of the irradiated solution is given 
by [61 

161 A, = tr([Fe(HFA>310 - X,)L + tfXtL 

where EF and tf are the decadic molar extinction 
coefficients of Fe(HFA)3 and Fe(HFA)2, respec- 
tively, L is the path length of the irradiation cell 
used and X, is the change in the Fe(HFA)3 
concentration at time t .  If Fe(HFA)2 is not 
radiolyzed then after a certain time 7, X, becomes 
[Fe(HFA)3]0 and A, becomes ef[Fe(HFA)3]oL, 
i.e. a constant. For the four curves shown in 
Fig. 3 the values of A,l[Fe(HFA)3]oL at X = 

t ( h )  
FIG. 3. Dependence of apparent Fe(HFA)j concentra- 

tions ([Fe(HFA)3],) on irradiation time (r). 

06 
I I I I 

3 4 5 6 

~ / T ( K ) - ' x I o ~  
FIG. 4. ( A )  Dependence of G(-Fe(HFA),), on 

[Fe(HFA)3]o (moll-1) at 27 ' C .  (B), Arrhenius tempera- 
ture dependence of G(-Fe(HFA)j), in the range -95 
to 27 "C. 

455 nm should then be (1.25 i 0.05) X lo3 M-I 
cm-I, the value of e, at 455 nm. This is found to 
be the case for the average value calculated is 
(1.39 + 0.07) X lo3 M-l ~ m - l . ~  

Equation 6 was used to  obtain the true con- 
centrations of Fe(MFA)3 at different irradiation 
times and to determine the true 6-values for the 
radiation induced disappearance of Fe(HFA)3. 
At 27 "C, G(-Fe(HFAI3) = G(Fe(MFAl2) = 
1.05 & 0.03. This value is in very good agree- 
ment with 6(-DPPH) = 0.9 or 1.23, G(-ar- 
oxyl) = 1.5 and G(I3.) = 1.1 (polymerization 
of styrene) reported for toluene (4). There is no 
evidence in our work that at low doses ( 5 6 0  
krad, which correspond to irradiation times 
<0.5 h) the initial value of 6(-Fe(HFA)3) is 
s<llificantly greater than 1.05 i. 0.03 and is 

Fur ther  proof that Fe(MFA)3 is radiolyticaily reduced 
to Fe(HFA)2 and that Fe(HFA)2 is radiolytical!y inert 
was obtained by performing the radiolytic synthesis of 
Fe(HFA)2 and by showing that G(-Fe(HFA)2) = 0 at 
27 "C (see Experimental). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHAMBERS ET AL. 2121 

strongly dependent on [Fe(HFA)3]0. Effects of 
this kind were observed in the ?-radiolysis of 
solutions of FeC13 in benzene at low doses 
( 5 3 0  krad) and were taken as evidence for the 
chemical quenching of electronically excited 
benzene molecules by FeC13 (14). Thus in solu- 
tions for which [Fe(HFA)3]o 5 1400 pM chemi- 
cal quenching of +CHj* by Fe(HFA)3 is not 
observed and G(-Fe(HFA)3) = 1.05 represents 
the yield of radicals intercepted by Fe(HFA)3 
and other reactive scavengers in the radiolysis 
of liquid toluene. 

The insignificance of chemical quenching of 
+CH3* was confirmed by the results of the flash 
photochemical studies. When air-free solutions 
were flashed at wavelengths 2400, 2350, 2300, 
and 2280 nm, @ - T e ( I J F A ) 3  = 0, in each case. 
This behaviour is similar to that reported for 
Fe(HFA)3 in +H by Gafney et al. (17). No photo- 
reduction of Fe(HFA)3 was observed in this 
solvent on continuous irradiation of solutions by 
a much less intense Hg source at wavelengths 
2 290 nm. Thus direct photolysis of Fe(HFA)3, 
through excitation of ligand-to-metal, metal-to- 
ligand, and intraligand transitions, which for 
Fe(HFA)3 in +CH3 are located at 455 nm 
(log E = 3.5), 390 nm (log E = 3.6) and 290-310 
nm (log t = 3.8), respectively (by analogy with 
assignments made for Fe(HFA13 in CHCl3 (16)), 
either does not take place or does so with 
extremely small quantum yields 

When air-free solutions were irradiated at 
wavelengths 2200  nm (the Suprasil quartz cut- 
off) @ - F e ( I I F a , ,  was found to be (1.3 + 0.9) X 

for 232 pM < [Fe(HFA)3]0 < 634 pM and 
when the same O2 saturated solutions were irradi- 
ated at wavelengths 1 2 0 0  nm, @ - F e ( I I F A ) 3  was re- 
duced to zero. @ - F e ( H F h ) j  = (1.3 * 0.9) X 
thus represents the quantum yield for the decom- 
position of Fe(HFA)3 for wavelengths in the 
range 200 < X < 280 nm. Since the SI(lLb) + SO 
absorption band of +CH3 is located in this wave- 
length range (13b) and +CH3 is the principal 
absorber of radiation in this range, sensitized 
decomposition of Fe(HFA)j must be taking 
place. In view of the strong quenching of this 
decomposition by O2 and the known ability of 
0 2  to quench singlet and triplet states at very low 

4By contrast, direct photoreduction of FeC1, through 
excitation of -350 nm solvent-to-complex charge transfer 
transitions in @H and @CH3 occurs with quantum yields of 
0.061 and 0.14, respectively (21). 

concentrations (22) + - F e ( H T A ) 3  = (1.3 f 0.9) X 
represents the quantum yield for the de- 

composition of Fe(HFA)3 sensitized by the S1 
state of +CH3, or more probably, because of 
efficient intersystem (TI + S,) crossing in tolu- 
ene (231, the TI state of +CH3. While chemical 
quenching of +CH3* by Fe(HFA)3 appears to 
occur it is very unimportant in view of the very 
low value measured for Photophysi- 
cal processes, including the physical quenching 
of +CH3* by Fe(HFA)3, appear to compete 
strongly with chemical quenching. Preliminary 
calculations indicate that physical quenching of 
S1 and TI states of +CH3 by Fe(HFA)3 may be 2 
to  20 times faster than chemical quenching of 
these states depending on the nature of the 
excitations induced in Fe(HFA)3 by +CH3*.5 

No HHFA was found in the radiolyses of 
Fe(HFA)3-toluene solutions, i.e. G(HHFA) = 0. 
It is probable that H. atoms, which survive 
reactions in spurs, readily add to +CH3 and are 
thereby prevented from reacting with the chelate. 
Also this result may indicate that . HFA radicals 
cannot be produced in [3]. If they were formed 
they would probably abstract H from +CH3 to 
form HHFA. Analogous H atom abstraction 
from +H by . acac and .TFA radicals has been 
reported by Bamford and Ferrar (12). 

G(H2) = 0.13 i 0.03, which agrees with G(H2) 
values reported by others (7, 24), was independ- 
ent of irradiation time (dose), [Fe(HFA)3]0 (in 
the range 110 to 1400 pM at 27 "C) (Fig. 5) and 
temperature, in the range -95 to  27 "C, within 
the limits of experimental error (Fig. 6). These 
observations provide further evidence for the 
view that HZ formation occurs in spurs by uni- 
molecular and bimolecular reactions involving 
+CH3* (7). 

In the radiolysis of toluene at 27 "C,  G(CH4) = 

0.0088 + 0.0020 and in the radiolysis of 
toluene-Fe(HFA)3 solutions at 27 "C, G(CH4) = 

0.0052 1 0.0020 (Fig. 7). The temperature de- 
pendence of G(CH4) in the radiolysis of toluene- 
Fe(HFA)3 solutions ([Fe(HFA)& = 570 f 30 
pM), in the range -95 to 27 "C, is shown in 
Fig. 6 from which the activation energy for CH4 
formation (1200 + 900 cal mol-') has been ob- 
tained. In the radiolysis of toluene at 40°C 
G(CH4) is estimated to  be 0.0094 i- 0.0020 which 
is in good agreement with G(CH4) = 0.012 re- 

5E. A. Cherniak, unpublished results. 
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FIG. 5. Dependence of G(H2) on (A). irradiation time 
(r). A, toluene; C, toluene + Fe(HFA), (1250pM) and 
(B), [Fe(HFA)& (moll-1) at  27 'C. 

3 4 5 6 

I / T ( K ~ '  xlo3 
FIG. 6. Arrhenius temperature dependences of G(H2) 
(31, G(CH4) (71, G(6CHzCH29) ( A )  (this work) and 
G(+CH2CH2$) (A) Ingalls et al. (24). in the range -95 to  
27 "C. G-values are obtained for pure toluene except 
G(CH,) which was obtained for toluene-Fe(HFA)3 where 
[Fe(HFA),lo = (570 + 30) pM. 

FIG. 7. Dependence of G(CH,) on (A), irradiation time 
(t), a ,  toluene; 2, toluene + Fe(HFA), (1250 pM) and 
(B), [Fe(HFA)3]o (moll-I) at  27 "C. 

ported by Weiss and Collins (7). If the difference 
between G(CH4) = 0.0088 and G(CH4) = 0.0052 
is significant it may be concluded that .CH3 
radicals, which escape from spurs (4, 7), are in 
part responsible for the radiation induced con- 
version of Fe(HFA)3 to Fe(HFA), and that the 
G-value for trapped. CH3 radicals (-0.004 at 
27 "C) is a very small fraction of the total trapped 
radical yield (G = 1). 

Figure 8 shows that in the radiolysis of toluene 
at 27 "C G(+CH2CH2+) decreases as dose in- 
creases. A similar observation has been made by 
HoignC and Gaumann (6) whose data also show 
that at  the doses used in this study (0.4-2) 
Mrad G(+CH2CH~+) may be as large as 0.09 
or 0.1 which compares favorably with our 
G(+CH2CH2+) = 0.102 + 0.019 (Fig. 8). While 
our activation energy (1280 + 250 cal mol-I) for 
the formation of +CH2CH2+ in the radiolysis of 
toluene in the range -95 to 27 "C is in good 
agreement with 1220 cal mol-l, obtained from 
the data of Ingalls et al. (24) (Fig. 6), our 
G(+CH2CH2+) values are significantly greater. 
due to the different doses used. 

Figure 8 also shows that, in the presence of 
Fe(HFA)3, G(+CH2CH2+) increases as dose and 
[Fe(HFA)& increase and at [Fe(HFA)& = 

1250 pM, has a value of 0.307 + 0.026 which is 
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[F~wA)~], (M) x lo4 
FIG. 8. Dependence of G(4CH2CH2m) on (A) irradi- 

ation time ( t ) .  A. toluene; C, toluene + Fe(HFA)3 
(1250 pM) and (B) [Fe(HFA),], (mollkl) at  27 'C. 

three times greater than G(+CH2CH2+) obtained 
in the absence of Fe(HFA)3. 

The above observations suggest that $ 6 ~ 2  

radicals may be scavenged by unknown radical 
radiolysis products which may contribute to  the 
formation of '~olymer'  which also may act as a 
scavenger of +CH2.(6). Fe(HFA)3, however, does 
not react with +CH2 but does scavenge these 
unknown radical radiolysis products. If [2] is the 
only source of +CH2CH2+ then the yield of 
primary and secondary 4 6 ~ ~  may be as large as 
0.6 and the yield of the unknown radicals, which 
are trapped by Fe(HFA)3, is -0.4. 
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The oxidation of cyclobutanol by ruthenium tehsxide 
and sodium ruthenate 
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DONALD G. LEE, UDO A.  SPITZER, JAMES CLELAND. and MERLE E. OLSON. Can. J. Chem. 54. 
2124 (1976). 

The only detectable product obtained from the oxidation of cyclobutanol by ruthenium 
tetroxide or sodium ruthenate is cyclobutanone. This indicates that both of these reagents act 
as two-electron transfer oxidants and that the oxidation of alcohols by ruthenium tetroxide 
likely proceeds via a mechanism that involces a pair of successive two-electron transfer steps. 

DONALD G. LEE, UDO A. SPITZER, JAMES CLELAND et MFKLE E. OLSON. Can. J. Chern. 54 
2124 (1976). 

Le seul produit que l'on peut ditecter lors de l'oxydation du cpclobutanol par le titroxyde 
de ruthinium ou le ruthenate de sodium est la cyclobutanone. Ce risultat indique que ces deux 
reactifs agissent comme oxydant transferant deux electrons et que I'oxydation des alcools par 
le tktroxyde de ruthinium se produit vraisemblablement par un mkcanisrne impliquant une 
paire d'etapes successives transfirant deux klectrons. 

[Traduit par le journal] 

Ruthenium tetroxide is a highly effective 0x1- proposed mechanism, we have now examined the 
dant for the conversion of secondary alcohols products obtained from the oxidation of cyclo- 
into ketones (1). Its use has found particular butanol by ruthenium tetroxide (Ru04) and 
application in the oxidation of hydroxy com- ruthenate ion (R~04'-) .  
pounds that are unreactive toward other com- 
mon oxidants (2). dH TNO-dectron 

oxidants 
The stoichiometry of the reaction indicates [ ' I  

that 1 mol of ruthenium tetroxide is capable of 
oxidizing 2 mol of alcohol with a total transfer of dH one-electron 

* d 
four electrons (3). However, it is likely that the [2 l  

ox~dants - ~ H ~ C H ~ C H ~ C H O  
reaction actually involves a number of successive 
one- and or two-electron transfer steps and that Experimental 
ruthenium oxides of intermediate oxidation states 
are involved. In fact, previous mechanism studies 
have suggested that the reaction proceeds via 
hydride abstraction with formation of an inter- 
mediate ruthenium(V1) oxide (4). 

Since the completion of the mechanism studies 
RoEek and his co-workers have shown that the 
oxidation of cyclobutanol can be used to  deter- 
mine if an  oxidant acts as a one-electron or a 
two-electron oxidant (5-8). With two-electron 
transfer oxidants such as chromium(V1) and (V), 
cyclobutanone is obtained as the sole product, 
but with one-electron transfer oxidants such as 
chromium(IV), cerium(IV), manganese (III), and 
vanadium(\/) the products are acyclic four-carbon 
compounds which appear to  be derived from the 
primary free radical found in [2] .  

Consequently, in order to  test the previously 

Tlre P~.eparritiotr of  C?,clobutcrr~ol 
Cyclob~itanol was prepared by refluxing 12 g of cyclo- 

propyl carbinol and 12 ml of concentrated HC1 in 100 ml 
of water for lOOmin (9). The resulting solution was 
treated with 5 g of NaOH followed by sufficient potassiun~ 
carbonate to neutralize all of the acid and then continu- 
ously extracted with ether for 48 h.  The ether solution was 
dried over anhydrous magnesium sulfate and evaporated 
to give 8.2 g ( 6 8 5 )  of crude product which was first 
distilled (100-11OCC/760 torr) and then purified by use 
of gas-liquid chromatography. The nmr and ir spectra 
corresponded exactly with those given in the literature 
(8% 10). 

Tlie Prepurutiot~ cv Rlrtl~etri~rm Tetroxide Sollrtioti 
Ruthenium tetroxide was prepared by stirring a sus- 

pension of ruthenium dioxide dihydrate (Engelhard 
Industries) in an  aqueous solution of sodium meta- 
periodate (11) or sodium hypochlorite (12). It was then 
extracted into carbon tetrachloride and stored over an  
aqueous periodate solution. The uv spectrum agreed well 
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with published spectra and the concentrations were 
determined using known extinction coefficients for the 
maxima a t  385 nm and 310 nm (13, 14). 

Tlle Preparatiorz of Socii1~171 Rutherrate 
A solution of sodium ruthenate was prepared by 

stirring an aqueous sodium hydroxide (-1 M) solution 
over a solution of ruthenium tetroxide in carbon tetra- 
chloride for 2 days (15). The tetroxide was first reduced to 
perruthenate ion and then to ruthenate ion. The ultra- 
violet-visible spectrum uas  identical to published spectra 
and the concentrations were determined using absorption 
maxima a t  465 and 383 nm (13.16). 

Oxidatiorl o f  Cyclobumrlol by Ruthelzium Tetroxide 
In a typical experiment ruthenium tetroxide (3.25 mmol) 

in about 20ml of carbon tetrachloride was added to 
6.9 mmol of cyclobutanol in 30 ml of carbon tetrachloride 
with stirring. The mixture was allowed to stand for 1 h. 
gravity filtered, and concentrated on a rotary evaporator. 
The residue was analyzed by gas chromatography and 
found to contain only two compounds with retention 
times correspoilding to those for cyclobutanol and cyclo- 
butanone. The identity of cyciobutanone was confirmed 
by preparing a 2,4-dinitrophenylhydrazone derivative 
(171, mp 144-145 ' C  (lit. (18) mp 147 "C). No  evidence 
could be found for aldehydic C-H bands in the ir 
spectrum of the crude derivative. The yield of cyclo- 
butanone, as obtained from an analysis of the gas 
chromatograms, was 80 to 9OC,<. 

In other experiments where a large excess of ruthenium 
tetroxide was used. a mass of intractable products was 
produced. 

Oxidation of Cyclobutar~ol by Sodium Rutllenate 
In  a typical experiment cyclobutanol(0.50 g, 6.9 mmol) 

was dissolved in 50 ml of 1.0 M NaOH and 100 ml of 
0.0413 1W Na2Ru0, (4.13 mmol) was added slowly. After 
stirring for I h the solution was continuously extracted 
with diethyl ether for 20 h. The ether solution was con- 
centrated and, on analysis by gas-liquid chromatography. 
found to contain 0.23 g (3.3 mmol, 8047) cyclobutanone 
and 0.15 g of unreacted cyclobutanol. No  acyclic products 
were detected despite the fact that known mixtures of 
cyclobutanone, hutyraldehyde, and crotonaldehyde were 
well separated under the conditions used. The identity of 
the product was confirmed to be cyclobutanone by 
preparation of a 2.4-dinitrophenylhydrazone derivative 
(!7), mp 144-146 "C (lit. (18) mp 147 "C). N o  evidence 
could be found for aldehydic C-H bands in the is 
spectrum of the crude derivative. In  an  attempt to achieve 
a mass balance the aqueous solution was neutralized by 
addition of sulfuric acid and continuously extracted for 
an  additional 20 h. Houever, no additional products 
were found when the ether extract was concentrated and 
analyzed by gas-liquid chromatography. In a number of 
other experiments yields of 50 to 90'; cyclobutanone were 
obtained, but no acyclic products were ever detected. 

Discussion 

The observation that cyclobutanone is the only 
detectable product obtained from the oxidation 

of cyclobutanol by either ruthenium tetroxide or 
ruthenate ion indicates that both of these re- 
agents are two-electron transfer oxidants and it 
strongly suggests that ruthenium tetroxide must 
oxidize alcohols by a pair of successive two- 
electron transfer steps. This is consistent with the 
previously proposed mechanism (4) in which it 
was suggested that the reaction between ru- 
thenium tetroxide and an alcohol involves. 
initially, the transfer of a hydride ion as ill 

[3] and [4]. 

O H  OH 

[3] R-CH-R' + RuO, 4 R-C-R' + HRuO, 

Since the final product of this reaction is 
ruthenium dioxide, the rutheniurn(V1) oxide 
formed in this reaction must be further reduced 
by reaction with a second molecule of alcohol. 
presumably in another two-electron transfer step. 
This supposition is consistent with the fact that 
cyclobutanone is the major product obtained 
from the oxidation of cyclobutanol by ruthenate 
ion. The reactivity of H2Ru04 in carbon tetra- 
chloride is likely to be much greater than R U O ~ ~ -  
in aqueous solutions (19). thus explaining why it 
is not detected as an intermediate in these 
reactions despite the fact that ruthenium tetrox- 
ide and rutherlate have different spectral prop- 
erties (1). Unfortunately, because ruthellate ion 
is stable only under very basic conditions, it was 
not possible to make this study entirely con- 
sistent by also using a nonpolar solvent  hen the 
oxidation of cyclobutanol by ruthenium(V1) 
was studied. 
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Comportement photochimique de cCtones x,$-insaturCes sous 
excitation directe 
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Loborntoire de Plloroclrimie, U.E.R. Scietzces E,xacres et Naturelles, Utlirersitl fie Clermont-Ferrarzd. 

Clermorrt-Ferrat~d, Frntrce 
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ANDRB DEFLANDRE, A N D R ~  LHEUREUX, ARMEL RIOUAL et JACQUES LEMAIRE. Can. J. Cheni. 
54, 2127 (1976). 

Les rendements quantiques initiaux des processus primaires photochimiques qui interviennent 
dans cinq cktones a,p-insaturkes sont mesurks dans des conditions d'excitation monochroma- 
tique. Les rendements quantiques d'isomkrisation E Z  et Cventuellement de transposition 
(dkconjugaison) permettent d'interprkter quantitativement la disactivation non radiative des 
Ctats excitks S ,  (na) et S2  (as) de ces cktones. Ces substances prCsentent une photostabilite 
interessante, mCme en prCsence d'oxygtne dissous. 

ANDR~.  DEFLANDRE, ANDR~.  LHEUREUX, ARMEL RIOUAL, and JACQUES LEMAIRE. Can. J. Cheni. 
54, 2127 (1976). 

The initial quantum yields of the primary photochemical processes which occur with five 
&-unsaturated ketones were measured under conditions of monochromatic excitation. The 
quantum yields of E Z  isomerization and possibly of transposition (deconjugation) lead to a 
quantitative interpretation of the nonradiative deactivation of the S ,  (na) and S2 (ax) excited 
states of these ketones. These substances show a remarkable photostability even in the presence 
of dissolved oxygen. 

[Journal translation] 

Introduction 

Les cCtones a,R-insaturtes ont CtC l'objet de 
nombreuses Ctudes photochimiques, car elles 
sont essentiellement le sikge de processus non 
radiatifs intramolCculaires. Dans les cCtones o i ~  
il n'existe pas d'atome d'hydrogkne sur un car- 
bone en 6 du carbonyle pouvant &tre impliquk 
dans un processus de Norrish type 11, l'isomtrisa- 
tion cis-trarzs (OLI Z-E) et la transposition ont CtC 
tout particulikrement CtudiCes (cj'. par exemple 
rCf. 1). 

Forme Z Forme E 
ou forme trans ou forme cis 

Isomerisation ci.7-trans ou Z-E 

Transposition ou dCconjugaison 

Ces citones donnent Cgalement lieu B des photo- 
additions (2). 

Le comportement photochimique des cCtones 

a,p-insaturkes et des aldihydes correspondants a 
CtC examink sur le plan thCorique (3, 4), et des 
Ctudes expirimentales ont Ctt conduites pour 
Clucider les mkcanismes des processus inter- 
venant sous irradiation lumineuse (cf. par ex- 
emple rCfs 4 et 5). 11 est B noter que ces Ctudes de 
micanismes, souvent qualitatives, ont CtC limitCes 
aux cCtones a,p-insaturCes cycliques ou poly- 
cycliques; ces cCtones ont, en effet, l'avantage de 
presenter des fluorescences ou des phospho- 
rescences de faible intensitk, mais observables 
(6-9). Par exemple, la nature du plus bas niveau 
triplet de telles cCtones est dCduite de mesures de 
durCe de vie et de polarisation de phospho- 
rescence (1, 6). 

Les Ctudes rapportkes dans ce mCmoire s'in- 
scrivent dans un cadre gCnCral de recherches sur 
le comportement photochimique de cCtones 
insaturtes "photostables" menCes au laboratoire 
de Photochimie de 1'UniversitC de Clermont- 
Ferrand. Bonnet a en effet, engage en 1970 une 
Ctude quantitative de la dtsactivation des Ctats 
excitCs Sl (nr*) et S2 (TT*) de l'oxyde de mCsityle 
(10). L'oxyde de mCsityle ou mCthyl-4 pentkne-3 
one-2 est une &tone insaturCe rCputCe pour sa 
grande photostabilitk (1 1, 12) et elle s'est avCrCe 
&tre un bon modkle pour 1'Ctude des Ctats 
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excites singulets. Le seul processus photo- 
chimique observable en solution aqueuse est une 
transposition en oxyde d'isomtsityle: 

Le rendement quantique initial de transposition 
varie de 0.007 B 0.10 quand le p H  croit de 2.5 B 
13. En milieu basique un processus de retour 
thermique de l'oxyde d'iso171Csityle vers la cCtone 
initiale se superpose B la rkaction photochimique. 

La transposition est le risultat d'une photo- 
Cnolisation primaire issue des niveaux singulets; 
une valeur minimale du rendement quantique de 
photo-knolisation serait respectivement Cgale B 
0.10 et B 0.035 quand l'oxyde de misityle est 
excitC B 1'Ctat S2(aa*) et 2 1'Ctat Sl(na*). 

L'oxyde de mtsityle ne manifeste pas de pro- 
cessus photochimiques attribuables aux niveaux 
triplets infkrieurs. C'est la raison pour laquelle 
nous Ctudions depuis 1972 les cCtones isomCri- 
sables suivantes: (i) la pentkne-3 one-2 sous forme 
trans ou cis (1)  et (II), (ii) l'hexkne-4 one-3 trans 
(111), (7i1) la dimCthy1-4,5 hexhe-4 one-3 truns 
(IV), et (iu) la phknyl-5 pentkne-4 one-3 trun, (V). 
Nous avons eu le souci particulier de mesurer les 
rendements quantiques des processus photo- 
chimiques intervenant en excitation directe. Ce 
n'est qu'en 1975 qu'est parue une autre Ctude 
quantitative de la photo-isomCrisation d'une 
cetone a$-CthylQique non transposable, la 
methyl-3 penthe-3 one-2; les rksultats de cette 
Ctude relatifs B 17isomCrisation sont trbs sem- 
blables aux n8tres (13). 

Techniques expCrimentales 

PrPparation et pllrijicatiolz des szibstat~ces de [/@part 
La pentkne-3 one-2 rrcltls est extraite d'un produit 

con~mercial Aldrich: qualit6 technique, melange contenant 
essentiellement les deux isomkres de la pentene-3 one-2, 
l'oxyde de mesityle et l'oxyde d'isomesityle. Une premibe 
distillation sur colonne Nester-Faust permet d'Climiner 
l'oxyde de misityle et d'obtenir une phase riche en 
pentkne-3 one-2 rriitrs: cette phase est ensuite traitCe par 
chromatographie preparative (sur un appareil Hupe et 
Busch APG 402 CquipC d'une colonne B 5C; de Carbowax 
20M). Cette technique fournit la forme tratls sans im- 
puretCs notables. La penthe-3 one-2 cis a CtC prCparCe 
par irradiation sous une lampe B vapeur de mercure 
"haute pression" non filtrCe. Ce compost! cis est trks 
volatil et doit &tre conserve au rCfrigCrateur en ampoules 
scellCes. 

L'addition de chlorure de propionyle (2mol) B un 
mClange de methyl butknes (3 mol) obtenus par deshydra- 

tation d'alcool amylique tertiaire par l'acide ortho- 
phosphorique, conduit en particulier B la cetone 8-chlorCe 
correspondante (1 4. 15). 11 s'agit d'une reaction d'acyla- 

tion analogue & celle de Friedel et Craft, catalysCe par le 
chlorure stannique anhydre. La cCtone 8-chlorCe est 
ensuite dCchlorhydratCe par la potasse alcoolique en 
dimCthyl-4,5 hexene-4 one-3'::.1 

Rendement 45(,c, p Cb 57-60 "C/10 torr; ir j ( C 0 )  1695 
cm-1, v(C=C) 1626 cm-I, rmn 1.75 (s, Ha,b),  1.79 
(s, H,), 2.46 (q. H,) et 1.02 ppm (t, H e )  La cCtone a CtC 
pur~fiCe par chromatographie en phase gazeuse prC- 
parative. 

L'hexkne-4 one-3 t ra f~s+ a kt6 preparie par reaction 
d'un organocadmien C2H,CdC1 (0.5 mol) avec le chlorure 
de crotonyle (0.25 mol) (15-17) 

C2H5 
HCl, 10'7 

CH3-CH-CH-C-0-CdC1 > 

L'hydrolyse du mClange fournit en particulier la cetone 
cherchke: 

Rendement 355, ; p Cb 40-41 "C/10 torr ; ir ir (CO) 1684 
cm-1, v (C==C) 1642 cm-I ; rmn 1.86 (dd, H,), 6.81 (m. 
H,), 6.03 (m, H,), 2.51 (q, H,) et 1.02 ppm (t, He). Cette 
cetone a CtC Cgalement purifiie par chromatographie en 
phase gazeuse preparative. 

La phCnyl-5 pentkne-4 one-3 trans" peut &tre obtenue 
par condensatio~l de la butanone-2 (0.4mol) et du 
benzaldkhyde distill6 (0.4mol) par catalyse basique 
(15, 18, 19) 

'La synthkse des substances marquees du signe " a ete 
rCalisCe au sein du Groupe de Chimie Organique 11. 
U.E.R. cle Sciences Exactes et Naturelles de 1'UniversitC 
de Clermont (Professeur R. Vessiere). 



DEFLANDRE ET AL. 2129 

a (a) ,C=C 4) 
\ 

H CO-CH2-CH, 
(b) (4 (el 

Rendement 65!, ; p Cb 131-133.5 "C/10 torr; ir c (CO) 
1674 cm-1, i;(C=C) 1612 cm-1 ; rmn 7.32 (m, Ha),  7.47 
(d, Hb), 6.63 (d, tic), 2.57 (q, Hd) et 1.09 ppm (t, He). 

Dispositifs cl'Pt11rle des processus photocl~inziques et 
photopl~ysiqiies 

Nous utilisons deux types de sources, une l an~pe  B 
vapeur de mercure type "rCsonance" (Philips TUV 15 W) 
e t  une iampe Zi vapeur de mercure "forte pression" 
(Osram HBO 200 W) associCe B un monochromateur 
Bausch et Lomb Modkle "haute intensitC". lies reacteurs 
sont en quartz Suprasil, ils sont munis de riservoirs 
latiraux en pyrex oh s'effectuent les cycles de digazages. 
L'intensiti lumineuse est mesurCe par une actinomktrie 
b a k e  soit sur la photolyse du complexe acide oxalique- 
nitrate d'uranyle, soit sur l'isomirisation trulls i cis de 
l'azobenzkne (20). 

L'Ctude analytique du melange irradiC est effectuCe soit 
par spectrophotomCtrie d'absorption Clectronique (Optica 
CF4, Jobin et Yvon Monospac), soit par chromatogra- 
phie en phase vapeur (Aerograph Varian sCrie 1400 
CquipC d'une colonne B 107; de Carbowax 20M de 10 
pieds de longueur ou d'une colonne Chromosorb T avec 
phase stationnaire 4' Ethofat et 2 5  d'acide iso- 
phtalique). Les techniques spectrophotomitriques peu- 
vent @tre effectuCes in sitlr. Nous prisentons B titre 
d'exemple d'analyse, les chromatogrammes obtenus lors 
de photolyse mixte d'oxyde de mCsityle et de pentkne-3 
one-2 (cj: fig. 1). 

4+5 

I I 

I I 

1 I 

Temps dc r&tentjon ( m ~ n l  

FIG. 1. Chromatogramme d'un melange obtenu par 
photolyse mixte d'oxyde de mCsityle et de pentene-3 
one-2: trait continu-analy~e sur colonne Ethofat; trait 
pointilli --- analyse sur colonne Carbowax 20M: (I) pen- 
t h e - 3  one-2 cis, (2) penttile-4 one-2 (transposC), (3) oxyde 
d'isomisityle (mithyl-4 pentkne-4 one-2), (4) pentkne-3 
one-2 trails, (5) oxyde de mCsityle (mithyl-4 pentkne-3 
one-2). 

Les spectres d9Cmission et d'excitation sont mesures a 
I'aide d'un spectrofluorim~tre Perkin-Elmer-Hitachi no -  
dele MPF3. 

Proyrie'fe's absorbarzfes et PmP~trices des ce'fones 
P f  udie'es 

Les diffirentes caracttristiques des spectres 
d'absor~tion des cCtones CtudiCes sont ras- 
semblies dans le tableau 1 o t ~  A,,,, reprksente 
les longueurs d'onde des maximums et E,,,, les 
coefficients d'extinction molaires correspon- 

Les citones a$-insaturies aliphatiques ne 
prksentent pas de fluorescence notable. Si on 
enregistre, B l'aide du spectrofluorimktre trks 
sensible employC, 1es spectres d'kmission et 
d'excitation des solutions diluCes de ces cttones 
dans du n-heptane, on peut observer une Cmission 
diffuse d'intensitC trks infkrieure B celle de 
1'Cmission Raman du solvant. Si on utilise un 
Ctalon fluorescent comme le benzkne, le rende- 
ment quantique d'une telle Cmission apparait 
etre infkrieur B 0.0003. ke  smctre d'excitation 
correspondant aux trois cCtones aliphatiques 
CtudiCes a un maximum vers 290 nm; on pourrait 
donc attribuer 1'Cmission trks faible observte B 
des cCtones saturCes prCsentes B l'ttat de traces 
dans les solutions. 

Transyositio?z photockin~ique 
La transposition photochimique intervient 

primairement dans les formes oil le groupement 
carbonyle est au voisinage immCdiat d'un groupe- 
ment mCthyle, donc dans les formes cis. L'Ctude 
d'un tel processus est plus facile dans le cas de la 
dimCthy1-4,5 hexkne-4 one-3 ou quand la forme 
cis de la cCtone CtudiCe a pu Etre prCparCe; elle 
peut aussi &tre effectute en Ctudiant 1'Cvolution 
sous irradiation d'une solution contenant initiale- 
ment la forme trans. En solution aqueuse, 
dhgazke ou non, le rendement quantique de 
transposition est fonction du pH, comme nous 
l'avons montrk dans le cas de l'oxyde de mCsityle. 

Ainsi 1'Ctude de l'apparition de dimtthyl-4,5 
hexkne-5 one-3 par irradiation B 253.7 nm d'une 
solution lW4 M de dimCthyl-4,5 hexkne-4 one-3 
conduit aux rCsultats illustrCs par la fig. 2. La 
quantitC de transpose form6 a CtC CvaluCe 
directement par chromatographie; dans une 
solution aussi dilute, les mesures sont entachkes 
d'erreurs importantes. NCanmoins, on note une 
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TABLEAU 1. Caracteristiques des spectres d'absorption des cCtones Ctudiees 

Eau Cyclohexane n-heptane 

C6tone Xmax (nm) emax (I mol-1 cm-I) hmax (nm) emax (1 m01-I cm-1) 

Transition na" 

Pentkne-3 one-2 
trans 300 62 325 29 
cis 303 60 330 27 

Dimethyl-4,5 hexkne-4 one-3 
trans 3 14 6 1 

Hexkne-4 one-3 
trans 297 56 320 25 

PhCnyl-5 pentene-4 one-3 Insoluble dans l'eau Pas de maximum apparent 
trans ( 6  = 90 B 365 nm) 

Transition sa* 

Pentene-3 one-2 
trans 226 14 500 215 11 500 
cis 23 1 9 650 222.5 8 700 

DimCthyl-4,5 hexkne-4 one-3 
trans 250-25 1 4 490 239 5 850 

Hexkne-4 one-3 
trans 227 11 390 217 9 830 

Phinyl-5 pentkne-4 one-3 
trans 279 23 950 

nette variation du rendement quantique initial 
de transposition. 

Sur la figure on remarque aussi que, bien que 
le degrC d'avancement de la rtaction de trans- 
position soit faible aprks 10 min d'irradiation a 

FIG. 2. Transposition de la dimithyl-4,5 hexkne-4 
one-3 en dimithyl-4,5 hexkne-5 one-3 en solution aqueuse: 
C] p H  = 4.5; m p H  = 9; 0 p H =  10; (b p H  = 11. 

p H  Cgal B 11, la vitesse de cette rCaction dCcroit 
quand la concentration de transposC augmente. 
En milieu basique, le transposC se transforme 
en effet en la cCtone initiale selon un processus 
thermique catalyst par les bases. On peut aussi 
vtrifier que la transposition est le seul processus 
de disparition d'importance notable de la di- 
mkthyl-4,5 hexkne-4 one-3 en solution aqueuse. 
Enfin, en solution dans le n-heptane, cette cCtone 
ne se transpose pas. 

Une Ctude dCtaillCe de la transposition de la 
penthe-3 one-2 cis a CtC effectuie en solution 
aqueuse M 2 diffkrents pH. La dCsoxygCna- 
tion de la solution ne modifie pas la vitesse des 
processus de transposition et d'isomCrisation. 
En irradiant une solution contenant initialement 
la penthe-3 one-2 trans, B 253.7 nm ou B 313 
nm, en determinant B chaque instant la com- 
position du mClange par chromatographie ou 
par spectrophotomCtrie, et en calculant le 
nombre de photons absorb& par chaque con- 
stituant, on peut dCterminer les rendements 
quantiques de transposition rassemblCs dans le 
tableau 2. 

A p H  Cgal h 5 ,  la valeur de alTO a CtC vCrifiCe en 
irradiant une solution M de penttne-3 one-2 
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TABLEAU 2. Variations du rendement quantique de transposition de la pentene-3 one-2 cis avec le p H  

Excitation h 313 nm Excitation h 313 nm 
Excitation h 253.7 nm (mesures par chromatographie) (mesures par spectrophotom6trie) 

pH @T pH pH *T 

2.1 0.03 2 0.035 
5.5 0.055 3 0.05 5 . 3  0.05 

10.8 0.09 5 0.06 9 .5  0.055 
12 0.045 9.5 0.075 10.35 0.095 

10.8 0.035 10.7 0.015 

cis B 313 nm (aT' = 0.06). Ce rendement $?To 

passe par un maximum car il y a, en passant des 
milieux acides aux basiques, d'une part une 
augmentation de la vitesse du processus photo- 
chimique de transposition et d'autre part une 
augmentation de la vitesse du processus thermi- 
que de retour du transpost vers la cttone initiale. 
Cette valeur maximale (0.075 B 0.09) est atteinte 
pour un p H  qui dtpend en particulier du flux de 
photons incidents; (pH = 10.8 sous 253.7 nm oh 
I, = 3 X 1015 photon ~ m - ~  s-I; p H  = 9.5 sous 
3 13 nm oh I, = 1.2 X 10lS photon cm-3 s-I). Le 
rendement quantique de la photo-tnolisation ne 
semble donc pas dtpendre de la nature de 1'Ctat 
excitt singulet produit. L'effet de longueur 
d'onde observC pour l'oxyde de mtsityle pourrait 
s'interprkter dans les m&mes termes. 

La transposition de la dimCthy1-4,5 hexkne-4 
one-3 et de la pentkne-3 one-2 s'effectue selon un 
micanisme analogue B celui proposC pour l'oxyde 
de mtsityle (10). Les pK des Cnols des transposCs 
correspondants peuvent Etre estimts 8: (i) pK 
(Cnol de la dimithyl-4,5 hexhe-5 one-3) = 9.5; 
(ii) pK(Qo1 de la pentbne-4 one-2) = 9.5 ; (iii) pK 
(Cnol de la mtthyl-4 penthe-4 one-2) = 8.5. Les 
rendements quantiques maximaux de transposi- 
tion indiquent qu'au moins 107, des Ctats 
singulets S2 (m*) ou S1 (IIT*) participent au 
processus primaire de phototnolisation. 

On peut remarquer aussi que le transpost de la 
pentkne-3 one-2 cis est beaucoup plus instable en 
milieu basique que les transposCs des deux autres 
cCtones a,p-insaturCes. La prtsence d'un groupe- 
ment tlectrophobe CH3 rend les hydrogknes de 
ces derniers transposCs moins labiles que ceux de 

la pentkne-4 one-2. En milieu basique la pentkne- 
4 one-2 existera donc essentiellement sous forme 
tnolate alors qu'une telle rtaction est plus 
difficile avec les cCtones mCthyltes. L'anion 
tnolate de la pentkne-4 one-2 peut Etre reproton6 
et l'exptrience niontre que cette reprotonation 
conduit uniquement B l'isomkre trans. 

Isonzdrisation photochitnique E-Z ou cis 2 t m z s  
Nous avons examint l'influence de la con- 

centration et (ou) de la longueur d'onde d'excita- 
tion sur l'isorntrisation des cCtones a,p-insaturtes 
en solution dans l'eau, le n-heptane et dans le 
tttrachlorure de carbone. L'ttude la plus dttaillte 
a Ctt faite dans le cas de la penthe-3 one-2 trails 
et cis ok nous avons vCrifiC, en outre, que cette 
cttone ne disparaissait pas par dissociation ou 
par photortduction, quels que soient le solvant 
utilisC et la longueur d'onde d'excitation (entre 
313 et 253.7 nm). 

L'ensemble des rtsultats acquis en solution 
aqueuse est prtsentt dans le tableau 3. ao,,, et 
aO,,, sont les rendements quantiques initiaux 
d'isomCrisation. Nous avons indiquk Cgalement 
les rendements initiaux de transposition aTo 
dCterminCs B diffkrentes concentrations. Nous 
n'observons pas d'effet notable de la longueur 
d'onde d'irradiation et dc la concentration sur 
les rendernents quantiques des processus issus 
des deux formes de la pentkne-3 one-2. 

Le tableau 4 rassemble les rksultats acquis 
dans difftrents solvants, B deux longueurs d'onde 
d'excitation en l'absence d'oxygkne. On remarque 
simplement que les rendements quantiques 
d'isomCrisation ne dCpendent pas des conditions 
exptrimentales choisies. On remarquera aussi 
que l'excitation B 313 nm dans le tCtrachlorure 
de carbone ne conduit pas B une chloration de la 
cttone insaturke. En solution atrte. ces rende- 
ments quantiques restent voisins de ceux me- 
surCs en solution dtgazke. 
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TABLEAU 3. Rendernent~ quantiques d'isornCrisation des pentkne-3 ones-2 en 
solution aqueuse 

Longueur d'onde Forme tratis Forrne cis 
d'excitation Concentration 

(nm) (moi 1-11 @ O h c  @OC,L @ T O  

TABLEAU 4. Influence de la nature des solvants sur les rendernents quantiques des 
processus photochimiques des pentkne-3 ones-2 en solution dCgazCe 

Longueur d'onde F~~~~ tra,ls Forrne cis 
d'excitation 

Solvants (nm) @ O L . + ~  @ T O  
- -- 

H 2 0  (pH = 5.3) 253.7 0 . 4 2 ~ 0 . 0 4  0 .3550 .04  0.06 
313 0 .4050 .04  0 . 4 0 i 0 . 0 4  0.06 

CCI, 313 0 . 4 5 i 0 . 0 4  

TABLEAU 5. Rendement quantique d'isornCrisation de 
l'hexene-4 one-3 rrrrt~s 

Excitation 
Solvants (nm) Milieu @ O k C  

Eau 253.7 DCgazCouaCrC 0 . 3 7 i 0 . 0 3  
(pH = 5.4) 313 DCgaze ou aCrC 0.44 k0.04 

n-Heptane 253.7 AerC ou dCgazC 0.37 +0.07 
313 ACrCoudCgazC 0 .42k0 .04  

TABLEAU 6. Rendement quantique d'isornerisation de 
la phCnyl-5 penthe-4 one-3 tratls 

Solvants et 
concentrations Excitation 

utilisis (nm) Milieu @O,,, 

Cyclohexane(l0-3 .W) 365 DCgazC 0.40 i 0 . 0 4  
Cyclohexane (lo-? hl) 253.7 DCgazC 0.33 20 .05  

Nous avons Cgalement CtudiC les rendements 
quantiques d'isorntrisation de l'hexkne-4 one-3 
et de la phknyl-5 penthe-4 one-3 sous forme 
trans. Nous avons vkrifiC exptrimentalement que 
ces forrnes ne participent 2 aucun autre pro- 
cessus photochimique que 19isomCrisation (Ta- 
bleaux 5 et 6). 

en particulier par l'acktone, 19acCtophtnone, la 
benzophkn~ne .~  Nous ne citerons dans le prCsent 
article que les rCsultats relatifs B l'emploi de 
benzophknone en solution dans ie tCtrachlorure 
de carbone et excite'e B 313 nm. Pour une con- 
centration de penthe-3 one-2 trans voisine de 

M ,  le processus d'autodCsactivation du 
niveau triplet de la benzophknone devient 
negligeable devant le transfert triplet-triplet 
exothermique (le rapport des vitesses est estimt 
a 67 (21)). 

La phosphorescence de la benzophtnone peut 
@tre observCe B tempkrature ambiante dans le 
tktrachlorure de carbone; sous excitation B 385 
nm, cette phosphorescence dont le maximum est 
situC B 450 nrn, est Cteinte par la pentkne-3 one-2 
trans en concentration voisine de M ;  le 
transfert d'tnergie triplet-triplet est alors quanti- 
tatif. Les rende~nents quantiques d'isomCrisation 
sensibilisie sont rassemblks dans le tableau 7. 

Le rendement quantique limite d'isomkrisation 
2A. Rioual, rCsultats 2. publier. sensibilisie extrapolC & partir de la droite de 



DEFLANDRE ET AL. 2133 

TABLEAU 7. Rendements quantiques 
d'isomCrisation de la pentkne-3 one-2 
trarzs sensibilisie par la benzophenone 

(2 X 10-2 M) dans CCI, 

Concentration de 
pentkne-3 one-2 t r a t ~ ~  

(MI Got + c 

Stern-Volmer illustrant les variations de l/$,,,d 
en fonction de l/(trans) est Cgal 8: 

Par ailleurs les analyses effectutes par chroma- 
tographie en phase gazeuse n'ont mis en Cvidence 
aucune disparition sensibiliske de la pentkne-3 
one-2 par une autre voie que 1'isomCrisation. 

Des mesures analogues ont CtC effectuCes avec 
l'hexkne-4 one-3 en concentration Cgale 8 M 
dans le tCtrachlorure de carbone, la benzophinone 
Ctant excitde 8 365 nm. Le rendement quantique 
d7isomCrisation sensibiliske peut 2tre Cval~it 8:  

On atteint un rCgime photostationnaire caractC- 
risk par le rapport des concentrations: 

Conclusions 

La dksactivation des ttats excitCs S1 (na*) et 
S2 (aaO) des cttones CtudiCes est de nature non 
radiative; ces substances sont en effet essentielle- 
ment non fluorescentes. La conversion interne S2 
(an") 4 Sl (nn*) apparait 2tre totale puis- 
qu'aucun effet de longueur d'onde ne se mani- 
feste sur les rendements quantiques CtudiCs. 

La disactivation de 1'Ctat excitC Sl (na*) des 
formes cis intervient par photo-Cnolisation avec 
un rendement quantique qui serait Cgal au moins 
8 0.10 1 0.01. Cette photo-Cnolisation primaire 
peut conduire B la transposition de la cCtone ou 
elle peut fournir B cette cCtone une voie de 
dksactivation non radiative. 

Les rCsultats obtenus en sensibilisation par la 
benzophinone dans le titrachlorure de carbone 

montrent qu'une population totale des niveaux 
triplets infkrieurs des cttones a,p-insaturtes par 
transfert d'knergie conduit B une isome'risation 
de la moitiC des moltcules excitCes; on peut donc 
penser qu'un niveau triplet d'un isomkre se 
h~sac t iv~avec  une Cgale probabilit~ vers les deux 
formes cis et trans. Les rendements quantiques 
d'isom6isation directe molitrent alors que par 
excitation dans les Ctats S1 (na") et S2 (an*) des 
formes trans ou cis, le niveau triplet isomirisable 
est peuplt avec un rendement: 

Ainsi la dtsactivation des Ctats singulets des 
formes cis Ctait justifie'e par la complCmentaritC 
B I'unitC des deux rendements: 

On peut noter toutefois que dans les formes 
trans ok la photo-Cnolisation primaire ne peut 
intervenir, le rendement quantique d7isomCrisa- 
tion n'est pas supCrieur B celui mesurC pour les 
formes cis, sauf dans la penthe-3 one-2. Un 
dtficit apparait donc dans le bilan photonique de 
la plupart des composts. Ce m&me dCficit 
apparait dans la ce'tone non transposable CtudiCe 
par Rodriguez et Morrison (13). 

Toutes les cCtones ttudie'es dans cet article 
prtsentent une photostabilitC interessante; le seul 
processus de transformation irrkversible, c'est-8- 
dire la transposition, peut meme dans certains 
cas 2tre rendu riversible (en milieu basique). I1 
sst tgalement interessant de remarquer que cette 
photostabilitC est conservte en milieu aCrC. 
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J .  DAZORD, H. MONGEOT, PI. ATCHEKZAI el J. P. TUCHAGUES. Can. J. Chen~ .  54,2135 (1976). 
Nous avons obtenu au cours de cette Ctude les dCrivCs mixtes halogCnCs et pseudohaloginCs 

du bore BX,,(NCS)3-,,, (X = CI, Br, I ;  r z  = 1, 2). Ces composCs on CtC prCparCs par deux 
mithodes difirentes en faisant rCagir les haloginures de bore soit sur les isothiocyanates 
mitalliques, soit sur le triisothiocyanatoborane B(NCS),. Nous avons caractiris4 ces composCs 
par spectron14trie de masse, spectron~ktrie infrarouge et Raman et par risonance magnetique 
du noyau 11B; cependant, il n'est pas possible d'isoler ces espkces par suite de rkactions de 
redistribution rapides. Les spectres de vibration montrent que dans ces composCs le bore est lie 
a l'azote du groupement NCS et pas l'atome de soufre. 

J. DAZORD, H. MONGEOT, H. ATCHEKZAI, and J. P. TUCHAGUES. Can. J .  Chem. 54, 2135 
(1976). 

The mixed halide-pseudohalides BX,,(NCS)3-,, (11 = 1 or 2) have been obtained except for 
X = F. Mixtures of these compounds with boron trihalide and boron triisothiocyanate are 
prepared by the reaction of BX, either with metal isothiocyanates or with boron triisothio- 
cyanate. Mass spectrometry, infrared, Raman, and LIB nmr data are reported. Rapid redistri- 
bution reactions prevent the isolation of the mixed species. Vibration spectrometry sho~q's that 
boron is bonded to the nitrogen of the NCS group and not to the sulfur. 

Introduction 

La chimie des dCrivCs pseudohaloginCs du 
bore s'est dCveloppCe considCrablement depuis 
une quinzaine d'annCes, essentiellement gr2ce 
aux nombreux travaux de Lappert et collabora- 
teurs (1-6). Signalons en particulier les combi- 
naisons (R0)2B(NCS), (R2N)2B(NCS) et Ph2B- 
(NCS) (2) qui ont CtC obtenues par action du 
dCrivC monohalogCnC correspondant sur un iso- 
thiocyanate mitallique. Ces dCrivCs. quelques- 
uns de leurs composts d'addition et [B(NCS)NH]3 
ont CtC CtudiCs par rmn du proton, calorimCtrie, 
spectromCtrie infrarouge et ultraviolet (4, 5). Les 
proprie'te's optiques, magnCto-optiques et de 
risonance magnktique du noyau llB des com- 
posCs (Et2N),B(NCS) et [N(R)B(NCS)]3 ont Ctt 
Cgalement CtudiCes (7). RCcemment, Kendall et 
Lipscomb (8) ont prCparC les composCs 
NH3BH2(NCS) et BIOHI3(NCS) et en ont dCter- 
mink la structure cristalline et molCculaire. 
D'autre part, des rCactions d9Cchange des 
groupements NCS et alcoyl ont Ctt observCes 

'Revision reSue le 25 mars 1976. 

par Costes (9) B propos des systkmes BR3/B- 
(NCS13. 

Les halogCnures de bore mixtes sont connus 
pour tous les halogknes (sous forme libre et 
complexCe). Au contraire, parmi les dtrivCs 
mixtes haloginis et pseudohalogCnCs, seules les 
espkces BBr(NCS), (2, 6) et BBr2(NCS) (6) ont 
dijijj Cte' de'crites. Bien que ces deux composCs 
aient itC prCparCs selon des mCthodes analogues 
B celles que nous avons utilisies, les observations 
des auteurs concernant leurs spectres infra- 
rouge et de rmn du noyau llB, ainsi que celles 
concernant leur stabilitC sont trks diffkrentes 
des natres. Aprks avoir prCparC les dtrivts 
BX,(NCS)3-,, (X = Cl, Br ou 1, 11 = 1, 2) par 
deux mCthodes diffkrentes, nous avons CtudiC 
quelques-unes de leurs proprittts chimiques et 
phy sico-chimiques. 

La riaction des haIogCnures de bore sur 
l'isothiocyanate de sodium, de potassium ou 
d'argent solide conduit en prCsence ou non de 
solvant (CS2, CC14, CH2C12, C2C14, n-heptane), 
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a des me'langes de produits plus ou moins 
substituks. 

I1 est possible d'obtenir des mklanges 
BX3/BX2(NCS) en faisant rCagir l'isothiocyanate 
d'argent sur un excks de BX3. L'addition de 
nouvelles quantitks d'isothiocyanate entraine la 
formation de BX(NCS)2 puis celle de B(TQTCS)~ 
alors que BX3 et BX2(NCS) disparaissent pro- 
gressivement. En prksence d'un excb de AgNCS, 
on obtient le dtrivC trisubstitut B(NCS)3 pur. 
ceci trks rapidement avec BBr3, et trhs lentement 
avec B13; l'action de BC13 ne conduit cependant 
qu'8 des mClanges de B(NCS)3 et de BC1(NCS)2. 

Les isothiocyanates de potassium ou de 
sodium rCagissent beaucoup plus lentement que 
le sel d'argent sur le triiodure 011 le tribromure 
de bore. 11s ne rtagissent pas sur BC13 dans nos 
conditions opiratoires. 

L'obtention simultante de plusieurs co~nposts 
au cours des reactions prCcCdentes aussi bien 
que la formation colinue de BBr2(NCS) (6) B 
partir de BBr3 et BBr(NCS)2 sont dues h l'exis- 
tence d'Cquilibres rCactiolinels entre les divers 
composks tricoordinis envisages. En effet, la 
mise en prCsellce des composCs BX3 et B(NCS)3 
conduit instantantment aux memes mClanges 
que ceux obtenus par action des thiocyanates 
mCtalliques sur BX3. Ceci constitue d'ailleurs une 
mCthode simple de prCparation des dCrivis 
mixtes : 
[I]  2BX3 + B(NCS), 3BX2(NCS) 

[2l BX, + 2B(NCS), + 3BX(NCS), 

On peut dCplacer les Cquilibres prickdents soit 
par addition ultkrieure de trihalogknure de bore 
ou de triisothiocyanate de bore, soit par klimina- 
tion du trihalogknure de bore; cette dernikre 
opCration n'ttant possible qu'avec les produits 
chlorks ou bromts. Ces phinomknes de redis- 
tribution empechent d'isoler les espkces inter- 
mtdiaires BX2(NCS) et BX(NCS)2. 11 est pos- 
sible cependant d'obtenir des mklanges B l'kqui- 
libre renfermant une proportion importante 
d'un des con~pose's. C'est le cas notamment de 
BCl(NCS)2. 

Les solutions de ces me'langes dans les sol- 
vants prkckdents Cvoluent de nianikre lelite et 
irrkversible du Fait de la polyn~e'risation de 
B(NCS)3 qui co~iduit B un solide totalenlent 
insoluble dans les solvants utilisks. 

Notons enfin que BF3 posskde un comporte- 
ment diffirent de celui des autres haloginures 

Compose Masse CalculCe Mesurke 

de bore vis-8-vis des reactions prkctdentes 
puisqu'il ne re'agit pas sur les isothiocyanates 
mttalliques ou sur B(NCS)3. Lorsqu'il est mis 
en prksence d'un mklange contenant des produits 
mixtes bromks ou chlorts, son action se limite 2 
la formation d'halogtnures de bore mixtes. 

Tous les dkrive's mixtes que nous avons ob- 
tenus au cours de ce travail ont Ctk caractirisks 
par diffe'rentes mkthodes spectromttriques. 
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Slxctrorne'trie cle tnasse 
Chacun des composes attendus BX2(NCS), 

BX(NCS)2 et B(NCS)3 donne lieu un cnsemblz 
de pics dont les hauteurs correspondent a celles 
calcultes B partir de la ripartition isotopique de 
chacun des Cltments (voir tableau 1). On note 
une certaine fragmentation des composCs avec 
apparition de BX(NCS)' et B(NCS)2+. I1 ap- 
parait de plus le massif molkculaire de BX3, 
ainsi que BX2+, BX22L, BX+ , X+ , X 2 ~  , X 2 ,  HX-', 
HNCST et HNCSZT, la presence de ces trois 
derniers ions ne po~lvant s'expliquer que par 
une 1Cgkre hydrolyse. 

S~~ectronzktrie de re'sot~ance magnktique c l ~ r  
noyazl l lB 

Le noyau l1B ne donilant pas de couplage 
appreciable avec l'azote, chacun des composis 
est donc caractiris6 par un se~tl pic de resonance. 
Le fait que ce noyau soit par ailleurs liC B des 
noyaux presentant un moment quadripolaire 
favorise 1'Clargissement des raies de resonance. 
Cette circonstance ne constitue par un obstacle 

B la mise en Cvidence des composCs mixtes 
BCl2(NCS), BCl(NCS)*, BBr2(NCS) et BBr- 
(NCS)2 Ctant donnC les fortes difftrences de 
dkplacement 611B qui caractkrisent ces com- 
poses. Pour ce qui est des composCs B12(NCS) 
et BI(NCS)2, cet Clargissement des pics, con- 
jug& a une plus grande proximitC des frCquences 
de rCsonance: 611B - 5.5 pour B13 et +5 pour 
B(NCS)3, ne permet pas de caracteriser leur 
prCsence avec certitude en rmn du noyau "B. 
(Voir tableau 2.) 

Spectrome'trie cle uibratiolz 
Les spectres de chacune des espkces mixtes 

BX2(NCS) et BX(NCS)2 ont CtC deduits de la 
comparaison des spectres de divers melanges. 
Les spectres du triisothiocyanate de bore sont 
obtenus partir de solutions du produit pur. 
Les bandes observCes et leur attribution sont 
reporttes sur les tableaux 3 , 4  et 5 .  A l'exception 
des melanges BCl3 BC12(NCS) et dans une cer- 
taine mesure BBr3/ BBr2(NCS), les produits 
CtudiCs sont trks sensibles au rayonnement laser. 

TABLEAU 2. Deplacements chimiques du noyau l1B (en ppm) 

Composks chloris ComposCs bromks Composes iodCs 

Compose 6HB Compose 611B ComposC 6llB 

TABLEAU 3 .  Frequence en cm-1 et attribution des bandes observkes en 
spectromitrie ir et Raman pour les composes BX,NCS 

(f, faible; rn, moyenne; F, forte; P, polariske) 

BC1,NCS BBr2NCS BIINCS 

ir Raman ir Raman ir Raman Attribution 
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TABLEAC; 4. Friquence en cnl-1 et attribution des bandes observees en 
spectromitrie ir et Raman pour les composes BX(NCS): 

(f, faible: m. moyeilne: F; forte, P. polarisee) 

2010F ZOOOF 2000F uCN 
1337m 1358m 1360f va1OBN2 
1315m 1325F 1325n1 ~al lBN, 
1195f llY5fP 1190m 1190mP 1165f VSIOBN~ 
1175m 1175rnP 1170F 1170Fi' 1152fm vsllBN, 
l015f 965f 972f 26NCS 
762m 758m vCS 
598f 530f T'OBXN? 
576f 520m r"BXN2 

TABLEAU 5. Freqilence en cm-1 et halogCnCs du bore (16, 17, 18) et de dCrives 
attribution dei bandes observkes en contenant le groupenlent NCS (14, 19, 20, 21). 

spectromitrie lr et Raman pour B(NCS): 
(f, fa~ble: nl, moyenne; F, forte: 

P, polarisie) 

ir Raman Attribution 

vCN+vCS 
2v'OBN 
2u"BN 
vCN+ 8NCS 

ZOlOm vCN 
vaIOBN3 
vaIiBN, 

1067FP YsBN) 
970fP 26NCS 

vcs 
T10BN3 
T"BN3 

485m 6NCS 

Dans ces conditions, l'observation des raies 
Raman est trks difficile pour certains composCs. 

L'analyse des diffirents spectres nous a permis 
de caracttriser les vibrations de valence BN et 
de montrer par 1B que le bore Ctait lie' B l'azote 
du groupe NCS et non au soufre. En effet les 
masses respectives des atomes d9azote et de 
soufre sont telles que les vibrations de valence 
BS apparaitraient B des frtquences nettement 
infkrieures B celles observkes. C'est ainsi que 
dans les composis BX2SH (10) et BX(SH)? (1 l), 
celles-ci sont infkrieures B 1000cm-l. Les frC- 
quences des vibratioris de valence pseudo- 
antisymitriques du groupement NCS peuvent, 
elles aussi, &re considCrCes comme caracte'ris- 
tiques d'une structure iso ( 5 ,  12, 13, 14, 15). 
L'attribution des autres bandes a CtC effectute B 
partir de travaux concernant certains dCrivks 

Discussion 

Les rCactions de redistribution observees entre 
BX3 et B(NCS)3 sont tout B fait semblables B 
celles, bien connues, qui se produisent par 
simple mklange de deux haloghures de bore. 
Ce type de rCaction ne se limite d'ailleurs pas 
aux dCrivCs tricoordinks du bore contenant un 
halogkne. I1 a CtC Cgalement trks CtudiC dans le 
cas des organoboranes (22). I1 est admis que 
1'Cchange entre deux molCcules s'effectue par 
formation transitoire d'un dimkre dans lequel 
l'atome de bore est tCtracoordinC et joue le r81e 
d'accepteur. Ces Cchanges sont favorisCs quand 
I'un au moins des rtactifs contient des groupes 
d'atomes pouvant jouer le r61e de donneur (22). 
I1 n'est dbnc pas surprenant que les Cchanges 
entre halogknes et groupes NCS soient rapides 
puisque ces derniers possbdent un atome d'azote 
et un atome de soufre susceptibles de se co- 
ordiner avec le bore. Notre Cchec dans l'obten- 
tion des dCrivCs mixtes fluorCs est probablement 
dit au fait que BF3 donne lieu beaucoup plus 
difficilement que les autres halogknures de bore 
B des rCactions de redistribution. C'est ainsi que 
par exemple l'knergie d'activation de riactions 
d'kchange entre BF3 et BC13 (23) est ClevCe alors 
qu'elle est pratiquement nulle dans le cas de 
BC13 et BBr3 (24). Le comportement particulier 
de BF3 s'explique par l'existence de liaisons de 
rCtrocoordination du fluor au .bore qui affaiblis- 
sent le pouvoir accepteur du bore (22). 

Notre dCsaccord avec les rCsuitats de Lappert 
et collaborateurs (2, 6) concernant BBr(NGS)2 el 
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BBr2(NCS) a pour origine le fait que les auteurs 
considerent les deux dtrivts bromts prtcedents 
conme sufisamment stables pour Ctre isolts. 
C'est ainsi que les bandes d'absorption infra- 
rouge reportees pour BBS(NCS)~ (2) nous indi- 
quent que l'tchantillon analysi contenait cssen- 
tiellement B(NCS)3 dont le spectre est voisin de 
celui du  dtrivt monobromt. On note par exemple 
qu'aucune bande n'est signalte vers 1170 cm-l, 
region dans laquelle BBr(NCS)2 possede une 
bande caracttristique, alors qu'une bande faible 
est signal& vers 1064 cm-l. Cette dernikre 
correspond probablernerlt B la bande faible mais 
caracttristique que nous avons observCe avec une 
solution dilute de B(NCS)3 h 1073 cm-I. 

La cornparaison des rtsultats de resonance 
magnktique du noyau llB fournis par Jefferson 
et Lappert (6) h ceux que nous avons obtenus, 
confirme, B notre avis, que les composts dtcrits 
par ces auteurs comme Ctant BBr2(NCS) et 
BBr(NCSj2 sent en rtalitt respectivement 
BBr(NCS)2 et B(NCS)3. Dans cet ordre d'idte. 
nous noterons que: (ij La valeur 611B = +5 ppm 
que nous reportons pour B(NCS)3 est confirmte 
par d'autres travaux (9); (ii) I1 n'est pas raison- 
nable de penser que le signal de resonance du  
noyau l lB  pour 1e compose mixte BBr(NCSj2 
puisse se trouver en dehors de l'intervalle com- 
pris entre BBr3 (611B = +40 ppm) et B(NCS)3 
(6I1B = +5 ppm): et (iii) Par contre, il est 
ltgitime de penser que la valeur 611B = 4-3.5 
ppm obtenue par Jefferson et Lappert est, B la 
prtcision des mesures pres, la m@me que celle 
que nous avons obtenue pour B(NCS)3 (611B = 

+5 ppm). Dans cette hypothkse, la valeur que 
ces auteurs attribuent B BBr2(NCS) (611B = 12 
ppm) serait comparable h celle que nous avons 
obtenue pour BBr(NCS)2 (6 = + 16 ppm). Re- 
rnarquons enfin que les composts que nous 
avons CtudiCs possedent comme tous les dtrives 
thiocyanatts connus du  bore, une structure iso. 

Obteiltiotz des cotnpus6s 
Les produits prCparCs Ctant aussi hydrolysables que les 

11alogCnures de bore, toutes les manipulations sont 
effectuies en atmosphkre d'azote see. 

Les rCactivitCs des haloginures de bore vis-a-vis de 
AgNCS sont trks diff6rentes: BC13 reagit rapidement au- 
dessous de 0 'C, BBr; ne rCagit que tri-s lentement dans les 
mCmes conditions mais son action est trks violente la 
tempirature ambiante; avec B13, il convient d70pCrer en 
solution et a chaud pour avoir une cinetique assez rapide. 

Pour obtenir des melanges BX;/BX,(NCS) (X = Cl. 

Br), on condense 100 mmol de BX; a la temperature de 
l'air liquide dans un ballon de 2 1 contenant 30 mmol de 
AgNCS et Cventuellement un solvant (CS,, CCI,, CH2C12, 
C2C14, 11-heptane). On  laisse ensuite rechauffer lentement 
le melange en l'agitant. Avec les produits chlorCs, la 
reaction est terminCe des le retour la tempirature am- 
biante. Avec les produits bromCs, on doit en revanche 
laisser rCagir pendant I h B 0 "C. L'utilisation de quan- 
titCs croissantes de AgNCS conduit B des melanges de 
produits de plus en plus substituis. Pour obtenir B(NCS); 
pur, on fait reagir dans les m&mes conditions 430 mmol 
de AgNCS sur l0Ommol de BBr;. L'utilisation d'un 
solvailt tel que CC14 (60 ml) est nkcessaire pour Cviter une 
reaction violente. 

Pour obtenir des mClanges B13/B12(NCS), on chauffe la 
solution a reflux pendant environ 3 11 en prCsence d'un 
exces de AgNCS. Dans ces conditions, BI(NCS)2 n'ap- 
parait en co~lcentration importante qu'aprks 40 h. I1 se 
transforme complktement en B(NCS); aprks environ 60 h. 

NaNCS et KNCS utilisCs en excks permettent de 
priparer des mClanges BBr3/BBr2(NCS). On opere alors 
avec BBr; pur et on chauffe B reflux pendant plusieurs 
heures. Des mClanges B1;/B12(NCS) sont obtenus dans 
des conditions identiques a partir d'une solution de BI;. 
Cette reaction peut &tre accClCrCe en operant h 120- 
130 'C en l'absence de solvant dans Line ampoule scellCe 
et agitCe. 

On peut mettre aisement B profit la volatilitC de BCl; 
ou de BBr3 pour les eliminer d'un mClange de fason B 
deplacer les Cquilibres reactionnels. La distillation sous 
pression rCduite (ou encore l'entrainement par un courant 
d'azote sec) permet dlCliminer les trihalogenures BC13 OLI 

BBr;. Ainsi, partant d'un melange BX3/BX2(NCS) on 
aboutit B(NC& dans le cas des dCrivCs bromCs, et B un 
melange BC1(NCS)2/B(NCS); dans le cas des dCrivCs 
chlorCs. Les quantitks de BX>(NCS) entrainCes avec BX, 
sont alors trks faibles. 

B(NCS); a CtC Cgalement prCparC selon la mCthode de 
Sowerby (25) B partir de BCl, et NaNCS ou KNCS en 
solution dans SO, liquide. 11 est alors nCcessaire de 
distiller soigneusement le produit final pour Cviter la 
presence de BC12(NCS) et BCl(NCS), dont nous avons 
note la prCsence en fin de rCaction. Cette mCthode n'est 
pas transposable B la priparation des derives Bl2(NCS) 
et BI(NCS), car BI, est detruit par SO2 liquide. 

Spectrotti@trie r/e ninsse 
Les spectres de masse ont CtC enregistres B l'aide d'un 

appareil Varian CH7 avec un potentiel d'ionisation de 
70 eV. 

Partant de mClanges BC1,/BC12(NCS) ou BBr,/BBrZ- 
(NCS) prCparCs en l'absence de solvant, on fait Cvoluer 
progressivement la composition par Climination des 
composCs volatils. On met ainsi en Cvidence successive- 
ment BCI,, BCI2(NCS) et BC1(NCS)2 dans le cas des 
derives chlorCs et BBr,, BBr2(NCS); BBr(NCS), et 
B(NCS), dans le cas des dCrivCs bromCs. 

Les produits iodCs sont introduits (aprks elimiilation 
du solvant Cventuellelnent prisent) B l'aide d'un petit 
creuset en verre pyrex maintenu B la temperature am- 
biante. 

Spectrot?iCrrie 1t2fr.u~ olrge 
Les spectres 5ont enregistrks entre 4000 et 250 em-1 sur 
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un appareil Perkin-Elmer 457 B l'aide d'une cellule B 
liquide munie de fen&tres en Csl. 

Spectrorn6rrie Rarnarl 
Les spectres Raman sont enregistrCs avec u11 spectro- 

mktre Coderg PHO coup16 B un laser Spectra-Physic B 
argon, modele 160-00. la frCqueilce gineralement utilisie 
Ctant 20492cm-1. Afin d'iviter une coloration de la 
solution et la formation rapide de solide sous l'effet du 
rayoniiement laser. les Cchantillons analysCs sont placCs 
dans une cellule tournante. 

R6sorza11ce niugr~@rique tzlrcl4r1ir.e 
Les spectres ont CtC obtenus B l'aide d'un spectro- 

graphe Perkin-Elmer R-10. en operant a 19.25 MHz 
("B). Les composCs ont CtC examinks en solution dans 
CS2, CCl, ou CH2C12. 

Les dCplacements chimiques reportis sont exprimes en 
ppm par rapport B un Ctalon externe d'Ct11Crate de 
trifluorure de bore (Et20BF3). Les dCplacements se 
situant B champ fort par rapport B I'Ctalon sont comptCs 
negativement. 
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A potentiometric study of the effects of molecular complexing 
on acid-base equilibria1 

A. K.  COLTER^ AND D. B U B E N ~  
Deparmierzr of Cliernistry, Crrrtzegie-Mellotz Urriuer~ity, Pittsburgh, PA,  U.S.A. 15213, urrcl 

Guelph-Waterloo Cerzfre for Grud~/ute Work irz Clzeniistq,, Uni~.er~ity of G~lelplz, Guelpll, Orzt., Car~crclrr NIG 2 W I  

Received February 14, 1976 

A. K. COLTER and D. BUBEN. Can. J.  Chem. 54, 2141 (1976). 
The effect of molecular complexing on several acid-base equilibria invol\~iiig organic a donor 

acids has been studied by a potentiometric method. The method leads to  complexation con- 
stants for the acceptor with the donor acid and its conjugate base. In  several cases the two 
association constants can be determined with sufficient precision to obtain an  estimate of the 
acidity constant for the 1:l acceptor - donor acid complex. In all situations where charge- 
transfer and electrostatic interactions are expected to have opposing effects on the acidity, 
electrostatic effects dominate. The range of the validity and usefulness of the potentiometric 
method in studies of molecular complexation equilibria is discussed, together with the results 
obtained in this work. 

A. K.  COLTER et D. BUBEN. Can. J. Chem. 54, 2141 (1976). 
On a CtudiC. par mCthode potentiomCtrique, l'effet de la complexation moleculaire sur 

plusieurs Cquilibres d'acide-base impliquant des acides pouvant doliner des Clectrons a. La 
mithode conduit aux constantes de complexation pour l'accepteur avec l'acide donneur et sa 
base conjuguCe. Dans plusieurs cas on a pu diterminer les deux constantes d'association avec 
une psicision telle qu'il a i t e  possible d'estimer la constante d'aciditi du complexe 1 :1 accep- 
teur - acide doniieur. Dans tous les cas ou on peut s'attendre B ce que les transferts de charge 
et les interactions electrostatiques aient des effets opposes sur l'aciditi, les effets Clectrostatiques 
prCdominent. On discute de l'itendue de la validit6 et de l'utiliti de la mithode potentio- 
mCtrique pour des Ctudes d'equilibre de complexation nioleculaire; on en discute aussi en 
relation avec les resultats obtenus dam ce travail. 

[Traduit par le journal] 

Introduction 
Acid-base reactions occupy a position of 

unique importance in the study of structural, 
solvent, and other environmental influences on 
the chemical properties of organic compounds. 
Our interest in the influence of molecular com- 
plexing on chemical properties (1) has therefore 
led us to investigate the effects of niolecular 
complexing in acid-base equilibria. 

Several early studies possibly having some 
bearing on the modification of acid-base proper- 
ties by molecular complexing have been reported. 
In 1928, Brsnsted (2), measuring the relative 
acidities of a series of organic acids in benzene 
solution using an indicator method, found picric 
acid (pK, in water at  25 "C -- -0.33 (3) to 0.71 
(4)) to fall between dichloroacetic acid (pK, -- 

'Abstracted in part from the Ph.D. thesis of D. Buben, 
Carnegie-Mellon University, 1968. 

2Present address : Department of Chemistry, University 
of Guelph, Guelph, Ontario. 

'U.S. Public Health Service Predoctoral Fellow, June 
15,1966 to  June 14,1967. 

1.25) and chloroacetic acid (pK,= 2.9) in 
acidity. Complexation of picric acid with ben- 
zene could account qualitatively for the apparent 
decrease in relative acidity. We have argued 
elsewhere ( 5 ) ,  however, that such complexing 
cannot account for a decrease of more than 
about 0.8 pK units. 

In the 1930's Bronsted, Bell, and Caldin (6-8) 
carried out a series of investigations designed to 
test the applicability of the Brsnsted catalysis 
law in aprotic solvents. For the rearrangement of 
N-bromoacetanilide in chlorobenzene (7) the 
catalytic constants a t  infinite dilution for ten 
carboxylic acids and phenols were well correlated 
with their pK, values in aqueous solution by 
means of a Brsnsted catalysis law expression. 
while that of picric acid was less than of the 
value predicted. Similar results were obtained for 
the acid-catalyzed mutarotation of I-menthone in 
chlorobenzene (8) and the acid-catalyzed re- 
action of phenol with ethyl diazoacetate in 
benzene (6). In all of these studies it seems 

\ ,  

reasonable to attribute at  least part of the un- 
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expectedly low catalyt~c effectiveness of picric 
acid to  charge-transfer interaction with the T 

donor solvent and or sterlc hindrance resulting 
from complexing, though such an explanation 
was apparently not cons~dered at  the t ~ m e .  

An example of enhanced acidity which may be 
a result of intramolecular complexing has been 
reported by Shifrin (9). The pK, of IV-(d-4- 
imidazolylethy1)-3-carba1noylpqridinium chlo- 
ride (I) was found to be 5.5 ,  compared to 6.0 for 
the model compound h~stamine hydrochloride 

(2). Intramolecular charge-transfer interaction in 
(1) was also indicated by parallel spectrophoto- 
metric measurements (9). 

Of several possible approaches to an investiga- 
tion of the effects of molecular complexing 011 

acid-base properties, that chosen for the present 
study is based on potentiometric measurements 
in aqueous solution. The method which has been 
developed leads to 1 : 1 complexation constants 
for an acid and its co~~jugate  base with a com- 
plexing agent (donor or acceptor). As used in the 
present study the method is limited to complex- 
ing agents having negligible acidity or basicity 
under the conditions of the measurements. The 
choice of water further limits the method to  
donors or acceptors of high water solubility, 
since the complexing agent must be in large 
excess over the acid and its conjugate base. In 
the present study we have investigated the influ- 
ence of complexation of cationic and uncharged 
donor acids by cationic and anionic acceptors. 
Of the four charge type combinations possible 
within this group we were able to obtain quanti- 
tative results only for systems involving a cationic 
donor acid plus a cationic acceptor, and an 
uncharged donor acid plus an anionic acceptor. 

complexing on acid-base equilibria can be more 
sharply defined by considering the relevant 
equilibria in a solution of a donor acid, HD, its 
colljugate base, D-. and an acceptor, A, hhich 
forms a 1 : 1 complex u ith both HD and D- [ I ] .  

The quantities K, and K," are acid dissociation 
constants for uiicomplexed and complexed acid: 
respectively: K," and K," are association con- 
stants for the acid and its co~ljugate base. The 
quantity of most direct interest is K," the acid 
dissociation constant of the 1 : 1 complex, which 
is related to the other equilibriun~ constants by 

[2] .  Thus, the effect of complexation on K, can 
be deter~nined by independent determination of 
K," and K,". However, separate determination 
of K," and K," will not be possible for most acids 
of interest since secondary reactions of most of 
the common T acceptors occur at pH's necessary 
to maintain >99C,; of HD as D-. It will often be 
the case that one of the complexation constants 
will be very srnall and will therefore have a very 
large relative uncertainty. In such circumstances 
the relative uncertainty in the ratio K:, K,", and 
consequently K,", will also be very large. 

In a solution containing HD, D-, and A ,  we 
can define an ~iplxirelzt acidity constant, K1,"I1", 
according to [3] .  

For s~mplicity, this equation and those developed 
below are expressed in terms of concentrations 
rather than activities. The consequences of 
activity coefficient corrections are considered 
separately. Making the substitutions 

[HD.A]  = KCa[HD][A] 
and 

[D.A-I = K,b[D-][A] 

[3] is converted to [4] .  

Theory 
[41 K,JPII = Ka 1 I f K,b[Alj  

The problem of the influence of molecular I1 + K?[Al] 
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Under conditions where the acceptor concentra- 
tion is much greater than the concentrations of 
the components of the buffer solution, the con- 
centration of uncomplexed acceptor, [A], can be 
replaced by the stoichiometric acceptor con- 
centration. c .~ .  Making this substitution and 
rearranging, [5] is obtained. 

This equation has a form similar to  those used 
for spectrophotometric and kinetic deterrilin- 
ations of complexation constants (10) and pre- 
dicts that a plot of K, (K,"pp - K,) us. 1 c4  
should yield a straight line of slope 1 (K:' - K;") 
and intercept K," (Kc1' - Kc). The two com- 
plexation constants are then given by: K," = 

intercept slope, and K," = (1 + ~ntercept) slope. 
Application of [5] now depends on experi- 

mental determination of K,"'"' a t  different 
stoichiometr~c acceptor concentrations. Taking 
an uncharged donor acid HD plus anionic 
acceptor A -  as an example, equations based on 
buffer mass balance, acceptor mass balance, and 
total charge balance lead to the expressions: 

{[D-] + [D.AP]) = c ,  - [OH-] + [H--1 

and 

{[HD] + [HD.A-I] = C H D  - [H-] + [OH-] 

where cliD and cD- are the stoichionietric con- 
centrations of the donor acid and its conjugate 
base. Substitution into [3] leads to [6]. Exactly 

analogous expressions are obtained for the other 
charge type combinations. All of the quantities 
in [6] are experimentally accessible provided that 
the relationships between the measured pH, 
[HT], and [OH-] are known for the conditions 
of the measurements. 

Results 
In the experiments, a knoun volunie of buffer 

solution (generally 1.00 X M in each com- 
ponent) of the acid - conjugate base pair under 
study, plus a sufficient amount of an inert (i.e., 
non-acceptor) salt to bring the ionic strength to  
some specified level (generally 0.1) was placed in 
a thermostatted cell compartment under nitrogen 

I 
O o o C l ~  100 ZOO 300 400 500 

I /cn 

FIG. 1. Plot of K,/(K8a17i) - K,) ry. c,-'(M-1) for 
lull 34. 

atmosphere. In a water-jacketed buret thermo- 
statted to the same temperature, was placed a 
solution identical to  that in the cell except that 
the inert, or model, salt was replaced by an 
acceptor salt (e.g., N-methylquinolinium chlo- 
ride). The p H  was then measured before addition 
of the buret solution and after addition of 
measured volunies of buret solution. In this way. 
a series of pHreadings a t  constant stoichiometric 
acid plus corljugate base concentration and ionic 
strength was obtained for a series of acceptor 
concentrations? Values of K c P p  were then cal- 
culated for each set of measurements using [6] 
and the relationships [Ht] = antilog (-pH) and 
[OH-] = K,.'[H+]. The initial p H  reading ob- 
tained before addition of any acceptor provides 
a value of K,. The data were then treated 
according to  [5] to obtain K," and Kch. 

The results of these analyses arc summarized in 
Table 1. Plots of K, '(K,"pp - K,) us. 1 /cA for 
the systems included in Table 1 showed no 
systematic deviations from linearity and generally 
very little scatter from the best fit straight line. 
The plots shown in Figs. 1 and 2 are typical. 

Values of K, and K,"P1' calculated as described 
above are 'mixed' constants (ref. 11, p. 57), that 
is, they are calculated from a mixture of concen- 
trations and activities. In theory, therefore, 
values of K5 determined at different buffer com- 
ponent concentrations should differ slightly 
where [H-] or [OH-] is a significant fraction of 
cD- or cIi,. In fact, the expected variation of K, 
('mixed') with changes in buffer component 
concentrations used in this work are smaller than 
the experimental error in K, in all cases (Ex- 

4We thank Professor R. H. Stokes for suggesting this 
experimental modification. 
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0.1) too weakly acidic to have a measurable effect 
on the p H  with these systems. Cation-cation 
repulsion is expected to make K," very small in 
these systems, hence electrostatic and charge- 
transfer interactions should both operate to 
increase the acidity of the buffer. In agreement 
with expectations, addition of acceptor was 
accompanied by a decrease in p H  with all three 
systems. c Mixtures of 1-naphthylamine with NMQ-Cl- 

O0‘bo 100 200 300 400 were yellow-orange in colour due to  a broad 
Ihn absorption band around 380-400 nm, absent in 

FIG. 2. Plot of KaI(K, - KaanP) cs. c,-'(M-l) for solutions of the amine, buffer, or acceptor alone. 
run 68. and indicating charge-transfer interaction be- 

perimental). Since the K, values listed in Table 1 
are averages of values based on single p H  
measurements on buffer solutions with very low 
stoichiometric acid and base concentrations 
(0.5 X to 1.5 X M) their experimental 
errors are quite large (probably around $- 107,). 
Since they were measured at ionic strengths of 
0.1 or higher, accurate calculation of thermo- 
dynamic K,,'s is not possible, nor are K,'s 
measured in the presence of different salts 
directly comparable. Approximate thermody- 
namic pK,'s (30 "C), calculated by applying a 
Debye-Hiickel correction as described in the 
Experimental are: 1-naphthylammonium chlo- 
ride (NA+Cl-), 3.86; 2-methoxy-1-naphthyl- 
ammonium chloride (2-MeO-NALCl-), 3.72; 
5-methoxy-1-naphthylammonium chloride (5- 
MeO-NA+Cl-), 3.80; indole-3-carboxylic acid 
(I-3-CA), 5.51; 1-naphthol (1-N), 9.23. Making 
approximate temperature corrections based on 
the usual temperature variations of K, for 
anilinium and phenol acids (ref. 11, p. 14; 
ref. 12) we obtain for the approximate thermo- 
dynamic pK,'s at 25 "C: NA+Cl-, 3.92; I-N, 
9.29. Literature values for these two acids are 
3.93 (13) and 9.39 (14) respectively. To our 
knowledge, no acidity constant measurements 
have been reported for the other three acids 
studied in this work. 

Sy~terns  Involving u Catiorzic Donor Acicl Plus 
Cationic Acceptor 

Three systems of this charge type were in- 
vestigated: NA-Cl-, 2-MeO-NALC1-, and 5- 
MeO-NA-C1-, all with the acceptor N-methyl- 
quinolinium chloride (NMQ-C1-). The pK, of 
NMQ-CI- was independently determined to be 
12.60 & 0.01 at 30 "C (K, 'mixed', ionic strength 

tween the acceptor and amine donor. Replace- 
ment of model salt by acceptor (to 0.1 M)  was 
accompanied by a decrease in p H  of 0.282 
0.017 units i11 runs 1-8, 0.345 f 0.047 units in 
runs 9-14, and 0.234 i 0.018 units in runs 
15-17. As a control, in the second set of runs 
(9-14) the stock solutions of acceptor and model 
salt were adjusted to the same neutral p H  by 
addition of a few drops of dilute NaOH. Al- 
though this adjustment had no significant effect 
on the results, the precision appears to  be 
somewhat poorer at the lower buffer concen- 
tration. The intercepts of the plots according to 
[5] are negative, leading to apparent negative 
values of Kcz'. If the true value of K," .u 0, 
experimental scatter would lead to some negative 
and some positive values in this analysis. How- 
ever, the intercepts appear to be less than zero 
by an amount which exceeds the experimental 
scatter. Possible reasons for this anomalous 
result are considered below. Overall average 
values for the complexation constants are: 
K,"= -1.6 F0.71mol-1 and K," = 8.5 11 .1  
1 mol-I. Concerning the ratio of K," to K,5 (or 
K,"/K,), we can only say that it is large (cer- 
tainly greater than 10). 

Mixtures of 2-MeO-NA+Cl- buffer and 
NMQ+Cl- were yellow, again indicating charge- 
transfer absorption. Replacement of model salt 
by acceptor (to 0.1 M) was accompanied by a 
decrease in p H  of 0.183 + 0.005 for runs 18-2 1. 
The apparent average Kca value is probably 
within experimental error of zero in this system 
and again we can only say that the enhancement 
in acidity constant by complexation (K,b/K,") 
is at least 10. 

Mixtures of 5-MeO-NA+Cl- buffer and 
NMQ-Cl- were yellow due to  a broad charge- 
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transfer absorption around 400-420 nm. Re- 
placement of model salt by acceptor (to 0.1 M) 
was accompanied by a decrease in p H  of 
0.254 + 0.003 111 runs 22-25, 0.190 & 0.017 In 
runs 26-30, and 0.197 $- 0.004 in runs 31-36. 
Replacement of model salt by acceptor to 0.2 M 
produced a decrease in p H  of 0.335 & 0.020 
in runs 37-41. The stock acceptor and model salt 
solutions here adjusted to an identical neutral 
pH in runs 22-25 and 37-41, again with no 
significant effect on the results. Jn thls system, 
K," appears to b: sign~ficantly greater than zero. 
Average complexation constants at  ionic strength 
0.1areKPa = 0.62 + 0.35 l m ~ l - ~ , ~ , ' '  = 11.0 $- 
1.0 1 mol-I. The enhancement in acidity by 
complexation (K," K,") is therefore around 20. 

Sjstenls I~~volcitzg (111 Urlc//urgecl Dollor Acicl 
Pllrs Aniotlic Acceptor 

Three systems of this charge type were in- 
vestigated: I-3-CA with the acceptors potassiu~n 
3,5-dinitrobenzoate (KiDNB-), and sodium 
2,4-dinitrobenzenesulfonate (Na+DNBSW), and 
1-N with KTDNB-. The be~ize~lesulfonate ac- 
ceptor is too weakly basic to have a measurable 
effect on the p H  of the I-3-CA buffers. The K, of 
3,5-dinitrobenzoic acid is 1.5 X (15). The 
basicity of 3,5-dinitrobenzoate is not significant 
provided buffer pH's are above about 5.8, as 
was the case with the 1-N and 1 :3 I-3-CA-indole- 
3-carboxylate buffers. however, at  lower pH's 
its basicity cannot be ignored. In systems of this 
charge type the ratio K,"IKCa should be in- 
creased by charge-transfer interaction, which 
should be greater in the conjugate base complex. 
but decreased by electrostatic anion-anion re- 
pulsion. 111 the three systems studied, replace- 
ment of model salt by acceptor was accompanied 
by an increase in pH, suggesting that electrostatic 
forces are of dominant importance here. 

Mixtures of I-3-CA buffers and K-DNB- 
were orange, indicating charge-transfer com- 
plexing. Replacement of model salt by acceptor 
(to 0.1 M) was accompanied by a p H  increase of 
0.391 & 0.004 units in runs 42-49. Kch values are 
clearly greater than zero and K,"'K," = 8.0 $- 
1.1, i.e., complexation by 3,5-dinitrobenzoate 
results in an 8-fold decrease in the acidity 
constant of I-3-CA. 

Mixtures of I-3-CA buffers and K'DNBS- 
were orange. Replacement of model salt by 
acceptor (to 0.1 M) was accompanied by a p H  

increase of 0.180 2 0.015 units in runs 50-54 and 
0.177 + 0.003 units in runs 55-57, while p H  
changes in runs 58, 59: and 60 were, respectively, 
0.21 1 (0.12 M acceptor), 0.240 (0.16 M acceptor), 
and 0.279 (0.20 M acceptor). In runs 61-63 p H  
changes were 0.198, 0.168, and 0.166, respec- 
tively. Although the p H  change varied somewhat 
with changes in model salt, K," and K,b values 
are independent of model salt, ionic strength, 
and buffer ratio within experimental error. For 
the 1 1 runs at ionic strength of 0.1, average com- 
plexation constants are K," = 8.5 5 0.6 and 
K,b = 2.4 + 0.6. Again, K," values are signifi- 
cantly greater than zero and the decrease in 
acidity due to complexation, K,",'K," = 3.6 + 
1.2. 

Mixtures of 1-N buffers and K-DNB- were 
orange. Replacement of model salts by acceptor 
(to 0.1 M )  was accompanied by a p H  increase of 
0.360 + 0.004 units in runs 64-67 and 0.340 L- 
0.005 units in runs 68-71. Stock solutions of 
acceptor and model salt were adjusted to the 
same neutral p H  in all runs. Average conlplex- 
ation constants are K," = 16.7 & 0.4 1 mol-' 
and K," = 1.7 + 0.2 1 mol-I, and the decrease 
in acidity due to  complexation, K,"lK," = 

9.8 i 1.2. 

Sjsfenzs Involuing ail Unchargecl Dorzor Acid 
Pl~ts  Cntiollic Acceptor 

In complexation of an uncharged donor acid 
with a cationic acceptor, both electrostatic and 
charge-transfer interactions should contribute to 
making Kc"," greater than one, yet with 
appropriate choice of acid and acceptor, both 
complexation constants should be of reasorlable 
size. Though this prediction was confirmed 
qualitatively with one systenl, all attempts to 
obtain quantitative information for charge com- 
binations of this type were unsuccessful. Two 
such systems irlvestigated were 3,4,5-trimethoxy- 
benzoic acid (TMBA) and 1-3-CA plus 
NMQ-CI-. 

Solutions of TMBA buffer and NMQtC1- 
showed no visible evidence for charge-transfer 
absorptiori but spectra of mixtures show some 
enhancement of absorption between 365 and 
400nm, over the long wavelength tail of the 
NMQ-CI- absorption. Replacement of model 
salt (0.1 M KCI) by NMQfC1- in 1 : 1 1.0 X 

M TMBA buffer led to  decreases in p H  of 
around 0,060 units. The very small p H  changes 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COLTER AND BUBEN 2147 

lead t o  enormous uncertainties in the two com- 
plexation constants. For example, average re- 
sults for three runs were K," = 30 5 13 1 m01-I 
and K,h = 33 t 13 1 mol-l. Although we cannot 
obtain any reasonable measure of the complex- 
ation constants for this system, the ratio K," KcL 
calculated from the results of individual runs 1s 
much more nearly constant (1.24, 1.13, 1.06) 
indicating qualitatively that complexation has a 
slight acidifying influence. For reasons discussed 
later, however, we believe that these results are 
highly suspect (Discussion). 

Mixtures of I-3-CA buffer and NMQTCI- 
were yellow. Replacement of model salt (0.1 M 
KC1) by NMQjC1- led initially to decreases in 
p H  which slowly drifted upward, eventually re- 
turning to the original pH. We have no  reason- 
able explanation for this behaviour. 

Systenzs Inuolcing u Cationic Donor Acid Pl~rs 
Anionlc Acceptor. 

With this type of system, appropriate choice 
of donor and acceptor should lead to substantial 
values for both Kc" and ~ , h  with either constant 
larger. depending on whether charge-transfer or 
electrostatic interaction is the more important. 
Two such systems were investigated: NA'C1- 
plus Na- DNBS- and benzilnidazolium chloride 
(BI-C1-) plus K DNB-. 

Mixtures of NA-C1- buffers and Na-DNBS- 
were orange. Replacement of model salt (0.1 M 
NaC1) by Na+DNBS- in a 1 : 1 1.0 X M 
buffer led to Increases in pN(approx. 0.035 units) 
which were too small to yield any quantitative 
information. 

Mixtures of BItC1- buffers and K - D N B  gave 
no  visible evidence for charge-transfer complcx- 
ing. Replacement of model salt (0.1 M KC1) tn a 
buffer solution 0.5 x M in BI'CI- and 
1.5 X lob3 M in benzimidazole by K-DNB- 
produced small (approximately 0.10 units) p H  
increases lead~ng to small and widely divergent 
values of K," and K,". If these results have 
qualitative significance, electrostatic interdct~on 
is again more important than charge-transfer 
interaction (see Discussion, however). 

Colztrol Experinzerzt 9 

Several control experiments were carried out 
in order to test the validity of our analysis. 
Already mentioned are variation of buffer ratios 
and concentrations (compare runs 1-8 with 9-14, 
22-25 with 26-30, 50-54 with 55-57, and 64-67 

with 68-71) and variation of model salt (compare 
runs 9-14 with 15-17, runs 22-25 with 31-36, 
and runs 55-57 with 61, 62, and 63). In no case 
do  the calculated complexation constants depend 
significantly on the buffer concentration or buffer 
ratio. 111 none of the above comparisons did 
K," or K," depend significantly on the model salt, 
even where the initial pH's (and hence K, values) 
are significantly different. In contrast, an ex- 
periment identical to runs 55-57, 61, 62, and 63 
using MgS04 as the model salt gave a p H  
change of +0.132 units, Kc" = 5.9 1 mol-l, and 
Kc" 00.5 1 mol-I indicating that Mg2+S04'- 
is not a suitable model for NaLDNBS-. The 
model salt assumption is considered in more 
detail below. A limited investigation of the in- 
fluence of ionic strength (runs 55-57 and 58-60) 
reveals no significant changes in the complex- 
ation constants for I-3-CA and its conjugate base 
with DNBS-. Since stock solutions of acceptor 
and model salt (see Experimental) are unbuffered, 
their pH's were characteristically more variable. 
These solutions were in some cases (runs 9-14, 
22-25, 37-41, and 64-71) adjusted to neutrality 
by addition of minute amounts of acid or base. 
Again, where conlparisons can be made (runs 
9-13 with 1-8 and runs 22-25 with 26-30) such 
adjustments had no significant effect on the 
results, supporting the assumption that any 
intrinsic acidity or basicity of the acceptor is 
negligible in these experiments. 

Perhaps the most convincing support for our 
interpretation of the pH changes accompanying 
addition of acceptor salts is provided by two 
control experiments showing that the pH change 
accompanying addition of acceptor to nou-donor 
buffers is very snlall. The p H  of a 1.0 X M 
potassium hydrogen phthalate buffer 0.1 M in 
KC1 was 4.150. An identical buffer in which the 
KC1 was replaced by NMvC1- had a p H  of 
4.145. Fitration of a buffer solution which was 
0.25 X Min acetic acid, 0.75 X M in 
sodium acetate, and 0.1 M in NaCl with an 
identical buffer containing 0.1 M Na-'-DNBS- in 
place of the model salt again gave essentially no 
change in pH. The initial p H  (5.3 17) was similar 
to that (-5.7) in runs 50-54 where p H  changes 
of 0.18  nits were observed. An attempt to run 
a control using 6-tert-butylilldole-3-carboxylic 
acid as a model for I-3-CA in which complexillg 
should be hindered by the tert-butyl group was 
~msuccessful because this acid proved to have 
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insufficient water solubility to study potentio- affects the accuracy of the derived complexation 
metrically. constants. 

Errors resulting from replacement of [A] by 
Acceptor Salts D~sccrrdccl us Unsuitable cl in [5] are largest for runs 42-49, where the 

N-meth~'acridinium, N-meth~l~henanthridin- concentrations of coinplexed species are largest. 
ium, and N-methyl-6-nitroquinoliniun~ salts Such errors can be estimated by using the 
proved to be too acidic to 'lse with any of the illitially determined complexation constants to 
donor buffers studied in this work. Potassium calculate for each point in the titration and 
2,4,6-trinitrobenzenesulfonafr had insufficient 

to then replot K, (Kp,,p - .) us. [A]-I to 
water solubility. obtain new values of K," and K,". This procedure 

Discussion 

Precisiorz of Results 
The precision as indicated by standard devi- 

ations in K," and K," for individual determin- 
ations, is in nearly every case much better than 
that indicated by average deviations in Kt" and 
Kcb for duplicate runs (Table 1). That is, although 
individual plots often show negligible scatter, 
agreement between duplicate runs is usually 
much poorer. This is a consequence of the ex- 
treme sensitivity of the derived complexation 
constants to the experimental p H  readings, 
particularly when the total p H  change is small. 
For example, in runs 51 and 52 changes in p H  
at identical volumes of added acceptor solution 
agreed to within t0 .003  p H  units (total p H  
change 0.180 units), yet K," and K c h e r e ,  
respectively, 8.21 us. 7.37 and 1.77 us. 1.23 
1 mol-l. I t  is possible, nevertheless, for two 
titrations with substantially different total p H  
changes to give nearly identical complexation 
constants. In general the total p H  change in 
duplicate runs was highly reproducible. An 
exception was the NA- C1--NMQ-C1- system. 
The precision increases with increasing range of 
acceptor concentration (compare runs 37-41 
with runs 22-30. and run 60 with runs 55-57) 
but the model salt assu~nption (below) becomes 
increasingly difficult to justify with increasing 
ionic strength. 

As a consequence of the ~i~athematics of the 
analysis the two complexation constants obtained 
from a single determination have the same 
absolute standard deviation. Therefore, if either 
constant is small its relative uncertainty and that 
of the ratio of the two constants will be very 
large. 

Accuracj) n ~ d  Valicl'ifj o j  the Re~ults 
We mow consider each of the approximations 

and assumptions made in the analysis as it 

can then be repeated 'until the Kc values con- 
verge (16). When carried through for run 42, K,:' 
increased from 10.5 to 10.8 1 mol-I and K," from 
3.1 to 3.2 1 mol-l. These corrections are of 
marginal significance in runs 42-49, hence errors 
due to replacement of [A] by ci  are negligible in 
all other runs. 

Calculation of K,"''I' (eq. 6) was based on the 
relation [H+] = antilog (-pH), which amounts 
to approximation of [H "1 by a,- (conventional) 
(17). Exact calculation of K,""" (as defined by 
[6]) would require independent determination of 
the relationship between [H+] and p H  for each 
of the acceptor-model salt mixtures studied 
(using, say, standard HCl solutions). Such a 
procedure, if necessary, would be sufficiently 
tedious to severely limit the usefulness of the 
method. A theoretical estimate of the validity of 
replacing [H+] by antilog(-pH) was made as 
follows. The activity coefficient of H- on the 
molarity scale, yIIi, was assumed to be related to 
the ionic strength, I, by [7] (ref. 17 p. 449, ref. 18) 

- AIl/2 
log y,,+ = 

1 + 
where A = 0.5!61 11/2 B = 0.3301 l1I2 
molkl/\ a = 9 A. At I = 0.1, [7] leads to [8]. 

PI [H'] = antilog (0.08417 - pH) 

This correction was incorporated into the com- 
puter program for K," and K,b for runs 46-49. 
The resulting changes in K," varied from -0.005 
to 0.023 1 mol-I and changes in K,b from - 0.01 1 
to 0.007 1 mol-I, all much smaller than the ex- 
perimental uncertainty. Though individual KaaPP 
values are significantly changed by using [a], the 
derived complexation constants depend on the 
manner in which K,""" varies with ch and this 
variation is essentially unaffected by using 
aH-(conventional) in place of [H-1. 

Initial p H  readings for duplicate titrations 
sometimes differed as widely as 0.1 p H  units, 
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while the change in p H  accompanying addition 
of acceptor was essentially constant. It is 
particularly difficult to reproduce the initial pH 
when buffer components are as dilute as 5 X 

M. It was shown, however, that if all of the 
p H  readings are adjusted by a constant incre- 
ment, even as large as 0.1 unit, there is no 
significant change in the calculated values of 
K," and K,b. Replacement of [H+] by a,+(con- 
ventional) (above) is really equivalent to chang- 
ing all p H  readings by about 0.08 units. 

The analysis described in this work is based on 
the assumption that the ionic atmosphere effect 
of the acceptor salt is exactly matched by the 
model salt, i.e., that in the absence of complexing 
no p H  change would be observed (model salt 
assumption). Direct evidence that the pHchanges 
are due to T complexing is provided by the 
results of control experiments with non-donor 
buffers (above). The model salt assumption will 
never be exactly true, of course ; our concern here, 
however, is the extent to  which its breakdown 
influences the calculated coinplexation constants. 
Indirect support for the validity of our analysis 
is provided by experiments in which the model 
salt is varied (Table 1). In none of the cases re- 
ported in Table 1 did changing the model salt 
result in a significant change in the complexation 
constants, even in the rather extreme case (run 
63) where K2SO4 was used as a model for 
Na+DNBS-. 

In order to examine the model salt assun~ption 
in more detail it is instructive to develop an 
expression for the change in p H  resulting from 
addition of salt. From the definition of K, 
(thermodynamic) for an acid H D  we can write 

[D-1 YD- -log K, + log -+log -- 
[DHl YDR 

where the y's are activity coefficients on the 
molarity scale. The result of addition of an inert 
salt to a 1 : 1 HD-D- buffer (ref. 17 pp. 118-122) 
will be a substantial decrease in log yD-/yDEI 
and a very small opposing increase in log 
[D-]/[DH], leading to a net decrease in -log 
CIH+ If [D-] and [DH] are much larger than 
[HT], log [D-]/[DH] will be essentially constant. 
The decrease in log Y ~ - ~ ~ J I ~ ~  therefore represents 
the maximum decrease in p H  which can be 
observed. 

IV A log J'D- 

Since A log JHD (which may be either positive or 
negative) (19) will generally be much smaller 
than A log I.,--, we can take the first term in [lo] 
as a good approximation for the maximum p H  
change accompanying addition of salt. 

According to Bransted's principle of specific 
ion interaction (20) expressed in quantitative 
form in the Guggenheim extension of the 
Debye-Hiickel limiting law (21), in considering 
salt effects on y ~ -  we need only (up to  I of at 
least 0.1) to match the ion in the acceptor salt 
which is opposite in charge to the charged buffer 
component. Thus, with the cationic acids plus 
NMQ+C1-, any salt of the type MfC1- is a 
perfect match, to the limit of the Guggenheirn 
equation. Similarly, for the uncharged acids 
1-3-CA and 1-NA plus the acceptors K+DNB- 
and Na-DNBS- it is necessary to match only the 
cation. With systems of charge type HD +A+X- 
and HDf + M+A- a perfect match is no longer 
possible and this could account in part for our 
lack of success with all such systems. 

As the ratio of acid to conjugate base in the 
buffer increases, the increase in log [D-]/[DH] 
(eq. 9) accompanyiilg addition of salt also in- 
creases, until in a solution of the acid by itself the 
change in -log a,+ accompanying addition of 
salt to  I = 0.1 is almost zero (ref. 17 pp. 118- 
122). Hence in a solution of HD (or HDT) alone 
the model salt assumption becomes incon- 
sequential. It can be shown, however, that the p H  
change arising from addition of acceptor will 
also be smaller in such solutions. Nevertheless, 
it may be possible to extend the application of the 
potentiometric method to the other charge com- 
binations using solutions of HD or HD- alone. 
This possibility was not investigated in the 
present work. 

As a final test of the validity of the potentio- 
metric method, three complexation constants 
were independently determined by other meth- 
ods. Spectrophotometric determination of the 1- 
naphthylamine-NMQ'Cl- association constant 
( I  = 0.06-2.20) gave ~ , b  8.0 + 0.7 1 mol-l, in 
good agreement with the potentiometric value 
(8.5 i 1 . l  1 mol-). Spectrophotometric deter- 
mination of the 5-methoxyl-1-naphthylamine- 
NMQtC1- association constant ( I  = 0.06-0.20) 
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the domination of electrostatic field effects in 
this work suggests the possibility of catalysis by 
anionic acceptors in reactions of donors with 
electron-deficient transition states (e .g. ,  solvol- 
ysis or other carboniuin ion reactions of aro- 
matic donors) or catalysis by cationic donors in 
reactions of acceptors with electron-rich transi- 
tion states (e.g., n~~cleophilic substitution re- 
actions of aromatic acceptors). 

Scope o j  tlze Pote~ztior~ietr~c Metlzocl 
There are several practical limitations of the 

potentiometric method developed in the present 
study. In theory, the acid may be either a donor 
or an acceptor but the ionic acceptor or donor 
added in large excess is limited to  species having 
negligible acidity or basicity. The complexation 
collstallts K," and K," must be significantly 
different, otherwise there will be no change in 
pH. Only in very favourable cases where the two 
complexation collstants are sigliificalitly different 
and both significantly greater than zero, can a 
quantitative estimate of the effect of complex- 
ation on acidity be obtained. Finally, as dis- 
cussed above, it may be very dificult to  find an 
adequate model salt for combinations of charge 
type HD + A+ and HDT + A- 

Experimental 
Melting points were measured on a Thomas-Hoover 

apparatus and are uncorrected. Microanalyses were per- 
formed by Galbraith Laboratories, Knoxville, Tennessee. 
Nuclear magnetic resonance spectra \\ere obtained with 
a Varian A-60 spectrometer; spectra of salts were deter- 
mined in D 2 0  solvent and chemical shifts are reported 
relative to the HDO peak (6  4.80) as internal standard. 

Reager~fs 
1-Naphthylamine (Fisher, highest purity) mas purified 

by steam distillation and crystallization from 30-60 'C 
petroleum ether, mp 49.0-50.5 'C (lit. (27) mp 50 "C). 
2-Methoxy-1-naphthylamine (K and K) was purified 

by steam distillation and crystallization from 65-110 ' C  
petroleun~ ether, mp 53-54 "C (lit. (28) mp 54 'C). 
5-Methoxy-1-naphthylamine was prepared from 5- 

amino-1-naphthol (Eastman, practical) by the method 
of Teuber and Lindner (29). Repeated crystallization 
from 65-110 "C petroleum ether gave a 60th yield of 
white crystalline material. mp 79-80.5 ' C  (lit. (29) mp 
80 "C). 

I-Naphthylammonium chloride (Eastman, white label) 
was recrystallized from absolute ethanol and dried under 
vacuum. 

2-Methoxy-1-naphtl~ylammonium chloride was ob- 
tained in quantitative yield by bubbling dry hydrogen 
chloride through an ether solution of 2-methoxy-l- 
naphthylamine until precipitation ceased. Crystallization 

from absolute ethanol gave white crystalline product; 
nmr (DzO) 6 4.23 (s, 3H), 7.4-8.4 (m, 6H). 5-Methoxy- 
1-naphthylarnmonium chloride was prepared in an  
identical manner from the corresponding amine to give 
off-white crystals, nmr (D20) 6 4.21 (s, 3H), 8.2-8.6 
(m, 6H). 

Indole-3-carboxylic acid was synthesized from indole 
(Fisher, highest purity) using the procedure of Doyle 
et 01. (30). Recrystallization of the crude product from 
ethanol-water gave a 36C; yield of light tan plates, mp 
234-235 'C (dec.) (lit. (30) mp 220-224 "C). 

Potassium indole-3-carboxylate was prepared by dis- 
solving, with warming, equivalent amounts of indole- 
3-carboxylic acid and potassium carbonate in water. 
filtration, evaporation, and slow crystallization. The 
white product was isolated as a stable monohydrate, 
mp 218 'C (foaming). Allcrl. calcd. for C9H6N02K.H20:  
C49.75, H 3.71, N 6.44; found: C50.57, H3.81, N6.11. 

1-Naphthol (Fisher, highest purity) was purified by 
steam distillation followed by repeated crystallization 
from 65-110 "C petroleum ether giving fine white needles. 
mp 95-96.5 .C (lit. (31) mp 95.8-96.0 "C). 

3,4,5-Trimethoxybenzoic acid (Eastman, white label) 
was recrystallized from water, mp 171-172 "C (lit. (32) 
mp 172 'C). 

Potassium 3,4,5-trimethoxybenzoic acid was prepared 
by dropwise addition of dilute aqueous KOH to a sus- 
pension of the carboxylic acid in water until all of the 
acid had dissolved and the solution was neutral to litmus. 
The filtered solution was evaporated to dryness under 
reduced pressure and the salt recrystallized from 2-pro- 
panol to give a white crystalline product, mp 252 'C (dec.). 

Benzimidazole was prepared by the method of Wagner 
and Millett (33), mp 170.5-172.0 "C (lit. (33) mp 170- 
172 "C). Benzimidazolium chloride was prepared as 
described above for the methoxynaphthylammonium - - .  
chlorides. 

hr-Methvlauinolinium chloride (Eastman. white label) 
was puri6ed by repeated slow crystallization from 
acetonitrile to yield light green crystals, mp 128-129 "C 
(dec.) (lit. (34) mp 126 "C); nmr (DzO) 6 4.72 (s, 3H), 
7.8-8.4 (m, 5H), 9.1 (d: lH),  9.4 (d: 1H). 

Potassium 3,s-dinitrobenzoate was prepared as de- 
scribed for potassium indole-3-carboxylate. 

Sodium 2,4-dinitrobenzenesulfonate was Eastman. 
white label, used without further purification. 

Distilled water was redistilled over potassium per- 
manganate and redistilled a second time in an  apparatus 
protected from atmospheric carbon dioxide before use 
as a solvent for buffer, salt, or acceptor solutions. 

Poterziior?~etric Mensuremerzts 
A Beckman Research Model p H  meter powered 

through a constant voltage transformer and equipped 
with a Sargent model S-30072-15 combination glass- 
thallium amalgam electrode was used for all p H  measure- 
ments. R-eadings were reproducible to f 0.002 p H  units. 
The titrations were carried out as described under Results 
with the cell and buret solutions maintained to 30.00 i 
<0.05 "C by circulation of thermostatted water. The 
buret solution was injected directly into the cell and both 
solutions were kept under a nitrogen atmosphere. The 
cell solution was stirred magnetically between readings. 

Donor buffer stock solutions were freshly prepared 
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from either weighed amounts of donor acid and con- 
jugate base, or from a weighed amount of donor acid or 
donor base alone plus a measured volu~ne of standard 
aqueous KOH or HCl, by dilution to a known volume of 
solution with distilled water. Stock solutions of donor 
buffer, acceptor salt, and model salt were generally pre- 
pared a t  exactly twice the concentration desired for the 
titration. The cell solution was then prepared by mixing 
equal volumes of donor buffer and model salt solutions 
and the buret solution in a similar way from b~~ffer  and 
acceptor salt solutions. Occasionally (see Results) the 
model salt and acceptor salt stock solutions were ad- 
justed to neutrality by addition of minute amounts of 
dilute acid or base. 

The p H  meter was calibrated internally and standard- 
ized before each run using a 0.0500 M solution of U.S. 
National Bureau of Standards potassium hydrogen 
phthalate, the p H  of which is defined to 10.001 unit at 
several temperatures. A small volume (usually 15.00 ml) 
of cell solution was pipetted into the cell and the p H  
measured. Measured volumes (at increments of about 
5 ml) of buret solution were then added and the p H  
measured after each addition. After addition of 40-50 ml 
of buret solution the cell was cleaned out and the p H  of 
the pure buret so l~~ t ion  nleasured. Finally, the p H  meter 
was checked with the standard buffer to ensure that the 
calibration had been stable during the titration. 

Calculatioi~s 
Calculations were done by computer. The program uses 

solute concentrations, volume of titrant, p H  readings 
(including that of the pure buret solution, which corre- 
sponds to an infinite volume of titrant), eq. 6, and the 
relation [H+] = antilog (-pH) to calculate Kaapp for 
each point in the titration. The initial p H  reading on the 
cell solution gives K,. The program then draws a plot of 
K,/(KaaPP - K,) cs. cA-1 and calculates the least squares 
slope (m) and intercept (b)  and their standard deviations 
(sm and s,). The first point used in the least squares 
analysis corresponded to  c~ = 2.0 X 10-2 M or greater. 
KCa, Kcb, and their standard deviation (sK) were then 
calculated using the following relations: 

The estimates of Ka (thermodynamic) listed in the text 
were obtained from the initial p H  readings and stoichio- 
metric concentrations of buffer components making the 
assumption that p H  = -log a,+ and that all ion$ 
activity coefficients are given by [7] using a = 6 A. 
Making the same assumptions it can be shown that K, 
(mixed) will vary by up to 4.4y0 with the differences in 
buffer concentrations and ratios used. 

Spectrophotolnetric Associatioiz Constai~ts 
Spectrophotometric measurements utilized a Gullford 

model 200 uv-visible spectrophotometer equipped with 
a thermostatted cell compartment. For each determina- 
tion, freshly prepared stock solutions of acceptor 
(NMQ+Cl-) and donor (I-naphthylamine or 5-methoxy- 

1-naphthylamine) were used to prepare a series of five to 
nine solutions containing variable concentrations of 
acceptor and a smaller concentration of donor. At the 
same time, a second series of solutions identical to the 
first except containing no donor were prepared. Optical 
densities of the solutions were measured separately. For 
the I-naphthylamine system, c" was 8 X 10-4 M, c ,  
varied from 1.25 X to 5 X 10-1 M, and optical 
densities were measured at 10 nm intervals between 390 
and 410 nm. For the 5-methoxynaphthalene system c, 
was 2.5-9.0 x M: CA varied from 5 x 10-2 to 
3.75 x 10-1 M, and optical densities were measured at 
10 nrn intervals from 390 to 450 nm. Data were treated 
according to [I21 (10) 

where OD is the optical density at a particular CA, c ~ ,  
and wavelength, and the E'S are molar extinction co- 
efficients. The two spectrophotometric complexation 
constants in the text are averages of two and four separate 
determinations, respectively (each determination leading 
to a K for each of three or seven wavelengths) listed with 
their average deviations. 

Acknowledgments 
We wish to thank D. Kubiak, D. Krezenski 

and R. K. Boeckman, Jr. for technical assistance 
with the spectrophotometric measurements. This 
research was supported by the U.S. Department 
of Health, Education and Welfare (Grant 
GM 11967-03). 

1. A. K. COLTER, A. L. MCKENNA 111, and M. A. KASEM. 
Can. J. Chem. 52, 3748 (1974), and earlier papers in 
this series. 

2. J. N. BRONSTED. Chem. Ber. 61, 2049 (1928). 
3. D. J. G. IVES and P. G. N. MOSLEY. J. Chem. Soc. B, 

757 (1966). 
4. J. F. J. DIPPY, S. R.  C. HUGHES, and J. W. LAXTON. 

J. Chem. Soc. 2995 (1956). 
5. A. K. COLTER and M. R. J. DACK. I I I  Molecular com- 

plexes. Vol. 1. Edited by R.  Foster. Elek Science, 
London. 1973. p. 306. 

6. J. N. B R ~ N S T E D  and R.  P. BELL. J. Am. Chem. Soc. 
53. 2478 (1931). 

7. R.'P. BELL.  roc. Roy. Soc. Ser. A, 143, 377 (1934). 
8. R.  P. BELL and E. F. CALDIN. J. Chem. Soc. 382 

(1938). 
9. S. SHIFRIN. Biochemistry, 3, 829 (1964). 

10. R. FOSTER. Organic charge-transfer conlplexes. 
Academic Press, New York. 19b9. Chapt. 6. 

11. A. ALBERT and E. P. SERJEANT. Ionization constants 
of acids and bases. Methuen, London. 1962. 

12. E. J. KING. Acid-base equilibria. The MacMillan 
Company, New York. 1965. Chapt. 8. 

13. A. FISCHER, G. J. SUTHERLAND, R. G. TOPSOM, and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COLTER AND B U B E ~  2153 

J. VAUGHAN. J .  Chem. Soc. 5948 (1965). 
14. L. K .  CREAMER, A. FISCHER, B. R .  MANN, J. PACKER, 

R.  B. RICHARDS, and J. VAUGHAN. J. Org. Chem. 26, 
3148 (1961). 

15. D. A. MACINNES. J. Am. Chen~.  Soc. 48,2068 (1926). 
16. A. K. COLTER and E. GRUNWALD. J. Phys. Chem. 74, 

3637 (1970). 
17. R .  G .  BATES. Determination of pH. theory and prac- 

tice. John Wiley and Sons. Inc., New York. 1973. 
Chapt. 4. 

18. 6. N. LEWIS and M.  R ~ N D A L L .  Thermodynamics. 
2nd ed. Revised by K .  S. Pitzer and L. Brewer. 
McGraw-Hill, Inc. New York. 1961. p. 344. 

19. F. A. LONG and W. F. MCDEVII.  Chem. Rev. 51, 
119 (1952). 

20. J. N. BRONSTED. J. Am. Chem. Soc. 44> 877 (1922); 
45, 2898 (1923). 

21. E. A. GUGGENHEILI. Philos. Mag. 19, 588 (1935). 
22. F. hl. MEKGER and M.  L. BENDER. J. Ani. Chem. 

Soc. 88, 131 (1966). 

23. M. W. KAKKA and A. L. As~-~B.~cGH. J. I'hys. Chem. 
68, 811 (1963). 

23. S. CARTER, J. N.  MURRELL. and E. J. ROSCH. J. Chem. 
SOC. 2038 (1965). 

25. D. BUBEN. Ph.D. Thesis, Carnegie-Mellon University, 
Pittsburgh. Pennsylvania. 1968. 

26. R .  J. KERSTING. Ph.D. Thesis, Carnegie-Mellon 
University, Pittsburgh, Pennsylvania. 1969. 

27. K .  BECK and K. EBBIYGHAUS. Ber. 39, 3872 (1906). 
28. 1-1. SCI~ROETER. Ann. 426, 137 (1922). 
29. H. J. TEUBER and H. LINDNER. Ber. 92, 921 (1959). 
30. F. P. DOYLE, W. FERRIER, D. 0 .  HOLLAND, M. D. 

MEHTA, and J. H. C. NAYLER. J.  Chem. Soc. 2853 
(1956). 

31. 0. E. MAY, J. F. T. BERLINER, and D. F. J. LYKCEI. 
J. Am. Chern. Soc. 49, 1012 (1927). 

32. L. S c ~ n r l ~  and F. TADROS. Ber. 65,1689 (1932). 
33. E. C. WAGNER and W. H. MILLETT. Org. Synth. 19. 

12 (1939). 
33. E. O S T E R M ~ ~ E R .  Ber. 18, 591 (1885) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Theoretical study of the v, and v, Raman bands of methane 
in rare gas matrices 
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Korr KOBASHI, YOSUKE KATAOKA, and TSUNEXOBU UAMAMOTO. Can. 9. Chem. 54,2154 (1976). 
Theoretical study has been carried out on the Raman spectra of the v, and v, vibration bands of 

methane in k r ,  Kr, and Xe matrices at low temperatures. The present study is a continuation of a 
theoretical work by Wishiyama and Yamamoto on the infrared spectra of the same systems. 
We consider the symmetry of the system under the group 0,0,, introducing the inversion 
functions to generalize Wigner's rotational functions. As a result, dual assignments are given 
to each vibration-rotation state. The allowed transitions of the Raman scattering are com- 
pared with those of the infrared absorption, and it is found that a kind of 'rule of mutual 
exclusion' holds. The relative intensities and spacing of the Raman spectra are calculated 
and successfully compared with experiment. 

KOJI KOBASHI, YOSUKE KATAOKA et TSUNENOBU VAMAMOTO. Can. J. Chem. 54, 2154 (1976). 
On effectut des etudes thkoriques des bandes de vibration v, et v, des spectres Raman du 

mkthane dans des matrices de Ar, Kr et Xe a bas= temperature. Le travail actuel est une con- 
tinuation des travaw thkoriques de Nishiyama et Uamamoio sur les spectzs infrarouges de 
ces m&rnes systemes. On considere la symetrie du systeme sous 1e g r o u p  Oh0 ,  introduisant 
l'inversion des fonctions pour generaliser les fonctions rotationnelles de Wigner. I1 en resulte 
que des attributions doubles sont faites pour chaque etat de vibration-rotation. On compare 
les transitions pemises du spectre Raman avec celles de l'absorption infrarouge et on trouve 
qu'une sorte de "regle d'exclusion mutuelle" est plausible. Les intensites relatives et les dis- 
tances du spectre Waman ont i te  calcules et compares avec succes avec ceux trouves experi- 
mentaiement. 

[Traduit par le journal] 

htasduction 
A methane molecule embedded in a rare gas 

matrix is a pertinent object for a quantitative 
study of the rotational motion of a polyatornic 
molecule in the solid state. Experimental studies 
of the infrared absorption (1-3) and Waman 
scattering (4) have been carried out on such 
systems. The observed spectra provide reliable 
information on the moBecular rotation under 
the influence of the surrounding host moIecules. 
In particular. the rotational structures of the 
intramolecular vibrational bands reflect directly 
the crystalline field which the molecule feels in 
the matrix. Theoretically, Nishiyama and Yama- 
moto (N.Y.) ( 5 )  studied the pure rotational 
states and the low-lying vibration-rotation 
states of the v, and v, modes of methane in the 
crystalline field which Yasuda 46) had derived 
from the assumption of additivity of pairwise 
interatomic potentials, and successfuily 
analyze$ the observed infrared spectra in Ar, 
Kr, and Xe matrices. 

The main aim of the present article is to 
calculate the Raman spectra employing the 

same model as N.Y. and analyze the experi- 
mental spectrum in a Kr matrix which was 
observed by Cabana el al. (4). In order to 
derive the selection rule for the Raman scatter- 
ing, we have to utilize the full symmetry of the 
Hamiltonian. For this purpose we introduce a 
set of inversion functions to generalize Wigner's 
rotational functions (WWF's) (7) so that we can 
deal with improper rotations as well as proper 
rotations. Then we rewrite the Harniltonian 
and the wavefunctions of N.Y. in terms of the 
generaiiaed rotational functions (GRF's). Gon- 
sideration of the symmetry properties of the 
rotational and vibrational-rotation states ob- 
tained in this manner enables us to derive the 
allowed transitions for the Raman scattering. 
Comparing them with those of the infrared 
absorption, we find that a kind of kiutual 
exclusion' holds between the infrared and 
Raman spectra with respect to their rotational 
structures of the v ,  and v, vibration bands at 
low temperatures. 

Making use of the numerical results of the 
level schemes and the corresponding wave- 
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67 MFF and CFF, respectively. We then define 
the folllowing four kinds of the CRF's: 

4-epa)$~(w), 4 A a g t < w )  
[21 

zye;,a$~(~), x . ~ " , a g ~ ( ~ )  
where B$L(w) are the WRF's. Since 0,0, = 
(0 x ;) ( 0  x i), we multiply the symmetry- 
adapted functions (SAF's) of 00 (5, 9, 10) 
by 4Jg, 3A:,, xYg or XJdU to obtaln the 
SAF's of 0,0,. These new SAF's help us to 
derive unambiguously the allowed transitions 
both for the infrared absorption and Raman 
scattering, as will be shown below. 

FIG. 1. A methane molecule substituted in a rare gas Vibration-Rotation Stat- 
matrix. Let us assume that the center of mass of the 

functions of N.Y., we calculate the relative 
spacings and intensities of the Raman spectra of 
a CH, molecule in an Ar, Kr, or Xe matrix. The 
calculated spectra of methane in a Kr matrix 
is as a whole compatible with the observed 
band shape obtained by Cabana et al. 

Inversion Functions 
We assume that a CH, molecule is sub- 

stitutionally put in a rare gas matrix (Fig. 1). 
We can separately perform symmetry operations 
with respect to the molecule-fixed frame (MFF) 
and those with respect to the crystal-fixed frame 
(CFF). To distinguish the two kinds of opera- 
tions from each other, we use barred symbols 
for the symmetry groups and their irreducible 
representations with respect to MFF. Thus we 
will use the symbol TT/GG to represent an 
irreducible representation T r  of a direce- 
product group GG. 

The Hamiltonian of the present problem has 
the symmetry 0,0,, as will be shown in the 
next section. Therefore, in order to utilize the 
full symmetry of our Hamiltonian, we have to 
take into account improper rotations in addition 
to proper rotations. To this end we generalize 
Fox and Ozier's idea (8) in the following way. 
Let us introduce a set of inversion functions 
such that 

where Tand i denote the inversion operation of 

methane molecule under consideration is fixed 
at a site of the rare gas matrix, i.e., the methane 
molecule rotates and vibrates in the crystalline 
field. We use the same Hamiltonian as N.Y. in 
which the vibrational motion is described as a 
three-dimensional isotropic harmonic oscilla- 
tion, since the consideration is confined to the 
three-fold degenerate v, and v, vibrations only. 
The Coriolis coupling between the vibration 
and rotation is included in the Hamiltonian. 
Here we introduce the inversion functions 
4.4 into the expression for the crystalline 
field so that it reflects the full symmetry of the 
real system. Thus, we have 

where B (=7.558 K, 1 K = 1.38 x J )  is 
the rotational constant of a free CH, molecule, 
J the total angular momentum operator, (Q,, 
Q,? Q,) and (P,, 4, P,) are the normal mode 
coordinates and the conjugate momenta, 
respectively, of the v, or v, mode with frequency 
0, p = Q x P the vibrational angular momen- 
tum and { the Coriolis coupling constant the 
value of which is assumed equal to that in the 
gaseous state (0.04 for v, and 0.46 for v4 ( I  I)). 
The crystalline field is specifically expressed as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Numerical values of the 
parameters b, and 8, of the crystalline 

fields (5, 6) 

Gas 84 P6 

Ar 13.2 -16.1 
Kr 7.16 -8.29 
Xe 4.64 -4.81 

where w collectively denotes the Euler angles 
of the MFF with respect to the CFF, p, and fl, 
are dimensionless constants, the numerical 
value of which are shown in Table 1, and V,(w) 
and V,(w) are the linear combinations of WRF's 
of the fourth and the sixth order, respectively. As 
regards the details of the crystalline field, see 
refs. 5 and 6. 

Nishiyama and Yamamoto (5), assuming 00 
for the symmetry of the total Hamiltonian [3], 
elaborated the rotational and the low-lying 
vibration-rotation states in the truncated rota- 
tional space J < 10, using the WRF's as the 
basis functions. Now we construct the wave- 
functions of the rotational and vibration- 
rotation eigenstates utilizing the GRF's given 
in the preceding section, and thus make the 
assignment for each state under the group 
O,O, instead of 0 0 .  In spite of the fact that 
the real system has the symmetry TdO,, we deal 
with it under the larger group 0,0,.  The reason 
for this is as follows: the crystalline field in [4] 
has the symmetry 0,0, .  The three-fold de- 
generate v, and v, mode has been replaced by 
a three-dimensional isotropic harmonic oscilla- 
tion as in [5 ] .  Therefore, the total Hamiltonian 
[3] has the symmetry Ohoh .  One should note 
that 0,0, is more directly correlated to T 4 0 ,  
than 0 0 .  However, we have to bear in mind 
the following two points: First, the total wave- 
functions including nuclear-spin part must have 
the symmetry AIu/0, or A2,/Oh to reflect the fact 
that they must have A2/Td symmetry by the Pauli 
principle. Second, the normal coordinates of 
the molecular vibration must be assumed tu 
have the symmetry either T,,/O, or T2,/Oh, 
because each of them belongs to T2/Td .  As a 
result, we make dual assignments to each 
vibration-rotation state. Since the T,,/O, com- 
ponent of the vibration yields the electric dipole, 
it is responsible for the infrared absorption. 
The T2, /0 ,  component causes distortion in the 
polarizability and is responsible for the Raman 

TABLE 2. Correspondence of the symmetry 
representations of the pure rotational states 

under various symmetry groups 

o ; r r ; o o ) *  I O ; T ~ I O , O )  O ; T T l T d O )  

*Nish~yama and Yamamoto (5). As regards the energy 
level scheme, see Fig. 2 of ref. 5. 

scattering. Thus we will make use of either 
assignment alternatively according to the pur- 
pose. 

We summarize the results of the assignment 
in Tables 2 and 3. Table 2 shows the representa- 
tions of low-lying pure-rotational states in the 
crystalline field. The first column gives the 
assignment by N.Y. (5). The second column 
lists the corresponding new assignments under 
8,O. Here it is unnecessary to refer to ohoh, 
because the parity simply doubles each rota- 
tional state. We give the result due to T,O 
in the third column for completeness. Table 3 
shows the representation of low-lying vibra- 
tion-rotation states. First column is just what 
N.Y. reported, where the first-excited vibrational 
state is assigned as T l / O .  Second and third 
columns give the representations under OhO, 
the vibrational state being assigned as T,,/Oh 
and 7;,/O,, respectively. Finally, the last 
column gives the representations under T,O for 
illustration. 

Selection Rules and Intensities 
The intensity of the infrared absorption which 

corresponds to the transition from an initial 
state 10;riTi) to a final state I1 ;f,T,) is written 
as 

where d is a dipole moment vector, 8 ,  the 
polarization vector of the incident light along 
the a-axis (a  = X, Y ,  or Z) of CFF, pi(T) the 
statistical weight of the initial state which 
depends on the spin equilibration temperature 
Tand on the nuclear spin state. The intensity of 
the Waman scattering is analogously written as 

[g] I,, K / ( I  ; ~ , I - I I & ~ ' ~ " E ~ I O ; ~  iri) 12pi(T) 
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TABLE 3. Correspondence of the symmetry representations of the 
Cor~olis-coupled vibration-rotation states under various symmetry 

groups* 

1 i  ;rr/oo)t 11 ;rr-/oho)j 11 ;rr/oho): 11 ; r r / ~ ~ o ) j  

*The symbols, + and 0, on the left side of the first, second, and fourth columns stand 
for the allowed transitions from I O ; A , , A , / O , O )  and I O ; T , , T , ~ O ~ O ) ,  respect~vely, in the 
case of the infrared absorption, and those on the right side of the third and fourth 
columns have the same meanings for the Raman scattering. As regards the energy level 
scheme, see Fig. 3 of ref. 5. 

tNishiyama and Yamamoto (5). T , / b  is assigned to the first-excited vibrational states. 
:Present results. T,,iOh, T 2 , / O h  and T 2 ; T ,  are assigned to the vibrational states, 

respectively. 

where a is the polarizability tensor and E, and E, 
are the polarization vectors of the incident and 
scattered lights, respectively. As regards the 
initial states of the transitions relevant in the 
low temperature region, it suffices to confine 
ourselves to the lowest two levels, JO;A,,A,/ 
0,Q) and jO;i=,,T,/O,O). 

The operators &;d and ~ , - a r . & ,  are invariant 
under any symmetry operations of the group 
0,. Therefore the symmetry of the operators 
with respect to MFF should be &,/Oh.  Con- 
sequently, ~,.d h a s 3  ,TI [OhO and E;a.E, has 
xl,A,, &,E, and A,,T,/Q,Q symmetry repre- 
sentations, respectively. In the case of the infra- 
red absorption, we have to find the final states 
among those in the second column of Table 3. 
The results are also shown in the table, which 
coincide with the results already obtained by 
N.Y. (5). The symbols t and 0 indicate the final 
states of the allowed transitions from 
IO;&,A,/O,O) and 10;~l,T1/O,O), respec- 
tively. On the other hand, in the case of the 
Raman scattering, the final states should be 
found among those in the third column of Table 
3 and the results are also shown there. The last 

column of Table 3 shows the allowed transitions 
under the group TdQ. The symbols "fnd 0 on 
the left and right sides correspond to the infra- 
red and the Raman spectra respectively. The 
transitions to still higher levels are omitted, for 
simplicity. 

We may notice two features of the allowed 
transitions shown in Table 3. First, the selection 
rule considered under the group 0,0 forbids 
some transitions that are allowed under TdQ. 
We checked it by numerical calculations. Second, 
comparing the second and third columns of 
Table 3 with each other, we find that the allowed 
transitions in the Raman spectra are forbidden 
in the infrared spectra and vice versa. A kind 
of 'rule of mutual exclusion' holds between the 
infrared and the Raman spectra. The reason 
for this can be understood as follows: If a 
methane molecule is rotating freely, or if it were 
rotating in the crystalline field without the 
Coriolis interaction, the allowed transitions for 
both spectra would not necessarily be mutually 
exclusive because of the degeneracy of the vibra- 
tion-rotation levels. However, in the present 
case, the crystalline field and the Coriolis inter- 
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action collaborate to lift the degeneracies of the 
vibration-rotation states. Furthermore the 
initial states are confined to the lowest two 
levels because of the low temperatures. These 
two facts bring about the 'rule of mutual ex- 
clusion'. Thus the rotational fine structures of 
the infrared and Raman spectra of the v, (and 
v,) vibrational band are entirely different from 
each other and give complementary information 
about the vibration-rotation states. 

For intensity calculation, we rewrite the 
Cartesian components ct,, of the polarizability 
tensor which refers to CFF  by spherical com- 
ponents a,,, (12) : 

1 1 a,,, = --{or,, + a,, + a,,, 
$ 

1 1 %,0 = -{2xzz - zxx - ~ Y Y J  

P O I  f i  .- 

a,.*' = + {a,, -t irz,) 

The tensor components ii,, which refer to 
MFF are also rewritten by ii,,, in the same 
manner. These two sets of tensors are related 
through the GRF's such that ( 5 ,  7, 13) 

where the inversion functions are introduced so 
that inversion symmetry of both sides of [ l l ]  is 
consistent. Each component of the polarizability 
E,, is expanded with respect to the normal 
coordinates Q, of the v, or  v, vibration. 

The nonvanishing components of (BE,,/?Q,), 
have a common value, as shown by Loudon 
(ref. 14, p. 44 1) : 

= ( ~ E x z / ~ Q y > o  
Using [9] to [13], we can calculate the Raman 

intensities for the seven allowed transitions 
from IO;~,,A,) and 10;TlgT,) to / l ;TT)  of 
the third column of Table 3. 

Results and Discussion 
We assume that the incident light is directed 

along the Y axis of the CFF  and the scattered 
light is observed in the X direction. Since the 
system has cubic symmetry, we calculate only 
I,, and I,, given in [9] without loss of generality. 
For the unpolarized light, we should have the 
intensity, I,, such that 

If the crystal axes are randomly orientated, we 
have to take the average over all possible 
orientations of the crystal axes. The intensities, 
(I,,), (I,,) and (I,), are related to I,, and 
I,, as fol!ows (1 5,  16) : 

The relative intensities and relative spacings 
of the Raman lines of the v, and v, funda- 
mentals were numerically calculated. The cal- 
culated spectra in Ar, Kr, and Xe matrices are 
shown in Tables 4 and 5 .  In addition to the 
spectra in rare gas matrices, we also calculated 
the Raman spectra of a free CH, molecule, and 
the result is shown in Table 6. The spacings are 
measured from Q(1) in cm-'. The intensities I,, 
and Izz are normalized such that I,, of Q(1) 
has unit intensity, and (Iu) are also normalized 
in the same way. Then the relative intensities of 
R(l) lines become temperature independent. 
On the other hand, the relative intensities of 
S(0) lines, which correspond to the transitions 
from IO;A,,A, /D,o) ,  depend on the spin 
equilibration temperature. In Tables 4, 5 ,  and 
6, the intensities of S(0) with superscripts a and 
b correspond to the spin temperature 20 and 
10 K, respectively. As the spin temperature is 
lowered, the T-nuclear spin species converts 
into the A-spin species, and, therefore, the 
relative intensities of the two S(0) lines increase. 
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TABLE 6. Calculated spectra of the v ,  and v, modes of a 
free GH, moiecule* 

"3. v4. 
Intensity 

spaclng spaclng 
Line (cm-') (cm-') Izx Iz z I, 

eel) 0 .0  0 .0  1 .OO 1.33 I .OO 
R(1) 20.17 11.35 0.18 0.24 0.18 

21.43 25.85 1.48 1.98 1.48 
s(0) 31.94 36.35 5.91" 7.89" 5.91" 

12.59' 16.79' 12.59' 

'Superscripts a and b denote spin temperatures equal to 20 and 10 K respectively. 

FIG. 2. Raman spectrum of the v3 vibrational mode of 
a CH4 molecule in a Kr matrix. The intensities are 
averaged over all orientations of the crystal axes. The spin 
temperature is equal to 10 K. The curve is the experi- 
mental result by Cabana et al. (4). 

By comparing the spectra of a free molecule 
with those in rare gas matrices, we observe that 
the rotational fine structures of the Raman 
spectra are substantially influenced by the 
crystalline field. 

Figure 2 shows the intensities (I,,) of the v, 
spectrum in a Kr matrix at the spin temperature 
10 K, together with the experimental result by 
Cabana et al. (4). We set the position of Q(1) 
equal to 3018 cm-', referring to the observed 
infrared spectrum 43). The calculated result is 
compatible with the observed spectrum. The 

main peak and the shoulder of the experimental 
spectrum correspond to the two S(0)'s and 
Q(l), respectively. It is found that such lines as 
P(1) and R(0) are forbidden by the selection 
rule, contrary to the speculation given by 
Cabana et al. (4). Experiments with higher 
resolution are expected to reveal the rotational 
fine structures of the v ,  and v, Raman bands, 
their temperature dependences and the be- 
haviour for polarized light. 
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G ~ R A L D  PERRON, NICOLE DESROSIERS, and JACQUES E. DESNOYERS. Can. J.  Chem. 54, 2163 
(1976). 

The densities and heat capacities per unit volume of the symmetrical tetraall<ylammoniun~ 
bromides ( k N B r )  were measured in H 2 0 ;  D 2 0 ,  and 3 n? aqueous urea from 0.01 to 1 mol kg+ 
and from 5 t o  55 "C with a flow digital densimeter and a flow microcalorimeter. Expansibilities 
were also measured a t  25 "C for the same electrolytes in H 2 0  and urea-water mixtures with a 
dilatometer. Apparent molal volunles (4,), heat capacities (+(.), and expansibilities (&) were 
derived. The 6, of R4NCI and R,NI were also measured in H 2 0  at  25 'C. The effect of urea 
concentration was investigated a t  25 "C in the case of Bu,NBr. 

Once allowance is made for the anion, the properties of the larger R,Ni behave essentially 
as hydrophobic nonelectrolytes in water. The transfer functions from H 2 0  to D 2 0  have the 
same sign as the hydration functions and the transfer functions from H 2 0  to urea-water mix- 
tures the opposite sign. Whatever is the origin of the interactions giving rise to the peculiar 
behavior of hydrophobic R,N4 in water, these interactions are larger in D20 and smaller in the 
presence of urea. 

The excess volumes, heat capacities, and expansibilities of BbNBr  and Pen,NBr, once cor- 
rected for the long-range Debye-Hiickel interactions, all have the same sign as the hydration 
functions at infinite dilution, in contrast with excess free energies and enthalpies. This suggests 
some kind of cooperative effect as two hydrophobic solutes interact with each other without the 
formation of a hydrophobic bond. No  conclusions can be drawn from the difference in excess 
functions in the various aqueous solvents. 

G ~ R A L D  PERRON, NICOLE DESROSIERS et JACQUES E. DESNOYERS. Can. J. Chem. 54, 2163 
(1976). 

Les masses volumiques et les capacitCs calorifiques par unit6 volumique des bromures des 
tCtraalkylammoniums symCtriques (R,NBr) ont CtC mesuries dans H 2 0 ,  D 2 0  et un mClange 
3 m d'urCe dans l'eau de 0.01 B 1 mol kg-' et de 5 B 55 'C au rnoyen d'un densimktre digital et 
d'un microcalorimbtre B Ccoulement continu. Les expansibilitCs ont aussi CtC mesurCes par 
dilatomitrie a 25 "C pour les m&mes Clectrolytes dans I'eau et les mClanges eau-urCe. Les 
volumes ($,), capacitCs calorifiques (6,) et expansibilitks ($E) molaires apparentes ont Cte 
diduites. Les 4, des R,NCI et R4NI ont aussi CtC mesurCes dans H 2 0  B 25 "C. L'influence de la 
concentration d'urCe a CtC Ctudiee dans le cas du Bu,NBr. 

Une fois que nous avons tenu compte de la contribution des anions, les propriCtCs des gros 
R4Nf sont essentiellement celles des nonClectrolytes hydrophobes dans l'eau. Aussi les fonctions 

'Presented at  the International Conference on Participation CnergCtique de t'eau solvailt dans des systkmes 
biologiques, Roscoff, France, June 1975. 

'To whom correspondence should be addressed. 
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de transfert de H20 B D20 sont du meme signe que les fonctions d'hydratation et les fonctions 
de transfert de H20 aux melanges eau-urCe de signe contraire. Quelque soit l'origine des inter- 
actions causant le comportement particulier des ions hydrophobes dans H20,  ces interactions 
sont plus fortes dans D20 et moins prononcees en presence d'urke. 

Les volumes, capacites calorifiques et expansibilitCs d'exces, une fois corrigees pour les inter- 
actions coulombiennes de longue portie, aont du meme signe que les fonctions d'hydratation k 
dilution infinie, ce qui contraste avec les enthalpies et les enthalpies libres. Ceci suggere qu'il 
existe un effet cooperatif quelconque lorsqu'il y a interaction entre deux solutCs hydrophobes 
dans l'eau sans formation de liaison i~yclrophobe. Aucune conclusion ne peut &tre tirie des 
differences entre les fonctions d'excks dans les divers solvants aqueux. 

Introduction 
Hydrophobic interactions play an important 

role in the spxificity of reactions and on the 
stability of biolo~ical systems in water. Since 
hydrogen bonding and electrostatic interactions 
are also involved in biological systems, most of 
the information on hydrophobic interactions 
comes from systematic studies of model com- 
pounds. In this respect, the symmetrical tetra- 
alkylammonium halides (R4NX) have been 
widely used, since the Inore ideal solutes, such 
as the rare gases and hydrocarbons, are practi- 
cally insoluble in water. Frank and Wen (I)  were 
among the first to draw attention to the anom- 
alies of these electrolytes in water. Since then, an 
enormous quantity of data has been accun~ulated, 
and the most important data up to about 1972 
have been well reviewed by Wen (2,3) and Sarma 
and Ahluwalia (4). Essentially, it is found that the 
higher members of these homologom cations 
behave more or less like nonpolar nonelectrolytes 
In water, and as such, the properties related to  
solute-solvent interactions are significantly dif- 
ferent in water than in nonaqueous solvents. The 
origin of this effect, known as hydrophobic 
hydration, is still far from being fully understood. 
While some thermodynamic, transport, and 
spectroscopic data suggest that hydrophobic 
solutes can promote the structure of water, the 
scaled-particle theory, which does not specifically 
assume any change in the structure of water due 
to the presence of the solute, can account for the 
sign and the magnitude of many hydration 
functions of such solutes (5, 6). 

The interactions between two or more hydro- 
phobic solutes are also important. Irrespective 
of the origin of hydrophobic hydration, contact 
pairing or association. usually called hydro- 
phobic bonding, leads to a negative free energy 
change and is thus favorable (7). A well-known 
example of this is the micellization of surfactants. 
What is less understood is the origin of the inter- 

actions between two hydrophobic solutes when 
they do not form contact pairs. With some excess 
properties (activity data, excess enthalpies), this 
interaction seems to have the opposite sign as 
the hydrophobic hydration contribution, and 
this has led to the destructive cosphere overlap 
models (8, 9). However, there are some excep- 
tions to  this rule, notably with heat capacities 
(10, 11). 

Thermodynamic properties have been used 
extensively for the characterization of hydro- 
phobic hydration and interactions. While it is 
fully recognized that thermodynamics in itself 
cannot give direct information on the molecular 
nature of the interaction between the various 
species in solution, these data are essential to test 
the proposed models and theories. Of particular 
interest is the heat capacity. Even though this 
property was used as one of the first evidence for 
the existence of structural effects in water (12), 
it is not easy to interpret it unanlbiguously (13, 
14). The high heat capacity of water is usually 
attributed to some form of equilibrium between 
hydrogen-bonded species and less-bonded ones 
(1, 12); as the temperature is increased the shift 
in equilibrium acts as a heat reservoir. The high 
partial molal heat capacity of hydrophobic 
solutes is obviously related to the structure of 
liquid water, but the exact uay in which this is 
accomplished is still puzzling. Nevertheless, heat 
capacity is the property which gives the tempera- 
ture dependence of enthalpies and free energies. 
and models or theories must be able to explain 
all thermodynamic data over a wide range of 
temperatures. 

Compressibilities and expansibilities are parent 
properties, being related to the pressure and tem- 
perature dependences of volumes. They are, like 
heat capacities, related to the shift in equilibrium 
of the water species during a change in tempera- 
ture or pressure. In addition, expansibilities and 
heat capacities are required to calculate iso- 
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th-rmal compressibiiities from adiabatic ones 
(15). Expansibilities and compressibilities are 
also used to calculate heat capacities at constant 
volume from heat capacities at constant pressure 
(161, 

Recently, much data has been accumulated on 
the partial molal heat capacities of R4WX in 
water. Ahluwalia and co-workers (17-19), de 
Visser and Somsen (20, 21), Mastroianni and 
Criss (22), and Arnett and Campion (23) have 
measured the standard enthalpies of solution at 
various temperatures and derived the change in 
heat capacity of R4NX from the pure solid state 
to  infinite dilution. The standard partial molal 
heat capacities cpo can then be calculated if the 
specific heat capacities of the solid electrolytes 
are known. Burns and Verrall(24) have measured 
these for some R4NX. While this integral heat 
method gives the general trends in heat capaci- 
ties, it has some inherent limitations. The dif- 
ference in heat capacities can seldom be mea- 
sured to  better than 2% and the heat capacities 
of the solids to  1% (24). Therefore, under the 
best conditions, GO is obtained to 37,. Also this 
technique is usually limited to infinite dilution 
and gives no information on excess properties. 

Direct specific heat capacity measurements 
have been made for R4NBr by Ackermann and 
co-workers (25) and Philip and Desnoyers (26). 
The data of Ackermann were limited to rather 
high concentrations while those of Philip and 
Desnoyers were at 25 "C only. We therefore felt 
it would be useful to measure the heat capacities 
of RdNCl and R4NI over a wide range of con- 
centration and extend the data of R4NBr to high 
and low temperatures. At the same time, the den- 
sities of each of those systems were determined 
since they are required to  calculate the apparent 
molai heat capacities +c from heat capacities per 
unit volume. A comparison of the apparent molal 
volumes +v with previously published data at 
298 K (27) will serve as a check of the purity and 
concentration of the electrolytes. 

Reliable apparent molal adiabatic compres- 
sibilities +K, of some R4NX are available (28). 
On the other hand, the apparent molal expan- 
sibilities were usually obtained indirectly from 
the temperature dependence of apparent molal 
volumes (2), and we were afraid that they were 
not sufficiently reliable. They were therefore 
directly measured at 25 "C with a dilatometer and 
compared with those derived from densities. 

Transfer functions have been used extensivelv 
for the study of structural interactions since they 
eliminate the need of an inconvenient reference 
state (gas phase or intrinsic value). Also, if the 

- - 

reference solvent is well chosen. much of the 
electrostatic type of interactions can be largely 
eliminated. For this purpose, the transfer func- 
tions from H 2 0  to D 2 0  and from M20 to urea- 
water mixtures have been widely used. D 2 0  has 
about the same dipole moment as H20  (29) but 
is usually considered more structured; then, any 
charge-dipole type of interaction should be 
approximately the same in both solvents, but 
interactions related to the three-dimensional 
structure of water should be accentuated in D 2 0  
(30). The urea-water systems are also interesting 
for similar reasons. The dielectric constant of 
those mixtures does not change too much from 
that of Dure water over a certain concentration 
range (31); for example, at 3 172 urea, the di- 
electric constant is only about 8% higher than 
that of water. I t  seems that the solute-urea 
interactions are such that the transfer functions 
from water to  urea-water mixtures are usually 
in the direction of a decrease in the structural 
hydration of the solute (32, 33). 

The heat capacities of transfer of R4NBr from 
H 2 0  to D 2 0  (26) and from H 2 0  to urea-water 
mixtures (33) have previously been determined 
at 25 "C. These measurements were now ex- 
tended to cover the temperature range 5 to 
55 "C. The volumes of transfer were also 
measured in the same temperature range. The 
expansibilities of transfer from water to urea- 
water mixtures were obtained directly at 25 "C 
only. The actual technique of measuring ex- 
pansibilities (32) did not allow us to study the 
transfer from H 2 0  to D20  in view of the large 
quantity of solution required. 

Experimental Section 

Purificatiotz Techniqile alld Procedure 
The general purification procedure of most R,NX and 

urea have been given elsewhere (34, 35); Me4NBr. 
Et,NBr, and urea were from Baker Chen~icals while the 
other R,NX were from Eastman Kodak. The heavy water 
(99.85;, Stohler Isotope Chemicals) was used as such. 

All aqueous solutions were prepared by weight with 
deionized (Continental Deionized Water System) dis- 
tilled water. Concentrations are often expressed in aqua- 
rnolalities (number of moles of solute per 55.51 mol of 
solvent or mixed solvent) with D20  and mixed solvents. 
However, the apparent molal quantities are independent 
of the units in which concentrations are expressed, and we 
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have verified that, with D 2 0  and urea-water mixtures, the 
trends in the concentration dependence of the apparent 
molal quantities and of the transfer functions are qualita- 
tively the same if the concentrations are expressed in 
molalities or aquamolalities. For simplicity, molalities 
were therefore used in all cases as the concentration scale. 
These can readily be converted to aquamolalities if 
desired. 

Differences in heat capacities per unit volume (U  - uo) 
are obtained with a flow microcalorimeter (36, 37) to 
7 X 10-5 J K-1 cm-'. Densities of similar accuracy are 
required to calculate the apparent molal heat capacities, 
@c. Differences in densities (d - do), measured with a 
flow digital densimeter (38), are obtained to 3 X g 
cm-3. 

The densimeter a t  25 "C was calibrated by the method 
described by Picker et 01. (38). At other temperatures it 
was necessary to find the variation with temperature of 
the parameter K of the equation 

where T is the oscillation period of the cell containing the 
fluid. For this purpose, the oscillation period of pure 
water and dry nitrogen was measured at  various tem- 
peratures. The water sample was partially degassed 
especially for high temperature measurements (65 "C), and 
the flow rate in the instrument was approximately 0.5 cm3 
min-1. The density of water was taken as that of Kell(39). 
The cells were flushed with acetone and dry nitrogen to 
remove all adsorbed water from the walls before measur- 
ing the oscillation period of dry nitrogen a t  a flow rate 
equal to that of water. The density of nitrogen was 
calculated from the ideal gas law since the difference 
between these densities and those recommended by the 
National Bureau of Standards is less than 1 ppm at 
various temperatures. The calibration was also checked 
by evacuating the cell with a mechanical pump. The 
agreement between the two methods of calibration was 
i0.00005 X 10-7 for a value of K at 25 "C of 5.98440 X 
10-7. This value is the same as the one calculated from 
solutions of NaCl in water at  25 "C. At low ( 1  'C) 
and high (65 'C) temperatures the uncertainty of K is 
?0.0001 X 10-7. As a final test the apparent molal 
volumes of NaCl were also measured at  various tempera- 
tures and are in excellent agreement with those of the 
literature (67). 

The coefficients of thermal expansion, a ,  were measured 
with a dilatometer (32) to  1 X K-1. Under the best 
conditions (above 0.1 m), apparent molal volumes +v 
can be determined to 0.02 cm3 mol-1, heat capacities @c: 
to 0.5 J K-1 mol-1, and expansibilities @, to 0.002 cm3 
K-1 mol-1. In the case of heat capacities in D2O and 
urea-water mixtures, the precision is further limited by 
the error in the determination of the absolute specific 
heat of the solvent or mixed solvent. This increases the 
minimum uncertainty on 4, to 1 J K-1 mol-1. The 
temperature of the flow cells can be controlled to f 0.001 
K near 25 "C, but a t  high and low temperature this 
uncertainty increases to  about 0.005 K. At high tem- 
peratures, further complications occur due to the presence 
of dissolved gases. At 5 and 55 "C, the uncertainty of 4, 
is of the order of 5 J K-1 mol-1. At concentrations lower 
than 0.1 m, the uncertainties of @v, @,, and @E all increase 

since we are now limited by the precision a t  which d - do, 
u - uo, and - a. can be measured. With the present 
systems, 0.02 nz is the lower limit at  which reliable data 
can be ~ b t a i n e d . ~  

The same solutions were used for all the measurements 
as a function of temperature. In  order to verify that the 
solutions were not contaminated during the process. the 
densities at  25 "C were remeasured a t  the end. The 
differences never exceeded 8 ppm for sol~!tions in H 2 0  
and 15 ppm in D20 .  Since the solvent and solutions were 
handled in exactly the same way, any absorption of H 2 0  
which could be responsible for the 15 ppm would essen- 
tially cancel for the measurements in D 2 0 .  

In the calculation of #v, @,, and @E, absolute values of 
do, cDo and a. are required a t  various temperatures. In 
water. reliable data exist for do (39), c,,, (40), and a. (39). 
In  DzO, literature values exist for do but there are signi- 
ficant differences between the c,, of various authors at  
temperatures other than 25 "C (41). The volumetric 
specific heats and densities of D 2 0  relative to H 2 0  were 
therefore remeasured carefully in the temperature range 
5 to 65 "C, and these results will be reported elsewhere 
(42). The parameters for the urea-water mixtures were 
determined experimentally. 

In all these studies, the absolute temperatures were 
determined to 0.01 K with a Hewlett-Packard quartz 
thermometer, calibrated at  the factory. 

Results 

Apparent molal quantities can be fitted, in 
general, with an equation of the type 

being equal to the standard partial molal 
quantity yo, A y  is the Debye-Hiickel limiting 
slope and B y  an adjustable parameter depending 
on all solute-solute interactions other than those 
originating from the limiting long-range cou- 

3A systematic error in the measurement of the relative 
change Au/uo by the flow technique was found after this 
project was terminated (366). This error depends on the 
way the instrument was calibrated and probably results 
from some dissymmetry in the electronic design. Fortu- 
nately it was relatively easy to correct the results by 
multiplying Au/u,, by the factor f. When u - uo js 
negative (usual case) f = 1.020 and when u - uo is 
positive f = 0.987. I t  is also possible to correct the derived 
4, directly from the relation @,(corrected) = f#, + 
(1 - f)@,uo. All the 4, data in this paper have been 
corrected accordingly. With the larger R,NBr the 
differences between the corrected and uncorrected #, 
differ by I t o  2 J K-1 mol-1, which is comparable with the 
experimental uncertainty, but with the smaller homologs 
the difference becomes of the order of 6 J K-1 mol-1. 
This error has little effect on the transfer functions and on 
the concentration dependence of 4,. With the exception 
of Fig. 4, the figures were therefore not redrawn. Most 
data on +, obtained in our laboratory prior t o  1976 have 
been corrected in a similar fashion (36b). 
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FIG. 1. Apparent molal heat capacities and volumes of tetrapentylammonium bromide. At 25 
0 in H20, A in D20, . in 3 rn urea; at 55 "C: 0 in H20, A in D20, i] in 3 1n urea. 

rn (mol k g - ' ]  

TABLE 1. Debye-Hiickel limiting law parameters for 
1 :1 electrolytes in H,O and D 2 0  for 4, in cm3 

mol-1 and +, in J K-1 mol-1 

lombic forces. In general, with the lower mem- 
bers of the homologous series R4NX, eq. 1 can 
fit the data up to  about 1 m, but for the higher 
ones deviations occur at much lower concentra- 
tions (-0.5 m for Bu4NBr and -0.2 in for 
Pen4NBr). 

The parameters Av and Ac have been calcu- 
lated for 1:1 electrolytes in H20  at various 
temperatures (10, 43). The parameters Ac for 

D20  solutions at 25 "C have also been reported 
(26). These parameters were calculated at other 
temperatures for D 2 0  solutions and are given 
here, in Table 1, with the corresponding values 
for H20.  For urea-water mixtures, the tempera- 
ture and pressure dependences of the dielectric 
constant are not known, and Av and Ac had to 
be assumed equal to those for H20  (33). Finally, 
at 25 "C, the value of AE for 1: 1 electrolytes in 
H 2 0  is 0.017 cm3 K-I 11/2 mol-3/2 (32), and 
again this value was assumed to be the same in 
urea-water mixtures. 

The original data and derived 4v, 4c, and 4E 
of the R4NX in H20,  D20,  and urea-water 
mixtures are given el~ewhere.~ Examples of plots 
of 4, - A,(d~m)'/~ and 4c - Ac(d~m)1/2 
against m are shown in Fig. 1 for Pen4NBr in 
H20, D20,  and urea-water mixtures at some 
temperatures. Despite the low solubility of this 
salt in water, reasonably good linear plots can be 
obtained with the flow techniques. 

The parameters 4v0, Bv, dcO, and Bc of the 
R4NX in H 2 0  at 25 "C are given in Table 2. 

4Complete set of tabular data is available, at a nominal 
charge, from the Depository of Unpublished Data. 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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TABLE 2. Apparent molal volumes and heat capacities of tetraalkylammonium halides 
in water at  25 "C; parameters of eq. 1 

dV0/(cm3 lnol-1) dcO/(J K-1 mol-1) 

C1- Br- 1- Cl- A Br- A I- 

Me4Nf 107.27 114.35 125.74 107.7 -1 .4  106.3 10.9 117.2 
Et4NT 166.52 173.65 185.18 388.6 -7 .2  381.4 10.4 391 .S 
Pr,N- 232.22 239.32 250.76 795.8 -6 .8  789.0 14 .5  803.5 
Bu4N+ 293.43 300.40 311.97" 1208.7 0 . 7  1208 . 0  10 .3  1218 .? 
Pen4N- 363.40 1542.6 

B, /(cm3 mol-2 kg) B, /(J K-1 mol-1 kg) 

CI- Br- 1 - CI- Br- 1 - 

Me4NL -1.33 -0.97 0 . 2 1  -5 .0  -4.1 -18.3 
Et4N- -4.07 -3.42 7 - . 77 -- -26.5 -12.4 -23.8 
Pr,N- -8 .54  -7.83 -5.57 -53.4 -53.3 -89.1 
Bu4NT -11.33 -10.60 -7 .2  -19.3 -31.9 -120 
Pen,N- -12.20 ~ 2 4 1 . 6  

(IValue estimated from add i t~ r i t ) .  

Thc densities of the R4NX had been measured 
previously with a sinker method at 25 "C (27). 
The new data were combined with the older 
values and new parameters +$' and By were 
derived by a least-squares method. With most 
systems equivalent fits were obtained if weight 
factors were used or not in the least-squarcs 
analyses. Usually weight factors were used, but 
when it appeared obvious that the scattering of 
points from different sources were larger than the 
expected error, some points were rejected and the 
analysis made on the remaining points without a 
weight factor. The slight differences between the 

given in Table 2 and those previously 
published (27) mostly result from the different 
concentration scale used to  fit +v; molalities are 
used in the present ease while molarities were 
used previously. The only new data which seem 
somewhat in error are those of Pr4NC1 and 
Bu4NC1. The variations of +,- - A,-(d,,rn)l/' 
were systematically lower than the previous 
results but with identical slopes. Further re- 
crystallization did not improve the agreement. 
A chlorine analysis of these two salts gave a 
percentage of Cl of 99.4 and 98.5 for Pr4NCl and 
Bu4NC1. This therefore confirms that there are 
some impurities which recrystallize with the 
salts and which cause a shift in 4,- of 0.42 and 
1.21 cm3 mol-I respectively. With all the other 
electrolytes the deviations between the new +\- 

and the previous ones were in agreement within 
0.3 cm3 mol-l. An error of 0.3 cm3 mol-I in cpT 

would causc a corresponding onc of about 
1 J K-I mol-I in +c. Since the uncertainty in 
u - no could cause an uncertainty as large as 
3 J K-' mol-l, thc uncertainty in +v is negligible 
in all cases except Bu4NCI. 

The values of +c of R4NBr at 25 "C, given in 
Table 2,  are essentially those previously pub- 
lished (26) in the case of Et4NBr and Pr4NBr. 
A few extra data points at higher concentrations 
werc added to get a bctter valuc of +cO of 
Bu4NBr. Some problem arose with Me4NBr since 
the original parameter Bc seemed out of line with 
thc other halides. The measurements were 
therefore repeated and, as seen from Fig. 2, the 
concentration dependence of +, - Ac(dOnz)'/' is 
now slightly negative as cxpectcd from a com- 
parison with the other halides. On the other 
hand, the additivity of ho was not very good. 
Rcccntly, dc Visser et ul. (44) repeated the 
measurements of Me4NBr. These new data, also 
shown in Fig. 2, have essentially the same 
concentration dcpendcnce as the previous data 
but the extrapolated +cO is now additive with the 
other electrolytes. 

Thc additivity rule can also be used as a check 
of the reproducibility of the data. At 25 "C, the 
average differences between +cO of Br- and C1- 
and betwcen I- and Br- for alkali halides (37) 
are -4 and 10 J K-I mol-I. An examination of 
Table 2 shows that most of the observed differ- 
ences are thc same as those of the alkali halides 
to & 3 J K-I mol-l. The value of +,O of Bu4NC1 
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FIG. 2. Apparent molal heat capacities of Me,NBr in water a t  25 " C :  A Philip and Desnoyers (26). 
3 present results, 8 de Visser et nl. (44). 

is about 5 J K-I mol-I too low as expected from 
the discussion on +v. The best conventional CPo 
of ions, based on ~ ? ( H T )  = 0, are given else- 
where (36b). 

The parameters +$, BIT, +co, and Bc: of R4NBr 
in H20,  D20,  and 3 m urea at various tempera- 
tures are given in Table 3. A comparison of the 
present $v results at various temperatures with 
the few literature values available confirm in 
general the accuracy of the present measure- 
ments. Wen and Saito (45) measured the densi- 
ties of Bu4NBr at 15 and 35 "C and their $v 
agree with ours within 0.1 cm3 mol-l. Franks 
and Smith (46) also studied the R4NBr at 5 OC 
and agreement is observed to 0.2 cm3 mol-I for 
Me4NBr, 0.6 for Et4NBr, 0.1 for Pr4NBr, and 
0.3 for Bu4NBr. Finally the +\, we can calculate 
from the densities of Schiavo et crl. (47) are 
generally in excellent agreement with ours. 

The C # J ~  values of R4NBr in D 2 0  at 25 "C used 
in a previous study (26) to calculate $c were thc 
ones given by Conway and LalibertC (48). 
However, when we measured the analogous 4, 
at other temperatures, it was realized that there 
were discrepancies between their results and ours. 
We therefore repeated the measurements at 
25 "C and again found significant disagreement 
with their values, especially with the larger 
R4NBr. Our differences +\O(D20) - +?(H20) 
remain negative for all the R4NBr while Conway 
and Laliberti had observed positive ones for 
Et4NBr, Pr4NBr, and Bu4NBr. The disagree- 
ment between cl - do of Conway and LalibertC 
and the present measurements is well beyond 
the uncertainty of either technique. Some sys- 
terns were repeated in our laboratory ivit!: 

new samples of D 2 0  and the same results 
were obtained. What is more surprising is that at 
25 OC, +,O of NaCl in D 2 0  (37, 48) and +v of 
Pen4NBr in H 2 0  (35) obtained in both labora- 
tories are in excellent agreement. It seems 
that the difference between both sets of data 
mostly occurs when cl - do becomes negative. 
Some independent measurements in another 
laboratory would be required to  solve this 
dilemma. However, since the volumes of transfer 
from H20  to D 2 0  of bolaform electrolytes (49) 
and of unsymmetrical tetraalkylammonium hal- 
ides (50) are also negative, we feel confident that 
our +v data in D 2 0  are most probably the 
correct ones. 

The temperature dependences of aud C,O 
of R4NBr are shown in Figs. 3 and 4 ,  NaCE (51) 
rs also included for con~parison. Literature c2 
nre also given in the case of Me4NBr. The data of 
de Visser and Somseri (22) and of Mastroianni 
a:ld Criss (22) are generally zn gcod agreement 
wlth the present data but as expected from the 
less precise integral hedt method the scatter is 
larger. Data also exists in the l~terature for 
of Bu4NBr and Pen4NBr (19-23, 52). These 
vaiues (not shown) are of the snme order of 
magnitude as the present one but agnin thc 
scatter is much larger; for example the rnaxlmum 
cannot be seen. 

The standard transfer functions of the elec- 
t r o l~ t e  E from H20 (W) to D20 (9) and from 
water to 3 n: urea 43 312 U) are defined by 

and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 3. Apparent molal volumes and heat capacities of tetraalkylarnmonium halides in HzO, D20, and 3 rn urea at various temperatures 
-- -- 

H2Q D20 3 m U  H2O D2O 3 m U  

T PC) Electrolyte +voa BVr' +von Byb +voa Bvb Brd B,d +CoC BCd 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PERRON ET AI . .  

C m Q C n n b  & OOOic PI 
Nd:"?"? "1 l "0?7  ? 
- - r o t - w c  w i m ' s m  w  
I I I I I I  I l l l l  I  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2172 CAN. J. CHEM. 

FIG. 3. Standard partial molal volumes in water and 
volumes of transfer from H20 to D20  and from H20 to 
3 m urea of tetraalkylammonium bromides at various 
temperatures. 

These functions are also plotted in Figs. 3 and 4 
as a function of temperature. 

The values of - AE(~f0nz)1/2 of the h N B r  
in HzO and 3 nz W at 25 "C are plotted against 
the molality in Fig. 5.  The parameters +EO and 
BE obtained from a least-squares fit are reported 
in Table 4. 

These results are compared with the analogous 
ones derived froin the temperature derivatives of 
4,-O and of the excess parameter BT-. We have also 
added for complzteness d4v0,/dT in D20 and 
d$cO,/dT in HzO, D20, and 3 nz U, all at  25 "C. 
This value of 4E0 of Bu4NBr can be compared 
with dqbvO/dT of Wen and Saito (451, 0.24 cm3 
I<-l n ~ o l - ~ ,  which agrees with the present values 
within the experimental uncertainty. 

Most of the studies in urea-water mixtures 
were !irllitecl to 3 172 U since the transfer functiocs 
usually vary iri a smooth way as a function of U 
concentration and 3 212 was found a convenient 
co~lcentsation from the experimental point of 
view (32, 33). We felt, however, that it would be 
useful in the case of Bu4NBr to measure the 

FIG. 4. Standard partial molal heat capacities in water 
and heat capacities of transfer from H20 to D2O to 
3 rn urea of tetraalkylammonium bromides at various 
temperatures: @ present results, 0 de Visser and 
Somsen (21), X Mastroianni and Criss (22). 

FIG. 5. Apparent molal expansibilities of tetraalkyl- 
ammonium bromides at 25 "C: C in H20, A in 3 urea. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PERRON ET AL. 2173 

TABLE 4. Apparent molal expansibilities of tetraalkylamrno~liurn bromides in H20,  D20,  and 3 171 urea at 
25 ' C ;  temperature dependence of apparent molal heat capacities in H20 

- 

Electrolyte Solvent d~~~ BE" i i4vO/dTa  DBviiiTfi t3$ro,'dTc dB, ' 8 T(' 

aJn cm3 K-' mol-'. 
hIn crn3 KK' mol-' k& 
Cln J K-2 mol-I. 
an J K-' rnol-= kg. 

FIG. 6. Thermodynamic functions of transfer of 
Bu4NBr in urea-water mixtures at  25 "C. 

functions ( b y  up to 13 m U since in the case of 
NaCl (32), ( b y  seemed to be tending to the 
intrinsic values. As with NaCI, the electrolyte 
concentration was kept at 0.1 mol k g 1  of mixcd 
solvent for these measurements. These data for 
the transfer function are shown in Fig. 6. The 

corresponding standard free energies of transfer 
of Wen and Chen (53) and standard enthalpies 
and entropies of transfer of Cassel and Wen (54) 
are also included for completeness. 

Discussion 
The apparent molal quantities at infinite 

dilution, equal to the standard partial molal 
quantities YE0 of an electrolyte E, are, by 
definition, independent of any solute-solute 
interactions. They are therefore given by 

[4] Go = 

Y,(in) + C solute-solvent interactions 

where the intrinsic property YE(in) can be taken 
as the molar property of the pure 'liquid' solute 
or as the partial molal property of the solute in 
an ideal nonpolarizable solvent. The solute- 
solvent interactions can be of various types: 
charge-dipole, polarization, cavity effects, struc- 
tural changes, etc. 

The intrinsic properties can sometimes be 
estimated reaso:lably well, or else they may be 
eliminated through transfer functions. 

The apparent molal excess functions of the 
electrolyte E are given by the concentration 
dependence of the apparent inolal quantities. 

151 yEEx = ( b y  - (byo 

This function measures all solute-solute inter- 
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actions and modification of the solute-solvent 
ones. However, since we are interested in the 
interactions other than those resulting from 
long-range coulombic forces, the parameter By 
of [l]  can be examined for this purpose; the term 
B,m of [ I ]  gives a measure of all deviations from 
the limiting Debye-Hiickel law. 

Effect of Urea 
A solution of an electrolyte in an urea-water 

mixture should be treated as a ternary system. 
Consequently, following the approach of Fried- 
man and Krishnan (55) the transfer functions 
from water to urea-water mixtures should be 
given in terms of pair and triplet interaction 
parameters and molalities 117 (number of moles 
of solute per kilogram of water): 

At low n z ~ ,  where only pair interactions should 
be significant, it therefore follows that 

This identity which can be derived from the 
reciprocity theorem (56) can be shown to hold 
for urea-electrolyte-water systems (57, 58). The 
pair interaction parameter JEU is not only a 
measure of the new interactions between the pair 
of ions and urea but also includes all modifica- 
tion of the electrolyte-water and urea-water 
interactions brought about by the presence of 
the third component. The observation that 
AYEo(W - W + U) seems to be opposite in 
sign to  the hydration function of the electrolyte 
(32) suggests that the decrease in electrolyte- 
water interactions is the leading term of YE,. 

If this argument could be pushed further, we 
were hoping that at high TI?,  all structural inter- 
actions of the electrolyte would have been elimi- 
nated and AYEO(W + W + U) would tend to 
YE(in) - G o .  The transfer functions in Fig. 6 do 
in fact tend to level off at  high urea concentration 
but, contrary to NaC1, ACoBu,KBI(W 4 13 in U) 
does not seem to be tending to C,(in) - Go 
which is more of the order of - 600 than - 300 J 
K-I mol-l. Despite this failure, it is probably 
correct to expect that a large contribution to  
AYgO(W - 3 nz U) would be the reduction of the 
electrolyte-water structural interactions. 

Sf ancIarcl Heat Capacities 
The various solute-solvent interactions should 

be discussed in terms of the difference CP0 - 
C,(in). The evaluation of C,(in) presents no 
serious problem with monatomic ions. It can be 
taken as the ideal gas contribution (5R 12 per ion 
or 42 J K-I mol-l per ion pair) or the molar heat 
capacities of crystalline alkali halides which are 
all around 50 J K-I mol-I (59). Further evidence 
that this order of magnitude is correct for C,(in) 
comes from the c: of alkali halides in non- 
aqueous solvents. If we assunle that heat 
capacities are not too sensitive to coulombic-type 
interactions (charge-dipole, charge-quadrupole. 
etc.) then in solvent systems where there are no 
structural interactions <: should be approxi- 
mately equal to C,(in). For example, c,O of CsBr 
in formamide varies from 50 J K-I mol-I at 
25 "C to 32 J K-I mol-I at 55 "C (21). It there- 
fore seems probable that C,(in) of monatomic 
ions is somewhere between 20 and 25 J K-I 
mol-l . 

The evaluation of C,,(in) of polyatomic ions is 
more complicated since internal vibratioas and 
rotations also contribute to the heat capacity, 
and usually indirect methods have to be used to 
estimate C,(in). Mogul (60) has estimated the 
molar heat capacities of liquid tetraalkylger- 
manes from vapor pressure measurements and 
the values obtained at 25 "C are: 

An estimate of C,(in) can also be obtained 
from c,O of the R4NBr in nonassociated solvents, 
if we accept that is primarily measuring struc- 
tural interactions in the solution. Combining the 
differential heat capacities of de Visser and 
Sornsen (21) in dimethylforrnamide with the heat 
capacity of the solid electrolytes of Burns and 
Verrall (24), the C: of Me4NBr and Bu4NBr 
are found to be 185 and 600 J K-l mol-I at 25 "C. 
Subtracting from these values the contribution 
of Br- (21 J K-I mol-I) approximate values for 
C,(in) are obtained for Me4NT and Bu4N+ 
which are about 50 J K-I mol-I higher than those 
estimated from the germanes, which probably 
reflects some solute-solvent interaction in di- 
methylformamide. The agreement between these 
two estimates being satisfactory, it therefore 
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'cation ( A '  

FIG. 7. Dependence of heat capacities of alkali and 
tetraalkylammonium bromides 011 cationic size at  25 "C: 
C ,  8 ,  - C,(in) in H20; 3, heat capacities of 
transfer from H20 to 3 m urea; A, A heat capacities of 
transfer from H 2 0  to D20. 

seems that the molar heat capacities of the 
germanes can be taken as approximately equal 
to the C,(in) of the R4N+. 

The dependences of -2 - C,(in), AC$(W - 
D) and ACEO(W + 3 m U) of alkali and tetra- 
alkylammonium bromides on cation molecular 
weight are compared in Fig. 7. In such a plot the 
choice of the scale of ionic radii is not critical 
and we have used Waddington's scale (61) for 
alkali ions M- and that derived by Desrosiers 
and Desnoyers (62) for R4N-. 
- For all electrolytes smaller than Et4NBr, 
Cpo - C,(in) are negative and for the higher 
members of the series R4NBr they are signi- 
ficantly positive. The signs of ACEO(W 4 D) are 
the same as Cpo - C,(in) while those of ACE0- 
(W + 3 m U) are opposite. It therefore seems 
that whatever is the origin of the interactions 
leading to C,O - C,(in), these interactions are 
larger in D 2 0  and less so in urea-water mixtures. 
Even if we would correct for the structural con- 
tribution due to the anion, Br-, taken for 
example as one-half the hydration or transfer 
function of NaBr, it would attenuate the magni- 
tude of the functions for the alkali halides and 

Me4NBr, but would simply accentuate them for 
the higher R4NL. 

The signs of these functions are often taken as 
evidence for structural hydration (1, 4, 32): all 
electrolytes up to Et4NBr are considered overall 
structure breakers and the higher homologous 
hydrophobic salts structure makers. The magni- 
tude of c: - C,(in) in water compared with 
that in other solvents and the similarity in the 
size dependence of the hydration and transfer 
functions strongly suggest that the overall 
structure of water plays an important role in 
determining the sign and magnitude of these 
functions. 

The temperature dependences of c/ and of 
the transfer functions are shown in Fig. 4. The 
trends are simple with the lower R4NBr. As with 
NaC1, whatever is causing the negative contribu- 
tion to q p  is decreasing in absolute value as the 
temperature is increased. Similarly, AC0aI,4sBr- 
(W + D) and ACoA1,,,,,(W -. 3 nz U) are also 
decreasing in magnitude as the temperature is 
increased. Recently, Fortier et cil. (63) and 
Desrosiers ef cil. (32) have applied the Frank and 
Wen model ( I )  to hydration and transfer func- 
tions of alkali halides. For example, with heat 
capacities, the leading term for the solvent 
isotope effect would be 

where nh is the number of water molecules 
strongly held by the ion, n,,, is the number of 
water molecules in the structure-broken region, 
and C,lY and CPD are the molar heat capacities 
of pure H 2 0  and D20.  Since CPD is more 
positive than CpTy, ACLO(W + D) of structure 
breakers is negative. Since C,"r - Cz,D decreases 
only slightly in magnitude as a function of 
temperature, the decrease in the magnitude of 
ACoh1,,,,,(W + D) could be interpreted as a 
decrease in the overall structure-breaking effect 
of the pair of ions. The same kind of conclusioll 
can be reached from an analysis of AC0zI,4sB,- 
(W + 3 nz U). 

However, this model should not be pushed too 
far since it is known that c2 of many inorganic 
and some organic salts never reach C,(in) a t  high 
temperatures but rather reach a maximum a t  
around 80 "C (25). The value of ACOM,,NBr(W + 
D) is equal to zero at  about 55 "C; at  higher 
temperatures it might well change signs. It  would 
be important to  measure accurately C,O and 
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transfer functions of structure breakers at  high 
temperatures but this was not possible with the 
present experimental set-up. 

Very recently, Owicki et (11. (64) have applied 
their statistical model to  liquid D20 and they 
co~lcluded that the evidence that D 2 0  is rnorc 
structured than H?O is not as obvious as was 
earlier believed. This conclusioi~ does not affect 
the applicability of the Frank and Wen model. 
The implication of [8] is that a transfer function 
will be measurable for a structure-breaking 
solute if the properties of pure D 2 0  and H 2 0  arc 
different, and this is independent of the origin 
of the difference between the two solvents. 

The trends in the temperature dependence of 
the heat capacities, shown in Fig. 4, are more 
complicated with the hydrophobic R4NBr. There 
is definitely a positive qr - C,(in) ~ I I  water 
starting with Pr4NBr and this extra heat capacity 
is reflected in the transfer fuilctions (Fig. 7). 
However, q,O and the transfer functions go 
through maxima or minima near room tempera- 
ture. Such a behavior is not observed with 
hydrophobic nonelectrolytes like tert-butanol 
(42) in water where c," - C,](in) is largest at 
low temperatures. I t  is therefore probable that 
the maximurn or minimum in c2,0 and in the 
transfer functions is due to the effect of Br-. 
As seen from Fig. 4, cT: of Me4NBr and NaCl 
increase markedly with temperature in the 
temperature range investigated. As a first ap- 
proximation, an estimate of q ( B r - )  at  various 
temperatures can probably be taken as :q,"- 
(NaCl) since the temperature dependepce of c,O 
is esse~ltially constant for various alkalr halides 
(32). Correcting the data of R4NBr salts for the 
Br- in such a way, approximate values for R4N-' 
are obtained and their are plotted in Fig. 8. 
The temperature dependence of cry(R4N+) is 
now as expected; cry(Me4N4-) still increases with 
temperature, c:(Et4Nf) hardly changes, and 
those of Pr4Nt and Bu4N+ decrease in a way 
similar to tert-butanol(42). Essentially the same 
trends are observed between 15 and 55 "C if the 
Br- contribution is estimated by taking +c- 
(CsBr) derived from the data of de Visser and 
Somsen (20). It is not possible to establish at  
present if the remaining slight maximum with 
Pen4NBr is real or if it results from the experi- 
mental uncertainty in +cO a t  5 "C. However, if 
+cO does not vary much with temperature, 
#cO - C,(in) will decrease appreciably since the 

m Pen, R, 
00 Bud R1 Li$,NtMe,N+(W-D) I 

5 15  2 5 3 5 4 5 5 5 

T('CI 

FIG. 8. Temperature dependence of the standard gram 
ionic heat capacities in water and of the transfer heat 
capacities from Hz0 to D20 and from H20 to 3 1n urea of 
tetraalkylammonium ions. 

heat capacity of pure R4WBr increases signl- 
ficantly with temperature (49). 

The decrease in the transfer heat capacities of 
the hydrophobic salts, at  low temperatures, also 
seems to be due to Br-. Corresponding transfer 
heat capacities for alkali halides \?.ere not 
measured as a function of temperature. However, 
the difference between the transfer functions of 
Bu4NBr or Pen4WBr and those of Me4NBr seems 
to decrease continuously In absolute value (see 
Fig. 8) as in the case of AC0,.,,,,,,(W 4 3 r77 U) 
(42). Evidently, by subtracting the properties of 
Me4NBr we are left with a structural effect 
reflecting the difference between Bu?N+ and 
Me4N+ or Pen4N+ and Me4NL. However, the 
opposite effect due to the slight structure breaker. 
Me4NA, is probably relatively smaller in magni- 
tude than the hydrophobic effect of the larger 
R4N+. 

The values of c2 of hydrophobic R4NBr are 
not tending rapidly to C,(in) at  high temperatures 
(55 "C) nor are ACEO(W + D) and AC$(W ++ 
3 172 U) tending to zero even when allowance is 
made for the anion, Br-. It is not simple to use 
the Frank and Wen model for hydrophobic 
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0  2 0  4 0 6 0  

T I o C )  

FIG. 9. Temperature dependence of the thermody- 
namic functions of transfer of Me4NBr from H20  to D20 
and from H20  to 3 rn urea. 

solutes. I t  was relatively easy to make reasonable 
assumptions on the properties of water in the 
structure-broken region (32,63) near hydrophilic 
ions, but what are the properties of water in the 
hydrophobic co-sphere? Is it different in D20? 
Therefore, until we have a reasonable model for 
hydrophobic hydration, it will be difficult to 
interpret semi-quantitatively the transfer func- 
tion; of hydrophobic solutes. Two-state water 
models (26, 65) can account for the sign of the 
transfer function ACBO(W + D) but rapidly 
become ambiguous if the temperature depen- 
dence is considered. 

Free Energies. Entllab~les, arzcl Entro~~ies of 
Trarz~fer 

The temperature dependence of the standard 
free energies. enthalpies, and entropies of trans- 
fer can readily be calculated from the literature 
values at  25 OC and the ACg(W + D) and 
ACEO(W + 3 nz U) at various temperatures. 
These functions were calculated for Me4NBr 
(Fig. 9) and Bu4NBr (Fig. 10). All the transfer 
functions of Me4NBr decrease in magnitude as 
the temperature is increased as we would expect 
from a decrease in the structure-breaking effect. 
The situation is more complicated with Bu4NBr. 
While ACOB,,xB,(W + D) and AC0Bu4NB,(W 
3 m U) change only slightly in magnitude with 
temperature, AH0Bl,4\Br(W+D) and AHOBu,KBr- 

FIG. 10. Temperature dependence of the thermo- 
dynamic functions of transfer of Bu4NBr from H20  to 
D,O and from H20  to 3 m urea. 

(W -> 3 nz LJ) vary significantly and even change 
signs in the region 45 to 50 O C .  There are at least 
tho possible explanations for the apparent con- 
tradiction between the erithalpies and heat 
capacities of transfer. For hydrophilic ions, the 
Frank and Wen model suggests that the heat 
capacity of transfer should be a linear function 
of the difference in the molar heat capacities of 
the two solvents. It is also possible that a relation 
similar to [S] holds for hydrophobic solutes. 
Since CpD - C,'" decreases only slowly in the 
temperature range 0 to 100 "C,  it is not surprising 
that ACOBu,NB,(W+D) is relatively constant. On 
the other hand, it is quite possible that HD - 

varies significantly with temperature and 
even changes sign at  some temperature, thus 
accounting for the change in sign of 
(W - D). An alternative explanation could be 
that Bu4NBr is becoming a structure breaker at 
high temperatures (66). If this structure-breaking 
effect is increasing with temperature, then the 
sign of the heat capacities of transfer can be 
explained; the heat capacity being a measure of 
the change in the energy distribution with 
temperature, a positive c2 - C,(in) could 
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mean that an ice-like co-sphere is melting or that 
the structure-breaking effect near a hydrophobic 
co-sphere is increasing with temperature. Both 
cases would be typical of hydrophobic solutes. 
However, at very high temperatures, structural 
effects must disappear. Therefore, eventually, all 
structural hvdration contributions should tend to 
zero at high enough temperatures. Again this 
shows the need for accurate data at high temper- 
atures if we wish to  understand the nature of 
structural interaction in water. 

The absolute values of AGOB,,xB,(W +3 nz U) 
seem to be inconsistent with those of AGOBuqNBr- 
(W -+ D). The former are significantly negative 
while the latter are close to zero. Free energies of 
transfer are difficult to interpret in terms of 
structural changes. Therefore, the observed 
effects might be real or one of the transfer 
functions taken at 25 "C might be in error. It  
would therefore be useful to remeasure these free 
energies of transfer before attempting to interpret 
these trends. 

Stanclarcl Volrlmetric Properties 
With simple electrolytes like alkali halides 

there are various ways of calculating V(in) which 
all give similar values (67). Thus, for simplicity, 
we will adopt the equation of Conway et al. (68) 

where the second term is a correction for the 
free volume near the ions. The radii used with 
alkali halides are those of Waddington (61) but 
other scales would give approximately the 
same V(in). 

The evaluation of V(in) of R4N+ is more 
difficult. With such large ions, the calculation of 
the volume from ionic radii becomes very 
sensitive to the choice of the radii and of the 
equation. It  has been shown (69) that the ionic 
radii of alkali halides derived from the scaled- 
particle theory are in good agreement with 
crystallographic data. There are therefore hopes 
that the radii of R4N+ derived from this approach 
should also be reasonably reliable. Two sets of 
radii of R4N- in water have been obtained from 
this scaled-particle theory. Masterton et al. (70) 
have derived a set from a fit of salting coefficients 
and Desrosiers and Desnoyers (62) from iso- 
thermal compressibilities. 

While the radii calculated from salting co- 
efficients agree reasonably well with those 

TABLE 5. Intrinsic and partial gram ionic volumes 
(cm3 mol-1) of R4N+ and Br- at 25 "C 

Ion &(H,o) ~ ( M ~ o H ) "  ~ ( D M F ) ~  V(in)b 

aFrom ref. 74. 
OFrom scaled-particle theory using compressibility data (62) 

estimated from conductance data (68), those 
from compressibilities agree closely with those 
estimated from To (35). The values of V(in) 
calculated with the compressibility set of radii 
using the equation of Conway et 01. (68) are 
compared in Table 5 with the ionic volumes of 
R4N- in methanol and in dimethylformamide 
given by Kawaizumi and Zana (71) using the 
 neth hod of Zana and Yeager (72). 

The values of To in nonaqueous solvents are 
more negative than V(in) for the Br- and the 
lower R4Nt, as expected from some electro- 
striction of these ions. On the other hand, To N 

V(in) for the higher homologs, again as expected 
if these large ions are not very solvated in 11011- 
aqueous solvents. Therefore the values of V(in) 
of R4Nt are probably fairly close to the true 
ones. The hydration function To - V(in) of the 
alkali bromides and R4NBr is shown in Fig. 11. 
With the exception of Pen4NBr, these values for 
the R4NBr are all less than 5 cm3 mol-l which is 
the magnitude of the uncertainty on V(in). 
Therefore the best we can say is that To - V(in) 
of R4NBr is decreasing with cationic size and is 
probably negative for Pen4NBr. 

The standard volumes of transfer of R4NBr 
are also compared with those of alkali bromides 
in Fig. 1 1. As with heat capacities, A VEo(W 
3 m U)  qualitatively varies with the cationic size 
in the same way as AV$(W + D) and the signs 
are in general opposite. Allowing for the un- 
certainty in the determination of V(in), it seems 
that - AVEO(W + D) varies in a way analogous to 
V0 - V(in) and AVEO(W + 3 m U) in an op- 
posite way. As in the case of heat capacities, it 
seems that a good part of the interactions giving 
rise to  v0 - V(in) are accentuated in D 2 0  and 
attenuated in urea-water mixtures. The signs of 
V0 - V(in) and of the transfer functions are 
probably the same for MBr and R4NBr. Negative 
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FIG. 11. Dependence of volumes of alkali and tetra- 
alkylammonium bromides on cationic size a t  25 " C :  0, 
@, To - V(in) in H 2 0 ;  3, . volumes of transfer from 
H 2 0  to 3 m urea; A, A volumes of transfer from H20 
to D,O. 

AVEn(W + D) are also observed with bolaform 
electrolytes (49) and with asymmetrical R4NX 
(50). The effect therefore seems general. The 
AVEO(W - D) of alkali halides are nearly twice 
as negative as those of the three first members of 
the R4NBr series. If we correct for the presence 
of Br- assuming that large alkali metal and 
halide ions have about equal contributions to the 
transfer functions, it then appears that much of 
the transfer volumes of the R4NBr are due to  the 
anion contribution; it is therefore only with 
Pen4N+ that there seems to be some evidence for 
a solvent isotope effect above the experimental 
uncertainty on the transfer functions. Similarly, 
with A J'En(W 4 3 m U), a correction for the 
presence of Br- would make the transfer volumes 
slightly negative for Et4N+ and Pr4NL and posi- 
tive for the higher homologs. In addition, it was 
observed that A V,-B,oH(W - 3 m U) is slightly 
negative (42). Therefore, contrary to previous 
suggestions (26, 481, it seems that the sign alone 
of A VEn(W - D) and of A VEO(W + 3 m U) 
cannot give much information on hydrophobic 
hydration. 

The temperature dependence of To and of the 

FIG. 12. Dependence of expansibilities 111 water and 
expansibilities of transfer from H 2 0  to D 2 0  and from 
H 2 0  to 3 m urea of alkall and tetraalkyla~nmonium 
bromides on cationic size in water at  25 "C. 

transfer functions are silown in Fig. 3. These 
functions all vary in a fairly regular way. From 
these slopes we can derive the standard partial 
molal expansibilities En and the corrzsponding 
expansibilities of transfer, AEEO(W + ID) and 
AE$(W - 3 m U). These functions obtained 
indirectly are compared with the directly mea- 
sured ones in Fig. 12. In the case of AEEO(W - 
D) only the indirect values are available. The E0 
and AEEO(W 4 3 m U) obtained directly and 
indirectly are approximately the same. While in 
principle direct measurements should yield 
better values, in actual fact it is not possible to  
decide which set of data is the best. 

The values of E0 reflect directly the hydration 
function since V(in) can usually be taken as 
temperature independent. The posit~ve B0 of 
alkali halides tells us that the ion-solvent inter- 
actions giving rise to the negative pq - V(in) are 
decreasing with temperature. The negative value 
of AEhfXn(W + 3 m U) suggests that a good part 
of VO - V(in) is structural in origin (32). If there 
is a shift in equilibrium of a bulky phase of water 
to  a more close-packed one as the temperature is 
increased, then the model of Frank and Wen (1) 
as extended by Desrosiers et al. (32) explains a 
positive contribution to E0 of the structure- 
breaking effect. 
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With hydrophobic solutes, E3 is also positive: 
as expected L~EO,,,,~(W -> D) is also positive 
fgr the higher members and AE0R4hBr(W + 3 M? 
U) negative. It therefore seems from the large 
positive E0 of the hydrophobic solutes and the 
signs of the corresponding transfer functions 
that the structural contribution to To - V(in) 
is also negative. 

Apparent Mo2rt-1 Excess hncttoizs - - 
Any solute-solute interactions in addition to 

the long-range Debye-Hiickel ones will be 
reflected in the parameter B y  af [I]. It would of 
course be  referable to use a better theoretical 
basis to interpret the various interactions be- 
tween ions, such 2s the Friedman approsch (73). 
However, while the MNC equation has helped 
to elucidate the nature of solute-solute inter- 
actions with excess free energles and enthalpies, 
it is at present not too successful with higher free 
energy derivatives like & and E(74). 

A model (8) has becn proposed previously to 
interpret the excess functions of electrolytes in 
term., of co-sphere over!ap. With hydrophobic 
electrolvtes there are three ~ossible structural 
interac6ons: hydrophobic-hidrophobic, hydro- 
phobic-hydrophilic, and hydrophilic-hydrophil- 
ic. In general, the interactions involving hydro- 
phobic ions are larger than the hydrophilic- 
hydrophilic ones, and these latter can be neglected. 
This modei had been applied to free energies but 
it now seems that manv of the anomalies ob- 
served with activity data of aqueous electrolyte 
solutions arc not entirely structural in origin since 
they also occur in N-methyiacetamide (75). With 
excess enshalpies and volumes i t  appears that the 
hydrophobic-hydrophobic and hydrophobic-hy- 
drophilic interactions have the same sign: 
BriQ+) and Bv(-). It was concluded from 
this that the co-sphere overlap was destruc- 
tive for hydrophobic electrolytes; whatever 
happens at infinite dilution is reduced when two 
soiutes approach each other. Philip and Des- 
noyers (26) rrieasured Be of R4NBr at 25 "C and 
found thcm to be negative, which seemed to be 
co~sistent with a Le5tructive overlap model: 
c2 - C,(in> is positive at infinite dilution and 
shou!d become less positlve as the concentratioil 
increases, However, Leduc and Desnoyers (76) 
found that PP, of tatrabutylammonium octanoate 
was very positive in contrndiction with the 
destructive oberlap model. Also, ail very bydro- 

C I -  B r -  I - 
FIG. 13. Bc: parameter of tetraalkylammonium halides 

In H20 at 25 "C.  

phobic nol~electrolytes such as t-butanol(1 I )  and 
piperidine (77) have positive Be. It therefore 
seems that the hydrophobic-hydrophobic inter- 
action led to  a positive Be, in contradiction to 
the destructive overlap approach. 

On the other hand, the interaction between a 
hydrophobic solute and a hydrophilic ion seems to 
result in a negative Bc. For example ACO,.BUolr- 
(W W + MX) (78) and ACOBU,rBr(%' + W + 
MX) (791, where W stands for water and MX for 
an alkali halide, are both negative. 

The parameters Bc of [ I ]  are shown for the 
tetraalkylan~monium chlorides, bromides, and 
iodides in Fig. 13. This parameter has a value 
close to  zero for Me4NX and becomes in- 
creasingly negative when going from Et4NX to 
Pr4NX. For Bu~NX,  Bc is less negative than for 
Pr4NX and Pen4NBr (not shown) has a large 
positive Be. It therefore appears that with the 
lower meinbers of these series it is the hydro- 
phobic-hydrophilic interaction which predom- 
inates but with the higher meinbers the hydro- 
phobic-hydrophobic ones take over. The nature 
of the anion dots not seem to have a inarked 
effect on Bc as seen from Fig. 13. 

The temperature dependence of Be for &WBr 
is shown in Fig. 14. With Me4NBr, Bc is close to 
zero and varies only slightly with temperature, 
with Et4NBr it is negative but becomes less so as 
the temperature increases. With the two most 
hydrophobic electrolytes there is an inversion 
between the order of Bc at low and high tem- 
peratures. At high temperatures Be decreases in 
the order Me4NBr to Pen4NBr suggesting a 
predominance of hydrophobic-hydrophilic in- 
teractions. At low temperatures Bc goes through 
a minimum with Pr4NBr. The same kind of 
inversion of Bc with temperature was observed 
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FIG. 15. Temperature dependence of the Bv parameter 
in H20 and of the difference in D20 and H20 and in 3 nl 

urea and H20 of tetraalkyfammonium bromides. 

FIG. 14. Temperature dependence of the B, parameter 
in H20 and of the difference in H20 and in 3 m urea and 
M20 of tetraalkylamrnonium bromides. 

with ionic surfactants (80). It therefore appears 
that with hydrophobic interactions, the excess 
hcat capacities suggest a cooperative effect. 
Whatever happens at infinite dilution happens 
even more so when two hydrophobic solutes 
approach each other without associating. When 
they do associate (contact pairs) then there is a 
large decrease in heat capacity. 

The difference in Bc between H20. DzO, and 
urea-water mixtures is also shown in Fig. 14. 
Surprisingly enough these ABc are all very small 
and possibly with the exception of Pen4NBr are, 
within the experimental uncertainty, approx- 
imately equal to zero. This had also been noted 
by Philip and Desnoyers (26) for Et4NBr and 
Pr4WBr. They had seen a solvent isotope effect 
with Bu4NBr because the +c data in D20  was 
based on erroneous rpv data. With the new +v 
data, there is hardly any solvent isotope effect on 
Bc. The signs of A&(W + 3 m U) and ABc- 
(W + D) are both the same for Pen4NBr and the 
sign of ABc(W i. D) is opposite that of Bc(W). 
which seems to contradict the trends in the 
properties at infinite dilution. The possibility that 
the sign of ABc could be due to  an experimental 

error cannot be excluded since in view of the low 
solubility of Pen4NBr (0.2 mol kg-') the un- 
cerrainty on Bc at low and high temperatures 
can be relatively high. I t  therefore seems that 
even though Bc of Pen4NBr is very large, it 
hardly changes from one aqueous solvel~t to 
another. 

An explanation for the consistency of 3, can 
be offered for the urea-water mixtures. At low 
R4NBr and urea conceratrations where only pair 
interactions occur, the R4N+-R4N' interactions 
would be independent of urea. The effect of urea 
would show only when triplet interactions of the 
type E-E-U would become important. However, 
this explanation does not hold for the solvent 
isotope effect. 

Apparent Mold Excess Volume~ric Properdties 
The parameters Bv and changes ABV(W + D) 

and ABy(W -. 3 r n  U) are shown in Fig. 15. All 
BIT are negative and for the hydrophobic solutes 
they are more negative at low temperatures. This 
is consistent with the hydrophobic-hydrophobic 
and hydrophilic-hydrophilic interactions being 
both negative. These data are not inconsistent 
with a cooperative overlap model. The change in 
voltarne To - V(in) is probably slightly negative 
and becomes more negative as two solutes 
approach each other. When they associate (con- 
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tact pair) there is then a destructive overlap effect 
and a large increase in volume occurs as in 
micelle formation (80). Again it is not easy to see 
definite trends in ABv(W + D) and ABv(W 4 

3 m U). It seems, at low temperatures, that ABv 
are in the direction expected (Bv is more negative 
in D20 and less so in 3 m urea), but the trends 
are comparable to the experimental uncertainty. 

The slopes of +E - AE(dom)1/2 versus m for 
the R4NBr in Fig. 5 are also consistent with a 
cooperative overlap effect. At infinite dilution 
$ J ~ O  is positive and +E becomes more so as the 
concentration increases (BE is positive) with the 
higher members of the series. 

It therefore seems that when two hydrophobic 
solutes approach each other there is first of all 
some stabilization of the co-spheres. This could 
occur for example at a separation of one or two 
water molecules as is usually observed with 
solid clathrates. At shorter distances there is 
some collapse of the water structure: two solutes 
together will perturb the water structure less than 
two isolated solutes. Both phenomena would be 
favorable, i .e. lead to  a negative excess free 
energy. The only exception to  this rule seems to 
be excess enthalpies. While it seems that the 
hydrophobic hydration contribution to AHhO is 
negative, the experimental excess enthalpies are 
positive whether the solutes are in contact or not. 
We can offer no explanation for this at the 
present time. 
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The synthesis, Mossbauer and vibrational spectra of some 
triorganotin derivatives of phosphorus oxyacids 

T. CHIVERS AND J. H. G. VAY ROODE 
Departmet~t of Chemi~try,  Tile Uflicersity of Ccrlgarj,, Calgarj, Alta., Carlada TZN IN4  

AND 

J. N. RLDDICK AND J. R. SAMS 
Department of Clzernistrj , Trze Unicersify of Briiisl~ Columbia, Vancozrcer, B.C., Canada V61' I W j  

Received February 5, 1976 

T. CHIVERS, J. K. G. VAN ROODE, J. N. RUDDICK, and J. R .  SAMS. Can. J. Chem. 54, 2181 
(1976). 

Trimethyltin hypophosphite, Me,SnP02H2, bis(trimethy1tin) phosphite dihydrate, (Me,Sn)2- 
P0,H.2H20, and bis(triphcny1tin) phosphite, ( P ~ , S I I ) ~ P O ~ H ,  have been obtained from the 
organotin chloride and aqueous solutions of the sodium salt of the corresponding phosphorus 
oxy-acid. (Me3Sn)2P03H.2H20 can be dehydrated under vacuum at 25 'C ,  but disproportiona- 
tion occurs on heating. Tris(trimethy1tin) orthophosphate, (Me3Sn),P04, was prepared from 
trimethyltin chloride and silver phosphate in methanol and gave an adduct formulated as 
(Me3Sn)3P04.idioxane after recrystallization from 1,4-dioxane. Vibrational spectra and 
Mossbauer data for Me3SnP02H2 are consistent with a trigonal bipyramidal structure in which 
planar Me& groups are bridged symmetrically by P02H2 groups. The Mossbauer spectra of 
(Me3Sn)zP03H, (Ph3Sn)2P03H, and (Me,Sn)2P03H.2H20 suggest that the two tin atoms are in 
similar ('probably pentacoordinate) environments, implying at  least one three coordinate oxygen 
per formula unit. For (Me3Sn),P04, the vibrational spectra, Mossbauer data, and physical 
properties are consistent with a weakly associated structure in which all three tin atoms are in 
similar environments. I t  is suggested that association is achieved via the phosphoryl (P=O) 
oxygen atom, which is weakly coordinated to three tin atoms leading to a distortion of the 
tetrahedral arrangement around tin towards trigonal bipyramidal. 

T. CNIVERS, J. H.  G. VAN ROODE, J. N. RUDDICK et J. R .  SAM. Can. J. Chen~ .  54, 2184 
(1976). 

On a obtenu I'hypophosphite de trimethyletain, Me3SnP02H2, le dihydrate du phosphite du 
bis(trimCthyl6tain) (Me3Sn)2P03H.2H20 et le phosphite du bis(triphenyl6tain). (Ph3Sn)2P03H. 
en faisant riagir du chlorure d'organoetain avec des solutions aqueuses du sel de sodium de 
I'oxy-acide phosphoreux correspondant. On peut dishydrati le (Me3Sn)2P03H.2H20 sous vide 
a 25 "C mais une disproportionnation se produit par chauffage. L'orthophosphate du tris(tri- 
methyletain), (Me3Sn),P04, peut &tre prepare par reaction du chlorure de trimethylitain avec 
le phosphate d'argent dans le mithanoi; par recristallisation dans le dioxanne-1,4, on obtient 
un adduit qui posskde la formule (Me3Sn)3P04.a de dioxanne. Les spectres vibrationnels et les 
donnks  de Mossbauer pour le Me3SnP02H2 sont en accord avec une structure trigonale bipj- 
ramidale dans laquelle des groupes Me,Sn sont lies d'une facon symetrique par des groupes 
P02H2. Les spectres Mossbauer du (Me3Sn)2P03H. (Ph,Sr1)~1'0~H et (Me3Sn)2P03H.2H20 
suggerent que les deux atomes d'etain sont dans des environnements similaires (probablement 
pentacoordonnee) ce qui implique qu'au moins un atome d'oxygkne par unit6 de formule est 
tricoordonne. Pour le (Me3Sn)3P04, les spectres vibrationnels, les donnes de Mossbauer et les 
propriitis physiques sont en accord avec une structure faiblement associee dans laquelie ley 
trois atomes d'itain sont dans des environnements semblables. On suggtre que I'association se 
fait par l'intermidiaire de l'atome d'oxygkne du groupe phosphoryle (P=O), qui est coordonnee 
faiblement avec trois atome d'etain, conduisant a une distorsion de l'arrangement tetraedrique 
autour de I'ttain en faveur d'un arrangement trigonal bipyrarnidal. 

[Traduit par le journal] 

Introduction is scant. In view of the biological activity of 
Although organotin(1V) derivatives of in- organotin(1V) compounds (2) and their use as 

organic acids are widespread and a number have pesticides and fungicides (2, 3), the products of 
been structurally characterized (I), information reactions between organotin(1V) derivatives and 
concerning derivatives of phosphorus oxy-acids the anions of phosphorus oxy-acids appeared 
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CHIVERS ET AL. 2185 

TABLE 1. Analytical data for Me3Sn02PH2, (Me3Sn)2P03H.2H20, (Me3Sn)~P03H, ( P ~ ~ S I I ) ~ P O ~ H ,  (Me3Sn)3P0,. 
and (Me3Sn)3P04.gdioxane 

Analvsis (%) . . .  
Melting C 

Yield ooint 
H 

Compound (5) (IC) Calcd. Found Calcd. Found 

'This formula is deri\ed from pre1iminnl.y X-ray data (K. A.  Ice)-r 

worthy of more detailed investigation. We have 
reported earlier the synthesis, infrared and Moss- 
bauer spectra of a number of diorganotin(1V) 
derivatives of phosphorus oxyacids (4) and an 
X-ray structural investigation of (Me2Sn)3(P0& 
.8H20 (9, and we now describe the synthesis and 
structural studies of some corresponding tri- 
organotin(1V) compounds. 

The synthesis of anhydrous triorganotin(IV) 
orthophosphates (R3Sn)3P04 has been reported 
(R = Et (6), rz-Bu (7), Ph (8)) but structural 
information is lacking. ( n - B ~ 3 S n ) ~ P 0 ~  has been 
mentioned as a stabilizer for organic halogen- 
containing compounds (7). Phytotoxicity and 
fungicidal activity have been reported for 
( M ~ ~ S I I ) ~ P O ~ H  (9). In this investigation the re- 
actions of triorganotin chlorides with aqueous 
solutions of salts of the following phosphorus 
oxy-anions: P02H2-, P03H2-, H2PO4-, HP04'-, 
and P043- have been studied. Various structural 
types may be expected depending on the charge 
on the anion and we have studied the vibrational 
and Il9Sn Mossbauer spectra of Me3SnP02H2, 
(Me3Sn)2P03H.2H20, (Me3Sn)2P03H, (PH3Sn)2- 
P03H, and (Me3Sn)3P04 in an attempt to 
characterize structurally these compounds. 

Experimental 
C/zemicals 

The sources of chemicals are indicated: NaH2P02.H20, 
Na2HP03.5H20, and NaH2P04.H20 (Fisher), Naz- 
HP04.2H20 (Baker), Na3PO4.12H20 (BDH), Ag3P0, 
(Research Organic/Inorganic Chemical Corp.). Tri- 
methyltin chloride and triphenyltin chloride were gener- 
ous gifts from M and T Chemicals Inc. These were 
reagent grade chemicals used without further purification. 

Itzsfrumetltatiolz 
The following instruments were used to obtain spec- 

troscopic data: infrared spectra, Perkin Elmer 337; far 
infrared spectra, Digilab FTS 16; Mossbauer spectra, 

and J. H. G. \ a n  Roode, unpublished obserintions). 

spectrometer described previously in ref. 10a; lH nmr 
spectra. Varian A6O. Raman spectra were obtained 
using a He/Ne laser operating at 6328 A, collinear 
excitation and piewing with a Cary 81 spectrophotometer. 

Preparations 
(a) In Aqueous Sohltiorz 
Aqueous solutions (ca. 0.5 M )  of trimethyltin chloride 

were added to aqueous solutions of the sodium or 
potassium salts of the phosphorus oxy-acid in a stoichio- 
metric ratio appropriate for the quantitative formation of 
the trimethyltin(1V) derivative of the phosphorus oxyacid. 
Me3SnP02H2 and anhydrous (Me3Sn)2P03H were ob- 
tained by drying the corresponding hydrates for 72 h in 
an Aberhalden pistol at  25 "C/0.01 mm. 

In the preparation of (Ph3Sn)~P03H, a solution of 
Ph3SnC1 in benzene was slowly added to an aqueous 
solution of Na2HP03. The mixture was stirred vigorously 
for several hours. The benzene layer was separated, 
washed with water and solvent was removed to give a 
glassy residue of (Ph3Sn)2P03H. 

(6) Anlljdrorls (Me3Stz)3P04 
Trimethyltin chloride (5.98 g, 0.03 mol) and silver 

phosphate (4.19 g, 0.01 mol) were refluxed for 3 h in 
reagent grade dry methanol (100 ml). The grey precipitate 
was filtered off, and solvent was removed from the filtrate 
under vacuum to give a pale yellow solid which was 
recrystallized from carbon tetrachloride to  give tris(tri- 
methyltin) orthophosphate as white needles. Recrystal- 
lization from l,4-dioxane gave white triangular-shaped 
platelets of an adduct formulated as ( M c ~ S ~ ) ~ P O ~ . -  
dioxane on the basis of preliminary X-ray data. 

The yields, melting points and analytical data for 
trimethyltin derivatives of phosphorus oxyacids are 
shown in Table I .  

Atzalytical Data 
All compounds were identified by C and H micro- 

analysis, performed by Chemalytics Inc., Arizona, U.S.A. 
and the Environmental Science Laboratory, of the 
Department of Chemical Engineering of the University 
of Calgary. Molecular weight determinations were carried 
out by Alfred Bernhardt Microanalytical Laboratory, 
Elbach, W.  Germany. 

Tl~ermal Decompositiotl of (Me3S~z)2P03H.2H20 
(Me3Sn)2P03H.2H20 was heated under vacuum at 

140 "C for 17 h. The volatile products were identified as 
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water and tetramethyltin by their infrared spectra. The 
white solid residue had an infrared spectrum similar to 
that of Me2SnP03H. Anal. Calcd. for (Me3Sn)2P03H: 
C 17.68, H 4.69. Anal. Calcd. for Me2SnP03H: C 10.50, 
H 3.08. Found: C 11.58. H 3.45. 

Results and Discussion 
Synthesis 

The compounds Me3SnP02H2 and (Me3- 
Sn)2P03H.2H20 were obtained in high yields 
when aqueous solutions of Me3SnC1 and the 
sodium salt of the appropriate phosphorus 
oxy-acid were mixed at room temperature. In 
general, however, the reactions of trimethyltin 
chloride with aqueous solutions of sodium salts 
of phosphorus oxyacids were more complicated 
than the corresponding reactions of dimethyltin 
dichloride. For example, when aqueous solutions 
of Me3SnC1 and K2P03F were mixed and heated 
a white precipitate, identified as Me2SnP03F by 
its infrared and Mossbauer spectra (4), was 
formed. In contrast, the reaction of MesSnCl 
with K2P03F in aqueous solution without heat- 
ing gave a product whose elemental analysis was 
close to that expected for (Me3Sn)2P03F.H20. 
The infrared spectrum, however, showed a sharp 
strong band at 3650 cm-I (in addition to broad 
bands at 3400 and 3170 cm-I due to water of 
crystallization) indicating a non-hydrogen-bond- 
ed 0-H group bonded to tin (cf. Me3SnOH 
(lob)). The Mossbauer spectrum gave no indica- 
tion of more than one tin site, A = 3.88 mm s-I, 
average line-width 1.13 mm s-I, and a complex 
polymeric structure involving Me3SnOH units in 
addition to (Me3Sn)2P03F units is indicated. The 
attempted preparation of Me3SnP04H2 (from 
Me3SnCl and NaP04H2 in hot aqueous solution) 
gave (Me2Sn)3(P04)2.8H20 identified by its infra- 
red spectrum (4, 9 .1  

The disproportionation reaction was investi- 
gated in detail for (Me3Sn)2P03H.2H20. An- 
hydrous (Me3Sn)2P03H is obtained by heating 
the hydrate below 80 "C in air, or at 25 "C under 
vacuum. When the hydrate is heated at 140 OC 
under vacuum, however, both water and 
tetramethyltin were identified in the volatile 
products, suggesting that disproportionation had 
occurred. 

IIt should be emphasized that no attempt was made to 
control pH in these syntheses. The products obtained will 
undoubtedly depend on the pH, since the nature of the 
tin species formed from Me3SnC1 (or Me2SnC1,) in 
aqueous solution is pH-dependent (1 1).  

TABLE 2. Infrared and Raman spectra of Me3Sn02PH2 
and the infrared spectrum of NaH2P02.H20 (cm-I)* 

Me3Sn02PH2 

NaH2P02.H20 Assignment Infrared Raman 

vSPH2 ( A d  

~a,pHz ( 4 )  

v,,PO2 (B2) 
pH2 bend (Al) 

pH2 wagging (B2) 

~ 3 ~ ~ 2  
pH2 twist (A2) 

pH2 rocking ( B 2 )  
Sn-C rocking 
v,,Sn-C 
v,Sn-C 

PO, bend 

* v s  = very strong, s = strong, m = medium, mw = medium weak. 
w = weak. 

Although the infrared and Mossbauer spectra of 
the white residue were indistinguishable from the 
corresponding spectra of Me2SnP03H, thc 
Raman spectrum showed a band for v,,SnC3 at 
550 cm-I in addition to v,,SnC2 at 582 cm-I. 
Furthermore, the C and H analyses were slightly 
higher than expected for Me2SnP03H suggesting 
that the disproportionation reaction did not go 
to completion, and that the product contains 
some Me3Sn groups, e.g., (Me2SnP03H)s(Me3- 
Sn)2P03H. Disproportionation of Ph3SnN03 + 

Ph4Sn + Ph2Sn(N03)2 has previously been ob- 
served (12). 

Trimethyltin(1V) Hypophosphite 
Table 2 shows infrared and Raman data for 

Me3Sn02PH2 and the infrared spectrum of 
NaH2P02.H20. As for R2Sn(02PH2)2 (4), the 
eight infrared active vibrations of the H2P02 
group, assuming C2u symmetry, are observed in 
the infrared spectrum of Me3Sn02PH2. The pH2 
twisting mode is not observed in the infrared 
spectrum but is present as a weak band in the 
Raman spectrum at 927 cm-I. The preservation 
of C2" symmetry suggests a bridging or chelating 
H2P02 group with coordination to tin through 
oxygens. The frequency of A,,P02 is lowered by 
about 55 cm-I in Me3Sn02PH2, compared to 
H2P02-, althpugh there is little change in v,PO:! 
or in the pH2 stretching frequencies. The former 
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TABLE 3.  Il9Sn Mossbauer parameters of triorganotin(1V) derivatives of phosphorus oxyacids 

T 
Compound a*  t A* FI* r2 * (K) 

Me3SnO2PH2 1.30 3.65 1.07 1.07 80 
N o  effect 298 

(Me3Sn)2P03H.2H20 1.36 3.79 1.08 1.11 80 
Weak effect 298 

(Me3Sn)2P03H 1.33 3.71 1 . l l  1.06 80 
1.31 3.66 1.13 1 . l o  298 

(Ph3Sn)2P03H 1.22 3.05 0.981 80 

(Me3Sn13P04 1.29 3.23 1.22 1.26 80 
1.24 3.32 298 

(Me3Sn)3P04.gdioxane 1.25 2.97 1.06% 80 

*In mm s-'. 
tRelative to BaSnOs. 
XAverage of PI and F2. 

TABLE 4. Observed and calculated values of 
a for R3SnOzPX2 compounds (X = H, C1, 

alkyl) in three different tin environments 

R2Sn AobS* 

MezSn(0zPHz)zt 4.36 
Me2Sn(02PC12)2f: 4.66 
~ - B u z S ~ [ O P ( O ) ( C ~ H I ~ ) Z ~ ~ $  4 .OO 

Acalcd* 

R3Sn A o ~ s *  cis-R3Sn02 eq-R3Sn02 mer-R3Sn02 

suggests some charge withdrawal from P-0 
into the Sn-0 bond region. Further structural 
information is obtained from the Sn-C stretch- 
ing modes for Me3Sn02PH2. In the infrared 
spectrum only va,SnC3 and not v,SnC3 is 
observed. The symmetric stretching mode is, 
however, observed as a strong band in the 
Raman spectrum. This is strong evidence for a 
planar Me& group and thus a chelating H2P02 
group is unlikely. The structural model that is 
most consistent with the vibrational spectra is a 
linear polymer involving pentacoordinate tin 
with planar Me3Sn groups bridged by H2P02 
groups (see Fig. 1) (cf, trialkyltin phosphinates 
(13)). The far-infrared spectrum of Me3Sn02PH2 
shows only one band in the Sn-0 stretching 
region at 250cm-' consistent with a linear 
0-Sn-0 arrangement with symmetrical H2P02 

bridges. This structural assignment for MesSn- 
02PH2 is supported by the "9mSn Mossbauer 
data given in Tables 3 and 4. The observed 
values of A for Me3Sn02PH2, Me3SnO2PCI2, and 
~ - B U ~ S ~ O ~ P ( C , ~ H ~ ~ ) ~  are compared (in Table 4) 
with the calculated values for three different 
trigonal bipyramidal configurations of tin in 
these compounds on the basis of the values of A 

FIG. 1 .  Suggested structure for Me3Sn02PH2. 
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TABLE 5. Infrared and Raman spectra of (Me3Sn)2P03H.2H20, (Me3Sn)2P03H, and (Ph3Sn)2P03H. 
and the infrared spectrum of K2P03H(aq) (cm-1) 

(Me3Sn)2P03H.2H20 (Me3Sn)2P03H (Pl13Sn)2P03Ht 

K1PO3PI" Assignment Infrared Raman Infrared Raman Infrared Raman 

vO-H (water) 3500-3200 
3100 

2600w.b 
2390w,sh 

2315m,sh VP-H ( A , )  2365m 2360m 2 3 9 0 ~  
~ P ~ - - W I  16451-11 

1130vs 1131mw 1130s,b 1 1 3 0 ~  1115s 

1085vs,b %PQ3 ( E )  1052vs 1062s,b 1065s 

1027vs,v PHdef (E) 1038s,sh 1046mw 1022rn,sh 1037mw 1032mm 1027111 

979m,sh ( A d  980m,sh 987mw 984ms 987mw 990mm 990m 
Sn-C rocking 785s 770s,b 

567m &Po3 (AI)  584m 590m 565w.b 
v,,Sn-4 574m 564m,sh 
v,,Sn-C 557111 558m 550m 554m 276s 
v,Sn-C 520vw,b 525s 526s 216w 216s 

5 low 

465m,b 623PO3 (El  480w,b 48Ow,sh 442m 
440w 

'Reference 15. 
t111ternal modes of the phenyl groups have been omitted. 

for the corresponding dialkyltin(1V) derivatives 
using the empirical relationship derived by 
Bancroft and co-workers (14). Evidently the 
assignment of a planar Me3Sn group is correct 
for Me3Sn02PH2 while the intermediate value of 
A for Me3Sn02PC12 suggests that this compound 
is distorted from the ideal geometry, i.e., 
trigonal bipyramidal with equatorial-Me3Sn. For 
I Z - B U ~ S ~ O ~ P ( C ~ H ~ ~ ) ~  the mer- configuration 
seems likely on the basis of the calculated and 
observed A values. 

Bis(trbmethyltin(IV)) Phosphite and 
Bis(tripheny1tin) Phosphite 

Infrared and Raman data for (P~le3Sn)~P- 
03H.2H209 (Me3Sn)2P03H9 ( P ~ ~ S I I ) ~ P O ~ H ,  and 
K2P03H are shown in Table 5. The C3, sym- 
metry of the P03H2- group is lowered to C, or 
C1 in the triorganotin derivatives since three 
distinct bands due to PO3 stretching modes are 
observed. In the Sn-@ stretching region, v,SnC3 
is observed as a very weak band in the infrared 
spectrum and as a strong band at 525 cm-I in the 
Raman spectrum for both (Me3Sn)2P03H and 
its dihydrate, suggesting that the deviation from 
planarity of the Me3Sn groups is slight. In the 
infrared and Raman spectrum of ( M ~ ~ S I I ) ~ P O ~ H  

the band due to va,SnC3 at cn. 550cm-I is 
accompanied by a shoulder at cn. 560cm-I 
which is not observed in the infrared or Raman 
spectra of the dihydrate. The appearance of 
three Sn-C stretching frequencies could indicate 
a T-shaped arrangement of the Me3Sn groups 
(local C2& symmetry), in which case the double 
degeneracy of the asymmetric stretching mode is 
removed. I t  should be noted, however, that in the 
anion Me3SnC133-, for which a T-shaped Me3Sn 
unit is proposed on the basis of Mossbauer data, 
only one v,,SnC3 frequency was observed in the 
infrared and Raman spectra, possibly due to 
accidental degeneracy (16). Alternatively, the 
two v,,SnC3 bands in (Me3Sn)2P03H could be 
due to two Me3Sn groups in slightly different 
environments due to asymmetric bridging by 
P03H moieties. A double va,SnC3 mode is also 
observed for the adduct Me3SnOH.Me3SnNCS, 
but not for Me3SnOH.Me3SnNCO (17). 

The Mossbauer spectrum of (Me3Sn)2P03H 
(Table 3), however, shows normal line widths 
and gives no indication of significantly different 
tin environments. Furthermore, removal of water 
of crystallization from ( M ~ ~ S ~ I ) ~ P O ~ H . ~ H ~ O  has 
little effect on the Mossbauer parameters, which 
tends to suggest that the water molecules are co- 
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LJ 

FIG. 2. Suggested structure for (Me3Snj2P03H. 

Me 

FIG. 3.  Possible geometries around tin in (Me3Sn)2P03H. 

ordinated to  P03H groups via hydrogen bonding 
cf. (Me2Sn)3(P04)2.8H20 (5) and are not involved 
in the immediate coordination sphere of the tin 
atoms. It should be noted, however, that in 
Me3SnN03.H20 the water molecule is bonded 
to tin (18) and that the MGssbauer parameters of 
adducts Me3SnN03.L are remarkably similar to 
those of Me3SnN03 in which five coordinate tin 
atoms are bridged by nitrate groups (19). Also 
adducts of (Me3Sn)2X04 (X = S, Se) with water, 
DMF, methanol, or pyridine show only slight 
changes in the Mossbauer spectra compared with 
the parent compounds (20). The magnitude of 
A for ( M Q S ~ ) ~ P O ~ H  and its dihydrate leave 
little doubt that the tin atoms are in a penta- (or 
hexa-) coordinate environment, although hexa- 
coordinated triorganotin derivatives are unusual 
(17). The observed linewidths give no indication 
of more than one tin environment in contrast 
to  the formally similar compound (B~3sn )~P-  
03CH3, which shows two doublets, A = 2.63 and 
3.65 rnm s-I, corresponding to one tetrahedral 

and one trigonai bipyramidal tin atom per 
formula unit (13). In (Me3Sn)2P03H, penta- 
coordination for each tin implies at least four 
tin-oxygen coiltacts per formula unit (six for 
hexacoordination) and hence at ieast one three 
coordinate oxygen must be invoked (Fig. 2). Thc 
possible geometries around tin in (Me3Sn)2PB3'rE 
are shown iri Fig. 3. These possible structures 
cannot be distinguished in the absence of a 
determination of the asynlmetry parameter, 7, 
from the magnetic hyperfine Mossbauer spec- 
trum. 

In triphenyltin compounds, the Sn-Ph vibra- 
tions fall within the 300-200 cm-I range (21). In 
( P ~ ~ S ~ I ) ~ P O ~ H ,  v,,Sn-Ph is assigned to a strong 
band at 276 cm-I in the infrared spectrum, and 
v,Sn-Ph is attributed to a band at 216 cm-I 
which is weak in the infrared and strong in the 
Raman spectrum. There is no indication of more 
than one v,,Sn-Ph mode in ( P ~ ~ S ~ I ) ~ P O ~ H .  The 
Mossbauer spectrum of (Ph3Sn),P03H shows a 
well-resolved doublet, A = 3.05 mm s-I, indic- 
ative of similar environments for the two tin 
atoms. The value of A is significantly lower than 
that of the methyl derivative, but similar differ- 
ences in A values are observed for the methyl and 
phenyl anions (R3SnX2)- (X = C1, Br) and they 
probably result from the greater polarity of the 
tin-phenyl bond (22). Wedd and Sams measured 
quadrupole splittings for a number of adducts 
of Ph3SnCl with oxygen-donating Lewis bases 
and found values in the range 2.84-3.25 mm s-I 
(23) compared to 2.54 mm s-I for Ph3SnCl (22), 
which is tetrahedral (24). The adducts were 
therefore assigned a pentacoordinate structure 
and a similar structure for (Ph3Sn)2P03H in 
which the Ph3Sn groups are significantly non- 
planar seems likely. The relatively high melting 
point and absence of vP=O in the infrared 
spectrum is also consistent with the structure 
indicated in Fig. 2. 

Tris(trimethy1tin) Orthophosphate 
Infrared and Raman data for (Me3Sn)#04 

and (Me3Sn)3P04.$dioxane are shown in Table 6. 
For the free P043- ion (T, symmetry) there are 
four normal modes of vibration, all of which are 
Raman active whereas only v3 and v4 are infrared 
active (25). These two bands are observed at 1017 
and 567 cm-l, respectively, in P043- (26). In the 
infrared spectrum of (Me3Sn)3P04 three strong 
bands are observed in the PO4 stretching region 
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TABLE 6 Infrared and Raman data for (Me3Sn)3P0, and 
(R/le3Sn)3P04 gdioxane (cm-I)* 

(Me3Sn)3PO, (Me3Sn)3P04 id~oxane 

Infrared Ramant Infrared Raman? Assignment 

1115s 1113s vasPQ4 
1058s 1050s 
990s 987s vspo4 
780s 778s Sn-C rocking 
730sh 
6 2 t h  634m 6aspo4 
590m 6131x1 
552s 547,n 549s 550m va,Sn-C 
522m 520s 529s v,Sn-C 

516m 5 17vs v,Sn-C 
470mw kpo4 

*Internal modes of 1,4-dioxane have been omitted for clarity 
?Only recorded in Sn-C stretching regon .  

(950-1200 cm-I) and a further three bands due 
to PO4 bending modes appear at 624, 590, and 
470 cm-I, consistent with a lowering of sym- 
metry of the Po4  group from Td to C3v. vasSnC3 
and v,SnC3 are present in both the infrared and 
the Raman spectra of (Me3Sn)3P04 showing that 
the Me3Sn groups are non-planar. There is no 
band attributable to a P=O group expected for 
an unassociated structure. Since there is only one 
phosphoryl group per three tin atoms in the 
formula unit of (Me3Sn)3P04, association might 
lead to two different environments for tin, e.g., 
two tetracoordinate and one pentacoordinate tin 
atoms. The Mossbauer spectrum, however, shows 
a doublet (A = 3.23 mm s-l) with linewidths 
which suggest that all three tin atoms are in 
similar, if not identical, environments. The value 
of A for (Me3Sn)3P04 is somewhat lower 
than that for Me3Sn02PH2 for which a penta- 
coordinate structure was assigned but higher 
than expected for tin in a tetrahedral environ- 
ment. For R3SnX compounds, quadrupole 
splitting values can be calculated from the values 
of the partial quadrupole splitting parameters of 
the individual ligands, ( p q ~ ) ~  = +e2/ Q~[L], where 
IQI = the absolute value of the nuclear quad- 
rupole moment and [L] = the partial field 
gradient of the ligand L. Assuming ideal tetra- 
hedral geometry, the Z-component of the electric 
field gradient is V,, = { 2[X] - 2[R] ] e and 
hence A can be calculated from the difference 
between [XI and [R]. For alkyl groups a value of 
[RItet = - 1.37 rnm s-I was obtained (22, 27). 
The value of [P04Itet is unknown but values of 

11 /'\ 
U u 

FIG. 4. Suggested structure for (Me3Sn)3P04. 

related ligands suggest that it is likely to be less 
than the value of 0 arbitrarily assigned to Cl(22, 
27). The observed value of A for (Me3Sn)3P04 is 
thus unlikely to be due entirely to the difference 
between [XI and [R]. Clark and co-workers (27a) 
have calculated the variation of A with a change 
in the tetrahedral angle RSnX. As this angle 
approaches 90°, i.e., a planar Me3Sn group, an 
increase in A is predicted. Thus the structure 
most consistent with the Mossbauer data and 
vibrational spectra for (Me3Sn)3P04 is one in 
which three of the four phosphate oxygens are 
bonded each to one tin atom with the fourth 
oxygen weakly coordinated to three other tin 
atoms giving three pentacoordinate tin atoms per 
formula unit in which the tetrahedral environ- 
ment of tin has been distorted towards trigonal 
bipyramidal (Fig. 4). In the far-infrared spectrum 
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of (Me3Sn)3P04 only one Sn-0 stretching 
frequency is observed at 236 cm-l. This is con- 
sistent with the proposed structure, since it has 
been observed that long, and therefore weak, 
Sn-0 bonds do not give rise to an infrared band 
above 200 cm-I in methyltin nitrate (19). 
Resonant y-ray absorption at room temper- 
ature is observed for (Me3Sn)3P04, bur this 
cannot by itself be taken as strong evidence for a 
polymeric structure (28). The solubility of 
(Me3Sn)3P04 in solvents such as carbon tetra- 
chloride and benzene suggest that the structure 
is only weakly associated, and the molecular 
weight determined by osmometry in benzene was 
-4500-4900 suggesting that the average poly- 
meric species in solution consists of -8 mono- 
meric units. The 'H nmr spectrum of (Me3Sn)3P- 
O4 in methylene chloride shows a single sharp 
peak at 79.54 with JIL~,,,-~-,, = 61.6 Hz and 
Jiigs,-c-H = 64.4 Hz. In methanol solution, a 
single sharp peak is observed at 79.55 with 
J I I , ~ , - ~ - ~  = 64.0 Hz and = 65.6 HZ. 

The infrared spectrum of (Me3Sn)3P04.$diox- 
ane shows the same bands as (Me3Sn)3P04 in the 
950-1200 cm-I region. PO4 bending frequencies 
are observed at 634 and 613 cm-l, but the 470 
cm-I band is absent in the spectrum of the 
dioxane adduct. v,,SnC3 is observed at 549 cm-I 
in the infrared spectrum and at 550 cm-I in the 
Raman spectrum. v,SnC3 appears at 516 cm-l in 
the infrared spectrum. In the Raman spectrum 
two bands attributable to  v,SnC3 at 529 and 517 
cm-l are observed, suggesting that two Me3Sn 
environments are present. However, the narrow 
linewidths observed for the dioxane adduct in 
the Mossbauer spectrum are incompatible with 
two distinct tin environments. The lower value of 
the quadrupole splitting for (Me3Sn)3P04.$diox- 
ane (4 = 2.97 mm s-l) compared to (MesSn)3P- 
O4 (A = 3.23 mm s-l) indicates that the tin 
environment is closer to tetrahedral in the 
dioxane adduct. It is likely that the dioxane 
molecules are weakly coordinated to Me3Sn 
groups instead of or in addition to the postulated 
weak coordination by the P=O oxygen in 
(Me3Sn)3P04. 

Conchlsion 
Vibrational spectra and Mossbauer data for 

Me3Sn02PH2, (R3Sn)2P03H (R = Me, Ph), and 
(Me3Sn)3P04 indicate that these compounds have 
polymeric structures with five coordinate tin. 

For (R3Sn)2P03H and (Me3Sn)3P04 this neces- 
sarily invokes the presence of three and four 
coordinate oxygen, respectively. That the asso- 
ciation in these triorganotin derivatives of 
phosphorus oxyacids is weaker than in the 
corresponding dimethyltin compounds is evi- 
denced by their relatively low melting points and 
their solubility in organic solvents. 
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The influence of neutral salts on the easily polarizable hydrogen bond of 
M,O,+ groupings in acid solutions 
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DAG SCHIOBERG and GEORG ZUNDEL. Can. J. Chem. 54. 2193 (1976). 
The influence of neutral salts on the easily polarizable hydrogen bond of H502T groupings in 

aqueous acid solutions is studied, using ir spectroscopy. The absorbance of the ir continuum. 
caused by the polarizable hydrogen bond in the H5Q2+ groupings, usually decreases with 
increasing neutral salt concentration. This is explained by the polarization of the hydrogen 
bonds caused by local fields due to the neutral salt ions. The H+ becomes more or less trapped 
a t  one of the H 2 0  of the H50,+. The prominence of this effect increases with increasing cation 
field, i .e . ,  from Cs+ to Li+, and is more pronounced with bivalent than with monovalent cations. 
The opposite effect is observed with tetraethylammonium chloride. The symmetry of H5Q2T 
groups is less strongly disturbed in the presence of neutral salts with ions with very large radii. 
i .e . ,  small electrical fields, than in pure acid solutions. Considering the torsional vibration of the 
water molecules, it is finally shown that the hydrate structure network around the H50zA be- 
comes disintegrated due to the presence of neutral salts. 

I t  is known from electrochemical investigations that the activity coefficient of the excess 
proton usually increases strongly due to the addition of neutral salts to acid solutions. The 
opposite is true with the addition of tetraethylammonium salt. Furthermore, the addition of 
neutral salt decreases the excess proton conductivity. All these observations are discussed on 
the basis of the ir spectroscopic results. 

DAG SCHIOBERG et GEORG ZUNDEL. Can. J. Chem. 54, 2193 (1976). 
On Ctudie, grgce 2 la spectroscopie infrarouge, l'influence des sels neutres sur les liaisons 

hydrogkne facilement polarisables des groupe H5Q2+ dans des solutions aqueuses d'acide. 
L'absorption du continuum ir, causke par les liaisons hydrogkne polarisables dans les groupes 
H502fr  diminue generalement avec une a~~gmentation dans la concentration d'un sel neutre. 
On explique ce resultat par une polarisation des liaisons hydrogkne causee par les champs 
locaux dus aux sels d'ions neutres. Les ions H +  deviennent plus ou moins coinces par une des 
molkules d'eau du HjOL- L'importance de cet effet augmente avec une augmentation du 
champ du cation, i .e. partir de Cs- jusqu'a LiT, et est plus prononce avec les cations bi- 
qu'avec les cations monovalents. On observe I'effet inverse avec le chlorure de tetraethylarn- 
monium. La symetrie des groupes H502- est moins fortement influencee en presence de sels 
neutres d'ions de rayons trks larges, i .e. des petits effets Clectriques, que dans des solutions 
d'acides purs. Considerant la vibration torsionnelle des mol~cules d'eau, on montre finalement 
que le riseau structural de l'hydrate autour du H502+  se desintkgre en presence de sels neutres. 

I1 est connu. partir d'etudes electrochimiques, que le coefficient d'activiti du proton en 
excks augmente genkralement d'une facon importante par l'addition de sels neutres des 
solutipns acides. L'inverse est vrai pour l'addition du sel de tCtraCthylammonium. De plus. 
l'addition de sels neutres diminue la conductivit6 de l'excks de proton. On discute de toutes ces 
observations sur la base des rCsultats spectroscopiques en ir. 

[Traduit par le journal] 

Introduction 

The p H  value of aqueous acid solutions may 
shift considerably due to the addition of neutral 
salts, as has been known for a long time (1). 
Schwabe and co-workers studied such ternary 
systems (water + acid or base + neutral salt) in 
more detail (2, 3) and obtained the following 

'Present address: Fachbereich Physikalische Chemie, 
Universitat Marburg, Biegenstrape 12, I)-3550 Marburg/ 
Lahn, West Germany. 

results: The p H  value of aqueous acid solutions 
decreases in proportion to the addition of neutral 
salts, i.e., log f, increases in proportion to the 
neutral salt concentration. The activity co- 
efficient of the excess proton fIi+ may change 
more than two orders of magnitude, whereas the 
activity coefficient of the anion L<- remains 
constant. The decrease of the p H  value is all the 
more pronounced the smaller the radius of the 
neutral salt cations. In contrast to these results. 
the p H  increases on the addition of tetraethyl- 
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ammonium salt, i.e., cations with very large 
radii. 

As regards the catalytical activity of excess 
protons analogous effects are found (4, 5). 
Trautmann and Ambard (4), for instance, stud- 
ied the HT catalyzed hydrolysis of sacharose. 
They found that the catalytical activity of the 
excess protons increases on neutral salt addition. 
This effect becomes more pronounced in the 
series KC1, NaC1, LiC1. 

The effect on the specific conductivities 2, 
which is due to the addition of neutral salts to 
aqueous acid solutions, was first studied by 
Suhrmann and Wiedersich (6) and later in detail 
by KAlmAn (7-9) with the following results (for 
summary see ref. 3): XnCld + is consider- 
ably different from + ,,1,,, i.e., in ternary 
systems the specific conductivities are not addi- 
tive. In ternary systems containing acid, &? 
usually increases with salt addition, but to a 
smaller extent as one should expect when con- 
sidering %a,,d + .XSa,,. Hence the addition of 
neutral salt reduces excess proton conductivity 
(3). 

Infrared spectroscopic investigations provide 
a better understanding of the molecular proc- 
esses in acid and base solutions. The following is 
already known from extensive experimental and 
theoretical investigations (10- 15a): H502- group- 
ings are of special importance within the solvate 
structure network around the excess proton, 
since the hydrogen bond of this grouping is 
extremely easily polarizable. 

The excess proton in H502T may usually 
fluctuate between the two water molecules. 
Therefore, this grouping is to be illustrated by 
two proton boundary structures. This was first 
demonstrated by ir investigations with strongly 
acidic polyelectrolytes (ref. 10, p. 165fS) and 
later with aqueous solutions of strong acids 
(15b). Neutron diffraction studies by Williams 
and co-workers (15c) confirmed this result. With 
regard to the hydrated excess proton, these 
authors write: "The correct formulation is be- 
lieved to be (H20. HT. H20) and not H30+. H20,  
although intermediate cases may exist". 

The polarizability of the H502+ grouping is 
the reason for strong interaction effects of these 
hydrogen bonds with their environment, as, for 
instance, for induced dipole interactions of the 
hydrogen bond in H502'" groupings with ion 
fields and dipole fields of solvate molecules. 

With systems containing easily polarizable hy- 
drogen bonds continuous absorption is observed 
in the ir spectra. Hence such ir continua may 
provide information on the nature of hydrated 
excess protons. 

Results and Discussion 

Neutral Salt EfSects 
Figure 1 shows ir spectra of 5 M aqueous HCl 

solutions containing 0,2,6, and 10 M LiC1. With 
1 and 5 M aqueous HC1 solutions (see Experi- 
mental section) the absorbance of the con- 
tinuum is plotted in Fig. 2 for various neutral 
salts, dependent on neutral salt concentration. 
The following results are obtained: (I) The ab- 
sorbance of the continuum decreases in propor- 
tion to the addition of neutral salts in the cases 
of alkali and earth alkali salts (Fig. 2 a and b). 
(2) The decrease of the absorbance of the con- 
tinuum caused by the neutral salt cations is 
largely proportional to the HCl concentration. 
(3) Comparison of cations with equal valency 
shows that this decrease of the absorbance is all 
the more pronounced the smaller the radius of 
the neutral salt cations, i.e., the stronger the 
fields in their environment are. (4) Comparison 
of monovalent with bivalent cations with similar 
radii, for instance, Lif with MgZi in Fig. 2b, 
shows that the decrease of the absorbance is 
twice as large with bivalent M g 2 ~  ions as with 
monovalent Li+ ions. (5) On addition of tetra- 
ethylammonium chloride the absorbance of the 
continuum increases with increasing salt concen- 
tration (Fig. 2c), which is in contrast to  the 
observations with alkali and earth alkali salts. 
(6 )  On addition of neutral salt the band of the 
torsional vibration of the water molecules ob- 
served as a very broad band (maximum in the 
region 750-550 cm-l) shifts strongly toward 
smaller wave numbers (Fig. 1). 

With all these experiments the anions of the 
neutral salts are C1- ions, i.e., the same type of 
anions are present. We considered the influence 
of neutral salt cations, since these were also 
preferentially considered by the electrochemical 
investigations (2-9). As reported elsewhere (ref. 
10, p. 668 ,  ref. 15 d, e, f), the attachment of 
water molecules to anions causes, however, 
significant changes of bands in ir spectra. 

Hayd (16a) calculated the continuous ab- 
sorption of Hs02+ using the transition moments 
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FIG. 3. Schematic representation of addition of cations to H502+ groups. 

obtained by the SGF calculations given in ref. 14. 
With these calculations a mean distribution of 
electrical fields at the hydrogen bonds was taken 
into account. It was shown that with increasing 
mean field strength the absorbance of the con- 
tinuum decreases in the whole wave number 
range in which the continuum is observed. 

On the basis of this result the observed changes 
of the absorbance of the continuum due to 
neutral salt are easilv understandable: The 
decrease of the absorbance of the continuum 
with increasing alkali or earth alkali salt concen- 
trations (result (1)) indicates that the local 
electrical fields at the H5O2- groupings in the 
solution become stronger due to  the presence of 
neutral salt ions. The polarizable hydrogen 
bonds of the H502+ groups become polarized 
more strongly by the local fields in the solutions. 
The local fields cause a rise of the lingering time 
of the excess charge a t  one side of the H5O2- 
grouping, i .e . ,  in the position opposite to the 
cation. Thus these local fields favor the trapping 
of the excess charge. 

The question arises how the local fields are 
increaseh by the presence of the neutral salt ions. 
These ions may increase the local fields directly 
or indirectly; indirectly, since they disturb the 
hydrate structure around and, in this way, 
decrease the symmetry of the environment of 
H502+. The latter effect is probably shown by the 
shift of the torsional vibration (result (6)) which 
indicates a disintegration of the hydrate struc- 
ture network around H502+. Whether it is the 
direct or the indirect effect that causes changes of 
the local fields more strongly cannot, however, 
be decided from the presented experiments (see 
also ref. 16b). 

With the change of the absorbance of the 
continuum, cations with small radii are more 

effective (result (3)). Hence the local fields at the 
H502L groupings become stronger the smaller 
the radii of the cations. In the case of extremely 
concentrated solutions this is immediately under- 
standable, since cations with small radii can 
approach the H502+ groupings more closely 
(Fig. 3),  and hence their electrical fields at the 
H5O2- groups are stronger. In the case of less 
concentrated solutions one would at first suppose 
that the cation fields do not suficiently influence 
the H502+ grouping. However, the influence of 
cations in less concentrated solutions can be 
understood on the basis of the same considera- 
tions by which Schwabe and co-workers (17, 18) 
explain the change of the activity coefficient due 
to neutral salt. They consider the local dielectric 
constant in the neighborhood of ions and con- 
clude that with cations with smaller radii the 
fields are more easily transferred into their 
environment, since in the first hydration shell 
these cations bind the water molecules so strongly 
that local dielectric saturation occurs. Thus 
smaller cations can also polarize the grouping 
H502t more strongly in more diluted solutions. 
Hence the fact that the decrease of the absorb- 
ance in the series of the alkali salts becomes 
stronger from CsCl to LiCl (result (3)) is im- 
mediately understandable. 

The radii of Li and Mg2- are similar, but with 
regard to valency the electrical field in the 
neighborhood of the Mg2+ ions is twice as large. 
This explains result (4): MgGl2 compared to 
LiCI induces a twice as large decrease of ab- 
sorbance. With addition of tetraethylammonium 
chloride an increase of the absorbance instead of 
a decrease is observed (result (5)). Before neutral 
salt is added the hydrogen bond in the H5O2+ 
groupings is more or less strongly polarized by 
the dipole fields of H 2 0  molecules and by the 
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-7 P 1800 crn p 

FIG. 4. Absorbance of ir continua, dependent on concentration. (a)  Aqueous HCI solutions depend- 
ent on mole HCl/I (layer thickness 13.6 p ;  25 "C). (b )  Aqueous base solutions dependent on mole 
base/l (laycr thickness 10 p ;  28 "C). 

fields of the C1- ions in their environment. When 
tetraethylammonium chloride is added, tetra- 
ethylammonium ions, which have a very large 
radiu? (2.2A) and additional C1- ions (radius 
1.81 A) are present in the environment of the 
H502+ groupings. Hence, when neutral salt ions 
with very large radii are present the increase of 
the absorbance of the continuum indicates that 
the local electrical fields at the hydrogen bond in 
the H502+ become smaller. The hydrogen bond 
in the H502+ groupings becomes less strongly 
polarized. 

Recently, Roberts (16b) studied diffusion and 
activity of excess protons in similar systems by 
tracer experiments. His results, obtained by a 
completely different method, are in very good 
agreement with the results obtained by our 
spectroscopic investigations. 

Besides the polarization of the hydrogen bond 
in the H502+ groupings due to neutral salt the ir 
spectra also indicate effects of the neutral salt 
ions on the hydrate structure network. 

The shift of the torsional vibration of the 
water molecules toward smaller wave numbers 
(result (6)) demonstrates the following: The 
hydrogen bonds in the hydrate structure network 
become less strong due to  the influence of the 
neutral salt ions, i.e., the hydrate structure net- 
work becomes disintegrated. 

Dependence oj the Absorbance oj the Continuutn 
on Acid or Base Concentration 

In Fig. 4 the absorbance of the continuum 
plotted is dependent on the acid or base concen- 
tration, respectively. The following result is 
obtained: with aqueous HC1 and aqueous base 
solutions at low concentrations the absorbance 
of the continuum increases in proportion to the 
concentration. However, with increasing concen- 
tration the slope of the curves decreases. Thus 
the absorbance per polarizable hydrogen bond 
decreases with increasing concentration of H502+ 
or H3O2-  grouping^,^ respectively. 

This decrease of the absorptivity coefficient of 
the polarizable hydrogen bonds with increasing 
concentration cannot be caused by a change of 
the dissociation equilibrium, since with these 
strong acids and bases at the concentrations 
investigated by us H+ or OH- is always present in 
H5O2'' or H3O2- groupings, respectively. 

The decrease of the absorptivity coefficient 
can, however, be understood in a fashion similar 
to that of the neutral salt effects, i.e., as follows. 
With increasing concentration the local environ- 

T h e  fact that the absorbance of the continuum/ 
polarizable hydrogen bond is half as strong with H3O2- 
as compared to H50zL is in very good agreement with the 
continua calculated, using the transition moments ob- 
tained by SCF calculations ( 1 6 ~ ) .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ments of the polarizable hydrogen bonds become 
more and more asymmetrical, i.e., the local 
fields at the hydrogen bonds become stronger. 
Hence, as discussed above, the absorbance per 
hydrogen bond decreases. Thus the absorbance 
of the continuum should increase with increasing 
concentration less than in proportion to  the con- 
centration, which is in agreement with our 
observations. 

Finally, the following result is obtained from 
Fig. 4b. The slope of the curves, i.e., the ab- 
sorbance of the continuum, decreases with the 
base solutions in the series KOH, NaOH, 
LiOH. Hence the absorptivity of the easily 
polarizable hydrogen bonds decreases with de- 
creasing radius of the cations of the base. This 
becomes immediately understandable. The ex- 
planation is the same as in the case of the neutral 
salt effects. 

Comparison with Electrochemical Results 

We mentioned in the Introduction that the p H  
decreases strongly due to  addition of alkali and 
earth alkali salts, i.e., log fH- increases. In con- 
trast to  this result the p H  increases with addition 
of tetraethylammonium salts, i.e., log fII- de- 
creases. 

Schwabe ( 2 ,  3), who reported on all these 
results, states the following (18): the concentra- 
tion of hydrated ions relative to  water available 
for hydration increases, since water is used for 
the hydration of the neutral salt. This may 
explain the increase of fl but not the different 
behavior of f- and f-, since the increase in 
concentration becomes perceptible to  both ions. 

Schwabe and co-workers (17, 18), moreover, 
showed that the increase of fH+ in the case of 
alkali and earth alkali salts is mainly due to the 
interaction of the excess proton with the alkali 
and earth alakli cations. The smaller the local 
dielectric constant in the neighborhood of these 
cations due to local dielectric saturation, the 
stronger the interaction effects of these cations 
with the excess protons. 

These excess protons are, however, present in 
the easily polarizable hydrogen bond of the 
H502+ groupings. Hence, on account of the large 
polarizability, very strong ion induced dipole 
interaction of these hydrogen bonds occurs due 
to the local fields of their environment (15a). 

Hence the ir results suggest that the stronger 
polarization of the hydrogen bond in the H502+ 

groupings due to the alkali and earth alkali salts 
is of importance to the increase of log fH+. With 
stronger polarization of the H502+ the positive 
charge becomes localized to a larger degree at 
one side of the H 5 0 y .  The entropy decreases. 
The OH groups of the water molecule at which 
the positive charge is present become stronger 
hydrogen bond donors and more acidic than the 
OH groups in a largely symmetrical H5O2& with 
fluctuating proton. This may explain the increase 
of the activity coefficient fH+ due to neutral salts. 
The opposite is true with the tetraethylam- 
monium ions, since the H5OlT groupings become 
less strongly polarized due to the presence of 
tetraethylammonium and additional chloride 
ions. This decrease of the localization of the 
excess proton and the change of the hydrogen 
bond donor property of the OH groups of the 
water molecules of the H 5 0 1  connected with it 
may (together with the screening of the excess 
proton by additional C1- ions (18)) be respon- 
sible for the p H  increase due to tetraethyl- 
ammonium chloride. 

As regards conductivity, + salt) is smaller 
than + %s,,t Hence the addition of neutral 
salt reduces the excess proton conductivity 
(3,6-9). This is not only true in the case of alkali 
and earth alkali salts, but especially with tetra- 
ethylammonium salts. 

This conductivity decrease may have the 
following reasons. The hydrate structure network 
around the excess proton becomes disintegrated 
due to  neutral salt addition (result (6)). In such a 
disintegrated network Grotthus conductivity 
cannot proceed as easily, since the structure 
diffusion is more or less disturbed. 

Besides this reason for the excess proton con- 
ductivity decrease due to neutral salt, in the case 
of alkali and earth alkali salts, the polarization 
of the hydrogen bonds in the H502+ groupings 
may also decrease the excess proton conductivity. 
The field sensitive mechanism of the Grotthus 
conductivity is the polarization of the hydrogen 
bond in H502+ due to the external electrical field. 
This polarization gives the structure diffusion of 
the H502+ a preferred direction, and this is 
observed as anomalous excess proton conduc- 
tivity (see refs. 11, 12, 15a). The polarizability of 
a hydrogen bond decreases with increasing 
polarization of the hydrogen bond (13, 14). 
Thus, if the hydrogen bond of the H502- 
groupings is already more or less polarized due 
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to the local electrical fields in the solution. the 
external field can no longer polarize the hydro- 
gen bond and induce a preferred direction of the 
H 5 0 1  structure diffusion. This effect may also 
be of importance for the decrease of excess 
proton conductivity due to  neutral salt. 

Experimental Procedure 
For the described investigations cells \qith Ge and Si 

windows, respectively, here used. Because of the high 
reflectivity of these windows considerable interference 
superposes the spectrum when the nindo\\s are arranged 
parallel. Therefore wedge-shaped layers were used (19). 
The mean layer thickness was calculated from the ab- 
sorbance of the benzene bands at  1950 and 18 15 cm-1. 
The dependence of the absorbance of these bands on the 
layer thickness was determined uith the help of a cell with 
varying layer thicknesses. The reproducibility of the mean 
layer thickness of the cell with  edge-shaped windows 
was 50.1  p. 

The absorbance taken from the spectra (e.g.. Fig. 1) 
had to be corrected, taking into account the following 
points of view: 

( I )  In  the case of a wedge-shaped layer Lambert- 
Beer's law is no longer valid. The necessary corrections 
dependent on the absorbance were determined by study- 
ing mixtures of paraffin oil and CC1,. The absorbance of 
these substances is almost completely independent of their 
interaction. 

(2) Figure 4 shows the continuous absorbance at  some 
representative wave numbers, dependent on the acid or 
base concentration, respectively. Acid or base solutions 
do, of course, contain less water molecules than pure 
water. Thus with these solutions less \vater molecules are 
in the beam a t  equal layer thicknesses. When taking this 
into account, the absorbance change due to the presence 
of H' or O H  can be calculated from the spectra as 
follows : 

where A, is absorbance of the continuum; A,,,,, ab- 
sorbance of the background of the HC1 solutions: 
A,,,, absorbance of the background in the spectrum of 
pure water; and M,,,, mole water per litre of solution. 

(3) Figure 2 shoms the continuous absorbance spectra 
of aqueous HC1 solutions containing neutral salts. Due to 
the addition of neutral salt the number of acid n~olecules 
per volume is changed. For a correct evaluation of salt 
effects on the absorbance of the acid, the absorbance 
taken from the spectra of aqueous HC1 solutions con- 
taining neutral salt (e.g., taken from Fig. 1 )  has to be 
corrected by referring to the same mole number of acid 
molecules. Thus the absorbance of the continuum A, is 
obtained as follows: 

where A, is absorbance of the continuum; A,,,,,,, ab- 
sorbance of the background of the HC1 solutions with 
neutral salt; A,,,, absorbance of the background in the 
spectrum of pure water; iM1, mole HCI per litre of the 

aqueous HC1 solution; M2, mole HCl per litre of the 
aqueous HC1 neutral salt solution; and ME,,, mole 
water per litre of the aqueous HC1- neutral salt solution. 
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Reaction of organic compounds under high temperature - dilute 
acid (HTDA) conditions. If. The hydration-exchange 

of norbornadiene and bemonorboanadiene in aqueous acetic acid 
at 250 "6' 
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NICK HENRY WERSTIUK and TONU KADAI. Can. J. Chem. 54, 2201 (1976). 
The hydration of norbornadiene (I) under the HTDA conditions of aqueous acetic acid at 

250 "C gives via norbornanediols and norbornenols as intermediates, the sink-product alde- 
hydes 3, 4 ,  5,  and norcamphor (6) .  When the reaction is carried out in deuterated medium on 
the average, 2.5 atoms of deuterium are incorporated into each of the products. Hydration of 
benzonorbornadiene (2 )  at 250 "C gives the alcohols 40 and 41 and the acetates 42a and 426 as 
products. When the hydration is carried out in deuterated medium, while only one atom of 
deuterium is incorporated into the [2.2.1]-framework, exchange of the aromatic moiety proceeds 
to completion. 

NICK HENRY WERSTIUK et TONU KADAI. Can. J. Chem. 54, 2201 (1976). 
L'hydratation du norbornadikne (I) ,  dans des conditions HTDA de l'acide acetique aqueux 

B 250 'C, conduit, par l'intermidiaire des norbornanediols et des norborntnols c o m e  inter- 
mtdiaire, aux aldkhydes 3, $, 5 et au norcamphre (6)  c o m e  produits finaux. Quand on effectue 
la riaction dans un milieu deutiri, il y a incorporation, dans chacun des produits, d'une 
moyenne de 2.5 atomes de deuterium. L'hydratation du benzonorbornadiene (2 )  B 250°C 
conduit aux alcools 40 et 41 et aux acCtates 42a et 426. Quand on effectue l'hydratation dans un 
milieu deutkrt, il n'y a qu'un atome de deutirium qui s'incorpore dans le systkme bicyclo 
12.2.11; toutefois la partie aromatique s'tchange cornplktement. 

[Traduit par le journal] 

Intraduction of deuterium (E-r = D+) is scrambled between 

The acid-catalyzed additions of methanol, 
acetic acid, deuterated acetic acid, and deuterium 
chloride to  norbornadiene (I), at temperatures 
less than 200 "C,  have been studied extensively 
(2-6). Likewise, the acid-catalyzed additions of 
acetic acid and hydrochloric acid and their 
deuterated derivatives, to benzonorbornadiene 
( 2 )  have also been examined (7, 8). 

Reaction of 1 with electrophilic reagents such 
as D2S04-DOAc yields norbornenyl and nortri- 
cyclyl products (Scheme 1). The incoming atom 

'For a preliminary account see ref. 1. For the first ful: 
paper in this series see ref. 9. 

C-3 and C-7 in the norbornenyi systems. Morrill 
and Greenwald (6) have established recently that 
deuterium is located in the nortricyclyl product 
as described in Scheme I .  Multiple deuteration of 
the products is not observed under the conditions 
utilized in the studies reported thus far. 

The addition of deuterated acid (EL = Dt) to 
2 (Scheme 2) results in the scrambling of the 

incoming atom of deuterium between C-3 and 
C-7 (7, 8) in the benzonorbornenyl products. 
Here also, there is no evidence for multiple 
deuteration. 

As a continuation of our studies on the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2202 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Data for the hydration of norbornadiene at 250 "C 

Relative ',A yieldh 5; yieldd Excess D/moleculee 
Entryn 
( ru i )  Time (h) Medium 3 + 4 5 6 Diols Otherc 3 + 4 5 6 3 + 4 5 6 

1 0 . 5  Hf 4 3 8 55 30 
2 3 HL 17 19 45 15 4 
3 5 H+ 14f 17 52 14 3 
4 9.5 Di 14 17 54 14 1 8 13 33 2.5 2.6 2.4 
5 10 H20 only Norbornadiene + polymer 

aTypically, a solution of 1 in 10% v Iv HOAc-H2O or 105v/v DOAc-D2O was degassed and heated in a sealed tube at 250 'C in a Carius 
oven. For glpc analyses of runs 1 and 2 see Figs. 1 and 2, respecti>ely. 

bThe relative percent ~ i e l d s  were determined gas chromatographically on : in. X l o f t  10% SE-30 and 1070 Carbowax on Chromosorb W 
columns. 

CThe norbornenols and nortricyclanol are included here. 
dThe yields were determined by preparative glpc. Each is corrected for collection losses as described in the Experimental. 
LThe enolizable deuterium in 3, 4, and 5 was washed out by three injections through a % in. X I0 ft  5% KOH + 20% Carbowax column 

maintained at 170 "C. Deuterated 6 was treated three times with a KOH-MeOH-H20 solution. 
(A composite of ca. 157 ,3  and 85% 4 as determined by ir fingerprint region assay (9). 

solvolysis and hydration of organic molecules in 
dilute aqueous acid (1, 9) at moderately high 
temperatures (>_250°C), we have studied the 
reaction of norbornadiene and benzonorborna- 
diene in deuterated and non-deuterated media 
under high temperature - dilute acid (HTDA) 
conditions. 

Results and Discussion 

Norbornadiene 
The results of the hydration of 1 under high 

temperature - dilute acid (HTDA) conditions 
are listed in Table 1. The data in entry 1, Table 1, 
and Fig. 1 establish that the hydration of 1 
proceeds through nortricyclanol (7), the nor- 
bornenols 8 , 9  and perhaps 10, and norbornane- 
diols as intermediates. The intermediates are 
gradually convcrted (Fig. 1 and Fig. 2) into the 

FIG. 1. Products of the hydration-exchange of nor- 
bornadiene; reaction time 0.5 h. Insert is the expansion of 
the short retention time region at a lower column tem- 
perature. 

sink-compounds, the cyclopentenylacetaldehydes 
3 and 4, 3-formylcyclohexene (5) ,  and nor- 
camphor (6) (Scheme 3). That 3, 4, 5, and 6 are 
the sink-compounds was established by isolating 
each and comparing their remittant spectro- 
scopic data with that of authentic samples. The 
hydration of norbornadiene under HTDA con- 
ditions thus proceeds via the reaction sequence 
followed by norbornenols and 3-substituted- 
nortricyclanes as has been communicated pre- 
viously (9). Certainly the same hydroxy cations 
11, 12, 13, and 14 (Scheme 3) are key inter- 
mediates. 

That the reaction is acid-catalyzed is estab- 
lished by the experiment described in entry 5, 
Table 1. That is, when 1 is heated in water only, 
3, 4, 5, and 6 are not formed. 

That the hydroxy cation 11 can be considered 
the precursor to 5, and indeed fits into the 
generally observed cleavage of 3-hydroxy cations, 
is supported by reports in the literature. Cristol 
and Bly (10) have shown that the diol15, in the 
presence of toluenesulfonic acid, ring-opens to  

17a, exo 18 19 
176, endo 
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WERSTIUK A N D  ICADAI: 11 2203 

give aldehyde 16. Jones and Jones (11) have 
shown that the reaction of exo- or endo-2,4,4,6- 
tetramethyI[3.2.0]hept-6-en-2-01~ 17u and 14b in 
aqueous sulfuric acid gives, through arzti-2,2,4,6- 
tetramethylbicyclo[2.2.l]hept-5-en-7-ol as the in- 
termediate, the formylcyclohexenes 18 and 19. 
Cox et al. (12) have shown that the acid-catalyzed 
ring opening of epoxide 20 gives the aldehyde 21, 
and the ketones 22 and 23 as the major products. 
Rickborn and Gerkin (13) have established that 
norbornene oxide (24) in the presence of LiC104 
in benzene rearranges to 5 and 6.  

We established previously (9), that isomeriza- 
tion ( < 5 7 , )  of 5-, 2-formylcyclohexene, under 

HTDA conditions, is not important. This is 
again supported by the fact that, within ex- 
perimental error, 3, 4, §, and 6 contain essen- 
tially identical amounts of deuterium (Table 1). 
Thus, although the strained double bond in 1, 
8, and 9 is protonated in dilute aqueous acetic 
acid at 250°C, the cyclopentenyl and cyclo- 
hexenyl moieties in 3,4, and 5 remain unreactive. 

The premise that 4 is formed from 12 under 
solvolytic conditions is supported by the work 
of Cassma~l et al. (14) who established that the 
tosylate 25, under high temperature solvolysis, 
yields the cyclopenten-2-yl isobutyric acid 26. 
The authors suggested that the cleavage occurred 
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via the adduct formed from the addition of 
acetic acid to the carbonyl group. 

To establish the ease of the cleavage of the 
C-I, C-2 bond in the process 12 - 4 we prepared 
the hydroxy tosylates 27u and 276, a 78:22 anti- 
sytz mixture, and carried out the solvolysis in 
10y6 v, v HOAc-H20 at 95 OC. That 4 is the 
major product (>95%) establishes the facility 
with which C-1, C-2 cleavage occurs and implies 
major communication between the C-1, C-2 and 
C-1, C-6 bonds and the cationic center a t  C-7. 
The facile ring opening of 270 and 276 establishes 
that the cleavage may be a useful synthetic route 
to substituted cyclopenten-2-yl aeetaldehydes not 

FIG. 2. The glpc trace of products from hydration- 
exchange of norbornadiene; reaction time 3 h. 

readily available by other routes. As we estab- 
lished previously (cic/e sicpra) (9) isomerization 
of 4 to isomeric cyclopente~lyl acetaldehydes is 
not a competitive process. Again this is sup- 
ported by the fact that 3 + 4 contain, within 
experimental error, the same amount of deu- 
terium as 5 and 6 .  

4 (>95%) 
. " 

Trace 

That 3 is formed via 13 also has some prece- 
dent i n  the literature. Abrusov (15) established 
that pinene oxide (28) i n  the presence of ZnBrz 
is converted to  camphoienic aldehyde (29). 
Gwynn and Skillern (16) have shown that treat- 
ment of enclo-6-bromomethyl-exo-norbornanol 
in  collidine a t  170 OC gave through protonation 
of the alcohol 30 the cleavage product 3-methyl- 
cyclopenten-3-yl acetaldehyde (31). Also, Cha- 
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WERSTIUK AND KADAI: I1 2205 

budzinski et al. (17) have shown that under 
solvolytic conditions exo-2-tosyloxy-enclo-6-hy- 
droxyfenchone (32) gives the aldehyde 33 as the 
sole product. 

We also attempted to establish the facility of 
the cleavage 13 1 3  and whether or not 13 is 
converted to norcamphor through l-hydroxy- 
nortricyclene that could be formed from 13 via 
1,3 elimination of Pi-, or by a direct 6,2 hydride 
shift (Scheme 4). Our plan of attack was to 

prepare 6-hydroxy systems of the type 34 and 
carry out solvolysis studies under moderate 
temperatures. The synthetic sequence described 
in Scheme 5 was used to prepare exo-6-hydroxy- 
enclo-2-norbornyl brosylate (,as).' 

2We first attempted to prepare 2,G-disubstituted norbor- 
nanes via the reaction of nortricyclane with CF,COOOH 
(18) known to be a source of electrophilic oxygen (for- 
rnally &OH). Although the addition of CF;COBOH to the 
double bond in norbornene proceeded normally to give a 
mixture of syir- and at~ti-7-hydroxy-exo-Znorbornyl tri- 
fluoroacetates, preliminary studies on the reaction of 
nortricyclane in our hands gave predominantly exo-2- 
norbornyl trifluoroacetate, the product of the acid- 
catalyzed addition of CF,COOH. Therefore, either -OH 
is indeed not the electrophilic species as has been sug- 
gested ( I  8)  or there is a substantial preference for reaction 
of +OH with olefins over cyclopropanes unlike the proton 
which attacks both species with equal facility (19). We 
are currently examining the reaction of nortricyclane with 
CF~COOOH in greater d~ ta i l .  

Solvolysis of 38 gave 3 as the major product 
with < 17;; norcamphor and established the 
facility with which the hydroxy cation 13 under- 
goes 6,l  cleavage and that norcamphor is not 

10y' V/V HOAC-H2O 
C 

95 "C 
OBs 

38 
0 
I I 

+ Other products (5%) 

3 (9570) 

formed from 13 via the pathways described In 
Scheme 4. 

Therefore, norcamphor is formed via a 3.2 
hydride shift and or proton loss from the 
hydroxy cations 14. It  is expected that 14-etzclo 

1s converted to norcamphor more readily than 
14-exo in the [2.2.l]-system since an exo 1 exo- 
3,2 hydride shift is more facile than an erlclo 3 
cizdo shift (20). However, the large preference for 
an exo 1 exo shift over thc enclo - enc/o shift 
may not be maintained at  250 "C. 

Thus the novel conversion of norbornadiene 
(1) to norcamphor (6) in the presence of aqueous 
acid that involves the net addition of a moiec~~le 

of H 2 0  to the diene system may find utility in 
the preparation of substituted bicyclic ketones. 
Certainly norbornadiene can be converted to 
norcamphor on a preparative scale Attempts to 
hydrate 7-phenylnorbornndiene (39) at 250 "C 

,Ph 9h 9h Yh 

& conditions HDTA=-o+b+& 
39 

gave a mixture of products > 8074 of which did 
not contain a carbonyl or a hydroxyl group as 
determined by is analysis. Likely this is due to 
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HO, /- R Aqueous HCI 0 '  oo& LiAlH. - H O , r  P 

BsCl Aqueous oxalic 
H - 

acid 
OH OBs 

the fact that 39 undergoes a 1,3 sigmatropic re- 
arrangement at 170 O C  to a mixture of phenyl- 
cycloheptatricncs (21). Interestingly, since the 
major products isolated from the reaction of 39 
were not alcohols or ketones the phenylcyclo- 
heptatricnyl moiety appears to be stable under 
the conditions of lOy0 v,'v HOAc-H20 at 250 "C. 

That deuterium is incorporated into the sink- 
compounds 3, 4, 5, and 6 when 1 is treated in 
deuterated medium is a consequence of an 
elimination-protonation (deuteration) sequence 
which involves the formation of nortricyclanol 
and norbornenols from the hydroxy cations and 
diols. Previous studies (9) on the hydration of 
nortricyclancs and norbornenols established that 

the deuterium was distributed over all the sites in 
norcamphor and the aldehydes and that deuter- 
ium is not incorporated into norcamphor by 
acid-catalyzed homoenolization. That the deuter- 
ium content in 3 + 4, 5, and 6, in each case, is 
identical within experimental error establishes 
that protonation (deuteration) and hence isom- 
erization of the cyclopentenyl and cyclohexenyl 
moieties is minimal under the conditions of 107, 
v v HOAc-H20 at 250 "C. 

Benzorzorbornaclierze 
The results of the hydration of benzonor- 

bornadiene (2) in non-deuterated and deuterated 
medium arc givcn in Table 2. The results are 

TABLE 2. Hydration of benzonorbornadiene at 250 "C 

Relative % yield* % yieldc Excess 
D/moleculee Position of I3 

Entrya Time (h) 2 40 41 42a + 426 Other 40 41 40 (by pmr) 

1' 3 3.0 85.4 3.2 7.7 0 .7  39 - - 

2 3 6.9 74.6 11.7 6.1 0 .7  35 1.2 - 

3fl 12 0.1 64.2 34.2 0.8 0 .7  - d 2.9 2.0 aromatic 
1.0 norbornyl 

4 114 1.8 72.2 22.4 1 .9  1 .7  42 28 4.3 2.9 aromatic 
1.2 norbornyl 

S h  48 36.2 3.8 - 60 7 - d 

aTypically, a solution of substrate in 10% v/v CH3COOD-D20 was degassed and heated in a sealed tube 
*Determined by glpc on a 10 f t  X : in. 10% Carbowax on Cliromosorb W column. 
CDetermined by preparative glpc and uncorrected for collection losses. 
dNot determined. 
eDetermined by mass spectrometry at low voltage. 
fRun in 10% v/v CH3COOH-H20. See Fig. 3 for gipc of products. 
QThe benzonorbornenol from entry 2 containing 1.20 D/molecule was used in this run. 
hRun in 10% v/v CHaCOOD - 1 % v/v concentrated HCI-DzO. 
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WERSTIUK A N D  KADAI:  I1 

accountable on the basis of initial protoslation of 
the double bond in 2 followed by collapse of the 
cation with a nucleophile to give 40,41, and 420, 
and 42b (Scheme 6). 

Based on the experiment described in entry 4 
the combined yield of the alcohols is in the 
order of 50-707,. Prolonged heating results in 
the equilibration of the alcohols. When a trace 
of strong acid ( lyO v/v concentrated HC1) is 
used, decomposition of the materials occurs at 
250 "C with a resultant reduction in yields. 

Interestingly, when 2 is reacted in deuterated 
medium (entries 2, 3, 4) deuterium exchange in 
the phenyl group exceeds that in the norbornyl 
skeleton in which the deuterium is scrambled 
between C-3 and C-7 as was established by nmr 
analysis. Although we have established (22) that 
the dialkyl benzene meta-xylene, exchanges 247; 
of the hydrogen on the aromatic nucleus after 
48 h at 250 "C in 107, v, v CH3COOD-D20, the 
increased ease of exchange of the aromatic 
nucleus in 2 is likely a consequence of strain. It 
is interesting to  note that, while exchange pro- 
cecds to totality in thc aromatic moiety, essen- 
tially only one atom of deuterium is incorporated 
into the norbornyl moiety. This establishes that 
the reversal of the 40,41, and 42 to 2 via elimina- 
tion is slow after initial hydration and that the 
alcohols once formed exchange predominantlq 
in the aromatic nucleus (Schemc 7). 

We predict therefore that the exo-2- and 
endo-2-benzonorbor~~enols would undergo ex- 
change predominately in the aromatic nucleus. 
Furthermore, it is expected the benzonorbor- 
nadienes and benzonorbornenes with electron- 
donating substituents on the aromatic ring would 
exhibit facile exchange in the benzene ring under 

HDTA 
conditions - [&+I 

250 "C 

OAc 

41 42a, exo 
426, endo 

the conditions of 10yG v v CCD3COOD-D20 at 
250 "C. 

Experimental 

Deter.rni~~atiott o f  Collectio12 Losses 
T o  establish the collection losses which occur during 

preparative glpc, aliquots of known concentration (simi- 
lar to that expected in the solution to be analyzed) were 
injected and collected and a comparison of quantities 
was made. 
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H~rlratlott ofhTor borl~ad~etle 111 I O c c  L / L  CH3COOH-H20 
at 250 C 

In a typical run, norbornadiene (Aldr~ch Chem Co , 
0 50 g, 5 4 X lo-' mol) and 10Cc \ / v  HOAc-H:O (8 ml) 
uere placedin a glass tube (12 in X 0 5 111 ) degassed three 
times by the freeze-pumll-than method. and the tube was 
sealed under vacuum The reaction mixture \\as heated at  
250 C for 5 h in a Carius oven The tube was opened and 
the contents were diluted uith nater (4 ml). neutralized 
uith so l~d  sod~um b~carboilate. saturated m ~ t h  sod~um 
chloride. and extracted mith ether (4 X 10 nil) The com- 
b~ned  ether extracts uere dried and concentrated by 
distillation of the sol\ent through a 121n Vigreirx 
colunln Analytical glpc (Fig 2) on 10 ft  X i: ln 10' 
Carbowav on Chromosorb W column (the temperature 
Mas maintamed at  155 'C for 5 nxn then rapidly stepped 
up to 220 C) showed that the mlxture was composed of a 
mlxture of the cyclopenten-2- and -3-yl acetaldeh~des 
(14!;), 3-formy1c)clohexene (17C,), norcamphor (5ZcC), 
norbornanediols (14(,), and 3', of other products The 
aldehydes and norcamphor were ~solated by preparatn e 
glpc on a I5 ft  X In ISc, Carbowax on Chromosorb W 
column (I 50 C) .  cyclopenten-2- and -3-yl acetaldehydes 

()C=O), 910, 718. and 666 cm-I ( H > ~ = ~ < H ) ;  

nmr (CCI,) 6 9.74 (m. l H ,  H-CCO), 5.67 (m, 2H. 

">C=C<~). 2 8-1.8 (m. 7H). Infrared fingerpr~nt 
region assay analys~s (9) establ~shed that the mixture of 
cyclopentenyl acetaldehydes \+as a composite of approxl- 
mately l jL ,  3 and 85L, 4. 3-Formylcyclohexene: Ir (CS2). 

1655 (>C=C<), 660cm-I ( H > ~ = ~ < H ) ;  nmr (CC14), 

69.55 (s, IH, H-CC'). 5.68 (m, 2H, H > ~ = ~ < H ) ,  
2.2-1.8 (m, 7H). Their and nmr spectra were identical to 
those obtained from an authentic sample of 3-formyl- 
cyclohexene. Norcamphor: nlp88-90LC (lit. (23) mp 
90-91 "C); ir (CS,) 1735 (>C=O). 1170, 1064, 938, 909, 
849 and 755 cm-1; nmr (CCI,) 6 2.70 (m. 1H. C-1 bridge- 
head), 2.50 (m, IH,  C-4 bridgehead), 2.1-1.5 (m, 8H). 
The ir and nmr spectra were identical to those from an 
authentic sample of norcamphor. Two identical runs 
were carried out with reaction times of 0.5 and 3 h 
respectively. See Table 1. entries 1 and 2 and Fig. 1 for 
the product analysis for run I .  

Hj,drutiotz irz De~lferatetr' Meriirrr?~ 
Norbornadiene (13.5 g, 0.146 mol) and 10:; v,'v- 

CH3COOD-D20 (35 ml) were introduced into a thick, 
walled glass tube. The solution was degassed three times, 
sealed under vacuum, and heated for 9.5 h at  250 'C in a 
Carius oven. The dark brown reaction mixture was 
neutralized with solid sodium bicarbonate, saturated with 
sodium chloride, and extracted with ether (5 X 20 ml). 
The combined ether extracts were decolorized with Norit, 
dried with anhydrous MgSO,, and concentrated by 
distillation through a 12 in. Vigreux column. Analytical 
glpc on a 10 ft  X + in. 10:; Carbowax on Chromosorb W 
column (temperature maintained at  170 'C for 5 min and 
stepped up to 230 'C) showed cyclopenten-2- and -3-yl 
acetaldehydes 14'.,, 3-formylcyclohexene 17',, norcam- 

phor 54(',, norbornanediols 14r,, and I C ,  of other 
products The concentrated ether extract has  quantl- 
tat~vely transferred ~ n t o  a 25 ml volun~etr~c flask and 
made iip to \olume. Preparat~ve glpc established the 
yields of the acetaldehydes. 3-formylcycloheuene and 
norcamphor as 0 6 g (4' ,), 0 9 g (7' ,). and 3.5 g (26r,). 
respecti\ely Correction for collection losse\ eitabl15hed 
the actual yields as 1 0 g (8',) of cyclopenteiiyl acetalde- 
hyde~ .  1 8 g (13',) of 3-forn~ylcyclohexene, and 4 4 g 
(33' ,) of norcamphor 

The enol~zable deuter~um in the aldehydes wai mashed 
out by three Injections of each materlal through a 5 ( ,  
KOH column (I70 C) as descr~bed previously (9). The 
deuterated norcamphor ma> mashed three times w1t11 a 
MeOH-H20-KOH solutlon as descr~b-d previously (9) 

A ma55 spectrometric deuter~um assay at 11  eV. cn 
the samples from which the enolizable deuter~um ma5 
washed out, established that ( ( I )  the m ~ x t ~ ~ r e  of cyclo- 
pentenyl acetaldehyde5 \$as composed of 4 2C, c / ~ ,  13 8 ( ,  
4, 30 1'; d,. 36 3', ( j 2 .  and 14 3', ell speclec (2 5 excess 
atoms of deuter~um) , (b )  3-formy lcjclohexene was com- 
posed of 1 7'; d6. 5 2'c d ~ .  13 8Cc d4. 28 O ( c  dj, 38 7'( 
4. 8 7 ( c  d l .  and 3 9 5  r& specles (2 6 excess atoms of 
deuter~um). and (0 norcamphor was composed of 1 jC, 

d6,  3 8 ( (  di. 10 l C C  ilj. 23.7(( d3, 41 1'; d2,  13 4 C c  d l .  and 
3.4r, do specles (2 4 excess atoms of deuter~um) 

Ptrprtr L t i ~ ~ e  Scale H,dratror~ of Norbor t~atirrtle 
A mlxture of norbornadiene (125 g, 1 35 mol) and l o f ,  

1 /v HOAc-H20 (500 ml) was heated for 18 h at  250 'C In 
a 2 litre Parr Monel bomb The resultant mixture con- 
sisted of a black organic layer and a yellow aqueous lajer 
This mixture was neutral~zed with so l~d  sod~um b~carbon- 
ate, saturated with sod~um chloride, and extracted with 
ether (5 X 200 ml) The combined ether evtracts were 
washed w ~ t h  a saturated sod~um bisulfite solution (5 X 
150 ml) (to remove the aldehydes) The ether extract was 
then dried with anhydrous Na2S04 and concentrated by 
dist~llat~on through a 12 In V~greux column Analytical 
glpc analysis showed 1 C c  of c)clopentenyl acetaldehydes. 
6!, of 3-forn~ylcyclohexene. 92', of norcamphor, and 
l r C  of another product The concentrated ether extract 
was vacuum d~stilled through a 15 In. vacuum jacketed 
Vlgreux column to yield norcamphor (34 g. 23'7, bp 
40-50 "C/4 torr). Analytical glpc analysls showed 87', 
of norcamphor and 13', of 12 other products Infrared 
and nmr spectra of a sample Isolated by preparat~ve glpc 
mere identical to an  autlient~c sample of norcamphor 
mp 88-90 C (lit (23) mp 88-91 "C) 

Treatr,rerli o f  Norbort~c~r/iet~e ivitlr H 2 0  rri 250 ' C  
Norbornadiene (0.82 g. 8.8 X mol) and water 

(6 ml) were placed in a glass tube, degassed three times by 
the freeze-pump-thaw method, and the tube was sealed 
under vacuum. After the tube was heated at  250 "C for 
10 h in a Carius oven, the reaction mixture which con- 
tained some white solid material. was extracted with 
ether (5 X 8 ml). The combined ether extracts were dried 
and concentrated by distillation through a 12 in. Vigreux 
column. The wl?ite solid was only slightly soluble in ether 
and precipitated out in the concentrated ether extract. 
Analytical glpc on a 5 ft X Q in. 5:; SE-30 on Carbowax 
column at 115 ' C  showed that only norbornadiene was 
present. 
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WERSTIUK AND KADAI: I1 2209 

exo-2-syn- 7-Ditosyloxytzorbornane 
exo-2-sytz-7-Dihydroxynorbornane (6.46 g, 5.1 X lo-' 

mol, 95-905 sjt!, 5-10% atzti, mp 180-186 'C; prepared 
by the solvolysis of nortricyclanol and norbornenols as 
described previously (9)) and freshly recrystallized tosyl 
chloride (21.2 g, 0.1 1 mol, mp 67-68 "C) were dissolved 
in dry pyridine (120 ml). The mixture was kept in the 
refrigerator for 6 days then was poured into a separatory 
funnel containing ice water (500 ml) and extracted with 
chloroform (4 X 80 ml). The combined extracts were 
washed with dilute HC1 (3 X 60 ml), saturated sodium 
bicarbonate (2 X 60 ml), water (1 X 60 ml), and dried. 
The dried extract was concentrated on the rotatory 
evaporator and pumped to dryness on the vacuum pump 
to  yield a slightly coloured solid. This solid was re- 
crystallized twice from hot methanol to yield exo-2-sjn-7- 
ditosyloxynorbornane containing 6-10?> of the anti- 
isomer; 11.2 g, 515;;, mp 114-115 "C (lit. (24) mp of pure 
s~tz-isomer 121.5-121.6 "C); nmr (CDC13) 6 7.9-7.3 (m, 
8H. aromatic protons), 4.80 (m, 2H, C-2-exo and C-7-syr~ 
with 6-loC, C-7-anti), 2.48 (s, 6H, -CH3), 2.40-1.0 
(norbornyl envelope); ir (CDCI3) 2950 (ZC-H), 1600 
(aryl C==C), 1190 (-SO2-0-), and 865cm-1 (aryl 
C-H). 

Preparation of a Mixture of sytz- and atzti-7-Tosylo.xj~- 
e.uo-2-liydroxy~~orbort~a~~es 

The solvolysis of exo-2-sytt-7-ditosyloxynorbornane 
(8.93 g,  0.020mo1, mp 114-115'C) was carried out in 
refluxing 7 5 5  v/v aqueous acetone (200 ml) containing 
an  excess of powdered calcium carbonate (2.2 g, 0.02 mol) 
(14). After a 2 week reflux, the reaction was diluted with 
water (50 ml) and extracted with carbon tetrachloride 
(5 X 40ml). The combined extracts were dried over 
anhydrous magnesium sulphate and concentrated on the 
rotatory evaporator. The remaining residue which was 
pumped on overnight yielded a viscous oil (5.17 g, 89%). 
Initial attempts to recrystallize the oil from ether - 
petroleum ether failed. After the oil remained in the 
refrigerator for 2 weeks, a white oily solid was formed. 
This oily solid was washed with petroleum ether (30-60') 
and after four recrystallizations from pentane-ether 
yielded white plates (mp 79.5-81 "C); nmr (CCI,) 6 7.6 
(quartet with fine structure, 4H, aromatic protons), 4.78 
(s, 0.22H, C-7-sjtt-H), 4.50 (s, 0.78W, C-7-anti-H), 3.80 
(bm, lH, C-1-H), 2.48 (s, 3H, -CH,), 2.3-1.0 (norbornyl 
envelope); ir (CCI,) 3600 (-0-H), 2955 (SC-H), 1600 
(aryl C=C), 1190 (doublet, -SOz-0-), 1095 (C-0), 
and 865 cm-1 (aryl C-H). Nuclear magnetic resonance 
integration analysis showed that the sjn- and anti-7- 
tosyloxy-exo-2-hydroxynorbornanes were present in a 
ratio of 78:22. Anal. calcd. for C,,HI8SO,: C 59.55, H 
6.43 ; found: C 59.67, H 6.57. 

Solcolysis of a 78:22 Mixture of sytt- and anti-7-Tosylo.u).- 
exo-2-lzydroxytzorbort~anes it1 Buffered 10% u / u  
HOAc-H20 at  95 "C 

The mixture of syn- and anti-hydroxytosylates (0.11 g, 
0.40 X mol, mp 79.5-81 'C) was introduced into a 
glass ampoule (3 in. X 0.15 in.) containing 10% v/v 
HOAc-H20 (2ml) buffered with 0.1 MNaOAc. The 
mixture was degassed three times by the freeze-pump- 
thaw method and the tube was sealed under vacuum. 
When the sample reached room temperature, it was 

placed into a constant temperature oil bath a t  95 i 1 'C. 
After 7 days, a yellowish globule was observed in the 
bottom of the ampoule. The cooled solvolysis mixture 
was poured into ice water (4 ml), neutralized with solid 
sodium bicarbonate, and then extracted with petroleum 
ether (3 X 10ml) respectively. Both extracts were sep- 
arately dried and concentrated by distilling the solvent 
through a glass helicies column (12 in.). Both extracts 
were quantitatively transferred onto separate watch 
glasses and allowed to evaporate to dryness. The petro- 
leum ether extract yielded cyclopenten-2-yl acetaldehyde 
(0.036 g, 90%) while the ether extract yielded a semisolid 
(0.003 g). The glpc analysis on a l o f t  X in. 1051, 
Carbowax on Chromosorb W column at 110'C of the 
petroleum ether extract showed only cyclopenten-2-yl 
acetaldehyde (>99%) while the ether extract indicated 
more than 957, of 2-(cyclopentene)acetaldehyde and less 
than 5 0 ,  of 3-formylcyclohexene, norcamphor, and two 
other unidentified products. 

The 3-formylcyclohexene, norcamphor, and two other 
products in the ether extract may have arisen from traces 
of unreacted hydroxy tosylate which reacted on the glpc 
injector block and/or column as described in the follow- 
ing section. Comparison of the ir fingerprint region of the 
aldehyde, isolated from the petroleum ether extract by 
preparative glpc, with that of an authentic sample showed 
that the product was pure cyclopent-2-yl acetaldehyde 
with characteristic absorptions a t  912 and 718 cm-1 (9). 

Stability of the Hydroxytosylates 27a attd 276 it2 the 
Gas Chromatograph 

The mixture of hydroxytosylates 27a and 276 was 
dissolved in acetone and injected in the glpc on a 10 ft X 
%in. 10% Carbowax on Chromosorb W column at 
110 "C with the injector temperature a t  235 "C. The gas 
chromatogram showed that the pyrolysis products were 
predominantly the aldehydes 3 + 4, 5, and norcamphor. 
In addition to  the sink compounds, five other products 
were present. Although the relative percentages of 
products varied from one injection to another, the sink 
compounds were always the major products. 

~Vorborrzen-2-one 
Norbornen-2-one was prepared from 20g of nor- 

bornenol according to the procedure of Cristol(25). After 
work-up the norbornenone was distilled through a 
vacuum jacketed Vigreux column using biphenyl (3 g) as 
a chaser, t o  yield 13.8g (70%) of norbornen-2-one: 
bp 97-98 "C/91 torr. 

Norbornen-2-one Ethylene Ketal 
The ketal was prepared from norbornenone (13 g) 

according to the procedure of Meinwald and Cadoff (26). 

5-Ethylenedioxy-exo-2,3-epoxyttorbornat~e 
The epoxide was prepared from 17.0 g of the ketal and 

perbenzoic acid as described by Meinwald and Cadoff 
(26) to give 17.5 g (937,) of product bp 103-107 "C/ 
8 torr (lit. (26) bp 53 "C/0.23 torr). 

exo-6-Hydroxy-2-et/1y~e~zedioxynorborr1ane 
The previously obtained epoxy ketal(17.6 g, 0.105 mol) 

was added to a slurry of lithium aluminum hydride 
(4.0 g, 0.10 mol) in N-ethylmorpholine (150 ml, freshly 
distilled from LAH) and converted to  the hydroxy ketal 
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as described by Meinwald and Cadoff (26). Vacuum 
distillation through a 4in. vacuum jacketed Vigreux 
column gave the desired alcohol (8.17 g, 467,, bp 7 s  
72 "C/O.l torr (lit. (26) bp 7&72 "C/O.l torr)); nmr 
(CC14) 6 4.22 (doublet with fine structure, IH, C-2-endo), 
3.80 (s, 4H, ketal), 2.38-1.22 (norbornyl envelope); ir 
(CS,), 36W3500 (0-H), 1190,1078,1042, and 955 cm-1. 

exo-6-Pyrar~yloxy-rlorborrlan-2-one (35) 
A mixture of hydroxy ketone (1.02 g, 8.1 X 10-3 mol), 

prepared from the hydroxy ketal as described by Mein- 
wald and Cadoff (26), dihydropyran (1.03, 12.2 X 
mol), and concentrated hydrochloric acid (1 drop) was 
stirred for 4 h at room temperature. The resultant mixture 
was taken up in ether, washed with lOy0 NaOH (3 X 15 
ml), water (1 X 15 ml), and dried. Removal of the 
solvent on the rotatory evaporator and pumping on the 
vacuum line yielded crude product (1.55 g, 91%); nmr 
(CCl,) 8 4.62 (m, lH), 3.81 (m, 2H), 2.8 (m, lH), 2.2-1.5 
(norbornyl envelope and pyranyl ether protons); ir (neat) 
1750 (C=O), 1125 cm-1 ( C - 4 ) .  

ex0-6-Pyra1iyloxy-e1~do-2-hydroxy1iorboriiaie (36) 
The previously prepared exo-6-pyranyloxy-norbornan- 

2-one (1.54 g, 7.3 X 10-3 mol) was reacted with LiAlH, 
(0.152 g, 4 X 10-3 mol) in refluxing ether (50 ml) for 5 h. 
The usual work-up gave 1.24 g (80%) of crude product; 
nmr (CCI,) 6 5.0-3.3 (m, 5H), 2.2-1.5 (norbornyl envelope 
and pyranyl ether protons); ir (neat) 3400 (0-H), 
1025 cm-I (C-0). 

exo-6-Pyranyloxy-e11do-2-brosyloxyt1orbornar1e (37) 
The hydroxypyranyl ether (1.20 g, 5.68 X 10-3 moll 

and recrystallized brosyl chloride (1.48 g, 5.8 X mol, 
mp 76-78 "C) in dry pyridine (40 ml) were stored in the 
refrigerator at 0 "C for 6 days. The resultant reaction 
mixture was quenched with ice water (60 ml) and extracted 
with ether (3 X 25 ml). The combined ether extracts were 
washed with dilute HC1 (4 X 15 ml), saturated sodium 
bicarbonate (1 X 15ml), and dried. The ether was 
removed on the rotatory evaporator and the residue was 
pumped to dryness on the vacuum line to yield crude 
pyranylether brosylate (1.63 g, 67%); nmr (CCl,) 6 7.6 
(bm, 4H, aryl), 4.2-3.4 (m, 4HP), 2.3-1.4 (norbornyl 
envelope and pyranyl ether protons); ir (CCl,) 1586 
(aryl C=C), 1185 cm-1 (doublet, -S02-0--). Attempts 
to recrystallize the ether brosylate from methanol and 
ether - petroleum ether failed, and consequently the crude 
product was used in the following hydrolysis. 

exo-6- Hydroxy-endo-2-brosylox~norbornane (38) 
The pyranyl ether brosylate (1.42 g, 3.30 X moll 

was dissolved in 2% wt/v oxalic acid - 70y0 v/v aqueous 
methanol (50 ml) and stirred at room temperature. After 
2.5 h, addition of water (20 ml) turned the clear reaction 
mixture milky. This solution was extracted with ether 
(3 X 20 ml). The combined ether extracts were washed 
with saturated sodium bicarbonate (1 X 10 ml), water 
(2 X 10 ml), saturated sodium chloride (1 X 10 ml), and 
dried over anhydrous magnesium sulphate. The ether was 
removed on the rotatory evaporator to yield an oil. On 
adding carbon disulfide (2 ml) to this oil, white crystals 
slowly appeared. These crystals were rinsed twice more 
with carbon disulfide, pumped on the vacuum line for 
20min, and finally recrystallized thrice from ether- 

pentane to afford an analytical sample of white fluffy 
crystals (0.36g, 317,, mp 113-115 "C); nmr (CDC13) 
6 7.60 (s, 4H, aryl), 4.78 (m, lH,  C-6-exo), 4.38 (d. 
C-Zendo), 2.51-1 .I (norbornyl envelope); ir (CDC13) 
3600 (0-H), 3085 (aryl C-H), 1586 (aryl C=C), 1185 
(d, -SO2--0-), 1090 (-C-0), and 960 cm-1 (aryl 
C-H). Anal. calcd. for CI3Hl5SO4Br: C 44.97, H 4.35: 
found: C 45.08, H 4.39. 

Solcolysis of exo-6-Hydroxy-e1zdo-2-brosylox)l2orna1~e 
it2 Buffered 10% ~ / c  HOAc-H20 at 95°C 

The hydroxy brosylate (0.12 g, 0.343 X mol, mp 
113-115 "C) was introduced into a glass ampoule (3 in. X 
1.5 in.) containing 10% v/v HOAc-H20 (2 ml) buffered 
with 0.1 MNaOAc. The mixture was degassed three 
times, sealed under vacuum, and placed in a constant 
temperature oil bath at 95 i 1 "C. After 13 days, the 
cooled brownish solvolysis mixture was poured into ice 
water (2 ml), neutralized with solid sodium bicarbonate, 
and extracted with pentane (6 X 10ml) and then with 
ether (4 X 10 ml). Both extracts were dried separately and 
concentrated by distillation through a glass helicies 
column (12 in.). Both extracts were quantitatively trans- 
ferred onto tared watch glasses and allowed to evaporate 
to dryness. The pentane extract yielded a pungent 
smelling liquid, cyclopenten-3-yl acetaldehyde (3) (0.028 g. 
74%) whereas the ether extract yielded a CS2 insoluble 
white solid (0.016 g). The glpc analysis of the pentane 
extract on a 10 ft X + in. lOY0 Carbowax on Chromosorb 
W column at 115 @C showed cyclopenten-3-yl acetalde- 
hyde (9453, 3-formylcyclohexene (31,), and one uniden- 
tified product (37,) while the ether extract indicated 515; 
of cyclopenten-3-yl acetaldehyde and 497, of nine other 
unidentified products whose retention times were shorter 
than the norbornanediols. An ir, (CS2), of the pentane 
extract showed that the product was in fact 3 with 

characteristic absorptions at 3052 ( H > ~ = q H ) ,  2710 

(H-c~' ), 1730 (>C=O), 666 cm-1 (">c=c<~). 

Stability of the Hydroxybrosylate or2 the Gas-Liquid 
Partition Chromatography Injector Block ar~dlnr 
Column 

Pure exo-6-hydroxy-endo-2-brosyloxynorbornane was 
dissolved in acetone and injected in the glpc on a 10 ft. X 
+in. 10yo Carbowax on Chromosorb W column at 
115 "C with the injector and detector temperatures at 
225 "C. The gas chromatogram showed that the pyrolysis 
product had the same retention time as 3 and 4. No 5 or6 
could be detected. 

Berzionorborrradiene (2) 
Benzonorbornadiene was prepared from 13 g of 

2-bromofluorobenzene and 4.1 g of cyclopentadiene by 
the method of Wittig and Knauss (27). Distillation of the 
reaction mixture through a Vigreux column gave 7 g of 
benzonorbornadiene (667c, bp 82-83 'C/12 torr, > 9 9 5  
pure as established by gas chromatographic analysis); 
nmr (CCI,) 8 6.62-7.18 (m, 6H, 4 aromatic and 2 olefinic), 
3.78 (m, 2H, bridgehead C-H), 2.22 (m, ZH, C-7). 

Typical Hydration of 2 in 10% U / L ;  HOAc-H20 at 250°C 
Benzonorbornadiene (0.50 g, 3.5 X 10-3 mol, bp 82- 

83 'C/12 torr) and l0y0 v/v CH,COOH-H20 (3 ml) 
were introduced into a glass tube (11 in. X 0.5 in. i.d.). 
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The sample was degassed three times by the freeze-pump 
thaw method, sealed under vacuum, and heated at 
250 "C for 3 h in a 2 litre Parr bomb containing water to 
equalize pressure. The slightly yellowish reaction mixture 
was diluted with water (3 ml), neutralized with solid 
sodium bicarbonate, saturated with NaCl, and extracted 
with ether (4 X 20 ml). The ether extract was dried, 
concentrated on the rotatory evaporator, and quanti- 
tatively transferred into a 2 ml volumetric flask. Analytical 
glpc on a 10 ft X Bin. 5% SE-30 on Chromosorb W 
column at 125 "C showed that the nlixture was composed 
of benzonorbornadiene (3.07,), endo-benzonorbornenol 
(3.27,), exo-benzonorbornenol (85.47,), benzonorborn- 
enyl acetate (7.773, and an unknown (0.7%). (See entry 
1, Table 2 and Fig. 3.) The products were isolated by 
preparative glpc on a 5 ft X a in. 57, SE-30 on Chromo- 
sorb W column at 195 "C. exo-Benzonorbornenol: mp 
72-74 "C (lit. (28) mp 74-75 "C); ir (CCI,) 3620 (0-H), 
3030 (aryl-H), 1070 and 1050 (C--O), 862 (C-H), and 
730 cm-1 (aryl-H); nmr (CCI,) 6 6.96 (m, 4H, aryl), 3.86 
(bd, lH, C-2 proton), 3.17 (d, 2H, bridgehead C-H), and 
2.1-1.56 (norbornyl envelope, 4H); ms (80eV); MC at 
m/e 160 corresponds to CllH120. The ir and nrnr spectra 
were identical to an authentic sample of exo-benzonor- 
bornenol obtained from the hydroboration of benzo- 
norbornadiene. endo-Benzonorbornenol: mp 69-74 "C 
(lit. (28) mp 74 "C); ir (CCI,) 3580 (0-H), 3030 (aryl-H), 
1155, 1140, 1130, 1115 (C-H), 1072 and 1050 (C--O), 
and 728 cm-1 (aryl-H); ms (80eV); M+ at m/e 160 
corresponds to Cl lH120 The ir was identical to an 
authentic sample of endo-benzonorbornenol obtained as 
the minor product in the hydroboration of benzonor- 
bornadiene. The ir fingerprint region was used to dis- 
tinguish between the exo- and endo-benzonorbornenol, 
since an unsymmetrical quartet present at 1155, 1140, 
11 30, and 11 15 cm-1 in the endo-alcohol is absent in the 
exo-alcohol while a band at 862cm-1 in the latter is 
absent in the endo-alcohol. Benzonorbornenyl acetate: 
ir (CCI,) 3030 (aryl-H), 1742 (>C===O), 1244 and 1029 
(2C-OAc), and 728 cm-1 (aryl-H); ms (80 eV) M+ at 
m/e 202 corresponds to Cl3HI4o2 while m/e 159 corre- 

0 
I /  

sponds to M+ - 0-C-CH3. 
Injection of several aliquots (0.08 ml) of the ether 

extract through the 57, SE-30 column established the 
recovered yield (not corrected for collection losses) of 
exo-benzonorbornenol as 0.22 g (397,). 

Hjdration in 10% ;,o/ CCH,COOD-D20 at 250 " C  
Benzonorbornadiene (0.43 g, 3.1 X mol, bp 82- 

83 "C/12 torr and 10% v/v CH3COOD-D20 (3 ml) were 
introduced into a glass tube (1 1 X 0.5 in. i.d.). The sample 
was degassed three times by the freeze-pump-thaw 
method, sealed, and heated at 250 "C for 3 h in the Parr 
bomb. The slightly yellowish reaction mixture was diluted 
with water (3 ml), neutralized with solid sodium bicar- 
bonate, saturated with NaCI, and extracted with ether 
(4 X 20ml). The ether extract was washed with water 
(4 X 25 ml) to remove the exchangeable 0-D, dried, 
concentrated on the rotatory evaporator, and quanti- 
tatively transferred into a 1 ml volumetric flask. Analytical 
glpc on a 10 ft X 4 in. 15% Carbowax on Chromosorb W 
column at 140 "C showed that the mixture was composed 

mtnutes 

FIG. 3. The glpc trace of products from the hydration- 
exchange of benzonorbornadiene. 

of 6.97, benzonorbornadiene, 11.77, endo-benzonor- 
bornenol, 74.6% exo-benzonorbornenol, 6.1% benzo- 
norbornenyl acetate, and 0.7y0 of an unknown. Injection 
of several aliquots (0.05 ml) of the ether extract through 
the preparative 57, SE-30 column established the yield 
(not corrected for collection losses) of pure exo-benzo- 
norbornenol as 0.17 g (35%). 

A mass spectrometric deuterium assay (15 eV) estab- 
lished that exo-benzonorbornenol was composed of 3.47, 
d,, 18.0% d2, 73.27, dl, and 5.4% do species (1.2 excess 
atoms of deuterium per molecule). 

The exo- and endo-benzonorhornenol from the above 
experiment containing 1.20 excess atoms of deuterium 
was treated with a fresh batch of 10% v/v CH3COOD- 
D 2 0  for 12 h at 250 "C. Work-up in the usual manner 
gave an 85% yield which analyzed for 0.17, benzonor- 
bornadiene, 34.27, endo-benzonorbornenol, 64.2% exo- 
benzonorbornenol, 0.8% benzonorbornenyl acetate, and 
0.77, of an unknown. 

A mass spectrometric deuterium assay (15 eV) estab- 
lished that exo-benzonorbornenol was composed of 1.2% 
ds, 6.37, d5, 22.57' d4, 36.27, d,, 24.2% d2, 7.7% dl, and 
1.97, do species (2.9 excess atoms of deuterium): nrnr 
(CCl,) area integral analysis using the 0-H as an 
internal standard established the following deuterium 
distribution; 2.0 + 0.1 D in aromatic ring and 1.0 f 
0.1 D at C-3 and C-7 (a total of 3.0 excess atoms of 
deuterium). 

Hydration of Benzonorbornadiene. Reaction Time I14 Ir 
Benzonorbornadiene (0.47 g, 3.3 1 X 10-3 mol) was 

heated at 250 "C with 3 ml of 10% v/v DOAc-D20 in a 
8 X 4 in. medium-walled tube in the usual manner for 
114 h. Usual work-up gave 0.43 g of crude product (80%). 
Preparative glpc in the usual manner established the 
recoverable yield (not corrected for collection losses) of 
exo- and endo-benzonorbornenols as 0.22 g (42y0) and 
0.15 g (287,) respectively. Mass spectral analysis at 15 eV 
of the exo-alcohol established that it was a composite of 
12.9% d,, 34.37, d,, 31.97, d,, 14.8% d3, 4.5% d2, and 
1.87, do species (4.3 excess atoms of deuterium per 
molecule). An nmr integration analysis established that 
the deuterium distribution was as follows: aromatic ring 
2.95 + 0.1, C-3, C-7 of the norbornyl system, 1.05 + 0.1, 
and C-2 0.15 i: 0.05. 
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Reaction of organic compounds under high temperahre - dil~ste acid 
(HTDA) easnditions. III. The perdeateaation of bicyclo[2,2,%]hegtanesi 
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NICK HENRY WERSTIUK and TOKU KADAI. Can. 9. Chem. 54, 2213 (1976). 
The hydration of norbornene (I) and nortricyclane (2) under the high temperature and dilute 

acid (HTDA) conditions of aqueous acetic acid at  250 "C gives as products exo-2-norborneol. 
e/rilb-2-norborneol, cxo-2- and enclo-2-norbornyl acetate, and a mixture of stereoisomeric 
dinorborny! ethers 4. When the reactions are carried out in deuterated medium percieuteration 
(>9OC2 in one cycle) of the [2.2.1]-products is accon~plished. Re~pectable overall yields 
(50-70%) of the products are obtained. Solvolysis of the products exo-norborneol, and coiz(ii)- 

norbornyl acetate under HTDA(D) conditions also leads to perdeuterated 3a, 3b, 3r ,  I S ( / ,  and 4. 

NICK HENRY WERSTIUK et TONU KADAI. Can. J. Chern. 54, 2213 (1976). 
L'hydratation du norbornbne (1) et du nortricyclane (2) B haute temperature et dans des 

conditions diluCes d'acide acktique (HTDA) B 250 "C conduit aux produits suivants: le nor- 
borneol-2 exo, le norbornCo1-3 er~do et les acetates de norbornyles-2 endo et -2 exo et un melange 
d'kthers dinorbornyles stCrCoisornkres 6.  Quand les rkctions sont effectuees dans un milieu 
deutCrC, on produit une perdeutkration (>90:3 dans un cycle) des produits [2.2.1]. On obtient 
des rendements globaux de produits qui sont respectables (50-70';;). La solvolyse du nor- 
born601 exo et de l'acCtate de norbornyle etldo dans les m&mes conditions (HTDA deutCri.) 
conduit aussi aux produits perdeuteres 3a, 36,3c, 3d et 4. 

[Traduit par le journal] 

Introduction 
The acid-catalyzed addition of reagents HX to 

norbornene (1) yields only exo-substituted 
bicycloC2.2. llheptyl products (2-7, 12). Mechan- 
istic studies directed to establish the nature of the 
intermediate norbornyl cation in these reactions. 
have involved the addition of deuterated acids 
DX to norbornene (8-1 I). In all the mechanistic 
studies described thus far, the solitary incomirlg 
atom of deuterium is scrambled predonlinately 
between C-3 and C-7. 

There has been but one report on the multiple 
deuteration of the bicyclo[2.2.l]hepty! system 
(13). Complete deuteration (997,) of norbornyl 
bromide was accomplished in four cycles, be- 
ginning with the reaction of norbornene in re- 
fluxing 44% DDBr in D20. The deuterated bro- 
mide, at  an average yield of 15% per cycle, was 
isolated and recycled. 

Studies (9, 14) on the addition of deuterated 
acids to nortricyclane (2), have established that 
multiple deuteration of the product occurs only 
when DC1 is added to 2 in pentane (14). The 
product exo-norbornyl chloride was a composite 
of 21.5% do, 527, d l ,  22.5% d2, and 47, d3 
species. 

'For a preliminary account see ref. 1 .  

B 2 3a, X = OH, Y = H 
b , X =  W,Y = O H  
C ,  X = OAc, Y = H 
d , X  = H , Y  = OAc 

4 5 

Through a continuation of our studies ( i ,  
15-19) on the hydration-exchange of organic 
co~npounds under high temperature - dilute acid 
conditiol~s, to establish the scope and limitations 
of the reaction as a general labelling method, we 
have reacted norbornene (I), nortricyclane (21, 
exo-2-norborneol (3a), and endo-2-norbornyl 
acetate (3d)  under HTDA conditions in deuter- 
ated medium. 

Results and Diseussiraw 
The results of the study are given in Table 1. 

The products (Fig. I), of the hydration-exchange 
of 1 and 2 are exo- and erzdo-Znorborncul (30, 
3b), exo- and endo-2-norbornyl acetate (3c, 3d) 
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processes (deprotonation, dehydration, deacetyl- 
ation). When the norbornene-nortricyclane cycle 
is coupled with 1,2 Wagner-Meerwein rearrange- 
ments, 6,2 and 3,2 hydride shifts, all the protons 
in the [2.2.1]-system face exchange (Scheme 1). 
That the hydration-exchange is acid-catalyzed is 
established by the experiment described in entry 
6. That is, 1 is stable or a t  least does not give 3a, 
3b, or 4 in HzO only at  250 "C. The hydration- 
exchange of 1, 2, and 3a is best carried out in a 
dilute solution of a weak acid since the inclusion 

4 of strong acid (entry 5) produces pronounced 
decomposition and a lowered yield of the 
alcohols. As described in entries 1, 2, 3, 4, 7, 9, 

1 4 1 2 1 0 8  6 4 2 0 
rnlnutes 

FIG. 1. The glpc trace of the products of the hydration- 
exchange of norbornene in DOAc-D20 at 250 "C (120 h), 

and the dinorbornyl ether (4). In some cases 
under extended reaction periods very minor 
amounts of norcamphor < 5 7 ,  and other minor 
products were also formed. The norborneols and 
norbornyl acetates are the products expected 
from the acid-catalyzed addition of solvent to 
1 and 2. The dinorbornyl ether (4), an unexpected 
product, is formed via total equilibration of the 
products and solvent under the HTDA condi- 
tions. That equilibration occurs is established by 
the fact that the composition of the norborneol 
mixture, 807, exo - 207, endo, corresponds to  
the equilibrium composition for these alcohols 
(20). Also, the dinorbornyl ether 4 contains 
70 5 7 ,  exo and 30 f 57, enclo ether linkages 
as  was established by nmr integration. The 
perdeuteration of the bicyclo[2.2. llheptyl system 
in one cycle, with a good product yield, under 
the conditions of dilute acid is remarkable and 
is unprecedented in the literature. 

Deuterium incorporation certainly occurs via 
recycled norbornene and nortricyclane that are 
formed via 3,2 (1,2) and 6,2 (1,3) elimination 

SCHEME 1 

10, and 11 a reaction time in the order of 4-15 h 
only is required to accomplish complete hydra- 
tion-exchange of 1 and 2 and complete equilibra- 

DOAC 

D20 

FIG. 2. The nmr spectrum (100 MHz) of erzdo-2-norborneol in CC14 in the presence of Eu(DPM), at 
an  Eu(DPM)~-alcohol ratio of 0.63. H2x is not shown and appears at 23.6 pprn. 

Multiple eliminations, 
deuterations, 6,2 and 3,2 hydride 
(deuteride) shifts, 1,2 rearrangements 
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FIG. 3. The nmr spectrum of etzdo-2-norborneol-exo-5-exo-6-6 in the presence of EU(DPIM)~ at an 
E~(DP~V)~-alcohol ratio of 0.83. H3n, H6,, and HZI protons are not shown and appear at 10.4, 11.3. 
and 17.4 ppm, respectively. 

L - L L L I I . t . ~ . A . I I I I I ~  * . I 1 1 . . . . 1 . . . ~ L ~ 1 2 ~ ~ ~ l a . a J  

94 13 12 11 10 9 8 7 6 5 4 p p m  

FIG. 4. The nmr spectrum (100 MHz) of exo-2-norborneol in CCI, in the presence of Eu(DPM)~ at 
an Eu(DPM)~-alcohol ratio of 0.66. Hj, and H2n are not included. 

tion of 3a, 3b, 3c, 3d, and 4 with the deuterium 
pool. Prolonged heating, as described in entry 8, 
leads to a lowered yield of the alcohols. To 
establish the deuterium distribution after only 
partial hydration of l (entry 2), thc reaction was 
interrupted after 3 h and the norborneol mixture 
was converted to norcamphor that was reduced 
to endo-2-norborneol. The conversion of the 
norborneol mixture to enclo-norborneol was 
accomplished to facilitate Eu(DPM)3 shift anal- 
ysis of the system. The nmr spectrum of eizclo- 
norborneol in the presence of Eu(DPM)3 is 
shown in Fig. 2. The assignments were made by 
consideration that the protons nearest the com- 
plexing site would be shifted farthest downfield, 
by double resonance experiments and by the 
consideration of the nmr spectrum (Fig. 3) of 
endo-2-norborneol-exo-5-exo-6-d2 (5), obtained 
in the presence of Eu(DPM)~.  This allowed for 
the definite assignment of the resonances of the 
exo-5 and exo-6-hydrogens in enrlo-2-norborneol. 
The shifted spectrum (Fig. 4) of exo-2-norborneol 
is included for comparison purposes to show 
that only shift analysis of the endo alcohol 
provides a view of all the protons. 

The endo-2-norborneol, obtained from the 
norborneol mixture from the experiment de- 

scribed in entry 2, was subjected to shift analysis 
(Fig. 5). The following deuterium distribution 
was established when H-2 was used as the 
standard: 0.60 F 0.05 C-1, 0.5 + 0.05 at  C-3- 
exo, 0.5 + 0.05 at C-3-endo, 0.5 + 0.05 at  C-4, 
0.5 + 0.05 a t  C-5-exo, 0.5 + 0.05 at  C-5-endo, 
0.6 + 0.05 at C-6-exo, 0.6 0.05 at  C-6-endo, 
and 0.5 f 0.05 at  C-7-sjn and 0.5 f 0.05 at  
C-7-anti, respectively, a total of 5.3 i 0.5 atoms 
of deuterium. Since the deuterium situated at 
C-2 was lost during oxidation of the norborneol 
mixture to norcamphor, an approximate value 
(0.6) was obtained for that site by difference 
since the exo-norborneol isolated from the 
hydration-exchange of 2 contained 5.9 + 0.15 
atoms of deuterium as was determined by mass 
spectrometric analysis. These results indicate 
that all sites are equally accessible at  250 "C, 
although there is some indication that the exo-6- 
and endo-6-positions carry a slight cxcess of 
deuterium over the other sites. 

The temperature (250°C) is an especially 
critical factor in the perdeuteration sequence 
since the addition of deuterio protic acids to 
norbornene at  -78 + I00 "C yields only exo- 
norbornyl derivatives in which its lone deuterium 
atom is incorporated and distributed primarily 
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WERSTIUK AND KADAI: 111 

FIG. 5. The nmr spectrum (100 MHz) of end0-2-norborneoI-d~,~ in CC14 in the presence of Eu(DPM), 
at an Eu(DPM)~-alcohol ratio of 0.68. 

between the C-3-exo and C-7-syn-positions (9, 
10, 11). In order to force the equilibration of the 
products, temperatures of > 200 "C are required 
(17). Interestingly, even at 250 "C we did not 
observe any cyclopentenyl products derivable 
from cleavage of the C1-C6 bond. 

This study establishes therefore that any 
system that generates a 2-norbornyl cation under 
the conditions specified would undergo per- 
deuteration. Whether or not the HDTA condi- 
tions can be used to perdeuterate other cyclic 
systems, as for example, cyclohexenes and 
cyclopentenes, will be established by additional 
studies. 

Experimental 
ilirtclear Magnetic Resonance Analysis of exo- and endo- 

Norborrleol in the Presence of the Cl~emical Shift 
Reagent, Eu(DPM)~ 

Weighed quantities of tris(dipivalomethanato)europium 
(Eu(DPM),) and norborneol were placed in a 2 dram 
sample vial containing CCI, (0.5 ml), the mixture was 
shaken vigorously for 5 min, and filtered through glass 
wool. Spectra were run on a Varian HA-100 instrument 
with tetramethylsilane as the internal standard. 

The endo-norborneol proton resonances were assigned 
by a combination of first order analysis of the splitting 
patterns, double resonance experiments, and by using 
endo-2-norborneol-exo-5-exo-6-d2 (Fig. 3). Nuclear mag- 
netic resonance integral analysis (Fig. 5) of partially 
deuterated endo-2-norborneol, obtained from the partial 
exchange experiment, was carried out with the exo-2- 
proton as the internal standard. 

Hydration of Norborriene in 1070 u/u CH3COOH-H20 
at 250°C; Reaction Time 60 h 

Norbornene (5.14 g, 5.46 X mol, mp 45-47 "C) 
and 10% v/v HOAc-H20 (25 ml) were introduced into a 
thick-walled glass tube, the mixture was degassed three 
times by the freeze-pump-thaw method and sealed under 
vacuum. After solution was heated at 250 "C for 60 h in a 
Carius oven, the resultant two phase reaction mixture was 
diluted with water (30 ml), neutralized with solid sodium 
bicarbonate, saturated with sodium chloride, and ex- 
tracted with ether (4 X 40ml). The combined ether 
extracts were dried over anhydrous MgS04 and con- 
centrated by a slow distillation through a 15 in. glass 
helicies column. Analytical glpc on a 10 ft X + in. 10% 
Carbowax on Chromosorb W column (temperature main- 
tained at 110°C for 3 min then rapidly increased to 
185 "C) showed that the reaction mixture consisted of 27, 
norbornene, 4y0 nortricyclane, 8% exo- and endo- 
norbornyl acetate, 28% exo-norborneol, 11% endo- 
norborneol. and 47% dinorbornyl ether. The concen- 
trated ether extract was quantitatively transferred into a 
10 ml volumetric and made up to volume. Preparative 
glpc on a l o f t  X gin. 15y0 Carbowax Chromosorb W 
column at 175 "C established the yields of exo- and endo- 
norbornyl acetate, exo- and endo-norborneol, and 
dinorbornyl ether as 0.36 g (4%), 1.76 g (297,), and 2.0 g 
(la%), respectively. Correction for collection losses 
established the yield of the norborneol mixture as 2.05 g 
(337,). exo- and endo-Norbornyl acetate: ir (neat) 1738 
( C d ) ,  1018 and 1072cm-1 (C--0 stretch); nmr 60 
MHz (CC14) 6 4.72 (m, 0.13H, C-2-exo-H), 4.50 (bd, 
0.87H, C-2-etido-H), 2.24 (bs, 2H, bridgehead C-H), 

0 
I I 

1.92 (s, 3H, -4-C-CH3), 1.74-1.05 (norbornyl envel- 
ope, 8H); ms (15 eV) M+, m/e 154, c9HI4O2. An nmr 
integration analysis of the C-2-exo- and endo-protons 
showed that the exo:endo ratio of norbornyl acetates was 
87:13. exo- and endo-Norborneol: mp 127-130 "C (lit. (21) 
mp exo-isomer 127-128 "C); ir (CS2) 3600 (free --OH), 
3350 (H bonded --OH), 1118, I l l 0  (C-H), 1082 
(C--0 stretch), 1032, 1022 (C-H), 1 0 0  ( C - 4  stretch), 
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916, 832, 806 cm-1 (C-H); nmr 60 MHz (CDC13) F 4.05 
(m, 0.25H, C-2-exo-H), 3.74 (bd, 0.75H, C-2-endo-H), 
2.18 (m, 2H, bridgehead C-H), 1.7-0.9 (8H, norbornyl 
envelope); ms (15 eV) M+, m/e 112, C7H120; M+ of the 
acetylated alcohol at  m/e 154 corresponded to C9HI4o2. 
An nrnr integration analysis established that the alcohol 
was a mixture of 80 t 5'; exo-norborneol and 20 k 5% 
endo-norborneol. Dinorbornyl ether (a glassy solid): mp 
51-53 "C; ir (CCI,) 1095 ( C - a ) ,  1248, 1176, 1152, 1026, 
862, and 693 cm-1 (C-H); nmr 60 MHz (CCI,) 6 3.76 
(bm, 0.55H, C-2-exo-H), 3.32 (m, 1.45H, C-2-endo-H), 
2.22 (bs, 4H, bridgehead C-H) and 1.76-0.94 (norbornyl 
envelope, 16H); ms (15 eV) M+, m/e 206, C14H220. Anal. 
calcd. for CI4H22O: C 81 SO, H 10.75; found : C 81.79, 
H 10.86. 

An nmr area integration of the C-2-exo- and endo-H of 
dinorbornyl ether showed that the stereoisomeric mixture 
was composed of 70 _+ 54; exo and 30 i- 5% endo 
linkages. 

Hydration in Deuterated Medium a t  250°C 
Norbornene (0.52 g, 5.56 X mol) and 10yc v/v 

CD3COOD-D20 (8 ml) were sealed in a thick-walled 
glass tube (7 in. X $ in.) as described previously. After 
the mixture was heated a t  250 "C for 120 h, a milky 
aqueous layer and a pale yellow organic layer were 
formed. After the usual work-up, analytical glpc (Fig. I) 
showed that the reaction mixture consisted of 1.OSi 
norbornene and nortricyclane, 6.0%; exo- and er~do- 
norbornyl acetate, 56.05; exo-norborneol, 21 .05  errdo- 
norborneol, 8.0% dinorbornyl ether, and 8.0:; of three 
other products. The concentrated ether extract was 
quantitatively transferred into a 1 ml volumetric flask 
and made up to  volume. Preparative glpc on a 15 ft  X $ 
in. 15y0 Carbowax on Chromosorb W column a t  155 "C 
established the yield of exo- and endo-norborneol as 
0.40 g (6953); correction for collection losses (19) estab- 
lished a yield of 0.46 g (80%). 

Since mass spectrometric deuterium assay on the 
norbornyl acetate is more accurate than analysis on the 
norborneol, due to the large M+ - 1 and M+ - 2 peaks 
associated with the latter, the norborneol was converted 
to the acetate by the following procedure. The norborneol 
(0.23 g, 2.05 X 10-3 mol) isolated by preparative glpc 
was dissolved in pyridine (8 ml) and acetic anhydride 
(6 ml) and stirred at  room temperature for 24 h. The 
mixture was added to crushed ice (15 ml). After the ice 
had melted, the solution was diluted with water (80 ml) 
and extracted with ether (3 X 20 ml). The ether extract 
was washed with dilute HC1 (3 X 10ml) and water 
(2 X 20ml), dried, and concentrated on  the rotatory 
evaporator. Mass spectrometric deuterium assay on the 
exo- and endo-norbornyl acetate mixture showed that it 
was a composite of 44.0% dl],  36.5% dlo, 14.29; d9, and 
3.5% d8 species, that corresponded to a total of 10.1 
excess atoms of deuterium per molecule. 

Incomplete Excharrge itt Deuterated Medium 
Norbornene (1.26 g, 1.34 X lo-* mol) and 10% v/v 

CH3COOD-D20 (20 ml) in a degassed sealed tube were 
heated at  250 "C for 3 h in a Parr 2 litre bomb containing 
water to equalize pressure. After the usual work-up, 
analytical glpc on a 10 ft  X in. lOy0 Carbowax on 
Chromosorb W column with temperature programming 

from 85-125 'C showed 25rc norbornene, 7 5  nortricy- 
clane, 8yc exo- and et~do-norbornyl acetate, 48.5y0 exo- 
and endo-norborneol, 64; dinorbornyl ether, and 5.5% of 
four other products. The concentrated ether extract was 
quantitatively transferred into a volumetric flask (2 ml). 
Preparative glpc (125 "C) as described previously estab- 
lished the yield of norborneol as 0.53 g (35yc), corrected 
for collection losses 0.61 g (41%). Some of the alcohol 
mixture collected by preparative glpc was converted to 
the acetates with pyridine and acetic anhydride as 
described previously. Mass spectrometric deuterium assay 
on the exo- and endo-norbornyl acetate mixture showed 
4.3:; dll, 11.7'; dlo, 13.3:; dy, l l . lC;  dg, 8.77; d7, 8.0';; 
d6, 6.17; d5, 5.9% d4, 7.1% d3, 9.2:; d2, 12.7y0 dl, and 
2 . 0 5  do species corresponding to a total of 5.9 excess 
atoms of deuterium per molecule. 

The remainder of the alcohol isolated by preparative 
glpc was oxidized by Jones reagent according to  the 
following procedure. exo- and endo-Norborneol (0.31 g, 
2.76 X 10-3 mol), ether (loml),  and a chromic acid 
solution (3 ml, prepared from 5 g Na2Cr20,.2H20 and 
3.75 ml concentrated H2S04 which is then diluted to 
25 ml) were mixed and stirred overnight. The ether layer 
was separated and the aqueous phase was extracted with 
ether (2 X 5 ml). The combined ether extracts were 
washed with saturated sodium bicarbonate (3 X 5 ml), 
water (1 X 5 ml), dried, and the ether was removed 
slowly by distillation through a 12in. glass helicies 
packed column to yield norcamphor (0.22 g, 2.0 X 10-3 
mol, 727,). To determine the location of the deuterium. 
the deuterated endo-norborneol (0.024 g, 2.0 X 10-4 mol) 
obtained from the lithium aluminum hydride in ether 
reduction of norcamphor, was subjected to nmr area 
integral analysis in the presence of Eu(DPM), (0.098 g, 
1.39 X mol) in CC14 as described in Fig. 5. The 
analysis established the following deuterium distribution: 
0.6 i. 0.05 at  C-1, 0.5 at  C-3-exo, 0.5 at  C-3-endo, 0.5 at  
C-4,0.5 a t  C-5-exo, 0.5 a t  C-5-endo, 0.6 at  C-6-exo, 0.6 at  
C-6-endo, 0.5 a t  C-7-sy and 0.5 a t  C-7-anti (5.3 excess 
atoms of deuterium). Since the original exo- and endo- 
norborneol contained 5.9 atoms of deuterium and the 
endo-norborneol obtained from the oxidation and reduc- 
tion sequence contained 5.3 atoms of deuterium, the 
original exo- and etrdo-norborneol before oxidation con- 
tained approximately 0.6 D at C-2. 

Preparation of Nortricyclane 
Norcamphor tosylhydrazone (18.7 g, 6.73 X 10-2 mol, 

mp 205-208 "C) prepared from norcamphor was added 
to purified diglyme (250 ml) in a three-neck flask equipped 
with a stoppered condenser and a nitrogen inlet and 
outlet. Freshly prepared sodium methoxide (30.2 g, 
0.56 mol) was added and the reaction mixture was heated 
to reflux (140-150 "C). As nitrogen was vented through 
the solution, the product (4.5 g, 725%) was carried through 
a water wash, a KOH pellet drying system, and collected 
in a small flask and 'U' tube cooled in dry ice. Analytical 
glpc on a 10 ft X + in. 5y0 SE-30 on Chromosorb W 
column a t  105 "C established that the product was com- 
posed of 997, nortricyclane and 17, norbornene. 

Hydration of Nortricyclane in Deuterated Medium 
a t  250 "C 

Nortrlcyclane (0.15 g, 160 X mol) and 10Cc v/v 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WERSTIUK AND KADAI: 111 2219 

DOAc-D20 (8 ml) were introduced into a thick-walled 
glass tube (8 in. X 4 in. i.d.), dcgassed three times by the 
freeze-pump-thaw method, and sealed under vacuum. 
After the mixture was heated at  250 "C for 15 h in a 
Carius oven, the two phase reaction mixture was diluted 
with water (8 ml), neutralized with solid sodium bicar- 
bonate, saturated with sodium chloride, and extracted 
with ether (4 X 15 ml). The combined ether extracts were 
dried and concentrated by a slow distillation through a 
15 in. glass helicies packed column. Analytical glpc on a 
10 ft  X in. 10:); Carbowax on Chromosorb W column 
with temperature programming from 85-155 "C showed 
5 5  exo- and enclo-norbornyl acetate and 93.5(,; exo- and 
enclo-norborneol. The concentrated ether extract was 
quantitatively transferred into a 1 ml volumetric flask and 
made up to volume. Preparative glpc as described pre- 
viously established the yield of norborneol as 0.064 g 
(36%); yield, corrected for collection losses, 0.075 g 
(427,). As described previously, the alcohol was con- 
verted to the norbornyl acetate which was subjected to 
mass spectrometric deuterium assay: (15 eV), 37.1r; 
dI1, 35.5yOdlo, 14.85, ti9, 4.352d8, 1.3Ccd7, and 7.07, 
C((; species (9.8 excess atoms of deuterium per molecule). 

Solcoljsis of exo-Norborizeol in Delrterated A4edi~tn1 
at  250 "C 

As described in the hydration of nortricyclane experi- 
ment, exo-norborneol(0.71 g, 6.28 X 10-3 mol) and 1 0 5 ,  
v/v DOAc-D20 were heated at  250 "C for 15 h. Analyti- 
cal glpc on a 10 ft  X + in. 10% Carbowax on Chromo- 
sorb W column with temperature programming from 
85-155 "C showed 0.77, norbornene, 1.3% nortricyclane, 
8.04; exo- and endo-norbornyl acetate, 61.0>', eso- 
norborneol, 28.0'; endo-norborneol, 0.5% dinorbornyl 
ether, and < I ? &  of another product. The concentrated 
ether extract was quantitatively transferred into a 2 ml 
volumetric flask and made up to  volume. Preparative 
glpc established the yield of norborneol as 0.48 g (675;); 
yield, corrected for collection losses, 0.56 g (79%). Mass 
spectrometric deuterium assay (15 eV), on the acetylated 
alcohol showed 27.4:; (ill, 38.7% cIlo, 23.2% d9, 8.55; 
dg,  and 2.25,; d7 species, corresponding to a total of 9.8 
excess atoms of deuterium per molecule. 

Solcolysis of endo-Norbornyl Acetate it2 Delrterateci 
Medium at 250 "C 

As described previously, norcamphor was reduced with 
lithium aluminum hydride in ether predominantly to 
ettdo-norborneol. The enclo alcohol was then converted to 
etzdo-norbornyl acetate with pyridine and acetic an- 
hydride. 

As described in the hydration of nortricyclane experi- 
ment, endo-norbornyl acetate (0.55 g, 3.59 X 10-3 mol) 
was heated at 250 "C for 15 h. Analytical glpc on a 
10 ft  X a in. 10% Carbowax on  Chromosorb W column 
a t  95 "C showed 0.8% norbornene, 0.55% nortricyclane, 
39.256 exo- and endo-norbornyl acetate, 37.3% exo- 
norborneol, 16.7(;& endo-norborneol, and 5.57, of two 
other products. The concentrated ether extract was quan- 
titatively transferred into a 1 m! volumetric flask and 
made up t o  volume. Preparative glpc established the 
yield of norborneol as 0.18 g (45%); yield, corrected for 
collection losses, 0.20 g (51';). Mass spectrometric 

deuterium assay (15 eV) of the norbornyl acetate isolated 
from the reaction mixture by preparative glpc, established 
the presence of dl4, d13, and d12 species, indicating that the 
acetate methyl group was also being exchanged under the 
reaction conditions. T o  obtain an  accurate analysis of the 
deuterium incorporated into the norbornebls, mass 
suectrometric deuterium assav was carried out on  the 
a'cetylated alcohols. As begre,  the exo- and endo- 
norborneol mixture was converted to the norbornyl 
acetates and mass spectrometric deuterium assay at  
15 eV. showed that the alcohol was a composite of 39.67, 
d l l ,  38.55; dlo,  17.2C; d9, and 4 . 7 5  d8 species, corre- 
sponding to a total of 10.3 excess atoms of deuterium 
per molecule. 
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K. F. SHURVELL, F.  C A H I L L , ~ .  DEVARAJAN, and D. W. JAMES. Can. J. Chem. 54,2220 (1976). 
Infrared and Raman spectra of 1,2-dibromotetrafluoroethane have been recorded in vapour, 

liquid, and polycrystalline solid states. Assignments have been made to traris and gauche 
isomers. A force field has been obtained for the tratzs isomer and used to predict the frequencies 
of the gauche form. 

H. F. SHURVELL, F. C A H I L L , ~ .  DEVARAJAN et D.W. JAMES. Can. J. Chem. 54, 2220 (1976). 
O n  a diterminC les spectres infrarouges et Raman du dibromo-1,2 tetrafluoroethane B I'etat 

de vapeur, de liquide et de solide polycristallin. On a fait des attributions pour les isomkres 
trans et garrcl~e. On a obtenu une force de champ pour I'isomhre trans et on I'a utilisee pour 
prCdire les friquences de la forme gauche. 

[Traduit par le journal] 

Introduction 

The infrared and Raman spectra of 1,2- 
dibromotetrafluoroethane (DBTFE), CF2Br- 
CF2Br, have been reported previously (1). The 
infrared spectra wcre studied at  various temper- 
atures and it was concluded that the trans (anti) 
form of the compound was the more stable 
isomer. However, no assignment of the ob- 
served frequencies was given. 

Our interest in DBTFE arose from the pos- 
sibility of using this compound in conjunction 
with other materials as matrices for matrix 
isolation studies. Sarldorfy (2) has reported that 
a 1:l  mixture of DBTFE and CCI3F forms a 
transparent glass suitable for both infrared and 
visible spectroscopy a t  liquid nitrogen temper- 
ature. Before using DBTFE in matrix isolation 
work it is desirable to have a knowledge of the 
spectrum of the solid. 

In the present work we have recorded infrared 
and Raman spectra of both solid and liquid 
DBTFE a t  various temperatures as well as 
infrared and Raman spectra of the vapour. We 
have assigned the observed frequencies to trans 
and gaziclze forms and have carried out normal 
coordinate analyses on both isomers. These 
calculations have been helpful in locating the A ,  
and B, fundamentals of the trans form and pre- 
dicting the frequencies of the gauche isomer. 

Experimental 
Dibromotetrafluoroethane bp 47.3 'C was obtained 

from PCR Inc., and Pfalz and Bauer. Solid sanlples were 
prepared for infrared studies by condensation of the 
vapour onto a CsI window mounted in a copper block 
cooled by liquid nitrogen in an  evacuated Dewar. 
Annealing was carried out by warming the deposits and 
recooling to 77 K. 

Liquid phase spectra were recorded from films held 
between CsI plates or using polyethylene cells. Vapour 
phase spectra were obtained using a heated cell described 
previously (3). All infrared spectra were recorded on a 
Perkin-Elmer model 180 spectrometer. The instrument 
was calibrated using various gases (4). 

Raman spectra of solid DBTFE were recorded on a 
Cary 82 spectrometer at  the University of Queensland. 
The 5145 A line of a C.R.L. model 52 Argon laser was 
used to excite the spectra. The cryostat used was an 
Oxford Instruments CFlOO liquid transfer crystat. 
Liquid phase spectra were obtained using sealed glass 
capillary tubes. Raman spectra of DBTFE vapour were 
obtained using a Cary multiple reflection attachment and 
a heated gas cell with brewster angle windows. Calibra- 
tion was made using laser lines. The Raman and infrared 
wavenumbers reported in Table 1 are believed to be 
correct to within I 1 cm-I. 

Results and Discussion 
The infrared spectra of DBTFE in liquid and 

solid phases are shown in Fig. 1. Raman survey 
spectra of liquid and solid DBTFE are shown in 
Fig. 2. Observed frequencies in liquid and solid 
states are listed in Table 1 together with assign- 
ments to  trans or gauche isomers. 
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TABLE 1. Observed waven:lmbers (cm-1) of the fundamentals of 
dibromotetrafluoroethanen 

Raman Infrared 

Solid 77 K Liquid 300 K Solid 77 K Liquid 300 K Assignment 

49s - - - Lattice mode 
- 6Osl1,dp - - gauche ( B )  
- l l8w,dp - - gauche ( B )  
- - - 177vw gauche ( B )  

181, 184% 18Ovs,p - t m t ~ s  (A,)  
- - 227w 227vw fraris (A, )  
- 275wsh,dp - 275vw gauche ( B )  

286m 282w,p - - trans (B,)  
- 309w.p - 308w gauche (A) 

322vs 322s,p - - trans (A, )  
- - 345w 345w trans (A,) 
- 345m,dp - -350sh gauche ( B )  
- - - 360w gauche ( A )  

367s 369s.p - - trans (A,)  
- 466vw,p - 462w gauche ( A )  

526m 525vw,dp - trans (B,) 
- - 585s 585m trans (B, )  
- - - 596m gauche ( B )  

649vw 650s,p - 650m gauche ( A )  
682s 680m,p - - trans (A, )  
- - 767vs 766vs tratls (B,)  
- 872vw,dp - 874s gauche ( B )  

1008w 1008w.p - 1008vs gauche ( A )  
1022vs 1025s,p - - trans (A,) 
- - 1 120vs 1128vs rrurzs (B,)  

1156w - - - trans (A,)  
- 1164w.dp - -1 170sh gauche ( B )  
- - 1172vs 1180vs trans (A,)  
- - - 1247s gauche ( A )  

1254w 1252vw,dp - - trans (B,) 

"Intensities are denoted by v = very, s = strong, m = medium, w = weak, sh = shoulder, p = 
polarized, dp = depolarized. 

Assignments to t ram  and gauche isomers were 
based on the assumption that the solid state 
spectra contain only bands due to trans isomer. 
Also since the trar2.c isomer has a centre of 
symmetry, a mutual exclusion between infrared 
and Raman wavenumbers should be observed 
for this isomer. On the other hand, vibrations of 
the ga~rclze isomer should be observed at the 
same wavenumber in both infrared and Raman 
spectra of the liquid, but should be absent in the 
spectra of the solid. 

The trans isomer is assumed to belong to the 
point group C21L and the 18 fundamentals com- 
prise 6A, + 3B, + 4A, + 5B, modes. The A, 
and B, modes are active in the Raman spec- 
trum, while the A, and B, species are infrared 
active. Measurement of depolarization ratios of 
Rainan lines leads to  a distinction between the 
A, and B, modes. However, distinction between 

the A, and B, modes is not so straightforward 
and the normal coordinate calculations described 
below have been helpful in this regard. 

The gauche isomer is assumed to belong to the 
point group CZ. The 10A + 8Bfundamentals are 
both infrared and Raman active. The A modes 
should give rise to polarized Raman lines. 
Frequencies due to the guuclze isomer should be 
observed in both spectra, but should disappear 
at low temperatures. However, many bands 
assigned to the gauclie form are very weak and 
again, the normal coordinate calculation de- 
scribed below was helpful in making assignments 
to  this isomer. 

Infrared and Raman spectra of the vapour at 
various temperatures were also recorded. The 
bands were generally broader than those of the 
liquid due to unresolved rotational structure. 
However, the wavenumbers observed were very 
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FIG. I .  Raman survey spectra of DBTFE. Upper trace: a polycrystalline film at 77 K, slits 2 cm-1, 
sensitivity 5000 counts/s. Lower trace: the liquid at room temperature, slits 1.3 cm-1, sensitivity 
50 000 counts/s. 

close to those of the liquid phase spectrum and 
no new features were found. The discussion here 
refers to liquid and solid phase infrared and 
Raman spectra only. 

Assignments 
The trans Isomel. 
Strong polarized Raman lines of the liquid at  

180, 322, 369, 1025 and a line of medium 
intensity at 680 cm-I are assigned to A, species 
vibrations of trans-DBTFE. These lines are also 
present in the solid state spectrum and no infra- 
red absorption was observed at any of these 
wavenumbers. Group theory predicts six A, 
modes and the normal coordinate analysis 

suggests an A, frequency near 1150 cm-l. We 
have therefore assigned the weak Raman line at 
1156 cm-I in the spectrum of the solid to this 
mode. 

Depolarized Raman lines a t  282, 525, and 
1252 cm-l are assigned to the B, species vibra- 
tions. Again, these wavenumbers are only 
observed in the Raman spectrum and again they 
are present in the solid state spectrum. 

Of the nine infrared active A, and B, modes, 
calculations indicate that two are expected at 
frequencies below the range of our instrument. 
Very strong infrared absorptions are observed 
at 1180, 1128, 766 cm-I. These, together with a 
band of medium intensity at 585 cm-I and two 
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FIG. 2. Infrared survey spectra of DBTFE. A ,  a very thin polycrystalline film at 77 K.  B, a very thin 
liquid film. C, a thick liquid film. D, the liquid in a 0.5 mrn polyethylene cell. 

weak absorptions at 345 and 227cmT1, are 
assigned to A, and B, modes. In every case these 
wavenumbers are observed in both liquid and 
solid phase spectra and are absent in the Raman 
spectrum. The normal coordinate calculation 
suggests that a B, mode should be found near 
370 cm-I. However, no infrared band is observed 
in the solid near this wavenumber. The other 
two unobserved infrared active fundamentals are 
calculated at 132 and 114 cm-l. 

The gauche Isomer 
As was found for the trans isomer, it has not 

been possible to  locate all 18 fundamentals and 
some assignments given in Table 1 are uncertain. 
Infrared absorptions at 1247, 1008, 874, 650, 
462, 308, and 275 cm-I all coincide in wave- 

number with Raman lines and in nearly every 
case both infrared and Raman bands are absent 
in the spectrum of the solid at 77 K. 

Infrared absorptions at 596, 360, and 177 
cm-1 disappear at low temperatures and are 
therefore assigned to the gauche form. These 
bands have no Raman counterparts. Depolarized 
Raman lines at 1164 and 345 cm-I may cor- 
respond to shoulders at approximately 1170 and 
350cm-I in the infrared spectrum of liquid 
DBTFE. These lines also are absent at low 
temperatures and are therefore assigned to the 
gauche isomer. The low frequency Raman 
spectrum of the liquid has a band at 118 cm-I 
and a shoulder at approximately 60 cm-l. These 
lines both disappear at low temperatures and are 
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also assigned to the gauche isomer. This leaves 
four fundamentals unaccounted for. The normal 
coordinate analysis has suggested wavenumbers 
for the unobserved vibrations and these may be 
seen in Table 4. 

Unassigned Bancls 
A few weak features of the spectra of Figs. 1 

and 2 have not been included in Table 1, since 
it is felt that they are due to overtones or com- 
binations, or in the case of the solid state spectra, 
to crystal splittings. 

In Fig. 1 the Raman lines in question are seen 
at 690 cm-I (trans) and 1102 cm-I (gauche) in the 
liquid and 690, 1002, and 1177 cm-I in the solid. 
The line at 690 cm-l could be the combination 
369 + 322 (A, X A, = A,) in Fermi resonance 
with the strong A, fundamental at 680 cm-l. The 
1102 cm-l feature could be 462 + 650 (A X A = 

A) .  The lines appearing in the solid are almost 
certainly due to the trcms isomer. The sharp 
doublet at 18 1 and 184 cm-l may be correlation 
field components of the 180 cm-I line of the 
liquid phase spectrum. The sharp line of medium 
intensity at 1002 cm-I could be 682 + 322 
(A, X A, = A,), in Fermi resonance with the 
very strong A, fundamental at 1022 cm-l. 

In the infrared spectrum of the liquid (Fig. 
2C), a weak absorption at 524cm-l, two 
shoulders on the 650 cm-I band, a sharp band at 
710 and a weak broad feature between the 874 
and 1008 cm-l bands are all unassigned. In the 
solid state spectrum (Fig. 2A), three sharp peaks 
are seen between the 585 and 767 cm-I absorp- 
tions. These features cannot be assigned as 
fundamentals and are therefore attributed to 
overtones or combinations of the trcrns isomer. 

Normal Coordinate Atzalysis 
A normal coordinate analysis was carried out 

for both trans and ganclze isomers of DBTFE 
using the Wilson FG matrix method (5). The 
internal coordinates for trans CF2Br--CF2Br are 
defined in Fig. 3. A torsional coordinate was 
defined around the C-C bond. Bond lengths 
and angles were obtained from the literature (6). 
A total of 20 internal coordinates including two 
redundancies were used to calculate the C 
matrix using the computer programs of Schacht- 
schneider (7). A valence force field containing 
25 force constants was used to construct an F 
matrix. As there are only 18 normal modes for 
DBTFE it is obviously not possible to  determine 

FIG. 3. The internal coordinates of trat~s-DBTFE. 

25 force constants uniquely. However, we were 
able to  fit the observed frequencies by adjusting 
the force constants by a trial and error procedure 
and making use of the elements of the Jacobian 
matrix av,ldf, .  

Initial values of stretching, bending and some 
interaction force constants were obtained from 
the results of calculations of C2FG and C2Br6 (8) 
and CF3CH3 and CBr3CH3 (9). The adjustment 
of force constants was started by fitting observed 
and calculated wavenumbers of the A, and B, 
modes of trans- DBTFE, because the assignments 
of these modes were most reliable. Symmetry 
coordinates were not used, because of the redun- 
dancy problem in the A,  and B,, species. The re- 
dundant symmetry coordinates can be recognized 
as the + and - combinations of the angle bends 
around the two carbon atoms. However, these 
linear combinations cannot be made orthog- 
onal to the other 18 symmetry coordinates. The 
calculation could be carried out with a non- 
redundant set of internal coordinates and Cyvin 
(10) has made such a calculation. However, we 
wish to use the valence force constants obtained 
for trans-DBTFE to predict the frequencies of 
the gauche isomer, so we prefer to work with the 
redundant unsymmetrized problem. It was not 
difficult to identify the species of each calculated 
eigenvalue, since a print-out of the eigenvectors 
was available. 

Once the observed and calculated wave- 
numbers for the A ,  and B, species were suffi- 
ciently close, the calculated frequencies for the 
A, and B, species were compared with the 
observed infrared frequencies in Table 1 and 
assignments to 4A, and 5Bu species were then 
made. This somewhat arbitrary procedure is 
justified by further consideration of the vibra- 
tions. The CF stretches are calculated at 1179 
cm-l (A,) and 1133 cm-l (B,). These can be 
correlated with observed infrared bands at 11 84 
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TABLE 2. Observed and calculated wavenumbers (cm-1) for trot7s-dibromotetrafluorethane 

Seecies Observed Calculated Descriptionn Important force constantso 

C-F stretch, CBr stretch, BrCC bend 
C-C stretch 
C-F stretch, FCF bend t BrCC bend 
FCF bend, CBr stretch 
FCC bend, CBr stretch, C-C stretch 
BrCC bend. CBr stretch 

C-F stretch 
FCC bend, C F  stretch 
BrCF bend. FCC bend 

C-F stretch 
BrCF bend, tors1011 
FCC bend 
Torsion 

C-F stretch, FCF bend 
C-Br stretch, BrCF bend 
FCF bend 
CBr stretch, FCF bend, BrCF bend 
BrCC bend, FCC bend 

f T >  .fi? > f r r  
. f a ; . f f d a a ~ . f i '  

b ,  f r o  > .Lo 
fz 

f r , f z , f r z  

. h ~ ~ f i ? ~ f u , j d i l , . f i ~ n  

f r : . f z , f o : f ; z  

. f d $  f z , f n > f d n  

. f 6 > f ; , , f ' l b , J o o  

"Taken from the P.E.D. in internal coordinates. 
OForce collstallts contributing morc than 10:; to P.E.D. in force con5 

and 1128 cm-I. The BrCF bend is calculated a t  
356 cm-l for the A,, species and, mixed with 
C-Br stretching, at  371 cm-I for the B,, species. 
These calculated frequencies correlate with infra- 
red bands at  345 and 360 cm-l. Two frequencies 
are calculated for the B,, species at  763 and 568 
cm-I which have no counterparts in the A,, 
species. These can be correlated with bands at  
766 and 585 cm-I in the infrered spectrum. The 
assignment of the infrared band at 227 cm-l to 
an FCC bend of species A,, calculated at  233 

TABLE 3. Final values of force co~istants calculated 
for fr.nt1s CF2Br-CF2Br 

Force constant Valuef% Force constant Valuea 

"Units for stretching and stretch-stretch interaction constants arz 
mdyn/A,  for bending and bend-bend intert~ction constarits units ale 

mdyn .&, and stretch-bend interaction constants have units of mdyn. 

cm-I is reasonable. The remaining fundamentals 
are a BrCC bend (B,,) and the torsion (A,,). The 
calculatioil indicates that these modes occur at  
low frequencies a i d  they have not been observed 
in the present work. 

After making the assignments to the various 
symmetry species an improvement in the overall 
fit was made manually using the Jacobian ele- 
ments as a guide. Attempts to improve the fit by 
the least-squares procedure were abandoned 
when a study of the Jacobiail matrix indicated 
that the problem \vould not converge. Potential 
energy distributions in both force constants and 
i~ltrrnal coordinates were calculated using stan- 
dard expressions (1 1). The Schachtschneider 
(RVIB) (7) and Shimanouchi (LSMB) (1 1) pro- 
grams were used for the calculations. The 
results for trirrzs-DBTFE are shown in Table 2 
and the final set of force constants is listed in 
Table 3. 

The force field obtained for trmn-DETFE was 
used to predict the waverlumbers of the guuchc 
isomer. The internal coordinates arc dcfincd in 
Fig. 4. The calculation was carried out using 
Schachtschneider's program (RVIB) (7) and the 
predicted wavenumbe~-s are compared with ob- 
served values in Table 4. 111 most cases an infra- 
red band or a Raman line, assigned to gauche 
isomer, was observed close to a predicted wavc- 
number. The frequericies assigned to the A and B 
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TABLE 4. Observed and calculated wavenumbers (cm-1) for gaiiche CF2Br-CF2Br 

Species Observed Calculated Descriptiona 

C-F stretch 
C-F stretch, C-C stretch, FCF bend 
C-C stretch 
FCF bend, C-F stretch 
FCBr bend, FCC bend, FCF bend 
C-Br stretch 
FCBr bend, FCC bend, CC stretch 
FCBr bend, FCC bend 
BrCC bend 
Torsion 

C-F stretch 
C-F stretch 
C-Br stretch, FCBr bend, FCC bend 
FCF bend, C-F stretch 
FCBr bend, FCF bend 
C-Br stretch, FCBr bend 
FCC bend. FCBr bend 
BrCC bend, FCC bend 

aTaken from the P.E.D. in internal coordinates. 

A 

FIG. 4. The internal coordinates of gallcl~e-DBTFE. 

species vibrations were usually of infrared bands 
chosen on the basis of closeness to  calculated 
frequencies. However, when Raman depolariza- 
tion ratios were available, the polarized lines of 
the ga~iche form were assigned to A species 
vibrations. 

Conclusions 
An assignment of the infrared and Raman 

spectra of dibromotetrafluoroethaile has been 
made. It is concluded that the trans isomer is 
more stable than the gauche and is the pre- 
dominant form at low temperatures. Using the 
temperature dependence of bands in the spectra 
and the mutual exclusion of vibrations of the 
trans isomer in infrared and Raman spectra, it 
was possible to assign bands to trans and gauche 
forms. 

The results of a normal coordinate analysis 
give_n in Tables 2 and 4 support the assignments 
to-trans and gauche isomers and from the poten- 

tial energy distributions, descriptions of the 
normal modes can be given. The force constants 
eiven in Table 3 are not unique but they appear 
;o be reasonable and reproduce the observed 
frequencies of both trans and gauche isomers 
quite well. This indicates that any differences in 
frequencies between the two isomers are due to 
the geometrical differences. 

The Raman spectrum of solid DBTFE is 
fairly simple and there are large clear regions. 
The compound would appear to be suitable as a 
matrix material for Raman matrix isolation 
studies. The infrared spectrum of the solid on 
the other hand has two broad regions of absorp- 
tion below 1300 cm-l and many overtones and 
combinations occur in the region between 2000 
and 1300 cm-I. 
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TED SCHAEFER and J ,  B R I ~ N  R(>wB(>THA~I. Can. 9. Chern. 54. 2228 (1976). 
The conformational preferences in CC14 solution at  32 'C of r he hydroxyl groups in bromine 

derivative? of 1.3-dihydroxybenzene are deduced from the iong-i-ange spin-spin coupling con- 
stants between lnyrirosyl protons and ring protons oyer t k e  bonds. Two hydroxyl r o u p s  
i~ydrogen bonc! to  the same bromine substit~~enf. in 2-bromo-1.3-dihgdroxybeazene but prefer 
to hydrogen bond to diii'crent bromine subsiituents v;hen available, as in 2,4-dihrorno-1,3- 
dil~ydroxybenzcne. When tile OW groups can each choose between two oi.tlro bromine atoms. 
as in 2,4,6-tribromoresorcinol, they apparently do so in a very nearly statistical manner except 
that they avoid hydrogen bonding to the comn~on bromine atom. 

TED S C H ~ E F E R  et J .  % R I ~ N  ROWBOTHA~I. Call. J .  Chem. 54, 2228 (1976). 
Les prifirences conforrnatioillleiles~ en solutioll dans le CCI4 32 'G; des groupes hydroxyles 

clans ies dirivij  bromCs du dihyclrosy-l,3 benzkne sent dCduites B partir des constantes de 
co~lplage spiil-spin h iong~le distacce h travers cinq liaisons erltre Les protons hjdroxyliques et 
ies protons du cycle. Ceux groupes hydroxyles sont unis par des poiits hydrogenes au m@me 
atome de brome dans le brorno-2 dibydroxy-! ,3 benzkne; toutefois les hydroxyles prkferent 
former des ponts hydrogtnes avec diffirents atornes dc brome lorsque ceux-ci soni disponibles. 
conlme dans Ie dibromo-2.4. dihycirosy-1.3 benzkne. Qualid chaque groupe OW peut choisir 
entre deux atomes de brome ori/zo9 comme dans le tribromo-2.4.6 risorcinol, ils le font ap- 
paremment d'une fason presque statistique; ils essaient toutefois d'eviter la formation de ponts 
hydrogttnes vers  in atome de bron~e commun. 

(Traduit par le journal) 

Introduction 

Previous measurements (1, 2) of stereospecific 
long-range spin--spin coupling constants between 
hydroxyl protons and ring protons or fluorine 
nuclei in halophenols yielded the relati1.e stability 
of A and W in carbon tetrachloride solution at  
3 2  "C. 

o--7 

It was deduced that the int ra~~~olecular  hydrogen 
bond strength to f uorine is greater than that to 
iodine by 45 & 20 cal h o l ,  that the strengths 
to chlorine and bromine are 460 4 6 0  cal, moI 
greater than to iodine; and that, if a distillction 
can be made, chlorine hydrogen bo~ids  rnore 
strongly than bromine by only a few tens of 
calories per mole. These conclusio~is agree quali- 
tatiyely with deductio~is based on hydroxyl 
sicetching band intensities ( 3 ) .  

Recent measurements (4) of the hydrox~.i 

torsion bands of the o-haiophe~lols in cyclo- 
hexane solution gave the enthalpies of formation 
of the intramolecular hydrogen bonds as - 1.62, 
- 1.57, - 1.45, - 1.44 kcal,'mol(all with an error 
of 0.12 kcal mol) for CI, Br, I and F, respectively. 
Ola the other hand, chenlical shift data for the 
hgrdroxyl protons ( 5 )  indicated enthalpies of 
-2.36: -2.14. -1.65 kca1,'mol for Ci, Br, I ,  
respectively, ill carbon disulfide solution and 
implied the absence of an intramolecular hydro- 
gen bond in o-fluorophenol . 

111 this paper the conformational preferences 
of the two hydroxyl groups in bromine deriva- 
tives of i,3-dihydroxybenzene (resorcinol) are 
investigated via the long-range spin-spin coup- 
ling c o ~ ~ s t a ~ l t s  over five bonds, 5Jn,",0", between 
hydroxyl and ring protons. It is of interest under 
what substituent conditions the two hydroxyl 
groups \?.ill hydrogen bond to the same bromine 
atom. 

Experimental 
The 2.4,G-tribromo-; and 2,4,6-triiodo-l,3-dihydroxy- 

benzenes were comn~ercial materials. Treatment of the 
former with bisulfite (6) yielded the 2-bromo-, the 2,4- 
dibromo-, and 4,G-dibro~noresorcinols. Samples for nmr 
measi~rements were aboct 356 by weight in CC14 (CDCI3 
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SCHAEFER AND ROWBOTHAM 

for tribromoresorcinol) and contained a small amount of 
tetramethylsilane, TMS. They were degassed and dried 
as described previously (1, 2). Proton magnetic resonance 
s~ec t ra  were calibrated at 32 "C in the frequency-sweep 
mode on an HA-100 spectrometer. Sueep rates were 
0.01 H z j s .  

KesuHts and Discussion 

S i ~ e c t ~ a l  A ~ ~ n l j s e s  
The spectra! analyses were straightforward. 

The couplings to  the hydroxy! protons are of 
interest and are given in the text at  appropriate 
points. They are accurate to 0.02 Hz and some- 
times to 0.01 Hz. In Fig. 1 the hydroxyl proton 
resonance peaks of 2,4,6-tribromoresorcinol are 
displayed. The doublet splitting is 0.19 Hz and 
the linewidth at  half-height is abo~at 0.1 1 Hz. 

Coifournatio~zaI Deductions 
As discussed in some detail previo~tsly (1, 2) 

there is no reason why nonplanar co~zformations 
of halophenol derivatives should be preferred 
over planar conformations. Furthermore, Iio 
evide~ce for intermolecular hydrogen bonds was 
found (1) a t  concentrations similar to those (less 
than 3 mol%) used in the present study. There- 
fore the present discussiorl will assume the 
existence of planar, monomeric, conformatioris. 

FIG. 1. The proton magnetic resonance spectrum at 
100 MHz of the hydroxyl protons in 2,4,6-tribromo- 
resorcinol dissolved as a 3(,$ by weight solution in CDCl3. 
The splitting is 0.19 0.01 Hz and the linewidth at half 
height is about 0.12 Hz. 

In 4,6-dibromoresorcinol jJ is unobservably 
small, so that 3 is the only conformation signif- 
icantly populated under the present experimental 
conditions. 

A l.6mo17, solution 117 GC14 of 2,4-d~bromo- 
phenol, 4, d~splays J3 = J,,, = 5J ~n ''3 01' = 0.00 
Hz and J5 = J, ,,,,, = V$,1'5~011 = 0.48 Hz ( I ) .  
i n  2, rapld conversion between 2a and 2b 
ensures J3 = Jj = 0.29 Hz. It  is assumed that 
5Jc,, = 0.00 Hz and that therefore 5Jt ,,,,, = 0.58 
Hz. No evidence exists for SJc,, $ 0. Note, 
however, that a substituent effect IS present, 311 

that 'J Increases wleh the degree of ring sub- 
stltution by haiogen atoms 

This result is entirely expected if the hydrogen 
bond energy a t  each site in 3 is comparable to 
that in 0-bromophenol (see Introduction). 

In 2,4-dibrornoresorcinol, 4, 5Jm11520111 is 0.42 
Hz, ~ h i l e ~ J ~ ~ 5 ~ O ~ j  is zero (the 0-HI resonance 
is easily identified on the basis of its chemical 
shift). Consequently 4rl and 4c are not important 
contributors to the equilibrium. The simplest 
and, in our view, the most probable interpreta- 
tion of the data is then that 4b is not significantly 
populated and that ineia substitution by a 
hydroxyl group reduces 5J,,,,,, in 1 by 0.06 Hz. 

In 2-bromoresorcinol, 5 ,  both hydroxyl protons 
are coupled to H j  by 0.42 Hz, Again, the simplest 
conclusion is that only 5a is appreciably popu- 
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I 
Er 

I 
Br 

4c 4d 

lated in dilute CCl4 solution at 32 "C, so that 
bromine is forming two hydrogen bonds. 

Of the possible conformers of 2,4,6-tribromo- 
resorcinol, 4,6b is favoured by a statistical factor 
of 2. Now, 4c is negligibly populated and, by 
analogy, 6a is assumed to be of negligible 
importance. Furthermore, 6c has 5J11101' = 0, SO 

that the observed 5 J ~ f  0.19 HZ can be interpreted 
as arising from a rapidly equilibriating mixture of 
6b and 6c. In tribromophenol, 5J,,,,s is 0.58 Hz 
and if substitution by a hydroxyl group reduces 
5J,,,,s by 0.06 Hz (as in 2,4-dibromophenol and 
2-bromoresorcinol) then the population of 6b. 
P,, is given by 0.5Pb X (0.52 + 0.00) + (1 - 
Pb)(O.OO + 0.00) = 0.19, so that P, =0.73. 
Hence 66 is more stable than 6c by -RT In 
0.27/0.365 = 180 cal mol. Of course, if 5J, ,,,,, 
were 0.57 Hz, i.e., the same as in tribromophenol, 
6b and 6c would be of equal stability. Equal 
stability of 6b and 6c demands that 5J  in tri- 
bromophenol does not change on substitution 

by a second hydroxyl group. In any event, it 
seems very likely that the difference in stability 
between 60 and 6c is small. 

Solueizt Eflects on 5J,, 
In dilute benzene-dc solution, 5J,, is the same 

in 2,4,6-tribrornoresorcinol and 2,4,6-triiodore- 
sorcino!, to within the experimental error of 0.01 
Hz. Furthermore, i"Ls equal to that for 5Jm in 
2,4,6-tribromoresorcinol in CDCI3 solution, 0.19 
Hz. Many of the compounds were insufficiently 
soluble in C6HI2, clearly a more inert solvent. As 
before (I), changes of a few in concentration 
did not alter the measured 5J values. 

Conclusions 
In solution in nonpolar solvents, the hydroxyl 

groups in bromine derivatives of resorcinol 
apparently will hydrogen bond to the same 
bromine atom, as in 2-bromoresorcinol; but 
when given a choice prefer to hydrogen bond to 
different bromine atoms, as in 2,4-dibromo- 
resorcinol or in 2,4,6-tribromoresorcinol. 
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Spia-spin sonpllng between proximate protons on neighbowring 
a roma~c  rings and beheen lhydroxyl protons in 2,2'-dilhydroxy-4- 

methoxybenzop%lenonee ConpEng through the hydrogen bond 
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TED SCHAEFER and KALVIN CHUM. Can. J. Chem. 54, 2231 (1976). 
The doubly hydrogen bonded conformation of 2,2'-dihydroxy-4-methoxybenzophenone 

ensures substantial nonbonded interactions between C-H bonds on neighbouring aromatic 
rings and gives rise to spin-spin coupling between the protons in those bonds. Because of the 
relative orientation of the C-H bonds containing the coupled protons, the coupling represents 
a direct mechanism which probably does not depend on the orbitals of the carbon atom. The 
observed coupling between the hydroxyl protons, formally over eight bonds, is small and 
indicative of an  inappreciable covalent character of the hydrogen bond, in agreement with 
recent conclusions that a weak hydrogen bond is best represented by electrostatic and non- 
bonded forces only. 

TED SCHAEFER et K A L ~ I N  CHUM. Can. J. Chem. 54, 2231 (1976) 
La conformation doublement pontCe par les hydrogknes de la dihydroxy-2,2' mCthoxy-4 

benzophCnone assure l'existence d'interactions non liCes importantes entre les liens C-H des 
cycles aromatiques voisins et conduit une augmentation des constantes de couplage spin-spin 
entre les protons dans ces liens. A cause de l'orientation relative des liens C-H contenant les 
protons couplks, le couplage reprksente un micanisme direct qui ne depend probablement pas 
des orbitales de l'atome de carbone. Le couplage observC entre les protons hydroxyliques, 
forrnellement a travers huit liaisons, est petit et indique probablement un caractkre covalent 
non apprkciable pour le pont hydrogkne; ceci est en accord avec les conclusions rkcentes B 
I'effet qu'un pont hydrogkne peut &tre mieux reprCsentC uniquement par des forces 6lectrosta- 
tiques et non-likes. 

[Traduit par le journal] 

Introduction 

Nuclear spin-spin coupling between proximate 
nuclei in nonbonded but mutually crowded 
atoms occurs via through-space or direct (1) 
interactions and is extensively documented (2-6) 
for lYF, lYF and INI, 19F nuclear pairs. The 
magnitude of the coupling apparently depends 
not only on the internuclear distance but also on 
the relative orientation of the bonds containing 
the relevant atoms (2, 5).  

Relatively few examples of 'H, 'H coupling 
constants, nJ(H,H) ,  where n is the formal number 
of intervening bonds, have been attributed to the 
proximity between the coupled protons. Ex- 
amples include the couplings between protons in 
italics in 1 to 4. In 1, S J ( H , H )  is -0 .15  H z  (7,8); 
in 2, 5J (H9CH3)  is -0.33 H z  (9); in 3 a broaden- 
ing of the resonance peaks is attributed (10)  to a 
small 6 J ( H , H ) ;  and, in 4, 8 J ( H 9 H )  has a magni- 
tude of 0.3 H z  (1 1 ) .  

In this paper, a careful analysis of the 12 spin 
proton magnetic resonance spectrum of 2,2'- 

dihydroxy-4-methoxybenzophenone, 5, is re- 
ported. Two kinds of proximate coupling con- 
stants are observed, that between the hydroxyl 
protons, 8 J ( O H , 0 H ) ,  and that between H 6  and 
H6',6J(Hg,H6'). 
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TABLE 1. Proton chemical shifts and coupling constants for 
2,2'-dihydroxy-4-methoxybenzophenonea 

Chemical shift Value Coupling constant Value 

a . 4 ~  a 5 mo170 solution in CCI:. 
hIn Fir to low field of TMS a t  100 MHz. 
SIn Hz, numbers in parentheses giving the standard deviations in the last place, see 5 .  
"he mms deviations bctween calculated and observed transition frequencies were 0.014 and 0.017 Hz 

for the primed and unprimed protons, rcspectively. Thc largest deviations between calculated and 
observed freque~lcies were 0.029 and 0.042 Hz  for primed niid unprimed protons, respcctively. 

Experimental 

A 5 molG solution of 5 in CC14, containing a small 
amount of tetramethylsilane (TMS), was degassed by a 
freeze-pump-thaw technique. The proton magnetic reso- 
nance spectrum was calibrated in the frequency sweep 
mode on an HA-100 spectrometer at sweep rates of 0.02 
and 0.01 Hz/s. For some measurements the manual 
oscillator was replaced by an HP-4204.4 audio oscillator. 

A second such oscillator was used in decoupling 
experiments in which H,', HZ, OCH, were irradiated, as 
!bell as in ~ h i c h  selected multiplets from the resonance of 
H3', H4', H5', and H3 were decoupled from the spin 
system. 

Results and Discussion 

S ~ e c f ~ a l  A1zti1vsi.s 

between calculated and observed spectra. The 
presence of small couplings could be ascertained 
by the appropriate multiple irradiation experi- 
ments, e.g., irradiation of OHz removed small 
splittings in the peaks from OHz'. 

The final spectral parameters are given in 
Table 1, the data indicating that most coupling 
constants are known to an accuracy of 0.03 Hz 
or better. In Fig. 1 the observed- spectra for 

The five and seven spin systems, representing 
the protons associated with the two aromatic A,;, 
groups, were separately analyzed by means of -' L .L- 

the computer program LAME (12, 13). Coupling FIG. I .  The magnetic resonance spectrum of H6, H6', 
between H6 and HG', and between OH2 and H i ,  and of HZ' at 100 MHz is displayed in (c) and (u), 

was then introduced. The and in ( b )  the H6, EX6', H4' spectr~~nl calculated with the 
parameters in Table I ,  but with zero coupling between 

spectra were plotted for various magnitudes of H~ and H6', is shown. In ( d )  the calculated spectrum 
these two coupli~igs SO as to arrive at a best fit assumes the latter coupling as i0 .15  Hz. 
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SCHAEFER AND CHUM 1717  - 

H4', H6', HG5 and OHz' are displayed. The 
calculated spectra for these three ring protons are 
presented in the presence and in the absence of 
coupiing between H6 and M6'. Clearly, this 
coupiing exists and has a magnitude of 0.15 
5 0.02 Hz. The smaller splitting in the spectrum 
of OHz' arises from couplirig to OH2. 

Conforrnatro~l of 5 
The presence of the stereospec~fic (14, 15) 

coupling V(H4',0H2'), equalling 0.47 Hz. and 
the absence of an observable magnitude for 
'J(H6',OH2') and for 'J(H6,0H2) iruplies that 5 
exists mainly 111 the doubly hydrogen bonded 
conformation. This implication is corroborated 
by the chemical shifts of the hydroxyl protons, 
whose resonances lie at over 11 ppm to low field 
of TMS (Table I) .  Estimates (16, 17) of the 
enthalpy of formation of the OH ... O=C hy- 
drogen bond for aromatic systems suggest a 
lower limit of -7 kcal/mol. Hence, even if the 
total hydrogen bond energy in 5 is rather less than 
twice this magnitude, the molecule exists pre- 
dominantly in ihe doubly bonded conformation 
a t  32 "C, the temperature at  which the measure- 
ments were made. 

From nmr measurements on salicylaldehyde 
in a nematic solvent (lE), the inference has been 
drawn that the hydroxyl and aldehyde groups are 
twisted out of the benzene plaiie by up to 1.5'. 
Larger deviations from planarity in 5 are prob- 
able because of strong steric interactioris of the 
H6 and H6: atoms, an internuclear distance of 
less than I A being present in a planar conforma- 
tion of 5. I t  appears reasonable, therefore, illat 
in the actual conformatioli of 5 the H6 and If!,' 
atoms undergo appreciable nonbonded inter- 
actions. 

proximate Col/,t~liflg, 6J(H6,H~') 
The sign of 6J(H6,H6') could not be determi~lod 

because these protons are not coupled to the 
same third proton. Inview ofthe data for 9 and 2. 
it is probable that the sign is negative. Further- 
more, the coupling most likely arises via an 

associated with the orbitals on the carbon atoms 
to which the coupled protons are attached are 
potentially of larger magnitude but are pre- 
sumably small in 5 because of the relative 
orientation of the C-H6 and C-H6' bonds. 

Perhaps the best example of a direct mech- 
anism similar to the latter is still the coupling of 
5 1.1 Hz between Hb and ti, in 6 (20), where a 
strong nonbonded (repulsive) interaction occurs 
between the C-HI, and 0-H, bonds. Most 
probably the direct ~nechanisn~ involves the lone 
pair orbitals on the oxy, nen atom. 

The molecular orbital formulation of Hirao 
ei (11. (21) does not allow through-space coupling 
between protons. However, because these coup- 
ling niechanisms are apparently an order of 
magnitude smaller than for lH. 19F :and lgF, I9F 
coupling, the observed IH, 'H through-space 
couplings do  not constitute a very serious 
criticisnl of theoretical formulations. 

Proxinzate Coriyling, sJ(OH2,0H2') 
This coupling, of magnitude 0.1 0.02 Hz, 

rnust come about via interactions with the 
electrons on the oxygen atom to which both 
hydroxyl groups are hydrogen bonded. The 
hydrogen bonds are strong (see above) and tho 
small coupling magnitude is consistent with a 
small covalent character of the hydrogen bond. 
in the sense that covalency introduces spin 
correlation and must facilitate the transmission 
of  spin state information. However, very small 
guxirial conp!ing constazlrbs are knaivn, so that 
tile s ~ ~ ~ a i i  magnitude of zhz present coupiilig 
constant doer not constitute a prosf of non- 
covalency. Fn this connection it is c?f interest that 
recent force field calculations or? amides (22) 
demonstrate t'ilatxshe ik:-14.. .O-C t~ydrogen * - 
bond is best represeilted by electrosratic and non- 
bonded interactions only, in partiit! agreement 
with a number of  quantum mechanical calcu- 
lations. 
A test of these co i~~l~ is ions ,  based r;n coitp!ing 

coristants, ivould irwol.ve ihit meas~.irernent of 
- - 

interaction between the electrons in the C-H6 
and C-M6' bonds, i.e., by a direct coupling 
mechanism ( I ) ,  and not via interactions involving 
the four intervening G-C bonds. In terms of the 
theoretical formulatior~s recently summarized by 
Barfield et a/ .  (19), 6J(Hs,H6') is very likely an 
example of a through-space rnechanisrr~ asso- 
ciated with the proximity of the hydrogen a t o m  
in the two C-W bonds. Direct interactioi~s 6 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2234 CAN. 3. CHEM. VOL. 54, 1976 

I7Q, l H  couplings in the X-H. . .O=C hydrogen 
bond. It may be noted that the OH, lgF coupling 
in the intramolecularly hydrogen bonded form of 
2-fluorophenol is -4.4 Hz (4); again very small 
in magnitude compared, say, to  the 'H, 19F 
coupling of 530 Hz in hydrogen fluoride (23, 24). 
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TED SCHAEFER, HYMAN D. GESSER, and J. BRIAN ROWBOTHAM. Can. J. Chem. 54, 2235 (1976). 
The signs and magnitudes of spin-spin coupling constants over five and/or six bonds in 

some N-methyl and N,N-dimethyl l~ydrazones, in methyl vinyl ether, 3-methoxy-3-butene-2-one, 
I-methoxy-1,3-butadiene, 1-butene, and in anisole are discussed in terms of coupling mechan- 
isms. In the hydrazones the five-bond couplings between methyl and olefinic protons are 
negative, while six-bond couplings between protons in methyl groups are positive, a reversal of 
the expected sign sequence. INDO-MO-FPT calculations are not in agreement with observa- 
tion, but the disagreement may be a consequence of faulty structural assumptions. The sizeable 
six-bond couplings imply a negative U-T contribution to the five-bond constants. The calculated 
and observed negative couplings over five bonds in methyl vinyl ether and the other molecules 
above emphasize their dependence on the proximity of the bonds containing the coupled nuclei 
and are reliable indicators of bond arrangements in these molecules. 

TED SCHAEFER, HYMAN D. GESSER et J. BRIAN ROWBOTHAM. Can. J. Chem. 54, 2235 (1976). 
On discute, en termes de mCcanisme de couplage, des signes et des amplitudes des constantes 

de couplage spin-spin B travers cinq ou six liens dans quelques N-mCthyles et N,N-dimCthyl- 
hydrazones, dans le mCthyivinylCther, dans la mkthoxy-4 butkne-3 one-2, dans le mkthoxy-1 
butadihne-1,3, dans le butkne-1 et dans l'anisole. Dans les hydrazones, les couplages k travers 
cinq liens entre les protons du mCthyle et les protons olCfiniques sont nCgatifs alors que les 
couplages B travers six liens entre les protons des groupes mCthyles sont positifs; ces risultats 
sont B l'opposke de la sCquence attendue pour les signes. Des calculs INDO-MO-FPT ne sont 
pas en accord avec ces observations mais les divergences peuvent @tre une consCquence d'hy- 
pothkses structurales fausses. Lcs couplages importants B travers six liens impliquent une 
contribution U-T nCgative pour les constantes B travers cinq liaisons. Les couplages nCgatifs 
calculCs et  observCs B travers cinq liaisons dans le mCthylvinylCther et les autres molCcules 
mentionnkes ci-dessus mettent en relief leur dCpendance sur la proximitC des liens contenant les 
noyaux couplCs et sont des indicateurs fiables de l'arrangement des liens dans ces molCcules. 

[Traduit par le journal] 

Introduction 

Exceptions to the rule, that spin-spin coupling 
constants between protons separated by five 
formal bonds are positive, include 1 and 2, 

the bulky groups X ensuring a relatively close 
approach to the hydrogen atoms (in italics) 
containing the coupled protons. The couplings 
are small i n  magnitude, being -0.33 Hz in 
2,4-dibromoanisole (1) and - 0.15 Hz in 2,5-di- 
chlorostyrene (2). 

Both cou.plings can be loosely described as 
examples of a "through-space' interaction (3, 4) 
and, more precisely, as arising from direct 

mechanisms (3, 4) involving the overlap of 
orbitals centered on the proximate nuclei and on 
the carbon atoms to which the protons are 
bonded. INDO-MO-FPT computations predict 
negative five-bond coupling constants for the 
bond arrangement ifi 2 (3) and also for those 
exemplified by 3 (4) and 4 (5). 

but are not measured in 3 and 4 because the 
observed values are averages over the protons in 
a methyl group and the positive apparently 
outweigh the negative contributions.' 

1Galculations for anisole are described below. 
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TABLE I.  Proton chemical shiftsu and spin-spin coupling constants? of some methyl hydrazones 

Molecule 21 V? p3 ? J T I l . H 2  3 J H 1 . C H ,  5 J H . C H ,  6 J C H , . C H ,  

*In  Hz at 100 MHz to lo\v fieid of intcr~ial  tciramethqisilnne. 
tJn Hz. 
$20 rnoiC; in b c ~ i r e n s - d .  
$20 mol"; in CCII. 

In this paper five-bond, 5J ,  andlor six-bond. 
9, groton-proton couplings are reported for 5 
to 10 and are discussed in terms of couplins 
mechanisms. Ambiguities remain in the descrip- 
tion of these mechanisms. 

Experimental 
Compounds 5 to 8 were prepared by knovin inethods 

(6, 7) and their proton magnetic resonance spectre were 
calibrated on degassed so:utions in the frequency-sweep 
mode on an HA-100 spectrometer. The relative signs of 
the coupling constants were determined by staildard 
partial decobrpling (8) a i ~ d  weak irradiation (9) experi- 

ments. Similar statemei~ts hold for the other compounds. 
which were of commercial origin. 

Results and Discussion 
Sl~ectrril Analjses 

T/ze Hydrazones 
These were inherently simple but were com- 

plicated by incompletely relaxed spin-spin coup- 
ling to the 14N quadrupolar nuciei. The two- 
bond coupli.ng, 2J'12zr", is much larger in magni- 
tude (10) than is 2J"1rNin 5 to 8; so that the H2 
resonance peaks are relaliveiy broad in all 
solvents employed, including CCi4 and C6D6 in 
Table 1. Furthermore, the N-li proton reso- 
nance is broad and, in 7, the proton was also 
undergoing rapid intermolecular exchange. For 
these reasons only the signs of the coupling 
parameters giver! in Table 1 cotlld be deternrined 
and are assigned on the basis of "Jn1."2 > 0,  as 
is certain (101, and of V9sc""3 > 0. 'The cis 
isomer of 7 was present to  the extent of about 
28%, in agreement2 with previous work (77, but 
attempts at sign determinations were unsuccess- 
ful; primarily because of the broadelling of the 
olefinic proton peaks caused by VJ"'. Again, the 
cis isomer of 8 was xet detected, also in agree- 
ment with former measurements (7). Rapid 

"he extensive work on the coi~formational kehaviour 
of hydrazones by Karsbatsos and co-workers can be 
found in ref. 7. 
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SCHAEFER ET A1 

TABLE 3. Long-range proton coupling constants in Hz for some ethy!ene derivatives 

Molecule ~ J H ,  CHJ ~ J , , I I ,  r ~ ?  5J 1%. CII, 

'20 mol% so!utions in CClr. 
t 10 moi % in CS?. 
:In tetrarnethylsilnne, ref. 16. Signs detc~.rnined in t i ~ n t  work. 

rotation about the N-N bond occurs (11) for 
each molecule. 

Ctlzer Molecules, 9 to l d  
These were nlso analyzed by means of the 

progran LAME (12, 13) and tile signs of the 
long-range couplings are give11 in Table 2, 
previous work (14-16) having asczrtained &en:- 
ical shifts and other coup1ir.g constants For 1%. 

11 

repeated simulat~ons of the spectrum showed 
that the five-bond coup!ings between the rncthyi 
and olefinic protons were 50.02 Hz. All signs In 

Table 2 are relattve to those of vicinal proton 
coupling constants, taken as positive. Precision 
of measurement is 0.02 Hz for these couplings. 

The Signs oj  5J",c'i3 O I Z ~  6JC'T33CH3 in 5 to 8 
Conzparison with other Goupl!ngs orjcr the 

C-N Boiail 
The striking aspect of these couplings (Table I )  

is their signs, V < 0 2nd 6 J  > 0; a!! the more so 

because 49"*C113 is reported as - 1.6 Hz in 12 
and 5~C'T3 'C113  as -'+1.4 HZ in 13 (17). 

7- 

; hese cou~l ings  approximate la the cisoid allylic 
coup]iilg, a J ' ~ ~ C F ~ ~  of - 1.45 Hz in propene (15) 
and the tra3soid bcrnoa!iylic coiipiing, 5JC"33Cf13, 

of -+ 1.59 Hz in trilns-2-butex!e (18). Such coup- 
ling constants contain large contributions from 
a rs-s electro~ mechanism (4, 19) arid INDO- 
MO-FPT calcuiations (201, an?ong others (4, 19. 
21-23), are fairly successf~~l in the reproduction 
of their observed signs and magnitiides. 

Assuming conjugation between the C-N 
double bond and the lone-pair on the N-CH3 
group also emphasizes the exceptional signs of " 
59x*C"3 in 5 to 8. In other conjugated systems. 
e.g., toluene a i ~ d  iw-xylene (241, both cr and u-T 
electron contributions to 59,,"1vC"3 are poslfive, 
totalling abouir 0.35 HZ; and to  6 ~ 7 , , C H 3 , C R 3  are 
negativ::, aii~ouaiing to - 0.2 13% Again, INDO- 
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TABLE 3. INDO-MO-FPT coupling constants over five bonds between methyl and olefinic protons in 5'' 

Coupling constant for e (deg) = 

0' -1.31(0.27)Hz -1.81(-0.10) 
45" -0.10(0.66) -0.18(0.68) 
90' 0.35(1.11) 0.37(1.11) 

135" 0.38(1.13) 0.38(1.14) 
180' 0.36(0.99) 0.37(1 .OO) 
225" 0.42(0.90) 0.43(0.90) 
270' 0.52(0.85) 0.53(0.86) 
315" 0.04(0.67) - 0.05(0.68) 

*Parentheses refer to the olefi~lic protoll rrii~ls to N-CH,. 

MO-FPT calculations (5) reproduce the signs 
of these couplings. 

Y 
Quurztit~itive C ~ ~ l c ~ r l ~ ~ t i o n s  of 5J143CH3 

WF: O0 

INDO-MO-FPT calculations (25) were per- 
"&:. OC 

formed for 5 using a geometry, 14, based on H A B 

microwave (26) and molecular orbital (27) data. 15 h 6 

The original parameterization (28) was ein- 
pioyed, together with a convcrgcnce criterion of 
0.01 Hz in the computed coupling constants. 
Two dihedral angles, 0 and 4, are defined in 15 
and 16, describing rotation about thc CH3-N 
arid N-N bonds, respectively. 

Vectors A and Bin  P4b define the lines of sight in 
15 and 16, rcspcctivcly. In Table 3 the computed 
values of 5JH,CH3 are presented as a function of 
0 and 4. Included are average values over 0 and 
for arrangements in which a methyl @-H bond 
eclipses or 'staggers' the N=C bond. 

The data in Table 3 suggest sizeable negative 
5Jca3cH3 and SJtH3C113 values only when a C-H 
bond of the methyl group lies very near an 
olefinic C-H bond, e.g., 0 = 4 = 0" in 15 and 
96. Then both 5J,  and 59, are negative (compare 
structures 14, 15, and 64) .  Of course. this con- 
forination is energetically unfavourable. In fact, 
the INDO energies are lower by at least 2.0 
kcal/n~ol for 0 = 60". 4 = 135" than for any 
other pair of angles ~n Table 3. The computations 
did not optimize the geometry for a glven con- 
formation and also ignore solvation energies. 
Nevertheless, it appears unlikely that the caicu- 
lations can approximate to the observed negative 
signs and nearly equal magnitudes of SJcH1CN3 
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SCHAEFER ET AL. 2239 

and 5J,119CH3 in 5 .  Further computations, being 
costly and unpromising, were not carried out on 
the hydrazones, 5 to 8. 

Qualitative Corzsiclercrfio/zs in Terrl~s of 
Mechnr? ~snis  

The equality of 5J, and 5J, in 5 and 7, respec- 
tively, suggests a U-T n~echanism insofar as the 
spin state information would be transferred via 
a p ,  orbital on the olefinic carbon atom to the 
two olefinic C-H bonds; perhaps via the reso- 
nance structure 17. 

Unless the hyperfine interaction between the 
methyl protons and an electron in the lone pair 
of the amino nitrogen atom is negative, however, 
this mechanism preducts equal but yosifiuc 
couplings, 5J, and 5J,; similar to sJ,,,"pCH3 in 
toluene ( 5 ,  24). 

Another mechanism invokes a preferred trarls 
arrangement of the lone pairs on the two nitrogen 
atoms and, in the language of esr. a positive 
y interaction between the y, orbital on the imino 
nitrogen atom and the C-H bonds of the methyl 
group. This interaction would be a maximum at 
L 

0 = O0, + = 90" and 270" and would yield a 
negative 5J, just as a U-n mechanism produces 
negative allylic couplings in propene. The INDO- 
MO-FPT calculations do not yield negative 5J 
values for these conformations (Table 3). 

A third tentative mechanism is schematically 
indicated in 18. 

l ~ & - - - Q ~ - - - l  H$ 
C-N u~y~:'" 
P, P, @ 

H 

in which negative a-n interactions occur at  the 
olefinic carbon and at the imino nitrogen atom. 
the lone pair on the latter atom being invoked. 
The data .in Table 3 do  not support this inech- 
anism, but it must be remembered that they 
depend on somewhat artificial geometries and 
that the INDO method neglects a large number 
of two-center integrals. Perhaps the latter cannot 
be neglected in these molecules. 

In any event, the existence of a G-a contribu- 
tion to  5J is hardly in doubt, as shown by the 

signs and magnitudes of VcH3,Cf13 for 6 and 8 in 
Table I .  The magnitudes of 5J are larger than 
those of (jJJ, so that the equality of 5J, and 5J, in a 
given ~llolecule is apparently accidental. How- 
ever, it is unlikely that " contains a G electron 
contribution. Its sign firmly indicates a negative 
U-T contribution to 5 J i ~ 1  5 to 8 and indicates one 
of the very few failures of INDO-MO-FPT 
calculations for long-range coupling constants 
between protons in conjugated systems. 

Conipcirison with Ethylene Deriucifiues 
Me t l~y l  Virzjl Ether, 9 

Again, the two 5JH5C"3 values are negative 
(Table 2) but 5J,"1CH3 is 0.1 Hz larger in magni- 
tude, suggesting a contribution from a through- 
space or proximate interaction to the latter 
coupling. 

In view of infrared (29), n~icrowave (30), 
electron diffraction (3 l), ICerr constant (32) and 
ab irzitio SCF (33) studies, it appears that near 
room temperature, at least in the gas phase, 
methyl vinyl ether exists about 66:G in the 
(heavy atom) cis planar form, 19, and about 34y0 
in a gairche form; the latter corresponding to 
rotation about the =C-O bond by 90 5 10". 

For INDO-MO-FPT calculations the geom- 
etry of the planar C-0-C=C fragment was 
taken from electron diffraction data (3 1) and the 
hydrogen atom positions were taken from the 
microwave work (30). These data are sum- 
marized in 19 and 20. The angles 0 and + are 
defined in 21 and 22 

19  cis 
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TABLE 4 INDO-M0-FPT coup1111g constants over five bonds beheen  methyl and olefimc protons 111 
methyl \in11 ether* 

Coupling constant for 8 (deg) = 

*Parentheses refer t o  coupliilg to  the olefiliic proton t r n i ~ s  to  the methyl group. 
i F o r  tlie cis form in vhich the mstli)i group la staggered about t l ~ c  0 - C  bond, the conformation identified from 

m i c r o i ~ n i c  tr;lnsitions. 

and give the angles of rotation about the H ; C O  
bond and about the -C-8 bond and about ihc 
-C-O bond, respectively, viewing along A in 
21 and B in 22. The computed couplings arc 
tabulated in Table 4. 

The stable form is 20 in which the methyl 
group is staggered a b c ~ i t  tlhe 8-C bond (301, 
having 8 = 60": 180', and 300"; C#I = 0". 5J,"5C"3 

is calculated as -0.23 Hz by averaging over tlie 
three values of 8, a reasonable procedure in that 
the barrier to  rotation about the 0-CH3 bond 
is 3.8 kcal ~ n o l  (30). j ~ , " ' ~ " s  is calculated as 
0.03 Hz for this col~fornlation (Table 4). Thc 
gci~iclle form has + .= 90' b ~ ~ t  8 is not known, nor 
are the other structural parameters, so that the 
nunlbers ill Tabie 4 c a i ~ ~ ? o t  be properly weizhtcd 
for this form. 

Howeverl it is interesting to note that both 
' J ,  and 5J,  are calculated as i ieg~~tive for a nurn- 
ber of values of 8 it1 the planar cis form in v;hich 
+ = 0". A shift of -0.1 Hz in  Vc and Vt would 
yield numbers rather close to  those observed in 
Table 2. 

The dipole n lo~l le~i t  of the cis form is c, '1 1 CU- 

lated as 0.98 D, the observed value being 0.96 D 
(30j. However, the planar trans form is calculated 

'1s 0.6 kcdl in01 more stable than the cis form 
The ab ii~ifio calculat~ons g:\e the CIS form as 
illore stable than the traiz, form by about 
2 kcal mol;  the garlche form having a calculated 
energy nlaxiinum of about 5.5 kcal mol at  
+ = 85". 
9'' C H j  for the planai c15 form mas calculated 

<IS -0 24 Hz, as conlpared to the observed value 
of -0.40 Hz. For  obserhed coupl~ngs ~t must be 
remembered that they represe~lt averages over 
torsional oscillations and over bond vibrations 
In the actunl molecule. I t  appears that the 
present INDO-MO-FPT calculations for the 
idcalired r l g ~ d  structures y~eld  long-range coup- 
lings in reasonable agreement w ~ t h  experiment 
f o ~  methyl vlnj 1 ether 
Qtllcr Got~jugntccl Mokc~t l t~s  itz Table 2 

S.J:"CH3 is -0.27 Hz for troizs-4-methoxy-3- 
butene-2-one, 18, suggesting that the O-CH3 
group is cis planar with respect to the C=C 
bond (compare 'J,"xC"3 = -0.32 Hz in methyl 
vinyl ethcr). O n  the other hand, the five-bond 
coupiing to  the keto methyl group is only 
-0.12 Hz; yet its negative value can likely be 
interpreted as evidence for the s-tratzs arrange- 
ment of the double bonds in 10. 

111 the cis form of I-methoxy-1, 3-but a d '  lene, 
5j," 'CLi3 is -0.20 HZ, but is <0.1 HZ in the 
trails form; providing strong evidence for the 
conformations indicated in Table 2 (16). Further- 
more Vt""N3 is <0.I Hz in th; tru~ls  form; 
implying the necessity for a cis arraligenient of 
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SCHAEFER ET AL. 224 1 

the 0-CH3 and the adjacent C=C bonds if 
5Jc and 5 J ,  are to be observable. 
I-Bufene 

The magnitudes of 5J," C1lj and SJ,T1~C113 are 
both 50.62 Hz (Table 21, and it is therefore 
probable that in  the conforn~ation 23 the methyl 

protons do  not approach the oiefinic p- ~ o t o n s  as 
closely as in methyl vinyl ether. This suggestion 
is supported by the gas phase structure (35). 

Arzisole 
A bulk] orflzo group apparently yields a 

conformation. 1 ,  in which the 0-CH3 bond lies 
cis to a C-H bond of the aromatic nucleus. 
INDO-MO-FPT calculations on 24, employing 

a standard geometry (34) for the phenyl group 
and other paramcters as indicated in 24 and 25, 
gave 5J,"8C113 as -4.66, -0.73, -0.14, -0.15, 
-0.12 and -0.80 Hz for 0 - 0, 60, 120, 180, 
240, and 300°, re~pectively.~ Assuming a stag- 
gered arrangement with respect to the C-H 
bond of the phenyl group, the average calculated 
value (0 = 60, 180, 300") is .-0.53 Hz. This is 
somewhat larger in magnitude than the observed 
value of -0.33 Hz in 2,4-dibromoanisole. How- 
ever, note that the C-0-C angle is taken as 
1 lo0, no doubt somewhat too small. Comparison 
with the calculated and observed data for methyl 
vinyl ether, where this angle is taken as 120.7", 
emphasizes the sensitivity of these five-bond 
couplings to il~ternuclear distances. 

3Convergence was not obtained for a heavy atom 
coplanar form. Therefore the C-C-0-C dihed~a! 
angle was taken as I", accounting for the small asymmetry 
in the calculated values. 

Conclusions 

The relatively satisfactory agreement between 
calculated a ~ i d  observed negative co~lpling con- 
stants over five bonds in the molecules other 
than the hydrazones suggests that either the 
structural assumptions or the calculations are at 
fault for the hydrazones. Structural work on the 
latter molecules would help to resolve the 
conundrum. 
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A proton magnaeGc resonance estimate of the extent of intramolecular 
hydrogen bonding in derivatives of 2-tdlklnoron~ethyl phenol, 

Solvent ceReets 
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TED SCHAEFER and J. BRIAN ROWBOTHAM. Can. J. Chem. 54, 2243 (1976). 
The long-range spin-spin coupling constants between hydroxyl protons and ring protons or 

fluorine nuclei are used to  establish the conformer populations in iodine and bromine derivaiives 
of 2-trifluoromethylphenol in C6HI2, CC14, and C6D6 solutions. The sequence Ci, Br > F > 
I >> CF3 is established for the so-called hydrogen bonding preferences of the hydroxyl group in 
2,4,6-trisubstituted phenols, the corresponding free energy sequence being -AC = 1690, 
1690 > 1300 > 1230 > 0 k 200 ca!/mol at 32 "C in CCij solution. An indirect estimate of the 
free energy differences in the vapor phase suggests the sequence -AG = 2800,2800 > 2400 > 
2300 > 1100 + 300 cal/mo!; the latter value meaning that the hydroxyl group in 4-bromo-2- 
trifluoromethylphenol prefers the CF3 group by this amount in the vapor phase. Benzene 
interacts preferentially with the OH group in this compound to  the extent of 1300 cal/rnoi (AG). 
referenced to the vapor phase. 

TED SCHAEFER et J. BRIAN ROWBOTHAM. Can. J. Chem. 54, 2243 (1976). 
On a utilisC les constantes de couplage spin-spin B longue distance entit. !es protons by- 

droxyies et les protons ou les noyaux de fluor du cycle pour determiner ies populations de 
conformeres dans les dCrivCs iodes et bromCs du trifluororn6thyl-2 phCnoi en solution dans 
C6H12, CCI4 el %D6. On a 6tabli la sequence C1, Br > F > I >> CF3 pour ce qui est appe!6 la 
prCfirence dans les formations de pont hydrogkne par le groupe hydroxyle dans des phenols 
trisubstituks en 2,4,6; en solution dans CCI4 a 32 "C, la sCquence correspondante d'energie libre 
est -AG = 1690, 1690 > 1300 > 1230 > 0 + 200 cal/mol. Un estin16 indirect c!es diffirences 
d'knergie libre en phase vaporeuse suggkre la sCquence -AG = 2800, 2800 > 2400 > 2300 > 
1100 + 300 cal/mol; cette derniere valeur signifierait en phase vapeur que le groupe hydroxyie 
du bromo-4 trifluoromCthyl-2 phCnol prefere le groupe CF3 par cetle quantitk. Le benzkne 
interagit prCfCrentiellement avec le groupe OH dans ce composC jusqu'a concurence d'environ 
1300 cal/mol (AG) par rapport B la phase vaporeuse. 

[Traduit par le journal] 

Introduction 
In previous work (1, 2) conditions were found 

under which long-range spin-spin cotlpling 
constants over five bonds between hydroxyl 
protons and ring protons could be measured in 
2,4-dihalo- and 2,4,6-trihalopheno1s. A com- 
parison of 5J,,oH9H5 = 5Jo, = 5Jc and of 5J2" H3 
- 
= 5Jt,,,, = 5Jt, as defined by l a ,  yielded the 

-- 

'Research Associate, summer 1975. 

free energy d~fferences betweer~ l a  and 'ab for 
pairs of halogens X, Y .  Tlle d~fferexl,ce was 
largest for the pa:r C!,  I and the order of prefet- 
ence for halcgzn iiydroxyl liiternrtlon v1;s 
C1 > Br > F > I, 111 qual1tatn.de agreer,lent - v ~ t h  
entha;py data based on ti16 ~ntens~ties of the 
hydroxyl stretching bands for 2,6-d~haiophenols 
43). 

There ex~sts infrared (4) a1.d 19F chemical 
shift (5) evidence that, winen X - 2 = H 
Y = @F3p Ib is preferred to *>-I; suggestlilg a 
preferred hydroxyl-triAuorome+hyi interactionr, 
i.e., that the free energy of Ib 1s lower than that 
of la .  However, contrary to "ehc observed low- 
frequency shift of the infrayed band for the 
halophenols rn eel4, the stretching frequency 
Increases when Y = CF3 in: Ib. This plmeilomenon 
ha3 been described as a "referred repulsive 
rnteraction9 (4), prob~bly because the frequency 
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shift was not referred to the vapor phase value 
for phenol. 

In this paper an approach based on long- 
range co~apling constants in derivatives of 
2-hydroxybenzotrifl~toride is used in an attempt 
a0  estimate the Gee energy of formation of the 
conformer having the CF3. . - H-CS interaction. 

The o-hydroxybenzotrifluoride derivatives viere pre- 
pared by standard methods. Samples for nixr measure- 
ments were prepared in the previous (1. 2) manner and 
were carefully degassed prior to  repeated calibration of 
the plnr spectra at sweep rates of 0.01 and 0.02 Hz/s. 
Signs of long-range coupling constants here found in the 
prescribed way (6, 7) and small couplings were determined 
by carefully decoupling the relevant protons from the 
spin system: followed by matching of simulated and 
observed line v~idths, which were as smali as 0.11 Hz. 
See ref: 1 for the quality of a typical hydroxyl proton 
resonance spectrum in dry solutions of phenols. 

Results and Discossios~ 
Spectral Analysis 

The spectra were analyzed with the computer 
program LAME (8, 9 j  ln the presence and in the 
absence of ~ntermolecu'ar hydroxyl proion ex- 
change. This procedilre ensured reliable values 
for ail ihe parameters, The standard deviations 
la the final values were 0.005 Hz or less. all 
transitions of relative intensity greater than 0.01 

having been assigned. The very small couplillgs 
(less than 0.1 Hz) between the hydroxyl proton 
and H5 in 4,6-diiodo- and 4,6-dibromo-2- 
trifluoroinethylpheno1 were ascertained by a 
procedure involving the decoupling of the 
hydroxyl proton, followed by computer sirnula- 
tions of the spectrum of H5 under conditions of 
coupling and decoupling of the hydroxyl proton. 
No coupling was ascertainable in the latter 
compound. 

The final parameters are given in Table 1, 
together with solvent conditions. The spectrum 
of 2-hydroxybenzotrifluoride itself was too coin- 
plex for a reiiabie analysis, in om opinion. at 
least under the conditions of signal to noise 
dictated by the low concentrations used in the 
present work. 

Pnrrcrtj oj  irztert?~oieclrlnr Hj clrogen Boncl~rzg for 
4 ~ Y O M ? O - ~ - ~ ~ ~ ~ L ~ O ~ ~ I I ~ ~ ~ ~ J ~ ~ ~ / Z ~ I Z O ~ ~  2. l ~ i  CCI4 

It is known (10, 11) that 2-halophenols form 
intermolecularly hydrogen bonded dirners, as 
opposed to 11-mers for phenol and 3- and 4- 
halophenols ( 2 3 ,  121, and that the enthalpy of 
formation is -5.5 i 0.5 kcal mol, insensitive 
to the particular halogen substituent. For 2- 
fluorophenol in CC14 solution the dimerization 
constant is 0.15 M-I at 20 "C (1 11, the chemical 
shift of the intermolecularly hydrogen bonded 
hydroxyl proton being 7.2 ppm. The correspond- 

Therx 1. Proton chemical shifts* and coupling constants?: in derivatives of 2-tritluoromethyl phenol at 32 "C 
--a - - 

4.,Bromo$ 4.6-DibrornoS 4,6-DliodoS 

c6ni2 &CI: C6D6 aI4 C h D h  cG~,, 
Parameter (1.5) (3.3) (3.2) (2.6) (2.4) (2.2) 
-.- - 

YO H -527.3 537.2 427 .O 583.1 531.5 568 .0 
(531 .5)1l 

7: 754.2 758.8 743.5 762.7 732.4 77'7 .4 
1 . j  740.6 748.6 691.5 775.7 711.3 808.4 
Y6  675.1 683.7 575.0 - - - 

3 6 1 1 . ~  8.758 8.765 8.717 -. - - 

4J H , R  
m 2.434 2.441 2.457 2.338 2,346 2.064 

SJ H,E  0.361 0.344 0.337 - - - 

4JoH.CFs -0.609 -0.648 ---0.636 -0.641 -0.519 -0.680 
SJTnI*,CF3 0,699 0.718 0.728 - - - 

6 4 I I , C F 3  -0.680 -0.683 -0.660 -0.578 -0.593 -0,600 
5;e?nR,,OH 0,143 0.176 0.401 0,576 0.601 0.570 
5 J Hs,OII m 0.390 0.398 0.284 0.00 0 .00 0.075k0.02 
5 J OH,CF, --3.478 -3.069 -0.959 0.271 0,378 10.10 J-0.01 

*Reiative to internal tetranlcthjlsiiane a t  100 MHz. 
?Root mean square de\iatioii between ca!culated and observed tra~~sit ions \%as 0 015 H z  or leis in ali cases 
$StancIard deviations of the parameters wer.: 0.005 Hz or less. 
§Mole percent of solvent in pareriihes<s. 
IICC!L 1.3  mol 7,. 
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ing low-field shift for 2 will hardly be smaller 
than that. 

The 3.3 moly, soiutiori of 2 in CCI4 has voH = 

5.37 ppm while a 1.27 mol% solutioll has v o ~  
= 5.315 ppm (Table I ) .  Extrapolation to  zero 
concentration yields the mononier shift as 
5.2g5 ppm at 32 "C. Clearly, not morc than 
about 27, of 2 exists as a dimer at 3.2 molyo 
(0.4 M )  in CC14 at 32 "C (this estimate implies 
that the dimerization constant is near 0.15 and 
that vo,, in the dimer is near 7.5 ppm). Similar 
remarks follov~ for the 1.5 mol% solution of 2 
in C6HI2 (reliable analysis of spectra character- 
ized by so many small coupling constants as in % 
is improbable at lower concentrations). 

Intramolecular Equilibrium in 2 
In previoirs work on halophenols ( 1 ,  2) it was 

shown that 5Jm0H3H3 = J3 and 5 J 2 H , H 5  = J5 
(compare %a and 2b) provide a reliable me- usure 
of the intramolecular equilibrium. For example, 
in 2,4-dihalophenols, 3, in CC14 solution J3 is 
too small to observe, indicating the predominance 
of 3b. On the other hand, a series of trihalo- 

phenols gave observable dr3 and J5 values, from 
which a reasonably consistent set of populations 
of l a  and l b  could be dernved on the assumption 
that J3 = 0 in Pb and J5 = 0 in l a .  

Now, from the J3 and J5 values for 2 in Table 1, 
it then follows that 0.398/(0.176 + 0.398) or 
69%, of 2 exists as 2b in CC14 solution at 32 "C. 
If, as appears likely (10), the dimer is formed 
between 2a and Zb, 29% of 2 exists as the 
monomer 2a. Then the free energy difference 
betrween mononers 2b ar:d 22 is -RT in K = 

-606 In 29/67 or - 510 cal/rncl. The erIors in 

measurement of J3 and J5 and the possible errors 
in the estimate of the extent of dimerization sug- 
gest to  us that 2b has a lower Iiee energy than 2a 
of 510 i 50 cal/mol at 32 "C in CC14 solution. 

A similar treatment of the data for the C6MI2 
solution gives A 6  = - 630 f 50 cal/mol for the 
equilibrium 2a 2b, while AG is f210 F 
50 cal/mol for the benzene solution. 

For the latter solution the ASIS (13)  numbers 
for 2 in Table I indicate a specific interaction of 
the benzene molecules with the hydroxyl group. 
Thus, the numbers for O H  and H6 are both 
1.W ppm (C6HI2 as reference solution) and are 
dramatically smaller for M3 and H5. Because 
only 29y0 of 2 exists as %a, the ASIS number for 
OH in 2a must be actually larger than 1 ppm. 
In other words, a specific interaction of the 
hydr~xyl  group with the T cloud of the benzene 
ring, estimated to involve a free energy decrease 
of 0.6 + 0.2 kcal/mol (141, could account for 
the specific ASIS numbers. 

Note that such specific shifts for the OH 
proton resona~lce are of much smaller magnitude 
in the 4,6-dibromo compound (Table I), i .e.,  
in the presence of two ortho substituents. 

s.J00"3" as an Indicator of the I~z~rarnolecular 
Equilibrinnz 

In Fig. 2 ,  54',0H," is plotted us. the population 
of the conformer having the hydroxyl group 
oriented cis to the C F 3  group. The population of 
this conformer is deduced from the J3 and J5 
values. Apart from point 3 for the C6D6 solution 
of the 4-bromo compo~and, a (dashed) straight 
line can be drawn through the other points. 
Extrapolation yields -4.7 + 0.2 Hz as the 
value of 59,01*1F for a 10frY0 cis conformer. 

The magnitude of 5~oo11~F  for the benzene 
solution of the 4-broms compound is 0.7 Hz 
smaller in magnitude than expected on the basis 
of J3 and Js. This deviation cannot be a result 
of a solvent effect on the latter couplings (com- 
pare data in Table a).  Rather, it is a coasequence 
of the specific interaction of the benzene solvent 
with the solute molecules. 5 ~ ~ 0 0 H 1 "  is dominated 
by a through-space mechanism which is exceed- 
ingly sensitive to the distance between the proton 
and the fluorineo nucleus (15) and an average 
increase of 0.82 A between the hydroxyB hydro- 
gen atom and the fluorine atoms in the benzene 
solution is sraficient to account for the devia- 
tion (i5). Competition between the benzene 
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2246 CAN. J .  CHEM. 

FIG. 1. The spin-spin coupling constant, formally over 
five bonds, between the hydroxyl proton and the fluorine 
nucleus, 5J0QH,F, in derivatives of 2-trifluoromethyl- 
phenol is plotted cs. the population of the cis conformer 
as deduced from the hydroxyl proton, ring proton 
coupling constants in Table 1. Point 1 refers to the 
2,Cdibromo compound, point 2 to the 2,4-diiodo com- 
pound. Points 3 ,4 ,  and 5 refer to the 4-bromo compound 
in C6D6, CC14, and C6N12 solutions, respectively. 

molecules and the CF3 group for the hydroxyl 
- - 

group in the cis conformation Ib could reason- 
ably lead to such an increase in interatomic 
distances. 

Solvent Effect on the dntramolecular 
Equilibrium 

Infrared data on the Zhalophenols in the 
vapor phase (16) and in CCi4 and other solutions 
(4, 17) demonstrate that in CC14 the hydrogen . - 

bonded conformer is destabilized by up to 
2 kcal/mol relative to the other conformer. A 
general non-specific effect arising from the 
solvent considered as a dielectric continuum 
(18) would stabilize the more polar form, as 
observed. On the other hand, the frequency 
shifts observed for phenol in various solvents 
(19) suggest a specific interaction of the hydroxyl 
group with the-solvent molecules. The dielectric 
constants sf CC14, C6HI2, and C6H6 lie within 
0.2 units of one another and for purposes of the 
following discussion a specific solvent interaction 
model is assumed. 

Compared to the vapor phase, the hydroxyl 
stretching frequency of phenol is shifted to 
lower values by 30, 41, and 93 cm-I in n-hexane, 
CCB4, and C6H6? respectively (19). The value for 

I 4 hexane 
\ 

FIG. 2. The shifts to low frequency in solution relative 
to the vapour phase, Av,  of the hydroxyl fundamental 
stretching frequency of phenol is plotted cs. the free 
energy difference between the cis conformer (sketched) 
and the trcitzs conformer of 4-bromo-2-trifluoromethyl- 
phenol in solution. The free energy differences are 
deduced in the text from the data in Table 1 and the Av 
values are taken from ref. 19. 

cyclohexane is assumed equal to that in n-hexane. 
In Fig. 2, these frequency shifts are plotted us. 
AG in the %a e 2 b  equilibrium. Extrapolation 
to zero frequency shift yields AG as - 1070 + 
50cal/mol for the equilibrium of 4-bromo-2- 
trifluoromethyl phenol in the vapor phase. 

The empirical relationship in Fig. 2 implies 
that the interaction OH. . - CF3 is considerably 
weaker than the OH- . - I interaction. If AG can 
be equated with AH, i.e., the entropy of %b is 
the same as that of %a, a direct comparison is 
possible. Thus AH is - 2.75 + 0.07 kcal/mol for 
2-iodophenol in the vapor phase, indicating an 
enthalpy difference of 1680 i 120 cal/mol be- 
tween the OH* . . CF3 and OH- - . I[ interactions. 

Now, in sym-trisubstituted phenols, specific 
OH-solvent interactions are presumably pre- 
empted by the ortho substituents. Therefore 
measurements on the 2,4-diiodo- and the 2,4- 
dibromo compounds in Table 1 become of 
interest. 
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Competitive Hydroxyl Interaction with CF3 and I, 
Br Szrbstituents 

In the iodine derivative, X = Z = I, Y = CF3 
in 1, the J3 and J5 values in Table 1 show l a  as 
more stable than Ib by a free energy of 1230 + 
200 cal/mol. Previous J3 and J5 values for the 
trihalophenols (1) gave a difference of 460 + 
60 cal/mol for the Br, I pair, so that the Br, CFs 
pair has AG = 1700 + 250 cal/mol. The larger 
value of 1950 cal/mol implies Js = 0.02 Hz in 
the 2,bdibromo compound, a value we evidently 
could not detect (Table 1). 

If the vapor phase estimate of AG for 2 is 
correct and specific solvent interactions for com- 
pounds of type 1 can be neglected, it follows 
that in the vapor phase AG is -2300 f 250 
cal/mol for the equilibrium 4a + 4b and is 
- 2760 + 3 10 cal/mol for the equilibrium 5a $ 

5b. 

In this connection it is of interest that the 
enthalpies for the corresponding equilibria in 
the vapor phase for 2-iodophenol and 2-bromo- 
phenol are -2750 + 70 and -3130 5 350 
cal/mol, respectively (16). The small discrepan- 
cies between the 86 values for 4 and 5 and these 
A H  values could be caused by the polarization 
of the 0-H bond by the electric field of the 
C-Br bond in 4 and 5, or by small entropy 
differences between the conformers in the 
equilibria or, perhaps, by unrecognized classical 
solvation energies (1 8). 

Conclusions 
In any event, the sequence X = C1, Br > F > 

I >> CF3 is safely estabiished for the hydroxyl-X 

interaction in trisubstituted phenols in CC14 solu- 
tion. The free energy sequence is -AG(X) = 
1690, 1690 > 1300 > 1230 >> 0 f 200 cal/mol, 
the error of 200 cal/mol lying in the last number. 
In the vapor phase an indirect estimate suggests 
the sequence X = Cl, Br > F > X >> CF3 >> M 
for 2,4-disubstituted phenols, the corresponding 
free energy sequence being - AG(X) = 2800, 
2800 > 2400 > 2300 >> 1000 + 300 >> 0 cal/mol; 
the large error again occurs for the I, CF3 pair. 

It is interesting that the sequence C1, Br > F 
> H has the same order as the group dipole 
moment sequence for the carbon-halogen bonds 
in aromatic systems (20). On the other hand, the 
@F3 group dipole moment is substantially larger 
than that for the halogens. Of course, the forma- 
tion of the weak hydrogen bond in the halo- 
phenols completes a five-membered ring while 
the weak hydrogen bond in 2-trifluoromethyl 
phenol completes a six-membered ring, so that a 
direct comparison of the sequences is probably 
invalid. One may note that the closest distance 
of approach between the hydroxyl proton and a 
fluorine nycleus in the CF3 group in 2 is less 
than 1.5 A, implying a strong Pauli repulsion 
which opposes electrostatic attractions between 
the OM and CF3 dipoles. 

It is also noteworthy that in 2-fluorophenol 
derivatives 4J,;:H1' has a magnitude of only 
4.5 Hz (2). If the hydrogen bond in these 
molecules had a large covalent character, elec- 
tron correlation effects could well produce a 
coupling larger by an order of magnitude (21, 
22); particularly as 4~ci:H,F arises from a 
proximity mechanism (15) and not via the 
intervening C-C and C-O bonds. 

We are grateful to the National Research 
Council of Canada for financial support. 
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hotherma8 compressibiliQ of water-glycerol mixhres at 60.0 "62 
measured relative t s  water1 

E. WHALEEY AND J. B. R. HEATH 
Dicisior~ of Clzemistry, Natiorzal Researc/~ Council of Carzada, Bttau~n, Qr~t., Cnr~ndu K I A  ORY 

Received March 15, 1976 

E. WHALLEY and J. B. R. HEATH. Can. J. Chem. 54, 2239 (1976). 
The compression of aqueous glycerol relative to pure water has been measured up to -250 

bar a t  60 "C, and the measurements analyzed to yield the compressibilities at zero pressure to 
an accuracy of -0.02-0.1 Mbar-1 depending on the concentration. The method used is a 
simplified version of a more elaborate method (by Kell and Whalley) and is particularly suitable 
for measuring accurately and quickly the compression of one liquid relative to another. 

E. WHALLEY et J. B. R. HEATH. Can. J. Chem. 54, 2249 (1976). 
On a mesurC B 60 "G h des pressions allant jusqu'h 250 bar la compression du glycerol aqueux 

par rapport B celle de l'eau pure et on a analysC les mesures pour obtenir les compressibilitCs B 
une pression de zero avec une prCcision de -0.02-0.1 Mbar-1 dependant de la concentration. 
La mCthode est une version simplifiie d'une mCthode plus Claboree (Kell et Whalley) et s'ap- 
plique plus particulibrement pour mesurer avec prCcision et rapidit6 la compression d'un liquide 
par rapport B un autre. 

[Traduit par le journal] 

Introduction Experimental Methods and Results 

The compressibility of glycerol-water mixtures 
a t  60 O C  and zero pressure was required in con- 
nection with some kinetic measurements (1). 
The compressibilities have, however, a wider 
significance in that few isothermal compres- 
sibilities of aqueous organic solutions have been 
measured, although a few compression measure- 
ments have been reported. 

Since only the compressibility at zero pressure 
was required for this work, only a small pressure 
range was required. The actual range chosen was 
a compromise between the greater relative 
accuracy of the compressions when they are 
large, and the greater curvature of the curve of 
the compressions against pressure at higher 
pressures. A high curvature will of course limit 
the accuracy of the zero-pressure compressibility. 
A range of 250 bar was chosen as a suitable 
compromise. 

It is not easy to measure the compressibility 
of liquids accurately. Fortunately, relative com- 
pressions can be measured fairly easily and the 
compression of one component of the mixture, 
water (2-41, is known accurately and can be used 
as a reference. Compressions relative to  water 
have therefore been measured. 

LNRCC No. 15302. 

The apparatus is based on the same principles as the 
apparatus described by Kell and Whalley (2), but is 
simpler because the required accuracy is less, and only the 
compressions of mixtures relative to that of one com- 
ponent is required. It  consists of a 304 stainless steel 
vessel of about 250cm3 capacity connected to  a screw 
injector and to  a 250-bar Heise bourdon gauge which was 
cali'orated by ourselves against a pressure balance. The 
vessel and the injector were immersed in a thermostat 
bath controlled to  0.01 'C. To prevent wear on the 
O-ring sea1 of the injector shaft, the seal was kept just 
above the bath surface and was cooled by circulating 
water through a copper coil wrapped around the injector 
near the seal. 

The apparatus was evacuated and filled with the de- 
gassed experimental fluid. Usually some vapor space was 
left, and this was filled by screwing in the injector to  give 
250 bar and leaving overnight to allow any dissolved air 
to diffuse or be convected from the place where it dis- 
solved. The pressure was then reduced to 2 bar by back- 
ing off the injector, and the injector shaft was set to a 
predetermined position by bleeding off solution. Thus, 
the same volume of all mixtures was present in the 
apparatus. This volume was measured by weighing both 
the mixture put into the vessel and the amount bled off. 
One measurement with a 0.05 volume fraction glycerol- 
water mixture and two with pure water gave a mean 
volume of 282.2 cm3 with a standard deviation of 0.4 cm3. 

The pressure was increased in about 13 increments to 
about 250 bar, and the travel of the injector shaft was 
measured with an Ames catalogue No. 14224 dial gauge 
with a 4-in. travel graduated at intervals of 0.001 in. The 
dial was calibrated with gauge blocks and was accurate 
to 0.0005 in.; no corrections were needed. Thermal 
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equilibrium occurred with a half-life of about 4 min and 
about I h was usually allowed. I n  the earlier runs the 
measurements were repeated with pressure decreasing; 
because the up and down run always agreed, in the later 
runs only two or three points were taken in the downward 
direction, finishing at  2 bar, to verify that the system was 
stable. 

The volumetric displacement of the injector, ali ,  where 
a is the cross-sectional area of the piston and R is the 
linear displacement from the starting position, is the sum 
of the volume changes of the vessel (including injector, 
tubing, bourdon gauge, etc.) AVv and of the liquid AVL 

The compression of water is accurately known and can be 
used as a reference to eliminate the expansion of the 
vessel, etc. Thus, if Rw and RL are the displacements at  
the same pressure for pure water and the experimental 
liquid, then 

The slope at  2 bars of a curve of R 7  - RL against the 
pressure is related to the difference of compressibility of 
water and the liquid. 

where V is the volume of the vessel. 
Values of RL a t  predetermined pressures were obtained 

by interpolating graphically the measured values of RL 
using a difference equation to  increase the accuracy. A 
typical curve of Rw - RL against pressure, for a 0.05 
volume fraction glycerol-water mixture, is shown in 
Fig. I. The compressibility of water was taken as 44.50 
Mbar-1 (2-5) without significant error for present pur- 
poses, and the compressibilities a t  1 bar of the mixtures 
so obtained are given in Table 1 and shown graphically in 
Fig. 2. The uncertainty of the difference of compressibili- 
ties is about lCjo, which is 0.1 Mbar-1 for 0.75 volume 
fraction glycerol-water and correspondingly less in more 
aqueous solutions. 

The compression of glycerol has been measured by 
Bridgman (6) at  pressure up to 12 000 kgf ~ m - ~  at  0, 50. 
and 95 "C. The measurements a t  lower pressures (0, 500. 
1000, 2000, 3000, and 4000 kgf cm-2) were analyzed by 
plotting the reciprocal compression p / A V ,  where AV is 
the change of volume between zero pressure and pressure 

TABLE 1. Isothermal compressibilities of 
glycerol-water mixtures at  60.0 "C 

Volume fraction 
glycerol ~/Mbar-l  

.Reference value. 

p/  bar 

FIG. I .  A typical curve of R ,  - RL against the pres- 
sure. The mixture was 0.05 volume fraction glycerol in 
water. The slope of the line corresponds to a difference of 
compressibility between water and solution of 1.38 
Mbar-I. 

c 
260 0 2 04 0 6 08 10 

VOLUME FRACTION GLYCEROL 

FIG. 2. Compressibility of glycerol-water mixtures at  
60 "C and zero pressure. The crosses represent the present 
measurements and the circle the value interpolated from 
ref. 6. 

p, against the pressure and extrapolating to zero pressure. 
The zero-pressure compressibility can be obtained from 
the intercept, and the values obtained a t  0 and 50 "C  are 
20.9 and 27.3 Mbar-1 with an  apparent accuracy of about 
0.4 Mbar-1. At 95 "C, compressions were measured 
starting from 1000 kgfcm-2, and so  Ap/AV, where Ap 
and AV are the differences in pressure and volume be- 
tween adjacent points, was plotted against the mean 
pressure of the points. The zero-pressure compressibility 
obtained by a rather long extrapolation of this plot was 
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WHAELEY AND NEATH 225 1 

32 Mbar-1, with an accuracy of perhaps 1 or 2 Mbar-1. 
By interpolating between the three compressibilities, the 
cornpressibility at 60 OC and 1 bar is 28.4 f -0.5 Mbar-1. 
This value is plotted as a circle in Fig. 2. If the correct 
value is 27.9 Mbar-1, then the excess compressibility K ~ ,  

which is the difference between the actual compressibility 
and the co~npressibility that would occur if the mixture 
were ideal, is symmetrical in the volume fraction. This is 
illustrated in Fig. 2, where the straight line for the ideal 
mixture and the curved line for a mixture governed by 
the equation 

where 4, and +2 are the volume fractions of the com- 
ponents, are plotted. Equation 1 is the first non-zero term 
in an expansion of the excess compressibility as a Taylor 
series in the volume fractions, and, although the first term 
need not be the dominant one, there appears to be no 
significant deviation from it. This provides some support 
for the assumed compressibility of pure glycerol. 

Discussion 
The maximum deviation of the compressibility 

from the ideal is about -2.3 Mbar-I, which is 
much smaller than that of many aqueous organic 
mixtures. For example, the compressibility of an 
0.5 volume fraction ethanol-water mixture at 
25 "C as calculated (7) from Moesveld's (8) data 
is 47.5 Mbar-I, whereas the ideal compressibility 
is 71.5 Mbar-l, about 50% greater. The com- 
pression, or fractional change of volume, of 
acetone-water mixtures at 1000 atm and 25 "C 
(9) is 0.042 a t  0.5 volume fraction, compared 
with the ideal value of 0.060. The ideal value is 
43% greater than the real. 

The compression of water is due to  two main 
changes, the decrease in the distance of nearest 
neighbors and the deviation of the intermolecular 
angles from tetrahedral. The decrease in the 
nearest-neighbor distance with increasing pres- 
sure in water is much less than in ice, and 
probably contributes only about 3 or 4 Mbar-I 

to  the compressibility (10). Consequently, nearly 
all the volume change is caused by the bending 
of intermolecular angles. Acetone, alcohol, and 
similar solvents, therefore, greatly stifTen the 
intermolecular angles, but gycerol stiffens them 
only slightly. No doubt acetone and alcohol 
stiffen them because their non-polar parts occupy 
space that would otherwise be empty. Glycerol 
presumably cannot do this because all its parts 
can hydrogen bond with the water in a fully 
three-dimensional manner, and so it does not 
greatly stiffen the intermolecular angles. 

The volume of mixing of glycerol-water 
mixtures at 60 "C and a volume fraction of 0.5 is 
about -0.807 cm3 g-"according to the data of 
Gerlach (1881) as reported by Timmermans (1 1). 
If the excess compressibility were independent 
of the pressure, water and glycerol would mix 
without change of volume at a pressure of about 
3.5 kbar, and at higher pressures would pre- 
sumably expand on mixing. 
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'"42 m a g n e ~ c  resonance spectra of some isaqninsline alkaloids 
and related modell compcsunds 

DONALD W. HUGHES, HERBERT L.  HOLLAND,^ AND DAVID B. MACLEA& 
Departrnc>zt oJ C/~ernistry, McMaster Utziuersity, Hamiltol, Ot~t . ,  Canada L8S $MI 

Received November 12. 1975 

DONALD W. HUGHES, HEREERT L. HOLLAND, and DAVID B. MACLEAN. Can. 9. Chem. 54. 
2252 (1976). 

The natural abundance 13C nuclear magnetic resonance spectra of a number of isoquinohne 
alkaloids and related model compounds have been recorded. in  almost all cases comparison of 
the spectra of the alkaloids with those of the modei compounds has permitted unambiguous 
assignment of the alkaloid carbon resonances. The ability of 13@ nmr spectroscopy to dis- 
tinguish between diastereomeric pairs of both protoberberine and phthalideisoquinoline 
alkaloids has been demonstrated. 

DONALD W. HUGHES, HERBERT L. HOLLAND et DAVID B. MACLEAN. Can. J. Chem. 54, 2252 
(1976). 

On a dCterminC les spectres rmn du '3C en abondance naturelle d'un certain nombre d'alca- 
loides de l'isoquinolCine et de composes modkles qui leur sont relies. Dans presque tous les cas. 
la comparaison des spectres des alcaloides avec ceux des composCs modeles a permis d'attribuer 
sans ambiguitC les positions des rCsonances des atomes de carbone des alcaloldes. On a dCmontrC 
la possibilite qui existe, avec la spectroscopie rmn du 13C, de distinguer entre des paires de 
diastCrCoisomkres des alcaloldes de ia protoberbirine et du phthalideisoquinolCine. 

[Traduit par le journal] 

In recent years I3C nuclear magnetic resonance 
spectroscopy has been used exiensively in the 
study of natural products. In the case of the 
alkaloids, Wenkert et 01. have made thorough 
studies in the piperidine and indole series (1). 
More recently this technique has been applied to 
the lupin alkaloids (21, the Nuphar alkaloids (3), 
and the Lycopocliurn alkaloids (4). Despite the 
variety of ;ing systems found in the isoq&noline 
series, only a few reports have been published on 
their 13C spectra. Some early investigations were 
made on the Atnaryllidacerre ( 5 )  and the proto- 
pine (6) alkaloids, and more recently a report on 
the tetrahydroprotoberberines (7) has appeared. 
Aside from these studies there has not been, to 
our knowledge, any systematic examination of 
the isoquinoline alkaloids. Were we report on our 
investigation of the protoberberines and phthal- 
ideisoquinslines. We have also examined a 
number of simple isoquinolines as models for 
the alkaloids. 

We have made use of what are now standard 
techniques in 13C magnetic resonance spectro- 
scopy.-The spectra of all compounds were 
recorded using broad band decoupling, and 
where applicable the ofi-resonance technique was 

- 
lPresent address: Department of Chemistry, Brock 

University, St. Caiharines, Ontario. 

used to determine the substitution at carbon. In 
some cases the alternately-pulsed or gated de- 
coupling method (8-10) was employed. Deu- 
terium labelling and selective proton decoupling 
have also been used to make uneauivocal 
assignments of several carbon resonances. Refer- 
ence is frequently made to model systems in 
which the assignments are already secure, while 
in other cases calculated chemical shifts of model 
systems have been used as reference. 

This work was begun with an examination 
of the 6,7-dimethoxy-1,2,3,4-tetrahydroisoquino- 
lines, 1 and 2, and the 6,7-dimethoxy-3,4-dihy- 
droisoquinolines 3 and 4 (Fig. l), since this 
substitution pattern is frequently found in the 
isoquinoline rings of the alkaloids. The assign- 
ment of the aliphatic carbons of 1 follows readily 
by comparison with the reported spectra of 
piperidine (5) and tetralin (6). Of the two 
carbons adjacent to nitrogen, C-1 is at lower field 
because of the cr phenyl group. The specific 
assignment of C-5 and C-8 was achieved by 
selective proton decoupling. Although the proton 
chemical shifts are separated by only 8 Hz, C-5 
and C-8 were differentiated by running a series of 
spectra in which the proton decoupling fre- 
quency was -progressively increased over the 
relevant frequency range. Carbons 6 and 7 were 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HUGHES ET AL 

FIG. 1. 13C chemical shifts of simple isoquinolines and other model compounds. *Reference 11. 

readily differentiated from C-4a and C-8a (11). 
but because of the nearly identical chemical 
shifts of C-4a and C-8a, and C-6 and C-7, 
unambiguous assignments of the signals could 
not be made. 

Examination of 2 revealed that the aromatic 
carbons undergo very little change in chemical 
shifts from those of 1, whereas C-l and C-3 are 
shifted downfield by 9.8 and 9.1 ppm, respec- 
tively, because of the P-N-methyl group (12). 
Similar results have been observed for piperidine 
(5) and N-methylpiperidine (Sa). 

The assignments of the C-3 and C-4 resonances 
of 3 and 4 are apparent from the previous dis- 
cussion, and those of C-l by virtue of its un- 
saturated character. Again C-5 and C-8 are 

readily differentiated from substituted aromatic 
carbons. Because of charge cielocalization through 
resonance in 4, carbons 4a, 6, and 8 should 
appear at lower field than their counterparts, 8a, 
7, and 5 ,  respectively. It is for these reasons that 
the assignments shown in Fig. 1 have been made. 
Although 3 does not bear a formal positive 
charge the same resonance arguments may be 
applied in assigning the aromatic signals. 

In Fig. 2, the spectrum of 6,7-dimethoxyiso- 
quinoline, calculated by applying the shift 
parameters for two ortho-methoxy groups to the 
reported spectrum of isoquinoline, ( I  I )  Is listed. 
The calculated values for the chemicai shifts of 
the aromatic carbons of the benzenoid ring of 
6,7-dimethoxyisoquinaIine are very similar to 
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FIG. 2. 1 3 6 :  chemical shifts of 6,7-dimeihoxyisoquino- 
line and verztrole. 

those observed for 3. In this and other appropri- 
ate calculated spectra, shift parameters calculated 
by comparison of the spectra of benzene and 
veratrole (C-1, +20.8; C-2, - 16.9; C-3. -7.6 
ppm) (Fig. 3) were applied for the ortho-dimeth- 
oxy substituents. In almost all cases examined. 
these figures expressing the combined effect of 
two ortho-methoxy groups gave a closer fit with 
the observed spectra than those calculated from 
comparison of the spectra of anisole and benzene. 

In many isoquinoline alkaloids, notably the 
protoberberines, the 7,S-disubstituted 1,2,3,4- 
tetrahydroisoquinoline unit is present. For this 
reason we examined 7,8-dimethoxy- l,2,3,4-tetra- 
hydroisoquinoline, 7. The assignments of the 
aromatic carbons of 7 are in harmony with those 
calculated by applying the shift parameters for 
ortho-dimethoxy groups to the observed spec- 
trum of tetrahydroisoquinoline 8. The assign- 
ments in $ were made by comparison with 5 and 
6 and have not been verified by other methods. 
Regardless of the assignments made in 8 the 
differences in shift parameters are sufficiently 
large that the calculated spectrum always leads 
to the same order of chemical shifts for C-5, C-6, 
C-4a, and C-8a. The assignments at C-7 and 6-8 
agree with those made for analogous centres in 
ring D of the protoberberine series (vide inpa). It 
is noteworthy that C-1 of 7 is shielded relative to 
8 (-4.6 ppm) as a result of steric perturbation at 
C-l by the C-8 methoxy group. Assignment of 
the signal at 60.0 ppm to the C-8 methoxy group 
was based on analogous results obtained by 
Dhami and Stothers on ortho-disubstituted ani- 
soles (13). Experimental verification of this 
assignment is provided in an analogous system, 
canadine, below. 

The phthalideisoquinolines were the first group 
of alkaloids to be considered by us. Naturally 
occurring ,!3-hydrastine (9) and its diashereomer, 
a-hydrastine (PO), and the pair of natural di- 
astereomeric bases, corlumine (11) and adlumine 
(12) were examined (see Fig. 3). 

The carbon resonances of rings A a ~ l d  B of 9 
and 10 were tentatively assigned by comparison 
with the previous data (compounds 1 and 2 of 
Fig. I )  and with the spectrum of methylene- 
dioxybe~zzene, 13. Meconin (14) and phthalide 
(15) were used as models in the assignment of the 
resonances 111 ring D. The spectrum of phthalide 
itself was interpreted as follows. By comparison 
with the calculated spectrum of 2-carbomethoxy- 
benzyl alcohol (C-1, 143.4; C-2, 130.2; C-3, 
130.4; C-4, 128.0; C-5, 134.3; C-6, 127.8) it was 
possible to assign C-3a and C-7a with some 
certainty and C-5 and C-7 tentatively. The 
apparent absence of resonance at 128.5 in the 
spectrum 6-deuteriophthalide (15c) confirmed 
the assignment shown for C-6. By selective 
proton decoupling, carried out on P5c, C-7 was 
assigned unequivocally; the proton at C-7 is 
well downfield from other protons in the l H  
spectrum so that there was no ambiguity in the 
selective decoupling experiment. The observed 
spectrum of 6-nitrophthalide (15a) and 6-amino- 
phthalide (P5b) agreed closely with those calcu- 
lated by applying appropriate shift parameters 
to the spectrum of phthalide, and so strengthened 
the assignments made for the phthalide res- 
onances. 

The aromatic carbon resonances of meconin 
were tentatively assigned by comparison of the 
observed spectrum with the calculated spectrum 
and verified by selective proton decoupling. The 
calculated spectrum was obtained by using the 
shift parameters for ortho-methoxy groups (vide 
supra) on the already assigned spectrum of 
phthalide. The assignments at C-4 and C-5 were 
verified by selective proton decoupling. The 
protons at C-4 and C-5 form an AB quartet with 
signals centred at 6.97 6 and 7.13 6, respectively. 
The proton at C-4 was identified because of long- 
range coupling to the benzylic protons at C-3. 

In the alkaloids 9 and 10 the pattern observed 
for meconin is preserved. C-I' in both alkaloids 
is downfield, as expected, relative to the corre- 
sponding carbon of meconin, while 6-6' and 
C-7' have become more nearly equal in chemical 
shift than the corresponding carbons of meconin. 
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115.1 7 1  8 125.0 70.5 123.0 69.6 122.0 69.5 

103.8 
14a 15a 1150 Ec 

FIG. 3.  I3C chemical shifts of' phtllalideisoquinoline alkaloids and model compounds. 
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The signals of the methoxy groups of 9, 10, and 
14 were assigned in analogy with those made for 
model compound 7, the more hindered ~nethoxy 
group being placed at lower field. 

Similar reasoning was used in assigning the 
signals in the spectra of 11 and 12. For the 
phthalide part of the molecule, however, the 
model chosen was 6,7-n~ethylenedioxyphthalide 
14a, for which the calculated spectrum ns as 
follows: C-3a, 139.5; C-4, 115.2; C-5, 113.8; C-6, 
147.7 ; C-7, 144.1, C-7a, 105.4. This calculation 
was made by applying the shift parameters for a 
methylenedioxy group, obtained from a com- 
parison of the spectra of benzene and methylene- 
dioxybenzene (Fig. 3), C-1, 19.2; C-2, - 19.8: 
C-3. - 6.8) to the already established spectrum of 
phthalide. The validity of this approach was 
conkmed by the spectrum of B4a (Fig. 3). The 
resonances at C-4 and C-5 were assigned by 
selective proton decoupiing. The C-4 and C-5 
hydrogens appear as an AB quartet (9 = 8 Hz) 
at 7.27 6 and 7.0 6 ,  and the C-4 hydrogen was 
essigned by virtue of its long-range coupling to 
the C-3 hydrogens. 

Selective proton decoupling experiments were 
also carried out on 9,  11, and 12 and verified the 
assignment shown for the unsubstituted aro- 
matic carbons in these alkaloids. In the case of 9 
the protons at C-5 and C-7' were differentiated 
from @-8 and C-6'. respectively, by virtue of 
their long-range coupling to benzylic protons. 
Selective proton decoupling then enabled us to  
assign the I3C resonances. The assignments in 10 
were made by analogy with 9. In 11 the protons 
at C-6' and C-7' form an AB quartet centred at 
6.90 F and 6.14 6, respectively. The proton at 
6.14 6 is long-range coupled to the benzylic 
proton at C-1'. In the case of 12 there is ngain an 
AB quartet centred at 6.84 6 and 7.13 6 corre- 
sponding to the protons at C-6' and @-7', 
respectively. Again the proton at C-7' is long- 
range coupled to  the benzylic hydrogen and was 
differentiated in this manner. The hydrogen 
resonances at C-5 and C-8 in both alkaloids were 
established similarly. The carbon resonances 
were then established by selective proton de- 
coupling. 

A closer examination of the diastereomeric 
pairs 9 and 10, and 11 and 12 shows that the 
isomers may be differentiated by 13C magnetic 
resonance spectroscopy. In 10 and 12 both C-3 
and @-4 are deshielded relative to the corre- 
sponding carbons in 9 and 11 whereas the 

opposite effect is observed at C-1'. Chemical 
shifts at C-3 and 6-4 are therefore diagnostic of 
the relative stereochexistry of these systems and 
13C magnetic resonance spectroscopy may thus 
be used to  assign the relative configuration to a 
pair of diastereomeric phthalideisoquinolines. It 
should be pointed out that similar stereochemical 
assignments have been made from analysis of 
proton spectra (14) and that the cmr results are 
in agreement. 

The C-H coupling constants at C-1, C-3, C-4, 
and C-1' were also measured for the diastereo- 
mers 11 and 12. The values of iJ13CiH for the 
respective carbons were as follows: for 11, 133.8, 
133.5, 128.3, and 155.2 Hz and for 12, 132.3, 
136.0, 127.9, and 155.2 Hz. Although differences 
are observed between 11 and 12, especially in the 
coupling constants at C-3, their significance with 
respect to structure is still obscure. 

That the structural assignment of phthalide- 
isoquinoline alkaloids is facilitated by I3C mag- 
netic resonance data is apparent from a compari- 
son of the spectrum of 9 or 10 with that of 11 or 
12. In particular, the chemical shift of C-3a' is 
characteristic of the presence of either methylene- 
dioxy or ortho-dimethoxy substitution at C-4' 
and C-5'. In 9 or 10, the presence of the C-3a' 
resonance at a chemical shift cn. 10 ppm lower 
field than the corresponding carbon of 11 or 12 
may be attributed to steric perturbation caused 
by the C-4' and C-5' methoxy substituents. Such 
steric crowding is absent where the substituent 
at C-4' and C-5' is methylenedioxy. This effect 
is discussed in greater detail below. 

The protoberberines are tetracyclic alkaloids 
that are derivatives of the dibenzo(cr,g)quino- 
lizidine system. The majority of this group carry 
oxygen substituents on the aromatic rings but are 
otherwise unsubstituted. There is however a 
small group of compounds with a methyl group 
at C-13. The compounds of this group exist in 
two diastereomeric forms and several examples 
were examined to determine if their stereochem- 
istry could be assigned by 13C magnetic reso- 
nance spectroscopy. 

The assignments shown for canadine (16) in 
Fig. 4 were made by comparison with the model 
systems of Fig. I and Fig. 3 and with the 
phthalideisoquinolines, and also through study 
of several deuterated derivatives. The reduction 
of berberine chloride with WaBD4 yielded (+)- 
canadine labelled with deuterium at C-8 and 
C-14. The spectrum of the labelled compound is 
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HUGHES ET AL 

FIG. 4. '3C chemical shifts of protoberberine alkaloids. 
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identical with that of canadine except that the 
signals at 59.6 and 53.4 ppm are virtually absent. 
Accordingly, these signals are assigned to C-14 
and C-8, respectively. Canadine, bearing deuteri- 
um in the 9-methoxy group, was prepared by 
treatment of nandinine (717) with diamomethane 
and DzO. The labelled compound did not have a 
signal at 60.1 ppni in its spectrum and therefore 
this signal in canadine must be assigned to the 
methoxy carbon at C-9. There was not sufficient 
information to differentiate C-4a from C-14a, 
C-2 from C-3, or C-8a from C-12a but the other 
assignments seem secure. The spectrum of 
nand~nine differs appreciably from that of 
canadine only in the aromatic signals of ring D, 
partic~alarly those of C-8a and C-9. It is note- 
worthy that the signal of @-8 remains unaffected 
despite removal of the methyl group fro111 the 
methoxyl of C-9. The shift of C-8a to  higher field 
may be attributed in part to  a release from the 
steric crowding, discussed above, caused by the 
C-9 methoxy group of 16. The spectrum of 
tetrahydropalmatine (18) was recorded to serve 
as a model for the corydal~nes discussed below. 
The assignments of 18 are in accord with those of 
canadine and need no further comment. 

Corydaline (19) and mesocorydaline (20) (Fig. 
4) are dtastereomeric 13-methyltetrahydroproto- 
berberines. I t  is known from pmr studies (15) 
that corydaline is a trcms-quinolizidine and meso- 
corydaline a cis-quinolizidine, in which the 
methyl groups are axial and equatorial, respec- 
tively, in ring C. The change from a trans to a cis 
configuration in going from 19 to 20 is evident in 
the upfield shift of carbons, 5,6, 8, and 13 and is 
attributed to y-gauche interactions (12, 16, 17) 
in the cu  compound. On the other hand C-14 
moves slightly downfield, a trend also observed 
in the quinolizidine systems of the Nrl~har and 
Lycopodium alkaloids (3, 4). The methyl group 
also moves downfield as it changes from an axial 
to  an equatorial position, and a sinlilar shift 
is observed at C-1. It is of interest that the 
same downfield shift is observed in the proton 
spectrum at these two positiolis (15). Both steric 
and anisotropic effects may play a role in causing 
the observed changes. 

The analogous diastereomeric pair, cavidine 
(28) and thalictrifoline (22) were also examined 
and gave similar resuIts. It is apparent then that 
I T C _  magnetic resonance spectroscopy may be 
used to  assign the relative configmation to the 

13-methylprotoberberines. 
Mametani et al. (7) have used 13C magnetic 

resonance spectroscopy as a probe to study the 
efTect of substituents at C-1 on the stereocheni- 
istry of the quinolizidine system of alkaloids of 
the protoberberine family. When a methoxj 
group was present at C-I they concluded that the 
quinolizidine system was preferentially In the cis 
form. This conclusion was based on the upfield 
shift of the signal at C-6. Comparison of the 
published (7 )  spectrum of 23 with those of 19. 
20, and 21 reveals some interesting differences. 
Whereas in our cis compounds C-5, C-6, C-8, and 
C-13 all undergo upfield shifts relative to the 
tranr compounds, only C-6 and C-13 are appre- 
ciably affected in 23. C-14 In 23 is shifted upfield 
relative to 18 in a nlarlner arlalogous to that 
discussed previously for C-l in compound 8 and 
this effect probably outweighs any charige associ- 
ated with a cis-trans interco~lversion. Surpris- 
ingly, C-5 and C-8 of 23 do not undergo an 
upfield shift as they do in the 13-methyl eom- 
pounds. Thus the conformations of the cls com- 
pounds resulting from methoxy substitutioli at 
C-1 must differ appreciably from those of the cis 
compounds resulting from methyl substitution 
at C-13. The nature of this difference is not 
apparent from the data available and further 
work is necessary to resolve the problem. 

Throughout this work use has been made of 
calculations based on the shift parameters for 
ortllo-dimethoxy or methylenedioxy substituents. 
Chemical shifts calculated from these figures 
(9.v.) are generally in good agreement with 
observed values, with the exception of the value 
calculated for a substituted carbon ortho to two 
adjacent rnethoxy groups. Examples are C-8a of 
4, C-3a' of 9 and 10, C-7a of 14, and C-8a of 
16-20, where the values calculated as desclibed 
above are ccz. 10 ppm lower than those observed. 
A similar discrepancy has been noted by Dhami 
and Stothers in the case of ortho-disubstituted 
anisoles (13) and attributed to sberic perturba- 
tion. Our observation that the less bulky 
lnethylenedioxy substituent gives shift param- 
eters which are in close agreement with observed 
values at a substituted orrho carbon, such as 
C-7a of 14a, a i d  C-8a of 21 and 22, supports 
this. As noted above, however, this difference 
between ortho-dimethoxy and methylenedioxy 
substituents may be of diagnostic value in  
structural assignment. 
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The relationships established in this study are 
therefore potentially useful in structural and in 
biosynthetic studies in this Family of alkaloids. 

Apputrrarlts, Merhods, and Marerials 
Natural abundance 13C nuclear magnetic resonance 

spectra were recorded in the pulse Fourier transform 
mode of a Brucl<er W6k-90 spectrometer at  22.62 MHz 
and a temperature of 1-35.0 'C. Samples were 0.25 to 
0.45 M in CDCI,. Telramethylsilane was used as internal 
reference. The deuterium signal of CDC13 provided the 
fieldlfrequency lock. 

Broad band proton decoupled spectra were obtained 
with the decoupler frequency at  4 ppm do~vnfield from 
TMS with approximately 8 W of decoupler poner and 
with a bandwidth of 2 ~ H L .  The ofr-resonance spectra 
were recorded he sing a single frequency 15 pprn ~~pl ie ld  
from T1MS a.nd a decoupler power of 2 W. Selective proton 
decoupling experiments were run using a low decoupling 
power of approximately 0.3 W and irradiation at the 
specific proton resonance frequency. Gated decoupling 
was achieved by using a 5 s delay after switching off the 
decoupling power and the application of a 90' rf pulse. 

Proton magnetic resonance spectra were recorded on a 
Varian MA 100 spectrometer in the frequency sweep 
mode. Chloroform-d was used as solvent and TMS as 
internal reference. 

Mass spectra were determined on a C.E.C. 21-110B 
mass spectrometer a t  an ionizing voltage of 80 eV and a 
source temperature of 200-250 "C. Deuterium content 
was estimated by repeated scanning of the molecular ion 
and application of the appropriate corrections for the 
natural abundance of 13C and the presence of M - 1 
and M - 2 fragment ions. 

Melting points were determined on a Kofler hot stage 
and are uncorrected. Infrared spectra were recorded on a 
Perkin-Elmer 337 spectrometer. Thin layer chromatogaa- 
phy was performed on silica gel F254. 

The following compounds were obtained from com- 
mercial souyces: tetrahydroisoquinoline (8), 0-hydrastine 
(9), nlethyle~iedioxybenzene (13), and phthalide (15). We 
are indebted to Dr. K. H. F. Manske of the University of 
Waterloo. Waterloo. Ontario. for providing generous 
samples of the following alkaioids: (+)-corlumine (In), 
(+)-adlurnine (121, (5)-canadine (161, ( ?)-tetrahydro- 
palmatine (18). (+)-corydaline (89), ( i)-mesocorydaline 
(20), ( +)-cavidiae (21), and (+I-thalictrifolin (22). 

The following compounds were prepared by standard 
procedures and gave satisfactory spectral and physical 
date: B,7-dimefho~y-I.2~3~4-fefr~I1ydroisoq~~i~10line (8) (213 
22), 6,7-dimeii1oxy-2-methyi-I,2,3,4-tetra!z~riroisoqui1ioIine 
(2) (23), 6,7-din1ea/~ox~~-3,4-diIzydroisoq~iinoline (3) (Zl), 
6,7-dimethox~~-2-rrzeihyl-3,4-dih~droisoquinolit1ium iodide 
(4) (2113 9,8-dir~1ethoxy-I~2~3~4-ie~1'al1ydroisoq~inoIine (7) 
(24), (+)-(a)-l)-izyrdrastine (10) (251, 6,7-riimeethoxyphthali& 
(14) (26), 6,7-methylenedioxyp/it/aaIide (Ida) (27), 6-nitro- 
phthalide (15a) (281, 6-ur?zii~ophtlialide (156) (28, 29), and 
(i)-nandirzine (17) (30). 

(+)-Canadijre-8,14-d2 (18, 31) 
To a stirred suspension of berberine chloride (0.83 g) in 

methanol (13.5 ml) and water (4ml) was added in 
portions 0.11 g of sodium borodeuteride. The reaction 
mixture was then refiuxed for + h, cooied, and the 
product (0.63 g, 64',;), filtered and recrystaiiized from 
absolute alcohol. Mass spectral analysis indicated the 
foliowing isotopic composition in the moiecular ion 
region: d2, 88.5%;) dl,  8.3C/;, do, 3.2%. 

( +)-Canadi;le-9-BCD2H 
A mixture of (*)-nandinine (0.20g in 15 ml of di- 

oxane), diazomethane (approximately 1 g in 50ml of 
ether) and deuterium oxrde (2 ml) was allowed lo  stand 
at  room temperature for 24 h ( I  9). The product was 
recovered by evaporation of the solvent and recrystallized 
from absolute alcoho! giving 0.169 g (804,). Mass spectral 
anaiysis indicated the following isotopic composition in 
the molecular ion region: d3 ,  4q;; 4, i2CE, dl ,  34%$ 
do, 40Yc. 

Philzulide-6-d (I&) 
A solution of 6-phti~alidediazonium fluoborate (20) 

(248 mg) in D M F d ,  (1 ml) at  -5 'C was added dropwise 
to refluxing DlMF-~17 ( I  ml). After addition was com- 
plete, the solution was poured onto water and the mixture 
extracted with chloroform. The extract was washed, 
dried, and evaporated, and the residue purified by 
passage through a column of alumina in ether solution, 
to give phthalide-6-il (53 mg, 39'3). Mass spectral an- 
alysis showed the isotopic composition to be >95Li, dl. 
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Z .  M. HASHISH and I. M. HOODLESS. Can. J. Chem. 54, 2261 (1976). 
The dehydrogenation of 1,4-dihydronaphthalene by tetrachloro-p-benzoquinone in phenetole 

solution has been investigated. The present work does not fully confirm earlier studies which 
report that the reaction follows second-order kinetics and that the hydride ion transfer is rate 
determining. In the investigations described in this paper second-order kinetics are only observed 
in the later stages of the reaction and a 1 :1 stoichiometry of the reactants in the process is not 
obtained. Substitution of tritium in the I ,4-positions of the hydrocarbon appears to not signifi- 
cantly affect the reaction rate. The present results indicate that charge-transfer complexes are 
formed in the reaction and it is suggested that electron transfer within these complexes could 
be the rate-determining step in the dehydrogenation. 

Z. M. HASHISH and I. M. HOODLESS. Can. J. Chem. 54, 2261 (1976). 
On a 6tudiC la dCshydrogCnation du dihydro-1,4 naphtalkne par la tetrachloro-p-benzo- 

quinone en solution dans le phCnCtole. Les rCsultats obtenus dans le prCsent travail ne con- 
firment pas complktement les Ctudes antkrieures qui rapportaient que la rCaction suit une 
cinktique du deuxikme ordre et qu'un transfert d'hydrure se produit dans I'etape dkterminante. 
Dans les travaux decrits dans le prCsent travail, on observe des cinCtiques du second ordre 
uniquement dans la dernikre partie de la reaction et on n'obtient pas une stoechiomCtrie1:l des 
r6actifs dans le processus. I1 ne semble pas que l'introduction du tritium dans les positions 1 et 4 
de l'hydrocarbure affecte d'une facon importante la vitesse de la reaction. Les rCsultats actuels 
indiquent que des complexes de transfert de charge sont form& dans les reactions et on suggkre 
que le transfert d'electron a l'intCrieur de ces complexes pourrait &tre 1'Ctape dkterminante de la 
dCshydrogCnation. 

[Traduit par le journal] 

Although quinones have been extensively used 
as agents for the dehydrogenation of hydro- 
aromatic compounds in solution (I),  relatively 
few detailed studies have been made concerning 
the mechanism of these reactions. The majority 
of experimental evidence indicates that the reac- 
tion involves heterolytic (2) rather than homo- 
lytic (3) rupture of the carbon-hydrogen bond in 
the hydrocarbon. Braude and co-workers (2, 4), 
who have studied the reaction kinetics with a 
number of quinones of differing redox potentials, 
propose a two-step mechanism in which hydride 
abstraction by the quinone is rate determining. 
Measurements of the isotope effect in dehydro- 
genation of acenaphthene by 2,3-dichloro-5,6-di- 
cyano-p-benmoquinone and by tetrachloro-o- 
benzoquinone (5) add support to  this proposal. 

The present paper reports on an investigation 

[Present address: Chemistry Department, University 
College for Girls, Ain Shams University, Cairo, Egypt. 

2Present address: Chemistry Department, Lakehead 
University, Thunder Bay, Qnt., Canada P7B 5E1. 

'Revision received March 2, 1976. 

of the dehydrogenation of 1,4-dihydronaphtha- 
lene (DHN) with tetrachloro-p-benzoquinone 
(TCQ) in phenetole solution. Some results of a 
'competitive' reaction with non-tritiated DHN 
and DHN, partially tritiated in the 1,4-positions, 
are shown in Table 1. Since all the reactive 
positions in the tritiated DHN do not contain 
the heavier isotope, the isotopic effect results are 
qualitative but the lack of an increase in the 
specific activity of the reactant, particularly at 
low reactant conversio~ls, is indicative of the 
absence of a significant primary isotope effect. 
While weak isotope effects have been observed 
(6) in some other reactions involving hydride ion 
transfer it appears that, in the present system, the 
results could be explained either by a concerted 
process involving rupture of both carbon- 
hydrogen bonds (2) or that an equilibrium com- 
plex is formed in the rate-determining step (7). 

The ability of quinones to  form charge- 
transfer complexes is well established (8) and it 
has been suggested that the dehydrogenation of 
hydroaromatics proceeds via their formation (1). 
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TABLE I .  Comparison of the extent of reaction of DHN and triiiated DHN as a 
function of reaction lime (reaction temperature SO "C) 

Reaction Fraction of DHN Fraction of tritiated Specific activity 
time ilnreacted DHN unreacted of DHN 
(min) J[DHNI/[DHNlo) (cpm/cpmo) (cpm/g) x lo-" 

0 1 .00 1 .OO 3 "53 
1s 0.89 0,87 3 ~ 4 5  
30 0.78 0.76 3.41 
45 0.72 0.63 3.07 
60 0.67 0.67 3.49 
90 0.65 0.56 3.05 

1 20 0.58 0.67 4.03 

Charge-transfer complex formation was tbere- 
fore investigated in mixtures of DHN-TCQ, 
naphthalene-TCQ, and phenetole-TCQ using 
chloroform as a solvent. A range of donor con- 
centrations was used with a constant concentra- 
tion of acceptor, the spectra being compared 
with that of TCQ in chloroform. Naphthalene- 
TCQ and phenetole-TCQ mixtures gave charac- 
teristic broad absorption bands with peak 
maxima at 470 nm and 450 nm respectively. The 
equilibrium constant, K, for complex formation 
was calculated using the Benesi-Hildebrand (9) 
relationship 

the reactants was assanled. The kinetics call then 
be investigated by measurement of the concentra- 
tion changes in onc component of the reaction 
mixture. In the present study, concentration 
changes in either DHN or the hydroquillone 
have been determined as a fu~ictioil of the 
reaction time; some typical reaction plots are 
shown in Fig. 2. A comparison of the amounts of 
DHN consumed and hydroquillone formed in 
the reaction is given in Table 2. The overall 
stoichiometry suggests that two molecules of 
DHN are used for every molecule of hydro- 
quinone formed. Spectra of the reaction mixture 

where Q and D are the molar concentrations of 
the acceptor and donor respectively, A is the 
absorption at A,,, of the charge-transfer band, h 
the path length and E, is the molar extinction 
coefficient of the complex. Plots of QblA against 7- - IO 
I / D  are shown in Fig. 1. The values of K at 
22 'C, so determined, are 0.15 M-I for TCQ- 2 - 

n 

phenetole and 0.68 M-I for the TCQ-naphtha- 9 

lene complex. The latter value is in reasonable 
x 

agreement with that previously reported i i ~  the ~ 1 4  
5 

literature (10). In the case of the TCQ-DHN 
mixtures there was a marked increase in ab- 
sorptio~; at the longer wavelengths, i.e. 400-550 
nm, but no peak maximum was observable. The 
solution exhibited a characteristic deep red 
colour and it is probable that the peak maximum 0 

0 5 10 

was obscured due "L overlap with the main c ( N A M T H B L E ~ )  2 

TCQ band. 
I 

(MPIETOLE) 

Previous studies (2-4) of these dehydrogena- $ (I mi-') 
tion reactions have indicated that the kinetics Benesi-Hildebrand plot for 
are of the second-order type and, Qn the ba-sis of c0,plexes of TCQ-naphthalene (@) and TCQ-phenetole 
preparative experiments, a I : 1 stoichiometry of in). 
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HASHISH AND HOODLESS 

TABLE 2. Concentration changes in DHN and hydroquinone during reaction at 80 O C  

Initial DHN Hydroquinone 
Experiment concentrations ( M )  coilsumed in formed in 

number DHN/TCQ 120 mi11 (1W) 120 min ( M )  

'Naphthalene added to reaction mixture. 
?Reaction time of 210 mill. 
$Sealed tube experiment, reaction time approxitnateiy 90 h;  n.d., no DHN detected 

FIG. 2. Change in concentration of DHN and hydro- 
quinone as a function of reaction time. Initial DRN/TCQ 
concentrations (M) are given in parentheses. C, DHN 
(0.282/0.104); @, DHN (0.263/0.104); A, hydroquinone 
(0.301/0.104); A, hydroquinone (0.301/0.104). 

taken after various periods of the reaction exhibit 
peaks which can be associated mainly with 
phenetole, TCQ, and the charge-transfer com- 
plexes. A spectroscopic estimation of the de- 
crease in TCQ concentration has been made at a 
wavelength of 500 nm, a region in which the 
absorption is mainly due to the TCQ-phenetole 
complex. A decrease of 0.036 M in TCQ con- 
centration during the 120 ~ n i n  reaction period is 
obtained, which, considering the uncertainties in 
this measurement, is in reasonable agreement 
with the amount of hydroquinone formed in this 
period (Table 2, experiments 6 and 79. 

It has been suggested (2) that non-oxidizable 
quinol ethers may be products of side reactions 
in these types of system and these ethers have 
been isolated in the reaction of hexamethylben- 
zene with 2,3-dichloro-5,6-dicyano-p-benzoqui- 
none (I  I). In the present system it appears that 
the formation of naphthyi-substituted quinones 

by displacement of chloride could be a major 
side reaction since hydrogen chloride has been 
detected as a product in the DHN-TCQ reaction. 
Quantitative estimation of the amounts of hydro- 
gen chloride has not been possible because of its 
solubility in phenetole but the amounts detected 
in the vapour phase correspond to approximately 
0.006 M.  The hydrogen chloride originates from 
a TCQ-DHN reaction since it has not been 
detected in TCQ-phenetole, DHN-hydroqui- 
none-phenetole, naphthalene-TCQ-phenetole, 
or TCQ-hydroquinone-phenetoie mixtures un- 
der the typical conditions and concentrations of 
the TCQ-DHN reaction. lit should be noted that 
the naphthyl-substituted quinone would be ex- 
pected to have the quinone spectrum so that no 
decrease in the effective quinone concentration, 
as measured spectrophotometrically. would be 
anticipated. Similar replacement of chlorine in 
TCQ has been reported in its reaction with 
amines (12) and amino acids (13). 

The later stages of the reaction, 1.e. beyond 
30 min, can be fitted to second-order kinetics, 
Fig. 3, although the significance of this observa- 
tion in such a complex system is dubious. Braude 
et  cil. (2) have reported that the reaction is 
catalysed by the presence of acid and the ob- 
served change in concentration sf DHN with 
reaction time, Fig. 2, is not i~iconsistent with this 
behaviour due to the presence of hydrogen 
chloride. It is interesting to note that if a 1:  I 
stoichiometry of the reactants is assumed, i.e. the 
DHN and TCQ concentrations are estimnted 
from the amount of hydroquinone formed, then, 
for the later stages of the reaction, good second- 
order plots are also obtained. For example, in 
the reactions in which the initial concentrations 
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i 100 200 300 

Reoctm tlme (rn~n) 

FIG. 3. Second-order kinet~c plot DHN-TCQ reaction, 
initial concentrations (M) of DHN/TCQ are 0.1 10/0.100. 

of TCQ and DHN are approximately decimolar, 
a second-order rate constant of 2.60 X M-I 
s-I is obtained; this compares favourably with 
the value of 2.88 X M-I s-' previously 
reported (2). 

One possible interpretation of the absence of a 
significant primary isotope effect is that the rate- 
determining step is associated with electron 
transfer in the charge-transfer complex. Follow- 
ing the proposal of Buckley et al. (12) (modified 
by the assumption of equilibrium), the reaction 
between the hydroaromatic compound (RH2) 
and the quinone (Q) may be represented by 

[2] RH2 + Q & [RH2.QI > [RH2'.Q-I 

RH' + QH- --t R f QH2 

The ground state of the charge-transfer complex, 
i.e. step I ,  involves very little transfer of charge. 
If step 2 is rate determining no primary isotope 
effect would be observed. In comparing the 
DHN-TCQ reaction with those investigated by 
Trost (5) it may be noted that in the latter, the 
quinones have higher redox potentials (2) and 
that acenaphthene would have a lower ionization 
potential than DHN. Step 2 would be more 
easily accomplished and hence the net effect 
would be that hydride ion transfer was rate 
determining. It is significant that structures of 
charge-transfer complexes in the solid state 
indicate that both overlap of filled and unfilled 
orbitals and dipole-induced dipole effects between 
the donor and acceptor are important in deter- 

mining the final structure (14). In considering the 
DHN-TCQ complex, the aromatic rings in the 
donor and acceptor will be off-set which could 
facilitate the hydrogen chloride elimination reac- 
tion. Additionally the observations (15) that 
bromo-substituted quinones appear to be less 
effective dehydrogenating agents than chloro- 
substituted quinones of similar redox potentials 
rnav be due to  increased steric restrictions in the 
formation of the charge-transfer complexes. 

Experimental 

Matevials 
D H N  was prepared by the reduction of naphthalene 

with sodium in alcohol solution following the procedure 
described by Cook and Hi11 (16). The product was puri- 
fied by reduced pressure distillation. D H N  partially 
tritiated in the 1,4-positions was prepared by a similar 
method using tritiated benzoic acid and sodium in 
ethereal solution (17). The product was purified immedi- 
ately before use by quantitative gas chromatography and 
had a final specific activity of 0.13 pCi g-1. 

TCQ was obtained from B.D.H. Ltd. and was purified 
by recrystallization from benzene solution. The solvent 
phenetole was purified by heating under reflux over 
sodium, the fraction boiling between 168-170 "C being 
collected. 

Kinetic Stcrdies 
The reaction system was similar to that used by 

Braude et ul. (2). A weighed amount of DHN, usually 
suficient to give approximately either a 0.3 or a 0.1 M 
solution. was dissolved in phenetole and the system 
allowed to stabilize at  the reaction temperature over a 
period of 2 h. At this point a weighed amount of the 
quinone was introduced into the reaction vessel and the 
mixture vigorously shaken to facilitate dissolution of the 
quinone. An inert atmosphere was maintained in the 
system by bubbling pure, dry nitrogen through the 
reaction vessel, and, at  appropriate intervals, I ml 
samples of the mixture were withdrawn for analysis. The 
reaction vessel was thermostatted to maintain the system 
temperature at 80 t 0.5 "C, the temperature employed 
for all kinetic studies. 

A~zalytical Methods 
Quantitative analysis for D H N  was carried out by gas 

chromatography, the analytical column being 205; 
carbowax coated on a 44/85 mesh graded brick dust 
support. The column was maintained at  a temperature 
of 120 "C.  The system was frequently calibrated by 
injection of known amounts of DHN;  comparison of the 
peak areas for several samples of the same weight of 
D H N  indicates that the reproducibility of the analytical 
technique is better than + 2 5 .  In  the measurements with 
tritiated DHN. the samples were passed through the 
analytical column in duplicate; one sample was used to 
estimate the amount of DHN, while with the second 
sample a trapping system was incorporated in the 
apparatus to enable quantitative recovery of the DHN. 
The tritium content of the D H N  was determined by 
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HASHISH AND HOODLESS 2265 

liquid scintillation counting using an E.M.I. 6097B 
photomultipiier. Counting eficiency was measured with 
reference to  a standardized 11-hexadecane-1-2-t source 
provided by the Radiochemical Centre, Amersham, U.K. 

The hydroquinone formed in the reaction was deter- 
mined by titration of an aliquot of the mixture with 
standardized cerium(1V) sulphate using sodium diphenyi- 
amine sulphonate as the indicator. 

Spectroscopic Ivfeasur~emeizPs 
Absorption spectra were measured in a Unicam SP800 

spectrophotometer. Purified chloroform was used as the 
solvent and the spectra of each of the main components 
of the reaction mixture, i .e.  DHN, naphthalene, TCQ, 
2,3,5,6-tetrachloro-p-benzol~ydroquinone, and phenetole, 
were in very good agreement with those previously 
reported (18-21). All measurements were made at a 
temperature of 22 "C. 
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Nuclear qnadrupole resonance and intermolecular inteaac6ons: 
temperature and pressure egects in Group V trichlazirides 
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GRANT CALLUM GILLIES and RICHARD YULIAN CHALLIS BROWN. Can. J. Chem. 54,2266 (1976). 
Nuclear quadrupole resonance frequencies for the metal and chlorine atoms in AsC13 and 

SbCI; have been measured as functions of temperature and pressure. These data are analysed 
to obtain the isothermal volume dependences and the isochoric temperature dependences of 
the field gradient parameters. Existing Icnowledge of the Group V trichlorides shows that the 
strength of intermolecular bonding increases in the order AsC1, < SbCl; < BiC13, and this 
trend is reflected in the relative importance of volume effects in determining the nqr freq~lencies 
in these solids. A simple theory of the pressure dependences of nqr frequencies in molecular 
crystals is proposed, which accounts for all data presentiy available. The pressure coefficient 
contains static and dynamic contributions which are of opposite signs; the static contributioil 
is negative and becomes nulnerically larger as the strength of intermolecular bonding increases. 

GRANT C A L L U ~ ~  GILL~LS et RICHARD JULIAN CHALLIS BROWN. Can. J. Chem. 518, 2266 (1976). 
On a mesure les frequences de resonance iluclCaire quadrupolaire des atomes mCtalliques 

et des chlores dans le AsC1; et le SbC13 en fonction de la temperature et de la pression. On a 
analysC ces donnCes pour obtenir des dCpendances volumiques isothermes et les dipendances 
isochore de tempkrature pour les paramiitres de gradient de champ. I e s  connaissances existantes 
des trichlorures du groupe V montrent que la force des liaisons intermolCculaires augmente 
dans l'ordre AsCi, < SbC13 < BiC13; cette tendance se refliite dans l'importance relative des 
effets volumiques lors de la determination des frCquellces rilq de ces solides. On propose une 
thCorie simple pour expliquer la dependance entre la pression et les frkquences rnq des cristaux 
molCculaires; cette theorie tient compte de toutes les doililCes qui existent presentement. Ees 
coefficients de pression contiennent des contributions statiques et dynamiques qu.i son? de 
signes opposCs. La contribution statique est negative et devient numeriquement plus grande 2 
mesure que la force de liaison intermolCculaii-e augmente. 

[Traduit par le journal] 

I. Introduction 
Nuclear quadrupoie resonance (nqr) as a 

source of chemical information about molecules 
is limited in a number of ways, despite being 
superficially attractive. I11 principle, the nuclear 
quadrupole coupling tensor in a molecule is a 
source of information against which bonding 
theories may be tested, and a good deal of work 
on the interpretation of experimental data has 
been done. However, much data is derived from 
n q m f  molecules In the solid phase, and there is 
some uncertainty about the diiTerence between 
the field gradient tensors in the crystal and in the 
isolated molecules, except that the coupling 
constant is usually reduced in magnitude by 
about 10y0. Nuclear quadrupole resonance 
frequencies are temperature dependent, and in 
order to make co~nparisons between colnpounds 
it is necessary to measure spectra at  a standard 
temperature. However, temperature dependences 
also differ between compounds, and this pro- 
cedure is not wholly satisfactory. 

111 attempting to understand the effect of the 
crystal lattice on nqr parameters, the experi- 
menter can readily change the temperature and 
pressure of the sample. However, variations of 
these thermodynamic parameters influence the 
quadrupole frequency through two mechanisms: 
firstly by changes in the average lattice geometry 
(1.e. thermal expansion and hydrostatic com- 
presslon), and secondly by changes in the 
thermal averaging of the field gradient tensor by 
lattice vibrations. The separation of lattice and 
vibrationnl effects is facilitated by the approach 
developed by Mushida, Benedek. and Bloem- 
bergen (1) (referred to hereafter as KBB). A 
further complication is that complex effects of 
lattice distortion may occur in addition to the 
effects of a simple vo!ume change; these effects 
are difficult to treat quantitatively at  present, and 
can only be considered by examining a series of 
compounds with related chemical properties and 
similar crystal structures. 

The present measurements are a continuation 
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GILLIES AND BROWN 

TABLE 1. Temperature dependence of 35CI nqr frequencies 

Resonance 

AsQ3 
(1) 
(2) 
(3) 

SbCI3 
(1) 
(2) 

01 fl2 To Range 
(kHz K-I) (Hz K-') (M) (K) 

TABLE 2. Pressure dependence of 35C1 nqr frequencies 

bo 
Resonance (kHz) 

b2 
(Hz Mka-') 

of work on BiC13, which has already been 
reported (2, 3). The Group Y trihalides are a 
useful series of compounds for study by nqr 
since every nucleus (except phosphorus) has 
quadrupole resonances in a convenient range, 
the compounds show well-defined periodic 
trends, and in two cases the metal nuclei have 
high spins and the coupiing constant and 
asymmetry parameter data can be separately 
evaluated. The nqs spectra have been previously 
reported in detail (4-5). 

Spectra were recorded using either a Dean oscillator 
(7) or a Williams oscillator (8); both oscillators were 

preisure gauge. Two different stainless steel pressure 
vessels were used, depending upon which oscillator was 
used (2, 10). Temperatures were controlled by a heater 
with proportional controller, or by immersion in a suit- 
able liq~iid bath. Temperatures were measured by a 
copper-constantan thermocouple, taped to the outside of 
the pressure vessel. Temperature dependences were deter- 
mined using samples sealed in glass ampoules. For 
pressure dependences, samples were held in Teflon con- 
tainers and the oscillator coil was immersed in the sample. 
The samples were loaded illto the containers in dry bags 
and, in tile case of AsC13, required freezing in dry ice 
before transferring to the pre-cooled pressure vessel. 
Bismuth trichioride was dried in cnclro over PzOj before 
use; SbC13 and AsC13 were purified by sublimation and 
distillation respectively. 

self-quenched and sideband suppression (9) was used ah, temperature and pressure dependences of 
occasionally to assist in determination of the central com- 
ponent of the signal. Frequency modulation or Zeeman the nqr frequencies in AsC13 and SbC13 are 
modulatioll was used for recording resonances; a stepping summarised in Tables 1 to 4. Each set of data 
motor with gearbox was used to sweep the detector was fitted to a least squares poiynonlial by means 
oscillator. Frequencies were generally determined by zero of @hebyshev polynomia]s ( 4  1); a quadratic 
beat with an  external signal generator. 

Pressures were generated in a hydraulic pressure system polynomial was suficient to describe the data in 
using Stannolax oil or hexane as the pressure transmitting where curvature was significant. Each 
fluid. Pressure was measured using a Pi[eise bourdon series of measurements was checked for hystere- 
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TABLE 3. Temperature dependence of Group V nqr frequencies 

Resonance 
f l l  

(kHz K-1) 
a2 

(Hz K-2)  
Range 
(K) 

TABLE 4. Pressure dependence of Group V nqr frequencies 

bo 
Resonance (kHz) 

bl 
(kHz MPa-I) 

b2 T 
(Hz (K) 

TABLE 5. Temperature dependence of Sb field gradient parameters in SbCI3 

no 
Parameter Source (kHz) 

a1 a2 
(kHz K-1) (Hz K-2) To 

ao 
Parameter Source (kHz) 

*From (1 12-312) transitions of "'Sb and Iz3Sb. 
tFrom (1 12-3 12) and ( 3  12-5 12) transitions of lZ3Sb 

sis by plotting data for increasing and decreasing 
temperature (or pressure) separately. The func- 
tional dependences of the data are described 
by polynomial equations such as 

where t = T - To, To is a suitable reference 
temperature, and P is the pressure. The co- 
efficients n, and b, are given in the tables, 
together with the ranges of temperature and 
pressure covered; the errors given are the 

statistical standard errors of the coefficients. The 
discrepancy of approximately 10 kHz between 
the no and bo values for 35Cl and AsC13 corre- 
sponds to the quench frequency used in the high 
pressure measurements, suggesting that a side- 
band was measured rather than the central 
resonance; the quench frequency did not vary 
significantly during the experiment. 

The extraction of the coupling constant and 
asymmetry parameter for the antimony site in 
SbC13 was carried out in two ways. The use of 
two resonances of the same isotope (lZ3Sb) was 
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GILLIES AND BROWN 

TABLE 6. Pressure dependence of 121Sb field gradient parameters in SbC13*: 

bl b2 T 
Parameter bo (kHz MPa-1) (Hz MPa-') (K) 

bl 62 T 
Parameter bo (MPa-I) (MPa-I) (K) 

v 2  (16 639 f 4)XlO-5 +(571 f 3)XlO-7 - 250.2 
(16381t3)XlO-' +(597+7)X10-' -(1.1+0.3)X10-8 273.3 
(16027+7)X10-5 +(624f8)X10-7 - 298.1 
(15 539k2)X10-5 +(685k5)x10-5 -(2.2+0.2)x10-s 327.7 

*Source: (1 12-3 12) transitions of 12'Sb and I2'Sb. 

TABLE 7. Logarithmic temperature and pressure coefficients 

a In e2qQ aln e2qQ aln ezqQ 
(T), ( 7 ) T '  ( 7 ) V  

Resonance T (K)  (1 0-4 K-I) (10-4 MPa-I) MPa-I) 

*Data from refs. 2 and 3 

used in a conventional way to obtain the 
temperature dependence of the field gradient 
parameters. However, to avoid the measure- 
ment of unnecessarily high frequencies in the 
pressure vessel, the lowest frequency resonances 
of lZ1Sb and lZ3Sb were combined to obtain the 
field gradient parameters; this can be done since 
these two isotopes have different spins and the 
ratio of nuclear quadrupole moments is ac- 

curately known (4). This procedure was checked 
by determination of the temperature dependence, 
and comparisoil with the results of the conven- 
tional procedure; the results are shown in 
polynomial form in Table 5 and indicate satis- 
factory agreement over the range of temperatures 
for which both methods were applied. 

The pressure dependence of the lZ1Sb field 
gradient parameters is given in Table 6. Table 7 
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summarises the logarithmic temperature co- 
efficients, and pressure coefficients at  zero 
pressure, for AsCI3 and SbCI3; data for BiC13 is 
inci~aded for purposes of comparison. For the 
spin 312 nuclei 475As and 35C1), derivatives of the 
resonance freque~lcies arc assumed to reflect 
only changes in the coupling constants. 

The pressure dependences of the resonances 
in SbCi3 were determined at four different 
temperatures, which allowed a volume de- 
pendence study using the data (I),  and allowed 
cornparisoil with the AsCi3 data, taken at  low 
temperature since that substance is liquid at 
room temperature. Several phase transitions 
have been reported in SbC13, one at a pressure of 
350 MPa (121, and others near the melting point 
at atmospheric pressure (13). No evidence of any 
of these transitions was found in these measure- 
ments; other investigations of the high temper- 
ature phase transitions have been reported 
elsewhere (14). 

4. Hsochoric Temperature Dependences 

The isochoric (constant volume) temperature 
dependences of the nqr parameters cal< be cal- 
culated from the measured temperature and 
pressure coefficients, provided that the ratio of 
bulk thermal expansion coefficient (a) to bulk 
compressibility (K) is known, using equations 
such as 

While this equation does not explicitly allow 
for changes in the shape of the unit cell, it does 
provide some measure of the rejative importance 
of static and dynamic contributions to the vari- 
ation of the nqr parameters with temperature. 

The ratio a:',( may be estimated from the 
Gruneisen-Mie equation of state for solids, 
which leads to the relation cr / K  = y C,. I'V where 
7 is the Gruneisen constant; this equation is a 
good approximation in simple solids 415); and 
will be used since compressibilities have not been 
measured for SbC13 and AsC13. The value of the 
Gruneisen constant will be assu~iled to be 2. 
The value of CL, is not generally measured, but if 
a and Cp are known, self-coi~sistent values of Ca 
and cr ;ti can be determined by iteratic11 using the 
Gruneisen-Mie relation and the thermodynamic 
equation 

cp = cr + ff2YT~K 

TABLE 8. Thermal expansion and compressibility 
coefficients 

T 01 4~ 
Crystal (K) (10-5 K-1) (MPa I(-1) 

The heat capacity of AsC13 is 107J K-I 
molP1(16); the molar volume has been measured 
at  several temperatures (17), leading to the 
values a = 28 X K-l and V = 71.8 X 10-" 
ni3 mol-l at  250 K. The heat capacity of SbCl3 
has been reported as 

C,, = 43.1 f 0.214T.l K-I mol-I 

for the range 273 K < T < 346 M (18). Meas- 
urements of the molar volume of SbCi3 (19. 
19-21) can be fitted by the equation 

V ( T )  = 73.5 X 10-71 + 24 X IW5(T - 298) 

from which the ~nolar  volume and thermal ex- 
pansion coefficients can be obtained at the four 
temperatures of the pressure dependence meas- 
urements in SbC13. Table 8 contains the values 
of a and &ti used, and the resuiting isochoric 
temperature coefficients are given in Table 9. 

It has been shown previously (3) that the large 
differel~ce between the isobaric temperature de- 
pendences of the chlorine resonances in BiCl3 is 
due to volume effects; the isochoric tenlperature 
depcndeilces are allnose equal. The s h e  be- 
haviour is shown by the chlorine resonances in 
the other two compounds. The isobaric temper- 
ature derivatives are more negative for the higher 
frequency resonances in each con~pound, but the 
isochoric derivatives are almost equal for the 
two resonances in SbC13 and for the three res- 
onances in AsGI3. 111 comparing different com- 
pounds, the magnitude of the volume effects 
increase in the order AsC13 < SbC13 < BiC4. 
Volume effects in AsCI3 are so weak "rat thelr 
presence may be doubted; however, the small 
differences shown in the isobaric temperature 
derivatives are consistent with the more marked 
differences shown in the pressure derivatives 
(Table 23, and with the trends wikin Group V 
of the periodic table. 
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GILLIES AND BROWN 

T A ~ L E  9. Volume dependences in SbC13 

nqr parameter Range of V /  P', I I  12' 

Volume effects also affect the temperature de- 
pendence of field gradient parameters at the 
Group V sites in these crystals; the isochoric 
temperature derivatives of the coupling constants 
are more negative than the isobaric temperature 
derivatives, and the volun~e effects become more 
marked in the order AsC1; < SbC13 < BiCl;. 
The isobaric temperature dependence of the Sb 
asymmetry parameter in SbC13 is due almost 
entirely to  volume effects, since the isochoric 
temperature dependence is essentially zero. 

5. Volume Depea~deases of Field Gradient 
Parameters In SbC13 

The pressure dependence of the antimony and 
chlorine nqr parameters were determined at four 
temperatures, so that a more detailed study of the 
voiume dependences could be carried out. 
following the procedures of Kushida el' al. (1). 
It is as well to recall at the outset that there are 
not sufficient data available to describe any 
anisotropies ill the therma! expansion coefficient 
and in the compressibility, or any changes in 
atomic positions within the unit cell; despite this, 
the analysis should allow qualitative interpreta- 
tion of the trends shown by the experimental 
data. 

The variation of sample volume with temper- 
ature and pressure was calculated using the 
values of a and K from Table 7. In addition the 
dependence of compressibility on pressure was 
estimated by assuming that (a(l/~)/dP), = 5 ;  
for most solids this coefficient lies between 4 and 
6 (15, 22, 23). This leads to a reduction of about 
207, in the value of the compressibility at the 
highest pressures used. The pressure dependences 
of the l2ISb coupling constant and asymmetry 
parameter, and of the two 3561 resonance fre- 
quencies, were used to calculate the volume 
dependence of these quantities at the four 
temperatures quoted in Table 6 .  The isochoric 

temperature dependences of these four quantities 
were then obtained for a nunlber of different 
volumes; the temperature dependences obtained 
in this were essentially linear, with slopes con- 
sistent with the isochoric coeficic~its given in 
Table 7. Values of the q~aantities at absolute 
zero, e2q0Q, ?lol vo(l), and v0(2), were then 
obtained for several different volumes, by 
linear extrapolation of the isochoric temperature 
dependences. Following KBB (I) ,  volume de- 
pendences at absolute zero are written as 

where Vo is the volume at zero pressure and zero 
Kelvin. The above extra~olatedresults were used 
to determine the value of the exponent r z ,  with 
the results tabulated in Table 9. Since the coup- 
ling constant and asymmetry parameter are 
known for 121Sb, the volume dependences of 
V,, and Vv, at zero Melvin were also calculated, 
and are included. Errors quoted reflect the range 
of values of n(V1 obtained in each case. and do 

\ ,  

not include systematic errors introduced in the 
extrapolation over the temperature range 250 K 
to 0 K. 

For a ~nolecular crvsta! in which the nuclear 
electric field gradient is entirely intramolecular 
in origin, one would expect that the static field 
gradient parameters would be independent of " 
volume, and the corresponding values of ra 
would be zero. This is found to be the case for 
11-dichlorobenzene (I) ,  13-dibromobenzene (241, 
stannic iodide (241, and hexamethylerletetramine 
(25) in which the frequencies of the halogen 
nuclei have values cf 71 ranging from +0.05 to 
-0.05. For a purely ionic crystal, qo should 
depend upon interionic distance as llro3, and 
so rz should be - I ; cuprous oxide fits this model 
with n = - 0.96 (1). Positive values of n as large 
as 13 .5 ,  for in rhombohedra1 NaN03 (26), 
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have also been reported, resulting from negative 
pressure coefficients. 

The values of n for eZqoQ for 121Sb and for the 
35Cl frequencies vo(1) and uo(2) are all positive, 
indicating that these parameters are decreased 
when the lattice dimensions become smaller. 
The n value for vo(l), the resonance frequency 
near 20 MHz, is less than that for vo(2), indicating 
that ~ ( 1 )  is less affected by the static lattice 
dimensions than is 42). The asyn~tnetry param- 
eter shous a very strong volume dependence, 
and becomes larger where the lattice dimensions 
become smaller; the majority of the variation of 
70 with volume is due to variation of VrzO 
rather than VVVo 

The volume dependence of the quadrupole 
parameters a t  ordinary temperatures is due 
primarily to static effects, except in the case of 
the higher 35C1 frequency, u(1). This is shown by 
comparing rz' = (a In q d In V), at  room temper- 
ature with the value of n = d In go ld In V,  since 
the following relation holds within the approxi- 
mations of the KBB method (1): 

Values for rz' are given in Table 9. In thc case 
of ~ ( l ) ,  the contributions of go and (02) have 
almost exactly opposite volume dependences so 
that ~ ( 1 )  is almost independent of volume at 
room temperature; in other cases, the values of 
n and n' are approximately equal, indicating that 
the volume dependence a t  room temperature is 
dominated by the static field gradient rather than 
by the amplitude of lattice vibrations. 

6. Quasiharmonic Analysis of Temperature 
Dependences 

Since the isobaric temperature dependences of 
the low frequency Raman lines in SbCl3 have 
been reported (13, 27) and the curvatures of the 
isobaric temperature dependences of the nqr 
parameters in SbC13 have been measured over 
the temperature range 240-346 K, it is possible 
to test the quasiharmonic theory of temperature 
dependences (28) as a description of the res- 
onances in this compound. 

All Raman frequencies (u,) below 100 cm-I 
vary with temperature according to the equation 

[21 dt) = ulO(l - glt) 

TABLE 10. Quasiharmonic analysis for SbCI3 

nqr parameter 

where t = T - TO and the coefficient g, lies 
between 3.5 X K-I and 9.8 X K-I. 
This provides experimental justification for one 
of the assumptions of the quasiharmonic theory, 
that curvature in the isobaric temperature de- 
pendence is due to temperature dependent 
torsional lattice modes; the other assumption. 
that there is no appreciable volume dependent 
contribution to the quadrupole coupling constant 
may therefore be tested with the quadrupole data. 

Assuming that one lattice mode is dominant 
in averaging the electric field gradient, the 
approximation (g') = (g)2 can be made (28), 
and then the values of the first derivatives of the 
quadrupole frequency (or coupling constant) at 
t = 0 can be written 

where bO is the value of (dul dT) with the lattice 
frequencies held constant, and under the assump- 
tions of the theory should be equal to (dv/dT),. 
at  temperature To, given in Table 7. The values 
of ( g )  and b0 derived in this way from the 
polynomial coefficients of Tables 1 and 5 are 
summarised in Table 10. Of the four temperature 
dependences the best fit is obtained for the 
35Cl(l) resonance; the other 3sC1 resonance and 
the two sets of data on the Sb site give qualita- 
tively sensible results, but the ( g )  and bO values 
do  not agree with the independent estimates from 
the Raman spectra and the isochoric temperature 
coefficients in Table 7. These results are con- 
sistent with the discussions of the two preceding 
sections, in which it was shown that volume 
effects are larger for the 35C1(2) resonance than 
for the 35Cl(l) resonance. The quasiharmonic 
theory does not provide a meaningful description 
of the isobaric temperature dependence in cases 
where volume effects are significant, as might be 
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TABLE 11. M-C! interatomic distances (nm) in 
Group V trichlorides 

BiCI3 SbC13 AsC13 

Gas phase 
0.248 0.2333 0.2162 

Crystal phase 
intramolecular 0.2468 0.230 - 

0.2518 0.236 
0.2513 0.236 

Intermolecular 0.3224 0.357 - 

0.3216 0.371 
0.3398 0.341 
0.3450 0.341 
0.3256 0.371 

expected from a study of the assumptions. 
However, in some cases, the theory appears to  
provide a useful description (25, 28). 

The range of temperatures covered for AsC13 
in this work was too small to allow determination 
of curvature of the isobaric temperature de- 
pendences. Yusupov et al. (29) applied the 
quasiharmonic theory to the 75As resonance in 
AsC13; the temperature dependences of the low 
frequency Raman lines were used in applying 
the theory, and good agreement was obtained. 
This is consistent with the conclusion that volume 
dependent effects in AsC13 are smaller than in 
SbC13. It is clearly pointless to attempt to treat 
the case of BiC13, where volume effects are so 
large that the isobaric temperature coefficient of 
the lower 35C1 frequency is positive. 

7. Crystal Structures and Zeemann Analysis 

Elcctron diffraction studics indicate that 
gaseous arsenic, antimony, and bismuth tri- 
chlorides all have a pyramidal structure with 
C3L symmetry (30-32). The bond lengths and 
angles of the gas phase molecules are llsted in 
Table I I .  

Lindquist and Niggli (21) reported that 
antimony trichloride crystallizes with an ortho- 
rhombic unit cell, having space group Pnma, 
with four discrete SbCl3 molecules per unit cell; 
it was concluded that molecules in the solid 
phase of SbC13 had the same structure as those 
in the gas phase. This is inconsistent with the 
nqr spectrum for SbC13 which indicates that there 
are two nonequivalent chlorine sites and that the 
field gradient at antimony sites has a substantial 
asymmetry parameter. Peterson (20) reinvesti- 

gated the crystal structure by X-ray analysis and 
an nqr Zeeman study. His X-ray results indicate 
that the SbCl3 molecule is distorted, and that 
there are some short intermolecular distances. 
The space group and unit cell obtained were in 
agreement with those of Lindquist and Niggli. 
Interatomic distances in crystalline SbC13 as 
determined by Peterson are given in Table 11. 
There are two nonequivalcnt chlorine sites, one 
Sb-Cl bond length being significantly shorter 
than the other two. The Pnr?na space group re- 
quires that the antimony atom and the unique 
chlorine atom lie on a mirror plane; the two 
long Sb-C1 intramolecular bonds are related by 
reflection in the mirror plane. Thus, the 35C1 
nqr spectrum of SbCl3 should show two res- 
onances and the electric field gradient at anti- 
mony sites should be asymmetric due to distor- 
tion of the molecule from C3& symmetry. This is 
consistent with the nqr spectrum. 

The crystal structure of bismuth trichloride, 
as determined by Wyburg et al. (33), is very 
similar to that of antimony trichloride. The 
structure consists of four discrcte bismuth tri- 
chloride molecules in an orthorhombic unit cell 
belonging either to  the centrosymmetric space 
group Pizina or thc noncentrosymmetric PnZla. 
The authors concluded that the latter space 
group was slightly favoured on the basis of a 
statistical test. The rnolccules have a distorted 
trigonal shape and the interatomic distances are 
given in Table 1. The mirror plane of the Pnma 
space group is a pseudomirror plane for space 
group P ~ 2 ~ u .  

The choice of Pn21a as the space group for the 
bismuth trichloridc crystal is inconsistent with 
the 35Cl nqr spectrum of BiC13. Such a structure 
indicates three nonequivalent chlorine sites which 
ought to give rise to three 3sCl nuclear resonances 
of nearly equal intensity. Only two 35C1 nqr 
signals have been observed; one is significantly 
stronger than the other. Furthermore, the Zee- 
man patterns observed by Furukawa (34) for the 
35Cl nqr spectra of a single crystal of BiC13 are 
inconsistent with there being three nonequivalent 
chlorines, and indicate that there is a mirror 
plane in BiC13. 

Both Nyburg et nl. (33) and Peterson (20) 
remark on the proximity of extramolecular 
chlorine atoms to the metal atom. Van der Waals 
radii for antimony, bismuth, and chlorine are 
0.205 nm, 0.215 nrn and 0.175 nm respectively 
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(35). From the data given in Table 11, it 1s 
evident that there are five intermolecular metal- 
chlorine distances of less than the sum of the 
van der Waals radii from the metal atom, for 
both §be13 and BiC13 solids. The resulting eight- 
fold coordination of the metal atoms forms a 
right trigonal prism with two chlorine atoms in 
face-bridging positions ( 3 3 ) ;  the face-bridging 
chlorine atoms are those which lie off the mirror 
plane. Peterson refers to the five relatively short 
intermolecular Sb---C1 distances as 'intermolec- 
ular bonds' and Nyburg ei 01. refer to the five 
relatively short intermolecl-alar BI---C! distances 
as %ridges7. In the SbC13 and BiC13 crystals, the 
two face-bridging chlorine atoms participate in 
two intermolecular bonds, and the mirror plane 
chlorine atoms participate in only one. The 
intramolecular bonds to the face-bridging chlo- 
rine atoms are longer than the gas phase bond 
length, while the other intramolecular bond is 
shortened upon crystallization. From the inter- 
molecular distances given in Fable 13 for both 
solids, it may be concluded that intermolecillar 
interaction is greater for BiCI3 than for SbC13 
(33). 

Zeeman studies of the nqr spectra of single 
crystals of antimony trichloride (28) and bismuth 
trichloride (34) have been carried out. These 
studies yield the asymmetry parameters of the 
electric field gradients at the 35C1 sites and the 
directions of the principal axes of the field 
gradients at both the metal and chlorine sites, 
and allow unambiguous asslgnrnent of the 35Ci 
resonance frequencies to the particular chlor~ne 
sites in the crystal. For both BiC13 and SbC13, 
the Zeeman analysis indicates t h a t t h e  low 
frequency 35C1 resonance Cl(2) can bc assigned 
to the two Fxe-bridging chlorine atoms which 
participate in two intermolecular bonds; the 
high frequency 35C1 resonance Cl(1) is assigned 
to the mirror plane chlorine, which participates 
in one intermolecular bond. In both trichlorides, 
the principal. z axes of the electric field g- l a  d' lents 
at the two chlorine sites lie along the metal- 
chlorine bond, consistent with the metal- 
chlorine bonds having substantial covalent 
character in the solid. The principal z axis of the 
electric field gradient tensor at Bi in BiCll lies in 
the mirror plane at an angle of 47.9 deg to the 
Bi-Cl(1) direction; the corresponding angle in 
SbC13 is 52.5 deg. These values are close to the 
angles between the threefold axis and the metal- 

chlorine bonds in the gaseous molecules. For 
SbC13, the principal x axis lies in the mirror 
plane and the pri~~cipal J* axis is perpendicular to 
the mirror plane indicating that the Fxe-bridging 
chlorine atoms make a substantial con"bibu- 
tion to the electric field gradient at the antimony 
site. The directions of the minor axes of the 
principal axis systcl-i.l for the fieId gradient at 
bismuth sites in BICI3 canimot be extracted [roan 
F~irilkawa's data (341, as he performed "re 
Zeemail analysis on the "O"Bi ( 5  2 ++ 7'2) transi- 
tion. However, with regard to the simiiariry of 
the two tiich/oride~ in all other respectss, it is not 
unreasonable to speculate that these axes are 
similar in orientation to those of the field 
gradient at al-itirnol-iy sitcs in SbCi3. 

The crysta! strusiure of arsenic trichloride 
would be expecked to be quite similar to that of 
the other two Croup V trichlorides. The nqr 
spectrLlnl i~ldicates that it cannot belong to space 
group ,Piznaib, si11c;e there are three resollances 
L 

to one 75As resonance. Xis structiire possibly 
belongs to space groups Pn.2ia or Z I Z I Z l ,  to 
which crystalline AsBr3 bclorls (361, both of 
which can account for the observed nqr spectrum 
as well as ailowing structures which would be 
very similar to those of SbC13 and BiCl3. It is 
assumed that intermoiecular bonding is weaker 
in this crystal than in SbC13 and BiCl3. 

Support for the assumeci relative strengths of 
intermolecular interaction is lent Ld -V a com- 
parison of the heats of sublimation for the three 
solids, and from Ramari spectra. The heats of 
sublimatior, are related to the degree of inter- 
molecular ir-iteractisi~ in molecula?- crystals and 
shogld be a good indicatioc of the strength of 
such interactions. The heats of subiirnation of 
AsC13, S ~ I C ! ~ ~  and BiCI3 are 46 kJ n-ioibi (371, 
66 kJ mol-I (371, and L 24 kd moEtl (38) respec- 
tively. These are consistent with thc above 
ordering of "be three compounds with regard to 
intermolecular i~~teraction. Frang el uj. (39) aad 
Denchik et al. (40) both comment that Inter- 
rnolecuiar bonding is weaker in solid S K I 3  than 
in solid sic13 on the basis of Wanan spectra. 

8. Qaelifatiue Trends in &he Results: A Simple 
Madel for Pressure Dependences 

The original theory proposed by Bayer (41) 
has been the main foundation for illiderstanding 
the temperature dependence 3f nq: frequencies. 
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The majority ipf resonances fit the theory qualita- 
tively, and ~l:i~?or modifications of the theory 
often icad to quantitative agreement. Close 
examination of the assu~~ptions involved, using 
the methods of lattice dynamics (421, throws 
some doubt on the meaning of the moments of 
inertia and lattice frequencies of any given 
resonance, but the origiaal simple theory re- 
mains of value in nnderstanding resonances in 
substances &so complex for the methods of lattice 
dynamics. In essence, the resonance frequency 
drops as the crysta? is lzeated because of in- 
creased amp!jtardes cf the torsional ssci!latior~s 
of moiec;~les; cases which da not fi'~ this picfme 
can be accs~nted  for if  the static fieid gradient 
tensor depends strongiy oil the size or shape of 
the unit cell of the crystai. 

There is no correspondii-ig simple picture of 
pressure dependences of nqr frequencies, despite 
the gradual accumulation of experimental data 
in this area. In shls section, all attempt is made 
to develop an elementary understanding of 
pressure coefficients in molecular crystals, which 
may serve as a basis for developing a proper 
theory. In principle, nqr at high ?ressures call be 
used to study changes in mo!ecular wave func- 
tions as the molecu!es are forced together in the 

u 

crystal; scch a project is very arbitlous, even *"or 
the simplest of crysta!~, bl_iQ a start. may be made 
along semi-empirical lines. The deveioprnent is 
based primarily on the separation of &tic and 
dynamic eiii'ects? first carried out by MBB (I).  -. lhe  effect of lattice vibrations on the averzige 
value of the electric field gradient (41) can be 
expressed as 

where ( G 2 )  is the effective xeal: square amplitude 
of torsional vibration of the axes of the electric 
field gradient tensor; the fieid gradient in the 
absence of a!i lattice vibrations, 4 0 ,  is a function 
of the unk cell ciirnensioris and atomic position 
parameters only. Taking the jogarithms sf  
both sides of 131 and differentiating with respect 
t o  pressure, 

where quadra5.c and higher terms in (e2) have 

been neglected. If simple torsional oscillations 
of the molecule are assumed, (02) = k T / 4 ~ ~ ~ ~ ~ 1  
in the high temperature limit, where vl is the 
frequency of the torsional oscillation and H is 
the moment of inertia. The value of (BZ) is 
affected by pressure through the pressure de- 
pendence of the lattice frequency, while the 
mament of inertia is assumed ro be determined 
by molecular geometry, and so is independent 
of pressure. Let yl be the appropriate Gruneisen 
constant to describe the volume dependence of 
the lattice Gequency vl; then 

where kl is the force constant for the torsional 
osci!Iatioil. Combining the last two equations we 
find 

The first term in [4], the 'static9 term, repre- 
sents the effect of pressure on the field gradient 
at the nuclear site in the static lattice, in which 
the amplitudes of thermal oscillations have been 
red~lcecl to zero. The second term, the 'dynamic' 
term, represents the effect of pressure on the 
amplitude of the torsional oscillation which is 
affecting the field gradient, and is inherently 
positive. 

8.1 FieM Gradielats at Halogela Sites 
The pressure dependences of the 35C1 res- 

onances in Group V trichlorides can be under- 
stood by making the hypothesis that the effect 
of intermolecular bonding is to  lower the value 
of qo: as "&he crystal is compressed the effect of 
intermolecular bonding becomes stronger, qo is 
iowered further, and so the static term (a In qo/ 
dP),  is negative for initial changes in pressure. 
For a crystal in which the intermolecular bonding 
is very weak, qo is determined primarily by 
intramolecular interactions and so the static 
term is approximately zero: for such a crystal, 
the presscre coefficient of the nqr frequencies is 
positive. In a series of compounds in which the 
strength of intermolectalar bonding increases, 
the static term becomes more negative; the 
measured pressure coefficient of the nqr fre- 
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quency becomes less positive, becoming zero 
when the two terms are equal, and then in- 
creasingly negative as the static term becomes 
dominant. 

In the discussion of the crystal structures of 
the Group V trichlorides, it was shown that the 
strength of intermolecular bonding increases in 
the order AsC13 < SbC13 < BiC13; reference to 
Table 7 shows that the initial pressure coeficients 
become more negative in the order indicated. 
Note that comparisons between coinpounds 
should be made at  equal temperatures. Further- 
more, the crystal structures show that the face- 
bridging chlorine atoms are more involved in 
intermolecular bonding than the mirror-plane 
chlorine atoms; this is reflected in the correspond- 
ing resonance as a lower frequency and a more 
negative pressure coefficient, compared with the 
other resonance in the same compound at the 
same temperature. 

The pressure coefficient at  higher pressures 
may be altered by two effects, both of which 
tend to make the pressure coefficient more 
negative. Firstly, the dynamic term is reduced 
by a smaller value of the con~pressibility (151, 
and a larger torsional frequency (43). Secondly, 
the static term may become more negative as the 
effects of intermolecular bonding are enhanced 
by smaller intermolecular distances. Table 2 
shows that all the measured quadratic coefficients 
62 are negative, in agreement with these predic- 
tions. Generally, pressure dependences are found 
to be nearly linear when there is an appreciable 
initial slope, but when the pressme coeficient is 
small, the static and dynamic terms are approx- 
imately equal numerically, and nonlinear effects 
become measurable. This effect is particularly 
well demonstrated by the 3SC1(1) resonance in 
SbC13 at room temperature; the resonance 
frequency passes through a maximum at aprox- 
imately 270 MPa, and at  higher pressures the 
pressure coefficient is negative. 

The temperature dependence of the pressure 
coeficient has two possible contributing factors. 
Thermal expansioil reduces the magnitude of the 
static term, and the explicit temperature de- 
pendence increases the magnitude of the dynamic 
term, as the temperature is increased. These two 
effects work together to make the measured 
pressure coeficient more positive as the temper- 
ature is increased. This trend is demn-ionstrated by 
both 35C1 resonances in SbCI3 (Table 71, 

Pressure dependences of halogen nqr frequen- 
cies have been measured at several temperatures 
inp-dichlorobenzene (I) ,  y-dibromobenzene (24), 
and stannic iodide (24). These are molecular 
crystals, and the volume dependence of qo as 
determined by the KBB method (1) is small in all 
cases, with values of n(V) which are positive or 
only very slightly negative. The observed be- 
haviour is consistent with the above hypothesis 
in all cases: the pressure coeficients are positive 
a t  high temperatures and low pressures, and 
become negative when the temperature is 
lowered, and when the pressure is increased to 
high values. The behaviour of these resonances 
is very similar to that of Cl(1) in SbC13, and 
suggests that the strength of the intermolecular 
interactions are comparable in these crystals. 

In mercuric chloride (44), there are two res- 
onances, and the pressure coefficient of the low 
frequency resonance is more negative than that 
of the high frequency resonance, as in the cases 
of the Group V trichl0rides.l 

Recently, hressure dependence studies a t  room 
temperature on 35C1 resonances in two chloro- 
cyclodiphosphazanes (C13PNR)2, R = CH3 and 
C6Hj, have been reported (45); in each com- 
pound there are three resonances, corresponding 
to one axial and two equatorial positions which 
are slightly nonequivalent crystallographically 
(46, 47). In the compound with R = CH3, the 
equatorial chlorine atoms interact with equa- 
torial chlorine atoms in adjacent molecules, 
whereas the axial chlorine atoms do  not take 
part in any close intermolecular contacts (46). 
The nqr results do not correspond with this 
crystdllographic data, for the axial resonance has 
a negative (av hnd the equatorial reso- 
nances have pos~tive ( 8 ~  d P ) ,  values in both 
compounds. This discrepancy requires further 
investigation. Otherwise these data are consistent 
with the hypothesis; all pressure dependences 
show curvature of the predicted sign, and the 
lower frequency equatorial resonance has a less 
positive (av 3f ' )T and a less negative ( d ~ i d T ) ~  
than the other equatorial resonance, in both 
compounds. 

INOTE ADDED :N PROOF: The pressure dependences of 
the j5C1 resonances in HgC12 have been measured at  three 
temperatures by Balashov and Ikhenov (59). For the lower 
freqxencq resonance (i)vli)P), ,  i~lc'eases wit11 tempera- 
ture, wi:i!e for the higher frequel~cy resonance (iJv,/dP),, 
is almost independent of temperature. 
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In the chlorocyclophosphazatrierie N3f93CI6, 
there arc four closely spaced resonances (48), 
resulting from a slight distortion of the ring from 
planarity by intermolecular interactions (49). 
The pressure dependences of the resonances have 
been measured (50)  and exhibit a good correla- 
tion between ( d ~ i d T ) ~  and (dv'dP)T. However, 
the resonance with the smallest value of aP) ,  
is not the lowest frequency resonance, but the 
second lowest. The reason for this lies in the 
hypothesis itself; examination of the ten~perature 
dependences of the resonances (48) shows that 
the lowest two resonances cross at a temperature 
of about 100 K, since the resonance which lies 
lowest at absolute zero has the less negative 
value of (dv/dT),. Crossirigs of resonances of 
this sort are not unusual, and this possibility 
must be considered when examining the corre- 
lation of (dv, 'aP),  with Y for closely spaced 
resonances; the proper correlation is with the 
resonance frequency at absolute zero. 

8.2. Field Gradients at Oflzer S i f e ~  
The trends in the logarithmic pressure co- 

efficients of the Group V metal atom coupling 
constants shown in Table 7 are the same as those 
of the 35C1 frequencies. The coefficients become 
more negative, progressiiig from AsCI3 to BiC13, 
as intermolecular bonding becomes stronger; for 
SbC13, the coefficient becomes more negative as 
the temperature is lowered. These trends suggest 
that the hypothesis made in section 8.1 also 
applies to  the metal atom coupling colistants in 
this series of compounds. Azlieganov et al. (51)  
have measured the pressure coefficients of the 
12'Sb quadrupole parameters in SbC13, with 
results in agreement with the present work; they 
suggest that the observed coupling constant 
contains molecular and intermolecular contri- 
butions, 

4 = 4"l + 41,il 
and deduce that q,,, is about 3C/, of q,, and is of 
the opposite sign. However, no account is taken 
of the dynamic contribution to the pressure 
coefficient. 

The pressure dependences of the 121Sb quad- 
rupole parameters in two complexes of SbC13 
have been reported (52) .  In the complex with 
naphthalene, 2SbC13.CloHs, ( d  In q/ aP)T = 

- 0.184 X MPa-'. which is substantially 
less negative than in SbCI3 itself. The crystal 
structure of the complex (53) sho\vs that layers 

of SbCl3 lnolecules alternate with layers of 
naphthalene molecules, and that the main inter- 
action of the Sb atom is with the naphthalene 
molecule. The effect of the interaction with the 
naphthalene inolecule on the Sb coupling con- 
stant is not so sensitive to pressure as the 
intermolecular interaction in SbC13 itself. 

Pressure dependence studies on nuclei other 
than halogens in molecular crystals are few in 
number, and it is not possible to  determine how 
widely the hypothesis applies. The 14N resonance 
in hexamethylenetetramine (25)  suggests that this 
crystal is a good example of a 'pure' molecular 
crystal, for (av, aP)T is positive at room temper- 
ature, and becomes essentially zero at liquid 
nitrogen temperature. Data for other crystals 
are needed in order to  show whether inter- 
molecular interactions lead to a rlegatlve static 
contribution to the pressure coefficient, in 
general. 

9. 18,IIechanisms for the Effects of 
TaatermoCiecuHas Bonding 

The hypothesis adopted in the last section 
apparently applies in a variety of different 
crystals, and it is necessary to  consider why a 
quadrupole coupling constant is made smaller 
by the proximity of another molecule. There is 
perhaps no singie reason, and only a full scale 
quantum mechanical analysis will dcmonstrate 
the most important effect. Yn this section some 
possible effects are considered briefly. 

Fmukawa proposed that the electric field 
gradient ( q )  at the chlorine sites in BiC13 is 
affected by transfer of electrons from filled p~ 
orbitals on the chlorille atoms to  empty 6d 
orbitals on the bismuth atoms (34). This would 
lower the value of q, and could increase the 
asymmetry parameter, in a way which would be 
pressure dependent, and which would be more 
important as the strength of intermolecular 
bonding increased. 

Brill and co-workers have suggested that the 
lowering of 35C1 resonance frequencies in crystals 
is strongly correlated with the intermolecular 
repulsive energy (54,  55) ;  the mechanism pro- 
posed for this effect is a quenching of the Stern- 
heimer antishielding factor. This mechanism 
would also lead to a negative value of the static 
contribution to  the pressure coefficient. It is 
reasonable to expect repulsive interactions to be 
important in crystals where halogen-halogen dis- 
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tances are the shortest intermolecular distances. 
However, it is difficult to accept for the Group V 
trichlorides, since the heat of sublimation in- 
creases in the order AsC13 < SbC13 < BiCl3. 
This theory requires further theoretical study. 

Bersohn suggested that dipolar electric fields 
in crystals act so as to  change the ionic character 
of the bonds to  halogen atoms (56). This theory 
does not require (d In q ~ / d P ) ~  to be negative in 
general. 

Haas and Marram proposed that intramolec- 
ular pa-da bonding is responsible for the positive 
isobaric temperature dependences of 3sCl fre- 
quencies in hexachloro complexes of some transi- 
tion metals (57). Such multiple bonding should 
be reflected as bond shortening, whereas in 
SbC13 and BiCl3, the chlorine resonances with 
the more positive values of (dv dT), are those 
corresponding to chlorine atoms having the 
longest intramolecular bonds. Furthermore, the 
photoelectron spectrum of SbC13 suggests that 
such a back-bonding is not important (58). This 
mechanism is apparently not responsible for the 
effects observed in the Group V trichlorides. 
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Thermodynamic properties of binary liquid mixtures 
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MURARI VENKATA PRABHAKARA RAO and PULIGUNDLA RAMACHANDRA NAIDU. Can. J. Chem. 
54, 2280 (1976). 

Excess volumes of the three binary mixtures: (I)  cyclohexane- diethyl ketone, (2) cyclo- 
hexane-benzo~litrile, and (3) toluene-benzonitrile have been measured at  303.1 5 K using a 
dilatometer. Excess volumes of the first two systems are positive over the whole range of 
composition and are negative for the third system. The measured excess volumes and the excess 
heats of mixing reported in the literature for the three binary systems have been analysed in the 
light of the statistical theory of liquid mixtures developed by Flory. The analysis has shown 
that the theory in its modified form is approximately applicable to the mixtures cyclohexane- 
diethylketone and cyclohexane-benzonitrile. 

MUKARI VENKATA PRABHAKARA RAO et PULIGUNDLA RAMACHANDRA NAIDU. Can. J. Chem. 
54, 2280 (1976). 

A l'aide d'un dilatomktre, on a mesure, B 303.15 K, les volumes d'excks de trois melanges 
binaires: (I) cyclohexane-diethylcetone, (2) cyclohexane-benzonitrile et (3) tolukne-benzo- 
nitrile. Les excks volumiques des deux premiers systkmes sont positifs sur toute l'etendue des 
compositions des melanges; les valeurs de V E  sont negatives pour le troisikme systkme. Les 
volumes d'excks mesures et les chaleur de milanges d'excks rapportees dans la littCrature pour 
les trois systkmes binaires ont etC analyses B la lumikre de la thCorie statistique des melanges 
liquides diveloppke par Flory. L'analyse a montrk que la theorie sous sa forme modifiee peut 
@tre appliquke pour les melanges cyclohexane diethylcetone et cyclohexane benzonitrile. 

[Traduit par le journal] 

Introduction 
The excess thermodynamic functions of binary 

liquid mixtures can reasonably be predicted on 
the basis of the statistical theory developed by 
Flory and co-worker ( l ,2) .  This theory has been 
extended to mixtures containing one polar com- 
ponent by Nigam and Singh (3) and Raman and 
Naidu (4). These workers treated the single inter- 
action parameter defined by Flory as an adjust- 
able quantity in their analyses. In this paper, the 
measured excess volumes of the three binary 
mixtures cyclohexane - diethyl ketone, cyclo- 
hexane-benzonitrile, and toluene-benzonitrile 
and the excess enthalpies of the mixtures reported 
by Amaya (5) have been analysed in the light of 
the Flory theory both in its original form and 
also the modified form. 

by the methods reported earlier (7, 8). Diethylketone 
(Fluka) was dried over anhydrous sodium sulphate for 
two days then fractionally distilled (p303.15 = 0.80455 
g/ml). Benzonitrile (Riedel) was dried over freshly fused 
calcium chloride for two days and distilled at  atmospheric 
pressure in an  all glass apparatus (p3O3.I5 = 0.99621 
g/ml). 

The purity of the samples has been verified from den- 
sities and boiling points reported in literature (9). 

Results and Calculations 

The excess volumes for the three binary liquid 
mixtures are included in Table 1, in which x 
refers to  the mole fraction of the first component. 

The experimental values of VE may be 
represented by an empirical equation of the form 

Experimental wherep is the number of fitting parameters which 
are determined by a least-squares method. 

Measurement of Excess Volumes 
The excess volumes have been determined a t  303.1 5 K Equation 1 with three parameters fits the data 

using a single composition per loading type dilatometer included here satisfactorily. The values of the 
described by Rao and Naidu (6). The values are accurate three parameters obtained by least-squares 
to + 0.003 cm3 mol-1. analysis and the standard deviation are presented 
Pirrificatiorl of Liquid in Table 2. 

Cyclohexane (BDH) and toluene (BDH) were purified The interaction parameter, XI2, defined by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RAO AND NAIDU 228 1 

Flory has been evaluated by two different meth- 
ods. In the first method X12 was calculated from 
the characteristic properties of the pure com- 

TABLE 1. Experimental values of excess 
volumes at  303.15 K 

X VE (cm3 mol-1) 

Cyclohexanefdiethyl ketone 
0.1141 0.272 
0.1787 0.402 
0.2538 0.541 
0.3359 0.667 
0.4851 0.778 
0.6607 0.764 
0.7462 0.696 
0.8200 0.577 
0.8872 0.402 

Toluenefbenzonitrile 
0 .lo89 -0.089 
0.1700 -0.125 
0.2469 -0.166 
0.3367 -0.208 
0.4881 -0.257 
0.6415 -0.270 
0.7408 -0.264 
0.8093 -0.226 
0.8774 -0.181 

Cyclohexanefbenzonitrile 
0.1049 0.044 
0.1687 0.075 
0.2391 0.114 
0.3316 0.150 
0.4835 0.248 
0.6384 0.291 
0.7390 0.290 
0.8179 0.259 
0.8835 0.205 

ponents presented in Table 3. This value of X12 
was in turn used to predict the theoretical values 
of vE and hE at 303.15 K (cf. Table 4 ;  F).  In the 
second method, the values of XIZ which fit the 
experimental values of V" and hE were evaluated 
separately. The derived values of X12 were in turn 
used to  predict the values of hE at 303.15 K and 
VE at 298.15 K respectively (cf. Table 4, F(VE)  
and F(hE). The equations which have been 
described by Flory and Abe were used in these 
calculations. 

Discussion 
A comparison of observed and calculated 

values of VE included in Table 4 shows that the 
values predicted by the theory, in its original 
form, differ in sign in all three mixtures. How- 
ever, the Flory theory correctly predicts the 
sign of the excess function when XI2 is treated as 
an adjustable quantity in respect of cyclohexane- 
diethylketone system (I) and cyclohexane- 
benzonitrile system (11) mixtures. Similarly an 
examination of predicted and observed values of 
hE (cf. Table 4 )  shows that Flory theory correctly 
predicts the sign of the excess function both in 
the original form and in the modified form in the 
case of cyclohexane-diethylketone and cyclo- 
hexane-benzonitrile mixtures. Further, the values 
predicted by the modified theory for these two 
systems are closer to the observed values than 
those predicted by the original theory. Hence, it 
is concluded that Flory theory ill its modified 
form is approximately applicable to the first two 
systems. 

TABLE 2. Values of parameters (and standard deviations) of eq. l a  

System a1 a? '73 u 

Cyclohexane - diethyl ketone 3.1687 0.8529 0.3365 0.010 
Cyclohexane-benzonitrile 0.9898 0.9752 0.4028 0.007 
Toluene-benzonitrile -1.0245 0.4900 0.4524 0.004 

nIn cm' mol-' 

TABLE 3. Parameters of pure components a t  303.15 K 
- 

oi X 103 V V* P * 
Component (deg-1) (cm3 mol-1) 5; (cm3 mol-1) cal cm-3 T 

Cyclohexane 1.229 109.46 1.297 84.41 126.0 0.06431 
Toluene 1.078 107.44 1.267 84.82 131.6 0.05981 
Benzonitrile 0.891 103.51 1.228 84.29 151.5 0.05399 
Diethylketone 1.200 107.07 1.291 82.94 131.1 0.06330 
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TABLE 4. Comparison of experiment with theories for 
equimolar compositions 

Method System I System I1 System 111 

V E  (cm3 mol-1) 
Experiment 0.778 0.248 -0.257 
Theory: Fa -0.006 -0.339 0.085 

F(hE)O 0.921 0.506 0.011 

hE (cal mol-1) 
Experiment 750.4 323.8 0 .1  
Theory: Fa 1 .9 22.7 30.9 

F(VEV 212.3 203.8 -101.6 

aXlz evaluated theoretically. 
0x12 determined from experimental I + .  
CXlz determined from experimental VE. 
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ALAN S. TRACEY and PETER DIEHL. Can. J. Chem. 54, 2283 (1976). 
Deuterium magnetic resonance spectra have been obtained from the specifically deuterium 

labelled hydrocarbon chains of a lyotropic lamellar mesophase which spontaneously aligns in a 
magnetic field. I t  was found that the behaviour of both the decanol and decylsulphate chains 
was similar to other lamellar and to nematic phases except that the degrees of order of the chain 
segment axes were abnormally small, being a factor of four to six less than that observed for 
other phases. Since the chain behaviour seemed normal it was suggested that the small align- 
ment arose because the preferential orientation of the hydrocarbon chains was not perpendicular 
to the superstructure of the phase but rather at  an angle of about 45' to the normal. 

ALAN S. TRACEY et PETER DIEHL. Can. J. Chem. 54, 2283 (1976). 
On a obtenu des spectres de rCsonance magnktique du deutCrium pour une mesophase 

lamellaire lyotrope qui s'aligne spontankment dans le champ magnktique et qui avait CtC marque 
d'une f a ~ o n  spCcifique dans les chaines hydrocarbonkes. On a trouvk que les comportements 
des chaines du dicanol et du dCcylsulphate sont tous les deux semblables B ceux d'autres 
phases lamellaires et nkmatiques; toutefois les degrks d'ordre des axes du segment de la chaEne 
sont anormalement plus bas soit de quatre B six fois moins Clevis que les valeurs observks pour 
d'autres phases. Puisque le comportement de la chaine semble normal, on suggkre que le petit 
alignement provient d'une orientation preferentielle des chaines hydrocarbonCes qui n'est pas 
perpendiculaire B la superstructure de la phase mais plutbt B un angle de 45" par rapport B 
la normale. 

[Traduit par le journal] 

Introduction 
Lyotropic liquid crystalline soap solutions are 

increasingly important as media for the deter- 
mination of the structure of molecular and ionic 
species. The value of these materials as an 
anisotropic solvent has been greatly enhanced by 
recent observations which showed that the more 
commonly used thermotropic nematic liquid 
crystals do not always provide unambiguous re- 
sults, particularly when relatively small molecules 
are investigated (1-3). This does not seem to be 
the case with lyotropic phases and they are there- 
fore becoming solvents of necessity if not of 
choice. 

Because of the wide occurrence of lyotropic 
liquid crystalline materials in living systems 
much work has been invested in many attempts 
to gain information about the properties of these 
materials (4). Little of this effort has been 
directed towards lyotropic mesophases which can 
be aligned by a magnetic field. Two phases which 
are capable of being aligned by the magnetic 

'Revision received March 8, 1976. 

fields of nmr spectrometers are commonly 
encountered. One phase (Type I) has its optic 
axis parallel to the magnetic field and when in a 
conventional iron core spectrometer cannot be 
rotated without destruction of its order although 
spinning of the sample tube is possible in a 
cryogenic system ( 5 ,  6). The second phase 
(Type 11) is the one most conlrnonly used as an 
nmr solvent (4) and can undergo rotation in 
either type of spectrometer. 

The association of the alkyl chains of the sur- 
factant molecules leads to the formation of a 
hydrocarbon 'superstructure' and thus to the 
development of long range order in those ma- 
terials. As a consequence information concerning 
the hydrocarbon chains is of particular value. 
Deuterium magnetic resonance investigations of 
the specifically labelled chains have been shown 
to be of value for investigations into both lyo- 
tropic lamellar (7, 8) and nematic (9, 10) rnate- 
rials. The deuterium studies of nematic phases 
have been concerned only with the Type I1 phase. 
A Type 1 phase, prepared from sodium decyl- 
sulphate, was used for an investigation of the 
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anilinium ion. It  was found that the ion had 
become a constituent of the superstructure with 
the aromatic ring protruding into its interior 
while leaving the -NH3+ substituent sitting in 
the highly polar supersiructure/water interface 
region. It was shown that if a lamellar arrange- 
ment, as opposed to the cylindrical structure of 
the Type 11 phase, was assumed for the super- 
structure then degrees of order for the long axis 
of the hydrocarbon chains were about 0.15 a t  
positions 1 and 2 (6). The degree of order at  
similar positions of the Type 11 phase has been 
found to be about 0.5 to 0.6 (9, 10). Lamellar 
phases, aligned between glass plates, have been 
investigated and order parameters of about 0.6 
also obtained for these materials (7, 8, 11). 
Dipalmitoyllecithin bilayers have an order 
parameter of 0.45 for the fatty acid chains (12). 
Clearly the value of 0.15 which was found for the 
Type I phase is an unusually small value. 

In an effort to find an explanation for the small 
order parameter we have examined several spe- 
cifically deuterated decylsulphates and decanols 
in the lyotropic Type I phase by deuterium 
magnetic resonance. 

Experimental 
Deuterium magnetic resonance spectra were obtained 

at  27 "C from a Bruker HX-90 Fourier Transform 
spectrometer. Spectral widths were 25 or 50 kHz. Proton 
decoupling was employed to obtain better resolvedspectra. 

The partially deuterated alcohols and decylsulphates 
were prepared as described in the literature (10). The 
lyotropic phase was prepared according to the composi- 
tion given below with the appropriate deuterated species, 
one or more, to replace the standard component. 

Compound C/, by weight 

Sodium decylsulphate 37.5 
9,9; 10,10,10-Pentadeuterodecanol 3.6  
Decanol 3.6 
Hz0 55.3 

Results and Discussion 
Nuclei with spin greater than 1/2 give rise to 

quadrupole splittings when they are in an 
anisotropic medium. Since deuterium has a 
spin of 1 and is readily substituted for hydrogen 
it is becoming increasingly important as a 
probe into the properties of liquid crystalline 
phases. This results from the fact that proton 

spectra from species containing large numbers 
of protons are extremely complex and not readily 
interpretable. The deuterium quadrupole split- 
ting, on the other hand. is obtained directiy from 
the spectrum, and is much more easily under- 
stood. 

The general relationship between the quadru- 
pole splitting Av and degree of order is given by 
eq. 1 

[1I Av = $QISZl + +(SLzl - SUy1)] 

where 7 is the asymmetry parameter and Q is the 
quadrupole coupling constant. S,,', S,,', and 
S,,' are the degrees of order of the quadrupole 
fixed coordinate system and S,,' is directed along 
the major quadrupolar axis. For deuterium in 
saturated hydrocarbons 17 is very small, 0.03 or 
less (13), and the major quadrupole axis deviates 
only slightly from the C-D bond direction. As 
a consequence eq. 1 is considerably simplified 
and the expression, [2], is obtained. 

[2I AV = QQDScD 

Thus for the case of hydrocarbons the deuterium 
quadrupole splitting is of particular interest 
since it gives the degree of order of the individual 
carbon-deuterium bonds. The deuterium quad- 
rupole coupling constant, QD, has been deter- 
mined for many saturated hydrocarbon systems 
and is about 170 kHz (13, 14), the value used 
here. 

In principle we are more interested in the 
degrees of order along the major hydrocarbon 
chain axis. Each C-D bond of the individual 
methylene segments is perpendicular to this axis. 
Since the hydrocarbon chains are flexible there is 
no reason to expect all chain segments to show 
the same degree of order. The degree of order of 
each chain segment axis, SCh, may be obtained 
from the degrees of order of the respective 
methylene C-D bonds if it is assumed that the 
hydrocarbon chains behave as an axially sym- 
metric system, that is, only one S value is re- 
quired to describe the order at  any particular 
segment. This assumption has been supported by 
studies of macroscopically aligned lamellar 
systems (15). For axial symmetry it follows that 

ScD = +(3 COS' 90' - l)Sch = - iscil 
from which eq. 3 is obtained. 
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TABLE 1. The deuterium quadrupole splittings, in kHz, observed from the various lyotropic phases 
are given. Order parameters corresponding to positions 1 to 4 of the decyl chains are also shown* 

Ternaryphase LIP[ Av2 Aaj v Av8 Avg Av10 S1 Sz S3 & 
Decylsralphate 

Splrttings 
1 13.52 - - - - - - - - 0.106 - 
7 - - 14.63 - ~- - - - - 0.115 - - 
3 - 12.2t 11.5i  - - - - - 0.095 0.090 - 
4 - - - - - - 13.54 12.56 - 0.106 0.099 
5 12.35 - - - 8.96 7.02 2.244 0.097 - - - 

Decafto1 Splittitlgs 
1 - - - - - - .- 8.79 2.125 - 
3 - - - - - 
L 9.17 2.225 - - - - 
3 - - - - - 8.78 2.113 - - - - 

4 - - - - - 8.04 1.921 - - - - 
6 14.17 - - - 11.17 8.57 2.067 0.111 - - - 
7 - 14.08 15.11 - - 8.55 2.058 - 0.110 0.119 - 
8 - - 15.1 15.4 - 8.61 2.054 - - 0.121 0.121 

*Estimated errors in API ,  Avl, Avs, 4 v 4 ,  and Au8 are -0.1 kHz; Au9, 
?Estimated errors in these values are -0.3 kHz. 

For lamellar phases in which the optic axis is 
parallel to  the magnetic field, SCh gives the micro 
degree of order of the chain axis, i.e. the order of 
the chain segment when resolved parallei to the 
magnetic field. For phases having a cylindrical 
superstructure with the optic axis perpendicular 
to  Ho the micro degree of order is slightly more 
complex (9) and is given by 

It is the micro degree of order which is of major 
interest since this value allows one to easily 
draw comparisons between different systems. 

We have investigated both specifically labelled 
decanol and sodium decylsulphate in pure ter- 
nary phases prepared from sodium decylsulphate 
and have obtained the deuterium spectra. These 
decylsulphate phases are of Type I since they 
give rotationally dependent dipole splittings 
according to (3 cos2 8 - 1) where 8 is the angle 
of rotation from the equilibrium angle of 0". The 
optic axis is thus to the magnetic field, 
NO. This behaviour is the same as was observed 
previously (5, 6, 16). 

Interestingly if the sample is rotated and not 
returned to the equilibrium angle the process of 
destruction of the original order and formation 
of a new orientation with the optic axis again 
parallel to & can be observed directly on the 
oscilloscope of the spectrometer. 

That the Type I phase has a superstructure 
different from the Type T I  phase is quite clear 

-0.04 kHz, and A v ~ o ,  -0.015 kHz, unless otherwise stated 

from previous work (5, 6, 16). The behaviour of 
a Type 11 phase is that expected for a hydro- 
carbon superstructure composed of indefinitely 
long cylinder3 with the hydrocarbon chains 
filling the interior of the cylinders and separated 
from the interstitial water by the ionic head- 
groups of the chains. The cylinders then order 
perpendicular to Ho. The behaviour of the Type I 
phase is consistent with a superstructure corn- 
posed of bilayers of indefinite extent which order 
so that the planes of the bilayers are perpendicu- 
lar to fi. Unfortunately for neither the Type I 
nor Type 11 phases has an X-ray determination 
been reported. 

Table 1 gives the deuterium quadrupole 
splittings observed from the various samples 
studied. In order to make comparison easier 
Fig. 1 shows a plot of the various positions along 
the decyl chains versus the quadrupole splitting 
at the respective position divided by the quad- 
rupole splitting from position 10 of decanol. The 
division is performed since decanol acts as an 
internal reference so that effects resulting from 
slightly different phase composition are ac- 
counted for. 

The region of quite constant order followed 
by a rapid decrease near the terminal positions is 
characteristic of lyotropic systems and has been 
investigated in considerable detail (8, 10-12, 1'7). 
Of some note is the fact that decanol behaves 
quite differently from decylsulphate at all posi- 
tions along the hydrocarbon chain. Individual 
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methylene groups of decanol are significantly 
more highly ordered than the corresponding ones 
in decylsulphate. This behaviour has also been 
observed in the Type HI phase (10) and indicates 
that decanol is more tightly bound than the de- 
cylsulphate. This is also borne out by the ratio 
Av9/Avl0. The value obtained from 9,9;10,10,10- 
pentadeuterodecylsulphate is 4.2 while for 9 3 ; -  
10,10,10-pentadeuterodecand it is 3.2. These 
ratios show that the formation of gauche 
rotamers at the Cs-C9 bond is lnuch easier in 
decylsulphate than in decanol as has been 
discussed for the Type HI phase (10). This result 
is consistent with decanol being more tightly 
bound thus limiting its freedom of motion. This 
occurs probably because decanol has no charge 
and has hydrogen bonding capability. It is these- 
fore capable of relieving some of the repulsive 
interactions between charged decylsulphate io~ss. 

Of considerable interest in these phases is the 
magnitude of the degrees of order of the chain 
segment axes. These values, as seen in Table 1, 
are about 0.11 for the decyl chains (positioras 1 
to 4) of the ternary phase and have been found 
to be about 0.15 for the same phase but con- 
taining anilinium ion ( 4 ) .  Slight deviations in 
alignment from sample to  sample for the same 
positions arise because all phase compositions 
are not identical. Order parameters have been 
obtained for corresponding positions in Type 
HI (9, 10) and macroscopically aligned lamellar 
phases (8, 11, 15) and are usually about 0.6. In 
one study of a Type II phase (9) the deuterium 
quadrupole splitting was determined as a func- 
tion of temperature. kt was found that the 
phase, prepared from decylammonium chloride, 
began to go isotropic when SCh had decreased 
to about 0.35 from an initial value of 0.55. This 

DECYLSULPWATE DECBlJOk 

may im:dicz&e that Svaiues ofthis magnitude 
the hydrophobic interastioi~s are no iollger strong 
enough to stabilize the large units necessary for 
the formation of an anisotropic phase. At 82 "C 
La~nellar potassium dodecanoate had at1 SClcII sf 
-0.5 (7). The order parameters observed h r  
the Type 1 phase are thus seen to be remarkably 
small. The explanation for the smaii order 
probably lies in the packing of ihe hydrocarbon 
chains. 

It has p:eviously been suggested that the vaiue, 
SCh9 of 0.6 indicated an average 30" deviatlor, of 
the chain axis from the normal to "Le lamellar 
superstructure which was taken to have an order 
of near unity (1 I). In view of other work (8, 12) 
such a 'tilt' angle seems unlikely bs'r rather the 
order parameter of 0.6 arises from the normal 
tmizs!'gauche isornerization and other motions of 
the hydrocarbon chains. 

Since, except for the order, the hydrocarbon 
chains of Phase 1 seem to behave normally, it 
may well be that this small order does derive 
from a collective tiit of the chain axes. i f  it is 
assumed that an Sch of 0.5 represents the 
hormaE9 degree of' order then we may estimate 
the required tilt angle, y, Gom 

P -  

&.% z .  QV,, 

From this, 7 is about 45", As this phase gives a 
rotation diagram according to $(3 cos2 0 - 1 )  
then the chain inetiong individua1 or csliective, 
must be suficientby rapid to average such a tilt 
over a cone, failure of this v~ould result in a 
biaxial phase. The angle, 45", seems very large 
but it is diEcult to think of an alternate explana- 
tion far the stability of the phase, particuiarljr 
since warming it does notprodlsce the isotropic 
phase which might be e~rpecled if the SCh simply 

I , , , , , , , ,  L 9 L - L ,  2 , , , 
1 2 3 L 5 6 7 8 9 1 0  1 2 3 L 5 6 7 8 9 1 0  

POSITION POSITli?hl 

FIG. 1. Ratios of deuterium quadrupole splittirigs (Av,/Avio) for decyisuiphzte and deca~o? ,  where 
Avlo is the splitting from the 10 position of decano?, are given. The position oC!abelling, x, is plotted 
along the horizontal axis. The absolute magnitudes of the splittiizgs correspond: lo  smaller order 
parameters than ha-ve previously been'obsecved for iyotrupic phases. 
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reflected a lo~v  order for the phase superstructure. 
It shodd also be mentioned that addition of 
about 2 to 3 ??it.% of a salt vdch as sodium su1- 
phate to  this ternary phase causes a phase transi- 
tion to a Type 11 phase wit11 its corresponding 
large order 95, 16) while the a:~ili:~ium ion con- 
taining phase is stable with the addition of 
sodium sulphate (6). 

The spcctra Gom anilinium ion and methanol 
in Type 1 phases are essentially independent sf  
field strength, i,e. of 40, 90, 100 or 220 Mhz 
spectrometers. This shows that the magnetic 
fie114 is saturating and that the low order does not 
resilltffron~ iin incompletely aligned material. 

We are grateful to the Swiss National Fo~inda- 
rion for the Advancement sf  Science for its 
financial support of this work. 
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MCcanisme d9inalfnibition pas des alcsols de la photo-oxydaticon 
de 19beptanal en phase liqamide 

J .  C.  ANDRI~ 
Lnboratoire de Ci~irnie Gitie'rale, E.R.A. no 136 dic C.N.R.S., I ,  rue Gra~~ci~~ille,  54042 Nancy Cedez: 

J. EEMAIRE 
Lrtbornioire rie Phoiocllirnie, U.E.R. de Sciences Exactes et Ncrf~lrelles, Unirersite' de Cler-mont-Ferrand. 

Ensemble Scientifiqlre des Ce'zealix, B.P. 45 63170 AubiPre 

R e ~ u  le 16 dicernbre 1975 

J. C. ANDRB et J. LEMAIRE. Can. J. Chem. 54, 2288 (1976). 
Z'inhibition de la photo-oxydation de l'heptanal par des alcools primaires et secondaires est 

due B la rCaction des radicaux peroxy de l'aldkhyde avec l'alcool, conduisant B la formation 
d'espkces rnoins rCactives qui disparaissent essentiellement du milieu dans des processus de 
recombinaison des chaines. Un schCrna cinitique est proposC, rendant cornpte des rksultats ex- 
pkrimentaux. Par ailleurs, on rnontre que Ies alcools sont susceptibles de solvater les radicaux 
prisents dans le milieu, modifiant ainsi leur rCactivitC. 

J. C. ANDR~? and J. LEMAIRE. Can. J. Chern. 54, 2288 (1976). 
The photooxidation of heptaldehyde /?-C6HI3CN[O can be inhibited by prlrnary and secolldarj 

alcohols; this inhibition occurs through reaction between the peroxy radical C6HL3CO3. and 
the alcohol, leading to less reactive species disappearing by recombination processes. Moreover. 
the reactivity of free radicals is modified by alcohols which solvate these radicals by hydrogen 
bonding. A kinetic scheme is proposed which accounts for the experimental results. 

Les alcools primaires et secondaires sont des 
inhibiteurs de l'oxydation de certaines substances 
organiques, comme le cumkne ( I )  et l'ithanal(2). 
Le micanisme de l'inhibition, par les alcools, de 
l'oxydation thermique ou photochimique des 
aldihydes, n'a jamais it6 examink en ditail; il 
nous a semblC intiressant, dans le cadre plus 
gCnCral d9itudes de "co-oxydation", d9examiner 
la photo-oxydation de l'heptanal en phase 
iiquide, en prCsence d'alcools primaires ou 
secondaires. Les premiers rCsultats de cette Ctude 
ont dijB it6 publiCs (3). 

Etude analytique de I'oxydation de l'heptanal en 
prksenee d'alcools 

En l'absence d'alcools Lemaire et coll. (4 )  ont 
montri au laboratoire que: ( i )  l'acide per- 
heptanoique, produit prirnaire de l'oxydation de 
l'heptanal, rCagit secondairement avec l'aldihyde 
en excks pour former un peroxyde d9addition 
appelC peroxyde X ;  (i i)  la dCcomposition 
thermique de ce peroxyde est responsable de la 
formation de deux molicules d9acide heptanoi- 
que; (iii) le peroxyde X a la structure suivante 
(4,5) : C6H1 3-Co-O-o-CH(OH)-C6& 3. 

La prisence d'un alcool powant etre res- 

ponsable d'une modification de la stoechio- 
mCtrie d'oxydation de l'aldihyde, nous avons 
entrepris, prkalablement B l'ttude cinitique, une 
Ctude analytique de l'oxydation de l'heptanal en 
prisence d'alcools. 

Mode op6rutoire 
L'heptanal en prisence d'alcools, irradii a 

313 nm, (amor~age photochimique), est oxydi 
en phase !iquide. L'oxygkne B la pression atmos- 
phCrique barbote dans la solution. Au cours de 
l'oxydation on prClkve des ichantillons qui sont 
examinis immidiatement par spectrophoto- 
rnitrie infrarouge 2 l'aide d'un spectrophoto- 
mktre Perkin-Elmer rnodkle 221. On enregistre 
ainsi 1'Cvolutior1 du melange rkactionnel en 
fonction du degri cl'avancement de la rCaction. 
De plus, B la fin de l'oxydation, la cellule con- 
tenant la solution du dernier ichantillon est 
illaintenue dans le faisceau infrarouge; on en- 
registre ainsi l'ivolution thermique du melange 
riactionnel. 

Rks~!ltuts exye'ritnentaux 
Les risultats obtenus par Lemaire et coll. (4 )  

concernant l'oxydation de I'heptanal seul et nos 
risultats concernant l'oxydation de ce meme 
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A N D R ~  ET LEMAIRE 2289 

Densit6 oplique du peroxyde X f D e n s t i  W!que de I 'oc#de 

FIG. I. Variations du rapport de la densite optique 
du peroxyde X (mesurie B 1778 cm-1) B celle de l'acide 
heptanolque (mesurke a i710 cm-I) en fonction du temps 
de photo-oxydation: tempQature de !a phase liquide 
3 "C,  spectres de solutions 2 105; dans CC14: (I) heptanal 
pur, (2) melange heptanal (0.7 moii-1) - l-hexanol (0.7 
mol I-'), (3) melange heptanal (6.7 moll-1) - 3-methyl 
3-pentanol (0.7 moll-I), (4) melange heptanal (6.7 mol 
1-1) - cyclohexanol (0.6 mol l-I), (5) melange heptanal 
(3.9 moll-') - 3-methyl 3-pentanol (4 mol l-I), (6 )  me- 
lange heptanal (4.8 moll-1) - cyclohexanol (2.3 moll-') 
cellule infrarouge: epaisseur 0.052 mm. 

aldthyde en prCsence de 2-pentanol (des rCsultats 
identiques ont &ti. obtenus avec d'autres alcools: 
E-hexanol, cyclohexanoi, eec. . . .), monlrent 
que: (i) l'acide perheptanoique est prtsen's en 
quantitt stationnaire "2s faible en prCsence de 
2-pentanol; (ii) la dkcomposition thermique du 
peroxyde X ,  form6 dans la r6action d'une 
moltcule d'acide perheptanoique avec une mole- 
cule d'heptanal, en prCseilce d'alcools, conduit 8 
la formation dc deux moltcules d'acide hep- 
tanoique, produit final de l'oxydation. Par 
ailleurs, la fig. 1 montre que les variations du 
rapport de la densitt optique du peroxyde X a 
celle de i'acide heptano'ique est une fonction 
dkcroissante d u  temps de photo-oxydation; ce 
rapport est d9autant plus petit, pour un m&me 
temps d9irradiation, que la concentration d'alcool 
primaire ou secondaire est plus grande. 

Ainsi, en pr6sence d'aicook, l'acide hepiranol- 
que n'est jamais le prsdiiit primaire cle i'ory-, 
dation. II apgarait don@ que La riaction globale 

d'oxydation de l'heptanal n'est pas rnodifite 
chimiquemenb par la prtsence d'alcools: ( i )  le 
produit primaire de l'oxydation est l'acide per- 
heptanoi'que; (ii) le peracide donne ensuite, par 
une reaction d'addition avec l'aldihyde, et non 
avec l'aicosl, le peroxyde X:  

(iii) la dtcomposition du peroxycle X, conduit B 
deux rnolkcules d'acide heptanoique, produit 
final de la rCdction: 

Etude ch6tique de I'inafluence d'alcools primaires 
et sessndaires SUP I'oxydation de l'heptanal 
amoreke photoshimiquement a h'instant initial 

Pour rkaliser les experiences d'inhibition de la 
photo-oxydation de l'heptanal par les alcools 
avec une prkcision suffisante, nous nous sommes 
placts dans le cas oh la vitesse d9amor~age des 
chaines est la plus grande possible, c'est-8-dire 
en presence de fortes concentrations d9aldChyde 
(6). On Ctudie alors l'inhibition de l'oxydation de 
i'aldehyde en prtsence d'alcools dans le cas oh 
la concentration statiorlnaire des radicaux C6H13' 
GO* (Re) est supkrieure B celle des radicaux 
peroxy C6Ht 3C03<(WOz.). 

Wous avons utilise la nomenclatl~rz ernployke 
dans un article theorique et gCiltrai de co- 
oxydation (3, c'est-8-dire que RH reprtsente 
l'heptanal, W'H l'inhibiteur, Vo, la vitesse & 
I'instant initial d'oxydation globale du mdlange 
de co-oxydation, reprCsentte par (d[6321:de),,o, 
VR, la vitesse initiale d'oxydation de RH en 
I'absence de R'H, toutes autres choses &gales par 
ailleurs. 

Conditkolas expirir/~enfisles 
Les experiences ont 6t6 effectutes enlre 3 et 

30 "C,  B des pressions d'oxygkne Pa, surmontant 
la phase liquide, comprises entrc 50 et 450 tori-, 
avec de l'lreptanal pur ou en solution dans le 
dtcane, en presence ou non d9alcool. ALI cours 
d'une strie dt: manipulations de ghoto-oxydation? 
on fait varier [R'H] en maintenant [RR] sen- 
siblement constante pour tviter rme variation 
impostante de la vitesse d'amor~age des chaines 
(cj.4: rkf. 6 par exerngle). 
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- I a n r r a 8 1 f r  > 
0 0 2  0.4 0.6 O 8  (e) 

(R H) 

FIG. 2. Variations de V,,/V,, avec [RIH]/[RH]. In- 
hibition de la photo-oxydation de l'heptanal par des 
alcools: temperature de la phase liquide 0 = 5 "C,  
[RH] = 5 moll-1, Po, = 450 torr, irradiation 313 nm: 
0 Zpentanol, A Zpropanol, @i cyclohexanol, X 3- 
octanol, 2,2,4-trimethyl 3-pentanol, A 2,4-dimCthyl 
3-hexanol. 

Eficacite's relatives rles alcools et cle I'lij~rlroqui- 
none clans I'inhibition de la photo-ox~~clation 
(le l'heptanal 

Nous avons comparC prialablement l'effica- 
citC des alcools primaire (1-hexanol), secondaires 
(2-pentanol, 2-propanol, cyclohexanol, 3-oc- 
tanol, 2,2,4-trimithyl 3-pentanol, 2,4-dimkthyl 
3-hexanol) et de l'hydroquinone pour l'inhibition 
de la photo-oxydation de l'heptanal B l'instant 
initial. Comme le montrent les risultats expCri- 
mentaux prCsentks sur la fig. 2, VRH/Vo, varie 
lintairement avec [R'H], [RH] selon la loi: 

ob EI est l'efficacitk d'inhibition que l'on peut 
dCfinir plus gCnCralement comme la pente B 
l'origine de la courbe reprisentative des varia- 
tions de VRH/ VO2 en fonction de [R'H] [RH]. 

Le tableau 1 montre que les efficacitCs d'in- 
hibition des alcools primaires et secondaires sont 
voisines et trks infkrieures B celle de l'hydro- 
quinone (qui est un inhibiteur classique d'oxy- 
dations radicalaires en chaine). 

L9efficacitC d'inhibition dCpend essentiellement 
de l'encombrement stCrique qui existe au voisi- 
nage de l'atome d'hpdrogbne mobile de l'alcoo! 
et non de l'effet inductif crCt par les atomes de 

TABLEAU 1. Efficacite d'inhibition 
(E,) des alcools et de l'hydroquinone* 

R'H EI 

Decane 0 
Hydroquillone 20 000 
1-Hexanolt 7.5 
2-Pentanolt 8 
2-Propanolt 5 
Cyclohexanolt 5 
3-Octanolt 3.7 
2,2,4-Trimethyl 3-pentanol 3.3 
2.4-Dimithyl 3-hexanol 2.4 

*Conditions expirimentales: [RH] = 5 mol I-', 
ii = 5 CC, Po, = 450, amorCage photochimique 
(irradiation 313 nm). 

tLes resultats relatifs aux inhibiteurs marques 
ont deja ete rapportPs dans une note preliminaire 
(3) .  

carbone au voisinage de cet atome d'hydrogkne 
(conduisant B un effet opposk en diminuant 
l'tnergie d'arrachement de l'atome d'hydrogbne 
mobile). 

Nous ne considCrerons, dans la suite de ce 
travail, que les inhibitions par le 2-pentanol et le 
cyclohexanol. 

Influence de I'intensite' lumineuse absorbke 
Par interposition de grilles optiques entre la 

lampe et le rCacteur, on modifie l'intensitk 
lumineuse absorbCe I, (et donc la vitesse 
d'amorsage, proportionnelle B I,) dans le 
mClange rkactionnel. Dans une note prkliminaire 
(3) nous avons dCjB rapport6 l'ktude de I'ordre n 
par rapport B l'intensitk lumineuse absorbie I,; 
cet ordre n peut &tre dCfini par: 

ob a est un coefficient indipendant de I,. Dans 
les inhibitions par le cyclohexanol et le 2- 
pentanol, nous avons alors montrC que 190rdre n 
croft de 0.5 B pratiquement 1 quand [RfH]/[RH] 
augmente de 0 B environ 1.3. 

fizfluence cle la pression cl'oxjgi.ne 
Quand la pression d'oxygkne surmontant la 

phase liquide dkcroit de 450 B 50 torr, l'efficacitk 
d'inhibition (E,) du cyclohexanol dkcroit. Ce 
rCsultat est illustrt sur la fig. 3 et par le tableau 2. 

Influence cle la te~~~pbatrrre  
A illtensit6 absorbke constante, nous avons 

CtudiC l'influence de la tempCrature sur Vo,/ VRH 
pour diffkrentes valeurs du rapport [RIH]/[RH], 
R'H ttant le 2-penta-nol. I1 apparait que l'effi- 
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TABLEAU 2. Variation de 
l'efficacite d'inhibition El 
du cyclohexanol avec la 

pression d'oxygkne* 

Po,  
(torr) 

'Conditions expkrimentales 
lRHl = 4.5  mol I-'. 0 = 4.5  OC, 
amo;fage photochimique (irradi. 
stion 313 nm). 

> 
o o 2 0.4 o 6 o e  (R'H) 

(RH) 

FIG. 3. Influence de la pression d'oxygkne Po, sur les 
variations de Vo,/VRH avec [ R ' H ] / [ R H ]  dans le cas de la 
photo-oxydation de l'heptanal en presence de cyclo- 
hexanol: temperature de la phase liquide e = 4.5 "C ,  
[ R H ]  = 4.5 moll-1, irradiation 313 nm: (1) Po, = 50 
torr, ( 2 )  Po, = 150 torr, (3)  Po, = 450 torr. 

cacitt d'inhibition (E,) diminue quand la tem- 
perature augmente. 

Nous avons reprtsentt la variation du loga- 
rithme de la pente de (VRH/ Vo2) en fonction de 
l'inverse de la tempe'rature 1 T(K- ' )  sur la fig. 4. 

La valeur de la pente de la droite obtenue 
conduit B une "Cnergie d'activation" tgale B 
- 8.5 kcal /mol, quand on emploie le 2-pentanol 
comme inhibiteur; [RH] = 4.5 mol 1-l, Po, = 

445 torr, amorGage photochimique (irradiation 
313 nm). 

Interpretation des rksultats obtenus 
I1 est possible, B priori, d'interprtter I'inhibi- 

tion de l'oxydation de l'heptanal par des alcools 

FIG. 4. Influence de la temperature sur la photo- 
oxydation de l'heptanal en presence de 2-pentanol. 
Variations de log (pente de VRH/Vo,) avec 103/T 
(K-1): [ R H ]  = 4.5 moll-', Poz = 445 torr. irradiation 
313 nm. 

a partir du mCcanisme gtnCral de cooxydation, 
que nous avons proposC (7): 

Anzorpzge 
Production de radicaux libres R. avec une vitesse 211 

Propagatiotz (I) 
k2 

[ 21 R .  + 0, i R 0 2 .  

k3 
[31 ROz.  + R H  + RO2H + R. 
Propagatiotz (II)  

k2' 
[2'1 R'. + Q2 + R'OZ 

k3 ,  
[3'] R102- + R'H i R1Q2H + R' .  

Croisements 
k4 

[4 & 4'1 R. + R'H -F? R H  + R' .  
k4' 

k5 
[51 R 0 2 .  + R'H + ROzH + R'.  

kg' 
[5'1 R f O z *  + R H  + R'0,H + R .  

Destructions, deux ?i deux, des radicaux 
R e ,  R'., R o y  et R'O,.. 

Dans le cas de la co-oxydation heptanal- 
alcools, ce schtma cinktique appelle les re- 
marques suivantes: 

(a) Le schtma cinttique proposC admet une 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2292 CAN.  I. CHEM. 

certaine stabiliti des radicaux Rt02..  Or, nous 
avons montrt que (8, 9) d&s 3 "C, les radicaux 
R'Oz. impliquis dans l'oxydation du  cyclo- 
hexanol participent B deux processus cornpititifs, 
19un itant la dicomposition thermique de ces 
radicaux en cyclohexanone et H02e, l'autre 
Ctant une extraction d'un atome d9hydrogkne 
mobile du cyc!ohexanol pour conduire B l'a- 
hydroxyhydroperoxyde et B un radical a- 
hydroxy. 

Par ailleurs, dans le cas du 2-pentanol, on 
n90bserve pratiquement pas d9a-hydroxyhydro- 
peroxyde primaire, les radicaux Rr02*  du 2- 
pentanol Ctant certainement plus instables (9). 

Si l'on tient compte de l'instabiliti des radicaux 
R1O2-, les processus [2'], [3'] et [5'] sont rem- 
placis par les processus suivants: 

R'. + O2 CCtone ou aldChyde + HOT 
HO2- + K'H + H202 + R'. 

H02- + RH 4 H202 + Re 

I1 apparait alors que H02.  joue le r81e du 
radical R102- et donc que les consiquences 
cinitiques de ce rne'canisme ne sont pas rnodifiies 
notablement quand on tient compte de l'in- 
stabiliti des radicaux HP102*. 

(b)  Le processus [4'], possible Cnergitiquernent, 
a une importance ntgligeabie, car la concentra- 
tion quasi-stationnaire des radicaux RIOz- (ou 
HOy) est tr ts  supCrieure B celle des radicaux 
R'.. En effet, les radicaux R'02e (ou H02.) 
s'accumulent dans le milieu rkactionnel, car la 
riaction de ces radicaux avec R'H ou R H  
(comme nous Ie verrons ultirieurement) est un 
processus difficile. Les processus de  croisement 
dont nous tiendrons compte sont donc les pro- 
cessus [4], 151 el  [5']. On ne peut iliminer B priori 
le processus [4] qui est ligkrement endother- 
mique, si la concentration des radicaux Re est 
trks supirieure B celle des radicaux R02a. 

Dans le cas oh, au contraire, [R-]/[RO2~] << 1, 
les seuls processus de croisement qui doivent 
intervenis dans la co-oxydation sont les proces- 
sus [ 5 ]  el [5 ' ] .  

(c) La solubiliti de lqoxyg&ne peut varier 
q u a d  on ajoute de l'alcool. En fait, ii apparait 
que la solubilitt de 190xygkne varie peu dans 
les milanges hydrocarbures-alcools-aldihydes 
(f 207, environ) (10, 1 I), ce qui ne modifie pas 
sensiblement les risultats cinttiques de 19in- 
hibition par des alcools de l'oxydation de 
19heptanal. 

(cl) En Fmant varler la quantiti [RH-I]1Po2, r l  
est possible de se places, de fason approchie, 
dans des cas llrnites simples, oh le processus de 
terminaison pripondirant, pour l'oxydation de 
i'heptanal selal, est soit la destruction de deux 
rad~caux Re, soil la destruction de deux radicaux 
WOz.. 

( A )  Etzrde du nz6cunisnle de ['inhibition cle lci 
photo-oxjclation de Ylzeptcmcrl par les 
alcools dans les conclitions 02  
[Re]; (RQ2.] > 1 et [R'-]I:[RtQ2*] << 1 

Remarque pr&lirninuire: stuhilite' rle lu uitesse 
cl'amorqage plzotoclzitniq~/e de l ' l~e~~tuncil  en miliezi 
alcoolique 

Zeldes et Livingston (12) ont montre', par 
risonance paramagntrique, l'existence ge radi- 
caux CH3-C(OH)--CM3 et CW3-CH(OH) 
provenant de la disactivation chimique de 
1'acCtaldChyde excitt ilectroniquement, par le 2- 
propanol. LJn phinornkne d'inhibition primaire 
dG B un processus de ce type peut apparaitre. 
Ntanmoins, son importance peut etre riduite 
car il y a cornpitition entre trois processus de 
disactivation des i tats excitks de l'aldthyde, i 
savoir, par l'aldthyde lui-m&me (auto-dCsacti- 
vation), 190xyg&ne et l'alcool. Par ailleurs, !es 
alcools sont des inhibiteurs de l'oxydation 
thermique de I'heptanal (8); il existe donc aussi 
une inhibition secondaire, les alcools riagissant 
avec les radicaux porteurs de chaines. 

Pour Cvaluer l'importance de ces deux types 
d'inhibition, on peut faire les remarques sui- 
vantes: 

(a )  La compCtitivit6 entre les processus d'auto- 
disactivation de i9itat  triplet du benzaidihyde: 

et de dtsactivation de cet i ta t  par un alcool R'H : 

kl ,  
11'1 C6HS-CH0 (TI) + R'H + 

C~HS-CH(OH) + R'. 

a t t t  diterminie par BaickstrGm et Aquist (13) 
qui ont utilisi, comme substances R'H, le 2- 
propanol ou l'alcool benzylique. 

Le rapport des constantes k!  k4,  a Ctt tvalui a 
15 dans le cas du 2-propanol et B 4.6 dans le cas 
de l"alcoo1 Isenzylique. L'heptanal se cornportant, 
du  point de Oue amorsage, de fason voisine du 
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benzaldthyde, on peut admettre un rapport des Ce cas llrnlte est sensiblement atteli~t aux 
constantes k g  k4, du m h l e  ordre que celul cn!- fortes valeurs de [RW] Po, ( [RH]  Po, > 
culC quand on utilrse le 2-petitanol ccnlrne mol 1-I torr-I) et alol-s: 
dksactivant. Bans ce cas. la vitesse d'amorqage 

[R'j k3[WH] + bi5[R'H] n'est iuodifii4e que de 7 5  qu'ind les concentra- ---- -- - 

t iol~s en aldChjde ce en alcool scnt Cgaics. iR02.1 k2[@21 + k4[R1H1 
(b )  Les alcools sont transparents % 3 13 n m ;  ils 

ne niociifient donc pas I'intensitt Iun ~rneuse ' 

absorbte par l'heptanal. 
( c )  L o r s q ~ ~ e  190i1 iilduit L'oxydation de l'hep- 

tanai en prCsence d'alcools par ie biacttyle B 
excitC dans son premier Ctat singalet, les risultats 
cinCtiques obten~ls sont en tout point compara- 
b l e ~  aLx risultats cinktiques de-i'ktude d c  l'in- 
hibition de la photo-oxydation de 19heptanai par 
les alcools. Or, dans ce cas, les alcools ne peuvent 
pas modifier la vitesse d'induction. car la vitesse 
d u  processus : 

T I B  + R'H I CH3-GO-C(OH)-CH3 + R'. (14) 

reprtsente moins de 1% de la vitesse de forma- 
tion des radicaux libres par le processus: 

+ O2 --t Wadicaux librest 

quand Po, = 450 torr et [W'H] = 4 mol i- l .  

En consiquence, on pourra considkrer que la 
vitesse d'amor~age photochimique u dans 190xy- 
dation de l'heptana! en prksence d'alcools est 
sensiblement igale A uo, vitesse d'amor~age 
photochimique dans l'oxydation dc l'heptanal 
seul, toutes choses Cgales par ailleurs. 

M&ccunisnze cle I'inhibitioiz cle la photo-ox~~clatiorr 
cle I'hepfarzalpar Ies alcools [R-],[R02e] > 1 
es [."zo] [R102-] << l 

Dans le cas lirnite oh la concentratio11 des 
radicaux W* est supirieure i celle dcs radicaux 
RO2.. les processus de terminaison prtpon- 
dirants sont : 

Terminaisotr 

[61 

r91 

'En solution dans le dicane, nous avons dCterminC la 
valeur de la constante d'inhibition par l'oxygttne du 
premier Ctat singulet du biacktyle; elle vaut B 20 "C. 
1.8 X 109 I rnol-1 s-1. Compte tenu de la valeur de la 
durCe de vie de cet Ctat (10-5 s (15, 16)) et de la solubiliti 
de I'oxygkne dans le solvant, pour une pression de 450 
torr, la desactivation de cet i tat  par O2 est de l'ordre de 
7%. Dans ces conditions, pratiquement tous les radicaux 
libres proviennent de TIB. 

Si I'un nchzet loiit ri'c!borci qlre ie i1rocess1ls[4] 
e:it nkgligeuble d e ~ a t ? t  1e 1)rocessus [5], [Rel 
[R02e] i tant alors une fonction cioissante de 
W'H, il n"y a pas de modifications, quand 
[R'I-P], [RH] augmente: des processus de ter- 
minaisoil prkpondtraiits. 

Exptrimentalcment, VIIII Vc2 varie 11nCalre- 
ment a\cc [Yi113] [RH] (c f .  fig. 2)  selon: 

IP1O2o doit done &tre un radical sensiblenlent 
inactif vis-8-vis de RH et de R'H; fP1O2. dis- 
parait alors essentiellernent par les processus de 
termillaison [9] et [8"]. 

Si nzuintencrrzt on uc/tl?et qrre le ,i~rocessrts[j] est 
~zkgligeuble clevcilz: /e processus [4] et si R'020 est 
pratiquement inactif, on obtient la relation 
suivante : 

On ne peut diffirencier ces deux possibilites 
qc'en examinant 19influence de la pression 
d'oxyg6ne sur VRK VOz:  6/nII Ctant proportion- 
nelle B i02] (VRa = kg1 2 ,  dans nos 
conditions exptsirnentaies et si le processus [5] 
est p r ~ p ~ ~ d C r b i i ~ t  devant le processus [4], VRH 
Vo, doit &re une fonction crolssante de lo2] .  

par contre, sl le processus 641 est pripondirant 
devant le processus [ 5 ] ,  &/RrI b, dolt &tre in- 
dipendant de [02]. 

Or 1e tableau 3 et In fig. 3 rnontrent que 
LfRI1 Vo2 est une fonct~on crolssante de [02]: ce 
rksuitat ~ m p l ~ q u e  que, n~dlgrC un rapport 
[R-1 [RO2.] > I ,  le processus [4] est un pro- 
cessus d'lrnportance rmkgllgeable par rapport % 
celie du processus [5]  et donc que VRH Vo2 peut 
s9Ccrire sous la forme 114. 

(I) lnfizience de I'zt~tei~litP izcrnnzeer~e absorb& 
6,-190rdre n par rapport B !a vitesse d9amorsage 
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photochimique (proportionnelle B 1,12 a kt6 
calculC (3, 8): 

2a k j  [RH] )-I] 
1 +---- 

v ~ l l  k5 LR HI 
On s'attend donc ce que n soit une fonction 

croissante de [R'H] [RH]: 11 est Cgal B 0.5 pour 
[R'H], [RH] = 0 et tend vers I quand [R'H] 
[RH] augmente indifiniment. Les rtsultats ex- 
ptrimentaux rapport& dans la rCfCrence 3 
montrent qu'il en est bien ainsi. Ce rCsultat con- 
firme a nouveau ie fait que le processus [5'] est 
un processus d9irnportance nkgligeable par rap- 
port aux processus de terminaison des chaines. 

(ii) Estinzafioi? cle kS k3-Sachant que, B 0 = 

5 "C et Po, = 450 torr, EI = 8 quand R'H est le 
2-pentanol, v = 25 X mol 1-I s-l, VRfI = 
lop3 mol I-' s-l ; alors: 

I1 apparait done que la rCactivitk de ROz. 
vis-a-vis de R'H est 250 fois plus faible que la 
rCactivitC de ce meme radical vis-8-vis de RH. 
Renzarque: Si l'on tient compte de tous les pro- 
cessus impliquks dans la co-oxydation, l'expres- 
sion de Vo,/VRH est la suivante (7): 

vo2 - [VI] - - 
VR , -.-- 

2k5 [R'H] k5 k3, [R'MI2 
I+-- k3 [RH] + 201/%gJ/2 [RHl 

k5 V [R'H] 
1 + 

kg 20 [RH] 

Dans les expkriences d'inhibition que nous 
avons rtalisies, les mesures ont CtC effectuies 
dans le cas ob [R'H] [RH] < 1. Le terme 
2k5[RtH] k3[RH] est donc infkrieur 8 X 

Par ailleurs, sachant que: 

ainsi, on fait une erreur infkrieure B 1% quarld 
on remplace l'inverse de 19expression gknCrale 
Ccrite plus haut par 111. 

(iii) Injuence cle la temp&rature-Nous avons 
montrC sur la fig. 4 que l'efficaciti d9inhibitioa 

21, est l'intensite lurnineuse absorb& par l'heptanal 
(irradiation 313 nm), proportionnelle B la vitesse d'amor- 
Gage. 

EI est d'autant plus grarlde que la ternpkrature 6 
est plus faible. Or: 

Compte tenu de : 

(E;, reprtsente l'tnergie d'activation de la vitesse 
d'aniorcage (8, 17, 18)) alors: 

MalgrC I'imprCcision sur la dktermination de 
E5, il apparait que l'knergie d'activation cor- 
respondant a la rtaction [5] est lkgkrement 
nCgative et infirieure k Ej, rksultat qu'on ne peut 
expliquer si l'on considkre que [5] est un pro- 
cessus Clkmentaire car, compte tenu des energies 
de dissociation de R-H et R'-H (19), on 
devrait obtenir Eg > Eg. 

Si maintenant, on considkre que [5] n'est plus 
un processus klkmentaire, mais un ensemble de 
processus faisant intervenir un complexe par 
liaison hydrogkne entre les radicaux libres issus 
de 1'aldChyde et l'alcoo14 l'interprttation des 
rtsultats obtenus devient possible. 

Pour valider cette hypothese, nous avons 
entrepris une Ctude annexe (8, 20) de l'inhibition 
de la photo-oxydation de 19heptanal par l'eau 
qui met en Cvidence uniquement le r81e des 
liaisons hydrogkne qui peuvent s'Ctablir entre les 
groupements hydroxyle et les radicaux libres 
iorteurs de chaines de l'aldthyde. On rnontre 
alors que la solvatation des radicaux libres por- 
teurs de chaines par l'eau entraine une diminu- 
tion de la reactivitC de ceux-ci vis-a-vis, soit de 
19aldChyde, soit de l'oxygbne, et favorise les pro- 
cessus de rupture. 

Le processus [5] n'est donc pas un processus 
ilkmenlaire et l'on peut interprkter ce rCsultat 
expkrimental en considkrant que le radical RQ2. 

3Q reprksente alors la chaleur de dissolution de 
l'oxygkne dans la solution. 

4Cette hypothese a dCjB CtC formulee par Durup (1) 
pour interpriter l'inhibition par des alcools de l'oxydation 
du cumbne. 
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forme avec l'alcool un complexe par liaison 
hydrogkne : 

K 
R02. + R'H * (R02. . . . R'H) 

et en supposant que le complexe se transforme 
chimiquement en donnant un radical R'. et une 
molCcule de peracide R02H 

icj.1 

[5"1 (ROz. . . . R'H) --+ R 0 2 H  + R ' s  

Si l'on admet, en premikre approximation, que 
R o y  et (ROzs . . . R'H) sont deux formes en 
Cquilibre, alors : 

Or, une ClCvation de tempirature difavorise 
la formation du complexe par liaison hydrogkne 
entre alcool et ROy, ce qui explique une valeur 
de Ej 1CgPrement nkgative. 

Par ailleurs, si l'association entre radicaux 
libres porteurs de chaines de l'oxydation de 
l'heptanal et l'eau entraine une diminution de 
l'efficacitk des processus de propagation des 
chaines et (ou) favorise les processus de rupture 
des chaines, en prCsence d'alcools, on peut 
assister 8: (i) une diminution de kg  (les radicaux 
R'Oy &ant eux aussi solvatCs par l'alcool, leur 
rkactivitk vis-8-vis de RH doit diminuer); (il) 

une augmentation de ks!(. L'attaque de RH 
par un radical R'Oy ou H02. qui est. en l'ab- 
sence d'association, un processus difficile (60 
fois plus faible au moins que l'attaque de RH 
par R02. (2 1)) est donc encore plus difficile quand 
interviennent des liaisons hydroghe entre alcool 
et radicaux porteurs de chaines. 

De plus, les radicaux RO?. et R. Ctant 
solvatis par l'alcool, leur rCactivitC vis-8-vis 
respectivement de R H  (qui peut aussi former un 

complexe par liaison hydrogkne avec l'alcool) et 
de O2 doit Cgaiement diminuer. 
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IsomCrisa~sn dn cis-baatkne-2 photosensibiliske par le soufre 
hexaBusrC dans 19aEtr;avioi9et B vide1 

Hf~2n-E GAGNON-DESLAURIERS el Guu  J. COLLIN. Can. 5. Chem. 54. 2296 (1976). 
Le cis-buthe-2 a CtC photoijse B 8.4<, 8.14-9.56 et 10.03 eV en prCsence de SF6 et de divers 

additifs. Une importante isomCrisation est observCe a 10.03 eV: @(traris-hutkne-2) est de l'ordre 
de 500. A 8.44 eV, ce retldement est de l'ordre de l'unitt. Un mecanisme en chaine amors6 par 
deu atomes d'hydrogkne excite est propos6 pour rendre compte de !a majorit6 des effets observes. 
Bien que nous n'ayoils pas pu identifier definitivernent le porteur de chaine. ni Ccarter la possi- 
hilitC d'un amorCage partie! ionique B 10.03 eV, le porteur de chaine est un dCrivC du SF6. 
possiblement le radical SF5. 

H ~ L ~ N E  GAGKON-DESLAURIERS and Guy J. COLLIN. Can. J. Chem. 54, 2296 (1976). 
cis-2-Butene has been pliorolysed at 8.43, 8.41-9.56. and 10.03 eV in the presence of SF6 and 

of several other additives. A major isomerization process i i  observed at 10.03 eV: @(trans- 
butene-2) -. 500. At 8.4-I eV this yield is of the order of unity. A chain mechanism initiated by 
kinetically excited hydrogen atoms is proposed to explain the observed effects. Although we 
were unable either to identify the chain carrier with certainty or to eliminate the possibility of an 
ionic initiation at 10.03 cV, the chain carrier is a derivative of SF6, possibly the SF5 radical. 

Le socfre hexafiuort est un additif couram- 
ment utilisC en radiolyse comme intercepteur 
d'e'lectrons ( i ,  2).  Son usage est d'autant p!us 
aisC qu'il est pratiquerneilt inerte envers les 
autres riactifs chimiques et ses effets secondaires 
sont ainsi tres limitis. Cependant, il induit 
l'isomtrisation cis-trans du bu the-2  (3, 4). 
isomtrisatioi~ Cgalement abservie en photoioni- 
sation (4, 5). Nous avons repris cette Ctude C E  

photocbimie cie !'u!eraviolet 2 vidz afitl de mieux 
pre'ciser la nature du micanisme rkactionnel 
conduisant 2 !'isomCrisation observke. 

Les techiiiques photslytiques et zilziytiques ont dCja 
CtC decrites ainsi. que la preparation des Cciiantiilons (6). 
Les produits cl~iiniques utilis6s onl m e  puretC supCrieure 
i 9Y.Sr> except6 pour le pentaditne-1,) (977;, Aldrich 
Chemical Co.. Inc.). L.e cis-buiknc-l (CB2) conrient moills 
de 10 pprn de butadikne-1.3 ei 110 f 10 ppm de trans- 
buttine-?. Lcs rCaciifs sont degasis a la tempirature de 
l'azote iiquide avant usage dans un systtirne vide 
(1W6 iorr) muni de robiners jans graisse sauf l'oxygkne. 
les gar rare? ei ie metkane qui sont uti!isCs tels que reqas 
(99.995,. Matheson of Canada). i e s  lampes utilisies ont 
aussi CtC decrites dans Ld lil:eratuie (7). La !ampe au 
xenon est CquipCe d'uile fenEire en t i F  ( I  mm) ei ernel. 
deux raies efliicsces; 129.6 nm, 9.56 eV (2';) et !47.0 im. 

'Traval! subventiannd pzr le Conseil National de 
Recherches d s  Canada. 

8.44 eV (98;;). 1.a lampe au krypton est munie d'une 
fen@tre en CaFz et n'6met comnle raie efficace que la raie 
B 123.6nm. 10.03 eV. Toutes les irradiations ont CtC 
faites B la tenlpirature de la chambre (23 2 "C). Les 
rendements obtenus ont etC compares B ceux de l'acetylkne 
et de l'alltine afin d'en connaitre les rendements quan- 
tiques (8). Dans certaines experiences on a mesurC les 
courants ioniques 1ibCri.s dam la cellule l'aide de 
plaques en nickel relikes a une source de tension continue 
et variable (9). La cellule d'irradiation a un volume de 
1050 + 50 m13 sauf la celiuie utiliske pour mesurer les 
courants de saturation: 360 2 20 cm3. 

CB2 en prisence h e  SF; est de 1-ordre de I00 8. 
500 dependant des conchlions expkrimentales 
t',idd~r:ort progressive cl'oxygkne knnd B f a r e  
d6crc:tre ce rendenlent (tabiezu 1). L '~sor r , i z~  

"Temps d'irradintion: 60 mia,  intensit6 de I;! 
I,!!npe de l'ordre de 131L photon s-' 
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GAGNON-DESLAURIERS ET COLLIN 2297 

x N m-2 

FIG. I.  Rendement quantique du trarzs-butkne-2 en 
prCsence de CCI4: I = 8 k 0.8 1011 photon s-1. 

sation est beaucoup plus sensible a la presence 
de CC14 (fig. 1). L'addition d'amine a un effet 
nkgatif de meme le pentadhe-1,3 tandis que 
l'ammoniac et l'oxyde nitreux sont pratiquement 
sans effet (tableau 2). La quantitk de trans- 
buthe-2 formk croit linkairement avec le temps 
d'exposition. Par contre, il dicroit lorsque l'in- 
tensite de la lampe croit: @(trans-buthe-2)- 
a(I)-'I2 (fig. 2). Enfin, l'addition d'helium au 
melange CB2-02-SF6 (266: 13.3 :9.3 Nm-2) fait 
rapidement dkcroitre le rendement de l'isomk- 
risation (fig. 3). 

A 8.44-9.56 eV 
Les rendements de l'isomkrisation sont ici 

beaucoup plus faibles que ceux mesurks B 10.0 
eV (tableau 3). Puisque les deux raies de la lampe 
peuvent avoir un effet diffkrent, on a klimink la 
raie situCe h 9.56eV en utilisant le mkthane 
comme filtre gazeux (B 8.44 eV: 6 < 1 atm-I 
cm-l et B 9.56 eV: 6 h. 470 atm-'cm-l) (10) en 

TABLEAU 2. Photolyse du systkme 
cis-butkne-2-02-SF6-additif 

(266:13.3:10.0:~ Nrn+) B 123.6 nrna 

Additif (x )  @(trans-C4Hs-2) 

- 270 
N20(8 .O) 220 
NH3(8 .O) 3 20 
CH3NH2 (10) 85 
(CH3)zNHz (1 3) 1 .5 
(CH3)3N (10) 1.3 
C5H8-1 ,3(4 .O) 0.5 

aconditions exp6rimentales identiques celles 
du  tableau 1. 

FIG. 2. Rendement quantique du trans-butkne-2 en 
fonction de l'inverse de la racine carrCe de l'intensitk. 
X = 123.6 nm; mClange irradiC: CB2-SF6+ (266:10:13 
Nm-2). 

FIG. 3. Rapport final trans-butkne-2/CB2 et inverse du 
rendement quantique en trans-buthe-2 en prCsence 
d'hklium. X = 123.6 nm. 

TABLEAU 3. Photolyse du cis-butene-2 (133 Nm-2) en 
prCsence d'additifs avec la lampe au xCnona 

-- - 

IntensitC de 
Additifs (Nnr2)  la larnpe @(trans-C4H8-2) 

- 

UTemps &irradiation 5 min. 
0 X loL4 photon s-'. 
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remplissant la premiere cellule (P .v 500 Nm-i) 
d'une double cellule (11). La seconde cellule 
contient le melange CB2-sF6-o2 (160:20:20 
Nm-2). Lorsque la premikre cellule est vide il y a 
possibilitt d'ionisation partielle du GB2 puisque 
son potentiel d'ionisation est de 9.13 eV (12). 
On a mesur6 dans ce cas un courant ionique de 
l'ordre de 3 X 10-lo A et @(trans-butkne-2) = 
0.23 0.02. Lorsque la premikre cellule con- 
tient le mithane, le courant ionique libtrt dans 
la deuxikme cellule a dkcru d'au moins un 
facteur 20 (iimite de ditection) et le rendement 
de 1'isomCrisation est inchangt. Dans les deux 
cas, le nombre de photons entrant dans la 
deuxikme cellule est de l'ordre de 2.5 X 1012 
photon s-I. 

Discussion 
A 10.0 eV 

La premiere remarque concerne les rendements 
Clevis de la formation de l'isomkre. Comme ce!a 
a dCjB CtC observe en radiolyse, l'isomtrisation se 
produit dans un ~nicanisme en chaine (3). 
A 10.0 eV 1'Cnergie incidente est absorbCe par le 
CB2 puisque son coefficient d'absorption est 
environ cinquante fois plus tlevk que celui du 
SF6 (9). L'absorption d'un photon conduit soit h 
la formation de l'ion parent, dont l'inergie 
interne est insuffisante pour le dicomposer, soit 
B la formation d'une molicule surexcitCe qui se 
fragmente pour donner des produits molCculaires 
stables (M) et des radicaux et des atomes 
d'hydrogkne (8): 

L'influence de l'oxygkne et du gentadikne-1,3 
montre un caractkre radicalaire du micanisme 
de 1'isomCrisation. De plus, l'influence des 
dCrivCs azotks montre un caractkre ionique de 
cette isomtrisation. AjoutC en faibles proportions 
au CB2, l'oxygkne intercepte tous les radicaux 
thermiques formis dans la fragmentation du 
CB2 (8). Par contre, on sait qu'il n'empeche pas 
les stactions des atomes d'hydrogkne, en parti- 
culier lorsque ceux-ci sont cinktiquement excitks. 
On a dCjB montrC (voir tableau 3, ref. 8) que de 
tels atomes d'hydrogkne existent B 10.0 eV bien 
qu'on n'en connaisse ni la quantitt, ni la quan- 
tit6 moyenne d9tnergie qu'ils transportent (en- 

core moins la distribution de cette Cnergie). Une 
rtaction d'amor(;age de la chaine cinCtique de 
l'isomkrisation en prksence de SF6 serait la 
suivante, rCaction proposke dans la photochimie 
du mCthanol pour expiiquer l'effet du SF6 (13): 

Cette rtaction requiert une Cnergie ClevCe d'ac- 
tivation: E, = 30 kcal mol-I (14) mais n'est pas 
impossible dans ce systkme. L'effet de l'hClium 
(fig. 3) est intCressant car il est explicable sur la 
base du ralentissement des atomes d'hydrogkne 
chauds par collision. 11 faut quand m&me retenir 
que le rendement en atomes d'hydrogkne qui 
vChiculent 30 kcal mol-I d'inergie est probable- 
ment bas. 

L'alternative B cet amorsage pourrait &tre une, 
ou plusieurs, rtactions ioniques. Les amines sont 
relativement insensibles envers ies radicaux. Par 
contre, elles rkagissent rapidement avec les ions 
positifs (15, 16). 

Le remplacement des ions parents CB2- par des 
ions amines empecherait 1'isomCrisation. Par 
contre 19ammoniac n'a pas l'effet nCgatif des 
amines. Dans ce cas, l'ion parent rkagit par 
transfert de proton (17): 

Dans ce cas, le remplacement des ions parents 
par des ions de type ammonium ne generait pas 
l'isomtrisation. L'effet de CC14 est aussi intires- 
sant car il peut mettre en cause la prksence d'ions 
nigatifs. L'affinitt klectronique du CCl4 est plus 
grande que celle de SF6 ( I )  et il intercepte !es 
Clectrons thermalists plus rapidement que SF6: 
k(e- + cCl4) = 4.0 X et k(e- f SF6) = 
2.2 x 10-7cm3 molCcule-I s-I (18). En ntgli- 
geant tout autre effet que celui de la capture 
Clectronique et en admettant que CC14 ne 
perturbe pas la chaine cinktique une fois celle-ci 
amorsCe, on obtient la relation 

oia ao(trans) et @(trans) reprtsentent les rende- 
ments en trans-butkne-2 en absence et en pri- 
sence de CC14. Appliqute aux six derniers points 
de la fig. 1, cette relation donne k(e-+CCl4) 
k(e-+SF6) = 2.25 F 0.30. Cette valeur est en 
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bon accord avec le rapport des deux valeurs pas impossible d'obtenir des atomes d'hydrogkne 
prCcCdemment indiquCes. Get accord peut ce- suffisamment excitts: 
pendant &re fortuit.-r)e son c8tC l'oxyde nitreux 
ne  prhente pas d'effet majeur en accord avec le 
fait que sa vitesse de capture Clectronique est au 
moins 10 fois plus faible que celle de SF6 (1, 18). 

Humn~el  a suggCrC que l'interaction entre l'ion 
SF6- et les orbitales T du buthe-2 est respon- 
sable de l'isomtrisation (3): 

Ce micanisme est insufisant car il n'explique pas 
l'effet observi. des amines, du pentadikne, de 
l'oxygkne et de 1'hi.lium bien que la chimie des 
ions SF6- soit loin d'&tre bien connue. Nied- 
zielski et Gawlowski (4) ont proposC un mCca- 
nisme faisant intervenir des ions positifs et 
nCgatifs : 

L a  rtaction 9 a Ctt proposCe en phase liquide 
(19); quant aux re'actions 10 et 11 elles ont CtC 
proposCes par Sidebottom et 01. (20) pour expli- 
quer 19addition du chloropentafluorure de soufre 
sur 1'Cthylkne. Ce mecanisnle est intkressant car 
il met en tvidence le r61e des ions positifs et 
ntgatifs, et des radicaux dans la pCriode d'initia- 
tion et de propagation respectivement. RCcern- 
ment, Gawlowski et Herman ont montrt que la 
rCaction de neutralisation entre l'ion NH4+ 
solvat6 et l'ion SF6- ne  produit des radicaux 
SF5 qu'avec de faibles rendements (21): 

[I?] NH4"(NH3), $- SFG- -+ SF5 + produits 

Comme il est peu probable que les riactions 12 
et 13 aient des rendements similaires en radicaux 
SF5, il s'ensuit qu'on devrait s'attendre B une 
perturbation non ntgligeable du rendement de 
1'isomCrisation sur addition d'ammoniac. De 
plus, l'effet de l'htlium ne s9explique pas facile- 
ment sur la base des reactions 9-13. 

Afin de reconcilier l'effet de 1'hClium avec un 
me'canisrne d'amorcage lui-m?me initiC par voie 
ionique, on peut penser que la reaction de 
neutralisation produit des atomes d'hydrogkne 
excite's. La riaction 9 a CtC proposC en phase 
liquide. Etant donni la friquence de collision 
beaucoup plus petite en phase gazeuse, i! n'est 

[I41 C4Hs+ + SF6- -, H* + produits 

L9isomCrisation serait alors entretenue soit 
directernent par les atomes d'hydrogkne excitts, 
soit par les radicaux SF5 produits dans la rCaction 
4, soit par une autre espkce. 

[I51 H* + CB2 4 trai1s-C~M~-2 + H" 
AH = - 1 .l kcal mol-1 

Si tel est le cas, et pourvu que le rendement en 
atome d'hydrogkne excitC produit dans la 
rCaction 14 soit non-ntgligeable, on devrait 
observer un accroissement des rendements en 
propbne et en Cthylkne (8): 

En photolysant les mtlanges cis-C4Hs-2-02-He 
(2.0:O. 1 :0-300 torr) et C ~ J - C ~ H ~ - ~ - ~ ~ - S F ~ - H ~  
(2.0:O. 1 :0.07:0-300 torr) on obtient les m&mes 
rendements en Cthylkne et en p rophe .  I1 faut 
cependant dire qu'8 2.0 torr, on n'est pas dans les 
rneilleures conditions et compte tenu des rapports 
S,lD, et S,: D, B cette pression et A cette 
longueur d'onde, (8) et de l'incertitude expiri- 
mentale, le rendement de la &action 14 peut- 
2tre Cgal au rendement quantiquc d'ionisation. 

A 8.44 eV 
Les rendements observes ici sont au moins de 

deux ordres de grandeur plus faibles que ceux 
rapportis B 10.0 eV. L'explication des rCsultats 
du tableau 3 est compliquCe par le fait de la 
prCsence de la raie situCe B 9.56 eV. Les ex- 
ptriences faiies avec la double cellule explicitent 
en particulier le r81e du methane (voir section 
Risultats). La suppression de la raie B 9.56 eV, 
donc 1'Climination de l'ionisation du milieu 
riactionnel, ne diminue pas le rendement de 
1'isomCrisation. Par constquent, le r81e du 
mtthane, en plus d'absorber la raie la plus 
CnergCtique, agit comrne diactivant, r81e similaire 
2 celui de l'btiium dans les irradiations B 10.0 eV, 
bien qu'avec une eficacitt moindre. L9efficacitC 
de I'argon, efficaciti. elle-m&me moindre que celle 
du mithane, milite aussi en faveur d'un mica- 
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nisme oG les atomes d'hydrogkne excitCs ont un 
r61e important. Enfin, la double cellule montre 
que 19ionisation du milieu rtactionnel n'est pas 
ntcessaire B l'isomtrisation. Cette isomtrisation 
B 8.44 eV a CtC observCe par Niedzielski et 
Gawlowski (4b). Cependant, Ctant donne les 
coefficients d'absorption respectifs des deux com- 
posCs (9), et le mtlange irradiC, le SF6 pouvait 
absorber jusqu'h 80% des photons incidents et 
former ainsi directement, par dCcomposition de 
la molCcule (SF6)** photoexcitCe, le radical SF5 
ou tout autre porteur de chaine. 
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Configurational effects on 136 chemical shifts of 1,6-anhydro- 
hexopyranoses and related compounds. U(ili4y of 13C-'M coupding 

patterns for signal assignamen4s1 
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R. GEORGE S. RITCHIE, NATSUKO CYR, and ARTHUR S. PERLIN. Can. J .  Chem. 54,2301 (1976). 
An analysis of configurational effects on the 13C chemical shifts of bicyclic compounds of 

the 1,6-anhydrohexopyranose and 2,7-anhydroheptulopyranose type is presented. As with 
other saturated ring systems, strong upfield shifts are found in association with an axial orienta- 
tion of the substituents, although in this respect 13C nuclei of the anhydro ring appear to 
exhibit atypical behaviour. Deshielding changes characterize a syn-diaxial orientation of 
hydroxyl groups, and also of a hydroxyl group with respcct to the bridgehead bonds. No 
appreciable effects of antiperiplanar hydroxyl groups on 13C chemical shifts have been detected. 
Possible interrelationships between 13C or 1H chemical shifts and steric interactions are dis- 
cussed with reference to the relative stability of isomeric anhydrosugars and c-H bond 
polarization. Some characteristics of one-, two-, and three-bond 13C-IH coupling are described, 
and are shown to be of value in several instances for the assignment of 13C signals. The IH- 
coupled signal for methylenic C-6 of 1,6-anhydrides is commonly non-first order, in contrast 
to the simpler pattern exhibited by methylenic C-1 of 2,7-anhydrides. 

R. GEORGE S. RITCHIE, NATSUKO CYR et ARTHUR S. PERLIN. Can. J. Chem. 54,2301 (1976). 
On prisente une analyse des effets configurationnels sur les dkplacements chimiques du 13C 

de composCs bicycliques du type anhydro-1,6 hexopyrannose et anhydro-2,7 heptulopyrannose. 
Comrne on l'avait observC avec d'autres systkmes cycliques saturCs, on observe qu'il y a une 
association entre de forts diplacements vers les hauts champs et l'orientation axiale des substi- 
tuants; toutefois dans ce domaine les noyaux 13C du cycle anhydro ne prksentent pas de 
comportement typique. Les changements des blindages caractirisent une orientation syn- 
diaxiale des groupes hydroxyles ainsi que d'un groupe hydroxyle par rapport aux liens se 
trouvant en t&te de pont. On n'a pu dCtecter aucun effet appriciable des groupes hydroxyles 
antipiriplanaires sur les diplacements chimiques du 13C. On discute des interrelations possibles 
entre les diplacements chimiques du 13C ou du 1H et les interactions stiriques; cette discussion 
se fait par rapport B la stabiliti relative des sucres anhydro isomhres et de la polarisation du lien 
C-H. On dkcrit quelques caractkristiques des couplages 13C-lH sur un, deux ou trois liens et on 
montre qu'il peuvent s'avCrer utiles dans plusieurs cas pour attribuer des signaux '3C. D'une 
f a ~ o n  gCnCrale le signal coup16 avec des protons 1H pour le groupe mithylbne en C-6 des an- 
hydrides-1,6 n'est pas du premier ordre et ceci est en opposition avec les patrons plus simples 
prisentis par le groupe mithylkne en 6 1  des anhydrides-2,7. 

[Traduit par le journal] 

Introduction 
Several studies have been made of configura- 

tional and conformational effects on 13C chemi- 
cal shifts of aldopyranoses (1-4), ketopyranoses 
(5, 6), and aldofuranoses (7). This study deals 
with some anhydrides2 of these sugars which, by 

IPresented to the 58th Canadian Chemical Conference 
of the Chemical Institute of Canada, Toronto, Ont., May 
1975. 

2The generosity of N. K. Richtmyer, who provided 
most of the compounds described here, made this study 
possible. To the regret of the authors, Dr. Richtmyer 
declined to share in the authorship of this article; he 
pointed out that he has already specifically announced 
(8) that he plans no further publications. 

furnishing a bicyclic type of ring system (as in 
1,6-anhydro-p-D-idopyranose (la)), have per- 
mitted an examination of the orientational in- 
fluences of substituents with geometries more 
rigidly defined than those of their monocyclic 
counterparts. In addition, since all eight di- 
astereoisomeric 1 ,6-anhydro-p-D-aldohexopyran- 
oses (and most of the 2,7-anhydro-p-D-heptulo- 
pyranoses (e.g., the ido isomer, Ib)) are con- 
sidered here, the current analysis is more com- 
plete than that carried out with their parent 
sugars, and the numerical evaluation of shielding 
terms is more precise. 

Some characteristics of 13C-lH coupling in 
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l o  I b  

these bicyciic compounds are described, and 
examples are given of how coupling across two 
or three bonds (2Jci,H or VJ,-,,) has been utilized 
in the identification of 13C resonance signals. 

Results and Discussion 

AnaIysis of rlze 13C Nuclear Magnetic Resonance 
Spectra 
136:  chemical shift data for the various anhydro 

sugars studied are summarized in Table 1. 
Assignments for individual resonances are based 

on a number of considerations, which are dis- 
cussed below mainly for the 1,6-anhydro-p- 
hexopyranoses (series A). However, many of the 
same considerations apply for their triacetates 
(series C ) ,  a.s well as for corresponding carbons 
of 2,7-anhydro-p-heptulopyranoses (series B). 

Carbons 1 ,  5,  cincl6 (1 ,  2 ,  6 ,  and 7,  Series B) 
For certain 13G nuclei, the signal assignrne~lts 

are relatively straightforward. Carbon-1 of 
1,6-anhydrides always produces the signal at 
lowest field because of its bonding to two oxygen 
atoms. The analogous nucleus in the 2,7-an- 
hydrides, carbon-2, resonates at  even lower field 
(by -6 ppm) due to the additional deshielding 
effect of the primary carbinol group. 

A triplet structure in off-resonance 'H-de- 

TABLE 1. Experimental 13C nmr chemical shifts (ppm) for (a)  1,6-anl~ydro-p-hexopyranoses. 
( b )  2,7-anhydro-p-heptulopyranoses,(c) 1,6-anhydro-2,3,4-tri-0-acetyl-p-hexopyranoses. 

and (dl 0-isopropylidene derivativesa 

ido 
(e,e,e) 

altro 
(e,e,a) 

gluco 
(a,a,a) 

maatlo 
(e,a,a) 

gulo 
(a,e,e) 

allo 
(a,e,a) 

galacto 
(a,a,e) 

talo 
(e,a,e) 

- - --- ~ 

GExpected orientations of the 2-, 3-,  and 4-hydroxyl groups are in parentheses. 
bl,6-Anhydride. 
C2,7-Anhydride. 
dAssignments may be reversed. 
eO-Acetyl methyl shifts for this and other c compounds: equatorial 20.3 ppm; axial 20.i 
f0-Isopropylidene signals at 110.0, 26.0, 25.9 ppm. 
00-Isopropylidene signals at 108.6, 25.7, 24.3 ppm. 
hAssignments confirmed by deuterium labelling. 
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The signal for C-5 is readily identified in series kHz A downfield of ail except the C-l signal, its 
positlon being attributed to the effect of the C-5, 
0-5.C-I bridge and also to  the fact that it is 
located within a five-membered ring (7) (as well 
as a pyranose ring). Another distinguishing 
characteristic of this nucleus is that it exhibits a 
larger value of lJC_H (155-168 Hz) than do  the 
other I3C nuclei that bear one oxygen atom 
(lJc_EI = 143-152 Hz). Again, this feature may 
be associated with the fact that I3C nuclei in 
five-membered rings have larger one-bond 
coupling constants ('J) than those of six-mem- 
bered rings, or of side chains (unpublished 
results). 
Carbons 2, 3, and 4 (3, 4, and 5, Se'eries B) 

Assignments for C-2, -3, and -4 have been 
derived extensively from two- and three-bond 

R 13C-IH coupling data. This approach utilized 
the fact that (a) 3JC-H in sugars is -5 Hz when 

I the nuclei are anti, and usually < 2 Hz when thej 
are gauche (1, LOa), and (b)  2JC_I-r is -5 Hz 

FIG. 1. The three components of the proton-coupled 
when the I3C-0 and C-'H bonds are gauche, 

13C-6 slgnal of 1,6-anhydro-3-D-matlnopyranose ( 4 ~ ) .  and < 1 Hz when they are anti (1, IOU, b, c). 
show~ng non-first order effects Also, ~t was assumed that corresponding carbons 

in homologous pairs (A and B series) or their 

coupled spectra served to locate the signal of acetates (C series) can be interrelated by their 

carbon-6 (or of C-1 and -7 in series B) which chemical shift and splitting patterns. 

usually3 is the most strongly shielded of the 13C For C-3 assignments, it was useful to compare 

ring nuclei. The appearance of these primary the lH-coupled spectrum of a 1,6-anhydride (A) 

carbon signals in frilly coupletl spectra is itself with that of its analog in the 2,7-anhydro (B) 

noteworthy. That is, very often the C-6 signal series. In A, C-3 should exhibit an extra coupling 

(at 22.63 MHz) is considerably more complex (vicinally with anti H-1) in comparison with the 

than a simple triplet, or even a doublet of corresponding C-4 of B. As seen in Fig. 2 for 

doublets (1JC-6,~-6endu f 1J~-6,H.6f,,,). Line Sep- the nzanizo isomers (4u and 4b), the respective 
C-3 and C-4 assignments for these two com- 

arations are unequal and combinatior. transition pounds may be deduced from the fact that the 
are observed, such as those shown in Fig. 1 signal is a triplet u = 5 H ~ )  whereas 

for 1,6-anhydro-g-D-mannopyranosc (4a). This the former is a quarter. 
complexity is due to the fact that the chemical A choice between C-2 and c - ~  of a 1,6- 
shift difference between H"5 and H-6' (at 90 took account of the following: C-2 
MHz) is to %1J~-6,x-6' - 2J~-6 ,~-5) ,  may exhibit coupling with H-3 and H-4 (oc- 
and that Protons H-5 and H-6' are casionally with H-1 (loc)), whereas C-4 may 

(m5 (9 )  the for couple with H-3, H-5 (2J) and with H-2, -6, and 
in series is a ( J ~ - , , ~ ~ - l  -61 ('J) In general, therefore, the C-4 signal 

= 143.5-L44.5 Hz, 'C-l,H-3 < H z )  This dif- should appear as a doublet of con~plex multi- 
ference therefore, to differentiate be" plets, whereas C-2 should reflect less coupling. 
tween and C-7 in the 'pcctra of the 257- Examples of these splitting characteristics are 
anhydrides. cited in the following outline of assignment pro- 

3Notable exceptions are &-3 of 1,h-anhydro-p-D-alio- cedures ; for simplicity, the large JC_H couplings 
pjZranose (40)  and C-j  of 2,7-anhydro-p-~-galactohep- are disregarded and only one half of each signal 
tulopyranose (76) is described (as in Fig. 2) 
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FIG. 2. Proton-coupled 13C signals (upfield half) for C-3 of 1 ,6-anhydro-P-D-mannopyranose(4a)and 
C-4 of 2,7-anhydro-p-D-mannoheptulopyranose (46). 

I. Isomers of the manno, allo, galacto, and 
talo Configurations 

Selective deuteration established assignments 
for the 2-, 3-, and 4-carbons of the allo (6) and 
talo (8) isomers (Table 1). The preparation of 
0-isopropylidene compounds proved to be help- 
ful with cis-diols 4a and 7a. Thus a comparison 
of the spectrum of the derivative (4d or 7d) with 
that of its parent gave the following results: the 
13C nuclei involved in formation of the iso- 
propylidene ring experienced a substantial de- 
shielding change (- 5 ~ p m ) ~  and also an  increase 
in l J  of 5-10 Hz, whereas the other 13C nuclei 
exhibited relatively minor effects. Such changes 
are illustrated in Fig. 3 for 1,6-anhydro-p-D- 
mannopyranose (4a) and its 2,3-0-isopropylidene 
derivative (4d). Together with the data of Fig. 2, 
this accounts for the assignments in the manno 
series. Similarly, for the galacto isomer (7a), the 
spectrum of 7d (Table 1) served to designate C-3 
and C-4; in turn, the latter were distinguished by 
the fact that the signal at 64.9 ppm was a broad 
multiplet, as expected for C-4, whereas the 
signal at 70.8 ppm was only a quartet and thus 
more consistent with C-3. 

2. Isomers of the ido, altro, gluco, and gulo 
Configurations 

In the spectrum of ido isomer lb ,  the resonan- 

4By contrast, some examples have been reported (11) in 
which the 0-isopropylidene group appears to have a 
negligible effect on 13C chemical shifts. 

ces of which were better separated than those of 
l a ,  the signals at 74.8, 75.4, and 71.7 ppm con- 
stituted a quartet, doublet, and broad multiplet. 
Accordingly, they were ascribed to C-4, -3, and 
-5 respectively. By analogy, a broad multiplet at 
7 1.4 ppm in the spectrum of l a  was attributed to 
C-4; the remaining signals (C-2 and -3) are 
coincident in chemical shift. 

Signals of 2a and 2b at 72.9 and 72.8 ppm were 
triplets of virtually identical structure. This 
eliminated from consideration a C-3, C-4 re- 
lationship of the type illustrated in Fig. 2, and 
also was inconsistent with the greater multiplicity 
expected for the C-4 (2a) and C-5 (2b) signals. 

I, i I I I 
76 74 72 70 68 66 

ppm from T M S  
FIG. 3. A comparison of the 13C chemical shifts of 

1,6-anhydro-p-D-mannopyranose (4a) and its 2,3-0-iso- 
propylidene derivative ( 44 .  Bracketed numbers are the 
observed lJc- ,  values in Hz. 
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RITCHIE ET AL. 

TABLE 2. Calculated 13C shielding terms (X) associated with cis cs. trans 
configurations of substituents in 1,6-anhydro-p-hexopyranoses (A) and their 

2,3,4-triacetates (C) 

X(cis minus trans)" 

13C nuclei 2,3 2,4 3,4 2,Eb 3,Bb 4 ,Eh  ErrorC 

aNumerical values (in ppm) which are negative imply upfield shifts. 
bTerms involving the bridgehead. 
cCalculated shift minus experimental value. 

As for the remainder, the chemical shift dif- 
ference between C-3 and -4 of 20 is trivial, and 
the signals for C-4 and -5 of 2b coincide. 

A C-3 assignment for the resonance of the 
D-gl~ico compound, 30, at 73.3 ppm was war- 
ranted by the fact that this signal was a quintet, 
whereas the corresponding signal of 36 at 74.4 
ppm was only a quartet (C-4). Of the 3a signals 
at 70.9 and 71.6 ppm, the former was a narrow 
quasi-triplet whereas the latter was a broad 
multiplet, indicating that they were due to  C-2 
and C-4, respectively. 

Only very small differences are found in the 
chemical shifts of the 2-, 3-, and 4-carbons of the 
gulo isomers (5a and 5b), and these signals 
virtually coincided in the 'H-coupled spectra. 
Nevertheless, one of the 5a signals at 70.5 ppm 
was clearly evident as essentially a singlet super- 
imposed on the other, broader, signals. Ac- 
cordingly one signal at 70.5 ppm is ascribed to 
C-2. 

Data also are given in Table 1 for the 2,3,4- 
tri-0-acetyl derivatives of the 1,6-anhydro- 
pyranoses (series C). The assignments are based 
on comparisons of the chemical shift and 
(particularly) lH-13C coupling patterns for the 
individual compounds with the corresponding 
data for the unsubstituted (series A) compounds. 
Relative to the A spectra, two changes are 
generally discernable: ( i )  the 13C nuclei resonate 

slightly upfield (aside from C-6, which is essen- 
tially unarected) (Table l), and (il) values for ' J  
are usually increased by several Hz; possibly, 
both of these effects are associated with the 
change in solvent. 
Conjiglirational Efects oil 13C Chemlcal Shijts 

A numerical analysis, such as applied earlier 
to furanoses (7), has been performed (Table 2) 
in order to interrelate configurational changes 
among the 1,6-anhydro sugars with the observed 
differences in their 13C chemical shifts. This 
involved the assumption that shielding changes 
may be expressed in terms of all possible 
arrangements of the pyranose ring substituents, 
by considering the relative orientations of two 
substituents at a time (while maintaining a chair 
conformation for the pyranose ring5). Thus, the 
13C shielding terms listed in Table 2 are asso- 
ciated with differences between cis and trans 
arrangements; e.g., X(2,3) represents the term 
for the 2- and 3-hydroxyl groups (or acetoxyl in 
series C), and X(4,E) for a 4-substituent and the 
bridgehead bonds. 

The following three generalizations summarize 
the data of Table 2; they are expected to apply, 
at least qualitatively, to 13C nuclei in other six- 
membered ring systems : 

5Proton magnetic resonance spectra (12) ind~cate that 
most, if not all, of these compounds possess a chair 
conformation. 
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(i) Vicinal cis arrangements are associated with 
upfield shifts of 3-4 ppm. 

(ii) A 136 nucleus experiences greater shieldiiig 
by -1.5 ppn1 when the adjacent C-0 bond is 
axia: rather than equatorial. This reflects dif- 
ferences between frni~s-e,e and a,a values, and 
also between cis-a,e and e,a. 

(iii) A nucleus experiences greater shield- 
ing (by 2.2 ppm) when there is an axial C-0 
bond (2) rather than ari equatorial one (3) at 
the "/ position, although the eirect is noticeably 
smaller (- 1.4 ppm) when the a and -y bonds are 
viz-axial(4). 

These generalizations may now be considered 
more specifically in relation to individual 13C 
nuclei. Although the discussion deals with 
compounds of series A, the same reasoning 
applies to series C and, probably as well, to 
series B compounds. 

(a) None of the carbon-1 terms demonstrate a 
significant shielding influence? including the 
vicinal cis arrangement [X(2,rS)]. Considering 
projections 5 (equatorial 0-2)  and 6 (axial 0-2)  
along with the C-1,C-2 bond, it is seen that both 
involve one galrclle and one anii relationship sf 
C-0 bonds, and hence overall similar efiviron- 
rnents for C-1. Presumably for this reason, C-1 
remains unaffected by a configurational change 
at C-2." 

(b) The effect of the cis-!,2 arrangement 
[X(2,19)] is similarly small for 6-2 (probably for 
the same reasons). A large shielding influence 

6Analogous considerati~ns apply for the relatively 
constant chem'ical shift of C-2 in 3-epimeric 2.7-2nh.j- 
drides ("ind 8). 

is attrib~ltable to the cis-2,3 arrangement 
[X(2,3)] and a substantial additional one when 
the C-3. 0 - 3  bond is axial [~(3,15)]. An axial 
C-4, 0 - 4  bond is associated with an upfield 
change in shielding of -2.2 ppm when 0 - 2  is 
equatorial and trans to 0 - 4  (that is, - X(4,K) - 
X(2,4) = - 1.4 - 0.8 ppm) and a smaller one 
of - 1.4 pprn (i.e.,  -X(4,75) = - 1.4 gpm) when 
0 - 2  is sjn-diaxial with respect to 0-4, in accord 
with item iii. 

(c) Carbon-3 experiences an upfield shift when 
there is a cis-2.3 or cis-3,4 arrangement (-4 
ppm each), and when 0 - 2  or 0 - 4  is axial (-2 
ppm each). Thus, a remarkably large upfield 
shift (> 10 ppm) is found when several of these 
arrangements apply simultaneousiy: as for C-3 
of 1,6-anhydro-@-u-allopyranose (6a) as conl- 
pared with C-3 of 1,6-anhydro-d-D-idopyranose 
(la). Deshielding is observed when 0 - 3  is axial, 
and hence sjx-diaxial with respect: to the bridge- 
head ( X ( 3 , E )  = 1.5 ppm). 

( d )  Both the cis-3.4 and cis-4,5 arrangements 
are associated with strong increases in the shield- 
ing of carbon-4. There are lesser upfield shifts 
when 0-3  is axial (- 1.3 ppm), 0 - 2  is axial 
[-X(2,E) = - 1.1 ppm], or both 0 - 2  and 0 - 4  
are axial [-  X(2,4) = -0.9 pprn]. 

(el The cis-4,5 arrangement gives rise to an 
upfield shift (- 1.8 ppm) for carbon-5 but otber- 
wise, as found with carbon-1, orientational 
changes produce no appreciable effects. This 
difference between the 4,E term (for C-5) and 
2 , E  tern? (for G-I)  may be related to the fact 
that a ci.r -3 frcuzs (equatorial -. axial) change at 
C-4 iilvolves differing arrays of nuclei close to 
6-5, (9) and (lo), which is in contrast to the 
essentially equivalent arrays seen in 5 and 6. 

Cf) Carbon-6 appears to be remarkably imper- 
vious to  configurational change, although a 
sinall upfield shift (- l .0 ppm) is associated with 
a gcrucize relationship between this carbon and 
equatorial 0-4[X(4,E)]. 

Shielding Changes Related to syn-Diaxial 
Substit~ierzts 

The current results provide information about 
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shielding changes associated with syn-diaxial 
hydroxyl groups (4). Earlier observations (1, 3. 
13) on rnonocyclic compounds had suggested 
that such an arrangement involves a downfield 
shift (by 0.5-1.5 ppm) for the 1- and 3-carbons, 
relative to these carbons in an axial, equatorial 
arrangement (2). This type of effect is seen also 
with the more rigidly defined geometry of the 
anhydro sugars: as shown above, the difference 
observed between 2 and 4 amounts to  0.8 ppm. 

A more pronounced deshielding effect has 
been found for sjx-diaxial structures such as 11 
in appropriate norbornane (14) and decalin 
derivatives (15), the methyl carbon being less 
shielded than that of its equatorial isomer. This 
has been referred to as a '6 effect' (14), in con- 
trast to the well known '?-gauclze effect' (rep- 
resented in 2) and its attendant upfield shifts (16). 
Since the OH,OIH relationship in 4 is spatially 
similar to  the BH,CH relationship in 11, the de- 
shielding change associated with the ~jn-diaxial 
diol may be regarded as another manifestation 
of the 6 effect (although, strictly speaking, this 
term has been introduced to describe the effect 
on a 6 carbon atom). 

Features of both 4 and 11 appear to be in- 
volved when there is a syz-diaxial relationship 
between OH-3 and the bridgehead. In fact, from 
an overall comparison of the equatorial and 
axial OH-3 epimers (12) it is found (from Table 
2) that the axial isomer is associated with down- 
field, as weli as upfield, shifts: i.e., although C-2 
and C-4 of the latter resonate upfield, C-3 is 
downfield, and the position of C-6 is unchangad. 
Hence, examples of a deshielding type of ef?ect 
are seen here also, although the 6 carbon (C-5)' 

(86, axial-equatorial) 

does not itself exhibit a net change in chemical 
shift, in contrast to the 6 carbon (CH3) of 11, 

7S:rict!y speaking, howeker, the C-5.C-6 boqd in these 
compounds is not axial (19). 

TABLE 3. A comparison of the 13C (and 'M) chemical 
shifts of 1,6-anhydrohexopyranoses with their stabiiities 

Isomer 

id0 
a1lr.o 
glllo 
ail0 

fa10 
nzani~o 
galacto 
r.1~4~0 

Relative 
stability" 

13C chemical 
shift (ppm)" 
- 

77.3  
76.4 
75 " 2  
74.6 

74.4 
75.6 

'H chemica! 
shift (ppn?)" 

3.98 
1 ~ 0 5  
1.10 
-1.12 

1~15 
4.12 
4.12 
4.02 

"Data from ref. 19. 
bA\-erage of chemical shift for all 6 carbons, or 7 protons: rclsti\e 

to teti-ntnethqlsilane. 

13C Clfetnical Shifts a~zcE Sferic Interactions 
Upfield shifts attributable to the ?-gauche 

effect have been rationalized in terms of steric 
compression between the gairche substituents 
(16). In agreement with this, it has been found 
within several series of isomeric compounds that 
those species incorporating a proeressively 
ereater number of gauche interaetlons are 
u 

characterized by more pronounced upfield 1303 
chemical shifts; i.e., the least stable isomers 
contain the most strongly shielded carbons (18). 

The anhydro sugars afford a more comp!ex 
pattern. Calculated values8 for the relative 
stabilities of the 1,6-anhydrohexopyranoses are 
compared in Table 3 with I3C chemical shifts; 
the latter have been averaged for all six nuclei 
of each isomer, so as to f"tci!leatc c~mparisons 
between individual cor~:pounci. 'The compounds 
are listed in two groups: in  the sequence iclo to 
sd!o "here is a progressive upfielc? shift as stability 
dccrea-ses. O the remaicing f o x ,  only the tala 
isomer falls into this seqxeace. EPoy?$cver, these 
Intter compou!:ds ir~cor;ji;rdte the axid 0 -3 ,  
bridgehead ( 3 . s )  arrangement ivhicb, as noted 
above, is charr,cterized by dowirfieid (and re- 
d~iced upfield) shifts, Furti~ermore, the gllrco 
isoncr is most strikingly out of sequace,  
possibly becaase it also incorporates sj?-i-diaxial 
0 - 2  a d  0 -4 ,  which shculd contribute further to 
the downfield posiiio:~ of its ssignals.9 

8These are based or; free energies calcla:a~cd with 
rckrence la the parent liexoses, and agree fairly well with 
experirneiltai dzia for hexose-anhjdride equilibria (19). 

'I+ is iicieworth~l that the correspondiilg average values 
for rompouilds cif :he B and C series follow virtually ?k 
SR~TIC,  overail seqilznce as for the A compounds: 
jwj 1 > 3 > 2 > 4 > 5 > 7 > 6 > 8 ,  
(G j  $ > 3 > 2 > 4 > 5 > 7 ,  
(Q 1 = 3 > 2 > 4 > 5 , 7 = 8 = 6 .  
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TABLE 4. Changes in 13C chemical shifts chemical shifts are dominated by y-gauche 
associated with arltiperiplar~ar and gauche effects, but also those incorporating syn-diaxial 

orientations of oxygen interactions. 

A6" 13C Shielding Changes Associated tvitl~ 
( P P ~ )  Antiperiplanar Oxygen Atoins 

Carbon 2 It has been found recently (20) that an anti- 
periplanar heteroatom, as in 13, may promote an 
upfield 13C shift comparable to that associated 
with the related gauche arrangement (14). Con- 

ido -+ altvo 1 . 8  
gulo + allo 0.3O 
talo --+ marzrlo 3 .O 
galacto -+ gluco 1 .Ob 

Carbon 4 

*Bo7@ 0 

id0 -+ gulo 1 . 5  
altro 0110 -0.2O 
talo 4 galacto 2.2 
nzarztlo gluco 0.6O 

aChemicalshift of C-2 or C-4of isomer in theleft 
column riliiiur that in the right column; data from 
Table I .  

hInvolves syi-diaxial 0-2,O-4 relationship. 

Therefore, although y-gauche interactions are 
consistently associated with an increased shield- 
ing of 13C, the determining factor may not be 
steric compression per se. Otherwise, strongly 
destabilizing syn-diaxial interactions should lead 
to upfield shifts as well (or 7-gauche interactions 
to downfield shifts). Perhaps a more important 
consideration is the fact that the spatial relation- 
ship of the nuclei involved in these two types of 
interactions is different, and hence need not be 
expected to lead to analogous chemical shift 
patterns. 

Proton chemical shifts of the 1,6-anhydro- 
hexoses (12) merit comment in this context. The 
values given in Table 3, like the I3C data, are 
averages of all IH chemical shifts for each of the 
compounds. These numbers follow a progression 
that is the inverse of the 13C values (i.e., on the 
average, the more shielded a 3C nucleus, the less 
shielded is a proton appended to it). This type 
of interrelationship, referred to  as a 'bond 
polarization' (lg), is an integral feature of the 
model for the y-gauche effect. According to the 
data of Table 3, bond polarization appears to  be 
a more general characteristic since it applies not 
only for the compounds (column 1 )  whose 13C 

sequently, the observed shifts for the 6 carbons 
in isomeric species represented by 13 and 14 may 
be about the same. Because the anhydro sugars 
provide many instances of arrays resembling 13 
and 14, the current 13C data have been examined 
for possible effects of this kind. 

Table 4 summarizes the changes in chemical 
shift of C-2 associated with antiperiplanar or 
gauche 0 - 4  and of C-4 with analogous orienta- 
tions of 0-2.1° Half of the examples involve 
upfield shifts of 1.5-3.0ppm, which is in the 
range normally expected for r-gauche effects. 
Although the chemical shift differences for the 
other examples are small, in each of these in- 
stances the gauche arrangement brings 0 - 2  and 
0-4  into a syn-diaxial relationship and, therefore, 
it should involve less of an upfield shift (by -0.8 
ppm) than the other four gauche arrangements. 
A similar examination of the possible effect of 
0 -3  on C-l or 6-5  should likewise lead to  
ambiguous results, because in these instances 
allowance would have to be made for the 3 , E  
syn-diaxial arrangement. Consequently, there is 
no clear indication that 13C nuclei of the 1,6- 
anhydrohexopyranoses experience upfield shifts 
due to  the presence of antiperiplanar 0 atoms. 

Experimental 
1,6-Anhydro-p-D-talopyranose-Zd, -3d, and -4d were 

prepared as reported by Horton and Jewel1 (21). 1,6- 
Anhydro-p-D-allopyranose-3d (12) was prepared from the 
known ~-allose-3d (22) by the method of Zissis and 
Richtmyer (23). 1 ,6-Anhydro-3,4-0-isopropylidene-p-D- 

losince the 'antiperiplanar effect' probably involves a 
back-donation of charge from the lone pairs (20), the 
rotamer populations of the hydroxyl groups would have 
to be determined in order to permit a fuller evaluation of 
possible contributions by these oxygen atoms. 
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RITCHIE ET AL. 2309 

galactopyranose ( 7 4  and 1,6-anhydro-2,3-0-isopropyli- 
dene-p-D-mannopyranose (4d) were prepared by standard 
procedures. 

The numerical analysis of the 13C chemical shifts 
utilized the same approach as described previously (7). 

13C magnetic resonance spectra were measured at a 
frequency of 22.63 MHz with a Bruker WH-90 FT spec- 
trometer, employing a 2H-lock. Deuterium oxide was 
used as a solvent for water-soluble sugars, and methanol 
was used as the internal standard (MeOH 49.6 ppm 
downfield from TMS). Chloroform-d was used both as 
the solvent and as the internal standard (CDCI3 76.9 ppm 
downfield from TMS) for the remaining compounds. 
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CIRILL SCHMIDI. Can. J. Chem. 54, 2310 (1976). 
A four step sequence \\as found to c o n ~ e r t  2.2.6-tr1methylc)clohexanone, 4. to  1-(2-hydroxy- 

ethy1)-2,6.6-tr1methyl-l.3-cjclohexadiene. 2 1  (overall yleld 76',) An efic~ent route to homo- 
\afranlc a c ~ d  3 1s also described (overall j ~ e l d  8'3' ( from ltetone 1) 

CIRILL SCHMIDT. Can. J. Chem. 54, 23 10 (1976). 
On a trouve Llne sequence en quatre etapes pour transformer la trlmethyl-2,2 6 cyclohexanone 

1 en (hydroxy-2 ethyl)-1 trimethyl-2.6.6 cyclohexaned~ene-1.3 (2u) avec un rendement global 
de 76', On decrlt aussl une methode eficace pour amber n l'aclde hornosafran~que (3) abet 

un rendenlent global de 80 , ii partir de la cetone 1 
[Tradult par le journal] 

In the course of other synthetic work we were 
faced with the conversion of 2,2,6-trimethyl- 
cyclohexanone l to the alcohol 2a. The latter 
could be obtained by the reduction of the known 
homosafranic acid 3 with LiAIH4. This acid was 
previously prepared in three steps from 9-cyclo- 
citral in a 157, overall yield (1). In our hands this 
procedure gave even lower yields. We were 
therefore prompted to consider other synthetic 
routes. A further incentive towards an improved 
synthesis of homosafranic acid 3 was that a 
series of natural products such as loliolide and 
actiniolide were synthesized from it (1). 

We first investigated whether the method of 
Saucy et ~ i l .  (2) (silver catalyzed rearrangement 

2 a R = W  
b R = COCH; 

of acetate 4 through enolacetate 5 to  aldehyde 6) 
could be extended vinylogously, via acetate 90 
(R = CH3CO) and compound 10. This could 
then lead to homosafranic acid 3 via 11 followed 
by oxidation and a prototropic change. 

Reaction of ketone 7l with a large excess of 
lithium acetylide in liquid ammonia gave only 
low yields. but use of the complex LiC=CH.- 
H2NCH2CH2NH2 (4) resulted in a 90Yc yield 
of 8. The unique efficiency of this complex has 
also been demonstrated by Huffmann and 
Arapakos (5). 

9 a R = H  10 
b R = COCH; 

The acetylenic alcohol 8 could readily be 
rearranged to 9a (W = H) as demonstrated by a 

'Prepared from ltetone 1 In 90', oberall yleld i.3) 
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SCHMIDT 231 1 

one proton triplet at r 5,93, and also by the fact 
that it could be acetylated to  9b (R = CH30) 
under the usual conditions pertinent to  secondary 
alcohols. 

When, however, the acetate 96 was subjected 
to silver catalyzed rearrangement only polymer- 
ization occurred. 

In the second approach, ketone 7 was reacted 
with ethoxyacetylene magnesium bromide in 
tetrahydrofuran leading to a virtually quaniita- 
tive yield of alcohol 12. The same compound 
was previously prepared in liquid ammonia 
using lithium ethoxyacetylide in an unspecified 
yield (6). Hydration of 12 led to  a mixture of 

ROOC\-/H H, r ,COOR 

esters 1% and 14a as expected (7). In the nmr 
of ester 13u the olefinic proton a to the carbeth- 
oxy group resonates at T 4.20 as compared to 
4.3 for the same proton in 140. This deshielding 
effect is assigned to the closer proxi~uity of the 
A2s3 double bond to the same proton in 13a 
than in ester P4a (8). 

When the mixture of 13a and 14n was heated 
in diethylene glycol with ICOH at 180 OC for 
20 h the double bond system isomerized com- 
pletely to homosafranic acid 3 (91YG yield), 
spectroscopically identical with the compound 
prepared from citral (I).  Use of sodium ethylate 
in refluxing ethanol for the isomerization led 
only to  the crystalline acid 136, without forma- 
tion of homosafranic acid. Higher basic strength 
with lower temperature (liquid ammonia and 
tetrahydrofuran containing a large excess of 
sodium amide) gave a mixture containing about 
507, homosafranic acid 3, as estimated from the 
nmr spectrum by the clear singlet at r 6.85 (due 
to  CH2COOH). Thus for the completion of this 
prototropic change a high temperature as well 
as a strong base are required. 

The fact that during the prototropic change 
the unconjugated homosafranic acid 3 rather 
than B3b or d4b is preferred can be attributed to  
an A's3 steric repulsion (9) existing between the 
COOH and the 2 or 6 methyl groups in both of 
the conjugated acids 136 and 146. After deconju- 
gation the carboxyl group can freely rotate. 

The reduction of homosafranic acid to  homo- 
safranyl alcohol 2 was accomplished by LiAlH4 
(96y0)~ Thus the conversioil of 2,2,6-irimethyl- 
cyclohexanone to alcohol 2 could be achieved 
in a 76% overall yield. 

Experimental 
All melting pointi \\ere talten on a Fisher-Johns 

melting point apparatus and are uncorrected. Tile ele- 
mental analyses \\ere carried out by I'ascher Mikro- 
analytical Laboratorium. Bonn. M'eit Germany. and 
Schxarzkopf Mikroanalytical Laboratory. Woodside. 
N.Y. The ir spectra were recorded on a I'erkin-Elmer 
Model 137B infracord spect;ophotometer. The uv spectra 
were taken on a Coleman-Hitachi LIodel I24 clouble 
beam grating spectrophotometer. The iimr spectra Mere 
recorded on a Varian Associates T60 spectrophotometer. 
The mass spectra \\ere obtained \sit11 a Hitachi-Perkin- 
Elmer Model RMS-4 spectrometer, using electrons of 
70 eV energy. 

l-E!/i~~r~~~I-Z,6,6-r1'ii~1e!i1~~l-Z-c~~~I0l1exur1-I-ol, 8 
A solution of 2.6,6-trimethyl-2-cyclohexen-1-one (3) 

(1.38 g) in dry tetrahydrofi~ran (150ml) \\as stirred 
magnetically \vith LiC-CH . NH2CH2CH2NH2 (6 g) for 
18 h under an atmosphere of dry nitrogen at room 
tentperat~lre. The reaction mixture Mas then poured on 
crushed ice and extracted \\it11 ether (1 X 70 ml). The 
combined ether extracts \\ere nasl-ied \\it11 5:; s~~lfur ic  
acid ( i00  mi) in the presence of crushed ice. then with 5 5 ,  
NaHCO; solution (100 ml), dried (MgS04), and concen- 
trated iiz c a c i ~ o .  The tlc homogeneous oil (1.48 g. yield 
90";) was distilled at 112 C,  0.3 torr for analysis (1.1 gl. 
,Mass spectrum rive (relative intensity) 164 (50. MT.). 
149(55), 131(100): ir (CHC13] 3600, 3300, 2920. 1450. 
1300; 970; 860,820 cnl-1; uv end absorption: nmr (CDC13) 
r 8.9 (s, 3. angular ~nethyl), 8.87 (s, 3. ang~ilar methyl). 
8.10 (s, 3. =C-CH3). 7.50 (s. 1: -C-N), 4.44 (m. 1 .  
olefinic proton). Ai1ii1. calcd. for C I l H l 6 O :  C 80.44. W 
9.83; found: C 80.59. H 0.77. 

3 - E r l 1 ~ ~ r 1 ~ ~ 1 - 2 , 4 ~ 4 - r ~ ~ l - 2 - ~ j  cIo11e.uer1-1-01, 9n 
A solution of acetllenic alcoltol 8 (820mg) in ether 

(23 ml) was magnetically itirred for I8 11 ~inder nitrogen 
at room ten-rperature ~ i t h  3' ; s~ilfi~ric acid (10 ml). The 
water layer Lvai extracted vlith ether (3 X 30 ml) and the 
combined etl~ereal phase nas  \\ashed with sodium bicar- 
bonate solution and dried (MgS04). Concentration irl 
ciicrro gave a honlogeneous oil (tic) (710 mg. 86.5';) \vith 
the fo l lo~~ ing  spectroscopic properties. Mass spectrum 
i?i, e (relati\e intensit),; 164 (100. M"). 149(70). 136(65): 
ir (CMCI;) 3650. 3300. 2920. 1660. 1450. 1350. 1000. 
900 cm-1 ; LI~, , , ,  (96' , CLHjOH) 234 nln (t 10 000); nmr 
at 60 1.i'H~ (CDCI;) 7 8.97 (s; 3, ang~llar methyl), 8.9 
(5, 3. meth!l). 8 (s. 3. -C-CH,), 6.87 (s, 1, =C-HI. 
5.93 (I. J =  6 Hz. i .  CHOH) .  This compoulld polj-merizes 
in t ~ s o  weeks. Since the corresponding acetate 96 is stable. 
alcohol 90 aa, cltaracterized in terms of its acetate 9b. 
which nas  prepared \\it11 acetic anhydiidc In pyridine: 
from 1.64 g of 9ii. 1.5 g of acetate 9h (73' ,) nas  obtained 
after distillation, bp 1 l l .C;0.i  torr. Mass spectrum 
iii e (relative intensity) 206 (30 ~$/1+'). 19 l ( l j ) .  161(30), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2312 CAN. J. CHEM. 

146(100); ir (CHCI,) 3300, 2950, 1725, 1450, 1360, 1240, 
1060, 950, 960, 905, 870cm-I; uv,,, (965, C2H50H) 
231 nm ( E  11 500); nmr (CDC13) 8.9 (s, 3, angular 
methyl), 8.8 (s, 3, angular methyl), 8.13 (s, 3, =C-CH,), 
7.9 (s, 3, 0COCH3), 6.80 (s, 1, -C-H), 4.67 (t, J = 

6Hz,  1, CHOCOCH3). Anal. calcd. for C13HI802: 
C 75.69, H 8.80; found: C 75.51. H 8.89. 

I-Etko.~ye tl1yt1yl-2,6,6-trinzethyl-2-c~c/o/exetz-I-ol, 12 
Ethoxyacetylene (10) (14.10g) in T H F  (25 ml) was 

added dropwise over 15 min to ethyl magnesium bromide 
(24.64 g) in dry THF (500 ml) at room temperature under 
dry nitrogen. After the cessation of gas evolution (1 h) a 
solution of the ketone 7 (13.8 g) in dry T H F  (30 ml) was 
added dropwise over 20min, then the mixture was 
allowed to stand for 18 h at room temperature. 

The reaction mixture was then poured on ice and 
extracted with ether (4 X 500 ml) and the emulsion was 
filtered through celite. The filtrate was extracted with 
ether, and the combined extracts were dried and con- 
centrated. The solvent free residue (20.1 g, 96.55,) was 
practically pure adduct 12 (tlc, silica gel, lo(& ether - 905; 
benzene); ir, (CHCI,) 3660, 3500, 2950, 2270, 1450, 1280, 
1230, 1170, 1140, 1120, 1080, 1050, 1000, 950, 900, 850, 
820cm-1; nmr (CDC13) 9.00 (s, 6, gem-dimethyl), 8.62 
(t, J = 6 Hz, 3, 0CH,CH3) 8.13 (s, 3, 2 methyl), 5.9 (q, 
J = 6 Hz, 2, 0-CH2-CH,), 4.6 (t, 1, olefinic proton); 
uv end absorption. 

Hydrariot2 of Acetylet~ic Alcol~ol12 
To a solution of acetylenic alcohol 12 (2.08 g) in 

ethanol (15 ml) a t  5 'C 55, H2S04 (2nd)  was added. 
After 18 h, the mixture was diluted with water (50ml) 
and extracted with ether (4 x 50 mi). The combined 
ether extracts were washed, dried (MgSO,), and concen- 
trated to  yield 2.1 g of oil exhibiting two spot;; on tlc 
(silica gel, 10yo ether - 90% benzene). The two com- 
ponents were separated on silica gel preparatory plates 
into 0.95 g (425;) of the less polar ester 13a and 1.05 g 
(46%) of the more polar ester 14a. Ester 13a had the 
following spectra: ir (CHCl,) 2950, 1715, 1650, 1600, 
1450, 1380, 1360, 1320, 1240, 1160, 1120, 1090, 1020, 
950, 910, 870, 830cm-1; uv,,, (967G C2H50H) 257 nm 
(t  8400); nmr a t  60 MHz (CDCI,) 8.70 (s, 6, gem-di- 
methyl), 8.16 (s, 3, =C-CH3) 5.8 (q, J = 6Hz ,  2, 
0CH2,  CH,) 4.20 (s, 1, =CH-COOEt), 4.00 (m, 1, 
proton at C3). 

Ester 14a exhibited the same peaks in its ir spectrum 
with minor intensity changes; nmr (CDCI,) 8.80 (s, 6, 
gem-dimethyl), 8.2 (s, 3, =C-CH3), 5.8 (q, J = 6 Hz, 2. 
0CH2CH3) 4.3 (br s, 2, olefinic protons); uv,,, (9672 
C2H50H) 257 nm (E 7100). 

Homosafranic Acid, 3 
(a) Saponificatiot~ and Isomerizatiotz at High 

Temperature 
A solution of crude esters 13a and 14u (22.6g) in 

diethylene glycol (110 ml) was heated (oil bath at 
180°C) under nitrogen while stirring with potassium 
hydroxide (20 g) for 20 11. After cooling, the dark reaction 
mixture was poured on ice (200 g) and extracted with 
ether (2 X 500 ml) in the presence of ice. More ice was 
added to the water phase and after acidification with loC; 
sulfuric acid, it was extracted with ether (4 X 70 ml). The 

combined ether extracts were washed, dried (MgS04), 
and concentrated. The residue was dissolved in benzene 
(100 ml) and refluxed while stirring with charcoal (0.5 g). 
Filtration and evaporation yielded 16.5 g (91%). of 
crystals, mp 73-75 "C. The product was recrystallized 
from 10 ml of hexane (10 g, 55:<, mp 78 "C). From the 
filtrate a second crop was obtained (5.1 g, 28%, mp 
74 "C). All spectroscopic properties were identical w ~ t h  
those of a sample prepared from p-cyclocitral according 
to the procedure of Demole and Enggist (1). 

(6) SaponiJL'cutiotz of Ester 13a to Acid 136 n'itll 
A tten~pted Isornerizatiorz to Homosafrcrnic Acid, 3 

A solution of ester 13u (250 mg) in absolute ethanol 
was refluxed for 10 h in the presence of sodium ethylate 
(175 rng) under N2. The solution was then poured on a 
mixture of ice and 10% sulfuric acid (5 ml) and extracted 
with chloroform (4 X 50 ml). The combined chloroform 
extracts were washed with water, dried (MgSO,), and 
evaporated. The residue was recrystallized from hexane 
(150mg, 61!%, mp 121 "C). From the mother liquour a 
second crop was collected (71 mg, 365;). Mass spectrum 
nz/e (relative intensity) 180(40, M+') 165(100), 152(70); 
ir (CHCI3) 3500, 2950, 1700, 1600, 1450, 1400, 1280, 
1180, 1120, 920 cm-1; uv,,, (96% C2H50H) 256 nm 
( E  10020); nmr (CDCI,) T 8.74 (s, 6, gem-dimethyl), 8.2 
(s, 3, =C-CH,), 4.2 (s, 1, CH-COOH), 4.00 (m, 1, 
proton at C3), -1.95 (s, COOH). Anal. calcd. for 
CllHl6O2: C 73.30, H 8.95; found: C 73.41, H 9.17. 

(c) Partial Isornerizatiorz of Acid 13b to Homosafr~atzic 
Acid, 3 

A solution of acid 13b (210mg) in tetrahydrofuran 
(5 ml) was added over 5 min to 250ml of liquid am- 
monia containing sodium amide (11) (180mg). The 
solution was stirred for 6 h, then the ammonia was 
allowed to evaporate. After addition of ice and acidifica- 
tion with 105, sulfuric acid the solution was extracted 
with chloroform (4 X 50 ml). The combined extracts 
were washed, dried (MgS04), and evaporated. The nmr 
of the semicrystalline residue (190 mg) contained all the 
peaks of homosafranic acid as well as 13b: nmr (CDCl3) 
T 9.00, 8.74, 8.2, 6.85, 4.25, 4.00. The intensity of the 
singlet a t  7 6.85 (CH2-COOH) was only about half of 
that in homosafranic acid. 

1-(2-Hydroxyetl~yI)-2,6,6-trimethyl-l,3-cyclohexadie11e. 
2a (R=H) 

To a solution of homosafranic acid (500 mg) in an- 
hydrous tetrahydrofuran (40 ml), LiA1H4 (1  10 mg) was 
added over 10 min while stirring magnetically and cooling 
with ice water. The reaction mixture was stirred a t  room 
temperature for 18 h. The mixture was poured into 10% 
sulfuric acid ( I0  ml) containing crushed ice (20 g) and the 
product extracted with chloroform (4 X 50 ml). The 
extracts were combined, washed with water, and dried 
(MgSO,). After the removal of the solvent a tlc homoge- 
neous oil was obtained (350mg, 96YG);;). Mass spectrum 
m/e (relative intensity) 166 (25, M+'), 151(20), 133(100), 
122(40); ir, (CHC13) 3500, 2950, 1440, 1370, 1250, 1120, 
1050, 900cm-1; uv,,, (96% C2H,0H) 265 nm ( e  4050); 
nmr at 60 MHz (CDC1, + D20) 9.00 ( 5 ,  6, gem-di- 
methyl), 8.23 (s, 3, =C-CH3), 8.00 (d, J = 3 Hz, 2, on 
C,) 7.58 (t, J = 6 Hz, 2, CH2-OH), 6.37 (t, J = 6 Hz, 
2. CHI-OH), 4.4 (m, 2. olefinic). Alcohol 2n was 
characterized in terms of its acetate 2b. 
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SCHMIDT 2313 

I-(2-Acetoxyetl1yl)-2,6-frinreti1~1-1,3-cyclohexadiet1e, 2b 
The alcohol (510 mg) was acetylated in pyridine (5 ml) 

with acetic anhydride (5 ml) to give 602 mg of pure 
acetate 26 (94L4). Mass spectrum mle (relative intensity) 
208(20), 180(10), 148(70). 133(100); ir. (CHCI,) 2950, 
1740,1360,1250,1040 cm-1; uv,,,(967~ C2H50H)265 nm 
(~4250);  nmr (CDC1,) 9.03 (s, 6, gem-dimethyl), 8.26 
(s, 3, =C-CH?), 8.00 (s, 3: OCOCH,), 7.57 (t, J = 6 HZ. 
3, -CH2-CH2--0Ac). 5.93 (t: J = 6 HZ. 3, CH2- 
CH2-OAc), 4.4 (m, 2, olefinic). For microanalysis, the 
acetate was distilled, bp 123 "C/0.7 torr. Attal. calcd. for 
C13H2002: C 74.96, H 9.68 : found: C 74.85. H 9.61. 
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Dehydration of 1,l'-ethylenedicyclopentanol 
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DENNIS G. M. DIAPER. Can. J. Chem. 54, 2314 (1976). 
The major product from the dehydration of 1,l'-ethylenedicyclopentanol is the tetrahydro- 

furan, 6-oxadispiro[4.1.4.2]tridecane, parent of a previously unknown ring system. The olefinic 
products are the conjugated diene, dicyclopentylideneethane. and the endocyclic diene. 1,2- 
di(1-cyclopenteny1)ethane in a ratio of about 1 :2. 

DENNIS G. M. DIAPER. Can. J. Chem. 54, 2314 (1976). 
Le produit le plus important obtenu par la dishydratation de I'bthylkne-1,l' dicyclopentanol 

est le tktrahydrofuranne, oxa-6 dispiro[4.1.4.2]tridCcane, systkme cyclique de base qui Ctait 
inconnu antbrieurement. Les produits olifiniques sont le dikne conjugub, le dicyclopentylidene 
Cthane, et le dikne endocyclique di(cyc1opentkne-1 y1)-1,2 Cthane; ces deux olifines sont prb- 
sentes dans un rapport d'environ 1 :2. 

Introduction 
Our general synthesis of ketoacids through 

I-alkylcycloalkanols (1, 2) was extended to 
diketodiacids (3, 4) with some success in all 
cases except those in which bis(1-hydroxycyclo- 
alky1)ethanes were intermediates. It has been 
reported (5) that the major product obtained by 
the dehydration of 1 , 1'-ethylenedicyclopentanol 
(1) under acid conditions is the endocyclic diene, 

1 
1,2-di(1-cyclopenteny1)ethane (2) but this result 
is difficult to reconcile with our low yields of the 

diketodiacid (4); moreover, the study identifying 
(2) as the major product of dehydration of 1 
was based on the assumption that the only other 
possible product was the conjugated diene 
dicyclopentylideneethane (3). As we wished to 
consider also the possibility of the presence of 
the tetrahydrofuran, 6-oxadispiro[4.1.4.2]tride- 
cane (4), the diene (S), and l-cyclopentylidene-2- 
(1'-hydroxycyc1opentyl)ethane (6) we have now 
used methods not available at the time of the 
earlier study of the dehydration of 1 to reexamine 
the products. 

Under all dehydration conditions used, the 
liquid product was found to be a mixture con- 
taining about 707, of 4 and 30y0 of a mixture of 
dienes, unseparable by gas chromatography 
under the conditions used. Only 10yo was the 
conjugated diene, 3. 

Experimental 
1,l'-Eil~~le~~edic~clope~zranol ( I )  

This diol (prisms, mp 134 "C) was made by known 
procedures (5, 6). An intermediate in the hydrogenation 
of 1,l'-ethynylenedicyclopentanol was identified as the 
cis isomer (cf. ref. 7 )  of 1,l'-vinylenedicyclopentanol 
(silky fibrous crystals, ir peak at  13.90 gm, nmr peak at  
6 5.42 ppm). Its dipole moment in dioxane at  20 "C was 
2.90 + 0.15 D, and the intensity of its OH peak in the ir 
spectrum was unaffected by dilution. 

Del~ydratiorz of I 
Five procedures were employed: (a) heating a t  130 'C 

for 1 11 with a trace (about O.lyc) of iodine, (b) heating the 
diol ( log )  for 30 min with 0.2ml of a 25y0 aqueous 
solution of sulphuric acid, (c) distillation-under reduced 
pressure in the presence of a trace of p-toluenesulphonic 
acid, (d) distillation under reduced pressure over phos- 
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DIAPER 2315 

phorus pentoxide (10 mg for 10 g of diol), and ( e )  1 h at  
130 'C over 2FC by weight of aluminium sulphate hydrate. 
In all cases a liquid product was obtained in yields of 
about 90";. 

Gas chromatography in all cases showed two peaks. 
almost completely resolved, having retention times of 4.5 
(smaller) and 5.5 min. The smaller peak had the same 
retention time as 3 and disappeared on ozonolysis. In 
all cases the ratio of peak areas indicated about 305, of 
diene mixture and 70:; of the tetrahydrofuran 4. Over- 
heating the diol gave evidence of at  least two other 
products in the chromatogram. 

In support of the above conclusion, quantitative micro- 
hydrogenation (8) agreed with a yield of 3OLi, of mixed 
dienes, the Deniges reagent (9) confirmed the presence of 
an ether, and the ir spectrum of the dehydration product. 
like authentic 3, had a peak at  6.1 pm. 

The ultraviolet spectrum had only the three-peak 
absorption of 3. In all cases the apparent extinction co- 
efficient at  249 nm indicated the presence of about 10:; 
of 3. The nmr spectrum of the dehydration product 
mixture had a sharp singlet at  6 1.84 (tetrahydrofuran). 
broad absorption centred about 6 1.7 and 2.3 (alicyclic 
CH2-CH2CH2C=; and CH2C-0), and an unstructured 
vinyl peak. 6 5.48 ppm. Integral values agreed with 
25-30' mixcd dienes and 70-75'; 4. There was no 
spectral evidence of 6. 

By ozonolysis of the dehydration product, followed by 
reduction by LAH, and treatment with trifluoroacetic 
anhydride in excess, cyclopentyl trifluoroacetate was 
identified gas chromatographically using methyl hexa- 
noate as an internal standard, in yields corresponding to 
10:; of the conjugated diene 3. The method should, in 
principle, give the content of 3 and 5 but in practice was 

not sufficiently accurate. From the ozonized dehydration 
product. 4 was isolated by chromatography on silica as a 
liquid, bp 112 " C / l l  torr, ~ r , ? ~  1.5482. Ailrrl. calcd for 
CIZH200: C 79.94, H 11.18; found: C 79.8, H 11.0. 
This compound is a member of a hitherto unreported ring 
system, 6-oxadispiro[4.1.4.2]tridecane. 

Dic j~c lupr i~r j~ l i~ /e~~e  Eilruire (3) 
This diene was made by the Wittig reaction in two steps 

from ethylene dibromide and cyclopentanone in a 
sequence analogous to that used for dicyclohexylidene 
ethane (10). as a pale yellow, waxy solid, mp 35 "C. The 
nmr spectrum showed a sharp vinyl singlet at  6 5.38 ppm. 
There were three uv maxima at 241. 249 (the largest), 
and 260 nm and a shoulder at  269 nm. 
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Pyrschloses. X. Madelnng energies of pyrochlores and 
defect fluorites1 

WILLIARI W.  BARKER,^ PETER S. WHITE,"ND OSVALD KNOP 
Dej~rirtmerzt of Chernistqs, Dallzortsie Urii~.er.sity, Halifrrx, N.S., Canada B3H 4JS 
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WILLIAM W. BARKER, PETER S. WHITE, and OSVALD KNOP. Can. 3. Chem. 54, 2316 (1976). 
Electrostatic (Madelung) lattice energies have been calculated for a wide range of com- 

pounds A2B2X6Y with the pyrochlore-type structure. The cases of disorder and partial disorder 
on the non-metal sites have been examined, as well as the inverse case. where Y is a positive ion. 
The results of the calculations are compared with those for defect fluorite structure and an 
attempt is made to relate them to the conditions under which the pyrochlore phase is found. 
The effect of the site potential in restricting the existence boundaries of the pyrochlore phase is 
examined, as the potential must have the correct sign relative to the charge occupying the site. 
Alternative pyrochlore arrangements in which the 8(b) or 32(e) equipoints are occupied have 
also been explored. 

WILLIAM W. BARKER, PETER S. WHITE et OSVALD KNOP. Can. J. Chem. 54, 2316 (1976). 
Les Cnergies Clectrostatiques de rCseau (Cnergies de Madelung) ont CtC calculCes pour une 

variCtC de structures A2B2XGY de type pyrochlore. On a examink des structures B dCsordre 
complet ou partiel sur Ies sites anioniques ainsi que des structures "inverses" ou Y reprisente 
une charge cationique. Nous comparons les rksultats de ces calculs B ceux obtenus pour les 
structures fluorine dkficitaires, en cherchant B Ctablir un rapport entre 1'Cnergie de rCseau et les 
conditions d'existence de la phase pyrochlore. On a aussi examink l'effet du potentiel de site sur 
le domaine de stabilitC de la pyrochlore, Ctant donnC que le signe du potentiel d'un site et celui 
de la charge ionique placCe en ce site ne doivent pas Ctre pareils. Les arrangements pyrochlore 
dans lesquels les sites 8(b) ou 32(e) sont occupCs, ont CtC Cgalement CtudiCs. 

Recent interest in synthetic pyrochlore (P) 
phases in which oxygen is partially replaced by 
fluorine (2-10) prompts us to report briefly the 
results of our Madelung energy calculations for 
such compounds as well as for purely oxidic and 
purely fluoride pyro~hlores .~ 

In the idealized crystal structure of a 'classical' 
pyrochlore A2B2X6Y (space group Fd3n1. origin 
at centre in 16(c); Sleight's (12) case Ao) the 
metal atoms are in 16(c) (0, 0, 0;  etc.) and 16(d) 
(- :, - B, - 4 ;  etc.) and the nonmetal atoms in 8(a) 
(g, t ,  Q; etc.) and 48(f) (x, i, Q; etc.) sites (13). 

IFor Part IX, see ref. 1. 
2Killam Postdoctoral Fellow, 1968-1970. Present ad- 

dress: Minerals Research Laboratories, Division of 
Mineralogy, C.S.I.R.O., Wembley, W.A. 6014, Australia. 

3Holder of an  N.R.C.C. postgraduate scholarship, 
1971-1972. Present address: Department of Chemistry, 
The University of New Brunswick, Fredericton, N.B.. 
Canada E3B 5A3. 

4Madelung energies for the pyrochlores A2a+B2b+OGY'1- 
(a:bjh = 1 : 6 2 , 2 5 2 ,  1.5511, 3 4 2 )  have been presented. 
in dependence on x(O), in ref. 11. 

When each atomic species is segregated in an 
equipoint of its own (arrangement I )  the struc- 
ture is completely ordered. Normally the A and 
B atoms are of different effective sizes and do not 
form mixed populations on a sublattice. How- 
ever, the X and Y can occur randomly distributed 
over 48(f). Depending on the occupancy of 8(a) 
arrangement 11 or arrangement 111 results. 
Structure II is ordered on 8(a) and disordered on 
48(f), while 111 is disordered on both nonmetal 
equipoints. To indicate the type of ordering the 
occupancies of the four equipoints will be 
written in the order 16(c)l16(4(48( f)/8(a), soth at 
the formula A2B2(X6)Y will refer to arrangement 
I,  A2B2(X5Y)X to arrangement II, while A2B2- 
(X6Y) will represent a statistical distribution of 
X and Y over 48(f) + 8(a), type III. This 
symbolism is easily extended to compositions 
A2B2X7-.YC, 0 < E 5 7. 

In 'inverse' pyrochlore compositions of the 
type RbNiCrF6 = B2-B3+X6M1+ reported by 
Babel et al. (14) (but actually discussed as early 
as 1943 by Schrewelius (15) in his extensive 
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investigation of thallium antimonates5) a large 
cation M = K, Rb, Cs is located in 8(a) while 
the 16(c) sites are vacant: C2B2(F6)M; a variety 
of P phases of this type have been investigated 
since (9, 17-22). This formulation is the con- 
sequence of the requirement that there be no 
direct cation-cation contact between atoms in 
8(a> and 16(c), M(a)-A(c) = sod(+) (7, 15). 
This requirement would be satisfied if only half 
the M atoms were present, i.e. for compositions 
B~(XG)MI /~  = L ? I G I B I ~ X ~ ~ M ~ L J ~ ,  provided the 
vacancies in 8(a) were ordered. The splitting of 
the 8(a) equipoint into two subsets of cubic 
symmetry can be realized in FJ3m-Td2 and 
F23-T2. In either case the four M would be in 
4(a) (0, 0, 0; etc.) and the four vacancies in 4(c) 
(1 ,, 1 ,, 1 , ; etc.) or uice versa, with the attendant 
splitting of 48(f) of Fd3171 into 24(f) + 24(g) of 
the tetrahedral space groups. Distributions of 
this type (arrangement IV) do not seem to have 
been reported as yet. The existence of non- 
stoichiometric statistical distributions A:-- 
Sb25-06M2-3,'- (A = TI, Sb; M = T1, CS?: 
3 J E J 3) was discussed by Schrewelius (15).5 
From his results it would appear that in such P 
phases simultaneous occupancy of 8(a) and 16(c) 
is possible for E < $. Partial substitutioll of 
A3' by A2+ would introduce flexibility in 
manipulating the occupancy of 8(a) relative to  
that of 16(c). 

Refinements, from X-ray powder intensities, 
of the structures of B2X6M pyrochlores with M 
placed in 8(a) have been reported (23-26) to  lead 
to abnormally large isotropic temperature factors 
B(M) and unsatisfactory values of the dis- 
crepancy index R = CII, - kl,~/CI,, k = 

CI,/CI,,. A significant improvement in R and 
B(M) resulted when each of the eight M atoms 

5Schrewelius stated that cations larger than Rblf cannot 
be accommodated in 16(c). His suggestion that such 
cations (T11+, Csl+) are located in 8(a) was supported by 
X-ray diffraction intensities and other experimental 
evidence. He considered the atomic distributions in the 
large variety of his T1 antimonate preparations to be 
essentially of three types: T1,3+Sb165+~Q48T1Z~+: 
T1,3+Sb165+(0, 0H)48TlZl+; or Tly3+Sbz3fjSb165+~Q48- 
TI,'+, 35 y + z -< 9, x = 16 - 3(,y  + z). His formula- 
tion utilizing the S(u) sites for large cations remained 
largely unnoticed. I t  was proposed again. independently, 
for P phases of other compositions only in 1967 (14). 
Unfortunately only a small portion of Schrewelius's 
results has been published (16). The bulk of the thesis has 
yet to receive the attention it deserves. 

was displaced from 8(a) to  one of the four 32(e) 
( y ,  y ,  y;  etc.) positions associated with each 8(a) 
position. Two minima in R,,,,,, us. y plots were 
obtained, the two j (R,,,,,) values being almost 
symmetric with respect to J) = +, i.e. the posi- 
tions corresponding to 8(n). Subsidiary argu- 
ments were used to rule out one of the y(R,,,,) 
values. 

To obtain an idea of the overall, primary 
electrostatic stability of the various atomic 
distributions in the cubic pyrochlores, we have 
computed Madelung energies Ull from point- 
charge models as functions of x(48f) and formal 
ionic charges. The distributions A2uLB2b+- 
X6'-Yh- a nd A2"+B~'X6~-Yh' for which UhI 
values have been obtained, and presented 
graphically in this paper, are listed in Table 1. 
Distributions involving 32(e) sites have also been 
examined, and Uhl values have been obtained 
for defect fluorite (F) structures in which 
occupancy of the 8(b) equipoint of Fd3m is 
involved in addition to that of the standard P 
sites. 

Our UII calculations difTer from those recently 
published by Pannetier (27) in that they cover a 
much larger variety of P compositions and 
charge combinations; where overlap occurs the 
two sets appear to be in complete agreement. In 
many cases our range of x(48f) extends from 
0.35 to 0.50 (for the fluorites from 0.25 to 0.50) 
compared with Pannetier's range 0.37 to 0.45. 
This greater x(48f) range will be found useful for 
predictive purposes and for comparing relative 
UAI stabilities of alternative structures, even 
though the values of x(48f) so far observed in P 
phases fall within a fairly narrow interval of ca. 
0.40 to  0.44. Results for ordered fluorites, fol 
pyrochlores with ordered vacancies on 8(a), and 
for inverse pyrochlores with cation occupancy 
of 32(e) are being reported here for the first time. 

Method of Calculation 
All calculations in this work are based on the unmodi- 

fied point-charge model. The Madelung energies were 
evaluated by the Ewald method for triclinic potential as 
described and modified by Slater and Decicco (28). 

Use was made of the fact that the U,, sums can be split 
into two parts, one purely geometric and the other, charge 
dependent. The geometric part need only be calculated 
once. The energy gained by inserting, in the ith type of site 
of potential Pi = ( l /ao)  xjeGi,~.i (esu/A), an  ion of 
charge zi is Ei = P,zi (esuZ/A), where j = 1, 2. . . .. t re- 
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TABLE 1 .  Pyrochlore compositions for which Madelung energies U,, are presented in Figs. 4-9 
-- - -- 

Negative Type of anion distribution and Figure number 
charges 

per formula Composltlon I II I I I  

14 A2B z0 7 ( 0 ~ 1 0  4 - - 

aInterpolate in Fig. 8 between (Oa)F and (0sF)F; (FsW and (0Fs)F. 
hInterpolate in Figs. 6 and 7 between (0,Fz)F and (03F1)O; (OJFJ)F and (OzFdO; (0zF;)F and (0Fs)O. 
clnterpolate in Fig. 9. 

TABLE 2. The geometric lattice sums G,, 

J 16(c) 16(d) 48( f 8(a) 8(b) 
1 

16(c) -0.633240 -0.283726 Gcf(x) 0.086582 - 0.166772 
16(4  Gcd Gcc Gd,(x) Gcb Gca 
4 8 ( f )  : GCAx) : Gdf(x) G,,(x) BG,(x) BGbf(x) 

8(a) 2G,, 2Gd, G,,(x) -0.538678 -0.189167 
8(b) 2Gda 2Gca G,l(x) Gab Ga, 

x(48f G,(x) G ~ x )  G,(x) Go&) G d x )  

0.3500 -0.071859 -0.397106 -0.195951 - 0.572966 -0.982445 
0.3750 - 0.240567 - 0.240567 - 0.407072 - 0.407072 -0.999217 
0.4000 -0.397106 -0.071859 - 0.572966 -0.195951 -0.982432 
0.4100 -0.454912 -0.003003 -0.629599 -0.094854 -0.965452 
0.4200 -0.509663 0.065431 -0.681623 0.018062 -0.941492 
0.4300 -0.561228 0.132523 -0.729513 0.144761 - 0.909426 
0.4375 -0.597776 0.181361 - 0.762968 0.250245 - 0.879206 
0.4400 -0.609553 0.197274 -0.773678 0.287626 -0.867820 
0.4500 -0.654629 0.258655 -0.814453 0.449565 -0.814917 
0.4600 - 0.696492 0.315656 -0.852122 0.634171 -0.748560 
0.4700 -0.735217 0.367340 -0.886927 0 .845936 -0.666105 
0.5000 -0.833305 0.483792 -0.975780 1.710023 -0.283997 
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BARKER ET AL. 2319 

fers t o  the different types of sites (equipoints) in the mcdel 
structure. Gf, is the geometric factor involved in the 
interaction of the ions in the jth sites with the ions in the 
ith sites. The total Madelung energy is then U,, = 

t 

C C Eipi, wherepi is the number of sites of type i in the 
1 

unit cell. The lattice sums Gij are tabulated in the calcula- 
tion as functions of x(48i) (Table 2) or y(32e) or both; 
using these Gfj values and C = 1661.1 gives U,, in 
kcal/g-formula. All ~alculations were made for a cubic 
unit cell of uo = 10 A. 

A statistical distribution of unlike charges of equal sign 
over an  equipoint gives the same U,, value as a homoge- 
neous population of the averaged charges in that equi- 
point. Thus the U,, cs. x(48 f )  curve for A21.5tB24+(04F2)F 
is the same as that for (A1+A2')(B3'B5+)(0 4 F 2)F, 
(A,,51+Ao,53+)B24+(0,3 )F etc. 

As pointed out by Pannetier, the Madelung energies of 
arrangements in which a cation is displaced from equi- 
point 8(u) to equipoint 32(e) cannot be obtained by direct 
summation. Each 8(a) site is coordinated by four 32(e) 
sites a t  the corners of a regular tetrahedron, but only one 
of these four sites is occupied by a cation; placement of 
the cation in the tetrahedron is at  random. Although the 
result is a one-quarter populated 32(e) equipoint, this 
distribution of p cations over 4p 32(e) sites is not equiva- 
lent t o  an  ~inconstrait~ed statistical distribution of p 
cations over 4p 32(e) sites of the idealized structure, in 
which coordination tetrahedra may occur containing 
more than one or no cation. The following method was 
therefore devised to evaluate the G,, sums. The potential 
at  the 32(e) site A(y ,  y, y) due to the other 32(e) sites, ex- 
cepting the other three 32(e) sites associated with 8(a) 
($, B, $1, B(y, i - y ,  i - y), - y,  Y ,  - y), and 
D(t  - y,  2 - y,  y), was obtained by direct summation in 
real space up to a radial distance of aoSmas = 10ao, 
S = (t1,2 + t122 + 1132)1/2, IT,, 112 and 113 being the lattice 
translation vectors. The contributions from charges at  
sites (y 5 rzl, - y i n2, $ - y n3) etc. were approxi- 
mated by the contribution from ( y  2 111, y rz2, y rt n3). 
The summation was repeated for B, C, and D. The 
differences between the sums calculated for A ,  B, C, and 
D rapidly became constant with increasing S and gave the 
required correction factor. The error in the computed G,, 
potentials was 1 3  X 10F. 

It should be noted that the G,,(y) values obtained in 
this manner arc not for one particular distribution of '8(a)' 
cations over the 32(e) sites but are mean calues applicable 
to a system of charges where a sufficiently large sample 
has been used, and similarly for G,,(y), G,,(y), GeJ(x,  y). 
Thus, for a giveny, the potentials at  all the 32(e) sites due 
to charges in the 16(c) sites have the same value, and like- 
wise for the effect of charges in the 16(d) and the 48(f) 
sites. Conversely, the potential at  any 16(c) site due to the 
32(e) charges is one-quarter the value obtained by 
assuming that all the 32(e) sites are occupied etc. 

Results and Discussion 
The main results of our calculations are 

described below. The vo!ume of the computations 
is large arid only the most obvious trends can be 
described here.6 

The conclusions drawn from the UAI calcula- 
tions are subject to all the inherent restrictions 
and limitations of the unmodified point-charge 
model, i.e. the idealized structures are strictly 
ionic and no allowance is made for displacements 
of the point charges from their ideal latticc sites 
when dealing with disordered structures con- 
taining mixed-charge populations. Stabilization 
by possible crystal-field effects is not considercd. 
Changes in polarizability, e.g. on replacing 
oxygen by sulfur to form A2B206S and A2B2FbS 
pyrochlorcs (29-3 l), clearly arc a factor, but they 
too will not be considered. 

The contribution made to the total lattice 
encrgy U of the pyrochlores by the Born rcpul- 
sion term UB is not known. If, for a particular 
stoichiometry and for homogeneous populations 
on all the sublattices, UB was the same fraction 
of U,, for the different possible arrangements, 
say I to 111, the relative stabilities of these 
arrangements could be prcdicted simply by 
comparing the UII  values. However, it is not 
known how far this can be assumed even for 
alternative distributions possible for a cubic P 
phase of a given composition. For competing 
structural t j p m  (e.g. P us. defect F or cubic 
perovskite A2B2Xb) the validity of such an 
assumption is even less clear. 

The U,, values apply to long-range ordering, 
or to  'averaged' distributions of point charges. 
Hence in incompletely disordered structures the 
stabilizing effect of short-range order is also a 
factor, especially when differences in the U,, of 
alternative arrangements are small. such as 

u 

might be the case for nonstoichiometric com- 
positions. While URI can be obtained for 
particular computer-generated samples of dis- 
ordered P structures subiect to wedetermined 
short-range constraints, little can be said about 
this effect in general. 

The value of Urnr, adjusted to the observed a,), 
is not the sole criterion of the electrostatic 
stability of a P arrangement. The sign of the site 
potential (SP) must be the opposite of that of the 
charge to be accommodated at the site. Sign 
inversion of SP with changes of x(48f) and a /b  
thus determines whether or not an ion can in 
fact reside at that site (Fig. 1). Even if SP has the 
correct sign relative to- a particular ion, its 

6Enquiries about results available but not presented in 
this paper may be directed to the last-named author. 
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2320 CAN. J. CIEEM. VOL. 54. 1976 

FIG. 1. Sign inversion of site potentials at  S(n) and S(b) in A2B2(X6)Y pyrochlores. Contours of 
equal charge on A are in broken lines. Contours referring to Y are shown as solid lines. The total 
range of variation of the sign-inversion locus for 8(b) with Y is indicated by the width of the line. 

absolute value is also important. The anion must 
'see' a minimum stabilizing potential in order to 
stay in the site. For 02- in ionic oxides the 
energy required to stabilize the ion has b ~ e n  
estimated to be at least l0eV (32). For the 
defect fluorites A2B2(07C), for example, this 
requirement restricts the range of x(48f) much 
more severely than the sign inversion of SP at 
the anion sites (Fig. 2). 

The regions of instability owing to sign inver- 
sion of SP are shown in the various plots (Figs. 
9-1 1, 16, 17; see text below) as broken lines, as 
are the 10 eV contours (Fig. 12); both the 0 and 
lOeV limits are indicated for a variety of P 
compositions in Fig. 3. 

The SP values can also be used to judge the 
incipient tendency to formation of nonstoi- 
chiometric P phases that are more U,,-stable 
than the corresponding stoichiometric parent 
pyrochlores. It is, for example, unlikely that a 
doping ion would enter a vacant site of the 
incorrect SP. Similarly, a site of zero SP would 
be indifferent to the charge of the species occupy- 
ing it and a species of no net charge would not be 
held strongly (cf. the proposed location of water 
molecules in the 8(a) sites of hydrated pyro- 
chlores, refs. 14, 20, 21, 33, and Fig. 3). Sites of 
the incorrect SP sign would not be included in 
ionic diffusion paths except at high kT values 
and at SP = 0. 
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BARKER ET AL. 

100 x(48f) 
FIG. 2. Sign of SP(8a), SP(8b), and SP(48f) in the fluorites A2a+B2h+(0,0) with ordered cations. 

Flag at top. SP(8a) = 0; flag at bottom, SP(8b) = 0 ;  at top and bottom, SP(48f) = 0. Double flag, 
SP = 0: single flag, positive SP corresponding to 02- site energy SE of 10 eV. SP increases in the 
direction of the flag. The region of SE > 10 eV in all three anion sites is shown in black. 

The effect of a0 on the normalized UAI values 
is not great. In most cases the total range of 
variation for a particular charge arrangement 
would be well within 107, of the UAI. In series of 
compositions corresponding to a given formula 
the effect of a0 can be readily allowed for if the 
change of a0 with r(A) or r(B) is known or can be 
estimated. 

The description of results that follows and their 
discussion concern exclusively the normalized 
Uh, and SP. No account has been taken of 
geometric factors (absolute and relative ionic 
sizes, excluded volume etc., cf. ref. 34)7 which, 
when unfavourable, will prevent an electro- 

'For a discussion of the stability of the P structure 
based on electrostatic valency conslderat~ons, see 
Pyatenko (35) .  

statically favourable arrangement from being 
adopted. 

The Uh,-stability of P arrangements relative 
to the corresponding perovskite arrangements is 
not considered in the present work. A discussion 
of this aspect will be found in ref. 27 (cf. also 
ref. 36). 

Classical Pyrochlores AZB2X6 Y 
The largest normalized UAI values within the 

range 0.375 I: x(48f) 5 0.46 are obtained for 
A2"+B2b+07 (Fig. 4). This of course is the con- 
sequence of the formal double charge on the 
oxygen atom. For small a/b charge ratios the 
variation of U,, with x(48f) is steep. As the a/b  
ratio increases and approaches unity, the sen- 
sitivity of U,, to changes in x(48f) decreases 
markedly, even though a maximum of I UM/ may 
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FIG. 3. Sign of SP(8n) and SP(48f) in the ordered pyrochlores A2B2(X6)Y. Open. SP(8n) < 0: 
filled, SP(8n) > 0. Flag at top. SE(8cr) = 10 eV (cf. caption of Fig. 2), increasing in the direction of 
the flag. Flag at  bottom. SE(48f) = 10 eV; thick flag at  bottom, SP(48f) = 0. The 10 eV boundaries 
are shown only where the atom occupyi~lg the site is. or can be, oxygen. 

still fall within the x(48j) range shown. For 
Y = 0 ,  F, or D the curves begin to  cross once 
the a lb  ratio has attained or exceeds unity, while 
for Y = M there exists a clear separation of the 
curves for all the a, b ratios illustrated. This is 
important for compositions where size factors 
permit charge inversion, a b -. b/u, as exem- 
plified by Pb24+M23+07, M = Rh or 0 s  (37). The 
curves for a/b = I are all below the dotted lines 
referring to the random defect fluorite distribu- 
tions (the exceptioil is A2B2(06)M2-), and the 
difference in U,, for the two arrangements 
increases with the negative charge at 8(u). 
Consequently the U,,-stability of the P arrange- 
ments is almost always greater than that of the 
completely statistical distributions over the F- 
type lattice at constant a ~ .  

Similar results are obtained for the flu- 
oride pyrochlores (Fig. 5). The stoichiometry 
A21'B22,5+F7 corresponds to that of the or- 
thorhombics mineral weberite, Na2MgAlF7, 
whose structure type (W) is an alternative to P 
for compositions A2B2X7 (38). While the P and 

SThe true symmetry of natural weberite may in fact be 
lower than orthorhombic (personal communication from 
Dr. J. B. Faught). 

W structures compete, the factors (relative and 
absolute atomic size, electronic) determining 
whether an A2B2X7 phase will have the P or the 
W structure are not known at present. The 
relative stabilities of the two structures cannot be 
discussed in terms of U,,, for the U I I  values for 
the W structure are not available. However, the 
W phases appear to occur much more rarel! 
than the P phases (38), so that the decisive 
factors involved may be of a specialized n a t ~ r e . ~  

In mixed oxide-fluoride pyrochlores (Figs. 6 
and 7) the problem of ordering in 8(a) is of 
interest. Comparing the U,, values for the 
different arrangements in P phases of identical 
stoichiometry (Figs. 8 and 9) shows that for 
A2B2O6 the difference in Ul1 due to ordering can 
amount to as much as 10% of Uz,(III) in the 
x(48f) range shown, and to somewhat more for 
A2B2F6 and the oxide-fluoride phases. The 
differences between UII(I) and UhI(II) are 

9In addition to A2Sb20, (A = Ca, Sr. Cd ;  cf. ref. 38), 
SrzBi207 (39) and weberite itself, NaZMgB3-F7 (B = Sc, 
V: Cr,  Fe, Ga ,  In) (40), Na2B2+CrF, (B = Co. Ni, Zn) 
(41), Na2B2+FeF7 (B = Mn, Fe, Co, Ni) (41-43). 
Na2NiZ'Co3+F7 (42), Na2TiWOsF2 (25), and Ag2NiBSfF7 
(B = Cr, Fe, Al, In) (44) are also of the W type. 
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BARKER ET AL. 2323 

FIG. 4. Variat~o~l of the Madelung energy I/,, (normallzed to a0 = 10 A) with x (0 )  In Ala+BZb+- 
(OdY = A2 B2 o6 y117 pqrochlores. The horizontal dotted lines refer to random defect fluorite 
arrangements 8A + 8Bl8A + 8 B 3 6 0  + 8Y + 8 3  ) 6 0  + Y + c: 160 + Y + 3 ,  x(0)  = % (see text). 
The a and b charge values are shown as n/b. 

smaller but far from negligible, up to ca. 47, for 
A2B206F and A2B2F6 There is a general de- 
crease in thesc differences as a 'b decreases; 
eventually the curves for UsI(I) and U,,(III), or 
UxI(I) and Us,(II), cross and the order of 
relative UAI-stability changes. However, for all 
the cases with a b 5 1 shown in Fig. 8 the U,, 
curves lie below the dotted horizontal lines 
indicating the UsI values for the random defect 
fluorite arrangements. Thus if the normalized 
Uhf alone determined the relative stabilities of 
competing P and defect F arrangements (see 
below), the structures of A2B2X6 and A2B2XGY 

phases of a b ratios known actually to occur 
should all be of type I This is in fact observed 
in all A2B2O6 pyrochlorcs with the radius ratio 
r(A);r(B) below a certain limiting value which 
depends on a lb  (11). 

The positions of zcro SP(8a) and SP(48f) 
relative to x(48f) in A2B206Y, A2B2(05F)Y and 
A2B2FGy arrangements are shown in Fig. 3. 
The sign of SP(8a) changes outricle thc x(48f) 
interval of 0.4 to 0.45 in most of the cases. The 
exceptions are the charge combinations a! blgl h = 

1:5.51-210, 2~3.51-211, 114.51 - 1.83310, 2131- 
-1.8331, and 03.5;-11-1. In the range of 
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FIG. 5.  ti,, L.S. s(F) for A2B2(F6)Y pyrochlores (see Fig. 4) .  

x(48f) and for the charge combinatiolls pre- 
sented in Fig. 3, SP(48f) is always positive except 
for 21 1; - 110, and then only close to x(48 f )  = 

0.5. 

Inver~e Pjrochlores C2B2X6M 
The pure inverse pyrochlores have composi- 

tions A20B2b+X#-~7n' (Figs. 4-7). Of these, 
C2B25.5+(06)M1' has the largest I ulilI value 
because of the high formal charges, and the 
steepest variation of UII with x(48f). Otherwise 
the U,, us. x(48f) curves show no unusual 
features. 

The IUII/ of 02B25.5r06M1t is about 0.15- 
0.2% higher than that of A20.5-B25.5'Q60 
for the entire 0.375 to 0.46 x(48f) range, 
SP(48f),,, being in both cases at x(48f) = 

0.4443, and about 0.8 to  17, higher for 
02B2Z s+F6M1+ compared with AZ0 5+B22.5+F6L. 

For the inverse P phases with a > 0 discussed 
by Schrewelius (15), i.e. those with partial 
simultaneous occupancy of 16(c), the limiting 
composition at E = 4 corresponds to  A2B2(Q6)- 
M1+ with a /b  = 0.515 (Fig. 4), while for < 
c , UhI curves intermediate between 
Az0.5+B25+(06)M1- and A21-B25-(06)C are ap- 
propriate. 

In inverse P arrangements of type IV.  
C I ~ B ~ ~ + X ~ " - M ~ / ~ " + ,  the ordering energy 
UhI(ord) - UAI(rand) is negative for the charge 
combinations blgn? = 2.51- 112, 2.751 - 11 1, and 
5.51-212 (curves A and B, F i g  lo), and for 
5.751 -21 1 (curve C) up to x(48f) of about 0.465. 
The vacancies at 8(a) in the pyrochlores 
72B22's+F6M1/22+, 3 2B22.75+F6M1/21+, C2B2s.5+- 
06M1/22+, and 172B25.75106M1/21T might thus be 
expected to  be ordered, provided of course that 
the ordering Madelung energies, which do not 
exceed about 4v0 of U,,(rand), and are much 
smaller for E2B25 75+06M1/21-, are by them- 
selves sufficient to stabilize the ordered arrange- 
ment. Compositioils in which the 8(a) equipoint 
is half-occupied by an anion Y"- instead of 
MmT (curves E, F, G) would, on the U,, criterion, 
also favour ordering, but SP(8a) changes sign, 
thereby significantly restricting the admissible 
x(48f) range. In addition, the charge on B would 
have to be high and the structure could no longer 
be considered 'ionic9 even in the first approxima- 
tion. For C2B16 s+0601/2, SP(8a) is less than 
what would correspond to 10 eV over the entire 
x(48f) range shown in Fig. I0 (curve F), hence 
the P structure should not exist for this com- 
position. 
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BARKER ET AL. 2325 

FIG. 6. L;,, rs. s(48f )  for cubic pyrochlores of compositions A~D~(Oo-nF,)O (solid lines) and 
A2B2(06-,F,)MLi (dashed lines), 11 = 1 .  2. . . .. 5 (see Fig. 4). 

Defect Fluorites 
In classical pyrochlores sites of the 8(b) (i, 4, 

#; etc,) equipoint of Fd3nz are vacant. However, 
distributions of thetypel6(c), 16(d)4S(f)~S(a)~S(b) 
must be considered when it is desired to com- 
pare, for a given composition, the UAI values for 
the P structures with the UII values of the com- 
peting 'defect fluorite' structures. In the in- 
taitively most plausible distribution for A2B2X6Y 
(Y = 0 or F or both), the cations would popu- 
late the 16(c) + 16(d) sites a t  random, and the 

anlons and anion vacancies would be distributed 
statistically over 4S(J) + 8(a) + S(b), with 
x(48f) = 2. The resulting distribution, 8A+8BI- 
S A + S B / ~ ~ X + ~ Y + ~ D ; ~ X + Y + L ~ ~ X + Y + G ,  
would correspond to the ranclorn defect jluorite 
arrangement. which could of course be described 
on the simple Ftn3m unit cell. 

The UAI values for such distributions are 
shown in Figs. 4-8 by horizontal dotted straight 
lines: the corresponding lines for A2B2XbM are 
also shown. The variation of UL, with x(48f) for 
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FIG. 7. UAr cs. x(48f) for cubic pyrochlores of compositioils A2B2(06-nFn)F (solid lines) and 
A2B2(06-,F,)MZf (dashed lines), rz = 1, 2 ,  . . ., 5 (see Fig. 4). C
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BARKER ET A1 

FIG. 8. Dependence of U,, on the occupancy of 8(a) for the cubic pyrochlores AZB20G. A2B2O6F. 
A2B2F60, and A2B2F6. (F6)c refers to arrangement I etc. (see text). The curves for A2B2(O6F) would 
be close to those for A2B2(05F)O; the curves for A Z B ~ ( F ~ O )  would be close to those for A2B2(FsO)F. 
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100 x(48f) 

FIG. 9. Variation, with x(48f), of 100[UA1(2) - U,,,(1)]/ 
,U,,I for the pyrochlore pairs (A) A2B2(05Fo) = 

A,B,(O,F3) (1) - AzB2(05F)n (2); (B) AzB,(O,F,n) = 
A ~ B ~ O ~ F S )  (1) - A ~ B z ( O ~ F ~ ) ~  (2): (C) A~BZ(OFSO) = 
A2B2F6F (1 )  - A,B2(OF5)o (2). The loci of zero SP at 
8(a) are indicated by broken lines: component 1 (Ill), 
dotted; component 2 (II), dashed. Regions of positive 
SP are to  the right. 

A2B2X6Y arrangements with A and B ordered, 2.e. 
1 6 A 1 1 6 ~ / 3 6 ~ + 6 ~ + 6 0 / 6 ~ + ~ + 0 1 6 ~ + ~ + 0 .  
is shown in Fig. 11. To simplify presentation, 
only U,, values normalized to  the average ionic 
charge of - 1.5 appear in the drawing; multipli- 
cation by ( ~ h a r g e l l . 5 ) ~  will generate the cor- 
responding U,, curves for other values of 
anionic charge. Uh, of the random fluorites 
(A2B2)(X6YO) (curve 3j31- 1.5 in Fig. 11) varies 
little with x(48f) in the immediate vicinity of the 
minimum at  x(48f) = +. 

The relative Madelung stabilities of alternative 
arrangements for A2B2060, as measured by 
100(U,, - U,,')/IU,,'/, are shown in Fig. 12. If 
the zero value of this difference is taken as the 
minimum criterion of relative stability, then 
other things being equal, (i) P(ord) is always 
more stable than P(rand), F(ord), F(rand), and 
(ii) P(rand) and F(ord) are always more stable 

I\\ k, 
, 'a- 

FIG. 10. The Madelung energy of ordering A of atoms 
in 8(a) sites for pyrochlores of composition @2B2b+X6g-- 
Y,/2h+ = 16a j16B148Xi4Y + 4 a 8 3  (arrangement IV). 
AS; = 100[U,,(ord) - U,,(rand)]/U,,(rand)J. The 
charge combinations b igh  are shown. The dashed sec- 
tions of the curves indicate regions of x(48f) where the 
sign of SP is opposite to  that required for stabilization 
(positive in 16(c). curves A, B. C ;  negative in 8(a), curves 
E ,  F,  GI. 

than F(rand), for the observed range of b and 
x(48f). On the other hand, P(rand) is more 
stable than F(ord) only for b < 4.5. Considera- 
tion of a minimum stabilizing potential at any 
oxygen site (Figs. 2 and 12) narrows down some 
of the relative stability regions, but, while the 
extent of these regions is consistent with the 
observed facts, no usefui restriction on the b or 
x(48f) ranges results for P(ord) us. F(rand), 
where a criterion of predictive value would be 
desired most (cf. the tendency of A23+Zr207 
and AZ3+Hf207 toward formation of disordered 
arrangements).1° Thus UAI cannot by itself be 
used to predict the stability of the P(ord) phase 
relative to  the corresponding random defect 
fluorite, nor is such stabilization predictable on 
the assumption of an 02- site energy of 10 eV. 

lOFor a recent demonstration of this tendency using 
Eu3+ as a spectroscopic probe of site symmetry, see ref. 45. 
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FIG. 11. Variation of U,, with x(48f)  for random de- 
fect fluorites A2B2X6Y = 8 A 8 B 3 6 X  f 8Y + 8 0  ;6X + 
Y + 2 6 X  + Y + having an average ionic charge of 
-1.5. To convert to charge s, multiply the U,, values by 
(s/1.5)*. The broken lines indicate that the SP a t  8(a) or 
8(b)  or both (and also at  48( f )  a t  and near x(48f)  = + for n / b  = 0 /6 ,1 /5 ,2 /4 ,3 /3 ,  and at  and near x(48f)  = + 
for ~ z / b  = 3/3)  are negative. hence these sites cannot 
contain anions. The top two curves refer to distributions 
specified in the drawing. 

Varlatioiz oJ the Maxrnlunz of tlze S ~ t e  Potentral 
at 48(J) 

As pointed out by Pannetier (27), the variation 
of SP(48f) with x(48f) in the pyrochlores goes 
through a maximum. The position of this 
maximum in compositions AzB2X6Y varies little, 
for a particular X, with Y, but there is con- 
siderable variation with the charge on B (Fig. 
13). Pannetier noticed that the value of SP- 
(48f),,, coincides with the observed x(48f) in 
the 2-5 and 3-4 A2B207 pyrochlores. The more 
extensive range of computation presented in 
Fig. 13 shows this to hold also for the inverse 
pyrochlores for which x(48f) have been deter- 
mined. 

It is unlikely that the upper limit of the x(48f) 
range, for a particular a/b and X, is determined 
by the course of SP(48f). While the width of the 
SP(48f) us. x(48f) curve decreases with increasing 

b ,  even for a /b  = 1/6 the width is appreciable 
compared with the observed range of x(48f) 
in A2B206Y at SP(48f) values corresponding to 
site energies of 02- much in excess of lOeV 
(Fig. 14). 

The relation of SP(48),,, to iUIZIlmnx for 
A2B2(07D) fluorites and the corresponding 
A2B2060 pyrochlores is displayed in Fig. 15. 
The two quantities coincide only at x(48f) = 4: 
for b = 3.5 for the F arrangement (random 
distribution of A + B and 0 + C), and for 
b - 2.9 for the P arrangement. 

Arranger?~eizts Involving 32(e) Sites 
Displacing M in inverse pyrochlores from 8(a) 

to 32(e) has a relatively small effect on UhI unless 
the displacement is considerable and at the same 
time x(48)f is well outside the range of 0.4 to 0.45 
(Figs. 16 and 17). In all the eight cases considered 
the relative UhI difference, A = 10O[U,,(32e) - 
7YhI(8a)]//Ul1(8a)/, is zero not only, trivially. 
for y(32e) = 9 ,  but along a well-established 
curved locus with y >+ as well. In one case, 
Ci2B25.5+06M1+, there is also a A = 0 locus for 
y < Q (Fig. 17).11 Thus there would be no 
difference in U,,, for a giver, x(48f), between 
j) = Q and they # Q value defined by the curved 
A = 0 contour. For n2B22.5-F6M't, E2B25.51- 
OsM1+ and P2B25+0&f2+ this possibility exists 
within the range of x(48f) actually observed. 
For C2B25.5+06M1-, three y(A = 0) values could 
correspond to a value of x(48f). 

It would be difficult to  say to what extent 
values of A as small as 0.05% stabilize actual 
arrangements with M displaced from 8(a) to 
32(e), for the anion-anion repulsive forces can 
become critical for the stability of the pyrochlore 
arrangement itself (cf. ref. 11) and contributions 
from this source to  the lattice energy may easily 
outweigh any contribution to U,, arising from a 
displacement of M.12 There are strong indica- 
tions that in structure refinements y(32e) and the 

"A corresponding A = 0 locus may exist for 
but cannot be demonstrated: owing to 

the finite precision the computed A values for y in the 
vicinity of are indeterminate and the shape and position 
of the a contours close t o y  = + are often uncertain. 

12Since the ionic radius of 0 2 -  appears to be very 
structure-dependent, polarization forces also become im- 
portant. Furthermore, it is not known whether the 
repulsive forces follow an inverse power or an  exponential 
law. The calculation of the repulsive parameter of the 
OZ- ion is then not only a major enterprise but one the 
outcome of which is uncertain. 
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FIG. 12. The minimum regions of stability of oxide pyrochiores relative to the corresponding defect 
Huo~ites (ordered and random arrangementnt expected from differences in U,, (normalized to oo = 

10 A) and from SP criteria. P(ord), A2B20601 ; P(rand). (A2B2)0687 ; F(ord). A2B?(O7n): F(rand). 
(A2B2)(07n). Solid lines. contours of IOO(UhI - U,,'f,/U,,' : dashed lines. SE = I0 eV contours 
(c f .  caption of Fig. 2) at  u j y  anion site of the P structure; dotted lines, ditto for the F structure. Regions 
of SE > 10 eV are indicated by arrows. For the first-named arrangement in each pair to be stable, on 
these criteria, relative to the last-named, x(48f) and the charge on B must fall within a region of negative 
UM difference and within the high-side of the 10 eV contour. 
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BARKER ET AL.  2331 

100 x(48f)  

FIG. 13. Position of the maximum of SP(48f) for cubic 
A2B206Y (top curve) and A2B2F6Y (bottom curve) 
pyrochlores (Y = 8, F, , Ml+, M2+). The line width 
indicates the range of variation of SP(48f),,, with Y.  
The observed ranges of x(48f) are shown as horizontal 
bars (A2B20,, ref. 38: inverse pyrochlores, refs. 14 and 
24). 

x(48f) OF, SP(48f),ox 

-5 0'7 -0.04 0 

UNITS OF x(48f) 

FIG. 14. Variation of SP(48f) relative to SP(48f),,, in 
the pyrochlores A2a+B2b+06Y with different u/b ratios. 
The observed ranges of x(48f) are shown for comparison. 

thermal  parameters of  the  M a t o m  a r e  highly 
correlated (22, 23, 33). An accurate refinement 
f rom a generous number  of  reflections f rom a 
single crystal of  an inverse pyrochlore, pre- 
ferably f rom a neutron-diffraction experiment, 

FIG. 15. ( A )  Variation of lU,,,m,x (solid lines) and 
SP(48f),,, (dashed) with x(48f) and the charge on B for 
the pyrochlores A2B2060 and fluorites A2B2(07@). 
( B )  Same as A in a different presentation. The charges on 
B are indicated by horizontal bars. 

might well reveal that the 32(e) hypothesis is a 
description equivalent to one with M in 8(a) and 
with the thermal  motions of  the atoms in 16(d) 
a n d  48(f) a n i s ~ t r o p i c . ~ ~ , ~ ~  However, such J. 

values as have been reported (23-26,46-48) fall 
within permissible regions of  A i n  Figs. 16 and 
17. Where decision between t w o  y(Rmin) values 
symmetric a b o u t  y = Q was made f r o m  geometric 
or other subsidiary considerations (U2Nb2(OsF)- 
TI, Kl2TiW(05F)T1, U2TiNb(04F2)T1, refs. 23, 

13111 Figs. 16 and 17, a displacement ay of 10.01 1 from 
8(u), regarded as a thermal root-mean-square amplitude, 
would correspond to an isotropic temperature factor B of 
about 2.3 A2. 

'4However, Gasperin (49) has recently reported the 
occurrence of the 442 reflection in single-crystal photo- 
graphs of a pyrochlore formulated as Ti0.77H0.63(H20)y- 
(Nb1.40W0.60)06. This reflection would appear if the 32(e) 
site were occupied. The diffraction data were interpreted 
on the assumption that three sets of 32(e) sites are par- 
tially occupied by the T1 atoms. 
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100 x(48 f l  

FIG. 16. Arc = 100[UL,(32e) - UXr(8a)] l  U>I(8n) as a function of x(48f )  and ~ ( 3 2 e )  for Inverse 
pyrochiores o;B2F61/I and A205+B2F6M The l o c ~  of SP = 0 are lndlcated by broken llnes 16(c). 
dashed, S(b), dotted, 32(e), dot-dash 

25,26; L112M5fW06Mi~.H20. MST - Nb, Ta, Sb, 
M1+ = Li. Na, K, ref. 471, the value chosen falls 
in a regio~l of A < 0 (allowing for the substitu- 
tion of 0 by F3, while the other value falls in a 
region of A > 0. Analogy would favour y(R,,,,) 
< i also for D2SbW06(H30) and C2SbW86- 
(NH4) (44) and for 12Nb2(05F)Rb and 
32Nb2(05F)Cs (23). For 02Li~.5Gr1.5F,jRb (24), 
on the other hand, the A plot (Fig. 16) seems to 
favour y(R,,,) > 9 .  

Finally the occurrence of cubic pyrochlores of 
reduced space-group symmetry cannot be ruled 
out. Tl-ae weak extra reflections which were 

recently reported (47) in the X-ray powder 
diffraction pattern of the hydrated pyrochlore 
NaNbW06.H20, could be indexed on a unit cell 
of F23 symmetry. Since the proposed atomic 
distributions in F23 are derived from those in 
FcE3n.1, the above general conclusions concerning 
ULI-stability are likely to apply also to pyro- 
chlores of this type. 
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FIG. 17. Same as Fig. 16 but for K2B2O6M and A2°.5+BZ06M. 
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Photochemistry of fraans-[6r(en),Br2]+ and trans-[6a(en),@1,]+ 
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W. J. ROSEBUSFI and A. D. KIRK. Can. J. Chem. 54, 2335 (1976). 
trans-[Cr(en)2Br2]+ has been found to photoaquate mainly with bromide loss (+578 = 0.36. 

4436 = 0.27, $406 = 0.27) but accompanied by a small, also wavelength dependent, proton 
uptake (+578 = 0.003, 4436 = 0.075, +406 = 0.042). The main photoproduct of trans-[Cr(en)2- 
Br2If and tran~-[Cr(en)~Cl~]+ has been shown to be predominantly cis in configuration (95 rt 5% 
for the dibromo and 99.27, for the dichloro system). The results are discussed in the context of 
current models of chromium(II1) photochemistry. The observed wavelength dependence re- 
quires participation of more than one excited state in reaction. The high degree of stereochemical 
change requires entry of solvent in a manner concerted with halide loss. 

W. J. ROSEBUSH et A. D. KIRK. Can. J. Chem. 54, 2335 (1976). 
On a trouvC que le [Cr(en)2Br2]+ trans subit une rhction de photoaquation conduisant 

principalement B la perte de brome (+578 = 0.36, &36 = 0.27, 4406 = 0.27); cette rhction est 
toutefois accompagnee par une petite r&ction, qui est aussi dependante de la longueur d'onde, 
provoquant une absorption de proton (+578 = 0.003, 4436 = 0.075, 4406 = 0.042). On a dC- 
montre que les photoproduits principaux du [Cr(en)zBrz]+ trans et [Cr(en)2C12]+ trans posstdent 
principalement la configuration cis (95 rt 5% pour le dibromC et 99.256 pour le systkme 
dichlork]. On discute des resultats en terme des modeles courants pour la photochimie du 
chrome(II1). Le fait que les rhctions dependent de la longueur d'onde implique une partici- 
pation de plus d'un Ctat excite dans la reaction. Par ailleurs la stCrCospCcificitC des changements 
stCrCochimiques implique une entree du solvant d'une f a ~ o n  concertke avcc la perte de l'halo- 
genure. 

[Traduit par le journal] 

Introduction 

Knowledge of chromium(II1) photochemistry 
has continued to expand on several fronts: for a 
number of complexes reaction from quartet 
states has been established (1-4) while definite 
evidence for doublet reaction still appears to be 
lacking. Models based upon properties of 
quartet (and doublet) states have been proposed 
(5-8), tested (6,9-13), and extended (1 1, 14, 15). 
Consequently, some degree of unanimity exists 
regarding the principles enabling qualitative 
prediction of reaction modes and approximate 
relative quantum yields in aqueous solutions. 
The main existing problems, which may persist 
for a while, relate to the detailed mechanism of 
photoreaction and also to the quantitative 
aspects; for example the prediction of the effects 
of wavelength; temperature (lo), and medium 
(16-19) on yields and yield ratios. The con- 
sideration of the latter effects requires more data 
on the photophysical processes involved and 
promises to be difficult to  obtain. 

One of the aspects which remains in dispute is 
the exact nature of the stereochemistry of photo- 
reactions of 041L or C4c complexes. One of the 

writers suggested (15) that stereochemical change 
might be general and supportive therefore of an 
associative mode of reaction. This was ques- 
tioned (13) on the basis that several complexes 
which photoreact by loss of an in-plane ethylene- 
diamine ligand appear to  give a stereoretentive 
product. Also the degree to which stereochemical 
change has been demonstrated for other systems 
was questioned. 

This study of the photochemistry of trans- 
[Cren2Br2]+ was undertaken to see if the com- 
pound fitted appropriately into the framework 
of present theory. Secondly, the purpose was to 
examine the cisltrans nature of the photoproduct 
for this compound, and for 1rans-[Cren2C1~]~, 
based upon the implementation in our laboratory 
of a system (20) for quantitative ion-exchange 
chromatography capable of resolving completely 
isomer pairs such as cis- and trans-[Cr(enh- 
H2OXI2+. 

Results an6 Discussion 

Photolysis of trar~s-[Cr(en)~Br~]+ in acidic 
aqueous solution was observed to lead to 
bromide loss as the predominant reaction mode, 
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TABLE 1. Photolysis quantum yields for 
tr~ns-[Cr(en)~Br~]+ 

A,,, T Conversion 
(nm) (%) @BI- QH* 

'JThis uncertainty estimated from electrode characteristics, which is 
the main source of statistical error in this measurement. Uncorrected 
for secondary photolysis, see text. 

DThese runs carried out when only low intensity available at  406 nm. 
Consequently the conversion was low, and the thermal correction 
large so that ~hese  results may be less certain despite the consistency 
of the values found. 

while a small, wavelength-dependent p H  change 
was also observed. The latter was a very minor 
reaction mode, so it was not possible to identify 
the product complex directly. Nevertheless, ex- 
perience with photolysis of other ethylene- 
diamine containing chromium(II1) complexes 
gives one some confidence in believing the pro- 
cess to  be reaction 2 below. The product of Br- 
loss was [Cr(en)2H20BrI2+. The reaction modes 
were therefore : 

Reaction 1 also occurs thermally, to yield the 
trans aquobromo product. We observed a rate 
constant of about 8 X s-I for thermal 
bromide loss at 1 OC, consistent with literature 
data (21). 

Because of the relatively rapid thermal reaction 
1, quantum yield data, Table 1, were obtained 
only at the lowest possible temperatures of I O C  
for bromide determination and 5 O C  for p H  
determination. Since apparent activation ener- 
gies for photochemical quantum yields are quite 
small this small temperature difference does not 

preclude comparison of quantum yields to 
obtain an overall picture of behaviour. 

The data show that at all wavelengths studied 
the photoreaction mode is mainly bromide loss, 
and only a small, wavelength-dependent quan- 
tum yield of proton uptake is observed. Since 
information is not available to make exact cor- 
rections the data of Table 1 has been left un- 
corrected for secondary photolysis. As will be 
established later, the primary photoproduct is 
ci~-[Cr(en)~H~OBr]~+. This complex, by analogy 
to similar cis complexes, would be expected to 
photolyse (ligand field irradiation) with a proton 
uptake quantum yield no greater than around 
0.2, while bromide release should be very small. 
Consequently no correction to the bromide 
quantum yields is necessary. The maximum 
correction to the proton uptake quantum yields 
is calculated to be (using literature spectral data 
(21) for c i~-[Cr(en)~H~OBr]~+ and published 
theory (1 1, 20) for the corrections) -0.015 (578 
nm), -0.006 (436 nm), and -0.008 (406 nm). 
The fact that the correction is larger than the 
observed quantum yield at 578 nm suggests that 
these values are overestimates, due to an over- 
estimate of +,+ for c i~-[Cr(en)~H~OBr]~+ but 
they do enable one to estimate the possible 
ranges of values for +,+ at various wavelengths. 
The photochemistry of tr~ns-[Cr(en)~Br~]+ fol- 
lows therefore, the pattern typical of compounds 
(22) showing 'axial labilization', namely loss of 
the strong F donor ligand on the axis of weakest 
overall F donor strength (except where strong a 
donors are involved (7, 8)). 

The significance of the actual quantum yield 
values, and their wavelength dependence, is more 
dificult to assess, particularly in relation to 
other compounds such as the spectroscopically 
similar dichloro compound. The problem resides 
in the co~nposite nature of a quantum yield. 
Even were only the lowest quartet state of the 
compound reactive, which is denied by the 
observation of the wavelength dependence of 
proton uptake, one would have to consider the 
structural variations of the rate constants for 
reaction, intersystem crossing, and non-radiative 
conversion to the ground state. Moreover it has 
been shown for a number of compounds that the 
photoreaction quantum yield often consists of a 
'prompt' and 'delayed' (by thermal repopulation 
of the quartet from the doublet state) com- 
ponent; the magnitudes of these could alter 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ROSEBUSH AND KIRK 2337 

Table 2. Chromatographic peak areas in photolysis of trai~s-[Cr(en)~Br~]+ and tran~-[Cr(en)~CI~]+ 

Complex 

Producta 
Time T Conversion Photoly ticC 

Run (s) ("C) (%I cis trans trans (%) 

[Cr(en)2Br21t 1 photo 1500 I 10 42.65 27.53 -4 
dark 1500 1 4 3.88 25.98* 

2 photo 1500 1 8 42.42 9.03 <O 
dark 1500 1 * 7 0.00 13.73 

[Cr(en)2C121c 1 photo 2000 1 10 70.2 1.98 0.8 
dark 2000 1 -0.2 0 .0  1.43 

aThese values are relative chromatographic peak areas. While comparable for a given photoldark pair, they are not comparable from run to 
run. 

*Because of lability of trarxs-[Cr(en):Brg]+ and the appreciable activation energy for its thermal aquation, detail of handling of individual 
samples leads to  significant scatter in the data for the moles of trarrs product. This leads in turn to uncertainty in the final 7, photolytic trans 
product for this compound. 

CAfter subtraction of the contribution from thermal aquation. 

together or in opposition upon structural 
changes. Add to this the fact that more than one 
state must react, and it becomes impossible to  
make a detailed analysis given only presently 
available information. 

It is, however, noticeable that the halide 
quantum yields for the dibromo and dichloro 
(9) compounds are very similar (and very similar 
to  a whole range of other compounds (22) of 
approximately the same overall ligand field 
strength). Since the corresponding thermal re- 
actions differ in rate by more than an order of 
magnitude it is reasonable to  conclude that the 
quantum yields are primarily determined by 
photophysical processes. One possible explana- 
tion of this constancy of overall quantum yield 
would be similar photophysical rate constants, 
with a similar rate determining step for reaction. 
This could be the rate of dissociation of the 
leaving ligand to form a five coordinate species, 
or, and in our opinion a likely possibility, the 
bonding of entering solvent, probably at a rate 
close to the diffusion limit to form a seven co- 
ordinate species. Certainly an extremely fast 
process is required by recent attempts (23) to 
study quartet state lifetimes. 

For irradiation into the 4Eg state (578 nm) the 
reaction mode corresponds almost exclusively to  
axial labilization. At shorter wavelengths cor- 
responding to the 4B2, and higher states a small 
yield corresponding to equatorial (in-plane) re- 
action appears. This behaviour has now become 
well established for a number of these coin- 
pounds and is consistent with participation of 
the 4B2g (thexi?) state reaction in the manner 
earlier suggested (10, 20, 24, 25). 

The results obtained on the isomeric nature of 
the photoproducts are shown in Table 2. For 
tran~-[Cr(en)~Brz]+ the thermal lability (and its 
large activation energy which led to irrepro- 
ducibilities due to warming during handling) 
caused a large thermal reaction correction, lead- 
ing to greater uncertainties. The data show that 
at most 5 1- 5Yo of the product could be in the 
trans configuration. The results for trans- 
[Cr(en)2C12]i- where the thermal reaction was less 
troublesome, were more definite and a figure of 
0.87, trans compound was established after cor- 
rection for thermal reaction. In view of the 
importance of this result the chromatographic 
data on which it is based are reproduced in Fig. 
1. It will be seen that the amount of trans com- 
pound found is of the order of the uncertainty of 
the data and it may be that none at all is pro- 
duced photolytically. The result shows that the 
photolysis of traiz~-[Cr(en)~Cl~]+ occurs with 
stereochemical change. Where reactions are 
thought to  occur by dissociative mechanisms 
stereochemical preferences due to thermo- 
dynamic or kinetic factors are not of this 
magnitude except for certain strained systems 
(26). It seems inescapable therefore that the 
above photoreaction occurs by a mechanism in 
which the entry of the solvent is concerted with 
halide loss. 

Experimental 
tratz~-[Cr(en)~Br~]Br and trar~s-[Cr(en)~Cl~]C1.H~0 were 

prepared by literature methods (27). 
Quantum yield determinations and ion-exchange 

analysis were carried out using techniques recently 
described (20). 
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minutes 

FIG. 1. These chromatograms wcre obtained under the 
following conditions: Column; 1Ocm X l.Ocm Baker 
Analysed CGC-241 (200-400 mesh) cation exchange resin 
at 2 "C; eluant; 200 ml volume ammonium sulphate solu- 
tion with concentration gradient of 0.5-0.9 M at 100 mi 
h-1 (i.e. 0.2 M h-1) followed by required volume of 0.9 M. 
In all cases, before chromatography rrm7s-[Cr(en)2C12]L 
was precipitated with NaCIO, to reduce interference; 
trials showed that added cis- and tr.cii~s-[Cr(en)~H~OCI]~~ 
did not co-precipitate significantly. The curves above are 
for M trari~-[Cr(en)~Cl~]+ solution 10-3 M in H N 0 3  
( A )  kept dark at 1 'C for 2000 s, (B) photolysed (578 nm) 
at 1 "C for 2000s, (C) unphotolysed but with added 
1raris-[Cr(en)~H~OC1]2+. For clarity B and C have been 
scale shifted -5% and -10:; respectively. Peak I is 
unprecipitated starting complex and peak 11 and I11 
respectively t ra t~s-  and c i ~ - [ C r ( e n ) ~ H ~ O C l ] ~ ~ .  
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GEORGE STANLEY DYSON and PETER JAMES SMITH. Can. J. Chem. 54, 2339 (1976). 
The mechanism of the reaction of 9-(4-substituted benzjl)fluorene-9-trimethylan1n10nium 

ions with ethoxide is a normal E2 process. The magnitude of the primary hydrogen-deuterium 
isotope effect at 60 'C increased with increasing electron-donating ability of the 4-substituent. 
i.e., 4.15, 5.10. 2.34, 5.65, 5.75. and 5.91 for the 4-CF,. 4-Br, 4-CI, 4-H, 4-CH3, and 4-OCH3 
substituents, respectively. The magnitude of the nitrogen isotope effect at 70 C decreased with 
increased electron-donating po\\er of the dcsubstituent, i.e., [(k14, his)  - 11100 = 1.24, 0.95. 
0.92, 0.91. and 0.80 for the 4-CF3, 4-F, 4-H. 4-CH3. and 4-OCH3 substituents, respectively. A 
small Hammett p value of + 1.33 was observed for the reaction. It is concluded that the reaction 
proceeds via a transition state where the proton is more than one-half transferred to base. It is 
further concluded that for a reaction in which the dcsubstituents decrease the rate, both carbon- 
hydrogen and carbon-nitrogen bond rupture is more advanced in the transition state. This 
variance with Harnn~ond's postulate is discussed in the light of steric crowding at the transition 
state. 

GEORGE STANLEY DYSON et PETER JAMES SMITH. Can. J. Chem. 54, 2339 (1976). 
Le mecanisme de la rkaction des ions (p-substitue benzy1)-9 fluorknyl-9 trimkthylammonium 

avec I'ethanolate est un processus E2 normal. L'importance de I'effet isotopique. hydrogkne- 
deuttrium primaire a 60 "C augmente avec l'augmentation de l'effet donneur d'electrons du 
substituant en position 4, c'est-&-dire: 4.15, 5.10. 5.34, 5.65, 5.75 et 5.91 respectivement pour 
les substituants: -CF3. -Br. -C1. -H, -CHj  et -OCHj en position 4. L'importance de l'effet iso- 
topique de l'azote a 70 'C diminue avec l'augmentation de I'effet donneur d'Clectrons du 
substituant en position 4, c'est-&-dire: [(hl4/kl5) - 11100 = 1.24, 0.95, 0.92, 0.91 et 0.80 
respectivement pour les substituants: -CF3; -F, -H, -CH3 et -OCH3. Pour la reaction on a 
observe une petite valeur p de Hammett de + 1.33. On en conclue que la reaction prockde selon 
un Ctat de transition oh le proton est plus qu'8 demi transfer6 a la base. De plus, dans les cas oh 
la substitution en position -4 cause une diminution de la vitesse, on arrive a la conclusion addi- 
tionnelle que la rupture des liens carbone-hydrogkne et carbone-azote est plus avancCe k l'ktat 
de transition. Ce desaccord avec le postulat de Hammond est discutC l'aide de l'encombrement 
stCrique a l'etat de transition. 

[Traduit par le journal] 

Recent studies on the E2 reaction of 2-aryl- 
ethyl- and 1-arylethyltrimethylammonium salts 
(1-3) with base have shown that electron-with- 
drawing substituents on the phenyl ring increase 
the rate of reaction with the corresponding 
transition state becoming more+reactant-like, 
having decreased C-H and C-N bond weak- 
ening. The effect of the substituent on the 
transition state geometry is in accord with 
Hammond's postulate (4) and also with Thorn- 
ton's theory ( 5 )  where it is considered that the 
effect of a substituent is usually felt more 
strongly on the reaction coordinate motion. 

It has been established that the transition state 

for reaction of the 2-arylethyl- and l-arylethyl- 
trimethylammonium ions with base is carbani- 
onic with+relatively more C-H bond rupture 
than C-N bond rupture. A change to better 
leaving groups, 4-substituted dimethylanilines, 
for the 2-arylethyl system leads to a more 
reactant-like transition state (6) but one in which 
the proton is more than one-half transferred to 
base at  the transition state. 

In a search for a system which might react via 
a transition state where C-H bond rupture has 
not progressed to the ha!f-way point, a series 
of 9-(4-substituted benzy1)fluorene-9-trimethyl- 
ammonium ions (1) was synthesized (7). The 
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hydrogen-deuterium and nitrogen isotope effects 
were measured for various 4-substituted benzyl 
substrates by procedures previously described (I) 
and the results are shown in Table 1. The 
Hammett p value for reaction promoted by 
ethoxide ion in ethanol a t  60 OC was found to 
be i-1.33. 

1t'is seen that the magnitude of the hydrogen- 
deuterium isotope effects decrease with increased 
electron-withdrawing power of the 4-substituent, 
i.e., kH/kD = 5.91 and 4.15 for Y = 0 C H 3  and 
CF3, respectively. As well, the nitrogen isotope 
effects increase when the 4-substituent becomes 
an electron-withdrawer, i.e., [(k14,'k15) - 11100 = 

0.80 and 1.24 for Y = 0 C H 3  and CF3, respec- 
tively. The trends in the magnitude of both 
isotope effects with substituents are opposite to  
those observed in both the I-arylethyl- and 2- 
arylethyl systems. 

The rate of reaction of compound 1, Y = H, 
with ethoxide is surprisingly slower than the 
corresponding reaction of 9-methylfluorene-9- 
trimethylammonium ion (7) and the 2-phenyl- 
ethyl salt. Dreiding stereomodels indicate con- 
siderable steric interaction of the phenyl ring 
with the fluorene nucleus when they are in the 
same plane as required for a dihedral angle of 
180". Hence, the phenyl ring is probably twisted 
out of the plane of the fluorenyl ring and the 
formingp-orbital a t  the benzylic carbon as C-H 
bond rupture advances will not, therefore, be 
able to  effectively overlap with the n-system of 
the phenyl ring. This is consistent with the 
observation of a small p of +1.33 for the 
reaction of 1 and may be compared with p = 

$3.77 (8) for reaction of the 2-arylethyl salts. 
Consequently, assuming that p does not pro- 

vide a measure of the degree of G-H bond 
rupture for the present system, it is possible to  
interpret the hydrogen-deuterium results in the 
light that the proton is more than one-half 
transferred to  base.' The decrease in kH/kD and 

'This is consistent with the conclusions for reactions of 
all other quaternary salts studied. 

TABLE I .  Isotope effects for the reaction of 
9-(4-substituted benzy1)fluorene-9-trimethylammonium 

salts with ethoxide in ethanol 

k IT,lkD [(kL4 'k") - 11 100 
4-Substituent (60 =c):!: (70 '-C)t 

CH30 5.91 1 0 . 0 8  0 .8000 .03  
CH3 5.75=0.10 0.91 50 .09  
H 5.61 00.07 0 .92+0.04 
F - 0.95k0.03 
CI 5.34+0.08 -- 

Br 5.10k0.07 - - 

C F3 J . l j r tO .12  1.2450.07 

'Ratio of rates of elimination; deviation = * h H / k D [ ( r H / k H ) 2  + 
( r D / h D ) 2 ] " 2 ,  ullere r  is the standard deviation in k. 

tThe limits shoun are the standard deviation. 

increase in the nitrogen effect, when the 4- 
substituent is made electron-withdrawing and 
the rate of reaction increases, means that there is ' +  
increusecl both C-H and C-N bond r ~ p t u r e . ~  

The effect of substituents on the nature of the 
transition state for the reaction under discussion 
is contrary to both Hammond's postulate and 
Thornton's predictions. The most reactive sub- 
strate h a y a  transition state where both C-H 
and C-N bond rupture processes have ad- 
vanced to  the greatest degree. 

A tentative explanation is that initially the 
electron-withdrawing substituent makes it more 
favourable for C-H rupture. As electron density 
builds up a t  the benzylic carbon, however, the 
stabilization of the developing charge by the 
phenyl ring becomes less important for steric 
reasons. Eventually there is sufficient electron 
density to  'push off' the leaving group and 
reaction occurs. Alternatively, it is more difficult 
to break the C-H bond for the 4-QCHi sub- 
strate but there will be sufficient electron density 
to  promote reaction earlier along the reaction 
coordinate. 

The authors acknowledge the financial support 
of the National Research Council of Canada. 
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S. L. CHIN. Can. J. Chem. 54, 2341 (1976). 
A 100-MW double-discharged TEA-C02 laser was used to induce the polymerization of 

ethylene gas at pressures ranging from 250 to 900 psi a t  room temperature. The polymerization 
product was mainly tetradecane (CH3(CM2)12CH3) (-805%) and octadecane ( C H ~ ( C H ~ ) I ~ C H ? )  
(-2053. 

S. L. CHIN. Can. J. Chem. 54, 2341 (1976). 
Un laser C02-TEA double-dicharges de puissance iOO MW sut utilise pour initier la poly- 

merisation du gaz d'ethylkne B des pressions allant de 250 B 900 psi B la temperature ambiante 
de la pikce. Le produit de la polymerisation etait principalement le titradicane (CH3(CH2)12CH3) 
(-80%) et l'octadkcane (CH3(CH~)16CH3) (-205). 

It has recently been predicted theoretically 
that high power infrared lasers can be used to 
initiate radical polyn~erization even though the 
photon energy of the laser is much less than the 
dissociation of the monomer molecule (1,2). We 
present in this work some experimental results 
showing that polymerization can indeed be initi- 
ated in ethylene at room temperature by a high 
power TEA-602 laser. A multimode double- 
discharged TEA-C02 laser (3) operating at the 
P(18) line (10.57 p)  and capable of producing 
-70ns (FWHM) pulses with an average peak 
power of -150MW was used. Commercial 
ethylene (purity: 99.57,) was used in a high 

'This work was supported in part by a grant from the 
Imperial Oil Limited, Canada. The kind permission to 
use the C 0 2  laser by Professor R. Tremblay and Dr. P. A. 
Belanger of LROL is appreciated. The chemical analysis 
of the extracted polymer was carried out with the aid and 
advice of Dr. V. S. Salvi and Mr. D. Mukarjee of the 
Chemistry Department and Professor L.-P. Blanchard 
and Dr. S. L. Malhotra of the Chemical Engineering 
Department. 

pressure cell fitted with 2.54 cm-thick NaCl or 
Ge windows. The interior dimension of the cell 
was 5.1 cm diameter X 7.6 cm. The cell was 
pumped down by a mechanical pump, then 
flushed several times with the pure ethylene 
before maintaining the gas at a fixed pressure. 
The 6 cm-diameter laser beam was focused down 
to -2 cm diameter by a 1 m focal length salt lens 
before entering the 2 cm window of the cell. 
After every 50 shots with the laser power and 
ethylene pressure kept constant, the high pressure 
cell was opened for inspection. When the laser 
was below a threshold intensity of -- lo7 W/cm2, 
nothing was seen for any pressure up to 900 psi. 
When the laser was raised above the threshold 
intensity, a fluffy black powder was formed all 
over the interior wall of the cell. Most of the 
black material was formed right next to  the 
entrance window. Whenever this occurred, we 
observed that during the laser bombardment, a 
'white' spark was created right near the entrance 
window, and downstream in the ethylene along 
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A 100-MW double-discharged TEA-C02 laser was used to induce the polymerization of 

ethylene gas at pressures ranging from 250 to 900 psi a t  room temperature. The polymerization 
product was mainly tetradecane (CH3(CM2)12CH3) (-805%) and octadecane ( C H ~ ( C H ~ ) I ~ C H ? )  
(-2053. 

S. L. CHIN. Can. J. Chem. 54, 2341 (1976). 
Un laser C02-TEA double-dicharges de puissance iOO MW sut utilise pour initier la poly- 

merisation du gaz d'ethylkne B des pressions allant de 250 B 900 psi B la temperature ambiante 
de la pikce. Le produit de la polymerisation etait principalement le titradicane (CH3(CH2)12CH3) 
(-80%) et l'octadkcane (CH3(CH~)16CH3) (-205). 

It has recently been predicted theoretically 
that high power infrared lasers can be used to 
initiate radical polyn~erization even though the 
photon energy of the laser is much less than the 
dissociation of the monomer molecule (1,2). We 
present in this work some experimental results 
showing that polymerization can indeed be initi- 
ated in ethylene at room temperature by a high 
power TEA-602 laser. A multimode double- 
discharged TEA-C02 laser (3) operating at the 
P(18) line (10.57 p)  and capable of producing 
-70ns (FWHM) pulses with an average peak 
power of -150MW was used. Commercial 
ethylene (purity: 99.57,) was used in a high 
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of the extracted polymer was carried out with the aid and 
advice of Dr. V. S. Salvi and Mr. D. Mukarjee of the 
Chemistry Department and Professor L.-P. Blanchard 
and Dr. S. L. Malhotra of the Chemical Engineering 
Department. 

pressure cell fitted with 2.54 cm-thick NaCl or 
Ge windows. The interior dimension of the cell 
was 5.1 cm diameter X 7.6 cm. The cell was 
pumped down by a mechanical pump, then 
flushed several times with the pure ethylene 
before maintaining the gas at a fixed pressure. 
The 6 cm-diameter laser beam was focused down 
to -2 cm diameter by a 1 m focal length salt lens 
before entering the 2 cm window of the cell. 
After every 50 shots with the laser power and 
ethylene pressure kept constant, the high pressure 
cell was opened for inspection. When the laser 
was below a threshold intensity of -- lo7 W/cm2, 
nothing was seen for any pressure up to 900 psi. 
When the laser was raised above the threshold 
intensity, a fluffy black powder was formed all 
over the interior wall of the cell. Most of the 
black material was formed right next to  the 
entrance window. Whenever this occurred, we 
observed that during the laser bombardment, a 
'white' spark was created right near the entrance 
window, and downstream in the ethylene along 
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the laser axis, a pencil of yellowish-red glow was 
formed simultaneously. (This 'white' spark has 
been imaged through the exit window into a 
prism spectrograph. The spectrum showed two 
contiauous bands, a strong one between 560;- 
6200 A and a weak one between 4300-4800 A.) 
Soon after the cessation of the 'white' spark near 
the entrance window, a dark cloud was observed 
which diffused away with a rather strong turbu- 
lence. Similar results were obtained with the 
ethylene pressures ranging from 250 to 900 psi. 
The following is a typical result corresponding to 
a pressure of 600 psi. About 20 mg of the black 
material was collected after 500 shots of the 
laser, each having an average peak intensity 
-3 X lo7 W/cm2 and an energy of -7 J at the 
entrance window. Using CC14 as a solvent, about 
5 mg of a brown waxy material was extracted 
from the black material. The remaining insoluble 
fine black powder was presumably carbon. The 
brown material was analysed by taking its ir, 
nmr, and gpc (gel permeation chromatography) 
spectra. The ir spectrum showed the CH2 and 
CH3 bands as well as a characteristic band of a 
long (CH3, chain. The 90 MHz nmr spectrum 
showed only a major CH2 peak and a minor 
CH3 peak, indicating that the brown material 
is a hydrocarbon most probably with CH3 
endings. The gpc spectrum gave a major and 
a side band peaked at positions correspond- 
ing to the molecular weights of 200 and 254 
respectively. The observation led us to conclude 
that the brown products were most probably 
tetradecane (CH3(CH2),2CH3) (- goyC) and octa- 
decane ( C H ~ ( C H ~ ) I ~ C H ~ )  (- 20y0). 

The polymers were probably formed via free 
radical polymerization (4). The free radicals 
might be produced via resonant multiphoton 
absorption and subsequent dissociation of the 
ethylene molecules, similar to the case of C02  
laser isotope enrichment of SF6 in 34S (5) where a 
similar high level of laser intensity had to be 
used. Although we may add that the evidence of 
the dissociation is given by the occurrence of 
luminescence in accordance with the recent ob- 

servation by Bagratashvili et 01. (6), the physical 
mechanism involved still is subject to debate (7). 
Our results indicated that during the dissociation, 
the ethylene molecules had been shattered into 
many different fragments consisting of mostly 
carbon, and a substantial number of free radicals 
such as CH2., CH3.,  etc., which participated in 
the free radical polymerization. Since many free 
radicals were created within a small region, the 
polymerization would not propagate too far 
before encountering a free radical that termi- 
nated the reaction.?his might be a reason for 
the observed low molecular weight product. 
However, other explanations might exist. For 
instance, because of the high collision rate of the 
ethylene molecules (-- lo1' s-l) high molecular 
weight product might have been produced before 
the laser irradiation was over. The remaining 
laser irradiation, being still very intense, might 
have caused an ablation of this product thus 
giving rise to low molecular weight polymers. 

It should be noted that whenever polymeriza- 
tion occurred, the inner surface of the entrance 
window was damaged after about 10 shots. It 
was also covered by the black fluffy material. 
Thus, the real efficiency of the polymerization 
reaction could be higher than that indicated by 
the above data. 

1. A. N. ORAEVSKII, V. P. PIMENOV, A. A. STEPANOV, and 
V. A. SHCHEGLOV. SOV. J. Quant. Electron. 4, 711 
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Sov. J. Quant. Electron. 4, 1018 (1975). 
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27, 87 (1975). R.  V. AMBARTSLJMY.~N, Yu. A. GOROK- 
HOV. V. S. LETOKHOV, and G .  N. MAKAROV. SOV. Phys. 
JETP Lett. 21, 171 (1975). 

6. V. N.  BAGRATASHVILI, I. N. K N Y A Z E Z , ~ .  S. LETOKHOV. 
and V. V. LOBKO. Opt. Cornrnun. 14, 426 (1975). 
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Chem. 54, 2343 (1976). 

Fluorine resonance spectroscopy has been used to calculate stoichiometry and equilibrium 
constants for formation of 1 :l and 2:l complexes between dimethyl sulfide and tungsten 
hexafluoride at several temperatures. The 2:l complex has fine structure from spin-spin coup- 
ling at very low temperature, but the simplicity of the spectra prevent detailed mechanistic 
studies. Many other Lewis base complexes of tungsten and molybdenum hexafluorides have 
been prepared. 

S. BROWNSTEIN, BEVERLEY H. CHRISTIAN, G. LATREMOUILLE et ALOIS STEIGEL. Can. J. Chem. 
54, 2343 (1976). 

On a utilis6 la spectroscopie de resonance du fluor pour calculer la stoechiometrie et les 
constantes d'kquilibre pour la formation des complexes 1 :1 et 2:l entre le sulfure de dim6thyle 
et l'hexafluorure de tungsten a plusieurs tempkatures. Le complexe 2:l a une structure fine pour 
le couplage spin-spin a t r b  basse tempkrature mais la simplicit6 du spectre empsche de faire des 
etudes mkanistiques plus detaillks. On a aussi prepare plusieurs autres complexes avec les 
bases de Lewis, hexafluorure, tungsten et de rnolybdene. 

[Traduit par le journal] 

Introduction 
Tungsten hexafluoride is reported to form 

complexes with Lewis bases (1-4) and also 
charge-transfer complexes (5). Only charge- 
transfer complexes have been reported for 
molybdenum hexafluoride (5). Except for a 
preliminary communication there has been no 
study of the equilibria between free tungsten 
hexafluoride and its complexes of different 
stoichiometry, nor of the kinetics of these 
reactions (4). It  has been reported that molyb- 
denum hexafluoride is a stronger oxidizing agent 
than tungsten hexafluoride but there is no data 
concerning the relative electron accepting ability 

lNRCC No. 15328. 
2Present address: Institute of Organic Chemistry, 

University of Dusseldorf, D-4 Dusseldorf, Universitats- 
strasse 1, West Germany. 

of the two fluorides in formation of Lewis acid- 
base complexes (6, 7). The present study is an 
attempt to fill in some of these gaps in our 
knowledge of the chemistry of these fluorides. 

Experimental 
Molybdenum and tungsten hexafluorides were used 

directly as supplied by Ozark Mahoning Ltd. They were 
manipulated in a stainless steel vacuum system equipped 
with bellows valves and the system was baked before use. 
Samples for fluorine magnetic resonance were prepared 
using glass-to-metal seals to  ensure a grease free system. 
Solvents and other reagents were purified in the usual 
manner (8, 9). There was no evidence of impurities in the 
fluorine resonance spectra of the hexafluorides and the 
satellite lines from spin-spin coupling with less abundant 
magnetic isotopes were sharp, indicating the absence of 
rapid exchange with any unobservable impurities. The 2:l 
complex of dimethyl sulfide with tungsten hexafluoride 
was prepared, using an excess of dimethyl sulfide, by pre- 
cipitation from sulfuryl chlorofluoride as white crystals 
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stable for a few days at room temperature. It was readily 
brought into solution by adding a small quantity of sulfur 
dioxide to the sulfuryl chlorofluoride. The 1:l complex 
was also precipitated from sulfuryl chlorofluoride with 
stoichiometric quantities of dimethyl sulfide and tungsten 
hexafluoride. These white crystals were only stable for a 
few hours at room temperature. They were less soluble 
than the 2:l complex and required approximately an 
equal volume of sulfur dioxide to bring them into solution. 

Samples for study by fluorine resonance spectroscopy 
were prepared by addition of the appropriate quantities of 
reagents, using known volumes and pressures, to an nmr 
tube on the vacuum line. Solvent would normally be 
added between the active reagents. After sealing the 
samples would be thawed and mixed at Dry Ice temper- 
ature and stored at Dry Ice temperature until their spectra 
were gathered. 

Fluorine resonance spectra were obtained on a Varian 
Associates HAlOOD spectrometer at 94.1 MHz. Chemical 
shifts are reported in ppm relative to CFC13 as zero. Low 
field is considered positive to agree with newly established 
standards (lo), which is opposite to the convention pre- 
viously used by this laboratory. Data analysis was by 
least-squares procedures and errors are listed as one 
standard deviation except for chemical shifts, which are 
estimated. 

Results and Discussion 

A listing of complexes with tungsten hexa- 
fluoride, along with some examples where com- 
plexing is not observed, is given in Table 1. The 
chemical shifts are those of fluorine in the com- 
plexed tungsten hexafluoride. Slow exchange is 
used to indicate that magnetic averaging of the 
peaks from free and complexed tungsten hexa- 
fluoride did not occur at temperatures below 
-20°C. In this temperature range the com- 
plexes were stable with respect to decomposition. 

For the trimethylamine system signals from 
free tungsten hexafluoride, the 1 : 1 complex and 

the complex with two amine molecules were all 
present at appropriate concentration ratios in 
SOz, methylene chloride, and vinyl chloride as 
solvents. The relative intensities of these peaks 
varied with the ratio of amine to fluoride in the 
correct manner for the peak assignments. 
Sufficiently accurate intensities could not be 
obtained for the calculation of reliable equilib- 
rium constants. The chemical shift of the 1 :1 
complex agrees with that previously reported (2). 

There was no evidence for a 2: 1 complex with 
triethyl phosphine in sulfur dioxide solution. An 
insoluble complex was formed with methylene 
chloride as solvent. There was no evidence for 
phosphorus-fluorine nor tungsten-fluorine spin 
coupling although they have been observed for 
the trimethyl phosphine complex (2). The tri- 
methyl arsine tungsten hexafluoride complex was 
only sparingly soluble in sulfur dioxide but dis- 
solved readily in acetonitrile. In the latter solvent 
exchange between free and complexed tungsten 
hexafluoride is rapid at room temperature. 

In a preliminary communication it was re- 
ported that although the resonances of free and 
complexed tungsten hexafluoride could be dis- 
tinguished in the system with dimethyl sulfide, 
the exchange between 1 : 1 and 2: 1 complexes 
could not be slowed sufficiently to determine their 
individual chemical shifts (4). At low temper- 
ature and with an excess of dimethyl sulfide the 
2: 1 complex is essentially the only tungsten 
fluoride species present so its chemical shift may 
be measured directly. The chemical shift of the 
1 : 1 complex was used as an adjustable parameter 
in calculation of the equilibrium constants for 
formation of the 1 : 1 and 2: 1 complexes. Con- 

TABLE 1. Fluorine chemical shifts for some tungsten hexafluoride complexes 

Shift (ppm) 

Ligand 61:l 62:l Exchange rate 

(CH3)3N 148.0 178.6 Slow 
(CH~CHZI~P 148.5 - Slow 
(CH3)3As 148.7 Rapid 
(CH3120 Decomposition(l1) 
(CH3)2S 160f2 90f l Rapid 
(CH3)zSe 148.6 Moderate 
C1kQ 148.7 Moderate 
B r a  144.0 Moderate 
NH3 144.2 Insoluble 
CH3CN No complex formation 
No ligand 167.0 

aAs the tetrabutylammonium salt. 
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sistent values for the equilibrium constants over a 
58 degree temperature range and a twofold 
variation in concentration for five samples were 
obtained only for a chemical shift of 160 ppm 
for the fluorines of the 1 :I complex. The cal- 
culations were quite sensitive to slight changes 
in this value. 

The observable quantities are: R, the ratio of 
intensities of signals from free and complexed 
tungsten hexafluoride; 6, the chemical shift of the 
averaged signal from the complex species; 62: 1, 
the chemical shift of the 2: 1 complex; 61 : 1, the 
chemical shift of the 1 : 1 complex (adjustable and 
assumed to be an observable); [total WF6], the 
concentration of all WF6 containing species in 
the solution; [total sulfide], the concentration of 
all dimethyl sulfide containing species in the 
solution. From these the following quantities 
may be calculated according to eqs. 1 through 7. 

We define 
[2 : 1]/[1 : 11 

= The ratio of concentrations of 2: 1 and 1 : 1 
complexes 

[Free WF6] 
= The concentration of uncomplexed WF6 

[Free sulfide] 
= The concentration of uncomplexed di- 

methyl sulfide 

R[total WF6] 
[2] [Free WFs] = 

R + 1  
[Total WFs] - [free WF6l 

[31 [1:1] = 1 + [2 : 1]/[1: I] 

. . 

[5] [Free sulfide] = 

[Total sulfide] - [I :  11 - 2[2: 11 

161 
[ l  : 11 

K1 = [Free WF6][free sulfide] 

FIG. 1 .  The temperature dependence of the equilib- 
rium constants for formation of complexes between 
dimethyl sulfide and tungsten hexafluoride. 

[2: 11 
K -  * - [1 : l][free sulfide] 

A plot of the results is shown in Fig. 1. A 
least-squares analysis of these results yields 
- 5.9 + 0.5 kcal/mol for the heat of formation of 
the 1 : 1 complex and - 7.4 f 0.2 kcal/mol for 
the 2:l complex. 

The WF6 complexes with dimethyl sulfide are 
quite unusual since the heat of formation of the 
2: l  complex is greater than that for the 1 :I 
complex and the chemical shifts of the complexed 
WF6 are rather different than those found for 
other complexes. The 2: 1 dimethyl sulfide com- 
plex is the only one in which intramolecular 
fluorine exchange could be slowed sufficiently 
to observe individual fluorine resonance signals. 

Theoretical spectra were calculated by a sto- 
chastic method (12) for one pair intramolecular 
exchange between the two and four non- 
equivalent fluorines observed for the 2:l di- 
methyl sulfide - tungsten hexafluoride complex. 
The probability matrix employed is 
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EXPERIMENTAL I THEORETICAL z s 

FIG. 2. A comparison of theoretical and experimental spectra for a 3 :1 sample of dimethyl sulfide 
and tungsten hexafluoride in vinyl chloride solution. 

where the lines are those of the triplet and temperature, as illustrated in Fig. 2, the exchange 
quintet from low to high field respectively. From rates in Fig. 3 were obtained. Although the 
a comparison of theoretical and experimental postulated exchange mechanism need not be 
spectra as a function of exchange rate and correct, the calculated exchange rates will still 
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FIG. 3. Exchange rates as a function of temperature and 
concentration for dimethyl sulfide tungsten hexafluoride 
samples. 

correspond reasonably closely to those of other 
mechanisms. It is therefore possible to state that 
the fluorine exchange mechanism at the lowest 
temperatures does not involve free dimethyl 
sulfide in the rate limiting step. It is probable 
that a second exchange mechanism predominates 
at temperatures above - 150 "C, and also does 
not involve free dimethyl sulfide. The simplicity 
of the spectra do not allow a more detailed 
interpretation, however some general geometric 
conclusions can be stated. 

Eight co-ordinate structures are the dodeca- 
hedron, cube, square antiprism, undecahedron, 
and hexagonal bipyramid (13, 14). Only for the 
hexagonal bipyramid is it possible to have a 
rigid structure with two and four equivalent 
fluorine atoms. This geometry has been observed 
for neptunyl acetate (15) and uranyl nitrate and 
acetate (16). The observed fluorine resonance 
results could be explained by this structure with 
two fluorines in the axial positions and the two 
ligands in para positions in the hexagonal girdle. 
In such a case exchange of fluorines could occur 
by the intramolecular one pair exchange between 
an axial and an equatorial fluorine. 

If the actual structure of the complex is a cube 
or a square antiprism the low temperature 
fluorine resonance results may be explained by a 
trans position of the two dimethyl sulfide groups 
on one face and a rapid rotation of the four 
groups on this face with respect to the four 
fluorine atoms on the opposite face. Intra- 
molecular averaging of the two and four equiva- 
lent fluorines may arise from the one pair 
exchange between a fluorine on each face. 

The regular dodecahedron may be considered 
as two interpenetrating tetrahedra, one flattened 
and one elongated (14). The least low tempera- 
ture motion is required if the four equivalent 
fluorine atoms are located at the corners of the 
elongated tetrahedron. The two equivalent fluor- 
i n e ~  are located on opposite corners of the 
flattened tetrahedron with rapid rotation of this 
tetrahedron. relative to the other. Intramolecular 
averaging of the two and four equivalent fluorines 
would occur by a one pair exchange between a 
fluorine of the flattened tetrahedron and a 
fluorine of the elongated tetrahedron. 

For an undecahedral structure to yield the 
observed fluorine resonance results there must 
be a dimethyl sulfide group on each triangular 
face and the two fluorine atoms normal to these 
faces must be exchanging rapidly. This appears 
to be a rather unlikely possibility (13). Consider- 
able low temperature motion is required for all 
the possible structures except the hexagonal 
bipyramid so it is the most favored arrangement 
even though it has not been observed very 
frequently. 

The com~lex between dimethvl selenide and 
tungsten hexafluoride is only stable at low tem- 
perature and tends to slowly react with sulfur 
dioxide as solvent to give WOF4 even at -70 OC. 
Complexes with tetrab~t~lammonium chloride 
and bromide are unexceptional. Tungsten hexa- 
fluoride has been reported to react with an 
excess of ammonia to yield a solid complex con- 
taining four equivalents of ammonia (1). In 
acetonitrile as solvent a soluble 1 : 1 complex with 
ammonia was observed. With two equivalents of 
ammonia only insoluble material was obtained 
and no signal remained from the 1 : 1 complex, 
suggesting that a 2: 1 complex is also formed. NO 
other satisfactory solvents were found for the 
1 : 1 or 2 : 1 complexes. 

No complex formation is found with ace- 
tonitrile, carbon disulfide, carbon oxysulfide, 
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TABLE 2. Fluorine chemical shifts for some 
molybdenum hexafluoride complexes 

Shift 
Ligand 61:l Exchange rate 

(CH3)3N Decon~position 
(CH3)20 61:2=315.9 Fast 
(CH&S Decomposition 
CI-a 274.0 Moderate 
Br-a Decomposition 
NH3 Insoluble 
CH3CN No complex formation 
No ligand 282.1 

"As the tetramethylammonium salt. 

thiophene, hexafluoroacetone, and trifluorometh- 
yl ether. Decomposition of the organic moiety 
occurs rapidly with acetone and furan. 

A few complexes with molybdenum hexa- 
fluoride along with an example of no complex 
formation and cases of other reactions are listed 
in Table 2. With three equivalents of MoF6 for 
each dimethyl ether separate lines from uncom- 
plexed MoF6 and the 1:2 complex are found at 
-135 "C, although they merge by -125 "C. 
With two equivalents of MoF6 only the line from 
the 1 :2 complex is observed. As one increases the 
relative concent~ation of dimethyl ether to three 
equivalents for each MoF6 only a single line is 
observed in both the fluorine and proton reso- 
nance spectra even at - 135 "C. The fluorine 
resonance line moves steadily upfield with vary- 
ing ether concentration to 297.8 ppm with three 
equivalents of ether. One can conclude that there 
is at least partial formation of an ether-rich 

complex but its stoichiometry and extent of 
formation cannot be determined. 

The only complex formed by both tungsten 
and molybdenum hexafluorides is with chloride 
ion. It is not possible to compare the relative 
complexing strength of the two fluorides for this 
ligand since there is essentially complete forma- 
tion of the l : l complex and no further complex 
formation. 
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Nuclear charge distribution in the region of symmetric fission of 
238U by protons of energy 20-85 MeV1 

S. SARKAR~ AND L. YAFFE 
Department of Chemistry, McGill University, Montreal, Que., Canada H3C 3GI 

Received January 21, 1976 

S. SARKAR and L. YAFFE. Can. J. Chem. 54, 2349 (1976). 
Independent formation cross sections in the fission of 238U by protons of energy 20-85 MeV 

were obtained for the nuclides IllAg, 112Ag, "7In, 115111, IllPd, and "5Cd. The last three men- 
tioned were estimated on the basis of measurements and isomeric yield data. Charge dispersion 
curves were constructed and Z,, the most probable charge, determined. The values for 
(ZA - Z,) lie intermediate between those measured for fission products of higher and lower 
mass. The number of neutrons emitted was estimated and found to be higher than in asym- 
metric fission, leading to the conclusion that the former are events arising from higher deposi- 
tion energies. 

S. SARKAR et L. YAFFE. Can. J. Chem. 54, 2349 (1976). 
Les sections efficaces de formation indkpendantes des nuclkides suivants: IllAg, 112Ag, 117In, 

IlsIn, 111Pd et 115Cd, issus de la fission de 238U par protons d'knergies comprises entre 20 et 
85 MeV, ont kt6 obtenues. Les trois dernikres ont kt6 estimks a partir des mesures et de donnkes 
sur les rendements isomkriques. Les courbes de distribution de charge ont kt6 construites et Z,, 
la charge la plus probable, a kt6 determinke. Les valeurs de (ZA - Z,) se situent entre celles 
mesurks dans le cas de produits de fission de masse suphieure et infkrieure. Une estimation du 
nombre de neutrons kmis a conduit a des valeurs supkieures B celles dkduites dans le cas de 
fissions asymetriques. Nous en avons conclu que ceux-ci sont le rksultat d'kvknements con- 
skcutifs B des depots d'knergie plus klevks. 

Introduction 121 A = (? r~) - l /~  

The variation of yields of primary fission 
fragments can be used to determine the nuclear 
charge distribution in fission. This can be done 
by determining the fractional yield in a mass 
chain or by the determination of independent 
yields in a narrow mass region when the varia- 
tion of the yield with mass is minimal. 

If the probability of formation of fractional 
independent yield of a product with atomic 
number, 2, within a particular mass chain is 
P(Z), and each chain is characterized by a single 
most probable (not necessarily integral) atomic 
number, Z,, then P(Z) has been shown by many 
investigators to be given adequately by the 
Gaussian equation 

[I] P(Z) = A exp - ( Z  - Z,)~/C 

The constant c, reflects the relative width of the 
Gaussian function. The maximum amplitude is 
given by A, which is related to c: 

]With financial assistance from the National Research 
Council of Canada. 

2Present address: Chemicals Department, Gulf Oil of 
Canada Limited, 2020 University Street, Montreal, 
Quebec. 

Available data regarding nuclear charge dis- 
tribution in medium-energy fission are relatively 
limited compared with those done at thermal 
energies. Nevertheless, a variety of fissile systems 
(1-14) has been studied at medium energies. 

The conclusions drawn from these studies can 
be summarized as follows: 

(a) All the data can be effectively correlated 
by the assumption of a Gaussian charge dis- 
persion. 

(b) The equal charge displacement (ECD) 
hypothesis (15) which can be used to describe 
nuclear charge distribution at thermal energies 
is not an adequate, unambiguous description at 
higher energies. The unchanged charge distribu- 
tion (UCD) (16), while valid for some systems at 
medium energies, does not uniformly describe 
all the data either. 

(c) A study of charge distribution curves as a 
function of incident proton energy shows that 
the peak of the curve, corresponding to Z,, the 
most probable nuclear charge, moves towards 
Z,, the most stable nuclear charge for mass A, 
as the proton energy, E,, increases. 

(d) In the most probable split, AH = 130-140 
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and AL = 90-100 (where AH and AL are the 
mass numbers of the heavy and light fission 
products, respectively), the relationship of 
(ZA - Zp) as a function of proton energy, E, 
is virtually independent of the target for the light 
fragment for a variety of fissile systems, e.g.  233U, 
235U, and 238U and are found to carry virtually 
identical excitation energy. With the heavier 
fragments the above function shows a steeper 
gradient, depends on the original neutron-to- 
proton (N/Z) ratio of the target, and most of 
the increase in incident proton energy reflects 
itself in increased excitation energy of the heavy 
fragment. 

(e)  As the proton bombardment energy is 
increased, the Gaussian charge dispersion curves 
widen. This is explained by the variety of fissile 
systems which is a result of direct interaction 
cascades and neutron evaporation as the bom- 
bardment energy is increased. 

The present study was undertaken to deter- 
mine the behaviour, not in the region of the 
most probable fission split, but in the symmetric 
and near-symmetric mass regions. Very little data 
have been gathered in this region. The produc- 
tion cross section is low at medium energies, the 
decay schemes are complex, and isomerism is 
abundant. This paper attempts to measure inde- 
pendent formation cross sections in this area as 
accurately as possible and to provide an estimate 
for those nuclides where only partial data are 
available from isomers. Charge distribution 
curves obtained have been compared with the 
systematics quoted above. 

Experimental 
Targets and Irradiation 

(a) Target Arrangement 
The uranium foil target was of natural isotopic com- 

position. The foil superficial density varied between 170 
and 230 mg depending on the nature of the experi- 
ment. The degradation in proton bombardment energy 
introduced by the target thickness was computed at each 
energy from the data of Williamson et al. (17) and was 
found to lie within the k 2 MeV spread in the energy of 
the internal circulating beam of the McGill synchrocyclo- 
tron. The target assembly consisted of the following, 
(i) uranium foil, cleaned with dilute HN03 to remove the 
oxide coating, subsequently washed with water, acetone, 
and dried, (ii) high-purity Al catcher foils (front and back) 
approximately 10 mg cm-2 superficial density, sufficient 
to stop the recoil of the fission fragments (18, 19) and 
(iii) a Cu monitor coil (99.99% pure) of superficial density 
44 mg ~ m - ~  upstream of the target. Estimates (20, 21) of 
the range of the copper recoil atoms indicate a maximum 

TABLE 1. Cross sections for the reaction 
65C~(p,pn)64C~ (25) 

Mean bombardment 
energy Cross section 
(MeV) (mb) 

loss due to recoil of less than 0.003% and thus no catcher 
foils were used with the monitor foil. 

The assembly was carefully trimmed to ensure that 
identical surfaces of all foils were exposed to the beam, 
then wrapped in A1 foil of identical purity to that of the 
catcher foils and attached to a target holder which was 
fastened to the cyclotron probe. 

(b) Irradiation 
Irradiations were performed in the internal circulating 

beam of the McGill proton synchrocyclotron at radial 
distances corresponding (22) to energies of 20, 35,40, 55, 
70, and 85 MeV. For extremely short irradiations the 
procedure was further modified by (i) ensuring that the 
target was placed in the holder to ensure maximum 
utilization of the vertical oscillation of the beam (23, 24), 
(ii) reducing the target thickness to allow for more rapid 
dissolution, and (iii) tilting the target assembly to obtain 
greater effective thickness presented to the beam. 

The duration of the irradiation, a direct function of the 
formation cross section of the nuclide of interest, nature 
of the fission yield, and beam intensity, varied between 2 
and 25 min. 

(c) Monitoring of the Intensity of the Beam 
The beam was monitored by the reaction 65Cu(p,pn)- 

64C~.  The absolute cross sections have been obtained by 
a Faraday cup measurement in the external beam 
facility and have been previously described (25). The 
values, for ready reference, determined to within a 
standard error of + 5.9%, are given in Table 1. 

Chemical Separations and Preparation of Samples for 
Activity Measurements 

After irradiation a leading edge of the target assembly 
was sheared off for chemical processing and radiochemi- 
cal assay. The U foil was dissolved in a minimum of 
HN03 to which was added the Al catcher and A1 sheath 
portions which had been dissolved in a minimum volume 
of concentrated NaOH. The Cu foil was treated as 
described in the Appendix. 

In the present work only a single element was isolated 
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TABLE 2. Summary of the decay properties of observed nuclides 

Emitted radiation 
Per, 

Isotope Mode of decay Half-life Radiation detected disintegration (26) 

11 7mln 4674 l.T; 54% 8- 1.94 h 158.6-keV y from daughter 0.87 
11 igIn 6-(100%) 44 min 158.6-keV y from daughter 0.87 
11 7m+gCd a-(100%) 3.4 and 2.4 h respectively Daughter 0.87 
llsAg P-(lOo%) 21 min 229.7-keV y 1 .OO 
I I S ~ C ~  P-(lOo%) 43 days 336.3-keV y (daughter) 0.45 
llsgcd a-(loo%) 2.3 days 527.9-keV -y 0.275 
I I S ~ I ~  95y0 1.T; 570 6- 4.5 11 336.3-keV y 1.00 
"3Ag a-(loo%) 5.37 h 298.6-keV y l .OO 
ll2Pd P-(lOO%) 21.0 h Daughter 
1 1 2 ~ ~  a-(100%) 3.2h a- 1 .oo 
111mpd 71 % 1.T; 29y0 5.3 h Daughter 
~llgpd 100% P- 22 min Daughter 
111A~: loo% P- 7.5 days P- 1.00 

from each aliquot of the mixed fission product solution. 
Operations were performed in 40-rnl centrifuge tubes in 
which all precipitations and dissolutions were made. 
Several extractions were made at different times to 
evaluate the contribution from the 6--decay chain, as well 
as that formed directly in the fission act. 

The sample was finally prepared for activity measure- 
ments by filtration of the precipitate on to a millipore 
filter assembly consisting of a glass fibre 25-mm filter 
(previously weighed) placed in a filter holder on a fritted 
glass base. The final precipitate was washed finally with 
acetone, dried, and weighed to determine the chemical 
yield. The filter was mounted in the centre of a pre-cut 
standard mounting card and the entire assembly covered 
by a Mylar film (1.75 mg ~ m - ~ ) .  The activity of the copper 
monitor was assayed as a liquid in a 'counting vial'. The 
preparation of this sample, as well as the specific separa- 
tion methods are given in the Appendix. 

Activity Measurements 
The pertinent decay characteristics of the various 

nuclides of interest and their methods of detection are 
summarized in Table 2. 

(a) 8-- Measurements 
The formation cross sections of U1Ag and 112Ag are so 

small at the bombardment energies studied in this work 
that the resolution of y-decay curves would have been a 
formidable task. A low-background pcounter Beckman 
'Widebeta 11' was used with a counter gas mixture of 
90% Ar - 10% CH4. The background varied between 1.8 
to 2.0 counts per min and the resolving time of the system 
was 0.5 ps at a counting rate of lo6 per min. The detector 
was calibrated using standard techniques (27, 28). The 
nuclide IlLAg has Em,, = 1.06 MeV for the a--particle 
resulting from the 'allowed' transition to its daughter. A 
calibrated sample of 210Pb (Em,, = 1.1 MeV, 'normal' 
first-forbidden), prepared under identical measurement 
conditions to those used with IIlAg, was used to deter- 
mine the overall efficiency for 1llAg. The absolute 
efficiency for the 'hard' 6's of II2Ag (Emax = 4.0 MeV) 
was obtained by cross-calibration on the 40-cm3 Ge(Li) 
detector described below. For this purpose the sample 
was covered by an Al foil, 800 mg ~ m - ~ ,  sufficient to 
absorb the 6:particles. 

(b) y-Measurements 
(i) Scintillation detector. The 511-keV annihilation 

radiation from the a+ rays of 64Cu were detected and 
measured by a 3 in. X 3 in. NaI(Tl) crystal coupled to a 
400-channel pulse-height detector. Sufficient material 
surrounded the counting vial to ensure efficient absorp- 
tion of the positrons. The 'live-timer' of the analyser was 
found to give results accurate to +1.5yo when the 
indicated dead-time was below 8%. All data using this 
detector were gathered at or below an 8y0 indicated 
dead-time. The system was calibrated using a 22Na 
standard, prepared for measurement under conditions 
identical to those for 64C~.  (The positron energies are not 
very different.) 

(ii) Solid-state detectors. Two systems were used. The 
first was a 30-cm3 Ge(Li) detector coupled to a 4096- 
channel pulse-height analyzer. The counting data were 
recorded on magnetic tape and analyzed using the McGill 
IBM 360-75 computer. All samples to be measured were 
placed at such a distance from the detector that the 
dead-time was less than 10%. Under these conditions the 
'live-time' mode of this system accurately self-corrected 
for dead-time losses. The resolution of the set-up was 
3.1 keV(ful1-width at half-maximum) at the 1333-keV 'j0Co 
line. The second system was a 40-cm3 Ge(Li) detector 
coupled to a 1600-channel pulse-height analyzer. The 
resolution was 0.4Y0 (full-width at half-maximum) in the 
region of interest. All measurements were made with a 
plastic absorber, sufficiently thick to absorb any 8-- 
particles, placed in between the sample and the detector 
to avoid 6--7 summing effects. The measurement of all 
activity was carried out at a distance of 106.5 rnm 
(source-to-detector) to minimize errors due to source- 
geometry effects. 

Treatment of Data 
Data which were obtained using gas-flow p--counters 

were resolved into the various components by the CLSQ 
programme (29) modified for use on the IBM-360 (30). 
For y-decay analyses two least-squares programmes were 
used, ORGLS (31) modified for use on the IBM-360 (30) 
and that of von Holdt (32), adapted to the IBM-360-75 
(33). 

The evaluation of areas under the photopeaks which 
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TABLE 3. Fission product decay chains* 

Half-life of nuclide 

Mass 

5.3h . , ,- 7 r  / 4 8 r  
v. short?::: -. 

l469"- 22m -7.5d stable 

v. short? - 21h -3.2h - stable 

v. short? - 1.4m < 1 - stable 

v. short?- '! - 2.5m- stable 22s 

, 
v. short? v. short? stable 

2.48h , , , - 42m 

*v = very, Y = Years, d = days, h = hours, m = minutes, = seconds. 

are representative of the counting rate was done either 
manually or by a computer code (34, 35). The counting 
rates at the end of bombardment or separation time 
(whichever was applicable) were converted to absolute 
disintegration rates by correcting for the chemical yields, 
detector efficiencies, dilution factors, and branching 
ratios. 

The fission product decay chains investigated are shown 
in Table 3. The numbers shown over the arrows give the 
isomeric branching ratios. 

The measured activities of 1I7In and lllPd were in- 
creased by 4% and 3% respectively in order to take into 
account scavenge losses as determined from tracer work. 

No self-absorption corrections were made since the 
superficial densities of all samples were within + I  mg 
cm-2 of the superficial density of the standard calibration 
sanlples. The total self-absorption correction if made 
would only have been of the order of 1%. 

Corrections for growth and decay were made by using 
the standard Bateman equations, greatly complicated by 
the occurrence of isomerism. The equations and treat- 

ment of each individual chain are given in detail in 
ref. 36. 

Errors were divided into 'systematic' and 'random' 
according to the scheme suggested by Bevington (37). 

The systematic errors are associated with monitor 
cross sections, detector efficiencies, branching ratios, and 
half-life values. Errors involved in cross sections used in 
beam monitoring have already been quoted as +5.9% 
(25). Errors in decay scheme uncertainties varied between 
1 and 12% while isomer branching ratio uncertainties 
were 2-3yo. Errors in the actual sample measurements, 
because of the use of different detectors, were 1-3%. The 
energy spread in the internal circulating beam is on the 
average + 2  MeV. Errors in efficiency calibration of 
detectors are 2% for the 7-ray detectors and 7% for the 
cross calibration used for 112Ag. An error of + 3y0 was 
allowed for sample reproducibility. 

The random errors are connected with p- and 7- 
activity measurements, chemical yields, foil thickness, 
and alignments. The main source of error lies in the 
determination of photopeak areas (5-15yo) depending on 
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TABLE 4. Independent formation cross sections of products from the fission of 238U by 20-85 MeV protons 

u (mb) 

EP 117111 
1151~* 115cd* ~llpd* 1 1  2Ag ll1Ag 

(MeV) (N/Z = I .387) (N/Z = 1.346) (N/Z = I .395) (N/Z = 1.413) (N/Z = 1.382) (N/Z = 1.361) 

20 0.16k0.04 0.01 k0.003 0 .5k0.1  1.8 k0 .3  0.18k0.03 0.05_+0.008 
30 0.55k0.07 0.03 +0.005 1 .250 .3  2.0k0.3 0 .4  kO.06 0.08k0.01 
40 1.2 k0 .2  0.05k0.01 1 .950 .3  3.9k0.6 0.8 kO.1 0 .2  k0.03 
55 2.6 50 .5  0.2 k0.03 2.8 k0 .4  4.8k0.7 1.8 k0 .3  0.8 50.1 
70 5.3 k0.8 0.9 k 0 . 2  4.5k0.7 9.0k1.4 3.8 k0 .5  1.5 k0 .2  
85 7.0 +_1.0 2.0 50 .4  10.6k1.6 12.3k2.0 7.0 k l . 0  3.3 k0 .4  

*Estimated cross sections based on independent isomer ratio values explained in text. 

the complexity of the ?-ray spectra. The error in obtaining 
the initial disintegration rate varied from 2% (extrapola- 
tion of 64Cu decay curve) to lOYo for specific nuclides. 
Weighing and pipetting contributed 1.5-2%, 1-3% was 
contributed by timing in separations. Chemical yields 
were determined in duplicate or triplicate. They agreed 
within 3-5%. The error in foil area determination was 
assessed at 1%. 

The total error was assessed for each nuclide by taking 
the square root of the sum of the squares of individual 
errors connected with both the nuclide and the monitor. 
The error varied between k 11% and k 25%. 

TABLE 5. Independent isomeric yield ratio 117gIn/117mIn 

Yield ratio 
Irradiation energy 

(MeV) Present work Hagebfl (39) 

15 0.8 k0 .5  0 .6k0.4  
29 1 .6k0.4  1 .2k0.2  
43 2.5k0.5 2.7k0.7 
57 4.8k0.8 4.2k0.8 
70 8.5 k0.8 
85 9.8k0.9 9 .0k1.0  

110 12.0k1 .o 

Results 
The independent formation cross sections for 

the nuclides l171n, l12Ag, and ll1Ag were com- 
puted directly at each energy (1, 13) and are 
shown in Table 4. The independent cross section 
of l15Cd was computed from the measured inde- 
pendent yield of llSrnCd and the ratio of the 
isomeric products 5mCd/ 5gCd given by Til- 
bury and Yaffe (38) in this energy range. In 
addition, from the experimentally-determined 
values of the ' 15"In independent formation cross 
sections a total cross section value for l151n was 
determined by assuming, at each value of the 
bombardment energy, an isomer ratio (high-to- 
low spin) equal to that of l171n determined in 
this work. The isomer spins of l151n and l171n 
are identical. The isomer ratios found for l171n 
agree well with those of Hageb~  (39) as is shown 
in Table 5. 

Schmitt and Zumwalt (40) have pointed out 
that the cross section of l1lrnPd could be con- 
sidered independent since the decay of the lllRh 
parent is greater than 9901, to the ground state. 
Panontin and Porile (41) have reported the 
isomer ratio of (a (' ""~d) independent/a(' llgPd) 
independent) to be 2.5 + 0.6 and to be virtually 
identical in low- and high-energy fission and 

TABLE 6. Cumulative formation cross sections of 
products from the fission of 238U by 20-85 MeV protons 

20 11+2 11+2 8 2 1  l l k 2  
30 14+2 16+2 16k2 18+3 
40 23k3 22+3 21k3 23+3 
55 30+4 26+5 30k5 32+5 
70 36+5 28+4 32+5 39+6 
85 44+7 47+6 38+6 4856 

*A partial cumulative yield, since there is a partial loss from the 
decay of L13mAg to l13Cd. 

thus the total cross section could be computed 
for this nuclide. 

The cumulative yield recorded for l13Ag is 
considered 'partial' to allow for a partial 'loss' 
by direct decay of ' 13"Ag to l13Cd. 

The cumulative formation cross sections 
measured in this work are listed in Table 6. 
Excitation functions are not shown, except for 
that of ' ' 5gAg in Fig. 1 in order to compare with 
the data of Hicks and Gilbert (41). 

Discussion 
The independent yield data shown in Table 4 

were converted into fractional chain yields using 
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TABLE 7 .  Fractional chain yields used in construction of charge-dispersion curves 

Fractional chain yield 

E~ 117111 l151n* Il5Cd* Illpd* l 1  2Ag lllAg 
(MeV) ( N / Z  = 1.387) ( N / Z  = 1.346) ( N / Z  = 1.395) ( N / Z  = 1.413) ( N / Z  = 1.382) ( N / Z  = 1.361) 

*Best estimated value (see text). 

60 I PRESENT WORK 

0 ~ " " " " ' J  
L 

10 30 50 70 90 110 
ENERGY (MeV)  

FIG. I .  Cumulative formation cross section of "5gAg. 

the cumulative yield data shown in Table 6 and 
data reported by Baba, Umezawa and Baba 
(42), Miller (43), Hicks and Gilbert (41), Steven- 
son et al. (44), and Lindner and Osborne (45). 
The fractional chain yield data shown in Table 7 
were used to construct charge dispersion curves. 
The yields were plotted against N/Z (neutron-to- 
proton ratio of the nuclide) using the convention 
initiated by Friedlander et al. (46). Two con- 
straints were used. The data were assumed to 
accord with a Gaussian fit (eq. 1) and were 
computer-fitted to this format. In addition the 
curve was so drawn that all independent isobaric 
yields read from the curve had to sum to the 
measured cumulative chain yield for these iso- 
bars. This has been shown to be an exceedingly 
sensitive constraint (46). Typical curves at 30, 
55, and 85 MeV bombarding energy are shown 
in Figs. 2-4. 

The values of N/Z at the peak of the charge 
dispersion curves and the mass number of the 
silver isotope, (A,), having the neutron-to- 
proton nearest the peak value were used to 
obtain the most probable charge, Z,, for this 
mass. The values of N/Z at half-maximum were 
similarly obtained from the charge dispersion 

curves and were converted to Z values for the 
same mass to obtain the full-width at half- 
maximum in Z units. The parameters thus 
obtained are shown in Table 8. 

The general features of the charge dispersion 
curves conform with those found by others 
working in this energy region, but in a different 
region of the fission product mass distribution. 
The most probable charge, Z,, shifts to less 
neutron-rich nuclides with increasing bombard- 

30 MeV 

2 3 8 u ( ~ , f )  
N /  Zp k 1,479 

I 

FIG. 2. Charge distribution in the symmetric mass 
region, 30 MeV protons. 
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SARKAR AND YAFFE 

TABLE 8. Parameters of charge dispersion curves for 238U 

Proton Full-width at half-maximum Peak position 
energy 
(MeV) N / z  z N / Z  Z,  zA - zn 

and fission competing at  each successive step 
5 5  MeV and the effect of post-fission neutron evapora- 

2 3 e u ' ~ , "  tion. Results available (40, 48-50) in the bom- 
barding energy interval 170-720 MeV show 
that in the symmetric fission product mass 
region the width of the charge dispersion curves 
remains relatively constant (2.8-2.9 Z units). This 
can be explained by a very slow variation of E*, 
the average deposition energy in this mass 
region. The studies of Panontin and Porile (51) 
at 11.5-GeV proton bombardment of natural 

FIG. 3. Charge distribution in the symmetric mass 
region, 55 MeV protons. 

t 85 MeV 

ment energy. The shift, however, is less drastic o,ool 
than those found in the regions of mass asym- 
metry, cf. Fig. 5. Values of Z,, the most stable 
charge for A (= 115 in this case), were obtained 
from Coryell (47). The values for (2, - 2,) 
were found to  lie in between those obtained 
from light and heavy fragments from 23sU. 

\ 

The variation of the magnitude of the FWHM 0.0001 I I I 

1.30 1.40 1.50 1.60 

curves has proved very difficult to interpret. N / Z  

Pate et al. (1) have attributed the broadening to  FIG. 4. Charge dlstributlon In the iymmetric mass 
the competition between neutron evaporation region, 85 MeV protons. 
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I 

'O 68Po~dNO EN%GY So M ~ $ O  " do 

FIG. 5. Variation of (2, - 2,) w~th  bombarding 
energy: 238U1, A = 90-100; 235Ul, A = 90-100; 233U, 
A = 90-100; 238Uh. A = 130-140; 232Th, A = 130-140; 
235U, A = 130-140; 239Puh and 237Nph, A = 130-140; 
233U,, A = 130-140; 238U, A = 111-117. 

uranium showed that E*, leading to products in 
the symmetric mass region, is not very different 
than at an energy of 450 MeV. However, in the 
present energy range, the work of Ramamoorthy 
et al. (18) shows a significant variation in E* of 
primary fragments in the symmetric mass region 
as the bombardment energy is increased. 

McHugh and Michel (5) have developed an 
equation describing the rate of change of neutron 
emission to the rate of change of Z p  with excita- 
tion energy. 

These have been used in this work to estimate 
the number of post-fission neutrons emitted 
at different incident proton bombardment ener- 
gies. At a given excitation energy the variation 
of Z ,  with mass number can be approximated 
by the variation of Z A  with mass number, i.e. 

[41 ( a Z p / d A ) ~  = ( ~ Z A / ~ A ) E  

Coryell (47) has determined (dZA/dA) = 0.38. 
In addition, DikSiC et al. (14) have recently 
determined (dZp/dA)Em = 0.38 i 0.02 for iso- 

2, 

baric studies along various mass chains, showing 
the above approximation to be very good indeed. 
Thus 

[51 avT/dE = (dZp/aE)/0.38 

where VT refers to the addition of the contribu- 
tion from the heavy and the light fragments, vh 
and v, respectively. In the case of symmetric 

TABLE 9. Total number of neutrons in the 238U(p,f) 
reaction from a study of products in the symmetric and 

near symmetric mass region 

Total Prefission Prefission 
number of cascade evaporated 

4 neutrons neutrons neutrons 
(MeV) ( E )  "t Yo "E 

fission vh = VL.  For the present system, from the 
above,.and from the experimentally-determined 
value of dZ,/dE = 0.018 MeV-', and avT/aE = 

0.096 MeV-', the total number of post-fission 
neutrons has been evaluated. 

The number of pre-fission neutrons has been 
calculated at different excitation energies using 
both the VEGAS Stepno code (52) and a Monte 
Carlo evaporation code by DikSi6 et al. (14) for 
the same fissioning system at the identical bom- 
bardment energies. At 20 MeV the calculation 
assumed a pure compound nucleus mechanism. 
The data are shown in Table 9. The data show a 
higher neutron emission than in the mass range 
A = 130-135 as reported by DikSiC et al. (14). 
This supports the conclusioi~ that symmetric 
fission is a result of fission events leading to 
fragments with higher than average excitation 
energy. 

Acknowledgments 

The authors acknowledge with pleasure the 
ready cooperatioil of Dr. S. K. T. Mark, 
Director of the Foster Radiation Laboratory. 
Special thanks are due to Professor R. B. Moore, 
Dr. M. DikSi6, and Dr. M. Fowler for help and 
discussions during various phases of this work. 

1. B. D. PATE, J. S. FOSTER, and L. YAFFE. Can. J. Chem. 
36, 1691 (1958). 

2. J. H. DAVIES and L. YAFFE. Can. J. Phys. 41, 762 
(1963). 

3. N. A. WAGMAN, J. A. POWERS, and J. W. COBBLE. 
Phys. Rev. 152, 3167 (1966). 

4. S. H. FRIED, J. L. ANDERSON, and G. R. CHOPPIN. 
J. Inorg. Nucl. Chem. 30, 3155 (1968). 

5. J. A. MCHUGH and M. C. MICHEL. Phys. Rev. 172, 
1160 (1968). 

6. P. P. BENJAMIN, D. A. MARSDEN, N. T. PORILE, and 
L. YAFFE. Can. J. Chem. 49, 301 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SARKAR AND YAFFE 2357 

7. L. YAEFE, Proc. Symp. on Physics and Chemistry of 
Fission, paper SM-12213, Intl. At. Energy Agency, 
Vienna (1969). 

8. A. H. KHAN, G. B. SAHA, and L. YAFFE. Can. J. 
Chem. 48, 1924 (1970). 

9. G. B. SAHA and L. YAFFE. J. Inorg. Nucl. Chem. 32, 
745 (1970). 

10. T. MCGEE, C. L. RAO, and L. YAFFE. J. Inorg. Nucl. 
Chem. 34, 3323 (1972). 

11. HEATHER MARSHALL and L. YAFFE. J. Inorg. Nucl. 
Chem. 35, 1797 (1973). 

12. L. YAFFE and R. HOLUB. J. Inorg. Nucl. Chem. 35, 
3391 (1973). 

13. L. D. MILLER and L. YAFFE. J. Inorg. Nucl. Chem. 35, 
1805 (1973). 

14. M. DIK~IC, D. K. MCMILLAN, and L. YAFFE. J. 
Inorg. Nucl. Chem. 36, 7 (1974). 

15. L. E. GLENDENIN, C. D. CORYELL, and R. R. ED- 
WARDS. In Radiochemical studies: the fission prod- 
ucts. Vol. 9. Edited by C. D. Coryell and N. Sugar- 
man, National Nuclear Energy Series, Divlsion IV - 
Plutonium Project Record. McGraw-Hill Book Co., 
New York. 1951. Paper 52. 

16. R. H. GOECKERMANN and I. PERLMAN. Phys. Rev. 76, 
628 (1949). 

17. C. F. WILLIAMSON, J. P. BOUJOT, and J. PICARD. 
Centre d'Etudes Nucleaires de Saclay, Rapport 
CEA-R3042.1966. 

18. A. N. RAMAMOORTHY, G. B. SAHA, and L. YAFFE. 
Nucl. Phys. A150,545 (1970). 

19. N. SUGARMAN, H. MUNZEL, J. A. PANONTIN, K. 
WIELGOZ, M. V. RAMANIAH, G. LANGE, and E. L. 
MENCHERO. Phys Rev. 143, 952 (1966). 

20. L. C. NORTHCLIFFE and R. F. SCHILLING. Nucl. Data 
Tables, 7, 233 (1970). 

21. M. K. DEWANJEE, G. B. SAHA, and L. YAFFE. Can. J. 
Chem. 46, 3157 (1968). 

22. P. M. PORTNER. Foster Radiation Lab. report, 
McGill University, Montreal, Quebec, Canada 
(Jan. 15, 1964). 

23. H. M. SKARSGARD. Ph.D. Thesis, McGill University, 
Montreal, Quebec. 1961. 

24. M. A. WHITEHEAD. Ph.D. Thesis, McGill University, 
Montreal, Quebec. 1961. 

25. D. NEWTON, S. SARKAR, L. YAFFE, and R. B. MOORE. 
J. Inorg. Nucl. Chem. 35,361 (1973). 

26. M. A. WAKAT. Nucl. Data Tables, 8,445 (1971). 
27. B. P. BAYHURST and R. J. PRESTWOOD. Nucleonics, 

17, No. 3, 82 (1959). 
28. E. M. CORN, M. D. DEVONS, B. R. ERDAL, D. D. 

RITTERSKAMP, and A. C. WAHL. Detection efficiency 
of beta proportional counters. Washington Uni- 
versity Report No. coo-1162-42, St. Louis, Mo. 
(USA) June 1971. 

29. J. B. CUMMING. U.S. National Academy of Science- 
National Research Council Nuclear Science Series, 
NO. NASNS-3107, 25. 1962. 

30. B. R. ERDAL. Ph.D. Thesis, Washington University, 
St. Louis, Missouri. 1966. 

31. L. A. BUSING and H. A. LEVY. Oak Ridge National 
Laboratory Report No. ORNL-TM-271. 1962. 

32. J. VON HOLDT. Proceedings of the Western Computer 
Conference. 1959. p. 256, quoted in NAS-NS-3109 
National Academy of Sciences, National Research 
Council, Washington, D.C. 1966. 

33. D. NEWTON. Private communication. 
34. W. W. BOWMAN. Texas A and M report No. ORO- 

3921-5. 1972, Vol. 2, 1964. 
35. H. P. YULE. Anal. Chem. 44, 1245 (1972). 
36. S. SARKAR. Ph.D. Thesis, McGill University, Mont- 

real, Quebec. 1974. 
37. P. R. BEVINGTON. Data reduction and error analysis 

for the physical sciences. McGraw-Hill, New York. 
1969. 

38. R. S. TILBURY and L. YAFFE. Can. J. Chem. 41, 
1956 (1963). 

39. E. HAGEBB. J. Inorg. Nucl. Chem. 27, 927 (1965). 
40. R. A. SCHMITT and S. R. ZUMWALT. American 

Institute of Physics Handbook. McGraw-Hill, New 
York. 1963. 

41. J. A. PANONTIN and N. T. PORILE. J. Inorg. Nucl. 
Chem. 30,2017 (1968). 

42. S. BABA, H. UMEZAWA, and H. BABA. Nucl. Phys. 
A175, 177 (1971). 

43. L. MILLER. Ph.D. Thesis, McGill University, 
Montreal, Quebec. 1970. pp. 105, 106. 

44. P. C. STEVENSON, H. G. HICKS, W. E. NERVIK, and 
D. R. NETHAWAY. Phys. Rev., 111,886 (1958). 

45. M. LINDNER and R. N. OSBORNE. Phys Rev. 94, 
1323 (1954). 

46. G. FRIEDLANDER, L. FRIEDMAN, B. GORDON, and 
L. YAFFE. Phys. Rev. 129, 1809 (1963). 

47. C. D. CORYELL. Ann. Rev. Nucl. Sci. 2, 305 (1953). 
48. E. HAGEBB and A. C. PAPPAS. J. Inorg. Nucl. Chem. 

28, 1769 (1966). 
49. E. HAGEBB. CERN Lab. Report, July 1969. 
50. J. M. ALEXANDER, C. BALTZINGER, and M. F. 

GAZDIK. Phys. Rev. 129, 1826 (1963). 
51. J. A. PANONTIN and N. T. PORILE. J. Inorg. Nucl. 

Chem. 32, 1775 (1970). 
52. K. CHEN, Z. FRANKEL, G. FRIEDLANDER, J. R. 

GROVER, J. M. MILLER, and Y. SHIMAMOTO. Phys. 
Rev. 166, 949 (1968). 

53. J. E. HUDGENS and L. C. NELSON. Anal. Chem. 24, 
1472 (1952). 

54. B. R. ERDAL and A. C. WAHL. J. Inorg. Nucl. 
Chem. 33,2763 (1971). 

55. G. A. COWAN. Collected radiochemical procedures. 
Los Alamos Report LA-1721. January 1958. 

56. H. L. HAMESTER and MILTON KHAN. The absorptive 
and radiocolloidal properties of carrier-free silver. 
Sandia corporation Monograph, No. SCR-593. 
1963. 

57. L. GLENDENIN. Collected radiochemical procedures. 
Los Alamos Report, LA-1721. 1954 

58. A. KJELBERG, H. TANIGUCHI, and L. YAFFE. Can. J. 
Chem. 39,635 (1961). 

59. G. G. J. BOSWELL and T. MCGEE. Analyst, 92, 769 
(1967). 

60. K. A. KRAUS, and G. E. MOORE. J. Am. Chem. Soc. 
75, 1460 (1953). 

61. W. W. MEINKE. U.S. Atomic Energy Comm. Report 
UCRL 432 (1949). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2358 CAN. 1. CHEM. VOL. 54. 1976 

Appendix 

Full details of the chemical procedures used 
are given in ref. 36. Abbreviated procedures are 
given below : 

(a )  Indium. The separation involved removing 
indium without entrainment or loss of the parent 
cadmiunl, and purification of the indium from 
contaminants. 

The primary separation step was the extrac- 
tion of InBr3, in the presence of Cd2+ hold-back 
carrier, from 4.5 N HBr into isopropyl ether (53). 
However, tracer experiments with '15"Cd showed 
that if this extraction were carried out, about 9% 
of the Cd is lost from the mother solution thus, 
in addition to not contributing to the formation 
of In in subsequent extractions, will complicate 
each yield determination. Similar data for ex- 
traction into ethyl ether were found by Hagebs 
(39). Thus, before the extraction, In was quanti- 
tatively removed from cadmium by the precipi- 
tation of In(OH)3 with concentrated NH40H. 

Special precautions had to be taken to remove 
Sn and Sb isotopes, since the half-lives and 
radiations emitted are in many cases similar to 
those of In. Recently, Erdal and Wahl(54) have 
reported the use of a CdS-cellulose filter bed to 
absorb preferentially Sn-Sb fission products. 
Tracer experiments with 'l4"In and l15Cd were 
used to extend this work. 

A funnel with a coarse sintered-glass filter 
was used as the filtration assembly. The stem of 
the funnel led into a beaker placed inside a bell- 
jar with suction outlet and ground-glass bottom. 
The filter bed was formed by suspending CdS- 
cellulose (8% CdS) in 5 ml 0.6 N HC1, and the 
suspension saturated with H2S for 30 s. 

The In was finally precipitated as the 8- 
hydroxyquinoline derivative (55). 

The timed extractions involved two separa- 
tions of In from the Cd parent. The first typically 
took place 6-8 min after the end of an irradiation 
not exceeding 10 min. The second took place 
approximately 6-8 h later. 

(b) Silver. An aliquot of the master solution 
was made 1 N in HN03 and AgCl precipitated 
with 0.1 N HC1 (56). The precipitate was dis- 
solved in concentrated NH40H and scavenged 
with Fe(OH)3 precipitations alternating with 
precipitations of Ag2S with (NH4),S (57). The 
purified AgCl, however, was found to be con- 
taminated with 1-5% 1311. An additional step 

was incorporated involving the addition of I- 
holdback carrier and boiling with Na2S203 to 
remove 12. This removed any measurable conta- 
mination. 

In the timed-extraction procedure, for the 
separation of Ag from its Pd parent, the separa- 
tion time was taken to be that of centrifugation, 
2 min after precipitation. This takes care of the 
exchange between AgCl and active silver after 
precipitation (58). 

(c) Palladium. The procedure used followed 
that of Boswell and McGee (59) whereby one 
takes advantage of the action of acetylacetone 
as a chelating agent and the solvent extraction 
into benzene where the pH used acts as a dis- 
criminator. 

The specific scheduling of timed extractions 
and intervals depended on the Pd isotope under 
observation. 

(d) The copper foils were weighed, dissolved 
in 3 M HC1 with a little H202, the solution was 
evaporated to dryness and redissolved in 2 drops 
4.5 N HC1, to which was added 5 mg Co carrier 
as cobaltous chloride. The solution was loaded 
on to a 20 X 0.7 cm ion-exchange column of 
purified Dowex- 1 X 8 anion-exchange resin 
(100-200 mesh size) which had been pretreqted 
with 4.5 N HC1. The cobalt was eluted by further 
addition of 4.5 N HC1, the elution then con- 
tinued with 2 N HC1 and the copper fraction 
was collected after the first 10% of the fraction 
was discarded (60). 

The copper was precipitated with a slight 
excess of 6 NNaOH, washed, redissolved in a 
minimum of 0.2 N H2S04, reduced to Cu+ by a 
two-fold excess of 0.1 M ferrous ammonium 
sulphate in 0.1 N H2S04 and CuCNS precipi- 
tated by the drop-wise addition of 10% NH4CNS 
until a slight excess of thiocyanate was present. 
The mixture was heated to 90 OC for 2 h, centri- 
fuged, and washed with dilute ferrous ammonium 
sulphate, 95y0 ethanol, acetone, and ether (61). 

A glass scintillation 'counting vial' was heated 
at 100 OC for 2 h, cooled, and weighed to 
+0.00001 g. A slurry of the CuCNS in ether 
was added and the ether evaporated by gentle 
warming until there was no further weight loss. 
The vial was then re-weighed and the precipitate 
(70 mg) was dissolved by the addition of 
10.0 ml of NH40H to the vial which was sealed 
after dissolution was complete. 
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2359 (1976). 

Arrhenius parameters have been measured for hydrogen abstraction by CzF5 radicals (pro- 
duced from the photolysis of perfluoropropionic anhydride) from methylfluorosilanes and 
tetramethylsilane. 

Compound log A (ml mol-1 s-1) E (kcal mol-1) 

The results are discussed in relation to those of similar reactions involving the CF3 and the 
CH3 radical, and interpreted in terms of polar effects. 

THOMAS N. BELL, TOSHITSUGU YOKOTA et ALDEN G. SHERWOOD. Can. J.  Chem. 54, 
2359 (1976). 

On a mesure les parametres d'Arrhenius pour l'enlkvement, par les radicaux C2F5 (produit 
par photolyse de l'anhydride perfluoropropionique), d'hydrogkne des methylfluorosilanes et 
tCtramCthylsilane. 

ComposC log A (ml mol-1 s-1) E (kcal mol-1) 

On discute des resultats par rapport B ceux obtenus pour des reactions semblables impliquant 
des radicaux CF3 et CH3 et on les interprkte en termes d'effets polaires. 

[Traduit par le journal] 

Introduction 

There is now a considerable body of informa- 
tion on the reactions of free radicals with alkyl 
and hydro silanes. A review of the literature to 
date is in press (1). We have previously studied 
(2, 3) the reactions of the CF3 and CH3 radical 
with compounds having the formula (CH3),- 
SF4-,. These systematic studies showed a re- 
activity for each radical varying along the com- 
pound series, and a different relative radical 
reactivity with each compound. The results were 
interpreted in terms of both enthalpy and polar 
effects. From these results it appears that the 
methyl fluorosilane system is an ideal model 
system for examining the effect of structural 
changes in the substrate molecule with regard to 

radical and molecule reactivity. The idea of 
attractive and repulsive polar effects is of intrinsic 
interest, and the present work involving the 
perfluoroethyl radical was designed to shed 
further light on this effect. 

Experimental 

Materials 
The sources of compounds used in this work were 

periluoropropionic anhydride and methylfluorosilanes 
(Penninsular Chemicals Inc.), tetramethylsilane (Mal- 
lincrodt), pentafluoroethane (Chemical Procurement Lab- 
oratories), and perfluorobutane (Columbia Organic 
Chemical Co.). Each was fractionated in the usual 
manner through various slush baths, middle cuts being 
retained and stored in blackened bulbs. No  impurities 
were detectable by gas chromatography. 
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Apparatus 
A typical glass vacuum line was used, with photolyses 

being carried out in an Ultrasil cell (illuminated volume 
126 ml). The cell was enclosed in a tubular aluminium 
block furnace, whose temperature was controlled to 
k0.5" with an RFL platinum resistance controller. 

The light source (PEK 200 W mercury arc) was filtered 
(Interference filter A2 Bajrd Atomic Inc.) to yield a band 
between 2400 and 2550 A with a maximum at 2470 A. 

Pressure measurements were made using a Ruska 111- 
strument Co. precision quartz spiral gauge. 

Procedures 
After reaction, CO was separated from the conden- 

sables and measured using gas chromatography and a gas 
burette. (C2F5C0)20 was separated from the conden- 
sables at  -90 "C, and the material volatile at  that 
temperature passed through an initial separation column 
of Porapak Q (60180 mesh). The volatiles of interest 
(CO,, C2F5H, C4Flo) were condensed and separated from 
the bulk of the fluorosilane in the column effluent. 
Alumina (60/80 mesh) was used in place of Porapak Q 
for the CH3SiF3 system. In this case CO; was lost by 
absorption on the column. 

The volatiles of interest were then subject to quanti- 
tative analysis by gas chromatography using either 
Porapak Q or alumina columns. 

Results 

Photolysis of Perftuoropropionic Anhydride 
Chamberlain and Whittle (4, 5) have shown 

that the photolysis of perfluoropropionic an- 
hydride is a useful source of C2F5 radicals, its 
decomposition being described by the overall 
reaction 

[I] (C2F5CO)20 2 CO + C 0 2  $- 2C2F5 

Our results on the photolysis agree with those 

of Chamberlain and Whittle, with product ratios 
agreeing with those expected from the above 
equation. The results for experiments carried out 
at 102 and 204 O C  with or without added third 
body ((202) are given in Table 1, and show the 
reproducibility of the results as a test of the 
analytical procedure. 

Hydrogen Abstraction 
In the presence of hydrogen contai~~ing com- 

pounds, C2F5 radicals should abstract hydrogen, 
and with the silanes, 

121 C2F5 + (CH3)4-ZSiFz --t 
C2F5H + CH2(CH3)3-zSiFz 

The recombination of C2F5 radicals should 
lead to C4F10 via 

131 2CzF5 + C~FIII 

Thus the ratio k2/k3112 can be determined from 

Given our previous experience (2, 3) with these 
silanes, which show well behaved characteristics, 
it was felt only necessary to test the validity of 
this equation over a temperature range for one 
case, namely (CH3)3SiF. The results are shown 
graphically in Fig. 1, and a linear dependence on 
the pressure of the silane is seen, as predicted by 
eq. 4. 

Our system appears better behaved than the 
methane and cyclohexane systems studied by 
Chamberlain and Whittle (5 ) ,  where there was 
some indication of a variation in k2/k31/2 with 
concentration of substrate. 

TABLE 1. Photolysis of (C2F5CO)20 

Perfluoro 
propionic 

Temperature Time anhydride Rc02+RC4F lo RCo R ~ 4 ~  10 

("c)  (min) X 10' mol ml-1 2Rco RCOZ R c o  

'Yields of CO, CO? and C4Flo were greater than 9 X 10-7 moles in these experiments. 
+Mixed with MejSiF after reaction, for testing separation of the components by chromatography. 
:With excess COz added, [Cod = 47 X 10-7 mol ml-'. 
$With excess COz added, [COz] = 77 X 10-7 mol ml-" 
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" 1 2  3 4  5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

(Me3S1F) X 10' mol ml- l 

FIG. 1. First order plots C2F5 + (CH3)3SiF. A, third 
body added CF, (46 X 10-7 rnol ml-1); @, perfluoropro- 
pionic anhydride approximately doubled. 

Additional data points are shown in Fig. 1 for 
the effect of added third body, (CFd), and of 
doubling the anhydride concentration. Over our 
experimental range for the measurement of rate 
constants, little or no effect is observed. How- 
ever, at relatively high concentrations of silane 
and anhydride some curvature results. 

Over the limits of concentration of anhydride 
and substrate used for obtaining the Arrhenius 
parameters, the rate constant ratios are well 
behaved and show insignificant variation. The 
data from which figures in this paper are derived 
are avai1able.l 

Relative Product Quantum Yields 
It is to be expected that there will be some 

missing C2Fs radicals in the presence of sub- 
strates as a result of secondary reactions in- 
volving free radicals, for example, 

Asterisk denotes vibrationally hot molecule. 
A typical relative quantum yield plot is shown 

in Fig. 2 which confirms the above expectation. 
It might be expected that the radical combina- 

tion product (C2F5CH2Sie))* would lead to a 
0-fluoro transfer elimination reaction and the 
formation of CF3CFCH2. 

While there was a stray peak in the chromato- 
graphic analysis of the volatile products, the 
amount of material was insufficient to identify 
and confirm the above reaction. 

This is in contradistinction to the facile re- 
action occurring with CF3 radicals as the radical 
source 

Rate Experiments 
A series of experiments were carried out for 

each of the compounds over a temperature range, 

1A complete set of tabular data, upon which Figs. 1, (Mes)SiF X 107mol ml-' 

2 and 3 are based, is available, at a nominal charge, FIG. 2. Relative quantum yields C2F5 + (CH&SiF at 
from the Depository of Unpublished Data, CISTI, 204 "C. Concentration of perfluoropropionic anhydride 
National Research Council of Canada, Ottawa, Ontario, in mol ml-1: open symbols, 5.6 X solid symbols, 
Canada KIA 0S2. 11.7 X 10-7. 
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2 4 6 8 10 12 14 

NUMBER OF ABSTRACTABLE H ATOMS 

FIG. 4.  log A os. number abstractable H atoms for 
CzF5 radical attack: 0, present work (CH3),BF4-,; 
a, mainly hydrocarbon data. 

Discussion 
MeS1F3 

- 1 . ~ 0  

The A factors for the reactions of C2F5 
obtained in this study (11.45 5 0.15) are a little 
less than those obtained for similar studies in- 
volving CF3 and CD3 (-12.0). This may be 

2.1 2.3 2.5 2.7 2.9 3.0 expected given the larger size of the C2F5 
(I/T) x lo3 K-I radical. As yet there is not a significant body of 

FIG. 3. A ~ h e n i u ~  plot 1% (kabst/krecombl") data involving abstraction by C2F5 radicals with 
C2F5 + (CH3),SiF4-,. which to  compare our values for the A factors. 

to determine the ratio k2/k3lI2. Arrhenius plots 
of log k2/k3'l2 VS. l / T  are shown in Fig. 3. 
Distinct curvature occurs with (CH3)4Si at 
temperatures less than -85 "C, and the Arr- 
henius parameters are derived from the results 
obtained at 90 OC and above. From a least- 
squares analysis of the data, and assuming a 
value of k3 = 2.3 X 1013 ml n~ol-I ssl with E3 = 

0, (the same as for CF3 recombination), for the 
rate constant for the recombination of C2F5 
radicals, Arrhenius parameters for hydrogen 
abstraction were obtained. These are given in the 
abstract. 

Such values as are available are shown in Fig. 4 
as a function of the number of abstractable 
hydrogen atoms of the same sort being ab- 
stracted. This comparison would suggest con- 
sistency in the values obtained in the present 
work, except that the value for Si(CH3)4 would 
appear to be a little low. 

As with abstraction by CF3 radicals the main 
factor leading to the difference in reactivity from 
compound to compound lies in the activation 
energy for abstraction. The reactivity differences 
between the radicals CF3, CD3, and C2F5 and 
the trends in reactivity along the series of com- 

CD3 + (CHd4Si 11.91 - 10.74/2.3RT 6' o 0.2 0.4 
1 

CD3 + (CH3)3SiF 
0.6 

11.98 - 11.62/2 .3RT PROTON CHEMICAL SHIFT (ppm) 
CD3 + (CH3)2SiF2 11.99 - 12.00/2 .3RT 
CD3 + (CH3)SiF3 12.24 - 1 2 . 7 9 / 2 . 3 ~ ~  FIG. 5 .  us .  proton chemical shift R + (CH3),- 

SiF4-, (R = CF3, CD3, and C2F5). 

In the Discussion, comparisons are made with 
the corresponding CD3 and CF3 reactions, and 
the rate constant results quoted (3) previously 12- 

for the CD3 system are slightly in need of cor- z 
rection. This arises because of, (I) a wrongly 1 1 -  

evaluated k value in one case (for (CH3)4Si at lo- 
150 "C kab,/kComb = 0.498), and (2) a re- % 
evaluation of the least-squares calculation. These 2 
corrections are as follows: ,- 

YI m 

8- 

log k 
Reactants (ml mol-1 s-1) 7 

MeStF3 

- 

- 
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BELL ET AL. 

I I 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

+ CHARGE AT SI (atornlc un~tsof charge) 

FIG. 6. EabBt U S .  charge on Si, R + (CH3),SiF4-, 
(R = CF3, CD3 and C2F5). 

pounds are shown graphically in Figs. 5,6, and 7 
as functions of activation energy and rate con- 
stant against certain parameters of the com- 
pounds under discussion. The parameters select- 
ed are the proton chemical shift (a function of 
the charge density on the H atom), and the 
positive charge on the silicon atom, a function 
of the polar nature of the molecule. The values 
of charge density were determined by Perkins and 
were reported in a previous paper (6). Numerical 
values of the relative reactivities of the three 
radicals with regard to abstraction from the 
silane substrates are compared below at 400 K. 

( kabs t  400 K) X 

Compound CD3 CF3 C2F5 RCF3/RC2F5 

(CH3I4Si 1.. 1 loo 32 3.1 
(CH3I3SiF 0.43 16 6.9 2.3 
(CH3)2SiF2 0.28 3.7 1.2 3.1 
(CH3)SiF3 0.18 0.41 0.13 3.1 

It is clear that the reactivities of all three 
radicals towards hydrogen abstraction decreases 
with increasing fluorine substitution on the 
silane substrate, with very marked effects with 
the fluororadicals. Further, the relative magni- 
tude RcF3/RC2,, is approximately constant with 
the reactivity of CF3 being three times that of 
(3s. 

+ CHARGE AT Si ATOM 

2 
Q 
C V1 

9 2 - 
m 
- 

1 

1 
0 

FIG. 7. log k,,,, cs. proton chemical shift and charge 
on silicon at 400 K ,  R + (CH3),SiF4-, (R = CF3, CD3, 
and C2F5). 

t PROTON CHEMICAL SHIFT 

: LLiF3 - 

I I I I 

Polar EfSects 
In the CF3 and CD3 + methylfluorosilane 

systems (2, 3) we ascribed part of the activation 
energy difference EcD3 - ECF3 to enthalpy 
effects A(AH) = DCF3-H - DCH3_H (-2 kcal). 
A further component of the activation energy 
difference was ascribed to polar effects 6, 
attractive or repulsive in nature, thus, 

0 . 2  0 . 4  0 . 6  0 . 8  1.0 1.2 

AE a (constant - A(AH)) - 6 

In the case of C2F5 radicals, DCZF5-H has been 
determined by Bassett and Whittle (7) as 103 f 1 
kcal which when combined with Do,-, = 104 
leads to an enthalpy difference in H abstraction 
by CD3 and C2Fs of essentially 0 or slightly 
negative. Thus enthalpy effects cannot be in- 
voked to account for the differences EcD3 - 
EC2F5 which are even slightly larger than those 
for EcD3 - E C F 3  A comparison is given below 
using the corrected values for EcD3 given above. 

Compound E ~ ~ 3  - E ~ ~ 3  E ~ ~ 3  - E ~ 2 ~ 5  

(CH3I4Si 3.4 3.7 
(CH3)3SiF 2.1 3 .O 
(CH3hSiF2 1.5 2.0 
(CH3)SiF3 1.1 1.5 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2364 CAN. J. CHEM. VOL. 54, 1976 

assumed to be zero. If these are non-zero for 
perfluoro radicals (Pimental and co-workers (9) 
have suggested that E for CF3 combination is 
non-zero), all activation energies for abstraction 
by CF3 and C2F5 would have to be reduced by 
!?Ecornb. 

The correlations observed, Figs. 5, 6 and 7, 
which strikingly relate the activation energies for 
abstraction with the polar properties of the 
molecules, lead us to the conclusion that strong 
polar effects are operative with both the CF3 and 
C2F5 radicals. 

The differences are such that we suggest the 
polar effects become successively less attractive 
as the hydrogen atom becomes less hydridic, due 
to the increasing inductive effect of fluorine sub- 
stitution on the silicon atom, from compound to 
compound. 

The activation energies from which these F3Cdt 
differeilces are derived were determined relative + H-C-Sic 
to the corresponding radical combination pro- F,CF*CJ+ 

Acknowledgement 
We are grateful to the National Research 

Council of Canada for financial support. 

Decreasing attractive 
polar effect with 
increasing F substitu- 
tion on silicon 

1. T. N. BELL and N. L. ARTHUR. Unpublished data. 

cesses, the activation energies of which were r 

2. T. N. BELL and U. F. ZUCKER. J: Phys. Chern. 74, 
979 (1970). 

3. T. N. BELL and A. E. PLATT. J. Phys. Chem. 75, 603 
(1971). 

4. E. A. CHAMBERLAIN and E. WHITTLE. Chern. Com- 
rnun. 396 (1971). 

5. G. A. CHAMBERLAIN and E. WHITTLE. J. Chern. Soc. 
Faraday Trans. I, 68, 96 (1972). 

6. T. N. BELL, R. BERKLEY, A. E. PLATT, and A. G. 
SHERWOOD. Can. J. Chem. 52, 3158 (1974). 

7. J. E. BASSETT and E. WHITTLE. J. Chern. Soc. Faraday 
Trans. I, 68,492 (1972). 

8. J. C. AMPHLETT and E. WHITTLE. Trans. Faraday 
SOC. 62, 1662 (1966). 

9. T. OGAWA, G .  A. CARLSON, and G. C. PIMENTEL. 
J. Phys. Chem. 74, 2090 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Juvabione and its analogues. II.lv2 Isolation, identification, 
and occurrence of juvabiol and its epimer isojuvabiol 

from the whole wood of Abies balsamea 
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JOHN FIEVE MANVILLE. Can. J. Chem. 54, 2365 (1976). 
Epimeric mixtures of juvabiol (3a) and isojuvabiol (4a) have been detected in six North 

American Abies balsamea (L.) Mill. trees and isolated from the whole-wood extract of three. 
These juvabione related alcohols are insect juvenile hormone analogues with selective action 
typical of juvabione (1) and A4'-dehydrojuvabione (2). The widespread occurrence of these 
alcohols indicates that the original 'paper factor' was not due to 1 alone, nor was it due to a 
mixture of 1 and 2. In addition a fifth IJHA with selective action, A3'-dehydrojuvabi-5'-01 (S), 
was detected in the hot ethanol extract of four trees and isolated from one tree. It is shown that 
5 is an allylic rearrangement product of the A"-dehydrojuvabiols 6a and 7a. Mixtures of 
campesterol and sitosterol are the major crystalline components present in all the petroleum 
ether soluble extracts. 

JOHN FIEVE MANVILLE. Can. J. Chem. 54, 2365 (1976). 
Des melanges Cpimkres de juvabiol (3a) et d'isojuvabiol (4a) ont Cte deceles dans six sapins 

baumiers (Abies balsamea (L.) Mill.), et isoles de l'extrait du bois entier de trois d'entre eux. Ces 
alcools apparent& a la juvabione sont analogues aux hormones juveniles d'insectes ayant une 
action selectrive typique de la juvabione (1) et de la A4'-dehydrojuvabione (2). La presence de ces 
alcools sur une grande Ctendue dCmontre que le 'facteur papier' original n'e'tait pas uniquement 
dfi a 1, ni au melange de 1 et 2. De plus, un cinquikme IJHA a action selective, le A3'-dehydro- 
juvabiol-5' (5), a kt6 decele dans des extraits de quatre arbres et isole de l'un de ces arbres. On 
peut voir que 5 est un produit ti rkrrangement allylique des A4'-dehydrojuvabiols 6a et 7a. Des 
melanges de campesterol et de sitosterol sont les principales composantes cristallines retrouvees 
dans tous les extraits solubles d'ether de petrole. 

Introduction 

While it has been known for some time that 
the wood of balsam fir (Abies balsamea (L.) 
Mill.) contains factors exhibiting juvenile hor- 
mone activity on the bug Pyrrhocoris apterus L. 

0 

%, 
c~3"* ** 

H H H H  

(1, 2), to date only two active iusect juvenile 
hormone analogue (IJHA) components have 
been isolated and identified (3, 4).3 They are 
(+)-juvabione (1) (3) and (+)-A4'-dehydro- 
juvabione (2) (4).3.4 In 1966, Bowers et al. (3) 
isolated (1) from the wood of A.  balsamea. They 
claimed it to be the compound responsible for 
the failure of the hemipteran bugs to meta- 
morphose into adults following contact by the 
larvae with certain paper products. Thus arose 
the term 'the paper f ac t~r ' .~  

The recent isolation of 2 as a second IJHA 
from the wood of A .  balsamea indicates that the 
origin of 'paper factor' activity is more complex 
than iirst believed (3, 6-8). 

This paper reports the isolation and identifica- 
tion of three additional IJHA. They are juvabiol 

3K. Slirna, private communication. 
'Presented, in part, at the 167th National Meeting of 4Cerny et a/. (6) isolated the R,S-diastereoisomers of 1 

the American Chemical Society, Los Angeles, California. and 2 from a Slovak fir (see ref. 4). Both are active IJHA. 
April 1974. SFor a more detailed explanation of 'the paper factor' 

2For part I of this series see ref. 4. see ref. 7 or 8. 
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(3a), isojuvabiol (4a), and A3'-dehydrojuvabi-5'- 
01 (5). Compounds 3a and 4a occur ilaturally in 
the wood of A. balsamea, whereas 5 is an artifact 
of the isolation procedure. 

Isolation 
Details of the isolation procedure and tree 

locations have been given in part I (4). This 
study concerns the identification of some of the 
compounds present in the more polar compo- 
nents, which were previously obtained from the 
extracts of each of three trees (numbers 1-3). 
These polar components gave rise to peak V 
(4) when analyzed by gas-liquid chromatography 
(glc, column A). 

Trees 4 to 6 were only examined by tlc and 
glc. However, the room temperature petroleum 
ether (PE) extracts, as well as the petroleum 
ether solubles of the hot ethanol (PEsol.) 
extracts, were examined prior to and after 
acetylating accessible hydroxyl groups. 

Results and Discussion 
Portions of the above polar components 

isolated from trees 1 and 2 crystallized on stand- 
ing. This crystalline material was identified by 
the method of Rozanski (9) as being composed 

of a mixture of campesterol and sitostero16 in a 
ratio of approximately 1:2. Further amounts of 
these sterols could be induced to crystallize from 
an aqueous ethanol solution kept at 0 OC for 
several days. The removal of the sterols left 
syrups (A) which upon examination by glc gave 
rise to peak V, but were impure by tlc (low R, 
streaks). Purification of these syrups was 
achieved by rechromatographing them on silicic 
acid columns (a separate column for each tree), 
collectiilg only those fractions (see Experimental) 
that were pure by glc, tlc, and proton magnetic 
resonance (pmr) analyses. In this manner, 
homogeneous (glc and tlc) colourless syrups (A) 
were obtained. 

Syrup A from tree 1 (similar results were 
obtained from tree 2) had [alDZ3 +67.8' and an 
empirical formula of C16H2803 as determined by 
high resolution mass spectrometry (ms). The 
infrared (ir) spectrum clearly demonstrated the 
presence of a hydroxyl (3450cm-I), and an 
a,@-unsaturated carboxylic acid methyl ester 
(bands at 1430, 1650, and 1705 cm-I). The pmr 
spectrum was indicative of the juvabione skele- 
ton with resonances at 6 6.92 (Hz), 3.68 (methyl 
ester), and 0.91 (three methyls doublet); an addi- 
tional resonance was noted at 6 3.73 (IH) which 
was tentatively assigned to the proton geminal 
to the hydroxyl substituent. Confirmation was 
obtained by observing that this resonance shifted 
to lower field (by 1.3 ppm) for the derived 
acetate(s), and the appearance of a single acetoxy 
methyl resonance at 6 2.00. This syrup (A) and 
its acetate also appeared (pmr) to be homogene- 
ous in acetone-d6 and benzene-d6 solutions. 

A more complete characterization of this 
alcohol was obtained following the oxidation of 
a portion of syrup A. The product of this 
reaction was (+)-juvabione (1) (3, 4), thus locat- 
ing the hydroxyl function at C-3' and establish- 
ing the R-stereoconfigurations at both C-4 and 
c-1'. 

However, this oxidation sequence did not 
establish the configuration of the hydroxyl 
substituent at C-3', nor was it established 

6These sterols did not chromatograph (glc) under the 
conditions used previously (column A) and therefore did 
not contribute to the areas of peak V (shown in a previous 
publication, ref. 4), nor is their presence accounted for in 
the percentage figures (glc) of the petroleum ether soluble 
neutrals. Identified by mp as sitosterol, but glc (column B) 
showed them to be mixtures of campesterol and sitosterol 
in a ratio of 1 :2 (9). 
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MANVILLE 

TABLE 1. Composition of peak V (r, 1.35) 

PE sol. extract PE extract 

Area due to$ Area due tot 
Tree 
no. % * 3a and 4a 5 % 7 3a and4a 5 

'See part I (ref. 4) for relative amounts of other. previously identified components from the PE sol. 
extracts. 

tAbsolute, as well as relative, amounts differ due to method of extraction. 
:Compositions of peak V were determined by glc analyses of the acetylated extracts. Amounts of 5 

were indicated by residual areas of peak V whereas 3a and 4a were represented by a new peak (rt 0.88. 
Vseetate. 36 and 46). 

spectroscopically. This configuration was eventu- 
ally determined by followillg the sodium boro- 
hydride reduction of 1 to an epimeric mixture 
of juvabiol(3a) and isojuvabi01(4a).~ 

The above reduced mixture of 3a and 4a 
appeared homogeneous and identical with the 
isolated syrups ( A )  from trees 1 and 2. However, 
high field pmr spectra and high performance 
liquid chromatography (hplc) of these syrups 
revealed (see Experimental section) the epimeric 
nature of both the isolated and synthesized 
juvabiols. 

Thus, the major polar fractions from the PE 
sol. of trees number 1 and 2, contain mixtures of 
campesterol and sitosterol, mixtures of (+)- 
4(R)-[ll(R)- 5'-dimethyl-3'(S)-hydroxyhexy]- 1 - 
cyclohexene-1-carboxylic acid methyl ester, 
(juvabiol(3a)), (+)-4(R)-[l1(R)-5'-dimethyl-3'(R)- 
hydroxyhexyll-1 -cyclohexene- 1-carboxylic acid 
methyl ester, (isojuvabiol (4a)), together with 
complex mixtures of still more polar material. 

The mixtures of 3a and 4a accounted, fully, 
for the areas of peak V (3) (see Table 1) observed 
for the PE sol. from trees number 1 and 2. 

The major polar fraction of tree number 3 
contained, in addition to the mixtures of sterols 
and juvabiols (3a and 4a), another alcohol (5) 
which was not found in the PE sol. extract of 
either tree number 1 or 2. The presence of 5 was 

'Chemical reductions of the ketone at C-3' to the 
epirneric juvabiols resulted in unequal product ratios 
(4:3). The major alcohol was tentatively assigned the 
R-(cis)-configuration (4a), since the determinant factor 
would necessarily be the assymmetric centre at  C-1' 
(Cram's rule (10)). The trans alcohol 3a (minor isomer) 
would thus have the S-configuration. 

noted by tlc and glc following acetylation of a 
portion of the major polar fraction of tree 
number 3. The sterols and the juvabiols were 
isolated as their acetates. Neither the r, (glc) nor 
Rf (tlc) (which were identical with those found 
for 3a and 4a) of this material (5) was altered by 
further attempts to acetylate it with acetyl 
chloride and pyridine. This meant that the area 
of peak V for the PE sol. portion of tree 3 was 
not due to 3a and 4a alone, but was also due, in 
part, to this new alcohol (5). 

The structural elucidation of this new alcohol 
(5) was straightforward. The hydroxyl function 
was clearly evident in the ir spectrum. Mass 
spectrometry indicated the empirical formula 
CI6H26o3, which meant that 5 had one more 
degree of unsaturation than the juvabiols (3a 
and 4a). The pmr spectrum of 5 revealed the 
presence of three olefinic protons; the lowest 
field resonance was typical for H2 of the juva- 
biols, the other two were strongly coupled and 
indicated a trans-disubstituted double bond. 
Chemical shifts of the methyl ester (6 3.58) and 
the C-1' methyl (6 0.86) groups were again 
typical of the juvabione skeleton. The shift 
(6 1.30) and multiplicity (singlet) observed for 
the C-5' methyls were significant and pointed to 
the hydroxyl function being located at C-5'. The 
trans-disubstituted double bond was most likely 
A3'. On the basis of these physical parameters, 
5 appeared to be (+)-4(R)-[l'(R)d1-dimethyl-5'- 
hydroxy-3'-hexenyll- 1 -cyclohexene- 1 -carboxylic 
acid methyl ester, A3'-dehydrojuvabi-5'-01. 

This structure and the R,R-stereoconfigura- 
tions were proven by synthesizing 5 from A4'- 
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dehydrojuvabione (2) in two steps. Sodium 
borohydride reduction of 2 gave an epimeric 
mixture (as shown by pmr) of A4'-dehydro- 
juvabiol (6a) and A4'-dehydroisojuvabiol (7a) in 
essentially quantitative yield.8 This syrupy mix- 
ture (6a and 7a) was chromatographed on a 
silicic acid column using petroleum ether - 
diethyl ether (3 : 1) as eluent. An alcohol fraction 
was obtained in approximately yield and 

0 H O  R H  
~~44% 5' 

H H H H  

was shown (pmr and hplc) to contain nearly 
equal amounts of A3'-dehydrojuvabi-5'-01 (5) 
and the A4'-dehydrojuvabiols 6a and 7a. 

It appears that chromatographing the A4'- 
dehydrojuvabiols 6a and 7a on a neutral silicic 
acid column resulted in the formation of an 
intermediate carbonium ion (8) which either was 
quenched by attack of hydroxyl anion at C-5' or 
C-3', resulting in formation of 5 and recovery of 
epimerized starting material, or lost a proton 
forming a mixture of dienes. These dienes then ['.$*I ;.$;. 

H H H H  

8Note that the work-up procedure is most important. 
Use of a strong mineral acid to destroy excess sodium 
borohydride will result in dehydration of these dehydro- 
juvabiols (6u and 7u) if the pH drops much below 7 ,  
resulting in a mixture of dienes which will further react 
to form a polymeric mixture. Therefore the use of acetic 
acid to destroy excess sodium borohydride is recom- 
mended. A mixture of 6u and 7u is stable in a solution of 
ethanol-wateracetic acid (75 : 10: 15) heated under reflux 
for several hours. 

polymerized and were adsorbed onto the silicic 
acid column. 

This mixture of 5,6a, and 7a was reacted with 
acetic anhydride in pyridine solution and the 
resulting syrup was chromatographed. The 
A4'-dehydrojuvabiol acetates (6b and 7b) were 
eluted first, followed by pure 5. 

It is this author's belief that 5 is not a natural 
product, but an artifact of the isolation proce- 
dure. This means that the original conditions 
used in isolating the PE sol. extracts were too 
harsh, causing some precursor(s) (presumably 
6a and/or 7a) to rearrange into 5, which was 
isolated and/or observed. 

Corroboration of this belief was obtained by 
examining (glc and tlc) the acetylated PE sol. and 
the PE extracts of trees number 3-6. The relative 
areasg of peaks V (5) and VaCetate (3b and 4b) 
are listed in Table 1. Thus, for trees number 3, 4, 
and 6 the amount of 5 (area peak V) relative to 
3b and 4b (area peak Vacetate) decreased 
markedly for the acetylated PE extracts from 
those observed for the acetylated PE sol. ex- 
tracts. The fact that there appears to be some 5 
in the PE extracts (especially in tree 5) might well 
reflect the in situ degradation of some pre- 
cursor(~) (such as 6a and/or 7a) caused by Wiley 
milling the wood prior to extraction?O Neverthe- 
less, the relative amount of 5 in the PE extracts 
is appreciably reduced compared with the PE sol. 
extracts, thus supporting the assumption that 5 
is an artifact. 

These observations of 5 in the extracts of 
several A.  balsamea can be best explained by 
postulating that the A4'-dehydrojuvabiols 6a 
and 7a occur naturally and undergo an allylic 
rearrangement to form 5 which is demonstrably 
more stable. 

Results (5) of the bioassays performed on 
juvabione (I), A4'-juvabione (2), the juvabiols 
(3a and 4a), the A4'-dehydrojuvabiols (6a and 
7a), and A3'-dehydrojuvabi-5'-01 (5) are listed in 

9For the purpose of these analyses, it is assumed that, 
for the acetylated extracts, all of the residual area of peak 
V (rt 1.35) is due to 5 alone and not due to other material 
with the same r,. Therefore, these analyses (Table 1 )  
represent an upper limit to the amount of 5 present in the 
PE and PE sol. extracts. The juvabiol acetates 3b and 4b 
give rise to peak Vace ,,,, (r ,  0.88). 

'OA recent publication (11) by Zinkel has outlined 
several improved ways of maintaining the integrity of the 
sample. These improvements in procedure will be 
incorporated in future studies. 
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MANVILLE 2369 

TABLE 2. Insect juvenile hormone activities 

Insect bioassay * 
Compound P5E D5E G5E TOE 

Juvabione (1) 1.7 2.3 f f 
Ad'-Dehydrojuvabione (2) 5.0 2.0 $ $ 
Juvabiols (3a and 4a) 5.6 4.7 $ $ 
~4'-Dehydrojuvabiols (6a and 7a) 6.0 0.7 f f 
~3'-Deh~clrojuvabi-5'-01(5) 2.1 2.1 $ f 

*PJE = Pyrrhocoris apterus L. last instar larvae; DjE = Dysdercus 
cingulatus F .  last instar larvae; G5E = Graphosoma italicum Mull. 
last instar larvae; TpE = Tenebrio molitor L. pupae. 

tID-50 (Morphological) units. The values indicate amount of the 
compound in micrograms per specimen which cause just the standard 
50 % effect. 

$Compound does not show any activity at 500 pglspecimen in 
top~cal application. 

Table 2. They all show typical juvabione-type 
IJH activity. Details of these and other bio- 
assays on compounds of this sesquiterpenoid 
(juvabione) series will be published elsewhere 
as they are concluded. 

In view of the demonstrated IJH activity of 
the newly isolated 3a, 4a, and 5, it is important 
to note that neither Bowers et al. (3) nor Cerny 
et al. (6) observed IJH activity for any com- 
pounds more polar than juvabione (1) or A4'- 
dehydro-epi-juvabione in the whole wood of 
balsam fir or a Slovak fir, respectively. However, 
Cerny et al. (6) did note the occurrence of a 
polar component that accounted for most of the 
IJH activity from a sample of paper of North 
American origin. It could be that they had 
actually isolated a mixture of juvabiols and/or 
the A4'-dehydrojuvabiols. Possibly the consider- 
able tree-to-tree variation (4), both qualitative 
and quantitative, in the occurrence of the indi- 
vidual juvabione type components, might ac- 
count for the failure of their investigations to 
find 3a and 4a, 6a and 7a, 5, or their R , 4  
diastereomers. 

Nevertheless, the wide occurrence (4) of 3a 
and 4a which are IJHA in the wood of balsam 
fir trees means that the original 'paper factor' (1) 
is not due to juvabione (1) alone, as originally 
thought (3). 

The 'paper factor' would appear to result 
from the combined action of 1, 2, 3a, 4a, and 
possibly 6a and 7a which are all closely related 
juvabione type compounds. 

The results of this and a previous publication 
(4) on the petroleum ether soluble fraction of 
the whole wood extract of A.  balsamea indicate 

that the juvabione type sesquiterpeiloids are an 
important class of extractives whose wide occur- 
rence has not been noted.ll A survey of other 
Abies species is currently being carried out to 
ascertain how widespread is the occurrence of 
this important class of compounds. 

Experimental 
Most prnr spectra were determined on samples dis- 

solved in deuteriochloroform containing tetrarnethyl- 
silane as internal standard using a VarianHA-100 
spectrometer. Several pmr spectra were also obtained at 
the Canadian 220 MHz Centre, Ontario Research 
Foundation, Sheridan Park, Ont. Mass spectra were 
recorded in the molecular spectroscopy laboratory of the 
Fisheries and Marine Service, Vancouver Laboratory, 
Department of the Environment, Vancouver, using a 
Nuclide 12-90-G spectrometer. High resolution mass 
spectra were recorded in the Department of Chemistry, 
University of British Columbia, using an AEI-MS-9 
spectrometer. Accurate mass measurements were made 
by reference to appropriate ions of the perfluorokerosene 
spectrum. Infrared spectra were recorded with a Perkin- 
Elmer 521 spectrophotometer. Samples were placed as 
liquid films on the surface of KBr discs. Optical rotations 
were recorded on a Perkin-Elmer 141 Polarimeter made 
available by the Department of Chemistry, University of 
British Columbia. Gas-liquid chromatographic analyses 
were performed on a Hewlett Packard Mode17620A 
equipped with flame ionization detector. The columns 
used were 6 ft X +in. 0.d. stainless steel packed with 
either (A) 10% EGSS-X on 100-120 mesh Gas Chrom. P. 
or (B) 3% SE 30 on Gas Chrom. Q, purchased from 
Applied Science Laboratories, Inc. Column A was held 
isothermally at 190 "C, Column B was at 250 "C. The 
nitrogen carrier gas flow rate was 25 ml/min. The 
injector port was maintained at 270 "C. All retention 
times (glc r,) are relative to internal (+)-juvabione (1). 

The hplc analyses were performed on a Spectra- 
Physics 3500 B liquid chromatograph equipped with their 
Chromatronix model 230 U.V. (280/254 nm) detector. 
The column used was 3 X 250 rnm spherisorb ODs 
(10 rm). The solvent system was water-acetonitrile; 
gradient elution was used (40-55% acetonitrile at 0.5% 
per min); the flow rate was I rnl/min at approximately 
600 psi. Thin-layer chromatograms were performed on 
E. Merck, silica gel 60 F-259 (0.25 rnrn) plates using 
petroleum ether - diethyl ether (3:l) as developer. The 
ord curves were measured on a JASCO-ORD-UV-5 
spectrophotometer, on loan to the Western Forest 
Products Laboratory from the Department of Biochem- 
istry, Faculty of Medicine, University of British Columbia, 
Vancouver. 

"Leach and Thakore reported (12) the isolation, from 
mechanical pulping effluent, of several juvabione related 
compounds. The relationships between their isolations, 
tentative structures, the extractives of A. lasiocarpa 
(referred to as 'balsam fir') and the stereoconfigurational 
implications of these in relation to a previous study (4) 
will be dealt with, in detail, in a forthcoming publication. 
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The initial isolation procedure, site locations, and 
chemical constituents for each individual tree have been 
recorded previously (4). 

Bioassays 
All of the insect bioassays reported have been per- 

formed in the laboratories of Professor Karel Slhma, 
Institute of Entomology, Department of Insect Physiol- 
ogy, Praha, C.S.S.R. Material: P5E = Pyrrhocoris apterus 
L. last instar larvae; D5E = Dysdercus cingulatus F. last 
instar larvae; G5E = Graphosoma italicum Miill. last 
instar larvae; T,E = Tenebrio molitor L. pupae. Appli- 
cation: topical in 1 pl of acetone to freshly ecdysed 
(0-20 h old) last instar larvae or to freshly ecdysed pupae 
(Tenebrio). Evaluation of activity: according to the degree 
of morphological inhibition of metamorphosis. Ex- 
pression of the activity: in ID-50 (Morphological) units. 
The values indicate amount of the compound in pg per 
specimen which cause just the standard 50% effect (7). 

Compounds 3a and 4a (Juuabiol (R,R,S) and Isojuuabiol 
?R,R,R)) 

Compounds 3a and 4a, isolated together as a colourless 
oil and characterized as an epimeric mixture, had tlc Rf 
0.08-0.2 (concentration dependent) hplc rt 18.2 (minor, 
trans, 3a) and 19.1 min (major, cis, 4a), glc rt 1.35 and 
[a],23 +67.g0 (c 0.99, CH30H). The pmr 6 6.92 (lH, m, 
Hz), 3.73 (lH, m, H3,), 3.68 (3H, s, methyl ester), 0.91 (9H, 
d, J = 6.8 Hz, C-1' and 2(C-5') methyls), 2.6-1.0 (14H); 
(C6D6) 6 0.94, 0.92, and 0.78 (9H, d, J = 6.8 Hz, C-5', 
C-1' methyls); (220 MHz, CsD6) 6 7.04 (lH, m, Hz), 3.64 
(lH, m, H31), 3.49 (3H, s, methyl ester), 2.59 (lH, m), 2.19 
( lH,  m), 0.939 (3H, d, J = 6.8 Hz, C-5' methyl), 0.925 and 
0.918 (3H, d, J = 6.8 Hz, C-5' methyls of 3a and 4a), 
0.784 and 0.77, (3H, d, J = 6.8 Hz, C-1' methyls of 3a 
and 4a). Mass spectrum (m/e): 268(1%) (M), 251(3), 
250(18) ( M  - H20), 193(15), 179(22), 165(15), 150(18), 
139(49), 138(100), 137(72), 134(17), 133(21), 107(55), 
105(22), 95(22), 93(30), 91(23), 82(15), 81(32), 79(61), 
77(21), 69(46), 67(19), 59(21), 57(25), 55(33), 53(18), 
45(18), 43(44), and 41(48). Infrared (cm-1): 3450 s, 2950 
vs, 2925 vs, 2870 s, 1705 vs, 1650m, 1460 m, 1430 s, 
1380m, 1365 mw, 1310 w, 1250vs, 1210mw, 1190 w, 
1080 s, 920 mw, 830 w, 800 w, 740 m, and 710 m. Mol. 
Wt. calcd. for Cl6HZ8o3: 268.2038; found (high resolution 
mass spectrometry): 268.2040. 

Oxidation of3a and 4a by Cr03 fp~ridine)~ 
A solution of a mixture of juvabiols (3a and 4a) 

(1 nunol) in CH2CI2 (5 ml) was oxidized with Cr03 .(pyri- 
dine)z according to the procedure of Ratcliff and Rode- 
horst (5). The crude, syrupy product, on purification by 
passage through a silicic acid column in petroleum 
ether - diethyl ether (3:1), afforded an oil (0.85 mmol), 
identical in all respects glc rt, tlc Rf, nmr, ir, ms, [a], and 
ord with (1) (3). 

Reduction of Juvabione ( I )  by Sodium Borohydride 
A solution of juvabione (1) (1 mmol) in methanol 

(10 ml) was reacted with sodium borohydride (1 mmol) 
at room temperature for 2 h. The solution was neutralized 
with aqueous acid (2 N HCI), poured into water (50 ml), 
and extracted with CHC13 (3 X 10ml). The extract was 
washed and then dried and evaporated to give a colour- 
less syrup 10.95 rnrnol) which was homogeneous by tlc and 

glc. The pmr (100 MHz) appeared identical with the 
natural, isolated juvabiols (3a and 4a), as did an acet- 
ylated sample with 3b and 4b. High performance liquid 
chromatography analytically separated the minor trans 
isomer (3a) with r, of 18.2 min from the major cis isomer 
(4a) with rt of 19.1 min. 

Compounds 36 and 46 (Juvabiol Acetate (R,R,S) and 
Isojuuabiol Acetate (R,R,R)) 

Compounds 3a and 4a were acetylated in the usual 
manner (Ac20/py, etc.) to give compounds 36 and 46 as 
colourless oils, with tlc Rf 0.33, hplc rt 22.7 nlin, glc rt 
0.88 and [aID23 +54.3' (c 0.69, CH30H). The pmr, 
6 6.90 ( lH,  m, Hz), 5.03 (lH, m, H3,), 3.69 (3H, s, methyl 
ester), 2.00 (3H, s, acetate methyl, found as s in (CD3)2C0 
at 1.97 and (220 MHz) in C6D6 at 1.76& 0.90 (9H, d, 
J-u 6 Hz, C-1' and 2(C-5') methyls), 2.6-1.0 (13H). 
Mass spectrum (m/e): 310(0.3%) (M), 250(33) ( M  - 
HOAc), 193(21), 179(16), 165(23), 150(21), 139(48), 
138(100), 137(81), 134(32), 133(23), 121(10), 107(48), 
105(25), 94(29), 92(35), 90(23), 82(22), 81(29), 79(55), 
77(21), 69(44), 67(19), 59(21), 57(25), 55(39), 53(16), 
43(90), 41(35). Infrared (cm-I): 2960 s, 2940 s, 2880 ms, 
1735 vs, 1716 vs, 1650 w, 1460 w, 1440 m, 1380 m, 1250 
vs, 1210 m, 1085 ms, 1020 m, 950 w, 925 w, 805 w, 745 w, 
and 710 mw. Mol. Wr. calcd. for C18H3004: 310.2143; 
found (high resolution mass spectrometry): 310.2156. 

Compounds 6a and 7a (A@-Dehydrojuvabiol (R,R,R) and 
~4'-Dehydroisojuuabiol (R,R,S)) 

A mixture of compounds 6a and 7a was obtained in 
98% yield by NaBH4 reduction of 2 in methanol at room 
temperature. Excess NaBH4 was destroyed with acetic 
acid, diluted with water, and the product extracted with 
CHC13 (3 X 10ml). The CHC13 layer was washed with 
aqueous NaHC03, H20,  and dried (Na2S04). The solvent 
was evaporated under reduced pressure to yield a colour- 
less syrup (6a and 7a). 

The colourless syrup (6a and 7a) was homogeneous tlc 
Rf 0.08-0.2 (concentration dependent), hplc rt 19.2min, 
and [aIDz3 +72.7" (c 0.286, CH30H). The pmr 6 6.97 
( lH,  m, Hz), 5.20 and 5.12 (1H (total), m (appears as a 
tripleted septet), H41), 4.42 (lH, m, H3,), 3.71 (3H, s, 
methyl ester), 1.72 (6H, m, 2(C-5') methyls), 0.93 (3H, d, 
J.u 6 Hz, C-1' methyl), 2.6-1.0 (11H). Mass spectrum 
(m/e): 266(2%) (M), 250(3) ( M  - 16), 248(7) (M - 18), 
234(5) ( M  - 32), 182(22), 139(59), 134(44), 109(40), 
107(42), 105(19), 93(19), 91(18), 85(100), 83(25), 81(22), 
79(41), 77(18), 69(18), 67(28), 59(16), 57(15), 5 5 3 0  53(15), 
43(22), 41(43). Infrared (cm-I): 3420 s, 2940 ms, 2930 s, 
2870 m, 2850 m, 1705 vs, 1650 m, 1430 m, 1380 w, 1250 
vs, 1210 w, 1080 m, 1050 w, 1025 w, 920 vw, 840 vw, 800 
vw, 740 w, 710 mw. Mol. Wt. calcd. for Cl6HZ6o3: 
266.1881; found (high resolution mass spectrometry): 
266.1 895. 

Compounds 66 and 76 (A4'-Dehydrojuvabiol Acetate 
(R,R,R) and A4'-Dehydroisojuvabiol Acetate (R,R,S)) 

Compounds 6a and 7a were acetylated as before to 
give 66 and 76 as a homogeneous colourless oil, with tlc 
Rf 0.28, hplc rt 20.4 rnin, and [aID27 +58.Z0 (c 0.226, 
CH30H). The pmr 6 6.95 (IH, m, Hz), 5.57 (lH, m, H31), 
5.11 (0.6H, doubleted septet, J4,,3, = 5 HZ, J4, methyls = 
1.5 Hz, H4, (7b)), 5.03 (0.4H, doubleted septet, J4,,3 = 5.4 
Hz, J41 methyls = 1.5 Hz, H4, (6b)), 3.72 (3H, S, methyl 
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MANVILLE 2371 

ester), 2.01 (3H, s, acetate methyl) 1.74 (6H, m, 2(C-5') 
methyls), 0.90 (3H, d, J? 6 HZ, C-1' methyl), 2.6-1.0 
(10H). Mass spectrum (m/e): 308(8%) (M), 248(22), 
205(15), 192(27), 189(26), 188(21), 163(31), 139(27), 
138(24), 137(39), 134(16), 133(25), 109(80), 107(59), 
105(38), 95(24), 93(38), 91(29), 85(79), 83(32), 82(37), 
81(39), 79(72), 77(28), 69(37), 67(40), 55(46), 43(IOO), 
41(52). Infrared (cm-1): 2940 s, 2880 m, 2865 m, 1730 vs, 
1720 vs, 1655 m, 1440 ms, 1380 ms, 1245 vs, 1090 ms, 
1020 m, 945 w, 930 w, 840 vw, 810 vw, 750 w, 715 w, 600 
VW. MoI. Wt. calcd. for Cl8Hz8O4: 308.1986; found 
(high resolution mass spectrometry): 308.1982. 

Compound 5 (A"'-Dehydrojuuabi-5'-01) 
Compound 5 was isolated as a colourless 011 with tlc 

Rf 0.06-0.18 (concentration dependent), hplc r, 16.0 min, 
glc r, 1.39 (some decompositlon), [alD27 +54.0° (c 0.25, 
CH30H). The pmr 6 6.92 (lH, m, Hz), 5.62 (lH, m, 
CJ's 2 20 HZ, Hy), 5.48 (1 H, m, CJ's ? 20 Hz, H4,), 
3.58 (3H, s, methyl ester), 130 (6H, s, C-5' methyls), 0.86 
(3H, d, J = 6.4 Hz, C-1' methyl), 2.6-1.0 (11H). Mass 
spectrum (rn/e): 266(0.5%) (M), 248(4) ( M  - 18), 149(13), 
139(10), 109(17), 107(21), 105(9), 93(11), 91(8), 85(11), 
82(10), 81(10), 79(18), 69(11), 67(13), 59(13), 58(26), 
55(14), 43(100), 41(18). Infrared (cm-1) 3450 ms, 2960 s, 
2930 s, 2885 s, 1705 vs, 1645 ms, 1435 s, 1380 ms, 1255 
vs, 1150 m, 1085 ms, 1030 w, 970 m, 920 mw, 800 w, 
740m, 710m. Mol. Wt. calcd. for C16H2603: 266.1881; 
found (high resolution mass spectrometry): 266.1908. 
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Huw OWEN PRITCHARD. Can. J. Chem. 54, 2372 (1976). 
This paper examines, in terms of the normal-mode analysis developed earlier (Part I), the 

nature of relaxations in which a diatomic gas, highly diluted in a heat bath of inert gas atoms, is 
subjected to a sudden change as in shock-wave excitation or laser schlieren experiments. 

It is shown in detail how the observed relaxation time in a shock-wave excitation to afixed 
final temperature depends on the initial temperature. At the same time, it is confirmed that the 
characterisation as 'mainly rotational' of the measured relaxation time in H2 when it is heated 
from room temperature to 1500 K in a shock wave is perfectly plausible. 

On the other hand, the calculations show that in laser schlieren experiments in which the 
u = 1, J = 1 level of H2 is overpopulated. the vibrational relaxation time of H2 at the temper- 
ature in question is recovered, although interesting effects should appear if other J levels were 
populated initially, or if the experiments were carried out at much higher ambient temperatures. 

The calculations also demonstrate that it is not generally possible to derive relaxation times by 
following the variation in population of any particular level of the molecule: multiple overshoots 
sometimes occur, and apparent relaxation times both longer or shorter than the true relaxation 
times could often result from attempts to follow level populations as a function of time. 

Huw OWEN PRITCHARD. Can. J. Chem. 54, 2372 (1976). 
Dans ce travail on examine, en terme de l'analyse de mode normal dkveloppk antkrieurement 

(partie I), la nature des relaxations qui se produisent dans un gaz diatomique a haute dilution 
dans un milieu d'atomes de gaz inertes quand le mklange soumis ti un changement subit comme 
il s'en produit dans des experiences d'excitations par onde de choc ou par "laser schlieren." 

On montre en dktail la relation qui existe entre la tempbature initiale et le temps de relaxation 
observe lors d'une excitation par onde de choc vers une tempkrature finale fixe dkterminke. On 
confirme en meme temps qu'il est parfaitement plausible de caractkriser cornme "principalement 
rotationnel" le temps de relaxation mesurk dans H2 quand celui-ci est chauffk de la tempkrature 
de la piece a 1500 K dans une onde de choc. 

Par ailleurs des calculs montrent que dans des expkriences de "laser schlieren," dam lesquelles 
le niveau u = 1, J = 1 de H2 est surpeuplk, le temps de relaxation vibrationnel de Hz a la 
tempkrature en question est rkcupkrk; des effets interessants devraient toutefois apparaitre si 
les autres niveaux J Ctaient initialement remplis ou si les expkriences avaient lieu B des temp6 
ratures ambiantes beaucoup plus Clevks. 

Les calculs dkmontrent aussi qu'il n'est gCnCralement pas possible de dkriver les temps de 
relaxation en suivant la variation de la population d'un niveau particulier de la molkcule. En 
effet il se produit quelquefois des "dkpassements" multiples et si l'on essaye de suivre les popula- 
tions des niveaux en fonction du temps on observe souvent des temps de relaxation apparents 
soit plus longs soit plus courts que les temps rkels de relaxation. 

[Traduit par le journal] 

Introduction 111 E(t) - E i n i t i a ~  = 

In an earlier paper bearing a similar title (I),' lN-, + <N-2eAN-2f + <N-3eAN-3t + . . .  
it was shown that the total energy of a system of 
diatomic molecules immersed in a heat bath of Or, using eq. 
inert atoms, and having a non-equilibrium - 
rotation-vibration population distribution, de- [2] E(t) - E ~ o l t z ~ a n n  - 

<N-2e*N-2' + ( N - 3  e A ~  - 31 cays according to eq. I[11] uiz.: + . . .  

'Henceforth denoted by I: equations taken from I will The nomenclature is such that the molecule has 
be denoted by their equation number in that paper with a N rotation-vibration levels numbered O 
prefix I ;  likewise Figures and Tables. (N - l), and there are therefore (N - 1) normal 
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PRITCHARD 2373 

modes of relaxation, each with a characteristic 
time constant Xi, j = 0, 1, . . ., (N - 2); there is 
also a zero eigenvalue AN-I which ensures con- 
servation of particles. The quantity ti, defined by 
eq. I[10], represents the amount of energy which 
decays via mode j during the relaxation process, 
and this quantity is a function of the initial 
distribution; finally (eq. 1[12]), .$N-l is (minus) 
the total energy difference between the initial 
distribution and the Boltzmann distribution and 
is therefore also (minus) the sum of all the other 
tj. 

The forms of the normal modes of relaxation 
were shown in detail in I, and another example is 
shown in Fig. 3 below. As was noted previously, 
the modes appear to be very complicated, but at 
low temperatures, relatively few of them are re- 
quired to describe any relaxation (cf. eq. 3), and 
under favourable circumstances, only one, the 
slowest one having a relaxation time of - 
may be sufficient to describe the principal 
features adequately. 

Shock-wave Excitation 
A series of calculations to simulate a shock- 

ROUTIONAL HEAT 
CMAClTY OF Hz 

Tf = 500°K 

FIG. 1. Contributions from three normal modes to the 
rotational relaxation behaviour of ortho-Hz when the 
temperature of the gas is changed suddenly from Ti to 
500 K. 

wave excitation experiment was performed using 
the standard set of transition probabilities particular calculation A39 A69 and A9 are -4.7 

(Table I(1)) and the corresponding normal modes lo7, -2.0 lo79 and - la0 lo7 s-' respec- 

(Fig. I(1)). The final temperature was chosen as tively. 
500 K and a series of initial temperatures ranging The left-hand side Fig- 1 ~ ~ m m ~ r i s e s  the 

from 300 to 499.5 K was examined, the re- results of these calculations: since vibrational 
laxation from 499.5 to 500 K, our earlier cal- excitation is very slight in H2 at  500 K, the 
culations had shown that (for ortho-Hz) two relaxation of the total energy may be represented 

normal modes of relaxation were dominant in the very by the 

sense that 92% of the total energy change relaxed 
through these two modes. The nature of the 
processes involved (Table 1(2) and Fig. I(1)) is 
for mode M3 

[v = 0, J = 1 (94%) and 
J =  5(6%)]++[v = 0, J =  31 

and for mode M6 

[v = 0, J = 11 ++ 

[v = 0, J = 3 (22%) and J = 5 (78%)] 

These two modes differ in relaxation time by a 
little more than a factor of two, M6 being slower 
than M3 since M6 is predominantly ( J  = 1) ++ 

( J  = 5) whereas M3 is predominantly ( J  = 1) ++ 

( J  = 3). The remaining 8% of the energy relaxes 
through a third and still slower mode M9 which 
connects levels J = 1, 3, 5, and 7, and in this 

Figure 1 plots the quantities qi = &/AT where 
AT is the change in temperature in the shock- 
wave experiment (always terminating at 500 K): 
thus, qi is the apparent heat capacity of mode Mi, 
from the starting temperature in question; the 
modes used, and the corresponding eigenvalues, 
are the same throughout since the heat-bath 
temperature is always 500 K. Also plotted at the 
top of the diagram is (q3 + 96 + 99) which is the 
average rotational heat capacity of ortho-Hz over 
the temperature jump in q ~ e s t i o n . ~  It is seen that 

2Notice that above 400 K this rotational heat capacity 
is greater than R, the classical value for a rigid rotor: this 
is because the rotational energy levels used in this cal- 
culation are affected by centrifugal distortion, etc., and 
are slightly closer together than the levels of a rigid rotor; 
hence, the heat capacity is greater. 
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if the starting temperature is low (300 K), about 
56% of the energy relaxes with a time constant of 
-4.7 x lo7 s-l and 39% with a time constant 
of -2.0 x lo7 s-l. If the starting temperature is 
about 410 K, equal amounts of energy (about 
48y0) relax with each time constant, and very 
close to 500 K, say 499.5 K as we found pre- 
viously (1), only 39% relaxes via the fastest mode 
M3, about 53% via the slower one M6, and a 
third mode M9 is becoming important (now 
accounting for about 8% of the energy relaxed). 
The right-hand side of Fig. 1 shows the extension 
of these calculations to include hypothetical 
sudden cooling experiments, with starting tem- 
peratures ranging up to 700K, and with the 
same final temperature, 500 K. The increasing 
importance of M9 (involving J = 7) becomes 
apparent for Ti = 700 K, and in fact another 
mode MIo (involving J = 9) would just be 
perceptible at the bottom of the graph, but is not 
included for ~implicity.~ It is very clear, therefore, 
that if eq. 3 represents the functional form of the 
energy relaxation with X3 'V 2X6 = 4X9, and 
since t3, t6, and 19, which always add up to 
-RAT (i.e. the total rotational energy change 
for the process) are differently weighted for each 
initial temperature, any attempt to approximate 
eq. 3 to a single exponential is bound to lead to 
the conclusion that the derived 'relaxation time' 
is different for every starting temperature. Clearly, 
as discussed at length in I, the detailed form of 
the computed results is somewhat dependent on 
the chosen set of transition probabilities, but the 
general conclusioi~ is inescapable. 

The Shock-heating of Hydrogen to 1500 K 

Dove, Jones and Teitelbaum (2) found that 
when hydrogen was heated to temperatures 
above 1300 K, the thickness of the shock front 
was inconsistent with a simple vibrational re- 
laxation (preceded by a very fast rotational 
relaxation) and one had to assume that the 
slowest relaxation being observed had a con- 
siderable amount of rotational character. The 
essential plausibility of this conclusion was given 
some support by our calculations on the speed 
of souild in our model gas using the standard set 
of transition probabilities (Table I(1)) and the 
resulting normal modes (Fig. I(4)), which showed 

3Omission of qlo is the cause of the apparent decline at 
high temperatures in the total rotational heat capacity 
(93 + 96 + 99) in Fig. 1. 

that most of the heat capacity for an infinitesimal 
temperature change at 1500 K arose from ro- 
tational processes which were slower than the 
vibrational relaxation. Four rotational modes of 
relaxation appear to be the slowest processes at 
this temperature with this set of transition 
probabilities, they all involve very high J states 
(up to J = 15), and the transition rates for 
equilibration of large quanta of rotational 
energy were assumed to be rather slow (1). 

If we repeat the calculation described in the 
preceding section, using a starting temperature 
of 300 K, and a final temperature of 1500 K, we 
find that seven normal modes make a significant 
contribution to the apparent mean heat capacity 
(1.129R) over this temperature jump, and be- 
tween them account for 99.5% of the total 
energy uptake. The relative importance of these 
seven modes is shown in Fig. 2(b) where the 
vertical sticks denote the oi, i.e. the mean heat 
capacity per degree of the change, for each mode 
Mi: the horizontal axis in this diagram is the 
relaxation time, displayed logarithmically. The 
point made in Fig. 1 is emphasised by comparing 
Fig. 2 (b) with (a) which shows the relative 
importance of the same seven modes (plus an 
eighth involving J = 15) when the gas is heated 
by only 0.5" from 1499.5 to 1500K (the ap- 
proximate simulation of a sound wave used in I); 
modes involving low J are less important, the 
vibrational component is more in evidence, and 
transitions of high J are dominant in the latter 
case. Rewriting eq. 3 in the form 

where the oi and hi are as displayed in Fig. 2 (a) 
and (b), the dependence of the mean or apparent 
'relaxation time' on the starting distribution is 
quite evident. 

Returning to the experiment of Dove et al., 
Fig. 2(b) shows that if, as we have argued before, 
our standard set of transition probabilities 
(Table I(1)) is reasonably acceptable for Hz, 
then (for ortho-Hz) we can expect about seven 
modes to be important in this sudden heating 
process (and since T, is high, the behaviour of 
para-Hz and therefore n-Hz will be qualitatively 
similar). Since the scale of these seven relaxation 
times spans only a factor of 20, it is unlikely (1) 
that they would ever be resolved into their in- 
dividual components, the smallest of which 
(qls = 0.078R), the one which is essentially 
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RELAXATION TIME IN SECONDS 
10-9 10-8 10-7 10-6 

I I 

FIG. 2. Normal-mode analysis of the apparent relaxation time for two model molecules at 1500 K. 
(a)  and (b):  model molecule is ortho-H2 with standard set of transition probabilities, Table I(1); the 
normal modes are as depicted in Fig. I(4) and the contributing modes in (a), from left to right, are 
M,, M l l ,  and M14-M19 inclusive. (c)  and ( d ) :  model molecule is ortho-Hz with modified set of transi- 
tion probabilities (see text); the normal modes are as depicted in Fig. 3 and the contributing modes 
in (d ) ,  from left to right, are M4, M7, Mlo,  M1z, MI4, MI5, MI6 ,  MI9. (a)  and ( d )  represent the con- 
tributions of each mode to the total heat capacity in a sound dispersion experiment, and (b)  and (c)  
a shock-heating experiment. The label attached to each contribution e.g. '3  = 1 to 11' represents 
a rough description of the nature of the mode, and is to be interpreted to mean that in such a mode, 
there are significant changes in population of all J levels from u = O,J = 1 to v = 0, J = 11 inclusive. 

vibrational in character, being sandwiched in the 
middle of the six mathematically distinct rota- 
tional relaxations. Thus, we conclude from 
these model calculations that the original inter- 
pretation of these shock-wave relaxation experi- 
ments (2) was entirely plausible. 

As we noted previously (I), H2 is a rather poor 
model to use for the purposes of elucidating the 
behaviour of ordinary diatomic molecules, be- 
cause it has too large a rotational spacing in 
comparison with its vibrational spacing, and 
there is therefore not enough disparity between 
the rotational and the vibrational transition 
rates. We attempted to examine this problem 
previously, not by increasing the number of 

rotational levels within each vibrational gap 
(which would have made the calculations much 
more costly), but, using the same set of energy 
levels, mimicking the real behaviour by multiply- 
ing the probabilities of all rotational transitions 
by a factor of 10, and dividing the probabilities 
of all transitions in which u changed (whether J 
changed or not) by a factor of 10. This has the 
effect of decoupling to a much larger extent4 the 
rotational and the vibrational modes. as de- 
scribed before, and as shown diagrammatically 
in Fig. 3, although the details of this uncoupling 

4Remembering we have already argued in I that 
even using our standard set of transition probabilities, the 
coupling is still weak. 
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F R E L R X R T I O N  T I M E  I N C R E R S I N G -  

FIG. 3 .  Normal modes of relaxation: modified set of assumed transition probabilities; N = 20, T = 1500 K. (modification: rotational rates 10 times faster, 
vibrational rates 10 times slower). The left-most box depicts an initial distribution for T, = 300 K. 
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are a little more revealing than that described in the left-most three in each case, it hardly matters 
I for lower temperatures. Figure 2(c) shows the which set of probabilities is used, the same 
contributing heat capacities for the shock-wave amount of energy is accunlulated through 
heating of this model molecule from 300 to similar modes cf. Fig. 2 (b) and (c), (a) and (d). 
1500 K using these scaled transition probabilities. 
One interesting fact emerges immediately: the 
relaxation times of all six modes which are 
rotational in character are reduced by a factor of 
about jive, and the relaxation time of the mode 
which is predominantly vibrational is increased 
by a factor of twenty! This is a result of increas- 
ing rotational transition probabilities by a factor 
of 10 and decreasing vibrational transition 
probabilities by the same factor, which is further 
evidence of the subtle nature of rotation- 
vibration coupling in these processes. Figure 
2(c) depicts more nearly our traditional picture of 
rotational relaxation followed by vibrational 
relaxation: the left-most six modes add up nearly 
to the rotational heat capacity, and the right- 
most mode is almost equal to the mean vibra- 
tional heat capacity for the jump in question; 
this is not surprising since the 'rotational' 
modes now precede the 'vibrational' modes by a 
significant time interval. A somewhat larger 
disparity still between the assumed rotational 
and vibrational transition probabilities would 
effect a virtually complete separation of the two 
processes (in the sense that the modes in Fig. 3 
would become either more purely rotational or 
more purely vibrational in character, with cor- 
responding division of the si into two groups) 
thus yielding the typical behaviour of heavy 
diatomic molecules in relaxation processes. 

Figure 2(d), the analogue of Fig. 2(a), shows 
the results for these scaled probabilities for a 
small temperature jump (1499.5 to 1500 K). 
Notice again the reduction in contribution from 
modes involving low values of J and the cor- 
responding increase in importance of those in- 
volving higher values of J. Notice also the 
relatively large contribution to the heat capacity 
by the (u = 0, all J- u = 1, all J )  transition, 
much larger than the analogous process in 
Fig. 2(a); again reflecting the influence of ro- 
tation-vibration coupling in that case, in the 
sense that some molecules achieve vibrational 
excitation using normal modes which are essen- 
tially rotational in character, but with a small 
vibrational component. One other point of 
interest in Fig. 2 is that for those rotational 
modes having little vibrational component, i.e. 

Laser Schlieren Experiments 

Ducuing and co-workers (3, 4) have carried 
out a series of experiments in which hydrogen, 
diluted in an inert gas, is excited to the v = 1, 
J = 1 state, and the decay of the excitation is 
then followed by a schlieren technique which 
measures the rate of creation of translational 
energy in the gas. Depending upon the strength 
of the excitation, the population of the u = 1, 
J = 1 state can be raised to between 0.1% and 
10yo of the total hydrogen molecule concen- 
tration. 

Imitating these experiments with the present 
computational scheme reveals simply that at low 
temperatures (T < 500 K), after some initial 
transients have died out, the total energy of the 
HZ molecules present relaxes in a true exponen- 
tial manner, and with a relaxation time which is 
exactly -XN-2y1. This is true for either type of 
transition probability discussed above, and this 
is because in both instances the rotation- 
vibration coupling is either weak (standard set) 
or very weak (scaled set); consequently, these 
experiments appear to be a true measurement of 
the vibrational relaxation time, at least under the 
experimental conditions so far explored. Never- 
theless, there are some interesting features which 
may be amenable to further experimental ob- 
servation, and we will discuss three here. 

The first is that immediately after the initial 
excitation, the internal energy of the molecules 
rises before beginning to fall. What is happening 
is that v = 1, J = 1 is highly overpopulated with 
respect to u = 1, J = 3 ,5 ,7 ,  . . . at the ambient 
temperature in question: consequently, the 
populations of these higher J states of u = 1 rise 
in an attempt to establish thermal equilibrium 
with the heat-bath temperature, given the very 
high population of v = 1, J = 1. The dominant 
modes used in this process are not ones we have 
discussed before, but M2, M5, and M7 (cf. 
Fig. I(l)), which in fact represent nothing more 
than the rotational relaxation of u = 1; these 
relaxation modes are slightly faster than the 
corresponding rotational relaxations M3, M6, 
and M9 of u = 0. This energy increase shows 
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itself in the numerical scheme by the fact that 
12, 15, and (7 have the opposite sign from that of 
the dominant relaxation strength f14, and of 
course the effect is rather small, 12, 15, and l7 
together being about 0.05 of -ti4 for the case 
where the initial v = 1, J = 1 population is 10% 
of the total Hz molecules present. For Hz, 
according to our standard set of transition 
probabilities, the total energy would only rise by 
about 2y0, however, because of other competing 
decay modes, but for other molecules imitated by 
our scaled set of transition probabilities, the full 
5% initial rise in rotational energy would be 
realised before the vibrational decay commenced. 
(A similar effect is apparent in some exploratory 
calculations, termed 'box calculations' by Rabitz 
and Lam (5), their Fig. 5, curve I where the total 
internal energy of the molecules rises initially 
before decaying to the equilibrium value). 

Second, it is interesting to see what one might 
expect to find if these experiments could be re- 
peated at much higher temperatures, for ex- 
ample, T = 1500 K. For most molecules, one 
would expect the situation to be as just described, 
but for Hz, in view of the experiments of Dove 
et al. (2) and our qualified support for them, we 
might expect the results to be more complicated. 
Our calculations predict two overshoots in the 
energy. The first is the initial increase in the 
rotational energy of v = 1 as described in the 
preceding paragraph. Then follows a period 
during which the major portion of the energy 
relaxes by the vibrational mode M15 (cf. Fig. 
I(4), also Fig. 2 (a) and (b)), from which, under 
favourable conditions, it might be possible to 
deduce the vibrational relaxation time. However, 
this relaxation overshoots the final energy 
according to our calculations, and this, if it 
occurred in the experiment, could render the 
interpretation of the results a little difficult de- 
pending upon the severity of the overshoot. The 
reason this second overshoot occurs is because 
the rotational relaxation of v = 1 to very high 
J levels is slow, and the vibrational deactivation 
is taking place before v = 1 is properly equili- 
brated rotationally. Hence, the result of the 
vibrational relaxation M15 (which is essentially 
v = 1, all J -  v = 0, all J )  leaves the high 
rotational states of v = 0 underpopulated; ex- 
amination of the changes in population with time 
shows that the last equilibrations to occur are 
those of v = 0, J = 11, 13, and 15 whose 
populations rise towards their equilibrium 

values. The prediction of this second overshoot 
is obviously sensitive to the chosen set of trans- 
ition probabilities, and may or may not be 
readily observable. 

Thirdly, we can ask what we might observe if 
we were to populate another excited state, rather 
than v = 1, J = 1. If one looks at eq. I[lO] which 
is the one which determines whether a particular 
mode will be heavily used during the relaxation 
under consideration, one can see that it can be 
represented pictorially by the normal modes as 
we have plotted them in I and in Fig. 3. A mode 
will be heavily used if there is a strong overlap 
between the initial distribution (left-most box), 
the mode, and the final distribution (right-most 
box). Examination of Fig. 1(1) shows that if we 
choose to populate v = 1, J = 5 at low ambient 
temperature, there is no mode that connects it 
directly to the final distribution, and we must 
therefore get two consecutive decays: first a 
rotational relaxation (in the normal sense) of 
v = 1, dominated by mode Mg (with a small 
contribution from M2) followed by the vibra- 
tional relaxation Mi4. This conclusion is virtually 
independent of our choice of transition prob- 
abilities for reasons explained in I. However, if 
the temperature is high, the modes are too 
complicated even in a well-decoupled case like 
Fig. 3 for this simple pictorial approach to work, 
and numerical analysis is necessary. 

Measuring Relaxation Times by Following 
Population Changes 

Alongside all of the calculations reported in 
this paper, the population distribution as a 
function of time was derived using eq. I[3]. It 
appears that the situation is very complicated 
indeed, and only a few highlights will be doc- 
umented. What is true, of course, is that all 
populations approach the final distribution with 
a relaxation time which is - but in many 
cases, if a dominant relaxation precedes this 
process (as for example in the hypothetical laser 
schlieren experiment described above), these 
terminal rates of change may be too small to be 
resolved experimentally. There are, as we have 
seen, overshoots in energy which are, of course, 
associated with complicated population changes. 
Populations themselves overshoot in all kinds of 
circumstances (cf. also ref. 5, Fig. 4 and ref. 6, 
Fig. 1): for example, if H2 is heated from 499.5 
to 500 K, the populations of the states v = 1, 
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J = 1 and v = 2, J = 1 set off in the wrong 
direction before turning around to approach the 
new equilibrium distribution! This is because 
these two states are depleted by rotational re- 
laxation of their respective vibrational manifolds 
before they can be repopulated by the slower 
vibrational relaxations from v = 0: this kind of 
behaviour will occur in all molecules. When more 
extreme changes in temperature than 0.5 K are 
imposed, depending upon the conditions, several 
states may overshoot in this way or more often if 
they do not overshoot, they may show incipient 
signs of so doing. This effect manifests itself 
sometimes as the apparent existence of a very 
slow relaxation persisting over a considerable 
time period. In other words, the level in question 
is in a steady state, or almost so, and in our cal- 
culations we have many examples of levels ex- 
hibiting apparent time constants of the order of 
- lo5 s-1 over a decade or more in time, when 
the smallest eigenvalue in the system is near 
- 106 s-l, or of levels exhibiting apparent time 
constants intermediate between but not coin- 
ciding with any real time constant of the system. 
If we alter the probabilities so as to  increase the 
disparity in rate between rotational and vibra- 
tional processes, this latter difficulty is somewhat 
mitigated, but is not removed altogether. Thus, 
it would appear that in general (but not for HZ) 
it may often be possible to derive relaxation 
times by following population decays, but the 
technique need not necessarily work and needs 
to be applied with considerable caution. 

Conclusions 
These calculations show very clearly that if 

one attempts to characterise a rotational re- 
laxation, or a mixed rotation-vibration relax- 
ation by a single relaxation time, then that 
'relaxation time' must depend on the disparity 
between the initial and the final distributions in 
the relaxation and therefore, must depend on the 
method used. In general, we have argued that 
rotation-vibration coupling (in the present sense) 
is unimportant for most diatomic molecules 
except hydrogen, its isotopes and possibly some 
light hydrides. Thus, the common behaviour is 
expected to be rotational relaxation followed by 
vibrational relaxation, as we have always be- 
lieved, but hydrogen at temperatures above 
1300 K is apparently an exception, as we have 
discussed at length. Rotational relaxation times, 
however, must always be subject to this quali- 

fication, that they will be method-dependent, or 
will be sensitive to the initial population distri- 
bution. Here again, except in the case of hydro- 
gen and perhaps some light hydrides, rotational 
relaxation times are usually very fast indeed, and 
it may not always be possible to resolve these 
effects in a decisive fashion. Hydrogen is a special 
case among all the diatomic molecules, and in 
one sense it is unfortunate that so much effort 
is being devoted to attempts to calculate the 
rotation-vibration energy-transfer properties of 
HZ and its isotopes, because that will not reveal 
for us the general behaviour of diatomic mole- 
cules. On the other hand, the calculation of these 
properties for H2 is a challenge in which we can 
hope to succeed, and in the near future obtain 
good matching between theoretically calculated 
and experimentally observed behaviour from a 
wide range of techniques including sound dis- 
persion, shock-wave, and laser schlieren ex- 
periments. Furthermore, the relaxation be- 
haviour of polyatomic molecules having small 
moments of inertia about one or more axis 
probably has much in common with the hydro- 
gen molecule; consequently, a good under- 
standing of the 'vibrational' relaxation behaviour 
of hydrogen and light hydrides should lead to a 
much better insight into the Lambert-Salter 
relationships, somewhat along the lines we 
suggested previously (7). 

An analysis of the results presented here (and 
in I) in terms of the information-theory approach 
will be presented at a later date (8). 
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JOHN LEWIS GLLISTER and Huw OWEN PRITCHARD. Can. J. Chem. 54,2380 (1976). 
The thermal isomerisation of methyl isocyanide has been measured in the rigorous absence 

of self-heating over a temperature range from 120-320 "C and at pressures from 2-100 torr. 
Expressions are given for the rate constant as functions of both temperature and pressure in 
these ranges of the two variables. The infinite-pressure rate constant is accurately represented 
by an Arrhenius line with no curvature having E,  = 38.2 + 0.2 kcal mol-1 and loglo A,  (s-1) = 
13.35 + 0.11, although at all other pressures, E is a function of temperature. 

A number of tests on the cleanliness of the reaction were made, and some previously ex- 
pressed concerns about side reactions are alleviated considerably. 

JOHN LEWIS COLLISTER et Huw OWEN PRITCHARD. Can. J. Chem. 54, 2380 (1976). 
On a mesure l'isomerisation thermique de l'isocyanure de methyle B des temperatures allant 

de 12e320 "C et des pressions de 2-100 torr en s'assurant d'une fason rigoureuse qu'il n'y 
avait pas d'autochauffage. On donne les Cquations exprimant les constantes de vitesse en 
fonction de la temperature et de la pression dans les limites de ces deux variables. La constante 
de vitesse k pression infinie est represent& d'une fason precise par une droite d'ArrhCnius ne 
presentant pas de courbure et dans laquelle E,  = 38.2 + 0.2 kcal mol-1 et loglo A ,  (s-1) = 
13.35 k 0.11; toutefois k toutes les autres pressions, E  est une fonction de la temperature. 

On a effectuC un certain nombre d'essais pour vCrifier la propretC de la reaction; on con- 
sidere que quelques unes des inquietudes exprimks antkrieurement concernant les rkctions 
secondaires avaient CtC grossierement surestimks. 

[Traduit par le journal] 
B 

Introduction temperature range was made as wide as possible 
It has been suggested recently that the ex- 

plosive isomerisation of methyl isocyanide may 
prove to be a sensitive and reliable standard 
against which to test theories of gaseous thermal 
explosions (1); the required kinetic and thermo- 
dynamic data on methyl isocyanide and its 
iiomerisation are, however, incdmplete for this 
purpose. As far as the kinetics of the isomerisa- 
tion are concerned, the rate of the reaction has 
been studied extensively as a function of pressure 
at three temperatures only, 200, 230, and 260 OC 
(2), and extrapolation of these rates into the ex- 
plosion region (310-360 OC) is very sensitive to 
small imperfections in the data. The uncertainty 
of this extrapolation is aggravated by the fact 
that in some experiments a correction had to be 
ma8e for self-heating in the reaction, and this 
correction although small, is itself rather un- 
certain, giving rise to possible errors in the re- 
quired extrapolated data. In the work described 
in this paper, self-heating was eliminated by the 
appropriate choice of reaction-vessel size for the 
temperature and pressure in question, and the 

in eider to reduce both the length of the required 
extrapolation and, therefore, its uncertainty. We 
found that it was possible to cover the range 
120-240 "C in conventional static experiments, 
and 240-320 OC in relatively conventioi~al flow 
experiments. 

Experimental 

Materials, etc. 
Methyl isocyanide was prepared from N-methyl 

formamide by reaction, in the presence of an amine, 
either with phosgene (3) or toluene-p-sulphonyl chloride 
(4). The product was purified by vapour-phase chroma- 
tography, and was stored in brown glass, both on and off 
the vacuum system. 

Propane and propylene were Phillips Research Grade, 
and gas-chromatographic and mass-spectrometric an- 
alysis showed that they conformed to specifications. 

Analysis of the extent of the reaction was performed 
using a gas chromatograph with hot-wire thermal con- 
ductivity detectors and a 6 ft X 0.125 in. glass column 
with a Pennwalt 223/Chromosorb R packing at 70 "C. 
The effluent from the column was analysed with a mass 
spectrometer as required. 

Self-heating and the Choice of Vessel Size 
If we are interested in only small temperature rises 
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COLLISTER AND PRITCHARD 2381 , 

TABLE 1. Comparison, as a function of reactant 
pressure, of the radii of the spherical reaction vessels 

used in these experiments with the maximum allowable 
radii required to keep AT below 0.1 "C at T = 220 "C 

Reactant pressure Vessel radius Maximum radius 
(torr) (cm) (cm) 

2 7.9 37 
5 5 .O 17 

10 4.2 9.5 
20 3.1 5.7 
50 2.3 2.9 

100 1.3 1.8 

caused by self-heating, we can use the approximate 
formulae 

with n = 6 for a sphere, n = 4 for an infinite cylinder, 
and where AT is the maximum temperature rise at  the 
centre of the vessel. AH is the enthalpy change per mole of 
reaction, r is the radius of the vessel in cm, & is the 
thermal conductivity in cal (cm "C $1 and R is the rate 
of reaction in mol cc-1 s-l(5,6). Neither AH nor & is too 
well known (I), but they are sufficiently accurate for use 
in this expression. 

For static experiments, it is convenient to analyse the 
total content of the reaction vessel, thus avoiding sam- 
pling problems. Table 1 shows, in column 2, the most 
convenient size of spherical reaction vessel as a function 
of reactant pressure, column I ; application of eq. 1 with 
AT set at 0.1 OC and R calculated for 220 "C (2) gives the 
maximum allowable size of reaction vessel, column 3. In 
all cases, the chosen vessel size in column 2 is less than the 
allowable vessel size in column 3, so that in every static 
experiment carried out at 220 "C and below, the maxi- 
mum temperature rise at the centre of the vessel was less 
than 0.1 "C. Consequently, rate constants were deter- 
mined at all the (nominal) pressures listed in Table 1, at 
20" intervals from 120-220 "C: at 120 OC, reaction times 
were of the order of 1-4 X 106 s, depending on pressure, 
for 1% reaction, and 300-1000 s at 220 "C. Because of the 
limitations imposed by constraining the self-heating 
temperature rise AT to be less than 0.1 "C, only two 
pressures were accessible at 240 OC, viz. 2 and 5 torr, 
where the vessel radii have to be less than 19 and 8 cm 
respectively. The static experiments need no further 
description, and full details are available elsewhere (7); in 
total, 148 experiments were carried out a t  seven tempera- 
tures, and our agreement with the results of Schneider and 
Rabinovitch (2) at 200 "C is excellent at all pressures. 

Since the region of interest for explosion studies is 
above 300 "C, it is obviously necessary to use a flow 
technique to make measurements nearer to, and possibly 
up into this range. The static experiments serve only as a 
consistency check on the flow results, and provide a 
'handle' which is useful in extrapolating the flow results 
to even higher temperature. Given the constraints that we 
could not use a non-condensable carrier gas because that 
would change the rate constant in the fall-off region, that 
the measured pressure drop along the reaction vessel 

(8, 9) should not exceed 10% of the mean pressure, so 
that the pressure itself would be fairly well-defined, that 
the collection time has to be sufficiently long to be 
measured accurately, etc., and that AT should not exceed 
0.1 "C, we chose to use a 1 m length of 2 mrn-bore glass 
tubing at the higher end of the temperature range (28C 
320 "C) and a. 10 m length of the same tubing at the lower 
end of the range (240-300 "C). These tubes were made 
into coils of about lOcm diameter, and at  the two 
temperatures where both columns were used, the results 
were indistinguishable. Contact times ranged from 0.08 
to 0.5 s, depending upon pressure, in the 1 m tube at 
320 "C, and from 130-760 s in the 10 m tube at 240 "C. 
We note, also, that at 320 "C and 100 tom pressure, 
application of eq. 1 (for an infinite cylinder) yields a 
maximum temperature rise of 0.19 "C at the centre of the 
tube, which is just outside our design specifications, but 
nevertheless still negligible. A total of 43 flow experiments 
were carried out at five temperatures and again, full 
details of the conditions used and of the raw experimental 
data are available (7). 

Tests for Side Reactions 
Since the thermal isomerisation of methyl isocyanide is 

now the principal test case in unirnolecular reaction 
theory, it is important to define the limits of existence of 
any side reactions. On the other hand, from the point of 
view of explosion studies, it is a knowledge of the rate 
that is of primary importance, and the means by which 
the reaction achieves that rate are of somewhat lesser 
concern. It  has been reported (10) that the rate of iso- 
merisation of methyl isocyanide at 200 "C is reduced by 
about 30% in the presence of 100 amagats of propane, 
whereas the rate remains unchanged in the presence of 
similar amounts of carbon dioxide. It was conjectured, 
therefore, that there could be a hitherto undetected 
free-radical chain component to this reaction, involving 
the well-characterised (1 1) reaction 

This suggestion was disputed by Rabinovitch and co- 
workers (12), and the situation has never been satisfac- 
torily resolved: consequently, we carried out a number of 
auxiliary experiments designed to test for the presence of 
side reactions. 

First, two relatively conventional tests were performed. 
At 320 "C, the reaction was carried out in the presence of 
propylene (I%), but there was no change in the rate of 
isomerisation, nor were there any spurious products 
detected by GC/MS analysis of the products. Then, a 
second 1 m column of wider diameter was constructed so 
that when packed with glass beads, it had the same mean 
cross-section as the 2 mm-bore open tube but a surface- 
to-volume ratio of 91 cm-1 instead of 14cm-1. Rates 
measured in this tube at 300 and 320 "C were identical 
with the original results, confirming not only the absence 
of a significant heterogeneous component, but also 
eliminating the existence of errors in the calculated 
contact times for the flow experiments due to streaming 
or other defects in the assumed gas flow. 

Subsequently, a thermal explosion apparatus similar to 
that used previously (1) was constructed, and evidence for 
side reactions was sought by investigation of the be- 
haviour of the reaction just above and just below criti- 
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cality, in the belief that this might provide a more 
sensitive test for side reactions. In  two parallel sets of 
experiments, the explosion limits were measured in the 
presence of 1% propane and 1% propylene: it is difficult 
to find an efficient methyl-radical trap which does not 
react with methyl isocyanide, but the rates of reaction of 
methyl radicals with propane and with propylene are 
sufficiently different that if reaction 2 made a significant 
contribution to the overall rate of isomerisation, the 
explosion limits should be differently affected in the two 
cases. We found that the explosion limits were the same 
in both cases which, assuming that propane and propylene 
have similar collision efficiencies (13) and thermal con- 
ductivities (14), suggests that radical chains like [2] are 
not important. Again, we looked for spurious reaction 
products by GC/MS in the subcritical experiments, but 
found none apart from ethyl cyanide which we reported 
previously. 

The persistent occurrence of ethyl cyanide in these 
subcritical explosioils was puzzling, but the cause was 
eventually located. Newly purified methyl isocyanide 
does not yield any ethyl cyanide. However, on storage in 
glass on a vacuum line for a few days, traces of ethyl 
cyanide ( ~ 1  part in 105) are formed, and these of course 
persist through the reaction and appear in the reaction 
products. It is of interest to note, however, that although 
ethyl cyanide is not produced in subcritical experiments 
using newly purified methyl isocyanide, it is formed in 
small quantities if an explosion actually occurs. 

We conclude that all the conventional tests carried out 
here, and previously (12), together with our use of 
explosion limit behaviour, suggest that there are no side 
reactions to the thermal isomerisation of methyl iso- 
cyanide which are of concern from the point of view of 
testing either explosion or unimolecular-reaction theory. 
This leaves the interpretation of our own high-pressure 
work (10) in an unsatisfactory state, and it would seem 
that an independent investigation of that problem should 
be undertaken. 

Data Reduction 
The ideal experiment would involve the 

measurement of the rate constant for isomerisa- 
tion at 30 or more values of the pressure for each 
temperature, rather as was done by Schneider 
and Rabinovitch (2) for three temperatures; it 
would then be possible to  extrapolate each set of 
data to  a unique value of k, at each temperature, 
and so characterise the reaction rate completely. 
Clearly, the number of temperatures and the 
range of temperatures excludes such a compre- 
hensive attack on this problem, and we decided 
to be satisfied with the range of experiments 
described in the preceding section, and to be 
guided by the current very successful theories of 
unin~olecular reactions in reducing the data to  - 
useable form. 

The raw experimental data, consisting usually 
of groups of two or three rate constants kp(T) 
at some or all of the six nominal pressures were 

fitted to a simple quadratic function by least 
squares, and the best value of kloo(T), i.e. the rate 
constant for 100 torr pressure at the temperature 
under consideration, was obtained. Since we 
have far too few data with which to derive 
reliable values of km(T) for each temperature, 
the infinite-pressure rate constant was deter- 
mined by a theoretical extrapolation. Using the 
RRKM computer program written by Holbrook 
and Robinson (15) and the theoretical model of 
the isomerisation due to Rabinovitch and co- 
workers (2, 16), theoretical fall-off curves were 
calculated for each temperature, and the 
theoretical value of k,(T)/k,oo(T) was used to  
derive an extrapolated 'experimental' value for 
k,(T). These extrapolated rate constants, using 
all the data from 12&320 "C, when plotted in 
Arrhenius form, fall on an exceptionally good 
straight line having Em = 38.2 i 0.2 kcal mol-l 
and A, = 1013,35'0 l1 S-l, in excellent agree- 
ment with the more limited data of Schneider 
and Rabinovitch (Em = 38.4 kcal mol-I and 
A a - - 1 0 ~ 3 . ~  S-1). 

The theoretically calculated fall-off curves 
were then superimposed on the experimental 
plots, and visual inspection showed that the 
theoretical fall-off curve was equally as good a 
representation of the data as the original 2-100 
torr segment of quadratic (the two curves, of 
course, coincide at 100 torr by definition). Again, 
we note that we do not have the volume of raw 
data that would be required to assign a statistical 
significance to this assertion. Accepting this, 
however, we are now in a position to  generate 
empirical interpolation formulae for the rate 
constant as a function of both temperature and 
pressure, in the range 2 < p < 100 torr, 120 < 
T < 320 OC and with the confidence, because 
of the extremely good Arrhenius behaviour of 
k,(T), that these formulae can be used to  
extrapolate rate constants at these pressures up 
into the top end of the explosion temperature 
range, i.e. T .v 360 "C. These interpolation for- 
mulae are shown in Tables 2 and 3. Table 2 
presents the behaviour of kp(T) at constant 
pressure in the form of a quadratic in the 
absolute temperature T, viz. 

for a series of values of the pressure p, and Table 
3 presents the behaviour of kp(T) in the form of a 
quadratic in In p,  viz. 
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TABLE 2. Coeficients a, b, and c in the equation 
In [k,(T)/k,(T)] = a + bT-1 + C T - ~  

as a function of the reactant pressure in the temperature 
range 393 < T <  593 K 

Reactant pressure 
(torr) a b c 

2 5.91263 -2851.90 468030 
5 4.90310 -2606.31 436115 

10 4 .I3008 -2343.62 398264 
20 3.37536 -2026.00 350715 
50 2.43622 -1556.59 275742 

100 1.79968 - 1193.90 214946 

TABLE 3. Coeficients A,  B, and C in the equation 
In k,(T) = A + B In p + C (In p)2 

as a function of temperature, with the reactant pressurep 
in torr 

Temperature 
(K) 

Figure 1 shows eq. 3 plotted in Arrhenius form: 
the slopes of these lines represent the differences 
between E, and Ep(T), showing how the 
'activation energy' varies with both p and T in 
the fall-off region: numerical values can easily 
be generated from 

[5] E, - Ep(T) = - R(b + 2cT-') 

using the values of b and c listed in Table 2 for 
the pressure in question. 

Conclusion 
The aim of this work was to enhance the re- 

liability of the extrapolation of the data of 
Schneider and Rabinovitch (2) into the range of 
temperatures required for thermal explosion 
studies (1). This has been done by extending the 
temperature range in both directions and con- 
ducting a limited number of experiments at a few 
key values of the pressure. The final data reduc- 
tion uses the well-established theoretical model 
of this reaction in lieu of the aquisition of per- 
haps four or five times as much raw experimental 
data; in our view, an acceptable expedient in this 

FIG. 1. Arrhenius plot of the rate constant for the 
thermal isomerisation of CH3NC to CH3CN, as a function 
of pressure. k,(T) = 1013.35 exp (-38 200/RT) s-l. 

case. Our experiments have also included a 
determined attempt to find unwanted side re- 
actions, and doubts about the cleanliness of the 
reaction have been reduced considerably. 

Comparison with previous work of Schneider 
and Rabinovitch (2) is excellent both in the sense 
of detailed agreement at 200 OC and also in the 
derived Arrhenius parameters for the infinite- 
pressure rate constant. Extrapolation of our 
results, however, to the temperature range 
covered in the shock-wave experiments of 
Lifshitz, Carroll, and Bauer (17), does not yield 
good agreement with their results. Selecting two 
of their runs (Nos. 11 and 14) at 828 K, we 
calculated their experimental conditions to be 
p(CH3NC) = 3 1 torr and p(Ar) = 1400 torr: 
using the value for the relative efficiency (13) of 
argon on a pressure basis pp = 0.136, the 
equivalent pressure of argon is 190 torr, and so 
the equivalent total pressure is about 220 torr. 
Extrapolating k,(T) to 828 K and reducing it to 
220 torr via the standard model RRKM cal- 
culation for this temperature suggests that the 
rate constant ought to be about 1.3-1.5 X lo3 
s-l, compared with the actual values obtained of 
332 and 359 s-l. Part of this discrepancy could 
be removed if argon were to be a much less 
efficient collider at higher temperatures, but not 
all of it. In fact, excellent agreement with our 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2384 CAN. J. CHEM. 

estimates could only be obtained if the equivalent 
total pressures were to be approximately the 
figures given by Lifshitz et al. for P5pl(CH3NC)/ 
pl in Table I1 of their paper (17), which is of 
course even less than p(CH3NC) itself by a 
factor of 828/298. 
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Synthesis of azacyclic compounds by an aminium radical route:' 
orbital overlap requirements 
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RICHARD A. PERRY, SHI C. CHEN, B. C. MENON, KAORU HANAYA, and YUAN L. CHOW. 
Can. J. Chem. 54, 2385 (1976). 

Model compounds of A4v5-, A5.'j-, and a6.7-alkenylnitrosarnines were synthesized and photo- 
lyzed to generate the corresponding alkenylaminium radicals. The A5~6-alkenylan~inium radicals 
underwent efficient intramolecular addition leading to the exclusive formation of pyrrolidine 
derivatives, the yield of which was lower if the steric strain and hindrance were severe in the 
cyclization transition state. The A6s7-alkenylaminium radical cyclized inefficiently to piperidine 
derivatives and the A4~5-alkenylarninium radicals did not appear to cyclize; in both cases other 
pathways having lower activation energies, such as elimination and hydrogen abstraction, pre- 
dominated. Evidence that the direction of cyclization is controlled by the degree of p-orbital 
overlap, but not by stability of the developing products, in the transition state is presented. The 
stereochernical factors associated with the overlap determined the yields of the cyclization 
products. This is in excellent agreement with the fact that the transition state of cyclization is 
reached at  an early stage in the reaction coordinate. Metal ion catalyzed or radical initiated 
decomposition of some alkenyl chlorarnines were found either to cyclize to a mixture of pyr- 
rolidine and piperidine derivatives or to undergo no cyclization. 

RICHARD A. PERRY, SHI C. CHEN, B. C. MENON, KAORU HANAYA et YUAN L. CHOW. Can. J. 
Chem. 54, 2385 (1976). 

On a synthetise et photolyse des cornposCs rnodkles de A4n5-, A5s6- et A6r7-alkenylnitrosarnines 
qui ont conduit aux radicaux alkknylarninium correspondants. Les radicaux A5:6-alkenyl- 
aminium subissent des rkactions d'addition intrarnoliculaires efficaces conduisant a la formation 
exclusive de derives de la pyrolidine; le rendement de ce compose est diminui si l'emp@chernent 
et la contrainte stCrique sont importants dans l'etat de transition rnenant a la cyclisation. Le 
radical A6r7-alkknylarniniurn se cyclise d'une fason inefficace pour conduire a des derives de la 
piperidine et les radicaux A4.5-alkknylarninium ne sernblent pas se cycliser; dans les deux cas 
d'autres chernins rkactionels ayant des energies d'activation plus basses, tels que les Climinations 
et les enlkvernents d'hydrogkne, prkdorninent. On prCsente des donnees indiquant que la 
direction de la cyclisation est contr6lk par le degrC de recouvrement des orbitales p dans 1'Ctat 
de transition; il ne semble pas que cette direction soit influenck par la stabilitk des produits qui 
se forrnent. Les facteurs stCrCochimiques associks avec le recouvrement dkterrninent les rende- 
rnents des produits de cyclisation. Ceci est en excellent accord avec le fait que, dans les coordon- 
nees de la reaction, 1'Ctat de transition de la cyclisation est atteint t6t. On a trouvC que les 
dtkornpositions catalyskes par les ions mCtalliques ou initiies par les radicaux de quelques 
chloramines d'alkknyles conduisent soit une cyclisation fournissant un mClange de dCrives 
de la pyrolidine et de la pipkridine soit qu'ils ne conduisent pas des cyclisations. 

[Traduit par le journal] 

Introduction 
Radical reactions are frequently avoided in 

synthetic chemistry owing to a general belief that 
a reaction involving highly reactive radical 
species must necessarily be unselective. This may 
be true in intermolecular processes in which the 
polar effects of a radical reaction as measured 
by Hammett p constants are generally small (2); 
a literature survey reveals that the largest p values 

'Part of the results have been published as a preliminary 
con~munication; see ref. 1. 

are - 1.34 for the piperidinium radical addition 
to styrenes (3) and - 1.5 for the benzylic hydro- 
gen abstraction by trichloromethyl radical (4). 
However, in intramolecular radical reactions, 
the presence of stereochemical controls may 
facilitate one process and retard others. Such 
cases have been observed in a number of stereo- 
specific intramolecular radical reactions, e.g. ,  
hydrogen abstraction in the Barton (alkoxy 
radical) reaction (5) and the Hofmann-Loffler 
(aminium radical) reaction (6),  and intramolecu- 
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TABLE 1. Radical cyclization 

Yield of cyclic products (%) 

n  = 2 n= 3 n = 4  

4- 5- 5- 6- 6- 7-  
CH2=CH2(CH2),X. membered membered membered membered membered membered Reference 

lar addition of alkoxy (7-9), amido (10, 1 I), and 
mercapto (12) radicals. 

Intramolecular radicalZ addition has been 
more extensively investigated with alkenyl car- 
bon radicals (13-17), although other radical 
cyclizations (7-12) have begun to attract atten- 
tion in recent years. As summarized in Table 1, 
the efficiency and stereospecificity of alkenyl 
radical cyclizations are fairly distinctive except 
for two cases, i.e. the cyclizations of carbon 
radicals substituted with electron-withdrawing 
groups (13) and thiyl radicals (12). Significantly, 
reversibility of addition has been demonstrated 
in these two cases, from which one may conclude 
that the thermodynamically more stable product 
is not necessarily the kinetically controlled 
product. For the more extensively investigated 
system (n = 3), a number of rationales have been 
advanced to explain the preferential formation 
of the kinetically controlled products with five- 
membered rings as opposed to the thermo- 
dynamically more stable six-membered rings 
(8, 13, 18-20). 

Certain aspects of the intramolecular radical 
additions shown in Table 1 are worthy of com- 
ment. Phosphoranyl radical cyclization (21, 22) 
is unique in that the larger-membered rings are 
always formed exclusively. Amine radical cycli- 
zation (23-26) is in marked contrast to the failure 

2Throughout this discussioll the radical center will be 
designated as position 1. 

of intermolecular amine radical addition which 
has been suggested to result from a high activa- 
tion energy (27). In these cases (23-26), how- 
ever, the possibility has to be considered that 
aminium radical might be the reactive inter- 
mediate since hydrogen chloride is generated by 
side reactions of chloramines. An amine radical 
coordinated with titanous ion (or metal ion in 
general) has been proposed as the reactive inter- 
mediate in the titanous chloride catalysed 
chloramine decomposition (23, 24). Such an 
intermediate behaves very similarly to an 
aminium radical. 

The tendency of aminium radicals to undergo 
obviously irreversible addition to a carbon- 
carbon double bond has been well established 
(28, 29). In view of their ready generation from 
nitrosamine photolysis under mild conditions 
(29), we have extended our research to study the 
patterns of aminium radical cyclization, aiming 
to establish a synthetic route for azapolycyclic 
compounds. For comparison, decompositions of 
some of the corresponding alkenyl chloramines 
catalysed either by a radical initiator (30) or 
ferrous ion (31) and catalysed by silver nitrate 
(25, 26, 32, 33) have been investigated. The last 
method has been claimed to involve either a 
nitrenium ion (32) or, alternatively, an amine 
radical (25, 26) as the reactive intermediate. 
While it is much simpler to use a nitrenium ion 
to visualize the chloramine decomposition, the 
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reaction is obviously very con~plex owing to the instability, were reacted immediately without 
simultaneous Ag+/Ago redox process (26). further purification. Their ir and nmr spectra 

indicated that the olefinic group remained intact 
after hypochlorite treatment. The chloramine Results 
contents before and during the experiments were 

The necessary alkenylamilles were prepared in analysed by thiosulfate titration (26). 
yields better than 50% by straightforward reac- The photolyses of the alkenylnitrosamines in 
tions involving key steps such as nucleophilic acid$ed methanol (29) were carried out under 
substitution of alkenyl bromide with methyl- purified nitrogen to avoid the photooxidation 
amine (34), metal hydride reduction of amides processes (43) and with a Nonex filter (trans- 
or isocyanates (26, 3% and acetate pyrolysis. parent > 330 nm) which allowed irradiation of 
The details of the syntheses are described later, the n + s* transition band. The formation of 
The alkenylamines were not rigorously purified C-nitroso dimers during the photolysis was indi- 
but their structures were ascertained by the cated by the uv absorption at ca. 290 nm (44) in 
presence of appropriate absorption peaks for the the photolysate. No effort was made to isolate 
olefin and the secondary amine groups in their the dimers and the photolysates were worked up 
nmr and ir spectra (Bohlmann bands at 2800- to give (5 - 10%) usually unreacted 
2650 cm-') (35). The alkenyl nitrosamines were nitrosamines) and 'basic3 fractions. 
prepared either from sodium nitrite (36) or a Metal ion catalysed and radical initiated de- 
modified procedure using nitrogen tetraoxide compositions of alkenyl chloramines were carried 
(N2.04) (37). As these reagents are known to out according to published procedures (26, 30- 
attack olefinic bonds to produce nitrate, nitro, 33). In all experiments the yields were calculated 
and nitrite derivatives (38), control of nitrosation based upon the amount of reacted starting 
conditions was essential to obtain a clean prod- nitrosamines or chloramines. The following 
uct. In two cases, the products (29 and 33) were description of results will be arranged according 
badly contaminated by these side products as to the position of the olefinic group. 
shown by the ir absorptions at 1650 (nitrate) and 
1550 cm-I (nitro) and the proportionally lower Asv6-Alkenyl Derivatives 
olefinic proton intensities in their nmr spectra. Photolysis of N-nitroso-N-methyl-4-pentenyla- 

AS with the dialkylnitrosamines, most of these mine (2) gave 83 % of the basic fraction contain- 
alkenylnitrosamines could be purified by distil- ing two 2-formylpyrrolidine oximes E-3 and 2-3 
lation or chromatography except in two cases in a 4:1 ratio. While the major oxime E-3 was 
(29 and 33) where extensive decomposition obtained as a crystalline compound showing the 
occurred on attempted purification. The ir typical aldoxime doublet at 72.75 and the 
absorptions at 1335-1325 cm-', and the uv n-s* N--CH3 singlet at 7.67, oxime 2 -3  (the tor- 
transition bands at 340-345 nm ( E  90 - 100) responding doublet at T 3.25 and the singlet at 
exhibited by these alkenyl nitrosamines are com- 7.40) was always contaminated with some E-3. 
mon to all nitrosamines (39). In analogy to As oxime 2 -3  was shown to isomerize gradually 
dialkylnitrosamines, these compounds exist as to the more stable oxime E-3 on storage, it was 
mixtures of E-isomers (78-91 %) and Z-isomers3 assumed that the contamination was derived 
in solution as shown by their nmr spectra (see from the isomerization process. Further con- 
Experimental) (40, 41). The nmr signals for the firmation of the pyrrolidine ring was obtained 
olefinic protons were slightly displaced down- by dehydration of a crude oxime mixture, via 
field (0.1 - 0.2 ppm) relative to the parent the tosylates, to give the common nitrile 4 which 
alkenylamines, likely resulting from a long range is a known compound (45). 
anisotropic effect of the nitrosamino group. Decomposition of the corresponding chlora- 

The alkenyl chloramines were prepared by mine 5 in methanol containing silver nitrate gave 
published methods (26, 33) and, due to their a 5:1 mixture of N-methyl-3-methoxypiperi- 

dine (6) and N-methyl-2-methoxymethylpyrroli- 
3The E and Z nomenclature (40) is used to describe dine (,) in addition to 3 . 5 ~ ~  the parent amine. geometric isomers of oximes and nitrosamines and the 

syn-unti to describe the position of protons in these these was ham- 
isomers (42). pered by their volatility and a small difference 
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in chromatographic mobility. Only a small 
amount of piperidine 6 was isolated in the pure 
state; it exhibited a nmr spectrum containing a 
poorly resolved triplet at T 6.72 characteristic of 
the C-3 methine proton and singlets at r 7.60 
(N-CH3) and r 6.68 (OCH3). The presence of 
pyrrolidine 7 in a chromatographic fraction was 
indicated by the tlc and vpc analysis and by the 
nmr multiplet (the AB portion of an ABX sys- 
tem) in r 6.6 region for the -CH20- moiety 
and the N-CH3 singlet at r 7.84. Decomposi- 
tion of chloramine 5 in the presence of the radi- 
cal initiator, azobisisobutyronitrile (30), gave no 
cyclization product; only ionic addition products 
to the double bond were isolated. 

The need for acidic conditions in nitrosamine 
photolysis (28) was reconfirmed by the failure of 
nitrosamine 9 to disappear when irradiated in 
neutral solution. Under the usual photolysis 
conditions carrying 1 equiv. of hydrochloric acid 
(29), nitrosamine 9 disappeared quickly and 
afforded, after chromatography, N-methyl-7- 
azabicyclo[3.2.l]octan-2-one (10, 11 yo) and its 
oximes E-11 (37%) and 2-11 (13y0). A mixture 
of oximes E-11 and Z-11 was hydrolysed with 
sodium bisulfite (46) to ketone 10 and was also 

reductively hydrolysed with sodium borohy- 
dride - sodium hydroxide (47) to a mixture of 
the corresponding alcohols 12 and 13. These 
alcohols had high volatilities and co-distilled 
readily with organic solvents, resulting in low 
yields. Ketone 10 showed identical ir and nmr 
spectra to those obtained from the sample pre- 
pared by a different route by Professor Waegell's 
group (48)? 

A similar photolysis of nitrosamine 15 fol- 
lowed by alumina chromatography of the basic 
fraction gave cis-N-methyl-2-azabicyclo[3.3.0]- 
octan-8-one (16, 973,  and its oximes E-17 and 
2-17 (77y0, ratio 1.4: 1). The basic fraction was 
also directly hydrolysed to afford ketone 16 in 
up to a 50% yield by a dilute hydrochloric acid 
or sodium bisulfite solution. Ketone 16 pos- 
sessed a typical cyclopentanone ir absorption 
(49) at 1745 cm-I with a shoulder at 1737 cm-I ; 
the latter was presumably due to Fermi inter- 
action (50). The mass spectrum of 16 exhibited 
intense peaks at m/e 139 (M+, 3573, 111 (18, 
3573, and 83 (19, 100%) in addition to the 
M + 1 peak which is about $ intensity of M+. 

4We are grateful to Professor B. Waegell and Dr. R. 
Furstoss who have comn~unicated to us the synthesis of 
the compound and have kindly supplied us with these 
spectra and specimens for comparisons. 
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The fragments corresponding to these peaks 
were proposed as in Scheme 4. Under mild 
D20-pyridine exchange conditions (51), an 
average of 1.7 deuterium atoms was incorpo- 
rated into ketone 16 as shown by the nmr 
integration curve. The mass spectrum of deu- 
terated 16 displayed the molecular ion peaks 
at m/e 139(10%), 140(32%), 141(47%) and 
142(12%).5 The peak intensities at 1 11 - 114 
mass units showed the same ratios as above and 
the peaks at m/e 84 mass units were 11 % of that 
at 83. These data showed that at least 11 - 12% 
of ketone 16 had incorporated three deuterium 
atoms and eliminated structure 16a derived from 
the alternating cyclization pathway. 

Oximes E-17 and 2-17 could be separated by 
silicic acid chromatography but 2-17 isomerized 
slowly to E-17 on storage as shown by nmr 
spectral examinations. Both compounds exhib- 
ited appropriate ir absorptions for the oxime 
group and Bohlmann bands. The nmr spectra 
showed a one proton doublet at T 6.12 ( J  = 8 Hz) 
and a singlet at T 7.32 (N-CH3) for 2-17, and 
a one proton doublet at T 6.90 ( J  = 8 Hz), super- 
imposed on a diffused multiplet, and a singlet at 
T 7.59 (N-CH3) for E-17. Since the doublets 
were undoubtedly due to the C-1 protons in 
both isomers, the chemical shifts indicated the 
geometric isomerism (42) as assigned and the 
coupling constant suggested the cis-ring fusion. 

Irradiation of N-nitroso-4-vinylpiperidine (21) 

=As the undeuterated 16 has the M+ + 1 peak with 4 
the intensity of the M+ peak, the observed percentages of 
the molecular ion peaks of the deuterated 16 were cor- 
rected with this factor to give the actual percentages of the 
molecular ions shown in parentheses. The details of the 
experiment and calculation are given in ref. 53. 

built up a considerable amount of the C-nitroso 
dimer intermediate as indicated by the emergence 
of an intense peak at 290 nm. When photolysis 
was carried to completion, i.e. complete disap- 
pearance of the nitrosamine absorption, it gave 
N-nitrosohydroxylan~ino-(1-azabicyclo[2.2. llhep- 
tane-7-y1)methane (22, 13 %),6 7-formyl- l-azabi- 
cyclo[2.2. llheptane oxime (23, la%), N-(4-vinyl- 
piperidino)formamide (24, 473, and 4-vinyl- 
piperidone oxime (25, 9%). In addition, a 
considerable amount of the basic material con- 
taining a vinyl group was found to be strongly 
adsorbed on the alumina column. This material 
appeared to be a mixture of polymers formed 
from the 1,2-dehydropiperidine which was 
derived from HNO elimination (52). The yield 
of oxime 23 was much increased at the cost of 22 
when the photolysis was stopped before comple- 
tion, indicating that the C-nitroso dimer was 
photolytically decomposed to 22. In spite of 
careful searches, 3-quinuclidone oxime 26 was 
not found among the photolysis products as 
indicated by the absence of the characteristic 
singlet at T 6.42 for the C-2 protons. 

NHCHO H 

24 25 

Formamide 24 and amidoxime 25 were formed 
by photoreduction and photoelimination proc- 
esses similar to those observed with N-nitroso- 
piperidine and other nitrosamines, and the 
presence of a formamido group in the former 
and an amidoxime group in the latter were 
readily detected from their spectra by analogy to 
similar types of compounds (52). If there is no 

6The percentage was calculated on the basis of 1 mol 
of 21 giving 1 mol of 22 though it was obvious that 
stoichiometrically 2 mol of 21 were required. 
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other facile reaction path, these two processes 
prevail in nitrosamine photolysis. Formation of 
amides such as 24 has been established (52) in 
the presence of a hydrogen donating solvent 
(methanol or ethanol). The presence of the vinyl 
group, as indicated by the appropriate absorp- 
tion peaks in ir and nmr spectra, confirmed them 
as uncyclized products. 

Hydroxylamine 22 was obtained by continuous 
liquid-liquid extraction of the aqueous basic 
solution. The compound exhibited ir absorptions 
at 2570, 1510, 1240, 945 and intense mass spec- 
tral peaks corresponding to elimination of 
OH (154), NO (141), H2N02 (123), N202 (1 1 l), 
HN202 (1 lo), and CH2N202H (96); these spectral 
patterns were similar to those found in the 
analogous compounds and typical of a N-nitroso- 
hydroxylamino group (53,54). In the nmr spectra 
of 22, the two-proton multiplet at 7 5.70 and the 
one proton multiplet at T 5.90 were assigned 
respectively to the C-8 and the C-7 protons that 
formed an ABX system; the patterns were com- 
plex, owing to the similar chemical shifts. The 
next lower signal centered at T 6.57, equivalent 
in intensity to four protons, could be assigned 
to the C-2 and C-6 protons. The unusually low 
?-values for protons geminal to an amine group 
had been observed in another hydroxylamine 
derivative (54), and suggested that 22 might be 
a zwitterion in which the amine group was 
protonated by the nearby weakly acidic N- 
nitrosohydroxylamino group. 

Oxime 23 had the E-configuration as shown 
by the chemical shift of the aldoxime proton at 
7 2.18 (doublet) (29) which was coupled with the 
C-7 bridge proton at 6.70 ( J  = 5 Hz). The latter 
signal was a doublet and each peak was slightly 
broadened by coupling (<0.5 Hz) with the 
triplet of the C-4 proton, as shown by decoupling 
experiments. The ir and nmr spectral patterns of 
oxime 23 were distinctly different from those of 
the alternative cyclization product 26 which was 
synthesized from 3-quinuclidone. The mass spec- 
trum of 23 exhibited intense peaks at 123 
(M - OH) and 69 (C4H7N). Observation of a 
metastable peak at 38.7 allowed us to formulate 
a straightforward fragmentation pattern as shown 
in Scheme 6. 

In contrast to the above results, when N- 
chloro-4-vinylpiperidine (27) was treated with 
methanolic silver nitrate solution, no cyclization 
product was obtained and only the parent amine 
20 was recovered. 

A6.'-Alkenyl Derivatives 
For unknown reasons, nitrosation of N- 

methyl-2-(3'-cyclohexenyl)ethylamine (28) and 
N-methylcyclohex-3-enylamine (33, vide infra), 
under various conditions, always resulted in addi- 
tion of the reagents across the double bond. 
Since neither chromatography nor distillation 
was effective for purification, the crude N-nitroso- 
N-methyl-2-(3'-cyclohexenyl)ethylamine (29,78% 
purity) was photolysed under the usual condi- 
tions. 

On chromatography, the photolysate yielded 
N-methyl-2-azabicyclo[3.3.l]nona-8-one (30,675) 
and its oximes E-31(16%) and 2-31 (9%). Both 
our ketone 30 and that prepared by a different 
procedure by Waege114 exhibited the same nmr 
and ir (1710 cm-I) spectra (48). The nmr spec- 
trum showed few distinctive features in support 
of the assigned structure, other than a triplet at 
7 7.13 ( J  = 4 Hz) which might be due to the C-1 
proton. The picrate prepared from our ketone 
30, however, revealed OH absorptions at 3615 
and 3345 cm-I but no carbonyl absorption in its 
ir spectrum. As the elemental analysis agreed 
with the original molecular formula, it was 
suspected that protonation occurred at the 
carbonyl oxygen but not at the amine group as 
in 32. 
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The assignment of the stereochemistry to the 
oxime pair was based on the chemical shifts of 
the multiplets due to the C-1 and the C-7 equa- 
torial protons and the N-CH3 singlet; the 
T-values were 7.2, 6.75, and 7.75 for E-31 and 
6.4, 7.10, and 7.40 for 2-31. The assignments 
followed analogies to those 2-aminocyclohexa- 
none oximes discussed previously (29). The 
occurrence of the strong mass-spectral peak at 96 
in both oximes as well as ketone 30 could be 
interpreted as the presence of a piperidine moiety 
(as opposed to azepine) (33) in these compounds 
on the basis of fragmentation patterns suggested 
in Scheme 8. This evidence must be accepted 
with caution since examples of a skeletal re- 
arrangement of azapolycyclic compounds on 
electron impact has been reported (26). 

A4s5-Alkenyl Derivatives 
Photolysis of N-nitroso-N-methylcyclohex-3- 

enylamine (34, ca. 75% of the olefinic bond 
remaining intact) and N-nitroso-N-methyl-(2- 
cyclopentenyl)methylamine (42) in either acidic 
methanol or in acetic acid containing hydro- 
chloric acid gave complex mixtures of basic 
fractions from which no cyclized product could 
be isolated on chromatography. In the latter 
case, chromatography was complicated by high 
polarity and volatility of the products causing a 
low recovery of the material. Since most of the 
chromatographic fractions exhibited nmr olefinic 
signals and/or no N-CH3 singlet, detailed 
investigations were not carried out except that 
the parent amines 33 (30%) and 41 (16%) were 
identified. In the neutral fractions of the photoly- 
sates, the presence of 3-cyclohexenone (1720 
cm-l) in the former case and that of 2-cyclopen- 
tenone oxime (T  3.85 and 4.20) in the latter case 
were indicated by their ir and nmr spectra. The 
former were isolated as a mixture of 2,4-DNPH 
derivatives of cyclohexenones. 

33 X = H  35 37 Y = W = CI 
34 X = NO 38 Y = OAc, W = CI 
36 X = CI 39 Y = CI, W = OAc 

40 Y = OH,W = CI 

Treatment of the corresponding chloramine 
36 with ferrous/ferric ion couple in aqueous 
acetic acid (23,31) gave a complex mixture which 
contained the parent amine 33 (30%), dichlor- 
amine 37 (23%), chloracetoxylamines 38 and 39 
(39% total), and a hydroxychloramine 40 (5%) 
as indicated by gc-ms analysis. The analysis also 
indicated that there were more than 10 minor 
products (each < 3%) in the mixture. Chroma- 
tography of the mixture gave 37, 38, and 39 in a 
semi-pure state and their structures were deduced 
from the spectral data as described later. The 
structures of 38 and 39 were tentatively assigned 
by noting that the N-methyl group will cause a 
greater downfield chemical shift of the C-3 than 
the C-4 methine proton (55). The low field 
multiplets of 37, 38, and 39 all exhibited large 
coupling constants (-- 10 Hz) suggesting a trans- 
configuration of the addition products. 

Discussion 

Intramolecular addition of an aminium radical 
to a suitably located olefinic bond within the 
molecular framework is, as described above, 
very much dependent on the position of the 
olefin. The photolytically initiated ring closures 
of A5~6-alkenyhitrosamines 2, 9, 15, and 21 are 
no doubt the most efficient cases, followed by 
A617-29 and A4~5-alkenylnitrosamines (34 and 42) 
in that order. Although product recovery in the 
photolysis of nitrosamine 42 was too low to be 
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very decisive, the complexity of the products in 
this case as well as in that of 34, appears to indi- 
cate that the corresponding aminium radicals 
have undergone different pathways, e.g., p-scis- 
sion of a C-H or C-C bond (elimination 
pathway) and hydrogen abstraction (52). Isola- 
tion of cyclohexenone and 2-cyclopentenone 
oxime in the present cases and also the isolation 
of benzaldehyde oxime in the photolysis of 
N-nitroso-N-methylphenethylamine (52) suggest 
the occurrence of the elimination pathway 
(Scheme 11). 

The efficiency of ring closure for the As-6- 
alkenylaminium radical, in contrast to those for 
its immediate homologues, is in good agreement 
with the behaviour of other radicals (see Table 1). 
For the A5~6-alkenylnitrosamines cyclization is 
regiospecific, giving pyrrolidine derivatives ex- 
clusively, though the yields vary depending on 
other factors such as steric strain and steric 
hindrance in the transition state of cyclization. 
Kinetically controlled radical cyclization implies 
that the transition state is reached at an early 
stage in the reaction coordinate, i.e. the structure 
of the transition state must be very similar to 
that of the starting material (56). This means 
that the bond formation step is controlled by the 
incipient conformation associated with overlap 
between p-orbitals of the aminium radical and 
the olefinic bond. In a A5~6-alkenylaminium 
radical the five-membered ring closure would be 
easier than the six-membered ring closure since 
molecular models suggest that the maximum 
overlap in the former requires less conforma- 
tional energy and entropy loss in the transition 
state than in the latter. The aminium radical 
derived from 15, having fewer degrees of free- 
dom, falls into the cyclization pattern more 
readily than those from 2 and 9. The aminium 
radicals from 9 require a certain amount of 
conformational energy to assume the axial orien- 
tation of the radical side chain; this leads to a 
lesser degree of cyclization. 

That p-orbital overlap influences these radical 
cyclizations can be seen clearly in the formation 
of five-membered cyclization products 22 and 23 
in the photolysis of nitrosamine 21. If it is 
assumed that the transition states of these radi- 
cal cyclizations resemble the products more than 
the starting aminium radicals (i.e., the C-N 
bond formation has progressed considerably at 
the transition state), product stability will be the 
dominant factor determining the mode of 
cyclization. That is, the six-membered ring 
closure is clearly much more favored than the 
five-membered one, since secondary C-radical 
49a from the former pathway is more stable 
than primary C-radical 50a from the latter; also, 
while the six-membered process can twist the 
bicyclo[2.2.2] system 49a to avoid the non- 
bonded interactions, the five-membered [2.2.1] 
system 50a demands higher strain and eclipsing 
energies. Inspection of stereomodels clearly 
shows that the constraints of molecular geometry 
permit the required p-orbital overlap to occur 
in the five-membered ring closure as in 50 
whereas in the alternative six-membered ring 
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closure the corresponding p-orbitals are in a 
nearly orthogonal arrangement (see 49). The 
failure to isolate quinuclidone oxime 26 indi- 
cates that the p-orbital overlap requirements, 
but not the product stability requirements, con- 
trol the transition state that allows the exclusive 
formation of bicyclo[2.2.1] derivatives 22 and 23. 
The yields are, however, necessarily lower be- 
cause of the higher conformational energy 
requirements; as a result, some competitive 
photoreduction and photoelimination (52) occur 
as the side reactions. The six-membered cycliza- 
tion to form chloroazatwistane 52 in the photoly- 
sis of the corresponding A5,6-alkenyl chloramine 
51 (57) is the only reported exception at present; 
this case provides further insight to the p-orbital 
overlap theory discussed above. As indicated by 
model examinations, p-orbital overlap in the 
five-membered cyclization of the corresponding 
A5.6-alkenylaminium radical entails several major 
non-bonded interactions in the transition state, 
e.g. those of the eclipsing, bowsprit-flagpole, 
and 1,3-diaxial types. When the ring system of 
the aminium radical is twisted, these non-bonded 
interactions are eliminated by staggering of the 
C-H bonds and thep-orbitals for six-membered 
cyclization are aligned in closer proximity than 
in the case of five-membered cyclization. It is 
clear that p-orbital overlap controls the reaction 
path which results in the formation of azatwis- 
tane 52 instead of giving a five-membered ring 
compound. 

On the basis of similar arguments, in the 
cyclization of A6,7-alkenylnitrosamine 29, the 
entropy gains associated with the six-membered 
ring closure might be higher than with the seven- 
membered ring closure though obviously such 
gains are not high enough to make the cycliza- 
tion pathway overwhelmingly facile. Examina- 
tions of molecular models also show that 
cyclizations in the A4.5-alkenyl aminium radical 
derived from 34 and 42 require much higher 
conforn~ational energies for p-orbital overlap. 
Consequently, other lower energy pathways, 
such as p-scission and hydrogen abstraction, 

dominate the photolysis of ilitrosamines 29, 34, 
and 42. 

Finally, it is noteworthy that the alkenylamin- 
ium radicals derived from nitrosamines 9 and 
15 exclusively undergo intramolecular addition 
to give bicyclic products 10, 11, 16, and 17, 
without any trace of the products arising from 
the intramolecular &hydrogen abstraction (the 
Hofmann-Loffler reaction pathway). In these 
cases, the stereochemical requirements for hydro- 
gen abstraction are probably about the same as 
those for the addition process. In particular, 
hydrogen abstraction is expected to be relatively 
facile in the alkenylaminium radical derived 
from 9, since it involves the allylic hydrogen of 
the 5'-position. The absence of such processes is 
in good agreement with the tendency of aminium 
radicals to add to an olefin in preference to 
abstracting an allylic hydrogen in intermolecular 
reactions (28). 

Azapolycyclic syntheses utilizing chloramine 
cyclization are found to be generally less satis- 
factory than those utilizing nitrosamine cycliza- 
tion. Free radical initiated reaction of alkenyl 
chloramine 5 or ferrous-ferric ion catalysed 
decomposition of 36, both in acidic conditions, 
undergo ionic addition pathways and fail to give 
any cyclization product. Obviously these alkenyl- 
chloramines, instead of generating an aminium 
radical or a metal coordinated amine radical, 
decompose more readily to give a chlorinating 
agent. Titanium ion catalysed decomposition of 
Ass6-alkenyl chloramines, such as the N-isopro- 
pyl analogues of 5 and 44, have been shown by 
Surzur's group to give satisfactory yields of 
cyclization products (23,24). These authors have 
suggested that such a process involves a metal 
ion complexing with both the amine radical as 
well as with the olefinic bond as the reactive 
intermediate facilitating ring formation. This 
may well be the case since N-chloro-N-methylbut- 
3-enylamine is decomposed by titanous chloride 
to give 13 yo of N-methyl-3-chloropyrrolidine 
(58) whereas cyclizations of A4~5-alkenylaminium 
radical from 34 and 42 have not been successful. 
Minisci et al. have also suggested a similar ferric 
ion complex to explain the cis-addition of 
N-chloropiperidine to cyclohexene (3 1). 

The reactive intermediate of silver ion catalysed 
alkenyl chloramine decomposition is more likely 
to involve an amine radical (25, 26) rather than 
a nitrenium ion (32), and the yields of hetero- 
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cycles from Ass6-alkenyl chloramines such as 44 
and 45 have been reported to be good (26, 32). 
However. the method suffers from the disad- 
vantage of producing a mixture of pyrrolidine 
and piperidine derivatives, as have also been 
observed in the cyclization of 5. The failure of 
chloramine 27 to cyclize by silver ion catalysis 
may reflect the inability of the reactive inter- 
mediate to surmount the conformational energy 
requirements (vide supra). A similar treatment of 
A4s5-alkenyl chloramine 36 results in recovery of 
the parent amine, but solvolysis of A6.'-alkenyl 
chloramine 46 has been reported to result in 
cyclization to the corresponding piperidine 
derivative (32). . r 

In conclusion, aminium radicals are useful 
reactive intermediates for the synthesis of 
azapolycyclic compounds, and they can be 
easily generated under mild conditions. Their 
addition reactions to internal olefinic bonds are 
highly regiospecific, as in the Hofmann-Loffler 
reaction. 

Experimental 
Unless stated otherwise, the following procedures were 

used. Melting points (mp) were determined on a Fisher- 
Johns or a Gallenkamp apparatus and were uncorrected. 
The ir spectra were recorded with a Perkin-Elmer 457 
spectrophotometer as liquid films or Nujol mulls, uv 
spectra with a Unicam SP 800 spectrophotometer, mass 
spectra (ms) and high resolution mass spectra (hrms) with 
a Hitachi-Perkin-Eher RMU-6E instrument at 80eV 
(intensity was given as a percentage of the most intense 
peak), and nmr spectra with a Varian A56/60 or XL-100 
spectrophotometer in CDCl, using TMS as an internal 
standard. Decouplings were done on the XL-100. 
Elemental analyses were obtained on a Perkin-Elmer 240 
Microanalyzer by M. K. Yang, gas chromatography on a 
Varian 1200 (flame ionization detector, Disc Chart In- 
tegrator 244, uncorrected for individual response factors) 
with a 2001, SE30 ( lof t  X Bin.) column. The gas 
chromatographic - mass spectra (gc-ms) used the same 
column in a Varian 1400 which was directly coupled to 
the mass spectrometer. 

Materials 
The starting materials commercially, available from 

Aldrich Chemical Co., Milwaukee, were Cpentenol, 
cyclohex-3-ene carboxylic acid, cyclopent-2-ene acetic 
acid, 2-(4'-piperidinyl)ethanol, and Cvinylcyclohexene. 
Column chromatography was performed on Brockmann 
alumina or Mallinckrodt silicic acid unless specified 
otherwise, and thin layer chromatography (tlc) on 
alumina or silica gel plates. Organic solvents were distilled 
and stored over molecular sieves or sodium. For extrac- 
tion, unpurified organic solvents were used. The com- 
bined organic layers were dried over anhydrous mag- 
nesium sulfate, filtered, and the solvent evaporated under 
reduced pressure using a rotary evaporator. 

Nitrosation and Chlorination of Amines 
N-Nitrosamines were prepared following standard pro- 

cedures using sodium nitrite (36) or Nz04 (37). Better 
results were obtained using only a minimal excess of 
nitrosating agent and by adding the solution of N204 to 
the amine solution (rather than inverse procedure) in the 
latter cases (36). N-Chloramine was prepared using 
NaOCl (Purex bleach) as in the published procedures 
(26, 33). The crude samples of N-chloramines were 
analysed with iodimetry (26) which was also used to 
follow the decomposition of chloramines. 

Photolyses 
Generally the procedures previously described (nitrogen 

atmosphere, 200 W Hanovia lamp, Nonex filter) were 
utilized (29). The photolysate was worked-up in the usual 
manner to yield neutral and basic material (42). The per- 
centage yields were normally estimated from column 
chromatography and based on reacted nitrosamine. 

Preparation of Alkenylamines 
N- Methylpent-4-enylamine (I) 

A mixture of Cpentenol(10 g) and pyridine (2.5 g) was 
added to phosphorus tribromide (12.5 g) in 15 min at 
-5 "C. This mixture was distilled after 1 h to give a crude 
oil which was redistilled to afford Cpentenyl bromide 
(9.19 g): bp 29-32 "C/12 torr; ir 3100, 1650, 1000, and 
925 cm-1. 

A solution of the bromide (26g) and methylamine 
(27 g) in ether (100 ml) was placed in a sealed glass tube 
and was heated for 40 h in a water bath. The basic fraction 
(16.3 g) was nearly pure N-methyl-4pentenylamine (1); 
ir 3250,3025, 1630,1120, 1000, and 920 cm-1 ; nmr T 4.25 
(m, lH), 5.05 (m, 2H), 7.40 (t, J = 6.5 Hz, 2H), 7.55 (s, 
3H). 

3-Cyclohexene-1-carboxylic acid (20g) was reduced 
with lithium aluminum hydride (13 g) in refluxing ether 
for 5 h to give cyclohexen-3-ylmethyl alcohol (15.3 g); 
bp 90.5 "C/10 torr. 

A mixture of the alcohol (15.3 g), phosphorus bromide 
(14.6 g), and pyridine (2.85 g) was heated under 15 torr 
vacuum to distill until the white fumes appeared. The 
collected oil was redistilled to give cyclohex-3-enylmethyl 
bromide (13.9 g): bp 79.5-82.5 "C/12 torr. 

The bromide (10.9 g), methylamine (15.0 g), and ether 
(100 ml) were placed in a steel bomb. The mixture was 
heated at 80 'C for 72 h and was worked-up in the usual 
manner to give a basic fraction which was distilled to give 
amine 8 (8.2g): bp 60 "C/8 torr; 3300, 3025, 1650, 1135, 
and 655 cm-1; nmr 7 4.34 (m, Wl/z = 4 Hz, 2H), 7.5 (d, 
J = 6 Hz, 2H), 7.57 (s, 3H), 7.6-8.7 (m, 7H), 8.66 (s, 
D20 exchangeable, 1H). 
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(1) SOC12 LAH 

(2) C H ~ N H ~ .  
- 14 

2-Cyclopentene-1-acetic acid (10 g, 0.079 mol) dls- 
solved in freshly distilled thionyl chloride (25 ml) and 
pyridine (1 ml) was left at room temperature for 12 h. The 
excess thionyl chloride was distilled. The residue was 
taken up in benzene (150 ml) and methylamine gas was 
bubbled through the solution until basic to  litmus (ca. 
2-3 h). The solution was filtered and evaporated to give a 
residue which was distilled under reduced pressure 
to give N-methyl-1-(cyclopent-2'-eny1)acetamide (6.0g, 
5473: bp 125-126 "C/0.8 torr; ir 3300, 3050,2940,2850, 
1640,1555,720 cm-1; nrnr 7 3.3 (D20 exchangeable, lH), 
4.31 (s, W112 = 3 HZ, 2H), 6.9 (m, lH), 7.22 (s, W1l2 = 4 
Hz, 3H, sharpened on D20 exchange), 7.45-8.9 (m, 6H). 
ms (%) 139(M+, 24), 138(11), 107(11), 81(35), 79(20), 
73(100), 67(54), 58(49), 41(22). 

The amide (10.65 g, 0.077 mol) in ether (150 ml) was 
added to LAH (4.8 g, 0.12 mol) in ether (150 ml) and was 
stirred at 25 "C for 28 h. After decomposition of the 
reaction mixture with 3 N sodium hydroxide, the ether 
was decanted. The solid was washed several times with 
ether. The combined ether solutions were used for the 
subsequent experiments. 

4- Vinylpiperidine (20) 

2-(Piperidin-4'-y1)ethyl alcohol (10 g, 77.5 mmol) was 
acetylated overnight in pyridine (10 ml) and excess acetic 
anhydride (30ml) at room temperature to give 4-(2'- 
acetoxyethy1)-N-acetylpiperidine: bp 151-152 "C/l torr); 
ir 1733, 1640, and 1240 cm-I; nrnr T 5.52 (d, J = 13 Hz, 
IH), 5.96 (t, J = 6 Hz, 2H), 6.17 (d, J = 12 Hz, lH), 
6.94 (t, J = 12 Hz, lH), 7.50 (t, J = 12H2, lH), 7.90 
(s, 6H). 

The above diacetyl compound was introduced drop- 
wise to a fractional distillation apparatus equipped with a 
heated Vigreaux column (25 cm). The flask was heated 
with a Woods metal bath to  500 "C and the column 
maintained at 450 "C. Nitrogen was used to purge the 
system as well as to sweep the product out of the appara- 
tus. The dark brown distillate was taken up in methylene 
chloride solution (100 ml), washed with saturated sodium 
bicarbonate solution, and then water. The organic layer 
was separated, dried, and evaporated to give a light 
brown liquid, which was distilled at 125-135 "C/125 torr 
to give crude 4-vinyl-N-acetylpiperidine: bp 133 "C/13.5 
torr; ir 3010, 1640, 1225, 990, and 910cm-1; nrnr 7 4.2- 
5.2 (m, 2H), 5.50 (br d, lH), 7.65 (br t, J = 12H2, lH), 
7.25 (m, 1H). The residual liquid was recycled to give 
more of the vinyl compound. The combined yield was 
5.61 g corresponding to 47% yield from the starting 
alcohol. 

The N-acetyl compound obtained above was hydro- 
lyzed with hot 107' sodium hydroxide solution (25 ml) 
under a nitrogen atmosphere for 24 h. The hydrolysate 
was worked-up in the usual manner to afford Cvinyl- 
piperidine (3.3 g); bp 134-135 "C/14.5 torr; ir 2960, 2800, 
1642,995, and 915 cm-1; nrnr T 4.2-5.2 (m, 3H), 6.70-7.40 
(m, 4H), 6.56 (br, 1H, DZO exchangeable). 
N- Methyl-2-(cyclohex-3'-enN~r)etI~jIamine (28) 

(I) SOC12 LA H 
28 

Hydroboration and oxidation of Cvinylcyclohexene 
(60) resulted in a 637, yield of 2-(cyclohex-3'-enyl)- 
ethanol. To the primary alcohol (5 g, 0.04 mol) in acetone 
(100 ml) was added Jones reagent (15 ml, Cr03 2.65 M) 
dropwise and it was stirred for 0.5 h at 0°C. After 
filtration and evaporation, the residue was stirred with 
sodium hydroxide solution (ca. 100ml) for I h. The 
solution was acidified with hydrochloric acid and ex- 
tracted with methylene chloride to yield 3-cyclohexene-l- 
acetic acid (2.82 g, 51y0): ir 3200,3025,2920, 2860, 1705, 
1650 (sh), 655 (m) cm-I ; nrnr 7 0.28 (D20 exchangeable. 
IH), 4.82 (s, W1/2 = 4.5 Hz, 2H), 7.5-8.8 (9H, m); ms 
(%), 140(M+, 9), 122(13), 80(100), 41(25), 39(33). An 
Arndt-Eistert sequence (61), starting from cyclohexene- 
1-carboxylic acid, gave the above acid in 15% yield. 

3-Cyclohexene-1-acetic acid (15.07 g) was reacted with 
thionyl chloride. then with methylamine gas as above for 
14, and the product chromatographed through neutral 
alumina to yield N-methyl-3-cyclohexene-1-acetamide 
(7.75 g, 47%): mp 46-50 "C; ir 3300 (b), 3080, 3020 (m), 
2920, 2850, 1640, 1550, 650 (m) cm-1; nrnr 7 2.8 (D20 
exchangeable, IH), 4.37 (s, Wl/2 = 4.5 Hz, 2H), 7.25 (d, 
J = 5 Hz, collapses to s on D 2 0  exchange, 3H), 7.6-9.1 
(9H, m); ms (Y,) 153(M+, 9), 74(14), 73(100), 58(21), 
45(9). 

The methylamide (3.3 g, 0.022 mol) was stirred for 40 h 
with LAH (4 g, 0.1 mol) in ether (200 ml) and worked-up 
as described previously to yield N-methyl-2-(cyclohex-3'- 
eny1)ethylamine (28, 2.5 g, 8373: ir 3300, 3020 (m), 2920, 
2850, 2790, 1650 (w), 1450, 655 (m) cm-1; nrnr 7 4.37 (s, 
WIl2 = 4 Hz, 2H), 7.4 (t of d, J = 7 and 2 Hz, 2H), 7.58 
(s, 3H), 7.94 ( 4 0  exchangeable, lH), 7.7-9.2 (9H, m). 

N- Met/~jlcyclol1ex-3-e11ylami11e (33) 
The acylchloride of 3-cyclohexene-1-carboxylic acid 

(15.0 g, 0.12 rnol) was prepared as usual and dissolved in 
benzene (200 ml). The benzene solution was slowly added 
to an aqueous solution (40 ml) containing sodium azide 
(16 g, 0.2 mol), keeping the temperature lower than 5 "C. 
After 4 h stirring at 0 "C, the layers were separated and 
the aqueous solution extracted with benzene. The com- 
bined benzene solutions were dried (0 "C, MgSO.,), then 
refluxed for 40 h. A solution of sodium bis(2-methoxy- 
ethoxy)aluminium hydride (Red-A1@, 60m1, 60g, 0.2 
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mo1)7 in benzene (60 ml) was added to the above benzene 
solution. After 12 h refluxing, the excess hydride was 
decomposed with water. The benzene solution was ex- 
tracted several times with dilute hydrochloric acid 
solution, then the acidic solutions were basified and re- 
extracted with ether. The ether extracts were dried and 
evaporated using a Vigreaux column to yield methyl- 
amine 33 (7.36 g, 55% overall): ir 3300, 3030 (m), 2920, 
2840, 2790, 1650 (w), 1440, 655 (m) cm-1; nmr T 4.34 
(2H, s, W1lz = 5 Hz), 7.1-7.4 (m, lH), 7.3 (s, D20 ex- 
changeable, lH), 7.53 (s, 3H), 7.55-8.9 (m, 6H); ms (%). 
11 1(M+, 23), 85(25), 83(35), 70(20), 57(100). 
N-Methylcyclopent-2-enylrnethylamine (41) 
The Curlius rearrangement sequence starting from 2- 

cyclopentene-1-acetic acid (5.0g) was carried out as 
described above and the resulting isocyanate was reduced 
with Red-Al@ to yield methylamine 41 (3.0 g, 65%): ir 
3300, 3050 (m), 2930, 2850, 1640 (w), 720 (m) cm-1, nmr 
T 4.43 (s, W112 = 4 HZ, 2H), 6.7 (D20 exchangeable, lH), 
7.77 (s, 3H), 7.4-8.7 (m, 7H). 

Preparation and Photolysis of Nitrosumines 
N-Nitroso-N-methylpent-4-enylamine (2) 
To a cold solution of amine (8.0 g) in 3 N hydrochloric 

acid (34 ml), a sodium nitrite (11 g) solution in water 
(15 ml) was added dropwise. The mixture was left in a 
refrigerator overnight. The basified solution was extracted 
with methylene chloride and the methylene chloride 
solution was washed with water, dried, and evaporated. 
The residue was distilled to afford nitrosamine 2 (7.2 g); 
bp 104-108 "C/9 torr; ir 3080, 1635, 1430, 1035,990, and 
910cm-1; nmr T 4.3 (m, lH), 5.00 (m, 2H), 5.85 (t, J = 
7 Hz), 6.40 ( J  = 7 Hz), 6.25 (s) and 6.95 (s). The ratio of 
the last two methyl signals was ca. 1 :3. 

The nitrosamine (1.01 g) and concentrated hydro- 
chloric acid (0.71 rnl) in methanol (200 ml) were photo- 
lysed as described before (29) and were worked-up to give 
neutral (88 mg) and basic (825 mg) fractions. The neutral 
fraction was the starting nitrosamine as shown by the 
identical ir spectrum. The basic fraction showed nmr 
signals at T 2.75 (d, J = 7.5 Hz) and 7.67 (s) for the 
major anti-aldoxime and at 3.25 (d, J = 6 Hz) and 7.53 
(s) for the minor syn-aldoxime. This was recrystallized 
from petroleum ether many times to afford the anti- 
aldoxime of 2-formyl-1-methylpyrrolidine (E-3); mp 
63-64 "C; ir 3175, 1680, 1500, 1200, 955, 925, and 850; 
nmr T 2.75 (d, J = 7.5 Hz, lH), 7.0 (m, 3H), 7.65 ( s ,  
3H), 8.1 (m); ms 128.0944 (M+ calcd. for C16H12N20: 
128.0950), 91, and 85. 

By recrystallization or silicic acid chromatography, the 
syn-aldoxime 2-3 was obtained as impure fractions con- 

taminated by E-3. This sample showed strong nmr signals 
at 3.25 (d) and 7.53 (s) and weak signals at 2.75 (d) and 
7.67 (s). The intensity of the latter set increased at the cost 
of the former set when the spectra were retaken after each 
24 h interval. A mixture of E-3 and 2-3 (380 mg) and 
ptoluenesulfonyl chloride (590 mg) were dissolved in 
pyridine (1 ml). The mixture was diluted with water (10 
ml) and was made basic. The crude oil (307 mg) obtained 
from ether extractions was refluxed in triethylamine (2 
ml). Evaporation of triethylamine and extraction with 
methylene chloride followed by the usual work-up 
afforded a crude oil (198 mg): ir 2240 and 1220cm-1. 
Treatment of this oil with picric acid in benzene gave the 
picrate of 1-methyl-2-cyanopyrrolidine; mp 137-141 "C 
(lit. (45) mp 135-140 "C). 

N-Nitroso-N-methylcyclohex-3-enylmethylamine (9) 
Amine 8 (5.0g) was nitrosated with sodium nitrite 

(15g) and the crude product was chromatographed 
through alumina to give nitrosamine 9 (4.9 g, 88%): ir 
3025 (rn), 2920, 2840, 1630 (w), 1430, 1345, 1325, 1155, 
1030, 650 (m), nmr T 4.25 (s, W,lz = 4.5 Hz, 2H), 5.89 
(d, J = 8 Hz, 1.36H), 6.16 (s, 0.66H), 6.40 (d, J = 8 HZ, 
0.44H), 6.91 (s, 2.34H), 7.7-8.9 (m, 7H); ms (%), 154(M+, 
I), 137(51), 94(28), 81(81), 79(72), 74(64), 53(34), 44(100), 
42(57); uv (in MeOH-HC1) 345 nm ( E ,  105). Nitrosamine 
9 exists as 78% E-isomer. 

Nitrosamine 9 (0.75 g, 5 mmol) in methanol (220 ml) 
was photolyzed for 3.5 h without any acid; the uv 
absorption at 340 nm showed no decrease. Addition of 
concentrated hydrochloric acid (0.08 ml, 1 mmol), fol- 
lowed by irradiation for an additional 2 h caused ca. 10% 
decrease in uv absorption. Following a normal work-up 
procedure, nitrosamine 9 (0.66 g, 89%) was recovered. 

Photolysis of nitrosamine 9 (2.0 g) in methanol (200 
ml) containing hydrochloric acid (20 mmol) for 75 min 
gave a neutral fraction (0.1 g, nitrosamine 9) and a basic 
fraction (1.61 g). The basic material was chromatographed 
on silicic acid to give, as the first eluted compound, 
N-methyl-2-keto-7-azabicyclo[3.2.l]octane (10, 0.19 g, 
11%): ir 2940, 2870, 2770, 1710, 1450, 1 2 0 0 ~ m - ~ ;  nmr 
T 6.69 (dd, J = 9.5 and 6 Hz, lH), 6.76 (dd, J = 5.5 and 
1 Hz, lH), 7.4 (m, lH), 7.55 (s, 3H), 7.6-8.6 (m, 7H); ms 
(%) 139(M+, 25), 11 1(23), 83(23), 82(100), 67(7), 55(7), 
42(39). The spectra were identical to those of an authentic 
sample provided by Professor B. Waegell(48)P 

Further elution with 10yo methanol in chloroform gave 
a solid which was recrystallized from petroleum ether to 
give oxime E-11 (752 mg): mp 95-97 "C; ir 3200, 3050, 
2780, 1640, 1440, 1200, 950, and 9 0 0 ~ m - ~ ;  nmr T 6.48 
(br d, J = 5.5 Hz, lH), 6.8 (m, lH), 7.64 (s, 3H); ms (%) 
154 (M+) and 137: the HC1 salt mp 205 "C (dec.). Elution 
with 15% MeOH-CHCI3 gave an oil (158 mg) containing 
a higher proportion of oxime 2-11; the nmr spectra 
showed the signals at T 5.44 (d, J = 5.5 Hz) and 7.59 (s) 
in addition to the corresponding signals of E-11. The 
ratio of the oximes was estimated by the N-methyl nmr 
signals, which gave the yields of 37% and 137, for E-11 
and 2-11 respectively. 

A mixture of E-11 and 2-11 (0.17g) and sodium 
bisulfite (0.4g) in 50% aqueous ethanol (5 ml) was 
heated for 5 h (46). evaporated, and the aqueous residue 

'Supplied by Aldrich Chemical Co. Inc., as 70% acidified with 1 N hydrochloric acid to p~ 2 The solution, 
solution in benzene. after being made basic, was extracted with chloroform 
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which was evaporated to afford a residue (80 mg). The oil 
was chromatographed on silicic acid from which amino 
ketone 10 was obtained with 27, methanol in chloroform. 

A mixture of oximes E-11 and Z-11 (0.14 g, ca. 1:1 
ratio) were refluxed for 3 h in 2 N NaOH (10 ml) with 
NaBH4 (0.4 g) (47). Extraction with methylene chloride 
and evaporation gave a mixture of epimeric alcohols 12 
and 13 (0.02 g, 157,, ca. 1 :l ratio): ir 3400, 2940, 2860, 
1455, 1080, 101Ocm-1; nmr T 6.1 (m), 6.55 (m), 7.52 (s). 
These alcohols had a high vapor pressure and co-distilled 
with solvents, and were identified by tlc and vpc com- 
parisons with alcohols 12 and 13 obtained by another 
method (10, 56). 

N-Nitroso-N-met/zyl-2-(cyclopent-2-enyl)etylamine (15) 
The combined ether solutions containing amine 14 

were stirred with 2 N hydrochloric acid solution at 0 "C. 
To this sodium nitrite (12 g, 0.16 mol) was added portion- 
wise over 1 h and the mixture stirred for 5 h. The ether 
layer was evaporated to give an oil which was chromato- 
graphed through silicic acid to yield nitrosamine 15 (4.52 
g, 38% yield based on the amide): ir 3040, 2920, 2840, 
1620 (w), 1430, 1330, 1280, 1030, 720cm-1; nrnr T 4.40 
(s, W I / ~  = 3.5 Hz, 2H), 5.90 (t, J = 7 Hz, 1.56H), 6.34 
(s, 0.66H), 6.45 (t, J = 7 Hz, 0.44H), 7.08 (s, 2.44H), 
7.2-8.8 (m, 7H); uv (in HC1-MeOH) 345 nm (E, 95). 
Nitrosamine 15 exists 75% in the E-isomer. 

In a typical photolysis, nitrosamine 15 (2.31 g, 0.015 
mol) in methanol (200 ml) containing hydrochloric acid 
(1.5 ml, 0.018 mol) was irradiated for 3.5 h under the 
conditions previously described. The normal work-up 
gave neutral material (0.2 g, identical ir and nmr spectra 
to 15) and basic material (1.96 g). 

A portion of the crude basic material (0.87 g) was re- 
fluxed for 2 h with 5 N hydrochloric acid (20 ml), then the 
solution was basified and extracted with methylene 
chloride to yield amino ketone 16 (0.39 g, 50%): ir 2930, 
2840, 2780, 1745, 1737 (sh), 1450cm-1; nmr T 6.7-7.1 
(m, 2H), 7.45 (d, J = 7 Hz, 1H), 7.53 (s, 3H), 7.5-8.7 
(m, 7H); ms 140(M + 1, 12), 139(M+, 3 3 ,  111(35), 
83(100), 82(75), 42(45); picrate mp 132-135 "C (unstable 
in hot EtOH). Other methods of converting oximes to 
ketones using reagents such as cerium salts (62), sodium 
nitrite (63), and zinc metal (64) were found to be less 
successful. Hydrolysis by the sodium bisulfite method (46) 
gave a 45% yield when reacted with a mixture of E-17 and 
2-17 oximes (1 :I). Amino ketone 16 (0.21 g) was hydro- 
genated in dilute aqueous hydrochloric acid with Pt02 
catalyst and gave a mixture of epimeric alcohols (0.13 g): 
ir 3300, 2945, 2860, 1020 cm-1; nmr T 7.63 and 7.69 
(singlets of equal intensity). Jones oxidation of the 
alcohol mixture gave back ketone 16. 

A crude basic fraction (1.60 g) was chromatographed 
on silicic acid (60g) to elute first with 0-10% MeOH- 
CH2Clz amino ketone 16 (3%). Elution with 20% 
MeOH-CH2C12 gave an oil which was distilled to afford 
oxime E-17 (0.46 g): ir 3350,3100,2940,2870,2830,2780, 
1660 (w), 1450, 1050, 950, 875; nrnr T 1.5 ( lH,  D20 
exchangeable), 6.9 (br d, J = 8 Hz, 2H), 7.59 (s, 3H), 
7.2-8.6 (m, 8H); ms (%) 154(M+, 71, 137(100), 96(91), 
94(20), 83(48), 82(38), 67(11), 42(45), 41(22). Anal. calcd. 
for CsHl4N20: C 62.30, H 9.15, N 18.17; found: C 62.18, 
H 9.23, N 18.35. 

Following the elution of a 1:l mixture of oximes (0.12 

g), elution with 2&50% MeOH-CH2C12 gave oxime 
2-17 (0.26 g): ir 2250, 3100,2940, 2870, 2830, 2780, 1650 
(w), 1450, 1050, 945, 930cm-1; nmr T 1.7 (D20 ex- 
changeable, lH), 6.12 (br d, J = 8 Hz, 1H), 7.0 (m, 2H), 
7.32 (s, 3H), 7.2-8.7 (m, 7H). When stored at room 
temperature or upon attempted distillation, oxime 2-17 
isomerized to E-17 as observed by the changes in the nmr 
patterns. An additional mixture of oximes (0.2g) was 
obtained with MeOH elution, and the overall yields after 
chromatography were ketone 16 (37,), oxime E-17 
(36%), and oxime 2-17 (25%). 

Amino ketone 16 in a solution of 20% D20-pyridine 
(51) was heated at 50 "C for 1 h and the nmr spectrum of 
the mixture recorded. The total proton count decreased 
by 1.7H and the DHO signal (7 5.2) increased by the 
same amount. Injection of the solution directly in the 
gc-ms (to separate 4 0  and pyridine) showed mass 
peaks at m/e 139(67,), 140(22%), 141(38%), 142(17%) 
which, when corrected for the M + 1 peak having 5 the 
intensity of the M+ peak, gave a relative ratio of the 
deuterated species of do (loyo), dl (327,), dl (47741, and d3 
(12%) with a maximum error of +3%. The m/e 84 peak 
was 11% the intensity of m/e 83. 
N-Nitroso-4-uinylpiperidine (21) 
CVinylpiperidine obtained above was nitrosated with 

sodium nitrite (3.1 g, 1.5 equiv.) in 1 N aqueous hydro- 
chloric acid solution (40 ml). The product was distilled 
to give N-nitroso-4vinylpiperidine (21, 4.15 g), bp 104- 
106 "C/4.5 torr. The overall yield in the four step syn- 
thesis from the 2-(4'-piperidiny1)ethanol was 38%. 
Nitrosamine 21 has ir 3040, 1435, 1280, 990, and 935 
cm-l;nmr ~4.2-5.2(m,3H),5.34(t, J = 7Hz,2H),6.33 
(dt, J = 4 and 12 Hz, lH), 7.45 (dt, J = 4 and 12 Hz, 
1H). Anal. calcd. for C7HI2N2O: C59.98, H 8.63, N 
19.98; found: C 59.73, H 8.85, N 19.81. 

A solution of nitrosoamine 21 (1.4 g, 10 mmol) and 
concentrated hydrochloric acid (1 ml, 12 mmol) in 
methanol (250 ml) was irradiated for 1 h as described pre- 
viously. The photolysate was evaporated under vacuum 
and treated with ether (10 ml). Extraction under acidic 
conditions gave a liquid (30 mg) which was shown to be 
21 by ir and nmr spectroscopy. The aqueous layer was 
basified with sodium carbonate and extracted with ben- 
zene (30 ml X 3) to give a mixture (350 mg). Upon 
treatment of this mixture with cold benzene, crystals 
(90mg) were obtained and shown by tlc to be nearly a 
1:1 mixture of 23 and 25. The residue was chromato- 
graphed on an alumina column (Woelrn, 8 g) to afford the 
following eluates: 

(i) The first eluate from benzene was further chromato- 
graphed on a silicic acid column and eluted with 0.5% 
methanol in chloroform to afford a solid (62 mg) which 
was sublimed to give 4-vinylpiperidinylformamide (24): 
mp 76-77 "C; ir 3250, 3150, 1730, 1645, 983, and 910 
cm-1; nmr T 1.70 (d, J = 11 HZ, 1H), 2.7 (br, 1H), 
4.2-5.2 (m, 3H), 7.00 (m, 2H), 7.50 (dt, J = 3.5 and 10 
Hz); ms (Y,) 154, 109(100), 81(60) and 55(67). On 4- 
exchange, the signal at T 2.7 disappeared and that at T 1.70 
collapsed to a singlet. 

(ii) A 2% solution of melhanol in methylene chloride 
eluted a solid (81 mg) which was recrystallized from 
benzene to give 7-formyl-1-azabicyclo[2.2.l]heptane ox- 
ime (23): mp 171-172 "C, ir 3200, 3100, 1650, 1530, 
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and 960 cm-1; nmr T 2.18 (d, J = 5 Hz, lH), 6.70 (bd, 
J = 5 Hz, lH), 7.10 (m, 2H), 7.60 (m, 3H), 8.45 (m, 2H), 
and 9.05 (m, 2H); ms (yo) 140(17), 123(78), 82(19), 
69(100), 54(9) and a metastable peak at 38.71. Anal. 
calcd. for C7H12N20: C 59.98, H 8.63, N 19.98; found: 
C 60.12, H 8.74, N 19.88. 

(iii) Further elution with 57, methanol in methylene 
chloride gave crystals (80 mg) which were recrystallized 
from methanol to give 4-vinyl-2-piperidone oxime (25): 
mp 135-136 "C; ir 3430, 1650, 1345, 975, and 920cm-1; 
nrnr T 2.15 (br, lH,  D20 exchangeable), 4.2-5.2 (m, 3H); 
6.65-7.00 (m, 2H) and 7.50-7.90 (m, 2H); ms (%) 
140.0947 (M+, calcd. for C7H12N20: 140.0950, 9473, 
123(100), 69(50), 55(100). 

The basic aqueous solution was continuously extracted 
with benzene to afford a residue (400 mg), from which a 
further amount of 23 (122 mg) was obtained by a similar 
chromatographic separation. The fraction, which was 
eluted after 23, could not be purified but showed a vinyl 
absorption in the ir and nmr spectra. The total isolated 
yield of 23 was 239 mg (17%). 

The remaining aqueous solution, after benzene extrac- 
tion, was evaporated to dryness leaving a solid residue. 
This solid was leached with hot isopropyl alcohol (100 
ml X 2). The residue from this alcohol extract was re- 
crystallized from ether to give N-nitrosohydroxylamino- 
(1- azabicyclo[2.2.1] hepta- 7- y1)methane (22) (223 mg, 
13%) mp 200-201 "C; ir 3380,2570, 1510, 1240,945, and 
730 cm-1; nrnr (D20) T 5.70 (m, 2H), 6.57 (m, 4H), 7.05 
(m, lH), 7.7 (m, 2H), 8.1 (m, 2H); ms (%) 171(7), 
11 1(19), 110(34), 96(43), 82(42), 69(49), and 55(100). 
Anal. calcd. for C7HL3N3O2: C 49.11, H 7.65, N 24.54; 
found: C 49.35, H 7.86, N 24.21. 

An ethanol (20 ml) solution of 3-quinuclidone hydro- 
chloride (1.22 g), hydroxylamine hydrochloride (550 mg), 
and 10yo NaOH (10 ml) was heated on a water bath for 
2 h. The excess sodium hydroxide was neutralized with 
acetic acid and the mixture was continuously extracted 
with ethyl acetate. The extract was worked-up in the 
usual manner, and the residue (784 mg) was recrystallized 
from a mixture of ethanol and methylene chloride to give 
3-quinuclidone oxime: mp 205-210 "C; ir 2750, 1660,985, 
930, and 800 cm-1; nrnr ( 4 0 )  T 6.42 (s, 2H), 7.16 (m, 
4H), 7.43 (quintet, J 1. 3 Hz), 8.20 (m, 4H). 

N-Nitroso-N-methyl-2-(cyclohex-3'-enyl)ee (29) 
Ethylamine 28 (2.5 g) was nitrosated by the N204 

nitrosation procedure to afford a crude yellow oil (2.3 g). 
The oil dissolved in benzene was filtered through neutral 
alumina (15 g) to give an impure nitrosamine 29 (1.3 g, 
43%): ir 3025 (m), 2930, 1855, 1430, 1335, 1040, 655 (m) 
cm-1 ; nmr T 4.31 (s, W112 = 4 HZ, 1.5H), 5.80 (t of d, 
J = 7 and 2 Hz, 1.54H), 6.25 (s, 0.65H), 6.35 (m, 0.46H), 
6.95 (s, 2.35H), 7.8-9.2 (m, 10H); ms (%) 168(MC, O), 
153(25), 151(41), 137(44), 109(19), 97(22), 74(50), 55(62), 
44(100); uv (in HCI-MeOH) 343 nm (e 97). The nrnr 
spectrum indicated that nitrosamine 29 existed 787, in 
the E-isomer, and that there is 75% of the olefine still 
unreacted. Since impure nitrosamine 29 decomposed on 
attempted distillation, it was used in the crude form. 

A mixture of nitrosamine 29 (0.7 g, 4 mmol), concen- 
trated hydrochloric acid (0.6 ml), and methanol (220 ml) 
was photolyzed as above for 2.5 h. The usual separation 
procedure gave a basic fraction (0.48 g) and a neutral 

fraction (0.125 g): the latter containing nitrosam~ne 29 
and two minor products, which had the same tlc retention 
times as the impurities in the starting sample. 

The basic material was chromatographed on basic 
alumina (50 g). Eluted with 1% MeOH-CH2C12 was an 
amino ketone assigned as 30 (0.03 g, 670, vide infra). 
With 3-5% MeOH-CH2C12 as eluent, an oil was obtained 
and was distilled to give oxime E-31 (0.09 g, 16%): sub- 
limed 65-70 "C/O3 torr; ir 3300(b), 2920, 2850, 2800, 
1650(m), 1450, 1270, 1145, 930cm-I; nrnr T 0.8 (D20 
exchangeable, IH), 6.75 (m, lH), 7.2 (m, IH), 7.67 
(m, 2H), 7.75 (s, 3H), 7.8-9.1 (m, 9H); ms (%) 168.1325 
(calcd. for C,H16N20: 168.1263), 151(100), 110(6), 
96(56), 82(11), 70(39), 60(22), 59(25), -C5(22), 42(31). 
Further elution with up to 100% ethanol gave a com- 
pound assigned as oxime 2-31 (0.05 g, 9%): ir 3300(b), 
2920, 2850, 2800, 1650 (m), 1450, 1270, 1 145, 930 cm-1; 
nmr T 2.2 ( 4 0  exchangeable, lH), 6.4 (m, lH), 6.9-7.3 
(m, 2H), 7.40 (s, 3H), 7.4-9.3 (m, IOH); ms (%) 168 (MC, 
4), 151(20), 141(20), 96(11), 82(7), 57(26), 44(100). 

A basic fraction (0.27 g) from another photolysis was 
heated with sodium bisuliite (1.0 g) in 50Yo aqueous 
methanol (10 ml) for 4 h (47). Concentrated hydrochloric 
acid (1 ml) was added and the bulk of the solvent evap- 
orated. The basified solution was extracted with methylene 
chloride to give crude amino ketone 30; 0.06 g; ir 2920, 
2855, 1710, 1450cm-1; nrnr T 7.2-7.7 (m), 7.13 (br d), 
7.73 (s); ms (%) 153(MC, 15), 125(20), 117(33), 96(100), 
83(61), and 41(35). This fraction was contaminated with 
a small amount of the E-oxime as shown by the ir ab- 
sorption at 3300cm-1 and the nmr signal at T 7.75 (s). 
Continuous extraction of the aqueous phase with CHC13 
yielded a mixture of oximes E-31 and 2-31 (0.09g, 
vide supra). 

Amino ketone 30 turned to a tar on an attempted distil- 
lation at 70 - 80 "C/0.5 torr. The nmr, ir, and mass 
spectra of a chromatographic sample of 30 were identical 
to those of the amino ketone 30 prepared by R. Furstoss, 
UniversitC D'Aix-Marseille.4 The picrate of amino 
ketone 30 was taken up in ethyl acetate and was chro- 
matographed on silicic acid to afford crystals; mp 
205-210 "C (dec.); ir (Nujol) 3615, 3550, 3090, 1630, 
1615, 1570, 1430, 1340, 1280, 1165, 910, 790, and 760 
cm-l. Anal. calcd. for CI5Hl8N4O8: C47.12, H 4.75, 
N 14.65; found: C 47.05, H 5.02, N 14.51. 
N-Nitroso-N-methylcyclohex-3-enyhmine (34) 
Amine 33 (7.0 g, 0.063 mol) was treated with sodium 

nitrite (15.0 g, 0.22 mol) to yield impure nitrosamine 34 
(3.8 g, ca. 43%); ir 3030(m), 2940, 2850, 1650 (m), 1440, 
1365, 1330 cm-1; nmr T 4.25 (s, W112 = 4 Hz, 1.5H), 
5.5 (m, IH), 6.29 (s, 0.3H), 6.91 (s, 2.7H); uv (HC1- 
MeOH) 340 nm (e 95). The nmr spectrum indicated the 
presence of 91% E-isomer of 34, and of ca. 75% of the 
unreacted olefin linkage. 

Photolysis in methanol-Crude nitrosamine 34 (1.5 g) 
was photolyzed for 1.5 h in methanol (320 ml) containing 
concentrated hydrochloric acid (1.7 ml). The uv spectra 
of the photolysate showed a peak appearing below 308 
nm which tailed into the nitrosamine absorption region. 
The normal work-up gave a basic fraction (0.5 g), of 
which the major portion was parent amine 33 (the identi- 
cal nmr spectrum) and neutral material (0.65 g) consisting 
largely of unreacted nitrosamine 34 as shown by tlc and 
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nmr comparison. The latter fraction showed a medium 
peak at 1720 cm-1 in their spectrum and gave a precipitate 
with 2,Cdinitrophenylhydrazine (DNPH). 

The combined basic fractions (0.91 g) from several 
photolyses were chromatographed on basic alumina (50 
g). The material (0.2 g) eluted with 1% MeOH-CH2C12 
was a mixture showing signals for olefinic protons 
(T 4.34, S, W112 = 4.5 Hz) but no N-methyl singlets in 
the nmr spectrum. A sample distilled (85-95 "C/2 torr) 
showed polymeric peaks in the ms and an olefinic ir 
absorption at 3030 (m) cm-1. The remaining material 
(0.45 g) eluted with 3-507, MeOH-CH2CI2 contained a 
small amount of free amine 33 (T 7.5 s) but the major 
component was the HCI salt of 33; ir 3350,3030 (m), 2930, 
2840, 2720, 2450, 1440, 660 (m) cm-1; nmr T 2.85 (D20 
exchangeable, 2H), 4.30 (s, W112 = 5 HZ, 2H), 7.0 (m, 
1 H), 7.36 (s, 3H), 7.4-8.4 (m, 6H). 

Photolysis in acetic acid-Nitrosamine 34 (1.1 g) and 
concentrated hydrochloric acid (1.0 ml) in glacial acetic 
acid (600 rnl) were photolyzed for 5.5 h under the above 
conditions. The zero hour uv spectrum showed only a 
shoulder at 330 nm for the n + T* transition, and during 
photolysis a strong absorption appeared which tailed 
above 300nm. After photolysis, water (500ml) was 
added and the solution basified with solid potassium 
hydroxide, then extracted with methylene chloride. The 
methylene chloride extracts were washed with dilute 
hydrochloric acid, and evaporated to yield a liquid (0.34 
g) containing nitrosamine 34 as the major component. 
The distilled solvent was treated with DNPH and the 
precipitate recrystallized from 95% EtOH. The solid 
(0.02g) was assigned as a mixture of 2- and 3-cyclo- 
hexenone dinitrophenylhydrazones; mp 128-132 "C;  ms 
(180 "C) 276(Mf, loo), 241(7), 183(4), 153(4), 122(7), 
97(79), 79(71), 77(64), 67(82), 41(46); uv 372 nm. 

The acid washes mentioned above were basified and 
extracted with methylene chloride. Evaporation gave 
mixture (0.2 g) exhibiting six spots in tlc. The nmr of this 
mixture was very similar to that of amine 33 showing 
signals at T 3.3 (b, D20  exchangeable), 4.35 (s, W112 = 
5 Hz), 7.55 (s) and 6.7-8.8 (m) 

N-Nitroso-N-methylcyclopent-2-enylmerhylamine (42) 
Arnine 41 (3 g) was nitrosated with N2O4 as above and 

purified by filtration of a benzene solution through 
neutral alumina to give nitrosamine 42 (1.56 g, 287, 
overall yield from the acid): ir 3050 (m), 2930, 2855, 1450, 
1430, 1330, 680 (m) cm-1; nmr T 4.3 (m, W112 = 18 HZ, 
2H), 5.96 (d, J = 7 Hz, 1.6H), 6.25 (s, 0.6H), 6.48 (d, 
J = 7 Hz, 0.4H), 6.99 (s, 2.4H), 7.4-8.8 (m, 5H); nis (7,) 
140(M+, 5), 80(66), 73(41), 67(100), 44(98); uv (in HC1- 
MeOH) 345 nm (e 89). The ratio of the N-methyl singlets 
indicated 80% E-isomer. 

Nitrosamine 42 (0.74 g, 5 mmol) and concentrated 
hydrochloric acid (0.6 ml) in methanol (220 ml) were 
photolyzed as above for 3.5 h. No peak appeared in the 
390 nm region during the photolysis. Normal work-up 
gave neutral material (0.6 g) which was largely a phtha- 
late plasticizer and a small amount of what appeared to be 
2-cyclopentenone oxime; ir 3300, 1030, 950 cm-1; nmr 
T 3.85 (m), 4.2 (m), 7.2-8.2 (m). The basic fraction (0.4 g) 
showed at least 15 component peaks in gc (80 "C). The 
major peaks were parent amine 41 (16%, retention time 
7.8 min; ms 102(2), 89(45), 87(9), 58(72), 50(100)) and 

an unknown compound (18%, retention time 10.4 min; 
ms 154(4), 97(93), 96(100), 80(56), 75(26), 54(37), 53(81), 
52(37), 36(41)). The basic material was lost during 
attempted distillation at 30 "C/20 torr. In a separate 
experiment, the basic fraction was chrornatographed on a 
silicic acid column from which the products could not be 
obtained in a pure state and the recovery was low. The 
spectra of the chromatographic fractions indicated the 
presence of an olefinic bond and/or absence of a N-CH3 
group. 

Preparariorz and Reaction of N-Chloramine 
N-Clzloro-N-metlzylpent-4-enylamine (5) 
To a cold aqueous dispersion of amine 1 (0.5 g) 1.0 N 

hydrochloric acid (0.5 ml) solution was added to make 
pH 6-7. This cold solution was added drop by drop to a 
mixture of 5% sodium hypochloride solution (20 ml) and 
ether (20 ml) during which the reaction was stirred and 
cooled in an ice bath. The ether layer was separated. The 
aqueous layer was washed with additional amounts of 
ether (10 rnl X 2). The total ether solution was washed 
with water, dried, and was evaporated to leave an oil 
(0.42 g); ir 3070, 1640, 1175, 990, 910 cm-1; nmr T 4.25 
(m, lH), 5.05 (m, 2H), 7.15 (s, 3H). 

The chloramine (1.2 g) and azobisisobutyronitrile (50 
mg) were added to a 4 M sulfuric acid solution in acetic 
acid (25 ml) while the reaction mixture was purged with 
nitrogen. This solution was kept in the dark at 30 "C for 
24 h and was poured into ice. During the reaction, 
aliquots were removed for titration with a standard 
thiosulfate solution. The decrease of the chloramine was 
rapid for the first few hours and became slower afterward. 
The aqueous solution, after being washed with ether, was 
brought to pH 9 by addition of sodium carbonate and was 
extracted with methylene chloride. The methylene 
chloride solution was worked-up in the usual manner to 
afford an oil (1.24 g); ir 3400, 1735, 1370, 1240, and 1035 
cm-1. This oil showed at least five spots on tlc analysis 
and was chromatographed on a silicic acid column. The 
middle four fractions afforded an oil (610 mg); ir 3350, 
1730,1630, 1370, 1240, and 1040 cm-1. The nmr spectrum 
of the oil exhibited two major sets of signals, i.e., T 8.8 
(d, J = 6 Hz), 5.1 (m), 7.73 (s), 7.85 (s) for one and 6.4 
(d, J = 7), 5.1 (m), 7.73 (s), 7.95 (s) for the other. The 
former was presumably due to N-methyl-Cacetoxy- 
pentylamine and the latter due to N-methyl-4-acetoxy-5- 
chloropentylamine with a ratio of about 4 5 .  

The chloramine (1.4g) and silver nitrate (2.8 g) in 
methanol (50 ml) were refluxed for 3.5 h. The methanol 
solution was filtered and was concentrated by distillation. 
The residue was diluted with 10% sodium hydroxide 
solution and was extracted with methylene chloride. The 
basic material was extracted with 1 N hydrochloric acid 
solution which was made basic and reextracted with 
methylene chloride. The methylene chloride solution was 
worked-up in the usual manner to give an oil (1.46 g). 
The oil was distilled under vacuum (12 torr) and the 
distillate chromatographed on a silicic acid column. The 
fraction eluted with 2% methanol in methylene chloride 
gave, after evaporation, the starting arnine 1 (367 rng, 
35%) as shown by the identical ir and nmr spectra. The 
oil obta~ned (760mg) from methylene chloride eluent 
containing 5 ,- 10% methanol gave a mixture of N- 
methyl-3-methoxypiperidine (6)  and N-methyl-2-methoxy- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2400 CAN. J. CHEM. VOL. 54, 1976 

methylpyrrolidine (7): lr 2900, 2750, 1460, 1360, 1100, 
1005, and 905 cm-1 ; nmr (benzene) T 6.2-7.0 (m) 6.79 (s, 
3H), 7.63 and 7.84 (both s, ratio 5:l);  ms 129, 114, and 99. 
On both vpc and tlc this mixture showed unresolved 
peaks or spots indicating the two compounds had similar 
mobility. Silicic acid chromatography of this mixture 
afforded a fraction containing 6 as the major compound 
showing the signal at  T 6.75 (t o f t )  6.65 (s) and 7.65 (s) 
and another fraction containing about 65% of 7 showing 
the signal at  T 6.4-6.8 (the AB portion of a ABX system), 
6.70 (s) and 7.84 (s). Repeated chromatography of the 
fonner fraction on silicic acid gave an oil (260mg). 
eluted with 2% MeOH-CH2C12, which was distilled to 
afford 6: nmr T 7.68 (s, 3H), 6.68 (s, 3H), 6.72 (t of t, 
J = 8 and 3 Hz, lH), 7.25 (m), ir 2900, 2750, 1100, 1005, 
and 905 cm-1. Anal. calcd. for C7H15NO: C 65.07, H 
11.70, N 10.84; found: C65.10, H 11.95, N 10.62. 

N-Chloro-4-uinylpiperidine (27) 
The amine 20 (1.5 g) was chlorinated to the chloramine 

27 as described above; ir 3050, 1640, 1000, and 930 cm-1; 
nmr T 4.2 (m, IH), 5.00 (m, 2H). Chloramine 27 (2 g) and 
silver nitrate (3.5 g) in methanol (7.5 ml) were reHuxed 
for 4 h. The reaction mixture was worked-up as described 
above to  give crude oil which exhibited virtually the same 
ir and nmr spectra of the starting amine 20. It showed two 
faint spots in addition to a prominent spot corresponding 
to 20 on tlc. 

N-C/1loro-N-met/1ylcyclohex-3-e1yIamine (36) 
Amine 33 (1 .0 g, 9 mmol) in ether (50 ml) was reacted 

with a sodium hypochlorite solution (50 ml, Purex bleach) 
at 0 "C for 1 h (20). Separation of the ether layer and 
evaporation gave chloramine 36 (0.88 g, 67y0): ir 3025 
(m), 2920, 2845, 1640 (w), 1440, 1365, 660 (m) cm-I; 
nmr T 4.34 (s, WIl2 = 4.5 Hz, 2H), 7.07 (s, 3H), 6.9-7.3 
(m, IH), 7.5-8.5 (m, 6H). 

Chloramine 36 (0.88 g) and ferric chloride (0.75 g) in 
50% aqueous acetic acid (20 ml) were stirred under N2 at 
0 "C and a solution of hydrated ferrous sulfate (0.5 g) in 
the same solvent (15 ml) was added (16). The stirred 
mixture was allowed to warm to room temperature over 
11 h, and was filtered. The filtrate was extracted with 
methylene chloride, and the extracts washed with dilute 
sodium carbonate solution before being evaporated to 
yield a residue. The major products were identified with 
gc-ms (130°C) as parent amine 33 (20%, retention 
time 2.75 min), 40 (5.5%,, retention time 4.8 min; ms 
164(6), 125(11), 83(100), 82(67), 42(50)) the dichloro 
adduct 37 (23y0, retention time 13.3 min, ms 183(6), 
181(Mf, 9), 148(37), 146(100), 11 8(12), 1 10(29), 104(26), 
70(35), 57(44)), and the chloroacetoxy adducts 38 and 39 
(4851,, retention time 24.2 min, ms 207(2), 205(M+, 5), 
170(40), 148(8), 146(25), 128(30), 1 10(50), 86(65), 70(80), 
57(100), 43(70)). The other ten gc peaks were each less 
than 3%. 

Chromatography of a portion of the residue (0.5 g) on 
the basic alumina (35 g) resulted in fractions primarily 
composed of one product. The spectral characteristics of 
these fractions were for dichloramine 37 (nmr T 5.71 (m), 
7.57 (s)), for chloroacetoxy 38 (ir 1740 cm-1; nmr T 5.1 
(m), 5.9 (m), 7.84 (s)) and chloroacetoxy 39 (ir 1740 cm-1; 
nmr T 4.9 (m), 5.95 (m), 7.92 (s)). The low field multiplets 
all had large couplings ( J  = ca. 10 Hz). The ratio of 38 
to 39 was estimated to be 3.2 from nmr spectral analysis. 
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Synthkse de nouveaux phospholknes et phospholes avec 
substituants fonctionnels sur le phosphore 

F R A N ~ I S  MATHEY, JEAN-PIERRE LAMPIN ET DANIEL THAVARD 
Institut National de Recherche Chimique AppliquPe, 91710, Vert le Petit, France 

R e p  le 30 dkembre 1975 

FRANGOIS MATHEY, JEAN-PIERRE LAMPIN et DANIEL THAVARD. Can. J. Chem. 54,2402 (1976). 
Le bromo-1 dimtthyl-3,4 phosphokne-3 est facilement quaternarisk par les halogknures 

organiques fonctionnels Z--(CH2),-X quand Z = OR, SR, C(O)R, CH(OR)2, COOR, 
CONR2, CN, n = 1 ou 2 et X = C1 ou Br. Les composts d'addition ainsi obtenus ont la m&me 
structure que les com~posks d'addition diene-dihalogtnophosphine dkrits par McCormack. 11s 
rhgissent avec H 2 0  ou H2S pour fournir les oxydes ou sulfures de phosphoknes correspon- 
dants qui sont fonctionnalists sur le phosphore. Par rkction avec le DBU ils donnent les 
phospholes si n = 1 et Z = OR, SR ou si n = 2 et Z = CN. Quelques propriktts chimiques de 
nouveaux composts ainsi prkparts sont dkrites. Les donnks de rmn du proton sont fournies. 

FRANGOIS MATHEY, JEAN-PIERRE LAMPIN, and DANIEL THAVARD. Can. J .  Chem. 54,2402 (1976). 
1-Bromo-3,4-dimethyl-3-phospholene quaternizes readily with functional organic halides 

Z--(CH2),-X with Z = OR, SR, C(O)R, CH(OR)2, COOR, CONR2, CN, n = 1 or 2, and 
X = C1 or Br. The adducts thus obtained are formally related to the diene-dihalophosphine 
McCormack cycloadducts. When reacting with H 2 0  or H2S they yield the corresponding 
P-functional phospholene oxides or sulfides. Phospholes are also obtained by reaction with 
DBU when n = 1 and Z = OR, SR, or when n = 2 and Z = CN. Some chemical properties 
of these new compounds are described and pmr data are given. 

La synthbe des phospholknes repose sur la 
cycloaddition d'une dihalogtnophosphine avec 
un dibne conjugud suivant le proctdC de McCor- 
mack (la). L'halogtnure d'halogCnophospho- 

R'~'x 

ltnium ainsi obtenu rtagit avec l'eau pour donner 
des oxydes de phospholknes (lb), avec H2S pour 
fournir des sulfures de phospholknes (lc), avec 
le magntsium (2) ou LiAlH4 (3) pour fournir des 
phospholknes trivalents et avec le diazabicyclo- 
undtckne (DBU) (4) pour fournir des phospholes. 
L'obtention de cet intermtdiaire clef suppose que 
la dihalogCnophosphine est connue et qu'elle 
rtagit convenablement avec le dikne, ce qui est 
loin dZtre toujours le cas. 

La prtparation suivant ce proctdt des phos- 
pholbnes et phospholes comportant un substi- 
tuant fonctionnel sur le phosphore du type 
Z--(CH2),- avec n = 1 ou 2 et Z = OR, SR, 
C-R, CH(OR)2, C-OR, C-NR2 (R = alkyle), 
I I I I I I 
0 0 0 
CN, C-Ar (Ar = aryle) prtsuppose donc l'exi- 

I I 

stence de Z(CH2),PX2, sa rCaction avec le dikne 
et la stabilitt de l'haloginure d'halogtnophos- 
pholtnium ainsi obtenu. Or, d'une part, les 
dihalogCnophosphines de ce type ne sont gtnt- 
ralement pas conilues et, d'autre part, la plupart 
des fonctions considC;tes peuvent rCagir avec les 
composts du type R3P-X-X-. Par exemple, les 
cttones sont converties en gem-dihalogknures 
(5 ) ,  les Cthers sont coupCs en fournissant deux 
halogtnures d'alkyle ou d'aryle (6), etc. 

Les phospholknes et phospholes de structure I 
et I1 ttaient donc, jusqu'h present, inconnus, leur 

'@ 'Ky 
y4 '(cH,).z 

I I 1  
Y = 0, S ou rien 

prCparation suivant la voie classique posant des 
problkmes probablement insurmontables. Leur 
obtention par une mtthode simple prksentait 
pourtant un gros intCrCt pour les raisons sui- 
vantes. (a) La prtsence d'une fonction Z rtactive 
doit' permettre le greffage des noyaux phospholes 
et phospholknes sur presque toute structure 
organique prtformte. (b) La rtactivitt de I et I1 
doit &tre modifite par la prtsence de la fonction 
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Z. Ainsi, pour Y = 0 ,  Z = CN et n = 1, I se 
mttalle sur le CH2 exocyclique et non sur les 
CH2 endocycliques comme dans le cas gtntral, 
d'oh une utilisation possible pour des synthkses 
d'oltfines du type Horner-Emmons avec effet de 
cycle (travail h paraitre). (c) I et I1 sont des 
coordinats bidentts originaux et ont, par con- 
stquent, des applications possibles pour l'ex- 
traction liquide-liquide des cations mCtalliques 
(I, Y = 0 )  et pour l'obtention de nouveaux 
complexes des mttaux de transition. 

Nous avons donc cherchC B prtparer I et I1 par 
une voie dCtournCe. Pour ce faire, nous avons 
CtudiC la quaternarisation par Z(CH2),X des 
P-halogtnophosphoEnes trivalents rtcemment 
prCparCs (7, 8) par rtduction des composCs 
d'addition diknes-trihalogknures de phosphore 
(9). La rtaction esptrte s'Ccrit: 

Nous avons ttC encouragCs dans cette voie par 
les essais de Quin (10) qui a montrt que le 
bromo- 1 dimtthyl-3,4 phospholkne-3 ttait facile- 
ment quaternarist par le bromure de benzyle 
mais rtagissait ma1 avec le bromure de butyle. 
Nous ttions donc assurts du succks pourvu que 
l'halogkne de X(CH2),Z soit suffisamment 
mobile et que la fonction Z ne rtagisse pas avec + 
le motif P-X X- formt au cours de la quater- 
narisation. 

(I) Synthsse des phospholsnes dkrivb du pV 
Les rtsultats de nos essais sont consignis dans 

le tableau 1 et les donnees de rmn du proton des 
produits ainsi prCparts rCunies dans le tableau 2. 
Les points suivants mtritent d'ttre notes. 

(a)  Parmi les P-halogCnophospholknes tri- 
valent~, seul le bromo-1 dimtthyl-3,4 phos- 
pholkne-3 se quaternarise dans de bonnes con- 
ditions. Cette rCactivitt gtntralement rtduite est 
probablement like B un effet de contrainte cycli- 
que (16). Dans le cas prtsent, cette contrainte est, 
en effet, assez forte: L CPC .v 94" (17) contre 
-100" dans les phosphines acycliques et -1 12" 
dans les sels de phosphoniums correspondants. 

(b) Trks logiquement la quaternarisation 
rtussit mieux pour n = 1 que pour n = 2; 
seules les fonctions trks tlectroattractrices (COCl, 
CN) rendent l'halogkne X suffisamment mobile 
pour permettre l'obtention des dCrivCs avec 
n = 2. 

(c) D'une f a ~ o n  gtntrale, les monohalogtno- 
phosphines R2PX se quaternarisent beaucoup 
plus difficilement que les phosphines R3P. 
Cependant, un certain nombre d'exemples de 
quaternarisation de monohalogtnophosphines 
(en gCnCral Me2PC1, Et2PCl et Ph2PC1) par des 
halogtnures fonctionnels, sans alttration de la 
fonction, ont CtC dCcrits dans la 1ittCrature avant 
ce travail. On a relevt les exemples suivants: 
n = 1, Z = OR (18, 19); n = 1, Z = SR (20); 
n = 1, Z = COOEt (21); n = 1, Z = COMe 
(21). En revanche, les exemples de quaternarisa- 
tion avec: n = 1, Z = COPh; n = 1, Z = 
CONMe2; n = 1, Z = C N ;  n =  1, Z =  CH- 
(OEt)2; n = 2, Z = CN; n = 2, Z = COCl sont 
dtcrits ici pour la premibre fois B notre con- 
naissance et sont trks vraisemblablement trans- 
posable~ pour obtenir des oxydes ou des sulfures 
de phosphines fonctionnelles acycliques. 

Outre ces remarques gtntrales, nous avons 
relevi quelques cas particuliers que nous dis- 
cutons ci-aprks. 

Quaternarisation par ClCH2CH(0 C2H5)2 
Le produit brut rCsultant de la quaternarisa- 

tion est un liquide ne rCagissant pas avec H20 ou 
H2S B froid et ne comprenant, par conskquent, 
pas de liaison covalente P-Br ou P-C1. 
D'aprks l'analyse ClCmentaire (C, H, halogbnes) 
sa formule brute correspondrait pourtant sen- 
siblement i celle du sel de phosphonium attendu. 
La rmn du proton indique d'ailleurs la prCsence 
des 2(CH3) et 2(CH2P) caractkristiques du cycle 
dimtthyl-3,4 phospholkne-3 ainsi que des 2- 
(OC2H5), du CH2P et du CH caracttristiques du 
groupement fonctionnel. Cependant, on note que 
les deux groupements 0C2H5 sont fortement 
inkquivalents et que le CH est anormalement 
dtblindt (5.83 ppm); les donntes de la 1ittCrature 
pour les composts du type R2P-CH2-CH- 

I I 
0 

(OC2H5) sont en effet les suivantes: R = OEt 
6 = 4.88 (CH, rkf. 22); R = Ph 6 = 5.02 (CH, 
rtf. 23). 

Pour tenir compte de ces donntes, nous 
suggtrons donc la transposition suivante: 

19 

(&hange partiel possible entre C1 et Br) 
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TABLEAU 1. Synthkse des phospholknes fonctionnels par quaternization de 

Br 

Halogenure Rdt Rdt 
utilisC Oxyde obtenu (O/ , )  ProprittCs physiques Sulfure obtenu ( O j , )  PropriCtCs physiques 

CICH10CH3 Cv 75 p b  = 100 OC/O.2 torr CbcH1 2 45 p 6b = 123 'C/O .6 torr 

0/P\CHlKH3 pf = 64 "C S/ 'CH~OCH~ 

60 p Cb = 116 "C/5 X Cv 40 p 6b = 146 "C/O. 1 torr 
torr 

sfl 'CH~OC~H,, 

50 p eb = 145 OC/l0-5 torr 'WH3 6 40 p = 120 OC/lo-4 torr 
s ~ ~ \ c H ~ o c , ~ H ~ ,  

87 p Cb = 148 "C/0.4 torr 

70 IsolC par chromato cwl 9 
65 p6b = 127"C/0.2torr 

(acetate Cthyle) 
S ~ ~ ~ C H ~ S C H ,  

12 Isolt par chromato 
(acetate 90:MeOH 10) 

67 p Cb = 125 "C/O .05 torr 'w3 13 60 p 6b = I40 OC/O .4 torr 
sfl 'CH~C-OC~H, 

II 
0 

IsolC par chromato 
35 (acitate 90:MeOH 10) 

pf = 96 "C 
p 6b = 115 0C/10-5 torr 

10 IsolC par chromato 
(acetate 90:MeOH '10) 

36 pf = 110 "C 
p Cb = 148 0C/10-5 torr 

pf = 190 "C 
20 PrkipitC h l'acidifica- 

tion de la phase aqueuse 
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MATHEY ET AL. 2405 

19 est trks instable et, par traitement 2 la soude 
ou par simple distillation, il fournit 1'Cther 'WCH3 p Cb = 128 "C/l torr 
d'Cnol 20 qui est caractCrisC sans ambiguiti par rdt = 75y0 

son spectre de masse comprenant le pic molC- lP 
0' 'CH=CHOC~HS 

culaire de m/e 200 (I = 100%) et par son spectre 20 

TABLEAU 2. DonnCes de rrnn du proton* des oxydes et sulfures de phosphoknes fonctionnels 

CH3 wCH3 
H Z C , ~ F H Z  
~ f i  '(CH2),,Z 

Produit Cycle 
(CH2Ila 

Y Z n N" CH3 C H ~ J H - P )  (JH-p) 

2.56(11 . l )  

2.70 multiplet complexe 

2.55(12) 

0 C H 3 :  3.47 

0 C H 3 :  3.48 

OCH2 : 3.55 multiplet 
CH3 : 0 .  89(CH2)6 1 .29 

OCH2 : 3.57 multiplet 
CH3 : 0.88(CH2)6 1 .28 

0 C H 2 :  3.55 multiplet 
CH3 : 0 .  89(CH2)]0 1 .28 

0 C H 2 :  3.57 rnultiplet 

CH3 : 0 .  89(CH2),0 1 .28 

2.71 multiplet complexe 

2.64 rnultiplet cornplexe 

Forrne un systkme 
complexe avec le 
0CH2CH2C1 

2.84(8.3) 

3.05(8.1) 

3.22(14.4) 

2.61(11.3) 

2.61(11.3) 

2.76 multiplet complexe 

2.63(11.7) 

2.87 multiplet cornplexe 

Multiplet complexe 

0 C N  

0 C N  

0 COOH 

3.08(14.3) 

Multiplet centrC ?I 2.49 

Forrne un systkrne 
cornplexe avec le 
CH2CH2COOH 

'6 en ppm, J en Hz, TMS interne; produits en solution dans CDCII. 
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TABLEAU 3. Preparation des phospholes fonctionnels et leurs derives 

Halogenure Phosphole Rdt 
utilise obtenu (%) Propriktks physiques Derives 

36 p eb = 58 "C/O. I torr Oxyde dimkre: pf = 122 "C 
24 

Sulfure monomkre: pf = 106 "C 
25 

Sel de phosphonium avec IMe: pf = 158 "C 
monomkre 26 

32  p eb = 69 "C/O. 1 torr Sel de phosphonium avec IMe: pf = 114 "C 
monomkre 28 

15 p eb = 80 "C/O. 1 torr Sulfure monomkre pf = 96 "C 
30 

de rmn du proton: 0C2H5: 6 1.33 (t, CH3) et 
3.90 (q, 0CH2); CH=CH systkme complexe & 
5.32-5.16-4.69. Les CH3 du cycle sont & 1.78 et 
les CH2 forment un doublet dissymktrique centrC 
& 2.56 JH-p = 15.9 HZ. 

En outre, le spectre ir comprend une bande 
forte de double liaison & 1602 cm-I, dont la 
position est caractiristique des Cthers d'Cnol et 
qui est absente dans les oxydes de dimdthyl-3,4 
phospholknes-3 usuels. 

Quaternarisation par 
CICH2C-C1 ou BrCH2C-Br 

I I I I 
0 0 

Au lieu d'obtenir l'acide attendu nous avons 
obtenu le dioxyde de pontage 21 par une r6action 

C w H '  C w H '  
pf = 207 OC 

rdt = 25% 
0//PlCH2/P%o 

de dCcarbonylation dont le mCcanisme precis 
nous tchappe pour le moment. Ce produit a CtC 
caractCrisC sans Cquivoque par son spectre de 
masse qui comprend le pic moltculaire de m/e 
272, le pic de base se situant & m/e 126 et par son 
spectre RMN: CH3 A 1.73; -P-CH2 h 2.74 
(JH-P = 9.4 Hz), P-CH2-P, triplet centrC & 
2.47 (JH-p = 12.7 Hz). En outre le spectre ir 
confirme sans ambiguit6 l'absence du groupe- 
ment carbonylt. 

Quaternarisation par CICH20CH2CI 
Lors de la rCaction on constate un clivage 

partiel du pont Cther coilduisant & l'alcool 22. 

"WH3 rdt pf = = 25y0 137 OC 
o g \ c H I o H  

22 

I1 est caractiris6 par son spectre rmn: 1.72 
(CH3) 2.50 (CH2 cycliques, JH-P = 9.3), 3.97 
(CH2-OH, JH-P = 3.2) et 5.56 (OH mobile, 
CDCl3) et par son spectre ir : v OH = 3240 cm-I 
(KBr). Ce clivage partiel correspond, en fait, 2 la 
rtaction que nous craignions dans le cas gCnCral. 

(II) Synthkse des phospholes 
Lorsqu'on cherche h prCparer le phosphole I1 

(n = 1) par dCshydrohalogCnation de l'halo- 
gCnure d'halogCnophosphonium correspondant, 
on enregistre un Cchec si Z est trop fortement 
Clectroattracteur (CN, COOEt) sans doute parce 
que les protons du groupement CH2Z deviennent 
plus acides que les protons en a! du phosphore 
dans le cycle et que la dCshydrohalogCnation 
fournit alors initialement l'ylure exocyclique: 

qui, 2 l'hydrolyse, donne l'oxyde de phospholkne 
correspondant. Par contre, si Z n'est pas trop 
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MATHEY ET AL. 2407 

TABLEAU 4 .  Donflees de rmn du proton* des phospholes fonctionnels et de leurs dCrivCs monomkres 

Protons du cycle (JH-P)  
(CH2)n Z 

Produit CH3 CH (JH-P)  ( J H - P )  

I 
2.11(-3)  6 . 2 9 ( 3 9 . 3 )  Systkme complexe 

2 .09  6 .10(32)  Systkme complexe 

* a  en ppm, J en Hz, TMS interne; produits en solution dans CDCIJ. 

fortenlent tlectroattracteur (OR, SR) la rCaction 
se dtroule normalement et fournit les phospholes 
correspondants avec un bon rendement (tableau 
3). Le risque de dCshydrohalogCnation exo- 
cyclique disparait avec les haloghures d'halo- 
gCnophospholtnium pour lesquels n = 2. 

Comme, toutefois, il n'est pas possible de 
prkparer ces composts si Z n'est pas puissam- 
ment tlectroattracteur (voir Ikre partie), nous 
n'avons pu tenter la synthkse des phospholes 
correspondants que dans le cas particulier Z = 

CN. La rtaction fournit bien le phosphole 
attendu (tableau 3) qui prCsente un inttr2t 
particulier puisqu'il est le rtsultat de 19addition 
thtorique de l'acrylonitrile sur le phosphole 
P-H et qu'il peut Cventuellement le remplacer 
dans certains types de rtactions. 

A partir de ces phospholes nous avons syn- 
thCtisC quelques dtrivts classiques: oxydes, 
sulfures, iodures de mtthylphospholium. Tous 
ces dCrivts sont dtcrits dans le tableau 3. Les 
donnCes de rmn du proton de ces composts sont 
r6sumtes dans le tableau 4, sauf celles de l'oxyde 
dimkre 24 d6rivC de 23. Sur le phosphole 23 nous 
avons CtudiC deux types de rtactions: l'hydrolyse 
du sel de mtthylphospholium et l'extension de 
cycle par rCaction avec le chlorure de benzoyle. 
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TABLEAU 5. Donilees de rrnn du proton pour les 
cornposCs 31 et 32 

CH3 

CornposC 6 JH-p  (Hz) '%OH P C6Hr rdt p f = 1 8 0 ° C  = 75% 

31 CH3-P 1.60 13 0 CH20CH3 
CH2-P 3.75 7 
OCHq 3.44 

33 

5.68 23.5 
2.34 2 
1.95 

rnultiplet cornplexe 
de 5.14 i 5.36 

1.47 12.7 
3.67 7 
3.42 
2.92 15 
1.95 

rnultiplet cornplexe 
de 5.14 i 5.36 

L'hydrolyse basique de 26 fournit les deux 
oxydes non cycliques 31 et 32 en mClange Cqui- 
molCculaire (cpv, rmn), pour lesquels les donnCes 
de rmn du proton sont consigntes dans le 
tableau 5. 

L'ouverture du cycle observte n'est pas sur- 
prenante puisque dans l'hydroxyphosphorane 
intermidiaire 

le phosphole est certainement en position apicale 
tquatoriale ( L  CPC 11 90" (1 1)) et que ce sont 
les liaisons P-C apicales qui se rompent prC- 
fkrentiellement dans l'hydrolyse des sels de 
phosphonium. Une telle ouverture des sels de 
phospholium a d'ailleurs CtC dtcrite auparavant 
par Bergesen (12). 

Nous avons dCcrit par ailleurs (13) la rtaction 
des phospholes avec le chlorure de benzoyle en 
prtsence d'eau basique qui fournit les oxydes 
de phCnyl-2 hydroxy-2 dihydro- 1,2 phosphorine. 
Nous avons voulu vCrifier, sur l'exemple de 23, 
si la prCsence d'un substituant fonctionnel 
n'altirait pas le cours de cette rCaction. Nous 
avons constate qu'il n'en Ctait rien et nous avons 
pu pr$arer avec un bon rendement la phos- 
phorine 33 dont les donnCes rmn du proton sont 
les suivantes: G(CDCl3) 1.94 et 2.05 (CH3), 
5.90 et 5.93 (CH, JH-P = 16.2 et 12.9) 7.38 
(C6H5), 4.31 (OH mobile), 4.10 (A) et 3.90 (B) 

(P-CH2, systkme ABX, JA-B = 13.1 HZ), 3.43 
(OCH3). 

(IZI) Essais de reduction des phosphol2nes diriuis 
du Pv 

Nous avons CtudiC l'action de LiAlH4, de 
HSiCl3 et de Bu3P sur quelques uns des compos6 
dCcrits dans la premikre partie. L'action de 
LiAlH4 sur les sels de phospholCnium (3) s'est 
traduite par un Cchec pour Z = OCH3 et Z = 

0C8H1,: nous n'avons pu rtcuptrer que les 
oxydes correspondants 1 et 3. Un essai de 
rCduction de 1 a Cgalement CchouC. Par contre, 
la rtaction de LiA1H4 sur le sel avec Z = 
CN-CH3 nous a fourni un mClange de la 
I I  \ 

phosphine 34 et de son oxyde 35 avec un rende- 
rnent global de l'ordre de 20%. L'action de 
LiA1H4 sur l'oxyde de phospholkne 14 fournit le 
mCme mClange, mais avec un rendement plus 
faible. 

Nous avons Cgalement effectuk une sCrie 
d'essais de rCduction des oxydes de phospholhne 
par HSiC4 (14). Nous avons enregistrt des 
Cchecs avec 1 et 12 mais le mtlange de 34 et 35 
est, par contre, transformi en phosphine pure 34 
avec un rendement convenable de l'ordre de 
60%; ce dernier rtsultat doit s'expliquer par la 
prCsence de la fonction amine tertiaire favorisant 
ce type de rCduction (14). 

Enfin, nous avons CtudiC l'action de la tri- 
butylphosphine sur le sulfure de phospholkne 2 
(15). En chauffant ce mClange jusqu'k 165 "C, on 
peut rCcupCrer par distillation un mtlailge de 
Bu3P et de phosphine 36. Le rendement en 36 
est de 45 k 50%, mais il est impossible d'tliminer 
le Bu3P du rndlange obtenu. 
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Les spectres de rmn du proton ont CtC rCalisCs a 60 MHz 
sur un appareil Perkin-Elmer R 12. Les rCsultats analy- 
tiques des analyses C, H, N sont dans tous les cas corrects. 

Quaternarisation par Z(CH2),X 
On ajoute, sous argon, 0.12 mol de Z(CH2),X B 0.1 mol 

de bromo-1 dimkthyl-3,4 phospholkne-3. On bouche le 
ballon et on laisse le mtlange au repos pendant 3 h 4 jours. 

Oxydes de phosphol6ne 
L'halogCnure d'halogCnophospholCnium est hydrolyst. 

Le mtlange rbctionnel est neutralis6 au bicarbonate de 
sodium et extrait au chloroforme. Les extraits chloro- 
formiques sont sCchCs sur sulfate de magnkium et con- 
centrCs. L'oxyde de phosphokne est alors isole soit par 
distillation, soit par prkipitation soit par chromato- 
graphie sur colonne de gel de silice. 

DCrivC caractkristique pour 11. Oxime 37 pf = 168 "C, 

rdt = 80%; rmn 6 1.47 (CH3), 2.55 (CH2 cycliques, 
JH-,  = 11.8 Hz), 3.69 (CH2 exocyclique, J,-, = 18.2 
Hz), Clargi vers 11.2 (OH), 7.35 (m- et p-C6H5), 7.65 
(o-C6H5). 

Sulfures de phospholPne 
On recouvre 1'halogCnure d'halogCnophospholCnium 

par du benzkne sec et on fait passer un courant d'H2S 
anhydre jusqu'a dissolution con~pkte. On traite alors le 
mtlange rCactionnel comme pour les oxydes. 

Synthese des phospholes 
L'halogtnure d'halogtnophospholCnium est broyC en 

boite Zi gants, lavC avec un peu de benzkne puis avec de 
l'heptane. I1 est mis alors en suspension dans le benzkne 
et trait6 par la quantitC thCorique de DBU en solution 
dans un mClange de benzkne et de chlorure de mtthykne. 
On laisse rCagir pendant 4 h puis on hydrolyse. On 
decante la phase organique, on la skhe, on la concentre 
puis on distille le phosphole cherchC. 

Essais de riduction des phosphoEnes diriods du PV 
Par LiAIH, 
Le sel de phospholCnium (ou l'oxyde) est mis en suspen- 

sion dans l'kther et traitk, avec prCcautions, par un excks 
de LiAlH,. On termine la rkction en chauffant le 
mClange rhctionnel pendant 4 h. On hydrolyse alors par 
de la soude et on extrait 1'Cther. 

Par HSiC13 
L'oxyde de phospholkne en solution dans le benzkne 

est trait6 par un large excks de HSiC13. Le mClange rCac- 
tionnel est chauffC a reflux pendant 2 h (rCfrigCrant 
acCtonexarboglace). On hydrolyse alors B la soude et 
extrait la phase aqueuse B I'Cther. Aprks concentration, 
l'extrait organique est distillC. 

Donnks pour 34 et 36. 34: p Cb = 68 "C/0.5 torr; 
rmn du proton 6 1.69 (CH3-C=), 2.19 (CH3-N), 
massif complexe entre 2.29 et 2.85 (CHI). 36: p Cb = 
63 "C/0.8 torr (en mClange avec Bu3P); rmn du proton 
6 1.65 (CH3-C=), systkme complexe centrC k 2.48 
( K H z ) ,  3.44 (PCH2-0, J,-, = 5.8 Hz), 3.28 (OCH3). 
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Some synthetic routes to 2,3,6-trideoxy-hex-2-enopyranosides and 
-hex-2-enopyranosid-4-uloses1~2 

MARK BERNARD YUNKER,~ STEVE YIK-KAI TAM: D. R. HICKS,' AND B. FRASER-REID 
Department of Chemistry, Guelph- Waterloo Centre for Graduate Work in Chemistry, University o f  Waterloo, 

Waterloo, Ont., Canada N2L 3GI 
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MARK BERNARD YUNKER, STEVE YIK-KAI TAM, D. R. HICKS, and B. FRASER-REID. Can. J. 
Chem. 54, 241 1 (1976). 

Routes to 6-deoxy-hex-2-enopyranosides and the corresponding 4-ulo derivatives have been 
investigated. The route (Scheme 2) beginning with the readily prepared ethyl 2,3-dideoxy-a-D- 
erythro-hex-2-enopyranoside is preferred, and the steps involve selective tosylation, iodinolysis, 
and reduction with Raney nickel. During the iodinolysis step a rearrangement occurs leading to 
furan derivatives. However, this is suppressed completely by the addition of pyridine to the 
iodinolysis medium. If the 4-ulo derivative is the desired substance, the most direct route 
(Scheme 3) utilises the well-known 2,3-dideoxy-hex-2-enopyranosid-4-ulose, the primary 
hydroxyl group being removed in two simple steps. 

MARK BERNARD YUNKER, STEVE YIK-KAI TAM, D. R. HICKS et B, FRASER-REID. Can. J. 
Chem. 54,2411 (1976). 

On a CtudiC les voies pouvant conduire aux 6-dkoxy-hex-2-knopyrannosides et aux dCrivCs 
ulo-4 correspondants. On prCGre le chemin (schCma 2) commenGant avec le 2,3-didCoxy-WD- 
erythro-hex-2-knopyrannoside d'Cthyle qui est prCparC facilement; les Ctapes impliquent une 
tosylation selective, une iodonolyse et une rkduction par le nickel de Raney. Durant l'ktape de 
l'iodonolyse, un rhrrangement se produit conduisant a des dCrivCs furanniques. Toutefois on 
peut supprimer compEtement cette rCaction par addition de pyridine au milieu conduisant a 
I'iodonolyse. Si le dkrivC ulo-4 est la substance dCsir&, le chemin le plus direct (schkma 3) utilise 
le 2,3-didCoxy-hex-2-knopyrannosid-4-ulose bien connu; le groupe hydroxyle primaire est 
alors CliminC en deux Ctapes simples. 

[Traduit par le journal] 

For projects underway in our laboratory, we 
require ready routes to the 6-deoxy sugars 1 and 
2. The L-enantiomer of 1 has been synthesized 
from L-rhamnose in good yield (1, 2), and both 
1 and 2 have been synthesized in racemic form 

l a  X = H, Alk = Me 
l b  X = H ,  Alk = Et 

3 X = I, Alk = Et 

20 Alk = Me 
26 Alk = Et 

~Pyranosiduloses. Part X1. For part X see ref. 19. 
2Taken in part from the Ph.D. Theses of M.B.Y. (1975) 

and S.Y-K.Y. (1974). 
3Holder of NRCC studentships 1972-1975. Present 

address: Chemistry Department, University of Hawaii, 
Honolulu, Hawaii. 

4Present address: Sloan-Kettering Institute for Cancer 
Research, 145 Boston Post Road, Rye, New York. 

SPresent address: Ayerst Laboratories, P.O. Box 6115, 
Montreal, P.Q. 

from furan precursors (3). Although the pub- 
lished routes are excellent, we wished to use 
accessible and inexpensive starting materials. In 
view of the interest in 6-deoxyhexoses as a result 
of their frequent occurrence in biologically 
important substances (4), we report herein the 
results of our experiments. 

The most widely used method for creating a 
6-deoxy functionality in carbohydrates involves 
hydrogenolysis of the corresponding sulfonate 
ester or halide. However, lithium aluminium 
hydride cannot be used with substrates such as 3 
because the double bond is prone to reductive 
rearrangement (5). Our options were therefore 
either to create the 6-deoxy functionality first 
and then introduce the 2,3-double bond, or to 
use a method of hydrogenolysis that does not 
affect 2,3-double bonds. Synthetic routes based 
on these options are outlined in Schemes 1 and 2, 
respectively. 

The conversion of methyl 4,6-0-benzylidene- 
2,3-di- 0-methanesulfonyl- a-D-glucopyranoside 
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* PhCOO 
MsO 

- R o e  - 
OMe 

l a  R = H  
9 R = COPh 

10 R = p-nitrobenzoate 

SCHEME 1 

4, (6) to methyl 4-0-benzoyl-6-bromo-6-deoxy- anticipated. When the tosylate 12 was treated 
2,3-di-0-methanesulfonyl-a-D-glucopyranoside with sodium iodide in acetone (sealed tube) or 
(5) was accomplished in good yield as described methyl ethyl ketone, the desired iodide 3 was 
(7); however, for the hydrogenolysis of 5, the formed. However, it was rapidly converted to 
published procedure was uneconomical for large the furan 13, the structure of which was sug- 
scale work, since the weight ratio of substrate to gested by (i) a positive qualitative test for iodine, 
catalyst (Pd/C) was 4:l. Zinc-copper couple in (ii) a mass spectral molecular ion m/e 238, and 
boiling ethanol was effective, but slow, and a (iii) an infrared (ir) absorption at 875 cm-l for 
number of side products were formed. However, furan (1 I). The nmr spectrum showed a triplet 
with boiling acetic acid as solvent, the hyd- for one proton at 4.81 ppm, which was shifted 
rolysis could be carried out on 80 g quantities down to 5.96 ppm in the acetylated derivative 
of 5 in 4-8 h, affording the crystalline 6-deoxy (14), thereby confirming the positions of the 
compound 6 in 74% yield. functionalities on the side chain. Supportive 

It is of some interest that the process expressed mass spectral fragmentation was obtained (see 
by the arrows in 7 did not occur as we had Experimental), but 13 was so unstable that 
feared. Had it occurred, the product 8 would satisfactory elemental analysis could not be 
have undoubtedly undergone further reaction obtained. Chemical correlation with the known 
and decomposition would have ensued. How- diol 15 (12) was achieved through selective 

CHO tosylation to 16, which upon iodinolysis gave a 
I single product having the same nmr spectrum H-y-OMs and Rf values as 13. 

MSO- I 

MsO 
MsO-C-H 

 OM^ I H-C-OCOPh 

7 
I 

CH 
I1 
CH2 R20&0Et RI R2 R3 X 

8 11 H H lb  H H 

ever, thin layer chromatograms gave no evidence l8 Ts Ac 
of such decomposition. 

l2 Ts \ 
The reductive elimination of the dimesylate 6 

was performed in the previously described man- 
ner (8, 9), the primary product 9 undergoing 
deesterification, as normally observed (9, lo), T 

thereby giving compound l a  directly. Compound 
l a  tended to co-distill with the solvent (dimethyl- 
formamide) upon concentration of the reaction ($0.. . fl \ l 
solution, and this lowered the yield. However, 
the overall yield for the conversion 6 + 9 + l a  R5 X 
was 30-40%. 15 R4 = H 

16 R4 = Ts 13 H I 
An alternative, shorter route involving the 14 AC I 

iodide 3 was devised, but the preparation of 3 1 7 H  Br 

from the diol11 proved to be more difficult than 
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In an effort to prevent the reaction of 12 - 13, 
brominolysis of 11 using triphenylphosphine and 
N-bromosuccinimide according to the procedure 
of Hanessian et al. (13) was attempted. However, 
the furan bromide 17 was produced in good yield. 

The conversion of hex-2-enopyranosides (e.g. 
11) to furans (e.g. 15) is a well-known acid- 
catalyzed process (12), a mechanism for which 
has been proposed by Zamojski et al. (14). In 
view of this, it was decided to examine the 
reaction in the presence of pyridine. Accord- 
ingly, addition of pyridine completely suppressed 
the rearrangement giving 3 as the only product 
of the iodinolysis. The effect of the added 
pyridine is difficult to rationalize since acids 
should not be formed in the reaction medium. 

It was also found that the acetate 18 derived 
from 12 was converted cleanly to the acetylated 
iodide 19. This is in keeping with Zamojski's 
mechanism which requires a free carbon-4 
hydroxyl group for rearrangement to furan. 
However, this route was less fav~lrable,  for our 
eventual objective, than that in the preceding 
paragraph since it required the extra acetylation 
step. 

With the iodide 3 thereby available, it was 
found that deactivated W-2 Raney nickel (15) 
would hydrogenolyse the iodide without hydro- 
genating the double bond. The yield in this step 
was 90% while the overall yield for the sequence 
1 1 + 1 2 + 3 + 1 b  was70%. 

The oxidation of 1 to 2 was readily accom- 
plished by either manganese dioxide or chromi- 
um trioxide in the usual way. 

When the enone 2b was the product of interest, 
a much shorter route from 11 was developed 
which avoids the chromatographic isolation of 12 
(Scheme 3). Thus the readily prepared enone 20 
(16) upon treatment with triphenoxyphospho- 
nium methiodide (17) gave the iodide 21 which 
was hydrogenolysed with deactivated W-2 Raney 
nickel (15) to 2b. The last step could also be done 
with tri-n-butyl tin hydridide (18); however, it 
proved impossible to isolate the product from 
the inorganic material. 

In summary, the route outlined in Scheme 1 
can be carried out on a large scale, however, the 
final step is problematic in that the high boiling 
solvent and the product tend to co-distill. The 
alternative route in Scheme 2 beginning with the 
well-known compound 11 is preferable, particu- 
larly since inclusion of pyridine prevents rear- 
rangement to 13. When the enone is the com- 
pound of interest, the route in Scheme 3 is 
preferred. 

Experimental 
Generul 

Melting points were determined on a Fischer-Johns 
heating stage or a Mel-Temp apparatus, and are uncor- 
rected. The pmr spectra were determined, unless other- 
wise stated, in deuteriochloroform containing 1% tetra- 
methylsilane as internal standard with either a Varian 
T-60 or a Varian HA 100. Coupling constants were 
obtained by measuring spacings of spectra judged to  be 
first order. 

Thin layer chron~atography (tlc) was performed on 
glass plates coated with silica gel (HF-254, E. Merck) to a 
thickness of 0.3 mm. The chromatograms were first 
viewed under ultraviolet light, then exposed to iodine 
vapor, and finally sprayed with concentrated sulfuric acid. 
Heating in an oven is required for complete visualisation. 
For column chromatography, E. Merck silica gel (0.05- 
0.20 mm, 70-325 mesh A.S.T.M.) was used. 

Metlzyl4-O-Benzoyl-6-bromo-6-deoxy-2,3-di-O-rnethane- 
sulfonyl-a-D-g/ucopyranoside, 5 

This procedure is a modified form of that described 
by Hanessian and Plessas (7) suitable for large scale 
preparation. Methyl 4,6-0-benzylidene-2,3-di-0-methane- 
sulfonyl-a-D-glucopyranoside, (4) (100 g, 0.226 mol), was 
dissolved in a mixture of tetrachloroethylene (300 ml) and 
carbon tetrachloride (3400ml), and then barium car- 
bonate (100 g, 0.500 mol) and N-bromosuccinimide (48 g, 
0.270 mol) were added to  the eficiently stirred solution. 
After gentle refluxing for 21 h, the reaction mixture was 
filtered through celite and the filtrate was evaporated to 
dryness. The residue was then extracted with chloroform, 
and the extract was washed with sodium bicarbonate and 
water. The dried (Na2S0,) chloroform solutions on 
evaporation afforded a syrup which easily crystallized on 
trituration with ether, t o  give 5 (86 g, 717,) mp 134- 
135 "C; [aID23 +60° (C 2, CHC13) (lit. (7) mp 134-135 "C, 
[~~],23 +53S0 (c 1.01, CHCI3)). Normally the extraction 
step c o ~ ~ l d  be omitted and the crude 5 obtained was used 
directly in the next step of reaction without any puri- 
fication. 

H "aoE, ( P ~ o ) , P + M ~  I- - "ao, Raney nickel 

DMF - BoEt 
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Methyl 4-0-Benzoyl-6-deoxy-2,3-di-0-merhanesulf 
a-D-glucopyranoside, 6 

Zincecopper couple (102g, 1.56 mol) was added to a 
solution of the 6-bromo compound 5 (80 g, 0.156 mol) in 
glacial acetic acid (800 ml), and the mixture was refluxed 
with efficient stirring. After 5 h, the hot reaction mixture 
was filtered through a sintered-glass funnel and the 
filtrate was poured slowly into a mechanically stirred 
ice-water mixture. Compound 6 precipitated, was re- 
moved by filtration, and was washed with water until 
neutral. The dried product weighed 50 g (74y0). After 
recrystallization from methanol: mp 127-128.5 "C, [aID23 
f53.4" (c 2, CHC13) (lit. (7) mp 129-130 "C, [aID f54.4" 
(C 0.25, CHC13). 

Methyl 2,3,6-Trideoxy-a-D-erythro-hex-2-enopyranoside, 
l a  

The dimesylate 6 (50 g, 0.127 mol) was added to a 
mixture of potassium iodide (210 g, 1.27 mol) and zinc- 
copper couple (9) (92 g, 1.4 mol) in dry dimethylforma- 
mide (550 ml). After refluxing for 4f h, thecooled solution 
was diluted with ether and the mixture was stirred for 
15 min. The insoluble material was removed by filtration 
and the filter cake was stirred with ether and filtered 
again. The combined filtrates were evaporated to a thick 
syrup, which was extracted with ethyl acetate and washed 
with half of its volume of water. After decolorization 
with charcoal, the ether solution was evaporated to an 
oily residue which was purified on a silica column with 
50% EtOAc - petroleum ether as eluant (Rf 0.33). The 
product l a  obtained was a mobile oil (7.0 g, 40%). The 
nmr spectrum of l a  was identical to that of the authentic 
racemic mixture (3).6 It was further characterized as its 
p-nitrobenzoate, 10. After recrystallization from meth- 
anol: mp 136-137 "C. Anal. calcd. for Cl4HI5o6N: C 
57.34,H5.16,N4.78; found: C57.33, H5.17,N4.70. 

Methyl 4-0-Benzoyl-2,3,6-tvideoxy-or-o-erythro-hex-2- 
enopyranoside, 9 

The alcohol la  (4.9 g, 34 mmol) was dissolved in dry 
pyridine (20 ml) and benzoyl chloride (5.6 g, 40 mmol) 
was added. After stirring at room temperature for 1 h, 
the reaction mixture was poured into sodium bicarbonate 
solution and then extracted with chloroform and washed 
with water. The dried (Na2S04) chloroform solution on 
evaporation afforded compound 9 as a thick syrup (7 g, 
82%) which crystallized slowly on standing (1 month). 
After recrystallization from methanol: mp 47-48 "C, 
[aID23 f104.8' (c 0.5, CHC13). For the L-enantiomer (3): 
mp 43-45 "C, [ o ] ~ ~ ~  -215 OC. Anal. calcd. for CI4Hl6o4: 
C 67.73, H 6.50; found: C 67.72, H 6.59. 

Methyl 2,3,6-Trideoxy-a-D-glycero-hex-2-enopyranosid-4- 
ulose, 2a 

A mixture of chromium trioxide (1.74g, 17.4 mmol) 
and calcium sulfate (3.4 g, 28 mmol) in dry methylene 
chloride (100 ml) was stirred at 0 "C for 20 min before the 
addition of dry pyridine (2.4m1, 34.8 mmol). After 
stirring at 0 "C for another 20min, a solution of com- 
pound l a  (420 mg, 2.9 mmol) in dry methylene chloride 
(12ml) was added. The mixture was then allowed to 

6We are indebted to Professor Dr. A. Zamojski (3) for 
providing us with nmr spectra of compounds in this series. 

warm up to room temperature and the stirring was con- 
tinued for 7 h. Dilution of the reaction mixture with 
ether, filtration, and evaporation of the filtrate afforded a 
light brown syrup which was redissolved in ether and 
decolorized with carbon at room temperature. Removal of 
the carbon and ether gave a light-yellow residue which 
weighed 240 mg (crude yield 60%). The nmr spectrum of 
2a was identical to that for the racemic mixture (3). 

Ethyl 2,3-Dideoxy-6-0-p-toluenesulfonyl-a-D-erythro- 
hex-2-enopyranoside, 12 

The diol 11 (5.00g, 28.8 mmol) was dissolved in a 
mixture of pyridine (1201111) and methylene chloride 
(120ml) and cooled in a dry ice-isopropanol bath to 
-75 "C. p-Toluenesulfonyl chloride (5.48 g, 28.8 mmol) 
was dissolved in methylene chloride (70 ml) and added 
dropwise to the cold solution over 1 h with continuous 
stirring. After an additional hour at -75 "C the mixture 
was left in the freezer compartment of a refrigerator 
(-40 "C) for 2 days and finally at ambient temperature 
for 1 day. The pyridine was removed by evaporation, 
water was added, and the mixture extracted with diethyl 
ether. (The water layer yielded 1.3 g of starting material, 
11). The ether layer was washed with saturated sodium 
bicarbonate solution, then with water, dried (Na2S04), 
and evaporated to syrup, which showed two products 
Rf 0.53 and 0.30 (EtOAc - petroleum ether 35-60 "C 
(1 :I)). These were isolated by silica column chromatogra- 
phy using the same solvent system. The slower-running 
material proved to be 12, 6.0g, 64% yield based on 
unrecovered starting material: nrnr (CDC13) 6 4.90 ( lH,  
br s, J L 2  < 1.5 HZ, H-I), 5.68 (lH, dd, J23 = 10 HZ, H-2), 
5.92 (lH, d, H-3), 3.2-4.2 (4H, m, 0CH2CH3, H-4, H-5), 
4.3 (2H, m, H-6, H-6'), 3.0 (lH, br s, OH), 2.42(3H, s, 
S02C6H4CH3), 1.17 (3H, t ,  J = 7 Hz, OCH2CH3), 
centered at 7.57 (4H, AB, SO2C6H4CH3). 

The syrupy 12 was characterized as the acetate 18 which 
was crystallized from ether - petroleum ether; mp 89.5- 
90.5 "C, [aID23 f92.5' (c 2.51, CHC13). Anal. calcd. for 
C1,H2,0,S: C55.12, H5.99, S8.66; found: C55.17, 
H 6.05, S 8.89. Nuclear magnetic resonance (CDC1)3 
6 4.96 (IH, br s, H-1), 5.85 (2H, br s, H-2, H-3), 5.07 (1H 
d, J = 10 Hz, H-4), 3.2-4.3 (3H, m, H-5, 0CH2CH3), 
centered at 4.2 (2H, m, H-6, H-67, 1.19 (3H, t, J = 7 Hz, 
0CH2CH3), 2.00 (3H, s, OAc), 2.43 (3H, s, S02C6H4CH3), 
7.62 (4H, AB, S02CsH4CH3). 

2-(D-Glycero-I-hydroxy-2-iodoethy1)fura 13 
(a) The syrupy tosylate 12 (0.190g, 0.58 mmol) and 

sodium iodide (0.161 g, 1.07 mmol) were dissolved in 
methyl ethyl ketone (9 ml) and the solution refluxed with 
stirring for 8 h. The precipitated salts were removed by 
filtration and the filtrate evaporated. The resulting 
residue was dissolved in ether, washed with water and 
sodium thiosulfate solution, and then dried (Na2S04). 
Examination by nmr indicated the ratio of 3 to 13 as 2:3. 
These were isolated by silica colun~n chromatography: 
48 mg 3 and 40 mg of 13. 

For 3: v,,, 875 cm-1 (11); A,,, 225 nm; [aIDz3 f 21.2" 
(c 2.74, CHC13); R, 0.60 (EtOAc - petroleum ether (1 :l)); 
Mf 238 (see Scheme 3); nmr (CDCI,) 64.81 (lH, t, 
J1121 = 6.0 HZ, H-l'), 3.53 (2H, d, H-2% 3.25 (lH, br s, 
exchanges D20, OH), 6.40 (2H, d, J(3,4),5 = 1.2 HZ, H-3, 
H-4), 7.43 (lH, t, H-5). Irradiation of H-1' (4.81) c01- 
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lapses H-2' (3.53) to a singlet and vice versa. Irradiation 
of H-3,4 (6.40) collapses H-5 (7.43) to a singlet. 

For the mass spectrum pf 13; m/e238LMf), 221 
(C4H30 CfHCH21), 171(HOCHCH21), 141(CH21), 111 
(C4H30 CHOHCHz+), 97(C4H30 C+HOH), 67 (C4H30+). 

Acetylation of 13 gave 14. R, in EtOAc - petroleum 
ether 35-60 "C (50%) is 0.70; nmr (CDC13) 6 5.96 ( lH,  t, 
J1*2, = 6.0 HZ, H-1'), 3.55 (2H, d, H-2'), 2.08 (3H, S, 
OAc), 6.40 (2H, m, H-3, H-4), 7.41 (lH, d, H-5). 

(b) The furan-diol15 from hydrolysis of 11 in aqueous 
acetic acid (12) (1.44g, 11.3 mmol) was dissolved in dry 
pyridine (25 ml), cooled in ice, and p-toluenesulfonyl 
chloride (2.15 g, 11.3 mmol) added gradually over 1 h. 
After 1 day at 2 "C, the mixture was processed as de- 
scribed for 12. The syrupy product 16 weighed 1.76 g 
(55% yield), and had an R, of 0.51 in EtOAc - petroleum 
ether 35-60 "C (50%): nmr (CDC13) 6 4.92 (lH, dd, 
J1,21 = 5.2, 6.6 Hz, H-l'), 4.22 (2H, d, H-29, 3.5 ( lH,  br 
s, OH), 6.24 (2H, m, H-3, H-4), 7.3 ( lH,  m, H-5), cen- 
tered at 7.67 (4H, AB, S02CsH4CH3), 2.37 (3H, s, 
SOZCSH~CH~). 

The tosylate 16 (1.28 g, 4.5 mmol) was dissolved in 
butanone (35 ml) and sodium iodide (1.26 g, 8.4 mmol) 
added. The solution was refluxed with stirring for 4.5 h 
and then processed as described in part a. The material 
had R, and spectral features like those obtained in part 
(a), but it could not be obtained crystalline as it readily 
decomposed to a greenish-black polymer with evolution 
of a gas! 

Ethyl 6-Iodo-2,3,6-trideoxy-a-D-erythro-hex- 
2-enopyranoside, 3, and its Acetate, 19 

The iodinolysis of tosylate 12 was done as described in 
part a above except that 3 equiv. of pyridine were added 
to the solution before the sodium iodide was introduced. 
After a reaction time of 11 h, the mixture was processed 
as described above. Compound 13 was the only product 
(89% yield), R, = 0.45 (EtOAc - petroleum ether (1 :I)): 
nmr (CDC13) 6 5.03 (lH, br s, J12 < 1.5 Hz, H-l), 
centered at 5.85 (2H, AB, J 2 3  = 10 Hz, H-2, H-3), 
3.1-4.3 (6H, m, H-4, H-5, H-6, H-6', 0CH2CH3), 2.62 
( lH,  br s, OH), 1.24 (3H, t, J = 7 Hz, 0CH2CH3). 

For characterization, compound 13 was treated with 
acetic anhydride and pyridine in the usual way to give the 
acetate 19 which was crystallized and recrystallized from 
ether - petroleum ether (35-60 "C): mp 56-56.5 "C; [aIDz3 
+104.0° (c 5.76, CHCl3). Anal. calcd. for C10HISO4I: 
C36.83, H 4.63,138.91; found: C 36.53, H 3.77, 139.87: 
nmr (CDC13) 6 5.11 (lH, s, H-1), 5.85 (2H, s, H-2, H-3), 
5.16 (lH, d, Jd5 = 10 HZ, H-4), 3.0-4.2 (SH, m, H-5, H-6, 
H-6', OCHZCH~), 1.26 (3H, t, J = 7 HZ, 0CH2CH3), 
2.11 (3H, s, OAc). 

Ethyl 2,3,6-Trideoxy-a-D-erytkro-hex-2-etzopyranoside, l b  
W-2 Raney nickel (-2 g) was boiled in acetone (15 ml) 

with stirring for 2 h. Iodide 3 (0.101 g, 0.36 mmol) was 
then added and reflux continued for 20 h when tlc 
indicated that the reaction was incomplete. A further 
amount of deactivated Raney nickel was added and after 
an additional 4 h, when the hydrogenolysis was seen to be 
complete, the mixture was filtered through celite and the 
solvent evaporated to give 0.050 g (90% yield) of lb. 
R, = 0.33 (EtOAc - petroleum ether 35-60 "C (1 :I)). 
The nmr spectra of l b  and l a  (described above) were 

identical except for the aglycon resonances: nmr (CDC13) 
6 4.97 (lH, d, J12 = 2 HZ, H-I), 5.71 (1H, dd, H-2), 5.97 
(lH, d, H-2 and H-3 form an AB, H-3), 3.3-4.2 (4H, m, 
H-4, H-5, OCHzCH,), 1.20 (3H, d, Js6 = ~ H z ,  H-6), 
2.46 ( lH,  br s, OH), 1.24 (3H, t, J = 8 Hz, 0CH2CH3). 

Etliyl 2,3,6-Trideoxy-a-D-glycero-hex-2-enopyranosid- 
4-ulose, 2b 

(a) The alcohol l b  (75 n ~ g ,  0.47 mmol) was dissolved in 
chloroform (25 ml) and manganese dioxide (0.65 g) added 
with stirring. After 20 h another quantity (0.65 g) of 
manganese dioxide was added. Upon completion of the 
reaction (-60 h total) as indicated by tlc, the solution was 
filtered through celite and the solvent evaporated to give 
0.063 g (85% yield) of 26. Rf = 0.60 (EtOAc - petroleum 
ether (1 :I)); [aIDz3 $24.4' (C 3.33, CHC13). 

(6) The ketone 20 (16) (0.344 g, 2.0mmol) was dis- 
solved in dry dimethylformamide (10ml) and stirred 
under dry nitrogen in a three necked flask. To this solu- 
tion was added triphenoxyphosphonium methiodide 
(1.80 g, 4.0 mmol). After 30 min at room temperature, tlc 
indicated that all of the starting material had disappeared 
and a new compound 21, R, 0.60 (EtOAc - petroleum 
ether (1 :I)) had been formed. At this time methanol (1 ml) 
was added and reaction stirred for a further 30 min. The 
reaction mixture was poured into a separatory funnel and 
diluted with ether (50 ml). The ether solution was washed 
with a dilute solution of sodium thiosulfate and water, 
dried (Na2S04), filtered, and evaporated. The residue 
obtained was dissolved in reagent acetone (10 ml) and 
this solution was added to Raney nickel W-2 (2 teaspoons) 
which had previously been deactivated by refluxing in 
acetone (30 ml) for 3 h (18).7 

The reaction mixture was refluxed for 6 h and at this 
time tlc indicated that no starting material remained and a 
new comwound R. 0.60 EtOAc - vetroleum ether 35- 
60°C (I:?) was p'resent along Gith other uv active 
material which did not char. The reaction mixture was 
filtered through Celite and evaporated. The residue 
obtained was purified by column chromatography and 
the required product (26) was obtained (0.131 gm, 42% 
overall yield). 

The nmr spectrum of 2b was identical with that of 2a 
(3)s except for the aglycon resonances. [aIDz3 f24.4' (c 
3.33, CHC13): nmr (CDC13) 6 5.22 (lH, d, J12  = 4 HZ, 
H-1), 6.87 (lH, dd, J23  = 1 0 H ~ ,  H-2), 6.08 (lH, d, H-3), 
4.58 ( lH,  q, Js6 = 6 HZ, H-5), 1.39 (3H, d, H-6), 3.4-4.1 
(2H, m, 0CH2CH3), 1.27 (3H, t, J = 7 Hz, OCH2CH3). 
Since the enone 2b could not be induced to form either a 
2,4-dinitrophenylhydrazone or a semicarbazone, it was 
hydrogenated over paladium on charcoal and the dihydro 
compound characterized as the semicarbazone after 
recrystallization from methanol, mp 180.5-181 "C. Anal. 
calcd. for C9HI7O3N3: C 50.21, H 7.96, N 19.52; found: 
C 50.21, H 8.09, N 19.44. 
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71f Raney nickel was not deactivated prior to use some 
hydrogenation of the olefinic double bond was observed. 
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The mechanism of the reaction of lead tetraacetate - hydrogen fluoride 
with 1-octene' 
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DENNIS D. TANNER and PETER VAN BOSTELEN. Can. J. Chem. 54, 2417 (1976). 
The reaction of 1-octene with the lead tetraacetate - hydrogen fluoride reagent led to products 

resulting from the Markovnikov addition of lead and its ligand (fluoro or acetoxy) to the 
olefinic double bond. Displacement of lead from the organometalic intermediate via three 
separate pathways could be distinguished; displacement concomitant with hydride migration 
alkyl migration, or direct displacement by an external ligand. The pathways for the formation 
of the product difluorides, fluoroacetates, and diacetate could be followed by an analysis of the 
products obtained from carrying out the reaction using 1-octene-I-13C as substrate. The major 
pathways to product formation resulting from either hydride or alkyl migration could be 
rationalized as proceeding through the intermediacy of a resonance stabilized u-fluorocar- 
bonium ion. 

DENNIS D. TANNER et PETER VAN BOSTELEN. Can. J. Chem. 54, 2417 (1976). 
La rCaction de l'octkne-1 avec le rCactif tCtraacCtate de plomb - fluorure d'hydrogkne conduit 

aux produits rCsultant de I'addition, suivant Markovnikov, du plomb et de son ligand (fluoro 
ou acCtoxy) sur la double liaison. On peut distinguer trois chemins sCparCs pour le dkplacement 
du plomb de son intermkdiaire organomCtallique; il s'agit du dkplacement accompagnC d'une 
migration d'hydrure, d'une migration d'un groupe alkyle ou du deplacement direct par un ligand 
externe. On a pu suivre les chemins de formation des produits difluorks, fluoroacCtates et di- 
acCtates grhce une analyse des produits obtenus en faisant rCagir l'octkne-1 I3C-I comme 
substrat. On peut rationaliser les chemins majeurs conduisant a la formation de produits 
rksultant soit d'une migration d'hydrure ou de groupe alkyle comme se produisant par I'inter- 
mCdiaire d'un ion a-fluorocarbonium stabilisC par rCsonance. 

[Traduit par le journal] 

Introduction 
The mechanism of the oxidation of bicyclic 

olefins with the lead tetraacetate - hydrogen 
fluoride reagent (LTA-HF) has been proposed 
to proceed via the cis molecular addition of lead 
and its ligand across the carbon-carbon double 
bond to yield a transient organometalic inter- 
mediate. Stereospecific displacement of lead leads 
to the oxidation products observed (1, 2). Con- 
sistent with this proposal, it has recently been 
reported (3) that the reagent, PbFz(OAc)z, when 
allowed to react with pregnenolone yielded a 
relatively stable organometalic addition product 
(4), C25H38F206Pb. Concomitant with the dis- 
placement of the lead a number of n~olecular 
rearrangements have been observed (1, 2, 4-7). 
In several of these reactions where it was 
structuraily possible to form fluorocarbonium 
ions (=C-F) by the rearrangement-displace- 

lTaken in part from the Ph.D. dissertation of Peter Van 
Bostelen, University of Alberta, Edmonton, Alberta, 
1972. 

ment of lead the formation of such intermediates 
seems mechanistically to be a reasonable 
proposal (1, 4, 6, 7). The stability of the fluoro- 
carbonium ion has been used previously to 
rationalize the rate of substitution and the 
ortho-para directing influence of a fluorine sub- 
stituent during electrophilic aromatic substitu- 
tion. However, other rationales, electrostatic in 
nature, have been suggested (8). The inter- 
mediate fluorocarbonium ion has been generated 
and its nmr spectra ('H, 19F, and 13C) have been 
reported (9, 10). From a comparison of the 
difference in the 13C nmr chemical shifts of the 
fluoro, chloro, and bromo carbonium ions with 
those of model compounds, the authors con- 
cluded that back donation of the nonbonded 
electron pairs on the halogen was more effective 
with fluorine than with the other halogens (10). 

In order to expand the synthetic utility of the 
reagent and to test the proposal that a fluoro 
substituent will stabilize a carbonium ion centre 
the reaction of LTA-HF with 1-octene was 
investigated. By analogy, a mechanism con- 
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FIG. 1. Gas-liquid partition chromatographic chart of the products obtained from the reaction 
of LTA-HF with 1-octene. 

I 

sistent with that previously proposed for the 
reaction of 1,l-diphenylethylene (I), norbornene 
( I ) ,  and ethenoanthraceile (2), although the 
stereochemical course of the addition has not 
been established for nonstrained systems (1, 2), 
would predict, for the reaction of 1-octene if 
rearrangement did occur, the intermediary of a 
primary fluorocarbonium ion. To propose the 
intermediacy of a terminal cation of this structure 
implies a large degree of stabilization by the 
substituent fluorine. 

Freon I12 

3 

I 6 

7 

Results 

2 8 

A methylene chloride solution of 1-octene, 1, 
and an internal standard, Freon 112, was 
allowed to react (0 OC) with the preformed 
LTA-HF reagent. The isolated product mixture 
was subjected to glpc analysis and seven major 
products (> 2%) and a number of minor prod- 
ucts (<2% each) were detected, see Fig. 1. 

The major products (2-8) and two of the 
minor products (9-10) were isolated by pre- 
parative glpc. The structures assigned to the 
isolated products and their yields as determined 
by glpc analysis are listed in Table 1. 

The structures of compounds 2 and 8 were 
assigned by a comparison of their ir and nmr 
spectra and glpc retention times with those of the 

TABLE 1. Products from the reaction of 1-octene 
with LTA-HF 

Compound Yield (%) 

authentic materials prepared by known methods. 
Compound 7 was assigned the structure 2-fluoro- 
1-acetoxyoctane, on the basis of its micro- 
analysis, ir, and nmr (lH, 19F) spectra and by a 
comparison of its physical constants with those 
reported in the literature. The structures of com- 
pounds 3 and 4 were assigned on the basis of their 
microanalysis and nmr ('H, 19F) spectra. 

The geminal fluoroacetates 5 and 6 were both 
found to decompose during their isolation by 
preparative glpc, when large amounts of mate- 
rials were injected on the glpc column. Their 
decomposition products were collected. The 
decomposition product formed from 5 was 
shown to  be 2-octanone. Lithium aluminum 
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TANNER A N D  VAN BOSTELEN 2419 

TABLE 2. Comparison of carbonyl and carbon-oxygen stretching frequencies 
for some substituted and unsubstituted acetates" 

Carbonyl Carbon-oxygen 
Compound stretch& (cm-1) AG stretchb (cm-1) AC 

1-Acetoxy-1,Zdiphenyl ethaned 1740 2o 1240 
1-Fluoro-1-acetoxy-l,2-diphenylethaned 1760 1211 29 
2-Acetoxyoctane 1735 35 1243 
2-Acetoxy-2-fluorooctane (5) 1770 1225 18 

1-Acetoxyoctane 1740 3o 1235 
1-Acetoxy-1-fluorooctane (6) 1770 1218 17 
1-Acetoxy-2-fluorooctane (7) 1745 1230 
1-Acetoxy-2,2-difluorooctane (10) 1755 1243 
1,2-Diacetoxyoctane (8) 1740 1225 

1240 

aSpectra were taken as 1.5% CClr solutions in 0.5 mm NaCl cells on a Perkin-Elmer 337 grating 
spectrometer. 

Wrequencies were calibrated against the 1601.4 cm-' peak of polystyrene. 
cThe difference in wave numbers between the geminal substituted and unsubstituted acetates. 
dTaken from ref. I. 

hydride reduction of 2-octanone yielded 2- F F OAc 
octanol, while 1-octanol was obtained from the I LTA-HF I I 

C6H13C=CH2 - C6HI3C-CH2 
reduction of the decomposition product of 6. I 
The 'H nmr of 5 was consistent with its assigned F 

structure. Its ir spectrum showed a carbonvl 9 10 
absorption frequency at 1770 cm-l and a carboi- 
oxygen stretching frequency at 1225 cm-l. The 
shift to a higher wave number for the carbonyl 
frequency and to a lower wave number for the 
carbon-oxygen stretching frequency, compared 
to the frequencies observed for 2-acetoxyoctane, 
seems to be diagnostic of a geminal acetoxy- 
fluoroalkane (see Table 2). One fluorine sub- 
stituent p to an acetoxy group (compound 7, 
Table 2) does not appear to greatly affect the 
acetoxy absorption frequencies, although two 
p-substituents (compound 10, Table 2) show a 
similar effect (although somewhat smaller), as 
does a geminal fluorine substituent. A similar 
shift in the acetate absorption frequencies was 
noted for compound 6. The structural assign- 
ment made for 6 was further confirmed on the 
basis of its microanalysis and nmr (lH and 19F) 
spectra. 

The two minor products 9 and 10 were syn- 
thesized in the following manner. 

F Br 
BrF I ( NaOCH3 

C6HI3CH=CH~ j CsH13CH-CH2 
MeOH 

Their structures were assigned on the basis of 
their microanalysis and ir and nmr (lH, 19F) 
spectra. The glpc retention times of the syn- 
thesized materials were identical with those found 
for 9 and 10 formed in the LTA-HF reaction of 
1-octene. A sample of 10 from the LTA-HF 
reaction with 1-octene could be isolated by 
preparative glpc under conditions where com- 
pounds 5 and 6 had undergone decomposition. 
Its ir and nmr (lH, 19F) spectra were identical to 
those of the synthesized material. Compound 9 
could only be obtained by preparative glpc 
admixed with 2. The ir and nmr spectra of this 
mixture, however, contained the same absorption 
bands found in a synthetic mixture of the two 
compounds. In the reaction of 9 with LTA-HF 
no 2 was formed (glpc); however, another com- 
pound (-30%), presumably 1,2,2-trifluoro- 
octane, was also found. 

In order to establish the mechanistic pathway 
for the formation of the above products from the 
reaction of LTA-HF with 1-octene the reaction 
was carried out with 13C labelled olefin, l-octene- 
1-13C. The specifically labelled material was 
synthesized by the method outlined in Scheme 1. 
The position of the label in the olefin was con- 
firmed by 13C nmr spectroscopy. The 13C 
labelled olefin was allowed to react with the 
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RCH=*CH~ - RCH:CH~-OAC 
Heat 

R = n-hexyl *indicates the I3C label. 

TABLE 3. Structures assigned and yields of products 
from the reaction of 1-octene-1-13C with LTA-HF. 

CornpoundaJ Nurnberb Yield ( C j , )  

RCF2*CH3 2* 13 
R*CH2CHF2 3* 34 
RCHF*CH2F 4* 6 
RCF(OAc)* CH3 5% 3 
R*CH2CHF(OAc) 6* 15 
RCHF* CH2(0Ac) 7* 12 
RCH(OAC)CH~(OAC)~ 8 7 

aR = n-hexyl. 
baindicates 13C enriched atom. 
CThe position of  the label in this compound was not determined; 

however, using mechanistic considerations (see Discussion) the label 
can be assigned to the C-1 position. 

LTA-HF reagent under the same conditions as 
were used for the unenriched material. The 
major reaction products, 2, 3, 4, and 7 and the 
two isomeric alcohols from the reduction of the 
decomposition products of 5 and 6 were ob- 
tained and their 13C sDectra were recorded. 
The ~osi t ion of the enriLhed atom in six of the 
sever; major products was clearly established 
from an examination of these spectra (see 
Table 3). 

Discussion 

The reaction of 1,l-diphenylethylene has been 
found to yield initially two compounds 1,l- 
difluoro- 1 ,Zdiphenylethane and a compound 
(an unstable precursor to desoxybenzoin)tenta- 
tively assigned either the structure 1,l-diacetoxy- 
1,2-diphenylethane or 1-fluoro- 1-acetoxy- 1,2-di- 
phenylethane (1). The mechanism suggested for 
the formation of the products formed is given 
in Scheme 2 (1). Although, 1,l-difluoro- 1,2- 
diphenylethane (Z and Y = F) was stable to the 
reaction conditions no information was avail- 
able as to the stability of either of the compounds 
which were proposed a s .  structures for the 
desoxybenzoin precursor (2, Y = OAc or Z = 

F. Y = OAc). Since. under the reaction condi- 
tions 1 -acetoxy- 1 ,Zdiphenylethylene (nor, pre- 
sumably, its protonated form i) does not lead t o  
the production of desoxybenzoin, the more 
attractive pathway for the formation of desoxy- 
benzoin is via the intermediacy of a fluoro- 
carbonium ion (ii). The intermediate ii could be 
formed conceivably, ultimately from either of 
the two proposed precursors. The capture of the 

Z, Y = F or OAc m, n = &3 
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TANNER AND VAN BOSTELEN 242 1 

fluorocarbonium ion ii by adventitious water 
present in the system (1) accommodates the 
formation of desoxybenzoin. 

The observation that 5, produced from the re- 
action of 1-octene, was unstable and led to the 
production of Zoctanone gives support to the 
suggestion that the precursors to the ketonic 
products in both reactions were geminal fluoro- 
acetates. By analogy the decomposition product 
from 6 was 1-octanal. 

An analogous mechanism to that proposed to 

LTA-HF R-CH=*CH~ - 

R = n-hexyl "indicates 13C enriched atom 
Z, Y = F or OAc 
m, n = &3 

explain the reaction of 1,l-diphenylethylene with 
LTA-HF can be suggested to explain the 
products formed and the position of the label 
found in these products for the reaction of 
1-octene-I-13C with LTA-HF (see Scheme 3). 

From the products formed and the position 
of the label in the products three distinct 
mechanistic pathways for the decomposition of 
the organometallic addition intermediate can be 
recognised: path a direct substitution, path b 
hydride migration, and path c alkyl group 
migration. These pathways were likewise pro- 
posed to explain the stereochemistry of the 
products observed in the reactions of LTA-HF 
with norbornene (1). Direct displacement of lead 
on the primary carbon center led to the forma- 
tion of three of the major products 4, 7, and 8 
and was the only reasonable process available to 
explain the production of I-13C labelled prod- 
ucts 4*, 7*, and presumably 8. A competitive 
1,Zhydride shift (path b) and the migration of 
the alkyl group (path c) are sufficient to  rational- 
ize the formation of the remaining major prod- 
ucts 2* and 5* (path b) and 3* and 6* (path c), 
and to explain consistently the position of the 
label in these products (see Scheme 3). The 
products formed from alkyl migration are 
favoured over those arising from hydride re- 
arrangement by approximately 3 : 1. The major 
portion of both of these processes proceeds via 
the intermediacy of a fluorocarbonium ion to 
form 3 (--R) and 2 (--H). The minor portion of 
each pathway forms 6 (--R) or 5 (-H) via the 
fluorocarbonium ion or an a-acetoxonium ion. 
depending upon the sequence of reactions which 
form these geminal fluoroacetates. Apparently, 
the driving force for the major portion of the 
reaction by either rearrangement-displacement 
pathways, (b or c), was the formation of a 
resonance stabilized fluorocarbonium ion. 

In the reaction of norbornene with LTA-HF 
minor amounts of products arising from the loss 
of a proton from the resonance stabilized 3- 
fluoronorbornyl cation were observed (1). The 
production of 9, similarly, by proton loss from 
an intermediate cation would not be unexpected 
(path d). Further reaction of 9 with the reagent 
was shown to  yield 10 as its major product. 

Experimental 
Materials 

Lead tetraacetate (Alpha Inorganics, reagent grade) 
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was recrystallized several times from acetic acid contain- 
ing 4% of acetic anhydride and the white crystals were 
washed with solvent and air dried. 

Anhydrous hydrogen fluoride (Matheson) was distilled 
and condensed into an open polyethylene fask cooled to 
-80 "C, and was used without further purification. When 
used in this manner it could no longer be considered 
anhydrous. 

Methylene chloride was distilled from phosphorous 
pentoxide prior to use. 

Freon 112 (Dupont, research chemicals) was distilled 
prior to use, bp 90.5 "C/710 torr. 

1-Octene (Phillips Petroleum Co., research grade, 
>99.73 mol% pure) was used without further purifica- 
tion. 

13C enriched barium carbonate (61.2 atom% 13C, 
Bio-Rad Laboratories) was used to prepare the labelled 
carbon dioxide used in the preparation of 1-octene-l-13C. 

Gas-Liquid Partition Chromatographic Analysis 
Both the analytical results and the preparative collec- 

tions were carried out on a 10 ft X 0.25 in. glass column 
packed with 10% SE-30 on Chromosorb WA/W. The 
column was fitted to a Carlo Erba Fractovap glpc 
instrument using the terminal conductivity detector and 
was programmed from 80-275 "C (8 "C per min), see 
Fig. 1. The molar quantities of products were determined 
by the use of standard calibration curves constructed 
using 1,l-difluorooctane and Freon 112 (for the fluorin- 
ated materials), and 1-acetoxy-2-fluorooctane and Freon 
112 (for the acetate and fluoroacetates). 

Reaction ofl-Octene with LTA-HF 
A methylene chloride solution (200 ml) of LTA (40 g, 

0.09 mol) and hydrogen fluoride (5.4 ml, 0.27 rnol) was 
placed in a polyethylene reaction flask protected from 
additional moisture by a calcium chloride drying tube. 
The mixture was stirred (Teflon coated magnetic stirring 
bar) at 0°C for 1 h to preform the reagent. To this 
mixture was added, in one portion, a 50 ml precooled 
(0 "C) methylene chloride solution of 1-octene (5.01 g, 
0.0446mol) and Freon 112 (3.71 g, 0.0182mol). The 
resultant mixture was stirred at 0 "C for 30 min and then 
quenched by pouring into a cold (0 "C) saturated solution 
of potassium carbonate. The organic layer was filtered 
through 'Celite Filter Aid', the aqueous layer was ex- 
tracted with methylene chloride, the combined organic 
phases were washed in succession with water, saturated 
sodium bicarbonate, water, and finally dried over an- 
hydrous sodium sulphate. The reaction mixture was then 
subjected to glpc analysis. From the ratio of 1-octene to 
Freon 112 determined before and after the reaction, it was 
determined that 0.0433 rnol (97%) of the olefin had re- 
acted. The yields of the products obtained are listed in 
Table 1. 

2,2-DiJluorooctane (2) 
The yield of compound 2 was 0.0057 mol(13.2% based 

on the consumption of 1). An authentic sample of com- 
pound 2 was prepared by the addition of H F  to 1-octyne 
at -78 "C as described by Grosse and Linn (1 1). Com- 
pound 2 is a colourless liquid: bp 136 "C/700 torr (lit. 
(12) 136 "C/760 torr); nD20 1.3776 (lit. (12) nD20 1.3766); 
nrnr (CFCI,) r 8.1 (m, 2H), 8.48 (t, J = 18 Hz, 3H), 8.65 
(m, 8H), 9.09 (t, J = 5 Hz, 3H); 19F nrnr (CFC13) 126.99 
ppm (sextet, J = 18 Hz). 

The glpc retention time and the spectral data of syn- 
thetic 2 were found to be identical to those of a sample of 
compound 2 isolated from the reaction of LTA-HF with 
1. 

],I-Difluorooctane (3) 
The yield of compound 3 was 0.0148 mol (34.2y0). 

Compound 3 is a colourless liquid: bp 133 "C/690 torr; 
nD20 1.3831 ; nmr (CCl,) r 4.29 (t o f t ,  J = 57 Hz, J = 5 
Hz,1H),8.l(m,2H),8.7(m,10H),9.11(t,J= 5Hz,3H). 
In a spin decoupling experiment, irradiation of the multi- 
plet at T 8.1 caused the absorption at r 4.29 to collapse 
into a triplet ( J  = 57 Hz). The 19F nrnr (CCl,) showed 
only one signal, a doublet of triplets centered at 116.37 
pprn (ppm from CFC13) (Jd = 57 Hz, J, = 17 Hz); m/e 
150.1220 (calcd. for C8Hl6F2: 150.1220). Anal. calcd for 
C8H16F2: C 63.92, H 10.73; found: C 63.56; H 10.70. 

1,2-Dijluorooctane (4) 
The yield of compound 4 was 0.0024 mo1(5.5%). Com- 

pound 4 is a colourless liquid: bp 147 "C/690 torr; nDZO = 
1.3929; nnlr (CC14) T 5.5 (m), 5.62 (d of d of d, J = 49 Hz, 
J = 22 Hz, J = 4.5 Hz, the combined signals at T 5.5 
and 5.62 integrated for 3H), 8.35 (m, 2H), 8.62 (m, 
8H), 9.08 (t, J = 5 Hz, 3H). The 19F (CCI,) spectrum of 4 
showed two signals, a multiplet centered at 189.5 pprn and 
a twelve line signal centered at 230.7 pprn (Jt = 49 Hz, 
Jd = 22 Hz, Jd = 15 Hz). Anal. calcd. for C8H16F2: 
C 63.92, H 10.73; found: C 64.17, H 10.94. 

2-Acetoxy-2-Jluorooctane (5) 
The yield of compound 5 was 0.0013 mo1(3.0%). Com- 

pound 5 is a colourless unstable liquid; ir (CCI,) see 
Table 2; nrnr (CC,) T 8.00 (s, 3H), 8.34 (d, J = 19 Hz, 
3H), 8.70 (m, IOH), 9.10 (t, J = 5 Hz, 3H). 

When neat 5 was reinjected on the glpc column (180 "C) 
it completely decomposed to a new compound. The de- 
composition product was isolated and shown to be 2- 
octanone by comparison of its ir and nmr spectra with 
those of an authentic sample. 

I-Acetoxy-I-Jluorooctane (6) 
The yield of compound 6 was 0.0065 rnol (15.0%). 

Compound 6 is a colourless liquid: nDz0 1.4101 ; ir (CCI4) 
see Table 2; nrnr (CCI,) T 3.77 (d of t, Jd = 56 Hz, Jt = 
5 Hz, lH), 7.96 (s, 3H), 8.30 (m, 2H), 8.70 (m, lOH), 9.12 
(t, J = 5 Hz, 3H). The 19F nrnr (CC14), 128.62 pprn (d of 
t, Jd = 56 Hz, Jt = 17 Hz). Anal. calcd. for CIOHlgFO2: 
C 63.13, H 10.07; found: C 62.91, H 9.78. 

I-Acetoxy-2-Jluorooctane (7) 
The yield of compound 7 was 0.0053 rnol (l2.2YG). 

Compound 7 is a colourless liquid: nD25 1.4144 (lit. (13) 
nD25 1.4134); ir (CC,) see Table 2; nrnr (CCI4) r 5.5 (d of 
m, J = 50 Hz, lH), 5.95 (d of d, J = 23 Hz, J = 3 Hz, 
2H), 7.97 (s, 3H), 8.30 (m, 2H), 8.7 (m, 8H), 9.11 (t, J = 
5 Hz, 3H); 19F nrnr (CCI,) 187.38 pprn (CFCI3) (m). 
Anal. calcd. for CIOH19FOZ: C 63.13, H 10.07; found: 
C 63.40, H 10.17. 

1,2-Diacetoxyoctane (8) 
The yield of 8 fiom the reaction of LTA-HF with 1- 

octene was 0.0029 mo1(6.7%). Its glpc retention time and 
ir and nrnr spectra were identical to an authentic sample 
prepared by the acylation of 1,2-octanediol. 1-Octene was 
oxidized to 1,2-octanediol with hydrogen peroxide accord- 
ing to the method described by Swern et al. (14); bp 
135-136 "C/9 torr, (lit (14) 135-136 "C/10 torr); nD20 
1.4494; ir (neat) v 3450, 1075, 1040cm-1; mnr (CC14) 
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The organic phase was separated and washed in succession 
with water, saturated sodium bicarbonate solution, water, 
and finally dried over anhydrous sodium sulfate. The bulk 
of the ether was removed by distillation through an 8 in. 
Vigreaux column. 

The alcohol formed was not isolated but was treated 
with 9.7 ml(0.13 mol) of acetyl chloride added in a drop- 
wise manner. When the initial reaction had subsided, 
enough of an aqueous 20% sodium hydroxide solution 
was added, in a dropwise fashion, to render the reaction 
mixture just alkaline to litmus. The layers were separated 
and the aqueous layer was extracted with ether. The com- 
bined ether portions were washed with water and dried 
over anhydrous sodium sulfate. Removal of the ether by 
distillation through an 8 in. Vigreaux column resulted in 
12g (927, based on barium carbonate) of l-acetoxy- 
octane-I-13C; ir (neat) v 1740, 1235 cm-1. 

I-Octene-I-13C 
The acetate was subjected to  pyrolysis using the pro- 

cedure reported by Wibaut and Van Pelt (16). By this 
method, 3.7 g (47y0) 1-octene-l-13C was isolated. The 
glpc retention time and the ir spectrum of the enriched 
olefin were found to be identical to those of an  authentic 
sample of 1-octene. 

Compound 1 showed proton decoupled natural 
abundance 13C resonances at  139.63, 114.65, 34.50, 32.45, 
29.61, 29.51, 23.22, and 14.29 pprn. The 13C nmr of 
1-octene-I-13C showed only one proton decoupled 13C 
resonance at  114.65 ppm. This signal appeared as a 
nominal triplet ( J  = 154 Hz) in the proton coupled 13C 
nmr spectrum thereby confirming that the 13C enriched 
carbon was in the C-1 position. 

Reaction of I-Octene-I-13C with LTA-HF 
The reaction was run in an identical manner to that 

described for the unlabelled material. Thus a solution of 
3.7 g (0.033 mol) of 1-octene-I-13C in 40 ml of dry meth- 
ylene chloride was added to a cold (0 "C), stirred 
solution of 30 g (0.066 mol) of LTA and 3.9 ml(0.2 mol) 
of H F  in 150 ml of dry methylene chloride. The reaction 
was quenched after 30 min reaction time and the products 
were isolated in the usual manner. The glpc analysis re- 
vealed that the product distribution was identical to that 
obtained from the reaction carried out with unlabelled 
material. The bulk of the solvent was removed by distil- 
lation through an 8 in. Vigreaux column. Upon standing, 
this solution changed color from pale yellow to dark 
brown. The glpc analysis of the dark brown solution re- 
vealed that the signals corresponding to compounds 5 and 
6 had disappeared. A new signal having a retention time 
of about 1 min longer than that of compound 4 (see Fig. 1) 
had appeared. The decomposition products were isolated, 
but not separated, by preparative glpc. 

Isolarion of2-Octanol-I-13C and I-Ocfanol-2-13C 
To DO mg (5 mmol) of LAH dissolved in 5 ml of 

anhydrous ether, was added dropwise, with stirring, a 
solution of 252mg of the decompcsition products, 
described above, in 15 ml of anhydrous ether. The re- 
action mixture was treated in the manner described for 
the unenriched material. The glpc analysis revealed that 
two volatile products had been formed. The area ratio of 
the 2-octanol to the 1-octanol was found to be the same as 
the area ratio, before decomposition, of compound 5 to 

compound 6. The reduction products were isolated by 
preparative glpc and their nmr spectra were recorded. 

The 'H nrnr of 2-octanol-I-13C showed a doublet of 
doublets centered at  T 8.83 (J = 125 Hz, J = 6 Hz). 

The IH nmr of 1-octanol-2-13C shows a doublet of 
multiplets centered at  T 8.40(2CH2, JBena 13C-H = 125 Hz). 

l3C Nuclear Magnefic Resonance Studies 
l3C nmr spectra were determined using a Bruker 

Scientific HFX-8 spectrometer operating in conjunction 
with a Frabri-Tek-1074/PDP-8L fast Fourier transform 
signal averager. The samples, isolated from glpc, were 
dissolved in deuteriochloroform, and tetramethylsilane 
(TMS) was added as an internal reference. Chemical 
shifts were calculated relative to the internal TMS signal 
and for purposes of comparison may be converted to the 
benzene scale (TMS to benzene, 128.54 ppm). 

2,2-Difluorooctane-I-13C (2*) 
The proton decoupled 13C nrnr spectrum showed a 

triplet centered at  23.25 pprn ( J  = 28 Hz). The proton 
coupled 13C nmr spectrum showed a quadruplet of 
triplets (J, = 128 Hz, J, = 28 Hz). The multiplicity and 
the magnitude (17) of the coupling constants indicate 
that there are three protons directly attached to the en- 
riched carbon. 

I,l-DiJuoroocta1ze-2-'3C (3*) 
The proton-decoupled l3C nrnr spectrum of compound 

3* showed resonances at  13 1.30 (t, J = 237 Hz), 34.41 (t, 
J = 19 Hz), 32.06 (s), 29.09 (s), 29.07 (t, J = 32 Hz), 
22.90 (s), 22.42 (t, J = 5 Hz), and 14.14 (s) ppm. The 
proton-decoupled spectrum of 13C enriched compound 3* 
showed that only the resonance at  34.41 ppm was en- 
hanced. 

I,2-DiJluorooctane- I-13C (4*)  
The proton decoupled nmr spectrum of 4* showed a 

d o ~ ~ b l e t  of doublets centered at  84.45 ppm ( J  = 174 Hz, 
J = 24 Hz). The proton coupled spectrum showed 10 
lines in the intensity ratio of 1:1:2:3:1:1:3:2:1:1. The 13C 
resonance in 4* was split into a doublet by a geminal 
fluorine ( J  = 174 Hz), each branch of which was further 
split into a triplet by the two geminal protons ( J  = 150 
Hz), each branch of which was still further split into a 
doublet by the vicinal fluorine atom ( J  = 24 Hz). 

I-Acetoxy-2-fluorooctane- I-] 3C (7*) 
The proton decoupled 13C nmr spectrum of 7* showed 

a doublet centered at  65.83 ppm ( J  = 23 Hz). The proton 
coupled 13C nmr spectrum showed a triplet of doublets 
(J, = 147 Hz, Jd = 23 Hz). The large coupling constant 
was assigned to the 13C resonance split by the two hydro- 
gens directly attached to the enriched carbon, while the 
small coupling was assigned to the vicinal 13C fluorine 
interaction. 
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Coordination properties of Q-alanine: new complexes with some transition 
metals cobalt(II), nickel(II), and copper(I1) 
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GIUSEPPE MARCOTRIGIANO, LEDI MENABUE, and GIAN CARLO PELLACANI. Can. J. Chem. 54, 
2426 (1976). 

The neutral six-coordinated tetragonal C ~ ( p - a l a ) ~  .2H20 complex (8-ala = NH2CH2CH2CO- 
0-) was prepared. In this complex p-alanine acts as an 0,N-chelating agent, as in the known 
C ~ ( p - a l a ) ~ . 6 H ~ O  and Ni(p-ala)2.3H20 complexes. We also prepared some complexes of a type 
that is new for p-alanine, with stoichiometries such as M(p-alaH)2X2, M(p-alaH)4(C104)2 
(M = Co and Ni), C~(p-a laH)~(ClO~)~ ,  and Cu(p-alaH)CI2 (p-alaH = &H~CH~CH~COO-),  in 
which the ligand acts as a zwitterion and coordinates toward the carboxy group as a formally 
neutral ligand. The possibility of formulating the complexes as H2[M(p-ala)2X2] is discussed. The 
electronic spectra and the magnetic moments of the halide complexes are in accord with pseudo- 
tetrahedral, octahedral, and tetragonal stereochemistry for the cobalt(II), nickel(Il), and 
copper(I1) ions, respectively, while those of the perchlorate complexes are in accord with 
pseudooctahedral stereochemistry. The p-alanine hydrohalide salts and the bis(p-alaninium)- 
tetrachlorocuprate complex were also prepared and are discussed. 

GIUSEPPE MARCOTRIGIANO, LEDI MENABUE et GIAN CARLO PELLACANI. Can. J. Chem. 54, 
2426 (1976). 

On a prepare le complexe neutre hexacoordonnk tetragonal C ~ ( p - a l a ) ~  .2H20 (6-ala = NH2C- 
H2CH2COO-). Dans ce complexe, la p-alanine agit comme un agent chilatant par I'oxygkne et 
I'azote; ce comportement est aussi connu dans les complexes C ~ ( p - a l a ) ~ .  6H20 et Ni(p-ala)2. 3- 
H20. On a aussi prepare quelques complexes d'un type nouveau pour la p-alanine et possedant 
des stoechiometries telles que M(p-ala+H)2X2, M(p-alaH)4(C104)2 (M = Co et Ni), Cu(p-alaH)3- 
(C104)2 et Cu(p-alaH)C12 (p-alaH = NH3CH2CH2COO-), dans lesquels le ligand, neutre d'une 
f a ~ o n  formelle et agissant comme un zwitterion, est coordonne par le groupe carboxyle. On 
discute de la possibilite de representer les complexes par la formule H2[M(p-ala)2X2]. Les 
spectres Clectroniques et les moments magnitiques des haloginures complexes sont en accord 
avec des stiriochimies pseudotitrabdrique, octaedrique et tetragonale respectivement pour les 
ions cobalt(II), nickel(I1) et cuivre(11); par ailleurs les propriktis des complexes perchlorates 
correspondent i des stCrCochimies pseudooctaCdriques. On a aussi prepark et on discute des 
complexes de sels halohydriques de la p-alanine et du bis(p-alaninium) titrachlorocuprate. 

[Traduit par le journal] 

Introduction 
Our understanding of the nature of metal- 

binding sites in proteins owes much to the study 
of models involving metal complexes with amino 
acids and small peptides. The coordinating 
power of amino-acid side chains towards metals, 
particularly copper(II), has been the object of 
a great deal of investigation and has been taken 
into account in many discussions of metal- 
binding sites in proteins. 

Many simple amino-acids have been com- 
plexed with a large number of transition metal 
ions, and a recent review (1) collects the data 

relating to interactions between transition metal 
ions and a-amino acids which, formally, act as 
tridentate ligands. 

In this work we study the interactions of the 
cobalt(II), nickel(II), and copper(I1) ions with 
0-alanine. 

The crystal structure (2) and the esr spectra 
(3-5) of the C~(p -a l a )~ .6H~O complex and the 
electronic and vibrational spectra of the bis- 
hydrate and anhydrous Ni(p-ala)z complex (6) 
are known. Also, the rate constants for the 
formation of CoZ+, NiZ+ (7), and CuZ+ (8) com- 
plexes with p-alanine have been measured by 
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temperature-jump and stopped-flow methods. 
This study represents an extension of our 

previous research in which we have investigated 
the complexes of some transition metal ions 
with some amino-acids, such as N-acetylglycine 
and N-benzoylglycine, and their amine adducts 
(9). 

Experimental 
All the reagents were of pure comn~ercial grade. 

Preparation of the Complexes 
C0(/3-ala)~.2H~O was obtained by adding 4 X 10-3 mol 

of freshly prepared C O ( O H ) ~ . ~ H ~ O  to 10-2 mol of 
p-alanine in 10 ml of H 2 0  with stirring at 40-50 "C. The 
unreacted cobalt salt was filtered off and the wine-red 
solution was cooled at 4-5 "C overnight to yield a pink 
crystalline compound. 

C0@-alaH)~(CI0~)2 and C~(p-alaH)~(ClO~)~. Solid P- 
alanine (8 X mol) were slowly added with stirring 
to a 60-70 "C methanolic solution containing 2 X 10-3 
mol of M(C104)2.6H20. The undissolved p-alanine was 
rapidly filtered off. The lilac cobalt compound was 
separated by cooling the wine-red solution. The copper(I1) 
compound was separated by concentrating the blue 
solution, adding diethyl ether until a blue oil was ob- 
tained, and cooling the 011 at 4-5 "C overnight. 

Ni(p-alaH)4(C104)2. p-Alanine (1 X 10-2 mol) was sus- 
pended in a methanolic solution (15 ml) of Ni(C10.J2. 
6H20 (2.5 mol) and refluxed for2 h on a water bath. By 
concentrating (5 ml) the solution and adding an acetone - 
diethyl ether (1:l) solution a blue oil separated out. The 
oil crystallized by cooling in an ice bath overnight. This 
compound was also recrystallized by dissolving it in 
methanol and adding acetone as precipitating agent. 

M(p-a l~H)~x~ (M = Cu, Ni and X = C1, Br; M = Co 
and X = C1, Br, I). The complexes were prepared by re- 
fluxing 4 X 10-3 mol of solid p-alanine suspended in a 
methanolic solution of anhydrous cobalt(l1) or nickel(l1) 
halide or in an ethanolic solution of anhydrous copper(l1) 
halide (2 X 10-3 mol in 30 ml) at 70-80 "C until a 
limpid solution was obtained. Acetone was added until 
incipient precipitation and then the solution was cooled 
in an ice bath. The cobalt(l1) halide complexes are blue, 
C ~ ( p - a l a H ) ~ I ~  is olive-green, and the nickel(1I) complexes 
are green. 

Cu(p-alaH)Clz was prepared by the reaction of 2 X 10-3 
rnol of CuClz.2H20 in absolute ethanol (20ml) with 
2 X mol of p-alanine, as described above. 

CuC14(p-a1aHt)Z. p-Alanine hydrochloride (2 X 
mol) in 10 rnl of absolute ethanol were added with stirring 
to a 50-60 "C ethanolic solution (15 ml? of CuC12.2H;0. 
By cooling the solution at 4-5 "C, a yellow crystalline 
product was obtained. 

The compounds prepared cannot be recrystallized, they 
are hygroscopic, particularly the cobalt(I1) complexes, 
and decompose in air. They are insoluble in apolar 
solvents and fairly soluble, with decomposition, in 
methanol. 

Physical Measurements 
The electronic spectra of the solid compounds were 

recorded on a Beckman DK 1A spectrophotometer. The 
samples were prepared by grinding the complexes using a 
filter paper as support and a filter paper as reference. 
Since these compounds are highly hygroscopic the 
instrument was flushed with dry nitrogen before and 
during use. The infrared spectra of KBr pellets were 
recorded with a Perkin-Elmer 521 (4000-250cm-1) 
spectrophotometer. The room-temperature magnetic 
moments were measured by the Gouy method using 
Ni(en)3S203 as calibrant and correcting for diamagnetism 
with the appropriate Pascal constants. The conductivities 
of the complexes in methanol were measured with a WTW 
conductivity bridge. 

Analyses 
Nitrogen, carbon, and hydrogen were analysed by Mr. 

Giuseppe Pistoni on a Perkin-Elmer 240 elemental 
analyzer. The halides were analysed by titration with the 
Volhard method after disgregation of the compound with 
the alkali metal fusion method (10). 

Results and Discussion 
The compounds are listed in Table 1. Their 

preparations and general properties are de- 
scribed in the Experimental section. 

We were unable to determine molecular 
weights, because the compounds were insuffi- 
cientlv soluble or were unstable in suitable 
solvents (e.g. methanol). 

The conductivity measurements of some com- 
pounds are reported in Table 1. The values 
obtained are in the range proposed for 2: 1 elec- 
trolytes (1 l), but the electronic spectra of the 
solution M) are indicative of a decomposi- 
tion of the compounds in solution. In particular 
very concentrated solutions of the blue cobalt(I1) 
complexes are pink, while M solution of 
all the compounds are colourless. 

In the near-ir region p-alanine shows bands at 
4310, 4650, 5130, 5710, and 6070 cm-l, which 
also appear in all the complexes in virtually the 
same positions with the same intensities, with 
the exception of the band at 4650cmW1, which 
is shifted to higher energies (495Ck4780cm-l) 
and is enhanced in intensity only in the 
M(p-ala)2.xHz0 (x = 2 for M = Co, x = 3 for 
M = Ni, and x = 6 for M = Cu) complexes. 
This band may thus be used to recognize this 
type of complexes. 

The d-d bands of the complexes are reported 
in Table 2. The electronic spectra of the metal 
halide complexes are typical of octahedral 
nickel(I1) ion, six-coordinate copper(I1) ion, and 
pseudotetrahedral cobalt(I1) ion, respectively, 
and suggest in all these complexes halide co- 
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TABLE 1. Analytical, magnetic, and conductivity data5 

c H N X AM 
Pert M 

Compound Calcd. Found Calcd. Found Calcd. Found Calcd. Found (B.M.) (MeOH) 

C0(p-ala)~.2H~O 26.56 26.48 5.95 6.10 10.33 10.06 5.10 
C ~ ( p - a l a H ) ~ C l ~  23.38 24.02 4.58 4.77 9.09 8.88 23.02 22.47 4.93 
C~(b-a laH)~Br~  18.14 18.05 3.56 4.24 7.06 6.33 40.27 39.99 4.75 
C ~ ( p - a l a H ) ~ I ~  14.79 14.80 2.90 3.63 5.75 5.13 4.61 
C~(p-a laH)~(ClO~)~  23.45 24.26 4.59 5.13 9.12 8.77 11.55 10.91 4.31 
Ni(fl-alaH)zC12 23.39 23.88 4.59 5.69 9.10 8.24 23.04 22.69 3.20 123 
Ni(p-alaH)2Br2 18.15 17.97 3.56 4.13 7.06 6.61 40.27 40.08 3.26 143 
Ni(p-alaH)4(C104)2 23.46 23.58 4.60 4.68 9.13 8.34 11.52 10.93 138 
Cu(p-alaH);Cl2 23.03 22.90 4.51 4.42 8.96 8.07 22.69 22.22 1.82 111 
Cu(fl-alaH)C12 16.11 16.40 3.16 3.38 6.27 6.18 31.73 31.77 1.72 
C ~ ( p - a l a H ) ~ B r ~  17.93 17.96 3.51 3.68 6.98 6.57 39.81 39.37 1.99 139 
C ~ ( p - a l a H ) ~ ( C l O ~ ) ~  20.39 20.11 4.00 4.23 7.93 7.28 13.39 13.01 1.97 183 
C U C ~ ~ ( P - ~ I ~ H ~ ) ~  18.77 19.05 3.68 4.29 7.30 7.21 36.98 36.63 1.95 

aAbbreviations: B-ala = NH2. CHzCHz. COO-; B-alaH = NHlf. CHZ . CH2. COO-; 8-alaH? = NH3+. CHZ . CH2. COOH 
*Not measured, for packing difficult, the compound being highly hygroscopic. 

TABLE 2. d-d transitions (cm-1) of the complexes in the solid state 

Compound Transition (cm-I) 

ordination, as the energy order of the d-d bands 
is C1 > Br > I, in accordance with the spectro- 
chemical series. Their magnetic moments agree 
with the proposed stereochemistries. 

The absorption peaks in the nickel-complex 
spectra (Fig. 1) indicate a fairly symmetrical 
octahedral field. The low energy band, which 
represents the average ligand field strength (12), 
is broad. 

In the spectra of the cobalt(I1) halide com- 
plexes (Fig. 2) the splitting for the 4T1(F) term 
suggests a marked effect of a low symmetry 
component of the crystal field (13). 

The electronic spectrum of the nickel(I1) 
perchlorate complexes (Fig. 1) is similar to those 
of the nickel(I1) halide complexes, suggesting 
an octahedral environment. The energy of the 

d-d bands of the halide complexes which is 
lower than that of the perchlorate complex 
depends on the donor strength of the halides. 

The electronic spectra of the C ~ ( p - a l a ) ~  2H20 
and of the Co(O-alaH)4- (C104)2 complexes (Fig. 
2) show a weak intensity band split into two 
components in the near ir region and a more 
intense multiple band in the 18 000-22 000 cm-I 
region. The absorption band regions are charac- 
teristic of six-coordinate cobalt(I1) derivatives, 
as is confirmed by their magnetic moments, but 
the splitting of the near-ir band also suggests the 
existence of distortion from a regular octahedral 
structure in both the complexes (14). 

In the C0(p-ala)~-2H~O complex, as in the 
hydrate nickel and copper p-alaninate com- 
plexes, the b-ala ligands have a trans, square- 
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MARCOTRIGIANO ET AL. 

FIG. 1. Examples of electronic spectra of the Ni- 
(p-alaH)4(C104)2 (I), Ni(p-alaH)2C12 (2), and Ni(p-alaH)2- 
Br2 (3) con~plexes. 

planar arrangement about the metal atom, and 
the octahedral coordination completed by two 
water molecules (1 5). 

The assignment of all the bands of the ir 
spectra of the p-alanine has not been made, but 
those of NH stretching and antisymmetric and 
symmetric carboxy stretching frequencies are 
straightforward. Of primary concern for deter- 
mining the nature of coordination is the posi- 
tions of the antisymmetric and symmetric 
carboxy stretching frkquencies and their separa- 
tions. These are listed in Table 3. 

The bands at 1720-1689 and 1236-1 190 cm-I 
and their separation in the 6-alanine hydrohalide 
salts are consistent with those of other amino 
acids and their hydrohalide salts in which the 
-COOH group is present (16, 17). The infrared 
spectra of all the other compounds show a single 
peak, except the cobalt(I1) and copper(I1) 
perchlorate complexes, in the 16 10-1545 cm-I 
region. The absence of absorption at higher 
wave numbers indicates that no uncomplexed 
-COOH groups are present (18-20). 

In the M(P-ala);!. xH20 (M = Co, Ni, and Cu) 
complexes of known structure (15), the asym- 

FIG. 2. Examples of electronic spectra of the p-alanine 
(I) and of the C0(p-ala)~.2H~O (2), C0(p-alaH)~(CI0~)2 
(3) ,  C ~ ( p - a l a H ) ~ X ~  (X = Cl (I), Br (5) and 1 (6)). 

metric carboxy stretching vibration and the Av 
separation are assumed to typify a monodentate 
carboxyl group coordination, being also in the 
range found for other monocoordinated car- 
boxyl group amino acid (6). The energy order 
of the v(COO), is Ni > Co > Cu. 

In the C ~ ( p - a l a H ) ~ X ~  complexes, which show 
Av and v(COO), similar to those of the above 
mentioned complexes, a similar monodentate 
coordination of the carboxyl group may be 
proposed. 

In the Cu(6-alaH)X2 and M(P-alaH)2X2 (M = 

Co and Ni) complexes the position of the 
v(COO),, which is in the order Ni > Co > CU, 
similar to that found for the M(p-ala)2.xH20 
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TABLE 3. Some ir absorption frequencies (cm-1) of the complexesa 

Compound v(NH) v(COO),, v(COO), AV 

p-ala 
p-alaH2. C1 
p-alaHz .Br 
p-alaH2 1 
C ~ C l ~ ( p - a l a H ~ ) ~  
C~(p-ala)~.  2H20 
Ni(p-ala)2. 3H2Ob 
C~(p-ala)~.  6H2O 
C~(p-alaH)~Cl~ 
C~(p-alaH)~Br~ 
C~(p-alaH)~I 
C~(p-alaH)~(ClO~)~ 
Ni(p-alaH)2C12 
Ni(p-alaH)2Br2 
Ni(p-alaH)4(C104)2 
Cu(p-alaH)C12 
C~(p-alaH)~Cl2 
C~(p-alaH)~Brz 
C~(p-alaH)~(ClO.,)~ 

aThe values reported for the M(B-alaH)Xz (M=Co and Ni) complexes are the average of a rather 
broad band probably containing also the S(NH) vibration. These complexes and the perchlorate ones 
show a broad band at 3480-3350 which may be due to the absorption of moisture when the KBr pellets 
of these compounds are prepared. 

bReference 6. 

complexes, and the Av separation are reduced 
compared with those of the complexes contain- 
ing a monodentate coordinated carboxyl group. 
This reduction was also found in the acetate (21) 
and in the haloacetate (22) complexes of 
cobalt(II), nickel(II), and copper(II), for which 
a bidentate coordination of the carboxyl group 
is proposed. 

The v(NH) bands of these complexes, lower 
than those of the M(p-ala)2-xH20 complexes 
which are also coordinated toward the nitrogen 
atom (15), are in the range of the v(NH) found 
in the p-alanine hydrohalide salts and in other 
hydrochloride salts of amino acids in which the 
NH3+ group is present (16, 17). 

All these data indicate that the ligand may be 
zwitterionic and coordinate as formally neutral 
ligand, as 

M = Co, Ni, or Cu 
X = CI, Br for Ni and Cu 

CI, Br, I for Co 

The presence of the 0 and X atom in the 
coordination sphere of the metal ion is justified 
by the low energy d-d bands of these complexes. 

An alternative hypothesis is suggested by the 
fact that in these complexes the presence of 
uncomplexed -COO- groups is not precluded, 
since they absorb in the same region as carboxyl 
groups which are coordinated (20) and by the 
fact that the v(NH) bands are also in the range 
expected for coordinated NH2 groups (23). This 
would permit the formulation of the halide 
complexes as H2[M(p-ala)2X2], in which the 
ligand is only coordinated toward the nitrogen 
atom. 

We prefer the first hypothesis which also per- 
mits the interpretation of the perchlorate com- 
plexes. If the ligand is in the zwitterionic form 
coordinated toward the oxygen atom, the two 
v(CO0) bands in the cobalt(I1) and copper(1I) 
perchlorate complexes suggest the presence of 
mono and bidentate carboxyl groups. The v(NH) 
bands, higher than those of the halide complexes, 
may be explained as due to the interaction of 
the NH3+ group with the C104- anions. In fact 
the ir bands of the C104- ions correspond to a 
slight deformation of this ion from T, symmetry 
(24). 

The electronic spectrum of the CuC14(p-alaH2)2 
complex, for which no thermochromic behaviour 
was observed in the 290-370K temperature 
range, suggests near square-planar configuration 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MARCOTRIGI LANO ET AL. 243 1 

of the CuCL2- anion (25, 26), which indicates 
the prevailing effect of the crystal field stabiliza- 
tion, since extensive N-H- . C1 hydrogen 
bonding reduces the effective charge on the 
chlorine atoms (27, 28). The red shift of the 
v(NH) band of this complex, as distinct from 
that of the 0-alanine hydrohalide supports this 
hypothesis. The ir and far-ir spectra of this 
complex closely resemble those of the palanine 
hydrochloride salt, except for three bands at 
270vs, 282sh and 200s, assignable to metal- 
chlorine vibration in D,, symmetry (28). 
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P. HANISCH and ALAN J. JONES. Can. J. Chem. 54, 2432 (1976). 
The configurations in solution of the three diastereoisomeric alcohols obtained from the 

reaction of phenyllithium on 1,3,5-trimethyl-4-phenylpiperidone have been determined un- 
equivocally using 13C and IH magnetic resonance methods. 

P. HANESCH et ALAN J. JONES. Can. J. Chem. 54, 2432 (1976). 
Faisant appel a la rksonance magnitique nucliaire du IH et du 13C, on a determink sans 

Cquivoque les configurations en solution des trois alcools diast6rCoisomkres obtenus par reaction 
du phinyllithium sur la trimCthy1-1,3,5 phinyl-4 pipiridone. 

[Traduit par le journal] 

The isolation of the three isomeric 1,3,5- 
trimethyl-4-phenyl-4-piperidinols from a phenyl- 
lithium reaction on the corresponding ketone 
was originally described by Sorokin (1). The 
structures of the three isomers were assigned as 
a, 8 ,  and y on the basis of their ease of esterifi- 
cation. No spectroscopic evidence was presented. 
Sorokin (1) also showed that the propionic ester 
hydrochlorides of the a- and p-isomers (cis 
Me-Me) were analgesically inactive, while the 

C'H 3 

7 

ester hydrochloride of the 7-isomer (trans 
Me-Me) was as potent as promedol (2). It was 
suggested that the inactivity of the cis-isomers 

1Address correspondence to this author: The National 
NMR Centre, Australian National University, Canberra, 
A.C.T., 2600, Australia. 

may be due to the equatorial methyl groups 
hindering the formation of a drug-receptor 
complex. The inverted chair form of the 7- 
isomer in which the phenyl group is axially 
oriented occurs only to the extent of 15% (3). 

In previous papers we have exhibited the 
value of nmr studies in assigning stereochemistry 
in active analgesic compounds (4-7). In partic- 
ular, we have shown that the preferred con- 
formations of the four diastereoisomers in the 
analogous 1,2,5-trimethyl (promedol) derivatives 
(5) had been assigned incorrectly. It, therefore, 
seemed desirable to repeat Sorokin's synthesis 
and to determine the configuration of the a-, p-, 
and 7- 1,3,5-isomers unequivocally using nmr 
methods. 

Results 
The 13C and lH nmr data for 1,3,5-trimethyl- 

4-piperidone 1 and its 4-phenylalcohol a-, p-, and 
7-isomers and their hydrochlorides are sum- 
marised in Tables 1 and 2, respectively. The 
conventional labelling system for the piperidine 
ring is employed. Carbon atoms in substituents 
are identified by a prime symbol for the number 
appropriate to the position of substitution on the 
piperidine ring. Phenyl ring carbon atoms are 
labelled C-q, C-o, C-m, and C-p, corresponding 
to the quaternary, ortho, meta, and para-carbon 
sites, respectively. 

In the above compounds symmetry is exhibited 
by the 13C nmr spectra in all but the 7-isomer. 
In the a- and p-isomers the double intensity of 
the resonances due to the equivalent carbons 
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HANISCH AND JONES 2433 

TABLE 1. 13C chemical shifts" of 1,3,5-trimethyl-4-piperidone, the a-, 0-, and y-4-phenyl-4-01 derivatives and 
their corresponding hydrochlorides 

Carbon position 
Com- 
pound G 2  G 3  C-4 C-5 C-6 C-1' C-3' C-5' C-q G o  C-rn G p  

- - - -- 

1 64.35 43.69 210.66 43.69 64.35 45.04 11.'13 11.43 
la  60.42 41.0s 205.21 41.05 60.42 43.26 10.g5 10.9s 
la*c 59.51 41 .05 209.21 41 .05 59.51 43.3, 10.32 10.32 

(57.52)' (39.28) (93 .O1) (39.28) (57 .52) (9 .%) (9.50) 
a 58.91 40.83 75.96 40.83 58.91 46.12 12.24 12.24 145.60 128.07 126.34 125.16 
a-HCl 55.83 38.79 74.61 38.79 55.83 43.43 11.98 11.98 142.9,j 128.23 126.94 124.58 
P 60.26 43.97 76.66 43.97 60.26 45.69 13.27 13.27 141.56 127.74 127.31 126.50 
8-HC1 57.94 41-21 74.50 41.21 57.94 43.64 12.52 12.52 139.24 129.42 128.23 127.26 
Y 58.4s 42.19 76.28 31.50 59.45 46.56 16.62 12.s4 145.49 128.02 126.77 126.34 
y-HCI 56.21 41.05 74.97 30.16 56.21 44.56 15.97 12.59 143.06 128.28 126.45 127.47 

aGiven in pprn downfield from TMS. Solvent CDC13 except * in which DzO was employed. 
BValues in parentheses are approximately 10% the intensity of the parent resonance. 
CData oonverted using 6cdioxane = 66.7a ppm. 

C-2,6, C-3,5, and C-3',5' enable their distinction 
compared to the single intensity of the resonances 
due to C-1' and C-4. Typical low field shifts for 
a carbonyl resonance (-200 ppm) distinguish 
the C-4 carbonyl carbon, while in the phenyl- 
alcohol isomers the C-4 resonance was identified 
using the modulated off-resonance method (see 
for example ref. 8). The off-resonance de- 
coupled spectrum (8) exhibited the characteristic 
triplet pattern about the lower field methylene 
resonance and doublet for the methine carbon 
resonance (40-43 pprn). Quartets about the 
highest field resonances (10-13 ppm) charac- 
terised the C-3',5' methyl carbon atoms. The 
aromatic carbon atom assignments were made 
on the basis of the lower intensity exhibited by 
the quaternary and para-carbons compared with 
the ortho- and meta-carbons. Distinction between 
the former pair was achieved by off-resonance 
decoupling. Ambiguities still remain for the 
assignments of the C-o and C-m atoms in all 
cases. However, the lower field resonance was 
assigned to the ortho position comparable to 
previous assignments in the 4-phenyl-4-piperi- 
dinols (5,6). 

For the y-isomer and its hydrochloride salt 
the absence of symmetry gave rise to equally 
intense resonances for all of the ring carbon 
atoms. Off-resonance and modulated off-res- 
onance techniques enabled distinction of C-4, 
the quaternary carbon atom, and the methyl, 
methylene, and methine carbons. Complete 
assignments were made by consideration of sub- 
stituent parameters and trends observed upon 
protonation as described in earlier studies (4-7). 

TABLE 2. Proton chemical shiftsa and coupling 
constantsb of the N-Me and C-Me protons in the 

a-, 0-, and y-free bases and hydrochlorides 

N-Me C-Me 

a 2.30 0.57(6.0 Hz) 
a-HC1 2. 85(5 .O Hz) 0.6,(5.5 HZ) 
P 2.39 0.  63(6. 5 Hz) 
a-HCl 3. 04(4. 5 HZ) 0.78(6.5 HZ) 
Y 2.2, 0 .76(6. 5 HZ) eq ; 0.  82(7. 3 HZ) ax 
Y-HCl 2.83(5 .O Hz) 0.90(4.5 Hz) eq; I .  lo(8 .0 Hz) ax 

QGiven in pprn downfield from TMS. Solvent CDCII. 
b 3 J ~ ~  values given in parentheses. 

Discussion 
Comparison of the 13C chemical shifts in 

1,3,5-trimethyl-4-piperidone and 1,3-dimethyl- 
4-piperidone (6) enables determination of the 
substituent effects of the equatorial methyl 
group (a, 4-3.1 ppm; p, +8.l pprn). These 
values compare favourably with those observed 
generally in piperidine rings (+3.7 and +7.9 
ppm, respectively) (4). The p-effect of the 
equatorial methyl on the carbonyl resonance 
induces an attenuated downfield shift (2.9 pprn). 
This attenuated effect was also noted by Jones 
and Hassan (4) and attributed to the electronic 
compensating effect of the carbonyl oxygen 
atom. 

The pmr spectrum of the 1,3,5-trimethyl-4- 
piperidone hydrochloride salt was determined in 
both CDC13 and D20. In the former, the N- 
methyl signal appeared as a doublet (JHH = 7 
Hz) centered at 2.93 pprn and the ring methyl 
appeared as a doublet (JHH = 6 Hz) centered at 
1.09 ppm. In the latter solvent there was no 
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change in the ring methyl shift but the N-methyl 
signal occurred as a singlet at 3.1 1 ppm due to 
deuterium exchange of the N-H proton with 
the solvent. Other examples of coupling of the 
N-methyl signal in CDCL solvent were observed 
in the pmr spectra of the a-, p-, and y- hydro- 
chloride derivatives (Table 2). The 13C spectrum 
of the hydrochloride determined in D20  gave 
duplicate resonances for the C-2,6, C-3,5 and 
C-3'3' carbon atoms. The 'new resonances' 
represent about 10% of the total concentration 
and are attributed to the 4,4-dideuteroxy com- 
pound l a  since a concomitant resonance was 
observed at 93 ppm, typical of a dihydroxy sub- 
stituted carbon (C-4). Other examples of hy- 

dration of the C-4 carbonyl have been reported 
by Hassan and Casy (9) for the hydrochloride 
salt of 1,2,5-trimethyl-4-piperidone. 

The configuration of the a-isomer is identical 
to that proposed by Sorokin (1). The single 13C 
resonance at 12.24 ppm characterises the equa- 
torial methyl group (5). The C-q aromatic 
carbon at 145.6 ppm compares favourably with 
the equivalent carbon in the a-isomer of 1,3- 
dimethyl-4-phenyl-4-piperidinol (6) (147.5 ppm) 
if one considers the additional y-shielding effect 
of the C-5 methyl group. In the 1,3-dimethyl 
system the phenyl group is established as having 
the equatorial orientation (6). 

In the p-isomer the C-3,5 and C-3'3' carbon 
positions are deshielded by 3.1 ppm and 1.1 ppm, 
respectively, compared to the a-isomer. Similar 
effects ($3.0 and +2.4 ppm) were observed at 
the analogous C-5 and C-5' carbon positions in 
the p-isomer of the 1,2,5-trimethyl-4-phenyl- 
piperidin-4-01 in which the phenyl group is 
established as axial (5). The configuration of the 
phenyl group is also defined by the shift of the 
phenyl C-q carbon atom. In the 1,2,5-trimethyl- 
and 1,2-dimethyl-4-phenylpiperidin-4-01s this 
carbon is shielded by 2.3 and 3.8 ppm, respec- 
tively, compared to the isomer where the phenyl 
group is equatorial (5, 6). In the 1,3,5-trimethyl 
p-isomer the effect is similar (-4.0 ppm) and 
suggests similar conformations in the 1,2- and 
1,3,5-systems. The attenuated value in the 

1,2,5-isomer may be attributed to a change in the 
relative orientation of the phenyl ring. 

The assignment of the 13C chemical shifts in 
the y-isomer was aided by the empirical addi- 
tivity relationships derived from l-methyl-4- 
phenylpiperidin-4-01 and a- 1,3-dimethyl-4-phe- 
nylpiperidin-4-01 and applied to p-1,3-dimethyl- 
4-phenylpiperidin-4-01 (i.e., a ,  +2.4; PC-q, 
$3.3; PC-*, 7.4 ppm) (6). The calculated shifts 
agree well for the C-4 and C-6 carbon atoms but 
deviate by 2.4 ppm at C-5. Evidently the a- 
substituent effect is compensated for by the 
possible 1,4-gauche interaction between the 
phenyl-ortho and the C-5 carbon positions. The 
C-1' carbon resonance was assigned by a proton 
selective decoupling experiment and the chem- 
ical shift (46.56 ppm) is identical to that in the 
p-1,3-dimethyl system (46.49 ppm) (6). The 
methyl resonances at 16.62 ppm and 12.84 ppm 
are attributed to the axial and equatorial carbons, 
respectively. The high field methyl resonance 
compares favourably with that in the a-1,3,5- 
isomer (12.24 ppm). The low field shift of the 
axial methyl may be attributed to  removal of the 
hydroxyl group y-gauche effect. This hydroxyl 
y-gauche effect is characterised between cis- and 
trans-2-tert-butyl-5-methyl- 1,3-dioxane where the 
identical geometric relationship occurs between 
the axial C-5' methyl group which is deshielded 
by 3 ppm compared to that in the equatorial 
isomer (10). Recently, Eliel et al. (11) have 
described a hyperconjugative type interaction 
arising between the free electron pairs centered 
on the hetero atom with the CcCB bond, which 
is accompanied by a subsequent alternation of 
the electron density at the y-antiperiplanar 
carbon (i.e., the equatorial methyl group) to ex- 
plain this effect. The shielding of the equatorial 
methyl groups in a-1,3-dimethyl- and y-1,3,5- 
trimethyl-4-phenylpiperidin-4-01 compared with 
the axial methyl groups in 0-1,3- and y-1,3,5- 
trimethyl-4-phenylpiperidin-4-01 is thus account- 
ed for. It also seems probable that the relative 
shifts of the equatorial and axial methyls in these 
systems may, at least in part, be due to  contri- 
butions from the nitrogen lone pair (5, 6). 

Comparison of the methyl carbon shifts in 
1,3,5-trimethyl-4-phenylpiperidone 1 with those 
in a- and p- 1,3-dimethyl-4-phenylpiperidine-4-01 
(6) enables derivation of the gauche-trans and 
trans-trans &effects. The gauche-trans &effect is 
small and deshielding ($0.3 ppm) but in the 
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hydrochloride has a shielding value of - 1.0 
ppm (cf. ref. 12). The trans-trans &effect is small 
and shielding, -0.5 and -0.1 ppm in the 
1,3,5- and a- 1,2-systems, respectively. 

As expected, protonation of the nitrogen atom 
results in upfield shifts at all piperidine ring 
carbons (4). Two features arise from the pro- 
tonation additivity effects derived by comparing 
the free base and corresponding hydrochloride 
salt chemical shifts. (i) The equatorial methyl 
0-deshielding effect is attenuated by 2 ppm at the 
C-6 carbon in the hydrochlorides relative to the 
free bases. Presumably the positive charge on 
the nitrogen restricts the positive character of 
the adjacent carbon atom. (ii) The 7-effect at 
C-3 is increased by 2 ppm when the methyl 
groups are trans oriented in the free base of the 
7-isomer compared to the cis-diequatorial meth- 
yls of the a-isomer. 

The proton chemical shifts for the N-methyl 
and C-methyl proton resonances in the a-, 0-, 
and 7-1,3,5-trimethyl free bases and hydro- 
chlorides are given in Table 2. The pmr data for 
the 7-isomer clearly differentiate the axial and 
equatorial methyls (assigned on the basis of the 
observed 3JHH coupling constants compared 
with that observed in the a- and 0-isomers). The 
hydrochlorides of all three isomers show coup- 
ling between the N-H and N-methyl protons of 
approximately 5 Hz. 

Conclusions 

The cmr and pmr spectral evidence enables 
unambiguous assignment of the configurations 
of the three isomers, a-, 0-, and 7-1,3,5-tri- 
methyl-4-phenyl-4-piperidinol. It is highly prob- 
able that these configurations also apply to the 
corresponding ester derivatives as was shown in 
the case of the 1,2,5-series (5). Thus the analgesic 
potency of the ?-isomer does not appear to 
depend on the axial orientation of the 4-phenyl 
group. 

Experimental 
1,3,5-Trimethyl-4-phenylpiperidin-4-01 (a-Isomer) 

The procedure described by Sorokin (1) was followed 
and the product isolated as a white solid; mp 130-131 "C 
(lit (1) mp 131.5-132 "C); ir (Nujol) 3220 cm-1 (OH str.); 
ms parent ion m/e 219; hydrochloride mp 221-223 "C 
(lit. (1) mp 222-222.5 "C). 

1,3,5-Trimethyl-4-phenylpiperidin-4-01 (@-Isomer) 
The or-isomer was isolated by crystallisation as above 

and the mother liquors subjected to chromatography on 

alumina, eluting with chloroform followed by methanol. 
Residual a-isomer was eluted with chloroform and the 
@-isomer by methanol. Evaporation of the solvent gave a 
white solid, mp 117-121 "C, (lit. (1) mp 121-121.5 "C); 
ir (Nujol) 3300 cm-1 (OH str.); ms parent ion m/e 219; 
hydrochloride mp 222-224 "C (lit. (1) mp 223-225.5 "C). 

1,3,5-Trimethyl-4-phenylpiperidin-4-01 (?-Isomer) 
The procedure described by Sorokin (1) was followed 

with the modification that isolation of the title compound 
was carried out by column chromatography on alumina. 
Removal of the maximum amount of a-isomer by 
crystallisation followed by chromatography of the mother 
liquors eluting with Skelly 'B' -benzene (1 :3), 4 X 100 
ml; benzene-chloroform (3:1), 4 X 100 ml; (3:1.5), 
4 X 100 ml, (1:3), 4 X 100 ml resulted in separation of 
three bands. The lower band was eluted with chloroform 
and rechromatographed, yielding a white solid, mp 130- 
135 "C, (lit. (I) mp 134-135 "C); ir (Nujol) 3300 cm-1 
(OH str.); ms parent ion m/e 219; hydrochloride mp 
2 6 2 4 1  "C, (lit. (1) mp 241-242 "C). 

13C 111111. spectra were determined on a Bruker HFX-90 
spectrometer operating at 22.63 MHz. All samples were 
contained in precision ground 10 rnrn, 0.d. tubes. The 
spectrometer was used in the cross-coih configuration. On 
average an 8 ps pulse, corresponding to an approximate 
tilt angle of 45", was employed. The delay between pulses 
was 0.8 s, for an average spectral width of 5000 Hz. 
Accumulation time averaged 20 min, over 8K data points 
for concentrations of the order of 0.27 M. For off- 
resonance coupled spectra this time was approximately 
doubled. 

Proton nrnr spectra were determined on a Varian 
HA1 00 spectrometer. 
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Equilibrium protonation of the 1,3,5-trinitrobenzene-phenoxide m-complex 

ERWIN BUNCEL AND WALTER EGGIMANN 
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ERWIN BUNCEL and WALTER EGGIMANN. Can. J. Chem. 54, 2436 (1976). 
The protonation behavior of the trinitrobenzene-phenoxide 5-complex has been determined 

in aqueous sulfuric acid, aqueous hydrochloric acid, and ethanolic hydrogen chloride. The 
conjugate acid of the 5-complex, a nitronic acid, exhibits acidic properties similar to those of 
picric acid and the cyanocarbon acids. The acidity (pK,) of the nitronic acid has been evaluated 
with the aid of various acidity function techniques and using the Bunnett-Olsen method. The 
nitronic acid is ca. 1 pK unit stronger than picric acid. However, both the nitronic acid and picric 
acid are considerably weaker acids in ethanolic than in aqueous media (ApK ca. 4 units). 
The results provide a preliminary H.. acidity function scale for aqueous and ethanolic hydrogen 
chloride. 

ERWIN BUNCEL et WALTER EGGIMANN. Can. J. Chem. 54, 2436 (1976). 
On a determine le comportement du complexe 5 phenolate-trinitrobenzkne lors de sa pro- 

tonation en solution acide sulfurique aqueux, acide chlorhydrique aqueux et chlorure d'hydro- 
gkne en solution Cthanolique. L'acide conjuguC du complexe r ,  un acide nitronique, prksente 
des propriktes acides similaires k celles de I'acide picrique et des acides cyanocarbones. On a dC- 
termink, B l'aide de diverses techniques de fonction d'acidite et utilisant la methode de Bunnett- 
Olsen, I'aciditC (pK,) de l'acide nitronique. L'acide nitronique est environ une unit6 de pK plus 
fort que l'acide picrique. Toutefois les deux acides, nitronique et picrique, sont des acides 
beaucoup plus faibles en solution Cthanolique qu'en solution aqueuse (ApK - 4 unites). Ces 
resultats fournissent une khelle preliminaire, de la fonction d'aciditk H- pour le chlorure 
d'hydrogkne en solution aqueuse et ethanolique. 

[Traduit par le journal] 

Meisenheimer com~ounds obtained from nu- 
cleophilic addition ;o polynitroarenes have 
received increasing interest during the last few 
years (1). Recently (2) we reported on the forma- 
tion of the 1,3,5-trinitrobenzene-phenoxide (7- 

complex (1) as the major product of the reaction 
between 1,3,5-trinitrobenzene (TNB) and potas- 
sium phenoxide, representing the first case of 
phenoxide ion acting as an ambident nucleophile 
in SNAr systems (3). A preliminary examination 
of the protonation of 1 in acidic methanolic 
DMSO solutions suggested the existence of the 
equilibrium given in [I]. The quinoid resonance 

form, which is assumed to be the dominant form 
of the a-complex (4), can be regarded as a 
nitronate anion whose conjugate acid is thought 

to be the nitronic acid 2. Nitronic acids are con- 
sidered to be rather unstable species (3, though 
some relatively stable compounds of this type 
have been prepared (6 ,  7). 

It was of interest to investigate the protona- 
tion of 1, since typical Meisenheimer a-complexes 
derived from nucleophilic attack on the nitro- 
aromatics by oxygen or nitrogen bases (8,9) are 
decomposed by acid. In the present work we 
have evaluated quantitatively the equilibrium 1 
and have compared the results with those ob- 
tained in the protonation of picrate ion, [2], and 

yo2 yo2 

of the cyano-substituted carbanions, [3]. It is 
CN CN 
I I 

[31 R-c-CN + Ht R-C-CN 
I 
H 

5 6 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUNCEL AND EGGIMANN 

TABLE 1. Spectral data for TNB-phenoxide/nitronic acid equilibrium 
(1 + 2) and for picrate ion/picric acid equilibrium (3 c? 4) 

1 2 

Solvent Amax B Amax E 

H20 (0.04% EtOH) 470 21000 
540-560(sh) 

H20/H2S04, H20/HCl 366 14400 
EtOH 465 25000 

545 10400 
EtOH/HCl 368 17600 
DMSO 468 31600 -a 

570 15400 

3 4 

Solvent Xmax t Amax 

aUp to 3.6 M HzSOd no protonation occurs, but decomposition of TNB-phenoxide complex sets in. 

recalled that the equilibrium 3 has been used to 
set up an H- acidity function scale for aqueous 
perchloric acid and aqueous sulfuric acid (10). 1 . 0  

To date there are only scant H- data pertaining 
to ionization of relatively strong acids, though 
H- scales in strongly basic systems pertaining to 
ionization of weak acids are well established (1 1). $ 0.5 
Since, in the present work, aqueous H2S04, 
aqueous HCl, as well as ethanolic HCl media 4 
have been used, the results allow an estimate of 
an H- scale for aqueous and ethanolic hydrogen 
chloride. 0.0 

350 400 450 5 00 

Results 
Wavelength(nm) 

The TNB-phenoxide a-complex 1 has a 
characteristic spectrum in the visible region, 
namely an absorption maximum a t  ca. 470 nm 
with a broad shoulder at ca. 550 nm. There is a 
moderate solvent dependence in these spectral 
characteristics, as shown in Table 1 for aqueous 
and ethanolic media. 

In media of increasing acid concentration 
certain spectral changes are observed, namely a 
gradual decrease in the absorptions at 470 and 
550 nm and the growth of a new peak at 356 nm. 
These spectral changes are indicative of the 
protonation equilibrium according to [I], in 
which 1 gives rise to the nitronic acid 2. Though 
complete conversion to the nitronic acid can be 
effected in media of sufficieiltly high acidity, the 

FIG. 1. Spectral curves illustrating the equilibrium pro- 
tonation of the TNB-phenoxide 0-complex 1 in EtOH- 
HCI. Curve I, [HCI] = 0, curve 2 [HCI] = 1.18 X M ;  
curve 5 [HCl] = 1.68 X 10-3 M, curve 8 [HCl] = 3.36 X 
10-2 M, curve 9 [HCI] = 0.42 M. 

species 2 undergoes slow decomposition as evi- 
denced by a gradual decrease in the absorption 
at 356 nm. Hence, spectra were recorded immedi- 
ately on preparation of the solutions and the 
spectral scans were, in general, taken over a 
limited wavelength interval. Under these condi- 
tions a somewhat diffuse isosbestic point was 
obtained for the interconversion of the two 
species, as illustrated in Fig. 1 for ethanolic 
hydrogen chloride solutions. 

The degree of protonation could be calculated 
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from the extinction coefficient values of the 
anionic (A-) and protonated (AH) species. 
The ionization ratio 

was calculated using extinction (or absorbance) 
data corresponding to the absorption maxima 
of the anionic and the protonated species. The 
latter values have a larger associated uncertainty, 
in part due to the slow decomposition of 2 and 
in part due to the smaller overall change in 
absorbance at this wavelength. The complete 
results (absorbances and ionization ratios for 
le 2 in aqueous H2S04, aqueous HC1, and 
EtOH-HC1) are avai1able.l 

The acidity constant of the nitronic acid 2 in 
aqueous H2S04 has been estimated by several 
methods, as outlined below. ( I )  A plot of the 
absorbance A at XA- and XAH US. H- (10) gave 
sigmoid plots and the H- values at the inflexion 
points yielded pKa values of - 1.1 f 0.1 and 
- 1.2 i. 0.1, respectively. The related Davis- 
Geissman plot (12), namely AA- - AAH US. H-, 
was likewise sigmoid yielding pK, = -1.2 + 
0.1. (2) The plot of log I us. H- (10) showed good 
linearity and the H- value at log I = 0 gave pK, 
= - 1.16 * 0.02. The significance of the 'Ham- 
mett slope' value of 0.64 * 0.01 in this plot will 
be considered in the Discussion. (3) The Bun- 
nett-Olsen method (13) has been applied by 
plotting log I - log CH+ US. Ho + log CH+ 
where Ho is the acidity function for primary 
anilines and CH+ is the molarity of acid. The 
intercept of the linear plot yielded pKa = - 0.91 
+ 0.06 and the slope gave the parameter 4 = 

-0.26 i. 0.03. 
The data for the protonation of 1 in aqueous 

hydrochloric acid are not readily interpretable 
at this stage since Boyd's results for this medium 
were quite limited (10). However, Phillips (14) 

'The original absorbance and ionization ratio data for 
the equilibrium protonation of the TNB-phenoxide 
U-complex (1) and of picrate ion (3) are available, at a 
nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 

has presented an H- function for aqueous HC1 
based on the protonation of phosphorus oxy- 
anion bases such as 7. The plot of log I for [I] 
us. this H- function was linear, with an H- value 
of 0.22 at log I = 0, and a slope of 0.52 f 002. 
The value 0.22 is far removed from the .pKa 
values estimated using the H- function of Boyd 
(-1.16) and by the Bunnett-Olsen method 
(-0.91). This consideration, as well as the small 
Hammett slope of 0.52, dictate against the use 
of Phillips' H- function to describe the protona- 
tion of nitronate ion. The charge localized oxy- 
anion 7 differs greatly from the anions 1, 3, and 
5, so that the divergence from Phillips' H- func- 
tion is to be expected. 

Measurements have also been made for the 
picrate ion - picric acid equilibrium, [2], for 
purposes of comparison with the 2,4,6-trinitro- 
cyclohexadienate - nitronic acid equilibrium, [I]. 
The picrate ion - picric acid equilibrium was 
also included by Boyd in his study of the 
cyanocarbanion - carbon acid equilibria, [3]. The 
process in [2] serves to bridge the equilibria 
represented by [l] and [3]. In fact, our results for 
equilibrium 2 in aqueous sulfuric acid and in 
aqueous hydrochloric acid agree closely with 
Boyd's. Hence these data and their treatment for 
evaluation of pKa values will not be presented 
here in full, though the spectral characteristics 
for 3 and 4 are included in Table 1. The ioniza- 
tion data for [2] in ethanolic hydrogen chloride 
solutions have not been recorded previously and 
these are avai1able.l 

Discussion 

Validity of Methods and pKa's 
Quantitative treatments of acid-base equilib- 

ria are often prerequisites for the understanding 
of acid- or base-catalyzed reactions (15). Acidity 
functions have been of value to this end (16), 
but in recent years the limitations of acidity 
function techniques to describe acid-base equi- 
libria have been pointed out by a number of 
authors (17-22). Several new approaches have 
been suggested (18-23). Our results further 
emphasize both the limitations  of the general 
applicability as well as the usefulness of an 
acidity function to describe the protonation 
behaviours of structurally related compounds. 

Comparison of the response in protonation 
towards medium acidity of structurally related 
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I I 
0 20 40 60 

% SULFURIC ACID 

FIG. 2. Plots of log (ionization ratio) us. 7, H2S04 for 
picric acid and nitronic acid (this work), contrasting with 
the behaviour of Boyd's (10) cyanocarbon acid indicators. 

compounds can be made by means of plots of 
the ionization ratio I vs. a solvent acidity 
parameter such as acid concentration. Such a 
plot is shown in Fig. 2 for the protonation 
equilibria of [I]-[3] in the sulfuric acid system. 
A plot of this type is basically the overlapping 
indicator method, first introduced by Hammett 
in the 1930's (24). Although in Hammett's 
original studies, as well as a number of subse- 
quent ones, indicators of a given charge type but 
of varying functional character were used, it is 
now realized that the method is strictly applicable 
only to a given family of indicators, i.e. with 
invariant functionality. Thus the degree of 
divergence from parallel of the various curves 
reflects the divergence from a common response 
to acidity of the indicators, and arises from a 
differential medium effect on species activity 
coefficients (vide infra). 

For a series of well behaved indicators the 
vertical displacements of the curves in such a 
figure represent the differences in the pKa's of 
the respective indicators. Using an 'anchor' pKa 
value of 0;23 for picric acid,2 one thus obtains 
for the nitronic acid 2 an average pKa value of 
-0.76. This can be compared with the value 
- 1.16 obtained by applying the H- acidity 
function technique as outlined in the Results. 

The slope of a log I vs. H plot gives a measure 

2This pKa value for picric acid is the average of the 
reported pKa value 0.25 (10) and the value 0.21 obtained 
in our work from log I us. H- plots in the aqueous 
H2S04 system. 

of whether a given substrate follows a particular 
H function; for a 'Hammett indicator' the slope 
should be unity. In Table 2 are given the slopes 
of the pertinent log I us. H- (10) plots. The 
cyanocarbon acid indicators have slope values 
close to unity, with the exception of hexa- 
cyanoheptatriene. Picric acid with a slope of 
0.84 deviates somewhat, while the nitronic acid 
with slope 0.64 deviates appreciably from the 
H- acidity function as set up for the cyano- 
carbon acid equilibrium [3]. These divergences 
from unit slope reflect the fact that the ratio 
fA-/fAH in [4] cannot be assumed to be invariant, 

at a given solvent composition, for the protona- 
tion of anions with even slightly different struc- 
tures (cf. 1,3,5). It is not surprising that protona- 
tion of a carbanion should be subject to different 
acidity dependence compared to an oxygen 
anion. However, it is noteworthy that the oxygen 
anions 1 and 3 differ appreciably in this regard, 
even though both represent delocalized aromatic 
systems with charge distributed largely over 
nitro groups. 

The 4 value in the Bunnett-Olsen equation 
[5] is also a measure of the response of the 
ionization ratio to changing acid concentration. 
Recently, Levi et al. (26) have listed 6 values for 
the ionization of a number of bases in aqueous 
sulfuric acid, emphasizing that bases of similar 
structure have-similar 4 values. We 
have calculated 4 values for the cyanocarbanion 
equilibria [3], as well as for the picric acid [2], 
and nitronic acid equilibria [I], and the results 
are given in Table 2. It  is sekn that 4 generally 
assumes slightly negative values, except for 
p-(tricyanovinyl)phei~yldicyanomethane and cy- 
anoform. Noting that for primary anilines 4 = 0 
(by definition), the slightly negative 6 values 
might be ascribed to the role of hydrogen bond- 
ing as a strong form of solvation, as this is also 
shown on comparison of primary and tertiary 
aromatic amines where the 4 values decrease 
from 0 to - 0 3  (27). The fact that the H- func- 
tion for ionization of cyanocarbon acids (10) is 
very similar to Ho might also be reflected by d 
values which differ little from zero. 
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TABLE 2. pKa and slope parameters for equilibria 1-3 in aqueous H2S04 by 
acidity function and Bunnett-Olsen methods 

Acidity function Bunnett-Olsen 
method method 

&a Slopea pKab 9b 
- 

p-(Tricyanoviny1)phenyl- 
dicyanomethane 

Picric acid 
Nitronic acid 
Methyl dicyanoacetate 
Hexacyanoheptatriene 
Cyanoform 
Bis(tricyanoviny 1)amine 

aIntercepts (pK,) and slopes of log I vs. H- (10) plots. 
OIntercepts (pK,) and slopes (6-1) in plots (13) of log I - log CH+ us. Ho + log CH+. 

The H- Function in Hydrochloric Acid Media 
We have used the equilibria of [l] and [2] to 

generate a preliminary H- scale in aqueous and 
in ethanolic hydrogen chloride. In these experi- 
ments the known pK, value of picric acid in the 
two media is used to obtain pKa values for the 
nitronic acid, from which H- values can then 
be calculated. 

The protonation of the a-complex 1 and of 
picrate ion 3 was determined in media of 
different HC1 concentrations. Plots of log I us. 
[HCl] were constructed and were found to be 
similar in nature to Fig. 2; the pK, values of the 
nitronic acid were obtained from the average 
vertical displacement of the two curves. One 
thus obtains for equilibrium 1 in aqueous hydro- 

TABLE 3. H- data for aqueous HCl based on the 
nitronate - nitronic acid equilibrium [ I ]  and the 

picrate - picric acid equilibrium [2] 

[HCII 
Indicator PKS (M) H-C 

Nitronic acid (2) -0.71" 0.97 
1.93 
2.90 
3.87 
4.84 
5.80 

Picric acid (4) 0. 29b 0.10 
0.24 
0.48 
0.97 
1.45 
1.93 

chloric acid pK, = -0.71, using the reported 
pKa value for picric acid of 0.29 (25). In ethanolic 
hydrogen chloride the pK, for [I] is 3.01 using 
a pK, value for picric acid in ethanol of 3.66 (28). 
Thus, there is a decrease in the acidity of the 
nitronic acid, from water to ethanol, of ca. 4 pK 
units, which is also found to be the case for 
picric acid. 

H- values wen: obtained from the pK, and 
log I values by means of [6], in which n takes the 
inverse of the slope obtained in the log I us. H- 
plots referred to previously (see Table 2). Thus 
for nitronic acid n = 1/0.64 = 1.56 and for 

TABLE 4. H- data for ethanolic HCl based on the 
nitronate - nitronic acid equilibrium [ I ]  and the 

picrate - picric acid equilibrium [2] 

[HCII 
Indicator P K ~  (MI H - C  

Nitronic acid (2) 3 .0la 1.18 X 10-4 
3 .36X10-4 
8 . 4 0 ~  10-4 
1 .68X10-3 
5.04~10-3 
8.40X10-3 
1 .18X10-2 
1 .68X10-2 
3 .36X10e2 
5 .04X10-2 

Picric acid (4) 3 .66b 0 
1.18~10-4 
3.36~10-4 
8.40X10-4 
1.68~10-3 
5 .04X10-3 

aDetermined by using picric acid as the 'anchor'. pK. = 0.29 (25). 
bReference 25. 
CCalculated using [6], with n = 1.56 for the nitronate - nitronic acid 

equilibrium [ I ]  and n = 1.19 for the picrate-picric acid equilibrium 
[21, as determined for the aqueous HsSOd system. 

aDetermined by using picric acid as the 'anchor', pK. = 3.66 (28). 
OReference 28. 
CAs in Table 3, footnote c. 
dPicric acid was found to be dissociated in ethanol to the extent of 

70% for a 10-4 M solution (see also ref. 28). 
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7 1 \ I 

AQUEOUS HCI ETHANOLIC HCL 

g t 2 - -  

+3--  
0 
a + 4 - -  --+4 a 

1 1  

2 4 6 6 io" 10 20 30 40 50 
[HCL] (M) I O ~ [ H C ~  (M) 

FIG. 3. Comparison of H- (this work) with the H- (14) and Ho (16a) acidity functions for aqueous HC1, 
and with the Ho function for the ethanolic HCl(29) systems. Note that inset diagram represents Ho (29) 
over the whole acid region. 

picric acid n = 1/0.84 = 1.19. The results are TABLE 5. Effect of water content on the ionization 

given in ~ ~ b l ~ ~  3 and 4. ln ~ i ~ .  3 a comparison ratio of the TNB-phenoxide/nitronic acid equilibrium 
in a 3.36 X 10-2 M ethanolic hydrochloric is drawn between H- and Ho for aqueous and acid solution 

ethanolic media. 

[6I H- = pK, + n log I Water (% v/v) A46s &65a log 4 6 5  

Some exploratory measurements were carried 
out to determine the effect of water on the 
equilibrium 1. The results, given in Table 5, 
show that addition of water up to 0.4 voly, to an 
acidic ethanolic medium (0.034 MHC1) de- 
creases considerably the ionization ratio I. A 
similar effect was observed by Nahlovsky and 
Chvalovsky (29) in the case of aniline indicators 
governed by Ho and signifies an increased 
medium acidity of the partly aqueous solutions. 

Structural Aspects 
In [l] the protonation of the U-complex has 

been formulated as yielding a nitronic acid, 2,3 
whereas an alternative structure can also be 

OH 

'In addition, one can formulate a nitronic acid structure 
in which one of the ortho nitro groups becomes pro- 
tonated, and there will also be a corresponding nitro 
tautomer. 

a1 = [A-]][AH] = (A - AAH)/(AA- - A) calculated at 465 nm 
using AAH = 0.130 and AA- = 1.160. 

formulated, namely 8.3 In general, nitro tauto- 
mers are thermodynamically more stable than 
the nitronic acid ta~~tomers (5, 30). However, it 
can be noted that in the present case there is 
more extensive conjugation in species 2 than in 
8. Also, our assignment is in agreement with 
that given by Wennerstrom for the case of struc- 
ture 9 (7). The latter was found to be formed on 
protonation of the u-complex derived from 
nucleophilic addition of indenylsilver to TNB 
(addition of 2,6-dimethylsilver to TNB gave the 
corresponding U-complex (6)). 

The above structural assignment is supported 
by nmr and ir evidence. The nmr results, given 
in Table 6, show that while there is no measur- 
able difference in chemical shift for the Ho signal 
on protonation, Ha undergoes an upfield shift 
of 0.38 ppm. There is close agreement between 
these results and those obtained by Wennerstrom 
(7), as seen in Table 6. In addition, if protonation 
had yielded structure 8, then the H-C-NO2 
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TABLE 6. Nuclear magnetic resonance parameters for nitronate ions and nitronic acids 

Compound Solvent Ha H B  HY J 

(ref. 7) Acetone-d6 8.66 6.08 

He NO2 

(ref. 7) Acetone-d, 8.29 6.11 

"See Experimental section for method. 
bSee Discussion for upper limit on J(Ho-Hp) value. 

proton should have been detectable, but our 
spectra did not reveal an appropriate peak." 
Also, the Ha signal for structure 8 would be 
expected to be signif cantly affected by spin-spin 
coupling." However, the experimentally ob- 
served signal for Ha was somewhat broadened 
due to the decomposition process (see Experi- 
mental), which precluded the observation of a 
coupling constant less than ca. 0.5 Hz. In the 
a-complex 1, the Ha-HB coupling constant was 
found to be 0.3 Hz. The ir spectrum of the 
protonated material shows broad absorption in 
the OH region with a peak at ca. 2900 cm-l, 
characteristic of the N02H function (5, 6, 34), 
and a peak at ca. 1625 cm-I indicative of C=N. 
(The unprotonated a-complex 1 has a cor- 
responding band at 1610-16 15 cm-I.) 

It is interesting that Strauss (la) has reported 
several examples of the reaction sequence shown 
in [7] which gives rise to a nitro compound as the 
product rather than a nitronic acid tautomer. 
In these reactions, however, the C=N02- func- 
tion does not form part of a conjugated system, 

4For 1-nitroindene a H-C-NO2 proton resonance of 
7.6 ppm with a spin-spin coupling constant of 2 Hz has 
been reported (31). In addition, a long range coupling 
constant of 7.4-11 Hz has been observed (32) for 1,4- 
dihydrobenzene derivatives between the 1- and the 4- 
protons, depending on the stereochemical relationship 
(boat us. chair, see also ref. 33). 

so that protonation now yields the thermo- 
dynamically more stable nitro tautomer. Some 
related observations on nitronates have been 
made by Baer et al. (35). 

H NO, 

Experimental 
Picric acid was crystallized from water. Ethanol was 

dried by a standard method (36). Sulfuric acid solutions 
of different concentration were made up by dilution of 
concentrated sulfuric acid in volun~etric flasks. The con- 
centration of the diluted aqueous sulfuric acids was 
checked by titration with standardized aqueous potassium 
hydroxide. Hydrochloric acid solutions in water were 
prepared similarly by diluting concentrated hydrocl-~loric 
acid and titrating with aqueous potassium hydroxide. 
Hydrochloric acid solutions in anhydrous ethanol were 
prepared by dilution of saturated ethanolic HCI. Satu- 
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rated hydrochloric acid in ethanol was prepared by 
introducing anhydrous hydrogen chloride (Matheson) 
into ethanol in an absorption trap cooled to 0 "C. The 
stream of hydrogen chloride was dried with H2S04. In 
this manner, a saturated solution of hydrogen chloride 
in ethanol of 11.25 M was obtained, from which several 
stock solutions were prepared by dilution (down to 2X 
10-3 M) and standardized. 

The TNB-phenoxide complex 1 was prepared as pre- 
viously (2). For the uv-visible spectral measurements, 
5 X 10-3 M aqueous and ethanolic solutions were pre- 
pared. Due to its limited solubility in water, 1 ml ethanol 
was first added to the solid complex, and the red solution 
was diluted with water to 25 ml. Under the conditions 
that the uv-visible measurements were performed, the 
volun~e percent of the organic co-solvent was reduced by 
a factor 100, to 0.04%. 

Ultraviolet-visible measurements were performed on a 
Unicam SP800B spectrophotometer at room temperature. 
For measurement of the absorption curves of the complex 
in different acid solvents, 3.0 ml of the appropriate stock 
acid solution was transferred in a 1 cm quartz cell, and 
30pl of the 5 X 10-3 stock solution of the U-complex 
was added using a micropipet. Initial absorbance readings 
were taken 30 s after mixing. The error caused by de- 
composition was checked by recording spectra at a fixed 
wavelength as a function of time and was found to be 
negligible under the operating conditions. All spectra 
were run twice under constant conditions. 

For the ir measurements, 20 mg of 1 was dissolved in 
50 pl CD3CN (or CH30D), 1 ml of CDC13 and 1 ml of 
40% (v/v) H2S04 were added, and the mixture shaken 
thoroughly. The yellow chloroform phase was removed, 
and stored over molecular sieves in dry ice. This extrac- 
tion procedure yielded a concentration in nitronic acid of 
ca. 2 X 10-2 M (from the uv-visible spectrum). Spectra 
were taken on a Beckmann Acculab 6 and a Perkin Elmer 
180 spectrophotometer. 

Foi the nmr measurements, 30 mg of 1 was dissolved 
in 0.5 ml methanol-0-d, 30pl of concentrated D2S04 
was added, and after vigorous shaking the spectrum was 
taken. Alternatively, the CDCI3-extraction procedure 
described for the ir measurements was -also used. The 
instrument used was a Bruker 60 MHz HFX-60 model. 

The ir and nmr measurements with the nitronic acid 
were hampered by a relatively facile decomposition pro- 
cess which led to precipitation of a brown solid. The de- 
composition rate could be slowed down at low temper- 
atures. 
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The interaction of a-diazoketones with hydroxylic solvents 
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ROSARIO CATALIOTTI, SALVATORE SORRISO, and GIULIO PALIANI. Can. J. Chem. 54, 2445 
(1976). 

The diazo and carbonyl stretching bands of four diazoketones were studied in CCb/MeOH 
mixtures as solvent, where the amount of hydroxylic solvent was linearly varied. The analogous 
behaviour afforded by the C-0 band, either where cis/tratzs conforn~ers are present (diazo- 
acetone) or when conformational equilibria are hindered by chemical and/or steric reasons (the 
other three molecules), clearly indicates that local vibrator-solvent interactions are operative, 
probably via hydrogen bonding. Some minor effects due to the bulk dielectric constant of the 
medium were also observed. 

ROSARIO CATALIOTTI, SALVATORE SORRISO et GIULIO PALIANI. Can. J. Chem. 54, 2445 
(1976). 

On a CtudiC les bandes de vibration du diazo et du carbonyle de quatre diazocCtones dans un 
melange de CCJ4/MeOH comme solvant dans lequel les quantitCs de solvant hydroxylC variaient 
d'une fason linkaire. Le fait que la bande C-0 prCsente un comportement semblable dans les 
cas ou des conformeres cis et trans sont prCsents (diazocktone) comme dans les cas ou 1'Cquilibre 
conformationnel est empCchC par des raisons chimiques ou st6iques (les trois autres molCcules), 
indique clairement que les interactions locales vibrateur/solvant sont en operation probablement 
par l'intermkdiaire de ponts hydrogenes. On a aussi observC quelques effets mineurs dus B la 
constante diklectrique globale du milieu. 

[Traduit par le journal] 

Introduction 
The behaviour of the uv absorption of a-diazo- 

ketones in mixed nonpolar/hydroxylic solvents 
in which the proportion of hydroxylic component 
is increased linearly was interpreted by Miller 
and White (1) as caused by the setting up of 
keto-en01 or diazo-isodiazo tautomeric equilib- 
ria, favoured by the protolytic medium. Later, 
Fahr (2) demonstrated that other mechanisms 
must be invoked to explain this behaviour. The 
reason given for this conclusion was that iso- 
bestic points in mixed-solvent uv spectra are 
also given by diazoketones not containing 
transposable hydrogens. Fahr's explanation of 
these effects is similar to that previously put 
forward by us to explain the ir behaviour of the 
C-0 stretching mode of merocyanines in mixed 
solvents (3). The assumption is made that local 
vibrator-solvent interactions are operating and 
these allow an equilibrium to be set up between 
the 'free' form of solute molecules (presumably 
that solvated by the nonpolar solvent) and an 
associated form responsible for the red shift 
observed in both the uv and ir absorption. 

An alternative explanation of the above be- 
haviour has recently been put forward (4, 5) 
which invokes the presence of conformational 

equilibria in mixed nonpolar/polar solvent, as 
shown in [I]: 

cis trans 

However, although it is true that the solvent 
may influence the position of a conformational 
equilibrium via its polarity (6), especially if the 
two rotamers have very different electric dipole 
moments, this effect should become evident only 
via a variation in the relative population of the 
two isomeric forms with percentage change in 
polar component in the solvent mixture. In other 
words, if factors attributable to cis-trans equilib- 
rium of a-diazoketones are present in the uv or 
ir absorption (7, 8) in a nonpolar solvent alone, 
then an increase in polar solvent in the mixture 
should lead to an increase in the absorption 
intensity of only the more polar conformer. In 
addition, it may be predicted that in those cases 
where the conformational equilibrium is not 
established because of steric and/or chemical 
effects, there should be no spectral variations 
caused by the solvent when the solvent polarity 
is varied by gradual addition of bonding solvent. 
Finally, if the conformational equilibrium in 
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TABLE 1. Frequency values of the N-N and C - 4  stretching vibrations of some a-diazoketones 
in CCI4/CH30H mixtures 

Bis-tert-butyl 
Diazoacetone Diazoacetophenone diazoacetone 3-Diazocamphor 

Solvent 
mixture VN-N PC-o V ~ - ~  V ~ - ~  "N-N V ~ - o  VN-N "c-o 

2108 cis 1660 
2090 trans 

2108 cis 

a-diazoketones shows itself via the ir absorp- 
tions of the N-N and C-0 stretching modes, 
it may be assumed that the above-mentioned 
medium effects, whenever present, should be 
apparent on both absorption bands and should 
always be greater for that absorption which gives 
a larger splitting of the band components. 

To further clarify these effects, we have studied 
the behaviour in CC14/CH30H mixtures of the 
diazo band and the C-0 band of diazoacetone, 
for which the existence of a conformational 
equilibrium has been established (7-lo), and 
also of diazoacetophenone, Me3CCOCCMe3N2, 
and 3-diazo~amphor,~ for which the equilibrium 
is hindered for steric and chemical reasons. 

methods before carrying out measurements and their 
purity was checked by glc. Measurements were carried 
out in the wavenumber range of the N-N (2200-2000 
cm-1) and C-0 (1750-1600cm-1) vibrations, on a 
Perkin-Elmer Model 521 grating spectrometer. Cells with 
NaCl windows of optical path length 100 p were utilised. 
The solvents were Carlo Erba RS grade suitable for 
spectrophotometry. Attempts to obtain n-hexanelme- 
thanol mixtures were unsuccessful because of the only 
slight miscibility of the two components. Because of this a 
CCI4/CH30H mixture was used, the components being 
completely miscible in the composition range investigated 
i.e. 2-100% v/v CH30H. The solute concentration was 
in all cases ca. 5 X M.  

Results 

Table 1 reports the frequency values for the 
N-N and C-0 stretching bands of the four 
con~pounds studied, in various mixtures having 
different bonding-solvent content. 

Figure 1 shows the situation of the C-0 
stretching band for all four molecules in pure 
CC14 and pure MeOH and in the CC14/MeOH 
solvent mixtures containing 40% MeOH. The 
results will be illustrated for each individual case 
and then discussed together so as to underline 
analogies in the observed spectroscopic behav- 

Experimental 
The compounds were prepared by literature methods 

(11, 12), except 3-diazocamphor, which was kindly sup- 
plied by Dr. T r a z ~ a . ~  They were purified by standard 

13-Diazocamphor is a molecule whose structure is 

2The authors are greatly indebted for this compound 
to Dr. A. Trazza of the Electrochemistry and Chemical 
Physics center of CNR, Rome (Italy). iour 
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CATALIOTTI ET AL. 2447 

FIG. 1. Carbonyl stretching band of diazoacetone, diazoacetophenone, bis-terr-butyl diazoacetone 
and 3-diazocamphor in pure CC14 (solid line), pure methanol (dotted line), and 40% methanol-CCI4 
mixture (dot-dash line). 

Diazoacetone 
We previously reported (7, 8) that the two 

absorptions of the N-N vibration at 2108 (vs) 
and 2090 (w) cm-I in CC14 are attributable to the 
cis and trans forms, respectively. An increase in 
temperature shifts the equilibrium in favour of 
the form less stable at room temperature, i.e. the 
trans form. The C-0 group gives a single band, 
at 1660cm-l, in CC14, having only a slight 
asymmetry on the low-frequency side. It is 
probable that this shoulder is due to  the trans 
form, but the closeness to the main band means 
that it is not possible to follow its behaviour 
with change in temperature (8). 

The spectrum of the CC&/MeOH mixture 
containing 2% MeOH shows a strong diazo 
band at 2108 cm-I with only a weak shoulder 
at 2090cm-l. This shoulder disappears in 
mixtures having 5% MeOH, and further con- 
tinuous variation of the proportion of hydroxylic 
solvent leads to a shift of the main absorption to 
higher frequency (21 13 cm-l in MeOH). The 
behaviour of the carbonyl band in the solvent 

mixtures is different. There is a change from a 
single band (at 1660 cm-I in pure CCld) to two 
absorptions (1658 (vs) and 1634 (sh) cm-l) in 
mixtures containing only 2% v/v MeOH. On 
increasing the proportion of hydroxylic solvent, 
the absorption at ca. 1658 cm-I smoothly de- 
creases in intensity and frequency, while the 
shoulder at 1634 cm-I develops into a strong 
band which in pure methanol becomes pre- 
dominant as an intense peak at 1628 cm-l. 

Diazoacetophenone 
If this molecule is considered to  be planar, 

then we know that the cis-trans interconversion 
must pass a barrier height of 39.2 kcal/mol-l. 
Consequently there is no conformational equilib- 
rium set up at room temperature, unless rotation 
of the phenyl group about the Ar-CO bond is 
admitted, with loss in coplanarity of the phenyl 
group itself with respect to the diazocarbonyl 
fragment (10). The reasoi~s why the latter has 
not been observed experimentally have been 
discussed by us previously (7). The only con- 
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former existing at room temperature is the cis 
form, as deduced from electric dipole moments 
(13). This form gives rise to clear absorptions at 
2106 (vNwN) and 1632 (vC-, cm-l) in pure C C 4  
(the respective values in n-hexane are 2105 and 
1639 cm-I). Now, while the diazo vibration 
shifts only slightly to higher frequency with 
increase in the content of hydroxylic solvent in 
the mixtures (vN-N 21 11 cm-I in pure MeOH) 
the carbonyl vibration shifts greatly in position, 
going to 1608 cm-I in pure MeOH. In addition, 
the behaviour of both relative intensities and 
absorption band frequencies of the two absorp- 
tions in CC14/MeOH is very similar to that 
described for diazoacetone. This indicates that 
the solute-solvent interactions must be very 
similar in both cases, despite the presence of 
only a single conformer in diazoacetophenone. 

Bis-tert-butyl Diazoacetone 
For this molecule, spectroscopic and dipole 

moment evidence (14) suggest the presence of a 
single conformer having a skew structure, which 
is understandable given the steric hindrance 
present. The diazo band again shows gradual 
shifts to higher frequency on going from CC14 
(2059 cm-l) to MeOH (2065 cm-l). However, 
the behaviour of the C-0 band is very different 
from that in the other molecules studied, in 
terms of the amount of bonding solvent neces- 
sary before changeover in the relative intensities 
of the two components of the carbonyl absorp- 
tion. Thus, whereas in the other cases 20% 
MeOH in the mixture already produces spectra 
showing a clear predominance of the component 
at lower frequency, in this compound alcohol 
percentages of SOYo are necessary before the 
low-frequency component becomes more intense. 
In addition, even 100% MeOH gives a spectrum 
in which the higher-frequency component is still 
rather intense. In other words, apart from the 
normal red shift of the C-0 absorption from 
1635 to 1612 cm-l, a weak absorption at 
1635 cm-I remains, even in pure MeOH; this 
fact is in some way connected with the consider- 
able steric hindrance produced in the molecule 
by the two tert-butyl groups. 

3-Diazocamphor 
This compound cannot, of course, give rise to 

cis-trans conformational equilibria (10) for struc- 
tural reasons. Nevertheless, its behaviour in the 
solvent mixture is completely analogous to that of 

the other molecules. The N-N vibration gives 
rise to a band at 2072 cm-l in CC14, which shifts 
to the blue, going to 2078 cm-l, in MeOH. The 
carbonyl band, which absorbs at 1695 cm-l in 
CC14, already presents considerable absorption 
at 1678 cm-I in 10% MeOH, which becomes a 
single peak at 1670cm-l, with only a slight 
asymmetry at high frequency, in pure methanol. 
Consequently, we are again in the presence of 
two components in the mixtures, the relative 
intensities and frequencies of which are a func- 
tion of the percentage bonding solvent present. 
The higher-frequency component undergoes 
shifts of a magnitude similar to those observed 
in the other molecules, whereas the absorption 
at low frequency moves further towards the red 
in this series of molecules. 

Discussion 

The results described clearly show that the 
behaviour of the bands attributable to v,-N and 
vC-, vibrations is substantially similar in these 
solvent mixtures, both when a conformational 
equilibrium is present and when it is impeded 
for steric or chemical reasons. We will first dis- 
cuss the reasons for believing that the participa- 
tion of solvent-stabilised conformational isomers 
may be excluded as an interpretation of the uv 
and ir spectra in solvent mixtures. 

(i) Whereas the absorptions attributed to the 
two rotamers lie at very near frequencies in the 
ir (see v,-, in diazoacetone), in the uv there are 
frequency differences of some 50-60 nm. These 
seem to be too large to be attributable to transi- 
tions arising from the same molecular species, 
even in different conformational situations. This 
has already been pointed out by Csizmadia et al. 
(10) who calculated the uv transition energies 
for the two conformers of diazoacetone and 
diazoacetophenone. This calculation led to the 
conclusion that each of the bands observed in 
n-heptane arises from the overlap of two very 
close absorptions due to individual conformers. 

That the behaviour in dioxan/water mixtures 
may be attributed to the presence of cis and 
trans conformers, which react differently in the 
formation of hydrogen bonds, is excluded by the 
observation of analogous behaviour for mole- 
cules in which trans conformers are not present, 
such as 2-diazocyclohexanone, 3-diazonorcam- 
phor, and 3-diazocamphor (see refs. 10 and 13). 
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(ii) If the hydroxylic solvent acts in some way 
on the position of the conformational equilib- 
rium, only changes in relative intensity would be 
expected, the absorption frequencies remaining 
substantially uninfluenced by the medium. Both 
the uv data (2, 4, 5) and the present ir results 
show, instead, that an increase in the percentage 
of bonding solvent in the mixture causes appreci- 
able red shifts in the band positions. 

(iii) For diazoacetone, the only molecule 
among those studied here for which the presence 
of a cis-trans equilibrium has been securely 
established, it has been found that the cis con- 
former is the more polar (15). Consequently, an 
increase of polar solvent in the mixture will 
decrease the intensity of the absorption due to 
the trans form. Since the less intense component 
of the diazo band doublet has been assigned to 
the latter form, the disappearance of the absorp- 
tion at 2090 cm-I in only 5% MeOH indicates 
that the molecule exists entirely in the cis form. 
Therefore, the second absorption clearly visible 
on the C-0 band in all the CC14/MeOH mix- 
tures cannot be attributed to conformational 
effects, given that, for all practical purposes, a 
single isomer remains in solution as the absorb- 
ing species. 

(iu) As mentioned above, the behaviour of the 
N-N and C-0 stretching vibrations and of 
the uv transitions is virtually identical in the 
mixtures, while the presence of a cis/trans 
equilibrium has been established for only one 
of the compounds. 

The molecules studied here are, on the other 
hand, systems particularly adapted to taking 
part in local interactions with hydroxylic sol- 
vents. Thus, the diazocarbonyl conjugation may 
lead to limiting forms having high dipole charac- 
ter, such as 2 which could contribute greatly to 
the molecular ground state. 

1 2 

It seems clear that both the N-N and the 
C-0 vibrational frequencies will depend on the 
relative weight that the charge-separated struc- 
ture exerts. This will be higher the more this 
structure is stabilised by a solvent capable of 
forming hydrogen bonds, such as methanol. 

We therefore suggest that there is an equilib- 

rium between noninteracting molecules (those 
contributing to the ground state with structures 
not having charge separation and therefore 
having a higher C-0 bond order) and inter- 
acting molecules, which presumably occurs via 
hydrogen bonding. A gradual increase in the 
amount of methanol in the mixture shifts the 
equilibrium towards species having charge sepa- 
ration. This increases the intensity of the absorp- 
tion at lower frequency. Since the decrease in 
bond order of the C-0 vibrator leads to a 
concomitant increase in the bond order of the 
diazo group, this would rationalise even the very 
small increase in N-N frequency. 

Fahr's suggestioil that to a lower C-0 bond 
order must correspond a larger solvent effect, 
though consistent with the vibrator-solvent 
interaction mechanism suggested here, may not 
always be true. The data for the tert-butyl com- 
pound clearly indicate that in this molecule the 
C--0 bond order is at  least as low as that in 
diazoacetophenone. However, the two tert-butyl 
groups in the molecule cause such a large steric 
hindrance that a vibrator, which is inherently 
strongly polarized, is not allowed to freely inter- 
act with the bonding solvent. The fact that the 
high-frequency component changes little with 
variation in the bulk dielectric constant of the 
medium (see below) and the presence of con- 
siderable quantities of 'free' molecules in pure 
methanol may then be attributed to screening of 
the C-0 vibrator by the tert-butyl groups, 
which impedes close approach by the bonding 
solvent. 

While the amount of diazocarbonyl conjuga- 
tion is probably responsible for the C-0 bond 
orders in diazoacetone, diazoacetophenone, and 
3-diazocamphor, in the tert-butyl derivative both 
the relatively low N-N vibrational frequency 
and the presumably skew configuration (13) 
indicate that this probably contributes little to 
the C-0 bond order. The low C-0 bond order 
presumably receives contributions from the 
strong inductive effect of the two tert-butyl 
groups. 

Even a small frequency shift in the absorption 
due to the carbonyl and that due to the 'bonded' 
carbonyl with increase in methanol content may, 
at first, seem surprising. Effects due to the change 
in total dielectric constant of the medium may 
be responsible for this. Indeed, these shifts are 
more marked for both components of this 
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absorption the less shielded is the C-0 vibrator 
(e.g. diazocamphor). This indicates that the 
dielectric constant of the medium acts according 
to the Onsager cavity model. 

As a final point, in all the cases examined, 
with the exception of the tert-butyl derivative, 
there are weak absorptions at frequencies be- 
tween those of the C-0 vibration and that of 
the bonded carbonyl-hydrogen. There are not 
sufficient data to allow definite conclusions to be 
drawn as to the solute-solvent interactions or 
solvation complexes responsible for these ab- 
sorptions. Nevertheless, since they undergo only 
slight shifts in frequency with little intensity 
change, in all solvent mixtures, the implication 
is that the equilibrium between 'free' carbonyl 
and 'bonded' carbonyl is shifted towards the 
latter at the expense only of the free species. In 
pure methanol this gives rise to two types of 
associated species, of which that interacting via a 
hydrogen bond predominates. 
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Infrared study of the C-H stretching region of five-membered 
heterocyclic compounds 
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ROSARIO CATALIOTTI and GIULIO PALIANI. Can. J. Chem. 54, 2451 (1976). 
An infrared analysis of the C-H stretching region of some five-membered heterocyclic 

molecules (pyrrole, furan, thiophene, selenophene, and tellurophene) has been carried out. 
Spectra were obtained for gas, liquid, solution (CC14), and crystal samples. Polarised infrared 
radiation was employed for crystalline oriented films. Band profiles in the gas phase and 
polarisation values for the crystal spectra have been used in order to get new assignments for 
this spectral region. 

ROSARIO CATALIOTTI et GIULIO PALIANI. Can. J. Chem. 54, 2451 (1976). 
On a effect& une analyse infrarouge de la rigion de vibration C-H de quelques moltcules 

htttrocycliques cinq membres (pyrrole, furanne, tl~iophkne, stltnophene et tellurophene). On a 
obtenu les spectres pour des Cchantillons B 1'Ctat gazeux, liquide, en solution (CC14) et sous forme 
cristalline. On a utilist une radiation infrarouge polariste pour des films cristallins orientts. 
On a utilist des profils de bande en phase gazeuse et des valeurs de polarisation pour les struc- 
tures cristallines de f a ~ o n  ti obtenir de nouvelles attributions pour cette rtgion spectrale. 

[Traduit par le journal] 

Introduction 
Although the vibrational spectra of pyrrole 

(1-7), furan (6-11,24), thiophene (6, 10, 12-18), 
and selenophene (19-23) have been extensively 
investigated, considerable discrepancies in the 
assignment of the 3200-3000 cm-I region exist. 
This is due to a number of factors: (i) four 
fundamentals (two Al and two B2) must be 
assigned, but only two sharp peaks are usually 
observed both in the infrared and in the Raman 
spectra; (ii) the band profiles of the gas spectra 
are not well defined, especially in the case of 
pyrrole and furan; (iii) the Raman polarisation 
data are scanty and seem to be reliable only for 
thiophene (14) and selenophene (21). 

We have re-investigated the 3200-3000 cm-I 
region of these molecules with the intention of 
arriving at definitive assignments for the C-H 
motions. The infrared spectra of gas, liquid, 
solution, and crystal phases have been measured. 
The crystal infrared spectra have been analysed 
by means of polarised radiation. 

Experimental 
Pyrrole, furan, and thiophene were high-purity Fluka 

products and were used without further purification. 
Samples of selenophene (99.2% glc) and tellurophene 
(99.794 glc) were kindly supplied by Prof. F. Fringuelli, 
Institute of Organic Chemistry of this University. The 
measurements, in the region 3200-3000 cm-1, were 

carried out on a Perkin-Elmer Model 521 spectrometer. 
Spectra of vapour, liquid, solution, and solid (100 K) 
phases were recorded with standard cells equipped with 
KBr and NaCl windows. For other experimental details 
see ref. 25. 

The spectra are shown in Figs. 1-3. Frequencies 
(accurate to k0.5 cm-1) and assignments are collected in 
Table 1. 

Discussion 
Most previous authors did not attempt to 

locate the four C-H stretching frequencies 
exactly, assigning two of them to each of the 
two observed infrared and Raman bands. 
Trombetti and Zauli (21), and subsequently 
Magdesieva (22), proposed an assignment for 
selenophene which gave the higher frequency 
mode as vC-, of both A1 and B2 species, while, 
for the two remaining v2 and vlg modes, these 
authors attributed two different frequencies to 
the two different vibrations. 

We shall review such assignments starting 
with a discussion of the band profiles in the gas 
phase. The principal moments of inertia for the 
molecules are reported in Table 2. The minor 
axis of inertia always coincides with the C2 
symmetry axis; the intermediate one is perpen- 
dicular to the minor axis in the plane of the ring 
and the major axis is always perpendicular to 
this plane. 

Pyrrole and furan are oblate asymmetric tops, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Infrared frequencies of the C-H stretchings of five-membered 
heterocyclic moleculesa 

Solution Crystal 
Molecules Gasb Liquid (CCl,) (100 K) Assignments 

Pyrrole 3 145(m) 
3 127(s) 
3118(m) 
3088(w) 

Furan 3 162(m) 
3139(s) 
3 13 2(m) 
3 123(w) 

Thiophene 3 126(m) 

3098(s) 
3086(m) 

Selenophene 3 12qs) 
3083(vs) 
3062(m) 

Tellurophene 3 106(s) 

3 128(s) VI  (Ad 
3113(s) ~2 (Ad 
309 1 (m) v12 (B2) 

v13 (B2) 
3 147(s) rl (Ad 
3125(s) ~ 1 2  (B2) 
3116(m) p i  (AI) 

v13 (B2) 
3115(w) .I ( 4 )  
3 lOO(s) Y l Z  (B2) 
3079(m) ~2 ('41) 
3072(~)  v13 (B2) 

3099(s) VI  (A3 
3067(w) ~2 (Ad 
3053(m) "13 (B2) 

3080(s) .I (Ad 
3066(m) ~ 1 2  (B2) 
3042(s) ~z ('41) 
3030(m) Y 1 3  (B2) 

QEntries are in cm-'. 
"as-frequencies are those of the Q branch for A-type bands and those of the center of band for B- 

type ones. 
=Band position inferred from the gas-liquid frequency shift. 

TABLE 2. Principal moments of inertia (g cm2 X Pyrrole 
of the five-membered heterocyclic molecules The most recent assignments for pyrrole are 

Compounds I, IU IZ Ref. 
those of Scott (7). This author gives values as 
3145 and 3129 cm-I for the Al and B2 C-H 

Pyrrole 55.3610 56.1568 11 1.5335 26 stretchings. - 
~ u r a n  53.5126 54.6720 27 The infrared spectrum of gaseous pyrrole 
rUophene 62'8568 93.2944 156'2164 :: (Fig. 1) shows that two clear Q branches emerge Selenophene 66.5327 149.4125 216.0331 
Tellurophene 71.4123 199.7763 271.1886 25 from the broad general envelope at frequencies 

of 3 145 and 3 127 cm-l. Further, there are two 

whereas the other molecules are prolate asym- 
metric tops. 

The experimental band profiles of the infrared 
rotation-vibration vapour bands, resulting from 
the C-H stretching motions, are of type A 
(weak Q branch) for the A, modes and of 
type B (without a Q branch) for the B2 ones. 

The same situation arises for furan and pyrrole 
even though it is not theoretically foreseeable 
that in these cases there exists a difference 
between the contours of the A- and B-type bands 
(these molecules being nearly oblate symmetric 
top). The assignments of the A- and B-type 
bands have, however, been confirmed by measur- 
ing the P-R submaxima distances. 

weak B-type absorptions centred a t  31 18 and 
3088 cm-l, which we assign to the two expected 
B2 motions. 

The liquid spectrum of pyrrole shows two 
strong peaks a t  3130 and 3102 cm-I and a 
shoulder at 3112 cm-l. In CC4 solution these 
absorptions are a t  3130, 3105, and 3115 cm-l, 
respectively. If the 3 145 cm-I frequency in the 
gas phase is associated with the strong band at 
3130 cm-I in the liquid, there is a gas-liquid 
frequency shift of 15 cm-l. The same shift 
results if the 3 127 and the 3 118 cm-I bands in 
the gas phase are associated with the absorptions 
at 3 112 and at 3 102 cm-I in the liquid-state 
spectrum. In the infrared crystal spectrum of 
pyrrole a t  1OOK (24) we observe three intense 
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FIG. 1. Gas-phase spectra of the molecules, in the C-H stretching region. The numbers (cm-1) 
indicate the position of bands discussed in the text. 

PYRROLE A F U R A N  B THIOPHENE C 

3145 3127 318  3088 3162 3130 3132 3123 3126 3008 3086 
I 1  I I I I I  I I 

peaks at 3128, 3113, and 3048 cm-I and a 
medium-strong peak at 3091 cm-I (see Fig. 3). 
All the three intense absorptions have low- 
frequency side peaks at 3 122,3 105, and 3042 cm-' 
respectively, due to factor-group splitting effects 
(24). Using polarised radiation it is easily seen 
that the peaks at 3128, 3113, and 3048 cm-I 
have the same dichroic behaviour, whereas that 
at 3091 cm-I has opposite dichroic character. 
Thus, the first three peaks belong to the Al-type 
vibrations and that at 3091 cm-I to the B2 
species. Since we must assign only two A, funda- 
mentals, we believe that the peak at  3048 cm-' 
results from the overtone of the 1528 cm-' mode 
(24). Using these criteria, we propose a modifica- 
tion of the assignments already reported for the 
C-H stretching mode of pyrrole (1, 2, 6, 7) as 
follows : vl(Al) = 3 145 cm-' ; v2(A1) = 3 127 cm-' ; 
v12(B2) = 3 118 cm-' ; and v13(B2) = 3088 cm-' 

SELENOPHENE D 

b,fv 
3120 3083 3082 3030 

I I I I 

(the frequency values are those for the gas-phase 
spectrum). 

TELLUROPHENE E 

3106 3064 3047 3030 
I I l l  

Furan 
For the C-H stretching of furan, we start 

with a discussion of the assignment proposed by 
Rico et al. (8, 9). These authors give values of 
3167 (calculated by the complete isotopic rule) 
and 3140 cm-I for the Al C-H motions and 
values of 3161 and 3129 cm-I for the B2 ones. 
These values are all referred to the gas-phase 
infrared spectrum. The gas spectrum recorded 
by us shows a clear R-Q-P envelope with the 
Q peak centred at 3162 cm-l. We prefer, there- 
fore, to  change Rico's assignment and take this 
band as vC-, of the Al species. In agreement with 
this assignment, the corresponding strong Raman 
line at 3 154 cm-I is polarised (9). 

The second Al mode is then assigned at 
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FIG. 2. Liquid-phase (upper) and solution (lower) spectra of the molecules studied, in the C-H 
stretching region. 

3132 cm-l, where the Q branch of another band 
having R-Q-P structure is found. The two B2 
modes are assigned to the bands at 3139 and 
3123 cm-l which lack Q peaks. 

In the liquid spectrum we observe two intense 
bands at 3159 and 3129 cm-I and an evident 
shoulder at 3 136 cm-l. Assuming the liquid-gas 
modes are assigned to the bands at 3139 and 
3129-3132, the three modes will have the same 
gas-liquid shift of 3 cm-l. 

The spectrum in the solid state shows four 
intense peaks at 3147,3125,3116, and 3088 cm-l. 
Using polarised radiation it is found that the 
peaks at 3147, 3116, and 3088 cm-l have the 
same dichroic character and therefore must 
belong to analogous symmetry species. We 
attribute the 3147 and 31 16 cm-I peaks to the 
A, C-H vibrations, the 3088 cm-I band to the 
overtone of the 1552 cm-l mode, and the band 
at 3125 cm-l, having opposite polarisation, to 
the B2 mode absorbing at 3136cm-I in the 
liquid-state spectrum. Unfortunately, there is no 
indication of the 4th mode position, from the 
solid-state spectrum. 

Thiophene 
The vibrational spectrum of thiophene and of 

several deuterated derivatives has been exten- 
sively investigated by Rico et al. (14). Later, 
Loisel and Lorenzelli (6), Tranchant and Guerin 
(17), and Paliani et al. (18) reported the solid- 
state infrared spectrum of this molecule, making 
minor changes in the assignments. 

For the C-H vibrations, the frequencies 
reported by Rico et al. for the gas-phase spec- 
trum are 3126 and 3098 cm-l for the vl  and v2 

modes of Al  species and 3125 (calculated), 
3098 cm-l for the v12 and vls  B2 motions. As in 
the case of the pyrrole molecule, the same 
frequency was used twice to assign vibrations 
belonging to different symmetries. 

We agree with the assignment of the Al  modes 
since two A-type bands are in our gas spectrum 
a t  3126 and 3098cm-l. We observe a band, 
without a Q branch, centred a t  3086 cm-l, which 
is certainly one of the two expected B2 C-H 
motions. 

The liquid spectrum has two peaks at 3116 
(31 12 in CC4) and at 3080 cm-I (3075 in CCl4). 
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FIG. 3. Crystal ir spectra (upper) and polarised crystal ir spectra (lower) of the heterocyclic molecules, 
in the C-H stretching region. 

In addition, there is an obvious shoulder at 
3088cm-I (3083 in CCld). Since the Raman 
lines at 3107 and 3084 cm-I in the liquid have 
been shown to be polarised (14), it is clear that 
they must correspond to the Al C-H stretchings 
and therefore must correlate with the bands 
having R-Q-P structure in the gas. The following 
correlation of frequencies between gas and liquid 
spectra supports the proposed assignment: 
3126-31 16 (Av = 10 cm-I; 3098-3088 (Av = 
10 cm-I); 3086-3080 (Av = 6 cm-I). Thus, there 
is the same shift for motions attributable to the 
Al symmetry species and a smaller shift for the 
B2 vibrations. 

In our previous paper on the ir spectrum of 
solid thiophene (18), we were able to discriminate 
between Al and B2 motions, on the basis of their 
different dichroic behaviour. We gave frequen- 
cies of 3100 and 3072 cm-I for the v12 and v13 B2 
vibrations and the doublet 3079, 3078 cm-I for 

the v2 Al mode. The vl vibration was assigned 
by Tranchant and Guerin (17) at 3 112 cm-l, 
from the spectrum of the 4th solid modification 
of the molecule. The present crystal study 
reveals only a small peak perpendicularly 
polarised at 3115 cm-I. This fact seems quite 
surprising since the vl mode is the most intense 
one in the other phases. However, in view of its 
polarisation, analogous to that of the 3079 cm-I 
peak, we agree with Tranchant and Guerin that 
the small absorption at 3 115 cm-I might be the 
vl mode of the 4th phase of solid thiophene. 

Selenophene 
The assignments of the C-H stretchings of 

selenophene are well established from previous 
studies (21, 22). Recently, we reported the ir 
spectrum and molecular dynamics of seleno- 
pbene in the solid state (23). 

Liquid selenophene has three sharp absorp- 
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tions at 3101, 3067, and 3058 cm-' in the infra- 
red. These correspond to lines in the liquid 
Raman spectrum lines at 3106, 3071, and 
3061 cm-I, respectively. Since the first two lines 
are polarised whereas the latter is depolarised 
(21), the assignment is straightforward, con- 
sidering also that the correspondence with the 
ir gas spectrum gives two A-type bands at 3120 
and 3083 cm-l, and a B-type band at 3062 cm-l. 
The absorption at 3030 cm-' (type-A contour) 
is the first overtone of the v14 ring stretching 
(21-23). In the solid-state ir spectrum there are 
two doublets a t  3099-3103 and at 3067-3064 
cm-' with sharp perpendicular polarisation, and 
a third doublet at 3052,3054 cm-' with opposite 
polarisation. Our assignment is therefore the 
following: the two bands at higher frequencies 
(3101 and 3067 cm-I in the ir liquid spectrum) 
are the vl and v2 modes of the A, species and the 
remaining one at 3058 cm-l is the vl3 motion 
of the B2 species (23). 

There is no indication, from the spectra in the 
various phases, of the position of the second B2 
mode, v12, SO that we agree with previous workers 
that this motion is either accidentally degenerate 
with one of those described above, or is so weak 
as to be hidden by another, more intense, band. 

Tellurophene 
For this molecule we have recently reported 

an in-depth vibrational study of the normal 
motions (25). There is thus sufficient experi- 
mental data, also for the deuterated species, to 
allow a reliable assignment of the C-H stretches. 

Starting with the gas-phase ir spectrum, we 
note that in the range 3 110-3000 cm-I there are 
three intense A-type bands and a B-type one. 
Since two arise from Al and one from B2 motions, 
we believe that the band at lower frequency, i.e. 
that at 3030cm-I, should be a combination 
arising from the ring mode at 1512 cm-I (25). 
Thus, peaks at 3106 and 3064 cm-I, with definite 
R-Q-P branches, are the vl and v2 motions of 
the Al species, whereas the absorption centred 
at 3047 cm-l, having no Q structure, should be 
correlated with one of the B2 vibrations. 

The liquid and solution spectra give the same 
information, because there are secure polarisa- 
tion data for three Raman lines whose frequen- 
cies agree well with the infrared ones. Thus, the 
lines at 3082 and 3046 cm-' are strongly polar- 
ised, whereas that at 3029 cm-' is depolarised. 

Moreover, in both the infrared and Raman 
spectrum of solid tellurophene at 100 K, there 
is a peak at 3066 cm-' which in the ir crystal 
spectrum has the same polarisation as the other 
B2 mode. We therefore assign this peak as vl2 

and suggest that, as for selenophene, two vibra- 
tional energies (e.g. vl and v12) may be close 
together so that only the narrowing of the bands 
at liquid nitrogen temperature allows them to be 
distinguished in frequency. 

Concluding Remarks 

The present study shows that the liquid state 
is the least adaptable for spectroscopic investiga- 
tions on the C-H stretching region for five- 
membered heterocyclic molecules. 

Gas-phase or solid-state ir spectra are much 
more useful for this kind of study. From these 
spectra it is possible to  arrive at a complete 
vibrational assignment of the four C-H normal 
vibrations. However, although the assignments 
represent an improvement over previous studies, 
they are still not definitive because some P-Q-R 
contours are difficult to interpret. Unfortunately, 
in the case of selenophene, only three of these 
modes produce infrared absorption and Raman 
scattering in all the physical states, probably 
because of an accidental degeneracy between 
two of these vibrational levels. 
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D. H. BONSOR, B. BORAH, R. L. DEAN, and J. L. WOOD. Can. J. Chem. 54, 2458 (1976). 
The salts (ImH+)X-, Im = imidazole, X- = PFs-, BF4-, or Cl0,- have been prepared in 

solution, and the perchlorate salt has been crystallised. The molecularity implied by the formula 
is confirmed in solution by Job's method, and for the crystals gravimetrically. In MeCN the 
association constant is -8 M-!. Infrared spectra of solution and crystals are similar, inde- 
pendent of counter ion, and indicate an asymmetric single minimum proton potential. The 
pronounced doublet in the NH stretching band of the H bridged complex, and replaced by a 
single band in the D bridged analogue, is not indicative of proton tunnelling. The X-ray 
structure is compatible with this interpretation of the spectra. 

D. H. BONSOR, B. BORAH, R. L. DEAN et J. L. WOOD. Can. J. Chem. 54, 2458 (1976). 
On a prepare, en solution, les sels (ImH+)X-, Im = imidazole, X- = PFsM, BF4- ou C104- et 

le sel perchlorate a CtC cristallisk. La molCcularit6 impliquk par la formule est confirm& en 
solution par la mCthode de Job et pour les cristaux d'une f a ~ o n  gravimitrique. Dans le MeCN, 
la constante d'association est approximativement -8 M-1. Les spectres infrarouges en solution 
et sous forme de cristaux sont similaires, indkpendants de l'anion et indiquent la presence pour le 
proton d'un potentiel asymktrique comportant un seul minimum. Le doublet t r b  prononcC 
dans la bande NH d'klongation du complexe pontC avec l'hydrogkne qui est remplacC par une 
bande unique dans l'analogue pontC avec du deuterium, n'indique pas la prCsence d'un effet de 
tunnel du proton. La structure dCtermin& par rayons-X est compatible avec cette interprktation 
du spectre. 

[Traduit par le journal] 

Introduction 

Many organic bases hydrogen bond with their 
conjugate cations to give formally symmetric 
complex cations, of the type (BH. . - B)+. The 
infrared spectra show a remarkable doublet in 
the V, (NH stretching) band, when B is a hetero- 
cyclic base, which is replaced by a single band in 
the D bridged analogues (1, 2). Although this 
behaviour is a notable theoretical consequence of 
proton tunnelling in a double minimum poten- 
tial, a number of other features of the spectra 
suggests that the lower frequency component 
involves Fermi resonance (Id, 26). X-Ray 
determination of the structure of these com- 
plexes should help to resolve this question. 
Although several complexes have been prepared 
in the solid state (2b, 2d, 3), we had not pre- 
viously been able to obtain crystals suitable for 
X-ray analysis. Recently Glowiak and co- 
workers have determined the crystal structures 
of two related systems containing chains of 
NH. . N  bonds in polycations; polytriethyl- 

'To whom correspondence should be addressed. 

amine diammonium and polypyrazinium salts (4). 
Zundel and Muhlinghaus (5) examined the 

infrared spectra of concentrated (720.8 mg/ml) 
aqueous solutions of imidazole, partially neu- 
tralised with gaseous HC1. A variety of hydrogen 
bonded species will be present and contribute to 
the spectra in these solutions. To delimit the 
species to which the spectra refer, we have used 
solvents and counterions which are inert in 
hydrogen bonding, as judged by the absence of 
spectroscopic effects. 

Experimental 
Preparations 

Three simple imidazole salts, the perchlorate, fluoro- 
borate, and fluorophosphate were prepared, in each case 
by the addition of an aliquot of aqueous acid at 0 "C to  
the cooled solution in analar ethanol of the recrystallised 
base. The hexafluorophosphate precipitates immediately, 
the other two salts after removal of excess water with the 
pump. The salts were recrystallised from ethanol. An- 
alyses are mainly within O.l%, and in no case outside 
0.37' of theoretical. 

Deuteration of the base, and the perchlorate salt was 
effected by repeated dissolution in DzO. The possibility 
of exchange of hydrogen attached to C was checked by 
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nmr in the case of salt. No indication of exchange was 
found. 

Complexes were prepared in solution by dissolving free 
base in the dry solvent (CH3CN, CH2C12, or CH3N02) ; and adding salt. 

The solid complex was obtained by warming equimolar 
anhydrous base and perchlorate salt2 in a mortar until 
fusion occurred (-60 "C), and allowing to cool after 
thorough stirring. Single crystals for X-ray analysis were 8 
obtained by co-dissolving base and perchlorate in dry 
nitromethane to give a solution 1.5 M in both. On slow 
evaporation of the solvent in a N2 atmosphere, crystals of 
base deposit, followed a few days later by crystals of 
complex. By adding a trace of EtOH larger crystals were 
obtained. Moisture was excluded at a! times by drybox 
and vacuum handling techniques. The analysis of this 
sample is C 31.03, H 3.81, N 24.11, C114.62. Im2H+C104- 
requires C 30.46, H 3.83, N 23.68, C1 14.98. 

Spectroscopy \ 
Infrared spectra above 400cm-1 were recorded with a O O 2  O 3  O 5  O6 O 7  O 8  O9 

Mole froct~on om~dozole Grubb-Parsons Smctromaster or Perkin-Elmer 325. For 
solutions CaF2, ~ a ~ 1  or AgCl windows were used. Path FIG. 1. Job plot for the association of imidazole and 
length = 0.05 mm. Both fused and crystalline solids were irnidazolium, using the complex band at -2 000 cm-1. 
examined as Nujol and HCBD mulls, using NaCl or The BF4- salt was examined. 
AgCl windows. 

Results the structure, and those of the ecluimolar solu- 
tions, and the solutions obtained dy redissolving 

Nature of the Complexes the solids indicates that all refer to the species 
Imidazole can function as both proton donor 

and proton acceptor in hydrogen bonding; as a 
(Im2H)+. 

From the data shown in the lower curve of 
result the crystalline free bases are extensively Fig. the association constant of the complex 
self-hydrogen bonded (6)' The are is obtainable. If A is the initial concentration of 
bifunctional proton donors. There is thus the salt, is the initial concentration of base, is 
opportunity for a cation to complex with more the concentration of complex at equilibrium, then 
than one base molecule forming a complex 
cation of general formula (B,H)+.- he posiible 
occurrence of oligomeric cations, which cannot 
arise in the previously examined monofunctional 
bases, was therefore investigated. Figure 1 
shows Job's method (7) plots for total [Im] + 
[ImH+] of 0.75 M (a) and 1.5 M (b) using the 
absorbance of the band at 2000 cm-l (in MeCN 
solution) as a measure of the amount of complex. 
Absorption by the individual components is 
minimal at this frequency. The plot (a) is sym- 
metric, with maximum at the equimolar com- 
position, indicating that the (Im2H)+ con~plex 
predominates, with no evidence of polymeric 
species. The maximum is displaced to -55 
mo1% base in plot (b), indicating that at higher 
concentration some polymeric cations, e.g., 
(Im3H)+ are present. The close similarity of the 
spectra of the crystalline and fused solids whose 
composition is established analytically and from 

2Note possible explosion hazard. 

[I] K = C/(A - C)(B - C) 

Let I be the absorbance of the 2000 cm-I band, 
and taking C = a I 

121 K = a I/(A - a I)(B - a I )  

or 

[3] AB/12 - a(A + B + K-')/I + a2 = 0 

Thus a plot of AB/12 against 1/I should give a 
straight line of slope a(A + B + K-l) and inter- 
cept - aZ, so giving K. The data of plot (a) gives 
a value of K = -8 M-l. Since K-I is small 
compared to A + B, the method only gives a 
rough estimate of K. 

In view of the extensive role in biochemical 
systems of hydrogen bonding involving imid- 
azole, it is interesting that the occurrence of the 
present complex, which is at an optimum a t  a 
p H  equal to the pK of the base, 6.95 (S), will be 
near neutrality in aqueous solution. 
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TABLE 1. Infrared spectra of the imidazole complex cation and the free base and simple cation for comparison 
(frequencies in cmA1)* 

ImH+CIOd- 
. . . BF,' (Im)*H+ complex Im 

Assignment ImH+C104- . . . PF6- Assignment 
(ImH+) solid solution Solid Solution Solid Solution (Im) 

6 ~ - H  Obscured 1175sh 1210sh 1205w R5 
by 1161s 1160111 or I 1 1 6 5 ~  6 1 ~ - ~ ( m o n o m e r )  

counterion lllOsh 1125w bNH 
Obscured 1145s 1140m R5 

&C-H 1097s by 1092s 1099s 1090s &c-H 

&c-H 1045s counterion 1060s 1053s 1060s &c-H 
930w 937s 936m,br 935s 933m R6 

R6 9 2 3 ~  9 2 2 ~  943sh 921sh 920sh ~ N H  
918m 919s 

905w 904sh 895s 902w R7 
R7 862w 854sh 

830111 
YN-H 815br 843s 846br 

837s 830ml- yC-H 

764s 756sh 760s,br 757s 754s 
Y C-H 748s 748sh 748sh 722,sh,w YC-H 

665s R~(monomer) 
650s 658s 658s 661s R8(assoclated) 

633m 635m 
R8 6 15vs 627s 

609s 613s 618s barn  R9(associated) 
610s Rg(monomer) 

*Im = imidazole, ImH+ = imidazolium ion, br = broad, sh = shoulder, s = strong, m = medium, w = weak. 

Spectroscopic Observations 
It was first confirmed that after allowance for 

specific bands, the spectra in solution are 
independent of counterion or the solvent used 
(MeCN, MeN02, or CH2C12). 

Throughout the interpretation of the spectra 
allowance is made for the proportion of free base 
or salt present, typically about 25y0 when total 
base and salt were each 2 M. The effect of 

complexing is most notable in the high frequency 
range (Fig. 2). In the mid-frequency range, the 
665 cm-I band of imidazole, and the 667 cm-I 
and 942 cm-I bands of dl-imidazole clearly shift 
on complexing, as do the 627 and 815 cm-I 
bands of ImH+. Many bands in the mixture co- 
incide in frequency with bands of either free base 
or salt. However, their intensity compared to the 
residue of base or salt bands which do  shift in 
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TABLE 2. Infrared spectra of the deuterated imidazole complex cation, and of the 
deuterated base and simple cation, for comparison (all spectra relate to solution, 

frequencies in cm-I)* 

Assignment dl-ImD+C104- (dI-Iml2D+ Assignment 
(dl-lmD+) dl-ImDfBF4- complex dl-Im (d~-Im) 

{;:i::,br 
2470s,br 

VN-H 
2 5 W b r  vN-H(monomer) 

1950s,br 2250stbr vN-H(assodated) 
RI  1568m 1567vw 
R2 1547s 1546s 

1540w 
1512m 1505s RI 
1480s 1477s R2 

R3 1398m 1398w 
]it 1367s 1365s 

1357sh 
1350sh 

1330w 
1355s l- R3 
1334vw & 

1320vw 1320s 
b-13 1260w 1260sh 

1250s 1250s k - ~  
1200sh,w 

Obscured Obscured 1135m RS 
by by 1100s Bc-H 

counterion counterion 1062s 6 ~ - ~  
950m,br BN-~(assoclated) 

953s,br 942m & 
R7 932m 932m 930w R7 
6 ~ - n  930m,br 

the complex often indicates that in the mixture 
the band cannot arise from the unassociated 
species. Thus all the bands shown in colun~n 5 of 
Table 1 are ascribed to the complex, although 
many coincide with bands shown in columns 3 
and 7. 

Many coincidences between complex and 
component bands also occur in the solid state 
spectra, but the absence of base bands a t  895 and 
1448 cm-l, and salt bands at 615 and 1585 cm-l, 
reflects the completeness of complexing shown 
by the crystal structure. 

In the spectrum of the deuterated complex, 
only examined in solution (Table 2), the majority 
of the complex bands nearly coincide with either 

base or salt bands, but may be distinguished by 
intensity comparison of the effect of altering the 
salt/base ratio, as before. 

Discussion 
A most notable observation is the similarity 

of the spectra of the complex in the solid state 
and in solution. This is apparent in the v, band 
of the H bridged systems (Fig. 2), particularly as 
this band is sensitive to the nature of the hydro- 
gen bonding. Another indication of the similarity 
is that the new bands characteristic of the com- 
plex occur at closely similar frequencies in the 
two phases. Examples are the bands at 635 and 
919 cm-l. 
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FIG. 2. Infrared spectra in the NH stretching range. 
( A )  solid (11n)~H+C10~-, ( B )  solid IrnHfC104-, ( C )  solid 
Im, (D) ImH+C104- + Irn in solution each 2 M, (E) 
ImHfC104- in solution (2 M),  (F) Irn in solution (2 M). 
Solvent and counterion bands have been omitted. 

The N H  and ND Stretching Bands 
The very pronounced doublet (Fig. 2) in the 

v, band of the H bridged systems has a very 
similar appearance in the spectra of other (B2H)+ 
complex cations, B being a heterocyclic base 
(1, 2), particularly the N-methylimidazole one 
(2a). The rounded bands at 3300 cm-I (solution), 
or 3370cm-I (solid), are close in frequency to 
similar features in the spectra of the simple salts 
(9), but as they remain in the presence of excess 
base, are due to the complex, and arise from 
stretching of the outer NH groups. 

In the deuterated complex, which has only 
been examined in solution, the stretching of the 
outer ND groups gives the strong rounded band 
at 2470 cm-I (Fig. 3), again close to the position 
in the simple salts (8), while the v, band is now 
represented by only a single broad feature, 
extending from -- 1760 to -2150 cm-I. 

The possibility that proton tunnelling asso- 
ciated with a double minimum potential could 
give rise to the V, band doublet, with the splitting 
greatly reduced in the D bridged species, has 

been extensively discussed (10). However, this 
origin for the appearance of the V, band in the 
spectra of related (B2H)+ cations was rejected 
(2b), since several other spectroscopic features 
implied by a double minimum potential were not 
present. Again in the present system it is unlikely 
for the V, band to be related to proton tunnelling, 
and Fermi resonance would seem to be the most 
probable cause of the v, doublet, both in the 
crystal and solution spectra. 

The Mid-frequency Range 
Two features of the mid-frequency range 

spectra throw light on the form of the proton 
potential. The first is the possible duplication of 
the internal modes of the base, one set corre- 
sponding to the proton donor, and the other to 
the proton acceptor. The vibrational spectra of 
both imidazole (6), and its salts (9) have been 
examined in considerable detail by Bellocq and 
co-workers. Even a cursory examination of the 
complex bands listed in Tables 1 and 2 shows that 
the spectrum contains many more bands than 
either free base or cation alone, and also that 
many can be related to those of the free cation 
(proton donor) or base (proton acceptor) e.g., 
R,,  R2, R3, R4. The spectrum of the deuterated 
complex displays similar behaviour. 

Even though the assignment, shown in the 
final columns of Tables 1 and 2 and which 
generally follows the work of Bellocq, is tenta- 
tive, it can clearly be inferred that the two base 
molecules in the complex are spectroscopically 
distinguishable. Although the internal modes 
could be duplicated in a complex of, e.g., C2u 

~rewency (ern-') - 
FIG. 3. Infrared spectra in the ND stretching range. 

( A )  dl-IrnDfC104- + dl-Im in solution each 2 M, 
(B) dl-ImD+C104- in solution (2 M), (C)  dl-Im in solution 
(2 M). Solvent and counterion bands have been omitted. 
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overall symmetry, with identical bases, as a con- 
sequence of mechanical interaction, it is unlikely 
that in both the H and D bridged species the 
complex modes would relate so well with those of 
free base or cation. 

The second feature of the mid-range spectra 
indicative of the proton potential is the fre- 
quencies of the NH bending modes (Id). We can 
expect the following pattern for the three in- 
plane modes if the present complexes are 
asymmetric or have a high barrier, i.e., are 
effectively cation. - . base: (i) a mode with 
frequency around the mean of the frequencies of 
the two modes in the free cation, localised in the 
outer NH of the cationic moiety, (ii) a mode with 
frequency in the vicinity of that of the free base, 
localised in the outer NH of the acceptor base, 
(iii) a mode at higher frequency due to the bridg- 
ing NH group. A guide to the upward shift can 
be sought in the effect of hydrogen bonding on 
the NH bending of the base itself. 

In contrast, for a complex with a central 
bridging proton, we are likely to see only a single 
band developed from the two outer NH groups, 
and a mode a t  much higher frequency arising 
from the central proton. 

The situation in the undeuterated systems is 
complicated by the presence of the ring mode R5 
of both base and salt in the range 1100-1200 
cm-I where the NH bending modes are expected. 
In the deuterated systems the present spectra 
suggest some revision of the previous assignment 
of these modes of the base and cation. We take 
the weak band at 910cm-I (Fig. 4) to be the 
bending mode of the free base, and the broader 
band around 950 cm-I, whose intensity varies 
with the concentration, to represent the asso- 
ciated base. The previous assignment (6b) is of a 
strong band of the solid (and therefore asso- 
ciated) base at 914 cm-I to this mode. In the free 
cation a broad rounded band underlies the sharp 
internal mode band at 932 cm-I, and we take 
this to be the second ND bending mode, rather 
than the previously assigned (9) band at 845 
cm-l which appears to correspond to the band in 
the free base at 832 cm-l assigned to a y CH 
mode. We concur with the previous assignment 
of the shoulder at -865 cm-I to the other ND 
bend. In the complex, this band remains, as does 
a weak feature corresponding to  that of the free 
base at 910cm-l, but a third band cannot be 
distinguished; it may well underlie the strong 

I )  , I I I I I I 

840 860 800 900 920 M O  960 

Frequency (crn-'1- 

FIG. 4. The infrared spectra in the ND in-plane bend- 
ing region. ( A )  dl-ImD+C104 + dl-Im in solution each 
2  M ,  (B)  dl-ImD+C104 in solution (2 M), ( C )  dl-Im in 
solution (2 M ) .  Dotted lines indicate the broad bending 
mode bands deemed to underlie internal (R) modes in 
spectra ( B )  and (C). 

band, ascribed to an internal mode, Rg, at 
953 cm-l. 

Thus, in general, the in-plane ND bending 
modes fit an asymmetric position for the 
bridging proton. 

Although in principle the out-of-plane NH 
(ND) bending modes can be similarly used to 
assess the bridging proton position, it has not 
proved feasible to distinguish the modes well 
enough for this purpose. 

Conclusion 

The spectra show that the two base molecules 
in the complex are distinguishable, one having 
proton acceptor, or free base character, the other 
cation or proton donor character. This distinc- 
tion is present both in the crystalline state and in 
solution. On the vibrational time scale, an 
asymmetric single minimum potential for the 
proton is implied. In the solid state this may be 
the permanent structure, but in solution, over a 
sufficiently long period of time, the roles of the 
base molecules must change, corresponding to a 
high proton barrier. As will be discussed in the 
following paper, this indicates that the proton 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2464 CAN. 1. CHEM. VOL. 54, 1976 

motion, in solution, is coupled with that of the 
environment. 

The data for the present complex also clearly 
demonstrate that the occurrence of a doublet 
structure in the V, band, converging towards a 
single maximum in the D bridged analogues, 
cannot be taken as proof of proton tunnelling 
through a low barrier (10). Other factors may 
produce this v, band behaviour in systems which 
are effectively asymmetric. For the same reason, 
the use of isotopic shifts in the v, band as an 
indicator of the proton potential (10:l) can also 
be misleading. 

Further discussion of the proton potential in 
this and closely related systems will be included 
in the accompanying report on the benzimida- 
zole complex. 
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The crystal structure of the complex salt imidazole imidazolium 
perchlorate 
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ANDREW QUICK and DAVID J. WILLIAMS. Can. J. Chem. 54,2465 (1976). 
The crystal structure of imidazole imidazolium perchlorate has been determined at room 

temperature from three-dimensional diffractometer data, and refined by full-matrix least-squares 
to a final Rm= 0.051. The planar imidazole rings are linked by a N . . . N  hydrogen bond of 
length 2.73 A and rotated with respect to each other about this bond by an angle of 50". The 
analysis has failed to  give conclusive evidence as to the position of the hydrogen atom between 
the two imidazoles. 

ANDREW QUICK et DAVID J. WILLIAMS. Can. J. Chem. 54, 2465 (1976). 
On a determine, ti temperature de la piece, ti partir de donnks diffractromktriques, la struc- 

ture cristalline du perchlorate de l'imidazolium de l'imidazole et on l'a affink par les mkthodes 
des moindres carres (matrice compete) jusqu'h une valeur finale de  R = 0.051. Les cycles 
imidazoles plans sont lies par un lien N . .  . N  d'une longueur de 2.73 A et ils forment Pun par 
rapport B l'autre autour de ce lien, un angle de 50". L'analyse n'a pas permis d'obtenir des 
donnCes concluantes concernant la position de l'atome d'hydrogkne entre les deux imidazoles. 

[Traduit par le jomnal] 

Introduction 
The successful production of crystals of the 

(ImHIm)+C104- (Im = imidazole) complex suit- 
able for X-ray analysis, offered the opportunity 
to relate the detailed structure of the ImHIm unit 
to its infrared spectrum, and to investigate the 
spectroscopic inference of an asymmetric hydro- 
gen bond between the imidazole molecules. 
Spectroscopic and preparative aspects of the 
structure are described in the preceding paper. 

Experimental 
The complex crystallises as colourless plates which are 

exceedingly sensitive to moisture. They can, however, be 
kept for a period of a few days under thoroughly dried 
liquid paraffin. 

Accurate lattice parameters were obtained by least- 
squares refinement of 24 high-angle reflections measured 
(at 10 "C) on a diffractometer using Cu-K. radiation. The 
crystal data are: 
C6H9N4.C104 m01. wt. = 236.6 
Monoclinic, a = 5.0994(3), b = 8.7333(5), c = 11.8228(5) 
A, = 98.691(5)", U = 520.5 A3, Z = 2, D, = 1.51 g 
cm-3, F(000) = 244. Space group P21. Cu-K, radiation. 
A = 1.5418 A, rc(C~-K,) = 33.5 cm-1. 

A crystal ca. 0.6 X 0.3 X 0.3 rnm3 was sealed in a 
tight fitting Lindemann tube under a minimum quantity 
of dried liquid paraffin, and mounted along its a direc- 
tion. Data were measured on a Siemens off-line four- 
circle diffractometer using Ni-filtered Cu-K, radiation 
and following procedures described in detail elsewhere 

'To whom correspondence should be addressed. 

(1). A total of 1064 independent reflections were measured 
(to e = 70") and of these, 10 reflections had I < 2.58~(1) 
and were classed as unobserved (1). The net count of the 
054 reflection, measured as a reference every 50 reflec- 
tions, did not alter significantly during the data collection 
(ca. 2 days) indicating that no deterioration of the crystal 
had occurred. The data were brought to a uniform 
arbitrary scale by use of this reflection (I), and Lorentz 
and polarisation corrections were applied. No absorption 
corrections were applied. 

Solution and Refinement of the Structure 
The structure was solved by direct methods by an 

application of the program MULTAN (2) to  189 reflec- 
tions with normalised structure factors (E's) 2 1.33. An E 
map, calculated for the phase solution with the highest 
'combined figure of merit', gave plausible positions for the 
atoms of the perchlorate ion and for one of the imidazole 
rings. The positions of these atoms were refined and a 
difference electron-density map computed which gave the 
positions for the atoms of the other ring. The structure 
was refined anisotropically by full-nmtrix least-squares to 
R = 0.064, (R = CllFol - lFcll/IIFol) after omission of 
four reflections which had JFoI << IF, 1 and were suspected 
of being affected by extinction; they are identified in the 
F list. 

A difference map gave plausible positions for all the 
ring hydrogens, although some of the peaks were rather 
diffuse. In  the region between N(2) and N(3) there were 
peaks, attributable to hydrogen atoms, -1 A distant 
from both M(2) and N(3) but with peak heights in a ratio 
of approximately 2:1, the stronger being close to N(2). 
Isotropic refinement of the hydrogen positions was not 
wholly successful for, surprisingly, some of the param- 
eters of apparently well resolved atoms failed to converge. 
The refinement of the larger weight hydrogen attached to 
N(2) was also not entirely convincing; the convergence 
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was not decisive and it h!d a rather large isotropic 
temperature factor ( B  = 13 A2). This may possibly reflect 
a genuine partial occupancy, but in the circumstances 
refinement with fractional weight atoms was not con- 
sidered realistic and refinement was terminated at a final 
R = 0.051.2 .+ final difference map still showed a small 
peak (0.13 e/A3) near N(3) but alsoa appreciably more 
residual electron density (up to 0.5 e/A3) in the region of 
the perchlorate ion. This latter suggests that the assump- 
tion of a rather large anisotropic thermal motion may 
not be adequate; some disorder may also occur but 
cannot be assessed or allowed for. Unit weights were 
used throughout the refinements. Atomic scattering 
factors were taken from ref. 3 with the exception of those 
for hydrogen which were taken from ref. 4. 

The computations were carried out on the Imperial 
College CDC 6400 and the University of London CDC 
6600 and 7600 computers, using in the main programs 
belonging to the X-ray 70 system (5). 

Results and Discussion 
The final fractional atomic coordinates and 

thermal parameters for the non-hydrogen atoms 
together with their estimated standard deviations 
are listed in Tables 1 and 2. Figure 1 shows a 
perspective view (ORTEP (6)) of the asymmetric 
unit of the structure with thermal ellipsoids 
scaled to enclose 30% probability. The figure 
also shows the numbering scheme used. Table 3 
lists the bond lengths and bond angles and their 
estimated standard deviations. Table 4 gives 
selected intergroup contacts 5 3.50 A. 

The structure is com~rised of endless chains of 
molecules, loosely hydrogen bonded and running 
perpendicular to b. The two imidazole rings are 
connected by a hydrogen bond (N(2). . . N(3) = 

2.73(1) A) and these units are in turn linkcd by 
weaker hydrogen bonds (3.03 and 2.86 A) to 
their counterparts in adjacent cells via the 
oxygens O(1) and O(3) of the perchlorate. Figure 
2 shows the [OlO] projection of the hydrogen 
bonding arrangement. Figure 3 shows a stereo- 
scopic view (ORTEP) of the packing of the 
molecules in the cell. The packing of the screw- 
related chains of molecules is fairly tight with 
seve!al contacts between them of less than 
3.5 A (Table 4). 

Figure 4 shows a comparison of the bond 
lengths and angles for the two imidazole rings. 
Both rings show notable and possibly significant 
differences in bond lengths : N( lFC(2 )  cf. 

2Tables of observed and calculated structure factors are 
available at a nominal charge from the Depository of 
Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA 0S2. 

TABLE 1. Fractional coordinates ( X lo4) for the 
non-hydrogen atoms with estimated standard 

deviations in parentheses 

Atom x 

c(1) 8964(18) 
c(2) 10492(21) 
(33) 8316(22) 
N(1) 10949(13) 
N(2) 7355(10) 
c(4) 3756(17) 
c(5) 1497(17) 
C(6) 463(17) 
N(3) 3613(13) 
N(4) 1949(15) 
C1 6651 (2) 
o(1) 9500(6) 
o(2) 5663(12) 
0 0 )  5740(12) 
o(4) 5696(10) 

N(4FC(6) and C(1)-N(l) cf. C(4)-N(4), each 
equivalent to -2.80. Larger differences can be 
seen, however, in the angles e.g.  113" at C(4) and 
104" at N(3), cf. 109" at C(2) and N(1); both 
differences are > 3.50 and probably statistically 
significant. Each ring displays a marked and 
similar asymmetry about the bonds flanking 
N(2) and N(3), a possible reflection of the nature 
of the hydrogen bond between them. The two 
rings are planar, with a maximum dis lacement 
from the least-squares plane of 0.015 [ and are 
rotated with respect to each other about the 
N. N hydrogen bond by an angle of 50". Table 
5 gives the equations of the ring planes and the 
displacements of the various atoms from them. 

There are notable similarities between the 
values obtained here and those for the various 
determinations of the structure of imidazole 
(7-9), though the symmetry about a plane 
bisecting the C-C bond is not so pronounced 
here. This is particularly noticeable if one com- 
pares N(3pC(5) with N(4bC(6), a difference 

FIG. 1. Perspective view of the imidazole imidazolium 
complex and the numbering scheme employed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



QUICK AND WILLIAMS 

TABLE 2. Final anisotropic thermal parameters* ( X  104) for the non-hydrogen 
atoms, with standard deviations in parentheses 

Atom 811  822 833 812 813 823 

*In the form: exp [-(pllhZ + pzzkZ + Ba3P + 2p12hk + 2 t h h l f  2@2akOl. 

TABLE 3. Bond lengths and bond angles with standard deviations in parentheses 

Leag th 
Bond (A) 

Angle 
Bonds (deg) 

FIG. 2. System of hydrogen bonding in the structure (4 unit cells illustrated), with screw related 
molecules omitted for clarity. 
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FIG. 3. Stereoscopic view of the packing of the molecules in the unit cell. 

TABLE 4. Selected intergroup contacts 5 3 . 5  A TABLE 5. Least-squares planes through various sets 
of atoms 

Distance Distance (a)  Displacements (A) of atoms from the planes 
Contact* (A) Contact* (A) 

'Symmetry relationships: I1 + x ,  y ,  I + z ;  1 1 1  + x ,  y ,  r ;  111 x ,  y,  
I + z ; I V 2 - x , t + y ,  1 - z ; V l  - x , ; + y ,  1 - 2 ;  V I - l + x , y ,  
- 1 + z  (see Table 5). 

of 0.06 A, whereas the maximum difference in 
the imidazole structure is 0.03 A (in the room 
temperature determination (8)). The asymmetry 
about N(2), in ring A, is seen also in the room 
temperature imidazole structure but not, how- 
ever, in the low-temperature study (7). The 
hydrogen bond which links the rings in the 
con~plex is distinctly shorter than in the imida- 
zole sJructure where observed values r$nge from 
2.81 A for room temperature to 2.86 A for low 
temperature. The spectra also supported the 
presence of a stronger hydrogen bond in the 
complex. 

FIG. 4. Comparison of bond lengths and angles for 
the two irnidazole rings. 

Ring A Ring B 

Atom Displacement Atom Displacement 

'Non-defining atoms. 

(b) Equations of planes 
(in terms of fractional coordinates) 

Plane Equation 

As stated above, it is not possible to be precise 
about the position of the hydrogen atom between 
N(2) and N(3). The N-N distance is too long for 
a symmetric single minimum of potential. There 
are, however, three other possible configurations, 
each compatible with the observed N -  . - N bond 
length: a symmetric double m i n i m ~ r n , ~  an asym- 
metric double minimum, and an asymmetric 
single n~inimun~ potential. The indication from 
the electron density is that the proton position is 
asymmetric, but whether there is a double or a 
single minimum depends on the significance to 

)In a recent structural example of a proposed symmetric 
double minimum potential (lo), a longer N. . .N  hydro- 
gen bond of length 2.79 A was found. 
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QUICK AND WILLIAMS 2469 

be attached to the electron density evidence for a 
partial atom attached to N(3). If one accepts this 
evidence the potential distribution has an asym- 
metric double minimum. 

The inability to obtain more precise details of 
the structure is due, in part, to the difficult 
experimental conditions, but probably more to 
the dominance of the diffraction data by the 
perchlorate group whose atoms are subject 
either to large thermal vibrations, e.g. the large 
values for P 3 3  for O(2) and P 2 2  for O(4) (Table 2), 
or to some degree of disorder which cannot be 
allowed for satisfactorily. 
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B. BORAH and J. L. WOOD. Can. J. Chem. 54, 2470 (1976). 
The complex salts (Bz2H)+Y-, BZ = benzimidazole, Y = PFs- or BF4- have been identified 

in solution. and the molecularitv of the fluoroborate. which has been crvstallised. confirmed 
gravimetrically. Infrared and ~ i m a n  spectra, together with those of thideuterated systems, 
indicate a similar structure in solution and the crystal, viz., an asymmetric single minimum 
bridging proton potential, in conformity with the X-ray structure, proving that the pronounced 
doublet observed in the V, band of the H bridged system is not due to proton tunnelling. The 
origin of the asymmetric structure is discussed. 

B. BORAH et J. L. WOOD. Can. J.  Chem. 54, 2470 (1976). 
On a identifiC en solution les sels complexes (Bz2H)+Y-, Bz = benzimidazole, Y = PF6-.ou 

BF4- et on a confirm6 gravimktriquement la mol6cularit6 du fluoroborate qui a kt6 cristallisC. 
Les spectres infrarouges et Raman de ces complexes de mCme que ceux des systkmes deutCrCs 
correspondants indiquent que la structure est similaire en solution et a l'Ctat cristallin savoir 
la prCsence d'un potentiel asymktrique, comportant un pont de proton et un seul minimum; ceci 
est en accord avec la structure dCduite de rayon-X; ces rksultats prouvent que le doublet 
prononce observe dans la bande v, du systkme hydrogkne pontC n'est pas due h un effet tunnel 
du proton. On discute de I'origine de la structure asymktrique. 

[Traduit par le journal] 

Introduction tained. The spectra of the crystalline complex 
The vibrational spectra of solutions containing and of the complex in solution are discussed in 

both benzimidazole and its cation show many this report, and the crystal structure reported in 
indications of complexing between these species. the accompanying paper. A preliminary account 
In particular the V, (NH stretching) infrared of the present results has been given (3). 
band has a notable doublet contour, which is 
replaced by a single band in the D bridged 
species, a behaviour similar to that in many other 
(BHB)+ complexes involving heterocyclic bases. 
However, although this has often been taken as 
a characteristic consequence of proton tunnelling 
in a double minimum potential (1), such a cause 
of the v, band doubling in the complexes pre- 
viously examined was rejected, since several 
other spectroscopic features do not tally with 
this model. Instead, an asymmetric single 
minimum potential for the hydrogen bond (on 
the vibrational time scale) was proposed (2). 
Previous attempts to obtain a direct check on this 
inference by crystallisation of the complexes and 
consequent structure determination have met the 
difficulty that solutions containing the complex 
yielded crystals of either the base or the free salt. 
However, crystals of the complex benzimidazole 
salt suitable for X-ray analysis have been ob- 

'To whom correspondence should be addressed. 

Experimental 

Preparations 
Benzimidazole fluoroborate and fluorophosphate were 

obtained by adding concentrated aqueous acid to solu- 
tions of the free base in methanol, and cooling. Analyses 
are given in Table 1. Complexing occurs in solution on 
mixing. On fusing equimolar proportions of the free base, 
and simple salt at -120 OC, under N2, and cooling, the 
solid complex results. The crystals, however, are not 
suitable for structure analysis. Although at room tem- 
perature the solubility of the base in CH3CN is only 
-0.5 M, and the fluoroborate salt -1.0 M, a solution 
containing 1.5 M in both components is formed. On 
cooling, good crystals of the complex precipitate. The 
analysis (Table 1) conforms to the formula Bz2HfBF4-. 
Deuteration of both base and salt was effected by direct 
exchange with DzO. The difficulties previously reported 
(4) were not encountered. 

Spectra 
Solution spectra were examined in CH3CN or CD3CN. 

Concentrations were usually 1.5 M in each component. 
AgCl and CaFz windows were used for solution infrared 
spectra, path = 0.05 mm while for the solids H.C.B.D. 
or Nujol mulls emplojed with NaCl and AgCl windows. 
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TABLE 1. Gravimetric analyses of simple and complex benzimidazole salts 

C H N P 

Salt Found Required Found Required Found Required Found Required 
- - - 

BzHf BF4- 40.74 40.78 3.42 3.39 13.51 13.58 
BzH+PF,j- 32.01 31.81 2 .82 2.65 10.49 10.60 11.53 11.74 
Bz2H+BF4- 52.39 

(fused) 4.04 18.02 
Bz2H+BF4- 52.03 51.88 4.22 4.01 17.38 17.28 

(PP~) 

Infrared spectra were recorded with a Grubb Parsons 
Spectrometer or a P.E. 325 spectrometer, and Rarnap 
spectra obtained with a Cary 81 instrument. using 5682 A 
radiation from a Kr ion laser. 

Results 

It was first observed that the spectra of the 
benzimidazole systems are independent of coun- 
terion, after allowance for specific anion modes. 
Independence of the solvent was not examined, 
only CH3CN or CD3CN being employed. The 
presence of a second base site in benzimidazole 
introduces the possibility of associating several 
base molecules with a cation to form complexes 
of formula (Bz,H)+. However, in solutions con- 
taining base:salt in the proportion of 2:1, the 
only bands in addition to those present in 1:l 
mixtures could be accounted for by uncomplexed 
base. It  therefore appears that in solution the1 : 1 
complex predominates. 

The v, band (NH..  . N  stretching) of the 
crystalline complex (Fig. 1) displays a very 
pronounced doublet with maxima at -2500 and 
1900 cm-l. The rounded band at 3300 cm-I can 
be confidently assigned to the outer NH groups, 
the frequency indicating that hydrogen bonding 
to the counterion is weak. In the simple salts 
this band is at -3330 cm-l. 

In the mid-frequency range, complexing in the 
solid is manifested by the disappearance of 
numerous bands in the infrared spectra of the free 
base (e.g. 958, 1135, and 1480 cm-l) and of the 
simple salt (e.g., 939,951, 1150, 1229, 1280, 1383 
cm-I), and by the appearance of several new 
bands, e.g., 850, 902, 948, 1258, and 1490 cm-I 
(Table 2). The Raman spectra (Fig. 2) also 
display the disappearance of several of the 
bands of the free base and simple salt in the 
complex, and the appearance of new bands 
(Table 3). However, there are many bands of 

Frequency (crn-ll- 

FIG. 1. Infrared spectra in the NH stretching range of 
(A) solid Bz2H+BF4- (B) solid BzH+BF4- (C) solid 
Bz ( D )  BzH+BF4- + Bz (1.5 M each) in solution ( E )  
BzH+BF4- (1 M) in solution (F) Bz (0.5 M) in solution. 
Solvent and counterion bands have been omitted. 

base or salt which are unchanged in the complex. 
due to insensitive internal modes. 

Extensive complexing is present in solutions 
containing both base and salt, as witnessed by 
the V, band (Fig. 1) similar to that in the crystal- 
line complex. Numerous new bands appear in 
the middle range infrared spectrum, e.g., at 626, 
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TABLE 2. Infrared spectra to 500 cm-1 of the Bz2HC complex cation, and of Bz and 
BzH+ for comparison (counterion bands have been omitted, frequencies in cm-l)* 

BzHfBF4- or BzH+PF6- Bz2H+BF4- Bz 

Solid Solution Solid Solution Solid Solution 

1145w 
l l l l w  1122s 

Obscured 
by BF4- 
1007w 
986sh 

Obscured 
by BF4- 
1005vw 
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TABLE 2 (Concluded) 

BzH+BF4- or BzH+PF,- Bz2H+BF4- Bz 

Solid Solution Solid Solution Solid Solution 

*BzH+ = benzimidazoliurn ion, Bz = benzimidazole, sh = shoulder, br = broad, s = strong, m = 
medium, w = weak, v = very. 

FIG. 2. Selected parts of the Rarnan spectra of the complex (A), the simple salt (B)  and the free 
base (C) illustrating the presence of new bands, and the disappearance of component bands in the 
complex, and also the resolution of bands derived from both base and salt, in the complex spectrum. 

850, 904, 956, and 1410cm-I (Table 2) while 
some bands of the components, e.g., 1404 and 
1457 cm-I of the base and 602 and 1383 cm-I of 
the salt are much weaker, and can be suppressed 
by addition of excess of the second component. 
However, numerous bands ascribed to the com- 
plex closely coincide with bands of one or other 
component (Table 2); these have not decreased 
in intensity on complexing in proportion to free 
base or salt bands, nor are they suppressed by 
addition of the second component. 

Similar behaviour is shown in the Raman 
spectra of solutions (Table 3), again some bands 

clearly shift on complexing, while intensity 
comparisons and subsidiary experiments show 
others are retained at effectively the same 
frequency. 

In the deuterated solid complex, the v, infrared 
band no longer has the broad doublet structure, 
but is represented by a single broad band, with 
some detailed additional structure. The centre 
is a t  - 1950 cm-I in the crystals. In solution, the 
appearance is similar, the maximum being some 
50 cm-I lower in frequency (Fig. 3). The band a t  
2460 cm-l, present in both solid and solution, 
represents the stretching of the outer ND groups 
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TABLE 3. Raman spectra of benzimidazole (Bz), benzimidazolium ion (BzHC) 
and their 1 :l complex as solid and in acetonitrile solution (17W600) cm-1 range 

(frequencies in cm-1) 

BzHfBF4- (B&H+BF4- Bz 

Solid Solution Solid Solution Solid Solution 

of the complex cation. The ND stretching mode 
in the simple salts is at almost the same fre- 
quency. 

The mid-range spectra of the deuterated 
systems also display many effects of complexing. 
Numerous bands of the solid base (e.g. 756,996, 
1326, and 1341 cm-I), and of the solid salt (e.g. 
755, 1271, 1295, 1467 cm-l) are absent in the 

solid complex, which has new bands at e.g. 1227, 
1347, and 1379 cm-I. Again the complex also 
has many bands unchanged in frequency from 
those of the free base or simple salt. 

The mid-range infrared spectra of solutions of 
the deuterated systems afford similar evidence of 
complexing (Table 4). New bands are observed 
at 1227, 1347, 1382, and 1478 cm-I in the mix- 
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TABLE 4. Infrared spectra, to 500 cm-1, of the (dl-Bz)2D+ complex cation, 
and of dl-Bz and dl-BzD+ for con~parison (counterion bands have been omitted, 

frequencies in cm-1) 

dl-BzDBF4- or 
dl-BzD+PF6- (~I-BZ)~D+BF.+- dl-BZ 

Solid Solution Solid Solution Solid Solution 

3044m 3040vw 3040w 
3010m 3010vw 301 OVW 
2930m 2930vw 
2870w 
2780w 2780vw 
2735w 2735vw 
2660s 2660vw 2660vw 
2500vs,br 
2440s,br 2430s,br 2460s,br 

2350s,br 1950br 
2360sh 
2340sh 
1969w Obscured 
1930w by VN-D 

18301-11 1830vw 
1810w 
1734w 

Mid-frequency range (1700-500) cm-1 
1630vw 1615sh 1614sh 
1610s 1609111 1610m 

1590sh 
1532s 1530m 1531 w 

Obscured 
by VN-D 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 54. 1976 

TABLE 4 (Concluded) 

dl-BzDBF4- or 
dl-BzD+PF6- (~I-BZ)~D+BF~- dl-BZ 

Solid Solution Solid Solution Solid Solution 

1242w 1240w 
1227m 1227m 
1221sh 1221s 1215m 
11 92w 1186w 

1173w 1172sh 
1161w 1143w 1160w 11 59w 
11 27m 1125m 1112vw 

1112w 
Obscured Obscured 
by BF4- by BF4- 

1007w 1006w 1007w 1006w 1004w 1006w 
996s 

989m 989w 
964m 964sh 966vw,br 
960sh 957vw 
951s 950sh,br 951vw 950vw,br 

944sh 942s,br 
925sh 928w 920vw 

897vw 898w 898 w,br 
892vw "1 887 887w 
865sh 860w,br 
856m 856w,br 
843s 845 m,br 

839 sh 832sh 
808vw,br 
767s 762sh 767s 764sh 769m 770m 

857>, 

764w 
759vs 756vs 759m 754vs,br 756s 754s 
755w 750m 

742vs,br 740s 740s 
680vw,br 

650vw, br 638vw,br 640w,br 
627w 

623w 
619w 618s 619sh 618w 

6lOm,br 614w 6lOvw,br 
607w 604w 609sh 

584s 588vw 

571s,vbr 580w,br 582}m 586w,br 
575 

557w 572vw,br 
549w 542sh 

535w 536m 540w 538w 538w 
524s 523s 
'dl-Bz = benzirnidazole-dl (I), dl-BzD+ = benzirnidazoliurn-d2 (1, 3).  

ture, while again, using intensity comparisons structural data establish the basic unit of the 
and the effect of excess of either component, complex as (Bz2H+X-). The great overall 
bands in the complex which do not shift in similarity of the solid and solution vibrational 
frequency are distinguished from free base or spectra show that the form of association is 
salt bands. similar. 

The occurrence of a pronounced doublet in 
Discussion the v, band of a formally symmetric H-bridged 

The gravimetric analysis and the X-ray system, condensing t o  a single (or much less 
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split) band in the D-bridged analogue, has often 
been taken as the most notable indication of 
proton tunnelling in a low barrier double mini- 
mum potential (1). However, a detailed examin- 
ation of the spectra of an extensive series of 
(BHB)+ complex cations indicated that although 
the v, band had a closely similar appearance to 
that of the present complex, it was not due to 
proton tunnelling (2). From the mid-frequency 
and far-infrared spectra of these systems it was 
inferred that the proton potential was an asym- 
metric single minimum on the vibrational time 
scale. 

This interpretation is now fully confirmed by 
the data on the benzimidazole system. 

Even without making a detailed assignment 
of the mid-range spectra of the present complex, 
it is obvious that many more bands are present 
in the spectra of the complex than in either that 
of base or salt alone. Further, numerous complex 
bands are the counterparts of either base or salt 
bands. A particularly effective demonstration of 
this is provided by the Raman spectra; in solu- 
tion the complex has bands related to both 1270 
cm-l of the base and 1280 cm-l of the salt, and 
in the solid, the complex has bands derived from 
both 1352 cm-I of the salt and 1367 cm-I of 
the base (Fig. 3). 

It  is apparent that the complex contains two 
vibrationally distinct base moieties, one with a 
cationic or broton donor role, the other with a 
base-like or proton acceptor role. This distinction 
in the solid is borne out by the crystal structure 
determination reported in the accompanying 
paper. The spectra show that the distinction is 
retained in solution. 

The pattern of the NH bending modes has also 
been used as an indication of the proton potential 
in formally symmetric complexes (5). The pres- 
ence of two basic N atoms in benzimidazole 
makes the situation somewhat less simple than in 
previous systems, in which only monofui~ctional 
bases were employed. As in the imidazole com- 
plex discussed in the accompanying report, for 
an asymmetric complex (BzH . - . Bz)+ we expect 
three NH in-plane bending modes, one around 
the mean of the frequencies in the free cation, 
one near the frequency in the free base, and one 
at  higher frequency, comparable to that, for 
instance, in the base hydrochloride, due to the 
bridging NH group. A similar pattern is ex- 
pected for the out-of-plane modes. All would be 
infrared active. It  is difficult to identify the in- 

Frequency ( cm-'1- 
FIG. 3. Infrared spectra in the ND stretching range of 

the deuterated systems corresponding to those of Fig. 1. 
Solvent and counterion bands have been omitted. 

plane bending modes in either benzimidazole of 
its simple salts; probably NH bending is mixed 
into several modes (4). The bands at 1232 and 
1383 cm-l of the simple cation, which appear to 
shift to 1245 cm-I and 1410 cm-I in the complex, 
and which are much weaker in the Raman than 
the infrared spectrum, are possible candidates. 
The shifts are consistent with an asymmetric 
model. The situation is rather more promising 
for the out-of-plane bending modes. A band, at 
-660 cm-I weak but broad in the infrared 
(Fig. 4) spectrum of benzimidazole but not 
observed in the Raman, and absent in the infra- 
red spectra of dl-benzimidazole, is a probable 
choice for this mode. The simple cation should 
have only one infrared active out-of-plane bend- 
ing mode, which is very probably represented by 
the band at -805 cm-l, absent in the infrared 
spectrum of the deuterated salt, and in the 
Raman spectrum. The complex has two, and 
possibly three, bending mode bands in its infra- 
red spectrum, at -685, 810, and 850 cm-I 
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Frequency (cm-I - 
FIG. 4. Infrared spectra in the NH out-of-plane bend- 

ing range, of (A) BzHfBF4- + Bz (1.5 M each) (B) 
BzH+BF4- (0.8 M )  (C)  Bz (0.6 M). All in CH3CN 
solution. 

(Fig. 4), all absent in the deuterated complex. 
Though less decisive than one might wish, the 
pattern of bands in the complex is consistent 
with the asymmetric structure. 

Form and Origin of the Proton Potential 
There is a direct connection between the 

length of the hydrogen bond and the form of the 
potential. A symmetric single minimum pote9- 
tial is only expected in a short bond, e.g.  2.4 A. 
A double minimum requires a longer bond, and 
for the observed length of 2.79 A, a shallow 
barrier between the minima could be accom- 
modated. Why does the longer bond occur in 
the present system? Perhaps we may reframe the 
question by considering the requisite conditions 
for the occurrence of a short bond. These are 
only found linking highly electronegative atoms, 
as in FHF- (6)  or in OHO- systems (7). The bond 
electrons are held in tightly to the electronegative 
atoms, reducing their repulsion, and so permit- 
ting the short hydrogen bond between them (8). 
In the present systems BH is not a strong acid, 
and there is less electrostatic advantage in form- 

VOL. 54, 1976 

ing the complex than in e.g.  FHF-, so the con- 
ditions favouring a short bond are lacking. The 
observed value is typical of NHN bonds (9). 

The crystal data indicate an asymmetric 
potential; any occupation of a second minimum 
by the proton is below the detectable level. The 
close similarity of the solid and solution spectra 
indicate that an asymmetric potential is also 
present in the latter. There is a distinction, 
however. In the crystal the asymmetry is per- 
manent, whereas in the solution it is only on the 
vibrational time scale. On a longer time scale the 
two bases must be indistinguishable in solution, 
and this is shown by nmr measurements on 
similar complex cations. 

In a formally symmetric cation, the develop- 
ment, in solution, of asymmetry is at first sight 
surprising. Zundel has pointed out that a system 
with a symmetric double minimum potential is 
highly polarisable (10). This suggests an ex- 
planation for the presence of asymmetry in 
solution. The environment, counterion and 
solvent, stabilises at any particular instant the 
proton in one of the minima. If the proton 
moves to the other, equivalent position in the 
N . . .N  bond, the environment is not able to 
rearrange in the time scale of the proton motion, 
and the vibrational spectra correspond to an 
effective asymmetric potential, with only one 
minimum, On the longer time scale of nmr 
measurements, either as a result of the solvent 
or counterion rearranging, the two positions be- 
come equivalent. 

The proton potential can then be taken as a 
function of two coordinates, e representing the 
arrangement of the environment and x = 
~ N ~ H - ~ N ~ H  the position of the proton between 
N, and N2. Since the time scale for the change in 
e is slow, a Stepanov (1 1) or Born-Oppenheimer 
separation of the low frequency motion in 0, and 
the high frequency motion in the x coordinate 
is possible. As far as the v, band is concerned, 
the proton can be regarded as moving in a 
one-dimensional potential at fixed 8, and the 
presence of the second minimum disregarded. 
Figure 5 (a) to (c) show three profiles, at fixed 0, 
taken through the energy minimum of the 
corresponding potentials shown in the contour 
diagrams Fig. 5 ( d ) - 0 ,  which also display the 
symmetry implicit in a longer time scale. 

Although a wide range of asymmetric poten- 
tials will occur in solution, those shown in 
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BORAH AND WOOD 

FIG. 5. Some possible asymmetric potentials: (a)-(c) illustrate increasing asymmetry due to the 
environment, and represent profiles through the two dimensional energy contours shown in (d)-(f) 
respectively, along the line e = constant, as indicated. Approximate energy levels are shown in 
(a)-(c). It should be noted that the splitting of v, is not considered to arise from the potentials of (a) or 
(b),  for reasons given in the text. 

Fig. 5 (a) and (b) have been chosen because they 
illustrate certain special points which will now be 
discussed. 

The approximate positions of the energy levels 
are indicated in the figures. All transitions will be 
infrared allowed. The particular points now dis- 
cussed do not imply the rejection of any poten- 
tials in the range, but relate to possible causes of 
the V, band splitting. 

Referring to the potential shown in Fig. 5(a), 
the possibility that the lower frequency com- 
ponent arises from the transition b 4 c can be 
rejected on two grounds. First, low temperature 
studies on similar complexes2 show that the two 
components of V, cannot originate from levels 
which differ in energy by 500 cm-l, and secondly, 
this origin would imply an increased splitting in 
the deuterated system. 

A further point of interest arises with the 
potential shown in Fig. 5(a). The level c (the 
upper level of the V, transition a + c) is in this 
2R. Clements and J. L. Wood, unpublished observa- 

tions. 

case well above the asymmetry introduced by the 
environment or the internal barrier. The width 
of the potential well in the x coordinate at t h ~  
height of level c will be several tenths of an A 
greater than at the corresponding position in 
FHF- or OHO- systems, by virtue of the long 
N. .  . N  bond. In FHF- or OHO- systems, v, 
can be as low in frequency as 600-1500~m-~ 
(6,7). The reason that the V, transition is not still 
lower in the potential 5a, despite the greater 
breadth, is that different transitions are involved. 
With potential 5a, two lower levels a and b are 
present. The presence of the level b pushes up the 
level c, and in this case the v, band corresponds 
to the a 4 c transition, in contrast to those cases 
where a short hydrogen bond is present, when 
the V, transition is between adjacent levels. 

If the level b is -500 cm-I above a, a value 
which could reasonably be expected from the 
effect of the environment, then the transition 
a + b could be responsible for the weak, broad 
band observed in the infrared spectra of several 
BHB+ cations (e.g. PyHPy+) in this range. The 
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unusual rise in the frequency of this band on 
deuteration would then be explicable (12). With 
the potential 5a the population of level b would 
be too small to show up directly. 

The potential example shown in Fig. 5b is also 
not deemed to be the origin of the V, band split- 
ting. Although this potential would produce a 
much smaller splitting in the deuterated system, 
and also the remaining features of the spectra, 
there are two arguments against this origin for 
the V, band splitting. The first is that on passing 
to increasingly asymmetric complexes lBH2B+, 
where 'B and 2B are differing heterocyclic bases, 
as the difference in pK increases, the lower 
frequency member of V, falls in intensity, while 
theupper member evolves to become the regular 
single V, band in highly asymmetric systems 
(2). With the situation shown in Fig. 5h, the 
lower component would have become dom- 
inant, whikthe upper became the v, overtone. A 
second argument against such an origin for the 
V, band appearance, which also applies to the 
potential 5u, is that it would require a closely 
similar potential in all the svstems BHB+ what- 
ever the heterocyclic base, counterion (if inert), 
or solvent. This seems most unlikely. 

A potential of the type shown in Fig. 5c would 
also be compatible with the spectra. It does. 
however, imply a difference in the environmental 
stabilisation of tbe proton in the two positions, 
only some 0.7 A apart of -50 kJ/mol, which 
seems rather large. 

To summarise, the splitting of the V, band is 
not considered to be the result of any special 
form of the potentials illustrated. A wide iange 
of potentials seems likely to occur in solution, 
since the asymmetry arises from external factors. 
The arguments given above against a specific 
origin of the splitting arising from the potentials 
5a, and 56, do not imply that these potentials 
do not occur along with others over the range of 
asymmetry. At present it is not possible to be 
more exact about the possible range of potentials. 

Conclusion 

One of the principal results of the present study 
is in the interpretation of the V, band contour in 
hydrogen bonded systems. Thus the presence of a 
doublet in this band in formally symmetric 
systems with a greatly diminished or absent 
splitting in the deuterated analogues, which has 

been frequently discussed as the most notable 
spectroscopic indication of proton tunnelling 
though a low barrier between equivalent minima, 
must be reconsidered. The decisive establish- 
ment of the asymmetric structure of the crystal- 
line benzimidazole complex shows that this 
spectroscopic behaviour does not necessarily 
imply a symmetric double minimum potential. 
This was also inferred from the spectroscopic 
examination of several similar complexes (2), 
e.g. of Me imidazole or thiazole, although in 
these cases no direct confirmation from the 
X-ray structure was available. 

Throughout the series of complexes, the 
primary cause of the V, band doublet is con- 
sidered to be Fermi resonance involving the 
6,,, overtone. Consequently great caution 
should be exercised in attempting to infer the 
form of the proton potential from the V, band 
contour, or from the shift of the V, frequency on 
deuteration (Id). 

Referring to Fig. 5, one sees that although the 
distance over which the proton moves may be 
quite small, the barrier separating the two proton 
positions is wide, and involves the movement of 
a heavier mass. As a result, the effective barrier 
is much greater than would have been anticipated 
from the proton displacement alone (13). In 
some o f .  the systems previously examined, 
distinctive base and cation bands were only re- 
solved when the parent modes were separated by 
20 cm-I or more. This suggests a time scale for 
the exchange. In the present complex, the 
solution Raman spectra show resolved pairs of 
bands, one derived from the cation moiety, and 
the other from the base moiety, at a smaller 
separation. If these correspond to the same 
vibrational mode, it would indicate a slower 
exchange in the present complex. 

Another implication of the proposed model 
is that, in solution, the barrier, depending as it 
does on the effect of the surroundings, will vary 
considerably. Thus the effective barrier deter- 
mining kinetics of proton transfer will not be a 
fixed parameter, but will show statistical fluc- 
tuation, both in time, and from system to 
system. The energy levels particularly of the NH 
stretch will also vary, with consequent band 
broadening. Numerous other causes for the 
braadelling of the V, band have been identified 
(10, 14, 15) and may also operate in the present 
case. The environmental effect suggested here 
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The crystal structure of the complex salt: 
benzimidazole benzimidazolium fluoroborate 
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ANDREW QUICK and DAVID J. WILLIAMS. Can. J. Chem. 54, 2482 (1976). 
The crystal structure of benzimidazole benzimidazolium fluoroborate has been determined 

at room temperature from three-dimensional diffractometer data, and refined by block- 
diagonal least-squares to a final R = 0.050. The planar benzdmidazole rings are inclined at 
7.6" to each other and linked by a hydrogen bond of 2.787(3) A with the proton in an asym- 
metric single minimum. The asymmetric siting of the hydrogen atom has produced character- 
ising effects on the bond lengths and angles of the ring to which it is attached. 

ANDREW QUICK et DAVID J. WILLIAMS. Can. J. Chem. 54, 2482 (1976). 
On a dCterminC, a temphature de la pikce, 2 partir des donnCes diffractomCtriques tridimen- 

sionnelles, la structure cristalline du fluoroborate du ben~imid~ol ium de benzimidazole et on 
a affinC la structure par la mCthode des moindres carrCs (blocs diagonaux) jusqu'k une valeur 
finale de R = 0.050. Les cycles benzimidazoles planaires sont inciinCs de 7.6" les uns par 
rapport aux autres et sont liCs par un pont hydrogkne de 2.787(3) A avec le proton dans un 
minimum asymktrique simple. L'emplacement asymktrique de l'atome d'hydrogkne conduit i 
des effets qui caractkrisent les longueurs de liaison et les angles du cycle auquel il est attachC. 

[Traduit par le journal] 

Introduction 

The infrared spectrum of the complex salt 
(ImHIm)+CIO~- (Im = imidazole) has been in- 
terpreted as indicating the existence of an asym- 
metric hydrogen bond between the imidazoles 
( I ) ,  but an X-ray structure a~ialysis (2) failed to 
give conclusive evidence for the nature of the 
proton potential distribution. Concurrent spec- 
troscopic measurements of the (BzHBz)+BF4- 
complex (Bz = benzimidazole) were also inter- 
preted as indicating an asymmetric single mini- 
mum proton potential. As this complex crystal- 
lises to give stable well formed crystals, an 
X-ray analysis was undertaken to investigate the 
nature of the hydrogen bond in the system. 
Details of the preparation and of the spectro- 
scopic analysis are given in the preceding paper. 
A preliminary account of this investigation has 
been reported (3). 

Experimental 
The crystals are long colourless laths. Accurate lattice 

parameters were obtained by least-squares refinement of 
23 high-angle reflections measured (at 10°C) on a 
diffractometer using Cu-K, radiation. The crystal data 
are: 
C I ~ H ~ ~ N ~ . B F ~  mol. wt. = 324.1 

'To whom correspondence should be addressed. 

Monoclinic, a = 5.797(1), b 9.231(1), c = 27.480(3) A, 
p = 90.060(5)", U = 1470.5 A3, Dm = 1.45(2) g cmW3 (by 
flotation), Z = 4, D, = 1.46 g cm-3, F(000) 7 664. Space 
group P2,/n. Cu-K, radiation, A = 1.5418 A, ~(CU-K,) 
= 11.1 cm-1. 

A crystal ca. 0.9 X 0.2 X 0.1 mm3 was mounted along 
its a direction. Data were measured on a Siemens off-line 
four-circle diffractometer using Ni-filtered Cu-K, radia- 
tion. A total of 2778 independent reflections were meas- 
ured (to e = 70") using the 0-213 scan technique with the 
'five-value' (4) measuring procedure. Of these, 348 reflec- 
tions had I < 2.58qfl) and were classed as unobserved 
(4). The net count of the 0 1 21 reflection, measured as a 
reference every 50 reflections, did not alter significantly 
during the data collection (ca. 5 days) indicating that no 
deterioration of the crystal had occurred. The data were 
brought to a uniform arbitrary scale by use of this 
reflection (4), and Lorentz and polarisation corrections 
were applied. No absorption corrections were applied. 

Solution and Rejinement of the Structure 
The structure was solved by direct methods by applica- 

tion of the program MULTAN (5) to 250 reflections with 
normalised structure factors (E's) 2 1.67. An E map, 
calculated for the phase solution with the highest 'com- 
bined figure of merit', gave plausible positions for all the 
non-hydrogen atoms in the structure. 

These atoms were refined anisotropically, by full- 
matrix least-squares, to give a residual R = 0.084 
(R = CllFol - IFcll/CIFol). A difference map contained 
sharp peaks corresponding to all the ring hydrogens: also 
a well defined peak showing the position of the inter-ring 
hydrogen attached to N(12). The whole structure was 
refined by block-diagonal least-squares, the hydrogen 
atoms isotropically, the rest anisotropically. The posi- 
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tional and thermal parameters of all the hydrogen atoms 
converged satisfactorily and R dropped to 0.055. Two 
reflections which had F,I<<JF,( were suspected of being 
affected by extinction and therefore removed: they are 
identified in the F list. Subsequent refinement reduced R 
to a final value of 0.050.2 A final difference map showed 
no significant  peak^,^ the maximum residual electron 
density being -0.2 e/A3, in the region of the fluoroborate 
group. Unit weights were used throughout the refine- 
ments. Atomic scattering factors were taken from ref. 6 
with the exception of those for hydrogen which were 
taken from ref. 7. 

The computations were carried out on the Imperial 
College CDC 6400 and the University of London CDC 
6600 and 7600 computers using, in the main, programs 
belonging to the X-ray 70 system (8). 

Results and Discussion 
The final fractional atomic coordinates and 

anisotropic thermal parameters for the non- 
hydrogen atoms together with their estimated 
standard deviations are listed in Tables 1 and 2. 
Those for the hydrogen atoms with their iso- 
tropic temperature factors are given in Table 3. 
Table 4 lists the bond lengths and bond angles 
and estimated standard deviations. Table 5 gives 
selected intergroup contacts 5 3.50 A. 

The structure is made up of discrete columns 
of parallel sheets of molecules inclined at ca. 35" 
to a and separated by a unit-cell translation in a. 
Each sheet comprises two BzHBz and two BF4 
units related by a centre of symmetry. Each 
BzHBz ?nit contains a N-H. . . N  bridge 
2.787(3)A long, and they are linkedo via 
N-H. .F  bonds (2.866(3) and 2.901(3) A) to 
form a closed loop that is nearly planar (see 
Table 6) .  Figure 1 shows a perspective view 
(ORTEP (9)) of this hydrogen bonded ring of 
molecules and gives, also, the numbering scheme 
used, The normal separation of the sheets is 
3.3 A with closest atomic intersheet benzimida- 
zole c$ntacts being between C(13) and C(z2) 
(3.38 A), and between N(12) and N(21) (3.37 A). 
Each column is related to its neighbours by the 
crystallographic n glide and 21 screws, there 
being only van der Waals contacts between them. 

Figure 2a shows a comparison of the bond 
lengths and some of the angles for the two 
benzimidazole groups (excluding hydrogens). 
Each molecule can be seen to be markedly 

ZTables of observed and calculated structure factors are 
available at a nominal charge from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

TABLE 1. Fractional coordinates ( X  104) for the 
non-hydrogen atoms with estimated standard 

deviations in parentheses 

Atom x Y z 

asymmetric about a line passing through the 
apical imidazole carbon and bisecting the op- 
posite bond. This is most pronounced in the 
imidazole ring of molecule B where the difference 
between the C(27)-N(21) and C(27)-N(22) 
bonds is 0.058 A, compared with only 0.013 A 
for the corresponding bonds in molecule A. This 
reflects the siting of the intra-benzimidazole pro- 
ton near molecule A, the resulting double-bond 
nature of C(27>-N(22), and the large measure 
of resonance in the imidazole ring of A. There is 
also an associated difference of 4" in the apical 
angle of the imidazoles. There is very little 
asymmetry, however, in the angles, the only 
significant difference (3") being in the internal 
imidazole angles of molecule B at C(21) and 
C(22). The aromatic ring of molecule Aocontains 
a short C-C bond length of 1.345(4) A. 

There have been two consistent determina- 
tions of the structure of benzimidazole (10, 11). 
Figure 2b shows, for comparison, the bond 
lengths obtained for these two determinations. 
As can be seen they are virtually identical to 
those we have found for molecule B, and again 
reflect the absence of a hydrogen atom at 
N(22). The N. - - N  hydrogen bond in benzimida- 
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TABLE 2. Anisotropic thermal parameters* ( X  104) for the non-hydrogen atoms 
with standard deviations in parentheses 

Atom 81 1 P22 P33 012 P13 Pz3 

*In the form: exp 1-(011h" + pzzk" + 0331' + 201ghk + 2813hi + 2 0 ~ 3 k l ) l .  

TABLE 3. Fractional coordinates ( X  103) and isotropic 
thermal parameters for the hydrogen atoms with 

estimated standard deviations in parentheses* 

Atom x Y z B (&) 

*The numbering of the hydrogen atoms is that of the atoms to 
which they are bonded. 

%ole is significantly longer at 2.86 A, cf. 2.787(3) 
A for this complex. 

Table 6 lists the equations of some selected 
least-squares planes and the displacements of 
atoms from them. Both n~olecules A and B are 
planar, with standardo deviations from planarity 
of 0.008 and 0.007 A respectively. The maxi- 
mum deviants from each plane are C(11) and 

FIG. 1. Perspective view of one of the hydrogen bonded 
sheets of molecules in the structure, showing also the 
numbering scheme used. The thermal ellipsoids enclose 
30% of the electronic charge. 

C(22), each deviating by 0.01 A. The two ben- 
zimidazoles are not coplanar, but are inclined at 
7.6" to  each other. Despite the small angle 
between the two molecules, each sheet (Fig. I), 
excluding the BF4's, approximates to  a plane 
passing through a centre of symmetryo with a 
maximum displacement (N(22)) of 0.23 A, andoa 
standard deviation from planarity of 0.10A. 
Both F(2) and F(3) are within 0.2 A of this 
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TABLE 4 
(a) Bond lengths (A) with standard deviations 

in parentheses 

Length 

R = 1 R = 2  
Bond (Molecule A) (Molecule B) 

plane, but F(4) is displaced by 0.6 A, producing 
appreciable bending of the N(11). . . F(4)' hydro- 
gen bond (see Table 4). 

Conclusions 

TABLE 4 (Concluded) 
(b) Bond angles (degrees) with standard deviations 

in parentheses 

Angle 

R = l  R = 2 
Bonds (Molecule A) (Molecule B) 

The main objective of this analysis, the in- F(1)-B-F(4) 108.5(2) 
F(2)-B-F(3) vestigation of the nature of the hydrogen bond F(2)-BeF(4) 

112.7(2) 
108.9(2) 

in the (BzHBz)+ cation, has, within the limits of F(~)-B-F(~) 107.7(2) 
accuracy of the analysis, been conclusively 
achieved. The hxdrogen of the N. - . N hydrogen ously and solely at 0.87(3) A from its parent 
bond (2.787(3) A) has been found unambigu- nitrogen (i.e. it lies in an asymmetric single 

TABLE 5. Selected intergroup contacts 53.5 A* 

Atom pairs Distance (A) Atom pairs Distance (A) 

C(27)- F(4) 3.183 N(21)- F(3) 2.901 
N(21)- F(4) 3.173 N(12)-N(22) 2.787 
C(16)- F(2)' 3.459 C(15)- F(2)I 3.439 
C(13)- C(22)11 3.383 C(14)-C(23)" 3.473 
N(12)-N(21)" 3.367 C(17)- F(1)" 3 .207 
C(27)- F(1)" 3.197 C(17)- F(4)11 3.301 
C(11)- F(2)11' 3.407 N(11)- F(4)IV 2.866 
C(16)- F(2)'V 3.451 N(11)- F(2)IV 3.227 
C(17)- F(l)V 3.062 F(1)- F(I)vl 3.121 
C(25)- F(3)V11 3.455 

*Symmetry relationships: I. 2 + x. - I  + y, z; 11, 1 + x, y, r ;  111, 1 + x .  - I  + y, z;  IV. -x, -y,  
-2: V, -1 - x, -y, -2; VI. -2 - x ,  -y, -2; VII, -14 - x, -f + y, ; - z. 
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TABLE 6. Least-squares planes through various sets 
of atoms 

(a) Displacements (A) of atoms definining the planes 
(i) Molecules A and B 

Molecule A Molecule B 

Atom Displacement Atom Displacement 

*Non-defining atoms. 

(ii) Molecule A + molecule B + 
molecule A' + molecule B'* 

Atom Displacement Atom Displacement 

*A1 and B' refer to molecules related by the centre of symmetry 
at (010). 

minimum in concordance with the spectroscopic 
conclusions) and has produced characterising 
effects on the geometry of the benzimidazole 
molecule to which it is attached. There are two 

TABLE 6 (Concluded) 
(b) Equations of planes in terms of 

fractional coordinates 

Plane Equation 

possible ways of detecting and estimating partial 
occupancy of another site by this hydrogen atom 
(an asymmetric double minimum for example); 
either from a change in the C-N bond length 
in the imidazole ring, or by detection of a partial 
peak in the difference electron density, a possi- 
bility that arose in the determination of the 
analogous imidazole structure (2). The level in 
the final Ap map in the region of the hydrogen 
bond was of the order of 10yo of that observed 
for the hydrogen atom. Consequently, for signifi- 
cant detection of an alternative site the occu- 
pancy would have to be much greater than 10%. 
Alternatively, taking the dimensions of the free 
base to represent the unperturbed (Oyo site 
occupancy) configuration, and assuming a linear 
relationship between changes in the differences 
between equivalent bond lengths in the imidazole 
and hydrogen site occupancy, we see that a 10% 
occupancy would produce a change of length 
only of the order of l a  (at the currently achieved 
level of accuracy of bond-length determination) 
and consequently could not be considered as 
significant. Thus both considerations indicate 
that it is unlikely that it would be possible to 
detect, with statistical significance, a site occu- 
pancy of less than -20%. 
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L'Ctude de l'adsorption des halogenures d'ammonium quaternaire 
a l'interface mercure-solution 

HUGUES MBNARD ET FRANK M. KIMMERLE' 
DCparteme~zt de chimie, Uniuersite' de Sherbrooke, Sherbrooke (QuC.), Canada J I K  2RI 

R e ~ u  le 27 octobre 19752 

HUGUES MBNARD et FRANK M. KIMMERLE. Can. J. Chem. 54, 2488 (1976). 
On a examine l'adsorption des 16 sels %NX (oh R = CH3, C2H5, n-C3H, et n-C4H9 et oh 

X = F-, C1-, Br- et I-) h la surface mercure - electrolyte aqueux. A partir des courbes Clectro- 
capillaires on a etablit r A ,  l'excks de surface structural, qu'on interprkte en fonction d'interac- 
tions ion-ion et solvant-ion analogues h celles constatks en coeur de solution. Le parallClisme 
se confirme jusqu'h la valeur de l'energie d'adsorption si on admet qu'au potentiel de charge 
ED,, nulle le mercure se comporte comme une surface hydrophobe de rayon infini. 

HUGUES MBNARD and FRANK M. KIMMERLE. Can. J. Chem. 54, 2488 (1976). 
We examined the adsorption of 16 tetraalkylammonium halides, R4NX, (where R = CH3, 

C2H5, n-C3H7, and 12-C4H9 and X = F-, Cl-, Br-, I-), at  the mercury - aqueous electrolyte 
interface. From electr~capillar~ data we defined I'A, the structural surface excess, which was 
interpreted in terms of the same ion-ion and ion-solvent interactions proposed for homogeneous 
solutions. If we treat mercury a t  the ED,, as a hydrophobic surface having infinite curvature, 
this parallelism extends even to the numerical calculation of the free energy of adsorption. 

Introduction 

On trouve dans la littkrature, depuis les 
premiers travaux de Grahame (I), des Ctudes 
plus ou moins systCmatiques de l'adsorption des 
sels d'halogknures alcalins B l'interface mercure - 
solution aqueuse. Ces Ctudes, ricemment passCes 
en revue par Payne (2), avaient comme but 
d'klucider des phCnomknes de la double couche 
Clectrique et se distinguent facilement des Ctudes 
relatives B l'adsorption de moltcules organiques. 
Celles-ci traitent gkntralement d'une couche 
interne peuplte par des espkces organiques ayant 
remplacCes des molCcules de l'eau adsorbCes sur 
la surface. Celles-18 traitent plut6t de solutions de 
sels simples et de l'adsorption dite "spkcifique" 
de l'anion et l'adsorption dite "Clectrostatique" 
du cation. 

L'Ctude de l'adsorption B l'interface mercure- 
solution d'une sCrie particulikre de sels, celle des 
haloginures d'ammonium quaternaire, peut 
Cgalement fournir des renseignements utiles. 
Grahame (3) a suggCrC que leur comportement 
pourrait &tre probablement interprCtC comme 
Ctant dQ B l'adsorption "spCcifique" du cation 
volumineux. A la lumikre des rCsultats expCri- 
mentaux relatif i la sCrie complkte R4NX (oh 
R = n-butyl, n-propyl, Cthyl et mtthyl et oh 

' A  qui adresser la correspondance. 
2Revision recue le 3 mai 1976. 

X = I-, Br-, C1- et F-) nous constatons que 
cette pridiction s'avkre insuffisante i interprkter 
l'ensemble des comportements. 

Devanathan et Fernando (4) furent les pre- 
miers B entreprendre une telle Ctude avec les 
quatre iodures de tCtraalkyl ammonium. Mal- 
heureusement mCme si leurs conclusions globales 
appuyaient l'argument de Grahame, les calculs 
incluaient une erreur dans l'interprktation des 
coefficients d'activitk (5). Le traitement des 
donnCes experimentales comportait en plus une 
hypothkse fondamentale qui fut adoptCe sub- 
sCquemment par plusieurs auteurs, B savoir que 
l'adsorption des cations et anions pouvait Ctre 
traitCe indkpendamment et que l'adsorption 
"spCcifique" de I- en solution de KI Ctait identi- 
que B l'adsorption de I- en solution de R4NI B 
concentration et charge Cquivalentes. L'Ccole de 
Verdier (6,7) de la mCme manikre Ctudia le com- 
portement des bromures de cinq tCtraalkyl 
ammonium, et dans une rtcente communication 
(8) adopta une interprktation similaire h celle que 
nous avions proposCe pour les diffirents halo- 
gCnures de tCtramCthy1 ammonium (9). 

Plusieurs Ctudes traitent du problbme de l'ad- 
sorption des cations R4Nf en solution relative- 
ment concentrke d'un Clectrolyte inerte. Bien que 
cette approche a des applications immkdiates 
dans l'interprktation de la cinktique des riactions 
Clectrochimiques, sa valeur est limitte en ce qui 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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concerne l'tlucidation de la structure de la 
double couche Clectrique. On peut en conclure 
que l'adsorption augmente avec la grosseur du 
cation et que l'anion influence l'adsorption sur- 
tout aux charges positives. Comme le montre une 
rtcente ttude dans 0.1 M HC104 et H2S04 (lo), 
la nature du contre-ion influence l'adsorption du 
cation. Dans le but d'identifier le r61e de l'anion, 
il devient ntcessaire de faire varier sa concentra- 
tion indtpendamment de celle du cation. Ainsi, 
il devient nicessaire d'ttudier l'adsorption dans 
les systkmes ternaires. 

L'ttude de l'adsorption sptcifique simultante 
des anions et des cations fut entreprise en 
utilisant des solutions de deux sels ayant un ion 
commun: soit B un rapport molaire fixe en 
fonction de la force ionique totale ( l l ) ,  soit & 
force ionique totale fixe en fonction du rapport 
molaire (12). Les traitements thermodynamiques 
supposent que les coefficients d'activitt soient 
connus dans de tels mtlanges de sel (par exemple 
xM R4NBr + (y - x)M R4NF, oh x et y sont 
pratiquement limitts par la solubilitt). Afin de 
postuler une distribution spatiale (12, 13), il faut 
admettre qu'au moins un ion, (ici F-) n'est pas 
adsorbt spicifiquement et que le rapport de 
distribution des contre-ions (ici [Br-]/[F-I) dans 
la couche diffuse est ditermint par des tquations 
statistiques qui ne tiennent aucun compte de leur 
nature chimique. Une telle Ctude indique pour le 
NH4Br un comportement qui dtpend de la force 
ionique (14) alors que pour le chlorure de guani- 
dine (15) il est difftrent de celui normalement 
observt pour des cations organiques. Avec le 
traitement de Lakshmanan et Rangarajan (11) 
appliqut & des solutions de mtlange de sels (par 
exemple xM KBr/xM R4NBr) il reste i dtter- 
miner si le rapport de distribution des contre 
ions, (ici [K+]/[R4N+]), dans la couche diffuse est 
fonction de la force ionique ou non. Aucune 
ttude exptrimentale n'a it6 entreprise B cette 
date. 

Nous avons rtcemment dtmontrt que la 
mesure du temps de formation d'une goutte de 
mercure, donne des valeurs de tension inter- 
faciale 7 tout & fait en accord avec celles de 
l'tlectromtttre de Lippmann (16) et nous avons 
dtcrit le traitement des donntes recueillies (9). 
I1 n'est donc pas utile de rtptter ici les details 
de cette mtthode, ni dltnumCrer les hypothkses 
du modkle de Gouy-Chapman-Stern (cf. De- 
lahay (17) et Mohilner (18)). Notre but se limite 

essentiellement B la prtsentation des rtsultats 
exptrimentaux et la discussion de la signification 
de deux paramktres thermodynamiques: I'+(qM), 
l'excb de surface ionique; et (dI'+/dqM), le co- 
efficient d'Esin Markov et examiner sa variation 
en fonction de la charge de l'tlectrode, q,. Nous 
proctderons ensuite B un calcul de i partir 
de deux isothermes simples. Nous proposerons 
enfin une interprttation du comportement des 
sels R4NX selon un modttle structural en accord 
avec celui propost par Desnoyers et Jolicoeur 
(19) pour des solutions homogknes concentrCes, 
sans toutefois prtsenter un traitement matht- 
matique quantitatif explicant les contributions 
anioniques et cationiques. 

Les solutions de chlorures, de bromures et d'iodures de 
tetraalkylarnmonium sont prCpar6es a partir des sel 
(Eastman Kodak Co. et J. T. Baker Chemical Co.) 
recristallisCs, selon les mCthodes proposkes par Conway 
et al. (20), et de l'eau bidistillk sur le permanganate de 
potassium alcalin. Les solutions concentrks de fluorures 
sont fabriquks en neutralisant des hydroxydes de 
tktraalkyl ammonium avec de l'acide fluorhydrique. Les 
solutions sont d6soxyginees en y barbotant de l'azote 
immkdiaternent avant l'usage. 

Le mercure utilisC necessite une purification mbticu- 
leuse. Environ 500ml de mercure (Mallenckrodt, tri- 
distill@ sont laves dans une solution KOH 1 M dans un 
ballon de 1 litre en aspirant de I'air pendant 24 h. Aprbs 
rincage avec de l'eau bidistillk le traiternent est rCpCtC 
plusieurs fois avec une solution HN03 1 M satur6e en 
HgN03. Le mercure est sCchC par passage dans une 
colonne verticale contenant du CC14 et une solution 
aqueuse HN03 1 rnM. I1 est ensuite distill6 sous une 
faible pression obtenue en aspirant de l'oxygbne pur B 
travers un tube capillaire plongeant dans le mercure. 11 est 
finalement soumis a une triple distillation sous vide. 

Les valeurs de la tension interfaciale sont calculCes a 
partir du temps de formation d'une goutte de mercure, 
mesure tous les 25 mV pour des solutions variant de 
10-3 a 1 M. L'instrurnentation nkessaire (16, 21) consiste 
d'un tensiombtre dynamique, d'un potentiostat et d'un 
compteur d'intervalle. La cellule de rnesure elle-m&me est 
fabriquke partir d'un tube en pyrex de diambtre legbre- 
ment supirieur a celui du capillaire polarographique qui y 
plonge. Ainsi le volume mort constitue moins que 0.5 rnl. 
La solution apportCe par une canalisation en Teflon, 
s'ecoule a un debit d'environ 0.5 ml min-1 travers la 
cellule. Quand la goutte de mercure tombe, elle inter- 
rompt un faisceau lumineux emanant d'un faisceau de 
fibres optiques, ce qui declenche un signal Crnis par une 
photodiode RCA 3062. Le potentiel de la goutte est con- 
tralc par un potentiostat k trois electrodes, dont une 
nappe de mercure qui agit comme electrode auxiliaire. Le 
potentiel de la goutte est mesure par rapport B une 
electrode au calomel saturC (E.C.S.) sCparCe de la solution 
par un pont agar-agar saturC en KCl. 
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Les potentiels de charge nulle par rapport B une 
Clectrode E.C.S. (Epc,E.C.S ) ou une Clectrode reversible 
aux anions (Epc,-) sont mewrCs stpartment avec l'aide 
d'une Clectrode a jet de mercure (9).  Ce n'est que lorsque 
l'kart (Epc,E.C.s. - EPc,-) est en accord avec la mesure 
directe E-E C.S. et si Ep,,E.C.S. est en accord avec le 
potent~el calculC par difftrentiation des courbes Clectro- 
capillaires qu'on considere que les mesures sont valables. 
Toutes les mesures au tensiombtre dynamique a l'appareil 
B jet de mercure sont effectuks B 25.0 f 0.1 "C. 

Les valeurs de la tension interfaciale obtenues sont 
exploitkes selon la mCthode prCsentk prkCdemment (9),  
en utilisant les valeurs des coefficients d'activitt de 
Lindenbaum et Boyd (22) et Wen et al. (23). Les pro- 
grammes d'ordinateur dCjB dkrits (24) sont utilisk dans 
le traitement des donntes expbrimentales. La repro- 
ductibilitt est suptrieure ?I A(q,) + 0.05 pC cm-2 pour la 
charge d'klectrode, A(Fr,) + 0.2 pC cm-2 pour I'excbs de 
surface cationique ou anlonique et A(?) + 0.3 dyne cm-1 
pour la tension interfaciale. 

Les courbes e'lectrocapillaires ont l'allure 
prCvue et des risultats typiques sont indiquts 
dans la fig. 1. I1 y a coincidence des courbes y en 

2 * 0 0.2 0.4 0.6 0.8 1.0 1.2 

-Em (V) 
FIG. 2. Tension interiacia~e en fonction du potentiel 

E-; courbe type pour les solutions 0.01 M: (0) Et4NF, 
( A )  Et,NCl, (.) Et4NBr, (A) Et4NI. 

o fonction de E- pour des fluorures de tttramkthyl, 
0 * titrae'thyl, tttra-n-propyl et tCtra-n-butyl am- - - , moilium aux potentiels positifs. La tension inter- 

5 faciale diminue du cat6 ntgatif dans l'ordre 
W 
t Me4N+ < Et4N+ < n-Pr4Nf < n-Bu4N+ et le 
t 
n - EPcn- est dtplact vers des potentiels plus positifs 
w A mesure que la dimension du cation a ~ g m e n t e . ~  
o D'autre part, pour un cation donnC lorsque la 
2 nature de l'anion varie nous retrouvons (fig. 2) 

un comportement inverse: aux concentrations 
0.01 M les diffkrents haloginures de tttratthyl 
ammonium semblent Ctre adsorbts A peu prks de 
la mCme fagon B des potentiels nCgatifs par rap- 

0 
port B Epcn mais diffe'remment, selon la nature de 

U) 
YC) 

l'anion, aux potentiels plus positifs. Le m&me 
comportement a dtjh Ctt signal6 pour les 

I 

0 0.2 0.4 0.6 0.8 1.0 1.2 
11alogCnures de tttramithyl ammonium 2 0.1 M 

-E_ ( V )  3Les donnkes experimentales 7 - EE,,.,. peuvent Ctre 
FIG. 1. Tension interfaciale en fonction du potentiel obtenues B un prix nominal, en s'adressant au Dtp6t de 

E-; courbe type pour les solutions 0.01 M: (.) Me4NF, donnks non publikes, ICIST, Conseil national de 
(A) E W F ,  (0) Pr4NF, ( A )  Bu4NF. recherches du Canada, Ottawa, Canada K I A  OS2. 
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(9). Aux potentiels plus ntgatifs que - 1.2 V 
par rapport au EE.C.S. nous avons observt oc- 
casionnellement de brusques variations de temps 
de formation de la goutte de mercure. Quoique 
nous avons essay6 de vtrifier les rhultats de 
Hayter et Hunter (25) qui ont identifik de brus- 
ques changements de capacitt aux alentours de 
- 1.6 V avec un changement d'orientation dans 
la double couche, notre technique ne le permet- 
tait pas. Aux potentiels les plus ntgatifs le 
dCgagement de bulles d'hydrogbne devenait 
visible et provoquait la chute prtmaturke de la 
goutte. 

Ces rksultats indiquent un comportement 
similaire des diffkrents sels renfermant le mCme 
anion aux charges positives et un comportement 
similaire des difftrents sels renfermant le mCme 
cation aux charges nCgatives. On retrouve ce 
comportement simple pour les sels Me4NX 
jusqu'h la concentration 0.1 M, pour les sels 
n-Pr4NX jusqu'h 0.001 M et pour les sels 
n-Bu4NX seulement aux concentrations plus 
faible que 0.0001 M oh les donntes exptrimen- 
tales deviennent trop imprkcises pour Ctre fiables. 
Lorsque les concentrations sont plus Clevkes que 
lo-', et M respectivement pour 
des sels Me4NX, Et4NX, n-Pr4NX et n-Bu~XN, 
les courbes Clectrocapillaires sont dCplacCes 
verticalement selon la nature de l'anion, m&me 
lorsque q, << 0. De meme, aux concentrations 
plus ClevCes que lo-', et M, on 
trouve que les courbes sont dCplacCes verticale- 
ment selon la nature du cation, mCme lorsque 
q~ >> 0. 

Dans le tableau 1 sont prtsenttes les coordon- 
nCes du point de charge nulle (soit EP,,- et y,,,) 
pour les difftrents sels ttudits. Le domaine de 
concentration Ctait dans certains cas limitte par 
la solubilitt et dans d'autres cas par le temps 
disponible pour atteindre l'kquilibre soit 5 s. 
Ces donnCes permettront au lecteur non seule- 
ment le calcul de l'exchs de surface, et du 
dtplacement de E,,, mais tgalement la com- 
paraison avec les mesures de capacitances d b  
que celles-ci deviendront disponibles. 

Selon Parsons (26) les pentes des courbes E- 
en fonction de P dependent peu de la charge q, 
si le cation ou l'anion est seul h Ctre adsorb& 
EP,,- se dtplace vers des potentiels plus nkgatifs 
ou positifs quand il s'agit respectivement de 
l'adsorption spCcifique de l'anion ou du cation. 
Si tous les deux sont fortement adsorbts, le 
dkplacement peut changer de direction h con- 
centration croissante. 

Sur les figs 3, 4, 5 et 6 sont donnkes les vari- 
ations du potentiel de la goutte de mercure (B une 
charge donnte) par rapport h une tlectrode 
rtversible aux anions. Nous remarquons que 
pour le potentiel h charge nulle EP,,- les resultats 
du tensiomktre s'accordent h + 3 mV avec les 
risultats de la mtthode de l'tlectrode h jet de 
mercure. On notera tgalement que la valeur de 
EE.C.S.- = EpcnP - E ~ , ~ ~ . ~ . ~  correspond parfai- 
tement aux diffkrences de potentiel mesurtes 
directement entre 1'E.C.S. et les Clectrodes 
sptcifiques. 

Les fluorures prtsentent des variations con- 
sidkrables dans leur comportement. Cornme nous 
l'avons dtjh remarquk (9) celui des solutions 

TABLEAU 1. CoordonnCe du maximum 
Clectrocapillaire 

Concentration Potentiel Tension interfaciale 
C/moll-1 - E/V r/dyne cm-1 

EfSet Esin Markou 0.0016 0.345 425.7 
0.0024 0.327 425.4 

La variation du potentiel E- en fonction du 0.0039 0.299 425.2 
potentiel chimique nous donne le coefficient de 0.005 0.287 425.1 
Esin et M a r k ~ v : ~  0.01 0.253 423.9 

0.023 0.196 422.7 
4Notre symbolisme suit les conventions proposhs par 0.060 0.144 419.7 

Delahay (17) et employhs prkkdemment (9). 0.100 0.116 416.6 
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2492 CAN. J. CHEM. VOL. 54, 1976 

TABLEAU 1 (Suite) 

Concentration Potentiel Tension interfaciale 
C/mol 1-1 - E/V ?/dyne cm-1 

TABLEAU 1 (Suite et,fin) 

Concentration Potentiel Tension interfaciale 
Clrnoll-1 - E/V ?/dyne cm-1 
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Me4NF est peu difftrent des solutions KF, par un modble Clectrostatique: aFr+/aqM E 0, 
mCme si une ltgbre pente subsiste i qM = +6 -0S5 et - 1.0 pour qM >> 0, q, = 0 et qM << 0. 
PC Les pentes varient dans l'ordre prtvu Par contre, les solutions Bu4NF prtsentent des 
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courbes quasi parallbles et tr&s rapprochkes. la double couche, soit analogue h celui d6jh 
Donc une 1Cgkre variation du potentiel Clectrique constat6 pour des solutions de KI (26). Pour des 
entraine une Cnorme variation de la structure de solutions de E 4 N F  et Pr4NF nous trouvons un 

-10- I I I I - 

E - 

C 

- 0 0 -  - 

q- - 0 

q -a 

q- 0 - 0  2 - r*o, 
F+Q 

I  I I I 
-3 - 2  I 0 

log a l o g  o 

FIG. 4. Effet Esln Markov. Coordonnees ldentiques B celles de la fig. 3 :  (a) Bu4NC1, (b) Pr4NC1, 
( c )  Et4NC1, (4 courbes thkoriques en supposant l'adsorption spkifique de I'anion. 
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l o g  a l o g  a 

comportement intermtdiaire avec de 1Cgkres tendent ?i &tre tgales (ce qui peut Etre attribut 
variations de la pente en fonction de la concen- l'adsorption du cation) tandis qu'aux concentra- 
tration. Aux concentrations tlevtes, les pentes tions faibles, elles varient comme prCvu (fig. 3 4 .  

E - 

C 

q.-IC 

q.-8 

' 4 - - a  

-0 4 

q - 0  
0.+4 
q.*e 

q - 0  

1 I I I 
- 3  - 2  t 0 

l o g  a l o g  a 

FIG. 5. Effet Esin Markov. Coordonnks identiques k celles de la fig. 3 :  (a) Bu,NBr, (b )  Pr4NBr, 
(c) Et4NBr, (d )  courbes thkoriques en supposant l'adsorption du cation. 
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Pour les fluorures Bu4NF et Pr4NF concentra- hypothCtique oh il y a seulement l'adsorption 
tion 6levCe le comportement se rapproche de spkcifique du cation. 
celui illustrC dans la fig. 5d schdmatisant le cas Les solutions de Me4NC1 (lo), et de Et4NC1, 

-0 0 

I I I I 

- C - 

E- 

log 0 
l o g  a 

FIG. 6.  Effet Esin Markov. Coordonnkes identiques ?i celles de la fig. 3: (a) Bu4NI, (b) Pr4NI, 
(c) Et4NI, (d) courbes theoriques en supposant I'adsorption simultanke de I'anion et du cation. 

- 0 6  - - 

- 

- 

q- 0 

I  I I I 
.3 - 2  I 0 
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(fig. 4c) ainsi que celles de Pr4NBr aux faibles 
concentrations (fig. 56) se comportent comme 
prtvu par le modde Clectrostatique, (fig. 3d ou 
le modkle fig. 6 4 .  Aux concentrations plus 
tlevtes nous trouvons des courbures plus ou 
moins prononctes, suivies d'un changement de 
pente. Dans certains cas le comportement se 
rapproche de celui illustrt en fig. 4d. Ntanmoins, 
dans chaque cas, une plus grande ttendue de 
potentiel est ntcessaire pour obtenir un AqM 
constant aux fortes concentrations aue l'ttendue 
prtvue par l'extrapolation des rtsultats B faible 
concentration. S'il faut donc augmenter plus que 
prtvu le champs tlectrostatique, c'est vraisem- 
blablement parce que les forces non-tlectro- 
statiques deviennent-plus importantes aux fortes 
concentrations. 

Pour les bromures et les iodures Me4NBr (7,9), 
Me4NI (9), Et4NBr, (fig. 5c) et Et4NI (fig. 6c), le 
comportement B faible concentration et B q, > 0 
ressemble B celui de la fig. 4d illustrant le cas 
hypothttique oh il y a seulement l'adsorption 
sptcifique de l'anion. Aux concentrations tlevtes, 
l'adsorption pour les bromures, n-Pr4NBr et 
n-Bu4NBr, semble devenir indtpendante du 
potentiel et donc (dI'+/dq,) = 0, tandis que 
pour les iodures, n-Pr4NI et n-BudNI, surtout 
quand q, > 0, (dr+/dq,) est constant. 

En considtrant les 16 sels ttudits nous re- 
marquons donc une transition monotone du 
comportement quasi-tlectrostatique de Me4NF, 
Et4NCl et Pr4NBr (B faible concentration) d'une 
part vers des sels accusant une forte contribution 
du cation tels que Bu4N1, Bu4NBr, Bu4NC1, 
Bu4NF et Pr4NF, (A concentration Clevte) et 
d'autre part, vers des sels accusant une forte 
contribution de l'anion tels que, Et4NI, Et4NBr, 
Me4NI, Me4NBr (2 faible concentration). Cette 
tendance est schtmatiste A la fig. 7. 

Excts de surface ionique 
L'excks de surface cationique, FI'+, l'axe 

verticale de la fig. 8 est prtsentt en trois dimen- 
sions afin de bien montrer l'influence des deux 
paramktres qui l'affectent. Nous avons portt 
sur l'axe Y, le logarithme de la concentration 
(mol/l), et sur l'axe X, la charge sur l'tlectrode 

~ m - ~ ) .  Nous avons choisi d'une part la 
concentration (qui est une valeur exptrimentale 
ne faisant intervenir aucun modkle) plut8t que 
l'activitt et d'autre part la charge plut8t que le 
potentiel comme paramktre Clectrique, celle-ci 

FIG. 7. SchCmatisation de I'adsorption structurale. La 
hauteur et la direction des cubes donnCes selon l'ex- 
pression empirique ( W q , )  - r'A(-q,)!lq, pour q ,  
0 a .-10pCcm-2 et [R4NX] de 10-2 a 10-1 M. Les 
symboles sont dkfinis dans le texte. 

ne dtpendant pas de la nature de l'tlectrode de 
rtftrence. 

Ainsi qu'il a CtC indiqut prtctdemment pour 
Me4NF, l'excks de surface cationique devient 
ntgatif aux charges q, > 0, aux concentrations 
de B 1 M. Pour les trois autres sels de 
fluorure, r+, est ntgatif seulement aux faibles 
concentrations. I?+ continue d'augmenter en 
fonction de la concentration et en fonction de la 
charge B l'exception du Bu4NF oh I'+ semble 
plafonner. Nous signalons que les valeurs I'+ < 0 
sont (dans certains cas) plus negatives que prtvu 
par la thtorie de Gouy-Chapman-Stern. Afin 
d'expliquer le comportement des cations ?i 

q, < 0, il ne sufit pas de supposer qu'ils sont 
expulsts de la rtgion interfaciale par des forces 
tlectrostatiques. Nous avons present6 une ex- 
plication qualitative pour le cas des solutions de 
Me4NF (9); nous dtvelopperont des arguments 
semblables pour les autres quinze sels. 

Comme nous l'avons dtmontrt pour le 
Me4NF, il est possible, du moins en principe, de 
calculer q+', la charge due aux ions R4N+ ad- 
sorbts sur le mercure, si l'on admet que les ions 
F- restent hydratts et ne peuvent pas s'approcher 
de l'tlectrode pour y &tre absorbts "sptcifique- 
ment". Un tel traitement mathtmatique suppose 
d'une f a ~ o n  implicite que l'ion F- ne subit que 
des influences analogues aus petits ions alcalins 
K+ et Na+. Cependant, Wen et al. (23) ont mis en 
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FIG. 8. L'excks ionique de surface cm-2 en fonction de log (concentration/mol 1-1) et de la 
charge rnitallique qhllrclC cm-2: (a) Bu,NF, (b) Pr4NF, (c)  Et4NF. La surface hachurk reprksente les 
valeurs nkgatives de Frf. 

FIG. 9. E X C ~ S  ionique structural FrA/pC cm-2 difini selon I'iq. 1 en fonction de log (concentration/ 
moll-1) et la charge mitallique q,/pC cm-2: (a) Bu4NF, (b) Pr4NF, (c) Et4NF. La surface hachurk 
reprisente des valeurs negatives de FrA. 

Cvidence il y a quelques annCes dCj& les pro- 
priCtCs structurantes des fluorures de tktraalkyl 
ammonium. I1 est lCgitime de supposer que cette 
influence structurante joue Cgalement un r6le 
dans la double couche Clectrique. Non seulement 
peut-elle attirer dans cette rCgion des ions ou 
molCcules ayant des couches de solvatation com- 
patibles (I'* > I', Clectrostatique) mais Cgale- 
ment repousser de cette rigion des ions ayant des 
couches de solvatation non compatibles (r, < 
I', Clectrostatique). 

Afin de faire ressortir cet argument nous 

prCsentons i la fig. 9 l'excks de surface "struc- 
tural" dCfini par 

[l] FrA = FI'+A = FI'-A = FI'* - g* d 

oh gkd est la composante de charge calculCe i 
partir de la thCorie Clectrostatique (cf. Cq. 7, rCf. 
9). La fig. 9 prCsente alors la diffkrence entre 
I'+,,,(expCrimental) et I'+,,,(thCorique) sans 
toutefois attribuer une distribution spatiale 
prCcise i l'excks (au dCficit) structural dans la 
couche Clectrique. 

On observe que FA augmente avec la dimen- 
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FIG. 10. Excks lonique desurface: coordonnies identiques a celles de la fig. 8: (a )  Bu4NCl, (h )  Pr4NCI, 
(c) Et4NC1. 

sion et la concentration du cation, quand q, > 0 
(pour Et4NF et Pr4NF, aux faibles concentra- 
tions, FA < 0) et quand q, < 0 (pour Bu4NF et 
Pr4NF, aux concentrations ClevCes, FA passe par 
un maximum entre 0.1 et 0.3 M). Ces deux 
dernikres observations sont en accord avec un 
modble qui suppose des "rCpulsions" entre la 
couche d'hydratation hydrophobe de l'ion Bu4N+ 
ou Pr4N+ et la couche d'hydratation hydrophile 
de l'ion F- en plus de la "rCpulsion" mutuelle des 
ions F-. Par "rCpulsion" nous entendons, dans 
l'esprit de Desnoyers et Jolicoeur, l'augmentation 
au deli des prCdictions coulombiennes de 1'Cner- 
gie libre du systkme quand on approche les ions. 
I1 est evident qu'il y a en solution prks des sur- 
faces portant une charge positive, un excks d'ions 
F- par rapport aux cations, c'est-B-dire I',-/ 

> 1. 11 y a donc un plus grand nombre 
d'interactions de type F- ++ F- et F- ++ R4Ni- 
que d'interactions -du type R4N+ - R4N+. Au 
stade actuel, en accord avec Friedman et coll. 
(27) nous ne pouvons attribuer des valeurs 
absolues B ces interactions, mais il est evident, 
comme le montre 1'Ctude thermodynamique des 
solutions homogknes (28) que les deux premibres 
interactions sont fortement rCpulsive. I1 s'ensuit 
que l'attraction des fluorures dans la double 
couche due au champ Clectrostatique du metal 
charge est opposCe aux forces de repulsion 
structurale. 

De m2me que la thkorie de Gouy-Chapman 
a di3 2tre modifike pour tenir eompte d'une 
distance d'approche minimum, il nous semble 
logique de modifier la thtorie de Gouy-Chap- 
man-Stern en admettant l'existence de forces 

autre qu'Clectrostatiques entre ions dans la 
double couche. Un tel traitement ne comporte 
pas de nouveautC profonde et de nombreux 
chercheurs en ont examink l'un ou l'autre 
de ses aspects. A cet Cgard, les sels R4NX con- 
stituent une sCrie oh ces interactions non- 
Clectrostatiques ont des valeurs particulikrement 
ClevCes et oh des traitements simplifies s'avkrent 
inadkquats. 

La fig. 10 prCsente l'excks de surface cationique 
des sels R4NC1. Une plus grande Ctendue de 
charge peut &tre atteinte expirimentalement, mais 
B premikre vue, il n'existe pas de grandes dif- 
ferences avec le comportement des fluorures 
(fig. 8). Une comparaison plus attentive indique 
que l'anion C1- augmente d'une f a ~ o n  apprB 
ciable l'adsorption, non seulement aux q, > 0 
mais aussi aux q, < O! La fig. 11, qui explicite 
l'excks structural, FA, fait ressortir davantage 
cette observation. 

L'adsorption au delB de celle prCdite 
par la thkorie G.C.S., est Cnorme comparee 5 

Tandis que pour Me4NF il y a disorp- 
tion aux qM > 0, ici nous observons que rAMe4NC1 

(4, > 0) > rAMe4NC1 (4, < 0). POW Et4NC1 
concentration Clevte I'AEt4.NcC est quasi indt- 
pendant de la charge tandis que pour Pr4NC1, 
comme pour Pr4NF, l'adsorption est favorisCe 
aux q, < 0. Remarquons qu'il existe peu de 
difference entre rABU4NF, I'ABu4NC1 et encore 
moins entre rAPr4NF, I ' ~ ~ ~ ~ ~ ~ ~ .  Dans ces deux 
cas, les interactions entre ions semblent quasi 
independantes de la nature de l'anion except6 B 
q, >> 0. Ici la valeur de rAPr4NC1 pourrait re- 
flCter le fait que les ions chlorures subissent une 
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FIG. 11. E X C ~ S  ionique structural; coordonnkes identiques a celles de la fig. 9: ( a )  Bu4NCl, ( b )  
Pr4NCl, (c) Et4NC1. 

rY 

20 - a 

=IM 

~ 1 '  

FIG. 12. E X C ~ S  ionique de surface; coordonn6es identiques a celles de la fig. 8: ( a )  ByNBr, (b) 
PqNBr, (c) Et4NBr. 

rtpulsion structurale moins forte que les fluo- 
rures. 

La fig. 12 indique l'influence prtdominante de 
l'anion bromure sur l'excbs de surface. Pour 
n-Pr4NBr et Et4NBr I'+(qM > 0) < rf(qM < 0) 
tandis que pour Me4NBr l'inverse semble se 
produire aux faibles concentrations. Quoiqu'on 
ne puisse exclure la possibilitt d'erreur exptri- 
mentale, ces m&mes tendances ont Ctt observtes 
par Piro et al. (8). Selon eux F+(Bu4NBr) croit 
lorsque q, < - 10 pC et I'+(PrdNBr) pla- 
fonne pour q, < - 10pC cm-=. Comme nous 
l'avons dtmontrt (9), par des calculs dktaillts, en 
milieu Me4N1, ne peut pas &re expliqut 
simplement en termes d'adsorption sptcifique 
simultante de l'anion et du cation. Un examen 

qualitatif des graphiques prtsentts ci-dessus 
mkne & la m&me conclusion. 

Admettons pour le KBr 0.1 M, (rtf. 17, figs. 
4, 5) une valeur de FAKBr N 6 pC ~ m - ~  au E,,,, 
et pour le KC1 0.1 N un rAKCI N 2 pC ~ m - ~  et 
supposons un instant avec Verdier (7) que FAB; 
est dG uniquement aux anions Br-. La comparai- 
son des figs 8a, 10a et 12a ou 8b, lob et 12b 
q, = 0 indique que 1'Ccart (PadNBr  - I'+R4NF) 
ou 1'Ccart (F+R,NC1 - r+R4NF) n'tgale pas 6 PC 
cm-2 ou 2 pC respectivement. Autrement 
dit, quand tous les deux ions sont tensioactifs, 
l'excks de surface n'est pas additif contrairement 
& ce que laisse supposer le travail de Devanathan 
et Fernando (4). 

L'examen de,la fig. 13 conduit & adrnettre que 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIG. 13. EXC~S ionique structural; coordonnees identiques B celles de la fig. 9: (a)  ByNBr, (b) 
Pr4NBr, (c)  Et4NBr. 

FIG. 14. E X C ~ S  ionique de surface; coordonnees identiques B celles de la fig. 8: (a) Bu4NI, (b)  Pr4NI, 
(c)  Et4NI. 

l'adsorption est trks klevCe aux q, > 0 et ap- 
paremment indkpendante de la nature du cation. 
Aux qhl < 0, FA croit avec la dimension du 
cation mais plus lentement qu'avec R4NC1 ou 
R4NF. Une comparaison des figs 9a, 1 la  et 13a; 
9b, l l b  et 13b; et 9c, l l c  et 13c; ?i q, = 0 
indique qUe r A R 4 N X  f. + rAKX. Des 
calculs dktaillks appuient cette conclusion pour 
qhl < 0, et q, > 0 tandis que pour q, >> 0 
l'approximation r A R 4 N X  'V rAKX semble etre 
raisonnable. 

Les figs 14 et 15 illustrant et rAR4NI  
constituent les cas extremes de la skrie. Pour une 
solution 10-I M on remarque que F+ croit trks 
peu avec la taille du cation; meme ?i M, si 
rEt4~1 'V I'Pr4NI 'V le dkplacement du 

r,,, vers q~ < 0 est Cvident. rAEt4NI semble 
indiquer un dCficit ?i M pour q, 'V 10 pC 
~ m - ~ ,  mais ces rkgions correspondent aux con- 
ditions expkrimentales les plus imprkcises. Les 
diffkrences majeures de la fig. 14 se retrouvent 
surtout aux faibles concentrations oh les dif- 
ferences dans l'activitk de surface de plusieurs 
sels peuvent etre remarqukes. Pratiquement dans 
tous les cas, FA passe par un maximum autour de 
q, = 0. Aux concentrations plus grandes que 

M on s'approche du recouvrement maxi- 
mum surtout pour Pr4NI et Bu4NI. Ce re- 
couvrement maximum, FAmax, dkcroit avec la 
dimension du cation 2.35, 2.20, 2.16, et 1.85 
10-lo m ~ l c m - ~ .  On doit donc supposer que 
rAm,, est limit6 non pas par l'adsorbabiliti des 
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FIG. 15. E X C ~ S  ionique structural; coordonnees identiques b. celles de la fig. 9: (a) Bu4NI, (6) Pr4NI, 
(c) Et4NI. 

diffkrents sels mais par la taille des ions ad- que pour l'adsorption des sels tetraalkyl am- 
sorbCs en monocouche. (cf. tableau 1, rCf. 29). monium les interactions les plus importantes 

Ctaient celles entre anions et cations. I1 a CtC 
Discussion Cgalement confirm6 que la surface de 1'Clectrode 

Afin d'attribuer des valeurs numkriques b. 
l'activiti de surface des diffirents sels, sans 
toutefois introduire de parambtres arbitraires, 
il serait utile de pouvoir comparer le comporte- 
ment dans la double couche avec le comporte- 
ment en solutions homogbnes. Des calculs prC- 
liminaires indiquent qu'une telle comparaison 
s'avbre fructueuse. Au point de charge nulle, 
1'Cnergie libre d'adsorption peut &re attribuCe 
aux interactions solutbsolvant et solutbsolutC 
(similaires B celles observCes en solution con- 
centrke) et aux interactions solutCClectrode 
(similaires B celles qui rtgissent pour l'adsorption 
des espbces neutres). Nous pouvons Ccrire: 
- . - 

AGads = 
- 

~ G o n - i o n  + AGcation-electrode + AGanion-electrode 

Nous avons calculC AGion-ion B partir des donnCes 
de Wen et de Lindenbaunl et de l'expression 

@ = Gex/m = vRT[(l - @) + In y] 

oh y est le coefficient d'activitd, @ est le co- 
efficient osmotique et v le nombre d'ions libCrts 
par la dissociation d'un sel de molalitC m. 

Ces auteurs considbrent que pour des solutions 
de sels d'ammonium quaternaire CP est essen- 
tiellement d6terminCe par des effets de type 
Gurney. Gierst et al. (30) dkmontrbrent en 1965 

a l e s  valeurs de q~ - 2 pC ~ m - ~  est recouverte 
par des n~oltcules d'eau orientCes d'une f a ~ o n  
plus ou moins aliatoire (29). Aux alentours du 
pcn la surface constitue en quelque sorte un ion 
hydrophobe ayant un rayon de courbure in- 
finiment grand et une densitC de charge infini- 
ment petite. 

En condquence, on pourrait traiter l'inter- 
action non-Clectrostatique anion-Clectrode com- 
me Ctant semblable b. l'interaction non coulom- 
bienne anion-cation hydrophobe en solution. 
Cependant ces interactions impliquent, selon 
des considCrations gComCtriques, environ deux 
fois le "covolume". L'Cnergie d'interaction 
A ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  serait alors donnCe par 

et devrait varier selon l'aire projet6 du cation. 
AGads peut &tre calculC B partir de divers 

isothermes d'adsorption (3 1) y compris, au pcn, 
l'isotherme de Langmuir. A cet effet il est ntces- 
saire de dCterminer le taux de recouvrement de la 
surface, 0 = rA/rAmax en fonction de la con- 
centration du sel en solution. FA est obtenu b. 
partir des isothermes d'adsorption (figs. 9, 11, 
13 et 15). rAm,, dCpend de la dimension du 
cation: nous avons utilisC les valeurs 2.35, 2.20, 
2.16 et 1.85 10-lo mol ~ m - ~  citCes ci-dessus. 
peut &tre calculCe en considCrant qtle les co- 
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M ~ N A R D  Er KIMMERLE 2503 

FIG. 16. Energie l ike calcul6e A ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  en 
fonction du volume/A3 du cation: (0) F-, (a) C1-. 
(U) Br-, (a) I-. 

efficients d'activitt et les coefficients osmotiques 
dans la double couche tlectrique sont les memes 
qu'en solution & concentration Cquivalente. I1 est 
donc ntcessaire de dtterminer la concentration 
locale, rA/6. Pour l'tpaisseur effective, 6, nous 
avons adopt6 des valeurs 6 = 2r+ + w oh "r+" 
est le rayon d'aprbs la "Scaled Particle Theory', 
et "w" le diambtze d'une moltcule de l'eau, 
c'est-&-dire, 2.76 A (19, 29). Quoique quelque 
peu arbitraire, la dCfinition de 6 est consistante 
avec le modble de Langmuir adopt6 et l'observa- 
tion qu'en aucun cas rAmaX ne dtpasse les 
valeurs calculCes pour le recouvrement de 
l'tlectrode par une monocouche de cations. 
Malheureusement les concentrations locales, 
m&me pour 0 << 1, dipassent souvent les con- 
centrations de solution homogkne pour lesquelles 
des valeurs de G"" ont CtC rapporttes. NCan- 
moins, & q, = 0 pour 0 = r/rmaX = 0.2 nous 
trouvons (fig. 16) une relation linCaire entre 
A G ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  et le volume du cation. La pente 
est tgale & 1.3kT par molCcule d'eau dCplacCe de 
la surface. Cette valeur numtrique est en excellent 
accord avec l'Cnergie ntcessaire pour 
renverser l'orientation d'une moltcule d'eau 
adsorbte (32). Elle est conforme tgalement & 
celle calculCe & partir des forces imagts, con- 
firmte rtcemment par Barradas et Sedlak (33). 

Bien que nos calculs reflbtent plusieurs 
simplifications concernant la distribution des 
ions, un nombre suffisant de sels a CtC examint 
afin de pouvoir tirer quelques conclusions - 
gtntrales. Le rapport A G ~ ~ ~ ~ ~ ~ - ~ , ~ ~ ~ ~ ~ ~ ~ / A G ~ ~ ~  
vaut respectivement 5(Bu4N+), 3(Pr4Nf), 
1(Et4N+) et - I(Me4N+). I1 est gtntralement 
admis que l'ion Bu4N+ en solution est entourt 
d'une couche d'eau plus structurCe que l'eau 
pure, et que la surface de mercure au pcn est 

recouverte d'une couche de moltcules d'eau 
peu orientkes. 

I1 ne semble pas illogique de supposer que 
l'adsorption d'un cation volumineux perturbe un 
certain nombre de molCcules d'eau initialement 
adsorbCes & la surface de telle manibre qu'elles 
soient en mesure de solvater & la fois l'ion et 
l'klectrode. Pour les trois premiers cations il y 
aurait une certaine compatibilitt des couches de 
solvatation, analogue & celle observte en solution 
entre deux ions hydrophobes. L'adsorption du 
Me4N+ par contre, semble ntcessiter une rtorien- 
tation des moltcules d'eau vers l'ion et causer 
ainsi une perturbation de 1'Clectrode initialement 
solvatte par sa couche d'hydratation hydro- 
phobe. 

Quoique l'analyse de l'isotherme d'adsorption 
aux difftrentes charges fasse l'objet d'une com- 
munication ulttrieure, quelques remarques gtnt- 
rales sur la nature des interactions non-tlectrosta- 
tiques dans la region interfaciale nous paraissent 
utiles en relation avec la fig. 7. Sa prksentation, de 
caractkre schkmatique et empirique, est baste sur 
les difftrences rA(qM) - rA(- qM)  & diverses 
charges. La population local des ions dans la 
rtgion de l'interface accuse un rapport [R4N+]/ 
[X-] > 1 pour q, < 0 et [R4N+]/[X-] < 1 pour 
q~ > 0. I1 est donc tvident que dans le premier 
cas il y a un plus grand nombre d'interactions 
cation-cation et cation-tlectrode et que dans le 
deuxikme cas on trouve un plus grand nombre 
d'interactions de type anion-anion et anion- 
tlectrode. Sur le plan qualitatif nous pouvons 
alors dtduire de la coordonnCe verticale qu'il y a 
la prtdominance des attractions non-Clectrosta- 
tiques de type X-- X- sur celles de type de 
&N+ - R4N+ pour les iodures et & un moindre 
degrC pour les bromures. Nous pouvons Cgale- 
ment conclure que les fluorures accusent une 
forte rtpulsion et les chlorures une rtpulsion 
beaucoup moins forte. 

I1 est prtmaturt de tenter d'interpriter ces 
tendances par des calculs numCriques tant qu'un 
modkle acceptable de la distribution des ions 
dans la rtgion interfaciale ne sera pas Ctabli et 
que des mesures exphrimentales des interactions 
analogues en solution ne deviennent disponibles. 
Ntanmoins le paralldlisme est Cvident et mtrite 
d'&tre analysC ulttrieurement. 

Conclusion 
L'effet d'Esin Markov, et les valeurs de l'excbs 
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de surface ionique, de 1'Cnergie d'adsorption et 
de la pression de surface indiquent que 1'activitC 
de surface de seize haloginures de tktraalkyl 
ammonium, R4NX, varie dans le sens que prC- 
sentent les interactions structurales en solution 
homogkne. Nous en concluons que les mCmes 
forces responsables des variations de l'activitC, 
7, des sels en solution dkterminent la variation 
de l'excb de surface r au E,,,. A priori, il ne 
semble pas nkcessaire de postuler des interactions 
Clectrode-solutk particulikres ni de limiter les 
interactions non-klectrostatiques h une mono- 
couche recouvrant la surface de l'klectrode. Si la 
couche d'hydratation est compatible avec une 
hydratation hydrophobe de 1'Clectrode rA est 
positif. Si les couches d'hydratation sont non- 
compatibles et les interactions non coulom- 
biennes entre ions sont non-compatibles FA est 
nkgatif. Si l'une ou l'autre des interactions est 
rkpulsive l'effet global dCpend de leur importance 
relative. C'est ainsi qu'on observe sur une surface 
non-chargke un accroissement monotone de FA 
avec la taille de l'anion et avec celle du cation. 
Les valeurs numkriques de FA s'accordent bien 
avec des calculs effectuCs en utilisant 1'Cnergie 
d'excks trouvC indkpendamment en solution 
homogkne h partir des considtrations gComC- 
triques simples. 
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Metals intercalated in graphite. IV. Intercalation from CCl, solution and 
extraction of intercalated species 
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(1976). 

Some chlorides, mainly of transition elements, can be intercalated in graphite from a solution 
of carbon tetrachloride if their solubility is in the range of 1 to 4 mg/ml in CCL, at reflux tempera- 
ture, in the presence of chlorine. 

The rate of extraction of intercalated salts with solvents has been compared to the rate of 
solution of these salts in the same solvents. 

JEAN MARC LALANCETTE, LINDA ROY et JEANNINE LAFONTAINE. Can. J. Chem. 54, 2505 
(1976). 

Certains chlorures derives principalement des metaux de transition ont pu &tre inserts dans 
le graphite, en presence du chlore et a la temperature de reflux, a partir de leurs solutions dans 
le tetrachlorure de carbone lorsque leurs solubilites se situaient dans la region 1 a 4 mg/ml de 
CCI,. 

La vitesse &extraction des sels inserks par certains solvants a 6te comparte a la vitesse de 
dissolution de ces sels dans les m&mes solvants. 

A great variety of elements or compounds 
can be intercalated in graphite (1). These inter- 
calated species can be held by different types of 
bonding within the lattice of graphite. For 
example, fluorine, under appropriate experi- 
mental conditions, will react with graphitic 
carbon to give a compound of formula (C,F),. 
In this case, there is a covalent bond formed 
between graphite and fluorine, the combination 
is irreversible, and the fluorinated graphite 
shows no fluorine vapor pressure until the 
decomposition temperature is reached (2). In 
other instances, with certain transition metal 
salts there may be a true coordination bonding 
between the intercalated salt and the n-electron 
system of graphite, as shown recently by Volpin 
(3). In some cases, the bonding between the 
intercalated species and graphite can be very 
weak. This situation is well illustrated by the 
case of bromine intercalates. Bromine can be 
intercalated in graphite up to a composition of 
C,Br. But the larger part of the intercalated 
bromine can be removed simply by aeration at 
room temperature (4). 

In fact, it can be said that, providing a weak 
type of bonding between an intercalated salt 
and graphite and appropriate volatility of the 
intercalated species exist, there may be an 
equilibrium between the intercalated state and 

the vapor state of the intercalated substrate. 
A similar situation will prevail if the substrate 
is in solution, as shown by the use of solvent 
techniques for intercalation (5). This paper, as 
a part of a study on the chemistry of inter- 
calated metals (6),  describes intercalations 
achieved by means of carbon tetrachloride 
solutions and indicates interesting aspects of 
equilibrium between a solvent and an inter- 
calated species. 

We have investigated the behavior of several 
chlorides, known to be intercalated by the 
standard method of heating a mixture of salt 
and graphite in an atmosphere of chlorine in 
order to see if these salts could be intercalated 
when dissolved in carbon tetrachloride. Results 
are presented in Table 1. Intercalation can be 
done with solutions of appropriate salts in 
CCl, if an atmosphere of chlorine is present. 
Otherwise the intercalation is much slower or 
absent (7). We interpret this observation as an 
indication that carbon tetrachloride is not able 
to promote the opening of the lattice and that 
the small amount of chlorine present in the 
refluxing carbon tetrachloride, by itself or com- 
bined with the salt, is sufficient to allow the 
intercalation to proceed. 

In this study, we have used a graphite that 
was 20 mesh or finer. Hooley (5) has shown the 
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TABLE 1 .  Intercalation of chlorides in graphite from carbon tetrachloride solutions 

Analysis of intercalates 

Starting 
chloride 

Duration Solubilityb Intercalation %by weight %by weight 
of reflux (mg/ml) (T "C) (%I of metalc of chlorine 

AlCl, 
AlC13a 
FeCI, 
NiCI, 
PtCl', 
PdC1, 
CuCl, 
RhC1, 
UCb 
MoCl, 
w c l ,  
FeCl, and AlC1, 

FeCl, and AlCl, 

40 
< 1 
20 
24.5 
14 

3.7 
22 

1 .2  
10 

< 1 
< 1 

9 .5  (A1C13)d 
1 1  (FeCl,) 
9 .4  (A1C13)d 

12 (FeCl,) 

"Absence of chlorine. 
bSolubility of the salt at temperature (7') in CC14 saturated with CI,. 
'Iron and aluminum have been determined by gravimetry. All the other metals have been determined by atomic absorption, 

using a Varian instrument, model AA-6. 
*Determined by the ratio of metals in the intercalate. 

relation between the size of particles and inter- 
calation phenomena with graphite. With this 
size of particles, we have observed intercalation 
with either standard methods or the solvent 
method. 

We have noted that a very important factor 
concerning the ability of a carbon tetrachloride 
solution to promote intercalation is the solu- 
bility of the salt in this solvent saturated with 
chlorine, at reflux temperature. The intercala- 
tion will proceed if the salt has a low solubility 
in the halogenated solvent. With the salts that 
we have tried, too high a solubility or no 
solubility led to no intercalation. With the 
experimental conditions that we have used, 
intercalation proceeded well with solubilities 
in the range of 1 to 5 mg/ml. With higher values 
there was very little intercalation. It is also to 
be noted that with the mixture AlC1,-FeCl, 
dissolved in carbon tetrachloride, both com- 
ponents of the mixture were intercalated simul- 
taneously. 

The equilibrium of an intercalated salt which 
is not very strongly bonded to graphite with a 
solvent can lead to the complete extraction of 
the salt from graphite, if the salt is soluble in 
the solvent and if the solvent is not saturated 
with the intercalated salt. However, under 
similar conditions of temperature and con- 

centration, the rate of extraction of an inter- 
calated salt from the lattice of graphite is much 
slower than the rate of solution of the same salt 
in a free state, present on the surface of graphite 
for example. This difference in the rate of 
extraction us. rate of solution can be used to 
remove excess nonintercalated salt from a re- 

V o l u m e  ( m l )  

FIG. 1. Weight of AlCl, eluted by anhydrous tetra- 
hydrofuran from a 10% intercalate of AlCl, in graphite 
(A) and from a 10% mixture of AlCl, with graphite (0). 
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LALANCETTE ET AL. 

V o l u m e  ( m l )  

FIG. 2. Weight of FeCl, eluted by 1% hydrochloric acid from a 15% intercalate of FeCI, in graphite 
(A)  and from a 15% mixture of FeCI, with graphite (0). 

action mixture if the rate of extraction of a 
given intercalated salt with a given solvent is 
known. In fact, by measuring the rate of 
extraction, it is possible to estimate, in a first 
approximation, if a salt is intercalated or not. 
Such a technique is definitely not a substitute 
to formal X-ray diffraction or DTA analysis, 
but offers interesting possibilities for a rapid 
preliminary evaluation of a given intercalate. 
Typical curves of extractions and solutions are 
presented in Fig. 1 and Fig. 2 for aluminum 
chloride and ferric chloride. 

Experimental 
( I )  Intercalation of AICI, from a CCI, Solution 

In a three-necked flask of 500 ml, 20.0 g of well-dried 
graphite was suspended in 250 ml of CCI, dried over 
alumina (Woehm, grade I). Graphite was of spectro- 
scopic grade and ground to pass through a 20 mesh sieve. 
Then 8.0 g of anhydrous aluminum chloride (Fisher, 
Reagent grade) was added and the reaction mixture, 
under good stirring, was heated to reflux temperature, a 
slow stream of chlorine being bubbled through the 
boiling CCI, (5 mllmin). Chlorine was Matheson Research 
grade 99.96% C12 and was used without purification. 
After a reflux of 3 h, the system was filtered and the 
residue washed with 500 ml of boiling CCh. Any non- 
intercalated AlCl, was then removed by heating the inter- 
calate to constant weight under 1.0 torr at 198 OC for 
18 h. Under such conditions, any nonintercalated alumi- 
num chloride was eliminated by sublimation. The inter- 
calated aluminum chloride was analyzed as reported 
before (6b), for aluminum and chlorine. 

A similar technique was used for other intercalations 
reported in Table 1. With nonvolatile salts, the amount of 
salt under experiment was adjusted to remain below the 
maximum concentration that could be dissolved in the 
CCI, present. The presence of intercalation was verified 
by differential thermal analysis and comparison of these 
measurements with a similar analysis on samples pre- 
pared by heating the salts and graphite in an atmosphere 
of chlorine. For the determination of the intercalated 
metals, the intercalates were digested in concentrated 
sulfuric acid, followed by treatment of the filtrate by 
aqua regia and determination of the concentration of 
metals by atomic absorption. The results of these analyses 
are presented in Table 1. 

( 2 )  Rate of Extraction of Intercalated Salts and Salts 
Mixed with Graphite 

A 10 g sample of a 10% intercalate of aluminum 
chloride in graphite was placed in a 100 ml burette used 
as a column. Anhydrous tetrahydrofuran was flowed 
through the sample at a rate of 30 ml/h. Aliquots were 
taken at every 10 ml. A plot was made of the weight of 
AlCI, extracted against volume of solvent. This gave the 
curve indicated by the triangles in Fig. 1. A similar 
experiment was made using a mixture of AICI,, and 
graphite instead of intercalate, the concentration of AlCl, 
in the mixture being the same as the concentration of 
AICl, in the intercalate. This led to the curve bearing the 
circular points in Fig. 1. A similar pattern was observed 
using other concentrations of AlCl, and FeCI, inter- 
calates or mixtures, the extraction from the mixture 
being much more rapid than the extraction from the 
intercalate. Elutions with ethyl ether, or in the case of 
FeC1, with 1% HCl, also gave a similar pattern as shown 
in Fig. 2. In the case reported in Fig. 1, AlC13 was re- 
covered as an etherate of aluminum chloride. The amount 
of aluminum recovered was determined as aluminum 
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oxide by hydrolysis and calcination at high temperature. 
A similar pattern was observed with FeC13 (Fig. 2), the 
etherate being hydrolyzed and the amount of metal 
recovered determined as Fe,O,. 
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Phase transformation studies on anthranilic acid by thermal analysis, 
infrared absorption, and X-ray diffraction methods 
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KRISHNAN RAJESHWAR and ETALO A. SECCO. Can. J. Chem. 54, 2509 (1976). 
The kinetic, structural, and thermodynamic aspects of the phase transition, orthorhombic 

I + orthorhombic 11, in anthranilic acid (0-C,H,NH,COOH) were investigated by thermal 
analysis, infrared absorption, and X-ray diffraction methods. 

KRISHNAN RAJESHWAR et ETALO A. SECCO. Can. J. Chem. 54,2509 (1976). 
On a etudie, par des methodes d'analyse thermique, &absorption infrarouge et de diffraction 

a rayon-X, les aspects cinttiques, structuraux et thermodynamiques de la transition de phase 
orthorhombique I + orthorhombique I1 pour I'acide anthranilique (0-C,I&NH,COOH). 

[Traduit par le journal] 

Introduction 
Anthranilic acid (0-C,H,NH2COOH) has 

been shown to exist in three polymorphic forms 
(1). Early crystal-growth experiments (2) indi- 
cated the crystal form to be highly sensitive to 
variations in crystallization conditions. The 
structures of the three polymorphs have been 
described (1, 3) (two orthorhombic and a third 
monoclinic) and their infrared spectra have 
also been reported (4-6). 

The stable room-temperature phase, ortho- 
rhombic I transforms to an orthorhombic I1 
modification (7) at 100 OC; details on the nature 
of this transition are not available in the 
literature. The purpose of this study was, there- 
fore, to examine the kinetic, structural, and 
thermodynamic aspects of this phase transition 
using thermal analysis, infrared absorption, 
and X-ray diffraction methods. 

Experimental 
The source of anthranilic acid used in this study was 

Eastman Organic Chemicals, Rochester, N.Y. (recrystal- 
lized grade, 99% purity). X-Ray diffraction patterns were 
obtained on a Norelco diffractometer Model X-86 using 
CuK, radiation (8). Infrared spectra were recorded on a 
Perkin-Elmer Model 180 spectrophotometer using both 
the mull and KBr disc matrix techniques. 

DTA traces were obtained on a duPont 990 Thermal 
Analyzer in a flowing N, (ultrapure) atmosphere using 
ignited A1,0, as reference material. The precision of a 
transition temperature measurement was better than 
+ 1 "C. The enthalpy of transformation was evaluated 
with the DSC accessory to the 990 DTA module using 

'To whom correspondence should be addressed. 

stearic acid fusion as a standard. The anthranilic acid 
sample, in all cases, was polycrystalline and since particle 
size affects the transition temperature (9), comparative 
DTA traces were always recorded on samples of the same 
particle size. Thermal gradients across the samples were 
minimized by a small constant mass (- 18 mg) and care 
was taken to ensure a uniform sample distribution. 

Pre-compression of the sample was done on a hydraulic 
pellet press fitted with a calibrated gauge and a stainless 
steel die. The pelleting procedure and sample preparation 
after pre-treatment is described elsewhere (10). 

Results and Discussion 
Crystal Structure Analysis 

The X-ray diffraction pattern obtained for 
the untreated supplier's sample was indexed to 
an orthorhombic unit cell with dimensions a, = 
16.05 A, b, = 11.65 A, and c, = 7.20 A; the 
observed sin2 f3 and related parameter values 
(Table 1) are placed with the Depository of 
Unpublished Data.2 The compound fits the 
orthorhombic modification (3) obtained by 
evaporation of a saturated alcoholic solution 
of anthranilic acid at room temperature. The 
DTA heating trace of this sample exhibits an 
asymmetric sharp endothermic peak at 99 OC. 

The X-ray diffraction pattern at room 
temperature of the preannealed sample is 
distinctly different. The pattern was indexed to 
an orthorhombic unit cell with dimensions 
a,, = 12.80 A, b, = 10.78 A, and co = 9.40 A; 
the observed sin2 6 and related parameter 

2Complete set of data may be obtained at a nominal 
charge, upon request, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada K1A 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54, 1976 

TEMPERATURE ('c) 
Fro. 1.  Typical DTA traces on anthranilic acid; (a) -, heating rate 2 "C/min. ---, heating rate 

0.5 "C/min. (b) Identification of endotherm characteristic temperatures. 

values (Table 2) are placed with the Depository 
of IJnpublished Data.z The DTA heating trace 
of the preannealed sample did not reveal the 
expected endotherm at 99 O C .  

The endotherm at 99 "C is interpreted to 
represent the orthorhombic I + orthorhombic 
I1 transformation in anthranilic acid. The 
orthorhombic I1 persists as a metastable phase 
on cooling to room temperature; the metastable 
phase reverts to the stable room temperature 
orthorhombic I modification after one month as 
confirmed by its X-ray diffraction pattern. 

The infrared spectra reveal a shift in the 
v,(NH2) and v,(NH2) frequencies from 3230 
and 3320 cm-' for phase I to 3360 and 3480 
cm-' for phase I1 respectively. Phase I1 v, and 
v, frequencies are within 10 cm-' of the NH, 
frequencies recorded for p-C,H,NH,COOH. 
The latter exhibits no solid phase transforma- 
tion and the correlation strongly suggests a 
rupture of intramolecular hydrogen bonding 
involving the NH, species in the I + I1 transi- 
tion. 

Thermodynamic Properties 
The transformation enthalpy AH, was deter- 

mined as 1230 + 60 callmol yielding the AS, 
of 3.35 $ 0.15 cal deg-' mol-'. The molar 
volume of orthorhombic I is calculated as 
101.10 cm3, with eight molecules per unit cell, 
and the molar volume of orthorhombic I1 is 

TMLE 3. Specific temperatures and activation energies 
associated with polymorphic transformation 

Heating 
rate Td Ti T Ea 

(Oc/rnin) ('c) (OC)  (06) (kcal/mol) 

10 82 87.5 99 92 
5 82 87.5 98 92 
2 83 93 95 83 
1 83 91.5 93.5 101 
0.5 84 90 91.5 92 

Ave. 92 

97.83 cm3 ; -A V of 3.27 cm3 mol-' is associated 
with the I +  I1 transformation. The dT/dP 
term in the Clausius-Clapeyron equation is 
negative and a pressure increase would, there- 
fore, shift the I + I1 transformation to lower 
temperatures. 

Phase Transformation Kinetics 
Typical DTA heating traces for various heat- 

ing rates are shown in Fig. 1. The specific T 
values, the peak temperature T,, the departure 
temperature T,, and the intersection tempera- 
ture Ti were evaluated as indicated and are 
presented in Table 3. 

The activation energy, E,, was calculated 
from the equation (1 1) 
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RAJESHWAR AND SECCO 

FIG. 2. Representative Arrhenius plots for I -+ I1 transformation for heating rates at 10 "C/rnin 
(-t-t-t) and 1 "C/min (-.---.) on uncompressed sample; also on sample pre-compressed at 2500 kg/cm2 
(-0-0-0) and 25 000 kg/cm2 (- + -+ -+) with heat~ng rate at 5 OC/min. 

FIG. 3. Plot of log $/T: US. I/T K. 

where At is the peak height at a specific tempera- 
ture Tand Cis a constant. Typical linear plots of 
log At us. l / T  (K)-I are given in Fig. 2; the slope 
of the linear plot yields the activation energy 
E, whose values are tabulated in Table 3. 
Caution must be exercised in assessing the 
values of Ea obtained from dynamic methods of 
analysis since these values may vary by +20% 
with parallel evaluations by isothermal methods. 

-- 
TEMPERATURE (OC ) 

FIG. 4. Effect ofsample pre-compression on endotherm 
profile and characteristic temperatures, curve 1, 2 500 
kg/cm2, curve 2, 5 000 kg/cm2, curve 3, 10 000 kg/crn2, 
curve 4, 25 000 kg/cm2. 

In spite of this discrepancy, it was, nevertheless, 
worthwhile to make an internal assessment of 
Ea values in a related series of experiments. The 
consistent linear Arrhenius plots in Fig. 2 and 
reproducible E, values in Table 3 suggest that 
meaningful Ea values can be extracted from this 
method of analysis. 

The E, was also evaluated by the method (12) 
of plotting log 4 / ~ ~ ~  us. l / ~ ( K ) - l ,  where Tp is 
the peak temperature for the specific heating 
rate 4. The plot yields a straight line, Fig. 3, 
whose slope corresponds to 92 kcal/mol. The 
reproducible value of 92 kcal/mol obtained by 
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TABLE 4. Specific temperatures, activation energies and slope ratios associated 
with polymorphic transformation* 

Pre-compressed 
pressure Td Ti TP 4 Slope 
(kg/cm2) ("c) ("c) ("C) (kcal/mol) ratio 

*Heating rate 5 "C/min. 

TEMPERATURE (OC 1 
FIG. 5 .  Effect of sample pre-compression on the transformation rate 7, uncompressed; x ,  2 500 

kg/cm2; 0, 5 000 kg/cm2; 0 10 000 kg/cm2; +, 15 000 kg/cm2. 

two independent analytical methods establishes 
a high confidence index for E,. 

The effect of pressure pretreatment on trans- 
formation was also investigated; the DTA 
heating curves at various pressures are given in 
Fig. 4. The shift in peak temperature and 
variation in peak profile are evident. The effect 
of pressure on T, values, Ea values and the 
symmetries of the DTA peaks as measured by the 
slope ratios (13) are tabulated in Table 4. The 
trend in parameter values listed in Table 4 
reveals an increase in the slope ratios and a 
decrease in T, and Ea with increasing pre- 
compression pressure values. The reaction 
fraction us. temperature is plotted in Fig. 5 for 
various pressure pretreatments of anthranilic 

acid followed under constant heating rate 
conditions; the reaction fraction is the ratio of 
the DTA peak area at a specific temperature to 
the total peak area. The enhanced reaction rate 
dependence on pressure is consistent with 
parallel behavior observed in phase trans- 
formation and thermal decomposition rates 
(14-16). 

A simplified model ofthe I -+ I1 orthorhombic 
phase transformation of anthranilic acid is visu- 
alized as a rupture of intramolecular hydrogen 
bonding, most likely -N-H O=C-. The 
shift in v, and v, frequencies to higher values by 
160 cm-' and the AH, value of 1.2 kcal are 
consistent with the model. The enthalpy of 
transition is assigned to the net contribution of 
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the intramolecular hydrogen-bond energy and 4. A. A. EBERT, JR. and H. B. GOTTLIEB. J. Am. Chem. 

van der Waals energy associated with the SOc. 74. 2806 (Igs2). 

transformation. 5. A. THEORET. Spectrochim. Acta, 27A, 11 (1971). 
6. D. HAD21 and L. PREMRU. Bull. Sci. Fac. Chim. Ind. 

The direct dependence of the transformation ~ ~ l ~ ~ ~ ~ ,  18, 148 (1960). 
rate on pressure pretreatment is correlated with 7. C. J. BROWN. Proc. Roy. Soc. A302, 185 (1968). 
increased stresses within the solid. Such stresses 8. E. A. S ~ c c o .  Can. J. Chem. 42,2143 (1964). 

are expected to enhance the generation of 9. M. NATARAJAN, A. R. DAS, and C. N. R. RAO. Trans. 
Faraday Soc. 65, 3081 (1969). nucleation sites required for the transformation K, RAJFSHWAR and V, R, PAI VERNEKER. J. 
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COMMUNICATIONS 

Redox potentials of metal phthalocyanines in non-aqueous media 
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A. B. P. LEVER and J. P. WILSHIRE. Can. J.  Chem. 54, 2514 (1976). 
A study of the redox potentials of a range of metal phthalocyanines in non-aqueous media 

compared with analogous data for some porphyrin complexes provides evidence for extensive 
back donation in metallophthalocyanines. The potentials for some couples are exceedingly 
sensitive to axial ligation. It is suggested that this sensitivity may be used to 'tune' a redox 
couple for a specific purpose such as designing a reversible oxygen breathing system. 

A. B. P. LEVER et J. P. WILSHIRE. Can. J. Chem. 54, 2514 (1976). 
Une etude des potentiels redox d'une skrie de mktallophtalocyanines en milieu non-aqueux 

cornpark avec des donnkes analogues pour certains complexes de porphyrines anltne l'kvidence 
d'une forte retrodonation dans les mktallophtalocyanines. Les potentiels pour certains couples 
sont excessivement sensibles ii la coordination axiale. I1 est suggkrk que cette sensibilitk peut 
Ctre utiliske pour adapter uncouple redox 21 un but spkifique tel que I'Claboration d'un systkme 
rCversible de respiration d'oxygtne. 

[Traduit par le journal] 

Redox processes play a critical role in living 
systems and frequently involve metallopor- 
phyrins (1). Fairly subtle biological events can 
influence electron transfer chains by modifying 
the redox couples of their cytochrome com- 
ponents (e.g. ref. 2). There is a gross under- 
standing of how variation of solvent (3) (or 
environment (4)) and of axial ligation (5) can 
affect redox couples, but many fine details re- 
main to be elucidated. The ability to bind mol- 
ecular oxygen is also related to the redox couple 
but in an ill-defined way. The phthalocyanines 
represent a class of compounds of similar 
structure (6) to the porphyrins, but whose redox 
characteristics, as will be demonstrated here, 
exhibit greater sensitivity towards the factors 
mentioned above. They may be conveniently 
used as a probe to gain a more detailed under- 
standing of the electronic processes involved. 

The results of this study are surveyed in this 
communication. Details of the electrode pro- 
cesses, electron transfer rates, etc. will be pre- 
sented elsewhere (7). 

Experimental 
Cyclic voltammetric data were obtained with a McKee- 

Pedersen modular electronic electrochemical system. 
Solvents and carrier electrolytes were purified by standard 
techniques to electrochemical purity (1, 8, 9). Mid-point 

potentials reported in Table 1 are averages obtained over a 
series of scan rates from 0.005-100 V/s, and over several 
different runs. The mean deviation from this average is 
small (less than 5 mV). A three-electrode configuration 
was employed using platinum wires as working and 
auxiliary electrodes and an sce as reference. The sce was 
separated from the solution by a double bridge containing 
saturated KC1 adjacent to the sce, and the solvent and 
carrier adjacent to the solution. 

Results 

Representative data presented in Table 1 
emphasize iron and manganese because of their 
intrinsic interest and because they have been 
comparatively neglected in previous studies (10, 
11). Also included, for comparative purposes, 
are data for some analogous porphyrin com- 
plexes. Certain conclusions may be drawn. 

(i) Chromium(I1) phthalocyanine (low spin in 
pyridine) is exceptionally more stable towards 
oxidation than a chromium porphyrin analog. 

(ii) Manganese(I1) phthalocyanine (low spin) 
is significantly more stable towards oxidation to 
the trivalent state than (high spin) porphyrin 
analogs. The redox couples of manganese 
phthalocyanine do not depend greatly upon 
either solvent or counter ion (carrier). 

(iii) Low spin iron(I1) phthalocyanine, i.e. 
dissolved in DMSO or particularly in pyridine, 
is much more resistant towards oxidation than is 
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COMMUNICATIONS 

TABLE 1. Redox couples for metallophthalocyanines and metalloporphyrins 

M(II)/M(I)~ 
or 

M(III)/M(II) M(II)/M(II)L-b 
Conlplex Solvent/carr~er (v) (v)  Ref. 

Chromium 
OEP DMSO/C104- -1.14 -1.35' 19 
PC PY /clod 0.52 tw 

Manganese 
TPP(C1) (hs) Py/C104- -0.32 tw 
OEP(0H) (hs) DMSO/C104- -0.42 -1.6 19 
PC (IS) PY /clod- 0.01 -0.77 tw 

DMSO/C104- -0.08 tw 
DMSO/Br- -0.09 -0.73 tw 
DMSO/Cl- 0 . 1 3  -0.86 tw 
DMF/C104- -0.14 tw 

Iron 
TPP(C1) (hs) DMF/CI04- -0.196 - 1.029 20 
(IM)zTPP(Cl) (IS) DMF/C104- -0.115 - 1.201 20 
PIX(C1) (hs) DMF/C104- -0.307 -1 .I63 20 
(hi~)~PIX(cl)  (Is) DMF/C104- -0.300 -1.31 20 
PC (sq) Clnap/CI04 0.19 nr 10 

(sq) DMF/C104- 0.39 -0.56 tw 

M(III)/M(II) M(II)/M(IP 
or or 

M(II)L+/M(II)C M(II)/M(II)L-b 
Complex S Avent/carrier (v) (v) Ref. 

Iron (sq) DMF/CI 0.01 -0.50 tw 
(IS) Py/C104- 0.70 -1.125 tw 
(IS) DMSO/C104- 0.47 -0.77 tw 
(Is) DMSO/Br- 0.42 -0.70 tw 
(Is) DMSO/Cl- 0.26 -0.72 tw 

Cobalt 
TPP (IS) DMSO/C104- 0.06 -0.85" 2 1 

(sq) CH2C12/C104- 0.75 nr 21 
(IS) DMSO/Py/CI04- - 0.26 -0.99" 21 

PC (sq) C1Nap/C104- 0.77 nr 10 
(IS) Py/C104- 0.22 -0.615 tw 

Zinc 
TPP PhCN/C104- 0.79C nr 10 

DMSO/C104- nr -1.31' 22 
PC Py /C104- 0. 68C -0.89' tw 

Clnap/C104- 0 .  68C nr 10 

NOTES: The carriers are generally tetraethyl- or tetrabutylammonium salts. The solvents are: Py = 
pyridine. DMSO = dimethylsulfoxide, DMF = dimethylfomamide, Clnap = 1-chloronaphthalene, 
PhCN = benzonitrile; referring to the divalent species, 1s = low spin, hs = high spin, sq = square; for 
the ligands, TPP = tetraphenylporphyrin, OEP = octaethylporphyrin, PC = phthalocyanine, PIX = 
protoporphyrin IX; nr = not recorded, ni = not identified. The identification of the first reduction as 
reduction of ligand or metal has not always been unequivocally determined. Im = imidazole, his = 
histidine, tw = this work. Examination of the ferrocinium/ferrocene couple shows that the junction 
potentials do not vary much among the above solvent /carrier systems. 

intermediate spin ( S  = 1) square planar iron(I1) 
phthalocyanine, i.e. dissolved in chloronaph- 
thalene. The Fe(III)Pc/Fe(II)Pc couple is in- 
fluenced both by solvent and counter ion with 
ease of oxidation increasing with the expected 
stabilisation of the iron(II1) state, in the sequence 
C1- > Br- > C104-. The Fe(II)Pc/Fe(I)Pc 
couple is sensitive to solvent, much more so than 

Mn(II)Pc/Mn(II)Pc-, but insensitive, as would 
be expected, to counter ion. Porphyrin redox 
potentials for iron are relatively insensitive to the 
spin state of the metal except when unusual 
ligands such as CO (5) are employed. 

(iv) Square planar cobalt(I1) porphyrins are 
much more resistant to oxidation than low spin 
octahedral cobalt(I1) porphyrins in accord with 
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simple cobalt(I1) chemistry and conventional 
ligand field concepts. Cobalt(I1) phthalocyanine 
behaves in a very similar fashion though the low 
spin octahedral form (in pyridine) is more stable 
in the divalent state relative to the porphyrins. 

(v) Oxidation of zinc(I1) phthalocyanine in- 
volves formation of a phthalocyanine radical 
cation (12, 13) and the potential is comparable to 
that for the porphyrin analogs. Reduction to the 
anion radical, however, is much more facile in 
the phthalocyanine series. 

Porphyrins are known to be strong a donors. 
They may be a acceptors or donors depending 
upon the metal (14) but their overalls capability 
is minimal. In agreement their ligand field 
strength is relatively low for a macrocyclic 
ligand; many of their metal complexes are high 
spin. Mild bases will deprotonate phthalo- 
cyanines (15) but not porphyrins, implying that 
the former are weaker a donors than the latter. 
The redox data presented here provide compel- 
ling evidence that phthalocyanines are excep- 
tionally good s acceptors. The considerable 
stabilisation of low spin iron(I1) (t2,6) and 
chromium(I1) (t2,4) must be associated with 
considerable a back donation into the phthalo- 
cyanine ring. The ability to oxidise PcFe(I1) lies 
in the sequence DMF > DMSO > pyridine, 
which is the order of donicity (16) of the axial 
solvent ligand, enhancing s back donation. 
Because of the extra stability of the PcFe(I1) 
state with the most strongly donating solvents, 
the ability to reduce to PcFe(1) will follow the 
reverse sequence of solvents as is evident in 
Table 1. This results in the spectacular existence 
range for PcFe(I1) in pyridine of 1.82 V, com- 
pared with less than a volt for DMF. Square 
planar Fe(II)Pc, with only two electrons in 
orbitals of appropriate a symmetry (17), is much 
less stabilised. Furthermore the comparative 
ease of reduction to the PC- state illustrates the 
greater acceptor character of the phthalo- 
cyanines, as does the fact that they are necessarily 
high ligand field molecules in that all their metal 
complexes are low spin, where the distinction can 
be drawn. The stabilisation of cobalt(I1) is less 
dramatic because the electron which is lost is of 
high energy (a*, z2) and a low spin (t296) con- 
figuration is generated. It is clear that variation 
of solvent and counter ion permits 'tuning' of the 
Fe(III)Pc/Fe(II)Pc couple over a comparatively 
wide range (Table 1). The Cr(III)Pc/Cr(II)Pc 
couple can be similarly tuned (7). Since the 

ability to bind molecular oxygen depends, at least 
in part, on the redox potential (18) this procedure 
permits the design of systems capable of re- 
versibly binding oxygen. Whilst it seems that the 
redox potentials of iron porphyrins are less 
sensitive to the environment than those of iron 
phthalocyanine, dramatic changes can still be 
observed (23). Thus the 'tuning' mechanism may 
have a biological role through, for example, 
protein bound groups moving closer to, and 
further away from, the metal ion, with con- 
formational change. 
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Chem. 54, 2517 (1976). 

Conlplexation of methylmercury(I1) by sulfate, selenate, carbonate, sulfite, selenite, thio- 
cyanate, selenocyanate, sulfide, and selenide in aqueous solution has been studied by proton 
magnetic resonance and Raman spectroscopy. Formation constants were determined for the 
SO$, Se042-, C032-, S032-, Se032-, Se03H-, SCN-, and SeCN- complexes from the p H  
dependence of the chemical shift and the 199Hg-IH spin-spin coupling constant of the methyl 
group of CH3Hg(II) in solutions containing both CH3Hg(II) and ligand. The chemical shift and 
the 199Hg-lH spin-spin coupling constant of the CH3Hg(II) in each of the complexes were also 
obtained from the same measurements. Proton magnetic resonance parameters were measured 
for several complexes with sulfide and selenide. The ligand donor atom in each of the complexes 
was identified using the formation constants, the I99Hg-lH spin-spin coupling constant of the 
complexed methylmercury and the Raman spectral data. It is of particular interest that, in the 
selenite complex, the methylmercury is bonded to an oxygen atom whereas sulfur is the donor 
atom in the sulfite complex. 

DALLAS L. R A B E N S ~ I N ,  M. COREEN TOURANGEAU et CHRISTOPHER A. EVANS. Can. J. 
Chem. 54,2517 (1976). 

On a CtudiC, par rmn et par spectroscopie Raman, la complexation du mCthylmercure(l1) 
par les ions sulfate, sCl6nate, carbonate, sulfite, sClCnite, thiocyanate, sClCnocyanate, sulfure et 
s6lCnure en solution aqueuse. On a dCterminC les constantes de formation des complexes du 
S0,2-, Se042-, C032-, S032-, Se032-, Se03H-, SCN- et SeCN- B partir de la d6pendance des 
dkplacenlents chimiques sur le pH et des constantes de couplage spin-spin 199Hg-lH des 
groupes mkthyles du CH3Hg(II) dans des solutions contenant B la fois du CH3Hg(II) et du 
ligand. On a aussi obtenu, B partir des mCmes mesures, les dCplacements chimiques et les con- 
stantes de couplage spin-spin 199Hg-lH du CH3Hg(II) dans chacun des complexes. On a mesurC 
les paramktres rmp de plusieurs complexes avec le sulfure et le selenure. On a identifie, dans 
chaque complexe, l'atome agissant comnle ligand donneur en faisant appel aux constantes de 
formation, aux constantes de couplage spin-spin 199Hg-HI du mCthylmercure complex6 et aux 
donnks des spectres Raman. I1 est important de noter que dans le complexe sClCnite, le mCthyl- 
mercure est liC L l'atome d'oxygkne alors que le soufre est l'atome donneur dans le complexe 
sulfite. 

[Traduit par le journal] 

Introduction mercury is greatly accentuated when one ligand 
The coordination chemistry of the methyl- is an organic radical. This absence of complica- 

mercury(I1) cation, CH3Hgf, is dominated by tions from chelating effects renders this cation an 
its unifunctional nature (1); the tendency to excellent probe. In addition, the solution 
linear two-coordination typical of divalent chemistry of the methylmercury(I1) species has 
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become a subject of interest (2-7) with the 
recognition of its importance in environmental 
pollution by mercury. 

As part of a continuing study of the coordina- 
tion chemistry of methylmercury, we have in- 
vestigated the methylmercury complexes of 
several inorganic ligands, including some in 
which sulfur and selenium are potential co- 
ordination sites. These complexes were studied in 
aqueous solution by proton magnetic resonance 
and Raman spectroscopy with the objective of 
characterizing the complexes at the molecular 
level. In labile systems such as those studied here, 
the methyl protbns of methylmercury give rise to 
a single averaged resonance pattern whose 
chemical shift and lg9Hg (I = 1/2, 16.9% 
natural abundance) - proton coupling constant 
are the weighted averages of those of the several 
species present in the solution. The distribution 
between the various species is pH-dependent and 
thus formation constants can be obtained from 
the averaged chemical shift and coupling con- 
stant. The value of the coupling constant pro- 
vides some measure of the nature of the ligating 
atom (2, 4, 6, 7). The individual species present 
in solution can be observed directly by Raman 
spectroscopy, from which structural information 
can be obtained. 

Recently, Ganther and co-workers demon- 
strated that selenium added as Na2SeOs to the 
diets of rats decreased methylmercury toxicity in 
rats and suggested that the decreased toxicity of 
methylmercury to Japanese quail on diets con- 
taining tuna may also result from selenium in the 
tuna (8). Earlier studies had shown that Na2SeOs 
decreases the toxicity of HgC12 injected into rats, 
possibly by complexation of mercury in the 
blood (9, 10). 

Experimental 
Methylmercuric hydroxide1 (Alpha Inorganics) was 

purified and a stock solution was prepared as described 
previously (2). The stock solution was standardized by 
titration of aliquots with a standard sodium chloride 
solution in an acidified ethanolic medium; the endpoint 
was located potentiometrically with a Ag/AgCI indi- 
cating electrode (6). 

Sodium sulfate (Allied Chemical) and sodium selenate 
(Alpha Inorganics) were used as the source of the sulfate 
and selenate ligands, respectively. Sodium sulfate (99%) 
was used without purification. The sodium selenate was 

IIt is probable that this ill-defined solid is partially- 
hydrated bis(methy1mercuric)oxide. 

recrystallized from ammoniacal solution to remove 
traces of acetate which coprecipitated from water. Stock 
solutions of sodium sulfate and sodium selenate were 
standardized by a precipitation titration with standard 
lead nitrate in a faintly acidic 80% acetone medium; 
dithizone was used to locate the endpoint (11). Sodium 
selenite (Alpha Inorganics) was purified by recrystalliza- 
tion from water and a stock solution prepared and 
standardized by pH titration with standard HN03. 
Sodium sulfite (Shawnigan Chemicals) or sodium bisulfite 
(B.D.H.) were used as sources of the sulfite ligand. The 
solids were analyzed by oxidation with excess iodine 
solution and back-titration with standard thiosulfate. 
Stock solutions of potassium thiocyanate (Baker A.R.) 
were standardized by titration with silver nitrate solution. 
Potassium selenocyanate and sodium selenide (Alpha 
Inorganics) were used as received. Sodium sulfide (Fisher) 
solutions were standardized by titration with standard 
thiosulfate after oxidation with excess standard iodine. 

p H  Measurements 
All pH measurements were made at 25 + 1 "C with an 

Orion Model 801 pH meter equipped with a standard 
glass electrode and a fiber-junction, saturated calomel 
reference electrode. The meter was standardized at 25 "C 
with Fisher certified standard solutions of pH 4.00, 7.00, 
and 10.00. 

pH measurements were converted to hydrogen ion 
concentrations using activity coefficients calculated with 
the Davies equation (12). 

Spectroscopy 
Proton magnetic resonance spectra were obtained on a 

Varian A60-D high resolution spectrometer at a probe 
temperature of 25 k 1 "C. Spectra were recorded at sweep 
rates of 0.1 Hz s-1 for the chemical shift measurements 
and 0.5 Hz s-1 for the spin-spin coupling constant 
measurements. Reported results are the average of three 
scans. Chemical shifts were measured relative to the 
tert-butyl resonance of internal tert-butyl alcohol, as 
described previously (6), but are reported relative to the 
methyl resonance of sodium 2,2-dimethyl-2-silapentane- 
5-sulfonic acid (DSS). Positive shifts correspond to 
resonances of protons less shielded than the methyl 
protons of DSS. The tert-butyl resonance of tert-butyl 
alcohol is 1.243 ppm downfield from the methyl reso- 
nameo of DSS. Raman spectra were excited with the 
4880 A line of a Coherent Radiation Model 52 Ar laser, 
which produced ca. 200 mW at the sample. The Raman 
scattering was dispersed with a Spex 1401 double mono- 
chromator and detected with an RCA C31034 photomul- 
tiplier tube. 

Solution Preparation 
Proton Magnetic Resonance Experiments 
Solutions used in the pmr measurements were prepared 

in distilled water from the requisite amounts of methyl- 
mercuric hydroxide and ligand stock solutions. The sulfite, 
selenocyanate, and selenide ligands are sensitive to air and 
their solutions were prepared in an argon or nitrogen 
atmosphere using appropriate amounts of crystalline salt, 
and spectra were obtained immediately after preparation. 

For chemical shift or spin-spin coupling constant 
measurements as a function of pH, solutions of methyl- 
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RABENSTEIN ET AL. 

TABLE 1. Formation constants of methylmercury complexesa 

Ligand Donor atom [ C H ~ H ~ ( ~ ~ ) I T ~ ~ , I  [LigandI~,~,~  p H  range 1% Ki 

S042- 
Se042- 
C032- 
S032- 
Se032- 
Se03H- 
SCN- 
SeCN- 

aconcentration constants at 25 "C. Uncertainties are the standard de 

mercury-to-ligand ratios varying from 1 :4 to 4:l were 
prepared. The solution was brought initially to p H  = 1 
and samples withdrawn at approximately 0.4 p H  unit 
intervals as base was added up to approximately p H  12. 
In this way the solution ionic strength remains almost 
constant throughout. Concentrated nitric acid or  po- 
tassium hydroxide were used to change the pH. Typically, 
20-30 samples were taken over this p H  range. 

In mole ratio experiments, the p H  was maintained con- 
stant by addition of acid or base while a number of 
samples of varying methylmercury-to-ligand ratio were 
prepared. In these experiments, the ionic strength varies 
more between different samples than in the p H  studies. 

Raman Experiments 
Solutions, typically 0.2 M, were prepared in distilled 

water from the requisite amounts of methylmercuric 
hydroxide stock solution and ligand (usually crystalline). 
Solutions containing sulfite were prepared from degassed 
solutions under an argon blanket. The mole ratios and 
solution pH's chosen were those which, based on calcula- 
tions using the formation constants derived from the 
pmr experiments, contained a maximum concentration of 
the desired methylmercury species. The samples were 
sealed into glass capillaries (0.d. 1.5 mm). 

Results and Discussion 
Determination oj Formation Constants 

The formation constants listed in Table 1 were 
calculated from the chemical shift and coupling 
constant of the methyl protons of methylmercury 
in solutions containing known amounts of 
methylmercury and the ligand. For example, 
Fig. 1 shows the chemical shift of the methyl 
protons of methylmercury as a function of p H  
in aqueous solution and in aqueous solution 
containing sodium selenate. Figures 2 and 3 
show the chemical shift and coupling constant 
in solutions containing sodium selenite. 

The p H  dependence of the chemical shift in 
aqueous solution is due to the following pH- 
dependent equilibria : 

[l]  CH3HgOH2+ + OH- @ CH3HgOH + H20 

,viatiom of from four to ten values. 

Equations 1 and 2 represent the generally ac- 
cepted aqueous solution model (1) for methyl- 
mercury, although it has been shown that at high 
methylmercury concentrations the tris(methy1- 
mercuric)oxonium cation [CH3Hg)30+] is pres- 
ent in detectable amounts around neutral pH(5). 
At the methylmercury concentrations used in 
this work, the concentration of (CH3Hg)30+ is 
negligible. 

FIG. 1. pH-dependence of the chemical shift of the 
methyl protons of methylmercury in an  aqueous solution 
containing 0.100 M methylmercury (0) and in an  
aqueous solution containing 0.0521 M methylmercury 
and 0.208 M Na2Se04 (0). 
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10 5.0 9.0 13.0 

P H 
FIG. 2. pH-dependence of the chemical shift of the 

methyl protons of methylmercury in an aqueous solution 
containing 0.100 M methylmercury (0) and in an 
aqueous solution containing 0.112 M methylmercury 
and 0.224 M Na2Se03 (@). 

The different chemical shift curves below pH 
8 in Fig. 1 indicate some complexation by 
selenate; above p H  8, the methylmercury is 
completely complexed by hydroxide ion. The 
coupling constant shows a similar p H  depen- 
dence and yields the same conclusions. The 
formation constants of the sulfate and selenate 
complexes, defined by eq. 3, were calculated 
from chemical shift and coupling constant data, 

of which that in Fig. 1 is representative. For 
solutions containing methylmercury and the 
ligands studied in this work, a single resonance 
pattern was observed indicating fast exchange of 
methylmercury on the nmr time scale, although 
some broadening of the central resonance and 
the downfield satellite was observed in the 
selenate (pH 4.9) and sulfate (pH 3.8-5.8) 
systems. At each data p H  where the observed 
chemical shift indicated complexation, the con- 
centrations of each of the methylmercury-con- 

FIG. 3. pH-dependence of the mercury-proton spin- 
spin coupling constant of methylmercury in an aqueous 
solution containing 0.100 M methylmercury (0) and in 
an aqueous solution containing 0.112 M methylmercury 
and 0.224 M Na2Se03 (a). 

taining species and thus the formation constant 
were calculated from the observed shift and the 
observed coupling constant. The method used to 
obtain the formation constant from the averaged 
chemical shift will be described; the method used 
to obtain the formation constant from the 
averaged coupling constant was identical, and 
the necessary equations can be obtained from 
those that follow by replacing 6 by J. 

The observed chemical shift, bobs, is the sum of 
the chemical shifts of the various methylmercury 
species present, weighted according to the 
relative concentrations of the various species, as 
described by eq. 4. 

where 6 is the chemical shift and P the fraction 
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RABENSTEIN ET AL. 

TABLE 2. Proton magnetic resonance parameters of methylmercury complexes 

Chemical shift 2 J(199Hg-1 H) 
of complexa of complexa 

Species Donor atom (ppm from DSS) (Hz) 

acalculated simultaneously with the formation constants in Table 1 as described in the text unless 
otherwise indicated. 

OMeasured directly; aqueous solution. 
CMeasured directly; pyridine solution. Reference 13 reports 156.6 Hz under similar conditions. In 

CSz solution (CH3Hg)zSe has a coupling constant of 146 Hz (14). 
dFrom a mole ratio study at pH 1 and CH~Hg(lI)/sulfide ratios of 5.0-8.2, assuming that methyl- 

mercury is solely in the forms (CH3Hg)3S+ or CH3HgOHzC in these conditions. In CDBCN solution, 
(CHsHg)sSe+ has a coupling constant of 196 Hz (14). 

of methylmercury present as the species indi- 
cated. The sum of the fractions is unity. 
6(CH3Hg)20H+, and 6CH H OH have been reported 

3. 
previously (2, 5). Equation 4 can also be written 
as 

where PF, the fraction of methylmercury not 
associated with S042-, is given by 

and PC indicates the fraction of complexed 
methylmercury (1 = PF + PC). Rearrangement 
of eq. 5 gives 

With eq. 7, PC and thus the concentrations of 
free and complexed methylmercury were cal- 
culated from 6,b,. At the start of a calculation, 
6F is not known; it is dependent on the total 
concentration of free methylmercury because of 
the nonsymmetrical nature of the reaction rep- 
resented by eq. 2. 6, also is not known since 
solutions containing the complex also contain 
free methylmercury. Thus the iterative procedure 
described previously (2) was used to simul- 
taneously determine Kf and the chemical shifts. 

The formation constants of the CH3Hg+ com- 
plexes of SO?, Se032-, C03'-, SCN-, and 

SeCN- were calculated by a modification of the 
above procedure. These complexes form at 
higher p H  values where the free methylmercury 
is essentially all present as CH3HgOH, as 
illustrated in Figs. 2 and 3 for the Se032-- 
complex. Thus 6~ = 6~~~~~~~ and the iteration 
step to  find 6~ was not necessary. It was deter- 
mined from the p H  dependence of the pmr data 
for the CHsHg(I1)-selenite system (Figs. 2 and 3) 
that a CH3Hgf con~plex with Se03H- forms 
below p H  6. The formation constant of this com- 
plex was determined by a procedure similar to 
that described above for the sulfate complex. 

The formation constants and the pmr param- 
eters of the complexes are listed in Tables 1 and 2. 

Raman Spectra 
The positions and assignmeilts of bands in the 

Raman spectrum of an aqueous solution of 
CH3HgS03- are listed in Table 3. The Raman 
spectra of the other complexes will be described 
in the following discussion of the individual 
complexes. 

A considerable amount of information on the 
vibrational spectra of methylmercury complexes 
has been published making possible the cor- 
relation of the position of certain modes with 
the nature of the ligating atom. Table 4 lists the 
positions of the CH3 symmetric deformation 
vibration, the mercury-carbon stretching vibra- 
tion, and the mercury-X stretching vibration for 
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TABLE 3. Raman spectrum of [CH3-Hg-S03]-a 

Frequency Description [NH3-Hg-S031b SO3*- 

CH3 stretch (sym.) 
CH3 deformation (sym.) 
SO3 stretch (asym.) 
SO3 stretch (syrn.) 
CH3 rock 
SO3 deformation (syrn.) 
Hg-C stretch 
SO3 deformation (asym.) 
Hg-S stretch 
SO3 rock 

asample prepared under argon from 0.44 M CHaHgOH and an equivalent amount of solid NaHS03. 
bInfrared spectrum from ref. 16; values in parentheses are comparable to those in CHzHgSOa- but 

involve the NHa group. The assignment of the bands at 1109 and 997 cm-' has been reversed from that 
in the original work because the band a t  997 cm-' in CHaHgS03- is polarized. 

CNot measured. 

TABLE 4. Some Raman bands of methylmercuric complexes, CH3HgX 

Frequency of vibration 

Ligating CH3 deformation 
Complex atom (sym.1 Hg-C stretch Hg-X stretch Reference 

CH3HgOH 0 1211 577 511 17 
CH3HgOH2+ 0 1207 570 463 18 
CH3HgN03 0 1204 566 292 18 
CH3HgS04- 0 1207 566 272 19 
(CH3Hg)30+ 0 1206 563 1 32d 20 
CH3HgSCN S 1186 540 283 21 
CH3HgcysH2+ S 1190 544 328 c 

CH3HgSCH3 S 1177 537 3 29 22 
(CH3Hg)3S+ S 1176C 544 28 1 20 
CH3HgS(CH312+ S 1187 546 302 18, 23 
CH3HgSeCNn Se 1177, 1164 540,536 b 24 
CH3HgF F 1209 573 414 25 
CH3HgC1 C1 1203 556 334 26 
CH3HgBr Br 1193 546 228 26 
CH3HgI I 1183 535 181 26 

QInfrared spectrum of solid CHaHgSeCN. 
bSpectrum in this region not reported. 
CInfrared spectrum; maxima of 1185, 1176, 1161 cm-'; ref. 27. 
dD3h structure, discussion in ref. 20. 
eD. L. Rabenstein and C. A. Evans, unpublished results. cys = cysteinate. 

a number of complexes of methylmercury with 
various ligating atoms, X. The first two bands 
are among the most intense features in the 
Raman spectrum of methylmercuric species, and 
as examination of Table 4 shows, their positions 
are a good indication of whether oxygen or sulfur 
atoms are bound to mercury. Complexes with 
other first row element ligating atoms appear to 
exhibit similar frequencies to those for oxygen. 
The Hg-X stretching frequencies are a less 
sensitive indication of the nature of the ligating 
atom, probably because of coupling of this 
vibration with motion within the ligand itself. 

Such motion does not markedly affect the fre- 
quency of vibration in the CH3-Hg unit, pre- 
sumably because of the great mass of the mercury 
atom. These correlations are used in the identifi- 
cation of the ligating atom in several of the 
complexes. 

Sulfate and Selenate 
Clarke and Woodward (19) have studied the 

stoichiometry and dissociation of the methyl- 
mercury-sulfate complex in aqueous solution, 
by Raman spectroscopy. The complex was 
shown to be CH3HgOS03- by comparison with 
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RABENSTEI [N ET AL. 2523 

the spectra of aqueous sulphuric acid solutions 
and from intensity measurements of the spectral 
bands at various mole fractions of methyl- 
mercury and sulfate. They concluded from 
measurements of the free sulfate concentration 
in solutions containing CH3HgOS03- that the 
degree of dissociation of CH3HgOS03- is 
'approximately equal to that of HS04-.' A con- 
centration formation constant of 3 can be 
estimated from their results, in reasonable 
agreement with the value of 8.7 determined in 
this work from pmr data. As in sulfuric acid 
solutions, where H2S04 molecules are not 
detectable at concentrations less than 1 M, no 
Raman evidence for the presence of (CH3H&- 
SO4 molecules was obtained up to 0.8 M. 

The basicity of Se042- and HSe04- to protons 
is similar (15) to  that of S02-  and HS04-, and 
by analogy the behavior of selenate towards 
methylmercury cations is expected to be similar 
to that of sulfate. The formation constants listed 
in Table 1 for the sulfate and selenate complexes 
indicate this to be the case. The selenate com- 
plex forms sufficiently weakly, and the selenate 
moiety is a sufficiently weak Raman scatterer 
relative to CH3-Hg-, that the complete 
Raman spectrum of the complex was not ob- 
served. Careful choice of solution conditions, 
however, enable five shifts attributable to the 
complex to be observed. Two solutions were 
prepared, the first at p H  3.0 containing 0.8 M 
selenate and 0.2 M CH3Hg(II) and the second 
0.5 M CH3Hg(II) and 0.125 M selenate at p H  
2.4. Frequencies for the CH3-Hg moiety were 
derived from the spectrum of the first sample, 
where calculations show that 87% of the 
CH3Hg(II) is complexed, and likewise frequen- 
cies for the Se04 moiety came from the spectrum 
of the second sample, where 72% of the selenate 
is complexed. The pH's were chosen in each case 
to maximize the concentration of the complex. 

The symmetric CH3 deformation at 1203 cm-l, 
the mercury-carbon stretch at 565 cm-1, and a 
band of 290 cm-l assigned to mercury-oxygen 
stretching are all typical of the CH3-Hg-0 
grouping and provide additional support for the 
correlation illustrated in Table 4. Frequencies 
assigned to SeO3 stretching, at 856 cm-1 in the 
complex, and SeO3 deformation, at 503 and 460 
cm-I in the complex are close to those for Se042- 
ion and HSe04- quoted in ref. 15, and confirmed 
in this work. In particular the Se03 stretching 

frequency observed in this work falls nicely 
between the v l  frequency of Se042- (835 cm-l) 
and the most intense band in the spectrum of 
HSe04- (867 cm-I). 

Sulfite 
The formation constant of the sulfite complex 

is orders of magnitude larger than those of the 
sulfate and selenate complexes. For comparison 
with the results of this work, Schwarzenbach and 
Schellenberg (1) reported log Kf = 8.11 for the 
sulfite complex. In addition, the lg9Hg-lH 
coupling constant of 172 Hz for the complex is 
much less than those for the oxygen-bound 
methylmercury in the S042-, Se042-, and C032- 
complexes and in carboxylate complexes (2), but 
similar to those found for sulfhydryl-bound 
methylmercury in sulfur-containing amino acids 
(6), indicating that the methylmercury is sulfur 
bound in the sulfite complex. The sulfur-bound 
structure is supported by the Raman spectrum. 
The assignments in Table 3 are straightforward 
and closely follow the known frequencies of the 
CH3Hg(II) species in other complexes, the 
isoelectronic molecule NH3HgS03 (16) and the 
free and complexed S032- anion (28, 29). The 
mercury-carbon stretching frequency of 541 
cm-l is, as shown in Table 4, typical for com- 
plexes with a sulfur atom bound to mercury. 
The mercury-sulfur stretching frequency is lower 
than observed for other sulfur ligands but not 
unreasonably so, and may to some extent cor- 
relate with the rather low formation constant. 

Selenite 
The value of the formation constant of the 

Se03'- complex is much closer to that of the 
S032- complex than those of the Sod2- and 
Se042- complexes, which might be taken to 
indicate that selenium is the donor atom. How- 
ever, the mercury-proton coupling constant of 
the selenite complex (223.5 Hz) is much larger 
than that observed for s u l f ~ ~ r  or selenium ligands 
(typically 140-200 Hz) but comparable to that 
observed for carboxylic acid complexes (2) and 
nearly equal to that for the carbonate complex 
(221.4 Hz) suggesting that an oxygen atom is the 
ligating atom. Also the formation constant of the 
selenite complex is similar to that of the car- 
bonate complex. The large value for the forma- 
tion constant is apparently related to the large 
~ K A  ( ~ K A  = 8.18), in the same manner as 
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observed previously for the carboxylic acid 
complexes (2). 

The Raman spectra of 1 : 1 solutions at various 
pH's provides confirmation of oxygen bonding in 
the selenite complex. The symmetric CH3 de- 
formation (1207 cm-l) and the mercury-carbon 
stretch (568 cm-l) are typical for oxygen-bonded 
methylmercury. Other bands in the spectrum are 
of low intensity relative to these, and the com- 
plete spectrum for the complex was not observed. 
The most intense band from selenium-oxygen 
stretching in the complex is at 835 cm-l, inter- 
mediate in frequency between the strongest 
bands in Se032-, at 808 cm-l, and HSe03-, at 
855 cm-l. A medium intensity band at 290 cm-I 
may be from mercury-oxygen stretching, as its 
frequency is close to that assigned to similar 
vibrations in other complexes of oxy-anions, or 
may be from a deformation mode of complexed 
selenite. Other bands are at 730 cm-I (Se-0 
stretch) and 365 cm-I (Se-0 deformation). 
The spectra of aqueous solutions of Se032- and 
HSe03- (pH 5) recorded in the present work are 
in excellent agreement with those reported by 
Walrafen (1 5). 

The coupling constant for the Se03H- com- 
plex indicates oxygen bonding in this complex 
also. Its small formation constant relative to 
that of the Se032- complex correlates with the 
decreased basicity of Se03H- (2). 

The relatively small formation constant of the 
selenite complex as compared to  those of sulf- 
hydryl (31) and nucleoside (32) complexes in- 
dicates that the decreased toxicity of methyl- 
mercury in diets containing selenite (8) may be 
by some mechanism other than con~plexation of 
the methylmercury by Se032-. 

Thiocyanate and Selenocyanate 
Formation constants were calculated for 

CH3HgSCN and CH3HgSeCN from chemical 
shift titration curves using only data at high p H  
where the methylmercury is present as CH3Hg- 
OH or the complex. The results are listed in 
Table 1. For comparison, Schwarzenbach and 
Schellenberg (I) reported log Kf = 6.05 for 
CH3HgSCN while Barbieri and Bjerrum (33) re- 
ported log Kf = 6.1 1. 

The mercury-proton coupling constants of 
CH3HgSCN and CH3HgSeCN (Table 2) are 
remarkably similar and larger than usually 
observed for heavy donor atoms such as Se or S. 

However, as shown by the Raman spectral data 
in Table 4 the ligating atoms are indeed sulfur 
and selenium respectively. The coupling constant 
of CH3HgSCN has been previously measured in 
pyridine (208.0 Hz) (34) and methanol (205.6 
Hz) (35) solution. 

Sulfide and Selenide 
As with oxide, multinuclear methylmercury 

complexes form readily with sulfide (I), although 
the complexes are present in slightly different 
forms in aqueous solution due to the greater 
acidity of sulfur-bound protons. The sulfide 
complexes and their formation constants are: 
CH3HgSF, log Kf = 21.2; (CH3Hg)2S, log Kf = 

16.3; and (CH3Hg)3S+, log Kf = 7 (1). The cor- 
responding oxide conlplexes are: CH3HgOH, 
(CH3Hg)20H+,2 and (CH3Hg)30+. 

The lg9Hg-'H coupling constants of the three 
sulfide complexes and of CH3HgSe- were 
determined. Precipitation of (CH3Hg)2S from 
aqueous solution limits the region of study to 
high p H  with a moderate excess of sulfide over 
CH3Hg(II). At p H  13.2, both the methyl proton 
chemical shift and the coupling constant re- 
mained invariant in a series of seven solutions 
having CH3Hg(II) to sulfide ratios in the range 
0.2-0.7. This is taken to indicate that essentially 
all the methylmercury is bound to sulfide, in the 
form CH3HgS-. The coupling constant, 146.2 
Hz, is considerably smaller than observed for 
substituted sulfides, e.g. cysteinate (6), where 
values around 170 Hz are found, which supports 
the formulation as CH3HgS- rather than 
CH3HgSH. 

A similar experiment, using sodium selenide 
at 3- to 5-fold excess over CH3Hg(II) and at p H  
13.5 yielded comparable results with the coup- 
ling constant being 143.1 Hz. Breitinger and 
Morell (14) reported coupling constants for 
(CH3Hg)2Se in CS2 (146 Hz) and [(CH3Hg)3Se]- 
N o 3  in CD3CN (196 Hz). The vibrational 
spectra of (CH3Hg)zSe and [(CH3Hg)3Se]N03 
were also reported by Breitinger and Morell (14). 
Our attempts to obtain Raman spectra of 
CH3HgSe- were unsuccessful because of de- 
composition in the laser beam. 

The Raman spectrum of a solution of CH3Hg- 
S- prepared as described above showed 5 bands, 
at 2913 ms, 2574 vvw, 1188 ms, 537 vs, and 353 

2(CH3Hg)z0 exists in the solid state and in non- 
aqueous solvents (36). 
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cm-I. For a molecule of the C3v point group, 
8 frequencies (4al + 4e) are expected and pre- 
sumably the four strong bands are from the a1 
modes. The nonobservance of the e fundamen- 
tals in the Raman spectrum is reminiscent of the 
situation in the isostructural halides (26). The 
frequencies are assigned as follows: 2913, CH3 
stretch (sym); 1188, CH3 deformation (sym); 
537, Hg-C stretch; and 353, Hg-S stretch. 
The last three frequencies are in accord with the 
values in Table 4 for the sulfur-bonded CH3Hg 
moiety. The band at 2574 cm-I, in the range for 
S-H stretching vibrations, was observable only 
under very high instrument gain and is assigned 
to a small amount of HS-. The vibrational 
spectrum of (CH3Hg)3S+ has been reported by 
Clarke and Woodward (20) and Green (27). 

After exposure to the laser beam, or more 
slowly on standing, the solution of CH3HgS- 
yielded a gas and a black precipitate, presumably 
mercuric sulfide. The Raman spectrum of the 
supernatent has a band at 349 cm-l but no bands 
from methyl groups or mercury-carbon vibra- 
tions. These observations are accountable in 
terms of the equilibrium 

being moved to the right by formation of 
insoluble mercuric sulfide and gaseous dimethyl- 
mercury, as discussed by Fagerstrom and 
Hernelov (37). The formation of HgSZ2- from 
HgS and excess sulfide is shown by the Raman 
band at 349 cm-I from the symmetric mercury- 
sulfur stretching vibration, in agreement with 
authentic samples and solid cinnabar (38). 
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A theoretical study on the stereochemistry and protonation of -: CH2-NO, 
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P. G. MEZEY, A. J. KRESGE, and I. G. CSIZMADIA. Can. J. Chem. 54, 2526 (1976). 
The molecular conformation of -:CH2N02 is found to be planar with an extremely shallow 

potential curve to pyramidal inversion. This suggests that suitable substituents could con- 
ceivably perturb the system into a pyramidal configuration corresponding to double minimum 
on the potential surface and that a chiral carbanion might therefore exist. Rotating the NO: 
group out of planarity by 90' raises the barrier to inversion at carbon by an appreciable amount. 

A Mulliken population analysis gives a charge distribution in which a substantial portion of 
the negative charge has shifted from carbon to oxygen; this is consistent with the well-known 
tendency of nitronate ions to undergo simultaneous con~petitive protonation on carbon and 
oxygen. 

P. G. MEZEY, A. J. KRESGE et I. G. CSIZMADIA. Can. J. Chem. 54, 2526 (1976). 
On a trouvC que la conformation moleculaire de l'ion -:CH2N02 est plane avec une courbe 

de potelltiel extremement faible vers l'inversion pyramidale. Ces risultats suggkrent que les 
substituants appropriCs pourraient eventuellement perturber le systkme et l'amener vers une 
configuration pyramidale correspondant a un double minimum sur la surface de potentiel 
impliquant qu'un carbanion chiral pourrait alors exister. En amenant le groupe NO2 perpen- 
diculaire au plan de la molCcule, il y a une augmentation appreciable de la barrikre d'inversion 
au niveau du carbone. 

Une analyse de population de Mulliken conduit une distribution de charge dans laquelle une 
partie importante de la charge negative s'est dCplac6e du carbone vers l'oxygkne; ceci est en 
accord avec la tendance bien connue des ions nitronates a subir des protonations compCtitives 
simultankes sur le carbone et l'oxygkne. 

[Traduit par le journal] 

Introduction 
An adjacent nitro group exerts a powerful 

acidifying effect upon carbon-hydrogen bonds. 
The pK, of CH3N02, for example, is 10.22 (I), 
which makes it a stronger acid than the parent 
hydrocarbon, CH4, by at least 30 pK units. 

This effect is generally ascribed to the ability 
of NO2 to stabilize negative charge, and it is of 
interest, therefore, to inquire into the details of 
the charge distribution in nitronate ions. This 
matter is of added current significance inasmuch 
as the charge distribution in these anions, and 
departures from it in the proton transfer transi- 
tion states, has recently been used to rationalize 
exceptional kinetic behavior in the neutralization 
of simple nitroalkanes (the 'nitroalkane anom- 
aly') (2). 

Of further interest is the conformational struc- 
ture of nitronate ions, especially whether or not 
these substances are pyramidal and therefore 
chiral species. There are reports in the early 
literature to the effect that optically active 2- 

'Revision received April 14, 1976. 

nitrobutane and 2-nitrooctane, upon treatment 
with sodium methoxide followed by bromine, 
give optically active products (3, 4). It was later 
demonstrated that impurities in these 2-nitro- 
alkanes could have been responsible for the 
observed optical activity, but the existence of 
chiral nitronate anions was not ruled out (5). 

These results motivated our present ab initio 
study of the conformational and electronic 
structure of CH3N02 and its conjugate base 
:CH2N02-. We also investigated the two pos- 
sible protonation reactions of the anion, i.e. 
C-protonation and 0-protonation, and to this 
end we performed separate calculations on the 
aci-nitro tautomer of nitromethane, CH2N02H. 

Method 

Throughout the optimization of the geometries 
of various species and generation of potential 
energy surfaces and cross sections an STO-3G 
basis set, as contracted to an minimal basis (6) 
was used. In order to obtain more reliable charge 
distribution and energy differences associated 
with various protonation reactions, the optimum 
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structures were recalculated using an extended TABLE 3. Optimum geometry of 
STO-4-31G basis set (7). The calculations were CH2N02H 
performed on an IBM 370/165 computer using a 
version of the Gaussian 70 Program System (7). Structural Conformation 

parametera 3 

Results 

Though experimental structural data are 
availabc for ~ H ~ N O ~  (8), in order to maintain 
the comparability of the energy values calculated 
for the given Gaussian function representation, 
it seemed essential to carry out full geometry 
optimization for all molecular systems, CH2N02-, 
CH3N02 and CH2N02H, at their respective 
most stable conformation (absolute minimum). 
In addition, selected points on the topomeriza- 
tion energy surface of CH2N02- and the maxi- 
mum along the rotational coordinate for 
CH3N02, were also optimized. 

The structural parameters for the optimum 

TABLE 1. Opt im~~m geometries of 
-:CH2-NO2 conformers 

Conformation 
Structural 
parametera l a  l b  l c  

CN 
NO1 
NO2 
CH 
CNOl 
CN02 
HCN 
HCNO 

aSymbols AB, ABC and ABCD denote bond length in A, bond 
angle in degrees and torsion angle in degrees, respectively. 

TABLE 2. Optimum geometries of 
CH3N02 conformers 

Conformation 
Structural 
parametera 2a 2b 

CN 1.529 1.531 
No1 1 .279 1.278 
No2 1 ,279 1.279 
CHI 1.091 1.090 
cH2 1.091 1.091 
CNOl 117.58 117.67 
CN02 117.58 117.50 
HICN 108.06 107.59 
H2CN 108.06 108.23 
HICNOl 90.00 0.00 

aSymbols AB, ABC and ABCD denote bond 
ength In A, bond angle in degrees and torsion 

angle in degrees, respectively. 

aSymbols AB and ABC denote bondlength in 
A and bond angle in degrees, respectively. 

for a total of six structures including three con- 
formations for -CH2N02 (la, lb, lc), two con- 
formations for CH3N02 (2a, 2b) and one 
conformation for CH2N02H (3) are listed in 
Tables 1, 2 and 3, respectively. The molecular 
structures associated with these six geometries 
are shown in Fig. 1. The total energies are calcu- 
lated with the minimum basis set, and those of 
the optimum structures as recalculated with the 
extended basis are listed in Table 4. In addition, 
total energies of optimum structures of CH2- 
CHO-, CH3CH0, CH2F-, CH3F, CH3-, and 
CH4 as calculated with the extended basis are 
also included in Table 4 for later comparison of 

FIG. 1. Schematic representation of the six optimum 
structures ( l a ,  l b ,  l c ,  2a, 2b, 3). 
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TABLE 4. Total energies of various species (in hartrees) calculated 
with minimum and extended basis sets 

Minimum basis Extended basis 

Structure Total energy (au) Structure Total energy (au) 

TABLE 5. Computed energy valuesa for the rotation-inversion surface: 
E = E(6',@) of -:CH2-NOz 

9 Y Energy, E = -239.0 - X,  X listed in au 
Bond Inversion 
angle angle 6' = 0" 6' = 30" 6' = 60" 6' = 90" 

aThe points marked with an asterisk were fully optimized with respect to geometry for the given pair 
of bond angle + and torsional angle 8. For the rest of the points the geometries were obtained by linear 
interpolation. 

protonation energies. The definition of the con- 
formational coordinates for CH2N02- is given 
in Fig. 2. For computational reasons the 
(pyramidal) inversion angle y as measured from 
the pyramidal axis was used rather than bond 
angle 4. Where relevant, however, values for 4 
are also presented. 

The topomerization surface, corresponding to 
the simultaneous rotation (19) - inversion (7) 

FIG. 2. Definition of topomerization coordinates for 
-:CH2-NO2. Planar structure corresponds to 7 = 90" 
(9 = 120°), 6' = 0". cos 4 = 3 3  sin2(? -90) -1). 

process : 

E = E(r,e) 

was generated in three distinct stages. In the 
j r s t  part the structures l a  and l c  were optimized 
fully. In the second part the pyramidal angle y 
was systematically varied and at each value of y 
the independent geometrical parameters were 
optimized. The energy values obtained from 
these two stages are marked by asterisks in 
Table 5. It should perhaps be pointed out that 
the cross section corresponding to 0 = 0" was 
found to have a very shallow potential curve, 
and several reoptimizations were necessary to 
obtain the final values reported. Another point 
of interest is that the minimum at the second 
cross section investigated (I9 = 90") corresponds 
to the saddle point of the conformational energy 
surface, consequently the pyramidal angle of 
this minimum (y = 117.85" or 4 = 99.94") was 
also included in the cross section corresponding 
to 8 = 0'. In summary all these optimized 
points (asterisked values in Table 5) represent 
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ROTATION €3 

FIG. 3. Topomerization energy surface E = E(r,8) associated with the rotation (8 )  and inversion (r) 
process of -:CH2-NO2. 

FIG. 4. Gross atomic charges of structures l a ,  l b ,  l c ,  
2a, 2b, and 3. 

the end result of three consecutive sets of full 
optimization, consequently, the geometries re- 
ported are very close to the best geometries that 
can be obtained within the limitations of the 
basis set. In the third part of the study of the 
conformational energy surface the intermediate 
points were computed (values without asterisk 
in Table 5). For these computations the geom- 
etries were obtained from linear interpolations 

of all geometrical parameters of the starred 
conformations at a given y value. 

The conformational surface is shown in Fig. 3.  
The results of Mulliken's population analysis, 
as calculated with the extended basis, are sum- 
marized in Fig. 4. 

Discussion 
Conformation of -:CH2-NO2 

The most stable conformation of -:CH2-NO2 
is computed to be a fully planar one in accord- 
ance with the traditional VB rationalization: 

This conjugative stabilization completely dis- 
appears, however, when the -NOz moiety is 
rotated out of the plane. The barrier to rotation 
occurs at 90' torsional angle (0 = 90") and the 
barrier height is found to be 44.6 kcal/mol. As 
illustrated in Fig. 5 the torsional potential has a 
two-fold symmetry in contrast to the six-fold 
symmetry of the torsional potential of CH3-NO2 
which has a calculated barrier of 0.026 kcal/mol, 
consistent with the experimentally observed low 
barrier to rotation (0.006 kcal/mol) (9). This 
rotational barrier in CH3-NO2 corresponds to 
a typical low value that is characteristic to six- 
fold barriers. However, the barrier to rotation 
of the planar -:CH2-NO2 is much too high for 
a two-fold barrier. This is because in the la  + l b  
interconversion l a  represents the energy mini- 
mum while l b  is the energy maximum of the 
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0 90 180 270 360 
ROTATIONAL ANGLE (9) 

FIG. 5. Rotatlon potentlal curve for CH3-NO2 and 
rotation cross section of the topomerizatlon energy 
surface for -:CH2-NO2 at 6 = 120" (? = 90'). 

BOND ANGLE (4) 

INVERSION ANGLE ( t )  

FIG. 6. Inversion cross sections of the topomerization 
energy surface for -:CH2-NO2 at 0 = 0" and 0 = 90". 

conformational energy surface (cf. Fig. 3). 
Consequently not all of 44.6 kcal/mol can be 
attributed to resonance stabilization. This value 
may only be regarded as the 'upper limit' or the 
maximum of the conjugative stabilization. 

The change in (pyramidal) bond angle about 
the carbanion centre is also of some importance. 
By distorting the planar structure of the -:CH2- 
moiety in l a  a very shallow energy increase is 
noticed. This is clearly shown in the lower part 
of Fig. 6. The shallowness of this potential 
raises-the auestion of substitution at- carbon. 
It is con&ivable..that with suitably chosen 
substituents RlR2C--NO2 may become pyra- 
midal corresponding to a chiral carbanion 

pyramidal angle in l b  leads to a double well 
potential as shown by the upper potential curve 
in Fig. 6, implying chirality when the -NO2 
group is rotated by 90". The minimum point of 
this curve is that of structure l c  (cf. Fig. 1) and 
it is in fact the saddle point of the conforma- 
tional energy surface (cf. Fig. 3). The energy 
difference between structures l a  and l c  is 15.9 
kcal/mol. This value can be regarded as the 
'lower limit' or the minimal value of the conju- 
gative stabilization. Also this value is within 
the range computed with the basis set used for 
a typical two-fold rotational potential. For this 
reason the topomerization of - H ~ ~ - N O ~  occurs 
via a simultaneous rotation inversion as indi- 
cated by the heavy line in Fig. 3 and charac- 
terized by the following equation 

where [lcl* symbolizes the transition state. The 
to~omerizatioil occurs with the omission of 
structure l b  that corresponds to the maximum 
on the energy surface (cf. Fig. 3). 

It is of considerable interest to comDare the 
present results with the effect of a carbonyl 
group on the inversion potential of an adjacent 
carbanionic center, inasmuch as C=O is also 
capable of conjugative stabilization. An earlier 
study has predicted that -:CH2-CHO is planar 
in its most stable conformation (10). I11 order to 
maintain the comparability of the energetics the 
calculations on -:CH2-CHO were repeated 
using the present basis set. The results are shown 
in Fig. 7, providing the maximum and minimum 
values of conjugative stabilization as summarized 
in Table 6 .  

In addition to groups that are capable of 
conjugative stabilization there are groups that 
exhibit conjugative destabilization. These are 
groups that have lone electron pairs and the 
halogen atoms are the simplest of such func- 
tional groups. Fo r  this reason we included 
H3C-F and H2C--F in this study for the sake 
of .?omparison. The inversion potential of 
H2CF- together with that of C H ~ -  aLe compared 
to tkpse inversion potentials of -H2C-N02 and 
-H2C-CHO where no conjugative stabilization 
is possible due to the 90" rotation of the -NO2 
and -CHO groups. As may be seen from Fig. 8 
there is no increase in barrier height for -NO2 
and -CHO with respect to -H as would have 

centre. In contrast t o  l a  the change of the same been expected due io  the inductive effect of 
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BOND ANGLE (4 )  
9 0  100 I10 IlZ5 120 llZ5 I I0 lo0 90 

1 1  1 1  1 1  I I 1  

1 1 1 1  , 
50 70 90 110 I30 

INVERSION ANGLE ( f  
FIG. 7. Comparison of inversion potential curves of 

-:CH2-NO2 (0 = 0") and -:CHI-CHO (0 = 0"). 

TABLE 6. Conjugative stabilization 

Conjugative stabilization (kcal/mol) 

Group Maximum Minimum 

TABLE 7. Effects of conjugative stabilization on the 
bond lengtha 

C-X bond length (A) 
Group X H3C-X -:CHI-X Arc-x 

-NO2 1.531 1.350 -0.181 
-CHO 1.540 1.381 -0.159 

-F 1.366 1 '440 +0.074 

aAll bond lengths listed were obtained by full geometry optimiz- 
ation. 

these groups. In fact, there is an actual decrease 
in barrier height for _CHO. However, the 
increase of barrier in H2CF- with respect to that 
of :CH3- is due to the combined effect of induc- 
tive electron withdrawing and resonance releas- 
ing (i.e. conjugative destabilization). It should 
be noted that these results are to be interpreted 
with certain caution as the numerical values 
obtained with the minimum basis are less reli- 

BOND ANGLE (6) 
90 100 110 llZ5 120 llZ5 110 D O  90 

I I \ I \ I 1  

kc- 

- 

I l I I ~ I I I I  

50 7 0  90 110 130 

INVERSION ANGLE ( f  

FIG. 8. Comparison of inversion potential curves of 
-:CH2F, -:CH3; -:CHI-NO2 (0 = 90") and -:CH2- 
CHO te = 90"). 

able. In particular, the calculated barrier for 
CH3- is much too high ( l l) ,  though it is well 
known (12) that small basis calculations rarely 
give inversion barriers less than 10 kcal/mol. 
Consequently, only the qualitative conclusions 
based on these data can be accepted. 

Another parameter besides energy that may be 
related to conjugative stabilization and de- 
stabilization is the change in bond length, 
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ArcFx, in the protonation-deprotonation pro- 
cess : 

H3C-X H' + -H2C-X 

These results are summarized in Table 7. 

Protonation of - : CH2-NO2 
The resplts of Mulliken's population analysis 

of the H2C---NO2 ion(la), as calculated with the 
extended basis and summarized in Fig. 4, shows 
a marked shift of charge from the less electro- 
negative carbon towards the oxygen atoms. This 
shift in net negative charge would suggest, in 
accordance with the 4a and 4b resonance 
stabilization, that there are two sites of protona- 
tion in -:CH2-NO2 as indicated below: 

2 3 
These two processes may be characterized by 
two proton affinity values: PA(C) and PA(0). 
The calculations using both the minimal and the 

FIG. 9. Proton affinities associated with C- and 0- 
protonation of -:CH2-NO2, as calculated with extended 
basis set. Minimum basis set results are in parenthesis. 

VOL. 54, 1976 

I I 

1 ~ H - - ~ ~ C J i 5 C H ~  CH4 1 
conjugative conjugative 

stabilization destabilization 

FIG. 10. Gas phase acidities of substituted methanes, 
as calculated with extended basis set. Minimum basis set 
results are in parenthesis. The conjugate bases are 
grouped according to conjugative stabilization and con- 
jugative destabilization. 

extended basis sets indicate that the protonation 
at carbon (PA(C)) is more exothermic than the 
protonation at oxygen (PA(0)). In other words 
IPA(C)I > IPA(O)I as illustrated in Fig. 9. Using 
the larger basis set the difference in the proton 
affinities gives the energy separation of the two 
tautomers to be AE = PA(0) - PA(C) = 6.1 
kcal/mol. The positive sign indicates that 
tautomer 2 is more stable than tautomer 3. In 
spite of the fact that these calculations are 
directly comparable with results of gas phase 
measurements only, the 6.1 kcal/mol stability 
computed with the extended basis set compares 
favorably with the thermodynamic stability 
(- AG = 9.5 kcal/mol) observed in solution (1). 

The calculated proton affinities of the other 
conjugate bases discussed in this paper are shown 
in Fig. 10. In both Figs. 9 and 10 the energy 
differences as calculated with the minimum basis 
are also indicated in parentheses. Though there 
are considerable differences between the mini- 
mum and extended basis set results, in all cases 
both support the same qualitative interpretation. 
It perhaps should be emphasized that not only 
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H2C-N02- is capable of protonation at two 4. R. L. SHRINER and J. H. YOUNG. J. Am. Chem. Soc. 

different sites. In fact, the same can be said for 529 3332 

H2C-CHO- as well. 5. N. KORNBLUM, N. N. LICHTIN, J. T. PATTON, and 
D. C. Iffland. J. Am. Chem. Soc. 69,307 (1947). 

H3C-CHO c H2C-CHO- 4 H2C=CHOH 

In agreement with the qualitative prediction of 
resonance theory the topology of the calculated 
energy hypersurface clearly implies that the two 
neutral tautomeric forms of nitromethane (and 
similarly for acetaldehyde) have only one conju- 
gate base that is common to both. 
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Studies on inorganic ion exchangers. 11. Synthesis, ion exchange 
properties, and applications of ferric arsenate 

J. P. RAWAT AND J. P. SINGH 
Department ofchemistry,  Aligarh Muslim University, Aligarh, U.P., India 

Received October 9, 1975 

J. P. RAWAT and J .  P. SINGH. Can. J. Chem. 54, 2534 (1976). 
A new inorganic ion exchanger, ferric atsenate, has been prepared under varied conditions. 

The product formed by the hon~ogeneous precipitation method is most stable. Ion exchange 
selectivity with different metal ions (alkali metal and alkaline earth metal ions) is different and 
depends upon the hydrated radii of the exchanging cation. A straight line is obtained for the 
plot of capacity against hydrated radii of the cation in the same group. Some important separa- 
tions are achieved quantitatively on the columns of ferric arsenak. 

J. P. RAWAT et J. P. SINGH. Can. J. Chem. 54, 2534 (1976). 
On a prepare, sous diverses conditions, un nouvel echangeur inorganique d'ions, l'arsknate 

ferrique. Le produit forme par la methode de precipitation homogkne est trks stable. La selec- 
tivite lors de 1'Cchange ionique avec diffkrents ions m6talliques (les ions des mktaux alcalins et 
des alcalino-terreux) est different et depend du rayon hydrate du cation produisant l'echange. 
On obtient une ligne droite lorsque l'on dresse un graphique de la capacitk d'echange en fonction 
du rayon hydrate du cation dans un m&me groupe. On a obtenu quantitativement quelques 
skparations importantes sur les colonnes d'arsenate ferrique. 

[Traduit par le journal] 

Introduction 
Synthetic inorganic ion exchangers are under- 

going rapid development. Walton (1) reviewed 
the applications of these exchangers in the 
analytical field. Most of them are prepared by 
direct precipitation. Most of the studies on 
inorganic ion exchangers are concerned with 
zirconium phosphate (2). Arsenates should also 
follow the same trend as phosphates. Arsenates 
of zirconium (3), titanium (4), chromium (9, tin 
( 6 ) ,  thorium (7), and cerium (8) have been 
synthesized and used for various column and 
paper chromatographic purposes. Ferric arsenate 
has not been studied as an ion exchanger so far. 
Therefore, we decided to synthesize this material 
under varying conditions of mole ratio, tem- 
perature, and p H  and to study its ion exchange 
behavior. The product formed by homogeneous 
precipitation showed the maximum stability. 
Therefore most of the work is reported on this 
sample. Some analytically important separations 
are achieved. Efforts are made to correlate ion 
exchange capacity with hydrated radii. 

Experimental 
Reagents 

Arsenic acid (B.D.H.) (757, w/v), sodium arsenate 
dibasic (Riedel), sodium nletu arsenite, and ferric nitrate 

(B.D.H.) were used. All other reagents were of Analar 
grade. 

Apparatus 
An Elico p H  meter model L1-10, Bausch and Lomb 

Spectronic-20, temperature controlled S IC0  shaker, 
conductivity bridge Model Phillips P R  9500, and Sargent 
Oscillometer type (V) were used for p H  measurements, 
spectrophotometry, shaking, conductometry, and high 
frequency titrations respectively. 

Synthesis Procedure 
Ten samples of ferric arsenate were prepared by mixing 

0.1 M solutions of sodium arsenate (or arsenic acid) (A) 
and 0.1 M solutions of ferric nitrate (B) in different ratios. 
The solution of sodium arsenate or arsenic acid was added 
to  the solution of ferric nitrate. (Solution A was added 
in small increments to solution B in a flask and the re- 
action mixture was continuously shaken; this process was 
called 'regular mixing'.) Sample No. 11 was prepared by 
mixing B with 0.1 M sodium arsenite in the ratio 3 :4 and  
p H  1 was adjusted by adding H N 0 3  and sodium hy- 
droxide solution. No  precipitation took place at  this 
stage. Hydrogen peroxide was added in sufficient excess 
and the reaction mixture was heated for an  hour for 
complete precipitation (here arsenite changes to arsenate 
by a slow process and arsenate reacts with ferric nitrate to 
form ferric arsenate). Sample No. 12 was prepared by 
refluxing the mother liquor of sample No. 2 for 24 h. The 
precipitates so formed were allowed to settle for 24 h a t  
room temperature and then washed with distilled water 
several times by decantation until the p H  of the super- 
natant liquid was 4-5. This was then filtered and the 
residue was dried at  40 "C in an incubator. The dried 
product broke down into small particles when immersed 
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RAWAT AND SINGH 

TABLE 1. Synthesis and properties of ferric arsenate 

Experimental Results 

Mixing 
Molar concentration pH Chemical Ion exchange 

Sample ratio final Method analysis capacity 
No. Ferric Arsenate Fe3+:As043- solution applied Appearance Fe/As (mequiv./g) for Na+ 

1 0.1 0.1 AA* 1:l 1.2 Mixing regular Gray 1 :1.40 0.60 
2 0.1 0.1 AA 1 :7 1.0 Mixing regular White 1 :1.80 0.60 
3 0.1 0.1 AA 1 :7 2.0 Mixing regular White 1 :1.72 0.61 
4 0.1 0.1 SA 1 :1 3.0 Mixing regular Gray 1 :I .O 0.47 
5 0.1 0.1 SA 1 :2 4.0 Mixing regular Gray 1:1.30 0.46 
6 0.1 0.1 AA 1 :7 1 .5 Mixing regular White 1:1.05 0.54 
7 0.1 0.1 AA 1 :7 2.5 Mixing regular White 1:1.08 0.30 
8 0.1 0.1 AA 1 :7 2.0 Mixing regular White 1:1.59 0.70 
9 0.1 0.1 SA 3 :8 5.0 Mixing regular Gray 1 :3.46 0.56 

10 0.1 0.1 SA 6:8 4.0 Mixing regular Gray 1:2.19 0.75 
11 0.1 0.1 SA" 6:8 1.0 Homogeneous Gray 1:2.56 0.80 

precipitation 
12 0.1 O.lAA* 1 :7 1.0 Reflux White 1:1.81 - 

powder 

*AA, arsenic acid; SA, sodium arsenate; SAO, sodium arsenite. 

in water. l t  was converted into the hydrogen form by 
repeated treatment with 1 M nitric acid. The excess acid 
was washed with demineralized water and the granules 
were dried at 40 "C. The material was now ready for 
column operation. For distribution studies the sample 
was sized by sieving to get a product of 10G200 mesh. 
The conditions of preparation are summarized in Table 1.  

Ion Exchange Capacity 
The ion exchange capacity was determined by using 

some mono- and divalent ions. The ion exchange capacity 
was determined by taking 1 g of the exchanger in the H+ 
form (converted according to procedure given in syn- 
thesis) in a column, and passing I M solutions of different 
mono- and divalent ions over it. The liberated H+ was 
titrated with standard sodium hydroxide solution. The 
effluent collected in each case was 400 ml. 

To check whether the exchangers, as synthesized, con- 
tained replaceable sodium ions, they were treated in 
columns with excess 1 M nitric acid and washed; the 
hydrogen ions were then displaced by passing 1 M 
sodium nitrate as before. Again the capacity was found 
to be 0.79 mequiv./g. The ion exchange capacity of ferric 
arsenate (sample No. 11) by 1 M NaN03 was determined 
at room temperature after drying the exchanger at differ- 
ent temperatures in a muffle furnace for 2 h in every case. 

p H  Titrations 
pH titrations of 0.5 g of ferric arsenate sample No. 11 

with 0.1 M solutions of lithium hydroxide, sodium hy- 
droxide, and potassium hydroxide were performed by the 
method of Topp and Pepper (9). In titrations with added 
salts, 0.1 M solutions of salts were added to the above- 
mentioned alkalies. The pH of the solution after shaking 
with the reaction mixture for 4 h was noted. 

Chemical Analysis 
The exchanger (0.5 g) was dissolved in concentrated 

HNO, and then iron was precipitated as hydroxide (10, 

p. 532). The arsenic in the filtrate and iron in the precipi- 
tate were determined volumetrically with ammonium 
thiocynate (10, p. 117) and sodium thiosulfate solutions. 

Chemical Stability 
(a) Equilibrium Studies for Dissolutiotz 
Ferric arsenate (500 mg) in H+ form (No. 11) was 

shaken with 50 ml of water in a shaker for different time 
intervals. The amount of material dissolved in each case 
was determined by noting the absorbance of the solution 
after developing the color for the determination of iron. 
The absorbance was 0.09, 0.14, 0.14, and 0.14 when the 
shaking time was 1,2, 3, and 4 h. This shows that equilib- 
rium is reached in 2 h and hence any time more than 2 h 
will be suitable for the dissolution studies. 

(b) Colorimetric Determinations 
The chemical stability of ferric arsenate in H+ form 

(No. 11) was studied in water, 0.1 M HNO,, and 0.1 M 
acetic acid by shaking the exchanger (0.5 g) with 50 ml of 
the solvent concerned in a shaker for 6 h. The undissolved 
portion of ferric arsenate was filtered off. The ferric and 
arsenate contents in the filtrate were determined spectro- 
photometrically by the potassium thiocyanate (12, p. 286) 
and hydrazine sulfate - ammonium molybdate method 
(12, p. 524). 

Hydrolysis 
Hydrolysis of all the samples in H+ form was studied by 

using 0.5 g of the exchanger in the hydrolysis apparatus 
(Visser's method) (14). For this purpose an apparatus was 
assembled in which the agitated sample was washed con- 
tinuously with conductivity water (pH 6.5-7.0). The flow 
rate of the effluent was 6-8 drops/min. Effluent 10 ml 
portions were titrated with 0.01 M NaOH until the pH 
approached the value of pure water. 

Conductometric and Oscillometric Titrations 
To get the optimum combining ratio of ferric and 
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TABLE 2. Ion exchange capacities of some mono- and divalent 
cations on ferric arsenate sample No. 11 

Ion exchange Hydrated 
pH of capacity rapii 

Metal ion Salt solution used solution (mequiv./g) (A) 

Lit Lithium nitrate (2 M) 5.9 0.63 3.40 
NaC Sodium nitrate (2 M) 6.0 0.80 2.76 
Kt Potassiunl nitrate (2 M) 6 .O 0.88 2.32 
Mg2+ Magnesium nitrate ( 1  M) 6.6 0.33 7 .OO 
Ca2+ Calcium nitrate ( I  M) 6.7 0.56 6.30 
Sr2+ Strontium nitrate (1 M) 6.7 0.60 - 

Ba2+ Barium nitrate (1 M) 6.7 0.69 5.90 

arsenate, high frequency and conductometric titrations of 
ferric with arsenate were performed. For high frequency 
titrations 2 ml of the 0.1 M solution of sodium arsenate 
was taken in the cell, diluted to 100m1, and a 0.1 M 
solution of ferric nitrate was added from the burette. 
For the conductometric titration 20 ml of 0.1 M sodium 
arsenate solution was taken in the cell, diluted to 50 ml 
with conductivity water, and titrated with 0.1 M ferric 
nitrate. Both titrations showed breaks at a mole ratio of 
3:4. This ratio was taken for the preparation of sample 
Nos. 10 and 11. 

Separations 
For separation studies a 30 cm high glass column 

having a diameter of 0.39 cm was used. Ferric arsenate 
(2.0g) was placed in the column with a glass-wool 
support. The column was washed with demineralized 
water and the amount of cation added to the column was 
less than 3% of the experimental ion exchange capacity 
of the exchanger. The flow rate of the effluent was 8-9 
drops/min. All the cations were eluted with 10-3 M 
HN03; finally barium and aluminum were eluted with 
1% NH4N03 and 0.1 M phenol. The cations were 
determined by EDTA titration. In the case of NH,N03 
the effluent was evaporated to dryness and then titrated 
with EDTA. Separations of Ba(I1) from Mg(II), Ca(II), 
Sr(II), PWII) and Al(II1) from Ga(II1) have been achieved. 

Results and Discussion 

The results of ion exchange capacity studies of 
various samples of ferric arsenate are presented 
in Table 1. These results show that the material 
works as a weak cation exchanger. Ion exchange 
capacities were measured with different mono- 
and divalent ions. The results summarized in 
Table 2 indicate that the ion exchange selectivity 
of ferric arsenate is different for different cations. 
The ion exchange capacities are related to the 
abilities of the different cations to displace 
hydrogen ions from the exchanger (ferric ar- 
senate). This ability is of course the affinity or 
the selectivity. The selectivity observed with 
ferric arsenate is in the same order as given by 

Hofmeister's lyotropic row (15). Further the ion 
exchange selectivity depends upon the hydrated 
radii of these cations and a plot of hydrated radii 
against ion exchange capacity is a straight line for 
cations in the same group (Fig. 5). Thus for Li, 
Na, and K one straight line is obtained; another 
straight line is obtained for Ba, Sr, Mg, and Ca. 
These results reveal that the higher the hydrated 
radii the smaller is the ion exchange capacity. 
Such a plot is useful because it may be applied 
for the calculation of hydrated radii. 

The ion exchange capacity of the material 
after drying at different temperatures was 0.8, 
0.35, 0.28, 0.20, 0.14, 0.10, 0.05, 0.02, and 0.0 
mequiv./g at drying temperatures 25, 100, 150, 
200, 300, 400, 500, 600, and 700°C. These 
results reveal that by increasing temperature the 
capacity decreases. 

The p H  titration curves with and without 
added salts are given in Figs. 1 and 2. These 
results again confirm that ferric arseilate works 
as a weak acid. 

The results of the chemical analyses presented 
in Table 1 indicate that the composition of the 
material depends highly on the conditions of 
preparation. The mole ratio of Fe:As obtained 
by chemical analysis does not coincide with the 
ratio obtained by the conductometric and high 
frequency titrations. A similar result was ob- 
served for stannic molybdate (1 1). The determin- 
ation of the chemical stability of ferric arsenate 
in water, 0.1 M HNO3, and 0.1 MCH3COOH 
reveals that the dissolution of iron is 3.0, 2.8, 
47 mg/l and that of arsenic is 0.2, 0.2, 0.0 mg/l 
in water, 0.1 M CH3COOH, and 0.1 M HNO3. 
Hence, selective dissolution of iron during wash- 
ing of the precipitate may account for a lower 
Fe:As ratio than 3 :4 in the final sample. 

According to the composition of 3 :4 predicted 
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o NaCI (LNaOH 
A LiCl 81 LiOH 

KC1 &KOH 

Volume of 0.1 M alkali added (ml/o. 5 q) 
FIG. 1.  pH titration curves with added salts for ferric 

arsenate sample No. 11. 

0 N a O H  
A L i O H  

NOH 

Volume of 0.1 M alkali added (nlJo.5 ql 

FIG. 2. pH titration curves without added salts for 
ferric arsenate sample No. 11. 

from high frequency and conductometric titra- 
tions the formula may be given as Fe3H3(As04)4 
.nH20 where n = 30, which gives a capacity of 
about 2.5 mequiv./g if all 3H+ were dissociated. 
However, the experimental value of 0.8 mequiv./ 
g is nearly 1/3 of the theoretical value, probably 
due to only 1 replaceable hydrogen ion of the 3. 

Volume of effluent (mll  

FIG. 3. Separation of Mg(I1) from Ba(I1) and Ca(I1) 
from Ba(I1) on ferric arsenate columns: (a) 10-3 M 
HNO,; ( b )  170 NH4N03. 

The hydrolysis results indicated that all the 
12 samples undergo hydrolysis. However, 
samples 6 and 11 show greater resistance to 
hydrolysis than the others. The ion exchange 
capacity of sample No. 11 (0.80 mequiv./g) is 
greater than that of sample No. 6 (0.54 rnequiv./ 
g). Sample No. 11 is prepared in the molar ratio 
as predicted by conductometry and high fre- 
quency titrations. Therefore, most of the studies 
are reported for this sample No. 11. 

Sample No. 11 was prepared by homogeneous 
precipitation. The method is similar to that of 
Jump and Sherwood (13) who claimed to have 
prepared zirconium arsenate (crystalline) by 
homogeneous precipitation following the oxida- 
tion of arsenite to arsenate by nitric acid. We 
have preferred hydrogen peroxide to nitric acid, 
since excess of hydrogen peroxide does not affect 
the p H  of the solution. Thus, either hydrogen 
peroxide oxidizes arsenite to arsenate slowly on 
heating and arsenate ion reacts with ferric ion 
to produce a precipitate of ferric arsenate or it is 
also possible that arsenite first reduces Fe(II1) to 
Fe(I1) and then H202 reoxidizes Fe(I1). 

The approximate Kd values for 26 metal ions 
in nitric acid and phenol are in the following 
order. 
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TABLE 3. Separation of Ba(1I) from Mg(II), Ca(ll), Sr(II), Pb(II), and 
Al(II1) from Ga(lI1) on ferric arsenate columns, sample No. 11 

Volume of 
Mixture effluent Taken Found 

separated Eluent (ml) (fig) (fin) % error 

10-3 M HN03 
1 % NH4NO3 
10-3 M HN03 
1 % NH4NO3 
10-3 M H N O ~  
1 % NH4N03 
10-3 M H N O ~  
1 yo NH4N03 

0.1 M phenol 
I 0-3 M H N O ~  

Volumb of effluent l m l )  

FIG. 4. Separation of Sr(I1) from Ba(II), Pb(I1) from Ba(II), and AI(I1I) from Ga(II1) on ferric 
arsenate columns : (u) M HN03 ; (b) 1 % NH4N03 ; (c) 0.1 M phenol. 

0.1 M Phenol 
Ga3+ > Nd3+ > Pb2+ > Ba2+ = Ce3+ > Lu3+ 
> Zn2+ > Hg2+ > Cd2+ > Cu2+ > Ni2+ = 

Ca2+ > A13+ > Hf4+ > Sr2+ = Er3+ > Dy3+ > 
Sm3+ > Pr3+ > Mg2+ > Ho3+ > Eu3+ > Gd3+ 
= Tb3+ > Yb3+ 

These results indicate the order of selectivity 
in two solvent systems as a qualitative ranking of 
affinity towards various metal ions. The separa- 
tions achieved on the columns of ferric arsenate 
are presented in Figs. 3 and 4. Ba(I1) is com- 
pletely adsorbed on the exchanger and hence this 
can be separated from the other 22 metal ions. 
Ca, Sr, and Ba belong to the same group, there- 
fore, the separations of Mg(II), Ca(II), and 
Sr(I1) from Ba(I1) are important. The separations 
of Ba(I1) and Pb(1I) and of AI(II1) from Ga(II1) 
are also important for various reasons. The 
quantitative results of separations are given in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RAWAT AND SINGH 2539 

Ion exchange ccrpacity (mequiv./g) 

FIG. 5. Ion exchange capacity as a function of hydrated 
radii. 

Table 3. These results reveal that the above- 
mentioned separations are quantitative within 
the experimental error range (- 1.3 to +0.9y0). 
The separations are sharp, as is clear from Figs. 
3 and 4. 
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Kinetic study of formation of nickel (11)-isoquinoline complex in water 
and nonaqueous solvents 
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PRAPHULLA KUMAR CHATTOPADHYAY and BYRON KRATOCHVIL. Can. J. Chem. 54,2540(1976). 
Rate constants and activation parameters for the formation of the monocomplex of nickel(I1) 

with isoquinoline in water, methanol, dimethylsulfoxide, and N,N-dimethylformamide were 
obtained from measurements by stopped-flow spectrophotometry. The data are compared with 
previously reported work by other authors for substitution a t  nickel(I1) with related mono- 
dentate and multidentate ligands. The results in all solvents except dimethylsulfoxide are 
consistent with an  Id mechanism. In dimethylsulfoxide substitution at  nickel(I1) proceeds in a 
similar way for all monodentate ligands but whether the mechanism is Id or D cannot be 
ascertained. 

PRAPHULLA KUMAR CHATTOPADHYAY et BYRON KRATOCHVIL. Can. J. Chem. 54,2540 (1976). 
Faisant appel ?I la spectrophotomCtrie par flux stoppC, on a effectuC des mesures permettant 

d'obtenir les constantes de vitesse et les paramktres d'activation pour la formation de mono- 
complexes du nickel(I1) avec I'isoquinoline dans l'eau, le mkthanol, le dimCthylsulfoxyde et la 
N,N-dimCthylformamide. On compare ces donnks  avec celles rapportCes antkrieurement par 
d'autres auteurs pour la substitution au niveau du nickel(1l) par des ligands mono et multi- 
dentates. Les rCsultats dans tous les solvants, except6 le dimCthylsulfoxyde, sont en accord avec 
un micanisme Id. Dans le dimCthylsulfoxyde, la substitution au niveau du nickel(I1) prockde 
par une voie similaire pour tous les ligands monodentates; on ne peut toutefois dkterminer si le 
micanisme est Id ou D. 

[Traduit par le journal] 

Introduction 
The volume of data collected on kinetics of 

ligand substituted reactions in the past 15 years 
indicates that the gross features of formation of 
many labile complexes of nickel(I1) in water (I), 
methanol (2), and ethanol (3) are consistent with 
an Id mechanism in which the rates of formation 
of the complexes are controlled by the rates 
of exchange of solvent molecules between the 
inner sphere of the nickel ion (NiS6'+, where S 
is a solvent molecule) and the bulk solvent. It has 
been shown (4a) that formation of the mono- 
complexes of nickel(II), cobalt(II), and iron(I1) 
with many monodentate ligands in acetonitrile 
as solvent can be accommodated within the 
framework of the Id mechanism. Apparent 
'anomalous' results observed in reactions of 
nickel(I1) with various multidentate ligands (4) 
could also be rationalized to fit into the struc- 
ture of the Id mechanism when effects of different 
possible types of solute-solvent interactions in- 
volving metal ion, ligand and solvent molecules, 
both in the inner sphere and outer sphere of the 
metal ion, were considered. 

The pathways of the Id mechanism with 
nickel(I1) and a monodentate ligand L can be 
represented by 

in which the rate-determining step for the forma- 
tion of the inner sphere complex (process 11, 
forward rate constant k23) is preceded by rapid 
formation of an outer sphere complex (process I, 
equilibrium formation constant K I ~ ) .  Charges on 
the metal ion and ligand have been omitted for 
convenience. For 'normal' types of substitution, 
when K12[L] << 1, the second order rate constant 
kf for formation of the complex is given by 

In testing whether substitution is 'normal', the 
ratio (5) R, given by 
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should be close to unity. Here k,, is the first- 
order rate constant for exchange of solvent 
molecules between the inner svhere of the metal 
ion and bulk solvent at (he corresponding 
temperature. Values of k,, and the thermo- 
dynamic quantities associated with solvent ex- 
change are generally measured by nmr spectro- 
scopy, and data in several solvents are available 
(6). The equilibrium constant K12 is estimated 
from the theoretical relationship (7) 

where 

LdJ "\UI - Da D(l + ~ a )  

'a' is the closest distance of approach of the 
center of the ligand to the cente; of .the solvated 
metal ion. 

The kinetic behavior of ligand substitution 
reactions of nickel(I1) in water and, to some 
extent. in methanol. is insensitive to the nature 
of the ligand, but in'dipolar aprotic solvents like 
acetonitrile and dimethylsulfoxide, apparently 
divergent behavior may be observed owing to 
different types of solute~solvent interactions kith 
a change in the ligand (4b), particularly with 
complex multidentate ligands. As a result it often 
is difficult to determine the effect of different 
types of interactions on the overall mechanism of 
a reaction. The usual method of identifying the 
mechanism of a reaction is to compare activation 
parameters of the ligand substitution reaction 
with those for solvent exchange at the metal ion. 
Comparison of rates at one temperature from a 
mechanistic point of view, however, is often 
speculative and may be misleading. Fine details 
of the mechanism often may be better under- 
stood from consideration of the thermodynamic 
activation parameters. 

Since for a neutral monodentate ligand the 
change in enthalpy associated with K12 (AHl2) 
will be close to zero, for a 'normal' substitution 
the enthalpy of activation for formation (AHf*) 
will be close to the corresponding quantity for 
solvent exchange (AH,P). Unfortunately the 
thermodynamic activation parameters reported 
by various authors for solvent exchange at 
nickel(11) ion in any given solvent tend to be 
widely divergent, and it is extremely difficult to 
select one representative value for comparison. 

However, systematic measurement of the ther- 
modynamic properties of ligand substitution 
reactions of metal ions with the same 'simple' 
monodentate ligand in a series of solvents, in- 
cluding water, can be expected to provide 
information about the gross features of the 
mechanism of substitution at the metal ion in 
those solvents. Except for a study of substitution 
at nickel(I1) by thiocyanate ion (S), systematic 
investigations of this kind have not yet been re- 
ported. On the basis of limited information it 
has been suggested that substitution reactions by 
simple monodentate ligands such as pyridine or 
ammonia proceed normally even in acetonitrile 
and dimethylsulfoxide according to an Id 
mechanism without any specific solute-solvent 
interactions. 

Isoquinoline differs from pyridine structurally 
by a fused benzene ring. Although the addition 
of a fused benzene ring to pyridine does not 
change the pK, of the pyridine nitrogen, the 
activation Darameters of ligand substitution re- - 
actions of nickel(I1) with isoquinoline in aceto- 
nitrile differ slightly from the expected value, 
whereas pyridine behaves normally. This ap- 
Parent slight deviation from normal behavior 
;as expla&ed as being caused by the effect of the 
benzene ring on the stability of the outer sphere 
complex of nickel(I1) in acetonitrile (4a). If this 
specific interaction is absent in other solvents, 
isoquinoline could also be expected to behave 
normally as pyridine does. However, owing to a 
lack of data on substitution at nickel(I1) with 
isoquinoline in other solvents, it has not been 
possible to determine conclusively whether this 
effect of a benzene ring on the stability of the 
outer sphere con~plex of nickel(I1) is unique in 
acetonitrile. 

In this work we report rate constants and 
activation parameters for formation of the 
monocomp~ex of isoquinoline with nickel(I1) in 
water, methanol, dimethylsulfoxide, and N,N- 
dimethylformamide, and compare the results 
with previous work. There is a particular dearth 
of information in dimethylformamide, and our 
present knowledge of possible mechanisms for 
the formation of labile complexes is this solvent 
is slight. 

Experimental Section 

Sol~ents 
Acetonitrile (Aldrich, 99%) was fractionally distilled 
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from calcium hydride (Ventron, Lot #J4169A) in an 
argon atmosphere after pretreatment by the method of 
O'Donnell, Ayers, and Mann (9), except that the de- 
cantation after addition of sulfuric acid was replaced by a 
fractional distillation a t  atmospheric pressure. Dimethyl- 
sulfoxide (J. T. Baker) was purified according to the 
previous procedure (46) except that the middle fraction 
from the first distillation was dried over 3-A molecular 
sieves (Linde Division, Union Carbide Corporation) for 
one day before the final distillation from calcium hydride. 
Methanol (J. T. Baker, Baker Instra-Analyzed Spectro- 
photometric Quality) was dried over 3-A molecular sieves 
(Linde) for a day, and then distilled fractionally from Mg 
over N2. N,N-Dimethylformamide (MBW- Chemicals, 
Spectrar Grade), after being dried over 3-A molecular 
sieves (Linde) for one day, was decanted onto dry KOH 
and stirred vigorously for 12 h. It next was decanted onto 
dry P20, and stirred for 2 days, fresh P20, (approximately 
15 g/2 1) being added after each day. Finally it was dis- 
tilled fractionally from dry P20, under vacuum a t  40 "C 
with an N2 bleed. The middle fraction was collected and 
distilled twice more from P20,, the middle fraction being 
collected each time. Before each distillation the cycle of 
treatment with KOH and P205 was repeated. Deionized 
water was distilled from alkaline KMn04. 

Reagents 
Nickel(I1) was introduced as the perchlorate salt. For 

the work in dimethylsulfoxide as solvent, it was the cor- 
responding hexasolvate (10). For acetonitrile hexakis- 
(acetonitrile)nickel(41) perchlorate (11) was used. For 
dimethylformamide either hexakis(acetonitrile)nickel(II) 
perchlorate. or nickel(I1) perchlorate monohydrate ob- 
tained from recrystallized hexahydrate (G. F.-smith) by 
heating under vacuum a t  90 k 5 "C. was emuloved. Both 

N2, using glassware that had been oven dried a t  110 "C 
for several days. All other standard procedures for hand- 
ling nonaqueous solutions were followed. In all solvents, 
kinetic experiments for formation rate constants of the 
complex were carried out at  325 nm. 

Kinetic measurements were made with a stopped-flow 
spectrophotometer (Durrum Instrument Co., Model 
D-110). A description of the instrument, along with 
modifications for better temperature control, has been 
given previously (12). The temperature of the thermostat 
bath and the cell were controlled to within k0.03 "C: the 
temperature being recorded by a calibrated quartz 
thermometer (Hewlett Packard, Model 2801 A). Changes 
in transmission with time were recorded either by a 
combination of a storage oscilloxope (Tektronix, Model 
R564B) and an oscilloscope Land Camera (Tektronix, 
Model C-12) or by a waveform recorder (Biomation, 
Model 805) interfaced to a strip chart recorder (Hewlett 
Packard, Model 7101 B). In dimethylformamide and 
water, changes in transmission with time were recorded by 
both devices, and the two sets of results agreed within 
f 1% in each solvent. 

Kinetic measurements for formation rate constants 
were made under pseudo-first-order conditions. The con- 
centration of isoquinoline was kept constant at  2 X 10-4 
M and the concentration of nickel(I1) was varied through 
four to five values, typically from 2.5 X 10-3 to 15.0 X 
10-3 M in water and methanol, from 2.5 X 10-3 to 
10.0 X 10-3 M in dimethylsulfoxide, and from 2.5 X 
10-3 to 7.5 X M in dimethylformamide. Other ex- 
perimental procedures were the same as previously 
described (5). 

Results 
sampl~s  gave the same results. ~ ickel (11j  perchlorate ~~t~ constants for formation (kf) ofthe mono- 
monohydrate was used for work in methanol and water as 
solvents. The concentration of the nickel(I1) solutions was Of isoquinoline with at 
determined by EDTA titration with murexide indicator various temperatures are presented in Table 1 -  
after dilution with water and buffering to p H  10 with AS an additional check on the purity of dimethyl- 
ammonia - ammonium chloride. Isoquinoline (Aldrich, formamide, from which traces of dimethylamine 
mp 26-28 "C, bp 242 "C) was fractionally distilled from are difficult to remove, and on the measurements KOH under vacuum at 45 "C. 

of kf and AHf* for the reaction of nickel(I1) 
Instrumentation und Experimental Procedure with' isoquinoiine, we repeated the study 'b; 

All nonaqueous solvents were used within 3 days after Bennetto and Caldin (6b) of bipyridine with purification except dimethylformamide, which was used 
within 24 h. All nonaqueous solutions were prepared and nickel(lI) in this solvent. Our results for kf and 
dispensed in a dry box (Kewaunee Scientific) under dry AHf* agreed with his values within + 1 yo. 

TABLE 1. Rate constants for formation of mono-complex of isoquinoline 
with nickel(I1) at  various temperatures 

Rate constant ( k t )  X 10-3 a (I mol-1 s-1) 

Solvent 15 "C 20°C 25 "C 30°C 35 "C  
- - 

Water 1.03 1.61 2.04 3.23 4.26 
Methanol 0.0378 0.0620 0.0965 0.154 0.243 
Dimethylsulfoxide b 2.67 3.37 4.20 - 

N,N-Dimethylformamide 1 .03C 1.68 2.42 - 4.85 

aReproducibility is 2%; one additional significant figure given. 
OAdditional values: 2.51 at 19 "C and 2.94 at 22%. 
CAdditional value: 0.497 at 5 O C .  
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TABLE 2. Comparison of rate constants and activation parameters for ligand substitution at nickel(I1) with those for solvent exchange" 

AHf* or ASf* or Donor 
Solvent Ligand k f  or kex R AHex* ASe,* k23 = kf/K12 AH,,* No. Reference 

Water Water 2.7 XI04 - 11.6 +0.6 - - 18.0 6c 
Pyridine ca. 4x103 0.6 ca. 11 -5.0 - - - 15b 
Isoquinoline 2.07X103 0.32 11.710.7 -4 1 2  6.46X103 11.7k0.7  - This work 
Terpyridine 1.49X103 0.22 12.3k0.1 -3.0 - - - 5 
Thiocyanateb 3.0 x l o 4  c 12.1 +3.1 - - - 8 

Methanol Methanol 1.0 x l o 3  - 15.8 +8.0 - - 9d 
Isoquinoline 9.65X10 0.24 15.8k0.1 +3.5k0.3  1.77X102 15.810.1 - 

6f 8 
This work 5 

Terpyridine 4.6 X I 0  0.12 16.8 t 1 . 0  - - - 5 d 

Thiocyanate 8.6 X104 c 19.5 +31.2 - - - 8 

Dimethylsulfoxide Dimethy lsulfoxide 5.2 X103 - 12.1k0.3 -1 .550.5  - - 29.6 
P 

Pyridine ca. 2X103 ca. 0.6 ca. 4 ca. -30 - - - 6d 5 ! 
CPhenylpyridine 1.64X103 0.36 9 . 0 1 2  -14 1 7  - - - 13b ' 4 
Isoquinoline 3.37X103 1.00 7 . 6 1 0 . 2  -16.910.7 3.89X103 7 . 6 5 0 . 2  - This work 
Thiocyanatee 9.0 X104 0.85 7 .810 .6  -10 1 2  3.3 XI03 8 .410.6  - 16 
Bipyridine 6.9 X I 0  0.02 12.6k0.1 -8 - - - 5 

6 
- - - 

7: 
Terpyridine 2.5 X I 0  0.007 15.0k0.7 -2 5 !a 

N,N-Dimethylformamide N,N-Dimethylformamide 3.8 X 103 - 15 .O +8 - - 26.8 6e 
Isoquinoline 2.42X103 0.98 12.4k0.4  -2 f 1 2.80X103 12.4+0.4 - 

5 
This work 

Bipyridine 5.4 XI02 0.22 12 .7 i0 .2  -3.3 - - - 6b 
Thiocyanateb 1.3 XIOS c 16.5 +21.5 - - - 8' 8 

Acetonitrile Acetonitrile 2.7 x l o 3  - 15.0 t 8 . 5  - - 14.1 
- - - 

6g 
Pyridine 8.3 X102 0.39 14.7k0.4 +4.0 5 
Isoquinoline 1.24X103 0.57 11.9 -5.0 1.16X103 11.9 - 4 
Thiocyanateb 1.5 XlOs c 17 + 22 - - - 8 

aAll measurements made at 25 OC unless otherwise noted. Units: s-' for b,, I mol-' s-I for kr, s-I for kz,, kcal mol-I for all AH* values, cal mol-' deg-' for all AS* values. Values for donor 
numbers of solvents taken from ref. 21 except where otherwise noted. 

OMeasurements made at 20 OC. 
CIonic strength not reported. 
dunpublished results of P. K. Chattopadhyay and B. Kratochvil. 
eData corrected to ionic strength = 0. 
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TABLE 3. Intercepts of pseudo-first-order plots for formation of 
monocomplex of isoquinoline with nickel(I1) 

Intercept (kb)  a (s-l) 

Solvent 15 "C 20 "C 25 "C 30 "C 35 "C 

Water 12.2 21 .O 29.6 52.3 78.4 
Methanol 0.5.5 1 .06 1.94 3 .55 6.1 
Dimethylsulfoxide b 65 l loC 190C - 

N,N-Dimethylformamide 9.6d 13.7 19.5 - 46.8 

aReproducibility S%, error in absolute values +- 10% unless otherwise noted. 
OAdditional values: 54 at 19 O C  and 87 at 22 "C. 
CError limits between 10 and 40%. See text. 
dAdditional value: 2.7 at 5 O C .  

In Table 2 rate constants at 25 "C and activa- is formed under the experimental conditions 
tion parameters for formation are compared with employed. 

A - 
the cbrresponding quantities for solvent exchange Formation Rate Constant (kf) 
at nickel("). The interce~ts observed in the pseudo-first-order plots in water as solvent are 
pseudo-first-order plots for formation of the shown in Fig. 1. Second order rate constants for 
complex with isoquinoline are listed in Table 3. formation (kf) are calculated from the slopes of 

of the intercept are sometimes used the plots. In all solvents studied, as shown for obtain values of kb, the rate constant for the water in Fig. 1, the plots (a) are linear with con- reverse reaction (13)' But when observed pseudo- centration of nickel(II) and (b) give an intercept 
first-order rate constants for a reaction fall in the that increases with increasing temperature, in- 
range of 100 to 300 s-', the experimental con- 
ditions are near the limits of the stopped-flow 
method, and therefore any error in recording of 
time on the order of a fraction of a millisecond 
will greatly affect values of Kobs. A constant un- 
certainty in Kobs may give an incorrect intercept; 
this is not uncommon in nonaqueous solvents -; 120 

(6b) owing to the presence of traces of impurities. 
Values of kf, however, being calculated by least- 5 
squares fit from the slope of a line drawn through r 
the experimental points, are not affected by 6 90 
constant error in Kobs (4b, 6b). The uncertainty L 
in kf is on the order of +2yo for the measure- ~r 

ments made in this work. Values for kb obtained 
from intercepts of plots of Kobs against [Ni2+] for 
water at 15 "C and dimethylsulfoxide at 30 "C L, 

are 12.2 and 190 (Fig. 1 and Table 3). These 2 
compare with preliminary values of about 12 and $ 
150 obtained by us through direct measurement 2 
on these systems. 

The pK, of isoquinoline in aqueous solution is 
5.4 (14). From consideration of the limited 
experimental information available on the ther- 
modynamic properties of solvents (4, 5, 15) 
isoquinoline is not expected to be protonated in 
any of the solveilts studied in this work. On the ~ , , 2 + ,  x lo3 
basis the kinetic data discussed and FIG. 1. Pseudo-first-order rate constants for formation 
as expected from previous results ill acetonitrile of monocomp]ex of nickel(I1) with isoquinoline in water 
(4), it was concluded that only the monocomplex as solvent. 
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dicating that (a) only one complex is formed and 
(b) its formation is not complete. 

Discussion 
From our results in Table 2 for the reaction of 

nickel(I1) with isoquinoline, the following con- 
clusions can be drawn: ( I )  Values of R at 25 "C 
and activation parameters associated with kf  
seem reasonably 'normal' in water, methanol, 
acetonitrile, and dimethylformamide as solvents. 
(2) In dimethylsulfoxide the activation energy 
associated with kf for isoquinoline is similar to 
the corresponding quantities reported for other 
monodentate ligands, as summarized in Table 2. 
Values of R at 25 "C for all monodentate ligands 
seem reasonably 'normal'. 

Considering first the results of formation rate 
constants and associated activation parameters 
in dirnethylsulfoxide as solvent, we see that any 
mechanistic discussion of the results in this 
solvent is complicated by the following con- 
flicting observations: 

(1) Values of AHex* for solvent exchange at 
nickel(I1) ranging from 6 to 13 kcal have been 
reported (Table 2); values of k,, at 25 OC vary 
from 3 X lo3 to 14 X lo3 s-l. Recently Coetzee 
and Hsu (16) proposed an Id mechanism for the 
substitution reaction at nickel(I1) by thiocyanate 
ion in dimethylsulfoxide as solvent using 8 to 9 
kcal as the value of AHex* for solvent exchange 
at nickel(I1) in this medium. 

(2) For substitution reactions at nickel(I1) with 
many monodentate ligands, values of R seem 
reasonably 'normal' and AHf* values for all the 
monodentate ligands studied so far (charged or 
neutral) are in the neighbourhood of 8 to 9 kcal. 

(3) With multidentate ligands additional 
factors such as steric effects influence values of kf  
and AHf*. For substitution reactions at nickel(I1) 
with bipyridine, terpyridine and phenanthroline, 
AHf* values for the formation of monocom- 
plexes could be fitted within the framework of 
the Id mechanism by considering 'ring closure', 
that is, formation of the final bond between 
ligand and metal ion, to be the rate-limiting step, 
and substitution with pyridine to be 'normal' 
(4b). Recently a wide range of formation rates 
and associated activation parameters in reactions 
of nickel(I1) with bidentate substituted pyridine 
ligands have been observed by Moore and Buck 
(17). 

It is difficult to speculate on and assess cor- 
rectly the nature, much less the magnitude, of 
possible solute-solvent interactions involving 
multidentate ligands, metal ions, and solvent 
dipoles. Therefore it may be more realistic to 
discuss gross features of the mechanism that 
controls substitution reactions in dimethyl- 
sulfoxide by considering the activation param- 
eters, not rate constants at one temperature, 
to yield more useful information concerning re- 
actions with monodentate ligands. 

From the above observations it can be con- 
cluded that either (a) ligand substitution re- 
actions at nickel(I1) in dimethylsulfoxide are 
controlled by an Id mechanism, and AHex* for 
solvent exchange at nickel(I1) in this solvent is 
8 to 9 kcal as reported by some authors, or (b) a 
pure Id mechanism for substitution reactions at 
nickel(I1) is of questionable validity and AHex* 
is about 13 kcal. If an Id mechanism is operative 
in this system, the lower values of AHf* observed 
for reactions of nickel(I1) with many pyridine- 
type monodentate ligands can be explained by 
assuming formation of a stabilized outer-sphere 
complex in which the ring nitrogen is an electron 
pair donor toward the sulfur atom of a dimethyl- 
sulfoxide molecule coordinated to nickel. A 
complex of this type has been proposed by 
Gutmann and Schmid (18). This could explain 
why pyridine-type monodentate ligands of 
similar basicity yield similar values of AHf* in 
this solvent. 

Of the alternative mechanisms, an associative 
(A) mechanism seems unlikely because of the 
absence of evidence for seven-coordinated nickel- 
(11) in dimethylsulfoxide. This may be a result 
of the bulkiness of six coordinated dimethyl- 
sulfoxide molecules about nickel(I1); also, as 
mentioned above, AHf* values for substitution 
reactions with many monodentate pyridine-type 
ligands in dimethylsulfoxide are similar. An I, 
mechanism also seems unlikely in this system for 
the same reasons. 

The possibility of a dissociative (D) type 
mechanism cannot be ruled out. Evidence for 
five-coordinated nickel(I1) in dimethylsulfoxide 
has been presented (19). Also, the similarity of 
the AHf* values for several pyridine-type ligands, 
but differing from AHex*, supports a D-type 
mechanism. Further evidence in this direction 
might be obtained by use of high-pressure 
techniques to measure AV* values for this and 
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DIMETHYL 
SULFOXIDE 

METHANOL DIMETHYL 
FORMAMIDE 

Donicity, DN 
FIG. 2. Enthalpy of activation for formation of mono- 

complex of nickel(I1) with isoquinoline in several donor 
solvents. 

similar reactions, as has been done for nickel(I1) 
in water (20). In summary, we conclude from our 
results that the gross features of the mechanism 
for substitution at nickel(I1) with isoquinoline in 
dimethylsulfoxide solution are similar to those 
with other monodentate ligands. A definite con- 
clusion as to whether the mechanism is D or Id 
cannot be made, however, at the present time. 

Turning to  the results in water and methanol, 
the values of R indicate that substitution is 
normal in these two solvents, and that AHf* is, 
as expected for an Id mechanism, close to the val- 
ues found for solvent exchange. In dimethyl- 
formamide only reactions of thiocyanate (8) and 
bipyridine (6b) with nickel(I1) have been re- 
ported. Values of R indicate that substitution is 
also normal in this solvent, although the value 
of AHf* is somewhat lower than the correspond- 
ing value for solvent exchange. This may be the 
result of a system similar to that observed in 
acetonitrile (4) where the value of R for the 
nickel-isoquinoline system was normal, and the 
value of AHf* was also somewhat lower than 
that found for solvent exchange. 

Donicity, D N  

FIG. 3. Rate constants for formation of monocomplex 
of nickel(I1) with isoquinoline in several donor solvents. 

Recently Dickert, Hoffmann, and Janjic (8) 
measured rate constants and associated activa- 
tion parameters for the formation and dissocia- 
tion of the mono- and bis-complexes of nickel(I1) 
with thiocyanate ion in several solvents. Because 
isoquinoline is a monodentate ligand like thio- 
cyanate ion, our results in Table 2 for formation 
of the 1 : 1 nickel(I1)-isoquinoline complex can be 
compared from a mechanistic point of view with 
results for the corresponding nickel(I1) complex 
with thiocyanate ion (8). Constants represented 
by the symbols k12 and kl  in Dickert, Hoffman, 
and Janjic's results are represented by kf  and k23 
in this work. They observed a linear relation be- 
tween solvent donicity and rate constants for 
formation of the nickel(I1)-thiocyanate complex. 
Donicity is defined as the negative value of the 
enthalpy of the Lewis acid-base reactions be- 
tween a dilute solution of antimony(V) chloride 
and the solvent in dichloromethane (21). A 
similar relation between rate and equilibrium 
constants has been observed by Hoffmann for 
other ligands of - 1 charge (22). 

From Fig. 2 it is seen that there is no correla- 
tion between donicity of the solvent and values 
of either kf  or k23 for the nickel-isoquinoline 
system in the solvents studied. Similarly, Fig. 3 
shows that AHf* cannot be related in a sys- 
tematic way to solvent donicity. Therefore the 
correlation between donicity and formation rate 
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constants observed for the nickel-thiocyanate 
system cannot be extended to the system studied 
here. Further study of the kinetic and thermo- 
dynamic parameters of uncharged ligands should 
provide useful information in this area. 

In summary, we conclude that the exact 
nature of the mechanism, whether D or Id, for 
formation of the monocomplex of nickel(I1) 
with isoquinoline in dimethylsulfoxide cannot be 
ascertained at this stage. Results in water, 
methanol, and dimethylformamide can be ac- 
commodated within the framework of an Id 
mechanism, but with the caveat that any dis- 
cussion of details of the mechanism in dimethyl- 
formamide must be guarded at this time. 
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Seven-coordinate metal carbonyl derivatives of 
~~s-(CH,),ASC(CF,)=C(CF,)AS(CH,)~ 
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WILLIAM R. CULLEN and LYNN M. MIHICHUK. Can. J. Chem. 54, 2548 (1976). 
The seven-coordinate complexes (L-L)M(C0)3X2 (M = Mo, W;  X = Br, 1 ;  (L-L) = 

~~S-(CH~)~A~C(CF~)=C(CF~)AS(CH~)~) were prepared and characterized. 1H and 13C nmr 
studies at  25 and -70 "C suggest that the complexes are nonrigid. Similarly 1H nmr studies 
indicate the seven-coordinate (L-L)LMO(CO)~B~~ complexes are also nonrigid. The (L-L)- 
L2Mo(CO)Br2 complexes (L is a monodentate phosphite or phosphine) are rigid at 25 "C and 
nonrigid at  higher temperatures. Activation parameters are calculated for the motion of two of 
the complexes and possible mechanisms are discussed. 

WILLIAM R. CULLEN et LYNN M. MIHICHUK. Can. J. Chem. 54, 2548 (1976). 
On a prCparC et caractkrise les complexes heptacoordonnks (L-L)M(C0)3X2 (M = Mo, W ;  

X = Br, 1; (L-L) = (CH3)2A~C(CF3)=C(CF3)As(CH3)2-cis). Des Ctudes de rmn du lH et 
du 13C a 25 et a - 70 "C suggkrent que les complexes ne sont pas rigides. De la m&me manikre 
des Ctudes rmn du proton indiquent que les complexes heptacoordonnCs (L-L)LMo(CO)Br2 
ne sont pas rigides. Les complexes (L-L)L2Mo(CO)Br2 (L est un phosphite ou un phosphine 
monodentate) sont rigides a 25 "C et non rigides a des temperatures plus elevees. On a calculC 
les paramktres d'activation pour les mouvements de deux des complexes et on discute des 
mecanismes possibles. 

[Traduit par le journal] 

In the course of studies on seven-coordinate prepared from the six-coordinate derivatives 
complexes of metal carbonyls (1, 2) we became (L-L)M(C0)4 (25) where (L-L) is the fluoro- 
interested in related tertiary arsine derivatives of carbon-bridged ligand (CH3)2AsC(CF3)=C(CF3)- 
molybdenum and tungsten. There are two main As (CH~)~ .  
methods of preparation of this type of complex 
as summarized in eqs. 1 and 2. The first method Experimental 
was 'yholm and cO-workers (3-6) Air-sensitive starting- materials were handled in a 
and second by alld associates (7-14). nitrogen atmosphere. A standard vacuum system was 
(M = Mo, W;  X = C1, Br, I ;  2L can be a used for the manipulation of volatile reactants. Infrared 
bidentate ligand.) 

1 T  V - 
spectra were recorded on a Perkin-Elmer 457 spectro- 
photometer and calibrated using polystyrene and cyclo- 

-A 
[I] M(CO),j L,M(CO), + L2M(C0)3X2 hexane. Nuclear magnetic resonance (nmr) spectra were 

run on VarianT-60, XL-100, HA-100, and CFT-20 
2L 

[2] M(CO)6 2 M(CO),X2 + LZM(CO)~XZ spectrometers with chemical shifts given in ppm downfield 
from internal TMS for 'H spectra and uufield from 

These products are nonelectrolytes and their internal CFC13 for 19F spectra. '~he HA-100'instrument, 

solid state structures are generally based on a equipped with a Varian V-4343 variable temperature unit 
calibrated against ethylene glycol standard, was used for 

distorted octahedron with a carbonyl group variation studies. 
capping one face (15-18) (e.g. Fig. 1). An alterna- The synthesis of the ligand cis-2,3-bis(dimethy1arsino)- 
tive seven-coordinated structure based on a 1,1,1,4,4,4,-hexafluorobut-2-ene, (L-L), has been pre- 
capped trigonal prism is found in related cations viously described (253 26). 

Microanalyses were performed by Peter Borda of this (I9)' Structures which are intermediate between department. Analytical and spectroscopic data for all new 
a capped octahedron and a capped trigonal prism C O ~ D O U ~ ~ S  are listed in Tables 1 and 2. - - 

are also found (20). 
In solution many s e ~ e n - ~ o o ~ d i ~ ~ t e  complexes Preparatiofl of' tile (L-L)M(C0)3X2 Cotn~lexes 

( M  = Mo, W ;  X = Br, I) are stereochemically non-rigid (21-24) as judged ~h~~~ complexes were by the slow addition of 
by their nmr spectra, and this paper reports the halogen in dichloromethane (25 n ~ l )  to a vigorously 
primarily on this aspect of the new complexes stirred solution, same solvent, of an equimolar amount of 
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TABLE 1. Analytical and preparative data for new complexesa 

Yield Analyses 

(reaction) Calcd. Found 
time, 

Compound Colour h) C H Br C H Br 

(L-L)Mo(CO)~T~ Orange 70 16.38 1.49 31.51(1) 16.20 1.61 31.28(1) 
(L-L)Mo(CO)~B~~ Yellow 73 18.54 1.69 22.47 18.62 1.71 22.35 
(L-L)w(co)312 Orange 72 14.76 1.35 28.41(1) 14.64 1.21 28.25(1) 
(L-L)W(C0)3Br2 Yellow 50 16.50 1.50 20.00 16.54 1.53 20.05 
(L-L)b(L-L)mMo(C0)2Br2b Pale yellow 60 20.46 2.27 15.15 20.50 2.40 14.87 
(L-L)(C,H,N)MO(CO)~B~~~ Yellow 60 23.59 2.23 23.52 2.42 
(L-L)[P(OCH2CH3)3]Mo(C0)2Br2 Yellow 59 22.59 3.18 18.82 22.76 3.40 19.10 
(L-L)[P(C~H,)~IMO(CO)~B~Z Orange 65 35.52 2.85 16.91 35.35 2.73 16.70 
(L-L)[P(CH3)(C6H5)2]Mo(C0)2Br2 Yellow 54 31.22 2.83 18.09 31.40 3.06 17.87 
(L-L)[P(CH3)2(C6H5)]Mo(CO)2Br2 Yellow 58 26.28 2.80 19.46 26.34 2.88 19.14 
(L-L)[P(~CH~)~IM~(CO)ZB~Z Yellow 59 19.31 2.60 19.80 19.21 2.70 19.64 
(L-L)[P(OCH3)2(C6H5)]M~(C0)2Br2 Yellow 56 25.29 2.69 18.74 25.44 2.70 18.46 
(L-L)2Mo(CO)Br2 Brown 60(0.5) 19.84 2.34 15.56 19.87 2.56 15.28 
(L-L)[P(OCH2CH3)3]2Mo(CO)Br2 Orange 72(14) 25.51 4.25 16.19 25.48 4.10 15.86 
(L-L)[P(~CH~)~I~MO(CO)B~Z Orange 63(1.25) 19.91 3.32 17.55 19.93 3.61 17.70 
(L-L)[P(OCH3)2(C6H5)]2Mo(CO)Br2 Orange 60(24) 30.12 3 .41 16.06 30.23 3.50 15.80 
(L-L)[P(CH3)2C6H5)]2M~(CO)Br2 Orange 51(24) 32.19 3.65 17.15 32.47 3.76 17.00 

aAll complexes decomposed without melting above 120 "C. 
bsuperscript b and m indicate that (L-L) is bidentate or monodentate, respectively 
CAnalysis for N gave 1.82 % (calcd. 1.83 %). 

(L-L)M(C0)4 (25 ml). Temperature control is important. 
Thus the additions to (L--L)W(C0)4 were performed at 
0 "C, after which the solution was stirred for 1 h at 25 "C. 
Iodination of (L-L)Mo(CO)4 was performed entirely at 
0 "C and bromination entirely at -78 "C. In all cases the 
solution was filtered and most of the solvent removed 
(5 ml). Addition of degassed hexane (10 ml) and cooling 
to -20 'C yielded the crystalline (L-L)M(C0)3X2 
complexes. 

Preparation of the (L-L)LMo(CO)~B~~ Complexes 
(L = Monodentate Ligand) 

In general the dicarbonyl complexes were prepared by 
the addition of L to an equimolar amount of (L-L)Mo- 
(C0)3Br2 in dichloromethane (5 ml) at 25 "C under a 
nitrogen atmosphere. The orange solution was filtered 
and concentrated (3 ml) under reduced pressure. Addition 
of degassed hexane (6 ml) and cooling to -20 "C afforded 
the crystalline (L-L)LMo(CO)~B~~ con~plexes. 

Preparation of the (L-L)L2Mo(CO)Br2 Complexes 
All reactions between excess L and (L-L)Mo(CO)~B~~ 

were carried out in refluxing benzene (for the time 
indicated in Table 1) under a nitrogen atmosphere, except 
for (L-L)2Mo(CO)Br2 which was synthesized by warm- 
ing a benzene solution (50 "C) of (L-L)2Mo(C0)2Br2 for 
30 min. The following experimental details are typical. 

(L-L)Mo(CO)~B~~ (0.30 g, 0.41 mmol) and trimethyl 
phosphite (0.120 g, 0.96 mmol) in dry degassed benzene 
(15 ml) were refluxed under nitrogen for 75 min. The ir 
spectrum of the solution indicated complete reaction of 
(L-L)Mo(CO)~B~~. The deep red-orange solution (initi- 
ally orange) was filtered and the benzene removed under 
reduced pressure. Recrystallization of the red oil from a 
degassed dichloromethane-hexane mixture at -20 "C 
afforded orange plates of (L-L)[P(OCH3)3]2Mo(CO)Br2 
(0.24 g, 63%); mp 150 "C (decom). 

/ Results and Discussion 

CH, F, (L-L)M(CO)3X2 Complexes 
Satisfactory preparation of the tricarbonyl 

FIG. 1. Crystal structure of (L-L)W(C0)3~2 ( I  8). complexes requires slow dropwise addition of 
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TABLE 2. Infrared and nuclear magnetic resonance spectroscopic data for new complexes g 
UI 
0 

Compound (ppm)" 9F (ppmIb v(C0) (cm-I)b 

2.17C 
2.0Y 
2.23C 
2.10C 
2.47, 2.25 
2.08, multiplets centred at 7.47, 7.82, and 9.02 (C5H5N) 
1.98, triplet centred at 1.33 (P-OCH2CH3) J(H,H) = 7.0 Hz. 

Pentet centred at 4.25 (P-0CH2CH3), J(H,H) = 7.0 Hz, 
J(H,P) = 7.0 Hz 

1.87, multiplets centred at 7.40 and 7.83 (P-C6H5) 
1 .70, doublet centred at 2.48 (P-CH3) J(H,P) = 10.0 Hz 
Multiplets centred at 7.50 and 7.80 (P-C6H5) 
1.83, doublet centred at 2.12 (P-CH3) J(H,P) = 11 .O Hz 
Multiplets centred at 7.43 and 7.80 (P-C6H5) 
1.98, doublet centred at 3.88 (P--OCH3) J(H,P) = 11.2 Hz 
1.85, doublet centred at 3.80 ( P 4 C H 3 )  J(H,P) = 11.5 Hz 
Multiplets centred at 7.47 and 7.80 (P-C6H5) 
1.98 
Singlets at 2.07 and 1 .SO (As-CH3) 
Triplet centred at 1.28 ( P 4 C H 2 C H 3 )  
Multiplet centred at 4.25 (P--OCH2CH3) 
Singlets at 2.08 and 1 .5O (As-CH3) 
'Virtual triplet' centred at 3.90 ( P 4 C H 3 )  'J(H,P) + J1(H,P')I = 

10.0 Hz 
Singlets at 1 .88 and 1 .53 (As-CH3) 
'Virtual triplet' centred at 3.44 (P-OCH,) IJ(H,P) + S(H,P1)I = 

10.5 Hz and 3.59 (P--OCH3) J(H,P) + J1(H,P')I = 10.0 Hz 
Multiplets centred at 7.37 and 7.70 (P-C6H5) 
Quartets centred at 2.32 (As-CH3) 
J(H,F) = 2.5 Hz and 0.907 (As-CH3) 
J(H,F) = 2.0 Hz, singlet at 1 .OO (As-CH3) 
Doublets centred at 

2.07 (P-CH3) J(H,P) = 9.75 HZ 
1 .85 (P-CH3) J(H,P) = 8.25 HZ 
1 .27 (P-CH3) J(H,P) = 7.75 Hz and 
0.912 (P-CH3) J(H,P) = 8.75 HZ 

Multiplets centred at 7.12 and 7.85 (P-C6H5) 

Quartets centred 
51.4 and 53.2 (CF3) 
.J(F,F) = 15.0Hz 

aCDC13 solution unless otherwise indicated. Absorptions are singlets unless indicated to the contrary. 'Virtual triplet' refers to a pattern consisting of a broad absorption lying between two peaks 
of a 1:l doublet. The doublet separation is given by JJ(H,P) + Jf(H,P')I. 

bCHzClz solution. Absorptions are singlets unless otherwise indicated. 
CCHzClz solution. 
&The 1H nmr spectrum of this complex was obtained from CaDa solution. 
eSee Results and Discussion for coupling constants. 
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CULLEN AND MIHICHUK 2551 

the halogen to a vigorously stirred solution of the 
chelate complex. The seven-coordinate com- 
plexes are crystalline orange or yellow, nonionicl 
solids considerably more soluble in polar sol- 
vents than in nonpolar ones. They appear to 
decolourize in the solid state after a few months 
and are quite unstable in oxygenated solvents. 
The stability of these complexes2 which is 
enhanced in nitrogen-saturated6 solvents de- 
creases in the order tungsten >> molybdenum, 
for a given halogen, with the iodides more stable 
than the bromides. The complexes M(C0)3- 
(dmpe)12 also have the stability order W > Mo 
(24). 

The crystal structure of (L-L)W(C0)312, 
which is very similar to that of (C6H5)2P(CH2)2- 
P(C6H5)2M~(C0)3Br2, is shown in Fig. 1 (17, 18). 
The tungsten atom is seven-coordinate with a 
distorted capped octahedral environment, the 
capping group being a carbonyl. The capped 
face consists of the two remaining carbonyl 
groups and one of the arsenic atoms from the 
bidentate ligand. 

The nrnr spectra of the tungsten complex are 
not in accord with its X-ray crystal structure. 
The lH spectrum at 25 "C and -70 "C exhibits 
one arsenic methyl singlet assignable to the 
chelating ligand and the 19F spectrum one tri- 
fluoromethyl singlet. The 13C nrnr spectrum at 
room temperature consists of one singlet for the 
dimethylarsino groups ('H decoupled), one quar- 
tet for the trifluoromethyl groups (J(C,F) = 285 
Hz), a broad absorption for the olefinic carbons 
(due to long range coupling to the fluorine 
atoms), and one singlet for the carbonyl groups. 

No static model built from these ligands exists 
in agreement with these data, which indicates 
that in solution the whole molecule has a non- 
rigid structure at 25 "C on an nrnr time scale. 
The lH and lgF nrnr spectra are consistent with 
the molecule having this nonrigid structure down 
to - 70 "C. Rapid independent scrambling of the 
three carbonyl groups could possibly explain the 
appearance of one absorption in the 13C nrnr 

lFor example, (L-L)Mo(CO)~I~ has a molar con- 
ductlvity of 0.9 ohm-' cm2 In nitrobenzene; 1 :1 electro- 
lytes show conductivities of 20-30 ohm-1 cm2 In the same 
solvent (4). 

2Refluxing a sample of (L-L)Mo(CO),I, in dlchloro- 
methane under a n~trogen atmosphere for 6 h results In 
complete decompos~tlon. Slm~lar results are obtalned after 
stirring a solutton at  room temperature for 39 h. 

spectrum (27-31). However, this would not 
explain the 'H and 19F spectra since the two 
arsenic atoms would still be in an asymmetric 
environment. Thus it seems that the rearrange- 
ment process involves rapid scrambling of the 
carbonyl groups and iodine atoms, and simul- 
taneous migration of the capping group over the 
faces of the [As2C212] octahedron. The sharpness 
of the spectra at - 70 "C indicates that a limiting 
spectrum corresponding to the solid state struc- 
ture would be reached only at much lower 
temperatures. It is possible that this scrambling 
process is catalyzed by dissociation into ions, 
since the conductivity of the n~olecule is not zero 
although it is in the range of values found for all 
the nonionic seven-coordinate complexes. A 
truly ionic complex in this system would have the 
formula [(L-L)M(C0)4X]X. 

The lH and 19F nmr spectra of the other halo- 
tricarbonyl derivatives are very similar to those 
of (L-L)W(C0)312 suggesting they also are 
nonrigid in solution in the manner discussed 
above. Their ir spectra in the carbonyl region are 
similar to other characterized seven-coordinate 
Group VI tricarbonyl derivatives (4, 13, 14). 

Henrick and Wild (23) found that the meso 
and racemic isomers of the ligand o-phenylene 
bis(methylpheny1arsine) give the seven-coordi- 
nate iodo complexes O-C~H~[AS(CH~) (C~H~) ]~ -  
Mo(C0)312.CHC13. These have a crystal struc- 
ture consisting of a capped trigonal prism with 
an iodine atom above one of the square faces. 
Both complexes fail to afford the expected 'H 
nrnr spectrum at 35 "C; instead only a single line 
is obtained. Cooling the solution of the meso 
ligand complex results only in line broadening. 
The spectrum of the other complex eventu- 
ally (-90 "C) becomes the anticipated doublet 
(As-CH3 region) in agreement with the solid 
state structure. The AG* for the process is 10.6 
kcalmol-l and the authors suggest that the 
averaging of the arsenic methyl signals is due to 
motion of the iodine from one square face to 
another. This process would seem to give an 
isomer and consequently no coalescence of the 
nrnr absorptions should be expected. A much 
more drastic motion seems to be required to 
account for the observed results. 

(L-L)LMo(CO)~B~~ Complexes 
Facile replacement of a carbonyl group by 

phosphites and phosphines (L) from (L-L)Mo- 
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(C0)3Br2 yields the crystalline seven-coordinate 
(L-L)LMO(CO)~B~~ complexes which are con- 
siderably more stable and more soluble than 
their parent tricarbonyl derivatives. 

The nmr spectra of the dicarbonyl complexes 
indicate a symmetric environment for the ligands 
and are similar to those of the (L-L)M(C0)3X2 
complexes. Thus, they too are nonrigid in solu- 
tion, and it seems that all ligands are involved. 

Connor et al. (24) have recently reported 
fluxional seven-coordinate molybdenum and 
tungsten iododicarbonyl cations [(CH3)2PCH2- 
CH2P(CH3)2]2M(C0)21+. They explain the nmr 
spectra in terms of a migration of the iodine over 
the faces of a static trigonal prism. However, this 
could well be a very simplistic explanation, al- 
though in this case an ionic pathway seems 
less likely. 

The (L-L)~(L-L)"Mo(co)~B~~ complex pro- 
vides an interesting example where the nmr data 
suggest that an additional exchange process is 
occurring in solution. Even a t  - 80 "C two equal 
area arsenic methyl resonances are seen. A static 
structure should give at  least two well separated 
resonances for the monodentate arsenic ligand 
and one or two for the chelated one. Thus it 
appears that in addition to a scrambling process 
involving (L-L)" and all the other groups, 
exchange is occurring between the 'free' and 
coordinated end of (L-L)". 

Exchange between n1ono- and bidentate ligands 
has been observed in a similar seven-coordinate 
complex (32). The suggested mechanism involves 
the unlikely assumption that the remaining 
ligands are not involved in any scrambling 
process. 

The ir spectra of all the dicarbonyl complexes 
in the carbonyl region are very similar and 
indicate that the carbonyl groups possibly possess 
a cis orientation (24). 

(L-L)L2 Mo(CO)Br2 Complexes 
The monocarbonyl complexes, which seem to  

be a new class, are stable in the solid state but 
unstable in air-saturated solvents (the corre- 
sponding (L-L)LMo(CO)~B~~ complex can be 
isolated as one of the decomposition products). 
They show a great tendency to crystallize as 
dichloromethane adducts, but the solvent of 
crystallization is readily removed in uacuo. The 
(L-L)L2Mo(CO)Br2 complexes containing mon- 
odentate phosphines or phosphites are carbon 

monoxide carriers: 

The nmr spectra of the (L-L)L2Mo(CO)Br2 
complexes (L is monodentate) indicate that the 
species are rigid at room temperature and are 
nonrigid a t  higher temperatures. This is in con- 
trast with the tricarbonyl and dicarbonyl deriva- 
tives described above. 

The (L-L)[P(OCH3)3I2Mo(CO)Br2 and (L-L)- 
[P(OCH3)2(C6H5)]2Mo(CO)Br2 con~plexes are ex- 
amples of H9PP1Hg' and H6PP'H6'spin systems. 
The theory of nuclear spin systems of this type, 
H,PP'Hnl, has been developed by Harris (33, 34) 
who has shown that the methyl resonance 
appears as an unresolved, broad resonance lying 
between a 1 : 1 doublet of separation I J(H,P) + 
J'(H,P')~ when 31P-31P coupling is intermediate 
between large and small. The two monocarbonyl 
complexes exhibit this type of 'triplet' resonance 
pattern for the methoxy groups. 

The 'H nmr spectrum of the trimethyl phos- 
phite derivative at  room temperature can be 
interpreted in terms of a static seven-coordinate 
capped octahedral structure A (P = P(OCH3)3) 
with a carbonyl group in the capping position 
above the [P2Br] face. The arsenic methyl groups 

on one side of the [As2P2] plane experience a 
different environment from those on the other 
side and are thus seen as two singlets. A, (P = 

P(OCH3)3), has a temperature dependent l H  
nmr spectrum shown in Fig. 2. As the tempera- 
ture is increased the two initially sharp arsenic 
methyl singlets broaden, collapse, and coalesce 
into a single line which sharpens as the tempera- 
ture is further increased. This indicates that at  
higher temperatures all the arsenic methyl groups 
are equivalent on an nmr time scale and suggests 
that the molecule is fluxional in the manner 
indicated in [3] (P = P(OCH3)3) where a capping 
CO group migrates over two octahedral faces via 
a pentagonal bipyramidal intermediate. It should 
be pointed out that migration of the capping 
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CULLEN AND MIHICHUK 2553 

lo0 
FIG. 2. Variable temperature IHnmr spectra of 

(L-L)[P(OCH3)3]2Mo(CO)Br2 in benzene solution. The 
figure shows the arsenic methyl region. 

group over all the faces would be indistinguish- 
able. 

The ambient temperature nmr spectra of 
(L-L)[P(OCH3)2C6H5)]2Mo(CO)Br2 indicate the 
molecule has structure A (P = P(OCH3)2(C6H5)). 
The two downfield 'virtual triplet' patterns are 
assigned to the diastereotopic (35) methoxy 
methyl groups on each phosphorus atom (Fig. 3).3 

The lH nmr spectrum of A (P = P(OCH3)2- 
(C6H5)) is also temperature dependent. The two 
arsenic methyl singlets broaden, collapse, and 

3The 31P nmr spectrum consists of a single multiplet 
59.5 ppm upfield from external P4O6. 

FIG. 3. Variable temperature 1H nmr spectra of 
(L-L)[P(oCH3)2(C6H5)]2Mo(CO)Br2 in benzene solu- 
tion. The methoxy methyl region is shown. A and D are 
phosphorus decoupled spectra. 

coalesce as the temperature is increased. How- 
ever, there is no equilibration of the two di- 
astereotopic methyl resonances. The high tem- 
perature spectra can be accounted for in terms 
of the same process [3] described above for A 
(P = P(OCH3)3). 

Thermodynamic parameters calculated for the 
motion, using the Gutowsky and Holm pro- 
cedure (36) are listed in Table 3. 

The large negative entropy value indicates a 
symmetrical transition state as is suggested in 
[3]. However, the possibility that the capping 
group migrates over all faces cannot be elimi- 
nated without a knowledge of the barriers 
involved in cap-cap migration above or below 
the As2P2 plane, and cap-cap migration through 
the plane. One of these latter paths is that shown 
in [3]. 

Dissociative processes such as phosphonite 
dissociation can be eliminated by the fact that 
the methoxy methyl groups remain virtually 
coupled over the entire high temperature range. 
Dissociation of one end of the chelated ligand 
would probably require a much higher barrier 
than observed. For example, Meakin and co- 
workers (21) report an activation energy of 12.8 
kcal mol-I for an exchange process involving 
dissociation of one end of a ditertiary alkyl- 
phosphine ligand in a seven-coordinate tantalum 
carbonyl complex and suggest that a polytopal 
rearrangement would possibly have a much 
lower barrier than observed as is found in our 
work. Small AH* and large negative AS* values 
(-- -30 eu) have been reported by Jack and 
Powell (37, 38) for some solvent assisted ex- 
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TABLE 3. Thermodynamic parameters for (L-L)L2Mo(CO)Br2 complexes 

Compound AH* (kcal mol-I) AS* (cal mol-1 deg-1) To (Wa 

(L-L)[P(QCH~)~(C,H,)IZMO(CO)B~Z 6 . 7 k 0 . 6  -29k2 368 + 3 

(L-L)[P(OCH2CH3)3]2Mo(CO)Br2 4 . 9 k 0 . 6  -35+2 368 + 3 

aT. is the coalescence temperature of the arsenic methyl resonances. 

change process in bridged carboxylate complexes 
of platinum and palladium. Thus solvent assist- 
ance or ionization could be possible in our case. 
However, the isomerization of the seven-coordi- 
nate complexes (h5-C5Hs)Mo(CO)2(PR3)X (X = 

halogen) appears to be a non-dissociative uni- 
molecular process (39) with AH* = 23 kcal mol-I 
and AS* small but negative. Again these high 
AH* values seem to argue against a dissociative 
process in our case. Moreover, large negative 
AS* values are possible for sterically and elec- 
tronically restricted transition states (40, 41). 

Unfortunately, there is not enough informa- 
tion in the spectra to come to a definite conclu- 
sion about the pathway of the process. This is not 
an unusual situation (3 1). 

The nrnr spectra of the triethylphosphite de- 
rivative in the (L-L) region is identical with the 
other two complexes. However, a more detailed 
examination of the 'H nrnr spectrum of the 
phosphite group shows that with proton de- 
coupling in the CH3 region, the broad methylene 
absorption collapses to two doublets with H-P 
coupling constants of 6.0 and 4.0 Hz. With 
broad band phosphorus decoupling, the methyl- 
ene multiplet collapses to two equal area quartets 
(J(H,H) = 7.0 Hz). In accordance with the two 
chemically inequivalent sets of methylene pro- 
tons, the 31P nrnr spectrum (two multiplets) 
indicates the phosphorus atoms are in an 
asymmetric environment. 

These spectra can be interpreted in terms of a 
seven-coordinate capped octahedral structure B 
(P = P(OCH2CH3)3) with the phosphite groups 

B 

in a trans position. This complex has a similar 
temperature dependent lH nrnr spectrum to 

A (P = P(OCH3)3, P(OCH3)2(C6H5)). At the 
temperature corresponding to coalescence of the 
arsenic methyl singlets the two methylene quar- 
tets (phosphorus decoupled) collapse into one 
quartet. 

Thermodynamic parameters calculated for the 
motion (Table 3) are very similar to those of 
A (P = P(OCH3)2(C6H~)) suggesting the two 
complexes behave in an analogous manner at 
high temperatures. 

The nrnr spectra of the (L-L)[P(CH3)2- 
(C6H~)]2Mo(CO)Br2 complex differ considerably 
from the other monocarbonyl complexes as is 
seen in Fig. 4. The 1 : 1 :2 arsenic methyl ratio is 
presumably due to an accidental superposition 
of peaks in benzene since four equal area 
absorptions appear in deuterochloroform. The 
19F and 31Pnmr spectra suggest the two tri- 
fluoromethyl groups and two phosphorus atoms 
are in an unsymmetrical environment. 

Possible configurations for the complex, con- 
sistent with the room temperature nrnr spectra 
are shown in C and D (P = P(CH3)2(C6H~)). 111 
either configuration the capping carbonyl group 
is above the [AsPBr] face. 

The variable temperature lH nrnr spectrum 
(Fig. 4) is unlike the other complexes in that it 
was not possible to obtain a limiting high 
temperature spectrum in benzene solution. The 
broad high temperature resonance possibly is 
due to arsenic and phosphine methyl absorptions. 
Also at high temperatures there is no equilibra- 
tion of the two phosphorus atoms; however, the 
two trifluoromethyl quartets broaden, collapse, 
and coalesce into a single broad peak. 

The structure shown in D (P = P(CH3)2- 
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CULLEN AND 

FIG. 4. Variable temperature 'H nmr spectra of 
(L-L)[P(CH,)2(C6H5)]zMo(CO)Br2 in benzene solution. 
The methyl region is shown. A is the normal spectrum 
B, C, D, and E are phosphorus decoupled. 

(C6H5)) would allow carbonyl migration over the 
octahedral faces to equilibrate the trifluoro- 
methyl groups but not the phosphorus atoms? 
The same motion in a structure like C would 
equilibrate both the trifluoromethyl groups and 
the phosphorus atoms. 

The nmr spectra of (L-L)2Mo(CO)Br2 cannot 
be interpreted in terms of a static polyhedron, 
and a limiting slow exchange spectrum was not 
reached at - 70 OC. 

Each of the monocarbonyl complexes shows 
one carbonyl stretching frequency in its ir 
spectrum. This is considerably lowered in fre- 
quency relative to the dicarbonyl species reflect- 
ing the fact that the remaining carbonyl group is 
sharing a much greater proportion of the avail- 
able metal d-electron density. 
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The reactivity of cyclic germoxycarbene complexes of manganese and 
rhenium towards nucleophilesl 

M. J. W E B B ~  and W. A. G. GRAHAM 
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Received October 2, 1975 

M. J. WEBB and W. A. G. GRAHAM. Can. J. Chem. 54, 2557 (1976). 
Several acylate salts and noncyclic carbene complexes of manganese and rhenium, containing 

organogermanium ligands, have been prepared via the reactions of the cyclic germoxycarbene 
complexes of empirical formula Ph2GeM(C0)4COMe (M = Mn, Re) with the nucleophiles 
methyllithium or methoxide ion. In each case the observed product could be rationalized in 
terms of nucleophilic attack at germanium. Treatment of Ph2GeRe(C0)4COMe with methyl- 
lithium, followed by ethylation with aqueous Et30BF4, afforded ~is-Ph~MeGeRe(C0)~C- 
(0Et)Me. The manganese analog of this product could be obtained if excess methyllithium were 
used in the first step. The use of a deficit of methyllithium, however, followed by ethylation, 
yielded ci~-Ph~FGeMn(C0)~C(0Et)Me. Solution infrared spectra have indicated that lithium 
methoxide and lithium bromide impurities in the methyllithium are involved in this reaction. 
The reaction of Ph2GeMn(C0)4COMe with sodium methoxide is presumed to involve nucleo- 
philic attack at germanium to give a methoxygermanium species. Subsequent treatment with 
aqueous tetraethylammonium bromide gave the hydroxygermanium complex, [cis-Ph2(HO)- 
GeMn(C0)4C(0)Me][Et4N]. Ethylation of the same species with aqueous Et30BF4 afforded 
ci~-PhzFGeMn(C0)~C(0Et)Me. 

M. J. WEBB et W. A. G. GRAHAM. Can. J. Chen~. 54, 2557 (1976). 
On a prkpark plusieurs sels acylates et plusieurs complexes de carbene non cyclique du man- 

ganbe et du rhknium contenant des ligands organogermanium en faisant intervenir les rB 
actions de complexes de germoxycarbkne cyclique de structure brute Ph2GeM(CO)4COMe 
(M = Mn, Re) avec les nuclkophiles methyllithium ou ion methylate. Dans chaque cas, le 
produit observk peut &tre rationalisk en terme d'une attaque nuclkophile au site du germanium. 
La rhction du Ph2GeRe(C0)4COMe avec le mCthyllithium suivi par une rhction d'kthylation 
avec le Et30BF4 aqueux conduit au Ph2MeGeRe(C0)4C(OEt)Me cis. On peut aussi obtenir 
I'analogue avec du manganbe de ce composk si l'on utilise un excb de mkthyllithium dans la 
premikre ktape. L'utilisation d'une quantitk dkficiente de mkthyllithium suivie par une kthylation 
conduit toutefois au Ph2FGeMn(C0)4C(OEt)Me cis. Des spectres infrarouges en solution 
indiquent que des impuretk de mkthylate de lithium et de bromure de lithium dans le mkthyl- 
lithium sont impliquks dans cette rhction. On fait I'hypothbe que la rhction du Ph2GeMn- 
(C0)4COMe avec le mkthylate de sodium implique une attaque nuclkophile au niveau du 
germanium pour conduire ?I des espkces mkthoxygermanium. Un traitement ultkrieur avec du 
bromure de tktrakthylammonium aqueux conduit au complexe hydroxygermanium [Phl(OH)- 
GeMn(CO)4C(0)Me cis][Et4N]. L'kthylation des m&mes espkces avec du Et30BF4 aqueux 
conduit au Ph2FGeMn(C0)4C(OEt)Me cis. 

Traduit par le journal] 

Introduction 
In recent papers we have described the synthe- 

sis and characterisation of a number of carbene 
complexes of manganese and rhenium which 
also contain organogermanium or organotin 
ligands. A number of compounds with an un- 
usual cyclic structure of the type 1 have been 

10rganometallic Compounds Having Metal-Metal 
Bonds, Part XXX. Part XXIX: ref. 5. 

2Present address: Department of Chemistry, Memorial 
University of Newfoundland, St. John's, Newfoundland 
A1C 5S7. 

prepared (1, 2), and in some cases have been 
shown by nmr spectroscopy to exist as equilib- 
rium mixtures of dimeric and monomeric forms 
in solution (3, 4). A series of complexes with 
noncyclic structures of the type 2 has also been 
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obtained (5). In this paper we present the syn- 
thesis of further noncyclic compounds prepared 
by the reaction of cyclic germoxycarb~ne~com- 
plexes with nucleophiles. 

Transition metal carbene complexes are known 
to react with nucleophiles such as phosphines 
(6-8) and phenyllithium (9), with attack occurring 
at the carbene carbon atom. Such behaviour 
might also be expected for the cyclic germoxy- 
carbene complexes of the type 1. However, the 
~roducts  of reactions with methvllithium or 
hethoxide ion can be rationalized'in terms of 
nucleophilic attack at the germanium atom in 
the ring. 

Experimental 
Reactions were carried out under a static nitrogen 

atmosphere, using solvents previously saturated with 
nitrogen. Diethyl ether, dichloromethane, and methanol 
were dried by distillation from calcium hydride, phos- 
phorus pentoxide, and magnesium, respectively. 

Solutions of methyllithium in ether and lithium wire 
(0.01% Na) were obtained from the Ventron Corporation 
(Alfa Products), Beverly, Mass. ; tetraethylammonium 
bromide and chloride were supplied by Eastman Organic 
Chemicals, Rochester, N.Y.; sodium methoxide and 
lithium bromide were obtained from Fischer Scientific 
Company, Fair Lawn, N.J.; Et30BF4 was purchased from 
Fluka AG, Switzerland; sodium sulphate (anhydrous) 
and chromatographic alumina (calcined) were obtained 
from BDH Chemicals Ltd., Poole, England, and BDH 
(Canada) Ltd., Toronto, respectively. The compounds 
Ph2GeMn(C0)4COMe and Ph2GeRe(C0)4COMe were 
prepared as described elsewhere (2). Lithium methoxide 
was prepared by dissolving lithium wire in methanol, 
followed by removal of excess methanol in vacuo. 

Microanalyses were performed in the Microanalytical 
Laboratory of this Department. Melting points, and 
infrared, mass, and IH nrnr spectra were recorded as 
described previously (2). 

Where approximate p H  values are mentioned in the 
following reactions, they were measured using 'pHydrion' 
indicator papers, purchased from the Micro Essential 
Laboratory, Brooklyn, N.Y. 

Reaction of P I I ~ G ~ R ~ ( C O ) ~ C O M ~  with (I) MeLi, 
(2) Et3OBF4 

To P ~ ~ G ~ R ~ ( C O ) ~ C O M ~  (0.19 g, 0.33 mmol) in di- 
ethyl ether (15 ml) was added from a syringe a solution of 
1.5 M MeLi in ether (0.23 ml, 0.34 mmol). An immediate 
colour change from colourless to pale yellow was ob- 
served. An infrared spectrum taken after 5 min reaction 
time indicated complete disappearance of the rhenium 
starting material and generation of an anion. After re- 
moval of the solvent in vacuo, the pale yellow, oily 
residue was extracted with water (10 ml). After filtration, 
the yellow solution was treated with excess aqueous 
Et3OBF4, which was added dropwise until the pH 
decreased to approximately 2. Addition of the ethylating 
agent was accompanied by cloudiness in the solution and 
precipitation of a pale yellow oil. Extraction from the 

aqueous solution with n-pentane (75 ml), removal of the 
solvent by rotary evaporation, and drying of the product 
in vacuo overnight resulted in the isolation of a yellow 
oil. Crystallization from n-heptane at -78 "C yielded as a 
white solid ci~-Ph2MeGeRe(CO)~C(oEt)Me (90 mg). 

Reaction of Ph2GeMn(C0)4COMe with (I) excess MeLi, 
(2) Et30BF4 

The features of this reaction are similar to those above. 
The complex Ph2GeMn(COkCOMe (0.65 g, 1.49 mmol) 
in diethyl ether (25 ml) was treated with excess 1.5 M 
MeLi in ether (5.5 ml, 8.25 mmol). The brown, oily 
residue, after solvent removal, was extracted with water 
(50 ml) and filtered to give a clear, yellow-orange solu- 
tion. (Caution: water should be added to the brown oil 
slowly, since a vigorous reaction occurs with the excess 
methyllithium.) The dropwise addition of excess aqueous 
Et3OBF4 until a pH of about 2 was reached produced a 
yellow oil, which was extracted with n-pentane (150 ml). 
Removal of the solvent by rotary evaporation and drying 
in vacua yielded the crude product cis-PhzMeGeMn- 
(C0)4C(OEt)Me as a yellow oil (0.20 g). Attempts at 
crystallization from n-pentane and acetone-water yielded 
only oils. Slow sublimation (55 "C/0.01 mm) on to a 
water-cooled probe gave a yellow oil, whose infrared 
spectrum indicated partial decomposition of the cis- 
Ph2MeGeMn(C0)4C(OEt)Me product to other carbonyl- 
containing compounds. 

Reaction of Ph2GeMn(C0)4COMe with (I) excess MeLi, 
(2) Et4NCI 

To Ph2GeMn(CO)4COMe (1.20 g, 2.74 mmol) in di- 
ethyl ether (40 ml) was added 1.5 M MeLi (3.7 ml, 5.55 
mmol), producing a brown solution. An infrared spec- 
trum, recorded in ether after a few minutes, indicated 
complete reaction of the manganese starting material and 
formation primarily of cis-Ph2MeGeMn(C0)4C(OLi)Me, 
plus small quantities of the other anions mentioned in the 
discussion. (Larger excesses of MeLi lead to the observa- 
tion of the only ~is-Ph~MeGeMn(C0)~C(0Li)Me, as in 
the preceding reaction.) Subsequent treatment in water 
(30 ml) with excess aqueous EhNC1 (0.66 g, 4.0mmol) 
produced a yellow-brown, oily precipitate. An attempt at 
crystallization from acetone-ether was unsuccessful. Ex- 
traction of the oil with ether (300 ml), reduction of the 
solution volume to 100 ml under reduced pressure, and 
cooling in the refrigerator yielded pale yellow crystals of 
[cis-Ph2MeGeMn(CO)4C(0)Me][Et4N] (35 mg). 

Reaction of[cis-P1~2MeGeMn(CO)4C(0)MeJ[Et4NJ with 
Et3OBF4 

The ether extraction from the crude product in the 
preceding reaction left a large proportion of the product 
in the brown, oily residue. This residue was dissolved in 
dichloromethane (30 ml), and treated with Et30BF4. The 
progress of the reaction was monitored by infrared 
spectroscopy as small portions of the ethylating agent 
were added. Removal of the solvent by rotary evapora- 
tion, and extraction of the residue with n-pentane, gave a 
yellow solution. Solvent removal by rotary evaporation 
yielded an impure yellow oil, whose infrared and mass 
spectra identified it as ci~-Ph~MeGeMn(C0)~C(0Et)Me. 

Reaction 0fPh~GeMn(C0)~C0Me with (I) dejicit of MeLi, 
(2) Et30BF4 

A solution of two anions (see Discussion) can be gener- 
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WEBB AND GRAHAM 2559 

ated by the reaction of Ph2GeMn(CO)4COMe with MeLi matographed on a column packed with alumina (50 g, 
in ether in an approximately 2:l mole ratio. For example, 16 cm column height), using n-heptane as eluent. A single 
treatment of PhzGeMn(C0)4COMe (0.475 g, 0.95 mmol) yellow fraction (ca. 50 ml) was collected, the volume 
with 1.5 M MeLi (0.30 ml, 0.45 mmol) gives a pale yellow reduced (to ca. 10 ml), and the solution cooled in the 
solution containing two anionic intermediates, neither of refrigerator. Colourless crystals of cis-Ph2FGeMn(COkC- 
which is cis-PhzMeGeMn(C0)4UOLi)Me. (This be- (0Et)Me (45 mg) were obtained. 
haviour can be contrasted with a reaction in which MeLi 
is in excess, vide supra.) Removal of solvent and extraction 
with water leaves a residue of unreacted PhzGeMn- 
(C0)4COMe. Treatment of an aqueous solution of the 
anions with excess aqueous Et30BF4, until the pH is 
approximately 2, yields a yellow oil. Decantation of the 
aqueous solution, washing with a small amount of water, 
and drying in vacuo yields a yellow oil, whose infrared 
and mass spectra identify it as impure cis-Ph2FGeMn- 
(CO)dC(OEt)Me. 

Reaction of PhzGeMn(CO)4COMe wirh (1) NaOMe, 
(2) Et30BF4 

To Ph2GeMn(CO)4COMe (0.30 g, 0.69 nimol) in meth- 
anol (20 ml) was added sodium methoxide (0.038 g, 0.70 
mmol). The solution was stirred for 19 h. Removal of the 
solvent by rotary evaporation yielded a yellow oil, whose 
infrared spectrum in dichloromethane indicated an 
anionic material (v(C0) 2040(m), 1959(s, sh), 1935(vs)) as 
well as a little residual starting material. Extraction with 
water (15 ml), and filtration were followed by the drop- 
wise addition of excess aqueous Et30BF4, until the pH 
was approximately 2. A yellow oil was precipitated, and 
this was extracted with n-pentane (2 X 60ml). The 
n-pentane extract was dried over anhydrous Na2S04 
overnight in the refrigerator. Filtration, and removal of 
the solvent by rotary evaporation, yielded a yellow oil. 
This was adsorbed on to alumina (ca. 2 g), and chro- 

2000 I900 

cm -I 
FIG. 1. Infrared spectrum (v(C0) region) of cis- 

PhzMeGeRe(C0)4C(OEt)Me in cyclohexane. 

Reaction of Plz2GeMn(CO)4COMe with (I) NaOMe, 
(2) ErdNBr 

The reaction of Ph2GeMn(C0)4COMe with NaOMe in 
methanol was repeated, using excess NaOMe to avoid 
residual starting material. PhzGeMn(CO)4COMe (0.30 g, 
0.69 mmol) and NaOMe (0.076 g, 1.4 mrnol) were stirred 
in methanol (20 ml) for 24 h. After removal of methanol 
by rotary evaporation the residue was extracted with 
water (20ml) and filtered. Subsequent treatment with 
excess aqueous EkNBr in water precipitated a pale 
yellow oii. The aqueous solution was decanted and-the 
residue washed with water (20 ml). Drying in vacuo over- 
night, and crystallization from acetone-ether yielded pale 
yellow crystals of [cis-Ph2(HO)GeMn(CO)4C(O)Me]- 
[EkNI (0.20 g). 

Results and Discussion 

The Reaction of Ph2GeRe(CO)4COMe with MeLi 
The cyclic complex of empirical formula 

Ph2GeRe(CO)4COMe reacts3 rapidly with a 
slight excess of methyllithium in ether to give a 
lithium acylate presumed to be cis-PhzMeGeRe- 
(C0)4C(OLi)Me. Subsequent treatment with 
Et30BF4 in water yields the novel carbene com- 
plex formulated as ci~-Ph2MeGeRe(C0)4C(OEt)- 
Me. The suggested formulation of the product 

ether 
Ph~GeRe(c0)~cOMe + MeLi - 

is fully consistent with its mass and infrared 
spectra, and with analytical data (see Tables 1 
and 2 and Fig. 1). The attachment of a methyl 
group to germanium in the final product is 
f~~r the r  supported by a lH nmr spectrum, which 
reveals a methyl singlet at T 9.10 (see Table 3). 
This can be compared with values of 7 8.93 and 
T 9.41 respectively for methyl groups bound to 
germanium in the complexes Me2GeRe(CO)d- 
COMe and Me3GeRe(C0)5 (2). Thus, the re- 
action product appears to result from methyl- 
lithium attack at germanium. 

The Reaction of PhzGeMn(CO)4COMe with MeLi 
The reaction of Ph2GeMn(CO)4COMe with 

31n reactions of this type it is not known whether the 
cyclic carbene complexes undergo nucleophilic attack in 
their monomeric or dimeric forms, or both. 
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2560 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1.  Carbonyl stretching frequencies and mass spectral parent ions 

Mass spectral parent ion 
Compound (m/eIa Carbonyl stretching frequencies ( ~ m - l ) ~ J  

a M ~ ~ t  abundant peak of isotope combination pattern of parent ion reported. Parent ions show expected isotope combination patterns. 
"he spectrum, recorded at a source temperature of 45 'C ,  reveals the presence of an impurity of higher molecular weight; the observed spec- 

trum is, therefore, complex. Intense peaks at m / e  597 due to loss of a methyl group from the parent ion, and at m / e  243 due to PhzMeGe+ 
are observed. 

CShows competing losses of carbonyls and a methyl group from the parent ion. Stepwise loss of four carbonyl groups observed. Very intense 
peak at m / e  243 due to PhzMeGe+. 

dRecorded at a source temperature of 85 OC. Spectrum showed competing losses of a fluorine atom and carbonyl groups from the parent ion. 
Stepwise loss of four carbonyl groups observed. At a source temperature of 60 OC spectrum of volatile impurities observed, with the two peaks of 
highest mass at m / e  442 and 454. For that at m / e  442, peaks due to loss of one, three, and five carbonyl groups from this parent can be assigned; 
an intense peak at m / e  247, due to PhzFGe+, further suggests that the peak at m / e  442 might be due to PhtFGeMn(C0)j. The ion at m / e  454 
corresponds to the mass of Phz(MeO)GeMn(CO)s, but this ion shows only the loss of two, three, and four carbonyl groups. 

eCyclohexane solvent for neutral complexes, dichloromethane for salts. 
'Abbreviations: m = medium, s = strong, v = very, sh = shoulder. 

TABLE 2. Analytical data, colours, melting points, and yields 

Analyses (%) 
Melting Calculated Founda 

point CJ- /O 

Compound Colour ("C) yield C H C H 

cis-Ph~MeGeRe(co)~c(OEt)Me White 54-57 44 41.20 3.46 40.19 3.38 
ci~-Ph2MeGeMn(cO)~C(OEt)Me Yellow Oil 28 52.45 4.40 50.55 4.23 
ci~-PhzFGeMn(C0)~C(0Et)Me Colourless 62-64 14 49.54 3.74 49.44 3.95 
[ci~-Ph2MeGeMn(C0)~C(O)Me][Et4N]~ Pale yellow 89-91 2 55.71 6.23 54.36 6.30 
[C~S-P~~(HO)G~M~(CO)~C(O)M~][E~~N]" Pale yellow 98-100 50 53.47 5.87 55.08 5.81 

aC, H, N analyses carried out in duplicate by the Microanalytical Laboratory of this Department (mean value given). 
bcalculated: N, 2.41; found: N, 2.69. 
CCalculated: N, 2.40; found: N, 2.64. 

TABLE 3. 1H nmr data 

Chemical shift (~)a.b 

Compound C-CH3c Ge-CH3c 0-CHz-CH3d 0-CH2--CH3e Solvent 

aRelative to internal TMS at 10 7. Peak integrals consistent with suggested formulations. 
bPh resonance complex multiplet at ca. 2.5-3.0 T in all cases. 
CSinglet. 
dQuartet. 
eTriplet. 
fO-H at 7 5.74 (singlet); N-CHrCH3 at T 6.66 (quartet); N-CHI-CHI at T 8.72 (triplet of triplets). 

methyllithium is rather more complex. The use of above. Repeated attempts have failed to provide 
a 5.5:l mole ratio of MeLi to Ph2GeMn(CO)4- a sample of the highest ailalytical purity, but 
COMe in ether, followed by treatment with infrared and mass spectra, and particularly a 
E t 3 0 B F 4  in water, yields exclusively cis-Ph2Me- lH nmr spectrum have allowed an unan~biguous 
GeMn(CO)K(OEt)Me as a yellow oil, in a structural assignment to be made. The 'H nmr 
reaction analogous to the rhenium case described spectrum reveals a singlet at T 9.05 due to the 
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l I l l l 1 1 1 l l l I 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1  

2.0 3.0 4.0 5.0 6.0 i!O 8.0 9.0 10 

T ' H  

FIG. 2. lH nmr spectrum of ci~-Ph2MeGeMn(Co)~C(OEt)Me in CDCI3. 

methyl group attached to germanium (see Fig. 2). 
The acylate precursor to the final product has 
been isolated in low yield as a tetraethylam- 
monium salt, [ci~-Ph2MeGeMn(C0)~C(O)Me]- 
[Et4N], whose infrared spectrum resembles that 
of the complex [ci~-Ph~GeMn(C0)~C(O)Mel- 
[EtdN] described elsewhere (5). Treatment of 
[cis-Ph2MeGeMn(C0)4C(0)Me][Et4N] with Et3- 
0BF4 in dichloromethane yields cis-Ph2MeGe- 
Mn(C0)4C(OEt)Me. 

If an equimolar quantity of methyllithiuni is 
added to Ph2GeMn(CO)4COMe in ether, infrared 
bands due to three anionic species are observed. 
Most of the infrared bands overlap, but the 
highest energy band of each species is clearly 
visible. These peaks are observed at 2047, 2041, 
and 2029 cm-I in diethyl ether, and that at 2029 
cm-l is known to belong to cis-Ph2MeGeMn- 
(C0)4C(OLi)Me.4 Addition of a less-than- 

equimolar quantity of methyllithium to Ph2Ge- 
Mn(C0)4COMe in ether leaves some unreacted 
starting material and increasingly favours the 
formation of the anions showing bands at 2047 
and 2041 cm-'. The latter peak is always the 
more intense, with the former appearing as a 
shoulder. Upon further addition of methyllith- 
ium these anions are converted into cis-Ph2Me- 
GeMn(C0)4C(OLi)Me. Treatment of the two 
anions with aqueous Et30BF4 yields an impure 
yellow oil, whose infrared and mass spectra 
closely resemble those of a sample of cis- 
Ph2FGeMn(C0)4C(OEt)Me, a novel complex 
whose synthesis by another route is described 
below. 

The Reaction of Ph2Ge Mn(CO)4COMe with 
NaOMe 

The reaction of Ph2GeMn(CO)4COMe with 

4Anionic species with their highest energy infrared 
bands at 2047 and 2041 cm-1 can be generated in diethyl 
ether by the reactions of PhzGeMn(CO).+COMe with 
lithium bromide and lithium methoxide, respectively. 
These anions presumably result from nucleophilic attack 
at germanium. Thus it seems very likely that lithium 

bromide and lithium methoxide are present as impurities 
in the commercial samples of methyllithium used for these 
reactions. A recent paper has described problems arising 
in organic syntheses from the presence of lithium bromide 
in solutions of methyllithium supplied by the Ventron 
Corporation (10). 
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excess sodium methoxide in methanol proceeds 
cleanly, and infrared spectra recorded in dichlo- 
romethane after removal of the methanol solvent 
indicate formation of an anion. If an equimolar 
quantity of sodium methoxide is employed, the 
same anion is produced and some starting 
material remains. Treatment of the anion with 
tetraethylammonium bromide in water does not 
yield [C~S-P~~(M~O)G~M~(CO)~C(O)M~][E~~N], 
but a complex believed to be the first hydroxy- 
germanium - transition metal derivative, [cis- 
Ph2(HO)GeMn(CO)4C(0)Me][Et4N].5 It seems 
feasible that the reaction of sodium methoxide 
with PhzGeMn(CO)4COMe might initially result 
in a methoxygermyl derivative and that sub- 
sequent reaction with water replaces a methoxy 
group by a hydroxy group. 

MeOH 
Ph~GeMn(C0)~coMe + MeONa - 

EbNBr 
[ci~-Ph2(Meo)GeMn(Co)~C(ONa)Me] d 

water 

The presence of an 0-H group in the molecule 
is confirmed by a 'H nmr spectrum in acetone-d6 
which reveals a signal at T 5.74, integrating as 
one proton, which disappears upon treatment 
with D20. An infrared spectrum in Nujol shows 
bands at 3290 and 1570 cm-' assignable to 
v(0H) and v(C-0-). 

The methoxygermyl intermediate postulated 
above, upon treatment with Et30BF4 in water, 
yields the novel carbene complex cis-Ph2FGeMn- 
(C0)4C(OEt)Me. It is of course possible, based 
on the reaction of this same intermediate with 
aqueous tetraethylammonium bromide, that the 
reactive species involved here 

Et30BF4 
[ci~-Ph2(MeO)GeMn(C0)4C(ONa)Me] - 

water 

could be a hydroxygermyl complex generated by 

5The first hydroxysilyl - transition metal complex, 
(11-CsH5)Fe(CO)2SiMe2(OH), was recently prepared in 
this laboratory (1 1). 

reaction with water prior to addition of the 
Et30BF4. It has been shown by Marks and 
Seyam (12, 13) that the B F c  ion can act as a 
fluorine source when AgBF4 is used as a reagent. 
However, it is also possible that impurities in 
the Et30BF4, e.g., HF, might be responsible for 
fluorination of the germanium atom. 

It is apparent from the results described above 
that the reaction products can be rationalized in 
all cases in terms of nucleophilic attack at 
germanium. On the basis of these results it is 
hoped that the reactions of cyclic carbene com- 
plexes with other nucleophiles, both anionic and 
neutral, will yield further interesting products. 
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J. WILLIAM LOWN and S o o - K H ~ N  SIM. Can. J. Chem. 54, 2563 (1976). 
The syntheses of a group of 2-(0-nitropheny1)- and 2-(0-aminopheny1)-5,8-quinolinediones 

which are structurally related to the antitumor antibiotic streptonigrin are described. Am- 
biguities in the position of required nucleophilic displacements are resolved by independent 
synthesis. The rates of single strand cleavage of PM2 ccc-DNA (covalently-closed circular- 
DNA) induced by these compounds are compared, which correlates with antitumor activity. 
The 2-(0-nitrophenyl) derivatives give consistently more rapid DNA cleavage than the 2-(0- 
aminophenyl) compounds. The autoxidations of the dihydroxyquinolines are subject to selective 
catalysis by C U ~ +  ion. 2-(o-Aminophenyl)-7-amino-6-methoxy-5,6-quinolinedione which has a 
substitution pattern most closely resembling streptonigrin also closely parallels the rate of 
scission of DNA of the latter in the presence of NADPH. 

J. WILLIAM LOWN et S o o - K H ~ N  SIM. Can. J. Chem. 54, 2563 (1976). 
On dkrit  la synthkse d'un groupe de (0-nitrophkny1)-2 et (0-aminophkny1)-2 quinolinedione- 

5,8 qui sont reliks d'une fason structurale avec I'antibiotique antitumorale de streptonigrin. 
On a rksolu, par une synthese indkpendante, les ambiguitks relatives B la position des dkplace- 
ments nuclkophiles requis. On compare les taux de rupture des hklices simples de 1'ADN-ccc 
PM2 (ADN circulaire fermk d'une fason covalente) qui sont induites par ces cornposCs; ces 
vitesses sont relikes avec l'activitk antitumorale. Les dCrivks o-nitrophknylks en 2 donnent d'une 
f a ~ o n  systkmatique des coupures plus rapides de I'ADN que les composCs o-aminophknylks en 2. 
L'autooxydation des dihydroxyquinolines est sujette B une catalyse selective par I'ion C U ~ + .  La 
distribution des substituants dans I'(o-aminophkny1)-2 amino-7 mkthoxy-6 quinolinedione-5,6 
est celle qui resemble le plus B celle de la streptonigrin; cette dione donne un taux de scission 
de I'ADN qui est trks parallkle B celui de ce dernier en prksence de NADPH. 

[Traduit par le journal] 

Streptonigrin (SN) 1 is an antitumor antibiotic 
produced by StreptomycesJlocculus (1). It is of 
interest as a potential chemotherapeutic agent 
since it exhibits a broad spectrum of inhibition of 
various tumors e.g. carcinoma 755, sarcoma 180, 
Lewis lung carcinoma, Walker 256 carcinosar- 
coma, Ridgeway osteogenic sarcoma, and certain 
types of lymphomas (2-4). The evidence to date 
indicates streptonigrin has as its principal cell 
target site the nucleic acids and exerts its anti- 
tumor action by extensive degradation of DNA 
causing disruption of the replicative mechanism 
of the cell (5). We recently reported that strep- 
tonigrin in the presence of NADH induces single 
strand scission in PM2 ccc-DNA (covalently- 
closed circular-DNA) by generating superoxide 
anion and hydrogen peroxide (6). The latter react 
together to produce hydroxyl radicals which 

lNRCC Postdoctorate Fellow 1973-1975, National 
Cancer Institute of Canada Postdoctoral Fellow 1975 
to present. 

1 

cleave the DNA by a process strongly reminiscent 
of that induced by ionizing radiation. 

The 5,8-quinolinequinone moiety is the prin- 
cipal structural feature required for antineo- 
plastic activity (6). A series of substituted 5,8- 
quinolinequinones in the presence of NADH 
cleave PM2 ccc-DNA at different rates and a 
good correlation is observed between rate of 
cleavage and percentage tumor weight inhibition 
of Walker carcinosarcoma 256 induced by these 
compounds (7). In continuation of our studies in 
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CHO 

N H 2  O2N 

1 48% HBr 

HBr 

\ 
OH 0 2 N  
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LOWN AND SIM 2565 

this area we report the synthesis of several new 
analogues of the antibiotics bearing a 2-0- 
substituted aryl moiety on the basic 5,8-quino- 
linequinone and an examination of the effects of 
these structural changes on the rate of DNA 
scission. The syntheses of somewhat different 
streptonigrin analogs have been reported but no 
attempt was made to examine their reactions 
with nucleic acids (8, 9). 
2-(0-Nitropheny1)-53-dimethoxyquinoline 4 

was prepared by a modified Skraup synthesis (10) 
condensing 2,5-dimethoxyaniline with o-nitro- 
cinnamaldehyde in the presence of sodium m- 
nitrobenzenesulfonate. Treatment of 4 with 48% 
hydrobromic acid afforded 2-(0-nitropheny1)- 
5,8-dihydroxyquinoline 7 in 40y0 yield. Reaction 
of the latter with hydrogen bromide in the 
presence of sodium bromate (12) effected 6,7- 
dibromination as well as oxidation to the quinone 
to afford 8. This reaction can also be accom- 
plished with bromine in the presence of sodium 
acetate. Treatment of the latter with ammonia in 
methanol afforded a single isomer of 2-(0- 
nitrophenyl) - 6 -amino - 7 - bromo -5,8 - quinoline- 
dione 9. Independent structure proof for the 
position of substitution in 9 is provided below. 

Reduction of the nitro groups in 4 was 
effected with hydrazine hydrate in the presence 
of palladium-on-charcoal to give 2-(0-amino- 
pheny1)-5,8-dimethoxyquinoline 5 in 36% yield. 
Cleavage of the methoxy groups in 5 was effected 
by treatment with 48% hydrobromic acid giving 
2-(0-aminopheny1)-5,8-dihydroxyquinoline 6 in 
72% yield. 

2-(0-Nitropheny1)- 6,7- dichloro-5,8 - quinoline- 
dione 10 was prepared by reaction of 7 with 
hydrochloric acid and sodium chlorate (12) in 
77% yield. Nucleophilic displacement of the 
6-chloro substituent occurred preferentially with 
sodium methoxide in methanol to give 2-(0- 
nitropheny1)-7-chloro - 6 -methoxy-5,s- quinoline- 
dione 11 in 86% yield. As in the case of 9, 
independent structure proof for the position of 
displacement in 11 is discussed below. Reaction 
of 11 with sodium azide in methanol gives 
partial displacement of the chloro substituent by 
azide (13) to afford a mixture of 11 and 12. This 
mixture was more conveniently separated at the 
next reduced stage after hydrogenation over 
platinum oxide. Chromatographic separation 
over silica gel gave pure 2-(0-aminopheny1)-7- 
chloro-6-methoxy-5,s-quinolinedione 14 and 2- 

(0-aminophenyl) -7-amino- 6-methoxy-5,8-quino- 
linedione 15. Although many of the hydro- 
quinone forms were very unstable to air oxida- 
tion some proved to be isolable. Thus reduction 
of the 6,7-dichloro-5,8-quinolinedione 10 with 
sodium dithionite in aqueous tetrahydrofuran 
gave 2-(0-nitropheny1)-6,7-dichloro-5,8-dihyd- 
roxyquinoline 13 in goy0 yield. 

In order to prove unambiguously the orienta- 
tion of the substituents in compounds 9, 11, 12, 
14, and 15, 2-(0-nitrophenyl>6,8-dimethoxy- 
quinoline 17 was prepared by condensation of 
2,4-dirnethoxyaniline 16 and o-nitrocinnamalde- 
hyde in the presence of sodium m-nitrobenzene- 
sulfonate. Oxidation of 17 with nitric acid in 
acetic acid gave 2-(0-nitropheny1)-6-methoxy- 
5,8-quinolinedione 18, in addition to the nitration 
product 2-(0-nitropheny1)-6,8-dimethoxy-5-nitro- 
quinoline 24. The hydroquinone 19 correspond- 
ing to 18 was prepared by dithionite reduc- 
tion at room temperature. With the same 
reagent under refluxing conditions one obtains 
2 - (o - arninophenyl) - 6 - methoxy - 5,8 - dihydroxy- 
quinoline 27 which was readily air oxidized to 
2 - (o - aminophenyl) - 6 - methoxy - 5,8 - quinoline- 
dione 20. Treatment of compound 18 with a 
solution of chlorine in chloroform gave 2-(0- 
nitrophenyl)-6-methoxy-7-chloro-5,8-quinoline- 
dione 11 identical with that produced by nucleo- 
philic substitution of 10. 

The 6-methoxy group in compound 18 could 
be replaced by an amino group by treatment with 
ammonia in methanol affording 2-(0-nitro- 
pheny1)-6-amino-5,s-quinolinedione 21 in 35% 
yield. Catalytic reduction of the latter over 
platinum oxide gave 2-(0-aminopheny1)-6-amino- 
5,8-quinolinedione 23 in 70y0 yield. Treatment 
of 18 with bromine in chloroform gave 2-(0- 
nitrophenyl)-6-methoxy-7-bromo-5,8-quinoline- 
dione 22 in 53% yield and reaction of the latter 
with ammonia in methanol afforded 2-(0-nitro- 
phenyl)-6-amino-7-bromo-5,8-quinolinedione 9 
in 80% yield identical with that formed by 
nucleophilic displacement in compound 8. 
Catalytic reduction of 9 with palladium-on- 
charcoal in the presence of hydrazine hydrate 
afforded 2-(0-aminopheny1)-7 - bromo - 6 -amino- 
5,8-quinolinedione 25. 

Comparison of EfJiciency of Single Strand Scission 
of DNA by Streptonigrin Analogues 

Experiments were performed at 37 "C in 0.05 
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NH2NH2.H20 I W-C 
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LOWN AND SIM 2567 

M potassium phosphate buffer p H  7.0 with 
1-4 X M solutions of substrate in the 
presence of PM2 phage ccc-DNA and a reducing 
agent. The conversion of ccc-DNA to nicked 
circular DNA results in a 30% increase in 
fluorescence intensity of the added intercalative 
dye ethidium bromide, and 100% loss of 
fluorescence after a heating and cooling cycle 
since the strands of the DNA are now separable. 
The basis and techniques of this assay have been 
described previously (6, 11). 

The reaction pathway leading to DNA strand 
scission requires initial reduction of the 5,s- 
quinolinedione (QD) and subsequent reoxida- 
tion with the production of superoxide and 
hydroxyl radicals which then effect strand 
scission (6, 7). 

H+ 
[1I QD + NADH + QDHI + NADC 

[21 QDH2 + 0 2  -+ QDH' + HO2' 

[31 H02' F;t. OZ7 + H' 

In order to examine the effects of substituents in 
the new streptonigrin analogues on the rate of 
DNA cleavage, reaction conditions were selected 
so that (i) reduction of QD was rate limiting 
using NADH or NADPH and (ii) reduction of 
QD was rapid and complete with sodium boro- 
hydride so that oxidation of QDH2 to the 
semiquinone was rate limiting. 

Table 1 compares the rates of DNA cleavage 
for three analogues using the coenzyme NADH 
for reduction. The 6,7-dihalo-5,s-quinoline- 
diones which are more readily reduced cleave 
DNA more efficiently. 

TABLE 1. Rate of cleavage of PM2 ccc-DNA by 
2-(0-nitropheny 1)-6,7-disubstituted-5,8-quinolinediones* 

[Substrate] [NADH] 
Substrate (MI (MI t1/2 (min)? 

6,7-Dichloro 1 x 10-4 2 . 5 ~  10-4 6.5 
6,7-Dibromo 1x10-4 2.5X10-4 8.5  
6-Methoxy-7-chloro 1 X 2.5X loT4 43.0 

*The concentration of PM2 ccc-DNA was 1.0 OD. 
t t ,  ,, represents the time required to produce 50%cleavageof PM2 

DNA. 

Table 2 compares the rate of PM2 DNA 
cleavage for nine analogues under conditions of 
very rapid reduction as shown by the instanta- 
neous discharge of the absorption at 340-380 nm 
characteristic of the 5,s-quinolinedione system. 
Under these conditions the 2-(0-nitrophenyl) 
derivatives give consistently more rapid DNA 
cleavage than the 2-(0-aminophenyl) compounds. 

The 2-(0-aminopheny1)-6-methoxy-7-amino- 
5,s-quinolinedione which approximates most 
closely to the substituent pattern of the parent 
antibiotic is close to SN in reactivity. This be- 
haviour was also found in the simpler substituted 
5,s-quinolinediones (7). Figure 1 shows that the 
rate of cleavage of DNA by this substance (I) 
in the presence of NADPH closely parallels that 
of the parent antibiotic. The small amount of 
cleavage induced by NADPH in the control is 
due to its autoxidation and slow production of 
hydrogen peroxide followed by a Fenton's re- 
action of the latter with traces of metal ions (6). 

Previous studies with simple 5,s-quinoline- 
diones in the presence of reducing agent and 
selected metal ions showed a pronounced 
catalytic effect of Cu2+ on the rate of PM2 strand 
scission and minimal effect due to Co2+. In the 
present work the isolation of a stable 2-(0- 

TABLE 2. Rate of cleavage of PM2 ccc-DNA by (2-aryl)-6,7-disubstituted 
5,8-quinolinediones with sodium borohydride* 

Substrate 
[Substrate] [NaBH4] 

( M )  (ma/ml) 11 12 (min) 

'The concentration of PM2 ccc-DNA was 1.0 OD. 
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TIME (min)  

FIG. 1. Comparison of rates of DNA scission by 
streptonigrin and substituted 5,8-quinolinediones a t  
37 "C in a total volume of 200pl buffered with 0.05 M 
potassium phosphate p H  7.0. Reaction solutions had a 
concentration of 1.0 of PM2 ccc-DNA, 2 mg/ml of 
NADPH and 5% acetonitrile, and 1 X M in the 
indicated 5,8-quinolinequinones; SN = streptonigrin, 
C = NADPH control. 

aminopheny1)-5,8-dihydroxyquinoline allows the 
examination of the effects of selective bidentate 
metal chelation on the rate of DNA scission in 
the absence of a reducing agent. It is seen from 
Fig. 2 that addition of Cu2+ produces a marked 
acceleration of cleavage whereas Co2+ produces 
no increase in the rate and in fact is somewhat 
inhibitory. This result is in keeping with the 
finding that addition of EDTA in the administra- 
tion of streptonigrin inhibits its antitumor 
activity (5). 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The ir spectra were re- 
corded on a Perkin-Elmer 421 spectrophotometer and 
only the principal sharply defined peaks are reported. 
The nmr spectra were recorded on Varian A-60, and 
A- 100 spectrometers employing 10-1 5% solutions in 
CDC13 with tetramethylsilane as an internal standard. 
DMSO-d6 was used for less soluble samples. Line 
positions are reported in ppm from the reference. Mass 
spectra were determined on Associated Electrical In- 
dustries MS-2 and MS-9 double focussing high resolution 

I I I I 
0 10 20 

TlME (min)  

FIG. 2. Single strand scission of PM2 ccc-DNA by 
10-4 M 2-(0-aminopheny1)-5,8-dihydroxyquinoline in the 
presence of metal ions at  37 "C in a total volume of 200 p1 
buffered with 0.5 M potassium phosphate p H  7.0 con- 
taining 1.0 &,, units of PM2 DNA and 5yo acetonitrile. 
Additional components were 0-0 none; 0-0 
2 X 10-4 M cuprous acetate; A-A lo-. M cobaltous 
acetate; [?-• 2 X 10-4 M cuprous acetate or cobaltous 
acetate in the absence of 6.  

mass spectrometers. The ionization energy, in general, 
was 70 eV. Peak measurements were made by comparison 
with perfluorotributylamine at  a resolving power of 
15 000. Microanalyses were carried out by Mrs. D.  
Mahlow of this department. 

Muferiuls 
Ethidium bromide and NADH were purchased from 

Sigma Chemical Co. The NADH was always made up 
fresh in 50 m M  phosphate p H  7.5. The X and PM2 
DNAs were prepared as before. Streptonigrin was ob- 
tained from the U.S. National Cancer Institute, Washing- 
ton, D.C. 

2-(0-Nifropheny1)-5,8-dimefhoxyquinoline (4) 
o-Nitrocinnamaldehyde (35.4 g, 0.2 mol) was added 

over 15 min to a well stirred solution of 30.6 g (0.2 mol) 
of 2,s-dimethoxyaniline and 67.0 g (0.3 mol) of sodium 
m-nitrobenzenesulfonate in 700 ml of glacial acetic acid 
at  60-70'C. The mixture was then heated at 110-1 15' 
for 16 h, then poured over chipped ice. The resulting 
precipitate was collected, taken up in methylene chloride, 
and the organic layer washed successively with water and 
saturated sodium bicarbonate solution and dried (Mg- 
SO4). Concentration of the dried solution gave the crude 
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LOWN AND SIM 2569 

product which was purified by chromatography on 500 g 
of alumina eluting with 2:l hexane - methylene chloride 
affording 2-(0-nitropheny1)-5,8-dimethoxyquinoline 4 as a 
yellow solid, mp 142-144 "C ( log,  15% yield) (from 
methylene chloride - hexane). Anal. calcd. for C17H14N2- 
O4 (mol. wt. 310.0954): C 65.81, H 4.52, N 9.03; found 
(310.0947, mass spectrum): C 65.80, H 4.58, N 8.79. 

The ir spectrum v,,, (CHC13) 1515, 1340 cm-1 (NO2). 
The nmr spectrum sTM, (CDC13) 3.91 (s, 3H, CH30), 
3.98 (s, 3H, CH30), 6.88 (dd, 2H, H6, H7, J = 8 Hz), 
7.2-8.1 (m, 5H, aromatic), 8.63 (d, lH,  H4, J34 = 8 HZ). 

2-(0-Nitropheny1)-5,8-dihydroxyquinoline (7) 
A solution of 500 mg (1.6 mmol) 2-(0-nitropheny1)-5,8- 

dimethoxyquinoline in 14 ml of 487, hydrobromic acid 
was heated under reflux for 5 h and then cooled. The 
black precipitate was removed by filtration and the filtrate 
neutralized with sodium hydrogen carbonate solution. 
The yellow precipitate was collected and dried giving 
2-(0-nitropheny1)-5,8-dihydroxyquinoline 7 as a yellow 
solid, (200 mg; 40Yo yield). The mass spectrum showed a 
molecular ion peak at 282. Since purification resulted in 
substantial loss of material, the crude 7 was used im- 
mediately to prepare the 6,7-dihalo-5,8-quinolinediones. 

Method (i) 
To a solution of 1.48 g (5 mmol) of 2-(0-nitropheny1)- 

5.8-dihydroxyquinoline in 20 ml of glacial acetic acid was 
added 200mg of sodium acetate followed by 800 mg 
(5 mmol) of bromine. After stirring at room temperature 
overnight the mixture was diluted with water and the 
resulting precipitate collected. The product was purified 
by chromatography on Florisil eluting with methylene 
chloride giving 2-(0-nitropheny1)-6,7-dibromo-$8-quino- 
linedione 8 as a yellow solid, mp 224-225 "C (1.1 g, 50Yo 
yield) (from ethyl acetate). Anal. calcd. for C15H6N204Br2 
(mol. wt. 435.9633): C41.10, H 1.37, N 6.39, Br 36.53; 
found (435.9603, mass spectrum): C41.20, H 1.44, 
N 6.54, Br 36.73. 

The nmr spectrum hTMS [(CD3)2SOl 7.86 (m, 3H, 
aromatic), 8.10 (m, IH, aromatic), 8.16 (d, lH, H3, 
Jd3 = 8 HZ), 8.56 (d, lH,  H4, = 8 HZ). The absorp- 
tion spectrum A,,, (CH3CN, C, 4.6 X 10-5 M) 345 nm 
(E 2600), 300 nm ( e  4400). 

Method (ii) 
Sodium bromate (200 mg) was added to a solution of 

1 g (3.6 mmol) of 2-(0-nitropheny1)-5,8-dihydroxyquin- 
oline 7 in 50 ml of 48% hydrobromic acid. After warming 
on the steam bath for 5-10 min, the mixture was set aside 
at room temperature overnight. It was diluted with water, 
neutralized with sodium hydrogen carbonate, and ex- 
tracted with ethyl acetate. Concentration of the solution 
deposited 8 as a yellow solid, mp 224-225 "C (0.68g, 
50% yield). 

2-(o-Nitrophenyl)-6,7-dichloro-5,8-quinolinedione (10) 
Sodium chlorate (2 g) was added to a suspension of 

1.0 g (3.5 mmol) of crude 2-(o-nitropheny1)-5,8-dihydroxy- 
quinoline in 5 ml of concentrated hydrochloric acid at 
0-5 "C. After stirring for 24 h at room temperature crude 
10 was collected as a yellow solid, 950 mg (777, yield). 
The analytical sample was obtained by chromatography 
on silica gel eluting with 1 :1 methylene chloride - hexane, 

mp 231-233 "C. Anal. calcd. for C1SH6N204C12: C 51.58, 
H 1.72, N 8.02, C1 20.35; found C 51.36, H 2.06, N 7.75, 
C120.11. 

The ir spectrum v,,, (Nujol) 1690,1670 (C=0), 1525, 
1370 cm-1 (NO2). The nmr spectrum STMB [(CD3)*SO] 
7.86 (m, 3H, aromatic), 8.08 (m, lH, aromatic), 8.19 (d, 
IH, H3, J43 = 8 HZ), 8.59 (d, lH, H4, Jj4 = 8 HZ). The 
absorption spectrum Amax (CH3CN, C, 2.8 X 10-5 M), 
340 nm (E 3200), 290 nm (E 24 000). 

(a)' sodium methoxide in methanol (0.6 ml of 1 M) 
was added to a solution of 210 mg (0.6 mmol) 2-(0- 
nitropheny1)-6,7-dichloro-5,8-quinolinedone 10 in 40 ml 
of cold methanol. The solution was stirred at room tem- 
perature for 1 h and the solvent was evaporated. The 
residue was taken up in methylene chloride, washed with 
water, and the solution concentrated to 20 ml. Upon 
addition of hexane compound 11 deposited as yellow 
crystals, mp 180-182 "C (180 mg, 86% yield). 

(b) Alternatively, to a cold solution of 160mg (0.5 
mmol) 2-(0-nitropheny1)-6-methoxy-5,8-quinolinedione 18 
in 30 ml of chloroform was added 46 ml of cold chloro- 
form saturated with chlorine. The solution was kept at 
0-5 "C for 2 h. The solvent was removed in ~ a c l ~ o  and 
the residue recrystallized from methanol to give 11 as 
yellow crystals, mp 179-181 "C (144mg, 847, yield). 
Mixture melting point with the product prepared from 
2-(o-nitrophenyl)-6,7-dichloro-5,8-quinolinedione showed 
no depression. Anal. calcd. for C16H,N205C1 (mol. wt. 
344.0197): C55.73, H2.61, N8.13, C1 10.31; found 
(344.0194, mass spectrum): C 55.50, H 2.56, N 7.88, 
C1 10.99. 

The nmr spectrum sThrS [(CD3)2SO] 4.75 (s, 3H,CH30), 
7.84 (m, 3H, aromatic), 8.10 (m, lH, aromatic), 8.13 (d, 
IH, H3, J 4 3  = 8 HZ), 8.50 (d, IH, H4, Jj4 = 8 HZ). The ir 
spectrum v,,, (Nujol): 1665 (C=O), 1525 cm-1 (NO2). 
The absorption spectrum A,,, (CH3CN, C, 5.6 X 10-5), 
340 n m  ( E  2000), 290 nm (E 18 000). 

2-(o-Amirzoplret1yl)-7-amit10-6-metl1oxy-5,8-y1~inolinedione 
(15) and 2-(o-Amitzop/rer~yI)-7-cl1loro-6-metl1oxy- 
5,8-ql~inolitzedione (14) 

Sodium azide (200 mg, 3 mmol) was added to a solution 
of 200mg (0.58 mmol) of 2-(0-nitropheny1)-7-chloro-6- 
methoxy-5,8-quinolinedione 11 in 10 ml of methanol and 
the mixture stirred at room temperature for 12 h. The 
solvent was evaporated and the residue recrystallized 
twice from methylene chloride - hexane to give 26 mg of 
2-(o-nitrophenyl)-7-azido-6-methoxy-5,8-quinolinedione 
12 as red crystals, mp 133-135 "C. 

The ir spectrum v,,, (Nujol) 1640, 1665 (CO), 1520 
(NO2), and 2010cm-1 (N3). The nmr spectrum BThlS 
[(CD3)2SO] 4.08 (s, 3H, CH30), 7.84 (m, 3H, aromatic), 
8.10 (m, lH, aromatic), 8.12 (d, lH, H3, J43 = 8 HZ), 
8.46 (d, lH, H4, J34 = 8 HZ). 

The mother liquor from the above recrystallization was 
evaporated to dryness. The residue was taken up in 
methanol and hydrogenated over 30 mg of platinum oxide 
at room temperature and I atm pressure for 2 h. The 
catalyst was removed by filtration, the solvent evaporated, 
and the residue purified by chromatography on silica gel, 
eluting with chloroform to give two products. 
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LOWN AND SIM 2571 

calcd. for Cl5H9N3O4 : 295.0593 ; found (mass spectrum): 
295.0597. The absorption spectrum A,,, (CH3CN, C, 
2 X 10-5 M), 420 nm (E 2200), 280 nm (E 45 000). 

2-(o-Aminop/zenyl)-6-amitro-5,8-qrrit1olit1ediotze (23) 
A solution of 40 mg (0.14 mmol) of 2-(0-nitropheny1)- 

6-am1no-5,8-qu1noline 21 in methanol was hydrogenated 
over 10 mg of platinum oxide at room temperature and at 
atmospheric pressure for 1 h. The catalyst was removed 
by filtration and the filtrate upon concentration deposited 
26mg (70% yield) of 23 as a reddish solid, mp 220 "C 
(dec.). Mol. Wt. calcd. for Cl5Hl1N3O2: 265.0851; found: 
265.0848. The ir spectrum v,,, (CHC13) 1670 (C=O). 
3400, 3500 cm-1 (NH2). 

2-(o-Aminopheny1)- 7-bromo-6-arnit~o-5,8-q11it1oIrt1ediot1e 
(25) 

To a solution of 50mg (0.13 mmol) of 2-(o-nitro- 
phenyl)-7-bromo-6-amino-5,8-quinolined1one 9 in 20 ml 
of methanol at 60 "C was added 20 mg of pallad~um-on- 
carbon catalyst, followed by 0.1 ml of hydraz~ne hydrate. 
After refluxing for f h the catalyst was collected and the 
solvent evaporated. The residue was chromatographed on 
Florisil eluting wlth 1% methanol in methylene chloride 
giving 10 mg (23y0 yield) of 25 as a purple solid, mp 
243-245 "C. Mol. Wt. calcd. for C15HION302Br: 342.9802; 
found: 342.9803. 

2-(o-Ami~zop/zenyl)-5,8-din1et/rox~quitroli~re (5) 
In a similar manner to that described for 25, a solution 

of 1.55 g (5 mmol) of 2-(0-nitropheny1)-$8-d~methoxy- 
quinollne 4 in 100 ml of ethanol was treated with 20 mg 
of palladium-on-charcoal and 1 ml of hydraz~ne hydrate 
and heated under reflux for f h. The catalyst was removed 
by filtration and the solvent evaporated. The residue was 
chromatographed through alumina eluting with 2:l 
hexane - methylene chloride to give 510 mg (36% yield) 
of 5 as a pale yellow solid, mp 130-131 "C (from meth- 
ylene chloride - hexane). Atral. calcd. for C1,H,N202 
(mol. wt. 280.1212): C 72.86, H 5.72, N 10.00; found 
(280.1206, mass spectrum): C 72.59. H 5.70, N 9.92. 

The ir spectrum v,,, (CHCI3) 3240,3470 cm-1 (NH2). 
The nmr spectrum dTMS (CDCI,) 3.87 (s, 3H, CH30), 
3.95 (s, 3H, CH30), 6.38 (br s, 2H, NH2), 6.53-7.85 (m, 
6H, aromatic), 7.86 (d, lH, H3, J 4 3  = 8 Hz), 8.50 (d, lH, 
H4, Jjq = 8 HZ). 

2-(o-Aminoplretryl)-5,8-dilzydrox~q~rit1oIine (6) 
A solutlon of 400mg (1.43 mmol) of 2-(0-amino- 

pheny1)-5,8-dimethoxyqu~noline 5 in 12 ml of 48y0 
hydrobromic acid was refluxed for 5 h under N2. The 
solution was d~luted w~th water and neutral~zed with 
sodium bicarbonate solution. The resulting precipitate 
was collected and recrystallized from ethanol givlng the 
hydrobromide salt of 6 as a yellow solid, (350 mg, 72% 
yield) mp 240 "C (dec.). Anal. calcd. for CI5Hl3N2O2Br: 
C 54.05, H 3.90,N 8.41, Br 24.03; found: C 53.94, H 4.08, 
N 8.15, Br 24.31. 

The free amine was obta~ned by dissolving the hydro- 
bromic acid salt in methanol and treating with an 
equimolar quantity of sodium acetate in methanol. 
Addition of water precipitated the free amine as a brown 
solid mp 190 "C (dec.). Mol. Wt. calcd. for C15H12N202: 
252.1 108; found (mass spectrum): 252.1 108. 

The nmr ~ p e c t r u m 6 ~ ~ ~ ( C D ~ O D ) 7 . 0 0  (AB quartet, 2H, 

H6, H7, J6, = 8 Hz), 7.48 (m, 3H, aromatic), 7.92 (m, 
lH, aromatic), 8.04 (d, lH, H3, Jj4 = 8 Hz), 8.84 (d, lH, 
H4, J34 = 8 HZ). 

Preparation of Hjdroqrritlotres from Qliitzotres 
A solution of the 5,8-quinolinediones in tetrahydro- 

furan was treated with an aqueous solution of sodium 
dithionite and stirred at room temperature for 1 h. The 
tetrahydrofuran was removed it1 cacrro and the residue 
extracted with methylene chloride. The 5,8-dihydroxy- 
quinoline was then precipitated by addition of hexane. 

New compounds prepared by this procedure: 
(i) 2-(0-Nitropheny1)-7-chloro-6-methoxy -5,X-dihy- 

droxyquinoline 26 in 80% yield, mp 192-195 "C. Mol. Wt. 
calcd. for C16HllN205Cl: 346.0351; found (mass spec- 
trum) : 346.0351. 

(ii) 2-(o-Nitropheny1)-6-methoxy -5,8-dihydroxyquin- 
oline 19 in 75% yield, mp 205-208 "C. Atral. calcd. for 
CI6Hl2N2O5 (mol. Wt. 312.0745 : C 61.54, H 3.85, N 8.98; 
found (3 12.0746, mass spectrum) : C 61 38,  H 4.14, N 
8.82. 

(iii) 2-(o-Nitrophenyl)-6,7-dichloro-5,8-dihydroxyquin- 
oline 13 in 90% yield mp 190-192 "C. Mol. Wt. calcd. for 
CI5HsN2O4Cl2: 349.9861; found: (mass spectrum): 
349.9819. 

(iu) 2-(o-Aminopheny1)-6-methoxy-5,8-dihydroxyquin- 
oline 27. This compound was prepared by refluxing a 
solution of 2-(o-nitropheny1)-6-methoxy-5,8-quinoline- 
dione 18 with sodium dithionite in tetrahydrofuran for 
3 h. The crude product was recrystallized from methanol 
giving 60% yield of a purple solid mp 225-227 "C. 
Mol. Wf. calcd. for Cl6HI4N2o3: 282.1004; found (mass 
spectrum): 282.1002. The absorption spectrum A,,, 
(CH3CN, C, 2.5 X 10-5 M) 470 nm (E 10 000). 360 nm 
(e 3100), 290 nm ( 6  20 000). 

General Proced~rre for tlre Detertnitzatiotr of Cleacage of 
PM2 ccc-DNA wit11 5,8-quit1olitreq~rit1otres 

The 5,8-quinolinequinones were added as a 2 m M  
solution in acetonitrile and PM2 DNA as an aqueous 
solution. Reaction mixtures were buffered with 1 M 
potassium phosphate buffer at pH 7.0. The quinoline- 
quinones were reduced in the reaction solutions by an 
aqueous solution (2 mg/ml) of NADH or sodium boro- 
hydride (10 mg/ml). 

Exueriments were uerformed at 37 "C in a total volume 
of 260 PI buffered wi'th 0.05 M potassium phosphate, pH 
7.0. Reaction solutions had concentrations of 1.0 OD260 
units of PM2 DNA, 2 X M of quinolinequinone, 
and 0.4 mg/ml of NADH. Aliquots (20 PI) were removed 
at timed intervals and analyzed by the fluorescence assay 
described previously (6, 11). The conversion of PM2 
ccc-DNA to nicked circular DNA results in a 30% 
increase in fluorescence intensity in the alkaline ethidium 
assay solution, and 100% loss of fluorescence after a 
heating and cooling cycle since the strands of DNA are 
now separable. 

A control reaction mixture prepared as above but con- 
taining no quinolinequinone was run with each experi- 
ment. Analysis of the control reaction showed constant 
fluorescence and approximately 90% return of fluores- 
cence after heating in each case. These results were iden- 
tical to those obtained by analyzing a pure aqueous solu- 
tion of PM2 DNA by the same fluorescence assay. 
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Carbon kinetic isotope effects in the oxidation of oxalate by 
permanganate in aqueous solutions of sulfuric acid 
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ROBERT H. BETTS and WAYNE D. BUCHANNON. Can. J. Chem. 54, 2573 (1976). 
Fractionation of the carbon isotopes occurs during the oxidation of oxalate by permanganate 

in aqueous sulfuric acid. The isotope effect, expressed as kI2/kl3, rises from near unity in the 
very early stages of the reaction, to reach a value of 1.037 k 0.001 after completion of the 
induction period. Addition of fluoride prolongs the induction period, and reduces the isotope 
effect to values near 1.000. These observations are consistent with there being two essentially 
independent paths for formation of carbon dioxide. The first, operative in the early stages, 
involves rate-controlling electron transfers from Mn(V1) or Mn(1V) to the oxalate ion, while 
the second involves oxidative decomposition of an  oxalate complex of Mn(III), for which the 
rate-controlling step is C-C bond rupture. 

ROBERT H. BETTS et WAYNE D. BUCHANNON. Can. J. Chern. 54, 2573 (1976). 
11 se produit une fractionnement des isotopes de carbone durant l'oxydation del'oxalate par le 

permanganate en solution aqueuse d'acide sulfurique. L'effet isotopique, exprimt sous forme 
de k12/kI3, augmente d'une valeur pratiquernent Cgale a l'unitt au tout dCbut de la rkction 
jusqu'a une valeur de 1.037 + 0.001 une fois que la ptriode d'induction est complette. L'addi- 
tion d'ions fluorures prolongelapkrioded'induction et rtduit l'effet isotopique B des valeurs prks 
de 1.000. Ces observations sont en accord avec l'existence de deux chemins essentiellement 
indtpendants pour la formation du dioxyde de carbone. Le premier qui agit au debut de la 
rtaction implique un transfert d'klectron du Mn(V1) ou Mn(IV) vers l'ion oxalate dans l'ttape 
dtterminante de la rkaction alors que le deuxieme chernin implique la dkomposition oxydante 
du complexe oxalate de Mn(II1) pour lequel l'ttape dkterminante est la rupture du lien C-C. 

[Traduit par le journal] 

Introduction 
The oxidation of oxalate to C 0 2  by per- 

manganate has been the subject of many studies, 
well summarized by Noyes (1) and by Adler and 
Noyes (2). While there have been several more 
recent publications confirming or elaborating 
points of the mechanism (3, 4), the definitive 
study appears to be that of Adler and Noyes, 
published 20 years ago. As is well known, the 
reaction has the overall stoichiometry: 
5C2042- + 2Mn04- + 16H+ + 

l o c o 2  + 2Mn2+ + 8H20  

The reaction is characterized by an induction 
period, the extent of which is rather variable, 
followed by a much faster process. There is 
general agreement that the rate-controlling step 
in the latter stage involves the oxidative de- 
composition of 1 : 1, 1 :2, or 1 :3 Mn(II1) oxalate 
chelates (here illustrated for the 1 : 1 complex [I]). 

[I] + Mn(l1) + C 0 2  + Cot: 
O=C--C=O 

Noyes (2) adduces evidence to support the 
proposal that in the initial stage, quite different 
(and slower) processes are involved in the 
formation of C02.  These require a two-electron 
transfer to Mn042- (Mn(V1)) from oxalate, and 
also a similar process involving Mn(1V): 

and 

In this paper, we report measurements of 
12C/13C isotope effects which support the 
mechanism outlined by Adler and Noyes (2). A 
much earlier study (5) of this aspect showed that 
12C02 is formed in preference to l3CO2(kl2/k13 = 

1.017-1.030) but the effect was somewhat ir- 
reproducible. The addition of Mn(I1) to the 
reaction mixture, which minimizes the induction 
period, gave values of kI2/kl3 in the range 
1.032-1.036 (5). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Isotope effects for oxidation of 0.05 M oxalate with 0.02 M KMn04* 

Fraction of k12lk133 

oxalate reacted? Run 1 Run 2 Run 3 Run 4 

*The data in the table may be converted to percentage isotope effect by the expression: % isotope 
effect = (klllk13 - 1) 100, e.g., the first entry would be 2.9%, and similarly for the other entries. 

tAll solutions were initially 0.05 M NazCzO,, 0.9 M H~SOI, a t  2 OC, and maintained air free a t  all 
times. 

ZAverage of last 16 entries = 1.0369 + 0.0010 (s.d.). 

Experimental k12 
12C12C042- + 212C02 

Analytical reagents were used without further purifica- 
tion. The water used was doubly distilled. The same source kl3 
of reagents (Na2C204, H2SO4, KMnO,,) was used in all 12C13C042- + I2CO2 + l3CO2 
experiments. In addition, t o  minimize the effect of 
variable amounts of Mn(lI), a fresh batch of aqueous We have the 'pecies '3C2042-' Runs 
permanganate was prepared for each experiment. to 3 in Table 1 were made to determine the 

Sufficient Na2C204 was added to 0.9 M H2S04 to give degree of reproducibility of the measurements, 
0.05 MNa2C204. This solution was thoroughly out-gassed with the addition that in run 3, measurements 
under vacuum, and maintained thereafter at  2 'C. Suc- 
cessive known volumes of 0.02 M aqueous KMn04  (pre- were made on samples taken to a greater extent 
viously standardized with Na2C204) were added to  the of reaction. Run 4 is essentially a 
oxalate- sulfuric acid solution. All the carbon dioxide the earlier runs. exce~ t  that the first sam~les  
evolved for each add~tion of KMn04 was collected 
separately by vacuum transfer before the next batch of 
KMn04 was added. In each case, the collected CO: was 
purlfied for mass analysis by suitable vacuum transfers. 

The reference C 0 2  for mass analysis was prepared by 
complete conversion of a sample of the same batch of 
Na2C204 to C 0 2  by reaction with excess KMnO,. The 
13C/I2C ratio was obtained from measurement of the 
abundance of mass 45 (13C160160) relative to  the sum of 
the abundances of masses 44 + 46 + 47 + 48. A Varian 
Mat GD-150 isotope ratio mass spectrometer was used. 
Correction for the contr~bution of 1 7 0  (as 12C160170) to 
the mass 45 abundance was made assuming a random 
distribution of oxygen isotopes amongst the species con- 
cerned. 

Results 

The results are summarized in Table 1. The 
kinetic isotope effect is expressed as the ratio: 
kI2/k13 for the processes1 

1As a very satisfactory approximation, kl2/kJ3 = 
R,/Rs, where R, = ratio ~ 2 C ~ 6 0 2 / ~ 3 C 1 6 0 ~  in the sample, 

were taken nearer the start of the reaction. 
The reproducibility of the data is very satis- 

factory. For example, as shown in the footnote 
to Table 1, the average of the last 16 entries (all 
for conversions >0.5%) gives kI2/kl3 = 1.0369, 
with a standard deviation of 50.0010. The 
reproducibility of the values of kI2/kl3 deter- 
mined within a run is considerably better than 
this, e.g. ,  for run 3, the average of the last seven 
values (covering the range of oxidation from 
1.0% to 3.0y0) is 1.0370 5 0.0001 (s.d.). 

Table 1 shows that for each run, the value of 
k I 2 / k 1 3  rises appreciably as the reaction proceeds, 
and then levels off after -0.5% of the oxalate is 

and R, = corresponding ratio for reference sample. The 
R values were obtained from the measured ratio: mass 
45/(mass (44 + 46 + 47 + 48)), assuming random dis- 
t r ib~~t ion of the oxygen isotopes. Allowance was made, 
where required, for the relative depletion of 12C in the 
remaining oxalate as the reaction proceeded. 
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consumed. This conclusion is strengthened by a 
comparison of the data for one run with those 
for other runs, e.g., the average of the first two 
results for run 4 is in quantitative agreement with 
the first result in each of the other three experi- 
ments. Similarly, the third entry for run 4 falls 
satisfactorily between the first and second entries 
for the other runs. 

Discussion 
As pointed out above, this reaction is charac- 

terized by an induction period, which for the 
conditions used here, extends to -0.5% con- 
version of oxalate. The evidence previously cited 
establishes very clearly that the rate-controlling 
step after the completion of the induction period 
is the decomposition of a Mn(II1)-oxalate com- 
plex (eq. 1 above), this process being followed by 
a rapid reaction of the COz7 thus formed with 
Mn(II1). The trivalent Mn(II1) complexes in- 
volved are relatively stable, and can be observed 
directly by conventional spectrophotometry, the 
equilibrium constant for formation of Mn- 
(C204)33- from Mn(C204)2- + C2042- having 
been determined in this way (2, 6).  

We feel it reasonable to ascribe the value of 
k12/k13 = 1.0370 to the process shown in [l] 
above, which involves C-C bond rupture, 
accompanied by intramolecular electron transfer. 

On the other hand, the rate-controlling steps 
for formation of C02 in the induction period 
appear to be quite different. The initiating step is: 

The rate constant for reaction 4 is quite favour- 
able (3), but the intrinsic rate of this step is 
limited initially by the very low concentration of 
Mn(I1). Moreover, this reaction does not itself 
involve oxidation of oxalate to C02. According 
to Noyes (2) reactions 2 and 3 are responsible 
for C02 production at this stage. As the overall 
reaction proceeds through the induction period, 
the concentration of Mn(I1) increases, via the 
concurrent processes: 

and 
Mn(1V) + Mn(I1) + 2Mn(III) 

followed by reaction 1. As these conditions devel- 
op, the process responsible for C02 formation 
will become, predominantly, that shown in [I]. 

We have then, according to this analysis, two 
kinds of processes, with markedly different rate- 
controlling steps, for the production of C02. 
The first, in the earlier stages, involves two- 
electron transfers from oxalate to Mn(V1) or 
Mn(IV), while the second involves C-C bond 
rupture with concomitant single electron transfer 
within the Mn(II1)-oxalate complex. Of course, 
one would not expect an abrupt transition from 
one mechanism to the other, or indeed, even in 
the induction period, the presence of only one of 
these processe~.~ 

Our data support these general conclusions. 
We would expect the electron transfer processes 
(eqs. 2 and 3) to show very little or even zero 
difference in the rate constants for reaction of the 
isotopic species 12C2042- and 12C13C042-. On the 
other hand, the process indicated by [l] allows 
the full development of isotopic discrimination. 
Certainly the value of kI2/k13 = 1.037 is typical 
of carbon isotope effects for processes in which 
C-C bond rupture is rate-controlling (8). 

We conclude therefore that formation of C02 
during the induction period proceeds, at least in 
part, by processes 2 and 3, with increasing con- 
tribution from process 1 as the reaction proceeds. 
These conclusions have led us to examine 12C/ 
13C fractionation for other processes, involving 
decomposition of oxalate to C02, for which one 
may reasonably expect C-C bond rupture not 
to be rate-determining. In a subsequent publica- 
tion, we describe such a process, involving 
photolysis of the Fe(II1)-oxalate complex in 
aqueous solution (9). 

Acknowledgment 
Financial support by the National Research 

Council of Canada is gratefully acknowledged. 

21t is known (7) that addition of fluoride (as NaF) 
prolongs the induction period indefinitely, presumably by 
fluoride competing successfully with oxalate for Mn(III), 
and thereby inhibiting or stopping reaction 1. However 
it is not obvious that fluoride should inhibit reaction 2, as 
it involves Mn042- reacting with C2042-. We have 
accordingly done one further experiment, not shown in 
Table 1, in which a large excess of NaF was added 
initially. We found that the induction period was indeed 
proloi~ged indefinitely. More importantly, the C02 which 
continues to be formed slowly had initially an isotopic 
composition corresponding to kI2 /k l3  = 0.997 to 1.008. 
This result provides a striking confirmation of the 
hypotheses outlined in the body of this paper. 
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The dependence on wavelength of 13C isotope effects in photolysis 
of aqueous solutions of ferric oxalate 
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ROBERT H. BETTS and WAYNE D. BUCHANNON. Can. J. Chem. 54, 2577 (1976). 
The formation of carbon dioxide by photolysis of aqueous solutions of ferric oxalate is 

accon~panied by carbon isotopic fractionation. 12C appears preferentially in the evolved C02, 
but the isotope effect depends markedly on the wavelength of the light used. Fractionation is 
essentially zero (k12/k13 = 1.001) at 366 nm, and increases with wavelength, reaching 1.050 at 
520 nm. It is proposed that this variation of isotopic discrimination arises from the differing 
properties of the excited levels formed by photochemical activation. 

ROBERT H. BETTS et WAYNE D. BUCHANNON. Can. J. Chem. 54, 2577 (1976). 
La formation du dioxyde de carbone par photolyse de solutions aqueuses d'oxalate ferrique 

est accompagn6e par une fractionnement isotopique du carbone. I1 semble que le '2C02 apparait 
d'une f a ~ o n  prefkrentielle; toutefois l'effet isotopique dCpend d'une f a ~ o n  marquk sur la 
longueur d'onde de la lumiere utilisee. A 366 nm, la fractionnement est pratiquement zero 
(kl2/kI3 = 1.001); toutefois il augmente avec la longueur d'onde et atteint 1.050 h 520 nm. 
On propose que la variation dans la discrimination isotopique provient de propriktes diffkrentes 
au niveau excite form6 par une activation photochimique. 

[Traduit par le journal] 

Introduction 
Aqueous solutions of ferric oxalate are widely 

used for chemical actinometry (l,2). The usually 
accepted description of the photochemical pro- 
cess is: 

[I1 [Fe(III) (C204)313- f hv --t [Fe(II) (C204;) (C204)213- - Fe(I1) + C204: + 2C2042- 

followed by: 

[21 C204: + Fe(1II) + Fe(I1) f 2C02 

The overall reaction is thus: 

[3] 2[Fe(III) (C204)3]3- + hv + 

2Fe(II) + 2C02 + 5C2042- 

The quantum yield for decomposition of the 
oxalate ion varies gradually with wavelength, 
from 0.64 at 250 nm to 0.46 at 470 nm, and then 
drops rapidly to 0.03 at 545 nm, and is essentially 
zero at wavelengths beyond 580nm (2).l As is 
implied by [3], the quantum yield for formation 
of Fe(I1) is exactly twice as large as that for de- 
composition of the oxalate ion. 

Porter et al. (3) have discussed the nature of 
the photoabsorption and the events which follow. 

'Other data are given in column 4 of Table 1, and these 
are from ref. 2. 

They suggest that the intense ultraviolet absorp- 
tion band, which extends with diminishing 
intensity into the visible, represents an electron 
transfer event associated with the first step in [ I ]  
above. The subsequent fate of the species [Fe(II) 
(C204:) (C204)2]3- includes primary dissociation : 

followed by reaction 2 of the radical ion CzO4'. 
There is also the possibility that C2047 might 
dissociate within the primary cage to C02 and 
COz7, i.e., prior to the diffusion separation pro- 
cess implied by [4]. This would be followed by 
electron transfer from the species C027 to a - 
second Fe(II1) complex (4). 

In addition to these pathways, there must be 
other very fast internal conversion processes to 
allow the primary photoexcited species to return 
to the ground state without chemical decomposi- 
tion. Presumably these involve some form of 
vibrational relaxation since fluorescence activity, 
if present at all, is very weak (3). 

Porter (3) is of the opinion that the much less 
intense absorption band at longer wavelengths 
involves ligand field excitation, in contrast to 
electron transfer at short wave lengths. Absorp- 
tion in this band involves promotion of an 
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electron from a nonbonding to an anti-bonding 
orbital. Because this process also leads to photo- 
decomposition (albeit with much lower quantum 
efficiency), Porter suggests that there may be 
radiationless transitions from the ligand field 
states to charge transfer states, followed by 
chemical decom~osition. 

Our interest in these processes arises from a 
recent study of 13C isotope effects in the chemical 
oxidation of oxalate to C 0 2  by aqueous KMn04 
(5). It occurred to us, as a result of speculations 
about the mechanism described in ( 9 ,  that a 
rate-controlling step which led ultimately to 
decomposition of oxalate, but which did not 
involve C-C bond breakage, might well be ex- 
pected to show a small or even zero 13C isotope 
effect. For example, if every photoexcited oxalate 
ion decomposed to C02, then one would expect 
13C isotope effects to be zero, apart from dif- 
ferences in the optical spectrum of the isotopic 
species. In general, such differences undoubtedly 
exist, but must be extremely small, especially for 
species dissolved in a condensed phase, and 
exposed to light which, as in the present work, is 
not markedly monochromatic. It was also 
thought of interest, in view of Porter's descrip- 
tion (3) of the light absorption processes, to 
determine whether or not 13C isotope effects vary 
with the wavelength of the exciting radiation. 

Experimental 
K3Fe(C204),.3H20 was prepared by the method of 

Hatchard and Parker (2). Sufficient of this compound was 
dissolved in 0.25 M to give a solution 0.012 M 
Fe(II1). Air-free solutions were exposed to light of the 
desired wavelength, and the C02 produced was collected 
by vacuum transfer, dried, purified, and its isotopic com- 
position determined as described previously (5). In each 
case less than 17, decomposition of the oxalate occurred, 
so that no correction was made for possible changes in the 
isotopic composition of the remaining material. A sample 
of the original K3Fe(C20,), . 3H20 was converted quanti- 
tatively to C02 with excess KMn04, and the recovered 
C02 used as a reference standard for isotopic comparison. 

Two light sources were used. For all wavelengths 
except 366 nm, the source was a 500 W CZX DAB lamp 
with three focussing lenses, and with a 2.5 cm water filter 
between the last two lenses. The output from this assembly 
was intercepted by a Jena interference wedge mounted 
1 cm from the last lens, with the vessel containing the 
oxalate solution 5 cm from the wedge. The wedge setting 
was changed as required to produce the desired wave- 
length. The spectral distribution for each setting of the 
wedge was determined using a Zeiss PMQ I1 spectro- 
photometer. The band width (i.e., the full width at half 
maximum intensity) was 24 nm for all wavelengths shown 

TABLE 1. 13C isotope effects in photolysis of 
ferric oxalate solutions 

x (nm) 13C/12C* kI2/kl3t Quantum yieldf 

0.01 1205 (Reference COX) 

T = 1 9 * l o C  

*"C/"C is ratio of isotope abundance in CO2 produced. 
tk12/k13 = (12C/13C)~am~~e/(12C/13C)ref. 
$Quantum yields by interpolation of the data in ref. 2. These 

values uncertain by - 0.02. Average of five entries for 403 nm for 
k l~ /k13  = 1.0163 f 0.0014. 

in Table 1 (except for the 366 nm source). There was 
negligible output of wavelengths extending more than 
+ 20 nm on each side of the peak. 

The light source for the irradiations at 366 nm was a 
200 W 901B Hanovia Hg-Xe lamp with suitable power 
supply and filters. An analysis with the Zeiss spectro- 
photometer of the radiation used from this source showed 
it to be 366.5 nm, with a band width of 1.6 nm. 

Results 
Table 1 summarizes the results of this in- 

vestigation. The reproducibility of the data may 
be judged from the fact that the five measure- 
ments shown for 403 nm represent quite separate 
determinations, done on different days, and 
which were interspersed with measurements at 
other wavelengths. The average value of 13C/12C 
for these five measurements is 0.01 with an 
average deviation of + 0.00001 5 .  

Table 1 shows that the 13C isotope effect varies 
in a striking manner with the wavelength of the 
light used to effect the decomposition, and indeed 
varies approximately inversely with the quantum 
yield. Thus, when the quantum yield approaches 
its maximum, the 13C isotope effect is essentially 
zero (kI2/kl3 = 1.001), while at the longest 
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wavelength examined, where the quantum yield lifetime (i.e., at least in the microsecond range) 
is 0.07 (2), the isotope effect is 1.050. Results for and offer alternate and competing modes of re- 
wavelengths between these extremes show a action; one mode leads to the original ground 
similar correlation. Similar effects are apparent state, and the other leads to formation of COz. 
for the less extensive results at 2 "C, shown in the With these properties, the rate constant k4 in [6] 
lower part of Table 1. would be expected to display a11 isotope effect of 

the usual kind, i.e., C12C12042- reacting with 
Discussion higher probability than C12C13042-, because the 

We are able to account for the results in rate-controlling step involves C-C bond rup- 
Table 1 by proposing two quite different kinds of ture. The excess of 13C which would accumulate 
intermediate levels for photodecomposition. The in level B would find its way back to the ground 
first kind, Al, which dominates at short wave- state via the k3 route shown in 161. Also, in 
lengths, decays without isotopic fractionation to conformity with experiment, the quantum yield 
two lower levels A2 and A3. One of these latter for this Process could not be greater than k4/ 
in turn provides a route for return to the original (k3 f k4), and may well be less, if alternate 
ground state without chemical change, while the pathways exist for loss of ~hotoexcitation by 
second leads only to chemical decomposition of radiationless transitions, and not involving levels 
the oxalate: of type B. 

We also propose that the two processes in- 
[5] [Fe(III) ( C Z O ~ ) ~ ] ~  + ltu + dicated by [5] and [6] contribute in varying 

k1 A2 + iFe(I11) C204)sy- proportions to the observed yield of C 0 2  as the 
/ wavelength of the exciting radiation is changed. 

---A1k'A3 + Fe(11) + 2 c 0 2  At short wavelengths, A-type intermediates 
dominate, and at long wavelengths, B-type 

We propose that all processes leading to A2 are dominant. 
and A3 do so without isotopic discrimination, While it is tempting to ascribe the B-type 
which seems since C-C levels as arising from ligand field excitation, and 
bonds are broken. The 'Onsequence of this the A-type to electron transfer processes, such an 
be that the "2 formed must have assumption is not warranted. Indeed the rel- 
the same isotopic composition as the original atively low extinction coefficients for the ligand 
Oxalate. This scheme provides for a quantum field band, especially on its short wavelength side 
yield which be greater than k2/(kl + '21, (7), appear insufficient to account for the 
i.e., less than unity. Such a mechanism also pro- change in 13C effects with wavelength. 
vides a rationale for the results of Yankwich and For this reason, levels of type may well be 
Buddemeier (6) On u r a n ~ l  oxalate P ~ ~ ~ ~ ~ ~ ~ ~ ~ -  populated by absorption in the longer wave- 
position. Their results imply no 13C intermolecu- length tail of the electron transfer band, as 
lar isotope effect for decomposition of uranyl implied by Porter (3). 

(the end products in this 'Ystem are It may be thought that these proposals are un- 
and C023 rather than 2C02). decom- necessarily complex, and that [6] is sufficient to 
position of an intermediate like A3, account for the present results, by allowing the 
allowing no intermolecular discrimination, would k3,k4 to vary with wavelength. such a 
permit intramolecular fractionation of carbon description does indeed predict an isotope effect 
isotopes between Co and "2, as observed by which varies with wavelength as observed, but is 
these authors (6). quantitatively untenable, because it would re- 

The second kind of excited level proposed quire the quantum efficiency to be 1.00 when the 
may be described as follows: isotope effect was zero. Such a quantum yield is 
161 [Fe(III) (C204)3I3- I- hv + contrary to the results of the very careful work of 

k , [ ~ e ( ~ ~ ~ )  (c2o4],13- Hatchard and Parker (2), and we have therefore 
---B / rejected this simpler scheme. 

%(I11 + *CO2 
A referee has very kindly suggested that we 

might with profit discuss our results in terms of 
This kind of level must have a reasonably long the mechanisms proposed by Endicott and his 
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collaborators, which have been developed to 
describe the analogous photo-redox behaviour 
of Co(I11) complexes (see e.g., refs 8 and 9). 

Endicott's description (8) of the photo- 
activation steps, while more detailed and precise, 
is not essentially different to that described by 
Porter (3). To account for the variation of 
quantum efficiency with wavelength, a number of 
energy-dependent transition probabilities are 
postulated, and a similar kind of explanation 
undoubtedly applies to the ferric oxalate system. 
In ref. 8, Endicott postulates only one exit 
channel leading to chemical decomposition, i.e., 
a smooth relaxation along a single photoreaction 
coordinate. This is satisfactory when only one 
reaction product, or reaction mode, is experi- 
mentally observable. In the paper cited (8) this is 
the appearance of Co(I1) as a photoreaction 
product. In a subsequent paper (9) where more 
than one reaction product is observed, Endicott 
postulates a reaction path for each product. Our 
description of the variation of the 13C isotope 
effect with wavelength is therefore formally con- 

sistent with that of Endicott's for multi-path 
processes. 
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Study on the preparation of 3a-hydroxyJa-cholestan-6-one and 
-7-one by stereoselective catalytic hydrogenation 
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MASAYOSHI ISHIGE, MICHIO SHIOTA, and FUMIYO SUZUKI. Can. J. Chem. 54, 2581 (1976). 
The title compounds are conveniently obtained from the corresponding diones by the stereo- 

selective hydrogenation with Urushibara nickel A catalyst in cyclohexane. 

MASAYOSHI ISHIGE, MICHIO SHIOTA et FUMIYO SUZLIKI. Can. J. Chem. 54, 2581 (1976). 
On peut obtenir facilement les composts mentionnts dans le titre en partant des diones 

correspondantes et en les soumettant i une hydrogtnation sttrtostlective en prtsence d'un 
catalyseur de nickel A d'urushibara dans le cyclohexane. 

[Traduit par le journal] 

Introduction 
3a-Hydroxy-5a-cholestan-6-one (3) may be 

prepared by various routes (1-6) but the yields 
are always quite low even if the experiments are 
done carefully. There is little information about 
3a-hydroxy-5a-cholestan-7-one (5) in the liter- 
ature (7, 8) and a convenient preparation is not 
available. 

We have reported earlier (9) that epicholest- 
an01 (5a-cholestan-3a-01) and epicholesterol (5- 
cholesten-3a-01) are readily prepared from the 
corresponding steroidal ketones in good yields by 
the nickel catalyzed hydrogenation in hydro- 
carbon solvents at low temperature under high 
pressure. It is of interest that the more stable 
equatorial 30-01 is not the predominant product. 
We attempted to apply this reduction method for 
the preparation of the title compounds. 

Results 
The hydrogenation of Ccholestene-3,6-dione 

(I), which is easily prepared from cholesterol by 
oxidation, was effected by maintaining a mixture 
of the substrate and Urushibara nickel A 
(abbreviation U-Ni-A) in cyclohexane at 35 "C 
under high hydrogen pressure. The product was 
chromatographed on silica gel and recrystallized 
from ethanol to give 3 in a 70% yield; mp 
163-164 "C. 

In tert-butyl alcohol solvent, the yield of the 
desired material 3 was decreased not only be- 
cause of the low stereoselectivity for the 3a- 
hydroxy ketone but also because of an increased 
yield of by-products. 

On the other hand, under ambient temperature 

and pressure, the diketone 1 underwent the 
hydrogenation to 3 in a good yield in tert-butyl 
alcohol. However, the reduction under such 
conditions was very sensitive to the activity of 
the catalyst; if the catalytic activity was slightly 
lowered, 5a-cholestane-3,6-dione (2) was a 
major product. A similar trend to yield the dione 
2 was also observed in cyclohexane medium 
under atmospheric pressure.' Therefore, the 

'Moffatt reported that the palladium catalyzed hydro- 
genation of 4-cholestene-3,6-dione in ethanol forms 
mainly 501-cholestane-3,6-dione and its 5p-isomer in the 
ratio of 2:l (10). 
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preparation should be carried out under high 
pressure. 

When PtOz and Raney Ni catalysts were used, 
the product mixture was complex, containing 
the diols and some other materials. 

The fact that 5p-cholestan-3a-01 is obtained 
from 4-cholesten-3-one with U-Ni-A in cyclo- 
hexane, suggests that the catalyst attacks pre- 
dominantly the 4,5-double bond from the p-face 
of the conjugated ketone. In the present reduc- 
tion, it is, therefore, inferred that 3a-hydroxy- 
5a-cholestan-6-one may be derived by the rapid 
isomerization of the corresponding 50-isomer, 
which is formed as an intermediate from the 
P-side attack of the catalyst on the C=C and 
C=O bonds of the starting ketone. Moreover, 
this consideration explains the highly stereo- 
selective formation of the axial 3a-hydroxyl 
group of this 5a-steroid. 

The reduction of 5a-cholestane-3,6-dione (2) 
was also found to lead to the 3a-hydroxy ketone 
3. However, preliminary experiments demon- 
strated that the 3,6-dione 2 was hydrogenated 
only very slowly. Consequently it was necessary 
to allow the reaction to proceed for a long time 
and to use a larger quantity of the catalyst under 
slightly more drastic conditions. Gas chromato- 
graphic analysis showed that the product thus 
obtained consisted of 3a-hydroxy-5a-cholestan- 
6-one (82%) and its 36-isomer (1 8%). Compound 
3 was isolated in a 77% yield when the product 
was chromatographed on silica gel. 

It is evident that, in the reactions with U-Ni-A, 
the 3-0x0 group is smoothly reduced while the 
6-0x0 group remains almost intact. In this con- 
nection, we have observed that 5a-cholestan-6- 
one and 3P-hydroxy-5a-cholestan-6-one cannot 
be hydrogenated in cyclohexane with U-Ni-A, 
though the latter ketone is known to be easily 
converted into the 3p,6p-diol in ethanol with 
U-Ni-B, which is prepared by base treatment 
(1 1). Therefore, it is supposed that U-Ni-A is not 
sufficiently active to  reduce the 6-0x0 group at 
the more hindered position. 

Similarly, 3a-hydroxy-5a-cholestan-7-one (5) 

was easily obtained from 5a-cholestane-3,7- 
dione (4). The reduction product was chromato- 
graphed on silica gel a i d  recrystallized from 
methanol to give 777, of 5 ;  mp 197-198 "C. 

As in the case of 1, a high hydrogen pressure 
was desirable not only for favorable formation 
of the 3a-hydroxyl group but for reproducibility 
of the result. 

In tert-butyl alcohol medium, the 3,7-dione 
gave considerable amounts of the 3,7-diols, and 
the amount of the 3a-hydroxy compound de- 
creased. 

The present hydrogenations of the diketones 
are uniquely attained in a hydrocarbon medium 
in the Dresence of U-Ni-A. These reactions are 
characierized by the exclusive reduction of the 
3-0x0 group as well as the highly stereoselective 
formation of the 3a-hydroxyl group. 

*' --\ Experimental ,; C\ , 
" *  

4-Cholestene-3,6-d~one ( I )  I 

The compound 1 was prepared accord~ng to the pro- 
cedure described In the l~terature (12) y t h  some modlfi- 
catlons. To an Ice cooled solut~on o&+&&sterol (1 g) In 
acetone (1 50 ml), prev~ously cooled K ~ l ~ a n l  reagent (6 ml) 2 was added In small portlons w~th st~rr~ng. e temper- 
ature was not allowed to rlse above 15 "C dur~ng the 
addlt~on. The solut~on was st~rred for 2 h at about 10 "C. 
After the ox~dat~on was complete, excess ox~dlz~ng re- 
agent was decomposed by addlng 100 ml of 5% NaHS03. 
The m~xture was poured Into 1.5 1 of water and the pre- 
clp~tate was filtered, washed free from ac~d,  and re- 
crystall~zed from methanol. Y~eld 750 mg (73%), mp 
121-123 "C (11t. (12) mp 122-124 "C). 

501-Cholestane-3,6-dione (2) 
Freshly prepared U-Ni-A (from 1 g of precipitated 

nickel) was prereduced in cyclohexane (20 ml) for about 
1 h. 4-Cholestene-3,6-dione (100 mg) was added and the 
hydrogenation was carried out for 4 h at ambient temper- 
ature and pressure. After the removal of the catalyst by 
filtration, the solution was worked-up as usual and the 
product was purified by recrystallization from ethanol. 
Yield 79 mg (80%)); mp 171-172 "C (lit. (13) mp 172 "C). 

501-Cholesiane-3.7-dione (4) 
The compound 4 was prepared by a literature pro- 

cedure (13). The crude 3,7-dione was purified by re- 
crystallization from ethanol and then twice from acetone; 
mp 189-190 "C (lit. (13) mp 190 "C). 

U- Ni-A Catalysr 
U-Ni-A was prepared according to the procedure 

described previously (9). 

Hydrogenation of 4-Cholesrene-3,6-diot1e 
According to the method described in the earlier paper 

(Y), the ketone (70 mg) was hydrogenated in cyclohexane 
(3 ml) with U-Ni-A (freshly prepared from 1 g of pre- 
cipitated nickel) at 35 'C for 3 h under a hydrogen 
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pressure of 100 kg/cm2. The resulting mixture was 
worked-up as usual. The product was chromatographed 
on silica gel (10 g) with hexaneeether (8:2) and then re- 
crystallized from ethanol to  give pure 3a-hydroxy-5a- 
cholestan-6-one (3) (49 mg, 70%); mp 163-164 "C (lit. 
(1) mp 159-160.5 "C); ir (KBr) 3300,1708,1032, and 1000 
(sharp, strong) cm-1; nmr (CDCI3, TMS) 6 4.15 (30-H, 
W1/2 ca. 8 Hz); cd -2.40 X lo3, [el303 -3.76 X lo3, 
[8l2g4 -3.52 x 103, -2.68 X lo3 (c 0.0857, cyclo- 
hexane, 26 "C). The acetate of 3; mp 106-107 "C (lit. (1) 
mp 107-108 "C); ir (KBr), 1735, 1708, 1260, 1238, and 
1018 cm-1; nmr (CDCI3, TMS) 6 5.10 (36-H, W1/2 ca. 
8 Hz) and 2.00 (OCOCH3). 

Hydrogenation of 5~~-Cl1olestane-3,6-dione 
The hydrogenation of 2 (70 mg) was carried out In 

cyclohexane (3 ml) with U-Ni-A (from 3 g of precipitated 
nickel) at 45 "C for 12 h at 120 kg/cmz pressure. The 
yield of 3 isolated was 54 mg (77%). 

Hydrogenation of 5a-Cholestane-3,7-dione 
501-Cholestane-3,7-dione (70 mg) was reduced by the 

same procedure as in the case of the compound 1. 301- 
Hydroxy-5a-cholestan-7-one was isolated by column 
chromatography on s~lica gel ( log)  with hexane-ether 
(8:2) and then by recrystallization from methanol. The 
yield was 54 mg (777,); mp 197-198 "C; ir (KBr) 3300, 
1708, 1020, and 1003 (sharp, strong) cm-1; nmr (CDC13, 
TMS) 6 4.10 (3P-H, W1/2 ca. 8 Hz); cd [0]312 -7.45 X 102, 
[O]302 - 1.18 x 103, - 1.26 X 103 (c 0.0422, cyclo- 
hexane, 26 "C) (lit. (8) A,,, 291 nm in ethanol, As -0.72); 
m/e, 402 (Mf). The acetate of 5; mp 93-94 "C (lit. (14) 

mp 95-96 "C); ir (KBr) 1732, 1708, 1244, 1233, and 1021 
cm-1; nmr (CDCl3, TMS) 6 5.00 (3P-H, Wl/2 ca. 8 Hz) 
and 1.97 (OCOCH3); m / e ,  444 (Mf). 
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Les systkmes eau/ester. I. Etude calorimktrique des systemes 
eau/ acktate d'alcoyle 

Laboratoire de Tlzermodynamique et CinPtique Clzimique, Groupe de Chimie Physique, U.E.R. des Sciences Exactes 
et NatureNes, B.P.  45, 63170 Aubikre, France et Ecole Nationale Supgrieure de Cl~imie, Boulevard C6te-Blrrtin 

63000, Clermont-Ferrand, France 

R e p  le 29 juillet 1975' 

DOMINIQUE RICHON et A N D R ~  VIALLARD. Can. J. Chem. 54, 2584 (1976). 
Une Ctude calorimCtrique des systkmes binaires eaulacktate d'alcoyle a CtC r6alisCe dans tout 

le domaine de composition des melanges en milieu homogkne et hCt6rogene. Signe, intensit6 et 
Cvolution dans la sCrie homologue des enthalpies d'excks et des valeurs des solubilitCs sont 
discutkes. 

Les valeurs des enthalpies molaires d'excks pour les m6langes eau/ester sont utilisCes la 
determination des enthalpies molaires partielles d'excks et des enthalpies de "solvatation" a 
dilution infinie. 

De 1'Cvolution des valeurs de ces grandeurs thermodynamiques dans une sCrie homologue, 
les auteurs dCduisent des conclusions quant aux interactions eaulacktate d'alcoyle. 

DOMINIQUE RICHON and ANDRB VIALLARD. Can. J. Chem. 54, 2584 (1976). 
A calorimetric study of alkyl acetate/water systems has been carried out in the complete 

homogeneous and heterogeneous domain of mole fractions. The sign, intensity, and trends of 
excess enthalpies and mutual solubilities are discussed. 

Values of the excess enthalpies for ester/water homogeneous mixtures are used for the 
determination of partial molar excess enthaluies and enthaluies of "solvation" at infinite 
dilution. 

The trends of the thermodynamic quantities in this homologous series are discussed in terms 
of ester/water interactions. 

Dans un prkckdent travail (I ) ,  nous avons 
proposk d'utiliser les courbes d'enthalpie molaire 
d'excks des systkmes binaires hktQogknes A des 
fins analytiques. Ici, nous interprkterons en 
termes d'interactions molCculaires, les formes de 
ces courbes dans le cas des systkmes "eau/ 
acktate". 

Le calorimttre 
Le calorimktre utilisC est un calorimktre Setaram, type 

C.R.M.T. L'expCrience nous a montrC que ce type de 
calorimktre est parfaitement adapt6 a 1'Ctude calorimB 
trique des systkmes h6tCrogknes liquide/liquide. 11 posskde 
en effet un mCcanisme permettant le retournement de la 
cellule, donc l'agitation du milieu, avec une frCquence 
choisie a l'avance. M&me pour des mklanges conduisant 
h de faibles effets thermiques, la correction d'agitation 
alors relativement trks importante, est toujours trks 
facilement determinee, a condition de maintenir cette 
agitation durant toute la d u r h  de I'expCrience. Cette 
remarque est de la plus haute importance. 11 semble en 
effet que les dificultes rencontrks par certains auteurs, 
lors de mesures en milieu liquide/liquide, soient dues a un 
mauvais contrale de l'effet thermique d'agitation. Un 
calorimktre a flux thermique, capable d'intkgrer tous les 

'Revision r e p e  le 3 mai 1976. 

effets thermiques produits dans la cellule calorimCtrique 
est naturellement indispensable. 

L'effet thermique ?i dkterminer est obtenu alors a partir 
de la diffkrence des aires des surfaces IimitCes par les 
courbes enregistrbes, premikrement au cours de l'opCra- 
tion de melange, deuxikmement au cours d'une opCration 
d'agitation du mClange, rCalisCe aprks le melange. Les 
produits: ( i )  l'eau est distillee; (ii) les esters sont des 
produits du commerce purifies par chromatographie en 
phase vapeur. La colonne utiliske est une colonne Carbo- 
wax 30y0 sur Chromosorb 45/60 mesh. 

La precision, estimh sur les valeurs exp6rimentales des 
enthalpies molaires d'excks, dCpend de I'effet thermique 
observC. Pour un effet thermique d'environ 400 J mol-1, 
elle est meilleure que 1%. 

Les valeurs des enthal~ies molaires d'excks hE 
des mklanges (eaulacktaie) apparaissent dans les 
tableaux 1 A 4. Les concentrations sont exprimkes 
en fraction molaire de l'ester, XB. 

Les acktates CtudiCs sont les acCtates de mk- 
thyle, kthyle, butyle et amyle. 

Sur toutes les figures: XB reprksente la fraction 
molaire de l'ester dans le mklange, la phase a 
reprksente la phase aqueuse et la phase P la 
phase organique. 
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RICHON ET VIALLARD 2585 

TABLEAU 1. Enthalpie molaire d'excks: melange eaulacetate de mkthyle a 25 "C 

hEcalc 
X(l - X) J mol-1 

hEexD /zEex, Milieu Milieu 
xeater J mol-1 J-1 mol X 10-6 homogkne heterogkne 

La fig. 1 montre la forme des courbes d'en- 
thalpie molaire d'excks pour ces diffirents sy- 
stkmes. 
Expression analytique des courbes h E ( x )  

En milieu hktkrog2ne 
Nous avons Ctabli prCcCdemment (1,  2 )  que 

l'enthalpie molaire d'excks hE varie liniairement 
avec la fraction molaire X de l'un des consti- 
tuants. Nous pouvons donc Ccrire: 

111 h E ( x )  = aX + b 

FIG. 1. Courbes d'enthalvie molaire d'excks Dour les 

Une mCthode de moindres carrCs permet de 
calculer les coefficients a et b 2 partir des rksultats 
expkrimentaux. Les valeurs ainsi obtenues sont 
reportCes dans le tableau 5, ainsi que 1'Ccart 
quadratique moyen, a, entre valeurs exphimen- 
tales de h" (voir tableaux 1 B 4) et valeurs 
calculCes 2 partir des coefficients a et b obtenus 
par "moindres carrb". 

En milieu homogPne 
L'habitude veut que les courbes hE(X)  soient 

reprCsentCes par une expression purement ana- 
lytique, par exemple du type: 

On notera que les diffirentes thCories des 
solutions conduisent elles B des expressions qui 
leur sont propres. C'est ainsi, par exemple, que 
celles se situant dans le domaine dit de "l'ap- 
proximation zCro" (3, 4, 5)  conduisent B une 
expression de l'enthalpie d'excks pouvant se 
mettre sous la forme: 

melanges (eau/ester) B 2Y0c (I) acetate de kethyle, 
(2) acetate d'kthyle, (3) acetate de butyle, (4) acetate [2] hE = 

X(1 - X )  
d'amyle. a ' x  + b' 
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TABLEAU 2. Enthalpie molaire d'excks: mClange eau/acCtate d'ethyle a 25 "C 

Milieu Milieu 
Xester J mol-1 J-1 mol X homogkne hetkrogkne 

TABLEAU 3. Enthalpie molaire d'excks: melange eaulacetate de butyle h 25 "C 

"-exp Milieu Milieu 
Xester J mol-1 5-1 mol X homogene hetkogkne 

0.000195 - 1.8 -109.6 - 1.796 
0.000386 -3.5 - 109.7 -3.49 
0.000654 -5.8 -112.3 -5.76 
0.000955 -8.1 -117.5 -8.18 

0.0099 -2.8 
0.1089 -57.8 
0.2055 119.1 
0.3860 229.9 
0.4417 264.1 
0.6865 419.8 
0.8381 511.5 
0.8630 523.4 

0.9281 567.7 117.7 567.2 
0.9395 493.3 115.2 498.5 
0.9556 394.3 107.6 389.6 
0.9654 315.0 106.2 316.0 
0.9796 201.3 99.4 197.6 
0.9895 103.8 99.8 105.6 
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RICHON ET VIALLARD 

TABLEAU 4. Enthalpie n~olaire d'excks: melange eau/acetate d'arnyle 25 "C 

hEcalo  
X ( l  - X) J rnol-1 

'zEexp h E e x p  Milieu Milieu 
Xester J rnol-1 J-1 mol X 10-6 homogkne hkterogkne 

Ballet (6) a montrC qu'une reprksentation 
intiresante des enthalpies d'excks pour ces 
solutions consistait h tracer les courbes: 

car alors f(X) est une fonction 1inCaire. Tout 
Ccart 2 la 1inCaritC peut alors &tre interprCtC 
comme un Ccart 2 l'approximation zCro. 

Nous avons utilisC une telle reprksentation et 
constat6 que, dans les domaines homogknes 
considtrCs, une loi lineaire est parfaitement 
reprbentative des variations de l'enthalpie d'ex- 
cks (voir figs 2 et 3). 

Pour l'instant, 2 dCfaut d'une investigation 
plus poussCe, la relation : 

sera pour nous une simple f a ~ o n  commode de 
representer les rCsultats expkrimentaux. Elle s'est 
d'ailleurs avtrCe la plus satisfaisante de toutes 
celles essayies. Nous n'en tirerons donc ici 
aucune conclusion quant B sa signification, car la 
1inCaritC observCe l'est dans un domaine relative- 

TABLEAU 5. Coefficients de l'tquation des droites 
h E ( X )  en milieu hktkrogkne (6q. 1) 

Melange 

ment restreint de concentrations, et de ce fait 
est peut-Ctre purement fortuite. 

Les coefficients a' et b' ont CtC eux aussi 
calculCs par uile mtthode de "moindres carrb" 
(voir tableau 6). L'Ccart quadratique moyen a a 
CtC calculC comme prCctdemment. 

FIG. 2. Representation des courbes enthalpiques en 
milieu homogkne, phase a: 0 eau/acetate de methyle 
,f = 1, + eau/acCtate d'kthyle f = 25, X eauladtate de 
butylef = 250. 

FIG. 3. Representation des courbes enthalpiques en 
milieu hornogkne, phase 0:  0 eau/acktate de rnkthyle, 
+ eau/acttate d'kthyle, X eaulacttate de butyle, 
eau/acetate d'arnyle. 
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TABLEAU 6. Coefficients de I'Cquat~on des courbes h E ( X )  en milieu homogkne (Cq. 3) 

M~lieu riche en eau Milieu riche en ester 

a' X 104 h' X lo4 u u'X104 b 'X104  u 

MClange J-1 mol J-1 mol J mol-I J-I mol J-1 mol J mol-I 

Discussion 

(a) Interpre'tation des formes des courbes 
d'enthulyie molaire d'exc2s 

Ces courbes posskdent trois rtgions distinctes: 
une partie centrale recliligne stparant deux 
parties courbes. 

Nous constatons que la phase riche en eau 
donne, pour toute la strie des esters ttudite, des 
enthalpies molaires d'excks ntgatives, tandis que 
la phase riche en ester donne des enthalpies 
molaires d'excks positives. 

Les enthalpies molaires d'excks observtes rt-  
sultent de deux effets: (I) dtmolition des struc- 
tures de chaque constituant du mtlange. Ce 
processus met en jeu, d'une part les liaisons 
hydrogkne de l'eau, d'autre part les forces 
dipale-dipale et de dispersion de l'ester. (2) res- 
tructuration du milieu avec mise en place de 
nouvelles liaisons: liaisons hydrogkne (eau/ester 
et eau/eau) dipale-dipale, dipale-dipale induit 
et liaisons par forces de dispersion. 

Analysons ce qui se passe dans les domaines 
des phases homogknes. 

C6td riche en euu 
L'introduction de moltcules d'ester, B l'in- 

ttrieur du rkseau trks ordonnC de l'eau, va 
conduire B la rupture de nombreuses liaisons 
ester/ester relativement peu tnergttiques et de 
quelques liaisons eau/eau. Puis, de nouvelles 
liaisons hydrogkne relativement fortes, eau/ester, 
eau/eau vont s'ttablir, les premikres sur le 
carbonyle de l'ester ou l'oxygkne tther-oxyde, les 
secondes entre moltcules d'eau, spontankment 
ou par liaison hydrophobe (7) B cause de la 
partie hydrocarbonte de la moltcule d'ester. Ces 
interactions sont fortes et exothermiques, ces 
derniers effets compenseraient donc largement les 
prkctdents, d'oh un bilan enthalpique global 
ntgatif et d'autant plus intense, pour une com- 
position donnte, que s'allongerait la chaine 

hydrocarbonte de l'ester (voir fig. 1). 
A XB donnte, un allongernent de la chaine se 

traduit par une diminution de l'enthalpie molaire 
d'excks de l'ester, la difftrence hBE = hB - hn+ 
oh hB et hBi sont respectivement les enthalpies 
molaires partielles de l'ester dans la solution et 
dans le corps pur. 

C'est dire que hB croit moins vite que hB+ avec 
le nombre n' d'atomes de carbone de la chaine 
alcoyle. Cet "effet de chaine" pourrait &tre dO en . 
partie B la contribution exothermique des in- 
teractions hydrophobes, d'autant plus impor- 
tantes que s'allonge la chaine alcoyle. 

A dilution infinie: l'enthalpie molaire partielle 
d'excks (hBm - hBf) est exptrimentalement sen- 
siblement indtpendante de la longueur de chaine, 
c'est dire que hBm et h$- varient sensiblement de 
la mcme f a~on .  Mais la precision exptrimentale 
dans ce domaine ne permet pas de l'affirmer, les 
quantitts d'ester utilistes sont en effet trks 
faibles, les esters sont trks volatils. 

C6te' riche en ester 
L'introduction de moltcules d'eau entre les 

moltcules d'ester (milieu peu organid) ntcessite 
la rupture des liaisons hydrogkne de l'eau et de 
quelques liaisons ester/ester, d'oh une consom- 
mation importante d'tnergie. Ensuite, des liaisons 
hydrogkne plus faibles et moins nombreuses que 
celles rompues se crtent entre les molCcules d'eau 
et d'ester. 

Le rtsultat global de ce rtarrangement se 
traduit par une valeur positive de l'enthalpie 
molaire d'excks d'autant plus grande que s'al- 
longe la chaine alcoyle de l'ester (voir fig. 1) pour 
une composition donnte. 

A dilution infinie, mEme "effet de chaine": 
une diminution de l'importance des interactions 
eau/ester par liaisons hydrogkne quand s'allonge 
la chaine hydrocarbonte pourrait ici contribuer 
B cet effet de chaine. 
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RICHON ET VIALLARD 2589 

FIG. 4. Enthalpies molaires d'excits a saturation /P* La possibilitt d'indrer les mol~cules d'ester 
pour les phases: $J = 4phase aqueuse), 9 = @(phase dans le rCseau trks ordonnC des molCcules de 
ester): o h E P * ,  e /zEa*. l'eau liquide diminue donc rapidement avec la 

A 

400. 

(b) Proprie'te's des phases 6 saturation 
(I) Enthalpies molaires d'exc2s 
En phase aqueuse sature'e-Si l'on dCsigne par 

n' le nombre d'atomes de carbone de la partie R' 
de l'ester RCOOR', on constate (fig. 4) qu'en 
valeur absolue ces enthalpies diminuent quand 
n' croit. Le cas de l'acCtate d'amyle est particu- 
littrement intCressant, car, bien que trks faible, 
l'enthalpie molaire d'excks est elle aussi nCgative, 
en dipit d'une loi d'Cvolution initiale (n' faible) 
qui aurait pu laisser supposer qu'elle ffit positive 
pour n' = 5. 

Ce rksultat montre clairement que les molB 
cules d'ester peuvent &re assimiltes (pour un 
nombre donnt d'atomes de carbone appartenant 
B des chaines hydrocarbontes) B des molCcules 
d'hydrocarbures "solubilistes" par le groupe- 

~ E Q *  &tre reprCsentCe coi~venablement par une loi du 

1 tY Pe 
log s = An' + B 

oh A = - 1.36 
B = 0.28 

} B 25 OC 
- -- 

1 2 3 - 4 - - - - - 3 - -  

ment fonctionnel -c<' dont l'importance re- 
0 

o * n' lorsque la solubilitC s de l'ester est exprimCe en 

-200 - mo1/100 g d'eau et oh n' est le nombre d'atomes 
de carbone de la chafne alcovle de l'ester. 

lative diminue t r b  rapidement lorsque s'allonge 
la chaine. On voit en effet que le comportement 
de ces molCcules d'ester tend vers un comporte- 
ment d'hydrocarbure lorsque s'allonge la chaine 
R' de l'alcool puisque, B saturation, l'enthalpie 
d'excks tend pour n' croissant vers des valeurs 
qui restent nCgatives. 

En phase ester sature'e-Nous constatons une 
diminution de la valeur de l'enthalpie d'excks B 
saturation (voir fig. 4). I1 semble que l'on tende, 
ici encore, pour n' suffisamment grand, vers une 
loi limite qui pourrait &re celle des hydrocar- 
bures. Malheureusement, la pauvretC de la 
IittCrature dans ce domaine n'autorise pas actuel- 
lement une tentative de vtrification de cette 
hypothhse. 

(2) Compositions 
En phase aqueuse-I1 apparait, B la lumittre de 

nos rksultats, que la solubilitt des acttates peut 

taille de-la molCcule. 
En phase ester-La diminution de solubilitC de 

l'eau observCe lorsque s'allonge la chaine pour- 
rait rCsulter d'une plus grande tendance de l'eau 
B se structurer au sein de l'ester par liaison 
hydrophobe (7) conduisant ainsi plus vite, 
lorsque la teneur en eau croit, B l'apparition 
d'une structure de phase aqueuse. 

Remarque-Un fait intkressant est B noter: 
la solubilitC de l'eau dans les esters est beaucoup 
plus grande que celle des esters dans l'eau. Cette 
diffkrence de solubilitC augmente trks rapidement 
avec l'allongement de la chaine de l'ester. 

Nous avons compark (2) ce comportement i 
celui des systhmes (eau/hydrocarbure) et 18 
encore, comme avec les enthalpies d'excb ?i 

saturation, apparait une similitude de comporte- 
ment frappante entre hydrocarbures et esters de 
masse n~olCculaire suffisamment ClevCe. 

On trouvera, fig. 5, les courbes reprisentatives 
de l'tvolution de la quantitC loglo (~,,:*/Xi"a~*) 
en fonction du nombre N d'atomes de carbone 
dans la molCcule oh X,," est la fraction molaire 
de l'eau dans le solvant i B saturation (*) et 
XFu* celle du solutC i dans l'eau B saturation. 

FIG. 5. Solubilit6s relatives des systitmes eaulacetate et 
eau/hydrocarbure a 25 "C: + esters, 0 hydrocarbures. 
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TABLEAU 7. Enthalpies molaires partielles d'exces 
estimks 2 dilution infinie a 25 "C et sous 1 atrn 

Ester 
(acetates de) h A E m / k J  mol-1 h , E m / k J  mol-1 

Methyle 8.37 ' -8.83 
Ethyle 8.78 -9.82 
Butyle 10.5 -9.39 
Amyle 11.0 

Seuls les atomes de carbone appartenant B des 
chaines hydrocarbontes sont comptabilisCs. Les 
esters considtrts sont les acttates. 

Les valeurs de solubilitt corrtltes sont celles 
obtenues par Polak et Lu (8), pour les systkmes 
eau/hydrocarbure. 

(c) Grandeurs thermodynamiques d dilution injnie 
Nous avons vu B la partie a combien l'inter- 

prCtation des courbes hE(X), trop globales, est 
difficile car, comme nous l'avons soulignt, elles 
dCpendent de trop de facteurs. 

Une premikre Ctape dans l'interprktation passe 
donc ntcessairement par une reduction du nom- 
bre des paramktres. Une bonne simplification 
consiste B s'intiresser aux solutions infiniment 
dilutes. Nous nous sommes donc attachb, dans 
ce qui suit, B une ttude de quelques grandeurs 
thermodynamiques B dilution infinie dans la 
sCrie homologue des acttates. 

(1) Enthalpies d'excb d dilution injnie 
Nous avons calcult prtctdemment les valeurs 

des coefficients a' et b' de l'dquation 3. 
Par dCrivation de hE(X) et passage aux limites: 

X + 0 et X + 1, nous obtenons les enthalpies 
molaires partielles d'excks B dilution infinie des 
constituants 

oh les indices A et B sont affect6 respectivement 
B l'eau et B l'ester. 

Des valeurs de a' et b' prtctdemment deter- 
mintes et des relations [4a] et [4b], on dtduit les 
valeurs des enthalpies molaires partielles d'excks 
B dilution infinie des constituants i: hiEm. 

On voit ainsi, tableau 7, que: (i) hAEm est 
positive et croit avec l'allongement de la chaine 
alcoyle; (ii) hBEm est nCgative et peut Ctre con- 
sidtrCe comme pratiquement constante, B la 

FIG. 6. Composantes de l'enthalpie de transfert a 
dilution infinie: AhmGP. 

prCcision expkrimentale prks et en tout cas 
voisine de -9.3 + 0.4 kJ mol-l. 

(2) Enthalpie de "solvatation" d dilution injnie 
ConsidQons une solution infiniment dilute B la 

tempQature T et sous la pression P. 
L'enthalpie molaire de transfert AhmGP(~, P)  

du solutt depuis la solution infiniment dilute 
jusqu'h l'ttat de gaz parfait (A T et P )  peut &re 
dCcomposCe en trois parties (voir schtma de la 
fig. 6). C'est au signe p r b  ce que certains auteurs 
appellent l'enthalpie molaire de "solvatation" B 
dilution infinie. Nous lui prtftrons le terme plus 
thermodynamique, donc plus clair, d'enthalpie 
de transfert. 

On aura alors: 

oh Ah12 traduit l'enthalpie d'interaction solutb 
solvant. AhZ3 est associCe B la restructuration du 
solvant qui entourait les moltcules de solutt. 
C'est par exemple le terme associk aux liaisons 
"hydrophobes" que certains auteurs (7) ont 
cherchC A tvaluer dans les systkmes eau/hydro- 
carbure. Ah34 provient de l'effondrement de la 
cavitC laisste dans l'ttat 3 aprks restructuration 
du solvant. 

On notera au passage que la reprhentation du 
volume molaire de transfert AvmGP(T, P)  utilide 
fig. 6 est ici purement symbolique. 

On peut simplifier l'expression de AhmGP en 
utilisant un terme unique, plus global, associt B 
la crCation de cavitC, soit alors: 

~ h , ~ ~  = ~h~~ + ~h~~ 

Pour rappeler la signification de ces deux 
termes, nous Ccrirons: 

Cette enthalpie de transfert est relite trks 
simplement A l'enthalpie de transfert pour le 
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N MOLES (LIQ) SOLVANT PUR + 1 

+ I MOLE(GP)~ :MOLE SOLUTE (GP) 
I I 

SOLVA N T PUR 

SOLUTE PUR SOLUTE A DILUTION INFlNlE 

FIG. 7. Relations entregrandeurs thermodynamiques du 
corps pur et du soluti B dilution infinie: enthalpie molaire 
de transfert dilution infinie AhaGP, enthalpie molaire de 
transfert du corps pur: AkcpG*, enthalpie molaire du 
corps pur: kf, enthalpie molaire partielle du solutC B 
dilution infinie: ha, enthalpie molaire partielle d'excks du 
soluti a dilution infinie: hEm. 

solutC B 1'Ctat de corps pur AhCpGP et B l'enthalpie 
molaire d'excks du solutC B dilution infinie hE" 
par la relation: 

Le schtma de la fig. 7 apporte une justification 
de cette relation. 

Remarques : (i) Cette grandeur traduit l'tnergie 
nicessaire pour extraire une mole de solutt d'une 
quantitC infinie de solvant et la faire passer B 
1'Ctat de gaz parfait. Ici, seules interviennent donc 
les interactions solutbsolvant i dilution infinie 
et les interactions solvant-solvant mises en jeu 
lors de sa restructuration. (ii) On voit que, si 
l'on a toutes les donnCes ntcessaires au calcul de 
AhCpGP, la dktermination calorimCtrique de hE" 
permet alors d'acdder B l'enthalpie de transfert. 
L'Cvolution de cette grandeur dans une sCrie 
homologue est susceptible, comme nous le 
verrons, d'apporter des informations intCres- 
santes concernant les interactions solutbsolvant. 

(d) Enthalpie de transfert de I'eau ii dilution 
injnie dans les ace'tates d'alcoyle 

Des calculs faisant appel aux donnCes de la 
littirature (9, 10) relatives aux diffkrentes gran- 
deurs thermodynamiques ntcessaires pour ob- 
tenir la variation d'enthalpie accompagnant le 
passage de l'eau liquide B 25 "C sous une 
atmosphbre A l'eau vapeur B 100 "C, sous une 

TABLEAU 8. Enthalpie molaire de transfert de l'eau 
a dilution infinie dans diffirents esters. Solvant RCOOR' 

atmosphkre, et i l'expression du second coeffi- 
cient du viriel donnte par Keyes (4) nous ont 
conduit B la valeur suivante de l'enthalpie 
molaire de transfert de l'eau de l'ttat de corps 
pur A celui de gaz parfait i 25 "C et sous uile 
atmosphkre 

AhCpGP (H20) = 44.0 kJ/mol 

A partir des valeurs exptrimentales de hE" = 

hAEm (ici) contenues dans le tableau 7 et en 
utilisant la relation [7], on dtduit les enthalpies 
molaires de transfert de l'eau B dilution infinie 
dans difftrents esters (voir tableau 8). 

De l'examen des valeurs de ces enthalpies, 
nous dtduisons qu'il est d'autant plus facile 
d'extraire une moltcule d'eau B dilution infinie 
dans l'ester que la chaine alcoyle de l'ester est 
plus longue. De plus, cette enthalpie de transfert 
est inftrieure B celle nicessaire B l'extraction 
d'une molCcule d'eau de l'eau pure. Comment 
interpreter ce rCsultat? 

Discussion 
Nous avons vu prCcCdemment que 

AhaGP = AhC + Ahi 

Des deux termes de droite, le premier (crCation 
de cavitt) est nicessairement nCgatif, le second 
est positif, c'est donc lui qui impose son signe. 
C'est dire que 1'Cnergie mise en jeu par les 
interactions est suptrieure B celle ntcessaire B la 
crCation des cavitCs. 

Si donc Yon admet que l'enthalpie de crtation 
de cavitC pour loger une molCcule d'eau est 
sensiblement la m&me dans les difftrents esters, 
ce qui parait raisonnable, puisqu'il s'agit dans 
tous les cas de loger une mtme molCcule dans des 
solvants chimiquement identiques, c'est donc 
que i'enthalpie d'interaction dtcroit avec la 
longueur de la chaine. 

Ceci peut &re interprktt en supposant que les 
sites "actifs" de la molCcule d'ester avec lesquels 
ont lieu les interactions eau/ester (probablement, 
pour l'essentiel, les atomes d'oxygbne des groupe- 
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TABLEAU 9. Enthalpies molaires de vaporisation de 
quelques esters dans l'eau a 25 "C. Solvant RCOOR' 

R' 
CH3 CzH5 C4H9 

ments carbonyle liCs par liaison hydrogkne) sont 
d'autant moins accessibles aux molCcules d'eau 
que la moltcule d'ester est de plus grandes 
dimensions ou que l'intensitt des liaisons mises 
en jeu diminue. 

L'enthalpie molaire d'interaction diminuerait 
donc, soit par diminution de l'tnergie de liaison, 
soit par diminution du nombre de liaisons 
CchangCes, soit par variation des deux B la fois. 

(e) Enthalpies molaires de transfert des ace'tates 
d'alcoyle h dilution injinie duns I'eau 

Dans ce cas, nous ne disposons pas de toutes 
les donntes ntcessaires au calcul de ~ h , ~ * .  
Aussi, par nCcessitt, nous avons dO assimiler les 
vapeurs d'esters A des gaz parfaits. 

Les enthalpies de vaporisation des esters purs 
A 25 "C ont CtC calculCes A partir des courbes de 
pression de vapeur (9), les valeurs sont rassem- 
bltes dans le tableau 9, ainsi que les valeurs 
approchtes des enthalpies de transfert des esters 
B dilution infinie dans l'eau calculCes par le 
procCdt indiqut prCcCdemment. 

Remarque: La valeur ntgative de l'enthalpie 
molaire partielle d'exctts A dilution infinie fait 
que, pour l'ensemble des esters, l'enthalpie de 
transfert A dilution infinie dans l'eau est supt- 
rieure B celle des corps purs. C'est dire que la 
moltcule d'ester est plus like dans l'eau qu'au 
sein du liquide ester pur. 

Nous avons toujours : 

ahGP = Ahc + Ah' 

mais, ici, l'enthalpie de crCation de cavitC va 
dtpendre du nombre d'atomes de carbone de 
l'ester. On a: 

Ahc = AhZ3 + Ah34 

Ah34 est < O  et dtcroit avec la taille de la molt- 
cule d'ester qu'il faut instrer dans le rtseau de 
l'eau. AhZ3 est > O  (destructuration de l'eau) et 
croit avec la taille de la molCcule. ~h~ est > 0  et 
dCcroit sans doute 1Cgkrement lorsque croit la 

taille de la molCcule comme semblent l'indiquer 
les rCsultats obtenus ci-dessus pour l'enthalpie de 
transfert B dilution infinie de l'eau dans l'ester. 

Nous sommes donc, ici, dans une situation 
plus complexe que prtcCdemment lorsque l'eau 
Ctait solutC, car nous ne sommes pas encore en 
mesure d'expliciter correctement les trois termes 
enthalpiques en prCsence, ni mCme d'apprCcier 
les ordres de grandeur de certains d'entre eux. 
AhI2 par exekple. Aussi, il semble difficile de 
juger A priori de leur importance respective. 

L'enthalpie de transfert des acttates A dilution 
infinie dans l'eau apparait donc, globalement, 
comme une fonction monotone du nombre 
d'atomes de carbone traduisant la longueur de la 
chaine alcoyle, c'est tout ce que l'on peut dire. 

Les travaux les plus rtcents, tels que ceux de 
Hermann (11) donnent une idCe des difficult& 
rencontrCes dans l'estimation quantitative des 
interactions hydrophobes, mCme lorsque, comme 
le fait cet auteur, on se limite A 1'Ctude de solutts 
aussi simples que les hydrocarbures. 

Conclusion 
I1 ressort de cette ttude, tout d'abord, que les 

systbmes htttrogbnes liquide/liquide peuvent 
Ctre ttudits par calorimttrie tout aussi bien que 
les systkmes homogknes, moyennant le respect 
de certaines conditions expkrimentales. Ces 
courbes enthalpiques complktes ont pu Ctre 
ttablies pour des systttmes eau/ester, particu- 
likrement eau/ester de la sCrie homologue des 
acttates. 

L'ttude calorimCtrique rCaliste ici montre que 
les moltcules d'esters CtudiCes doivent 2tre con- 
sidCrtes comme des moltcules d'hydrocarbures 
plus ou moins solubilistes par le groupement 
fonctionnel ester. Le comportement enthalpique 
de ces systbmes, variable avec la longueur de la 
chaine provenant de l'alcool, rtsulte de la com- 
pCtition des diffkrents types d'interaction. 

L'tvolution de la solubilitt rkciproque ob- 
servCe, avec l'allongement de la chaine alcoyle 
dans les systbmes eau/ester ttudits est B rappro- 
cher de celle des systkmes eau/hydrocarbure A la 
mCme temptrature, la solubilitt de l'eau dans 
ces solvants Ctant suptrieure B celle de ces 
"solvants" dans l'eau, ceci B 25 "C. 

On a vu Cgalement, en considkrant 1'Cvolution 
de l'enthalpie de "solvatation" A dilution infinie 
de l'eau dans l'ester, pour la sCrie des acCtates 
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RICHON ET VIALLARD 2593 

d'alcoyle, que cette Cvolution peut &tre inter- 
prktke comme une constquence d'une diminution 
de l'importance des interactions par liaison 
hydrogkne entre molkcules d'eau et molCcules 
d'ester lorsque s'allonge la chaine hydrocarbonke 
en provenance de l'alcool. 
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Binding energies and stabilities of potassium ion complexes with 
ethylene diamine and dimethoxyethane (glyme) from measurements of 

the complexing equilibria in the gas phase1 
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W. R. DAVIDSON and P. KEBARLE. Can. J. Chem. 54, 2594 (1976). 
The temperature dependence of the gas phase equilibria K+(en),-l + en = K+(en), where 

en = ethylene diamine were measured for n = 1 to n = 3. The equilibrium K+ + dimethoxy- 
ethane* K+(dimethoxyethane) was also determined. The measurements were made with a 
high ion source pressure mass spectrometer equipped with a thermionic potassium ion emitter. 
The resulting AHo, AGO, and AS" values are compared with the corresponding values for mono- 
dentate ligailds like H20, NH3, CH30CH3 etc. determined in earlier work. As expected, the 
bidentate ligands lead to considerably stronger (0,l) interactions. Dimethoxyethane leads to a 
stronger complex than ethylene diamine. The third molecule of ethylene diamine leads to much 
weaker binding than is observed for the first two molecules. Explanation of the observed effects 
is given on basis of electrostatic and steric arguments. 

W. R. DAVIDSON et P. KEBARLE. Can. J. Chem. 54, 2594 (1976). 
On a mesurC la dkpendance sur la tempkrature de 1'Cquilibre en phase gazeuse K+(en)n-l + 

en= K+(en), (oh en = l'kthylknediamine) pour n = 1 jusqu'g n = 3. On a aussi determine 
VCquilibre K+ + dimCthoxyCthanee K+(dimCthoxyCthane). On a fait les mesures avec un 
spectrometre de masse muni d'une source d'ioos B haute pression et d'un 6mitteur thermoionique 
d'ions potassium. On a comparC les valeurs de AHo, de AGO et de ASo qui en rCsultent avec les 
valeurs correspondantes determinks antirieurement pour H20,  NH3, CH30CH3 etc. Comme 
on pouvait s'y attendre, les ligands bidentates conduisent B des interactions (0,l) beaucoup plus 
fortes. Le dimCthoxyCthane conduit i un complexe plus fort que celui de I'Cthylknediamine. 
La troisieme molCcule d'dthylenediamine conduit B une fixation beaucoup plus faible que 
celle observCe avec les deux premieres molkules. On donne une explication des effets observCs 
en se basant sur les arguments electrostatiques et stCriques. 

[Traduit par le journal] 

Introduction 
A program of studies based on ion-molecule 

equilibria determinations in the gas phase was 
initiated in the present laboratory several years 
ago (1-3). An important part of this research 
was studies of alkali ion-solvent molecule 
equilibria. Results for the alkali ions and water 
molecules (4) and acetonitrile (5) have been pub- 
lished. Recently also a survey was made of the 
binding energies and stabilities of complexes 
containing the potassium ion and one basic 
molecule M (= ammonia, amines, aniline, pyri- 
dine, ethers) (6). 

The present work, in which the equilibria 
(n - l,n) of the potassium ion with ethylene 
diamine (en) and dimethoxyethane were deter- 
mined is a continuation of these studies. 

K+(en),-I + en * K+(en), (n - 1,n) 

IBased on the Ph.D. Thesis of W.R.D. 

In solution, complexes of the transition metal 
ions with multidentate ligands like ethylene 
diamine and polyethers represent an important 
branch of chemistry. Complexes involving chelat- 
ing agents and the alkali ions have received less 
attention. Some of the reasons for this must be 
the weaker binding involved and the lack of 
spectroscopic transitions (colour) and paramag- 
netic properties. However, more recently con- 
siderable interest in the coordination chemistry 
of alkali ions and particularly Na+ and K+ has 
originated with the synthesis of cyclic polyethers 
which by complexing can be agents in cation 
selective transport through biological membranes 
(7-9). Other research groups have also become 
interested (10) in alkali ion coordination because 
of its importance to the metabolism of plants. 

The present work which provides the first 
binding energies and stabilities of bidendate 
complexes in the absence of solvent should be 
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useful in clarifying the intrinsic forces involved. ion source, of ref, 18). It appears that the effect is more 
of course, gas phase thermodynamic data by serious when large, high molecular weight molecules M 

are used. Equilibrium quotients which were independent are of limited of the pressure of M could be obtained if gas mixtures 
retical methods and particularly ab initio nlolecu- were used where M = (ethylene diamine) was the minor 
lar orbital calculations can provide binding gas (10-150 mtorr) and N2 or some other inert gas was 
energies for ion-molecule complexes which are the major gas at pressures in the torr range. Total pres- 

in good agreement with the results from gas sures in the torr range are required to provide efficient 
thermal activation and deactivation of the reaction and 

phase thermodynamics. to slow down diffusion of the ions to the wall. 
The theoretical calculations however also 

predict the stabilities of the various possible 
structures. The theoretical treatments can also be 
extended to evaluation of free energy and entropy 
changes by means of the Monte Carlo method 
(11). For example, the experimental (1-4) gas 
phase thermodynamic determinations for the 
M+(OH2),, XP(H20),, and H+(H20), species 
were followed by many theoretical calculations 
(11-15) which provided detailed structural pre- 
dictions of great interest. It can be hoped that a 
somewhat similar development will also occur 
in the area of polydentate ligands. 

Experimental 
The measurements were done with an alkali ion source 

capable of operating at neutral gas pressures up to 4 torr. 
The ion source used is similar to that described earlier 
(16) but incorporated a few modifications (5, 17), made 
to increase the leaktightness of the source and the 
temperature homogeneity of the gas in the equilibration 
chamber. 

The principle of the experimental method is as follows. 
Potassium ions are produced by thermionic emission 
from a heated platinum filament coated with potassium 
alumosilicate melt. Weak electric fields drift the ions 
through the gas into a thermostated equilibration cham- 
ber which is free of electrical fields. The ion-molecule 
reactions reach equilibrium in this chamber. A probe of 
the gas plus ions bleeds continuously through a small slit 
out of the chamber into an evacuated space where the gas 
is pumped out and the ions accelerated, magnetically 
mass analyzed, and detected. The relative intensities of 
the detected ions K+ and K+M, are taken to be equal to 
the relative equilibrium concentrations [K+] and [K+M,] 
in the equilibrium chamber, where M stands for ethylene 
diamine and dimethoxyethane. 

Some specific problems were encountered in the present 
study. The (0,l) equilibria with ethylene diamine and 
dimethoxyethane could be studied with pure ethylene 
diamine, dimethoxyethane respectively. However, the 
(1,2) and (2,3) equilibria did not give equilibrium quo- 
tients which remained constant with pressure, when the 
pure compound was used. The equilibrium quotients 
were observed to fall off above about 0.3 torr. It appeared 
that this fall-off at high pressure was caused by collisional 
dissociation of K+(M,) to K+(M,), where 1 < n outside 
the ion source. The occurrence of this effect has been 
described and analyzed in earlier work (ref. 1, and see 
section Effect of collisional dissociation of clusters outside 

Results and Discussion 
The equilibrium constants were determined at 

a given constant temperature and several differ- 
ent pressures of M. An example of the pressure 
range covered at the different temperatures is 
shown in Fig. 1 which gives the equilibrium 
constants for the (1,2) reaction with ethylene 
diamine. The van't Hoff plots for the potassium - 
ethylene diamine (0,1), (1,2), and (2,3) equilibria 
are given in Fig. 2. Equilibria with higher n were 
not determined. The van't Hoff plot for the 
(0,l) potassium-dimethoxyethane equilibrium 
is shown in Fig. 3. The van't Hoff plots of 
several (0,l) equilibria involving K+ and other 

P (m~crons )  

FIG. 1. Equilibrium constant K for reaction : K+(en) + 
en K+(en)z where en = ethylene diamine. Pressure 
shown corresponds to partial pressure of en. N2 gas at -1 
torr used as third body. 
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I J 
10 2 0  3 0 

l / T  x lo3 ( K J - '  

FIG. 2. Van't Hoff plots of reactions (n - 1,n): 
K+(en)n-l + en K+(en), where en = ethylene dia- 
mine. Results show that third molecule of en is accommo- 
dated quite poorly. 

molecules are included in Fig. 3 for comparison 
purposes. The AH0, AGO, and AS0 data resulting 
from the van't Hoff plots are given in Table 1. 
This table also includes results for the mono- 
dentate ligands OH2,  NH3,  CH3NH2, and 
CH30CH3. These results which were obtained 
earlier (6, 16) are given for comparison. 

The most direct information on changes of 
stability with number of ligand molecules is 
obtained from examination of the van't Hoff 
plots. Recalling that the higher the position of 
a van't Hoff line the higher the stability of the 
given cluster we notice in Fig. 2 that an appreci- 
able drop between the lines (0,l) and (1,2) is 

FIG. 3. Van't Hoff plots of reactions (0,l): K+ + M 
K+M; (a) dimethoxyethane, (b) ethylene diamine, (c) 
diethyl ether, (d) propylamine, (e) dirnethyl ether, (f) 
ammonia. Results show that bidendate ligands lead to 
much stronger interactions; (a), (b), present work, (c), (e), 
Y. Lau and P. Kebarle, unpublished work, (d), (e), see 
ref. 6. 

followed by a much larger drop between (1,2) 
and (2,3). This shows that the addition of the 
third ethylene diamine molecule is very much less 
favorable than the addition of the first and the 
second molecule. The results for the AH0,- 
and AGO,- changes in Table 1 reproduce this 
trend in greater detail. Thus one sees that while 
-AHo,,  and -AH1,2  do not change much, i.e. 
from 26 to 22 kcal/mol, - AH2,3 = 13 kcal/mol 
is very much lower. When three dimensional 

TABLE 1. Thermodynamic data for reactions (n - 1, n): 
K+M, + M = K+Mn from gas phase 

Equilibria measurements 

- A HOa - AGOa - AS" 
M Reaction (kcal/mol) (kcal/mol) (eu) 

(CHzNHz)zb 0,1 25 .7k0 .5  19.0k0.5 22.3*0.8 
1,2 22.2k0.5 12.7k0.6 32.0k1.1 
2,3 12.9k0.3 5.1 k0 .4  26.3k0.9 

(CH30CH2)2b 0,l 30 .8 i1 .1  2 2 . 8 i 1 . 2  26.8k1.6 
NH3' 0,1 17.9 11.8 20.0 
CH3NHZC @I  19.1 12.7 21.8 
CH30CH3d 0,1 22.2 14.2 26.8 
0H2e @I  16.9C, 17.9e 11 .Oc, 11 .4e 19.9c, 21 .6e 

1,2 16.1 8.9 24.2 
2,3 13.2 6.3 23 .O 
3,4 11.8 4.4 29.7 

aStandard state 1 atm, AGO at 298 K, errors given represent standard deviation from least-squares 
treatment of van't Hoff plots. Actual error believed to be larger. Estimated at i 1 kcallmol for AH 
and AG and f 2 or 3 eu for AS. 

*Present work. 
CReference 6. 
dunpublished results by Y. Lau and P. Kebarle. 
eReference 16. 
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models (Leybold atom models) of ethylene 
diamine molecules are placed around a sphere 
scaled t c  the size of the potassium ion (radius 
1.3-1.5 A) one finds that two molecules can be 
fitted easily but that an arrangement of three 
molecules all with two point attachment to K+, 
while just possible, is very crowded. The very 
low -AH2,3 is thus in line with the scale model. 

The ab initio MO calculations of alkali ion 
water complexes (12, 15) have shown that the 
bonding is almost purely electrostatic since there 
is essentially no net transfer of electrons from 
the water molecule to the alkali ion. For this 
reason the results from the earlier study (6) of 
K+M complexes were interpreted in simple 
electrostatic terms. The situation with the biden- 
tate ligands of the present work should be similar. 
Therefore in the further discussion mostly 
simple qualitative electrostatic arguments are 
used. 

It  is interesting to compare the - AHosl of the 
bidentate ethylene diamine with the enthalpy 
changes for the monodentate NH3 and CH3NH2 
which were published earlier (6). These - AHovl 
are 17.9 and 19.1 kcal/mol which is smaller than 
the value for the bidentate ethylene diamine 
-AHoVl of 25.7 kcal/mol. Using the AH,-,,, 
values for H20 as a guide (see Table 1) one can 
estimate that -AHl,2  for CH3NH2 should be 
somewhere around 16.5 kcal/mol which means 
that the addition of two CH3NH2 molecules 
(-AHo,l + -AH1,2) would release some 35 to 
36 kcal/mol. This is much more than the 
-AHoVl = 25.7 kcal/mol for the bidentate ethyl- 
ene amine. However this difference is not sur- 
prising if one considers that the two isolated 
CH3NH2 molecules can go to opposite ends of 
the potassium ion to minimize dipole-dipole 
repulsions. This is not possible in the diamine 
where the CH2NH2 groups are tied closely 
together. In addition to the large permanent 
dipole repulsion there will be a field effect which 
is best visualized if one divides the attachment 
of the ethylene diamine molecule into two steps. 
The attachment of the first NH2 group to K+ 
is accompanied with considerable internal polar- 
ization of the total molecule by which electronic 
charge is shifted to the nitrogen atom involved. 
This leaves the second nitrogen relatively electron 
deficient. The resulting second interaction of this 
atom with K+ is thus much weaker. 

The stability of the dimethoxyethane K+ com- 

plex is seen to be considerably larger than that 
of the ethylene diamine. Both the and 
the values are larger for the oxygen 
compound. Some of this difference can be ex- 
plained by the presence of the methyl groups in 
the oxygen compound. As discussed in the 
earlier work (6), which dealt with monodentate 
complexes K+M, methyl substitution decreases 
the permanent dipole moment and the net elec- 
tronic charge on the hetero atom (N or 0). 
However, the increased polarizability of the CH3 
relative to H is a bigger effect which overrides 
the lower dipole and leads to somewhat stronger 
interactions with the methyl substituted com- 
pound (see NH3 and CH3NH2 in Table 1). The 
monodentate ligands serve also as a guide of the 
relative role of the nitrogen and oxygen atoms. 
As pointed out in the earlier work (6) the oxygen 
compounds have the higher permanent dipoles 
but the lower polarizability. For small ions up 
to and including K+ the nitrogen analogue gives 
the stronger interaction (see H20,  NH3 in 
Table 1). For larger ions the oxygen compound 
with its higher permanent dipole leads to the 
stronger bond. The situation with the bidentate 
ligands should be similar but the oxygen com- 
pounds should become the stronger ligands 
already for ions of radius smaller than that of 
Kf. This follows from the following considera- 
tions. When monodentate ligands are put on the 
ion, one by one, the average ion-ligand distance 
increases because of repulsive interactions be- 
tween the ligands. Considering further that a 
vicinal bidentate ligand gives weaker binding 
than two separate monodentate ligands, we con- 
clude that the ion - bidentate ligand distance will 
be significantly larger than the ion- single 
monodentate ligand distance. At larger distances 
the permanent dipole becomes more important, 
i.e. oxygen is favored over nitrogen. There might 
be also an additional reason that favors oxygen 
in bidentate ligand bonding. The higher polariz- 
ability of nitrogen may be not as effective in a 
bidentate ligand (like ethylene diamine) because 
of the close proximity of the two nitrogen groups 
and the efficient transfer of the field through the 
N-C-C-N bonds. 

The entropy changes of 22.3 and 
26.8 eu for the reaction of ethylene diamine and 
dimethoxyethane with K+ are larger than the 
entropy changes of the reactions of NH3 and 
OH2 with K+, the latter being -20eu (see 
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Table 1). If we separate the bidentate attachment 
into two stages: single point attachment followed 
by double point attachment then it would be 
reasonable to assume that AS, for the single 
point attachment (second group assumed not to 
interact with the ion) should be similar to ASo,, 
for monodentate ligands of similar strength and 
that the AS, for single to double point attach- 
ment should be negative and not negligible since 
in the quasi-cyclization that occurs at least two 
internal degrees of rotational freedom (around 
C-C bond and around C-N bond) are lost. 
Measurements (19) of the entropy of cyclization 
of protonated ethylene diamine gave a value of 
-AS,,,, = 12.7 eu. Of course the loss of freedom 
on cyclization of protonated ethylene diamine 
should be much larger than the expected entropy 
loss, AS,, in the potassium - ethylene diamine 
complex. However, a choice of AS, = -5 to 
-8 eu would appear reasonable, yet the experi- 
mental results indicate a change of only -2 to 
-4 eu. The possibility of experimental error 
cannot be excluded particularly when consider- 
ing that the temperature interval in the van't 
Hoff plots is somewhat narrow. We cannot 
resolve this difficulty at the present time but 
conclude that if the experimental entropies are 
right then the entropy loss with bidentate ligands 
turns out to be surprisingly close to that for 
(similar) monodentate ligands. 

The -ASolS2 = 32.0 eu for ethylene diamine 
is considerably larger than - A S o ~ , l  = 22.3 eu. 
This should be due to the more restricted geom- 
etry of the K+ (en);! complex. It is interesting to 
note that -ASo2,3 = 26.3 eu is smaller than 
-ASolP2. It was mentioned earlier that scale 
models show that the K+(en)3 complex is very 
crowded if two point contact for all three ligands 
is to be achieved. The smaller -ASo2,3 taken at 
face value could mean that one of the ethylene 
diamine molecules makes only single point 
contact. 

In solution it is generally observed that the 
stability constant for complexing with a 
single bidentate ligand is larger than the stability 
constant K o , ~  = K0,1K1,2 for complexing with 
two monodentate ligands which have functional 
groups which are of the same kind as the groups 
of the bidentate ligand. For example in the com- 
plexing of nickel(I1) by ammonia and ethylene 
diamine one finds (20) that Kl = los while 
K2 = 

This greater stability of the complex containing 
the chelate over the complex with the two mono- 
dentate ligands is called the 'chelate effect'. A 
qualitative explanation of the chelate effect is 
given (20) on the basis of entropy changes. When 
two monodentate ligands react as in [I] two 
molecules are immobilized, on the other hand 
the reaction of the bidentate ligand [2] leads to 
immobilization of only one molecule. Therefore 
the entropy change of the two monodentate 
reaction 1 should be more unfavorable than 
that for type [2]. 

The situation regarding entropy changes in the 
gas phase is quite similar and in fact simpler and 
more tractable since entropy changes due to the 
solvent need not be considered. The entropy 
change in the gas phase is dominated by the 
translational entropies of the reactants and the 
translational entropy loss for [3] and [4] should 
be roughly twice as large as that for [5]. On these 

131 K+ + 2NH3 e K+(NH3)2 

[4I K +  + 2CH3NH2 = K+(CH3NH2)2 

grounds one might have expected that a 'chelate 
effect' should be observed also in the gas phase. 
However, the data in Table 1 show that this is 
not the case. A comparison of the equilibrium 
constants involved in [3]-[5] is more conveniently 
done with the related values. The AGO3 = 

AG00,2(NH3) = AG00,i(NH3) + AG0i,2(NH3) 
while AGO4 = AG00,1(CH3NH2) + AG01,2(CH3- 
NH3. Unfortunately values for AGoIB2 of these 
compounds have not been determined. How- 
ever an inspection of Table l and some general 
considerations indicate that AGolS2(NH3) = 
AG01,2(CH3NH2) = AG01,2(H20) = -9 kcal/ 
mol. This assumption leads to -G03 = 20.8 
kcal/mol and -AG04 = 21.7 kcal/mol. Both of 
these are larger than -AGO5 = A G O O , ~ ( ~ ~ )  = 19 
kcal/mol (see Table 1). Thus the 'chelate effect' 
does not operate in the gas phase. It was pointed 
out earlier in the discussion that - A H o , ~  for the 
monodentate ligands CH3NH2 is probably much 
larger than - AMo,,(en). Thus the chelate effect 
in the gas phase does not operate since the 
enthalpy change with the two monodentate 
ligands is so much larger that it overcomes the 
unfavorable entropy change. The reasons why 
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two monodentate ligands should give a larger 
enthalpy lowering were already considered. 
These were lower permanent dipole repulsions 
and the absence of an internal field effect. The 
occurrence of a chelate effect in solution and its 
absence in the gas phase should be due to the 
different importance of the field effect in the two 
media. In a continuum model approximation 
the field effect will be inversely proportional to 
the dielectric constant of the medium. Thus in 
solution an appreciable reduction of the field 
effect will occur even though dielectric satura- 
tion near the ion will effectively reduce the 
dielectric constant. In the gas phase experiments 
such a reduction of the field will not be experi- 
enced and the bonding of the bidentate ligand 
will be poorer. 
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Studies of metal-organic interactions in model systems 
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ROBERT D. GUY and C. L. CHAKRABARTI. Can. J. Chem. 54, 2600 (1976). 
The interactions of Cu(lI), Pb(II), Cd(II), and Zn(I1) with humic and tannic acids were 

studied to evaluate the possibility of metal speciation using a combination of dialysis/atomic 
absorption spectroscopy, and the pH characteristics of the metal-organic species. The stability 
constants of metal-organic complexes were found to decrease in the order Pb(I1) > Cu(I1) > 
Cd(I1) > Zn(I1) and EDTA > humic acid > tannic acid. Scatchard plots for the metal - humic 
acid systems indicated two types of binding sites with a difference in stability constants of about 
10. Ultrafiltration of metal - humic acid solutions indicated that the metal ions were concen- 
trated in the large molecular size fractions (> 3.1 nm). Separation by dialysis was used to investi- 
gate the release of metal from model sediment components by the organic acids (the metal- 
organic complexes were non-dialyzable). For release of copper from bentonite, it was found 
that the amount of copper released depended on both the concentration of ligand and the 
stability constant of metal complex, with the ratio of metal release to complexing sites decreas- 
ing in the order EDTA > humic acid > tannic acid. Release of metal from the solids decreased 
in the order: bentonite > Mn02 > humic acid. Release of metal from the hydrous oxides via 
a redox decomposition of the oxide by natural organics was investigated using pyrogallol, gallic, 
and tannic acids. At natural water pH levels (6-8), 20pg/ml solutions of the organic acids 
released 20 pmol manganese per 100 ml solutions whereas at pH 2, 60 pmol manganese were 
released. The pH behaviour of the organic acids has been explained in terms of formation of 
oxalic acid at pH < 5, which then reduces the hydrous oxide. 

ROBERT D. GUY et C. L. CHAKRABARTI. Can. J. Chem. 54, 2600 (1976). 
Faisant appel a une combinaison de spectroxopie atomique, de dialyse ainsi qu'aux caract6 

ristiques de pH des esp6es organometalliques, on a 6tudie les interactions de Cu(II), de Pb(II), 
de Cd(I1) et de Zn(I1) avec les acides humique et tannique dans le but d'kvaluer la possibilitk de 
spkiation des metaux. On a trouvC que les constantes de stabilitk des complexes organo- 
m6talliques dkroissent dans I'ordre Pb(1I) > Cu(1l) > Cd(I1) > Zn(l1) et EDTA > acide 
humique > acide tannique. Les courbes de Scatchard pour les systtmes acide humique/metal 
indiquent qu'il y a deux types de sites de couplage et que la difference entre leurs constantes de 
stabilitk est d'environ 10. L'ultrafiltration de solutions de mCtal/acide humique indique que 
les ions metalliques sont concentres dans les fractions de grands poids molkulaires (> 3.1 nm). 
On a utilisC la separation par dialyse pour examiner la liberation, par les acides organiques (les 
complexes organometalliques ne sont pas dialysables), des metaux attaches a des composants 
modkles de suiments. Pour la liberation du cuivre de la bentonite, on a trouvC que la quantitk 
de cuivre libere depend la fois de la concentration des ligands et de la constante de stabilite du 
complexe mCtallique avec un rapport de liberation du metal par rapport aux sites complexants 
qui diminue dans I'ordre EDTA > acide humique > acide tannique. La liberation des metaux 
a partir des solides dkroit dans l'ordre bentonite > Mn02 > acide humique. On a CtudiC la 
liberation des metaux a partir des oxydes hydrates par l'intermkdiaire d'une dkomposition 
redox de I'oxyde par les composes organiques naturels en utilisant le pyrogallol et les acides 
gallique et tannique. Au pH nature1 de I'eau (6-8), les solutions ?i 20 pg/ml d'acides organiques 
liberent environ 20 pmol de mangankse par 100 ml de solution alors qu'a pH 2, il y a une libera- 
tion de 60 pmol de mangankse. Le comportement en fonction du pH des acides organiques est 
explique en termes de formation d'acide oxalique pH < 5 qui rCduit alors l'oxyde hydrate. 

[Traduit par le journal] 

Introduction simple aquated ions, metal-inorganic anion 
Metal ions in natural waters may be found in complexes, metal-organic complexes, and metal 

different p~ysicoc~emica~ forms, for example, as ions sorbed onto organic and inorganic colloids. 
Several authors (1-3) have reviewed the distri- 

'To whom correspondence should be addressed. bution of metal ions between sediment and 
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solution; Leland et al. (1) concluded that 
organic matter and hydrous oxides control metal 
concentrations in sediment; Jenne (2) concluded 
that the hydrous oxides of manganese and iron 
were the principal sediment components to sorb 
ions, whereas Sanchez and Lee (3) found that in 
calcareous sediments copper was bound in the 
sediment by replacement of Ca2+ and Mg2+ in the 
sedimentary carbonates. These conclusioils are 
based on investigations of real sediments in 
which all possible components are present, and 
since natural sediments are difficult to charac- 
terize, all possible variables that may determine 
the metal distribution cannot be controlled in 
studies in which natural sediments are employed. 
A more definitive approach is to employ model 
systems to investigate the metal distribution 
between solution and solid phases. Several 
studies have been made on the components 
individually, for example, Mn02 (4-6), iron 
oxides (7, 8), clays (9), and humic substances 
(10). More comprehensive studies (1 1-13) have 
been done comparing the different solids under 
controlled experimental conditions. For ex- 
ample, McClaren and Crawford (1 I) found that 
for copper the adsorption capacity decreased in 
the order: Mn02 > humic material > iron oxide 
> clay minerals; Kharkar et al. (12) found for 
selenium the adsorption decreased in the order: 
Fe(OH)3 > Mn02 > clay > peat; Gardiner (13) 
reported that the order of adsorption for cad- 
mium was humic acid > silica > kaolin. The 
discrepancies in the relative adsorption capacities 
stem largely from the different modes of prepara- 
tion of the hydrous oxide, and the type of 
organic material employed; however, a relative 
order of hydrous oxide > humic substances > 
clay is indicated. 

The studies reported to date serve to emphasize 
that metal ions are concentrated in the sedi- 
mentary material but ignore the effects of com- 
plexing agents in the solution phase. Guy et  al. 
(14) have described a model system composed of 
bentonite, solid and soluble humic acid, Mn02, 
tannic acid, and NaHC03 that may be employed 
to investigate metal ion distributions between 
solution (with and without complexing agents) 
and sediment. This paper describes the applica- 
tion of the above model to investigate: (I) the 
competition between Cu2+, Pb2+, Cd2+, and 
Zn2+ for the complexing sites of humic acid in 
solution; (2) the relationship between the con- 

centration of complexing agent in solution and 
the amount of metal ion released from the sedi- 
ment. 

There are several techniques for investigating 
the metal ion distribution in solution: anodic 
stripping voltammetry (ASV) (15-17), ion selec- 
tive electrodes (18, 19), and dialysis or ultra- 
filtration (20, 21). Guy and Chakrabarti (22) 
have compared ASV and size separation pro- 
cedures and concluded that, since the adsorption 
of organic substances onto the hanging mercury 
drop electrode makes the interpretation of 
stripping voltammograms difficult, the size 
separation procedures were more convenient. 
Dialysis separations are unable to differentiate 
between small species; for example, between 
CuC03O and aquated copper ions; therefore, an 
additional technique specific to free copper 
(aquated copper ions) must be employed. It was 
decided. therefore. to use a combination of ion 
selective electrodes (to determine aquated copper 
ions), and dialysis/atomic absorption spectro- 
scopy (to differentiate simple hydroxy and car- 
bonate complexes from large organic complexes) 
in the present study of the metal distribution in 
solution. 

Experimental 
Apparatus 

Potentiometric measurements were made with an 
Orion Digital Voltmeter, Model 801A, equipped with 
copper and lead ion selective electrodes, models 94-29A 
and 94-82A, respectively. The reference electrodes were a 
single junction electrode model 90-01 for the copper 
electrode, and a double junction electrode model 90-02-00 
was used in conjunction with the lead electrode. An 
Orion platinum electrode, model 96-78, was used for E, 
measurements. 

Size separations were made using Amicon ultrafilters 
(filters UM2, PMIO, PM30, XM50, and XM100) and an 
Arnicon ultrafiltration assembly, model 201. Dialysis 
tubings were Spectrapor membranes, No. 1, 2 and 3. The 
tubing was treated with a 0.17, (w/v) Na2S solution at 
60 "C, rinsed with distilled water, and acidified with 1% 
H2SO4 (v/v) before use to remove sulphur impurities. 

A Varian, model AA-5, atomic absorption spectro- 
photometer equipped with an air-acetylene premix 
burner, Techtron Model AB51, was used for all flame 
atomic absorption determinations. A Perkin-Elmer, model 
503, atomic absorption spectrometer equipped with a 
Heated Graphite Atomizer, model 2000, was used for all 
nonflame atomic absorption determinations. 

Reagents 
Stock solutions (1000fig/ml) of metals were prepared 

by dissolving the appropriate quantity of copper metal 
(99.9% pure), Pb(N03)2 (99.97, pure), zinc metal (99.9% 
pure), and CdCOs (99.9% pure) in nitric acid and diluting 
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to appropriate volume w ~ t h  ultrapure water (Millipore 
Corporation). KN03 and NaHC03 solutions were pre- 
pared from reagent grade chemicals. 

The humic acid (Aldrich) was leached with dilute nitric 
acid to remove metal impurities. The elemental composi- 
tion of the treated humic acid was C 46.92'j,, H 5.76L/,, 
N 0.93%, and the ir spectrum agreed with the published 
spectra for soil humic acid. The clay bentonite (Fisher 
Chemical Co.) was converted to the potassium form using 
the method prescribed by van Olphen (23); its cation 
exchange capacity (measured at pH 5.2 using ammonium 
acetate) was 0.59 mequiv./g. Hydrous manganese dioxide 
was prepared using the reaction: 

under basic conditions. The collected precipitate was 
washed with 0.1 M KN03, and then with distilled water, 
and then air-dried. The solid had a surface area of 
147 m2/g, as determined by BET adsorption of N2. 

Procedure 
The chelating capacity of the solutions was determined 

by a procedure reported by Ramamoorthy and Kushner 
(24) using the copper ion selective electrode. A calibration 
curve was prepared by adding aliquots of 1000pg/ml 
copper to lOOml of 0.010 M KN03 (at pH 3.5). The 
chelating capacity of a solution was then determined by 
titrating it with the standard copper solution and deter- 
mining the concentration of free copper. A plot of 
(CA - CM)/CA us. CA (CA is the added metal concentra- 
tion and CM is the measured copper concentration) shows 
a definite break at the endpoint. The chelating capacity of 
EDTA, tannic acid, humic acid, and natural water 
samples was thus determined. 

The distribution of metal in solution was studied using 
separation by dialysis and flame atomic absorption 
spectroscopy. The following two types of experiments 
were performed. 

(1) The competition between complexing agents for 
metal ions was studied as follows. A dialysis bag (molecu- 
lar weight cutoff -14 000) was used to separate the metal 
species associated with humic and tannic acids from the 
simple carbonate and EDTA complexes. The dialysis bag 
containing 20 ml of ultrapure water was equilibrated with 
200 ml of solution containing 0.01 M KNO,, 5 pg/ml 
metal ion, 20pg/ml humic acid (or tannic acid), 1.0 X 
10-4 M EDTA, and 1.0 X 10-3 M NaHC03. The systems 
were equilibrated for 24 h. The metal concentration inside 
the dialysis bag was taken as the concentration of metal- 
EDTA complex. 

(2) The competition for complexing sites between the 
heavy metal ions, C U ~ + ,  Pb2+, Cd2+, and Zn2+ was studied 
as follows. Solutions containing 20 pg/ml humic or tannic 
acid and 1.57 X 10-5 M each of the metal ions were 
dialyzed for 24 h. The concentration of metal ion inside 
the dialysis bag was taken as the concentration of free 
metal ions. 

Solutions of 20pg/ml humic and tannic acid were 
titrated with standard solutions of metal ions and 
dialyzed for 24 h. The concentration of metal ion inside 
the dialysis bag is that of the uncomplexed metal ion 
(M,), and the difference between the concentration of 
uncomplexed and added metal (MA) is the concentration 
of bound metal (MB). A plot of MF us. MA was used to 

determine the chelating capacity of the solutions based on 
size separation. 

Ultrafiltration separations were used to determine the 
size distribution of Cu2+, Fe3+, Pb2+, and Mn2+ in humic 
and tannic acid solutions as well as several samples of 
natural waters. The solutions consisted of 20pg/ml of 
complexing agent and 50 ng/ml each of Cu2+, Pb2+, and 
Fe3+, and 25 ng/ml of Mn2+. The metal concentrations in 
the filtrate were determined using graphite-furnace atomic 
absorption spectroscopy. To prevent cross contamination 
between filters, a fresh 100 ml of solution was used for 
each filtration. 

The release of copper ions from clay, humic acid, and 
hydrous manganese dioxide was investigated by equili- 
brating solutions of complexing agents with solid com- 
ponents spiked with copper ions. The concentration of 
total metal released and the concentration of dialyzable 
(through the 3000 MW membrane) metal were determined 
to determine free and complexed forms of the metal. An 
additional study to determine the feasibility of reduction 
of MnOL by organics was undertaken by adding 20 pg/ml 
solutions of gallic acid, tannic acid, and pyrogallol to 
solid Mn02 and the redox potential measured using the 
Pt/Ag-AgC1 electrode. 

Results and Discussion 
The distribution of a metal ion between 

different soluble species is governed by a number 
of equilibria 

where Mn+ is the free metal ion and Rm- may be 
carbonate, sulfide, hydroxide, chloride, humic 
acids, etc. The determination of a solution's 
chelating capacity by titration with heavy metal 
ions will depend both on the magnitude of K and 
the sensitivity of detection technique for the free 
metal ion. The ion selective electrode is re- 
sponsive only to the free metal ion, and therefore 
a theoretical titration curve may be obtained by 
calculating the free metal concentration for 
different K and concentrations of Mn+ and Rm-. 
Figure 1 shows the titration curve calculated for 
a species MR with a stability constant of lo7 and 
a concentration of R2- of 1.0 X M. The 
titration error for K = lo7 is 32%, for K = los 
is lo%, K = lo9 is 2%, and K = 10'' is 0%. In 
natural waters, metal species have stability 
constants of the order of lo8; therefore, con- 
siderable errors can occur in the determination 
of the ligand concentration. Table 1 presents the 
measured chelating capacities for several model 
ligands and natural waters. For weak metal- 
organic complexes in natural waters, the com- 
plexing or binding capacity as determined by 
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TABLE 1. Binding capacity of model solutions 

l o "  $1 

O 0.4 0.8 1.2 1.6 

CA x M 
FIG. 1. Theoretical titration curve for a ligand con- 

centration of 1.0 X 10-6 M and a stability constant, 
K = 1.0 X 107. 

titration will be low, and perhaps a better 
characterization of the water sample would be 
the plot of free metal concentration vs. total 
metal concentration plots. There are two reasons 
for the suggested characterization scheme: first, 
the toxic metal species in natural waters is 
generally regarded to be the free metal ion (19), 
and secondly, such a plot would be useful in 
evaluating the effect of sudden additions of 
metal ions to the watercourse from a foreign 
source. 

The determination of the metal species in 
natural waters is a difficult problem that requires 
some definition before meaningful results are 
possible. The problem of analysis of metal ions 
in natural waters can be attacked from two 
points of view: the ideal case where the con- 
centration of every species is determined (includ- 
ing identification of that species), or the practical 
case where the total concentration is determined 
by atomic absorption spectroscopy or neutron 
activation analysis. The ideal speciation scheme 
is not available; the total metal concentrations 
do not provide the biologically significant frac- 
tions of the metal species for the purpose of 
evaluating the toxicity of natural waters to living 
beings (for example, the work of Hutchinson and 
Stokes (25) indicates no relationship between 
total copper concentration and toxicity to algae). 

Solution Binding capacity ( p M )  

20 pg/ml humic acid 
3.0 x 10-5 M EDTA 
10 pg/ml tannic acid 
Rideau River water 
Meach Lake water 
Pinks Lake water 

If one considers, however, that the metal species 
are distributed along a size continuum, then a 
differentiation by size, for example 'small' (free 
ions and inorganic complexes), 'medium' (or- 
ganic complexes), and 'large' (colloids), in con- 
junction with the chemical behaviour of the size 
groups (such as distribution changes due to 
variation in the p H  and metal concentration) 
may serve as a definitive speciation scheme. To 
test this hypothesis, the chemical characteristics 
of humic and tannic complexes of metal ions 
were evaluated with respect to  pH, metal con- 
centration, and competition with synthetic 
ligands (EDTA). 

The requirements for a good size separation 
by dialysis are that the membrane be imper- 
meable to metal-organic species, permeable to  
free copper ion, CuC03, and simple inorganic 
complexes (e.g. ,  CuEDTA2-), and the time 
necessary to reach equilibrium should be a 
minimum. Figure 2 shows dialysis curves for the 
model species for the two dialysis membranes. 
It is evident that a combination of Spectrapor 2 
and 3 will serve to differentiate between the 
different species where Spectrapor 2 is permeable 
to the metal-EDTA complexes but not the humic 

O 10 20  30 40 50 60 m 80 
TIME (h )  

FIG. 2. Dialysis as a function of time: 0 CuEDTA-*, 
Spectrapore 2, A CuEDTA-2, Spectrapore 3, copper/ 
humic acid, Spectrapore 3, copper/tannic acid, Spec- 
trapore 3. 
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and tannic complexes, and the Spectrapor 3 
membrane is permeable to  the free metal ion and 
the metal carbonate complex. In Fig. 2, the time 
required to reach equilibrium was 24 h. 

The Spectrapor 3 membrane is permeable only 
to the smaller metal species, and since the metal 
organic reaction in reaction 1 is p H  dependent, a 
plot of dialysis us. p H  would be a valid charac- 
terization of the metal species. Figure 3 shows 
the copper distribution as a function of p H  for 
solutions of humic acid and Rideau River water. 
Table 2 is a summary of the results of dialysis 
studies for the different metal ions investigated. 
In Table 2, from a comparison of the humic and 
tannic acids it is evident that the humic acid can 
bind the metal ions at lower p H  than the tannic 
acid. The principal reason for this difference is 
the different pK, values for the two acids (humic 
acid has a pK, .= 4 whereas tannic acid has a 
pK, - 6) if the stability constants of the two 
complexes are similar then the differences in 
pK, would result in a shift in the metal distribu- 
tion curves. 

In natural waters, two forms of competition 
are of interest: the competition f0.r complexation 
sites between metal ions, and the competition 
between different ligands for the same metal ion. 
Figure 4 presents a plot of free metal ion us. p H  
for equal concentrations of copper, lead, cad- 
mium, and zinc in a humic acid solution. In the 
p H  range 6-7, copper and lead are fully com- 
plexed (within the experimental error), and the 
order of stability is: Pb2+ - Cut+ > Cd2+ - 
Zn2+; at p H  5 the concentration of free metal 
ions increases in the order: Pb2+ < Cu2+ < 
Cd2+ < Zn2+. In Fig. 4, pronounced minima in 
the concentration of free metal ions occur at p H  

w 

20 - 

6-7, whereas in Fig. 3, for copper - humic acid, 
no minimum is observed. The concentrations of 
bound metals, 45.1 and 31.0 pM, at p H  6.9 and 
7.6, respectively, indicate that the competition 
for binding sites is not responsible for the 
minima. The reason for the difference between 
Figs. 3 and 4 is that in Fig. 4, NaHC03 is also 
present, and hence, three competing equilibria 
are present : 

6 TABLE 2. pH characteristics of metal-organic species 

100% dialysis 50% dialysis 
Metal ion Organic* (PHI (pH) 

Copper T A 5 . 0  6 . 0  
Copper HA 3.1 4 .6  

0 Lead T A 5 .O 6 .0  
Lead HA 2.9  4 .4  
Cadmium T A 4 .9  6 . 2  
Cadmium HA 3.4 4.8 

I I , Zinc T A 5 .4  5.6 - 

Comparison of reactions 3 and 4 indicates that 
Cu2+ and CuC03 predominate at p H  < 6 and 
6 < p H  < 9.3, respectively; therefore, only the 
competition between reactions 2 and 4 need be 

P" 
2 4 6 8 Zinc HA 4 .0  5 . 5  

Manganese TA 5.4 6 . 0  
FIG. 3. Concentration of free copper ion as a function Manganese HA 3.5 6 .0  

of pH. (A) Copper - humic acid. ( B )  Copper - Rideau 
River water. *HA = humic acid. TA = tannic acid. 

FIG. 4. Dialysis of metal as a function of pH in a humic 
acid solution. (A) Competition between metal ions for 
complexation sites: copper, A lead, 0 cadmium, 

zinc. (B) Theoretical curve for copper in humic acid - 
NaHCO, solution. 
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TABLE 3. Stability constants for the theoretical curve (Fig. 48) 

1. Cu2+ + 0rg2- e CuOrg log K = 7.0 

2. C U ~ +  + C032- S CuC03 log K' = 6.77 

3. H20rg e HOrg- + H+ log K1 = -3.30 

4. HOrg- = Org2- + H+ log K2 = -9.0 

5 H2C03 $ HC03- + H+ log Kll = -6.35 

6. HC03- $ H+ + C032- log K;?' = -10.33 

7. CT = [HzOrg] + [HOrg-] + [Orgz-] = 5 X 10-5 M 

8. CT' = [H2CO3] + [HC03-] + [C032-] = 5 X 10-4 M 

9. [Org2-] = CTm2; [COj2-] = CT1CX2' 

[CuOrgl 
12. 1% p = log K4 - log CT1 + log CT - log + log a2 [CuC031 
13. CuC03 + 0rg2- = CuOrg + C032- log K4 = 0.23 

considered. In the pH range 6-9, the equilibrium 
is represented by: 

K4 
[51 CuCo3 + Orgz- CuOrg + Co32- 

from which eq. 6 may be derived as follows. 

1% K4 - log [C032-] + log [Org2-] 

Equation 6 was evaluated using the constants 
given in Table 3, and the theoretical dialysis - pH 
curve is shown in Fig. 4B. The theoretical curve 
in Fig. 4B indicates that the competition between 
carbonate and humic acid will indeed cause the 
concentration of dialyzable metal to increase at 
pH > 6.5. 

Humic acid can complex metal ions using 
salicylic type groups: 

0 0 

Also, tannic acid has similar functional groups. 
The competition between EDTA, tannic acid, 
and humic acid for copper ions indicated that the 
metal-organic complexes were much weaker than 
the respective metal-EDTA complex; for ex- 
ample, 5 pg/ml Cu2+ ion in 20 pg/ml humic acid 
was nondialyzable, whereas after the addition of 

EDTA all the copper was found to be dialyzable. 
To calculate the stability constant of a metal 
com~lex. the eauilibrium concentrations of the . , 

free metal ion, 'complexed ion, and free ligand 
are required. Figure 5 presents a plot of the con- 
centration of dialyzable copper against the total 
copper concentration for a20 pg/ml humic acid 
solution at pH 6.8 (adjusted with KOH). If one 
assumes that the only species that is dialyzable is 
uncomplexed copper (both CuZ+ and CuOHf), 
then atitrationprovides the concentration of 

0 
2 4 6 8 10 12 14 

TOTAL COPPER ( x 10% 

FIG. 5. Dialyzable copper as a function of total metal 
concentration in 20 pg/rnl humic acid at pH 6.8. 
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TABLE 4. Stability constants for metal-organic complexes 

Metal ion Ligand Kt nt (mmol/g) 

Copper H A  1.6X106 2 
1 .2X105 5.5 

Cadmium H A  1.1~105 3 .O 
Zinc H A  1 .OX105 4 
Lead H A  3.4X106 2 

2.OX1O5 6 
Copper T A  2.2X105 11 
Lead T A  2.4X105 11 
Zinc TA 1 .8X104 11 
Cadmium T A 1 .8X104 11 

I 1 x  W6 moles of Cu /mg HA 1 

FIG. 6. Scatchard plot for binding of Cu(I1) by humic TABLE 5. Distribution of metal in humic acid 

acid at p H  6.8. 
Metal in the fraction ( C j , )  

both bound and unbound copper; the stability 
constant can be readily evaluated. Mantoura and 
Riley (26) have used a gel filtration procedure to 
determine the stability constants of natural 
organics - metal ion complexes. They employed 
the equation : 

where T = bound metal/humic acid, Ki is the 
stability constant of the complex i, and ni is the 
number of binding sites per molecule of the acid 
with stability constant Ki. Figure 6 presents a 
plot of r/MF US. i7 for a 20pg/ml hunlic acid 
solution a t  p H  6.8 (derived from Fig. 5). Figure 
6 shows that two types of binding sites are 
present. Table 4 presents the tvalues of Ki and ni 
for the four metals and two ligands studied. The 
stability constants obtained were evaluated for 
the concentration of humic acid in units of 
weight per unit volume because a molecular 
weight of humic substances is not available be- 
cause of its uncertain composition (an estimate 
of the molecular weight from dialysis membrane 
cutoffs or ultrafiltration separations would not 
be valid because the separations are based on 
size and charge characteristics and not molecular 
weight). The stability constant obtained is a 
conditional constant for the p H  and ionic 
strength conditions employed. Inspection of the 
values in Table 4 does indicate that the order of 
stability is: Pb2+ > Cu2+ > Cd2+ > Zn2+, in 
agreement with the results of the competition 
method. 

Dialysis separates the metal species into 'small' 
and 'large' size, whereas ultrafiltration permits 

Size pH 2 pH 6 

(nm) Pb Cu Fe Mn Pb Cu Fe Mn 

the fractionation of metal species into several 
different size groupings. Table 5 presents the 
results of ultrafiltration for 50 ng/ml Cu2+, 
Fe3+, Pb2+, and 25 ng/ml Mn2+ in humic acid 
solution at two p H  values. The results show two 
important points: at p H  2, all the metal is 
present as small species (in agreement with the 
results of pH/dialysis studies), and at natural 
water p H  (pH > 6), the metal ions are bound in 
the species with sizes greater than 5.0 nm. 

The solid-solution interface of the particulate 
can be considered as an impermeable membrane, 
that is, if a clay, humic acid, or hydrous oxide 
particulate with adsorbed metal ions was added 
to distilled water, the adsorbed metal ions would 
remain on the particulate because the 'fixed' 
negative surfaces cannot pass across the interface 
to maintain electroneutrality in solution (this is 
an example of Donnan Membrane equilibrium). 
Metal ions can be released from the particulate 
by one of three mechanisms: (I) ion exchange 
where a cation from the solution passes across 
the interface releasing an adsorbed cation into 
the solution; (2) solubilization of the matrix, for 
example, a humic acid particulate may re- 
dissolve; or, (3 )  the organic acids decompose the 
particulate matrix. Table 6 presents results for 
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TABLE 6. Release of copper from spiked particulates 

Copper released (pmol) 

Solution Clay Humic acid 

Distilled water 0 0 
1 1.0 x lo-3 M NaHC03 0.78 0.89 

20 pg/ml Ca2+ 0.02 0.09 
40 pg/ml CaZ+ 0.04 0.23 
60 pg/ml Ca2+ 0.06 0.44 

mechanisms I and 2 for clay and humic acid. 
The copper released by 1.0 X M NaHC03 
was not dialyzable, and therefore, was released 
as the humic acid com~lex whereas. in the 
presence of calcium ion, all copper released was 
by ion exchange. A comparison of the amount of 
metal ion released with the amount of calcium 
sorbed indicated that for both clay and humic 
acid, the ratio was not I :  1. The reason for this 
is that both particulates were not saturated with 
copper ion. The number of binding sites on the 
particulates is constant (0.45 mm01/~ for humic 
acid and 0.29 mn~ol/g for the clay). A com- 
parison of the amount of calcium adsorbed, 
copper released, and number of binding sites 
possible indicated that most of the calcium ex- 
changed with the sites not occupied by C U ~ +  but 
with K+. For example, the humic acid system 
has 2.30 X binding sites of which 6.8 X 

sites were initially occupied by Cu2+; after 
equilibration, 1.66 X lop5 sites were occupied by 
Ca2+; therefore, 0.4 X lop6 mol of copper must 
be released, which is in good agreementwith the 
value reported in Table 6. 

The results presented in Table 6 show that 
metal ions can be released from particulates via 
ion exchange. Several authors (27, 28) have pro- 
posed that the metal transport m e c l ~ a n i s ~  in- 
volves mainly fulvic and humic acids. This 
indicates that two equilibria are operative: 

[9] C U ~ +  + Org2- $ CuOrg 

where the presence of the organic acid will shift 
the ion exchange equilibrium to the right, thus 
increasing the concentration of soluble metal. 
~ ~ u i l i b r i i  8 and 9 are the same as those con- 
sidered in the determination of stability constant 
of the complex, using the ion exchange method 

0L b ;O b 20 I 25 I 3; 

TANNIC ACID CONC. ( pg/ml)  

FIG. 7. Copper release from bentonite as a function of 
tannic acid concentration: total copper released, 
A dialyzable copper. 

(29), where the increase in the concentration of 
soluble metal depends on K2 and the concen- 
tration of organic ligand. Figure 7 shows the 
amount of copper released from bentonite as a 
function of the concentration of tannic acid. 
Two points are worth noting: (I) with no tannic 
acid present some copper is released by ion ex- 
change and this copper is dialyzable; and (2) 
as the concentration of tannic acid is increased 
more copper is released but the concentration of 
dialyzable copper remains constant. This is 
direct evidence for the coupling of equilibria 8 
and 9. Table 7 presents the relationship between 
.the copper released, the ligand concentration, 
and the stability constant of the copper complex. 
The copper-EDTA complex has a stability 

TABLE 7. Release of metal from copper bentonite 

Complexing Metal 
sites released Dialysis 

Solution (PM) (PM) ('3%) 

2.5 X 10-5 M EDTA 25 25.8 100 
20 pg/ml TA 220* 62.5 6 
20 pg/ml HA 150* 17.6 0 
Rideau River water - 22 .O 48 
Lac Phillippe water - 39.2 43 
Pinks Lake water - 22.7 76 
Meach Lake water - 29.6 62 

*Calculated using ni values from Table 6. 
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TABLE 8. Fractionation of metal released from bentonite 

Copper in the fraction (yo) 

Size (A) HA* HA Rideau River 1 t Rideau River 2t  Meach Lake 

>51 32 79 29 11 80 
>31 67 11 - - - 

> 24 - - - 10 - 

> 19 - 10 - - - 

< 19 - - 65 89 20 
Total concentration ( p M )  79 7.66 13.5 11.8 17.3 

*50 ppb Cu2+ in 50 pg/ml humic acid solution at pH 6. 
?The two Rideau River sites are 25 miles apart. All experiments performed in triplicate; experimental error in all cases was less than + 10%. 

constant of and therefore, all the com- 
plexing sites are occupied, whereas the copper- 
humic or tannic acid complexes have much 
smaller stability constants and the ratio of the 
copper released to the number of complexing 
sites is not 1 : 1. 

Table 7 also presents the copper released from 
bentonite by several natural waters. In the case 
of the natural waters, appreciable concentrations 
of copper are present in small species. To in- 
vestigate this effect, three more water samples 
were equilibrated with bentonite-copper, and 
then fractionated by ultrafiltration. Table 8 
presents the results of ultrafiltration for a humic 
acid sample as well as for these three samples of 
natural waters. It is evident that in the humic acid 
solutions, the metal is released to the large size 
fraction (in agreement with the results of the 
earlier distribution for Cu2+ + humic acid) but 
an increase in the fraction > 5.1 nm is noted. This 
increase can arise from two sources: in the 
fractionation of Cu2+ + humic acid, the con- 
centration of Cu2+ was only 7.86 X lo-' M 
whereas in the fractionation of the Cu/clay/ 
humic acid solution the concentration was 7.66 
X M, and therefore, more of the sites on 
the large molecules are occupied. The second 
explanation is that there could be peptization of 
the clay particles by humic acid; however, 
fractionation of humic acid and copper at higher 
concentrations showed the same distribution as 
shown for humic acid equilibrated with clay. 
The equilibration of natural waters with copper 
sorbed onto bentonite indicated that the metal 
is present in two fractions, one > 5.1 nm and the 
other < 1.9 nm, indicating release by ion ex- 
change with some complexation by large species. 

A comparison of the release of copper from 
Mn02, humic acid, and clay is presented in 

Table 9. The results in Table 9 show that when 
the solubilization of manganese is accounted for, 
the order of release is: clay > MnOz > humic 
acid, which is the same as observed by McClaren 
and Crawford (30) for isotope exchangeable 
copper. This order of metal release reflects the 
effect of K, in equilibria 8 and 9, that is, the 
amount of metal solubilized depends on the 
relative magnitudes of Kl and K2. Table 9 con- 
tains one other interesting piece of information, 
for the release of copper from humic acid, the 
ratio of copper released to EDTA present is less 
than 1, contrary to what would be expected from 
a comparison of the stability constants of 
metal-organic complexes. This can be explained 
in terms of the sorption of the EDTA onto the 
humic acid: 

[lo] CU-HA + EDTA HA-CU-EDTA 

by formation of a complex with copper bound 
to the humic acid (i.e., ligand exchange where 
EDTA replaces water molecules bound to the 
Cu - humic acid complex). 

Release of metal from the sediments via de- 
composition of the components may be an 
important mechanism for the hydrous oxides of 
manganese and iron. The chemical decomposi- 
tion can occur via two mechanisms: (I) the 
formation of iron or manganese complexes with 

TABLE 9. Release of copper from particulates 

Copper released (pmol) 

Ligand Mn02* Humic acid Clay 

1 .8 pmol EDTA 0.51 (0.78) 0.51 1.80 
7.5 rm01 HA 0.32 (2.08) 0.35 0.88 

16 .O rmol TA 0.19 (1.70) 0.04 1.95 

*The value in parentheses is the amount of manganese released 
(in pmol). 
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TABLE 10. Release of manganese from MnOl 

Mn2+ concentration P ' 
Ligand* PH ( x lo-5 M) Calculated Measured 

Pyrogallol 
Pyrogallol 
Tannic acid 
Tannic acid 
Gallic acid 
Gallic acid 
HC03- 
HN03 
40 ppm Mn2+ 
Quinonelhydroquinone 

*The organic acids were present at 20 ag/ml; the qninone/hydroquinone system contained 0.02 M each 

organic acids (for example Baker (27) found that Consider, for example, the quinone/hydro- 
100 ml of 0.1 9G (w/v) humic acid solubilizes cluinone reaction : , -  \ , 

340 pg of iron and 2100 pg of manganese from 
[I41 C6H402 + 2H+ + 2-= C6H4(0HI2 

haematite and pyrolusite, respectively), and con- 
sequently, releasing sorbed ions; or (2) reduction with a standard potential of 0.6992 V. The ex- 
of-the hydrous oxides to soluble species (for pression for pe is: 
example, Hem (31) and Theis and Singer (32) [15] pe=11 .85++log  [C6H4021[H+12 
have noted that tannic substances can reduce TC6H4(0H)21 - - . 
Fe(II1) to Fe(I1)). The question that arises is: 
which mechanism is operative in metal release The Mn02/Mn2+ reaction at a concentration of 

from sediments? 3.25 X lop5 M Mn2+ at p H  8 gives a pe of 6.66 

Consider, for example, the equilibrium be- [C~H~O~I / [C~H~(OH)ZI  = 4-57 

tween Mn02 and Mn2+: X lo5, that is, all the hydroquinone will be 
oxidized (and Mn2+ released from the hydrous 

[Ill MnOl + 4H+ + 2 e - e  Mn2+ + 2H20 oxide). Table 10 presents results for the solubili- 
where the 
centration 

relation between pe and Mn2+ con- 
is (33): 

where pe is the negative logarithm of the activity 
of electron (similar to pH for acid-base re- 
actions.) Inspection of [12] indicates that the 
[Mn2+] increases if the p H  or pe decrease. If some 
species that can lower the pe is present in natural 
waters, then the hydrous Mn02 will be decom- 
posed; it is well known that polyhydric phenols 

OH 
such as pyrogallol H* , gallic acid 

v' 
and tannic acid may reduce corn- 

pounds via formation of quinones : 
OH 0 

zation of MnOz by pyrogallol, gallic, and tannic 
acids, and includes the measured and calculated 
pe values (calculated by using [12]). Table 10 
indicates that the organic reducing agents release 
manganese into solution. The pe values mea- 
sured at pH 8 agree well with the calculated 
values; however, the values at p H  2 do not. For 
the platinum electrode to measure the correct pe 
value of the solution, it must respond to the 
half-reaction given in eq. 11. The platinum 
electrode, however, is not a good indicator 
electrode; for example, the pe of aerated water 
measured by the platinum electrode does not 
agree with calculated value of -13; the mea- 
sured pe is considerably smaller. The reason for 
this is that the following reaction coiltrols the 
potential (34) 

[I61 Pt-0 + 2H+ + 2e = Pt + H20 

[171 pe = 14.9 - 1.01 p H  

and if the p H  values of the organic solutions are 
substituted into eq. 17, then at p H  2.1, pe = 12.8, 
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FIG. 8. Release of manganese by organic acids: 20 
g/ml gallic acid, A 20 g/ml pyrogallol, 0 20 g/ml tannic 
acid, 1.0 X 10-3 M oxalic acid. 

and at p H  8.0, pc = 6.82, which are in reason- 
able agreement with the experimental values. It 
is evident that the pe values measured by the 
Pt-electrode are of no value for monitoring the 
Mn02 - Mn2+ - organic acid system. The mech- 
anism of the release of manganese from MnOz 
must be deduced from considerations other than 
pr measurements. A comparison of the man- 
ganese released by 0.01 M quinone/O.Ol M 
quinhydrone at p H  8.0 with the different acids is 
also presented in Table 10. It is evident that the 
polyhydric phenols can release similar amounts 
of manganese as the quinhydrone/quinone re- 
action. The effect of p H  on the release of 
manganese from MnOz in the presence of or- 
ganics is shown in Fig. 8. Figure 8 indicates that 
at lower p H  values, the amount of manganese 
released by gallic acid, pyrogallol, and tannic 
acid increases and the behaviour is similar to 
that of oxalic acid. The shape of the curve can be 
explained as follows: at p H  values greater than 
6, polyhydric phenol is oxidized to quinone, and 
it has been reported (35) that peroxide oxidizes 
gallic acid to oxalic acid. As the p H  is lowered 
below 5, the phenols may be oxidized to oxalic 
acid by HNO3 (36), and the oxalic acid reduces 
the Mn02 to Mn(II) releasing more manganese. 

Figure 9 presents a study of the Cu2+ - MnOz - 
tannic acid system as a function of pH. Two con- 
clusions can be drawn from this figure: (I) copper 

I e r r  q 
2 4 6 8  

P" 

FIG. 9. Distribution of metal in MnOz Cu(I1) systems 
as a function of pH. ( A )  MnOl - Cu(l1) - tannic acid 
system: dialyzable Cu(II), A total soluble Cu(II), 
0 manganese in solution. (B) Mn02-Cu(I1)-NaHC03 
system: A dialyzable Cu(II), expressed as % of soluble 
Cu(II), total Cu(II), 0 manganese in solution. 

is maintained at a higher concentration in 
solution by a copper - tannic acid complex; (2) a 
comparison of Fig. 9 A and 9 B shows that the 
concentration of free copper ion is the same in 
both cases, that is, the increase in the concentra- 
tion of soluble copper results from the complex- 
ation of copper and not from the reduction of 
MnOz by tannic acid. I11 this case, copper ion is 
not released from the particulate via reduction 
of MnOz because of the presence of a large 
amount of MnOz. 

Conclusions 
These studies indicate that metal species in 

solution can be characterized by a combination 
of dialysis (to separate the species into different 
size groupings) and determination of the chem- 
ical properties of the metal species. Humic acids 
in solution and natural complexing agents in 
river waters can maintain metal ions in a bound 
form at a p H  as low as 3, and in the case of 
humic acid, the metal ions are concentrated in 
species larger than 3.1 nm. The release of metal 
ions from sediments is by a combination of ion 
exchange and complex formation where the 
stability constant of the metal-organic complex 
determines the amount of metal solubilized. The 
hydrous oxides of manganese can be solubilized 
via reduction to Mn2+ with organic acids, 
especially, the polyhydric phenols. 
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On the constitutions of silver iodine dibenzoates (Simonini complexes) 
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NIGEL J. BUNCE and MARY HADLEY. Can. J. Chem. 54, 2612 (1976). 
Infrared and conductance measurements on three Simonini complexes (silver iodine di- 

benzoates) indicate a symmetrical structure. AgC (ArCO&- is considered a limiting constitu- 
tion, but the substance is an extremely weak electrolyte. The constitution is discussed in terms 
of the observed chemistry and the stabilizing role of the silver cation. 

NIGEL J. BUNCE et MARY HADLEY. Can. J. Chem. 54, 2612 (1976). 
Des mesures infrarouges et de conductivitk sur trois complexes Simonini (dibenzoate d'iodure 

d'argent) suggkrent qu'ils existent sous forme de structure symetrique. On considere que le Ag+ 
(ArC02)21- est une constitution limitante mais la substance est un Clectrolyte extrsmement 
faible. On discute de la constitution en terme de la chimie observk et du r61e stabilisant du 
cation argent. 

[Traduit par le journal] 

Interaction of a silver carboxylate with a half 
molar quantity of iodine at room temperature 
leads to the Simonini complex [I]. 

In many cases, especially when R is an aryl 
group, these complexes are isolable and their 
gross constitutions have been confirmed by ele- 
mental analysis. However, their structures have 
been debated since their first isolation (I), most 
recently by Beattie and Bryce-Smith (2), whose 
proposed formulation is shown as 1. 

A reason for the interest in the structures of 
these compounds is their varied chemistry (3), 
with which any proposed formulation must be 
consistent. Beattie and Bryce-Smith (2) noted 
that silver iodine dibenzoate is soluble in N,N- 
dimethylformamide, DMF, from which it may 
be recovered unchanged. Such solutions pre- 
cipitate AgI when treated with I-, but not with 
Ag+, implying that Ag+ (but not I-) may be made 
readily available, in accord with their pro- 
posed structure. These observations led us to 
consider the completely ionic formulation Ag+ 
[PhC-0-I-0-CPh]-, 2, for silver iodine 

I I I I 

dibenzoate; such a structure would be the 
analogue of the trihalide anions such as IC12- 
whose chemistry is well known (4). The observa- 
tions reported here are an attempt to evaluate 
this proposal. 

Infrared Studies 
Structure 1 for the Simonini complex tends to 

emphasize the molecular association between the 
silver carboxylate and the acyl hypoiodite. Struc- 
tures of this sort would be expected to exhibit 
two carbonyl stretching sequences, the car- 
boxylate anion near 1600 cm-l (5) and the acyl 
hypohalite at high frequency.l In fact (see 
Table 1) both silver iodine dibenzoate and two 
nitro analogues show only one carbonyl ab- 
sorption, consistent with a symmetrical structure 
such as 2. 

By contrast, addition of a half molar quantity 
of iodine to nitrobenzene solutions of silver 
acetate or trifluoroacetate (9) gives solutions with 
several absorptions in the carbonyl region. 
Despite the problems of using nitrobenzene as 
solvent, no absorption near 1700 cm-I is ob- 
served, and these solutions thus appear t o  be 
mixtures of silver salt and acyl hypoiodite. No 
Simonini complex could be isolated from these 
solutions under our conditions. so that the 
stability of any such complex must be limited at 

'Attachment of an electronegative atom or group to  a 
carboxyl moiety generally leads to a high frequency 
carbonyl absorption, cf. diacyl peroxides and carboxylic 
peresters (10). 
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BUNCE AND HADLEY 2613 

TABLE 1. Carbonyl ir absorptions of Simonini therefore taken by adding aliquots of stock 
complexes and related con~pounds solutions of complex from a volumetric burette 

Compound Phase vmaX(cm-') 

Nujol mull 
Nujol mull 
Nujol mull 
Ref. 5 
CCI,, Ref. 6 
cc14 
Ref. 7 
Ref. 8 
Nitrobenzene 
Nitro benzene 

*Nitrobenzene bands obscure the region below -1720 cm-'. 

best. Whatever the constitution of the Simonini 
complex, it appears that equilibria correspond- 
ing to [2] are involved, and that the equilibrium 
constant differs according to the identity of the 
group R (and possibly the solvent). 

The chemistry of the Simonini complexes is 
readily explained by this proposal. Dissociation 
into silver salt and acyl hypoiodite, followed by 
radical chain decomposition of the latter, ade- 
quately explains the formation of alkyl iodides 
and Simonini esters in aliphatic systems, as well 
as the production of iodides, esters, and biaryls 
in the aromatic series (1 1). Dissociation, followed 
by addition to an alkene and the subsequent 
reactions of such adducts, accounts for the 
PrCvost group of products (3), while substitution 
of terminal alkynes probably follows the reaction 
sequence [3]-[4]. 

[3] RC02Ag + R'C=CH + RC02H + R ' G C A g  

[4] RfC=CAg + RC021 -+ R'CeCI  + RC02Ag 

Conductance Studies 
For reasons of solubility, DMF was the sol- 

vent employed. The method of purification was 
that of Brummer (12), which gave solvent with 
specific conductance in the range 1-3 X lou7 
ohm-lcm-l; this was better than we could 
achieve by other methods (13). Freshly distilled 
solvent was always used, as its conductance was 
found to increase after 1-2 days' storage. Re- 
liable results could not be obtained from single 
point determinations or by using a technique of 
successive dilutions, presumably because of the 
difficulty of protecting the solutions from the 
moist air of the laboratory. Measurements were 

into the conductance cell, which already con- 
tained pure solvent. 

At relatively high concentrations of the com- 
plex in DMF (> lod2 M) reprecipitation (2) gave 
back unchanged material. At lower concentra- 
tions, reprecipitation failed to occur, and re- 
moval of the solvent under reduced pressure was 
so slow that decomposition always resulted. 
Measurements were taken within 30 min or so of 
preparing the stock solution, since the solutions 
decomposed on standing, first to precipitate 
silver benzoate, while after several hours, the 
solution became yellow. Silver benzoate solu- 
tions in DMF themselves become yellow, slowly 
at room temperature, but rapidly at 100 OC when 
a silver mirror is deposited within 10 min. 

The conductance results indicate the presence 
of a weak electrolyte in solution. At M, the 
equivalent conductance is consistently below 
10 ohm-I cm2 mol-I, compared with the limit- 
ing conductances of the order of 85-90 ohm-' 
cm2 mol-I obtained by Prue and Sherrington 
(14) and the range of 65-90 ohmd1 cm2 mol-I 
suggested by Geary (15) as being typical of 1 :1 
electrolytes in DMF at such concentrations. 

Plots of A us. C1I2 were curved, and did not 
permit extrapolation to infinite dilution. Like- 
wise, the CA us. A-' plots of Kraus (16) had inter- 
cepts too close to zero to be useful, and the 
A-I us. C1/2 plot due to Shedlovsky (17) also 
required too long an extrapolation. Conse- 
quently, no good value of A. could be obtained, 
neither could a test be made of whether the 
species present obeyed the Onsager relationship 
as a 1 :1 electrolyte. Failure to obtain AO is 
unfortunate in that whereas most 1 : 1 electrolytes 
have limiting conductance of the order of 85-90 
ohm-1 cm2 mol-I (14), potassium triiodide has 
been reported as 57 ohm-l cm2 mol-I (18). It 
would be of interest to study other large anions 
such as the one postulated here, since this result 
implies a limiting ionic conductance as low as 
26 ohm-' cm2 mol-I for the triiodide ion (based 
on X = 30.8 ohm-l cm2 mol-I for K+ (14)), only 
half the value observed for other anions. 

Despite the various techniques recently devised 
to permit better extrapolation, we consider the 
quality of our data insufficient to warrant their 
use. Among the experimental problems to be 
considered are: ( i) The Simonini complex is 
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TABLE 2. Average equivalent conductance us. concentration for 
Simonini complexes 

Benzoate, runs 1-3 Benzoate, runs 4-6 m-Nitrobenzoate 

C* A t  c A c A 

*Concentrations are 105 M. 
?Equivalent conductance values are the average values of three runs, interpolated from graphs of 

C DS. h. 

susceptible to hydrolysis (19) so that even traces known to hold in DMF (14). The tetraethyl- 
of water will, seriously affect the conductance ammonium salt was chosen, and reaction 6 
data. Although Prue and Sherrington (14) con- attempted, but without success at separating a 
cluded that minor amounts of water probably do stable material. 
not cause large devjations in conductance in [6] (PhC02)2AgI + Et4NCI + AgCl + Et4N+(PhC02)~1- 
DMF, their studies involved substrates not liable 
to hydrolysis. For this reason, we regard lo4 M 
as a lower reliable limit for concentration and, at 
that concentration, the equivalent conductance 
is far from limiting. (ii) Ionic impurities could be 
present in the Simonini complex preparations. 
We used a new preparation for each run. Never- 
theless, we note a consistent difference in values 
between runs 1-3 and 4-6 on the benzoate 
derivative (Table 2). These employed different 
preparations of silver benzoate. (iii) It is not 
clear what dissociation is occurring at the lower 
concentrations. Clearly, the substance is a weak 
electrolyte, and it is possible that equilibrium 5 
is involved. However, it is also conceivable that 
equilibrium 2, for which as noted above there is 
chemical evidence, is responsible for the con- 
ductance which, in that case, would be due to 
silver benzoate. 

Contributing to the lack of dissociation of the 
complex may be the presence of the silver ion. 
Although Ag+ in AgC104 exhibits normal be- 
haviour in DMF, silver nitrate behaves as a 
relatively weak electrolyte (14). Another ap- 
proach to the problem of the limiting equivalent 
conductance would be to prepare another salt of 
(ArC02)21-, taking advantage of the Kohlrausch 
law of independent ionic migration, which is 

Conclusions 
The conductance measurements demonstrate 

that the two Simonini complexes studied are at 
best very weak electrolytes (Kdiss < M). This 
observation, coupled with the failure of the 
synthesis represented by [6], demonstrates the 
importance of the silver ion in stabilizing the 
complex. Our results thus confirm this aspect of 
the Beattie and Bryce-Smith structure 1, although 
on the basis of the infrared results, we suggest a 
more symmetrical version of it, such as 3. We 
would expect the eight membered ring to be 
symmetrical and essentially planar as it is, for 
example, in the dimers of salts of carboxylic 
acids (20). Unfortunately, like Beattie and Bryce- 
Smith (2), we have been entirely unsuccessful in 
preparing crystalline material for an X-ray 
crystallographic study. 

3 

Quite possibly, silver(1) is an ideal cation to 
stabilize this structure, with its two coordinate 
linear geometry complementing that of the 
linear, two coordinate iodine(1). Only relatively 
polarizable ligands normally seem to be capable 
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of stabilizing iodine(1): thus, the stability of 
trihalide ions increases from IC12- through 13- 
(21); other examples of related species are the 
recently observed I(SCN)1(22) and the iodine(1) 
dipyridine cation (23). Among oxygen donor 
atoms, very few complexes of iodine(1) have been 
reported. Tertiary amine complexes of acyl hypo- 
iodites are known (24, 25), but not all oxygen 
donors can stabilize the central iodine atom; 
I(N03)2- compounds are very unstable (26), 
while an attempt (27) to prepare I(C104)2- was 
unsuccessful. Thus the role of the silver ion in 
the Simonini complex may well be to prevent the 
dissociation, and hence decomposition, of the 
I(ArC02)2- ion, and it is for this reason that the 
substances studied are such weak electrolytes. 

Experimental 
Preparation of Silver Salts 

Equimolar quantities of the benzoic acid and silver 
nitrate were dissolved in aqueous ethanol. A solution 
containing 95'3, of the theoretical amount of sodium 
hydroxide in water was added with vigorous stirring. The 
silver salt was filtered with suction, washed repeatedly 
with water then acetone, and dried at 60 "C for several 
days. 

Silver Iodine Dibenzoate 
Typically, to a well stirred mixture of silver benzoate 

(1.00 g) and dry benzene (75 ml) was added a solution of 
iodine (0.554 g) in dry benzene (50 ml). The flask was 
stoppered to exclude moisture and the mixture stirred 
until the colour of iodine was discharged (about 1 h). 
Suction filtration through a glass sinter of porosity E to 
remove silver iodide, and evaporation in vacuo of the 
solvent from the filtrate left the complex as a cream 
coloured powder. Mol. Wt .  calcd. for Cl4H1,,1O4Ag 
(iodometric): 477; found: 474 f 4 (three determinations). 
A new preparation was made for each experiment. 

Infrared Studies 
A Beckman model IR 12 was used throughout. The 

Simonini complex was run as a mull in the range 200-4000 
cm-1 using NaCl or polyethylene plates as appropriate. 
For solution work, NaCl solutions cells could not be used 
due to attack by the substrates, and 1 mm polyethylene 
cells, constructed in our laboratory, were used instead. 
Carbonyl stretching frequencies of the compounds 
studied are given in Table 1. Acetyl hypoiodite was made 
by treatment of a cooled slurry of silver acetate and iodine 
with excess 12 (cf. ref. 28). 

Conductance Studies 
The conductivity bridge was a Beckman model RC16- 

B2 A.C. The cell was a Beckman fill type with platinized 
electrodes, having a cell constant of 0.217 cm-1 deter- 
mined using standard KC1 solutions from the data of 
Jones and Bradshaw (29). Into the central ground glass 
opening of the cell fitted a 10 ml volumetric burette, 
equipped in our laboratories with a matching ground 

glass taper and pressure equalizing device, so that the 
solutions were not exposed to the air of the laboratory 
during a run. At the beginning of a run, the cell was 
charged with 10.00 ml of DMF, freshly distilled under 
reduced pressure following several treatments with 
activated molecular sieves (12). This volume covered the 
electrodes. A stock solution of the complex in DMF was 
added in small portions from the burette, and the con- 
ductance read each time after the contents had been 
mixed by manual shaking. No temperature control was 
maintained; the solutions were equilibrated to the 
temperature of the laboratory, which was consistently 
21-23 "C. At the end of each run, the cell was thoroughly 
rinsed with purified DMF and stored full of DMF. Other 
apparatus was washed conventionally, and finally rinsed 
with distilled water then with water redistilled from 
alkaline permanganate, and dried at 110 "C. Results of 
the conductance experiments are given in Table 2. 

The results in Table 2 are interpolated values that are 
the average in each case of three separate runs. Each run 
used a new preparation of the Simonini complex, whose 
purity was checked by iodometric titration. Only samples 
having molecular weight (average of three titrations) 
within 1% of the nominal value were used. For the 
benzoate derivative, two different silver benzoate samples 
were employed. These gave different results, reported in 
Table 2 as the average of runs 1-3 and of runs 4-6. 

Not reported in Table 2 are some preliminary experi- 
ments with silver iodine di-p-nitrobenzoate, R = p- 
NO2C6H4. This compound was less soluble than the 
m-nitro analogue and was not studied in detail. Equiv- 
alent conductances were 3.4, 5.2, and 6.5 ohm-' cm2 
mol-1 at  3.2 X 10-3, 1.9 X 10-3, and 1.8 X 10-3 M ,  all 
based on single data points. 

Aged solutions of the complex in DMF became yellow 
and deposited a solid. The solid was shown to be silver 
benzoate (insoluble in DMF, soluble in NH40H, with 
KI a precipitate which redissolved in excess of the reagent; 
ir spectrum; the same as authentic material). Discoloura- 
tion of the solutions was probably due to oxidation of the 
solvent by Ag(1); treatment of DMF with silver benzoate 
at  100 "C produced rapid discolouration. and after 10 min 
a silver mirror was deposited. 
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VIJAY P. S. NAIN and RONALD A. AZIZ. Can. J. Chem. 54, 2617 (1976). 
The predictions of the Joule-Thomson coefficient for the inert gases on the basis of numerous 

intermolecular potentials are calculated and compared with directly measured experimental data 
and derived values from p-V-T measurements. For all systems, the agreement is good except 
for TFD potentials derived by Gustafsson for He and Ne. We have also shown that the kinetic 
energy corrections in the low pressure region are not as high as those suggested by Gustafsson. 
Inversion temperatures are also calculated and recommended values are presented. Also 
presented are empirical relations which give as a function of temperature, second virial 
coefficients including the first two quantum corrections for many of the realistic potentials. 

VIJAY P. S. NAIN et RONALD A. AZIZ. Can. J. Chem., 54,2617 (1976). 
On a calcult les predictions des coefficients de Joule-Thomson pour des gaz inertes en se 

basant sur de nombreux potentiels intermolirculaires et on les a compares avec les donnees 
experimentales mesurees directement et dtrivees de valeurs provenant de mesures p-V-T. 
Dans tous les systtmes, il y a une bonne concordance excepte pour les potentiels TFD derives 
par Gustafsson pour He et Ne. On a aussi trouve que les corrections, pour l'tnergie cinetique 
dans la region de basse pression, ne sont pas aussi hautes que celles suggerees par Gustafsson. 
On a aussi calcule des temperatures d'inversion et on presente des valeurs recommandees. On 
presente aussi des relations empiriques qui donnent, en fonction de la temperature, les coeffi- 
cients viriels seconds y compris les deux premitres corrections quantiques de plusieurs potentiels 
rtalistes. 

[Traduit par le journal] 

The Joule-Thomson coefficients in the zero 
pressure limit can be used as measures of the 
deviations from ideality arising from inter- 
actions involving pairs of molecules. These 
first order deviations are able to yield useful 
information on the nature of the intermolecular 
forces if reliable data on Joule-Thomson 
coefficients (J-T coefficients) can be obtained 
experimentally or derived through thermo- 
dynamically consistent relations. 

The J-T coefficients have proved widely 
useful in such areas as: the computation of the 
thermostatic tables (e.g. steam), calculation of 
the imperfect gas correction in gas thermometry, 
the Linde process for liquefaction of gases, etc. 
Thus, the Joule-Thomson effect is not only of 
interest to the chemists as a probe of the 
potential function but also to the engineer for 
its applied aspects. 

The objective of this work is to generate data 
for the second virial coefficients and hence 
Joule-Thomson coefficients which are more 
difficult to measure, on the basis of a number of 

'To whom correspondence should be addressed. 

intermolecular potentials recently proposed for 
the inert gas atoms. Invariably in the derivation 
or testing of these potentials, J-T coefficients 
were not used. While the J-T coefficient is more 
sensitive than the second virial coefficient as a 
probe of the potential function, the former, 
when derived fromp- V- T data, has an inherent 
error. Moreover, directly measured values of 
the J-T coefficient are rare and an error of 1% 
was found (1) to be the limiting error required 
to mask the sensitivity of the property to the 
potential. In the present work we examine the 
various potentials as to their ability to predict 
the J-T coefficient and arrive at some interesting 
conclusions as described in the next section. 

The Joule-Thomson Coefficient 
The zero-pressure Joule-Thomson coefficient 
can be defined most simply as the numerical 

value of the gradient of an isenthalpic T-p 
curve in the limit of zero pressure. That is, 
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Here, T, p, V, and H are the temperature, pres- 
sure, molar volume, and enthalpy of the gas 
system, respectively and cp, = cpO is the molar 
heat capacity in the zero density limit of the gas. 
This definition in conjunction with the virial 
equation of state can be written in the following 
form 

where B(T) is the second virial coefficient. The 
higher virial coefficients are neglected for the 
obvious reason that, under these conditions, 
only the binary interactions play a dominant 
role. 

The Data 
Data may be determined directly as measured 

in a porous plug experiment or may be derived 
from p- V-T data. 

(i) Directly Measured Data 
Roebuck (2) observed that experimental data 

must be corrected for kinetic energy effects. 
Gustafsson (3), in a statistical analysis of the 
porous plug experiment, concluded that, due 
to these effects, true po values are lower than 
those actually measured. Grindley (4) observed, 
however, that the correct trend of p US. p is 
maintained down to 3 atm. In extrapolating to 
the zero pressure limit, we have used the tangent 
to the p-p curve drawn from the lowest experi- 
mentally measured point. The experimental 
data used in our comparison are listed in Table 1 
with the appropriate references.' 

(ii) Derived Data 
A number of p- V- T determinations have 

been analysed to provide derived p0 values. 
These data are listed in Table 2.' 

More recently, Kestin et al. (5) and Kestin 
and Mason (ref. 6, p. 137) have presented an 
extended law of corresponding states. The law 
of corresponding states is based on the assump- 
tion that the potential function for gases, whose 
molecular pairs interact through centrally- 
symmetric forces, has the same reduced form: 

'Tables 1 and 2 are available, at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 

The shape parameters cci are the same for all 
gases in a group which obey the law of cor- 
responding states. Any two gases in the group 
differ only by the value of a length parameter 
r, and an energy parameter E .  By an analysis 
involving graphical and numerical procedures 
of a carefully selected set of data on the second 
virial and transport coefficients, they were able 
to determine universal functionals of these 
properties which are unique functions of reduced 
temperature T*(= T/(&/k)) .  Values of scaling 
parameters are presented in Table 3a. The 
universal functional for the second virial coeffi- 
cient has the form 

exp (l/T*) 
[4] B*(T*)= Z Ai(ln T*)' f l  i=o 

where 0.5 < T* < 100. From this functional 
and the appropriate scaling parameters, the 
values of the second virial coefficient and its 
derivative with respect to temperature could be 
determined and, hence p0 could be derived from 
eq. 2. These derived data are presented in 
Figs. 1, 3, 4, 5, and 6. 

Theoretical Calculations 
The classical second virial coefficient and its 

first two quantum corrections are computed 
from the equations (6.5-3 to 6.5-6) as given by 
Hirschfelder, Curtiss, and Bird (7a). The cor- 
rection term for non-classical statistics, 
BO(T) (= ~ ( h ' / r n ) ~ / ~ ] B ~ ( ~ ) ) ,  in eq. 6.5-3 is not 
necessary in semi-classical approximations to 
the second virial coefficient for realistic inter- 
molecular potentials and is thus omitted in the 
present calculations (7b). IJsing eq. 6.5-3 of 
ref. 7a we calculate B*(T*) for He, Ne, Ar, Kr, 
and Xe on the basis of a number of modern pair 
potential energy functions at approximately 90 
different values of T* ranging from 0.2 to 100. 
The resulting values of B*(T*) are fitted by 
multi-parametric numerical least square anal- 
ysis to a relationship of the form of eq. 4. The 
resulting expression for a particular energy 
function together with the appropriate energy 
and length parameters are used to determine 
B(T) and dB(T)/dT and, hence po from eq. 2. 
(c: is equal to the ideal gas value of 3R where 
R is the gas constant.) 

For many years, the Lennard-Jones 12-6 
potential has been extensively used as a pair 
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NAIN AND AZIZ 

TABLE 3 
(a) Scaling parameters for Kestin-Mason correlation 

EIK 
Gas (K) ( k 

(b) Potential parameters 

Potential parameters 

elk 
System Potential (K) $1 Reference 

He-He Beck 10.369 2.969 9 
ESMSV 11.0 2.963 10 

Ne-Ne 1 1-6-8 45.83 3.0018" 12 
ESMSV I 42.73 3.11 13 
ESMSV I11 42.01 3.102 14 

'4-'4 1 1-6-8 152.8 3.67438 12 
MSV I11 140.734 3.760 15 
BFW 142.095 3.7612 16 
ESBFW 142.095 3.7612 17 

Kr-Kr 11-6-8 215.8 3.91511 12 
Buck et al. 200.0 4.03 1 8b 
M.S. 199.2 4.02 1 gb 
Barker et al. 201.9 4.0067 20b 

Xe-Xe 1 1-6-8 294.6 4.28288 12 
Barker et al. 281 . O  4.3623 20 
BP 280.53 4.4002 22 

"See ref. 22. 
a recent study, Aziz and Kocay (21) have shown that these potentials for Kr, as 

well as predict~ng microscopic properties, describe dilute bulk gas properties very well. 

potential model for the inert gas atoms in the 
dilute gas phase. It has been known for some 
time that this potential is inadequate in its 
ability to predict dilute gas properties over a 
wide range of temperature. Much progress has 
been made, however, over the past three or four 
years in determining realistic potentials which 
are now considered to be accurate to within 
1-2% of the real ones. These potentials have 
been largely derived empirically and in a number 
of ways. In most, the long range attraction has 
been constrained to be consistent with the semi- 
empirical calculations of the dispersive energy. 
In some, the short range interaction has been 
chosen to be in general agreement with ab 
initio calculations of the exchange energy. At 
intermediate ranges, an assumed potential form 

was fit to one or more experimental properties: 
molecular beam data, transport data, spectro- 
scopic data (of dimers), and solid state data. In 
some cases, semi inversion techniques were 
applied with success to viscosity and virial data. 

The specific potentials (9-22) used in these 
studies, details of which may be found in the 
Append i~ ,~  are referred to in Table 3b. The 
calculated values of p, based on Gustafsson's 
TFD potential (1 I) as reported in this work for 
the noble gases are taken from his tabulations 
of this physical quantity. Other TFD potentials 
are not considered (e.g. ref. 26) because they are 
very difficult to fit to an analytical form required 

3Appendix is available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 
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TABLE 4. Parameters for eq. 4 for various potentials 

Gas 
system Potential Ao A, A2 A3 A4. T* 

He Beck 
ESMSV 

Ne 1 1-6-8 
ESMSV I 
ESMSV 111 

Ar 11-6-8 
MSV 111 
BFW 
ESBFW 

Kr (1 1-6-8) 
Buck et al. 
M.S. 
Barker et al. 

Xe (1 1-6-8) 
Barker et al. 
Barker-Pompe 

Kestin-Mason 
universal functional 

for the calculations of the equilibrium proper- 
ties and these potentials have & / k  and rm values 
which seem too unrealistic compared to those 
derived from the spectroscopic and molecular 
beam scattering experiments. 

Results and Discussion 
Second virial coefficients including the first 

two quantum corrections may be calculated 
using an expression of the form of eq. 4 for all 
the potentials studied in this paper. The required 
fitting parameters Ai resulting from our analysis 
are listed for each potential in Table 4. The 
&/k and rm parameters for the various potentials 
given by the original authors and used in the 
present analysis are recorded in Table 3b. 

The Joule-Thomson coefficients calculated 
on the basis of the various potentials are dis- 
played for each system in Figs. 1-6 along with 
the experimental and derived data. Average 
absolute percentage deviations (AAPD) between 
calculated and experimental data are presented 
in Table 5. We will now discuss the results for 
each system in detail. 

Helium 
p, values for helium were measured by 

Roebuck and Osterberg (23). Their experimental 
data, as corrected and reanalysed by Mage (24) 

FIG. 1. Comparison of experiment and theoretical 
predictions of po: --- Gustafsson, --- Beck, - (Kestin- 
Mason) experimental data; 0 (Roebuck et al. (Mage)). 

and Roebuck (25) are considered here. In addi- 
tion we present derived data based on the 
correlation of Kestin and Mason (ref. 6, p. 145). 
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-401 I I 
0 200  400 600 

T ( K )  

FIG. 2. Deviation curves between experimental and 
calculated po for He: - - -  Beck, - ESMSV. 

o do 
I I I I 
40 60 80 

TIKI  

FIG. 3. Comparison of experiment and theoretical 
predictions of po for Ne: -.-.- ESMSV I, --- Gustafsson, 
- (Kestin-Mason) experimental data; 0 (Gladun). 

Calculated values of po based on various 
potentials are also plotted in Fig. 1. The experi- 
mental data of Roebuck and the derived data 
are in close agreement for most of the tempera- 
ture range displaying the mutual consistency of 
the two methods of-obtaining pO data. The p0 
values derived on the basis of Gustafsson's TFD 
potential deviate substantially from the experi- 
mental data. Typically they differ by more than 
200% at 83 K, 125% at 98 K, and 80% at 123 K. 
Gustafsson has suggested that, had quantum 

Fig 4. Comparison of experiment and theoretical 
predictions of p, for Ar. Upper part: - - -  BFW, - 
(11-6-8), --- MSV 111, experimental data: (Kestin- 
Mason). Lower part: --- BFW, experimental data: 0 
(Roebuck and Osterberg), . (Whalley), A (Michels 
et al.), - (Kestin-Mason). 

corrections been taken into account, there would 
have been better agreement. In support of his 
argument, he indicated that the quantum con- 
tribution to po values on the basis of the 
Lennard-Jones 12-6 potential are 86, 28, and 
6% at 80.9, 116.8, and 297.5 K respectively. 
Even if one makes the crude approximation 
that Gustafsson's potential resembles the 
Lennard-Jones 12-6 potential, we still cannot 
account for the observed discrepancy between 
experimental and calculated values. This falls 
in line with the conclusion of Gordon and 
Kim (27) and Toennies (28) that the TFD 
derived potentials are not valid in the inter- 
mediate region where the potential has its 
minimum. To examine this point further, we 
fitted classical B(T) values on the basis of Beck's 
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FIG. 5. Comparison of experiment and theoretical 
predictions of po for Kr. Upper part: - (11-6-8), 
----- Bucket al., --- M.S., --- Barker et al., experimental 
data: (Trappeniers et al.). Lower part: - (11-6-8), 
----- Buck et al., --- M.S., --- Barker et al., experimental 
data (Kestin-Mason). 

FIG. 6. Comparison of experiment and theoretical 
predictions of po for Xe: A (11-6-8), Barker et al., 
- (11-6-8), - - -  Barker et al., experimental data: (Kestin- 
Mason). 

potential (9) to eq. 4 and calculated p,. In case 
of this potential, the average absolute percentage 
deviation (AAPD) is found to be 25.4% over 
the temperature range 83 to 573 K for which 
direct experimental data on p, are available. 
When quantum corrections are introduced, the 
agreement between experimental and predicted 
values is better (AAPD = 5.6%)). We have com- 
pared the prediction of the ESMSV potential 
(10) with experiment and found that the devia- 
tion (AAPD) is three times larger than it is in 
the case of the Beck potential. The chief 
deviation, as one might expect, is in the low 
temperature range. We have avoided plotting 
all of the results in Fig. 1 to maintain clarity. 
Instead we present a deviation plot in Fig. 2 for 
the Beck and ESMSV potentials and tabulate 
the deviation in Table 5. Thus, the Beck potential 
best describes the Joule-Thomson coefficient. 
This is in agreement with the conclusions of 
Taylor and Keller (29, 30). Moreover, from the 
indicated agreement between theory and experi- 
ment, we can conclude that the kinetic energy 
contribution to p, at low pressures suggested by 
Gustafsson is not large. 

Neon 
The only experimental data on neon are the 

direct measurements of Gladun (31) in the 
temperature range from 30 to 75 K. These are 
presented in Fig. 3. The correlation of Kestin 
and Mason (6) is based on B(T) data at 
temperatures above 75 K and 'extrapolated' 
values of p,, derived from this condition may be 
in doubt. We nevertheless plot these derived 
values for the sake of completeness in the figure. 
Calculated values of p, on the basis of the 
ESMSV I and Gustafsson's potentials are also 
shown. Calculated values on the basis of Hanley 
and Klein's 11-6-8 potential (12) using the 
parameters of Neufeld and Aziz (22) almost 
coincide with the derived values from Kestin 
and Mason's correlation. The discrepancy be- 
tween these calculated values and those of 
Gladun suggests that the choice of the value of 
y = 3 which gives rise to the exponent '1 1' in the 
11-6-8 potential is incorrect for neon. The 
predictions of the ESMSV I and I11 potentials, 
on the other hand, lie in close agreement with 
Gladun's values above 40 K but are higher below 
this temperature. 

The values of p, calculated on the basis of 
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TABLE 5. Average absolute percentage deviations between experimental directlderived data and the calculated p, values 

Number of Temperature Reference 
experimental] range experimental] Gustafsson's 

Gas derived points (K) derived data TFD potentials Average absolute percentage deviations (AAPD) 

Beck 
5.63 
8.60 

ESMSV I 
4.81 
9.80 

MSV 111 
14.12 
7.86 

19.06 
2.08 

10.08 
4.95 

Buck et al. 
1.65 
1.79 

Barker et al. 
1.35 
1.39 

ESMSV 
14.13 
6.48 

ESMSV 111 
5.57 

12.48 

BFW 
13.95 
10.03 
17.35 
0.86 
7.53 
2.70 

M.S. 
1.98 
1.60 

ESBFW 
14.20 
9.50 

17.56 
0.89 
7.63 
2.68 

Barker et al. 
2.91 
3.28 

Barker-Pompe 
2.30 
4.19 
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Gustafsson's potential are lower above 60 K 
and higher below this temperature. This 
departure at low temperatures cannot be 
accounted for by the omission of quantum 
corrections as suggested by Gustafsson for the 
following reason. The quantum contribution to 
po at 30 K as calculated by Gladun (3 1) is about 
8%. At this temperature, the deviation between 
Gustafsson's TFD results and the experimental 
data is about four and one-half times this 
amount. At 74 K, the deviation is about 23%. 
Once again, a TFD derived potential fails to 
adequately describe the po data for neon. 
Perhaps, as Gustafsson suggests, TFD derived 
potentials are not applicable to low atomic 
number systems so far as equilibrium properties, 
viz. B(T) and po are concerned. 

Argon 
The experimental data for argon are by far 

the most extensive. Firstly there are the porous 
plug experimental data of Roebuck and 
Osterberg (23) and Mage (24) which cover the 
range from 103.15 to 573.15 K. Secondly there 
are thep- V-Tderived data of h due to Whalley 
(32) (133-273 K) and Michels et al. (33) (273- 
873 K). Finally, we have h values derived from 
Kestin and Mason's correlations. The derived 
data from all these three sources are consistent. 
The directly measured data are consistent with 
the derived data above 275 K. Below this 
temperature the direct data values are lower 
than the derived ones down to 125 K. We will 
examine the direct and derived data separately 
and compositely. 

The Ar-Ar interaction is the most extensively 
studied one in the literature. Very refined and 
flexible potential functions are available due to 
Barker and co-workers. The Barker-Fisher- 
Watts (BFW) (16) and MSV I11 potential of Lee 
and co-workers (1 5), though derived differently, 
possess almost identical shapes. The BFW 
potential was fine tuned by Aziz (17). He 
developed a new potential (ESBFW) with a 
repulsive wall steeper than that for the BFW 
potential. This change is needed to characterize 
high temperature isotopic thermal diffusion and 
thermal conductivity (34). 

The other potentials investigated are Hanley 
and Klein's 11-6-8 and Gustafsson's TFD 
potentials. The former potential, while not too 
realistic, is an excellent correlating potential. 

Only the predictions of BFW potential are 
shown in Fig. 4 (lower part) along with the 
experimental data (23, 24) and the p-V-T 
derived data (32, 33) in the form of pOT US. T. 
The deviation plots for the BFW, MSV 111, and 
(1 1-6-8) potentials from the derived data of the 
Kestin-Mason correlation (ref. 6, p. 145) are 
also displayed in the upper part of Fig. 4. The 
predictions of the ESBFW potential are not 
displayed because they are essentially equivalent 
with those of the BFW potential. Table 5 lists 
the deviations for the Ar-Ar system in detail. 
The deviations between predictions and derived 
data seem to be unduly high for all potentials 
when the whole temperature range is considered. 
Omission of just three data points between 
673 and 873 K lessen the AAPD markedly. In 
this temperature region which contains the 
inversion temperature, the values of po are very 
small and the percentage deviations are very 
large. As a consequence we will only consider 
values up to a temperature of 573 K. In case of 
the directly determined data of Roebuck and 
Osterberg (23) the best predictions are given by 
the 11-6-8 potential. In case of the derived data 
of Kestin and Mason (ref. 6, p. 145), Whalley 
(32), and Michels et al. (33), the BFW and 
ESBFW are definitely superior to the 11-6-8 
and MSV I11 potentials. Below 275 K where the 
derived data values are higher than the directly 
measured ones, the predictions of all potentials 
are more consistent with the derived values. 
Furthermore, the predictions of all potentials 
are more consistent with the data of Michels 
et al. than with those of Whalley. The predic- 
tions on the basis of Gustafsson's TFD potential 
seem to be somewhat too low above 250 K and 
too high below that temperature. 

Krypton 
There are no directly determined values of k 

for this system. Trappeniers et al. (35) have 
derived ~ l ,  values for krypton from their 
p-V-T measurements. As is clear from Fig. 5 
and Table 5 all the potentials, namely the 
Hanley-Klein 11-6-8 (12), Buck et al. (18), 
Gough et al. M.S. (19), Barker et al. (20), and 
TFD of Gustafsson, predict values within the 
experimental uncertainty. Because all but the 
last mentioned potential have used B(T) 
measurements in their determination, this result 
is not altogether surprising. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NAIN AND AZIZ 2625 

Xenon 
As in the case of krypton, there are no direct 

measurements for xenon. Michels et al. (36) 
have derived po values from their p V - T  data. 
As seen from Fig. 6 and Table 5,  predictions on 
the basis of the 11-6-8, Barker et al., and 
Gustafsson TFD potentials, are all within 
experimental error. 

Inversion Temperatures 
The maximum inversion temperature T,""" is 

the temperature below which cooling will take 
place as a result of Joule-Thomson expansion 
in the zero-pressure limit. 

We have calculated this temperature for each 
gas on the basis of all potentials considered in 
this study. We have also derived values of 
Timax from Kestin and Mason's correlations 
(KM). These values are presented in Table 6 
along with experimental and derived values 
appearing in the literature. We further tabulate 
the inversion temperature presented by Levelt 
Sengers et al. (37) (LKG). They critically 
analysed existing B(T) data, fitted a correlating 
18-6 potential to the data and evaluated inver- 
sion temperatures. 

For helium Gustafsson's value is unduly 
high. For all of the other gases, his predicted 
values of the inversion temperature are low 
especially for neon but seem to approach the 
experimental values (KM and LKG) as the 
molecular weight of the system increases. For 
neon the predictions of the 11-6-8 and ESMSV I 
and 111 potential are practically identical with 
the derived values (KM and LKG). For argon 
and krypton, all potentials except Gustafsson's 
compare favorably with the derived values. For 
xenon, Gustafsson's value follows the usual 
trend of predicting a low value for the T,""" 
but is closer to the derived values than either of 
the predictions of the 11-6-8 and Barker et al. 
potentials. 

Our recommendations, as listed in Table 6, 
for the inversion temperature values of Ar, Kr, 
and Xe are heavily weighted towards the predic- 
tions of the realistic intermolecular potential 
functions (17, 20) rather than those derived 
from the fitting of the experimental data on 
B(T) by Kestin and Mason (ref. 6, p. 137) and 
Levelt Sengers et al. (37). The above choice is 
supported by the evidence of the real dis- 
crepancies (20, 38) between the experimental 

and the predicted values by the realistic potential 
functions for the second virial coefficients of 
Ar and Kr at low temperatures. This has been 
experimentally verified subsequently in case of 
Ar (39) and also the new low temperature B(T) 
data for Xe (40) are in excellent agreement with 
the predictions of the improved Barker type 
potential (41) for this system. 

Conclusions 
Inversion temperatures as predicted by various 

realistic potentials are in reasonable agreement 
with one another and probably are better esti- 
mates than those available in the literature. The 
empirical relations defined by eq. 4 almost 
exactly reproduce the second virial coefficients 
including the first two quantum corrections for 
all the modern intermolecular pair potential 
energy functions considered in the present study. 
This greatly reduces the computing time and 
effort required in obtaining the derived data on 
the second virial and J-T coefficients without 
loss of accuracy even outside the temperature 
range over which the experimental data for 
both these physical quantities are available. 

Directly measured experimental data on p0 
are consistent with derived values from p-V-T 
measurements. This indicates that the derived 
data have not suffered from loss of accuracy to 
the extent of not being useful as a probe of the 
potential. For He, Ne, and Ar where direct data 
exist, the potentials can be put to a stringent 
test. The Beck potential for He, the ESMSV I 
and 111 potentials for Ne, and the BFW and 
ESBFW potentials for Ar describe the po data 
fairly well. It should be pointed out that the 
ESMSV I and 111 potentials for Ne predict po 
values which agree with direct data in the 
temperature range 30-60 K, even though this is 
outside the range of the virial data used in the 
determination of the potentials. This confirms 
the findings of Aziz (14) who established that 
the latter potential is the most realistic potential 
yet devised for neon. The Barker et al. (20) 
potentials for Kr and Xe describe the derived 
data very well. However, more accurate experi- 
mental data over an extensive temperature 
range are needed. 

The TFD potentials derived by Gustafsson do 
not adequately describe direct po data on He 
and Ne. Other potentials described above are 
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TABLE 6. Inversion temperatures (K) 

Inversion temperature (K) 

NBS 
(Levelt Present o > 

(Kestin- Sengers Other recom- ? 
Gas Gustafsson Mason) et a/.) sources Reference mendations LI 

h 

He 113 ESMSV Beck 57 - 51 42,43 5 5 5 5  
61 48 

1 1-6-8 
I 
< 

Ne 133 ESMSV I ESMSV I11 234 232 23 1 270 44 230 5 4 
233 223 

P 
1 1-6-8 ", a 

Ar 606 MSV I11 BFW ESBFW 790 783 780 723 23 800 + 5 - i~ 

806 803 804 -2 01 

1 1-6-8 
Kr 84 1 Buck et al. M.S. Barker et a/. 1162 1077 1070 1050 44 11525 10 

1154 1196 1144 
1 1-6-8 

Xe 1418 Barker eta/. Barker-Pompe L-J(12-6) 1535 1453 1456 1290 44 1540+ 10 
1546 1519 1430 
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definite improvements over Gustafsson's. The 18. U. BUCK, M. J. DONDI, U. VALABUSA, M. L. KLEIN, 
and G. SCOLES. Phys. Rev. 8,2409 (1973). mutual consistency in the values of the inversion 

lg. D. W. GoUGH, E. B. SMITH, and G. C. temperature based on different potentials except Mol. Phys. 27, 867 (1974). 
those of Gustafsson further supports our con- 20. J. A. BARKER, R. O. WATTS, J. K. LEE, T. P. SCHAFER, 
elusion. and Y. T. LEE. J. Chem. Phys. 61, 3081 (1974). 

The kinetic energy corrections in the zero 21. R. A. AZIZ and W. L. KOCAY. MoI. Phy~. 30, 857 
(1975). pressure limit for Podo not seem be as high as 22. P. D. NEWELD and R. A. AZIZ. J. Chem. Phys. 59, 

those suggested by Gustafsson. 2234 (1973). 
23. J. R. ROEBUCK and H. OSTERBERG. Phys. Rev. 43, 

60 (1933); 46, 785 (1934); Smithsonian Physical 
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Reaction oscillante de Belousov. 1. CinCtique de la reaction 
bromate-cereux 

CLAUDE HERBO, GUY SCHMITZ ET MARTINE VAN GLABBEKE 
Faculti des Sciences Appliquies, Unioersiti Libre de Bruxelles, 1050 Bruxelles, Belgique 

R e ~ u  le 10 juin 1975' 

CLAUDE HERBO, GUY SCHMITZ et MARTINE VAN GLABBEKE. Can. J. Chem. 54, 2628 (1976). 
Au cours de I'oxydation de I'acide malonique par le bromate de potassium catalysee par le 

couple cereux-ctrique en solution sulfurique, on observe des oscillations des concentrations en 
ions ctriques et bromures. Cette reaction, decouverte par Belousov peut Btre dtcomposte en 
deux rtactions partielles: la reduction du bromate par les ions ckreux et I'oxydation de I'acide 
malonique par les ions ceriques. La premibre prtsente des caracteristiques cinttiques trbs particu- 
litres et son mecanisme est a la base de I'explication des oscillations. Elle est autocatalytique 
mais inhibee par les ions bromures. Nous avons donc repris son ttude en faisant varier non 
seulement les concentrations initiales en bromate et en cerium mais egalement en bromure. 
Le mecanisme que nous proposons comporte, outre les pas classiques de la reaction bromate- 
bromure, I'oxydation des ions ctreux par le radical BrO,' forme suivant 

HBrO, + Br,O, = 2Br0,' + Br- + H+ 

CLAUDE HERBO, GUY SCHMITZ, and MARTINE VAN GLABBEKE. Can. J. Chem. 54,2628 (1976). 
During the oxidation of malonic acid by potassium bromate catalyzed by the Ce(II1)-Ce(1V) 

couple in a sulfuric acid solution, concentration oscillations of ceric and bromide ions are 
observed. This reaction, discovered by Belousov, can be resolved into two parts: reduction 
of bromate by cerous ions and oxidation of malonic acid by ceric ions. The former shows very 
unusual kinetic features and its mechanism is the basis of the explanation of the oscillations. 
It is autocatalytic but inhibited by bromide ions. We have thus reinvestigated this reaction 
varying not only the initial concentrations of bromate and of cerium but also that of bromide. 
The mechanism suggested involves, besides the classic steps of the bromate-bromide reaction, 
the oxidation of cerous ions by BrO,' radicals produced by the step 

HBrO, + Br,02 = 2Br0,' + Br- + H+ 

Introduction 
L'oxydation de l'acide malonique par le 

bromate de potassium en solution sulfurique 
ne se produit avec une vitesse mesurable que 
si elle est catalysee par un couple redox tel que 
le couple Ce(II1)-Ce(1V). Alors qu'en general 
dans un tel systbme chimique, le rapport entre 
les forrnes oxydtes et reduites du catalyseur 
tend vers une valeur quasi-stationnaire, ici au 
contraire il existe un domaine de concentration 
des reactifs dans lequel ce rapport varie de 
f a ~ o n  pkriodique au cours du temps. Ce type 
de systbme oscillant a kt15 decouvert en 1958 
par Belousov (1). Depuis lors de nombreux 
travaux y ont etk consacrks; citons principale- 
ment ceux de Zhabotinskii et coll. (2-4), de 
Degn (9, de Kasperek et Bruice (6) et de 
Noyes et coll. (7-9). 

Les deux phases de la reaction oscillante 
correspondent a deux groupes de reactions 

partielles : l'oxydation du Ce(II1) par le bromate 
et la reduction du Ce(1V) par l'acide malonique 
ou bromomalonique. 

Kasperek et Bruice (6) ont CtudiC ces reac- 
tions skparement et ont obtenu la loi cinktique 
de la reduction du Ce(1V). Par contre 1'Ctude 
de la reaction bromate-cereux s'est reveke 
beaucoup plus difficile et ne leur a pas permis 
d'en deduire le mecanisme. 

Noyes, Field et Thompson (10) ont propose 
le mecanisme suivant : 

[l'] Br0,- + HBrO, + H+ 2Br0,' + H,O 

[TI BrO,' + Ce3+ + H+ $ HBrO, + Ce4+ 

[3'] BrO,' + Ce4+ + H 2 0  + Br03- + Ce3+ + 2H+ 

[#I 2HBr0, + Br0,- + HOBr + H+ 

Base sur les rbultats obtenus par Thompson 
(11) travaillant avec un excbs de Ce(II1) par 
rapport au bromate, ce mecanisme n'est pas en 
accord avec l'ensemble des resultats obtenus si 

'Revision rque le 13 janvier 1976. I'on utilise un excbs de bromate comme dans le 
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HERB0 ET AL. 2629 

cas de la reaction oscillante. La premiere partie 
de nos travaux concernant la reaction de 
Belousov a donc ete consacree 9 une nouvelle 
etude cinetique de la reaction bromate-cereux. 

Stoechiombtrie de la rbaction bromate-cereux 
A partir des potentiels d'oxydo-reduction 

donnes par Latimer (12) 

Br03- + 6H' + 5e = tBr2(aq.) + 3H20 1.51 V 

Br03- + 5H+ + 4e = HOBr + 2H20 1.49 V 

Ce4+ + e = Ce3+ (H,S04, 1 M) 1.44 V 

Br, + 2e = 2Br- 1.087 V 

on voit que le Ce(II1) en milieu sulfurique peut 
rkduire le bromate a l'ttat de brome ou d'acide 
hypobromeux mais pas de bromure. 

IJtilisant les constantes cinetiques de Eigen 
et Kustin (1 3) on verifie que dans nos conditions 
expkrimentales, l'equilibre [I] n'est quasi pas 
perturbe. 

[I] Br, + H,O = HOBr + Br- + H+ 

On en dkduit que la reaction de reduction du 
bromate produira soit du brome soit de l'acide 
hyvobromeux suivant la concentration du bro- 
m;re dans le systkme. Lors de la plupart de nos 
experiences nous introduisons initialement de 

quantites de bromure mais mCme sans 
addition intentionnelle il est present en traces 
comme impurete du bromate (cf. partie expkri- 
mentale). Le systeme general est donc tri- 
stoechiometrique: outre l'equilibre [I] on peut 
ecrire les reactions de reduction du bromate 
sous la forme correspondant aux milieux pauvres 
en bromure : 

[III] Br03- + 4Ce3+ + 5H+ = HOBr + 4Ce4' + 2H,O 

La constante d'equilibre [I] est bien connue 
(14): 

K [I] = 
LHoBrl [Br-I [''I = 5.8 

0-9 a 25 oc -- 

[Brzl 

standards pour les derives du brome et d'un 
potentiel en milieu sulfurique molaire pour le 
cerium. 

Dans les milieux riches en bromure les 
reactions [11] et [111] sont remplactes par: 

[11'] Br03- + 5Br- + 6H' = 3Br2 + 3H,O 

[Ill'] Br03- + 5Ce3+ + 6H' = $Br2 + 5Ce4+ + 3H,O 

Considerons un exemple type de conditions 
initiales realisees lors de nos experiences: 

[H'] = 1; [Br03-] = 0.1; 

[Ce3+] = 2 x lo4 ; [Br-] = 

A l'equilibre on calcule les valeurs suivantes: 

[Br03-] = 0.1 ; [HOBr] = 6.4 x ; 

Au debut de la reaction on forme du brome 
suivant [11'] et [111'] mais il se dismute ensuite 
et a l'equilibre on a forme quasi uniquement 
de l'acide hypobromeux suivant les stoechio- 
mktries [11] et [III]. Remarquons tgalement que 
l'oxydation des ions cereux est quasi totale. 

Technique expbrimentale 
Le rkacteur, contenant environ 100 ml de solution, est 

thermostatis6 et pourvu d'une agitation magnttique. 
Une pompe ptristaltique dtrive une faible fraction de 
son volume vers la cuvette d'un spectrophotometre tgale- 
ment thermostatisee. On mesure ainsi en continu l'absor- 
bance de la solution ti 320 nm, maximum du spectre des 
ions ceriques en milieu sulfurique. Dans la zone de 
concentrations utiliske on n'observe qu'une t r h  faible 
influence de l'acide sulfurique sur la courbe d'ttalonnage. 
Cette courbe doit Ctre determinee point par point car la 
loi de Beer-Lambert n'est pas vbifike pour des con- 
centrations en ions ctriques supkrieures a 2 x ion 
g/l. Pour quelques experiences faites avec une concentra- 
tion initiale en bromure tlevee, le calcul de la concentra- 
tion en ions ceriques tient compte d'une petite correction 
sur l'absorption a 320 nm due a la formation transitoire 
de brome. On peut alors determiner les concentrations en 
cerique et en brome au cours d'une meme experience en 
mesurant l'absorbance de la solution B 320 et 395 nm. 

La concentration en ions bromures est mesuree par 

A partir des potentieis ~ ~ o x y ~ o - r ~ ~ u c t i o n  on une electrode sptcifique Orion. L'electrode de reference 
au calomel est reliee B la solution par un pont au sulfate 

calcule les deux constantes d'Cquilibre: de ~otassium. les ions chlorures Douvant influencer la 

K[II] = 2 x 10'' K[III] = 2.5 x lo3 viteke de la &action. On a verifie que dans nos con- 
ditions experimentales cette electrode est tres stlective et 

ces ne sent cependant qu7approxima- a ~n temps de rkponse suffisamment court (quelques 
secondes). 

tives, non seulement par la nature de ce type de Les courbes d'ttalonnages sont semblables B celles 
calcul, mais aussi par l'utilisation de potentiels obtenues par Koros et Burger (15). La limite de sensibilite 
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de I'tlectrode est de 10" ion g/l. Nous pensons cependant 
que, dans nos milieux rtactionnels, son potentiel reste au 
moins qualitativement relit a la concentration en ions 
bromures au delA de cette limite. Nous nous sommes 
assures que la presence de l'tlectrode n'a aucune influence 
sur la vitesse de formation des ions ceriques. 

Les reactifs utilids sont des produits commerciaux 
'pour analyse'. La seule impurete pouvant avoir une 
influence sur la vitesse de la reaction est le bromure 
present en traces dans le bromate de potassium. I1 est 
possible qu'il soit A I'origine de I'irrCproductibilite de la 
ptriode d'induction observte par Kasperek et Bruice (6). 
Lors de nos exptriences nous avons toujours ajuste la 
concentration initiale en ions bromures. La composition 
de la solution stock de bromate est connue par simple 
peste. La solution de sulfate ctreux est standardisk par 
une methode en retour a I'aide d'EDTA. 

Toutes les experiences ont etk faites en solution normale 
en acide sulfurique et a 22 "C. On a fait varier systtmatique- 
ment les concentrations initiales en ions bromures (de 
10" a ion g/l) et ctreux (de lo4 a 2 x ion g/l) 
en presence d'un exces de bromate de potassium (de lo-' 
a lo-' ion g/l). 

Au cours d'une experience les concentrations macro- 
scopiques qui ne sont pas mesurees directement peuvent 
Etre calculees. [Ce3+] est donne par une equation de bilan: 
[Ce3+] = [Ce3+], - [Ce4+] I'indice ',' indiquant la valeur 
initiale. Le bromate etant en large ex& par rapport aux 
autres rkactifs on admet 

[HOBr] et [Br,] sont calcules en admettant que l'kquilibre 
[I] n'est pas perturbk et en utilisant I'equation de bilan : 

On obtient 

3[[Br-1, - [Br-I] + 3[Ce4+] 
[HOBr] = 

2 + 5[Br-I[H+]/K[I] 

Nous avons vu que pour des exptriences faites avec une 
concentration initiale en bromure elevte on Deut eealement . u 

suivre [Br,] par spectrophotombtrie. 
Des tests preliminaires ont montre que les resultats sont 

independants de la vitesse d'agitation dans le rkacteur et 
du debit derive vers le spectrophotometre a condition 
que ces paramttres soient suffisamment grands. Nous 
avons vkrifie egalement que dans nos conditions il n'y 
a pas d'effet photochimique ni d'influence de I'oxygene 
dissous. 

La fig. 1 reproduit un exemple caracteris- 
tique d'evolution des concentrations en fonction 
du temps. On y distingue trois periodes de la 
reaction. 

I .  Pkriode d'induction 
On produit tres peu ou pas du tout d'ions 

ceriques. La vitesse de disparition du bromure 
est quasi identique a celle que l'on obtient avec 

FIG. 1. Exemple d'15volution des concentrations en 
fonction du temps. [Br03-1, = 5 x lo-'; [Br-1, = 
[Ce3+], = 1.68 x 

les mCmes concentrations en bromate et bromure 
mais en l'absence d'ions ctreux. 

La duree de cette periode augmente legere- 
ment avec la concentration initiale en bromure 
(fig. 2a), varie tres rapidement avec la con- 
centration en bromate (fig. 2b) mais ne depend 
quasi pas de la concentration en ions ctreux. 
Pour confirmer ce dernier point nous avons 
fait les exptriences suivantes. 

On ajoute d'abord le bromure au bromate, 
ce qui marque le temps zero, et ensuite le sulfate 
cerew apres un temps variable. Si ce temps est 
inferieur a la periode d'induction obtenue par 
addition du sulfate cereux au temps zero, cette 
pkriode ne change pas, si par contre on a 
depasst cette periode le demarrage de la rkaction 
est immkdiat. 

La concentration en ions bromures atteinte 
a la fin de la periode d'induction est de l'ordre de 
10" ion g/l. Elle augmente avec la concentration 
initiale en bromate et en bromure mais ne 
semble pas dependre de la concentration en 
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ET AL. 263 1 

FIG. 2. Effet des concentrations initiales sur la durke 
de la ptriode d'induction. (a) [Br03-1, = 5 x lo-'; 
[Ce3+], = 1.68 x (b) [Br-1, = [Ce3+], = 
1.68 x 

sulfate ckreux. Ces conclusions ne sont que 
qualitatives car on est a la limite de sensibilitt de 
l'electrode indicatrice. 

2. Pkriode de rkaction 'rapide' 
Aprb la ptriode d'induction la concentration 

en ions bromures diminue rapidement et cesse 
d'&tre mesurable. Simultantment on a une 
production rapide d'ions ceriques. La pente p 
de la courbe de production en son point d'in- 
flexion (fig. 1) depend de f a ~ o n  complexe des 
differentes concentrations et il n'a pas ete 
possible d'exprimer cette dkpendance sous forme 
d'une loi empirique. 

L'ordre par rapport a la concentration en 
ions cereux est en general compris entre 0 et 1. 
I1 tend vers zero lorsque la concentration en 
ions cereux augmente (fig. 3a) et est d'autant 

FIG. 3. Effet des concentrations initiales sur la vitesse 
maximum (u) de ~roduction des ions ctriaues. (a) . . 
[Br03-1, = i0-'; f~r-1, = (b) [~r-1, = 
[Ce3+], = 1.68 x 

plus grand que la concentration initiale en 
bromure est grande. 

L'ordre par rapport a la concentration en 
bromate est voisin de 1 (fig. 3b). 

Le bromure ayant Cte quasi totalement oxydk 
au cours de la periode d'induction l'influence de 
sa concentration initiale sur la vitesse de 
production des ions ckriques traduit celle des 
concentrations en brome et en acide hypo- 
bromeux au moment de la reaction. Lorsque 
l'on augmente la concentration initiale en 
bromure, on augmente sa concentration pen- 
dant la periode de reaction rapide, on allonge 
cette pkriode et on diminue lkgerement la pente 
p. La frontiere avec la pkriode suivante devient 
de moins en moins marquee et correspond a 
une concentration en ions ckriques de plus en 
plus grande. 

3. Pkriode de rkaction 'lente' 
Apres la pkriode de reaction rapide et alors 

que l'on est encore loin de l'equilibre on 
observe un tres net ralentissement de la produc- 
tion d'ions ckriques qui ne peut &tre explique 
par la diminution de la concentration des ions 
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ckreux. Alors qu'au debut de la periode de 
reaction rapide l'allure de la reaction etait auto- 
catalytique, elle est maintenant auto-inhibee. 
Par exemple dans les conditions de la fig. 1, 
25% des ions ckreux sont oxydes aprb  2 min 
mais il faut plusieurs heures pour approcher de 
l'equilibre thermodynamique. I1 n'existe pas de 
frontikre bien definie entre les periodes de 
reaction rapide et de reaction lente. La distinc- 
tion que nous introduisons ici se justifie par une 
modification Cvidente des caractCristiques cine- 
tiques du systkme avec le passage progressif de 
I'une a l'autre. 

Le pourcentage d'ions cereux oxydes au 
moment du ralentissement augmente si I'on 
diminue la concentration initiale en sulfate 
cereux ou si l'on augmente les concentrations 
initiales en bromate et en bromure. Les resultats 
quantitatifs se rapportant a cette pkriode de 
h reaction seront donnks lors de 1'Ctude du 
modkle cinttique. 

Pour terminer soulignons une observation 
qualitative remarquable: si au cours de la 
periode de reaction lente on rajoute du bromure 
a la solution on observe, aprks une periode 
d'induction, une nouvelle acceleration tem- 
poraire de la production d'ions ceriques. 

Modkle cinbtique 
Le modkle propose par Noyes et coll. (10) 

permet de rendre compte de certains faits 
expkrimentaux mais ne peut cependant etre 
adopt6 pour les raisons suivantes. 

L'ordre 2 par rapport au bromate a etk 
observe par Thompson en presence d'un excks 
d'ions cereux. En presence d'un excks de 
bromate, ce qui est le cas pour la reaction 
oscillante, nous avons trouvb un ordre 1. 

Le modele peut expliquer l'action inhibitrice 
des ions bromures pendant la periode d'induc- 
tion, ceux-ci empichant I'acide bromeux de 
s'accumuler dans le systkme a cause de la 
reaction HBrO, + Br- + H+ -+ 2HOBr. Ce- 
pendant il ne rend pas compte des effets ob- 
servb de la concentration initiale en bromure 
sur le deroulement ulterieur de la reaction. En 
particulier il n'explique pas que l'addition de 
bromure pendant la periode de reaction lente 
provoque une nouvelle acceleration de la reac- 
tion. 

Le pas [3'] de leur modkle etant identique a 
la somme despas [-  1'1 et [-2'1 on a:  k,'kZ1k3' = 

k-,'k-2'k~3'. A partir de cette kgalite on montre 
que le modkle ne permet pas de justifier I'effet 
inhibiteur des ions ceriques. 

En consequence nous avons recherche un 
nouveau modkle cinetique. 

Pendant la periode d'induction le bromate 
oxyde le bromure en brome et en acide hypo- 
bromeux. D'autre part on sait que les reactions 
halogenates-halogenures font intervenir des 
complexes du type X202 de structure non 
prkciste et probablement hydrates (16, 17). 
Nous ecrivons donc le mecanisme de la reaction 
bromate-bromure sous la forme 

[I] Br03- + Br- + 2H+ Br202 + H 2 0  

[2] Br202 + H 2 0  e HBrO, + HOBr 

[41 HOBr + Br- + H+ e Br, + H 2 0  

Pour condenser nous ne faisons pas apparaitre 
explicitement les equilibres acide-base mais les 
incluons dans l'ecriture des etapes Clementaires. 
Meme en tenant compte de cette restriction le 
pas [3] n'est pas une etape elementaire. Cela n'a 
cependant aucune incidence sur la suite du 
raisonnement car nous admettons que, dans nos 
conditions, ce pas est irreversible. Cette hypo- 
thkse est justifiee par la tres petite valeur de la 
vitesse de retour calculee en utilisant la constante 
cinetique k-, = 0.42 I/mol h determinee par 
Betts et MacKenzie (1 8). 

A ce schema nous ajoutons l'oxydation des 
ions cerew par le radical BrO,' 

[6] BrO,' + Ce3+ + H+ e HBrO, + Ce4+ 

Le pas [5] est analogue ti celui qui a ete admis 
dans le mecanisme de formation du bioxyde 
de chlore (19). Le pas [6] se retrouve dans le 
modkle de Noyes et coll. Dans le milieu con- 
sidere le cerium est complexe par les ions 
sulfates. Cela n'influence cependant pas la 
forme des equations cinitiques, d'ou la sim- 
plification d'ecriture adoptee. L'oxydation du 
bromure par le Ce(1V) form6 ne doit pas etre 
consideree, sa vitesse etant, dans nos conditions 
experimentales tout a fait negligeable (20). 

I .  Equations gkntrales 
En exprimant que HBrO,, Br,O,, et BrO,' 

sont des labiles on obtient les trois stoechio- 
metries considerees precedemment, la stoechio- 
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metrie [I] s'identifiant au pas [4]. Designons par r , = a - b  
ri la vitesse globale vers la droite du pas d'indice r 3 = a + b  
i, par a la vitesse de consommation du bromate r, = 2b 
suivant la stoechiometrie [TI] et par b cette r, = 46 
vitesse suivant [III]. La quasi-stationnarite des I1 vient, en incluant la concentration en H+ labiles donne dans les constantes cinetiques et en posant 

r l = a + b  X = b/(a + 6) 

k,[Br03-] - k3[HBr02] 
kz[Br-1 I - k-, [HBrO,] [HOBr] = (1 - 2X)k3[Br-] [HBrO,] 

k6[Br02'] [Ce3+] - k,[HBrO,] [Ce4+] = 4Xk3[Br-] [HBrO,] 

d'ou l'on deduit 

*[B~o,] - 2X 
k1kz [Br03-] [Br-] [HBrO,] = - - - k-1 k3 

[Br-] + k-,[HOBr] 

On obtient ainsi une equation reliant X aux 
concentrations des constituants non labiles du 
systkme. Cette equation est trop lourde pour 
qu'il soit utile de l'expliciter par rapport a X 
et nous n'envisagerons que ses degenkrescences. 
Elle permet cependant de voir dans le cas 
general que X est une fonction dkcroissante de 
[Br-1. Si [Br- est tres grand X << 1, c'est a dire 
b << a, et Yon a quasi uniquement la reaction 
bromate-bromure. C'est la periode d'induction. 
Ensuite [Br-] diminuant X augmente et la 
vitesse d'oxydation du Ce[III] ne deviendra 
mesurable que lorsque la concentration en 
bromure sera devenue suffisamment petite. 

2. Phiode d'induction 
Le resultat obtenu ci-dessus a partir des 

equations generales peut Ctre exprime de f a ~ o n  
plus intuitive: on a quasi uniquement la reaction 
bromate-bromure aussi longtemps que la con- 
centration en bromure est suffisamment grande 
pour que le pas [3] maintienne [HBrO,] et 
[BrO,'] petits. L'etape [2] est alors dtterminante 
tandis que l'etape [I] est pratiquement a 
l'equilibre (1 6). En introduisant dans les equa- 
tions generales 

b << a ;  k, << k-I ; k,[HOBr] << k3[Br-] 

on obtient 1'Cquation cinetique classique de 

cette reaction la concentration [H'] etant inclue 
dans les constantes cinetiques. 

Conformement aux rksultats experimentaux la 
concentration initiale en sulfate cereux n'a pas 
d'influence sur lacinetique pendant cette pbriode. 

Tant que la reaction produit quasi unique- 
ment du brome on a 

et le bromate etant quasi constant, car en 
larne exds. on doit obtenir une droite en 
pozant log [Br-] en fonction du temps. On 
constate que l'on s'ecarte rapidement de cette 
droite alors que l'on est encore tres loin de 
l'equilibre du systkme bromate-bromure- 
brome. Cet ecart est du a l'hydrolyse du brome. 
Si l'on produit de l'acide hypobromeux la 
relation ci-dessus devient 

La loi lineaire cesse d'&tre suivie d b  que 
[HOBr] cesse d'ztre negligeable devant [Br-] et 
l'kcart peut Ctre tr&s important alors mCme 
que l'on a [Br,] >> [HOBr]. En effet on a egale- 
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I I I I I 

2 4 6 8 t ( m i " )  

FIG. 4. Evolution de la concentration en ions bro- 
mures au cours de la periode d'induction: [BrO,-1, = 
2 x lov2; [Br-1, = [Ce3+], = 1.68 x (a) 
courbe exptrimentale; (b)  courbe calculee. 

ment [Br,] >> [Br- ] et un petit diplacement de 
1'Cquilibre d'hydrolyse du brome correspond a 
une variation relativement importante de la 
concentration du bromure. Pendant cette periode 
la relation de bilan donnant [HOBr] se reduit a 

3, PI [ [ B ~ I ,  [HOBr] = - - - 
5[H+] [Br-] 

et l'on peut integrer la loi cinetique qui devient 

La fig. 4 donne un exemple de comparaison 
de nos resultats avec cette loi. La deuxieme 
ionisation de l'acide sulfurique pouvant &tre 
negligee on a [H'] = 0.5 mol/l. La partie 
lineaire de la courbe experimentale permet de 
calculer le coefficient de t 

Pour la loi cinetique sous la forme classique 

Cette valeur donne k = 100 en parfait accord 
avec les resultats de Bray et Liebhafsky (21) 
pour une force ionique de 0.5. 

Comme nous mesurons des concentrations, 

pour calculer le premier membre de loi inttgree 
il faut tenir compte des coefficients d'activitk. 
Ceux-ci sont malheureusement ma1 connus dans 
notre milieu fortement acide et nous avons 
adopte l'estimation de Noyes (8): 0.7 pour des 
ions monovalents. En prenant pour K[I] la 
valeur donne par Liebhafsky (14) on obtient 
l'kquation de la courbe calculee de la fig. 4: 

-In 104[Br-] + 7.1 x 10-13[[Br-1" - 1081 

= 2.5t 

La concordance avec la courbe experimentale 
est tout a fait satisfaisante, 1'Ccart observe 
resultant probablement de la non linearit6 de la 
reponse de l'klectrode indicatrice pour des con- 
centrations en bromure de l'ordre de 1 0-6 ion g/l. 
Remarquons Cgalement que cet kcart serait 
reduit si l'on adoptait une valeur plus faible 
pour les coefficients d'activiti. 

3. Transition 
La diminution de la concentration [Br-] en- 

traine l'augmentation de X. Lorsque l'on cesse 
d'avoir X << 1, [HBrO,] augmente de faqon 
autocatalytique du fait des pas [5] et [6]. La 
vitesse d'oxydation des ions cereux est rapide- 
ment croissante. Comme simultanement [Br,O,] 
diminue et [HOBr] augmente, le rapport 

devient de plus en plus grand et 1'Ctape [2] 
cesse d'&tre quasi irreversible. La vitesse globale 
r2 diminue, passe par zero pour X = 0.5 (a  = b) 
puis devient negative. C'est cette inversion du 
sens de I'ktape [2] qui est la clef du changement 
de stoechiomktrie du systeme. 

I1 est possible qu'a ce moment la vitesse de 
variation de [HBrO,] soit telle que l'on ne 
puisse plus utiliser l'approximation de la station- 
naritt. Cette remarque ne nuit cependant pas a 
la gtntralitk du raisonnement car [HBrO,] 
atteint tres rapidement la valeur quasi-station- 
naire correspondant a la periode suivante de la 
reaction. Les equations genkrales etablies ci- 
dessus redeviennent alors valables. 

On constate que pour obtenir X = 0.5 il faut 
non seulement que [Br-] soit petit mais egale- 
ment que [HOBr] soit suffisamment grand. 
Ceci explique l'existence d'une periode d'induc- 
tion quelle que soit la concentration initiale en 
bromure. 
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4 .  Pkriode de riaction rapide k-2 [HOBr] 
Suite a l'inversion du pas [2] on a 0.5 < X < 1. X = * +  

2k3[Br-] 
La diminution de [Br-] continue provisoirement 
A entrainer l'augmentation de [HBrO,] et donc La   on cent ration en bromate est telle que 
de la vitesse d'oxydation des ions cereux. Au 
moment ou cette vitesse est maximale (pente p *[B~o,-] >> 2X 
sur la fig. 1) nous admettons que les conditions k-I k3 
suivantes sont satisfaites. On peut voir que cette condition implique que 

L'inversion du pas [2] est totale : le deroulement de la reaction ne perturbe pas 
l'equilibre de l'etape [5]. 

La auantite de Ce(IV) vroduite est suffisam- 
\ , A  

Les equations gtnerales permettent alors de ment faible pour que l'on puisse nkgliger la 
calculer X  reversibilitt de l'ktape [6]. Dans ces conditions 

on obtient 

W e 4 + ]  -- 2k1 ksk62[Br03-] [k3[Br-] + k-,[HOBr]][Ce3f]2 - 
dt 4k-,k-,[k3[Br-] + k-,[HOBr]12 + k3k,k62[Ce3+]2 

Cette vitesse depend non seulement de con- bilite de l'ttape [6] (effet inhibiteur de Ce4+). 
centrations mesurables ou calculables mais Cet effet apparait lorsque l'on cesse d'avoir 
egalement de la concentration du bromure qui k,[Ce4+] << 4k3[BrP] et l'on comprend ainsi 
devient inferieure a la limite de sensibilite de que le ralentissement de la reaction se produise 
l'electrode indicatrice. En outre, malgre les pour une concentration en ions ckriques d'au- 
hypotheses simplificatrices adopttes, l'expres- tant plus grande que la concentration initiale 
sion obtenue est trop complexe pour qu'une en bromure etait grande. 
comparaison quantitative avec nos mesures soit 
possible. Montrons ntanmoins qu'il y a un 
accord qualitatif parfait entre le modkle et 
l'experience. 

On obtient l'ordre 1 pour le bromate. L'ordre 
par rapport a [Ce3+] est compris entre 0 et 2 
suivant l'importance relative des deux termes 
du denominateur. Pour un taux de conversion 
donne, il diminue si l'on augmente la con- 
centration initiale du sulfate cereux ou si l'on 
diminue celle du bromure et par consequent la 
somme k3[Br-] + k,[HOBr]. 

L'ordre zero correspond a l'etape [I] deter- 
minante, l'ordre deux a cette etape a l'equilibre. 
Lorsque les deux termes du dtnominateur sont 
d'importance comparable on obtient un ordre 
voisin de 1 pour [Ce3+] et un effet trks faible de 
la concentration initiale en bromure sur la 
vitesse de reaction. 

Au cours de cette periode [Br-] diminue et 
[HOBr] augmente. La somme k3[BrP] et 
et k,{HOBr] qui diminuait pour X voisin de 
0.5 finit donc toujours par augmenter (X 
voisin de 1). Dans nos conditions experimentales 
ce n'est cependant pas cette augmentation qui 
provoque la diminution de la vitesse de reaction 
(effet inhibiteur de HOBr) mais bien la reversi- 

5. Pkriode de rkaction lente 
La diminution trks nette de la vitesse de 

reaction est due a l'apparition de la rtversibilitt 
de l'etape [6]. Aprks une periode intermediaire 
ou les equations cinttiques sont trop complexes 
pour &re confrontees avec l'experience, [Br-] 
devient suffisamment petit et [Ce4+] suffisam- 
ment grand pour que l'on ait 

k-,[Ce4+] >> 4k3 X [Br-] 

A ce moment le pas [6] est pratiquement a 
l'kquilibre. De plus [Br-] etant microscopique 
la stoechiomttrie [11] est negligeable: 

On admet, comme precedemment, que le pas 
[5] est a l'equilibre 

Ayant k-, >> k, il peut exister, et nous allons 
voir qu'il existe effectivement, une periode oh 

On constate que ces hypothkses reviennent 
admettre que lorsque la vitesse de reaction 
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TABLEAU 1. Invariance de k, au cours de la periode de reaction lente 

d[Ce4'] 

[Ce4'] [Ce4'] dt 
t ( X  I@) [Ce3+] ( X  I@) kv 

1.66 1.1 0.070 0.39 (17.7) 
2.0 1.2 0.077 0.26 13.7 
2.33 1.3 0.084 0.23 13.9 
2.66 1.38 0.089 0.20 13.3 
3.0 1.45 0.094 0.18 13.1 
4.5 1.68 0.111 0.14 13.1 

k, moyen 13.4 

2.0 0.20 0.133 0.085 (29.6) 
3.0 0.21 0.141 0.034 12.9 
4.0 0.23 0.156 0.034 15.4 
8.0 0.28 0.197 0.024 15.9 

15.0 0.35 0.259 0.015 15.8 
k, moyen 15.0 

C. [Br03-1, = lo-' ; [BKIo = ; [Ce3+], = 1.7 x 

2.0 0.59 0.531 0.159 (17.5) 
2.33 0.61 0.560 0.099 12.1 
2.5 0.64 0.604 0.093 13.2 
3 .O 0.67 0.650 0.077 12.6 
4.0 0.75 0.789 0.061 14.6 
4.5 0.78 0.848 0.047 13.0 

k,  moyen 13.1 

NOTE: Unitts: mol/l et min. 

diminue l'equilibre du pas [I], qui avait ete 
perturbe pendant la periode de reaction rapide, 
se rttablit tandis que le pas [-21 reste irrkver- 
sible. 

Sous ces conditions les equations generales 
deviennentZ 

'On peut ttre surpris par les equations obtenues qui 
impliquent que l'etape [3] soit devenue determinante. 
Cela se comprend plus intuitivement si I'on remarque 
que pendant cette periode les hypotheses faites permettent 
d'brire le mecanisme conduisant a la stoechiometrie [III] 
sous la forme: 

(equilibre) 
[l] Br03- + Br- + 2H' .= Br202 + H 2 0  

La relation de bilan donnant [HOBr] devient, en 
negligeant le premier terme du denominateur, 

6[Br-1, + [Ce4+] 
[HOBr] = K[I] 

1 O[H+] [Br-] 

et l'on obtient finalement 

(e-quili bre) 
[5] +2[6] Br202 + 2Ce3' + H+ .- Cette equation est verifiee par nos resultats 

HBr02 + Br- + 2Ce4+ expkrimentaux, compte tenu d'une certaine im- 
precision sur les mesures de vitesses, celles-ci 

[31 HBrO, + Br- + H+ + 2HOBr etant obtenues en t ra~ant  les tangentes aux 
[-21 HBrO, + HOBr + Br,02 + H 2 0  courbes [Ce4+] en fonction du temps. Dans les 
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TABLEAU 2. Invariance de k, pour diffkrentes concentrations initiales 

d[Ce4+] 

[Ce4'] 
W'10 ( 104) 

dt 
[BrO3-10 [Br-lo ( lo4) ( x lo4) kv 

lo-= lo-6 0.84 0.084 0.037 12.0 
lo-6 1.7 Voir tableau 1 15.0 

lo-= lo-6 5.0 0.50 0.086 14.2 
1 O-= 1 O+ 8.4 0.84 0.087 11.3 
1 0-2 13.4 1.34 0.147 15.3 
lo-= lo-= 16.8 Voir tableau 1 13.4 

lo-' 5 x 1.7 0.65 0.75 15.0 
lo-' 1 o - ~  1.7 Voir tableau 1 13.1 
lo-' 3 x lo-4 1.7 0.65 1.70 15.1 
lo-' 5 x lo-4 1.7 0.65 1.66 11.5 
lo-' 10-3 1.7 0.65 2.55 12.5 

NOTE: Unitts: moll1 et min. 

tableaux 1 et 2 nous donnons quelques valeurs de 

pour des conditions initiales variables. Dans le 
tableau 1 on voit qu'apres la pkriode de reaction 
rapide k, devient constant au cours du temps. 
Pour des temps supkrieurs a ceux indiques la 
variation relative de [Ce4+] devient trop faible 
et la vitesse de rtaction n'est plus mesurable. 
Les valeurs du tableau 2 montrent que con- 
formement au modele k, ne depend pas des 
concentrations initiales mEme pour une varia- 
tion de la concentration initiale en bromure 
d'un facteur 1000 ! 

La vitesse augmentant avec [Br-1, on inter- 
prete aiskment la nouvelle acceleration de la 
production d'ions ctriques provoqute par une 
addition de bromure au cours de cette ptriode. 

6. Cornparaison avec les rksultats d'autres 
auteurs 

Thompson (11) a Ctudii: la reaction en 
presence d'un exces de Ce(1II) par rapport au 
bromate et avec des concentrations initiales en 
Ce(II1) beaucoup plus grandes que les n6tres. 
Dans ces conditions on peut admettre qu'apres 
la periode d'induction on a toujours 

7 - 

On constate que les concentrations [Ce3+] et 
[Ce4+] ainsi que les constantes cinetiques k, et 

k-, disparaissent des equations gentrales. Ceci 
explique que Thompson ait obtenu des vitesses 
indtpendantes de la concentration et de la 
nature de l'agent reducteur. 

Les resultats prksentes par Kasperek et 
Bruice (6) sont parfaitement en accord avec ce 
travail. 11s ont notamment observe l'effet in- 
hibiteur d'une addition de Ce(1V). Ayant cons- 
tat6 qu'un barbotage d'oxygene, d'azote ou de 
dioxyde de carbone diminue la vitesse pendant 
la ptriode de rtaction lente, ils ont attribut un 
caractere htterogene a cette reaction. Nous 
proposons plut6t l'explication suivante: K[I] 
ttant t r b  petit la concentration en brome du 
systeme n'est pas ntgligeable. Le barbotage 
entrainant le brome dkplace son tquilibre 
d'hydrolyse et la relation de bilan utilisee au 
paragraphe 5 n'est plus valable. La concentra- 
tion en bromure devient beaucoup plus petite 
ce qui explique la diminution de la vitesse de 
reaction. 

Conclusion 
Le mtcanisme proposk permet de rendre 

compte de l'ensemble des faits experimentaux 
relatifs a la reaction bromate-cereux. En pre- 
sence d'un exces de bromate I'Cvolution du 
systeme rtactionnel peut Etre dtcomposte en 
trois phases. 
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1. Lorsque la concentration en bromure est 
grande la reaction bromate-ctreux est inhibee. 
La reaction principale est 

couplte avec l'equilibre d'hydrolyse du brome. 
L'etape 2 du schema est dkterminante. 

2. La concentration en bromure diminuant, 
Br0,H augmente, le sens du pas [2] s'inverse et 
la reaction bromate-cereux prend une allure 
autocatalytique. La concentration en bromure 
devient microscopique et la reaction principale 
est alors 

(toujours couplee avec l'kquilibre d'hydrolyse). 
Les ttapes [ - 21 et [6] sont irreversibles. L'Cqui- 
libre de l'etape [l] est perturbe ou non suivant 
la concentration en Ce(II1). 

3. Lorsque le rapport entre les concentrations 
en ions ceriques et bromures devient sufhsam- 
ment grand, la reversibilite du pas [6] apparait 
et la reaction devient auto-inhike. 

En complttant ce mkcanisme avec les reac- 
tions des acides maloniques et bromaloniques 
il est possible d'expliquer les oscillations de la 
reaction de Belousov. Les travaux a ce sujet 
feront l'objet d'une publication ultkrieure. 
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Evidence for one-bond cleavage in the thermolysis of 
(-)-(S)-1-diphenylmethyl-2-(2-buty1)diazene and of 

1-diphenylmethyl-2-phenyldiazenel 

KARL R. KOPECKY, PETER M.  POPE,^ AND JUAN A. LOPEZ SASTRE 
Department of Chemistry, University of Alberta, Edmonton, Alta., Canada T6G 2EI 
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KARL R. KOPECKY, PETER M. POPE, and JUAN A. LOPEZ SASTRE. Can. J. Chem. 54, 2639 
(1976). 

Thermolysis of (-)-(S)-1-diphenylmethyl-2-(2-buty1)diazene (-)-(S)-1 at 100 OC in benzene 
and in benzene containing 1 M butanethiol produces (-)-(R)-1,l-diphenyl-2-methylbutane 
(-)-(R)-6 with 2 and 6% net inversion of configuration, respectively. These results indicate 
that the rate determining step is a one-bond cleavage to give diphenylmethyl and 2-butyldiazenyl 
radicals because a two-bond cleavage process cannot produce a coupling product with net 
inversion of configuration. The cage effect is at least 13% on thermolysis of (+)-I at 100 OC 
in benzene containing 1 M butanethiol. (-)-(R)-6 is not thought to be formed by a displace- 
ment reaction of the diphenylmethyl radical on the (S)-2-butyldiazenyl radical. An estimate 
for the lifetime of the latter radical is -lo-'' s or less. There is a small viscosity effect on the 
rate of thermolysis, k, of (+)-I. At 77.6 "C in cumene, octane, and hexadecane k = 4.48, 4.28, 
and 3.95 x s-', respectively. At 77.6 "C in cumene A p  = 30.5 f 1.3 kcal/mol and AS* = 
8.1 + 4.0 eu for thermolysis of (f )-1. 

No emission or enhanced absorption due to the methine proton of the diphenylmethyl 
group of (+)-I was detected in the nrnr spectrum of the thermolysis at 120 OC in hexadecane. 

Enhanced absorption of the corresponding proton was observed in the nmr spectrum of 
thermolysis in hexadecane of 1-diphenylmethyl-2-phenyldiazene 7 at 180 OC which indicates' 
one-bond cleavage occurs in this system. No evidence for the formation of crossed azo products 
was obtained when concentrated solutions of 7 and its tri-p-tert-butyl derivative were thermo- 
lized for one half-life (25 s) at 190 OC. This indicates that the phenyldiazenyl radical does not 
survive long enough to encounter a diphenylmethyl radical produced from another molecule 
of azo compound. 

KARL R. KOPECKY, PETER M. POPE et JUAN A. LOPEZ SASTRE. Can. J. Chem. 54, 2639 (1976). 
La thermolyse du (-)-(S)-diphtnylmkthyl-1 (butyl-2)-2 diaztne, le (-)-(S)-1, a 100 "C 

dans le benzene et dans une solution molaire de butanethiol dans le benztne donne le (-)-(R)- 
diphtnyl-1,1 methyl-2 butane, le (-)-(R)-6, avec inversion de configuration nette de 2 et 6% 
respectivement. Ces resultats demontrent que l'etape limitante est une rupture d'une seule 
liaison donnant les radicaux diphtnylmethyl et butyl-2 diazenyle, parce qu'une rupture simul- 
tante de deux liaisons ne peut donner de produit de couplage avec une inversion nette de con- 
figuration. 

L'effet de cage est au moins 13% dans la thermolyse de (+)-I a 100 "C dans une solution 
molaire de butanethiol dans la benztne. On ne pense pas que le (-)-(R)-6 est formt par une 
reaction de dkplacement du radical diphenylmethyle sur le radical (S)-butyl-2 diaztnyle. Nous 
estimons que ce dernier a une durte de vie d'environ lo-'' s, ou moins. I1 y a un ltger effet de 
viscositt sur la vitesse de la thermolyse, k, du (+)-I. A 77.6 "C dans le cumtne, I'octane et 
l'hexadecane k = 4.48, 4.28 et 3.95 x s-', respectivement. A 77.6 "C dans le cumtne 
AH' = 30.5 + 1.3 kcal mol-' et AS* = 8.1 f 4 cal deg-' mol-' pour la thermolyse du (+)-I. 

Aucune Cmission ni d'absorption renforcte due au proton mkthinique du groupe diphtnyl- 
mtthyle du (+)-I n'est detect& dans le spectre rrnn de la thermolyse a 120 "C dans le hexadecane. 

L'absorption renforck du proton correspondant est observ& dans le spectre rmn de la 
thermolyse dans l'hexadkcane du diphtnylmkthyl-1 phenyl-2 diaztne, 7, a 180 OC ce qui in- 
dique qu'il y a rupture d'une seule liaison pour ce systtme. Aucune evidence de formation de 
produits azo croists n'est obtenue lors de la thermolyse a 190 OC de solutions concentrtes de 7 et 
de son derive tri-p-tert-butyle pour une periode egale a la dur& de derni-vie (25 s). Ceci indique 
que le radical phenyldiaztnyle ne survit pas assez longtemps pour rencontrer un radical di- 
phenylmtthyle resultant d'une autre molecule de compok azo. 

'Presented in part at the 56th Canadian Chemical Conference of the Chemical Institute of Canada, Montreal, P.Q. 
June 1973. Abstract 209. 

'Holder of a National Research Council of Canada ~ t u d e n t s i i ~ ,  1969-1971. 
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Introduction 
The results of the earlier studies of the 

thermolysis of the optically active azoalkanes 
( - )-(S)-1-(1 -phenylethyl)-2-benzyldiazene3 (2) 
and ( -)-(R)-l-(2-phenyl-2-butyl)-2-benzyldia- 
zene (3) as well as of ( -)-(S,S)- 1,2-bis(1- 
phenylethy1)diazene (4) are consistent with the 
assumption that in these compounds both C-N 
bonds are breaking simultaneously in the rate 
determining steps, [I]. There has already been 
other evidence which is still accumulating, that 

such a concerted cleavage occurs on thermo- 
lysis of a number of acyclic (5) and cyclic (refs. 
6a-d; however, for a different interpretation of 
some of these reactions see refs. 6e-g) azo- 
alkanes. In most of these systems R- and R'. 
are radicals of similar stability. 

At the time we initiated studies in this area 
we began also to examine azoalkanes that might 
provide stereochemical evidence for one-bond 
cleavage (7) as indicated by racemization of 
optically active starting material, [2], in which 
R- is a much more stable radical than is R'.. 
However, the first two compounds investigated, 

( -)-R-N=N-R' 

(+)-(S)- 1 -(2-phenyl-2-buty1)-2-(2-propy1)dia- 
zene (8) and ( -)-(R)- 1 -(2-phenyl-2-buty1)-2-(4- 
nitropheny1)diazene: were both recovered with- 
out loss of optical activity after having been 
heated for one half-life of decomposition. 

In the meantime, stereochemical evidence for 
one-bond cleavage during thermolysis of 
optically active azo compounds has been ob- 
tained with several compounds (9). Other evi- 
dence for one-bond cleavage has been obtained 
from kinetic (lo), pressure (ll),  and nmr (12) 
studies of, and the observation of isomerization 
(13) in, the thermolysis of azo compounds. 

The present paper reports the results of a 
somewhat different stereochemical approach 
for the detection of one-bond cleavage: a study 
of the thermolysis of ( - )-(S)- 1 -diphenylmethyl- 
2-(2-buty1)diazene (-)-(S)-1. One-bond cleav- 
age of this compound would give a diphenyl- 

'The nomenclature used in this paper is based on the 
proposals of Huang and Kosower (1). 

4Unpublished studies by Dr. J. A. Barry. 

methyl radical and the (S)-(2-buty1)diazenyl 
radical. If the latter radical had a significant 
lifetime it would undergo numerous rotations 
or perhaps even diffuse away to some extent 
from the initial solvent cage before losing 
nitrogen. This could result in a smaller amount 
of net retention in the cage coupling product 
than had been observed before (1-3) and in a 
smaller cage effect. 

The observations made in this study prompted 
some experiments with l-diphenylmethyl-2- 
phenyldiazene and its tri-tert-butyl derivative 
which are also reported here. 

Results 
Absolute Conjigurations of Starting Material and 

Product 
Two routes were used to prepare (f )-1 in 

quantity. Diphenylmethylhydrazine, readilypre- 
pared in 80% yield by treatment of diphenyl- 
methyl chloride with excess hydrazine in di- 
methyl sulfoxide, was converted to the hydra- 
zone with butanone. This was hydrogenated, 
using Adam's catalyst, to the hydrazine which 
was in turn oxidized by air to (f )-1. Alterna- 
tively, the disubstituted hydrazine could be 
prepared from the isomeric hydrazone (which 
was made by the treatment of diphenyldiazo- 
methane with 2-butylmagnesium chloride) by 
reduction with sodium amalgam at 120 OC in 
ethylene glycol. 

The preparations of (-):(S)-1 and the coup- 
ling product expected from its decon~position, 
both of known absolute configuration, are 
shown in Scheme 1. The rotations given are for 
optically pure materials. A convenient prepara- 
tion of the azo compound with known absolute 
configuration was the conversion (14) of (+)- 
(S)-Zbutylamine ( + )-(S)-2 (1 5) to ( + )-(S)-N- 
2-butylsydnone (+)-(S)-3 followed by hydroly- 
sis (16) of the sydnone to (-)-(S)-2-butyl- 
hydrazine ( -)-(9-4 and conversion of this 
hydrazine to (-)-(S)-1 by successive treatment 
with benzophenone, sodium amalgam in hot 
ethylene glycol, and air. A sample of (+)-(R)-1, 
91% optically pure, prepared by a completely 
independent route had [or],21 2.1 (c 5.0) (see 
Experimental). Thus, no racemization occurred 
during the synthesis of (-)-(S)-1. 

The absolute configuration of the product of 
coupling of the diphenylmethyl and 2-butyl 
radicals, 1,l-diphenyl-2-methylbutane 6, was 
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(+ )-(s)-2 (+I-(3-3 ( - )-(s)-4 
[aIDz5 54.8' aDZ5 -3.72' 
(c 11.5, CC4) (neat, I = 1 dm) 

SCHEME 1. Reagents: A. (i) C1CH2C02C2H5, (ii) HO-, (iii) HNO2, (iu) (CH3CO)20. B. (i) (C6H5)2CO, 
(ii) Na(Hg), (HOCH2),, 120 "C, (iii) 0,. C.  (i) SOCI2, (ii) C6H5MgBr, (iii) NH4+, (io) Na/NH3/C2H50H. 
Rotations given are for optically pure materials. Actually, (+) - (S) -2  of 89% optical purity 
and ( - ) - (R) -5  of 85% optical purity were used. 

determined by the conversion (17) of (-)-(R)- 
2-methylbutanoic acid (-)-(R)-5 (18) to (-)- 
(R)- 1,l-diphenyl-2-methyl-1-butanol followed 
by reduction of the latter compound to ( -)-(R)-6 
with sodium and alcohol in ammonia (19). The 
recent direct conversion of (+)-(3-5 to (+)- 
(S)-2 (20) puts the relative configurations of 
(-)-(R)-6 and (-)-(S)-1 on a very firm footing. 

Rate and Products of Thermolysis of 1 
The rates of thermolysis, determined by 

monitoring the evaluation of gas, of ( f  )-1 in 
several solvents are shown in Table 1. Less gas 
than expected was produced. Since some butenes 
and butane should have been formed (no search 
was made for these products) in thermolyses 

carried out in cumene, more than 1 mol of gas 
per mole of (+)-I should have been evolved. 
The reason for this discrepancy was not pur- 
sued. A 10-fold change in the initial concentra- 
tion of (+)-I had no effect on the rate of 
thermolysis. Thus, little, if any, induced de- 
composition can be occurring. 

There appears to be some effect of viscosity 
on the rate of thermolysis of (+)-I as the rate 
in hexadecane is -8% smaller than that in 
octane. This is a smaller difference than that, 
15%, observed for thermolysis of 1-(4-nitro- 
pheny1)-2-triphenylmethyldiazene in the two 
solvents (l0a). 

The energy of activation for the thermolysis 
of (+)-I, 31.2 kcal/mol, is somewhat lower 

TABLE 1 .  Ratesa of thermolysis of (+)-1 

Temperature Concentration k, x lo5 Moles of 
("C) Solvent ( M )  (s-7 gasb 

97.3  Cumene 0 . 5  48.1 k0 .6 '  0 .92  
97 .3  Cumene 0.06 48.9 k0 .1 '  0 .97  
77 .6  Cumene 0 .5  4 . 4 8 f  0.06' 0 .92  
7 7 . 6  Octane 0 .5  4.28 
77 .6  Hexadecane 0 .5  3.95+0.OSc 

"At 77.6 "C in cumene A p  = 30.5 i 1.3 kcal/mol, AS' = 8.1 + 4.0 eu. The uncertainties were cal- 
culated by assuming a 5% error in the rate constants. 

bMoles of gas per mole of (+)-I.  
'Average of two runs with average error. 
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TABLE 2. Thermolysis of 0.1 M (-)-(9-1" in benzene at 100 OC 

Net 
( - - - 1  [C&,SHl ( -)-(R)-6 inversion 

(mg) (MI (mg) [a1oZ5 (%I 

700 - 92 -0.32 2 
500 1 34 -0.90 6 

"The (-)-(S)-1 used was 89% optically pure. 

than that, 34.9 kcal/mol, of l-diphenylmethyl-2- 
phenyldiazene 7 (5b). The difference is in the 
direction expected if conjugation of the phenyl 
group with the azo linkage results in a stronger 
diphenylmethyl-N bond in 7 (5b, 21). 

A detailed study of the products of thermoly- 
sis of ( f  )-1 was not made. Attention was 
focused on the compounds containing the di- 
phenylmethyl group, diphenylmethane, (f )-6, 
and tetraphenylethane. At 100 "C in benzene 
these were formed in a 15 : 56 : 29 molar ratio in 
60% total yield together with a - 10% yield of 
several other products which were assumed to 
contain the diphenylmethyl fragment on the 
basis of their gc retention times. Only traces of 
the product of coupling of two 2-butyl radicals, 
3,4-dimethylhexane, were detected. When 1 M 
butanethiol was present the known materials 
were formed in a 62.5: 27.5: 10 molar ratio in 
46% total yield. About 0.25 mol of dibutyl- 
disulfide per mole of (f  )-1 was formed as well 
as a -20% yield of two products which were 
eluted from the gc column nearly together and 
had retention times slightly longer than that of 
(+)-6. Presumably both contain the diphenyl- 
methyl group. Neither was characterized but 
one may be diphenylmethyl 1-butyl sulfide and 
the other may be the mixed azine of benzo- 
phenone and butanone. It has been noted in 
previous studies (1, 3, 22) that the thermolysis 
of diazenes in the presence of thiols produces 
appreciable amounts of azines. 

The relative amount of diphenylmethane 
formed was greatly increased when butanethiol 
was present but a small amount, 5%, of tetra- 
phenylethane was also still produced. This 
shows that the diphenylmethyl radicals which 
escape from the primary cage are not com- 
pletely scavenged by 1 M butanethiol. This 
observation is consistent with the report that 
thiophenol catalyzes the hydrogen exchange of 
diphenylmethyl radicals with diphenylmethane 
(23). Since butanethiol scavenges completely 

free 1-phenylethyl (2) and 2-phenyl-2-butyl (3) 
radicals it must scavenge all the 2-butyl radicals 
which escape from the cage in the present 
system. Thus, the 13% of coupling product 
(f  )-6 which was formed in the presence of 
butanethiol must all have been formed in the 
primary solvent cage. 

The yield of (f )-6 is reduced by over 50% 
in the presence of butanethiol. This indicates 
that considerable coupling between diphenyl- 
methyl and 2-butyl radicals occurs outside the 
primary solvent cage in the absence of butane- 
thiol. However, little coupling between two 
2-butyl radicals occurs as only traces of 3,4- 
dimethylhexane are formed. Thus, the steady 
state concentration of the diphenylmethyl 
radical must be considerably higher than that 
of the 2-butyl radical. 

The observation of a significant cage effect 
makes it worthwhile to attempt to study the 
stereochemistry of the coupling reaction. The 
thermolysis of (-)-(S)-1 at 100 O C  in benzene 
and in benzene containing 1 M butanethiol 
produces (-)-(R)-6 with 2 and 6% net inversion 
of configuration, respectively, Table 2. 

CZDNP Studies 
It will be shown below that the formation of 

(-)-(R)-6 from (-)-(S)-1 with net inversion of 
configuration is good evidence that (-)-(9-1 
thermolizes by a one-bond cleavage process. 
In an unsuccessful attempt to obtain more 
evidence for one-bond cleavage the thermolysis 
of (+)-I was monitored by nmr spectroscopy 
at 120 O C  in hexadecane solvent. Emission and 
enhanced absorption signals were seen in 
various regions of the spectrum, but the signal 
due to the methine proton of the diphenyl- 
methyl group of (f )-1 decreased monotonously 
in intensity during the decomposition. 

The failure to observe the appropriate spin 
polarization effect may be due to the extremely 
short lifetime of the Zbutyldiazenyl radical (see 
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below). A diphenylmethyl azo compound which 
would decompose to give a more stable sub- 
stituted diazenyl radical was then examined. 
Nuclear magnetic resonance spectroscopic evi- 
dence was obtained for one-bond cleavage in 
the thermolysis of 7 at 180 "C in hexadecane 
solvent. The signal due to the methine proton 
of 7 first increased somewhat and then de- 
creased in intensity as the thermolysis of 7 
progressed. In a typical run the relative areas 
of the signal were 1 : 2.5 : 1.3 in the first three 
sweeps taken at -30 s intervals through this 
region of the spectrum shortly after the sample 
had been inserted into the probe. 

Attempted Radical Exchange Reactions 
The detection of the appropriate spin polariza- 

tion during thermolysis of 7 is good evidence 
that the phenyldiazenyl radical lives long enough 
at this temperature to escape from the solvent 
cage. Unsuccessful attempts were made to 
obtain chemical evidence for one-bond cleavage 
in this molecule. These attempts involved 
heating mixtures of 7 and the corresponding 
tri-tert-butyl derivative 1-(4,4'-di-tert-butyldi- 
phenylmethy1)-2-(4-tert-butylpheny1)diazene 8 
to partial decomposition to try to produce some 
of the mixed azo compounds, 1-(4,4'-di-tert- 
butyldiphenylmethy1)-2-phenyldiazene 9 and 1- 
diphenylmethyl- 2 - (4- tert - butylpheny1)diazene 
10, Scheme 2. Thus, hexadecane solutions con- 
taining about 50% by volume of an equimolar 
mixture of 7 and 8, preheated to 90 "C, were 
placed in a bath at 190 "C for 25 s and then 
quickly cooled. About 50% decomposition of 
the two azo compounds had occurred. The 
reaction mixture was then treated withp-toluene- 
sulfonic acid to isomerize the azo compounds 

to the corresponding hydrazones which were 
then separated by column chromatography. 
The only hydrazones isolated were benzo- 
phenone phenylhydrazone 11, 44%, and 4,4'- 
di-tert-butylbenzophenone Ctert-butylphenyl- 
hydrazone 12, 56%. Neither of the mixed 
hydrazones, 4,4'-di-tert-butylbenzophenone 
phenylhydrazone 13 or benzophenone 4-tert- 
butylphenylhydrazone 14, was detected. Con- 
trol experiments showed that the hydrazones 
could be separated by the methods used and 
that 1% of either of the mixed hydrazones 13 
or 14 could have been detected in the reaction 
mixtures. 

Discussion 
Stereochemical Evidence for One-bond Cleavage 

The formation of coupling product with net 
inversion of configuration in the thermolysis 
of (-)-(S)-1 cannot be the result only of a 
process in which simultaneous cleavage of both 
C-N bonds to produce directly diphenyl- 
methyl and 2-butyl radicals is followed by 
coupling of these radicals. Such a process must 
lead either to product with net retention of con- 
figuration or, in the limit where the effective 
rate of rotation of the 2-butyl radical with 
respect to the diphenylmethyl radical is very 
much greater than the rate of combination, to 
racemic product if any coupling takes place 
within the initial solvent cage. This is evident 
from 131 (a, 

retention 
[,I ( inversion )cage = 1 + kJk. 

where k,  represents the sum of the rate constants 
for combination, disproportionation, and dif- 
fusion of the two radicals and k,  is the rate 
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constant for rotation of the 2-butyl radical 
about an axis perpendicular to the line joining 
the radical centers of the caged pair. 

The formation of coupling product with net 
inversion of configuration could be reconciled 
with a concerted two-bond cleavage process if 
some of the product were formed by a back- 
side displacement of a diphenylmethyldiazenyl 
radical from (-)-(S)-1 by a diphenylmethyl 
radical. However, it is unlikely that such an 
induced decomposition is taking place: there 
appears to be no precedent for it in alkyl- 
diazene chemistry; a 10-fold change in con- 
centration has no effect on the rate of thermolysis 
of (f  )-1 and relatively more inverted product 
is formed in the presence of butanethiol. While 
butanethiol does not scavenge all the diphenyl- 
methyl radicals which escape from the initial 
solvent cage their steady state concentration 
must be decreased from what it is in the absence 
of butanethiol. This is indicated by the much 
smaller relative amount of tetraphenylethane 
formed when butanethiol is present. If a 
coupling product with inverted configuration 
were formed by induced decomposition of 
(-)-(S)-1 relatively less, not more, of it should 
have been formed in the presence of butanethiol. 
Thus, (-)-(R)-6 is formed in the initial solvent 
cage by a process which begins with one-bond 
cleavage of ( -)-(S)-1. 

Coupling product formed outside the initial 
solvent cage must be racemic, so that a greater 
proportion of product with inverted configura- 
tion should be produced in the presence of 
butanethiol than in benzene alone. This is 
observed and the stereochemical results in- 
dicate that about twice as much coupling 
product is formed outside the solvent cage as is 
formed in it, in reasonable agreement with the 
results of the product studies. 

Cage Efect 
On the other hand there is an appreciable 

cage effect in the thermolysis of 1. In benzene 
at 100 "C it is at least 13% (the absolute yield 
of (+)-6 formed in the presence of 1 M butane- 
thiol) and could be as large as 24-28%. The 
latter values are obtained by noting that - 35- 
45% of the diphenylmethyl fragments are un- 
accounted for (this amount of (f  )-1 may be 
consumed in side reactions that do not give 
diphenylmethyl radicals) and by assuming that 

the same ratio of diphenylmethane/(+)-6 is 
formed in the solvent cage as is formed in the 
unscavenged decomposition of (+)-I, namely, 
0.27. Even the minimum value of 13% for the 
cage effect does not differ in any remarkable 
way from the values of the cage effect found in 
benzene with other azo compounds which are 
believed to decompose by a concerted cleavage 
of both C-N bonds: 22% (extrapolated to 
100 "C from data obtained at lower tempera- 
tures) for 1,2-bis(2-phenyl-2-propy1)diazene (24), 
28% (105 "C) for 1,2-bis(1-phenylethy1)diazene 
(4, 25), and 25-30% (1 10 "C) for 1-(1-phenyl- 
ethyl)-2-benzyldiazene (2). The magnitude of 
the cage effect in the thermolysis of (+)-I sug- 
gests that either the diphenylmethyl-2-butyl 
radical pair is formed from the initial diphenyl- 
methyl-2-butyldiazenyl radical pair with a rate 
that competes well with the rate of diffusion 
from the cage or that the coupling product is 
formed as readily from the initial radical pair by 
displacen~ent of nitrogen as are caged products 
from azo compounds that cleave by a con- 
certed two-bond mechanism. However, the 
displacement mechanism cannot contribute sig- 
nificantly to cage product formation because 
the displacement would presumably occur with 
inversion, and from thermolysis of (-)-(S)-1 
the cage product is formed with only a small 
amount of net inversion. Thus, the lifetime of 
the Zbutyldiazenyl radical must be equal to 
or less than the time of diffusion of the radical 
pair, about 10-lo s or less (26). This estimate of 
the lifetime of the 2-butyldiazenyl radical is 
consistent with the knowledge that decomposi- 
tion of this radical must be very exothermic 
(6g) and with the estimate that the lifetime of 
the methyldiazenyl radical is -2 x lo-" s at 
161 "C (7). 

Mechanism of Formation of Cage Coupling 
Product 

A likely mechanism for the formation of the 
cage coupling product is shown in Scheme 3. 
Diffusion and disproportionation processes are 
not indicated. A and B represent the initial 
arrangement and its rotational complement of 
the diphenylmethyl-2-butyldiazenyl radical 
pair. C, D, E, and F, which can interconvert 
most simply as indicated, represent extreme 
rotational arrangements of the diphenylmethyl- 
2-butyl radical pair. The nitrogen molecule is 
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Displacement ? \ I 
(-)-(R)-6 (inversion) (+)-(S)-6 (retention) 

SCHEME 3. The 2-butyl radicals are assumed to be either planar as indicated or pyramidal and invert- 
ing rapidly. 

effectively between the two radicals or not. 
Coupling product arising from the diphenyl- 
methyl-2-butyl radical pairs which are formed 
initially with arrangement C (the arrangement 
that would have been formed had (-)-(3-1 
undergone a concerted two-bond cleavage) 
would probably be formed with -- 10- 15% net 
retention of configuration by analogy with the 
previously studied systems (2-4). Coupling 
product arising from the radical pairs formed 
initially with arrangement D is likely to be 
formed with a larger amount of net inversion 
(with respect to (-)-(S)-1) than this, because D, 
in contrast to C, has no intervening nitrogen 
molecule. In C, this must move away before 
coupling can occur. Even if a considerably 
smaller number of the radical pairs were born 
initially in the effective arrangement D than in 
the effective arrangement C the overall result 
could still be the formation of coupling product 
with inversion of configuration. The rate of rota- 
tion of the 2-butyldiazenyl radical could thus be 
somewhat slower than the rate of its decomposi- 
tion. In this way the formation of coupling 
product with some net inversion ofconfiguration 
can be accounted for without requiring that 
inverted product be formed by a backside 
displacement of the nitrogen molecule in the 

radical pair B, although it is possible that some 
(-)-(R)-6 may be formed in this way. 

CZDNP Studies 
Although stereochemical evidence for one- 

bond cleavage of ( -)-(3-1 was obtained, 
attempts to obtain confirmatory evidence for 
this mode of decomposition by searching for 
the appropriate emission or enhanced ab- 
sorption signals in the nmr spectra of hot 
solutions of (+)-I were unsuccessful. Perhaps 
the rapid decomposition of the 2-butyldiazenyl 
radical prevents any significant amount of spin 
polarization from occurring and also allows 
only a small fraction of the initial radicals to 
recombine. This would allow only a small 
effect of viscosity on the rate of decomposition 
of (&)-1 as is observed. 

The enhanced absorption of the methine pro- 
ton of 7 observed in the nmr spectrum in hexa- 
decane at 180 "C is good evidence that thermo- 
lysis of 7 occurs by way of one-bond cleavage. 
Equation 4 predicts that enhanced absorption 

of the methine proton of 7 should be observed 
if cage recombination is occurring (27). The 
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relevant signs are placed below each symbol. 
Those for p and e are given (27), that for a is 
known (28), and that for Ag is assigned from 
the fact that the g value, <2.001, for the 
phenyldiazenyl radical (29) is much less than 
that for a carbon centered radical (12). 

Thus, the phenyldiazenyl radical survives 
long enough to escape from the initial solvent 
cage at 180 "C as well as at -40 "C (12). An 
attempt to determine whether it can survive 
long enough at 190 "C to combine with a radical 
from another molecule of azo con~pound did 
not yield positive results. No evidence for the 
formation of any 9 was detected on thermolysis 
for one half-life of a concentrated mixture of 7 
and 8 at this temperature. The lack of success 
is not due to the more rapid decomposition of 
one of these azo compounds because the rate 
constants for thermolysis of 1,2-bis(2-phenyl-2- 
propy1)diazene and that of its 4,4'-di-tert- 
butyl derivative are indistinguishable (30). The 
free phenyldiazenyl radical either loses nitrogen 
or undergoes abstraction and addition reactions 
before it encounters a substituted diphenyl- 
methyl radical from 8. At 190 "C the latter 
reactions must be very rapid in the solution 
used. 

Experimental 
Melting points and boiling points are uncorrected. The 

former were taken on a Reichert Austria melting point 
apparatus. Infrared spectra were recorded on a Perkin 
Elmer 421 grating spectrophotometer. Nuclear magnetic 
resonance spectra were recorded on Varian analytical 
spectrometers, models A-60 and A-56/60, using tetra- 
methylsilane as internal standard with - 10% solutions 
of substrate. No peak assignments are given as these are 
evident from either the positions, relative intensities, or 
multiplicities. Solution optical rotations were measured 
on a Perkin-Elmer 141 polarimeter and neat optical 
rotations were taken on a Rudolf polarimeter, model 80. 
Refractive indices were taken on a Bausch and Lomb 
Abbe-3L refractometer. Gas chromatography was carried 
out with an Aerograph 202 fractometer using a 6 ft x in. 
stainless steel column packed with 20% SF-96 on 60180 
Chromosorb P for preparative work and a 10 ft x in. 
stainless steel column packed with 4% SF-96 on 60180 
Chromosorb P for analytical work. Solvents were dried 
with magnesium sulfate except as indicated. Elemental 
analyses were carried out by Mrs. Darlene Mahlow and 
Mrs. Andrea Dunn. 

Benzene, cumene, octane, and hexadecane were puri- 
fied by shaking repeatedly with sulfuric acid, three times 
with saturated sodium bicarbonate, and three times with 
water. After drying, the solvents were distilled and the 
middle third was collected for use. Commercial l-butane- 
thiol was distilled through a 10 cm Vigreux column and 
the middle fraction was collected and stored in the dark. 
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Glassware with which azo compounds came into con- 
tact was cleaned with chromic acid, rinsed with distilled 
water, then immersed in concentrated ammonia for several 
hours and finally baked at 130 OC for 10 h. 

Diphenylmethylhydrazine 
A solution of 70 g (0.35 mol) freshly distilled diphenyl- 

methyl chloride in 50 ml dimethyl sulfoxide was added 
dropwise over a 20 min period to a stirred mixture of 
50 g (1.56 mol) anhydrous hydrazine and 30 g (0.4 mol) 
sodium bicarbonate in 150 ml dimethyl sulfoxide under 
a nitrogen atmosphere. The resulting mixture was heated 
to 50 "C for 2 h and then poured into 200 ml of ice water. 
This mixture was shaken with three 100 ml portions of 
methylene chloride. The combined extracts were washed 
with water, dried, and concentrated. The residual oil was 
distilled to give 55 g (80%) of an oil, bp 122-124 "C/0.2 
torr, which crystallized to a white solid upon standing, 
mp 50-53 "C (lit. (31) mp 55-60 "C). 

Butanone Diphenylmethylhydrazone 
A mixture of 23 g (0.12 mol) of diphenylmethyl- 

hydrazine, 50 g (0.7 mol) of butanone, and 20 g of an- 
hydrous magnesium sulfate was stirred under a nitrogen 
atmosphere at 50 OC for 2 h and then at 22 "C overnight. 
The resulting mixture was filtered and concentrated and 
the residue distilled to give 16.8 g (60%) of an oil, bp 
133-134 "C/0.15 torr, which formed a white solid on 
standing; mp 33-35 "C; ir (CCl,) 1610 cm-' ; nmr (CCl,) 7 

2.78 (m, 9.9H), 4.56 (s, l.OH), 5.31 (br, l.OH, N-H), 
7.95 (q, J = 7 Hz, 1.9H), 8.47 (s, 3.OH), 9.06 (t, J = 7 Hz, 
2.9H). Anal. calcd. for C1,H,,N,: C 80.91, H 7.99, N 
11.10;found: C80.72,H80.02,N 11.38. 

( +)-Benzophenone 2-Butylhydrazone 
Method A 
A solution of crude diphenyldiazomethane (prepared 

from 39.7 g (0.2 mol) of benzophenone hydrazone and 
44 g yellow mercuric oxide (32)) in 75 ml ether was added 
over a 30 min period to a Grignard reagent made from 
30 g (0.33 mol) of 2-chlorobutane and 12 g (0.5 mol) of 
magnesium in 250 ml ether. The resulting red mixture was 
allowed to stand overnight after which the solution was 
colorless over a yellow precipitate. This mixture was 
hydrolyzed with ice and saturated ammonium chloride. 
The resulting ether layer was separated and the aqueous 
layer was extracted with ether. The combined ether 
fractions were dried over calcium chloride, concentrated, 
and the residual oil was distilled to give 36.4 g (72%) of a 
viscous yellow oil which darkened rapidly upon exposure 
to air; bp 86-89 "C/0.05 torr; nD30 1.5987; ir (neat) 
1670 cm-'; nmr (CCI,) 7 2.75 (m, 10.5H), 5.05 (br, 
l.OH, NH), 6.75 (m, l.OH), 8.50 (m, 2.1H), 8.87 (d, 
J = 6.5Hz, 3.2H), 9.15 (t, J = 6.5 Hz, 3.OH). Anal. 
calcd. for C,,H,,N,: C 80.91, H 7.99, N 11.10; found: 
C 80.94, H 8.12, N 10.46. 

Method B 
A solution of 6.0 g (0.033 mol) of benzophenone and 

8.0 g (0.09 mol) of 2-butylhydrazine in 15 ml 1-butanol 
was heated under reflux for 24 h under nitrogen. The 
solution was then concentrated and the residue distilled 
to give 2.5 g (30%) of the hydrazone with an nmr spectrum 
identical to that of the product produced in method A. 
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(+)-(S)-2-Butylamine ( + )-(S)-2 
Resolution of 2-butylamine was achieved by modifica- 

tion of a reported procedure (33). A solution of 40% 
aqueous d-tartaric acid was stirred into a cooled solution 
of 48 g (+)-2 in 25 ml water until the latter solution was 
neutral to litmus. Then an equal volume of additional 
d-tartaric acid solution was added. The resulting solution 
was concentrated to 265 g and then allowed to stand 
overnight at 10 "C. The crystals which formed were 
filtered, dried, and taken up in 1.2 g water per g of salt. 
This material was allowed to stand at -23 "C for a day 
and at 10 'C for 3 days. The crystals which formed were 
recrystallized in the same way from 1 g water per g of 
salt to give 30 g of crystals. 

A total of 1200 g salt from 40 batches was dissolved in 
a minimum amount of water. Excess sodium hydroxide 
was added to the resulting solution. A mixture of amine 
and water was distilled from the basified solution. Sodium 
hydroxide pellets were added to the distillate until no more 
water was extracted into the lower phase. The organic 
layer was heated under reflux over sodium hydroxide 
pellets for 1 h and then distilled. This operation was 
repeated on the distillate to give 220 g of product; nDz5 
1.3925; [aIDz5 + 7.21' (I 1 dm, neat) (lit. (34) nDz5 1.3930, 
[aIDz5 + 8.1 (neat) for (+)-(4-2 with the highest reported 
rotation). Thus, our preparation of (+)-(S)-2 is 89% 
optically pure. 

( f )-2-Butylhydrazine 0- 4 
Method A 
A procedure (16) for hydrolysis of sydnones was 

adapted for the hydrolysis of N-(2-buty1)sydnone (f )-3. 
A mixture of 150 ml(1.8 mol) concentrated hydrochloric 
acid and 50 g (0.35 mol) ( f  )-3 (14) was heated under 
reflux for 2.5 h at which time the evolution of gas, initially 
rapid, had ceased. The reaction mixture was cooled in an 
ice bath while 320 g of 25% aqueous sodium hydroxide 
(2.0 mol) were added. The resulting mixture was distilled 
until 150 ml distillate had been collected. Potassium 
hydroxide pellets were added to the distillate until the 
organic phase no longer decreased in volume. The organic 
phase was distilled to give 20.2 g (65%) of colorless oil; 
bp 102-105 "C/700 torr; nDZ5 1.4024; ir (neat) 3350 cm-' 
(br); nmr (CCb) r 6.47 (br, 3.1H), 7.46 (m, 0.95H), 
8.30-9.30 (m, 8.OH). This material has been prepared 
previously and was characterized as the hydrochloride 
salt (35). 

Method B 
The procedure was adapted from the general method 

(36) for obtaining alkyl hydrazines. A mixture of 28 g 
(0.1 1 mol) of benzophenone 2-butylhydrazone, prepared 
according to method A, 60 ml absolute ethanol, and 40 ml 
(0.48 mol) of concentrated hydrochloric acid was allowed 
to stand at -23 "C under nitrogen overnight. The result- 
ine mixture was concentrated to remove ethanol and the 

above for ( f  ) 3  of (+)-(5')-N-(2-buty1)sydnone (+)- 
(3-3, [aIDt5 48.8" (c 11.5, CClJ which had been prepared 
(16) from (+)-(3-2 of [aIDz5 7.21 (1 1 dm, neat). This 
sample of (-)-(3-4 had aDZ5 -3.35" (1 1 dm, neat) and 
an nmr spectrum identical to that of (+)-4. 

( f )-I-Diphenylmethyl-2-(2-buty1)diazene ( f )-I 
Method A 
A mixture of 1.5 g butanone diphenylmethylhydrazone 

and 200 mg of platinum oxide in 20 ml methanol was 
stirred under 1 atm of hydrogen. After 1 h 1 equiv. of 
hydrogen had been taken up and the catalyst and solvent 
were removed. The residue was taken up in 100 ml ether 
and the resulting solution was stirred in an unstoppered 
flask for 6 h. The solution was dried over sodium sulfate, 
concentrated, and the residual oil was adsorbed on a 1.5 
cm diameter column of 5 g Florisil, 100-200 mesh. 
The azo compound was eluted with 50 ml pentane. 
Removal of the pentane left 0.38 g (25%) of a pale yellow 
oil; nDZs 1.5454; ir (neat) 1603 cm-', nmr (CCI.,) T 2.77 
(m, lO.OH), 4.48 (s, IOH), 6.54 (m, 0.95H), 8.35 (m, 2.OH), 
8.84(d, J =  6.5Hz,3.1H),9.26(t, J =  7Hz,3.1H). 

Method B 
A solution of 2.5 g (0.01 mol) of benzophenone 2-butyl- 

hydrazone in 20 ml ether was added over a 1 h period to a 
slurry of 0.51 g lithium aluminum hydride in 100 ml ether. 
The resulting mixture was stirred and heated under reflw 
for 2 days and then hydrolyzed by adding successively 1 ml 
water, 6 ml 10% potassium hydroxide solution, and 1 ml 
water. The mixture was filtered and the filtrate stirred 
in air and worked up as described under method A to give 
0.5 g (20%) of a pale yellow oil whose nmr spectrum was 
identical to that of (&)-1 formed by method A. 

Method C 
A solution of 2.0 g (0.01 mol) of benzophenone 2-butyl- 

hydrazone in 150 ml ethylene glycol was stirred vigorously 
at 110 "C under nitrogen while 46 g (0.023 mol) of 4% 
sodium amalgam (37) was added portionwise over a 
15 min period. After 30 min a second 46 g batch of amal- 
gam was added in the same way. After another 30 min 
stirring the mixture was cooled and extracted with 3 x 100 
ml ether. The combined ether extracts were dried and then 
stirred under air and worked up as described under 
method A to give 0.3 g (15%) of a pale yellow oil whose 
nmr spectrum was identical to that of (f )-1 formed by 
method A. 

reiidue was shaken with 2 x 50 ml ether. The aqueous 
layer was treated in an ice bath with 90 g (0.48 mol) of 
25% aqueous sodium hydroxide. Further work-up as 
described in method A produced 6.4 g of (f )-4 whose 
nrnr spectrum was identical to that of (+)-4 made by 
method A. 

(-)-(S)-2-Butylhydrazine (-)-(S)-4 
This material was prepared by hydrolysis as described 

( - )-(S)-1-Diphenylmethyl-2-(2-buty1)diazene ( - )-(S)-1 
(-)-(S)-4, aDt5 -3.35" (1 1 dm, neat), was converted 

to the benzophenone hydrazone which was in turn con- 
verted without isolation to the azo compound using the 
procedure of method C for the preparation of (+)-I. 
The product had [aIDt5 -2.8" (c 2.93, CCb) and an nmr 
spectrum identical to that of (f )-1. 

( f )-1 ,l-Diphenyl-2-methyl-I-butanol 
This material was prepared in 60% yield by the described 

procedure (17); b3  113-114 "C10.3 torr (lit. (17) bp 
126 "C/1.0 torr); nD q.5630; ir (neat) 3580 cm-' (sharp); 
nmr (CCL) r 2.72 (m, 9.8H), 7.60(m, 1.OH) 8.07 (s, 1.05H), 
8.4-9.3 (m, 7.8H). 

( - )-(R)-1 ,I-Diphenyl-2-methyl-1-butanol 
This material was prepared using the procedure (17) 
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for the preparation of the racemic compound from 
(-)-(R)-2-methylbutanoic acid (38) of [aIDz4 - 16.4' (1 
1 dm, neat), 85% optically pure (38). The product had 
mp 33-38 "C, [a]$5 -20.2' (c 9.3, CCL) and an nmr 
spectrum identical (except for the position of the OH 
peak) to that of the racemic material. 

( f ) - I  ,I-Diphenyl-2-methylbutane ( f )-6 
A stirred solution of 7.0 g (0.03 mol) of (+)-1,l-di- 

phenyl-2-methyl-1-butanol and 3.0 g (0.05 mol) of 
ethanol in 150 ml liquid ammonia was treated with 1.5 g 
(0.07 mol) of small pieces of sodium. The ammonia was 
allowed to evaporate and water was added to the solid 
residue. The resulting mixture was shaken with 2 x 50 ml 
of ether. The combined ether extracts were shaken with 
3 x 50 ml water, dried, and concentrated. The residue was 
distilled to give 5.8 g (88%) of colorless oil, bp 86-87 "C/ 
0.15 torr; nDZ5 1.5501 ; nmr (CCl,) r 2.82 (m, lO.OH), 6.50 
(d, J = 10.5 Hz, l.OH), 7.80 (m, l.OH), 8.5-9.3 (m, 
8.OH). Anal. calcd. for Cl,Hzo: C 91.01, H 8.99; found: 
C 91.29, H 8.99. 

( -)-(R)-1,l-Diphenyl-2-methylbutane ( - )-(R)-6 
Reduction of (-)-(R)-1 ,l  -diphenyl-2-methyl- 1 -butanol, 

-20.2' (c 9.3, CCb), in the manner described for 
the preparation of (f)-6 produced (-)-(R)-6, aDZ5 
- 12.8" (neat, I = 1 dm), [aIDz5 - 13.8" (c 9.43, carbon 
tetrachloride), whose nmr spectrum was identical to that 
of ( f )-6. 

I-Diphenylmethyl-2-phenyldiazene 
A 20 g quantity of benzophenone phenylhydrazone 

was reduced as described (5b). All operations involving 
the hydrazine were carried out under nitrogen. The 
hydrazine was isolated from the hydrolyzed ether extract 
of the reaction mixture as the hydrochloride, mp 182- 
185 "C (lit. (56) mp 178-180 "C), from which the hydrazine 
was recovered by treatment with 20% sodium hydroxide. 
The hydrazine was crystallized from ethanol to give 6.6 g 
(33%) of light yellow crystals; mp 84-85 "C (lit. (56) 
mp 115 "C); nmr (CCb) r 6.8 (br, 1.7H), 5.05 (s, 0.9H), 
and 3.67 (m, 15H). The melting point did not change on 
repeated recrystallization. The previous workers (56) 
appear to have isolated a mixture of hydrazine and 
hydrazone. 

A solution of the hydrazine in ether was stirred under 
oxygen overnight (39). A 60% yield of 7 was isolated; 
mp 74-75 "C (lit. (56) mp 73-75 "C); nmr (CCI,) r 2.68 
(m, 15H) and 4.12 (s, 1H). 

4-tert- Butylaniline 
A mixture of 90 g (0.46 mol) 4-tert-butylbenzoyl 

chloride (40) and 35.5 g (0.55 mol) sodium azide in 1 litre 
benzene was stirred under reflux for 96 h and then cooled. 
The mixture was filtered and 300 ml concentrated hydro- 
chloric acid was added to the filtrate. The resulting 
mixture was heated under reflux for 3 h, cooled, and 
filtered. The precipitate was washed with dilute hydro- 
chloric acid and with water and dried to give 76 g of the 
hydrogen chloride salt, mp 272-275 "C (lit. (41) mp 
270-274 "C). Concentration of the aqueous layer of the 
filtrate yielded 4 g of product (total yield 95%). Treat- 
ment of the salt with 20% sodium hydroxide solution 

yielded the free amine; bp 114-1 15 "C/10 torr (lit. (40) 
bp 248-250 "C); nmr (CCL) r 2.92 (m, 2H), 3.60 (m, 2H), 
6.72 (s, 2. IH), and 8.77 (s, 8.5H). Anal. calcd. for CloH15N: 
C 80.46, H 9.38, N 10.16; found: C 80.32, H 9.56, N 9.86. 

4-tert-Butylphenylhydrazine 
A 45.5 g (0.3 mol) quantity of 4-tert-butylaniline was 

diazotized (42) and the resulting cold solution was poured 
slowly into a stirred solution of 24 g sodium carbonate, 
100 g (0.79 mol) sodium sulfite, and 152 ml water which 
was kept at 0 OC. A red oil appeared which solidified to a 
yellow orange precipitate when half the diazotized 
solution had been added. After the addition was complete 
a solution of 20 g (0.19 mol) sodium bisulfite in 50 ml 
water was added to the well stirred suspension. The 
resulting mixture was heated with stirring on the steam 
bath. All the material had gone into solution at 70 "C. 
The solution was heated to 80 OC, 500 ml concentrated 
hydrochloric acid was added slowly, and stirring was 
continued for another hour. The mixture, containing a 
yellow-brown precipitate, was cooled slowly to 0 OC and 
filtered. The precipitate was washed with 5% hydro- 
chloric acid, dried under vacuum, washed with ether, and 
dried again to 32 g of white crystals, mp 164-165 "C 
after recrystallization from methanol (lit. (42) mp 221- 
222 "C). 

The precipitate was shaken with 150 ml 20% sodium 
hydroxide and the mixture was extracted with ether. The 
ether layer was washed with water, dried, and con- 
centrated. The residual solid was recrystallized from 
petroleum ether to give 13 g (26%) of a white solid; 
mp 72-74 "C; nmr (CCl,) r 2.91 (m, 2H), 3.47 (m, 2H), 
6.09 (s, 3.1 H), and 8.74 (s, 9H). Anal. calcd. for CloHl,Nz : 
C73.13,H9.87,N 17.05;found:C73.21,H9.77,N 16.87. 

4,4-Di-tert-butylbenzophenone 4-tert-Butylphenyl- 
hydrazone 12 

A mixture of 14.1 g (0.047 mol) of 4,4'-di-tert-butyl- 
benzophenone (43), 7.7 g (0.047 mol) of 4-tert-butyl- 
phenylhydrazine, and 4 ml acetic acid in 40 ml ethanol 
were heated on the steam bath for 45 min. The solution 
was cooled and the product filtered off and recrystallized 
from ethanol-benzene to give 15 g(72%) of the hydrazone, 
mp 180-181 "C; nmr (CCb) r 2.4-3.3 (m, 13H) 8.62 
(s, 9H), 8.72 (s, 9H) and 8.74 (s, 9H). Anal. calcd. for 
C , , ~ , N Z :  C 84.49, H 9.15, N 6.36; found: C 84.37, 
H 9.21, N 6.39. 

I-(4,4'-Di-tert-butyldiphenylmethyl)-2-(4-tert-butyl- 
phenyl) hydrazine Dihydrochloride 

A solution of 15 g (0.034 mol) of the hydrazone in 325 
ml benzene was added over a 2 h period to a mixture of 
3.5 g (0.09 mol) of lithium aluminum hydride in 325 ml 
ether which had been stirred under reflw for 4 h. Ether 
was evaporated until the internal temperature of the 
mixture reached 50 "C. The mixture was stirred at 50 O C  
for 8 h, cooled, and then hydrolyzed by slow addition of 
28 g sodium potassium tartrate in 100 ml water. The 
hydrazine was taken up in ether and then was precipitated 
as the dihydrochloride by passing hydrogen chloride 
through the dried ether solution. Evaporation of the ether 
left a solid which was washed several times with ether and 
dried to give 14.8 g (84%) of white crystals, mp 220-225 
"C after recrystallization from benzene-petroleum ether. 
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Anal. calcd. for C,,H,C12N2: C 71.79, H 9.14, C1 13.67, 
N 5.40; found: C 71.95, H 9.02, C1 13.42, N 5.65. 

Several attempts were made to prepare the free hydrazine 
but these all resulted in the formation of sticky yellowish 
solids. 

1-(4,4-Di-tert-butyldiphenylmethyl)-2-(4-tert-butyl- 
pheny1)diazene 8 

A mixture of 8 g of the above dihydrochloride, 100 ml 
20% sodium hydroxide, and 100 ml ether was shaken 
under nitrogen until the solid had all dissolved. The 
ether layer was washed with water twice and then added 
to 100 ml benzene. The resulting solution was stirred 
under air for 24 h. The solvent was then removed under 
reduced pressure and the residue was crystallized from 
methanol-benzene to give 5.2 g (76%) of crystals mp 
152-154 "C (dec.); nmr (CCL) r 2.3-2.9 (m, 12H), 5.75 
(s, IH), and 9.30 (s, 27H). Anal. calcd. for C3,H4,,N2: 
C 84.49, H 9.15, N 6.36; found: C 84.22, H 9.19, N 6.09. 

4,4-Di-tert-butylbenzophenone Phenylhydrazone 13 
This material was prepared from 4,4'-di-tert-butyl- 

benzophenone and phenylhydrazine following the pro- 
cedure for the formation of 12. Recrystallization from 
ethanol-benzene gave either needles, mp 144.5-145.5 "C, 
or plates, mp 95-100 OC which resolidified at 120 OC 
and remelted at 144.5-145.5 "C; nmr (CCL) r 2.4-3.4 
(m, 13H), 8.61 (s, 9H), and 8.72 (s, 9H). Anal. calcd. for 
C2,H3,N2: C 84.32, H 8.28, N 7.40; found: C 83.92, 
H 8.37, N 7.36. 

Attempted Preparation of Benzophenone 4-tert-Butyl- 
phenylhydrazone 14 

Benzouhenone and 4-tert-butvluhenvlhvdrazine were . .. 
allowed io react in the manner describe2 f i r  the prepara- 
tion of 12. All of the numerous attempts resulted in the 
formation of viscous oils which could not be induced to 
crystallize and could not be purified by column chroma- 
tography although the other three hydrazones 11, 12 and 
13 survived chromatography without decomposition. 
Nuclear magnetic resonance (CClJ T 2.3-3.2 (m, 15H) 
and 8.73 (s, 9H). 

Kinetic Studies 
The rates of evolution of gas from solutions of (+)-I 

were measured using an apparatus and a procedure 
similar to that described (44). The solutions were flushed 
with purified nitrogen for 10 min before being placed 
in the heating bath. Final volume readings were taken 
after 10 half-lives of decomposition. Unimolecular rate 
constants were calculated from the slopes of plots of log 
(V,- V,) us. time and are summarized in Table 1. 

Product Analyses from Thermolysis of ( f ) -1 
About 0.5 ml of 0.2 M solutions of (+)-I in benzene or 

in 1 M butanethiol in benzene were placed in test tubes 
made from 9 mm glass tubing and degassed with three 
freeze-thaw cycles under 0.02 torr pressure. The tubes 
were sealed and placed in a preheated oven maintained 
at 100 + 1 "C or 80 f 1 OC for 10 half-lives of decom- 
position. The tubes were then cooled to -70 OC, opened, 
and the contents analyzed by gc. Samples were injected 
at a column temperature of 80 OC which was then in- 

creased to 220 "C over 15 min. Gas flow was 60 ml/min 
helium at 80 OC. Duplicate analyses were made for each 
sample. Calibrations were made using solutions containing 
known amounts of diphenylmethane, (+)-6, and the 
tetraphenylethane. Unidentified compounds assumed to 
contain a diphenylmethyl fragment were arbitrarily 
assigned a response factor equal to that of (+)-6. 

Thermolysis of ( - ) - ( S )  -1 
About 0.7 g of (-)-(5')-1 in 20 ml solvent was placed 

in a stainless steel pressure bomb which had been treated 
as had the glassware used to handle the azo compounds. 
The solution was flushed with purified nitrogen for 10 min. 
The bomb was closed and placed in a preheated oven at 
100 & 1 "C overnight, about 15 half-lives of decomposi- 
tion. The bomb was then cooled, opened, and the contents 
concentrated to a small volume. The residue was injected 
in 10 p1 portions into the gc and (-)-(R)-6 was collected 
from the effluent stream. The results are given in Table 2. 

Thermolysis of ( f )-I in the Nuclear Magnetic 
Resonance Probe 
About 0.1 g of (+)-I was added to an nmr sample 

tube, followed by 0.5 ml hexadecane which had been pre- 
heated to 120 OC. The tube was plugged with cotton, 
shaken, and placed in an nmr probe which was heated 
at 120 "C. The spectrum was scanned repeatedly from r 2 
to 6 for as long as emission and enhanced absorption 
effects in various regions of the spectrum could be ob- 
served, about 6 min. The magnitude of the signal due to 
the methine proton decreased monotonously during this 
time while other emission and enhanced absorption 
signals first increased and then decreased in intensity. 

Thermolysis of Mixtures of I-Diphenylmethyl-2-phenyl- 
diazene 7 and I-(4.4-Di-tert-butyldiphenyl- 
methyl)-2-(4-tert-butylpheny1)diazene 8 

An intimate mixture of 1.0 g (0.0040 mol) of 7 and 
1.53 g (0.0035 mol) of 8 was divided equally among 15 
very thin walled test tubes. To each was added 15 drops 
of hexadecane and the mixture was heated at 90 "C until 
solution had taken place. The tubes were then placed in a 
bath at 190 OC for 25 s and then quickly cooled. The 
contents of each tube were dissolved in ether and 0.030 g 
of p-toluenesulfonic acid was added to the combined 
solutions which had a volume of -90 ml. After 1 h the 
ether was removed, and the residue dissolved in warm 
hexane and chromatographed on 300 g activated alumina 
in a 25 mm column using 10% ether in hexane as eluent. 
A total of 0.444 g of pure 11 and 0.853 g of pure 12 was 
recovered together with a mixture of hydrocarbons. No 
evidence for the presence of the mixed hydrazones 13 and 
14 was detected. The hydrazone 12 was eluted more 
rapidly. 

Control exueriments showed that the hvdrazones 13 
and 14 elutedLtogether in fractions separateh from those 
containing 11 and 12, and that had 1% of 13 or 14 been 
formed they would have been detected. 

Thermolyses carried out in this way for 20 s and 30 s 
and subsequent work-up resulted in the recovery of some- 
what greater and smaller quantities, respectively, of the 
two hydrazones 11 and 12. When the thermolysis was 
carried out for 70 s no hydrazone could be recovered. 
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Thermolysis of 7 in the Nuclear Magnetic Resonance 
Probe 

An nmr sample tube containing 0.1 g 7 in 0.5 ml hexa- 
decane was heated to 80 OC and then placed in the probe 
of an nmr spectrometer at 180 "C. The region between 
7 3 and 5 was scanned repeatedly for as long as emission 
and enhanced absorption effects could be detected, about 
3 min. The signal due to the methine proton of 7 was 
observed to increase and then decrease in intensity during 
this time before disappearing entirely. In a typical run 
the relative areas of the signal on the first three scans 
(-30 s intervals) were 1 : 2.5: 1.3. 

Methyl 2-Diphenylmethylhydrazinecarboxylate 
A solution of 6.35 g (0.067 mol) methyl chloroformate 

in 100 mI ether was added slowly to a stirred solution of 
15 g (0.075 mol) diphenylmethylhydrazine and 21 g 
(0.2 mol) triethylamine in 700 ml ether at 0 "C under 
nitrogen. The resulting mixture was allowed to stand at 
20 OC overnight and then filtered. The oil remaining on 
removal of the ether was crystallized from benzene- 
hexane to give 12 g (70%) product, mp 80-92 "C. Two 
crystallizations afforded the analytical sample mp 101- 
102.5 "C; ir (CCL) 3458, 3320, 1730 cm-'; nmr (CClJ 7 

2.77 (s, lOH), 3.52 (d, J = 5.5 Hz, IH, NH), 4.78 (s, lH, 
CH), 5.66 (d, J = 5.5 Hz, 1 H, NH), 6.48 (s, 3H). Anal. 
calcd. for C15Hl,N20,: C 70.31, H 6.29, N 10.92; found: 
C 70.57, H 6.33, N 10.98. 

(+)-Methyl 1-(2-Buty1)-2-diphenylmethylhydrazine- 
carboxylate 

A solution of 5.0 g (0.023 mol) 2-butyl p-toluene 
sulfonate (45) in a little ether was added quickly to a stirred 
solution of 50 ml of anhydrous dimethyl sulfoxide at 
20 "C which contained 6 g (0.023 mol) methyl 2-diphenyl- 
methylhydrazinecarboxylate and 1.5 g (0.026 mol) dry 
sodium ethoxide. The resulting solution warmed slightly 
and was allowed to stand under nitrogen for 2 h. The 
reaction mixture was then poured into ice water and the 
product extracted with ether. The ether was dried and 
concentrated to an oil which was chromatographed on 
silica gel using benzene-hexane as eluent to give 3.2 g 
(44%) of a viscous oil that was oxidized slowly in air; ir 
(CCI,) 3290, 1696 cm-'; nmr (CCIJ 7 2.71 (s, lOH), 
4.78 (d, J = 2 Hz, IH), 5.50 (d, J = 2 Hz, lH, NH), 
6.30 (s, 3H), 6.4 (m, lH), 8.7 (m, 2H), 9.29 (d, J = 7 Hz, 
3H), 9.38 (t, J = 6 Hz, 3H). Anal. calcd. for Cl,H,N202 : 
C 73.05, H 7.74, N 8.97; found: C 72.98, H 7.71, N 8.73. 

( +)-Methyl (~)-1-(2-~ut~l)-2-diphen~lmeth~lh~drazine- 
carboxylate 

This material was prepared as described for the racemic 
compound except that the alkylating agent used was 
(+)-(5')-2-butyl4bromobenzenesulfonate (45) [a],'' 9.3" 
(c 13.2, CHCI,) which had been prepared from (+)-(5')- 
2-butanol (Norse) [a],'' 12.6" (neat, 1 = 1 dm) (lit. (46) 
[aID2' 13.83" (neat, I = 1 dm). The starting alcohol was 
thus 91% optically pure. The product had [a]," 12.3", 

13.33 [a]5462' 15.6', [alrs6'' 29.2" (c 1.53, CCL). 

Conversion of (+)-Methyl (R)-1-(2-Buty1)-2-diphenyl- 
methylhydrazinecarboxylate to the Diazene 
(+)-(R)-l 

A solution of 1.0 g of the title ester and 1.0 g potassium 

hydroxide in 10 ml methanol was heated under nitrogen 
at 125 "C for 4 h in a stainless steel bomb. After cooling, 
the reaction mixture was acidified with hydrochloric 
acid. The resulting mixture was diluted with 20 ml water 
and extracted with ether. The aqueous layer was made 
basic and extracted with ether. The ether layer was 
shaken vigorously with 5% aqueous sodium hypo- 
chlorite, dried, and concentrated under vacuum to give 
0.3 g of an oil whose nmr spectrum was identical with 
that of (f )-1 prepared by method A; [a],'' +2.1°, 
[a],,21 +4.2", [aL,,'' +41° (c 5.0, CCL). 
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Organic sulfur mechanisms. 19. Sulfene - tertiary amine zwitterions - 

and base size effects in sulfene condensations1 
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JAMFS FREDERICK KING and DAVID ROGER KAY HARDING. Can. J. Chem. 54, 2652 (1976). 
The effect of changing the size of the tertiary alkylamine has been investigated in two systems: 

(a) the reaction of phenylmethanesulfony1 chloride with a tertiary amine, and (b) the formation 
of the p-sultone from the reaction of chloral, ethanesulfonyl chloride, and a tertiary amine. 
In the first reaction the yield of stilbene (3) or stilbene episulfone (4) increases and that of the 
thiobenzoyl chloride S-oxides (5) decreases as the size of the base decreases, as expected for a 
mechanism involving a tertiary amine - sulfene zwitterion in the formation of the stilbene 
products. In the second reaction the yield of the p-sultone is much enhanced by the use of a 
small amine; the latter observation precludes a simple sulfene-chloral cycloaddition mechan- 
ism and points to a zwitterionic intermediate derived from the amine and either the sulfene or 
chloral. 

JAMES FREDERICK KING et DAVD ROGER KAY HARDING. Can. J. Chem. 54, 2652 (1976). 
On a etudit I'effet, sur deux types de reactions, d'un changement de grosseur d'alkylamine 

tertiaire: (a) la reaction du chlorure de phenylmethanesulfonyle avec une amine tertiaire et 
(b) la formation d'une 8-sultone a partir du chloral, du chlorure d'tthanesulfonyle et d'une 
amine tertiaire. Dans la premiere reaction, le rendement en stilbtne (3) ou en Cpisulfone de 
stilbtne (4) augmente alors que celui des S oxydes du chlorure de thiobenzoyle (5) diminue a 
mesure que la grosseur de la base diminue; ces resultats correspondent A ceux attendus sur la 
base d'un mecanisme impliquant un zwitterion amine tertiairelsulftne lors de la formation 
des produits de type stilbtne. Dans la deuxitme reaction, le rendement de la p-sultone augmente 
beaucoup par I'utilisation d'une amine qui est petite; cette dernitre observation elimine un 
mecanisme de cycloaddition simple sulftne-chloral et indique que la reaction se produit par 
un intermediaire de nature zwitterionique derive de l'amine et soit du sulftne ou du chloral. 

[Traduit par le journal] 

Introduction 
In earlier papers (1, 2) we have presented 

evidence for the reversible formation of a 
zwitterionic species such as 1, by reaction of a 
sulfene with a tertiary amine, e.g. : 

CH,=SO, + NMe, CH,SO,&M~, 

Presumably such zwitterions are involved also 
in the formation of the coupled zwitterions 
(3-5) first reported by Opitz et al. (3 )  and which 
evidently lead to the further products described 
by Grossert (6, 7). We report herein our efforts 
to see if such species are intermediates in other 
reactions as well. 

In our multiexchange experiments (1) a key 
feature was the effect of changing the steric 
requirements of the amine. Extensive multi- 
exchange was found with those tertiary amines 
such as trimethylamine, quinuclidine, and 1,4- 

'For part 18; see ref. 23. 

diazabicyclo[2.2.2]octane (DABCO), in which 
the vicinity of the nitrogen is uncluttered. As 
ethyl groups replaced the methyls in trimethyl- 
amine, the extent of multiexchange progressively 
dropped until essentially no multiexchanged 
product was found with triethylamine. It seemed, 
therefore, that the intermediacy of sulfene - 
tertiary amine zwitterions might be betrayed 
by variations in product composition with 
change in 'size' of the base.' The effect of base 
size on two different sulfene processes has been 
investigated, and is reported here. 

Results and Discussion 
Stilbene Formation from Phenylmethanesulfonyl 

Chloride 
The first of these two processes is the forma- 

tion of stilbene and otheiproducts by the action 
'In this paper, we refer to the relative inaccessibility of 

the free electron pairs of the amine (as deduced from 
multiexchange experiments) as the 'size' of the amine. 
Those which behave like trimethylamine are termed 
'small', and those like triethylamine are called 'large'. 
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of tertiary amines on phenylmethanesulfonyl 
chloride (2). This reaction has historical interest 
because it was in the discussion of this reaction 
that Wedekind and Schenk in 191 1 (8) made the 
first proposal of sulfene formation that has 
withstood subsequent investigation. It has be- 
come evident, however, that the original Wede- 
kind and Schenk mechanism for the further 
transformation of phenylsulfene via phenyl- 
carbene to stilbene is incorrect (9, lo), and 
although other suggestions have been made in 
reviews (9, 1 l), there has not been sufficient 
information to warrant further discussion. 

Work in this laboratory some years ago (12) 
showed that the stoichiometry and products of 
the reaction of 2 and triethylamine may be 
summarized by [I] and [2] : 

TABLE 1 .  Effect of base size on the reaction of 
phenylrnethanesulfonyl chloride (2) with tertiary 

alkylamines* 

Yield (%) 

Amine Stilbenes (3) Sulfines (5) 

Trimethylamine 70 21 
Triethylamine 21 63 
Tributylamine 2 81 
N-Ethyl-N,N-diisopropylamine -0 1 5 0  

*In dry benzene at room temperature, initial concentrations: 
2, 0.6 M; amine 0.9 M. 

verted cis4 to cis-stilbene (cis-3) and the iso- 
meric stilbenes were separated chromato- 
graphically from the chlorosulfines (5); the two 
columns labelled 'stilbenes' and 'sulfines' thus 
indicate the relative amounts of products 
formed via reactions [l] and [2], respectively. 
These data clearly show an increase in the 
proportion of the products from reaction [l] as 

Reaction [l] was found to be the principal 
process in the more polar solvents used (methyl- 
ene chloride and ether), whereas [2] was the chief 
route in cyclohexane. Substantial amounts of 
the products of both pathways were obtained 
when the reaction was run in benzene, and this 
solvent was therefore chosen for our study of 
the effect of base size on product  ratio^.^ 

Phenylmethanesulfonyl chloride (2) was 
treated in benzene solution with each of the 
tertiary amines in Table 1. The work-up con- 

'It should perhaps be explicitly noted that because sul- 
fenes are formed in the rate determining step and react in a 
subsequent fast step (in all examples studied to date), 
simple rate studies give no information about the mechan- 
isms by which sulfenes react; to obtain this one must study 
competition experiments in a kinetically controlled system. 

P ~ ~ H S O ~ ~ R ~  
t 

PhCH- SO2- HNR3 

7 I 
CI 

so2 
/ \ 

PhCH- CHPh 

4 

I Ph-C=SO + R ~ A H  O ~ S C H ~ P ~  
I 

PhCH = CH Ph C1 
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the base size decreases, a result which is nicely 
consistent with the mechanisms suggested in 
Scheme 1. The primary effect of smaller size 
of the tertiary amine is, by this mechanism, 
to increase the equilibrium amount4 of the 
zwitterion (7) and hence the rate of formation 
of 3 relative to that of 5. This, of course, would 
hold only if the rate of the process 6 + 5 is 
much less dependent on base size than 6+7+3, 
a condition which may be seen to be entirely 
reasonable from the following argument. 
Though 6 + 5 is irreversible under these con- 
ditions. it is not known which reaction in 
scheme 1 is rate determining. If it is formation 
of 9 from 6, then since this step does not in- 
volve the base, obviously 6 + 5 would be 
unaffected by base size. If, however, either the 
formation or consumption of 10 is rate deter- 
mining, the base is presumably involved but 
only to transfer a proton, a process which is 
norn~ally found to be much less sensitive to 
base size effects than nucleophilic attack on a 
sulfene.* 

The mechanisms in Scheme 1 are also con- 
sistent with the increase in yield of 3 and 4 
with greater solvent polarity, since the equilib- 
rium amount of the zwitterion (7) should be 
increased by increasing the polarity of the 
medium. Formation of 9, on the other hand, 
involves conversion of a neutral species (6) 
plus an ion pair into another ion pair in which 
the negative charge is shared primarily between 
two atoms rather than one, and hence is not 
facilitated at all by increasing solvent polarity. 
Also, reaction of 9 with 6 to form 10 converts 
an ion pair plus a neutral molecule into neutral 
species and should accelerate as solvent polarity 
is lowered. The final step (10 + 5), however, 
leads to ionic products, suggesting that the 
observed solvent effect is more easily accounted 
for if an earlier step in the sequence is rate 
determining. 

4We have noted (1) that 2 with DABCO in tert-butyl 
alcohol leads to partial exchange of the second hydrogen 
of the methylene group; it is therefore highly likely that 
formation of 7 from 6 is reversible under the conditions 
that lead to 3 or 5. 

'In contrast to the base size effect found with formation 
of 1 from sulfene, it has been found (13) that formation 
of sulfene from methanesulfonyl chloride shows an 
excellent correlation with base strength with these amines, 
i.e. there are no base size effects in the proton removal 
step that do not equally affect the (equilibrium) base 
strength in that medium. 

The other steps in the conversion 2 + 3 merit 
brief comment. The formation of the sulfene 
(6) in similar circumstances has been adequately 
proved (see ref. 10 for a review) and need not be 
discussed further. The step 7 + 8 is well- 
precedented in the formation of the Opitz 
zwitterion (CH,SO,CHSO,&M~,) (3, 4), of the 
oligomers of sulfene described by Grossert and 
Bharadwaj (7), and of mesylmesylate esters 
(CH,SO,CH,SO,OR) on reaction of 'easymesyl' 
(cH,so,&M~E~, FS0,-) with hindered alco- 
hols (2). The c~l iza t ion  8 + 4 is very similar to 
the key step proposed by Bordwell and Cooper 
(14) for the Ramberg-Backlund rearrangement. 
Whether the -so,~R, group is displaced 
directly or not cannot be specified at present. 
Such a process is not unreasonable in the light 
of the existence of S,2 displacements of ben- 
zylic -SO,Cl and -SO,Br groups (15), but it is 
also possible that the -SO,&R, is modified 
before the cyclization to 4.6 That trans-stilbene 
arises from trans4 follows from the work of 
Bordwell et al. (16). The sequence 6 -+ 7 +8 + 4 
cannot be regarded as proved, but rather as a 
reasonable suggestion which satisfactorily ac- 
counts for (a) the formation of the observed 
products by invoking only processes with satis- 
factory precedents, (b) the effect of solvent 
change, and (c) the effect of change in base size 
described in this work. 

6A referee has asked why 8 does not give the diphenyl 
analogue_ of the Opitz zwitterion, i.e. PhCH2S0,- 
- 

CP~SO,NR,, which as far as we know has never been 
observed. In reply to this interesting query we conjecture 
that the following factors may contribute. (a) The favored 
conformation for the Ramberg-Backlund-type reaction of 
8 is obtained either directly or very easily on - combina;tion 
of 6 and 7. (b) Conversion of8 to P ~ C H ~ S O ~ C P ~ S O ~ N R , ,  
on the other hand, may be comparatively difficult for con- 
formational reasons. Formation of the zwitterion by 
intramolecular proton transfer could be difficult because 
any arrangement of 8 which places the proton close enough 
to the carbanion either has some very strong steric 
repulsions or does not allow the proton to be in what 
is believed to be the preferred arrangement for proton 
transfer, viz. with the proton simultaneously synclinal to 
at least one set of sulfonyl oxygens (see, for example, 
ref. 24 (especially pp. 105ff)). Another imaginable route 
to the 'diphenyl Opitz zwitterion' would be via protona- 
tion of 8 followed by deprotonation. To facilitate the 
latter step the proton can be placed synclinal to all four 
sulfonyl oxygens, but this leads to severe nonbonding 
repulsions involving the phenyl group; such interactions 
are lacking in the formation of the Opitz zwitterion 
itself. 
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p-Sultone Formation from Chloral and Related 
Compounds 

The second reaction in which we have looked 
at the effect of base size is the formation of 
p-sultones by the reaction of sulfonyl halides 
with trialkylamines and perhalogenated ketones 
or aldehydes (17-20) : 

CH2-SO2 

11 

Although this reaction is formally a cyclo- 
addition, comparison with other reactions of 
sulfenes reveals an anomaly in that all other 
reactions of simple sulfenes show the sulfene 
to be acting as an electrophilic reagent. This is 
evident not only in reactions with amines and 
alcohols and the like, but also in cycloadditions 
with substituted olefins; enamines, ketene acetals 
and aminals react readily, vinyl ethers less 
readily, and simple alkenes not at all. With 
formation of p-sultones, however, the reaction 
takes place only with highly electrophilic car- 
bony1 compounds such as chloral and various 
perhaloacetones; by contrast acetone and p- 
nitroacetophenone do not give p-sultones under 
these conditions (19). 

It appeared to us that this difference could be 
accounted for simply by postulating the inter- 
mediacy of zwitterions as, for example, in 
Scheme 2, and we therefore looked at the effect 
of changing the base size on this reaction. 
Control experiments showed that the methylated 
sulfone 14b was much more stable to standing 
in the presence of a tertiary amine than 14a, 
and so the base size effect was tested on the 
reaction with ethanesulfonyl chloride and 
chloral. The results (Table 2) indicate a strong 
correlation between the yield of 146 and the 

TABLE 2. Base size effects in the reaction of 
ethanesulfonyl chloride, chloral, and tertiary 

alkylamines* 

Base Yield of 146 (%) 

Tributylamine 0 
Triethylamine 10 
DABCO 50 
Trimethylamine 54 
Trimethylamine (0.25 mol) 67 
Trimethylamine plus triethylamine 69 

(0.07 mol) 

*Except as otherwise indicated, using 0.1 mol each of chloral, 
ethanesulfonyl chloride, and amine in ether at 0 "C. 

'smallness' of the base, in excellent accord with 
the mechanism shown in Scheme 2. On this 
basis, as the base size is decreased the steady 
state concentration of the sulfene (12) is 
lowered (and that of the zwitterion (13) raised), 
the net result being to favour formation of 14 
relative to reaction of 13 with 12 to form 
oligon~ers; the latter reaction is believed to be 
the normal way in which sulfenes are consumed 
in the absence of competing sulfene trapping 
reactions (cf: ref. 7). It should be noted that, 
in accord with this picture, the reaction of 
trimethylamine in the presence of added tri- 
ethylamine gives a good yield of 14b; this 
shows that the poor yield obtained with tri- 
ethylamine does not derive from any destructive 
effect of triethylamine in the formation of 14b. 

It must be pointed out that these data, 
though in agreement with the sulfene-amine 
zwitterion mechanism, can also be explained by 
assuming the intermediacy of a chloral-amine 
zwitterion, o-CH(CCI,)-&R, ; such a species 
is presumably an intermediate in the tertiary 
amine catalyzed polymerization of chloral (21, 
22). We have no evidence to distinguish between 

I CI3CCHO 

C13C-CH-0 C13C-CH-0- 
1 

I I -  I t Oligomeric 
R-CH-SO2 R-CH-S02NR; products 

14 
(a)  R = H ;  (b)  R = C H 3  
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TABLE 3. Nuclear magnetic resonance spectra* of 3-substituted 4-trichloromethyl-l,2-oxathietane 
2,2-dioxides (14) 

6 ( P P ~ )  

R C-3H C-4H Others Coupling constants (Hz) 

CH, (146) 

Jgem = 13.6 
J,,, = 6 and 7 (respectively) 

CH,CH, 5.00 5.08 CH, 1.19 J3,, = 8.8 
CH,: HA 2.21 J,,, = 3.7, J,,, = 8.8 

HB 2.68 JAB = 15 
J,,,,,, = 7.2 

Ph 5.96 5.12 Ph 7.3-7.7 .I3,, = 6.5 

'Of CDC13 solutions determined with a Varian HA-100 
(aided by proton decoupling experiments as required). 

spectrometer.'~alues were assigned by first-order analysis 

these possibilities. What the present results do 
show, however, is that the formation of j3- 
sultones in this reaction is not a simple [2 + 21 
cycloaddition, thereby removing an apparent 
mechanistic anomaly. 

These experiments also provide a serviceable 
practical improvement in the formation of 
p-sultones from sulfenes. The yield of 14b has 
been increased from a previously reported 5% 
(16) to 65570%. In extension of this we tried 
the previously unreported reactions of chloral 
with 1-propanesulfonyl and phenylmethane- 
sulfonyl chlorides using DABCO as the base, 
and in single experiments obtained the 3-ethyl 
and 3-phenyl derivatives of 11 in 46% and 
13% yields respectively. 

Table 3 gives nmr data for the four j3-sultones 
encountered in this work; the agreement between 
the nmr spectra and the assigned structures is 
good. With either crude or recrystallized samples 
of the three 3-substituted materials no sign was 
seen of any more than one of the two possible 
diastereomers. Though the nmr data do not, 
in our view, allow an unambiguous assignment 
of the configurations of these sultones, a trans 
orientation of the substituents is suggested by 
both a simple conformational picture of j3-sul- 
tone formation following Scheme 2 and the 
observation of the greater stability of 14b over 
14a on standing with triethylamine. Among the 
more likely routes for the decomposition of 14a 
under those conditions is ring opening via anti 
elimination of the C-3 hydrogen and the 
sulfonate function. This would be particularly 

inhibited by a trans orientation of the methyl 
and trichloromethyl groups, since this makes 
the C-3 hydrogen quasi-axial and hence clinal 
to the heterocyclic oxygen. This assignment of 
stereochemistry is, of course, highly tentative. 

Experimental 
Infrared spectra were obtained with Beckman IR-10 

and IR-20A spectrometers using 0.1 rnm NaCl cells. 
Nuclear magnetic resonance spectra were obtained with 
Varian T-60 and HA-100 instruments using tetramethyl- 
silane as internal standard. Melting points were deter- 
mined on a Kofler hot stage and are uncorrected. Benzene, 
triethylamine, tributylamine, and diisopropylethylamine 
were dried by refluxing over calcium hydride and distilling, 
and stored under nitrogen. Anhydrous trimethylamine 
was Eastman White Label grade, 1,4-diaza[2.2.2]bicyclo- 
octane (DABCO) that supplied by the Aldrich Chemical 
Company, and dry ether Mallinckrodt anhydrous reagent. 

Reaction of Phenylmethanesulfonyl Chloride (2) with 
Tertiary Amines in Benzene 

Phenylmethanesulfony1 chloride (Eastman, recrystal- 
lized from CCL, 604 mg, 3.2 mmol) was dissolved in dry 
benzene (45 rnl) under nitrogen. The tertiary amine 
(4.7-4.9 mmol) in dry benzene (5 ml) was added from a 
syringe with stirring as fast as possible through a serum 
cap and the resulting mixture stirred for 1 h. The solvent 
was then removed under reduced pressure and the residue 
worked-up by ether extraction, washing with 3 M HCI, 
drying over MgSO,, and removing the solvent under 
reduced pressure. The residue was chromatographed on 
silica gel (BDH 60-120 mesh, 10 g), eluting the stilbenes 
(3) with petroleum ether (bp 30-60 "C) and the chloro- 
sulfines (5) with methylene chloride. The composition 
of the products was checked by ir and nmr. The weights 
(mg) of the amine, stilbene fractions, and sulfine fraction 
are, respectively: trimethylamine, 290, 199, 58; triethyl- 
amine, 475, 60, 173; tributylamine, 880, 7, 222; diisopro- 
pylethylamine, 615, 0, 126. 
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Reaction of Ethanesulfonyl Chloride, Chloral, and 
Tertiary Amines 

Chloral (10 ml, 0.1 mol) and the tertiary amine were 
dissolved in dry ether (100 ml) under dry nitrogen and the 
mixture cooled to about - 15 "C in a dry ice - acetone 
bath. Ethanesulfonyl chloride (Eastman, 9.5 ml, 0.1 
mol) in dry ether (50 ml) was added dropwise with 
stirring over 30 min, and the mixture stirred at <O OC for 
1 h. The solid obtained after removal of the solvent under 
reduced pressure was dissolved in CH,C!,, and this 
solution washed with water, 3 M HCl, saturated NaHCO,, 
and brine, and dried over MgSO,. Removal of the solvent 
gave a sticky solid mass which was slurried with pentane 
(100 ml) and the white crystalline 3-methyl-4-trichloro- 
methyl-l,2-oxathietane 2,2-dioxide (14b) collected by 
vacuum filtration. These materials were identical in nmr 
spectrum to the product obtained in 4% yield (3% yield 
after recrystallization from ether, mp 118-120 "C) by 
following the procedure of Truce and Liu (19); ir (CH,CI,) 
v,, 1370, 1208 cm-'. The quantities of the amine and 
product in each of these experiments were as follows: 
trimethylamine (9.5 ml) gave 12.9 g (54%), 25 ml gave 
15.9 g (67%); trimethylamine (9.5 ml) and triethylamine 
(10 ml) gave 16.5 g (69%); DABCO (12 g) gave 11.8 g 
(50%) in one experiment and 11.4 g (48%) in another run 
carried out at room temperature; triethylamine (10.5 g) 
gave an oily crude product (5.6 g) estimated by nmr to be 
a mixture of the sultone (14b) and ethanesulfonyl chloride 
in a molar ratio of 2: 1; tributylamine, also gave an oily 
crude product the nmr of which showed no sign of any 
14b. 

Stability of the Sultones 14a and 146 to Triethylamine 
A sample of each sultone (1 g) in dry ether (10 ml) 

was treated with stirring with triethylamine (0.5 g, 5 mmol) 
and the mixture stirred at room temperature for 2 h. 
The sultone was recovered (by taking up in ether-CH,Cl,, 
washing with 3 M HCl, saturated NaHCO, and brine, 
drying over MgSO,, and evaporation of the solvent) to 
the extent of 0.9 g (90%) with 146 and 0.62 g (62%) with 
14a. 

3-Ethyl-4-trichloromethyl-1,2-oxathietane 2.2-Dioxide 
Propanesulfonyl chloride (Eastman, 14.3 g, 0.1 mol) in 

ether (40 ml) was added dropwise with stirring over about 
30 rnin to a solution at 0 OC under N, of chloral (10 ml, 
0.1 mol) and DABCO (20 g, 0.18 mol) in ether (100 ml). 
After stirring for 1 h the mixture was worked-up as above 
to give a brownish solid (14.7 g) which, after extraction 
with pentane, left tan colored crystals (11.6 g, 46%) 
melting at 78-80 "C. The analytical specimen was obtained 
by recrystallization from ether-pentane, mp 80-82 "C; 
ir (CH,Cl,) v,,, 1368, 1188 cm-'. Anal. calcd. for C,H7- 
Cl,O,S: C 23.68, H 2.78, C1 41.95, S 12.65; found: C 
23.73, H2.86, C141.68,S 12.70. 

3-Phenyl-4-trichloromethyl-1.2-oxathiera 2,2-Dioxide 
Phenylmethanesulfonyl chloride (9.5 g, 50 mmol) in 

ether (25 ml) and tetrahydrofuran (15 ml) was added over 
30 min to a mixture of chloral (5 ml, 50 mmol) and 
DABCO (10 g, 85 mmol) in ether (50 ml) at about - 15 "C 

under N, with stirring. The mixture was stirred a further 
1 h at 0 "C and worked-up as above. The solid obtained 
(7 g) was extracted with ether. The ether-soluble solid was 
extracted with pentane to give trans-stilbene (1.3 g, 29%). 
The ether-insoluble white solid, mp 132-134 "C (1.9 g, 
13%), appeared to be mostly the sultone. Two recrystal- 
lizations from CCI, gave the analytical sample; ir (CH,- 
C1,) v,,, 1365, 1185 cm-'. Anal. calcd. for C,H7Cl,0,S: 
C 35.85, H2.34, C1 35.27, S 10.63; found: C36.12, H 
2.06, C1 35.19, S 10.55. 
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Conformational changes accompanying electronic excitation of 
trifluoronitrosomethane 
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Chem. 54, 2658 (1976). 

The 690 nm absorption spectrum of CF,NO has been studied in the gas phase at various 
temperatures and in the condensed phase at 77 K, and assigned to an (na*) transition. Analysis 
of the vibrational structure shows that, while only the eclipsed conformer is stable in the ground 
state, there are two stable isomers of comparable energy in the excited electronic state. One has 
an eclipsed conformation, but with the CF, group tilted away from the oxygen atom. The other 
has a staggered conformation. In both of the excited state isomers the barrier to internal rotation 
is higher than in the ground state. 

R. D. GORDON, S. C. DASS, J. R. ROBINS, H. F. SHURVELL et R. F. WHITLOCK. Can. J. Chem. 
54, 2658 (1976). 

Le spectre d'absorption a 690 nm de CF,NO a irtt irtudie en phase gazeuse a differentes 
temperatures et en phase condensee a 77 K et il fut assigne a une transition (na*). L'analyse de la 
structure vibrationnelle montre, qu'alors qu'il n'y a que le conformere eclipse de stable a l'etat 
fondamental, il y a dew. isomeres stables d'tnergie comparable dans l'etat tlectronique excite. 
L'un possede une conformation CclipsCe mais avec le groupe CF, incline dans la direction 
opposCe de I'atome d'oxygene. L'autre possede une conformation dkcalee. Pour les dew. iso- 
meres a 1'Ctat excite la barriere de rotation interne est plus elevCe qu'a l'ttat fondamental. 

[Traduit par le journal] 

Introduction 
CF3N0, a blue gas, owes its colour to a weak 

(f = 2.4 x structured absorption near 
690 nnl, shown in Fig. 1. Further weak absorp- 
tion occurs at 270 nm and strong absorption 
begins near 240 nm. Mason (I) assigned the 
690 nm system to an (nn*) transition on the basis 
of its energy, intensity, and behaviour in 
different solvents. She was unable, however, 
to identify an electronic origin or to carry out a 
satisfactory vibrational analysis. CF,NO 
belongs to group C, and (nn*) transitions are 
allowed with symmetry A" c A'. Similar A'A" 
(nn*) t B'A' transitions have been observed 
in other nitroso compounds such as HNO (2) 
and CH3N0 (3), and have been predicted 
theoretically (4, 5). 

We have re-examined the 690 nm absorption 
spectrum of CF3N0, in the gas phase at various 
temperatures and in the condensed phase at 
77 K, and found that many of the vibrational 
bands record transitions involving the torsional 
mode, v,,. Analysis shows that electronic 
excitation is accompanied by striking conforma- 
tional changes, including a change in the phase 
of the barrier to internal rotation. 

The ground state structure of CF,NO has 
been determined by electron diffraction (6). 
The NO group is eclipsed by one of the CF 
bonds. Eleven of the twelve ground state 
fundamentals were assigned in a recent study of 
the infrared and Raman spectra (7), and com- 
bination and hot bands were used to estimate a -  
frequency of about 50 cm-' for v,,", the tor- 
sional mode. Attempts to observe the micro- 
wave spectrum of CF3N0 have failed (8). 

Experimental Methods 
CF,NO was obtained from Penninsular Chemresearch 

Inc. Previous studies (7) showed that further purification 
was unnecessary. 

Low resolution gas phase spectra (Fig. 1) were obtained 
on a Cary 14 spectrometer using a jacketed 10 cm cell 
maintained at five different temperatures in the range 205 
to 358 K. 

Medium resolution spectra (Fig. 2) were photographed 
on Kodak High Speed Infrared film, using a Bausch and 
Lomb 1.5 m grating spectrograph with resolution better 
than 0.5 cm-', and a 50 cm cell cooled by a Dry Ice/ 
acetone bath. The vacuum wavenumbers listed in Table 1 
were measured from these spectra which were calibrated 
by the emission from an iron/neon hollow cathode 
lamp (9).  

A viscous liquid film (7) was produced wh& the gas 
was sprayed onto a CsI window cooled by liquid nitrogen 



GORDON ET AL. 2659 

X (nm) 

FIG. 1. LOW resolution absorption spectrum of CF3N0 gas at 205 and 358 K. 

in an Air Products and Chemicals Inc. Cryotip refrigerator. 
The spectrum of this film (Fig. 3) was recorded on a (single- 
beam) Perkin-Elmer El4 spectrometer. For comparison, 
a gas phase spectrum and a blank run were recorded at 
room temperature with the same cell, window, and 
spectrometer. 

Upon prolonged exposure to fluorescent lights, or 
irradiation for several hours with a 150 W Xe lamp, 
CF,NO gas changes irreversibly from blue, to green, 
and finally to yellow. The 690 nm system disappears and 
is replaced by new absorption (A,,, = 380 nm) between 
540 and 340 nm. The continuous part of the new spectrum 
has been attributed (10) to the dimer (CF,),NONO; 
superimposed on it are discrete bands attributable (11) 
to NO,. The CF3N0 was shielded from room light, 
and protected by OYlO or Corning 2408 filters during 
absorption experiments. Under these condit~ons photo- 
decomposition was slow, and in any case would not 
produce spurious absorption in the 550 to 750 nm region 
being studied. 

Description of the Spectrum and Vibrational 
Analysis 

The 690 nm absorption of CF,NO gas, 
recorded under low resolution at 205 and 
358 K, is shown in Fig. 1 .  Absorption maxima 

and their assignments are listed in Table 1 
where the notation used is defined. A number of 
parent bands, labelled I\rl:,, are each accom- 
panied by a group of satellite bands. The parent 
bands are assigned to two systems, I and 11, 
and those belonging to System I are distin- 
guished by super bars. Vibrational frequencies 
in the ground and excited electronic states are 
collected in Table 2. 

Portions of the medium resolution spectrum 
are shown in Fig. 2 where the low resolution 
maxima are seen to consist of groups of sharp 
features. This fine structure is irregular and 
differs from band to band. For example, the 
maximum 0: at 14 494 cm-' is resolved into an 
unsymmetrical doublet with components at 
14 492 and 14 496 cm-', while the maximum 7; 
consists of a triplet with components at 14 895, 
14 899, and 14 905 cm-'. The 'absorption 
maxima' listed in Table 1 are the estimated 
centers of these differently structured multiplets 
and uncertainties in defining their centers may 
contribute errors of several cm-l to the listed 
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FIG. 2. Densitometer traces of parts of the medium 
resolution spectrum of CF3N0 gas. (i) System I origin 
and satellite bands. (ii) System I1 origin and (iii) 7; band 
and some of their satellites. Separations of multiplet 1 6 0 0 0  1 5 0 0 0  1 4 0 0 0  
components are given in cm-'. +V (crri1) 

values. The observed features broaden at higher 
energies and above 15 200 cm-' the multiplet 
structure is no longer resolved. There is every 
indication that additional fine structure could 
be observed under higher resolution conditions, 
but the present paper will deal only with the 
absorption maxima listed in Table 1. 

The parent bands above 14 494 cm-' (System 
11) are each accompanied by a group of satellite 
bands degraded towards lower energies and 
labelled a-f, corresponding to separations of ap- 
proximately - 50, - 115, - 180, - 235, - 255, 

FIG. 3. Absorption of CF3N0. (i) Gas phase, room 
temperature. (ii) Condensed (glassy liquid) phase, 77 K. 
(iii) Blank run with empty cell. Note that the photo- 
multiplier response falls off sharply towards lower 
energies. 

and - 320 cm-', respectively, from their parents. 
A weak feature 30 cm-I to higher energies is 
assigned as satellite g. These satellites become 
more intense, relative to their parents, as the 
temperature is increased. However, this tem- 
perature dependence is small and precludes 
their assignment to sequences involving ground 

TABLE 1. Absorption maxima in the 690 nm spectrum of CF3N0 (cm-') 

v* Assignment? v* Assignmentt 

s: ? 
8: (0: - 277) 
8: + 40 
8: + 90 
8: + 140 
8: ? 
0; (System I Origin) 
0: + 40 
0: + 90 
0; + 140 
0; + 190 
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TABLE 1 .  (Concluded) 

v* Assignment? v* Assignmentt 

8: ? 
8; (0; + 247) 
8; + 40 
$ + 90 
7; ? (0; + 371) 
8; + 140 
0; f ;  $ + 190 
0; e 
0; d 
0: c 
0; b 
8; a ? 
0; a 
8: ? 
0; (System I1 Origin) 
0; g 
7; f 
7; e 
7; d 
7; c 
7; b 
7; 8: a ? 
7; a 
7; 8: ? 
7; 10; + 406) 
7 ; g ;  4; c 
4: b 
4; a 
4; (0; + 606) 
X (i; ?; 0; + 1403) 
X + 25 
7 ;  a 

7 ;  
4; 7; c 
4; 7; b 
4; 7; a 
4; 7; 

*The absorption maxima appear as single peaks or shoulders under low resolution (Fig. l), 
but between 13 700 and 15 200 cm-' most of them can be resolved into multiplets under medium 
resolution (Fig. 2), and the frequencies listed correspond to the centers of these multiplets. 
An uncertainty of 1-3 cm-' is probably involved in estimating the centers of the multiplets. 
At higher and lower energies multiplet structure is no Jonger resolved and the frequencies listed 
are accurate only to +5-10 cm-'. Bands marked w are weak relative to their immediate 
neighbours. 

t N : : .  denotes a (v' + v " )  transition in mode N, using the numbering of ref. 7. Fundamental 
frequencies are listed in Table 2. A super bar distinguishes bands of System I. Assignments 
marked ? are tentative. Letters a-g denote satellites in System 11, separated from their parents 
by appfoximately -50, -115, - 180, -235 (shoulder), -255, -320, and +30 (weak) cm-', 
respectively. 

state levels higher than 125 cm-'. Since the A different pattern of satellite bands, de- 
lowest ground state fundamental, other than graded towards higher energies, accompanies 
the torsional mode, is 296 cm-' (7), we associate the parent bands below 14 000 cm-' (System I), 
these satellites with the torsional mode and and this is one of the reasons for assigning 
discuss them in the following section. them to a separate system. These satellites, best 
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TABLE 2. Totally-symmetric fundamentals active in the 690 nm spectrum 
of CF,NO (cm-') 

Excited state? 

Description Ground state* System I System I1 

v, NO stretch 1594 1403? 14461; 
V, (CN stretch) 810 - 606 
v, (skeletal bend) 427 371 ? 406 
v, CF, rock 296,277tS 247 - 

'Infrared and Raman, from ref. 7. Since there is extensive mixing of symmetry co- 
ordinates in v, and v,, the descriptions in parentheses are only approximate. 

tThis work. Tentative assignments are marked ?. 
f Successive intervals are 1446, 1390, 1330, and 1270 cm-'. 
§Hot band in electronic spectrum. 

seen in Fig. 2i, are separated from their parents 
by approximately 4.0, 90, 140, and 190 cm-l. 
Their temperature dependence seems to be 
greater than that of their counterparts in System 
11, but this effect is probably due to underlying 
hot bands of the stronger System 11. 

Temperature dependence studies of the parent 
bands show that only the weak band at 13 455 
cm-' can be assigned to a hot transition, and 
that it involves a ground state level excited by 
280 k 50 cm-l. Since its separation from the 
lowest-energy cold band at 13 732 cm-' is close 
to v,", it is assigned as 8:. The 13 732 cm-' 
band is taken as the origin (8:) of System I, 
and a band 247 cm-I to higher energies is 
assigned 8;. 

A quite different vibrational pattern begins 
with the strong band at 14 494 cm-' which is 
taken as the origin (0:) of System 11. Pro- 
gressions in 1446 (v,'), 606 (v,'), and 406 cm-' 
(v,') are observed, but the 247 cm-' interval 
V,' is not found. 

Two distinct absorption systems have been 
assigned in this region on the basis of differing 
vibrational structures and satellite band pat- 
terns. Further evidence is shown in Fig. 3 
which compares the spectrum of the gas at 
295 K to that of the glassy liquid at 77 K. In 
the condensed phase the bands assigned to 
System I1 broaden and are blue-shifted by 50 
to 100 cm-', but System I disappears com- 
pletely. Extrapolation to 77 K of the gas- 
phase temperature dependence studies shows 
that this is not merely a temperature effect; 
bands 8: and 8; are not hot. Rather, we believe 
that a medium-dependent (gas-glassy liquid) 

shift occurs, and that it is much larger (>600 
cm-') for System I than for System 11. 

Walsh's rules (ref. 12 and following articles), 
ab initio calculations (4), and the observed 
spectra of HNO (2) and CH,NO (3) all suggest 
that (nn*) excitation of CF,NO should lead to 
a lengthening of the NO bond, an opening of 
the C-N-0 angle, and perhaps a small 
shortening of the CN bond, and that the cor- 
responding vibrations should be active in the 
spectrum. These expectations are borne out in 
System 11. The main progression, successive 
members of which are separated by 1446, 
1390, 1330, and 1270 cm-l, must record the 
excited state NO stretching mode, v,'. A 
reduction in frequency from the ground state 
value of 1594 cm-I is consistent with bond 
lengthening, and a simple one-dimensional 
Franck-Condon analysis (13), ignoring an- 
harmonicity, suggests a chan e of 0.03 to 
0.04 A in rNo. (Compare 0.03 f in HNO (2).) 

Shorter progressions in 606 and 406 cm-I are 
assigned to v,' and v,', respectively. A normal 
coordinate analysis of the ground state (7) 
indicates that these modes involve substantial 
C-N--O angle bending and C-N bond 
stretching as well as motions within the CF, 
group. Since extensive mixing of these 
coordinates is likely also in the excited state, 
no Franck-Condon analysis was attempted. 

An unexpected observation in System I is 
the activity of v,, the a' CF, rocking mode, 
which suggests that the angle 8 (Fig. 6) between 
the CN bond and the symmetry axis of the 
CF, group changes upon excitation. A Franck- 
Condon calculation (13), assuming the ground 
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state normal coordinates (7), suggests that the 
change may be as large as 5 to 8 deg. 

Higher-frequency modes of System I can be 
assigned only tentatively because of the onset 
of stronger absorption due to System 11. Bands 
at 14 103, 15 135 (labelled X), and 15 520 cm-' - 
(labelled Y) could be assigned as 7:, I:, and 
- 
1A7: respectively, yielding values of 371 cm-' 
for 5,' and 1403 cm-' for 5,'. Bands X and Y 
occur within the System I1 absorption region, 
but lack the satellites characteristic of System I1 
parent bands. Rather, each is accompanied by 
diffuse features at higher energies. If these 
assignments are correct, excitation in System I 
must be accompanied by geometrical changes 
similar to those described above for System 11. 

Satellite Band Structure and the Barriers to 
Internal Rotation in the Ground and 

Excited Electronic States 
Computational Methods 

The temperature dependence of the satellite 
bands indicates that they record transitions 
involving torsional levels. In order to explore 
this hypothesis, the expected energies and 
intensities of such transitions were calculated. 

If interaction with other types of motion is 
neglected, internal rotation in CF,NO is gov- 
erned by the Schrodinger equation (14) 

where U = 3V3(l - cos 34) + $V6(l - cos 
64) + - . a ,  q5 is the torsional angle, F is the 
reduced rotational constant for internal rotation 
(14), and V, is the height of the barrier to 
internal rotation. The second and higher terms 
in the potential U are usually small and have 
been neglected here. The allowed torsional 
states are labelled1 by their vibrational quantum 
numbers v = 0, 1, . . . , and symmetry species 
(r = a or e. 

'If internal rotation is considered to be a 'feasible' 
operation, the non-rigid (15) molecule CF,NO can be 
assigned to a group isomorphous with C,,, and its tor- 
sional levels assigned to species a = a,, a,, or e. For even 
values of v, a = a, or e; for odd v, a = a, or e. Since 
only a,-a,, a,-a,, and e-e transitions are allowed in the 
electronic spectrum, the simplified notation (v' v"), is used 
to label transitions. Note that for even values of Av both 
a (i.e. a,-a, or a,-a,) and e transitions are allowed, but 
for odd Av only e transitions are permitted. 

Following the method of Lewis et al. (16), 
the Hamiltonian matrix corresponding to eq. [I] 
was set up in terms of sine and cosine basis 
functions and diagonalized to yield energies E,, 
and wave functions +,, for assumed values of 
the parameters F and V3. Transition energies 
(E' - E") and relative intensities [ 1 ( + ' 1 + " ) 1 2  
exp (- E"/kT)] were then calculated for various 
transitions (v' v"),. Although the e levels are 
doubly degenerate, consideration of nuclear 
spin statistics for the CF, group shows that a and 
e levels should be assigned equal weights. 

An internal rotation constant F" = 2.44 cm-I 
can be calculated from the known ground state 
structure (6). (r,, = 1.321, r,, = 1.555, r,, = 
1.171 A; F-C-F = 111.9", C-N-0 = 
121.0"; the symmetry axis of the CF, group 
makes a small angle 8 = + 1.3 deg with the 
CN bond (Fig. 6); F is independent of the 
torsional angle 4.) Various F' values, ranging 
from 2.0 to 3.1 cm-' and all corresponding to 
plausible excited state structures, were used 
in trial calculations. A likely excited state 
structure (r,, = 1.20 A, r,, = 1.324 h;, 
C-N-0 = 129", 8 = 0°, other parameters as 
in the ground state) yields F' = 2.80 cm-'. 

Trial calculations revealed the satellite band 
patterns to be expected. Typical energy levels 
and transitions are illustrated in Figs. 4,5, and 6. 

If the barriers V,' and V,", in the excited 
and ground electronic states respectively, are in 
phase (eclipsed conformation in both states), 
the most important transitions form a Au = 0 
sequence as would be expected from simple 
Franck-Condon considerations. The spacings 
between successive satellite bands are differences 
between excited and ground state intervals. 
If V,' > V,", the satellites degrade towards 
higher energies. If V,' < V,", they degrade to 
lower energies and, since V," must then be 
fairly large, the intensities of successive bands 
decrease rapidly because of their low Boltzmann 
factors (Fig. 4i). 

If, on the other hand, the barriers are out of 
phase (staggered conformation in the excited 
state), progressions rather than sequences are 
expected as illustrated in Fig. 4ii. The strongest 
transition in absorption is from u" = 0 to a 
level just above the summit of the excited state 
barrier. Satellite bands run to lower energies, 
each recording transitions with a given value of 
Av, and their separations correspond to vibra- 
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FIG. 4. Potential curves, energy levels, principal transitions, and calculated satellite band structure 
for electronic transitions involving the torsional mode in CF,NO. Torsional angles 4 of 0, 120, 240 
deg correspond to a staggered conformation; 60, 180, 300 deg correspond to an eclipsed conforma- 
tion. (i) Barriers in phase. V,' = 100, F' = 2.80, V," = 480, F" = 2.44 cm-l. (ii) Barriers out of 
phase. V,' = 550, F' = 2.80, V," = 250, F" = 2.44 cm-'. 

tional intervals rather than the differences System ZI 
between vibrational intervals. Since V," need An extensive pattern of satellites, degraded 
not be large, the intensities of successive bands towards lower energies with an average separa- 
need not decrease too rapidly. tion of 60 cm-l, is attached to each of the 
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100 0 -100 - 200 - 300 

A v  (cm-') 

FIG. 5. Observed and calculated satellite band structure in system I1 of CF,NO at 208 and 295 K. 
Intensities are relative to those of the parent band. ( i )  Observed satellites attached to 0:. ( i i )  Calculated 
spectrum barriers, out of phase. V,' = 550, F' = 2.80, V," = 250, F" = 2.44 cm-'. A few weak 
transitions are predicted at energies lower than those plotted, but these, as well as the weak 70,  
transition at +81 cm-', would be hidden under stronger features belonging to other parent bands. 
(ii i)  Calculated spectrum, barriers in phase. V,' = 100, F' = 2.80, V3" = 480, F" = 2.44 cm-'. 

parent bands of System 11. The pattern observed 
at 208 and at 295 K is depicted in Fig. 5i. 

If the ground and excited state barriers are in 
phase, V," must be considerably larger than 
V,' to account for the degradation to lower 
energies and the fairly wide band spacings. 
The energy levels and spectrum calculated for 
V,' = 100, F' = 2.80, V," = 480, and F" = 
2.44 cm-' are shown in Figs. 4i and 5iii where 
it can 'be seen that the calculated intensities 
decrease much more rapidly than is observed. 
A less rapid decline might be expected for lower 
values of both barriers, but as V,' approaches 
zero, many weak, irregularly spaced, Av # 0 

transitions are predicted to accompany the 
strong (0 O),,, band, again contrary to observa- 
tion. Using a wide range of parameters, we were 
unable to calculate a satellite spectrum having 
the observed spacings, yet with significant 
intensity in more than two of its members; 
hence we reject the assumption of in-phase 
barriers. 

Better agreement can be obtained if the 
barriers are assumed to be out of phase. Trial 
calculations showed that the strongest transition 
must be (0' ,,,,0)," (upper and lower symmetry 
species for odd or even values of v;,,, respec- 
tively) where level v;,,: lies just above the sum- 
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14600 SYSTEM I 

14400 

SYSTEM I1 

FIG. 6.  Top left: CF,NO in the eclipsed conformation 
with large 0. Top right: staggered conformation with 
small 0. Angle 0 is considered positive if the CF, sym- 
metry axis intersects the NO bond. Bottom left: calculated 
energy levels and satellite spectrum for System I. V,' = 
575, F' = 2.80, V," = 250, F" = 2.44 cm-', barriers 
in phase, temperature = 208 K. Horizontal broken lines 
mark the minima of the potential curves and arrows the 
tops of the barriers. The 13 732 cm-I transition is 0;. 
Bottom right: calculated energy levels for System I1 
plotted on the same scale, using the parameters of Fig. 4ii. 
The 14 494 cm-' transition has been referred to as O g ,  
but is really 12::. The true origin, which was not observed, 
is shown by the broken line transition. 

mit of the excited state barrier. Furthermore, 
satellite a, 50 cm-' lower in energy, must 
include transition (u;,, - 1,O):. These con- 
straints served to fix u;,, = 6, and limit V,' to 
the range 500 to 600 cm-' depending on the 
value chosen for F'. Finally, transitions (5 l), 
and (4 I), are expected to make important 
contributions to satellites b and c respectively, 
thus fixing V," x 250 cm-' for F" = 2.44 cm-'. 

The calculated energy levels and spectrum 
for V,' = 550, F' = 2.80, V," = 250, and 

F" = 2.44 cm-' are shown in Figs. 4ii and 5ii 
where it can be seen that agreement with experi- 
ment is much better. Satisfactory fits could, in 
fact, be obtained for a rather wide range of 
parameters: V,' 525 to 625 cm-' for F' between 
3.0 and 2.5 cnl-', and V," 225 to 275 cm-' for 
F" = 2.44 cm-'. Thus we conclude that the 
equilibrium conformation of CF,NO changes 
from eclipsed in the ground state to staggered 
in the excited state of System 11. The barrier 
to internal rotation increases from about 250 
to about 550 cm-' upon excitation, but these 
values may be in error as much as 20%. 

The value V," x 250 cm-' corresponds to a 
separation of 68 cm-' between the v = 1 and 
u = 0 torsional levels of the ground state, 
chosen to match the observed spectrum. A 
value of 50 cm-' was estimated for the same 
interval from combination and hot bands in 
the infrared and Raman spectra (7) ,  correspond- 
ing to a barrier height V," x 150 cm-'. In view ' 

of the uncertainties in both these observed 
quantities, the two estimates for V," are not 
irreconcilable. 

It should be noted that, according to the 
interpretation above, band 0: is not the true 
origin of System 11, but rather is transition 
12:;. The true origin, which is Franck-Condon 
forbidden and was not observed, would lie 
near 14 000 cm-' as shown by the broken line 
transition in Fig. 6. 

The spectrum calculated above accounts for 
the gross structure of the satellite bands in 
Systen~ 11, but not for the finer details shown in 
Fig. 2ii and iii. A more detailed interpretation 
would have to consider not only torsion/ 
internal rotation but also end-over-end rotation 
and the interaction between these motions. 
These interactions would be particularly strong 
and complicated for levels close to the top of 
the torsional barrier and their treatment is 
beyond the scope of this paper. The observed 
difference in fine structure between a satellite 
attached to 0: and its counterpart attached to 
7; suggests that interactions with other vibra- 
tional modes are also important. , 

System I 
The parent bands of System I are accom- 

panied by satellites running to higher energies 
and separated by 40 to 50 cm-' intervals as 
shown in Fig. 2i. Positive-running satellites are 
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expected only if the ground and excited state 
barriers are in phase and V3' > V,". The ob- 
served spacings can be reproduced on this 
assumption as shown on the left of Fig. 6, 
calculated for V,' = 575 cm-', F' = 2.80 cm-', 
and the previously determined ground state 

I 

parameters. However, the observed intensities 
do not fall off smoothly towards higher energies 
as predicted; in particular, the + 140 cm-' 
satellite, assigned to the (3 3),+, transition, is 
unexpectedly strong. It is too close to its parent 
to record a new fundamental, especially since 
the lowest frequency a' mode, v,', has already 
been assigned. And although hot bands of 
System I1 must contribute to the background 
absorption in this region, no strong hot band 
is expected to coincide with one of the + 140 
cm-' satellites. 

A more plausible explanation for the anom- 
alous intensity of this satellite is perturbation 
by low-lying torsional levels of System 11. As 
shown in Fig. 6, the v' = 3 torsional level of 
System I should lie just above the lowest level 
of System 11, their exact relative positions 
depending on the parameters chosen. If this 
explanation is correct, the low-lying levels of 
System I1 should also be perturbed, but this 
could not be checked since transitions to the 
v' = 0, and 1 levels of System I1 were not 
observed. 

Thus we conclude that the excited state of 
System I has an eclipsed conformation and a 
barrier V3' of approximately 575 cm-'. The 
eclipsed conformation is at first surprising since 
the staggered conformation of System I1 sug- 
gests that (nn*) excitation favours an increase 
in the shorter 0 . .  . F distance. However, this 
distance can also be increased by tilting the 
CF, group away from the oxygen atom, as 
shown on the top left of Fig. 6, and a substantial 
change in the angle 8 has already been inferred 
from the activity of v,. 

The Nature of the Two Band Systems 
Ab initio calculations for the related molecules 

HNO (4) and CH,NO (5) predict only one 
excited electronic state ('A", nn*) in the 14 000 
cm-' region, and for each molecule only one 
electronic transition has been observed (2, 3). 
Furthermore, the calculations predict unusually 
large gaps between this state, the next higher 
excited state, and the very low-lying (3A", nn*) 

state. Thus it would be surprising if two excited 
electronic states, separated by only about 
250 cm-', were to occur near 14 000 cm-' in 
CF,NO. 

We suggest instead that Systems I and I1 
record transitions to two diferent conforma- 
tional isomers of a single excited electronic state, 
as shown at the top of Fig. 6. The potential 
surface in this state would have two inequivalent 
sets of minima, differing in energy by approxi- 
mately 250 cm-', and corresponding, respec- 
tively, to an eclipsed conformation with a 
moderately large angle 8, and to a staggered 
conformation with 8 close to its ground state 
value of 1.3". 

Two isomers of comparable energy can 
reasonably be expected in the excited state since 
there are two ways in which relatively long 
0.. . F distances can be achieved. In the ground 
state, however, where a shorter 0.. . F distance 
is favoured, only one conformation (eclipsed, 
small 0) is suitable, and only one isomer has 
been observed (6). The spectrum of the glassy 
liquid (Fig. 3) suggests that the eclipsed excited 
state isomer is destabilized in the condensed 
phase. 

Conclusions 
The 690 nm absorption of CF3N0 leads to an 

(nn*) excited state with two stable isomers. 
The lower energy isomer has an eclipsed con- 
formation, as in the ground state, but the CF, 
group is tilted away from the oxygen atom by 
an angle 8 which may be as large as 5-8 deg. 
The second isomer, approximately 250 cm-' 
(0.7 kcal/mol) higher in energy, has a staggered 
conformation and a small or zero tilt angle 8. 
Excitation is also accompanied by a lengthening 
of rNo, and probably also by changes in rCN 
and angle C - N 4 ,  as would be expected. 

The observed spectra can be reproduced by 
assuming barrier heights V3 of 250 cm-' 
(0.7 kcal/mol) in the ground state, and 575 and 
550 cm-' (- 1.6 kcal/mol), respectively, in the 
lower and higher energy isomers of the excited 
state; these values, however, may be in error 
by 20% or more. 

To our knowledge, a change in the phase of 
the barrier to internal rotation upon electronic 
excitation has not previously been observed 
experimentally. Dixon and Kroto (3) mentioned 
such a possibility in their study of the 670 nm 
spectrum of CH3N0 but rejected it as unlikely. 



2668 CAN. J. CHEM. VOL. 54, 1976 

However, a subsequent microwave determina- 
tion (17) of the ground state barrier conflicts 
with their interpretation, and a re-examination 
of the CH,NO spectrum is in progress in this 
laboratory. Theoretical calculations, however, 
indicate that conformational changes can be 
expected to accompany electronic excitation. A 
study of FCH,OH (18) predicts both a change 
in phase of the barrier to internal rotation and 
an increase in the number of minima in the 
potential surface. 

NOTE ADDED IN PROOF: After this work had 
been submitted for publication, the microwave 
spectrum of CF3N0 was reported (19). The 
ground state barrier V3" was determined to be 
770 f 50 cal mol-' (269 + 17 cm-'), in excel- 
lent agreement with the value (250 cm-') 
reported here. 
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JAMES ANTHONY HOWARD and JOHN CHARLES TAIT. Can. J. Chem. 54, 2669 (1976). 
Trimethylgermylperoxy and triphenylgermylperoxy have been prepared and their kinetic 

behaviour investigated by electron spin resonance techniques. At low temperatures (< -50 "C) 
these radicals exist in equilibrium with the tetroxide. The thermodynamic parameters for this 
equilibrium (-AH0 x 11.5 kcal mol-' and -AS0 x 26.5 cal deg-' mol-') are the same, within 
experimental error, for both radicals. Above -50 OC (CH,),GeO2 and (C6H5),Ge02 decay 
irreversibly by a unimolecular process. (C6H5),Ge02 is slightly less stable than (CH,),GeO2 
although both radicals appear to fit an Arrhenius equation of the approximate form log 
(k,,,'/s-') x 5 - 610 where 0 = 2.303RT kcal mol-'. 

J A ~  ANTHONY HOWARD et JOHN CHARLES TAIT. Can. J. Chem. 54,2669 (1976). 
On a prepare les radicaux trimethylgermylperoxy et triphenylgermylperoxy et on a 6tudi6 

leur comportement cinetique par les techniques de resonance paramagnetique Clectronique. A 
basse temperature (< -50 "C) ces radicaw existent en equilibre avec le tetraoxyde. Dans les 
limites des erreurs expkrimentales, les parametres thermodynamiques pour cet equilibre 
(-AH0 x 11.5 kcal mol-' et -AS0 x 26.5 cal deg-' mol-') sont les memes pour les d e w  radi- 
caux. Au dessus de - 50 "C les radicaw (CH,),GeO2 et (C6H,),Ge02 se dtcomposent d'une facon 
irreversiblepar un processus unimoleculaire. Le (C,Hd,Ge02 est un peu moins stable que le 
radical (CH,),GeO,; il semble toutefois que la decomposition des deux radicaux suit une 
equation d'ArrhCnius de la forme approximative log (kePr1/s-') x 5 - 610 od 0 = 2.303RT 
kcal mol-'. 

[Traduit par le journal] 

Introduction 
Hydrocarbon peroxy radicals have been 

thoroughly studied by kinetic electron spin 
resonance spectroscopy (KESR) and the kinetics 
and mechanisms for their self-reaction are now 
reasonably well understood (14). There has, 
however, been only one preliminary report of 
the related Group IVb organometallic peroxy 
radicals and that was concerned primarily with 
their preparation and esr spectra (7). We now 
report the results of a detailed KESR study of 
the decay of two typical organogermylperoxy 
radicals, (CH,), GeO, and (C,H,),GeO,. This 
study has revealed some intriguing differences 
in the kinetic behavior of hydrocarbon peroxy 
and organogermylperoxy radicals. 

Experimental 
Materials 

Trimethylgermane was prepared by reduction of tri- 
methylgermyl bromide (Pierce Chem. Co.) with tri-n- 
butyltin hydride (Ventron, Alfa Products). Triphenyl- 

'For Part I see ref. 7. 
'NRCC No. 15330. 
,NRCC Research Associate 1975-1976. 

germane was prepared from the bromide (Alfa Inorganics 
Inc.) by reduction with lithium aluminum hydride. The 
crude product was recrystallized from n-pentane; mp 
47 "C, lit. (8) mp 42.5-45 "C. Tetramethylgermane was 
obtained from Ventron, Alfa Products. Triphenylgermyl 
hydroperoxide was prepared from triphenylgermyl bro- 
mide by the method of Dannley and Farrant (9). 

Radical Production 
Trimethylgermylperoxy and triphenylgermylperoxy 

radicals were broduced in a silica tube (Subrasil. 4 mm 0.d.) 
directly in the'cavity of a Varian E-4 ESR spectrometer by 
photolyzing di-t-butyl peroxide (5%) in oxygen saturated 
toluene, cyclopropane, or cyclopentane containing the 
organogermyl hydride. 

where R is CH, or C6H,. 
Trimethylgermylperoxyl was also prepared from tri- 

methylgermyl bromide and sodium atoms in a matrix of 
cyclopentane in a rotating cryostat (10). 

Kinetic Procedure 
Kinetic and thermodynamic parameters for irreversible 

and reversible radical decays were determined by kinetic 
electron spin resonance techniques (2-6). 
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Results 
Trimethylgermylperoxyl 

A broad singlet esr spectrum centered at 
g = 2.0245 was obtained when a mixture of 
trimethylgermane and di-t-butyl peroxide 
(DTBP) was photolyzed in an oxygenated 
solvent at -90 "C, which was attributed to 
(CH,),GeO, (7). At this temperature the radical 
did not decay irreversibly when the light was 
shuttered. As the temperature was raised 
gradually the radical concentration increased 
and did not decay until about -55 "C. In the 
temperature range - 55 to - 120 O C  the radical 
concentration could be increased by raising the 
temperature and decreased by lowering the 
temperature with no irreversible radical decay. 
Typical radical concentrations obtained in this 
temperature range are presented in Table 1. 
Trimethylgermylperoxyl is, therefore, analogous 
to t-butylperoxyl in its behavior at low tempera- 
tures and must exist in equilibrium with bis- 
trimethylgermyl tetroxide. 

The equilibrium constant Kl for this process 
is given by 

and the variation of Kl with temperature by an 
integrated form of the van't Hoff relation, 

where A S 0  and AH0 are the changes in the 
standard entropy and enthalpy. 

Values of Kl can only be calculated if the 
radical concentration at complete dissociation, 
[(CH3)3Ge0,]max, can be measured since 

TABLE 1 .  The concentration of 
(CH3),Ge02 in the dark as a function 

of temperature4 

Temperature 106[(CH3),Ge0,] 
("C) (MI 

"In cyclopropane. The radical was generated 
by photolysis at -87 "C, the light was then 
switched off and the temperature changed 
randomly. 

[41 [(CH,)3Ge04Ge(CH3)31 = FIG. 1. Variation of the concentration of (CH3),Ge02 
with temperature in the range where irreversible radical 

1 
2 {[(CH3)3Ge0,]max - [(CH,),GeO,]) decay does not occur. 

IJnfortunately, [(CH,),GeO,],, could not be 
estimated because the radical began to decay 
irreversibly before the tetroxide was completely 
dissociated. 

There are two methods of estimating AS0 
and AH0 in this situation. First, values of 
[(CH3)3Ge0,]ma,, AH0, and A S 0  which give the 
best fit between experimental and predicted 

curves for the variation of [(CH3),Ge0,] with 
temperature can be computed (3). 

A plot of the experimental and calculated 
data is presented in Fig. 1 with the solid line 
representing the calculated curve for AH0 = 
- 11.4 kcal mol-' and AS0 = - 31.1 cal deg-' 
mol-l. Thermodynamic parameters estimated 
by this procedure are, however, subject to 
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HOWARD AND TAIT 267 I 

FIG. 2. A plot of 2 In [(CH,),GeO,] as a function of the 
reciprocal of the absolute temperature in the range where 
irreversible radical decay does not occur. 

fairly substantial errors because the shape of the 
plot of [(CH3),Ge02] us. temperature in the 
region T < - 80 "C is rather insensitive to small 
changes in AH0 and [(CH3),Ge02],,,. We do, 
however, believe that AH0 is accurate to + 0.5 kcal mol-' and AS0 to + 4 cal deg-' mol-'. 

The alternative approach is to assume that at 
the lowest temperature most of the radicals 
exist as tetroxide. The slope of a plot of 2 In 
[(CH,),GeO,] against 1/T then gives AH0. 
Such a plot for (CH,),GeO2 is shown in Fig. 2 
and the slope of this plot yields an enthalpy 
change of - 10.5 kcal mol-', in good agree- 
ment with the value obtaine'd by the first 
procedure. Since [(CH,),GeO2],,, must be 
greater than the highest concentration of radicals 
that could be regenerated (1.5 x lov5 M) AS0 
must be < -32 cal deg-' mol-'. 

We have previously reported (7) that tri- 
methylgermylperoxy radicals prepared in a 
rotating cryostat in cyclopropane disappeared 
immediately the solvent melted and did not 
reappear upon warming the sample to -40 "C. 
We have carefully repeated this experiment 
using cyclopentane as solvent. We now find that 
(CH,),GeO, can be detected when the solvent 
melts and is indefinitely persistent up to - 50 "C. 
Below - 50 "C temperature jump experiments 
confirmed that this radical exists in equilibrium 
with a diamagnetic dimer. Our previous failure 

TIME/s TlMEls 

FIG. 3. Plots of In [(CH,),GeO,] against time at -36 
and - 20 "C. The open and filled circles represent decays 
of radicals that were generated with 100% and 3% light 
intensity, respectively. 

to observe the equilibrium in cyclopropane 
may be due to the difficulties associated with 
using this solvent as a matrix for rotating 
cryostat studies. 

Above - 50 "C photochemically generated 
trimethylgermylperoxyls decayed irreversibly 
when the light was shuttered. Plots of the 
reciprocal of the radical concentration against 
time exhibited pronounced curvature while 
plots of the logarithm of the concentration 
against time were linear. 

These results imply that radical decays were 
first-order rather than second-order. The slopes 
of the first-order plots at the lower tempera- 
tures were, however, dependent on the initial 
radical concentration, increasing slightly when 
the initial radical concentration was decreased 
by a factor of ca. 30 (see Fig. 3A). This dif- 
ference in slopes was less marked at the higher 
temperatures (Fig. 3B) and decays were truly 
first-order over the entire concentration range. 
Typical 'apparent' first-order rate constants 
(k,,,') are presented in Table 2. 

In the first-order decay region plots of the 
logarithm of the steady-state radical concentra- 
tion against the logarithm of the intensity of the 
initiating light gave an intensity exponent of 
1.0, the value expected for truly first order 
decay (Fig. 4). 

Interestingly trimethylgermylperoxyl was the 
only radical that could be detected during pho- 
tolysis of DTBP and tetramethylgermane in 
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TABLE 2. Rate constants (k,,,') for 
irreversible first-order decay of 

(CH,),GeO, at different temperatures" 

Temperature kePr1 
("C) (s) 

"The initial radical concentration was about 
10" M in toluene. 

oxygen-saturated cyclopropane. This radical 
was identified by its g-factor (2.024), its first- 
order irreversible decay parameters (e.g. 
kePr1(-40 "C) x 0.2 s-') and the thermody- 
namic parameters for reversible dimerization 
(AH0 x - 10 kcal mol-' ; AS0 < - 30 cal deg-' 
mol-'). 

In the absence of oxygen trimethylgermyl- 
methyl, (CH,),GeCH,' is the only radical 
that can be detected (11). The peroxy radical 
derived from this radical would have a g-factor 
similar to the characteristic value for alkyl- 
peroxy radicals, i.e. x2.015 (12). Furthermore, 
it should behave kinetically like other primary 
alkylperoxy radicals and be relatively short- 
lived (1). The detection of an organogermyl- 
peroxy radical in the presence of oxygen implies 
that organogermyl radicals are formed although, 
because of the long lifetime of (CH,),GeO,, 
they may be a very small fraction of the total 
radical concentration. 

There are two possible mechanisms for the 
production of a germyl radical in this system 

(9 Non-terminating interactions of (CH,),- 
GeCH202 would give trimethylgermylmethoxy 
radicals which could undergo B-scission to give 
(CH3),Gea and formaldehyde : . 

This mechanism is not unreasonable when one 
considers that Ingold (13) has found rate 
constants of about lo4 M-' s-' for the peroxy 
radicals produced by photolysis of t-butylacetyl 
peroxide in an oxygen-saturated solvent. By 
analogy with other primary alkylperoxy radicals 
(CH3),CCH202 should have a termination rate 
constant -lo8 M-' s-' (1). A rate constant 

VOL. 54, 1976 

I og (Intensity 

FIG. 4. A plot of the logarithm of the steady-state 
concentration of (CH,),GeO, against the logarithm of 
the light intensity. 

four orders of magnitude below the expected 
value ,could be indicative of interference from 
(CH3)3C02. 

(ii) Self-destruction of (CH3),GeCH202 by 
the Russell mechanism (14) would lead to the 
formation of trimethylgermylcarbinol and tri- 
methylgermylcarboxaldehyde 

(CHJ)JGeCHO f O2 + (CHJ)JG~CH~OH 

Reaction of t-butoxy radica!s with (CH,),- 
GeCHO would give (CH,),GeC(O) which could 
either decarbonylate or add oxygen : 

(CH,),GeC(O)O, could also give (CH3),GeS by 
the following series of reactions : 

+ 2(CH3),Gee + CO, 

At the present time we are inclined to favor 
the first mechanism because tetraethylgermane 
and tetra-n-butylgermane both give germyl- 
peroxy radicals4 when photolyzed in the presence 

4The yield of germylperoxy radicals in these systems was, 
however, quite low relative to the yield of alkylperoxy 
radicals. 
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HOWARD AND TAIT 2673 

FIG. 5. (A) The variation of the concentration of 
triphenylgermylperoxy radicals with time during con- 
tinuous photolysis, a to b;  and after the light was shuttered, 
b to c. (B) First- and second-order plots for the decay of 
( C ~ H , ) ~ G ~ O Z .  

of DTBP and 0,. The alkylperoxy radicals from 
these substrates give ketones by Russell termi- 
nation, compounds that would not be expected 
to yield trialkylgermyl radicals. 

where R = C2H5 or n-C,Hg and R' = CH, or 
n-C3H7. 

Triphenylgermylperoxy 
Photolysis of DTBP and triphenylgermane in 

oxygen saturated cyclopropane and toluene at 
-96 "C gave (C,H,),GeO, (broad singlet, 
g = 2.0245). At this temperature this radical 
decayed rapidly when photolysis was interrupted 
and plots of the reciprocal radical concentration 
against time were linear. The intensity exponent 
for the steady state radical concentration was 
0.5. Triphenylgermylperoxyl must, therefore, 
decay at -96 "C by a second-order process. 
The bimolecular rate constant (k,,:) was deter- 
mined at two initial radical concentrations 
(1.6 x and 4.8 x M )  and the average 
value of k,,: was 5.35 x lo7 M-' s-'. 

Triphenylgermylperoxy radicals were re- 
generated when the temperature was increased 

from -96 "C and temperature jump experi- 
ments indicated that this radical exists in equi- 
librium with bistriphenylgermyl tetroxide. 

[91 2(C6H5)3Ge02 k ( ~ 6 ~ , ) 3 ~ e ~ 4 ~ e ( C 6 H 5 ) 3  r, 
The bimolecular rate constant measured at 

- 96 "C must, therefore, be the rate constant for 
combination of (C,H,),GeO, to give (C,H,),- 
GeO,Ge(C,H,),, r.e., k,,: 5 kg. The only 
other rate constant that has been reported for 
dimerization of peroxyl radicals is the value of 
6 x 106 M-' s-' obtained by Simic and Hayon 
for the peroxy radical derived from dihydrothy- 
mine (15). 

As with (CH,),GeO, equilibrium constants 
for reaction 9 could not be calculated because 
(C,H,),GeO, decayed irreversibly before com- 
plete dissociation of the tetroxide. A plot of 
2 In [(C,H,),GeO,] us. l/T, however, yielded 
AH0 = - 11 kcal mol-' and AS0 < -30 cal 
deg-' mol-'; parameters almost identical with 
those for (CH,),GeO, . 

Above - 60 "C triphenylgermylperoxyls 
decayed irreversibly (see e.g., Fig. 5 A). Plots of 
In [(C6H5),Ge02] and 1/[(C6H5)3Ge02] against 
time were not linear (Fig. 5B) indicating that 
rates of radical decay were neither first- nor 
second-order. In fact the overall reaction 
appeared to have a radical concentration 
exponent of 0.5. If, however, very low initial 
radical concentrations were generated, radical 
decays followed first-order kinetics. At higher ' 
temperatures radical decays were first-order 
over the entire concentration range and the 
intensity exponent was exactly 1.0. First-order 
rate constants (k,,,') were independent of the 
concentration of hydride and oxygen and were 
identical in toluene and t-butylbenzene. The 
values of k,,,' did, however, depend on the 
concentration of DTBP, decreasing by almost 
a factor of two when the concentration of 
DTBP was increased from 0.5 to 10 M. A 
decrease in k,,,' of this magnitude going from 
10% DTBP to nearly 100% DTBP can probably 
be attributed to a solvent effect. Typical values 
of k,,,' for (C,H,),GeO, are presented in 
Table 3. 

(C,H,),GeO, was also generated by photolysis 
of deoxygenated toluene containing triphenyl- 
germyl hydroperoxide. The kinetic behavior of 
(C,H,),GeO, produced in this way was identical 
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TABLE 3. Values of the first-order rate 
constant keqrl for (C,H,),GeO," as a 

funct~on of temperature 

Temperature k,,,' 
("C> ( 4  

"Produced by photolyses of DTBP (0.5 ~ z n  
oxygenated toluene containing triphenylgermyl 
hydride (0.01 M). 

with that described above for the radical formed 
from (C6H5),GeH, DTBP and 0,. 

Discussion 
Radical-Dimer Equilibrium 

(CH,),GeO, and (C6H5),Ge0, at low tem- 
peratures exist in equilibrium with the appro- 
priate tetroxide. In this respect they are 
analogous to tertiary alkylperoxy radicals such 
as (CH,),CO, which exists in equilibrium with 
di-t-butyl tetroxide. 

Enthalpy changes for dimerization of 
(CH,),GeO, and (C6H5),Ge02 are about 11 
kcal mol-' and are at least 3 kcal mol-' larger 
than values of AH0 for alkylperoxyls (1). If the 
activation energy for dimerization of peroxyls 
is small (vide infra) this enthalpy difference 
suggests that the central 0-0 bond in organo- 
germyl tetroxides is at least 3 kcal mol-' 
stronger than the corresponding bond in alkyl 
tetroxides. 

Entropy changes for dimerization of (CH,),- 
GeO and (C6H5),Ge0, are about 30 cal deg-' 
molf and are similar to the value of AS0 for 
t-butylperoxyl. Entropy changes of this magni- 
tude are consistent with a radical-radical 
dimerization process. 

The rate constant for dimerization of 
(C6H5),Ge0, of -5 x lo7 M-' s-' is about two 
orders of magnitude below the diffusion con- 
trolled limit. A rate constant of this magnitude 
suggests an activation energy for dimerization 
of about 1.5 kcal mol-'. 

Irreversible Decays 
Above - 50 "C organogermylperoxyls decay 

irreversibly with rates that are not a simple 
function of the radical concentration. At low 
initial radical concentrations and higher 
temperatures decays are, however, first-order. 

Most free-radicals (R'), including alkyl- 
peroxyls, undergo self-reaction by a second- 
order process (16), i.e., - d[RS]/dt a [R'I2. There 
are, however, a number of persistent radicals 
which decay by first-order kinetics, i.e. 
- d[Re]/dt a [R'] (17-20).Theseunusual kinetics 
have been attributed to the occurrence of a 
rapid but reversible, dimerization of the radicals, 
i.e. R' + R' + R,, where R, is the dimer (17, 18). 
If the equilibrium lies to the right and the 
radical concentration is high, -d[RS]/dt can be 
proportional to [R']. Irreversible decays of 
organogermylperoxyls are unique compared 
with other radical decays because the concentra- 
tion exponent is < 1.0 at high radical concentra- 
tions becoming first-order at low radical con- 
centrations. These observations would fit the 
third situation envisaged by Brokenshire, 
Roberts, and Ingold (18) to account for first- 
order decay kinetics. Thus if the radicals are in 
equilibrium with a dimer and decay irreversibly 
by a true unimolecular reaction, i.e., 

11 
kll R' + Stable molecular products 

the rate of radical decay is given by 

Clearly if 4Klo[R'] >> 1, -d[R']/dt is inde- 
pendent of [R'] whereas if 4Klo[R'] << 1, 
- d[R']/dt K [R']. 

Decays of organogermylperoxyls are certainly 
consistent with eq. 12 and the non-integral decay 
curves exhibited by (CH,),GeO, and (C6H5),- 
GeO, can be constructed from the integrated 
form of eq.12 with measured values of k,,,' and 
values of -AH0 of 1 1 - 12 kcal mol-' and -AS0 
of 23-30 cal deg-' mol-'. Furthermore steady- 
state radical concentrations were directly pro- 
portional to the light intensity, good evidence 
for a true unimolecular radical decay (18). 

There would, therefore, appear to be compel- 
ling kinetic evidence that (CH,),GeO, and 
(C6H5),GeO, decay unimolecularly. The most 
obvious unimolecular reaction is decomposition 
to give a germyl radical and oxygen. 

Organogermylperoxy radicals are, however, 
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HOWARD AND TAIT 2675 

unlikely to undergo this reaction at subambient 
temperatures because of the strength of the 
Ge-0 bond. Furthermore, the organogermyl 
radical formed in reaction 13 would disappear 
by scavenging R3Ge02. 

[I41 R3Ge02 + R,Ge' + R3Ge02GeR3 

Reactions 13 and 14, even if [13] is reversible and 
the peroxy radicals are in reversible equilibrium 
with tetroxide, do not give a rate expression 
that can be zero-order in R3Ge02. 

There are several alternative modes of uni- 
molecular decomposition of hydrocarbon per- 
oxy radicals (12). These reactions are, however, 
only important at elevated temperatures. At 
the present time we are actively engaged in an 
investigation of the products of decomposition 
of organogermylperoxy radicals in the hope 
that they will help to explain their unusual 
kinetic behavior. 
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Excess volumes of binary mixtures of an alcohol + diethylketone 
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KALLURU S. REDDY, MURARI VENKATA P. RAO, and PULIGUNDLA R. NAIDU. Can. J. Chem. 
54,2676 (1976). 

Excess volumes of mixtures of 1-propanol +, 1-butanol +, 1-pentanol +, and 1-hexanol + 
diethylketone have been measured at 303.15 and 313.15 K. Of the four mixtures included here 
1-propanol + diethylketone shows an inversion in sign in vE at 313.15 K. vE becomes more 
positive with increase in temperature. 

KALLURU S. REDDY, MURARI VENKATA P. RAO et PUL~GUNDLA R. NAIDU. Can. J. Chem. 
54,2676 (1976). 

On a mesure, a 303.15 et A 313.15 K, les volumes d'excts de melange de propanol-1 +, de 
butanol-1 +, de pentanol-1 + et d'hexanol-1 + pentanone-3. Parmi les quatre melanges 
examines dans cette etude, il existe une inversion dans le signe de V B 3 13.15 K pour le mtlange 
propanol-1 + pentanone-3. Dans ce cas V E  devient plus positif lorsqu'on augmente la 
tempkrature. 

[Traduit par le journal] 

Introduction 
In continuation of earlier work on excess 

volumes of binary mixtures of alcohols in a 
common solvent (I), V values for mixtures of 
1-propanol +, 1-butanol+ , 1-pentanol +, and 
1-hexanol + diethylketone at 303.15 and 3 13.15 
K are reported here. A literature survey showed 
that no one has reported VE data for the 
mixtures of the four alcohols with the ketone. 

Experimental 
Excess volumes of the four binary mixtures were 

measured using the dilatometer described by Rao and 
Naidu (1). The values are accurate to k0.003 cm3 mol-'. 
The alcohols were purified by the methods described by 
Rao and Naidu (1). Diethylketone was dried over potas- 
sium carbonate for 3 days then boiled for 2 h and distilled 
(2). The purity of diethylketone was checked by com- 
paring the values of density p and boiling temperature 
Tb with those reported in the literature: p(303.15 K) = 
0.80455 g cm-3 (lit. 0.80461 g cm-3 (3)); Tb = 375.05 K 
(lit. 375.15 K (3)). 

Results 
Excess volumes at 303.15 and 313.15 K of 

the four binary mixtures are given in Figs. 1 to 
4.' These results may be represented by an 

'Photocopies of the data are available, upon request, at 
a nominal charge from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 

empirical equation of the form 

[I] VE/xAxB cm3 mol-' = a, + a,(xA - x,) 

the values of a,, a,, and a, obtained by the 
method of least-squares are given in Table 1 
along with the standard deviation a(VE) .  This 
fit was not attempted in the case of 1-butanol +, 
1-pentanol + diethylketone at 303.15 K as 
their VE values were very small. 

0.1 0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7  0 . 8  0 . 9  

MOLEFRACTION OF DIETHYLKETONE 

FIG. 1. Plot of V E  as a function of composition for 
diethylketone and 1-propanol system. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



REDDY ET AL. 2677 

TABLE 1. Standard deviation o(VE) and values of the constants in eq. 1 

Temperature 0 (VE) 
System (K) 00 a1 a2 (cm3 mol-') 

Diethylketone + 1-propanol 303.15 -0.1315 0.0511 0.0488 0.004 
Diethylketone + 1-hexanol 303.15 0.0529 - 0.0069 0.0281 0.001 
Diethylketone + 1-propanol 313.15 0.0130 0.1448 0.0079 0.005 
Diethylketone + 1-butanol 313.15 0.0614 0.0323 0.0165 0.001 
Diethylketone + 1-pentanol 313.15 0.0608 0.0033 -0.0159 0.001 
Diethylketone + 1-hexanol 313.15 0.1287 0.1035 0.0215 0.002 

1 1 1 1 1 1 1 1 1 1 1  
0.1 0 . 2  0.3 0 . 4  0 . 5  0 . 6  0 .7  0 . 8  0 .9  

MOLEFRACTION OF DIETHYLKETONE 

FIG. 2. Plot of VE as a function of composition for 
diethylketone and 1-butanol system. 

0.1 0 . 2  0.3 0 . 4  0 . 5  0 . 6  0.7 0 . 8  0 .9  

MOLEFRACTION OF OIETHYLKETONE 

FIG. 3. Plot of VE as a function of composition for 
diethylketone and 1-pentanol system. 

Discussion 
The values of V at 303.15 K are negative 

over the entire range of composition for l-pro- 
pan01 + diethylketone. The values of VE of 
1-butanol + , 1-pentanol + diethylketone are 
within the experimental error. The values of 
V E  of 1-hexanol + diethylketone are positive 
over the entire range of composition. The 
function V at 3 13.15 K shows an inversion in 

MOLEFRACTION OF OIETHYLKETONE 

FIG. 4. Plot of VE as a function of composition for 
diethylketone and 1-hexanol system. 

sign at about 0.45 mole fraction of ketone in the 
case of 1-propanol + diethylketone. The VE 
values of the other three mixtures are positive 
over the entire range of composition. A com- 
parison between the V E  values at 303.15 and 
313.15 K shows that V becomes more positive 
with increase in temperature in the fow mix- 
tures. The results of the four systems fall in the 
order : 
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Erratum: Thermodynamics of ester and orthoester formation from 
trifluoroacetic acid 

J. PETER GUTHRIE 
Departn~ent of Chernisfry, University o f  Western Ontario, 

London, Ont., Canada N6A 5B7 

Received June 4, 1976 

(Ref.: Can. J. Chem. 54,202 (1976)) 

On page 208, the first sentence in the left-hand column should read ". . . but a negligible effect 
upon hydration of carboxyl compounds is quite mysterious". 
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COMMUNICATIONS 

[4]Annulene. Comments on its infrared spectrum' 

SATORU MASAMUNE, YOSHIKAZU SUGIHARA, KAZUHIKO MORIO, AND JOHN E. BERTIE 
Department of Chemistry, University of Alberta, Edmonton, Alta., Canada T6G 2G2 

Received May 17, 1976 

SATORU MASAMUNE, YOSHIKAZU SUGIHARA, KAZUHIKO MORIO, and JOHN E. BERTIE. Can. J. 
Chem. 54, 2679 (1976). 

A photo-precursor (4) of [4]annulene (1) has been irradiated at 4-10 K in argon. The infrared 
spectrum of the photolysate shows two strong bands at 1240 cm-1 and 570 but, in contradiction 
to an earlier claim, one at  650 cm-1 is missing. The discrepancy between this and the earlier 
observation is explained, and comments on the infrared spectrum of 1 are made. 

SATORU MASAMUNE, YOSHIKAZU SUGIHARA, KAZUHIKO MORIO et JOHN E. BERTIE. Can. J. 
Chem. 54,2679 (1976). 

On a irradie, B 4-10 K dans l'argon, un photoprkurseur (4) du [4]annuGne (1). Le spectre 
infrarouge du photolysat prksente deux bandes intenses B 1240 et 570cm-1; toutefois par 
opposition avec une prktention antkieure, la bande B 650 cm-1 est absente. La diffkrence entre 
cette observation et celle rapportee antkrieurement est expliquk et on fait des commentaires 
sur le spectre infrarouge de 1. 

[lraduit par le journal] 

Recent intense studies on [4]annulene (cyclo- geometry (D4h) (Cf. that of 2), drawn from the 
butadiene) (1) and its derivatives have sub- analysis of the infrared spectrum of 1 generated 
stantially enriched the knowledge of this in- from a-photopyrone (3), is almost entirely based 
triguing system (for recent reviews see ref. I). on the observation of four bands at 3040cm-l, 
The full characterization of an appropriately2 
substituted crystalline derivative (2) has led to 
the unambiguous demonstrations, (i) that the 
ground state of 2 is singlet (2a, 2b) and (ii) that 

wo 
3 

the geometry of 2 is definitely not square, but a 
slightly distorted rectangle (2c). The successful 
isolation of the parent species (1) in an argon 
matrix has allowed an infrared spectrum of 1 to 
be obtained (3), and trapping of 1 in an organic 
matrix has made possible the recording of its 
ultraviolet spectrum (4). 

The conclusion that 1 possesses square 

lsupported by a National Research Council of Canada 
grant. 

1240 (or 1236), 650 (or 653), and 570 (or 573). 
Group theory predicts four infrared-active 
fundamentals for D4h symmetry and more than 
four for less symmetrical [4]annulenes. While we 
could reproduce the results published by two 
other groups (3), we wished to confirm that our 
[4]annulene precursor (4) utilized for the ultra- 
violet spectral measurement (vide supra) (4) 
yields the same infrared spectrum of 1 as that 
reported, if photolyzed at 4-10 K in argon. It was 
found that the photo-induced cleavage of 4 pro- 
ceeded more efficiently by far than that of other 

- 
2The substitution pattern in 2 is such that C(1)-C(2) 

and C(1)-C(4) can attain equivalence if the T-electrons 4 5 

are fully delocalized. The first crystalline derivative was precursers such as 3, (5 ) ,  and ' (6), as 
elegantly synthesized by Kimling and Krebs ( 2 4 .  expected from the structure of 4. Photolysis 
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(2537 A) of 4 was indeed essentially complete in 
1 h without side reactions such as the formation 
of acetylene (3b), as evidenced by the chemical 
analysis of the products. The infrared spectrum 
clearly showed the two strong bands at 1240 
cm-l and 570: but, in contradiction to the 
earlier observation, the one at 650cm-I was 
missing. In the region between 690 cm-l (where 
a weak band due to a vibration of phthalan 
appears) and 570 cm-l, there was absolutely no 
absorption. Professor Maier recently informed 
us that in attempts to generate 1 from pyridine 

(via 5 (3b)) in his laboratory, only the two bands 
at 1240 cm-I and 570 were observable. but none 
at the 650cmU1, and that 6 exhibited after ir- 
radiation the four bands previously reported 
(vide supra) with a small splitting (4 cm-l) of the 
band at 1240 cm-l (lb).4 Therefore, it is reason- 
able to conclude that the band at 650 cm-' is 
NOT attributable to a vibration of 1 but appears 
only when C 0 2  is a formal by-product of the 
photolysis. 

Maier has accun~ulated convincing evidence 
that 1 has the strong propensity to form a 
charge-transfer complex whenever a species pos- 
sessing acceptor properties exists in the neighbor- 
hood of 1 (lb). Therefore, it is probable that COz 
generated from 3 and 6 upon photolysis inter- 
acts weakly with 1, thus causing a weak splitting 
(650 cm-I and 660) of the band associated with 
the degenerate bending vibration of C02.  
Phthalan does not act as an acceptor. Thus the 
earlier assignments and discussions of the band 
near 660cm-I (3b, 3d) are now redundant, and 
the only bands attributable to [4]annulene are at 
1240 cm-l and 570, as well as the weak band (3b) 

'The C-H stretching band of 1 at 3040cm-I (3)  is 
masked by a band of phthalan which formed con- 
comitantly with 1. 

4Private communication from Professor G. Maier. 

at 3040 cm-l. The conclusion (3) that [4]annulene 
has D4h symmetry, in contrast to the rectangular 
ring of 2 (2c), rests mainly on the appearance of 
just one apparent C-C stretching vibration at 
1240 cm-l. Additional experimental evidence to 
ensure that the assignments of the infrared bands 
of 1 are correct is highly desirable. A suggestion 
has already been made to this end (la) and ex- 
periments are in p r o g r e s ~ . ~ , ~  

1. (a )  S. MASAMUNE. Pure Appl. Chem. 44, 861 (1975); 
(6 )  G .  MAIER. Angew. Chem. Int. Ed. Engl. 13, 425 
(1974). 

2. (a)  S. MASAMUNE, N. NAKAMURA, M. SUDA, and H. 
ONA. J. Am: Chem. Soc. 95, 8481 (1973); (b) R .  S. 
BROWN and S. MASAMUNE. Can. J. Chem. 53, 972 
(1975); (c) L. T. J. DELBAERE, M. N. G. JAMES, N. 
NAKAMURA, and S. MASAMUNE. J. Am. Chem. Soc. 97, 
1973 (1975); (d) H.  KIMLING and A. KREBS. Angew. 
Chem. Int. Ed. Engl. 11, 932 (1972). 

3. (a)  C. Y .  LIN and A. KRANTZ. J. Chem. Soc. Chem. 
Commun. 1111 (1972); (6)  0. L. CHAPMAN, C. L. 
MCINTOSH, and J. PACANSKY. J. Am. Chem. Soc. 95, 
614 (1973); (c) 0. L. CHAPMAN, D. DE LA CRUZ, 
R.  ROTH, and J. PACANSKY. J. Am. Chem. Soc. 95, 
1337 (1973); (6) A. KRANTZ, C. Y. LIN, and M. D. 
NEWTON. J. Am. Chem. Soc. 95, 2744 (1973). 

4. (a)  S. MASAMUNE, M. SUDA, H. ONA, and L. M. 
LEICHTER. J. Chem. Soc. Chem. Commun. 1268 
(1972); (b)  G.  MAIER and B. HOPPE. Tetrahedron Lett. 
861 (1973). 

5. K. E. WILZBACH and D. J. RAUSCH. J. Am. Chem. 
SOC. 92, 2178 (1970). 

6. E. HEDAYA, R. D. MILLER, D. W. MCNEIL, P. E. 
D'ANGELO, and P. SCHISSEL. J. Am. Chem. Soc. 91, 
1875 (1969). 

5It may be noted that the available data permit two 
interpretations of D,, symmetry for [4]annulene. First, 
the potential energy surface may have its minimum a t  this 
geometry, so that the ring is square. Second, the potential 
surface of the singlet state may have two minima, which 
correspond to the two rectangular (D2,) conformers, and 
the barrier at  the square geometry between these two 
conformers may be lower than the zero-point energy of 
the B,, normal vibration (under D4J which causes this 
change in geometry. The frequency of the B1, vibration is 
probably close to that of the infrared-active E,, mode, 
1240 cm-1. If this is so, the maximum height of the above 
barrier must be about 2 kcal/mol. In this case the 
molecular symmetry can be termed 'quasi-D4,', and the 
ring 'quasi-square'. 

6We thank Professor G. Maier for sending us, prior to 
publication, a preprint of his manuscript that has 
prompted us to disclose our findings as a preliminary, 
interim report of the project. We are also grateful to 
I'rofessor G .  Closs for his valuable suggestions. 
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The pseudobase behaviour of 1,3-disubstituted-1,2-dihydro-2- 
oxopyrimidinium cations 

OSWALD S. TEE AND MASAKI ENDO 
Department of Clzemistry, Slr George Williams Campus, Cotzcordia Utliuersity, Motztreal, P.Q., Canada H3G IM8 

Received August 5, 19751 

OSWALD S. TEE and MASAKI ENDO. Can. J. Chem. 54, 2681 (1976). 
The title cations form pseudobases in aqueous solution as shown by their uv and pmr spectra. 

Of the two potential pseudobases possible when the substitution is unsymmetrical, the pre- 
ferred one is that having the hydroxyl group adjacent t o  the less bulky substituent. Aside from 
this steric influence, the pKRoH values for the pseudobases are determined by simple electronic 
effects since they give reasonable correlations with Taft's U* values. 

OSWALD S. TEE et MASAKI ENDO. Can. J. Chem. 54, 2681 (1976). 
Les cations ci-haut mentionnks forment des pseudobases en solution aqueuse tel que demontre 

par leurs spectres uv et rmp. Lorsque la substitution est nonsymktrique, deux pseudobases 
potentielles sont possibles et celle qui est prCfkr6e est celle qui posskde le groupement hydroxyle 
adjacent au substituant le moins volumineux. A part cette influence stkique, les valeurs de 
pKRoE pour les pseudobases sont dkterrninks par les effets Clectroniques simples vu qu'ils 
donnent des corrClations raisonnables avec les valeurs U* de Taft. 

[Traduit par le journal] 

Introduction 
The concept of pseudobase formation by 

quaternary heterocyclic cations was first put 
forward at the turn of the century by Hantzsch 
(I). Since that time it has entered the folklore of 
heterocyclic chemistry, and yet it is only recently 
that quantitative studies have been made. More 
particularly, it is only within the last decade that 
the effects of substituents upon equilibrium 
pseudobase formation have been considered to 
any great extent. 

Cooksey and Johnson (2) have measured 
equilibrium constants (KRoH) for pseudobase 
formation by N-cyanoquinolinium cations bear- 
ing substituents mainly in the benzenoid ring. 
For the equilibrium [I] between the quaternary 
heterocyclic cation (Qf) and its pseudobase 

[ I ]  Q+ + H 2 0  $ QOH + H+ 

'Revision received May 3, 1976. 

(QOH) the equilibrium constant KRoH = 

[QOH][H+]/[Q+]. Usually this is used in its 
logarithmic form pKRoH (= - loglO KROH) 
which is on the same scale as the pK, values of 
Brransted acids. For equilibria of the type 1 2, 
Cooksey and Johnson (2) found a good correla- 

tion between pKRoH and the constant a, (3) for 
the substituent Y, with a p value of -6.16. For 
substituents at other positions in the benzenoid 
ring of 1 (Y =H) they obtained correlations 
using a combination of substituent constants, 
and p values also around - 6. 

More recently, Bunting and Meathrel(4) have 
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2682 CAN. J. CHEM. VOL. 54, 1976 

studied various quinoliniun~, isoquinolinium, 
and 1,8-naphthyridinium cations bearing differ- 
ent substituents on the quaternary nitrogen. 
Their data give reasonable correlations with 
Taft's U* substituent constant (5). For equilibria 
of the type 3F? 4 they found that for various 

substituents R, pKRoH = - 3 . 7 ~ "  + 11.6, and 
for equilibria 5 6 they found that pKRoH = 

- 4 . 9 ~ *  + 12.5. In addition, they point out that 

Lindquist and Cordes (6) obtained a value of 
p* = -3.7 for the formation of 1,4-dihydro 
adducts between cyanide ion and N-substituted 
3-carbamoyl pyridinium cations. 

We have studied the formation of pseudobases 
from 1,2-dihydro-2-oxopyrimidinium cations 7 
and find that their pKRoH values also correlate 
reasonably well with u* and give p* values 
around -4. 

Results and Discussion 
We chose to study cations of the structure 7 

for three reasons. Firstly, the dimethyl cation 7 
(R1 = R2 = Me) has a value of pKRoH about 7 
(7), and so wide variations in the substituents R1 
and R2 might still result in pKRoH values acces- 
sible in the normal p H  range. Secondly, such 
cations are readily synthesized by condensation 
of an appropriate 1,3-disubstituted urea with 
malondialdehyde (8). Thirdly, for cations 7 
where the substituents R1 and R2 are different, 
there is the possibility of the formation of two 
distinct pseudobases 8a and 8b, and the propor- 

tions of these might give some insight into the 
importance of steric factors in pseudobase 
formation. 

We have synthesized 21 salts containing 13 
different cations 7 by a method previously 
reported by us (8). Two distinct series of 7 were 
made: one in which R1 = R2; one in which 
R2 = Me, R1 = various. For both series we 
were able to observe pseudobase formation in all 
cases by uv and pmr spectroscopies. In most cases 
we were also able to measure pKRoH values for 
the formation of pseudobases 8a and/or 8b. 

Ultraviolet Spectral Studies 
The uv spectral data obtained for salts of the 

cations 7 in an acid medium (1 N H2SO4, p H  = 

0.29) and in a basic medium (borate buffer, 
p H  = 9.18) are presented in Table 1. 

In the acidic medium the cations 7 exist as 
such and their absorption spectra show two 
distinct bands (9): an intense band below 210 nm 
due to a ?r T* transition, and a less intense 
band about 320 nm due to the n - T* transition. 
Where the salt contains iodide ion as the 
counterion there is an additional band about 
225 nm, which is also present in spectra taken in 
the basic medium. The n - ?r* band (-320 nm) 
shows little variation in intensity over the range 
of substituents covered. 

In the basic medium the cations 7 are present 
as pseudobases 8a and/or 8b which give rise to 
two entirely different bands a t  about 238 and 
300 nm. In some cases the former band is 
obscured by the more intense 225 nm band due 
to iodide ion. The band around 238 nm is 
consistent with the proposed pseudobase struc- 
tures 8 in that the similar structures 9 and 10 
have similar uv absorptions of similar intensity. 
In methanol 9 shows A,,, = 236nm, log e = 
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TEE AND END0 

TABLE 1.  Ultraviolet spectral data of cation 7 salts and pseudobases 8 

Cation (pH 0.29)a Pseudobase (pH 9.18)b 

R' R2 Anion X log E X loge A loge X log e 

a1 .OO N sulfuric acid. 
@odium borate buffer. 
CIn 95% ethanol. 

3.51 (lo), whereas in an aqueous medium of 
p H  5 it shows A,,, = 246 nm, log E = 3.28 (1 1). 
The structure 10, which resembles our pseudo- 
bases 8 even more closely, shows Amax = 235 nm, 
log e = 3.81 (12) (cf. Table I). 

The band at -300 nm which is shown by the 
pseudobases is probably due to an n + T* 

transition. In keeping with this, its intensity is 
markedly diminished by an N-phenyl group 
which can involve the nitrogen lone pair in 
conjugation. 

The pseudobases 8 (R1 = RZ = c-Hex or 
PhCH2) precipitate from aqueous solution, and 
so their uv spectra were taken in 95% ethanol. 
Isolation of these pseudobases enabled us to 
obtain mass spectral evidence for their structure. 

Mass Spectral Studies2 
To a concentrated aqueous solution of the 

pyrimidinium salt 7 (R1 = R2 = PhCH2) bisul- 
phate 1 N sodium hydroxide solution was added 
dropwise until precipitation was complete. The 
pale sticky yellow precipitate was collected and 
dried in air to give a glassy solid which we were 
unable to recrystallize. Mass spectra2 of this 
material, the pseudobase 8 (R1 = R2 = PhCH2), 
showed a small peak due to the parent molecular 
ion at m/e 294, a sizeable peak at m/e 292 

(M - 2), and a large peak at m/e 277 (M - 17) 
corresponding to loss of OH and the formation 
of the cation 7 (R1 = R2 = PhCH2). The largest 
peak in the spectra was always at m/e 91 and is 
almost certainly due to the benzyl/tropylium ion 
manifold. 

The pseudobase 8 (R1 = R2 = c-Hex) was 
isolated in an analogous manner from the salt 7 
( ~ 1  = RZ = c-Hex) ethyl sulphate (8). Its mass 
spectraZ also showed a relatively small parent 
molecular ion peak at m/e 278, and a large peak 
at m/e 261 corresponding to loss of hydroxyl 
and the formation of the cation 7 (R1 = RZ = 

c-Hex). 

Proton Magnetic Resonance Spectral Studies 
pseudobase formation by -all of the cations 

we have made (8) is readily observed by pmr 
(see Tables 2-5). The ring protons of the 
2-oxopyrimidinium cations give characteristi- 
cally simple spectra. When R1 = R2 the cation 7 
is symmetrical about the C2-C5 axis, so that the 
4 and 6-protons are magnetically equivalent, and 
thus a simple first-order spectrum is observed 
in which the 4,6-protons appear as a doublet 
6 -- 9, and the 5-proton as a triplet 6 - 7 (Table 
2). When R1 # R2 the cation 7 is no longer 
symmetrical and more complex spectra would 

2We thank Dr. R. T. B. Rye for kindly running mass be anticipated (Table 3).   ow ever, in the cations 
spectra. 7 (R1 = Me, RZ = Et or PhCH2) the effect of 
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TABLE 2. Proton magnetic resonance spectral data of cation 11 salts in D,O/DSS 

R Anion 4,6-H 5-H Other 

Me C1 8.90 7 .OO 3.82(NMe) 
Me HS04 8.95 7.12 3.85(NMe) 
Et C1 8.97 7.08 1 . 45(CH3), 4.28(CH2) 
Et HS04 8.95 7.07 1 . 47(CH3), 4 .  27(CH2) 
Et I 9.00 7.10 1 .48(CH3), 4. 28(CH2) 
Pr CI 8.97 7.20 0.98(CH3), 1 .8O(CH2), 4 .  17(NCH2) 
Pr I 8.94 7.00 0 .97(CH3), 1 . 80(CH2), 4. 15(NCH2) 
i-Pr EtS0, 8.99 7.18 1 . 3O(CH3CH2SO4), 1 . 55(CH3), 4 .  10(CH3CH2S04), 5.06(CH) 
n-Bu HS04 8.95 7.08 0.95(CH3), 4 .  23(NCH2) 
PhCH2 HS04 9.24 7.15 5.34(NCH2), 7.42(Ph) 
c-Hex EtS04 8.88 7.09 1 .30(CH3), 4 .08(CH2) 

aCoupling constant J5.o = 54.5 = 6.5 Hz. 

TABLE 3. Proton magnetic resonance spectral data of cation 18 salts in D20/DSS 

Anion 4-H 6- H 5-H NMe 

8.90 8.90 7.00 3.82 
8.95 8.95 7.05 3.85 
9.02 9.02 7.12 3.88 
9.02 9.02 7.10 3.86 
9.02 9.02 7.10 3.87 

9 .  02mC 7.15 3.88 
9 . OOmC 7.03 3.82 
8 .95mC 7.06 3.82 

9 ..23 9.62 7.21 3.80 
9.18 9.37 7.23 3.78 
9.03 9.03 7.10 3.84 

Other 

acoupling constants J4.s = J s , ~  = 6.5 Hz; J1.6 = 2 HZ where observable. 
bIn DMSO-ds (reference TMS). 
crn, rnultiplet. 

the alkyl groups is so similar that their spectra 
closely resemble those of symmetrical cations. 
Presumably in these cases the contributions by 
the canonical structures 7a and 7b are very 
nearly equal. In the remaining cases the 4 and 
6-protons are no longer equivalent and appear 
as a multiplet at 6 -- 9. For the cation 7 (R1 = 

Me, R2 = Ph) the signals of the 4 and 6-protons 
are well separated, each appearing as a doublet 
of doublets due to J4 ,5  = J5,6 = 6.5 Hz and 
J 4 , 6  = 2 HZ. In all cases the coupling constants 
J4 ,5  and J5.6 are essentially equal and so the 
5-proton always appears as a triplet, though 
sometimes slightly broadened. 

When 1 or 2 drops of 40% NaOD-D20 are 
added to D20  solutions of the cations 7 their 
characteristic spectra are removed and replaced 
by peaks at higher field attributable to pseudo- 

bases 8 (Tables 4,5). For the symmetrical cations 
11 only one pseudobase 12 is possible and so 
simple spectra are obtained (Table 4). For each 
pseudobase 12 the 4-proton appears as a doublet 
at 6 -- 5.3 split by the 5-H (J4,5 = 4.5 Hz), the 

6-proton as a doublet at 6 -- 6.4 split by the 
5-H ( J 5 , 6  = 8 HZ) also, and the 5-H as a doublet 
of doublets at 6 -- 5.0 ( J 4 , 5  = 4.5 Hz, 55 .6  = 
8 Hz). Appropriate signals are seen for the 
groups R in 12. 

The spectra of the pseudobases 12 (R = i-Pr 
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TEE AND END0 2685 

TABLE 4. Prolon magnetic resonance spectral data of the pseudobases 12 in NaOD/D20/DSS 

Shiftsa (6) 

R 6-H 4-H 5-H Other 

"Coupling constant Ja,s = 4.5 Hz; JS,B = 8 HZ. 
b~hese  pseudobases preclpltate from aqueous solution. For R = PhCH2, spectrum was run In DMSO-da. For R = n-Bu, c-Hex, spectra 

run in acetone-ds (TMS). 
quartet, ASAB = 0.72 ppm, JAB = 15 Hz. 

TABLE 5. Proton magnetic resonance spectral data of the pseudobases 19a5nd 19b in NaOD/D20/DSS 

Shlftsa (6) 
19a Ratlob 

R or 19b 6-H 4-H 5-H N-Me Other 19a:19b 

Me 1 9 a = 1 9 b  6.25 5.39 5.07 2.97 3.04(CH3) 5050 

Et 19a 6.30 5.38 5.10 2.97 1.11(CH3) 
196 6.27 5.38 5.08 3.03 1.14(CH3) 68:32 

i-Pr 19a 6.55 5.41 5.18 3.02 1.20,1.17(CH3) 
19b 6.53 ? ? 3.08 93 :7 

t-Bu 19a 6.58 5.27 5.04 2.94 1.43(CH3) >99:1 

c-Hex 19a 6.59 5.43 5.17 3.03 
19b ? ? ? 3.10 94:6 

Ph 19a 6.30 Complex 3.04 7.42(Ph) 
19b 6.33 3.11 7.38(Ph) 60:40 

PhCHzd 19a 6.41 5.22 4.88 2.90 7.26(Ph), 4.63(CH2) 
196 6.37 5.13 4.86 3.03 7.26(Ph), 5.17, 4.92, 4.38, 4. I ~ ( c H ~ ) " ~ : ~ ~  

acoupling constant J4.s = 4.5 Hz; JS.B = 8 HZ where observable. 
bRatio determined from peak heights of N-Me signals in 19a and 19b. 

quartet, A ~ A B  = 0.74 ppm. JAB = 15 HZ. 
dIn DMSO-do. 

or PhCH2) are interesting in that they show 
diastereotopic nuclei (13). In the case of 12 
(R = PhCH2) the methylene protons of one 
benzyl group appear as a slightly broadened 
singlet (area 2) at 6 4.67, whereas those of the 
other give rise to four peaks3 at 6 4.20,4.45,4.97, 
and 5.22 corresponding to an AB quartet (14) 
centered at 6 4.7 1 with a chemical shift difference 
of 0.72 ppm and a geminal coupling constant 
JAB = 15 HZ. We suggest that the AB quartet 
results from diastereotopic methylene protons 
in the benzyl group closest to the asymmetric 

3The peaks at 6 4.97 and 6 5.22 overlap with those of 
the 4-H and 5-H, but from the shape of the manifold in 
this region, and its integrated area it is clear that these 
peaks are truly there. 

centre in the pseudobase 13. Clearly from struc- 
ture 14 the environment of the two benzylic 
protons is quite different. Moreover, the shift 

PhCH 2Nw: 0 

CH2Ph Ph 

difference and coupling constant are very close 
to those found by other workers (15, 1614 for 
structurally related systems. Molecules of type 
15 (X # H) show diastereotopic benzylic pro- 

4L. D. Colebrook and F. H. Hund, unpublished results. 
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tons due to restricted rotation about the aryl-N 
bond. For 15 (X = Me) there is an AB quartet 
centred at 6 4.73, with a shift difference of 
0.83 ppm and geminal coupling constant of Me - 83.04 
14 Hz (15). Colebrook and Hund (16)4 studied 

2 0 

Given this assumption it appears that the pre- 
dominant pseudobase is 19a formed by preferen- 
tial hydroxide attack adjacent to the less bulky 
methyl group of 18 (see Table 5). 

For example, from the cation 18 (R = Et) the 

several molecules 15 (X = Me, Cl, Br, Ph) and pseudobase lga (R = Et) has the N-Me 

found shift differences of 0.79-1.82 ppm and signal at 6 2.97, whereas the minor pseudobase 

JAB = 13.9-15.7 HZ. 196 (R = Et) has it at 6 3.03. From the cation 18 

The pseudobase 12 (R = i-Pr) shows dia- (R = i-Pr) one pseudobase greatly exceeds the 

stereotopism in both isopropyl groups. Each other, with the major one (93%) having N-Me 

isopropyl methyl doublet shows further splitting, at 6 3.02, and the minor one (7%) having 

one by -3 Hz (0.05 ppm), the other by - 1.5 Hz. N-Me at 3.08. Added the 

Presumably the larger of these splittings is Structure of the major pseudobase as lga 

associated with the isopropyl adjacent to  the (R = i-Pr) is afforded by the the 

hydroxyl group, while the smaller is that of the i s O ~ r O ~ ~ l  due diastereoto~ism 
more distant isopropyl group. The latter group, (vide The magnitude this 

though farther removed from the asymmetric (" Hz) is consistent with the i s O ~ r o ~ ~ l  group 

centre, should have diastereotopic methyls (see being distant from the hydroxyl group as in 

16 and 17). 19a (R = i-Pr). 
A similar situation arises for the pseudobases 

derived from the methyl benzyl cation 18 
(R = CH2Ph). The major component 19a (R = 

N-i-Pr CH2Ph) (67%) shows N-methyl at 6 2.90 and a 
C H singlet at 6 4.63 for the benzylic methylene. The 

H~C"CH~ 
t minor component 19b (R = CH2Ph) shows 

N-methyl at 6 3.03, and its benzylic protons 
16 17 appear as an AB quartet (6 4.13, 4.38,4.92,5.17) 

centred at 6 4.65, with a shift difference of 
From the unsymmetrical cations 18 two 0.74 ppm and JAB = 15 HZ due to the diastereo- 

pseudobases 1% and 1% may possibly be formed, topism induced by the adjacent asymmetric 
and from the Pmr spectra (Table 5) it is evident centre (vide supra). The proportions of these two 
that in most instances both are formed, though pseudobases (lga:lgb = 2:l) may be deter- 
in urIequal amounts. The problem is to decide mined by kinetic rather than thermodynamic 
which set of signals belongs to which pseudobase. factors since they precipitated from aqueous 
However, if we assume that N-meth~l Protons solution as a mixture of oils whose pmr spectra 

H OD were taken in DMSO-d6 where equilibration 
between them may be much slower. 

Both pseudobases derived from the cation 18 HKT (R = Ph) are observable, and again the major 
R R DO R one 19a (R = Ph) is that bearing the OH next to  

N-methyl. For the remaining cations 18 (R = 
18 19a '9b tert-Bu, c-Hex) only one pseudobase is clearly 

adjacent to the hydroxyl group normally occur observable which is assumed to be 19a (R = 

to higher field of those distant from it (see 20), tert-Bu, c-Hex). However, a small signal a t  
then a consistent pattern of behaviour emerges. 6 3.10 may be due to  a small amount (6%) of the 
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TEE AND END0 

TABLE 6. pKROH values of cation 7 salts in aqueous solution at 24 "C 
- 

R1 R2 Anion PKROH U* for R2 

q u o t e d  errors are the greatest deviation from the average. Number in parentheses is the number of 
values from which average was calculated. 

bc'values from Taft (5). 
CFrom ref. 7, at 20 'C. 

pseudobase 19b (R = c-Hex) derived from the 
methyl cyclohexyl cation 18 (R = c-Hex). 

In summary, it appears that where two con- 
ceivable pseudobases may arise from 18, the 
preferred one derives from hydroxide attack 
adjacent to the less bulky substituent. Moreover, 
there is a reasonable correlation between the 
proportion of the preferred pseudobase 19a and 
the bulkiness of the substituent R. 

Equilibrium Constants and Substituent EfSects 
In aqueous solution the cations 7 behave as 

weak acids due to the equilibria with their 
pseudobases 8 [I], and so values of KROH and 
pKRoH may be determined by conventional tech- 
niques (17). In Table 6 are shown pKRoH values 
for all of the cations 7 except for R1 = R2 = c- 
Hex and R1 = R2 = PhCH2. These could not be 
determined properly since the corresponding 
pseudobases precipitate from solution during 
titration. 

The trends evident in the data in Table 6 are 
easily rationalized in terms of the electronic and 
steric effects of the substituents. Progressively 
larger alkyl groups increase the value of pKRoH 
for two reasons. Firstly, the increasing electron- 
releasing ability of the substituent serves to  
stabilize the cation 7. Secondly, the increasing 
steric size of the substituent serves to destabilize 
the pseudobase 8 when the substituent is adja- 
cent to the hydroxyl group. 

Reasonable correlations exist between the data 

and Taft's substituent constant u* which is a 
measure of the ability of the substituents to 
release (or withdraw) electron density inductively 
(5). For the series of cations 18 (R = Ph, PhCH2, 
Me, Et, c-Hex, i-Pr, tert-Bu) least-squares fitting 
of the data gives 

with a correlation coefficient of 0.985 for seven 
values. The value of p* = -3.6 is very close to 
those found by Bunting and Meathrel (4), and 
by Lindquist and Cordes (6). Both our value 
and those of Bunting and Meathrel must involve 
a steric component. However, in our case, since 
the cation 18 has the choice to form a pseudobase 
19a with OH away from the bulky group R, the 
most that a pKRoH value might be elevated by, 
due to a steric effect, is the statistical factor 
log 2 = 0.3. In view of the uncertainties in the 
pKRoH values and, more particularly, in the 
proportions of 19a and 19b derived from pmr 
peak heights (Table 5), we have not attempted to 
dissect out separate pKRoH values for the forma- 
tion of 19a and 19b. 

The data for the symmetrical cations 11 is 
more limited than intended. We were unable to 
prepare 11 (R = Ph or tert-Bu) (8), and as 
mentioned earlier, we could not determine 
pKRoH for 11 (R = c-Hex or PhCH2) due to 
precipitation of the pseudobases. The remaining 
five symmetrical cations 11 (R = Me, Et, n-Pr, 
n-Bu, i-Pr) have pKRoH values which approxi- 
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mately fit [3] with a correlation coefficient of 
0.964. 

The more negative p* = -4.2 is due to steric 
effects since the OH group of the pseudobase 12 
is necessarily next to the substituent R. Again, 
however, the value is close to those found by 
other workers (4, 6). 

We have also measured pKRoH for the 5-bromo 
cation 21 (X = Br) (18) and find it to be 3.08, 
i.e. 4.04 units lower than that of the parent 

21 (R = H). This difference is very close to the 

using a BASIC computer program written by Dr. S. 
Banerjee. 
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Oligoribonucleotide synthesis. X.192 An improved synthesis of the 
anticodon loop region of methionine transfer 

ribonucleic acid from E. coli 

E. S. WERSTIUK AND THOMAS NEILSON 
Department of Biochemistry, McMaster University, Hamilron, Ont., Canada L8S 4J9 

Received April 12, 1976 

E. S. WERSTIUK and THOMAS NEILSON. Can. J. Chem. 54, 2689 (1976). 
Nonaribonucleotide, GpCmpUpCpApUpApApC, was synthesized using a block phospho- 

triester method. Its sequence corresponds to that of the anticodon loop of transfer RNA,Met 
( E .  coli). Protected tetramer, GCmUC and pentamer nucleotides, AUAAC, assembled stepwise 
from nucleoside derivatives, were joined together to  give protected nonamer which on deblock- 
ing, gave the free nonaribonucleotide in milligram amounts. The superior internucleotide 
coupling efficiency of mesitylenesulfonyl triazolide (MST) over triisopropylbenzenesulfonyl 
chloride (TPS) is demonstrated. 

E. S. WERSTIUK et THOMAS NEILSON. Can. J. Chem. 54, 2689 (1976). 
Le nonaribonuclkotide GpCmpUpCpApUpApApC, a CtC synthCtisC en utilisant une mkthode 

sCquencCe au phosphotriester. Sa sCquence correspond ?i celle de la boucle de l'anticodon du 
ARN,Met de transfert (E.  coli). Le tktrambre GCnlUC et les nuclkotides pentambres, AUAAC 
protkges, assembles un ?i un ?i partir de dCrivks nuclCosides, ont Ctk reliks ensemble pour donner 
le nonambre bloqd,  lequel, aprks dkblocage, a conduit au nonaribonuclCotide libre ?i l'khelle 
du milligramme. L'eficacitC supkrieure du couplage internuclkotide du triazole mksitylbne- 
sulfonyle (MST) sur le chlorure de triisopropylbenzknesulfonyle (TPS) est dkmontrbe. 

[Traduit par le journal] 

Continuous conformational change in transfer points of interawns.  Two such syntheses, the 
RNA is believed responsible for the various duplex stem regiiih of yeast tRNAAla ( 5 )  and the 
enzymic interactioiis which occur during protein duplex dihydrouridine loop neck region of 
biosvnthesis. Identification and characterization several tRNAs (1) have been carried out. .. , 
of each of these sites have proven difficult on a In this communication we report an improved 
complete native molecule (3). Specific inter- synthesis ( 2 )  of the nonaribonucleotide, GpCmp- 
actions may be determined, however, using UpCpApUpApApC, which corresponds to  the 
oligoribonucleotide 'fragments' corresponding anticodon loop of tRNAfMet from E. coli (6) 
to part of the primary sequence. Several partial using a phosphotriester fragment coupling pro- 
RNAse TI digestions (4) provided fragments cedure (7). Oligoribonucleotide synthesis using 
which have been studied for recognition by intermediates containing phosphotriester inter- 
codons or the aminoacyl-tRNA synthetases. nucleotide linkage has recently been reviewed (8) 

Since fragments from enzymic digests are con- and is now recognized as offering many advan- 
trolled by specific cleavage points in a poly- tages, especially scale. 
nucleotide chain, only a limited number of In our preliminary studies ( 2 )  this nonari- 
oligonucleotides of known length and sequence boilucleotide was assembled from three protected 
are currently available. Chemical synthesis on dinucleotides and one trinucleotide using three 
the other hand is theoretically capable of pro- fragment coupling steps. Since yields of both 5'- 
viding all possible oligoribonucleotides. Should a selective deblockings and fragment couplings 
particular seauence within a transfer RNA were low. a reduction in the number of those 
kolecule be cdnsidered a possible functional site, steps was desirable. Scheme 1 shows an outline of 
a 'tailor-made' oligoribonucleotide could be pre- the synthesis of GpCmpUpCpApUpApApC 
pared and tested for recognition. Subsequent which consists of stepwise assembly of protected 
substitution of bases may determine the exact tetranucleotide (8) and protected pentanucleotide 

(15) and their subsequent coupling. Inter- 
'For part IX,  see ref. I .  nucleotide coupling reactions using triisopropyl- 
*For a preliminary account of this synthesis, see ref. 2. benzenesulfonyl chloride (TPS) are frequently 
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2690 CAN. 1. CHEM. VOL. 54, 1976 

sluggish and highly coloured, probably the result Suitably protected nucleosides, 1 (lo), 4 (1 1) 
of pyridine hydrochloride generation. In an 6 ,  11 (12), and 9 (13), had been prepared pre- 
effort to overcome these practical difficulties, the viously. Each heterocyclic base (except uracil) 
coupling agent, mesitylenesulfonyl 1,2,4-tri- carried a benzamido grouping and each ribo- 
azolide (MST) (9) was used in all later phos- furanoside 2'-hydroxyl was protected by a 
phorylation and coupling reactions. tetrahydropyranyl group. 5'-Trityloxyacetates 

bz 
TracAtOH 

bz bz 
TracAtpUtOH HOAtOH 

bz bz bz 
TracAtpUtpAtOH HOAtOH 

t 
bz bz bz bz 

TracAtpUtpAtpAtOH HOCtOH 
13 -r6 

bz bz bz bz 
TracAtpUtpAtpAtpCtOH 

14 

GpCmpUpCpApUpApApC 

bz bz 
TracGtOH HOCmOH 

bz bz 
TracGtpCmOH HOUtOH 

3 T 4  
bz bz bz 

TracGtpCmpUtOH HOCtOH 

5 T6 

bz bz bz 
TracGtpCmpU tpCtOH 

7 

SCHEME 1. Abbreviations are as suggested by the IUPAC-IUB commission. Trac is 5'-0-tri- 
phenylmethoxyacetyl, t is 2'-0-tetrahydropyranyl, m is 2'-0-methyl, bz represents a benzoyl modifica- 
tion of the base amino function, p between characters e.g. AtpUt, indicates a 3'-5' (2,2,2-trichloro- 
ethy1)phosphotriester internucleotide linkage and p-0  is 3'-0-(2,2,2-trichloroethyl) phosphate. 
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WERSTIUK AND NEILSON 269 1 

1 and 9 were the starting points for stepwise 
synthesis of protected tetranucleotide derivative 
8 and protected pentanucleotide derivative 15. 
Protected oligomer, AUA (12) has been de- 
scribed earlier (13). 

The 5'-trityloxyacetyl group was employed for 
three reasons (7). It could be selectively removed 
using very mild basic conditions. Any compound 
containing the trityl group could be conveniently 
detected on thin layer chromatography using an 
acid spray. The lipophilic nature of this group 
allowed organic phase extraction of any com- 
pouiid containing this group from aqueous 
solution even if that compound contained one 
negative charge. 
~~-~enzo~l-2'-0-meth~lcy'tidine (2) was pre- 

pared from 3'-0-acetyl-N4-5'-0-dibenzoylcyti- 
dine (17) (12). Diazomethane treatment of 17 
gave the corresponding 2'-0-methyl ether (18) in 
87% yield. Carefully controlled de-0-acylation 
of 18 gave 2 in 85% yield. 

Coupling between protected nucleosides was a 
two-step procedure. Phosphorylation of the 3'- 
hydroxyl of 5'-0-trityloxyacetylnucleoside de- 
rivative with pyridinium mono-2,2,2-trichloro- 
ethylphosphate in the presence of activating 
agents, TPS or MST, gave the corresponding 
nucleotide derivative. Condensation of this 
nucleotide, activated by a fresh portion of 
appropriate coupling agent, with the 5'-hydroxyl 
of the next nucleoside in the sequence, completed 
the internucleotide linkage. Isolation and puri- 
fication was accomplished after each two-step 
process using silica gel chromatography with 
methanol - methylene chloride mixtures. Se- 
quences up to tetranucleotide derivative 7 and 
pentanucleotide 14 were assembled stepwise 
starting from their 5'-terminus by adding each 
protected nucleoside derivative one at a time. 
Yields for the two-step coupling using TPS 
(Table 1) were in the 50-70% range with one 
exception (GCmU + C). Corresponding yields 

using MST were on the average 10% higher and 
the products were less coloured. 

Before block coupling between 7 and 14 
could be effected, the 5'-trityloxyacetyl group of 
14 was selectively removed to give protected 
pentanucleotide derivative 15, and 7 was phos- 
phorylated to give protected 3'-phosphate de- 
rivative 8. 8 was then activated with a fresh 
portion of TPS or MST and coupled to the 5'- 
terminus of 15 to give protected nonaribonucleo- 
tide 16 in 40% and 48% yield respectively, over 
two steps. No evidence for undesirable 3'-3' 
linkages was detected in any of the coupling re- 
actions. Bulky 2'-0-tetrahydropyranyl groups 
appear to shield their neighbouring 3'-hydroxyls 
from any nucleotide phosphorylation. 

Table 2 summarizes the efficiencies of coupling 
agents, TPS and MST. Some earlier data (syn- 
thesis of protected AUA) (13) has been included. 
Coupling with MST is, on the average, 10% 
more efficient than with TPS in the present series 
of reactions. In an earlier communication (1) we 
reported that MST-activated couplings were 5 0 -  
100% better than the corresponding TPS re- 
actions, however, it should be emphasized that 
most of these internucleotide couplings involved 
the purine base, guanine. In addition to  the 
increase in yield, reaction times are shortened 
(ca. 50%) and the products were free from 
colouration, after routine column chromatog- 
raphy of the reaction mixture. 

Complete deblocking of all protected oli- 
gomers was carried out after the addition of each 
new nucleoside derivative and after the fragment 
coupling. To eliminate the possibility that 
residual copper and zinc ions may be associated 
with free oligomers further purification steps 
were introduced (1) into the normal three-step 
deblocking procedure (14). After the first two 
steps, deprotection with Cu/Zn couple and 7 M 
methanolic ammonia, treatment with Chelex 100 
(NH4+ form) rather than Dowex 50W-X8 
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TABLE 1. Summary of preparation of protected oligoribonucleotides 
(a) TPS as condensing agent 

Reactants Product 

Quantity Quantity Quantity 

No. mg mmol No. mg mmol No. mg '% 

(b) MST as condensing agent 

Reactants Product 

Quantity Quantity Quantity 

No. mg mmol No. mg mmol 

430 1.2 
255 0.77 
108 0.24 
370 0.80 
225 0.52 

TABLE 2. Comparison of TPS and MST as condensing paper chromatography in system A.  Since the 
agents in oligoribonucleotide synthesis oligomers still were protected by 2'-0-tetra- 

hydropyranyl groups, their mobility was quite 
Yield (Y,) high. The bands were cut out, desalted in 

Reactants TPst MSTS absolute ethanol for 1 h, dried in ether, and 

*G + Cm represents the following reactions: 
bs 

TracGtOH 

i 
bz bz bn ba 

TracGtp-0- + HOCmOH -+ TracGtpCmOH 
2 3 

tPhosphorylation with cyclohexylammonium salt of mono-2,2,2- 
trichloroethyl phosphate. 

$Phosphorylation with free acid of mono-2,2,2-trichloroethyl 
phosphate. 

(NHa+) was carried out. After removal of the 
\ . ,  
resin, the filtrate was evaporated in uacuo and the 
residue subjected to  preparative Whatman 40 

eluted with distilled water. Eluates were then 
adjusted to p H  2 with 2 N hydrochloric acid 
solution to give free oligomers which were 
isolated using a similar preparative paper 
chromatographic procedure. Characterization by 
enzymic analysis is shown in Table 3. This 
modified procedure gave very pure, biological 
active (to be published elsewhere) material, 
especially for longer sequences. Unfortunately 
the yields are not as high as reported in our 
earlier communication, apparently the Chelex 
treatment and the additional paper chromatog- 
raphy contribute to loss. 

Thus the present synthesis of nonaribonucleo- 
tide, GpCmpUpCpApUpApApC, has suggested 
three improvements which will have major con- 
sequence in future oligoribonucleotide synthesis 
using phosphotriester intermediates. 

(i) Stepwise assembly is convenient *for oli- 
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TABLE 3. Characterization of free oligoribonucleotides 

Yield (%) for 
complete R~~ Enzymic analysis from 

Compound deprotection* pc, tlcA pc, pe SVD and spleen digestions 

GCm 
GCmU 
GCmUC 
AU A 
AUAA 
AUAAC 
GCmUCAUAAC 
GP u 

'Calculated from ultraviolet spectrophotometric data assuming a hypochromicity factor of 90%. 

gomers up to five residues and subsequent 
fragment coupling leads to oligomers of longer 
sequences. 

( i i )  Mesitylenesulfonyl 1,2,4-triazolide is now 
the established coupling agent. 

(ii i)  An improvement deblocking procedure 
suitable for longer sequences has been developed. 

Experimental 
Proton magnetic resonance spectra were recorded on a 

Varian T60 or Varian HA-100 spectrometer in 10-15% 
(w/v) DMSO-d6-D20 solutions and line positions are 
reported in ppm from the reference (TMS). 

Silica gel (Baker Analyzed Reagent) was used for 
column chromatography; Analtech prescored silica gel 
plates were employed for tlc. The plates were usually 
developed in 5 or 10% methanol in methylene chloride 
mixtures. The tlc detection was carried out using a ceric 
sulfate spray (1 g H4Ce(S04)4 in 10% aqueous sulfuric 
acid solution) and followed by heating the plates at 
300-400 O F .  Compounds containing a trityl group develop 
as yellow spots, while others appear as brown coloration. 

Paper chromatography was performed using the 
descending technique on Whatman No. 1 or 40 paper. 
Analtech precoated cellulose plates (Avicel F) were used 
for tlc of deblocked nucleotides. The solvent systems 
employed for pc on Whatman No. 1 and tlc on cellulose 
were (A) ethanol - 1 M ammonium acetate, pH 7.5 (7:3, 
v/v) and ( B )  1-PrOH - concentrated NH40H - Hz0 
(55:10:35, v/v) respectively. Paper electrophoresis was 
performed at 1400 V/66 cm using Whatman 3 MM paper 
and ( C )  0.05 M triethylammonium bicarbonate, pH 8.0. 
A short uv lamp was used for detection. 

It was essential that moisture be excluded from all 
coupling reactions. After evaporation in vacuo of the 
pyridine solution, normal pressure was restored with dry 
nitrogen and not atmospheric air. All such evaporations 
were carried out in the temperature range of 30-40 "C. 
Emulsions, frequently obtained during methylene chloride 
extractions of aqueous pyridine solutions, were broken 
by the addition of a few millilitres of saturated sodium 
chloride solution. 

3'-O-Acetyl-N4-5'-O-dibenzoyl-2'-O-methylcyfidine (18) 
Diazomethane (prepared from N-methyl-N'-nitro-N 

nitrosoguanidine, 2.0 g) in dry ether (15 ml) was added at 
0 ° C  to a stirred suspension of 3'-0-acetyl-N4-5'-0- 
dibenzoylcytidine (17) (12) (1.96 g, 4mmol, R, 0.63 in 
10% CH30H-CH2CI2) in dry tetrahydrofuran (40 ml). 
The reaction mixture was stirred at 0 "C for 2 days, then a 
second portion of ethereal diazomethane solution (from 
2.0 g of N-methyl-N'-nitro-N-nitrosoguanidine) (15 ml) 
was added. Stirring was continued for further 2 days at 
0 "C. Thin layer chromatography of the resulting solution 
indicated ca. 90% conversion into a major product of RF 
0.73 in 10% CH30H-CH2C12. Excess diazomethane was 
removed by bubbling air through the yellow solution, and 
the colourless solution so obtained was evaporated to 
dryness in uacuo. Crude reaction mixture was purified by 
chromatography on silica gel (30 g) in methylene chloride. 
Pure 3'-0-acetyl-N4-5'-O-dibei~zoy1-2'-0-methylcytidine 
(1.75g, 87%, RF 0.73 in 10% CH30H-CH2CI2) was 
obtained by elution with 1.0-1.5% methanol-methylene 
chloride mixtures. Crystallization from methylene chlo- 
ride - petroleum ether (40-60 "C) provided an analytical 
sample of mp 53-55 "C. 

The pmr spectrum showed signals (6 TMS) at 8.28-7.27 
(12H, m, two C6HSCO-, and 6, 5-cytidine protons), 6.20 
( lH,  d, J ,- 4 Hz, 1'-anomeric proton), 3.35 (3H, s, 
--OCH3 protons), and 2.05 ppm (3H, sharp s ,  -COCH3 
protons). Anal. calcd. for C26H25N308 (mol. wt. 507. 48): 
C 61.53, H 4.97, N 8.28; found: C 62.17, H 5.53, N 7.71. 

N4-.Benzoyl-2'-0-mefhylcytidine (2) 
A solution of 3'- 0-acetyl- N4- 5'- 0- dibenzoyl- 2'- 0- 

methylcytidine (18) (1.8 g, 3.6 mmol, R,  0.73 in 10% 
CH30H-CH2C12) in methanolic ammonia (100 ml, 0.75 
N, prepared by twenty-fold dilution of concentrated 
ammonia with methanol) was stirred at room temper- 
ature. Progress of reaction was followed by tlc which after 
4 h indicated ca. 90% conversion into a major product of 
R,  0.34 in 10% CH30H-CH2C12. The solution was then 
evaporated to dryness in uacuo, and the colourless glass 
obtained was purified by chromatography on silica gel 
(30g) in methylene chloride. Elution with 1.5% meth- 
anol - methylene chloride mixtures yielded some un- 
reacted starting material (0.35 g, RF 0.73 in 10% CH30H- 
CH2C12). Pure N4-benzoyl-2'-0-methylcytidine (0.85 g, 
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8570, RF 0.34 in 10% CH30H-CH2C12) was obtained on 
further elution with 3.0-3.5% methanol - methylene 
chloride mixtures (500 ml + 500 ml). Crystallization from 
ethyl acetate provided an analytical sample of mp 82- 
84 "C (sublimed) (0.65 g, 65%). The pmr spectrum 
showed signals ( 6  TMS) at 8.20-7.35 (12H, m, two 
C6H5CO-, and 6, 5-cytidine protons), 6.45 (lH, d, 
J 4 HZ, 1'-anomeric proton), and 3.45 ppm (3H, s, 
--OCH3 protons). Anal. calcd. for CL7HI9o6N3 (mol. wt. 
361.352): C 56.50, H 5.30, N 11.63; found: C 56.16, 
H 5.27, N 11.75. 

5~~~-benzo~l-2'-0~met11~1c~~idine (3) 
(a) TPS- Coupling 
Biscyclohexylammonium mono- 2,2,2- trichloroethyl 

phosphate (15) (480 mg, 1.08 mmol) was dissolved in an- 
hydrous pyridine (25 ml) with warming and converted 
into its pyridinium salt by repeated evaporation in uacuo, 
and solution in pyridiile (5 X 30 ml). TPS (655 mg, 2.16 
mmol) was then added to the solution of pyridinium salt 
in pyridine (15 ml), and the reaction mixture sealed under 
dry nitrogen. After 1 h a pyridine solution (15 ml) of 
N2-benzoyl-2'- 0- tetrahydropyranyl-5'- 0- triphenylmeth- 
oxyacetylguanosine (1) (10) (400 mg, 0.54 mmol, RF 
0.66 in 10% CH30H-CH2C12) was added to the activated 
pyridinium salt, and the reaction mixture sealed under 
dry nitrogen and set aside at room temperature in the 
dark. After 3 days tlc indicated complete conversion into 
a product of R, 0.0-0.20 in 10% CH30H-CH2C12. Ice (5 
g) was then added, the quenched reaction left for 30 min. 
then poured into ice water (40 ml) and repeatedly ex- 
tracted with methylene chloride (5 X 25 ml). The com- 
bined organic extracts were washed with water (3 X 20 
ml), and evaporated in uacuo. The residue was dissolved 
in anhydrous pyridine, (25 ml) and evaporated from 
pyridine (3 X 25 ml). TPS (182 mg, 0.60 mmol) was 
added to the pyridine solution containing the blocked 
guanylate derivative, and activation was allowed to 
proceed for 1 h at room temperature. A pyridine solution 
(15 ml) containing N4-benzoyl-2'-0-methylcytidine (2) 
(288 mg, 0.80 mmol, 1.5 equiv., RF 0.37 in 10% CH30H- 
CH2C12) was added to the activated guanylate derivative 
and the reaction mixture sealed under nitrogen and stored 
at room temperature for 6 days in the dark. Further 
portions of TPS (3 X 50mg) were added till all the 
blocked guanylate derivative had reacted. After 6 days tlc 
indicated ca. 80% conversion into a product of R, 0.70 
in 10% CH30H-CH2C12. Ice (5 g) was then added, and 
after 30 min the reaction mixture was poured into ice 
water (30 ml) and repeatedly extracted with methylene 
chloride (4 X 25 ml). Combined organic extracts were 
washed with water (2 X 25 ml), and evaporated in uacrro. 
The last traces of pyridine were removed by co-distillation 
with toluene (3 X 15 ml), and the product isolated by 
column chromatography on silica gel (30 g) in methylene 
chloride. Elution with 1-1.5% methanol - methylene 
chloride mixtures removed some fast moving impurities. 
On further elution with 2.0-2.5% methanol - methylene 
chloride mixtures 3 was obtained as a mixture of dia- 
stereoisomers (450 mg, 627,). 

( b )  MST-Corrpling 
The free acid of mono-2,2,2-trichloroethyl dihydrogen 

phosphate (1) (360 mg, 1.64 mmol) was converted to its 
pyridinium salt by solution in anhydrous pyridine and 
repeated evaporation in vacuo (3 X 25 ml). MST (9) 
(800 mg, 3.20 mmol) was added to the pyridine solution 
(ca. 10 ml), and the reaction mixture sealed under dry 
nitrogen. Gentle heating (40 "C) was required to re- 
dissolve the pyridinium trichloroethyl phosphate, and 
complete the activation. After 1 h pyridine solution (5 ml) 
containing N2-benzoyl-2'- 0- tetrahydropyranyl-5'- 0- tri- 
phenylmethoxyacetylguanosine (1) (10) (640 mg, 0.82 
mmol) was added to the clear solution of the activated 
phosphate, and the reaction mixture sealed under dry 
nitrogen, and set aside at room temperature in the dark. 
After 3 days tlc indicated that the phosphorylation was 
complete (R, 0.66 -, 0.0 - 0.20 in lOYo CH30H-CH2C12). 
The reaction was quenched with ice (2 g), poured into ice 
water (40 ml) and repeatedly extracted with methylene 
chloride. Combined organic extracts were washed with 
water (3 x 20 ml), and evaporated it1 uacuo to a light 
yellow foam. This residue containing the blocked guan- 
ylate derivative was repeatedly evaporated in vacuo from 
anhydrous pyridine (4 X 25 ml, final volume ca. 5 ml) 
and MST (225 mg, 0.90 mmol) was added. After 1 h a 
pyridine solution of N4-benzoyl-2'-0-methylcytidine (2) 
(430 mg, 1.20 mmol, 1.5 equiv.) was added, and the 
reaction mixture set aside at room temperature under 
nitrogen. Thin layer chromatography indicated that the 
reaction was complete after 4 days (RF 0.0 - 0.20 - 0.70 
in 10% CH30H-CH2C12). The reaction was quenched, 
and worked-up in the usual manner, and the light yellow 
foam obtained was purified by silica gel chromatography 
(30g) in methylene chloride. Elution with 2.0-2.57" 
methanol - methylene chloride mixtures gave 3 as a 
mixture of diastereoisomers (615 mg, 61%). Further 
elution with 3.0% methanol - methylene chloride mix- 
tures yielded a mixture of 3 and 2 (210 mg). 'Back trityla- 
tion' of this mixture with p-methoxytrityl chloride (100 
mg, 3.33 mmol), and subsequent silica gel chromatog- 
raphy yielded further 100 mg of 3, (total yield 715 mg, 
71%). 

Guanylyl(3'-5')2'-0-mefl~ylcyfidine (GpCrn) 
A solution of N2-benzoyl-2'-0-tetrahydropyranyl-5'-0- 

triphenylmethoxyacetylguanylyl[3'- (2,2,2- trichloroethy1)- 
5'1-N4-benzoyl-2'-0-methylcytidine (3) (20 mg, RF 0.70 
in 10% CH30H-CH2CI2) in N,N-dimethylformamide 
(1.0 ml) was stirred at 50 OC with Cu-Zn couple (ca. 30 
mg). After 2 h tlc indicated complete conversion of start- 
ing material into a product of RF 0 (origin) in 10% 
CH30H-CH2C12. Methanol (2 ml) and concentrated 
ammonia (2 ml) were added, and the reaction mixture 
stirred at  room temperature for 72 h. Ammonia solution 
(1 ml, 1 N) was added, and the Cu-Zn couple filtered off, 
and washed well with N ammonia. Combined filtrate 
and washings were carefully concentrated it1 vacuo 
and the pH of the solution adjusted to ca. 9.0. Chelex 100 
(ca. 1 g, 100-200 mesh, NH,+ form) was added and the 
mixture stirred at room temperature for 30 min. The resin 
was filtered off, and washed well with water. Combined 
filtrate and washings were concentrated in uacuo to a 
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small volume ( < 1 ml), and applied to Whatman 40 paper. 
Descending paper chromatography in solvent A, yielded 
a uv absorbing band which was cut out and the band 
desalted with absolute ethanol for 1 h, dried with diethyl 
ether for 15 min, and eluted with distilled water overnight 
(RF 0.80, ca. 150 The pH of the eluate was adjusted 
to 2.0 with 2 N hydrochloric acid and stored at room 
temperature. Hydrolysis of the tetrahydropyranyl ethers 
was followed by tlc on Avicel F plates, in solvent A, RF 
0.80 + 0.52. After 48 h the solution was neutralized 
with concentrated ammonium hydroxide, evaporated in 
uacuo to a small volume (< 1 ml), and applied to What- 
man 40 paper. Descending paper chromatography in 
solvent A gave a uv absorbing band of R,  0.60. This band 
was desalted, dried, and eluted with distilled water as 
described above. 

Removal of blocking groups yielded GCm (100 A%,, 
39%, RGp 5.10 in solvent A) which was characterized by 
enzymic analysis. Snake venom phosphodiesterase in 
NaoAc-Mg(0A~)~ (0.1 M, pH 8.80) showed complete 
digestion, and gave the desired products G + pCm. 
Spleen phosphodiesterase in sodium succinate (0.1 M, 
pH 6.5) gave the expected products Gp + Cm. Products 
of enzymatic digestion were identified by paper chroma- 
tographic and tlc analysis in system A. 

Similar procedures for the removal of protecting groups 
were used for all protected oligoribonucleotides. Enzymic 
analysis of longer sequences required the use of a second 
system, B. The results are summarized in Table 3. 

N2-Benzoyl-2 ' -O-te trahydropyranyl-5 ' -O-~l-  
methoxyacetylguanyly/[3'-(2,2,2-trichloroethy1)- 
5']N4-benzoyl-2'-O-rnethylcytidylyl[3'-(2,2,2- 
triclzloroethyl)-5']2'-O-tet~al1ydrop).m (5) 

Similar phosphorylatioll (as described above for 3, 
MST-coupling) of blocked GpCm (675 mg, 0.51 mmol, 
RF 0.70 in 10% CH30H-CH2CI2) and subsequent coup- 
ling with the low RF diastereoisomer of 2'-0-tetrahydro- 
pyranyluridine (4) (1 1) (255 mg, 0.77 mmol, RF 0.45 in 
10% CH30H-CH2C12) gave the desired product 5 as a 
solid foam (500 mg, R, 0.67 in 10% CH30H-CH2C12) in 
557, yield. Complete deblocking of 5 as described above 
gave GpCmpU in 30% yield; RGP 2.45 in solvent A. 
GpCmpU was completely digested by snake venom 
diesterase to give G, pCm, and pU in the ratio of 1:l:l. 

N2-Benzoyl-2'-O-tetralrydropyranyl-5'-O-triphet1yl- 
metkoxyacetylguanyly1[3'-(2,2,2-tricll l-  
5']N4-benzoyl-2'-0-met~lcytidylyl[3'-(2,2,2-tricl~loro- 
ethyl-5']2'-0-tetral1ydropyratryl~~ridy~l[3'-~2,2,2- 
tric/zloroethyl)-5']N4-benzoyl-2'-O-terral1ydro- 
pyranylcytidine (7) 

Similar phosphorylation (as described for 3, MST- 
coupling) of blocked GpCmpU (5, 300 mg, 0.162 mmol, 
R, 0.67 in 10% CH30H-CH2C12) and subsequent coup- 
ling with the high R,  diastereoisomer of N4-benzoyl-2'-0- 
tetrahydropyranylcytidine (6) (12) (108 mg, 0.24 mmol, 
R,  0.48 in 10% CH30H-CH2C12) gave tetramer 7 as a 
mixture of diastereoisomers (150 mg, RF 0.48 in CH30H- 
CH2CI2) in 38% yield. Complete deblocking of 7 as 
described above gave GpCmpUpC in 35% yield; RGp 0.82 
in solvent A. GpCmpUpC was completely digested by 

snake venom diesterase to give G, pCm, pU, and pC in 
the expected ratio. 

N6-Benzoyl-2'-O-tetrahydropyranyl-5'-0-triphenyl- 
methoxyacetyladenylyI[3'-(2,2,2-rrichloroethylk 
572'-0-tetrahydropyranyluridyly l[3'-(2,2,2-trichloro- 
ethyl)-5']N6-benzoyl-2'-O-t~rahydropyranyladenylyl- 
[3'-(2,2,2-trichloroethy1)-5']N6-benzoyl-2'-0- 
tetral~ydropyranyladetrosine (13) 

Phosphorylation of blocked ApUpA (12) (13) (as 
described for 3, MST-coupling) (1.0 g, 0.54 rnrnol, R, 
0.66 in 10% CH30H-CH2C12) and subsequent coupling 
with N6-benzoyl-2'-0-tetrahydropyranyladenosine (11) 
(12) (370 mg, 0.80 mmol, R, 0.48 in 10% CH30H- 
CH2C12) gave the desired product as a mixture of di- 
astereoisomers (1.12g, R,  0.60-0.65 in 10% CH30H- 
CH2C12) in 82% yield. Complete deblocking gave 
ApUpApA in 37% yield; RGP 0.40 in solvent A. ApUp- 
ApA was completely digested by snake venom diester- 
ase to give A, pU, and pA in the ratio of 1 :1:2. 

N6-Benzoyl-2'-O-rerrahydropyran,vl-5'-0-triphenyl- 
methoxyacetyladenyly1[3'-(2,2,2-trichloroetl~yl)- 
5']2'-O-tetral~dropyranyluridy~I[3'-(2,2,2-trichloro- 
erhyl)-5']N6-benzoyl-2'-O-tetral1ydropyranyladenylyl- 
[3'(2,2,2-tricl1loroethyl)-5']N6-benzoyl-2'-O-tetral~dro- 
pyratzyladet1ylyl[3'(2,2,2-tricl~loroetllyl)-5']N4-benzoyl- 
2'-0-rerralzydropyranylcytidine (14) 

Phosphorylation of blocked ApUpApA (13) (as 
described for 3, MST-coupling) (900 mg, 0.35 mmol, 
R, 0.65 in 10% CH30H-CH2C12) and subsequent coup- 
ling with the high R,  diastereoisomer of N4-benzoyl-2'- 
0-tetrahydropyranylcytidine (6) (12) (225 mg, 0.52 mmol, 
RF 0.48 in 10% CH30H-CH2CI2) gave the protected 
pentanucleotide as a mixture of diastereoisomers (705 
mg, R, 0.60-0.68 in 10% CH30H-CH2C12) in 70% yield. 
Complete deblocking gave ApUpApApC in 37% yield; 
RGp 0.27 in solvent A. ApUpApApC was completely 
digested by snake venom diesterase to give A + pU + 
pA + pC in 1 :l:2:l ratio. 

N6-Benzoyl-2'- 0-tetralrydropyranyladenylyl[3'-(2,2,2- 
trichloroethyl)-5']2'-O-tetrahydropyranyluridylyl- 
[3'-(2,2,2-triclzloroet11yl)-5'1 N6-benzoyl-2'- O-tetra- 
hydropyranyladenylyl[3'-(2,2,2-trichloroethyl~5']N6- 
benzoyl-2'-0-terrahydropyranyladenylyl[3'-(2,2,2- 
trichloroetlryl)-5']N4-benzoyl-2'-0-~- 
pyran))lcytiditze (15) 

A solution of ApUpApApC (14) (500 mg, 0.156 mmol, 
RF 0.60-0.68 in 10% CH30H-CH2C12) in rnethanolic 
ammonia (0.15 N, 50ml) was stirred at room temper- 
ature, and the progress of reaction followed by tlc. After 
2 h, tlc indicated ca. 90% hydrolysis of the Trac group of 
the starting material (14), RF 0.62-0.68 (yellow) + 0.48- 
0.54 (black). The reaction was quenched by evaporation 
in uacuo, and the resulting foam was purified by column 
chromatography on silica gel (25 g) in methylene chloride. 
Elution with 3% methanol - methylene chloride mixtures 
gave some unreacted 14 (70 mg). Continued elution with 
4.0% methanol - methylene chloride mixtures yielded the 
desired pentanucleotide derivative 15 (330mg, RF 0.54 
in 10% CH30H-CH2C12) in 847, yield. 
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N*-Benzoyl-2'-O-tefruhydropyranyl-5'-O-friphenyl- 
metlzoxyucefylguut1y~I[3'-(2,2-- 
5']N4-betrzoyl-2'-O-metl1ylcytidylyl[3'-(2,2,2-fricl~loro- 
efhyl)-5']2'-0-fetrul1~dropyrutryIurid~ly1[3'-(2,2,2- 
trichloroefh~l)-5']N4-he,rzoyl-2'-O-tefru/~ydropyrur~~l- 
c~tid~1~/[3'-(2,2,2-frichloroet/zyl)-5']N6-benzoy1-2'-0- 
t e f r u h y d r o p y r a n y l u d e n y l y l [ 3 ' - ( 2 , 2 , 2 - w -  
5']2'-O-fetra/zydropyrrrnyl~iridyl~l[3'-(2,2,2-tricl11oro- 
efhyl)-5']N6-benzofl-2'-O-tefruhydropyrunyludet1yly1- 
[3'-(2,2,2-frichloroefhyl)-5']N6-benzoyi-2'-O-fefra- 
l1ydropyrutyladeny11'/[3'-(2,2&ric/11oroethy1)-5']N4- 
benzoyl-2'-O- fetra~dropyranylcy fidie (16) 

Blocked GpCmpUpC (7) (123 mg, 0.05 mmol, RF 0.48 
in 1OfA1 CH30H-CHzC12) was phosphorylated, using the 
free acid of mono-2,2,2-trichloroethyl phosphate (70 mg, 
0.30 mmol) preactivated with MST (150 mg, 0.60 mmol). 
Progress of the reaction was followed by tlc. Further 
portions of MST were added (3 X 40 mg) until reaction 
was complete. (R, 0.48 -t 0.0 - 0.45 in 10% CH,OH- 
CH2C12). After 8 days blocked GpCmpUpCp (10) was 
isolated by extraction with methylene chloride (as 
described for 3 MST-coupling), converted into its pyridin- 
ium salt by repeated evaporations from pyridine (3 X 10 
ml), activated with MST (25 mg, 0.10 mmol), sealed 
under dry nitrogen, and set aside a t  room temperature in 
the dark. After 2 h the blocked pentanucleotide derivative 
15 (220 mg, 0.75 mmol, RF 0.54 in 10% CH30H-CH2C12) 
in pyridine (5 ml) was added, the reaction mixture sealed 
under dry nitrogen, and allowed to proceed in the dark. 
Further portions of MST (4 X 40mg) were added to 
ensure completion of reaction. After cu. 8-10 days tlc 
indicated ca. 75'/, conversion into a new product of R, 
0.660.76 in 10% CH30H-CH2Clz. Ice (2g) was then 
added and 30 min later the reaction mixture was poured 
into ice water ( loml) ,  and repeatedly extracted with 
methylene chloride (5 X 15 ml). The combined organic 
extracts were washed with water (3 X loml),  and 
evaporated to dryness in ~ucuo.  The last traces of py- 
ridine were removed by co-distillation with toluene, 
and the residual yellow foam was purified by column 
chromatography on silica gel (20 g) in methylene chloride. 
Elution with 2.0-2.5',& methanol - methylene chloride 
mixtures removed some impurities (R, 0.85 black). Pure 
protected nonanucleotide 16 was isolated by elution with 

3.0-4.0'2 methanol - methylene chloride mixtures, as a 
diastereoisomeric mixture (140 mg, R, 0.68-0.74 in 10% 
CH30H-CH2C12) in 48% yield. Complete deblocking 
gave GpCmpUpCpApUpApApC in 25% yield; RG, 0.21 
in solvent A. 
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JAMES HOYANO and LOUIS K. PETERSON. Can. J. Chem. 54, 2697 (1976). 
A series of complexes [LM(C0)3X] (L = +zP(R2pz)3-z, RZPZ = pyrazolyl, or 3,5-dimethyl- 

pyrazolyl, x = 0-2; M = Mn, X = C1; M = Re, X = Br) and [(+2P(S)(R2pz))Re(CO),Br] 
were prepared by the reaction of the appropriate ligand with [M(CO),X] or [M(CO),X],, and 
were characterized by elemental analysis, solution molecular weight, and infrared, mass, and 
nmr spectroscopic data. The products are formed via tetracarbonyl intermediates, of which 
the phosphorus bonded derivative [(+2P(pz))Re(CO),Br] was isolated and characterized. The 
tricarbonyl complexes [LM(C0)3X] and [(+2P(S)(R2pz))Re(CO)3Br] adopt a cis-octahedral 
configuration, in which the ligands form four-, five-, or six-membered chelate structures, via 
(i) the P atom and the 2-N site of the pyrazolyl moiety, with +2P(R2p~)r (ii) the sulphur and 2-N 
atoms, with +2P(S)(R2pz), (iii) the 2-N atoms of two pyrazolyl rings, with + P ( R , ~ Z ) ~ ,  and (iv) 
the 2-N atoms of three pyrazolyl rings, resulting in a bicyclic system, with P(R2pz)3. 

The reactions of [CH3Re(CO)5] with +zP(R2pz)3-z require forcing conditions, resulting in 
the simultaneous elimination of carbon monoxide and methane, and yielding a variety of 
products, including tetracarbonyl, tricarbonyl, and ring-metalated species. 

JAMES HOYANO et LOUIS K. PETERSON. Can. J. Chem. 54, 2697 (1976). 
Une serie de complexes [LM(CO),X] (L = +zP(R2pz)3-z, R2pz = pyrazolyle, ou dimethyl-3,5 

pyrazolyle, x = 0-2; M = Mn, X = C1; M = Re, X = Br) et [(+2P(S)(R2pz))Re(CO)3Br] 
ont Cte prepares par la reaction du ligand approprie avec [M(CO)SX] ou [M(CO),X], et ont 
ete caracterises par analyse des Clkments, determination du poids molCculaire en solution, 
infrarouge, spectromktrie de masse et rmn. Les produits sont formks par voie d'intermkdiaires 
tCtracarbonylks, parmi lesquels le derive lie au phosphore [(+2P(pz))Re(CO)4Br] a kt6 isolk et 
caracterise. Les con~plexes tricarbonylks [LM(CO),X] et [ ( + L P ( S ) ( R ~ ~ ~ ) ) R ~ ( C O ) ~ B ~ ]  adoptent 
une configuration octaedrique cis, dans laquelle les ligands forment des structures chklatkes 
tetragonales, pentagonales ou hexagonales en passant par (i) I'atome de phosphore et le site 
azote 2-N de la partie pyrazolyle, avec +2f(R2pz), (ii) les atomes de soufre et d'azote 2-N, avec 
+2P(S)(R2p~), (iii) les deux atomes d'azote 2-N des deux noyaux pyrazolyles avec +P(R2pz)2. et 
(io) les trois atomes d'azote 2-N des trois noyaux pyrazolyles, conduisant B un systitme bi- 
cyclique, avec P(Rzpz)> 

Les reactions de [CH3Re(C0),] avec +zP(R2p~)3-z demandent des conditions forcks, 
aboutissant B I'klimination simultanCe de monoxyde de carbone et de mkthane et conduisant 
B une variCtC de produits, comprenant les espkces tCtracarbonylCes et tricarbonylkes ainsi que 
I'espkce cyclique comprenant le metal. 

[Traduit par le journal] 

Introduction and rhenium. Coordination chemistrv with other 
The chemistry of transition metal complexes 

containing phosphine ligands has been exten- 
sively documented (1). We have synthesized a 
series of azolylphosphines, where an aromatic, 
heterocyclic moiety other than phenyl is bonded 
to the phosphorus centre via nitrogen (2, 3), and 
have studied the coordinating properties of these 
ligand systems toward Cr(llI), Mo(O), Mn(I), 
Re(l), Pd(II), Cu(l), and Hg(I1). We report here 
our investigations of complexes of manganese 

I Revision received Apr~ l  20, 1976. 

metals will be reported e l s e ~ h e r e . ~  

Discussion 
A number of complexes [LM(CO)3X] (L = 

+zP(K2p~)3-z, x = 0-2, R2pz = pyrazolyl or 33-  
dimethylpyrazolyl) of manganese(1) and rheni- 
um(1) were prepared by the reaction of the 
pentacarbonyl halide [M(C0)5X] or the tetra- 
carbonyl halide dimer [M(C0)4XI2 (M = Mn, 
X = C1; M = Re, X = Br) with the appropriate 
- 

2s. Fischer and L,. K. Peterson, unpublished results. 
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TABLE I .  lnfrared v(C0) stretching frequencies of pyrazolylphosphine complexes of Mn(1) and Re(1)"eb 

Complex Frequency (cm-1) Complex Frequency (cm-1) 
-- 

[(62Ppz)Re(C0)3BrIC 2043s, 1958s, 19 13s' 
[ ( ~ ~ P ( M ~ ~ P Z ) ) R ~ ( C O ) ~ B ~ I ~  2040s, 1952s, 1910s [(4~P(Mezpz))Mn(C0)3CIl 2038s. 1967s, 1915 
[ ( ~ P ( P Z ) ~ ) R ~ ( C O ) ~ B ~ I ~ . ~  2033s, 1935s, 1903s 

0 

[ ( ~ P ( M ~ Z P Z ) ~ ) R ~ ( C O ) ~ H ~ I ~ . ~  2030s, 1922s. 1902(s) [ ( ~ P ( M ~ ~ P Z ) Z ) M ~ ( C O ) ~ C I I  2040s, 1970s, 1930s 
5 
? 

[ ( P ( P z ) ~ ) R ~ ( C O ) ~ B ~ I ~ . ~  2038s, 1927s,br n 
[(P( M ~ ~ P z ) ~ ) R ~ ( C O ) ~ B ~ I ~ . ~  20335, 1925s,br [(p( Mezpz)3)Mn(CO)3CIl 2040s, 1948s,br 
[(62P(S)~z)Re(C0)3Brl~.~ 2032s, 1940s, 1905s 
[(~ZP(S)(M~~P~))R~(CO)~B~I~~~ 2030s, 1932s, 1900s e 

[(62Ppz)Re(C0)4Brld~g 21 15m, 2034s, 2015s, 1963ms [(62Ppz)Mn(CO)4ClIh 2100m, 2030s, 2020s, 1970ms ? 
[(b2P(Me2pz))Re(CO),Br]d.g.h 21 lorn, 2030s, 2005s, 1960m -: 
[(+, PRe(C0)4Br]d.g 2110m, 2030s, 2005s, 1953111s + 

w -.I 
apz = pyrazolyl. C3H3N2; Mezpz = 3,4-dimethylpyrazolyl, C S H I N I .  m 

bThe given data is for spectra recorded using chloroform solutions in cells of 0.1 mm path length and fitted with sodium chloride windows. 
C As in footnote b, but with hexane as solvent. 
dAs in footnote b, but with toluene as solvent. 
eAs in footnote b, but with ether as solvent. 
I s  = strong, ms = medium strong, m = medium, br = broad, bands positions are accurate to ? 3 cm-'. 
OData for cis isomers of the tetracarbonyls. 
hobserved in solution: too unstable to be isolated. 
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ligand, in benzene solution, at temperatures 
varying from 50-100 "C (eqs. 1 and 2). Rhenium- 
(I) complexes containing the pentavalent phos- 
phorus derivatives 42P(S)(R2pz) were also ob- 
tained, again by the direct reaction of the 
ligand with [Re(C0)4Brl2 in solution [3]. The 
evolved carbon monoxide was monitored and 
pure products were obtained in high yield, 
according to the given stoichiometries (eqs. 1-3). 

The dimers [M(C0)4XI2 react more easily than 
the mononuclear pentacarbonyls [M(C0)5X], 
the manganese derivatives being considerably 
more reactive than corresponding rhenium ones. 

The formulations of products as [LM(CO)3X] 
are based upon reaction stoichiometry, elemental 
analysis, solution molecular weight, and infrared, 
mass, and nmr spectroscopic data. The com- 
plexes, once obtained pure, are moderately air 
stable crystalline solids, contrasting with the 
oxidative and hydrolytic instability of the free 
ligands (2,3a). The dimethylpyrazolyl derivatives 
[(4zP(Me2pz)3-,)M(CO)3X]are more soluble than 
their unsubstituted pyrazolyl analogs [&P(pz),-,)- 
M(CO)3X], and solubility decreases with an 
increasing number of azole groups on phos- 
phorus. 

The products [LM(CO)3X] are formed via a 
tetracarbonyl intermediate [LM(C0)4X]. Un- 
stable [(~$~P(pz))Re(C0)4Br] was isolated from 
the mild reaction of 42P(pz) with [Re(C0)4BrI2, 
but was readily converted by gentle warming, to 
[(42P(pz))Re(CO)3Br], via further loss of CO. In- 
frared evidence (Table 1) showed the presence of 
analogous tetracarbonyl intermediates in the 
reactions of ~$~P(Me~pz)  with rhenium(1) car- 
bonyls, and of ~ $ ~ P p z  with manganese(1) car- 
bonyls, but such compounds were too unstable 
to  be isolated. The proximity of a second donor 
site to the metal centre in [LM(C0)4X] leads to  
facile displacement of CO, concomitant with the 

formation of the tricarbonyl compounds [LM- 
(C0)3X]. This clear indication of chelation by the 
ligands was confirmed by spectroscopic studies. 
By comparison, the complex cis-[(43P)Re(C0)4- 
Br], containing monodentate triphenylphosphine, 
is thermally stable, but suffers displacement of a 
second CO molecule on further treatment with 
43P, to yield [(43P)2Re(C0)3Br] (4). Attempts to 
prepare the corresponding bis(pyrazoly1phos- 
phine) complex [(42P(pz))2Re(C0)3Br] were un- 
successful, the preferred product being [(42P(pz))- 
Re(CO)3Br]. Furthermore, the strongly coordi- 
nating ligand 43P, and CO, are displaced from 
[(&P)Re(C0)4Br] by reaction with P(Mezpz)3, 
the product being [(P(Me2pz)3)Re(CO)3Br]. In- 
deed, the chelate structures of [LM(CO)3X] 
appear to be stable against ring opening or 
further substitution reactions with other ligands; 
[(~#~~P(Me~pz))Re(C0)3Br], for example, failed to 
react with 43P in refluxing benzene, or with 
carbon monoxide, over a period of several days. 

Complexes of Diphenylphosphinopyrazoles 
~zP(R~Pz)  

The application of group theoretical principles 
to the elucidation of the structures of six- 
coordinate octahedral carbonyl complexes is 
well established (5, 6). Thus, the four ir bands 
observed in the v(C0) region for the tetra- 
carbonyl complexes [(42P(R2pz))Re(C0)4Br] (see 
Table I), and the similarity of the band patterns 
to that of cis-[(+3P)Re(C0)4Br], indicate coordi- 
nation via phosphorus rather than the 2-N site 
of .the pyrazolyl ring, as in the cis-octahedral 
structure 1. The phosphorus atom of 42P(R2pz) 

is also the preferential site for coordination of 
alkyl CH3 and BF3 species (3a). The highest fre- 
quency, lowest intensity band (21 15-2100 cm-l) 
of the tetracarbonyl system can be assigned to 
the symmetric stretching vibration of the two 
mutually trans carbonyl groups; this band is 
absent in the tricarbonyl derivatives [(~$~p(R~pz))- 
M(C0)3Xl. 

On the basis of their coordinatively saturated 
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character, their solubility in benzene, toluene, 
and chloroform, the absence of polynuclear 
species in their mass spectra, and their mono- 
meric molecular weights in solution, the tricar- 
bony1 derivatives [(+2P(R2pz))M(CO)3X] (M = 

Mn, X = C1; M = Re, X = Br) are mononu- 
clear and six-coordinate, while ir data (v(C0) 
region) are readily interpreted on the basis of an 
octahedral configuration. The three observed 
v(C0) bands are symmetrical and of equal 
intensity, indicating the cis-octahedral pseudo 
C3a structure 20 and/or its stereoisomer 2b, 
rather than the pseudo CZv structure 3a and/or 
3b. The latter would be expected to give rise to  
one low intensity high energy band, and two 
equal intensity bands of lower energy. Attempts 
to detect the presence of isomers of any kind 
by ir studies, using various solvents, were 
unsuccessful. Complexes analogous to our 
[LM(C0)3X] systems have been reported, with 
comparable v(C0) spectra, and with cis-octa- 
hedral configurations (7). 

The 31P proton decoupled F T  nrnr spectra of 
the complexes [ ( + ~ P ( R ~ ~ z ) ) M ( C O ) ~ X ]  consist of 
single resonances with appreciable negative 
coordination chemical shifts (i.e. the 31P reso- 
nance moves to  lower field on coordination), as 
has been observed in many monodentate and 
polydentate organophosphine complexes (8, 9), 
thus corroborating phosphorus-to-metal bond- 
ing. 

The lH nrnr spectrum of [(+2P(Me2pz))Re- 
(CO)3Br] showed singlet resonances for the 
3-CH3, 5-CH3 and 4-H protons; thus the iso- 
meric forms 2a and 2b, if present in solution, 
were not distinguishable by the spectroscopic 
methods employed. The preliminary results of a 

single-crystal X-ray structure determination of 
[(+2P(Me2pz))Mn(C0)3C1], however, indicate an 
equal distribution of the chelated cis-octahedral 
enantiomorphic stereoisomers 2a and 2b.3 

Complexes of Diphenylthiophosphinatopyrazoles 
92P(s)(R2pz) 

The mass spectrum of [(~$~P(s)(Me~pz))Re- 
(CO)3Br] exhibits the mononuclear parent ion, 
and its room temperature 'H nrnr spectrum 
indicates one kind of environmeqt for the 
pyrazolyl ring. The 31P nrnr spectra of both 
analogues [(+2P(S)(R2pz))Re(CO)3Br] consist of 
single resonances with significant negative co- 
ordination shifts (Table 2). The v(C0) ir spectra 
of both complexes, in various solvents, consist of 
three intense, symmetric bands, similar to  the 
v(C0) region of [(c$~P(R~Pz))M(CO)~X] (Table 1). 
The enantiomorphic five-membered chelate ring 
structures 4a and 4b, with essentially identical ir 
and nrnr characteristics, are consistent with the 
above observations. 

Complexes of Bis(pyrazoly1)phenylphosphines 
+p(R2pz)2 

The complexes [(c$P(R~~z)~)M(CO)~X] all show 
three strong, symmetric ir bands in the v(C0) 
region, without evidence of splittings that the 
presence of isomers might be expected to  cause. 
The 31P nrnr resonances are broad singlets; the 
coordination shifts are sensitive to substitu- 
ents on the pyrazole rings and to  the nature 
of the central metal of the complex, being 
slightly negative for [(+P(Me2pz)2)Mn(CO),Cl] 
and [(+P(p~)~)Re(C0)3Br] and slightly positive 
for [(+P(Me2p~)2)Re(C0)3Br] (Table 2). The 'H 
nrnr spectrum (Table 3) of [(+P(Me2pz)2)Re- 
(CO)3Br] consisted of an equal intensity doublet 
for the 4-H protons, a methyl singlet, and an 
equal intensity methyl doublet; the 31P decoupled 
'H spectrum consisted of singlets, in a 1:3:3 
intensity ratio, indicating equivalent pyrazole 
rings. Thus a structure such as 5, where one 

3R. Cobbledlck and F. W. B. Einstein, personal 
communication. 
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TABLE 2. 31P nmr data for pyrazolylphosphine complexes of Mn(1) and Re(]) 

Chemical shiftsa 

Complex Ligand Complex Coordinationb 
-- - - 

[(42P(pz))Re(CO)3BrI 59.63 75.30 - 15.67 
[(+P(pzh)Re(CO)3Brl 77.04 97.65 -20.61 
[(P(pz)3)Re(CO)3BrIc 65.19 - - 

[(42P(Merpz))Re(CO)3Brl 44.69 55.55 -10.86 
[ ( ~ P ( M ~ z P ~ ) ~ ) R ~ ( C O ) ~ B ~ I  66.67 64.69 +1.98 
[ (P(M~ZPZ)~)R~(CO)~B~I  77.53 25.43 +52.10 

[ ( ~ ~ P ( M ~ ~ P z ) ) M ~ ( C O ) ~ C ~ I  44.69 99.26 -54.57 
[(4P(Me2pz)2)Mn(Co)3Cll 66.67 109.38 -42.71 
[ ( P ( M ~ ~ P z ) ~ ) M ~ ( C O ) ~ C ~ I  77.53 24.69 +52.84 
[(4zP(s)(pz))Re(CO)3Brl 68.64 79.25 - 10.61 
[ (@~P(S)(M~~PZ))R~(CO)~B~I  67.41 76.67 -9.26 

[(+zP(pz))Re(CO),BrI 59.63 66.30 -6.67 
[ ( ~ ~ P ( M ~ ~ P z ) ) R ~ ( C O ) ~ B ~ I  44.69 62.72 - 18.03 
[(43PRe(C0)4Brl 0.00 4.94 -4.94 

QIn ppm; data for the free ligand and the complex are downfield from external QJP, in toluene solu- 
tion. To convert to values relative to H3P0,. subtract 5.90 ppm. 

bThe coordination chemical shift is (Nfree ligand) - B(complex)). 
CVery low solubility. 

TABLE 3. 1H nmr data for 3,5-dimethylpyrazolylphosphines and their complexes 
with rhenium (I) carbonyl compoundsa 

Chemical shifts ( ~ ) b  

Compound 3-Me and 5-Me 4-H 

aSpectra were measured in CDC13, using TMS as internal standard. 
bs = singlet, d = doublet, q = quartet, m = multiplet, br = broad. 
CJp- H = 2 Hz. 
dJp-H = 5.0 Hz. 
e l  : I : ]  :I quartet, (doublet of doublets, peak separation = I Hz; Jp-H = 2.0, JH-H = 1.0 Hz). 
fJp-H = 4.2 H z  

pyrazolyl ring is coordinated while the second 
ring is free, is excluded. An alternative structure 6 
would probably show a significant negative 
31P coordination shift, and is further eliminated 
on the grounds that the mass spectrum of 
[(dP(Me2pz)2)Re(C0)3Br] does show the molecu- 
lar ion, together with ions corresponding to the 
stepwise loss of the three carbonyl groups from 
the parent, without loss of Br. The combined 
spectral information suggests structure 7, in 
which preferential coordination occurs through 
the 2-N sites of the two pyrazolyl rings; the 

reduced basicity of phosphorus may be attributed 
to the electron-withdrawing effect of the two 
azole rings (3a). The large ring structure 74 is 
common among complexes of pyrazolylborate 
ligand systems (10). 

Complexes of Tris(pyrazoly1)phosphines P(R~PZ)~ 
The infrared spectra of the [(P(R2pz)3)M- 

(C0)3X] complexes all show only two strong ir 
bands in the v(C0) region, a sharp high-fre- 

4We thank a referee for pointing out the possibility of 
geometrical and conformational isomerism in structure 7. 
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quency band and a slightly broadened but sym- 
metrical lower frequency band. No evidence for 
splitting or broadening of either band was 
observed in various solvents. The occurrence of 
only two v(C0) bands may mean that the 
compounds have only two infrared active vibra- 
tional modes, or that the lower frequency band 
is composed of two accidentally degenerate 
vibrational modes. 

The 31P nmr resonances for both complexes 
[(P(Me2pz)3)M(C0)3X] (M = Mn, Re; X = C1, 
Br) are very broad on account of the quadru- 
polar relaxation of three N nuclei attached to 
phosphorus, and show large positive coordina- 
tion shifts. This is in marked contrast to the 
tricarbonyl complexes of +2P(R2pz), suggesting 
that the phosphorus centre, as in [($~p(R~pz)~)M- 
(C0)3X] is not coordinated to the metal, con- 
sistent with the decreasing basicity of P with 
increasing pyrazolyl substitution (3a). Increased 
pyrrolyl substitution in a series of phenyl- 
(pyrroly1)phosphines causes a similar decrease in 
the coordination properties of the phosphorus 
centre (3b).5 

The l H  nmr spectrum of [(P(Me2pz)3)Re- 
(C0)3Br] exhibits an equal intensity doublet for 
the 4-H protons, a methyl singlet, and an equal 
intensity methyl quartet. On decoupling from 
phosphorus, the 4-H resonance collapsed to a 
singlet, and the methyl multiplet to a single 
broad band; further decoupling from 4-H 
sharpened the latter band (an unresolved doublet) 
into a narrow singlet. These observations estab- 

55.  Hoyano, unpublished observations. 

lish that the pyrazolyl rings are equivalent. 
H nmr spectra for [(P(Me2pz)3)Re(C0)3Br] were 

recorded at temperatures down to -60°C 
(CDC13 solution) and - 90 "C (acetone-& solu- 
tion); the absence of spectral changes at the 
lowest temperature suggests the absence of ex- 
change between coordinated and uncoordinated 
pyrazolyl rings. The combined ir and nmr data 
are consistent with the ion pair formulation in 
structure 8, where the cationic species has 
essentially C3u symmetry, and in which all three 
pyrazolyl rings are coordinated to the metal. 
Only two ir active bands are expected for such a 
structure. The mass spectrum of [(P(Me2pz)3)- 
Re(C0)3Br] provides further evidence for this 
formulation; the largest observed ion is the 
cation [(P(Me2pz)3)Re(C0)3]+, and Br is not 
present in any of the smaller fragments. The 
conductivity of [(P(Me2pz)3)Re(CO)3Br] in nitro- 
benzene is low, and solubility (soluble in chloro- 
form, slightly soluble in benzene and toluene, 
insoluble in hexane) and solution molecular 
weight data are consistent for an intimate 
ion-pair con~bination. Structures analogous to 

the cation of 8 have been postulated for the 
neutral pyrazolylborate complexes [RB(R2pz)3- 
Mn(C0)3] and [B(R2pz)4Mn(C0)3]; only two 
strong v(C0) bands were observed, correspond- 
ing closely with the bands for [P(R2pz)3Mn- 
(C0)3CI], and temperature independence of the 
'H nmr spectra indicated spectroscopic identity 
for the three coordinated pyrazolyl groups (1 1). 

Reactions of Pentacarbonylmethylvhenium with 
Pyrazolylphosphine Ligunds 

To elucidate further the structural implications 
described above, syntheses of methyl analogs 
[LM(C0)3,4(CH3)] were attempted. The first 
method, involving direct reaction between [CH3- 
Re(C0)5] and +,P(R2pz)3-, in solution in xylene, 
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L = CO, +,P 

12 

required forcing conditions (120-140 "C) and 
gave a con~plex mixture of products as a result of 
elimination of CO and CH4. The tetracarbonyl 
[LRe(C0)4(CH3)] was observed spectroscopi- 
cally, together with other carbonyl species, in the 
reaction mixtures. The loss of CH4 along with 
the carbon monoxide was due to an intra- 
molecular metalation process, at least in the case 
of the reaction of 42P(Me2pz) with [CH3Re(C0)5] 
[8] where the products 9 and 10 were pains- 
takingly separated and characterized by infrared, 
mass spectral, and nmr spectral studies; metala- 
tion of the phenyl, rather than of the pyrazolyl 
ring in product 10 was clearly indicated. Methane 
evolution was also observed, however, in reac- 
tions involving P(Me2pz)3 and [CH3Re(C0)5], 

Xylene 
[81 [CH3Re(CO)51 + +zP(Mezpz) - 

120-140 "C 

+ Other products 

the 5-methyl substituent being the most likely 
site for the metalation reactions. Methane 
formation as a result of thermal decomposition 
of [CH3Re(C0)5] was shown to be insignificant, 
in a separate study, where the complex was 
heated in xylene at a temperature of 150 "C for 
24-48 h. 

A recent study, by Kaesz and co-workers (12), 
has shown that various metalation products arise 
from the reaction of alkyl- and arylphosphines 

and phosphites with [CH~M(CO)S] (M = Mn, 
Re); for example, products 11, 12, and 13  were 
isolated following the thermolysis of [((p-XC6- 
H4)3P)Mn(C0)4(CH3)1. 

The second approach to the methyl analogs, 
involving the reaction of [(42P(Me2pz))Re(CO)3- 
Br] with methyllithium in ether, did not yield 
meaningful products, apparently due to a cleav- 
age of the ligand. Likewise, attempted reductions 
of the bromo derivative with sodium boro- 
hydride, resulted in some destruction of the 
ligand.6 

Experimental 
Experimental operations were performed under anhy- 

drous conditions, using high vacuum or dry, inert 
atmosphere systems. Solvents were dried by standard 
methods, distilled, and deaerated prior to use. The 
pyrazolylphosphine ligands +,P(R2p~)3-z (X = 0-2, R2pz 
= pyrazolyl or 3,5-dimethylpyrazolyl) and +2P(S)(R2pz) 
(2, 3), and the following transition metal complexes were 
prepared according to published methods: [Re(CO)5Br] 
(13, [Mn(CO),CII (141, [Re(CO)4Br12 (1% [CH,Re(CO)51 
(16). The preparations a-k described below were per- 
formed in heavy walled glass tubes (-50 ml capacity) 
equipped with vacuum tight teflon valves and standard 
ground glass joints. Except in cases where reactions were 
carried out under nitrogen, the solutions were degassed 
in a series of three freeze-pump-thaw cycles; following 
the completion of reaction, the vessel was cooled to 
- 196 "C and noncondensible products (carbon monox- 
ide, methane) were collected and measured by means of 
a Sprengel pump. 

Elemental analyses were performed by the university 
analyst, Simon Fraser University. LH and 3lP nuclear 
magnetic resonance spectra were obtained using Varian 
A56/60 and XLlOO instruments, the latter having 
Fourier transform and proton decoupling facilities. 
Infrared spectra were recorded with a Perkin-Elmer 457 
spectrophotometer and were calibrated against standard 
polystyrene film. Mass spectra were determined with the 
double focussing Hitachi-Perkin-Elmer RMU-6E instru- 
ment (Table 4). Molecular weights in solution were 
measured using the Hitachi-Perkin-Elmer model 115 
molecular weight osmometer. 

(a) Prepararion of [(+2 P(pz))Re(C04)Br] 
A mixture of [Re(CO)4Br]2 (0.60mmol), +2Ppz (1.21 

mmol), and benzene (10 ml) was st~rred at room tempera- 
ture for 8 days. The clear solution was evaporated to 

 NOTE ADDED IN PROOF-A single crystal diffraction 
study of [(+P(Me2pz)2)Re(C0)3Br] has substantiated the 
main features of the suggested structure 7. The rhenium 
atom is octahedrally coordinated, with the three CO 
groups arranged ,facially, and the atoms of the six- 
membered ring (see 7) define a boat configuration 
(L. R. J. Dowdell and F. W. B. Einstein, personal 
communication). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J.  CHEM. VOL. 54, 1976 

TABLE 4. Mass spectral fragmentation data for pyrazolylphosphine complexes of rhenium 

Probe 
Compound temperature ("C) Positive fragment ionsa 

[(P(pz)3)Re(CO)3Brl 140 M - CO - pz (8.0), M - 2C0  - pz (10.0), 
M - 3 C 0  - pz (3.1) 

=Fragment ions containing Re, with an identifiable isotope 
(0-10.0) are given in parentheses. Fragments due to  the liganc 

dryness under vacuum, giving a residue which was 
crystallized from chloroform-hexane and identified as 
[(+2P(pz))Re(CO)4Br]; white crystals, yield 79y0. Anal. 
calcd. for C19H13BrN204PRe: C 36.20, H 2.08, N 4.44; 
found: C 36.0, H 2.11, N 4.22. The infrared spectrum 
(v(C0) region) confirmed the tetracarbonyl formulation 
(see Table 1). 

(b) Preparation of [(+2 P(pz))Re(CO), Br] 
The tetracarbonyl [(+2P(pz))Re(CO)4Br] (0.23 mmol) 

and benzene (10 ml) were heated a t  80-90 "C for 50 h. 
The evolved carbon monoxide (0.19 mmol) was collected, 
the solution was evaporated to dryness under vacuum, 
and the residue was crystallized from chloroform-hexane, 
to yield white crystals identified as [(+2P(pz))Re(CO)3Br] 
(yield, 73%). Anal. calcd. for Cl8HI3BrN2O3PRe: C 35.89, 
H 2.18, N 4.65; found: C 35.8, H 2.16, N 4.33. Mot. Wt. 
calcd. 602.4; found: (CHCI3): 660, 680. 

(c) Preparation of [(P(p~)3)Re(C0)~ Br] 
A solution of [Re(CO)5Br] (0.85 mmol) and P ( ~ z ) ~  

(0.85 mmol) in benzene (20rnl) was heated under reflux 
for 5 h;  a white precipitate formed on cooling to room 
temperature. The solid was filtered off, dried under 
vacuum (100 "C/10-3 torr), and identified as [ ( P ( ~ z ) ~ ) -  
Re(C0)3Br]; yield 61%; mp 175-178 "C. Anal calcd. for 
CI2H9BrN6O3PRe: C 24.7, H 1.79, N 14.4; found: 
C 24.8, H 1.64, N 13.1. Mol. Wt. calcd. 582.4; found (in 
CHC13): 650, 700. 

(d) Preparation of [(+2 P(Me2pz))Re(CO)3 Br] 
In a preliminary experiment, an equimolar mixture of 

[Re(CO),Br]z and +2P(Me2pz) (1 mmolar scale) in ben- 
zene was stirred for 8 days; the solvent was removed, and 
the residue was crystallized from chloroform-hexane and 
identified by infrared spectral analysis as a mixture of 
[(42P(Mezpz))Re(Co)4Brl (-60%) and [(+zP(Me2pz))Re- 
(C0)3Brl(-40%). 

A mixture of [Re(CO),Br]2 (0.31 mmol) and 4zP(Me2p~) 
(0.63 mmol) in benzene (10 ml) was heated at  75 "C for 
16 h. The evolved carbon monoxide (0.61 mmol) was 
determined, and the solution was evaporated to dryness 
under vacuum, giving a residue which was crystallized 
from chloroform-hexane and identified as [(&P(Me2pz))- 
Re(COl3Br]; white crystals, yield 76%; mp 90-92 "C. 

pattern, are given; relative intensities on an arbitrary scale 
Is are not included. 

Anal. calcd. for C20HI,BrN203PRe: C 38.11, H 2.72, 
N 4.44; found: C 38.1, H 2.70, N 4.35. Mass spectrum 
M calcd. (rnle): 630.1 ; found: 630; species corresponding 
to  the successive loss of three CO groups were observed. 

(e) Prepara f ion 0f[(+P(Me~pz)2)Re(CO)~ BrJ 
A mixture of [Re(CO)4Br]2 (0.19 mmol) and @P(Me2pz): 

(0.38 mmol) in benzene (10 ml) was heated a t  95-100 "C 
for 8 h. The evolved carbon monoxide (0.36 mmol) was 
determined and the solution was evaporated to dryness 
under vacuum to give a residue which was recrystallized 
twice from chloroform-hexane and identified as 
[(+P(Me2pz)z)Re(CO),Br]; yield 62%; mp 146-150 "C. 
Anal. calcd. for CI9Hl9BrN4O3PRe: C 35.19, H 2.95, 
N 8.64; found: C 35.3, H 2.90, N 8.42. Mass spectrum. 
M calcd.: 648.1; found: 648; species corresponding to 
the stepwise loss of three CO groups were observed. 

(f) Preparation ~ f [ ( P ( M e ~ p z ) ~ ) R e ( c O ) ~ B r ]  
A mixture of [Re(C0)4Br]2 (0.19 mmol) and P(Me2p~)3 

(0.39 mmol) in benzene (10 ml) was heated a t  95-100 "C 
for 16 h. The evolved carbon monoxide was determined 
(0.38 mmol) and the solution was evaporated to dryness 
under vacuum yielding a white solid which was crystal- 
lized from chloroform-hexane and identified as 
[(P(Me2p~)~)Re(cO)~Br];  yield 797". Anal. calcd. for 
Cl5HZIBrN6O3PRe: C 32.43, H 3.15, N 12.61; found: 
C 32.0, H 2.79, N 12.0. 

(8) Preparation of [(+2P(Mezpz))Mn(CO)3CI] 
A mixture of [Mn(CO),C1](0.386mmol)and +2P(Me2pz) 

(0.39 mmol) in benzene (6 ml) was heated at  80 "C for 1 h, 
giving an orange solution. The evolved carbon monoxide 
(0.64 mmol) was collected (some loss of CO at room 
temperature was observed during the degassing stage); 
the solution was evaporated to dryness, the residue was 
crystallized from chloroform-hexane, and was identified 
as [(4~P(Me2pz))Mn(CO)3C1]; orange needles; yield 74%; 
mp 98-100 "C. Anal. calcd. for C2,HI,C1MnN2O3P: 
C52.83, H 3.77, N6.16; found: C 52.6,H 3.73,N6.11. 
The complex decomposed into free ligand and other 
species in the mass spectrometer at the temperature 
(160 "C) required to  cause volatilization. 

(h) Preparation of [(+P(Me2pz)2)Mn(CO)3Cl] 
A stirred mixture of [Mn(CO)5C1] (0.37 mmol) and 
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+P(Me2pz)z (0.37 mmol) in benzene (8 ml) was heated at  free +,P. The product was recrystallized and analyzed, 
50 "C for 2 h. The solvent was removed under vacuum confirming [(P(Me2pz),)Re(CO),Br]. 
and the residue was crvstallized from chloroform-hexane 
and identified as [ < + P ( M ~ ~ ~ Z ) ~ ) M ~ ( C O ) ~ C I ] ;  orange Acknowledgment 
crystals; yield 69%; mp 72-74 "C. Anal. calcd. for 
CI9Hl9C1MnN4O3P: C 48.27, H 4.05, N 11.9; found: The the 
C 48.2, H 4.40, N 10.8. of the National Research Council of Canada. 

(i) Preparation P(S)pz)Re(CO), BrJ 
A solution of [Re(CO),Br] (0.59 rnmol) and +2P(S)pz 

(0.59 mmol) in benzene (25 ml) was heated under reflux, 
under nitrogen, for 2 h. Infrared spectral measurements 
(v(C0) region) showed that reaction was complete. The 
solvent was removed under vacuum, giving a residue 
which was crystallized twice from chloroform-hexane, 
pumped dry under high vacuum, and identified as 
[(+2P(S)pz)Re(C0)3Br]; white crystals, 74% yield; mp 
205 "C. Anal. calcd. for C18H13BrN203PReS: C 34.07, 
H 2.07, N 4.42; found: C 34.8, H 2.08, N 4 25. Mot. Wr. 
calcd.: 634.5; found (CHCl,): 660, 690. 

( j )  Preparation of [(+2P(S)(Me2pz))Re(CO)3Br] 
A mixture of [Re(CO)+BrI2 (0.11 mmol) and +2P(S)- 

(Me2pz) (0.21 mmol) in benzene (5 ml) was heated at  
80-90 "C for 3 h. The evolved carbon monoxide (0.19 
mmol) was collected, the solvent was removed under 
vacuum, and the product was crystallized from chloro- 
form-hexane and identified as [(+2P(S)(Me2pz))Re(CO)3- 
Br]; white crystals, 72% yield; mp 197-200°C. Anal. 
calcd. for C20H17BrNz03PReS: C 36.26, H 2.59, N 4.23; 
found: C 35.9, H 2.66, N 4.35. Mass spectrum: M calcd.: 
662; found: 662 (weak); species due to stepwise loss of 
three CO groups, and to free ligand, were observed. 

(k) Reaction o~[(+~P)R~(CO)~B~J wit11 P(Mezpz)3 
A mixture of [(@3P:Re(CO),Br] (0.20mmol) and 

P(Me2pz), (0.20 mmol) in benzene was heated at  80-90 "C 
for 48 h. The evolved carbon monoxide (0.19 mmol) was 
collected, and the solvent was removed under vacuum. 
The ir spectrum (v(C0) region, 2035(s), 1925 (br s) cm-1 
in solution in CHCI,) and the 3lP spectrum (two singlet 
resonances a t  25.18 and O.0Oppm relative to external 
+,P, in toluene) of the solid residue were measured, and 
indicated the formation of [(P(Me2pz)3)Re(CO)3Br] and 
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Syntheses and properties of phosphino- and phosphinatopyrroles 
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SVEN FISCHER, JAMES HOYANO, IAN JOHNSON, and Lours K. PETERSON. Can. J. Chem. 54, 
2706 (1976). 

The syntheses of P-N bonded pyrrolyl- and 2,5-dimethylpyrrolylphosphines +,P(py),-, and 
+ZP(Mezpy)3-z (x = 0-2) and the oxy derivatives py3PO and (Mezpy)2P(O)Cl by the reaction 
of potassium pyrrolide or 2,5-dimethylpyrrolide with an appropriate chlorophosphine or with 
POC13 are described. Molecular structures were inferred from spectroscopic data. The P-N 
bonded phosphines are stable to solvolytic attack by water or alcohols and do not undergo 
insertion reactions with CS2, but they are oxidised by oxygen and suffer nucleophilic displace- 
ment of the azole moiety by strong base. The Lewis acid BC13 cleaves the P-N bond and CH31 
reacts with only one member, +2P(py), to form a phosphonium salt. Hindered rotation about 
the P-N bond was detected in the (2,5-dimethylpyrroly1)phosphine series, but not among the 
corresponding oxy derivatives. The nature of the P-N bond and trends in the basicity of the 
phosphorus atom are discussed. 

SVEN FISCHER, JAMES HOYANO, IAN JOHNSON et LOUIS K. PETERSON. Can. J. Chem. 54, 
2706 (1976). 

On dkr i t  les syntheses de pyrrolyl et de dimethyl-2,5 pyrrolyl phosphines +,P(P~)~-, et 
+,P(Me2py)3-, (x = 0-2) contenant des liens P-N et des derives oxy py3P0 et (Me2py)2P(0)C1 
par la rhction du pyrrolure de potassium ou du dimethyl-2,5 pyrrolure de potassium avec une 
chlorophosphine approprike ou avec POC13. On a propose les structures molCculaires ii partir 
des donn6es spectroscopiques. Les phosphines contenant un lien P-N sont stables aux at- 
taques solvolytiques de I'eau ou des alcools et ne subissent pas de reactions d'insertion avec le 
CS2; ils sont toutefois oxydees par l'oxygkne et subissent des ddplacements nuclCophiles de la 
portion azole sous I'influence de bases fortes. L'acide de Lewis BC13 coupe le lien P-N et le 
CH31 rhg i t  uniquement avec le +2P(py) conduisent ii un sel de phosphonium. On a detect6 un 
empechement ii la rotation autours du lien P-N dans la serie dimethyl-2,5 pyrrolyl phosphine; 
ce n'est toutefois pas le cas dans les derives oxy correspondants. On discute de la nature du 
lien P-N et des tendances dans la basicit6 de I'atome de phosphore. 

[Traduit par le journal] 

Introduction 

The N-pyrrolylphosphines and phosphine ox- 
ides are members of the azole phosphine class of 
compounds, where a heteroaromatic system is 
bonded via nitrogen to phosphorus (1). Modifi- 
cations of the chemistry of the P-N bond and 
of the coordination properties of the phosphorus 
centre, as compared to dialkylaminophosphine 
and tris(ary1)phosphine systems, may be ex- 
pected. In this paper the syntheses and reactions 
of pyrrolylphosphines are described. A study of 
metal coordination complexes will be reported 
later. 

Discussion 

The P-N bonded pyrrolylphosphines (1-6) 
listed in Table 1 were prepared by the reaction of 
potassium pyrrolide (Kfpy-) or 2,5-dimethyl- 
pyrrolide (K+Me2py-) with an appropriate 
chlorophosphine in ether. 

The analogous reaction of potassium pyrrolide 
with phosphorus oxychloride yields tris(pyrroly1)- 
phosphine oxide 7, whereas potassium 2,5-di- 
methylpyrrolide gives the partially substituted 
bis(2,5-dimethylpyrrolyl)chlorophosphine oxide 
8. 

The N-pyrrolylphosphines are low melting 
solids or colorless, viscous liquids, which have 
been characterised by analysis and mass, ir, and 
nmr spectral measurements. In all cases the 
pyrrolylphosphines prepared via the potassium 
salt have structures based upon the P-N bonded 
formulations I and 11, as evidenced by the 
absence of N-H bonds in the infrared spectrum, 
and by lH  nmr spectra (see Table 2). The 13C F T  
nmr spectrum of 3 corroborates this structural 
assignment, indicating that the alternative P-C, 
structure postulated by Issleib and Brack (2) for 
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FISCHER ET AL.: I 2707 

TABLE 1. Pyrrolyl- and 2,5-dimethylpyrrolylphosphines and oxyphosphines 

Analytical data 

Observed Calculated Parent 
Method of ion 

Compound purification mp ("C) C H N C H N  m/e  

~ Z P P Y  1 Vacuum distillation Colorless 76.6 5.98 5.85 76.5 5.62 5.57 251 
-100 "C/l torr oil 

~ ' (PY)z 2 Vacuumdistillation Colorless 70.1 5.55 11.5 70.0 5.40 11.7 240 
-180 "C/0.001 torr oil 

P(py)3 3 Crystallization from 43-44a - - - - - - - 

methanol 

@2P(Me*py) 4 Vacuum distillat~on 47-50b 77.6 6.61 5.67 77.4 6.55 5.02 279 
-140 "C/0.001 torr 

&P(Mezpy)z 5 Vacuum distillation 60-65b 73.2 7.20 9.33 73.0 7.09 9.46 296 
-140 "C/0.001 torr 

P(Mezpy)3 6 Sublimation 60-65b 68.9 7.81 13.1 69.0 7.67 13.4 313 
-100 "C/0.001 torr 

(py13Po 7 Crystallization from 80 58.7 5.14 16.4 58.8 4.93 17.1 245 
ethanol 

(Me~py)zP(O)C1~ 8 - Oil - - - -- - - 270d 
27 2 

aLiterature value, 45 "C (2). 
bStrong tendency to form a glass on cooling. 
CAttempts to prepare (Mezpy)sPO by refluxing 8 with K+(Mezpy)- in toluene were unsuccessful. 
dThe intensity ratio. 3:1, was characteristic of a monochloride. 

tris(pyrrolyl)phosphine, also prepared via the 
potassium salt, is incorrect. Using decoupled 

spectra, a partial analysis of couplings was 
possible (see Table 2). Our lH-assignments are 
consistent with those proposed for pyrrole itself 
(3,4). 

The reaction of pyrrolyl-Grignard compounds 
with chlorophosphines leads mainly to P-C, 
structures, pyrrolylmagnesium bromide and 
POC13 giving tris(a-pyrro1yl)phosphine oxide 
(5) which is distinguishable on spectroscopic 
evidence from tris-(N-pyrro1yl)phosphine oxide 7. 

The 'H-nmr spectra (Table 2) for the +,P- 
(Me2py),-, series indicate restricted rotation 
about the P-N bond, resulting in separate 
resonances for the 2-methyl and 5-methyl pro- 
tons. In the case of +2P(Me2py) the two signals 
are only observed at low temperatures and 
coalesce on warming to -50 "C, whereas for 
+P(Me~py)~ and P(Me2py)3 the restriction to 

rotation attributable to the methyl substituents 
was observed at temperatures up to  +I30 OC. 

Steric hindrance to rotation is not observed in the 
unsubstituted pyrrolyl series +,P(pyj3-, at room 
temperature. In the oxyphosphine series +,P(O)- 
(Me2~y)~-, and in (Me2py)2P(0)Cl, however, all 
the methyl resonances are singlets, implying 
equivalent 2- and 5-methyl substituents. Ap- 
parently, the widening of the bond angle about 
phosphorus upon conversion of phosphine to 
phosphine oxide eliminates the steric barrier 
to rotation. 

In contrast to the facile solvolysis of the P-N 
bond of most alkylaminophosphines (6) by 
protic reagents, the pyrrolylphosphines are stable 
to water and alcohols. Also the typical insertion 
of CS2 into the P-N bond of alkylamino- 
phosphines (6) is not observed with pyrrolyl- 
~ h o s ~ h i n e s .  Because of involvement of the lone 
bair i n  the T-electron sextet of the heterocyclic 
ring (7) the nitrogen is not available for electro- 
~h i l i c  attack. This chemical anomalv misled the 
earlier workers in their assignment of the 
structure of tris(pyrroly1)phosphine 3 (2). Phenyl- 
phosphinoamines of the type I$P(NR~)~ are 
immiscible with water and show no obvious 
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TABLE 2. IH nmr data for pyrrolyl- and 2,5-dimethylpyrrolylphosphines and oxyphosphinesa 

2-R, 5-R 
Compound R = H or CH3 3-H, 4-H -CsH5 .I (Hz) 

3.30 d oft 's  

3.28 q 

3.23 q 

8.02 s 

8.02 s 
8.00 s 

8.02 s 
8.04 s 

3 .20 sextet 

3.83 d of t's 

3.55 septet 

or-values, in CDCla with TMS as internal standard. 
0°C-spectrum: a-C, 6 122.6 ppm downfield from TMS, 'JpC = 14 HZ; 8-C, 6 112.8 ppm, 3JpC = 4.5 HZ. 
CLow temperature studies, in (CDs)KO, showed that the methyl resonance is a doublet at -78 "C, which coalesces to a singlet by -48 "C. 
dvariable temperature studies, in bromobenzene, indicated two distinct methyl resonances at temperatures up to +I30 "C.  

TABLE 3. 3lP chemical shifts of azolylphosphinesa 

azb Pyrrolyl 2,5-Dimethylpyrrolyl Pyrazolylc 3,5-DimethylpyrazolylC 

&P(az) 52.59 39.57 59.63 44.69 
4 P ( a ~ ) ~  63 .46 73.58 77.04 66.67 
P(az)3 83.95 90.72 65. 69d 77.53 

QProton-decoupled spectra, in toluene solution, in ppm downfield from external +aP dissolved in 
toluene; to relate to external HsPOd, subtract 5.9 ppm from the given values. 

baz = azolyl = pyrrolyl, 2,5-dimethylpyrrolyl, pyrazolyl, or 3.5-dimethylpyrazolyl. 
CReference 10. 
dThis apparently anomalous value may be attributed to exchange effects (1). 

tendency for hydrolysis or alcoholysis (8). The 
absence of typical P-N bond reactions among 
(trifluoromethy1)phosphinoamines is also attrib- 
uted to the reduced basicity of the N-atom due, 
in this case, to N - P T-bonding effects (9). 

BX3 electrophiles readily cleave the P-N 
bond in pyrrolylphosphines, BC13 and cfzPpy 
yielding 42PC1 and unstable pyrrolylchloro- 
boranes. Reaction with methyl iodide is limited 
to +2Ppy which forms a phosphonium salt 
according to l H  nmr evidence (CH~resonance, 
doublet, JPCH3 = 13 HZ). The failure of other 
members of the series to react with CH3I reflects 
the decreasing basicity of the phosphorus centre 
with an increasing number of pyrrolyl substitu- 
ents, in parallel with the trends in 31P chemical 
shifts for the series ~$,P(py)~-, and +,P(Me2py)3-,. 
Phenyl(pyrazo1yl)phosphines behave in a similar 
fashion (see Table 3),l whereas the bis- and tris- 

'1. Johnson and L. K. Peterson, unpublished results. 

(dialkylamino)phosphines, as well as the mono- 
amino derivatives give phosphonium salts with 
methyl iodide (6a, 8). 

Strong nucleophiles readily displace the pyr- 
rolyl moiety, for example +2Ppy being converted 
to 43P by reaction with phenyllithium. The 
pyrrolylphosphines are oxidised by oxygen to 
phosphiiie oxides, contrasting with the stability 
of phenylphosphinoamines in air (8). N-Alkyl- 
pyrroles isomerize on heating to a-substituted 
derivatives, but tris(pyrroly1)phosphine 3 and 
tris(pyrroly1)phosphine oxide 7 are thermally 
stable, being recovered unchanged after 2 h at 
180 "C. 

Experimental 
Experimental operations were performed under an- 

hydrous conditions, using dry inert atmosphere systems. 
Solvents were dried by standard methods and distilled 
prior to use. Elemental analyses were performed by the 
university analyst, Simon Fraser University. IH and 3lP 
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nuclear magnetic resonance spectra were obtained using 
Varian A56/60 and XLlOO instruments, the latter having 
Fourier transform and proton decoupling facilities. Infra- 
red spectra were recorded with a Perkin Elmer 457 spec- 
trophotometer and were calibrated against standard 
polystyrene film. Mass spectra were determined with a 
double focussing Hitachi-Perkin-Elmer RMU-6E in- 
strument. 

Preparation of Pyrrolylphosphines 
The pyrrolyl- and 2,5-dimethylpyrrolylphosphines (com- 

pounds 1-6) and oxyphosphines (7, 8) listed in Table 1 
were prepared on a 5-10 mmolar scale, by adding an 
ethereal solution of the appropriate chlorophosphine 
(+2PCI, +PC12, or PC&) or phosphorus oxychloride to an 
ethereal suspension of 2097" excess potassium pyrrolide. 
Reaction times varied from 12-24 h. The precipitate of 
KC1 and excess potassium pyrrolide was filtered off and 
the solvent was removed under vacuum, leaving pyrrolyl 
phosphorus derivatives which were purified by crvstalliza- 
iion,sublimation, or fractional distillation unde; vacuum 
and characterized on the basis of analvtical. meltine uoint. 
and mass, infrared, and nmr spectrA data (see fables 1 
and 2). The yields are between 70 and 95%. 

Reactions of the Pyrrolylphosphines 
(a) With Water 
The pyrrolylphosphine (hppy,  1;  P(py)3,3; +2P(Me~py), 

4; +P(Me2py), 5; P(Mezpy)3, 6;) (-0.5 mmol scale) was 
dissolved in ether and treated with a twofold excess of 
water. After 1 h, the solvent was removed under vacuum, 
leaving unchanged starting material, as evidenced by 
nmr and mass spectral examination. 

fb) Witii Oxvpen 
The pyrrolyfpYhosphine (+2P(Me~py), 4; +P(Me~py)2, 5; 

P(Me2py)3, 6;) (-0.5 mmol) was dissolved in ether, 
(-5 ml), through which a slow stream of dry oxygen was 
passed for 3-4 h. The solvent was removed under vacuum, 
leaving a residue consisting mostly of starting material, as 
evidenced by nmr and mass spectral examinations, to- 
gether with new species corresponding to the oxides 
+,P(0)(Me2py)3-,. The new, distinct resonances (at T 8.2) 
attributable to the methyl protons of ( M e ~ p y ) ~ P 0 .  
+2P(0)(Me2py), and +P(0)(Me2py)2 were singlets in all 
cases. 

(c) With Alcohol (Methanol or Etlmnol) 
The pyrrolylphosphine (-0.5 mmol) was dissolved in 

an excess of the alcohol. P(py)3 3, and 0P(py13 5, in 
EtOH; +~p(Mezpy) 4, P(Me~py)3 6, and +P(Me~py)2 5 in 
CH30H and allowed to stand for several hours. The 
solvent was removed, leaving a residue giving a 1H nmr 
spectrum corresponding to unchanged starting material. 

(d) With CS2 
The pyrrolylphosphine (-0.5 mmol) (+2P(py), 1 ;  

P(py)3, 3; +2P(Me2py), 4) was dissolved in benzene 
(-5 ml), and treated with tenfold excess of carbon di- 
sulphide and heated under reflux for several hours. The 
CS2 and solvent were removed under vacuum, leaving a 
residue giving the same mass spectrum as the starting 
material. 

(e) With PlienyNithium 
Solutions of +2Ppy, 1, (0.59 mmol) in ether and phenyl- 

lithium (0.98 mmol) in benzene-ether (70:30) were mixed 
and allowed to stand for two days. Colorless crystals of 
Li-pyrrolide, mp 197 "C were precipitated and filtered 
off. The nmr spectrum in CD30D-D20 demonstrated the 
presence of the pyrrolyl moiety. The filtrate was washed 
with water until neutral, dried over sodium sulphate, and 
cooled to 0 OC to yield +3P (70%) identified by mass 
spectra and mixture melting point measurements. 

(f) With Methyl Iodide 
+2Ppy, 1. (-0.5 mmol) in ether was treated with a 

25-fold excess of methyl iodide. After 3 days, the white 
precipitate (46% yield) was filtered off and identified as 
[+2P(py)CH3+]1-, mp 150 "C (dec.). Anal. calcd. for 
C1,HI,NPI: C 51.9, H 4.32, N 3.56; found: C 51.6, 
H 4.21, N 3.46. 1H nmr (CDC13) T 2.18-2.32 (phenyl) 
2.95 (m, 2-H and 5-H of pyrrole ring) 3.35 (m, 3-H and 
4-H of pyrrole ring) 6.42 (d, methyl, JPCH3 = 13 HZ). 
Compound P ( P ~ ) ~ ,  3, failed to react with methyl iodide 
under the conditions described above. 

(g) ,With BC13 
+2Ppy, 1 (0.20 mmol) in CDC13 was treated with an 

equivalent amount of BC13 and after several hours a 
brown oil separated out. The solvent was removed and a 
mass spectral analysis of the residue showed the presence 
of +2Ppy and +2PCl. The molecular ions for pyBC12, 
pyzBC1, or py3B were not observed. 
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SVEN FISCHER, JAMES HOYANO, and LOUIS K. PETERSON. Can. J. Chem. 54, 2710 (1976). 
The new P-N bonded phosphino- and phosphinatopyrazoles 4P(Mezpz)2, (pz)3PO, (Me2pz)3- 

PO, +2P(S)(Mezpz), ( ~ z ) ~ P S ,  and (C2H5)2P(pz) and the arsenic derivative ( p ~ ) ~ A s  have been pre- 
pared and characterized (pz = pyrazolyl, Me2pz = 3,5-dimethylpyrazolyl). 

The reactivity of the P-N bond in phosphinopyrazoles towards electrophiles and nucleo- 
philes is discussed. HCI, HzO, CH30H, and BC13 cleave the P-N bond, presumably via attack 
at the 2-N site. BF3 forms 1 :1 adducts bonded to phosphorus which are reasonably stable in the 
solid state. CH31 forms a phosphonium salt with diphenyl(pyrazoly1)phosphine while other 
members of the series do not react. All members are inert toward CS2. Nucleophiles like sodium 
methoxide or phenyllithium displace the pyrazolyl moiety by attack at the phosphorus. Com- 
parisons are made with the P-N bond in dialkylaminophosphines. 

SVEN FISCHER, JAMES HOYANO et Louis K. PETERSON. Can. J. Chem. 54, 2710 (1976). 
On a prCparC et caractCrisC les nouveaux phosphino et phosphinatopyrazoles @P(Mezpz)z, 

( ~ z ) ~ P O ,  (Me2p~)3P0, b2P(S)(Me2pz), ( ~ Z ) ~ P S  et (C2H5)2P(pz) contenant des liens P-N et le 
dCrivC (pz)3As de l'arsenic (pz = pyrazolyle, Me2pz = dimCthyl-3,5 pyrazolyle). 

On discute de la rQctivitC du lien P-N des phosphinopyrazoles vis-his  des Clectrophiles et 
des nucl~ophiles. HCI, H20,  CH30H et BC13 coupent le lien P-N probablement par une 
attaque au niveau du 2-N. BF3 conduit des adduits 1:l lies par le phosphore qui sont assez 
stables h 1'Ctat solide. CH31 forme un sel de phosphonium avec la diphCnyle(pyrazoly1e)phos- 
phine alors que les autres termes de la sCrie ne riagissent pas. Tous les termes sont inertes 
vis-his  le CS2. Des nuclCophiles comme mCthylate de sodium et le phCnyllithium dkplacent la 
partie pyrazolyle par une attaque au niveau du phosphore. On fait des comparaisons avec le lien 
P-N des dialkylaminophosphines. 

[Traduit par le journal] 

Introduction 
A number of synthetic routes to phosphino- 

and phosphinatopyrazoles have been described 
(I). In this paper we report the preparation of 
further new members and studies of the chemical 
behaviour of this class of compound. The co- 
ordination properties of pyrazolylphosphines in 
carbonyl complexes of manganese and rhenium 
have been reported (2), and the synthesis of 
complexes of Mo(O), W(O), Co(O), Pd(II), 
Cu(I), and Hg(l1) will be described later.' 

Discussion 
P-N bonded pyrazolylphosphines can be pre- 

pared by the reaction of a chlorophosphine with: 
(i) pyrazole in ether in the presence of triethyl- 
amine, (ii) potassium pyrazolide suspended in 
ether or benzene, (iii) trimethylsilylpyrazole in 
the absence of solvent. Phosphinato derivatives 
are conveniently prepared: (iu) by the reaction of 
POC13 or PSCI3 with potassium pyrazolide in 
ether or benzene, (u) by sulphur oxidation of a 

IS. Fischer and L. K. Peterson, unpublished results. 

pyrazolylphosphine in refluxing toluene. 
Using these methods the following com- 

pounds were prepared in good yield and char- 
acterized on the basis of melting point, elemental 
analysis, mass, ir, and nmr spectral data: 
P(pz)3 and P(Mezpz)3 by methods (ii) and (iii) 
(I), @(Me2pz)z (i), (pz)3PO and (MezpzhPO 
(iu>, 4zP(S)(Me2pz) (u ) ,  (pz)3PS (iu) and (C2H5)2- 
P(pz) (i) (pz = pyrazolyl, Mezpz = 3,5-dimeth- 
ylpyrazolyl). 

Whereas PCI3 and K+pz- give P(pz)3 at room 
temperature, AsC13 has to be refluxed in benzene 
with K+pz- to obtain As(pz)3. AsC13 does not 
react wit11 pyrazole in the presence of triethyl- 
amine. The main product of the reaction of 
AsC13 with K+pz- in ether or with Me3Sipz at 
60 "C is the partially substituted (pz)zAsCl. 
Similarly, the derivative (Et2N)2AsC1 does not 
react further with Me3Si(NEt2) (3). The reaction 
of Me3Sipz with P(S)C13 stops at (p~)~P(S)c l ,  a 
useful intermediate in further syntheses. 

Potassium 3,5-dimethylpyrazolide and POC13 
give (Mezpz)3P0, whereas the analogous reac- 
tion of potassium 2,5-dimethylpyrrolide stops at 
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FISCHER ET AL.: I1 271 1 

the partially substituted (Me2py)2P(0)C1, pre- 
sumably on account of steric hindrance (4). 

The reactivity of the P-N bond in N-phos- 
phinopyrazoles was investigated by reactions 
with various electrophiles and nucleophiles. The 
planarity of the heteroaromatic ring has been 
confirmed by X-ray structural studies for P ( p ~ ) 3 , ~  
implying sp2 hybridization for the phosphorus 
bonded nitrogen atom. The P-N bond is 
cleaved readily by HC1, H20, CH30H, or BC13 
and slowly by BF3. In contrast pyrrolylphos- 
phines (4) and pyrrolyl silanes (5) are stable 
towards H20 and CH30H because of involve- 
ment of the nitrogen lone pair in the r-electron 
sextet of the ring (6). Apparently in N-phos- 
phinopyrazoles the P-N bond cleavage by 
protic species and by BX3 Lewis acids follows a 
mechanistic route involving electrophilic attack 
at the lone pair of the 2-N site [I]. A similar route 
should apply for the cleavage of N-phosphino- 
imidazoles by water, where the 3-N site is the 
obvious center for electrophilic attack. 

A-B = H-OH, H-OCH,, H-Cl, BC12-Cl, BF2-F 

Nucleophilic attack at the phosphorus center 
by water or methanol seems unlikely in view of 
the observed stability of N-pyrrolylphosphines 
towards these agents (4). 

CS2 does not insert into the P-N bond of 
pyrrolyl- and pyrazolylphosphines, contrasting 
with the behaviour of the more strongly basic 
dialkylaminophosphines (7, 8) [2] .  In dialkyl- 
aminophosphid5s the nitrogen is sufficiently basic 
to allow electrophilic attack by species (AB) 
such as H20,  ROH, HX, BC13, a n d - ~ ~ 3 ,  result- 
ing in P-N cleavage [3] (7). 

s 

[31 \ /?--!\ / - /N-A \ + B-F" / 

A-B 
A-B = H-OH, H-OR, H-X, BC12-Cl, BF2-F 

*F. W. B. Einstein and R. Cobbledick, personal com- 
munication. 

Mavel and co-workers (9) observed stepwise al- 
coholysis of (Me2N)3P, using nmr methods. Bis- 
(diethylamino)phenylphosphine, however, does 
not react with alcohols or water, due, it is 
suggested, to N + P r-bonding effects and the 
reduced basicity of the nitrogen atoms (10). For 
similar reasons perfluoroalkylaminophosphines 
resist P-N bond cleavage in the gas phase with 
HC1, BC13, BF3, and NH3 (1 I). The phosphorus 
atom in pyrazolylphosphines is less basic than in 
triphenylphosphine. The basicity decreases with 
an increasing number of azole groups, as sug- 
gested by the trends in 31P chemical shifts and 
by the inability of members beyond +,P(pz) to 
react with methyl iodide. Similar 31P chemical 
shift trends were observed in the pyrrolylphos- 
phine series where reaction with methyl iodide is 
likewise restricted to the monopyrrolyl deriva- 
tives (4). Thus the methyl iodide studies indicate 
phosphonium, rather than ammonium salt for- 
mation, and bonding of CH3 to phosphorus is 
further confirmed by lH and 31P nmr data for 
[+~P+(CH~>(P~)]I-, [+~P+(CH~XPY)]I- (4) and 
[+P+(CH3)(NEt2)2]I- (10); in each case, the 
lH(PCH3) resonance is a doublet with chemical 
shift (T 6.4-7.8) and 2JpH values (1 1.5-14.0 Hz) 
characteristic for the (CH3)P+ group (9b). 

The pyrazolylphosphines +,P(~z)~-, form, 1 : 1 
adducts with BF3 that are reasonably stable when 
isolated in the solid state, but decompose in 
solution into products indicative of P-N bond 
cleavage. From nmr evidence the phosphorus 
atom is the site for attachment of BF3, resulting 
in 31P coupled doublets in the 19F spectra and 
19F coupled 1 :2:2:1 quartets in the 31P spectra. 
The 2Jp-F coupling constants in the series 
+,P(~z)~-,BF~ increase with increasing azolyl- 
substitution (2JpF = 45, 53, and 60 Hz for x = 
2, 1, 0) in line with the expected increase in the 
s-character of the P-B bond (12, 13). P-B and 
B-F couplings were not detected. These ob- 
servations contrast with the relatively large 'JpF 
(229 Hz), l JpB (174 Hz), and lJBF (5 1 HZ) COUP- 

lings observed for the adduct (CH3)3PBF3 (14). 
The origin of such decouplings is a matter of 
some controversy, and may be due to exchange 
erects (15, 16), to autoionization (14), or to 
specific quadrupolar relaxation effects at the 
boron n u ~ l e u s . ~  Reaction via BF3 attack at the 
2-N site would provide a route for the observed 

3E. J .  Wells, private communication. 
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P-N bond cleavage (see eq. 1 and earlier 
discussion). 

In dialkylaminophosphines the preferential 
coordination of BH3 to phosphorus, rather than 
to nitrogen, is attributed to an enhanced basicity 
of the former centre by N 4  P T-bonding 
(7, 17, 18). Alkyl halides (7, 10, 19), trialkyl- 
boranes (20, 21) and metal complexes (22, 23) 
also coordinate preferentially at phosphorus. 

From lH nmr and mass spectroscopic evi- 
dence, the P-N bond in pyrazolylphosphines is 
rapidly cleaved by BC4, giving products con- 
sistent with [4] and [ 5 ] :  similar (pyrazoly1)chloro- 
borane derivatives were observed in the mass 
spectra of the products obtained by treating 
BC13 with K+pz-. 

The azolide moiety in pyrazolyl- and pyrrolyl- 
phosphines (4) is readily displaced by sodium 
methoxide and phenyllithium in a nucleophilic 
substitution at phosphorus. The electron-with- 
drawing influence of the attached azole and the 
absence of N-P a-bonding effects in azolyl- 
phosphines would facilitate such nucleophilic 
attack. Similar arguments apply for the conver- 
sion of diphenyl(pyrazolyl)phosphine oxide into 
triphenylphosphine oxide by phenyllithium. 

The compound Et2P(pz) was prepared for 
examination of possible fluxional behaviour 
(24, 25). The 3- and the 5-H resonances of the 
pyrazole ring were not sufficiently separated to 
permit a 'H variable temperature study. 

Experimental 
For general procedures see previous publication (4). 

Preparations 
(a) P(pz)3 and P(Mezpz)3 
A solution of PC13 (15 mmol) in ether was slowly added 

to a stirred suspension of K+pz- (62 mmol) (26) in ether. 
The mixture was stirred for 12 h, the precipitate filtered 
off and washed with ether, and the solvent evaporated 
from the filtrate. The residue was purified by sublimation; 
yield 85% This is an alternative to the earlier reported 
method using PC13 and trimethylsilylpyrazole (1). 

The analogous reaction of PC13 with potassium 3,5- 
dimethylpyrazolide in ether gave a mixture of partially 
substituted products; several treatments of this mixture 
with Me3Si(Mezpz) (24, 27), with intermittent removal of 
Me3SiC1, were necessary in order to effect complete re- 

placement of halogen. The products P(pz)3 and P(Me~pz)~  
were purified by sublimation (1). 

(6) +p(Mezpz)z 
An ethereal solution of +PC12 (0.5 mmol) was added 

slowly to a stirred solution of 3,5-dimethylpyrazole (1 
mmol) and triethylamine (1.05 mmol) in ether; a white 
precipitate formed immediately. After several hours the 
precipitate was filtered off and washed with ether. The 
solvent was removed under vacuum and the residue was 
purified by distillation at 140 "C/10-3 torr; mp 60-62 "C; 
yield 90%. Anal. calcd. for CI6Hl9N4P: C, 64.4, H 6.42, 
N 18.7; found: C 64.5, H 6.52, N 18.5. Ma'ss spectrum: 
M calcd. (m/e): 298; found: 298; nmr spectrum (CDC13) 
T 2.55-2.73 (phenyl), 4.09 (s, 4-H), 7.64 (br s, 5-CH3), 
7.72, (br s, 3-CH3); intensity ratio 5:2:6:6. 

(c) ( ~ 4 3 ' 4 ~  
A benzene solution of arsenic trichloride (1.96 mmol) 

was added dropwise to a stirred suspension of potassium 
pyrazolide (12 mmol) in benzene and the mixture was 
heated under reflux for 15 h. The precipitate was filtered 
and the solvent distilled off, leaving a white solid which 
was sublimed at 90 OC/10-3 torr; mp 144-146 "C. Anal. 
calcd. for C9H9N6As: C 39.1, H 3.26, N 30.4; found: 
C 40.2, H 3.49, N 30.8. Mass spectrum: the parent ion M 
(calcd) (m/e) (276) appeared very weakly; major frag- 
ments were ( p ~ ) ~ A s  (208), pzAs (142); nmr (CDC13) T 

2.19, (br, not resolved, 3-H), 2.47 (br, not resolved, 5-H), 
3.54 (t, 4H, 3JH3H, = 3JH4H5 = 2 HZ). 

The treatment of an ethereal solution of pyrazole and 
(C2H5)3N with AsCI3 gave the adduct (C2H5)3NAsC13 
without promoting halogen substitution, and the room 
temperature reaction of an excess of K+pz- with AsCI3 
in ether gave partially substituted products, with no 
evidence for ( p ~ ) ~ A s .  

Arsenic trichloride (3.7 mmol) and trimethylsilyl- 
pyrazole (-16 mmol) were heated in a sealed ampoule at 
60 "C for 12 h. The products were separated by fractional 
distillation on a vacuum line. A mass spectral analysis of 
the appropriate fraction indicated the formation of 
( p ~ ) ~ A s C l  (m/e 244) and (pz)AsCI2 ( m / e  212). 

(4 (PZ)~PO and (M~zPz)~ PO 
A benzene solution of POC13 (4.7 mmol) was added 

dropwise to a stirred suspension of potassium pyrazolide 
(18.6 mmol) in benzene; the mixture was heated under 
reflux for 24 h, cooled, and filtered. The solvent was re- 
moved from the filtrate, yielding a white residue which 
was sublimed at 160 "C/10-3 torr; yield 91%; mp 76- 
78 "C. Anal. calcd. for CgHgN60P: C 43.5, H 3.60, N 
33.8; found: C 43.5, H 3.64, N 34.2. Mass spectrum, M 
calcd.: (m/e) 248; found: 248; nmr (CDC13) T 2.05 (m, 
3H and 5H) 3.50 (m, 4H). 

(Me2pz)3P0 was prepared in the same way. For purifi- 
cation it was sublimed at 160-165 "C/10-3 torr; yield 65%; 
mp 115-118 "C. Anal. calcd. for CL5Hz1N60P: C54.2, 
H6.37, N25.2; found: C 54.6, H6.68, N24.9. Mass 
spectrum (m/e), M calcd.: 332; found: 332; nmr spectrum 
(CDC13) T 4.00 (d, 4-H, 4Jp, = 4.0 HZ), 7.73 (d, 5-Me, 
3 J p H  = 0.5 HZ), 7.82 (s, 3-Me). 

(4 (pz)3PS 
An ethereal solution of thiophosphoryl chloride (8.35 

mmol) was added to an ethereal suspension of a twofold 
excess of potassium pyrazolide, and the mixture stirred 
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for 1 day. The precipitate was filtered off and the solvent 
removed from the filtrate, leaving a white residue which 
was sublimed at 130°C/10-3 torr; yield 75%; mp 
149-151 "C. Anal. calcd. for C9H9N6PS: C 40.9, H 3.43, 
N 31.8; found: C 40.0, H 3.33, N 31.5. Mass spectrum, M 
calcd. (m/e): 264; found: 264; nmr (CDC13) T 1.98 (m, 
3H and 5H), 3.49 (m, 4H). 

Attempts to prepare SP(pz)3 by the reaction of thio- 
phosphorylchloride with trimethylsilylpyrazole gave an oil 
consisting mainly of bis(pyrazo1yl)thiophosphoryl chlo- 
ride, according to mass spectral analysis; further treat- 
ments of this product with Me3Si(pz) in sealed t ~ ~ b e s  at 
100 "C faded to effect substitution of the halogen moiety. 

(f) +zP(S)(Mezpz) 
A toluene solution of +zP(Me2pz) (0.5 mmol) was 

heated for several hours under reflux with an equivalent 
amount of sulphur, until conversion to +2P(S)(Me2pz) 
was complete, as monitored by IH nmr spectroscopy. The 
solvent was removed and the product, +zP(S)(Mezpz) was 
sublimed at 80 "C/10-3 torr; yield 95%. Anal. calcd. for 
C17H17N2PS: C65.3, H5.49, N8.97; found: C65.9, 
H 5.20, N 8.74 Mass spectrum, calcd (m/e): 312; found: 
312; nmr (CDC13) T 2.0-2.7 (complex m's, phenyl), 4.02 
(m, 4-H), 7.63 (br s, 5-CH,), 7.85 (s, 3-CH3). 

(g) Et2Ppz 
An ethereal solution of Et2PCI (8.67 mmol) was added 

dropwise to a stirred solution of pyrazole (8.67 mmol) and 
triethylamine (-9 mmol) in ether, giving an immediate 
white precipitate After 6 11, the mixture was filtered and 
the solvent was removed under vacuum from the filtrate, 
leaving an oil which was distilled at 35 "C/10-3 torr; 
yield 99%. Anal. calcd. for C7HI3N2P: C 53.8, H 8.38, 
N 18.6; found: C 53.8, H 8.39, N 17.9. Mass spectrum, M 
calcd. (mle): 156; found: 156; nmr (CDC13) T 2.37 (rn, 
3H and 5H), 3.80 (m, 4H), 7.6-8.7 (m, methylene), 
8.8-9.4 (m, methyl). 

Reactions of Pyrazo1,vlphosphines 
(a) With Water 
Distilled water (1.20 mn~ol) was added to an ethereal 

solution of +zPpz, +2P(Me2pz), and +2P(imid) (1) (0.60 
mmol); after three days, the volatile products were re- 
moved under vacuum, leaving a residue giving the nmr 
and mass spectral characteristics of the azole and of 
diphenylphosphinous acid, +2P(O)H (28) (imid = imid- 
azolyl). 

(b) With Methanol 
A mixture of +zPpz and methanol in a 1 :2 molar ratio 

in ether underwent only partial hydrolysis over a period 
of 3 days. A mixture of 4zPpz (3.6 mmol) and excess 
methanol (-80 mmol) gave, after 3 days, a mixture of 
pyrazoleand+2POCH3. M calcd.: 216; found: 216; nmr T 

2.65-2.85 (phenyl), 6.45 (d, CH30, 3JpH = 14 HZ). 
(c) With Anhydrous HCI 
+2P(pz) (1.40 mmol) in benzene-d6 was allowed to react 

with an equivalent amount of anhydrous HCl, giving a 
white precipitate which was identified by nmr (in D20) as 
pyrazole hydrochloride. The nmr spectrum of the ben- 
zene-d6 solution showed resonances due to phenyl and 
pyrazolyl moieties; the solvent was removed, leaving a 
residue consisting of +2PC1 and unreacted +2P(pz), 
according to mass spectral measurements. 

(d) With NafOCH3- 
&P(pz) (3.52mmol) in ether was stirred with sodium 

methoxide (3.80 mmol) over a period of 3 days. The pre- 
cipitate was filtered off, dried, and dissolved in D2O; the 
IH nmr spectrum indicated the pyrazolyl moiety. The 
ethereal filtrate was evaporated leaving an oil which was 
distilled in uacuo and characterized as +2POCH3 by ir. 
mass, and nmr spectroscopy; there was no evidence of 
unreacted +zP(pz). 

(e) With Phenyllithium 
An ethereal solution of +2P(pz) (1.32mmol) was 

treated with a benzene-ether solution of phenyllithiurn 
(1.70mmol). After 2 days, the mixture was hydrolyzed 
and the ethereal phase isolated, dried over sodium sul- 
phate, and evaporated irz vacno. The residue was re- 
crystallized from ethanol and characterized as +,P (yield 
72%) by mixed melting point and ir spectral measure- 
ments. 

The reaction of +2P(0)(pz) with phenyllithium was 
studied in the manner described above, resulting in the 
formation of +3P0, as evidenced by mixed melting point, 
ir, and nmr measurements. 
(f) With Methyl Iodide 
An ethereal solution of hP(pz) (1.53mrnol) was 

treated with a 25-fold excess of CH31, yielding a yellow 
precipitate over a period of 5 days. The precipitate was 
filtered off, washed with ether, and characterized as the 
adduct +2Pf(pz)CH31-; yield 28%; mp 140-155 "C 
(dec.). Anal. calcd. for Cl6HI6N2PI: C 48.8, H 4.09, 
N 7.10; found: C 48.6, H 4.06, N 7.57. The nmr spectrum 
consisted of a mult~plet ( T  1.72-2.50, 3H, 5H, phenyl 
envelope), a second multiplet ( T  3.24, 4H) and a doublet 
( T  6.39, 2JpH = 13.5 Hz, CH3 group), with relative 
intensities consistent for a 1 : 1 adduct. 

Various attempts, including sealed tube reactions at 
80 "C failed to induce adduct formation between +P(pz)2 
or P(pz)3 and methyl iodide. 

(g) With CS2 
Samples (-0.5 mmol) of +2P(pz) and P ( ~ z ) ~  in benzene 

solution were heated under reflux for several hours with 
an excess of carbon disulphide. After removing the 
volatile components the starting materials were recovered 
unchanged, as evidenced by mass and nmr spectral 
analysis. 

(h) With BC13 
Solutions of +2P(pz) (-0.5 mmol) and an equivalent 

amount of BC13 in CDCl, were mixed in an nmr tube and 
the reaction was followed spectroscopically. Within 1 h 
new resonances attributable to new pyrazolyl products 
were observed, at lower fields than the resonances due to 
the 3-H, 4-H and 5-H protons of +zP(pz) itself. A mass 
spectrometric analysis was performed. Species assigned as 
(pzBC12)~ (294) and +2PCl (220) were observed. There was 
no evidence for unreacted +2P(pz). 

The reaction of P(pz), with BC13 was studied in the 
manner described above. New nmr multiplets in the 
region for the 4-H proton were observed. The mass 
spectrum showed species assigned as [(pz),B]2 (422), 
( ~ Z B C ~ ~ ) ~  (294), (pz),PCl (200), and pzPC12 (168). There 
was no evidence for unreacted P(pz),. 

(i) With BF3 
A solution of &Ppz (1.44 mmol) in hexane-ether (2:l) 
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was treated with BF3 (1.44 mmol) and allowed to stand at 
room temperature. The volatile components were re- 
moved under vacuum, leaving a white precipitate identi- 
fied as +2P(pz).BF3; yield quantitative; mp 88-90°C. 
Anal, calcd. for C15N13N2BF3: C 62.3, H 4.53, N 9.69; 
found: C 62.2, H 4 66, N 8.20. The I9F spectrum, in 
CDC13, consisted of a doublet (ZJ,, = 44 Hz). The 31P 
spectrum, in CDC13, was a 1:2:2:1 quartet (TJp,  .= 45 
Hz), which collapsed to a broad singlet upon Irradiating 
at the '9F frequency. The product described above was 
also obtained from preparations using 2 mol of BF3 per 
mole of +*Ppz. 

The compound +P(pz)2.BF3 (mp 94-96 "C) was pre- 
pared in the manner described above, using 1 mol of BF3 
per mol of + P ( ~ Z ) ~ .  The 19F spectrum consists of a 
doublet ( J  - 53 Hz). Upon standing in solution res- 
onances due to new fluorine containing products ap- 
peared. 

The reaction of P(pz)3 with BF3 was studied in the way 
described above; P(pz)3.BF3 in CDCI3 gave a 19F 
spectrum consisting of a doublet ( J  - 60 Hz). 

The '9F chemical shifts, downfield from CFC13 were: 
+,PpzBF3 (272.6), + P ( ~ z ) ~ B F ,  (273.4), P(pz)3BF3 (152.0). 
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Crystallographic studies on neuroleptics of the 
benzocycloheptapyridoisoquinoline series. The crystal structure of 

butaclamol hydrobromide and the absolute configuration and 
crystal structure of dexclainol hydrobromide 
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P. H. BIRD, F. T. BRUDERLEIN, and L. G. HUMBER. Can. J. Chem. 54, 2715 (1976). 
The compound butaclamol hydrobromide crystallizes in space group P21/c with cell dimen- 

sions; a = 14.38(3), b = 13.31(3), c = 12.07(3) A, P = 101.64(8)". The structure was solved by 
Patterson methods and non-hydrogen atoms have been refined isotropically using a full-matrix 
least-squares to an R value of 0.17 for 779 observed reflections. 

The compound dexclamol hydrobromide crystallizes in space group P212121 with a = 

8.412(2), b = 24.392(7), c = 10.465(2) A. Refinement of non-hydrogen atoms using isotropic 
thermal parameters and rigid aromatic rings converted at R = 0.090 using 1249 observed re- 
flections, for the preferred enantiomorph, and R = 0.099 for the other enantiomorph. 

Both compounds have their hydroxy groups in the axial position, and both adopt conforma- 
tions of the seven membered ring such that the C13b hydrogen atom experiences a flagpole- 
bowsprit interaction with a hydrogen atom of C9. 

P. H. BIRD, F. T. BRUDERLEIN et L. G. HUMBER. Can. J. Chem. 54,2715 (1976). 
Le bromhydrate de butaclamol cristallise dans le roupe d'espace P21/c avec des dimensions 

de maille a = 14.38(3), b = 13.31(3), c = 12.07(3) ! , P = 101.64(8)". On a rCsolu la structure 
par les methodes de Patterson et on a affine les atomes autres que les atomes d'hydrogkne d'une 
f a ~ o n  isotrope utilisant la mCthode des moindres carrCs (matrice compkte) jusqu'h une valeur 
de R de 0.17 pour 779 reflexions qui avaient Cte observhs. 

Le bromhydrate de dexclamol cristallise dans le groupe d'espace P212121 avec a = 8.412(2), 
6 = 24.392(7), c = 10.465(2) A. L'affinement des atomes autres qu'hydrogkne utilisant des 
paramktres thermiques isotropes et des cycles aromatiques rigides convergent B une valeur de 
R = 0.090 utilisant 1249 reflexions observees pour l'knantiomorphe prCfCrC et une valeur de 
R = 0.099 pour I'autre Cnantiomorphe. 

Dans chacun des composks, les groupes hydroxyles sont en position axiale et dans chaque 
cas ils adoptent une conformation du cycle B sept membres telle que l'atome d'hydrogkne en 
C13b et l'atome d'hydrogkne en position C9, subissent des interactions mbt-beauprd. 

[Traduit par le journal] 

Introduction been demonstrated (5). The relative configura- 

Recent studies have demonstrated that various tions at positions 3,4a and 13b have been assigned 
compounds containing the novel benzo[6,7]cyc- 
lohepta[l,2,3 -de]pyrido[2,1 -a] - isoquinoline sys- 
tem possess useful psychopharmacologica1 prop- 
erties (1-4). In particular, the tert-butyl carbinol 
(+)-1.HC1, butaclamol hydrochloride, is an 
antipsychotic agent whose efficacy in man has 

gp 
'Nonproprietary name selected by the U.S. Adopted 

R 0 

OH 
Names Council. 

2This compound is also known by the Ayerst code (+)-I,  R = ieri-butyl (butaclamol) 
number AY-23,028. (+)-2, R = 2-propyl (dexclarnol) 
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on the basis of nmr spectroscopy and by mech- 
anistic considerations (2, 3). The first aim of the 
present investigation was to verify these previous 
stereochemical assignments and to determine the 
conformations of rings B and E. We thus 
describe the crystal structure of (f)-1.HBr (mp 
307-309 "C). 

After the crystal structure of ( f )-I. HBr had 
been completed, the resolution of butaclamol 
was achieved (6), and it was found that the 
pharmacological activity of the racemate was due 
solely to  the dextro-enantiomer (6-9). Resolution 
of the related 2-propyl carbinol, (+)-2, also re- 
vealed that neuroleptic activity resided only in 
the clextro-enantiomer, (+)-2, dex~lamol,'.~ a 
drug with potential utility as a neuroleptanal- 
gesic agent (10). The second aim of this in- 
vestigation was to determine the absolute con- 
figurations at the chiral centers of (+)-2, and to 
redetermine the conformations of rings B and E. 
Thus, the crystal structure of (+)-2. HBr (mp 
265-267 "C) has been determined. 

Neuroleptic agents such as dexclamol, (+)-2, 
exert their effects through a series of events 
initiated by a blockage of the biological receptor 
in the brain with which the neurotransmitter 
dopamine (3,4-dihydroxyphenethylamine) inter- 
acts (11). The capacity of (+)-I and (+)-2 to  
block the central dopamine receptor has been 
demonstrated by in vivo and/or in vitro studies 
(6-9) while the corresponding laevo-enantiomers 
are entirely devoid of such properties. (+)-I and 
(+)-2 are thus the first dopamine receptor 
antagonist which display absolute optical speci- 
ficity with respect to the dopamine receptor. 
6aR(-)-Apomorphine, in contrast, is a potent 
dopamine receptor agonist (1 1) whose absolute 
configuration (12) and molecular geometry (13) 
are known and which similarly displays absolute 
optical specificity towards the dopamine re- 
ceptor, since its clextro-enantiomer is completely 
devoid of such actions (14). 

(+)-2 and (-)-apomorphine thus constitute 
a unique pair of dopamine receptor ligands in 
that they exhibit opposite biological activities, 
and are semi-rigid, chiral molecules of known 
absolute configuration and molecular geometry. 
(-)-Apomorphine's dopaminergic activity has 
been conclusively demonstrated to  be due to the 

3This compound is also known by the Ayerst code 
number AY-24,169. 

presence of its 3,4-dihydroxyphenethylamine 
moiety (1 I), while the antidopaminergic activity 
of (+)-2 has been ascribed to the presence of an 
extended phenethylamine moiety in this molecule 
(6) (see Fig. 3). These dopanline receptor ligands, 
by virtue of their possession of this common 
structural feature, can serve as independent 
probes of the topography of the dopamine 
receptor. A third aim of the present study is to  
identify and define relevant parameters of the 
molecular structures of (+)-2 and of (-)- 
apomorphine which will permit a quantitative 
comparison of the topographies of the extended 
phenethylamine moieties of these ligands. 

Experimental 
Crysrallograpkic Stlidy of Blltaclamol Hydrobromide, 

( & ) - I .  HBr; (+)-(4a,I3b-trarzs)-(3-lydroxy- 13b(H)- 
trarzs)-3-tert-bufyl-2,3,4,4a,8,9,13b,I4-octahydro-IH- 
benzo[6,7]cyclohepta[I ,2,3-de]pyrido[Z,I-a]isoquinol- 
in-3-01 Hydrobromide 

The crystal data are as follows: 
C25H31N0.HBr fw = 442,4 
Monoclinic, a = 14.38(3), b = !3.31(3), c = 12.07(2) A, 
(3 = 101.64(8)", V = 2262.7 A3, Z = 4, pc = 1.299, 
p, = 1.30(2) g cm-3, F(000) = 928 (20 "C, MoKa, A = 
0.71069 A, p = 19.4cm-1). Absent reflections: OkO, k # 
2n and 1101, I f 217 uniquely define P21/c (C2,,5, NO. 14). 

Crystal dimensions: (100) to (700) 0.002 mm, (010) to  
( o ~ o )  0.05 mm, and (001) to (OOT) 0.20 mm; diffractometer 
4 axis parallel to c*; estimated transmission factors 0.90 
to  0.99. No absorption correction was applied. 

The structure was solved by conventional Patterson and 
Fourier methods using diffractometer data. The structure 
was refined isotropically using 779 'observed' reflections 
to R = 0.17 and R, = 0.13. No further attempt was 
made to  improve the model, the objective of the study 
having been realized. A final difference synthesis showed 
no significant residual electron density. 

The final atomic parameters are given in Table 1. 
Measured and calculated structure factors have been 
placed in the Depository of Unpublished Data.4 

Crystallographic Study of Dexclamol Hydrobromide, 
(+)-2. HBr;(+)-(4a, 136-trans)-(3-hydroxy-13b(H)- 
trans-3-(2-propyl)-2,3,4,4a,8,9,13b,I4-octahydro-lH- 
berzzo[6,7]cycIoheptu[l,2,3-de]isoquinoline-3-o1 
Hydrobromide 

The crystal data are as follows: 
C24H,9N0.HBr fw = 428.4 
Orthorhombic, a y 8.412(2), b = 24.392(7), c = 10.462(2) 
A, V = 2147.3 A3, Z = 4, P, = 1.323, Po = 1.34(2) 
g cm-3, F(000) = 896 (20 "C, MoKa, A = 0.71069 A, 
fi = 20.4 cm-1). Absent reflections: kOO, h # 2n, OkO. 

4The structure factor table is available at a nominal 
charge, from the Depository of Unpublished Data. 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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BIRD ET AL. 

TABLE 1. Final atomic coordinates and isotropic thermal parameters for 
(*)-I .HBr (with estimated standard deviations in parentheses)* 

Atom x/a y/b z/c B 

Br 111.0(5) 107 .4(5) 
0 - 143(3) 414(3) 
N 073(3) 306(3) 
C1 OOO(4) 288(4) 
C2 -087(4) 255(4) 
C3 - 1 30(4) 3 17(4) 
C4 -051(4) 341(4) 
C4a 032(4) 382(5) 
C4b 123(5) 395(5) 
C5 090(5) 449(5) 
C6 165(5) 456(5) 
C7 249(5) 421(5) 
C7a 287(5) 370(5) 
C8 396(7) 330(5) 
C9 405(4) 252(5) 
C9a 417(5) 325(5) 
C10 5 12(5) 348(5) 
C11 518(4) 412(5) 
C12 437(5) 447(5) 
C13 337(5) 424(5) 
C13a 341(5) 353(5) 
C13b 234(4) 321(4) 
C13c 206(5) 360(4) 
C14 163(4) 336(4) 
Cl '  - 226(4) 278(4) 
C2' - 205(5) 177(5) 
C3' -271(4) 358(4) 
C4' -301(5) 267(5) 

'Fractional coordinates have been multiplied by 103. 

k # 2n; 001,l # 2n uniquely define P212121 (DL4, NO. 19). 
The sample crystal, mounted with a*- parallel to the 

rotatipn axis had dimensions: (100) to (loo), 0.25; (010) 
to (OlO), 0.12; and (001) to (OOl), 0.12 mm. Preliminary 
photographs were used to establish the space group and 
approximate unit cell data. The diffraction spots showed 
minimal mosaic spread and unexpectedly low intensities. 

The crystal was transferred to a Picker Nuclear FACS-1 
diffractometer equipped with a molybdenum target tube, 
graphite monochromator, scintillation counter, and a 
pulse height analyzer adjusted to accept 100% of the 
MoK, peak. The Picker Disc Operating System was used 
to control alignment and data collection operations. 
Twelve reflections, widely separated in reciprocal space, 
were automatically centered at both positive and negative 
28 values. Their setting angles were used to obtain the cell 
parameters and the orientation matrix by least-squares 
refinement. The 8-28 scan technique was employed for 
data collection with a 1 deg min-1 scan speed, a base scan 
width of 2" in 28, and 20 s background measurements at 
the initial and final scan positions. A check reflection, 
remeasured every 30 cycles, varied randomly in intensity 
over about 5%. Intensity data were collected in two 
octants; limited to positive or zero h, k, and I, and 4" < 
28 < 45", and the other limited to negative h, k, and 1 with 
4" < 28 < 30". Net intensities were computed as: I = S - 
B(ts/t,), where S is the scan count accumulated in time 
is, and B is the total background count measured over a 

time tB : ~ ( l )  = [S + B(tS/ tB)2 + (0.02~)2]'/~. Of a total of 
2146 reflections collected, 1249 with I > 3o(I) were re- 
tained after data processing: the two octants were, of 
course, not merged. The data were corrected for absorp- 
tion:5 transmission factors ranged between 0.74 and 0.87. 

The positions of the bromide ion were determined from 
a three-dimensional Patterson synthesis, and the remain- 
ing non-hydrogen atoms were located from the sub- 
sequent structure factor calculation and Fourier syn- 
t h e ~ i s . ~  The positional and isotropic parameters were re- 
fined using a full-matrix least-squares with the following 
constraints: no hydrogen atoms were included in the 
model; non-hydrogen atoms were refined with individual 
isotropic thermal parameters; and the two aromatic rings 
were fefined as rigid groups, with a C-C bond length of 
1.39 A. The anomalous dispersion correction for bromine 
(ref. 16, p. 216) was applied to the scattering factors 
during refinement. At convergence after 5 cycles, the 
residuals for the first enantiomorph (chosen arbitrarily at 

SUsing a modified version of GNABS, a general 
absorption correction program by Burnam (15). 

6Fourier and Patterson calc~~lations were performed 
using FORDAP by Zalkin. Structure factor calculations 
and least-squares refinements were obtained using 
NUCLS in its rigid body version of Ibers. Scattering 
factors were taken from the compilation of Ibers (ref. 
16, p. 202). 
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TABLE 2. Final atomic positions and isotropic thermal parameters for 
(+)-2 .HBr (with estimated standard deviations in parentheses)* 

Atom xic  ~ l b  Z/C B 

Br -0032(5) * -0045(1) 0821(3) 4.84(8) 
0 - 1963(21) - 427 l(7) 0003(20) 3.7(5) 
N 1407(19) -5141(7) 0193(16) 1 .9(4) 
C1 1049(26) -4596(9) 0988(24) 2.8(6) 
C2 0865(27) -4093(10) 0088(25) 2.4(6) 
C3 - 0602(26) -421 2(9) -0781(26) 2.7(6) 
C4 -0391(25) -4737(8) - 1586(19) 1 .4(6) 
C4a 0023(36) -5281(6) - 0657(20) 1 .9(5) 
C4b 0381(20) -5783(5) - 1427(15) 2.7(6)t 
C5 -0364(17) -5851(6) - 2602(17) 3.3(6)t 
C6 0078(21) -6282(7) - 3396(11) 2.8(5)t 
C7 1265(22) - 6643(6) -3016(16) 3.7(7)t 
C7a 2010(15) - 6574(6) - 1841(18) 3.1(6)t 
C8 3368(34) - 7005(11) - 1616(28) 4.9(8) 
C9 4452(28) - 6960(9) -041 7(23) 4.4(8) 
C9a 3345(18) - 7028(9) 0808(13) 3.9(6)t 
C10 3377(18) - 7504(7) 153 9(20) 4.2(7)t 
C11 243 l(23) -7546(6) 2623(18) 5 .47)t  
C12 1453(19) -7113(9) 2978(13) 3.8(7)t 
C13 1421(18) -6637(6) 2248(19) 3.1(7)t 
C13o 2367(22) - 6595(6) 1163(16) 2.8(7)t 
C13h 2383(34) - 6055(12) 0337(27) 2.8(8) 
C13c 1568(18) -6143(7) - 1047(12) 2.0(5)t 
C14 1664(28) -5602(10) 1 1 lO(25) 1.6(6) 
C1' - 0747(29) -3704(10) - 1801(25) 4.0(7) 
C 2' -2134(35) - 3860(12) - 2738(27) 4.6(8) 
C3' - 1138(32) -3189(11) - 1038(28) 5.4(8) 

'Fractional coordinates have been multiplied by 104. 
TTheseatomsarepart ofaromaticringsrefinedas rigid planar regular hexagonal groups with C-C = 

I .39 A. 

the Patterson solution stage) were R = 0.090 and R, = Results and Discussion 
0.111 (R = C(IIFo - ~ F ~ I ) I ~ I F ~ I ;  R, = [~w( lFd i  - The crystal packing of butaclamol hydro- 
Fc~)2/CwFo12]1/2, where w = [u(F0)])-2 and u(FO) = 
n(1)/2LpFo(). The signs of all coordinates were reversed bromide is shown in Fig. 1, intermolecular 
to generate the other enantiomorph, and the refinement contacts were found to be normal within the 
was repeated (2cycles), yielding R = 0.099 and R, = (rather large) estimated standard deviations. 
0.116. A final difference Fourier showed no significant The molecular structure of butaclamol hydro- 
residual electron density. bromide (f )-1 .HBr (Fig. 2) confirms the pre- 

The final atomic parameters for the first enantiomorph viously assigned relative configurations at posi- are given in Table 2. Measured and calculated structure 
factors have been placed in the Depository of Un- tion 3, 4% and 13b (2, 3), and Eveals that in the 
published Data.4 solid state that (a) ring E (Fig. 3) assumes a 

FIG. 1. Molecular packing of butaclamol hydrobromide, (f )-1.HBr (hydrogen atoms are shown in calculated 
positions). 
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BIRD ET AL. 2719 

FIG. 2. The catlon of butaclamol hydrobromide, 
( +)-I. HBr. 

conformation in which the tert-butyl group is 
attached equatorially, and (b) ring B adopts a 
conformation in which one of the CPhydrogens 
experiences a flagpole-bowsprit type interaction 
with the lone hydrogen at C13b. 

FIG. 3. Extended phenethylamine groupings in (-1- 
apomorphine, (+)-1 and (+)-2. 

The crystal packing of dexclamol hydrobro- 
mide is shown in Fig. 4 while bond distances and 
angles are collected in Table 3. Again, no 
abnormal intermolecular contacts were observed. 
The difference in R factors obtained after refine- 
ment of the enantiomers is significant by 

TABLE 3. Distances and angles with estimated 
standard deviations for (+)-2.HBr 

Length Angles 
Bond* (A) Bonds (deg) 

C1-C2 
C2-C3 
C 3 4  
C3-C 1 ' 
C3-C4 
C4-C4a 
C4a-C4b 
C4a-N 
C7-C8 
C8-C9 
C9-C9a 
C13a-C13b 
C13b-CI3c 
C13b-C14 
C 14-N 
N-C 1 
C1 '-C2' 
C1'-C3' 

N-C I -C2 
C1-C2-C3 
C2-C3-C4 
C 2 - C 3 4  
C2-C3-C 1 ' 
C4-C3-0 
C4-C3-C 1 ' 
0-C3-C1' 
C3-C4-C4a 
C4-Ck-N 
C4-C4a-C4b 
C4b-Ck-N 
C4a-C4b-C13c 
C13c-C7a-C8 
C3-C1'-C2' 
C3-C1'-C3' 
C13c-C7a-C7 
C7a-C8-C9 
C8-C9-C9n 
C9-C9a-ClO 
C9-C9a-C 13a 
C13-C13a-C13b 
C9u-C13a-C 13b 
C13u-C13b-C13c 
C13a-C13b--C14 
C13~-C13b-C14 
C13b-C14-N 
C 1 4-N-C 1 
C 1 4-N-C4a 
C 1-N-C~U 
C2'-C 1 '-C3' 

'All C-C distances in benzene rings are 1.39 A. 
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VOL. 54. 1976 

FIG. 4. Molecular packing of dexclamol hydrobromide, (+I-2.HBr (hydrogen atoms are shown in calculated 
positions). 

FIG. 5. The cation of dexclamol hydrobromide, 
(+)-2.HBr (hydrogen atoms are shown in calculated 
positions). 

Hamilton's test (17) at better than the 0.005 level, 
thus the absolute configuration of dexclamol, 
(+)-2, is virtually certainly that pictured in 
Fig. 5, that is 3S, 4aS, 13bS. 

The biologically active enantiomer of buta- 
clamol, (+)-I, is also assigned 3S, 4aS, and 13bS 
absolute configurations on the basis of a com- 
parison of molecular rotations of (+)-I and 
(+)-2 (see Table 4). 

The crystal structure of dexclamol hydrobro- 
mide, (+)-2. HBr, Fig. 5, reveals that the ring E 
and ring B conformations are the same as those 

TABLE 4. Molecular rotations, [MI, of (+)-1 and ( f  )-2 

Wavelength [MI  ID" 

observed with butaclamol hydrobromide, (+)- 
1. HBr. 

For purposes of comparing the topographies 
of the extended phenethylamine moieties of dex- 
clarnol and apomorphine, the four parameters 
described below are considered to be of rel- 
evance. The position of the nitrogen atom with 
respect to the phenyl ring A as defined by the two 
angles X I  and X2 is shown in Fig. 6 .  These angles 
as well as the conventional torsion angles, are, 
collected in Table 5. The out-of-plane displace- 
ments of the nitrogen atom are also collected in 
Table 5: a positive displacement implies that the 
nitrogen atom is above the plane of phenyl ring 
A, with the molecules oriented as in Fig. 3. The 
distance of the nitrogen atom from the center of 
ring A has been calculated and these values are 
collected in Table 5. 
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BIRD ET AL. 2721 

gH C7a Cllb 

Dexclamol, (+)-2 (- )-Apomorphine 

FIG. 6. Definition of the angles used to describe the phenethylamine moiety in dexclamol and 
( - )-apomorphine. 

TABLE 5. Parameters associated with the conformation of the phenethylamine 
moiety in (+)-dexclamol [(+)-21, and (-)-apomorphine 

Parameter 

(+)-2, Conformer A (+)-2, Conformer B 
C9-H, C13-H C8-H, C13-H 

eclipsed eclipsed* 

XI $ 169" 155" 
Torsion angle C13a-C13b-C14-N - 169" - 155" 

x2 $ 73" 85" 
Torsion angle C13-Cl3a-Cl3b-Cl4 17' 5" 

Distance of N from the plane of ring A 0.19 A -0.9 A 

Distance of N from the centre ring A 5 . 1 0 ~  5.1 A 

Parameter Value for (-)-apomorphinet 

XI -178, -178" 
Torsion angle C7a-C7-C6a-N 178, 178" 

X2 56, 45" 
Torsion angle C8-C7a-C7-C6a - 146, - 135" 

Distance of the N from the plane of ring A -0.90, -1.23 A 

Distance of the N from the centre of ring A 5.12, 5 . 0 9 ~  

'Values estimated from Dreiding models. 
tValues calculated for the two cfystallographically independent molecules in the unit cell. 
$See Fig. 6 for definition of these parameters. 

The conformation of ring B in (+)-I (and in 
(f )-2) is one in which there is a C9-H, C13b-H 
interaction, and this rotamer is designated 
'conformer A'. The alternative rotamer, with a 
C8-H, C13b-H interaction, designated 'con- 
former B' is not observed in the solid state, but 
this conformation may be assumed on the inter- 
action of (+)-2 with a biological receptor.' 

'The probability that ring E of (+)-2 may undergo a 
conformational change is considered unlikely since, in the 
resulting conformer, ring E would be a boat with an axial 
2-propyl group. 

The values for the parameters collected in 
Table 5 are derived from the crystal structure 
data for (+)-2, conformer A, from Dreiding 
models for (+)-2, conformer B, and from the 
recently published crystal structure data for 
apomorphine (13). 

The data in Table 5 permit a comparison of the 
topographies of the extended phenethylamine 
moieties of 6aR(-)-apomorphine with those of 
conforn~ers A and B of dexclan~ol, (+)-2. In 
essence, it is apparent from a consideration of 
Fig. 3 and the data in Table 5 .that it is possible to 
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align the phenethylamine groups of (-)-apo- 2. F. BRUDERLEIN, L. HUMBER, and K. PELZ. Can. J. 
morphine and of dexclamol, conformer B, with Chern. 523 2119 

3. F. BRUDERLEIN, L. HUMBER, and K. VOITH. J. Med. their phenyl rings coplanar and concentric, and Chem. 18, 185 (1975), 
with their nitrogen atoms essentially coincident. 4. and F. HERR. Psychopharmacologia, 42, 11 
It is also seen from the data that both conformers (1975). 
A and B of dexclamol, as well as apomorphine, 
have virtually identical distances between their 
nitrogen atoms and the center of ring A, and 
that therefore this parameter alone is not of 
relevance for identifying topographical similari- 
ties between these ligands. 

The finding that there are major areas of 
topographical similarity between dexclamol, con- 
former B, and (-)-apomorphine has provided a 
basis for a proposed mode of interaction between 
these ligands and the central dopamine receptor 
(6). In addition, it has permitted the assignment 
of a biological significance to the unique chirality 
of dexclamol, in terms of the topography of the 
macromolecule of which the dopamine receptor 
is a part (6). 

1. K. VOITH and F. HERR. Abstracts of Papers, 5th Int. 
Congress of Pharn~acology, San Francisco, 1972, 
Abstract No. 1457, p. 243. 

5. D. H. MIELKE, D. M. GALLANT, T. OELSNER, C. M. 
KESSLER, W. K. TOMLINSON, and G. H. COHEN. 
Discuss. Nervous System, 36, 7 (1975). 

6. L. HUMBER, F. BRUDERLEIN, and K. VOITH. Mol. 
Pharrnacol. 11, 833 (1975). 

7. K. VOITH and J. CUMMINGS. Abstracts of Papers, 6th 
Int. Congress of Pharmacology, July 1975, Helsinki, 
Finland. 

8. W. LIPPMANN, T. PUGSLEY, and J. MERKER. Life Sci. 
16,213 (1975). 

9. R. J. MILLER, A. S. HORN, and L. L. IVERSEN. J. 
Pharm. Pharmacol. 27, 212 (1975). 

10. J. JARAMILLO. Can. J. Physiol. Pharmacol. In press. 
11. L. IVERSEN. Science, 188, 1084 (1975). 
12. H. CORRODI and E. HARDEGGER. Helv. Chim. Acta, 

38,2038 (1955). 
13. J. GIESECKE. Acta Crystallogr. B29, 1785 (1973). 
14. W. S. SAARI, S. W. KING, and V. LOTTI. J. Med. 

Chem. 16, 171 (1973). 
15. C. W. BURNAM. Am. Mineral, 51, 159 (1966). 
16. International Tables for X-Ray Crystallography. Vol. 

111. Kynoch Press, Birmingham, England. 1962. 
17. W. C. HAMILTON. Acta Crystallogr. 5, 60 (1952). 
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Crystal structures of phenacylkojate 
(2-(hydroxymethyl)-5-phenacyloxy-4H-pyran-4-one) and its complex 

with sodium chloride: bis(phenacy1kojate)sodium chloride 

SIMON E. V. PHILLIPS AND JAMES TROTTER 
Department of Chemistry, University of British Columbia, Vancouver, B.C., Canuda V6T I WS 

Received April 2, 1976 

SIMON E. V. PHILLIPS and JAMES TROTTER. Can. J. Chem. 54, 2723 (1976). 
The structures of the title compounds have been determined by three dimensional X-ray 

crystal structure analysis. 
Crystals of anhydrous phenacylkojate are monoclinic, space group P2,/c, with unit cell 

dimensions a = 9.087(4), b = 11.764(3), c = 12.714(4) A, p = 116.57(2)", Z = 4. The struc- 
ture was solved by direct methods and refined by full-matrix least-squares to R = 0.044 for 1225 
independent diffractometer observations. The crystal structure is held together by hydrogen 
bonding between carbonyl and hydroxyl groups and C-H. . .O interactions. 

Crystals of the sodium chloride con~plex are monoclinic, space group C2/c,  with unit cell 
dimensions a = 11.3714(6), b = 15.796(1), c = 14.487(1) A, p = 97.241(5)", Z = 4. The 
structure was solved by heavy atom and Fourier methods and comparison with the previously 
determined structure of the potassium iodide complex. It was refined to R = 0.040 for 1670 
independent diffractometer observations. The structure closely resembles that of the potassium 
iodide complex (P21/n), but in C2/c, the alkali metal ion being eight co-ordinate in each. Naf-0 
distances are in the range 2.558-2.674 A and the C 1 .  . .O hydrogen bonded distance is 3.266 A. 

SIMON E. V. PHILLIPS et JAMES TROTTER. Can. J. Chern. 54, 2723 (1976). 
Les structures des composCs ci-haut mentionnes ont CtC dCterminCes par analyse tridi- 

mensionnelle de la structure cristalline en rayon-)<. 
Les cristaux du kojate de phCnacyle anhydre sont monocliniques, groupe d'espace P21/c, avec 

des dimensions de la rnaille de a = 9.087(4), b = 11.764(3), c = 12.714(4) A, P = 116.57(2)", 
Z = 4. La structure a CtC resolue par mCthode directe et affinCe par moindres carrCs (matrice 
compkte) jusqu'h R = 0.044 pour 1225 rCflexions indkpendantes. Les rnolCcules sont main- 
tenues entre elles dans le cristal par des liens hydrogknes entre les groupements carbonyles et 
hydroxyles et les interactions C-H. . .O. Les cristaux du cornplexe de chlorure de sodium sont 
monocliniques, groupe d'espace C2/c,  avec des dimensions de la maille de a = 11.3714(6), b = 
15.796(1), c = 14.487(1) A, p = 97.241(5)", Z = 4. La structure a Cte rCsolue par les mCthodes 
d'atome lourd et de Fourier et en comparaison avec la structure prCcCdemment dCterminCe du 
complexe d'iodure de potassium. Le facteur d'accord final est R = 0.040 pour 1670 rCflexions 
indkpendantes. La structure ressemble Ctroitement B celle du complexe d'iodure de potassium 
(P21/n), mais dans C2/c;  I'ion alcalin du metal a huit liaisons de coordination dans chacun 
d'eux. Les distances Na+-0 s'ktendent dans I'Ccart de 2.558-2.674 A et la distance du lien 
hydrogkne C1-. . .O est de 3.266 A. 

[Traduit par le journal] 

Introduction 
Alkali metal halides form complexes with 

phenacylkojate (I), (pak), in one of two stoichio- 
metries, M x ( ~ a k ) ~  or MX(pak), depending on 
the radius sum rM+ + r c  (2). Crystal structures 
have been determined for examples of both cases 
(3, 4) and for the hydrated form of the free 
ligand (5). 

The structure of NaCl(pak)z was investigated 
because its unit cell dimensions (C2/c) and 
crystal morphology resembled those of the 
KI(pak):! complex (P21/n). This observation 

suggested that the structure might contain eight- 
co-ordinate sodium rather than the more usual 
sixfold co-ordination found in Na1(pak)z.2H2O 
(6). If the structure of N a C l ( ~ a k ) ~  is similar to 
that of K 1 ( ~ a k ) ~ ,  this would show that the 
M x ( ~ a k ) ~  complexes, that occur in both P21/c 
and C2/c (7), all have the same structure. The 
structure of pak itself was elucidated to confirm 
that the conformation of the molecule is planar 
even when the two carbonyl oxygen atoms are 
not interacting with a metal cation or water 
molecule. 
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Experimental 

CAN. J. CHEM. VOL. 54, 1976 

Pak 
Slow cooling and evaporation of a solution of pak in 

warm methanol gave a mixture of colourless needles, 
(pak).H20, and plates (pak). A well-formed plate with 
dimensions ca. 0.003 X 0.020 X 0.048 cm was chosen for 
data collection and mounted on a Datex-automated G.E. 
XRD-6 three circle diffractometer with the + axis through - 
102. Accurate cell dimensions were obtained by least- 
squares refinement from 28 settings of 20 manually 
centred reflections. Crystal data are: 
C14H1205 f.w. = 260.2 
Monoclinic, a = 9.087(4), b = 11.164(3), c = 12.714(4) 
A, p = 116.57(2)', V = 1215.4(7) A3, p, = 1.42 (flota- 
tion), Z = 4, p, = 1.42 g ml-1, F(000) = 544. Space 

group P21/c (20 "C; Cu-K,, A = 1.5418 A, p = 9.3 
cm-I). 

Intensities were collected in shells of reciprocal space 
for all independent reflections with 28 < 120". Scanning 
was carried out at  2" min-I and backgrounds counted for 
10 s a t  the ends of each scan. Reflection 122 was measured 
at  intervals of 50 reflections and its intensity fluctuated 
randomly between limits of +4% throughout the data 
collection. The variations were used to scale the observed 
intensities. The total number of unique reflections col- 
lected was 1805. Lorentz and polarization factors (LP) 
were applied and standard deviations ( ~ ( 1 ) )  calculated 
from d(1)  = S + B + (0.05S)2, where S = scan and 
B = background count. A total of 1225 reflections was 
considered observed with intensity (I) > 3 ~ ( 1 )  above 
background. 

Structure Determinatiotl 
The 221 reflections having E > 1.5 were used in the 

structure solution. Sign determination was carried out 
with a computer program (8) using a multisolution 
approach and applying x2 relationships in an iterative 
procedure. The starting set consisted of seven reflections, 
three defining the origin, and the others having various 

TABLE 1 
(I) Final positional parameters for pak 

(fractional X 104, H X 103) with estimated standard 
deviations in parentheses 

Atom x v z 

C(1) 5487(4) 1661(3) - 58(3) 
c(2) 6383(4) 1506(3) - 687(3) 
c(3) 7805(4) 881(3) -208(3) 
c(4) 8357(5) 404(3) 890(3) 
(25) 7453(4) 538(3) 1511(3) 
C(6) 6007(4) 1 167(3) 1045(2) 
(27) 5073(4) 1295(3) 1750(3) 
C(8) 3597(4) 2067(3) 1277(3) 
0 )  2884(2) 2025(2) 2069(2) 
c(10) 1474(4) 2638(3) 1761(2) 
c(11) 735(4) 3257(3) 788(3) 
o( 12) - 694(3) 3853(2) 531(2) 
(213) - 1382(4) 3773(3) 1271(3) 
c(14) - 700(4) 3 169(3) 2258(3) 
c( 15) 808(4) 2563(3) 2606(3) 
C( 16) -2952(5) 4442(4) 826(4) 
O( 17) - 37 1 4(4) 4273(3) 1563(3) 
O(18) 151 l(3) 2032(2) 3541(2) 
O(19) 5487(3) 794(2) 2673(2) 
H(1) 453(4) 209(3) - 37(3) 
H(2) 600(4) 182(3) - 150(3) 
H(3) 846(5) 76(3) - 64(3) 
H(4) 947(4) -4(3) 128(3) 
H(5) 787(4) 260) 230(3) 
H(8a) 28 l(3j 183(2) 51(3) 
H(8b) 395(4) 288(3) 123(3) 
H(11) 103(4) 336(3) 15(3) 
H(14) - 120(3) 3 12(2) 273(2) 
H(16a) - 273(4) 520(3) 7x3) 
H(16b) - 372(5) 420(3) - 2(4) 
H( 17) - 399(6) 491(4) 171(4) 
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PHILLIPS AND TROTTER 

TABLE 1 (Concluded) 

(11) Final thermal parameters and their estimated standard deviations* 
(a) Anisotropic thermal parameters (Uij X 103 A2) 

Atom UI I u22 u3 3 UIZ u~ 3 u2 3 

(6) Isotropic thermal parameters (U X 103) 

Atom u ( A ~ )  Atom u ( A ~ )  Atom u ( ~ 2 )  

'Anisotropic thermal parameters in the expression: f = f 0  exp [ -2r l (Ul1h 'a*~  + UzzkZbo2 + 
U3312c" + 2Ul~hka*b* + 2U13hla8c* + 2Uz3klb*c*)]. 

slgn comb~nat~ons. The most probable set of slgns w~th  a 
consistency (8) of 87% was used to calculate an E-map, 
but the molecule could not be located. The next set with 
cons~stency 85y0 gave an E-map clearly showlng all the 
non-hydrogen atoms. One cycle of full-matr~x least- 
squares isotropic refinement uslng program BUCILS for 
all non-hydrogen atoms w~th  unit we~ghts and observed 
data gave R = 0.25.' Two further cycles wlth an~sotrop~c 
temperature factors and weights w = 1/~2(F), where 
a(F) values were derlved from the prev~ously calculated 
u(I) values, gave R = 0.081 and a ditference Fourier map 
clearly showed all the hydrogen atoms. Two further 
cycles with the hydrogen atoms refined isotropically gave 
R = 0.048. At t h ~ s  polnt extlnctlon effects became ap- 
parent in the data and a correct~on parameter E was 
Introduced and refined. F, was replaced In the calculations 
by Fcorr, where Fcorr = Fc/(l - EI,) (lo), I, belng the 
uncorrected ~ntens~ty. The weighting statlstlcs from the 
uZ(F) values gave constant values of (wA2) (weight X 
( IF ,  - JFcJ)2), and t,vo final cycles of refinement were 

'BUCILS is a local version of the full-matrix least- 
squares program NUCILS by R. J. Doedens and J. A. 
Ibers. 

carried out including the anomalous scattering contribu- 
tions for C, 0. The final R, R' were 0.044, 0.056 for 
observed data only, and 0.066, 0.056 for all data. The 
extinction parameter E refined to 5.8(7) X 10-07 and the 
highest peak on the difference map was 0.27 e A-3. Bond 
lengths and angles with errors were calculated, by the 
program ORFFE,2 with use of the variance-covariance 
matrix of the final cycle of refinement. Scattering factor 
curves were taken from ref. 12 for H atoms and ref. 13 
for C and 0 atoms. Af' and Af" for 0 and C atoms were 
taken from ref. 14. Final positional and thermal para- 
meters are given in Table 1. Measured and calculated 
structure factors have been placed in the Depository of 
Unpublished Data.3 

N~Cl(pak)~ 
Crystals of NaCl(pak)z were obtained by dissolving 

Zlnteratomic distances and errors program ORFFE by 
W. R. Busing and H. A. Levy. 

3The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
K 1A 0S2. 
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NaCl and pak in 1 :2 molar ratio in warm methanol and 
allowing the solution to cool and evaporate slowly. An 
irregular crystal fragment, with approximate dimensions 
0.05 X 0.03 X 0.01 cm was mounted with the goniometer 
6 axis through 101. The 20 values of the CuK,, and K,, 
peaks of thirteen reflections were used to refine the cell 
parameters. Crystal data are: 
(CI,HI~OS)ZN~C~ f.w. = 578.8 
Monoclinic,a = 11.3714(6), b = 15.796(1), c = 14.487(1) 
A, p = 97.241(5)", V = 2581.4(3) A3, p, = 1.46(flota- 
tion), Z = 4, p, = 1.49 g ml-1, F(000) = 1200. Space 
group C2/c (from absences and structure refinement) 
(20 "C; Cu-K,, X = 1.5418 A, p = 20.1 cm-I). 

Data collection proceeded as for pak. The standard 
reflection, 424, varied +3% and the total number of 
reflections was 1910, of which 1670 were considered 
observed at the 3a level. 

Structure Determination 
The symmetry of the space group requires the C1- 

and Na+ ions to be lying on special positions. With the 
assumption that the complex is isostructural with 

KI(pak)2, the ions were placed at the positions observed 
for K+ and I- in P2,/n. Na+ lies on a two-fold axis at 
1/2,y,1/4 and C1- on a centre of symmetry at 1/4,1/4,1/2. 
Refinement of the isotropic temperature factors and the y 
co-ordinate of Na+ gave R = 0.61, and the Fourier 
electron density map showed most of the non-hydrogen 
atoms in the pak molecule in positions close to those 
found in KI(pak)~. Anisotropic refinement of C1- and 
Naf (UI2 = U23 = 0 for Na+ due to symmetry (15)) and 
isotropic refinement of C and 0 atoms with unit weights 
led to R = 0.12. With all atoms anisotropic and weights 
based on a2(F), R dropped to 0.071 and a difference map 
clearly showed all the hydrogen atoms. Isotropic refine- 
ment of the hydrogen atoms led to R = 0.042, but 
examination of the weighting statistics showed extinction 
effects and the need for an improved weighting scheme to 
produce constant values of (wA2). An extinction cor- 
rection was introduced as for pak and the weighting 
scheme used was: \ Iw = JFo/15.0 where IF,( 5 15.0 and 
.\lw = 15.0/IF0J where IF, > 15.0. The refinement con- 
verged to R = 0.040, R' = 0.050 for observed data and 
0.046, 0.052 respectively for all data. The extinction 

TABLE 2 
(I) Final positional parameters for NaCl(pakJ2 
(fractional X 104, C1 and Na X 105, H X 103) 

with estimated standard deviations in parentheses 

Atom x Y z 
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PHILLIPS AND TROTTER 

TABLE 2 (Concluded) 

( I I )  Final thermal parameters and their estimated standard deviatips 
(a)  Anisotropic thermal parameters (Utj X 103, Na and C1 X 104 A2) 

Atom ul I u22 u33 u12 u13 uz3 

C1 573(5) 467(5) 515(5) -90(4) - 190(4) 8(3) 
Na 510(7) 41 l (7)  543(7) 0 - 119(5) 0 
c ( 1 )  42(1) 66(2) 43(1) -11(1) -4(1) 7(1) 
c ( 2 )  46(1) 95(2) 54(2) - 18(1) -8( l )  13(1) 
c ( 3 )  55(2) llO(3) 55(2) -29(2) -7(1) - 2(2) 
(34) 68(2) 87(2) 78(2) -46(2) 13(2) -32(2) 
C(5) 59(2) 58(2) 57(2) -20(1) l l ( 1 )  - 14(1) 
C(6) 41(1) 52(1) 33(1) -14(1) 4(1) -9(1) 
c ( 7 )  42(1) 40(1) 32(1) -2(1) 4(1) - 7 ~ )  
C(8) 35(1) 39(1) 34(1) -2(1) -6(1) -2(1) 
O(9)  37(1) 35(1) 46(1) -2(1) -13(1) 
c (10)  30(1) 36(1) 30(1) -2(1) 0(1) -4(1) 
c (11)  33(1) 38(1) 37(1) - 1(1) -8(1) 2(1) 
o (  12) 41(1) 32(1) 45(1) -3(1) - 12(1) 4(1) 
c( 13) 30(1) 42(1) 31(1) o(1) 1(1) 
C(14) 28(1) 40(1) 36(1) O(1) -6(1) - X I )  
C(15) 32(1) 36(1) 32(1) 4(1) o(1) - 1(1) 
C( 16) 46(1) 39(1) 54(1) -1O(1) -1O(1) O(1) 
o (17 )  52(1) 53(1) 62(1) -15(1) - 17(1) 1(1) 
O(18) 51(1) 34(1) 49(1) 6(1) -10(1) 2(1) 
o (19 )  55(1) 37(1) 55(1) o(1) -5(1) - 1(1) 

(6)  Isotropic thermal parameters ( U  X 103) 
- - 

Atom u ( h )  Atom U (A2) Atom u (A2) 

parameter E refined to 3.6(9) X 10-8, and tbe highest 
peak on the final difference map was 0.30e A-3. Bond 
length calculations and scattering factor curves were as 
for pak, Af' and Af" for Na+ and C1- being taken from 
ref. 14. Final posit~onal and thermal parameters are given 
in Table 2. Measured and calculated structure factors 
have been placed in the Depository of Unpublished Data.3 

Thermal Motion Analysis 
The mean C-C distances In the phenyl rings for pak 

and NaCl(pak)l are 1.382(3) and 1.385(6) A respectively, 
rather shorter than the expected value of about 1.394 A 
(16), indicating the possibility of apparent bond shorten- 
ing due to thermal motion. 

The thermal motion has been analysed in terms of the 
rigid body modes of translation, libration, and screw 
motion (17) using the computer program MGTLS. The 
individual rings and immediate substituents behave as 
rigid bodies, but the chains joining the two rings do not. 
Bond lengths within the rigid bodies have been corrected 
for libration (18, 19) with shape parameter 0.08 for all 
atoms. The C(16)--0(17) bond was further corrected for 
independent motion based on the AUtj values (20, 21). 
Bond lengths, corrected lengths, and angles are given in 
Table 3. The corrected mean C-C bond lengths in the 

phenyl rings are 1.388(4) and 1.390(6) A, still a little short, 
but not signiiicantly different from the typical value. 

Computing 
All calculations were carried out using the IBM 370/168 

at this university. Thermal ellipsoid plots were made using 
the program ORTEP.4 

Results and Discussion 

The Structure of pak 
The arrangement of the pak molecules (see 

Fig. 1 for formula and crystallographic number- 
ing scheme) in the structure is dependent on 
0-Ha -0 hydrogen bonding, C-He . - 0 inter- 
actions and van der Waals contacts between 
stacked phenyl and pyranone rings. The latter 
interactions, which occur with interplanar spac- 
ings of about 3.5 A as found for (pak).HzO (9, 
link parallel molecules. There are two different 

"Thermal ellipsoid program ORTEP by C .  K. Johnson. 
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TABLE 3 
(I) Bond lengths (A) in the pak molecules before and after thermal 

motion corrections with standard deviations in parentheses 

~ a k  N a C l ( ~ a k ) ~  

Bond Uncorr. Corr. Uncorr. Corr. 

(It) Bond angles (deg) in the pak molecules with standard 
deviations in parentheses. Values corrected for thermal 
motion are not significantly different and are not shown 

Angle 

Bonds ~ a k  N a C l ( ~ a k ) ~  

C(2) -C(l) -C(6) 120.3(3) 120.8(3) 
C(1) -C(2) -C(3) 119.7(3) 120.0(3) 
C(2) -C(3) -C(4) 120.9(3) 120.5(3) 
C(3) -C(4) -C(5) 1 19.6(3) 120. 5(3) 
C(4) -C(5) -C(6) 120.6(3) 118.9(3) 
C(1) -C(6) -C(5) 118.9(3) 119.4(2) 
C(l) --C(6) -C(7) 122.3(3) 121 .6(2) 
C(5) -C(6) -C(7) 118.8(3) 119.0(2) 
C(6) -C(7) -C(8) 117.7(3) 117.5(2) 
C(6) -C(7) -0(19) 121 . l(3) 122. 5(2) 
C(8) -C(7) 4 ( 1 9 )  121.0(3) 120.1(2) 
C(7) -C(8) --0(9) 107.6(3) 106.8(2) 
C(8) 4 ( 9 )  -C(lO) 116.4(2) 117.1(1) 
O(9) X ( l O + C ( l l )  125 . l(3) 125 .8(2) 
O(9) -C(lO)-C(15) 113.8(3) 112.6(2) 
C(l1)-C(l0)-C( 15) 121.2(3) 121.5(2) 
C( 10)-C(11)4(12) 121.9(3) 122.1(2) 
C(ll)4(12)-C(l3) 118.8(3) 118.6(2) 
O(12)-C(13)-C(14) 122.1(3) 122.7(2) 
O(12)-C(13)-C(16) 111.1(3) 110.1(2) 
C(14)-C(13)-C(16) 126.8(3) 127 .2(2) 
C(13)-C(14)-C(15) 122.5(3) 121.9(2) 
C( 10)-C(15)-C(14) 113.6(3) 113.1(2) 
C(10)-C(15)4(18) 122.3(3) 121.9(2) 
C(14)-C(15)4(18) 124.1(3) 125 . O(2) 
C(l3)-C(16)4(17) 110.1(3) 112.5(2) 
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PHILLIPS AND TROTTER 

TABLE 3 (Concluded) 

(111) Bond angles (deg) involving hydrogen atoms differing 
by more than 3a from normal values 

Angle 

Bond pak N a C l ( ~ a k ) ~  

FIG 1 .  Stereo view of the pak molecule with 503, probability vibration ellipsoids for non-hydrogen 
atoms. 

FIG. 2. y-projection of pak structure. Broken lines indicate hydrogen bonds. 
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TABLE 4. Geometry of the hydrogen 
bond and C-H.. .O interactions in pak 

(I) Bond distances 

Bond Distance (A) 

(11) Bond angles at hydrogen atoms* 

Bonds Angle (deg) 

(Ill) Interatomic distances in N a C l ( ~ a k ) ~  
(a) N a + 4  co-ordination distances 

Bond Distance (A) 

(b)  Hydrogen bond geometry 

Bond Distance (A) 

Bonds Angle (deg) 

'Roman numeral superscripts refer to other 
asymmetric units as follows: I, -x, 112 + y. 
112 -z;II ,x .  112 - y .  -l/Z+r;III. -1/2+ 
s - 112 + y, 2. 

orientations of the molecular planes, which alter- 
nate along the c axis and are related by the c 
glide plane (see Fig. 2 for packing diagram). 
Interactions between non-parallel molecules are 
due to hydrogen bonding. There is a hydrogen 
bond between the hydroxyl group and the O(19) 
carbonyl oxygen of a neighbouring m9lecule 
with an 0-- -H separation of 2.17(5) A and 

favourable geometry (see Table 4). This dis- 
tance is greater than theocorresponding one in 
(pak).H20 (5) of 1.98(3) A, involving the water 
molecule, and this is reflected in the v(0H) 
frequencies in the infrared spectra, which are 
observed at 3490 and 3470cm-I for pak and 
(pak).H20 respectively. Other interactions are of 
the C-H.. .O type and whether these can be 
classified as true hydrogen bonds has been 
discussed elsewhere (23). The geometry of the 
two most significant of these interactions is given 
in Table 4 and both qualify as hydrogen bonds 
according to the conditions given in ref. 23. 
Several others occur with borderlin~ geometry, 
for instance H(1). - -0(1811) at 2.67 A, but these 
are not given in Table 4. The interaction of the 
carbonyl groups with C-H groups replaces the 
0- . . M+ and 0. . . HOH interactions found in 
other pak structures. 

The Structure of NaCl ( p ~ k ) ~  
The crystal structure of N a C l ( ~ a k ) ~  is directly 

analogous to that of K 1 ( ~ a k ) ~  (3), except that the 
approximate two-fold symmetry of the latter is 
exact for the sodium complex. The packing of 
the two structures in the unit cell is almost 
identical, as long as K 1 ( ~ a k ) ~  is considered in the 
non-standard space group P21/n. 

The co-ordination shell of the sodium (see 
Fig. 3) contains eight oxygen atoms, a higher 
co-ordination number than is usual for this ion, 
yith Na+-0 distances in the range 2.558;2.674 
A and a weighted mean value of 2.62(3) A (see 
Table 4). These distances are in agreement with 
those found for other complexes containing 
eight-co-ordinate sodium. Some other examples 
are NaBr(dibenz0- 1 8-crown-6).?H20 (9) with 
pa+-0 in the range 2.27-2.89 A and mean 2.65 
A, and NaBr(dicyclohexy1-18-crown-6).2H20 (1 1) 
with pa+-0 in the range 2.349-2.975 and mean 
2.69 A. An eight-co-ordinate sodium cryptate 
has a150 been reported (22) with N%+-0 2.582, 
2.566 A and Na+-N 2.782, 2.722 A, the mean 
of th: Naf-0 and Na+-N distances being 
2.66 A. In all these cases, however, the co- 
ordination number is determined by at least six 
of the co-ordinating atoms belonging to the same 
ligand and each complex contains definite long 
and short co-ordination distances. N a C l ( ~ a k ) ~  is 
different i n  that the conformation of the ligand 
does not impose particular co-ordination geom- 
etries on the sodium. This is supported by the 
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PHILLIPS AND TROTTER 

FIG. 3. The environment of the sodium ion in NaCl(pak)z showing the co-ordinated pak molecules 
and neighbouring chloride ions. Hollow bonds show N a C 4  contacts and broken lines indicate the 
0-H. . .C1- hydrogen bonds. Shaded ellipsoids show atoms in the asymmetric unit and plain ones 
symmetry related ,atoms. Roman numeral superscripts refer to other asymmetric units as follows: 
111, - 1 / 2 + x ,  - 1 / 2 + y , z ; I V , l  - x , 1  - y , 1  - z ; v , 1 / 2 + x , 1 / 2 - y ,  - 1 / 2 + z .  

FIG. 4. y-projection of N a C l ( ~ a k ) ~  structure. Na+ and Cl- ions are shown as ellipsoids and 0 
atoms as circles. Heavy bonds show Na+-0 co-ordination and broken lines 0-H. . .C1- hydrogen 
bonds. 

distorted octahedral configuration found in the pl$ne defined by 0(9), 0(18), and O(19) is 
N a I ( ~ a k ) ~ . 2 H ~ 0 .  Also the range of Naf-0 0.999 A. The co-ordination geometry has already 
distances is much smaller than in the other been described for K 1 ( ~ a k ) ~  (3). 
complexes. The deviation of the sodium ion from The crystal packing (see Fig. 4) is the same as 
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for K l ( ~ a k ) ~  but location and refinement of 
hydrogen atoms has confirmed the existence of 
the C1-- . . O(17) hydrogen bond (see Table 4 for 
geometry) and thus the proposed I-. - -0(17) 
hydrogen bond in K 1 ( ~ a k ) ~ .  The parallel stack- 
ing of phenyl rings across centres of symmetry 
occurs a: before with an interplanar separation 
of 3.42 A. 

It is possible that the stability of the three- 
dimensional crystal lattice stabilizes the eight- 
fold co-ordination of the sodium ion. The 
similarity of the 1:2 complexes, all occurring in 
space groups P2,/c or C2/c, suggests that this 
structure is common to them all. 

Pak Molecules 
The bonds and angles in pak are normal and 

follow trends found in other pak structures (5). 
Bond lengths in NaCl(pak)z follow the mean 
values given in ref. 5 more closely than those of 
pak itself. This suggests that the geometry found 
in the pak structure is closer to that of the free 
molecule than that of (pak).H20. The only bond 
length that differs by more than 3u between the 
two molecules in Table 3 is C (4bC(5 )  and the 
difference is maintained after correction for 
thermal motion. Variations in bond length 
around the phenyl ring are probably a real effect 
dependent on the adjacent carbonyl group. Bond 
angles are much the same as before with the 
angle at O(9) again being closer to  trigonal 
rather than tetrahedral. Mean C-H bond dis- 
tances [or pak and N a C l ( ~ a k ) ~  are 0.98(2), 
0.97(1) A respectively for H-C(sp3) and 0.97(2), 
0.93(2) A for H-C(sp2). Most bond angles 
involving hydrogen are as expected, except for 
those at C(l1) (see Table 3) where the deviations 
correspond to those found in the other pak 
structures. The anomalous C-C-H angles at 
C(4) in N a C l ( ~ a k ) ~  are probably the result of 
poor refinement of the position of H(4). 

A mean plane calculation for the free pak 
molecule shows it to be slightly, but significantly, 
non-planar. The complexed molecule, however, 
shows the slight arching observed in the other 
complexes. In both cases the hydroxyl oxygen 
atom, 0(17), is close to the plane. The position 
of O(17) found in all the pak structures stud- 
ied, except (pak).H20, may be the result of a 

weak interaction with H(14), the distance 
O(17). . . H(14) being 2.49 and 2.57 A respec- 
tively for pak and NaCl (~ak )~ .  
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Solvent, concentration, and temperature dependence of the 
platinum-phosphorus nuclear magnetic resonance coupling 

constants in cis- and trans-[PtCl,(PBu,"),] 
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KEITH R. DIXON, MARTIN FAKLEY, and ALAN PIDCOCK. Can. J. Chem. 54, 2733 (1976). 
Studies of the effects of solvent, concentration and temperature on the 31P nmr parameters 

of cis- and trans-[PtC12(PBun3)2] are reported. The coupling constants, lJFt-,, are markedly 
dependent upon all three variables but, in contrast to previous studies on non-coordination 
compounds, very little corresponding variation in chemical shifts is found. Results are dis- 
cussed in terms of a solvent cavity model using reaction field, Stark and Macrae effects but it 
is concluded that a more specific model involving competitive solvation at  platinum gives a 
better interpretation of the data. 

KEITH R. DIXON, MARTIN FAKLEY et ALAN PIDCOCK. Can. J. Chem. 54, 2733 (1976). 
Une Ctude sur les effets du solvant, de la concentration et de la temperature sur les para- 

metres du rmn 31P du [PtC12(PBun3)2] cis et trans est rappcrtee. Les constantes de couplage 
'JPt-, dependent d'une f a ~ o n  marquee des trois variables mais contrairernent B des Ctudes 
prkddentes sur des composCs de non-coordination, on ne trouve qu'une trks petite correspon- 
dance dans la variation des dCplacements chimiques. Les rCsultats sont discutks en terme d'un 
modele de cage de solvant utilisant les effets de champs de rhction et les effets de Stark et  
~Macrae toutefois, on en conclue qu'un modele plus spkifique impliquant une solvatation 
competitive du platine donne une meilleure interprktation des resultats. 

[Traduit par le journal] 

Introduction 

The marked solvent dependence of many 
nuclear magnetic resonance chemical shifts has 
been known for a long time. Only more recently 
has the solvent dependence of coupling constants 
been recognized and investigated. Several review 
articles have been published (1-3), the most 
extensive compilation being that by Smith (4). 
However, there seem to be no studies on co- 
ordination complexes with the exception of a 
small amount of data (published subsequent to 
the completion of our studies) on lJptVp in cis- 
[ P ~ C I ~ ( P B U ~ ~ ) ~ ]  and tran~-[PtI2(PBu"3)~] (5). In- 
deed the only extensive data on metal containing 
complexes of any type relates to 'JMK couplings 
in tin, lead, mercury, and thallium alkyls (6-9). 
The introduction of fast Fourier transform tech- 
niques has made 31P nmr spectroscopy a tool of' 
increasing importance for the characterisation 
of co-ordination complexes containing tertiary 
phosphine ligands and it has also found exten- 

1Author to whom correspondence should be addressed. 
Permanent address: Department of Chemistry, University 
of Victoria. Victoria. British Columbia. Canada V8W 2Y2. 

sive application in the study of trans influence 
phenomena (10, 11). Very few examples of 
solvent dependent couplings involving 31P have 
been studied; the only examples being l JpH in 
pH3, PH(OCH3)2, and PH(CF3)2, ' JpF  in the 
last compound (12-14), and the limited lJpt+ 
data mentioned above (5). We therefore con- 
sidered it of interest to examine the effect of the 
usual laboratory variables in the nmr experi- 
ment (i.e. solvent, temperature, and concentra- 
tion) on the spectrum of a typical tertiary phos- 
phine complex. The objectives of the study were 
to determine the likelv effect of these variables 
on the validity of characterisation of complexes 
by 31P nmr, on trans influence series compiled 
by nmr and on any related type of project. We 
also wished to compare the results with previous 
studies on simpler (non-co-ordination) com- 
pounds. The complex trans-[PtC12(PBun3)2] was 
chosen for the study because of its high solubility 
in a wide range of solvents and because square 
planar platinum complexes are commonly used 
in trans-influence studies. For comparison pur- 
poses, some experiments were also carried out 
with cis-[PtC12(PBun3)2]. 
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TABLE 1. Solvent dependence of 'JPt-, in cis- and trans-[PtC12(PBun3)2] 

Nmr parameters 

tratzs cis 

D~electr~c Refract~ve 'Jpt-pb bc 'Jpt-pb bC 
Solvent constanta indexa (Hz) ( P P ~ )  (Hz) ( ppm) 

1 tz-Hexane 
2 Cyclohexane 
3 Cyclohexene 
4 Diethyl ether 
5 Carbon tetrachloride 
6 Butyric acid 
7 Benzene 
8 Acetone 
9 Pyridine 

10 Dichloromethane 
11 Methanol 
12 Dimethylformamide 
13 Chloroform 
14 Acetonitrile 

aValues from ref. 17. Dielectric constants corrected to nmr probe ambient temperature (28 'C)  wherever possible. 
bValues for trans- and cis-[PtCI3(PBun3)2] at 50 mg ml-1 concentration in the indicated solvents at 28 OC. For comments on likely accuracy, 

see Experimental section. 
CIn ppm upfield from P(0Me)s external reference. 
dValue at  25 'C. 

Results 

Coupling Cons tan ts 
Results for the variation of lJpt-p in trans- 

[PtC12(PBun3)2] with change of solvent and con- 
centration are presented in Table 1 and Fig. 1. 
The total spread (-3.5%) of solvent induced 
changes is roughly comparable with the previ- 
ously reported range (4) of 1-5% for one-bond 
coupling constants but is unusually large for a 
non-polar solute. If we assume that values ob- 
tained in solvents such as n-hexane are close to 
the unperturbed ('gas phase') coupling constants, 
then it is clear that two groups of solvents cause 
a substantial lowering of the coupling constant: 
(a) Solvents (e.g. CH2C12 and CHCl3) in which 
the solubility of this type of complex is known 
to be especially high. tran~-[PtCl~(PBu"3)~] is, in 
fact, almost completely miscible with these 
solvents. (b) Solvents (e.g. CH3CN, HCON- 
(CH3)2 and CH30H) of high dielectric constant 
or good donor proper tie^.^ In general the 
solubility of tran~-[PtCI~(PBu~3)~] in these sol- 
vents is rather low (ca. 50 mg/ml). 

With the single exception of butyric acid (see 
Discussion), the positions of the other solvents 

is not possible to make a clear distinction between 
dielectric and donor properties for the present group 
of solvents. 

in the series are consistent with a combination 
of these two effects. The overall series shows 
some similarities to  previous series obtained for 
non-co-ordination compounds but there are 
important differences. Firstly, in the literature 
series (4) the chlorinated solvents generally 
occupy a position which is consistent with their 
comparatively low dielectric constants whereas 
in our series they cause a lowering of coupling 
constant comparable with that produced by the 
high dielectric solvents. Secondly, the effects in 
our series are the inverse of those normally 
observed. Smith (4) has pointed out that one- 
bond coupling constants generally increase in 
the absolute sense in solvents of greater polarity 
or higher refractive index. lJPt-P is known to be 
positive (15) and hence decreases in these sol- 
vents. Thirdly, the coupling constant changes 
are not accompanied by corresponding varia- 
tions in chemical shift (see Discussion). 

In order to assess the importance of the 
moisture content of our solvents we deliberately 
added water to some of the solutions. The results 
are easily rationalized in terms of an increase in 
the dielectric/donor properties of the medium. 
For example, use of diethyl ether saturated with 
water gives lJpt-p = 2437.1 Hz (6 = 136.09 
ppm), 3.7 Hz lower than the value in thoroughly 
dried ether. Similarly, acetone containing -- 10% 
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DIXON ET AL. 2735 

I n . . . n - . .  
200 400 600 800 

CONCENTRATION rng rnl-' 

FIG. 1. Solvent and concentrat~on dependence of 
I JPt- ,  in tran~-[PtC12(PBun~)~]. Solvents are identified by 
numbers corresponding to those used in Table 1. 

water gives lJPt-, = 2391.4 Hz (6 = 136.04), 
7.9 Hz lower than the value in dry acetone. These 
results also demonstrated that variations due to 
traces of water in these solvents are not signifi- 
cant within our experimental errors (f 0.6 Hz) 
and in consequence rigorous drying of the other 
solvents was unnecessary. The single exception 
to this statement was methanol. The solubility 
of tran~-[PtCl~(PBu~3)~] in methanol decreases 
sharply if traces of water are present and 
thorough drying was essential to obtain a 50 mg 
ml-l solution. 

The variation of lJP, with concentration 
may also be interpreted in terms of the solva- 
tion/dielectric ideas presented above. Thus, in 
cyclohexane and diethyl ether, which may be 
regarded as having poorer solvating/dielectric 
properties than trans-[PtC12(PBun3)2] itself, 'JPt-, 

falls as the concentration of t ran~-[PtCl~(PBu~~)~]  
increases. The reverse occurs in benzene and 
dichloron~ethane, solvents presumably having 
better solvating/dielectric properties than the 
solute, and the plots should therefore converge 
on the value lJPtvp for pure liquid trans- 
[PtC12(PBun3)2] (mp 65 "C). Extrapolation of 
Fig. 2c to 28 "C, the probe temperature for the 
concentration dependence studies, gives 2433 Hz, 
in reasonable agreement with the approximate 
convergence point (2425-2430 Hz) of the con- 
centration plots. The effect is similar to that 
observed previously for 1J13c-H in solutions of 
haloethylenes in cyclohexane or dimethylforma- 
mide (16). 

The range of solvents for which lJPt-, in 
ci~-[PtCl~(PBu~3)~] can be studied is more re- 
stricted owing to the limited solubility of the 
complex. The results (Table 1) suggest a tendency 
for the order of solvent effects to be in opposite 
directions for the cis and trans isomers but the 
correlation coefficient is only 0.68. It is probable 
that this partial reversal of solvent order is due 
to opposition of reaction field and specific solva- 
tion effects in the cis isomer (see Discussion). 
The comparatively low solubility of cis-[PtC12- 
( P B u ~ ~ ) ~ ]  also prevented us from measuring 
concentration dependence in a range of solvents 
but in CH2C12 the variation was the inverse of 
that observed for the trans isomer, being approx- 
imately linear from 3510.1 Hz at 50 mg ml-I to 
3501.0 Hz at 825 mg ml-l. The recent report (5) 
of solvent dependence of lJPtVP in cis-[PtC12- 
( P B u ~ ~ ) ~ ]  does not specify the concentrations 
used. The data include only three solvents 
(CH2C12, CHCl3, and (CH3)2C0, lJptPp = 3505, 
3508, and 3487 respectively) in common with 
our study and in each case the coupling constants 
are slightly lower than those given in Table 1. 
This probably means that the solutions used 
were more concentrated than the 50mg ml-' 
employed in the present work. 

Results for the temperature variation of 
'JptPp are shown in Fig. 2 for both cis- and 
tran~-[PtCl~(PBu~3)~]. As is the case with the 
solvent effects, the temperature variations are 
in the reverse direction to those observed previ- 
ously for lJpFH in phosphine (12). It is possible 
that variation of dielectric constant is a factor in 
these temperature effects since the change in 
lJptAp for t r an~- [P tC l~ (PBu~~)~]  is largest in 
CH2C12, which also has a large temperature 
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FIG. 2. Temperature dependence of I J p t p p .  ( A )  cis- 
[ P ~ C ~ Z ( P B U ~ ~ ) ~ I ,  50 mg ml-1 in CH2CI2; ( B )  truns- 
[ P ~ C I ~ ( P B U ~ ~ ) ~ ] ,  50 mg mlP in n-hexane; (C) truns- 
[ P ~ C ~ Z ( P B U ~ ~ ) ~ I ,  neat liquid; (D) t r ~ n s - [ P t C l ~ ( P B u ~ ~ ) ~ ] ,  
50 mg ml-I in CC14; (E)truns-[PtCI2(PBun,),1, 50 mg ml-1 
in butyric acid; ( F )  t r~ns-[PtCl~(PBun~)~] ,  50 mg ml-1 in 
CH2C12. 

dependence of its dielectric constant (ca. -0.06 
deg-I), and smallest in butyric acid, chosen 
because its dielectric constant increases with 
temperature (ca. +0.002 deg-l) (17). However, 
there are clearly other factors involved (see 
Discussion) since the temperature dependence 
of Jpt+ is not reversed in butyric acid and there 
is also marked temperature dependence of lJptPp 

in hexane and CC14 which have very small 
(ca. -0.002 deg-') temperature variation of 
dielectric. 

Chemical Shifis 
Solvent induced changes in coupling constants 

are normally parallelled by changes in chemical 
shifts as is expected if the changes are due to 
reaction field or solvent Stark effects. Inspection 
of Table 1 shows that this is not the case for the 
present results. The total variation of chemical 
shift induced by solvent changes is only -0.67, 
and there is no correlation with 'JP+p. 

During the concentration variation studies, 
small, regular changes of chemical shift were 
noted. Thus the coupling constant variations 
illustrated in Fig. 1, plots 2, 4, 7, and 10, were 
accompanied by changes of chemical shift from 
135.88 to 135.54 (plot 2, cyclohexane). from 
136.09 to 135.70 (plot 4, diethyl ether), from 
136.03 to 135.67 (plot 7, benzene) and from 

135.74 to 135.56 (plot 10, dichloromethane). In 
each case the first chemical shift quoted cor- 
responds to the lowest concentration point 
plotted in Fig. 1 and the second shift to the 
highest concentration point. A similar variation 
was observed for ci~-[PtCl~(PBu~3)~] in dichloro- 
methane from 139.46 (50mg ml-l) to  139.12 
(825 mg ml-I). The changes in chemical shift 
are approximately linear3 with coupling constant 
but whereas the direction of the latter change 
varies, the shifts are always in a downfield 
direction with increasing concentration. 

Similar small variations of chemical shift 
(0.1-0.3 ppm) occurred during temperature de- 
pendence and mixed solvent studies, but in these 
cases no particular trends or correlations 
emerged. In general, although the chemical shifts 
were determined to an instrumental accuracy of 
i 0 . 6 1  Hz (- 0.015 ppm), the necessity of using 
P(OMe)3 in an external reference capillary prob- 
ably means that the real errors are considerably 
greater. It would therefore be unwise to attach 
much significance to the small variations of 
chemical shift reported in the above paragraphs. 

Discussion 
The results discussed above enable us to 

arrive at some conclusioi~s on the likely signifi- 
cance of solvent, concentration, and temperature 
variations in the routine use of 31P nmr in co- 
ordination chemistry. It is clear that within the 
usual range of ambient probe temperatures, 
temperature dependence is unlikely to be an 
important factor. The variation of -0.5 Hz 
deg-I found for tran~-[PtCl~(PBu"~)~] in methyl- 
ene chloride is, however, large enough that it 
might find application as a temperature calibra- 
tion standard for variable temperature 31P 
studies. Concentration effects will be more 
serious but with the usual routine range of 
instrument conditions (e.g. 8192 data points 
(= 4096 real time points) in a 10 kHz sweep 
giving resolution of 2.44 Hz) they will lie within 
experimental error for concentrations < 100 
mg/ml, i.e. -0.15 M. For most spectra this 
concentration would give adequate signal/noise 
after a few hundred pulses. The most serious 
variations are those due to changes of solvent and 
these indicate a need for caution in the use of 

-'There is evidence of curvature in some cases but it is 
small compared with experimental error. 
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31P for complex characterization. Inspection of 
Table 1 shows that the variation of chemical 
shift is much smaller than the variation of 
coupling constant and the former parameter may 
actually be more reliable in some cases. In appli- 
cations such as trans-influence studies where the 
range of coupling constant variation may be very 
large (ll) ,  solvent effects would be unlikely to 
affect the gross features of a series but could 
change detailed interpretation. 

It is of interest to examine the causes of the 
observed coupling constant variations in more 
detail. Previous authors have generally used a 
model featuring a solute molecule in a cavity in 
a continuous solvent medium and have interpre- 
ted their results in terms of a solvent reaction 
field, solvent Stark effects, and the Macrae term 
(4). Although our results show no overall cor- 
relations with any of these parameters, their 
application to the problem may be discussed 
using Fig. 3, which shows a plot of lJpbp for 
tr~ns-[PtC12(PBu"3)~] against the square root of 
solvent dielectric constant. It is clear that high 
solvent dielectric constant is one factor which 
can cause a substantial lowering of lJpt-, and 
for the group of solvents; n-hexane, cyclohexane, 
cyclohexene, diethyl ether, acetone, methanol, 
dimethylformamide, and acetonitrile, a roughly 
linear correlation with .\i e is apparent. Although 
a reaction field effect is not expected for a non- 
polar solute, solvent Stark effects remain a pos- 
sible explanation of this correlation. The remain- 
ing solvents, which all lower lJpt-p to a much 
greater extent than is expected from their dielec- 
tric constants, are either chlorinated or aromatic 
 specie^.^ An important factor here may be dis- 
persion forces since the order of decreasing 
'.Ip,, in n-hexane, cyclohexane, cyclohexene, 
carbon tetrachloride, and benzene is the same as 
the order of increasing refractive index (17). 
Moreover, chloroform, dichloromethane and 
pyridine are also solvents of relatively high 
refractive index. We note however, that cyclo- 
hexane and dimethylformamide have refractive 
indices similar to chloroform and yet lie on the 
dielectric plot (Fig. 3). Moreover, as with the 
dielectric effects, the order of these refractive 
index effects is the reverse of that observed for 

4With the exception of butyric acid. A possible explana- 
tion of this anomaly is disruption by the solute of the 
solvent hydrogen bonded dimers, thus causing the solvent 
to have greater effective dielectric/donor properties than 
the dielectric constant would suggest. 

FIG. 3. Dependence of lJpt-p in t r a n s - [ P t C 1 ~ ( P B ~ ~ ~ ) ~ ]  
on solvent dielectric constant. Solvents are identified by 
numbers corresponding to those used in Table 1. The 
significance of the solid line is discussed in the text. Jt is 
not intended to imply an overall correlation! 

organic solutes and their magnitude is unusually 
large. In view of these difficulties, we consider 
that a more intimate model of the interactions 
may provide a better interpretation than the 
solvent cavity approach used i11 deriving reaction 
field, Stark and Macrae terms. For the square 
planar trans-[PtC12(PBun3)2], occupation of axial 
positions by solvent molecules is an obvious 
possibility. Results for solvent mixtures (see 
Fig. 4) show that specific formation of six 
co-ordinate species (e.g. [PtC12(Py)2(PB~n3)2]) 
does not occurs but the curvature of the plots 
does suggest a more specific interaction than 
simple averaging of electric field effects. Thus a 
competitive solvation, occurring primarily in the 
plane perpendicular to P-Pt-P and including 
Cl-Pt-C1, is a possible explanation. This 
would cause partial rehybridisation at Pt with a 
subsequent loss of s character in the Pt-P bonds 
leading to a fall in lJpt-,. The effect would be 
greatest for good donor solvents (generally those 
with high dielectric constant) and the effects of 
chlorinated and aromatic solvents can be under- 

'Specific six co-ordination would lead to a very rapid 
change in JJpt-p on the addition of 2 molar equivalents 
of polar solvent (ca. 0.02 vo1.C;). 
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2380 1- 
0  2 0  4 0  6 0  8 0  100 

vol. 2 py(o) or C H ~ C I ~ ( X )  
FIG. 4. Variation of ' J P t - p  for 50 mg ml-I of truns- 

[PtC12(PBun3)2] in solvent mixtures; cyclohexane plus 
CHlC12 or pyridine. (In the pyridine case two phases 
were present for mixtures >60% pyridine.) 

stood in terms of their polarizability and their 
known ability to be highly effective at solvating 
this type of complex. The effect would decrease 
with temperature as thermal agitation removes 
molecules from the solvation sphere, thus ex- 
plaining the unusual (relative to previous 
studies) increase of lJpt-p with increasing tem- 
perature. Other important evidence for this 
model is the lack of solvent effect on the phos- 
phorus chemical shift. Smith has noted (4) that 
in virtually every instance solvent induced 
changes in coupling constants parallel changes 
in chemical shifts. Consequently, the lack of 
variation in the present instance is strong evi- 
dence against generalized field effects and in 
favour of a more specific interaction at platinum, 
changing l Jp tPp via the 6s orbital, and having 
relatively little effect on the overall electron 
density at phosphorus. Finally, for cis-[PtC12- 
(PBU"~)~], the possibility of reaction field effects 
for the polar solute may be responsible for the 
partial reversal of the order of solvent effects. 

Experimental 
cis- and truns-[PtCl2(PBun3)2] were prepared and puri- 

VOL. 54, 1976 

fied as previously described (18). Solvents. were of 
spectroscopic g a d e  and were normally used as received. 
Methanol was dried over magnesium methoxide and 
diethyl ether over sodium but special drying procedures 
were not employed for the other solvents after experiments 
indicated that traces of water did not cause serious errors 
(see Discussion). 

Nuclear magnetic resonance spectra were recorded in 
8 mm tubes using a JEOL PFT 100 Fourier transform 
spectrometer operating at  40.482 MHz. External deu- 
terium lock and phosphorus reference signals were pro- 
vided by a capilliary insert containing CsDs and tri- 
methylphosphite, and all chemical shifts are quoted as 
ppm upfield froni this reference. Protons were decoupled 
by broad band (2.5 kHz) 'noise' irradiation and 16 384 
data points were used in a sweep width of 5000 Hz, giving 
resolution of 0.6 Hz. The reported coupling constants 
and chemical shifts are therefore subject to errors of this 
magnitude. All results are reported for a probe tempera- 
ture of 28 "C unless otherwise noted. Concentrations are 
given in mg per ml of solution. 

We thank the University of Victoria for the 
granting of study leave to K.R.D. and the 
University of Sussex for the provision of research 
facilities during this leave. 
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R. N. O'BRIEN, A. I. FEHER, K. L. LI, and W. C. TAN. Can. J. Chem. 54, 2739 (1976). 
The well-known effect of the retardation of evaporation by monolayers of surfactants has 

been investigated by laser interferometry and the appropriate conventional apparatus. The 
temperature drop caused by evaporation has been calibrated for several surfactants in general 
use for conserving reservoir waters and for lecithins considered to be part of living membranes. 
Rate of ingress of oxygen has been treated in the same way. The best performance was about 
60% retardation of evaporation for the molecules that pack well. The behaviour for 0 2  ingress 
retardation was very similar. The lecithins were suitably permeable to be able to act as a 
bilamellar layer cell membrane. 

R. N. ~ 'BRIEN,  A. I. FEHER, K. L. LI et W. C. TAN. Can. J. Chem. 54, 2739 (1976). 
L'effet bien connu du ralentissement de l'kvaporation par des monocouches de surfactants a 

CtC 6tudiC par interfkromktrie de laser et par un appareillage conventionnel appropriC. La baisse 
de tempkature causk par l'evaporafion a kt6 calibrCe pour plusieurs surfactants utilisCs cou- 
ramment pour la conservation des eaux en reservoir et pour les lkithines qui sont considQkes 
comme faisant partie des membranes vivantes. Le taux d'imprkgnation de l'oxygkne a Ctk trait6 
de la m@me fa~on .  Le meilleur rendement observC fut un retardement de l'baporation de 60% 
pour les molkules qui se tassent bien entre elles. Un comportement similaire a CtC observe pour 
1% retardement de l'imprkgnation d'Oz. Les Ikithines se sont avCr6es sufisamment permkables 
pour pouvoir agir comme une paroi cellulaire a couche bilamellaire. 

[Traduit par le journal] 

Introduction 
Since the pioneering work of Langmuir and 

Langmuir (1) and Rideal(2) it has been accepted 
that the resistance to evaporation of water 
afforded by a monolayer was simply the added 
resistance to a diffusive evaporation process. 
Many others have contributed both theory and 
results to these studies (3). Recently Wu (4) has 
suggested that the smoothing of surface ripples 
by a monolayer results in a decrease of wind 
shear over large water surfaces and that this is 
the controlling factor in evaporation retardation. 
His suggestion has been disputed by both 
Mansfield and Mysels (5) but Wu has rebutted 
(5). In this publication we wish to add some 
helpful data in this area. Our data were collected 
by a new technique for measuring evaporation 
retardation by monitoring the surface cooling in 
water with an interferometer. 

To the best of our knowledge only two studies 
have been carried out on the effect of monolayers 
on gas dissolution into water (6,7). In this study 

we have also applied interferometric techniques 
to the measurement of oxygen diffusion into 
water in the presence of a -  monolayer. In the 
present era of environmental concern it is clearly 
important to investigate the effects of monolayers 
(or oil spills) on the rate of oxygen absorption 
into the underlying waters. If oxygen dissolution 
were hindered in natural bodies of water the 
oxygen-dependent organisms would become de- 
pleted. 

Experimental 
Five different monolayer forming substances were 

used: stearyl alcohol (ultra high purity, Hormel, Univer- 
sity of Minnesota), stearic acid (ultra high purity, 
Hormel), oleic acid (99.9%, K & K), dipalmitoyl phos- 
photidyl choline (saturated synthetic lecithin, K & K), 
and soybean lecithin (unsaturated natural lecithin, 
Hormel). 

The molecular areas of these surfacants (Table 1) were 
determined at their equilibrium spreading pressures in a 
standard calibrated Langmuir-Wilhelmy trough. All 
necessary precautions were taken with regard to cleanli- 
ness of apparatus, chemicals, spreading solvent (hexane) 
and water (8). 
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The water evaporation and oxygen dissolution measure- 
ments were carried out in a Fabry-Perot interferometer 
specially designed for high pressure gas dissolution work. 
The details of its design have been previously published 
(9). Briefly, this interferometer was made of stainless 
steel, was thermostatically jacketed, and was capable of 
withstanding 10 atm of pressure without distortion. The 
interference fringes produced by the two 90% reflecting 
windows (of flatness X/20 and set 5 cm apart) had a 
coefficient of finesse (10) of approximately 7. This was 
sufficient to allow the fringe centres to be located with a 
reproducibility of between 1/20 and 1/50 of the fringe 
spacing (10). 

Figure 1 is a schematic diagram of the interferometer as 
used for measuring the rate of evaporation of water. 
Figure l a  gives the general construction details of the cell 
showing the direction of propagation of the laser light 
(Spectra Physics 132; 632.8 nm), the level of the water, 
and the gas flow arrangements. Figure lb  is an end-on 
representation of the appearance of the fringes in the air 
and water separated by the meniscus. Figure lc shows the 
simple arrangement used to determine the gas flow rate 
through the interferometer. 

In the experiments on water evaporation this inter- 
ferometer was used as a thermometer to measure the 
temperature profile of the surface water layers. The gas 
flow over the water was selected to be 10 cc s-1 at 1 atm 
and, from the cell geometry, this corresponded to a gas 
stream flowing at 10 cm s-1 over the water. The gas used 
was either high purity compressed air or nitrogen and 
both gave the same cooling at the surface. 

The water evaporating into the gas stream lowered the 
surface temperature which in turn raised the density and 
refractive index of the surface layers. Natural convection 
began as the cooler water began to sink and the warmer 
began to rise. Within about 60 s a dynamic equilibrium 
was established such that a 2 mm layer of water had a 
steady temperature gradient in it. The refractive index 
profile in this 2 mm water layer was manifested by the 
smoothly curved set of interference fringes shown in 
Fig. 2a. There appears to be a fringe shift of about 0.92 
fringes (i.e. the top of the fringe system is displaced 0.92 
times the original spacing in the bulk). Using previously 
published calibrations (9-12) this fringe shift is known to 
be equivalent to a temperature drop of 0.38 "C below 
that of the bulk. 

At the same gas flow rate as above a monolayer was 
spread and after 60 s another interferogram was recorded. 
Figure 26 shows the effect of stearyl alcohol on the surface 
temperature of water. The fringe shift is now 0.38 and the 
surface temperature drop is only 0.16 "C below that of the 
bulk. 

The oxygen ingress experiments (using high purity 
compressed oxygen) were started without a monolayer. 
About 4 atrn of oxygen were rapidly applied to the water 
previously equilibrated with 1 atm of oxygen. After 60 s 
an interferogram was recorded. In the next experiment a 
monolayer was spread and when the new steady state 
diffusion under the same O2 pressure was established 
(60 s) another interferogram was recorded. A specially 
designed gas diffuser at the inlet stage was used to prevent 
gross distortions of the water surface as the pressure was 
rapidly increased (9, 12). The compression of the gas 

above the water and the accompanying condensation of 
water vapour contributed to an initial temperature rise in 
the water surface; this relaxed in about 1 s (9, 12). 

The refractive index of water solutions of oxygen has a 
negative slope of -2.69 X 10-3 (refractive index per 
molarity). Oxygen solutions in water have a lower density 
and refractive index than pure water. Previous calibra- 
tions have shown (9, 12) that a pressure of 4 atm of 
oxygen over water gives a fringe shift of 2.2 in the 
opposite direction to the previous water evaporation and 
hence cooling experiments. (For a comprehensive ex- 
planation of interferometric calculations the reader is 
referred to  O'Brien (lo).) 

All the interferograms were recorded on video tape by 
a Sony AV-3650 recorder using a Sony AVC-3210 video 
camera. Fields (or 'frames') were selected from the 
video tape and displayed on a television monitor and 
photographed with a 35 mm camera. The developed 
35 mm negatives were then projected onto a 'light table' 
and the fringe spacings and shifts were measured. The 
image magnification so obtained was in general not 
less than 53 X. 

Results and Discussion 
The analysis of the interferograms obtained in 

the water evaporation experiments are sum- 
marized in Table 1. In that table the term 26y0 
retardation by both lecithins, for example, means 
that the fringe shift was only about 3/4 that for 
a monolayer free surface under the same condi- 
tions of gas flow over the surface. A number of 
assumptions are involved in equating these ob- 
servations to a 26% evaporation retardation. 

The first is that the temperature dependence of 
the refractive index of water is linear over the 
temperature interval involved 20.0-20.5 "C. This 
is a valid assumption (1 1). It is further assumed 
that the heat necessary for the evaporation of the 
top layers is supplied by the bulk water through 
convection and conduction, and that the elapsed 
time of the experiment is not sufficient to 
appreciably reduce the bulk water temperature. 
This is also a reasonable assumption, for if the 
bulk temperature had changed then the fringe 
spacing would also have changed noticeably. 
Furthermore, if the bulk water temperature had 
changed then heat would have been supplied by 
the surroundings, most likely the bottom of the 
cell. It has been our experience that when this 
occurs erratic convective flows arise which dis- 
tort the fringe pattern in characteristic (spec- 
tacular) ways, ~ b s e n c e  of these convective flows 
results in smoothly bent fringes (Fig. 2) produced 
by the integrating effect of the fringes on the 
refractive index over all the very small Liesegang 
(BCnard) convective cells in the water. 
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ETAINING R I N G  

0 0 %  R E F L E C T I N G  

O P T I C A L  F L A T  

BACK 
P I E C E  

FRONT 
V I E W  

( c  ( a )  ( b )  

FIG. 1. Diagram of the interferometer cell, the flow measuring apparatus, and a schematic view of a typical front view fringe pattern. 
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FIG. 2. TWO interferograms: (a) air flow over a bare water surface; (b) over a monolayer covered 
surface. 

TABLE 1 .  Retardation of evaporation by or to the rate at which heat must be supplied. 
monolayers on water This case corresponds to  one of the boundary 

% Area 
Compound retardation ( ~ 2  molecule) 

Lecithins (both) 20 40-45 
Oleic acid (cis-9-octadecanoic) 5 28 
Stearic acid (octadecanoic) 28 24 
Stearic alcohol (octadecanol) 59 22 

The difference in surface temperature a t  con- 
stant gas flow (or wind speed) over the surface 
both with (Fig. 2b) and without (Fig. 2a) a 
monolayer of stearic alcohol is striking. The 
wind does not produce as much cooling in, or 
evaporation from, the surface in the presence of 
the monolayer. In both cases thermal diffusion 
alone cannot account for the heat transfer 
necessary for the evaporation. If diffusion alone 
were operative then the temperature profiles 
(fringe profiles) would fit the error function 
solution of Fick's second law. Analysis of similar 
temperature reductions that accompany the lead- 
ing edge of a spreading monolayer (13) has 
shown that the thermal changes are too rapid for 
diffusion alone, so some convection must also 
be present. 

The third and most important assumption is 
that the temperature changes in the water surface 
are taken to be directly proportional to  the 
changes in the evaporation rate of water. This 
must be true for very thin films of water that are 
thermally isolated. It should also be true for 
volumes of water which are very large in relation 
to the volume of water evaporated per unit time, 

conditions for the solution of the differential 
equation for diffusion: that the cell be semi- 
infinite, or that the diffusion gradient reach zero 
inside the bulk of the water. Since the fringe 
bends occurred to  a depth of only 3 mm and the 
total depth of water was 20 mm the above condi- 
tion is met. It is therefore reasonable to expect a 
linear relationship between the surface tempera- 
ture change and the change in evaporation rate. 

The experiments on the rate of dissolution of 
oxygen through a monolayer depend on prior 
knowledge of the refractive index of oxygen 
solutions. The previously published values of 
O'Brien and Hyslop (9) were used in this study. 
Analyses of the interferograms in terms of 
oxygen concentrations in water with the different 
monolayers are shown in Fig. 3. 

The monolayer free surface reached about 
6 X M in 0 2  in 60 s, the oleic acid covered 
surface was 5 X lop3 M in 02 ,  the stearic acid 
about 4.5 X lop3 M in 02 ,  and the stearyl alco- 
hol about 3 X M in 02 .  In terms of retarda- 
tion of oxygen ingress this is 16% for oleic acid, 
25% for stearic acid, and 50% for stearyl alcohol. 
The lecithins tended to  dissolve (without a 
spreading solvent) when the oxygen pressure was 
applied which resulted in poor optical resolution 
of the fringes. It is estimated that their resistance 
to oxygen ingress was about the same as for 
stearic acid. After a few seconds, visible particles 
attached to  gas bubbles appeared. 

The plot of oxygen dissolving in clean water 
has been found to fit the error function depend- 
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C O N C E N T R A T I O N  O F  O X Y G E N  ( M / I )  
0 0.001 0.003 0.005 

A C L E A N  SURFACE 

0 OLElC AClD  

STEARIC AClD 

A STEARIC ALCOHOL 

I I I I I I 
FIG. 3. Retardation of Oz dissolving in water by a monolayer. 

ence expected (9, 12) because in this case the gas 
solution has a lower density than pure water (no 
convection). Within 60 s a detectable diffusion 
gradient existed down to about 1.5 mm. All the 
plots should give zero concentration at the same 
depth; however, concentrations below 2 X 
M O2 are difficult to measure accurately since 
this represented a fringe shift at the limits 
of detection. 

Conclusions 
In general it appears that the area covered by 

a molecule in a compact monolayer is a good 
indication of the degree to which it retards 
evaporation of water. This is in agreement with 
previous findings (14). 

Retardation of oxygen penetration into water 
by the monolayers showed the same general 
trend as for evaporation retardation. The acids 
and the lecithins which do not form highly com- 
pact monolayers give the least resistance to both 
oxygen and water. These surfactants also have a 
relatively large hydrophilic group which may 
also contribute to their low resistances. On the 
other hand the stearyl alcohol forms a compact 
monolayer and has a small hydrophilic group 
which would interact very favourably with the 

surface water layers and perhaps form a denser 
array at the interface compared with the free 
water surface. 

Both lecithins were found to be highly perme- 
able to oxygen and water despite the fact that the 
synthetic sample had saturated hydrocarbon 
chains, suggesting that it is the large hydrophilic 
group which has the greater effect on permeabil- 
ity. The lecithins in the monolayer state are 
considered to form 1/2 of the widely accepted 
bilamellar layer model of a cell membrane and it 
appears that they are sufficiently permeable to 
give the rapid transport of oxygen and water 
that is known to occur in living cells such as 
erythrocytes. 
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A catalyst for ester hydrolysis showing electrostatic and 
hydrophobic binding properties 
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J. PETER GUTHRIE and YASUTSUGU UEDA. Can. J. Chem. 54, 2745 (1976). 
The steroid 17p-(4-imidazoly1)-5~~-androstane-3p,l lp-diamine, l a ,  R = H ,  acts as a catalyst 

for the hydrolysis of aryl esters. For a series of aryl acetates, 2a-/I, at 1 M ionic strength, log kz 
for l a  catalyzed hydrolysis is linearly related to log kz for imidazole catalyzed hydrolysis, with 
only 2d, 4-acetoxy-3-nitrobenzoate, deviating: at  zero ionic strength, all anionic substrates 
show positive deviations, and a cationic substrate shows a negative deviation. This is interpreted 
in terms of a stringent geometrical requirement for strong electrostatic catalysis. With favorable 
geometry, a 1 :1 electrostatic attraction can lead to a 15 fold rate enhancement ( r  = 0). For a 
series of arylpropionate esters 3a-c, rate constants for l a  catalyzed hydrolysis show a small but 
progressive increase with increasing size of the aryl group: after correcting for substrate re- 
activity and electrostatic interactions, this hydrophobic effect is independent of the leaving 
group. l b  (R = isopropyl) was prepared to determine the rate of reaction at  N-3 of the steroidal 
imidazole ring: this is the more hindered nitrogen but also the more suitable for hydrophobic 
binding. l b  was markedly less reactive than l a ,  but showed larger hydrophobic effects. Detailed 
analysis suggests that the potential hydrophobic rate enhancement for the interaction of a 
phenanthryl group with the lower surface of a steroid is about 160-fold. This study provides 
guidelines for the design of enzyme models of greater catalytic efficiency. 

J. PETER GUTHRIE et YASUTSUGU UEDA. Can. J. Chem. 54, 2745 (1976). 
Le stCroide (imidazolyl-4)-17p androstane-~CX diamine-3p,llp, l a ,  R = H ,  agit comme cata- 

lyseur pour I'hydrolysed'esters d'aryle. Pour une s6ie  d'acitates d'aryle, 2a-11, a force ionique de 
1 M, le log k2 pour I'hydrolyse catalyske par l a  est IinCairement relie au log k2 pour l'hydrolyse 
catalysCe par l'imidazole, avec seulement I'acCtoxy-4 nitro-3 benzoate 2d qui dCvie: ?i force 
ionique 0, tous les substrats anioniques montrent des dkviations positives et un substrat ca- 
tionique rnontre une dCviation nkgative. Ceci est interprCtC en terme d'une exigence geomCtrique 
rigoureuse pour une catalyse Clectrostatique forte. Avec une gComCtrie favorable, une attraction 
Clectrostatique 1 :1 peut conduire a une augmentation de vitesse par un facteur de 15 ( r  = 0). 
Pour une sCrie d'esters propionate d'aryle 3u-c, les constantes de vitesse pour I'hydrolyse 
catalysCe par l a  montrent une augmentation petite mais progressive avec l'augmentation de la 
taille du groupement aryle: aprks correction pour la rtactivitC du substrat et les interactions 
Clectrostatiques, cet effet hydrophobe est indkpendant du groupe partant. Le composC l b  (R = 
isopropyle) a Ctt prCparC pour dCterminer la vitesse de rCaction a I'azote N-3 du cycle imidazole 
du steroi'de: celui-ci est l'azote le plus encombre mais aussi le plus appropriC pour une liaison 
hydrophobe. Ce composC 16 s'est av6C passablement moins rCactif que l a  mais a montrC des 
effets hydrophobes plus grand. Une analyse dbtaillk suggkre que l'augmentation potentielle de 
la vitesse due aux effets hydrophobes est environ de 160 fois pour I'interaction d'un groupe 
phtnanthryle avec la surface inferieure d'un stCroide. Cette Ctude fournit un guide pour 1'Clabora- 
tion de modeles d'enzymes ayant une plus grande efficacitt catalytique. 

[Traduit par le journal] 

Introduction hancements could be attributed to particular, 

As an approach to the problem of a rationally 
designed artificial enzyme, it seemed obligatory 
to  devise catalysts which were rigid, monomeric, 
well-defined species interacting with simple, 
proven stoichiometry with their substrates in 
aqueous solution, so that observed rate en- 

IAlfred P. Sloan Fellow, 1975-1977. 
2Revision received May 3, 1976. 

defined interactions. In this way one could 
obtain reliable information concerning the re- 
quirements for binding and catalysis and so lay a 
foundation for the design of systems showing 
large catalytic effects. The free energy of binding 
of substrates to enzymes is believed to arise in 
large measure from hydrophobic and sometimes 
electrostatic interactions (1). Both of these inter- 
actions are very weak when calculated per pair 
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of interacting atoms, so that they are difficult to 
evaluate in small molecule systems. 

Numerous studies (2-7) have been reported in 
which rate enhancements of ester reactions result 
from hydrophobic interactions of catalyst and 
substrate. However, these have almost all been of 
systems where it is impossible to specify in any 
detail the conformation of the transition state, 
so that it has not been possible to interpret the 
rate enhancements observed in terms of geo- 
metrical requirements (2-5). Furthermore, most 
of these studies used linear alkyl chains as bind- 
ing groups (2-6): it has recently been shown that 
compounds with long alkyl chains are aggregated 
at much lower concentrations than had been 
believed (8,9), so that there is some doubt about 
the interpretation of the large rate enhancements 
reported for these compounds (10). Enzyme 
models based upon cyclodextrins circumvent 
some of these difficulties, in that both binding 
constants and rate constants for reaction within 
the complex are measureable (11-18). Un- 
fortunately, only limited variation of either the 
binding group of the substrate or of the cyclo- 
dextrin is possible, and it is difficult to generalize 
from the behavior of these systems because of 
the rather heterogeneous chemical nature of the 
inner surface of the cyclodextrin binding cavity. 

The present paper describes experiments with 
an enzyme model, l a  (19-22), based upon a 
steroid ring system, which has provided un- 
ambiguous evidence concerning the magnitude 
of hydrophobic and electrostatic interactions 
with rather well specified geometry. 

Results 

Titration 
Potentiometric titration of the steroid, la ,  

Fig. 1, revealed a well-defined inflection point 
corresponding to a pK, of 7.18 attributed to the 
imidazole. The pK,'s of the two amino groups 
are less well-defined, but values of 9.69 and10.68 
are consistent with the curve. The imidazole pK, 

FIG. 1. Potentiometric titration of la;  y is the differ- 
ence in the volume of base required to produce a given p H  
in the presence and absence of sample. The points are 
experimental, the solid line is calculated using parameters 
evaluated by least squares and the dashed lines are cal- 
culated for the individual pK,'s: pKl = 7.18, pK2 = 9.69, 
and pK3 = 10.68. 

is almost unperturbed by the rest of the steroid: 
titration of imidazole itself under the same con- 
ditions gave a pK, of 7.14. Of the two amino 
group pK,'s, that of 9.69 is attributed to the 1 l- 
amino group by analogy with the work of Bird 
and Cookson (23) who showed that hindered 
steroidal amines were less basic than unhindered 
amines. There will be an additional base weaken- 
ing effect due to electrostatic interaction with the 
3-ammonium group. 

p H  Rate Projile 
The steroid l a  shows pH rate profiles indica- 

tive of a kinetically significant pK, of ca. 7.2, 
but other features complicate the interpreta- 
tion of the profile, see Table 1 and Fig. 2. For the 
substrate p-nitrophenyl acetate, 2a, there is 
superimposed upon the simple titration curve for 
the irnidazole what is apparently a hydroxide 
catalyzed process. For the substrate, 2d, there 
is a fall off in rate above p H  8.5 which pre- 
sumably reflects deprotonation of the 1 l-am- 
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GUTHRIE A N D  UEDA 

FIG. 2. pH rate profiles for l a  catalyzed hydrolysis of 2a and 2d. Left hand ordinate: kobs, the 
pseudo first-order rate constant for phenoxide release. Right hand ordinate, k2, the apparent second- 
order rate constant for l a  catalysis. (0) Buffer alone: lines are of unit slope. (0) kobs with 0.00097 M 
l a ;  lines are the sum of the catalyzed and uncatalyzed reactions. (0) k2 for l a ;  lines are calculated 
using parameters evaluated by least squares. 

a X = H, Y = 4-NO2 
b X = H ,  Y = 3-NO2 

C H $ O O a z  
c X = 2-NO2, Y = 4-NO2 

- d X = 3-C02-, Y = 6-No2 
e X = 4-CO2-, Y = 6-NO2 

2a-h f X = 4-SO3-, Y = 6-NO2 
g X = 4-NMe3+, Y = 6-NO2 
It X = 3-C02Me. Y = 6-NO2 

monium group and loss of electrostatic binding 
of the substrate (vide infra); the apparent kinetic 
pK, is ca. 9.5 which is consistent with this inter- 
pretation. There is a suggestion of a hydroxide 
catalyzed reaction at high pH. To extend the pH 
rate profiles into more alkaline solutions would 
have required much higher steroid concentra- 
tions to overcome the rapidly increasing un- 
catalyzed hydrolysis rate, and this seemed sure 
to  lead to problems of micellization of the cata- 
lyst (which indeed may be occurring at p H  10). 
In any event p H  8 appears to be optimal for a 
study of the substrate specif city of la .  

this is the case, the effect of varying steroid con- 
centration upon the rate constant for steroid 
catalyzed hydrolysis was tested, using p-nitro- 
phenyl hexanoate as substrate. Menger and 
McCreery have shown (24) that bile salt micelles 
bind p-nitrophenyl hexanoate, and so protect it 
from hydroxide catalyzed hydrolysis. It seemed 
to us that the hexanoate is the optimum ester for 
this purpose, since it is hydrophobic enough to 
bind strongly to micelles, yet (as previous work 
in this laboratory had shown), the hexanoate 
ester itself was not aggregated until much higher 
concentrations than were used in the present 
experiments. It was conceivable that micellization 
of the steroid would lead to  either enhanced or 
reduced reactivity toward the ester, but seemed 
improbable that it would have no effect. In fact 
from to M steroid the second-order 
rate constant is concentration independent 
within experimental error.3 We conclude that at 

Micellization 'The apparent second-order rate constants (M-1 min-I) 
The steroid l a  was designed to be monomeric ,ere (1,) k,: 0.968 x 10-2 M ,  18.3; 0.968 x 10-3 M ,  

at p H  8 where it is dicationic. To test whether 18.2; 0.968 x 10-4 M ,  19.7. 
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concentrations of steroid l a  less than or equal to 
M micelle formation does not occur. For 

bile salts, c n ~ c  values range from to M.4 

Electrostatic Catalysis (22b) 
Rate constants for imidazole and l a  catalyzed 

hydrolysis of a series of aryl acetates were 
measured in buffers of varying ionic strength; 
these values are found in Table 2. A plot of log 
k2 for l a  catalyzed hydrolysis us. log k2 for 
imidazole catalyzed hydrolysis of these esters 
using data at p = 1.0 M for the ionic esters and 
any ionic strength for the neutral esters gives a 
good straight line of slope 0.80 with only the 
point for 2d deviating; see Fig. 3. Extrapolation 

4For ionic strength ca. 0.2, typical values are (24): bile 
salt, cmc (M); cholic acid, 0.012; deoxycholic acid, 0.006; 
chenodeoxycholic acid, 0.006; taurocholic acid, 0.009; 
glycocholic acid, 0.007; taurodeoxycholic acid, 0.008; 
glycodeoxycholic acid, 0.0012. 

to p = 0 was possible by plotting log k2 us. log 
y, calculated from the Davies equation (25). 
Figure 4 shows typical plots of this type. The 
points for zero ionic strength shown on Fig. 3 
(for the neutral esters rate constants were in- 
dependent of ionic strength) reveal that all of the 
ionic substrates deviate in the predicted manner, 
but that the magnitude of the deviations for 2d is 
greater than for any others. Thus, the electro- 
static interaction of 2d with l a  in the transition 
state for l a  catalyzed hydrolysis of 2d must be 
particularly favorable. Examination of space 
filling molecular models shows that for the 
transition state involving 2d, and only for this 
substrate, it is possible for the transition state to 
adopt a conformation in which there is contact 
between the carboxylate of the substrate and the 
1 1-ammonium of the catalyst and simultaneously 
hydrogen bonding between these groups (22b). 

TABLE 1. pH rate profile dataa 
(a) Substrate 2d (0.975 X 10-4 M) 

lo2 X[Buffer] 103 X[Catalyst] lo2 Xkob, 
pH Buffer (MI Catalyst ( M )  (min-1) k2aPP (M-1 min-l)b 

The following data fit the equation kobs = 1.7 X + 4.7 X 102[OH-IC 
6.51 Phosphate 5.75 0.0176 
7.09 Phosphate 4.02 0.0256 
7.92 Tris 0.968 0.0716 
8.64 Tris 0.968 0.348 
9.74 Carbonate 5.53 2.64 

10.15 Carbonate 4.75 6.60 
10.18 Carbonate 4.82 6.79 

The following data fit the equation kZapp = (59.1 3 1.0)/(1 + [H+]/10-7.14m.02)d 
6.70 Phosphate 5.74 lmidazole 9.68 15.4 15.9 
7.23 Phosphate 4.02 9.68 31.8 32.8 
7.62 Phosphate 3.41 9.68 41.6 43 .O 
7.94 Tris 0.968 9.68 50.9 52.5 
8.85 Tris 0.968 0.968 5.94 55.8 

10.12 Carbonate 4.32 9.68 63.1 58.4 
10.14 Carbonate 4.75 0.968 12.8 60.0 

(3.87 f 0.52) X lo2 (7.18 z 1.14) X 10-9d 
The following data fit the equation kZapP = 

[H+l 10-9.110.12 + [H+] 
10-7.3810.11 + ' + [H+l 

Phosphate 
Phosphate 
Phosphate 
Tris 
Tris 
Carbonate 
Carbonate 
Carbonate 
Carbonate 
Carbonate 
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GUTHRIE AND UEDA 2749 

TABLE 1 (Concluded)  
( b )  Substrate 2a (0.96 X M )  

102 X [Buffer] l o 3  X[Catalyst] 102X kob, 

P H  Buffer ( M )  Catalyst ( M )  (min-1) k2aPP (M-1 min-l)b 

The following data fit the equation kOb, = 956 X [OH-IC 
7.95 Tris 0.968 0.0854 
8.74 Tris 0.968 0.508 
9.71 Carbonate 5.51 5.45 

10.18 Carbonate 4.75 13.3 

The following data fit the equation k2a"p = (29.9 + 1.4)/(1 + [H+]/10-7.12M.05)d 
6.72 Phosphate 5.74 Imidazole 9.68 7 .96  8.20 
7.25 Phosphate 4.02 Imidazole 9.68 17 .O 17.6 
7 .9  Tris 0.968 Imidazole 9.68 26 .5k0 .81  27.3+0.9f 
8.92 Tris 0.968 lmidazole 9.68 3.57 28 .O 

10.14 Carbonate 4.75 lmidazole 9.68 16.6 34 

The following data fit the equation kzaPP = (28.8 k 1.1)/(1 + [H+]/10-7.25+J.03) + (9.90 k 0.67)  X 10-9/[H+])d 
6.55 Phosphate 5.74 l a  0.915 0.467 4.86 
7.12 Phosphate 4.02  l a  0.915 1.13 12.1 
7 .9  Tris 0.968 l a  0.915 2.57 +0.02g 2 5 . 6 k 0 . 2 0  
8.72 Tris 0.968 l a  0.915 3.45 32.2 
9.68 Carbonate 5.52 l a  0.915 11.5 76.5 

aIn aqueous solution, 25.0 f 0.1 "C, with 0.64 M acetonitrile, ionic strength adjusted with KC1 to 0.097 M. 
OApparent second-order rate constants calculated from the observed pseudo first-order rate constants (corrected for uncatalyzed hydrolysis) 

by dividing by the total catalyst concentration. 
CCalculated ignoring the contributions of buffer catalysis terms, since these are always small relative to  the contributions of the imidazole 

containing catalysts. The apparent rate constant for hydroxide ion is made spuriously large by this procedure. 
dcalculated by least squares. 
eThe pseudo first-order plot was slightly curved. 
fAverage of eight runs (Table 3). 
QAverage of three runs (Table 3). 

1-0 
10 2 0 

log k ( I m ~ d a z o l e l  

FIG. 3. Electrostatic effects upon rate constants for l u  
catalyzed hydrolysis of aryl acetates. Log k2 for l u  
catalyzed reaction of 2u-g is plotted us. log k2 for in~ida- 
zole catalyzed reaction of these esters. (0)  Reaction a t  
p = 0.88 M (KCI); (0) (hypothetical) reaction at  p = 0 ;  
rate constants calculated by extrapolation of log k2 us. 
log r*. The line is calculated using parameters evaluated 
by least squares using data for p = 0.88 M for all esters 
but 2d(slope = 0.80). 

For the other anionic substrates, close electro- 
static contact requires desolvation of one of the 
ammonium hydrogens without any compensating 
hydrogen bond formation (22b). This is doubtless 
sufficient to render such close contact prohibi- 
tive. If the charged groups remain farther apart, 
the electrostatic interaction is smaller, and can be 
wiped out by high ionic strength, as was observed. 

Arylpropionates (22a) 
3-Arylpropionic acids were expected to be 

good substrates for the steroid on the basis of 
examination of space filling models which showed 
that two methylines provided sufficient flexibility 
(22a) for the aromatic rings to make contact with 
the steroid while the imidazole was bonded to 
the ester carbonyl. The results (Tables 3 and 4) 
show that indeed there is a marked catalysis of 
the hydrolysis of 3a-c: toward 3c, l a  is nearly 
twice as effective a nucleophile as hydroxide ion, 
and twenty times as effective as imidazole. 

Clearly a significant part of the observed rate 
enhancement will result from electrostatic cata- 
lysis; this must be taken into account in order to 
assess the rate enhancement attributable to 
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hydrophobic binding of the aromatic ring system 
to the steroid. The procedure which we employ 
is to calculate the ratio, R1, of the rate constant 
for steroid catalyzed hydrolysis of a substrate to 
the rate constant for the analogous imidazole 
catalyzed reaction. This procedure cancels any 
difference in inherent reactivity of the substrate. 
Then we calculate the ratio, R2, of this ratio for a 
substrate to the ratio for the corresponding 
acetate. This cancels any difference in inherent 
reactivity between the steroidal imidazole and 
imidazole itself, and also any interactions be- 
tween steroid and leaving group. The only 
structural feature which remains as a variable is 
the arylmethyl substituent; the effect of this 
variable is revealed by the magnitude of the ratio. 
The logarithms of these ratios are plotted as a 
function of ?r (26,27) in Fig. 5. Two features are 
clear: first, the hydrophobic rate enhancements 
are small; second, the arylpropionate esters are 
less reactive than might be anticipated if the 
hydrophobic effect were simply additive, since 

the line fitting the points for phenyl, naphthyl, 
and phenanthryl propionates extrapolates to a 
value well below that observed for acetate. Since 
the three aryl groups produce rate enhancements 
linear in T, it seems clear that they interact with 
the steroid in a way which stabilizes the transition 

0.05 0 10 0.U 

log xt 
FIG. 4. Ionic strength dependence of rate constants for 

l a  catalyzed hydrolysis. Log k2 us. log -y* calculated 
using the Davies equation, as described in the text. ( O ) ,  
2d; (A), 2e; (O),  2f; ( 0 ) , 2 g ;  (V), 20. 

f IG. 5. Log Rz, the ratio of the relative rate constants 
( l a  or l b  us. imidazole as standard) for an aryl propionate 
ester to  the relative rate constants for the corresponding 
acetates as a function cf T ,  the Hansch hydrophobicity 
parameter of the aryl group. ( 0 )  negative substrates, 
(0) positive substrates, (A)  neutral substrates, l a  as 
catalyst, right hand ordinate; (0) negative substrates, l b  
as catalyst, left hand ordinate. 
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GUTHRIE AND UEDA 

TABLE 2. Electrostatic effects in the hydrolysis of aryl esters." 
Rate constants6 (M-1 min-1) as a function of ionic strength 

Ionic strength 

Substrate Catalyst 0.88 M 0.097 M 0.015 M 0.0062 M 

IrnidazoleC 
l a d  

Imidazolec 
l a d  

ImidazoleC 
l a d  

ImidazoleC 
l a d  

Imidazolec 
l a d  

ImidazoleC 
l a d  

aIn aqueous solution, pH 7.9, 25.0 + 0.1 'C, with 0.64 M acetonitrile, 0.0097 M Tris buffer, ionic 
strength adjusted with KCI. 

bApparent second-order rate constants calculated from the observed pseudo first-order rate constants 
(corrected for uncatalyzed hydrolysis) by dividing by the total catalyst concentration. 
9.0097 M. 
d0.00097 M. 

state. Since the line extrapolates to a point lower 
that that observed for the acetate ester, it seems 
probable that there is a significant destabilization 
to be overcome if the aryl group is to be posi- 
tioned so that it can interact with the steroid. 

In order to assess the magnitude of the hydro- 
phobic effect, we extrapolate a plot of log R2 US. 
?r for the aryl group to ?r = 0, and take the 
value of R2 SO obtained as representing that for 
the unsubstituted propionate ester reacting by a 
transition state with the conformation suitable 
for hydrophobic binding of the aryl group. In 
this way, are calculated rate factors of: phenyl, 
2.34; naphthyl, 3.31; phenanthryl, 5.55. These 
ratios are distinctly smaller than was originally 
anticipated and led to a reexamination of the 
question of which nitrogen of the imidazole ring 
is reacting with the substrate; vide infra. These 
ratios are apparently independent of the leaving 
group (as they must be if the analysis is valid); 
using naphthyl propionate esters of p-nitro- 
phenol 4a, R2 = 2.01 f 0.43; and of 2-nitro-4- 
trimethylammoniophenol 4b, R2 = 1.78 f 0.49; 
these are within experimental error of the value 
for 3b, R2 = 1.90 f 0.10. 

N-lsopropy 1-1 
In the original idea upon which this work was 

based, it was anticipated that the hydrophobic 
rate enhancements would be larger than were 
actually found. This anticipation was based upon 
the large rate effects reported for other systems 
(5,6). Thus there was a hope that the benefits of 
hydrophobic binding, which models suggested 
very strongly would be better for reaction at N-3 
(the more hindered imidazole nitrogen) than at 
N-1 (the unhindered), would overcome whatever 
steric hindrance was present. The rather modest 
rate enhancements observed cast doubt upon 
this hope. Accordingly we prepared a derivative 
of the steroid alkylated at N-1, to force reaction 
with the substrates to occur at N-3. The route 
employed is that shown in Scheme 1; although 
the transformations are prosaic, the resistance of 
6 to alkaline hydrolysis was quite astonishing: 
although trifluoroacetamides are normally hy- 
drolyzed under very mild conditions, typically 
methanolic sodium carbonate at room temper- 
ature (28) (which indeed unblocked the 3-amine), 
the 1 lp-amide was unaffected by methanolic 
NaOH at 105 OC for 4 days! Although alkaline 
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TABLE 3. Rate data for hydrophobic substratesa 

lo4 X 103 X 
[Substrate] [Catalyst] lo2 X kOb, k2app 

Substrate ( M )  Catalyst (MI (min-1) (M-1 min-l)b 

Imidazole 
Imidazole 
lmidazole 
lmidazole 
Imidazole 
Imidazole 

52 .O 
54.2 

Av. 5 3 . 9 i 1 . 3  
296 
316 
305 
296 

Av. 304f7  
10.1 
10.7 

Av. 1 0 . 4 5  0 . 3  

- 

lmidazole 
l a  
l b  

- 

Imidazole 
Imidazole 
Imidazole 
Imidazole 
lmidazole 
Imidazole 

55.7 
58.6 
56.8 
56.5 
55.6 
60.6 

Av. 57.3 5 1.5 
633 
589 
620 

Av. 614 + 17 
39.2 

- 

Imidazole 
Imidazole 
Imidazole 

62.4 
61 .O 
57.2 

Av. 6 0 . 2 i 3 . 0  
934 

1200 
1100 
1140 
1040 

Av. 1080+ 101 
87.5f  17.7 

Imidazole 
Imidazole 

24.2 
24.2 

Av. 24.2 
45.8 

aIn aqueous solution, pH 7.9, 25.0 1 "C, with 0.64 M acetonitrile, 0.0097 M Tris buffer, ionic 
strength adjusted with KC1 to 0.097 M. 

bApparent second-order rate constants calculated from the observed pseudo first-order rate constants 
(corrected for uncatalyzed hydrolysis) by dividing by the total catalyst concentration. 
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GUTHRIE AND UEDA 

TABLE 4. Hydrolysis of aryl esters: hydrophobic effectsa 

Catalyst and rate constant 

None Imidazole l a  l b  
Substrate lo4 x kob kzC kzC kzC 

aqueous solution, pH 7.9.25.0 f 0.1 "C, with 0.64 Macetonitrile, 0.01 M Tris buffer, p = 0.1 M 
(KCI). 

bobserved pseudo first-order rate constants (min-1). 
CApparent second-order rate constant; kz = (kob, - ko) /[catalyst]tots~ (M-' min-') 
&Reference 20. 

conditions were ineffective, acid hydrolysis was 
relatively facile. The imidazole ring is expected to  
react with a bulky alkylating agent preferentially 
at the less hindered nitrogen (29); in fact, only 
one product was obtained. The structure was 
confirmed by examination of the nmr spectrum: 
the cross ring coupling constant for the imidazole 
CH protons was of the magnitude expected for 
the isomer alkylated in N-1 (30). 

By analogy with numerous experiments using 

N-methyl imidazole and imidazole as nucleo- 
philic catalysts for ester hydrolysis (ref. 1, p. 68), 
we anticipate that the rate constants observed 
for l b  will be very similar to those for reaction 
of l a  at N-3. The experimental values are re- 
corded in Table 4. Clearly N-3 is much less re- 
active than N-1; judging from the reaction of 
2a, the steric hindrance results in a rate re- 
tardation of 30-fold. R2 values, calculated as for 
l a  are shown in Fig. 5b. Once again log R2 is a 
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linear function of a for the phenyl, naphthyl, and 
phenanthryl propionate esters. The extrapolated 
value for a = 0 is only 0.32 times the value 
observed for the acetate ester. Thus, in addition 
to the simple steric effect of crowding at N-3, 
there is an additional price to be paid if the 
productive binding conformation of the substrate 
is formed. The slope of the log R2 US. a plot for l b  
is markedly steeper than that observed for la ,  
being 0.25. This implies that once the dis- 
advantages of reaction at N-3 have been over- 
come, the anticipated superior hydrophobic 
interaction is observed. Values of the rate en- 
hancement may be calculated for l a  as: phenyl, 
4.5; naphthyl, 11.8; phenanthryl, 24.0. 

Discussion 

Electrostatic Interactions 
Electrostatic effects on reaction rates are 

normally rather small unless one or both of the 
reactants are polyelectrolytes (1). The effect 
observed for the reaction of l a  or l b  with 2d is 
then of particular interest because it is so large at 
low ionic strength. The contrast between the 
behaviour of 2cl and 2e requires that there be a 
marked geometrical requirement for strong 
electrostatic binding, and this may explain why 
so few examples have been found to date. There 
is a strong implication that electrostatic binding 
can be very useful in enzyme model systems if the 
geometrical requirements can be met. 

It is curious that the electrostatic effects are not 
reciprocal, in that the non-optimal anionic sub- 
strates 2e and 2f are accelerated by a smaller 
factor than 2g is retarded by, yet the interacting 
charges will be no farther apart, and indeed 
should be closer for the anionic substrates. A 
possible rationalization is that the cationic sub- 
strate, 2g, has an -N(CH3)3+ group which is 
inefficiently solvated, so that little charge dis- 
persal occurs, whereas the anionic substituents, 
-COO- or -SO3-, in 2e or 2f should be 
efficiently solvated by water, with attendent 
dispersal of charge onto solvent molecules. This 
charge dispersal would lessen the effective charge 
interacting with the -NH3+ group of the steroid. 
One would expect the transition state for the 
reaction of l a  with 2g to have a conformation 
with the cationic substituents as far apart as 
possible. The transition states for the reactions 
of 2e or 2f with l a  would be expected to have the 

oppositely charged substituents closer to each 
other than this maximum separation, but still, as 
was argued above, to have them separated by a t  
least one layer of water molecules. Since this 
close contact requires loss of rotational freedom, 
this would be the predominant conformation 
only if there were a strong compensating electro- 
static interaction. Direct interaction of the ionic 
substituents along the shortest line joining them 
will be the overwhelming contribution to the 
electrostatic potential energy when the groups 
are in contact, but will decline rapidly in im- 
portance as the thickness of the intervening layer 
of water increases. (It has been suggested that 
electrostatic interactions through the solvent can 
be neglected once there is more than one inter- 
vening layer of water molecules(32)).Interaction 
of the ionic groups through the rest of the re- 
acting molecules, which constitutes a low di- 
electric constant path between the charges, will be 
rather insensitive to relative orientation; this 
would be expected to be the dominant contri- 
bution to the electrostatic interaction except 
when the charges are very close in space, and the 
magnitude of this contribution would depend 
principally upon the effective charges. The 
analysis just presented suggests that: for the 
transition states for 1 catalyzed reaction of 2e or 
2f, there is very little tendency for the inter- 
acting charges to be particularly close; for the 
transition state for the reaction of 2d, the pre- 
ferred conformation has the -COO- and 
-NH3+ groups in hydrogen bonded contact; the 
magnitude of the rate enhancement observed for 
2d represents a lower limit to the potential 
electrostatic interaction free energy because of 
the loss in rotational freedom consequent upon 
taking up this one conformation. 

Hydrophobic Interactions 
The pattern exhibited by the rate constants for 

the reactions of l a  and lb  with 3a-c clearly 
requires that the transition states be stabilized by 
hydrophobic interactions. The net effect is small 
even for lb, where the simple analysis given 
above leads to a factor of 25 fold for phenan- 
threne as binding group. It is disturbing that this 
is quite different from the factor (110-fold) 
deduced by an analogous argument based on 
rates of l a  catalyzed elimination from substrates 
7a-c (33). We will now show that these two sets 
of results actually lead to an internally consistent 
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GUTHRIE AND UEDA 2755 

interpretation when they are examined in more 
detail. 

Although l b  is constrained to react at only one 
of the imidazole nitrogens, there are two modes 
of reaction possible. These are indicated in 
structures 8 and 9. It  was observed that a plot of 
log k2"PP US. ?r for the reaction of l b  with 3a-c 
led to an extrapolated rate for the hypothetical 
substrate, with no benzene ring but the same 
transition state geometry, considerably slower 
than the experimental value for the acetate ester. 
Thus transition state 8 which permits hydro- 
phobic interactions between steroid and aromatic 
ring systems, has some destabilizing interactions 
over and above those present in the transition 
state for reaction with the acetate. These may, a t  
least in part, be recognized as a partially eclip- 
sing interaction of the methylene hydrogens in- 
dicated by the dotted line in 8. The alternative 
transition state 9, which differs from 8 by rotation 
about a C-C bond (indicated by an arrow in 9) 
can have a completely staggered conformation 
about the bond joining the methylenes. This 
transition state should be virtually identical in 
free energy, relative to starting materials, to that 
for the reaction with the acetate. Although 8 and 
9 differ only by rotation about a single bond, 
they are separated by a free energy barrier which 
includes, besides the intrinsic rotational barrier, 
the barrier to deplacing solvent molecules as the 
bulky side chain is swung through ca. 180°, and 
the barrier imposed by the solvent reorientation 
as hydrophobic contact is made. 

We will assume that the rate of reactions pro- 
ceeding by way of transition state 9 is equal to 
the rate of the acetate reaction. The observed 
second-order rate constant will be the sum of 
two rate constants kH+ for reaction by transition 
state 8, and knon Hs for reaction by transition 
state 9. 

stabilization. That this would be of the same 
magnitude for l a  and l b  was anticipated from 
examination of space filling models, since for 
both steroids, conformations of the transition 
state exist with contact (and hydrogen bonding) 
of carboxylate and ammonium. This expectation 
was confirmed by the ratio of rate constants for 
2a and 2d with the two steroids. For la ,  kzd/ 
kza = 11.9 ; for lb, kZd/kza = 1 1.1. These values 
are, within experimental error, the same: it 
should be noted that this ratio reflects both the 
electrostatic stabilization of the transition states 
for the 2d reactions, and the inherently greater 
reactivity of 2d. Since l a  and l b  show the same 
electrostatic stabilization in their reactions with 
2d, the magnitude of this effect for l b  may be 
taken from Fig. 3 which is based on experiments 
with la .  The value so obtained is a factor of 
6.0 + 1.3 in rate. Division of kH+ by this factor 
gives a rate constant which we will call kH+c,,, 
which is now corrected for this constant electro- 
static contribution. This rate constant kH4c0,, 
refers to the hypothetical reaction proceeding by 
transition state 8 of neutral analogs of 3a-c. In 
the case of 3c a neutral analog would be ex- 
tremely insoluble, so that experimental measure- 
ment of such a process is probably impossible. 
Values of kH4c0,, for the reaction of l b  with 3a-c 
are: 3a, 1.1 + 0.4;3b,4.8 f 1.1; 3c 12.9 + 4.0; 
(all in M-l min-l). A plot of log kH4c0,, us. n is 
satisfactorily linear, with a slope of 0.47 + 0.15. 
Taking the intercept at 71- = 0 (i.e., no aromatic 
ring system) as the reference point, the rate en- 
hancement attributable to hydrophobic inter- 
actions of the phenanthrene ring of 3c with l b  
may be calculated as 102.0'0.5. 

A similar analysis should of course be applied 
to the data reported for the enolization reaction 
(33), although the effects will be much smaller 
in this case, since the steric demands of transition 
states for general base catalyzed reactions are 
expected to be much less than for nucleophilic 
catalysis (34), and the relative rate constants for 
steroid us. imidazole as catalyst are larger. The 
enolization substrates were neutral, so that there 
is no complication from electrostatic inter- 
actions. The size of the aryl group does affect the 
rates of reaction of the elimination substrates, 
and therefore relative rate constants must be 

k2app = kHs + knon H 4  used. 
We make the assumption used before (33) that 

In addition to the hydrophobic interactions be- the inherent reactivitv of l a  is the same as that of 
tween l b  and 3a-E, there is an electrostatic imidazole, and an aisumption analogous to that 
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leads to a potential hydrophobic rate enhance- 
ment of 156 for phenanthrene bound to a 
steroid. This value is obtained from an extrapola- 
tion, on a logarithmic plot, of a line based on 
points derived from extended calculations, so 
that propagation of errors leads to considerable 
uncertainty. The hydrophobic rate enhancement 
should be reliable within a factor of two. 

The analysis presented above is rather lengthy, 
but it gains support from the close agreement 
found for initially discordant appearing results. 
Although l b  is not a good 'artificial enzyme' 
study of this compound has made clear (a) that 
there are potentially important hydrophobic rate 
enhancements for hydrocarbon contacts of the 
sort studied here, but (b) that much of this 
potential can be masked if the transition state 
imposes steric requirements which work against 
hydrophobic contact. 

i Experimental 

FIG. 6. Hydrophobic effect for reaction at nitrogen-3 
of a steroidal imidazole. Reaction of l b  with 3a-c: (4) 
kobs; ( b) k H @ ;  (W) kH",,,,; (0 R3. 0 )  R3 for the enoliza- 
tion of 7a-c catalyzed by l a .  (For definitions, see the text). 
The abscissa is the Hansch ?r value for the aryl group in 
the substrate. 

made above for the reaction of l b  with 3a-c, that 
there are two transition states possible, one with 
hydrophobic contact, and one with no hydro- 
phobic contact (for which the rate will be identi- 
cal to that for imidazole). 

We can then write for the directly calculated 
relative rate constants, kaPprel, 

 materials 
Glass distilled water was used for preparing solutions. 

Acetonitrile for stock solutions of substrates was Eastman 
spectrograde, freed of nucleophilic impurities by passage 
through a column of Woelm neutral alumina (g~ade I). 
p-Nitrophenyl acetate and hexanoate were commercial 
materials, used without further purification. Irnidazole 
was recrystallized prior to use. Inorganic salts were 
reagent grade used without further purification. The 
steroid l a  was prepared and purified as previously 
described (19). Some samples of l a ,  though hcmogeneous 
to tlc and nrnr were less active catalysts for the hydrolysis 
of p-nitrophenyl acetate than the original analytical 
sample. Potentiometric titration of the trihydrochloride 
salt with NaOH, and kinetic assay using thep-nitrophenyl 
acetate reaction gave res~llts which were in satisfactory 
agreement. We attribute the discrepancy to inorganic 
salts which coprecipitated with l a .  Stock solutions of l a  
were assayed using thep-nitrophenyl acetate reaction, and 
a value for the second-order rate constant of 28.1 M-I 
min-1. 

diamiie, l b  From a plot of log kH'rel ". we obtain a rate To a stirred, ice cold solution of l a ,  as the trihydro- 
enhancement of 102.38*0.26 fo r a phenanthrene chloride, (140 mg, 0.3 mmol) in dry pyridine (5.2 ml) was 
e r o u ~ .  added trifluoroacetic anhydride (1.5 ml) drop wise. After 
u A 

order to plot the results from the two re- 1 h at room temperature the reaction mixture was poured 
into ice water and extracted with ethyl acetate (3  X 20 ml). actions On a sing1e graph, we The combined extracts were washed with saturated 

with the ~ h e n a n t h r ~ l  derivative as standard. aqueous sodium chloride, dried (Na2S04) and evaporated. 
These ratios, R3, permit comparison of both Crystallization from ethyl acetate gave 139 rng of the 
reactions on the same scale. figure 6 shows a bistrifluOrOacetamide, 

A suspension of 5 (55 mg, 0.1 mmol) and isopropyl 
of log R3 us' a, and that both sets iodide (32 mg) in acetonitrile (1.7 ml) was refluxed for 3 

data define a sing1e line within the ex~erimen- days, treated with an additional 30 rng of isopropyl iodide, 
tal uncertainty. This line has a slope of 0.49 and and refluxed 3 more days. The reaction mixture was 
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GUTHRIE AND UEDA 2757 

evaporated to dryness, basified with methanolic ammonia, 
and evaporated to dryness. Preparative layer chroma- 
tography (plc) (silica gel, CHC1,-CH30H, 4:1 as eluant) 
gave 40 mg crude 6 (68%) as the fastest band. This on 
crystallization from acetonitrile gave 31 mg 6, mp 298- 
301 "C; nmr (CDCI3, 100 MHz), 0.66 (3H, s, 18-CH3), 
0.88 (3H, S, 19-CH3), 1.47 (6H, d, J = 6.5 HZ, (CH3)2CH), 
3.7 ( lH,  br s, 3-CH(a)), 4.36 ( lH,  septet, J = 6.5 Hz, 
(CH3),CH-), 4.5 (1H, br s, 11-CH(a)), 6.4 (2H, d of d, 
amide NH), 6.66 (1H, br s, Avl12 = 2.7 Hz, 5'CH), 7.58 
( lH ,  d, J = 1.2 Hz, 2'CH). Unreacted 5 (16mg, 29%) 
was recovered as the second band on plc. 

A suspension of 6 (50 mg, 0.085 mmol) in 6 N aqueous 
HCl(20 ml) was refluxed for 2 days, cooled, basified with 
2 N KOH (70 ml), brought to saturation with NaC1, and 
extracted with ethyl acetate containing 10% methanol 
(4 X 30 ml). The aqueous layer was maintained at  p H  
10-12 during this extraction by the addition of KOH as 
needed. The combined organic layers were washed with 
saturated aqueous sodium chloride, dried (Na2S04), and 
evaporated to give lb .  Crude l b  was purified by plc 
(silica gel, 3 M ammonia in methanol as eluant), dissolved 
in 1 :1 methanol-isopropanol, treated with a slight excess 
of aqueous 1 N HCI and evaporated to dryness to give the 
trihydrochloride of l b  as a white powder. Treatment with 
active charcoal and filtration of concentrated aqueous 
and methanolic solutions to remove traces of insoluble 
material gave analytically pure powder; nmr (DzO, DSS 
as reference, 100 MHz) 6 0.70 (3H, s, CH3-18), 0.98 (3H, 
S, CH3-19) 1.15 (3H, d, J = 6 HZ, $(CH3)2CHOH), 
1.52 (6H, d, J = 7 Hz, (CH3)2CH-N), 2.82 ( lH ,  br t, 
J = 8.5 Hz, CH-178), 3.21 ( lH,  br t, Avl/, = 20 Hz, 
CH-34,  4.00 ( lH ,  br, A v ~ / ~  = 10 Hz, Cl la-H) ,  7.46 
( lH ,  br s, Avl/2 = 2.7 Hz, CH-5 imidazole) 8.65 ( lH ,  s, 
CH-2 of imidazole). Anal. calcd. for C25H4SNrC13.+- 
(C3H80)-3H20:  C 53.75, H 9.36; found: C 53.36, H 9.27. 

Substrates 
Compounds 2b-g were prepared by published pro- 

cedures and had mp in satisfactory agreement with the 
literature values (35-38). 2h was prepared by reaction of 
2d with CH2N2 in diethyl ether, and recrystallized from 
petroleum ether: mp 72-73.5 "C. Anal. calcd. for CloH9- 
NOs: C 50.22, H 3.80; found: C 50.58, H 3.91. 3a-c were 
prepared from the corresponding aryl propionic acids by 
the procedure employed for 3b (20). 4b was prepared as 
described previously (20). 4a was prepared from 3-(2- 
naphthy1)propionic acid by the ethyl chloroformate pro- 
cedure and crystallized from 95Yo ethanol; mp 126- 
128 "C. Anal. calcd. for C19H15N04: C 71.02, H 4.71; 
found: C 70.74, H 4.97. 3-(3-Phonanthry1)propionic acid 
was prepared starting from 3-acetyl phenanthrene, mp 
68-72 "C (lit. (39) mp 72 "C) which was oxidized (C10-) to 
phenanthrene-3-carboxylic acid (39), which in turn was 
reduced (LiAIH4, tetrahydrofuran, 3 h reflux) to 3- 
phenanthrylcarbinol. This was oxidized (Cr03-pyridine in 
CH2C12 solution (40)) to phenanthrene-3-carboxaldehyde, 
which after passage through a short column of silicic acid 
(eluting with benzene) and crystallization from benzene- 
hexane had mp 77-79 "C (lit. (41) mp 79.5-80°C). 
Knoevenagel condensation with malonic acid followed by 
reduction using sodium amalgam gave 3-(3-phenanthry1)- 
propionic acid, mp 158-160°C. (lit. (42) mp 158.5- 
159.5 OC). 

Kinetics 
Solutions were brought to the desired calculated ionic 

strength with KCI. The p H  was determined at  the end of 
each run. Reactions were initiated by injecting suitable 
volumes of substrate solutions in acetonitrile (using a 
microliter syringe) to buffer solutions containing imida- 
zole or steroid in quartz cuvettes, equilibrated in the 
thermostatted cell compartment of a Gilford model 240 
spectrophotometer, and mixed by inversion. Reactions 
were followed at  suitable wavelengths near 400nm. 
Infinity points were taken after ten half-lives; pseudo 
first-order rate constants were calculated from first-order 
plots which were normally linear for a t  least three half- 
lives. 

Potentiometric Titrutiotz 
Amine hydrochloride (0.02 mmol) and potassium 

chloride (2 mmol) were dissolved in carbonate-free glass- 
distilled water (20 ml) in a three necked flask with mag- 
netic stirrer, nitrogen inlet, buret and combination 
electrode. While the solution was stirred under nitrogen 
at  25 + 1 "C, 0.02 N sodium hydroxide solution was 
added dropwise, from a burette which could be read to 
0.005 ml. Readings of volume and p H  (using a Radi- 
ometer p H  meter 25 SE with a GK2301C combination 
electrode) were taken after each addition. A similar 
titration was carried out on a sample of 0.1 M potassium 
chloride (20 ml). 

The titration data were analyzed by calculating the 
difference in the amount of base required to reach a given 
p H  in the presence and absence of amine hydrochloride 
(43). This quantity, y ,  was then fitted to  the theoretical 
expression 

where u is the volume of base corresponding to one 
equivalent of amine and the sum is over all titratable 
groups. A non-linear weighted least-squares procedure 
(44) was used to fit the data to the appropriate expression 
using a computer program. For imidazole the pK, so 
obtained was 7.14 i 0.06 (lit. (31) 7.10 at  p = 0.12); for 
cyclohexylamine, the pK, was 10.76 + 0.11 (lit. (31) 10.66 
at  p = 0.01). For l u ,  the pK,'s were 7.18 + 0.04, 9.69 + 
0.09, and 10.68 + 0.24. The error limits are those cal- 
culated by the computer program, and reflect the degree 
of scatter of experimental points about the calculated line. 
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Alcoxy-2, aryloxy-2, acyloxy-2 cyclohexanones. Synthbe et 
Ctude de leur Cquilibre conforrnationnel 

D. CANTACUZENE ET M. TORDEUX 
C.N.R.S.-C.E.R.C.O.A., 2 rue Henri Dunant, Thiais 94320 France 

R e ~ u  le 16 fCvrier 1976 

D. CANTACUZENE et M. TORDEUX. Can. J. Chem. 54, 2759 (1976). 
On montre qu'il existe une corrClation de Hammett dans I'Cquilibre conformationnel des 

aryloxy-2 cyclohexanones quand le substituant X situC en para sur le noyau benzknique est 
attracteur. Ceci permet de prboir la position Cquatoriale du substituant dans les acyloxy-2 
cyclohexanones. L'quilibre conformationnel des alcoxy-2 cyclohexanones (R = CH3 ?I 
C(CH&) est Cgalement CtudiC. 

D. CANTACUZENE and M. TORDEUX. Can. J. Chen~. 54, 2759 (1976). 
We show a linear Hammett correlation in the conformational equilibrium of 2-aryloxycyclo- 

hexanones when the X substituent located para on the phenyl ring is electron withdrawing. This 
leads to the prediction of the equatorial position of the substituent in the 2-acyloxycyclo- 
hexanones. The conformational equilibria of 2-alcoxycyclohexanones (R = CH3 to C(CH3)3) 
also are examined. 

L'tquilibre conformationnel des halogCno-2 
cyclohexanones est dCsormais bien connu. I1 a 
CtC suggtrC que la stabilisation de la forme axiale 
Ctait dQe 2I l'intervention d'une forme mtsombre 
de type V provenant d'une interaction entre la 
liaison a C-X avec l'orbitale antiliante T* du 
carbonyle ( I ,  2). NCanmoins des calculs effectuts 
sur la fluoro-2 cyclohexanone (oh la liaison C-F 
est peu polarisable) montrent que dans ce cas il 
est prtfkrable de considirer le recouvrement 
d'un doublet libre du fluor avec l'orbitale 
antiliante du carbonyle (3) pour expliquer 
1'Cquilibre observC. Cette hypothbse avait d6jb 
CtC envisagCe dans le cas des aryl-2 cyclohexa- 
nones (4, 5). 

Cependant, dans cette sCrie il est difficile de 
sCparer l'influence, sur 1'Cquilibre I T? 11, des 
effets stCriques de celle des effets Clectroniques. 
Par contre dans les cyclohexanones prCsentant 
en position 2 une fonction aryloxy (OR = 

OC6H4X: X variant de NEt2 2I NO2) le facteur 
stCrique doit Ctre considCrC comme constant, ce 
qui permet d'accaer directement 2I l'btude des 
effets Clectroniques influen~ant la position de 
1'Cquilibre I11 e IV. 

OR R = alcoyl 
. A /  

n, -u COR' 

Nous montrerons, d'autre part, la variation 
de 1'Cquilibre conformationnel des alcoxy-2 
cyclohexanones en fonction du degrt de substitu- 
tion du groupement R (R variant de CH3 21 
C(CH3)3). Les acyloxy-2 cyclohexanones seront 
Cgalement examinCes. 

La mCthode de dosage choisie pour ces sys- 
tbmes A Cchange conformationnel rapide est la 
mesure par rmn, de la largeur du signal du pro- 
ton HI situC au pied du groupement OR.' Nous 
avons utilisC les tert-butyl-4 cyclohexanones 
comme modbles fig& de rCfCrence: ceci nous 
permet d'atteindre les valeurs extrzmes de la 
largeur du signal (somme des constantes de 
couplage) pour un proton HI axial et pour un 
proton HI Cquatorial (6, 7). Dans le cas des 
alcoxy-2 cyclohexanones, le signal dO au proton 
HI est masqub par les signaux des groupements 
alcoxy (OCH3, 0C2H5, OCH(CH3)z). Nous 
avons donc Ctt aments h synthttiser les perdeu- 
tCrio alcoxy-2 cyclohexanones (OR = OCD3, 
OCzD5,OCD(CD3)2). 

IVoir la partie expkrimentale pour la discussion sur le 
choix de la largeur du signal. 
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Syntheses 

fert-Butyl-4 alcoxy-2 et phe'noxy-2 
cyclohexanones 

Les tert-butyl-4 mkthoxy-2 et tert-butoxy-2 
cyclohexanones ont CtC synthttistes B partir des 
sels d'immonium cx bromCs (schCma 1). 

Les tert-butyl-4 phCnoxy-2 cyclohexanones 
cis et trans (3e et 3a) s'obtiennent par action du 
phtnate sur la chloro-2 tert-butyl-4 cyclohexa- 
none. 

Alcoxy-2 cyclohexanones 
Elles ont CtC synthCtisCes B partir d'knamines B 

halogkne allylique suivant une mtthode mise au 
point au laboratoire (8) (schCma 2). 

(I)  RO-, ROH 

(2) H3O' 

Les rendements sont bons (&tones 4-6: rdt 
65%) ou acceptables (cCtone 7: rdt 35y0). 

Aryloxy-2 cyclohexanones 
Elles ont CtC synthttisCes par action des 

phCnates p-XC6H40Na sur la chloro-2 cyclo- 
hexanone selon une mCthode dtcrite (9). Une 
difficult6 s'est prtsentte lors de la synthkse du 
p-NN-diCthylaminophtno1 puisque toutes les 
synthbes dCcrites (10) ont CchouC. Nous avons 
finalement utilisC une mtthode de rkduction de 
l'acttate du p-NN-diacttylaminophCno1 par 
I'hydrure de lithium et d'aluminium (schCma 3). 

Acyloxy-2 cyclohexanones 
Elles ont ttC prCparCes par action des sels 

d'argent R(COO)2Ag sur le chloro-6 pyrroli- 
dino-1 cyclohexkne (schCma 4). 

\ 
C1 

\ 
OCOR 

Aryloxy-2 cyclohexanones 
Les aryloxy-2 cyclohexanones, en solution 

dans un solvant polaire se trouvent toutes dans 
un mCme kquilibre, trks fortement dtplacC vers 
la forme I11 tquatoriale (85%) (tableau 1). Dans 
un solvant non polaire, 1'Cquilibre conforma- 
tionnel dtpend de la nature du substituant X 
situt en para sur le noyau benzknique. En effet 
dans le cas de groupements attracteurs nous 
voyons apparaitre une variation t r b  nette de 
l'kquilibre conformationnel en fonction du sub- 
stituant X:  dans tous les cas la forme Cquatoriale 
est favoriste. Par exemple pour X = NO2, il 
y a SOYo de forme Cquatoriale dans CC14. On 
notera que l'on observe une bonne corrtlation 
entre les Cnergies conformationnelles AG dans 
CC14 et les a de Hammett (figs. 1 et 3). Dans cette 
sCrie (X attracteur), on remarque par ailleurs 
une dtpendance de la valeur AGCH3CN - 
AGcc14 avec le groupement X. Par contre sl X 
est donneur (X = H, CH3, 0CH3, OC&, NEt2) 
I'Cquilibre est le mCme quelque soit X (55% de 
forme axiale IV). D'autre part, la diffkrence 
AGCH3CN - AGCC14 est sensiblement la mCme 
pour les diffkrents substituants donneurs, soit 
1.15 If: 0.14 kcal/mol. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANTACUZENE ET TORDEUX 

TABLEAU 1 .  Energie conformationnelle des aryloxy-2 cyclohexanones 

ax 
AG = - RT log - (kcal/mol) 

e'l 

C C I ~  CH3CN 
A G ~ ~ 3 ~ ~ -  

a t o n e  X DO Axial (7,) AG Axial ($7,) AG AGcclA 

NO2 
COCH3 
CHO 
Br 
Cl 
F 
H 
CH3 
0CH3 
O C ~ H S  
NEt2 

aRefirences 1 1  et 12. 
bOn voit nettement par rmn que la proportion de forme axiale dans CClr est IBgkrement plus importante que dans C H E N ;  le calcul d'erreur 

n'a ici aucune signification. 

TABLEAU 2. Energie conformationnelle AG des alcoxy-2 cyclohexanones 

AG = -RT log 2 (kcal/moli 
eq 

C C I ~  CH3CN 

Cetone Ra Axial (7,) AG Axial (%) AG ~ G C H ~ C N  - AGcclA 

aR = H :  la molecule est bloquee en position Bquatoriale du fait de la presence d'une liaison hydrogbne entre le carbonyle et I'hydroxyle. 

CI Br C Y O  COCW) 

FIG. 1 .  Energie conformationnelle des px-phCnoxy-2 
cyclohexanones en fonction du nx de Hammett. 

Alcoxy-2 cyclohexanones 
Dans un solvant polaire (CH3CN) les alcoxy-2 

cyclohexanones prennent la conformation la 
plus polaire c'est-&-dire celle oh le substituant 
est Cquatorial. On notera cependant que plus le - - 

groupement R est substituk plus la forme axiale 
est favoriske (tableau 2). Par exemple, la tert- 
butoxy-2 cyclohexanone 7 se trouve & 37y0 en 
position axiale alors que la mithoxy-2 cyclo- 
hexanone 4 se trouve seulement & 20% en axial. , 

Cette m2me tendance vers uile plus grande pro- 
portion de forme axiale si le substituant est 
encombrC se retrouve si l'on examine l'eauilibre 
conformationnel dans un solvant non polaire 
(CC14). 

D'autre part, l'examen de la variation de 
l'kquilibre conformationnel en fonction de la 
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eitet  Q~ectronjque constant 

eftel slerique var~able 

FIG. 2. Energie conformationnelle des alcoxy-2 et des 
aryloxy-2 cyclohexanones en fonction de AGcRgcN - 
A G c c 1 4 .  

polaritt du solvant montre que, quelque soit le 
substituant R, la diffkrence entre l'knergie con- 
formationnelle dans CH3CN et celle dans CC14 
est pratiquement constante (AGCHsCN - AGCCL4 
= 1.13 i: 0.13 kcal/mol) (fig. 2). 

Acyloxy-2 cyclohexanones 
Les trois acyloxy-2 cyclohexanones CtudiCes 

se trouvent toutes dCj& en position Cquatoriale 
dans le tktrachlorure de carbone. I1 n'est donc 
pas possible dans ce cas d'Ctudier l'influence du 
groupement R sur 1'Cquilibre conformationnel. 

Discussion 
Le cas des aryloxy-2 cyclohexanones est par- 

ticulikrement intiressant. Le facteur stCrique 
pouvant Ctre considCrC comme constant dans 
toute cette sCrie, nous avons mis en Cvidence une 

dkpendance directe de 1'Cquilibre conformation- 
nel en fonction de facteurs purement Clectro- 
niques, ce qui & notre connaissance n'avait 
jamais CtC signal&. 

La corrClation linCaire observie, quand X est 
attracteur, entre 1'Cnergie conformationnelle AG 
dans CC14 et les a de Hammet pouvait nous 
laisser prCvoir les rCsultats obtenus avec les 
acyloxy-2 cyclohexanones (OCOR : 100yo en 
Cquatorial) puisque dans ce cas le groupement 
attracteur est directement attach6 & l'oxygkne et 
les effets Clectroniques sont donc renforcks. 

Les groupements donneurs conduisent tou- 
jours au mCme Cquilibre (tableau 1). I1 apparait 
ici un nivellement analogue & celui observC 
quand on mesure I'aciditC des phenols (11). On 
remarque, d'autre part que ce phCnomkne met 
en dCfaut l'hypothbe selon laquelle la forme 
limite de stabilisation pour la forme axiale serait 
de type Cnolique (V) (schCma 5). 

En effet, dans cette hypothkse le substituant 
le plus donneur (NEt2) stabiliserait au maximum 
la forme axiale, ce qui est contraire & ce que 
l'on observe. 

Dans le cas des alcoxy-2 cyclohexanones, il 
n9est pas raisonnable de tenter une corrClation 
entre 1'Cnergie conformationnelle et les a* de 
Taft puisque pour les groupes alcoyles ces 
valeurs ont CtC trks controversCes (13). 

Cependant le fait que la diffCrence entre 
1'Cnergie conformationnelle dans CH3CN et celle 
dans CC14 soit constante laisse supposer que la 
contribution Clectronique des groupements R, 
dans la variation de l'kquilibre des alcoxy-2 
cyclohexanones, est faible. En effet, en admettant 
que la contribution stCrique (interactions de type 
van der Waals) est sensiblement la mCme quel 
que soit le solvant, on peut Ccrire que l'knergie 
Clectronique E de chacune des deux formes 
dCpend du solvant selon (14, 15): 
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TABLEAU 3. Caracteristiques physicochimiques des aryloxy-2 cyclohexanones 

NO2 
COCH3 
CHO 
Br 
CI 
F 
H 
CH3 
0 C H 3  
0C6H5 
NEt, 

"Les spectres rmn ont 6tC enregistres a la concentration de 8.9 X lo-' mol / I .  H 250 MHz 
bLes dCplacements chimiques sont exprimis en ppm (ref. TMS). 
CLa largeur W du massif db au proton HI est e x p r i d e  en Hz. 
dep = epaulement. 

tert-Rutyl-4 mtthoxy-2 cyclohexanone I 
On verse goutte a goutte 12 g (0.066 mol) de brome 

dans 17.8 g (0.066 mol) de tert-butyl-4 pyrrolidino-1 
cyclohexkne dilue dans 100 ml de pentane; on chasse le 
pentane sous vide puis on ajoute 100 ml d'une solution de 
methylate de sodium (6 g, 0.01 mol) dans le monoglyme. 
On porte a reflux pendant 4 h. On chasse le monoglyme 
puis on hydrolyse par H2S04 a 20'2.2. On extrait a !'ether, 
on effectue un lavage basique et on seche la solution 
Ctheree sur sulfate de magnCsium. Les deux isomkres cis 
et trans sont obtenus purs aprks passage sur colonne de 
silice (eluant benzkne): aprks eliminations des fractions de 
tCte contenant en particulier la bromo cyclohexanone 
n'ayant pas rtkgi, I'isomkre trun.y l a  passe en premier (ir 
v(C0) 1723 cm-I); puis vient l'isomkre cis l e  (ir r(C0) 
1733 cm-1; rdt globs1 30y0; cis/truns = 2:l) .  Les carac- 
teristiques rmn sont rassemblees dans le tableau 4. 

tert-Butyl-4 t-buryoxy-2 cyclohexunotze 2 
On opere de la m&me manikre que prkedemment. 

L'immonium bromC (0.066 mol) est mis a refluer dans une 
solution de tert-butylate de potassium (0.09 mol) dans 
100 ml de monoglyme. Aprks les traitements habituels, on 
separe les deux isomkres trans 2a (ir v(C0) 1723 cm-1) et 
cis 2e (ir v(C0) 1733 em-1) par chromatographie sur 
colonne de silice (eluant benzene; rdt global 20y0; c i ~ /  
trans = 2:l). Les caractkristiques rmn sont rassemblees 
dans le tableau 4. 

tert-Butyl-4 phPnoxy-2 cyclohexanone 3 
La rert-butyl-4 bromo-2 cyclohexanone (12 g) est mis a 

reflux pendant 4 h dans 50 ml de benzene contenant 5.8 g 
de phenate de sodium. On traite le melange par de la 
soude diluie. On obtient aprks extraction a l'ether et 
traitement habitue1 un melange de tert-butyl-4 phenoxy-2 
cyclohexanones cis et trans (rdt 70%). 

L'isomkre axial (trans) 3u est skpare par chromatogra- 
phie sur colonne de silice (eluant benzene; ir v(C0) 1728 
cm-1). I1 est liquide et se transforme rapidement en 
isomkre cis; l'isomkre equatorial 3e (cis) cristallise dans 
un melange benzene-ether (pf = 75 "C, ir v(C0) 1738 
cm-1); les caractkristiques rmn sont rassemblees dans le 
tableau 4). 

Alcoxy-2 cyclol~exunones 
Le principe de la methode a ete dk r i t  precidemment 

(8). Nous avons utilise l'knamine dirivant de la chloro-2 
cyclohexanone comme produit de depert (16). Pour 
R = CH(CH3I2 et R = tert-butyl nous n'avons pas trouvk 
d'autres mCthodes dkrites dans la litterature. 

PerdeutPriomttlzoxy-2, e'tl~oxy-2 cyclohexunot~es 4 et 5 
Le chloro-6 pyrrolidino-1 cyclohexkne (5 g, 0.027 mol) 

(15) est mis a reflux pendant 2 h dans lOml de per- 
deuteriomCthanol dans lequel on a fait prkalablement 
reagir 0.65 g (0.028 at/g) de sodium et le melange est 
ensuite hydrolyse par de I'acide sulfurique normal. On 
extrait a 1'Cther la phase aqueuse acide, on rince la 
solution ether& par une solution de soude et skche sur 
sulfate de magnesium. On obtient ainsi 2.1 g (0.017 moll 
de perdeuteriomethoxy-2 cyclohexanone 4 aprks distilla- 
tion (rdt 60%); le mCme mode operatoire permet d'ob- 
tenir la perdeutCrioCthoxy-2 cyclohexanone 5 avec un 
rendement de 6576. 

PerdeutPrioisopropunoxy-2 cyclohexanone 6 
Le chloro-6 pyrrolidino-1 cyclohexkne (5 g 0.027 moll 

est mis reflux pendant 2 h dans 10 ml de perdeutkrioiso- 
propanol contenant 0.06 g (0.0027 at/g) de sodium. 
Aprks les traitements habituels, on extrait la perdeu- 
terioisopropanoxy-2 cyclohexanone 6 de la phase aqueuse 
acide (0.017 mol; 2.6 g ;  rdt 65%; p Cb15 = 85 "C; ir 
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CANTACUZENE ET TORDEUX 

TABLEAU 4. Caracteristiques rmn des rert-butyl-4 aryloxy et alcoxy-2 cyclohexanonesa 

Cetone R 

"MOmes remarques que dans le tableau 3. 

TABLEAU 5. Caractkristiques rmn des alcoxy-2 et acyloxy-2 cyclohexanonesa 

CC14 CH3CN 

CCtone R &HI WHI &HI WHI 

4 CD3 3.42 11.0 16.25 
5 CzD5 3.58 10.5 15.75 
6 CD(CD3)z 3.65 9 .8  15.1 
7 C(CH313 3.75 9 14.25 

19 COCH3 5.05 18.0 5 .1  18.5 
20 COC6HS 5 .o 19 .o  5 .4  19.0 
21 COC6H40CH3 5.18 19.0 5.34 19.0 

"Concentration: 2 X lo-' rnol/l. 

v(C0) 1722-1732 (ep) cm-I). Les caracteristiques rmn 
sont donnks  dans le tableau 5. 

tert-Butoxy-2 cyclohexanone 7 
Le chloro-6 pyrrolidino-1 cyclohexene (5 g, 0.027 mol) 

est mis a reflux pendant 4 h dans 10 ml de terr-butanol 
contenant 0.06 g de sodium. Aprks traitement habitue1 
on obtient la rert-butoxy-2 cyclohexanone 7 (1.4g; rdt 
307,; p eb0.15 = 48 "C; ir v(C0) 1723-1733 (ep) cm-I). 

Aryloxy-2 cyclohexatioties (8 13 18) 

X = H,F,CI,Br,CHO,COCH3, 
NO2,CH3,OCH3,0C6H. 

Les aryloxy-2 cyclohexanones ont kt6 prCparks selon 
la mCthode de Mousseron et a/. (9). On ajoute 0.1 mol de 
phCnol substituC en para a une solution de 2.3 g de 
sodium dans 100ml de methanol anhydre. On porte le 
melange a Cbullition puis on chasse le mCthanol sous vide. 
Le phenate broye est mis en suspension dans 50ml de 
benzene et on ajoute alors 0.1 mol (13.2 g) de chloro-2 
cyclohexanone. On chauffe au reflux du benzkne pendant 
4 h;  aprks refroidissement, on ajoute de la soude di luk 
et on extrait ti 1'Cther. On rince la phase ether& a la 
soude diluk puis ti l'eau et on skche sur sulfate de 
magnksium. On chasse les solvants sous vide: il reste un 

produit noirdtre que I'on reprend par 50 ml d'Cther. On 
rkupkre la partie soluble dans I'Cther laquelle on ajoute 
50ml de pentane et on obtient ainsi l'aryloxy-2 cyclo- 
hexanone qui prkipite. Elle est recristallisk dans un 
melange 5050  benzkne-ether de petrole. Les rendements 
sont de l'ordre de 65%. Les caractkristiques des aryloxy-2 
cyclohexanone sont rassemblks dans le tableau 3. 

Les phenols X-@--OH sont commerciaux sauf celui 
oh X = NEt2, X = H, NOz, CH, (Aldrich); X = F, CI, 
Br, CHO, COCH3 (Fluka); X = 0 C H 3  (Schuchardt); 
X = 0C6Hs (Kodak). 

para-DiPtIiylamitiopI~hloxy-2 cycloliexatiot~e 18 
(a) para-N,N-DiPtl~ylamit~opI~Pt~ol-Le p-aminophCnol 

(20 g) est mis reflux dans 120 ml d'anhydride acCtique 
pendant 4 h. On distille ensuite l'anhydride et l'acide 
acCtique formks et on obtient alors un melange d'acetate 
de p-N-acCtylaminophCno1 A et d'acetate de p-N,N- 
diacCtylaminophenol B. On ajoute 500 rnl d'kther que l'on 
porte a reflux. Aprks refroidissement, l'acktate A cristal- 
lise, on le filtre; I'acCtate de N,N-dimCthylaminophCno1 -8 
est obtenu en chassant l'ether du filtrat (rdt 65%, pf = 
74 "C, ir v(C0) 1710-1760 cm-1; rmn (CDC13) 2.26 p p n ~  
(9H), 7.15 ppm (4H)). 

A 9 g d'hydrure de lithium et d'aluminium dans 100 ml 
d'tther au reflux on ajoute 20 g de l'acetate B dissous dans 
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500 ml d'ether. L'addition termink, on ajoute goutte a Remerciements 
goutte 50 ml d'eau puis 100 ml d'acide sulfurique a 20%. 
On sCpare la couche superieure; la couche inferieure est Nous remercions t r b  vivement M. Welwart 
neutralis& par le bicarbonate de sodium puis extraite a Pour de fructueuses discussions. 
l'ether. On 'chasse l'kther jusqu'8 ce qu'il en reste 50 ml. 
Place au congelateur, le N-CthylaminophCnol, produit 
secondaire prkipite; on le filtre et on utilise lepara-N,N- 
diethylaminophenol restant sans autre purification, le 
compose s'oxydant trks rapidement (4.7 g; rdt 65YG; rmn 
(CDCl,) 1 (6H), 3.2 (4H), 6.2 ppm (4H). 

(b) para-DiPthyluminophPnoxy-2 cyclohexanone 18-A 
4.7 g de p-diCthylaminophknol dans 20 ml de monoglyme, 
on ajoute 0.6 g de sodium; on attend 4 h. On dkante sous 
azote la solution de phCnate et on fait rhgir 6 g de chloro- 
2 cyclohexanone a reflux du monoglyme pendant 2 h; le 
solvant est chassC sous vide, le rCsidu est trait6 par 1 N 
H2SO4 et lave I'Cther pour kliminer la chloro-2 cyclo- 
hexanone n'ayant pas rbgi.  La solution est ensuite 
alcalinis&, extraite ?i l'ether et skhCe sur MgS04. La p- 
N,N-diCthylaminophCnoxy-2 cyclohexanone est recristal- 
lisk dans un mClange Cther-pentane (2.1 g; rdt = 18%) 
(tableau 3). 

Acyloxy-2 cyclohexartones (19, 20, 21) 
Les sels d'argent des acides acktique, benzoi'que, p- 

mCthoxybenzoique sont obtenus par action du nitrate 
d'argent sur l'acide, dans I'eau. Le sel d'argent prkipite. 
est recristallisC dans l'eau et skhC sous vide. 

Le chloro-6 pyrrolidino-1 cyclohexkne (5 g, 0.027 mol), 
en solution dans 50 ml de benzkne est mis a rhgir avec le 
sel d'argent en quantite stoechiometrique au reflux 
pendant 4 h. Le melange rhctionnel est hydrolysk par de 
l'acide sulfurique normal, extrait a l'ether et skhC sur 
sulfate de magnesium. 

L'acitoxy-2 cyclohexanone 19 est distill& (p ebo.ss = 

55 "C; rdt 70y6; ir v(CO) 1734-1755 cm-I. 
Les benzoxy-2 cyclohexanone 20 et p-methoxybenzoxy- 

2 cyclohexanone 21 sont recristallis&s dans un melange 
benzkne-ether (rdt 75'34). R = 0COC6HS 20: pf = 

89 "C; ir v(C0) 1727-1737 (ep) cm-l; 0COC6H40CH, 
21: pf = 75 "C; ir v(CO) 1723-1737 (ep) cm-1. Les carac- 
teristiques rmn sont rassemblks dans le tableau 5. 
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Isotope effects in the gas phase radiolysis of H,S and D,S1 
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ROBERT D. MCALPINE, 0. A. MILLER, and A. W. BOYD. Can. J. Chem. 54, 2767 (1976). 
Gas phase radiolysis studies have been carried out on mixtures of H2S and D2S using as 

irradiation sources, either a Gammacell or a Febetron 705 pulsed electron accelerator. Separa- 
tion factors (CY = (H/D)prOd i (H/D)react) were obtained for various values of xD (the mole 
fraction of D2S), dose rate and temperature, as well as with the addition of SFs. All of the 
observed CY values, for 0.2 5 xD 5 0.8, fall on the following empirical straight line. 

[I] CY(X,) = (1.18 f 0.04) + (1.07 + 0 . 0 9 ) ~ ~  

The addition of neon to a D2S/H2S mixture gives a value of CY which decreases as the partial 
pressure of neon increases. For a 70% D2S/305L H2S mixture, = 1.9 + 0.1 for the pure 
mixture and 1.28 + 0.08 when 90 kPa of neon has been added to 10 kPa of the mixture. The a 
values described by eq. 1 are interpreted as arising from kinetic isotope effects in the reactions of 
(translationally) hot H or D atoms with H2S, HDS, or D2S to form HZ, HD or D2. 

Hydrogen yields from the gas phase radiolysis of pure H2S and pure D2S have been deter- 
mined for dose rates from 4 X 1016 to 2 x 1028eV g-1 s-1. Using dose rates of up to 2 X 
1027eV g-1 s-1, AG = G(H,) - G(D2) = 0.5. For the highest dose rate used (2 X eV g-I 
S-I), AG = 1.5. The larger value of AG at very high dose rates is thought to arise from the 
dissociative neutralization processes. A possible mechanism is discussed. 

ROBERT D. MCALPINE, 0. A. MILLER et A. W. BOYD. Can. J. Chem. 54, 2767 (1976). 
Des Ctudes de radiolyse en phase gazeuse ont CtC faites sur des mClanges de H2S et D2S en 

utilisant comme source d'irradiation, soit un Gammacell soit un accClCrateur d'electrons B 
impulsion Febetron 705. Les facteurs de sCparation [CY = (H/D),,,,. i (H/D),,,,,.] ont CtC 
obtenus pour diffkrentes valeurs de xD (la fraction molaire de D2S), de taux d'irradiation et 
de temperatures, aussi bien qu'avec I'addition de SF6. Toutes les valeurs CY observks, pour 
0.2 5 xD 5 0.8. se situent sur la droite empirique suivante: 

[I] a(xD) = (1.18 + 0.04) + (1.07 + 0 . 0 9 ) ~ ~  

L'addition de neon i un melange de D2S/H2S donne une valeur CY qui diminue comrne la 
pression partielle dp nCon augmente. Pour un melange D2S/H2S, 70:30, CY = 1.9 + 0.1 
pour le mClange pur ef 1.28 0.08 quand 90 kPa de nCon a CtC ajoutC B 10 kPa du mClange. 
Les valeurs CY dkrites par 1'Cq. 1 sont interpretkes comme venant des effets cinetiques dans les 
rhctions d'atomes H ou D, riches en Cnergie de translation, avec HIS, HDS ou D2S pour 
former HZ. HD ou DL. Les rendements en hydrogkne de la radiolyse en phase gazeuse de H2S 
pur et D2S pur ont kt6 dCterminCs pour des taux d'irradiation de 4 X 1016 eV g-I s-1 B 2 X 
lozs eV g-1 s-1. Utilisant des taux d'irradiation jusqu'i 2 X lO27eV g-1 s-1, AG = G(H2) - 
G(D2) = 0.5. Pour le plus grand taux d'irradiation utilise (2 X 10z8 eV g-1 s-I), AG = 1.5. 
On croit que la plus grande valeur de AG B des taux d'irradiation trks eleves est attribuable aux 
processus dissociatifs de neutralisation. Un mkanisme possible est discute. 

[Traduit par le journal] 

Introduction low dose rates which are typical of Gammacells 
The radiation chemistry of H2S has been 

studied using -y, a and pulsed electron sources 
and a general understanding of many of the 
processes which lead to the production of 
hydrogen has evolved. The hydrogen yield, 
G(H2), has been observed to vary according to 
the rate at which the dose is absorbed. At the 

- 

IAECL No. 5487. 

(1014 - 1W8 eV g-l s-I), G(H~) = 7.0 - 7.9 (1-4). 
Electron scavengers such as SF6 or N20 are 
found to have no effect on this yield. With pulsed 
electron sources, the hydrogen yield is found to 
vary from G(H2) = 11.1 for a dose rate of 
loz6 eV g-1 s-I to G(H2) = 13.0 for a dose rate 
of 2 X eV g-I s-I (5, 6). Electron scav- 
engers reduce these yields to values comparable 
with those obtained using low dose rates. 
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The major difference in yields between low and 
high dose rate experiments is thought to arise 
from the quenching of dissociative neutralization 
processes at low dose rates (6). For 1014 - 1018 eV 
g-Is-', products that act as electron scavengers 
(probably the polysulphanes H2Sn, n > 2) are 
able to  compete with dissociative neutralization 
processes. However, with short high intensity 
electron pulses these products do not reach 
sufficient concentration during the pulse to com- 
pete effectively with dissociative neutralization. 
Using these pulses, in excess of 30% of the 
hydrogen produced results from dissociative 
neutralization (5, 6). It has been suggested (5) 
that the variation of G(H2) at high dose rates 
may be explained in terms of competition be- 
tween the dissociative neutralizations of various 
clustered ions such as H3S+(H2S) and H3S+(H2S)n 
where n > 1. Boyd, Willis, and Miller (5) suggest 
that H3Sf(H2S) may give two H atoms per 
neutralization, while the more highly clustered 
ions (n > 1) give less than two. Dissociative 
neutralization and  clustering are parallel reac- 
tions with the rate constants for dissociative 
neutralization being -- lo3 times those for cluster- 
ing (5). Increasing the dose rate (and hence the 
concentration of the electrons) will favour dis- 
sociative neutralization over clustering. Conse- 
quently, using high dose rates, dissociative 
neutralization will occur for smaller clusters and 
as a result the overall hydrogen yield will 
correspondingly increase. As the zero point 
energy of clustered ions such as D3S+(D2S), is 
somewhat lower than the corresponding protio 
species, H3S+(H2S),, one might expect the-more 
highly clustered species to be more numerous in 
D2S than in H2S. At a given dose rate, this effect 
could result in a lower value of G(D2) than of 
G(H2). The effect of deuteration on the hydrogen 
yield could provide further insight into the role 
that dissociative neutralization and clustering 
plays in the radiolysis of H2S. 

In addition to dissociative neutralization Droc- 
esses, other primary and secondary processes 
can give rise to isotope effects. These effects are 
difficult to determine a priori; however they can 
provide detailed information about various im- 
portant processes which is difficult to obtain in 
other ways. In this paper, we present the results 
of a study of isotope effects on the radiolysis of 
gas phase mixtures of H2S and D2S. 

Experimental 
The H2S used for most of these experiments was 

Matheson CP grade. In addition MG-4 grade high purity 
HIS obtained from M.G. Scientific was used for a few 
experiments. Comparable results were obtained using 
both samples of HIS. Mixtures of H2S and D2S (Merck, 
Sharpe and Dohme) were sealed in quartz cells and were 
subjected to a number of freeze-thaw cycles in an effort 
to assure that the samples had reached exchange equilib- 
rium. Samples were then irradiated using either a Febe- 
tron 705 or a Febetron 706 at  sample temperatures of 
195 or 300 K. For experimental details, see refs. 5 and 6. 
The hydrogen produced was stripped off and was ana- 
lysed on a CEC Model 21-610 mass spectrometer t o  
obtain separation factors (a  = (H/D),,,d t (H/D),,,,,). 
Mixtures containing less than 20% or more than 80% 
D2S were not studied since they produced H2,  HD, and 
D2 mixtures which are difficult to analyse accurately 
because of memory effects in the mass spectrometer (7). 
The G values from Febetron irradiations were obtained 
relative to N 2 0  dosimetry with G(N2) = 12.4 (8). 

A number of experiments were performed in which a 
mixture of 70% D2S, 30% H2S was added to various 
partial pressures of neon (Matheson research grade) to 
give a total pressure (mixture plus neon) = 100 kPa 
(-1 atm). The samples were then pulsed up to  ten times 
using a Febetron 705 until H2, HD, DZ mixtures suffi- 
ciently large for analysis were obtained. The repetitive 
pulses were necessary since neon has a lower stopping 
poMer for electrons than H2S. 

Results and Discussion 

G Values 
The isotope effect on the G values for the 

production of hydrogen from pure H2S or D2S is 
shown in Table I.  At Gammacell dose rates, 
G(H2) is 7% higher than G(D2). This difference 
could arise from an isotope effect for the primary 
formation of H or D (or Hz or D2), or it could 
arise in one or more of the complex secondary 
processes. Studies at Gammacell dose rates 
using H atom scavengers have shown that no 
more than 7y0 of the hydrogen produced at these 
dose rates is due to a primary unimolecular 
yield of hydrogen molecules (3). Once the H 
atoms are formed, they virtually all react with 
H2S to give HZ, since abstraction is much faster 
than other possible H atom reactions in the 
system. Thus abstraction by H or D cannot lead 
to an isotope effect in the total G values, i.e., 
(G(H2) + G(HD) + G(D2)). Since dissociative 
neutralization processes are not important for 
Gammacell dose rates, we can also rule these out 
as a source of the observed isotope effect in the 
yields. 
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TABLE 1. Dose rate dependence of the G values for H2 and D2 from Febetron and Gammacell irradiations of 
pure H2S and pure D2S 

Value at dose rate in eV g-1 s-1 

Line Parameter 4  X 10l6 1026 2  x 1027 2  X lo2* 

1 Pure H2S G(H2) 7.3OkO.3 11.1+0.4 11.8 k0 .4  13.0k0.4 
2  Pure D2S G(D2) 6.gbkO.3 10.8k 0 .4  10 .9 i0 .4  11 .5 i0 .4  
3 G(D2) + O.SC 7.3 i 0 . 3  11.3k0.4 11 .4 i0 .4  12.0k0.4 
4  AG = Line 1 - Llne 2 f0 .5  +0.3 +0.9 +1.5 
5 (AG),,,, = Line 1 - Line 3  0  -0.2 f0 .4  +1 .O 

aAssumed from Febetron yields for H2S + S (see ref. 5). 
bMeasured in a Gammacell compared to G(H2) = 7.3. 
CG(H2) - G(D2) at Gammacell dose rates. 

For dose rates loz6 and 2 X loz7 eV g-I s-I we 
observe AG = G(H3 - G(D2) = 0.3 and 0.9 re- 
spectively (line 4, Table I). In addition to the 
mechanisms which lead to isotope effects in the 
low dose rate experiments, new mechanisms may 
give rise to isotope effects when higher dose rates 
are employed. In order to determine whether new 
mechanisms are operating, we subtract the ob- 
served Gammacell isotope effects from the higher 
dose rate results (line 5, Table I). For dose rates 
loz6 and 2 X loz7 eV g-I s-l, this gives (AG),,,, = 
AG - 0.5 = -0.2 and 0.4 respectively. Within 
experimental error, there is no evidence of new 
isotope effects for the G values (other than those 
observed for Gammacell dose rates) for dose 
rates up to 2 X loz7 eV g-' s-l. 

For the highest dose rate used, 2 X loz8 eV 
g-I s-l, AG = 1.5 and (AG),,,, = 1 .O. The ob- 
served change here in (AG),,, compaied to 
lower dose rate experiments is larger than experi- 
mental error, and a new source of isotope effects 
on the yield is evident. These results are con- 
sistent with the suggestion of Boyd, Willis, and 
Miller ( 9 ,  that competition between clustered 
ions of various sizes in the dissociative neutral- 
ization processes is responsible for the observed 
variation of G(H2) at very high dose rates. 

Separation Factors 
As shown in Fig. 1 and Table 2, the separation 

factors, a, were obtained for various values of 
x, (the mole fraction of D2S before exchange 
equilibration), dose rate and temperature, as 
well as with the addition of SF6. All of the 
observed a values appear to fall on the same 
empirical straight line for 0.2 5 xD 5 0.8. 

Since both the addition of SF6 and the use of 
low dose rates result in a quenching of the dis- 
sociative neutralization processes, we conclude 
that the a values measured cannot be character- 
istic of these processes alone. As discussed, the 
Gammacell yields have shown a 7% isotope 
effect for pure H2S compared to pure D2S. This 
would lead to a = 1.07 only. This isotope effect 
could be associated with the primary formation 
of H or D (or HZ or Dz). Except for values 
xD - 0, we conclude that the observed a values 
described by eq. 1 are not due to any selectivity 
in the primary yields of H or D (or Hz or D2); 
but rather, are due to isotope effects in the 
secondary reactions of H and D. 

A normal kinetic isotope effect, in a zeroth 

1 0  0 0 2 0 Y 0 8 I 0  
O 6  

X -2 
- %,s + Pks 

FIG. 1.  Separation factors for the gas phase radiolysis 
of H2S/D2S mixtures. Experiments were carried out 
under the following conditions: +, 300 K, dose rate 
2  X 1027 eV g-1 s-1 (runs 1-6); 300K, dose rate 
2  X 1027 with 1 % SF6 added (run 7); 9 , 3 0 0  K dose rate 
4  X 1015 (runs 9-11); 0, 195 K,  dose rate 2  X loz7 eV 
g-1 s-1 (runs 12-16). 
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TABLE 2. Isotopic separation factors for various H2S/D2S mixtures 

Run T Dose rate Other 
No. X D ~  (K) (eV g-1 s-I) details a0 

1 0.20 300 2 X 1027 Pure mixture 1.36 
2 0.30 300 2 X 1027 Pure mixture 1.51 
3 0.35 300 2 X Pure mixture 1.59 
4 0.40 300 2 x 10z7 Pure mixture 1.61 
5 0.50 300 2 X 1027 Pure mixture 1.75 
6 0.57 300 2 X 1027 Pure mixture 1.72 
7 0.65 300 2 x lo2' Pure mixture 1.88 
8 0.50 300 2 X 1027 -1 % SF6 added 1.65 
9 0.20 300 4 x 1015 Pure mixture 1.30 

10 0.40 300 4 X 10" Pure mixture 1.52 
I 1  0.80 300 4 x l0l5 Pure mixture 2.05 
12 0.20 195 2 x 10z7 Pure mixture 1.38 
13 0.25 195 2 X Pure mixture 1.52 
14 0.35 195 2 X 1027 Pure mixture 1.62 
15 0.36 195 2 X 1027 Pure mixture 1.66 
16 0.50 195 2 x l0z7 Pure mixture 1.72 

'x, = PD2So/(PaZso + PD 0); PDZsO and Pa2s0 are the initial partial pressures of DzS and HIS respec- 
tively before exchange equilit?ation. 
ba = (H/D),., /(H/Dh.,t. 

order approximation involving the breaking of an 
S-H bond (v = 2000 cm-I), would be expected 
to show a values which are at least 20% larger at 
195 than at 300 K. The lack of such a tempera- 
ture effect in our results might be expected if the 
H atoms are formed translationally hot (sym- 
bolized H*) and they react with H2S before 
having an opportunity to be moderated. In order 
to test this hypothesis we have performed a series 
of experiments which are summarized in Fig. 2. 
The separation factor, a ,  was observed as a 
function of the partial pressure of an added gas 

0 0  2 0  Y 0  6 0  8 I 0  

ATOM F R I C T I O N  OF NEON 

(neon) which could act as a moderator for H *  
and D*. Since both the ionization potential 
(21.4 eV) and the lowest excited state (16.7 eV) 
of neon are well above the ionization potential of 
H2S, the irradiation energy absorbed initially by 
the neon will be transferred to the H2S/D2S mix- 
ture where it will cause processes similar to those 
occurring in the direct irradiation of the H2S/D2S 
mixture (9). In the case of the most neon-rich 
sample, the H* or D* atoms will now collide 
with -9 neon atoms for every H2S (or HDS or 
D2S) encountered. Thus the H* or D* atoms will 
be somewhat moderated before they have an 
opportunity to react. Figure 2 clearly shows that 
a decreases as the degree of moderation is 
increased, indicating that the enrichment of 
hydrogen over deuterium for the pure H2S-D2S 
mixture is due to isotope effects in the reaction 
of H* and D*. 

It has long been recognized from photolysis 
experiments (10-23) that, when energy is intro- 
duced into levels of H2S lying above the bond 
dissociation energy (-4 eV (la)), the excess 
energy goes into kinetic energy of the H atoms. 
In addition there is evidence that hot hydrogen 
atoms are important in radiolysis experiments 
(4). The hot hydrogen atoms can react while 
still hot 

FIG. 2. Separation factors for a 70% D2S/30% H2S [b] H * + H 2 S + H 2 + S H  
mixture as a function of the atom fraction of added neon 
at 300 K and for a dose rate of 2 x 1027 eV g-1 s-I. or they can be moderated to thermal energies 
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through non-reactive collisions with H2S or some 
other added gas. 

The thermalized H atoms can then react with H2S 
[2bl H + H 2 S + H z  + SH 

The reaction rate of [2b] has been measured by 
esr and flash photolysis techniques (19-23). In 
these studies the reaction was found to proceed 
too quickly to be measured unless moderators 
were added. These results indicate that H,S 
reacts with H* more quickly than it moderates 
H* and further that reaction 2a is faster than 
reaction 2b. This is consistent with the results 
obtained in the present experiments. The a values 
measured in pure H2S/D2S mixtures are charac- 
teristic of reactions of H* and D*. When a 
moderator is added and reaction 3 is allowed to 
compete with [2a], we find that different a! values, 
which are presumably more characteristic of 
[2b], are obtained. 

Rate constants have not been measured for 
reaction 2a and all of the various isotopic 
permutations of this reaction. The isotope sep- 
aration factors depend in a complex way on the 
competition between these various reactions and 
it is not possible to relate them in a simple way 
to a single branching ratio. The evidence in this 
present work indicates that the isotope effect 
does not arise in the initial distribution of H* 
and D*, but rather from whether H* reacts to 
form HD or H2 and whether D* reacts to form 
HD or D2. Previous studies (18) have indicated 
that the initial kinetic energy distribution for H* 
and D* should be very similar. However, the D* 
atoms are travelling with velocities 40% less 
than those of H*. This means that D* undergoes 
less collisions in a given time than H*. In 
addition D* will probably lose slightly more 
energy per non-reactive collision than will H*. 
The result of this will be that the kinetic energy 
distribution of H* and D* will no longer be the 
same after they have had an opportunity to 
either react or undergo several non-reactive 
collisions. This means that the isotopic separa- 
tion factors measured will not only derive from 
a complex array of different isotopic reactions, 
but also possibly from the relative effects of 
kinetic energy on the cross sections of these 
reactions. 

in CX3H and CX3D respectively. The lighter H 
atom is more easily displaced than D leading to 
kH/kD = 1.25 (24). If displacement reactions are 
occurring in the H2S system, these could also 
contribute to a. It is interesting to note that a 
decreases when a moderator is added (Fig. 2). 
This could be interpreted as a larger kinetic 
isotope effect for reactions of the type [2a] than 
for [2b]. Alternatively, this could be explained in 
terms of displacement reactions competing fa- 
vourably with abstraction for atoms with high 
kinetic energy. If the kinetic energy threshold for 
displacement reactions is higher than for ab- 
straction, this competition would favour ab- 
straction for low kinetic energies and any 
isotope effect introduced by displacement reac- 
tions would tend to disappear when moderators 
are added. However there appears to be no 
independent evidence to indicate that displace- 
ment reactions are important in this system. 

Conclusions 
The separation factor for the hydrogen pro- 

duced in pulsed electron or Gammacell irradia- 
tion of mixtures of H2S and D2S is empirically 
found to increase linearly with x ~ ,  at least over 
the range 0.2 5 xD 5 0.8. Variation in tempera- 
ture and dose rate or the addition of SF6 is 
found to have no effect on these separation 
factors. The addition of a moderator to the 
reaction mixture sharply reduces the a values 
indicating that the a values in pure H2S/D2S 
mixtures arise from the reactions of hot hydro- 
gen or deuterium atoms with H2S, D2S, or HDS. 

The hydrogen yields of pure H2S compared to 
pure D2S show an isotope effect of AG = 0.5 for 
dose rates up to 2 X loz7 eVg-l s-l. Using 
higher dose rates, an additional isotope effect is 
observed (to give AG = 1.5 for a dose rate of 
2 x 1W8 eV g-l s-l) which appears to arise from 
the dissociative neutralization processes. This 
result is consistent with the suggestion that, for a 
given dose rate, the D3Sf ions are more highly 
clustered in D2S than are the H3Sf ions in H2S, 
leading to the formation of less D atoms pet 
dissociative neutralization in D2S than H atoms 
per dissociative neutralization in H2S. 
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W. E. SANFORD and R. K. BOYD. Can. J. Chem. 54,2773 (1976). 
Molecular reorientation processes in crystalline thiophene and furan have been studied using 

pulse nmr techniques, over a range of temperature. The results obtained have been evaluated in 
the context of literature data on the heat capacities and crystal structures of these systems; this 
evaluation has been facilitated by the use of potential energy calculations for a molecule in the 
crystal lattice, based upon the empirical atom-atom approximation for the intermolecular 
interactions. In the case of furan, all available data can be reconciled in a self-consistent picture 
of the dynamic structure of the crystal. In the case of thiophene, however, various inconsistencies 
suggest that the published crystal structure determination should be repeated, and that further 
work on the pulse nmr at lower temperatures is necessary. 

W. E. SANFORD et R. K. BOYD. Can. J. Chem. 54, 2773 (1976). 
On a CtudiC, a l'aide des techniques de rmn pulsC, a plusieurs tempkratures, les processus de 

reorientation molkulaire dans du thiophbne et du furanne cristallins. On a CvaluC les rCsultats 
obtenus a la lumibre des donnCes existant dans la litterature pour les capacitks calorifiques et les 
structures cristallines de ces systbmes; cette Cvaluation a CtC facilitee par l'utilisation de calcul 
d'tnergie potentielle pour une molCcule dans le rtseau cristallin qui Ctait bas6 sur des approxi- 
mations empiriques atome-atome pour des interactions intermolCculaires. Dans le cas du 
furanne, toutes les donnCes disponibles peuvent @tre conciliCes avec une image autocoherente 
de la structure dynamique du cristal. Toutefois dans le cas du thiophene, diverses inconsistences 
suggtrent que les determinations de structures cristallines qui ont CtC publiCes devraient Ctre 
rCpCtks; de plus d'autres travaux de rmn pulsC B des tempCratures plus basses sont nkessaires. 

[Traduit par le journal] 

Introduction ments of spin-lattice relaxation times (TI) of 

The occurrence of rapid molecular reorienta- 
tion in organic crystals has been well established 
(1,2); in the case of non-symmetrical molecules, 
such reorientations introduce disorder into the 
crystal, which will show up in measurements of 
heat capacities (order-disorder transitions) and 
in studies of the crystal structure via diffraction 
of X-rays or of neutrons. In many cases, the 
time-scale for these reorientations is such that 
the rates may be studied by a variety of magnetic 
resonance methods, and in suitable cases by 
dielectric measurements. 

The aim of the present work was to examine 
all available data on some simple molecular 
crystals, in which molecular reorientation was 
thought to occur, in an attempt to obtain a more 
complete understanding of the dynamic struc- 
tures of these crystals. To this end, a pulse nmr 
spectrometer has been built, suitable for measure- 

'Taken from the M.Sc. thesis of W.E.S., 1975. Pre- 
sented in part at the 57th Annual conference, Chemical 
lnstitute of Canada, Regina, Sask., 1974. 

solids, and-also for measurements of charac- 
teristic times for relaxation of dipolar order 
(TI,); the latter technique is well suited (3) to the 
detection of relatively slow motional processes, 
to which the more conventional Tl methods are 
essentially insensitive. In addition, empirical 
calculations of potential energy profiles for re- 
orientation of a molecule in the crystal lattice 
have been performed. These are based upon the 
atom-atom approximation first introduced by 
Kitaigorodskii (4), and subsequently adapted (5) 
to  the present purpose for the case of aromatic 
hydrocarbons. 

Experimental 
(i) Nurleur  magnetic Resonance Pulse Spectrometer 

A block diagram of the pulse spectrometer is shown in 
Fig. 1. The pulse programmer was assembled from 
modular units (Farnell Instruments Ltd., Wetherby, 
Yorkshire, U.K.); pulse widths, pulse delays, and pulse 
sequence repeat times are all continuously adjustable over 
several decades. A 'Racal' Universal Counter (Type 835) 
was used to accurately time the p ~ ~ l s e  delays within a 
given sequence, and also to check the pulse sequence 
repeat times. The rf oscillator used an 18.5 MHz quartz 
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evaluated either from the boxcar integrator, or directly 
from oscilloscope photographs; the latter technique was 
used periodically throughout this work as a check on the 
boxcar integrator. 

Temperature control of the sample within the probe 
was achieved by the usual gas-flow type of equipment, in 
which the signal from a thermocouple junction immersed 
in the flowing nitrogen, close to the sample, was com- 
pared against a standard voltage. The null detector was a 
'Fluke' Model 845 AR High Impedance Voltmeter/Null 
Detector; the actual temperature of the sample was 
measured using a Systron-Donner Mode1 7004 Digital 
Multimeter. 

(ii) Materials 
The thiophene was reagent grade, purchased from 

British Drug Houses Ltd.; it was purified by drying 
followed bv fractional freezing (IS cycles). The furan was 
practical g;ade purchased from ~asknan'  Chemicals, and 
was purified in a similar fashion. 

(iii) Computations 
The basic method of computation of the potential 

energy profiles has been described previously (5). Addi- 
tional features introduced in the present work are best 
described for each appropriate case. 

FIG. 1. Block diagram of spectrometer: A, Farnell 
pulse generator; B, switch No. 1; C, switch No. 2; D, Results 
phase shifter; E, 18.5 MHz oscillator; F, scope external (i) Benzene 
trigger; G, counter; H, reference; I, rf power amplifier; It was decided to check the present experi- 
J, rf transmitter; K, probe; L, phase sensitive detector; mental equipment and technique by making 
M, box car integrator; N, receiver 18.5 MHz; Q, regu- 
lated dc power supply. measurements of TI and of T I D  for benzene at 

18.5 MHz; the former data were obtained using 
the 90"-t-90" pulse sequence, and the latter using 

crystal; the rf signal from this oscillator was fed to the rf the technique proposed previously (9).  ~h~ gates, to the phase shifter, and to the phase-sensitive detec- 
tor, via cathode followers. The rf gates used were Type S-1 1 resu1ts are shown in Fig. ; the curve drawn 
wideband rf switches ( F  & H Instruments. Gaithersburg, through the Tl  data represents a least-squares 
Md), with rise and fall times of 100 ns. The phase shifter computer fit of the data to the equation: 
(Type P-12) and phase-sensitive detector (Type P-10) were 
also supplied by F & H Instruments. The broad-band rf TC 
power amplifier was a model 3lOL amplifier from Elec- [ I ]  Ti-' = c [ ~  + u02Tc2 + + + h 0 2 T c 2  tronic Navigation Industries, Rochester, N.Y. "'. 1 

The power transmitter was based upon the design of 
Lowe and Tarr (6), with rise and fall times both less than 
0.1 ps. The rf probe was a single-coil design, again based 
upon a design by Lowe and Tarr (7); the magnet used 
was that of a Briiker esr spectrometer, Model B-ER414. 
The receiver was a two stage tunable wide-band amplifier, 
with 75 ohm input and 50 ohm output impedances, and 
an overall gain of approximately 6. The boxcar integrator 
is a modified version of a design due to Samuelson and 
Ailion (8). The linearity of the digitiser/averager section 
of this device was checked, and found to be excellent over 
the entire range used in the present work. The transmitter, 
probe, receiver, and boxcar integrator were all con- 
structed at the University of Guelph. This equipment is 
capable of measuring TI using any of the 180"-t-90". 
90"-t-90°, or 90" saturation pulse sequences; also, the 
'spin-locking' sequence for TI ,  measurements and the 
pulse sequence for T I ,  first suggested by Jeener and 
Broekhart (9) can be generated. Relaxation times can be 

where the temperature dependence of the 
motional correlation time rC was assumed to 
have an Arrhenius form: 

[21 rC = TO exp (E , /RT)  

The best values of the parameters for benzene 
were found to be: 

E, = 4.16 f 0.01 kcal mol-I 

The T I D  data for benzene have a temperature 
dependence very similar to that found previously 
by Van Steenwinkel (10);  above 2 3 0 K ,  the 
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SANFORD AND BOYD 

FIG. 2. The variation of Tl in ms us. the reciprocal of 
absolute temperature for crystalline benzene. The points 
represent the experimental data and the continuous curve 
represents the 'theoretical fit' obtained from a least 
squares fit of the experimental TI data. The insert repre- 
sents the variation of T I ,  in ms us. the reciprocal 
of absolute temperature for crystalline benzene. 

slope of the curve is consistent with an activation 
energy of about 21 kcal mol-l. 

The computation of a potential energy profile 
for the in-plane rotation of a benzene molecule 
in its crystal lattice gave results identical to those 
reported previously (5). In addition, an attempt 
was made in the present work to discover a 
motional process which might correspond to the 
higher activation energy process detected by the 
TID measurements (Fig. 2). Various out-of-plane 
motions were considered, with cooperative 
motions of surrounding molecules to alleviate 
the short contacts. However, no such cooperative 
motion, involving the centre-of-mass of each 
molecule fixed at its lattice site, was discovered 
with an activation energy less than about 300 
kcalmol-l. While the present computer search 
was not exhaustive, it is felt that a different type 
of motional process must be invoked to account 
for the observed effect (Fig. 2); this point is dis- 
cussed further below. 

103/T K 
FIG. 3. The variation of TI (e) and T I ,  (*) us. the 

reciprocal of absolute temperature for crystalline thio- 
phene. The arrows indicate the three solid-solid phase 
transitions of crystalline thiophene (1 1). 

(ii) Thiophene 
The present result, obtained at 18.5 MHz, for 

Tl and TI, for thiophene, are shown in Fig. 3. 
Considerable difficulty was experienced in ob- 
taining reproducible data in this case, and the 
problem was associated with the thermal history 
of the sample. Measurements of the heat capacity 
of crystalline thiophene (1 1) down to 11.7 K 
indicate three thermal anomalies with maxima at 
112, 138, and 171.6 K ;  these transition temper- 
atures are indicated by the arrows in Fig. 3. 
Between 171.6 K and the melting point (1 1) of 
234.95 K (Phase I), the TI data were reproducible 
and in essential agreement with earlier results 
obtained by Anderson (12); the data in this 
region yield an activation energy of 3.7 kcal 
mol-l. However, in Phase 11 between 138 and 
171.6 K,  the TI results obtained in the present 
work split into two categories (Fig. 3). The higher 
set of data are believed to correspond to a phase 
resulting from supercooling of Phase I, or some 
other metastable phase; evidence for this con- 
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clusion arises from the general observation that 
slow, careful cooling through the transition at  
171.6 K almost always yielded a phase with TI  
values on the lower curve in Fig. 3. In particular, 
in one experiment the thiophene sample in the 
nmr tube was maintained a t  143 K in a n-pentane 
slush bath for 7 h, then transferred quickly to the 
nmr probe which had been pre-cooled to 160 K ;  
after stabilising in the probe for a further hour, 
TI was measured at 152 K, yielding a value of 
102 ms, very close to the lower curve in Fig. 3. 

In Phases 111 and IV (between 112 and 138 K,  
and below 112 K, respectively), the data were 
even more irreproducible, and are not reported 
here. Presumably the lower temperatures in- 
volved slowed down the equilibration processes 
sufficiently that the times required were too long 
to be readily obtainable in the present controlled 
gas flow equipment. However, a series of ex- 
periments using unpurified thiophene yielded a 
TI curve which was very similar to, though not 
exactly identical with, that obtained previously 
by Anderson (12). 

The T I ,  data for thiophene (Fig. 3) were fairly 
difficult to obtain, due to a combination of fairly 
low signal level and rather long TI values; the 
latter determine the pulse sequence repeat times, 
since about 5 X TI  was allowed between se- 
quences to ensure complete magnetic recovery 
before repeating the measurement. This made 
severe demands 011 the long-term drift stability of 
the present electronic equipment. However, as 
shown in Fig. 3, there is a clear indication of an 
additional motional process in Phase I ,  similar 
to  that observed for benzene (Fig. 2); the activa- 
tion energy for this additional process is esti- 
mated a t  > 6  kcal mol-l, although this is based 
upon only two measured points. 

The computations of potential energy profiles 
for in-plane rotation of a thiophene molecule in 
its crystal lattice involved three additional 
features not necessary in the earlier work (5) for 
aromatic hydrocarbons. First, the presence of a 
hetero-atom (sulphur) in the molecule neces- 
sitated the inclusion of three new sets of potential 
parameter; the potential functions chosen for the 
sulphur-sulphur, sulphur-carbon, and sulphur- 
hydrogen interactions were Lennard-Jones 6-12 
functions, as parametrised by Nyburg (13). The 
other necessary parameters used were those (14) 
determined previously (5) to give the best 

account of the sublimation energies and'reorien- 
tation barriers observed for aromatic hydro- 
carbons. 

The second complication in these computa- 
tions arises from the fact that the crystal structure 
of thiophene in Phase I, as determined by 
Abrahams and Lipscomb (15) using X-ray 
diffraction, indicates a high degree of orientation 
disorder of the thiophene molecule at  its lattice 
site. The model finally chosen by these authors 
(15) involves a four-fold disorder; however, a 
model involving two-fold disorder was equally 
consistent with the data (15), each model giving 
an R-factor of about 26%. The atomic co- 
ordinates from this X-ray work are corre- 
spondingly uncertain, but fortunately there are 
good microwave data available (16) for gaseous 
thiophene; the bond lengths and angles from this 
latter work (16) differ but slightly from those 
found in the X-ray paper, and it was fairly easy 
to  devise an 'idealised' crystal structure using 
molecular dimensions from the microwave work 
(16), plus crystal packing from the X-ray results 
(15). The orientations (one particular choice out 
of four (15) possibilities) for each of the mole- 
cules surrounding that molecule whose in-plane 
rotation was considered, was chosen by a 
suitably normalised random number generator. 
Each computation of a potential energy profile 
was repeated a t  least once, using a different set of 
such randomly chosen orientations, to  ensure 
that the qualitative features of a given profile 
were not an artifact of the particular set of 
orientations. 

The third additional complication in these 
computations arose from the permanent elec- 
trical polarisation of the thiophene molecule, 
due to the high electronegativity of the sulphur 
atom. The electrostatic contribution to the total 
energy was estimated by converting the electron 
densities calculated by a molecular orbital 
method (17) to  (assumed) point charges on each 
atom. A simple Coulomb potential function, 
using a dielectric constant of unity, then per- 
mitted estimation of the electrostatic energy; it 
would certainly be wrong to use the bulk di- 
electric constant of solid thiophene for these cal- 
culations, as only a small number of molecules is 
involved. In any event, the electrostatic con- 
tributions were invariably very small ( 5 2 %  of 
total energy), and were not an important factor 
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SANFORD AND BOYD 

Rotation Angle (deg) 
FIG. 4. The variation of intermolecular potential U (kcal/mol), with rotation angle for in-plane 

motion of thiophene based on X-ray structure a t  218 K (15). 

in determining the general shape of the potential 
profile. Thus, uncertainties in this respect are not 
important. 

The first such profile computed assumed a 
four-fold random disorder of the molecules, as 
suggested by the X-ray data (15). However, this 
model invariably produced a potential profile for 
the central molecule with six potential minima. 
Accordingly, to make the computation self- 
consistent at least, the computer generated a 
model lattice with six-fold random disorder. A 
typical profile computed using this model is 
shown in Fig. 4; the qualitative shape of the 
profile is dominated by those interactions in- 
volving the peripheral hydrogen atoms, as was 
found previously (5). 

(iii) Furan 
The present results for TI and TID for furan, 

obtained at 18.5 MHz, are shown in Fig. 5. 
Below 150 K, the TI values are large, and vary 
but slightly with temperature; this behaviour is 
consistent with a lattice in which the furan 
molecules are essentially rigid, with no dipolar 
relaxation due to molecular motion. At 150 K 
there is a gross discontinuity in the TI curve; 
this temperature corresponds to that of an 
almost isothermal (first-order), or possibly very 
narrow lambda (higher-order) thermal transition, 
observed (18) in the heat capacity data for solid 
furan. Above the phase transition the TI values 

are much shorter, and vary with temperature in a 
fashion consistent with a molecular motion with 
an activation energy of 2.7 kcal mol-l. 

The general behaviour of the TID results for 
furan near the melting point (Fig. 5) is very 
similar to that observed for benzene (Fig. 2) and 
for thiophene (Fig. 3). The high-temperature 
limiting slope of the TID curve is consistent with 
an activation energy of about 14 kcal mol-l. 

The crystal structures of furan, both above and 
below the thermal transition at 150 K, have been 
well characterised through the work of Fourme 
(19), and this facilitated the potential energy 
calculations. Below the transition the structure 
is completely ordered (19), and this is consistent 
with the behaviour of the TI data in this region. 
Above the transition, the molecular packing is 
different, and there is a four-fold orientational 
disorder observed (19) for each molecule at its 
lattice site. Thus, the potential profile calcula- 
tions for in-plane rotation are similar to those 
described previously (5) for the low-temperature 
phase, and to those described above for thio- 
phene, for the high-temperature phase. The 
charge densities on the atoms in furan were 
taken from the literature (20). The potential 
functions involving oxygen atoms were Lennard- 
Jones 6-12 functions; two sets of parameters were 
tried, those proposed by Giglio (21) and those by 
Scheraga (22), the latter proving to be more 
satisfactory in general. 
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pulsion' almost identical (within 0.02 A) ,with the 
crystallographic centre defined by the disordered- - phase space-group. This was true for both 
thiophene and furan, and this result gave further 
confidence in the present approach to computing 
these potential energy profiles. 

Discussion 

( i )  Benzene 
The present T, data for benzene yield an 

activation energy of 4.2 kcal mol-I in good 
agreement with recent determinations of this 
parameter of 4.4 (lo), 4.2 (23) and 3.95 (24), all 
in kcal mol-I. The T I ,  data are consistent with 
an activation energy of 21 kcal mol-l, though 
there is considerable uncertainty in this value due 
to the lack of data points (Fig. 2); the dis- 
agreement with the value of 16 kcal mol-I found 
previously (10) is probably only marginally 
significant. Attempts t o  characterise this slower 
motion in crystalline benzene, using the present, 
potential energy computations, were unsuccessful 
(see Results section). However, it is interesting to  
note that a study of self-diffusion in benzene (25), 
using the isotopic tracer technique, yielded an 
activation energy of 23.1 kcal mol-I for this pro- 
cess. Further work along these lines seems 

J necessary. 
mP t P  

50 5.5 6.0 6s 7.0 7.5 ,, (ii) Thiophene 
In Phase I, above 171.6 K, the present TI 

i o 3 / ~  K results for thiophene are in fair agreement with 
FIG. 5. The variation of TI (m) and TI, (C) cs. the those of ~~d~~~~~ (12), when the difference in reciprocal of absolute temperature for crystalline furan. 

~h~ arrows indicate [he melling point (mp) and the rf frequencies is taken into account. However, at  
solid-solid phase transition (tp) of crystalline furan (18). temperatures below the transition at 171.6 K, the 

Typical results of these computations are 
shown in Fig. 6 for the low-temperature phase, 
and in Fig. 7 for the high-temperature phase. 
Again, the electrostatic contributions are small, 
and the general shape of the profiles is dominated 
by the interactions of the peripheral hydrogen 
atoms. In the case of the disordered phases of 
both furan and thiophene, the centres of rotation 
are defined by the crystallographic space-group 
requirements; for the ordered, low-temperature 
phase of furan, however, the centre of rotation is 
open to choice, though the molecular symmetry 
clearly requires that it lie on the C2 symmetry 
axis. A calculation of the interaction energy for 
the approach of a hydrogen atom along this 
axis, from each direction, gave a 'centre of re- 

results obtained in the two investigation~ are 
qualitatively different. In the present work, 
results generally similar to  the earlier data (12) 
were obtained using unpurified thiophene, with 
little attention paid to thermal equilibration. For 
this reason, it is presently felt that the low- 
temperature results of Anderson (12) probably 
refer to a metastable phase of crystalline thio- 
phene. Similar problems were encountered in the 
heat capacity measurements ( l l ) ,  and there 
seems little doubt that it is fairly simple t o  
supercool Phase I below 171.6 K. 

This conclusion is fairly important, since it is 
known (1 1) that the third-law entropy for thio- 
phene vapor, obtained from the calorimetric 
data ( l l ) ,  is in excellent agreement with the 
absolute entropy calculated from spectroscopic 
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SANFORD AND BOYD 

Rotation Angle (deg) 
FIG. 6. The variation of intermolecular potential U (kcal/mol), with rotation angle for in-plane 

motion of furan based on X-ray structure at  123 K (19). Upper curve, oxygen parameters from 
Giglio (21), lower curve from Scheraga (22). 

Rotation Angle (deg) 

FIG. 7. The variation of intermolecular potential U (kcallmol), with rotation angle for in-plane 
motion of furan based on X-ray structure at  152 K (19). Upper curve, oxygen parameters from 
Giglio (21), lower curve from Scheraga (22). 

data. This implies that the thiophene sample used 
in the calorimetry experiments (11) formed a 
completely ordered lattice at the lowest temper- 
atures used, 11.7 K. Between this temperature 
and 112 K, there is no evidence (1 1) of an order- 
disorder transition. Nonetheless, the TI results of 
Anderson (12) indicate a fairly rapid molecular 
motion in crystalline thiophene as low as 85 K ;  
in view of the limited degree of symmetry in the 
thiophene molecule, it is difficult to conceive of I? 
molecular motion which would be possible at 
such low temperatures, and which would not 

introduce orientational disorder into the crystal. 
The only conceivable motion not subject to such 
an objection would be motion about the molecu- 
lar C2 axis. No crystal structure is available for 
the low-temperature phases of thiophene, but in 
the typical 'herring-bone' crystal structure 
found (15) for Phase I, such a motion would 
involve an impossibly high activation energy. In 
addition, a measurement (12) of the second 
moment of the cw signal for thiophene at the 
lowest temperatures suggests that the motion is, 
in fact, an in-plane motion. It seems much more 
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likely that the present conclusion is correct, i.e. 
the low-temperature Tl data of Anderson (12) 
refer to a different (metastable) phase from that 
obtained in the calorimetric experiments (11). 
Such a conclusion is easy to  understand, in view 
of our own difficulties in equilibrating the thio- 
phene sample in the spectrometer probe. 

The present potential energy computations 
(Fig. 4) refer only to Phase I. The calculated 
lattice energy is in good agreement with the 
experimental (1 1) enthalpy of sublimation of 
10.1 kcal mol-I, measured at the melting point. 
The computed barriers to molecular rotation are 
about 1.2 kcal mol-I, appreciably lower than the 
experimental activation energy of 3.7 kcal mol-l. 
This disagreement is almost certainly a reflection 
of uncertainties in the crystal structures, as well 
as of the approximations inherent in the present 
computational model. 

More important, however, is the qualitative 
feature of the computed potential profile (Fig. 4) 
of six potential wells. These are not, of course, 
all of the same depth, and those depicted in Fig. 4 
merely reflect one typical set of orientations of 
the molecules surrounding that central molecule 
whose reorientation is under consideration. A 
properly ensemble-averaged version of Fig. 4 
would presumably indicate six equivalent poten- 
tial wells; however, such a calculation was far 
beyond our computational resources. Nonethe- 
less, the present suggestion of a six-fold disorder 
for thiophene in Phase I must be critically 
examined in view of the experimentally deter- 
mined crystal structure (15). 

Abrahams and Lipscomb (15) finally settled 
on a model involving four-fold disorder (space 
group Bmab); however, the non-centrosymmetric 
space group B2ab involving a two-fold disorder, 
gave a slightly better R-factor, (27% as opposed 
to 28%). Accordingly, the observed (15) struc- 
ture factors were presently fitted to our six-fold 
disorder model, and also, as a check, on the 
straightforward four-fold disorder mode1 (15).2 
The two models yielded identical R-factors. 
Thus, the available X-ray data are unable to 
distinguish between two-fold, four-fold, or six- 
fold disorder for thiophene at its lattice site, in 
Phase I. It should be stressed that this X-ray 

*We are greatly indebted to Dr. W. C .  Marsh and 
Professor G. Ferguson, of this university, for this com- 
putation. 

investigation (15) was an early attempt at a 
difficult problem of a type rarely undertaken, 
and that elucidation of the general features of the 
crystal structure represents a considerable 
achievement. A repetition of this work (15) 
using more modern techniques should yield a 
more definitive answer, although such cases as 
thiophene will probably always present prob- 
lems. Thus, as emphasized by Welberry (26) in a 
recent study of the disordered phase of acenaph- 
thalene, the concept of a space-group becomes 
somewhat tenuous in such cases; the systematic 
absences of reflections used, in practice, t o  
determine the space-group, are defined by the 
translational elements of the space-group (27), 
and the degree of molecular disorder at a fixed 
lattice site has little effect, as is well exemplified 
by the findings (15) for thiophene. While the 
present work was in course of preparation for 
publication there appeared a paper by Gavez- 
zotti and Simonetta (32) on the computation of 
potential barriers for molecular reorientation in 
several crystals, including thiophene and furan. 
These workers (32) also concluded that a six-fold 
disorder model is perfectly consistent with the 
available X-ray data (15). 

Two further comments on this proposed six- 
fold disorder seem appropriate. First, the angles 
between the vectors joining the centre of rotation 
of the thiophene molecule to each of the hydro- 
gen atoms, are all very nearly 60". Thus, since 
the overall shape of the profile is dominated by 
the interactions of these peripheral hydrogen 
atoms, it is qualitatively clear why there is a 
potential well every 60" or so in Fig. 4. The 
second comment concerns the possible interpre- 
tation (28) of the excess entropy of the thermal 
transitions in terms of N1 and N2 the numbers of 
distinguishable orientations above and below the 
transitions, respectively, via: 

[31 A s ~ x c e , ,  = R In (N1/N2) 
The pitfalls in the uncritical use of this relation- 
ship are well documented (28). By drawing the 
most obvious baseline through the heat capacity 
data ( l l ) ,  an estimate of ASexc,,, was obtained 
which corresponds to (N1/N2) = 1.7. With N2 = 

1 (perfectly-ordered low temperature phase), 
this estimate of N1 is clearly too low to account 
for any of the models proposed for the crystal 
structure, although it must be noted that any 
given molecule is not presently predicted to have 
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six equivalent wells, so that the effective value 
predicted for N1 is considerably less than 6. 
Further experimental work, particularly X-ray 
crystal analysis, seems necessary to resolve this 
problem. An attempt was made to establish a 
baseline using heat capacity data for tetra- 
hydrothiophene, but this was much too am- 
biguous, particularly for the transition at 177.6 K 
with its very small A S  .= 0.9 eu. 

The TID data for Phase I of thiophene (Fig. 3) 
are unfortunately sparse, but indicate the onset 
of an additional, slower motion near the melting 
point, similar to that observed for benzene. By 
analogy with the suggestion made in the latter 
case, this new motional process could be dif- 
fusion, but at present this suggestion is purely 
speculative. 

A referee has drawn our attention to the work 
of Jaffrain (33), who reports evidence of five 
distinct dielectric relaxation processes in solid 
thiophene between 50 and 150 K, with activation 
energies 1.9, 2.6, 3.2, 3.9 and 24 kcal mol-l. It is 
possible that the four lowest activation energies 
correspond to barriers to in-plane rotation, of 
the type dominating the Tl relaxation measure- 
ments, while the high barrier of 24 kcal mol-l 
corresponds to a motional process related to  that 
giving rise to the TI= relaxation. However, in 
view of the rather low temperature range em- 
ployed in the dielectric work (33), the exact 
relationship of these results to the present nmr 
data for Phase I remains unclear. It is possible 
that a systematic investigation of the linewidths 
and second moments, of both purified and un- 
purified samples, could help to  elucidate the 
behaviour of solid thiophene as the temperature 
is lowered below 177.6 K. 

(iii) Furan 
The present TI data for furan (Fig. 5) are in 

excellent overall agreement with those obtained 
previously by Ripmeester and Dunell (29), who 
used the adiabatic rapid passage technique at a rf 
frequency of 8 MHz. Both TI and broadline 
nmr (30) measurements indicate that the furan 
lattice is rigid below the thermal transition (18) 
a t  150 K ;  above the transition, the present data 
suggest an activation energy of 2.7 kcal mol-l, in 
reasonable agreement with the value obtained 
previously (29) of 2.35 kcal mol-l, and with a 
value of 2 kcal mol-l obtained (31) from di- 
electric studies. All of these findings are entirely 

consistent with the X-ray studies (19). 
The potential energy computations for the 

high-temperature phase of furan (Fig. 7) indicate 
four potential wells, again not all equivalent, the 
differences being a few tenths of a kilocalorie; 
however, an ensemble average corresponding to 
the observed crystal would presumably reproduce 
the observed (19) four-fold disorder. By extra- 
polating the enthalpy of vaporisation data well 
out of the experimental (18) temperature range, 
it is possible to estimate the enthalpy of sub- 
limation near the melting point as 8.7 kcal mol-l. 
The parametrisation of the oxygen atom poten- 
tial functions due to Scheraga (22) appears to 
give the better account of this quantity; the 
same is true of the potential barriers, which are 
predicted to be about 1.9 kcalmol-I by 
Scheraga's potentials. 

The positions of the potential minima in Fig. 7 
are not identical with the crystallographically 
determined orientations. It was thought that this 
might be due to directional effects associated 
with the lone pair of electrons on the oxygen 
atom, assuming one lone pair to be delocalised 
into the ring. A calculation along these lines prc- 
duced no qualitative changes in the profiles 
(Fig. 7). 

The low-temperature potential profile (Fig. 6) 
is qualitatively similar, but now the crystallo- 
graphically observed orientation (0" rotation) 
lies about 3 kcal mol-l deeper than the other 
three orientations, using the Scheraga potentials 
(22); below 150 K, the equilibrium populations 
of these metastable minima are negligible, in 
agreement with the observed crystal structure 
(19). Also, the energy barriers are increased to 
about 4.5 kcal mol-l, which is not an impossibly 
high activation barrier for such motions at these 
temperatures (cf. benzene). Thus the observed 
rigidity of the low-temperature phase of furan 
must be due to the factor 70 in eq. 2 being very 
small. In turn, this can probably be ascribed to 
the necessity for a 360" jump in furan, to reach 
the next stable potential well, as opposed to only 
60" for benzene; however, our model is in- 
capable at present of accounting quantitatively 
for this effect. 

Thus the dynamic structures of crystalline 
furan are reasonably well understood, relative to 
the situation for thiophene, for example. It is 
possible to give a reasonable partial interpreta- 
tion of the phase transition consistent with these 
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Nematic phase nuclear magnetic resonance studies of the structure 
and orientation of 1,5- and 2,6-naphthyridines 
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Y. P. LEE and D. F. R. GILSON. Can. J. Chem. 54, 2783 (1976). 
The proton magnetic resonance spectra of 1,5- and 2,6-naphtliyridine dissolved in the 

nematic liquid crystal MBBA have been analysed. The proton geometries do not give good fits 
to the ring skeleton structure bui it appears that the carbon-hydrogen bond lengths are not all 
of equal length and the bond angles indicate some bending of the C-H bonds toward the 
adjacent nitrogen atom. The probability functions for orientation of diazanaphthalenes in 
nematic solvents show that nitrogen atoms in the ring framework affect the direction of principal 
orientation, which does not follow either the maximum molecular dimension or the inertial axis. 

Y. P. LEE et D. F. R. GILSON. Can. J. Chem. 54, 2783 (1976). 
Les spectres de resonance magnetique du proton des naphtyridine-1,5 et -2,6 en solution dans 

le cristal liquide nimatique MBBA ont etC analysCs. La gComCtrie des protons n'est pas en bon 
accord avec la structure du squelette cyclique mais 11 semble que les longueurs des liens carbone- 
hydrogkne ne soient pas toutes egales et que les angles de valence indiquent une certaine in- 
clinaison des liens C-H vers I'atome d'azote adjacent. Les fonctions de probabilite pour 
l'orientation des diazanaphtaknes dans des solvants nimatiques montrent que les atomes d'azote 
dans le squelette cyclique affectent le sens de l'orientation principale qui ne suit ni la dimension 
moleculaire maximum ni I'axe d'inertie. 

[Traduit par le journal] 

Introduction 

Nuclear magnetic resonance spectroscopy of 
solute molecules partially oriented in a liquid 
crystal solvent has been applied to the deter- 
mination of the relative proton structures of a 
wide variety of molecules (1). Although numer- 
ous benzene derivatives have been studied there 
are only few reported cases of condensed aro- 
matics and only naphthalene (2), l-chloro- 
naphthalene (3), 1,4-naphthoquinone (4), cou- 
marine (9, and the nitrogen heterocyclic deriva- 
tives, phthalazine (6), quinoxaline (7), and 
2,7-naphthyridine (8) have been investigated. 
The diazanaphthalenes are an interesting series 
since ten possible isomers exist and a study of 
these compounds should provide information 
regarding the structural and orientational conse- 
quences of replacing C-H groups by nitrogen 
atoms. Phthalazine and quinoxaline have both 
nitrogen atoms in the same ring. In the present 
study, we report on the nematic phase nmr 
studies of 1,5- and 2,6-naphthyridines in which 
the nitrogen atoms are in different rings. 

Professor A. Taur~ns. Proton spectra were obtained for 8 
mol% and 7 mo10/, solutions respectively in MBBA 
(p-methoxybenzylidene p-n-butylaniline) at the Canadian 
220 MHz NMR Centre, Sheridan Park, Ontario. Probe 
temperature was 18 "C. The spectra were analysed with 
the computer program SPECFIT (9) and the geometry 
which provided the best fit to the experimental direct 
dipole coupling obtained using the program GEOFIT (9) 

Results 
The spectrum of the 2,6-isomer spanned over 

7 kHz but the spectrum of 1,5-naphthyridine 
was less than half this width, reflecting in part the 
difference in the degree of orientation in the 
nematic solvent. The experimental direct dipole 
coupling constants are given in Table 1. Iteration 
upon the indirect dipole coupling constants, Jq, 
gave values which agreed, within experimental 
error, with literature values obtained from iso- 
tropic spectra (10-13). For 1,5-naphthyridine the 
rms deviation between calculated and experi- 
mental line positions was 1.1 Hz for 90 lines and 
for 2,6-naphthyridine the rms deviation was 
2.4 Hz for 119 lines. The numbering system and 
axis system are shown in Fig. 1. 

Experimental Discussion 
1,5- and 2,6-naphthyridines were obtained as gifts from Nine direct dipole coupling constants are 
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TABLE 1. Spectral parameters for 1,5- and 
2,6-naphthyridines 

Parameter 

vl (HZ, TMS) 
v2 

v3 

"4 

0 1 3  (HZ) 
O14 

Dl5 

8 

D23 

0 2 4  

O26  

D27 

D2 8 

0 3 4  

0 3 7  

0 3  8 

0 4 8  

J 1 3  

J14 

J I  5 

J17 

Jl8 

JZ 3 

5 2 4  

J2 6 

J27 

J2 8 

J34 

J37 

J3 8 

J48 

obtained for each isomer. The proton geometry 
can be described by six independent parameters, 
see Fig. 1, but since only ratios of distances are 
involved at least one of these distances must be 
assumed. These naphthyridine isomers have 
limited symmetry and three independent mo- 

A 

tional constants or orientation parameters (1) are 
required to relate the degree of orientation of the 
molecule-fixed axis system to the nematic liquid 
crystal axis. Thus a total of eight parameters are 
to be determined from the nine direct dipole 
coupling constants. The previous studies on 
naphthalene and its derivatives (2, 6, 7) have 
compared the ratios of interproton distances 
relative to the distance between the protons in the 
P-positions in the unsubstituted ring but the 
substitution pattern in the naphthyridine com- 
pounds does not provide a suitable common 
distance for a similar comparison. The ring atom 
coordinates for both naphthyridines have been 
determined by Brufani and co-workers (14-16) 
by X-ray methods and the proton positions were 
fitted to these structures with the assumption of 
the coordinates of H3 in 1,5-naphthyridine and 
H4 in 2,6-naphthyridine. These protons are not 
adjacent to the nitrogen atom and are presumed 
to undergo least perturbation. Adopting the 
coordinates in this way is equivalent to assuming 
two of the distance parameters. Theo C-H bond 
length was assumed to be 1.085 A and lying 
along the bisector of the ring angle, and the 
resulting distance parameters (see caption to 
Fig. 1) are given in Table 2. Fitting the proton 
positions to the rest of the carbon atom positions 
gave unacceptable C-H bond lengths for both 
comp2unds; in 1,5-naphthyridine C2-H2 = 
1.033 A and is displaced 2.3" toward the nitrogen 
atom away fro? the ring angle bisector, 
C4-H4 = 1.101 A and is displaced 1.9' in the 
opposite sense (i.e. clockwise in Fig. 1); in 
2,6-naphthyridine CI-HI = 1.053 A, angular 
displacement 0. looaway from the nitrogen atom, 
C3-H3 = 1.038 A displaced 2. l o  towards nitro- 
gen. This structure is obviously unacceptable 

FIG. 1. ( A )  1,s-Naphthyridine: distance parameters referred to in the text are: dl = y ~ ,  dl = x2, 
d3 = y3, d4 = x3, ds = y4, ds = x4. ( B )  2,6-Naphthyridine: distance parameters dl = v l ,  d2 = x , .  
d3 = ~ 3 ,  d4 = xg, d5 = +v4, d6 = x,. 
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LEE AND GILSON 

TABLE 2. Distance parameters (A) for 1,5- and 2,6-naphthyridines* 
- 

1,SNaphthyridine 2,6-Naphthyridine 

Parameter I I1 I I I 

'Assumed distances in parentheses 

TABLE 3. C-H bond lengths and C-C-H bond angle deviations 

1,5-Naphthyridine 2,6-Naphthyridine 

Bond length (A) Angle* Bond length (A) Angle* 

'Positive angle indicates clockwise rotation in Fig. 1. 

and therefore the restriction that H3 and H4 
should lie along the ring bisector was removed 
and the bond lengths of all carbon-proton bonds 
allowed to vary within reasonable limits. The 
distance parameters obtained from this treat- 
ment, but still based on the positions of H3 and 
H4 in 13-  and 2,6-naphthyridine respectively, are 
given in columns I1 of Table 2. Smaller variations 
in bond length in 1,5-naphthyridine were ob- 
tained at the expense of larger angular deviations, 
Table 3. The direction of these angular displace- 
ments is, however, consistent in each molecule in 
being towards the adjacent nitrogen atom. It also 
appears that the C-H bonds at different ring 
positions may not be of the same length. The 
effects of vibrational averaging upon the geom- 
etry have been ignored but a more extensive 
analysis of the results is scarcely warranted in 
view of the difficulty of fitting the proton struc- 
ture to the ring skeleton. For this reason, an 
analysis of probable errors has also been 
omitted. 

C-C bond. They concluded that no appreciable 
distortions of the pyridine rings resulted from 
such fusion. Similar comparisons for 1,5- and 
2,6-naphthyridines lead to the same result. How- 
ever, we do not believe that this necessity 
indicates a negligible modification of the pyridine 
ring structure since the X-ray investigations of 
the naphthyridines (14-17) showed bond lengths 
which differ significantly from the fused ring 
model. A degree of 'bond fixation' occurs in 
fused ring compounds and is well illustrated by a 
con~parison of naphthalene us. two fused benzene 
rings. 

The orientation of a solute molecule in a 
liquid crystal solvent can be described by the 
probability function P(8, 4) [I]. 

[l]  P(8,4) = (47r)-' ( 1 + ($)[Sz,(3 cos2 8 - 1) + (S,, - S,,) sin2 8 cos 24 
+ 4S,, sin 8 cos 8 cos 4 

+ 4S,, sin 8 cos 8 sin 4 
+ 2Sz, sin2 19 sin 241 ] 

In their study of 2,7-naphthyridine, Danieli where 8 and 4 relate the liquid crystal axis to the 
et al. (8) compared the ratios of the interproton molecule-fixed Cartesian coordinates. These func- 
distances with the corresponding ratios for two tions are plotted in Fig. 2 for 1,5- and 2,6- 
pyridine rings fused together at the appropriate naphthyridine. The rotations of the principal 
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FIG. 2. Orientation probability fuilctions P($,#) for ( A )  1,5-naphthyridine, ( B )  2,6-naphthyridine. 

axes of orientation from the molecule fixed axes 
are 33" and 7" respectively, indicating the influ- 
ence of nitrogen substitution upon the orienta- 
tion. The usual orientation of a solute molecule 
is with the longest molecular dimension parallel 
to the liquid crystal axis but pyridine, for 
example, aligns with the C2 axis parallel to the 
solvent axis whereas benzene has no preferred 
orientation in the xy plane. Various parameters 
have been suggested as suitable descriptions of 
the anisotropy of orientation (18-20). Anderson 
has used the parameter (S,, - S,,)/S,, and 
correlated this function with the anisotropy of 
the principal moments of inertia (19). The 
naphthyridines, however, do not correlate their 
principal orientation axes with their inertial axes 
since the latter are rotated by only small amounts 
from the molecule fixed axes ; 1,5-naphthyridine 
2,5"; 2,6-naphthyridine 1.4". Orrell and Sik (20) 

TABLE 4. Orientation probability 
ratios in naphthalene derivatives 

P m a x l P r n i n  

Naphthalene 
1,SNaphthyridine 
2,6-Naphthyridine 
2,7-Naphthyridine 
Phthalazine 
Quinoxaline 
I-Chloronaphthalene 
1,4-Naphthoquinone 
Coumarine 

have used a similar parameter, (S,, - S,,)/3Szz, 
to compare the orientations of substituted pyri- 
dines and to derive a substituent additive model 
for pyridines vs. their benzene analogues. This 
parameter has limiting values of + 1 but the sign 
depends only on the choice of x and y axes. In the 
present work, we have used the ratio of the prob- 
ability functions from [I] for the maximum and 
miilimum values in the xy plane. The choice of 
axes also affects this function and we adopt the 
convention S,, > S,,, i.e, the principal orienta- 
tion axis lies along, or closer to, the molecule 
fixed y axis, and the limiting values are from 
1 to 8. Table 4 gives the probability function 
ratios for various naphthalene-related deriva- 
tives. Substitution in the a-positions of naphtha- 
lene, i.e. an 'x-axis substituent', reduces the 
anisotropy of orientation in 1,5-naphthyridine, 
quinoxaline, 1,4-naphtl~oquinone, and l-chloro- 
naphthalene, whereas p-substitution, closer t o  
the direction of the largest molecular dimension, 
maintains, and in 2,6-naphthyridine increases, 
the orientational anisotropy relative to  naphtha- 
lene. Saupe has shown that localized bond con- 
tributions to the free energy of orientation can 
account quantitatively for the orientation of 
solute molecules in nematic solvents (21, 22). 
On this basis, the contributions from a nitrogen 
atom and two carbon-nitrogen bonds exceed 
those of a C-H bond and two carbon-carbon 
bonds. 
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Nematic phase nuclear magnetic resonance spectra and vibrationally 
averaged structures of cyclopropyl chloride, bromide, and cyanide 
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K. C. COLE and D. F. R. GILSON. Can. J. Chem. 54,2788 (1976). 
The nmr spectra of partially oriented cyclopropyl chloride, bromide, and cyanide have been 

analysed and the relative proton structure corrected for vibrational effects. The proton structures 
provide indirect evidence in support of Hoffmann's theory of substituent effects in cyclopropane 
rings. The distance between protons on the same side of the ring as the substituent is less than 
the corresponding distance on the other side. The direction of the principal orientation axis in 
two nematic solvents EBBA and MBBA is the same but the anisotropy of alignment is less in 
MBBA. 

K. C. COLE et D. F. R. GILSON. Can. J. Chern. 54, 2788 (1976). 
Les spectres de rmn du chlorure, du bromure et du cyanure de cyclopropyle partiellement 

orientis ont CtC analysCs et la structure relative aux protons a CtC corrigk pour les effets vibra- 
tionnels. Les structures dues aux protons fournissent une evidence indirecte appuyant la thiorie 
d'Hoffmann sur les effets de substituants dans les noyaux cyclopropaniques. La distance entre 
les protons du m&me cBtC du cycle que le substituant est moindre que la distance correspondante 
de l'autre cBtC du cycle. La direction de l'axe d'orientation principal dans deux solvants nCma- 
tiques, le EBBA et le MBBA, est la mCme mais l'anisotropie de l'alignement est moindre dans le 
MBBA. 

[Traduit par le journal] 

Introduction 
The Walsh model (1) of bonding in the cyclo- 

propane molecule has been extended by Hoff- 
mann to include substituent-induced effects (2). 
The antisymmetric occupied ring orbital is bond- 
ing for the carbon-carbon bonds adjacent to the 
substituent but antibonding for the bond op- 
posite. Thus a suitably oriented acceptor orbital 
on the substituent group can withdraw electron 
density from the ring orbital leading to a length- 
ening of the adjacent bonds and a shortening of 
the opposite bond. A T electron donor substitu- 
ent should cause a weakening of all ring bonds, 
relative to cyclopropane, since the appropriate 
Walsh orbital is totally antibonding. Unfor- 
tunately only a few accurate structure determina- 
tions of c~clopropyl derivatives have been 
reported. Penn and Boggs (3) have analysed the 
available microwave data and concluded that a 
consist~nt shortening, by an average of about 
0.015 A, occurs for the bond opposite an un- 
saturated substituent. An r, determination3 of 

'1967 Science Schclarship 1969-1973. 
ZAuthor to whom correspondence should be addressed. 
3For definitions and discussion of the various distance 

parameters see ref. 29. 

the ring bond lengths in cyclopr?pyl cyanide (4) 
gave ~ a l u e s  of 1.528 f 0.005 A and 1.500 f 
0.002 A for the adjacent and opposite bonds 
respectiv$ly. (The bond length in cyclopropane 
is 1.510A (5).) Thus in the case of acceptor 
orbitals the theory has some experimental sup- 
port. The situation is less clear for the saturated 
or donor substituents. From Penn and Boggs' 
analysis (3) there is little change in ring bond 
lengths relative to cyclopropane and an r, 
determination of the structure of cyclopropyl 
chloride (6) indicated ring bond lengths to be 
unchanged from cyclopropane within experi- 
mental error. In cyclopropylamine (7) :he adja- 
cent bonds are longer, 1.535 f 0.0060A but the 
opposite bond length, 1.513 + 0.003 A is essen- 
tially the same as cyclopropane. For 1 ,l-difluoro- 
cyclopropane (8) the adjacent bonds were f ~ u n d  
to  be significantly shorter at 1.464 f 0.002 4 but 
the opposite bond longer at 1.553 f 0.001 A. A 
similar result was obtained for 1, l-dichloro- 
cyclopropane (9). An X-ray crystal structure 
study of 1,l-dichloro-2,2-diphenylcyclopropane 
and the dibromo analogue also gave bond lengths 
in conflict with the predictions of the theory (10). 

The analysis of nuclear magnetic resonance 
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spectra of molecules partially oriented in nematic 
liquid crystal solvents can provide additional 
structural information, particularly with regard 
to  the relative proton positions in a molecule (1 1). 
However, proper comparisons between struc- 
tural data derived by different experimental 
methods should take into account the manner in 
which the interatomic distances are affected by 
the averaging over vibrational motions. Lucas 
(12, 13) has shown how vibrationally averaged 
r, structures can be derived from nematic phase 
nmr results and notablv how the allowance for 
vibrational effects improves the agreement be- 
tween the electron diffraction and nematic phase 
nmr structures of cyclopropane (14). The method 
involves an expansion of the expression for the 
direct dipole coupling constant, D,, as a Taylor 
series involving the mean square amplitudes of 
the harmonic vibrational motion. These ampli- 
tudes can be obtained from a normal coordinate 
analysis of the vibrational spectrum. 

In this paper the results of an analysis of the 
nematic phase nmr spectra of cyclopropyl chlor- 
ide, bromide, and cyanide are reported together 
with vibrationally averaged structural parameters 
for the proton positions. 

Experimental 
Spectra were recorded at 220 MHz at the Canadlan 

220 MHz NMR Centre, Sherldan Park, Ontarlo, and 
analysed using the program SPECFIT, a mod~fied version 
of LAOCN3. Sample concentrations, etc., are given in 
Table 1. The geometry whlch provided the best fit to the 
experimental direct dipole coupllng constants were com- 
puted with the program GEOFIT. Calculations of the 
mean square ampl~tudes of vibration were based upon the 
W-matr~x transformation method of Schachtschneider 
and Snyder ( I S ) .  

Results 

The spectra of the cyclopropyl derivatives 
were similar to each other; a central part due to 
the proton on the same carbon atom as the sub- 
stituent, and two widely separated regions due 
to  the remaining four protons. The large separa- 
tion is due to the large geminal dipolar coupling 
constant. The spectrum of cyclopropyl bromide 
in MBBA is illustrated in Fig. 1 and spectral 
parameters for all compounds are listed in 
Table 1. The numbering system corresponds to 
that shown in Fig. 2. For cyclopropyl chloride 
and bromide the spectra were analysed with the 
indirect coupling constants, J,, fixed for one 

spectrum at the literature values for isotropic 
spectra (16) and for other spectra allowed to 
vary in the analysis. The change in substituent 
group from halide to cyanide altered the average 
orientation in the nematic solvent to the extent 
that DI3 and Dl4 are small. The indirect coupling 
constants are not well defined in the analysis and 
therefore were fixed at the isotropic values. The 
actual assignment of the coupling constants is 
not unique since the same spectra are obtained if 
vl and v2, JI5 and JZ5, and DI5 and D25 are inter- 
changed. However, the present assignment is the 
one for which the Dij values are consistent with 
the geometry. Thus J15 is greater than J25, which 
confirms the assumption made in the analysis 
of the isotropic spectra (16). 

The vibrational spectra of cyclopropyl chlor- 
ide, bromide, and cyanide have been reported 
(17-20). Approximate force fields were derived 
for these compounds using the procedure of 
Cyvin and co-workers (21,22) whereby an initial 
force field is based upon known force constants 
transferred from closely related compounds and 
used to calculate a set of frequencies. A com- 
parison between these frequencies and the 
experimental values then permits adjustments to  
the force field such that an exact fit to the 
experimental frequencies can be obtained. A 
quadratic force field for cyclopropane itself has 
been derived by Duncan and Burns (23) and was 
transformed from their set of symmetrized 
internal coordinates to the coordinates used for 
the nematic phase nmr results. 

For cyclopropyl chloride and bromide the 
present assignments are in agreement with those 
of Aleksanyan et al. (19) rather than those 
reported earlier (17, 18). In cyclopropyl cyanide 
the bands at 1044 and 1124 cm-I were attributed 
to the C-CN stretch and the A' ring deforma- 
tion modes respectively (20). In the present 
analysis the 739 cm-I band is assigned t o  the 
C-CN stretch (which occurs a t  738cm-I in 
2-propyl cyanide (24)) and thus some reassign- 
ment of frequencies was necessary. 

Discussion 
The cyclopropyl compounds studied in the 

present work possess a single plane of symmetry 
and therefore three motional constants are 
required to describe the average orientation (25). 
By choosing the axis system shown in Fig. 2, 
where HI,  HZ, H3, and H4 all lie in the yz plane 
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TABLE 1. Spectral parameters for cyclopropyl derlvat~ves 

Cyclopropyl chloride Cyclopropyl bromide 
Cyclopropyl 

Parameter Spectrum I Spectrum 11 Spectrum I Spectrum I1 Spectrum 111 cyanlde 

Solvent EBBA EBBA EBB A EBBA MBB A EBBA 

Concentration (mole/,) 19.3 15.9 20.6 19.2 10.6 20.5 

Temperature ('C) 18 18 18 18 18 18 

vl* (HZ) 169.46k0.48 177.11 k0.19 183.87k0.47 194.16k0.52 - 143.21 k0.18 E 
Y 2  239.41+0.41 254.78 k0.17 238.43k0.44 251.53f 0.43 u l +  40.92k0.35 279.42kO.17 & 
"3 778.93k0.42 799.75k0.17 750.90k0.44 765.97k0.48 ~ ~ f 5 2 6 . 7 6 k 0 . 3 9  416.30k 0.17 

J12t i -6.01) -6.lOk0.24 ( -6.12) -6.47k0.77 -5.92k0.53 (-4.72) 8 
J13 (+10.26) +9.90+0.41 (+lo.  16) + l l . I l k 1 . 0 6  +10.32+0.89 i f 9 . 1 8 )  k 
J~ 4 ( +7.14) f7.15 k0.18 i +7.01) +7.43 k 0.52 +7.79k0.38 ( f 7 . 0 8 )  e 
JIS ( f7 .01)  +6.85 k0.28 ( f 7 . 1 3 )  f6 .64k0 .88  +6.33 k0.74 ( f 8 . 4 3 )  g 
J24 (+10.72) f10.31 k0.46 (f10.45) f11.49kI  .28 +9.65 k0.90 ( f 9 . 6 5 )  -a 

( f3 .58)  +4.00k0.43 ( +3.80) (+5.12) 
P 

Jz6 +1.29k1.38 +3.50+1 . I8  - 
w 

DI 2 f2252.16k0.38 +2504.99* 0.23 f2208.43k0.40 f2383.22k0.69 +1655.02i0.65 +1677.71+0.20 2 
D13 -110.41k1.08 -121.92k0.46 -100.31k1.15 -107.09k1.25 -89.63 k0.95 -2.17k0.41 
D ~ 4  f124.18k0.46 +138.95k0.18 f122.52k0.44 f134.04k0.52 f88.33k0.42 +122.18k0.25 
D15 -619.29k0.53 6 9 0 . 7 8 k 0 . 5 2  -603.17-tO.58 -652.46k1.67 -450.58k1.54 +493.58+0.26 
O24 -123.67k0.89 -135.15k0.38 -112.52k0.95 -119.15k1.03 -98.50-tO.78 -9.89k0.42 
Oz5 f338.97k0.68 f375.82k0.52 +320.80*0.73 +348.01 k 1  .65 f237.02i1.49 f425.92i0.19 

No. of lines used 60 49 53 52 64 49 

rms deviation (Hz) 1.79 0.51 1.75 1.54 1.41 0.73 

*Chemical shifts in Hz from TMS (except cyclopropyl bromide spectrum 111). 
tAssumed parameters in parentheses. 
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COLE AND GILSON 

FIG. 1. Nuclear magnetic resonance spectrum of partially or~ented cyclopropyl bromide (10.6 mol% 
in MBBA; temperature 18 "C):  ( A )  experimental, ( B )  computed spectrum. 

with HI and H3 on they axis, the three motional 
constants are C3,2 - ,z, C,z - y2, and C,,, and 
the proton geometry can be specified by five 
distances; y3 (= - yl), y4 (= - yz), 24 (= z2), 
xg, and z5. Thus with one parameter assumed in 
order to scale the relative geometry, there are 
seven parameters to be determined from only six 

FIG. 2. Molecule fixed axis system for cyclopropyl 
derivatives. 

experimental direct dipole coupling constants 
and one additional assumption is necessary. If 
vibrational effects are neglected initially then the 
four coupling constants D12, D13, Dl4, and D24 
are independent of the motional constant C,. in 
the chosen coordinate system. If, for example, 
z4 is fixed for scaling purposes, then y3, y4, 
C3,2 - ,2 and C,Z - ,Z can be determined with- 
out further assumptions. In order to determine 
the coordinates of H5 and the value of C,, either 
x5 or z5 must be assumed. The structural calcu; 
lations were performed with z4 fixed at 1.8400 A 
and with different values of zg, in Tables 2-4. For 
cyclopropyl chloride and bromide, where two 
and three spectra respectively were analysed, 
small differences in structures and motional 
constants were obtained but the differences were 
within experimental error. The values given in 
the final column of Tables 2 and 3 are averages 
weighted inversely according to the squares of 
the probable errors. In cyclopropyl cyanide 
where the average orientation was such that 
D13 and D14 had small values these coupling 
constants cannot be used to  derive accurate 
structural information and the distance pararn- 
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TABLE 2. Structural results for cyclopropyl chloride*?. 

Vibrational correction 
No vibrational 

correction Weighted 
Parameter (weighted average) Spectrum 1 Spectrum I1 average 

Y3 ( 4 )  1 .2740 
Y4 (4) 1.2305 
~4 (A) ( 1 .8400) 

c3z2 - rz - 

CZ' - "2 - 

x 5  (9) 2.1297 
25 (A) ( 0 . ~ 0 0 )  
czz 

- 

x 5  (A) - 

zs (A) - 

czz 
- 

x 5  (4) - 

~5 (A) - 

czz 
- 

*Assumed parameters in parentheses. 
+See Fig. 2 for proton numbering. 

TABLE 3. Structural results for cyclopropyl bromide"+ 

Parameter 

Y3 ( 4 )  
Y4 (4) 
Z, (A) 

Vibrational correction 
No vibrational 

correction Weighted 
(weighted average) Spectrum I Spectrum I1 Spectrum 111 average 

1 .2769 1.2841k0.0037 1.2887f0.0036 1.2816k0.0034 1.2847k0.0021 
1.2330 1.2558i0.0032 1.2563k0.0031 1.2551 k0.0030 1.2557k 0.0018 

( 1  ,8400) ( 1 ,8400) (I .8400) ( 1 ,8400) (1.8400) 

- 

'Assumed parameters in parentheses. 
tSee Fig. 2 for proton numbering. 

eters in Table 4, while giving adequate fits to the 
Dij values, are unacceptable. It was necessary 
therefore to assume an additional distance 
parameter and the coordinate y3 was set at 
1.2830 A, the average of the cyclopropyl chloride 
and bromide values. 

The application of Lucas' method (12-14) to 
derive the vibrationally averaged r,  distances 
requires the inclusion of the motional constant 
Czz in the expansions of D12, D 1 3 ,  0 1 4 ,  and D24. 

The same coordinate system was used and the 

same distance parameters assumed. The results 
are given in Tables 2, 3, and 4 with the values 
obtained from the analysis of each spectrum as 
well as the weighted average. Small differences in 
structure and motional constants are evident but 
these are within ex~erimental error. The error 
limits quoted in these tables are derived from the 
experimental errors in the Dij values (26). 

There are obvious differences between the 
uncorrected distances, rd,  derived directly from 
the direct dipole coupling constants and the 
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COLE AND GILSON 

TABLE 4. Structural results for cyclopropylcyanide*t 

Parameter No vibrational correction Vibrational correction 

*Assumed parameters in parentheses 
tSee Fig. 2 for proton numbering. 

TABLE 5. Proton distance ratios in cyclopropyl derivatives 

r13/r34 rdi -34  r13/r24 Reference 

Cyclopropane rz 1.378 
l'd 1 ,359 

Cyclopropyl chloride '-2 1.393 
r d  1.385 
l's 1.388 

Cyclopropyl bromide rz 1 ,396 
l'd 1.388 
re 1.404 

Cyclopropyl cyanide "2 1.395 

1,l-Dichlorocyclopropane r, 1 ,399 
l'd 1.385 

1.1-Difluorocyclopropane r., 1.376 

1 .OOO 14 
1.000 14 

1.021 This work 
1.035 This work 
1.022 6 

1.024 This work 
1.036 This work 
1.033 27 

1.039 This work 

1 .ooo 9 
1 .ooo 9 

1 .ooo 8 

corrected distances, r,, obtained by the Lucas 
method. For cyclopropyl chloride the r, dis- 
tances show generally better agreement with the 
microwave rs structure (6) than do the rd values. 
The structures of the chloride and bromide 
derivatives are quite similar and the present 
results favour structure I of the two alternatives 
given by Lam and Dailey (27) for cyclopropyl 
bromide. The position of H5 in each compound 
is subject to some uncertainty and it is not 
possible to draw firm conclusions regarding the 
coordinates of this atdm. It is, however, ap- 
parent that coordinate xs in each case is greater 
than tee corresponding value for cyclopropane 
(2.178 A) and is largest for cyclopropyl cyanide. 
This is consistent with a lengthening of the ring 
bonds adjacent to the substituent and thus pro- 

vides some indirect evidence in support of the 
Hoffmann theory. 

Proton distance ratios are compared in Table 
5 where results for other cyclopropyl compounds 
are also included. An interesting feature for the 
monosubstituted derivatives is the larger value 
of rl3 relative to r24. This may be due to a longer 
C-H bond but the microwave structure of 
cyclopropyl chloride showed little difference in 
C-H bond lengths and it is more probable that 
the CI-C2-HI and C1-C2-H2 bond angles differ 
such that the protons cis to the substituent are 
displaced towards the substituent (or, conversely, 
the trans protons displaced in the opposite 
direction). 

The probability that the applied field direction 
(or the nematic liquid crystal axis if these are 
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TABLE 6. Angle of principal orientation and 
orientation anisotropy 

Cyclopropane* 90 1.22 

Cyclopropyl chloride 1 66.9 2.47 
11 66.9 2.79 

Cyclopropyl bromide I 67 .O 2.63 
I I 67.1 2.41 

11 I 67.3 1.94 

Cyclopropyl cyanide 60.6 2.58 

'From data in rcf. 14 

assumed to be parallel) makes spherical polar 
angles 0 and + to the molecule-fixed axis system 
is given (25) by [l] 

2/13. + C x 2 - y 2 2  sin2 0 cos 2+ 

+ C,, G s i n  0 cos 0 cos + 
asin' 0 sin 2+ + Cxy- 2 

+ C,, n s i n  0 cos 0 sin + I 
The monosubstituted cyclopropanes orient pref- 
erentially with their symmetry planes parallel to 
the liquid crystal axis and rotated about the 
molecule-fixed y axis by angles given by [2] 

[21 
L L ~ ~  tan 20 = 

flC3,2 - - Cx2 - 2/2 

These angles are given in Table 6 and show that 
cyclopropyl chloride and bromide have about 
the same orientation but cyclopropyl cyanide is 
rotated slightly more. For cyclopropyl bromide 
the principal orientation direction is essentially 
unchanged in the two solvents EBBA and 
MBBA. The anisotropy of alignment in the xz 
plane can be expressed as the ratio between the 
maximum and minimum values of P(0, 4). The 
ratios are also given in Table 6, and are very 
similar for all solutions in EBBA, including 
cyclopropyl cyanide, but it is significantly lower 
for cyclopropyl bromide in MBBA. The order 
parameter of the nematic solvent, for the pure 
material and for solutions, can be expressed as a 
universal function of reduced temperature (28) 
and the lower degree of solute orientation and 

low anisotropy for the cyclopropyl bromide/ 
MBBA system reflects the higher reduced tem- 
perature and lower solvent order. 
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Studies in the usnic acid series. I. The condensation of ( + )-usnic 
acid with aliphatic and aromatic amines 
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JAMES P. KUTNEY and IGNACIO H. SANCHEZ. Can. J. Chem. 54, 2795 (1976). 
Detailed investigations concerned with the reaction of usnic acid (1) and dihydrousnic acid 

(14) with a variety of aliphatic and aromatic amines are described. Extensive analyses of the 
characteristic spectroscopic data allow structural assignments for all the isolated products. The 
correctness of these assignments is established by an X-ray analysis of one of the products 
resulting from the reaction of usnic acid with ammonia. 

JAMES P. KUTNEY et IGNACXO H. SANCHEZ. Can. J. Chem. 54, 2795 (1976). 
Des Ctudes dCtaillees concernant la reaction de l'acide usnique (1) et de I'acide dihydrousnique 

(14) avec divers amines aliphatiques et  aromatiques sont decrites. L'analyse approfondie des 
donnCes spectroscopiques caractkristiques permet I'assignation de la structure B chacun des 
produits isolCs. L'exactitude de ces assignations a kt6 Ctablie par I'analyse aux rayons->( de l'un 
des produits rksultant de la reaction de I'acide usnique avec l'ammoniaque. 

[Traduit par le journal] 

During the synthetic investigations that were 
required for our studies on the biodegradation of 
the lichen antibiotic (+)-usnic acid (1) (1-4), it 
became essential to prepare usnic acid derivatives 
in which the highly reactive P-triketone system, 
characteristic of this series of compounds, was 
fully protected. 

Of the several possibilities available for the 
protection of p-di- and P-triketones, (5) the one 
arising from the formation of stable heterocyclic 
systems, generated in the reaction of these ketones 
with amine reagents, seemed appropriate for our 
purpose and was therefore considered. However, 
since only brief reports have appeared (6-1 1) on 
the condensation of 1 with aliphatic or aromatic 
amines and in view of the obvious complications 
implied, we felt that a thorough study of such 
condensations was required. This article presents 
our results in this area. 

When (+)-usnic acid (1) was reacted with a 
series of aliphatic and aromatic amines, various 
condensation products could be isolated and 
characterized (Fig. I). Some of these (2, 3, 5 and 
12) represent preferential attack of the amine 
function at the chelated acetyl side chain of the 
(3-triketone system to provide novel P,PJ-diketo 
enamine structures which are different from the 
structures proposed by earlier workers (8-11). 
Condensation of the amine with the aromatic 

secondary reaction and furnishes the expected 
imine derivative. The latter reaction can be 
suppressed by regulating the amount of amine 
added. Although the formation of vinylogous 
amides has been demonstrated during amination 
studies in the alicyclic P-triketone series (12, 13), 
such condensation products had not been recog- 
nized in the usnic acid series. 

The general procedure employed in our study 
is essentially that of Schopf and co-workers 
(10, 11) consisting of treating a suspension of 
(+)-usnic acid (1) in absolute ethyl alcohol with 
an appropriate amine followed by heating to 
reflux under a nitrogen atmosphere for several 
hours. It is appropriate to mention here that the 
well known thermal racemization of usnic acid 
derivatives (14-16) is not observed under these 
conditions. 

The structural assignments of these various 
products were based on extensive analyses of the 
spectroscopic data obtained. The correctness of 
these assignments was subsequently established 
when an X-ray analysis (see later) of one of the 
products (2) was completed. This substance was 
of pivotal importance in this and related studies 
and consequently was selected for the X-ray 
determination. It is appropriate to discuss below 
the most salient features of the spectroscopic 
characteristics exhibited bv the various com- 

methyl ketone, as shown in 4 and 6 ,  occurs as a pounds. 
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COCH, 

" O ~ H  - 
\ 

i COCH3 
OH 0 OH 

N Hl 

14 1 5 R = d  

FIG. 1. The condensation of (+)-usnic acid (1) and (-)-dihydrousnic acid (14) with aliphatic and 
aromatic amines. 

An analysis of the ultraviolet absorption 
spectra (Table 1) revealed that these data could 
be employed to distinguish between the series of 
products resulting from the condensation of 
1 mol of amine with the aliphatic acetyl side 
chain in ring C of usnic acid (for example, 
2, 3, 5 and 12) and the series in which condensa- 
tion at both the aliphatic side chain and the 
aromatic carbonyl has occurred (for example, 
4 and 6) .  The former series exhibited absorption 

maxima at 345,293, and 223 nm, while the latter 
revealed maxima at 300, 250, and 234 nm. 

The infrared spectra, typical of the series, 
provide valuable information regarding the type 
of substitution present in ring C. While the C-l 
carbonyl absorption appears consistently a t  
1695-1700 cm-I for both series, thereby indi- 
cating little or no conjugation with the adjacent 
6-ketoenamino system, the absorption of the 
unsaturated vinylogous amide (156@1570 cm-l) 
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KUTNEY AND SANCHEZ 2797 

TABLE 1. Some physical data on the condensation products of (+)-usnic acid (1) and (-)-d~hydrousnic acid (14) 
with allphatlc and aromatic amines 

Ultraviolet data 

Compound mp ("C) (deg) A,,, (nm) and log t ( ~ n  parentheses) Solvent* 

1 202-204 $493 ( A )  328(3.61), 285(4.08), 231(4.12) (A) 
14 150-151 -83 (B) 337(3.44), 283(4.38), 227(4.19) ( A )  
2 252-254 - 230 (A) 333(3.38), 291(4.18) (B) 
3 209-2 1 1 - 344 ( A )  345(3.39), 293(4.19), 223(4.07) ( A )  
5 133-134 +365 (A) 348(3.56), 294(4.38) (B) 

12 185-186 +266 (B) 349(3.76), 293(4.20), 228(4.24) (B)  
15 179-1 8 1 -279 ( B )  342(3.76), 293(4.21), 230(4.15) (B) 
13 180 (dec) +920 (B) 370(3.09), 305(4.13), 288(4.13), 226(4.10) ( B) 
4 198-200 +94 ( A )  300(4.13), 250(3.96), 234(4.05) ( B )  
6 197-198 +262 (A) 301(4.23) (3) 

*The solvent used 1s indicated in parentheses: A ,  CHIOH, B, CHICN. 

TABLE 2. Infrared absorption frequencies of (+)-usnic acid - amine condensation 
products (cm-1) 

Functionality /frequency 

Compound C O  (C-1) C=O (C-3) C=X (C- 1 3) 

reflects the effect of both unsaturation and strong 
intramolecular hydrogen bonding when com- 
pared with the normal absorption range of 
vinylogous amides (1615-1642 cmdl) (17, 18). 
Similarly the chelated aromatic methyl ketone 
shows a strong absorption band at 1630 cm-l, a 
position comparable to that found in the spec- 
trum of (+)-usnic acid itself (19, 20) (Table 2). 

Our previous detailed study of the mass 
spectrometric fragmentations in the usnic acid 
series (21) proved invaluable in applying this 
technique as a structural aid in these investiga- 
tions. The characteristic fragmentation pattern 
is exemplified for (-)-A2J-enaminousnic acid 
(2) (Fig. 2). Thus, the base peak arises from the 
retro Diels-Alder cleavage of ring C to produce 
the benzofuranylketene intermediate a which, in 
turn, fragments further by loss of carbon monox- 
ide and of methyl radical to provide significant 
fragments at m/e 232 and 217. These data clearly 
reveal the reaction of ammonia with usnic acid 
in ring C rather than at the aromatic methyl 
ketone. Also of importance is the low relative 

abundance of fragments arising from the alter- 
nate p-imino ketoenolic tautomer which is be- 
lieved to produce ions b and c. The loss of methyl 
radical (ion d )  is usually observed from the 
molecular ion. The postulated fragmentation 
pathways shown in Fig. 2 are applicable to all 
the compounds isolated from the various reac- 
tions. Thus, in the products 4 and 6, where con- 
densation of the amine has occurred at the aro- 
matic carbonyl, one observes ions corresponding 
to those indicated but with the appropriate 
increase in mass units due to the nitrogenous 
portion. 

Table 3 provides a summary of selected pmr 
data obtained with the aliphatic amine - usnic 
acid condensation products. These data reveal 
that throughout the series the signal for the C-11 
methyl group appears consistently at higher field 
than that for the methyl group at the 13-position. 
The products involving condensation with 2 mol 
of amines (4 and 6) show, in addition, a notice- 
ably low-field signal for the enamino proton 
(6 16.92 and 16.85) as compared to this signal in 
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FIG. 2. The postulated fragmentation pattern of (-)-A2*11-enaminousnic acid (2) in the mass spec- 
trometer. 

the spectra of the series exemplified by 2,3 and 5. 
Clearly the structural assignments, as sum- 

marized in Fig. 1, relied heavily on spectroscopic 
analyses. It  appeared desirable to  establish con- 
clusively, by means of X-ray analysis, the struc- 
ture of one of the products which was of central 
importance in this and related studies. The 
crystalline product obtained from the condensa- 
tion of ammonia at the aliphatic acetyl side chain 
in ring C of usnic acid was selected for this 
purpose. The X-ray determination was per- 
formed by Professor Jon C. Clardy at Iowa State 
University and the details of this study will be 
published elsewhere. It is sufficient to indicate 
here the computer generated structure for this 

compound as shown in 2a (Fig. 3), and therefore 
this substance could be given the name, A2J1- 
enaminousnic acid (2, Fig. 1). The absolute 
configuration shown is an assumed one. The 
bond distances obtained in the X-ray study 
suggest that the best single representation is that 
shown by 2 with important contributions from 7. 

The X-ray result established the novel en- 
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TABLE 3. Summary of selected proton magnetlc resonance data for the al~phatic amlne - usnlc acld serles 
(ppm, 6 scale) 

Com- 
Amine pound C9,,-CH1 CTI-CH3 C13-CH3 N-CH2-R N'-CH-R N-H C9-OH C7-OH C4-H 

Ammonla 2 1.66 2.59 2.65 - - 9.56 11.72 13.35 5.75 

Methylamme 3 1.70 2.64 2.66 3.16 - 13.20 11.90 13.30 5.77 
(R = H )  

Ethylamme 5 1.65 2.59 2.61 3.52 - 13.26 11.91 13.30 5.72 
(R = CH3) 

Methylamme 4 1.70 2.56 2.66 3.18 3.30 16.92 11.40 13.32 5.80 
( R = H )  ( R = H )  

Benzylamine 6 1.68 2.55 2.65 4.65 4.76 16.85 11.35 11.95 5.72 
(R = C6Hs) (R  = C6Hs) 

characteristic of the series and the role of the 
chelated aromatic methyl ketone in its reaction 
with the amine. They postulated that condensa- 

, ,  tion of the second mole of amine took place at 
the C-3 carbonyl group in ring C. A close 
scrutiny of the reported pmr data (8) (Table 4) 
for the aromatic amine - usnic acid adducts 
allowed us to deduce the correct structures 
8-11. 

01 

2 a 
FIG. 3. The computer generated structure for com- R 

pound 2. 8 R = COCH3;X = 0 
9 R = C O O H ; X = O  

aminodiketo system in ring C of the usnic 10 R = COOCH2CH3; X = 0 
11 R = COCH, ; X = p-N-C6H4-COCH, 

acid - amine adducts, a structural feature already 
suggested from the spectral data discussed earlief. 
The close similarities in the spectroscopic fea- 
tures of the various products when compared to 
those exhibited by 2 left no doubt about the 
correctness of the structural assignments as 
presented in Fig. 1. 

We then decided to evaluate the behavior of 
(+)-usnic acid (1) when treated with aromatic 
amines. Although the work performed in this 
area has been somewhat more extensive (6-8), 
earlier work was directed exclusively towards the 
analysis of the antimicrobial and antimycotic 
properties of the crude materials (6, 7), thus 
furnishing no conclusive structural evidence or 
spectroscopic characteristics. Although Seshadri 
and co-workers (8) were able to postulate ring C 
as the active condensation site, they failed to 
recognize both the p,p'-diketoenamine system 

As a means of preparing protected p-diketone 
systems (23) we studied, as well, the condensation 
of 1 with o-phenylenediamine, a system pre- 
viously considered by Seshadri and co-workers 
(8) and indeed we obtained the expected mono- 
condensation product 12, mp 185-186 "C (lit. (8) 
mp 185-186 "C), [&ID2' (CH3CN) +266', show- 
ing infrared absorption characteristics (1695, 
1625, 1540 cm-I) comparable to  those recorded 
in Table 2 for the aliphatic series. Although 
compound 12 would not be cyclized under the 
described conditions (a), this novel 1,5-benzo- 
diazepine derivative 13  can be obtained in 82y0 
yield by treating 12 with concentrated hydro- 
chloric acid in absolute ethyl alcohol at room 
temperature. The importance of such a system 
for our purposes was enhanced by the known 
stability of 1,5-benzodiazepines towards a variety 
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TABLE 4. Selected proton magnetic resonance data for the aromatic amine - usnic acid adducts (8) 
(values are quoted in the 6 scale) 

Compound Cgb-CH3 CLI-CH3 c13-CH3 N-H C9-OH C7-OH C4-H 

of experimental conditions and by the possibility 
of regenerating or further transferring the 1,3-di- 
carbonyl systems (22-28) at appropriate stages 
in our synthetic work. 

Finally studies with dihydrousnic acid (10, 11, 
29) (14) were performed to determine whether 
removal of the double bond in ring C had any 
effect on the reaction with amines. Thus 14 was 
treated with o-phenylenediamine in alcoholic 
solution and the isolated crystalline product 
(95% yield) was determined, by its characteristic 
spectral data, to be 15 thereby revealing a similar 
reaction course to that in the normal usnic 
acid series. 

In conclusion these studies have provided a 
clarification of the results obtained with the 
reactive and highly functionalized usnic acid 
molecule and various amines. These results have 
proved invaluable for studies related to the bio- 
degradation of usnic acid to be published in 
subsequent publications. 

Experimental 
,Melting points were determined on a Kofler block and 

are uncorrected. 
Ultraviolet (uv) spectra were recorded on a Cary 15 

spectrophotometer in methanol solution (unless other- 
wise noted) and the absorption maxima are reported in 
nm. 

Infrared (ir) spectra were measured in chloroform solu- 
tion on Perkin-Elmer model 710 or 457 spectrophotom- 
eters and the absorption maxima are quoted in wave 
numbers (cm-1). 

Proton magnetic resonance (pmr) spectra were meas- 
ured in deuterochloroform (CDCI3) solution (unless 
otherwise indicated) at  room temperature. Routine spectra 
were recorded at  60 MHz on a Varian T-60 spectrometer, 
and analytical or comparison spectra a t  100 MHz on 
either a Varian HA-100 or a Varian XL-100 spectrometer. 
All pmr spectra obtained via the Fourier Transform (FT) 
technique are so noted and were recorded on a Varian 
XL-100 spectrometer. Line positions are given in the 
6 (ppm) scale using tetramethylsilane (TMS) as internal 
standard. The integrated peak areas, multiplicity, and 
proton assignments are indicated in parentheses. 

Low resolution mass (ms) spectra were determined at 
70eV on either an  AEI-902 or an  Atlas CH-4B mass 
spectrometer, while high resolution mass spectra were 

recorded exclusively on an AEI-MS-902 mass spec- 
trometer. 

Circular dichroism (cd) spectra were obtained on a 
Jasco model 5-20 spectropolarimeter in methanol solution 
(unless otherwise indicated). The wavelength of the 
absorption maxima is reported in nm. The differential 
molar extinction coefficient (Ae) and the sign of the 
observed Cotton effect are indicated in parentheses. 

Optical rotations ([a],) were measured on a Perkin- 
Elmer model 141 polarimeter at  the sodium D line in 
chloroform solution (unless otherwise noted) using cells 
with a 0.1 dm path. 

~ i c r o a n a l ~ s e s  were performed by Mr. P. Borda of 
the Microanalytical Laboratory, University of British 
Columbia. 

Merck silica gel G (acc. to Stahl) impregnated with 
oxalic acid (2%) and with 2% fluorescent indicator added, 
was used as adsorbent for thin layer chromatography 
(tlc), unless otherwise noted. The tlc plates were activated 
in an  oven at  90 "C for 4 h before use. For qualitative 
chromatography, layers of 0.3 mm thickness were used 
and the spots were visualized by viewing under ultraviolet 
(UV) light or spraying with a 1'& ethanolic ferric chloride 
solution. For preparative (plc) chromatography large 
(20 X 20 and 20 X 60cm) plates with a thicker layer 
(0.7 mm) were used. The developing systems were A, 
petroleum ether (30-60 "C) - acetone (4:1), and .Y, 
chloroform-ethyl acetate (3:2), unless otherwise in- 
dicated. 

Column chromatography was performed on either 
Mackerey-Nagel (0.2-0.5 mm grain size) or Merck 60 
(0.063-0.2 mm grain size) silica gel. 

The usnic acid utilized throughout the course of this 
study was obtained from Koch-Light Laboratories, 
England, as the optically active dextrorotatory isomer, 
(+)-usnic acid, isolated from lichen sources (Usnea 
barbata). 

In order to present in a coherent manner the character- 
istic spectroscopic data for those compounds that are 
formally derived from usnic acid and retain its basic 
skeletal features, we have decided to maintain through the 
course of this work the numbering system recommended 
for the parent molecule (i.e. the approved dibenzofuran 
numbering (30)) instead of using those arising from the 
corresponding systematic names. In all other instances 
the latter numbering systems will be used. 

Condensation of (+)-Usrric Acid ( I )  with Arnirtes 
I. Aqueous Ammonia. Preparation of (-)-A2JL- 

Enamir~orrsnic Acid (2) (Usnic Acid Amide (9)) 
(6-Acetyl-7,9-di/1ydroxy-8,9ba-dimet/1yl-2-et/1ylid- 
2,lI-ene-I l-amino-l,96,2,3-tetra/1ydro- 
1,3-dioxodibenzofum) 

A suspension of (+)-usnic acid (1) (600mg, 1.744 
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mmol) in a mixture of dry benzene (2 ml) and absolute 
ethyl alcohol (4ml) was treated with concentrated 
ammonium hydroxide (0.8 ml) and refluxed under nitro- 
gen atmosphere for 2 h. After cooling in an ice bath the 
yellow solution was concentrated to approximately one 
third the original volume, acidified with 1 N hydrochloric 
acid, and extracted with ethyl acetate (2 X 20 ml). The 
combined extracts were thoroughly washed with water 
and brine solution, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The residue 
(525 mg) was crystallized from chloroform to produce 
pale yellow plates of (-)-A2Jl-enaminousnic acid (2) 
(495 mg, 1.443 mmol, 827,), mp 252-254 "C (lit. (9) mp 
248 "C); [aIDz6 -230' (c 0.099); uv (CH3CN) Amax (log e) 
333 (3.38), 291 (4.18); ir v,,, 3475 (N-H), 3400-2500 
(OH, NH, chelated), 1697 ( C 4 ,  ketoenamine system), 
1630 ( C 4 ,  chelated acetyl grouping; C=C, enol ether, 
aromatic ring), 1570 (C=O, chelated ketoenamine sys- 
tem); pmr (CDC13-DMSO-d6) 6 1.66(3H, S, C9b-CH3). 
2.00 (3H, S, C8-CH3), 2.59 (3H, S, CII-CHS), 2.65 (3H, S, 
C6-COCH3), 5.75 (lH, s, C4-H), 9.56 (lH, br, N-H), 11.72 
(IH, br, C9-OH), 12.05 (lH, s, N-H), 13.35 ppm (IH, s, 
C7-OH); ms m/e 343 (M+), 328 (M - 15) 260 (base 
peak), 232, 217, 215. Anal. calcd. for Cl8HI7o6N: C 
62.97, H 4.95, N 4.08; found: C 62.90, H 5.10, N 4.09. 
High resolution molecular weight determination: calcd.: 
343.106; found: 343.108. 

11. Methylamine. Formation of (-)-N-Methyl-A2Jl- 
enaminousnic Acid (3) (6-Acetyl-7,9-dilydroxy- 
8,9ba-dimetl~l-2-et~lid-2,lI-et1e-l,9b,2,3-tetra- 
hydro-I 1- N-metltylamino-l,3-dioxodibenzofuran) and 
(+)-Nf-Metl~ylimit~o-N-merllyl- A2.11-enaminousnic 
Acid (4) (7,9-Dilydroxy-8,9bol-dimetI1yl-6-ethyl- 
2-ethylid-2,Il-ene-1,9b,2,3-tetral1ydro-I3-N-met/1yl- 
imino-11-N-methylamino-1,3-dioxodibenzofuran) 

A suspension of (+)-usnic acid (1) (500mg, 1.453 
mmol) in absolute ethyl alcohol (10 ml) was treated with 
40% aqueous methylamine solution (0.5 ml) and heated 
to reflux under nitrogen atmosphere for 1.5 h. The 
reaction mixture was acidified with glacial acetic acid 
(3 ml), concentrated under reduced pressure, and diluted 
with cold distilled water (10 ml). The precipitate was 
filtered, air dried, and recrystallized from ethyl alcohol to 
produce pale yellow prisms of (-)-N-methyl-A2.11- 
enaminousnic acid (3) (380 mg, 1.064 mmol; 73%), mp 
209-211 "C; [aJD26 -344' (~0.0545); uv A,,, (log a) 
345 (3.39), 293 (4.19), 223 (4.07); ir v,,, 3200-2500 
(OH, NH, chelated), 1700 (C=O, ketoenamine system). 
1630 ( C 4 ,  chelated acetyl grouping; C=C, en01 ether, 
aromatic ring), 1560 ( C 4 ,  chelated ketoenamine sys- 
tem); pmr 6 1.70 (3H, s, C9b-CH3), 2.10 (3H. s, C8-CHI), 
2.64 (3H, S, CII-CH3), 2.66 (3H, S, C6-COCH3), 3.16 
(3H, d, J  = 5 Hz, N-CH3), 5.77 ( lH,  S, C4-H), 11.90 
(IH, s, C9-OH), 13.20 (lH, br, N-H), 13.30 ppm (lH,  s, 
C7-OH); ms m/e 357 (M+, base peak), 342 ( M  - 15), 
260, 233, 232, 217, 215. Anal. calcd. for Cl9HI9o6N: C 
63.87, H 5.32, N 3.92; found: C 63.91, H 5.49, N 3.62. 
High resolution molecular weight determination: calcd.: 
357.121 ; found: 357.121. 

Preparative layer chromatography (silica gel, ethyl 
acetate) purification of the mother liquors yielded a 
second compound, (+)-N'-methylimino-N-methyl-A2.11- 
enaminousnic acid (4) (12 mg, 0.032 mmol; 27,), bright 
yellow prisms from ethyl alcohol, mp 198-200 "C; [aJD26 
+94" (C 0.04215); uv (CH3CN) A,, (log e )  300 (4.13). 

250 (3.96), 234 (4.05); ir v,,, 3600-3100 (OH, NH. 
chelated), 1700 ( C 4 ,  ketoenamine system), 1630 
(C=N, chelated; C=C, en01 ether, aromatic ring), 1560 
( C d ,  chelated ketoenamine system); pmr 6 1.70 (3H, s, 
C9i,-CH3), 2.14 (3H, S, Cs-CH3), 2.56 (3H, S, CII-CH3), 
2.66 (3H, S, C13-CH3), 3.18 (3H, d, J  = 5 HZ, N-CH3), 
3.30 (3H, S, N'-CH3), 5.80 (IH, S, C4-H), 11.90 ( lH,  S, 
C9-OH), 13.20 (IH, br, N-H), 13.30 ppm (IH, s, C7-OH); 
ms m/e 370 (M+), 355 (M - 15), 273 (base peak), 245, 
230, 228. Anal. calcd. for CZOH2205N2: C 64.84, H 5.98, 
N 7.56; found: C 64.59, H 5.91, N 7.49. High resolution 
molecular weight determination: calcd.: 370.153; found: 
370.153. 

111. Etl~ylamine. Formation of (+)-N-E~/I~I-A~J~- 
enaminousnic Acid (5) (6-Acetyl-7,9-dilydroxy- 
8,9bol-dimetl1yl-2-et/1ylid-2,1 I-ene- 1,9b,2,3-tetra- 
l~ydro-1 I-N-etl~ylamb1o-l,3-dioxodibenzof~nrat1) 

A suspension of (+)-usnic acid (1) (500mg, 1.453 
mmol) in absolute ethyl alcohol (10 ml) was treated with 
70% aqueous ethylanline (0.3 ml), and heated to reflux 
under nitrogen atmosphere for 1.5 h. The reaction mixture 
was concentrated under reduced pressure, acidified with 
1 N hydrochloric acid, and extracted with ethyl acetate 
(3  X 15 ml). The combined extracts were washed with 
water (2 X 20 ml), dried over anhydrous sodium sulfate, 
and evaporated to produce a yellow glassy material 
(527 mg) which showed several spots on tlc. Purification 
of this material by preparative layer chromatography on 
silica gel - oxalic acid (solvent system B) afforded 
(+)-N-ethyl-A2Jl-enaminousnic acid (5) (380 mg, 1.024 
mmol; 70.5%), pale yellow plates from chloroform- 
methanol, mp 133-134 "C; [&JD26 +365' (c 0.14825); uv 
(CH3CN) A,,, (log E) 348 (3.56), 294 (4.38); ir v,, 
3700-2500 (OH, NH, chelated), 1705 (C=O, keto- 
enamine system), 1630 ( C 4 ,  chelated aromatic acetyl), 
1600 (C=C), 1570 (C=0, chelated ketoenamine system); 
pmr 6 1.38 (3H, t, J A M  = 7.5 Hz, JAx = 0 Hz, -CH2-- 
CH3), 1.65 (3H, S, C9b-CH3), 2.03 (3H, S ,  Cs-CH3), 2.59 
(3H, s, CI1-CH3), 2.61 (3H, S, C6-COCH3), 3.52 (2H, 
octet, JAM = 7.5 Hz, J M x  = 5 Hz, -CH2-CH3), 5.72 
(lH, s, C4-H), 11.91 (lH, s, C9-OH), 13.26 (lH, br, N-H), 
13.30ppm (lH,  s, C7-OH); ms m/e371 (Mf), 356 
( M  - 15), 260 (base peak), 232, 217, 113. Anal. calcd. for 
C20H2106N: C 64.69, H 5.70, N 3.77; found: C 64.51, 
H 5.64, N 3.79. High resolution molecular weight deter- 
mination: calcd. : 371.137; found: 37 1.134. 

IV. Benzjlamine. Formation of (+)-N1-Benzylimino- 
N-benzyl-A2.11 -enamit~orrsnic Acid (6) (7,9-Dil~ydroxy- 
8,9ba-dimetl1yl-&etl1yl-2-etIylid-2,I I-ene-1,9b,2,3- 
tetral~ydro-13-N-benzylimit~o-I I-N-benzylamino- 
I,3-dioxodibenzofuran) 

A suspension of (+)-usnic acid (1) (1.0 g, 2.906 mmol) 
in absolute ethyl alcohol (20ml) was treated with 98% 
benzylamine (1.2 ml, 8.684 mmol) and refluxed under 
nitrogen for 3 h. The reaction mixture was then diluted 
with distilled water (5 ml) and the precipitate filtered. 
Recrystallization from chloroform - ethyl alcohol pro- 
duced (+)-N'-benzylimino-N-benzyl-A2.11-enaminousnic 
acid (6) (1.25 g, 2.394 mmol; 82%); bright yellow needles, 
mp 197-198°C; [aID26 +262" (~0.058); uv (CH3CN) 
A,,, (log r) 301 (4.23); ir v,,, 3600-2500 (OH, NH, 
chelated), 1695 ( C 4 ,  ketoenamine system), 1620 
(C=N, chelated), 1590 (C=C, aromatic rings), 1560 
( C S ,  chelated ketoenamine system); pmr 6 1.68 (3H, s, 
C9b-CH3), 2.08 (3H, S, C8-CH3), 2.55 (3H, S, CII-CH3), 
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2.65 (3H, S, C13-CH3), 4.65 (2H, d, J = 6 HZ, N-CH2- 
C6H5), 4.76 (2H, S, N'-CHz-CjH,), 5.72 ( lH,  S, C4-H), 
7.37 (lOH, S, N,N'-CH2-C6H5), 11.35 (lH, S, Cg-OH), 
11.95 ( lH,  br, C7-OH), 16.85 ppm (1H. br, N-H); ms 
m/e 522 (Mf), 349 (base peak), 216, 202, 188, 187, 174, 
134, 106, 91. Anal. calcd. for C32H3005N2: C73.54, 
H 5.85, N 5.36; found: C73.06, H 5.79, N 5.39. High 
resolution molecular weight determination: calcd.: 
522.309; found: 522.31 1. 

V. o- Phen ylenediamine. Pre~aration of l+ )-N- 1'- , . . ,  
(2'-~mi~o~hen~l)-~2~~~-enhrnitzoustzic Acid (12) 
(6-Acetyl-7,9-di/1ydroxy-8,9ba-dimethyl-2-etl1yIid- 
2,I I-ene- I ,9b,2,3-tetralydro-Il-N-It-(2'-amino- 
plzeny1)-I ,3-dioxodibenzofuran) 

A suspension of (+)-usnic acid (1) (1.0 g, 2.906 mmol) 
in absolute ethyl alcohol (40 ml) was treated with 
o-phenylenediamine (0.320 g, 2.962 mmol) and heated to 
reflux under nitrogen atmosphere for 4 h. The reaction 
mixture was concentrated under reduced pressure and the 
precipitate filtered. Recrystallization from chloroform - 
ethyl alcohol and purification of the resulting mother 
liquors by preparative chromatography (silica gel - oxalic 
acid plates, ethyl acetate) produced (+)-N-l1-(2'-amino- 
pheny1)-A2Jl-enaminousnic acid (12) (1.191 g, 2.744 
mmol; 94701, pale yellow crystals, mp 185-186 "C; 
[(uIDz7 (CH3CN) +266' (C 0.030); uv (CH3CN) Amax 
349 (3.76), 293 (4.20), 228 (4.24); ir v,,, 3500, 3415 
(Ar-NH2), 3300-2400 (OH, NH, chelated), 1695 (C4, 
ketoenamine system), 1625 (C=O), chelated aromatic 
acetyl; C=C of en01 ether, aromatic ring), 1540 
( C 4 ,  chelated ketoenamine system); pmr 6 1.70 (3H, s, 
Cgb-CH3), 2.07 (3H, S, C8-CH3), 2.56 (3H, S, Cll-CH3), 
2.65 (3H, s, CG-COCH~), 4.09, (2H, br, N-C6H4-NH2), 
5.79 ( lH,  s, C4-H), 6.90 (4H, m, N-C6H4-NH2), 11.62 
(1H, s, C9-OH), 13.30 ( lH,  s, C7-OH), 14.39 ppm (lH, 
br, N-H); ms m/e 434 (Mf), 419 ( M  - 151, 302, 260, 
232, 217, 214, 201, 175, 133 (base peak), 92, 77, 65. Anal. 
calcd. for Cz4HZ2o6N2: C 66.34, H 5.10, N 6.64; found: 
C 66.19, H 5.25, N 6.41. High resolution molecular 
weight determination: calcd. : 434.148 ; found: 434.145. 

VI. o-Phenylenediamine. Preparation of (+)-IH- 
[Benzodiazepino[3,4-b]u.~~~ic Acid (13) (Id-Acetyl- 
1 I,  13-dil1ydroxy-2a,9a,IO,IOa-tetrahydro-9,IOaa, I2- 
trimethyl- 10-0x0- I H-[I ,5]benzodiazepino[3,4-b]- 
dibe~zzof~urat~ 

A suspension of (+)-N-2'-(1'-aminopheny1)-AZ.lI- 
enaminousnic acid (12) (100 mg, 0.230 rnmol) in absolute 
ethyl alcohol (9 ml) was treated with concentrated hydro- 
chloric acid (1 ml) and allowed to stand at room tempera- 
ture with occasional shaking for 4 h. The resulting deep 
red reaction mixture was poured into cold saturated 
sodium bicarbonate solution (20 ml) and the product 
isolated by extraction with ethyl acetate (3 X 15 ml). The 
combined extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated under reduced 
pressure. The red residue (87 mg) was recrystallized twice 
from ethyl acetate - ethyl alcohol to produce bright red 
needles of (+)-I H-[1,5]benzodiazepino[3,4-blusnic acid 
(13) (78.5 mg, 0.188 mmol; 82';,:), which decompose 
without melting at 180 'C; [a], (CH3CN) +92W (c 
0.025); L V  (CH3CN) A,,, (log E) 370 (3.09), 305 (4.13), 
288 (4.13), 226 (4.10); ir v,,, 3340 (N-H), 3050-2800 
(OH, chelated), 1700 (C=O), 1630 (-, chelated 

aromatic acetyl; C=C, en01 ether, aromatic ring), 1580 
(C=C, aromatic ring); pmr (CDC13-DMSO-d6) 6 1.65 
(3H, S, Cgb-CH3), 2.03 (3H, S, CII-CH3), 2.66 (3H, S ,  

C6-COCH3), 6.16 ( lH,  s, C4-H), 7.00 (4H, m, C6F4), 9.72 
(lH, br, N-H), 12.25 ( lH,  s, Cg-OH), 13.35 ppm (lH, s, 
C7-OH); ms tnle416 (M+, base peak), 401 (M - 15), 
387, 373, 284, 241, 133, 83, 77, 67. Atzal. calcd. for 
C Z ~ H ~ ~ O ~ N ~ :  C 69.21, H 4.84, N 6.72; found: C 69.71, 
H 4.80, N 6.59. High resolution molecular weight deter- 
mination: calcd.: 416.137; found: 416.135. 

Condensation of (-)-Dihydrousnic Acid (14) with 
o- Phenylenediamine. Formarion of(-)- N- 1'- 
(2'-Aminophenyl)-A~~~~-etzaminodi11ydrousnic Acid (15) 
(6-Acetyl-7,9-di/zydroxy-8,9ba-dimethyl-2-etl1,vlid- 
2,I I-ene-I ,9b,2,3,4,4a-/zexa/tydro-I I-N-It- 
(2'-aminop11enyl)- 1,3-dioxodibenzof~iran) 

A suspension of (-)-dihydrousnic acid (14) (250 mg, 
0.722 mmol) in absolute ethyl alcohol (20 ml) was treated 
with o-phenylenediamine (80 mg, 0.740 mn~ol), and 
heated to reflux under nitrogen atmosphere for 2.75 h. 
Upon concentration of the reaction mixture precipitation 
was observed. The solid material was then removed by 
filtration and purified by repeated crystallizations from 
chloroform-ethyl ether to yield pure (-)-N-1'-(2'- 
aminopheny1)-A2Jl-enaminodihydrousnic acid (15) (300 
mg, 0.688 mmol; 9553, rectangular pale yellow prisms, 
mp 179-181 "C; [aID27 (CH3CN) - 279' (c 0.0715); uv 
(CH3CN) A,,, 342 (3.76), 293 (4.21), 230 (4.15); ir r,,, 
3500, 3400 (Ar-NH2), 3000-2890 (OH, NH, chelated), 
1660 (C=O, ketoenamine system), 1620 ( C 4 ,  chelated 
aromatic acetyl; C-C, aromatic ring), 1545 ( C d ,  
chelated ketoenamine system); pmr 6 1.70 (3H, s, 
C9b-CH3), 2.05 (3H, S, C8-CH3), 2.48 (3H, S, C1l-CH3), 
2.60 (3H, S, Gj-CH3), 3.01 (2H, d, J 5 HZ, C4-Hz), 3.80 
(2H, br, N-C6H4-NH2), 4.86 (lH, t, J = 5 Hz, 
C4,,-H), 6.92 (4H, m, C6H4), 10.30 ( lH,  s, C9-OH), 13.40 
(lH, s, C7-OH), 14.20 ppm (lH, br, N-H); ms m/e 436 
(M+), 421 (M - 15), 276, 233, 203, 133 (base peak), 131, 
92. Anal. calcd. for C24H2406N2: C 66.04, H 5.54, N 6.41 ; 
found: C 65.95, H 5.62, N 6.34. High resolution molecu- 
lar weight determination: calcd. : 436.163 ; found: 
436.161. 

Preparation of (-)-Dihydrousnic Acid (14) (2,6-Diacetyl- 
8,9ba-dimef/zyl- I,9b,4,4a-tetrahydro-3,7,9-tri/rydroxy- 
I-oxodibenzofuran) 

(+)-Usnic acid (1) (2.0 g, 5.813 mmol) was dissolved in 
dry tetrahydrofuran (80 ml) and hydrogenated over 
Palladium-black catalyst (400 mg) at atmospheric pres- 
sure. After the uptake of 1 equiv. hydrogen, the reaction 
mixture was filtered through Celite, the solvent evapo- 
rated under reduced pressure, and the residue crystallized 
from ethyl alcohol to produce pure (-)-dihydrousnic 
acid (14) 2.01 g, 5.809 mmol; 99Lj/,), mp 150-151 "C (lit. 
(31) mp 149 "C); [aIDZ7 (CH3CN) -83' (C 0.30) (lit. (31) 
[aIDz4 -85'); UV A,,, (log s) 337 (3.44), 283 (4.38), 227 
(4.19); ir v,,, 3600-2900 (OH, chelated), 1680, 1635 
(-, enone system), chelated aromatic acetyl; C=C, 
aromatic ring); pmr (60 MHz) 6 1.70 (3H, s, Cgb-CH3), 
2.06 (3H, S, Cs-CH3), 2.60 (3H, S, C2-COCH3), 2.64 (3H, 
s, G-COCH,), 3.10 (2H, d, J = 5 HZ, C4-Hz), 4.86 ( lH,  
t, J = 5 HZ, C4,,-H), 9.50 (lH, S, Cg-OH), 13.45 (lH, S, 
C7-OH), 18.25 ppm (lH, br, C3-OH); ms m/e  346 (M+, 
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base peak), 318, 233, 220, 215, 205, 177. Anal. calcd. for 
Cl8HI8o7: C 62.42, H 5.23; found: C 62.49, H 5.30. High 
resolution molecular weight determination: calcd.: 
346.105; found: 346.105. 
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JOHN P. DEVLIN. Can. J. Chem. 54, 2804 (1976). 
The preparation of 8-oxo-8H-1,2,4-oxadiazolo[2,3-i]purines (1) and their mass spectral 

fragmentation patterns are described. Novel imidazol-5-yl-4H-l,2,4-oxadiazol-5-ones (5) are 
formed upon acid hydrolysis of 1. 

JOHN P. DEVLIN. Can. J. Chem. 54, 2804 (1976). 
011 dkrit  la synthese des 0x04 8H-oxadiazolo-1,2,4 [2,3-ilpurines (1) ainsi que leurs patrons 

de fragmentation en spectrom6trie de masse. Par hydrolyse en milieu acide de 1 on obtient de 
nouvelles imidazole-5-yl 4H-oxadiazole-1,2,4 ones-5 (5). 

[Traduit par le journal] 

Studies directed at the development of poten- 
tial immunosuppressive agents have led us to 
investigate novel modifications of the purine 
base, adenine. To this end we have prepared 
8-0x0-8H- 1,2,4-oxadiazolo[2,3-ilpurine (la) by 
the condensation of adenine-1-N-oxide (1) with 
ethyl chloroformate in pyridine. The chemistry 
and spectral properties of this compound and the 
3-benzyl analogue (lb) is herein presented. 

0. 

rapidly and quantitatively formed (4) by heating 
adenine- 1 -N-oxide in hydrochloric acid under 
reflux. With this behaviour in mind we were 
encouraged to investigate the acid stability of 
the oxadiazolo-purines (1). At room temperature 
in dilute aqueous acid l a  yielded 3-(4-form- 
amidoimidazol-5 -yl)-4H- 1,2,4-oxadiazol-5 -one 
(5a) which subsequently provided 5b when heated 
under reflux in methanolic hydrogen chloride. 
Compound l b  was unaffected by dilute aqueous 
acid; however, in methanolic hydrogen chloride 
the oxadiazole 5c was formed in low vield. The 
identities of these degradation prod;cts were 
established by spectral and analytical data as well 
as by the positive (imidazoyl derivatives) Pauly 
tests-(5) which were observed. 

5a Rl = CHO R2 = H 
5b RI = H R2 = H 
5c R1 = H RZ = CsHsCH2 

6-0xo-1,2,4-oxadiaz010[2,3-al~~ridine (2) has The relative intensities of the higher mass ions 
been prepared (2) thermO1~sis 2-(eth0x~car- in the mass spectra of compounds l a  and l b  are 
b a m o ~ l ) ~ ~ r i d ~ ~ ~ - ~ - ~ ~ ~ ~ ~  at 50 OC ; 2-0x0-1,2,4- presented in Table 1. The fragmentation pattern 
oxadiazolo[2,3-alquinoxaline (3) was similarly outlined in Scheme 1 is suggested. The formation obtained (3). The oxadiazolo-purines (1) were of the M - 16 fragment is of interest in that 
formed directly from the appropriate adenine-1- both the intermediary ions 6 and 7 may be 
N-oxide in high yield by reaction with ethyl considered. 
chloroformate in ~vridine. 

A, 

4-Aminoimidazole-5-carboxamidoxime (4) is Experimental 

(Revision received May 21, 1976. 
Melting points were determined on a Reichert Kofler 

Micro Heating Stage and are uncorrected. Ultraviolet 
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spectra were recorded in ethanol solution on a Bausch and 
Lomb Spectronic 505 and ir spectra (KBr pellet) on a 
Perkin-Elmer 237B spectrophotorneter. Nuclear magnetic 

DEVLIN 2805 

TABLE 1. Higher mass ions in the mass spectra 
of compounds la and lb 

Compound la Compound lb 

m / e  %* m / e  .LJo* Assignment7 

177 15 267 100 Mf 
161 3 25 1 3 a 

250 2 a - H  
135 100 225 37 b 

224 38 b - H 
119 4 209 2 c 
108 35 198 1 b - C N  
92 3 182 8 c - C N  

'Relative abundance. 
?See Scheme 1 .  

resonance spectra were taken on a Varian T-60 spectrom- 
eter. Tetramethylsilane was used as an internal standard. 
Mass spectra were recorded by Morgan Schaeffer Cor- 
poration, Montreal, Quebec, with a Hitachi-Perkin- 
Elmer RMU-6D spectrometer at an ionization potential 
of 70eV using the direct probe technique. Elemental 
analyses were determined by Microanalyses Laboratories 
Ltd., Toronto. 

8-0xo-8H-J,2,4-oxadiazolo[2,3-ilpurine (la) 
Ethyl chloroformate (40 g, 0.46 mol) was added drop- 

wise to a vigorously stirred suspension of adenine-I-N- 
oxide (30 g, 0.32 mol) in pyridine (750 ml) while the 
temperature was kept below 20 "C with external cooling. 
When the addition was complete (15 min), the reaction 
mixture was stirred at room temperature for 24 h, after 
which the gelatinous mass was heated to 95 "C and 
maintained at this temperature for 2 h. The resulting red 
solution was concentrated to 200ml and cooled. The 
insoluble material was collected and washed with cold 
pyridine (20 ml) and ether (2 X 50 ml). The crude prod- 
uct was shaken with water (150ml) and the insoluble 
solid was collected and air dried to  provide the title 
compound (52 g, 927'). Recrystallization from dimethyl- 
formamide-ethanol afforded colorless prisms, mp 248- 
249 "C, A,,, 260 (log e 4.03), 277 nm (log e 4.05); v,,, 
1802, 1775, 1640cm-1; nrnr (CD3SOCD3) 6 8.59 (s, lH), 
9.42 (s, 1H). Anal. calcd. for C6H3O2N5: C 40.69, H 1.71, 
N 39.54; found: C 41.13, H 1.78, N 39.40. 

3-Benzyl-8-oxo-8H-l,2,4-oxadiazolo[2,3,- ilpurine (lb) 
The title compound (9.0 g, 90%), mp 195-198 "C (from 

acetone), was obtained when 9-benzyladenine-1-N-oxide 
(6) (9.0g, 0.038 mol) in pyridine was treated with ethyl 
chloroformate (4.85 g, 0.045 mol) in the manner described 
for the synthesis of compound In. A,,, 260 (log e 4.00), 
270 (log E 4.20), 277 nm (log t 4.18); v,,, 1815, 1655, 
1545, 1512, 1499 cm-1; nrnr (CD3SOCD3) 6 5.57 (s, 2H), 
7.38 (s, 5H), 8.73 (s, lH), 9.48 (s, 1H). Anal. calcd. for 
CI3H9O2N5: C 58.42, H 3.39, N 26.21 ; found: C 58.59, 
H 3.45, N 26.60. 

3-(4-Formamidoimidazol-5-yo-4H- J,2,4-oxadiuzol-5-one 
(5a) 

A suspension of compound la (13.0 g, 0.0735 mol) in 
0.1 N hydrochloric acid (1000ml) was stirred at room 
temperature for 24 h. The insoluble solid was collected 
and washed with water (50ml) and acetone (50 ml). 
Recrystallization from dimethylformamide provided the 
title compound as colorless needles (9.1 g, 64Lr,), mp 
> 350 "C; v,,, 1775, 1760, 1675, 1630 cm-1; nrnr 
(CD3SOCD3) 6 7.68 (s, lH, C2-H), 8.33 (s, IH, CHO). 
Anal. calcd. for C6H5N503: C 36.93, H 2.58, N 35.89; . 
found: C 37.06, H 2.43, N 35.61. 

3-(4-Aminoimidazol-5-y~-4H-1,2,4-oxadiazol-5-one (56) 
A suspension of compound 5a (7.0 g, 0.036 mol) in 

methanol (250 ml) containing hydrogen chloride (1.5 g, 
0.041 mol) was heated under reflux for 1 h. The reaction 
mixture was cooled and the insoluble solid (5.8 g) was 
collected and recrystallized from methanol-ether to 
provide the title compound, as the hydrochloride (4.0 g, 
55%), mp 200 "C (chars); A,,, 276 nm (log t 3.99); v,,, 
1775, 1730, 1650, 1635cm-I; nrnr (CD3SOCD3) 6 8.75 
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(s, lH,  C2-H). At~al .  calcd. for C5H5N5O2.HCl: C 29.49, Acknowledgment 
H 2.97, N 34.40, CI 17.42; found: C 29.64, H 3.1 1, N 
34.20, Cl 16.80. The author gratefully acknowledges the tech- 

3-(3-Ber~zyl-4-rrmi~1oin1iduzol-5-).l)-4H-l,2,4-oxc1diuzol-5- nical assistance of Mrs. I. Guse. 
o~ze (5c) 

A suspension of compound 16 (2.8 g, 0.0105 mol) in 
methanol (100 ml) containing hydrogen chloride (0.44 g, 
0.012 mol) was heated under reflux for 1 h. The resulting 
solution was cooled, filtered, and evaporated to dryness. 
The residue was recrystallized from acetone to provide 
the title compound, mp 21 1-214 "C (0.6 g, 22%); A,,, 
276nm (log c 4.24); v,,, 1745, 1630, 1596cm-1; nmr 
(CD3SOCD3) 6 4.83 (br s, 2H, -NH2), 5.17 (s, 2H, 
-CH2-), 5.73 (br s, 1H, -CONH-), 7.3 1 (s, 5H, 
C6H5-), 7.38 (s, lH, C2-H). A17crl. calcd. for C12H1102N5: 
C56.02, H4.31. N27.23; found: C56.01, H4.42, N 
27.39. 
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Pulse radiolytic formation of solvated electrons in hydrazine' 
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WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER, and FRED CHARLES SOPCHYSHYN. 
Can. J. Chem. 54,2807 (1976). 

The spectrum and yield of solvated electrons in anhydrous hydrazine have been investigated 
by pulse radiolysis. At room temperature the optical absorption band has a maximum at 1.22 eV 
(1015 nm) with a molar extinction coefficient of 2.2 + 0.1 x lo4 M-' cm-' and a temperature 
coefficient of 1.5 x lo-= eV deg-' from 7-45 "C. The oscillator strength is estimated to be 0.6. 
The optical transition energy is in reasonable agreement with an empirical correlation of solvent 
properties proposed by Freeman provided that only the polarisability of the nitrogen lone-pair 
electrons contribute to Em,,. Comparisons are made with liquid amides which also have lone- 
pair polarisable groups and with water and liquid ammonia which have physi~al properties very 
similar to hydrazine. Electron yields increase from GeS- = 2.35 i 0.15 in pure hydrazine to 
2.65 + 0.15 in basic solutions containing 20.1 M sodium hydrazide. 

WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER et FRED CHARLES SOPCHYSHYN. 
Can. J. Chem. 54,2807 (1976). 

Le spectre et le rendement des electrons solvatb dans l'hydrazine anhydre ont etC etudies 
par radiolyse a impulsion. A temperature de la piece la bande &absorption optique presente un 
maximum a 1.22 eV (1015 nm) avec un coefficient d'extinction molaire de 2.2 + 0.1 x lo4 
M-' cm-' et un coefficient de temperature de 1.5 x eV deg-' entre 7 et 45 "C. La force 
d'oscillateur est evalute a 0.6. L'energie de la transition optique donne un accord raisonnable 
avec une correlation empirique des proprittes du solvant proposee par Freeman, pourvu 
que seulement la polarisabilite de la paire d'electrons libres de I'azote contribue au Em,,. Des 
comparaisons sont faites avec des amides liquides qui ont aussi des groupements polarisables 
a doublets libres et avec I'eau et l'ammoniac liquide qui ont des proprietes physiques tres 
similaires a l'hydrazine. Les rendements des electrons augmentent de G,$ = 2.35 & 0.15 
dans l'hydrazine pure a 2.65 + 0.15 en solution basique contenant des quantites 20.1 M 
d'hydrazide de sodium. 

[Traduit par le journal] 

Introduction 
Optical properties of solvated electrons are 

now well established in a wide range of solvents 
of differing molecular structure and dielectric 
properties (1-4). Hydrazine is an interesting 
solvent in that its physical properties resemble 
both water and liquid ammonia. It is a highly 
polar solvent with a dielectric constant of 51.7 
and a dipole moment of 1.85 D (6.17 x 
C m) at 25 "C (5, 6). Alkali metals are readily 
soluble in hydrazine but unlike liquid ammonia 
(3,4, 7, 8) do not produce stable blue solutions. 
However, on dissolution an intense blue color is 
observed at the surface of an alkali metal indicat- 
ing the transient formation of solvated electrons. 
Surprisingly, little information exists on the op- 
tical properties of es- in hydrazine although an 
absorption band with no clearly defined maxi- 

'AECL No. 5489. 

mum below 1100 nm has been reported (9). 
This paper discusses our observations on the 
spectrum and properties of es- in hydrazine 
and compares the data with an empirical cor- 
relation proposed by Freeman (10). 

Experimental 
Details of the pulse radiolysis facilities and solution 

handling techniques have been described elsewhere (1 1- 
13). Hydrazine (>950/0, Eastman Kodak Co.) was dried 
over BaO, redistilled under vacuum, and followed by 
further reaction with sodium until an intense blue color 
persisted at the metal surface. After a further distillation 
the hydrazine was assumed to be anhydrous. 

Results and Discussion 
Spectrum 

Figure 1 shows the transient optical spectrum 
observed at 20 OC immediately after 'a 0.3 ,us 
pulse in pure hydrazine and in solutions con- 
taining 0.1 M sodium hydrazide. Within experi- 
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FIG. 1.  Optical absorption spectrum observed immediately after the pulse in hydrazine: 0, pure 
hydrazine; + solutions containing 0.1 M sodium hydrazide. 

mental error, identical spectra were obtained at 
intermediate concentrations of the solvent base 
or in solutions saturated with NaOH. The band 
maxima occurs at 9850 cm-' (1015 nm) with a 
width at half height, Av,,,, of 6100 + 100 cm-'. 
Increasing the temperature shifts the maximum 
towards lower energies with a temperature 
coefficient of - 1.5 + 0.2 x eV deg-' 
(- 12 f 2 cm-' deg-') over the range 7-45 "C. 
In the presence of biphenyl as an electron 
scavenger the absorption band is eliminated 
completely with the concomitant formation of 
the biphenyl radical anion. 

The above behaviour is characteristic of e,- 
in a variety of polar solvents (14-21) and taken 
in conjunction with the earlier report (9) leaves 
little doubt that the spectrum in Fig. 1 arises 
from e,- in hydrazine. 

Freeman (10) has correlated the optical ab- 
sorption maximum, Emax (eV), for e,- in a 
number of amines, ethers, alcohols, ammonia, 
and water with the expression Dsdg:ap where 
Ds is the static dielectric constant of the liquid, 
d is the density, g, is the Kirkwood correlation 
parameter (22,23), and a, is the polarisability of 
the polar group in the molecule. The factor g, 
indicates the extent to which molecules align 

themselves with respect to their neighbours. A 
value greater than 1 indicates a greater local 
polarity in the microscopic regions of the liquid 
than would be expected simply from the dipole 
moment. Values of g, are calculated from 
[11(10). 

where M is the molecular weight, N is Avo- 
gadro's number, a is the molecular polarisability, 
p is the molecular dipole moment in the liquid 
phase, k is Boltzmann's constant, and T is the 
absolute temperature. Liquid-phase values of p 
are estimated via [2]. 

where p, is the vapor phase dipole moment and 
n the refractive index of the liquid (24, 25). 
Bond refraction data (26-28) were used to 
calculate a for hydrazine. 

Figure 2 shows a plot of Emax us. DSdg2a, for 
hydrazine and the various liquids considered by 
Freeman. If, in the case of hydrazine, a, is 
taken to be equivalent to a then the correlation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SEDDON ET AL 

FIG. 2. Freeman correlation of optical absorption maxima with solvent properties: 0, water, 
alcohols, ethers, ammonia, and amines (10); a, hydrazine using up for N-H bond; 7, hydrazine 
using up for -NH, bonds; 0, amides (29); A, HMPA (30); x , revised values for amides and HMPA 
using p (D) and up (see Table 1 and text). Inset shows the correlation of optical absorption maxima 
with D, for NH,, N,H,, and H,O. 

fails. However, if a, is governed only by the 
polarisability of the N-H bond (which in- 
corporates the polarisability of the nitrogen 
lone-pair electrons (26)) then reasonable agree- 
ment with Freeman's data is achieved. Alterna- 
tively, since g, only emphasizes the importance 
of solvent structure and local ordering in 
determining Emax, it may be that the exponent 
for hydrazine is <3. The inset also shows a 
simple correlation between Emax and D, for 
NH,, N2H4, and H 2 0  at room temperature. 

It is worth noting here that the results 
obtained by Dorfman and co-workers for the 
liquid amides (29) and hexamethylphosphor- 
amide (HMPA) (30) were also considered 
anomalous (see Fig. 2). Again, in these cases 
a, was taken as equivalent to a, an assumption 
which seems inconsistent with the premise that 
the significant e,--solvent interactions respon- 
sible for Em,, are short range and associated 
with the polar groups of the molecule (10). 
Furthermore, the dipole moments which sig- 
nificantly affect g ,  were apparently not corrected 
to the liquid values. By analogy with hydrazine 
it would therefore seem more reasonable to 
utilize the N--C bond polarisabilities to estimate 

a, for the amides and HMPA. Data revised in 
this manner are in accord with Freeman's 
correlation and are presented in Fig. 2 and 
Table 1 along with the comparative values for 
hydrazine, NH,, and H20. 

Although this approach is purely empirical 
the use of bond polarisabilities is entirely con- 
sistent with the mounting evidence that short- 
range interactions are largely responsible for 
the binding and transition energies of e,- 
(31-34). The revised correlation with respect to 
the amides suggests as in HMPA (20, 33, 34) 
that the electron is situated in the alkane-like 
environment of the positive ends of the molecular 
dipoles with, as in the branched alkyl alcol~ols 
(34), the optimum configuration of e,- being 
sensitive to steric hindrance. 

Yield, Extinction Coeficient, and Oscillator 
Strength 

In common with our other studies (14) both 
the yield and extinction coefficient were deter- 
mined by comparison with GE (anion) in the 
presence of biphenyl (B) as an electron scavenger. 
Because of limited solubility biphenyl con- 
centrations were < lo-, M. For each con- 
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TABLE 1 .  Solvated electron transition energies and solvent properties at -25 "C" 

Value 

Parameter N2 H4 NH3 H2O DMF DMA DEF HMPA 

Emax (eV) 1.22 0.67 1.73 0 .74 0.69 0 .70 0.56 
4 51.7 16.9 78.5 36.7 40.2 29.6 30 
d (g/cm3) 1 .004 0.603 0.997 0.945 0.937 0.903 1 ,024 
n 1.47 1.33 1.33 1.428 1.437 1.434 1.457 
P,  (D) 1.85 1.46 1.85 4.13 4.60 4 .30 5.30 
P (D) 2.54 1.70 2.31 5.45 6.15 5.72 7.15 
a ( x 1 P4 cm3) 3.50 2.16 1.46 7.84 9.69 11.54 18 
a, ( x l P 4  cm3) 0.70 2.16 1.46 1.77 1.77 1.77 3.54 
gk 2.74 1.64 2.70 1.03 1.05 1.08 1.05 
Dsdgk3a, ( x loz3 g) 74.7 9 .7  225 6 . 7  7 . 7  6 . 0  12.6* 

"See refs 10, 29, 30,45 and text for further detalls 
bInclud~ng N-P bonds thls value Increases to 17 8 

centration yields were calculated from linear Furthermore the relative extinction coefficient 
plots of optical density against the energy for the 400 to 630 nm bands corresponds to 
absorbed per pulse for doses < 1 x loZ0 eV I-' 3.2 f 0.1 in excellent agreement with the ratio 
assuming the extinction coefficients cB- = 4 x reported in THF (35) and isopropanol (41). 
104 and 1.25 x lo4 M-' at 410 and 640 nm, Consequently we find no evidence for a sig- 
respectively (35). On this basis we find that nificant difference in the extinction coefficients 
Ges- = 2.35 + 0.15 and by comparison with of B- with a change in solvent. Since indepen- 
GE at 1015 nm in the absence of B, then E,~,,,, = dent measurements of G,,,- in liquid ammonia, 
2.2 + 0.1 x 104 M-' cm-'. The addition of in the presence or absence of B, are all self- 
base, either as 0.1 M sodium hydrazide or in consistent (14, 19, 36, 37, 42), this supports the 
solutions saturated with sodium hydroxide, assumption that E,- (400 nm band) is 4 x lo4 
enhances the yield to GeS = 2.65 0.15. This M-' cm-'. 
value is identical to that observed in aqueous The oscillator strength, f ,  of the es- absorp- 
solutions (15) but less than G,,, = 3.2 ob- tion band in hydrazine can be estimated from 
tained in liquid ammonia (14, 19, 36, 37). the approximation (43). 

It has been indicated recently that the maxi- f - 4.32 x lop9 E ~ ~ ~ A v ~ ~ ~  mum extinction coefficient for B- is solvent 
dependent (38). Absolute values of 1.9 and Substituting the values for E,,, and Avl12 
3.1 x 104 M-' cm-' have been reported for deduced above gives f = 0.58. Assuming the 
the 400 nm band in water (39) and NH, (38), spectrum is described by a Gaussian-Lorenztian 
respectively. These differ considerably from shape function (44) and then correcting for the 
that assumed in this and previous work (14) on internal field of the solvent (16) gives a com- 
the basis of conventional spectrophotometric parable value f = 0.61. This oscillator strength 
techniques (35). We have re-examined the B- is in accord with the values of 0.65, 0.62, 0.68, 
spectrum in both pure and basic solutions of and 0.54 + 0.15 for e,- in water and ND, (16), 
ND,, methylamine, ethylamine (40), and hydra- ethers (44), and HMPA (49, respectively, all 
zine and normalized such spectra relative to corrected for the influence of the internal field. 
those reported in NH, (38) and tetrahydro- 
furan (THF) (35). Apart from slight (k2-3 Decay of e,-and Reaction with Biphenyl 
nm) shifts in band maxima excellent overlap The half-life of es- in hydrazine decreases 
was obtained for NH,, ND,, and THF solutions. with increasing dose per pulse and increases in 
For ethylamine, methylamine, and hydrazine basic solutions. At doses ranging from - 3- 
solutions the shoulder at -375 nm was not 25 x 10'' eV 1-' initial half-lives decrease 
clearly resolved but otherwise the B- spectra from -7 to 3 ps in pure hydrazine and in 
are, within experimental error, also super- 0.3 M sodium hydrazide solutions from -20 
imposable on the ammonia and THF spectra. to 12 ps. The overall decay kinetics are complex 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SEDDON ET AL. 2811 

and have not been investigated in any detail. 
However, it is clear that mixed first and second 
order processes are involved with the latter 
becoming more dominant in basic solutions at 
the higher doses. This behaviour is typical of 
other systems involving reactions of es- with 
impurities, radiolytically produced radicals, 
and positive ions (45). 

Since in basic solutions initial half-lives are 
dose dependent and exceed 50 ,us at doses 
< 1 x 10" eV 1-' it is evident that the reaction 
of es- with hydrazine itself is extremely slow. 
Since a blue color is observed on dissolution of 
an alkali metal we estimate, using the mathe- 
matical model described previously (46), that 
k(e,- + N2H4) d 3 x lop2 and k(e,- + es-) < 
3 x lo3 M-' s-', respectively. Such rate con- 
stants are orders of magnitude less than the 
corresponding values of 16 and 6 x 10' M-' s-' 
observed in water (15), but apparently greater 
than in liquid ammonia where blue solutions 
due to the presence of e,- are extremely stable 
(3, 4, 7, 8). The very slow rate of reaction of es- 
with hydrazine is also in accord with previous 
observations in liquid ammonia (47). 

The reaction of es- with biphenyl was 
monitored by observing the decay of e,- at 
1015 nm and the corresponding growth of B- 
at 410 nm. Excellent agreement between both 
sets of data gave k(es- + B) = 2.2 + 0.2 x 
10" M-' sf' which can be compared with 
values of 8 x 101° and 1.2 x 101° M-' s-' 
determined with NH, (38) and water (39) 
respectively. 
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Thermal pressure and energy-volume coefficients 
for the acetonitrile + water system 
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DAVID F. GRANT-TAYLOR and DIGBY D. MACDONALD. Can. J. Chem. 54,2813 (1976). 
Densities and thermal pressure coefficients for the acetonitrile + water system at tempera- 

tures from 298.15 to 328.15 K are reported. These data are used to derive expansivities, energy- 
volume coefficients, cohesive energy densities, isothermal compressibilities, and derivatives of 
entropy with respect to pressure. The variation of these parameters with composition and 
temperature is described. 

DAVID F. GRANT-TAYLOR et DIGBY D. MACDONALD. Can. J. Chem. 54,2813 (1976). 
On rapporte les densites et les coefficients de pression thermique du systtme acttonitrile + 

eau a des tempkratures allant de 298.15 a 328.15 K. On utilise ces donnees pour deriver les 
expansivitees, les coefficients energie-volume, les densites d'energie cohesive, les compressi- 
bilitts isothermes et les derives de l'entropie par rapport a la pression. On decrit la variation de 
ses paramttres avec la composition et avec la temperature. 

[Traduit par le journal] 

Introduction 
The acetonitrile + water system has been 

frequently used as a medium for the study of 
both kinetic and equilibrium phenomena. 
Recent investigations (1 -3,22) have shown that 
this system exhibits a number of unusual 
features in the variation of the excess functions 
of mixing with composition. Thus, at 298.15 K 
the excess Gibbs energy and enthalpy of mixing 
are both positive, whereas the excess volume of 
mixing is negative, over the entire range of 
composition. Furthermore, the excess entropy 
of mixing at constant pressure is negative at 
acetonitrile mole fractions less than 0.65, but is 
positive for higher organic compositions. In 
contrast, the acetone + chloroform system (4), 
which exhibits strong intercomponent hydrogen 
bonding, is characterized by negative values for 
all four excess functions over the entire range of 
composition. The tert-butanol + water system 
(9 ,  on the other hand, exhibits positive and 
negative values for GE and (TSpE, VE), respec- 
tively, at all compositions, but HE changes from 
negative to positive as the mole fraction of tert- 
butanol is increased through 0.45. The excess 
function of mixing behavior suggests, therefore, 

'Present address: Chemistry Division, Department of 
Scientific and Industrial Research, Petone, New Zealand. 

'Present address: Department of Chemistry, University 
of Calgary, Calgary, Alberta, Canada. To whom cor- 
respondence should be addressed. 

that the acetonitrile + water system occupies a 
position interniediatory between the strong 
intercomponent interaction case of the acetone 
+ chloroform system and the entropy domi- 
nated hydrophobic tert-butanol + water system. 

As part of our continuing study of the PVT 
properties of binary systems, we report in 
this paper thermal pressure coefficients 
(P = (apldT),) and densities for the acetonitrile 
+ water system. Previous work in this series 
(6-9) has demonstrated that P, and the derived 
energy-volume coefficient are sensitive to 

changes in the 'structure' of a binary system as 
the composition is changed. Accordingly, these 
parameters, together with the temperature 
derivative of f l ,  are well suited as probes for the 
study of bin& liquid mixtures. - 

Experimental 
Materials 

A.R. acetonitrile was distilled from a mixture containing 
KMnO, and Na'CO,, as described by O'Donnell et al. 
(lo), with the fore and aft 10% cuts being discarded. The 
distillate was then fractionally distilled through a 30 cm 
Vigreux column with the cut boiling at (354.9 k 0.1) K 
being retained and stored under nitrogen in amber bottles 
for later use. The purified acetonitrile was degassed 
immediately before use and exhibited the followingproper- 
ties: Boiling temperature: (354.9 f 0.1) K at 0.1 MPa; 
this compares with literature values of 353.3 K (1 1) and 
355.2 K (10) at 0.1004 MPa. Refractive index: 
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TABLE 1. Isobaric coefficients of thermal expansion (a) for the acetonitrile + water system 

~ / 1 0 - ~  K-l 

XCH,CN 298.15 K 308.15 K 

0.0000 2.60 (2.57)" 3.43 (3.46)" 
0.0401 2.61 3.75 
0.1942 8.21 8.09 
0.2840 9.15 9.61 
0.3736 9.91 10.75 
0.4431 11.07 11.39 
0.5438 11.88 12.34 
0.6750 11.48 11.80 
0.7809 13.53 13.84 
0.8832 13.92 14.12 
1 . 0000 13.71 14.31 

"Values in parentheses taken from ref. 15. 

n(293.15 K) = 1.3442; literature values range from 
1.34338 (12) to 1.3444 (2). Density, p = 777.8 kg m-3 
at 298.15 K; literature values range from 776.7 (13) to 
785.6 (11) kg m-3 at 293.15 K. The latter value is equi- 
valent to 781.3 kg m-3 at 298.15 K. Analysis by glc showed 
less than 0.1% by weight impurity, calculated as water. 

Double distilled water was degassed by the freeze- 
pump-thaw method immediately before use. All 
acetonitrile + water mixtures were prepared by weight. 

Apparatus and Method 
The constant volume cell and associated apparatus for 

the measurement of the thermal-pressure coefficients of 
liquid systems has been described (7,9). Pressure/tempera- 
ture isochores were measured over the 0.1 to 40 MPa 
pressure range with data being collected in both the ascend- 
ing and descending directions. The temperature of the 
pressure vessel contents, including the constant volume 
cell, was measured with a calibrated platinum resistance 
thermometer encapsulated in a high temperature epoxy 
resin. The previously described (7, 9) procedures were 
adopted to ensure thermal equilibration of the cell 
contents with the pressurising and thermostat fluids. 

Volumes of the liquid mixtures were measured over the 
298.15 to 328.15 K temperature range using a mercury 
displacement dilatometer similar in design to that des- 
cribed by Gibson and Loeffler (14). The dilatometer was 
thermostatted in a water bath to better than f 0.005 K at 
298.15 K and f 0.01 K at 323.15 K. All weighings of the 
dilatometer and contents, and the displaced mercury, 
were corrected to masses. The dilatometer was calibrated 
using degassed dopble distilled water and triple distilled 
mercury. The precision of the calibrated volume was 
&0.002% as determined by multiple measurement. 

Results 
Coeficients of Thermal Expansion 

The dilatometric technique employed in this 
work yielded volume/temperature data directly. 
These data were then used to calculate mean 
expansivities over the temperature interval TI 
to T2 (T2 - TI = 10 K) according to eq. 2. 

PI ( ~ ) = ( v 2 - v l ) / < V ) ( T 2 - T l )  

where (V) = (V, + V2)/2. This procedure is 
numerically equivalent to that described by 
Gibson and Loeffler (14), although it is without 
the refinement of separating out the second order 
V/T coefficient. The V us. T curves for fixed 
compositions were sufficiently monotonic that 
the difference between (a), as calculated using 
eq. 2, and the true expansivity a = (a V/dT)/ V 
is small, and well within experimental error. 
Numerical values for (a) are listed in Table 1 for 
four temperatures over the range 298.15 to 
328.15 K. The precision of the values is esti- 
mated to be better than + 2%. Liquid densities 
were calculated from the volume/mass data and 
are given in Table 2. The values have an esti- 
mated precision of f 0.01%. 

Thermal Pressure Coeficients 
Plots of applied pressure us. temperature for 

apparent constant volume of the system were 
found to be linear and reproducible with respect 
to ascending and descending pressure/tempera- 
ture changes. Therefore, the (p,T), data were 
fitted with the equation 

[31 P = BappT + C 

where flap, is the observed thermal pressure 
coefficient. The flap, values were then corrected 
for the finite expansion and compression of glass 
in the usual manner (7, 8, 16). 

Corrected thermal-pressure coefficients for 
the acetonitrile + water system are listed in 
Table 3 as a function of temperature and com- 
position. In view of the probable errors in 
temperature (k0.01 K) and in pressure 
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* 

TABLE 2. Densities ( p )  for various acetonitrile + water mixtures 
as a function of temperature 

TABLE 3. Thermal-pressure coefficients (P) for the acetonitrile + water system 

T / K  P/105 Pa K-' T / K  Pa K-' T / K  P/105 Pa K-' 

"Mole fraction acetonitrile. 
bValues in parentheses taken from ref. 4. 

( f  0.02 MPa) the precision of the thermal- can be related to the cohesive energy density, 
pressure coefficients is better than +2%. Good AUv/ V ,  by 
agreement is found with data taken from the [4] (au/a V ) T  I n ( A U v / v )  
literature. 

Plots of B against T for various compositions where AUv is the energy of vaporization of the 

of the binary system were found to be linear. mixture to the perfect gas state, and n is an 

Values for (aB/aT),  were calculated directly parameter which is to One for a 

from the plots and are listed in Table 4. van der Waals fluid (17). The energy of vaporiza- 
tion of a real liquid mixture to the perfect gas 

Energy-Volume Coeficients and Cohesive state may be calculated using the following 

Enerav Densities expression (7 )  

The ene;gy-volume coefficient of the system [5]  AUv - x1AHv,, + x2AHV,, - H E  - RT 
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TABLE 4. Thermal-pressure coefficients (B), energy-volume coefficients ((auld V),), cohesive 
energy densities ( A U J V ) ,  parameter n, and values for (dpldT),  for the acetonitrile + water 

system at 298.15 K 

Mole fraction 8" ( a u l a v ) ,  (Ac i , /V )  (ap/aT)" 

acetonitrile lo5 Pa K-' 10' Pa lo9 Pa n lo5 Pa K-' 

"Estimated precision f 2%. 
'Estimated uncertainty = f 0.015 x lo5 Pa K-'. 

TABLE 5: Coefficients of isothermal compressibility ( K )  

for the acetonitrile + water system 

K / I O - ,  Pa-' 

"Values given in ref. 15. 

where AH,,, and AH,,, are the enthalpies of 
vaporization of components 1 and 2, respec- 
tively, to the perfect gas state, and HE is the 
excess enthalpy per mole of mixture. Enthalpy 
of vaporization (18) and mixing (19) data were 
combined with molar volumes calculated from 
the densities given in Table 2 to yield the values 
for (AU,/V) listed in Table 4. These data were 
then combined with the energy-volume coeffi- 
cients (Table 4) to yield values for the parameter 
n (Table 4) using eq. 4. 

Isothermal Compressibility 
Coefficients of isothermal compressibility, 

K = -(a In Vjap),, were calculated using eq. 6 
from interpolated values forb  and a at tempera- 

tures of 298.15 and 318.15 K 

and are given in Table 5. The values are con- 
sidered accurate to + 3%. The compressibilities 
obtained in this work for water (0.45, x lop9 
and 0.44, x lop9 Pa-' at 298.15 and 318.15 K, 
respectively) are in excellent agreement with the 
values of 0.4524 x and 0.4415 x 
Pa-' quoted in the literature (15) for the same 
temperatures. 

Discussion 
Energy- Volume Coeficients and Cohesive 

Energy Densities 
The energy-volun~e coefficients, cohesive 

energy densities, and values for n, for the 
acetonitrile + water system at  298.15 K are 
plotted as a function of composition in Fig. 1. 

Both P (Table 4) and the energy-volume 
coefficient (Fig. 1) are found to pass through a 
maximum at x z 0.3, i.e. at this composition 
the internal energy and entropy of the system are 
most susceptible to isothermal increase in 
volume. Other aqueous-organic mixtures, in- 
cluding methanol + water (8), dimethyl sulfox- 
ide + water (7), and tert-butanol + water (8) 
exhibit similar maxima in the highly aqueous 
region of composition. On the other hand, 
dimethyl sulfoxide + methanol system (9) 
exhibits a maximum in (aU/d V),at x(DMS0) = 

0.5, as well as a temperature dependent minimum 
at a slightly higher DMSO mole fraction. 

Both the cohesive energy density, (AUV/V), 
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0 
0 0 2  0 4  0 6  0 8  10 

X ~ ~ 3 ~ ~  

FIG. 1 .  Energy-volume coefficients, (dU/aV) , ,  cohe- 
sive densities, ( A U J V ) ,  and values for the parameter n, 
eq. 4, plotted as a function of composition at 298.15 K. 

and n show monotonic variations with compo- 
sition, with the possibility of a small maximum 
in the latter quantity at high acetonitrile mole 
fractions. It is evident from the data plotted in 
Fig. 1 that the maximum in (aU/aV), arises 
from the non-compensatory behavior of the 
cohesive energy density and n. Thus, on the 
water-rich side of the maximum, the dominant 
term on the right hand side of eq. 4 is n, whereas 
at higher mole fractions the energy-volume 
coefficient behavior of the system is determined 
principally by the cohesive energy density. 

Previous work by a number of investigators 
(20, 21) has shown that n - 1 for those liquids 
which are generally regarded as weakly inter- 
acting and approximate to the van der Waals 
model. On the other hand, strongly interacting 
systems are characterised by small values for n, 
particularly those liquids which are extensively 

- 0.1 
0 0.2 0.4 0.6 0.8 1.0 

X ~ ~ 3 ~ ~  

FIG. 2. Plot of (a/3/aT), us. composition for the acetoni- 
trile + water system at 298.15 K. 

hydrogen bonded (i.e. the alcohols and water). 
Thus, the data plotted in Fig. 1 suggest that in 
the higher aqueous region of composition (i.e. 
on the aqueous side of the maximum) the 
behavior of (a Lr/a V), reflects principally 
changes in the extent of hydrogen bonding in 
the system. At higher mole fractions, the effect 
of the addition of the acetonitrile cosolvent 
upon the cohesive energy density of the system 
(which reflects contributions to the energy of 
the system from all types of interactions) is more 
than sufficient to dominate cosolvent induced 
changes in the state of-hydrogen bonding. 

The temperature dependence of P{(aP/aT), = 
[a(aS/aV),/aT],) at 298.15 K is plotted as a 
function of composition in Fig. 2. This param- 
eter is seen to decrease rapidly upon the addition 
of acetonitrile from an initial value of 0.226 x 
lo5 Pa K-2 for pure water and changes sign at 
approximately 30 mol% acetonitrile. Further 
addition of cosolvent has little effect upon 
(aP/aT),, and in this respect the acetonitrile + 
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TABLE 6. Numerical values for (dS/dp), for acetonitrile + 
water mixtures at various temperatures 

-(aS/ap)T10-9 J mol-I K-I Pa-'" 

water system is similar to the other organic 
cosolvent + water systems which have been 
studied (6-9). 

There is no need to stress here the abnormal 
behavior of liquid water, as this topic has been 
treated in detail elsewhere (23). A number of 
modern theories (23) propose that liquid water 
consists of a dynamic equilibrium involving 
open 'flickering cluster' configurations of 
hydrogen bonded water molecules. Because of 
the tetrahedral hydrogen bonding capabilities 
of individual water molecules, the open 'flicker- 
ing clusters' are not favored at small volumes, 
and for these configurations (aS/aV), is nega- 
tive. With increasing temperature, however, the 
clusters tend to break down, and their contri- 
bution to the total (aS/aV), of the liquid is less 
negative, i.e. the clusters contribute a positive 
component to the overall (a/?/dT) term for the 
~ y s t e m . ~  With the addition of 'structure break- 
ing' acetonitrile, the cluster contribution is 
reduced since the clusters are broken down (24), 
either by direct intermolecular interaction with 
the cosolvent or by the bulk dilution effect which 
will tend to shift the cluster-size distribution 
towards smaller configurations. Thus, the added 
cosolvent will decrease the cluster contribution, 

31t is important to note that the cluster contribution is 
not dominant in determining the sign of P at 298.15 K, 
since the observed thermal pressure coefficient is positive. 
However, for water in the temperature range 273.15 to 
277.13 K, P is negative. In this case, few of the 'flickering 
cluster' configurations have been disrupted by thermal 
agitation, and the sign of (dS/aV), for the system is 
determined by the influence of volume change on the 
stability (and hence the entropy) of the water clusters. 

such that at 30 mol% acetonitrile this positive 
contribution is balanced by the negative one 
which arises from 'normal' intermolecular inter- 
action (7, 8). It is apparent, therefore, that the 
cluster contribution dominates in determining 
the sign of (a/?/aT) for water and for acetoni- 
trile + water mixtures with less than approxi- 
mately 30 mol% acetonitrile. In this respect, 
these systems may be described as 'essentially 
aqueous' in nature, whereas mixtures containing 
greater amounts of acetonitrile exhibit the same 
type of behavior as the 'normal' non-aqueous 
systems mentioned above. 

The effect of pressure on the structure of a 
liquid may be examined using the derivative 
(dS/dp), = -aV, where cc is the isobaric 
coefficient of thermal expansion. Numerical 
values for (aS/dp), for various mixtures of 
acetonitrile and water at four temperatures in 
the range 298.15 to 328.15 K are given in Table 
6. The values at all temperatures are negative, 
i.e. the entropy of the system decreases with 
increasing pressure, and increase monotonically 
with composition. Furthermore, the derivative 
[d(dS/dp)/aT], is also negative for all mixtures 
studied and, again, tends to increase with x. 
Similar trends were found for the methanol + 
DMSO (9), although in this case it appears that 
[a(aS/ap)/aT], is positive for low DMSO mole 
fractions. 

Compressibility 
The coefficients of isothermal compressibility 

listed in Table 5 for T = 298.15 K exhibit an 
initial decrease upon the addition of acetonitrile 
to water. At mole fractions of cosolvent greater 
than 0.1, however, K increases monotonically 
with composition. The initial decrease in K 

upon the addition of organic cosolvent to water 
is generally observed for other aqueous-organic 
solvent systems (25). At 31 8.15 K, K increases 
monotonically with cosolvent mole fraction 
over the entire range of composition. 

The isothermal compressibility of a thermo- 
dynamically ideal mixture is given as (9) 

where V1O and VZ0 are the molar volumes of 
components 1 and 2, respectively, and v;* is 
the volume of the ideal mixture at mole fraction 
composition x,, x2 = 1 - x,. Therefore, the 
excess isothermal compressibility is defined as 
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GRANT-TAYLOR AND MACDONALD 2819 

(Fig. 3), even though the compressibility itself is 
clearly temperature dependent over the entire 

o range of composition (Table 5). 

FIG. 3. Plot of the excess isothermal compressibility 
( K ~ )  as a function of composition for the acetonitrile + 
water system at 298.15 and 318.15 K. 

and is plotted as a function of composition in 
Fig. 3 for temperatures of 298.15 and 3 18.15 K. 
At both temperatures uE is negative, and passes 
through an extremum at x - 0.3, in contrast to 
the composition of 1 1 0  mol% acetonitrile at 
which K was observed to pass through a 
minimum at 298.15 K. The negative maximum 
in K~ occurs at the same composition as the 
extrema in (aU/l/aV),, SPE (negative maxima) 
(l), and the excess volume of mixing (1, 22). 

Finally, temperature is found to have 
remarkably little effect upon the excess com- 
pressibility of the acetonitrile + water system 
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13C & nuclear magnetic resonance study of molecular motion: 
rotational barriers in hindered methyl groups 
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DAVID E. AXELSON and CLIVE E. HOLLOWAY. Can. J. Chem. 54,2820 (1976). 
Analysis of spin-lattice relaxation (TI) data can give information on restricted rotation 

which is otherwise inaccessible. This study investigates the influence of substituents on the 
rotation of a neighbouring methyl group in a series of related polycyclic compounds. 

DAVID E. AXELSON et CLIVE E. HOLLOWAY. Can. J. Chem. 54, 2820 (1976). 
Une analyse des donntes de relaxation spin-rtseau (TI) peut fournir de l'information, 

qui serait par ailleurs inacessible, sur des rotations empechees. Le present travail Ctudie l'in- 
fluence des substituants sur la rotation d'un groupe methyle voisin dans une serie de composes 
polycycliques analogues. 

[Traduit par le journau 

Introduction 
The tert-butyl moiety has been studied 

numerous times by proton nmr to obtain 
activation energies for rotation about the sp3 
bond (1-5). More recently, interest has centered 
on the dynamic behaviour of the individual 
methyl groups in hindered environments (6-13). 
Proton nmr is complicated in these instances by 
the tightly coupled A2B or ABC spin system 
characteristic of a methyl group in such a 
situation. Also, in many cases, the activation 
energy involved is too low to permit freezing 
out of the rotation at temperatures within the 
range of many instruments. A study by 
Nakanishi et al. (3) investigated the restricted 
rotation of methyl groups within a rigidly held 
tert-butyl group and found that temperatures 
as low as - 133 "C were necessary to observe 
line broadening. Another study by Anderson 
and Rawson (10) indicated a barrier to rotation 
of 7.2 kcal mol-I from the complete nmr line 
shape analysis of a sterically hindered - CD2H 
group. 

Spin-lattice TI relaxation studies (7, 8, 14) 
offer a simplifying alternative to the line shape 
studies, particularly where rotational barriers 
are too low to be conveniently obtained from 
line shape analysis. Provided that certain ap- 
proximations can be made, useful information 
on rates of rotation can be extracted from such 
studies. In systems where the rotating moiety is 
attached to a molecule of a reasonable size, 
three simplifying steps in the interpretation of 

13C TI data can be made. First, the relaxation 
time behaviour of the molecule as a whole will 
probably be dominated by the dipole-dipole 
interaction (14). This is important because the 
relevant calculations are related to the dipolar 
relaxation rate alone, and the identification 
and factoring out of secondary mechanisms can 
be difficult. Second, the motion of the entire 
molecule tends to become essentially isotropic 
which results in a further reduction in the 
complexity of the calculations. Finally, the 
determination of the isotropic diffusion con- 
stant D for the molecule is obtainable from the 
TI values of the peripheral rigid backbone 
carbons. By contrast, in small molecules with 
few distinctly different carbon atoms it may be 
necessary to estimate D from temperature 
dependent density and viscosity data, or from 
dielectric relaxation times (7). 

A freely rotating methyl group attached to an 
isotropically reorienting rigid molecule can 
have a spin rotation (SR) contribution to TI. 
Examples of this effect can be found in the study 
by Lyerla and Grant (7a) of methyl rotational 
barriers in small molecules. Measurement of 
this contribution to TI can be used to estimate 
energy barriers, as shown by the work of Zens 
and Ellis (18). In the present cases the SR 
contribution was not important because of the 
large molecular size, longer correlation times, 
and hence faster relaxation rates. Thus, mea- 
sured TI values can be used without correction 
in the calculation of energy barriers for either 
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the random jump or stochastic diffusion models 
(15). The former involves a methyl group 
jumping randomly between its three minimum 
energy positions, while the latter assumes a 
Gaussian probability distribution for the orienta- 
tion of the group. 

For a system behaving isotropically, the 
relaxation rate (Tldd)-' from the random jump 
model is related to the internal methyl jumping 
rate K by eq. 1 : 

where the isotropic diffusion constant is given 
by 2: 

The backbone methine carbons have an 
average relaxation time of TI*, and the geo- 
metric factors A,, B,, and C, are discussed 
elsewhere (1 5). 

The resultant value of K can be related to 
the internal rotation barrier (V,) by: 

where K, = three-halves times the rate of 
reorientation of a methyl moiety in the gas 
phase, 1.3 x 1013 s-'. 

In the stochastic diffusion model K,, is just 
two-thirds times this value and the relaxation 
rate is related to the methyl diffusion rate (K') 
by the equation. 

Theory predicts (15, 16) that a freely rotating 
sp3 methyl carbon attached to an isotropically 
reorienting rigid molecule, satisfying the ex- 
treme narrowing condition and having only one 
degree of internal freedom, will have a TI three 
times that of a methine carbon located on the 
backbone. Conversely, an immobile methyl 
under such conditions may have a TI of one- 
third of that of the backbone methine carbon. 
Relaxation rates between these extremes will 

be observed for intermediate rates of rotation 
(16), and under these conditions energy barriers 
may be obtained. 

Experimental 
The compounds studied were prepared and purified 

by methods published elsewhere (17). Solutions for nmr 
were prepared in CDCl, and not degassed unless other- 
wise noted. All spectra were obtained on a Varian CFT-20 
FT  nmr spectrometer at 20 MHz with an 8K 620L-100 
computer. Sealed sample tubes (8 mm 0.d.) were used at 
ambient temperatures (ca. 36 "C). Complete, noise 
modulated, proton decoupling was employed. Chemical 
shifts were internally referenced to the CDCl, lock, cor- 
rected, and reported relative to TMS. For each Tl some 
10 to 18 spectra were used and each run repeated at least 
three times. Very short Tl values were measured by the 
inversion-recovery technique (19) with a (18O0-t-90"- 
delay), pulse sequence. Longer Tl values were more 
conveniently obtained from the progressive saturation 
technique (20), (90"-t),. For very long Tl values, partic- 
ularly quaternary carbons, the intensity-ratio modifica- 
tion (21) of the progressive saturation method was 
employed. The advantages of and errors in such measure- 
ments have been discussed by Levy and Peat (22). The 
estimated errors in this work range from f 15% in dilute 
solutions to f 5% in the most concentrated. 

Values of TI were determined from a linear least- 
squares fit of intensity data to eq. 5 : 

151 In (M,  - M,) = -TIT, 
M, being the equilibrium intensity (r 2 5T1) of a given 
resonance and M, is the intensity at a pulse delay time oft .  
In the calculation, allowance was made for the fact that 
for r values much longer than 2T1 the M, values used 
should be given less importance than those of shorter r 
values (22). Calculations were performed on a Hewlett- 
Packard 2100-A minicomputer or an IBM 3701158 with 
programs written in Fortran IV. 

Nuclear Overhauser enhancements (nOe) were measured 
using the gated decoupling technique (23) from inte- 
grated intensities. 

Peak assignments were made using observed shifts, 
proton coupling patterns, and Tl values. Methylene (sp3) 
carbons were readily located in the region 64-72 ppm by 
off-resonance decoupling. Methine carbons were usually 
found in the region of 39-56 ppm with TI values similar 
to those of the aromatic carbons and twice as long as 
those of the methylene carbons. The protonated carbons 
of the tosylate groups were identifiable from their relaxa- 
tion times. The increased internal motion of this unit, 
relative to the rigid backbone structure, results in sig- 
nificantly longer Tl values. Comparison with p-toluene 
sulphonyl chloride also assisted in the assignment. 

The tert-butyl methyl and quaternary carbons have 
similar shifts in these compounds, but are readily differenti- 
ated by off resonance decoupling. Other methyl substi- 
tuents were invariably found in the region 14-16 ppm and 
confirmed by their very short TI values and proton 
coupling patterns. 
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NC. ,CN 

6 7 8 
FIG. 1. Structures of compounds discussed. 

Results and Discussion 
The measured relaxation rate in any experi- 

ment will be a sum of the relaxation rates due 
to the various possible mechanisms for the 13C 
nucleus (24) : 

[6] TI-'(obs) = TI -'(dd-inter) 

+ TI -'(dd-intra) + TI -'(SR) 

+ TI-'(CSA) + T,-'(SC) + TI-'(e) 

where the terms correspond respectively to 
dipole-dipole inter- and intramolecular, spin 
rotation, chemical shift anisotropy, scalar coup- 
ling, and electron-nuclear dipolar interactions. 
In the present study the predominant mechanism 
is the intramolecular dipolar one (14, 25), since 
for each protonated carbon a maximum nOe 
(26) was observed within experimental error. 
Thus the eq. 1-4 introduced above can be used 
directly with the observed TI values. 

The compounds are shown and numbered in 
Fig. 1. The relevant chemical shift and relaxa- 
tion data are given in Table 1 together with 
calculated isotropic diffusion constants. These 
constants were obtained from the average TI 
of the protonated sp2 carbons of the backbone 
and eq. 2 with appropriate values for the con- 
stants, assuming all sp2 carbon-hydrogen bond 
lengths to be identical. In fact, in these systems, 
inclusion of all protonated backbone carbons 
makes only minor changes in the end results, 
even without correction for variations in C-H 

bond length. For backbone carbons of identical 
bond length the TI values should reflect only 
the number of bonded hydrogens, to a good 
degree of approximation. Variations greater 
than experimental error, such as seen in com- 
pound 1 for example, can probably be ascribed 
to anisotropy of motion. A more detailed 
description of the motions of this and similar 
molecules are the subject of a separate study, 
but for this work the averaged TI value was 
used as if the molecule were reorienting iso- 
tropically. 

Intramolecular dipole-dipole relaxation in- 
volving hydrogens not bonded directly to the 
carbon under study should also be considered 
here. The r-6 dependence of this relaxation 
mechanism suggest that such contributions will 
be comparatively small even in these fairly 
congested molecules. Although such contribu- 
tions have been therefore ignored in these 
systems, there are some small differences in Tl 
values which need further comment. The olefinic 
methylene carbons of compounds 1 and 5 can 
be separately identified because of a small long- 
range coupling on one of them to the neigh- 
boring bridgehead proton. In both compounds 
there are small differences in the two methylene 
TI carbons, 1.44 us. 1.21 seconds for compound 
1 and 1.13 us. 0.91 seconds for compound 5. 
The longer TI is associated with the methylene 
carbon showing the long-range proton coupling. 
Deviation from isotropic motion will permit the 
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TABLE 2. Methyl rotational barriers 

V, (kcal mol-') 
TlCa1' (s) 

Chemical Random Stochastic 
Compound Locked Free TIobs shift jump diffusion 

"See Fig. 20. 
bSee Fig. 26. 
'Lower limit estimate. 

C-H vector of the respective methylene groups 
to have different cosines with respect to the 
principal axes of diffusion, and would thus 
cause differences in relaxation rate (27). 
Examination of the aromatic methine carbon 
relaxation times suggests that anisotropy of 
motion is more severe in compound 1 than 5, 
but without a detailed analysis the actual effect 
on the methylene protons cannot be predicted. 
Looking for similar effects in the bridge sub- 
stituents of the other molecules is hampered 
by the lack of chemical shift differences in all 
but compound 2. However, in this system it is 
clear that the differences in TI for the bridge 
CH (0.93 and 0.92 s) and the substituent 
4 H 2 0 H  (0.56 and 0.53 s) are negligible. By 
contrast, the tert-butyl analogue of compound 
2, which is not reported here in detail, does 
show a 20% difference in TI for the --CM20H 
groups and is thus comparable with compound 
5. 

It is interesting to note that the CH20  groups 
attached to the bridge of these compounds do 
not appear to exhibit significant internal rotation 
as far as any effect on their TI values is con- 
cerned. Thus the carbon atom of this group is 
relaxing essentially twice as fast as the average 
relaxation rate of the corresponding backbone 
carbons, which is consistent with the presence of 
two C-H bonds us. one. By contrast, the in- 
fluence of additional motion on the T,  values 
of the tosylate aromatic ring and methyl group 
is quite marked. The ring of the tosylate group 

4.5' 

5.5' 

7.5' 

6.5' 

1.7 
Free 
Free 
Free 
2.5 
Free 

1.8 
Free 
Free 
Free 
2.7 
Free 

is clearly in a position to move fairly un- 
restrictedly, and this is of course a considerable 
aid in the identification of its resonances. The 
apparent lack of significant extra motion of the 
CH20  moiety also appears in the system which 
does not contain a substituent in the bridgehead 
position, compound 8. Both the cis- and trans- 
isomers of this derivative have been examined 
and reveal no significant differences in the TI 
parameters, although there are differences in 
chemical shifts. 

Barriers to Rotation 
The observed TI values for the bridgehead 

methyl groups of compounds 1 to 4 indicate 
correlation times essentially determined by the 
tumbling of the overall system. This implies 
that the methyl groups are not freely rotating. 
Molecular models (Dreiding) indicate that in 
the staggered conformation the hydrogens of 
the methyl group are approximately 2.4 i( 
from the peri-hydrogens of the aromatic ring. 
Rotation about the C-C bond would bring 
two methyl protons to within the estimated 
van der Waal's radii of these peri-hydrogens, 
while the bridge part of the molecule provides 
a further nonbonding interaction with the third 
proton. Thus resistance to free rotation is not 
unexpected. The symmetry of the 'locked' 
environment in these cases should provide an 
A2B proton nmr spectrum, however at tempera- 
tures accessible in this study (to -70 OC) only 
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Bridge 
I 

FIG. 2. Newman projection of tert-butyl group about 
the C,-C,_,, bond. 

a single line averaged spectrum was obtained. 
From the observed TI values it is possible to 
compute a minimum energy barrier preventing 
free rotation and these are given in Table 2. 
The values obtained are similar in magnitude 
to the 7.2 kcal molp' obtained by Anderson 
and Rawson (10) in a related system. The 
difference in values between compounds 3 and 
4, which should be effectively identical, reflect 
differences in concentration (3 was more con- 
centrated) and error limits. Errors are discussed 
further below. 

Compounds 5, 6, and 7 all contain a tert- 
butyl group at the bridgehead position, and in 
each case the group is effectively locked in a 
staggered configuration relative to the rest of 
the molecule (Fig. 2). Symmetry requires two of 
the methyl groups to be identical (Fig. 2b), 

0 4  Of l  12 16 2 0  2 4  2 8  3 2  

Relaxation Rate (rl) 
FIG. 3. Plot of the barrier to methyl rotation us. 

relaxation rate for the random jump model. 

and both the 'H and 13C nmr spectra show 
two methyl group resonances in the ratio of 
2 :  1. The weaker line in the 13C spectrum is to 
high field and can be assigned to the methyl 
bisecting the angle described by the aromatic 
rings. In each case this carbon atom has a 
relaxation rate typical of a free rotor. The 
remaining identical carbons show varying rates 
of rotation depending on the substituents at 
the bridge position. Calculation of these barriers, 
using eqs. 1 4  are given in Table 2. Using the 
random jump model, the highest barrier of 
2.5 kcal mol-' is observed for 7 which represents 
the most sterically crowded system of this 
series. The lowest barrier is found in 6 which 
corresponds to effectively free rotation. 
Nakanishi et al. (3)  have observed differential 
proton resonance broadening for the three 
methyl groups of a locked tert-butyl moiety, 
and assumed this to infer different rates of 
rotation within each methyl. The present results 
confirm that this does indeed occur and further- 
more is much easier to observe using TI 
measurements. 

The tert-butyl analogs of compounds 1 to 4 
have three different methyl sites, and initial 
studies indicate, as expected, three different 
energy barriers to methyl rotation. 

The difference in energy barriers calculated 
from the random jump and stochastic diffusion 
models is a systematic one, the latter being 
consistently higher. 

Comments on Errors 
For a given situation, a diffusion constant D 

and correlation time z, is obtained from the 
rigid isotropically reorienting backbone of the 
molecule. Using eq. 1 a plot of energy barrier us. 
relaxation rate can then be obtained and a 
typical result is shown in Fig. 3. The curve has 
three regions. In (a) and (c) thecalculated barriers 
asymptotically approachzero and infinity respec- 
tively, and in these regions very accurate relaxa- 
tion data is necessary to obtain any meaningful 
information. In region ( b )  the restrictions are 
much less severe. The precision of the relaxation 
data alone is not sufficient to estimate errors 
since changes in geometry also affect the cal- 
culation. The results of possible errors in 
diffusion constant D, relaxation rate TI-',  and 
the C-H bond angle cr on the calculated energy 
barrier V,  are shown in Table 3. In the region 
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TABLE 3. Error analysis: effect of changes in relaxation rate, isotropic diffusion constant, 
and geometry on calculated random jump barriers V, 

R + AR" D + ADb c iC  

vr - 10% + 15% - 10% + 15% 107.8 113.0 

"Relaxation rate. 
bIsotrop~c d~ffusion constant. 
'See text for definition of this angle 
dOutside theoretical limits. 

where the curve approaches a limit asymp- 
totically the errors are severely magnified as 
expected. In general, for barriers much below 
2 kcal mol-' or above 6 kcal mol-' relatively 
large errors can be anticipated using the TI 
method. Between these extremes errors of f 10 
to 15% are probable, depending on the reliability 
of the TI data and the available geometric 
parameters. The error factors have been cal- 
culated here only for the random jump model 
since they are essentially identical in both 
models. 
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Metal complexes of sulfur-nitrogen chelating agents. V. 
2-N-Ethylaminocyclopentene-1-dithiocarboxylic acid complexes of 

Ni(II), Pd(II), Pt(II), CO(II), Co(III), and Cu(1) 
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K. NAG and D. S. JOARDAR. Can. J. Chem. 54,2827 (1976). 
2-N-Ethylaminocyclopentene-1-dithiocarboxylic acid (EACDA) acts as an ambidentate 

ligand toward several metal ions. Bis-chelates have been obtained with Ni(II), Pd(II), Pt(II), 
and Co(II), and tris-chelate with Co(II1). Cu(1) forms a 1 : 1 complex. The bonding sites involved 
in the metal chelates and their stereochemistry have been ascertained from electronic, infrared 
and nrnr spectra, magnetic moment, and thermal analysis. In the Co(I1) and Co(II1) chelates 
bonding takes place from (S,S-) donor sites, whereas in the Nip) ,  Pd(II), and Pt(I1) chelates 
(N,S-) type bonding occurs. The Cu(1) complex appears to be polymeric in nature. 

K. NAG et D. S. JOARDAR. Can. J. Chem. 54,2827 (1976). 
L'acide N-ethylamino-2 cyclopent&nedithiocarboxylique-1 (EACDA) agit comme un ligand 

ambidentate vis-a-vis plusieurs ions metalliques. On a obtenu des bis-chelates avec le Ni(II), 
le Pd(II), le Pt(I1) et Co(I1) et des tris-chtlates avec le Co(II1). Le Cu(1) forme un complexe 1 : 1. 
On a determine les sites de complexations impliques dans les chtlates mktalliques et leur sttriro- 
chimie a partir des spectres tlectroniques, ir et rmn, des moments magnetiques et de l'analyse 
thermique. Dans les chelates du Co(I1) et du Co(III), la liaison se fait par les sites donneurs 
(S,S-) alors que dans les chtlates Ni(I1) et Pd(I1) et Pt(II), il se produit une liaison du type 
(N,S-). I1 semble que le complexe Cu(1) soit de nature polymerique. 

[Traduit par le journal] 

Introduction 
In contrast to aminocarboxylic acid com- 

plexes of various metal ions, complexes of 
aminodithiocarboxylic acids are strikingly lack- 
ing. In view of the interesting role played by 
aminocarboxylic acid complexes in body systems 
and also because of the current interest in 
metal-sulfur compounds in biological molecules 
delineation of the nature of metal ion binding 
and stereochemistry in aminodithiocarboxylic 
acid complexes seems desirable. To serve this 
purpose we used (1 -3) 2-aminocyclopentene- 1- 
dithiocarboxylic acid (ACDA) as the chelat- 
ing agent. This ligand contains the back 

isomerism is also observed in Ni(II), Pd(rI), 
and Pt(I1) complexes. In dithiocarbazic acid 
derivatives it has been observed (4,5) that while 
with the parent acid itself and some of its N(2) 
substituted derivatives (N,S-) type chelation 
takes place, on the other hand N(3) substituted 
produccs prevent N-coordination regardless of 
the electron-releasing or electron-withdrawing 
ability of the substituents, thus indicating a 
strong steric effect for the substituents. This 
prompted us to investigate the coordination 
behavior of 2-N-ethylaminocyclopentene-l- 
dithiocarboxylic acid (EACDA) with some 
metal ions. 

I l i  Experimental bone NH,-C=C-C-S- which has some similarity Chemicals 
Chemicals and solvents used were the same as described with derivatives of dithiocarbazic acid earlier (1-3), 

P 

I l i i  -N-N-C-S-. Metal dithiocarbazates have been EACDA 
The ligand was prepared by the amine exchange reaction 

investigated in recent years (4-7). between 2-aminocyclopentene-l-dithiocarboxylic acid and 
These types of ligands are ambidentate in ethylamine adopting the procedure of Bordas et al. (8) 
nature. With ACDA for a large number of with slight modification. When the neutralization is 
metal ions (N,S-) bonding sites are involved in accomplished with 2 N HCI under ice cooled condition 

instead of acetic acid a better yield is obtained (90%). bond formation 2)' whereas with Co(11)9 The compound was recrystallized from air-free acetone 
Co(lI1), and Cr(III) disulfur chelation takes at room temperature. The ligand was converted to its 
place (3). The phenomenon of geometrical ammonium salt in a similar way described previously (1). 
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TABLE 1. Analytical and magnetic data 

M N S 
Peff 

Compound Color Calcd. Found Calcd. Found Calcd. Found (B.M.) 

NIL, Dark red 13.6 13.7 6.5 6.6 29.7 29.5 Diamagnetic 
PdL, Yellow 22.2 22.1 5.8 5.9 26.7 26.8 Diamagnetic 
CuL Chocolate 25.5 25.3 5.6 5.6 25.6 25.5 Diamagnetic 
CoL, Snuff 13.7 13.6 6.5 6.5 29.7 29.5 2.66 
CoL, Deep Brown 9.5 9.5 6.8 6.9 31.1 31.2 Diamagnetic 
PtLZZ Vermilion - - 4.9 5.0 - - Diamagnetic 

'Calcd.: C, 33.9; H, 4.2. Found: C, 33.8; H, 4.2. 

Ni(EACDA), 
An aqueous solution of the ammonium salt of the ligand 

(4 mmol) was added dropwise with stirring to an aqueous 
solution of hydrated nickel chloride (2.1 mmol). After 
stirring the mixture for ca. 1 h, the precipitated compound 
was filtered, washed thoroughly with water and finally 
with acetone. The compound was substantially pure and 
could not be recrystallized due to the lack of proper solvent; 
yield 90%. 

Pd( EACDA), 
This compound was prepared in a similar way from 

sodium tetrachloropalladate (11); yield 85%. 

Pt(EACDA), 
The reaction between potassium tetrachloroplatinite(I1) 

and the ammonium salt of the ligand being somewhat 
slow, the stirring of the mixture in this case was continued 
for 4 h. The compound separated was filtered and washed 
first with water, then with warm water till the filtrate was 
free from chloride, and finally with acetone; yield 80%. 

C O ~ ~ ( E A C D A ) ~  
An aqueous solution of the ligand (4 mmol) was 

allowed to drip slowly into a stirred aqueous solution 
containing hydrated cobalt nitrate (2.1 mmol) and 
ammonium nitrate (2 g) in a current of nitrogen. After 
stirring the mixture for 30 min, the slurry was filtered 
through a fine porosity glass frit and washed successively 
with water and acetone-water mixture (1: 1). The com- 
pound was recrystallized from cklloroform (under nitrogen 
atmosphere), dried and stored in vacuo; yield 80%. 

CO~~(EACDA), 
To an aqueous solution of the ligand (6.4 mmol) an 

aqueous solution of hexaminocobaltic nitrate (2 mmol) 
was added with stirring. The mixture, after stirring for 
30 min, was filtered and washed liberally with water and 
finally with acetone. The compound was recrystallized 
from chloroform; yield 80%. 

Cur (EACDA), 
By treating the ammonium salt of EACDA in equimolar 

proportion with cuprous iodide (dissolved in excess of 
potassium iodide solution) this compound was obtained 
in 80% yield. 

Co(I1) and Co(II1) complexes chloroform solutions 
(10-5-10-3 M) were used and for Ni(I1) and Cu(1) com- 
plexes saturated solutions in chloroform were used. The 
mull spectra of Ni(II), Pd(II), and Pt(I1) complexes were 
also recorded. Infrared spectra (in Nujol mull) were 
recorded in the range 4000-200 cm-' in a Perkin-Elmer 
Model 621 spectrophotometer. Nuclear magnetic reso- 
nance spectra of EACDA and Co(EACDA), were 
recorded on a Varian 60 MHz spectrometer, at room 
temperature, in CCI, and CDCI, solutions respectively 
using TMS as the internal reference. Magnetic measure- 
ments were performed on a Guoy balance and thermal 
analysis was carried out with a MOM Derivatograph. 

Results and Discussion 
Table 1 shows color, composition, and mag- 

netic moment of the con~pounds. All but the 
Co(I1) and the Co(II1) compounds are practi- 
cally insoluble in common organic solvents. 
Ni(I1) and Cu(1) complexes are slightly soluble 
in chloroform. Co(I1) and Co(II1) complexes 
are fairly soluble in acetone, chloroform, and 
benzene. Except for the Co(I1) complex, which 
shows a room temperature magnetic moment 
of 2.66 B.M., the compounds are diamagnetic. 
In low-spin octahedral complexes of Co(II), 
the magnetic moments are close in the range 
1.8-2.0 B.M. (9), whereas for Co(I1) complexes 

Physical Measurements 
Ultraviolet and visible spectra were recorded in Hilger 

UV-spek or Spectro MOM 201 spectrophotometer. For 
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NAG A N D  JOARDAR 2829 

TABLE 2. Nuclear magnetic resonance data 

Chemical shift* 

Compound Solvent CH3 CH2 CH2(4) CH2(3,5, SH NH 

E ACD A CC14 1 .33(6 cps) 3.40(6 cps) 1 .86(7 cps) 2.66 4 .60  12.1 
Co(EACDA), CDCI, 1 .24(6 cps) 3.30(6 cps) 1 .84(6 cps) 2.68 - 8.66 

*Chemical shift values refer to 6 scale (ppm). 

having definite square planar configuration the 
values fall in the range 2.1-2.8 B.M. (9, 10). 

The ligand in principle may exist in several 
tautomeric forms. Among these, the zwitterionic 
form may be excluded since a sharp medium 
intensity band due to sulfhydryl is observed at 
2440 cm-' and no band due to v(N-H) could 
be observed. The tautomeric forms 2 and 3 also 
appear unlikely on the basis of nmr spectrum of 
EACDA, whose chemical shifts (Table 2) are 
consistent with the structure 1. 

The nmr spectrum of Co(EACDA), in CDCl, 
shows a triplet due to -<H, and a quintet due 
to --CH,- group in the N-ethyl substituent at 
6 1.24 ppm and 6 3.30 ppm, respectively. It may 
be seen that the chemical shifts due to these 
groups remain practically unchanged in the 
complex with respect to the ligand (Table 2). 
This means that the ligand is not bound with 
Co(II1) through the nitrogen atom. Had this 
been the case, there would have been large shift 
particularly of the CH, protons in the down 
field. In fact CH, and CH, protons have suffered 
a slight up field shift by ca. 0.10 ppm. The 
signal due to the NH proton appears at 6 8.66 
ppm and is slowly exchanged with D,O. The 
large chemical shift of the NH proton (by ca. 
3.44 ppm) in the up field region may be regarded 
as a positive evidence for (S,S-) type bonding in 
the complex. Table 2 shows that the other 
resonances in the complex remain unaffected. 

Table 3 summarizes the bands observed in 
the electronic spectra of the ligand and its 
chelates. In the ligand three bands are observed 
in the range 25-40 kK, their high intensities 
indicate n-n* type transitions. In the Co(I1) 
complex altogether four bands are observed, 
among these the bands at 25.1 and 32.8 kK 
appear almost at the same energies as observed 
in the ligand. The highest energy band in the 
complex at 37 kK suffers considerable red 

shift with respect to the ligand band (at 39.2 kK). 
To our knowledge there is little information 
available in the literature on the electronic 
spectra of (N,S-) type or (S,S-) type low-spin 
square planar complexes of Co(I1). Everett and 
Holm (11) reported a narrow band at 8.5 kK 
and a strong band at 20 kK in the low-spin 
complexes with the [CoO,N,] chromophore. 
Few other square planar complexes of Co(I1) 
are also reported (12, 13) to exhibit a band 
around 23-20 kK due to 'A,, -+ 'TI, transition. 
In Co(EACDA), no band could be detected in 
the lower energy range. The band at 21.5 kK is 
of very high intensity, consequent to this we 
assume it to be due to both charge-transfer (CT) 
and d-d transition. In the Co(II1) complex 
apart from the three bands due to internal ligand 
transitions, two other bands appear at 15.6 and 
21.4 kK. The latter one may be regarded as due 
to 'A,, + ' T,, transition coupled with CT, and 
the former one as due to 'A,, -+ IT,, transition. 
Although the 10 Dq value in this complex could 
not be evaluated, however, the energy of the 
first spin-allowed transition suggests it to be a 
disulfur chelated species. It has been indicated 
(3, 14, 15) that for a large number of Co(II1) 
complexes having [CoS,] chromophore the first 
spin-allowed transition occurs in the range 15-16 
kK, whereas in compounds having [CoN,S,] 
chromophore the corresponding band energy 
is 17.5-18.5 kK. In the Ni(I1) complex three 
bands are observed in chloroform solution and 
two bands in the mull spectrum. The band at 
18.2 kK may be regarded as arising due to 
'A,, -+ 'A,, transition. It  is likely that the 
1 A,, -+ 'B , ,  transition is swamped by the ligand 

band at 26.3 kK. Since in complexes having 
[NiS,] chromophore 'A,, -+ 'A,, transition 
appears in the range 15-17 kK, and with 
[NiN,S,] chromophore this band energy is - 18 kK (4), so in Ni(EACDA), bonding seems 
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TABLE 3. Electronic absorption spectra 

Amax 
Compound Medium (cm-') log E Assignment 

EACDA Chloroform 

Chloroform 

Chloroform 

Chloroform* 

Nujol 

Nujol 

Nujol 

Chlotoform* 

CT + 'A,, 4 'TI, 
L - +  L* 

'A', + IT', 
CT + 'A,, -+ 'T,, 
L -+ L* 

CT + ('Al, --, 'A,,) 
L --r L* + ('Al8 4 'B'J 
L j L *  
CT + ('A,, -+ 'A,,) 
L-+ L* + ('A', -+ 'B',) 

CT + L +  L* 
CT 

*Saturated solutions of these complexes were used. 

TABLE 4. Infrared data 

Infrared frequency (cm-') 

Ligand NiL, PdL, PtL, CoL, CoL, Assignment 

- 3270(w) 3265(w) 3280(w) 3300(w,b) 3260(w) v(N-H) 
- 3 16O(vw) 3 150(w) - - - 

2440(m) - - - - - v(S-H) 
1600(vs) 1580(vs) 1590(vs) 1590(vs) 1565(s) 1570(vs) 6(N-H) + v(C=C) 
1500(s) 1490(s) 1500(vs) 1500(vs) - - v(C=C) 
1325(s) 1338(s) 1350(vs) 1350(s) 1325(s) 1338(m) v(C-N) + v(C=S) 
1280(s) 1280(s) 1280(s) 1278(s) 1275(m) 1268(m) v(C=S) + v(C-N) 
870(s) 900(s) 896(s) 892(m) - - ~(Assym. CSS) 
- 88O(w) 878(w) 878(vw) - - 
- 855(s) 850(m) 850(m) 850(w) 852(m) - 

630(w,b) 655(s) 650(vs) @o(s) 6 4 0 )  640(m) v(Sym. CSS) 
- 485(m) 485(m) 48 1 (m) - - v(M-N) 
- 388(vs) 338(vs) 342(s) 355(m) 357(m) v(M-S) 
- - - - 328(w) 328(w) - 

to take place from (N,S-) donor sites of the been listed. It has already been pointed out that 
ligand. no band due to v(N-H) could be located in the 

In Table 4 some of the important infrared ligand but the frequency due to v(S-H) appears 
bands of the ligand and the metal chelates have at 2440 cm-'. In the complexes v(N-H) is 
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NAG AND JOARDAR 283 1 

present but v(S-H) is absent. Ni(II), Pd(II), 
and Pt(I1) complexes show two bands at 3270 
and 3160 cm-'. If bonding takes place from the 
dithiocarboxylate moiety only the secondary 
amino group then remains free and consequently 
v(N-H) should appear at higher energy. In fact 
Co(I1) and Co(II1) complexes display a broad 
band in the range 3480-3260 cm-' which 
supports the inference drawn already from nrnr 
and electronic spectra. The basis for assignment 
of the other bands summarized in Table 4 has 
already been discussed (1, 3). In the case of 
dithiocarbamates (16, 17) and dithiocarbazates 
(4, 6) it is observed that when disulfur chelation 
takes place the band due to assymetric CSS- 
stretching (at 1000 cm-') remains unsplit, 
whereas unidentate sulfur bonding causes this 
band to split. EACDA does not show any band 
around 1000 cm-' but the strong band at 
870 cm-' appears to be due to CSS- assymetric 
vibration. Ni(II), Pd(II), and Pt(I1) chelates 
display three band heads at 900, 880, and 850 
cm-' ; however, in the case of Co(I1) and Co(II1) 
chelates only a single band is observed at 850 
cm-'. This leads us to infer that in the former 
metal chelates (N,S-) type bonding is operative, 
whereas in the latter type dithiocarboxylate ion 
binds the metal ions. The frequency due to 
symmetric CSS- stretching or C-S stretching 
is observed in the range 655-640 cm-' in the 
metal chelates. By screening the frequencies 
appearing in the lower energy range due to the 
ligand, a band around 485 cm-' in the d 8  metal 
chelates has been assigned due to M-N 
stretching. Another band due to M-S stretch- 
ing appears at 388 cm-' in the Ni(I1) chelate 
and at -340 cm-' in the Pd(I1) and Pt(I1) 
chelates. In the Co(I1) and Co(II1) chelates 
v(M-S) appears as a doublet at 357 and 328 
cm-'. The two types of complexes may be 
represented by the structures 4 and 5. 

So far we have not commented over the Cu(1) 
complex. While the electronic spectrum and the 
magnetic datum are not useful criteria to 
ascertain the nature of metal-ligand binding, 
the infrared spectra of the Cu(1) complex is 
highly unresolved which probably suggests it 
to be a polymeric species. 

Thermal analysis of Ni(EACDA), and 
Co(EACDA), shows that the former decom- 
poses above 210 "C and the latter is stable up to 
125 "C. This difference in thermal stability is in 
keeping with the donor sites involved in these 
metal chelates, since a four-membered disulfur 
chelated species should be less stable than a six- 
membered ring involving sulfur and nitrogen. 
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I.  S. BUTLER and H. K. SPENDJIAN. Can. 3. Chem. 54, 2833 (1976). 
The substitution reactions of cis-MII(CO)~LB~ (L = PPh3, AsPh3, SbPh3) with diphos, 

diarsine, and dipy (A-A) take place with the loss of one CO group and L to form fac-M~I(CO)~- 
(A-A)Br. The observed reaction rates in CHC13 solution are first order in substrate but depend 
on the nature of L and A-A, and in some cases the concentration of A-A as well. When 
L = PPh3 and A-A = diphos, and when L = AsPh, and A-A = diphos, diarsine, or dipy, 
the rates are independent of [A-A]. For these reactions, an SN1 dissociative mechanism in- 
volving the rupture of one of the Mn-CO bonds as the rate-determining step is proposed. The 
observed positive entropies of activation (-10 e.u.) for these reactions are supportive of the 
proposed mechanism. The reactions of ci~-Mn(C0)~(SbPh~)Br with A-A are essentially 
independent of both the nature and the concentration of A-A. However, for these reactions, 
an SN1 dissociative mechanism involving the rupture of the Mn-SbPh3 bond as the rate- 
determining step is proposed; the observed positive AS* values (-12 e.u.) are in accord with 
such a mechanism. The rates when L = PPh3 and A-A = diarsine or dipy are dependent on 
both the nature and the concentration of A-A. A mechanism involving rapid pre-equilibrium 
steps between the parent molecule and the intermediates, MII (CO)~(PP~~)B~ and M~I(CO)~B~, 
is proposed to account for the complex kinetic behaviour found for these reactions. These results 
are particularly noteworthy because octahedral first-row transition metal complexes generally 
undergo substitution reactions which are independent of the concentrations of the entering 
nucleophiles. 

I. S. BUTLER et H. K. SPENDJIAN. Can. J. Chem. 54, 2833 (1976). 
Les reactions de substitution des MII(CO)~LB~ cis (L = PPh3, AsPh3, SbPh3) avec le diphos, 

la diarsine et le dipy (A-A) se produisent avec la perte d'un groupe CO et de L pour former 
Mn(C0)3(A-A)Br fac. Les vitesses de rhction observks en solution dans le CHC1, sont de 
premier ordre en substrat mais dependent de la nature de L et de A-A et dans certains cas de la 
concentration de (A-A) aussi. Quand L = PPh3 et A-A = diphos et lorsque L = AsPh3 et 
A-A = diphos, diarsine ou dipy, les vitesses sont independantes de [A-A]. Pour ces rkactions, 
un mkanisme de dissociation SN1 impliquant la rupture de I'un des liens Mn-CO comme etape 
determinante de la vitesse est propose. Les entropies positives d'activation observks (-10 u.e.) 
pour ces reactions appuient le mkanisme proposC. Les reactions des M I I ( C O ) ~ ( S ~ P ~ ~ ) B ~  cis 
avec A-A sont essentiellement independantes et de la nature et de la concentration de A-A. 
Toutefois, pour ces reactions, un mecanisme de dissociation SN1 comprenant la rupture du lien 
Mn-SbPh3 comme Ctape determinante de la vitesse est propose; les valeurs positives observks 
de AS* (-12 u.e.) sont en accord avec un tel mecanisme. Lorsque L = PPh3 et A-A = 
diarsine ou dipy les vitesses dependent et de la nature et de la concentration de A-A. Un 

'Part VII. See ref. 10. 
2Taken in part from the Ph.D. thesis of H. K. Spendjian, McGill University, 1970. 
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2834 CAN. J. CHEM. VOL. 54. 1976 

mkanisme, comprenant des Ctapes de prBCquilibre rapides entre la molkule initiale et les 
intermkdiaires, Mn(C0)3(PPh3)Br et MII(CO)~B~, est propose pour expliquer le comportement 
cinetique complexe trouvC pour ces riactions. Ces rksultats sont particulikrement intkressants h 
cause des complexes octakdriques des metaux de transition de la premikre serie qui subissent 
generalement des reactions de substitution qui sont indkpendantes des concentrations des 
nuclCophiles. 

[Traduit par le journal] 

Introduction Experimental 

Several years ago, while attempting to syn- The cis-Mn(C014LBr (L = PPh3, AsPh3, SbPh3) corn- 

thesize octahedral manganese(1) dicarbonyl corn- plexe~ were prepared and purified according to the 
literature method (2). As a check on the purity of the plexes by reacting cis-Mn(C0)4LBr (L = PPh39 complexes, the PPh3 derivative was analyzed (Schwarz- 

AsPh3, SbPhs) with group VA bidentate ligands kopf Microanalytical Laboratory). Anal. calcd. for 
(A-A) such as 1,2-bis(diphenylphosphin0)- C22H1504PMnBr: C 51.9, H 2.97, Br 15.7; found: C 52.1, 
ethane (Ph2PCH2CH2PPh2, diphos), we noticed H 3.09, Br 15.6. Spectrograde CHc13 was dried over 
that instead of displacing two co groups, the CaC12 and distilled under nitrogen before use. Diphos, 

1,2-bis(dipheny1arsino)ethane (Ph2AsCH2CH2AsPh2, di- 
bidentate ligands invariably eliminated one CO arsine), and 2,2'-dipyridyl ( ( C ~ H ~ N ) ~ ,  dipy] were used as 
group and L to give fac-Mn(C0)3(A-A)Br (eq. purchased from Strem Chemicals Inc. 

1). Kinetic Studies 

[I] cis-Mn(COl4LBr + A-A -4 
(a) Product Identification 
A mixture of ci~-Mn(Co)~(PPh~)Br (0.081 g, 0.16 

fac-Mn(CO),(A-A)Br + CO + L mmol) and diphos (0.068 g, 0.17 mmol) in CHCI3 (10 ml) 
was allowed to stand at room temperature for 5 h. The 
volume of the solution was then reduced to -2 ml in a These reacti0ns differ the related stream of air. Addition of n-hexane (40ml) to the con- 

mer-[P(OPh)3]2Mn(CO)3X O( = Br) deriv- centrated solution caused precipitation of facMn(CO),- 
atives with A-A which yield two products, viz. (diphos)Br as a yellow solid which was then washed with 
cis-(C0)2Mn[P(OPh)3](A-A)X and fac-Mn- n-hexane and dried in vacuo (yield 0.069 g, 70%). Anal. 

calcd. for C29H2403P2MnBr: C56.4, H 3.92, Br 12.9; 
(C0)3(A-A)X (I)' and BasO1o (2) have found: C 56.7, H 4.09, Br 12.7. The ir spectrum of the 
studied the kinetics of the reactions of several complex in c ~ c l ,  solu~ion in the ,,(co) region exhibited 
cis-Mn(C0)4LX complexes with monodentate three strong bands at 2025, 1959, and 1919cm-1, at 
ligands (L') to  give fac-Mn(CO)3LL'X, and have identical positions with the bands of the product obtained 

proposed an sN1 dissociative mechanism in- from the direct reaction of Mn(CO),Br with diphos. The 
authenticity of the other two products was established by vO1ving the loss of One Co group as the rate- the similarity of their ir spectra in CHC13 solution in the 

determining step. Our preliminary kinetic in- , (co)  region to that of the diphos product, uiz. fac- 
vestigations of reaction 1, however, showed that Mr~(CO)~(diarsine)Br (2026% 1957% and 1919s cm-I) and 
in certain cases the rates were dependent on both fac-Mn(CO)3(dipy)Br (2033% 1945% and 1924s cm-I). 
the nature and the concentration of the entering (b) Determitzarion of Rates 

Kinetic data were obtained by n~on~toring the rate of A-A ligand> "ggestive of an disappearence of the highest energy v(C0) band of each 
mechanism. Second-order kinetics are extremely substrate in C H C ~ ~  solution at -2100 ern-1 in a manner 
rare for first-row octahedral transition metal similar to that described earlier for the CBH14 substitution 
carbonyl complexes and the only known ex- reactions of (s5-CsHs)Mn(CO)(Cs)(CsH14) (6). All the 

ampies for manganese(~) are the reactions of kinetic runs were carried out under pseudo-first-order 
conditions and the resulting plots of In (A - A,) us. t Ph3EMn(C0)5 (E = Ge> Sn) with monodentate were linear to at least 75% completion, except for the 

ligands (L') to  give cis-Mn(C0)4(EPh3)Lt (3). reactions of ci~-Mn(cO)~(AsPh~)Br with diarsine which 
In addition, there have been remarkably few showed significant deviations after about 50% com- 
kinetic studies of metal carbonyl substitution pletion. The rate constants were reproducible to within 

+ 10%; the activation parameters were calculated using a reactions involving bidentate ligands. Of interest s,ndard least-squares program on an IBM 360,75 IBM 
in the present context are the reactions of computer. 
Re(c0)~X with A-A (4, 5). 

In view of the above observations, we decided Results and Discussion 
to carry out a detailed kinetic study of reaction 1 The observed pseudo-first-order rate constants 
and report here the results of this investigation. (kobsd) for the three substrates are given in 
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BUTLER AND SPENDJIAN 2835 

TABLE 1. Rates of reaction of ~is-Mn(C0)~LBr with various bidentate ligands (A-A) in 
CHC13 solution* 

[A-A1 kobsd X lo5 [A-A1 kobsd X lo5 
A-A T ("C) (MI (s-') A-A T ("C) (M) (s-') 

Rates for ci~-Mn(C0)~(PPh~)Br 
Diphosd 25 .O 0.039 

0.051 
30.0 0.022 
35.0 0.055 

0.063 
0.079 
0.104 
0.124 

Diarsine 30.4 0.039 
0.066 
0.078 

35 .O 0.039 
0.042 
0.057 
0.077 
0.096 
0.116 

40.0 0.038 
0.058 
0.074 

- - -  - - -  

Rates for ci~-Mn(cO)~(AsPh~)Br 
Diphose 30.0 0.024 

35 .O 0.028 
0.037 

40.0 0.029 

Diarsinef 30.0 0.038 ' 

35 .O 0.025 
0.057 

40.0 0.035 
0.055 

Rates for ci~-Mn(C0)~(SbPh~)Br 
Diphosh 30.0 0.032 

35 .O 0.013 
0.047 
0.074 

40.0 0.075 

0.232 5.1 

*aThe concentrations of the substrates In all cases was 20.004 M. b ~ v e r a ~ e  value of at least two dupl~cate runs. Cln the presence of -0 035 
M PPh3.  AH* = 27 i 1 (I standard dev~at~on) kcal mol-', AS* = l l  e u eAH* = 29 i I kcal mol-', AS* = 13 e.u. fAH* = 27 
+ I kcal mol-', AS* = 7 e  u QAH* = 26 + I kcal rnol-', AS* = 6 e  u.  AH* = 28 i I kcal mol-', AS* = 9 e.u. %AH* = 29 ir I kcal 
mol-1. AS* = 13 e u IAH* = 29 li. 1 kcal rnol ', AS* = 13 e.u 

Table 1. For cis-Mn(C0)4(PPh3)Br, the rates at 
comparable temperatures decrease with changes 
in A-A in the order diphos > diarsine > dipy. 
However, when A-A = diphos, the rates are 
independent of [diphos], but for the other two 
bidentate ligands the rates are dependent on 
[A-A]. For cis-Mn(CO)d(AsPh3)Br, the rates 
are independent of both the nature and the con- 
centration of A-A. Finally, for ~ i s -Mn(C0)~-  
(SbPh3)Br, the rates are independent of [A-A], 
but when A-A = diarsine they are significantly 
slower than those with the other two bidentate 

ligands. These results may be explained by the 
mechanistic steps shown in Fig. 1. 

Applying the steady-state approximation to 
the concentrations of the intermediates (2) and 
(4) yields the following rate law for the dis- 
appearance of cis-Mn(C0)4LBr (1). 

d[ll [2] - - = 
dt 

k4k6[A-A] 
(k2[,"dF':"&",'A] + k$L] + ka[A-A] 
or 
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1 k,. +A-A fast - L 

fast 
Mn(CO)4(A\ )Br - fac-Mn(CO)3(A-A)Br 

A - CO 
5 6 

FIG. 1. Proposed steps In the rnechanlsm of the reactions of ~is-Mn(C0)~LBr wlth bl- 
dentate ligands (A-A). Note that (A-, ) means that only one of the two coordinating atoms 

A 
In the bidentate ligands is attached to the manganese. 

131 kobsd = comes from the close similarity of the activation 

klk3[A-A] k4ks[A-A] parameters for the reactions of the AsPh3 

kdCOl+ k,[A-AI + ki[L]+ kdA-A] 
derivative with diphos and P(OBun)3: diphos 
(AH* = 29 + 1 kcal mol-l, AS* = 13 e.u.), 

The kobsd values for the reactions of cis- P(OBun)3 (AH* = 30 * 1 kcal mol-', AS* = 18 
Mn(C0)4LBr (L = pph3, ~ ~ p h ~ )  with diphos e.u. (2)). The slight difference in AS* presumably 
are of the same order of magnitude as those re- arises because of the different solvents used. 
ported by Angelici and Basolo ( 2 )  for the anal- Furthermore, addition of excess PPh3 in the 
ogous reactions with P(OBU")~. However, since reaction of cis-Mn(C0)4(PPh3)Br with d i ~ h o s  
the literature results are for C2C14 solution, we does not retard the observed reaction rate- It 
re-examined the same two reactions in C H C ~ ~  should also be mentioned that CO exchange of 
solution. The observed rate constants3 proved the PPh3 derivative with C180 apparently occurs 
to be the same, within experimental error, as by the preferential loss of one of the two trans 
those reported here for the diphos reactions. CO groups (71, and the same may be true for all 
Thus, it seems reasonable to conclude that the the related reactions discussed here. 
same S,1 dissociative mechanism is operative in From our earlier ir study of the reaction of 
both cases, viz. the loss of one CO group in the ci~-Mn(C0)4(SbPh3)Br with C180 (715 it is aP- 
rate-determining step to give a five-coordinate Parent that both SbPh3 and CO are replaced by 
intermediate Mn(C0)3LBr which then reacts C180 to give initially Mn(C0)4(C180)Br and 
rapidly with the incoming ligand. Referring to ~i~-Mn(C0)3(C'~0)(SbPh3)Br. Moreover, the 
Fig. 1, these conditions would obtain when there loss of SbPh3 is appreciably faster than the 
is no step 1 + 4 and so k4 = kg = k6 = 0, and loss of CO. Co~~equently,  for the reactions of 
when k3[A-A] >> k2[CO], i.e. eq. 3 reduces to ci~-Mn(C0)4(SbPh3)Br with A-Aj we favour an 
kobsd = k,. The other [A-A] independent re- SN1 dissociative path involving the loss of 
actions mentioned above, except those of cis- SbPhs as the major rate-determining step to give 
Mn(C0)4(SbPh3)Br (vide infra), presumably Mn(C014Br which then reacts rapidly with A-A 
follow the same SN1 dissociative mechanism. to afford fac-Mn(CO)3(A-A)Br. Under these 
Further support for the proposed mechanism co"pifions, kob~d = k4; however, if the CO dis- 

soclative path does contribute to the disap- 
T h e  kobsd values for these reactions in CHC~, solution pearence of cis-Mn(CO)4(SbPh3)Br3 kobsd = 

are approximately twice those reported for C2C14 solution. kl + k 4  The observed positive entropies of 
The reaction of ci~-Mn(CO)~(SbPh3)Br with P(OBun)3 activation (-12 e.u.) are supportive of a dis- 
was also studied but, contrary to the literature (2), the ir sociative mechanism. Perhaps when A - ~  = spectra of the reaction mixtures In the v(C0) region 
indicated the formation of bot11 fac-Mn(CO),LLIBr and diarsine, step (kl) play an 
cis-Mn(C0)4L'Br. important role and this is the reason why the 
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BUTLER AND SPENDJIAN 2837 

FIG. 2. Plot of the observed rate constants us. the 
concentration of dipy for the reaction of cis-Mn(CO),- 
(PPh3)Br with dipy in CHC13 solution at 40 "C. 

rates with this ligand are significantly slower than 
with diphos and dipy. 

When kobsd for the reactions of cis-MII(CO)~- 
(PPh3)Br with dipy and diarsine are plotted 
against [A-A], almost linear plots are obtained 
for dipy, while those for diarsine tend towards 
limiting rates at high [A-A] (Figs. 2, 3). There 
are definitely non-zero intercepts for the dipy 
reactions; however, for the diarsine reactions the 
curves apparently pass through the origin. 

Two different mechanisms may be responsible 
for the [A-A] dependence. The first is an SN2 
displacement mechanism (eq. 4), 

+A-A 
[4] cis-Mn(C0)4(PPh3)Br - Mn(C0)4(A-,XPPh3)Br 

slow A 

while the second involves the rapid pre-equilib- 
rium steps 1 4  2 and 1 4 4  shown in Fig. 1. 
The linear dependence on [dipy] for the dipy 
reactions, together with the non-zero values for 
the intercepts, suggest a mixed S,1 and S,2 
mechanism such as that found for M(CO)6 
(M = Cr, Mo, W) (8). However, if this is true, 
then the intercepts should correspond to the kl 
values for the [A-A] independent reactions of 

FIG. 3. Plot of the observed rate constants us. the 
concentration of diarsine for the reaction of cis-Mn(CO),- 
(PPh3)Br with diarsine in CHC13 solution at 35 "C. 

the same substrate with diphos. Since this is not 
the case, we feel that we can rule out the mixed- 
order mechanism. 

If there is competition for the intermediates 
2 and 4 such that either k2[CO] = k3[A-A] and 
k6[A-A] >> k5[L] or k2[CO] << k3[A-A] and 
k5[L] ru k6[A-A], then [3] will reduce to equa- 
tions of the approximate form kobsd = k' + 
k " [ A-A] , uiz . 

(for the former case) 
and 

(for the latter case) 

Both [5] and [6] describe the behaviour observed 
for the reactions of cis-Mn(CO)4(PPh3)Br with 
dipy. However, since the intercepts do not cor- 
respond at all with the kl values found for the 
[A-A] independent reactions with diphos, we 
favour the mechanism indicated by [5]. Further 
support for this proposal comes from the fact 
that when the reaction of cis-Mn(C0)4(PPh3)Br 
with dipy is carried out under an atmosphere of 
CO, the reaction rate is unchanged, while in the 
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presence of only excess PPh3, the rate is appre- 
ciably slower. 

The presence of excess PPh3 in the reaction of 
the PPh3 derivative with diarsine decreases the 
observed rate slightly, as does the presence of 
CO. This suggests that both loss of PPh3 and CO 
contribute to the observed rates of disappearence 
of the substrate. Equation 3 predicts a de- 
pendence of kobsd on [A-A] and furthermore, 
at very high [A-A], kobsd should reach a limiting 
value of kl  + k4, while when [A-A] = 0, kobsd 
should be equal to zero. These predictions seem 
to be borne out by the data for the diarsine 
reactions. 

From the above discussion, all the varied 
kinetic behaviour of the cis-Mn(C0)4LBr com- 
plexes upon reaction with bidentate ligands 
A-A can be accounted for in terms of the 
interplay of the steps given in Fig. 1. In general, 
these reactions follow the same SNl dissociative 
mechanism proposed earlier (2) for the reactions 
of these substrates with monodentate ligands. 
However, for ci~-Mn(C0)4(SbPh3)Br, the re- 
actions proceed via SNl SbPh3 dissociation 
rather than CO dissociation, although it is 
possible that both paths contribute to  the 
observed rates. In the case of the PPh3 derivative, 
the mechanism followed depends markedly 
upon the nature of the entering bidentate ligand. 
Since phosphines are usually considered to be 
better nucleophiles than arsines and pyridines 
(9), it is probable that diphos is much more 
effective in capturing the intermediate Mn(C0)3- 
(PPh3)Br species than are the other two bidentate 
ligands. The net result is that with diphos, the 
normal SN1 dissociative behaviour is observed, 
while in the reactions with diarsine and dipy, the 
reverse steps 2 +  1 and 4 4 1 (Fig. 1) play a 
more important role in determining the mech- 
anistic path followed. In any event, [A-A] 

dependence for the reactions of cis-Mn(C0)4- 
(PPh3)Br with diarsine and dipy is unexpected 
and suggests that it might be -worthwhile in- 
vestigating the kinetics of the substitution 
reactions of other octahedral first-row transition 
metal carbonyl complexes with polydentate 
ligands to ascertain whether or not this is a fairlv ., 
general phenomenon. It would be particularly 
interesting to study the reactions of cis-Re- 
(C0)4LX with A-A, since direct SN2 behaviour 
might also occur for these systems. 
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Charge distributions and chemical effects. XII. A unifying concept 
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SANDOR ELISZAR. Can. J. Chem. 54, 2839 (1976). 
Major inconsistencies which are currently acknowledged in discussions involving atomic 

charges, inductive effects, 13C nmr shifts, and stability of carbonium ions are removed (i) by the 
use of an appropriate definition of charges and (ii) by the recognition that in alkanes and alkyl 
carbonium ions any decrease in positive charge at carbon atoms results in a downfield 13C shift. 
Methyl appears to be less electron withdrawing than hydrogen, and stab~lity of carbonium ions 
is associated with dispersion of positive charge at the carbonium center, in line with the more 
traditional vlews which are repeatedly challenged in recent literature. 

SANDOR FLISZAR. Can. J. Chem. 54, 2839 (1976). 
Les contradictions majeures qui sont couramment rnentionnks dans les discussions con- 

cernant les charges atomiques, les effets inductifs, les deplacements en rmn 13C et la stabilitk 
des ions carbonium, sont kliminks (i) en utilisant une dkfinition approprike des charges et (ii) en 
reconaissant que dans les alcanes et dans les ions alkyles carbonium n'importe quelle diminution 
de charge positive sur les atomes de carbone rksulte a un dkplacement en I3C vers les champs 
faibles. Le mkthyle apparait &tre moins attracteur d'klectrons que I'hydrogkne, et la stabilitk des 
ions carbonium est associk a la dispersion de la charge positive au centre de Pion carbonium, 
conforrnkment avec les vues les plus traditionnelles qui sont frkquemment remises en question 
dans la littkrature rkente. 

[Traduit par le journal] 

Major inconsistencies are currently acknowl- 
edged in discussions involving charge distribu- 
tions, inductive effects, stability of carbonium 
ions, and 13C nmr shifts. Confusion is at its best 
when these four topics are elements of a same 
study. 

Theoretical calculations have contributed a 
great deal to this state of affairs by providing 
different and often conflicting information, de- 
pending upon the choice of the method for 
calculating charges. For example, the spectrum 
of results obtained for the carbon net atomic 
charge of methane ranges from +0.60 to - 1 07 
electron; just the sort of results likely to under- 
mine one of the most popular concepts in 
chemistry, that of charge distributions in mol- 
ecules. 

The interpretation of inductive effects has also 
suffered from the blank acceptance of theoretical 
charges. For example, Hoffmann (1) noted that 
his results are at odds with the widely held 
assumption that a methyl group is a better elec- 
tron donor than hydrogen. Incidentally, most of 
the results (both, semi-empirical and ab initio) 
presented earlier (2) would suggest the same 
conclusion? 

'Indeed, most results indicate a C-Hf polarity. There- 
fore, writing methane as CH3-H, positive hydrogen 
atoms indicate that methyl withdraws electronic charge 
from H. 

In turn, extended Hiickel(1) and ab initio cal- 
culations (3) predict the correct order of car- 
bonium ion stability, even though a methyl 
group would appear to  be electron withdrawing 
with respect to hydrogen. Now, molecular ener- 
gies and atomic charges are distinct matters of 
calculations as, for the latter, simple changes in 
the type of population analysis shuffle con- 
siderably the results for charges (4, 5)2 leaving, of 
course, the energy results unaltered. One aspect 
in the cited (1, 3) carbonium ion calculations is 
that increasing methyl substitution at the C+ 
center increases its positive charge. This, of 
course, is at variance with common views which 
would, on the contrary, associate increasing 
stability (e .g. ,  tertiary us. secondary carbonium 
ion) with dispersion of the positive charge on the 
carbonium center by electron release from the 
methyl groups. 

Finally, current interpretations of 13C nmr 
shifts also suggest that the cationic center of the 
isopropyl ion has a lower net positive charge 
than that of the tertiary carbon in the tert-butyl 
ion (6), again in contradiction with the fact that 
tertiary alkyl ions are more stable than secondary 
ions and with the usual view that methyl groups 
are better electron donors than hydrogen. 

2A number of attempts for defining appropriate criteria 
guiding population analyses are listed in ref. 5. 
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TABLE 1. Inductive and optimized STO-3G net charges in alkanes 

Inductive charges 
Optimized 

n=1.3325 STO-3G 
Molecule Atom ~ ( I I ) ,  rel. un. Q = -20.96 me (me) 

Methane C 4(n+1)/3n -48.92 -48.92 

Ethane C 1.000 -20.96 -20.96 

Propane CDrim (3n+0.55)/3n -23.84 -23.81 
C S ~ C  (2n - 3.8)/3n 5.95 5.94 
HDrim* (0.15-n)/3n 6 .20 6.23 
k e c  (0.9-n)/3n 2.27 2 .20 

Isobutane CDrim (3n+ 1.03)/3n -26.36 -26.39 
Ctert (n-7.7)/3n 33.39 33.36 
Harim* (0.29-n)/3t1 5.47 5 .50 
Htert (2-n)/3n -3.50 -3.53 

Neopentane Carl m (n+0.49)/11 -28.67 -28.66 
Csuat -4/n 62.92 62.92 
H (0.51 -n)/3n 4.31 4.31 

*Weighted average of nonequivalent H atoms. 

Further accumulation of disturbing incon- charges in a number of alkanes can be expressed 
sistencies in the area to which the above observa- in terms of one single parameter, n,3 in a scale 
tions refer is of little use. We wish now to proceed of relative units defined by setting the carbon net 
with an analysis which, hopefully, will contribute charge in ethane equal 1 arbitrary unit (2). 
to clarify this subject. Multiplication of these relative charges by the 

scale factor. O = carbon net charge in ethane. 
Charge Analyses in Alkanes yields the cbGesponding results in charge units. 

A comparison (Table 1) of these inductive The trends in atomic populations obtained 
from a variety of theoretical methods have been charges with their ab initio (optimized STO-3G) 

counterparts (9) reveals a near perfect agreement examined (2) in terms of the usua1 order 
with = 1.3325 and Q = 2 0 . 9 6  millielectron electron releasing ability 
(me). 

rerr-C4H9 > iso-C3H, > C2P, > CH3 Good agreement between inductive and quan- 

of the alkyl groups. This type of analysis can be 
justified by considering that propane can be 
viewed as an ethyl group attached to a methyl 
group. Therefore, provided that the above in- 
ductive order is reflected in the electron popula- 
tions of ground state molecules, it should be 
expected that each methyl group in propane 
carries a net negative charge. Direct experimental 
evidence (7) has indicated that the propane 
methyl groups carry, indeed, the negative ends 
and, hence, that ethyl is a better electron donor 
than methyl. This is typically a situation which, 
in principle, should be reflected by quantum 
theory, if any meaning at all is to be given to 
theoretical charges. 

Assuming now that Taft's polar U* constants 
(8) of alkyl groups represent an adequate scaling 
for their electron releasing abilities, net atomic 

tum mechanical charges (both, ab initio and 
semi-empirical) is quite general (2): the inductive 
equations represent a summary of theoretical 
results, where each method simply corresponds 
to definite n and Q values. This means that 
inductive efects are correctly reproduced by 
theoretical charges as far as alkyl groups are 
concerned. However, though important, this type 
of coherence between theoretical charges and 
inductive effects is not sufficient, as for now the 
position of H in the scale of electron releasing 

3These charges are derived from the inductive Taft-like 
equations q ,  = am* + b (for H net charges in R-H 
compounds) and q(CH3) = a u *  (for methyl net charges 
in R-CH3 alkanes), where a = - 10/3n measures, in a 
way, the sensitivity of partial charge transfers to sub- 
stituent effects. If inductive eflects were nonexistent, the 
charges would be those corresponding to 11 = m, i.e.. 
a = 0. 
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abilities still remains to be defined. This question 
is linked to the definition of the 'true' n value. 
The general concepts underlying this analysis 
can be summarized as follows. 

In current practice: atomic charges (such as 
those presented in Table 1) are calculated follow- 
ing Mulliken's population analysis method (1 1) 
which implies the half-and-half partitioning of all 
overlap population terms among the centers k, 
I ,  . . . involved, i.e., in standard notation, 

where N(k) = population of center k. Then, on 
occasion, these charges are used in studies of 
property-charge relationships without question- 
ing the implications contained in this particular 
type of population analysis. This is looking for 
trouble, although the definition expressed by 
eq. 1 can be regarded as approximately valid. 
Indeed, while the usual half-and-half assignment 
is easy to defend in situations involving partners 
of equal nature, this may be a less good approxi- 
mation in cases involving dissimilar atoms. 
Assuming now a more sophisticated mode of 
distributing overlap population (12, 13) one 
obtains 

where the weighting factor X,,,,, whose value 
remains to be defined, causes the departure from 
the usual halving of the overlap terms. 

Under these circumstances, it appears most 
convenient ( i )  to use Mulliken's scheme for cal- 
culating charge distributions, thus providing sets 
of results in a well-defined standard of reference; 
then (ii) to evaluate modifications in terms of 
departures from this standard of reference. In the 
modified population analysis (4) which does not 
allocate half of the C-H over la^ to each carbon 

overlap population, for one C-H bond. Equa- 
tions 3 and 4 are simplified and convenient forms 
derived from eq. 2, whereby 

(sum over H atoms bonded to C). The advantage 
resulting from our approximation, eq. 4, pro- 
ceeds from its link to the inductive formulas. 
Indeed, if no and QO are the parameters corres- 
ponding to a Mulliken set of charges, (qO) , and n, . 

Q the parameters for the modified set, { q ] ,  it is (4) 

Equations 3-6 enable the calculation5 of 
modified charges, { q ] ,  for any n value of our 
choice from an original set of Mulliken charges, 
( g o ) .  Conversely, adoption of charge dejinitions 

following eq. 2, rather than eq. 1, simply corre- 
sponds to an appropriate change in the value of n. 
This raises the question about the 'true' value of 
n ,  an indirect but convenient way of assessing the 
appropriate value of p. 

Here we take advantage of the fact that carbon 
net charges calculated for different n values are 
not linearly related one to another. Conse- 
quently, f a  property is expected lo correlate with 
C net charges, it is imperative that the latter cor- 
respond to the 'proper' n value: the use of any 
theorelical set of charges corresponding to an n 
value other than the 'proper' one is bound to fail in 
showing the expected correlation. This is to say 
that properties, P, should be compared either 
with inductive charges, { f ( n ) ) ,  treating n as an 
unknown or, else, with C charges, eq. 4, leaving 
now p to  be determined by experiment. In case 
of a linear P-q, relationship, for example, the 
'proper' p value can be deduced from the 
equation 

and hydrogen, the hydrogen gnd carbon net 
charges are [71 P = 4 9 2  + Np) + b 

- 

131 
which uses as sole inputs the set of P values and 

= ~ H O  - P the set of C net charges resulting from a Mulliken 

141 9, = 9 2  + NP 511-1 this example we calculate the C charge of cyclo- 
where q H ~  and q~ are Mul]iken's charges, N the hexane for n = -4.4122 from that corresponding to n = 

1.3325, which is q, = 2.76 me (14). First, Q(tz = -4.4122) 
number of bonded and p the is calculated by means of [5]: Q = -4.4122(-20.96/ 
departure from the usual halving of the C-H 1.3325) = 69.40 me. Then (ecl. 6), it is found that p = 

30.12 me and (eq. 4) q, = 2.76 + 2p = 63.00 me. 1n the 
4A critical discussion of point charge analyses is pre- scale of relative units, this charge is q,(rel) = 63.00/Q = 

sented in ref. 10. 0.9078. 
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TABLE 2. Charge distributions in alkanes. 
corrected for n = -4.4122, from the 

optimized STO-3G basis 

Net charge 
Molecule Atom (me) 

Methane C 71.56 

Ethane C 69.40 

Propane Cprim 66.55 
csec  66.18 
Hprim* -23.89 
Hsec -27.92 

lsobutane Cprim 63.97 
c t e r t  63.48 
Hprirn* -24.62 
Htert -33.65 

Neopentane Cprim 61.70 
C4uat 62.92 
H -25.81 

'Weighted average of nonequivalent H atoms. 

population analysis. This truly amounts to an 
experimental calibration of the appropriate mode 
of partitioning C-H overlap populations. 

While, in principle, the 'true' n value should 
be determined from an examination of prop- 
erty-charge relationships involving experimen- 
tal results, there is a particular value for n 
which merits attention, i.e., that which cor- 
responds to  a condition of 'most even electron 
distribution' (4). For the set of alkane molecules, 
a possible formulation can be derived from the 
condition that the various C atoms of the set be 
as similar as possible, which is met by n = -4.4. 
This n value now appears to correspond to real 
physical situations, albeit its generality is 
presently difficult to assess; indeed, comparisons 
of experimental results with carbon net charges 
indicate n = -4.4122 (from 13C nmr shifts (4)), 
n = -4.4083 (from ionization potentials (15)), 
and n = -4.41 (from enthalpies of formation 
(16)). Consequently, it can be assumed with a 
reasonable degree of confidence that n = -4.4 
best describes the atomic pop~rlations in saturated 
hydrocarbons. The charges for n = -4.4122, 
derived from the optimized STO-3G (Mulliken) 
results of Table 1, are indicated in Table 2. 
These results are deduced from eqs. 3 and 4, 
withp = 30.12 me.5 

Contrasting with the Mulliken set of charges 
(Table 1) which predicts a C--H+ polarity in 
terms of atomic populations, the final results 
(Table 2) indicate a C+-H- polarity in alkane 

molecules, a result which is in line with the view 
that hydrogen is certainly more electronegative 
than carbon, as Mulliken and Roothaan have 
pointed out (17). Since then, the C+-H- 
polarity has been advocated in various oc- 
casions, e.g., by Julg (l8), Bader and Preston (l9), 
and Jug and co-workers (5, 20), but has also 
been overshadowed by numerous theoretical 
calculations, in fact by all those for which n > 
0 (2). 

We can now focus attention on the interpreta- 
tion of inductive effects of alkyl groups in terms 
of population analyses. 

Inductive Effects 
The set of charges derived in the spirit of eq. 2 

(Table 2) reflects the inductive charges, (f(n)}, 
and, hence, the usual inductive effects of alkyl 
groups (one relative to another) just as well as 
their original counterparts, ( q O f .  In addition they 
also account for the proper partitioning of C-H 
overlap terms. The change in trends resulting 
from our definition of charges can be grasped 
from an examination of methane, written as 
CH3-H. Electron deficient H atoms indicate 
that CH3 is electron withdrawing with respect to 
H. It follows, therefore, that increasing methyl 
substitution at a carbon center renders this 
carbon more positive (Table 1). This type of 
behavior is typical for any set of alkane charges 
showing a C--H+ polarity (2). In the modified 
set of charges, of course, the C+-H- polarity is 
coherent with the usual concept that methyl is a 
better electron donor than H, in agreement with 
a vast body of chemical evidence. 

Although it can now be concluded that the 
well known disturbing contradictions between 
theoretical atomic charges and the customary 
inductive effects have vanished with the use of 
appropriate definitions of charges, the following 
descriptive interpretation may help in clarifying 
several aspects relating inductive effects to the 
C+-H- polarity. 

This polarity suggests, in a way, that hydrogen 
atoms 'retain' electrons in CHN groups. This 
retention within the group decreases as the 
number of H atoms in the group decreases, i.e., 
partial charge transfers occur in the direction of 
the hydrogen richer CHN groups (e.g., CH2 4 

CH3 as in propane). 
Isobutane is chosen as an example for examin- 

ing the effect of a-methyl substitution on a 
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'central' C atom (C,,,, in this case) and on a 
'central' CHN group (i.e. C-H,,,). This mol- 
ecule may be described as in l, using the results 
of Table 2 or, alternatively, as in 2; a repre- 
sentation which is somewhat misleading. 

In 2 the arrow C+H suggests correctly that 
the tertiary H atom gains electronic charge. The 
arrows CH3+Ct,,, suggest that the central C 
gains electrons as the number of CH3 groups 
replacing H is increased. This is in line with 
common views and is, indeed, reflected by the 
population analyses of Table 2. Nevertheless, the 
arrow CH3+C is misleading in another respect, 
in that it may suggest that the methyl group 
loses charge to the remainder of the molecule, 
whereas all calculations indicate the reverse, i.e., 
a net negative charge for each methyl group 
when attached to a better electron donor (i-C3H7, 
in this example). Reversal of the arrow ( C H 3 t  
C), intending to account for q(CH3) negative, is 
no better because then it would seem that the 
central atom becomes increasingly positive as the 
number of methyl substituents is increased, 
which is false. The apparent conflict between the 
facts (i) that the central C atom gains electrons 
with increasing number of methyl substituents 
and (ii) that the methyl groups themselves with- 
draw electronic charge is easily resolved by 
observing that although each methyl group pulls 
electrons from the i-C3H7 group (q(CH3) = 

-9.89 me), it attracts less electrons than the H 
atom which has been replaced by it (q,(sec) in 
propane = -27.92 me). This, of course, means 
that H is a better attractor than CH3, which is 
reflected in methane, (CH3)+-H-, i.e., by the 
C+-H- polarity. Similar arguments also apply 
to other molecules. In short, the central C atom 
and the central CHN group become increasingly 
negative (i.e., less positive) as the number of a- 

methyl substituents is increased not because 
methyl itsewpushes electrons toward the central C 
atom (or CHNgroup) but because it withdraws less 
electrons than the H atom for which it has been 
substituted. 

As a whole, we recognize here many of the 
familiar pictures and aspects of the customary 

interpretation of the inductive effects of alkyl 
groups and their coherence with atomic charges 
derived from our analysis. 

13C Nuclear Magnetic Resonance Shifts 

It is usually understood that one of the major 
factors governing the shielding of a specific 
nucleus is its local electron density. On these 
premises, considerable and often frustrating 
efforts have been devoted to attempts to correlate 
chemical shifts with charges (21). The most 
accurate relationship between 13C nmr shifts, 
6,, and carbon net charges is that found for 
alkanes (4), i.e., 

from TMS, where the C net charges are expressed 
in the scale of relative units defined by setting 
q,(ethane) = 1. Choosing now ethane as refer- 
ence compound for defining chemical shifts, 
eq. 8 takes the form 

[9] 6, = - 237. l(qc - 1)  ppm from ethane 

which has the merit of expressing clearly that the 
only empirical parameter arising from the cor- 
relation between chemical shifts and carbon net 
charges is the slope, -237.1 ppm/relative 
charge unit. These equations are obtained from 
the comparison of 13C shifts with inductive 
charges, (f(n)], thus determining n = -4.4122 
or, else, from eq. 7 using the ab initio results of 
Table 1, whereby p = 30.12 me. In a range of 
-40 ppm, the standard deviation (0.3 ppm) is 
small in comparison with the error (-2.4 ppm) 
in 6, which would result from a 1% error in the 
estimate of q,. As a consequence of this agree- 
ment, eq. 8 can be used to calculate accurately C 
net charges in saturated hydrocarbons (Table 3). 

Equations like [8] and [9] involving carbon 
charges expressed in charge units (i.e., q,(rel). Q) 
would be impractical because the corresponding 
slope, -237.1/Q, would then depend upon the 
scale factor, Q, whose 'true' value is notknown, 
hence, upon the basis used for calculating charges 
(4). One major advantage of eqs. 8 and 9 is 
precisely that they require only the knowledge of 
the proper relative scaling of carbon charges, 
which, of course, is independent of Q. Moreover, 
eqs. 8 and 9 represent the only possible monotonic 
dependence of the 6,'s on carbon charges since the 
use of any set of C charges corresponding to an n 
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TABLE 3. Carbon net charges, in the relative scale defined by 
qc(ethane) = 1, for n = -4.4122, 0iz .p  = 30.12me 

q, from 

Molecule Atom Ind. Th. STO-3G* '3C shift 6, 

Methane C 1.031 1.031 1.032 -2.1 

Ethane C 1 .000 1 .000 0.999 5 .8  

Propane Cpr~rn 0.958 0.959 0.958 15.6 
c sec  0.954 0.954 0.955 16.1 

Butane Cprlrn 0.968 
c s e c  0.920 

Pentane ccentr  0.878 0.878 34.5 

Isobutane Cpr~m 0.922 0.922 0.921 24.3 
Ctert 0.915 0.915 0.917 25.2 

Neopentane Cpr~rn 0.889 0.889 0.891 31.5 
Csuat 0.907 0.907 0.906 27 . 9  

Cyclohexane C 0.908 0.907 27.7 

Adamantane csec  0.862 0.862 38.24 
c t e r t  0.896 0.902 28.75 

*The optimized STO-3G results are extracted from refs. 14 (cyclohexand. 22 (adamantane), and 9 
(other compounds). 

value other than - - 4.4 would destroy the mono- 
tonicity (linear or otherwise). 

These 6,-q, relationships further indicate that 
6, increases (downjield shift) as q, decreases, i.e., 
with decreasing positive characrer of the carbon 
atom, which is at variance with common views. 
There appears to be no means of reconciling the 
latter with present results because Q is necessarily 
positive (meaning that the sign of C net charges 
in units of charge is that of the relative charges, 
i.e., positive): unless reversing the argument chat 
ethyl is a better electron donor than methyl. 
Reversal of this argument would, however, be at 
odds with experimental evidence (7) indicating 
that the methyl ends in propane carry net 
negative charges. In conclusion, noting that all 
alkane C atoms are positive, eqs. 8 and 9 
indicate that their 13C shifts are farther downfield 
as the C atoms are closer to electrone~tralit~. 

This behavior is possibly related to Grant's 
analysis (23) of the local paramagnetic screening 
constant (a,) for orbitals centered entirely on 
carbon, and its dependence on charge. This 

6The demonstration that n and Q are necessarily 
opposite in sign is given in ref. 2. This point can also be 
inferred from relative charges calculated from the in- 
ductive form~~las of Table 1 ,  for n = -4.4122. If Q were 
negative, then the methyl groups in propane would carry 
net positive charges, at variance with experiment (7). 

treatment predicts, in line with common views, 
that addition of electronic charge to a neutral 
carbon atom results in an u~fieid shift because 
the contribution of a, to the overall screening 
constant becomes less deshielding. Upon removal 
of electronic charge from a neutral C atom, 
however, this contribution of a, is more de- 
shielding only up to a certain point, after which 
any further increase of net positive charge at the 
C atom in question results in a decrease of the a, 
contribution and, hence, in an increase in shield- 
ing. This latter trend is observed with alkanes, 
whose carbon atoms are, indeed electron de- 
ficient. In spite of this encouragement, it would 
be premature at this stage to assess the merits of a 
tentative interpretation in terms of Grant's 
analysis because (i) of the approximations in- 
volved in it, (ii) the uncertainty about the point 
at which inversion of trends would occur, which 
is linked to the definition of the 'effective 
nuclear charge parameter', and (iii) because we 
ignore the absolute values of carbon charges 
(i.e., Q).' 

Now these reservations should not obscure the 
fact that carbon charges which are derived from 

'Moreover, the significance or generality of correla- 
tions like eq. 8 is not known, and 13C shifts should not be 
indiscriminantly interpreted as being strictly linearly re- 
lated to electron density in all systems. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



chemical shifts are virtually in perfect agreement 
with their theoretical counterparts which, more- 
over, reflect in detail inductive effects in their 
current acceptation, i.e., . . . C2H5 > CH3 > H. 
In saturated hydrocarbons and in comparable 
situations any downfield shift occurring upon 
substitution of H by CH3 is, therefore, inter- 
preted as an electron withdrawal from the carbon 
of interest, which is less pronounced with the 
methyl substituent than with hydrogen. 

Stability of Carbonium Ions 

Chemical shift is a property of the interaction 
of charge density with an external magnetic field. 
Consequently, it depends not only on the value of 
the integrated charge density (or 'charge') in the 
neighborhood of a nucleus but also on the 
magnetic susceptibility of that charge. It  must be 
understood, therefore, that any 6,-qc correlation, 
such as eq. 8, is only applicable within series of 
closely related compounds. Carbonium ions are, 
hence, compared only among themselves. 

The trends can reasonably be expected to  be 
similar to those described for alkanes, i.e., the 
inductive order of electron releasing ability, . . . 
C2Hs > CH3 > H, and a downfield trend in 
chemical shifts for positive carbon atoms gain- 
ing some electronic charge, thus tending in part 
towards electroneutrality. The latter trend, in- 
volving only the inductive effect of ethyl us. that 
of methyl, is illustrated by the comparison of 
ions 3 and 4 

where the positive charge on the C+ center is 
expected to be lesser in 4 than in 3. Indeed, the 
shift for the carbonium center in 4 (333.8 ppm) 
is downfield with respect to that in 3 (330.0 ppm) 
(24). Moreover, turning now to the inductive 
effect of methyl us. that of hydrogen, the nmr 
shift of the carbonium center in the trimethyl- 
carbonium ion is 10.4 ppm farther downfield 
than that of the dimethylcarbonium ion (319.6 
ppm) (24). Hence, it follows from the trend 
noticed above for ethyl us. methyl that the car- 
bonium center in 3 is less positive than that of 5. 
This, of course, agrees with the previous results 

for alkanes indicating that methyl is a better 
electron donor than H (or less electron with- 
drawing than H) and, consequently, with 
traditional concepts which associate stability of 
carbonium ions with inductive dispersion of 
positive charge at the carbonium center. 

These three carbonium ions are at the center 
of the intervretative difficulties which were 
hitherto encountered in attempts to reconcile 
theoretical charges with usual inductive effects 
and stability of carbonium ions (25). The present 
analvsis indicates that the most traditional views 
of organic chemists turn out to be the correct 
ones. It is unfortunate that extended Hiickel (1) 
and ab initio (3) calculations indicating that the 
positive charge at a C+ center increases with the 
number of methyl substituents were widely used 
in discussions of carbonium ion chemistry with- 
out proper consideration of the implications con- 
tained in the Mulliken population analysis 
adopted in these calculations. Appropriate 'p 
corrections' (eq. 4) cannot be disregarded in the 
evaluation of meaningful orders for atomic 
charges, or, more generally, an appropriate 
definition of charges in terms of eq. 2. 

There is a more general aspect relating stability 
with dispersion of positive charge on carbon 
atoms and higher (downfield) 6 ,  values. En- 
thalpies of formation, AH?, of acyclic alkanes 
are correlated to 13C shifts, heth (relative to 
ethane), by the equation (16) 

where N now represents the number of C atoms, 
Ncc = the number of C-C bonds formed by the 
C atom to which aeth refers, and v, A are para- 
meters determined from comparisons with ex- 
perimental AH? values. This equation covers 
compounds ranging from methane (- 17.89 
kcal/mol) to nonanes (- - 60 kcal/mol) with a 
mean deviation of 0.27 kcal/mol. The point is 
that A is negative (-0.04657 kcal/mol). This, of 
course, means that thermodynamic stability is 
increased as the heth values become larger. While 
this is particularly evident in comparisons of 
isomers, the above rule is quite general. Indeed, 
it has been applied on an empirical basis by 
Perlin and Koch (26) in a study of 13C and proton 
chemical shifts of cyclohexanes in relation to 
interaction energy. Now it makes sense that any 
increase in stability parallels situations whereby 
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C atoms come closer to their electroneutrality, as 
electron removal from neutral C atoms certainly 
costs work. These alkane results are, thus, 
coherent with those presented above for car- 
bonium ions, i.e., larger 6, values indicate loss of 
positive charge and increase in stability. 

This study never intended to be exhaustive in 
any of the topics considered. Its primary goal 
was to pin-point the sources of disturbing con- 
ceptual difficulties. Their removal hopefully dis- 
closes easier paths for future research, within a 
frame of beneficial coherence. 
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SAUL WOLFE, PETER CHAMBERLAIN, and TIMOTHY F. GARRARD. Can. J. Chem. 54,2847 (1976). 
Ten acyclic and two cyclic 1,3-bissulfonium bistetrafluoroborates have been synthesized by 

appropriate modification of the literature procedures for the preparation of such compounds. 
The acyclic salts are deprotonated readily by one molar-equivalent of potassium hydroxide to  
give 1,3-bissulfonium ylides. However, under the same conditions, the cyclic salts decompose. 
Hydrogen exchange experiments reveal that the C2 hydrogens of the cyclic salts are significantly 
less acidic than the C2 hydrogens of the acyclic salts. The relative acidities of the C?, hydrogens 
of the cyclic salts depend upon the medium and upon the configuration and conformation of the 
molecule, and preliminary attempts have been made to associate the kinetic and thermodynamic 
acidities of these hydrogens with their specific stereochemical environments. 

Deprotonation of a 1,3-bissulfonium salt is accompanied by a decrease of at  least 5 kcal/mol 
in the barrier t o  pyramidal inversion a t  sulfur. However, attempts to establish the static and 
dynamic behaviour a t  the carbanionic centre were not successful. 

SAUL WOLFE, PETER CHAMBERLAIN et TIMOTHY F. GARRARD. Can. J. Chem. 54,2847 (1976). 
Dix dCrivCs bistitrafluoroborate de bissulfonium-1,3 acycliques et deux cycliques ont CtC 

synthCtisCs par des modifications appropriks des procCdCs dCcrits dans la IittQature pour la 
preparation de tels composCs. Les sels acycliques sont dCprotonCs facilement par un equivalent 
molaire d'hydroxyde de potassium pour donner des ylures de bissulfonium-1,3. Cependant, sous 
les m&mes conditions, les sels cycliques se dkomposent. Des expkriences d'kchange d'hydrogtne 
rCvklent que les hydrogknes en C2 des sels cycliques sont passablement moins acide que les 
hydrogknes en C2 des sels acycliques. Les aciditCs relatives des hydroghnes en C2 des sels 
cycliques dCpendent du milieu et de la configuration et de la conformation de la molCcule. 
Des essais preliminaires ont CtC faits pour associer les aciditis cinktiques et thermodynamiques 
de ces hydrogtnes avec leurs environnements stCrCochimiques spkifiques. 

La dCprotonation d'un sel de bissulfonium-1,3 est accompagnie d'un abaissement d'au moins 
5 kcal/mol dans la barrkre d'inversion pyramidale B l'atome de soufre. Cependant, les essais 
pour Ctablir le comportement statique et dynamique au site carbanionique n'ont pas eu de 
succks. 

[Traduit par le journal] 

Introduction 

The use of sulfonium ylides in synthesis has 
developed rapidly in recent years (1). Their 
possible intervention in certain highly stereo- 
specific biosynthetic processes has also been 
discussed ( 2 ) ,  and there is evidence that, even 
under non-enzymatic conditions, these com- 
pounds can serve as vehicles for the introduction 
of chirality at carbon (3). 

A full understanding of such results requires a 
knowledge of the static and dynamic stereo- 
chemical properties of sulfonium ylides. The 
following problems can be recognized. (i) What 
is the nature of the bond between sulfur and 
carbon? (ii) What is the geometry at sulfur? 
(iii) What is the geometry at carbon? (iv) What 

'Revision received April 6, 1976. 

is the dihedral angle about the carbon-sulfur 
bond? (u) What is the barrier to rotation about 
the carbon-sulfur bond? (vi) What is the barrier 
to pyramidal inversion at carbon, and how is the 
barrier to inversion of a 'simple' carbanion 
affected by the attachment of a sulfonium sub- 
stituent? (uii) What is the barrier to pyramidal 
inversion at sulfur, and how is the barrier to 
inversion of a 'simple' sulfonium cation affected 
by the attachment of a carbanionic substituent? 

In the present work, an attempt is made to 
answer some of these questions in terms of a 
heuristic analysis of the stereochemical capabili- 
ties of sulfonium ylides. The most evident 
structural feature of such compounds is the 
presence of two directly bonded tricoordinate 
atoms, each of which carries an unshared electron 
pair. In the present analysis, the assumption is 
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made that these electron pairs are localized on 
sulfur and carbon, as indicated in structure 1. 

The stereochemical requirements of adjacent 
electron pairs affect both the static and the 
dynamic properties of systems which contain 
this structural unit (4). The effect upon static 
properties takes the form of a 'gauche effect' (9, 
i.e., a tendency of the system to exist preferen- 
tially in that conformation that has the maxi- 
mum number of gauche interactions between the 
adjacent electron pairs. The effect upon dynamic 
properties is manifested most demonstrably upon 
barriers to pyramidal inversion (6)  when the 
nuclei bearing the electron pairs are tricoordi- 
nate. In the absence of electronegativity effects, 
the attachment of R ~ R ~ M -  to Q R ~ R ~  leads to 
an increase in the barriers to inversion at M and 
Q, as compared to those observed in RIRzMH 
and HQR3R4 (7). Electronegativity effects may 
either complement or oppose electron pair - 
electron pair effects according to whether there 
is electron release to or electron withdrawal from 
the pyramidal centres in question (8). Electron- 
withdrawing substituents increase the barrier, 
and electron-releasing substituents decrease the 
barrier. 

Extension of such observations to the case of 
the ylide 1, leads to  the following  prediction^:^ 
( i )  both sulfur and carbon should have pyramidal 
configurations; (ii) the stable conformation 
should have a dihedral angle 4 in the range 
80-120" (see 2); (iii) the electron-withdrawing 
sulfonium substituent should cause the barrier 
to inversion at the adjacent carbanionic centre to 
be greater than that in a simple carbanion 
(2-6 kcal/mol (9)); the electron-releasing car- 
banionic substituent should cause the barrier to 
inversion at the adjacent sulfonium centre to  be 
lower than that in a sulfonium salt (ca. 30 
kcal/mol (lo)).  

These predictions are susceptible to experi- 
mental test. Proof of pyramidal sulfur in sul- 
fonium ylides was first obtained by nmr ( 1  1 )  and, 

subsequently, by the resolution of the ylide 3 (12). 
Proof of pyramidal carbon in sulfonium ylides 
was obtained by Fava and Eliel and their 
co-workers (13), who observed the stereoselec- 
tive transformation 4 + 5.3 Darwish and Tomil- 
son demonstrated (12) that the barrier to inver- 
sion at sulfur in the ylide 3 is at  least 6 kcal/mol 
lower than in the parent sulfonium salt. Whether 
the torsional behaviour about the C-S bond of 
a sulfonium ylide is in harmony with the postu- 
late of the gauche effect is not yet settled, because 
the intermediate in transformations such as 
4- 5 cannot be observed directly, and con- 
clusions derived from kinetic observations of 
hydrogen isotope exchange do not necessarily 
apply to thermodynamic stabilities (13, 17). 

Lillya (18) and Gosselck (19) and their co- 
workers have described the synthesis of 1,3- 
bissulfonium salts (10) and their derived ylides 
( 1  1 ) .  These compounds appeared to be particu- 
larly suitable for a study of the static and 
dynamic properties of sulfur ylides because both 
10 and 11 are relatively stable at room tempera- 
ture, a range of structural types is readily 
synthesized by appropriate modification of Lillya 
and Miller's procedures, and extension of the 
predictions made above from a system contain- 

'It could be argued that the difference in the kinetic 
acidities of the prochiral a-methylene protons of 4 is a 
consequence of steric approach control in the quenching 
of a planar carbanion. However, steric approach control 
is not apparent in the related transformat~ons 6 + 7 (14) 
and 8 + 9 (15), although the nature of the intermediate 
in these latter reactions is not yet clear (16). 

2These predictions first appeared in ref 5. 
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ing two adjacent electron pairs to one containing 
three adjacent electron pairs is straightforward. 
In addition, it was hoped that the presence of 
two electron-withdrawing sulfonium substituents 
on the ylide carbon atom would stabilize the 
pyramidal configuration at this centre, and allow 
measurement of the barrier to pyramidal inver- 
sion of a 'positively charged carbanion'. 

Experimental 

Synthesis of l,3-Bissulfonium Tetrajuoroborates 
The 1,3-bissulfonium salts were prepared by one of 

three routes, exemplified below as Method A,  Method B, 
and Method C. In all cases, the salts were crystalline, and 
showed no peaks in their nmr spectra inconsistent with 
the assigned structures. The nrnr spectra a t  60 MHz were 
obtained on a Varian A60 spectrometer, with TMS or 
DSS as internal standards, according to the solvent 
employed. Spectra at  100 MHz were obtained on a Varian 
HA100 spectrometer a t  the University of Toronto 
through the generous cooperation of Professor W. F. 
Reynolds. Data in the exerimental section are recorded 
in 7 values. 

Method A 
Triethyloxonium fluoroborate was prepared from 

freshly distilled epichlorohydrin and boron trifluoride 
etherate, and converted to trimethyloxonium fluoro- 
borate by the usual procedures (20). To silver fluoro- 
borate (1.27 g, 6.5 mmol) was added a solution of ethyl 
brornomethylsulfide (1.14 g, 6.5 mmol) in tetrahydro- 
thiophene (7 ml). A white solid formed immediately and 
much heat was generated. The solid slowly dissolved, and 
the solution was stirred overnight at  room temperature. 
The next day, methylene chloride (25 ml) was added, 
whereupon a yellow precipitate of silver bromide sep- 
arated. This was removed, and the filtrate was evaporated 
to dryness. The residue was triturated twice with petro- 
leum ether (30-60 "C), and then three times with ether 
until the product crystallized. The yield of 12 was 1.5 g: 
nrnr (D20) 5.55 (2H, s), 6.4 (4H, m), 7.1 (2H, q), 7.6 
(4H, m), 8.6 (3H, t). 

T h ~ s  salt (1.5 g) and tr~ethyloxon~urn fluoroborate (2.2 
g) were m~xed In methylene chlor~de (10 ml), and the 
mlxture was stlrred at  room temperature overn~ght. The 
solvent was then decanted and the res~due washed w ~ t h  
petroleum ether (30-60 "C), methylene chlor~de, and 
ethanol, and then recrystall~zed by slow a d d ~ t ~ o n  of 
ethanol to an aqueous solut~on. The y~eld of 13a was 
620 mg, mp 134-136 "C. 

For the preparat~on of the 1,l-dlmethyl-3,3-d1ethyl- 
b~ssulfon~um salt 15a, sllver fluoroborate (1.27g, 6.5 
mmol) was added to a solut~on of ethyl bromomethyl- 
sulfide (1.14 g, 6.5 mmol) In dlmethylsulfide (10 ml). The 

reaction, which was very exothermic in its early stages, 
was allowed to proceed for 2 h. Then methylene chloride 
was added, the mixture was filtered, and the filtrate was 
evaporated to dryness to give the salt 14 (1.8 g) as a light 
brown viscous oil. nrnr (CH2Cl2) 5.2 (2H, s), 4.75 (6H, s), 
4.86 (2H, q), 8.34 (3H, t). 

This oil (1.8 g) and triethyloxoniurn fluoroborate (6 g! 
were mixed in methylene chloride (loml), and the mixture 
was stirred overnight at  room temperature. It was then 
treated with 5 ml of methanol, stirred for 0.5 h, and 
evaporated to dryness. The oily solid residue was washed 
with ether, dissolved in water, and absolute ethanol was 
added to the cloud point. Crystallization was allowed to 
proceed at  10 "C to give 1.05 g (50% in the two steps) of 
the bissulfonium salt 15a, mp 107-109 "C. 

Method B 
Formaldehyde dimethylthioacetal, bp 149-151 "C, and 

formaldehyde diethylthioacetal, bp 75-78 "C, were pre- 
pared in 35% and 737, yields, respectively (21). Reaction 
of the dirnethylthioacetal with trimethyloxonium fluoro- 
borate, and of the diethylthioacetal with triethyloxonium 
fluoroborate, according to Miller (22), afforded 17a and 
16a, the 1,1,3,3-tetramethyl (yield 68%, mp 171-172 "C) 
and 1,1,3,3-tetraethyl (yield 54%, mp 151-152 "C) bis- 
sulfoniurn tetrafluoroborate salts, respectively. Reaction 
of the dimethylthioacetal with triethyloxonium fluoro- 
borate (22), or the diethylthioacetal with trimethyloxon- 
iurn fluoroborate produced, in 637, and 75% yields, 
respectively, the same substance, 18a, melhylenebis- 
(rnethylethyIsulfonium)fluoroborate, mp 125-126 "C; 
mixture melting point 125-126 "C. The spectroscopic 
properties and the melting point of the material were un- 
changed following recrystallization from acetone, ace- 
tone-ether, ethyl acetate, or dimethyl sulfoxide - ethanol. 

Method C 
Hydrogen chloride gas was passed, during 3 h at  

- 10 "C, into a stirred mixture of thiophenol (27.5 g, 
0.25 mol) and paraformaldehyde (7.5 g, 0.23 rnol). At the 
end of this time, the paraformaldehyde had dissolved and 
water was present in the reaction mixture. Calcium 
chloride was added and, after 20 h a t  0 OC, the mixture 
was filtered, and the filtrate distilled. Phenyl chloro- 
methylsulfide (13.6 g, 34%) was collected at  108-110 "C: 
nrnr (CDC13) 2.7 (m, 5H), 5.15 (s, 2H). 

Sodium hydroxide (2 g, 50 mmol) was added to ab- 
solute ethanol (30 ml), the mixture was cooled to 0 'C, 
and methanethiol was introduced until the sodium 
hydroxide had dissolved. Then phenyl chlorornethyl- 
sulfide (7.9 g, 50 mrnol) was added dropwise during 
5 min. A heavy white precipitate formed. The mixture 
was warmed to 40 "C to distil out excess methanethiol. 
and it was left overnight. The solvent was then removed 
under reduced pressure, and the residue was shaken with 
water and ether. The ether phase was dried over an. 
hydrous magnesium sulfate and evaporated to give 8.1 g 
(95%) of phenylmethyldithiomethane: nmr (CDC13) 2.8 
(m, SH), 6.08 (s, 2H), 7.85 (s, 3H). 

Reaction of phenyl chloromethylsulfide with ethane- 
thiol, in the manner just described, gave phenylethyl- 
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+ + 
TABLE 1. Melting points of the 1,3-bissulfonium salts [R1R2SCH2SR3R4I2+ 2BF4- 

synthesized in this work 

Melting Point ("C) 

Compound R1 R2 R3 % Method This work Literature 

dithiomethane: nmr (CDC13) 2.8 (m, 5H), 6.00 (2H, s), 
7.30 (2H, q), 8.75 (3H, t). 

Phenylmethyldithiomethane (1 . l  g,  6.5 mmol) and 
trimethyloxonium fluoroborate (2.9 g, 19.6 mmol) were 
mixed in a dry box under nitrogen, and the mixture was 
shaken at room temperature. When a semi-solid paste had 
formed, methylene chloride (3 ml) was added, the flask 
was sealed, and stirring was continued for 24 h. The lig111 
brown solid mass was collected by filtration, triturated 
with anhydrous ether followed by methylene chloride, 
and then dissolved in the minimum amount of water. 
Ethanol was added to the cloud point, and crystallization 
was allowed to proceed at  10 "C. The crystals were 
collected, washed with absolute ethanol, and dried in 
oacuo at 25 "C. The yield of the 1,3,3-trimethyl-1- 
phenylbissulfonium fluoroborate, 19a, mp 128.5-129.5 "C, 
was 1.6 g (66%). 

In a different preparation, phenylmethyldithiomethane 
(1.1 g, 7.2 mmol) and triethyloxonium fluoroborate (6.0 g, 
31 mmol) were mixed in a dry box under nitrogen. The 
reaction flask was then sealed and shaken at  room temper- 
ature for 44 h. The result~ng dark brown oil was trit- 
urated with three lOml portions of anhydrous ether 
and then dissolved in methylene chloride and precipitated 
with ether. This procedure was repeated once and the 
black oil was then dissolved in absolute methanol and 
reprecipitated with ether. Repetition of this latter pro- 
cedure caused crystallization of the compound. Three 
trilurations w ~ t h  10 ml portions of methanol afforded an 
off-white solid. This was dissolved in water (3 ml), 
ethanol (50ml) was added to the cloud point, and 
crystallization was allowed to proceed at  10 "C. The 
compound was collected, washed with ethanol, and dried 
in uacuo at 25 "C. The yield of white crystalline l-phenyl- 
1-ethyl-3-methyl-3-ethylbissulfonium salt, 20a, was 0.4 g 
(187,), mp 109-111 'C. 

The reaction of phenylethyldithiomethane with tri- 
methyloxonium fluoroborate in the same manner as 

described in the above two paragraphs afforded a semi- 
solid mass. This was triturated with a large excess of 
absolute ethanol to give an off-white solid whose nmr 
spectrum (see Discussion) indicated the presence of pre- 
dominantly one diastereoisomer. Recrystallization in the 
usual manner from aqueous ethanol yielded the l-methyl- 
l-phenyl-3-n1ethyl-3-ethylbissulfonium salt, 21a, mp 112- 
113 "C. Anal. calcd. for CllHI8S2 .2BF4: C 34.05, H 4.67; 
found: C 34.25, H 4.40. 
Preuaration o f  the 1.3-Diet/zvlbissulfoni~im Salt o f  

' 1,3-~irl1$ne 
1.3-Dithiane (0.87 e.  7.53 mmoll and triethvloxonium 

fluoroborate (5.01 g:' 26.4 mmol) were dissolved in 
methylene chloride, and the flask was sealed in a dry box 
and allowed to stand overnight at  room temperature. The 
solvent was then decanted from the heavy oil which had 
precipitated, and the oil was triturated a number of times 
with dry ether and then evacuated overnight at  0.01 torr. 
At this point, the compound crystallized upon the addi- 
tion of absolute methanol to give 1.22 g (66.5%) of the 
salt 25a. Recrystallization from aqueous ethanol gave 
material melting a t  108-110 "C (lit. (23) mp 114 "C). 
Anal. calcd. for C8Hl 8S2 .2BF4: C 27.35, H 5.15; found: 
C 27.52, H 4.99. The nmr (TFA-d) 4.70 (d, 12 Hz), 4.72 

(s), 5.05 (d, 12 Hz, ;-cH~-;, see text), 6.10 (8H, q, 
~-cHz) ,  6.97 (2H, m, CH2-CH2-CH2), 8.26 (6H, t, CH3). 

The 1,3-dimethylbissulfonium salt 24a, mp 208-211 "C 
(lit. (23) mp 186 "C), prepared analogously from 1,3- 
dithiane, had the following nmr spectrum in TFA: 4.79 

(2H, s, ; -CH~-~) ,  6.12 (4H, m, $cH~), 6.69 (6H, s, CHd,  
7.08 (2H, m, CH2-CH2-CH,). In D20 ,  two peaks were 
observed in the methyl region: 4.82 (2H, s, exchanges), 
6.20(4H,m),6.68(2.4H,s), 6.72(3.6H,sj,7.13(2H,m). 

Table 1 lists the various salts synthes~zed by appro- 
priate choice of methods A-C, and the melting points of 
these salts. Table 2 contains proton chemical shift data 
for these compounds. 
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+ 
TABLE 2. Proton chemical shifts' of dithiomethanes RISCHB2SR2, 1,3-bissulfonium salts R1R2SCHB2SR3%*, and 

1,3-bissulfonium ylides R ~ R ~ ~ H B ~ R ~ R ~ ~  

Substituent Salt Ylide 
Proton Dithiomethane 

Compound RI Rz R3 R4 observed TFA 4 0  4 0  CH2CI2 (CDCl3) 
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Substituent Salt Ylide 
Proton Dithiomethane 

Compound RI R2 R3 R4 observed TFA D 2 0  D 2 0  CH2CI2 (CDC13) 

13n.b CH3CHA2 CH3CHA2 -CHA;(CH2)2CHA;- A 216 180 0 
A' 228 21 2 
B 29 1 I 
A 127 

< 
39a CHA3 CHA3 

B 216 
g 
"! 

A 
P 

396 PI1 CHA3 129 - 
B 235 '0 

4 m 

3 9 ~  CH3CHA2 CH3CHA2 A 160 
B 221 

aSpectra were obtained as 10% solutions at 30 "C on a Varian A60 spectrometer, and were temperature independent except where mentioned in the text. All chemical shifts are reported in Hz 
downfield from internal TMS or DSS, as appropriate. 

bThe anion is tetrafluoroborate. 
'The compound is insoluble in this solvent. 
dAn ABXB spectrum was observed. 
EThese protons undergo rapid hydrogen-deuterium exchange. 
h h e  same substance, mp 125-126 "C. is obtained by methylation of diethyldithioacetal or ethylation of dimethyldithioacetal. 
PThe ABXI spectrum was not analyzed; the chemical shift quoted is for the centre of the absorption. 
hThese data are for the single diastereomer (see text). 
fThese are the A" shifts of the two diastereomers; the CHI protons of the ethyl group appear as two triplets centred a t  69 and 79 Hz. 
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Deprotonarion of Acyclic 1,3-Bissulfonium Salts 
The ylides 13b, 156-23b were generated from the salts 

13a, 15a-23a in greater than 90% yield by treatment with 
1 rnol equiv. of methanolic potassium hydroxide, followed 
by evaporation of the solvent, trituration of the residue 
with methylene chloride, and reevaporation. The tetra- 
methylbissulfonium ylide 17b was a white crystalline 
compound, mp 103.5-104.5 "C (lit. (22) mp 104 "C). All 
others were pale yellow oils. 

Recrystallization of 176 from a mixture of methanol - 
methylene chloride - ether gave large prisms which, un- 
fortunately, proved to be unsuitable for crystallographic 
work.4 It had been hoped that such a study would provide 
direct evidence concerning the geometry of the ylide 
carbon in the solid state. Although this was not successful, 
it is important t o  note that the crystal structure of de- , 

hydrornethionine (i), which is isoelectronic to a sulfonium 
ylide, has been found to  have pyramidal geometry a t  
nitrogen (24). 

Results and Discussion 

Preparation of 1,3-Bissulfonium Salts 
Ten acyclic 1,3-bissulfonium salts (13a, 15a- 

23a; see Table 1) were prepared by appropriate 
reaction sequences, termed Method A[1], Method 
B [2], and Method C [3]. These afforded an array 

'4gBF4 +,R1 
[I] RSCH2C1 + R'SR' j [RSCH2-S 

\RjBF4- + 
[RS-CH2-SR'I2+ 2BF4- 

I I 

of symmetrically and unsymmetrically substi- 
tuted 1,3-bissulfonium salts bearing phenyl, 
methyl, ethyl, and tetrahydrothiophenyl sub- 
stituents. Attempts to prepare compounds having 
one or two S-benzyl groups, 1,3-diphenyl sub- 
stitution, or a substituted central methylene 
group were unsuccessful. 

The two cyclic 1,3-bissulfonium salts 24a and 
25a were prepared by alkylation of 1,3-dithiane 

4G. I. Birnbaum, personal communication. 

(23). In each case the salt was obtained as a 
mixture of geometrical isomers; 24a was a 60:40 
mixture of isomers, based upon integration of the 
S-methyl signals. In CF3COOH (TFA-h), the 
spectrum of the 1,3-diethylbissulfonium salt 25a 
was more informative, and it allowed a deter- 
mination of the proportions of the cis and trans 
isomers (cis:trans = 62:38). The C2 methylene 
protons of the cis isomer 26 appeared as a 
quartet (re = 4.70; 7, = 5.05; Jea = 12 Hz), and 
those of the trans isomer 27 as a singlet (7 4.72). 
Since 26 is conformationally constrained (anan- 
comeric) (25), HZe and HZa are anisochronous, 
but rapid ring inversion of 27 averages the 
signals of these protons. It should be noted that 
26 exemplifies the class of meso compounds 
X+CH2X-, and 27 exemplifies a dl isomer of the 
type X+CH2X+ (and X-CH2X-), in which X+ 
and X- are enantiomeric chiral ligands. The 
methylene protons in X+CH2X- are diastereo- 
topic, and those in X+CH2X+ (and X-CH2X-) 
are homotopic. This fact has been employed to 
assign structures to the meso and dl isomers of 
2,4-dithiapentane 2,4-dioxide (26). 

The assignment of the HZe and HZa chemical 
shifts of 26 was based initially upon the observa- 
tion of broadening of the low field half of the 
quartet (WIl2 = 9 HZ US. W112 = 3 HZ for the 
upfield half of the quartet), and was confirmed 
by double irradiation experiments in the region 
of the C4 and C6 protons at T 6.10. The broaden- 
ing of HZe is the result of a W effect (27) with the 
equatorial ring protons a t  C4 and C6. 

Deprotonation of l,3- Bissulfonium Salts 
Each of the acyclic salts was converted without 

difficulty to the 1 J-bissulfonium ylide upon 
treatment with 1 mol equiv. of methanolic 
potassium hydroxide. However, this procedure 
led to decomposition in the case of the cyclic 
salts 24a and 2%. 

Hydrogen-deuterium exchange studies helped 
to clarify this behaviour. Following the prepara- 
tion of 10% solutions in D20,  all of the acyclic 
salts and ylides underwent extremely rapid 
exchange (<0.5 min) of the C2 proton(s). On 
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+ + + t 
M ~ ~ s - C D - S M ~ ~  Me2S-CD2-SMe2 + OD- 

+ 
t I 

CH2et + DzO -CHz,+ + 
S-CD2-SMe2 ,S-CD2-SMe2 + HOD 

Me' Me + 28 
OD- 

CH2D\+ + 
,s-CD-SM~~ etc. 

Me 
+ 

D2O 
SCHEME 1 

further standing in D20, the methyl protons of 
the ylide 17b also exchanged within 20min at 
30 "C, but those of the salt 17u did not. In H20, 
back-exchange of perdeuterio 17b occurred, with 
regeneration of the starting material. 

The simplest explanation for the exchange of 
the methyl protons of 17b under these conditions 
is shown in Scheme 1. This assumes the existence 
of a tautomer 28, which may be present to a 
small extent in aqueous s ~ l u t i o n . ~  Since 17u has 
a pK, of 9.0 (18), 'the assumption that hydrogen- 
deuterium exchange proceeds solely via sul- 
fonium ylide intermediates allows the calculation 
that the rates of exchange of the methyl protons 
of 0.1 M solutions of 170 and 17b should differ 
by a factor of lo4. 

The methyl protons of the ylide 176 also 
exchanged completely in CD30D solvent (75 min 
for a 0.1 M solution at 30°C). Isolation of 
the perdeuterio compound and dissolution in 
CH30H led to recovery of 17b. Repetition of this 
experiment with the phenyltrimethylbissulfonium 
ylide 196 revealed that the methyl group at 
215 Hz exchanged more rapidly than the two 
methyl groups at 179 and 184 Hz (see Table 2). 
This permitted the synthesis of the selectively 
deuterated compounds 29 and 30, by appropriate 
sequences of exchange. As expected for a process 

involving the formation of an intermediate 
carbanion, the methylene protons of the S-ethyl 
groups of 156 and 18b did not exchange in D20  
or CD30D in the time required to achieve 
complete exchange of the methyl groups. 

A methylene chloride solution of 29 showed no 
scrambling of deuterium during 17.5 h at room 
temperature. Similarly a 1: 1 mixture of 19b and 
perdeuterio 17b in methylene chloride showed no 
evidence of scrambling during 5 days. These 
results demonstrate that tautomeric equilibria 
involving intra- and intermolecular carbon- 
hydrogen transfer reactions are unimportant in 
these acyclic ylides. 

The kinetic acidities of the C2 protons of the 
cyclic 1,3-bissulfonium salts were found to be 
substantially less than those of the corresponding 
protons of the acyclic salts. For example, at 
30 "C the exchange of the C2 protons of 24u 
(10% in D20) required 20 min for completion. 
Addition of 0.1 mol equiv. of NaOD to such a 
solution led to rapid exchange of the methyl 
protons (10min). It seems likely that this re- 

50ne cannot opriori rule out the existence of a 'diylide', duced kinetic acidity of the cyclic salts permits 
l.e., 

H base-promoted hydrolysis to become a com- -cHz,+,c,+,cH~ petitive process which leads to decomposition 
CH? S, CH3 (Scheme 2). 
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CHlO 31 32 
+ thermodynamic acidities of protons flanked by 

cH3suscH3 two sulfonium substituents, like the kinetic 
acidities of protons adjacent to one sulfonium 

SCHEME 2 substituent (13), are subject to very subtle con- 
formational effects. If it is now assimed that, in 

Under controlled conditions, in which decom- acyclic 1,3-bissulfonium salts, staggered con- 
position was largely avoided, the two isomers of formations are more stable than eclipsed con- 
24a displayed different reactivities towards base. formations, 33 appears to be the only fully 
In a typical experiment, six 0.25 M Hz0 solutions staggered conformation which cannot be at- 
of were prepared and at 30 ''. tained by the cyclic salts. In this 
To these solutions were added 2.5, 5.0,7.5, 10.0, each of the C2 protons is to one .lone 
12'5, and 15.0rc1 (0'1-0'6 mol equiv.) of lo pair' and anticoplanar to the other. We therefore 
NaoH' In each the shifts of the suggest tentatively that, in water solvent, the 

groups and 197 Hz for the minor relationship between conforn~ation and acidity 
and major isomers of the salt, respectively) were 
recorded before the addition of the base. immedi- 

is 33 > 31 > 32. 

ately after the addition of the base, and again 
after the addition of sufficient TFA to regenerate 
the salt. Some decomposition was evident fol- 
lowing reprotonation of the solution containing 
0.6 mol equiv. of base, but the other mixtures 
were stable under these conditions. As the 
amount of added base was increased progress- 
ively, the chemical shift of the methyl groups of 
the major isomer remained constant, but that of 
the minor isomer shifted upfield by 2.0,6.5, 11.5, 
14.5, and 16.5 Hz for 0.1-0.5 mol equiv. of base, 
respectively. The ratio of the major and minor 
isomers remained the same, in the presence of 
the base and after the reprotonation. As will be 
seen in the next section, these upfield shifts are 
consistent with the preferential formation of a 
bissulfonium ylide of the minor isomer. If the 
stereochemical course of methylation and ethyla- 
tion of 1,3-dithiane is the same, then the minor 
isomer of 24a is the trans compound 31.6 In this 
compound, one of the C2 protons is antico- 
planar to one 'lone pair' and gauche to the other; 
the other C2 proton is ga~rche to both 'lone pairs'. 
In the cis isomer 32, one of the C2 protons is 
anticoplanar to both 'lone pairs' and the other is 
gauche to both 'lone pairs'. 

These various observations show that the 

6Atternpts to confirm this structural assignment by 
cmr have not been successful (28). 

However, it is known (17) that the kinetic 
acidities of protons adjacent to sulfur are subject 
to both conformational and medium effects. 
Experiments with the 1,3-diethyl compound 2% 
demonstrated this point in the present system. In 
rigorously purified TFA-d (29), 25a was stable 
for at least 2 days at 30°C, and there was no 
exchange of any of the protons. Addition of the 
base D20  to this solution led to exchange of the 
C2 protons but not of the other methylene 
protons, and the compound remained stable. 
Careful adjustment of the proportions of TFA-d 
and D 2 0  allowed the exchange of the C2 
protons to be followed by nmr as a function 
of time. 

Initial, qualitative, observations in various 
TFA-d- D20  mixtures indicated that the C2 
quartet of the cis isomer 26 disappeared more 
rapidly than the C2 singlet of the trans isomer 27. 
Therefore, in this solvent system, the relative 
kinetic acidities of the geometrical isomers are 
the reverse of the thermodynamic acidities 
observed in D 2 0  alone. More significantly, the 
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exchange of the diastereotopic C2 protons of 26 
was stereoselective. As the quartet disappeared, 
a peak at T 5.04, corresponding to 34, grew in 
intensity and then slowly disappeared. The 
diastereomer 35 could not be observed at any 
time under a variety of conditions (57, of this 
compound would have been detected). 

In an attempt to obtain more quantitative 
data, a 0.41 M solution of the 1,3-diethyl-1,3-di- 
thianylbissulfonium salts (0.16 M in the trans 
isomer 27), in TFA-c/ - D20 (73 :27) (D20:25a = 

64), was allowed to undergo exchange for 15 min 
at 30 "C until the quartet of 26 had disappeared 
but not the singlet of 34. The singlet of 27 was 
then integrated as a function of time using the 
8-proton CH2 multiplet and the 6-proton triplet 
of the methyl groups as internal standards. After 
20, 30, 40, 50, and 60 min, the singlet of 27 
corresponded to 0.61, 0.55, 0.48, 0.43, and 0.38 
hydrogen. These data correspond closely to 
pseudo first-order kinetic behaviour, with a rate 
constant under these conditions of 0.12 min-I.' 

In a second experiment, a 0.29 M solution 
of the 1,3-diethyl-1,3-dithianylbissulfonium salts 
was allowed to exchange in TFA-d - D 2 0  (89: 11) 
(D20:25a = 16), and the integrals of the singlet 
of 34 at 5.04 and the upfield half of the quartet of 
26 were recorded as a function of time. These 
integrals were then normalized to  initial values of 
zero protons and two protons for 34 and 26, 
using the six-proton triplet of the methyl groups 
as an internal standard, and assuming that the 
proportions of 26 and 27 remain the same during 
the course of the exchange of the C2 protons 
(see below). 

When the exchange of diastereotopic pro- 
tons HA and HB is performed under pseudo 
first-order conditions, and the observed process 
is HAHB 4 DAHB 4 DADB, a plot of In [HAHB] 
us. time gives (kA + kg). In the latter stages of the 
reaction, when HAHB has disappeared, a plot of 

In [DAHB] us. time gives kB (neglecting the 
secondary isotope effect), so that both kA and 
kg can be estimated. For the experiment just 
described, the data gave kA = kB = 0.04 mix1 ,  
i.e., HZe and HZa of 26 have almost the same 
kinetic acidity. 

This is an important result. If HZe and HZa 
have the same kinetic acidity, the stereoselective 
formation of 34 as an intermediate requires the 
conclusion that HZe exchanges with net retention 
of configuration, and HZa exchanges with net 
inversion of configuration. Although stereoselec- 
tive exchange of diastereotopic methylene pro- 
tons is a well established phenomenon (see, e.g., 
ref. 13), all previous work on sulfur-containing 
systems has found this stereoselectivity to origi- 
nate in a difference in the kinetic acidities of 
prochiral protons adjacent to sulfur. When these 
kinetic acidities differ significantly, there is no 
doubt (l3a, 17) that the fast exchange must occur 
with retention of configuration. Inversion of 
confi guration in the slow exchange can be antici- 
pated (13a, 17), when the transition states for 
proton abstraction are higher than the activation 
energy associated with the interconversion of 
diastereomeric carbanions (37 F? 38 in the pres- 
ent case). There has been no previous determina- 
tion of the stereochemical course of exchange at 
both sites, to assess the relative contributions to  
the overall process of these kinetic and thermo- 
dynamic effects. However, if it is accepted that 
protonation of the carbanion is the microscopic 
reverse of its formation by proton abstraction, it 
can be seen, upon reflection, that no combination 
of kinetic and thermodynumic effects cun lead to 
equal kinetic acidities and dzfferent stereochemical 
results at the two sites. If we are invoking micro- 
scopic reversibility, the above statement must 
also include the circumstance that the carbanion 
is planar and is subject to 'steric approach 
control' (or 'stereoelectronic approach control') 
in the reprotonation step (see e.g., ref. 30). 

7Extrapolation to zero time leads to a calculated initial It is therefore necessary to  suggest that the 
integral for the C2 singlet of 0.80. This corresponds to a pseudo first-order rate constant for the 60:40 mixture of 26 and 27, and agrees with the initial 
ratio of 26 and 27 obtained by integration of the quarter H2e 26 is lower than the true 
and singlet. rate constant. This could be the result of a 
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significant contribution to the exchange process 
of 'internal return' (31), with this being more 
pronounced for HZe than HZa Because of its high 
acidity, trifluoroacetic acid can hardly be re- 
garded as a typical medium for the formation of 
a carbanion. Yet there is no doubt that hydrogen 
exchange of 26 takes place in the TFA-D20 
mixture. It is noteworthy that despite its acidity, 
TFA is a solvent of low polarity. Its dielectric 
constant (8.4-8.5 at 20 OC (32)) is less than that 
of methylene chloride, a solvent in which iso- 
racemization (33) can be observed (34). On the 
other hand, Fraser and his co-workers (personal 
communication) have found that internal return 
is barely perceptible in the exchange of benzyl 
methyl sulfoxide in NaOD-D20. A decision on 
whether a TFA-D20 medium containing 11 Oj, of 
D 2 0  can sustain internal return in the exchange 
of a 1,3-bissulfonium salt will have to await 
additional, more detailed, experimental studies. 

The treatment of the data just discussed 
depends upon the assumption that interconver- 
sion of 26 and 27 is not important under the 
conditions of the exchange of the C2 protons. A 
mechanism for such interconversion is pyramidal 
inversion at sulfur in the various ylides, which are 
present in a low equilibrium concentration (for 
an account of a similar situation, see footnote 18 
of ref. 13b). That this process is not rapid in the 
present case was already evident from the 
aqueous deprotonation-reprotonation experi- 
ments described above, in which the cis:trans 
ratio of 24a remained the same, and from the 
observation recorded in footnote 7. However, a 
change in the cis:trans ratio of 25a, from 62:38 
to 50:50 could be observed in aqueous TFA after 
extended periods (10-20 h).8 

Proton Chemical Shifts of Acyclic 
1,3-Bissulfonium Salts and Ylides 

Table 2 displays the chemical shifts of various 
protons in the acyclic 1,3-bissulfonium bistetra- 
fluoroborates and their derived ylides. The 
chemical shifts of three dithiomethanes are 
included in this table for comparison. 

Neglecting for the present the various examples 
of anisochronous methyl and/or methylene 
protons which are found in this table (see next 

section for a discussion of this phenomenon), it is 
seen that the conversion of a dithioacetal39 into 
a 1,3-bissulfonium salt is accompanied by a 
downfield shift of the A protons, by 65-69 Hz. 
The B protons are shifted downfield by 64-72 Hz. 
A downfield shift is expected in both cases, 
because the transformation 39 + 40 converts a 
neutral molecule into a dication. Similarly, the 
conversion of the neutral molecule 39 into the 
mono-cation 41 leads to downfield shifts of the A 
protons (19-22 Hz and 35-39 Hz for R = H and 
CH3, respectively). But the B protons are shifted 
upj?elcl by 67-93 Hz. Thus, deprotonation of a 
1,3-bissulfonium salt causes an upfield shift of 
the A protons of 30-40 Hz; and for the B pro- 
tons the upfield shift is 131-165 Hz. These 
chemical shifts seem quite compatible with the 
charge localized structure shown in 41 and 
elsewhere in this paper.g,10 

Dynamic Behaviour of 1,3-Bissulfonium Salts 
and Ylides 

The isolation of the cyclic salts 24a and 25a as 
distinguishable (by nmr) mixtures of diastereo- 
mers demonstrates that 1,3-bissulfonium salts, 
like simpler monosulfonium salts (1 1, 12), have a 
pyramidal configuration at sulfur and a rela- 
tively high barrier to pyramidal inversion at this 

9Whether the chemical shifts are also compatible with a 
charge-delocalized representation 42 is not clear. In the 
case of phosphonium salts and ylides, the use of chemical 
shift data to  distinguish between ylide and ylene rep- 
resentations has led to  considerable controversy (36). 

C H  
R , c H ~ s ~ / ~ . ~ s c H ~ R ~  

k k, 
8The possibility that, in some solvents, the cis isomer, IOAttempts to record cmr spectra and 13C-H coupling 

with one axial substituent, has equal or slightly greater constants of the C2 protons of the salts and ylides were 
thermodynamic stability than the trans isomer, will be the not successful. We thank Professors J. B. Stothers and 
subject of a separate communicstion (cf. refs. 28 and 35). A. S. Perlin for their cooperation. 
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centre. In agreement with this result, the salts 
20a and 21a, which have two chiral sulfur atoms, 
were each found to be approximately 1:l  mix- 
tures of isomers. 

One of the isomers of 21a could be obtained in 
pure form by fractional crystallization. After 
standing at - 10 "C for 75 h, an aqueous solu- 
tion of this compound showed the presence of 
ca. 12y0 of the second isomer. Since the 1:l  
mixture of isomers showed no change in com- 
position during this interval, it seemsreasonable 
to assume that the proportion of the diastereo- 
mers at equilibrium is 1 : 1. If it is also assumed 
that the isomerization proceeds by pyramidal 
inversion at sulfur, an approximate rate constant 
kl (see Scheme 3) of 4.7 X lO-'s-l can be 
calculated for this process, corresponding to a 
free energy of activation at - 10 O C  of 25 kcal/ 
mol. This is a minimum value because, as will be 
seen, k2 > kl so that, depending on the relative 
values of k,, k-,, and k2, some or all of the 
observed interconversion could have occurred 
via pyramidal inversion at sulfur in the ylide. It 
should be noted that, since 21a has two chiral 
centres, and inversion at either centre will cause 
interconversion of the diastereomers, 25 kcal/ 
mol is a minimum value for the lower barrier at 
sulfur. However, it is known (10, 12) that 
barriers to inversion of monosulfonium salts are 
relatively insensitive to the nature of the sub- 
stituents. 

The phenyltrimethylbissulfonium salt 19tr 
shows three methyl singlets. In principle, this 
observation might be interpreted in terms of 
planar configurations at S, and S2 and restricted 
rotation about the C-Sl and C-S2 bonds; or 
pyramidal configurations at sulfur and diastereo- 
topic A' and A" protons. We prefer the second 
explanation for three reasons: (i) the evidence 

for pyramidal sulfur atoms in these compounds, 
already discussed; (ii) the achiral salts 15a-17a 
show isochronous methyl and/or ethyl groups; 
(iii) the nmr spectrum of 19a showed no change 
in the temperature range 30-80 "C.ll Any dy- 
namic process which might cause coalescence of 
the A' and A" peaks must therefore have a 
barrier AG* > 25 kcal/mol (37). It seems very 
unlikely that C-S bond rotation could have 
such a high barrier, although a pronounced 
preference for a particular conformation (e .g .  33) 
could vitiate this latter argument. 

The phenyltrimethylbissulfonium ylide 196 
also shows three methyl singlets. In this case, 
reversible changes in the nmr spectrum were ob- 
served in DMSO-d6 in the range 4&85 OC, with 
a coalescence of the A' and A" signals occurring 
at 80 "C. The assumption that this coalescence 
is the result of a dynamic process permits the 
calculation (37) of a free energy of activation for 
this process of 19.8 kcal/mol at 80 OC. 

At least six explanations can be offered for 
these results, viz. (i) there is restricted rotation 
about the C-SI and C-S2 bonds, as in 42; 
(ii) the A' and A" protons are diastereotopic 
with respect to an asymmetric centre at S1; 
(iii) the A' and A" protons are diastereotopic 
with respect to an asymmetric centre at C2; 
(iv) asymmetry exists on the nmr time scale a t  
both sulfur and carbon, with accidental coin- 
cidence of the A' and A" protons of the two 
diastereomers; (0) preferential formation of only 
one of the two possible diastereomers; (vi) loss 
of asymmetry at one chiral centre by a mech- 
anism not involving pyramidal inversion. 

The first explanation seems unlikely, because 
of the observation of equivalent methyl and/or 
ethyl groups in the ylides 166-186. The fourth 
explanation is ruled out by the observation that 

11111 DMSO-d,; above 80 'C ,  the compound decom- 
posed rapidly. 
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the chemical shift difference between the A' and 
A" protons of 19b decreases slightly, but the 
relative intensities of the two peaks (1 :1) remain 
the same as the temperature is lowered from 
+40 to -45 "C. Had this explanation been 
viable, the relative amounts (and thus the 
relative intensities of the A' and A" absorptions) 
of the two diastereomers should have been 
temperature dependent. To provide a mechanism 
for interconversion of diastereomers, these low 
temperature studies were performed in methylene 
chloride saturated with water. This medium 
would be expected to facilitate interconversion 
by a protonation-deprotonation sequence since 
Caserio and her co-workers (38) have observed 
that an intermolecular exchange reaction be- 
tween an ylide and trace amounts of water affects 
the appearance and position of the methine 
signal (see also ref. 39). 

The fifth explanation might be valid if 43 
(cf. 33 and 37) were the preferred conformation 
of the ylide. However, this argument is specula- 
tive at the present time. 

Using the single diastereomer of 21a it was 
possible to differentiate between explanations 
(ii) and (iii). Deprotonation of this salt afforded 
an ylide 44 whose nmr spectrum indicated that 
it was a mixture of at least two compounds. 
Reprotonation of 44 regenerated both diastereo- 
rners of 21a. Therefore, the mixture of ylides 
could not have been epimeric at carbon since, in 
this event, the single diastereomer would have 
been regenerated. Consequently, 44 must have a 
barrier to inversion at sulfur which, at 30 OC, is 
high on the nmr time scale, allowing more than 
one con~pound to be observed, but low on the 
isolation time scale. The (first-order) rate con- 
stant associated with stereomutation at sulfur in 
44 was found, by reprotonation at various times, 
to be 1.1 X s-I at 2.4 "C, corresponding to 
a free energy of activation at this temperature of 
19.7 kcal/mol. In DMSO-d6 the nmr spectrum 
of 44 underwent reversible temperature depend- 
ent changes, and coalescence of the S2-CH3 

signals l 2  was observed at 66 "C, corresponding 
to a free energy of activation at this temperature 
of 19.3 kcal/mol. 

The close agreement between the chemical and 
dnmr measurements on 19b and 44 suggest that 
all three activation energies are associated with 
the same dynamic process, uiz., pyramidal inver- 
sion at sulfur. Therefore, the deprotonation of a 
1,3-bissulfonium salt is accompanied by a de- 
crease of at least 5 kcal/mol in the barrier to 
inversion at sulfur. 

Finally, although the salts 13a, 15a, 16a, 18a, 
and 23a showed no detectable non-equivalence 
of the methylene protons of the ethyl groups 
(at 60 or 100 MHz), each of the derived ylides 
had ABX3 patterns for these ethyl groups. 
Analysis of these patterns gave AV = 2.8 Hz for 
the tetraethyl ylide 16b, and 9.2 Hz13 for the 
1 ,l  -dimethyl-3,3-diethyl ylide 15b. 

Summary and Conclusion 

The static, dynamic, and chemical properties 
of 1,3-bissulfonium ylides are consistent with a 
charge-localized structure in which both sulfur 
atoms and the ylide carbon have pyramidal 
configurations. The kinetic and thermodynamic 
acidities of the C2 protons of 1,3-bissulfonium 
salts are not the same, and these acidities depend 
upon both the orientation of the C-H bond(s) 
with respect to the substituents on the sulfur 
atoms and on the nature of the solvent. Further, 
more detailed, kinetic studies will be necessary 
to delineate the stabilities associated with a 
system containing three adjacent lone pairs. 

Deprotonation of a 1,3-bissulfonium salt 
causes a decrease of at least 5 kcal/mol in the 
barrier to pyramidal inversion at sulfur, as 
expected from the generation in this reaction of 
an electron-releasing carbanionic centre. How- 
ever, no quantitative data have been obtained 
concerning the geometry at the ylide carbon, 
although it is possible that more detailed kinetic 
studies of hydrogen exchange in the cyclic salt 
26 might provide such data. Except for the 
ylide 17b, which was crystalline, all of the ylides 
were found to be hygroscopic and it was not 

I2Various other peaks in the spectrum also displayed 
coalescence behaviour. The changes associated with the 
S2-CH3 signals of the two diastereomers were followed 
most convenier~tly. 

L3These Av values refer t o  60 MHz. The value for 166 
is based on analysis of the 100 MHz spectrum. 
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possible to be certain that all of the water had 
been removed prior to the various measurements 
reported herein. In the presence of trace amounts 
of water, a reaction 

would cause effective loss of any asymmetry that 
may have been present at the ylide carbon (38).14 
This corresponds to the sixth explanation pro- 
posed to explain the nmr spectrum of 196, and 
it cannot be excluded. 

In view of this uncertainty concerning the 
configurational stability at carbon of the 1,3- 
bissulfonium ylides, attempts were made to 
observe the formation of diastereomeric com- 
pounds following the exchange of the tetra- 
fluoroborate anion of 15u by a chiral anion (40). 
Exchange by chiral carboxylic acids was not 
successful. Sulfonic acid salts could be prepared, 
but the nmr spectrum of the salt of 156 with 
d-camphorsulfonate was too complicated to  
analyze. Attempts to prepare the chiral sulfonic 
acid 45 have so far been unsuccessful, but these 
experiments are continuing. 

H OMe 
~t,t,C,+,~e 

S S 
I 

Ph-C-S03H 
~ t /  \ ~ e  I 

H 
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Synthesis of pencolide and corroboration of its revised stereochemistry 
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GEORGE M. STRUNZ and Wu-YUN REN. Can. J. Chem. 54, 2862 (1976). 
A synthesis of the fungal metabolite pencolide from citraconic anhydride and threonine is 

described. Evidence is presented which corroborates the Z'configuration recently assigned to the 
metabolite. 

GEORGE M. STRUNZ et Wu-YUN REN. Can. J. Chem. 54, 2862 (1976). 
On dkr i t  la synthese du metabolite pencolide Zi partir de l'anhydride citraconique et de 

threonine. On prksente des Cvidences qui confirment la configuration Z rkcemment attribuee 
au metabolite. 

Isolation of the metabolite pencolide, 1, from 
cultures of Penicillium mul~icolor Grigorieva- 
Manilova and Poradielova (N.R.R.L. 4036) was 
reported by Birkinshaw et al. in 1963 (1). The E 
configuration was subsequently assigned to the 
double bond on the basis of pmr arguments (2), 
however Olsen and collaborators have revised 
the geometry to Z in a recent publication (3). It 
was suggested (1) that the biosynthetic precursors 
of pencolide might be citraconic acid and threo- 
nine or a related amino acid. 

We describe herein a facile synthesis of the 
metabolite, based on this biosynthetic concept, 
as well as additional evidence which corroborates 
the revised geometry (2, R = OH) of pencolide 
(3). 

The synthesis was effected by heating citra- 
conic anhydride with L-threonine (or racemic 
allo-threonine) at 150 OC without a solvent. 
Chromatography of the product furnished, in 
yields greater than 407,, a crystalline compound 
identified as pencolide on the basis of its physical 
and chemical characteristicsS2 

Reexamination of the reaction of the meta- 
bolite with diazomethane, first described in the 
original study (I), has provided independent 
support for the amended (2) stereochemistry. 
Treatment of pencolide with this reagent "until 
effervescence ceased" was reported to result in 
"addition of diazomethane, presumably to a 
double bond, in addition to methylation" 
(esterification) (1). On repeating the reaction it 
was found that the simple methyl ester 2 (R = 

'Revision received May 10, 1976. 
*Direct con~parison of synthetic material with an 

authentic sample of pencolide kindly provided by 
Professor Sir Derek Barton confirmed their identity. 

OMe) or the pyrazoline ester 3 (cf. ref. 4) could 
be obtained by using the appropriate amounts of 
diazomethane (excess reagent resulted in further 
attack at the A2 double bond. 

While the spectra of 2 (R = OMe) were un- 
remarkable, a recrystallized, analytically pure 
sample of pyrazoline 3, CllH13N304 (apparently 
homogeneous on tlc) showed broadening and 
duplication of signals in the 220 MHz pmr 
spectrum; based on the methyl ester signals, the 
presence of two isomers in the approximate ratio 
14: 10 was indicated. That the doubling of signals 

0 

H38$!, , I  N-C FOOH 
I I 

o ~ C H ~ H ,  0 / 

was not due to loss of stereochemical integrity of 
the A2 double bond, but rather to conformational 
effects, became clear from variable temperature 
studies. Thus, when the spectrum was run at 
- 50 "C, peaks were dramatically sharpened and 
complete first-order analysis of the two inter- 
lacing spectra (ratio now ca, 18:lO) became 
possible (5). Furthermore, the spectrum of the 
isomerized pyrazoline 4 (vicle infra) at ambient 
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temperature similarly displays duplication of 
signals associated with conformational isomer- 
ism, and these signals coalesced in a spectrum 
recorded at 50 OC. 

In the low temperature spectrum of 3, the 
signals corresponding to the C-4 methyl and the 
methyl ester hydrogens of the preferred con- 
former occur respectively at 6 1.59 and 3.80 ppm, 
while for the minor conformer, these are ob- 
served at 6 1.82 and 3.70 ppm. Significantly, the 
chemical shifts of the C-3 olefinic hydrogen do 
not differ appreciably in the major and minor 
conformers (overlapping quartets at 6 7.32 and 
7.37 ppm respectively). 

Inspection of space-filling (Courtauld's) 
models of pencolide derivatives indicates con- 
siderable non-bonded interaction between double 
bond substituents and the imide oxygen atoms on 
rotation about the N-1', C-2 bond, i.e. a sub- 
stantial energy barrier can be predicted for inter- 
conversion of the rotamers. Somewhat similar 
phenomena are well documented for Nf,N'- 
diacyl-N-amino imides (6) .  This suggests that the 
duplication of signals in the spectrum of 3 is a 
manifestation of such restricted rotation, and it is 
apparent that the 0.23 ppm separating the signals 
for the C-4 hydrogens in the two conformers 
results from shielding of this methyl group, in the 
preferred conformation, by the pyrazoline sys- 
tem. A chemical shift difference of 0.10 ppm for 
the methyl ester signals of the major and minor 
rotamers, with the latter appearing upfield, is in 
consonance with this interpretation. Accordingly, 
the relative constancy of the C-3 olefinic proton 
quartet demonstrates that the latter hydrogen is 
outside the shielding influence of the pyrazoline, 
and the Z-configuration, 2 (R = OH) is indicated 
for pencolide, in agreement with Olsen's assign- 
ment (3). 

On heating 3 in chloroform solution under 
reflux, it underwent gradual rearrangement to 4 
(the reaction appeared to be accelerated by the 
presence of traces of acid). In the 220 MHz pmr 
spectrum of 4, restricted rotation was again 
manifested as doubling of some signals (ratio ca. 
19: 10). The duplicate signals (specifically those 
due to the methyl ester and the C-4 methyl 
protons) coalesced above ambient temperature 
as previously noted. Although the long-range 
shielding effect associated with the pyrazoline 
system of 4 is smaller in the region of interest 
than that of 3, the C-4 methyl doublet for the 

major rotamer still appears slightly upfield from 
that of the minor conformer. The chemical shift 
of the C-3 olefinic proton (coincident quartets 
for the two conformers) is again essentially 
unaffected by the pyrazoline ring, behavior 
consistent with the assigned Z-stereochemistry. 

Experimental 
Melting points were determined on a hot-stage ap- 

paratus and are uncorrected. Infrared spectra were 
recorded on a Beckmann IR-10 spectrophotometer. 
Ultraviolet spectra were obtained using a Perkin-Elmer 
402 spectrophotometer. Nuclear magnetic resonance 
spectra at  60 MHz were recorded for solutions in deu- 
teriochloroform with a Varian T-60 instrument employing 
tetramethylsilane as internal standard; the 220 MHz nmr 
spectra were measured on a Varian HR-220 instrument 
a t  the Canadian 220 MHz NMR Center, Ontario Re- 
search Foundation. Mass spectra were obtained with an 
Hitachi-Perkin-Elmer RMU-6D mass spectrometer. 
Microanalyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Michigan. 

Synthesis of Pencolide 
A mixture of L-threonine (300 mg, 2.52 mmol) and 

citraconic anhydride (0.35 ml, 436 mg, 3.89 mmol) was 
heated with stirring at  150 "C for 3 h. Preparative layer 
chromatography of the resulting brown oil on silica gel 
plates (benzene-acetone, 4:l)  afforded crude pencolide, 
which crystallized from ether-n-hexane to give 208 mg 
colorless crystals (42% based on L-threonine), mp 133- 
138 "C;  ir (KBr) inter uliu, 2600-2200, 1780(w), 1715, 
1690, 1650, 1405, 1380, 1330, and 1300 cm-1; ir (CHC13) 
3600-2200,1780(w), 1720, and 1660 cm-1; uv A,,, (H20) 
215 nm (el9 200); pmr (CDC13, 60 MHz) 6 1.83 (3H, d, 
J - 7 HZ), 2.16 (3H, d, J - 2 HZ), 6.52 ( lH ,  q,  J - 2 
Hz), 7.48 ( IH,  q, J - 7 Hz), 11.37 ( lH ,  br s); mass 
spectrum, inter alia, m/e 195 (Mf), 177 (base peak) 
( M  - H 2 0 ) t .  Anal. calcd. for C9H9NO4: C 55.38, H 4.65, 
N 7.18; found: C 55.46, H 4.71, N 7.26. 

In the same manner allo-threonine (racemic) (280 mg, 
2.35 mmol) and citraconic anhydride (0.3 ml, 374 mg, 
3.34 mmol) gave 190 mg (41 %) of crystalline pencolide 
indistinguishable from the above material. 

Direct comparison of synthetic material with an authen- 
tic sample of natural pencolide coilfirmed their identity 
(see footnote 2). 

Reaction of Pencolide with Diuzomethune (cf. ref. I). 
Treatment of a suspension of pencolide in ether with an  

ethereal diazomethane solution of known concentration 
gave either the simple methyl ester 2 (R = OMe) or the 
pyrazoline ester 3 depending on the molar ratios em- 
ployed. The ester 2 ( R  = OMe) (which was also prepared 
by treatment of the acid chloride with methanol) was 
obtained as a colourless oil from chromatography of the 
crude product on preparative layer plates of silica gel; ir 
(CHCI,) 1780(w), 1720, and 1665 cm-1; nmr (CDCI,, 60 
MHz) 6 1.79 (3H, d, J - 7 Hz), 2.16 (3H, d, J 2 HZ), 
3.79 (3H, s), 6.52 ( lH ,  q ,  J - 2 Hz), 7.34 (lH, q, J - 7 
Hz); mass spectrum, inter aliu, m/e 209 (Mf), 177 
( M  - CH40)t ,  96 (base peak) (C5H402)+, and 68 
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(C4H40)t  Mol WI. calcd. for CloHllN04:209.0688; 
found (Mt): 209.0688. 

In the cycloaddition reaction, the pyrazoline ester 3 
could be obtained without chromatography in 42% yield 
by crystallization of the crude product from ether-ti- 
hexane: colorless crystals, mp 117-120 "C, ir (KBr) 
inter alia, 1795(w), 1735(sh), 1725, and 1665 cm-1; uv 
X,,,(EtOH) <210 nm; nmr (CDCI,, 220 MHz) 6 1.57 
(0.60 methyl, d, J  -- 7 Hz), 1.78 and 1.80 [1.42 methyl, 
d (at 6 1.79) J  - 7 Hz, superimposed on singlet(s)], 
2.99-3.12 ( lH,  m), 3.69 (0.42 methyl, s), 3.79 (0.58 
methyl, s), 4.84-5.21 (2H, 8 peak m), 7.22-7.36 ( lH,  5 
peak m); pmr (CDC13, 220 MHz, -50 "C) (peaks 
sharpened and resolved: overlapping spectra correspond- 
ing to two rotamers, ratio ca. 18:lO); major rotamer: 
6 1.59 (d, J  - 7 Hz, C-4 methyl), 1.81? (s, angular 
methyl), 3.19 (dd, J  -- 9.5 and 2.5 Hz, X part of AMX), 
3.80 (s, ester methyl), 4.95 (dd, J  - 19 and 9.5 Hz, M 
part of AMX), 5.24 (dd, J  -- 19 and 2.5 Hz, A part of 
AMX), 7.32 (q, J  - 7 Hz, C-3 hydrogen); minor rotamer: 
6 1.82 (d, J  - 7 Hz, C-4 methyl), 1.84? (s, angular 
methyl), 3.10 (dd, J  - 9.5 and 3.5 Hz, X part of AMX), 
3.70 (s, ester methyl), 5.04 (dd, J  -- 19 and 9.5 Hz, M 
part of AMX), 5.21 (dd, J  - 19 and 3.5 Hz, A part of 
AMX), 7.37 (q, J  -- 7 Hz, C-3 hydrogen); mass spectrum, 
inter alia, m/e 251 (Mf), 223 probably ( M  - N2)t, 191 
(base peak) ( M  - N2 - CH40)t.  Anal. calcd. (sample 
mp 110-113 "C) for CIIH13N304: C52.58, H 5.22, N 
16.73; found: C 52.66, H 5.27, N 16.71. 

Pyrazoline 4 
A solution of pyrazoline 3 (42mg, 0.167 mmol) in 

chloroform (10 ml) containing p-toluenesulfonic acid 
(0.5 mg) was heated under reflux for 12 h. The resulting 
solution was washed with brine, dried over magnesium 
sulfate, and evaporated to dryness, furnishing 4 as a 
colorless oil in quantitative yield: ir (CHC13) 3380. 
1795(w), 1730 and 1665cm-1; uv X,,,(EtOH) <210 
nm; nmr (CDC13, 220 MHz) 6 1.68 and 1.72 (1.65 methyl, 
s at 6 1.68, superimposed on doublet (6 1.70), J  - 7 Hz), 

1.77 (0.35 methyl, d, J -  7 Hz), 3.74 (0.35 methyl, s), 
3.79 (0.65 methyl, s), 4.04 ( lH,  br s with shoulder at  
6 4.02), 6.30 and 6.40 (together lH,  br singlets, exchange- 
able with DzO), 6.79 ( lH ,  d, J  - 2 Hz), 7.32 (IH, q ,  
J  -- 7 HZ); in a spectrum run at 50 "C, the duplicate 
signals corresponding to the C-4 methyl group and the 
methyl ester protons coalesced to a doublet (J - 7 Hz) 
and a singlet respectively; mass spectrum, inter alin, m/e 
251 (base peak) (Mf), 223 (ca. 6%) probably ( M  - N2)+, 
191 ( M  - N2 - CH40)t.  Mol. Wt. calcd. for CIIH13- 
N3O4: 25 1 ; found: m/e 251. 
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Des acetates de bromohydrines ont kt6 prepares h partir de la reduction par le borohydrure 

de sodium de produits di- et tribromes de l'hydroxy-170 androstane-5a one-3 et de l'hydroxy 
170 estrane-5a one-3 et leurs structures ont CtC determinks par des mithodes spectroscopiques. 
Quelques donnees de resonance magnktique du proton ii 220 MHz sont rapporttes pour la 
determination des structures. La formation de derives cyclostCro'ides par elimination-1,3 de 
brome h l'aide du couple zinc-cuivre est discutCe. 
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J. F. TEMPLETON, C. W. WIE, and F. E. HRUSKA. Can. J. Chem. 54, 2865 (1976). 
Bromohydrin acetates from sodium borohydride reduction of di- and tribrominated 170- 

hydroxy-5a-androstan-3-one and 17p-hydroxy-5a-estran-3-one have been prepared and their 
structures determined by spectroscopic methods. Some 220 MHz proton magnetic resonance 
data are reported for structure determination. The formation of cyclosteroid derivatives by 
1,3-elimination of bromine with zinc-copper couple is discussed. 

Introduction 

In the course of preparing the secondary 2p,4p- 
cyclosteroid 3-alcohols in the 5a-androstane and 
5a-estrane series by the 1,3-elimination method 
previously reported (I), we investigated the 
bromohydrin products from the reduction of the 
di- and tribrominated 3-ketones. The bromina- 
tion of 3-0x0-5a-steroids has been extensively 
studied (2, 3a), mainly to establish the stereo- 
chemistry of the products as determined in the 
reaction by kinetic or thermodynamic control. 
The bromohydrin derivatives of the polybromin- 
ated ketones have not been so thoroughly 
investigated. In this paper, the bromohydrin 
derivatives prepared from di- and tribrominated 
17p-hydroxy-5a-androstan-3-one and 17p-hy- 
droxy-5a-estran-3-one are reported and their 
structure determined by proton magnetic reson- 
ance spectroscopy. Cyclopropanol formation is 
also discussed. 

Results and Discussion 

Dibromination of 17p-hydroxy-5a-androstan- 
3-one (la) with bromine in acetic acid yielded 
2a,4a-dibromo- l7p-acetoxy-5 a-androstan-3-one 
(2) (4). Sodium borohydride reduction of 2 in 

la, R = CH3 
b , R = H  

ethanol proceeded rapidly to give a mixture of 
the epimeric 2a,4a-dibromo-5a-androstane-3a,- 
17P- and 3p,17p-diol 17-acetates at room tem- 
perature (1). Rapid reduction is consistent with 
conclusions reached concerning the sodium 
borohydride reduction of 2a-bromo-5a-choles- 
tan-3-one in that interactions between the 
dipoles of the ketone and the bromine destabilize 
the bromo ketone (5). The mixture of dibromo 
alcohols obtained from the reduction was 
acetylated to give the more stable dibromo 
acetates (3a and 4) which were chromatographi- 
cally separated. The isomeric dibromo acetates 
were obtained in an approximate ratio of 8:2 
(3a:3@), showing that sodium borohydride re- 
duction of the dibromo ketone 2 led predomi- 
nately to the axial alcohol. 
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OAc ?Ac 

The stereochemistry of metal hydride reduc- 
tion of the 3-oxosteroids has generally (6) led to 
results in agreement with the original observation 
of Barton (7) that reduction of sterically hindered 
ketones yields an increased proportion of the 
axial over the equatorial alcohol. The usual 
epimeric ratio (a:e) (1:9) of the unsubstituted 
A-ring 3-oxosteroids (6) on monobromination 
at C-2 is altered to 4:6 (8). The a:e ratio obtained 
on reduction of the a,al-dibromo-3-oxosteroid 
(2) (8:2) (estimated from yields on chromato- 
graphic separation) while reversing the epimeric 
ratio of the major product, is consistent with the 
excepted result of an increased steric effect. A 
similar ratio has been obtained on reduction of 
2a-bromo-19/3,28-epoxy-24-nor- 18a-oleanan-3- 
one (9) which is an a-bromo-a'-methyl3-ketone. 
The factors affecting the stereochemistry of 
metal hydride reduction of ketones has been the 
subject of considerable interest (10). The high 
yields of the equatorial dibromo acetates (3a 
and 4) show that the bromine atoms are in a 
cis-l,3-relationship. Since the conformation of 
the A-ring of 2a,4a-dibromo-l7~-acetoxy-5a- 
androstan-3-one (la) has not been determined, 
it is not meaningful to rationalize the stereo- 
chemical result of the reduction (3b, 6). 

The structures of 3a and 4 were determined by 
their pmr spectra, which showed a triplet at 
5.70 (J28,3p = J3p,4p = 2.5 Hz) and 5.27 (J2p,3a = 
J3a,4p = 10.0 HZ) for the C-3 equatorial and the 
C-3 axial protons, respectively. The multiplet 
centered at 4.33 (Jla,Zp = 13.0; J18,28 = 4.5; 
J2P,38 = 2.5 Hz) is assigned to the C-2 axial 
proton of 3a and the quartet at 4.16 (J48,5a = 

11 .O; J3p,4p = 2.5 Hz) to the C-4 axial proton. 
Similarly, the multiplet centered at 4.28 (Jla,28 = 
13.0; J2p,3a = 10.0; JIP,ZP = 4.4 HZ) is assigned 
to the C-2 axial proton of 4 and the quartet at 
3.92 (J4p,5a = 11.7; J3a,4p = 10.0 HZ) to the C-4 
axial proton of 4. 

Tribromination of 170-hydroxy-5a-androstan- 

3-one (la) yielded a mixture of bromo ketones 
which, without further purification, was reduced 
with sodium borohydride. Acetylation of the 
bromo alcohols followed by chromatography 
gave a tribromo acetate which showed a doublet 
at 5.39 6 (J3a,4p = 10.0 HZ) assigned to the C-3 
axial proton and a quartet at 4.14 6 (J48,5a = 

12.0; J3a,4p = 10.0 HZ) assigned to the C-4 axial 
proton; no proton signal of the 2p-H type was 
observed. The presence of two doublets centered 
at 3.15 6 (J,,, = 15.0Hz) and 2.60 6 (J,,, = 

15.0 Hz) corresponding to the C-1 equatorial 
and C-1 axial protons, respectively, further sup- 
ported the formation of 2,2,4a-tribromo-5a- 
androstane-3p,17p-diol diacetate (5a). A sub- 
stantial amount of the 2a,4a-dibromo-5a-andro- 

OAc OAc 

5a, R  = CHp 
b , R =  H 

stane-3 a ,  l7p-diol diacetate (3a) and an un- 
saturated tribromo acetate (6) was also obtained 
(11). The pmr spectrum of 6 showed a doublet 
at 5.87 6 (J2p,3a = 9.0 HZ) due to  the C-3 axial 
proton; an octet similar in pattern to  the 2p-H 
of 2a,4a-dibromo-5a-androstane-3p,l7~-diol di- 
acetate at 4.37 6 (Jla,za = 13.8; J28,3a = 9.0; 
Jlp,2p = 3.5 Hz) is assigned to the C-2 axial 
proton. A quartet at 5.59 6 ( J  = 4.4 and 2.1 Hz) 
is assigned to the 6a-proton. The configuration 
of the bromine atom at C-6 was further con- 
firmed by comparison of the estimated (12, 13) 
chemical shifts of the 19-methyl protons in 6a-  
bromo (1.23 6 )  and 6p-bromo (1.47 6) derivatives 
with the experimental value 1.52 6. The results 
establish the structure of 2a,4,6@-tribromo- 
androst-4-ene-3/?,17p-diol diacetate (6).  

The formation of the above dibromo, tribromo 
and unsaturated tribromo derivatives may be 
rationalized as follows. Treatment of l a  with 
3 equiv. of bromine gives a mixture of the 2a,4a- 
dibromo ketone (2) and the 2,2,4a-tribromo 
ketone similar to that obtained from the tri- 
bromination of 16p-hydroxy-3-0x0-5a-pregnane- 
20-carboxylic acid lactone (11). The unstable 
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TEMPLETON ET AL. 2867 

tribromo ketone may eliminate hydrogen bro- 
mide to give the 2,2-dibromo-4-en-3-one, which, 
by further addition of bromine across the C-4 
double bond, may give rise to a tetrabromo 
ketone similar to the 2,2,4.$,5.$-tetrabromo-5a- 
cholestan-3-one isolated from dibromination of 
either 2,2-dibromo- or 2a,4a-dibromo-5a-choles- 
tan-3-one (14). Elimination of hydrogen bromide 
from the tetrabromo ketone can lead to the 
2,2,4-tribromo- 17p-acetoxyandrost-4-en-3 -one 
from which the C-2 axial bromine atom can 
rearrange to the allylic C-6 position. Rearrange- 
ment of C-2 axial bromine atom to the allylic C-6 
position has been shown to occur (15). 

In the 19-nor-3-0x0-5a-steroids, the stereo- 
chemical outcome of the bromination is compli- 
cated by the removal of the 19-methyl group 
which leads to partial formation of the 3-en01 
(16). Dibromination of 176-hydroxy-5a-estran-3- 
one (lb) led to a mixture of dibromo ketones 
(7a) which was reduced with sodium boro- 

OAc 0 Ac 

OAc 

B.& AcO 

hydride and followed by acetylation. The result- 
ing dibromo acetates on chromatography gave a 
mixture which was recrystallized from ether to 
afford two compounds. The pmr spectrum of 
compound 3b showed a triplet at 5.71 6 (J2p,3p = 

J38,4p = 2.5 Hz) due to the C-3 equatorial pro- 
ton, an octet at 4.10 6 (JlaSZp = 12.5; J1p,2P = 

4.5; J2p,3p = 2.5 Hz) due to the C-2 axial proton, 
and a quartet at 3.87 6 (J4p,5a = 11.5; J38,4p = 

2.5 Hz) due to the C-4 axial proton. These proton 

signals were similar in pattern to those of 3a and 
were consistent with the structure of 2a,4a- 
dibromo-5a-estrane-3a,l7fl-diol diacetate (3b). 
Compound 8 showed a quartet centered at 4.78 6 
(J28,30! = 10.8; J3a,4a = 3.3 Hz) for the C-3 axial 
proton and another quartet at 4.47 6 (J3a,4a = 

3.5; J4a,5a = 1.9 HZ) for the C-4 equatorial pro- 
ton. The octet centered at 4.39 6 (J,a,2a = 11.6; 
J28,3a = 10.4; J1p,2P = 5.0 Hz) which partly 
overlaps with the 4a-proton signal was consistent 
with the expected C-2 axial proton in 2a,4P- 
dibromo-5a-estrane-3fl,17p-diol diacetate (8). 

Further chromatography gave 2fl,4a-dibromo- 
5a-estrane-3/3,17P-diol diacetate (9) which was 
identif ed by the following evidence. A quartet at 
4.81 6 (J3a,4p = 10.0; J2a,3a = 3.8 Hz) is similar 
to the 3a-proton in 8 and was therefore assigned 
to the C-3 axial proton; an unresolved multiplet 
at 4.66 6 which overlaps with the lower field 
signal of the l7a-proton triplet is assigned to  the 
C-2 proton. The band width of the C-2 proton 
precludes any axial-axial coupling interaction 
and since the C-3 proton is axially orientated, 
the C-2 proton must be equatorial (17). A triplet 
at 4.09 6 (J3a,4p = J4p,5a = 10.5 HZ) corresponds 
to the C-4 axial proton. 

Tribromination of 17p-hydroxy-5a-estran-3- 
one (lb) followed by reduction with sodium 
borohydride and acetylation of the tribromo 
alcohol formed gave on chromatography over 
neutral alumina a tribromo acetate. No other 
bromo acetates were detected in the mother 
liquor by pmr determination. The tribromo 
acetate showed a doublet at 5.30 6 (J3a,4p = 10.0 
Hz) assigned to the C-3 axial proto11 and a 
triplet at 3.91 6 (J3a,4p = J48,5a = 10.5 HZ) 
assigned to the C-4 axial proton, in the pmr 
spectrum. These results are consistent with the 
formation of 2,2,4a-tribromo-5a-estrane-3/3,17P- 
diol diacetate (5b) by comparison with the pmr 
spectrum of 5a. 

The numbers of bromine atoms present in the 
bromo acetates were further confirmed by ele- 
mental analysis and mass spectrometric analysis. 
The isomeric 2a,4a-dibromo acetates (3a and 4) 
showed a weak molecular ion signal at mle 472, 
474, 476; signals at 393, 395, and 333; 335 cor- 
responded to the elimination of acetic acid and 
bromine consecutively from the molecular ion. 
The dibromo acetates of the 5a-estrane series 
(3b, 8 and 9) contained no molecular ion. 
Elimination of acetic acid from the molecular 
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ion was the primary fragmentation process. The 
mass spectrum of the 2,2,4a-tribromo-5a- 
androstane-3P,17P-diol diacetate (5a) and 2,2,4a- 
tribromo-5a-estrane-3P,17P-diol diacetate (5b) 
showed no molecular ion; the ion of highest mass 
arose from elimination of acetic acid from the 
molecular ion. The elimination of bromine from 
the molecular ion was also a primary process in 
this molecule. The molecular ion of the un- 
saturated tribromo acetate (6) was not observed 
in its mass spectrum and elimination of bromine 
became the sole primary fragmentation process. 
This is consistent with the presence of an allylic 
bromine atom in the molecule. 

Treatment of a mixture of the 2F,4(-dibromo- 
5a-estrane-3E,17p-diol 17-acetate (76) with zinc- 
copper couple gave three main products by tlc. 
Extraction of the crude reaction product with 
petroleum ether, which was successful with the 
androstane derivatives (I), failed to separate 
these substances. The total crude mixture was 
converted to the more stable acetate derivatives 
for chromatographic separation. 

The major and least polar fraction (by tlc) 
was a mixture of 17p-acetoxy-5a-estr-2- and 
3-ene (PO) as shown by ir, pmr, and mass spec- 
trum analysis. One of the more polar fractions, 
after recrystallization from methanol, afforded 

OAc 

cm-I in the ir spectrum. No olefinic proton signal 
was observed in the pmr spectrum, however, the 
presence of an unresolved triplet at 3.61 6 (J,,,,, 
= 1 Hz) was consistent with the 3a-proton (18). 
The remaining fraction, upon crystallization 
from ethanol, gave 2p-bromo-5a-estrane-3P,17p- 
diol diacetate (12). The assignment of this struc- 
ture is consistent with the presence of a broad 
multiplet at 4.64 6 for the axial proton at C-3 
(17) and an unresolved multiplet at 4.52 6 for 
the equatorial proton at C-2 similar to that in 9. 
Mass spectrum and elemental analysis showed 
that 12 was a monobrominated derivative. The 
corresponding 3a-cyclopropanol derivative was 
not obtained from the reaction. The proportion 
of cyclopropane to olefin formed by 1,3- as 
opposed to 1,2-elimination in the debromination 
sk$ is dependent upon the stereochemical rela- 
tionship between the bromine and the hydroxyl 
substituents as shown previously in the 5a- 
androstane series (I). The three 2,4-dibromo 
acetates of the 5a-estrane series have an axial- 
equatorial relationship between a bromine atom 
and the C-3 oxygen function. This would be 
expected to increase the ease of 1,2-elimination 
and thereby olefin formation. In the Sa-andro- 
stane series the analogous 2- or 4-axial bromine 
is destabilized by the 1,3-diaxial interaction with 
the C-19 methyl group and only the equatorial 
bromine derivatives are isolated. OAc 

Experimental 
General experimental details and apparatus are re- 

ported in ref. 19. Unless otherwise stated, ir spectra are 
recorded in carbon tetrachloride (Perkin-Elmer model 
267), pmr spectra in deuterochloroform, and specific 
rotations in chloroform (23 "C). Neutral alumina is pre- 
pared by the ethyl acetate treatment of Fieser and Fieser 
(20). All prnr spectra were recorded at 220 MHz by the 
Canadian 220MHz NMR Centre, Ontario Research 
Foundation, Sheridan Park, Ontario. Elemental analyses 
were performed by Mr. George Crouch, Microanalytical 
Laboratory, School of Pharmacy, University of London, 
England. The acetylation procedure is given in ref. 1. 

2a,4a-Dibromo-5a-androstane-3a,17p- and -3p,17p-diol 
Diacetates (30 and 4 )  

To 2c~,4a-dibromo-17p-acetoxy-5a-androstan-3-one (2) 
(2 g) in ethanol (100 ml) was added a solution of sodium 
borohydride (130 mg) in ethanol (10 ml). The mixture 
was stirred at room temperature for 5 min during which 
time dissolution occurred. The reaction was ~ o u r e d  into 
excess cold dilute sulfuric acid followed dy dichloro- a in very low yield jdentified as 2p,4p- methane extraction. The crude dibromo alcohols were 

c~c10-5a-estrane-3P217fi-diol diacetate (11) which acetylated and the crude product chromatographed on 
showed cyclopropyl C-H stretching at 3040 neutral alumina. Elution with 15-25% benzene - petro- 
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leum ether gave 2a,4~-dibromo-5a-androstane-301,17p- 
diol 17-acetate (3a), (1.7 g), mp 228-229 "C; prnr 8 5.70 
(1, t, J  = 2.5 Hz, 3p-proton), 4.58 (1, t, J  = 8.0 Hz, 
17a-proton), 4.33 (1, o, J =  13.0, 4.5, and 2.5Hz, 
2p-proton), 4.16 (1, q, J = 11.0 and 2.5 Hz, 48-proton), 
2.18 (3, s) and 2.02 (3, s, 3- and 17-acetoxy methyl), 0.90 
(3, s, 19-methyl), 0.76 (3, s, 18-methyl) ppm. 

Elution with benzene gave 2a,4a-dibromo-5a-andros- 
tane-3p,17@-diol diacetate (4) (517 mg), mp 217-218 "C; 
prnr 6 5.27 (1, t, J  = 10.0 Hz, 3a-proton), 4.60 (1, t, J  = 
8.0 Hz, 17a-proton), 4.28 (1, o, J  = 13.0, 10.0 and 4.4 
Hz, 2p-proton), 3.92 (1, q, J  = 11.7 and 10.0Hz, 40- 
proton), 2.42 (1, q, J  = 13.0 and 5.0 Hz, 10-proton), 
2.12 (3, s) and 2.01 (3, s, 3- and 17-acetoxy methyl), 
0.88 (3, s, 19-methyl), 0.76 (3, s, 18-methyl) ppni. 

Tribromination of 170-Hydroxy-5a-androsmn-j-one (la) 
17pHydroxy-5a-androstan-3-one (la) (1.0 g) in glacial 

acetic acid (100 ml) was treated overnight with phenyltri- 
methylan~monium perbromide (4.27 g) (4). The crude 
product (2g) was reduced with sodium borohydride 
(130 mg) in ethanol (80 ml) by the procedure described 
above. The crude product was acetylated with acetic 
anhydride (10 ml) in dry pyridine (20 ml). The diacetates 
(2 g) were adsorbed from 5% benzene - petroleum ether 
onto neutral alumina. The fractions from 5% benzene - 
petroleum ether (650 mg) were recrystallized from ace- 
tone to give 2,2,4a-tribromo-5a-androstane-3p,l7p-diol 
diacetate (Sa), mp 256-260 "C; [a], - 15"; ir urnax 1761, 
1736 (ester C=O), 1238, 121 1 (ester C--0) cm-1; prnr 6 
5.39 (1, d, J  = lO.OHz, 3a-proton), 4.59 (1, t, J  = 8.0 
Hz, 17a-proton), 4.14 (1, q, J  = 12.0 and 10.0 Hz, 
4p-proton), 3.15 (1, d, J = 15.OHz, I@-proton), 2.60 
(1, d,  J  = 15.0 Hz, la-proton), 2.26 (3, s) and 2.05 (3, s, 
3- and 17-acetoxy methyl), 1.20 (3, s, 19-methyl), 0.80 
(3, s, 18-methyl) ppm; ms m/e 550, 552, 554, 556 (M+ - 
HOAc). Anal. calcd. for C23H3304Br3: C 45.04, H 5.42; 
found: C 45.20, H 5.44. 

Elution with 5-10% benzene - petroleum ether gave 
crystalline material (543 mg) which was recrystallized 
from ether to give 2a,4a-dibromo-5a-androstane-3a,l7p- 
diol diacetate (3a), mp 227-228 "C. 

Elution with 25-50% benzene - petroleum ether gave 
a fraction (337 mg) which was recrystallized from acetone 
to afford the 2a,4,6p-tribromo-androst-4-ene-3p,l7p-diol 
diacetate (6)  (128 mg), mp 202-203 "C; [a], -250"; ir 
v,,, 1754, 1736 (ester C S ) ,  1235, 1211 (ester C-0) 
cm-1; prnr 6 5.87 (1, d, J = 9.0 Hz, 3a-proton), 5.59 
(1, q, J  = 4.4 and 2.1 Hz, 6a-proton), 4.61 (1, t, J = 
8.3 Hz, 17a-proton), 4.37 (1, o, J = 13.8, 9.0 and 3.5 Hz, 
28-proton), 2.38 (1, q, J  = 13.0 and 4.0 Hz, 16-proton), 
2.19 (3, s) and 2.05 (3, s, 3- and 17-acetoxy methyl), 1.52 
(3, s, 19-methyl), 0.88 (3, s, 18-methyl) ppm; ms m/e 529, 
531, 533 ( M +  - Br). Anal. calcd. for C23H3104Br3: 
C 45.19, H 5.11, Br 39.22; found: C 45.37, H 5.11, 
Br. 39.21. 

Dibromination of 17/3-Hyclroxy-5a-esirun-3-one (Ib) 
To a solution of 17p-hydroxy-5a-estran-3-one (lb) 

(3.7 g) in glacial acetic acid (370 ml) was added solid 
phenyltrimethy larnmonium perbromide (1 1.1 g). The 
solution was allowed to stir at  room temperature over- 
night and poured into ice water (4 1). The precipitate was 
collected and dissolved in ether. The ether solution was 

washed with saturated sodium bicarbonate solution and 
water and dried. Evaporation of the ether under reduced 
pressure afforded an epimeric mixture of 2g,4.$-dibromo- 
17p-acetoxy-5a-estran-3-one (7a) (6.4 g), pmr 6 4.64 
(1, t, 17a-proton), 4.50-4.30 (2, m, Z- and 4g-proton), 
2.30 (3, s, 17-acetoxy methyl), 0.83 (3, s, 18-methyl) ppm. 
To 2.$,4g-dibrom0-17P-acetoxy-5a-estran-3-one (7a) (6.3 
g) in ethanol (100 ml) was added a solution of sodium 
borohydride (507 mg) in ethanol (10 ml) and the product 
isolated as described above for 2. 

2g34g-Dibromo-5a-estrane-3E,17pPdiol Diacerates 
A portion (1.3 g) of the eplmeric mixture from the re- 

duction of l b  was acetylated. The acetylated product was 
adsorbed from petroleum ether onto neutral alumina. 
Fractions from 10(/o benzene-petroleum ether (237 mg) 
were recrystallized from ether to give 2a,4a-dibromo-5a- 
estrane-3a,l7p-diol diacetate (3b) (40 mg), mp 270-273 "C 
(dec.); [a], - 13"; ir v,,, 1759, 1732 (ester C=O), 1235, 
1215 (ester C-0) cnl-1; pmr 8 5.68 (1, t, J  = 2.5 Hz, 3p- 
proton), 4.59 (1, t, J  = 8.0 Hz, 17a-proton), 4.09 (1, o, 
J  = 12.5,4.5, and 2.5 Hz, 20-proton), 3.85 (1, q,  J = 11.5 
and 2.5 Hz, 4p-proton), 2.20 (3, s) and 2.03 (3, s, 3- and 
17-acetoxy methyl), 0.79 (3, s, 18-methyl) ppm; ms m/e 
458, 460, 462 (M+ - HOAc). Anal. calcd. for C;2H3204- 
Br2 : C 50.78, H 6.20, Br 30.72; found: C 50.64, H 6.20, 
Br 31.16. 

Further recrystallization of the mother liquor from 
ether gave 2a,4p-dibromo-5a-estrane-3p,17p-diol diace- 
tate (8) (41 mg), mp 179-180 "C; [a], -29"; ir urn,, 1735 
(ester C=O), 1224 (ester C - 4 )  cm-1; prnr 6 4.78 (1, q ,  
J  = 10.8 and 3.3 Hz, 3a-proton), 4.60 (1, t, J  = 8.0 Hz, 
17a-proton), 4.47 (1, q, J  = 3.5 and 1.9 Hz, 4a-proton), 
4.39 (1, o, J = 11.6, 10.4, and 5.0Hz, 20-proton), 2.62 
(1, q, J  = 10.0 and 5.0Hz, lp-proton), 2.16 (3, s) and 
2.04 (3, s, 3- and 17-acetoxy methyl), 0.80 (3, s, 18-methyl) 
ppm; ms m/e 458,460,462 (M+ - HOAc). Anal. calcd. 
for C22H3204Br2: C 50.78, H 6.20, Br 30.72; found: 
C 51.00, H 6.41, Br 30.42. 

Elution with 50% benzene - petroleum ether (376 mg) 
on recrystallization from ether afforded 20,401-dibromo- 
5a-estrane-3p,17p-diol diacetate (9) (94 mg), mp 214- 
215 "C; [aID f39'; ir v,,, 1736 (ester C=O), 1224 
(ester C-0)  cm-1; pmr 6 4.81 (1, q, J  = 10.0 and 3.8 Hz, 
3a-proton), 4.66 (1, unresolved m, W1p - 10 Hz, 201- 
proton), 4.61 (1, t, J  = 8.5Hz, 17a-proton), 4.09 (1, t, 
J  = 10.5 Hz, 4P-proton), 2.45-2.30 (2, m, l a -  and lp- 
proton), 2.16 (3, s) and 2.05 (3, s, 3- and 17-acetoxy 
methyl), 0.81 (3, s, 18-methyl) ppm; ms m/e 458, 460, 
462 (M+ - HOAc). Anal. calcd. for C2iH3203Br~: 
C 50.78, H 6.20, Br 30.72; found: C 50.77, H 6.24, 
Br 30.82. 

Tribromination of I7p-Hydroxy-5a-estran-3-one (Ib) 
17p-Hydroxy-501-estran-3-one (lb) (1.1 g) in glacial 

acetic acid (1 10 ml) was treated with phenyltrimethyl- 
ammonium perbromide (4.95 g) by the method described 
above. The crude product was reduced with sodium boro- 
hydride (150 mg) in ethanol (80 ml) as above, acetylated, 
and chromatographed on neutral alumina. Elution with 
10-25% benzene - petroleum ether gave a fraction 
(1.28 g) which on recrystallization from acetone yielded 
2,2,4a-tribromo-5a-estrane-3p,17p-diol diacetate (56) (650 
mg), mp 247-249 "C (dec.); [aID f 61"; ir u,,, 1764,1736 
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(ester C=O), 1230, 1209 (ester C-0) cm-1; pmr 6 5.30 
(1, d, J = lO.OHz, 3a-proton), 4.61 (1, t, J = 8.5 Hz, 
17a-proton), 3.91 (1, t, J = 10.5 Hz, 4p-proton), 3.04 
(1, q, J = 14.8 and 2.5 Hz, 10-proton), 2.24 (3, s) and 
2.05 (3, s, 3- and 17-acetoxy methyl), 0.81 (3, s, 18- 
methyl) ppm; ms mle 536, 538, 540, 542 (M+ - HOAC). 
Anal. calcd. for C22H3104Br3: C 44.09, H 5.22, Br 40.01; 
found: C 44.09, H 5.34, Br 39.78. 

Debrominarion of Crude 2g,4$-Dibromo-5a-estrane-3E,l7p- 
diol17-Acetate (7b) with Zinc-Copper Couple 

The mixture of dibromo alcohols (7b) (3.4 g) obtained 
from reduction of the dibromination product of 178- 
hydroxy-5a-estran-3-one ( l b )  was stirred in ethanol 
(100 ml) with zinc-copper couple (23 g) for 15 min at 
room temperature (1). The reaction was filtered and the 
filtrate poured into excess cold aqueous sodium bi- 
carbonate and ether extracted. Recrystallization of this 
~roduc t  gave no pure compounds. The crude product was 
acetylated and chromatographed over neutral alumina. 
Elution with petroleum ether gave material (800 mg) 
which was not further purified and consisted of a mixture 
of 17p-acetoxy-5a-estr-2- and 3-ene (10); ir v,,, 3021 
(vinylic C-H), 1733 (ester C=O), 1238 (ester C-0) 
cm-1; pmr 6 (CC14) 5.67-5.24 (2, m, olefinic proton), 4.62 
(1, t. J = 8.0Hz, 17a-proton), 1.98 (3, s, 17-acetoxy 
methyl), 0.80 (3, s, 18-methyl) ppm; ms m/e 302 (M+). 

Elution with 5% benzene - petroleum ether gave a 
fraction (300 rng) which was recrystallized from methanol 
to afford 2p,4p-cyclo-5a-estrane-3p,17p-diol diacetate (11) 
(55 mg), mp 117-118 "C; [a]= fl6"; ir v,,, 3040 (cyclo- 
propyl C-H), 1739 (ester C=O), 1227 (ester C--0) 
crn-1; pmr 6 4.58 (1, t, J = 8.5 Hz, 17a-proton), 3.61 
(1, poorly resolved t, J, ,,,, - 1 Hz, 3a-proton), 2.02 
(3, S) and 1.98 (3, s, 3- and 17-acetoxy methyl), 0.77 (3, s, 
18-methyl) ppm; ms m/e  318 (Mf - CH2CO), 300 
(MC - HOAc). Anal. calcd. for C22H32O4: C 73.30, 
H 8.95; found: C 73.39, H 9.07. 

The later fractions (662 mg) eluted from the column 
gave on recrystallization from ethanol 28-bromo-5a- 
estrane-36,170-diol diacetate (12) (203 rng), rnp 129- 
130 "C; [aID -Io;  ir v,,, 1733 (ester C=O), 1235 (ester 
C--0) cm-1; pmr 6 4.64 (1, br m, 3a-proton), 4.59 (1, t, 
J = 8.0 Hz, l7a-proton), 4.52 (1, unresolved m, W1/2 = 
6 Hz, 2~-proton), 2.09 (3, s) and 2.03 (3, s ,  3- and 17- 
acetoxy methyl), 0.80 (3, s, 18-methyl) ppm; rns mle 380, 
382 (M+ - HOAc), 320, 322 ( M C  - ~HOAC), 301 
[Mf - (Br + HOAc)]. Anal. calcd. for C22H3304Br: 
C 59.86, H 7.54, Br 18.11; found: C 60.19, H 7.57, 
Br 18.40. 
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The bi-1-cycloalken-1-yl compounds CIC=C(CF~), $==cc~(cs), react with arsines and 
I - 

phosphines R2EH to yield R2EC=C(CF2), C=CCI(CF2), n = 2, R2E = (CHhAs,  1; n = 2, 
m I 

R2E = (C6H5)2P, 2; n = 3, R2E = (CH3)2As, 3; and (c~H~)~Pc=c(cF~)~  C=CCI(CF~)~. 
I m 

Methyl diphenylphosphite affords (C6H5)2P(0)C==y(CF2)3 C===CC1(CF2)3. The ditertiary 

phosphine 2 is photochromic in the solid state. It reacts with M(CO)6 (M = Cr, Mo, W) to give 
(L-L)M(C0)4. Similar compounds are obtained from the ditertiary arsines 1 and 3. The solid 
state structure of the Mo(CO)~ derivative of 3 has been determined from three-dimensional 
single crystal data. The compound crystallizes in the orthorhombic space group Pbcn with a = 
16.26(1) A, b = 11.55(1) A, c = 13.34(1)A, and there are four molecules in the unit cell. The 
coordinates of the heavy atoms were determined by vector space methods. All other atomic 
parameters were obtained by full matrix least-squares refinement to a final R factor of 10.lyo for 
715 reflections. The ligand is chelated to the molybdenum atom and the resulting seven-mem- 
bered ring is considerably puckered. The As-Mo-As angle is 89.6(0.2)". 

WILLIAM R. CULLEN, ANTHONY W. WU, ALAN R. DAVIS, FREDERICK W. B. EINSTEIN et JOHN 
D. HAZLETT. Can. J. Chem. 54, 2871 (1976). 

r - i  I 
Les composCs bicycloalckne-1 yl-1 C1C=C(CF2), C=CCI(CF2), rhgissent avec les arsines et 

m I 
les phosphines R2EH pour donner R2EC=C(CF2), C=CCl(CF2), n = 2, R2E = (CH3)2As, 

I 1  m 
1; n =2, R2E= (CSH5)2P, 2;  n = 3, R2E = (CH3)2As, 3; et (C6H5)2PC=C(CF2)3 C=CCl(CF2)3. 

L-1 
n 7 

Le diphenylphosphite de mithyle conduit B (C6H5)2P(0)C=~(CF2)3 c = c c I ( ~ F ~ ) ~ .  La 

phosphine ditertiaire 2 est photochromique en phase solide. Elle rQgit avec M(CO)6 (M = 
Cr, Mo, W) pour donner (L-L)M(CO)4. Des produits semblables sont obtenus B partir des 
arsines ditertiaires 1 et 3. La structure cristalline du dCrivC Mo(CO)~ de 3 a CtC dCterminCe B 
l'aide des donnks tri-dimensionnelles d'un cristal unique. Le compost cristallise dans 1: groupe 
d'espace orthorhombique Pbcn avec a = 16.26(1) A, b = 11.55(1) A, c = 13.34(1) A, et il y 
a quatre molkules dans la maille ClCmentaire. Les coordonnCes des atomes lourds ont CtC 
dCterminCes par des mCthodes de vecteurs d'espace. Tous les autres paramktres atomiques ont 
CtC obtenus par la mkthode des moindres carrks (matrice complkte) pour &tre affine B un facteur 
d'accord final R de 10.1% pour 715 rkflexions. Le ligand est chClatC B l'atome de molybdene et 
le cycle B sept chainons rksultant est considQablement plissC. L'angle As-Mo-As est de 
89.6(0.2)". 

[Traduit par le journal] 

The reactions of phosphines and arsines with eCF219 ((CF2)9 
1,2-dihaloperfluorocycloalkenes afford a number [ll  xC=Cx + 2HERz * R2ECCCER2 + 2HX 

of interesting ditertiary(ph0sphines and arsines), (HER2 = HAs(CH& or HP(C6H )2; IZ = 2, 4, 
eq. 1: 6; X = F (usually), C1 (1-3). The products of 
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[I] such as (CH3)2AsC=CAs(CH3)2CF2CF2, 
f4fars, have been investigated with regard to their 
ability to form. complexes with transition metal 
derivatives, particularly with metal carbonyls (I). 
Thus derivatives such as f4far~Mn~(CO)~,  f4fars- 
Fe3(CO),o, f4far~Co~(CO)~ have been isolated 
and characterized. 

The recent synthesis of fluorobialicyclic com- 
pounds (4), eq. 2, provided a suitable starting 

material for the preparation of ditertiary(phos- 
phines and arsines) with bialicyclic, 'butadiene', 
bridging groups. 

In this paper we report on the success of this 
endeavour and also on some of the metal 
carbonyl complexes obtained from these new 
ligands. Impetus was given to this work by the 
discovery that a complex with this type of 
bridging group can be isolated when f4farsCo2- 
(CO)6 is warmed in solution (5, 6). 

Experimental 
A standard vacuum system was used for the manipula- 

tion of volatile reactants. All reactions were carried out 
either in sealed evacuated Carius tubes or conventional 
reaction flasks. Infrared spectra were recorded on a 
Perkin-Elmer 457 spectrophotometer and calibrated using 
polystyrene. Nuclear magnetic resonance spectra were run 
on a Varian T-60 spectrometer. Chemical shifts are given 
in ppm downfield from internal TMS for 1H and upfield 
from internal CFC13 for 19F spectra. Melting points were 
determined using a Gallenkamp melting point apparatus 
and are uncorrected. Microanalyses were performed by 
Mr. P. Borda, Chemistry Department, University of 
British Columbia, and data for all new compounds are 
listed in Table 1. 

The hexacarbonyls, M(C0)6 (M = Cr, Mo, W), were 
obtained commercially and used without further purifica- 
tion. Benzene was distilled over LiA1H4 prior to use. 2,2'- 
Dichlorooctafluoro-(bi-1-cyclobuten-1-yl) was prepared 
as indicated in [2] (4) as was the dodecafluoro(bi-1- 
cyclopenten-1-yl) analogue. 

Preparation of 2,2'-Bis(dimetlzy1arsino)octajluoro-(bi-I- 
cyclobuten-I-yl) 

Dimethylarsine (0.42 g, 4 mmol) and 2,2'-dichloro- 
octafluoro-(bi-1-cyclobuten-1-yl) (0.64 g, 2 mmol) in dry 
benzene (5 ml) were sealed in a Carius tube. The tube was 
shaken for 1 day at 25 "C, opened, and the solvent was 
removed at reduced pressure. The resulting yellow oil was 
dissolved in a small amount of dichloromethane and 
chromatographed on Florisil. Elution with dichloro- 

methane afforded a light yellow band of the desGed 
compound. The product was recrystallized from hexane 
to yield 0.60 g (65%) of needle-like crystalline product. 

Preparation of 2,2'-Bis(diplzenylphosplzino)octu~~~oro- 
(bi-I-cyclobuten-I-yl) 

In a 100 ml three-necked round bottom flask fitted with 
N2 inlet, stirrer, and pressure-equalized dropping funnel 
was placed 2,2'-dichlorooctafluoro-(bi-1-cyclobuten-1-yl) 
(0.64g, 2 mmol) in 25 rnl of anhydrous diethyl ether. 
Diphenylphosphine (0.75 g, 4 mmol) in 25 ml of diethyl 
ether was added dropwise at room temperature over a 
period of 60 min. After the addition was completed, the 
resulting green solution was left at room temperature for 
24 h before the solvent was removed at reduced pressure. 
The solid residue was dissolved in a small volume of 
dichloromethane and chron~atographed on Florisil. The 
desired product, 2,2'-bis(diphenylphosphino)octafluoro- 
(bi-1-cyclobuten-1-yl), was eluted as a bright yellow band 
with dichloromethane. After removal of solvent, bright 
yellow crystals were obtained which were purified by 
recrystallization from hexane to give 1.1 g (86%) of the 
product. 

Preparation of2,2'-Bis(dimethylursi,zo)dodecaJluoro- 
(bi-I-cyclopenten-I-yl) 

Dimethylarsine (0.42 g, 4 mmol) and 2,2'-dichloro- 
dodecafluoro-(bi-1-cyclopenten-1-yl) (0.84 g, 2 mmol) in 
dry benzene (5 ml) were sealed in a Carius tube. After 
heating for 2 days at 60°C the tube was opened and the 
solvent was removed at reduced pressure. The remaining 
residue was dissolved in dichloromethane and chromato- 
graphed on Florisil. Elution with dichloromethane 
afforded a light yellow band of the desired product. After 
removal of solvent, a yellow oil was obtained. The oil 
solidified upon addition of petroleum ether. Recrystalliza- 
tion from hexane yielded 0.62g of 2,2'-bis(dipheny1- 
arsino)dodecafluoro-(bi-1-cyclopenten-1-yl) (56y0). 

Preparation of 2-Clzloro-2'-diphenylphosplzinododeca- 
jl~~oro-(bi-I-cyclopenten-I-yl) 

Diphenylphosphine (0.75 g, 4 mmol) and 2,2'-dichloro- 
dodecafluoro-(bi-1-cyclopenten-1-yl) (0.84 g, 2 mmol) 
were heated at 60 "C in a sealed Carius tube for 2 days. 
At the end of the reaction period, the tube was opened 
and a gummy dark red reaction product was extracted 
with CH2C12. The red solution was concentrated at re- 
duced pressure and chromatographed on Florisil. 
Removal of solvent gave 0.36 g (32%) of white 2-chloro-2'- 
diphenylphosphinododecafluoro-(bi- 1-cyclopenten- 1-yl). 

Preparation of 2,2'-Bis(diplzenylplzosphinyl)octajl~~oro- 
(bi-I-cyclobuten-I-yl) 

In a 50 ml round bottom flask fitted with stirrer and 
condenser was placed 2,2'-bis(dipheny1phosphino)octa- 
fluoro-(bi-1-cyclobuten-1-yl) (0.62 g, 1 mmol) and 10 rnl 
30% H202 in 25 ml of acetone. The solution was refluxed 
for 5 h and then poured into cold water. Ferrous sulfate 
was added to destroy the excess peroxide and the mixlure 
was extracted three times with ether. The combined 
extracts were dried over MgSO,. The solvent was re- 
moved at reduced pressure to give a white solid (0.26 g, 
41%) which was identified as 2,2'-bis(dipheny1phos- 
phiny1)octafluoro-(bi-1-cyclobuten-1-yl), mp 178 "C. The 
ir spectrum shows a P=O stretching absorption at 1230 
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CULLEN ET AL. 

TABLE 1. Analytical data for new compounds 

Analyses (%) 

Compound* 

Melting C H 
point 

Color ("C) Calcd. Found Calcd. Found 

bif 12farsMo(C0)4 

bifl,farsW(C0)4 

White 63 

Yellowt 126 

White 25 

White 150 

White 145 

Dark red 110-1 12 

Orange red 98-99 

Red 100-102 

Dark purple 204-206 

Dark purple 201 

Dark purple 203-205 

Red 98 

Orange red 145 

Orange red 158 

'Abbreviations used are as follows: bifsfars = 1, bifsfos = 2. bifizfars = 3. 
?The compound is photochromic and yellow is the 'dark' color. 

cm-1 and v(C==C) at 1600(w) cm-1. The mass spectrum 
shows a molecular ion at m/e  = 650. 

Preparation of 2-Chloro-2'-diphenylphosphinyldodeca- 
fluoro-(bi-I-cyclopenten-1-yl) 

In a 50 ml three-necked round bottom flask fitted with 
condenser, dropping funnel, and stirrer was placed 2,2'- 
dichlorododecafluoro-(bi-1-cyclopenten-1-yl) (0.84g, 2 
mmol) in 20 ml of dry tetrahydrofuran. Methoxydi- 
phenylphosphine (0.44 g, 2 mmol) in 10 ml tetrahydro- 
furan was added dropwise. After the addition, the solution 
was refluxed for 3 h. The solvent was then removed at 
reduced pressure to give a white residue. Recrystallization 
from hexane-dichloromethane gave a white crystalline 
product (0.3 g, 50%) identified as 2-chloro-2'-diphenyl- 
phosphinyldodecafluoro-(bi-1-cyclopenten-1-yl). The ir 
spectrum shows a P=O stretching absorption at 1215 
cm-1. The mass spectrum shows a molecular ion at m/e  = 
584. 

Preparation of Group VI Metal Carbonyl Complexes 
A general method of preparation of the new complexes 

is outlined below. Conditions used for a specific complex 
are shown in Table 3. 

A benzene solution (5-10 ml) containing a 1 :I mole 
ratio of ligand to hexacarbonyl was heated at 150 OC in 
an evaculated Carius tube for 24 h. At the end of the 
reaction period, the tube was opened and the colored 
products were immediately chromatographed on a 
Florisil column using dichloromethane as eluting solvent. 
The solvent was then removed at reduced pressure, and 

the crude mixture was sublimed under vacuum to remove 
the unreacted hexacarbonyl. The residue was recrystal- 
lized from hexane to give the brightly colored crystalline 
complexes. 

TABLE 2. Spectroscopic data for new 
phosphines and arsines 

v(C=C) (cm-1) 
Compound (CH2C12) 1H* 19Ft 

1 1605w 1.38 107.2 
110.0 

2 1605w 7 .28(m) 107.2 
109.6 

3 1580w 1.40 109.2 
116.8 
134.0 

4 1590w 7.32(m) 106.8 
109.6 

160ow 111.2 
115.2 

1680m 130.0 
131.8 

5 1590m 
1600m 7.68(m), 7.72(m) 
1670w 

*All resonances are singlets in CDC13 solution unless indicated as a 
multiplet (m). 

?All resonances are multiplets and are of equal area for a particular 
compound. 
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TABLE 3. Preparative and spectroscopic data for new complexes 

Conditions 

Reactants T ("C) Time (h) Product Yield (%) 1H*t lgF* $ v(C0Xcm -l)(cyclohexane) 

1.68 
1.75 

1.70 
1.78 

(triplet) 

1.76 
1.85 

(triplet) 

107.6 
111.4 

12 peaks between 
101.6-139.2 

12 peaks between 
101.6-139.2 

12 peaks between 
101.6-139.2 

'Spectra run in CDC12 except 7 and 10 for which the solvent was CD~COCDI.  
?All peaks are singlets unless otherwise indicated. 
$All peaks, multiplets unless otherwise indicated and multiplets are equal area for a given complex. 

TABLE 4. Principal bond lengths and angles in 
(dif,,far~)Mo(CO)~. Least-squares estimated errors 

are given in parentheses 

Bond ~ e n ~ t h s  (A) Bonds Angles (deg) 

Mo-C6 2.12(4) AsMoAs' 89.6(0.2) 
Mo-C7 1.90(4) C7MoC7' 84(2) 
Mo-As 2.585(5) AsMoC6 89(1) 
As-C8 1 .92(4) C7MoC6 90(2) 
As-C9 2.03(4) MoAsCl 113.3(0.8) 
As-C1 1 .98(3) MoAsC8 117(1) 
C1-C2 1.51(5) M o A s C ~  121(1) 
C1-C5 1 .34(4) C8AsC9 lOO(2) 
C2-C3 1 .52(5) AsClC5 126(2) 
C3-C4 1.53(5) ClC5C5' 127(2) 
C4-C5 1.47(5) ClC2C3 106(3) 
C5-C5' 1 .42(6) C2C3C4 lOl(3) 
C2-F21 1 .32(4) C3C4C5 109(3) 
C2-F22 1 .39(4) C4C5C1 108(3) 
C3-F3 1 1 .3 l(4) F21C2F22 105(3) 
C3-F32 1 .36(4) F31C3F32 109(3) 
C4-F41 1 .37(4) F41C4F42 101(3) 
C4-F42 1 .38(4) 

Structural Analysis of (difiz far~)Mo(CO)~ 
The crystal data are summarized below: 

C I J - ~ ~ O ~ F I ~ A S ~ M O  fw = 765.87 
Orthorhombic, a = 16.26(1) A, b = 11.55(1) A, c = 

13.34(1) A, V = 2505 A,, P, = 2.04 g/ml (by flotation), 
Z = 4, d, = 2.03 g/ml; space group Pbcn; Mo Ka 
radiation ( X  = 0.70926 A), p(Mo Ka)  = 35.9 cm-1, T = 
22 "C. 

The complex is obtained as red oblong crystals elon- 
gated along the c axis. The intensities of 1171 independent 
reflections were measured in two shells (0" < 28 < 20" 
and 20" < 28 < 50') using a Picker FACS-1 computer- 
controlled diffractometer; 715 of these reflections were 
classed as observed ( > 2 . 3 ~ ) .  No  absorption corrections 
were applied. The coordinates of the heavy atoms were 
determined by vector space methods. All other atomic 
parameters were obtained from several series of full 
matrix, least-squares refinement and subsequent Fourier 
and difference maps. The final R factor was 10.1% (only 
Mo and As atoms were permitted anisotropic thermal 
motion parameters). 

Crystallographic computer programs used in this 
determination have been cited elsewhere (7). 

Final atomic parameters and thermal parameters are 
listed in Table 4. Princ~pal bond lengths and angles are 
given in Table 5. Standard deviations in both tables are in 
parentheses as units in the least significant figure. 

Table 6, a listing of structure factor amplitudes, has 
been deposited with the Depository of Unpublished 
Data.' 

lTable 6 is available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 
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CULLEN ET AL. 2875 

TABLE 5. Fractional atomic coordinates and thermal Results and Discussion 
motion parameters 

a Fractional atomic coordinates ( X  104 for Mo and 
As; x 103 for all other atoms) in crystalline 

dif12farsMo(C0)4. Least-squares estimated errors 
are given in parentheses 

Atom type x 

Mo 0 
As 926(2) 
F2 1 207(1) 
F22 237(1) 
F3 1 126(2) 
F32 207(1) 
F4 1 94(2) 
F42 16(1) 
0 6  113(2) 
0 7  104(2) 
C 1 lOO(2) 
C2 174(2) 
C3 151(2) 
C4 73(2) 
c 5  40(2) 
C6 76(2) 
c 7  65(2) 
C8 206(2) 
C9 64(2) 
H8 1 243 
H82 214 
H83 219 
H9 1 109 
H92 12 
H93 63 

b Thermal motion parameters ( X  103 ~ 2 )  in 
crystalline dif12farsMo(C0)4 

Atom 
ty pe '11 U22 u33 ul2 u23 u13 

Anisotropic atoms (expressed in the form 
exp [ -2~2(ha*~  Ull - .  . + 2hka*b*U12 + .. .)I) 

MO 34(3) 42(3) 17(2) 0 -3(2) 0 
As 39(2) 42(2) 15(2) 6(2) 4(2) l(2) 

Atom Atom Atom 
type U type U type 

Isotropic atoms 
F21 70(7) C l  25(8) H81 47 
F22 72(7) C2 55(11) H82 47 
F31 75(8) C3 44(11) H83 47 
F32 64(7) C4 51(11) H91 57 
F41 74(7) C5 15(7) H92 57 
F42 50(6) C6 50(11) H93 57 
0 6  79(9) C7 60(13) 
0 7  86(10) C8 49(12) 

C9 59(12) 

The vinylic halogens of dihaloperfluorocyclo- 
alkenes are easily displaced by -OR, -SR, and 
ER2 groups as illustrated in [l]  (1). It is expected 
that the corresponding reactions of 2,2'-dihalo- 
perfluoro-(bi- 1-cycloalken- 1-yl) would be equally 
facile. Wu (8) has studied their reactions with 
nucleophiles such as amines and alkoxides and 
finds this to be the case. The present work 
extends these investigations to the reactions of 
phosphines, arsines, and phosphites. 

We find that both dimethylarsine and di- 
phenylphosphine react easily with the bicyclo- 
buten-1-yl derivative at 25 "C, eq. 3, n = 2. Only 

the disubstituted derivatives are obtained even if 
the mole ratio of, say, phosphine to  fluorocarbon 
is 1 : 1. We have reason to believe that mono- 
substituted products may be isolated if the re- 
actions are carried out at lower temperatures. 

In the case of the dichloro(bicyclopenten-1-yl) 
derivatives the ditertiary arsine is produced at 
60 "C (reaction is very slow at 25 "C), eq. 3, 
n = 3, but reaction with diphenylphosphine at 
the same temperature or even at 150 "C affords 
only the monosubstituted derivative. Maximum 
yields are obtained at 60 "C. 

When n = 3, eq. 3, there is no reaction with 
either dimethylarsine or diphenylphosphine even 
under forcing conditions. 

The mechanism of these substitution reactions 
is not known although likely candidates appear 
to involve addition-elimination sequences or 
carbanion intermediates. The reactivity pattern 
follows the same sequence found for cyclo- 
alkenyl compounds, eq. I, namely n = 2 > n = 

3 > n = 4 (1,3). This primary effect is consistent 
with the ring strain arguments used by Stockel 
and co-workers (9, 10). However, a major 
difference seems to be in the result that only the 
monosubstituted product is obtained from di- 
phenylphosphine and the bicyclopenten-I-yl 
derivative, whereas dimethylarsine gives the 
ditertiary arsine, eq. 3, n = 3. In the correspond- 
ing alkene series, reaction with diphenylphos- 
phine more readily affords disubstitution. For 
example, eq. 1, when n = 2 and X = F, only 
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disubstitution has ever been obtained with 
diphenylphosphine (1, 1 1) (the product is known 
as f4fos) yet dimethylarsine gives monosubstitu- 
tion at 25 OC and disubstitution at 150 OC (2, 11). 

Frank (12-14) found that phosphites react 
with fluorocyclopentenes to give c@lopentenyl- 

phosphonates, for example, eq. 4. Monosubsti- 
tution is also achievable. The bicyclopenten-1-yl 
compound reacts in the same way, eq. 5. This 
reaction has not yet been studied extensively so 
it is not known if disubstitution will occur. The 
anticipated product of such a reaction involving 
the dihalo-(bicyclobuten-1-yl) derivative can be 
obtained by oxidation of 2,2'-bis(dipheny1phos- 
phino)octafluoro-(bicyclobuten-1-yl) with 30% 
hydrogen peroxide. 

The analytical and spectroscopic data for the 
new fluorocarbon derivatives of phosphorus and 
arsenic are in accord with their formulation. and 
the mass spectra all show the expected molecular 
ion. The solid state structure of 2 has been 
determined (14). The molecule has the cisoid 
arrangement of double bonds with the rings 
twisted approximately 35' away from planarity. 

One of the remarkable features of this diter- 
tiary phosphine is its photochromism. Very large 
crystals of the yellow form (-5 mm3) can be 
easily obtained in the dark. When these are ex- 
posed to sunlight they turn bright orange-red. 
The process is reversible, but at a slower rate, 
on removing the light source provided the ex- 
posure has not been too great. The color change 
is confined to the solid and red crystals give 
yellow solutions which are light stable. At the 
moment we have no explanation for the phenom- 
enon. The bis(phosphine oxide) is colorless 
which suggests that the phosphorus lone pairs 
are involved. It is not even clear why the com- 
pound should be colored at all. ~ h e s e a s ~ e c t s  are 
currently under investigation. 

The new ligands 1, 2, and 3 all react with 

Group VI metal hexacarbonyls with displace- 
ment of two carbonyl groups and the formation 
of the highly colored, crystalline, chelate com- 
plex. The derivatives have the usual four bands 
in the carbonyl stretching region of the infrared 
spectrum and the frequencies are similar to those 
obtained for similar complexes of f4fos and 
related ligands (15). The mass spectra show 
parent ions followed by loss of four carbonyl 
groups. The colors of the complexes of 2 are 
unusual. 

The chelate complexes contain a seven-mem- 
bered ring as in A and Fig. 1. This has been 

established for the molybdenum derivatives of 
both ditertiary arsines (16) one of which is 
described in detail below. The seven-membered 
ring is puckered in the solid state in both cases 
and the arsenic methyl groups are not equivalent. 
The nmr spectra of the derivatives of 1 show only 
one resonance in the As-CH3 region indicating 
that the ring is fluxional in the nmr time scale. 
This is also found for complexes containing 
certain five- and six-membered chelate rings 
(17-19). Similar remarks may be made about the 
19F nmr spectra of these complexes and the 
derivative of 2. 

The nmr spectra of the complexes containing 3 
are more complicated. The singlet/triplet pattern 
in the As-CH3 region indicates two different 
environments for As-CH3 groups possibly 
involving some stereospecific methyl-fluorine 
coupling as is found in some ditertiary arsine 
derivatives of chromium carbonyl containing 
a five-membered chelate ring (19). The com- 
plexity of the 19F nmr spectra of these derivatives 
of 3 also points to some rigidity of the puckered 
ring in solution. However, at lower temperatures 
the singlet and triplet collapse together resulting 
in one adsorption at - 80 OC. 

The solid state structure of bifi2farsMo(C0)4 
is illustrated in Fig. 1. Structural parameters are 
listed in Tables 4 and 5. 

Coordination about the central metal is very 
nearly octahedral, with the molecule having a 
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CULLEN ET AL. 

FIG. 1. Perspective view of (bifl,fars)Mo(CO).,, indicating thermal motion ellipsoids (50%). Hy- 
drogen atoms have been omitted for clarity. 

crystallographic twofold axis of symmetry. The 
symmetry axis relates two pairs of carbonyl 
groups, and the two halves of the chelating 
ligand. Considerable puckering of the seven- 
membered ring formed by chelation is evident. 
This puckering can be described in terms of the 
dihedral angles formed between planes defined 
by the following trios of atoms: Asl,Mo,As and 
Mo,As,C1(147(1)"); Mo,As,Cl and As,CI,CS- 
(72(3)"); As,Cl,C5 and CI,C5,C5'(1(5)"). 

The two different environments for the As- 
CH3 groups as observed in the nmr spectrum are 
seen clearly in the solid state. Non-bonded 
methyl carbon to fluorine contacts a? much 
shorter for C8 (Ct. . . F21 = 3.19(5) A, and 
C8. - F22 = 3.26(5) A), and are likely to remain 
short ino solution, than for C9 (C9; . F3 1' = 

3.75(5) A, and C9- . . F21' = 4.55(5) A). 
The As-Mo-As bond angle is not unusual 

(89.6"). 
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Deuterium isotope effects on the ionization of the lower carboxylic 
acids in water and deuterium oxide 
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JAN BRON. Can. J. Chem. 54, 2879 (1976). 
To facilitate the interpretation of isotope effects on the ionization of weak acids in water and 

deuterium oxide, a comparison of these quantities with that for a standard acid is proposed. 
Therefore, a quantity K, has been defined by the equation K, = (KH/KD)/(KHf/KDf). The 
equilibrium constants KH and KD refer to the ionization constants in water and deuterium oxide 
respectively. The equilibrium constant Kx'(X = H, D) refers to the acid used as a reference. An 
equation is derived from which it may be concluded, that for a series of acids closely similar in 
geometry and force field around the acidic group, a value of K, close to unity s h o ~ ~ l d  be obtained. 
To test this prediction the values of KH/KD for a series of n-alkanoic acids (N = 3-6) are com- 
pared experimentally with the value of KH/KD of acetic acid (25 "C). An emf method has been 
used in these measurements (quinhydrone electrode). In agreement with the theory a value for 
K, close to unity has been observed. 

JAN BRON. Can. J. Chem. 54, 2879 (1976). 
Pour faciliter I'interprCtation des effets isotopiques sur l'ionisation des acides faibles dans 

l'eau et dans I'oxyde de deuterium, une comparaison de ces donnks avec celle d'un acide 
standard est proposk. Par conskquent, un terme K, a CtC dCfini par 1'Cquation K, = (KH/KD)/ 
(KH'/KDf). Les constantes d'kquilibre KH et KD se rCf&rent respectivement aux constantes 
d'ionisation dans I'eau et dans l'oxyde de deutkrium. La constante d'kquilibre Kxl(X = H, D) 
se rCf&re a l'acide utilist comme reference. Une tquation est d 6 i v k  et A partir de celle-ci on peut 
conclure que pour une sCrie d'acides de gComCtrie et de champs de force trks similaires dans le 
voisinage du groupement acide, une valeur de K, pr&s de I'unitt devrait Ctre obtenue. Pour 
verifier cette prediction, les valeurs de KH/KD pour une serie d'acides n-alcanoiques (N = 3-6) 
sont compartes experimentalernent avec la valeur de Kn/KD de l'acide acCtique (25 "C). On a 
utilisC une mtthode de fern dans ces mesures (electrode h la quinhydrone). En accord avec la 
thtorie, une valeur de K, prks de l'unitC a CtC observk. 

[Traduit par le journal] 

Introduction 
KH - q(DA). q(H30+) q(D2O) 

It has been stated that the deuterium isotope 121 - - . - 
effect on the ionization of weak acids in water q(HA) q(D30+> q(H2O) 

and deuterium oxide is not clearly understood (1). 
The main problems are the lack of an adequate 
knowledge of all solvated species involved and 
the structures of water and deuterium oxide. 
This paper is an attempt to clarify some points 
on the subject by theoretical considerations and 
an experimental study. 

The ionization of a weak acid XA (X = H, D) 
in X20 can be represented by the equilibria 

In [2] q is the molecular canonical partition 
function of the solvated species indicated in 
parentheses. It has been assumed that the 
partition function of A- in H20 and D20 are the 
same. Also, implicit in [2] is the assumption that 
the molecules in the condensed phase can be 
represented by a system of non-interacting 
particles or the ideal gas phase. It is not surpris- 
ing that some theoretical studies based on [2] are 

[I] HA(H20) + H~O(1iq) e A-(H2O) + H,O+(H20) (KH) not always considered satisfactory (1). However, 
these two assumptions mentioned above may 

DA(D20) + D20(1iq)e A-(D20) + D30+(D20)(K~) sound more reasonable if they are rephrased into 
All species are solvated by the solvent indicated the single statement: that the contributions of 
in parentheses. In terms of partition functions forces that cause the differences between species 
the ratio KH/KD, or the isotope effect, may be in the gas phase and condensed phase tend to 
written as (2) cancel in ratios like [2] for molecules only differ- 
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ing in isotopic substitution. The difficulty still 
remains as to how to represent the X20  and 
X3O+ molecules and several attempts have been 
made to evaluate KH/KD for a number of acids 
(3-5) with varying degrees of success. 

The computational and conceptual problems 
in the evaluation of the isotope effect, KH/KD, 
for weak acids, can be eliminated by comparing 
the values of KH/KD for certain acids at a 
particular temperature with the value of KH/KD 
of a standard acid at the same temperature. The 
advantage of this is that all KH/KD values for the 
various acids have the ratio R 

in common. Arithmetically this means to define 
a ratio Kr such that 

The quantity q(HA)/q(DA) refers to the standard 
acid, say acetic acid, and may be estimated (6) by 
using the observed gas phase frequencies of 
vibration. 

The constant Kr can be written, in terms of the 
harmonic approximation (7), as 

[51 
3N-6 [UF' sinh (9ui)lHB 

K r =  II 
i= 1 [UF' sinh (+ui)lDB 

'* [Ui-l sinh ( i ~ ~ ) ] ~ ~ ~ ~  x n -  . 
j= 1 [~j-' slnh ($uj)lAcOH 

in which ui has the usual meaning of hcwi/kT. 
It may be noted that Kr is expressed by using 
acetic acid as the reference acid. The quantity K, 
cannot be evaluated for most acids, since for 
only a few the vibrational frequencies are known. 
For the formic-acetic acid pair the experimental 
value for Kr can be deduced (8) and the vibra- 
tional frequencies are known (9, 10). For this 
acid pair the experimental value for Kr at 20 "C 
is 0.87 and the theoretical value, computed by 
means of [5], is 0.83 at the same temperature. In 
this case the agreement between theory and ex- 
periment is encouraging. 

If the vibrational frequencies of the acids HB 
and DB are not known, [5] has a more limited 
value. Equation 5 can be used, however, to pre- 
dict or explain trends in Kr for a series of struc- 
turally similar acids. In fact, the high temperature 
forms of [5] are particularly suitable (11). For 

high temperatures or small values of ui and uj, [5] 
can be expanded (12). The result is 

Only the first two terms in the expansion have 
been retained. Equation 6 can also be written in 
terms of Wilson's F, G matrix elements (12-14). 

The constant K is equal to (h/2.rrk)'(24)-'. It is 
interesting to note that the classical limit (T- a) 

of Kr is unity. Therefore, the second (temper- 
ature dependent) terms in the expansions 6 and 7 
are called first quantum corrections (15). 

Equation 7 has a restricted quantitative value, 
especially in the lower temperature region. For 
qualitative purposes [7] is more useful (14). 
Equation 7 has the advantage that trends in Kr 
can be discussed in such basic quantities as force 
constants (Fij) and G matrix elements. 

It can be seen immediately from the form of 
[7] that only those G matrix elements in the 
species BX (and AcOX) are affected and con- 
tribute to K,, if, as a necessary condition, both 
the corresponding internal coordinates contain 
the centre of isotopic substitution in their 
definitions (13, 14). Hence, considering that the 
definitions of the usual internal coordinates 
never exceed four atoms, this suggests that in 
model calculations of isotope effects, the 
molecule can be abbreviated, or paraphased, 
only that part of the molecule in the immediate 
neighbourhood of the centre of isotopic substi- 
tution determines the value of Kr or an isotope 
effect in general. An obvious conclusion is that 
acids with similar geometry and force constants 
as the reference acid should give values of K, 
close to unity, if [7] is of any qualitative value. 
The fact that a molecule can be abbreviated in 
model calculations of isotope effects has been 
concluded by Wolfsberg and Stern (12) in their 
calculations of kinetic isotope effects in nucleo- 
philic substitution reactions. Their calculations 
were based on transition state or pseudo equilib- 
rium theory and equations of type [5]. 
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It may then be anticipated that straight chain 
carboxylic acids, with reference to acetic acid, 
should give K, values close to unity. It was de- 
cided to test this expectation experimentally and 
use the carboxylic acids as a test of the qualitative 
value of [7]. 

Experimental 
The isotope effect K, can be written as 

The ratios of the equilibrium constants, K,(HB)/ 
K,(AcOH) and KD(AcOD)/KD(DB), can be measured by 
using the method of Everett et ul. (ELP). These workers 
measured (16) the emf of a symmetrical cell, containing 
buffers of organic acids, by means of the hydrogen 
electrode. If the acids are half neutralised, the emf of the 
cell is then, at  25 "C 

Rather than using the X2 electrode it was decided to use 
the quinhydrone (Q,QX2) electrode and the cell used to 
measure the equilibrium constant ratios can be repre- 
sented by 

The reasons for using the quinhydrone electrode were 
convenience and the elimination of the need for (expen- 
sive) DZ. A detailed discussion of the quinhydrone elec- 
trode has been given by Ives and Janz (17). 

The glass emf cell recommended by ELP was found 
inconvenient to use. Hence another and also symtnetricul 
cell of an H shape was designed. Electrical contact be- 
tween the two legs of the cell was secured by a sintered 
glass disk of very fine porosity. The disk should be of very 
fine porosity, otherwise mixing of the different solutions 
in the legs takes place. At the bottom of the two legs 
sintered glass disks of medium porosity were fused and 
through these disks slow streams of purified nitrogen 
(strongly alkaline pyrogallol) were introduced into the 
solutions to remove dissolved oxygen and to stir the 
solutions. The electrodes were two 1 cm2 platinum disks 
with long platinum stems with the ends fused in glass. The 
cell was emerged in a thermostat bath at  25.00 i 0.05 "C.  

The electrodes were cleaned with warm (60-70°C) 
chromic acid and thoroughly rinsed before use. The 
electrodes were not dried before use, but, after shaking 
off the water, were inserted immediately into the solu- 
tions. The cell was tested with the acetic a c i d  benzoic 
acid buffer pair and the emf was as expected. Also the 
zero of the cell was tested by using the same solutions in 
both legs. The result was 0 10 MV. The emf was mea- 

sured with a Keithley digital multimeter (Model 171). 
The chemicals were obtained from various commercial 

sources. The quinhydrone was recrystallized from ethanol 
before use (17). The purities of the straight chain carb- 
oxylic acids (acetic to tz-hexanoic acid), as found by acid- 
base titration, were, after distillation, 99.7% or better. 
The deuterium oxide had a purity of 99.8%. The potas- 
sium chloride was dried before use. 

To minimise any impurity effects, stock solutions of 
quinhydrone and KC1 in X 2 0  were prepared and added 
to a volume of half neutralised acids. The concentrations 
of the stock solutions were such as to obtain the con- 
centrations as shown in [10] to within 1% after mixing. 
Readings of the emf were taken after one hour of equil- 
ibration. It has been implied in [9] and [lo] that the acids 
are exactly half neutralised. Half neutralization was 
accomplished by the addition of a carbonate free solution 
of NaOX to known quantities of the acids. Since the 
standard volumetric techniques used always involve 
errors, six of these half neutralised solutions were pre- 
pared to generate the 2 X 6 determinations as listed in 
Table 1. Repeated measurements of the emf of the same 
pair of solutions gave results differing by not more than 
0.1 mV. 

The results of the measurements are given in Table 1. 
The isotope effect, K,, can be deduced from [9] and the 
following definition 

[lo]  

Pt 

[ l  11 AE (mV) = E,, - ED = - 59.16 log K, 

0.025 M AcOX 
0.025 M AcONa 
0.0045 MQ,QX2 
0.15M KC1 
X2O 

0.025 M XB 1 
The errors in AE and K, have been computed by means 

of the formula (1 8) 

0.025 M NaB 
0.0045 M Q,QX2 
0.15M KC1 
X2O The quantity 6Y is the most probable error in Y and 

6x, is the error in xi. No attempt has been made to 
measure K, at various ionic strengths (to obtain K, a t  zero 
ionic strength), since it has been found by ELP that the 
dependence of the emf on the ionic strength, in measure- 
ments of this type, is negligible. 

Pt 

Results and Discussion 

The results in Table 1 show that the isotope 
effects (K,) are indeed small for all acids as pre- 
dicted by [7]. The constant K, increases from 
0.995 for propionic acid to 1.020 for n-pentanoic 
acid. The values of K, for n-hexanoic acid are 
essentially the same, so K, seems to reach its 
maximum value at n-pentanoic acid. However, it 
should be pointed out that the differences in the 
values of K, for the various acids are statistically 
not very significant. 

Formic acid, with K, equal to 0.87 and only 
one carbon atom, is too different to be defined as 
'structurally similar' to  its higher homologs. 
From the above discussion of [7] and the ex- 
perimental results it seems to follow, that as a 
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TABLE 1. Some properties of cell at 25 "C 

Value 

Parameter C3Ha C4H C5H C6H 

Electromotive force of cell in H20 
Experiment 1 7.68 4.45 5.25 6.39 

2 7.40 - 4.70 6.49 
3 7.30 4.38 5.05 6.66 
4 7.12 4.63 4.88 6.78 
5 7.28 4.28 5.13 7.02 
6 7.29 4.31 4.92 6.68 

Averageb 7.35k0.19 4.41k0.14 4.99k0.20 6.67k0.22 

LiteratureC 7.12 3.68 5.15 5.98 

Electromotive force of cell in D20 
Experiment 1 6.73 4.32 5.55 7.05 

2 7.46 4.54 5.70 7.22 
3 7.40 4.06 5.11 6.98 
4 7.18 4.31 5.65 7.37 
5 7.34 4.83 5.38 7.14 
6 7.19 4.49 5.64 6.99 

Average 7.2250.26 4.43k0.26 5.51k0.22 7.13k0.15 

A E 0.13k0.32 -0.02k0.30 -0.52k0.30 -0.46+0.27 

Kr 0.995k0.012 1.001 k0.012 1.020f 0.012 1.018 k0.011 

aThe symbol CnH stands for the n-alkanoic acid containing n carbon atoms. 
OArithmetic mean and standard deviation, the electromotive force is expressed in mV. 
Womputed from Table 2 in ref. 16, where no error limits have been given. 

good approximation, the C-COOX grouping is 
the important part of the n-alkanoic acids. This 
implies that, in fact, the acids do not need to be 
straight chain alkanoic acids, but may have side 
chains. In order to test this, the value of Kr for 
trimethyl acetic acid was also determined a t  
25 "C. The result for Kr for trimethyl acetic acid 
was 0.974 0.017 at 25 "C. 

By comparing the value of Kr for trimethyl 
acetic acid with the one for formic acid it can be 
seen that the isotope effect is still small. Hence, it 
seems that chain branching does not make Kr con- 
siderably different from unity. At this point it is 
reasonable to ask: do all carboxylic acids, when 
compared to acetic acid, have Kr close to  unity? 
To take benzoic acid as an example, it is found 
that, by using literature data (19, 20), the Kr 
value for this acid is 0.86 at 25 "C. Therefore, the 
answer to the above question is negative, even 
though benzoic acid has the C-COOX unit in 
common with the n-alkanoic acids. The term 
'structurally similar', which refers mainly to 
force constants, seems to be the key to small Kr 
values when an acid is compared to a standard 

acid. The approach used in this paper can also 
be applied to explain isotope effects on the dis- 
sociation constants for weak bases in H 2 0  and 
D20. 
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Spectroscopic studies in olefins. VI. The valence angle dependence of 
interproton nuclear magnetic resonance coupling constants 
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F R A N ~  H. A. RUMMENS and LEE KASLANDER. Can. J. Chem. 54, 2884 (1976). 
INDO-MO calculations have been performed for all the proton-proton coupling constants 

in ethylene, propylene, and cis- and rrur~s-2-butene, both a t  their equilibrium geometry and at  
geometries deviating from equilibrium, thus resulting in dJ/d+ parameters for all coupling 
constants as a function of all valence angles 4. It is shown that such valence angle effects can be 
appreciable, particularly for two- and three-bond couplings. The valence angle effects are 
demonstrated to be independent and additive. The calculated data, in combination with the 
exact geometrical data and experimental values for the coupling constants allow the separation 
of (inductive) substitution and rehybridization effects. It is also shown that for three-bond 
couplings the effects of itl-path C-C-H bond angle changes are minor in comparison to the 
exo-path C=C-C valence angle effects. The new data provide a consistently good model to 
explain certain empirical trends in two- and three-bond coupling constants as a function of the 
size of the substituents, assuming a simple steric hindrance induced rehybridization mechanism. 
On the other hand it is also found that such a mechanism cannot account for similar trends in 
the H-C=C-CH3 allylic and the CH3-C=C-CH3 homoallylic coupling constants. 

F R A N ~  H. A. RUMMENS et LEE KASLANDER. Can. J. Chem. 54, 2884 (1976). 
On a effectue des calculs INDO-MO pour toutes les constantes de couplage proton-proton 

de I'Cthylkne, du propylkne et des butkne-2 cis et trans dans leur gComCtrie d'iquilibre et a des 
geometries qui devient de I'iquilibre; ceci nous a permis d'ivaluer les paramktres dJ/d+ pour 
toutes les constantes de couplage en fonction de tous les angles de valence 4. On a montrC que 
de tels effets d'angles de valence peuvent &tre importants principalement pour les couplages a 
travers deux et trois liaisons. On a dkmontri que ies effets d'angles de valence sont independants 
et additifs. Les valeurs calcul&s, de concert avec des donnies de gComCtrie exacte et des valeurs 
experimentales pour les constantes de couplage, permettent de separer les effets de substitution 
(inductif) et de rehybridation. On a aussi montre que, pour les couplages a travers trois liaisons, 
les effets de changement d'angles de liaison C-C-H "endo-trajet" sont peu importants par rap- 
port aux effets d'angles de valence C==C-C "exo-trajet". Des nouvelles donnkes permettent 
d'Ctablir un bon modele qui peut expliquer d'une fason consistante certaines tendances em- 
piriques dans les constantes de couplage a travers deux et trois liaisons en fonction de la grosseur 
des si~bstituants invoquant un mkanisrne de rkhybridation induit par un empechement stirique 
simple. Par ailleurs on a aussi trouvC qu'un tel mkanisme ne peut expliquer les tendances 
similaires dans les constantes de couplage allylique H-C=C-CH3 et homoallylique 
CH3-C=C-CH3. 

[Traduit par le journal! 

Introduction 
It is well known that proton-proton coupling 

constants depend strongly on the number and the 
nature of the intervening atoms, the hybridiza- 
tion state of the latter, the conformation of the 
bonds forming the H-  . . H coupling path, and 
the nature of the substituents, their electro- 
negativity in particular. Beyond these gross 
effects there are others, which, although they 
appear to be more subtle, may nevertheless 
account for substantial changes in the various 
coupling constants. Karplus (I), for example, 
calculated the effect of changes AO and AO' of 
the H-C== angles for the cis-coupling 3Jc in 

H-Csp2-Csp2-H as well as the similar effects 
on 3Js-cis and 3Js -,,,, in H-CSp3-CSp3-H 
systems. Ranft (2) has carried out similar cal- 
culations on the valence angle effects of 3J, of 
H-CSp2-Csp3-H fragments. Based on the 
above mentioned calculations, Rummens and 
de Haan (3) showed how steric hindrance, 
especially between cis alkyl groups in olefins, via 
rehybridization of the sp2 carbon atoms and the 
associated valence angle changes, could quali- 
tatively account for observed trends in 3Jc, 3J1, 
3J,, 4J,, and 4J1a (subscripts referring, respec- 
tively to cis-, trans-, vicinal-, cisoid allylic-, and 
transoid allylic-couplings). The extension to four- 
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bond coupling constants was made without the 
benefit of any calculations, however. A similar 
extrapolation, this time for 5Jch, and 5J,h, 
(subscripts referring to cisoid homoallylic- and 
transoid homoallylic-couplings respectively), was 
used by Rummens and Kaslander (4) in their 
study of the cis- and trans-2-butenes. Further 
discussion by Rummens (5) regarding steric 
interaction and rehybridization appeared to con- 
firm the general validity of the concept. 

Cooper and Manatt (6) have since applied 
much the same steric hindrance cum geometrical 
distortions to coupling constants (mainly 3Jc) in 
aromatics, benzocycloalkenes and cycloalkenes. 
They discussed in particular the effects of steric 
crowding on C=C and C-H bond lengths, the 
C=C-H bond angle, and out-of-plane bend- 
ings. The bond length effects on 3Jc may be very 
considerable if molecules with different C=C 
bond order are compared, but they found that 
the sterically induced bond length changes have 
almost no effect on 3J,. Out-of-plane bending 
was found to have a possible effect on 3 J ~  of 
about 0.03 Hz per degree, so that this effect can 
only be substantial if there is a very severe 
twisting of the molecule. This type of distortion 
should lead to a decrease in 3Jc, but Cooper and 
Manatt found that in heavily crowded condensed 
aromatics the 3Jc of twisted H-C=C-H frag- 
ments was substantially larger than those of 
equivalent but planar fragments. These authors 
also found that the C=C-H bond angle effect 
can be substantial, and they ascribed, for ex- 
ample, the differences in 3Jc of cyclohexene and 
cyclopentene entirely to the C=C-H angle 
changes, leading to an estimate of d3Jc/d+ of 
between 0.4 and 0.8 Hz per degree. It should be 
noted however, that these authors did not 
consider the effect of C-C=C bond angle 
changes. 

Angular distortions in substituted butadienes 
have been discussed by Albriktsen et al. (7) and 
by Bacon and Maciel (8), confirming the view 
that the observed variations in coupling con- 
stants could well be due to rehybridization and 
its subsequent changes in valence angles. 

The geminal coupling 2Jg has been shown by 
Karplus and Grant (9), Gutowsky et al. (lo), and 
Banwell and Sheppard (1 1) to  be approximately 
linearly dependent on changes in H-C-H bond 
angle, but since 2Jg also relates linearly to  the 
electronegativity of the substituents, it is not 

clear whether there is indeed a separable bond 
angle effect. 

The present study was prompted by a number 
of considerations. Firstly, it was realized that the 
steric rehybridization model was only qualitative 
and that it was therefore necessary to perform 
some quantitative calculations on molecules for 
which both the geometry and the coupling 
constants were very accurately known. Secondly, 
it was realized that in virtually all the discussions 
on bond angle dependence of coupling constants 
it has been taken for granted that the bond angle 
changes of interest are those that are entirely in 
the coupling path, ignoring the possibility that 
bonds which have only one atom in common 
with the coupling path may have an important 
effect on the couplings. Lastly, the extrapolations 
of the steric hindrance cum rehybridization 
model to allylic (3, 4) and homoallylic (4) 
coupling constants were made without the 
benefit of any calculations to provide a rationale 
for the validity of such an extension. This has 
become even more urgent since recent theo- 
retical and experimental work of Barfield and 
co-workers (12-14) on four- and five-bond 
couplings now provide a much better under- 
standing of the mechanisms of these couplings. 

It was therefore decided to calculate all 
coupling constants of ethylene, propylene, and 
cis- and trans-2-butene as a function of all 
valence angles, the anglebetweenCsp2-CSp3 bond 
and the rotational axis of the CH3 groups as well 
as of (in one case) the twist angle between the 
two sp2 planes of the carbon atoms constituting 
the C=C bond. 

INDO-MO Calculations 

Coupling constants were calculated by the 
finite perturbation method in the INDO approxi- 
mation (15). Geometries used to calculate atomic 
coordinates were taken from gas phase electron 
diffraction results for ethylene (16) and trans- 
2-butene (17) and from microwave spectroscopy 
results for propylene (18) and cis-2-butene (19). 
Bond angle definition and equilibrium values of 
the bond angles are given in Table 1. 

Initial calculations were carried out for each 
molecule using the equilibrium geometry. Then 
for each structure the calculations were repeated 
while varying one angle over t-2" from the 
equilibrium value, by increments of lo ,  while all 
other angles were held at their equilibrium value. 
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TABLE 1 .  Angle parameters in substituted ethylenes 

a P Y 6 P* Reference 

Ethylene 121.7 121.7 121.7 121.7 - - 16 
Propylene 124.3 119.0 121.5 120.5 107.7 0 . 0  18 
cis-2-Butene 126.7 117.3 117.3 126.7 109.5 - 0.9(?) 19 
trans-2-Butene 123.8 121.5 121.5 123.8 110.0 0 . 6  17 

* p  is taken to be negative in the configuration shown. 

The procedure was then repeated while varying 
one other angle, until all angular variations were 
considered one at a time. In a few cases two 
angles were varied simultaneously; the results 
obtained were so closely equal to the added . . 

results of the calculations on single bond angle 
changes that it was generally concluded that the 
effect of bond angle changes on coupling con- 
stants is strictly additive in the sense that cross 
terms are negligible and contribute no more than 
1 X Hz over the range studied. In those 
molecules having equivalent angles (e.g. a and 6 
for cis-2-butene) all such equivalent angles were 
varied equally and simultaneously. For fropylene 
and the two butenes only the preferred methyl 
conformation (i.e. with one C-H bond of the 
methyl group eclipsing the C=C bond (17-19)) 
was used in the calculations. For cis-2-butene a 
series of calculations of coupling constants was 
carried out for geometries in which the C=C 
bond was twisted. A twist angle of up to 20' led 
to no significant change in the calculated coup- 
ling constants. Therefore, variance of the C=C 
twist angle was not pursued any further. 

convergence criteria used in the calculations 
were those described by Wasylishen and Schaefer 
(20). According to these authors these criteria 
lead to a computation error in individual 
coupling constants no greater than 1 X Hz 
where convergence is obtained. For all but one 
perturbation, convergence was obtained in fewer 
than seventy SCF iteration cycles. In the one 
exception no complete convergence was obtained 
after 100 iterations; however, near the 100th 
iteration all coupling constants were changing by 
less than 1 X lop3 Hz per iteration. 

Whereas for ethylene it is sufficient to put a 
perturbation on only one atom in order to obtain 

all coupling constants, for the other three 
molecules at least three independent calculations 
with the peturbations on different atoms were 
required. As a result many coupling constants 
were obtained more than once from these in- 
dependent calculations. It was found that such 
degenerate results differed by as much as 1 X 

Hz. This variation therefore seems to be a 
more realistic computational error limit. For the 
above two reasons the results from the one 
calculation where the convergence was not 
complete are nevertheless considered acceptable 
and these were indeed included. For the vicinal 
and allylic couplings only the average couplings 
(J) = (J,+=o + 2J,+=120)/3 are reported; the 
reported data for homoallylic couplings refer to 
the similar average over the six individual 
couplings. 

All calculations were carried out on an IBM 
360/50 computer. 

Results and Discussion 

The coupling constants of ethylene, cis- and 
trans-2-butene, and propylene as calculated at 
their equilibrium bond distances and bond angles 
are given in Table 2, together with the experi- 
mental values of these coupling constants. Most 
calculated coupling constants are reasonably 
close to the experimental ones, except perhaps 
for the calculated 3Jt couplings which are about 
twice too large. Although the agreement of cal- 
culated us. experimental is not perfect it still 
seems a reasonable assumption that calculated 
dependencies of J on valence angles should yield 
at least a semi-quantitive estimate of the magni- 
tude of these effects. 

Table 3 summarizes the results obtained. They 
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RUMMENS AND KASLANDER 2887 

TABLE 2. Calculated and experimental proton-proton coupllng constants in Hz 

Molec~~le 2Jo 3Jc* 3J1* 3J0* Jcn *J1a 5Jcha 5Jtha 

Ethylene Exptl. (21) 2.5 11.6 19.1 
Ca1cd.t 2.51 10.33 27.77 

Propylene Exptl. (22) 2.08 10.02 16.81 6.40 - 1.75 -1.33 
Ca1cd.t 4.39 10.77 29.10 9.00 -2.23 -1.52 

cis-2-Butene Exptl. (4) 10.80 6.76 -1.85 1.20 
Ca1cd.t 14.45 9.52 -2.04 2.52 

tratu-2-Butene Exptl. (4) 14.99 6.44 -1.72 1.59 
Calcd. t 29.17 8.74 -2.30 2.44 

*S~gns  assumed positive. 
?All calculations refer to the exact equil~brium geometries. 

TABLE 3. Calculated angular dependencies in Hz per degree of the proton-proton coupling constants 

Coupling constant Molec~lle dJ/da dJ/dP dJldr dJld6 d J / d ~  d J / d ~  

lJo Ethylene -0.690 - 

(.u+Pf r f  6) 
Propylene -0.099 -0.049 -0.237 -0.250 f0.015 +0.008 

' JC Ethylene f0.381 - - 

( 4 P f  r+6) 
Propylene f0.288 -0.056 f0.075 +0.241 -0.002 -0.032 

(34 
cis-2-Butene f0.613 -0.129 -0,004 -0.024 

(a+@ ( P f r )  (3e+3e1) (P+P') 

Jt Ethylene +O. 534 
( 4  P f  r f  6) 

Prapylene f0.392 f0.037 f0.308 -0.013 f0.002 -0.043 
(3 €1 

trans-2-Butene +0.828 f0.093 +0.005 -0.081 
(a+?) (P f 8 )  (3t+3e1) (PI -  P') 

' JO Propylene f0.139 -0.000 f0.010 -0.002 -0.095 f 0.022 
(34 

cis-2-Butene +0. 143 +0.009 -0.084 f0.025 
(.u+S) ( P f r )  (3e+3s1) (P+PO 

trans-2-Butene f0.143 -0.000 -0.077 f0.027 
( a + r )  (P f 6) (3e+3t1) (pfp')  

4J~ ,  Propylene 4-0.002 -0.005 -0.004 +0.004 f0.022 -0.002 
( ? E )  

4 J t ~  Propylene -0.063 -0.006 +0.007 f0.004 f0.001 
(3s) 

cis-2-Butene -0.036 -0.007 -0.006 
( r  + 6) (P+Y) (3t+3t1) 

are essentially best least-squares slopes over five mostly ignored (vide infra). The simultaneous 
points, assuming a linear relation between J and change of equivalent bond angles is indicated in 
valence angle. The slight curvature which was parentheses such as ( a  + 7 )  to indicate that in 
apparent in some J us. angle plots were therefore trans-2-butene both the H-C= angles were 
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TABLE 4. Group contributions to dJ/d4 in Hz/deg. for the angles @ = a ,  8, y, 6, t, and p 

34H) 34H) P P 
a(H) P(H) y(H)* 6(H) a(C) y(C) 6(C) (a)? (7, 6) (a)  (7, 6) 

*J0 -0.085 -0.085 -0.244 -0.244 -0.099 - 

3Jc +0.227 -0.066 -0.066 +0.227 +0.282 - 

'J, +0.275 +0.032 +0.275 +0.032 +0.418 +0.418 
3Jo(a)t - +0.000 +0.009 -0.002 +0.139 t 0 . 004  
4Jca 

- -0.007 -0.004 +0.003 +0.002 -0.007 

4J*a 
- -0.005 t0 .004  +0.004 -0.063 - 

SJcha 
- 0.000 0.000 - +O .008 - 

5Jlha 
- 0.000 - 0.000 -0.001 -0.001 

*r(H) is the symbol for dJ /dy  if there is an  H atom o n  the -y position. 
tThe first CHI substituent is placed a t  the a-position. 

changed in the same calculation. The effect on 
the coupling constant in question may or may 
not be twice the effect of a single angle change, 
however. 

General Observations 
(i) It appears that bond angle effects may be of 

substantial magnitude with some as large as 
0.8 Hz/deg. Since even rather minor substituent 
changes may result in bond angle changes of 
several degrees (compare the geometries of cis- 
and trans-2-butene), coupling constant effects of 
several Hz in three-bond He H couplings seem 
indicated. In relative terms, coupling constant 
changes of up to 5% per degree of (some) bond 
angle change are found. 

(ii) Angle dependencies of J coupling can 
approximately be considered as an additive 
property of group contributions, the latter 
almost independent of substitutions. The most 
direct example of this is the fact that in propylene 
d2J/d6 is virtually the same as d2J/dy. Also in 
trans-2-butene d3Jt/da = 0.828 or 0.414 per 
changing angle, since this is calculated for the 
two angles a and y = a: changing simultaneously. 
This value of 0.414 is very close to the value of 
0.392 for d3Jt/da in propylene. Similarly, 
d3Jt/dp in trans-2-butene per angle is +0.046, 
close to the +0.037 for d3J,/dp in propylene. In 
cis-2-butene half of d3Jc/da is equal to 0.306 as 
compared to d3Jc/da = 0.288 in propylene; 
also $d3Jc/dp = -0.064 in cis-2-butene us. 
d3Jc/dp = - 0.056 in propylene. 

The additivity aspect of these group contri- 
butions could be tested as follows: the d2J/da in 
ethylene consists of two equal contributions due 
to the angular changes in y and 6, for which one 
can take twice the average of d2J/dy and d2J/d6 

in propylene, and two equal contributions from 
the angles a and p for which one can take twice 
the d2J/dp of propylene. Adding these terms to- 
gether one finds +0.586, us. +0.690 from the 
direct calculation on ethylene. Also the d3Jt/da 
in ethylene can be thought of as consisting of two 
equal contributions from a and y, and using 
twice d3Jt/dy of propylene. Adding the appro- 
priate terms from propylene one finds 0.590 us. 
d3Jt/da = 0.634 from direct calculations on 
ethylene. 

(iii) This additivity is useful in estimating 
certain contributions that could not be calcu- 
lated directly. For example, in cis-2-butene the 
angles a and 6 are equivalent in terms of molecu- 
lar symmetry resulting in d4Jta/d(a + 6) = 

-0.036. But this is now the sum of two unequal 
contributions because a and 6 are nonequivalent 
with respect to the four-bond transoid coupling. 
Since d4Jta/da = - 0.063 for propylene, one can 
assume that this would also be the correct value 
of d4Jt,/da in cis-2-butene-2, resulting in 
d4Jta/d6 = +0.027. Since some of the dJ/d+ 
data are not constants but slightly + dependent, 
the above comparison of different geometries 
may not be entirely valid. However, by using 
angle dependent dJ/d+ data and inserting the 
equilibrium + value of the molecule in question, 
it was established that the above noted additivity 
was even improved. In Table 4 the group con- 
tributions obtained for normalized angles C= 
C-H equal 120" and angles C=C-C equal to 
125" are given. Where more than one relation 
was available, least-squares 'best' values are 
reported. 

(iu) A rather unexpected phenomenon is re- 
vealed by Table 4. It appears quite generally that 
in-path valence angle changes are substantially 
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RUMMENS AND KASLANDER 2889 

less important than those which have only one 
leg in the coupling path (exo-path). For example 
the in-path contributions of angles 0 and y in 
3Jc is -0.066 Hz/deg i.e. only one third of the 
effects of changes in the angles a and 6. The 
effect is even more pronounced for 3Jt. Also for 
the 3J, it can be seen that dJ/da is fairly large, 
whereas changes in the Csp3-Csp2-H angle have 
a zero effect on 3J, if a is kept constant. Similar 
results also pertain to 4Jc,, but apparently not to 
4Jt, where the in-path dJ/da is the largest effect. 

The Effect of Substitution 
Substitution, even that by CH3 or other alkyl 

groups, can change the value of the coupling 
constants quite considerably (see Table 2). While 
a large part of these changes may be due to 
inductive (electronegativity) effects, basically 
controlled by electron densities on the carbon 
atoms of the coupling pathway, our above 
quoted results do indicate that a substantial part 
of these changes can be due to  hybridizational 
changes which accompany the substitution but 
which in themselves produce no electron density 
changes on the rehybridizing carbon atoms. Thus 
these two effects should be separable. 

If one takes, for example, ethylene and sub- 
stitutes one H atom by CH3 to form propylene, 
quite substantial valence angle changes occur; 
A a  = +2.6', AP = -2.7', Ay = -0.2', and 
A6 = - 1.2'. If one now calculates the change 
3Jc due to these valence angle changes using the 
data from Table 4 and adds these together, one 
finds 3Jc(hybridization) = +0.65 Hz. Since the 
experimental change is - 1.58 Hz it is concluded 
that the inductive term 3Jc(XC) = -2.23 Hz 
where xc is the electronegativity of carbon 
relative to H. Calculations for propylene show 
that only the electron density at C2 is substan- 
tially different from that of ethylene, whereas on 
C1 there is only a minor change; the substitution 
effect appears therefore to be primarily limited 
to the carbon atom at which the substitution 
takes place. This conclusion allows one to check 
the above calculated A3JC(xC) effect by com- 
paring ethylene and cis-2-butene. The calculated 
A3Jc(rehyb.) is found to be f3.63 Hz which, 
combined with the experimental change of 
-0.8 Hz, leads to A3JC(xC) = -2.21 Hz per 
CH3 group. This agrees well with the earlier 
mentioned - 2.23 Hz. Similarly A3Jt(xC) values 
of - 3.17 Hz (comparing ethylene to propylene) 

and - 2.9 1 Hz (comparing ethylene to trans-2- 
butene) were obtained. The comparison A2Jg of 
ethylene to propylene gave a calculated A2Jg(re- 
hyb.) = +0.223 Hz us. an experimental dif- 
ference of -0.42 Hz which would result in 
A2JQ(xc) = -0.64 HZ. 

It can therefore be stated that studies on 
electronegativity effects on coupling constants 
are incomplete and to a considerable extent 
(about 30% in the above quoted cases) in error 
unless the effect of bond angle changes are taken 
into account. 

Similar CH3 substitution effect calculations on 
4J, using propylene and trans-2-butene and 
taking into account changes in a ,  P, y, 6, 6, and p 
produced a calculated A4J,(rehyb.) = f0.02 
Hz basically because the €-effect off-sets the 
effects of changes of the P and y angles. Since 
the experimental difference is +0.03 Hz, it 
appears that the electronegativity effect on 4J, 
is virtually nil. In spite of the fact that the 
electronegativity effect of a CI substituent is 
apparently somewhat smaller and of opposite 
sign for 4J, than for 4J, (14), it is felt that the 
CH3 electronegativity effect on 4Jt, can also be 
assumed to be negligible. The calculated re- 
hybridization effect in going from propylene to 
cis-2-butene can be estimated to be maximally 
-0.02 Hz (by assuming that p = +4' rather 
than p = -0.9' as indicated by Kondo et al. 
(19)). The smallness of A4J,,(rehyb.) is due to  the 
almost quantitative off-set of the A a  and A 7  
effects. The sum of rehybridization and electro- 
negativity effect should therefore be approxi- 
mately zero. Since the experimental difference 
is -0.52 Hz it seems indicated that an extra 
mechanism contributing to this 4J, coupling is 
involved. 

The Geminal Coupling 2J, 
The only systematic study available is that by 

Bothner-By and co-workers (22, 23) on mono- 
alkylated ethylenes. For H2C=CHR, all coup- 
ling constants remain virtually unchanged for 
R = CH3, C2H5, n-C4H9, and i-C3H7, including 
the 2Jg which was found to be 2.0 f 0.2 Hz 
(the actual variations probably being due to 
error in the spectral analysis). However, for 
R = CH2(tert-Bu) and R = CH(tert-Bu)2 the 
2JQ found were 2.37 and 2.65 Hz respectively. 
It can also be shown that all data of Bothner-By 
et al. are quantitatively consistent with the view 
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that in the latter two compounds the only 
populated conformer(s) has (have) the C3 
proton(s) anti to the olefinic hydrogen at CZ. In 
these conformations the tert-butyl groups will 
have a strong steric effect on the C2 hydrogen; 
rehybridization to alleviate this strain will re- 
duce the angle p (and perhaps also a )  which, 
according to  Table 4 will result in an increase in 
2J,, as is indeed observed. 

The Olejinic Couplings 3Jc and 3J, 
In the same series of compounds as discussed 

above, 3Jc and 3J, are virtually constant a t  
10.2 -1- 0.2 and 17.1 f 0.1 Hz but they appear to  
be somewhat smaller for R = CH(ter2-BU)~ with 
values of 9.97 and 17.01 Hz. (22,23) This can be 
explained perhaps by the fact that d3Jc/da and 
d3Jt/da are now positive and fairly large, so that 
any small decrease in a and the resulting de- 
crease in 3Jc and 3J, is likely going to outweigh 
the steric effects on the p angle. It was also 
observed (3) that in going from monoalkylated 
to 1,2-dialkylated ethylenes 3Jc increases while 
3J, decreases. This can now be rationalized as 
follows: comparing the geometries of propylene 
and cis-2-butene and using the data of Table 4 
one calculates A3Jc(rehyb.) = $3.02 Hz which 
combined with the earlier established value of 
A3JC(xc) = -2.22 Hz results in a prediction 
that 3Jc in cis-2-butene should be 0.80 Hz larger 
than in propylene which is in exact agreement 
with the experimental difference. Similarly, the 
geometry changes in going from propylene to  
trans-2-butene and the data of Table 4 give 
A3J,(rehyb.) = +0.91 Hz, which combined with 
the previously obtained average result of A3Jt- 
(xc) = -3.04 Hz would predict that 3J, in trans- 
2-butene is 2.13 Hz lower than in propylene in 
good agreement with the experimental difference 
of - 1.82 Hz. 

Rummens and de Haan (3) explained these 
effects by assuming that the increase in angles a 
and 6 in the cis-dialkylated ethylenes would, by 
reflex-rehybridization, decrease the angles B and 
y, and that this decrease would be responsible for 
the increase of 3Jc. It is now clear that their 
model gave the correct trends but for the wrong 
reason; the exo-path contributions of changes in 
a and 6, while working in the same direction as 
those of the reflex changes in P and y, are 
quantitatively much more important. It has also 
been observed (5) that 3J, is constant at  15.1 5 

0.1 Hz for all those trans-dialkylated ethylenes 
that have at  least one proton on Cg and C4, but 
that 3JL = 15.6 -1- 0.1 if one of the alkyl groups 
is lerl-butyl and 3J, = 16.1 HZ for di-tert-butyl 
ethylene. It is surmized that this is due to a 
change in electronegativity effect, A3JL(xc) 
being -3.04 Hz for substituents like methyl, 
ethyl, and isopropyl, but rather equal to -2.54 
Hz if the alkyl substituent is terl-butyl. This 
hypothesis seems reasonable because (i) all data 
refer to aprotic, nonpolar solvents thus ruling 
out differences in solvation, (ii) the effect is 
strictly additive, which rules out a hypercon- 
jugative mechanism, (iii) since the steric hin- 
drance between a tert-butyl methyl and the C1 
proton must be considerably less than the cisoid 
interaction in cis-2-butene, even in the most 
unfavorable conformation where only one 
methyl group would eclipse the C=C bond, a 
steric rehybridization explanation is very un- 
likely, and (iv) the cyclotron resonance results on 
the gas phase reaction Cl- + RBr + Br- + RCl 
show that the reaction rate constant for R = 

rert-Bu is an order of magnitude less than for 
R = methyl, ethyl, and isopropyl,' thus in- 
dicating that the quarternary carbon atom in 
tert-butyl has a reduced electron-donating effect 
as compared to  carbons with one or more 
hydrogens directly attached to them. If the above 
hypothesis is correct then also A3Jc(xc) will be 
smaller, in the same ratio, for tert-butyl sub- 
stituents, leading to A3JC(x ,,,- = - 1.84 Hz 
or a change of $0.38 Hz. However, 3Jc in cis- 
dialkylated ethylenes is 12.0 Hz and 14.2 Hz if 
one or both alkyl groups respectively are tert- 
butyl (22), increases therefore above those of 
cis-2-butene of + 1.2 Hz and +3.4 Hz respec- 
tively. It appears therefore that in these com- 
pounds there is a further rehybridization leading 
to  larger angles a and 6 and thereby to corres- 
ponding increases of 3Jc. From Table 4 it can be 
seen that extra increases of Aa = A6 = +5O 
combined with Ap = Ay = -3' would be 
suficient to cause such extra increases in 3Jc, 
which appears reasonable. 

It is also clear that earlier results on 3Jc in 
cycloalkenes and benzocycloalkenes (6) need 
now to be reinterpreted in terms of changes in 
C=C-C angles, rather than in C=C-H 
angles. 

'M. A. Heney and R. T. McIver. Unp~~b l~shed  results 
quoted in ref. 24. 
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The Vicinal Coupling 3Jv 
A complication arises here, as well as with the 

allylic and homoallylic couplings to be discussed, 
in as much as rehybridization at the sp3 carbons 
can have an appreciable effect (see Table4). 
However, it can be shown in a manner quite 
parallel to that used for sp2 rehybridization (25), 
that for an sp3 carbon there are two possible 
fundamental modes of distortion which can pro- 
ceed, in the first order approximation, without 
energy loss. One of these is mostly appropriate 
to CH2 fragments and consists of pinching one 
angle (say H-C-H) while simultaneously in- 
creasing the opposing (C-C-C) angle or 
reverse. The second is an umbrella-type of 
distortion increasing (or decreasing) all three 
angles C-C-H simultaneously. This is the 
geometry change assumed in our calculations on 
methyl groups, and which is also assumed to be 
operative when steric effects might induce a re- 
hybridization. As a corollary it is assumed that 
any asymmetrical steric hindrance does not alter 
the basic C3v symmetry of the methyl group, but 
rather, apart from changing all angles E to the 
same extent, causes a bond bending as indicated 
by the angle p. 

It has been observed (3-5) that 3J, for =CH- 
CH3 fragments in cis-ethylenes is always some- 
what larger than in the corresponding trans- 
isomers. Since in this case this cannot be due to a 
change in rotamer population, it has been pro- 
posed (3) that this is due to the reflex decrease in 
angles p and 7, which in turn are caused by the 
sterically induced increases in a and 6. As can be 
seen from Table 4, however, the effects d3J,/dp 
and d3Jv/dr are negligible. Cisoid steric interac- 
tion can be assumed to increase a, decrease E and 
possibly increase the angle p ;  all these three 
effects act to increase 3J,. The total calculated 
increase in 3J, in going from trans- to cis-2- 
butene, using the known geometries and the data 
of Table 4 is +0.47 Hz, which is in reasonable 
agreement with the experimental differences of 
+0.36 Hz for the 2-butenes and also for the cis- 
and trans-crotonic acids (3). With bulkier cisoid 
counter groups such as tert-butyl or phenyl 
larger effects can be expected as has indeed 
been found (3). 

The Allylic Couplings 4Jca and 4Jta 

Only averaged allylic couplings of the type 
H-C=C--CH3 will be discussed here. In ex- 

amples with a hydrogen cis to the CH3 group, it 
has always been found that 4Jta is less negative 
than 4Jca. For example, in propylene 4Jta = 
- 1.33 Hz (calculated by INDO-FPT (12) as 
- 1.20 Hz) and 4Jca = - 1.75 (calculated by 
INDO-FPT (12) as -2.05 Hz). However, in 
dialkyl-substituted ethylenes the reverse is ob- 
served (3-5). It must be noted that now 4Jta and 
4Jca are found in two different molecules (the 
cis- and trans-isomer respectively) but as dis- 
cussed above, geometry differences between cis- 
and trans-Zbutene cannot have any substantial 
effect. Nevertheless the effect is very clear: with 
R denoting the substituent in H-CR=CH- 
CH3 one has: 4Jta = - 1.85, 4Jca = - 1.72 Hz 
for R = CH3 (4), 4Jta = - 1.85, 4J, = - 1.30 
Hz for R = i-C3H7,2 44a = - 1.85, 4J, = 

- 1.06 Hz for R = i-C4H9,2 4Jta = - 1.82, 4Jca 
= - 1.66 Hz for R = tert-C4Hg (3) and 4Jta = 

- 1.81, 4Jca = - 1.51 HZ for R = C6H5 (3). 
The constancy of 4Jta in this series should be 
noted, which is the more remarkable since with 
R = tert-C4Hg and R = C6Hs the cisoid steric 
interaction must be distinctly larger as is duly 
reflected in 3Jc and 3Jv. The explanation is likely 
to be found in the fact that the a(C) and 6(C) 
effects are of opposite sign (see Table 4). Cal- 
culations on the 2-butenes so far have not re- 
produced the reversal in magnitude. INDO- 
FPT calculations by Barfield et al. (14) at 
standard valence angles gave 4Jta = - 1.31, 
4Jca = - 1.7 1 Hz; these calculations repeated 
while using the exact molecular geometries gave 
4Jta = - 1.50, 4Jca = - 1.71 HZ (14); our own 
INDO calculations (see Table 2) gave 4J, = 
- 2.04, 4Jca = - 2.30 Hz. Whereas it appears 
that part of the problem is in the calculations, 
particularly for 4Jta, no explanation at all seems 
to be available for the large spread in experimen- 
tal data for 4J, as quoted above. Particularly for 
R = CH3, i-C3H7, and i-C4H9 the geometries of 
these trans-configurational molecules must be 
very similar. Furthermore Table 4 shows that all 
valence-angle dependencies for 4J, are almost 
negligibly small. It is clear, however, that the 
earlier view that the difference in 4J, and 4J, in 
cis-trans pairs is related to the steric cisoid 
strain (3, 4) must be abandoned, although no 
satisfactory alternative model can be offered. 

25. W. de Haan, private communication. 
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The Homoallylic Couplings JcIla and JtIla 
In restricting the discussion to the fully 

averaged couplings of CH3-C=C-CH3 sys- 
tems, only cis- and trans-2-butene are of rel- 
evance. Recent INDO-SCF-MO calculations of 
Barfield and Sternhell (13) resulted in 5Jch = 

+ 1.30 and 5Jtha = + 1.60 Hz. These calcula- 
tions were done, assuming standard trigonal and 
tetrahedral angles, however. Table 4 shows that 
only the c effect and (for 5Jch,) possibly the effect 
of a(C) and 6(C) are potentially of any magnitude 
(13). Using Table 4, Barfield and Sternhell's cal- 
culated data can be modified to take into account 
the correct geometries. This results in 'JCha = 

+1.41 and 5Jt11a = +1.62 Hz, which values are 
still in good agreement with the experimental 
results. From the smallness of the above correc- 
tions in spite of the sizable angle changes 
(Aa = A6 = +6.7"), it can be concluded that 
sterically induced hybridization changes are of 
no significant effect on CH3-C=C-CH3 
homoallylic coupling constants. 
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Examination of the alkaloids of Lycopodium magellanic~lm (Palisot de Beauvois) has revealed 
the presence of five alkaloids of established structure and a previously unreported alkaloid, 
magellanine (C17H25N02). The ring system of magellanine, deduced from an examination of its 
spectroscopic properties, is identical with that of paniculatine. The structure of magellanine has 
been confirmed, and its relative stereochemistry established, in an X-ray crystallographic study. 

MARIANO CASTILLO, LUIS A. LOYOLA, GLAUCO MORALES, ISHWAR SINGH, CRISPIN CALVO, 
HERBERT L. HOLLAND et DAVID B. MACLEAN. Can. J. Chem. 54, 2893 (1976). 

L'examen des alcaloides du Lycopodi~im magellanicum (Palisot de Beauvois) a montrC la 
presence de cinq alcaloldes de structure connue et d'un autre alcaloide encore non rapportC, la 
magellanine (C1,HZ5NO2). Le systkme cyclique de la magellanine, dCduit ?i partir de l'examen 
des propriCtCs spectroscopiques, est identique 2 celui de la paniculatine. La structure de la 
magellanine a CtC confirmCe, et sa stCrCochimie relative ttablie par une Ctude cristallographique 
aux rayons->(. 

[Traduit par le journal] 

Examination of the alkaloids of L. magellani- 
cum collected in the spring revealed the presence 
of three alkaloids of established structure, lyco- 
podine, fawcettiine, and deacetylfawcettiine, and 
a new alkaloid that we have named magellanine 
(for recent reviews, see refs. 1-3). Examination 
of the same species collected in early summer 
yielded lycopodine, a-obscurine, clavolonine, 
and deacetylfawcettiine; no fawcettiine was 
found and magellanine was present only in 
traces. Here we describe the extraction and 
isolation procedures and discuss the structure 
and properties of magellanine. 

The molecular formula of magellanine, (CI7- 
H25N02), was established through combustion 
analysis of the free base and its methobromide 
and through high resolution mass spectrometry 
on the free base. 

The infrared spectrum of magellanine had 
v,,, (KBr) 3330,3150-2400, and 1650 cm-I while 
its ultraviolet spectrum showed A,,, (EtOH) 237 
nm, (log E 3.8). These data are compatible with 

'On leave of absence from Departamento de Quimica, 
Universidad de Chile, Sede Antofagasta. 

2Present address: Department of Chemistry, Mohawk 
College, Hamilton, Ontario. 

the presence of an a$-unsaturated ketone and a 
hydroxy group. It is now apparent that magella- 
nine is tetracyclic. The lH  nmr spectrum of 
magellanine (220 MHz) is shown in Fig. 1. A 
singlet of area 3 at 2.23 6 is assigned to an N- 
methyl group and a singlet of area 3 at 1.94 6 at- 
tributed to a vinylic methyl group. The signal of 
area 1 at 5.88 6 (WIl2 = 6 HZ), has been assigned 
to a vinylic hydrogen. An apparent triplet of 
area 1 at 4.21 6 has been assigned to a hydrogen 
geminal to OH in a secondary hydroxy group. 
Decoupling experiments have established the 
presence of the part structure >CH-C(CH3)= 
CH-CO- in magellanine. Irradiation at 1.94 6 
(C-methyl) caused the signal at 5.88 6 to sharpen 
to a cleanly resolved doublet, J = 2 Hz. Con- 
versely, irradiation at 5.88 6 caused sharpening of 
the C-methyl signal and a line shape change at 
2.6 6 which was attributed to  the removal of 
long-range coupling to  an allylic hydrogen. In 
confirmation, it was found that irradiation a t  
2.6 6 caused sharpening of the signal of the 
vinylic hydrogen (WIl2 = 3.8 Hz on irradiation). 

The apparent triplet of 4.21 6 was found to  be 
coupled to hydrogens resonating at 2.6 6 and at 
1.66 6. Irradiation at 2.6 6 caused the signal at 
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FIG. 1. The 220 MHz proton magnetic resonance spectrum of magellanine. 

4.21 6 to collapse to a doublet, J = 4 Hz, while 
irradiation at 1.66 6 also gave a doublet, J = 6 
Hz. Since it is now known (see below) that the 
CHOH group is flanked on one side by a methine 
and on the other by methylene, one of the three 
hydrogens must be so disposed that it does not 
couple with the hydrogen resonating at 4.21 6. 

The mass spectrum of magellanine has many 
ions in common with that of paniculatine (I), 
(4, 5). The mass spectral data (discussed below) 
along with the other spectroscopic data already 
discussed, suggest that magellanine has structure 
2, a structure confirmed by the X-ray study 
(vide infra). The numbering system of magel- 
lanine is analogous to that of lycopodine. 

In the mass spectrum of magellanine the 
nitrogen-containing ions at m/e 57, 58, 70, 71, 
96,97, 110, and 11 1 are identical in composition 
with those of paniculatine. Their derivation from 
magellanine may be considered to proceed 
through the same bond cleavages that were 
postulated to lead to the corresponding ions in 
the spectrum of paniculatine as shown in Scheme 
1 (cf. Scheme 1 of ref. 5). 

The ions shown in Scheme 2 are considered to 
arise through a cleavage adjacent to the carbonyl 
group followed by C7-C8 or C8-C15 cleavage. 
Similar ions are formed from paniculatine (cf. 
Scheme 2 of ref. 5). Surprisingly the most intense 
C13 ion in the spectrum of magellanine is at m/e 
204 rather than at m/e 206 as expected in 
analogy with paniculatine. The CIZ ion at m/e 
192, however, arises in the same way as the 
m/e 190 ion of paniculatine. 

It is evident that the ring system found in 
paniculatine and in magellanine has a distinctive 
fragmentation pattern and may be differentiated 

Lycopodine 

Magellanine and paniculatine are given the same con- 
formation in these formulas. However magellanine 
methobromide and paniculatine hydrobromide in the 
solid state differ in conforn~ation at the juncture of rings 
A and B. The absolute configuration of the alkaloids is 
not known and is not implied in these formulas. 
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by mass spectrometry from other ring systems correlate the two by chemical methods. We 
found in the Lycopodium family. therefore undertook an X-ray examination of 

Since supplies of both paniculatine and magel- magellanine methobromide, which confirmed 
lanine were minuscule it was not possible to our deductions based on the spectroscopic 

SCHEME 1. The fragmentation of magellanine upon electron impact. Nitrogen-containing ions of 
low m/e.  
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SCHEME 2. The fragmentation of magellanine upon electron impact. Nitrogen-containing ions of 
high m/e. 

studies, and defined the relative stereochemistry only carbon atom bonded to four other carbons, 
of magellanine. showed the lowest thermal parameter. Bond 

The atomic parameters derived from the lengths lay within one to two standard deviations 
X-ray study are shown in Table 1 and the bond of their respective standard values. A view of the 
angles and bond distances in Table 2. C12, the molecule is seen in Fig. 2. The skeleton of the 
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TABLE 1. Atomic parameters of magellanine 
niethobromide 

Atom x Y z U* (A)Z 

TABLE 2. Bond distances and angles in magellanine 
methobromide 

Bond Angle 
Bond lengths (A) Bonds (deg) 

* U  and Ui, have been multiplied by 100. The anisotropic thermal 
factor is: exp - 2 ~ '  (Ullh'blf + --- + 2U1zhkb1bz + ---) where bi are 
reciprocal vectors. 

tAnisotropic thermal components for bromide ion are: 
Ull Ul2 u33 u12 u13 (113 

4.0(1) 5.3(1) 4.2(1) 0.5(2) 1.5(1) 0.2(2) 

N-C 17 
N-C18 

molecule is made of two fused five-membered 
rings each of which in turn is fused to a six- 
membered ring. The six-membered ring contain- 
ing quaternary nitrogen has a conformation 
close to the chair form of piperidine (6) with C17 
and C18 bonded equatorially and axially to the 
nitrogen, respectively. This is evidencedo by the 
fact that C17 is 0.48 A and C18 1.75 A away 
from the plane defined by N, C1, C2, C3, C9, 
and C10. C4 is equatorial at C3 and C11 is axial 
at C10. The least-squares plane defined by C3, 
C4, C10, C11, C12 makes an acute angle of 
56" with the six-membered ring plane, and the FIG. 2. The structure of magellanine methobromide. 
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fusion of the 5-6 system at C3 and C10 is cis. 
This last five-membered ring is puckered and has 
a conformation close to the half-chair conforma- 
tion of the cyclopentane molecule. The second 
five-membered ring defined by C4, C5, C6, C7, 
and C12 has a similar conformation (see Fig. 3 
and Table 3).3 The acute angle between the two 
fused five-membered rings is 55" and the fusion 
at C4 and C12 is cis, as seen)y the out-of-plane 
distances of 1.02 and 0 2 0  A for C3 and C11, 
respectively. 0 1  is 1.67 A away from this plane 
and is on the same side as C3 and C11 but 
opposite to C8, C13, and 0 2 .  The fusion between 
the five and six-membered rings at C7 and C12 
is also cis. The conformation of the six-mem- 
bered ring defined by C7, C8, C12, C13, C14, 
and C15 can Fe best described as an envelope 
with C7 0.40 A out of the plane defined by 02 ,  
C13, C14, C15, and C16. The plane defined by 
C7, C8, and C12 makes an angle of 146" with 
this last plane. This conformation is similar to 
the conformation reported in the structure of 
dimedone (7). 

There is evidence that the molecules of 
magellanine methobromide are hydrogen bonded 
to each other in the solid state. The interatomic 
distance between the hydroxy oxygen, 0 1 ,  of 
the asymmetric unit and the carbonyl oxygen, 
0 2 ,  of the molecule generated by theo symmetry 
operation x + 1, y, z + 1 is 2.76 A and the 
angles C5-01---02, and C13-02---01 are 103" 

and 15S0, respectively. The k - - - ~ r  distance is 
4.08 A and other distances involving bromide 
ion are, 3.83, 3.84, and 3.93 A, respectively, for 

~9- - -Br ,  ~17---Br,  and ~18---Br.  

Experimental 
Appararus, Methods, and Materials 

The apparatus and methods used were identical with 
those described previously (5). 

The plant material was collected near Osorno, Chile, 
in the spring of 1973. It was identified by G. Looser as 
Lycopodium magellanicum (Palisot de Beauvois) Swartz. 
A voucher specimen is on file in the Herbarium of the 
Faculty of Sciences, Un~versity of Chile, Santiago. 

The X-ray data were collected on a crystal 0.02 X 
0.02 X 0.03 cm mounted along the b axis. Preliminary 
photographs showed monoclinic symmetry, The cell 
parameters were obtained by least-squares fitting to eight 

3Figure 3 and Table 3 (least-squares planes and out- 
of-plane distances) and Table 4 (observed and calculated 
structure factors) are available, a t  a nominal charge, from 
the Depository of Unpublished Data, CISTI, Nat~onal 
Research Council of Canada, Ottawa, Canada KIA 0S2. 

28 values measured on a P1 Syntex automatic diffrac- 
tometer. 
~ ~ ~ ~ 2 ~ 6 0 2  ~r fw = 370 
a = 6.748(2), b = 21.532(8), c = 6.657(2) A, 0 = 
114.8(2)", Z = 2, dCalcd = 1.40 g ~ m - ~ ,  X(MoK,) = 

0.71069 A, p = 25.73 cm-1. 
Systematic absences, observed only for OkO indicated 

that the spacegroup P21 was the only possibility consistent 
with the optical activity of the molecule. A total of 1636 
unique reflections lying in the range 0 < 28 I: 50" were 
measured on the Syntex diffractometer using graphite 
monochromatized MoK, radiation. Reflections were 
scanned in the 8-28 mode at a rate between 8 and 24" per 
min depending on the peak intensity. Backgrounds were 
recorded on either side of the peak and used to determine 
the integrated intensity together with an estimated 
standard deviation based upon counting statistics. Those 
reflections whose intensity was less than 3a, 421 in 
number, were regarded as unobserved. The data were 
corrected for Lorentz and polarization effects but not 
absorption. The XRAY-71 package of programs for 
X-ray crystallography published by the University of 
Maryland as adopted for use with the CDC 6400 by 
H. D. Grundy of this institution was used for all com- 
putations. 

A three-dimensional Patterson function showed clear 

~ r - ~ r  vectors in the section P(u, f, w),  confirming the 
space group as P21. Structure factors calculated with Br 
ion alone gave R = 34.2%. Fourier and difference maps 
calculated with bromide phases showed the usual centro- 
symmetric ambiguity. However, atomic co-ordinates for 
four bonded atoms were recognized and these positions 
were further used for locating other atoms of the molecule 
by the successive use of full matrix least-squares refine- 
ment, Fourier, and difference Fourier methods. These 
initial positions were refined with their individual iso- 
tropic temperature factors and a scale-factor. This yielded 
a minimum R of 0.13. The atomic scattering curves for 
the bromide ions, C and 0 atoms were obtained from the 
lnternational Tables for X-ray Crystallography (8). 
Further refinements were carried out, using the aniso- 
tropic temperature factor for bromide ions and the 
isotropic temperature factors for the other atoms. Weights 
were given by w = [2.10 - 0.03~,]-1/2. These weigRts 
were chosen so that wlF, - Fc(2 would be locally inde- 
pendent of Fa, the observed structure factor. The unob- 
served reflections were weighted as were the observed and 
also included in the refinement. The final refinement re- 
sulted in a minimum R of 0.103 and RW = (Cw(FO - FclZ/ 
x ~ ( ~ ~ 1 ~ ) ~ / ~  equal to 0.093. The average shiftlerror in the 
final cycle of refinement was 0.31 with a maximum of 2.1. 
A final difference Fourier map showed no missing struc- 
tural features although peaks of 0.25 of a carbon atom 
were noted. The final atomic parameters are listed in 
Table 1 and the observed and calculated structure factors 
are in Table 4.3 A list of bond lengths and angles with 
standard deviations calculated from the standard errors 
derived from the least-squares matrix is given in Table 2. 

Extracrion and Isolation of the Alkaloids 
Dried plant material (L.  magellanicum, 11 kg), collected 

in spring, was ground and extracted in the manner 
described for L.  paniculatum (5). The crude alkaloid 
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fraction (26 g) was dissolved in chloroform and extracted 
several times with a phosphate-citrate buffer of pH7. 
Evaporation of the chloroform gave the 'weak bases' 
(5.5 g). The pH of the aqueous phase was then raised to 
pH 11 by addition of aqueous sodium hydroxide solution. 
A second extraction with chloroform gave the 'strong 
bases' (17.5 g). 

The strong bases were adsorbed on a column of basic 
alumina (600 g, activity I) and eluted in seven fractions; 
eluant and amount are given for each as follows: (I) ether, 
0.7 g; (2) ether, 0.9 g; (3) ether+hloroform (1 :I), 4.36 g;  
(4) chloroform, 1.68 g; (5) chloroform-methanol (99:1), 
2.70 g; (6) chloroform-methanol (99:1), 0.60 g; (7) chloro- 
form-methanol (98:2), 4.5 g. 

Fraction I contained lycopodine (500 mg), identical in 
tlc behaviour, mp, and spectral properties with an 
authentic specimen. 

Fraction 2 comprised several components (tlc analysis) 
but a separation was not achieved. 

Fraction 3 was adsorbed on a column of basic alumina 
(200 g, Activity 111) and eluted first with chloroform and 
then with chloroform-methanol. The chloroform eluate 
on evaporation and crystallization from acetone afforded 
fawcettiine (550 mg), mp 170-171 "C, identical with an 
authentic specimen. The chloroform-methanol eluate 
yielded magellanine (160 mg) which, after crystallization 
from ethyl acetate, melted at 165-166 "C. Spectral data: ir 
v,,, (KBr) 3300, 3150-2400, 1650 cm-I; uv A,,, 237 nm 
(log E 3.8); pmr included signals at 6 1.94 (3H, s. C-CH3), 
2.23 (3H, s, N-CH3), 4.21 (t, J = 3.7 Hz, CHOH), 5.88 
(br s, W1p = 5 Hz, olefinic CH); ms (m/e, %) 275(100), 
260(25), 258(21), 204(4), 202(3), 192(6), 11 1(6), 110(16), 
97(3), 96(15), 71(12), 70(20), 58(1 I), 57(8). Anal. calcd. for 
C17H25N02: C 74.14, H 9.15, N 5.09; found: C 74.24, 
H 8.99, N 5.01. 

Magellanine methobromide was obtained by addition 
of cold methyl bromide (2 ml) to a solution of magellanine 
(26 mg) in acetone. Repeated crystallization from ethanol- 
ether yielded colorless crystals melting at 274 "C. Anal. 
calcd. for C18H28N02B~: C 58.38, H 7.62, N 3.78, Br 
21.58; found: C58.61, H 7.48, N 3.76, Br 21.88. 

Fractions 4 and 5 yielded further amounts of fawcettiine 
(400 mg) along with other uncharacterized bases. 

Fraction 6 contained fawcettiine, magellanine, and at 
least two other unidentified components. 

Fraction 7 contained mainly deacetylfawcettiine (4 g) 
which was identified by comparison of its melting point 
and infrared spectrum with those of an authentic sample. 

The 'weak bases' were shown by tlc to contain several 
components among which was lycopodine, but have not 
been carefully examined. 
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MARIANO CASTILLO, GLAUCO MORALES, LUIS A. LOYOLA, ISHWAR SINGH, CRISPIN CALVO, 
HERBERT L. HOLLAND, and DAVID B. MACLEAN. Can. J. Chem. 54, 2900 (1976). 

Seven alkaloids have been isolated from Lycopodium paniculatum Desvaux. Three of these, 
lycopodine, dihydrolycopodine, and acetyldihydrolycopodine are alkaloids of established 
structure. Of the four new alkaloids the structure of one, paniculatine, has been clarified. Its 
structure, elucidated through an X-ray crystallographic study of its hydrobromide, is different 
from other alkaloids of the Lycopodium family. The spectral properties of paniculatine are 
interpreted in the light of its structure. 

MARIANO CASTILLO, GLAUCO MORALES, LUIS A. LOYOLA, ISHWAR SINGH, CRISPIN CALVO, 
HERBERT L. HOLLAND et DAVID B. MACLEAN. Can. J. Chem. 54, 2900 (1976). 

Sept alcaloides ont CtC isolCs du Lycopodium paniculatlrm Desvaux. Trois d'entre eux, la 
lycopodine, la dihydrolycopodine et l'ac6tyldihydrolycopodine sont des alcaloides de structure 
connue. Parmi les quatre nouveaux alcaloides, la structure de l'un d'entre eux, la paniculatine, 
a CtC clarifiee. Sa structure, 6lucidCe ii l'aide d'une etude cristallographique aux rayons->( du 
bromhydrate s'est avCrCe diffkrente de celles des autres alcaloi'des de la famille du Lycopodium. 
Les propriCtCs spectrales de la paniculatine sont interprCt6es A la lumikre de sa structure. 

[Traduit par le journal] 

Examination of L. paniculatum has led to the 
isolation and characterization of seven alkaloids. 
Included among these are three alkaloids of 
established structure, lycopodine, dihydrolyco- 
podine, and acetyldihydrolycopodine (1, 2) and 
four new alkaloids designated P2, P4, P5, and 
paniculatine. The structure of the latter was 
recently communicated (3). In this paper we pre- 
sent the isolation procedure and the physical and 
spectral data obtained for P2, P4, and P5, and 
provide a fuller discussion of our work leading 
to the assignment of structure 1 to paniculatine. 

The alkaloids were extracted by conventional 
procedures and separated into ether-soluble and 
chloroform-soluble fractions. Each of these was 
subjected to counter-current distribution and the 
resulting fractions chromatographed on alumina. 
The crystalline alkaloids isolated from each frac- 
tion represented a relatively small proportion of 
the total. Examination of the amorphous frac- 
tions is still in progress and it is anticipated that 

'On leave of absence from Departamento de Quimica, 
Universidad de Chile, Sede Antofagasta. 

2Present address: Department of Chemistry, Mohawk 
College, Hamilton, Ontario. 

other alkaloids will be found in these. 
The molecular formula of paniculatine, C17- 

HZ7No2, was established by high resolution 
mass spectrometry and by combustion analysis. 
Its infrared spectrum in CHC13 showed absorp- 
tion at 3620, 3600-3000, 1720, and 1040cm-I 
indicative of the presence of hydroxy and car- 
bony1 functions, the absorption of the latter 
suggesting the presence of a cyclopentanone unit. 
From these observations it is apparent that 
paniculatine is tetracyclic. 

The 'H nuclear magnetic resonance spectrum 
of paniculatine, shown in Fig. 1, was obtained at 
220 MHz. A sharp singlet at 2.18 6 correspond- 
ing in area to three hydrogens indicated the 
presence of an N-methyl group while a doublet 
of equivalent area of 0.90 6 (J = 6.5 Hz) showed 
that a CH-CH3 group was present. The complex 
multiplet corresponding to  one hydrogen at 
3.78 6 (WlI2  = 8 HZ) was assigned to a hydrogen 
geminal to a hydroxy group. The multiplicity of 
this signal suggested that it was coupled to  at 
least two other hydrogens. Through double 
irradiation experiments the presence of the part 
structure, -CH(CH3)CHzCH(OH)- was in- 
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4 3 2 I 

FIG. 1.  The 220 MHz pmr spectrum of paniculatine. 

ferred. Irradiations centred either at 1.70 6 or at 
1.22 6 caused the signal of the hydrogen -geminal 
to the hydroxy group to sharpen to  WIlz = 5 Hz 
indicating that this hydrogen was adjacent to a 
methylene group whose hydrogens were non- 
equivalent. Irradiation at 1.70 6 also caused the 
C-methyl signal at 0.90 6 to collapse to a singlet 
implying that the methine hydrogen geminal to 
the C-methyl also resonates at or near 1.70 6 .  The 
double irradiation experiments are also subject 
to other interpretations, and it was not until the 
X-ray examination was completed that these 
experiments were unambiguously interpreted. 

Both the broad-band and off-resonance 13C 
nmr spectra of paniculatine were recorded. Al- 
though there were a number of overlapping 
signals, the spectra clearly indicated the presence 
in paniculatine of carbonyl, C-CH3, N-CH3, 
and CHOH groups. It also indicated that the 
N-CH3 was flanked by methylene groups. 

An interpretation of the spectrum was not 
feasible until the structure was established. Now, 
however, the assignments shown in Fig. 2 may 
be tentatively advanced. 1,3,4-Trimethylpiperi- 
dine serves as a convenient model of ring A, 
2,2,3,5-tetramethylcyclohexanol for ring D, and 
2-methylcyclopentanone for the carbonyl of 
ring C (ref. 4, p. 290). 

The calculated chemical shifts of the carbon 
atoms of the model compounds are also shown 

in Fig. 2. The spectrum of 2,2,3,5-tetramethyl- 
cyclohexanol was calculated as follows. 1,l-Di- 
methylcyclohexane was taken as the reference 

FIG. 2. Assignment of the I3C signals in the spectrum of 
paniculatine. 
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compound. The shifts resulting from placing an The substitutant parameters for axial and equa- 
axial methyl at C2, an equatorial methyl at C4, torial methyl were those reported by Stothers 
and an axial hydroxyl at C6 were then calculated. (ref. 4, p. 65) and those for an axial hydroxy 

C I - C 2  57 
H transfer 

Ib) 

( f  

( k )  t 

110 96 
(4) ( i  1 

SCHEME 1. The fragmentat~on of pan~culat~ne upon electron Impact. Nitrogen-contain~ng Ions of 
low m/e. 
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group were based on the chemical shift differ- 
ences between cis-4-tert-butylcyclohexanol (ref. 
4, p. 163) and tert-butylcyclohexane (ref. 4, p. 67). 

The spectrum of 1,3,4-trimethylpiperidine was 
calculated from the reported spectrum of piperi- 
dine. The same shift parameters for the methyl 
groups were used as before. The calculations 
were made for an axial methyl at position 4 and 
equatorial methyls at 1 and 3. 

The calculated chemical shifts of the carbons 
in the model compounds are of the same order as 
those of the corresponding carbons of panicula- 
tine, except at the bridging carbons. Thus they 
lend credence to the assignments made for 
paniculatine. 

The methylene of ring C may be differentiated 
from that of ring B because of its proximity to 
the carbonyl group. The assignments of the 
methine carbons, C3, C4, C7, and C10 and the 
quaternary carbon at C12, are not secure and the 
methylenes, C8 and C14, cannot be differentiated. 

The mass spectrum of paniculatine is charac- 
terized by a series of nitrogen-containing ions of 
low mass. Such ions are found in piperidine 
derivatives (5) and in alkaloids containing a 
single saturated nitrogen-containing ring (6). The 
spectrum is sufficiently different from other 
alkaloids of this family (1, 2) that it suggested 
that the structure of paniculatine was different 
from any of the Lycopodium alkaloids of estab- 
lished structure. With the structure now known 
the mass spectrum may be interpreted as shown 
in Schemes 1 and 2.3 

The loss of methyl and of carbon monoxide 
plus hydrogen from the molecular ion are pre- 
dictable and require no further comment. A 
major fragmentation pathway may be considered 
to begin by cleavage of the C9-C10 bond pro- 
ducing ion a. Subsequent cleavage of the C1-C2 
bond can lead directly to b (m/e 57) or with 
accon~panying hydrogen transfer to c (m/e 58), 
while cleavage of the C2-C3 bond will provide d 
(m/e 71) which may undergo loss of hydrogen 
yielding e. Ion f, derived from the molecular ion 

C8- CIS 
H transfer 

by loss of hydrogen, may undergo a retro 
SCHEME 2. The fragmentation of paniculatine upon fragmentation providing another electron Impact. Nitrogen-contaming Ions of hlgh m/e. 

route to e or, if charge is retained on the nitrogen 
free fragment, yield&g the ion g of m/e 206. The when the charge remains with the nitrogen-free 
latter is also derivable from a bv C2-C3 cleavage fragment. 

u - 
3The composition of all ions was established by high 

Other nitrogen-containing ions may be derived 
resolution mass spectrometry. The calculated masses in a series of steps jnitiated C3-C4 bond 
agreed with those observed within 0.005 arnu. cleavage yielding the ion formulated as h. By 
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FIG. 3. The structure of paniculatine hydrobromide. 

breaking the ClO-C11 bond of h ion i is formed, 
which may then lose hydrogen yielding j. In a 
further fragmentation, cleavage at C11-C12 will 
lead to k and it in turn to 1 through loss of 
hydrogen. 

The nitrogen-containing ion m at m/e 192 may 
form from the molecular ion by fission of the 
C12-C13 bond followed by C7-C8 fission, with 
the latter accompanied by hydrogen transfer, as 
shown in Scheme 2. Similarly the ion n at m/e 
206, may be derived by C12-C13 cleavage 
followed by C8-C15 cleavage and accompanied 
by H transfer. Both m and n lose two hydrogens 
yielding the ions at m/e 190 and 204, respectively. 

The skeleton of paniculatine as derived from 
the structure of paniculatine hydrobromide con- 
sists of a six-membered ring with a protonated 
tertiary nitrogen in the ring, fused to a five- 
membered ring which in turn is fused to another 

TABLE 1 .  Atomic parameters of paniculatine 
hydrobromide* 

Atom 

*U and Uii have been multiplied by 100. The anisotropic thermal 
factor is: exp -27,' (Ullh'b~' + --- + 2Ulzhkblb9 + ---) where bi  are 
reciprocal vectors. 

tAnisotropic thermal components for bromide ion are: 
(111 uzz 1133 (111 Ull u23 
4.3(1) 4.0(1) 8.4(2) 0.4(2) 2.1(1) 0.1(2) 

five-membered ring containing a carbonyl (01). 
The latter ring is in turn fused to a six-membered 
ring which bears methyl and hydroxy (02) 
substituents as shown in Fig. 3. The atomic 
parameters of paniculatine hydrobromide de- 
rived from the X-ray data are listed in Table 1 
and the bond lengths and bond angles in Table 2. 
The hydroxy oxygen and methyl are trans to each 
other with the hydroxy group at C13 in the axial 
and the methyl at C15 in the equatorial position. 
The six-membered ring containing the hydroxy 
group is not a perfect chair as seen by the out- 
of-plane deviations for atoms C7, C8, C12, C13, 
C14, and C15 which also are used to define the 
plane (Table 3, Fig. 4).4 The five-membered ring 
containing carbonyl is fused to the six-membered 
ring in a cis fashion with C6 in the axial and C4 
in the equatorial p~sition, as evideaced by the 
fact that C6 is 1.56 A and C4 is 0.7 1 A away from 

4Table 3 and Fig. 4 (least-squares and out-of-plane 
distances) and Table 4 (observed and calculated structure 
factors of paniculatine hydrobromide) are available, at a 
nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada, KIA 0S2. 
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TABLE 2. Bond distances and angles in paniculatine acute angle between the two five-membered rings 
hydrobromide is 53". The equations for various planes and 

Bond 
other out of plane deviations supporting the 

Angle 
Bond length (A) Bonds stereochemistry described are given in Table 3.4 

(deg) The protonated tertiary amino nitrogen is 
Cl-N 1.52(3) N-Cl-C2 
CI-C2 1.52(3) Cl-C2-C3 :::(:I hydrogen bonded to a bromide ion with k - - - ~ r  
C2-C3 1.56(3) C2-c3-c4 114(2) equal to 3.15 A. Each bromide ion also interacts 
c3-C4 1 .55(3) C2-C3-C10 114(2) with one hydroxy group 3.4A away (3). The 
C3-C10 1.51(3) C4-C3-C10 104(2) - + 
C4-C5 1 .52(3) C3-C4-c5 114(2) angle, 02---Br---N is 94", the angle, C13- 

0 2 - - - ~ r ,  is 89" and angles ~ 1 - & - - - ~ r ,  C9- 

6 - - - ~ r ,  and ~ 1 7 - & - - - ~ r  are about 108". 
The quantities of P2, P4, and P5 obtained were 

insufficient to permit a complete structural eluci- 
dation. However, the mass spectra of all com- 
pounds have M - 57 as their most intense peak 
suggesting that they are related in structure to 
lycopodine (8). In that case the bridge in all 
three compounds does not carry a substituent. 
From the nmr data and the mass spectral data it 
may be deduced that P2 has one acetoxy and one 
hydroxy group, that P4 has two hydroxy groups, 
and that P5 may have a double bond and a 
hydroxy group. When more material becomes 
available we plan to carry out further structural 
investigations on the three compounds, all of 
which appear to be new alkaloids. 

Paniculatine represents a new structural type 
among the Lycopodium alkaloids. Its formal 
relationship to lycopodine 2 is implicit in the 
numbering system shown in the formulas for the 
two alkaloids. Paniculatine is, however, more 
closelv related to fawcettimine 3. shown here in 
its open-chain rather than carbinolamine form. the defined by and and 
It is, in fact, easy to envisage the formation of is A and C4 is 0.84 A away from the paniculatine from a fawcettimine derivative such plane defined C8Y and 
as 4. The biosynthesis of paniculatine has not is at with respect to Ihe six- been studied but it is likely that it is derived by a 

underneath C3 and is axial to it. Thus the two 
five-membered rings are cis to each other and the for lycopodine (9). 

five-membered rinvg defined by C3, C4, C10, 
C11, and C12 is cis to the six-membered ring 
containing nitrogen. The five-membered ring 
defined by C3, C4, C 10, C 1 1, and C 12 is puckered 
and is close to  the half-chair form of cyclo- 
pentane as shown by the out-of-plane deviations 
given in Fig. 4.4 The second five-membered ring 
defined by C4, C5, C6, C7, and C12 is also 
puckered and the conformation is that of a half- 
chair as seen by comparing with the half-chair 
conformation of cyclopentane (7) in Fig. 4. The 

Experimental 
Apparatus, Methods, and Marerials 

The infrared spectra were determined on a Perkin- 
Elmer 700 or Beckmann 1R 5 spectrophotometer. The 
pmr spectra were run at 100 MHz on a Varian HA 100 
instrument or at 220 MHz on a Varian HR-220 instru- 
ment.' The '3C magnetic resonance spectra were deter- 
mined in chloroform solution on a Brucker WH 90 
instrument at 22.62 MHz. Chemical shifts are reported in 
ppm (6) from TMS, the symbols s (singlet), d (doublet), 

SThe 220 MHz spectra were recorded at the Canadian 
220 MHz NMR Centre, Sheridan Park, Ontario. 
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t (triplet), and m (multiplet) being used to denote the 
multiplicity of the signals. Mass spectra were obtained 
with a CEC 21-110 B mass spectrometer at an ionizing 
voltage of 80 eV and at a source temperature of 150- 
200 "C. High resolution mass measurements were per- 
formed by the method already described (10). 

Melting points are uncorrected. Thin layer chromatog- 
raphy was carried out on alumina GF,,, plates which 
were dried for 1 h at 110 "C and developed with Dragen- 
dorff's reagent or with iodine vapor. The solvent systems 
used were chloroform or chloroform-methanol, 953. 

The microanalyses were performed by Gygli Micro- 
analytical Laboratory, Toronto, Ontario. 

The plant material was collected near Osorno, Chile in 
October 1973 and identified as L. paniculatum Desvaux by 
G. Looser of the Academia Chilena de Ciencias Naturales. 
A voucher specimen is on file in the Herbarium of the 
Faculty of Sciences at Santiago. 

In the X-ray experiments a crystal of paniculatine 
hydrobromide _with dimensions 0.02 X 0.02 X 0.04 cm 
and a Syntex P1 automatic diffractometer with graphite 
monochromatired MoK, (X = 0.71069 A) radiation were 
used throughout the investigation. Unit cell parameters 
were determined by least squares methods from 11 values 
of 20. The crystal data are as follows: 
CI7H2,NO2.HBr f y  = 358 
a = 11.27(2), b = 7.520(8), c = 10.58(2) A, (3 = 
102.2(2)", V = 876.52 A3 at 23 "C, Z = 2, = 1.36 
g/cm3, fi = 26.30 cm-1, monoclinic space group P2, 
(C2.,) determined from systematic absences and optical 
act~vity of the alkaloid. 

A total of 1310 unique reflections lying in the range 
0 < 20 5 45" were measured. Reflections were scanned 

in the 8-20 mode at a rate between 8" and 24" per min 
depending on the peak intensity. Background was 
recorded on either side of the peak and used to determine 
the integrated intensity together with an estimated 
standard deviation based upon counting statistics. Those 
reilections whose intensity was less than 3u, 347 in num- 
ber, were regarded as unobserved. The data were cor- 
rected for Lorentz and polarization effects but not 
absorption. The XRAY-71 package of programs for 
X-ray crystallography, published by the University of 
Maryland and adopted for use with the CDC 6400 by 
H. D. Grundy of this Institution, were used for all com- 
putations. - 

The Br-Br vector was located in the Harker sections at  
2x, $, 2z in the Patterson map. The phases based upon the 
bromide ion position were used for finding the other 
atoms by the successive use of full matrix least-squares, 
Fourier, and difference Fourier methods. In the beginning 
all the other atoms were considered as carbon atoms. The 
peak heights in the Fourier and difference map and the 
temperature factors of the atoms helped to distinguish 
between C, N, and 0 atoms. These atomic positions were 
refined with their individual isotropic temperature factors 
and a scale factor. This yielded a minimum R of 0.12. The 
atomic scattering curves for bromide ion, C and 0 atoms 
were obtained from the International Tables for X-ray 
Crystallography (1 1). Further refinements with unit 
weights were carried out using the anisotropic tempera- 
ture factor for bromide ion and isotropic temperature 
factors for the other a t ~ r n s . ~  The thermal parameter for 

6During refinement they coordinate of the bromide ion 
was fixed at 0.25. 
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C16 was significantly larger than that of the remaining 
atoms. All the bond lengths and angles lay within 1-2 
standard deviations of their expected values. The final R 
value was 0.085 for observed reflections only, and 0.112 
when the unobserved reflections were included. The 
average shift/error in the final refinement cycle was 0.092 
with a maximum of 0.42. A final difference synthesis 
showed no missing structural features although peaks of 
0.25 of a carbon atom were noted. 

The final atomic parameters are given in Table 1, and 
observed and calculated structure factors are compared 
in Table 4.4 Table 2 contains a list of the pertinent bond 
lengths and angles with standard deviations calculated 
from the standard errors derived from the least-squares 
matrix. 

Extraction and Isolation of the Alkaloids 
The dried plant material (L. paniculatum, 28 kg) was 

ground and extracted with ethanol for 72 h in a large 
Soxhlet apparatus. The extract was concentrated under 
reduced pressure and the residue digested with aqueous 
hydrochloric acid ( 5%)  and filtered. The insoluble 
residue was digested again with an additional portion of 
aqueous hydrochloric acid (10%) and again filtered. The 
combined acidic extract was washed with ether (5 X 500 
ml) and the washings discarded. The aqueous solution 
was basified with 10% sodium hydroxide to pH 11, and 
then extracted with chloroform until the extracts gave a 
negative test with Dragendorff's reagent. Removal of the 
chloroform under reduced pressure gave the crude 
alkaloids (202 g). 

The crude alkaloids (202 g) were treated with hydro- 
chloric acid (2 1, 10%). The mixture was filtered from 
suspended solid and the latter washed with an additional 
2 1 of 10% hydrochloric acid (residual solid, 31 g). The 
filtrate was brought to pH 10 by addition of sodium 
hydroxide solution and the mixture extracted first with 
ether (the ether-soluble fraction) and then with chloro- 
form (the chloroform-soluble fraction) until the extracts 
gave a negative test with Dragendorff's reagent. 

Examination of the Ether-solrrble Fraclion 
The ether extract was dried and evaporated yielding a 

residue (92 g) which was dissolved in acetone and placed 
in a refrigerator for several days. A white solid (6.2g) 
separated which was identified as dihydrolycopodine by 
comparison with authentic samples as both the free base 
and the hydrochlor~de. 

The mother liquor was evaporated to dryness and 
dissolved in chloroform. A distribution was then carried 
out in 13 separatory funnels between the chloroform 
solution and McIlvane's buffer (the moving phase) of 
pH 7. The distributed material was then divided into four 
fractions on the basis of thin layer chromatographic 
behaviour. Fraction A (69.0 g) was comprised of acetyl- 
dihydrolycopodine (25 g), lycopodine (10 g), a number of 
unidentified bases, and 20 g of neutral material. Fraction 
B (4.7 g) was adsorbed on a column of basic alumina 
(210 g, activity 11). The fraction (3.0 g) eluted with 
chloroform-methanol (955) showed two components on 
tlc and glc. The sample was dissolved in ethanol and 
made just acidic with hydrobromic acid and evaporated 
to dryness. The residue was dissolved in an ethanol-ether 
mixture and set aside to crystallize. There separated 

600 mg of colorless crystals melting at 247-249 "C. The 
base derived from the hydrobromide was allowed to 
crystallize from acetone and melted at 65-66 "C. This 
fraction, now referred to as P2, has the following spectral 
properties: ir v,,, (KBr) 3500-3100, 2930-2840, 1740, 
1240 cm-1; pmr included signals at 6 0.94 (3H, d, J = 

6 HZ, CH-CH3), 2.04 (3H, S, COCH3), 5.11 (t, J = 6 
and 6 Hz, CHOAc); ms (m/e (%), composition) 307(25) 
C I ~ H Z ~ N O ~ ,  264(6) C15HzzN03, 250(100) C14H20N03, 
208(10) Cl2Hl8NO2, 206(8) CI2Hl6No2, 190(22) C12- 
HI6NO, 172(11) C12H14N. Hydrobromide, ir v,,, (KBr) 
3250, 2950, 2700-2500, 1739, 1240 cm-I. 

The basic fraction liberated from the mother liquors 
after the separation of P2 hydrobromide was adsorbed on 
a colun~n of basic alumina (30 g, activity 11-111) and the 
column eluted with ether. The fraction so obtained was 
evaporated to dryness and the residue sublimed and 
crystallized from acetone. The colorless crystals (20 mg) 
melted at 175-185 "C (dec.). This compound designated 
P5, has the following peaks in its mass spectrum: ms 
(m/e (%), composition) 247(20) C16H25N0, 204(8) 
C13H18N0, 190(100) C12H16N0, 172(63) C12H14N ; pmr 
included signals at 6 0.90 (3H, d, J = 7 Hz, CHCH,), 5.4 
( lH,  m, W1/z = 9 HZ, olefinic H); ir v,,, (KBr) 3250- 
3190, 2950-2850, 1070 cm-1. 

Fraction C (6.2 g) was adsorbed on a column of basic 
alumina (300 g, activity 11). The fraction, eluted with 
chloroform-methanol (99:1), yielded paniculatine (0.8 g), 
mp 181 "C (acetone). Spectral data: ir v,,, (CHC13) 3620, 
3600-3000, 1720, 1250-1200, 1040cm-1; pmr included 
signals at 6 0.90 (3H, d, J = 6.5 Hz, CHCH3), 2.18 (3H, 
s, NCH3), 3.78 ( lH,  broad s, W112 = 8 Hz, CHOH); ms 
(m/e, C/,) 277(18), 276(22), 262(10), 248(5), 206(5), 
204(29), 192(17), 190(3), 180(5), 11 1(4), 1 lO(1 l), 97(3), 
96(21), 71(25), 70(27), 58(100), 57(30). Anal. calcd. for 
CI7H2,N02: C 73.61, H 9.81, N5.05; found: C 73.64, 
H 9.70, N 5.04. 

Paniculatine hydrobromide was prepared from the 
base and hydrobromic acid in the usual manner. The 
colorless solid so obtained was recrystallized from 
ethanol-ether and melted at 310 OC. It  had the following 
properties: ir v,,, (KBr) 3370, 2800-2400, 1725, 1200, 
1040 cm-1. Anal. calcd. for CI7Hz8NO2Br: C 56.98, H 
7.88, N 3.91, Br 22.30; found: C 56.75, H 7.78, N 3.86, 
Br 22.11. 

Fraction D was subjected to a 58 tube counter current 
distribution between chloroform and Borax-HC1 (the 
moving phase), pH 8.8, yielding the following fractions: 
tubes 1-6 (2.2 g), a non-resolvable mixture, tubes 7-36 
(9.9 g), dihydrolycopodine, and tubes 37-56 (1.8 g), P4 
(600 mg from acetone), vide infra. 

Examination of the Chloroform-soluble Fraction 
The chloroform solution was evaporated yielding a 

residue of 30 g which was partitioned in eight funnels 
between chloroform (stationary phase) and McIlvane's 
buffer (pH 7). The distributed material was divided as a 
result of tlc examination into three fractions, E,  F, and G, 
containing 11.0, 1.8, and 11.6 g, respectively. Fraction G 
was adsorbed on a column of basic alumina (300g, 
activity 11). Elution of the column with ether gave a 
fraction of 30 mg which melted at 217 "C after crystalliza- 
tion from acetone. This substance, hereinafter referred to 
as P4, has the following properties: ir v,,(Nujol) 3500, 
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3200, 2950-2850 cm-I ; pmr included signals at 6 0.85 
(3H,  d, J = 6 Hz, CHCH3), 3.86 ( l H ,  d, J = 6 Hz, 
CHOH); ms ( m / e  (%), composition 265(16) CL6H27N02. 
222(4) C13H20N02r 208(100) C12HI8NO2, 190(7) C12H16- 
NO, 162(2) CIIH16N and C!OH~~NO. 

The other portion of fract~on G has not yet yielded any 
characterizable compounds. Fractions E and F have not 
yet been examined. 
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The synthesis and spectroscopic characterization of 
Indulin 6B tetrasulfonate 
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W. E. SOLODAR and A. R. MONAHAN. Can. J. Chem. 54, 2909 (1976). 
An unambiguous synthetic route to pure forms of Indulin 6B base and Indulin 6B tetra- 

sulfonate is described. The visible electronic spectrum of each compound was examined in 
solution and the solid state. The longest wavelength electronic transition observed for both 
compounds is a r - r* state possessing a considerable amount of intramolecular charge transfer 
character. Indulin 6B tetrasulfonate was found to self-associate in water with a dimerization 
constant of (1.84 f 0.22) X 10' M-1. The nature of the intermolecular interactions between 
Indulin dye molecules in solution and the solid state is discussed. 

W. E. SOLODAR et A. R. MONAHAN. Can. J. Chem. 54, 2909 (1976). 
Une voie de synthese non ambigue des formes pures de la base Induline 6B et du tktra- 

sulfonate d'Induline 6B est dCcrite. Le spectre Clectronique visible de chacun de ces composks 
a Ctk examine en solution et en phase solide. La transition Clectronique de plus grande longueurs 
d'onde observk pour ces deux cornposks est un ktat r - r* possCdant une proportion con- 
sidkrable d'un caracttre de transfert de charge intramolkulaire. Le tktrasulfonate d'Induline 6B 
s'associe avec lui-mCme dans l'eau avec une constante de dimkrisation de (1.84 + 0.22) X 102 
M-1. La nature des interactions intramol&ulaires entre les molCcules de colorant Induline en 
solution et en phase solide est discutk. 

[Traduit par le journal] 

Introduction 
The indulin dye of commerce is solubilized by 

sulfonation of a mixture of insoluble indulin 
colorants. This mixture, or 'indulin melt', is 
obtained by the fusion of aniline hydrochloride 
with sodium nitrite (1); the aminoazobenzene 
thus produced reacting with more aniline hydro- 
chloride to form Indulin 3B, Indulin 6B, and 
numerous by-products (2,3). 

c 6 H s N H y J J J n  / 

C6H5N 1 NH-C6Hs 
C6H5 

lndulin 3B 

lndulin 68 

phenazine (5). The sulfonated product has never 
been purified and characterized. The objectives 
of the work were to synthesize Indulin 6B base 
in pure form by an unambiguous route, to con- 
vert the base to a single sulfonated product, and 
to identify and spectroscopically characterize 
that product. Our synthetic route is indicated in 
Scheme 1. 

This scheme is an adaptation of Kehrmann's 
(4,5) general method, with the following modifi- 
cations. Step 1: 4,5-dianilino-1,Zbenzoquinone 
was prepared by the procedure given in ref. 8. 
Step 2: 5-chloro-2-aminodiphenylamine hydro- 
chloride was prepared by catalytic hydrogena- 
tion of 5-chloro-2-nitrodiphenylamine. This was 
reportedly done by Kottenhahn and co-workers 
(6) though no data on the reaction was reported. 
Step 4: represents a combination of two of 
Kehrmann's steps, making it possible to go 
directly from the chloro indulin (3) to Indulin 6B 
without isolating the intermediate Indulin 3B 
(Scheme 2). 

Additionally, in step 6, a method was de- 
Indulin 6B, the principal component of the veloped for thk controlied sulfonation of Indulin 

mixture, has been prepared from Indulin 3B 6B, and for the isolation and purification of 
(4) and from 2-amino-3,7,8-trianilino-5-phenyl- the product. 
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O2 *ELc, ( 2 )  1 
* 

NH (a) H2/Pd 
I (b) HCI 

(4) 
C 6 H 5 N H a N n N H - C 6 H 5  HgO C6H5-NH 

/ 
.HCI - 

HCI 
C6HsNHz + 

CsHsN ' NH-C6H5 C~HSN ?' I 

C6H5 

4 Indulin 6B hydrochloride 

Methanolic 1 KO* 

C6H5NH NH-C6H5 

C6HsN 
I 

NH-C6H5 

CsHs 

5 Indulin 6 8  base 

(a) 80% H2S04 
(b) NaOH 

6 Indulin 6 8  tetrasulfonate 

Experimental and Results turned reddish and turbid. It was stirred a t  room temper- 
ature for 5.5 h after all the Na103 had been added. The 

Synthesis reddish-brown precipitate that separated was filtered off, 
4,5-Dianilino-1,2-benzoquinone (7) ( I )  washed with 1 litre warm water, then with 2501111 of 
To a solution of 33 g (0.3 mol) of catechol and 55.8 g methanol. The solid was further purified by transferring 

(0.6 moll of aniline in 1350 ml of ethanol in a 4-1 beaker it to a beaker and slurrying with 1 litre of methanol for 
was slowly added (30 min) with stirring, a solution of 30 min, after which it was filtered and air dried. Yield of 
60 g (0.3 moll of NaI03 in 1350 ml of water. The mixture maroon solid, nlp 183-185 "C, was 62.1 g (71.5%). 
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SOLODAR AND MONAHAN 

HgO - 
HCI 

lndulin 30 

Indulin 6B 
hydrochloride 

4 

5-Chluro-2-aminodiphenylamine Hydrochloride (6, 7) (2) 
A suspension of 9.92g of 5-chloro-2-nitrodiphenyl- 

amine (Aldrich Chem., 15 322-2) in 200 rnl of acetic acid 
was hydrogenated over 1.0 g of 5% Pd/BaS04 catalyst in 
a Parr shaker overnight under 50 psi hydrogen. Uptake of 
hydrogen was 11.5 psi, which is 100yo of theory. Six 
millilitres of concentrated HCl was added immediately 
upon opening the system. The catalyst was filtered off and 
the acetic acid evaporated in uacuo. The residue was 
friturated with dilute HCI to yield a salmon-colored pre- 
cipitate that was filtered and desiccated under vacuum 
over KOH. Yield of pink solid was 8.95 g (88%). 
2-Chloro-6,7-dianilin0-9-pheny/phenazine Hydrochloride 

(8) (3) 
In a 1 litre flask, a mixture of 22.3 g (0.0875 mol) of 

5-chloro-2-aminodiphenylamine hydrochloride, 25.4 g 
(0.0875 mol) of 4,5-dianilino-1,2-benzoquinone, and 500 
ml of ethanol was deaerated with nitrogen and then 
carefully heated to reflux with mechanical stirring. There 
was an initial exotherm at reflux which was controlled by 
moderate external cooling as needed. Color of the mixture 
changed from deep amber to blood red. After several 
hours of refluxing there was some precipitation. The 
mixture was refluxed for a total of 6 h, then allowed to 
cool overnight. The precipitated product was filtered off, 
washed with ethanol, and air dried. Yield of crude prod- 
uct, lustrous green crystals melting at 270-274 "C (dec.), 
was 35.3 g (79.5%). The product was further purified by 
digesting it in 500 ml of boiling ethanol. After cooling the 
mixture, filtering, and drying the product, 33.8 g (76y0 
yield) of lustrous green crystals, melting at 276-279 "C 
(dec.), was recovered. 

2,3,6,7-Tetraanilino-9-phenylphenazine Hydrochloride 
Indulin 6B Hydrochloride (4) (4)-A mixture of 5.1 g 

(0.01 mol) of 3, 50 ml of aniline and 10 g of aniline 
hydrochloride was stirred and refluxed for 15 min. The 
color of the solution changed from magenta to deep blue. 
The mixture was cooled slightlv below the reflux temoer- 

was rewarmed and decanted from metallic mercury; the 
flask was rinsed with ethanol several times and added to 
the reaction product. The above mixture was diluted t o  
150ml with ethanol, then filtered through a medium 
porosity filtet to recover 4.47 g of bronze crystals (63.2% 
yield). A sample, purified by treatment with boiling 
ethanol, decomposed above 300 "C and gave the following 
analysis. Anal. calcd. for C42H33N6C1: C 76.75, H 5.06, 
N 12.79, C1 5.39; found: C 77.17, H5.09, N 12.53, C1 
5.20. 

Zndulin 6 B  Base (5)-To a suspension of 8 g of Indulin 6B 
hydrochloride m 450 ml of methanol was added a solution 
of 2 g of KOH in 20 ml of methanol. The mixture was 
stirred and refluxed for 4.5 h, then concentrated under 
vacuum to ca. 100 ml and diluted with water. The base 
was filtered off and desiccated in vacuum over P205 to 
give 6.4g of black solid, mp 294-300 "C. A sample 
purified by treatment with boiling xylene, melted at 
300-304 "C (Kehrmann reported 286-288 "C) and gave 
the following analysis. Anal. calcd. for C42H32N6: C 81.26, 
H 5.20, N 13.54; found: C 81.16, H 5.30; N 13.60. 

Zndulin 6 5  Sodium Tetrasulfonafe (6)-To a mixture of 
15 ml of concentrated H2S04 and 5 ml of water at 100 OC 
was gradually added, with stirring, 4 g of Indul~n 6B base. 
The addition took 30 min. The temperature was ra~sed to 
120 "C and the mixture stirred at that temperature for an 
additional 6 h. After cooling, it was poured onto ice in an 
evaporating dish. The quench was adjusted to pH 8 by the 
careful addltion of ca. 25 ml of 50% NaOH solution. 

Water was evaporated from the neutralized quench by 
heat~ng on a steam bath in a well-ventilated hood for 5 to 
6 h.1 The residue was dried in a vacuum desiccator over 
Pz05 overnight. The dr~ed residue was extracted in a 
Soxhlet apparatus with 400 rnl of methanol for 24 h. The 
methanol extract was evaporated to dryness in uacuo to 
give 7.1 g of dark purple solid. 

Elemental analysis indicated the presence of sodium 
sulfate and sodium hydroxide in this material. It was 

ature and 2.17 g (0.01 mol)-of eellow mercuric oxide bas  
introduced to the mixture. The mixture was refluxed for 'It was not feasible to evaporate the water under 
6 h, then allowed to cool overnight. The solidified mass vacuum because of excessive frothing. 
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FIG. 1. Series of absorption spectra of Indulin 6B 
sulfonate in water, showing isosbestic point at  16 300 
cm-1 (674 nm): -0- CT = 5.15 X M ; .  . . A . .  . 
CT = 2.06 X 10-5 M ;  ---A- CT = 1.03 X 10-4 M ;  
-.-@-.-CT = 1.03 X 10-3 M. 

purified by dissolving 4 g in 40 ml of warm water and 
precipitating the product with 120 ml of ethanol. Anal. 
calcd. for C42H36N6S4oI6Na4: C 45.82, H 3.30, N 7.63, 
S 11.65,Na 8.35; found: C 45.67, H 2.95, N 7.24, S 11.28, 
Na 8.11.2 

Spectroscopic Measurements 
Solution spectra of the Indulin base were determined 

using solutions of ca. 1 X 10-5 M in methanol and cyclo- 
hexane (Burdick and Jackson). The visible absorption 
spectrum of the indulin base exhibits an intense (em,, = 
6.0 X 104 1 mol-1 cm-1) transition at  500 nm in cyclo- 
hexane. In a polar solvent such as methanol, the transition 
undergoes a pronounced shift to 605 nm. 

This type of transition involving a large bathochromic 
polar solvent shift and a relatively large molar extinction 
coefficient has been described as a charge transfer (CT) 
singlet state. The CT state has both practical (primarily 
photochemical) and theoretical importance and details of 
the state have been outlined in other papers (9). In the 
indulin molecule, excited state charge transfer occurs from 
the secondary or tertiary amino group to the imino 
moiety. The solvent effect on the position of the absorp- 
tion spectrum originates in the differential interaction of 
solvent molecules on the ground and excited states of the 
dye molecule. In polar solvents there exists a greater 
stabilization of the excited state than the ground state, 
causing a shift to longer wavelengths. 

The tetrasulfonate dye which is insoluble in non-polar 
solvents was investigated spectroscopically in water 
(pH = 7.5) in the 10-6 M to 10-3 M concentration range. 
The water was obtained from a Millipore Super-Q system 

2Galbraith Laboratories, Inc. 

VOL. 54, 1976 

(18 megohms resistivity). Spectra were measured on a 
Cary Model 14R automatic spectrophotometer using 
0.1-, I-, 5-, and 10-cm matched quartz cells. 

The concentration dependence of the absorption spectra 
of Indulin 6B tetrasulfonate is shown in Fig. 1. At the 
most dilute concentration of 5.15 x 10-6 M, the band 
peak occurs at  17 700 cm-1 (565 nm). Successively higher 
concentrations result in a slight blue shift of this peak 
with a measurable decrease in the apparent extinc- 
tion coefficient. Spectral blue shifts are commonly 
observed for planar dye molecules upon increasing con- 
centration in aqueous solutions (10). An isosbestic point 
occurs at  16 300 cm-1 (674 nm) for the series of absorption 
spectra in Fig. 1. 

Discussion 
From the concentration dependent spectra, 

the calculation of the pure monomer spectrum, 
pure dimer spectrum, and equilibrium constant 
was accomplished using a computer procedure 
which was previously reported (11). In the 
analysis it was assumed that the monomer con- 
centration Cm and dimer concentration Cd fol- 
low the law of mass action 

where K,, is the association (equilibrium) con- 
stant for dimer formation. If the total dye 
concentration (CT) is small so that no higher 
aggregates are formed, then 

Assuming that [I] and [2] are valid, a best-fit 
monomer spectrum and dimer spectrum can be 
calculated for a given Keq. By varying K,, 
systematically, the best-fit em, ed, and Keq are 
established where em and ed are the molar 
extinction coefficients of monomer and dimer, 
respectively. The best-fit em and ed are then used 
to calculate K,, at each concentration and limits 
of error on Keq are determined. The result of 
this calculation with the fitting of the concentra- 
tions Cm and Cd to [I] is shown in Fig. 2. The 
solid line is drawn with a theoretical slope of 
2.00, in fulfillment of the demands of [2]. The 
best-fit monomer and dimer spectra are shown 
in Fig. 3.  The splitting of the dimer band can be 
explained by the theory of exciton interaction 
between monomer chromophores in the indulin 
dimer (10-12). A schematic drawing of the 
parallel plane dimer and the energy levels of the 
monomer and dimer are shown in Fig. 4. Both 
parallel and non-parallel orientations of the 
transition dipoles can lead to quantum mechani- 
cal resonance splitting. The schematic parallel 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SOLODAR AND MONAHAN 2913 

I 

PARALLEL PLANE DlMER 

17 9 0 0  cm-I 
18 3 0 0  cm-1 

STATES 

16 500 cm-1 

GROUND 
STATE MONOMER DlMER 

FIG. 2. Plot of monomer concentration us. dimer con- 
centration. Solid line is drawn with a theoretical slope of FIG. 4. Schematic drawing of the ~ara l le l   lane dimer 
2.00, in fulfillment of the demands of [2]. K,, = (1.84 i and the energy levels of the monomer and dimer. 
0.22) X 102 1 mol-1. 

5 (cm-1) x I O - ~  

FIG. 3. The best-fit monomer and dimer spectra based 
on equation [I]: ---0--- cdimer; -A- c ~ ~ ~ ~ ~ ~ ~ .  

plane dimer configuration, shown in Fig. 4, was 
chosen as a plausible structure for the indulin 
dimer because the dye has an extended planar 
character and the simple model does yield allow- 
able transitions to both J- (16 500 cm-l lower 
energy transition) and H-bands (18 300 cm-I 
higher energy transition) for a # 0. The shift in 
midpoint between the monomer band and high 
energy and low energy dimer bands is attribut- 
able to London dispersion force interactions and 
to a lesser degree by the overlap of the electron 
wave function between the two indulin n~olecules 
in the dimer. The absorption spectra of solution 

WAVELENGTH (nm) 

FIG. 5. Absorption spectra of solution dimer and 
crystalline dye compound: --- solution dimer: - solid 
state. 

dimer and crystalline dye are shown for com- 
parison in Fig. 5. The molecular exciton models 
can also be used to qualitatively understand 
differences between dimer spectra and exciton 
bands in larger molecular aggregates, i.e. trimers, 
tetramers, etc. In a manner similar to the dimer 
model, exciton theory predicts that a parallel 
stacking of N transition dipoles or H aggregate 
can lead to either hypsochromically (H-band) or 
bathochromically shifted (I-band) for strictly 
parallel dipoles ( L  = 0"). If the N coupled dye 
molecules are tilted from their perpendicular 
position with respect to each other in a structure 
such that the angle separating the molecules is 
less than 90°, electronic transitions red shifted 
(bathochromic) from the monomer or dimer 
(J-aggregate) are predicted by the theory (12). 
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Therefore the J-aggregate state of indulin could 5. F. KEHRMANN and L. STANOYEVITCH. Helv. Chim. 
Acta, 8, 663 (1925). be for the absorption spec- 6 A KOTTENHAHN er a1 .I. Org. Chem 28, 3118 (1963). 

trum in the state. The exact orients- 7. V. BARRY et a[. U.S. Patent No. 2 948 726 (August, 
tion of the molecules with respect to each other 1960). 
and number of molecules in the aggregate must 
await a detailed crystal structure of the Indulin 
tetrasulfonate molecule. 
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13C nuclear magnetic resonance spectra of akyl indoles including 
derivatives of hexahydroechinulin 

Department of CJzemisfry, University of Ottawa, Ottawa, Ont., Canada KIN 6N5 
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Received April 26, 1976 

ROBERT R.  FRASER, SALVATORE PASSANNANTI, and FRANCO PIOZZI. Can. J. Chem. 54, 2915 
(1976). 

Revised structures for 4-bromohexahydroechinulin and 6-nitrohexahydroechinulin have been 
established using 13C nrnr spectroscopy. For this purpose the substituent parameter for the 
nitro group at  a site flanked by two methyl groups has been measured. Inconsistencies in pre- 
vious data on alkyl indoles in comparison with hexahydroechinulin suggested a reassignment of 
the C4 and C6 signals in 5-methylindole, which we have proven by single frequency spin-decoup- 
ling experiments. The original data on methyl indoles has been retabulated to include the above 
reassignments and others recently reported by Gribble et al. A more consistent and reliable set 
of methyl substituent parameters is thereby obtained. 

ROBERT R. FRASER, SALVATORE PASSANNANTI et FRANCO PIOZZI. Can. J. Chern. 54, 2915 
(1976). 

Les structures revisees de la bromo-4 hexahydrotkhinuline et de la nitro-6 hexahydrotkhinu- 
line ont Cte etablies en utilisant la spectroscopie rmn 13C. A cet effet, le paramktre du substituant 
pour le groupe nitro sur un site bordC de deux groupes mkthyles a kt6 mesure. Des inconsistances 
dans les donnees precedentes sur les alkylindoles en comparaison avec l'hexahydroichinuline 
ont suggerk une reattribution des signaux des carbones C4 et Cs dans le methyl-5 indole, ce que 
nous avons dCmontrC par des expkriences de dkouplage de spin & frequence unique. Les 
donnkes originales sur les mCthylindoles ont kt6 remises en tableau pour inclure les reattributions 
ci-mentionnies et d'autres valeurs rkemment rapportks par Gribble et al. On obtient ainsi une 
s6ie  de paramktres plus consistants et  plus fiables du substituant mCthyle. 

[Traduit par le journal] 

The extensive studies of Quilico and his co- 
workers on echinulin, 1, and its hexahydro 
derivative, 2, clearly established their structures 
by chemical means (1). Prior to this, tentative 
structures had been proposed for bromohexa- 
hydroechinulin, 3, (2) and nitrohexahydro- 
echinulin, 4, (3) which were subsequently invali- 
dated by the final result for hexahydroechinulin. 
In this paper we wish to describe the elucidation 
of the structure of 3 and 4 by the use of 13C nmr. 
Since the point to be ascertained was the posi- 
tion of the substituent in the indole nucleus, it 
was necessary also to study a number of alkylated 
indoles and to reexamine previous signal assign- 
ments in monoalkyl indoles. 

A previous study using 13C nmr in this area 
has been made on echinulin and two other 
metabolites from the same mould, (4). The 

'Canada Council post-doctoral fellow, 1974-1975. 

metabolites had structures distinctly different 
from echinulin in that the indole ring lacked 
substituents at position 5. The complete assign- 
ment for all carbon signals was not possible, the 
major focal point of their study being the 
assignments for carbons located in the substitu- 
ent at C3 of the indole ring. 

7+7d 

1 

The 13C spectra of hexahydroechinulin and its 
bromo and nitro derivatives each contain 29 
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TABLE 1 .  13C shieldings of indole and some methyl derivatives* 

Substituent cz c3 c4 cs c6 c7 

*6c. ppm from TMS. All shift data, except for the 2.5.7-trimethyl derivative (0.4 M in CDCII) is 
that originally reported (5) and converted using 6c (CSS 192.8. Square brackets indicate substituted 
carbons. Shifts given in parentheses indicate possible assignment reversal. 

signals, not all of which can be unambiguously 
assigned without the use of exceedingly complex 
techniques. Those line positions, listed in the 
Experimental, which can be assigned by using 
substituent parameters and data from appropri- 
ate models, or by analogy with those made for 
echinulin (4) are so indicated. Of particular 
interest to us is the problem of assignment of 
the carbons of the indole nucleus. The twofold 
greater intensities of the two strongest signals in 
the indole region of the spectrum of 1 clearly 
establish these signals as belonging to carbons 
deriving nOe enhancement from an attached 
proton, i.e. C4 and C6. Although the observed 
signals appeared at 114.6 and 122.4, the shifts 
predicted from the substituent parameters 
derived from a study of indole and its mono- 
methyl derivatives (5) were essentially equal for 
C4 (120.1) and C6 (120.3). A second indication 
that the earlier indole data contained erroneous 
assignments was a similar deviation in the shifts 
in 2,5,7-trimethylindole which we have measured 
as a useful model for hexahydroechinulin. The 
shifts for C6 in this compound as given in Table 1 
could not be rationalized on the basis of Roberts' 
data. We therefore reexamined the spectrum of 
5-methylindole with a view to checking the 
assignments for C4 and C6 in this compound. 
Single frequency off-resonance spin-decoupling 
experiments showed clearly that the resonance at 
120.8 is due to the carbon atom whose attached 
proton appears at lowest field (6 7.3) in the pro- 
ton spectrum. Since this proton is readily 
assigned to position 4 on the basis of its being 
the only singlet (broadened by long-range 
splittings), the original assignments to C4 and 

C6 must be reversed. In addition, the recent 
studies of Gribble et al. (6) have revealed an- 
other error in the assignments of alkyl indoles. 

2 R 1 = R 2 = H  
3 R1 = Br, R2 = H  
4 RI = H, R2 = NO2 

They proved that the shifts for Cs and C6 are the 
reverse of those originally given for indole and 
for 2,3-dialkylindole. The same was proposed to 
be the case (but not rigorously proven) for all 
the other indoles in the original study. These two 
errors have resulted in subsequent erroneous 
assignments in the work of Roberts' group on 
Rauwolfia alkaloids (7) and of Wenkert's group 
(see ref. 8, which contains assignments to the 
indole ring of seven alkaloids which require Cs 
and C6 to be reversed) on a variety of indole 
alkaloids. While it is beyond the scope of this 
paper to reexamine the assignments for all the 
methylated indoles it would seem worthwhile to 
clarify the existing indole data in the light of the 
findings of Gribble and that reported herein. 

Revised Shieldings for Indole and its Methyl 
Derivatiues 

The shieldings for carbons 4, 5, and 6 in 
indole, 5-methylindole, and 2,3-dimethylindole 
are now reassigned the values in Table 1. By 
assuming that Cs also appears at higher field 
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FRASER ET AL. 

TABLE 2. Methyl substituent effects in the indole ring system* 

2-Methyl [10.5] -2 .2  - 1 . 3  -0 .4  -1 .2  -0.9 
3-Methyl -2 .5  [8.8] -1 .9  -0 .7  0 . 0  -0.1 
4-Methyl - 1 . 0  -1.5 [8.9] -0 .2  -0 .1  -2.5 
5-Methyl -0 .2  -0.5 -0 .5  B.51 1.4 -0.5 
6-Methyl -0 .9  -0 .3  (-0.6) (1.6) [9.2] -0 .2  
7-Methyl -0 .4  0 . 4  (-2.4) (0.0) 0 . 4  ~ 9 . 1 1  

*In pprn from indole. Square brackets indicate substituted carbons. Shifts in parentheses are tenta- 
tive. 

than C6 in all the other methylated indoles the 
remaining shieldings in Table 1 can be assigned. 
There are four pairs of assignments remaining 
in doubt which are so indicated in this table.2 
The set of methyl substituent parameters derived 
from these new shielding assignments are given 
in Table 2.3 It  is noteworthy that they now show 
a narrower range of both a and P effects. Use of 
these effects now gives good agreement, <0.6 
ppm, between the predicted and observed shield- 
ings of 2,3,5- and 2,5,7-trimethylindole. Only 
Cz and C3 of the former deviate by larger 
amounts, not surprisingly, since they are close 
to the site of ortho disubstitution where additivity 
effects are known to fail. Furthermore it is 
interesting to note the reciprocal character of 
these substituent effects, i.e. the effect of intro- 
ducing a methyl group at  position 5 on the 
shielding of C4 is similar to that of position 4 
on C5. The revised shielding for the di- and tri- 
methylindoles are also given in Table 1. From 
this data it is now clear that the signals at 114.6 
and 122.4 in hexahydroechinulin belong to the 
carbons C4 and C6 of the indole nucleus: respec- 
tively. 

Positions of Br and NO2 Substituents in Hexa- 
hydroechinulin 

The ~ioneerine work of Lauterbur established 
the faci that sucstituent effects on aryl carbon 
shieldings are additive except in certain ortho 
di- or trisubstituted benzene derivatives. For 

2The new shieldings for C-4 us. C-6 of indole in Table 1 
are assumed to be in the order established for 5-methyl- 
indole although they were not completely proven by Levy 
and co-workers. The alternative assignment leads to a 
quite inconsistent set of substituent parameters. For ex- 
ample, if C6 were at 121.3 the effects of methyl substitution 
at C3, C4, or C7 would all be positive (deshielding) while 
for methyl substitution at every other site of the benzene 
ring they are negative. 

3It is noteworthy that the original contents of these two 
tables appear in Stothers' book on 13C nmr (9) along with 
comments on the limits of their accuracy. 

example, a comparison of the shift at C3 in 
2,6-dimethyliodobenzene (10) with the shift at 
C4 of meta-xylene shows that the iodo substituent 
causes a downfield shift of 2.6 ppm, an effect 
identical (within the precision of that time) to 
that at the meta carbon of iodobenzene vs. 
benzene, 2.9 pprn (10). However, the effect of a 
nitro group on the meta shielding was not the 
same in benzene us. nitrobenzene as in meta- 
xylene us. 2,6-dimethylnitrobenzene since steric 
inhibition of resonance is present in the latter 
case (10, 11). A comparison of these shieldings 
(C3 in 2,6-dimethylnitrobenzene is 129.9 (1 1) vs. 
C4 in meta-xylene at 126.4 (12)) indicates a 
3.5 pprn deshielding effect upon introduction of 
the nitro group. Since this figure involves data 
obtained by two different investigators using two 
different solvents and two different references, 
we have redetermined this effect by measuring 
the same shifts for 0.5 M solutions of m-xylene 
and 2,6-dimethylnitrobenzene in CDC13 using 
TMS as internal reference. The effect of a nitro 
group on the meta shielding using our data (see 
Experimental) is +2.8 pprn in quite good agree- 
ment with the +3.5 pprn figure estimated above. 
The effect of introducing a bromine substituent 
on a meta carbon shift of benzene was found by 
Spiesecke and Schneider to be +2.2 pprn (13). 
In view of Lauterbur's demonstration that the 
iodo substituent parameter is the same in the 
case of 2,6-dimethyliodobenzene as in iodoben- 
zene, we feel justified in assuming the effects will 
be the same in bromobenzene as in 2,6-dimethyl- 
bromobenzene since both systems lack the com- 
plicating influence of steric inhibition of reson- 
ance. 

Having selected meta shielding parameters of 
2.2 and 2.8 for the bromo and nitro substituents 
respectively it remains to determine the position 
of these substituents in bromohexahydroechinulin 
and nitrohexahydroechinulin. In Table 3 are 
given the chemical shifts of the remaining strong 
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TABLE 3. Carbon shieldings in the indole ring of 
some hexahydroechinulins* 

Observed shifts Predicted shifts 

Compound c4 c6 c4 c6 

Hexahydroechinulin 114.6 122.4 
Bromohexahydro- 

echinulin 124.0 116.8 124.6 
Nitrohexahydroechinulin 116.6 117.4 125.2 

'Shifts in ppm from TMS. 

peak in the indole portion of the 13C spectrum 
of each derivative (the peak which is assigned to 
the carbon bearing a proton and hence bene- 
fitting from intensity enhancement by a com- 
bination of Overhauser and relaxation effects). 
In addition the shifts predicted from the ob- 
served shieldings of C4 and C6 in hexahydro- 
echinulin and the above shielding parameters 
are presented for comparison. 

For each derivative there is agreement to 
better than 1 ppm as opposed to 7 ppm for the 
alternative assignment of substituent position 
which clearly establishes the compounds to be 
4-bromohexahydroechinulin and 6-nitrohexa- 
h ydroechinulin. 

Experimental 

Compounds 
Hexahydroechinulin and its bromo and nitro deriv- 

atives have been prepared as described previously (2, 3). 
A sample of 2,5,7-trimethylindole was obtained as a gift 
from Dr. 0. E. Edwards of the National Research Council 
of Canada. 5-Methylindole was purchased from Sigma 
Chemical laboratories. 

Nuclear Magnetic Resonance Spectra 
The '3C spectra were run on a Varian CFT-20 nmr 

spectrometer. All chemical shifts in this study were ob- 
tained from measurements of 0.25 M solutions in CDCI3 
relative to internal tetramethylsilane as standard. It is 
noteworthy that a comparison of the shifts for 5-methyl- 
indole obtained from 0.2 and 2.0 M solutions showed 
differences of up to  0.7 ppm with the shifts moving to  
higher field on dilution. The data quoted in Table 1 for 
2,5,7-trimethylindole is thus not strictly comparable with 
data for other indoles as the spectrum was measured using 
a 0.4 M solution while the remaining data comes from 
5 M solutions in dioxane (5). 

The signals observed for 2 ,3 ,  and 4 are given with their 
relative intensities in brackets and the assignments which 
can be made with reasonable certainty follow using the 
numbering on formula 1. 

Hexal~ydroechinulin, 2-9.4 (32) 2c; 19.9 (38) 3e; 22.6 
(100) 5, 7 d,  e ;  28.0 (65); 28.3 (60); 28.7 (32); 30.1 (36) 3a; 
34.1 (34); 36.4 (43); 36.9 (26); 38.9 (33); 41.9 (36); 50.8 
(48) 3d; 54.8 (36) 3b; 104.3 (21) 3; 114.7 (38) 4 ;  122.4 (38) 
6; 124.7 (16) 7 ;  128.9 (15) 5 ;  131.8 (8) 8 ;  135.1 (14) 2; 
142.6 (14) 9 ;  168.1 and 169.0 (20) and (28) 3c and 3f. 

4-.Bromol~exahydroechinulin, 3-9.4 (24) 2c; 19.2 (20) 
3e; 22.7 (100) 5, 7, d,  e;  28.1 (69); 28.3 (68); 28.7 (26); 
34.5 (24); 36.4 (30); 37.3 (17); 38.8 (19); 40.4 (29); 50.8 
(26) 3d; 55.1 (14) 3b; 105.8 (8) 3; 112.0 (6) 4;  124.0 (33) 6; 
124.2 (13) 7; 133.2 (5) 5 ;  134.8 (7) 8 ;  143.4 (6) 2; 143.9 (9) 
9 ;  168.3 and 169.1 (8) and (8) 3c and 3f. 

6-Nitrohexal~droechinulin, 4-9.3 (32) 2c ; 20.1 (34) 3e; 
22.4 (93) 5, 7 d,  e ;  25.3 (30); 28.1 (100); 30.0 (76) 3a; 36.3 
(36); 37.2 (25); 38.9 (31); 40.8 (33); 50.9 (43) 3d; 55.2 (34) 
3b; 105.1 (17) 3; 116.6 (36) 4;  117.7 (12) 5;  126.8 (14) 2 o r  
7 ;  129.9 (9) 7 or 2; 130.8 (11) 8 ;  146.2 (13) 9 ;  146.7 (5) 6; 
168.0 and 168.3 (22) and (19) 3c and 3f. 
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Ion formation in hydrocarbon flames1 
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ARTHUR T. BLADES. Can. J. Chem. 54, 2919 (1976). 
While it is generally accepted that ions arise in hydrocarbon flames by the C H - 4  mechanism, 

the only indication that this is the sole mechanism is the equal per carbon response of most 
hydrocarbons in the flame ionization detector. This response feature can equally be attributed 
to other flame processes and does not apply to C2H2 in any case. Comparison of rates of ion 
formation with C H  and As emission intensities indicates that C2H2 and CH4 give abnormal 
rates of ion formation which can be explained on the basis of one or more additional mech- 
anisms of ion formation. 

ARTHUR T. BLADES. Can. J. Chem. 54, 2919 (1976). 
Alors qu'il est gCnCralement accepte que des ions soient formCs par un mecanisme CH-0 

dans une flamme d'hydrocarbure, la seule indication qui dise que ce soit I'unique mCcanisme est 
la reponse egale par carbone de la plupart des hydrocarbures dans le dCtecteur B ionisation de 
flamme. La caracteristique de cette riponse peut Ctre attribuCe egalement B d'autres processus 
de la Jlamme et ne s'applique pas a C2H2 en aucun cas. La cornparaison des vitesses de formation 
des ions avec les intensitis d'emission de C H  et de As montrent que C2H2 et CH4 donnent des 
vitesses anormales de formation des ions qui peuvent Ctre expliquees en se basant sur un ou 
plusieurs mkanismes additionnels de formation des ions. 

[Traduit par le journal] 

Introduction 
The evidence for the chemi-ionization reaction 

in hydrocarbon flames 

is now so overwhelming that little serious con- 
sideration is given to alternate mechanisms 
(1-4). A significant feature of this evidence is that 
it has been obtained from diverse physical sys- 
tems, including low and high pressure flames, 
premixed and diffusion flames, atomic flames, 
and shock tube oxidations, and from measure- 
ments of reactant and product concentrations 
and rates of ion formation, yet no single piece of 
evidence is, in itself, conclusive. When equivocal 
evidence is marshalled in favour of a particular 
mechanism, there is the implicit assumption that 
only one mechanism exists. Whether this is valid 
for chemi-ionization in hydrocarbon flames 
bears re-examination. 

Major support for the contention that only 
one mechanism is operative arises from the 
observation that the relative sensitivities of 
hydrocarbons in the flame ionization detector 

'Contribution No. 782 from Alberta Research Council, 
Edmonton, Alberta. 

2Revision received May 27, 1976. 

are proportional to their carbon number (5). A 
major deviant from this generalization is C2H2, 
which has a sensitivity 30% higher than other 
hydrocarbons and this might imply a second 
chemi-ionization reaction specific to C2H2 (6). 
A similar 'equal per carbon response' feature has 
been observed (7) for paraffins in a low pressure 
flame and, therein, C2H2 gives three times as 
many ions as C2H6, indicating that in some 
flames additional mechanisms of ion formation 
may be of considerable importance. It might be 
argued that since an additional mechanism of 
ion formation need oi~ly be considered seriously 
for C2H2, it is not of concern for hydrocarbon 
flames in general; this is probably true, but most 
of the evidence for reaction 1 has been obtained 
from studies of C2H2 oxidation. Thus while 
separate pieces of evidence may be explicable on 
the basis of this mechanism, they cannot be 
legitimately considered as cumulative evidence 
in its favour. 

The response characteristics of the flame 
ionization detector are, in any case, open to 
alternate or more general explanations. The 
linear response of the detector over at least 4 
decades of hydrocarbon concentration (5) implies 
that the parent hydrocarbon and its fragments 
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undergo first order reactions (in hydrocarbon 
species) exclusively. The equal per carbon 
response, on the other hand, may imply that the 
parent hydrocarbon is totally converted to a 
single carbon species prior to its oxidation, inde- 
pendent of its original structures (7). This species 
may be CH and it may subsequently initiate a 
single chemi-ionization reaction. 

The equal per carbon response has been found 
to apply to the flame ionization detector only 
when it is operated in its standard mode (S), 
and the response pattern has been judged to arise 
from the character of the basic flame rather than 
from the hydrocarbon itself. It was therefore 
postulated that in this flame, hydrocarbons in 
general are totally degraded by H-atom reactions 
prior to oxidation and that the most reasonable 
single carbon product of this reaction is CH3. 
Subsequent reactions of CH3 may then produce 
ions by one, or several, mechanisms independent 
of the original hydrocarbon structures. 

If the equal per carbon response feature fails 
for a particular hydrocarbon, as is indicated for 
C2H2 (5), the implication would be that it is 
not totally degraded to CH3 prior to oxidation. 
The 'high' level of ion formation from C2H2 
might have arisen from an alternate mechanism 
of conversion of C2H2 to CH, such as postulated 
in the oxidation studies of Williamson and 
Bayes (9). To explore this possibility, Klemm 
and Blades (6) examined two other consequences 
of hydrocarbon oxidation in a Hz-in-O2 diffusion 
flame which are first order in CH4 and other 
hydrocarbon concentrations, and which may 
depend on the CH concentration, namely CH 
emission and the hydrocarbon-stimulated emis- 
sion of As atoms (10, 11). Both these additional 
parameters indicated low responses for C2H2 
compared to CH4, C2H6, and C2H4, and Klemm 
and Blades (6)  postulated that the excess ion 
formation from C2H2 arises from 

Peeters et al. (12) have made rate of ion forma- 
tion and CH emission measurements on a Hz-O2 
premixed flame containing traces of several 
hydrocarbons and also observe a first order 
component of CH emission for several hydro- 
carbons, including CH4. Excitation of CH is 
primarily attributed to 

They observe excess CH emission over ion 
formation for CzH2 and C4HI0 which they 
attribute to 

the C2 and/or C2H being postulated to arise by 
processes first order in the parent hydrocarbon. 
The system does not give good first order de- 
pendence, however, nor is the 'equal per carbon 
response' feature particularly obvious for any 
class of compounds. The study does indicate the 
possibility of further discrepancies between ion 
formation and other indicators of CH concen- 
tration and a more extensive study of hydro- 
carbon oxidations in the Hz-in-02 diffusion flame 
has been undertaken. 

Experimental 
Measurements of rates of ion formation and emission 

intensity were carried out simultaneously on a basic 
Hz-in-O2 diffusion flame on a modified flame photometry 
burner (9). About 1 l/min of Hz entered through an axial 
jet (0.75 mm) and about 4 l/min of O2 through an an- 
nulus and, with traces of hydrocarbon in the HZ, a stable 
luminous reaction zone about 4 mm high was formed. 
With the burner polarized at - 150 V,  ions were collected 
on a helix above the luminous zone while emission inten- 
sities were observed on an EM1 6255s photomultiplier 
attached to a Zeiss M 4 Q 111 spectrometer using photon 
counting circuitry. 

The effect of hydrocarbon concentration on the rates of 
ion formation or emission intensities was determined by 
injecting known volumes to the hydrogen stream prior to 
a 1 1 mixing chamber. For comparison of the various 
hydrocarbons, measurements were carried out with car- 
bon concentrations equivalent to 300 ppm CH4 in Hz, 
integrated responses being used to avoid diffusional 
differences. The deuterated compounds were purified by 
gas chromatography using an Hz carrier and were 
monitored by a katharometer before admission to the 
mixing chamber. When arsenic was to be added to the 
flame, a few cc/min of a 1% mixture of AsHs in HZ was 
added continuously to the HZ stream. This increased the 
background emission in the neighborhood of CH (431.5 
nm) emission and made it impossible to measure both 
emissions on the same flame. 

Results 

The linear dependence of the rate of ion forma- 
tion and of CH (431.5 nm) emission has previ- 
ously been established for CH4, C2H6, C2H4, 
and C2H2, and data for C2H4, C3H6, iso-C~HIO, 

131 C H + H  + O H + C H *  + HzO and neo-CsH12 are presented in Figs. 1 and 2. 
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BLADES 2921 

CONC in Hz lp p m 1 

FIG. 1. Rates of ion formation us. concentration (ppm) 
for various hydrocarbons. 

CONC inHz i p p m l  

FIG. 2. CH emission (431.5 nm) intensity us. concen- 
tration (ppm) for various hydrocarbons. 

This linearity appears to be general in the concen- 
tration range studied. Data from a comparison 
of the relative rates of ion formation a i d  CH 
emission from a variety of hydrocarbons are 
presented in Table 1 as relative rates on a per 
carbon basis. Similar data for a comparison of 

TABLE 1. Relative rates of ion formation and of 
CH* emission (431.5 nm) on a per 

carbon atom basis 

Relative rates of 

Ion CH* Ratio 
Compound formation emission ions:CH* 

TABLE 2. Relative rates of ion formation and of 
As* emission (228.8 nm) on a per 

carbon atom basis 

Relative rates of 

Ion As* Ratio 
Compound formation emission ions:As* 

rates of ion formation and of arsenic emission at 
228.8 nm are presented in Table 2. These data 
have been arbitrarily normalized around the 
average relative rate of ion formation and the 
relative CH emission intensity of those com- 
pounds for which the ratio was constant within 
+3%. This meant the exclusion of CH4, C2H4, 
and C2H2 in each case. In Table 3, data for the 
relative rates of ion formation and CH emission 
for CH4, CD4, C2D6, C2H2, and C2D2 are com- 
pared with the rates for C2H6. Since CD rather 
than CH emission at a different wavelength and 
sensitivity might be expected on the addition of 
perdeutero compounds to a Hz flame, it would 
be desirable to know the relative proportions of 
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TABLE 3. Rates of ion formation and of CH* 
emission (431.5 nm) on a per carbon 

basis relative to C2H6 

Relatlve rates of 

I on CH* 
Compounds format~on emlssion 

CzHs 1 .OO 1 .OO 
CzD6 1.14 1.17 
CH4 1.08 0.85 
CD4 1.47 0.82 
C2H2 1.43 0.79 
C2D2 1.47 0.83 

Ratio 
ions:CH* 

CH and CD emission. It was shown however 
that, when CH4 was added to a D2-in-O2 flame, 
only CD emission occurred at CH4 concentra- 
tions in the first order regime. It was therefore 
assumed that only CH emission arises from 
deutero compounds in a Hz flame, although this 
is much more difficult to establish experimentally. 

Discussion 

The flame system used in these studies is 
fundamentally identical to the analytical flame 
ionization detector (9, i .e. the basic flame is a 
Hz-in-02 diffusion flame, and the hydrocarbon 
being oxidized is introduced into the Hz. The 
observation of rates of ion formation linear in 
hydrocarbon concentrations at least up to 
500ppm of C2H4, or its equivalent (Fig. I), 
was, therefore, not unexpected. Likewise, the 
fairly constant relative rates of ion formation of 
various hydrocarbons on a per carbon basis 
(Table 1) indicate a further similarity of these 
two systems. In addition, as indicated by Fig. 2, 
Tables 1 and 2, and previous publications (6, lo), 
both CH and As emissions are first order in 
hydrocarbon concentration and exhibit similar 
equal, per carbon atom intensities for a variety 
of hydrocarbons. Thus, while the chemical reac- 
tions exciting these two emissions are not well 
established, both would have prompted the 
proposition of total decomposition of the parent 
hydrocarbon to a single carbon species as was 
initially derived from the flame ionization pattern. 

As previously found in the more limited 
studies (6), the equal per carbon response 
feature is not completely uniform; this is particu- 
larly obvious from the ratios of ion formation to 
CH emission, Table 1, and to As emission, 
Table 2. The higher precision and the larger 

number of systems examined now reveals appar- 
ent anomalies in the behaviour of CH4, C2H4, 
and C2H2, the ion to emission ratios being 
apparently high in each case. In order to discuss 
these anomalies, the reaction pattern dominated 
by H-atoms (8) has been adopted despite the 
lack of 'proof' of the total conversion of the 
additive hydrocarbons to a single carbon frag- 
ment (CH3) because it is the only known mech- 
anism which describes the general response pat- 
tern. The behaviour of C2H2, C2H4, and CH4 
are discussed separately on this basis. 

A .  C2H2 
As previously suspected from more limited 

data (6), C2H2 gives a higher rate of ion forma- 
tion and a lower CH and As emission than the 
majority of hydrocarbons. It might be argued 
that the 'low' CH intensity for C2H2 is the norm 
and that the other multi-carbon hydrocarbons 
give some CH emission via reactions of C2 or 
C2H which arise by processes first order in the 
parent hydrocarbon and that they, rather than 
C2H2, are abnormal. It is difficult to imagine a 
class of reactions which would convert hydro- 
carbons in general to C2 or C2H without C2H2 
being an intermediate, yet doing so equally, on a 
per carbon basis, for such odd and even carbon 
atom compounds as C2H6 and C3H8 Concur- 
rently, it would have to be argued that the 'high' 
level of ion formation for C2H2 is normal and 
that the majority of other hydrocarbons give 
equivalent, but low, rates of ion formation. The 
simultaneous operation of these coincidences 
seems unlikely. 

Alternately, the C2H2 anomaly might arise 
as a result of the complex nature of the flame. 
If ions arise only by the CH-0 reaction, then 
their formation occurs in that region of the flame 
where the CH and 0 concentration profiles over- 
lap. Likewise, on the assumption that CH emis- 
sion is proportional to the CH ground state 
concentration, as would apply for thermal excita- 
tion of CH or in reaction 111, CH emission 
intensity would depend on the interaction of the 
CH concentration profile with that of other 
profiles which are effective in its excitation. 
Now, if for C2H2 the CH profile is shifted to give 
greater overlap with the 0-atom profile and less 
appropriately for CH excitation, then the 'high' 
rate of ion formation and the low CH emission 
would result. The validity of this rationalization 
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of the C2H2 data can only be tested by a further 
monitor on the CH concentration. Metal atom 
chemi-emission in hydrocarbon flames is believed 
to involve CH (10, 1 l), and may arise in a varia- 
tion of the overall process, 

The data in Table 2 on As atom emission show 
the same general features of equal per carbon 
response as ion formation and CH emission. 
Most notable, however, is the low value of As 
emission for C2H2 and consequently the fairly 
good correspondence between As emission, 
Table 2, and CH emission, Table 1. This is taken 
to  imply that CH and As emission are better 
monitors of CH concentration than is ion forma- 
tion and, if the assumptions are correct, that all 
ions from C2H2 do not arise by the CH-0 
mechanism. 

While these observations suggest that other 
mechanisms for ion formation may be operative 
for C2Hz, they in no way indicate why C2H2 
should be unique or how ions might be formed. 
It is known that C2H2 catalyzes the recombina- 
tion of H-atoms (13) and it is therefore not un- 
reasonable to expect a portion of the C2H2 to 
avoid H-addition and subsequent C-C bond 
cleavage as has been assumed to occur with 
hydrocarbons in general. If this C2H2 enters the 
oxidative zone, it may give rise to ions by reac- 
tions of either C1 or C2 species arising there. 
Previously it was suggested that ions might arise 
by reaction 2 (6). This process is in accord with 
the mass spectrometric evidence (14) and, if 0 2 *  
is A3C+,, is quite exothermic. In addition, the 
reaction is analogous to the reaction for ion 
formation from cyano-compounds in flames 
(7, 15, 16). 

On the other hand, C2H2 is known to react with 
0-atoms to give CH2 (17) and, if OZa is a reason- 
able reactant, a further ion-forming reaction is 
also possible : 

This reaction also suits the mass spectrometric 
evidence (14) and is exothermic. The ion, OH-, 
is commonly observed in hydrocarbon flames (1) 
but it is generally thought to arise by electron 
attachment. 

There are, therefore, two possible mechanisms 

of ion formation which might explain excess ion 
formation over CH emission from C2H2, and 
both depend on the failure of H-atoms to cleave 
the C=C bond. If reaction 2 is the origin of this 
ionization, excess CH emission might also have 
been expected by reaction 5. The marginally 
greater CH emission (Table 1) over As emission 
(Table 2) cannot be attributed to this source with 
any confidence, and this might be taken as evi- 
dence against reaction 2 as the source of ions. 
This is particularly pertinent in view of the 
observation of excess CH emission from C2H2 
by Peeters et al. (12). It is important to recognize, 
however, that, even at their lowest concentration, 
about 15% of the CH emission in the flame arose 
from processes judged to be second order in 
hydrocarbon concentration. Under these circum- 
stances, very little confidence should be attached 
to the relative values of the coefficients of the 
first order part of their CH emission. In addi- 
tion, reaction 5 is a possible, but unproven, 
source of CH*. 

It is interesting to note in Table 3 that there is 
no significant isotope effect in ion formation or 
CH emission with C2H2. This is consistent with 
the expectation that H-atom exchange would 
occur during the catalytic function of C2H2 in 
H-atom recombination. 

B. C2H4 
The data in Tables 1 and 2 indicate a sub- 

stantial anomaly in the CH and As emission for 
C2H4, both being about 10yo lower than the ion 
formation. In its reactions with H-atoms, C2H4 
gives about 90y0 addition and 10% abstraction 
(18); the C2H5 from the former would be pre- 
dicted to further react with H-atoms to give 
CH3, as with hydrocarbons in general, while the 
C2H3 from abstraction would convert to C2H2 
a i d  thereafter exhibit C2Hz type behaviour,i.i 
high ion to emission ratios, as are observed. 
Thus, C2H4 behaves predictably on the basis of 
the H-atom fragmentation scheme and the 
known response of C2H2. 

C. CH4 
The deviation of CH4 from the norm estab- 

lished for the majority of hydrocarbons is diffi- 
cult to accept, particularly since the total 
conversion of hydrocarbons to CH3 is the 
assumed origin of the 'equal-per-carbon' sensi- 
tivity feature of the flame (8). In addition, the 
rate of ion formation is only slightly high. Never- 
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theless, CH and As emission are both 'low'and 
it may be postulated that the relative per carbon 
CH emission (Table 1) of 0.82 has its origin in 
the incomplete conversion of CH4 to CH3. The 
rate of abstraction by H-atoms is five times 
greater for C2H6 than for CH4 (18) and, if CH4 
were 82% converted to CH3, C2H6 would be 
virtually completely converted to C2Hs and, 
presumably, to CH3. 

This hypothesis was tested by an examination 
of the hydrogen isotope effects. If CH4 is incom- 
pletely converted to CH3 by H-atom abstraction, 
the attack on CD4 should be substantially less, 

and CH emission from CH4 in this flame system. 
In conclusion, the equal-per-carbon response 

feature of the flame ionization detector for 
hydrocarbons is consistent with one or more 
chemi-ionization reactions and deviations from 
this pattern are most reasonably explained by 
additional chemi-ionization processes. 
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G. JUST and R. OUELLET. Can. J. Chem. 54, 2925 (1976). 
Starting from the Diels-Alder reaction of trans-p-bromoacrylic acid with cyclopentadiene, a 

synthesis of the substituted bicycloheptene 8 is described. The stereochemistry of the substi- 
tuents is clearly defined. Oxidative cleavage of the double bond in the compound & afforded an 
acid keto ester 10 that was treated with thiosemicarbazide. Treatment of the resulting thiosemi- 
carbazone 11 with sodium methoxide gave a 3-thioxo-1,2,4-triazine-5-one compound that was 
converted into the title compound. 

G. JUST et R. OUELLET. Can. J. Chem. 54, 2925 (1976). 
A partir de I'adduit d'acide trans-p-bromoacrylique avec le cyclopentad3ne, une synthese du 

bicycloheptkne substituC 8 est dkrite. La stCrCochimie des substituants est nettement dCfinie. 
Une coupure oxydative de la double liaison du composC 8c a donnC un acide cCto ester 10 qui a 
reagi avec la thiosemicarbazide. La thiosemicarbazone 11 obtenue a CtC trait& avec le methylate 
de sodium pour donner une triazine-1,2,4 one-5 thioxo-3 qui a CtC transform& en la triazine 
dCsir6e. 

The C-nucleosides form a class of compounds 
that are characterized by a carbon-carbon bond 
between the p-D-ribofuranosyl residue and the 
heterocyclic aglycone. These are pseudouridine, 
the constant component of tRNA, and the anti- 
biotics oxazinomycin (or minimycin), formycin, 
laurusin (or formycin B), oxoformycin B, 
showdomycin, and pyrazomycin (or pyrazo- 
furin) (1). In order to gain more information on 
the mode of action of these C-nucleosides, many 
related compounds have been synthesized and 
their properties studied (for a review see ref. 2). 

Interest in the series of C-nucleosidic analogues 
has centered around the preparation of com- 
pounds having a ribosyl or an arabinosyl sugar 
residue linked by a carbon-carbon bond to 
various heterocyclic rings. Many carbocyclic 
analogues were also prepared, but none had the 
2',3'-hydroxyl groups trans to each other. Our 
interest in arabino-like carbocyclic analogues of 
C-nucleosides was stimulated by the discovery 
of aristeromycin (3), a carbocyclic nucleoside, 
and by the findings that the synthetic arabino- 
furanosyl analogues of cytosine (4) and adenine 
(5) exhibited biological activity. It has been 
reported that 6-azauracil l a  inhibited the growth 
of a number of microorganisms in mice (6). 
Sorm et al. (7) observed the anticancerous action 

'Author to whom inquiries should be addressed. 
2Holder of an NRCC Scholarship, 1971-1975. 

1 2 
a R = H  
b R = CH3 
c R = cyclopropyl 

of b-azauracil. The 5-methyl homologue 16 of 
6-azauracil (6-azathymine) also inhibited the 
growth of various species of bacteria (8). Many 
other analogues of 6-azauracil have been pub- 
lished and tested. Recently, a synthesis of 5- 
cyclopropyl-6-azauracil l c  has been described (9). 

We now wish to report on the synthesis of a 
new uracil analogue 2. The first step consisted of 
the addition reaction between propiolic acid and 
hydrobromic acid, giving a mixture of the known 
geometrical isomers, cis- and trans-p-bromo- 
acrylic acids (10). Both isomers acted as dieno- 
philes in a Diels-Alder reaction with cyclo- 
pentadiene (1 1). 

The bromo acid 3a was treated with acid in 
methanol to give the ester 3b that was purified 
by distillation and fully identified by its spectra 
and analysis. Epoxidation with m-chloroper- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2926 CAN. J. CHEM. VOL. 54. 1976 

a R = H  a R = H  a R = H  
b R = CHI b R = CHa b R = P i v  

c R = CHO 
d R = p-NO2C6HaCO 

7 8 
R = H a R = PIV, R' = H 
R = CHO b R = Piv, R' = Ac 
R = p-NO2C6H4CO c R = R' = Piv 
R = Piv d R = I-BuDMSi, R' = H 
R = I-BuDMSi e R = R' = t-BuDMSi 
R = CH20CH, / R = CHzOCHs, R' = H 

g R = R' = CHzOCHl 

benzoic acid afforded the epoxide 4b, the exo 
position of which was identified by ir spec- 
troscopy. In similar bicyclic systems, the sharp 
peak at 850cm-I has been identified as an exo 
epoxide (12). The compound 4b was treated 
with formic acid to give the hydroxy lactone 5a 
that was pivaloylated to the pivalate 5b. The 
latter compound was also obtained by another 
route. The adduct 3a was treated with hydrogen 
peroxide in formic acid to give the hydroxy 
lactone 5a and its formate 5c (13). The hydroxy 
lactone 5a was formed by a mechanism involving 
the isomerization of the unstable epoxido inter- 
mediate 4a. Such intramolecular openings of a 
three-membered ring by an acid group have 
received great attention in synthetic chemistry 
(14). Here, the conformation of the groups 
(endo acid and exo epoxide) favoured the internal 
rearrangement. The alcohol 5a was well charac- 
terized as its crystalline pivalate 5b and p-nitro- 
benzoate 5d. The pmr spectra of y-lactones in 
similar bicyclo[2.2.1] systems had been of special 
interest because they exhibited characteristic 
geminal, vicinal, and long-range coupling con- 

stants, as revealed by spin-spin decoupling (15). 
The trans relationship between the masked 

hydroxyl functions at C-5 and C-6 in the struc- 
ture 5b is now clearly established from the above 
reactions. Attempts to open the lactone 5b with 
sodium methoxide and eliminate hydrobromic 
acid during the same reaction to circumvent 
relactonization were unsuccessful. On the other 
hand, when the bromine atom at C-3 was in the 
exo position, the reaction occurred readily. 
Thus, treatment of the adduct 6 with hydrogen 
peroxide in formic acid led to the hydroxy 
lactone 7a and its formate 76.  Hydrolysis of the 
formate by a base increased the yield of the 
hydroxy lactone. On pivaloylation, the alcohol 
7a afforded the crystalline compound 7d. Treat- 
ment of this lactone with sodium methoxide 
resulted in the opening of the lactone function, 
followed by elimination of hydrobromic acid 
that neutralized the reagent (1 equiv.) as the 
reaction proceeded, giving sodium bromide and 
olefin 8a. This product displayed absorptions at 
3480 (hydroxyl), 1730 and 1720 (ester carbonyls), 
and 1610 cm-I (olefin), but no absorption around 
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1790cm-I (7-lactone). Its pmr spectrum dis- 
played a one-proton doublet ( J  = 4 Hz) at 
6 7.08 assigned to the H-6 proton, a singlet at 
6 3.78 (methyl ester), and an exchangeable pro- 
ton at 6 3.06 (hydroxyl). The mass spectrum 
indicated the complete removal of the bromine 
atom. 

Acetylation afforded the oily acetate 8b that 
also displayed the one-proton doublet ( J  = 

4 Hz) at 6 7.07 for the H-6 proton. Treatment of 
the compound 8a with pivaloyl chloride in 
pyridine produced in high yield the crystalline 
dipivalate 8c. 

Similar bicyclic systems having base-stable 
hydroxyl protecting groups were also prepared. 
These protecting groups were tert-butyl di- 
methylsilyl and methoxy methyl ethers. Reaction 
of the alcohol 7a with tert-butyl dimethylsilyl 
chloride (16) and imidazole in DMF led to the 
silyl derivative 7e in almost quantitative yield. 
This derivative was completely identified by its 
pmr spectrum that was quite similar to the spec- 
tra of many other y-lactones in the bicyclo- 
[2.2.1] series. The lactone 7e was then converted 
into the olefin alcohol 8d by a process involving 

9 

firstly the attack of sodium methoxide on the 
lactone and secondly the elimination of hydro- 
bromic acid to  give the product and sodium 
bromide. Also obtained was a side-product to 
which the structure 9 was assigned. It arose from 
the addition of methanol (or sodium methoxide, 
since a greater excess of it increased the amount 
of 9) on the olefin Sd, with subsequent relac- 
tonization. A closely related reaction is the 
addition of methanol, catalyzed by base, on 
2-carbomethoxynorbornadiene (17). The alcohol 
8d was then protected by another tert-butyl 
dimethylsilyl group to afford the bicyclo[2.2.1] 
heptene 8e. 

Similarly, the alcohol 7a was protected as a 
methoxy methyl ether, using dimethoxymethane 

and phosphorus pentoxide (18). This method 
provided the product 7f in a quantitative yield. 
An advantage of the methoxy methyl ether over 
other protecting groups (e.g., the tetrahydro- 
pyranyl group) is the easy identification of the 
product by pmr spectroscopy. Besides, the re- 
agent is readily available and the reaction is fast 
(1-2 h). Treatment of the lactone 7f with sodium 
methoxide (1 equiv.) resulted in the opening of 
the lactone group and the elimination of hydro- 
bromic acid to give the desired compound Sf; 
the alcoholic function of which was protected 
as another methoxy methyl ether to give the 
compound 8g. 

The dipivalate intermediate 8c was chosen to 
prepare the triazine 2. Oxidative cleavage of this 
olefin 8c afforded the acid keto ester 10a. In its 
ir spectrum, it displayed a broad absorption 
band between 2500 and 3240cm-I (acid) and 
a broad peak at 1750 cm-I (carbonyls). Reaction 
of the keto ester 10a with 2,4-dinitrophenyl- 
hydrazine in DMF (19) gave the derivative lob. 
The derivatives 10c and 10d were also prepared. 
Treatment of a-keto ester 10a with thiosemi- 
carbazide gave the derivative l l a  in excellent 
yield, which was fully characterized as its methyl 
ester l l b .  This compound was also obtained on 
treatment of the dimethoxy ester 10c with 
thiosemicarbazide, confirming that the stereo- 
chemistry of the four cyclopentyl substituents 
was preserved. 

The cyclization of thiosemicarbazones l l a  
and l l b  afforded the 1,2,4-triazines 12a and 12b, 
respectively. In the case of compound l l a ,  the 
reaction with sodium methoxide (2equiv.) 
occurred readily at ambient temperature. The 
resulting cyclized product was transformed into 
its methyl ester 12b which proved to be identical 
with the product obtained on the treatment of 
the thiosemicarbazone l l b  with sodium methox- 
ide (1 equiv.). The latter result indicated that 
the cyclization of the thiosemicarbazone was a 
much faster reaction than the isomerization of 
the carbomethoxyl group at C-4'. 

The uv spectra of these 1,2,4-triazines showed 
maxima around 272 nm in methanol (log c 4.2 + 
0.1) and their mass spectra exhibited an abun- 
dant molecular ion peak (M+). The acid 12a was 
treated with diborane in a tetrahydrofuran solw- 
tion to afford the corresponding alcohol from 
which the acetate 13a was prepared. The 
hydroxyl-protecting groups were removed by 
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13 
fl R'  = Ac, R" = Piv 
b R' = R" = H 

R = Pivaloyl 

sodium hydroxide, leaving the trio1 13b. In the 
uv region, this compound absorbed at 272 nm 
(log e 4.23) like the other 5-0x0-3-thioxo-l,2,4- 
triazine rings in this series. The replacement of 
the sulfur atom by an oxygen atom was accom- 
plished by the method of Bobek et al. (20). Thus 
the thioxo compound 13b was treated with 
methyl iodide giving a methyl thiol intermediate 
that was hydrolyzed by acid to the end product 2 .  
The uv spectrum of this compound showed an 
absorption at 265 nm. 

An overall view of this synthesis indicated that 
it was quite simple and straightforward. Starting 
from the dipivalate Bc, the acid keto ester 10a 
was obtained. Without purification, it was con- 
verted into its thiosemicarbazone l l a  and the 
latter was cyclized to  a 1,2,4-triazine ring 12a. 
Reduction of .the carboxylic acid function, fol- 
lowed by acetylation, led to  13a which was 
sequentially treated with methyl iodide and acid 
to give 6-azapseudouridine (21). 

Experimental 
Solvents were reagent grade. Pyridine and dimethyl- 

formamide were dried over Linde 3A molecular sieves. 
All evaporations were done under reduced pressure 
(water aspirator) with a bath temperature of 45 "C unless 
otherwise noted. Melting points were determined on a 
Gallenkamp block in open capillary tubes and were un- 
corrected. The following spectrometers were used: ir, 
Unicam SPlOOO and Perkin-Elmer 257; uv, Pye Unicam 
SP-800; pmr, Varian T-60. Chemical shifts are given in 
the 6 scale (pprn) using the tetramethylsilane signal as 
internal standard and the solvint was deuteriochloroform 
unless otherwise mentioned. In the descriptions of the 
pmr spectra, 's' means singlet; 'd' doublet; 't', triplet; 'q' 
quartet; 'm', complex multiplet whose center is given; 'b', 
broad. 

Mass spectra were taken on an AEI-MS-902 mass 
spectrometer using the direct sample inlet system with a 
70 eV ionization energy, a t  the indicated temperatures. 

Thin layer chromatography was run on Eastman 
Chromagram sheets 6060 silica gel plates with fluorescent 
indicator. Woelm alumina and silica gel were used for 
column chromatography. Brinkmann silica gel HF25),366 
was used for thick layer chromatography (1 rnrn) on glass 
plates. 
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JUST AND OUELLET 2929 

Elemental analyses for all new crystalline compounds 
were performed by C. Daessle, Montreal, Heterocyclic 
Chemical Corporation, Missouri, or Chemalytics Inc, 
Arizona. 

p-Bromoacrylic Acids 
(a) A solution of 25 g of 98% propiolic acid in 100 ml 

of 48% aqueous hydrobromic acid was stirred for 2 h at  
80°C (preheated bath) and then allowed to cool over- 
night. Crystals were filtered and washed with cold water 
to afford 20.1 g of trans-p-bromoacrylic acid with mp 
116-117 "C (lit. (11) 121 "C). The filtrate was saturated 
with sodium chloride and the other isomer was extracted 
with chloroform (4 times). The extracts were dried over 
sodium sulfate and the solvent was evaporated to leave 
28.9 g of cis-8-bromoacrylic acid, with mp 54-55 "C (lit. 
(1 1) 55 "C). The total yield of the addition products was 
92.5%. 

(b) A solution of propiolic acid (100 g) in 48% aqueous 
hydrobromic acid (400 ml) was stirred for 2 h at 100 "C 
(preheated bath) and the reaction mixture processed as 
above. At this temperature, 153.3 g (71%) of trans-p- 
bromoacrylic acid were obtained and the amount of the 
cis-isomer was therefore considerably reduced. If the 
temperature was increased far above 100 "C, the reaction 
mixture darkened rapidly due to extensive decomposition 
of propiolic acid. 

endo-2-Bromobicyclo[2.2.I]hept-5-ene-endo-3-carboxylic 
Acid 3a 

To a solution of 20g of cis-p-bromoacrylic acid 
in benzene (80 ml) was added freshly distilled cyclo- 
pentadiene (30 ml), and the resulting solution was 
refluxed for 1 h. An additional 10-ml portion of cyclo- 
pentadiene was added and the mixture was refluxed for 
0.5 h. The solvent was evaporated. The residue formed a 
precipitate on addition of petroleum ether. The precipi- 
tate was filtered and washed with petroleum ether to give 
14.8 g (52%) of adduct 3a with mp 174-175 "C from 
chloroform-hexanes (lit. (11) 179°C); ir v,,, (Nujol) 1710 
(carbonyl), 2500-3200 cm-1 (hydroxyl); pmr 6 1.52 (q, 
2H, J = 9Hz,  CH2), 3.20 (m, 3H), 4.60 (dd, lH, J = 4 
Hz, J = 9 Hz, CHBr), 6.15 (m, lH), 6.46 (m, IH), 10.2 
(bs, lH, OH). 

exo-2-Bromobicyclo[2.2.l]hept-5-ene-endo-3-carboxylic 
Acid 6 

To a solution of 15 g of trans-p-bromoacrylic acid in 
benzene (80 ml) was added freshly distilled cyclopenta- 
diene (30 ml) and the resulting solution was refluxed for 
1 h. Then an extra 10-nil portion of cyclopentadiene was 
added, followed by 0.5 h reflux. Solvent and excess 
cyclopentadiene were evaporated in uacuo. Added petro- 
leum ether (bp 37-51 "C) was coevaporated with the 
residual reagent. This procedure was repeated three times. 
The precipitate was filtered, washed with petroleum ether, 
and vacuum-dried to give 16.1 g (75%) of adduct 6, with 
mp 133-134 "C from methylene chloride - petroleum 
ether (lit. (11) 134 "C); ir v,,, (CHCI,) 3520, 2500-3200 
(hydroxyl), 1725 cm-1 (carbonyl); pmr 6 1.98 (q, 2H, J = 

10 Hz, CHz), 3.40 (m, 3H), 4.14 (m, lH, CHBr), 6.36 (bs, 
2H, HC=CH), 10.8 (bs, lH, OH). 

endo-3-Bromo-endo-2-carbomethoxybicyclo[2.2.I]hept- 
Sene 36 

A mixture of 10 g (46 mmol) of acid 3a in methanol 

(100 ml) and concentrated sulfuric acid (4 ml) was re- 
fluxed for 4 h. The residue from solvent removal was 
partitioned between chloroform and 5% aqueous sodium 
bicarbonate. The extracts were dried over sodium sulfate 
and the solvent was evaporated to leave a liquid. Distilla- 
tion (bp 73-76 "C/0.1 torr) afforded the analytically pure 
product (8.9 g, 84%) that solidified on cooling, mp 
29-30 "C; ir v,,, (neat) 1748 cm-1 (carbonyl); pmr 
6 1.53 (q, 2H, J = 9 Hz, CH,), 3.24 (m, 3H), 3.74 (s, 3H, 
methyl ester), 4.66 (dd, lH, J = 4 Hz, J = 9 Hz, CHBr), 
6.16 (m, lH), 6.60 (m, 1H); ms (40 "C) m/e 230,232 (Mf, 
79Br, 8LBr), 199 (M+ - 0CH3), 171 (M+ - COOCH3), 
165, 151 (M+ - Br). Anal. calcd. for CgH11Br02: C 46.75, 
H 4.76, Br 34.63; found C 46.50, H 4.79, Br 34.22. 

endo-3-Bromo-endo-2-carbomethoxy-exo-5,6- 
epoxidobicyclo[2.2.~eptane 46 

To a solution of the olefin 36 (8 g, 34.6mmol) in 
chloroform (30 ml) was added by portions a solution of 
85% m-chloroperbenzoic acid (7.77 g, 38.8 mmol) in 
chloroform (100 ml) and the mixture was stirred for 3 h 
at 35 "C. Excess reagent was deconlposed by addition of 
a saturated sodium bisulfite solution. The organic phase 
was washed with 10% aqueous sodium bicarbonate (3 
times) and water, and dried over sodium sulfate. Solvent 
removal left 8.2g (967,) of an oil that solidified on 
cooling (mp 77-78 "C); ir v,,, (KBr) 1745 (carbonyl) and 
850 cm-1 (ex0 epoxide); pmr 6 1.18 (q, 2H, J7a.7b = 11 
Hz, CH2), 2.90 (m, 2H), 3.27 (dd, lH, J3eZo,4 = 4 HZ, 
J2ezo,3ezo = 10 HZ, CHBr), 3.54 (d, lH, J = 4 Hz), 3.75 
(s, 3H, methyl ester), 4.03 (d, lH, J = 4 Hz), 4.56 (dd, 
lH, J1,2ezo = 4 HZ, J2ezo,3ezo = 10 HZ, CH-); ms 
(70 "C) m/e 246,248 (Mf, 79Br, SlBr), 215 (M+ - OCH3), 
167 (M+ - Br), 139 (M+ - Br - CO). An analytical 
sample was recrystallized from petroleum ether. Anal. 
calcd. for C9HllBr03: C 43.77, H 4.99, Br 32.35; found: 
C 43.58, H 4.64, Br 32.62. 

endo-3-Bromo-exo-5-formoxy-endo-6-hydroxybicyclo- 
[2.2.l]heptane-endo-2-carboxylic Acid r-Lactone 5c 

A mixture of 1 g (4.6 mmol) of bromoacid 3a in 98% 
formic acid (20 ml) and 30% hydrogen peroxide (6 ml) 
was stirred for 1 h at 50 "C. Evaporation of the solvent 
left an oil that was applied on silica gel plates and eluted 
with chloroform giving two major bands. The less polar 
compound was identified as the formate 5c by ir and 
prnr spectra. It was a syrup (0.25 g); ir v,,, (Nujol) 1800 
(lactone carbonyl), 1730 cm-1 (formate carbonyl); pmr 
6 1.73-2.33 (m, 2H, CH2), 2.74-3.14 (m, 2H), 3.33 (m, 
lH), 4.26-4.76 (m, 2H), 5.27 (d, lH, J = 2 Hz), 8.10 (s, 
IH, CHO). 

The more polar compound was the free alcohol 5a; ir 
v,,, 3440 (hydroxyl), 1795 cm-1 (lactone carbonyl). 
It was characterized as its p-nitrobenzoate 5d (vide infra). 

endo-3-Bromo-endo-6-hydroxy-exo-5-pi~aloylox~bicyclo- 
[2.2.I]heptane-endo-2-carboxylic Acid r-Lactone 5b 

(a) A mixture of 1 g (4.6 mmol) of bromo acid 3a in 
98% formic acid (20rnl) and 30% hydrogen peroxide 
(6 ml) was stirred for 1 h at 50 "C. Solvent removal left 
an oil (tlc, chloroform, two spots under iodine). A mix- 
ture of this oil in anhydrous pyridine (10 ml) and pivaloyl 
chloride (4 ml) was stirred overnight at room temperature. 
Water (10 ml) and concentrated sulfuric acid (0.5 ml) 
were added at 0 'C. The product was extracted with 
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chloroform. The extracts were washed with 5% sulfuric 
acid and 10% sodium hydroxide, and dried over sodium 
sulfate. Solvent removal afforded 0.4 g of compound 56, 
with mp 138-139 "C from methylene chloride - hexanes; 
ir v,,, (Nujol) 1800 (lactone carbonyl), 1735 cm-1 
(ester carbonyl); pmr 6 1.22 (s, 9H, terr-butyl), 1.87 (m, 
lH), 1.97 (m, IH), 2.77 (d, IH, J = 4 Hz, H-4), 2.88 (dd, 
lH, J = 5 Hz, J = lOHz, CHCO), 3.30 (m, lH, H-1), 
4.40 (dd, 1 H, J = 4 Hz, J = 10 Hz, CHBr), 4.60 (d, 1 H, 
J = 5 Hz), 5.14 (d, lH,  J = 2 Hz); ms (100 "C) m/e 
316, 318 (M+, 79Br, 81Br), 237 (M+ - Br), 209 (M+ - 
Br - CO), 184.3 (M*, 237 + 209), 153, 85, 57. Anal. 
calcd. for CL3Hl7BrO4: C 49.21, H 5.36; found: C 49.31, 
H 5.09. 

(b) Preparation of 5b from 46 
A solution of 1 g (4 mmol) of ester 4b in 98% formic 

acid (5 ml) was stirred for 1 h at 50 "C (preheated bath). 
Formic acid was evaporated completely. A mixture of the 
residual oil in pyridine (10 ml) and pivaloyl chloride (2 
ml) was stirred overnight at ambient temperature. Solvent 
was evaporated in uacuo and the residue was partitioned 
between chloroform and 10% hydrochloric acid. The 
chloroform extracts were washed with 10% aqueous 
sodium hydroxide and water, and dried over sodium 
sulfate. Solvent removal left a crude product that was 
purified on dry column silica gel (2.5 g) using benzene as 
eluent (20 ml). Evaporation of benzene afforded 0.5 g 
(39%) of the pivalate 56 (mp 137-138 "C, undepressed on 
the admixture with the sample prepared above); ir and 
pmr spectra were also superimposable with the spectra 
obtained in part a. 

Attempted Opening of Lactone 56 
A mixture of 0.19 g of lactone 5b in methanol (6 n ~ l )  

and 0.4 M methanolic sodium methoxide (1.6 ml) was 
refluxed for 1 h. The reagent was decomposed with 
Rexyn 102(H). After filtration of the resin, the reaction 
mixture was concentrated and chloroform was added. No 
sodium bromide precipitated. The solvent was evaporated 
completely. The pmr spectrum of the residue did not show 
the olefinic proton and the ir spectrum showed a lactone 
peak. It was mainly the starting material. The pivalate 
group was slightly attacked by the base. 

endo-3-.Bromo-endo-6-I~ydroxy-exo-5-p-nitrobenzoyloxy- 
bicyclo[2.2.l]heptane-endo-2-carboxylic Acid 
y-lactone 5d 

(a) A solution of 0.18 g (0.83 mmol) of bromo acid 3a 
in 98% formic acid (5 ml) and 30% hydrogen peroxide 
(2 ml) was stirred for 1 h at 45-50 "C. Solvent removal 
left a colourless oil. A solution of this oil and p-nitro- 
benzoyl chloride (0.17 g) in anhydrous pyridine (2 ml) 
was stirred overnight at room temperature. Water (10 ml) 
and concentrated sulfuric acid (0.5 ml) were added. The 
precipitate was filtered, washed with a 5ye aqueous 
sodium hydroxide solution, and partitioned between 
water and chloroform. The extracts were dried over 
sodium sulfate and the solvent was evaporated to give 
0.17 g of crude product 5d that was purified on silica gel 
plates, eluting twice with chloroform to give a product 
with mp 229-230 "C; ir v,,, (Nujol) 1795 (lactone 
carbonyl), 1735 cm-1 (benzoate carbonyl); ms (195 "C) 
m/e 381, 383 (M+, 79Br, SlBr), 302 (M+ - Br), 233, 231, 
150. Anal. calcd. for CISHI2BrNo6: C 47.12, H 3.14, Br 
20.94, N 3.67; found: C 47.41, H 3.15, Br 21.16, N 3.60. 

(b) The compound 5a, isolated from plates (see above), 
was mixed with p-nitrobenzoyl chloride (1.1 equiv.) in 
pyridine (3 ml) and the mixture was stirred overnight at 
room temperature. Solvent was evaporated and the 
product was recrystallized from methanol-water leaving 
0.24 g of a white solid, with mp and mmp 229-230 "C. 
The ir spectrum was also superimposable with the com- 
pound obtained in part a. 

exo-3-Bromo-exo-5,endo-6-dihydroxybicyclo[2.2.1]- 
heptane-endo-2-carboxylic Acid y-Lactone 7a and 
its Formate 7b 

To a mixture of 20 g (92 mmol) of adduct 6 in 98% 
formic acid (150 ml) at 45-50 "C (preheated bath) was 
added over 2 h, 80 ml of 30% hydrogen peroxide (exo- 
thermic reaction). The adduct gradually dissolved on 
addition of hydrogen peroxide. The reaction temperature 
should be rigorously controlled. After the addition, the 
resulting solution was stirred for an additional 2 h at  
45-50 "C. The solvent was evaporated completely. The 
product was crystallized from chloroform-hexanes giving 
12.5 g (62%) of 7a. An analytical sample was recrystal- 
lized from chloroform-hexane, giving a compound with 
mp 121-122 "C. Evaporation of the first filtrate left an oil 
that contained the formate 76. A solution of this oil in 
methanol (15 ml) and water (2.5 ml) was stirred 15 min at  
room temperature. Filtration afforded 2.8 g of 7b with 
mp 86-87 "C; data for alcohol 7a: ir v,,, (Nujol) 3420 
(hydroxyl) and 1770cm-1 (carbonyl); pmr 6 2.24 (s, 2H, 
CH2), 2.57 (s, lH, OH), 2.70 (bs, lH), 2.97 (m, lH,  
CHCOO), 3.20 (m, lH), 3.72 (s, lH, CHOH), 4.00 (s, lH, 
CHBr), 4.42 (d, lH, J = 5 Hz, CHOC=O); ms (120 "C) 
m/e 232, 234 (M+, 79Br, SlBr), 153 (M+ - Br), 125 
(M+ - Br - CO), 102.1 (M*, 153 -+ 125). Anal. calcd. 
for C8H9B103: C 41.23, H 3.89, Br 34.29; found: C 41.36, 
H 3.90, Br 34.25. 

Data for formate 7b: ir v,,, (Nujol) 1730 (formate 
carbonyl) and 1795 cm-1 (lactone carbonyl); prnr 6 2.26 
(m, 2H, CH2), 2.90-3.07 (m, 2H), 3.34 (m, lH), 4.16 (s, 
lH,  CHBr), 4.56-4.71 (m, 2H), 8.05 (s, lH, CHO); ms 
(95 "C) m/e 260, 262 (M+, 79Br, 81Br), 231 (M+ - CHO), 
180 (M+ - HBr), 152 (M+ - HBr - CO), 128.3 (M*, 
180 -+ 152). Anal. calcd. for C9H9Br04: C 41.38, H 3.45, 
Br 30.65; found: C 41.54, H 3.44, Br 30.69. 

pNitrobenzoate 7c 
A solution of 0.35 g (1.5 mmol) of alcohol 7a and 

p-nitrobenzoyl chloride(0.37 g, 2 mmol) in pyridine(2 ml) 
was stirred overnight at ambient temperature, followed by 
the addition of water (5 ml) containing 0.1 ml of con- 
centrated sulfuric acid. The precipitate was filtered and 
washed with 5% sodium bicarbonate and water. The 
product was purified on silica gel plates, eluting with 
chloroform and giving a solid (80%) with mp 205-206 "C; 
ir v,,, (Nujol) 1795 (lactone carbonyl), 1730 (ester 
carbonyl), 1610 (C=C), 1530 cm-1 (nitro); ms (160 "C) 
m/e 381, 383 (M+, 79Br, SIBr), 351 (M+ - NO), 302 
(M+ - Br), 231 (M+ - p-N02C6H4CO), 150 (pN02C6- 
H4CO+). Anal. calcd. for C15H12BrN06: C 47.15, H 3.17, 
Br 20.92, N3.67; found: C46.84, H3.25, Br 21.12. 
N 3.76. 

e~0-3-Bromo-endo-6-hydroxy-exo-5-piualoyloxybicyclo- 
[2.2.1]11eptane-endo-2-carboxylic Acid y-Lactone 7d 

To a solution of l o g  (43 mmol) of alcohol 7a in 
pyridine (20 ml) was added pivaloyl chloride (10 ml), and 
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JUST AND OUELLET 293 1 

the resulting solution was stirred overnight at ambient 
temperature. A precipitate (py .HCI) appeared during the 
reaction. Pyridine and excess pivaloyl chloride were 
evaporated. The residue was partitioned between chloro- 
form and 10% hydrochloric acid. The organic phase was 
washed twice with 10% hydrochloric acid and once with 
water, and dried over sodium sulfate. Solvent removal 
left a solid residue that was chromatographed through 5 g 
of silica gel, grade I, eluting with benzene, to give 12.65 g 
(93%) of product 7d, with mp 114-115 "C; ir vmaX 
(Nujol) 1790 (lactone carbonyl) and 1740 cm-1 (pivalate 
carbonyl); pmr 6 1.18 (s, 9H, tert-butyl), 2.15 (q, 2H, J = 

12 HZ, CHI), 2.77 (bs, lH), 3.00 (bs, lH, CHC*), 3.24 
(m, lH), 4.08 (bs, lH, CHBr), 4.50 (m, 2H, two C H - 4 ) ;  
ms (120°C) m/e 316, 318 (Mf, 79Br, 8lBr), 237 (M+ - 
Br), 236 (M+ - HBr), 209 (M+ - Br - CO), 208 (M+ - 
HBr - CO), 184.3 (M*, 236 + 208), 153, 85, 57. Anal. 
calcd. for CI3Hl7BrO4: C49.25, H 5.41, Br 25.21; found: 
C 49.35, H 5.36, Br 25.28. 

5-Carbomet/zoxy-endo-3-hydroxy-exo-2-piualoyloxy- 
bicyclo[2.2. IJhept-5-ene 8a 

To a solution of 1 g (3.16 mmol) of lactone 7d in dry 
methanol (20 ml) was added 0.4 M methanolic sodium 
methoxide (8.41111, 3.36mmol) and the mixture was 
stirred for 1 h at 25 "C. The excess of reagent was de- 
composed by Rexyn 102(H) previously washed with 
methanol. The resin was filtered and methanol was 
evaporated. Chloroform was added to the residue and the 
precipitate was filtered off (NaBr, 0.27 g, 83%). Solvent 
was evaporated leaving an oily product (0.85 g) that was 
purified through dry column silica gel (2 g) eluting with 
chloroform (30 ml) to give 0.70 g (82.5%) of syrup 8a; ir 
vmax (neat) 3480 (hydroxyl), 1730, 1720 (carbonyls), 1610 
cm-1 (olefin); pmr 6 1.23 (s, 9H, tert-butyl), 1.83 (bs, 2H. 
CH2), 3.00 (m, lH), 3.06 ( s ,  IH), 3.30 (m, lH, H-4), 3.78 
(s, 3H, methyl ester), 4.15 (m, 2H). 7.08 (d. lH, J, = 

between chloroform and 10% hydrochloric acid. The 
chloroform extracts were dried over sodium sulfate. 
Evaporation gave a residue which was filtered through 
dry column silica gel (1 g) washing with benzene (20 ml). 
Evaporation of benzene left 1.02 g (90%) of a syrup that 
solidified on standing, mp 69-70 "C. An analytical sample 
was sublimed at 48 "C/0.05 tom; ir vmaX (neat) 1735 
(carbonyls) and 1610 cm-1 (C=C); pmr 6 1.12 and 1.23 
(s, 9H each, tert-butyls), 1.90 (m, 2H, CHz), 2.98 (m, lH), 
3.44 (m, lH), 3.74 (s, 3H, methyl ester), 4.44 (s, lH), 5.10 
(d, lH, J = 4 Hz), 7.10 (d, lH, JlS6 = 4 Hz); ms (120 "C): 
m/e 352 (Mf) 321 (M+ - 0CH3), 268, 236, 152, 125, 85, 
57. Anal. calcd. for C19Hz80s : C 64.75, H 8.01 ; found: 
C 64.64, H 8.03. 

exo-3-Bromo-endo-6-hydroxy-exo-5-tert-buy Dimethyl- 
siloxybicyclo[2.2.I]heptane-endo-2-carboxyic Acid 
-y-Lactone 7e 

A mixture of 5 g (21.5 mmol) of alcohol 7a, tert-butyl 
dimethylsilyl chloride (5 g) and imidazole (3.5 g, 52 
mmol) in dry dimethylformamide (20 ml) was stirred for 
1 day at 40°C. The solvent and excess silane were 
evaporated. The residue was dissolved in chloroform, 
washed with water (5 times), and dried over sodium sul- 
fate. Solvent removal left a white oil (7.11 g, 95%) that 
solidified on standing. An analytical sample was passed 
through dry column silica gel, eluting with benzene to 
give a product with mp 67-68 "C; ir vmaX (neat) 1800 
cm-1 (lactone carbonyl); pmr 6 0.10 (s, 6H, Si(CH3)2, 0.90 
(s, 9H, SiC(CH3)3), 2.20 (bs, 2H, CHz), 2.58 (m, lH), 2.94 
(s, IH), 3.12(m, lH,C-1 H), 3.58 (s, lH), 4.00(s, lH, 
CHBr), 4.32 (m, lH,  CHOCO); ms (170°C) m/e 346, 
348 (M+, 79Br, 81Br), 333, 331, 291, 289, (Mf - tert- 
butyl), 181, 151, 115. Anal. calcd. for Cl4HZ3BrO3Si: 
C48.42, H6.63, Br23.05; found: C48.51, H6.82, 
Br 23.01. 

4 Hz, C=CH); ms (150 "c) m/e 268 ( ~ + ) , ' 2 3 7  '(M' - ~-~ar~omethoxy-endo-3-hydroxy-ex~-2-tert-butyl 
0CH3), 236, 209 (Mt - COOCH3), 183 (M+ - (CH3)3- Dimethylsiloxybicyclo[2.2.IJhept-Sene 8d 
CCO), 125, 85 ((CH3)3CCO+), 57, ((CH3hC+). A mixture of 1 e (3 mmol) of lactone 7e in drv methanol 

endo-3-Acetoxy-5-carbomethoxy-exo-2-piualoyloxybicyclo- 
[2.2.I]hept-5-ene 8b 

A mixture of 0.85 g (3.17 mmol) of alcohol 8a in 
pyridine (4 ml) and acetic anhydride (3 ml) was stirred 
overnight at 25 "C. The excess of anhydride was hydro- 
lyzed by slowly adding 10% hydrochloric acid to the 
chilled solution. The product was extracted with chloro- 
form and the extracts washed with 10% hydrochloric acid 
and dried over sodium sulfate. Solvent removal left a 
yellow oil that was filtered through dry column alumina 
(4 g) eluting with benzene to give 0.98 g (100%) of syrup 
8b; ir vma, (neat) 1730 cm-1 (carbonyls); pmr 6 1.25 (s, 
9H, tert-butyl), 1.90 (m, 2H, CHz), 1.97 (s, 3H, CH3CO), 
3.00 (m, lH), 3.47 (m, lH), 3.75 (s, 3H, methyl ester), 
4 .54(~,  lH), 5.10(d, l H , J = 4 H z ) ,  7.07(d, 1H,J1,6 = 
4 Hz, C=CH); ms (140 "C) m/e 310 (M+), 268, 226, 194, 
125,85,57. 

5-Carbomethoxy-exo-2,endo-3-dipiualoyloxybicyclo- 
[2.2.IJhept-Sene 8c 

A mixture of 0.87 g (3.24 mmol) of alcohol 8a in dry 
pyridine (8 ml) and pivaloyl chloride (1.5 ml) was stirred 
overnight at 25 "C during which time a white precipitate 
was formed (py .HCI). Solvent was evaporated in vacuo. 
Toluene was used as a chaser. The residue was partitioned 

(20 ml) and 7.8 &I l'of a 0.4 M methanolic soiium meth- 
oxide solution was stirred for 1 h at room temperature. 
Excess reagent was decomposed with Rexyn 102(H). The 
resin was filtered out and methanol was evaporated com- 
pletely. To the residue was added chloroform and 
sodium bromide (0.24 g, 78%) was filtered out. Solvent 
removal gave an oil that was purified through a silica gel 
dry column (22) (30cm length X 3 cm flat diameter), 
eluting with methylene chloride till 60 ml of eluate were 
collected. The eluate was kept for the identification of the 
byproduct (see below). The product 8d (0.54 g, 60%), 
detected on the nylon column by a 254 nm light, was 
extracted with chloroform. It solidified on scratching, mp 
74-75 "C; ir vmaX (neat) 3540 (hydroxyl), 1720 (ester 
carbonyl), 1616 cm-I (C--C); pmr 6 0.10 (s, 6H, dimethyl- 
silyl), 0.92 (s, 9H, tert-butyl), 1.85 (d, lH, J = 2 Hz), 1.98 
(rn, 2H, CH2), 2.77 (m, lH), 3.17 (rn, lH), 3.47 (m, lH, 
CHOSi), 3.75 (s, 3H, methyl ester), 4.12 (m, IH), 7.04 
(d, lH, J = 3 Hz, C=CH); ms (60 "C) m/e 298 (Mf), 
201, 194, 165, 85. Anal. calcd. for Cl5HZ6O4Si: C 60.40, 
H 8.72; found: C 60.22, H 8.55. 

The eluate was frekd from solvent and the oily residue, 
9, analyzed by ir and pmr spectra; ir vmaX (neat), no 
hydroxyl peak, no olefinic peak, 1800cm-1 (lactone 
carbonyl); pmr 6 3.32 (s, 3H, COCH3). 
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5-Carbomethoxy-exo-2,endo-3-di-tert-butyl 
Dirnethylsiloxybicyclo[2.2.l]hept-5-ene 8e 

A mixture of 0.2 g (0.66 mmol) of alcohol 8d, imidazole 
(0.13 g, 1.9 mmol), and tert-butyl dimethylsilyl chloride 
(0.13 g, 0.9 mmol) in dry dimethylformamide (6 ml) was 
stirred for 1 day at 40 "C. Solvent was evaporated in uacuo 
and the residue dissolved in chloroform, washed with 
water (3 times), and dried over sodium sulfate. Solvent 
removal left an 011 that solidified on scratching. It was 
purified through 1.7 g of silica gel (activity III), eluting 
with benzene (10 ml) to give 0.24 g (87%) of product 8e, 
with mp 50-51 "C. It was stored at -lO°C; ir v,,, 
(Nujol) 1730 (ester carbonyl) and 1615 cm-1 (C=C); 
pmr 6 0.08 (s, 12H, two dimethylsilyl's), 0.85 and 0.92 
(s, 9H each, tert-butyl's), 1.92 (m, 2H, CH2), 2.72 (m. 
lH), 3.10 (m, lH), 3.47 (m, lH), 3.74 (s, 3H, methyl 
ester), 4.12 (d, lH, J = 4 Hz), 7.07 (d, lH, J = 3 Hz, 
C---CH); ms (130°C) m/e 412 (M+), 397, 381, 355 
(M+ - rert-butyl), 288, 231, 115. Anal. calcd. for Cil- 
H4,,04Si2: C 61.17, H 9.71; found: C 61.08, H 10.01. 

ex~-3-Bromo-exo-5,endo-6-dihydroxy-5-O-methoxy- 
rnethylbicyclo[2.2.I]heptane-endo-2-carboxylic Acid 
y-Lactone 7f 

To a solution of 1 g of alcohol 7a in chloroform (dried 
over phosphorus pentoxide) were added methylal (1 ml) 
and phosphorus pentoxide (2-3 g), and the mixture was 
shaken for 1.5 h at room temperature. The solution was 
poured into an ice-cooled sodium carbonate solution 
and the residue in the flask was washed with 5% sodium 
carbonate solution. The chloroform extracts were dried 
over sodium sulfate and freed from solvent, leaving 1.18 g 
(99%) of a syrup; pmr 6 2.10 (bs, 2H, C-CH2-C), 
2.70-2.87 (m, 2H), 3.10 (d, lH, J = 4 Hz), 3.27 (s, 3H, 
0CH3), 3.46 (s, lH), 3.97 (s, lH), 4.36 (d, lH, J = 4 Hz), 
4.54 (s, 2H, OCH2O). 

5-Carbomethoxy-exo-2,endo-3-dihydroxy-2-O-methoxy- 
methylbicyclo[2.2.IJhept-5-ene 8f 

A mixture of 1.18 g (4.3 mmol) of lactone 7f in meth- 
anol and 5.5 ml of a 0.8 M sodium methoxide solution 
was stirred for 1 h at room temperature and worked-up 
as usual. The product was purified on silica gel plates 
eluting with chloroform-ethyl acetate (9:l). It was 
isolated in 70% yield; ir v,,, (neat) 3450 (hydroxyl), 1720 
(carbonyl), and 1608cm-1 (C=C); pmr 6 1.20 (d, lH, 
J = 3 Hz), 1.83 (m, 2H, C-CH2-C), 2.86-3.14 (m, 3H), 
3.30 (s, 3H, 0CH3), 3.64 (s, 3H, COOCH3), 4.10 (d, lH, 
J = 4 Hz), 4.59 (s, 2H, 0CH20), 6.86 (d, lH, J = 4 Hz, 
C=CH). 

5-Carbomethoxy-exo-2,endo-3-dihydroxy-2,3-O-methoxy- 
methylbicyclo[Z.2.I]hept-5-ene 8g 

The alcohol 8f was treated with methylal and phos- 
phorus pentoxide in dry chloroform, as described above, 
and gave the product 8g in a quantitative yield; ir v,,, 
(neat) 1730 (carbonyl) and 1612 cm-1 (C=C); pmr 
6 1.28 (m, lH), 1.83 (bs, 2H, C-CH2-C), 2.92 (m, lH), 
3.30 and 3.32 (s, 3H each, 0CH3), 3.44 (bs, lH), 3.64 (s, 
3H, methyl ester), 4.10 (d, lH, J = 3 Hz), 4.54 (q, 2H, 
J = 6 Hz, endo OCHzO), 4.61 (s, 2H, exo 0CH20), 6.85 
(d, lH, J = 4 Hz, C=CH). 

Methyl 2-(4p-Carboxy-2p,3~~-dipiualoyloxycyclopen- ID- 
yI)glyoxylate 1Oa 

A mixture of sodium periodate (4 g) and potassium 

permanganate (0.1 g) in water (50 ml) and 1 g (3 mmol) 
of olefin 8c in acetone (20ml) was stirred for 3 h at 
ambient temperature. The mixture was filtered through 
celite and the residue on celite washed with chloroform. 
The filtrate was extracted with chloroform (3 times). The 
extracts were washed with brine, dried over sodium 
sulfate, and freed of solvent. The product 10a, obtained as 
an oil, crystallized slowly from methylene chloride- 
hexanes. Recrystallization was best carried out with 
seeding to give 0.5 g (45%) of a product with mp 90- 
91 "C; ir v,,, (Nujol) 2500-3240 (acid) and 1750 cm-1 
(carbonyls); pmr 8 1.08 and 1.23 (s, 9H each, tert- 
butyls), 2.00-3.00 (m, 4H), 3.87 (s, 3H methyl ester), 5.46 
(m, 2H), 10.06 (bs, lH, COOH); ms (200°C) m/e 341 
(M' - COOCH3), 313 (M' - COOCH3 - CO), 287.3 
(M*, 341 + 313), 299, 298, 257, 239, 214, 211, 196, 193, 
85, 57. Anal. calcd. for C19H2809: C56.99, H 7.07; 
found: C 57.08, H 7.00. 

Preparation of 2,4-Dinitrophenylhydrazone lob 
A mixture of 0.4 g (1 mmol) of acid keto ester 10a in 

dimethylformamide (4 ml), 2,4-dinitrophenylhydrazine 
(0.2 g, 1 equiv.), and concentrated hydrochloric acid (0.2 
ml) was shaken some minutes and left 2 h at room 
temperature. The precipitate was filtered, washed with 
10% hydrochloric acid, water, and ethanol-water (1 :5), 
and dried under vacuum to give 0.60 g of the product lob 
that was recrystallized from chloroform-hexanes (mp 
235-236 "C); uv A,,, (EtOH) 362 nm (log t 4.41); ir 
v,,, (KBr) 3200-2500 (acid), 1750, 1730, 1715 (car- 
bonyls), 1624 (C=C), 1585 (C=N), 1510 cm-' (nitro); 
pmr (DMSO-d6) 6 1.02 and 1.25 (s, 9H each, tert-butyls), 
3.93 (s, 3H, COOCH3); ms (290 "C) m/e 580 (M+), 478, 
376, 183, 85, 57. Anal. calcd. for C25H32N4012: C 51.72, 
H5.52, N9.66; found: C51.81, H 5.74, N9.86. 

Methyl 2-(4p-Carbomethoxy-2p,3a-dipivaloyloxycyclo- 
pent-Ip-y1)glyoxylate 2,4-Dinitrophenylhydrazone 
1Od from lob 

A mixture of the acid lob in ether was treated with a 
solution of diazomethane in ether for 1 h at 0 "C. The 
solvent was evaporated, leaving the product (100%) that 
was recrystallized from methanol, mp 194-195 "C; uv 
A,,, (EtOH) 360 nm (log e 4.18); ir r,,, (KBr) 3220,3 120 
(NH), 1750, 1730 (carbonyls), 1625 (C=C, C=N), 
1510-1530 cm-1 (nitro); pmr 6 1.03 and 1.27 (s, 9H each, 
tert-butyls), 2.00-3.06 (m, 4H), 3.80 (s, 3H, COOCH3). 
4.00 (s, 3H, COOCH3), 5.43 (m, 2H), 8.25 (s, lH), 8.40 
(m, lH), 9.20 (m, 2H); ms (195 "C) m/e 594 (Mf), 564 
(M+ - NO), 492, 407, 390, 373, 358, 345, 331, 131, 57. 
Anal. calcd. for C26H34N4012: C 52.52, H 5.76, N9.42; 
found: C 52.73, H 5.98, N 9.70. 

Methyl 2-(4p-Carboxy-2p,3~~-dipiualoyloxycyclopent-Ip- 
yl)glyoxylate Thiosemicarbazone l l a  

(a) A mixture of 0.45 g (1.1 mmol) of keto ester 10a, 
thiosemicarbazide (0.2 g), and concentrated hydro- 
chloric acid (0.2 ml) in methanol (10 ml) was stirred for 
2 h at room temperature during which time thiosemi- 
carbazide gradually dissolved and the product pre- 
cipitated. It was filtered and washed with water and 
methanol to afford 0.5 g (94%) of the thiosemicarbazone 
l l a .  An analytical sample (mp 243-244°C) was re- 
crystallized from methanol; uv A,,, (THF) 326 nm 
(log t 4.10); ir v,,, (Nujol) 3400 (hydroxyl), 1750 (ester 
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carbonyls), 1718 (acid carbonyl), 1620 cm-1 ( e N ) ;  ms 
(250°C) m/e 473 (M+), 458, 414 (M+ - CSNH), 401, 
362.4 (M*, 473 + 414), 330, 310, 300, 198, 85, 57. Anal. 
calcd. for CZOH31N308S: C 50.73, H 6.60, N 8.88, S 6.77; 
found: C 50.81, H 6.48, N 8.87, S 6.85. 

(b) The same product was also prepared from olefin 
8c. To a solution of sodium periodate (4 g) and powdered 
potassium permanganate (0.1 g) in water (50ml) was 
added 1 g (3 mmol) of olefin 8c in acetone (20 ml), and 
the mixture was stirred for 3 h at room temperature. It 
was filtered through celite and the residue on celite was 
washed with chloroform. The product in the filtrate was 
extracted with chloroform (3 times). The extracts were 
washed with brine and dried over sodium sulfate. Solvent 
removal left an oil that was dissolved in methanol (15 ml), 
and thiosemicarbazide (0.28 g) and concentrated hydro- 
chloric acid (0.2ml) were added to the solution. The 
mixture was vigorously stirred for 2 h at room temper- 
ature. The precipitate was filtered, to give 0.5 g of white 
solid l l a .  The filtrate was concentrated to half its volume 
and water (2 ml) was added. After standing 3 h, the 
precipitate was filtered and washed with methanol to give 
an additional 0.18 g of product identical in all respects 
to the product prepared in part a (total yield 0.68 g, 50% 
from olefin 8c). 

Methyl 2-(4p-Carbomethoxy-2p,3a-dipiualoyloxycyclo- 
pent-I@-yl)glyoxylate Thiosemicarbazone l l b  

(a) A mixture of 0.68 g (1.4mmol) of acid l l a  in 
methanol (50 ml) and 0.1 ml of concentrated sulfuric acid 
was refluxed for 2.5 h (or longer if dissolution was in- 
complete). The mixture was cooled, concentrated to half 
its volume, and the precipitate was filtered, to give 0.36 g 
of product. The filtrate was freed of solvent, the residue 
was partitioned between chloroform and 10yo sodium 
bicarbonate, and it was worked-up as usual, giving a 
product (0.14 g) that was recrystallized from benzene- 
hexanes (total yield, 0.5 g, 72yo, mp 194-195 "C); uv 
A,,, (THF) 328 nm (log e 4.09); ir v,,, (Nujol) 3300, 
3200 (NH), 1750 (carbonyls), 1610 cm-I (C==N); pmr 
6 1.07 and 1.20 (s, 9H each, tert-butyls), 2.54 (m, 4H), 3.68 
and 3.84 (s, 3H each, COOCH3), 5.37 (m, 2H), 6.74 (m, 
2H), 7.84 (m, 1H); ms (200°C) m/e 487 (M*), 428 
(M+ - CSNH), 376.1 (M*, 487 +428), 344, 326, 242, 
160, 85, 57. Anal. calcd. for C21H33N308S: C 51.74, 
H 6.82, N 8.62, S 6.57; found: C 51.78, H 6.94, N 8.66, 
S 6.55. 

(b) Preparation of l l b  from 1Oc 
A mixture of 0.1 g (0.24mmol) of ketone 10c in 

methanol (2 ml) and thiosemicarbazide (0.03 g) in water 
(2 ml) was stirred at room temperature and processed as 
usual, to give a product that was identical (ir, pmr, and 
mmp) to the compound prepared in part a. 

6-(4'P- Carboxy-Zfp,3'a-dipiualoyloxycyclopent-l'p-y1)- 
3-thioxo-2,3,4,5-tetrahydro-l,2,4-triazine-5-one 12a 

To a suspension of 2.41 g (5.1 mmol) of thiosemi- 
carbazone l l a  in dry methanol (25 ml) was added 16 ml 
(12.8 mmol) of a 0.8 M methanolic sodium methoxide 
solution and the mixture was stirred for 1 h at room 
temperature (yellow solution). It was then acidified with 
1 N aqueous hydrochloric acid (14 ml), stirred for 10 min 
and the precipitate was filtered, giving 1.77 g (79%) of 
product 12a that melted above 250 "C (with decomposi- 

tion). The filtrate was freed from methanol. The residue 
was partitioned between ethyl acetate and water, and the 
organic phase was washed twice with water and dried over 
sodium sulfate. The residue from solvent removal was 
recrystallized from methanol-water to give an additional 
portion (0.2g) of 12a; uv A,,, (MeOH) 272 nm (log e 

4.19); ir v,,, (Nujol) 3200-2500 (acid), 1750 (ester 
carbonyl), 1710 (acid carbonyl), 1630 cm-1 (C==N); ms 
(210 "C) m/e 441 (M+), 339, 254, 190.3 (M*, 339 + 254), 
85,57. 

6-(4'p-Carbomerhoxy-2'fl,3'a-dipiualoyloxycyclopent- 
l'p-yl)-3-fhioxo-2,3,4,5-tetrahydro-1,2,4-triazine- 
5-one 

(a) Preparation of 12b from l l b  
A mixture of 0.5 g (1 mmol) of thiosemicarbazone l l b  

in methanol (20 ml) and 0.8 M methanolic sodium meth- 
oxide solution (1.3 ml) was stirred for 20 min at 40 'C. 
The mixture was neutralized with Dowex 50W-X8(H), 
the resin filtered out, and the solvent was evaporated 
giving 0.4g (8673 of product 12b with mp 195-196 "C 
from benzene-hexanes; uv A,,, (MeOH) 269 nm (log e 

4.33); ir v,,, (Nujol) 3230 (NH), 1740 (ester carbonyl), 
1620 cm-I (C=N); pmr (acetone-d6) 6 1.07 and 1.20 
(s, 9H each, tert-butyls), 2.20-3.14 (m, 4H), 3.64 (s, 
3H, methyl ester), 5.27 (m, 2H); ms (220 "C) m/e 455 
(M+), 424, 353, 268, 203.5 (M*, 353 + 268), 85, 57. 

(b) Preparation of l2b from 12a 
A mixture of 0.1 g (0.21 mmol) of acid 12a in methanol 

and concentrated hydrochloric acid (0.05 ml) was stirred 
for 3 h at room temperature. The solvent was evaporated 
and the residue partitioned between chloroform and 
water. The product was extracted with chloroform and 
the extracts dried over sodium sulfate. Solvent removal 
left a solid (0.08 g) with mp 193-195 "C from benzene- 
hexanes; uv A,,, (MeOH) 269 nm (log e 4.32). A mixture 
mp with the product prepared in part a showed no 
depression. 

6-(4'p-Acetoxymethyl-2'fl,3'a-dipiualoyloxycyclopent- I'D- 
yl)-3-thioxo-2,3,4,5-tetrahydro-I,2,4-triazine-5-one 
13, 

A mixture of 1.53 g (3.5 mmol) of acid 12a in dry 
tetrahydrofuran (20ml) and 5 ml of a 1 M diborane 
solution in tetrahydrofuran was stirred for 1 h at 0 "C. 
Water was added to decompose excess reagent and the 
solvent was evaporated. Boric acid was removed as 
methyl borate by several evaporations with methanol. 
To the residue were added acetic anhydride (2 ml) and 
pyridine (4 ml), and the mixture was stirred overnight at 
room temperature. Solvent and reagent were evaporated, 
and chloroform was added. The solution was washed 
three times with 5% hydrochloric acid and water, and the 
solution was dried over sodium sulfate. Solvent removal 
left the crude product that was applied on seven silica gel 
plates and eluted with chloroform - ethyl acetate (8:2). 
The product, at rf 0.5, was extracted with ethyl acetate to 
give 0.67 g (41%) of a white solid with mp 190-192 "C 
from chloroform-hexanes; uv A,,, (MeOH) 272 nm 
(log c 4.30); ir v,,, (Nujol) 3240 (NH) and 1710-1750 
cm-1 (ester carbonyls); pmr 6 1.13 and 1.25 (s, 9H each, 
tert-butyls), 2.20 (s, 3H, CH3CO), 2.24-3.00 (m, 4H), 4.20 
(d, 2H, J = 6 Hz, CCH20), 5.04 (m, lH), 5.26 (m, lH), 
10.8-12.0 (m, 2H); ms (240 "C) m/e 469 (M+), 368, 282, 
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85, 57. Anal. calcd. for C21H31N307S: C53.72, H 6.66, 
N 8.95, S 6.82; found: C 53.58, H 6.65, N 9.09, S 6.81. 

6-(4'p-Hydroxymethyl-2'p,3'a-dihydroxycyclopent-l'p- 
yI)-3-fhioxo-2,3,4,5-tefrahydro-1,2,4-triazine-5-one 
136 

A mixture of 0.63 g (1.34 mmol) of 13a in methanol 
(6 ml) and 8 ml of a 1 N aqueous sodium hydroxide 
solution was stirred overnight at ambient temperature. 
The solution was neutralized with Dowex 50W-X8(H). 
The resin was filtered and solvents were evaporated. The 
product was recrystallized from ethanol-chloroform, 
leaving 0.28 g (81%) of white solid 13b with mp 204- 
205 "C (tlc AcOEt-MeOH(1 :l), ri 0.5); A,,, (MeOH) 
272 nm (log e 4.23); ir v,,, (Nujol) 3100-3400 (OH and 
NH), 1715 cm-1 (carbonyl); ms (200 "C) m/e 259 (M+), 
241, 212, 156. Anal. calcd. for C9HI3N3O4S: C 41.70, 
H 5.06, N 16.21, S 12.34; found: C41.71, H 4.96, N 16.41, 
S 12.18. 

5-(4'p-Hydroxymerhyl-2'p,3'a-dihydroxycyclopent- 1'0- 
y1)-6-azauracil2 

A mixture of 0.15 g (0.58 mmol) of thioxo compound 
13b in water (20 ml) was heated, under a reflux condenser, 
with methyl iodide (0.3 ml) for 6 h in an oil bath main- 
tained at 55 "C, according to the method of Bobek et al. 
(20). Excess methyl iodide was allowed to evaporate under 
normal pressure at 55 "C by removing the condenser. The 
solution was neutralized with Dowex 1-X8(OH). The 
resin was filtered. The uv spectrum (A,,, - 240 nm) 
indicated that the methyl thiol intermediate was present 
and no starting material remained. The solution was then 
heated at 100 "C for 1 h with Dowex 50W-X8(H). Water 
was evaporated completely. The product 2 was recrystal- 
lized from ethanol-chloroform (50 mg, mp 208-210 "C); 
uv A,,, (H20) 265 nm (log e 3.75). 

The same product was obtained on treatment of thioxo 
compound 136 with chloroacetic acid (4 h reflux in 
water), as described with model compounds (23). 
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C-Nucleosicles and related compounds. XI. The synthesis of the 
2-deoxy carbocyclic analogue of D,L-pyrazofurin A 

GEORGE JUST AND SUNGGAK KIM' 
Department of Chemistry, McGill University, Montreal, P.Q., Canada H3C 3GI 

Received March 22, 1976 

GEORGE JUST and SUNCGAK KIM. Can. J. Chem. 54, 2935 (1976). 
The title compound has been synthesized in an eleven-step sequence, starting from the 

known Diels-Alder adduct 7. 

GEORGE JUST et SUNGGAK KIM. Can. J. Chem. 54, 2935 (1976). 
Le compost5 du titre a CtC synthCtisC en une sequence de onze etapes en commenCant par le 

produit 7 connu de la rkction Diels-Alder. 

Pyrazofuran A (pyrazomycin) 16 is a C- 
nucleoside bearing a pyrazol ring which possesses 
marked antiviral activity (1). As part of a pro- 
gram to synthesize pyrazofurin (pyrazomycin) 
analogues, we recently reported the synthesis of 
the carbocyclic analogue of pyrazofurin A (2). 

We now wish to describe the synthesis of its 
2-deoxy analogue 15, based on a similar reaction 
scheme in which an olefin ester of type 4 is the 
key intermediate. 

The known Diels-Alder adduct (3) between 
cyclopentadiene and (E)-P-bromoacrylic acid was 
esterified to give ester 1 (4). Hydroboration of 
ester 1, followed by oxidation with alkaline 
hydrogen peroxide, gave two compounds in a 
ratio of 57:43. The major compound 2 had the 
expected composition and formed a crystalline 
p-nitrobenzoate 2a. Elimination of hydrogen 
bromide by reaction with DBU gave the olefin 6. 
The position of the hydroxy group in 2 was 
proven by lactonizing its mesylate 2b, with 
formic acid to produce the lactone 5. 

The spectral data for the minor compound 3 
indicated that it did not contain a hydroxy group 
and had lost bromine. 

Since hydroboration of olefin 1 most likely 
led to  two isomeric boranes, it is probable that 
the borane in which the boron atom is attached 
to the 5-position (see 1) gave tricyclic 3 by intra- 
molecular displacement of bromide (5). 

Since the desired olefin 4 could not be obtained 
by this procedure, the Diels-Alder reaction was 
repeated using (Z)-P-bromoacrylic acid and 
cyclopentadiene. It was thought that displace- 
ment of the bromine bv borane attached to C-5 
could not take place readily with expected endo 

'Holder of a McConnell Fellowship, 1974-1976. 

bromo derivative 7. Olefin 7 was hydroborated 
and the product oxidized with alkaline hydrogen 
peroxide. The resulting alcohols (60:40 by nmr) 
could not be separated by either distillation or 
chromatography. Fractional crystallization of 
the p-nitrobenzoates of the alcohol mixture gave 
8a and 9a in 45y0 and 25y0 yield respectively. 
Elimination of hydrogen bromide by DBU from 
the minor isomer 9a gave 6, which was identical 
with 6 obtained from 2a. The analogous elimina- 
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HO 
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HO - NNHCH2COOCH2CHj 

tion reaction was carried out on the major 
compound 8u and gave the desired bicyclic 
olefin 4 in an overall yield of 307,, based on 
(2)-/3-bromoacrylic acid. 

Permanganate - sodium periodate oxidation 
(6) of the olefin 4 gave the keto acid 10. Selective 
reduction of the keto acid with diborane could 
not be achieved. Instead the diol11 was obtained 
and characterized as its diacetate l l u .  Selective 
silylation of 11 with tert-butyldimethylchloro- 
silane and imidazole (7) gave l l b  in 83% yield 
after purification by tlc. Oxidation with ruthen- 
ium dioxide - sodium periodate (8) gave the 
keto ester 12 in essentially quantitative yield. 
The keto ester was unstable to silica gel and could 
not be purified. It was transformed to the 
hydrazone 13 by means of ethyl hydrazinoacetate 
in aqueous methanol. Cyclization, using sodium 
methoxide in methanol, gave 14 in 20% yield. 
Treatment of 14 with methanolic ammonia at 

room temperature for a week afforded the amide 
14a in 80% yield after chromatographic purifica- 
tion. Treatment of 14b with 50% aqueous 
trifluoroacetic acid at room temperature for 
30 min gave the desired 2-deoxy derivative 15 
in 60% yield. 

Experimental 
Melting points were determined on a Gallenkamp block 

and are uncorrected. Mass spectra were obtained on an 
AE1-MS-902 mass spectrometer at  70eV using a direct- 
insertion probe. Nuclear magnetic resonance spectra 
were recorded on a Varian Associates T-60 spectrometer. 
Infrared spectra were obtained on a Unicam SI'1000 and 
a Perkin-Elmer 257 ir spectrophotometer. Ultraviolet 
spectra were determined with a Unicam SP-800 spectro- 
photometer. Microanalyses were carried out by Dr. C. 
Daessle, Montreal and Heterocyclic Chemical Corp., 
Harrisonville, MO U.S.A. 

exo-3- Bromo-endo-2-curbome~hoxy-exo-6-hydroxy- 
bicyclo[2.2. IJheptune (2) und mdo-3-Curbome fhoxy- 
tricyclo[2.2. I .O]hep~une (3) 

To 1 (9.80 g) in tetrahydrofuran (20 ml) was added 1.0 
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M diborane (1 mol/l, 161111) in tetrahydrofuran in an 
ice bath and the reaction mixture was stirred for 1 h. The 
excess diborane was destroyed by adding a few drops of 
water. The trialkylborane was oxidized by the addition to 
the stirred reaction mixture of 3 N sodium hydroxide 
(15 ml), followed by the dropwise addition of 307, 
hydrogen peroxide (15 ml) in an ice bath. The reaction 
mixture was stirred for an additional 30 min. saturated 
with sodium chloride, and then the tetrahydrofuran layer 
formed was separated and washed with saturated sodium 
chloride solution. Distillation gave 4.80 g of 2 (bp 126 - 
130 "C/0.7 torr) and 2.21 g of 3 (bp 49 - 52 "C/0.7 torr). 
Major product (2): nmr (CDC13) 6 4.20 (m, lH), 3.73 (s, 
3H, COOMe), 3.70 (b, lH), 3.20 (m, lH), 2.57 (m, 2H), 
2.40 (bs, IH, OH), 1.20-2.00 (rn, 4H); ir (film) 3200,3600, 
1740crn-1; ms m/e 250, 248 (M+, 81Br, 79Br), 169 
(M+ - Br). Minor product (3): nmr (CDCI,) 6 3.63 (s, 
3H, COOMe), 2.40 (bs, lH), 2.03 (b, lH), 1.60 - 1.00 (m, 
7H); ir (film) 1740, 1440 cm-I; ms (70 eV) m/e 152 (M+), 
121 (M+ - OMe), 120 (M+ - CH30H), 93 (M+ - 
COOMe). 

exo-3-Bromo-endo-2-carbomethoxy-exo-6-p-nitro- 
benzoylbicyclo[2.2. IJIzeptane 

Compound 2 (500 mg), p-nitrobenzoyl chloride (380 
mg), and pyridine (210 mg) were dissolved in methylene 
chloride (20 ml). After stirring at room temperature over- 
night, the solution was washed three times with water and 
once with saturated salt solution. The methylene chloride 
layer was dried over sodium sulfate and evaporated to 
give a crystalline compound. The compound obtained 
was recrystallized from carbon tetrachloride - petroleum 
ether to give 2a (560 mg) in 70'g yield, mp 141 - 143 "C; 
nmr (CDCI,) 6 8.23 (s, 4H), 4.82 (m, lH), 4.30 (m, IH), 
3.83 (s, 3H, COOMe), 3.33 (m, IH), 2.80 (m, 2H), 2.25 - 
1.40 (m, 4H); ir (KBr) 1740,1620,1555 cm-I; ms (70 eV) 
m/e 399, 397 (M+, 81Br, 79Br), 367, 365 (M+ - CH30H), 
318 (M+ - Br), 249, 247 (M+ - p-NO2C6H4CO). 

exo-2-Bromo-endo-2-carbomethoxy-exo-6-mesylbicyclo- 
[2.2.lJheptane 

To a cooled solution of 2b (788 mg) and triethylamine 
(358 mg) in methylene chloride (15 ml) in a dry ice bath 
was added dropwise mesyl chloride (400 rng) in methylene 
chloride (10 ml). The reaction mixture was stirred for an 
additional hour and was then poured into water. The 
methylene chloride layer was washed twice with water, 
dried over sodium sulfate, and evaporated to give an oily 
compound (870mg) in 85% yield; nmr (CDC13) 6 4.35 
( n ~ ,  lH), 4.10 (m, lH), 3.70 (s, 3H), 3.27 (m, IH), 3.00 
(s, 3H), 2.30-2.87 (b, 2H), 1.13-2.20 (m, 4H); ir 
(film) 1745, 1460, 1 3 9 0 ~ m - ~ ;  ms (70eV) m/e 297, 295 
(M+ - OCH,, 81Br, 79Br), 247 (M+ - Br), 215 (M+ - 
CH30H - Br). 

exo-3-Bromo-endo-6-hydroxybicyclo[2.2. IJheptane-endo-2- 
carboxylic Acid -y-Lactone 

Compound 26 (320 mg) was dissolved in formic acid 
(10 ml). The solution was heated at 60-65 "C for 2 h, 
evaporated under reduced pressure to remove most of 
formic acid, and ethyl acetate was then added to the 
residue. The solution was washed once with 0.5 M 
sodium bicarbonate solution and washed once with 
saturated salt solution. The ethyl acetate layer was dried 
over sodium sulfate and then evaporated to give an oily 

compound. Purification of crude product on silica gel 
plates using chloroform as an eluant gate 5 (188 mg) in 
80% yield; nmr (CDCI3) 6 4.80 (m, lH), 4.17 (bs, IH), 
3.20 (m, lH), 2.97 (m, lH), 2.67 (b, lH), 2.40 ,- 1.20 (m, 
4H); ir (CHC13) 1790, 1370 cm-I; ms (70eV) m/e 218, 
216 (M+, gIBr, 79Br), 137 (M+ - Br), 107 (M+ - Br - 
CO). Anal. calcd. for GH902Br: C 44.24, H 4.15, Br 
36.82: found: C 44.48. H 4.32. Br 37.07. 

2-Carbomethoxy-exo-6-p-ni~obetzzoylbicyclo[2.2.1]- 
hept-2-ene 

Compound 2a (320 mg) was dissolved in anhydrous 
ethyl ether (20 rnl) and 1,5-diazabicyclo[5.4.0.]undec-Sene 
(DBU) (180 mg) in anhydrous ethyl ether (10 ml) was 
added dropwise with cooling in an ice bath and with 
vigorous stirring of the ether solution. After all the DBU 
was added, the solution was stirred for an additional 30 
min and the white precipitate was filtered off and washed 
several times with ether. The ether solutions were com- 
bined and washed three times with 0.5 M hydrochloric 
acid and once with saturated salt solution. Drying over 
sodium sulfate and evaporation gave a pale yellow oil 
(230 mg) in 90% yield which crystallized on standing; 
mp 62-63 "C; nmr (CDCI3) 6 8.23 (s, 4H), 7.20 (d, J = 
2 Hz, IH), 5.03 (m, lH), 3.80 (s, 3H, COOMe), 3.50 (bs, 
lH), 3.13 (bs, lH), 2.25 - 1.40 (m, 4H); ir (CHC13)1730. 
1620, 1540cm-1; ms (70 eV) m/e 317 (M+), 285 (M+ - 
MeOH), 167 (M+ - p-NO2C6H4CO). 

endo-3-Bromo-endo-2-carbomethoxy-exo-5-lzydroxy- 
bicyclo[2.2.lJheptane (8) and endo-3-.Bromo-endo-2- 
carbomethoxy-exo-6-lzydroxybicyclo[2.2.1Jheptane (9) 

To 7 (10.60 g) in tetrahydrofuran (20 ml) was added 
diborane (1 mol/l, 18 ml) in tetrahydrofuran in an ice 
bath and the reaction mixture was stirred for 1 h. Excess 
diborane was destroyed by adding a few drops of water. 
The trialkylborane was oxidized by the addition to the 
stirred reaction mixture of 3 N solution of sodium 
hydroxide (15 ml), followed by the dropwise addition of 
30% hydrogen peroxide (15 ml) in an ice bath. The re- 
action mixture was stirred for an additional 30 min and 
then saturated with sodium chloride. The tetrahydrofuran 
layer formed was separated and washed with saturated 
sodium chloride solution. Distillation at 124-126 "C/0.5 
torr gave 9.70 g (85%) of 8 and 9; nmr (CDC13) 6 5.00 ,- 
4.23 (m, 2H), 3.80 (s, 3H, COOMe), 3.60 - 2.50 (m, 5H), 
1.20 - 2.30 (m, 3H); ir (film) 3200 ,- 3600, 1740, 1450 
cm-1; ms (70 eV) m/e 250, 248 (M+, 81Br, 79Br), 219, 217 
(M+ - OMe), 169 (M+ - Br), 137 (M+ - Br - CH30H). 

endo-3- Bromo-endo-2-carbomethoxy-exo-5-p-nitrobenzoyl- 
bicyclo[2.2.IJheptane (8a) and endo-3-Bromo-endo-2- 
carbomethoxy-exo-6-p-nirrobenzoylbicyclo[2.2.I]- 
heptane (9a) 

The mixture of 8 and 9 (910 mg) and p-nitrobenzoyl 
chloride (680 mg) were dissolved in pyridine (2 ml) and 
methylene chloride (10 ml). After stirring at room temper- 
ature overnight, the solution was evaporated under re- 
duced pressure to remove most of the pyridine. Chloro- 
form (20rnl) was added to the residue and the solution 
was washed with water and once with saturated sodium 
chloride solution. The chloroform layer was then dried 
over sodium sulfate and evaporated to give two crystalline 
compounds. Major product 8a was recrystallized from 
carbon tetrachloride - petroleum ether (7:3) to give 650 
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mg (457,); mp 151 - 153 "C; nmr (CDCI3) 6 8.33 (s, 4H), 
5.67 (bd, J = 5 Hz, IH), 4.67 (d of d, J = 12 and 4 Hz, 
lH), 3.77 (s, 3H, COOMe), 3.40 - 2.50 (m, 4H), 2.20 - 
1.20 (m, 3H); ir (KBr) 1740, 1730, 1610, 1540cm-1; ms 
(70 eV) m/e 399, 397 (Mf, slBr, '9Br), 367, 365 (M+ - 
CH30H), 318 (M+ - Br), 286 (MC - Br - CH30H), 
249, 247 (M+ - p-N02C6H4CO). Anal. calcd. for 
CI6HL6o6NB~: C 48.24, H 4.05, N 3.52; found: C 48.47, 
H 4.20. N 3.56. Minor vroduct 9a was recrvstallized from 
chloroform - petroleui ether (1 :1) to give i60 mg (25%); 
mp 101 - 103 OC; nmr (CDC13) 6 8.33 (s, 4H), 6.27 (bd, 
J = 5 Hz, lH), 4.70 (d of d, J = 12 and 4 Hz, lH), 3.77 
(s, 3H, COOMe), 3.40 (d of d, J = 12 and 4 Hz, IH), 2.80 
(m, 2H), 2.33 - 1.40 (m, 4H); ir (KBr) 1740, 1730, 1610, 
1540 cm-1 ; ms (70 eV) m/e 399, 397 (M+, 8LBr, 79Br), 367, 
365 (Mf - CH30H), 318 (MC - Br), 286 (M+ - Br - 
CH30H), 249, 247 (M+ - p-N02C6H4CO). 

fication on s~lica gel plates using chloroform - ethyl 
acetate (1 :1) as an eluant gave 11 (192 mg) in 79% yield: 
nmr (CDC13) 6 8.27 (s, 4H), 5.33 (b, lH), 4.23 (d, lH,  
J = 4Hz), 3.83 (s, 3H), 3.70 (d, 2H, J = 5 Hz), 3.33 
(bs, 2H, OH), 2.80 - 1.20 (m, 6H); ir (CHCI3) 3650 - 
3200, 1740, 1620, 1550 cm-1; ms (70 eV) m/e 353 (MC), 
294 (MC - COOMe), 276 (M+ - COOMe - HzO), 203 
(M+ - p-N02C6H4CO). Anal. calcd. for CI6H,,O8N: 
C 54.39. H 5.42. N 3.96; found: C 54.09. H 5.58. N 3.84. 

Preparation of Diacetate l l a  from 11 
Compound 11 (85 mg) was dissolved in pyridine (1 ml) 

and acetic anhydride (5 drops). The solution was stirred 
at room temperature overnight and evaporated under re- 
duced pressure. Purification on a silica gel plate using 
chloroform - ethyl acetate (1 :1) as an eluant gave l l a  
(98 mg) in 93% yield; nmr (CDC13) 8.27 (s, 4H), 5.33 (m, 
1H). 5.00 (d. 1H. J = 4 Hz). 4.23 (d. 2H. J = 5 Hz). 3.80 

2-Carbon~ethoxy-exo-5-p-nifrobenzoylbicycl[2.2.1]- (s, 3 ~ ,  c o d ~ e j ,  2.20 (s, 3 ~ ) ,  2.07'(s, 3 ~ ) ,  3.00 G 1.20 
hept-2-ene (m, 6H); ir (CHCI3) 1750, 1740, 1620, 1550cm-1; ms 

To 8a (310 mg) in methylene chloride (20 ml) was added (70 eV) m/e 406 (MC - OCH3), 394 (Mf - CH3CO), 378 
DBU (200 mg) and the reaction mixture was refluxed for (MC - COOMe). 
2 h. The reacGon mixture was washed three times with 0.5 
M hydrochloric acid and once with saturated salt solu- 
tion. Drying over sodium sulfate and evaporation gave a 
crystalline compound (220mg) in 90% yield; mp 118- 
119 "C; nmr (CDC13) 6 8.25 (s, 4H), 7.00 (d, J = 2 Hz, 
lH), 3.12 (m, lH), 3.80 (s, 3H, COOMe), 3.33 (b, 2H), 
2.20 -- 1.60 (b, 4H); ir (KBr) 1740, 1610, 1540cm-1; 
ms (70 eV) m/e 317 (M+), 285 (M+ - CH30H); Anal. 
calcd. for Cl6Hl5O6N: C 60.56, H 4.77, N 4.41 ; found: 
C 60.51, H 5.04, N 4.51. 

2-Carbomethoxy-exo-6-p-nirrobenzoylbicyclo[2.2.lJ- 
hep f-2-ene 

Compound 9a (250mg) was treated as above with 
DBU to give 6 (170 mg) in 857, yield. The mp and spec- 
tral data (nrnr, ir, and ms) were identical with 6 which 
was prepared from 2a. 

Methyl-2-(4fl-carboxy-3or-p-nitrobenzoylcyclopent- Ifl-ylj- 
glyoxylate 

A mixture of sodium periodate (1.80 g) and potassium 
permanganate (100 mg) in pH 7 phosphate buffer (15 ml) 
and 4 (600mg) in acetone (20 ml) was stirred at room 
temperature for 4 h. The reaction mixture was filtered 
through Celite and the residue on Celite washed with 
acetone. The filtrate was extracted with chloroform. The 
chloroform layer was washed with water and saturated 
salt solution, dried over sodium sulfate, and then evap- 
orated under reduced pressure to give 10 (620 mg) in 
90'z yield; nmr 6 10.76 (bs, lH, COOH), 8.20 (s, 4H), 
5.60 (m, lH), 3.90 (s, 3H, COOMe), 3.20 (m, lH), 3.00 - 
2.00 (m, 5H); ir (CHC13) 3500 - 3100, 1750, 1630, 1550 
cm-1 ; ms (70 eV) m/e 320 (M+ - COOH), 306 (M+ - 
COOMe), 215 (M+ - p-N0zC6H4CO). 

Methyl-2-(3or-p-nitrobenzoyl-4~-hydroxymef/zylcyc/opent- 
Ip-yl)glycolate 

To a cooled solution of 10 (250 mg) in tetrahydrofuran 
(5 ml) in an ice bath was added 1.0 M diborane (1.00 ml) 
in tetrahydrofuran. The reaction mixture was stirred in an 
ice bath for 1 h. Water was added and solvents were 
evaporated. Boric acid was removed by several coevap- 
orations with methanol under reduced pressure. Puri- 

Me~hyl-2-(3a-p-nitrobenzoyl-4fl-tert-b~~tyldimeflzyl- 
siloxymetlzylcyclopent- Ifl-y1)glycolate 

Compound 11 (320 mg), tert-butyldimethylchlorosilane 
(150mg), and imidazole (155 mg) were dissolved in 
dimethylformamide (5 ml). After stirring at room temper- 
ature for 24 h, the solution was evaporated under reduced 
pressure to remove most of the dimethylformamide. 
Chloroform (30ml) was added to the residue and the 
solution was washed three times with water. The chloro- 
form layer was dried over sodium sulfate, evaporated to 
dryness, and following purification on silica gel plates 
using chloroform -ethyl acetate (2:l) gave l l b  (350 mg) 
in 837, yield; nmr (CDC13) 6 8.23 (s, 4H), 5.30 (m, lH), 
4.13 (m, lH), 3.77 (s, 3H, COOMe), 3.66 (d, 2H, J = 4 
Hz), 3.13 (b, lH, OH), 2.60 - 1.30 (m, 6H), 0.85 (s, 9H), 
0.05 (s, 6H); ir (CHC13) 3650 -- 3100, 1740, 1620, 1540 
cm-1; ms (70eV) m/e 467 (M+), 408 (Mf - COOMe). 
Anal. calcd. for C22H3303NSi: C 56.52, H 7.12, N 3.00; 
found: C 56.53, H 7.34, N 3.04. 

Methyl-2-(3a-p-t1itrobenzoyl-4p-rert-butyldimethyl- 
silyloxymet/~ylcyclopenr- I 6-yljglyoxylate 

Sodium metaperiodate (280 mg) and a catalytic amount 
of ruthenium dioxide (10 mg) were dissolved in water 
(20 ml). The pH of the mixture was controlled between 
6 and 7 by the addition of a small amount of sodium 
bicarbonate. The solution of l l b  (280mg) in carbon 
tetrachloride (30ml) was added to the mixture, with 
vigorous stirring, at room temperature. The end of the 
reaction, after about 4 h, was indicated by a change in 
color from black to yellow. The carbon tetrachloride 
layer was separated, washed with water, ruthenium tetr- 
oxide was destroyed by the addition of a few drops of 
isoprovvl alcohol. and the mixture was filtered. The 
caibo; tetrachloride layer was dried over sodium sulfate 
and evaporated under reduced pressure to give 12 (260 
mg) in 937, yield: nmr (CDC13) 6 8.23 (s, 4H), 5.30 (m, 
lH), 3.87 (s, 3H, COOMe), 3.70 (b, 2H), 2.77 - 1.40 
(m, 6H), 0.93 (s, 9H), 0.05 (s, 6H); ir (CHC13) 1740, 1620, 
1550cn1-1; ms (70eV) m/e 465 (M+), 408 (M+ - C- 
(CH3)3), 406 (M+ - COOMe), 300 (M+ - CH3 - p- 
N02C6&CO). 
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Preparation of Hydrazone 13 from 12 
Compound 12 (140 mg), ethyl hydrazinoacetate hydro- 

chloride (54 mg), and sodium acetate (30mg) were dis- 
solved in aqueous methanol (10 ml). The reaction mixture 
was stirred at room temperature overnight, evaporated 
under reduced pressure to remove methanol, and then 
extracted twice with methylene chloride. The methylene 
chloride layer was washed with water, dried over sodium 
sulfate, and evaporated to dryness. Purification on a 
silica gel plate using chloroform - ethyl acetate (3 : 1) as an 
eluant gave 13 (150mg) in 88% yield; nmr (CDC13) 6 
10.17 (t, NH, J = 4 Hz), 8.20 (s, 4H), 6.43 (t, NH, J = 4 
Hz), 5.33 (m, IH), 4.53 - 3.97 (m, 4H), 3.77 (s, 3H, 
COOMe), 3.70 (b, 2H), 2.66 -- 1.50 (m, 6H), 1.27 (t, 3H, 
J = 7 Hz), 0.90 (s, 9H), 0.05 (s, 6H); ir (CHCI,) 3250 - 
3650, 1740, 1730, 1620, 1550cm-I; uv A,,, (EtOH) 266 
nm (log e 3.93), 292 nm (log e 3.74); ms (70 eV) m/e 565 
(MC), 506 (M+ - COOMe). Anal. calcd. for C26H3909- 
N3Si: C 55.21, H 6.95, N 7.43; found: C 55.40, H 6.98, 
N 7.20. 

- - .  
pyrazo~e 

To the solution of 13 (570 mg) in methanol (10 ml) was 
added 0.62 M sodium methoxide (3.5 ml). The reaction 
mixture was refluxed for 2 h, evaporated under reduced 
pressure, acidified with hydrochloric acid after water was 
added to the residue, and then extracted with ethyl 
acetate. The organic layer was dried over sodium sulfate 
and evaporated to dryness. Separation on silica gel plates 
using ethyl ether as an eluant gave 14 (75 mg) in 20% 
yield; nmr (CDC13) 6 6.60 (b, 2H), 4.33 (m, lH), 3.93 
(s, 3H, COOMe), 3.90 - 3.37 (m, 3H), 2.50 -- 1.50 (m, 
5H), 0.93 (s, 9H), 0.07 (s, 6H); ir (CHC13) 3460, 1720, 
1690, 1590 cm-I ; uv A,,, (0.1 N HCI) 228 nm (log e 3.28) 
and 275 nm (log c 3.66); A,,, (0.1 N NaOH) 238 nm 
(log e 3.87) and 320 nm (log e 3.91); ms (70 eV) m/e 370 
(Mf), 355 (M+ - CH3), 339 (M+ - 0CH3), 313 (M+ - 
C(CH3)J3 281 (M+ - C4H9 - CH30H). 

3(5)-(3a-Hydroxy-4p-tert-butyldimethylsiloxymethyl- 
cyclopent-18-y1)-5(3)-carboxamide-4-hydroxy- 
pyrazole 

Compound 14 (150 mg) was added to methanol (10 ml) 
saturated with ammonia. The solution was allowed to 
stand at room temperature for a week. Evaporation and 

purification on a silica gel plate using ethyl acetate as an 
eluant gave 14a (115 mg) in 80% yield: ir (CHC13) 3580, 
3440, 1690, 1630, 1600 cm-1; ms (70 eV) m/e 355 (M+), 
288 (M+ - C(CH3),), 281 (M+ - C(CH3)3 - NH3); uv 
A,,, (0.1 N HCI) 220nm (log e 3.77) and 268 nm (log e 

3.57); A,,, (0.1 N NaOH) 235 nm (log e 3.69) and 315 
nm (log e 3.78). Anal. calcd. for CI6H29N3o4Si: C 54.08, 
H 8.17, N 11.83; found: C54.19, H 8.24, N 11.60. 

3(5)-(301- Hydroxy-4p-l~ydroxymethylcyclopent-ID-y1)- 
5(3)-carboxamide-4-ltydroxypyrazole 

To the solution of 14a (140 mg) in methanol (2 ml) was 
added 50% aqueous trifluoroacetic acid (2 ml). The solu- 
tion was stirred at room temperature for 30 min and then 
evaporated under reduced pressure. The crude product 
was crystallized from methanol- ethyl ether to give 15 
(58 mg) in 60% yield; mp 138 - 141 "C; ir (KBr) 
3100 - 3600, 1690, 1640 cm-1; ms (70 eV) m/e 241 (M+), 
224 (M+ - NH3), 223 (M+ - H20), 206 (M+ - H20 - 
NH3); uv A,,, (0.1 N HCI) 220 nm (log e 3.76) and 268 
nm (log e 3.64); A,,, (0.1 NNaOH) 235 nm (log e 3.77) 
and 314 nm (log e 3.90). 
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GEORGE .IUST, MOHABIR RAMJEESINGH, and TENG JIAM LIAK. Can. J. Chem. 54, 2940 (1976). 
The nrnr spectra of the two anomers of 1-0-acetyl-3,4-di-0-isopropylidene-2,s-anhydro- 

D,L-allose (2a, 26) are discussed. The reactions of D,L-3,4-di-0-isopropylidene-2,s-anhydroal- 
lose (1) with carbethoxymethylenetriphenylphosphorane, bromocarbethoxymethylenetri- 
phenylphosphorane and ethyl triphenylphosphoranylidene pyruvate to give respectively the 
olefin derivatives 7, 9, and 10 and an internal Michael addition product 11 are described. From 
11, two bis-homo anhydro-C-nucleosides having 6-azauracil (15) and 4-hydroxy-5-carbox- 
arnidopyrazole (19) bases were synthesized. 

GEORGE JUST, MOHABIR RAMJEESINGH, et TENG JIAM LIAK. Can. J. Chem. 54, 2940 (1976). 
Les spectres rmn des deux anomkres du 0-acktyl-1 di-0-isopropylidene-3,4 anhydro-2,s 

D,L-allose (2a, 2b) sont rapport& et discutks. On dhrit  aussi les rkactions du di-0-isopropyli- 
dkne-3,4 anhydro-2,5 D,L-allose avec le carbCthoxymkthylene triphenylphosphoranne, le 
bromocarbkthoxymkthylene triphCnylphosphoranne et le triphknylphosphorannylidene pyru- 
vate d'kthyle donnant respectivement les dkrivks olkfiniques 7, 9, 10 et le produit de condensa- 
tion interne de Michael 11. A partir du compose 11, on a synthCtisC deux bis-homo anhydro-C- 
nuclCosides ayant les bases aza-6 uracile 15 et hydroxy-4 carboxamidopyrazole-5 19. 

In previous papers (l,2), we reported a synthe- 
sis of ~,~-3,4-di-O-i~0pr0pylidene-2,5-anhydroal- 
lose (1) and its use for C-nucleoside syntheses. In 
this paper we wish to present a study of the reac- 
tions of D,L-3,4-di-0-isopropylidene-2,5-anhy- 
droallose with Wittig reagents and the syntheses 
of two bis-homo anhydro-C-nucleosides. 

In our synthesis of D,L-3,4-di-0-isopropyli- 
dene-2,5-anhydroallose, both the a and /3 ano- 
mers were obtained in approximately equal 
amounts. This conclusion was based on their 
nmr spectral data in which the anomeric protons 
of both anomers have different chemical shifts. 
They appeared at 5.08 and 5.21 ppm and their 
approximate intensity was half a proton each. 

It was possible to separate the a and /3 forms 
of the acetate derivative (2a, 2b) by thin layer 
chromatography eluting with ether-hexane (1 :2). 
The two anomers with Rf = 0.45, mp 64.5- 

65.6"C, and R, = 0.4, mp 140.5-141.5 "C, had 
virtually identical infrared and mass spectra but 
different nmr spectra. Structural assignment of 
the two anomers were based on their nmr data. 
Generally for sugars, an equatorial anomeric 
proton produces a signal at lower field by ap- 
proximately 25 Hz than an axial proton (3). 
On this basis, the anomer (Rf = 0.45) with the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JUST ET AL. 

I . . . . I . . . . I . .  
I . . . . I . . . .. i I. . . . . . .  I , . . . .  .I 1 . . , . .  ,. i . , . . I  . . .  I I . . . . : .  . I I  

I . . . . I . . . . 1 1 ,  

FIG. 1. Nuclear magnetic resonance spectrum of the B anomer 2a. 

proton on C-1 6 Hz higher than the other (in 
deuteropyridine) was assigned the 0 configura- 
tion (2a). The other isomer (R, = 0.40, Fig. 2) 
was therefore the a anomer (2b). 

A major difference between the two spectra 
were the signals for the protons at C-3 and C-4. 
In the a anomer (Fig. 2) they appeared as a 
singlet at 4.80ppm whereas for the ,6 anomer, 
(Fig. 1) they gave an AB pattern (J = 6 Hz). In 
addition both protons on C-6 in the 2a and 2b 
were found to have distinctly different chemical 
shifts, a feature which is much more pronounced 
in 2b (Fig. 2). This is easily explainable since the 
axial substituent in 2b was in close proximity to 
the axial proton on C-6 thus causing the latter to 
be in a different chemical environment than its 
equatorial counterpart. Hence, one of them 
appeared as part of an AB system at 3.50 ppm 
and the other as the other part of the AB system 
at 4.13 ppm (JAB = 11 HZ). The latter was also 
coupled to the proton on C-5 with J = 2 Hz. 
Using the Karplus curve (4) which predicts a 
small coupling constant for the equatorial pro- 
ton having a dihedral angle of about 30" with 
C-5 H, the signal at 4.13 was assigned to this 
equatorial proton. The axial proton which had 
a dihedral angle of about 90" with C-5 H was 

assigned to the signal at 3.50 ppm. 
For the /3 anomer 2a (Fig. I), on the other 

hand, the substituent was now equatorial and 
was pointing away from the two protons on C-6. 
Hence these two protons on C-6 did not show 
the same large difference in chemical shift, 
appearing as an AB system at 3.74(Ha) and 
3.95 ppm (H,). 

The reaction of the 2,5-anhydroallose 1 with 
2 equiv. each of triphenylphosphine, carbon 
tetrabromide, and zinc dust (5) at 23 OC in dry 
methylene chloride did not give the dibromo- 
olefin 3. Starting material was quantitatively 
recovered. Another variation of this reaction 

(5), namely reaction of 1 with 4 equiv. of tri- 
phenylphosphine and 2 equiv. of carbon tetra- 
bromide, was equally unsuccessful. Instead the 
crystalline 1-bromocompound 4 mp 144-145 "C, 
was isolated in 75% yield. Only one stereoisomer 
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8.0 7.0 6 .O 5 .O 4.0 3.0 2.0 I .O 0 
ppm ( 8 )  

FIG. 2. Nuclear magnetic resonance spectrum of the a anomer 26. 

was obtained and its nmr spectrum was very 
similar to that of (2b). Protons on C-3 and C-4 
appeared as a singlet at 4.75 ppm. Protons on 
C-6 had very different chemical shifts and were 
geminally coupled. They appeared at 3.50 ppm 
and 4.18 ppm with a coupling constant of 13 Hz. 
As in the case of 2b these nmr data were charac- 
teristic of an axial substituent at the C-1 posi- 
tion. The formation of only one isomer was not 
surprising since it is well known that for 1,4- 
dioxane systems, halogen atoms were found to 
prefer the axial orientation because of the 
anomeric effect (for a review on the anomeric 
effect in 1,Cdioxane systems, see ref. 6) (7). This 
stereochemistry was favoured by several 
kcal/mo12. 

The formation of 4 was most probably due to 
the bromination of anhydroallose 1 by triphenyl- 
phosphine dibromide 5. It is known that the 
latter is produced as a side product in this 
method of generating the ylide 6 (8). 

It is also known that triphenylphosphine di- 
bromide generally brominates alcohols and 
phenols to the aryl and alkyl halides (9). 

The reaction of the 2,5-anhydroallose 1 with 
carbethoxymethylenetriphenylphosphorane in 
DMF for 6 h at 90 "C gave exclusively the oily 
trans olefin 7 in up to 75% yield. These condi- 
tions were similar to those employed in the con- 
densation of galactose (10) with the ylide. The 
trans isomer was expected in this case since on 
steric grounds, the threo struction of the inter- 
mediate betaine was probably more stable than 
the erythro structure which leads to  the cis 
olefin (11). The unsaturated ester 7 showed 

vinyl protons absorption as an AB system at 
5.73 and 6.70 ppm (J = 14 Hz), characteristic 
of a trans olefin (4). 

A crystalline side product, mp 123-124 "C, 
was also isolated in less than 8% yield from this 
reaction. Its nmr spectrum showed the presence 
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of any ethyl group and the absence of olefinic 
protons. The infrared spectrum showed a car- 
bony1 absorption at 1740 cm-' and the mass 
spectrum gave a n~olecular ion peak at 272 
showing it to be an isomer of 7. This side product 
was assigned structure 8 and was most likely 
formed from 7 by an internal Michael type addi- 
tion. The yield of 8 was found to increase with 
higher temperature and longer reaction time. 

Both stereoisomersl of 8 were obtained. One 
isomer was more soluble in hexane than the 
other. Using this fractional solubilization tech- 
nique, fairly pure samples of both isomers (8a 

8a 8b 

and 8b) could be obtained. Their nmr showed 
the same characteristic differences as in the case 
for 2a and 2b. For the a! isomer 8b which was 
analogous to 2b, the two protons on C-6 had 
different chemical shifts, appearing as an AB 
system at 3.40ppm and a t  4.0ppm with a 
coupling constant (JAB) of 11 HZ. The /3 isomer 
8a had nearly the same chemical shift for the 
two C-6 protons which appeared as a con~plex 
signal at 3.65 ppm. Moreover, it was found that 
for the /3 isomer,' protons (C-2') of the side 
chain appeared as a doublet a t  higher field, 
2.42 pprn ( J  = 6 Hz), whereas, for the a isomer1 
they appeared as doublet of doublets at lower 
field (2.82 ppm, J = 8 Hz, J = 3 Hz). 

Acetylation of 7 gave a monoacetate 7a which 
again was not crvstalline. Silvlation of 7 with 
teyt-butyldimethy~silyl chloriie in dimethyl- 
formamide (12) gave the oily monosilyl deriva- 
tive 7b. Both of these compounds were important 
intermediates in our synthesis of C-nucleosides 
(13). 

In the large scale preparation of 7a, it was 
found expedient to acetylate directly the crude 
product obtained from the Wittig reaction after 
evaporation of dimethylformamide. Work-up 

LBy analogy with 2a and 26, the stereochemistry of the 
substituent a t  the C-1 position of this and other similar 
bicyclic compounds will be denoted by the letters CY or  p. 
When the substituent is axial or equatorial with respect 
to the 14-dioxane ring, the compound will be referred 
to  as the CY isomer or the p isomer respectively. 

followed by filtration through a silica gel column 
(activity 3) eluting with ether-hexane (1 : 1) effec- 
tively separated the product 7a (R ,  = 0.8) from 
triphenylphosphine oxide, and gave an 80% 
overall yield of 7a, based on 2,5-anhydroallose 
(1). 

9a R  = H ,  R1 = Br, R2 = C02Et 
b R = H, RI = C02Et, R2 = Br 
c R = A c  

Reaction of bromocarbethoxymethylenetri- 
phenylphosphorane (14) with the 2,5-anhydro- 
allose 1 in DMF at 95 OC gave the oily olefin 9, 
in less than 20% yield. Both possible isomers in 
which the proton on C-3 and the bromine sub- 
stituent were both cis 9a and trans 9b were 
obtained. Since the cis deshielding parameter of 
bromine is roughly 0.5 pprn smallei" than that of 
the carbethoxy group (15), one would expect the 
C-3 proton of 9 to be at markedly higher field. 
Hence the doublet of the C-3 proton at 6.64 pprn 
( J  = 7 Hz) was assigned to  the cis isomer 9a 
and that at 7.25 pprn ( J  = 5 Hz) was assigned 
to the trans isomer 9b. The ratio of cis to trans 
isomers was variable with a predominance of 
the trans isomer. This mixture was further 
characterized as the acetate derivative 9c. 

The reaction of the 2,5-anhydroallose 1 with 
ethyl triphenylphosphoranylidene pyruvate (16) 
at 90 "C for 2 days did not give the a,p-unsatu- 
rated keto ester 10. Instead an oil (11) which 

turned out to be the internal Michael addition 
(17) product of 10 was obtained. Milder reaction 
conditions did not give any product. 

Both stereoisomersl l l a  and l l b  were ob- 
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tained as a mixture. The nmr spectrum of the 
mixture was similar to that of 8 except for the 
chemical shifts of the methylene protons of the 
side chain. For the p isomer1 ( l l b )  the methylene 
protons appeared as a multiplet at 3.0 ppm and 
for the a isomer1 as a multiplet at 3.50 ppm, thus 
following the same pattern as in 8 in which the 
methylene protons of the a isomer ( l l a )  were 
more downfield than those of the p isomer1. 

Acetylation of the isomeric mixture l l a  and 
l l b  with acetic anhydride in pyridine gave on 
work-up the vinyl acetate derivative 12 as a 

0 

mixture of isomers. The olefinic proton appeared 
as a doublet at 6.30 ppm (J = 7 Hz). The infra- 
red spectrum showed strong bands at 1780 cm-I 
(en01 acetate) and 1740cm-I (ester) and a 
medium intensity band at 1680 cm-I (C=C). 
Its mass spectrum showed a molecular ion peak 
at 342. The structure was confirmed by micro- 
analysis. 

The reaction of the isomeric mixture l l a  and 
116 with semicarbazide hydrochloride gave the 
semicarbazones 13a and 13b. One isomer, mp 

218-220 OC, crystallized out from the reaction 
mixture. The other isomer obtained by extrac- 
tion of the mother liquor was crystallized from 
ether - petroleum ether as a white powder, mp 
82-84 "C. The nmr spectra of both isomers1 
showed the same characteristic differences as 
was discussed for 8a and 8b. The one isomer, 
mp 218-220 "C, had a chemical shift of 2.68 
ppm for the methylene protons on C-3', and 
showed an AB quartet for the protons on C-3 
and C-4 of the bicyclic ring. It was assigned 
structure 13a. The other isomer had a chemical 

shift of 2.90 ppm for its methylene protons of 
C-3' and showed a singlet at 4.48 ppm for the 
protons on C-3 and C-4 of the bicyclic ring. This 
isomer was assigned structure 13b. The mass 
spectra of both isomers were identical. 

Cyclization of 13a with methanolic sodium 
hydroxide gave the 6-azauracil derivative 14a 
(18), mp 170 "C. It had a uv absorption charac- 
teristic for azauridine at 253 nm ( E  6900) in 
ethanol (18). Its mass spectrum showed a 
molecular ion peak at 3 11. 

Cleavage of the acetonide with aqueous 
trifluoroacetic acid gave the crystalline bis- 
homo anhydro-C-nucleoside 15a. 

Condensation of the isomeric mixture l l a  
and l l b  with ethyl hydrazinoacetate hydro- 
chloride gave the corresponding isomeric oily 
hydrazone 16. Cyclization of 16 with sodium 
methoxide gave the 4-hydroxy pyrazole deriva- 
tive as a mixture of isomers 17a and 17b (19), 
which was obtained as a powder after purifica- 
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tion by tlc using ethyl acetate - methanol, (10: 1) 
giving the isomeric mixture (17a and 17b) 
(R, = 0.7) as a white powder. A portion of this 
product was soluble in chloroform and from its 
nmr turned out to be the /3 isomer1 17a mp 
82-84 "C. The chloroform insoluble fraction 
crystallized from methanol-chloroform, mp 173- 
175 "C. Based on its nmr data, it was assigned 
structure 17b. Both compounds displayed charac- 
teristic uv absorptions of a 4-hydroxy-5-carbo- 
methoxypyrazole derivative (19) at 238 nm 
(C 6300), 328 nm (C 8100) in 0.1 N NaOH and at 
228 nm ( r  6900), 273 nm (C 5000) in 0.1 N HC1. 

The /3 isomer 17a was converted to  the car- 
boxamide derivative 18a which, upon cleavage 
of the isopropylidene protecting group with 80% 
aqueous trifluoroacetic acid, yielded the bis- 
homo anhydro-C-nucleoside 19a. 

Experimental 
For general procedures, see preceding paper (13). 

I-O-Acetyl-2,5-anltydro-3,4-O-isopropylidene-~,~-allose 
(2a and 26) 

Anhydroallose (1) (202mg, 1 mmol) was acetylated 
overnight with 4 ml of acetic anhydride and 5 ml of pyri- 
dine. Work-up gave a quantitative yield of the crystalline 
mixture of 2a and 26. Separation on silica gel plates, 
20 X 20 cm X 1 mm eluting with ether-hexane (1 :2) 
gave two bands, Rf = 0.45 and Rf = 0.40. Extraction of 
the bands gave 105 mg of 2a (0 anomer) mp 64.5-65.5 "C, 
and 115 m i  of 26 ( a  anomer) mp 140-141 'k; ir (CHC13), 
1750 (OAc), 1385 cm-1 (acetonide); nmr (2a) (CDC13), 
a 1.38 (s, 3H), 1.51 (s, 3H), 2.14 (s, 3H), 3.74 (d, JAB = 

12 HZ, lH), 3.94 (d of d, JAB = 12 HZ, J = 2 HZ, lH), 
4.05 (d, J = 2 Hz, lH), 4.15 (s, lH), 4.85 (AB quartet, 
JAB = 6 HZ, 2H), 5.73 (d, J = 2 Hz, 1H); nmr (26) 
(CDC13), 6 1.38 (s, 3H), 1.51 (s, 3H), 2.14 (s, 3H), 3.50 
(d, J =  12Hz, 1H),4.17 (bs, lH),4.20(s, 1H),4.86(s, 
2H), 5.73 (d, J = 2Hz, 1H); ms 229 (M+ - CH3). 
Anal. calcd. for CllHl6O4: C 54.09, H 6.60; found: C 
54.03, H 6.59. 

I-Deoxy- la-bromo-D,L-~, 5-anhydro-3,4-0-isopropylidene- 
allose 4 

Carbon tetrabromide (0.665 g, 2 mmol) and triphenyl- 
phosphine (1.08 g, 4 mmol) were dissolved in 15 ml of dry 
methylene chloride. Anhydroallose (1) (202 mg, 1 rnmol) 
in 10 ml of methylene chloride was added slowly to this 
solution. The reaction mixture~was stirred at 0 "C for t h. 
Evaporation of solvent and passage through a silica gel 
column (activity 3) eluting with ether-hexane ( 1  :1) gave 
310 mg of 4, mp 144-145 "C, yield 84%; ir (Nujol) 1390 
cm-1 (acetonide); nrnr (CDC13) 6 1.32 (s, 3H), 1.50 (s, 3H), 
3.55 (d, J = 12 Hz, IH), 4.18 (d, J = 12 Hz, lH), 4.25 

Erhyl trans-3-(50-Hydroxymethyl-3a,4a-dilzydroxy-di-0- 
isopropylidene furan- Ip-y1)ucrylare (7) 

Carbethoxymethylenetriphenylphosphorane (600 mg, 
1.725 mmol) was added to the anhydroallose 1 (300 mg, 
1.48 mmol) in 15 ml of dimethylformamide. The solution 
was heated at 95 'C for 6 h, cooled, and stripped of 
solvent by evaporation under high vacuum. The residue 
was triturated with ether and the white crystalline material 
that precipitated was filtered off. The filtrate was evapo- 
rated to dryness and chromatographed on 20 X 20 cm 
silica gel plates. Elution with methylene chloride -ether 
(2:3) gave 250 mg of colorless oily product, yield 66%; 
ir (film) 3500 (OH), 1730 (ester), 1670 (C=C), 1380cm-I 
(gem-dimethyl); nmr (CDCI3) 6 1.20 (t, 3H, J = 7 Hz), 
1.30 (s, 3H), 1.52 (s, 3H), 2.02 (s, 0-H), 3.5 to 4.52 (m's, 
8H), 5.73 (d, lH,  J = 14 Hz), 6.70 (dd, lH,  J = 14 Hz, 
J = 4 Hz); ms (70 eV) m/e 272 (M+), 257 (M+ - CH3), 
227 (M+ - CH3 - CH20), 214(M+ - CH3 - CH3COO), 
167, 129, 85. Anal. calcd. for Cl3Hmo6: C 57.35, H 7.35; 
found: C 56.61, H 7.66. 

Ethyl rrans-3-(5p-tert-Butyldimethylsilyl-O-methyl-3a,4a- 
dihydroxy-di-0-isopropylidenefuran- Ip-y1)acrylate 
(76) 

The acrylic ester 7 (230 mg, 0.85 mmol) was silylated 
using rert-butyldimethylsilyl chloride (300 mg, 2.3 equiv.) 
and imidazole (290mg, 5 equiv.) in 15 ml of dimethyl- 
formamide at 40 "C for 14 h. Evaporation of solvent and 
separation on a silica gel column eluting with ether- 
hexane (1 :1) gave 290 mg of colourless oil, yield 90%; 
ir (CHC13) 1735 (ester), 1680 (C=C), 1385 cm-1 (aceto- 
nide) ; nmr (CDC13) 6 0.12 (s, 6H), 0.92 (s, 9H), 1.28 (t, 
3H), 1.36 (s, 3H), 1.55 (s, 3H), 3.73 (d, J = 4 Hz, 2H), 
4.60(q,2H),4.8-5.2(4H),6.08(dd,J= 1 6 H z , J =  5Hz); 
ms 386 (M+), 371 (M+ - CH3), 329 (M+ - C(CH3)3), 
271 (M+ - rert-butyl-Si (CH3)2), 241, 184. Anal. calcd. for 
C19H3406Si: C 59.02, H 8.75; foulld: C 58.96, H 8.75. 

D,L- I-Deoxy-Ia,p-carbethoxymethylene-2,5-anhydm- 
3,4-0-isopropylideneallose (8a, 8b) 

Ar~hydroallose (1) (202 mg, 1 mmol) was heated at 
110 "C with carbethoxymethylenetriphenylphosphorane 
(400 mg, 1.14 mmol) in 12 ml of dimethylforn~amide for 
48 h. Evaporation of solvent, and passage of the crude 
through a silica gel column (activity 3) eluting with 
ether-hexane (1:l) gave 245 mg of crystalline material, 
yield 90%. Addition of 10ml of hexane to the product, 
and filtration gave 85 mg of the 0 isomer, mp 128 "C. 
Eva~oration of the filtrate. addition of a small volume of 
hexane to the residue, followed by filtration and evapora- 
tion of the filtrate gave 64 mg of the fairly pure a isomer, 
mp 85-86.5 "C; ir (Nujol) 1740 (ester), 1385 cm-1 
(acetonide); nmr (p isomer) (pyridine-d5) 6 1.05 (t, 3H), 
1.32 (s, 3H), 1.53 (s, 3H), 2.42 (d, J = 7 Hz, 2H), 3.60 
(m, 2H), 4.02 (q, 2H), 4.05-4.40 (3H), 4.65 (s, 2H); nmr 
(a  isomer) (pyridine-d5) 6 1.05 (t, 3H), 1.32 (s, 3H), 1.53 
(s, 3H), 2.82 (m, 2H), 3.40 (d, JAB = 13 Hz, lH), 3.98 
(dofd ,  JAB = 1 3 H ~ ,  J = ~ H z ,  1H),4.15(q, 2H),4.18- 
4.40 (3H), 4.14 (s, 2H); ms 257 (M+ - CH3), 227 (M+ - 
OEt), 185 (M+ - CH2C02Et). Anal. calcd. for C13H200S: 
C 57.34, H 7.40; found: C 57.31. H 7.30. 

(2H). 4.80 (s, 2H), 6.15 (s, 1H); ms 256 (MC, *lBr), 254 Ethyl trans-3-(5p-Acetoxymetl~yl-3a.4a-dihydroxy-di-O- 
(M+, 79Br), 185 (M+ - Br). Anal. calcd. for C9H1304Br: isopropylidenefuran-Ip-y1)acrylute (7a) 
C 40.7, H 4.9, Br 30.20; found: C 40.6, H 4.9, Br 30.15. Crude or pure ester 7 (200 mg) was acetylated using 
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5 ml of acetic anhydride in 6 ml of pyridine stirring for 6 h 
at room temperature. The mixture was then evaporated 
to dryness under high vacuum. The oily product was 
purified on a silica gel column (activity 3), eluting with 
ether-hexane (1 :l). When intermediate 7 was not isolated, 
the overall yield based on 1 is 80% ; ir (film) 1745 (acetate), 
1725 (ethyl ester), 1660 (C=C), 1380 cm-1 (acetonide); 
nmr (CDC13) 8 1.24 (t, 3H, J = 7 Hz), 1.33 (s, 3H), 2.10 
(s, 3H), 4.0-4.52 (m's, 8H), 6.18 (d, lH, J = 16 Hz), 6.95 
(dd, IH, J = 16 Hz, J = 5 Hz); ms (70 eV) m/e 314 
(M+), 299 (M+ - CH3), 256 (299 - CH3CO), 211, 196, 
86. 

Ethyl 2-Bromo-3-(2,3-di-O-isopropylidene-5-O-acetyl-I~- 
ribofuranosyl)acrylate (9c) 

Carbethoxybromomethylenetriphenylphosphorane (450 
mg, 1.28 mmol) was added to a solution of the anhydro- 
allose (1) (202 mg, 1 mmol) in 15 ml dimethylformamide. 
The solution was heated at 95 "C for 24 h, cooled, and 
evaporated to dryness under high vacuum. Toluene and 
absolute ethanol were used as chaser. The residue was 
directly acetylated using 5 ml of pyridine and 3 ml of 
acetic anhydride with stirring for 8 h. Evaporation of 
excess pyridine and acetic anhydride yielded a brown 
oily residue. This was chromatographed on a silica gel 
column (activity 3). Elution with ethyl ether- hexane 
(1 :I) gave 75 mg of the isomeric mixture of product, an 
oil, yield 19% ; ir (film) 1745 (acetate), 17 10 (ethyl ester), 
1640 and 1680 (C=C), 1380 cm-1 (acetonide); nmr 
(CDCI,) 8 1.32 (s, 3H), 1.4 (t, 3H, J = 7 Hz), 1.55 (s, 3H), 
2.1 (s, 3H), 4.0-4.6(7H), 4.8 (dof d, J = 7 Hz. J = 3 Hz, 
0.6H), 5.10 (d of d, J = 7 Hz, J = 3Hz, 0.4H), 6.64 (d, 
J = 7 Hz, 0.6H), 6.73 (d, J = 7 Hz, 0.4H); ms 394 (M+, 
SlBr), 392 (M+, 79Br), 379 (394 - CH3), 397 (392 - CH3), 
318, 316, 276, 274, 229. Anal. calcd. for C15H2107Br: 
C 47.33, H 5.61, Br 14.77; found: C 47.32, H 5.48, 
Br 14.70. 

I-Deoxy-In,~-ethoxalylmethylene-2,5-anhydro-3,4-0- 
isopropylidene-D,t-allose (11) 

Ethyl triphenylphosphoranylidene pyruvate (515 mg, 
1.35 mmol) was added to anhydroallose (1) (202mg, 
1 mmol) in 15 ml of dimethylformamide. The solution 
was heated at 95 "C for 26 h, cooled, and stripped of 
solvent by evaporation under high vacuum. Separation of 
the crude product on a silica gel column eluting with 
ether-hexane (1 :1) gave 195 mg of 11 as an oil, yield 65%; 
ir 1745 (strong, ketoester), 1395 cm-1 (acetonide); nmr 
(CDC13) 6 1.35 (t, 3H), 1.38 (s, 3H), 1.51 (s, 3H), 3.0 
(m, CH2 of P), 3.45 (m, CH2 of a), 3.8 (m, 2H), 4.0-4.6 
(5H), 4.02 (s, 2H of a), 4.05 (2H of P). Anal. calcd. for 
CI5HZ0O7: C 55.99, H 6.71; found: C 55.89, H 6.67. 

I-Deoxy-la,P-ethoxalylmethylene-2,5-anlzydro-3,4-0- 
isopropylidene-D,L-allose Semicarbazone (13a, 136) 

The keto ester 11 (350mg, 1.1 mmol) in 5 ml of 
ethanol was added to semicarbazide hydrochloride 
(1 14 mg, 1.5 mmol) and sodium acetate (130 mg, 1.55 
mmol) dissolved in 4 ml of water. The resulting solution 
was heated on a hot plate to boiling and was then allowed 
to cool slowly. The crystals obtained (P isomer) (12a) 
(165 mg), mp 218-220 "C, were filtered off and to the 
resulting filtrate an additional 10 ml of water was added 
and then extracted with 3 X 10 ml of chloroform. Drying 
of the organic layer with sodium sulfate and evaporation 

gave 196 mg of a white powder ( a  isomer, 12b) mp 82- 
84 "C; total yield 86%; ir (KBr disc) 3500, 3385 (NH2), 
1720 (keto ester), 1700 (amide), 1590 (C=N), 1390 cm-1 
(acetonide); nmr (p isomer) (DMSO-d6) 6 1.21 (t, 3H), 
132 (s, 3H), 1.37 (s, 3H), 2.68 (m, 2H), 3.32011, 2H), 
3.54 (m, IH), 4.0 (m, 2H), 4.16 (q, 2H), 4.7 (d, JAB = 
6 HZ, IH), 5.0 (d, JAB = 6 HZ, lH), 6.45 (NH2), 10.1 
(NH); nmr ( a  isomer) (CDC13) 8 1.24 (t, 3H), 1.31 (s, 3H), 
1.41 (s, 3H), 2.90 (m, 2H), 3.6-4.2 (7H), 4.84 (s, 2H), 
6.45 (NH2), 10.5 (NH); ms 357 (M+), 342 (M+ - CH3), 
298 (M+ - NH2CONH), 284 (M+ - NH2CONHN), 210, 
173. Anal. calcd. for CL5H2307N3: C 50.41, H 6.49, N 
11.76; found: (0 isomer): C 50.60, H 6.58, N 11.77; 
found (a  isomer): C 50.62, H 6.53, N 11.72. 

I-Acetoxy-I-carbethoxy-2-(l-deoxy-2,5-an/zydro-3,4-di-0- 
isopropylidene-D,L-dlose-la,p-yl)ethene (12) 

The cyclic keto ester 11 (200 mg) was acetylated with 
acetic anhydride (2 ml), pyridine (3 ml), and triethyla- 
mine (1 ml) overnight. Work-up in the usual way gave a 
quantitative yield of the crystalline enol-acetate as a 
mixture of isomers, mp 90.5-92 "C; ir (KBr disc) 1780 
(enol-acetate), 1740 (ester), 1680 (C=C), 1385 cm-1 
(acetonide); nmr (CDCI3) 6 1.28 (t, 3H), 1.31 (s, 3H), 
1.53 (s, 3H), 2.25 (s, 3H), 3.65 (m, 2H), 4.10 (bs, 2H), 
4.13 (q, ZH), 4.45 (dd, J = 7 Hz, J = 2Hz, lH), 4.74 
(s, 2H), 6.31 (d, J = 7 Hz, 1H); ms 342 (Mf), 327 (M+ - 
CH3). Anal. calcd. for C16H2208: C 56.13, H 6.48; 
found: C 55.86, H 6.59. 

1-Deoxy- IP-(6-azauracylyl-5-methylene)-2,5-anhydro- 
3,4-0-isopropylidene-D,L-dlose (14a) 

The semicarbazone 12a (175 mg, 0.5 mmol) was stirred 
at room temperature w'ith 6 equiv. of aqueous sodium 
hydroxide for 4 h. Neutralization to pH4 followed by 
rapid extraction with ethyl acetate (3 X 15 ml) gave, after 
drying, a white powder. Recrystallization from hot 
ethanol gave 90 mg of pure (14~1, mp 173-174 "C; yield 
60%; ir (KBr disc) 3500-3300 (multiple bands, NH), 
1710 (strong, cyclic amide), 1600 (C=N), 1390 cm-I 
(acetonide); nmr (DMSO-d6) 6 1.32 (s, 3H), 1.40 (s, 3H), 
2.68 (m, 2H), 3.50 (m, 2H), 3.92 (m, 3H), 4.7 (d, J = 6 Hz, 
lH), 5.0 (d, J = 6Hz, lH), 6.8-7.0 (b, 2H); uv A,,, 
(EtOH) 253 ( E  6900); ms 311 (M+), 296 (M+ - CH3) 
270, 210, 113 (B + 1). Anal. calcd. for CI3Hl7o6N3: 
C 50.16, H 5.50, N 20.64; found: C 49.98, H 5.53, 
N 20.61. 

I-Deoxy- Ip-(6-azauracylyl-5-mer/lylene)-2,5-an/zydro- 
D,L-allose (15aj 

The azauracil derivative 14a (150 mg) was dissolved in 
50% aqueous trifluoroacetic acid and stirred at room 
temperature for 30 min. Evaporation of the solvent gave 
a yellow powder. After washing several times with small 
amounts of methanol, a white powder (15a) was obtained, 
mp 198 "C;ir(KBr disc), 3500-3300 (multiple bands, NH), 
1710 (strong, cyclic arnide), 1600 (C=N); uv X,,,(EtOH) 
253 ( e  6900). Anal. calcd. for CIOHI3o6N3: C 44.28. 
H 4.79, N 15.49; found: C 44.32, H 4.76, N 15.72. 

I-Deoxy-1 a,~-(5(3)-carbornetl1oxy-4-hydroxypyrazo~ 
3(5)-methylenej-2,5-anhydro-3,4-O-isopropylidet1e- 
~,L-allose (17a, 17bj 

The keto ester 11 (300 mg, 1 mmol) and ethyl hydrazino- 
acetate hydrochloride (175 mg, 1.15 mmol) was dissolved 
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in methanol-water (8:2) and sodium acetate (100mg, 
1.25 mmol) was added. The reaction mixture was stirred 
overnight. An equal volume of water was then added and 
the aqueous solution was extracted with chloroform 
(3 X 15 ml). Drying of the organic extract over sodium 
sulfate, and evaporation gave a quantitative yield of 
crude 16. This crude product was refluxed for 3 h with 
4 equiv. of sodium methoxide in methanol. After evapora- 
tion of methanol, water was added and the solution care- 
fully neutralized with dilute hydrochloric acid to  pH 5. 
Extraction with 4 X 20ml of ethyl acetate and drying 
over sodium sulfate gave, after evaporation of solvent, 
a yellow powder. Purification on silica gel plates (20 X 
20 cm X 1 mm) eluting with ethyl acetate - methanol 
(10:l) gave a broad band, R, = 0.5-0.7. Extraction with 
methanol gave a white powder, as a mixture of isomers 
(175 mg), yield 53%. 

The mixture was shaken with 10 ml of chloroform and 
then filtered. The undissolved powder (a isomer, 17b) 
(60 mg) was recrystallized from methanol-chloroform, 
mp 173-175 "C. The chloroform filtrate was evaporated 
to give 115 mg of fairly pure P isomer (17a); mp 82- 
84 "C; ir (17a) (CHCI3) 3500, 3400 (NH), 1720 (ester), 
1610 (C=N), 1400cm-1 (acetonide); ir (17b) (KBr disc) 
3450, 3320 (NH), 1720 (ester), 1600 (C=N), 1390 cm-1 
(acetonide); nmr (17a) (pyridine-d5) 6 1.31 (s, 3H), 1.53 
(s, 3H), 3.10 (d, J = 6 Hz, 2H), 3.65 (m, 2H), 3.80 (s, 3H), 
4.45-4.05(m, 3H), 4.81 (d, J =  6Hz,  IH), 5.18 (d, J = 
6 Hz), 8.9 (IH, exchangeable), 8.5-8 (b, exchangeable); 
nmr (176) (pyridine-d5) 6 1.31 (s, 3H), 1.53 (s, 3H), 3.6 
(m, 2H), 3.7 (m, 2H1, 3.90 (s, 3H), 4.6-4.25 (3H), 5.06 
(s, 2H), 6.7 (b, 2H exchangeable); uv A,,, (EtOH) 228 
( t  6900), 273 ( t  5000), 238 (c 6300), 328 ( t  8100); ms (17a), 
340 (M+), 325 (M+ - CH3), 293 (325 - CH30H), 229, 
185 (M+ - CH2B) where B is pyrazole base. The mass 
spectrum of 17b is identical to that of 17a. Anal. calcd. 
for C15H2007NZ: C 52.93, H 5.92, N 8.23; found (17a) 
C 52.70, H 5.85, N 8.42. 

I-Deoxy- I@-(S(3)-carboxamido-4-hydroxypyrazolyl-3(5)- 
met11ylene)-2,5-anhydro-3,4-0- isopropylidene-D,L- 
aNose (18a) 

The f l  isomer 17a (200 mg) was dissolved in methanol 
and saturated at 0 'C with ammonia. The solution was 
allowed to stand at room temperature for seven days. 
Evaporation of the solvent gave a yellow powder. Purifi- 
cation on silica gel plates (20 X 20 cm X 1 mm) eluting 
with ethyl acetate-methanol (10:l) gave a band with 
Ri = 0.58. Extraction with methanol gave a white 
powder (145 mg) mp 178-180 "C; yield 76%; nmr 
(pyridine-d5) 6 1.31 (s, 3H), 1.53 ( s ,  3H), 3.10 (d, J = 

6 Hz, 2H), 3.65 (m, 2H), 4.45-4.05 (m, 3H), 4.81 (d, J = 
6 Hz, lH), 6.92-5.82 (b, 3H), 8.6 - 8.2 (b, 1H); ir 
(CHCI3) 3450 (NH), 1690 (amide I band, C=O), 1630 
(amide 11 band, NH), 1600 (C=N), 1400 (acetonide); 
uv A,,, (EtOH) 228 (e 6700), 268 (e 4700), 238 (e 4700). 
238 (t  5200), 315 ( t  7900); ms 325 (M+), 310 (M+ - IS), 
185 (M+ - CH2B), 140 (CH2B). 

I-Deoxy-Ip-(5(3)-carboxamido-4-hydroxypyrazolyl-3(5)- 
methy1ene)-2,5-anhydro-D,L-allose (19a) 

The protected amide 18a (150 mg) was stirred in 4 ml 
80% trifluoroacetic acid at room temperature for 20 min. 
Evaporation to dryness and recrystallization from 
ethanol-chloroform gave a white powder (107 mg), 
mp 188-190 "C; yield 8 1 ~ 7 ~ ;  ir (KBr disc) 3450 - 3200 
(OH), 1680 (amide I, C=O), 1675 (amide 11, NH); 
uv A,,, (EtOH) 227 (t  6700), 269 (a 4700), 236 (e 5000), 
318 ( t  7700). 
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Complexes of niobium(II1) with bidentate ligands 
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A. D. ALLEN and S. NAITO. Can. J. Chem. 54, 2948 (1976). 
A novel method is reported for the convenient preparation of new niobium(II1) chloro 

complexes containing the ligands SMe2, CH3C(CH2AsMe2)3, o-C6H4(AsMe2)2, and ((C6H5)2P- 
CH2-)2. Details of the preparation and characterization of the compounds are given. In each 
case the compounds are diamagnetic, and a dimeric metal-metal bonded structure is proposed. 

A. D. ALLEN et S. NAITO. Can. J. Chem. 54, 2948 (1976). 
Une nouvelle methode est rapport& pour la preparation de nouveaux complexes de chloro 

niobium(1II) contenant les ligands SMe2, CH3C(CH2AsMe2)3, O - C ~ H ~ ( A S M ~ ~ ) ~  et ((CSH5)2P- 
CH2-)2. La preparation et la caractkrisation de ces composCs sont dkrites en detail. Dans 
chacun des cas les composCs sont diamagnetiques et une structure de dimkre impliquant un lien 
metal-metal est proposCe. 

[Traduit par le journal] 

Introduction 

Although a small number of n~onomeric 
cyclopentadiene complexes of niobium(II1) have 
been reported, e.g. (?rC5H5)2Nb H.L., where L = 

CO, PR,, C2H4 (1) and RC=CR1 (2) ,  the only 
simple complexes of niobium(II1) halides are 
Nb2X6(SC4H8)3 (X = C1, Br, I), [Nb2C18(SC4- 
H8)I2-, and [Nb2Cl9I3- (3). The absence of re- 
ports of other adducts of niobium(II1) halides is 
at least partly due to experimental difficulties, 
the anhydrous trihalides being difficult to prepare 
and too inert for use as starting materials (3). 

We have discovered a convenient synthetic 
route to niobium(II1) halo complexes which uses 
the readily available niobium pentachloride as a 
starting material. Treatment of this with the 
borane - dimethyl sulphide complex and a 
stoichiometric amount of sodium/~otassium 

r L 

alloy in toluene at room temperature gives 
directly in good (30%) yield the product Nb2- 
Ck(SMe2)3, which can readily be converted into 
complexes of the form Nb2C16(L-L)2, where 
L-L is a chelating diphosphine or diarsine. 

Experimental 
General 

Since many of the reagents and products are sensitive 
to oxygen and water, all reactions were done using a 
vacuum line under rigorously purified nitrogen or argon. 
Solvents were purified and dried by conventional means. 
They were freshly distilled under nitrogen and degassed 

'To whom correspondence should be addressed. 
20n  leave from The University of Tokyo, Tokyo, Japan. 

by freezing and melting under vacuum and nitrogen. 
Solid reagents were dried and degassed in situ by warming 
under high vacuum. 

Materials 
Niobium pentachloride was prepared by direct chlori- 

nation of the metal powder (4). To minimize contamina- 
tion with oxytrichloride the chlorine was first condensed 
at -80 "C under nitrogen and then allowed to warm 
slowly in a stream of nitrogen. The bright yellow crystal- 
line product was kept in a sealed flask under nitrogen. 
Portions were transferred to the reaction vessel under 
nitrogen using a glove bag. 

Ligands 
I,l,l-Tris(dimethylarsinomethyl)ethane, (triars) (5), o- 

phenylene bis(dimethylarsine), (diars) (5), and 1,2-bis(di- 
phenylphosphine)ethane, (diphos) (6), were prepared as 
previously reported. 

The borane-dimethylsulphide complex (BH3 .SMe2) 
was purchased from the Aldrich Chemical Co. Inc., and 
was used as supplied. It was kept at 0 "C and the volume 
of liquid removed (by syringe) for each experiment was 
replaced by dry nitrogen. 

Complexes 
NbzcI6(sMez)3 
Niobium pentachloride, 7.2 g (26.6 mmol), was added 

to 200 ml toluene. A dark reddish-brown solution was 
formed and some solid remained undissolved. Borane- 
dimethylsulphide, 5.1 ml (53.2 mmol), was added by 
syringe. Within a few minutes the excess solid dissolved 
and the solution changed to an orange colour. The orange 
solution was added to freshly prepared Na/K alloy (26.6 
mmol of each metal) and the mixture was stirred at room 
temperature. During the next 3-5 h the colour of the 
solution changed from orange to yellow-brown to red and 
finally to a deep purple. Stirring was continued for about 
12 h after the purple colour developed. The mixture was 
filtered through a Schlenk tube. The dark solid residue 
was removed and carefully destroyed with alcohol under 
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ALLEN AND NAITO 

TABLE 1. Analyses 

Calculated (%) Found (7%) 
Compound Nb Cl C H Nb C1 C H 

Nb2C16(Me2S)2.0. 1 C6H5CH3a 31.3 35.8 13.5 3.2 31.8 35.2 13.1 3 .O 
Nb2C16(triars)2.0.7C6H5CH3 15.1 17.3 26.3 4.8 15.9 17.0 26.4 5.4 
Nb2C16(diars)2.0. 1C6H5CH3 19 .0 21.7 25.0 3.3 18.1 21.8 24.5 3.2 
Nb2C16(diphos)20.7C6H5CH3 14.8 16.9 54.3 4.3 15.7 16.5 54.1 4.3 

"Toluene contents calculated from nmr spectrum of sample analysed. 

TABLE 2. Proton magnetic resonance spectraa 
- 

Compound a (ppm) and ratio in parentheses 

MezS 2.12 
NbzCls(SMe2)3 2.63 (2) (S-CH3 terminal); 3.34 (1) (S-CH3 bridging) 
CH~C(CHZAS(CH~)Z)~ 0.95 (6) (As-CH3); 1 .75 (2) (C-CH2-As) ; 1.10 (1) (C-CH3) 
Nb2C16(triar~)2 1.25 (6) (As-CH3 co-ord.); 1.80 (2) (C-CH2-As co-ord.); 1.08 (1 .5) (C-CH3) 

0.97 (3) (As-CH3 free); 1.58 (1) (C-CH2-As free) 
GHd(AsMe2)z 1 .27 (3) (AS-CH~) ; 7.37 (1) (GH4) 
Nb2C16(diar~)2 1 .60 (3) (As-CH3) ; 7.57 (1) (C6H4) 

"In CDCls solution. 

TABLE 3. Infrared spectraa 

Compound Infrared frequency 

Nb~Cl6(SMez)3 1424(vs), 1328(m), 1310(m), 1030(s, doublet) 
980 (s, doublet), 685(m), 355(sh), 345(vs) 
322(s), 318(s), 285(w), 238(m). 

Nb2C16(diars)z 1418(m), 1265(w), 1250(m), 11 1 l(m), 1041(w), 909(s) 
877(s), 752(s), 61 3(m), 595(m), 442(rn) 
355(s), 308(s), 285(s), 244(w). 

Nb2C16(triars)z 1492(w), 1420(m), 1380(w), 1264(m), 1250(m), 905(s) 
88 l(vs), 606(m), 580(m), 489(m), 330(vs), 285(s), 238(m). 

NbzC16(diphos)z 1590(w), 1574(w), 1485(m), 1435(s), 1193(w), 
1080(w), 1070(w), 1030(m), 1000(w), 862(m), 840(w), 
741(vs), 730(s), 695(vs), 518(s), 488(m), 474(m) 
345(sh), 332(vs), 286(m), 245(w). 

"In Nujol mulls. 

nitrogen in a fume hood. The purple filtrate was evap- 
orated by pumping until a precipitate began to form. 
Pentane (or petroleum ether) was added to give a purple 
solid which was separated by filtration. After recrystalli- 
zation from toluene/pentane the purple product, 2.2 g 
(28.5%), was dried under vacuum and kept under 
nitrogen. 

Nb2C/6(triars)z 
Nb2Cl6(SMe2)3, 1.5 g (2.6 mmol), was dissolved in 200 

ml toluene. triars, 2.5 g (6.5 mmol), was added by syringe 
and the solution was stirred at room temperature for 
about 10 h, during which time the colour changed from 
purple to deep-red. After filtration the filtrate was 
evaporated until a precipitate formed. Addition of pen- 
tane, filtration and recrystallization from toluene/pentane 
gave the red product, 2.6 g (86y0). 

Nb2 c/6(diar~)2 
Nb2C16(SMez)3, 1.8 g (3.1 mmol), was dissolved in 

200 ml toluene. diars, 2.0g (7.0 mmol), was added and 

the solution was stirred at room temperature for about 
10 h. The colour changed to reddish-purple and a pre- 
cipitate slowly formed. Addition of pentane gave a 
red-purple solid product, which was insufficiently soluble 
in toluene to permit recrystallization. After washing with 
toluene and pentane and pumping the product, 2.4g 
(827,) was obtained. 

Nbz C16(diphos)2 
Nb2C16(SMez)3, 1.5 g (2.5 mmol), was dissolved in 150 

ml toluene. To this was added a solution of diphos, 3.0 g 
(7.5 mmol) in 50 ml toluene, and the mixture was stirred 
at room temperature for about 10 h. A purple precipitate 
slowly formed, which was too insoluble in toluene to 
permit recrystallization. After washing with toluene and 
pentane and pumping, the product, 2.7 g (92%) was 
obtained. 

Analyses and Spectra 
Results are given in Tables 1 to 3. 
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C, H, and C1 analyses were done by A.B. Gygli, 
Toronto. Niobium was determined as Nb205. Treatment 
of the complexes with aqueous ammonia under nitrogen 
gave a dark grey solution and suspension which turned 
white when air was bubbled through. The surprising 
stability of the grey colour indicates a significant stability 
of an oxidation state of less than five for niobium in 
aqueous ammonia. Any free ligand was removed from the 
Nb205 precipitate by washing with benzene, and any 
remaining phosphorus or arsenic oxides were removed by 
washing the precipitate with water between ignitions to 
constant weight. In the case of Nb2C16(SMe2)3 it was 
possible to determine the oxidation state (3.0 + 0.1) by 
oxidation with ferric ion (3). For the other complexes 
oxidation of the ligand interfered with the result. Infrared 
spectra were done on a Perkin Elmer 337 and 180 spec- 
trometer and nmr spectra on a Varian T-60 spectrometer. 
Magnetic susceptibilities were measured on a Gouy 
balance: all the compounds were diamagnetic. 

The molecular weight of the triars complex in benzene 
solution was determined by osmometry. Found hl = 
1160; calculated for NbzC16(triars)2, 1167. 

Results and Discussion 

Synthetic Procedures 
It was almost a vear before our a t tem~ts  to 

prepare complexes of niobium in low oxidation 
states starting from niobium pentachloride were 
successful. We modelled our attempts on the 
successful reductions of molvbdenum (7) and 
tungsten (8) but were unable to obtain significant 
yields of products until we changed from oxygen 
donor solvents (ether, THF) to toluene. With 
niobium pentachloride and a great variety of 
heterogeneous reducing agents in toluene black- 
brown niobium-containing solids were formed, 
with the occasional development of a pale purple 
coloration. In our search for a strong reducing 
agent soluble in toluene we tried several boron 
hydrides and aluminium alkyls, and finally the 
borane - dimethyl sulphide complex, which has 
the advantage of being solvent free. An im- 
mediate reaction occurs between this reagent and 
niobium pentachloride, producing a colour 
change from red to orange and solubilizing all the 
niobium pentachloride in the toluene. No further 
reaction seems to occur and addition of excess 
strong reducing agent (Na/K alloy) eventually 
~roduced a dark brown solid which could not 
be characterized. There was, however, clear 
evidence of an intermediate stage in this reaction 
which gave a deep purple solution. To stop the 
reaction at the purple stage we used various 
amounts of alloy corresponding to up to 5 

equivalents of reductant and found that 2 
equivalents of alloy produced, in 3-4 h, an 
intense purple solution that then was stable 
overnight. From this solution the dimethyl sul- 
phide complex could be isolated in about 30% 
yield. When we used dimethyl sulphide alone 
instead of the borane complex a slight purple 
colour developed over 2-3 days, indicating that 
the reaction does occur to a very small extent in 
the absence of borane, but that the presence of 
the borane is essential to the preparation of the 
solid product in good yield. It seems likely that a 
niobium pentachloride - borane dimethyl sul- 
phide adduct is formed almost immediately and 
that this species is more readily reduced than a 
niobium pentachloridedimethyl sulphide adduct. 

When the con~plex Nb2C16(SMe2)3 is reacted 
with various ligands in toluene it is possible to 
obtain intermediate products of variable com- 
position that contain both dimethyl sulphide and 
the new ligand. It seems that the terminal di- 
methyl sulphides are replaced quite rapidly but 
that the bridging dimethylsulphide is more inert 
to substitution. This observation is consistent 
with the preparation of [Nb2Cl8(SC4H8)I2-, 
which presumably contains one bridging tetra- 
hydrothiophene (3). 

When the purple-red compounds Nb2C16- 
(L-L)2 are exposed to air they slowly lose their 
colour. In a few hours they all become white 
solids. Similarly when air is bubbled through 
their solutions in toluene the colour slowly 
changes, usually going through a pink stage, 
until finally a white precipitate and colourless 
solution are formed. 

Structure 
The formulation of these complexes as dimeric 

species is based primarily on their diamagnetism 
and on the molecular weight of the triars com- 
plex. Far infrared spectra in the vNb--C1 region 
are consistent with this. The only monomeric 
niobium(II1) species so far reported are those 
containing cyclopentadiene ligands. These are 
also diamagnetic, but this is not unexpected on 
the basis of the orbitals available (9). We assume 
that an octahedral monomer of niobium(II1) 
would have to be paramagnetic, with the two 
d-electrons unpaired, but that a dimeric structure 
with a strong metal-metal interaction could 
account for the diamagnetism. There is, of 
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ALLEN AND NAITO 

course, ample evidence for metal-metal bonds in 
niobium chemistry (10). 

The proposed structure for Nb2C16(SMe2)3 is 

which corresponds to a confacial fusion of two 
octahedra. The presence of two different kinds of 
dimethyl sulphide ligand is shown by two 
S-CH3 resonances at 6 2.63 and 6 3.34 in the 
ratio 2:l. The former resonance is assigned to 
the two terminal dimethyl sulphide ligands, 
which must be magnetically equivalent. There is 
no evidence supporting their indicated location 
trans to the bridging dimethylsulphide, except by 
analogy with the tetrahydrothiophene complex, 
which is reported to have this structure (3). Also 
consistent with that report we assign ir bands at 
355(sh), 345(vs), and 332(s) cm-I to vNb-C1, at 
318(s) and 285(w) to terminal vNb-S, and at 
232(m) to bridging Nb-S-N b. 

For the complexes Nb2C16(L-L)2 we propose 
the structure 

based on two octahedra fused along one edge. 
The clearest evidence in support of this structure 
is the nmr spectrum of the diars complex. All 24 
As-CH3 protons are identical, with 6 1.60. The 
only other structure that could produce this 
equivalence would be if each diars formed an 
additional bridge across the two niobiums. This 
seems most unlikely as the preferred arrange- 

the 6 values and ratios for the protons indicated 
are (a) 1.25 (12), (b) 1.80 (4), (c) 1.08 (3), (d) 1.58 
(2), and (e) 0.97 (6). The coordinated As-CH3 
protons are shifted to lower field by about 0.3 
ppm, but the dangling As-CH3 protons are 
almost unchanged from those in the free ligand. 
As with the diars complex the 24 coordinated 
As-CH3 protons are equivalent, supporting the 
symmetrical structure proposed. Nyholm et al. 
(11) observed similar bidentate behaviour for 
triars in W(C0)4(triars), and Re(C03Cl(triars), 
and report similar nmr spectra. The fact that the 
third arsenic remains uncoordinated indicates 
that niobium(II1) is unwilling to expand its 
coordination number to greater than six, and 
also that the chloride bridges (plus the metal- 
metal interaction) are strong enough to resist 
cleavage by a strong ligand favorably located. 
Our search for a monomeric niobium(II1) 
complex must clearly be directed towards use of 
heavier halogens (to increase the metal-metal 
distance in the dimer) and even more strongly T 

accepting ligands L. This search is in progress, 
but preliminary results indicate that the anal- 
ogous bromo complexes are also dimeric and 
diamagnetic. 

Because of its low solubility in toluene and its 
decomposition in chloroform it has not been 
possible to obtain a good nmr spectrum of the 
diphos complex. However, from the similarity of 
its far ir spectrum we believe that this has the 
same structure as the arsine complexes. 

ment. A metal-metal bond formed throughan Acknowledgements 
octahedral edge is also found, for example, in the 
diamagnetic niobium tetrachloride, where nio- The authors are grateful to the Atkinson 

bium atoms are in octahedral holes but are Charitable Foundation and the National Re- 

clearly linked together in pairs (10). search Council of Canada for grants in support 
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Solvation effects on the conductivity of concentrated electrolyte solutions 

DOUGLAS E. GOLDSACK, RAYMOND FRANCHETTO, AND ARLENE (ANTTILA) FRANCHETTO 
Department of Chemistry, Laurentian University, Sudbury, Ont., Canada P3E 2C6 
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DOUGLAS E. GOLDSACK, RAYMOND FRANCHETTO, and ARLENE (ANTTILA) FRANCHETTO. 
Can. J. Chem. 54,2953 (1976). 

The Falkenhagen-Leist-Kelbg equation for the conductivity of electrolyte solutions has 
been extended to include the effect of solvation on the concentration of the salt. Two equations 
have been derived, both of which have only two freely adjustable parameters at any temperature: 
A, the molar conductance of the salt at infinite dilution and H,, a solvation number parameter 
for the salt. In one of these equations H, is assumed to be independent of concentration. In the 
other, H, is assumed to be dependent on concentration and an explicit concentration dependent 
formula is derived for H,. Conductance data for the alkali halide salts in the 0.5 to 10 m con- 
centration range and 0 to 60 "C temperature range were found to be adequately reproduced by 
both these equations, but with the variable hydration parameter equation yielding better fits 
to the data. The H, parameters from the fixed hydration parameter equation are found to be 
similar to those obtained from the analysis of activity coefficient and other data whereas the 
variable hydration parameter equation yields H, parameters which are much larger. 

DOUGLAS E. GOLDSACK, RAYMOND FRANCHETTO et ARLENE (ANTTILA) FRANCHETTO. Can. 
J. Chem. 54, 2953 (1976). 

On a etendu I'bquation de Falkenhagen-Leist-KeIbg s'appliquant a la conductivite des 
solutions d'klectrolyte de fagon a inclure I'effet de solvatation sur la concentration du sel. On a 
derive deux equations et chacune ne possede que deux parametres entierement ajustables a 
toutes les temperatures; A,  la conductivite molaire du sel a dilution infinie et HQ un parametre 
pour le nombre de solvatation du sel. Dans une de ces equations, on fait I'hypothese que H, 
est independant de la concentration. Dans l'autre, on fait I'hypothese que H, depend de la 
concentration et on derive pour H, une formule contenant une dependance explicite sur la 
concentration. Les donnees de conductivite pour des sels d'halogenures alcalins a des con- 
centrations de 0.5 a 10 m et a des temperatures de 0 8  60 "C peuvent &tre reproduites adtquate- 
ment par chacune de ces equations; toutefois ]'equation incluant des parametres variables pour 
I'hydratation fournit une meilleure correlation avec les donnees. On a trouve que les parametres 
H, pour requation avec des parametres fixes pour I'hydratation sont semblables a ceux obtenus 
a partir d'une analyse des coefficients d'activite et d'autres donnees alors que les equations 
avec les parametres variables pour I'hydratation conduisent a des parametres H, qui sont 
beaucoup plus grands. 

[Traduit par le journal] 

Introduction hydrodynamic theories (2), or in the case of 
It has been shown that one of the fundamental extremely high concentrations by use of a 

limitations on the efficiency of an electro- theory based on the available free volume of the 
chemical device is the conductance of the solvent in the solution (7-9). All such theories 
electrolyte solution of the device (1). But, 
despite intensive work in both the theoretical 
and experimental areas over several decades 
(2-6), there still does not exist a satisfactory 
equation which explains the concentration 
dependence of the conductivity of simple electro- 
lytes in the high concentration (1-10 M )  range. 
Yet it is precisely this range of concentration 
that is used in practical electrochemical devices. 

The theoretical treatment of most conduc- 
tance data of concentrated solutions has been 
approached by extending existing electrostatic 

involve the use of two or more freely adjustable 
parameters for fitting the conductance data. 

In the case of the free volume theory as 
applied by Angel1 and co-workers (7-9), a 
three parameter equation is used to describe 
the temperature or concentration dependence 
of the conductivity or viscosity of an electrolyte 
solution. These parameters are not related to 
intrinsic properties of the electrolyte itself, but 
to the configurational entropy content of the 
solvent in the solution and a glass transition 
temperature for the solution. 
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On the other hand, the parameters of the 
electrostatic hydrodynamic theories for con- 
ductivity are directly related to such properties 
of the electrolyte as the ion pair formation con- 
stant, K, the Debye-Hiickel distance of closest 
approach between two ions, a,, and the molar 
conductance of the salt at infinite dilution, 
% (10). 

Although it is well known that the funda- 
mental limitations on the electrostatic hydro- 
dynamic conductance equations realistically 
limit their applications to less than 0.01 M, 
some success has been attained in applying 
these equations to the reproduction of data in 
the high concentration region. It would there- 
fore seem reasonable to pursue this admittedly 
semi-empirical path to gain further insight into 
the gross features of the electrolyte solution 
which are controlling the conductivity of simple 
electrolytes at high concentrations. 

One of the more successful electrostatic 
hydrodynamic equations for use in interpreting 
the conductivity of concentrated electrolyte 
solutions was derived by Falkenhagen, Leist, 
and Kelbg (1 1). It can be written in the following 
form to express the molar conductance A, of a 
1 : 1 electrolyte as a function of concentration: 

where B, = 8.2 x 105(~~) -312 ,  B2 = 82.5 x 
q-' (ET)-'I~, B3 = 5 0 . 2 9 ( ~ ~ ) - ' ~ ~ ,  I is the molar 
ionic strength of the salt, A, is the molar con- 
ductance of the salt at infinite dilution, E is the 
dielectric constant of the solvent, q is the 
viscosity of the solvent, and T the absolute 
temperature. The values of B,, B,, and B3 have 
been tabulated for water from 0 to 100 "C (2). 

This equation has two adjustable parameters, 
a,, the Debye-Hiickel distance, and &. By 
choosing suitable values of a, and A,, it has been 
found possible to reproduce the conductivity 
of some salts up to several molar concentrations. 

electrolytes, where the ionic strength equals the 
molarity, the equation becomes : 

where C is the molarity of the salt. 
Although this equation has had remarkable 

success in its application to the conductivity 
of concentrated electrolyte solutions, the intro- 
duction of the relative viscosity factor does not 
give a molecular explanation for its success. 

It has been shown by Stokes and Robinson 
and others (13-17) that the concept of solvation 
could be usefully appended to the classical 
Debye-Huckel expression for activity coef- 
ficients of electrolytes to reproduce the con- 
centration dependence of activity coefficients at 
high concentration (1-10 M )  in terms of two 
adjustable parameters; a,, the Debye-Huckel 
distance of closest approach of ions to each 
other and H,, a solvation number of the salt. 

This approach certainly oversimplifies the 
explanation for the deviations from the Debye- 
Huckel limiting behaviour for electrolytes at 
high concentrations. For instance, it ignores the 
changing dielectric constant of the medium at 
high concentrations and the possibility of ion 
pair formation. However the final equations 
satisfactorily reproduce the data in the high 
concentration region and do give some added 
insight into the properties of concentrated 
electrolyte solutions through the solvation con- 
c e ~ t .  

Because of this, it would seem reasonable to 
attempt a similar approach to account for the 
conductance of concentrated electrolyte solu- 
tions. The Falkenhagen-Leist-Kelbg equation 
has been chosen as the starting point for this 
analysis because of its already noted successes. 
By introducing the solvation effect on the con- 
centration of the electrolyte, an attempt will be 
made to eliminate the arbitrary, though useful, 
application of the relative viscosity factor in the 
Stokes-Wishaw equation. 

Wishaw and Stokes (12), noting that some salts 
failed to follow this equation at extremely high Experimental 
c ~ n ~ e n t r a t i ~ n ~ ,  introduced a relative viscosity T, provide data at high concentrations 
correction factor into the equation. For 1 : 1 and several temperatures, the conductances of solutions 
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of LiC1, RbCI, CsC1, NH,Cl, NaBr, KBr, N b B r ,  and KI 
were determined at concentrations ranging from 0.5 to 10 rn 
and at temperatures from 0 to 60 "C. Data for other salts 
and temperatures were also culled from the literature. 

All salts (Fisher certified) were used as such after drying 
in a vacuum oven. The solutions were prepared by weight 
with deionized distilled water from concentrations ranging 
from 0.5 rn to approximately saturation for each salt. 
Solution resistances were determined with a Beckman 
micro-dip cell (K = 100, Model No. BM 0872) with 
platinized black electrodes and a manually balanced 
conductivity bridge consisting of a standard Wheatstone 
bridge with an oscilloscope detector. Results were 
reproducible to 0.1 ohms. The cell constants were found 
to be independent of frequency at frequencies less than 
1000 Hz. The cell constants at each temperature were 
determined using the HCI data of Owen and Sweeton (18) 
and cross checked with KC1 standard solutions at 25 "C 
(3). Temperature control was maintained to better than 
f 0.02 "C. An IBM 360 computer was used for analysis 
of the data. A computer program was written to system- 
atically vary the appropriate parameters of the different 
equations tested as indicated in the discussion. The 
criterion used to determine the best fit for the observed 
data to a theoretical curve was that the sum of the absolute 
deviations of observed from calculated values of the 
conductance be minimized. 

Theory 
Although eqs. 1 and 2 for the molar con- 

ductance of an electrolyte have two adjustable 
parameters, A, and a,, it will be assumed that 
the tabulated values of the molar ionic con- 
ductances of each ion as given in standard 
references (2, 3) can be accepted as values that 
are known to within a few percent error or less. 
Hence it was assumed that the A, values for 
any salt considered in this paper at temperatures 
from 0 to 60 "C can be obtained from such 
tabulations and by graphical interpolation. 
With this assumption in mind, best fit tests of 
eqs. 1 and 2 for NaCl and LiCl at 25 "C with 
variable a, values were carried out and the 
results are given graphically in Fig. 1. It can be 
seen that the Stokes-Wishaw equation ade- 
quately represents the data for both salts with 
a, values of 5.67 A for LiCl and 7.75 A for 
NaCl. Without the viscosity correction, Fig. 1 
clearly illustrates that the Falkenhagen-Leist- 
Kelbg equation will not reproduce the molar 
conductance data even over a wide range of a, 
values at the high concentration limit for LiCl 
and NaCl. This fact has been noted before for 
other salts as well. It is noted however that in 
the case of NaCl a very large value of a, = 7.75 
A was necessary in order to obtain a satisfactory 
fit to the data with eq. 2. 

FIG. 1. Test of Falkenhagen-Leist-Kelbg and Stokes- 
Wishaw equations for NaCl and LiCl at 25 "C with values 
of a, used for the fits to the data. 

It is significant that NaCl solutions at high 
concentrations are much more viscous than 
KC1 or NH4C1 solutions. This factor may be 
the cause of the necessity for such a high a, 
value in this case. Furthermore, it has already 
been ascertained that for some electrolytes 
which are not as heavily solvated as LiCl and 
NaCl as judged by activity coefficient data, 
(e.g. KC1 and NH4C1), the viscosity correction 
was only necessary at extremely high con- 
centrations of the salt in order to obtain a 
satisfactory fit to the data with eq. 2 (2). It 
seems reasonable therefore to assume that there 
is some correlation between solvation effects 
and viscosity since the calculated conductances 
of highly solvated salts such as LiCl and 
NaCl, which are quite viscous at high con- 
centrations, show very large deviations from 
the observed conductance values at high con- 
centration without the viscosity correction 
being included as shown in Fig. 1. These facts 
led to the following attempt to account for 
solvation effects on the conductivity of con- 
centrated electrolyte solutions. 

If the ionic strength is introduced using the 
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molality scale instead of the molarity scale, observed molal conductances (i.e. the specific 
eq. 1 can be utilized to introduce the ideas of conductance of the solution divided by the 
Stokes and Robinson (13). A salt on dissolution molality). 
becomes solvated to some extent. Hence the By conservation of mass on the solvent, the 
molality of the solvated salt will be higher than apparent molality m, can be related to the total 
the molality of the salt taking all the solvent, molality m of the salt by: 
both bound and free, into account. Designating 
the apparent molality of the solvated salt as m,, [4] 

55.51m 
m, = 

eq. 1 for 1 :1 electrolyte can be re-written as: 55.51 - Hom 

B2m,1i2 where m is the total molality of the salt (moles of 

1 + B3aom,'12 salt per kg of water), 55.51 is the moles of water 
per kg of water, and H, is the total solvation 

x (1 - 
number parameter of the salt, which is assumed 
to be a constant and independent of con- 

e0.2929 B3aoms11* - 1 
centration. Equation 4 can be re-written as: 

- 

- . . - . - - "- - 
Since this equation is a function of molality, 
the A, values computed are compared with and introduced eq. yield: 

Note that at low concentrations eq. 6 reduces 
to eq. 1. Equation 6 has two adjustable param- 
eters, the Debye-Hiickel distance parameter 
a, and the solvation parameter H,, if we assume 
that the & values are known. In order to have 
an equation of comparable usefulness as eq. 2, 
which has only one adjustable parameter, a,, it 
would be necessary to eliminate one of the two 
independent parameters in eq. 6. 

One way of doing this is to introduce the idea 
of the solvation (19, 20) cospheres associated 
with each ion to obtain a relation between the 
Debye-Hiickel distance parameter, a,, and the 
solvation number parameter, H,. This distance, 
a,, supposedly represents the distance of closest 
approach of the solvated cation and anion to 
each other in solution. If it is assumed that a 
sphere of radius a, A would encompass the total 
volume of both the anion and cation cospheres 
together and if the water molecule is assumed 
spherical with a radius of 1.38 A (20), then 
for a cation crystal radius, R1, and anion 
crystal radius, R2, and a total number of 
solvent water molecules, H,, associated with the 

total cosphere, the following relationship is 
obtained : 

[8] a, = ((R1)3 + (R2)3 + 2.63Ho)'l3 

Equation 8 when combined with eq. 6 yields a 
one parameter equation in terms of Ho alone 
provided the A, values are assumed known. 
We will refer to this combination of equations 
as the fixed solvation parameter equation since 
it is assumed in eq. 4 that the solvation parameter, 
Ho, is independent of concentration. 

There are, however, two possible problems 
associated with eqs. 6 and 8. In calculating the 
parameter, a,, it has been assumed that the 
ordinary crystal radii can be used and that the 
volunle of all the water molecules is compressed 
into a compact sphere along with the cation 
and anion volumes. This assumes there is no 
dead-space about a solvated ion between the 
solvent molecules. Conway et al. (21) have in 
fact shown that a dead space correction to the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GOLDSACK ET AL. 2957 

TABLE 1. Variation of solvation number parameter, S, with concentration at 25 "C (from ref. 21) 

RbCl, So = 5 . 3  NaBr, So = 6 . 2  NaI, So = 5 .6  
0.10 5 . 0  5.25 0 .10  6 .1  6 .13 0 . 1  5 . 5  5.54 
0.93 4 . 9  4.87 1.14 5 .7  5.50 1.04 4 . 6  5.07 
1.80 4 . 9  4.52 2.12 5 .1  5.01 2.31 4 . 4  4.54 
3.99 4 . 0  3.84 6.00 3 .7  3.71 5.84 3 . 2  3.52 

radius of an ion is an important factor in 
accounting for the partial molal volumes of 
ions in solution. They have derived a semi- 
empirical relation between the effective volume, 
v,, of an ion in solution and its crystal radius, 
r, in A. The relation is 

vA = 2.51r3 + 3.153 ml/mol 

= 4.18? + 5.259 A3/molecule 

Hence the effective radius of the spherical ion 
including dead space is rA in A and is given by 

[91 rA = (? + 1.254)'13 

per mole of salt are available for distribution 
to the increasing number of ions in solution. 
Typical data representing this trend are given 
in Table 3. 

To account for this concentration depen- 
dence of the solvation number parameter, a 
simple relationship can be derived as follows. 
Assume that the ratio of the solvation number 
parameter, S, to the moles of free solvent 
available to a salt is a constant. Designating 
the solvation number parameter at infinite 
dilution as So and that at any other molality 
as S, then 

If we include the dead space correction, then S - s o  -- 
the equation for the Debye-Hiickel distance 55.51 - Sm 55.51 
parameter, a,, in terms of the solvation param- 
eter, Ho, and the known crystal radii (25) 
becomes 

(R2)2) + 2.63Ho)'l3 

The other problem is associated with the 
form of eq. 6. It is noted that the factor (1 - 
0.018Hom)112 in eq. 6 may become imaginary 
when the term 0.018H0m is greater than unity. 
This limits the application of eq. 6 to salts and 
molalities where the condition (Horn > 55.51) 
holds. This restriction seems like an artificial 
condition and it is. It derives from the assurnp- 
tion that the solvation parameter Ho is con- 
sidered to be independent of concentration. 
In fact, Bockris and Saluja (22) as well as 
others (23) have shown that the 'solvation 
number' of a salt decreases with increasing 
concentration at high concentrations. This is 
:xactly what would be expected to happen at 
ligher molalities where less solvent molecules 

since there are 55.51 moles of free water avail- 
able to the salt at infinite dilution and there are 
(55.51 - Sm) moles of water available to the 
salt at molality m. This equation can be re- 
arranged to yield an equation for the con- 
centration dependence of the solvation number 
parameter as : 

Equation 12 can be checked with the ultrasonic 
data of Bockris and Saluja (22). As shown in 
Table 1, with the appropriate So value for each 
salt, eq. 12 reproduces the concentration de- 
pendence of the solvation number parameters 
quite well. 

It might be noted at this point that the 
solvation number parameters, So, as determined 
from the Bockris and Saluja data probably 
represents the total primary hydration layer 
of the salt ions. Solvation number parameters 
obtained from the analysis of transport phe- 
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nomena with an emphasis on high concentra- equation for the apparent molality of the 
tion data may reflect both primary and secondary solvated salt as : 
solvation layers and may thus be larger (23). 

[I31 m, = m(l + 0.018H0m) 
Assuming that the same analysis applies to 

the solvation parameter, H,, as well, then we It is seen that this relationship eliminates the 
can introduce eq. 12 into eq. 5 to yield a new artificial restriction observed in using eq. 6. 

Introduction of eq. 13 into eq. 3 gives for the 
molal conductance of a 1 : 1 electrolyte: 

Since Ho is now assumed to vary with con- concentrations, reflecting a large solvation shell 
centration according to eq. 12, this also means about each ion, and becoming smaller at higher 
that the Debye-Hiickel distance parameter will concentrations as the solvation shells become 
vary with concentration, being large at low smaller. The new equation for a, thus becomes: 

We will refer to the combination of eqs. 14 and 
15 as the variable solvation parameter equation. 

Both the fixed and variable one parameter 
solvation equations were tested to determine if 
they could first of all adequately represent the 
conductance data of simple electrolytes in the 
high concentration range over a wide tempera- 
ture range, and secondly to determine if they 
could account for the relative viscosity correc- 
tion factor of the Stokes-Wishaw equation. 

Results 
Table 2 presents the results of an analysis of 

the conductance data obtained from the litera- 
ture for the salts LiCl(24), NaCl(24), KC1 (24), 
and NH4Cl (12) using density and viscosity 
data from the International Critical Tables. 
A, and A, represent molar conductances cal- 
culated using eqs. l and 2 respectively and the 
a, values indicated in the table. A, and I\, 
represent molar conductances calculated using 
the fixed hydration parameter equation (eqs. 
6 and 10 combined) and the variable hydration 
parameter equation (eqs. 14 and 15 combined) 
respectively. Considering the fact that these 
data were obtained from several sources (vis- 
cosity, density, and conductivity), it can be seen 
that the fixed and variable hydration parameter 
equations do adequately represent these data, 

though not as well as the Stokes-Wishaw 
equation. In the case of the more solvated salts 
LiCl and NaCl it would seem that the variable 
hydration parameter equation reproduces the 
data better than the fixed hydration parameter 
equation whereas in the case of the less solvated 
salts KC1 and NH4Cl, there is no major 
difference between the two equations. 

Since the fixed and variable hydration param- 
eter equations are just the Falkenhagen-Leist- 
Kelbg equation with a change in concentration 
variable introduced through the solvation con- 
cept, then it seems reasonable to attempt a 
direct comparison between these equations and 
the Stokes-Wishaw equation, which multiplies 
the Falkenhagen-Leist-Kelbg equation by a 
concentration-dependent viscosity ratio. The 
calculations shown in Table 2 seem to indicate 
that the hydration parameter equations can 
account for the viscosity ratio correction factor 
as used by Stokes and Wishaw. 

To corroborate this observation, the results 
of an extensive study carried out over a wide 
temperature range and including more salts are 
given in Table 3 and Figs. 2 through 6. Table 3 
gives the observed molal conductances for the 
salts obtained for this study (LiCl, RbCl, CsCl, 
N h C l ,  NaBr, KBr, NH4Br, KI) at the tem- 
peratures indicated. The data for other salts 
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TABLE 2. Comparison of four conductivity equations at  25 "C 

LiCl NaCl 

AC 4 A2 A3 A4 I\= 4 A2 A3 
Molarity Obs a, = 5.67 a, = 5.67 H, = 4.8  H, = 27.8 Obs 

A4 
a, = 7.75 a, = 7.75 H, = 7 . 8  H, = 26.9 

0.50 81.86 88.36 82.66 80.68 83.91 93.62 98.09 93.78 87.65 89.80 
1 .OO 73.00 83.94 73.51 72.71 75.53 85.76 94.38 86.27 79.72 81.27 
2.00 61.74 79.24 60.86 65.22 65.77 74.71 90.02 74.71 71.88 71.44 
3.00 52.51 76.19 51.51 60.26 58.11 65.67 86.81 64.73 65.72 63.65 n 
4.00 44.53 73.76 44.09 56.14 51.26 57.23 83.97 55.65 58.80 56.75 
5.00 37.65 71.66 37.81 51.92 44.54 49.46 81.29 47.65 45.07 49.74 8 
6.00 31.70 69.73 32.36 46.91 37.54 - - - - - ? 

R 
KC1 NH4CI 

> 
A1 A2 A3 -44 A1 A2 A3 -44 

r 
Ac Ac  

Molarity Obs a, = 4.75 a, = 4.75 H, = 4 .8  H, = 8 .2  Obs a, = 4.33 a, = 4.33 H, = 4 .2  H, = 8 . 0  
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TABLE 3. Experimental and calculated molal conductances 
(a) At 23,30,40, 50,60 "C 

23 "C 30 "C 40 "C 50 "C 60 "C 

Molality Obs Calcd Obs Calcd Obs Calcd Obs Calcd Obs Calcd 

N h 4  CI 
1.00 102.3 102.5 122.4 113.5 141.9 134.6 160.8 156.5 179.3 177.4 
2.00 91.55 92.48 106.5 102.7 125.2 121.0 140.6 140.1 159.6 158.2 
3.00 83.40 85.38 97.37 95.42 111.3 111.5 124.5 128.5 139.0 144.6 
4.00 80.28 79.46 93.15 89.62 106.9 103.7 119.2 118.9 135.9 133.3 
5.00 74.00 74.16 86.70 84.61 99.02 96.86 109.1 110.3 123.0 123.4 
6.00 69.45 69.19 81.25 80.07 91.62 90.07 101.7 102.2 113.3 113.9 
7.00 64.37 64.39 74.55 75.82 84.41 84.44 92.96 94.47 102.8 104.8 
8.00 - - - - 77.75 78.51 86.91 86.80 95.89 95.89 
9.00 - - - - - - 79.72 79.08 88.58 86.89 
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TABLE 3 (Concluded) 
(b) At 0,25, 35,45, 55 "C 

0 "C 25 "C 35 "C 45 "C 55 "C 

Molality Obs Calcd Obs Calcd Obs Calcd Obs Calcd Obs Calcd 

Na Br 
114.2 
103.8 
89.17 
77.35 
68.24 
59.05 
52.00 
45.21 
39.53 

KBr 
139.9 
129.9 
118.3 
108.7 
99.96 
91.80 

NH, Br 
140.9 
131.8 
119.2 
110.0 
99.75 
93.68 
85.77 
78.76 

KI 
140.7 
130.6 
124.3 
119.1 
113.7 
109.4 
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FIG. 2. Molal conductance data for NH,CI at three 
temperatures; observed I\, values; A calculated A, 
values with constant Ho parameter given in Table 4; 
0 calculated A, values with variable Ho parameter given 
in Table 4. 

(NaC1 (27), KC1 (27), LiBr (28), LiI (28)) and 
other temperatures (29-3 1) were obtained from 
the literature. Table 3 also gives molal con- 
ductances calculated with the variable hydration 
parameter equation and the Ho values for these 
salts given in Table 4. Table 3 and Figs. 2 
through 6 indicate clearly that both equations 
adequately represent the conductance data for 
a large number of salts and temperatures from 
0 to 60 "C. Systematic deviations do occur at 
the low concentration end for most of the salts 
for both equations. 

Although both equations fit the chloride data 
equally well, Figs. 4 through 6 show that the 
variable hydration parameter equation repro- 
duces the data better than the fixed hydration 
parameter equation. 

Discussion 
Table 4 is a compilation of the hydration 

parameters, Ho, obtained from the analyses of 
the conductance data as a function of tempera- 

NaCl 

I I I I 

0 2 L G 
MO LALI TY 

FIG. 3. Molal conductance data for NaCl at three 
temperatures. Symbols as in Fig. 2 .  

ture for both the fixed and variable hydration 
parameter equations. 

Several points should be made before any 
discussion of the data of Table 4 is undertaken. 
In extrapolating the usefulness of these extended 
Falkenhagen-Leist-Kelbg equations into the 1 
to 10 m regions, many factors have been 
neglected to keep the analysis as simple as 
possible. First of all, no ion pair formation 
has been assumed to occur in these salt solutions 
at all temperatures. Secondly, the values of 
B,, B,, and B, in all these equations are functions 
of the dielectric constant and viscosity of the 
solvent. It has been definitively shown (32) that 
when salts are dissolved in water, the dielectric 
constant of the medium decreases in a roughly 
linear manner with the concentration of the salt 
and this decrease is salt dependent. The vis- 
cosity of an electrolyte solution certainly changes 
substantially as the concentration increases in 
the 1 to 10 m region. It can be argued then that 
perhaps the bulk dielectric and viscosity values 
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csc l 

0 4 8 12 
MOLALITY 

FIG. 4. Molal conductance data for CsCl at three 
temperatures. Symbols as in Fig. 2. 

o1 2 L 6 8 
I 

MOLALITV 

FIG. 5. Molal conductance data for LiBr and KBr at 
three temperatures. Symbols as in Fig. 2. 

o1 2 4 6 8 1 
MOLALITY 

FIG. 6. Molal conductance data for LiI and KI at 
three temperatures. Symbols as in Fig. 2. 

should be introduced into the values of B,, B2, 
and B,. 

Each of these factors could indeed be taken 
into account if it were felt justified. However to 
do so would involve the introduction of more 
parameters into the equation. For ion pair 
formation, an ion pair equilibrium constant K 
would need to be added to the adjustable 
parameter set. To account for bulk dielectric 
changes, a dielectric decrement parameter, 6, 
could be introduced. And finally the bulk 
viscosity instead of the solvent viscosity could 
be used in the value of B2 and a Stokes-Wishaw- 
like equation would result. 

Finally the above mentioned criticisms all 
pale beside the criticism that the theoretical 
basis of the Falkenhagen-Leist-Kelbg equation 
just does not extend into these higher concentra- 
tion regions. Hence in essence the fixed and 
variable hydration parameter equations should 
be treated primarily as semi-empirical equations 
which when applied to conductance data yield 
a solvation parameter which may or may not be 
related to an actual solvation number of the 
salt in solution. 
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TABLE 4. Fixed and variable Ho values at several temperatures 
(a) Chloride 

(b) Bromides and iodides 

Ho 

T "C LiBr NaBr KBr NH4Br LiI Kl 
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Taking into consideration the above men- 
tioned criticisms, we can consider the values of 
the Ho parameters in Table 4. Several observa- 
tions can be made. First, the fixed hydration 
parameter data for the salts are roughly in 
agreement with hydration parameters obtained 
by other methods (22, 23) with the same trends 
being observed. For instance at 25 "C, the LiCl 
through CsCl variation shows a maximum 
value with NaCl (7.8) and decreasing values 
with increasing cation radius. Anion effects are 
also observed, with the Ho parameters of the 
bromides less than that of the chlorides. How- 
ever, the iodide values are larger than the cor- 
responding bromides and the Ho values are not 
additive. Between 25 and 60 "C, only the fixed 
Ho parameters for KC1 and KBr are strongly 
temperature dependent, increasing by 50% in 
that temperature interval. 

The variable Ho parameters are rather high 
for parameters indicating solvation numbers 
(23). Although the same rough trends in H, 
values are observed, with lithium and sodium 
salts having much larger Ho parameters than 
potassium or ammonium salts, it is found that 
the Ho parameters for CsCl are larger than 
those for KC1 at room temperature, becoming 
smaller than those for KC1 above 50 "C. The 
temverature dependence of KC1 and KBr is 
again observed,-but the variable Ho parameters 
of NH4Cl and NH4Br also increase with 
temperature. If the variable Ho parameters 
have any meaning, then they may be related 
to the secondary hydration number of the salt, 
rather than the primary hydration number. 
Total hydration numbers of 28 for NaCl, 26 for 
NaBr, 34 for KCl, and 22 for KBr have been 
obtained from an analysis of the refractive 
index of concentrated solutions of these electro- 
lytes (2, p. 121). Such numbers are not too un- 
reasonable when it is realized that within a 
radius of 4.5 A around a central water molecule 
in liquid water, there are 4 nearest neighbour 
water molecules, 1 1  second neighbours, and 22 
third neighbours (26). Hence the seemingly 
large hydration parameters of the lithium and 
sodium salts may only reflect the ability of 
these small ions to affect the secondary and 
tertiary layer of water about them as they 
move in the presence of an electric field. It must 
also be noted that these variable Ho parameters 
represent infinite dilution parameters. At 1 m 

concentration, the values of these parameters 
are about two-thirds of their infinite dilution 
value and at 5 m about one quarter. At these 
concentrations the values of the variable Ho 
parameter approach those of the fixed Ho 
parameters. 

In conclusion, it would seem that to a first 
approximation gross solvation effects on the 
conductance of simple electrolytes can help to 
explain the effect of viscosity on the conductance 
at high concentrations. But, the hydration 
parameters obtained from the analysis of these 
data in this manner must be treated with caution. 
A better understanding of the conductance of 
simple electrolytes at high concentrations re- 
quires first a fundamental formulation of the 
concentration dependence of other variables of 
electrolyte solutions, particularly the bulk di- 
electric constant and viscosity. Otherwise, only 
the semi-empirical path to the solution of the 
conductance problem can be followed in the 
concentrated electrolyte solution region. 
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4 Erratum: Tautomeric equilibrium study of thiazolidine-2-thione. Transition metal 
complexes of the deprotonated ligand 

CARLO PRETI AND GIUSEPPE TOSI 
Istituto di Chimica GeneraIe ed Inorganica, University of Modena, 41100 Modena, Italy 

Received May 21, 1976 

(Ref.: Can. J. Chem. 54, 1558 (1976)) 

The structures shown on p. 1558 were incorrectly drawn; the correct structures appear below. 

Thiol form Thione form 
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J. BRYAN JONES and KEITH E. TAYLOR. Can. J. Chem. 54, 2969 (1976). 
The high cost of nicotinamide coenzymes currently acts as a deterrent to the widespread 

adoption of alcohol dehydrogenases as chiral catalysts for effecting stereospecific and selective 
CH(0H) = C=O oxidoreductions on a preparative scale. Attempts to overcome this problem 
generally involve using catalytic amounts of coenzyme together with an  auxiliary system 
capable of continuously regenerating its active form irz situ. Flavin mononucleotide has been 
found to be an effective, convenient, and inexpensive reagent for it1 situ recycling of NADC. 
Using horse liver alcohol dehydrogenase-catalyzed oxidation of cyclohexanol as a representative 
process, up to 50-fold NADt-regeneration levels have been achieved. This method is the most 
satisfactory and practical oxidative-mode recycling procedure yet developed for routine 
laboratory applications. 

J. BRYAN JONES et KEITH E. TAYLOR. Can. J. Chem. 54, 2969 (1976) 
Le cotit trbs ClevC des coenzymes de la nicotinamide agit actuellement de fason B empCcher 

une utilisation trbs grande des dCshydrogCnases de I'alcool comme catalyseurs chiraux pour 
effectuer des rCactions d'oxydorCductions stCrCospCcifiques et sClectives du type CH(OH) = 
Cd sur une base preparative. Des essais pour surmonter ce problkme impliquent gCnCralement 
I'utilisation de quantitis catalytiques de coenzymes avec un systkme auxiliaire capable de se 
rCgCnCrer continuellement in sitlr sous sa forme active. On a trouvC que la mononuclCotide de 
flavine est un rtkctif efficace, peu dispendieux et  utile pour la rCgCnCration it2 situ du NAD+. 
Utilisant la rCaction d'oxydation du cyclohexanol, catalysie par la dishydrogenase d'alcool du 
foie de cheval, on a pu atteindre des niveaux de rCgCnCration du NADC allant jusqu'h 50 fois. Pour 
des applications de routine dans le laboratoire, cette mCthode est la plus satisfaisante et la plus 
pratique pour recycler dans le mode oxydant. 

[Traduit par le journal] 

The asymmetric synthesis potential of alcohol The high costs2 of the nicotinamide coenzymes 
dehydrogenases, which catalyze oxidoreduction K -10-lo M 
reactions of the type represented in [ I ]  with con- [I] CH(OH) + NAD(P)+' 7 
siderable stereospecificity and selectivity, is very c = O  + NAD(P)H + H+ 
great and many such reactions of organic 
chemical interest have now been documented (2). required dictate that, in order to permit such 

'Abstracted from the Ph.D. thesis of K.E.T., University 21976 prices (in dollars) per mole:3 NADf, > 2000; 
of Toronto, 1973. A preliminary account of some of these NADH, > 17 000; NADP+, >60 000; NADPH, 
data has been published (1). > 200 000. 
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TABLE 1. Survey of the NADt-regenerating efficiency of FMN, riboflavin, 
and DCIP in the HLADH-catalyzed oxidation of cyclohexanol* 

Cyclohexanone NADH + NAD+ 
Recycling agent [NAD+] (mM) ( C ;  yleld)? recycles: 

FMN 

Riboflav~n 

DCIF 

'Reactions were carried out for 24 h at 20 OC using stirred solutions of aqueous 0.05 M Tris-HCI 
buffer pH 9.0, 6.0 mMin cyclohexanol, 12 m M  in recycling agent and4 X Min HLADH. 

tBy glc analysis. 
$The first 'cycle' of coenzyme has not been included since the NAD+ added initially functions directly 

in the oxidation. 
$30 mMin recyclingagent. 
I/[Riboflavin] < 2 mM. 
ll[DCIP] 6 mM. 

enzyme-catalyzed oxidoreductions to be practi- 
cal, it is necessary to use catalytic quantities only 
of the desired coenzyme in conjunction with an 
auxiliary system capable of continuously re- 
generating it in its active form. Many methods of 
achieving this end have been investigated (2) but 
none has yet proven wholly satisfactory. With 
the equilibrium of [I] being heavily in favour of 
carbonyl reduction, the coenzyme recycling prob- 
lem is particularly acute for NAD+ and NADP+ 
regeneration in oxidative-mode reactions. In this 
paper we report on in situ chemical regeneration 
of NAD+ via FMN3-mediated oxidation of 
NADH as an effective, economical, and con- 
venient means of achieving oxidized nicotin- 
amide coenzyme recycling during alcohol de- 
hydrogenase-catalyzed oxidations of alcohols in 
laboratory-scale reactions. 

Selection of FMN and riboflavin for this 
purpose was influenced by the fact that FMN is 
often the natural H-acceptor for many in vivo 
enzyme-catalyzed oxidations of NADH and by 
the numerous reports detailing nonenzymic H- 
transfer between dihydropyridines and flavin 

3Abbreviations used: NAD+/H and NAD(P)+/H; 
oxidized and reduced forms respectively of nicotinamide 
adenine dinucleotide and its phosphate; FMN, flavin 
mononucleotide (riboflavin phosphate); DCIP, 2,6-di- 
chlorophenolindophenol; HLADH, horse liver alcohol 
dehydrogenase. 

derivatives (3-7). Furthermore, it was felt that 
the magnitude of the redox potential difference 
between FMN or riboflavin and NAD+ (100 
mV(8)) would facilitate the desired H-transfer 
reaction (7, 9-1 1). This latter consideration, to- 
gether with the data on H-transfer between 
various quinones, dyes, and similar compounds 
(3-7, 12), prompted a concurrent evaluation of 
DCIP; the DCIP-NAD" system has the largest 
redox potential difference (532 mV (8)) of the 
H-transfer redox couples (2-6, 8-10) of potential 
recycling value. 

Results 

The practicability of applying FMN, ribo- 
flavin, or DCIP to maintain continuous in situ 
NADH + NAD+ conversion was evaluated 
using horse liver alcohol dehydrogenase (HLA- 
DH) as the enzyme and cyclohexanol as a 
typical substrate. The results obtained are 
summarized in Table 1. In view of the clear 
superiority of FMN-mediated regeneration, its 
recycling performance was assessed in more 
detail. The effects of some variations in reaction 
conditions on the yield of cyclohexanone and the 
FMN recycling efficiency are recorded in Table 2. 
Altering the HLADH concentration within the 
range 1-4 X lO-'M was without effect on the 
FMN-recycling efficiency under the Table 1 
conditions. The p H  dependence of FMN re- 
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JONES AND TAYLOR: I 

TABLE 2. Influence of reactlon time and [NAD+] on FMN-recycl~ng 
efficiency and yleld of ketoneY 

Gqciohexanone NADH -9 WADT 
React~on perlod (h) [NADT] (mM) (?; yleldp) recycles 

*All reactions were carried out at 20 "C in aqueous 0.1 M Tris-HCI buffer solution of pH  9.0, 6.75 
rnM in cyclohexanol, 13 rnM in FMN, and 5.4 X lo-' M in HLADH. 

tBy  glc analysis. 

cycling was also investigated. As Fig. 1 shows, 
the overall reaction showed a clear p H  optimum 
of 9. 

Discussion 
The choice of HLADH as the enzyme was a 

natural one since it is currently the alcohol de- 

P H 

FIG. I .  p H  dependence of the yield of cyclohexanone 
from HLADH-catalyzed oxidation of cyclohexanol with 
FMN regeneration of NAD' under the Tahie 1 reaction 
conditions. 0 [NAD+] 0.1 mM, g [NAD+j 1.0 mM. 

hydrogenase of most general asymmetric syn- 
thetic utility to organic chemists (2). The sub- 
strate used, cyclohexanol, is structurally simple 
but its HLADH-catalyzed oxidation behaviour 
is representative of those of many other alcohols 
of greater complexity and interest (2). The co- 
enzyme-recycling surveys summarized by Table 1 
were carried out on reaction mixtures containing 
up to 1 g of cyclohexanol in order to ensure that 
truly preparative-scale behaviour was being re- 
flected by the data obtained. The assays were 
performed at p H  9 ;  the use of basic reaction 
solutions is common for alcohol dehydrogenase- 
catalyzed oxidations since this helps to amelio- 
rate the unfavourable equilibrium of [l]. Control 
experiments were carried out to ensure that none 
of the recycling agents oxidlzed cyclohexanol in 
the absence of enzyme or coenzyme and that up 
to 6 1nM concentrations of cyclohexanone did 
not inhibit the reaction. 

The limited success observed with DCIP was 
disappointing. particularly in view of its success- 
ful application for a similar purpose in analytical 
systems (13). Its mediocre performance as a re- 
cycling agent under preparative-scale conditions 
appears to be due to its inhibitory effect on the 
enzyme; the yield of cyclohexanone and the 
recycling efficiency both decrease as the DCJP 
concentration is raised from 6 to 30mM. In 
contrast, there was no noticeable inhibition of 
the enzyme by FMN. The poor performance of 
riboflavin is at least partly due to its very low 
solubility in the aqueous assay solution. For all 
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the recycling agents of Table 1, the highest levels 
of NADH I NADA regeneration are achieved 
at the lowest coenzyme concentrations. This is a 
common observation with recycling systems (1 1, 
14, 15). 

FMN is clearly a very effective NAD+-re- 
cycling agent with good yields of the cyclo- 
hexanone product accompanied by high levels of 
N A P  turnover being achieved routinely under 
the Table 1 conditions. Evaluation of its per- 
formance as function of time (Table 2) showed 
that substantial levels of the ketone product 
were produced within 3 h at moderate NAD+ 
concentrations. While cyclohexanol oxidation 
was slower at low NADt levels, the yields of 
cyclohexanone again became very respectable as 
the reaction period was increased. The pH 
profile for the overall process (Fig. 1) parallels 
those of HLADH-catalyzed oxidations of alco- 
hols (2) and that of the influence of p H  on the 
rates of reduction of riboflavin by dihydropyri- 
dines (16). 

The data of Table 2, and the observation that 
reducing the enzyme concentration by up to a 
factor of 4 does not affect the Table 1 results, 
indicate that enzyme instability is not a major 
problem far extended reactions involving FMN 
recycling. This contrasts the situation en- 
countered with other chemical recycling agents 
(2, 11, 14). The dependence of the yields of 
cyclohexanone and the recycling efficiencies 
(Tables 1 and 2) on factors such as NAD+ and 
FMN concentration, and the fact that limited 
variations in HLADH concentration are without 
effect, point to H-transfer from NADH to FMN 
as being partly or wholly rate limiting under 
many of the conditions applied. 

In addition to making the use of nicotinamide 
coenzymes more economical, oxidative recycling 
possesses the advantage that it assists in displac- 
ing the unfavourable equilibrium of the enzyme- 
catalyzed oxidations in the desired direction. For 
example, taking the equilibrium constant of [I] as 
-4 X 10-lo M for HLADH-mediated cyclohex- 
an01 oxidation (2), the maximum yields of cyclo- 
hexanone attainable under Table 1 conditions in 
the absence of recycling agents are calculated to 
be lOy0 for solutions 1.OmM in NAD+ and 
merely 41% if the extremely high NAD+ con- 
centration of 7.2 m M  was used. This contrasts 
the 75y0 yield obtained with only 0.1 m M  
NAD+ using FMN recycling (Table 2). Another 

benefit of being able to operate at low NAD+ 
concentrations in v H  9 reaction solutions is that 
the rate of elimination of the active coenzyme 
via pseudobase formation (1 1, 17) is reduced. 

With its up to 50-fold NADH + NAD+ re- 
generation capability FMN is already superior 
to any previous chemical oxidative-mode re- 
cycling system (2, 11) and still greater recycling 
efficiency can be anticipated using higher FMN 
concentrations and under optimized  condition^.^ 
Furthermore, FMN has several practical ad- 
vantages over other oxidative recycling systems 
(2, 11). It can be used in high concentrations 
owing to its excellent solubility characteristics; 
it is very soluble in the aqueous reaction media 
but is insoluble in the organic solvents used to 
work up enzymic reactions of this type (2). Also, 
the reduced FMN produced oxidizes very rapidly 
in air so that the FMN concentration remains 
effectivelv constant under the conditions used. 
No deleterious effects from the hydrogen per- 
oxide byproduct of the oxidation step have yet 
been observed. 

FMN regeneration of NAD+ is now in routine 
use in our laboratory. Examples of its application 
for this purpose during alcohol dehydrogenase- 
catalvzed oxidations of alcohol substrates of 
general organic chemical interest will be re- 
ported shortly. 

The results of kinetic studies on the FMN- 
NADH and related reactions are reported in the 
following paper (18). 

Experimental 
HLADH (E.C. 1.1.1.1, mol. wt. 84 000; 3 X crystal- 

lized) was purchased from Worthington and NAD+, 
DCIP. riboflavin, and FMN (commercial grade) from 
Sigma. Gas-liquid chromatographic analyses were per- 
formed using a 2C.L QF-1 on a Chromosorb G column. 

Generul Recyclitlg Proced~ire 
The recycling studies were carried out in 0.05 or 0.1 M 

Tris-HCI solutions p H  9.0 (10-150 ml) containing fixed 
concentrations of cyclohexanol (6.0 or 6.75 mM), NAD+ 
(0.1-1.0 mM), FMN or DCIP (6-30 mM), or riboflavin 
(2mM), and HLADH (1-4 X 10-7 M). The p H  de- 
pendence studies were performed using 0.05 M Tris-HC1 
(pH 7-9) and 0.05 M carbonate-bicarbonate (pH 10-11) 
buffers. For the routine assays, stock solutions of cyclo- 
hexanol (20 mM) and NAD+ (30 mM) in p H  9 buffer 

4For the Table 1 and 2 experiments where the oxidation 
is virtually quantitative (i.e. >90%,), the low recycling 
factors recorded obviously do not represent the maximum 
levels of coenzyme regeneration achievable under the 
conditions applied. 
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JONES AND TAYLOR: I 2973 

were used. The corresponding stock solution of HLADH 
M) was made up in p H  7 Tris-HCI buffer; this 

solution retained >90'; of its activity during storage for 
I month at  4 "C. FMN, riboflavin, and DCIP were added 
in solid form to the reaction mixture. The reactants were 
combined in stoppered 10-200 ml, pear-shaped flasks in 
the desired concentrations and the mixtures stirred 
slowly (avoiding foaming or cavitation) at  20 'C in the 
dark with a magnetic stirrer. The analytical-scale oxida- 
tions were monitored by extracting 3 ml aliquots with 
chloroform (3 X 3 ml) and analyzing the dried (Na2S0,) 
and concentrated (to 0.3 ml) chloroform extract by glc. 
This procedure permitted >60?, of the cyclohexanol: 
cyclohexanone to be recovered. 

The preparative-scale viability of the F M N  process was 
verified under the best Table 1 and Table 2 conditions 
using solutions containing up to 1 g of cyclohexanol. 
When glc analysis indicated total conversion of cyclo- 
hexanol (24-72 h) the reaction mixtures were con- 
tinuously extracted with chloroform and the chloroform 
solutions dried (Na2S04), evaporated, and distilled to 
give >60G; yields of pure cyclohexanone. 
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J. BRYAN JONES and KEITH E. TAYLOR. Can. J. Chem. 54, 2974 (1976). 
The rates of H-transfer between various 1.4-dihydropyridines and pyridinium salts (including 

NADH and NAD+), and from 1,4-dihydropyridines to FMN, have been measured. The re- 
actions are found to be suificiently slow for H-transfer to be rate-determining to a significant 
extent when such systems are applied for nicotinamide coenzyme recycling purposes. The rates 
of H-transfer parallel the magnitudes of the donor-acceptor redox potential differences (LEO1); 
A E ~ '  values may therefore be used as qualitative guides in formulating and selecting redox 
couples of NAD, H recycling value. On the basis of deuterium isotope effects, it is concluded 
that formation of a complex prior to H-transfer is not rate determining for 1,4-dihydropyridine- 
NAD+ reactions. This behavior is in contrast to that of other model alcohol dehydrogenase 
systems. 

J. BRYAN JONES et KEITH E. TAYLOR. Can. J. Chem. 54, 2974 (1976). 
On a mesurC les vitesses de transferts d'hydrogene entre diverse, dihydro-1,4 pyridines et de 

sels de pyridinium (incluant NADH et NADC) et elitre des dihydro-1,4 pyridines et le FMN. On 
a trouvC que les reactions sont suffisamment lentes pour que le transfert d'hydrogkne soit l'ktape 
dkterminante pour une partie importante de la reaction quand de tels systttmes sont appliques 
pour des besoins de recycler le coenzyme de la nicotinamide. Les vitesses de transferts d'hydro- 
gkne sont parallkles aux grandeurs des differences de potentiel redox clonneur-accepteur (AEO1); 
ies valeurs de AEo' peukent donc Ctre utilisees conlnie des guides qualitatifs pour formuler et 
choisir des couples de redox qui sont efficaces pour le recyclage du NAD /H. Sur la base des effets 
isotopiques du deuterium, on peut conclure que la formation d'un complexe anterieur au trans- 
fert d'hydrogkne n'est pas I'Ctape diterminante pour les riactions dihydro- 1,4 pyridine - NAD+. 
Ce comportement est en opposition avec celui d'autres systttnles modeles d'alcool dihydro- 
genase. 

[Traduit par le journal] 

Oxidoreductions involving hydrogen transfer cycling of NAD' was achieved using pyridinium 
between nicotinamide coenzymes, dihydropyri- salts 1 of lower redox potential than NADT to 
dines and pyridinium salts, and flavins and re- displace the equilibrium of [1] to the right. 
lated compounds have received considerable 
attention in recent years (1-2 1). Our interest in 
such reactions derives from their potential for [ I ]  QCoNH2 + QX - 

I 
7 nicotinamide coenzyme regeneration during 

RPPRA 
I 

preparative-scale applications of alcohol de- R' 

hydrogenases in asymmetric synthesis (12); the NADH la-g  
types of redox systems which have been surveyed 
in this coenzyme recycling context are depicted 
in [I] and [2].2 Successful oxidative-mode re- 

'Abstracted from the Ph.D. thesis of K.E.T., University 
of Toronto, 1973. 

*Abbreviations used: NAD+jNADH, oxidized and 
reduced forms respectively of nicotinamide adenine di- 
nucleotide; FMN/FMN.H,  oxidized and reduced forms 
respectively of flavin mononucleotide (riboflavin phos- 
phate); RPPRA (in NADjH), ribose-phosphate-phos- 
phate-ribose-adenine; RP  (in FMN), ribose-phcsphate; 
TAG, a- or ii3-2,3,4,6-tetraacetyl-~-glucosyl; DCB, 2,6- 
dichlorobenryl; PNB, p-nitrobenryl; HLADH, horse 
liver alcohol dehydrogenase. 

I 
RPPR A 

I 
R' 

NAD+ 2a-g 

a, R' = CH2C,jH5, X = CONH2 
b, R' = n-C-,H7, X = CONH2 
c, R' = a- or p-TAG, X = CONH2 
d, R' = 0-TAG, X = COCH, 
e ,  R' = DCB, X = NO2 
J, R' = PNB, X = NO2 
g, R' = CH2COC6Hs, X = NO2 
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JONES AND TAYLOR: IJ 2975 

0 
F M N  

FMN + Hz02 

Conversely, reductive-mode recycling of NADH 
was effected by driving the equilibrium of [ I ]  in 
the opposite direction with dihydropyr~dines 2 
of greater redox potential than NADH (120). 
The selection of FMN, the most successful 
chemical NADA-recycling agent developed so 
far as described in the preceding paper (12b), 
was guided by similar considerations with dis- 
placement of the eq. 2 reactions in the desired 
direction being greatly assisted by rapid aerial 
oxidation of the FMNH produced. 

For the above systems, it appeared that (a) the 
magnitude of the redox potential difference be- 
tween an H-acceptor or donor and NAD+/H 
could be used as a guide to its effectiveness as a 
recycl~ng agent and that (b) the H-transfer step 
in these regeneration processes was rate-limiting 
to  some degree (12). The rate studies reported 
in this paper confirm these conclusions. The data 
obtained also bear on non-enzymic model 
alcohol dehydrogenase studies. 

Results 

For all the reactions studied, the rates of H- 
transfer were measured under pseudo first-order 
conditions with the H-acceptor present in excess. 
Since it is well documented that 1,4-dihydro- 
pyridine - pyridinium salt and dihydropyrldine- 
flavin reactions are first-order with respect to 
each redox component (2,4, 6, 8, 10, 13-19) the 
calculation of the corresponding second-order 
rate constants presented no problem. The 
kinetics were followed by monitoring the rare of 
change of absorption at or near the Xma, of each 
dihydropyridine in the range 340-450 nm. In 
each case, care was taken to ensure that Beer's 
law was obeyed at the recording wavelength. The 
results obtained for the rates of 11-transfer be- 
tween various 1,4-dihydropyridine-pyridinicm 
systems in water at neutral p H  are recorded in 

TABLE 1. Rate constants for dihydropyridine- 
pyridinium El-transfer reactionsu 

Donor Acceptor k (M-1 S-1) A E,' (rnV)O 

2.0 NAD+ 2 . 1 S ~ 0 . 0 4 X 1 0 ~ 2 C  46 
26 NADt 5.6 I - O . ? J X ~ O - ~  72 
2b lc -a  0.34-.0.01 (-90) 
NADH Id 1.4910.09 93 
26 Ic-B 1.05 ~ 0 . 0 2  120 
NADH l e  2.i8_+0.11d (> 120) 
NADH If 2.60t0.25d (> 120) 
NADH Ig 2.81 20.216.e - f  

2b l e  8.9 i0 .2d.e  (> I901 
2b 1 f 11.7 i0 .2d .e  (> 190) 
2b 16.0 =l . ld .e  - f  

- 

aRatcs were measured a t  25 "C in aqueous solutions of p H  7 under 
pseudo first-order conditions usine an excess of the acceptor by - 
monitoring changes in dihydropyridine absorption at  o r  near the Arne, 
(360-400 nm range) in each case. The constants recorded are from re- 
actions run for at  least 2-3 half lives and repeated 4-6 times; correla- 
tion coefficients were > 0.99. 

bAEo' is the calculated (or estimated if in parentheses) redox poten- 
tial difference between the acceptor and the donor at  20 OC (12a). 

CIn 0.05 M Tris-HCI buffer p H  7 containing 1.6% EtOH. Rate 
constant (corrected for hydration of 2a) calculated using the method 
of Gu~genlleim (18). 

dMonitored at  448 nm. 
epH6.2 .  
/Not available (125). 

Table 1 together with the estimated redox 
potential differences for each couple. In general, 
it is seen that the rates of H-transfer increase 
progressively as the AEol values become larger. 

That the reactions of Table 1 proceeded as 
indicated by El] was verified by uv spectroscopic 
analysis of the products, and by the formation of 
coenzymically-active NADH from the reactions 
utilizing NADf as acceptor (12a). It was recog- 
nized that the results obtained might be affected 
by the facility with which 1,4-dihydropyridines 
undergo hydration (19). Accordingly, the sus- 
ceptibility to hydration of the dihydropyridines 
lnvolved was checked under the assay conditions. 
At p H  7, the rates of hydration were significant 
only for the N-benzyi compound 2a (khydr 4.3 
and 18.8 x s-I in water and 0.05 M Tri* 
HC1 respectively) and the N-propyl derivative 2b 
(khydr 17.7 X 1W6 s-l in 0.05 M Tris-HC1). The 
data reported for H-transfers involving these 
two compounds have been corrected for this 
side reaction whenever necessary. 

The data for dihydropyridine-FMW reactions 
were obtained in a similar manner except that, 
owing to the phosphate group of FMN, it was 
necessary to use 0.05 M Tris-HCI buffer solu- 
tions in order to enable p H  7 to be maintained 
during the assay period. These results are sum- 
marized in Table 2. Again the values of the 
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T ~ B L E  2. Rate constants for some dihydropyr~dlne- 
F V N  H-transfer reactlonsa 

Donor Acceptor k (A4-I s-1) LEO' (rnV)b 

NADH FMN 0.2710.02C 100 
(0.1 6)d  

2u FMN 20.6 c0.7e 146 
2b FMN 94 9 11.4 172 

( 1  17Y 

aThe reactions were performed at 25 "C in 0.05 M Tris-HC1 buffer 
p H  7 as outlined for Table I .  Correlation coefficients were >0.995 for 
each assay. 

b ~ E o '  is the calculated redox potential diRtrence between FMN and 
the donor at 20 O C  (12b). 

CpH 6.7. 
dFrom ref. 16 at pH 6.8, 27 "C. 
e1.6% EtOH. 
JFrom ref. 2a. a t  pH 6.7. 

second-order rate constants reflect the magni- 
tudes of the respective AEo' values. H-transfers 
between dihydropyridines and Aavins have been 
intensively studied (2, 6, 8, 10, 15-19) and the 
spectral characteristics of the Table 2 reactions 
were in accord with the process depicted in [2]. 
Furthermore, it had been established previously 
that coenzymically-active NADT was produced 
in the NADH-FMN reaction (12a). 

Most practical applications of alcohol de- 
hydrogenases involving coenzyme recycling are 
performed within the p H  range 7-9. The p H  
dependence of H-transfer reactions of the eq. 1 
and 2 types was therefore examined using 
NADH-ld and NADH-FMN as representative 
redox couples. The data (Table 3) for both 
systems show a small decrease in the rates of 
H-transfer as the p H  is raised. 

Deuterium isotope effects for eq. 1 type H- 
transfers to NAD+ were evaluated using the 
4,4-dideuterated- l,4-dihydropyridines ~ U - [ ~ H ] ~  
and 2b-[2H]2 as representative donors. The 
results are given in Table 4. The rate constants 
for deuterium transfer were obtained from the 
limiting slope of the first-order plots (2a) in 
order to preclude contributions of residual 
protium transfer to the overall rate. In practice, 
data from the 25-707, extent of reaction range 
was used for ~ U - [ ~ H ] ~  (1.92[2H]2jmolecule at 
C-4) and from the 65-807, range for 2b-I2HI2 
(1.65[2H]2jmolecule at C-4). The k12,], value for 
the 2b-I2HI2-NAD+ reaction is an upper limit 
since a very minor proportion of protium 
transfer was still evident after 65% reaction. 

Discussion 

All the pyridinium salts 1 and 1,4-dihydro- 
pyridines 2 used were prepared as described pre- 
viously ( 1 2 ~ ) .  For the Table 1 reactions, the 
spectral data required to verify that the products 
were as expected from an eq. 1 reaction were 
available for all systems except for those in- 
volving the 3-nitro derivatives le-g. These latter, 
very electrophilic, compounds were too sus- 
ceptible to pseudobase formation to permit their 
evaluation as recycling agents at pH  9 (12a). 
Nevertheless, they proved suficiently stable at 
p H  < 6.5 for their performance as H-acceptors 
to be measured. The 1,4-dihydropyridine pro- 
ducts, 2e-g, of their reactions with NADH and 
with 2b were isolated in 15-40% yields. The 

TABLE 3. Effects of p H  on H-transfer from NADH a 

k (M-1 S-I) 

Donor Acceptor P H  7 PH 8 PH 9 

NADH Id 1 . 2 6 i 0 . 0 5  0.71 1 0 . 1  0.26rt0.02 
NADH FMN 0.2710.02 0 . 2 0 i 0 . 0 1  0 .13 i0 .01  

*Studies carried out at 25 "C in 0.05 M Tris-HCI buffers as described for Table 1 

TABLE 4. Deuterium isotope effects in H-transfers from 2a and 26 to NAD+O 

Donor Acceptor k[z,]7(M-' s-1) k ~ ~ / k [ ~ ~ l ,  

*The kinetics were measured at 25 "C in 0.05 M Tris-HC1 buffer according to the Table 1 procedure. 
The data are corrected for hydration of 2a,b-[%HI*. 

OFrom Tables 1 and 2. 
C1.6% ethanol. 
dcalculated by the method of Guggenheim (18) and corrected for the rate of hydration. 
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structure assignments of 2e-g were supported by 
their ir absorptions at -- 1678 and -- 1608 cm-I 
(20), their uv maxima of -430 and -450 nm in 
methanol and water re~pectively,~ and by the 
narrow doublets (J = 1.5 Hz) at 6 -- 7.9-8.0 
ppm in their nmr spectra (attributed to the 
unusually strongly deshielded C-2 proton split 
only by long-range coupling). These data ex- 
clude 1,2- but not 1,6-dihydro arrangements. 
However, in view of the overwhelming evidence 
for exclusive C-4 H-transfer in such reactions 
(4, 120, 13, 14), 1,6-dihydro structures cannot be 
considered serious possibilities. 

The susceptibility of each of the 1,4-dihydro- 
pyridines of Table 1 towards hydration was 
evaluated but such side reactions were negligibly 
slow for all reactants except for 2a and 2b. The 
rate constant recorded for 2a is of the magnitude 
expected (2b) and the 5-fold difference between 
the specific rates of hydration of 2b in buffer and 
in water is in accord with the known effect of 
general acids on this process (2b, 22). 

Analysis of H-transfer reactions involving 
FMN was more straightforward. Such reactions 
have been conclusively shown to be as indicated 
in [2] and the behavior and spectral character- 
istics of the Table 2 reactions and products were 
as expected from the close literature analogies 
(2,6,8, 10, 15-19). Under the aerobic conditions 
of the assays, the reduced flavin product, FMNH, 
underwent rapid oxidation (2a) and the FMN 
concentration of the Table 2 reactions thus 
remained truly constant. 

The small, but finite, effects of p H  on FI- 
transfer (Table 3) are attributed to the pK, 
differences of the various phosphate groups of 
the reagents (23). The rates of redox reactions of 
this type are not universally sensitive to p H  
changes (2a). 

From Tables 1 and 2 it is seen that the rates of 
H-transfer parallel the magnitudes of the ac- 
ceptor-donor redox potential differen~e.~ Al- 
though this dependence is a qualitative one, it 
would be unrealistic to expect a more quantita- 
tive correlation at this time since some of the 

These  A,,, values are at  longer wavelengths than for 
most 1,4-dihydropyridines owing to the presence of the 
3-nitro substituent (21). 

4The limited comparisons which are possible with 
literature data on other dihydropyridine-pyridinium 
(13, 14a) and -flavin (2a) systems are also consistent with 
this trend. 

BEo' values are estimates only. Furthermore, 
structural factors undoubtedly play an important 
role in some of the Table 2 and 3 reactions. The 
effects of changes in AEo' on the specific rates are 
more dramatic when FMN (Table 2), and not a 
pyridinium salt (Table l), is the acceptor. It is 
recognized that AEo' differences, being thermo- 
dynamic free energy parameters, need not 
necessarilv be reflected in the H-transfer rates. 
Nevertheless, provided that they are used 
judiciously within the same reaction series, the 
current and literature (lOc, 24, 25) data strongly 
support their use as guides in formulating redox 
couples likely to have H-transfer rates high 
enough to permit efficient NAD/H-regeneration 
during alcohol dehydrogenase catalyzed oxido- 
reductions (l2a). 

While the deuterium isotope effect studies of 
Table 4 were carried out in connection with the 
preparation of I-deuterioalcohols via the re- 
cycling procedure, the results are relevant to the 
continuing debate on the mechanisms of dihydro- 
pyridine-acceptor H-transfer reactions (1-1 1). 
These reactions have been considered to involve 
formation of an intermediate, possibly charge- 
transfer, complex as shown in [3] (6, 7) with kl 
usually rate determining. Both k/k[zHl, values 

kl k2 
131 Donor-HSAcceptor [Donor-H:Acceptor] -t 

k-1 
Donor +Acceptor-H 

of Table 4 are very similar but are quite different 
from those for the reactions of the same donors 
with, for example, trifluoroacetophenone (1.47 
for 2a, 1.16 for 2b (6))  and N-methylacridiniurn 
ion (1.46 for 2b (7b)) and to the 1.75 value 
observed for the NADH-acetylpyridine-NAD+ 
couple (13b). On the other hand, the Table 4 
isotope effects are of the same order of magnitude 
as the partition ratios for deuterium transfer 
from several 1,4-dihydropyridines to various 
non-flavinoid acceptors (1, 6, 76, 11). These 
results are in accord either with k2  (of eq. 3) 
having become rate determining for the Table 4 
reactions (6) or with a mechanism involving 
direct H-transfer. We attribute this change in the 
normal rate determining step to the unique 
structure of the NAD+ acceptor, which, since it 
is organized into its own intramolecular complex 
in solution (26, 27), will either be less inclined to 
form, or need not form at all, a charge-transfer 
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complex of the eq. 3 type prior to  undergoing 
reduction. The absence of any significant effect of 
the N-substituents of 2u,b on the magnitude of 
k/ic[zH1, during NAD- reduction is consistent 
with a hydride transfer mechanism (11, 28, 29). 

As indicated initially, a major aim of the 
current study was to ascertain to what extent the 
H-transfer steps of the reactions of El] and [2] 
are rate determining when such systems are used 
to effect nicotinamide coenzyme recycling on a 
practical scale. From the rate data of Tables 1 
and 2 it is concluded that the M-transfer rate is a 
major, but not necessarily dominant, factor. The 
relative rates of reduction of NAD+ by 2a, 
~ Q - [ ~ H ] ~ ,  and 26, of Ic-a and -6 by 26, and of Id 
by NADM are in accord with the relative re- 
cycling capabilities of these dihydropyridine and 
pyridinium compounds (12a). Furthermore. for 
the first 3-4 hours of preparative-scale HLADH- 
catalyzed oxidation of cyclohexanol (12b), the 
NAP-regeneration efficiency of F M N  is as 
calculated for a rate-limiting NADH-FMN re- 
action. The instability of the enzyme becomes an 
increasingly important factor as reaction times 
are extended and, except in the case of the 
deuterated dihydropyridine reagents, the rates 
of H-transfer for [ l ]  and [2] systems cease to 
be preparatively significant when applied 
to HLADH-catalyzed oxidoreductions taking 
longer than 24 h .  

Experimental 
Ail compounds and nlaterials uere obtained as 

described previously (12). 

General Icinetic Proced!rre 
All kinetic studies were carried out under pseudo 

first-order conditions with the H-donor as the iirnitir~g 
reactant. Reactions were monitored using a Cary 15 
instrument equipped with a Varian G2500 chart recorder 
and a thermostatted cell compartment maintained at 
25.0 "C. PI-acceptor stock solutions were made up in 
water or in Tris-HCl buffer of the desired pH. Unbuffered 
aqueous solutions were generally adjusted to p H  7.0 
before being made up to volume. With the exception of 
N-benzyl-l,4-dihydronicotinamide ( 2 ~ ) .  which was dis- 
solved in ethanol. H-donor stock solutions mere made up 
in a similar manner but without pMacijustment. Mostruns 
were carried out in 1.0 cm pathlength quartz cells using 
3.0 ml of acceptor stock solution and 25-200 MI of donor 
solution. The reference cei! was filied with acceptor 
solution of the same concentration as the final sample cell 
solution. The sample cell was stoppered immediately 
after addition of the H-donor, inverted several times to 
ensure mixing, and then placed in the cell compartment. 
By this method reliable readings could be obtained within 

20 s of initiation of the reaction. In some cases 0.2 or 10.0 
cm pathlength cells were used. Assays performed in 10 cm 
pathlength cells were similarly formulated in the cell with 
9.0 ml of H-acceptor stock solution. When 0.2 crn path- 
length cells were used, solutions were first mixed in a 
10 ml stoppered flask and then an aliquot (ca. 0.6 ml) was 
quickly transferred to the cell. The data obtained after 
several half-lives were treated by standard first-order 
regression analysis and the second-order rate constants 
obtained by dividing each pseudo first-order rate constant 
by the H-donor concentration. Each run was performed 
at  least in triplicate. 

Rates of N-Trurlsfir to Pyridinilrm Salts 
Solutions of the fo l lo~ ing  concentrations were used for 

all assays except those involving nitropyridinium eccep- 
tors. Donors: NADH: 0.4-4.1 X M; 2u, 1.6-6.0 X 
10-4 M ;  26, 4.0-8.0 X 10-4 M. Acceptors: NAD+, 11- 
26 X 10-3 M; PC-cz and -8, 7.0 X 10-3 M ;  Id ;  3.2-7.0 X 
10-3 M. For le-f reactions, the concentrations were: 
NADH 0.4-2.1 X 10-4 M and le-f, 0.9-2.4 X 10-3 M; 
Zu, 3.6-6.2 X 10-6 A4 and le-f; 1.5-3.7 X M. Ten 
centinletre pathlength cells were used for 20- le-g 
assays: otherwise 1 cm cells were employed throughout. 
For reactions involving 26 as H-donor and NAD+ and 
la-d as acceptors, the change in absorption of the H- 
donor was inonitored at  400 nm in order to avoid com- 
plications from overlapping absorption of the reduced 
acceptor product. Although this wavelength was not the 
absorption maximum, it was established that Beer's law 
was obeyed in each case. With I d  as acceptor, the species 
monitored was the reduced acceptor and thus infinity 
readings were necessary. With Za as H-donor the 400 nm 
absorptions were due to several chron~opiiores and again 
infinity readings were required. The 2u-NAD' reaction 
was assayed at  360 nm. Reactions involving 20 were slow 
and the data analyzed by the method of Guggenheim (18) 
after determining that the H-transfers were indeed pseudo 
first-order for three or more half-lives. Where necessary, 
the observed pseudo first-order rate constant was cor- 
rected for the rates of hydrstion of 20 and 2b. These were 
determined by the general kinetic procedure by measuring 
the rate of disappearance of absorption a t  360 nrn. A 
concurrent increase in absorption at the 293 nm A,,, of 
tlie p rod~~c t s  )+as also observed. H-transfers to le-g were 
followed at  448 nm. (Similar results were obtained by 
monitoring the absorption chaiigi-s at  340 nm.) Further 
details of the assay procedure and of the conditions used 
for each system are given in Table 1. The el-fects or" pH on 
the NADH-Id reaction (Fable 3) were studied in 0.05 A4 
Fris-HCI buffers ~f p H  7.0--9.0. 

The kinetics of deuterium transfer from 2n,b-[2HJ2 to 
NAD+ were determined in an analogous manner except 
that the rate constants were calculated from the limiting 
slope of the first-order plots (2u). Corrections were again 
made for hydration of 2~,b-[~H]2.  The resuits are sum- 
marized in Table 4. 

The structures of the products of the Table 1 reaction 
were verified by comparison of their spectra with those of 
authentic samples of lu-f and %a-d (120). Also, when 
NADv was the acceptor. NADH formation was con- 
firmed by the >80('; yield of cyclohexanol obtained 
when a large-scale kinetic run was added to a p H  7 
solution of cyclchexanone containing HLADH. The 
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samples of 2e-f required to characterize the nitropyri- 
dinium salt reduction reactions were prepared as de- 
scribed below.5 

N-(2,6-D~chlorobenz~ 1)-3-nltro-1,4-d1h: drop) rrdlne (2e) 
A solut~on of h-(2,6-dlchloroben~yl)-3-nltropjrld1n1um 

bromlde ( le ,  179 mg, 0 49 mmol) and IV-propyl-l,4- 
d~hydronicotinamlde (2b. 83 mg, 0 50 mmol) In p H  7 0 
buffer (75 ml) was stlrred under N2 for I h a t  20 C The 
chloroform extract (4 X 75 ml) was slurried with silica 
gel (7 g), evaporated to dryness, and the sihca mlxture 
was dry-packed onto a short dry slhca gel column (10 g) 
Elution with dlethyl ether (200ml) and evaporation 
ylelded a brown solid (73 nig) wh~ch was further purlfied 
by preparat~ve tlc on 0 5 mm thlck slllca gel G de\eloped 
wlth benzene The result~ng material (A0 mg, 29L,) was 
recrystallized from methanol-water (2.1) lo glve 2e as 
brown needles, mp 185-188 "C, Ir (CHClj) v,,, 1680, 
1602, 1570, and 1293 cm-i; ub ( H 2 0  contalnlng 167, 
MeOH) A,,, 453 nm, (MeOH) 430 nm, (cyclohexane 
contalnlng 1 6', MeOH) 412 nm, nmr (C[2H]CIj) 6 3 47 
(m, 2H), 4 82 (s, 2H), 5 20 (m, 2M), 5 97 (d of d, J = 2, 
8 Hz, 1H 1, 7 44 (s plus weaker slgnalb, 4H), 8 00 (d, J = 
1 5 Hz, 1H) ppm, mass spectrum m,e 284 (M+ - 1) 

N-(y-1Vitrohet1zyl)-3-,zitro-1,4-dil1~~iropyridine (2f) 
N-(p-Nitrobenzyl)-3-nitropyridinium bromide (If; 179 

mg, 0.52 mmol) and N-propyl-1.4-diliydronicotinamide 
(2h; 86 mg, 0.52 mmol) were reacted and worked-up as 
above. The sample of 2f (20 mg, 15%) obtained had mp 
147-149 'C; ir (CHClj) v,,, 1678,1608,1514,1350, 1311, 
and 1291 cm-1; uv (H20 containing 1.6'); MeOH) A,,, 
453 nm; (MeOH) 431 nm; nmr (C[2H]CIj) 6 3.50 (m, 2H), 
4.60 is, 2H), 5.25 (m, lH),  5.80 (d, J = 7.5 Hz, IH), 7.47 
(d, J - 8.5 Hz, 2H), 7.89 (d, J = 1.5 Hz, IH), 8.30 (d, 
J = 8.5 Hz, 2H) ppm; mass spectrum mie 261 (M+). 

N-Be1zzoyln~et/1~1-3-nitro-1,4-di/~~~drop~ridine (2g)  
Treatment of N-benzoylmethyl-3-nitropyridinium bro- 

mide ( lg ;  175 lng, 0.54 mmol) and N-propyl-l,4-dihydro- 
nicotinamide (2b; 91 mg, 0.54 mmol) as above gave 2g 
as an unstable gum (20 nig, 1.5'1); ir (CHClj) v,,, 1700, 
1675, 1608, 1350, 1315: and 1290 cm-I; uv (HzO con- 
taining 1.6';; MeOH) k,,, 448 nm; OMeOH) 431 nm; 
nmr (C[2H]C!3) 3.53 (m, 2H), 4.78 (s, 2H), 5.25 (m, IH), 
5.75 (d, J = 8.0 Hz, lH), 7.4-8.1 (several signals, large 
integral) ppm. 

Rates of H-Trun5jfer to FhdN 
The rates of H-transfer to FMN were determined using 

assay solutions of the following concentrations: donors: 
NADH, 2.0-4.0 X hf; 2u, 2.9-6.0 X M; 26, 
0.4-0.9 X 10-4 M ;  FIMN (acceptor) 22-37 X M 
(with NADH), 0.3-2.5 X 10FhM (with 2a and 2b). The 
NADH, 2a and 26 reactions were monitored at 340, 355. 
and 360 nm respectively, All reactions exhibited pseudo 
first-order kinetics for two or more half-lives of reaction. 
The results are oresented in Table 2. The oH dewendence 
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Pyrolysis of iodobenzene by the toluene carrier technique and 
determination of D[C,H,-I] 
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R. JOHN KOMINAR, MICHAEL J. KRECH, and STANLEY JAMES W. PRICE. Can. J. Chem. 54, 
2981 (1976). 

The pyrolysis of C6H51 has been studied by the toluene carrier technique over the temper- 
ature range 861-955 K using contact times of 0.54-3.28 s and total pressures of 2.5-4.13 kPa. 
Percent decomposition based on analysis for residual C6HjI ranged f r o n ~  5.6-93.3(t. Only trace 
quantities of 1 2  were observed and when HI  mas trapped o ~ l t  the only other gaseous products 
were small quantities of hydrogen and methane in about a 2:l ratio. Within the limits of the 
experimental method the decon~position was found to be homogeneous and first order. 

[I] C6H51 + C6H5 $ I 
The Arrhenius equation obtained for reaction 1 is 

269600 4800 
log kl (s-1) = (15.0 k 0.28) - ---------- 

19.15 T 

Making an approximate correction of the activation energy to 298 K then gives 
D[C6H5-I] = 266.3 j 4.8 kJ mol-1 

R.  JOHN KOMINAR, MICHAEL J. KRECH et STANLEY JAMES W. PRICE. Can. J. Chem. 54, 
2981 (1976). 

La pyrolyse de C6H51 a 6te CtudiCe 2 l'aide de la technique du tolukne comme gaz porteur sur 
un ecart de temperature de 861 955 K utilisant des temps de contact de 0.54 a 3.28 s et des 
pressions totales de 2.5 4.13 kPa. Le pourcentage de decomposition base sur l'analyse du 
C6H61 residue1 s'echelonnait de 5.6 B 93.354. Des quantites de I 2  a 1'Ctat de trace seulement furent 
observees et quand HI  fut elimine par piegeage les seuls autres produits gazeux observes 
n'Ctaient que des petites quantites d'hydrogkne et de methane dans un rapport d'environ 2:l .  
En considerant les limites de la methode experimentale, la dicomposition fut trouvie homog&ne 
et de premier ordre. 

[I]  C6H51 -+ C6Hs $ I 
L'equation d'ArrhCnius obtenue pour la reaction 1 est: 

269600 k 4800 
log k l  (s3)  = (15.0 + 0.28) - 

19.15 T 

En faisant une correction approximative de I'energie d'activation h 298 K on obtient 
D[C6H5-I] = 266.3 & 4.8 kJ m01-I 

[Traduit par le journal] 

Introduction I + C6H51 C6H5 $12 

A recent paper by two of the present authors 
on the pyrolysis of C6F51 by the toluene carrier 
technique (1) gave D[C6F5-I] = 277 kJ mol-l. 
Previously Szwarc (2) had reported a value of 
D[C~HS-I] of the order of 239 kJ mol-I, in- 
dicating that D[CGFS-I] was significantly larger 
than D[C6H5-I]. However, from a study of the 
reaction 

Rodgers et crl. (3) obtained D[C6Hs--I] = 272 
kJ mol-I. This result leads to Afff2980(C6H5, g) = 
328.4 kJmol-l, a value close to the recently 
recommended value of 325.1 kJ mol-I (4). The 
present study was undertaken in an attempt to 
resolve the discrepancy between the earlier 
toluene carrier study and the more recent 
equilibrium work. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Selected experimental results for the toluene carrier flow 
system pyrolysis of iodobenzene 

Toluene 

C6Hs1 
T* P I, Decornposlt~on Benzene molar kt 

(K) (kPa) (s) ( 5 ~ )  (rnol x 104) ratio (s-') 

*p denotes runs in packed reaction vessel, surface-to-volume ratio 17 times that in the unpacked vessel. 
tPercent of C2Hs released that is found as C ~ H B .  

Experimental 

Materials 
(a) Iodobeizzene 
The iodobenzene used was obtained from Eastman 

Kodak, Eastman Organic #152. Analysis by gas chrom- 
atography (6 f i  Apiezon L on 80-100 mesh chromosorb 
W, N2 carrier, 30 cc/min, isothermal for 4 min at  100 OC 
and temperature programmed from 100-200 "C at 32"/ 
min showed only traces of minor impurities estimated at  a 
maximum of 0.01% of the sample. 

(6) Benzene 
Analar grade benzene from British Drug House was 

similarly tested by gas chromatography and the minor 
impurities were estimated at  a maximum of 0.01:'; of the 
sample. 

(c) Tolrce~~e 
Toluene from sulfonic acid (Eastman Organic X325) 

was prepared for use by refluxing over sodium under 
vacuum and then degassing by bulb-to-bulb distillation. 

Apparatus and Procedures 
The basic toluene carrier system has been previously 

described (5). The system was modified to the extent that 
the quantity of C6H51 required for a run was injected via a 
gas-tight syringe through a silicone rubber septum. It was 
then subjected to controlled evaporation into the toluene 
carrier stream. Care was taken to be sure that all parts of 
the system where C6H51 was handled were mercury-free. 
Pressures were taken by a differential manometer after the 
C6H51 had heen removed from the system while only 
toluene was flowing. The reaction vessel was treated with 
hot fuming nitric acid before use. Residual acid was baked 
out under vacuum after the vessel was installed in the 
system. 

Toluene, unreacted C6H51 and condensable (at -80 "C) 
products were collected, sealed in airtight amber-colored 
sample bottles with Teflon lined tops and analyzed for 
C6H51 and C6Hs by gas chromatography (conditions as 
described under Materials (a)). 

Results and Discussion 

Selected experimental results are given in 
Table 1 and the Arrhenius plot for the de- 
composition of C6H51 is shown in Fig. 1. The 
results may be discussed in terms of the following 
mechanism 

[I] C6H51 -' CsH5 $ I 

(31 C6Hs $ CsHsCH3 CsH6 + CsHsCHz 

141 2 C6H5CH2 -) dibenzyl 

[ 51 2 CsH5 -+ diphenyl 

[6] C6H5 + C6HSCH2 -' diphenyl methane 

Only traces of I2 were detected. These pre- 
sumably were formed by reaction 7 

in the exit tube of the flow reactor. Since the gas 
collecting system was not mercury-free no 
attempt was made to quantitatively determine 
HI. Large quantities were formed and the 
characteristic yellow solid Hg212 was observed 
when the liquid nitrogen trap was removed and 
the HI was brought to room temperature in the 
presence of mercury. 

The only other gaseous products observed 
were hydrogen and methane which were found 
in about a 2:1 ratio (hydrogen 68 i 2y0, 
methane 32 + 2%). The quantities found ranged 
from about Z X to 1 X mol with con- 
sistently higher yields for a fixed set of experi- 
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however, up to several times that expected in a 
conditioned vesse'. Thns with toluene alone con- 
firmed the literature data so that it must be 
inferred that either C61i51 or products of its 
pyrolysis caused a temporary modification of the 
surface that enhanced the toluene decomposition. 

It is also possible that the reaction sequence 

plays a minor role. But formation of any 
significant quantities of H2 by reaction 9 would 
seem to be ruled out by the fact that the observed 
H2/CH4 ratio is nearly identical to that observed 

- in the pyrolysis of toluene (6). 
The benzene yields in Table 1 are total 

amounts but the percentage figures in paren- 
theses are based on the benzene yield from re- 
action 3, which based on the reaction sequence 

1.05 1.10 11.15 [lo] H f C6HsCH3 + C6H6 + CH3 

FIG. 1. Arrhenius plot for the decomposition of iodo- 
benzene. Open circles, C, represent unpacked vessel runs. 
Full circles, @, represent packed vessel runs. Numbers 
beside points indicate the number of experiments averaged 
to obtain plotted point. Dashed line is the visual line of 
best fit (see text). 

TABLE 2. Tests of the effect of 
CsHSI concentration on kl 

Iodobenzene 
T concentration kl 

(K) (mol em-3 x 109) (SKI) 

mental conditions when the packed vessel was 
used. This is consistent with the slight, pre- 
dominantly heterogeneous, pyrolysis of toluene 
expected (6). 

The quantitative yield of H2 + CH4 was, 

is presumed to be equal to the total moles ben- 
zene minus moles CH4. las general this correction 
is somewhat less than 10%. As shown by the 
percentage figures in parentheses in Table 1 re- 
action 3 is therefore the major process by which 
C6Hs is removed. App~axirnately 8OY0 of the re- 
maining C6H5 is removed by reaction 5, the 
residual being found as diphenyl methane. 

Reactions 12 and ! 3 

which would affect the calculated values of k l  
have been ruled out on two counts. First, values 
of kl are invariant as the toluene/c6H51 ratio is 
changed over a wide range. Secondly, no CH31 
was observed. These reactions, however, might 
be significant at toluene/C6H~I ratios below 
those used in the present work. 

Values of kl  have been calculated from the 
usual first-order expression using percent de- 
composition based on the moles C6H51 used and 
the amount recovered. As shown in Table 2 
values of kl determined in this way show no 
significant variation when the C6H51 concentra- 
tion is varied over a range of up to a factor of 
nine. 
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Least-squares analysis of the data in Fig. 1 It would still appear that D[CGF~--I] is some- 
gives what larger than D[C6H~-I] although the 

difference is much less than in the case of other 
log kl (s-l) = (14.43 i 0.28) - 260 200 ' C6F5X and C6H5X compounds (7). 

19.15 T 

However, as observed previously in the case of 
C6F51 (I),  the least-squares 1 . n ~  may not be the 
best representation of the data. A visual line of 
best fit (the dashed line in Fig. 1) gives an activa- 
tion energy of 269.6 kJ mol-I and an A factor 
of 1015.0. The fact that this A factor leads to 
A-I = 109.7 M-l S-l, as opposed to A-,  = lo9.' 
M-I s-l when the unweighted least-mean-squares 
treatment is used, seems to suggest that the 'line 
of best fit' result is to be preferred. On this basis 

Approximate correction of the activation energy 
to 298 K then gives DLC6H5-11 = 266.3 i- 4.8 
kJ mol-l. This is considerably higher than the 
previous toluene carrier result (2) and is in very 
good agreement with the valce of 272 kJ mol-l 
obtained from the work of Rodgers et ul. 
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A reinterpretation sf beta, gamma, and delta snbstituent 
effects on 13C chemical shifts 
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HELMUT BEIERBECK and JOHN K. SAUNDFRS. Can. J. Chem. 54, 2985 (1974). 
I t  is shown that p-, 7-,  and 6-substituent effects on I3C chemical shifts may be better under- 

stood by assuming that the upfield shifts caused by guuclle ?-substituents are not due to non- 
bonded interactions introduced with the ?-group, but that they are due to the removal of the 
hydrogen on the p-substituent. 

HELMUT BEIERBECI< et JOHN K. SAUNDERS. Can. J. Chem. 54, 2985 (1976). 
I1 est montri que les effets de substituants p, -y et 6 sur les deplacements chimiques du I3C 

seraient mieux compris en supposant que les diplacements vers les champs forts, causes par 
des substituants 7 ga~tclzes, ne sont pas dus B des interactions entre atomes non-liies intro- 
duites avec le groupement en 7 mais sont dus a l'enlilvement de i'hydrogilne sur le substituant 
en p. 

[Traduit par le journal] 

The upfield shift associated with the introduc- 
tion of a gauche y-substituent is one of the most 
useful diagnostic effects in 13C nmr spectroscopy. 
This upfield shift has been attributed to  non- 
bonded interactions between the hydrogens on 
the carbon in question and on the y-substituent 
(1, 2). However, this interpretation is not very 
satisfactory, since upfield shifts are also ob- 
served if the y-group does not bear any hydro- 
gen. For example, chlorine shields a gauche 
y-carbon to the same extent as a methyl group 
(3). 

We were led to  a reexamination of gauche 
y-substituent effects by a report (4) that syn- 
axial 6-substituents cause downfield shifts. If it is 
accepted that nonbonded hydrogen-hydrogen 
interactions are the cause of the shielding effect 
of the y-group, the observed 6-substituent effect 
must be considered a 6 - y shift, since a ?-inter- 
action has been displaced by the 6-group (5 ,  6). 
The 8-substituent effect itself would then become 
an upfield shift. Like the 6-shift, the y-substituent 
effect is formally the result of two steps, namely 
removal of a hydrogen from the &carbon and 
addition of the y-group, and the possibility must 
be considered that both steps contribute to the 
y-shift. In order to estimate the contribution of 
@-hydrogen elimination to the gauche y-effect one 
must know the role of that hydrogen in the p-sub- 
stituent effect. It has been shown (6, 7) that the 
prediction of p-substituent shifts may be based on 
additivity parameters associated with gauche 
interactions of the p-group X with hydrogen, 

HX, and carbon, CX (or the more general 
parameters 2 X HX X cos + and 2 X CX X 
cos 4, if the dihedral angle + differs from 60"). 
Consider the stepwise introduction of a p-methyl 
group, X = C, and a gauche y-methyl group in 
scheme A -. B - C. The second gauche inter- 

H 

+ 5  PPm 

action is not specified, since only the result of 
the KC gauche interr.ction between the H-"@ 
hydrogen and the Hp hydrogen of the 8-methyl 
group is pertinent to the argument that folioi+s. 
Order-of-magnitude values of 5 ppm are given 
for the p-shift A-  B and the gauche ?-shift 
B-. C, since only general trends are to be 
analyzed. The actual numerical values were 
4.73 and -4.50 ppm, respectively ('I). The chemi- 
cal shift changes that occur in steps A -> E + C 
may be in.terpreted in at least two diRerent ways. 

Po~sibility 1: The introduction of a P-cdrbon 
has a deshielding effect regardless of the nature 
of the attached y-group, i.e. both step A + B 
and step A +  C introduce a 5 gpm downfield 
shift. In addition the presence of a nonbonded 
y-interaction in configuration C causes a - 5 ppm 
upfield shift. According to this interpretation the 
chemical shift difference B + C is entirely due 
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TABLE 1. 13C chemical shifts in ketoandrostanesa~* 
--- -- - 

Double Con- 
Item Ketone C No. 6(C-0) G(CH) Sub. Pred. B-type bond Type figuration 

Substituent effect a: the r-position 

12.4 -0.5 0 0 
12.4 0 . 0  0 0 
12.4 1.4 0 0 
12.3 0 .7  0 0 
17.7 0 . 4  0 0 
17.7 0.6 0 0 
17.7 0.4 0 0 

Substituent effect at the B-position 

55.1 -5.3 - 5 - 5 
29.1 -8.6 -10 - 10 
34.5 -8 .4  -10 -10 
54.8 -4 .3  - 5 - 5 
36.4 -0 .6  0 0 
40.6 -8.7 -10 - 10 
36.0 -3.5 - 5 - 5 
39 .0  -7.4 -10 - 10 

12.4 -0.1 0 - 5 
17.7 0 .0  0 - 5 
17.7 3 .9 0 - 5 
26.8 1 . 3  0 - 5 
47.2 0 .0  0 - 5 
29.1 0 . 0  0 - i 
36.4 4.1 5 0 
38.8 -0.1 0 - 5 
47.2 -0.3 0 - 5 
22.2 0 .5  0 - 5 
36.4 6.3 5 0 
35.7 2.2 0 - 5 
36.4 4.5 5 0 
47.2 0 .0  0 - 5 
5 4 . 8  1.8 0 - 5 
35.7 i .8 0 - 5 
40.8 5.9 5 0 
54.8 1 .6  0 -- 5 
54.8 -0.2 o - 5 
40.9 -1.7 5 0 
40.6 -5.4 0 - 5 
40.9 -1.7 5 0 
54.8 -2.9 0 -- 5 
54.8 -3 .2  0 -- 5 
25.6 -3.8 0 - 5 

syn 
v n  
syn 
syn 
syn 
6,Vtl 

Sj'" 

syn 

anti 
arzti 
anri 
anti 
anti 
anti 
atzri 
anti 
anti 
anri 
anti 
anti 
allti 
a11 I i  
anti 
anti 
anti 
anti 
anti 
anti 
anti 
anti 
anti 
anti 
anti 

"The 6-ketone i:, 6-ke:ochoiesta~iyl acetate. The chemical shifts for 3, 4, 15, i6, and 17-ketoandrostane were taken from ref. 15; the remaining 
data are unpuhiislled results from this laboratory. 

bColurnn headings: E(C==O), chemicai shifts in the ketones. S(CH), cheiniical shifts in the corresponding hydrocarbons. These are the A- and 
B-ring rrsonai:ces in 17 @-hydsoxyandrostane and the C- and D-ring resonances of 3 P-hydroxyandrostanc (IS). The choiesteryl acetate reson- 
ances of ref. 16, a s  quoted in re!'. 1 ,  were used in the case of the 6-ketone. Sub., Substituent eRect of the carbonyi group. Pred.. The predicted 
subsiituei?t shift is the sum of contriburions fron! the elimination of I ,3-diaxial hydrogen interactions and double bond shielding effects. B-type. 
t h e  shieiriii~g etiect due to tile elimiration of B-type interactions. Double bond, the double bond substituent effect. Type, P = primary, S = 
secondary, T = tertiary, Q = quaternary. 

to  the presence of the FZ-H, interaction in C ,  introduces a 1,3-diaxial hydrogen interaction, 
and the se rn~va i  sf the p-hydrogen in B is of no i.e. only in step A -3 B, but not in step A + C. 
consequerice. 'There is no overall change in According to this interpretation the chemical 
chemical shift in step h --, C, because upfield shift difference B + C is entirely due to the 
and clownfield shifts cancel each other. removal of the p-hydrogen in B, and the presence 

Possibility 2: The introduction of a p-carbon of the nonbonded 7-interaction in C is of no 
gives rise to a 5 ppm downfield shift only if it consequence. There is no change in chemical 
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BEIERBECK AND SAUNDERS 2987 

TABLE 2. '3C chemical shifts in some steroidal ole fin^^.^^^ 

Hydro- Double Con- 
Item Olefin carbon C N o .  6(C=C) 6(CH) Sub. Pred. B-type bond Type figuration 

Subitituent effect of 7 .6  double bonds 

41 11 14 18 10.5 11.3 -0 .8  0 0 0 P 
42 8 12 18 12.1 12.3 -0 .2  0 0 0 P 

Substituent effect of 3.7 double bonds 

37.5 37 .0  0 .5  0 
35.5 37.0 -1 .5  0 
41.3 43.2 - 1.9  0 
32.5 36.0 -3 .5  - 5 
50.7 54.9 -4 .2  -5 
23.3 24.9 - 1.6  - 5 
34.3 37.6 -3 .3  - 5 
35 .O 38.7 -3 .7  -5 
33.8 36.1 -2.3 -5 
47.6 51.1 -3 .5  - 5 

19.6 12.3 7.3 5 
17.3 11.5 5 .8  5 
26.1 17.3 8 . 8  5 
16.3 12.3 4 .0  5 
18.9 12.3 6 . 6  5 
43.3 42.8 0 . 5  5 
37.6 37.2 0 .4  0 
74 . 0  73.5 0 . 5  0 
21.4 21.6 -0 .2  0 
31.2 32.2 - 1 .0  0 
54.4 54.2 0 .2  0 
31.7 32.2 -0 .5  0 

anti 
anti 
anti 
aftti 
anti 
anti 
anti 
atiti 
anti 
anti 
ajzti 
anti 
- 

UThe chemical shifts for substrates 7, 8, 9, 10, 12, and 14 were taken from ref. 16, as quo:ed in ref. 1. The resonance values for 11 are un- 
published data from this laboratory, and those for substrate 13 were taken from ref. 15. 

bColumn headings: see Table 1 .  
CStructures: 

AcO 8 7 O& 11 
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Hy, only general shielding trends are to be rational- 
C y  ized. There are not always enough experimental I 
c, data available to derive reliable average values, 

and the role of conformational effects is difficult 
Shielding No effect to assess. For instance, substituent effects in the 

steroidal D-ring do not always correspond to  
shift in step A + C, since the introduction of the those in the rest of the molecule. 
/3- and y-carbons causes neither upfield nor 
downfield shifts. In this interpretation the 
hypothesis of steric shielding in configuration C 
is unnecessary. 

In order to decide whether the removal of the 
/3-hydrogen or the addition of the y-carbon (or 
y-heteroatom) are responsible for the y-shift, or 
whether both steps contribute, we have studied 
situations in whi'ch a p-hydrogen is eliminated 
from configuration B, or a y-hydrogen from 
configuration C, without replacement by another 
substituent. The results of these studies led us to 
conclude that it is indeed hydrogen elimination 
from B, rather than hydrogen-hydrogen inter- 
action in C, which is responsible for the upfield 
shift in step B C. In other words, it appears 
that the hydrogen on the p-substituent deter- 
mines the magnitude of the p-substituent shift, 
and that the often involved steric y-shift does 
not exist. 

Results 
This conclusion is supported by several 

observations. 
( i )  Elimination of y-gauche hydrogens by 

C=C or C 4  double bond formation does not 
alter the chemical shifts at the y-position, 
whereas the substituent effect of G=C and 
C=O double bonds at  the p-position depends on 
the number of eliminated k ,3-diaxial hydrogen 
interactions. 

(ii) The number of hydrogens om a heteroatom 
has little influence on its gauche y-substituent 
effect, but the shielding effect of p-heterosub- 
stituents shows a dependence on inductive a* 
constants if the varying number of H-X bonds 
is taken into consideration. 

( i i i )  Bond rotation to eliminate the 1,3-diaxial 
hydrogen alignment in configuration B has the 
same eifect as removal of the p-hydrogen from B. 

In addition to the shift increments associated 
with the introduction or elimination of the 
hydrogen-hydrogen interaction in configuration 
B, double bond shielding effects and pclar shift 
contributions by heterosubstituents have to be 
taken into consideration. Again, only the order 
of magnitude of these parameters is given, since 

Elinzitzation of the Gauche 7-Hjdrogen by Double 
Bond Formarion 

The effect of y-hydrogen elimination in con- 
figuration C is illustrated by the methyl group 
resonances in steroidal ketones and olefins. The 
y-hydrogen may be removed either by p,y or by 
y,6 double bond formation. Items 1-7 in Table 1 

and items 41,42 in Table 2 show that removal of 
the gauche y-hydrogen by y,6 double bond 
formation has no significant influence on the 
methyl carbon resonances. The olefinic /3,y 
double bond, on the other hand, causes a down- 
field shift of the order of 5 ppm (items 53-57, 
Table 2). It will be shown in the next section that 
this displacement is associated with the introduc- 
tion of the double bond, and not with the 
removal of the y-hydrogen. 

Elimination of the I,3-Diaxial p-Hydrogen by 
Double Bond Fornzat ion 

The effect of $-hydrogen elimination in con- 
f guration B is illustrated by ring carbon reson- 
ances in steroidal ketones and olefins. Whereas 
the double bond substituent effect at  the y- 
position was insignificant, its effect at  the /3- 
position can no longer be neglected. The 
p-carbon may be syn or anti with respect to  the 
double bond. In endocyclic olefins the two anti 
positions are not strictly equivalent, but the 
substituent effects show the same trends at  both 
anti positions. 

anti 

anti 
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BEIERBECK AND SAUNDERS 2989 

The double bond substituent shift is directly observed at  quaternary carbons, since in these 
cases 6-hydrogen elimination does not remove 1,3-diaxial hydrogen interactions. Items 8, 9, and 
12 in Table 1 illustrate the result of introducing a syn 6,y carbonyl group. There is essentially no 
syn carbonyl shift. The upfield shifts of -5.3 and -8.6 ppm reflect the removal of one and 
two 1,3-diaxial hydrogen interactions, respectively. 

Items 25 and 26 illustrate the anti 6,y carbonyl shift of 5 ppm, and the cancelling effect of elimina- 
tion of a 1,3-diaxial hydrogen interaction. 

n 

The p-carbon resonances in the olefin series do not follow this scheme quite as well, presum- 
ably because of conformational effects associated with the formation of the endocyclic double 
bond. Item 43 indicates that there is essentially no syn /I,? olefin shift, which agrees with the syn p,y 
carbonyl substituent effect. Item 46 illustrates the superimposed effect of 6-hydrogen elimination. 

- 0.5 ppm 

By analogy to the anti p,y carbonyl shift an anti olefin shift of 5 ppm might be expected. The only 
available example of a quaternary anti @-carbon, item 58, does not show the expected 5 ppm down- 
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- 0.5 ppm 

nce that quaternary anti carbons are deshielded relative 
to quaternary syn carbons. Consider the three isomeric pimaradienes 1-3 (8). The step from the 

Ass9 to the A' olefin constitutes a syn + anti change for C(13), and results in a 1.9 pprn downfield 
shift. The A 7  and AsJ4 olefins give a syn - anti displacement of 3.2 pprn for C(10). 

Primary, secondary, and tertiary anti p-carbons show substituent effects which are consistent 
with a 5 pprn double bond shift. For example, item 611 illustrates the result of a 5 ppm olefin 

shift and a -5 pprn upfield shift caused by p-hydrogen elimination. A more convincing 
demonstration of the 5 pprn anti olefin shift is provided by steroidal methyl groups. In this case 
no 1,3-diaxial hydrogen interaction is eliminated and the double bond effect is directly observed. 

- 7.3 ppm 

Item 53 may serve as example. This example also 
illustrates the different effects of anti p,y C=C 
and C 4  groups on angular methyl carbons. 
The endocyclic C=C bond replaces a C-C 
bond and only eliminates a yhydrogen. The 
carbonyl group, on the other hand, replaces a 
6-R bond and therefore eliminates one 1,3- 
diaxial interaction. Thus, formation of the As 
double bond (item 53) only shows the double 
bond shift, whereas formation of the p-ketone 
(item 16) causes cancelling shift increments due 

to introduction of the C=O bond and removal 
of the p-hydrogen. 

Variation of tlze Number of 7-Hydrogens on 
Gauche 7-Heferosubstituents 

An extension of these ideas to  heterosubstitu- 
ents is complicated by the presence of additional 
shielding contributions due t o  the polar nature 
of the C-X bonds and by the uncertainty 
regarding the orientation of the H-X bonds. 
hTevertheless, it is quite clear from the gauche 
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BEIERBECK AND SAUNDERS 299 1 

-pshifts in 2-substituted adamantanes (9j that 
there is no relation between the gauche y-shift 
and the number of y-hydrogens. 

Variation of the Number of p-Hydrogens on 
@-Heteros~tbstituents 

The p-heterosubstituent effects are seen from 
a new and interesting perspective if the contribu- 
tions of the p-hydrogens are taken into considera- 
tion. It has been shown (10) that antiperiplanar 
y-substituent shifts in 1-adamantyl derivatives 
correlate approximately with inductive a* con- 
stants, whereas the p-substituent shifts are rather 
insensitive to the nature of the p-substituent. 
This is illustrated in Figs. 1 and 2 for the sub- 
stituents CH3, NH2, OH, Cl, and Br. A correla- 
tion between p-substituent shifts and the induc- 
tive a* constants emerges, however, as soon as 
the varying number of 1,3-diaxial hydrogen 
interactions is taken into account. Consider the 
simplifying assumption that every B-type hydro- 
gen-hydrogen interaction makes the same de- 
shielding contribution, whether the y-hydrogen 
is on a carbon, nitrogen, or oxygen atom. With 
the substituents NH2 and OH this alignment is + and $ as probable as with the CH3 group. The 
contributions of hydrogen interactions to the 

FIG. 1. Chemical shifts of anti ?-carbons in a series of 
1-adamantyl derivatives, plotted against inductive U* 

constants. Chemical shifts and U* constants were taken 
from ref. 10. 

p-shifts of NH2 and OH groups may therefore be 
taken to be equal to $ and 4 of the observed 
p-methyl substituent shift. The remaining por- 
tion of the observed @-effect is then taken to be 
the polar shielding contribution. The observed 
substituent effect of the halogens is attributed 
entirely to the polarity of the C-X bond, since 
they do not bear any hydrogens. If the @-sub- 
stituent shifts are plotted after correction for 
contributions from 1,3-diaxial hydrogen inter- 
actions, an approximate a" dependence emerges 
(Fig. 2). While these considerations are not 
meant as derivations of the polar shift contribu- 
tions, they offer a simple explanation for the 
apparent lack of relations between bond polarity 
and observed P-substituent effects. 

Elimination of 1,3-Diaxial Hydrogen Interactions 
by Bond Rotafion 

The role of the p-hydrogen may also be tested 
by bond rotation and elimination of the hydrogen 
alignment in B, rather than by elimination of the 
/3-hydrogen itself. Molecular deformation would 
be expected to decrease the efficiency of this 
deshielding mechanism and result in upfield 
shifts. For instance, any deviation from the 
cyclohexane chain form, such as ring flattening, 
as the result of replacing a methylene group by 
a heteroatom would cause rotation about the 

q , ,  4 , ,  D* 

I 2 3 4 
FIG. 2. Chemical shifts of the p-carbons in a series of 

1-adamantyl derivatives, plotted against inductive U* 

constants. A: observed p-shifts, 0: 8-shifts corrected for 
contributions by 1,3-diaxial hydrogen-hydrogen inter- 
actions. Chemical shifts and values for the a* constants 
were taken from ref. 10. 
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carbon-carbon bond adjacent to the heteroatom, 
and render these hydrogen-hydrogen interac- 
tions less effective. This hypothesis provides a 

simple explanation for the rather large upfield 
shifts observed for antiperiplanar ycarbons in 
some heterocyclic systems, compared to  their 
cyclohexane analogues (1 1, 12). Consider, for 
instance, the three 1,3-dioxane derivatives 4-6. 

The methyl protons in 4 are involved in four 
B-type interactions which would account for a 
total downfield shift of ca. 20 ppm in the chair 
form. Rotation about bonds C(4FC(5)  and 
C ( 6 p C ( 5 )  affects all four B-interactions and 
readily exp!ains the observed methylcyclohexane- 
methyldioxane shift difference of - 10.9 ppm. 
The antiperiplanar carbon in derivative 5, on 
the other hand, is quaternary and no significant 
conformational effect on its resonance is ex- 
pected, since no B-type interactions are present. 
The two hydrogens on C(5) of trans-decalin and 
its oxygenated derivative 6 are involved in two 
B-interactions with the hydrogens of C(4). The 
corresponding deshielding increment of ca. 
lOppm may again be partially or completely 
eliminated by conformational changes in the 
oxygenated ring. C(S), on the other hand, does 
not have B-type interactions with the oxygenated 
ring and its resonance would therefore be ex- 
pected to  be relatively insensitive to  conforma- 
tional effects. It should also be mentioned here 

that smaller upfield shifts, of the order of 
-2 ppm, caused by antiperiplanar heteroatoms 
are quite common. We shall return to this point 
in the Discussion section. 

The effect of bond rotation and partial elimina- 
tion of shift contributions.from B-type interac- 
tions may also be observed in hydrocarbons. For 
example, the resonance of C(8) in steroids was 
predicted (7) to be 41.6 ppm, but found at 
35.7 ppm. The simplest explanation for this 
discrepancy is the presence of the 5-membered 
D-ring, and particularly the lack of alignment of 
the C(8)--H(8) and C(15)-H(15P) bonds, which 
renders this interaction ineffective and eliminates 
a 5 ppm deshielding increment. 

Discussion 

To summarize, the hypothesis that the gauche 
y-substituent shift is the result of removal of the 
@-hydrogen, rather than the introduction of 
steric interactions with the 7-group, is supported 
by these observations. 

(i) A y-group does not have to carry hydrogens 
in order to cause the usual upfield gauche 
y-substituent shift, e.g. chlorine causes the same 
displacement as a methyl group. 

(ii) The elimination of the hydrogen on the 
$-group, on the other hand, has a pronounced 
effect on the p-substituent shift. In addition, it is 
only after consideration of the varying number of 
hydrogens on a p-group, that a correlation 
between @-substituent shifts and bond polarity 
emerges. 

(iii) Finally, the importance of the hydrogens 
on the @-substituent is demonstrated by the 
observation that elimination of the 1,3-diaxial 
hydrogen alignment by bond rotation has the 
same effect as hydrogen elimination. 

It must be emphasized that only empirical 
correlations between structural features and 
carbon resonances are attempted here, and that 
no interpretation of underlying shielding mech- 
anisms can be given a t  this time. However, these 
empirical correlations have some interesting 
implications for proton nmr spectroscopy and 
conformational analysis. 

According to  the present interpretation of 
@-carbon substituent effects the two 1,3-diaxial 
hydrogen interactions contribute ca. 2 X 5 ppm 
to the carbon resonance in cyclohexane. If 1,3- 
diaxial hydrogen interactions shift carbon reson- 
ances downfield, it is reasonable to assume that 
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BEIERBECK AND SAUNDERS 2993 

they shift the hydrogen resonances upfield. The 
axial hydrogens in cyclohexane are engaged in 
two such interactions, whereas the equatorial 
hydrogen has none. It is therefore quite likely 
that the 1,3-diaxial hydrogen alignment con- 
tributes to the Ha-He shift difference. Thus, the 
new interpretation of p-substituent shifts in 
13C nmr spectroscopy offers at least a partial 
explanation for the experimental analogies be- 
tween carbon and hydrogen resonances (17). 

A recent reinterpretation of the factors govern- 
ing equatorial-axial equilibria in cyclohexane 
derivatives (13) provides an interesting compari- 
son with our view on gauche y-substituent effects. 
It was suggested that the equatorial cyclohexane 
derivative predominates, because the ring hydro- 
gen prefers the axial position, and not because 
the substituent prefers the equatorial orientation 
(13). It is the equatorial position which is more 
crowded, and the axial substituent is in the less 
hindered position. If steric interactions with the 
axial y-substituent are not particularly severe, 
the presence or absence of hydrogens on the 
gauclze y-substituent is not expected to influence 
carbon resonances significantly. It will be shown 
at the end of this section that antiperiplanar 
y-shifts support the view that equatorial sub- 
stituents are subject to more severe interactions. 

The reinterpretation of the y-substituent effect 
leads to the following 8-, y-, and 6-parameters. 

P-Parameters-The parameters describing the 
p-substituent shifts in structures with dihedral 
angles of 60" are denoted by HX and CX (6, 7). 
The more general parameters 2 X HX X cos + 
and 2 X CX X cos + are approximately valid 
for any dihedral angle 4 (6). It is principally the 
definition of the HX parameter which changes. 
Consider first the P-carbon substituent effect, 
X = C. The parameter HC now specifically 
denotes a shift increment associated with a 
?-carbon introducing a 1,3-diaxial hydrogen- 
hydrogen interaction, whereas before it indi- 
cated the displacement caused by any /3-carbon, 
regardless of the nature of the groups attached 
to it. The exocyclic CC parameter is presumably 
a shift increment caused by conformational 
effects related to  the presence of exocyclic 
carbon-carbon interactions. The interpretation 

of the p-heterosubstituent parameters HX and 
CX is complicated by the presence of polar 
shielding effects and the uncertainty regarding 
the orientation of the H-X bonds. If the polar 
shift contribution is not considered explicitly, 
it must be contained in HX and CX. In this case 
an  HX parameter is required even if the /3- 
heteroatom does not introduce 1,3-diaxial 
hydrogen interactions. There are then two differ- 
ent sets of HX/CX parameters required, depend- 
ing on whether or not a given heteroatom has an 
H-X bond in configuration B. For example, a 
description of the p-nitrogen shift in piperidines 
and quinolizidines would be expected to give 
two different sets of HN,'CN parameters. Even 
in the absence of B-type interactions it might be 
difficult to define the nature of polar shift con- 
tributions and to identify additional factors like 
shift increments associated with carbon-hetero- 
atom gauclze interactions. Consider, for instance, 
the possibility that the P-shift consists of a 
combination of an angle-independent term P ,  
such as an inductive effect, and an angle- 
dependent term like an electric field effect. The 
constant p is readily incorporated into the angu- 
lar terms, and the P-shift would appear to be 
described adequately by the angular terms alone. 
For example, the expression 

P(X) = 2 X HX X cos 4, + 2 X CX X cos 42 

is nearly equivalent to  

since the sum (41 + 42) is always close to 120" 
and the sum (cos 4, + cos +2) does not vary 
greatly with +I and +2. Even if it should prove 
impossible to sort out the various P-shift con- 
tributions this would not affect the validity of the 
empirical parameters for predictive purposes. 

r-Parameters-The principal effect of intro- 
ducing a gauche y-substituent is the elimination 
of an HX interaction. However, the observed 
y-shift is somewhat larger than the replaced HX 
increment and a gauche y(X) parameter may 
still be required. For example, the gauche 
y-hydroxyl shift, about -6.5 ppm, is nearly 
2 ppm larger than the H C  parameter (6). The 
new gauche y-parameters now signify differences 
between the observed ?-shifts and the removed 
HX ?-shift increments. 
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As mentioned in the Results section, anti CH 
?-heterosubstituents generally also cause upfield 
shifts, of the order of -2 ppm. This was re- 
cently demonstrated with a large number of X 
examples and it was noted that the only excep- 

0.4 pprn X = F  O.8ppm tions to that rule appear t o  be the downfield CI 2.1 pprn 
shifts observed for bridgehead substituents (12). Br 2.4 D D ~  

However, the fact that-upfield anti ?-shifts are 
observed far more often than downfield shifts 
is highly misleading. A11 examples of antiperi- 
planar shielding in ref. 12 occurred in structural 
units characterized by an equatorial substituent 
on a six-membered ring. One is therefore essen- 
tially comparing only two structural features 
giving rise to shift increments of opposite sign, 
namely equatorial substituents on six-membered 
rings causing upfield shifts and bridgehead sub- 
stituents leading to downfield shifts. These two 

cases must be given equal weight, regardless of 
the number of ways in which the structural 
arrangements may be generated. The important 
difference between the two cases is the possi- 
bility of conformational distortions in equa- 
torially substituted rings which is not possible 
with bridgehead substituents, for reasons of 
symmetry. In the first case one would therefore 
expect a combination of conformational. and 
substituent effects, whereas in the second case 
the anti y-substituent shift itself should be 
observed. This is borne out firstly by the approxi- 
mate U* dependence of the anti ?-shifts in 
I-adamantyl derivatives, shown in Fig. 1 (10). 
Secondly, antiperiplanar ?-shifts involving axial 
substituents also show downfield shifts. For  
instance, the methyl carbon in 9-methyldecalin 
is deshielded by the la-hydroxyl group (4), and 
C(19) in cortisol is deshielded by 9a-halogens 
(14). This is in agreement with the suggestion 
(13) that an equatorial substituent is more 
crowded than an axial group. The observation 
(12) that ?-halogens do not cause noticeable 

displacements in situations where oxygen or 
nitrogen give rise to  upfield shifts of the order of 
-2 ppm also finds a simple explanation. The 
resonances of the antiperiplanar carbons in 
I-adamantyl chloride or bromide occur about 
2 ppm to lower field than in the corresponding 
hydroxyl derivative, in accordance with a a* 

dependence (Fig. 2). If halogens cause conforma- 
tional changes similar to the hydroxyl group, 
they would be expected to  shift the anti y-carbon 
resonances 2 ppm to lower field than antiperi- 
planar oxygen. 

While it is clear that there is an antiperiplanar 
?-heterosubstituent shift, the choice of an anti 
7-parameter is difficult, since shielding incre- 
ments would be required for most predictive 
purposes, whereas only deshielding increments 
seem to  have a physical basis. 

6-Parameters-Introduction of a syn-axial 8- 
substituent shifts the carbon resonance to lower 
field. Based on the hypothesis of nonbonded 
gauche y-interactions this observed displacement 
had to  be considered a 8(X)-y(C) shift, and 8iX) 
itself a shielding parameter ( 5 , 6 ) .  If it is assumed, 
on the other hand, that the gauclze y-shift has 
nothing to do with nonbonded interactions 
involving hydrogens on the y-substituent, the 
observed syn-axial 6-shift itself is the 6(X) 
parameter, i.e. 8(X) is now deshielding. Whereas 
previously the ?-shift was larger than the 
8-effect, the more severe 6-interaction now seems 
to be the only steric interaction that needs to be 
considered. It appears therefore a t  the moment 
that steric interactions are deshielding, rather 
than shielding as was believed previously. 
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Ekpllde des phCnom6nes de redisKbuaion des groupements 
monsfonmctionnels -R, -F, -el ,  -Br, -1, -SCN sur des atomes de 

bore ~coordonmCs 

JEAN-PIERRE COSTES, GERARD CROS ET JEAN-PIERRE LAURENT 
Laboratoire de Chirnie rle Coordination du CNRS, B.P. 4142-31030 Tolllouse Cedex, France 

R e ~ u  le 4 mars 1976 

JEAN-PIERRE COSTES, GERARD CROS et JEAN-PIERRE LAURENT. Can. J. Chem. 54, 2996 (1976). 
L'Ctude par rCsonance magnetique nuclCaire (IIB et 1H) des reactions de redistribution entre 

trihalogknures de bore BX3 (X = I ,  Br, C1, F) et trialkylbore BR3 (R = C3H7, C4H9) a permis 
de montrer qu'h l'equilibre les espkces mixtes sont diversement favorisCes. L'influence du 
caractkre acide de Lewis des trihalogknures et des effets stiriques sont discutCes. 

JEAN-PIERRE COSTES, GERARD CROS, and JEAN-PIERRE LAURENT. Can. J. Chem. 54,2996 (1976). 
A study by IIB and 'H nmr of the scrambling reactions between the boron trihalides BX3 

(X = I, Br, C1, F) and the trialkylborane BR, (R = C3H,, C4H9) shows that the mixed species, 
on equilibrium are non uniformly favoured. The effects of Lewis acidity and steric hindrance are 
discussed. 

Dans le domaine de la chimie du bore que 
nous nous proposons d'aborder, celui des redis- 
tributions dans les systkmes BR3/BX3, les don- 
ntes exptrimentales disponibles (1, 2) prtsentent 
un caractbre essentiellement qualitatif traduisant 
les possibilitis d'obtention des espkces mixtes 
BR3-,X,(i = 1 ou 2) B partir des espkces symC- 
triques. Elles ont ntanmoins l'avantage de 
mettre en relief les difftrences d'aspect revCtu 
par ces rtactions suivant la nature de l'halogbne 
(-X) ou m&me du reste alkylt (-R) et suivant les 
conditions de leur mise en oeuvre. 

Au cours de ce travail nous nous proposons 
de donner une description quantitative des pro- 
cessus de redistribution dans les systkmes 
BR3/BX3 (R dtsignant un reste alkylt tel que 
C3H7,1 C4Hg1 et X un halogbne ou un pseudoha- 
l oghe  F, C1, Br, I, SCN). 

Cette ttude prolonge directement celles que 
nous avons rialistes des systkmes B(NMe2)3/- 
B(QMe13 (31, B(NMe&/B(SMe13 (4), BPr3/B2Q3 
(5) et BPr3/BY3 avec Y = NMe2, SMe, QMe 
(6) et destintes ?i prtciser la nature des facteurs 
intervenant dans ces processus. 

Partie expkrimentale 
Les trihalogknures (BF3, BC13 et BBr3) ont Cte purifies 

soit par condensation, soit par distillation. Les prepara- 
tions de BI3 (7) et de BuBF2 (8) ont ete dkrites par ail- 
leurs. Les trialkylbore ont CtC obtenus & l'aide du proces- 
sus de Johnson et al. (9) legkrement modifiC (5). Le 

trinCopentylbore a CtC prepare et isole suivant la mCthode 
dCcrite par McCusker et coll. (10). L'action du thiocya- 
nate d'argent rigoureusement anhydre sur le tribromure de 
bore au sein du chlorure de methylene a permis d'obtenir 
le triisothiocyanate de bore avec un rendement voisin de 
80". 

La realisation des melanges destines aux mesures a CtC 
effectuke par pesCe directe des constituants introduits 
successivement dans les tubes de rmn en atmosphere 
d'argon. Les tubes scellCs ont Cte maintenus & une tem- 
perature de 120 "C pendant une semaine, des experiences 
preliminaires ont en effet montrC qu'h cette temperature 
1'Ctat d'kquilibre est atteint en 4 jours. 

L'Ctude repose essentiellement sur la considkration des 
spectres de resonance des noyaux IIB car l'utilisation des 
spectres de resonance IH se heurte en effet & plusieurs 
difTicult6s: coniplexite des spectres de resonance pro- 
tonique des restes alkyles lourds, grande volatilitC de 
certains composes fluores et phCnomknes d'ichange 
rapide en presence de radicaux mCthylCs. 

Suivant la procedure dkja decrite (3, 6) la composition 
initiale d'un melange est representee par le paramktre 
R = [X]/[B],o,,I, [XI designant la concentration en 
groupement halogdne (F, C1, Br, I ou SCN) et [B],ot,l la 
concentration totale en bore. Les concentrations (C,) des 
differentes espkces BR3_iXi presentes & l'equilibre sont 
obtenues par integration des pics de resonance (I1B) cor- 
respondants. Elles permettent de calculer les constantes 
(Kt)R (i = 1 ou 2) caractirisant les equilibres: 

puis les deux constantes (Kfl)R = 1 /(KI2K2) et (K,,), = 

1 /(Kl K22) qui se rapportent aux Cquilibres : 

11 est possible, ainsi, d'atteindre la variation d'enthalpie 
libre caracterisant la formation des espkces mixtes: 

1 RernplacCs par Pr et Bu dans le texte. 
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TABLEAU 1. Caracteristiques rmn (IlB, l9F) des composCs R,BX3-, 

611B(ppm)* 11.6 28.2 59 .O 87 .O 
Bu 619F(ppm)f - 3.3 46.0 - 

JB-F(Hz) - 80 116 - 

*611B = 0 ppm pour E t O B F ?  (Btalon externe). 
t 6 I 9 F  = 0 ppm pour CF3COOH (italon externe). 

Suivant I'usage ( l l ) ,  nous comparerons les resultats 
caractirisant les systkrnes rCels B ceux d'un systkme ideal 
dans lequel les redistributions de substituants mono- 
fonctionnels ( -  R et - X) sur des centres trifonctionnels 
( -B<)  s'effectuent au hasard et pour lequel: 

(Kl), = (K2IS = 0.33 

(Ktl)s = (Kf,), = 27 

On adrnet gCnCralement (12) que les variations d'entropie 
sont identiques dans le systkme riel et dans le systbme 
statistique, ce qui conduit B la relation: 

RT ( K t i ) ~  (AHi), = - - log - 
n (Kt), 

Comme pour le modkle statistique A H  egale zero, 
ces variations d'enthalpies sont une manikre de chiffrer 
l'ecart B la non additiviti des Cnergies de liaison ainsi que 
I'importance des modifications de structure Clectronique 
subies par ces m@mes liaisons au cours du processus 
d'echange. 

Les systkmes pour lesquels les espbces mixtes sont 
favoriskes presentent les paramktres caractCristiques 
suivants: 

A H  > 0 Kt < 0.33 Kt > 27 

Les spectres de rCsonance ont CtC obtenus B l'aide d'un 
spectrographe Perkin-Elmer R-10 operant B 19.25 MHz. 
Les dkplacements chimiques exprimes en ppm sont 
repCr6s par rapport B un Ctalon externe de Et20.BF3. 
La determination de l'aire des pics de rCsonance a Cte 
effectuee B l'aide d'un analyseur de courbes Dupont de 
Nemours. 

La plupart des espkces BRiX,-, se caracterisent en 
risonance de IlB par un pic unique. Seuls les composes 
BRFz et BR2F prksentent des spectres plus complexes par 
suite de l'intervention du couplage B-F. Les valeurs 
des dCplacements 6lIB relatifs aux diffirents composCs 
BR3-,Xi sont rassemblees dans le tableau 1. On doit noter 
ici la trks faible difference de diplacement existant, d'une 
fason gCnCrale, entre les composCs BR2X et BR3 se 
traduisant par un certain recouvrement des pics de 
resonance qui, dans le cas du systkme BPr3/B13, ne nous a 
pas permis de distinguer l'espkce Pr2BI de l'espkce Pr3B. 

dihalogtnte est nettement favoriste par rapport 
au mod& statistique, l'espice monohalogCnte 
l'ttant un peu moins. Quoiqu'il en soit on doit 
souligner les possibilitts offertes par les rtactions 
de redistribution au point de vue synthkse: 
en ntgligeant les facteuis cinitiques, les r-tactions 
de redistribution permettent d'obtenir les com- 
posts BPrBr2 et BPr2Br avec des rendements 
voisins de 85%. 

Systbme BPr3/BI3 (tableau 2B) 
I1 apparait que la concentration (C,) du ierme 

diodt BR12 est nettement plus importante que 
celle (C,) qui rtsulterait d'une redistribution au 
hasard ce qui conduit B une constante K2 = 

(6.1 F 1.0) X Comme nous l'avons dCjB 
nott, il est plus dtlicat d'tvaluer les concentra- 
tions de l'espice monoiodCe par suite du re- 
couvrement de son signal avec celui de l'esp6ce 
trialkylte (BPr3). L'examen du spectre (fig. 1A) 
d'un mtlange de composition initiale R = 

[I]/[B],,,,, * 1 montre que 19esp6ce monosubsti- 
tuCe (611B IV 75 ppm) est prkdominante comme 
l'est l'esp6ce disubstitute dans un mklange 
R IV 2 (fig. 1B); dans ces conditions nous pen- 
sons pouvoir attribuer B la constante Kl une 
valeur trks voisine de celle de K2 c'est-&-dire de 
l'ordre de 

Systbme BPr3/ BC13 (tableau 2C) 
Contrairement B ce qui a CtC observe pour les 

deux systtmes prtctdents, les espices rni:;tes se 
caracttrisent par des constantes Ki netternent 
difftrentes. L'esp6ce monochlorte prtsente donc 
une plus grande stabilitt que l'esp2ce dichlorte 
ce qui confirme les observations faites en cours 
de prtparation de ces composCs (13). 

RCsultats Systbme BBu3/BF3 (tableau 2D) 
Systbme BPr3/BBr3 (tableau 2A) Compte tenu de la grande volatilitt des 

La faible valeur de K2 implique que l'esp6ce espbces BF3 (ptb = - 100 "C) et BPrF2 (pkb = 
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10 0 0 

FIG. 2. Systkme BPr3/B(SCN)3 : rmn LIB ( A )  R = 1 .I5 
2 semaines B 55 " C ;  (B) R = 1.19 h I'Cqu~libre B 70 ' C ;  
(C) R = 1.65 B I'Cquilibre B 70 ' C .  

retiendsons B titre indicatif accorde B l'espbce 
BBuF2 une stabilitC conforme aux observations 
de McCusker (14). 

Syst2me BPr3/B(SCN)3 
Le spectre d'un mClange dkfini par R = 

[SCN]/[B],o,,, = 1.15 chauffC 15 jours B 50 "C 
comporte quatre pics (fig. 2A). Les pics extremes 
correspondent aux composis symktriques tandis 
que les pics intermkdiaires peuvent 2tre attribuis 
aux espkces mixtes BPr(SCN)2 et BPr2(§CN). I1 
ne nous a pas CtC possible nkanmoins de rialiser 

une etude complhte car les mClanges caractCrisCs 
par des compositions R supkrieures B 1.75 se 
polymirisent rapidement B 120 "C. Nous devons 
nous borner B une description plus qualitative 
du comportement de ce systkme. 

Pour un mClange R = 1.19 1'Ctat d'kquilibre 
atteint apr2s un chauffage B 70 "C pendant 3 
semaines se traduit par un spectre comportant 
deux pics centrks B 64.5 et 86 ppm et correspon- 
dant aux composCs BPr2(SCN) (907,) et BPr3 
(10%) (fig. 28). Pour un mClange dkfinl par R = 
1.65 (fig. 2C), le spectre ne comporte que deux 
pics attribuables aux composCs BPr(SCW)2 
(707,) et BPr2(§CN) (30%). Ces deux observa- 
tions sont en faveur d'un rapprochement entre 
les systbmes BPx~/B(SCN)~ et BPr3,/BI3: dans 
les deux cas, les espbces mixtes sont trks favori- 
s6es par rapport B la distribution statistique. 

Exarnen des rCsultats 
Une premikre constatation importante a trait 

au comportement du systbme B(nCopentyl)3/- 
BC13 mettant en jeu un radical ramifit et qui, 
chauffC plusieurs semaines B 120°C, n'est le 
sibge d'aucune redistribution. Ceci est en accord 
avec les observations d6jB formulies (10j et peut 
certainement etre rnis sur le cnmpte d'effets 
d'ordre stkrique. 

Dans les autres systbmes, dont les valeurs des 
parambtres caractkristiques sont rassemblks dans 
le tableau 3, il y a redistribution et, d'une f a ~ o n  
ge'nkrale, les esbbces mixtes sont favorisies par u 

rapport au modble de redistribution au basard. 
En d'autres termes on peut dire que les 

stabilite's des espkces BR2X et BRXz sont 
supkrieures aux valeurs dkduites de l'addition 
des knergies des liaisons B-C et B-X dans les 
composCs syme'triques. Cette non additivitC a 
de'jk kt6 observie par voie thermochimique dans 
les sCries B(OEt),C13-i et B(NMe2),C13-, oh les 
composCs mixtes se trouvent e'galement favorisis 
(15). Pour ce qui nous concerne, 1'Ctude des 

TABLEAU 3. BR3/B trihalogenures* 

A HI AH2 AGI 3G2 
X R Kt I Kt 7 (kcal) (kcal) (kca!) (kcal) 

C1 Pr (8.5+6.O)x1O5 ( Z i l ) X 1 0 4  -2.7 -1.7 -3.6 -2.6 
Br Pr ( 1 . 9 + 0 . 4 ) ~ 1 0 ~  (5F1)X106 - 2.9 -3.2 -3 .8  - 5 
1 Pr ( 1  .7X108) (2.8X107) (--4) (--3.5) (--4) (w-3.5)  
F Bu (1.6X104) (4.OX1O6) ( - - 1 . 5 )  (--3) (-- - 2.4) (---3.9) 

*Les valeurs entre crochets sont des valeurs estim&es. 
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systbmes B(NMe2)3/B(OMe)3 et B(NMe2)3/B- 
(SMe)3 a conduit a mettre en Cvidence, au con- 
traire un comportement presque statistique soit: 

-0.5 5 AHi 5 +0.5 kcal 

Ces rCsultats permettent de penser dbs main- 
tenant que ces rCactions sont sous la dCpendance 
de plusieurs facteurs. Le premier d'entre eux est 
d'ordre stCrique et le second risiderait dans le 
caractbre acide (au sens de Lewis) des composds 
intervenant. A ce point de vue il faut noter que 
les enthalpies caractdrisant les rCactions de for- 
mation des espbces mixtes B partir des espkces 
symitriques sont, pour les systkmes BR3/BX3 
(X = I, Br, C1, F, SCN) de I'ordre de 3 2 4 kcal 
c'est-&-dire nettement plus fortes que celles 
obtenues pour les systkmes B(NMe2)3/B(OMe)3 
et B(NMe2)3/B(SMe)3 ( ~ 0 . 5  kcal) dans lesquels 
interviennent des composds dont le caractkre 
accepteur est t r b  infCrieur B celui des trihalo- 
gknes. L'influence de I'aciditC effective de l'atome 
de bore dans les Cdifices BR3 et BX3 est trks 
cohCrente avec l'hypothkse (16) suivant laquelle 
les redistributions se feraient a partir d'un inter- 
mddiaire pontC. 
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WILLIAM EDWARD LEE and MARY FRANCES RICHARDSON. Can. J. Chem. 54, 3001 (1976). 
The X-ray crystal structure of thiamine iodide hydroiodide, C12H18N40S12, has been deter- 

mined. The unit cell parameters are: a = 13.835(7). h = 7.442(4), c = 20.243(9) A, 0 = 

120.52(7)', monoclinic space group P21/c, Z = 4. A total of 1445 reflections having F2 > 
2u(F2), 28 < 40" were collected on a Picker 4-circle diffractometer with MoKn radiation by 
the 28 scan technique. The structure was solved by the heavy-atom method. The iodide and 
sulphur atoms were refined anisotropically; only positional parameters were refined for the 
hydrogen atoms. Successive full-matrix least-squares refinements yielded an unweighted R- 
factor of 0.054. The pyrimidine ring is protonated on the ring nitrogen opposite the amino 
group. The relative disposition of the pyrimidine and thiazolium rings is similar to that observed 
in most other thiamine structures. The P-hydroxyethyl side chain of the thiazolium ring is 
folded in such a way that there is a short S . . . 0 contact, 2.97 A in length. The iodide ions are 
involved in a number of weak hydrogen bondi. 

WILLIAM EDWARD LEE et MARY FRANCES RICHARDSON. Can. J. Chem. 54, 3001 (1976). 
La structure cristalline de l'iodhydrate de l'iodure de thiamine, C12H18N40S12 a CtC dCter- 

minCe par rayon->(. Les parametres de la maille ClCmentaire sont: a = 13.835(7), b = 7.442(4), 
c = 20.243(9) A, 0 = 120.52(7)", groupe d'espace monoclinique P2,/c,  Z = 4. Un total de 1445 
reflexions ayant F2 > 2u(F2), 28 < 40" ont etC recueillies sur un diffractomktre Picker a 4 
cercles en utilisant MoKa comme source de radiation d'aprks une technique de balayage de 28. 
La structure a CtC rCsolue par la mithode de l'atome lourd. Les atomes de soufre et d'iodure ont 
CtC affinCs anisotropiquement; seuls les paramktres de position ont CtC affinis pour les atomes 
d'hydrogkne. Des affinements successifs par la mCthode des moindres carris (matrice complkte) 
ont donne un facteur d'accord non pondCrC de 0.054. Le noyau pyrimidine est protone sur le 
noyau azotC B l'oppose du groupement amino. La disposition relative des noyaux pyrimidine et 
thiazolium est semblable a celle observee dans la plupart des structures des thiamines. La chaine 
IatCrale P-hydroxyethyle du noyau thiazolium est repliee de telle fason qu'il y a un contact 
S . . . 0 court, de 2.97 A de longueur. Les ions iodures sont impliques dans un certain nombre 
de liens hydrogknes faibles. 

[Traduit par le journal] 

Introduction 

Thiamine as its pyrophosphate ester, is a 
coenzyme in a number of decarboxylating 
enzyme systems which include the a-keto acid 
decarboxylases and the transketolases. Studies 
on the enzyme pyruvate decarboxylase have led 
to a proposed mechanism for the decarboxyla- 
tion of pyruvic acid to acetaldehyde via a 2- 
(1 -carboxy- 1 - hydroxyethy1)thiamine pyrophos- 
phate intermediate ( I ,  2). In order to have a clear 
stereochemical picture of the enzyme-coenzyme- 
substrate complex, it is necessary to have well- 
founded concepts about the conformation of the 
thiamine molecule itself. 

Theoretical calculations on the conformation 

'Present address: Department of Chemistry, University 
of Guelph, Guelph, Ontario. 

2To whom correspondence should be addressed. 

of thiamine around the central methylene carbon 
(3) have shown that there is a wide range of 
conformations available to an isolated thiamine 
molecule. However, the coenzyme operates in 
conjunction with a large globular protein in an 
aqueous medium, and so is hardly an isolated 
molecule. Enzyme-coenzyme and substrate-co- 
enzyme interactions as well as solvent effects will 
change the conformational energies, stabilizing 
some and destabilizing other conformations, 
with a net result of decreasing the range of con- 
formations likely to be observed. 

Thiamine hydrochloride was the first thiamine 
compound whose X-ray crystal structure was 
solved (4). In the ensuing years, the number of 
reported structures of thiamine compounds has 
risen, but only two different conformations have 
been observed for these compounds (5-13). In 
this paper we are reporting the molecular and 
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( a )  P~sitional and thermal parameters of uon-hydrogen atoms and 
their estimated standard deviations in parentheses 

-- - 

6, 

Atorn 104 .u 104 J I04 z (A2)  

(b) Anisotropic thermal paramctcrsb 

Atom 10' 1 0 ~ 4 ~ ~  1050j3 lo5 012 lo5 P13 los P23 

aAtom refined anisotropicnlly. 
bThe expression for the anisotropic temperature factor is Ti = exp ( - @ i i h 2  - pz2k2  - @ 3 j l z  - @j2/ th  

- Biahi - B l j k l ) .  

crystal structure of thiamine hydroiodide. The 
structure determination was undertaken to help 
cast additional light on the conformation of 
thiamine. 

Crystals of thiamine hydroiodide were prepared by 
mixing aqueous solutions of thiamine hydrochloride and 
sodium iodide (1 :2 mole ratio) and allowing the solution 
to evaporate. A single plate-like crystal (1.0 X 0.5 X 0.2 
mm) was mounted on a glass fibre with epoxy cement 
and aligned about the h"xis on a Picker 4-circle dif- 
fractometer. The long dimension of the crystal was 
approximately parallel to the 4 axis of the diffractometer. 
Zirconium-filtered MoKa radiation at a take-off angle of 
1.5" was used to measure the 28 values of the axial and 
lr01 reflections. When the a1-a2  doublet was not resolved, 
the interplanar spacing was calculated from the average 
MoKa wavelength (A  = 0.7107 A); when the doublet 
was resolved, only the al component was used in the 
determination. The angle p4 was determined from the 
location of the a" aagd c *  axes (p* = qjnco - @ool) and 

also from the interplanar spacings of the /z01 reflections. 
The crystal data are: 
C I ~ H L ~ I Z N ~ ~ S  f.w. = 520.2 
Monoclinic, n = 13.835(7), h = ?.442(4), r = 20.243(9) 
A, 13 = 120.52(7)", V = 1795.5A3, Z =  4, pc = 2.02, 
pobs = 1.96 g cm-3, F(000) = 992. MoKa, X = 0.7107 A, 
p = 37.2 cm-1. Space group P2,/c. 

The procedures used for the data collection and re- 
duction to structure factors have been previously de- 
scribed (14). A total of 1865 reflections in the independent 
quadrant ( 2 8  < 40") were measured. Of these, 1445 had 
Fo2 > 2r(Fo2) and were classified as observed. The crystal 
quality did not deteriorate noticeably throughout the 
course of the data collection and there was no significant 
decrease in the intensity of the standard reflection, which 
was measured every 2 h. No corrections were made for 
either absorption or extinction. 

Scattering factors for neutral I ,  S, 0, N, C, and H 
atoms as well as the real and imaginary parts of the 
anomalous scattering of iodine were taken from the 
International Tables for X-Ray Crystallography (15). 
Major computer programs employed included Zalkin's 
FORDAP, Busing and Levy's ORFLS, and Busing, 
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LEE AND RICHARDSON 

TABLE 2. Positional parameters of hydrogen atoms and 
estimated standard deviations in parentheses 

Atom 1 0 2 ~  102y 103 i 

Martin, and Levy's ORFFE. The computations here pex- 
formed on a Burroughs 5500 computer. During the least- 
squares refinements the function minimized was CnS, 
where the wetgl~tlng factor n = 1 / d ( F )  and A = IIF, - 
F,Ii. Unweighted and weighted residuals Rl and R2, 

i espectively were calculated at the end of each refinement, 
where 

R1 = Ca/CIFoi 
R2 = CM'A~/CWF,~ 

The iodine positions were determined from the three- 
dimensional Patterson map. A difference Fourier syn- 
thesis yielded the positions of all of the atoms heavier 
than hydrogen. Thermal parameters were converted from 
isotropic to anisotropic for iodine and sulphur, and 
anomalous scattering facrors were introduced for iodine. 
Two successive cycles of least-squares refinement of the 
positional and thermal parameters and the scale factor 
converged to a value of 0.068 for R1 and 0.087 for R2. 

By a weighting analysis it was observed that a number 
of strong reflections with low sin e / A  values were some- 
what overweigi~ted. For (2,0,-G), (3,O.-2), (302), and 
(310), the weighting scheme was changed so that 

v(F)  = (l/iFO - F,l) scale factor 

The weights of these reflections were changed because 
they were probably affected by extinction. As no correc- 
tions were made for extinction, the accuracy of these 
measurements is diminished so less weight was given to 
them. 

Another difference map yielded the positions of 14 of 
the 18 hydrogen atonls. The atoms which were not 
located at this point were H(lCl),  H(2C2), H(2N2), and 
H(3C11). The positions of these hydrogen atomso were 
calculated by assuming d(C-H) = d(N-H) = 1 A and 
the appropriate angles for tetrahedral carbon and 
trigondl nitrogen. The isotropic thermal parameter for 

FIG. 1. Projection of thiamine hydroiodide along 
(010). Symmetry superscripts are as follows: no super- 
script (x, J, z); i (x - l 3  y, z); ii (-x, 1 - y. -2): i i i (x ,  
y - 1 ,  5 ) ;  iu ( - X ,  - +  + J, + - z); G (-X, + + y ,  + - 2 ) ;  CI ( x ,  + - y ,  $ + z). 

each hydrogen atom was fixed at  1 A2 greater than the 
thern~al parameter of the atom to which it was bonded. 
The hydrogen positions were included but not refined in 
the next least squares cycle. The K factors resulting from 
this refinement were RI = 0.055 and R2 = 0.069. 

In the last cycle the scale factor, positional parameters 
for all 38 atoms (including hydrogen atoms). anisotropic 
thermal parameters for iodine and sulphur, and isotropic 
thermai parameters for the other 17 atoms heavier than 
hydrogen were refined: a total of 150 parameters. The IS 
factors were R1 = 0.054 and R2 = 0.06G. The average 
(parameter shift)/(e.s.d.) on this cycle was equal to 0.6. 
The standard error on an observation of unit weight was 
1.98. A final difference Fourier synthesis was con~puted. 
The highest peak positions. correspoi~ding to rippJes 
around the iodine atoms, were approximately 1 e/A3. 
There here no holes in the vicinity of the hydrogen atoms 
whose positioi~s were calculated. At this point the refine- 
ment was considered complete. 

The final coordinates and thermal parameters are given 
in Tables 1 and 2. Table 3 contains the observed and 
calculated structure  factor^,^ 

Results and Dissussion 
Thiamine hydroiodide, THI, is composed of a 

T h e  structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data. 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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TABLE 4. Bond lengths (A) and estimated 
standard deviations 

FIG. 2. Molecular packing of thiamine hydroiodide; 
the projection is along (001). Molecule A is the starting 
molecule at  (x ,  y ,  z ) ;  other symmetry designations are as 
listed in the caption for Fig. 1. The numbered circles 
represent I(1) and I(2). Intermolecular hydrogen bonding 
is shown by the dashed lines. 

divalent thiaminium cation and two monovalent 
iodide anions (Figs. 1 and 2). One positive charge 
is associated with the aromatic thiazolium ring, 
the other results from the protonation of N(4) in 
the pyrimidine ring. Protonation of N(4) has 
been observed in all other thiamine structures in 
which hydrogen atom positions have been deter- 
mined (4-1 1). The bond distances and angles of 
THI are given in Tables 4 and 5, and in Table 6 
are presented the equations of the least-squares 
planes of the thiazolium and pyrimidinium rings. 
The molecular structure of thiamine hydroiodide 
closely resembles those of thiamine hydrochlo- 
ride (4) and hydrobromide (13). The increased 
size of the anions in THI has only a minor effect 
on the general molecular conformation, although 

Bond Distance Bond Distance 

the overall crystal structure is quite different from 
the other hydrohalides (4, 13). 

The conformation at the methylene carbon is 
best described in terms of torsion angles $ J ~ ,  

C(8*C(7FN(l)-C(6), and +P, N(lt-C(7),- 
C(8)-C(9) (11). The thiamine cation in the 
present structure has 4, = - 5.9" and 4, = 
81.0". This conformation is the one most often 
found in other thiamine structures (4-9, 13), 
there being only two examples (10, 11) of a 
conformation with 4, -. 105", 4, li 140". 

There are a number of hydrogen bonds in the 
structure (Fig. 1 and Table 7). The hydrogen 
bonds involving iodide ions as acceptors ar? 
weak, with the H . . . 1 distances being 1.0.5 A 
shorter than the :um of the van der Waals radii 
for H and I (3.2 A (16)). This shortening is con- 
sistent with the criterion of Hamilton and Ibers 
for hydrogen bonding (17), namely that the 
H . . . X distance be at least 0.2 A shorter than 
the van der Waals distance. 

The positive charge in the thiazolium ring is 
divided between the nitrogen and sulphur atoms 
(3, 9). These atoms make several dipolar COG- 

tacts. The S . . . 0 distance of 2.97 A is 0.35 A 
shorter than the van der Waals distance, whereas 
the N(1). . . I(1)"" and N(1). . . I(2)"" contacts 
are slightly longer than the van der Waals 
distance. The N". . . I- contacts in the thia- 
zolium ring are suggestive of charge-transfer 
interactions. They are significant because such 
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LEE AND RICHARDSON 

TABLE 5. Bond angles and estimated standard deviations 

Bonds 

0-C(1)-C(2) 
C(1 )-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-S 
C(3 )-C(4)-C(5) 
C(3)-C(4)-N(l) 
C(5)-C(4)-N( 1) 
S-C(3)-C(4) 
S-C(6)-N(l) 
C(3)-S-C(6) 
C(4)-N( 1 )-C(6) 
C(4)-N(1)-C(7) 
C(6)-N(I)-C(7) 
H(0)-0-C( 1 ) 
H(1CI)-C(1)-0 
H(lC1)-C(1)-C(2) 
H(1C1)-C(1)-H(2C1) 
H(2C1)-C(1)-0 
H(2Cl)-C( 1)-C(2) 
H(1C2)--C(2)-C(l) 
H(IC2)-C(2)-C(3) 
H( 1 C2)-C(2)-H(2C2) 
H(2C2)-C(2)-C(1) 
H(2C2)-C(2)-C(3) 
H( 1 C5)-C(5)-C(4) 
H(lC5)-C(5)-H(3C5) 
H(lC5)-C(5)-H(2C5) 
H(2C.5)-C(5)-C(4) 
H(3C5)-C(5)-C(4) 
H(2C5)-C(j)-H(3Cj) 
H(C6)-C(6)-S 
H(C6)-C(6)-N( 1) 

Angle 

112.0(15) 
110.4(11) 
130.1(13) 
119.8(9) 
127.5(15) 
112.9(12) 
119.6(13) 
109.9(10) 
111.0(11) 
91.7(7) 

114.6(11) 
123 .?(lo) 
122.1(12) 
111(8) 
1 16(9) 
101(9) 
IOl(16) 
127(9) 
95(11) 

114(13) 
IlO(13) 
105(11) 
103(8) 
114(10) 
111(7) 
86(10) 

107(11) 
llO(11) 
146(9) 
93(14) 

112(8) 
128(7) 

Bonds 

N(l )-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(7)-C(8 )-C( 12) 
C(8)-C(9)-N(2) 
C(8)-C(9)-N(3) 
C(9)-N(3)-C(10) 
N(3)-C(l0)-C( 1 I) 
N(3 )-C( 10)-N(4) 
C( 1 I j-C( 10)-N(4) 
C(10)-N(4)-C(12) 
C(8)-C(12)-N(4) 
N(2)-C(9)-N(3) 
C(9)-C(8)-C(12) 
H(lC7)-C(7)-N(l) 
H( 1 C7)-C(7 )-C(8) 
H(lC7)-C(7)-H(2C7) 
H(2C7)-C(7)-N(I) 
H(2C7)-C(7)-C(8) 
H( 1 N2)-N(2)-C(9) 
H(lN2)-N(2)-H(2N2) 
H(2N2)-N(2)-C(9) 
H(lc1l)-c(ll j-c(l0j 
H(IC 11 )-C(I 1)-H(2C11) 
H(IC11)-C(11)-H(3C11) 
H(2C11)-C(l1)-C(1O) 
H(2C11 )-C(11 )-H(3Cl1) 
H(3C11)-C(11)-C(l0) 
H(N4)-N(4)-C( 10) 
H(N4)-N(4)-C( 12) 
H(Cl2)-C(12)-N(4) 
H(C12)-C(12)-C(8) 

Angle 

112.8(10) 
122.7(9) 
119.8(14) 
123.0(12) 
120.3(9) 
118.7(13) 
118.6(15) 
122.9(13) 
118.5(11) 
119.0(9) 
121.3(14) 
116.8(13) 
117.5(13) 
95(10) 

119(12) 
122(12) 
105(10) 
102(9) 
1 13(9) 
119(11) 
126(8) 
109(8) 
137(21) 
77(8) 

114(19) 
91(19) 

103(14) 
124(10) 
117(11) 
107(7) 
130(7) 

TABLE 6. Deviations from least squares planesa 

Atoms used in Atoms not used 
calculating Deviation in calculating Deviation 

plane (A) plane (A) 

Pyrimidine ring : 
0.3719X - 0.8972Y - 0.2383% = -1.766 

C(8) 0.01 c(7) 0.03 
C(9) -0.02 N(2) -0 .07  
N(3) 0 .00 H(lN2) -0.06 
C(10) 0.02 H(2N2) -0.36 
N(4) -0.03 C(l1) 0.14 
C(12) 0.01 

Thiazoliutn ring: 
-0.0558X + 0.0352Y - 0.99782 = -1.297 

C(3) -0.01 c(2) 0.06 
C(4) 0.01 ~ ( 5 )  0.01 
C(6) -0.01 C(7) 0.06 
S 0.01 0 1.49 
N(1) -0.01 

aThe equations of these unweighted least squares planes have the 
form ax + bY + cZ = d ,  where X, Y, and Z are the orthogonal 
coordinates (in A) of the atoms in a system where the x, B, and z axes 
are parallel to the a* ,  h, and c axes of the unit cell. respectively. 

contacts, which are not frequently observed in 
thiamine structures, have been suggested as a 
model for thiamine interactions with the 
apoenzyme in biological systems (1 8, 19). 

The overall molecular packing is shown in 
Fig. 2. Pairs of glide-related thiamine cations 
(e.g., molecules A and V1) are separated in the 
a-direction by I(1) anions. The distance between 
a pair qf glide-related molecules is on the order 
of 1 0 A  in the c-direction, leaving room to 
sandwich in the I(2) anions. Glide-related 
molecules are linked in infinite chains in the 
c-direction by a system of I(1). . . N(2). . . 
I(2). . . N(2).  . . I(1). . . hydrogen bonds. Hy- 
drogen bonds involving the OH . . . I(1) . . . NH2 
grouping provide a series of linkages in the (001) 
plane. The packing in the hydroiodide has been 
compared to that in the hydrochloride and 
hydrobromide in a recent paper (13). 

The most significant conclusion to be drawn 
from this structure is that no gross molecular 
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TABLE 7 
(a) Hydrogen bonding distances and anglesa 

Labc do-,, d m ,  
u b c (deg) (A) (A) 

0-H(0). . . I(1y 145(11) 2.3(2) 3.42(2) 
N(2)-H(lN2) . . . I(1)lt 153(12) 2.7(2) 3.64(1) 
N(2)-H(2N2) . . , 1(2)lt 170(11) 2.6(2) 3 .62(2) 
C(6)-H(C6) . . . 1(2) 162(13) 2.5(1) 3.61(2) 
N(4)-H(W4) . . . OZU 163(14) 1.6(1) 2.72(2) 

(b) Selected other short contactsa 

Atoms Distance (A) 

S . . . O  2.97(1) 
W(1). . . ] ( I ) t t  3 .66(1) 
W(1) . . . l(2)iu 3.67(1) 

flSee Erg. 1 for key to symilletry superscripts. 

change accompanies the substitution of iodine 
for chlorine atoms in the lattice even though the 
molecular packing, and thus the crystal structure, 
changes. From this and other works (4-9) it may 
be inferred that the conformation observed is 
particularly stable as it persists over a wide 
range of accompanying anions and salts. 
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13C and 33$343 isotope eIRects on the vapour pressure of 
Equid carbon disaafide 
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ROBERT H. BETTS and WAYNE D. BUCHANNON. Can. J. Chem. 54, 3007 (1976). 
Precision isotope ratio mass spectrometry has been used to determine the relative vapour 

pressures of the four principal isotopic species of liquid carbon disulfide. Relative to the prin- 
cipal species '2C32S3'S = 1.000000. the vapour pressures of the other species are: '2C32S34S = 
0.999855, al?d '3C32LS):S = i .00162. A value of 0.99992: for 12C32S33S is deduced by application 
of the rule of the geometric mean. Tlie results are invar~ant with temperature between -20 and 
+56 "C. Qualitatively similar effects have been reported earlier for 13C and JsO substitution in 
I2Cl6Q2, a chemical analogue of CS2. 

ROBERT H. BETTS et WAYNE D. BUCHANNON. Can. J. Chem. 54, 3007 (1976). 
La spectromCtrie de lnasse B rapports isotopiques precis a CtC utilisee pour dCterminer les 

pressions de vapeur relatives des quatre principales especes isotopiques du disulfure de carbone 
liquide. En relation avec l'espece principale l2C32S3'S = 1.000000. les pressions de vapeur des 
autres especes sont: 12Cj2S34S = 0.9998S5, et 13C32S32S = 1.00162. Une valeur de 0.99992, 
pour le 12C3'S33S est diduite cn appliquant la regle de !a moyenllc g6omdtrique. Les rksultats 
sont constants dans l'ecart de temperature allant de -20 B f 5 6  "C. Des effets qualitativement 
similaires ant CtC rapportes prCcCdemmei~t pour des substitutions '3C et 1 8 0  dans le l2C16O2, 
un analogue chimique de CS2. 

[Traduit par le journal] 

Introduction 
For a long time it was believed that substitu- 

tion of a heavier isotope for a lighter isotope in 
pure polyatomic molecular liquids invariably 
decreased the vapour pressure of the liquid. This 
relation between the vapour pressure and molec- 
ular weight is usually described as a normal 
vapour pressure isotope effect (1). While many 
molecular systems do indeed display normal 
vapour pressure isotope effects (H20 and D 2 0  
provide perhaps the best known example), other 
systems are known which show an inverse iso- 
tope effect, i.e., the heavier species has the higher 
vapour pressure. For example, it is well estab- 
lished that the vapour pressure of 13CH30H is 
greater than that of 12CH301-I (2). For some 
systems, both kinds of effects have been observed 
for a given element, with the isotope effect 
changing sign when the temperature is changed. 
The deutero-rnethanes are an example of this 
class (3). Perhaps even more unexpectedly, sys- 
tems are also known for which an inverse isotope 
effect is produced by substitution in one part of 
a polyatomic molecule, and a normal isotope 
effect by substitution in another part of the same 
molecule (2, 4, 5). 

Carbon dioxide is the best studied example of 
a molecule which shows both normal and inverse 
isotope effects, depending on whether O or C is 
involved. Grootes et a!. (4) used precision mass 
spectrometry to measure isotopic fractionation 
between liquid and gaseous phases of naturally 
occurring C02.  For all temperatures examined 
(220 to 303 K), 12C"QS0 is less volatile than 
12C160160 (a normal isotope effect) while 
lT160160 is more volatile than 12C"0160 (an 
inverse isotope effect). Both isotope effects 
approach zero as the C 0 2  critical temperature 
of 304 K is approached. 

More recently, Bilkadi et ul. (5) used direct 
manometric comparisons of the vapour pres- 
sures of essentially isotopically pure samples of 
I Z C I ~ ~ ~ ,  1 3 ~ 1 6 0  2, and 12C1802. Their data are 

mainly for the solid-vapour equilibrium, but 
extend approximately 0.3 K past the triple point 
into the liquid-vapour region. For all tempera- 
tures, the vapour pressures are in the order: 
P13C1602 > P 1 z ~ i 6 ~ ~  > P I Z ~ I E ~ ~ .  In addition, these 
authors show that their results at the highest 
temperature examined (217 K) are in good agree- 
ment with the measurements of Grootes et al., 
which were obtained by a very different method 
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with C 0 2  of natural isotopic abundance. The 
authors of ref. 4 and also particularly those of 
ref. 5 presented an extensive theoretical interpre- 
tation of these effects. Broadly speaking, the 
inverse 13C isotope effect is related to a mass- 
dependent shift in the internal vibrations in such 
a way that the intermolecular forces, relative to 
12C1602, are somewhat reduced. Hindered trans- 
lation is the most important aspect of the normal 
1 8 0  isotope effect in the liquid, and hindered 
rotation accounts for most of the oxygen isotope 
effect in the solid-vapour equilibrium. 

Carbon disulfide is the sulfur analogue of C02. 
Like C02,  it is a linear molecule, and has a 
variety of isotopically distinguishable species. 
We therefore thought it of interest to determine 
whether or not the vapour pressure isotope 
effects found for C 0 2  are also exhibited by CS2. 
To our knowledge, there are only three very 
brief references (6-8 and ref. 246 of ref. 1) in the 
literature on the effect of isotopic substitution 
on the vapour pressure of CS2. Reference 6 
simply reports that, at some unspecified tempera- 
ture, 13CS2 is more volatile than 12CS2. Refer- 
ence 7 is a summary paper without any experi- 
mental detail whatsoever, which reports (as a 
numerical entry in Table 2, p. 70 of ref. 7) that 
the vapour pressure of 13CS2 is 0.1 yc higher than 
that of 12CS2, presumably at the normal boiling 
point, but this is not stated. The original for 
ref. 8 is unfortunately not available to us, and 
we have had to rely on ref. 1 as a secondary 
reference in this case. According to Jancso and 
Van Hook (ref. 1, p. 706) the work in ref. 8 
simply confirms the data already cited from 
ref. 7. 

For natural abundances of the isotopes of 
C and S (9), the species 1ZC32S32S (mass 76) 
comprises 89.2670 and 12C32S34S (mass 78) con- 
tributes 7.947,.l The two species of mass 77, 
13C32S32S (41.2% of mass 77) and 12C32S33S 
(58.87, of mass 77) together make up 2.437, of 
all the isotopic varieties of CS2. The much rarer 
species of masses 79 to 82, involving 12C or 13C 
with 33S, 34S, and 36S, make up the remaining 
0.377,. 

1Mass 78 is actually 99.83QL1 "C32S34S, and 0.17C', 
13C32S33S and "C33S33S. We have neglected these rare 
species in our work. In this and the other calculations 
above of the natural abundances of the isotopic species, 
we have used the relative abundances of the C and S 
isotopes given in ref. 9. 

In the present work, we have used isotope 
ratio mass spectrometry to measure the equilib- 
rium distribution of the principal isotopic species 
between liquid and vapour. Such measurements 
give, either directly2 or indirectly, the relative 
vapour pressures of the pure species 12C32S34S 
(species I), 12C32S32S (species 2), 13C32S32S 
(species 3), and 12C32S33S (species 4). As is shown 
later, the behaviour of species 4 is inferred from 
those of species 1 and 2 by interpolation. 

Experimental 
Fisher certified spectranalyzed grade CS2 was further 

purified by distillatio~l under vacuum from mercury to 
remove traces of other sulfides and mercaptans. There- 
after. it was kept in the vacuum system in the absence of 
light. A sample of approximately 100 ml of the purified 
liquid was placed in a round-bottomed flask which was 
attached to a vacuum rack, and the liquid allowed to boil 
slowly under a suitable pressure of purified argon. 
Variation of the equilibration temperature (from -20.4 
to +56 ' C )  was achieved by variation of the pressure of 
argon, with auxiliary external cooling provided as 
required. The vapour phase was condensed in a side arm 
arranged in such a way that furtiler fractionation of the 
liquid in this portion of the system could not occur. The 
condensed vapour phase, comprising about 3';; of the 
total sample. was returned continuously to the interior 
of the liquid phase through a small return line. This line 
was equipped with stop-cocks which allowed a portion of 
the condensed vapour phase to be removed for mass 
analysis, without disturbing the remainder of the system. 
Finally, to insure that a single stage equilibrium had been 
reached. the liquid phase in the completely closed system 
was allowed to boil for several hours, with continuous 
recirculation of the condensed vapour phase before a 
sample was withdrawn for mass analysis. 

A portion of the starting purified liquid was converted 
completely to vapour to provide a sample for isotopic 
assay of the liquid phase (invariant for all temperatures). 
This sample was thus a reference isotopic standard, 
against which each sample of the vapour phase was 

'Making the basic assumption that Raoult's Law 
applies to mixtures of isotopic species, it is easy to show 
that if Pol and PO, are the vapour pressures of isotopically 
pure liquids 1 and 2. then: 

and similarly for the other species. The quantities in 
parentheses represent the equilibrium ratios of the 
abundances of the indicated species in the vapour and 
liquid phases of a system containing both species. Our 
mass spectrometer measures not mass 78/mass 76, or 
mass 77/mass 76, but mass 78,'masses (76 + 77 + 79 + 
80) and mass 77/masses (76 + 78 + 79 + 80), respec- 
tively. These latter ratios may be used without significant 
loss of precision for the desired ratios. 
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compared. The procedure was to compare, in succession, 
the composition of the reference sample with that of each 
sample of the vapour. Such comparisons were usually 
made twice for each sample. At some temperatures, 
several independent samples of the vapour phase were 
removed for mass analysis. 

A Varian-Mat GD-150 isotope ratio niass spectrometer 
was used for isotop~c assay. This spectrometer has a dual 
gas phase inlet system which permits rapid and alternate 
intercomparisons between sample and reference standard. 
In addition, the spectrometer has facilities for precise 
matching of the inlet pressures of the samples being 
compared. This adjustment was particularly necessary in 
this work because of the very small variations in the 
isotopic composition observed. 

Two mass ratios were rneas~~red for each sample and 
reference. The first was mass 78/masses (76 $- 77 + 79 + 
80). This ratio. referred to as R,8 in Table 1, is a good 
measure of the abundance of 12C32S34S relative to the 
other species (mainly 12C32S32S). The second mass ratio 
was mass 77/masses (76 + 78 + 79 + 80), referred to as 
R7, below. The GD-150 mass spectrometer does not 
distinguish between "C32S32S and 12C32S33S, which 
together make up mass 77. To determine their relative 
contributions to the mass 77 abundance, we proceeded 
as follows: 

Let 1 = 12C32S34S 
2 = 12c32s32s 

3 = 13C32S32S 

4 = 12c32s33s 

together with the definitions 

Rl,2 is given directly from the measured quantities 
(R,,), and (R78)1. R3,2 and R4,2 cannot be directly 
measured, but may be deduced from R1,2 and R,, values 
by application of the rule of the geometric mean.3 
This rule, which has both experimental and theoretical 
support, predicts e.g., that: 

641 P0H2170 = f l H 2 1 6 0  X P0H2~80 

and 
-- 

[51 P'HDO = d P ' H ~ o  X POD~O 

3At first sight we appear to be begging the question by 
using this rule. We emphasize that we use it only to 
estimate the effect of -33s  additions, as between - 3 s  or 
-34s addition to the group corninon to all three species, 
namely lZC32S-. This is a logical extension of the rule. It 
would not, for example, be valid to calculate Po  for 
'3C32S32S from a knowledge of PO values for 12C32S32S 
and '2C32S34S. In any case a lit2ear interpolation gives the 
same result for P012,32~33, as does the rule of the geo- 
metric mean. We therefore feel confident that our treat- 
ment of this point is valid. 

TABLE 1. Relative isotopic abundances for masses 
76, 77, and 78 in CS2 vapours in equilibrium with 

liquid CS2 

T("C) R77* R78* 

0.0221670 (liquid) 
0.0221841 
0.0221840 
0.0221840 
0.0221800 
0.0221790 
0.0221820 
0.0221819 
0.0221810 
0.0221812 
0.0221760 
0.0221820 
0.0221821 
0.0221842 
0.0221801 
0.0221771 
0.0221750 
0.0221800 

Av. 0.0221808 
+ O  .0000022(a.d.) 

0.075877 (liquid) 
0.075843 
0.075891 
0.075860 
- 

- 
0.075870 
0.075866 
0.075862 
0.075863 
0.075877 
0.075867 
0.075865 
0.075866 
0.075862 
0.075867 
0.075862 
0.075868 
0.075866 

+ 0.000006(a.d.) - 

Mass 77 
*R77 = Masses (76 + 78 + 79 4- 80) 

Mass 78 
R7a = Masses (76 + 77 + 79 + 80)  

The most precise data (10, 11) for the systems in [4] and 
[5] show some slight departure from the rule of the 
geometric mean. However these deviations are not large, 
and we feel the rule to be sufficiently precise for our 
purpose-, which is to calculate the value of R4,2 from that 
for R1,2 Thus: 

[61 PO4 = 4 P p ;  
Substitute for PoI in [6] from [3]: 

[71 po4 = P~~~ 
Comparison of [7] and [2] leads to the result that: 

This result, together with the measured value of R7,, 
gives R3,2 from equation [9]: 

The factors 0.412 and 0.588 in [9] are the fractional 
contributions of 13C32S32S and 12C3*S33S to mass 77 for 
CS2 con~posed of naturally occurring isotopic abun- 
dances of C and S. The value of R3.2 calculated from this 
equation will depend on the values of these factors, but 
fortunately this dependence is very slight. Variations of as 
much as +2.5/lc in the factor 0.412 (and corresponding 
changes in the factor 0.588) altered the value of R3,2 = 
1.00162 shown in Table 2 by only +0.00004. A variation 
of 12.55; is judged, somewhat arbitrarily, as more than 
sufficient to allow for the possibility that the CS2 used 
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TABLE 2. Relative vapour pressure of some 
isotopic carbon disulfides:" 

Species Relative vapour pressure 

1 2 ~ 3 2 ~ 3 2 ~  1 .OOOOOO (Reference) 
1 2 ~ 1 2 ~ 3 3 ~  0 .999927~0 .000012~  
1 2 ~ 3 2 ~ 3 4 ~  0 .9998j5 10.000026 
1 3 ~ 3 2 ~ 3 2 ~  1.00162 r0.00005!: 

'Results are temperature-indepeildent from -20 
to 56 "C.  

?By interpolation. See text and footnote 3. 
fSce text for dircusaion of the sources of uncer- 

tainty for this value. 

had C and S isotope abundances which differed from the 
accepted values (9). 

The results are summarized in Tables 1 and 2. 
Table 1 gives the values of R77 and R7* for each 
vapour phase, relative to a fixed value of each 
ratio for the liquid phase, over a temperature 
range from -20.4 to  56 "C. Table 2 gives the 
relative vapour pressures of the principal species 
of CS2 derived from the data given in Table 1. 

The consistency of the data in Table I can 
be assessed in the fo!lowing ways. For ex- 
ample, the mean of the six entries for R78 at 
56 OC is 0.075865, with an average deviation of 
+ 0.000002 (i.e., F 2 parts in 75 000). The stand- 
ard deviation of the mean for these entries is 
F 0.000001. 

The group of seven values of R78 for - 14.8 to 
-2@.4 "C,  similarly analyzed, gives :i mean 
value sf 0.075865 + 0.000009 (ad.). and a 
standard deviation of the mean of +0.000005, 
This constant value of R7* for thc two sets of 
temperature extrema Icctds us to conclude that 
R78 is independent of temperature within the 
precision of our measuremenrs. We have there- 
fore taken the average of all 15 entries to give 
R78 = 0.075366 _f 0.000006 (ad.), with a stand- 
ard deviation of the mean of k0.000002. Conl- 
parison of this result for the vapour phase with 
that for the !iquid phase (0.075877) shows that: 

This nlmber (0.999855) differs from 1.000000 
by 6X the experimental uncertainty. From [8] 
one calculates : 

i.e., this value is calculated by interpolation, 
using the rule of the geometric mean, as already 
discussed. These results are recorded in Table 2. 

Turning to the data for RT7 in Table 1 ,  an 
analysis similar to that described for R78 shows 
that these data also are independent of tempera- 
ture within the experimental uncertainty. The 
average value of all 17 entries for R77 is 0.0221808 
+ 0.0000022 (ad.),  with a standard deviation of 
the mean = F0.0000006. This mean value, 
together with R77 for the liquid phase (0.0221670) 
and 4- = 0.999927, leads via [9] to: 

To the mass spectrometric error of f 0.000007 
for R3.2 must be added a further uncertainty, 
already pointed out, ascribable to a possible 
difference in the abundances of 13C and 33S in 
our sample of CS2 from the accepted values (9). 
A generous estimate, involving the factors 
0.412 k 0.020 and 0.588 + 0.020, leads to a 
further uncertainty of 1-0.00004 in the value of 
R3,2. These two kinds of errors are combined 
and shown as +0.00005 in Table 2. Thus 
PG!3C32s32s = (1.00162) P01zC32s32s (Table 2). 

Discussion 

The data summarized in Table 2 show clearly 
that 13C32S2 is more volatile than 12C32S2, whilst 
substitution of 33S or 34S in 12C32S2 reduces the 
vapour pressure. These results are therefore in 
qualitative agreement with the effects of 13C or 
180 substitution in 12C16Q2. Moreover the two 
sets of results are not markedly dissimilar 
numerically. Thus, depending on the tempera- 
ture (4): 

and 

P012C160180 = (0.99897 - 0.99994) P)G!2C1602 

We must however admit to some surprise at 
the absence of observable temperature effects 
for CS2. This liquid has a critical temperature of 
279 "C, as compared with 31 'C for liquid C02,  
and the conditions for our measurements are 
therefore much further from the critical tempera- 
ture of CS2 than are those of Grootes et al. (4) 
for COz. Certainly vapour pressure isotope 
effects must disappear, by definition, at the 
critical temperature. The results for C 0 2  suggest 
that one might reasonably expect the isotope 
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BETTS AND BUCHANNON 301 1 

effects to increase as the difference in the densitv 
of rhe two phases increases (and as the vapour 
approaches ideality). On the other hand, the 
theory (4, 5) does predict two temperature- 
dependent terms witk opposite signs, such that 
normal and inverse vapour pressure isotope 
effects can be expected over a sufficiently wide 
range of temperature. It is conceivable that for 
the-temperature interval examined here, these 
two effects are in approximate balance, with a 
fortuitous cancellation of a temperature-de- 
  en dent behaviour within the limits of the 
accuracy of our measurements. Examination of 
this system over a wider temperature range 
might help to resolve this question. 

Finally, we note that the I3C effect in CS2 is 
significantly greater than it is for C 0 2  (1.0016 
us. 1.0004). A referee has suggested that this 
result may be rationa!ized in the following way. 
As pointed out in the Introduction. a normal 
isotope effect is related to translation, while an 
inverse isotope effect is associated with internal 
modes. For COz, the translational normal effect 
is much larger than for CS2. Thus if the internal 
effects are similar for the tho  molecules, the net 
separation factor will be a larger inverse isotope 
effect for 13C in CS2 than in C02, as observed. 
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NARENDRA K.  SHARMA, FRANCOIS DE REINACH-HIRTZBACH, and TONY DURST. Can. J. 
Chem. 54, 3012 (1976). 

A general route leading to 5- to 8-membered cyclic sulfinate esters (sultines) is described. The 
method is based on the reaction of teri-butyl h)droxyalkyl sulfbxides with S02C12 in an inert sol- 
vent. 

NAREVDRA K. SHARXIA, F R A N ~ O I S  DE REINACH-HIRTZBACH et TONY DURST. Call. J .  Chem. 
54, 3012 (1976). 

Une voie gCnCrale d'accks aus  ester-sulfinates cycliques (sultines) ayant de 5 B 8 chainons 
est decrite. La mCthode est basCe sur la reaction des ie1.t-butylliydroxyalkylsulfoxydes avec le 
S02C12 dans un solvant inerte. 

[Traduit par le journal] 

Introduction 

Several years ago, as part of our studies on 
the a-halogenation of sulfoxides, we observed 
that sulfoxides of the type 1, upon reaction with 
S02C12 or N-chlorosuccinimide (NCS) furnished 
cyclic sulfinate esters (sultines) in good to excel- 
lent yield (1) (Eq. 1). At the time this observation 
was made, only a very limited number of sultines 
had been prepared, utilizing routes exemplified 
by [21-[61. 

Since these methods (eqs. 2-6) do not lend 
themselves very readily to the preparation of 
sultines having different ring size and substitu- 
tion patterns, we decided to investigate the 
sulfoxide cleavage route [1] in some detail. We 
have used this new synthesis to prepare a number 
of specifically substituted 5- to 8-membered ring 
sultines utilizing simple, readily available starting 
materials. The availability of a variety of sultines 
has allowed us to study in some detail the chemi- 
cal and physical properties of these compounds. 
The results of the synthetic endeavours are pre- 
sented in this paper. Some chemical reactions 
and a description of the conformational proper- 
ties of the 6-sultines will be described in subse- 
quent publications. Attempts to prepare 4- 
membered ring sultines via [l] have resulted in 
the discovery of a sulfur analogue of the Wittig 
olefin synthesis (6). One example of a stable, 
crystalline p-sultine (3,3-dimethyl-4,4-diphenyl- 
1,2-oxathietane-2-oxide) has been obtained (7). 

'Most of the work described herein is taken from the 
Ph.D. Thesis of N. K. Sharma, University of Ottawa, 
1975. 

(ref. 1) 

[21 PhnPh 'IIYYPh (ref. 20) 
OH SH 0-S  

$0 

Discussion and Results 

(a) Syntlzesis of the Parent 5- to 8-Membered 
Ring Suliines 

The precursor teri-butyl w-hydroxyalkyl sulf- 
oxides 1-4 required for the synthesis of the 
unsubstituted sultines 5-8 were readily available 
from the reaction of potassium tert-butyl- 
thiolate with the appropriate halohydrins, fol- 
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SHARMA ET AL. 

lowed by oxidation with tert-butyl hypochlorite 
(8) (see eq. 7). Reaction of 1-4 with S02C12 in 
methylene chloride for 30 mln at room tempera- 
ture led to the sultines 5-8 in isolated yields of 
83, 75, 58, and 45% respectivelq. The above 
yields decreased as expected in going to the 7- 
and 8-membered ring systems, but are quite 
acceptable considering the accessibility of the 
starting sulfoxides. 

0 

The sultines 5-8 each showed a strong S=O 
stretching frequency in the infrared at 1100- 
1120 cm-l. There appears to be no consistent 
increase in the S=O frequency in going from 
the 6 to the r sultines similar to that observed 
in the corresponding lactones and lactams. The 
nmr spectra of 5 and 6 were in agreement with 
those reported earlier by Harpp and Gleason 
(4, 9) while those of 7 and 8 each showed the 
expected three areas of absorption: 3.8-4.2 (2H, 
a to  oxygen), 2.6-2.8 (2H, a to sulfur), and 1.2- 
2.2 (6H and 8H, for 7 and 8 respectively) for the 
remaining methylene groups. Each of the sultines 
gave the expected molecular ion in its mass 
spectrum and was oxidized to the corresponding 
sultone. The route represented by [I] is thus also 
of value as a synthesis of sultones, in particular, 
the 7- and 8-membered species which are very 
difficult to prepare by the standard routes (10). 

(b) Preparatiorz of S~rbstltuterl S~rltines 
The successful synthesis of the parent 5- to 

8-membered ring sultines discussed above re- 
duced the problem of the preparation of specifi- 
cally substituted sultines to that of preparing 
the appropriately substituted tert-butyl hydroxy- 
alkyl sulfoxides. These compounds were obtained 
from a varicty of simple reaction sequences. The 
most commonly used routes are shown in 
[71-[ 1 11. - - 

(I) K0H/CH30H 
[7] t-BUSH + X-CH2(CH2),CH20H- 

(2) t-BuOC1 

/ I  (I) 2CH3L1 
[8! ~-BuSCH~(CH~),CH~OH ----.----j 

( 2 )  KX 

1 1  (I) CHjLl 11 
[C)] t-BuSCHZRI t-BuSCHCH2CR2 

(2) R2R3C-CH2 I I 

I ( I )  AIBN/A 
[lo] t-BUSH + CH2=C(CH2),CR2 ------+ 

(2) MCPBA 

(1 )  KOH , , 

[ l  11 [-BUSH f CH2==C-CO 
i 2Et  
R4 (3) MCPBA 

To illustrate the versatility of the sultine 
synthesis we have, using the cyclization depicted 
in [I] together with one of the steps [7]-[ll], 
synthesized some 20-25 different sultines. In- 
cluded are the parent 5- to 8-membered com- 
pounds mentioned above, the three possible 
monomethylated r sultines, two phenyl substi- 
tuted r sultines, four mononlethylated 6 sultines, 
several benz-fused sultines, and a number of 
other disubstituted sultines required for a study 
of the photochemical, thermal, and conforma- 
tional behaviour of these compounds. The 
method of preparation and yields of the pre- 
cursor hydroxysulfoxides, together with the 
structure and yields of the sultines produced, 
are shown in Table 1. Complete nmr data and 
the position of the S-0 frequency in the infrared 
spectra of the various sultines are given in the 
Experimental section. 

Although only two examples of [8] were car- 
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CAN. J .  CHEM. VOL. 54, 1976 

TABLE I. Preparation of  sultines 

Forn~atlon of hydroxy Formailon of 
sulfoxide ~nterrned~ate product 

Method 
Entr!. Start~ng material, (eq. no.) Yleld Sult~ne Yield 

See text 

95 
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SHARMA ET AL. 3015 

ried out, this route should prove quite useful for 
the preparation of sultines bearing a variety of 
alkyl substituents cr to sulfur, since cr-sulfinyl 
carbanions can generally be alkylated in good to 
excellent yield with both primary and secondary 
alkyl bromides (10). In the dianion 9, no O- 
alkylation was observed, despite the fact that 
methyl iodide was used in excess. 

The reaction of a-lithio sulfoxides with 
epoxides (eq. 9) is an excellent route to y-hydroxy 
sulfoxides (entries 7 and 10-13 in Table I). With 
the unsymmetrical epoxides employed, con~plete 
regiospecificity, resulting from attack of the 
anion at the least hindered position of the 
epoxide, was observed. 

Many of the prerequisite hydroxy sulfoxides 
were prepared by free radical addition of tert- 
BUSH to allylic and homoallylic alcohols, fol- 
lowed by oxidation (eq. 10, entries 6a, 9, 15, 
18-20 in Table 1). The addition to the double 
bond occurs with high regioselectivity in the 
expected anfi-Markownikov sense. Allylic alco- 
hols and homoallylic alcohols thus served as 
starting materials for 7- and 6-sultines, respec- 
tively. Michael addition of tert-BUSH to a-P 
unsaturated esters or ketones, followed by 
lithium aluminum hydride reduction and meta- 
chloroperbenzoic acid oxidation (eq. 11) was 
also utilized as a route to the required hydroxy 
sulfoxides. 

The method is not readily applicable to 
synthesis of sultines bearing either a phenyl 
group or two alkyl groups a to sulfur. Thus, the 
attempted synthesis of 3-phenyl-l,2-oxathiolane- 
2-oxide, 10, by reaction of either 110 or I l b  with 
S02C12 or NCS was not successful, the only 
identified reaction product being 1,3-dichloro-l- 
phenylpropane. Either cleavage of the initial 
chlorooxosulfonium ion or the cyclic alkoxyoxo- 
sulfonium ion (see discussion of the mechanism 
below) occurred mainly in the undesired direc- 

t i ~ n , ~  or sultines such as 10 are not stable under 
reaction conditions. In connection with the latter 
point, we have observed that sultines react very 
rapidly with excess S02C12 to give cleavage 
products according to [12].3 A similar cleavage 
of 10 would lead to 13 which would be expected 
to decompose to the dichloride 12 (1 1). 

All of the substituted 5-membered ring sultines 
reported herein were obtained as diastereomeric 
mixtures after column chromatography or distil- 
lation, as judged by the multiplicity of various 
signals in the nmr spectra. For example, the 
nmr of 5-methyl-l,2-oxathiolane-2-oxide showed 
two methyl signals at 6 1.39 and 1.59 (J = 6.0 
Hz) and two multiplets from 4.4-4.8 and 4.9-5.3 
due to the C-5 hydrogen in addition to very com- 
plex absorption from 6 1.0 to 3.4. 

- 
In the case of the 4-phenyl-l,2-oxathiolane-2- 

oxide, the two diastereomers were readily sepa- 
rated by silica gel chromatography. The tentative 
structure assignments, 14 and 15 for the faster 
and slower moving materials obtained in 30 and 
5 17, yields respectively, are based mainly on 
their 13C and proton nmr spectra. These assign- 
ments are supported by the chromatographic 
behaviour of the two isomers. A number of 

T h e  direction of 6-S bond cleavage is governed by 
the relative stability of the two possible carbocations. 

3F. de Reinach-Hirtzbach, unpublished observations. 
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authors have shown that for a pair of isomeric 
sulfoxides the isomer having its S=O group 
sterically less accessible for association is eluted 
more rapidly (12). In the trans isomer 14, the 
S=O bond is pseudoaxial when the phenyl 
group is pseudoequatorial and thus sterically less 
accessible than in the cis isomer 15 where both 
groups may take up the pseudoequatorial posi- 
tions. 

The proton spectrum of the less polar isomer 
showed multiplets from 2.9-3.2 (2H), 3.4-4.1 
(2H), and 4.6-5.0 (1H) while absorption for the 
more polar one was observed from 3.1-3.5 (2H), 
4.1-4.5 (2H), and 5.0-5.2 (1H). The S=O bond 
is known to  deshield syn-3-hydrogens in both 
cyclic sulfoxides (13) and sultines (9). In agree- 
ment with this, the benzylic hydrogen when cis 
to  S=O, i.e., structure 14, is shifted downfield 
by about 0.6 ppm relative to that in 15 which is 
trans to the S=O group. 

In the 13C spectra, the absorptions for the ring 
carbons 3, 4, and 5 occurred at 45.0, 67.4, and 
78.9 ppm respectively, for the less polar isomer, 
and at 42.0, 64.8, and 80.4 ppm for the more 
polar one. The isomeric 4-phenyl-l,3-dioxathio- 
lane-2-oxides 16 and 17 can be considered as 
reasonable model compounds for 14 and 15 
respectively. The changes in the 13C resonances 
at  C4 (80.9 ppm) and Cg (73.5 ppm) in going 
from the trans sulfite 16, to the cis isomer 17 
(C4 at 85.6, C5 at 71.4 ppmI4 are qualitatively 
similar to the differences at  C4 and C5 in trans-14 
(78.9 and 67.4 ppm) us. cis-15 (80.4 and 64.8 
ppm). When the sultines were stored at room 
temperature for several weeks it was observed 
that 14 was partly converted into 15 and an 
unknown product, whereas 15 remained un- 
changed. 

In contrast, all monosubstituted 6-sultines 
were obtained in high diastereomeric purity. 

4 6 .  R. Buchanan, private communication. 

Based on the proton and I3C nmr spectra, struc- 
tures 18-21 were assigned to these c o m p o ~ n d s . ~  

For example, the proton nmr spectrum of 
6-methyl-l,2-oxathiane-2-oxide (18a), showed 
the methyl group as a doublet at 6 1.08, and 
multiplets from 1.1-3.0 (3H), 3.3-3.8 (3H), and 
4.Q-4.6 (1H). These absorptions are as expected 
for the isomer shown. The 6-axial hydrogen at 
4.0-4.6 is strongly deshielded by the syn-axial 
S=O group and is in the same area as the 6-axial 
hydrogen of the parent 6-sultine (9). A similar 
deshielding of the 4-axial hydrogen moves it into 
the 3.3-3.8 region, also occupied by the two 
protons a to sulfur. The assignment of the S=O 
bond as axial in the isomers 19-21 and 18b was 
also based on the observation of the strong de- 
shielding on the 4- and 6-axial hydrogens. The 
C-5 methyl group in 19 was assigned the equa- 
torial position based on a comparison of the 
methyl 13C resonance, 6 21.8, with those of the 
equatorial methyl groups of 180 and 20, 6 21.5 
and 21.9, respectively. 

The high diastereomer selectivity may be due 
to both a significant preference for the formation 
of one of the diastereomers and a possible 
isomerization of the products under the reaction 
or isolation conditions. In the mechanism of the 
formation of 6-membered ring sultines (see part 
c), we suggest the intermediacy of a cyclic 
alkoxyoxosulfonium salt. Such a salt in the case 
of these sultines would be expected to show a 
significant preference for the structure i shown 
below in which both the bert-butyl and R group 
occupy equatorial positions. Cleavage of the 
tert-butyl-sulfur bond in i leads to the major 
observed sultines. Since the stereochemistry at  
sulfur is readily epimerizable at the intermediate 

5A more detailed analysis of the conformational be 
haviour of these compounds mill be presented separately. 
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chlorooxosulfonium ion stage (14), the inter- 
mediate i can be formed from either of the two 
possible diastereomeric tert-butyl hydroxyalky! 
sulfoxides which were used as starting materials 
in these reactions. 

The nmr spectrum of crude product obtained 
in the synthesis of 180 suggested the possible 
presence of a second isomer in up to about 15% 
yield. However, on attempted purification, 
either via silica gel chromatography or distilla- 
tion, only the isomer shown was obtained. As 
shown above, the nmr data for 18-21 indicate a 
very strong preference for the S=O group to 
adopt the axial conformation. The axial S=O 
preference is sufficiently strong that 22, despite 
the syn-1,3-methyl- S=O interaction, exists al- 
most exclusively in the chair conformation, 
having the S=O bond axial5. Isomerization, 
possibly acid catalyzed, of the various isomers 
may be sufficiently facile so that our isolation 
procedures produced only the most stable one. 
Both sulfites (15) and sulfoxides (16) have been 
shown to undergo acid-catalyzed epimerization. 

A number of benz-fused sultines were also 
prepared utilizing the sulfoxide cleavage route. 
3H-2,l-Benzoxathiole- I-oxide (23) (17) was ob- 
tained in 607, yield, together with a-phenethyl 
chloride (607,) upon treatment of 24 with 
S02C12. The hydroxy sulfoxide 24 had been 
prepared from o-mercaptobenzoic acid in 707, 
overall yield via alkylation with a-phenethyl 
bromide, followed by LiAlH4 reaction and 
MCPBA oxidation. 

The synthesis of the isomeric 3H-1,2-benz- 
oxathiole-2-oxide 25 was initially attempted via 
S02Cl2 or NCS cleavage of the tert-butyl 

1 I 
SCH (CH3)Ph 

2OH 

sulfoxide 26, prepared from a-bromo-o-cresyl 
acetate by reaction with tert-butyl thiol, followed 
by oxidation. NCS or S02C12 induced C-S 
bond cleavage in 24 occurred, not altogether 
unexpectedly, at the benzylic rather than the 
tert-butyl carbon-sulfur bond to furnish an 
unstable substance, tentatively identified as the 
open chain ester 27. It was therefore decided to 
replace the tert-butyl group in 26 by the p- 
methoxybenzyl group with the hope that this 
might lead to cleavage in the desired direction. 
Reaction of the phenolic sulfoxide 28 synthe- 
sized in the same manner as 26, gave a crude 
product whose nmr spectrum was interpreted in 
terms of an equimolar mixture of the sultine 26, 
(6 4.16 (d, J = 16 HZ), 4.56 (d, J = 16 Hz, IH), 
and 7.4 (m, 4H)) and p-methoxybenzyl chloride. 
Unfortunately, despite considerable efforts in- 
volving column chromatography or distillation, 
the isolation of pure 25 was not successful. 
Chromatography of the crude reaction product 
on silica gel gave a number of fractions which 
contained peaks not found in the crude reaction 
mixture, thus indicating decomposition of the 
original products. The only pure substance which 
was isolated from the column was p-methoxy 
benzyl alcohol, presumably formed upon hy- 
drolysis of the chloride. 

0 
/ I  

24 
The instability of 25 compared to 23 is not 

surprising. Sultines generally undergo ring open- 
ing in the presence of nucleophiles by attack at e0 sulfur followed by cleavage of the S O  bond. 

P L. In 25, such a cleavage results in the formation of 
23 a phenolic anion compared to an alkoxide anion 
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Mechanisms of sultine formation. 

in 23. Givens and Hamilton have reported (2b) 
and we have confirmed the instability of 8-sultine 
29, the homologue of 25. 

Two of the three possible 6 benz-fused sultines 
29 and 30 were prepared by the present method. 
Sultine 29, previously prepared by controlled 
chlorination of p-(o-hydroxypheny1)ethyl mer- 
captan in acetic acid. was obtained in greater 
than 95y0 crude yield by reaction of the sul- 
foxide 31 with SQ2C12. The preparation of the 
sultine 30 via 32 and its extrusion of SO2 to 
give o-quinodimethane have previously been 
reported (14). 

(c) Mechanism of Sultine Formation 
Two possible mechanisms can be suggested 

for the sultine formation, Both involve initial 
formation of a ch~orooxosulfonium ion, species 
which have been invoked as intermediates in the 
chlorination of sulfoxides (see, for example, 
ref. 18). In mechanism a, the chlorooxosulfonium 
ion 34 is converted to a cyclic alkoxyoxosulfo- 
nium ion 35, via displacement of chloride ion 
from s~llfus by the remote hydroxyl group (17). 
Subsequent cleavage of the terf-butyl carbon - 
sulfur bond yields the sultine. In mechanism &, 
sulfur-carbon bond cleavage occurs at the 
chlorooxosulfonium ion stage to  yield the 
hydroxysulfinyl chloride 35 which undergoes 
subsequent intramolecular esterification to the 
sultine. 

the sulfoxides 37cl-e, on chlorination, yield 
a-chloro sulfoxides 39 thus showing that the 
formation of cyclic alkoxyoxosulfonicm ions is 
extremely facile only when 4- to &membered 
rings are produced. It is therefore suggested that 
the formation of y- and 6-sultines most probably 
occurr i i a  mechanism a and that of the larger- 
ring sultines, via b. 

Cyclic alkoxyoxosulfonil;nn ions have been Experimental 
shown to be intermediates in the chlorination of 

All proton nnlr spectra were recorded oil either Varian 
the h ~ d r o x ~ a l k ~ l  phenyl su'fOxides 3%-c, a T-60 or HA-100 spectrometers using CDCI3 - I!; TMS 
reaction which resulted in the f~rmat ion  of the 13c spectra were obtained at  25.2 MHZ, under 
chioroalkyl phenyl sulfones 38 (19). In contrast, conditions of comp!ete proton noise decoupling, using a 
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I I SOlCl2 II 
Ph- S-CH2(CH2),CH20H - P ~ - S ~ C M ~ ( C H ~ ) , , C H ~ O H  

Varian XL-100 spectrometer operating in the Fourier 
transform mode. Carbon and proton shifts are reported 
in ppm downfield from TMS. 

Usual work-up of reactions refers to partitioning of the 
reaction solvent between water and CH2CI2, drying of the 
organic layer with anhydrous magnesium sulfate, and 
evaporating the solvent using a rotary evaporator. 

Preparation of tert-Bury1 Hydroxjalkyl S~rlfides 
Most of the compounds were prepared either by 

nucleophilic displacement of a halohydrin by potassium 
tert-butylthiolate in methanol (method A ) ,  or by free- 
radical addition of tert-butyl mercaptan to the appro- 
priate unsaturated alcohol (method B ) .  These general 
procedures are outlined below and the results are pre- 
sented in Table 2. The sulfides required for the synthesis of 
the sultines found in entries 6, 8, i6, 17, 21, and 22 were 
prepared by different routes. Their synthesis is described 
below. The structures of the sulfides were readily apparent 
from their nnu spectra and method of synthesis. No  
elemental analyses were carried out on these materials. 

iMethod A. T o  a solution of the appropriate thiol in 
methanol containing 20'; excess KOH was added drop- 
wise the appropriate amount of alkyi halide. The reaction 
mixture was stirred overnight and the precipitate formed 
was filtered. The filtrate was diluted with an equal volume 
of H z 0  and extracted several times with CH2CI2. The 
combined organic extract was washed twice with 10% 
KOH solution, dried, and evaporated. The crude sulfides 
were generally purified by distillation under reduced 
pressure. 

Method B. Equimolar mixtures of tert-butyl mercaptan 
and alkene were heated with an oil bath at  about 70-80 "C 
in the presence of a small amount of bis(azobutyronitrile) 
(AIBN) for up to 8 h, or until the nmr spectrum of the 
reaction mixture indicated the disappearance of the 
alkene. The desired sulfide was purified by distiilation 
under reduced pressure. 

2- Met/1~/-3-fert-b11t~ /r/zioproput~-1-01 (Etrtry 6 ,  Tabie 2) 
Methyl methacrqlate (10.0g, 0.1 mol) was added to a 

solution prepared by the addition of 9.0 g (0.1 mol) of 
rerr-BUSH and 6.0 g of KOH to 25 ml of methanol. The 
reaction was stirred overnight and worked-up in the usual 
manner to yield 2.2 g of methyl 2-methyl-3-tert-butyl- 
thiopropanoate and 14.4 g of 2-methyl-3-tert-butylthio- 
propanoic acid. The acid and ester were combined and 
reduced to 2-methyl-3-rert-butylthiopropan-1-01 with 
lithium aluminum hydride in ether. The overall yield was 
68';;. 
3-P/retijl-3-terf-h~~t~~It!riup1'0pa1r-01 (E12t1y 8, Table 2) 
Methyl ci~irlamate (14.8 g, 0.09 rnol) was added to a 

solution of 9.0 g (0.1 mol) of rrrr-butyl thiol and 6 g of 
KOH in 25 ml of methanol. The reaction mixture was 
stirred overnight. stripped of methanol, diluted with HzO, 
and extracted with CH2Cl2. The crude product (12.0 g) 
obtained after evaporating the organic extracts was im- 
mediately reduced with LiA11-1, in ether to afford 10.4 g 
(68(<2 overall) of 3-pheayl-3-tert-butylthiopropan-1-01. 
5-teri-B~1tjlt/?iu[1e1ita11-2-d (Entry 17, Table 2) 
5-Chloro-2-pentanone (6.0 g, 0.05 mol) was added to a 

ii-ietkanolic KOH solution containing 4.5 g of tert-butyl- 
thiol (0.05 rnol). The reaction mixture was stirred over- 
night, diluted with water, and then extracted with CHzC12. 
The product, bp 110 "Cj4 torr: obtained in 45% yield, 
was reduced with sodium borohydride in methanol. The 
yield of 5-(err-butylthiopent-2-01 was 955;. 
2-Met/1~/-4-terr-b~1f~/rI1ioB~r~111-I-ol (Entry 16, Table 2) 
To a solution of 0.04 rnol of lithium diisopropylamide 

in 40 ml of dry T H F  st --20 'C was added 3.52 g (0.02 
mol) of 4-trrr-butyitl~iobuennoic acid which had been 
obtained in 40% yield by reaction of rerf-BUST.+ with 
methyl 4chlorobutanoaie. The reaction mixture was 
stirred for 5 min and then treated with 3 g of methyl 
iodide. After a further 30 min of rezction the usual work- 
up gave 3.45 g (90';;) of crude 2-n1erhyl-4-tert-butanoic 
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acid which was reduced wlthout further pur~fication wlth 
LiA1H4 in ether. The yleld of purified 2-methyl-4-tert- 
butylthiobutan-1-01 uas  2.8 g (85';). 

o- Hydroxymetlylplzenyl a-Met/?ylbenzylsu(fide (Entry 
21, Table 2 )  

o-Mercaptobenzoic a c ~ d  was alkylated In 855; yield 
w ~ t h  a-phenethyl bromide and the resultant crude a c ~ d  
was reduced w ~ t h  LiA1H4. The sulfide alcohol was ob- 
tained In 92c3 yyleld. 

rert- Butjl o-Hjdtoxjpher~jl Srrlfide (Errtrj 22, Table 2) 
a-Bromo-o-cresyl acetate (6.9 g, 0 03 mol) was added 

to a solutlon conta~ning 2 7 g of tert-butylmercaptan 
(0.03 mol) and 1 7 g of KOH in 25 ml of CH30H.  After a 
30 mln reactlon tlme at room temperature. an additional 
1.7 g of KOH were added. and st~rrlng was ~ o n t ~ n u e d  for 
a further 30 mln The reaction mixture was acidified and 
extracted to furn~sh 5.4 g of the des~red phenolic sulfide 

Oxidations of the Hydroxysulfoxides 
General Procedures 
These oxidations were carried out following the litera- 

ture procedures. Method A: tert-butyl hypochlorite in 
CH30H at -70 'C (8). Method B: metu-chloroperbenzoic 
acid (8). As a variation of method B, we have found it 
advantageous to use ethyl acetate rather than CH2C12 as 
solvent. Its use permits relatively large scale oxidation 
reactions to be run under homogeneous conditions at  
temperatures of about -30 to -40 "C, conditions which 
result in very little overoxidation to hydroxy sulfones. 
The results together with the nmr spectral data of the 
hydroxy sulfoxides are given in Table 3. The preparation 
of hydroxy sulfoxides by routes other than by oxidation 
is described below. Elemental analyses were obtained only 
on the hydroxy sulfoxides which were crystalline sub- 
stances and occasionally on the related hydroxy sulfones. 
The structures of all these compounds were readily 
identified on the basis of their nmr data and method of 
synthesis. 

Preparation of r-Hj.droxj, Sulfoxides cia the Reuctior~ 
of a-Lithio tert-Butyl S~rlfoxides and Epoxides 
(Method C, Table 3) 

The nmr spectra of the sulfoxides are described in 
Table 2. 

(a) 4-tert-Butylsulfinylbutan-2-01, The a-lithio derivative 
of rert-butyl methyl sulfoxide (30 mmol), prepared by 
reacting 3.6 g of tert-butyl methyl sulfoxide dissolved in 
30 ml of dry tetrahydrofuran (THF) at  0 '"C with 18.4 ml 
(33 mmol) of methyllithium for 5 min, was allowed to 
react with 1.8 g (31 mmol) of propylene oxide for 3 h at  
0 "C. The usual work-up gave 4.7 g (88(,;) of the desired 
product. 

(b) 3-tert-Butylsulfinyl-1-phenyl-1-propanol. This com- 
pound was prepared in 85"; yield starting from 3.6 g (30 
mmol) of terr-butyl methyl sulfoxide and 3.6 g (30 mmol) 
of styrene oxide as described above. See Table 3. 

(c) 3-tert-Butylsulfinyl-1-phenyl-1-butanol. This com- 
pound was prepared as above from terr-butyl ethyl sulf- 
oxide (4.0 g) and styrene oxide (3.6 g) in 88% yield. The 
crude product was recrystallized from ether-pentane to 
give a colorless crystalline solid, mp 67-69 "C. Anal. calcd. 
for C14H2202S: C 65.87, H 8.62; found: C 65.66, H 8.49. 

(d) 4-tert-Butylsulfinylpentan-2-01. Reaction of tert- 
butyl ethyl sulfoxide with 1.1 equiv. of methyllithium 

followed by 1 equlv of propylene oxide gave after puri- 
fication a 90Yc 1 leld of the title compound as a VISCOUS 011. 

(e) I-(~-tert-Butylsulfinyl)ethyl-4-tert-butylc~clohexan- 
01. To a solution of 0.015 mol of a-l~th~omethyl-tert- 
butyl sulfoxide In 25 ml of dry T H F  at 30 "C was added 
2.4 g (0.015 mol) of the epox~de obtained from 4-rert- 
butylcyclohexane and dimethylsulfonlum methylide in 
DMSO (20) The yield of hydroxy sulfoxide, mp 140 "C 
(dec ) was 60%. 

Preparation of 3-tert-But) Is~df i r~~ I-3-metlz yl-l-pr opanol 
Methyll~thium (33 mol) was added via syrlnge into a 

solutlon of 3-tet t-butylsulfinyl-1-propano1 (2.4 g 15 
mmol) d~ssolved In 25 ml of dry T H F  at 0 "C. The re- 
action rmxture was stirred for 5 nnn and 2.5 g of methyl 
iod~de were added. The usual work-up, after 1 h of 
additional reaction time gave 2 13 g (82C/0) of the des~red 
hydroxy sulfoxide. After pu~ificat~on by column c h r m a -  
tography, the product showed infrared bands at  3330 
(OH) and 1000 (S=O) cm-1. See Table 3 for nmr data 

Preparatron of 4-rer t-B~tt) lsuljir~) 1-4-met/1~1-l-buta:101 
A solut~on of 10 mmol of the dilithlo salt of 4-terr- 

butylsulfi~lyl-1-butanol prepared as above was reacted 
for 1 h with 1 56 g (1 1 mmol) of methyl iod~de The usual 
work-up gave 1 5 g (8O1YC) of the tltle hydroxy sulfox~de 
as a VISCOUS oil after column chron~atography. 

C\ clrzutlot~ of Hjdr oxj  Sulfox~de~ to Sultrne~ 
General Pr ocedur e 
To a solution of hydroxy sulfoxide In CH2C12 at  room 

temperature, 0 "C, or at -78 "C was added 1.1 equiv. of 
SOzClz (generally neat). The reaction progress was 
followed by thin layer chromatography. After the dis- 
appearance of startlng materlal, the volatlle materlal nas  
removed on the rotary evaporator. The crude product %*as 
generally purlfied by column chromatography, followed 
by d~stillat~on or recrystallizat~on. Because of the insta- 
b~h ty  of some of the sult~nes, analyt~cal data were not 
obtained. The structures were assigned on the baas of 
then mode of preparation, spectroscopic properties, and 
by ox~datlon to the corresponding sultones. Infrared, 
nmr, and analytical data for the sultlnes 1s given below. 
The number In the section below corresponds to that of 
Table 1. 

Spectroscoprc Properties of the Sulr~nes 
(I)  1,2-Oxathiolan-2-oxide (5). ir 11 10 cm-1, nrnr 

1.7-3.2 (m, 4H), 4.0-4 7 (m, 2H), ms Mol. Wt calcd. 106, 
found. 106. Ox~dation w ~ t h  meta-chloroperbenzo~c acld 
gave 945, of 1,3-propane sultone. 

(2) 1,2-Oxathlane-2-oxide ( 6 ) :  bp 59-60 "C/0.5 torr, 
lr 1120 cm-1, nmr 1 5-2.2 (m, 3H), 2.2-3.0 (m, 3H), 
3.6-3.8 (m, 1H), 4.3-4.7 (m, lH) ,  ms Mol. Wt. calcd: 
120.0247, found: 120.0245. Oxidation gave 1,4-butane 
sultone In 90Yc y~eld. 

(3) 1,2-Oxathiepane-2-ox~de (7). Ir 1 l I0 cm-1, nmr 
1.2-2 2 (m, 6H), 2.6-2.8 (m, 2H), 3.8-4.2 (m, 2H); ms 
Mol. Wr. calcd 134, found: 134. Ar~al. calcd. for C5Hlo- 
02S :  C 44.75, H 7.51, S 23.89, found: C44.84, H 7.41, 
S 23 04. Oxidation afforded 1,2-oxathtepane-2,2-d1ox1de 
( ~ r  1138, 1150, and 895 cm-1) in 9052 yield. 

(4) 1,2-Oxathiocane-2-oxide (8). Ir 1 110 cm-1, n m  
1.2-2.2 (m, 8H), 2.5-3 0 (m, 2H), 3 8-4 2 (m, 2H), 
ms 148. Anal. calcd. for C6H120~S.  C 48.64, H 8.16, S 
21.60, found: C 48.21, H 8.04, S 22.12. 
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On the phe~toelectrsn and ultpavioliet spectra of molecuBes containing 
a divalent sulfur atom and a carbonyE group separated 

by a methyliene group 
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P. R. OLIVATO, H. VIERTLER, B. WLADILAW, K. C. COLE and C. SANDORFY. Can. J. Chem. 
54, 3026 (1976). 

Photoelectron spectra show that in CH3SCH2COCH3 the sulfur and carbonyl lone pair 
orbitals (S,O) are both stabilized with respect to the compounds containing S or CO only. 
This is in keeping with the observed values of the basicity constants. The ultraviolet absorption 
spectra contain the expected T* c 0 and a* t S bands and give evidence for a significant 
amount of mixing between the excited orbitals. 

P. R. OLIVATO, H. VIERTLER, B. WLADISLAW, K. C. COLE et C. SANDORFY. Can. J. Chern. 
54, 3026 (1976). 

Nous avons mis en evidence par la mesure de spectres photoelectroniques que dans la mole- 
cule CH3SCH2COCH3 les orbitales des doublets libres du soufre et du carbonyle sont toutes 
deux stabilisies par rapport B leur valeur dans les molecules respectives qui ne contiennent que 
S ou CQ. Cela esten accord avec les valeurs observies des constantes de basiciti. Les frequences 
des bandes T *  + 0 et U *  t S dans le spectre d'absorption ultraviolet indiquent qu'il se produit 
un melange apprkiable entre les orbitales excities. 

Introduction 
The work reported in this paper is an attempt 

to  obtain additional information on the extent 
to which a divalent sulfur atom and a carbonyl 
group separated by a -CH2-group interact in 
the molecular ground state and in the lowest 
singlet excited states. Previously this problem 
has been examined by ultraviolet, infrared and 
nmr spectroscopic measurements (1-6). We now 
present the He(1) photoelectron spectra of the 
following molecules: 
CI13SCH2CH2CH3 (I), CH3COCH2CH2CH3 (2), 
CH3SCH2COCH3 (3), CH30CH2COCH3 (4), 
CH3CH2CH2COOCH3 (5 ) ,  CH30CH2COOCH3 
(ti), and CH3SCH2COOCH3 (7). 
They will be interpreted together with some of 
the related ultraviolet spectra. 

Experimental 
The photoelectron spectra were measured on a Perkin- 

ElmerPS-16instrument with a He(l)source.All ionization 
potentials sited in the paper are vertical values. The ultra- 
violet absorption spectra were measured in n-hexane and 
50yG (v/v) ethanol-water solutions on a Cary-14 spec- 
trometer and on a Beckman DK-2A spectrometer. 

Keugents 
Commercial 2-pentanone (BDH) was purified as 

described elsewhere (7). Methyl n-propyl sulfide (8). 
4-thiapentan-2-one (9), 4oxapentan-2-one (lo), methyl 
butanoate ( 1  I), methyl 3-oxabutanoate (12), and methyl 
3-thiabutanoate (13) were prepared by literature pro- 
cedures. All compounds were analyzed by glc to assess 
their purity. 

Results and Discussion 

The Photoelectron Spectra 
The photoelectron (PE) spectrum of 4-thiapen- 

tan-2-one (3) is given in Fig. 1. Its ionization 
potential (IP) is 8.84 eV (71 300 cm-l) while the 
second photoelectron band is at  9.90 eV (79 800 
cm-I). Table 1 compares these values to those 
for the related thioether (1) and ketone (2) as 
well as to methyl n-propylether and 4-oxapentan- 
2-one (4). 

Before drawing conclusions from these data 
we have to emphasize the dangers of basing 
arguments on small differences in IIP's. First, any 
such argument uses the orbital concept and sup- 
poses the validity of Koopmans' theorem which 
does not take adequate account of energy 
changes due to electronic rearrangement upon 
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ev 

FIG. 1. The He(1) - photoelectron spectra of CH3SCH2- 
CHzCH3 (a ) ,  CH3COCH2CH2CH3 (h ) .  CH3SCH2COCH3 
(c), and CH30CH2COCH3 (d) .  Counts s-1 against 
electron volts. 

TABLE 1. Lowest photoelectron bands in eV 

Compound Band (eV) 

CH3SCH2@H2CH3 8.49 
CH3CH2CH2COCH3 9.45 
CH3SCH2COCW3 8.84 9.90 

CH30CH2CH2CH3 9.74 (estimated) 
CM3CH2CH2COCH3 9.45 
CH30CH2COCH3 9.62 10.44 

ionization. Second, IQ's belonging to lone pairs 
of electrons (and these are most important for 
the present problem) can be rather sensitive to 
their environment in the molecule. The data 
collected in Table 2, taken from the literature, 
illustrate this point. Therefore it is essential to 
compare closely related compounds only as we 
have done in Table 1. 

There is no doubt that the first photoelectron 
band in all these compounds relates to ioniza- 
tion from the sulfur or oxygen lone pair. It is 
usually more than 1 eV lower for S than for 0 
(14-20). For the first IP of methyl n-propyl 
sulfide (1) we obtained 8.49 eV (68 450 cm-I). 
This is nearly equal to  the arithmetic mean of 
the IP's of dimethyl sulfide and di-n-propyl 
sulfide, 8.67 and 8.34 eV respectively. 

Since no sample of methyl n-propyl ether was 
available to us we estimated its IP from the 
known values for dimethyl ether, 10.04 eV (211, 
and diethyl ether, 9.63 eV (22) according to a 
procedure described by Cocksey, Eland, and 
Danby (23) who take account of the inductive 
effect of alkyl groups by comparing the IP's 
in series of alcohols, ethers, aldehydes, ketones. 
iodides and several other types of compounds. 
We obtained 9.74 eV (78 550 cm-l). The IP for 
4-thiapentan-2-one (3), the molecule of central 
interest to us, is 8.84 eV (71 300 ern-I) which is 
higher than that of the sulfide (8.49 eV). The 
second photoelectron band of (3) (9.90 eV or 
79 800 cm-l) can only relate to ionization from 
the carbonyl oxygen lone pair orbital (cf. 24-28) 
which in the ketone (2) is related to the IP at 
9.45 eV. 

We believe that this is a significant result: 
the presence of both a sulfur and a carbonyl- 
oxygen lone pair in 3 leads to the stabilization 
of both with respect to  the compounds contain- 
ing S or CO only. 

The interaction between two lone pair orbi- 
tals can be discussed in terms of through-space 
and through-bond contributions as proposed 
by Hoffmann (29, 30). Most of our present 
knowledge relates, however, to two identical 
lone pairs. The problem we have to face for 
-S-CH2-CB- is rather more complicated. 
No definite conclusions can be reached without a 
refined quantum-mechanical calculation and this 
is yet to be carried out. A similar observation is 
made for methyl 3-thiabutanoate (4). Both S 
and Q orbitals shift to higher energies; S from 
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TABLE 2. Vertical ionization potentials in eV 

Sulfide i P  Ref. Ether I P Ref. Ketone IP Ref. 

Me2S 
Et2S 
( I I P ~ ) ~ S  
(iPr)2S 
(nBu)zS 
(iBu)2S 
(tBu)$3 
Tetrahydrothiophene 
Tetrahydrothiapyran 

8.67 19 Me20  10.04 21 MeCOMe 9.71 24 
8.44 19 Et,O 9.63 22 EtCO.Me 9 .52  24 
8.34 19 lBuCOMe 9.42 24 
8.26 19 IP rCOMe 9.36 24 
8.22 19 IBLICOM~ 9.21 24 
8.13 19 
8.07 19 
8 .40  19 Tetrahydrofuran 9.73 22 Cyclopentanone 9.25 34 
8.39 36 Tetrahydropyran 9.46 36 Cyclohexano~le 9.14 35 

8.49 to 8.81 and 0 from 10.29 to 10.54 eV 
(Fig. 2). 

The onset of ionization of the bonding orbitals 
is a t  about 10.8-1 1.2 eV in all these PE spectra. 
We refrain from dealing with these bands in 
detail since we have no theoretical basis for 
assigning them. The IP corresponding to the 

ev 
FIG. 2. The He(1) - photoelectron spectra of CH3CH2- 

CH2COOCH3 (u), CH30CHzCOOCH3 (b), and CH3- 
SCH2COOCH3 (c). Counts s-1 against electron volts. 

other (non-carbonyl) ester oxygen is also at 
these higher energies (25). 

In the compounds where -0- rcplaces -S- 
(Table 1) the carbonyl oxygen lone pair seems 
to be connected with the first and the ether 
oxygen lone pair with the second band in the 
PE spectrum. From available data on ketones 
and ethers we can deduce that the first IP's for 
the ethers are always somewhat higher than for 
carbonyls. The same applies for diethers us. 
diketones (15,26). Then we see that the carbonyl 
0 is stabilized slightly while the ether 0 is 
stabilized quite appreciably by the interaction. 
In methyl 3-oxabutanoate (6) a t  first sight at  
least both IP's are stabilized: instead of 9.74 we 
find 9.94 and instead of 10.29 we find a compos- 
ite band with a shoulder at  10.9 and a peak at  
11.23 eV. A switchover of the levcls is not 
entirely ruled out, however, and we will refrain 
from pushing the argument further. Theoretical 
work is clearly needed. 

The large decrease in basicity constants, 
observed for the cyclic and open-chain 3-thia- 
ketones (3, 6), is thus parallelled by the trend in 
the IP's. The slight stabilization of the carbonyl 
oxygen lone pair in the oxa-ketone is also in 
agreement with the K,, data in the cyclic series 
(6), which showed that the replacement of the 
p-methylene in cyclopentanone by oxygen affects 
only slightly the basicity, much less than replace- 
ment by sulfur. This point will be discussed in 
a later publication. 

The Ultraviolet Absorption Spectrum of 
CH3SCH2COCH3 

As is well known, aliphatic ketones have only 
one (singlet-singlet) band at wavelengths longer 
than 200nm, the a" +- n band. In 2-pentanone 
(2) its maximum is at  282 nrn (35 500 cm-l) in 
n-hexane and at  273 nm (36 600cm-l) in 507, 
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(v/v) ethanol-water. As expected 4-oxapentan- 
2-one (4) does not differ significantly from this 
pattern: the band has its maximum at practically 
the same wavelength (285 nm in n-hexane and 
273 nm in 50% (v/v) ethanol-water). A second 
band appears at 204 nm (49 000 cm-') in n-hex- 
ane and 207 nm (48 300 cm-I) in 507, (v/v) 
ethanol-water. 

The spectra of saturated thioethers present 
some problems (3 1-39) but recently a satisfac- 
tory degree of understanding has been achieved. 
The pertaining argument has been thoroughly 
discussed by Robin (40). All the known bands 
of sulfides are due to  transitions from the sulfur 
lone pair orbital. In H2S this is 2b1, antisym- 
metrical with respect to reflection in the molecu- 
lar plane. From there transitions are possible to 
two empty valence-shell orbitals (6al and 3b2) 
which are antibonding combinations of the 
S-H orbitals (o*). However, the 4s Rydberg 
band falls into the same part of the spectrum. 
The 4p band comes in at higher frequencies. The 
result is that the lowest frequency region of the 
absorption spectrum receives contributions from 
the 4s + 2b1, 6aI o* + 2bl, and 3b2u* + 2b1 
transitions. The situation is similar in thioethers, 
like CH3SCH3, or other methyl alkyl sulfides. 

The 4s + S band is near 220-230 nm (44 000 - 
46 000 cm-l) and it is overlapped by (probably) 
two bands due to  valence-shell transitions. 
These bands are weak with E values in the 
hundreds. 

The 4p + S manifold (usually two bands) is 
located between 200 and 190 nm (49 000 - 52 000 
cm-l). 

The spectrum of 4-thiapentan-2-one (3) con- 
tains both the carbonyl a *  + n band and the 
thioether bands but they are significantly shifted 
from their 'original' location (Fig. 3). In n-hexane 
solution the band of lowest wavenumber has its 
maximum at 302 nm (33 100 cm-I ; E = 218 1 
mol-I cm-l) followed by a somewhat more 
intense band at 241 nm (41 500 cm-'; E = 375) 
and a strong band at 218 nm (45 9 0 0 ~ m - ~ ) .  
In 507, (v/v) ethanol-water solution the first 
band shifts to 295 nm (33 900 cm-l); E = 288) 
and the second one to 243 nm (41 150cm-l; 
e = 328). 

The relative intensities and wavenumbers of 
the bands as well as the solvent shifts are in 
agreement with the assignment of the first band 
of the carbonyl T*  t n transition and the second 

FIG. 3. The ultraviolet absorption spectrum of CH3- 
SCH2COCH3. Molar extinction coefficients against 
wavenumbers in cm-1: -, in 12-hexane, --- in 50Yc 
ethanol-water solution. 

band to transitions from the sulfur lone pair. 
Indeed, no ketones have bands near 240nm 
(43 300cm-I). The Rydberg (4s) band is un- 
likely to be identifiable since in condensed phases 
Rydberg bands usually undergo extensive broad- 
ening and 'disappear' in the background (41). 
The gas phase spectra have not been measured 
yet. 

Thus we assign the band at 302nm to the 
carbonyl a *  + n band and the band at 240 nm 
to the valence-shell transitions from the sulfur 
lone pair orbital. If so the only new fact is the 
quite sizable bathochromic shifts which both 
bands underwent. This is made more significant 
by the fact that as shown by the ionization 
potentials the orbitals with which these transi- 
tions originate were actually stabilized for both. 
This indicates a high degree of mutual influence 
between the original a* and U* orbitals, certainly 
an important fact for the interpretation of these 
spectra. 

These assignments put the carbonyl a*  6 n 
transition to lower energies than the sulfur 
o* + n (and 4s) bands while the rz 1P's are in 
the opposite order. It might seem to be possible 
that the bands have switched places, with the 
302 nm band the U* t S band and the 240 nm 
band the carbonyl a *  t n band. This is ren- 
dered very unlikely in view of the observed 
spectra. A a* + S band at 302 nm would be 
very low and a a *  + 0 band at 240 nm would 
be very high indeed. We have little information 
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on the relative positions and mixing between 
the excited orbitals and this interpretation is 
not entirely ruled out. Only one thing is cer- 
tain: the band at 302 nm cannot be the 4s t- S 
Rydberg band. It would have a term value 
of about 37 000 cm-I which is much too high 
(40). There is no such criterion relating to 
a* and although it is in near-coincidence with 
4s in all the thioether spectra known to us, it is 
not a priori impossible that they separate from 
each other in the presence of a /3 carbonyl. On 
the other hand it is known that electronic re- 
arrangement is an important factor in carbonyl 
a* t n transitions in placing the band at rela- 
tively low energies (42,43). It probably would be 
hard for g* to come in below a* and to raise it. 
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The trifluoroaeetic acid solvent system. Part V. 
Cryoscopic measurements 
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MICHAEL G. HARRISS and JOHN B. MILNE. Can. J. Cheni. 54, 3031 (1976). 
Measurement of freezing point depressions for the non-electrolytes, CC14. CH3S01F. and 

(CF3CO)20 permit calculation of the cryoscopic constant for trifluoroacetic acid. HOTFA. 
Water is shown to give freezing point depressions lower than those for non-electrolytes and this 
is attributed to association. Freezing point depressions for NaOTFA. KOTFA, and CsOTFA 
have been measured and accounted for in terms of ion-pair dissociation constants previously 
determined from electrical conductivity measurenients. The results cast doubt on the existence 
of triple ions in this solvent. 

MICHAEL G.  HARRISS et JOHN B. MILKE. Can. J .  Chem. 54, 3031 (1976). 
La mesure de la dCpression du point de congClation pour les non-Clectrolytes CC14, CM3S02F 

et (CF3CO)zO permet de calculer la constante cryoscopique pour I'acide trifluoroacCtique, 
HOTFA. 11 est montrC que l'eau donne des depressions du point de congelation plus basses que 
celles pour les non-electrolytes et ceci est attribui a des phenomknes d'association. Les dC- 
pressions du point de congClation pour NaOTFA, KOTFA et CsOTFA ont Cte mesurees et 
interpretkes en termes de constantes de dissociation des paires d'ions prCalablenient dCterminCes 
par des niesures de conductivitk Clectrique. Ces rCsultats mettent en doute I'existence des ions 
triples dans ce solvant. 

[Traduit par le journal] 

Introduction 

The investigation of simple ionic equilibria in 
trifluoroacetic acid (HOTFA) necessitates the 
study of low solute concentrations (-- 
moll-') ( I )  as a result of the low dielectric 
constant of this solvent (8.4) (2). Electrical 
conductivity studies have shown that ionophores 
are present as ion-pairs with small concentra- 
tions of free ions and ion-triples at concentra- 
tions normally studied in the laboratory (-- 10-I 
M) (1, 3). These findings have been discussed in 
a recent review concerning this solvent (4). No 
cryoscopic study of this solvent has been made 
although the freezing point diagram of HOTFA- 
Hz0 mixtures has been determined ( 5 )  and the 
cryoscopic constant for eutectic HOTFA (10.6 
molyo H28) has recently been reported (6). It 
was felt to be of interest to apply the cryoscopic 
technique to the further study of the nature of 
ionophores in HOTFA to test the findings of 
electrical conductivity work (1, 3) especially 
with regard to  the existence of ion-triples and to 
give a basis for molecular weight determinations 
in this solvent. 

Experimental 
Materials 

Trifluoroacetic acid (Matheson, Coleman and Bell) 

was purified by distillation and trifluoroacetic acid an- 
hydride and the sodium. potassium; and cesium trifluoro- 
acetates were prepared as described earlier (1). Spectral 
grade carbon tetrachloride (Baker) and nietl~anesulfonyl- 
fluoride (Eastman) were used without further purification. 

Procedrre 
The apparatus used for the measurement of the 

freezing points has been described earlier (7). Tempera- 
tures were measured with a mercury-in-glass thermometer 
(Thermoschneider, Wertheim, Germany) which was cali- 
brated by the National Research Council of Canada. The 
scale was divided into 0.01 ' C  intervals and, using a 
magnifier, could be read by interpolation to an accur&y 
of 0.001 "C. 

To carry out an  experiment. the apparatus was first 
assembled without the thermometer or air jacket and 
flamed out in a stream of dry nitrogen. When the glass- 
ware was cool, the thermometer was replaced and solvent 
was introduced from a weight burette (-70 g HOTFA). 
A continuous small positive pressure of dry nitrogen was 
maintained in the cryoscope during the course of the 
experiment. The freezing point was taken as follows. The 
liquid was cooled almost to its freezing point by im- 
mersing the cryoscope directly in an  icejsalt slush bath. 
The bath was then removed, the air jacket was fitted and 
surrounded by a second icejsalt bath at  a temperature 
such that the temperature of the HOTFA solution fell at  a 
rate of 0.1-0.2 "C per min. Tlie solvent or solution was 
supercooled about 1 "C. this temperature was recorded, 
then a small piece of platinum foil cooled in liquid nitro- 
gen was introduced into the liquid. Crystallization 
occurred immediately and the latent heat evolved caused 
the temperature to rise rapidly to a virtually constant 
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freezin? point. For the freezing points of the solutions, a 
correction was applied to the solute concentration to 
allow for the solvent frozen out as a result of the super- 
cooling. The following formula was used 

where !nr is the molality of the original solution, m, is the 
molality of the solution in equilibrium with solid solvent, 
C, is the specific heat of liquid HOTFA (0.464cal 
g-1 "C-1 (8)), L is the latent heat of fusion of HOTFA 
(21.14 cal g-l) as calculated from the cryoscopic constant 
and AT is the difference between the tenlperature at 
which the solution was seeded and the observed freezing 
point. The corrections involved were normally of the 
order of 25;. 

Samples to be studied were added as concentrated 
solutions in HOTFA and allowance for the added solvent 
was made in the calculation of concentration. All solu- 
tions were made up by weight. 

Results and Discussion 1 I 
I 

The freezing point depression, e ,  is related to 
the solute molality, nz,, by an expression slm~lar 

0 0 I 1 
to that used by Gillespie and Oubridge (9) for 0 0 0 1 o 2 m 0 3 
sulfuric acid solutions FIG. 1. Freez~ng polnt depressions for non-electrolytes 

n ~n HOTFA. The solid llne represents the ideal slope for 

where + is the osmotic coeflicient, v is the number 
of moles of ions and molecules formed by one 
mole of solute, h is the cryoscopic constant, 
To is the freezing point of the pure solvent, 7 is 
the difference between the heat capacities of the 
solid and liquid solvent, Lo is the latent heat of 
fusion of the pure solvent, s is the solvation 
number of the solute and r n ~  is the molality of 
the pure solvent. The factor ( l / T o  - 7/(2zo))e 
cannot be evaluated for HOTFA, since the heat 
capacity of solid HOTFA has not been measured, 
but it is probably negligible, at least in the 
concentration range studied in this work. For 
acetic acid, which is known to have similar 
structures to those of HOTFA in the solid and 
liquid phases (4), this factor amounts to 0.0002e. 
Thus expression [ l ]  was reduced to: 

where 

Norz-electrolytes: The Freezing Point and 
Cryoscoyic Constant of HOTFA 

The highest freezing point observed for 
HOTFA in this work was - 15.216 "C and this 
was taken as the freezing point of the pure acid. 
The cryoscopic constant was determined from 
the freezing point data for non-electrolytes given 
in Table 1 and plotted in Fig. 1. Methanesul- 
fonylfluoride is a non-electrolyte in fluoro- 
sulfi~ric acid (10) and is not expected to behave 
as an electrolyte in the more weakly acidic 
HOTFA. Trifluoroacetic acid anhydride is a 
non-electrolyte in HOTFA ( I )  and it is unlikely 
that CCl4 undergoes any reactions in this 
solvent. Water is a very weak electrolyte in 
HOTFA (1).  All of the non-electrolytes show 
negative deviations from ideality with increasing 
concentration and the cryoscopic constant was 
evaluated from the limiting maximum slope at 
low solute molalities where 4' approaches unity. 
Up to a concentration of 0.06 mol kg-' all of 
the non-electrolytes have points on a straight 
line which gives a value for h of 6.25 "C mol-1 kg. 

Using this value and assuming v = I ,+ '  values 
have been calculated from the freezing point 
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HARRISS AND MILNE 

TABLE 1. Freezing point depressions (8) and osmotic coefficients (4') 
for non-electrolytes 

Compound 
102m e 6' 

(mol kg-') ('C) Obsd Calcd 

(CF3C0)20 3.34 0.210 1.006 
(fp of pure solvent - 15.221 C) 6.19 0.384 0.993 

9.19 0.560 0.975 
12.17 0.737 0.969 
14.97 0.902 0.964 
18.28 1.093 0.957 
21.22 1.260 0.950 

CH3SO~F 3.25 0.209 1 ,029 
(fp of pure solve~lt - 15.261 ' C )  5.44 0.343 1 ,009 

8.25 0.516 1.001 
9.70 0.602 0.993 

12.02 0.749 0.997 
14.52 0.898 0.990 
16.85 1.039 0.987 
20.37 1.237 0.972 
26.55 1.603 0.966 

2.79 0.178 1.021 
5.23 0.324 0.991 
7.79 0.472 0.969 

10.64 0.638 0.959 
13.11 0.777 0.948 
15.69 0.922 0.940 
18.38 1.060 0.923 
21 .00 1 .200 0.914 
24.12 1.348 0.894 

Hz0  1.29 0.072 0.893 
(fp of pure solvent - 15.221 "C) 2.78 0.152 0.874 

5.98 0.313 0.837 
9.10 0.479 0.842 

12.17 0.647 0.851 
15.03 0.812 0.864 
17.61 0.968 0.880 

C C I ~  
(fp of pure solvent - 15.216 'C) 

depressions for (CF3C0)20, CH3S02F, and 
CC14 and these are listed in Table 1. Theoretical 
4' values have been calculated from equation [3] 
assuming 4 = 1 and s = 0 and these are listed 
for comparison in Table 1. The assumption that 
these solutes are unsolvated is consistent with 
their inert character and the solvent's tendency 
to form dimers (4) and its weak solvating power 
(1). The observed +' values are lower than the 
calculated values and thus the actual osmotic 
coefficients themselves, +, are less than unity. 
This may be a result of a positive heat of mixing 
of solute and solvent (12, p. 243). 

The initial slope of the water curve lies below 
that expected for a non-electrolyte but as the 
concentration is increased, the slope becomes 
greater. Water apparently behaves in HOTFA 

as it does in H F  where there is some dimer and 
perhaps higher oligomer formation (1 1). 

Ionophoric Solutes 
The freezing point depressions (e) for NaOTFA, 

KOTFA, and CsOTFA are given in Table 2 and 
plotted in Fig. 2. At low concentrations 
(<0.03 mol kg-') the e values fall on the same 
straight line with a slope near that expected for 
a solute with v = 1. At higher concentrations 
the curves deviate from each other with the 
freezing point depressions following the order 
NaOTFA > KOTFA > CsOTFA. 

Deviations from the ideal slope for v = 1 will 
be due to both ionic dissociation (V # 1) and 
changes in +'. The products, v+', have been 
calculated from the freezing point depressions 
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where Kd is the ion-pair dissociation constant; 
a,,+, the ionic activity; y,, the molar activity 
coefficient; A and B, constants (12); 00, the 
distance of closest approach of the cation and 
anion (1); I, the ionic strength (= [Mi-]); d, the 
solvent density; W-&, the molecular weight of 
the solvent; and W,, the molecular weight sf  
the solvent. 

For the case of ion-pairs, single ions, and 
triple ions, the number of particles may be 
calculated from the expression: 

where the assumption has been made that 
[ha+] = [X-] and [M2X+] = [MX2-] (3). All 
terms in the numerator may be evaluated by 
trial and iterative methods from the expressions 
[5] and [6] (I = [M+] + [M2Xt]) above and 

FIG. 2. Freez~ng polnt depressions for lonophores in and 
HOTFA. The sol~d llne represents the ideal vlope for 
v = 1. [9] c n ~ x  = [MXl + [M+l + 3[MzX+l 

The calculation of ion concentrations and v for 

and these are listed in Table 5. Assuming that 
solvation effects may be ignored to a first 
approximation, v+ values for the case of simple 
ion-pair dissociation and for the case of ion-pair 
dissociation and triple ion formation, may be 
calculated for comparison. In these calculations 
conversions between molar and molal concentra- 
tions were made using the density of pure 
solvent at - 15.216 "C, 1.5732 g ml-I (4). The 
method of calculation was as follows. 

For the case of simple ion-pair dissociation, v 
may be calculated from the expression 

The concentrations [Mt] and [MX] may be 
calculated by trial and iterative methods from: 

the both cases proceeds as follows. A value of 
[MX] is chosen, the corresponding activities 
calculated from expression [5] and, where triple 
ions are involved, [S]. An initial corresponding 
trial yi value is chosen and constant y,  and 
ionic strength arrived at by iteration of [6]. Ion 
molarities may now be calculated and the trial 
value of [MX] checked by the mass balance 
expression. The process is repeated until the 
proper value of [MX] and the corresponding ion 
molarities are found. 

The ion-pair and triple ion dissociation 
constants and a0 values have been measured at 
25 "C by electrical conductivity methods (1, 3). 
The values of the dissociation constants at the 
freezing point of HOTFA were determined 
using a scaling factor from the theoretical Fuoss 
expressions for Kd and kd (13). The value of the 
dielectric constant (9.72) was arrived at by a 
short extrapolation of Harris and O'Konski 
values quoted in ref. 4. The adjustment was small 
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MARRISS AND MILNE 3035 

TABLE 2. Freezing point depressions (0) for ioilophores 

102rrz 
Compound (mol kg-') 0 ( 'C )  

WaOTFA 
(fp of pure solvent - 15.239 ' C )  

KOTFA No. 1 
(fp of pure solvent - 15.250 ' C )  

KOTFA No. 2 
(fp of pure solvent - 15.243 "C) 

CsOTFA 
(fp of pure solvent - 15.234 C )  

due to the compensating effect of temperature 
and dielectric constant changes. Thus, the factor 
for converting the equilibrium constant at 25 "C 
to that at - 15.216 "C was 0.9984. The extended 
Debye-Hiickel expression at - 15.216 "C is 

The constants, Kd, k,, and ao used for the 
trifluoroacetates studied are given in Table 4. 
Calculated ion molarities and v values for the 
case of ion-pairs only are given in Table 3. 

Osmotic coefficients for the free ions in solu- 

tion may be calculated from the expression 
(12, p. 235): 

where the function a has the form 

For HOTFA at the freezing point [11] takes 
the form 

Assuming the osmotic coefficient for the ion- 
pair to be unity, the product of the overall 
osmotic coefficient, cp, and v is given by: 

where r?z,llx is the molal concentration of the 
ion-pair, MX, Erni is the total free ion concen- 
tration and m, is the stoichiometric molal con- 
centration of the solute. The ionic osn~otic co- 
efficients, +i, for the case of single ions and ion- 
pairs are given in Table 3. The theoretical V+ 

products for the both cases and the measured 
values of v+' are given in Table 5. Comparison 
of experimental and theoretical values shows 
that the results are best interpreted by simple 
ion-pair dissociation and are not compatible 
with the presence of triple ions. For the purpose 
of this comparison, cp' - 4. 

Electrical conductivity measurements at 25 "C 
(3) show a minimum in the equivalent conduc- 
tivity, A, us. concentration plots and this has 
been interpreted as evidence for the existence of 
triple ions in HOTFA (3). It is unlikely that the 
slightly larger dielectric constant at - 15.216 "C 
(9.72) as compared to that at 25 "C (8.40) could 
account for such a great change in behaviour 
and the existence of significant amounts of triple 
ions in PIOTFA at 25 "C is therefore doubtf~il. 
The minimum in theh V.S .  CMX plots for solvents 
of moderately low dielectric constant has been 
accounted for by Davies in an alternative way 
(141, whereby the fall-off in the ionic activity 
coefficient with increasing solute concentration 
is sufficiently great to cause an actual increase in 
the degree of dissociation and, if this effect is 
large enough, a consequent increase in the 
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TABLE 3. Calculated v values, ion osmotic coefficients, &, and degrees of dissociation, a ,  for the case of 
ion-pairs and single ions 

rtz chi xu [MXI [M+l 
Compound (mol kg-') (moll-') (moll-[) (mol l-1) J,  v 4% u 

NaOTFA 0.0125 0.01967 0.01954 0.00013 0.694 1.007 0.881 0.0066 
0.0250 0.03933 0.03913 0.00020 0.639 1.005 0.855 0.0051 
0,0500 0.07866 0.07836 0.00030 0.583 1.004 0.826 0.0038 
0.1000 0.15732 0.15683 0.00049 0.508 1.003 0.783 0.0031 

KOTFA 0.0125 0.01967 0.01930 0.00037 0.554 1.019 0.811 0.0188 
0.0250 0.03933 0.03872 0.00061 0.477 1.016 0.766 0.0155 
0.0500 0.07866 0.07760 0.00106 0.389 1.013 0.707 0.0135 
0.1000 0,15732 0.15532 0.00200 0.291 1.013 0.625 0.0127 
0.1500 0.23598 0.23284 0.00314 0.227 1.013 0.560 0.0133 

CsOTFA 0.0125 0.01967 0.01856 0.00111 0.389 1.056 0.710 0.0564 
0.0250 0.03933 0.03733 0.00200 0.300 1.051 0.640 0.0509 
0.0500 0.07866 0.07426 0.00440 0.196 1.056 0.535 0.0559 
0.1000 0.15732 0.14532 0.01200 0.101 1.076 0.400 0.0763 
0.1500 0.23598 0.21098 0.02500 0.059 1.106 0.319 0.1059 
0.2000 0.31464 0.27204 0.04260 0.039 1.135 0.279 0.1354 

"Calculated using the density of pure HOTFA at -15.216 "C, 1.5732 g/ml. 

TABLE 4, Ion-pair and triple ion dissociation constants 
at  -15.216 "C 

1 06Kd Ad 

Compound (mol l-l)a (mol (10 (A) 

NaOTFA 0.397 0.06 4.04 
KOTFA 2.19 0.033 3.63 
CsOTFA 10.1 0.017 5.35 

aCalculated from values at 25 "C (1 ,  3). 

equivalent conductivity. Earlier attempts to re- 
produce the minimum in d using the measured 
ion-pair dissociation constants and the extended 
Debye-Hiickel expression for fi were unsuccess- 
ful (3) but small changes in f, could produce a 
minimum in the concentration range studied. 
The present calculations, which are for a concen- 
tration range much higher than that a t  which 
the conductivity minimum occurs, do indicate a 

TABLE 5. Measured and calculated V@ products for the case of ion-pairs and 
single ions and the case including triple ions 

nr Ion-pairs and Ion-pairs, simple Measured 
Compound (mol kg-I) single ions and triple ions v+Ia 

NaOTFA 0.0125 1.004 1.003 0.998 
0.0250 1.003 0.998 0.992 
0.0500 1.003 0.991 1.002 
0.1000 1.002 0.949 1.059 

KOTFA 0.0125 1.012 0.993 1.024 
0.0250 1.008 0.961 1.030 
0.0500 1.006 0.831 1.030 
0.1000 1.003 0.544 1.013 
0.1500 1.002 0.406 1.007 

CsOTFA 0.0125 1.024 0.854 1.050 
0.0250 1.014 0.745 1.037 
0.0500 1.004 0.544 0.989 
0.1000 0.985 0.396 0.949 
0.1500 0.962 0.341 0.939 
0.2000 0.940 0.319 0.956 
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HARRISS A N D  MILNE 3037 

minimum in the degree of dissociation, a,  as 
shown in Table 3. The use of a more precise 
expression than [lo] for the activity coefficient 
may reproduce the experimental electrical con- 
ductivities in the region of the observed minimum. 

Extension of the calculation of osmotic coeffi- 
cients to allow for solvation and the exact 
expression of the solvent mole fraction (eq. 3), 
are not warranted in view of the scatter in 
experimental points and in the absence of density 
data. 
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The acid cleavage of triphenylvinylmercnric salts 
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CHOI CHUCK LEE and PETER J. SMITH. Can. J. Chem. 54, 3038 (1976). 
An attempted solvolytic deniercuration of tripl~enylvinyln~ercuric acetate or bromide 

(I-HgOAc or 1-HgBr) in tIOAc in the presence of HC104 failed to give the triphenylvinyl 
cation, b ~ ~ t  instead gave a high yield of triphenylethylene (2). Kinetic s t~~d ies  showed that the 
formation of 2 from the reaction of I-HgOAc with HC104 in C H 3 0 H  was first order with 
respect to tne substrate and second order ~ 4 t h  respect to HC104. ~4echanistic implications of 
these findings are discussed. 

CHOI CHUCK LEE et PETER J. SMITH. Can. J. Chem. 54, 3038 (19'76). 
Lors d'essais de demercuration solvolytique de I'acetate ou du brorinure du triphCnylvinyl- 

mercure (1-HgOAc ou 1-HgBr) dans AcOH en presence de HC104, il n'y a pas eu de formation 
du cation triphenylvinyle mais plutBt un bon rendemelit en triphCnylCthyl6ne (2). Des etudes 
cinktiques ont montre que la formation de 2 par reaction de I-HgOAc avec HC104 dans 
CH30H est du premier ordre par rapport au substrat et du deuxittme ordre par rapport k 
HC104. On discute des in~plications n1Ccanistiques de ces resultats. 

[Traduit par le journal] 

In a study on the acetolysis, formolysis, and 
trifluoroacetolysis of t r iphenyl~inyl-2-~~C triflate 
(I), it was found that the extent of isotopic 
scrambling resulting from the degenerate 1,2- 
phenyl shift was not affected by the presence of 
the conjugate base of the solvent. This observa- 
tion suggested that the degenerate rearrange- 
ment occurred in the ion-pair stage, since the 
presence of the conjugate base of the solvent 
would be expected to suppress the extent o f  
scrambling if the 1,2-phenyl shift were to take 
place in the free, classical triphenylvinyl cation. 
It is, therefore, of interest to generate a 'free' 
triphenylvinyl cation and to ascertain if 1,2- 
phenyl shifts would take place in such a species. 
In  the solvolytic demercuration of alkylmercuric 
perchlorates, generally carried out by treating 
the alkylmercuric acetate in an appropriate 
solvent in the presence of HC104, free carbocat- 
ions are believed to be senerated since the loss 
of HgO from RHg+ gives no co~~nter ion for ion- 
pair formation (2). In an attempt to senerate the 
triphenylvinyl cation, the possibility of solvolyz- 
ing triphenylvinylmercuric acetate (I-HgOAc) 
was studied. 

1-HgOAc was prepared from triphenylvinyl 
bromide (I-Br) (1) by the method of Ouellette (3) 
which involved the reaction of the Grignard 

reagent from I-Br with HgBrz to give 1-HgBr, 
followed by treatment with AgOAc to give 
1-HgOAc. Reaction of 1-HgOAc in MOAc in 
the presence of HC104 gave, Instead of the 
expected 1-OAc, a high yield of triphenyl- 
ethylene (2).  A similar reaction with 1-HgBr 
also gave 2. These observations suggested the 
occurrence of an electrophilic substitution (4, 5 )  
instead of the formation of a carbocation. 

In an attempt to clarify further the electro- 
philic substitution process, kinetic measurements 
were carr~ed out in CH30H, using a procedure 
similar to the study of Kreevoy (6) on the acid 
cleavage of CH3Hgl. Reaction of I-HgOAc with 
HC104 in C H 3 0 H  also gave 2 as product. A 
typical set of data on the dependence of the 
observed pseudo first-order rate constant, k,b, 
at 61.6 "C, on the HC104 concentration is given 
in Table 1. Unlike the results from the study 
with CH3HgI (6), division of k,b by [HC104] 
does not give a reasonably constant k2 ,  expected 
for a direct SE2 substitution. However, division 
of kOb by [HClO4I2 does give an essentially 
constant value (Table l) ,  indicating that k,b 
varies with the square of the HC104 concentra- 
tion. 

If the kinetic order wiih respect to [HClO4] 
were x 

'Revision received June 18, 1976. 
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LEE AND SMITH 

TABLE 1. Dependence of the pseudo first-order rate constant, kobr on [HClOd] 
in the reacticn of 1-HgOAc with HC104 in CH,OH at 61.6 ' C  

Initial 
[I-HgOAc] x 104 [ H C l o ~ l  kOb X lo6 

(mol/l) (n~o!/'!) (5-l) 106kob r[HC!04]2 

Hence 
kob = k[HC1O4IL 

log kob = log k + x log [HC104] 

Using the data in Table 1, a plot of log k,b us. 
log [HC104] gave a straight line with a slope, 
generated by the computer, of 2.00 + 0.05. 
Similar kinetic experiments at 70 'C over a 
slightly smaller range of HC104 concentrations 
also gave a slope of about 2. These results thus 
indicate that the rate of formation of 2 in the 
reaction studied is first order in [I-HgOAc] and 
second order in [HC104]. 

Kreevoy and Kretchmer (7) have also studied 
the reaction of vinylmercuric iodide with HC104 
or H2S04 It was concluded that the rate- 
determining step in the cleavage of this substrate 
to  ethylene and Hgl+ was the transfer of a proton 
from a hydronium ion to carbon. The rate was 
first order in substrate and roughly proportional 
to acid concentration up to about 4 M HC104 or 
H2S04. It was also suggested that the HgI+, 
formed in the primary reaction, equilibrated 
rapidly with more substrate to give Hgiz and 
C2H3Hg+, which in turn decomposed to acetalde 
hyde and elemental Hg. The present results from 
1-MgOAc, however, differ from those observed 
for vinylmercuric iodide in that the rate is not 
simply proportional to  the acid concentration. 
but rather, it is proportional to [HC104l2. More- 
over, no substitution product analogous to 
acetaldehyde was observed. 

It is of interest to consider the possible signifi- 
cance of the observed second-order dependence 
of the rate sf cleavage of I-HgOAc to 2 on the 
HC104 concentration. It is possible that HCl(d4 
solutions in CH30H in the 1-3 M range may be 
very non-ideal and deviations of the activity 
coefficients from unity wouid render any ob- 
served kinetic dependence on Mc1Q4 coiicentra- 

tion urlreliable as a criterion of reaction mechan- 
ism.2 In that event, no mechanistic conclusions 
can be made from the present results except for 
a restatement of the fact that 1-HgOAc is cleaved 
by HC104 to give 2 and that the rate of this 
reaction increases rapidly with increasing acid 
concentration. 

It may be pointed out once more that in the 
study with methylmercuric iodide (6) or with 
vinylmercuric iodide (7),  the rate was found to be 
roughl~ proportional to HC104 concentrations 
of up to about 4 M, and this first-order de- 
pendence of the rate on acid concentration was 
taken as an ind~cation that the rate-determining 
step was a proton transfer to carbon. Since such 
first-order dependence of the rate on HC104 
concentrations of up to about it M has been 
utilized as a criterion on the nature of the rate- 
determining step, some mechanistic significance 
for the presently observed second-order de- 
pendence on HC104 concentrations of up to 
about 3 M appears to be justified. If this is the 
case, the following is one possible n~echanism 
which would fit the observed result of d[2],ldt = 
k[HL]'[1-HgX]. 

H', slow t -Hf 
-, ( P ~ I ) ~ C - C H ~ P ~  ---+ (Ph),C=CHPh 

SE2, -mXf fast 

It has been shown that direct Sx2 substitution 
on vinyhc substrates is energetically unfavorable 
(8) and such a reaction has so far not been 
observzd (9, 10). Possibly, in the present reaction 
with I-HgOAc or 1-HgBr, a direct Sc2 substitu- 

'Th~s argument was suggested by a referee 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3040 CAN. J. CHEM. VOL. 54. 1976 

tion also could not occur. Instead, a prior 
protonation would give rise to a relatively stable 
diphenyl substituted tertiary cation (3) which 
would allow an SE2 reaction to proceed on 
saturated carbon (4, 5) .  Rapid deprotonation 
following the SE2 reaction would give the final 
stable product, 2. Such a mechanism could also 
account for the fact that no substitution product 
derived from the triphenylvinyl cation was ob- 
served. Apparently, a facile protonation of 
1-HgX to 3 provided a preferred alternative 
route to the formation of the triphenylvinyl 
cation via demercuration. 

Experimental 

Tripl~et~ylcit~~~lt~~erc~~ric Bromide (I-HgBr) 
The Grignard reagent, prepared from 14.75 g (44 

mmol) of triphenylvinyl bromide ( 1 )  and 1.12 g (46 rnmol) 
of Mg in 500 ml of anhydrous ether, was quickly poured 
into an ice-cooled suspension of 15.85 g (44 mmol) of 
HgBrz in 15 ml of anhydrous ether. The mixture was 
stirred under NZ at icc-bath temperature for 2 h and then 
stirred at room temperature for an additional 3 h. Water 
(150 ml) and HOAc (50 ml) were added, the ether layer 
separated, and the aqueous layer was repeatedly extracted 
with ether. The combined extract was washed with 
saturated NaHCO3 solution and finally with water. After 
drying over MgS04, concentration of the ethereal solu- 
tion gave 17.5 g (77' ;) of product which was recrystallized 
from ether, mp 165-166 "C, nmr (CC14) d 7.05 (m. 10H), 
7.35 (s, 5H). Atzol. calcd. for C2~H15HgBr: C44.47. 
H 2.85; found: C 44.65, H 2.93. 

Trip/~et~~~lcii~ylrnerc~iric Acetate (1-HyOAc) 
In a 200 ml round bottom flask, which was painted 

black, were placed 3.00 g (5.5 mmol) of 1-HgRr. 0.93 g 
(5.5 mmol) of AgOAc. and 100 ml of CH30H.  The flask 
was stoppered and the suspension was stirred magnetically 
at room temperature for 24 h. The precipitated AgBr was 
removed by filtration and washed with CH30H. The 
combined filtrate and washing was concentrated at 45 'C 
under reduced pressure to about 30 rnl, and upon cooling 
gave 2.65 g (92';) of product which was recrystallized 
from CH30H, mp 156-158 "C, nmr (CDCI,) 6 1.95 
(s, 3H), 7.15 (m, ]OH), 7.45 (s, 5H). At~ul. calcd. for 
C22HI802Hg: C 51.31, H 3.52; found: C 51.25, H 3.59. 

A solution of 200 mg (0.39 mmol) of 1-HgOAc in 25 ml 
of a 1:20 mixture of 70r; HC104:HOAc was heated 
under reflux overnight and then it was poured into 50 ml 
of saturated NaHC03 solution. After extraction with 
ether (3 X 50 ml), the aqueous layer gave a positive test 
for Hg2' ion. The combined ether extract was washed 
with NaHC03 solution and with H 2 0  and then dried 
over MgS04. Removal of the ether gave 90 mg (91:';) of 
product which, after recrystallization from hexane, was 
identical with a comn~ercially obtained authentic sample 
of triphenylethylene, mp 67-68 'C. nmr (CCI,) 6 7.06 
(s, lH),  7.25 (s, 5H), 7.40 (m, 10H). 

Kit~eric Stlrdies 
In CH30H,  1-HgOAc showed A,,, at 235 nm ( t  21 600) 

while 2 showed absorptions at 297 nm ( e  21 800) and at 
228 nm ( e  17 900). The kinetic measurements were made 
at the A,,, of 2 (297 nm). Initially, cold HCIO., was 
pipetted into a solution of 1-HgOAc in CH30H which 
was also cooled in an ice bath. The solution was made up 
to the appropriate volume with cold CH30H before being 
placed in an oil bath at 61.6 'C. At ditferent time inter- 
vals, aliquots were withdrawn for uv measurement after 
appropriate dilution. The pseudo first-order rate con- 
stant, k,,, was obtained from the slope of log (A, - A,) 
cs. t, using a computer programmed for such deter- 
minations. 
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triani~ylvinyl-2-'~C-phenyltriazene 

CHOI CHUCK LEE AND ERIC C. F. KO 
Deparrn~er~t of Cl7enzisrr;l rrtzd Cl~emical Et~gi~~eer i t~g.  L'nicersir~ of Snskurc/~ri~~crr~, Scislrcrtooi~, 

Sask., Curzudn S7N 0 WO 
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CHOI CHUCK LEE and ERIC C. F. KO. Can. J. Chem. 54, 3041 (1976). 
The triphenylvinyl cation generated from reactions of triphenylvinyl-2-14C-phenyltriazene 

(1) with a number of acids gave no isotopic scrambling from degenerate 1,Zphenyl shifts. 
The trianisylvinyl cation generated from reaction of triani~ylvinyl-2-~~C-phenyltriazene (2) with 
HOAc showed about 38'; scrambling of the label from C-2 to C-1, attributable to degenerate 
1,Zanisyl shifts. When 2 was treated with HOAc containing 1.7 equiv. of NaOAc, the extent of 
scrambling was decreased to about 175;. Mechanistic implications of these results are discussed. 

CHOI CHUCK LEE et ERIC C. F. KO. Can. J. Chem. 54, 3041 (1976). 
Le cation triphCnylvinyle produit a partir des rCactions du triphCnylviny1-2-14C phCnyl- 

triazkne (1) avec un certain nombre d'acides ne conduit a aucune distribution isotopique 
provenant de dCplacenients dCgCnCrCs 1,2 des groupes phCnyles. Le cation trianisylvinyle 
produit par la reaction du trianisylvinyl-2-14C phenyltriazkne (2) avec AcOH conduit a 385; 
de distribution des isotopes a partir de la position 2 vers la position 1 ; ce resultat est attribuable 
a des deplacements degenCrCs 1,2 du groupe anisyle. Le traitement de 2 par AcOH contenant 
1.7 Cquiv. de AcONa fournit un produit dans lequel la repartition des isotopes a CtC dirninuee 
jusqu'a environ 17:;. On discute des implications mecanistiques de ces resultats. 

[Traduit par le journal] 

Jones and Miller (1) have reported the genera- 
tion of vinyl cations from reactions of acids 
with vinyltriazenes. 1,2-Aryl shifts across the 
double bond were observed, for example, in the 
rearrangement of the I-phenyl-2,2-di-p-tolylvinyl 
cation to the 2-phenyl-1,2-di-l~-tolylvinyl cation 
(1). Degenerate 1,2-aryl shifts in triarylvinyl 
cationic systems labeled with 14C or 13C have 
been investigated in this laboratory (2-5). It is 
generally agreed that a-anisyl substituted vinyl 
systems would give rise to open, classical vinyl 
cations, and degenerate 1,2-anisyl shifts took 
place in the classical trianisylvinyl cation (4-8). 
However, ion-pairs might be involved in the 
degenerate 1,2-phenyl shifts observed in solvoly- 
ses of triphenylvinyl-2-14C triflate (2). Since 
vinyl cations generated from vinyltriazeries arose 
via vinyldiazonium ions (1) which could not give 
rise to any counter ion for ion-pair formation, a 
study on the possibility of degenerate 1,2-phenyl 
shifts in the triphenylvinyl cation from triphenyl- 
~inyl-2-'~C-phenyltriazene (1) should provide 
further information on whether ion-pairs are the 
intermediates involved in such a 1,2-shift. As a 
comparison, the extent of degenerate 1,2-anisyl 

shifts in the trianisylvinyl cation from trianisyl- 
vinyl-2-14C-phenyltriazene (2) was also investi- 
gated. 

Triphenylvinyl-2-14C bromide ( 2 )  and trianisyl- 
vinyl-2-14C bromide (4) were converted to the 
corresponding Grignard reagents and treated 
with phenyl azide to give triazenes 1 and 2 (1). 
Reaction of 1 with HOAc, with or without the 
presence of NaOAc, CF3COOH, or 907, ace- 
tone - l0y0 HzO containing 0.170 HC104 gave 
the expected products, triphenylvinyl acetate, 
triphenylvinyl trifluoroacetate, or phenyl di- 
phenylmethyl ketone, respectively. Conversion of 
these products to 1,2,2-triphenylethanol followed 
by oxidation to benzophenone as described 
previously (2) showed no scrambling of the 
isotopic label from C-2 to C-1 in any of these 
reactions, the data being summarized in Table 1. 
On the other hand, reaction of 2 with HOAc 
gave trianisylvinyl acetate which upon degrada- 
tion via 1,2,2-trianisylethanol to dianisyl ketone 
showed about 387, scrambling of the 14C-label 
from C-2 to C-1. When the same reaction of 2 
with HOAc was carried out in the presence of 
1.7 equiv. of NaOAc, the extent of scrambling 
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3042 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Data from reactions of acids with triphenylvinyl-2-'4C-phenyltriazene (1) and with 
trianisylvinyl-2-14C-phenyltriazene (2) 

Specific actlvitya (dprn/rnrnol) 
14C scrambling 

Ar2CHCH(Ar)OHb ArCOArblC from C-2 to C-1 (Yc)  
Triazene Ac~d Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

B HOAc 6 140 000 2 690 000 6 170 000 2 700 000 0 0 
1 HOAc 

1 .7 cquiv. WaOAc 1 410 000 2 210 000 1 450 000 2 200 000 0 0 

1 CF3COOH 1 730 000 1 490 000 1 720 000 1 500 000 0 0 
1 905: acetone- 

lorG H20-0.1 yG HC10, 1 430 000 1 420 000 0 

HOAc 613 000 477 000 381 000 294 000 37.8 38.4 
HOAc 

1.7 equiv. NaOAc 970 000 925 000 805 000 771 000 17.0 16.6 

UMeasured by a liquid scintillation counter. 
bFrorn lv  Ar = Ph; from 2, Ar = An. 
CAssayed as the oxime. 

in the product was decreased to about 17%. 
These data are also summarized in Table I .  

The decrease in the extent of scrambling, 
brought about by the presence of NaOAc in the 
reaction of 2 with HOAc, is in agreement with 
expectation, the more nucleophilic OAc- being 
able to compete better than HOAc with the 1,2- 
aryl shift in the classical trianisylvinyl cation. 

A similar suppression by added OAc- of re- 
arrangements in vinyl cations from triazerres 
was observed by Jones and Miller (1 j. 

The lack of 1,2-phenyl shift in the triphenyi- 
vinyl cation generated from 1 under a variety of 
conditions (Table 1) is of interest and is worthy 
of some discussion. In the solvolyses of tri- 
phenylvinyl-2-'"C triflate (21, the presence of the 
conjugate base of the solvent did not affect the 
extent of isotopic scrambling, suggesting that 
the observed degenerate 1,2-phenyl shifts occur- 
red via ion-pairs rather than free, classical ions. 

This conclusion appears to have been confirmed 
by the present results which show no 1,2-phenyl 
shift in the free, classical triphenylvinyl cation. 

The absence of 1,2-phenyl shifts in the reac- 
tions of 1 wiih various acids, in contrast to the 
387, scrambling observed in the reaction of 2 
with HOAc, could simply be attributed to a 
difference in the migratory aptitudes of the 
phenyl and the anisyl groups. Indeed, from 
solvolytic studies with cis- and trans-l,2-diphenyl- 
2-anisylvinyl bromides (9), it was deduced that 
the ratios of anisyl to phenyl rearrangements 
were of the order of 76-120. Although com- 
parisons of 1,2-aryl shifts in the triphenylvinyl 
and trianisylvinyl systems are not straightfor- 
ward since the migrating group, migration origin, 
and migration terminus in the two systems are 
different, it may still be of interest to compare the 
scrambling data from the reactions of triphenyl- 
vinyl-2-13C bromide (3) and trianisylvinyl-2-13C 
bromide (4) with HOAc-AgOAc and the results 
from 1 and 2 in the present work. The reaction 
of 4 with HOAc-AgOAc gave 20y6 scrambling 
of the label from C-2 to C-l due to 1,2-arnisyl 
shifts (41, while in the reaction of 2 with HOAc, 
the scrambling was increased to 38% (Table I). 
In contrast, the reaction of 3 wiih HOAc-AgOAc 
gave about 7YG scrambling (31, but in the reac- 
tion of 1 with HBAc, instead of an increase to  
more than 7% scrambling, no 1,2-phenyl shift 
was observed. It appears, therefore, that a simple 
parallel behaviour attributable to migratory 
aptitudes does not hold in the reactions of 1 and 
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2 with HOAc and in the reactions of 3 and 4 
with HOAc-AgOAc. Again, the possibility of 
1,2-phenyl shifts occurring only in the ion-pair 
from 3 and not in the free ion from 1 may 
account for the observed different behaviours. 

It has been pointed out in a recent review (10) 
that vinyl cations are not basically different frorn 
normal trisubstituted carbocations. Since nitrous 
acid deaminations also give rise to carbocations 
via diazonium ions, consideration of known data 
from deaminations in comparison with the 
present results may be worthwhile. In saturated 
carbocationic systems from deaminations, the 
An/Ph migratory ratios have been found to be 
quite low (about 1.2-2.0) (1 1-13). Furthermore, 
Bonner and Putkey (14) have actually observed 
a lower extent of 1,2-anisyl shift (17%) in the 
deamination of 1,2,2-trianisylethylamine-1-14C 
than the previously observed 1,2-phenyl shift 
(26-28%) in the deamination of 1,2,2-triphenyl- 
ethylamine-1-14C. A diminished positive charac- 
ter due to the delocalization of the positive 
charge at the migration terminus has been sug- 
gested as playing an important role in accounting 
for this reversal in migratory aptitudes (14, 15). 
If the reactions of 1 and 2 with acids were to 
behave in similar ways as the deamination reac- 
tions of saturated systems, one would expect that 
the extent of 1,2-phenyl shift in reactions of 1 
should be less than the 1,2-anisyl shift in reac- 
tions of 2 by a factor of no more than about two. 
Obviously this was not the case since no 1,2- 
phenyl shift was observed. The present results 
may be explained by assuming that in the rela- 
tively stable trianisylvinyl cation, the lifetime of 
the ion is relatively long, and since the anisy! 
group has a high migratory zptitude, degenerate 
1,2-anisyl shifts can occur before the ion is 
trapped by solvent to give product. With the less 
stable triphenylvinyl cation, its lifetime is shorter 
and the migratory aptitude of the phenyl group 
is lower. Both of these factors would contribute, 
resulting ifi the Pailure of the degenerate 1,2- 
phenyl shift to compete with product formation.' 

'If the same arguments regarding the stability of 
trianisyl and triphenyl substituted ions were zpplied to 
analogous saturated systems, the deainination of I ,2,2- 
trianisylethylamine should give more rearrangement than 
the deamination of 1,2,2-triphenylethylamine, but this 
was not the case (14, 15). The present results thus indicate 
that there are interesting differences between the binylic 
and saturated analop. 

When the triphenylvinyl substrate can give 
rise to an ion-pair, the ion-pair may have a 
longer lifetime, thus allowing some 1,2-phenyl 
shifts to  occur. There is also the possibility of 
phenyl participation to  give the phenyl-bridged 
cation in the ion-pair formation. Since phenyl- 
bridging does take place in the 1,2-dimethyl-2- 
phenylvinyl system (16, 17) while there is no 
phenyl participation in the 1,2-dianisyl-2-phenyl- 
vinyl system (3, it is attractive to consider the 
possibility of a gradation of mechanisms, with 
triphenylvinyl systems that can give ion-pairs 
falling into the borderline region between full 
phenyl participation and no phenyl participa- 
tion. Such a possibility, however, remains to be 
confirmed or rejected by further experimentation. 

Experimental 

Trip/~et~~~lcit~yi-2-14C-p/7et~yItri~r~e ( I )  atld Trianisyl- 
ci~1~~l-2-~~C-phrt1~Itriu~et~e (2) 

Triphenylvinyl-2-14C bromide (2) or tr iani~ylvinyl-2-~~C 
bromide (4) was converted to the corresponding Grignard 
reagent. The initiation of this reaction was quite slow and 
prolonged refluxing (1-4 days) in tetrahydrofuran under 
nitrogen was required to effect the conversion. The 
Grignard solution was cooled in an ice bath and an 
equivalent of freshly prepared phenyl azide (18) was 
added. The reaction mixture was stirred for 1 h, treated 
with a solution of 10' 1 NH40H - 10' NH4C1, and then 
extracted with ether. The extract was washed with H20  
and dried over MgS04. Removal of the ether under re- 
duced pressure gave a bright yellow oil which was 
purified by passage through an alumina column, using 
905; petroleum ether - 10"1 ether as eluant. Unreacted 
phenyl azide and a by-product. triplienylethylene or 
trianisylethylene, here the first components to be eluted. 
The desired product, 1 or 2, 'vas collected last and after re- 
crystallization from hexane, the yields of 1 and 2 were 
about 50 and 35c;. respectively. Compound 1 melted 
with decomposition at  11 3-1 15 "C. At~cil. calcd. for 
C26H21N3: C 83.20, H 5.60, N 11.20; found: C 83.12, 
H 5.26, N 11.03. Compound 2 melted with decomposition 
a t  121-122 "C. Anal. calcd. for C2sH2703N3: C 74.82, 
W 5.85, N 9.03; found: C 74.57, H 5.88, N 8.73. 

Reactiotis of2 or. 2 with Acids 
The reactions carried out were betvieen 1 and HOAc, 

WOAc containing 1.7 equiv. of NaOAc, CF3C00H,  or 
0.1'; HC104 in 9GC& acetone - 105; HzO, and between 2 
and HOAc or HOAc containing 1.7 equiv. of NaOAc. In 
general, the reactions were effected at  room temperature 
for a period of 10 min. A typical run is described below. 

A solution of 200 mg (0.13 mmol) of 2 and SO rng 
(0.73 n~mol) of NaOAc in 3.0 mi of glzcial acetic acid 
was shaken at room temperature for 10 min. Evolution 
of Nz took place as soon as the triazene came into contact 
with the acid and the gas evolution apparently ceased 
within about 1 min. iLPost of the soivenl was removed at  
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room temperature under reduced pressure. The residual 
oil was dissolved in 30 ml of ether and the solution was 
washed successively with saturated NaHC03 solution 
and with HzO. After drying over MgS04, the ether 
solution containing the acetate product was treated twice 
successively with LiA1H4 to give 1,2,2-trianisylethanol (4) 
which was isolated with the aid of added inactive carrier. 
In preliminary trials with non-labeled materials, the 
yield of the acetate product was about 85(,1. 

Conversions of various triarylvinyl products to 1,2,2- 
triarylethanols, followed by oxidative degradation to 
diary1 ketones, were carried out according to previously 
described procedures (2). 
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The addition of 4-chlorobenzenesulfenyl chloride to 
phenyl-substituted acetylenes: 

the structures of the intermediate thiirenium ion1 

GEORGE H. SCNMID, AGNIESZKA MODRO, DENXIS G .  GARRATT, AND KEITH YATES 
Depnrmietit of Clret~iistry. Utiicersitj of Torotiro, Torotito, Otrt., Cc~trc~iltr M5S I A l  
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GEORGE H. SCHMID, AGNIESZKA MODRO: DENNIS G.  GARRATT, and KEITH YATES. Can. J. 
Chem. 54, 3045 (1976). 

A comparison is made of the efTect on the rates and product compositions of substituting a 
phenyl ring for a hydrogen on ethylene and acetylene and their derivatives. Such a comparison 
leads to the conclusion that the structure of the intermediate phenyl thiirenium ion, formed by 
the addition of an  arenesulfenyl chloride to phenylacetylenes, is one in which charge is de- 
localized into the phenyl ring. 

GEORGE H. SCHMID, AGNIESZKA MODRO, DENNIS G. GARRATT et KEITH YATES. Can. J. 
Chem. 54, 3045 (1976). 

On a compare l'effet, sur les vitesses et la composition des produits, de la s~~bstitution par un 
noyau phenyle d'un hydrogkne de l'ethylkne, de l'acetylkne et leurs dCrives. Une telle com- 
paraison nous amkne B la conclusion que la structure de l'intermediaire, l'ion phknylthiirknium 
form6 par l'addition d'un chlorure d'arknesulfknyle au phenylacetylkne, est celle dans laquelle 
la charge est delocalisee vers le noyau phenyle. 

[Traduit par le journal] 

The mechanism of the addition of arenesulfenyl There are two possible structures for the inter- 
chlorides to phenyl substituted acetylenes has mediate (1). Either the remaining double bond 
been the subject of considerable interest (2-4). is conjugated with the phenyl ring as in 2 or the 
On the basis of second-order kinetics and the thiirenium ion is stabilized by conjugation with 
formation of products by anti stereospecific but Ar Ar 
nonregiospecific addition, a mechanism involv- I I 
ing a thiirenium ion (I) was proposed for this . . .  st 
reaction (2). 

Ar 'CH~ 'CH~ 
I 

+S 2 3 
/ \ the phenyl ring as in 3. On the basis of a low 

C 6 H ~ C r C C H 3  f ArSC1 - ,C=C, 
C6H5 CH 3 

p value for the effect of substituents in the 
phenyl ring of the acetylene, it has been con- 

I cluded that the structure of the intermediate is 
Rate determining step best represented by 2 (4). We would like to  

present kinetic and product data which provides 
Ar 
I 

additional information on whether the rate 
St determining transition state more clearly re- 

/ \ 
C6H5C=CCH3 + C1- - sembles structures 2 or 3. 

ArS, ,CH3 C6Hs, / S Ar Results 
,C=C, + ,c=c, 

C6Hs C1 C1 CH, The rates of addition of 4-chlorobenzene- 
sulfenyl chloride to acetylene (4) and four 

Product determining step phenyl substituted derivatives were measured 
by following the disappearance of the 4-chloro- 

'Reactions of sulfenyl chlorides and their derivatives. benzenesulfenyl chloride absorption at 392.5 nm 
XVI. For part XV see ref. 1. in 1,1,2,2-tetrachloroethane at 25 "C. The stopped 
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flow technique, using a Durrum-Gibson spec- 
trophotometer, was used for all compounds 
except acetylene whose reaction was monitored 
by conventional techniques using a Cary 16 
spectrophotometer. The addition was found to 
follow normal second-order kinetics, first-order 
in both alkyne and sulfenyl halide to 80% com- 
pletion of the reaction. The second-order specific 
rate constants are given in Table 1. 

The anti stereospecific but nonregiospecific 
addition of arenesulfenyl chlorides to phenyl 
acetylenes has been convincingly demonstrated 
several times (2-4). On the basis of the known 
stereochemistry of the adducts, it is possible to 
verify several relationships between chemical 
shift positions and alkene configuration (5-7). 
The 13C and proton magnetic resonance data are 
given in Tables 2 and 3 respectively for all four 
adducts of alkynes 5, 6 and 7. The Z-isomers 

were obtained by irradiating the products of 
addition. 

From the data in Table 2, it is clear that the 
I3C chemical shifts of carbons, attached to a 
carbon-carbon double bond appear at higher 
field for the Z- than for the E-isomer. Further- 
more the 13C chemical shift for an olefinic carbon 
is at lower field when bonded to chlorine than 
to sulfur. 

The following relationships between adduct 
configuration and proton chemical shift are 
found in Table 3. The chemical shifts of protons 
vicinal to chlorine are observed at lower field 
relative to those vicinal to the arylthio group. 
Also the chemical shifts of y-protons in the 
Z-isomers are observed at higher field relative to 
those in the E-isomer. 

The kinetically controlled product composi- 
tion, given in Table 4, could be determined from 
nonoveriapping peaks in the proton spectrum 
of the reaction mixture. 

Discussion 

A com~arison of the value of D for the addition 
of arene'sulfenyl chlorides to 'I-phenylpropene 

TABLE 1. The b~molecular rate constants for the ( p  _ - 2.68) (8) and ~ - ~ h ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~  ( p  = add~tlon of 4-chlorobenzenesulfenyl chlorlde to 
alkynes ~n 1,1,2.2-tetrachloroethane at 25 "C - 1.3) (4) has been used as the basis for establish- 

ing the structure of the thiirenium ion inter- 
Alkyne k2 (M-I s-I) k, , ,  mediate. Such a comparison implies that /pI is a 

HC=CH (2.31 i0.01)X10-3 1 .O 
quantitative measure of bridging in the rate 

C6H5C-CH 0 . 2 6 2 ~ 0 . 0 0 1  113 determining transition state for electrophilic 
C6H5C-CCH3 9.11 i 0 . 0 3  3.94 x 103 addition reactions. The available evidence for 
C6H5C=CC2H5 17.8 i 0.1 7.71 X1Q3 additions to alkenes and alkynes does not sup- 
C6H5C=CC6H5 0.268 z 0.002 116 port this view. The values of p for hydration 

TABLE 2. The observed 13C magnetic resonance parameters for the adducts 
of 4chlorobenzenesulfenyl chloride to phenyl substituted alkynes 

E z 
Compound CI CI, C:, c3, 

C6H5C(C1)=C(SAr)CH3 E 145.62 121.43 19.78 
z - - 17.78 
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TABLE 3. The observed proton magnetic resonance 
for the adducts of 4-chlorobenzenesulfenyl chloride 

to phenyl substituted alkynes 

E Z 

Compound HI  HZ H3 

C6HsC(Cl)=CHSAr E 6.67s - - 

z - -- 

TABLE 4. Kinetically controlled products of addition 
of 4-chlorobenzenesulfenyl chloride to unsymmetrical 

phenylacetylenes 

Percent composition 

bromination, chlorination, and addition of 
arenesulfenyl chlorides to styrene and phenyl 
acetylene derivatives decrease in the order /pH+/  

2 lpsr21 > I P C I ~ I  > IPA~SC~I .  On the basis of 

product studies, salt effects, and amounts of 
solvent incorporatd products, it has been con- 
cluded that the importance of bridging in the 
rate determining trans~tion state decreases in the 
order ArSCl >> Br2 > Ci2 > H+. Clearly for 
these four electrophiles, the magnitude of p is 
not simply related to either the extent of bridging 
or the extent of charge on the carbons in the rate 
determining transition state. 

More meaningful results can be obtained by 
comp~ring the effect on the rates and product 
compositions of substituting a phenyl group for 
a hydrogen on ethylene and acetylene and their 
derivatives. These data are given in Table 5. 
Substituting a phenyl ring for a hydrogen on 
acetylene results in a rate increase of 113 while a 
similar substitution on ethylene has little effect. 
This result indicates that for ethylene the 
stabilization by the pheny! ring in the transition 
state is exactly balar~ced by its ground state 
stabilization (Fig. 1). For the acetylene, the 
phenyl ring must stabilize the transition state 
more than the grcunc! state. This stabilization of 
the transition state could be due to ( i )  a structure 
similar to  3 in which the charge is delocalized 
into the phenyl ring or (ii) a structure similar to 
2 in which the phenyl is conjugated with the 
remaining double bond. In the latter case the 
phenyl ring would be expected to exert an induc- 
tive effect upon the rate of addition. Conse- 
quently the rates should correlate with the sum 
of Taft inductive ;ebstituent constants (Cg*). 
No such correlation exists. This is in contrast to  
the addition to simple a! kyl substituted acetylenes 
where a good correlation between rate and x u *  
was found (8). 

Furthermore, the phenyl ring is conjugated 
with one of the double bonds of the acetvlene in 
the ground state. If the rate determining transi- 

TABLE 5. Comparison of the second-order rate constants and product composition for the addition 
of 4-chlorobenzene sulfenyl chloride to alkenes and alkynes in 1,1,2.2-tetrachloroethane at 25 "C C

an
. J

. C
he

m
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
21

0.
87

.2
54

.5
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54, 1976 

tion state resembles structure 2 there might well 
be a balancing of the stabilization of the ground 
and transition states as occurs in the case of 
styrene. Thus structure 3, in which the charge is 
delocalized into the phenyl ring, seems more 
compatible with the data. 

In support of this view, the rate data of 
Okuyama et al. (4) on the addition of 2,4- 
dinitrobenzenesulfenyl chloride to phenyl substi- 
tuted 1-phenylpropynes correlates better with u+ 
than U .  Thus, the following correlation is 
obtained 

log k /ko  = - 1.356  - 1.29 r = 0.989 

Ar 
I 

+s 

,C=C, 
H 

A1 
I 

+s 
H-i- D 

,c=c\ 
C ~ H S  

1 
H -  

1 HC=CH 

C 

I C a H r C ~ C H  

Ground 
state 

D >  C 

t? 
W 

Correlations with U+ are usually obtained in 
systems in which conjugation between the 
substituents and the reaction center is important. 

The regiochemistry of the products provides 
further evidence for structure 3. The products of 
kinetic control of the addition of 4-chloro- 
benzenesulfenyl chloride to six terminal alkynes 
are the E-anti-Markownikoff and E-Markowni- 
koff adducts. For all alkyl substituents the 
E-anti-Markownikoff adduct is the major prod- 
uct (>75y0 yield). This product regiochemistry 

!:) Ethylene (b) Acetylene 
FIG. I .  Effect of phenyl rlng on ground and transition states of the addltion of 4-chlorobenzene- 

sulfenvl chloride to ethylene and acetylene 

Ar 
I 

+s 

4c-c+ 

B 
S-Ar 
\ I eC Transit~on state 

1 CH2=CH2 

A 

I C6HsCH=CH2 

Ground 
state 

A = B  

RCECH + ArSCl -+ R\ 
C1 R, SAr 

Ar S 

E-aM E-M 

is in accord with a bridged thiirenium-like 
product determining transition state in which 
the carbon of the substituent, the thiirenium ring 
and the attacking chloride ion all lie in one plane. 
As a result the major effect of the substituent is 
steric in nature (9). 

The steric effect of the phenyl group is different 
in structures 2 and 3. In structure 2 the phenyl 
ring is in the same plane as the thiirenium ring 
and should sterically hinder any attack at the 
a-carbon as illustrated in Fig. 2. Thus, attack at 
the @-carbon would be favored to form products 
with E-anti-Markownikoff orientation. However, 
only E-Markownikoff products are formed by 
addition to phenylacetylene. This result can be 
explained only if the effect of the phenyl ring in 
the product determining step is polar (electron 
delocalization) rather than steric. This is con- 
sistent with 3 rather than 2 as the structure of 
the intermediate. 

The anti stereospecific and regiospecific addi- 
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Side view End view 

tion to phenylacetylene suggests that both the 
intermediate and the product determining transi- 
tion state have unsymmetrical structures. As the 
acetylenic hydrogen of phenylacetylene is substi- 
tuted by methyl and ethyl groups, the addition 
becomes progressively less regiospecific. This 
suggests that the structure of the intermediate 
becomes more symmetrical with the result that 
both steric and polar effects are important in the 
product determining transition state. 

The effect of solvent upon product regio- 
chemistry is very similar for additions of arene- 
sulfenyl chloride to both phenyl substituted 
acetylenes and ethylenes. As the acidity of the 
solvent increases the percent of Markownikoff 
adduct also increases (10, 11). The similarity in 
response to  such solvent change strongly sug- 
gests that the product determining transition 
states are similar for both reactions. Electron 
delocalization into the phenyl ring is well estab- 
lished for the addition to styrene derivatives, 
suggesting that 3 is the structure of the inter- 
mediate for the addition to acetylenes. 

Finally, replacing the acetylenic hydrogen of 
phenylacetylene and the p-hydrogen of styrene 
by a phenyl ring has a similar effect on the 
relative rates. In the case of tolan, the rate is 
almost identical to that of phenylacetylene while 
for trans-stilbene the rate is slightly less than that 
for styrene. Thus, in both systems the introduc- 
tion of a second phenyl group has little effect on 
the rate of addition. 

The data presented here point clearly to  struc- 
ture 3 as the structure of the thiirenium ion 
intermediate formed by the addition of 4-chloro- 
benzenesulfenyl chloride to phenyl substituted 
acetylenes. 

Experimental 
The alkynes were obtained commerciaZly and their 

purity was verified by glc and nmr. 
4-Ch/orobenzenesu(fet~~'/ chloride was prepared as pre- 

viously described (12). 
1,1,2,2-Tetrachloroetha11e was purified as previously 

described (1 2). 
Kinetics and product compositions were determined as 

previously described (12). 
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GUY J. COLLIN. Can. J. Chem. 54, 3050 (1976). 
Total reechon rate constants for the disappearance of ~ C V ! - C ~ M ~ ~  ions with five CsHlo un- 

saturated hydrocarbons were determined by comparing the rate of formation of isobutane in the 
radioiysis of neopentane in the presence of various additives. These rate constants are of the 
order of 5 to 13.5 X 10--10 cm3 molecule-1 s-1 depending upon the olefin under investigation. 
The hydride transfer reaction from 3-methyl-I-butene and rrcitis-7-pentene toward the tert-C41-Xg+ 
ion was also observed, as was the proton transfer reaction Tion: the tert-C4H9+ ion toward 
2-1netkiyl-2..!~utene and 2-methyl-1-butene. In the latter two cases, a significant isomerization of 
rnethp!butene is noticed: an isomerization mechanism based upon the reactions of rert-C5H11+ 
ions is tentatively suggested. Finally, the transfer reaction of an hydrogen molecule between the 
CH3-cy-C5H9T ion and the methylbutenes is observed during the radioiysis of methylcyclo- 
pentane. 

GUY J. COL.LIN. Can. J. Chem. 54, 3050 (1976). 
Ees constantes de vitesse de reaction des ions tert-C4H9- avec cinq isomkres insatures en 

CsHlo ont ttC determines en cornparant les vitesses de formation de l'isobutane dans la radiolyse 
du neopentane en presence de diffkents additifs. Ces vitesses sont de I'ordre de 5 B 13.5 X 10-lo 
cm3 molecule-1 s-1 dependant de !'o!Cfine ajoutie. Le transferi d'un ion hydrure du mkthyl-3 
buikne-l et du trans-pentkne-2 vers l'ion iert-C4Mg' est observee, de m&nle que le transfert d'un 
proton de I'ion f ~ r t - C ~ H ~ & ,  vers les methyl-2 butbne-2 et mkthyi-2 butkne-I. Dans ces deux 
derniers cas, on obsjerve une isomerisation importante de l'olefine. On propose un mecanisme 
en chaine inregrant l'ion teri-CSHllT pour rendre compte des observations. Enfin, on propose 
le transfert d'une molCcrrle d'hydrogbne de l'ion CHI-cy-C5Hs+ vers les methyibutknes pour 
rendre sompte de la formation hie !'isopentane lors de la radioiyse du mCthylcyclopentane. 

En the study of the photoionization of 3-methyl- 
1-butene (3MIB) at 10.03 eV (i23.6 nm) we 
pointed out that the parent ion is responsible for 
the formation of 2-methyi-2-butene (2M28) and 
2-nicthyl- I-b~itene (2M lB) (I) .  This isomeriza- 
tion was also observed in the photoionization of 
%M!B and again was explained in krms of ionic 
reactions (2). In order to obtain data on the 
i o ~ i c  nechanism(s) probably involved in that 
isornerization, we have undertaken a research 
proqramme on ion-niolecule reactions in wirious F 
simtlar systems. This paper covers the study of 
radiolj-s4s of gaseous neopentane in the presence 
of 6 3 5 F - 9 , ~  unsaturated hydrocarbons. 'lrhis system 
Is a good source of tert-C4Hgf ions, and because 
these ions do riot react with neoperstax we have 
cornpared their fate in the presence of various 
additi~ss. Fi~al ly,  we have tried to obtain 
infc~rrcation about the methylbutene issmeriza- 
& I  L I Q ~ I .  ]Ill particular, we wanted to know If the 

ifrf-C5Hil+ ions may initiate the observed iso- 
merization. Some phnbioonization (11.6-1 f .W eV, 
104.6-105.8 nm) experiments were also per- 
fcrmed in order to support certain results. 

Experimental 
All the hydrocarbons employed were American 

Pet~oleum Institute chemicals and were used without 
further purification (99.9C; minimurn purity) following 
vacuum degassing (10-6 torr). Oxygen and ammonia 
(99.995);, Matheson of Canada) were used as received. 
Samples were prepared in a Pyrex vacuum line (mercury 
free) equipped with Teflon stopcocks and Wallace and 
Tiernan rnetallic membrane manometers. The Pyrex cell 
volume wa? 300 i 30cn' .  Oxygen was added to each 
sample in order to prevent the formation of products by 
radical mechanisms. ?-Ray irradiations were carried out 
in an Atornic Energy of Canada Ltd. 220 Gammacell type 
source. Irradiation times were 400 min acd the dose rate 
chemically measured in gaseous neopentane was 1.6 X 
10'' eV moi-! s-1 (3). Some irradiations were made in the 
photoionization region using an argon resonance larnp 
(1 I .f-11.8 eV) described in the literature (4) of intensity 
1.5 X 1013 photo~?s/s. Anaiyses were carried out by gas 
chromatography with a squalane column using a dual 
flame ionization detector. 

The results are recorded in the tables and 
figures. Radiolytic yictids are given as M,IN(X) 
values where M is the number of X molecules 
formed in comparison with the number of ions 
N released in the direct radiolysis of neopentane. 
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The M/N values are multiplied by 4.37 (5) in 
order to obtain the usual G values. Dosimetry 
was carried out by comparing the yields of the 
products formed in the irradiation of gaseous 
neopentane with those found by Lias and 
Ausloos (3): M/N(C2H4) = 0.07 and M/N(C3H6) 
= 0.11 in the neo-C5H12 - 0 2  mixtures. In a few 
cases (see text), some yield values were estimated 
without carrying out accurate dosimetry. Oxygen 
at levels of 5 to 10% was added to all samples to 
act as a free radical scavenger. 

Some irradiations were done using an argon 
resonance lamp 11.6-1 1.8 eV. Actinometry was 
carried out in two different ways and both 
methods provided identical results. In the pres- 
ence of 5% methylcyclopentane (MGP), it was 
assumed that all the ions formed in the photo- 
ionization of neopentane lead to the formation 
of isobutane (6-8) (see below). The quantum 
yield of these ions is known: ,v = 
0.42 (2). Such values were verified by comparing 
the amounts of the products obtained with those 
formed in the photoionization of 2M1B-O2 
(1.O:O.I torr) (2). 

The following observations should be noted. 
(I) The ~ S O - C ~ H , ~  yield was constant (M/N = 
0.040 + 0.005) in the radiolysis of neo-C5H12- 
3M1B-02 mixture (100:5:5) when the pressure 
of neopentane ranged between 10 and 300 torr. 
(2) The addition of ammonia (5 torr) to the 
neo-C5HI2-2MlB-O2 mixture (40:2:4 torr) in- 
creased the radiolytic yield in isobutene from 0.37 
to 0.67 and lowered the yreld of 2M2B from 1.6 

TABLE 1. Rirdioly sis of neopentane-additive-oxygen 
mixtures (40.0:X:2.0 torr) 

- 

Additive (X) iM/N(iso-C4Hlo) M/N(iso-C4H8) 

tion of isobutane from iso-C4H8+ ions for which 
the yield is negligible: M/N(iso-C4H8+) = 0.025 
(7, 8). 

Because terf-C4Hg+ ions do not react, or react 
only very slowly, with neopentane (6 ,  7), the 
neopentane system is ideal for investigating the 
chemistry of these ions. 

(B) Hydride Transfer Reactions of tert-C4Hg+ 
Ions with C5Hlo  compound.^ 

The reaction first observed when CsHlo olefins 
are added to neopentane is the hydride transfer 
reaction between the additive and the tert-C4H9+ 
ion, as noticed for saturated hydrocarbons (7). 
The results presented in Table 1 show the 
occurrence of such a reaction for trans-2-pentene 
and 3M1B (see also Fig. 1). From the increments 
in the isobutane yields it is deduced that 127, of 
the reactive collisions, R(NT), in the first case, 

to 0.04. (3) The isobutesle yield in the photo- 
ionization of the neo-CjHi2-MCP-02 mixture 
(100:5:5) increased aiong with the total pressure: 
(P(iso-G4H8) = 0.33 at 5 torr and 0.38 at 40 torr. 0.20 

(A)  Radiolysis of Neopenlane-MetAylcycIopen- Zi 

tme-Oxygen Mixtures 
The radiolysis of gaseous neopentane in the 0.(g 

presence of oxygen (2-4%) is well known (3). 
tert-C4Mgi ions are formed with a yield of 
M/N(tere-C4Mgt) = 0.66 (7) at a pressure of 
40 torr. This value is confirmed by the irradiation 
of neopentane in the presence of methylcyclo- 
pentane where a value of M / h l ( i s ~ - C ~ H ~ ~ )  = 
0.685 (Table I )  was obtained: 2 4 6 8 

Torr 
[I] tert-G4Hg+ + GH3-cy-CSH9 1so-C4H10 + CsHI1+ 

FIG. 1. Effect of the pressure of 3MlB in the radiolysis 
It is not necessary to take into account the forma- of ne~-C~~+,~-oxygen  mixtures 140,0:L.O torr). 
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and 6 7 ,  in the second one, generate isobutane: 

where G(iso-C4H1o) is the isobutane yield meas- 
ured in the presence of olefin. These two reac- 
tions are exothermic (AH = - I0 kcal mol-I) 
although the enthalpy of formation of some of 
the ionic species does not seem to be known with 
great accuracy (10). Moreover, it is likely that 
the ions formed are stabilized by resonance. 

(C) Proton Transfer Reactions of tert-C4Hsf Ions 
with CSHlo Compounds 

The second reaction observed is the proton 
transfer reaction between the tert-C4H9+ ion and 
the unsaturated additive. Such a reaction is only 
observed for 2M1B and 2M2B through the varia- 
tion of the isobutene yields (Figs. 2 and 3 
respectively). 

[5] tert-C4H9+ + 2M1B iso-C4H8 + rert-C5H11+ 

AH = - 3.3 kcal mol-I 

[6] tert-C4H9+ + 2M2B + is0-C4H8 + tert-C5HII+ 

A H  = - 1.3 kcal mol-1 

The importance, R(H+), of the proton transfer 

FIG. 2. Effect of the pressure of 2MlB in the radiolysis 
of neo-CSH12-CH3-cy-CSH9-O2 mixtures (40.0:10.0:4.0 
torr). Values indicated as -. m were obtained in the 
radiolysis of neo-CsH12-2M 1 B-02 mixtures (40.0: 1.0:4.0 
torr). 

Torr 

FIG. 3. Effect of the pressure of methylcyclopentane in 
the radiolysis of neo-CSH12-2M2B-02 mixtures (40.0: 
2.0:2.0 torr). 

TABLE 2. Total reaction rate constants between the 
(err-butyl ion and hydrocarbons 

k (cm3 molecule-1 s-1 X 1010) 

Hydrocarbon 

Neopentane 
Methylcyclopentane 
2M2B 
2M1B 
3M1B 
n-1-Pentene 
trans-2-Pentene 

Present 
worka 

- 

- 

6 . 5 k 0 . 6  
8 . 4 k 0 . 9  
3 . 3 k 0 . 3  
4 . 9 i 0 . 5  
5 . 0 i 0 . 7  

Literature 
value (ref.) 

0 .00  (11) 
0.74 (11) 
- 
- 

- 

7 (12) 
- 

=Values are derived from at least five experiments. 

reaction can be calculated from the increments 
in isobutene yields (Table 2): 

where Go and G are the yields of products meas- 
ured in the neopentane-oxygen and neopentane- 
alkene-oxygen mixtures respectively. R(H+) 
values are 0.40 for 2M2B and about 0.25 for 
2M1B. In the other cases, the ion resulting from 
the proton transfer reaction would have a 
secondary structure. Therefore, the correspond- 
ing reactions are probably endothermic and are 
not observed. 
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COLLIN 3053 

(D) Reaction Rate Constants 
In order to  determine the total rate constant 

for the reaction between the tert-C4Hg+ ion and 
each of the additives, the variation of the forma- 
tion of isobutane (process l )  was measured in 
the presence of additive and of various amounts 
of methylcyclopentane (see Figs. 2 and 3): 

where Go and G values are measured in the 
absence or in the presence of the olefin in the 
neopentane-methylcyclopentane-oxygen mix- 
tures. The rate constant of process 1 was esti- 
mated by Ausloos and his collaborators: kl = 
0.74 X 10-lo cm3 molecule-' s-I (7, 11). We ob- 
viously had to take into account the formation 
of isobutane through processes 3 and 4. Results 
are recorded in Table 2. These coefficients 
represent the total rate constants, and they 
therefore include hydride and proton transfer, 
as well as probable addition reactions. 

[71 rert-C4H9+ + C5H10 + Products 

The rate constants so determined correspond 
adequately with those determined for other 
olefins by Ausloos and his collaborators (7). The 
total rate constant obtained for n-I-pentene is in 
good agreement with that obtained by Munson 
in spite of the considerable differences between 
the techniques used (9, 12). 

(E) Reactions of tert-C5Hl Ions 
The formation of the tert-C5H11+ ion through 

the proton transfer reaction between tert-C4Hgf 
ion and 2M1B or 2M2B has already been men- 
tioned above (processes 3 and 4). In these two 
cases, the formation in large amounts of a 
C5H10 isomer is also noted (Figs. 4 and 5). 
Tentatively, it is interesting to link such a forma- 
tion to the presence of tert-C5HI1+ ions. 

ka 
[8] tert-C5Htl+ + 2M1B 2M2B + rert-C5Hll + 

k-a 

AH = - 1.49 kcal mol-1 

[9] tert-CSHl1+ + CSHIO +Product different from C5Hlo 

At room temperature, the equilibrium constant 
calculated from thermochemical data for proc- 
esses -8 and 8 is such that k 8 / k - 8 e  8. The 

0 I I 1 I 
Tnrr 2.0 5*- 

Effect of the Drese%e of 2M1B on the 2M2B 
yields in the radiolysis'of neo-C5HI2-CH3-cy-CSH9-02 
mixtures (40:10:4 torr). Values indicated as + were 
obtained in the radiolysis of neo-C5HI2-2MlB-02 mix- 
tures (40:1:4 torr); C measured values; @ previous 
values less product formed through the direct irradiations 
of 2M1B determined in separate experiments. 

formation of 2M2B is then clearly favoured. In 
the 2M1B system, (Figs. 4 and 5), the k8/kg 
ratio can then be determined by considering 
processes 5, 7, 8, and 9 only.' 

In the 2M2B system (Fig. 3), the k-8,'k9 ratio is 
such that 

In both cases, the MIN(2M2B) and the 
MIN(2MlB) values were corrected for the direct 
formation of these compounds through the 
absorption of energy by C ~ H I O  additives (see 
Table 3 and Fig. 4). This correction is less than 

IAssuming x = ksj(ks $ kg), the 2M2B yield formed 
in the first step, M/N(ZMlB)l, is equal to the yield of 
tert-C5HII+ times x. The tert-CSHllf ions formed in 
process 8 lead again to the formation of 2M2B and in the 
second step the M/N(2M2B)2 is equal to M/N(terr- 
C5Hl l+ )~2 .  Then the total 2M2B yield is: 

X (x + x2 f x3 + X4 + ... x") 
and 
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FIG. 5. Effect of the pressure of n~et!iylcyclopentane in 
the radiolysis of neo-C5H12-2M1B412 mixtures (40.0: 
1.0:4.0 torr). 

FIG.  6 .  Effect of the pressure of methylcyclopentane in 
the radiolysis of neo-CjHlz-3MlB-O2 mixtures (40.0: 
2.0:2.0 torr). 

TABLE 3. Gaseous radiolysis of 2-methyl-1-butene in 
the presence of additives 

M / N  valuesa 
Mixtures 

(tom) C3H6 is0-C4H8  SO-C5HI2 2M2B 

pentane can be related to a hydrogen n~olecule 
or an HZ- ion transfer reaction. 

acalculated relatively to energy absorbed by 2M1B 
bMethylcyclopentane. 
CRelative to energy absorbed by MCP. 

10%. Assuming that k g  values are the same in 
both systems, we then obtain k 8 / k - 8  = 7. The 
agreement with the thermodynamic value is 
satisfactory, although it might be accidental. In 
systems containing methylsyclopentane, the hy- 
dride transfer reaction might be anticipated. 
However, the k g / k 9  and k - s / k 9  ratios do not 
show significant variations between experiments 
performed in the absence or in the presence of 
methylcyclopentane. Therefore, klo must be less 
than kg + k g  or k-g + k g  as noted for the 
corresponding reactions with teri-G4H9+ (13). 

(F) Other Reactions 
When irradiations are made in the presence of 

methylcyclopentane, a significant increase of the 
isopentane yield is noted. The formation of iso- 

These reactions were observed with butenes and 
methylcyclopentane (1 1). The importance of 
such reactions will not be discussed here. Never- 
theless, the isopentane yield increase, together 
with the development of methylcyclopentane 
partial pressure, in the system containing 3M1B 
can easily be explained on the basis of process 11 
(Fig. 6). Without carrying out accurate dosime- 
try, one can estimate a yield of M/N(process 11) 
5 0.35 with respect to the energy absorbed by 
methylcyclopentane. For 2MlJ3, the interpreta- 
tion is much more difficult (Figs. 2 and 5) .  How- 
ever, and again in the absence of accurate 
dosimetry (Table 4), the MliV(process 11) value 
can be estimated to 0.35. For 2M2B, (Fig. 3), a 
similar value is found. 

(G) Pholoionization at 11.6-1 1.8 eV 
The interpretation given so far takes into 

account only the trrt-C4Hs+ ions formed in the 
direct radiolysis of neopentane; account is also 
taken of the reaction of the iso-C4H8+ ions. 
However, other ions are formed In the radiolysis 
of neopentane (4): C2H3', C2H5+, C3H5+, and 
C3H7+. These ions react with neopentane by a 
hydride transfer reaction; a few react at an 
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COLLIN 3055 

TABLE 4. Photolysis at 11.6-1 1.8 eV of neo-C5Hlz-02 (10.0:0.8 torr) in the presence of various additives 

Quantum yields 

Additives (torr) iso-C4H8 iso-C4HI0 iso-C5HI2 2M1B 2M2B 

MCP (0.5)" 0 .  364 0.42 0.00 0.00 0.00 
3M1B (0.6) 0.36 0.02 0.01 0.01 0.01 
3M1B (0.5)-MCP (0.5) 0.36 0.084 0.02 0.01 0.10 
2M1B (0.5) 0.51 0.01 0.03 - 0.93 
2M2B (0.45)-He (70) 0.55 0.00 0.00 1.87 - 

appreciable rate (11). On the other hand, the 
yield of these ions is low (3). In order to eliminate 
completely the possibility that such ions interfere 
with the mechanism previously suggested, some 
photoionization (1 1.6-1 1.8 eV) experiments of 
several neopentane-methylbutene mixtures were 
performed. Only tert-C4Hs+ (897,) and iso- 
C4H8+ (117,) ions are formed (6). Results are 
recorded in Table 4. Again, no proton transfer 
reaction is noted for 3MlB. However, if such a 
transfer reaction takes place for 2MlB, it seems 
more important (2357,)  than that observed in 
radiolytic experiments. It is possible that a 
pressure effect is responsible for the difference. 
It must also be noted that the energy dispersion 
is not homogeneous contrary to what is taking 
place in radiolysis. The neutralization reaction 
of tert-C4Hg+ ions can then interfere with the 
suggested mechanism. 

The rate constants determined here for the 
reaction of tert-C4Hs+ ion with the unsaturated 
additives agree well with those determined in 
other radiolysis studies. However, the calculation 
is much less accurate, as the participation of 
process 2 in the formation of isobutane would 
have to be known exactly. Finally, the isomeriza- 
tion of 2MIB or 2M2B is again observed. 
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Reactions of organolithium compounds with sulfonate esters. 
A novel sulfone synthesis 
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W. H. BAARSCHERS. Can. J. Chem. 54, 3056 (1976) 
The reaction of a variety of organolithium compounds with sulfonate esters leads to nucleo- 

philic substitution on sulfur, resulting in the formation of sulfones in moderate to high yields. 
Several new sulfones were prepared by this method. 

W. H. BAARSCHERS. Can. J. Chem. 54, 3056 (1976). 
La reaction d'une serie de composes organolithiens avec des esters sulfoniques conduit B une 

substitution nucleophile sur I'atome de soufre pour donner les sulfones correspondantes avec 
des rendements qui varient de moyens B eleves. Plusieurs nouvelles sulfones furent preparees par 
cette methode. 

[Traduit par le journal] 

The occasion to  treat cyclohexyl methanol 
tosylate with one molar equivalent of 3-thienyl- 
lithium arose during another project in progress 
in this laboratory. The objective was to  effect a 
displacement of the tosylate with the 3-thienyl 
moiety, analogous to  the reactions reported by 
Sommer and Korte (1). However, the product 
of the reaction was 3-thienyl p-tolyl sulfone 
isolated in 557, yield. Similarly a 50y6 yield of 
3-thienyl phenyl sulfone was obtained from 
cyclohexyl methanol benzene sulfonate. 

Although nucleophilic substitution on tetra- 
coordinated sulfur is not all that common (2), 
the formation of sulfones by such a mechanism 
is not unknown. However, yields obtained in 
such reactions are usually (3) from I&2O7,, and 
are thus of little preparative significance. A high 
yield by direct substitution would be a useful 
supplement to several existing methods of sul- 
fone formation, and avoids, for example, the 
strongly acidic conditions of aromatic sulfonyla- 
tion as well as the oxidative conditions used for 
the conversion of sulfides and sulfoxides into 
sulfones.' It was therefore decided to investigate 
further the synthetic utility of this reaction. 

It was soon realised that the phenoxy group 
is a better leaving group, since it excludes such 
side reactions as P-elimination. Thus, when 
treatment of phenyl tosylate with n-butyllithium, 
phenyllithium, and 3-thienyllithium respectively 
gave near quantitative yields of the correspond- 

ing p-tolyl sulfones a wider selection of phenyl 
arylsulfonates was used for further study. 

At first sight it may seem that such a study 
could be extended to include the reaction of 
mesylate esters with organolithium compounds. 
It was found that cyclohexyl methanol mesylate, 
on treatment with 3-thienyllithium, led to  a 
quantitative recovery of starting material. It is 
probable that in this reaction one of the acidic 
methyl protons is abstracted, resulting in proton 
exchange after aqueous work-up. Since similar 
observations have been reported in the literature 
(4) this reaction was not further investigated. 

The reactions are carried out by addition of 
the appropriate sulfonate to  the freshly prepared 
organolithium compound in an inert atmosphere. 
Reaction times are generally short (up to  30 min), 
and products are isolated by benzene extraction 
after quenching with water. The results, as sum- 
marised in Table 1, indicate that a wide variety 
of sulfones, particularly diary1 sulfones, may be 
prepared according to  the general equation 1. 

[ I ]  ArSOzGPh + Ar'Li (or RLi) -+ 

ArSOlAr' (or ArSG2R) + PhGLi 

A possible rationalization of the reactions of 
cyclohexyl methanol sulfonates (experiments 1, 
2, and 3, Table I)  could be based on the stereo- 
chemistry and preferred conformations of these 
esters. Thus, in a structure like 1, p-elimination 
involving the axial hydrogen would be un- 
favourable, while attack on carbon may be sub- 

'For other methods of sulfone preparation see ref. 17. ject to  some steric hindrance. Such a rationaliza- 
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TABLE 1. Sulfone syntheses 

Experiment 
no. Sulfonate ester 

p-Tolyl.SOz .O .CH2 .CsHII 
p-Tolyl.SO2 .O.CH2.C6HII 
P-Ph.SO2 .0.CH2.C6Hll  
p-Tolyl .SO2 .O .I?-Bu 
p-Tolyl. SO2 .0 .n-Bu 
Ph .S02 .0 .Ph  
Ph .S02 .0 .Ph  
Ph.SO2.0.Ph 
Ph .S02 .0 .Ph  
Ph .S02 .0 .Ph  
Ph.S02.0.Ph 
Ph.S02 .O.Ph 
p-Tolyl .SO2 .O .Ph 
p-Tolyl.S02 .O .Ph 
p-Tolyl.S02 . 0  .Ph 
p-Tolyl . SO2. 0 .Ph 
p-Tolyl . S02.O .Ph 
2-Naphthyl .SO2 .O.Ph 
2-Naphthyl .SO2 . 0  .Ph 
2-Naphthyl .SO2 .O .Ph 
p-OCHq .Ph .SO2 .O .Ph 

Li con~pound 

3-Thienyl 
Phenyl 
3-Thienyl 
11-Buty l 
Phenyl 
Phenyl 
3-Thienyl 
2-Thienyl 
2-Naphthyl 
p-0CH3Ph 
a-Picolyl 
p-(CH3)2NPh 
11-Butyl 
Pheny 1 
3-Thienyl 
U-Picolyl 
Ally1 
11-Butyl 
Phenyl 
3-Thienyl 
Phenvl 

Sulfone 
Yield 
( ' c )  mp ("C) 

- - 

p-Tolyl .SO2. 3-thienyla 
p-Tolyl . S02. phenyl 
Phenyl .SO2. 3-thienyla 
p-Tolyl .SO2 ./I-butyl 
p-Tolyl . SO2. phenyl 
Phenyl .SO*. phenyl 
Phenyl .S02.3-thienyl 
Phenyl .SO2. 2-thienyl 
Phenyl .SO2 .2-naphthyl 
Phenyl .SO2 .C6H4 . P - O C H ~ ~  
Phenyl .SO2. a-picolyl 
Phenyl . SO2. C6H4 .p-N(CH3)p 
p-Tolyl . SO2 .)I-butyl 
p-Tolyl .SO2 .phenyl 
p-Tolyl . SO2. 3-thienyl 
p-Tolyl . S o l .  a-picolyla 
p-Tolyl . SO2. ally1 
2-Naphthyl .SOz .tl-butyl 
2-Naphthyl .SO2. phenyl 
2-Naphthyl .SO2. 3-thienyln 
Phenyl . SO2 . C6H4 .p-OCH3 

T h e s e  compounds have not before been reported in the literature. 
bIsolated by preparative tlc. 
CDetermination of yield and purification by glc. 
dIsolated by direct crystallization of crude product. 
eldentical with an  authentic specimen. 
/Literature mp 123 "C, ref. 14. 
OLiterature m p  115-1 16 "C,  ref. 15. 
hLiterature mp 112 "C, ref. 16. 

tion becomes less attractive when one considers 
the observation that the conformationally more 
mobile n-butyltosylate, which is expected to  be 
more susceptible to  p-elimination, also gives an 
appreciable yield (537,) of phenylp-tolyl sulfone 
(exp. 5). 

But indeed, when these factors are excluded 
by the use of the phenoxy anion as the leaving 
group, a substantial increase in yield is obtained 
(exps. 7, 14, and 15). In fact, all phenyl sulfon- 
ates used in this study gave sulfones in yields of 
60% and higher, with the exception of 2-naph- 
thy1 phenyl sulfone. That the reported low yield 
of 2-naphthyllithium from 2-bromonaphthalene 
(5) cannot be the only reason for the low yield 
in this case (4670, exp. 9) follows from the fact 
that an interchange of the Ar and Art groups 
(eq. 1) gives an even lower yield (40%, exp. 19). 
Presumably the bulky 2-naphthyl group offers a 
degree of steric hindrance, which can be over- 
come only by the use of a stronger nucleophile 
such as  3-thienyllithium (exp. 20). Then again, 
in the absence of such steric effects, such charge 
delocalised lithium compounds as allyllithium 

and a-picolyllithium also give good yields of the 
corresponding sulfones (exps. 11, 16, and 17). 

In some cases published methods for the 
preparation of the organolithium compounds 
could be improved. A striking example is the 
formation of Zthienyllithium. A halogen metal 
exchange with 2-bromothiophene was found to  
be substantially superior, a t  least in small scale 
experiments, to a recently reported direct metala- 
tion of thiophene (6). 

An interesting deviation from the general reac- 
tion was observed in the reactions of 3-pyridyl- 
lithium with several sulfonate esters. The prod- 
ucts, in their infrared spectra, did have the 
characteristic (7) sulfone bands, but ms and 
analyses indicated the presence of an 'extra' 
pyridine ring. The consistent appearance of 
signals a t  mle  203 (CloH7N20S+) and a t  m/e 155 
(CloH7N2+) in the mass spectra of these com- 
pounds suggests the presence of a bipyridyl 
moiety. It is suggested that when the sulfones 2 
are initially formed, the introduction of the 
electron-withdrawing sulfone group into the 
already electron poor pyridine ring sufficiently 
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activates this ring towards further nucleophilic 
attack by an excess of 3-pyridyilithium. Such a 
sequence of events, depicted in [2], would ex- 
plain the formation of the sulfones 3, in which 
W is H, Me, and OMe respectively, and which 
were isolated in 15-30y0 yields. 

k I 

W 
2 3 

Since mass spectra, in addition to  infrared and 
analyses, were used to characterize the present 
sulfones, the anomalous mass spectra of the 
a-picolyl sulfones (exps. I I  and 16, Table 1) 
must be mentioned. Normally (8) diary1 sulfones 
give rise t o  well defined molecular ions, and 
under electron impact rearrange to sulfinate 
esters, which fragment further as in [3]. 

The highest observable peaks in the spectra of 
the a-picolyl compounds were found at M A  - 64, 
resulting from the expulsion of SOz. At the 
same time fragmentation according to  [3] was 
virtually non-existent. Such an expulsion of SOz 
is not unexpected in view of similar observations 
reported (9) for some 2-pyridyl ketones. How- 
ever, the spectra of the a-picolyl sulfones are 
anomalous because of the complete absence of 
the molecular ion. A further mass spectrometric 
study of representative picolyl and pyridyl 
sulfones is presently in progress. 

Experimental 
Thin layer chromatograms on silica gel G were de- 

veloped with benzene or benzene-acetone mixtures. Gas 

chromatographic separations were carried out with a 
2 m X 6 mm glass column. packed with lo:', SE 30 on 
Gaschrom Q. at  235 "C ,  with IV2 as a carrier gas. 

Sulfonate esters were prepared according to Tipson 
( 10). All sulfonate esters and sul!"ones here characterized 
by correct analyses (within 0.3(1 of calculated values),' 
appropriate infrared absorption (7)- and mass spectra (for 
details see ref. 8b). In some cases con~parison with 
authentic specimens was made. 

Lithium compounds were, in most cases, generated by 
halogen metal exchange ( l l ) ,  using n-butyllithium in 
ilexane (1.5-2.0 M, Alfa Products). Allyllithium was 
obtained by cleavage of allyl phenyl ether (12) and a- 
picolyllithium resulted from metalation of a-picoline ( 1  3). 
Observations concerning 2-thienyllithium and p-anisoyl- 
lithium are recorded below. 

Getlerul Proced~lre 
After the desired lithium compound has  prepared (3-5 

mmol) in ether (5-10 ml). an ether (10-15 ml) solution of 
the sulfonate ester (2-3 mmol) was added by syringe, and 
the mixture stirred for periods up to $ h or until the 
mixture had reached room temperature in those cases 
where the lithurn compound was generated at low 
temperatures (e.g. 3-thienyllithium). The reaction mixture 
was then poured into water and extracted with benzene. 
The solid sulfones were recrystallised, either directly or 
after preparative tlc; liquid sulfones were purified by 
preparative gas chromatography. 

2- Tliiet7~~l p- To!,/ Slr(fatre (Experirnet~t 8) 
(i) To a solution of 2-thienyllithium (4.2 mmol) in 

tetrahydrofuran (0.29 ml) and benzene (0.7 ml) prepared 
according to Screttas et ul. (6) was added phenyl tosylate 
(580 mg, 2.34 mmol) and the mixture was treated as 
above. The yield of 2-thienyl sulfone, after preparative 
tlc was 90.2 mg (16:';). 

(ii) To 2-bromothiophcne (0.5 ml, 5.15 mmol) in ether 
(5 ml) was added 11-butyllithium (4.8 mmol) at  - 25 "C. 
After the mixture reached room temperature (0.5 h) 
phenyl tosylate (571 mg, 2.3 mmol) in ether (15 ml) was 
added, and the mixture stirred another 0.3 h. The crude 
product (655 mg) was recrystallised from benzene to give 
399 mg of 2-thienyl p-tolyl sulfone. k further 80 mg was 
obtained by preparative tlc of the mother liquors (total 
yield, calculated on phenyl tosylate, 87.64,). 

Pl~etijl p-Metlro.~y~~liet~~.I Sulfotle (Experitnetrt 10) 
(i) When phenyl benzene sulfonate (280 mg, 1.25 mmol) 

was added to an ether solution of p-anisoyllithiuni (3 
mmol, from p-bromoanisole (561 mg) and 12-butyllithium 
(3.2 mmol)) the crude product (419 mg), after preparative 
tlc, yielded crystalline material (256 mg) containing 
8.7541 bromine. The formation of bromine containing 
compounds, arising from hydrogen lithium exchange 

2Most analyses were performed in this laboratory, using 
a Perkin-Elmer Model 240 Elemental Analyser. For some 
of the analyses the author is indebted to Mr. P. Borda, 
Microanalytical Laboratory, University of British Colum- 
bia. Tabulated analytical data are available, at  a nominal 
charge, from the Depository of Unpublid~ed Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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(ref. 11, p. 349), could be avoided by the following pro- 
cedure. 

( i i )  To p-bronioanisole (187 mg. 1 mmol) in dry pentaue 
(5  m!) was added ti-butyllithiurn ( 1  rnrnol). After 15 iuin 
the pentane was blown off \%ith a stream of dry nitrogen, 
and ether ( 5  ml) was added to the dry, yellow p-anisoyl- 
lithium. Completing the reaction in the normal way with 
phenyl benzene sulfo~late (230 mg. 0.98 mmol) in ether 
(15 m!) led to the formation of phenyl p-methoxjphenyl 
sulfone in 98:; yield. 

Xeactioizs with 3-Pyridylliil7i~!rrr 
3-Pyridyilithium was generated in quantitative yield (by 

reaction with benzophenone) from 3-hromopyridine and 
11-butyilithium in ether at  -50 'C .  To solutions contain- 
ing approximately 3 mmol of pyridyllithium were added 
1-2 mmol of phenyl benzene sulfonate, phenyl tosylate, 
and phenyl p-rnetlloxybenzene sulfonate respectively. 
The crude reaction products \Yere subjected to preparative 
tlc and gave 15-30': yields of the corresponding aryl 
bipyridyl sulfones 3 which had characteristic infrared 
absorptions ( 7 )  at 1 1 2 0 1  160 cm-1, and at  1325 cm-1, and 
typical mass spectral peaks a t  nt/e  203 (-0SC5H3- 
N.C5H4Ni) and at m / e  155 (-C5H3FJC5H4Nt). The 
three compounds were further characterized as follows: 
(i) phenyl bipyridyl sulfone (3, R = H ) ,  mp 204-207 ' C ,  
M7 296; ( i i )  p-toly! bipyridyl sulfone (3, R = Ch'3), , n ~ p  
201-203 "C, M+ 310; (iii) p-methoxyphenyl bipyridyl 
sulfone (3, R = 0 C H 3 ) ,  mp 173-174'C, M- 326; and 
analysis results within 0.3:; of the values calculated for 
CI6H12N202S, Ci7Hl4N2O2S, and Cl7WI4N2Q3S respec- 
tively. 
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Etude des mobilitCs ioniques dans les mClanges 
eau-hexamCthylphosphotriamide. I. Gas du HMPT pur a 25 "C 

JEAN-CLAUDE BOLLIKGER ET TH~OPHILE YVERNAULT 
Laboruroire de Clritnie GPt~Prale et Aniz!~,tiqlre, U.E.R. Sciet~ces Limoges, 123 R~ie  Albert Tl~ornas, 87100 Limoges 

JEAN-YVES GAL' ET FRANCOISE PERSIN 
Lnborntoire de Cllitnie At~~lj~riqrie, Ut~icersitP des Sciences et Tecl7t1iqlres dlr Lunglredoc, Pluce E. Bataillorz, 

34060 Mot~ipellier Cedex 

R e ~ u  le, 14 mai 1976 

JEAN-CLAUDE BOLLTNGER, TH~OPHILE YVERNAULT, JEAN-YVES GAL et FRAN~OISE PERSIN. 
Can. J. Chem. 54, 3060 (1976). 

Nous avons effectue des mesures de mobilites ioniques dans 1'11examethylphosphotriamide 
(H,MPT) et dans les melanges eau-HMPT, dans le but d'aborder le problkme de la solvatation 
des ions. Compte tenu du nombre de publications relatives aux Ctudes conductomCtriques 
effectuees dans le HMPT pur, nous avons pense qu'il pouvait &tre interessant d'en proposer 
une analyse bibliographique. Dans le present mCmoire, nous prksentons l'ensemble de nos 
resultats dans le HMPT pur, dans le cadre de cette analyse. 

JEAN-CLAUDE BOLLINGER, TH~OPHILE YVERNAULT, JEAN-YVES GAL, and FRANCOISE PERSIN. 
Can. J. Chern. 54, 3060 (1976). 

Ionic mobilities have been measured in hexamethylphosphotriamide (HMPT) and in water- 
HMPT mixtures in order to investigate the solvation of ions. In view of the large number of 
studies of conductivities in pure HMPT. we felt it would be interesting to give a general analysis 
of these data. Our results in pure HMPT will be presented in the course of this analysis. 

Depuis quelques annkes (1-41), nos labora- 
toires se sont prCoccupCs des phCnombnes de 
solvatation des ions dans 1'hexamCthylphospho- 
triamide (HMPT). Une revue de mCthodes 
utilisCes pour Ctudier la solvatation des ions a 
ttk faite par Hinton et Amis (2). Nous nous 
sommes ici plus particulikrement intkressCs B la 
dktermination de la solvatation d'ions mono- 
valent~, par mesures conductomCtriques. La 
mtthode consiste B diterminer les conductivitks 
Cquivalentes limites ,lo d'une sCrie d'Clectrolytes 
monovalents puis d'atteindre les valeurs X o  des 
conductivitCs ioniques Cquivalentes des diffkrents 
cations et anions considCrCs. L'application de la 
loi de Stokes vermet alors de dCterminer le rayon 

suffisamment purifies et d'un matkriel fonction- 
nant correctement dans les milieux fortement 
rtsistants. Dans le HMPT pur, nous verrons que 
cet ensemble de conditions ne semble avoir Ct6 
obtenu que par Prue et coll. (3). 

La ditermination des conductivitCs ioniques 
Cquivalentes Xo peut &re effectuke soit unique- 
ment a partir de donnies expkrimentales, soit 
le plus souvent B l'aide d'hypothkses. Dans la 
plupart des cas, les auteurs font alors l'hypothkse 
de l'tgalitC des conductivitCs ioniques Cquiva- 
lentes de I'anion et du cation pour un sel com- 
post de deux ions volumineux: 

des ions so1;atCs et d'envisager de calcule; le Fowler et Kraus (4) utilisent le triphCnyl boro- 
nombre de moltcules solvatantes dans le cas des fluorure et le triphCnyl borohydroxyde de tCtra- solvants purs. butyl ammonium, Fuoss et Hirsch (5) le tCtra- La ditermination expirimentale des conduc- phenylborate de tCtrabutylammonium, Coplan tivitCs Cquivalentes limites ne prCsente pas de et Fuoss (6) le tCtraphtnylborate de triamyl- difficultCs particulibres dans les solvants autres butylammonium dans de nombreux solvants, 
que l'eau si l'on dispose d'un solvant et de sels Coetzee et Cunningham (7) le tktraamylborate 
'A qui toute correspondance peut Ctre adressee. de tCtraamylammonium,  ans sen et yeiger  (8) 
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BOLLINGER ET AL. 3061 

cette hypothese dans le carbonate de propylkne, 
Zipp (9) 19hypothbse de Coplan et Fuoss dans le 
sulfolane et le mCthyl-3 sulfolane, Dubois et coll. 
celle de Fuoss et Hirsch dans le DMSO (10). 
Une autre hypothese consiste B admettre comme 
Gutmann et coll. (I  1) que le produit de Walden 
de l'ion tttrabutylammonium est constant 
lorsque l'on passe d'un solvant B un autre. 

La dktermination experimentale des Xo repose 
sur la mesure du nombre de transport d'un ion 
judicieusement choisi, les conductivitCs ioniques 
Cquivalentes se dCduisant facilement. 

La mCthode de la frontikre mobile a kt6 
employCe par Spiro et coll. dans le formamide 
(12) et 1'Cthylkne glycol (l3), par Prue dans l'eau 
et le dimtthylformamide (14, 15). La mtthode de 
Hittorf fut appliqute dans le formamide (16-18, 
20), le N-mkthylacitamide (18, 19), le sulfolane 
(22), le DMSO (23, 24), le dimCthylformamide 
(25-27) et le dimCthylacCtamide (28). Enfin, 
Mukherjee et al. (29) et Hoare et Wiese (30) ont 
utilisC des piles de concentration dans le car- 
bonate de propylkne. 

L'application directe de la loi de Stokes donne 
un rayon de l'ion solvat6 erront 

Ce rayon est un rayon dynamique, il fait 
intervenir la viscosit6 du solvant Dur et il est 
toujours infkrieur au rayon cristallin r,. 11 faut 
alors faire une correction qui repose sur I'hypo- 
these que les ions tCtraalkylammonium ne sont 
pas solvat6s (31). Selon les cas, (9, 12, 15, 21, 32, 
33) on porte r,/r, en fonction de r, (31) ou r, en 
fonction de r, (42) pour les cations ammonium 
quaternaires; on choisit la grandeur donnant la 
meilleure droite. On dkduit le ravon solvatt 
corrigk r,,,, des autres ions: il correspond au 
point d'abscisse r, sur la courbe r,/r, = f(r,) ou 
sur la courbe r, = f(r,). 

Le volume de solvatation est alors donnC par 
laformule V, = QII (r,,,,3 - rC3). Dans le cas d'un 
solvant pur il suffit de diviser par le volume 
molaire du solvant pour obtenir le nombre de 
moles de solvatation. 

La valeur d'un tel resultat, compte tenu du 
mode d'obtention peut &tre discutCe, une itude 

De'terminution des condznctiuitks e'quiualentes 
linzites cla~zs le HMPT pur Li 25 "C 

11 semble que Prue (3) soit le seul B indiquer 
des mesures extrapolkes B frCquence infinie.2 

L'ensemble des rCsultats obtenus est regroup6 
dans le tableau 1. Della Monica et coll. (34, 35), 
Dubois et coll. (lo), Fujinaga et al. (36), Gut- 
mann et coll. ( l l ) ,  Muller et Siegfried (37) et 
nous mcmes avons calculi les conductivitks 
Cquivalentes limites en utilisant l'kquation de 
Fuoss-Onsager. Prue (3) a utilist 1'Cquation de 
Fuoss-Hsia et Paul et al. (38) 1'Cquation de 
Fuoss-Onsager-Skinner. 

Dans le tableau 2 figurent les constantes 
caracttristiques du solvant intervenant dans les 
diffCrents modes de traitement des risultats 
expCrimentaux. 

En ce qui nous concerne, nous indiquons 
principalement les rtsultats de Moliton-Bouche- 
tout (1) que nous avons vCrifiCs et rectifits par 
des mesures complCmentaires. 

Si l'on considkre l'kquation de Fuoss-Onsager 
(1, 21) 

avec S = aAo + f l  et E = EIAo - E2 on peut 
nCgliger le terme en C3j2. 

Selon les valeurs de E ,  7, p,  nous avons deux 
groupes de valeurs pour les termes constants 
(tableau 3). Quoique diffkrentes ces valeurs ne 
conduisent pas a plus de divergence lorsque l'on 
traite les rtsultats exp6rimentaux d'une meme 
sCrie de mesures que lorsque l'on compare les 
rCsultats de plusieurs s6ries de mesures pour un 
m&me sel en utilisant toujours le meme ensemble 
de valeurs. C'est pour cette raison que nous 
avons regroup6 dans une seule colonne du 
tableau 1 l'ensemble de nos dkterminations. 

La lecture de ce tableau 1 montre clairement 
que l'ensemble des travaux publits n'est pas 
rigoureusement coherent si l'on compare ligne 
par ligne. 

Pour un m&me auteur, on remarque des kcarts 
importants si l'on compare par exemple les sels 
de deux cations. Ce sont les travaux de Prue qui 
prisentent la plus grande homogtnkitC bien que 

de ce genre permet nianmoins de comparer de 
fason simple le pouvoir solvatant de divers 
solvants. 

2Selon une rCcente publication (62) les premiers travaux 
de Dubois (10) avaient eux aussi CtC extrapoles B frC- 
quence infinie. 
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T A B L E ~ U  1. ConductivitC Cquivalente l im~te k 25 - C  dans le I-IMPT en Q-1 cm2 mol-1 

Della 
Monica Dubois Fujinaga Gutmann Prue Paul Siegfried Nous- 
(34, 35) (10) (36) (11) (3) (35) (37) mCmes* 

~ 1 ~ 1 0 ~  
NaC1O4 
KC184 
RbC104 
CsC104 
AgC104 
hH4C1O4 
MeNH3C1Q4 
Me3NHC104 
Me4NC104 
EbNC1O4 
n-Pr4NCI04 
n-Bu4NC104 
HexJVC104 
Ca(C10412 
Sr(C104)~ 
Ba(C10,)2 
L1N03 
N a N 0 3  
K N 0 3  
R b N 0 3  
AgNQ3 
NH4N03  
LII 
Nai 
MI 
NHAI 
Et4NI 
n-Pr4NI 
fz-Bu4NI 
n-Am4NI 
ElBr 
NaBr 
KBr 
NW4Br 
n-Pr4NBr 
n-Bu4PIBr 
n-Am4NBr 
LlCl 
NH4C1 
n-Bu4NC1 
n-AmdNCI 
NaSCN 
k S C N  

B L I ~ N B @ ~  
BukNBBu4 

'Les copies de ces donnee? seront disponibles, i un priy nominal, en s'adressant au  DipBt des donnees non publits, ICIST, Conseil national 
de recirerches du Canada, Ottawa, Canada KIA O S 2 .  

les Ccarts K+ - Na+ passant de 0.09 a 0.22652-I triamide pur soit la rCftrence la plus sCrieuse. 
cm2 mol-I par exemple, font pernser que les Renzarquc-Aux faibles concentrations, la plu- 
deuxikme et troisikrne dicimales sont un peu part des Clectrolytes ttudits sont totalement 
optirnistes. Cependant, il semble bien que cet dissociCs. Seuls KN03, AgN03, KBr, NH4Br et 
emenable ds travaux dans l'kexamCthylpbospho- Bu4NBr seraient partiellement associts et NH4C1 
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TABLEAU 3. Valeurs de nos coefficients dans !es rksultats dans le HMPT pur. Nous avons 
le HMPT cependant retenu l'hypothkse (41) 

A (1) B * iOBBu4- = iONBu4+ = 6.15 Q-1 Cm2 mol-1 

*\'aleurs diduites de la colonne B du tableau 2. 

partiellement dissocik. Dans le tableau 1, nous 
n'avons pas fait figurer les constantes d'associa- 
tion K, car les vaieurs trouvies diffkrent forte- 
ment selon le traitement mathimatique utilist. 

De'terrnination des concl~rctioite's ioniques e'qui- 
ualentes limites dons le H M P T p u r  ci 25 O C  

Pour dtduire les conductivitCs ioniques Cqui- 
valentes Dubois et coll. (10) ont uti!ist l'hypo- 
thkse de Fuoss et I-lirsch ils trouvent: 

iorn4B- = i o K B u 4 +  = 6.1 Q-1 Cm2 mol-1 

Fujinaga (36) et Della Monica (34, 35) ont utilist 
cette valeur pour dtduire de leurs propres 
mesures, les valeurs des conductivitCs ioniques 
Cquivalentes qu'ils proposent. 

En ce qui nous concerne, nous avons i tudi i  
difftrentes mCthodes de mesures des nombres de 
transport que nous discuterons en interpritant 

Cette hypothkse est cohirente avec celle de 
Dubois et coll. (10). 

Gutmann (11) a appliqui au HMPT, au 
carbonate de propylbne et au DMSO l'hypo- 
thkse que le produit de Walden de N B U ~ ~  Ctait 
constant, utilisant les valeurs de Mukherjee (29) 
dans le carbonate de propylkne et celles dtduites 
par Arrington et Griswold (57) de  l'hypothbse de  
Fuoss et Hirsch dans le DMSO. 

C'est par des mesures de nombre de transport 
en Clectrolysant LiCl selon la mCthode de 
Hittorf que Paul (38) a atteint une valeur de 
ioL1+ qui s'icarte des autres risultats proposis, 
contrairement aux diterminations de i o K +  par 
l'ilectrolyse de KSCN et de l o A p +  par celle de 
AgGlO4. 

Prue (3) a utilisi la mCthode de la frontikre 
mobile pour dkterminer le nolnbre de transport 
de Na- dans NaN03.  I1 trouve TNaf = 0.169; 
0.165 pour C = 0.0376; 0.0195 moll-'. Quel 
que soit le traitement utilisi pour extrapoler ces 
valeurs B dilution infinie nous ne retrouvons pas 
la valeur donnie ioSa' = 5.5, cette valeur sem- 
blant tout a fait possible par ailleurs. 

TABLEAU 4. Conductivit6~ ioniques equivalentes limites 25 'C dans le HMPT en 12-1 cm2 eq-'? 

Della Monica Dubois Fujinaga Gutmann Prue Paul Nous-mCmes 
(34, 35) A (10) i! (16) A (11) A (3) B (38) B A 

Li+ 6.8 5.20 6.8-6.4 5 . 3  3.63 5.39 
Na+ 5 .9*  5 . 9  5.X0 5 .5  5 .29  5 .74 
K+ 6 .1  6.1 6.05 5 .6  5.57 5 .73 
Rb' 6 .3  6.05 5 .9  5.97 
Csf 6.38 6 .1  6 .52  
pig' 5 .6  5.15 5.30 
WH4+ 5 . 4  5.54 5.80 
Me4N+ 7.8, 12.23 7 .  80 
Et4N+ 9 . 4  9 . 4  9.Z8 9 .1  8.81 9 .56 
11-Pr4NT 7.1  6.8,  6.95 
n-Bu4N+ 6 . 4  6 .1  5 .86 7 5.51 6.15 
rz-Am4W+ 5 .9  
~ 1 0 ~ -  15.2 15.5 15.5" 12.3 16 16.03 15.5, 
NO3- 18.1 20.0 20.10 
I- 16.4 17.1 16.7, 
Br- 18 .0  14.8 18.9 18.15 
C1- 18.8 18.5 19.7 22.35 19.88 
SCN- 20.1 17.5 19.78 
44%- 6.1 6.70 
Bu4%- 6.15 

'Empruntes B Dubois. 
? A  Necessite une hgpothl-se, B Valeurs diduites de mesures de nombre de transport. 
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Le tableau 4 regroupe l'ensernble des conduc- 
tivitts ioniques Cquivalentes limites. I1 est bien 
Cvident que chaque auteur a dfi faire un choix 
pour Ccarter les sels conduisant B des rtsultats 
trop divergents. NCanmoins, l'ensetnble est rela- 
tivement cohCrent et nous permet de penser que, 
bien que peu sophistiquk, notre appareillage 
conduit B des rCsultats dont on peut tenir compte. 

%rnterpr&tation des r6sultat.s 

I1 est trks remarquable de constater pour les 
valeurs de conductivitts ioniques limites Cqui- 
valentes du tableau 4, que les rtsultats issus d'une 
hypothkse sont finalement trks peu diffkrents de 
ceux issus des mesures comme l'avait dkjB 
constatk Della Monica pour le DMSO (23). 

Une sCrie d'expCriences au laboratoire est en 
bon accord avec cette observation. 

( ( I )  En testant une adaptation de la mkthode 
de mesure des nombres de transport de Baca et 
Hill (49), certains d'entre nous (48) ont CtC 
amenCs B exposer des risultats parfaitement 
reproductibles qui faisaient apparaitre des mo- 
bilitCs cationiques suptrieures B ce qu'on obtenait 
B l'aide d'une hypothkse. Ces valeurs condui- 
saient B calculer des nombres de solvatation des 
anions ClevCs et non conformes B ce que l'on 
pouvait envisager. Nous pensons pouvoir inter- 
prCter cette strie d'expiriences. On diterminait le 
diplacement de la frontikre mobile formke entre 
une solution de LiCl dans le HMPT et une soh-  
tion de HgC12 gCnCrCe par le passage du courant 
B travers une anode de mercure. En fait, il eut 
fallu tenir compte de la formation du complexe 
HgC13- qui avait dCjB Ctk mise en Cvidence par 
track de courbes intensit6 potentiel (501, et qui 
a CtC vtrifiCe depuis par diffkrentes mtthodes 
Clectrochimiques (travaux non publiis). I1 faut 
corriger les rtsultats obtenus, car en premikre 
approximation, $ seulement des cations Li+ 
migrent vers la cathode. 

Dans ces conditions, on trouve TmLi+ = 

0.247. On peut comparer cette valeur exptri- 
mentale aux diffirentes valeurs de TmLi+ que 
l'on dCduit du tableau 4. Selon: Della Monica 
TmLi' = 0.266; Prue TaLi+ = 0.212; Nous- 
memes T,~'+ = 0.213. 

Sans Etre totalement satisfaisante, cette valeur 
rectifike est tout de m&me plus proche de l'en- 
semble des rCsultats que celle trouvte par Paul 
(38) (TmL1+ = 0.1385). Eife permet de considirer 

que la mkthode de Baca et Hill peut fournir des 
renseignements utiles B condition d'identifier au 
prCalable la riaction tlectrochimique B 19anode. 
De plus, il apparait B la lumikre des expiriences 
ultCrieures que le chlorure de lithium Ctait ~ n a l  
choisi compte tenu de ia difficult6 qui existe 
dkjh pour obtenir des valeurs prCcises et repro- 
ductibles de A ~ ~ " ~ '  (cf. tableau I ) .  

(b) I1 nous a semblC intkressant aussi de con- 
fronter les valeurs des conductivitCs ioniques 
Cquivalentes limites que nous avons trouvkes et 
les Ctudes polarographiques effectukes sur les sels 
de mktaux alcalins. La rtduction polarogra- 
phique des cations alcalins n'est pas contr8lke 
par la diffusion lorsqu90n opkre en prksence de 
perchlorate de tCtraalkylamtnonium (51-53). Par 
contre, en milieu LiC104 0.1 M (50) les vagues de 
rkduction des ions Wa' et K- sont des vagues de 
diffusion de hauteur tgale, ce qui est clairement 
en accord avec la quasi CgalitC trouvCe pour 
x O ~ ~ +  et kO1'+. 

L9application de 19kquation d'Ilkovic au cou- 
rant moyen du palier de diffusion de rtduction 
des ions Nai nous permet de calculer le coeffi- 
cient de diffusion des ions Na+ en milieu LiCl04 
0.1 M. - 

avec 12 = 1. De D, on dkduit: 

avecZ = 1. 
Pour une solution Nat M en utilisant un 

capillaire de constantes PI6-= 1.134 et m213 = 

1.605 (travaux non publies), id est Cgal B 13.8 PA. 
On peut calculer A""+ = 5.84 V1 em2 mol-I en 
milieu kiC184 0.11 M. Soit par cette mkthode, 
xXa+ - - iKC = 5.84 Q-l cm2 mol-l. Ce rCsultat 
est voisin des valeurs trouvtes B dilution infinie, 
cependant l'ensemble de nos travaux dans le 
HMPT pus ne nous permet pas d'envisager 
pouvoir Ctendre cette Ctude B de nombreux 
cations. 

(c) On peut aussi atteindre d'une fagon 
approchke la mobilitk des ions Wa+ en effectuant 
leur rkduction polarographique en l'absence 
d9Clectrolyte indiffkrent. 

Dans ce cas, on peut Ccrire (56): 
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TABLEAU 5.  Volume de sol\atatlon et nombre de solkatatlon / I  dans le HMPT a 25 "C 

r ,  (A) Vsolvatation 
(42) I (A) r,(corrlgC) (A3) h 

Li" 
Na+ 
K ' 
Ag+ 
NH4+ 
Me4Nf 
Et4N+ 
11-Pr4N+ 
I Z - B L I ~ N ~  

avec: it courant total; i, courant de migration: 
id courant de diffusion. 

Si on opkre B une concentration 0.1 M en 
Na+, l'extrapolation de la droite d'ktalonnage 
Ctablie en milieu LiC104 0.1 A4 permet de privoir 
un courant de diffusion id = 138 Comme on 
mesure un courant total de 190pA, il vient 
TXa'dans NaC104 0.1 M = 190 - 138,190, soit 
p a +  = 0.273. 

Ce rksultat est peu diffkrent de ce que I'on 
peut calculer B partir des valeurs du tableau 4: 
a savoir: Della Monica 0.280; Fujinaga 0.272; 
Prue 0.256; Paul 0.248; nous-memes 0.269. 

Nombres cle solvatation 
Nous avons calculk les volumes et les nombres 

de solvatation des diffkrents ions ktudits (Tab- 
leau 5) et nous les comparons dans le tableau 6 
aux risultats que l'on peut tirer ou dCduire de la 
bibliographic.-11 apparait que selon les rtsultats 
obtenus par la mCthode de travail de Robinson et 
Stokes (3 I), le HMPT solvate trks peu les anions 
et que en raison de l'encombrement stCrique de 
sa molkcule. le nombre de solvatation des cations 
reste peu important. Ce resultat ne laisse en rien 
prkjuger de la qualit6 des liaisons ions-solvant 
que l'on pourrait mieux Ctudier par une Ctude 
de coefficients de transfert. Effectivement, nous 
n'avons pu trouver une corrklation simple entre 
les valeurs du tableau 6 et les valeurs de Parker 
(58, 59) des coefficients de transfert des ions de 
l'eau B diffkrents solvants. 

I1 convient d'ajouter que la mCthode de 
Robinson et Stokes nCcessite la connaissance 
des rayons cristallins des cations ammonium 

quaternaires avec une bonne prtcision. Selon 
Desnoyers (63, 65) nous aurions choisi des 
valeurs trop grandes (3 I), il faudrait d'attendre 
B trouver des volumes de solvatation des ions 
plus faibles que ce que nous avons trouvC. 
Effectivement le nombre de solvatation de Li+ 
(2, 14) peut apparaitre comme Ctant trop grand 
si l'on considkre les travaux de Nakamura (64) 
sur les complexes Li+-HMPT dans l'adtonitrile 
puisque cet auteur a pu mettre en Cvidence 
seulement LiA, HMPT et LiA, 2HMPT. 

I1 convient aussi d'ajouter qu'8 1'Cchelle 
atomique l'environnement d'un ion dans son 
solvant est rkgi par des lois d'encombrement 
comme dans un cristal. I1 est donc peu probable 
que la formule donnant directement h en divisant 
le volume de solvatation par le volume molaire 
du solvant soit rigoureuse (65). 

Dans un prochain mimoire, nous prtsenterons 
les risultats de nos mesures de mobilitts ioniques 
dans les mClanges eau-HMPT et les conclusions 
que 1'011 peut dCduire de l'ensemble de notre 
travail en matikre de solvatation. 

Tous les sels utilisCs, de pureti analytique (Prolabo, 
Carlo Frba. K et K ,  G. F. Smith, Alfa, Merck) ont 6te 
d6sliydratC par chauffage sous vide a 70 ' C ;  le HMPT est 
purifik selon la technique d6jB decrite (53-60). 

Les solutions sont conservies sous argon U l'abri de 
la lumikre B basse tenipirature (GO). Selon leur solubilit6 
les sels ont kt6 utilisis en solutions titrees 5 X 10-* M ou 
10-1 A4, par addition B l'aide d'une microburette de ces 
solutions mkres un volume de 15 ml de solvant pur 
initialement place dans le vase de mesure. Ainsi les 
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concentrations CtudiCes sont comprises entre 2 X et 
10-2 M. 

Nous avons utilisC un conductornktre Tacussel type 
C D  7, equipe d'Clectrodes type GM/02/55 en platine 
platink, B la freq~~ence de 1000 Hz; un courant d'argon 
U dCshydratC permet de dkgazer la solution contenue 
dans le vase thermostatC B 25 i 0.05 'C. 

Les electrodes sont CtalonnCes par une solution de 
KC1 10-2 M en prenant les valeurs de conductivitk 
obtenues par Jones et Bradshaw (61). Les constantes de 
cellule Ctaient de l'ordre de 0.6 1.1 cm-1. 

Remurqlre 
De recentes travaux (54)' indiquent une reelle toxicite 

cancCrigkne du HMPT au niveau des voies respiratoires 
du rat. En tout etat de cause en raison des mesures de 
protection que l'on doit prenclre pour Cviter la peroxyda- 
tion et l'liydratation du solvant il semble peu probable 
que les chercheurs soient eux ni&mes en danger. Cepen- 
dant on peut conseiller de toujours distiller le HMPT 
avec un pi& efficace. 

1. C. MOLITON-BOUC~~ETOUT. These 3lkrne cycle. Li- 
moges. 1972. 

2. J. F. HINTON et E. S. AMIS. Chem. Rev. 71, 627 
(1971). 

3. E. M. HANNA, A. D. PETHYBRIDGE, J. E. PRUE et 
D. J. SPIERS. J. Solution Chem. 3, 8 (1974). 

4. D. L. FOWLER et C. A. KRAUS. J. An?. Chem. Soc. 62, 
2237 (1940). 

5. R. M. Fuoss et E. HIRSCH. J. Am. Chem. Soc. 82, 
1013 (1960). 

6. M. A. COPLAN et R. M. Fuoss. J. Phys. Chem. 68, 
1177 (1964). 

7. J. F. COETZEE et G .  P. CUNNINGHASI. J .  Am. Chem. 
SOC. 87, 2529 (1965). 

8. M. L. HANSEN et H. L. YEAGER. J. Phys. Chern. 77, 
3089 (1 973). 

9. A. P. Z I P P ~  J. Phys Chem. 77, 718 (1973). 
10. C. ATLANI, J. C. JUSTICE, M. QUINTIN et J; E. 

Dueors. J. Chim. Phys. 66, 180 (1969). 
11. U. MAYER, V. GUTMANN et A. LODZINSKA. Monatsh. 

Cheni. 104, I045 (1 973). 
12. J. M. NOTLEY et M. SPIRO. J. Phys. Chem. 70, 1502 

(1966). 
13. M. CARhl0 SANTOS et M.  SPIRO. J. Phys. Chem. 76, 

712 (1972). 
14. A. D. COVINGTON et J. E. PRUE. J. Chem. Soc. 1567 

(1957). 
15. J. E. PRUE et P. J. SHERRINGTON. Trans. Faraday Soc. 

57, 1795 (1961). 
16. L. R. DAWSON et C. BERGER. J. Am. Chem. Soc. 79, 

4269 (1957). 
17. R. GOPAL et 0. N. BHATNAGAR. J. Phys Chem. 68, 

3892 (1964). 
18. G. P. JOHARI et P. H. TEWARI. J. Phys. Chem. 70, 

197 (1966). 
19. R. GOPAL et 0. N. BHATNAGAR. J. Phys. Chem. 69, 

2382 (1965). 
20. R. C. PAUL, J. P. SINGLA, D. S. GILL et S. P. N a n u ~ a .  

Indian J. Chem. 9, 981 (1971). 

3,W. Baizer, communication personnelle. 

21. R. M. Fuoss et F. ACCASCINA. Electrolytic conduc- 
tance. Interscience, New York. 1959. pp. 191-205, 
207-247. 

22. M. DELLA MONICA, U. LAMANNA et L. SENATORE. 
J. Phys. Chem. 72. 2123 (1968). 

23. M. DELLA MONICA, D. MASCIOPINTO et G.  TESSARI. 
Trans. Faraday Soc. 66. 2872 (1970). 

24. R. GOPAL et J. S. JHA, J.  Phys. Chem. 78, 2405 (1974). 
25. R. C. PAUL, J. P. SINGLA et S. P. NARULA. J. Phys. 

Chem. 73,741 (1969). 
26. R. C. PAUL, J. L. SINGLA et S. P. NARULA. Indian 

J.  Chem. 8. 63 (1970). 
27. R. C. PAUL; J. P. SINGLA: D. S. GILL et S. P. NARULA. 

J. Inorg. Nucl. Chem. 33, 2953 (1971). 
28. R.  C. PAUL, J. S. BAKAIT et S. P. NARULA. Aust. J. 

Chem. 28, 321 (1975). 
29. J. L. MUKHERJEE, D. P. BODEN et R .  LINDAUER. 

J.  Phys. Chem. 74, 1942 (1970). 
30. J. P. HVARE et C. R.  WIESE. J. Elcctrochem. Soc. 121, 

83 (1974). 
31. R.  A. ROBINSON et R. H. STOKES. Electrolyte solu- 

tions. Butterworths, London. 1959. pp. 124-126. 
32. M. DELLA MONICA et U. LAS~ANNA. J. Phys. Chem. 

72, 4329 (1968). 
33. M. DELLA MONICA et L. SENATORE. J.  Phys. Chem. 

74, 205 (1970). 
34. P. BRUNO, M. DELLA MONICA et E. RIGHETTI. J. Phys. 

Chem. 77, 1258 (1973). 
35. P. BRUNO et M. DELLA MONICA. Gazz. Chim. Itai. 

104, 757 (1974). 
36. T. FUJINAGA, K. IZIJTSU et S. SAKURA. Nippon 

Kagaku Kaishi, 191 (1973). 
37. P. MULLER et B. SIEGFRIED. Helv. Chim. Acta, 55, 

2965 (1972). 
38. R. C. PAUL, J. BANAIT et S. P. NARULA. Z. Phys. 

Chem. (Frankfurt an1 Main) 94, 199 (1976). 
39. J. E. D u s o ~ s  et H. VIELLARD. J. Chim. Phys. 62, 699 

(1965). 
40. J. JOSE, R. PHILIPPE et P. CLECHET. Can. J. Chem. 

Eng. 53, 88 (1975). 
41. F. PERSIN. Thbse 3l;me cycle, Montpellier. 1975. 
42. E. R. NIGHTINGALE, JR. J. Phys. Chem. 63, 1381 

(1959). 
43. M. PERSIN. These 316me cycle, Montpellier. 1974. 
44. E. G.  TAYLOR et C. A. KRAWS. J. Am. Chem. Soc. 

69. 1731 (1947). 
45. G.  R .  LESTER, T. A. GOVER et P. G. SEARS. J. Phys. 

Chem. 60, 1076 (1956). 
46. A. C. HARKNESS et H. M. DAGGETT. Can. J. Chem. 

43, 1215 (1965). 
47. E. C. EVERS et A. G.  KNOX. J. Am. Chem. Soc. 73, 

1739 (1951). 
48. J. Y. GAL, C. MOLITON-BOUCHETOUT et T. YVER- 

NAULT. C.R. Acad. Sci. Ser. C, 275, 253 (1972). 
49. G .  BACA et R. D. HILL. J. Chem. Educ. 47, 235 

(1970). 
50. J. Y. GAL. Thkse d'Etat, Limoges. 1972. 
51. K .  I s u ~ s u ,  S. SAKURA et T. FUJINAGA. Bull. Chem. 

Soc. Jpn. 45, 445 (1972). 
52. K. Isursu, S. SAKURA et T. FUJINAGA. Bull. Chem. 

Soc. Jpn. 46. 493 (1973). 
53. J. Y. GAL et T. YVERNAULT. Bull. SOC. Chini. Fr. 

2770 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOLLINGER ET AL. 3069 

54. Chem. Anal. Eng. News, September 29, 1975. p. 17. 
55. W. NERYST. 2. Phys. Chem. 2, 613 (1888). 
56. G .  CHARLOT, J. BADOZ-LAMBLING et B. TREMILLON. 

Les rCactlons electroch~m~ques. Masson. 1959. 
57. D. E. AKRINCTON et E. GRISWOLD. J. Phys. Chem. 

74, 123 (1970). 
58. A. J. PARKER. Chern. Rev. 69, 1 (1969). 
59. R. ALEXANDER, A. J. PARKER, J. H. SHARP et W. E. 

WAGHORXE. J. Am. Chem. Soc. 94, 1148 (1972). 
60. J. Y .  GAL et T. YVERYAULT. Bull. Soc. Chim. Fr. 

839 (1972). 

61. G.  JONES et B. C. BRADSHAW. J. Am. Chem. Soc. 55, 
1780 (1933). 

62. C.  ATLAKI et J. C. JUSTICE. J. Solutioll Chem. 4, 955 
(1975). 

63. J. E. DESNOYERS ei N. DESROSIERS. Can. J. Chem. 
A paraitre. 

64. T. NAKAMURA. Bull. Soc. Ch~rn. Jpn. 48, 1451 (1975). 
65. B. E. CONWAY, R. E. VERRAL et J. E. DESNOYERS. 

Trans. Faraday Soc. 62, 2738 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Molecular weight sf lecithin micelles in toluene by osmometry 
and Brillouin spectroscopy 
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Departmet16 of Clzernistr3., Molltit Allisot~ Unieersity, Scickoille, N.B.. Cutludu EOA 3C0 

Received May 3, 1976 

ROBERT J. BRAEDLEY, DOUGLAS H. GRANT, VIKCENT C. REINSBOROUGH, and PETER A. ROSS. 
Can. J. Chem. 54, 3070 (1976). 

Number average molecular weights for lecithin micelles in toluene were determined by 
osmometry at  25 and 40 'C to be 54 000 and 41 900 respectively. The weight average molecular 
weights were found to be 78 000 and 68 000 for the same two temperatures by Brillouin spec- 
troscopy. This new technique shows promise in determining micelle size. 

ROBERT J. BRAEDLEY, DOUGLAS H. GRANT, VINCENT C. REI~~SBOROUGH et PETER A. ROSS. 
Can. J. Chem. 54, 3070 (1976). 

On a determink, par osmometrie, B 25 et 40 ' C ,  que les masse moleculaire moyenne en 
nombre des micelles de lecithine dans le toluene sont respectivement de 54 000 et de 41 900. 
Par spectroscopie Brillouin, on a trouvk que les masse moleculaire moyenne en poids sont de 
78 000 et de 68 000 pour les deux m@mes temperatures. Cette nouvelle technique montre de 
grandes possibilitCs pour dkterminer les grandeurs des n~icelles. 

[Traduit par le journal] 

Introduction 

Lecithin in non-polar solvents forms reverse 
micelles which apparently can act as catalytically- 
active micro-centers for biologically important 
reactions (1). Of obvious significance is the 
micellar size and this study reports on the 
molecular weights of lecithin micelles in toluene 
as determined by osmometry and Brillouin 
spectroscopy. 

While molecular weight determination by 
osmometry is well established, Brillouin light 
scattering by contrast has not previously been 
applied to micellar systems. Miller and co- 
workers (2,3) however have developed equations 
whereby Brillouin spectra can be made to yield 
molecular weights of polymers and of large 
complex species in solution in good agreement 
with conventional techniques. The intensity ratio 
J of the Rayleigh peak to the two Brillouin peaks 
is measured and the difference from the intensity 
ratio of the pure solvent Jo is related to the 
concentration C by the linear equation: 

BKC 
-- 

1 
- - + 2A2C 

J -  Jo M2 

where B is a parameter that can be calculated or 
determined empirically with a solute of known 
molecular weight, M2 is the molecular weight of 
the solute aggregate, A2 is the second virial 

coefficient (higher order virial coefficients are 
neglected) and 

(n is the refractive index). Since these solutions 
are dilute, C, and (anldT) are approximated by 
using the pure solvent values. 

This is the relationship that holds in dilute 
solution in a relaxing solvent. For a normal or 
'nonrelaxing' solvent, the value of B is Jo (2) .  

Experimental 

(a) Osmotic Pre~sures 
Osmotic pressures were measured using a Hewlett- 

Packard/Mechrolab 501 osmometer fitted with a H-P 
type 0-8 cellulose membrane. Membrane conditioning 
was conventional; from water through propanol to 
toluene in 25?; steps, allowing 24 h in each bath. Stock 
solutions of lecithin (Schwarz-Mann) in toluene (Fisher 
Certified) were prepared on a w/v basis. Dilutions were 
prepared by removing known volumes of solution with 
subsequent refilling with solvent. Measurements of T, as 
cm of solvent, were made at both 25 and 40 "C. r / C  
against C plots were analysed by a linear least-squares fit. 

(b)  Brillouin Spectroscop~' 
The Brillouin spectrometer has been prev~ously 

described (4). The lecithin solutions were repeatedly 
filtered by positive pressure through 0.25 fi asbestos 
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FIG. 1. Osn~otic pressures of lecithin in toluene solu- 
tions at  25 "C (open circles) and at  40 "C (closed circles). 

filters in a dust-free atmosphere since dust can give rise to 
exaggerated Rayleigh peaks. AIiquots of each solution 
were evaporated to dryness to obtain the original lecithin 
concentrations. Scattering measurements were done at  
25 and 40 "C with a scattering angle of 9 0  which spaced 
all peaks equally apart with no overlap. The 'true' base- 
line of each peak was determined as proposed by Miller 
and Lee (5) and then the peaks for five interferornetric 
orders were carefully cut out and weighed. Measurements 
of (a11 lac) were obtained with a Hilgrr interferometer at  
room temperature and these data were presumed valid at  
40 "C. 

Results 

(a)  Osmotic Pressure 
Figure 1 shows plots of a / C  against C for 

lecithin in toluene at 25 and 40 "C. Both have 
distinct upward curvatures at concentrations 
below 2-3 g l-l, resembling the results reported 
by Elworthy (6)  for lecithin in benzene. Only 
data for concentrations above 3 g l-I, i.e, well 
into the micelle region, were included in the 
least-squares analysis, which gave the equations 
for the lines as: 

n/C = 0.534 - 3.3 X C a t  25 ' C  
and 

n-/C - 0.736 - 3.7 X C a t  40 '(3 

These lead to number average molecular weights 
(M,) of 54 800 and 41 900 g mol-I and second 
virial coefficients (A2 )  of - 1.1 X and - 1.2 
X ml mol g-2 at 25 and 40 ' C ,  respectiveiy. 

These molecular weight values are strikingly 
similar to the values of 57 000 and 43 000 g mol-I 
found by Elworthy (6)  in benzene. Small, even 
negative, second virial coefficients are consistent 
with the idea that micellar structures only forn~  
when interaction between solvent and solute is 
rather 'poor'. 

FIG. 2. Concentration dependence of C/(J  - .Io) from 
Brillouin light scattering rneasure~nents with lecithin 
dissolved in toluene at  25 "C (open circles) and at  40 "C 
(closed circles). 

(b) Brillouin Spectroscopy 
Figure 2 shows the plot of C;(f  - Jo) against 

C for the Brillouin spectra for lecithin dissolved 
in toluenc at 25 and 40 "C in the 3-12 g 1-I 
concentration range. The osmotic pressure 
measurements showed this range to be well 
above the critical micelle concentration (c.m.c.). 

The best straight lines by colnputer fitting were 

-- - 2.50 + 2.43C (25 ' C )  
J - Ji 

wit11 C in g I-'. The weight average molecuiar 
weights (Pdw) calculated from the intercept 
( I IBKM,)  were 78 000 and 68 000. The values 
of K (0.0142 at 25 and 0.0133 at 40 ' C )  were 
obtained Oom the following pure solvent 
parameters: 

C, = 0.368 cal mi-' deg-I (7) 

B - 0 360 (2) 
and 

atz/ar = -5.51 s 10-4 (2) 

The quantity atz/dC obtained with the Hilger 
interferometer was 0.0461 mi g - l  The calculated 
A2 values were 6.2 X and 6.4 >< n?l 
mol gV2 at 25 2nd 40 @C respectively. The value 
of %To for pdre toluene of 0.45 agreed well with 
literature values of 0.43 (8) and 0.42 (5). The 
error in J -  J, !argely determines the error in 
1% and this is approxiaately 5-10Yo. 
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The interrelationship between pasklal molal expansibility and the solute 
induced shift in the temperature of maximom densitgr sf water 

DIGBY D. MACDONALD AND JAMES B. MYNE 
Deportmerlt of Cliemi~tij ,  Utlicersity of Culgcrrv, Clagur:~~, Alto., Canadu T2hr IN4  

Received April 1 ,  1976 

DIGBY D.  MACDONALD and JAMES B. HYNE. Can. J. Chem. 54, 3073 (1976). 
The effect of solutes on the temperature of maximum density (TMD) of water is analysed 

with emphasis upon the applicability of thermodynamic dissection of the observed change in the 
TMD (ABobs) into ideal (&Bid) and structural (AO,,) components. The use of TMD as a probe for 
examining the effect of dissolved solutes on the structural properties of water is critically com- 
pared with methods based upon apparent and partial molal expansibilities. 

DIGBY D.  MACDONALD et JAMES B. HYNE. Can. J. Chem. 54, 3073 (1976). 
On analyse l'effet des solutks sur la temperature de densit6 maximum (TDM) de I'eau en 

essayant de mettre en Cvidence la possibilitk d'appliquer la division thermodynan~ique du 
changement observC dans TDM, (&Bob,), en cornposants idCaux (ABid) et structuraux (AB,,). On 
compare d'une f a ~ o n  critique l'utilisation du TDM comme moyen d'examiner l'effet de solutks 
dissous sur les proprietks structurales de l'eau avec les mkthodes basCes sur les expansibilitks 
molales apparentes et partielles. 

[Traduit par le journal] 

Introduction 
The shift in the temperature of maximum 

density (TMD) of water that occurs on dissolu- 
tion of a solute is now recognized as a useful tool 
for the investigation of solute induced changes 
in the structure of liquid water (1-13). However, 
a number of recent papers (6, 10-12) suggest that 
some confusion exists as to the appropriate 
interpretation of the data. In particular, a few 
authors (6, 11, 12) have used the overall experi- 
mentally observed shift in the TMD (AOobs), or 
parameters derived therefrom (e.g. partial molal 
expansibility), as a measure of change in the 
structure of water caused by solid solutes. We 
attempt to show in this paper that care must be 
exercised in the use and interpretation of these 
parameters in order to avoid erroneous conclu- 
sions as to the effect of solutes on the structure 
of liquid water. 

where VzO is the molar volume of the solute, 
Vl* is the molar volume of water at 3.98 "C, 
AV" is the excess volume of mixing at solute 
mole fraction x, and a1 is a constant which 
defines the parabolic variation of the molar 
volume of water with temperature in the neigh- 
bourhood of the TMD. For an ideal mixture 
A V ' I  is zero at all temperatures, and the observed 
shift in the FMD is equal to the ideal com- 
ponent, AOid. 

It is convenient to interpret the effect of solutes 
on the TMD in terms of a model for liquid 
water which recognizes transient regions of 
bonded bulkiness and unbonded denseness. 7 he 
dynamic equilibrium between these states is 

Thermodynamic and Structural Considerations referred to as the 'structural equilibrium3 in the 
Wada and Umeda (3, 4) and later Franks and system. Maximum density occurs when the 

Watson ( 5 )  demonstrated that the observed shift opposing effects of temperature upon the struc- 
in the TMD of water on dissolution of a solute tural equilibrium and upon the volume of the 
can be dissected into an ideal contribution, A&, components themselves are balanced. Ideal mix- 
and a 'structural' contribution, A$,,, according ing of a solute with the solvent demands that the 
to  eq. 1 molar volume of water in the mixture is the same 
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as that in the pure liquid, i .e.  Beid does not con- 
tain a coatribation fram a solute i ~ d u c e d  shift 
in  the structural eqsiiibriu:~. On: the other hand, 
the non-ideal contribution do,,, arises principally 
from solute induced shifts in this equilibrium. 
Thus, if the soiute shifts the equilibrium in the 
direction of less dense water ciusters (positive 
A@,,) the soiute is said to  have a 'structure 
making' effect. Solutes which shift the equilib- 
rium in the reverse direction (negative AB,,) are 
commonly referred to as 'structure breakers'. 
Note that we have not specified the exact mcch- 
anism by which a solute may induce a shift in 
the structural equilibrium. However, the analysis 
presented above does demonstrate that any 
classification of solutes into structure makers or 
breakers based upon TMD data can only be 
made using the non-ideal contribution, AB,,, 
and not upon the basis of the total observed 
shifts in the TMD, BB,,,. 

Partial Mo%al Expansibiiities 

A number of workers (12, 14) have suggested 
that other vol~rne,~ternperature relationships 
may be used as reliable probes for determining 
the effect of dissolved solutes on the structure of 
liquid water. We now critically examine this 
premise in the light of the preceding discussion. 

The volume of a solution a t  temperature T is 
given as 

where x is the mole fraction of the solute, cp is 
the apparent molal volume of the dissolved 
species, and A vhl is the previously defined excess 
volume 0:'' mixing at composition x. Differentia- 
tion with respect to  temperature at fixed com- 
position, and rearrangement, resu!ts in an expres- 
sion for the tzmperature dependence of the 
excess volume s f  mixing, oiz. 

Substitution of the above relationship into 
eq. 1 yields 

At infinite dilution (1 - x) + I and a+/dT-> 
dV20 a r ,  where V20 is the partial molal volume 
of the soiute a t  the temperature of interest. Thus 

which in the case of water as solvent yie!ds 

The derivation given above is essentially that 
presented recently by Muppers (12) and earlier 
by Lilley and Murphy (11), Neal and Goring 
(14). and Sakurai et  (11. (7). Kuppers (12) goes 
on to define the partial molal expansibility of 
the solute in water as 

and suggests that this quantity may be useful for 
investigating the structure of aqueous solutions. 

Neal and Goring (14) found that for dilute 
solutions of hydrophobic solutes, such as 1- 
butanol, neopentanol, and cyclohexanol, Q < V20, 
(acp,laT) < (aVzO/ dT) and (aZ+, aT" )> 0. On 
the other hand, typically hydrophilic solutes, 
such asformamide, exhibit (a+,/ 8T) > (dV21'dT) 
and negative values for the second differential 
(a2&/dT2), even though is still generally less 
than Vzo. The above relationships led Neal and 
Goring to conclude that the quantity (d&/aT) 
can be used to  ascertain the effect of dissolved 
soiutes on the structure of liquid water. Further- 
nore ,  they state that "However, the TMD 
changes sharpiy with concentration and a + / U  
is a niore direct measure of the effect of the 
solute on the structure of water". The fact that 
( d ~ / ! d r )  and (AO,,, 'x) are linearly related (eq. 41, 
and since ABobs is not simply a measure of 
structural influence, but includes an ideal term, 
places the second conclusion of Neal and Goring 
in some doubt. Therefore, it is concluded that 
(a+/'a7') is no more reliable as an index of solute 
structure rnaking,'breaking ability than is AB,,,. 

An illustration of the pitfalls accompanying 
the use of ABObs (and hence (d+,'aT)) as a struc- 
tural parameter is afforded by data plotted in 
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MACDONAED AND NP'NE 3075 

FIG. 1. Plot of the obserbed shift in the TMD, AROb,, 
and the structural contr~but~on, a&, against solute mole 
fract~on, x, for isobutanol (IBA) (13),  neopentanol 
(NPA) (13), ethylene glycol (EG) (13). tetramethylene 
sulphone (TMS02) (1). and 2,2,2-trichloroethanol (TCE) 
(13). 

Fig. 1. Thus, for a number of solutes, such as 
isobutanol (IBA) and neopentanol (NAP), A@,,,, 
is negative even though the structural contribu- 
tion, A%,,, is positive, and these solutes are 
almost certainly structure makers. Structure 
breaking solutes ( i .e.  negative A%,,), such as 
ethylene glycol (EG), tetramethylene sulphone 
(TMS02), and 2,2,2-trichloroethanol (TCE) also 
exhibit negative values for ABobs and, therefore, 
positive values for (a+/ dT). Consequently, no 
unambiguous classification of solutes as water 
structure makers or breakers can be performed 
on the basis of (a+/aT) data alone. Furthermore, 
the observation that for hydrophobic solutes 
(a+,ldT) < (dY20/ aT) is equivalent to stating 

chat A@,, is positive (eqs. 1 and 3); that is the 
evaluation of the above inequa-lity requires 
exactly the same experimental informatior, as is 
required for the dissection of A%,-,, into AOid and 
AO,,, viz. the determination of (3VZ0/3T). Thus, 
no conceptual or practical advantages exist in 
using (d4/ dT)instead of TMD data far detsrnnin- 
ing the effect of solutes or? the structure of 
liquid water. 

In a recent paper, Kuppers (12) rightly points 
out that the measurement of A@Gbs provides with 
relative ease and precision the partial moIal 
expansibility of a solute at  infinite dilution at  
3.98 "G (eq. 9).  He further clsi~ns that such data 
obviate the difficulty of deriving At?,, data, and 
hence (dAVM/aT), for solutes which are not 
liquids at  temperatures in the region of the TMD. 
Since the partial molal volumes for organic 
solutes in water are generally positive, irrespec- 
tive of whether the solute is a structure maker or 
breaker, the same argument against the use of 
(a+/aT) data also apply to the application of 
partial rnolal expansibility data in determining 
the effect of solutes on the structure of liquid 
water. This then weakens Kuppers' claim for 
the utility of a data. 

Finally, it is worthwhile commenting generally 
upon the relative merits of various parameters 
which have been used to determine the nature of 
water in the immediate vicinity of a dissolved 
solutc A number of parameters, including 
viscosity, partial molal heat capacity, relaxation 
time (nmr and dielectric), to name a few, utilize 
the concept of 'structural temperature' which 
was first introduced by Bernal and Fowler (15). 
Unfortunately, as pointed out by Ben-Naim (161, 
different experimental techniques yield different 
structural temperatures for the same system. 
Part of the problem arises from our inability to 
estimate the contribution to the structural 
temperature due to ideal mixing. Furthermore, 
few, if any of these techniques utilize a property 
(such as TMD) which is unique to liquid water 
and, consequently, there is no reason to believe 
that the probes employed do, in fact, respond 
only to structural changes in the aqueous system. 
These criticisms do not apply to the use of A@,,, 
although the first does to the use of AOob,. There- 
fore, it seems reasonable to conclude that the 
extracted AOSt parameter is probably one of the 
more useful probes for determining the influence 
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of a dissolved solute on the unique three dimen- 
sional structure of liquid water. 
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Crystal structure and vibrational rspes&a sf methyl 
N9N-die~hyldithi~ca~bamato mercury(H) 
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CHUNG CHIEH and LAURA P.  C. LEUNG. Can. J. Chem. 54, 3077 (1976). 
Reactions of tetraetl-iyithioperoxydicarbonic dialnide with methylchloro~nercury(II) gave 

two kinds of prodi~cts of formrlla CH3-Hg[S2CN(C2H5)d and Hg[S2CN(C:H512J2. The latter 
exists in two crystal forms a i  reported by lwasaki who obtained these compounds by other 
reactions. The former conlpound is a colorless monoclinic crystal with a = 7.155, b = 7.757, 
c = 18.248 A, and P = 96.1'. 

In nlethyl N.l\'-dietl~jldithiocarbamato mercury(II), the Inercury is two-coordinated with 
CH3-Hg and Hg-S bond di~tances of 2.04(3) and 2.118(7) A respectively in a linear fashion. 
The angle C-Hg-S is 171.2". The molecule is planar with both CH3- of the ethyl groups 
bending toward one side of the plane. Two n~olecules around the centre of symmetry are loosely 

.s. . . . . 
bridged by two sulfur atoms forming a Hg, H g  group and the bridging Hg ... S distances are 

~. 
's' 

2.964 (intramolecular) and 3.147 A (intermolecular). There are two bands between 970 and 
1000 cm-1 due to C=S and these bands become broad upon coordination. The v,,-,-,, band 
is at 522 (ir) and 528 (Raman) cm-1. 

CHUNG CHIEH et LAURA P. C. LEUNG. Can. J. Chern. 54, 3077 (1976). 
Les rkactions de la diamide tCtra~thylthioperoxydicarbonique avec le chlorure de methyl- 

mercure(l1) ont donne deux types de produits de formule CH3-Hg[S2CN(C2H5)2J et 
Hg[S2CN(C2HS)L]Z. Ce dernier existe sous deux formes cristallines tel que rapportepar Iwasaki 
qui a obterlu ces composi.~ par d'autres reactions. Le premier composk se presente sous forme 
dc cristaux monocliniques incolores avcc a = 7.155; b 1 7 . 7 5 7 ,  c = 18.248 A et P = 96.1'. 

Dans le N.N-dikthylditl~iocarbomato mCthylmercure(Il), le niercureoest deux fois coordonnC 
avec des longueurs de liens CH3-Hg et Hg-S de 2.04(3) et 2.418(7) A respectivement, le tout 
disposi. de fason lineaire. L'angle C-Hg-S est de 171.2'. La n~olkcule est planaire avec les 
deux CH3- des groupes ethyle deforlnes vers un cGte du plan. Deux molecules autour du centre 
de syn~Ctrie sont pontees faiblement par deux atomes de soufre formant un groupement 

.s. . . . . 
H .  .Fig et les distances du pont Hg ... S sont 2.961 (i~~tramol~culaire) et 3.147 A (intermo- 

.s ~ 

leculaire). 11 apparait deux bandes entre 900 et 1000 cm-I qui sont dues au C=S; ces bandes 
deviennent plus larges s'il y a coordination. La bande Y R , - c H ~  est B 522 (ir) et 528 (Raman) 
cn-1. 

[Traduit par le journal] 

Introduction heavy metals, such as mercurous and mercuric 

Sulfur plays an important role in biochemistry ions, with these groups. 

(1). Interest in the interaction of merc~irials with The reaction of methyl mercury chloride with 

sulfur-containing ligands is high because of the tetraethylthioperoxydkarbonic diamide, which is 

topical problems of mercury poisoning (2). Many C2H5 s C2H5 
sulfur-containing functional groups in the bio- \ i / 

N-C-S-S-C-N 
logical system are of the -SS- and -SH type; 
therefore it is interestin2 to study the reaction of 

/ I I  \ 
C2H5 S C2N5 
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TABLE 1. Atomic coordinates (fractional x 101 f (x ,  J.; r ;  x, - y,  f + z) )  and thermal parameters of tile 
form exp(-2~2(a"2/12CJ~, + . . . + 2u*b*l,kUI2 + . . . ) )  X 10-3 for all atonls but X for Hg 

- 
Atom X Y Li,, u L133 U12 u13 u2 3 

Hg -2461(2) -0319(2) 0563(1) 501(6) 494(5) 495(6) -047(5) -042(4) -002(4) 
S(1) i584(lO) OC)41(7) 1087(4) 5l(3) 25(2) 6 1  06(2) -05(3) -00(3) 
S(2j - 1508(9) 2647(9) O772(4) 47(3) 43(?) 63(4) 04(3) -15(3) -08(3) 
N 1940(27) 3474(25) 1317(10) 44(8) 33(8) 33(8) -03(8) 04(8) -08(8j 
qi) 0899(35) 2172(32) 108!(13) 51 (9) 42(9) 36(9) 22(8) 07(8) 09(8) 
C(L) 4006(37) 3152(47) 1553(20) 32(8) 78(9) 88(9) -03(9) --06(9) iO(9) 
C(3) 4402(52) 30L6(69) 2420(22) 52(8) 141 (9) 79(9) -02(9) - 25(9) 12(9) 
(24) 3275(42) 5275(34) 1334(17) 64(9) 33(8) 69(9) -22(8) 1 l(9) 23(9) 
a 5 1  0373 (55) 5728(50) 2044( 19) 89(9) 77(8) 56(9) 09(9) lO(9) -09(9) 
C(61 - 3561(60) 2745(36) 0496(9) 168(9) 49(9) 01(7) - 12(8) -22(8) 01(8) 

better known as tetraethylthiuram disulfide 
(TETD), in basic solution of chloroform and 
ethanol produced two compounds of formula 
HgE%CN(C2H5)212 and CH3 Hg[S2CN(C2H h l .  
The former exists in two crystal forms (3). 

Crystal structure analyses by X-ray diffraction 
methods revealed the s t r~~c ture  of methyl 
N,N-diethyidithiocarbamalo mercury(1I). 

The reactions of methyl mercuric chloride, 
phenyl mercuric chloride, and mercuric halides 
with TETD produced a variety of crystals 
depending on the reaction conditions. This is the 
first report of our effort to understand these 
reactions 

Experimental 

Equal moiar amounts of TETD and methyl mcrcuric 
chloride dissolved in chloroforn~ and ethanol respectively 
were rnixed at  room temperature. No immediate change 
was observable and the reaction mixture was left in a cold 
room (0 -C) partly covered. After 2 weeks. two ltinds of 
crystals appeared in the same beaker and they were sub- 
jected to X-ray diffraction studies. The brown crystals 
proved to be the a-form of bis(/V,N-dietl~yldithiocar- 
bamato)mercury(II) from cell constants and other 
physical properties. The colorless crystals are monoclinic, 
with the following crystal data: 
GH13HgNS2 fw = 363.8 
yonocllnic, u = 7.155(5), b ==7.757(4), c = 18.248(17) 
A, (8 = 96.1(1)", V = 1007.1 A3, 14, = 2.39, Z -= 4, 
D, = 2.399, mp = 141 'C, ,u,,,,, = 158.3 cm-I. Space 
group P2,/c. 

Systematic absences 1101, when 6 is odd. Oh0 when Ir 
is odd. 

The cell constants were estimated from film data and 
refined by a least-squares method based on the 28 values 
of 27 reflections measured on a G.E. diffractometer. 
lntensities of 2926 reflections wit11 28 < 60' were meas- 
ured using the stationary-crystal stationary-counter 
method which was chosen becalise the crystal decom 
poses in the X-ray beam. The counting time was 30 s for 
each reflection. The crystal used for intensity measure- 
ment was mounted with (I* along the goniostat. The 

dimensions of the crystal used are 0.15 X 0.06 X 0.06 
mrn along the a, b, ancl c directions. The average back- 
ground curve measured as a function of 28 in several 
orientations was used. Four strong standard reflections 
were measured repeatedly between every 100 reflections 
and their intcnsity dropped to 80';; of their initial values 
at the end of data collection. The standard reflections 
were also used to scale the reflections, measured immedi- 
ately after, to a uniform ievel. Reflections with 28 < 40" 
( I  145) were measured first and the intensity of standard 
reflections dropped only slightly (4(,;). Those data with 
I > background by 2 ~ ,  were considered observed and 
these 1854 reflections were used in the refinement. Lorentz 
and polarization corrections were made in the usual way 
to derive the structure amplitude. 

The structure was solved using the heavy atom 
method and refined by full-matrix least-squares. The 
function minimized was ~ w ( F o l  - F, )' where w = 

(40 + F,! f 0.001 Fo 2)-1 and the scattering factors used 
were taken from the International Tables for X-ray 
Crystallography (4). During the coLrrse of refinement, 
several options had been tried. I f  the refections with 
28 > 40' (.MoKa) were discarded, an R factor of 0.07was 
obtained, but the standard deviations for atomic param- 
eters were considerably higher. Including all data in order 
to get good resolution, a difference Fourier was calculated. 
The likely positions for hydrogen atoms had positive 
electron densities; however, the peaks were not as high as 
the ripples for the mercury atoms. An effort was made to 
locate all hydrogen atoms, but not all hydrogen atoms 
gave reasonable bond distances and angles, inclusion of 
hydrogen atoms did not affect the R factor significantly. 
Because of the high degree of uncertainty, it was decided 
not to report their coordinates. With the weighting 
scheme mentioned earlier. the variation of xbvAF2  US. 
ranges of Fo was very small. In the finai refinement, the 
average shifts were less than 0 . 1 ~  for a.11 parameters. The 
final R factor is 0.10.1 The atomic coordinates and 
temperature factors are sl~own in Table 1. 

Run7arz ntrd It2Ji.areci Spectra 
Pol~crystalline solid state Raman spectra were excited 

IComplete set of tables of structure factors is available, 
at a nominal charge; from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Cenada KIA OS2. 
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CHIEH AND LEUNCi 3079 

mato mercury(II), with Hg-S a ~ d  Hg-C dis- 
tances of 2.418(7) and 2.04(3)A respectively. 
The other sulfr~r of the dsthiccarbamate group 
is ueakly bonded to two mercuric ions with 
intramolecular and intermolecukar FIg . . . §(I) 
distances of 2.964(7) and 3.147(7) A respectively. 
These weak interactions and the fact that the 

1 5  two strong bonds centred on mercury are almost 
linear cause the ~nolecule to be planar if the CH3 

,- of both ethyl groups are ignored. The angle ' S-Hg-C is 171 2(8)" which is less than 180" 
FIG. 1. ORTEP plot of the molecule and the formatron because the carbon, C(6), of the methy! group 

of the d~illeric groupliig of methyl h,iV-d~ethyldlthio- bends away from the weakly bonded sulfur 
carbamato mercury(I1). atoms. Both terminal CH3 of the ethyl groups 
wrth the 514 5 nm line of a Spectra Phys~cs 165 Ar Ion In this are bent toward One side the 
laser operating at approxrrnate~y 350 ~ I W  1lg11t power and plane, whereas, in the free N,N-diethyldithio- 
recorded usrng a Jarrell-Ash Model 400 Ranian spectro- carbarnate ion, in TETD (6), and in both a- and 
~hotolneter. The Ir spectra were recorded on a Perkrn- @-forms of bls(~,N-diethy~dl~hlOcarbamatO)mer- 
Eliner 457 uslng KBr pcllcti. 

cury(I1). the terminal -CH3 groups are bent 
Description of the Structure toward different sides of tlie nnlin plane. The 

The crystal consists of single molecules. The zinc (7) and (8) 'Om- 

obvious intermolecular contact is the add~tlonal plexes are with the a-form of the 

S . .  . Hg bridging for two molecules which relate mercury(11) The equations for the 'lean 

to each other by a centre of The planes of the molec~tle and for certain fragments 

molecule and the dirneric groupsng is shown in of the molecule are listed In Table 2. Plane I 
Fig. 1, which numberlng and includes all the atoms except the CH3 of the two 

bond distances and angles, Dlmerlc groups can groups. The C(6), which Is bond:d 

be considered as packing units. TIle packing to Hgj deviates most from the plane ('.I7 A). 

diagram, looking along the b direction, IS given The two Of the groups 
in Fig. 2. The molecules pack as layers in the deviate from the pJane at the 

ac plane. The next layer of molecules is directly same distance, 1.5 A. Excluding C(6) and Hg 

above or  below the layer as seen a t  a dlstallce of consecutlvel~ from the least-squares plane gives 

7.757 A (h  axis). planes 2 and 3. These two atoms are bent toward 

The N,N-diethyldithiocarbamate ion in its the Same side as C(3) and C(5). The torsion angle 

sodium salt is planar if the two terminal CHI between S;C-~, plane J, and C-N< C  
groups are ignored (5). The mercuric ion is two- S C 9  
coordinated in methyl N,N-dsethyldithiocarba- plane 5, is small (2.8"). 

FIG. 2. The stereo palr of packing d~agrams looklng down from the b axls. 
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TABLE 2. Least-squares planes for t h ~  ~nolecule in the form I X  + r?zY + 11Z = / I  where X. Y, Z,  are coordinates 
in A, referred t o  01-thogonal ases (1. 11. and c:" 

Displacement (A) 

Plane Atom 1 111 11 p Maximum Otlier atoms 

I All but ethyl 
C H j  groups -0.3086 --0.0765 0.9481 1.66 C(6) 0.17 C ( 3 ) 1 . 5  C(5)! .6 

3 Same a3 2 
exclud~ng Hg -0.3374 -0.1258 0.9329 3 C(2) -0.04 Hg 0.12 C(6) 0.51 

, 
5 C-N 

' r  -0.3195 -0.1485 0.9359 1.36 N 0.02 Hg 0.13 C(6) 0.55 

TABLE 3. Comparison of bond distance> (A) and angles ( ' )  

( (1)  Dithiocarbamato con~plexe, 

Compound Hg-S S-C Angle SCS Ref. 

CH3HgS2CN(C2Hi)l 2.418(7) 1.79(3) 117.5(3) 
2.964(7) 1 .72(4) 

(b) Methyl mercury w ~ t h  other S-contam~ng l~gands 

Angle 
Compound CH3-Hg Hg-S S -C CH3-Mg-S Ref. 

CH3-Hg-S2CN(C2H5)2 2.04(3) 2.418(7) I .79(3) 171 .2(8) 
CH3-Hg-SC(CH3)2CH(NH3)CO0.H20 1 .98(5) 2.376(8) 1 .92(3) 176(1) 9 
2nd molecule 1 .82(5) 2.385(8) 1 .80(4) 179(1) 
CH3Hg[S-C(CH3)2C(NHzZHgCH3)COO- 1.885(7) 2.320(2) 176(1) 
CH3Hg-S-CH2CNHjCO0 2.10(4) 2.352(12) 1 .81(3) 177(1) 10 

Discussion 
Methylmercury is bonded to one sulfur of the 

dithiocarbamate ion with some additional Hg---S 
close contact, which is in good agreement with 
the well-known affinity of mercury for sulfur 
donors. The Hg-S distances in mercuric 
N,N-diethyldithiocarbamate complexes are also 
comparable with this value (Table 30) .  When 
comparing these distances in complexes in which 
S-containing amino acid is involved, Hg-S 
(dithiocarbamate) is long (Table 3b), probably 
due to the very close Hg---S contacts present in 

this compound. The chelating f~lnction of the 
ligand made the angle S-C-S, 117.5, smaller 
than the ideal value of 120" which was observed 
in free W,N-diethyldithiocarbamate (5). 

According to the redox potential, N,N-diethyl- 
dithiocarbamate car1 be oxidized to TETD by 
Clz. It is well known that formation of complexes 
changes the redox potential of ligands. The 
presence of two prod~1cts led us to speculate that 
CM3Wg- attacks the S=C group followed by 
breakage of the S-S bond. It  is difficult to rule 
out the attachment of CH3Hg- on both S=C 
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CHIEH AND LEUNG 3081 

groups, but attacking on one site is also very 
likely. There are many possible mechanisms, 
but a simplified scheme is presented here. 

S 

further replacement - H ~ [ S ~ C N ( C ~ H S ) ~ I ~  
of CH, group 

Further mechanistic studies on these reactions 
are under~vay. There are many questions un- 
answered concerning these redox reactions. 
Reports (11, 12) on these types of studies are 
not conclusive. 

The infrared spectrum of TETD had been 
discussed by Shankaranarayana and Pate1 (l3), 
who assigned some characteristic frequencies to 
a few functional groups. Coleman et nl. (14) also 
have done a normal coordinate analysis of 
vibrational spectra of thiuram sulfides. The 
spectra are very difficult to interpret. In the 
present study, the main interest is the variation 
of vibration bands of N,N-diethyldithiocarbam- 
ate and disulfide in their interactions with 
mercury(I1) as coordination ligands. The ir and 

FIG. 3. The 

I I I I I I I I I I I I I I 
Wavenumber cm-' 1200 1000 800 6 0 0  400 250 

ir spectra of methyl N.N-diethyldithiocarbamato rnercury(I1) and related compounds. 
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TABLE 4. Vibration spectra of ~nethyl N,N-diethyldithiocarbainato mercury(1l) and related compounds 

MeHg- a-Hg- [3-Hg- 
(SZCN(CZH~)Z) [SZCN(CZ H~)z]z [SLCN(<'ZH~)~IZ NaiSL-CN(C2H5)2 TETD 

Rarnan Infrared Kaman lnfrared tiaman Infrared Ranian Infrared Kaman lnfrared Asslgil~nent and comments (Ref&.) 

528vs 522111 
516w 506w 522w 505m 

450111 448w 470w,br 466vw 
431w 429w 436s 425w 436s 430111 436s 427vw 

400m 400br 400vw 39lw 
380m 378 374111 390m,br 380m 39Om,db 356m 
315w 336w 340m 312m 311w 
295w 300n1 300w,br 22Ssd 

NOTE: s = strong, w =weak. v = very, db = doublet, sd = shoulder, br = broad, m = medium. 

v( y + u c - s  + G C N C  (14) 
['lobably due to  N-C2H5 (16) 
Prewnt 111 0-C-NR2, 0-C-NWR 

1 1  I l 
X X 

but not OC-NH2 (16) o 

u, 8 (11-15) 8 
J N - c - s  (13) F 
VV-, Symmetrtc of C-N-C c 

0 
rnoletv (15) r 

Due to S-S present only in TETD 2 
UC'-N (15) - 

2 
d( 

II 
C--N in-plane deformation (15) 

cys deformation (14) 
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CHIEH AND LEUNG 3083 

WAVENGMBER cm-' 

FIG. 4. The Raman spectra of methyl N,N-diethyldithiocarbamato mercury(1I) and related compounds 

Raman spectra of methyl N,N-d~ethyldithio- 965 in ir) due to C=S in the spectra of TETD. 
carbarnato mercury(I1) and related co~npounds These bands become medium intense in all 
are shown in Figs. 3 and 4. A list of frequencies compiexes and weak in sodium N,N-diethyl- 
corresponding to these diagrams are given in dithiccarbarnate. However, the ir spectra show 
Table 4. Some features are noted. (i) There are only one peak (-- 1000 cm-l) in the complexes 
two strong bands at 1002 and 970 cm-I (997 and and sodium salt. This may be due lo the delocal- 
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ization of the double, C=S, bond. These bands 
were also shown (14) to be due to a combination 
of vc-, and vc=,, though the contribution from 
vc-, may be small. (ii) The assignment of 
6N-c-, to the band at -900 cm-I was given in 
ref. 13. Two weak Raman bands between 765 
and 844 cm-l, which become rather strong in 
the ir, can be assigned to vc-, of the C-N-C 
moiety (15), and the weak band at 788 cm-l, 
which is absent in spectra other than TETD, is 
due to the S-S linkage. In addition, the strong 
band at 556 (550 in ir) is due to v s P s  (iii) A 
very strong band at 528 cm-I in Raman and 
medium in ir is definitely V H ~ - C H ~  Similar 
frequencies 538-550 cm-I are also observed in 
methylmercury complexes with S-containing 
amino acids (17). (io) The assignments in the 
range of 250-450 cm-l, however, are very diffi- 
cult. Coleman et al. gave all kinds of composite 
combinations for bands in these regions (14). 
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Dielectric and nuclear magnetic resonance characterization of unstable 
clathrate hydrates of acetaldehyde and propionaldehyde' 
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D. W. DAVIDSON, S. R. Goucn, and J. A. RIPMEESTER. Can. J. Chem. 54, 3085 (1976). 
Sub-MHz dielectric absorption at low temperatures 1s used to demonstrate the formation by 

acetaldehyde and propionaldel~~de of unstable clathrate hydrates. probably of type 11. This 
result 1s supported by the proton nnu llne shapes of propionaldehyde enclathrated in D20, 
which also s h o ~  fast rotat~onal tunnelling of the nlethyl group at  4 K .  

D. W, DAVIDSON, S. R. G o u c ~  et J. A. RIPMEESTER. Can. J. Chem. 54, 3085 (1976). 
On utilise l'ahsorptioii dielectrique b des frequences inferieures de MHz, B des temperatures 

basses pour demontrer la formation par l'acetaldehyde et le propionald6hyde de clathrates 
initables d'liydrate probablemeiit de type 11. Ce rCsu1ta.t est suggkre par la forme des raies en 
resonance i~iagnetique llucleaire du proton du propionaldehyde sous fornie de clathrate dans 
!e D20 qui moiltre aussi une rotation rapide par tunnel du groupe methyle b 4 K. 

[Traduit par le journal] 

Foliowing upon earlier work, Cohen and van 
der Horst observed (1) in 1938 that isotropic 
crystals believed to  be a cubic form of ice were 
"almost always" formed when water was added 
to liquid acetaldehyde, acetone, or propionalde- 
hyde which was cooled to below -20°C. Ace- 
tone has since been found (2, 3) to form a stable 
cubic clathrate hydrate of von cStackelberg's 
structi~re II (4) (Frl3r?1, n = 17.16 A at -38 "C), 
which decomposes incongruently at  - 19.8 "C 
(5). The question arises whether the "cubic ice" 
formed in the presence of the aldehydes. and 
foui~d by Cohen and van der Horst to transform 
into hexagonal ice in a period of hours, may be 
attributed to the formation of unstable aldehyde 
clathrates. We have looked for the features 
characteristic of enclathrated aldehyde molecu!es 
in the dielectric relaxation and wide-line nmr 
behavior of aldehyde-water systems at low 
temperatures. 

Dielectric measurements ( 6 )  were made at  
frequencies between 1 Hz and I MHz and at 
temperatures down to 4.2 K. Clathrate hydrates 
of polar molecules are known (7) to exhibit in 
this frequency range dielectric absorption at  very 
low temperatures associated with reorientation 
of the guest molecules. Acetone hydrate, for 
example, shows a broad region of absorption 
which passes through a maximum at 10 kHz and 

22 K (6). The presence of similar absorption in 
the aldehyde-water systems should provide an  
uneq~livocal indication of enclathration, since 
no other dielectric absorption process a t  such 
low temperatures appears to be possible in these 
systems. 

Dielectric samples were prepared by a variety 
of methods, including that of Cohen and van der 
Horst (1). Generally, liquid aldehyde and water 
were cooled to 0 OC, mixed, and added to  the 
precooled cell, which was then slowly cooled to 
a much lower temperature. ~ o m ~ o s i t i o n s  ranged 
from about 1 to 20 moles of water per mole of 
aldehq de. 

The absorption and dispersion curves given in 
Figs. I and 2 are t)/pical of the results obtained 
at  temperatures below 70 K. The magnitudes, 
but not the dependence on temperature and 
frequency, varied with the composition and 
thermal liistory of the sample. Although the E' 

and E" values obtained are not numerically 
characteristic of the pure aldehyde hydrates, 
their frequency and temperature dependence are 
similar to those of other well-substantiated 
clathrate hydrates (6, 7) and clearly show the 
presence of substantial quantities of enclath- 
rated aldehyde moleculesin the heterogeneous 
samples studied. The temperature of maximum 
absorption at  10 kHz and the activation energy 
obtained from the temperature dependence of 

I NRCC No. 15450 the frequency of maximum absorption for the 
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I I I I I I I 1 1 

FIG. 1. Dielectric absorption and dispersion in an 
acetaldehyde-water sample prepared according to ref. 1 
with crystals separated by filtration and pressed into a 
disc. Frequencies are C, 1 Hz, A 100Hz, I0 kHz, 
@ 1 MHz. 

aldehyde hydrates are compared with corre- 
sponding values for other clathrate hydrates, all 
of structure 11, in Table 1. 

Derivative proton magnetic resonance line 
shapes were recorded (10) at temperatures 
between 4 and 240 K for a sample of composi- 
tion CH3CH2CH0. 20D20 prepared in a sealed 
tube from precooled freshly-distilled propion- 
aldehyde and D20 ,  alrernately shaken with a 
Vortex mixer and cooled to about -30°C, 
until the whole mass had solid~fied. The sample 
was conditioned for -- I h and then stored under 
liquid nitrogen. 

The nmr spectra obtained for this sample 
showed that practically all the propionaldehyde 
was incorporated in the D 2 0   lathr rate.^ Figure 3 
shows the temperature dependence of the second 
moment of the proton absorption and derivative 
line shapes recorded at two temperatures. Below 
20 K the experimental derivative curve has the 
shape expected for encaged propionaldehyde 

'The amount of propio~laldehyde giving rise to a bery 
narrow liquid line near 200 K amounted to no more than 
a few percent. 

FIG. 2. Absorption and dispersioll measured for a 
sample of overall composition CH3CH2CH0.4H20. 
Frequencies as in Fig. I .  

FIG. 3. Proton second moments of propionaldehyde 
de~ter ioh~drate ,  with derivative line shapes shown for 
two temperatures. 

which contains a rotating (strictly, fast tunnel- 
ling) CH3 group. To the extent that the six- 
proton spectrum of propionaldehyde may be 
described by a superposition of the individual 
polycrystalline spectra of CH3, CH2, and CHO 
group protons, each broadened by inter-group 
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DAVIDSON ET AL. 

TABLE I .  Dielectric absorption by encaged molecules 

Compound 

Acetaldehyde 
Propionaldehyde 
Acetone 
Trimethylene oxide 
Tetrahydrofuran 
Cyclobutanone 
Isoxazole 
p-Dioxane 

Temp. of max. 
abs. at  10 
kHz (K) 

Activation energy 
(kcal/mol) Reference 

This work 
This work 

6 
6 
6 
6 
8 
9 

and inter-molecular local fields, one expects a 
strong central line and derivative extrema near 
AH = F a ,  as observed. The latter correspond 
to peaks in the polycrystalline absorption, which 
extends from - a  to 2a and - 2a to a both for 
the two components of the rigid CH2 spectrum 
(1 1) and for two of the three components of the 
rotating (12) or fast tunnelling (13) CH3 spec- 
trum. Here a is 3p/(2r3), where p is the proton 
magnetic moment and r is the intra-group 
proton separation, nearly the same for CH2 and 
CH3 protons (14). The central line is contributed 
by the third component of the CH3 spectrum and 
by the CHO proton. 

At low temperatures the experimental second 
moment of 10.0 G2 agrees with the calculated 
value of 9.6 G2, which includes a dominant 
intra-molecular contribution of 9.2 G2 evaluated 
for the cis form of propionaldehyde (14), with 
rotation of the CH3 group taken into account 
(15, 16). With increasing temperature the second 
moment (Fig. 3) falls to 5 G2 at about 33 K and 
thereafter falls with increasing slowness over a 
wide temperature range, a characteristic com- 
mon to many other clathrate hydrates (17). By 
216 K the moment has reached 0.15 C2, close 
to the value expected for isotropic reorientation 
of guest molecules in a cage whose symmetry 
has become effectively tetrahedral as a result of 
averaging over the sufficiently rapid reorienta- 
tion of the D 2 0  molecules (10). 

Nuclear magnetic resonance spectra of compa- 
rable quality were not obtained for acetaldehyde 
deuteriohydrate. 

Both acetaldehyde (maximum van der Waals 
diameter 5.8 A) and the cis rotamer of p ry ion-  
aldehyde (6.5 A) lie within the 5.5 to 6.6 A size 
range of molecules which typically form clath- 

rate hydrates of structure I1 (18). Tbe larger 
gariche form of propionaldehyde (6.9 A), which 
is less stable in the gas than the cis form by 
about 900 cal, mol (14), appears to be too large 
for normal enclathration. 

Measurements of the time dependence of the 
magnitude of the low-temperature dielectric 
absorption and of the shape of the nmr spectrum 
showed, in confirmation of Cohen and van der 
Horst, the hydrates to be thermodynamically 
unstable. Thus, the absorption by encaged 
propionaldehyde fell by 60% after standing for 
6 days at - 80 "C,  while acetaldehyde absorption 
fell by 127, after 6 days at -75 "C and by a 
further 607, after 4 days at -55 "C. On the 
other hand, the reiatively small ratio of the 
number of protons present in the liquid and 
hydrate phases shown by the CH3CH2CH0. 
20D20 nmr sample increased by only -85y0 
after 7 days at -46 "C and the amount of 
deuteriohydrate present fell by only a few 
percent. These observations may be reasonably 
explained by the time-dependent conversion of 
free aldehyde into gem-diol: RCHO + H 2 0  -. 
RCH(OH)2. This reaction has been extensively 
studled above 0°C (19) and the equilibrium 
amount of free aldehyde found to drop sharply 
as the temperature falls. The rate of diol forma- 
tion is strongly acid-catalyzed and ls therefore 
much slower for freshly-distilled aldehyde (as in 
the nmr sample above) than for aldehyde con- 
taining acid resulting from oxidation by air. 

We conclude that acetaldehyde and cis- 
propionaldehyde form structure I1 hydrates 
which are thermodynamically unstable with 
respect to gem-diol and ice, but which may be 
preserved indefinitely at liquid nitrogen tempera- 
ture. 
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The photochemistry of 2-furaldehyde vapour. 11. Photophysical 
processes: phssghoreseence excited in the 7t * + n transition1 

A .  GANDINI,' P. A. NACKETT,"ND DR. A. BACK 
Dicl~ioll of C/rer77i~rry. hrnrional Researe11 Colrt~cil of Crtt~crda, O r t a ~ a ,  Cutrurlic K I A  OR6 

Received March 31, 1976 

A. GANDINI, P. A. HACKETT, and R. A. BACK. Can. J.  Chem. 54, 3089 (1976). 
A search was made for emission from 2-fi~raldehyde. following excitation in the first two 

absorption bands. Only phosphorescence from the 3na* state was observed. The pressure de- 
pendence of the lifetime and quantum yield of this emission was determined, as well as that of 
the quantum yield of intersystem crossing. A mechanism involving self-quenching of excited 
triplet 2-furaldehyde is proposed. 

A. GANDINI, P. A. HACKETT et R. A. BACK. Can. J. Chem. 54, 3089 (1976). 
On a excite le 2-furfural dans ses deux pren~ikes bandes d'absorption afin d'ktudier son 

Cmission. On a observC seulement de la phosphorescence de l'itat 3na*. On a determini l'in- 
fluence de la pression sur le temps de vie et le rendement quantique de cette Cmission aussi bien 
que sur le rendement quantique du croisement intcrsystkrne. On proposc un mkcanisme qui 
considkre l',auto-piCgeage de l'etat de triplet du 2-furfural. 

Introduction 

The photochemistr~i of furan derivatives has 
been the subject of several papers by Srinivasan 
and co-workers; 2-furaldehyde was among the 
compounds studied, but only from the point of 
view of its general behaviour in photodecom- 
position (1). There is no report in the literature 
dealing with the photophysics of 2-furaldehyde 
despite its interesting structure with mixed 
'aromatic-dienic' properties, and the existence of 
two rotational isomers (2). The great ease with 
which this aldehyde suffers resinification reac- 
tions under a wide variety of conditions has 
probably discouraged such studies. However, 
furaldehyde is adequately stable if properly 
purified and handled, although its vapour pres- 
sure in the temperature range in which it can be 
used without the danger of thermal resinification 
is rather low. 

This report deals with a thorough search for 
emission excited in both transitions known in the 
near ultraviolet spectrum of 2-furaldehyde and 
with a quantitative study of the only emission 
detected, uiz. phosphorescence from its lowest 
triplet. 

INRCC No. 15459. 
2Visiting Scientist from Centro Nacional de Investiga- 

ciones Cientificas, Habana. Cuba, 1973. Present address 
as above. 

3NRCC Postdoctoral Fellow. 1972-1974. Present 
address as above. 

Experimental 
,bfuteriuls 

Commercial 2-furaldehyde (BDH) was treated with 
activated charcoal and with sodium carbonate to remove 
some of the res ino~~s and acidic impurities. I t  was then 
twice distilled under reduced pressure in a stream of 
nitrogen, generous head and tail portions being discarded 
in each fractionation. The final middle portion was col- 
lected over CaH2 and transferred to the vacuum line 
where it was submitted to four bulb-to-bulb distillations. 
The final product was stored in the dark at  room temper- 
ature, its-purity was checked periodically by glc. No 
impurities were detected, confirming previous findings 
about the stability of 2-furaldehyde under these condi- 
tions (3). Pure hexafluoroacetone was available in these 
laboratories from previous studies. Biacetyl was purified 
as described (4). All other gases were best-grade commer- 
cial products free from quenching impurities. 

Apparatlcs 
A standard mercury-free vacuum line was used to 

transfer gases to the emission cell. Pressures were mea- 
sured either with a quartz spiral gauge or an MKS 
Baratron capacitance manometer. ZFuraldehyde is 
strongly adsorbed on glass and equilibration usually re- 
quired about 1 h. The temperature of the cell was con- 
trolled by circulating water from a thermostat. The 
quartz cell (15 cm long) was provided with Suprasil 
windows of 4 cm diameter. 

Phosphorescence decay curves were obtained using the 
apparatus shown in Fig. 1. Phosphorescence excited by a 
2 mJ pulse of 337 nm radiation from a nitrogen laser 
(FWHM = 5 ns) was detected by an EM1 6256 photo- 
multiplier which viewed the cell at  right angles to the laser 
beam. A saturated solution of sodium nitrite was inter- 
posed between the photomultiplier and the cell to reduce 
scattered laser light. This solution was replaced by a 
Bausch and Lomb 33-86-07 monochromator in experi- 
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FIG 1. Apparatus to meacure phosphorescence decay 
curves: N, nltrogen laser, L. lens. F, glacs filter. C. 
temperature controlled cell, PD, RCA 935 photodlode, 
M ,  monochrom~tor,  HV. Fluke 412 B Hlgh Voltage 
Power Supply, CAT, Hewlett Packard 5480A h4emory 
Dlsplay, R.  Hewlett Packard 7044A X, Y recorder. 

ments in which the emission spectra were determined. 
The photoniultiplier dynode chain was wired for fast 

pulse response with capacitors on the last 5 dynodes: the 
load resistance was varied to give the system a time 
response of _< 1/10 of the decay time of the emission 
being detected. The photo current was averaged over 128 
laser pulses by a HP 5480A signal averager which was 
triggered by a pulse from an RCA 935 diode viewing the 
transmitted laser radiation. The averaged pliotocurrent- 
cs.-time curve was then printed on an X-Y recorder. 

Relative quantum yields of emission were obtained 

I 

using the steady state eniission apparatus described pre- 
viously (4). These were converted to absolute quantum 
yields by actinornetry using the phosphorescence of hexa- 
fluoroacetone (4) and biacetyl (5) as standards. 

The search for short-lived emission was carried out 
using a timc-resolved single photon counting apparatus. 

Results 
Absorption Spectrci 

Several authors have studied the ultraviolet 
absorption spectrum of 2-furaldehyde and 
recently Zwarich and Rabinowitz (6) have given 
a thorough analysis of its first two major elec- 
tronic transitions. Figure 2 shows the strong 
a* t T transition recorded with low resolution. 
The weak a* t n transition can also be observed 
in the gas phase (Fig. 3) and in non-polar solu- 
tions. In polar solutions and with ultrathin, 
liquid 2-furaldehyde, this band is shifted to 
shorter wavelengths and merges into the red end 
of the strong T* + a absorption. 

Obseruation of Emissiorz 
Excitation of the a* + a transition produced 

no detectable emission even in the presence of as 
much as 1000 torr of G4F10 or COz. The upper 
limit of the emission quantum yield for this 
system can be estimated as Excitation of 
the a* t n transition produced long-lived emis- 
sion which was totally quenched by 0.5 torr of 
butadiene or 2 torr of oxygen. No short-lived 
emission could be detected despite a most care- 
ful search involving a wide range of 2-furalde- 
hyde pressures and addition of inert gases. The 
quantum yield of fluorescence from this system 

20 

I5 
- 

H 

? lo 

5 

0 

210 220 230 240 250 260 270 280 290 
A/nm 

FIG. 2. T* +- T absorption band of 2-furaldehyde vapour taken with low resolution. 
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GANDTNI ET AL. I 

FIG. 3. T~ + n absorption band of 2-furaldehyde 
vapour taken with low resolution. 

must be lower than The present study was 
thus limited to the only measurable emission, 
namely the phosphorescence excited in the 
T* c-- n transition. 

Phosphorescence Decay Curves 
Phosphorescence decay curves of 2-furalde- 

hyde showed two components, both exponential, 
a short-lived component whose lifetime was 
pressure dependent and a long-lived component 
whose lifetime was independent of pressure. The 
emission spectrum of each of the two components 
was obtained at a 2-furaldehyde pressure of 1.0 
torr by analysing the semilogarithmic plots of 
the emission intensity against time. These plots 
were linear at longer times (2-10 ms afier the 
pulse), always corresponding to a lifetime of 1.45 
ms. The integrated intensity of the long-lived 
emission was calculated from the extrapolated 
values of the emission intensity at zero time. 
These plots were then used to correct the phos- 
phorescence intensity in the time range 0-2 ms. 
Semilog plots of the corrected intensity of the 
short-lived emission then gave the lifetime of the 
decay, and extrapolation to zero time permitted 
the calculation of the integrated intensities. 

This operation was repeated at 25 nm intervals 
in the range 400-400nm, and the two spectra 
obtained are shown in Fig. 4. It was found that 
the relative intensity of the long-lived emission 

FIG. 4. Emission spectra of 3 n ~ "  ?,furaldehyde (a) and 
of quenching impurity (b). The intensity of (b) was the 
lower the purer the bfuraldehyde used. 

changed from sample to  sample indicating that 
this emission was not intrinsic to 2-furaldehyde. 
Thus, crude, degassed 2-furaldehyde showed a 
large predominance of long-lived emission, 
whilst with purified Zfuraldehyde the short- 
lived emission predominated. Some clues to the 
origin of the long-lived emission can be seen in 
Fig. 5, which shows a series of decay curves 
taken at 525 nm, the maximum of the spectrum 
of the long-lived emission, at various pressure of 
crude 2-furaldehyde. There is an obvious pres- 
sure-dependent rise time to this emission indicat- 
ing that this emitting species is formed from 
what gives short-lived, pressure-dependent emis- 
sion. We interpret this behaviour as evidence for 
the presence of an impurity which efficiently 
quenches excited 2-furaldehyde to form an 
excited triplet state which phosphoresces with a 
high quantum yield. 

Attempts to identify the impurity by glc and 
distillation failed, but pumping on purified 2- 
furaldehyde at room temperature reduced the 
contribution of the long-lived emission to less 
than 5% of the total emission intensity. Samples 
of 2-furaldehyde from three different sources4 
and samples of a-deutero-2-furaldehyde and 2- 
thiophene-carboxyaldehyde exhibited a similar 
impurity phosphorescence. A rough calculation 
shows that less than 1 part in lo4 of an impurity 
capable of quenching furaldehyde triplet with a 
rate constant of 2 X 101° M-I s-I and a triplet 
state emission yield of 0.2 would be sufficient to  
give an emission intensity equal to that from 2- 
furaldehyde itself, without contributing signi- 
ficantly to  the observed 2-furaldehyde triplet 
decay rate. 

"DIP, Merck and Fisher 
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I Quantzim Yie1cl.s of Phosphorescence 
Figure 7 shows the variation of the quantum 

yield of phosphorescence as a function of 2- 
furaldehyde pressure at 22 "C. These data were 
measured at 475 nm. Experiments using steady 
state illun~ination shoh-ed that the quantum yield 
of phosphorescence was independent of' excita- 
tion wavelength in the range 313-366 nm over 
the same pressure range. s 

U) Q~iatztu~z Yielrls of 1nter.sj~stern Crossing 
N m The intensity of biacetyl phosphorescence 
> sensitized by triplet 2-furaldehyde excited at  325 c 
V) 

nm was compared with that of biacetyl phos- 
z phorescence induced by direct excitation at 420 
W 
t- nm. The quantum yields of intersystem crossing 
z - as a function of 2-furaldehyde pressure were 
w calculated assunling completely efficient triplet 
U 
z energy transfer to biacetyl (4) and the results 
W 
v are given in Table 1. 
V) 
W 
OZ 
0 Discussion 
I 
a 
V) 

Excitation of' the a *  + a Transition 

B The absence of emission excited in the a* + a 
a transition can be rationalized on the basis of a 

mechanism involving a rapid singlet triplet + 
vibrationally excited ground-state path as dis- 
cussed in the following paper (7). This double 
intersystem crossing must be very efficient both 
with 2-furaldehyde alone and in the presence of 
added inert gases. Obviously, molecules excited 
in this transition did not reach the a *  + n triplet 

I 2 3 4 state in these experiments, as there was no 

TIME/IO-~S 
observable phosphorescence. Thus, there is no 
interaction between the two systems, in marked 

FIG. 5. Phosphorescence clecay traces taken at 525 nm, contrast with benzaldehyde (8).  
as a function of 2-furaldehyde pressure: ( I ) ,  1.25 torr: 
(2), 0.89 torr; ( 3 ) ,  0.66 torr; (4). 0.47 torr; (5), 0.27 torr Excitation of the n* + n Transition 

The fact that the quantum yield of intersystem 

In all the results and discussion which follow, 
we will be concerned only with the short-lived 
emission which is presumed to be from the 
n* +- n triplet state of 2-furaldehyde. The con- 
tribution of the long-lived emission was mini- 
mized to less than - 17" by careful purification 
of 2-furaldehyde and by monitoring the emission 
at  475 nm. 

crossing is close to ;nlty down to about 0.i torr 
(Table 1) coupled with the lack of observable 
fluorescence suggests a short lifetime (< 2 ns) for 
the a *  t n singlet state. This fast and efficient 
intersystem crossing to the triplet manifold is 
also observed in benzaldehyde (8 )  and other 
aldehydes (9). 

The recent assertion that a predissociation 
devletes the excited na* singlet state of 2- 

u 

Phosphorescence Lifetimes furaldehyde at  excitation energies greater than 
Figure 6 shows the pressure dependence of the 3 1 000 cm-I (6) (A = 323 nm) can now be re- 

phosphorescence decay time at 475 nm, mea- jected on the basis of the following pieces of 
sured at  three different temperatures. evidence: (a )  the emission quantum yield is 
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GANDINI ET AL. I 

FURALDEHYDE PRESSURE/torr 

FIG. 6. Dependence of the phosphorescence lifetime on 2-furaldehyde pressure at  various temper- 
atures, using N2 laser excitation (337 nm). 

FURALDEHYDE PRESSURE/torr 

FIG. 7. Dependence of the quantum yield of phosphorescence on '-furaldehyde pressure at  22 "C, 
using N2 laser excitation (337 nm). 

independent of excitation wavelength over the The triplet character of the state responsible 
range 313 to 366 nni and (b) the quantum yield for the observed emission is implied by the life- 
of 2-furaldehyde disappearance is less than 0.06 time and by the sensitivity to oxygen and olefins. 
in the same wavelength range (7). The origin of The pressure dependence of the emission can be 
the diffuseness of the absorption spectrum above rationalized in terms of the following mechanism: 
3 1 000 (6) could be due to an increase of the inter- 
system crossing rate constant or to crowding in Iol F +  h v + ' F + 3 F  

the absorption spectra. [ l l  j~ 4 F + hvp ki 
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TABLE 1. Quantum yields of inter- 
system crossing for the T* +- n systema 

2-Furaldehyde 
pressure (torr) arsc 

aThe biacetyl pressure used was 0.30 torr. 

Decomposition reactions have been omitted as 
the measured yield of carbon monoxide forma- 
tion is only about 0.01 (7). Reaction 2 may 
include a reaction leading to the formation of the 
small yields of resin (9 .U 0.05) (7) observed in 
this system. 

Deviations from the expected linear Stern- 
Volmer plots (Figs. 6 and 7) occur below 0.2 
torr. In the same pressure region the intersystem 
crossing quantum yields begin to fall below unity. 
This behaviour at low pressure could be ac- 
counted for by quenching of triplet 2-furaldehyde 
at the walls or by decomposition of vibrationally 
excited triplet 2-furaldehyde, initially formed by 
intersystem crossing, before collisional stabili- 
zation can occur. We are unable to distinguish 
between these two possibilities because deter- 
mination of decomposition quantum yields at 
pressures below 0.2 torr is hampered by resin 
formation on the cell windows (7). 

Table 2 lists the values of the rate constants 
(k,, kZ, k ~ )  obtained from Figs. 6 and 7 on the 
basis of the proposed mechanism, together with 
the activation energies derived for reactions 2 
and 3. Values for k2  cannot be affected by the 
presence of the trace impurity responsible for the 
long-lived emission. Samples of both crude and 
highly purified 2-furaldehyde gave identical 
phosphorescence decay curves for the short- 
lived emission at 475 nm, indicating that quench- 
ing by the impurity did not contribute signi- 
ficantly to the observed decay rate of the 2- 
furaldehyde triplet. 

The data obtained indicate that the n* + n 
triplet state of 2-furaldehyde is deactivated 

TABLE 2. Kinetic parameters for 3 n ~ *  2-f~~raldehyde 

T 
("C) Parameter Value 

I . I  s-1 
6 .3  X 1 O7 1 mol-1 s-1 
1.19X102s-1 

4.6X1071 moi-1 s-1 
3.1X102 s-' a 

2.1 X 10-7 1 mol-1 s-1 
8.9X102s-1 a 

- 3.7 kcal mol-1 
6 .3  kcal mol-1 

QNeglecting small contribution from k l .  

efficiently to the ground state (4 > 90Yc). An 
interesting result is the negative activation 
energy for k2 .  This suggests that the quenching 
reaction proceeds through a weakly-bound ex- 
ciplex with an appreciable lifetime which de- 
composes reversibly as the temperature is in- 
creased : 

The low collision efficiency of which may be 
estimated from k 2  is in accord with such a 
mechanism. 

Acknowledgements 

We wish to thank Dr. J. Sarjeant of the Divi- 
sion of Physics, and Dr. D. Rayner of the Divi- 
sion of Biology for aid in the construction of the 
nitrogen laser. 

1. H. HIRAOKA and R. SRINIVASAN. J.  Chem. Phys. 48 
2185 (1968). 

2. F. MOENUIG, H. DREIZLER, and H. D. RUDOLPH. 2. 
Naturforschg. 21n, 1633 (1966). 

3. N. GALEGO and A. GANDIYI. Revista CNIC (Cuba), 6, 
163 (1975). 

4. A. GANDINI and K. 0. KUTSCI-IKE. Proc. Roy. Soc. 
A306,511 (1968). 

5. G. M. ALMY and P. R. GILLETTE. J. Chem. Phys. 11, 
188 (1 943). 

6. R. ZWARICH and I. RABINOWITZ. J. Chem. Phys. 63, 
4565 (1975). 

7. A. GANDINI, J. M. PARSONS, and R. A. BACK. Can. J. 
Chem. T h ~ s  Issue. 

8. M. BERGER, I. L. GOLDBLATT, and C. STEEL. J. Am. 
Chem. Soc. 95, 1717 (1973). 

9. J. C. DALTON, M. W. GEIGER, and J. J. SNYDER. J. Am. 
Chem. Soc. 98, 398 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The photochemistry of 2 -furaldehyde vapour. II. Photodecomposition: 
direct phstolysis at 253.7 and 313 nm and Hg(3P,)-sensitized decomposiGonl 

A. GANDINI,~ J. M. PARSONS, AND R. A. BACK 
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A. GANDINI, J. M. PARSONS: and R. A. BACK. Can. J. Chem. 54, 3095 (1976). 
The photolysis of furaldehyde vapour at  253.7 nm, 65 "C, and pressures from about 0.2 to 

7 torr, produces CO, propyne, allene, furan, cyclopropene, COP, and CzHz. The quantum yield 
of CO approaches 2 at  low pressure and decreases towards zero with increasing pressure of 
furaldehyde or added C02. Yields of the other products also decrease but show a more complex 
pressure dependence. A mechanism involving excited furaldehyde and excited C4H40 and C3H4 
intermediates is suggested. 

The Hg(3PI)-photosensitized decomposition gives products very similar to those of the 
direct photolysis. Photolysis at 313 and 366 nm also leads to similar products but in much lower 
yields, with the major product, CO, having a quantum yield of about 0.01. Some photo- 
polymerization was observed in all systems. 

A. GANDINI, J. M. PARSONS et R .  A. BACK. Can. J. Chem. 54, 3095 (1976). 
La photolyse du 2-furfural en phase vapeur B 253.7 nm et 65 "C dans le rang de pression 

0.2-7 torr produit CO, propyne, allbne, furanne, cyclopropkne, CO2 et CzH2. Le rendement 
quantique en CO tend B 2 aux faibles pressions et decroit vers zero quand on augmente la 
pression de furfural ou on ajoute COP. Les rendements des autres produits decroissent aussi 
mais leur comportement en fonction de la pression est plus complexe. On propose un mecanisme 
base sur la formation d'intermkdiares excitks du furfural, du C4H40 et du CjH,. 

La dCcomposition photosensibilizCe au Hg(3PI) montre un comporternent tres semblable B 
celui de la photolyse directe. La photolyse B 313 et 366 nm donne aussi les m&mes produits mais 
avec des rendements beaucoup plus faibles; le rendement du produit plus important, CO, est 
d'environ 0.01. Dans tous les systemes on observe de la photopolymerization. 

Introduction Experimental 
The photochemistry of 2-furaldehyde has been 

studied before only very briefly by Hiraoka and 
Srinivasan (I), who observed CO, furan, pro- 
pyne, cyclopropene, and allene to be products. 
In the preceding paper (Part I) measurements of 
the phosphorescence of furaldehyde excited in 
the weak n* + n absorption band (300-380 nm) 
have been reported (2). Careful experiments with 
excitation in the much stronger n* t n absorp- 
tion band (220-280nm) showed no detectable 
light emission. The present photodecomposition 
studies in both absorption regions were under- 
taken to complement the photophysical measure- 
ments, and in particular to measure accurate 
quantum yields and to examine the pressure de- 
pendence of the photolysis. A brief study of the 
mercury-photosensitized decomposition was also 
made for comparison. 

'NRCC No. 15460. 
2Visiting Scientist from Centro Nacional de Investiga- 

ciones Cientificas, Habana, Cuba, 1973. Present address 
as above. 

Apparatus 
The photolysis was studied in a cylindrical quartz cell, 

5 cm in diameter and 30 cm long, fitted with plane quartz 
windows. Liquid furaldehyde, purified as previously 
described (21, was stored in a reservoir cooled by tapwater 
which could be warmed to give the desired vapour 
pressure as required. Pressure was measured with a 
quartz spiral gauge. These components were attached 
through metal valves to a small manifold and the entire 
assembly was enclosed in a heated air thermostat held at  
65 "C. Pressures of 2-furaldehyde up to about 7 torr were 
used; higher pressures and temperatures above 65 "C led 
to excessive thermal decomposition and resin formation. 
From the heated manifold a valve led to a conventional 
vacuum line for evacuation, gas handling, and analysis. 

Analysis 
Gases noncondensable a t  - 196 "C (CO, Hz, and CH4) 

were removed through a U-trap cooled in liquid nitrogen, 
measured in a gas burette, and analysed by gas chroma- 
tography. In experiments with added CH,, noncon- 
densable gases were pumped away without measurement 
or analysis. Condensable products were removed through 
a trap held a t  -23 "C, which retained most of the 
furaldehyde, and were analysed by gas chromatography, 
using a 3-m column of 20y0 Ucon oil on  Chromosorb-P 
held a t  30 "C. In experiments with added COz, only the 
noncondensable gases were measured. 
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FURALDEHYDE PRESSURE (TORR) 

FIG. 1. Quantum yields of major products at  253.7 nm 
as a function of 2-furaldehyde pressure. 

Light Sources 
A medium-pressure Hanovia S-500 mercury arc was 

used with appropriate filter solutions (3) to isolate 366, 
313, and 253.7 (reversed) nm radiation. Light intensity 
incident on the reaction vessel was about 1 X 10-8, 
3 X 10-11, and 5 X 10-10 einstein/s at  366, 313, and 
253.7 nm , respectively. A Pen Ray lamp (Ultraviolet 
Products Inc.) was used as a source of 253.7 nm radiation 
in the mercury-photosensitized experiments. The light 
absorbed in each experiment was determined by measure- 
ments of transmitted light intensity by a photocell after 
examination with a 0.5 m grating monochromator had 
shown that the light sources were essentially mono- 
chromatic. 

Results 

Direct Plzotolysis at 253.7 nm 
Products of the photolysis were CO, propyne, 

allene, furan, cyclopropene, C02, and acetylene, 
in approximately decreasing order of importance. 
Some resin was also formed and blank experi- 
ments showed H2 was produced by photolysis 
of the resin; H2 was definitely not a product of 
the photolysis of 2-furaldehyde vapour. Acet- 
ylene and C 0 2  appeared to be genuine photolysis 
products, but very minor ones, with low and 
irregular quantum yields (about 0.02 and 0.01 
respectively). Quantum yields of CO, total C3- 
hydrocarbon, and furan are shown in Fig. 1 as a 
function of furaldehyde pressure, while Fig. 2 

5 0 4 -  rn - + 
u FURAN A 

u iT 

CYCLOPROENE 
0-0- 0 u 

0 

2 4 6 

FURALDEHYDE PRESSURE ITORRI  

FIG. 2. Quantum yields of propyne, furan, allene, and 
cyclopropene, relative to total C3-hydrocarbons, as a 
function of 2-furaldehyde pressure, at  253.7 nm. 

shows the relative yields of propyne, allene, 
cyclopropene, and furan from the same experi- 
ments, expressed as fractions of the total C3- 
hydrocarbon. Quantum yield measurements 
were complicated by resin deposition on the 
vessel windows during the photolysis. The 
values s h o ~ n  are based on a number of careful 
measurements of CO yields, alternated with 
acetone actinometry (3) runs at closely matched 
optical densities, with relative light intensities 
monitored throughout with the photocell. 2- 
Furaldehyde pressure and photolysis time were 
kept low to minimize resin formation. Quantum 
yields of all other products were then measured 
relative to that of CO. or were related to CO 
yields through measurements of absorbed light 
intensity. Absolute quantum yields reported are 
probably accurate to i lO7,, while relative 
values are considerably less uncertain. All yields 
were observed to be approximately independent 
of photolysis time, and thus presumably are 
initial yields of primary products of the photo- 
lysis. 

Figure 3 shows the effect of added C 0 2  on the 
yields of CO, while Figs. 4 and 5 show the effect 
of added CH4 on the yields of the condensable 
products. 

The Mercury-photosensitized Decon7posifion 
Products of the decon~position were the same 
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C 0 2  PRESSURE ( TORR) 

FIG. 3. Quantum yield of S O  at 253,7 nm as a function 
of added CO?. 2-Furaldehyde pressure 1.01 torr. 

CH, PRESSURE (TORRI 

FIG. 4. Quantum yields of condensable products at 
253.7 nm, as a function of added methane. ZFuraldehyde 
pressure 1.01 torr. 

as those from the direct photolysis. Absolute 
quantum yields were not measured. Figure 6 
shows relative yields s f  CO, total C3-hydro- 
carbon, and furan as a function of 2-furaldehyde 
pressure. Figure 7 shows yields of propyne, 
allene, cyclopropene, and furan relative to the 
quantum yield of CO. The dashed lines show 
comparable data for yields of propyne and furan 
from the direct photolysis at 253.7 nm. 

Direct Phofolj,sis at 313 and 336 nnz 
Products of the photolysis were the same as 

those formed at 253.7 nm, but quantum yields 

PICH41 + 2 4PlFURALDEHYDEl 

FIG. 5. Quantum yields of condensable products, 
relative to total S3-hydrocarbons, as a function of added 
methane. at  253.7 nm. Open symbols: 2-furaldehyde 
alone; black symbols: 1.01 torr of 2-furaldehyde + 
methane. 

FURALDEHYDE PRESSURE (TORR) 

FIG. 6.  Relative quantum yields of products of the 
Wg(3PL)-sensitized decomposition as a function of 2- 
furaidehyde pressure. 

were very much smaller. Low yields and weak 
absorption of light made long experiments 
necessary, and appreciable accumulation of resin 
on the windows made measurements difficult. A 
quantum yield of CO of about 0.01 at 313 nm 
with about 1 torr of 2-furaldehyde was esti- 
mated, using azomethane actinometry. Care- 
ful checks of the chromatic purity of the light 
source were made to ensure that the photolysis 
observed was indeed caused by 3 13 nm radiation 
and not by a minor component of shorter wave- 
length which would be much more strongly 
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_ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - -  
FURAN 

O ' 

2 7  a A CYCLoPRoPENE ALLEN; 

-- '3 

FURALDEHYDE PRESSURE (TORR)  

FIG. 7. Quantum yields of propyne, furan, allene, and 
cyclopropene, relative to the quantum yield of GO as a 
function of 2-furaldehyde pressure in the Hg(3P,)- 
sensitized decomposition. Dashed lines refer to data from 
photolysis at  253.7 nm. 

absorbed and much more effective in causing 
photolysis. The CO produced was found to be 
proportional to the optical density at 313 nm, 
accurately measured with a narrow-band rnono- 
chromator, and the reported quantum yield of 
CO of 0.01 thus appears to be genuine. The other 
products at 3 13 nm were formed in yields relative 
to  CO approximately similar to  those found at 
253.7 nm, but the small amounts made accurate 
measurements impossible. 

Brief measurements of CO yields at 366 nm 
showed that these were probably somewhat 
lower than at 313. 

The quantum yield of furaldehyde cortsump- 
tion was measured using a broad excitation 
covering practically the whole of the T*  +- n 
transition (3 10 to 370 nm). Ijenzaldehyde vapour 
was used as an actinometer (4) and the rate of 
disappearance of the two aldehydes has  followed 
specirophotometrically, monitoring the decrease 
in optical density of the n* + n band. With 0.8 
to  1.3 torr the value of obtained was 0.06 F 
0.01 in five determinations at 30 "C. Thus the 
quantum yield of resin formation must be about 
0.05 in these conditions. The structure of the 
resin was studied briefly: its uv spectrum closely 
resembles that of furaldehyde; its ir spectrum 
shows strong absorptions corresponding to con- 
jugated carbonyl groups, hydroxyl groups and 
bands typical of the furan ring. Prolonged 

photolysis of the resin gave CO, @02,  and H2 as 
products. 

Discussion 

Dlrect Phorolysis at 253.7 nnz 
The products observed are similar to those 

found by Hiraoka and Srinivasan (l), but there 
are notable quantitative differences. Our value of 
@(CO) is 200 times larger than theirs measured 
in the same wavelength region, and cyclopropene 
is a much smaller fraction of the present hydro- 
carbon products than in the earlier work. The 
cause of the discrepancy in the CO yield is not 
clear, but the deposition of resin on the cell 
windows combined with the low pressure of 2- 
furaldehyde vapour could have led to an over- 
estimate of the light absorbed in the gas phase 
in the earlier study. Another difference is the lack 
of carbon balance in the present data. This is 
seen in Fig. 1 where the sum of 2C3 + furan is 
between 65 and 75y0 of the CO; Hiraoka and 
Srinivasan found these quantities to be about 
equal in the direct photolysis, with a surplus of 
CO in the mercury-photosensitized decomposi- 
tion. 

The direct photolysis at 253.7 nm can be in- 
terpreted in terms of the following mechanism 
(where F = 2-furaldehyde) 

[2d3 Fk + F -+ Resin 

[3c] C,H40* + F - Resin 

[4al C3H4* --, Propyne, cyclopropene 

[4c3 C3H4* + F --t Resin 

F* in reaction 1 is the n* + n singlet state, 
while F+ represents the excited state or states of 
2-furaldehyde which decompose to yield the 
photolysis products. Some deductions may be 
drawn about the identity of F:. It is evident 
from Fig. 1 that appreciable collisional quench- 
ing of FL occurs even at pressures below 1 torr of 
2-furaldehyde, implying a relatively long lifetime, 
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yet no fluorescence was observed, even though PICO~) + 27PIFURALDEHYDE) 

the a *  t 7 transition is a strong one with em,, --. 
20 000. The diffuse character of the absorption 
spectrum ( 5 ) ,  and the lack of fluorescence (2), 
both indicate a very short lifetime for F*, and it 
is clear that F-cannot be the a* - a singlet 
state. At high pressure the yield of CO tends 
towards zero (Fig. 3), which appears to rule out 
even a small fraction of fast decomposition of 
F*. The lack of light emission from the system 
also appears to eliminate the a" n singlet and 
triplet states. whlch might be populated by rapid 
intersystem crossing, as intermediates leading to 
decomposition, as formation of these species is 
known to lead to phosphorescence under 
approximately the same conditions as the present 
experiments (2). The short lifetime of F* is most 
plausibly accounted for by fast intersystem 
crossing to the a *  +a triplet state, and to 
investigate the role of the triplet state in the de- 
composition, photolyses were carried out with 
0 2  added at several pressures up to  37 torr. 
Yields of all products were reduced, but product 
ratios were almost unchanged and the reduction 
in yields was only about half that produced by 
an equivalent pressure of 2-furaldehyde. Oxygen 
thus lay between 2-furaldehyde and C 0 2  in its 
efficiency in quenching the decomposition, and if 
F h e r e  a triplet state, much more efficient 
quenching might have been expected. On the 
other hand, the close similarity of the direct 
photolysis to the mercury-photosensitid de- 
composition. which very probably involves ex- 
citation of the triplet state, suggests a common 
precursor. The most reasonable explanation 
would appear to be that the direct photolysis 
does proceed through the T* +- s triplet state 
but that this In turn crosses rapidly to the high 
vibrational levels of the ground state; in the 
mercmy-photosensitized decomposition, the trip- 
let state would be populated directly and would 
suffer a similar fate. Reaction 1 should then be 
written as 

where lF and T are the T" + T singiet and 
triplet states respectively, and F' is the vibra- 
tionally excited ground state from which de- 
composition occurs. 

The quantum yield of CO appears to extrap- 
olate to a value near 2 at zero pressure (Fig. I), 

FIG. 8. Stern-Volmer plot for the quan?um yield of 
CO at 253.7 nm. m: 2-furaldehyde alone; Q: 1.01 torr 
of furaldehyde + C02. 

suggesting that reaction 2b and the sequence 
[2u] + [3a] become quantitative as the 'deactiva- 
tion' processes ([2c], [2d],  [3b], [3c]) become 
negligible in the low-pressure limit. The CO yield 
falls steadily as total pressure is increased, reach- 
ing its lowest value of 0.25 at the highest pressure 
employed (Fig. 3). The deactivation reaction, 2c, 
must be invoked to account for most of this 
decrease; reaction 3b could only lead to a 
maximum decrease of about 0.1, the maximum 
yield of f ~ ~ r a n  observed. The steady decrease in 
@(furan) and in the sum of @(furan) + @(total 
C 3 )  (Fig. 4), is further evidence for the impor- 
tance of reaction 2c. A simple Stern-Volmer 
plot of W1(CO) us. pressure, shown in Fig. 8, 
exhibits pronounced curvature, especially at low 
pressure. The inset shows the initial portion of 
the curve where the data for pure 2-furaldehyde 
overlap with those with added 03 , .  The nor- 
malization factor 2.7 was found to give the best 
combined fit for the two sets of data, i.e., 2- 
furaldehyde is 2.7 tinles more eRective than @02 
in reducing the yield of CO. The curvature in 
Fig. 8 again indicates that more than one de- 
activation step is involved in the supression of 
CO production. 

The absolute yield of furan reaches a maxi- 
mum value at quite a low pressure, about I torr 
of 2-furaldehyde. At this pressure it can be 
argued that the increase in furan due to  stabiliza- 
tion of C4H40* by reaction 3b is just balanced 
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by the decrease in formation of C4H40* due to 
loss of its precursor, F , in reactions 2c and 2cl. 
The low value of the maximum quantum yield of 
furan, 0.1, implies that F +  is much more easily 
deactivated than C4H40*. It is seen from Fig. 5 
that even at high pressure furan did not com- 
pletely replace the C3-hydrocarbons in the 
products, which implies that not all the C4H40 
precursors of the C3's can be deactivated to yield 
furan. For this reason reaction 2b is postulated, 
yielding C3-hydrocarbons directly from F' by a 
route which does not permit stabilization of a 
C4H40 intermediate to produce furan. Furan 
yields approached a high-pressure limit of about 
SOT0 of the total C3, indicating that reaction 2b 
is 1.25 times faster than reaction 2a. It would 
seem reasonable to sugsest that reaction 20 is a 
simple molecular elimination of CO (Norrish 
Type 111), yielding furan in its ground state, but 
highly excited vibrationally. The C4H40* which 
disappears in reactions 30, 3b, and 3c could be 
the same excited furan, or alternatively could 
be an -0-CH=CH-CH=CH- biradical 
formed by ring opening. Reaction 3b would thus 
be either simple deactivation of excited furan, or 
ring closure following deactivation of the bira- 
dical. The decomposition reaction 3u would 
presumably proceed through the biradical in 
either case, with hydrogen migration and loss of 
CO. The mechanism of reaction 2b also deserves 
comment; one interesting possibility is the ring 
contraction suggested by Hiraoka and Srinivasan 
(1) by analogy with furan, followed by rapid 
successive elimination of two molecules of CO: 

I 
CHO CHO 

There is no positive evidence for a cyclopropene 
intermediate in the present system, and the 
relatively low yields of cyclopropene, decreasitlg 
with increasing pressure, perhaps weigh against 
it. The pressure dependence of the distribution 
of C3H4 hydrocarbons (Fig. 5) suggests that the 
c3H4* species formed in reactions 2b and 30 is 
an excited allene molecule, which at low pressure 
decomposes to propyne or cyclopropene and at 
high pressure is stabilized as allene. 

If CO, furan, and C3H4 hydrocarbons were 
the only products of the photolysis, CO should 

P(CHII + 2 4PIFURALDEHYOE) (TORRI 

FIG. 9. Stern-Volmer plot for the quantum yield of 
condensable products at 253.7 nm. C : Zfuraldehyde 
alone; A: 1.01 torr of 2-furaldehyde + methane. 

be equal to furan + 2C3H4. It is clear from Fig. 1 
that this is not so; furan + 2C3H4 varies from 
about 75Yc of the CO at the lowest pressure to 
about 6 5 7 ,  at the highest. The observation of 
resin in the reaction cell suggests loss of furan or 
C3H4 by addition reactions of their precursors 
with 2-furaldehyde (reactions 3c and 4c) leading 
to higher products or resin. The results give no 
clue as to which of the two reactions is more im- 
portant. Reaction 2d recognizes the possibility 
that reactions of excited 2-furaldehyde might also 
lead to resin formation; this is indistinguishable 
from reaction 2c in the present study. At 
sufficiently low pressure reactions 2c, 3c, and 
4c should become negligible, and @(furan) + 
29(total C3H4) should approach 2. The data in 
Fig. 1 are compatible with such a limit. 

A Stern-Volmer plot of +-'(furan + 2C3H4) 
in Fig. 9 shows marked curvature, similar to that 
for W1(CO) in Fig. 8. A similar plot of @-'(furan 
+ C3H4) in Fig. 9 is also curved; if F$ was always 
either deactivated by reaction 2c or decomposed 
to yield either furan or a C3H4 hydrocarbon, this 
plot should be linear; the curvature indicates 
that the system is more complex. A normaliza- 
tion of the data obtained with 2-furaldehyde 
alone with these from the experiments with added 
methane (Fig. 9) indicates that 2-furaldehyde is 
about 2.4 times more effective than methane in 
suppressing the formation of furan and C3H4  In 
considering the pressure dependence of the 
photolysis it may be noted that we are postulat- 
ing three distinct deactivation reactions, 2c, 3b, 
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and 4b operating a t  three stages of the decom- 
position. In fact, these reactions may not be 
distinct, inasmuch as partial deactivation of F' 
could lead to a less energetic C4H40* and C3H4* 
species, and partial deactivation of C4H40* 
could give C3H4* with less energy. These pos- 
sible complications, together with the un- 
certainty about which reactions lead to resin 
formation, make it irnprofitable to attetnpt a 
more quantitative treatment of the pressure 
dependence. 

Finally, the minor products, C 0 2  and C2H2, 
have been neglected in the discussion of mech- 
anism. Their yields within a very large un- 
certainty were independent of pressure, suggest- 
ing a rapid but very minor decomposition of F* 
directly to C 0 2  + 2C2H2; this suggestion must 
be regarded as very tentative. 

The Mercury-photosentitized Deconzposition 
As noted before, the products were similar to 

those of the direct photolysis (Figs. 6 and 7). At 
first sight the pressure dependence (Fig. 6) 
appears different; this is almost certainly due to 
incomplete quenching of H S ( ~ P I )  at  the lower 
pressures, and when this is taken into account 
the pressure dependence is very similar to that of 
the direct photolysis. The only significant dif- 
ference in the products is that slightly more 
propyne and slightly less furan were formed in 
the mercury-photosensitized reaction (Fig. 7). 
In discussing the mechanism of the direct photol- 
ysis, it was noted that the similarity of the two 
systems suggests that both proceed through the 
a *  t a triplet state which probably undergoes 
rapid internal conversion to a high vibrational 
level of the ground state from which decomposi- 
tion occurs. The slight difference in the furan 
and propyne yields suggests that the decompos- 
ing 2-furaldehyde in the mercury-photosensitized 
system was somewhat more highly excited than 
that from the direct photolysis, perhaps because 
the latter has more opportunity for vibrational 
relaxation. 

Direct Photolysis ut 313 and366 rzm 
Product yields were so low at these wave- 

lengths that little can be deduced about the 
mechanism of the decomposition. There are 
severe difficulties in obtaining more quantitative 
results, chiefly because of resin formation and 
subsequent secondary photolysis of the resin and 
light loss at the windows. From the photo- 
physical study it was concluded (2) that the 
a* + n singlet state undergoes rapid intersystem 
crosslng to the corresponding triplet state, which 
emits light, can be stabilized by collision (or 
resinify), or can cross to the ground state in a 
radiationless transition. All these processes are 
relatively slow, as the lifetime of the triplet state 
ranged from about 200 to I500 ,us. Decomposi- 
tion of the triplet or the excited ground state must 
be extremely slow to account for its low quantum 
yield. The photochemistry of 2-furaldehyde in the 
a *  + n transition thus differs markedly from 
that in the a *  + n. In both cases intersystem 
crossing to the corresponding triplet states is 
probably rapid. The a *  + a triplet is short-lived, 
no light is emitted, and decon~position, probably 
after crossing to the ground state, approaches an 
efficiency of unity at low pressure. The n* ': n 
triplet on the other hand phosphoresces with a 
quantum yield approaching at  low pressure, 
and undergoes little decomposition. The differ- 
ence is probably due largely to the loher excita- 
tion energy of the n* + n system. 
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Activation entropy as a dominant factor in the oxidative addition of some 
group IV hydrides to an iridium(I) complex 
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J. P. FAWCETT and J. F. HARROD. Can. J .  Chem. 54, 3102 (1976). 
The kinetics of the reactions 

IrH(CO)(PPh,), + Ph,MH $ IrH,(CO)(PPh,),(MPh,) + PPh, 

have been studied (M = Si, Ge, Sn). All three reactions proceed by predissociation of the 
iridium complex and concerted cis addition of Ph,MH to the square-planar intermediate. 
The relative rate of addition of Ph,MH increases in the order Si (I)  < Ge (18) < Sn (70) and 
the difference in rate within experimental error is due entirely to change in AS*. It is concluded 
that, for this particular series of oxidative addition reactions, solvation effects related to a 
change in polarity on passage to the transition state are more important than bond energies, 
or acid-base properties, in determining relative reaction energetics. The relevance of entropy 
barriers to the problem of paraffin activation is discussed. 

J. P. FAWCETT et J. F. MARROD. Can. J.  Chem. 54, 3102 (1976). 
La cinetique des reactions 

IrH(CO)(PPh,), + Ph,MH IrH,(CO)(PPh,),(MPh,) + PPh, 

ont ete Ctudiees (M = Si, Ge, Sn). Les trois reactions procedent selon une predissociation du 
complexe de l'iridiilm et une addition cis concertee de Ph,MH A l'intermediaire plan-carre 
forme. La vitesse relative de l'addition de PhMH augmente selon I'ordre Si (1) < Ge (18) < 
Sn (70) et la difference de vitesse en tenant compte de I'erreur experimentale est due entierement 
a un changement dans la valeur de AS*. I1 est conclu que, pour cette sirie particulikre de 
reactions d'addition oxydantes, les effets de solvatation relies a un changement de polarite 
en passant a l'etat de transition sont plus importants que !es Cnergies des liens ou les proprietes 
acide-base, pour dtterminer les energies relatives de la reaction. L'importance des barrieres 
d'entropie en rapport avec le probleme de l'activation des paraffines est discutee. 

[Traduit par le journal] 

Introduction 
A previous examination of the kinetics of the 

oxidative addition of a series of silicon hydrides 
to hydridocarbonyltris(tripheny1phosghine)irid- 
ium(I), 1, led to the conclusion that the activation 
energy for addition to the reactive intermediate, 
hydridocarbonylbis(tripheny1phosphine)irid- 
ium(I), 2, is little influenced by the nature of the 
addend (1). Since the energetics of all of the 
studied oxidative additions to 2 were closely 
similar to those for addition of triphenyl- 
phosphine to 2, forming 2 ,  it was further con- 
cluded that the activation free energy for all of 
these processes was dominated by the free 
energy required for the displacement of the 
phosphine ligands of 2 towards the positions 
they occupy in the respective produces (1). 
Such a concept has also been invoked in rela- 
tion to other oxidative addition reactions (2-4). 

The small differences in rate between the 
additions of phosphine and of the various silicon 
hydrides to 2 were found to be almost entirely 
due to differences in activation entropy (1). 

The oxidative addition reactions of 1 are 
particularly useful since they can be studied for 
a wide range of rate constants by adjusting the 
amount of free phosphine in the medium. The 
reaction mechanism in the case of silicon 
hydrides was shown to be (5): 

[ I ]  I~H(co)(P~,P),~~.I~H(co)(P~,P), + Ph,P 
k + ,  

&s~H~+S,-  -IrH,(CO)(Ph,P),(R,Si) 
k-,i 

Under conditions of excess phosphine and a 
high enough concentration of R,SiH to push 
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The derived values of k - ,  and K+ for each 
reaction and a few overall equilibrium con- 
stants, K, are listed in Table 4. In every case 
plots of Ilk, us. [$]/[MI showed high linearity 
and k - ,  remained remarkably constant for a 
given temperature. It may therefore be safely 
concluded that the predissociative mechanism 
depicted in [I] and [2] was applicable in each 
case. 

Some representative plots of l lk ,  us. [P] / [M]  
for Si, Ge, and Sn are shown in Fig. 1. The 
activation parameters for the various reactions 
are listed in Table 5 .  

FIG. 1. Plots of Ilk, vs. [P]/[M] for Ph,GeH at 15.2" 
(A), Ph3SnW at 21.6" (@) and Ph3SiH at 25.6' (B) 
(solvent toluene). The abscissa values for Pb,SiH should 
be multiplied by 0.01 and those for Ph3GeH by 0.1. 

the reaction to completion, the rate law for 
these reactions is of the form: 

PI 
1 - - k, [PI 1 - -._ + -  

k,  k-,kSi [Si] k - ,  

where k, is the experimentally observed 
apparent first order rate constant. Appropriate 
use of this rate law yields a competition param- 
eter, K+ = k+,/k+,i  and the phosphine dis- 
sociation rate constant k- , .  The constancy of 
the latter provides an internal check that 
different reactions are proceeding by the same 
mechanism and allows an estimate of the 
reproducibility of reactions done by different 
workers with reagents from different sources. 

One unfortunate feature of these reactions is 
that the individual rate constants cannot be 
separated and hence the activation parameters 
for several of the individual steps remain 
unknown. 

We now wish to report detailed kinetic 
parameters for the oxidative addition of the 
isostructural series Ph,MH (M = Si, Ge, and 
Sn) to the complex 1. We have also measured 
the kinetic isotope effect for additions of 
Ph3SiH and Ph,SiD to 1. 

Results 
The reaction conditions and measured values 

of k, are listed in Tables 1-3 for Ph3SiH (and 
Ph,SiD), Ph,GeH, and Ph3SiH respectively. 

Discussion 
The uniformity and simplicity of the rate law 

exhibited by the three rather different reagents 
used in the present work provide strong support 
for the previously suggested concerted oxidative 
addition mechanism (1). By 'concerted' we wish 
to imply a mechanism in which the cleavage 
of the MH bond and the attachment of the frag- 
ments to the Ir occurs by a process which, as 
far as kinetics is concerned, is a single step. 
Although this concept encompasses the pos- 
sibility that M and H do not necessarily become 
attached to the lir at the same instant in time, 
it excludes either homolytic, or heterolytic dis- 
placement reactions where Ph,M or H are 
completely e.jected from the transition complex. 

Evidence has been cited to indicate that 
oxidative addition reactions may proceed by 
concerted (3, 4), by nucieophilic displacement 
(6) ,  or by free radical mechanisms (7, 8). It 
would require an extraordinary set of coinci- 
dences for the reactions of Ph,%iH, Ph,GeH, 
and Ph3SnH to react by a two, or more, step 
displacement reaction and yet so doggedly 
follow the rate law depicted in [?I. We shall 
therefore assume that these reactions are csn- 
certed. 

A single remarkable fact stands out from the 
data listed in Tables 4 and 5, namely that the 
seventyfold increase in rate in going from 
silicon to tin is entirely due to an entropy 
effect. Within the framework of the previously 
proposed mechanism (I )  this entropy effect may 
be accommodated by the hypothesis that the 
transition state dipole is more effectively Qis- 
sipated by the more polarizable heavier atoms 
and the degree of solvent electrostrictisn is 
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TABLE 1. Reaction conditions and values of k, for reactions of 
Ph,SiH and Ph,SiD" 

Temperature 
Solvent ("c) [PPh,] x lo3 M [Ph,SiH] x I@ M k, x lo4 s-' 

Toluene 

Toluene 

Toluene 

Toluene 

Toluene 

Toluene 

CH2C12 

"Concentration of IrH(CO)(PPh,), = 7.5 x lo-' M. 
'Data for Ph,SiD. 
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FAWCETT AND HARROD 

TABLE 2. Reaction conditions and values of k, for reactions of Ph3GeHa 

Temperature 
Solvent ("C) [PPh,] x lo3 M [Ph3GeH] x lo3 M k ,  x 104 s-' 

Toluene 10.0 2.1 
5.3 
7.4 
7.4 
7.4 

Toluene 15.2 2.1 

Toluene 19.9 5.1 
5 .6  
7 .1  

13 
7.1 

Toluene 25.6 2 .1  
6.5 

Toluene 30.8 5.4 
5.4 
7.8 
7.6 
5 .4  
7.8 

"Concentration of IrH(CO)(Ph,P), = 7 . 5  x lo-' M. 
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TABLE 3. Reaction conditions and values of k, for reactions of Ph,SnHu 
- 

Temperature 
Solvent ("c) [PPh,] x 10, M [Ph,SnH] x lo3 M k,  x lo4 s-' 

Toluene 

Toluene 

Toluene i0 .3  5 .2  
5 . 2  
7 . 3  
7 . 3  
7 . 3  

14.6 

21.6 5 .4  
5 .4  

' 7 .6  
7 .6  
7 .6  

15.2 

31.1 5 . 3  
5 . 3  

"Concentration of IrM(@O)(PPh,), = 7.5 x lo-' M .  

reduced.' It is perhaps worth noting that the 
isostructural character of the reactants in this 
series s f  reactions further pinpoints solvation 
entropy as the most likely origin of the entropy 
change differences. 

The small positive isotope effect observed for 
the addition of Ph,SiD is also consistent with a 
- 

'There is evidence that the bond moments for Si, Ge, 
and Sn bonded to transition metal carbonyi moieties 
increase ssll&ily on descending the group, with a bond 

A+ A- 

polarity &%' (M' = Si, Ce or Sn). However, the 
pola~zabilitgr increase is muck greater (9). 

mechanism in which breaking of the Si-D 
bond has little influence on the free energy of 
activation. A similar conclusion was reported 
for the addition of D, to chlorocarbonylbis(tri- 
phenylphosphine)iridium(P) (6). 

T i e  equilibrium constant K for the overall 
reaction was too large to measure in the case of 
Ph,SnH. That ofPh,GeMcouldjust bemeasured 
within "Le accessible temperature range of the 
instrument. Using an extrapolated value of M 
for Ph,SiH at 70" of 0.4, it is evident. that there 
is roughly a 1500-fold increase in # on going 
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TABLE 4. Derived rate and equlibrium constants 
-- 

Temperature 
Reactant Solvent ("c, k-,  x 102 s-' K+ x 102 K 

Ph3SiH Toluene 10.0 
15.2 
19.9 
25.6 
30.8 
40.0 

Toluene 19.9 

CH2CI, 10.2 
20.6 
31.1 

Toluene 10.0 
15.2 
19.9 
25.6 
30.8 
70.0 

CH2C12 10.2 
20.6 
31.1 

Toluene 10.3 
21.6 
31.1 

CH2C12 10.2 
20.1 
31.2 

TABLE 5.  Activation parameter differences for reactions of Ph,MH with 
IrH(CO)(Bh,P), 

-- 
Reactant Solvent AH *, - AH*, (kcal) AS', - A S  ', (eu) 

Ph3SiH CH,C12 792" 
Ph,SiH Toluene 0 
Ph3GeH GH,Cl, 1 

Toluene 0 
Ph,SnH 0 - 

Toluene 

"Fmm an Eyring plot of data in Table 4. 
bCalcuiated assuming entire rate difference due to AS ', 

from Si to Ge at that temperature (see Table 4). 
Since the rate of the addition reaction only 
increases by a factor of 20 on going from Si to 
Ge, the elimination reaction for Ge must be 75 
times slower than for Si. Although product 
solvation cannot be excluded as the source of 
the increased stability of the Ph,GeH adduct 
(AGO decreased by ca. 3 kcal), it seems more 
likely to us that it is due to a stronger Ir-M 
bond. 

An exception to the general constancy of 6% 
for a given addend was found for the reaction 
of Ph,SiH in CW,C!, (Table 4). The increase in 
4 with increasing temperature was much 
larger than could be accounted for on the basis 
of experimental error and corresponded to a 
decrease of AN*,i relative to A P ,  of about 
7 kcal, Since the values of Ik; at 10' were the 
same in CH,Cl, and toluene, the reduction of 
AG*,, is evidently accompanied by a parallel 
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decrease in A S  *si. The decrease in AS *,i relative 
to AS*, on golng from toluene to dichloro- 
methane, and the corresponding decrease in 
AH',, relative to AH*,, are in the opposite 
sense to that anticipated for an oxidative 
addi.tion involving a very polar transition state.' 
If one accepts the hypothesis that the observed 
acsivation free energies for all s f  the other 
addition reactions are mainly a reflection of the 
energetics of deforming the iridium complex to 
its &ansition state g&ornetry, the anomalous 
behavior of %h3SiH in CH,Ci, must be a result 
of an anomalous solvation energy of the Ph,SiH 
relative to Ph,P, Ph,GeH, and Ph3SiH. There 
is no obvious reason why such an anomaly 
should occur, and an experimental determina- 
tion of the relevant solvation energetics is 
presently under investigation in this laboratory. 

Due to a variety of problems it was not 
possible to study these reactions in solvents of 
very high polarity. It is worth noting that, 
although the products remained the same, the 
kinetic behaviour in dimethylforn~amide and di- 
methylacetamide was very complicated and 
completely different from that in less polar 
solvents. 

The results reported above highlight the 
dangers of making facile correlations between 
the reactivitv of molecules in oxidative addition 
reactions an2 the bond energy of the addends. 
In particular, the assertion that the frequently 
observed greater reactivity of stannanes and 
gerrnanes, relative to silanes, in oxidative 
addition is due to the differences in the M-kl[ 
bond energy is clearly untenable in the ab- 
sense of supporting kinetic evidence (10). 

Although the present results offer no precase 
insights into the problem of activating C-H 
bonds, they do suggest tha";ntropy factors and 
solvent effects are likely to be just as important 
as those of bond energy and the 'basicity9 of 
the metal centre. 

The useful activation of paraffins is unlikely 
to be achieved in organic solvents, or  by 
catalysts containing organic ligands, since the 
active metal centre is more likely to react with 
the ligand, or solvent, than with a p a r a h  
substrate. A natural approach to avoiding such 

- 

'The values of AN" and AS' were both found to 
increase considerably for the addition of CH,I to 
Ir(CO)@l(PBh,),, on going from benzene to dirnethyl- 
formamide (6). 

problems would be to resort to the use of an 
inorganic catalyst in an aqueous medium. It is 
of interest that the only reported examples of 
catalytic activation of paraffins use such an 
approach (11, 12). In the case of hydrogen 
activation by halo-complexes of the group VlHI 
metals in aqueous media, the reactions charac- 
teristically exhibit quite favorable entropies of 
activation, but prohibitive enthalpies (1 3). Such 
behaviour is also likely to be manifest in the 
activation of parafins. An inherent advantage 
to this pattern of kinetic behaviour is that 
enthalpy barriers may, unlike entropy barriers, 
be countered by resort to higher temperature 
conditions. 

A further manifestation of the effectiveness of 
reducing the entropy barrier to activation of 
C-H bonds is the frequent observation of 
reversible intramolecular oxidative addition of a 
C-H bond of a coordinated ligand (14). In some 
such reactions (1 5), the 63-H bond is sufficiently 
remote from the coordinating centre that it 
may be assumed that the C-M bond energy is 
normal and the apparent enhanced reactivity 
arises mostly from Ihe unimolecuiarity of the 
reaction. The saving in activation entropy for a 
unimolecular as opposed to a bimolecular pro- 
cess results in a reduction in 146' of about 
3 to 4 kcal and, since the molecularity of the 

reverse reaction remains unchanged, the same 
reduction in AGO for a reversible process. In 
the case of intramolecular reactions. this reduc- 
tion in entropy is purchased with the metal-to- 
ligand bond energy. 

Reagents 
Carbonylhydridotris(triphenylphosphine)iridiurn(I) was 

prepared according to a !iterame procedure (16). The 
complex was normally freshly prepared and recrystallized 
prior to a series of measurements since samples several 
months old, although showing no evidence of decorn- 
position, were found to give erratic results. A single 
recrystallization of old material restored its purity to a 
level where consistent kinetic results were obtained. 

Triphenylsilane (PCR, Ins) was recrystallized twice 
from hexane before use and dried under high vacuum. 
Triphenylgerrnane, tripkienylsfannane, and triphenyl- 
deuterosiiane were all prepared by reduction of the 
chlorides with LiAlW, or LiA1D4 in ether. Triphenyl- 
phosphine was recrystallized twice from ethanol and dried 
in vncuo in the molten state. 

Toluene was usually distilled from CaH,, although 
identical results were obtained with undistilled reagent 
grade toluene stored over molecular sieves. Dichloro- 
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FAWCETT A N D  HARROD 3109 

methane was distilled from LiAIH, and stored over 
molecular sieves. 

Products 
Since the products from the triphenylgermane and 

triphenylstannane reactions had not been previously 
prepared, samples were prepared by reaction of equi- 
molar amounts of the iridium complex and the hydride 
in toluene and in dichloromethane. Both products had 
ir and proton nmr spectra almost identical to those of the 
Ph,SiH adduct (17). 

Kinetic Measurements 
The reactions were followed spectrophotometrically by 

following the disappearance of the reactant iridium com- 
plex at 330 nm ( E  = 18 500). Instrumentation and 
methods are described elsewhere (1). 
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R.  CATTERALL, J. SI-ATER, W. A. SEDDON, and 3. W. FLETCHER. Can. J. Chem. 54, 31 10 (1976). 
The band maxima of transient optical absorption spectra observed by pulse radiolysis in 

ethylamine (EA)/tetrahydrofuran (THF) mixtures containing sodium tetraphenylboron are 
correlated with electron spin resonance (esr) hyperfine splitting constants obtained in potassium/ 
EA/THF solutions. The data suggest that the optical spectra can be attributed to the same 
'monomeric' species as observed by esr in alkali metal solutions. 

R. CATTERALL, 3. SLATER, W. A. SEDWN et J. W. FLETCHER. Can. J. Chem. 54, 3110 (1975). 
On a Ctabli une corrPlation entre la bande maximale du spectre d'absorption optique de 

transition qui est observke lors de la radiolyse puisee de mClanges Cthylamine (EA)/tCtrahydro- 
furanne (THF) contenant du tCtraphCnylbore sodium et les constantes de couplage hyperfines 
de resonance pararnagnetique Clectronique (rpe) obienues dans des solutions EA/THF de 
potassium. L.es donnkes indiquent que Ie spectre optique peut Ctre attribuC aux mCmes espkes 
"monom~res" observes par rpe dans les solutions de mitaux alcalins. 

[Traduit par le journal] 

Electron spin resonance (esr) spectra of most pulse radioiysis (25-31) techniques have demon- 
alkali metal solutions in amines and ethers con- strated the existence of distinct optical bands 
sist of a singlet and a set of hyperfine lines assigned to e,-, (M+, es-) and M-. In et.hylamine 
assigned to solvated electrons, e,-, and a (EA) (25, 26) and tetrahydrofuran (TMF) (27- 
'monomer' or solvated alkali atom species 
(1-1 I), respectively. Optical absorption spectra 
in these same solutions are, in general, composed 
of two bands attributed to metal-dependent and 
metal-independent species. The former or 'visible' 
band occurs in the region 10 000 - 15 000 cm-I 
and has been assigned to the diamagnetic species 
M- (11-16), whereas the latter band, which 
extends further into the infrared (<7000 cm-'1, 
has generally been identified with solvated elec- 
trons, e,-, (11, 14, 15, 17-20). Ion-pair species, 
(M+, e,-) (14, 151, have also been suggested as 
contributing to the infrared absorption. 

More recently flash photolysis (13, 21-24) and 

'AECL Xo. 5575. 

30), the (M+, e,-1 band occurs at  frequencies 
intermediate to that of e,- and M- whereas in 
ethylenediaxnine (EDA) (20, 32-34) and methyl- 
amine (MA) (31, 35) little or no shift from the 
es- band is observed. 

Using EA/THF mixtures we now present 
evidence that the esr hyperfine structure and the 
new transient optical bands both arise from the 
same species. 

For experimental reasons it was more con- 
venient to monitor the optical absorption in the 
presence of sodium cations (sodium tetraphenyl 
boron, NaB+4) (27, 29) and the esr spectra in 
potassium solutions. Details related to the pulse 
radiolysis and esr procedures have been de- 
scribed elsewhere (4, 26, 29, 31). 
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COMMUNICATIONS 

b ,b ,b ,b Yb Sb Sb 7; sb-0 
HOLE 5 E l H I L A i l I U E  I N  T H F  

FIG. 1. (A) Variation in the optical absorption maximum (v,,,) and hyperfine splitting constant 
(A,,,) observed in THF/EA mixtures. @, immediately after a 0.3 ps pulse in solutions containing lW4 
M sodium tetraphenylboron; X, right hand scale potassium solutions. (B) Correlation of v,,, and Also 
obtained from Fig. 1A. 

Although optical transition and hyperfine 
interaction energies show marked changes with 
both the nature of the cation and the composition 
of the solvent, the available evidence suggests 
strongly that these effects are not interdependent. 
For  example, the percentage decrease in the 
hyperfine interaction with additions of NH3 to 
EA solutions is the same for Na  and K (36) and 
R b  or Cs (37). Similarly, the shifts in the optical 
band for Na+ and KT solutions when the solvent 
is changed from T H F  to isopropylamine are also 
closely similar (29, 38). In this paper we are con- 
cerned only with the effect of solvent dependence 
on the optical and esr parameters, and this can 
be considered independently of the metal. 

Figure 1 shows the optical absorption band 
maxima v,,, (cmF1) and the hyperfine coupling 
constant A,, (G) as a function of solvent com- 
position in EA/THF mixtures. Within experi- 
mental error the bandwidth remains constant at 
-7000 cm-I but with increasing EA concentra- 
tion a red shift of the absorption band is 
accompanied by a decrease in A,,,. 

Qualitatively the shifts are very similar, and 
Fig. 16 shows a linear relation between v,,, and 
Ai,, based on interpolation of separate smoothed 
curves through the data. 

Of further interest is the symmetry of the 
deviation from ideal activity which we define by 

where the subscripts refer to ideal and observed 
behaviour. The symmetry of the plots of A, and 
AA (Fig. 2) indicate that both the optical transi- 
tion and hyperfine energies are dependent upon 
the average solvent composition. 

We suggest that the correlation established in 
Figs. 1 and 2 is strong support for our contention 
that both the esr and optical spectra arise from 
the 'same' species. The alternative that the 

= fvideal - vobs)/videal FIG. 2. 'Change in A, and A, as a function of solvent 
- A,; I = 2.5 A, (i.e. nor- composition. $3 = A,; - - - - 

A~ =' Aobs)/Aideal malized to fit on the same curve as A*). 
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optical and esr spectra d o  in fact represent 
different species of the same stoichiometry would 
require a coincidence in that their properties 
change in a parallel fashion. We believe this 
possibility is unlikely. 

The monomeric species has been variously 
described as an expanded atom, solvated atom, 
ion-pair or some combination of all three (see 
refs. 1-1 1). Detailed interpretation of esr hyper- 
fine interactions in K'EA, NH3 mixtures re- 
quires a three state equilibrium model involving 
the solvated atom together with species having 
different proportions of EA and NH3 in the 
vicinity of the metal nucleus (3). A similar 
conclusion has also been reached for metal- 
amine and ether solutions (40). Using this 
approach for THF EA mixtures a simple model 
which involves the progressive replacement of 
THF molecules by EA can be considered as 
follows: 

[ I ]  M(THF), 3- EA = M(THF),-1EA + T H F  

[2] M(THF),-IEA + EA M(THF),-2EA2 f T H F  

If the hyperfine splittings observed in our work 
are compared with values for the free atom (lo), 
then the atomic character ranges from 12% in 
EA to 367, in THF, indicating a significant 
contribution from solvated atoms to both the 
esr and optical spectra. 

Alternatively, Szwarc (41) has rationalized the 
'monomer' as a system involving the presence of 
solvated atoms in rapid equilibrium with tight 
and loose ion-pairs, 

[31 Ma = (MC, es-)tight = (Mi, es-)~oose 

An increase in solvent polarity from THF to  EA 
would also be consistent with a shift of the 
equilibria to  the right (41, 42). 

I. K. D. Vos and J. L. DYE. J. Chem. Phys. 38, 2033 
(1963). 

2. K. BAR-ELI and T .  R.  turn^, JR. J. Chem. Phys. 40, 
2508 (1 964). 

3. L. R. DALTOV, J. D. RYNBRANDT, E. M. HAMEN, and 
J. L. DYE. J. Chem. Phys. 44, 3969 (1966); J. L. DYE 
and L. R. DALTON. J. Phys. Chem. 71, I84 (1967). 

4. R. CATERALL, M. C. R. SYMONS, and J. W. TIPPING. 
9. Chem. Soc. (A), 1529 (1966). 

5. R. CATTERALL, i .  HURLEY, and M. C. R. SYMONS. J. 
Chem. Soc. Dalton Trans. 139 (1972). 

6. R. C A ~ E R A L L ,  J. SLATER, and M. C. R. SYMONS. J. 
Chem. Phys. 52, 1003 (1970). 

7. V. A. NICELY and J. L. DYE. J. Chem. Phys. 53, 119 
(1970). 

8. R. CATTERALL, M. C .  R. SYMONS, and J. W. TIPPING. 
J. Chem. Soc. (A), 1234 (1967). 

9. R. CATTERALL, M. C. R. SYLIONS, and J. W. TIPPING. 
Metal-ammonia solutions. I.U.P.A.C. Colloque 
Weyl 11. Edited by J. J. Lagowski and M. J. Sienko. 
Butterworth and Co., London. 1970. p. 317. 

10. R. CATTERALL, J. SLATER, and M. C. R .  SYMONS. 
Metal-ammonia solutions. I.U.P.A.C. Colloque 
Weyl 11. Edited by J .  J .  Lagowski and M. J. Sienko. 
Butterworth and Co., London. 1970. p. 329. 

I 1. J. L. DYE. Electrons in fluids. Editedby J.  Jortner and 
N. R .  Kestner, Springer-Verlag. West Berlin. 1973. 
p. 77. 

12. S. MATALON, S. GOLDEK, and M. O ~ O L E N G H I .  J. 
Phys. Chem. 73, 3098 (1969). 

13. S. H. GLARWM and J. H .  MARSHALL. J. Chem. Phys. 
52, 5555 (1970). 

14. I. HURLEY, T. R. TUTTLE, JR., and S. GOLDEN. Metal- 
ammonia solutions. I.U.P.A.C. Colloque Weyl 11. 
Edired by J. J .  Lagowski and M. J. Sienko. Butter- 
worth and Co., London. 1970. p. 449. 

15. M. T. LOK, F. J. TEHAN, and J.  L. DYE. J. Phys. 
Chem. 76, 2975 (1972). 

16. J. L. DYE, C. W. ANDREWS, and S. E. MATIIEWS. 
Colloque Weyl IV. J. Phys. Chem. 79, 3065 (1975). 

17. H. BLADES and J. W. HODGIKS. Can. J .  Chem. 33,411 
(1955). 

18. M. OTTOLENGHI, K. BAR-ELI, and H. LINSCHITZ. J .  
Chem. Phys. 43, 206 (1965). 

19. J. L. DYE and R. R. DEWALD. J. Phys. Chem. 68, 135 
(1964). 

20. L. M. DORFMAN, F. Y. JOU, and R. WAGEMAN. Ber. 
Bunsenges. Phys. Chem. 75, 681 (1971). 

21. M. FISHER, G .  RAMME, S. CLAESSON, and M. SZWARC. 
Chem. Phys. Lett. 9, 309 (1971). 

22. M. FISHER, G. RAMME, S. CLAESSON, and M. SZWARC. 
Proc. R. Soc. London A, 327,481 (1972). 

23. L. J. GILING, J. G .  KLOOSTERBOER, R .  P. H .  RETT- 
SCHNICK, and 3. D. W. VAN VOORST. Chem. Phys. 
Lett. 8, 457 (1971). 

24. J. G.  KLOOSTERBOER, L. J. GILING, R. P. H. RETT- 
SCHNICK, and J. D. W. VAN VOORST. Chem. Phys. 
Lett. 8, 462 (1971). 

25. J. W. FLETCHER, W. A. SEDWN, J. JEVCAK, and F. C. 
SOPCHYSHYN. Chem. Phys. Lett. IS, 592 (1973). 

26. J. W. FLETCHER, W. A. SEDDON, and F. C. SOP- 
CHYSHKN. Can. J. Chern. 51, 2975 (1973). 

27. B. BOCKRATH and L. M. DORF~IAN. J. Phys. Chem. 
77, 1002 (1973). 

28. G. A. SALMON and W. A. SEDWN. Chem. Phvs. Lett. 
24, 366 (1974). 

29. G.  A. SALMON, W. A. SEDWN, and J. W. FLETCHER. 
Can. J. Chem. 52, 3259 (1974). 

30. B. BOCKRATH and L. M. DORFMAN. J. Phys. Chem. 
79, 1509 (1975). 

31. J. W. FLETCHER and W. A. SEDDON. Colloque Weyl 
IV. J. Phys. Chem. 79, 3055 (1975). 

32. R. R. DEWALD and J. L. DLE. J. Phys. Chem. 68,128 
( 1  964). 

33. J. L. DYE, M. 6. DEBACKER, J.  A. EYRE, and L. M .  
DORFMAN. J. Phys. Cheni. 76, 839 (1972). 

34. J. L. DYE, M. 6 .  DEBACKER, and L. M. DORFMAV. 
J. Chem. Phys. 52, 6251 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COMMUNICATIONS 3113 

35. J. W. FLETCHER, W. A. SEDDON, J. J. JEVCAK, and 
F. C. SOPCHYSNYN. Can. J. Chem. 53, 3571 (1975). 

36. Fa. CATTERALL, M. C. R. SYMONS, and J. W. TIPPING. 
J. Chem. SOC. Faraday Trans. To be published. 

37. L. R. DALTON. M.Sc. Thesis, Michigan State Univer- 
sity, FAichigan, 1966; 3. L. DYE and L. R. DALTON. 
Unpublished work. 

38. W. A. SEDDOX, J. W. FLETCHER, and F. C. SOPCHY- 
SKYN. Chem. Phys, In press. 

39. R. CATERALL, d. SLATER, and M. C .  R ,  SYMONS. 
To be published. 

40. R.  CATTERALL and P. P. EDWARDS. Colloyue Weyl 
IV; 9. Phys. Chem. 79, 3010 (1975). 

41. M. SZWARC and J. J. GRODZINSKI. Ions and ion pairs 
in organic reactions. Vol. 2. Ediind by M .  Szcvarc. S. 
Wiley and Sons, NSW York. 1974. p. 133. 

42. M. SZWARC. Ions and ior? pairs in organic reactions. 
Vol. I .  Edited by PA. Szwarc, Wiley-Interscience, 
New York. 1972. p. I. 

Oxidative cleavage of tertiary cycllobutanolls. A new synthetic 
approach to P,4-keioBs and d94-d&etones 

HSING-JANG LIU 
Department of Cl~emisfry. Ur~icersify of  Alberta, Edmorzion, Alfa., Canada T66 262 

Received July 8, 1976 

HSING-JANG LIU. Can. J. Chem. 54, 3113 (1976). 
The reaction of tertiary cqclobutanols with Jones reagent under mild conditions resulted in 

the oxidative cleavage of the cyclobutane ring to give, depending on the substitution pattern of 
the starting alcohol, a 1,4-ketol or a 1,4-diketone. 

HSING-JANG LIU. Can. J. Chem. 54, 3113 (1976). 
La rCaction de cyclobutanols tertiaires avec le rkctif  de Jones dans des conditions douces 

conduit B une coupure oxydante du noyau cyclobutanique pour donner, suivant la nature des 
substituants de l'alcool de depart, un cktol-1,4 ou une dicitone-1,4. 

[Fraduit par le journal] 

In connection with our synthetic studies re- 
quiring cyclobutanones as key intermediates, a 
number of bicyclo[4.2.0]octan-7-01s ( I )  and bi- 
cyclo[3.2.0]heptan-6-01s (2) were subjected to 
Jones oxidation (3). Almost without exception, 
the oxidation reactions afforded, in addition to 
the expected ketones, variable amounts of lac- 
tones in minor products (Scheme 1). We were 

intrigued by the unusual lactone formation and 
further investigation on several of these reactions 
revealed that prolonged treatment did not cause 
any noticeable change in the composition of the 
product mixtures nor were lactones produced in 
any detectable quantity when the pure cyclo- 
butanones were subsequently treated with Jones 
reagent (4). Clearly, the lactones and the cyclo- 

butanones must have been produced independ- 
ently from the corresponding starting alcohols 
via competitive reaction pathways. 

These findings led to our present studies on the 
oxidation of tertiary cyclobutanols with Jones 
reagent. It was anticipated that, with the normal 
oxidation process to a ketone being precluded, a 
tertiary cyclobutanol would proceed exclusively 
by the oxidative cleavage of the cyclobutane 
ring to  give, depending on its substitution 
pattern, 1,4-ketol 1 or 1,4-diketone 2 theoreti- 
cally by the route outlined in Scheme 2. 

Indeed, when alcohol 3 was treated with 8 N 
Jones reagent in acetone 0 "G for 1 h, it was 
smoothly oxidized to give an 827, yield of 
diketone 4: ir (film) 1707 cm-I; nmr (CCl,) 
6 0.94 (t, 3H, J = 6 Hz); mass spectrum M' 
196.1443 (calcd. for Cl2FH2oQ2: 196.1464). Under 
the same condition, the oxidation of alcohol 5 
afforded a 50% yield of ketol6 (ir (film) 3430 and 
1705 cm-I; nmr (CC14) 6 0.91, 0.94, 1.06, and 
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In connection with our synthetic studies re- 
quiring cyclobutanones as key intermediates, a 
number of bicyclo[4.2.0]octan-7-01s ( I )  and bi- 
cyclo[3.2.0]heptan-6-01s (2) were subjected to 
Jones oxidation (3). Almost without exception, 
the oxidation reactions afforded, in addition to 
the expected ketones, variable amounts of lac- 
tones in minor products (Scheme 1). We were 

intrigued by the unusual lactone formation and 
further investigation on several of these reactions 
revealed that prolonged treatment did not cause 
any noticeable change in the composition of the 
product mixtures nor were lactones produced in 
any detectable quantity when the pure cyclo- 
butanones were subsequently treated with Jones 
reagent (4). Clearly, the lactones and the cyclo- 

butanones must have been produced independ- 
ently from the corresponding starting alcohols 
via competitive reaction pathways. 

These findings led to our present studies on the 
oxidation of tertiary cyclobutanols with Jones 
reagent. It was anticipated that, with the normal 
oxidation process to a ketone being precluded, a 
tertiary cyclobutanol would proceed exclusively 
by the oxidative cleavage of the cyclobutane 
ring to  give, depending on its substitution 
pattern, 1,4-ketol 1 or 1,4-diketone 2 theoreti- 
cally by the route outlined in Scheme 2. 

Indeed, when alcohol 3 was treated with 8 N 
Jones reagent in acetone 0 "G for 1 h, it was 
smoothly oxidized to give an 827, yield of 
diketone 4: ir (film) 1707 cm-I; nmr (CCl,) 
6 0.94 (t, 3H, J = 6 Hz); mass spectrum M' 
196.1443 (calcd. for Cl2FH2oQ2: 196.1464). Under 
the same condition, the oxidation of alcohol 5 
afforded a 50% yield of ketol6 (ir (film) 3430 and 
1705 cm-I; nmr (CC14) 6 0.91, 0.94, 1.06, and 
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TABLE 1. Oxidation of tertiary cyclobutanols with the Jones reagent 

Alcohola Time Product(s)b 

30 mln 

l h  a , e d c 4 8 ,  H ,. . 
OH 

R 50 mln a;ab- (78) 

11, (85, 

(J% 40 mtn w ' (6) 

on 
I  h  (621 

8 9 

aA!I the ring junctures are  cis-fused. Where relative stereochcmistry is not specified, a diastereorneric 
mixture was used. 

bpercentage isolated yield in parentheses. Yields have not  been optimized. 
CA single isomer was obtained. Its stereochemistry remains t o  be ascertained. 
d A  mixture consisting of at  least two isomers was obtained. 

of 1,4-ketols and 1,4-diketones, compounds of 
broad synthetic utility,' by means of oxidative 

RI R2 WI R2 cleavage of tertiary cyclobutanols was thus 
shown to be feasible. The generality of the new 

8 2  method was further demonstrated by additional 1 (RI = H) examples which are compiled in Table I .  By 
R I modifying the structure of the starting alcohol, 

P. this procedure could, in principle, be extended to  
the preparation of many other organic systems. 

SCHEME 2 The transformation of keto alcohol 8 to  enedione 
9 iilustrates this point. 

2.00 (all s, 3I-r each>; mass spectrum M+ 198.1625 The c~clobutanO1s used i n  the present studies 

(calcd. for C,2M22CJ2: 198.1620)) and a minor were prepared 
quantity of a mixture of ernones 4. The synthesis lFor a relevant discussion, see ref. 5.  
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alkenones by a photochem~cal approach. For 
instance, 8 was synthesized by irradiation of 
isophorone and isopropenyl acetate fo l l o~ed  by 
hydrolysis (4 N NaOH-CH30H) of the resuiting 
diastereomeric mixture of photoadducts (8 with 
OAc replacing OH) (6). Alcohol 5 was obtained 
from 8 in two steps; thioketalization with 1,2- 
ethanedithiol and boron trifluoride etherate and 
desulfurization with W-2 Raney nickel. In cases 
where the required en01 acetate, e .8 . ,  2-acetoxyl- 
1-hexene for 3, could not be easily secured in 
desired quantity, it *as found more convenient 
to carry out the synthesis via a suitable cyclo- 
butanone intermediate. Thus, by the sequence 
used for the transformation of isophorone and 
isopropenyl acetate to 5, bicyclo[4.2.0]octan-7-01 
was readily prepared from 2-cyclohexenone and 
vinyl acetate. Oxidation with dimethyl suifoxide 
and acetic anhydride (7 )  at 5 O C  gave rise to the 

correspondil~g cyclobutanone which on treat- 
ment with n-butyllithium afrorded 3. 

The author wishes to thank the National 
Research Council of Canada for financial sup- 
port. 
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Mercury photosensitiza~on of I-hexene and cis-2-octene vapor. 
Intramolecular hydrogen abstraction of vibrationally excited 

K,K* triplet state1 
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YOSHIHISA INOUE, SETSUO TAKAMUKU, and HIROSHI SAKURAI. Can. J. Chem. 54,3117 (1976). 
Upon mercury photosensitization, the vibrationally excited triplet of the simple alkenes 

1-hexene and cis-2-octene undergoes an  olefinic type I1 reaction consisting of an intramolecular 
1,5-hydrogen abstraction via a six-membered transition state and subsequent reaction of the 
resulting biradical, in sharp contrast to the well established allylic C-C and C-H bond 
cleavage of alkenes without a yhydrogen. The cis-trans photoisomerization of cis-2-octene 
and other intramolecular hydrogen abstractions of minor importance occurring through 
unfavorable transition states were also observed. The mercury photosensitization of various 
cyclic and acyclic alkenes so far reported are comparatively discussed. 

YOSHIHISA INOUE, SETSUO TAKAMUKU et HIROSHI SAKURAI. Can. J. Chem. 54, 3117 (1976). 
Par photosensibilisation au mercure le triplet vibrationnellement excitC des alcknes simples 

comrne l'hexkne-1 et l'octkne-2 cis donne une rCaction de type I1 olifinique consistant en un 
arrachement d'hydrogkne y par un Ctat de transition a six chainons et rCaction subssequente du 
biradical rksultant. Ceci est en nette opposition avec le fait bien Ctabli du clivage des liens 
allyliques C-C et C-H des alcknes qui ne posskdent pas un hydrogene en position 7. La 
photoisornCrisation cis-trans de l'octkne-2 cis et d'autres processus d'arrachernent intra- 
molCculaire d'atomes d'hydrogene se produisant selon des Ctats de transition difavorables ont 
aussi CtC observCs. La photosensibilisation au mercure de divers alcbnes cycliques et acycliques 
dkja rapport& est discutCe en comparaison avec les rCsultats du prCsent travail. 

[Traduit par le journal] 

Introduction 
Extensive studies have been made on the 

photochemical behavior of alkyl-substituted 
ethylenes following triplet sensitization in the 
liquid phase. The cis-trans photoisomerization 
of acyclic alkenes via triplet state is one of the 
most studied photochemical reactions (1); with 
cycloalkenes, where cis-trans isomerization is 
geometrically difficult, cyclodimerization and 
polar addition take place (2). Regarding the 

lpreiirninary report, ref. 25. 
2To whom correspondence should be addressed. 

photosensitization of simple alkenes in the vapor 
phase, on the other hand, it is generally accepted 
that triplet-triplet energy transfer from sensitizer 
generates a vibrationally excited triplet-state 
molecule of alkene, which exhibits some novel 
reactivities not observed in the liquid-phase 
photolysis. The best established reaction of such 
a vibrationally excited triplet alkene is allylic 
C-C and C-H bond cleavage followed by re- 
actions of the resulting alkyl and ally1 radicals 
(3-9). The vibrational activation in the triplet 
state of alkenes has also been reported to enhance 
an intramolecular 1,Zshift of allylic hydrogen, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3118 CAN. 1. CHEM. VOh. 54, 1976 

providing cyclopropane derivatives 44, lo, 11). 
A previous study of the photosensitization of 

cis-cyclooctene vapor showed that. the vibra- 
tionally excited triplet of cyclooctene undergoes 
an effciect intramolecular y-hydrogen abstrac- 
tion through a cyclic, six-mernbemed transitior! 
state, resulting in- the formation of a cyclic 1,4- 
biradical (12). The I,4-biradical thus formed 
undergoes competitive B-cleavage and cycliza- 
tion, which provides an olefinic analog with the 
Norrish type I1 reaction of carbonyl compounds 
(13). Aithough the mechanism has not been fully 
clarified, the mercury sensitization of 1-pentene 
vapor also gives products which may be attri- 
buted to the intramolecular ?-hydrogen abstrac- 
tion and the subsequent reaction of the resulting 
1,4-biradical (14, 15). Consequently, it is sug- 
gested that the vibrationally excited ?r,a* triplet 
of alkenes containing a y-hydrogen atom shows 
an analogous reactivity with the type I1 photo- 
cleavage of carbonyl compounds, although the 
mechanism of vapor-phase photosensitization of 
alkenes has hitherto mainly involved the allylic 
C-C and C-H fission. 

In the present study, we wish to discuss the 
detailed mechanism, generality, and importance 
of the intramolecular hydrogen abstraction re- 
action in the vapor-phase photosensitization of 
simple alkenes. 

Experimental 
Maiei r a l ~  

1- Hexole (I) 
Commerc~ally ava~lable 1-hexene was purified by dlst~l- 

latlon through a spnlnlng band column and preparatlve 
glc on polyethylene glycol-6000 (PEG) to a purity of 
>99 9',. 

I-He1et1e-5.5-rl~ (Id) 
The deuter~um labelled hexene was prepared ]:I a 

three step process start~ng from hex-5-en-2-one. The 
procedure consisted In LIAID~ reduct~on of the hexenone 
to hex-5-en-2-01-5-d. followed by esterlfication ~ ~ t h  
p-toluene-sulfonyl chlor~de to the tosylate and subsequent 
reduction k ~ t h  LIAID, to glve I d  The product was 
pur~fied by preparatlve glc to a purity of >99 9'( .  The 
nmr spectrunl of I d  s h o ~ ~ e d  three v~nyl  protons a t  
6 5 7(t-q), 4.9(d), and 4.85(d), two allyl~c protons a t  
2.0(q), t h o  methylene protons at  1 32(t), and three 
methyl protons at 0 88(s) in accord wlth the structure of 
Id. The   so topic pur~ty  of I d  was deternuned to be 98 7', 
by nmr and mass spectrometry. 

cis-2-Octene (2c) 
Commercially ava~lable CIA-2-octene containing 5r, 

trans-lsomer was purified by preparative glc on PEG to a 
purity of 99.1';. The experimental sample contamed a 
small amount (0 87c0) of the trans-lsomer (2t) as an 

Impurity. A correction was applied to all of the data for 
the presence of the impurity. 

Cei~rr.~il Proceclirre 
-411 the experiments were carried out at  25 2 1 "C and 

under static conditions. The apparatus employed in the 
mercury sensitization was the same as described in the 
previous papers (9, 12). Control runs revealed that no 
detectable reaction occurred in the absence of uv irradia- 
tion. Tile q~rantum yields (a) for the mercury sensitization 
of I .  Id. and Zc were determined by propane actinometry 
at  500 torr. vihere @(Hz) was taken as unity (16). The 
absorption of the incident radiation was incomplete in 
the ceil and appropriate corrections were made in the 
determination of the quantum yields. 

After each run, products were trapped in a capillary at  
- 196 'C; small amounts of the non-condensable prod- 
ucts were discarded. The condensables were analyzed by 
glc on a 6 m column of 20(,0 squalane a t  50 "C for the 
products from 1-hexene. and on a 6 m column of 259i 
p,8'-oxydipropionitrile (ODPN) at  50 "C for those from 
2-octene. The gas chromatographic analysis of the satur- 
ated compounds produced in the mercury sensitization 
of 2c was conducted with a 15 cm column of HgS04- 
scrubber, Absorite PM (Tokyo Kasei Co.), which absorbs 
only oleiinic and aromatic compounds selectively (17), 
since some peaks of the saturated products were partially 
submerged in the peak of 2-octenes. All products, which 
can be separated from each other under these conditions, 
had retention times on glc and mass spectra identical 
with those of commercially obtained or independently 
synthesized authentic specimens. No  searching attempt 
on glc was made for dimeric products. 

bzdepetrdet~i Syntlzesis of A~rtheniic Specimerls 
The structures of the compounds synthesized were 

confirmed by means of nnlr, ir, and mass spectrometry. 
cis- utzd tra~z~-1,2-Dit~zeilzyIcycIobutat~es (3c and 3t)  
The diethyl ester of trans-cyclobutane-l,2-dicarboxylic 

acid was converted to a mixture of cis- and trans-diesters 
by sodium-catalyzed epimerization in ethanol (18). The 
mixture (cisltrarzs = 0.15) of diesters was reduced to a 
mixture (cis jirans = 0.12) of cis- and trans-1.2-dimethyl- 
cyclobutanes in a three step process composed of LiA1H4 
reduction into cis- and trc~n~-l,2-bis(hydroxymethy1)- 
cyclobutanes, esterification with p-toluene-sulfonyl chlor- 
ide to the corresponding ditosylates, and in turn LiA1H4 
reduction of the ditosylates. Separation by preparative 
glc gave the pure specimens of 3c and 3f. 

cis- cind rrat1s-1,2-Dieil1ylcyclobutatzes (6c and Bt) 
Photodimerization of 1,3-butadiene (19) was per- 

formed in the presence of Michler's ketone as a sensitizer 
to give a mixture of cis- and iratls-l,2-divinylcyclobutanes 
and 4-vinylcyclohexene (13, 83, and 4',, respectively). 
Hydrogenation of the mixture over 5 %  Pd - charcoal gave 
a mixture of cis- and trurzs-l,2-diethylcyclobutanes and 
ethylcyclohexane, from which the pure specimens of 6c 
and 6t were separated by glc. 

cis- arid tmns-l-AWeil~yl-2-er/~~Ic~clopenianes (7c arzd 71) 
cis-Bicyclo[3.3.0]oct-2-ene, prepared by potassium- 

catalyzed cyclization of 1,3-cyclooctadiene (20), was con- 
verted to cis-I-hydroxymethyl-2-(2-hydroxyethyl)cy~l~- 
pentane by ozonolysis at  0 "C and subsequent reductive 
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TABLE I. Mercury photosensitization of 1-hexene (1) and I-hexene-5,5-d2 (Id) 
- 

Product 
Pressure Irradiation 

Compound (torr) time (min) Propene 3c 3t 4 5 n-Hexane 

aNitric oxide (1 torr) added 
bNot detected. 
CYield not determined. 

cleavage of the ozonide with NaBH4 according to a simi!ar 
procedure described by Sousa and Bluhm (21). The cis- 
diol obtained was reduced to cis-1-methyl-2-ethylcyclo- 
pentane (7c) by the same successive treatment employed 
in the synthesis of 3c and 3r. tru~ls-Methylethylcyclopen- 
tane (7t)  was prepared by acetone-sensitized photo- 
epinlerization (22) of 7c. 

Results 

Mercury-sensitized Photolysis of I-Hexene ( I )  
As major products, propene and cis- and 

trans-l,2-dimethylcyclobutanes (3c and 3t) were 
obtained along with minor amounts of methyl- 
cyclopentane (4), cyclohexane (5), and n-hexane. 
The quantum yields of the products are shown in 
Table 1. Although trace amounts (a < 0.002) of 
ethylene and 2-butenes were observed at sub- 
strate pressure < 10 torr, any formation of these 
products was not detected in significant yield at 
higher pressure; no detectable propane was pro- 
duced at any pressure employed. 

The product distribution for a short reaction 
time (1 min) exactly accorded with the results 
shown in Table 1, thus indicating that these are 
the primary photoproducts. 

A scavenging experiment was performed with 
a small amount of added nitric oxide to suppress 
free radical-induced reactions which is familiar 
to mercury photosensitization of hydrocarbons 
(23, 24). As shown in Table 1, the formation of 
n-hexane was completely suppressed by the 
addition of nitric oxide, while the yields of the 
other major products were virtually invariant. 

The effect of the initial substrate pressure on 
the product yields was examined up to 51 torr. 
The results are shown in Fig. 1. The suppressing 
effect of the increasing pressure on the yields of 
propene, dimethylcyctobutanes (3)) methylcyclo- 
pentane (4), and cyclohexane (5) is evident from 
the data. 

Since the formation of the cyclobutanes 3 was 

Pressure of 'I-hexene, torr 
FIG. 1. Product yield as a function of I-hexene pres- 

sure; irradiation time 5 rnin. 0, propene ( X i ) ;  0,  a), 
cis- and trans-dimethylcyclobutane (3c and 3t) ;  @, 
methylcyclopentane (4); 0, cyclohexane (5). 

considered to  involve hydrogen abstraction at the 
5-position of 1-hexene, 5,5-dideuterated 1- 
hexene Id was synthesized and subjected to 
mercury sensitization in order to examine 
isotope effects on the reaction. The photolysis of 
the deuterated hexene Id  was carried out under 
comparable conditions to afford similar results 
but showed a remarkable decrease in the yields 
of propene and the cyclobutanes, as shown in 
Table 1. Anv detectable decreases in deuterium 
content were not observed by mass spectrometric 
analysis of the products 3-5. Mass spectrometric 
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TABLE 2. Mercury photosensitization of cis-Zoctene (2c) 

Pressure (torr) Irradi- Product 
ation 

2c NO time (rnin) 1-Butene Gt 6c+8ia 71 7c 8c 2t n-Octane 

10 0 5 0.084 0.C08 0.010 0.002 0.003 0.003 0.44 0.005 
10 1 .0  5 0.088 0.008 0.010 0.002 0.002 0.003 0.44 o 

GThe cornhi~ied yield of 6 c  and 8r is shown because of i~lcornplete sepnvation on glc. 
Wo: detected. 

Pressure of 1- hexene-5,s-d2, tsrr 

FIG. 2. Product yield as a function of 1-hexene-5,5-d2 
pressure; irradiation time 5 min. 0, propene-dl ( x :); 
a, @, cis- and trans-dimethylcyclobutane-d2; @, methyl- 
cyclopentane-d2 : @, cyclohexane-dz. 

butanes in a molar ratio of about 20:1 while 
65 h irradiation of benzene solution of 1 in a 
quartz tube by a 500 W high pressure mercury 
lamp produced no detectable yields of propene, 
3, 4, and 5. 

Mercury-sensitized Photolysis of cis-2-Octene (2c)  
The major photolysis product was trarzs-2- 

octene (2f), and additionally minor amounts of 
I-batene, cis- and trans-l,2-diethylcyclobutanes 
(6c and 6t), cis- and trans-1-methyl-2-ethylcyclo- 
pentanes (4c and 4t), cis- and trans-1,2-di- 
methylcyclohexanes (8c and 81) were obtained. 
Although 1-octene was also produced (a = ca. 
0.01 at 10 torr), accurate determination of the 
yield is difficult because of the incomplete 
separation on glc. The quantum yields are shown 
in Table 2. Any formation of n-butane and 2- 
butenes was not detected in significant amount. A 
short irradiation time (1 min) experiment gave 

analysis also revealed that more than 88% of the the same distribution of products as shown in 
Propene produced contains One atom, Table 2, indicating that these are the primary 
suggesting predominant transfer of a deuterium products. 
atom at the 5-position of Id. The effect of added nitric oxide was examined 

The P ~ ~ ~ ~ ~ ~ ~ - ~ ~ P ~ ~ ~ ~ ~ ~ ~  was and the results are shown in Table 2 .  The 
for the mercury sensitization of the deuterated addition of the radical scavenger inhibited 
hexene under comparable conditions, since the pletely the formation of n-octane, while the 
deuteration at the 5-position of B is expected to yields of the other products were not practically 
affect the rate of hydrogen abstraction, as well 
as the quantum yields of propene and the cyclo- The pressure-dependence study on the mercury butanes. As can be seen from F i g  2, the product of Zc was performed up to 350 torr 
yields decreased with increasing pressure as in by adding xenon as an inert gas, since the range the case of I except for the greater reduction of available was limited by the low vapor pressure the yields of propene and the cyclobutanes. of the substrate at room temperature. The results 

In other experiments, it was observed quali- are plotted in Fig. 3. In order to avoid compli- 
tatively that the vapor;phasephotosensitization3 cated plots on the figure, the results for the 
of (I0 rorr) at 2537 A benzene (I0 yields of 6c, 4c, 7t, and Bt are omitted because of 

as a sensitizer 'lsO gave the same their similar pressure dependence. The yield of 
products, i.e. Propene and the dimeth~ic~clo-  n..octane stayed constant over the entire pressure 

T h e  benzene sensitization in the vapor phase was 
range employed, in accord with the nature of the 

carried out in a mercury-free vacuum system using the well-known radical-induced reactions.   he pro- 
same lamp and quartz reaction vessel. duct yields except that of 2t decreased gradually 
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Rssure of xenon added, torr 
FIG. 3. Product yield as a function of xenon pressure 

in the mercury photosensitization of cis-2-octene (10 
torr); irradiation time 5 min. @, rruns-2-octene (2t); 
0, I-butene ( X i ) ;  0, trajzs-1,2-diethylcyclobutane (61); 
8, cis-1,2-dimethylcyclohexane (8c); 8,  n-octane. 

ally1 radicals was not d e t e ~ t e d . ~  The negligible 
effect of the radical scavenger NO on the yield 
of propene also suggests the absence of any 
radical species as an intermediate. The formation 
of propene is interpreted in terms of competitive 
P-cleavage of the 1,4-biradical generated by the 
l,5-hydrogen shift through a six-membered 
transition state as shown in Scheme 2. 

T " , 2C3HsD 

with increasing xenon pressure; the quantum 
yield of 2t contrarily increased to 0.49 and then OD - remained constant at pressures 2 50 torr. 

Id 

Discussion 
3-d2 

The pressure dependence of the product yields 
and the lack of inhibition by nitric oxide indicate 
the intermediacy of the vibrationally excited 
triplet state of the alkenes, i.e. I-hexene and 
cis-2-octene, consistent with the accepted view of 
the mercury photosensitization of alkenes (3-12). 
The formation of the cyclic compounds 3-5 in 
the photolysis of I-hexene can be interpreted in 
terms of four intranlolecular hydrogen abstrac- 
tion processes followed by closure of the resulting 
biradicals (Scheme I). 

The mechanism which involves the familiar 
allylic C-C bond fission is ruled out for the 
formation of propene, since propane and 1,5- 
hexadiene which, if the allylic fission is operative, 
should be produced by the reaction of propyl and 

The above mechanism for propene formation 
is supported by the results of the deuterated 
experiment that (I) > 88% of the propene pro- 
duced in the mercury sensitization of Id  con- 
tained one deuterium, and (2) both yields of 
propene and the dimethylcyclobutanes decreased 
to a similar extent upon deuteration at the 5 -  
position of I-hexene (@,/a, in Table 1). 

Intramolecular hydrogen abstraction in the 
six-membered transition state, followed by 

4tz-Hexane formation should be interpreted as a result 
of the hydrogen abstraction by excited mercury atoms 
which has been established in the mercury photosensitiza- 
tion of alkanes (23, 24). 
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competitive cyclization and p-cleavage of the 
resulting 1,4-biradical, may correspond to the 
Norrish type I1 reaction of carbonyl compounds 
(13). Other cyclic products also involve intra- 
molecular hydrogen abstractions (Scheme 1); 
methylcyclopentane 4 is formed from a 1,4- 
and /or 1,6-shift via unfavorable five- and,/or 
seven-membered transition states, and, because 
of the unfavorable primary 1,6-biradical inter- 
mediate, a small amount of cyclohexane is 
formed. Although this olefinic analog of the 
type I1 reaction does occur upon benzene 
sensitization of 1 in the vapor phase, no de- 
tectable product from these intramolecular 
hydrogen abstraction reactions was observed in 
the liquid-phase benzene sensitization of 1. 
Therefore, the olefinic type I1 reaction, and the 
other intramolecular hydrogen abstractions as 
well, are characteristic of the vibrationally ex- 
cited triplet generated in the vapor-phase photo- 
sensitization. 

The pressure dependence study of the photo- 
lysis of 1 and Id gives additional information on 
the lifetime of the excited triplet and the isotope 
effect on the rate of hydrogen transfer. The 
sequence [I]-[5] is proposed for the formation of 
propene and cyclobutanes 3, 

[3l - other products 

where the asterisk represents the excited triplet 
state. 

A steady-state treatment of the sequence 
111-[5] leads to the equation 6 for the reciprocal 
of the quantum yield of the type I1 reaction, i.e. 
the combined yield of propene X 5 and 3. 

In Fig. 4, the reciprocals of the combined 
yields of propene X and 3 from the photolysis 
of 1 and Id are plotted against the substrate 
pressure and good linear relations are obtained. 

From the slopes and the intercepts, we ob- 
tained: (k2 + kg + k4)/k5 = 17.7 and 24.5 torr 
in the photolysis of I-hexene and I-hexene-d2, 
respectively. Assuming that the deactivation of 

Pressure, torr 
FIG. 4. Reciprocal of quantum yield of the olefinic 

type I1 reaction as a function of the substrate pressure in 
the mercury photosensitization of I-hexene (3) and 
I -hexene-5,5-d2 (@). 

triplet hexene occurs at each collision, i.e. ks = 
1.0 X 10-lo cc/molecule s (4, 7), kZ + k3 + k4 
equals 0.56 X los s-I. Thus, the 1-hexene triplet 
has a lifetime of 1.8 X s. A similar calcula- 
tion gives the lifetime of the deuterated 1-hexene 
triplet, 1.3 X These values are in fair 
agreement with the results of other alkene triplets, 
e.g. 6.3 X s for 1-butene (4) and 5.0 X s 
for cyclohexene (7). On the assumption that the 
cross sections of 1 and Id  do not differ too 
greatly, the isotope effect on the rate of process 
[2] ,  denoted by kH/kD, is estimated from the 
slope of eq. 6. From Fig. 4, the value kH/kD for 
the olefinic type 11 reaction is calculated to  be 1.5, 
and the isotope effect on the zero pressure extrap- 
olated quantum yield, designated by (QH/aD)0, 

is also calculated to be 2.1 from the intercepts. 
These are consistent with the mechanism in- 

5Since the correctlon5 for Lorentz broademng of 
mercury resonance line (7) were not made In the pressure 
dependence studies, the lifetimes may be somewhat longer 
than these calculated values. 
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volving the intramolecular 1,5-hydrogen transfer 
process. 

With the mercury photosensitization of cis-2- 
octene, where cis-trans isomerization can be 
observed, 1-butene and the cis- and trans- 
isomers of three cyclic products 6-8 were 
obt,.ined along with trans-2-octene, 2t .  Based on 
the observed suppressing effect of added xenon 

on the product yields and the lack of inhibition 
by nitric oxide, we propose intramolecular 
hydrogen abstraction of the hot triplet ZT* for 
the formation of 1-butene and the cyclic pro- 
ducts as shown in Scheme 3. Deactivation of the 
hot triplet by collision leads to the cis -+ trans 
isomerization as the major photoreaction. 

The low yield for the intramolecular hydrogen 

TABLE 3. Mercury photosensitization of some alkenesa 

Allylic Olefinic Cyclo- cis-rratzs 
Press C-C type I1 propane Isomeri- Other 

Alkene (torr) fission reaction formation zation reactions Reference 

1-Butene 14.7 0.4SC - 0.04 - <0.01 
e - 

(4) 
2-Butene 30 e 0.50 <0.01 0 

1-Penteneb 15 5 c/ / C  72"' , o r - 22% 
e e - 

(14) 
1-Hexene 10 0.21 0.02 This work 
cis-2-Octene 10 e 0.06 e 0.44 0.01 This work 

Cyclopentene 30 0.24 - e - 0.03d (5) 
1-Methylcyclopentene 10 0.20 - e - 0.01 

- - 
( 6 )  

Cyclohexene 10 0 .  20C O.Olh 0.01 
- e - 

(7)h 
3-Methylcyclohexene 10 0.02 0.02 

- e - 
(8) 

cis-4,5-Dimethylcyclohexene 9 0.008 0.03 
- e - 

(9) 
trans-4,5-Dimethylcyclohexene 9 0.008 0.03 

e - 
(9) 

Cycloheptene 6 >0.05 >0.04h <0.03 (10)" 
cis-Cyclooctene 4.5 e 0.34 0.05 0.08 0.03 (18) 
cis-Cyclononeneb 1 .0 e 43Cc 57% I e (11 )  

ashown in quantum yield reported, unless otherwise noted. 
bShown in Y, composition, since yields have been reported in pmol. 
CCombined yield of allylic C-C and C-H bond fission. 
dDimeric products (c% =0.43) were also obtained. 
eFormation not reported. 
/Yield not determined. 
QReferences 26 and 27. 
"Unpublished results of the authors. 
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abstraction reactions in this system may be 
attributable to the greater freedom in vibration 

L 

and rotation than that of 1-hexene, since intra- 
molecular relaxation of excess vibrational energy 
is considered to diminish the rate of the hydrogen 
abstractions. 

The results of the mercury photosensitization 
studies of simple alkenes so far reported are 
summarized in Table 3. Reactions of the 
vibrationally excited triplet of alkenes may be 
classified according to the primary processes; 
( I )  the allylic C-C and C-W bond fission, (2) 
the intramolecular hydrogen abstraction, mainly 
the olefinic type II reaction, (3) the 1,2-shift of 
allylic hydrogen providing cyclopropanes, and 
(4) the cis-trans isomerization as the result of 
collisional deactivation of the triplet. Other 
miscellaneous reactions reported are also listed. 
As shown in Table 3, the major photoreaction of 
the vibrationally excited triplet of open-chain 
alkenes without a y-hydrogen is merely the 
allylic C-C and C-M bond cleavages in 
addition to the cis-trans isomerization. The 
alkenes carrying a ?-hydrogen atom contrarily 
undergo the olefinic type B H  reaction upon 
mercury photosensitization instead of the allylic 
fission. Regarding cycloalkenes, steric restric- 
tions in cyclopentene and cyclohexene completely 
prevent intramolecular hydrogen abstraction and 
allylic fission is predominani, while the larger 
cyclic alkenes do undergo the type II reactionin 
high yield, especially in the photolysis of cyclo- 
octene. 

It is thus concluded that the vibrationallv 
excited a , ~ "  triplet of simple alkenes with a 
7-hydrogen mainly undergoes intramolecular 
hydrogen abstraction via a six-membered transi- 
tion state. although the main course of the 
reaction of the triblet alkenes with vibrational 
activation had previously been believed to be the 
well-known allylic bond cleavage. 
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Excess volume and viscosi$ of binary Biqnid acid-base mktnres 
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HORACXO W. S ~ L I M O ,  WOQUE RIGGIO, Jose A. ESP~NDOLA, SILVIA DEL V. ALONSO, and MIGUEL 
KATZ. Can. J. Chem. 54, 3125 (1976). 

Densities, viscosities, and refractive indices a t  25 'C were determined for the systems: 
o-chlorophenol + Iv,N-dimethylaniline, o-chlorophenol + aniline, o-chloropheno! $ m-tolu- 
idine, and o-chlorophenoi + pyridine. From the experimental results the excess volume, excess 
viscosity, excess molar free energy of activation of flow, and the excess partial molar volume 
were calculated. There is evidence of complex formation between o-chlorophenol and the 
four bases. 

HORACIO N. S ~ L I M O ,  ROQUE RIGGIO, A. ESP~NDOLA, SILVIA DEL V. ALONSO et MIGUEL 
KATZ. Can. J. Chem. 54, 3125 (1976). 

On a dCterrninC, B 25 "C,  les densitis, les viscositis et les indices de refraction des systkmes 
o-chiorophenol + N,N-dimCthylaniline, o-chlorophinol + aniline, o-chlorophknol + m-toiu- 
idine et o-chlorophenol + pyridine. A partir des rksultats expCrimentaux, on a calculi les 
volumes, les viscositCs, les energies libres molaires d'activation d'icoulernent el les volumes 
molaires partieis apparents d'excks. On irouve des indications A I'effet qu'il y a formation de 
complexes entre o-chlorophCno1 et les quatre bases. 

[Traduit par le journal] 

Introduction Materials and Solu~iatis 
o-Chlorophenol, Merck p.a, was fractionally distilled 

The Present Paper Continues our investigation over Zn powder, the middle fraction redistilled over BaO, 
of the thermodynamic properties of binary liquid and the middle colorless fraction collected. The purifica- 
acid-base mixtures (1-3). Densities, viscosities, tion of the other substances was previously described (2). 

Mixt~~res  were prepared by mixing weighed amounts of and refractive indices at different molar fraction pure Caution was taken to prevent evapora- 
were measured at 25 @C for the following sys- tion, 
terns: o-chlorophenol + N,hr-dimethylaniline 
(CF + DMA), o--chlorophenol + aniline (CF + 
A), o-chlorophenol + m-toluidine (CF + T), 
and o-chlorophenol -5 pyridine (CF + PI, where 
all species are polar and aniline, rn-toluidine, and 
o-chlorophenol show hydrogen bonds in the 
pure state. 

With the classification of Barker and Smith 
(4), our systems could be classified as 'associated 
solutions'. 

The following thermodynamic functions were 
calculated from the experimental results: vE 
(excess molar volume), llE (excess viscosity), g*E 
(excess molar free energy of activation of flow). 

Results 

The experimental results for pure liquids are 
reported in Table 1 along with the values from 
the literature for comparison. 

The experimental molar fractions, densities, 
viscosides, and refractive indices for all the 
systemsi at 25 @C were used to calcuiate the 
excess thermodynamic fui~ctions with the follow- 
ing equations : 

ell 17E = 17 - (xlv1 + X Z ~ Z )  

PI eiE = u - (xluI0 + X ~ V ~ O : O )  -. , , 

and oiE'" (excess molar partial volume at (31 g r E  , RT[ln eo - in vieit + x2 ln 112a2)1 
infinite dilution). 

141 yiE,m = UjCo - U,O 

Experhenkak IComplete set of tabular data is available, a t  a nominal 
The methods used in our laboratory for the densities, charge, from the Depository of Unpublished Data, 

viscosities, and refractive indices measurements of binary CISTI, National Research Council of Canada, Ottawa. 
liquid mixtures have been described previously (2). Canada Kl  A 0.632. 
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TABLE 1. Expermental  values of density p (g cn1r3), viscosity 7 (cP), and refractive index at 25 "C 

P ?I "D 

Cornpollent Obs. Lit. Obs. Llt. Obs. Lit. 

C'F 1 ,25750 1 .2577(5) 3.31 - 1.55716 1.55676(5) 

DM A 0.95232 0.95!96(5) 1 ,228 1 .285(9) 1.55661 1.55620(7) 
A 1.01745 1.01750(7) 3.77 3.470(10) 1.58392 1.5840(7) 
T 0.98444 0.98185(5) 3.25 3.31(8) 1 .56578 1 .56570(5) 
P 0.97710 0.9772(6) 0.886 0.889(11) 1 .50713 1 .5067( 10) 

where 7, u l ,  and v 2  = viscosity of the mixture 
and of the pure components; v, v1° and.v20 = 

molar volume of the mixture and of tile pure 
components; xl = molar fraction of the o- 
chlorophenoi; R = gas constant; T = absolute 
temperature; and ui" = partial molar volume of 
the i component at infinite dilution. 

The molar volume t. of the mixture is defined 
by 

where MI and MZ are the molecular N-eights of 
the components and p the density of the solution. 

Each set of results was fitted with a Redlich- 
Kister (1 1) form of the type: 

where XE represents the excess property under 
consideration; aj = polynomial coeficients; and 
n = polynomiafdegree. 

The method of least-squares was used to 
determine the values of the coefficients aj. In 

L s v l g i t I r J  

0 0.2 0.4 0.6 08 ID 
each case. the oatiinum number of coefficients X I  
was ascertained from an examination of the 
variation of the standard error of estimate with n ,  

where Hob. is the number of measurements. 
The values adopted for the coeficrents a, 

(calculated with an IBM 1620 computer) and the 
standard error of the estimate u associated with 
the use of [6] are summarized in Table 2.  

Figures 1, 2, and 3 show experimental vahes 
of uE, vEg and g*" as a function of the molar 
fraction of o-chiorophenol, respectively. The 
continuous curves were calculated from [6] using 
these values for the coefficients. 

If at some point (Fig. 2) on the curve a tangent 

FIG. 1. Plot of ?iE U S .  X I .  

is drawn. it cuts the vE axis (xl = 0) at a point 
correspor~ding to a a lE  value. Even though the 
coefficients a2, a3, . . . from [b] have no physical 
significance, the first coefficient of this equation 
represents (12) the value of excess partial molar 
volume (olE,") at infinite dilution as long as this 
is the tangent where xl = 0. 

The partial molar volumes at infinite dilution 
of the o-chlorophenol were calculated from [4] 
where u10 = 102.235 em3 mol-I and are included 
in Table 3 along with the excess partial molar 
volume at infinite dilution. 
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TABLE 2. Values of the coefficients for [5] determined by :he method of least-squaresa 

System Function U I  a2 a3 a4 u 

C F  + DMA u E 

vE 
f E  

CF + A D E 

71E 

g* 
CF + T u E  

vE 
g* E 

C F + P  $3 

71E 

R* 

FIG. 2. Plot of c" cs. XI. 

Discussion 
Figures Z and 3 show well-marked maxima for 

the systems CF + A, CF + r, and CF + P, 
but for CF + DMA the maximum is not as well 
marked as the others. 

Fialkov (13) and Fort and Moore (14) con- 
clude that for the systems whose excess viscosity 

TABLE 3. Excess partla: molar volume and partla1 
molar volume at Infinite dllut~on of component C F  

at  25 "C 

System cIEnrn (cm3 mol-1) alm (cm3 mol-1) 

C F  + DMA - 1.638 100.597 
C F  + A -2.636 99.599 
CF + T -3.683 98.552 
C F  + P -5.613 96.622 

FIG. 3. Plot of g*E cs. X I .  
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show a similar behaviour as for the first three 
systems named before, the composition of the 
intermolecular complex formed can. be fixed, at 
least to a first approximation, according to the 
molar relation indicated by the maxima. These 
complexes are more stable when the positive 
values of the maxima of sE are bigger. 

The stoichiometric relations of the formed 
complex can be obtained from Figs. 1 and 3; 
they are CF.T, CF.A, and 2CF.P. For the other 
system we cannot find a molar relation because 
the maximum is not well defined. 

The symmetric curves of 7E and g*E us. XI for 
the systems CF + A and CF + T show that the 
necessary energy to break the hydrogen bonding 
in the mixing process for the pure liquids is 
similar for both components. 

The other two systems show a shift of the 
maximum towards the higher mole fraction of 
o-chlorophenol, which indicates that the break- 
ing energy of hydrogen bonding in o-chloro- 
phenol, when mixing with pyridine, is not 
compensated by the weak N. . . H bonding of 
the base (15) and is not compensated at all when 
it is mixed with N,N-dimethylaniline, because of 
the absence of hydrogen bonding. 

The cis isomer in o-chlorophenol presents an 
intramolecular hydrogen bond of the type 
0-H. . . Cl(16). This fact determines the impos- 
sibility of formation of hydrogen bonding with 
another molecule of the same kind. The ir 
spectrum (17) of o-chlorophenol shows 
0-He . 0 bonding between the cis and trans 
isomers with only 10% of the latter, approxi- 
mately. The energy necessary to break the hydro- 
gen bonding of the type 0-H.. -0 in o-chloro- 
phenol is greater than the energy necessary to 
break the N-Elv. . N  one in aniline and nz- 
toluidine (1 8); however, the little proportion of 
the trans isomer equilibrates this greater energy, 

The behavior of these two systems is different 
from that containing propionic acid (2) and 
m-cresol (3) with the same bases. 

The negative values of uE in Fig. 2 for the four 
systems are explained by Prigogine (19) in terms 
of the different sizes of the molecules or the 
dipole-dipole interaction between them. The 
intermolecular association complex also con- 
tributes to  these negative values. 

In our case, all the chemical species are cyclic, 
so that little differences of size in the molecules 
are not important in the excess molar volume. 

The minimum value of vE for the system 
CF + P is explained by the great basic strength 
of pyridine (20) and the stability of the associa- 
tion complex (see Figs. 1 and 3). For the other 
systems the basic strength of the bases are simi- 
lar; thus, the stability of the association comp!ex 
accounts for the relative negative values. 

Figure 3 shows for the CF + P system more 
positive g*E values than the C F  + T system. 
This situation is the reverse of that observed in 
Fig. 1 for 17E values. This could be explained 
considering that g*E represents [3] the influence 
of 7 and v simultaneously (21). The greater con- 
traction for the CF + P system is compensated 
with its lesser excess viscosity compared with the 
CF + T system. Nevertheless, the conclusions 
obtained with both excess functions are the 
same; thus the deformation of curves using g*E 
in place of ?lE is not important in this case. 

From the analysis of the values in Table 3 we 
may conclude that the addition of 1 mol of 
o-chlorophenol in a large volume of the different 
bases produces a volume contraction in the order 
D M A < A < T < P .  

The linear variation of the molar refraction 
for the four systems, calculated from the refrac- 
tive indices by the Lorenz-Lorentz formula, in 
terms of the composition, is in agreement with 
the conclusion of Loiseleur (22) for a large num- 
ber of ideal and nonideal systems. Neither the 
polar characteristics of the chemical species 
studied nor the existence of hydrogen bonding 
in the aniline, m-toluidine, and o-chlorophenol, 
and the intermolecular association complex seem 
to have any important effect on the linear 
dependence of this property on concentration. 
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STEVEN J. RETTIG and JAMES TROTTER. Can. J. Chem. 54, 3130 (1976). 
Crystals of 8.8-his(,)-~olyl)horoxa7olidine, l c ,  are trigonal, a = 25.1028(9). c = 12.4184(7) A, 

Z = 18, space group R3. And crystals of B.B-diphenylhoroxazolidine. lu.  are orthorhombic. 
u = 17.6420(4), b = 14.2527(3), c = 10.205(1) A, Z = 8. space group Pbcu. Both structures 
were solved by direct methods and were refined by full-matrix least-squares procedures to final R 
values of 0.057 and 0.040 for 2230 and 1828 reflections with I > !u(l) respectively. Both mole- 
cules have structures similar to related compounds and feature intermolecular N-H . . . 0 
hydrogen bonds ( N  . . . 0 = 2.982(2) for l c  and 2.896(2) A for Bu). Bond lengths are: for l c ;  
0-S, 1.413(3), 0-B, 1.478(3), N-C; 1.488(3). N-B, 1.657(3). C(~p3)-C(.\p3), 1.501(4), 
B-C, 1.616(3) and 1.623(3), mean C-S(ar), 1.395. N-H, 0.93(2) and 0.94(2). mean C(sp3)-H, 
1.00, and mean C(ar)-H, 1.00 A ;  for l u ;  0-C, 1.409(2). 0-B, 1.476(2), N-C, 1.489(2), 
N-B, 1.655(2), C(sp3)-C(sp3). 1.507(3), B-C, 1.61 3(2) and 1.620(2), mean ChC(ar), 1.391, 
N-H, 0.93(2) and 0.92(2), mean C(sp3)-H, 1.00, and mean C(ar)-H, 0.98 A. A statistical 
analysis of the phenyl C-C distances in compounds l a .  lb,  and Ic has provided an example 
of statistically significant substituent-induced bond length variation in the phenyl rings. 

STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 54, 3130 (1976). 
La  structure cristalline de la bis(p-toly1)-B,B @roxazolidine, lc ,  est trigonale, u = 25.3028(9), 

c = 12.4184(7) A, Z = 18, groupe d'espace R3. Et la structure cristalline de la diphenyl-B.B 
boroxazolidine, 1'7, est orthorhombique. a = 17.6420(4). b = 14.2527(3), c = 10.205(1) A, 
Z = 8, groupe d'espace Pbcu. Les deux structures ont ete resoiues par des mCthodes directes 
et affinees par la mithode des moindres carres (matrice compkte) jusqu'8 un facteur d'accord 
final R respectif de 0.057 et 0.040 pour 2230 et 1828 reflexions avec 1 2 3o(I). Les deux mole- 
cules ont des structures similaires aux composes parents et possedent des liens hydrogknes 
intermoleculaires N-H . . . 0 (N . . . 0 = 2.982(2) pour l c  et 2.896(2) A pour la). Les longueurs 
des liens sont: pour l c :  0-C, 1.413(3), 0-B, 1.478(3), N-C, 1.488(3), N-B. 1.657(3), 
C(sp3)-C(sp3), 1.501(4). B-C. 1.616(3) et 1.623(3), la moyenne de C-C(ar), 1 .?95, N-H, 
0.93(2) et 0.94(2). la moyenne de C(sp3)-H. 1.00 et la moyenne de C(ar)-H, 1.00 A ;  pour l a ;  
0-S,  1.409(2), 0-8, 1.476(2), N-C, 1.489(2), N-B, 1.655(2), C(sp3)-C(sp3). 1.507(3), 
B-C. 1.613(2) et 1.620(2), la moyenne de C-C(ar), 1.391, N-H, 0.93(2) et 0.92(2), la 
lnoyenne de C(sp3)-H. 1.00 et la moyenne de C(ar)-H, 0.98 A. Une analyse statistique des 
distances des liens C-C dans le phenyle des composes lu ,  Ib  et l c  a donne un exemple d'une 
variation statistiquement importante de la longueur des liens sous :'influence des substituants 
dans les noyaux phinyles. 

[Traduit par le journal] 

Introduction 
Recent structural investigations of boroxazol- 

idines l a  (monoclinic form), Ib, and 2 (1-3) and 
the related compound 3 (4) have shown a 
reasonably consistent, but not entirely con- 
vincing, trend of bond length variation in the 
aromatic rings. The structural data (1-4) indicate 
that the tetrahedral boron substituent is electron 
releasing. When R is c6H5 as in l a ,  2, and 3 the 
bonds in the phenyl rings should decrease in 
length with greater distance from the boron sub- 
stituent since any electron density released must 
be accommodated in a* antibonding orbitals. In 
the case of lb,  which has an electron withdrawing 

fluorine atom para to the boron, this effect 
should be amplified if the electronic effects of the 
substitaents are localized. Such asymmetry has 
been noted in the four structures which have 
been determined but valid arguments can be 
raised that such bond length differences may be a 
result of thermal motion even though corrections 
have been applied in each case. 

In order to establish that this variation of the 
phenyl ring bond distances is indeed an electronic 
effect and is not due to inadequate correction for 
thermal motion, the structures of B,B-bis(p- 
tolyl)boroxazolidine (PC) and the orthorhombic 
form of B,Bdiphenylboroxazolidine (la) are now 
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reported. Of special interest is the structure of l c  
which has an electron releasing methyl group 

- - 

para to the boron. This should cause the 'outer9 
bonds in the phenyl rings to be longer than in the 
other compounds. 

Experimental 

B,B-Bis(p-to(yl)horoxazoIidif~e 
5.5-Bis(p-toly1)boroxazolidine was prepared as previ- 

ously described (5). Recrystallization from 100:; ethanol 
gave crystals suitable for X-ray analysis. The crystal 
chosen for study was mounted with c  parallel to the 
goniostat axis and had dimensions of ca. 0.3 X 0.3 X 
0.5 mm. Unit-cell and space group data were obtained 
from film and diffractometer measurements. The unit-cell 
parameters were refined by a least-squares treatment of 
sin2 8 values for 20 reflections measured on a diffractome- 
ter with Cu K, radiation. Crystal data are: 
Cl6Hi0BNO f . ~ .  = 253.2 
Trigonal, rc = 25.1028(9), c = 12.4184(7) A, V = 6777.1- 
(5) A3: p m  = 1.12 (flotation in aqueous KI), Z = 18, 
p, = 1.1165(1) gcm-3, F(000) = 2448 (23 ' C ,  Cu K,, 
X = 1.5418 A, p = 5.3 cm-1). Absent reflections: hkl, 
-h  + k + I # 3n, space group R~(c:,,  NO. 148). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, Cu K, (nickel filter and pulse height 
analyser), and a 0 28 scan at  2' min-1 over a range of 
(1.80 + 0.86 tan 8) deg in 28, with 10s  background 
counts being measured a t  each end of the scan. Data were 
measured to  28 = 146" (minimum interplanar spacing 
0.81 A). The intensity of the check reflection, measured 
every 40 reflections, remained within i-55; of its mean 
value during the data collection. Lorentz and polarization 
corrections and check reflection scaling were applied, and 
the structure amplitudes were derived. No absorption 
correction was made in view of the low value of p. Of the 
301 1 independent reflections measured, 747 had intensi- 
ties less than 3u(I) above background where &(I) = § + 
B + (0.06§)* with S = scan count and B = time aver- 

aged background count. These reflections were given 
zero weight in the refinement but were included in the 
structure factor calculations. 

The systematic absences allow space groups X3 or R?, 
the latter being indicated by the E statistics. The structure 
was solved by direct methods using tangent formula 
refinement (6-8). Eight sets of signs for 249 reflections 
with normalized structure factor El 2 1.70 were deter- 
mined. The phase of I3 7 3 was fixed at  0 to  define the 
origin and symbol phases were assigned to the reflections 
-6 19 5, 13 8 2, and 13 7 0. One set of signs was out- 
standing in that it had the lowest value of Rk (0.166) and 
the greatest number of phases determined (249) with 118 
positive and 131 negative signs. An E-map calculated 
from this set clearly gave positions for the 19 non- 
hydrogen atoms. 

Two cycles of isotropic followed by two cycles of 
anisotropic full-matrix least-squares refinement of the 
non-hydrogen atoms gave R = 0.101. A difference map 
a t  this point gave the positions of all 20 hydrogen atoms. 
The entire structure (including hydrogen atoms with iso- 
tropic thermal parameters) was refined for 6 cycles giving 
a final R of 0.057 and R, of 0.075 for 2230 reflections with 
i 2 3u(I) (34 reflections which had F ,  - :F ,  > 3u(F) 
were removed from the data set in the final stages of 
refinement). 

The least-squares refinement was based on the nzini- 
mization of zw[lF,i - F,/(l + gI)lj2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 5.73 X The scattering factors of 
ref. 9 were used for the non-hydrogen atoms and those 
of ref. 10 for the hydrogen atoms. Anomalous scattering 
factors from ref. 11 were used for the non-hydrogen 
atoms. The anisotropic thermal parameters employed in 
the refinement are Uij  in the expression: 

where ,fa is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
w = 1/u2(F) where d ( F )  is derived from the previously 
defined d(1)  gave uniform average values of ,v(lF,l - 
Fci)2 over ranges of F,I and was employed in the final 
stages of refinement. On the final cycle of refinement the 
mean parameter s h f t  was 0.1 u and the largest shift, 1 . l  u, 
was associated with the methyl hydrogen atom H(15c). 
The mean error in an  observation of unit weight was 1.70. 

B,B-Dipherylboroxazolidirze 
Crystals of the orthorhombic form of B,B-diphenyl- 

boroxazolidine were obtained by recrystallization of the 
monoclinic form (5) from 100% ethanol. Experimental 
details for l a  are the same as for l c  except where noted. 
The crystal used for data collection was mounted with c  
parallel to the goniostat axis and had dimensions of ca. 
0.25 X 0.35 X 0.50 mm. A total of 22 reflections was 
used in the refinement of the unit-cell parameters. Crystal 
data are 
C I ~ H I ~ B N O  f.w. = 225.1 
Orthorhombie, a = 17.6420(4), b = 14.2527(3), c = 
10.205(1) A, V = 2566.0(4) A3, p, = 1.17 (flotation in 
aqueous KI), Z = 8, p, = l.i653(2) g cm-3, F(000) = 
960 (22 "C, Cu K,, X = 1.5418 A, ,U = 5.7 cm-I). Absent 
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3132 CAN. J. CNEM. 

reflections: Okl, k f 217, hOl, I f 2tt, and IIX-0, h # 2t1 
define uniquely the space group Pbca (D&, No. 61). 

The intensity of the check reflection remained constant 
within 2 4 5  duiing the data collection. Of 2567 inde- 
pendent refections measured, 725 had intensities less 
than 3u(P) above background. 

The structure was solved by direct methods. Sixteen 
sets of signs for 361 reflections wit!? normalized structure 
factor E l  2 1.50 were determined by a computer pro- 
gram which uses Sayre relationships i r ~  an  iterative proce- 
dure (12). One set of signs W E T  butstanding in that 
it converged in 5 cycles to a set having the highest con- 
sistency index (0.65) with 179 positive and 182 negative 
signs. The 17 non-hydrogen atoms accounted for the 17 
highest peaks on an E-map calculated from this set. 

Two cycles of isotropic followed by two cycles of 

TABLE 1. Final positional parameters 
(fractional X 105, H X 103) with estimated standard 

deviations in parentheses 

TABLE 1 (Concluded) 

Atom 

0 
N 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
(26) 
C(7) 
C(8) 
C(9) 
C( 10) 
C( 11) 
C( 12) 
C( 13) 
C(14) 
B 
H(n1) 
H(t12) 
H( 1 a) 
H( 1 b) 
H(2u) 
H(2b) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(10) 
H(11) 
H( 12) 
H(13) 
H( 14) 

anisotropic refinement of the non-hydrogen atoms gave 
R = 0.124. A difference map then gave the positions of 
the 16 hydrogen atoms. The entire structure (including 
hydrogen atoms with isotropic thermal parameters) was 
refined for 6 cycles giving a final R of 0.040 and R, of 
0.052 for 1828 reflections with I > 3 ~ ( 1 )  (14 observed and 
3 unobserved planes which had (IF,; - ;F,)  > 3u(F) 
were given zero weight in the final stages of refinement). 
The mean error in an observation of unit weight was 1.10 
and the final value of the extinction parameter g was 
1.13 X 10-7. The mean parameter shift on the final cycle 
was 0 . 2 6 ~ ,  the largest shift corresponding to 1 . 0 ~ .  

The final positional parameters for both I c  and l a  are 
given in Table 1 and the thermal parameters in Table 2. 
Measured and calculated structure factors have been 
placed in the Depository of Unpublished Data.' 

The thermal motions of both l c  and l u  have been 
analysed in terms of rigid-body modes of translation, 

'The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
KIA 0S2. 
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RETTIG AND TROTTER 3133 

libration, and screw motion (13) using the computer pro- azolidine (la) viewed along c in Fig. 3. Bond 
gram MGTLS. Rigid-body analyses were successful for angles are given in yable 4 and inlra-annular 
the CH3C6H4B groups in l c  [rms G U ~ ~  = 0.0013 A2, 
rms AU,, = 0.0019 (C(3)-C(8)), alld 0,3329 ( C ( 9 )  

torsion angles in the five-membered rings are 
C(14))] a n d  for the C,H~B groups in la [rms a ~ t j  listed in Table 5 .  Some weighted !east squares 
0.0010 A2. rms dUdi  = 0.0018 (C(3)-C(8)) and 0.0016 A2 mean planes are eiven in Table 6 and nonbonded u 

(C(9)-C(14))]. ~ h e ' i ~ ~ r o ~ r l a t e  bond distances for both contaits and details of the hydrogen bonding 
compounds have been corrected for l~bra t~on  (14, 15) and in 7. appear along with the uncorrected distances in Table 3. 

The conformations of the five-membered 
boroxazolidine rings in compounds Bcz, Ih ,  and 

Results and Discussion Ic are significantly diTerent from each other as 
The atom numbering schemes and 50Yo shown in Table 5. Each of the four different 

probability thermal ellipsoids for the two mol- conformations corresponds closeiy to one of the 
ecules are shown in Fig. 1. The structure of B,B- minimum strain energy conformaticns calculated 
bis(p-toly1)boroxazolidine (lc) viewed into c is for cyclopentarae by Hendriskson (16). Since the 
shown in Fig. 2 and that of B,B-diphenylborox- four structrires represent four different space 

TABLE 2. Final thermal parameters and their estimated standard deviations 
(a) Anisotropic thermal parameters (U,. >< 104 A ~ )  

Atom UI 1 UZZ U3 3 u12 UL 3 d'2j 
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TABLE 2 (Coizcluded) 

( b )  Isotropic thermal parameters ( U  X 103) 

Atom u (&) Atom U ( A Z )  

(p-CH3C6W4)2BOCHzCH2NH2 
H(n1) 67( 7 )  W 1 0 )  80( 8 )  
n ( t ~ 2 )  66( 7 )  H(11) 97(10) 
W l a )  51( 7 )  W 1 3 )  82( 9 )  
H( 1 h )  9 )  H( 14) 79( 8 )  
H(2a) 99(10) H(15a) 189(24) 
I-106) 94( !0 )  H(15b) 154(17) 
H(4)  7 i (  7 )  H(15c) llO(11) 

87( 9) 
*(') 87( 8 )  

H(16u) 117(15) 
H(7)  H(16b) 224(34) 
t-1~8) 59( 6 )  H(16c) 140(17) 

(C6H5)2BOCH2CH2NH2 
H(n  1) 59( 5 )  H ( 6 )  loo( 8 )  
H(n2) 57( 6 )  H(7)  123(10) 
H ( l a )  49( 4 )  H(8)  82( 7 )  
H( lb)  62( 6 )  H(10) 51( 5 )  
H(2a) 99( 8 )  H(11) 93( 8 )  
H(2b) f66(15)  H(12) 74( 6)  
H(4) 41( 5 )  H( 13) 75( 6 )  
H(5)  85( 7 )  H(14) 70( 6 )  

FIG. 1. Stereo views of B,B-bis(p-to1yl)boroxazolidine ( a )  and 5,B-diphenylboroxaaoiidine (6);  
50% ellipsoids are shown for the non-hydrogen atoms. 
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RETTIG AND TROTTER 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(p-CH3C6H4)2BOCH2CH2NH2 
0-C( 1) 1.413(3) 
0-B 1 .478(3) 
N-C(2) 1 .488(3) 
N-B 1.657(3) 
C(l)-C(2) 1.501(4) 
C(3)-C(4) 1 .386(3) 1.397 
C(3)-C(8) 1.391(3) 1.403 
C(3)-B 1.613(3) 1.616 
C(4)-c(5) 1.381(3) 1.384 
C(5)-C(6) 1 .378(3) 1.390 
C(6)-C(7) 1 .380(4) 1.392 
C(6)-C(15) 1 .509(3) 1.510 
C(7)-C(8) 1 .390(3) 1.394 
C(9)-C(l0) 1 .392(3) 1.403 
C(9)-C(14) 1 .404(3) 1.414 
C(9)-B 1.619(3) 1.623 
C(10)-C(11) 1 .392(3) 1.398 
C(11)-C(12) 1 .388(4) 1.398 
C(12)-C(13) 1.371(4) 1.381 
C(12)-C(16) 1.513(4) 1.514 
C(13)-C(14) 1 .380(3) 1.386 

(C6H5)2BOCH2CH2Nf12 
0-C( 1 ) 1 .409(2) 
0-B 1 .476(2) 
N-C(2) 1.489(2) 
N-B 1 .655(2) 
C(l)-c(2) 1 .507(3) 
C(3)-C(4) 1 .395(2) 1.404 
C(3)-C(8) 1.393(2) 1.403 
C(3)-B 1 .609(2) 1.613 
C(4)-c(5) 1 .384(3) 1.390 
C(5)-C(6) I .369(4) 1.380 
C(6)-C(7) 1 .370(4) 1.378 

C(7)-C(8) 1.381(3) 1.389 
C(9)-C( 10) 1 .398(2) 1.406 
C(9)-C( 14) 1 .395(2) 1 ,402 
C(9)-B 1.617(2) 1.620 
C(l0)-C( I 1 ) 1.388(3) 1.331 
C(11)-C(12) 1 .377(3) I .384 
C(12)-C(13) 1 .373(3) 1.381 

(b) Bonds involving hydrogen atoms 

Bond Distance Bond Distance 

groups, packing considerations (in particular the tures are slightly, but significantly, nonplanar 
N-PI . . . 8 hydrogen bond common to all four (see Table 6). As in related structures (la(mono- 
structures) are believed to be resp~nsible for the clinic), Pb, 2, and 3) (1-4) the boron atoms are 
observed conformational differences. significantly displaced from the pbenyl mean 

The phenyl rings in both of the present struc- planes (0.039(2) and -O.W3(2) A from the 
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FIG. 2. The crystal structure of B.B-bis(p-tolyl)boroxazolidine viewed down c. 

FIG. 3.  The crystal structure of B,B-diphenylboroxazolidine viewed along c. 

C(3)--C(8) planes and -0.041(2) and 0.042A 
from the C(9)--C(14) planes for l c  and l a  
respectively). In the p-tolyl compound (Ic) the 
methyl carbon atoms C(15) and C(I6) are dis- 
placed -0.053(4) and 0 . 0 4 6 ( 6 ) ~  from their 
respective mean planes. The dihedral angles de- 
fining the orientations of the phenyl rings (0[B- 
C(3)1C(4), N[B-C(3)1C(8), O[B--C(9)IC(14), 
and N[B-C(9)]C(10)) are 77.4(2), 150.7(2), 
29.2(2), and -44.3(2)" for l c  and 15.6(2), 
87.3(1), 32.0(2), and -42.8(2)" for la(ortho- 
rhombic). 

The bond distances and angles in the five- 
membered rings and the B-C distances in the 
orthorhombic form of l a  and in I c  do not differ 
significantly from those found in the monoclinic 
form of l a  and in l b  (1, 2). The weighted mean 
bond distances for the four structures are: 
0-C, 1.412c2), 0-B, 1.477(2), N-C, 1.488(1), 
N-B, 1,654(1), C-C, 1.503(3), and B-C, 
1.618(1)A. The geometry involving hydrogen 

atoms is as expected, mean bond lengths (rms 
deviations from the mean in parentheses) are: 
N-H, 0.935(5), C(sp3)--H, 1.00(2), and C(ar)-- 
H, l.QO(1) A for l c  and N-H, 0.925l5), C(sp3)-- 
H, 1.00(2), and C(ar)--H, 0.98(1) A for ortho- 
rhombic l a .  

A statistical analysis of the C-C bond lengths 
in com~ounds la .  10. and l c  (values corrected , , 

for libration have been used in each case)2 has 
provided an example of statistically significant 
substituent-induced bond length variation in the 
phenyl rings. This effect is expected but is 
usually not discernable for room temperature 
X-ray data (17, 18). Analysis of variance shows 
that the a and b bond lengths (see 4) do  not arise 
from the same population (at a confidence level 
of > 99.999%) and further that both the a and b 
bond lengths are independent of the identity of 

2Corrected bond lengths for monoclinic l a  (not given 
in ref. 1)  have been placed in the Depository of Unpub- 
lished Data (see footnote 1). 
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RErTIG AND TROTTER 3137 

the X substituent. The weighted mean a and b 
distances (rms deviations from the mean in 
parentheses) are 1.403(6) and 1.39 l(5) A respec- 
tively. The length of the c bonds is found to 
depend on the identity of X, thus the substituent 
effect of X appears to be localized with respect to 
the bond lengths. The weighted me!n c distances 
are 1.380(4), 1.377(3), and 1.390(7) A respectively 
for l a  (X = H), l b  (X = F), and l c  (X = CH3). 
The c bonds in l a  and l b  are not significantly 
different from one another but the c bonds in the 
p-tolyl derivative l c  are different from the c 
bonds in l a  and l b  at the 98y0 confidence level. 
All of the c bond lengths are significantly shorter 
than the a distances and the c bonds in l a  and l b  
are shorter than the b bonds. The c distances in 
l c  are indistinguishable from b bond lengths. 

The bond angles in the phenyl rings are known 
to be more sensitive to electronic differences than 
are the bond distances (17, 18). Mean angles in 

the phenyl rings at carbon atom bonded to B 
and at the ortho, meta, and para positions relative 
to B are 115.8(2), 122.2(2), 120.3(1), and 119.3(1)" 
for l a :  116.0(1), 122.5(5), 118.6(4), and 121.9(1)" 
for lb :  and 115.6(2), 122.1(2), 121.5(2), and 
117.2(1)" for lc.  The differences are significant 
at the meta and para positions while the other 
angles are nearly the same in all three com- 
pounds. 

Figures 2 and 3 show the structures of B,B- 
bis(p-tolyl)boroxazolidine and B, B-diphenylbo- 
roxazolidine. Both structures consist of dis- 
crete molecular units each linked to two others by 
y-H . . . 0 hydrogen konds (N . . . 0 = 2.982(2) 
A for l c  and 2.896(2) A for orthorhombic la )  to 
form continuous spirals about the threefold 
screw axis in l c  and staggered arrays along the c 
glide plane in la .  All other intermolecular non- 
bonded distances correspond to normal van der 
Waals interactions. 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a )  Non-hydrogen atoms 

Angle Angle 
Bonds (deg) Bonds (deg) 
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TABLE 4 (Concluded) 
(b) Angles involving hydrogen atoms 

Angle Angle 
Bonds (deg) Bonds (deg) 

TABLE 5.  Intra-annular torsion angles (deg) 

l a  l a  
Bond l c  (orthorhombic) l b  (monoclinic) 
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TABLE 7 
(0) Selected intermolecular contacts* 

Atoms Distance Atoms Distance 

(6 )  Selected intramolecular contacts 

Atoms Distance Atoms Distance 

(p-CH3C6H4)2BOCH2CHzNH2 
0 . .  . C(14) 3.015(3) 
0 . . . C(4) 3.277(3) 
N . . . C(4) 3.055(3) 
N . .  .C(10) 3.071(3) 
C(1) . . . C(9) 3.155(3) 
C(9) . . . C( 10) 3 .107(3) 
0 . .  .H(14) 2.63(3) 
C(3). . . H(n1) 2.75(3) 
C(4) . . . H(n1) 2.68(3) 
C(5). . . H(15b) 2.59(4) 
C(7) . . . H(15u) 2.56(6) 
C(9) . . . H(n2) 2.59(3) 
C(9). . . H(8) 2.76(2) 
C(l0) . . . H(t12) 2.62(2) 
C( l1 ) .  . .H(16u) 2.60(4) 
C(13) . . . H(16c) 2.74(5) 
H(n2). . . H(2a) 2.20(4) 
H(n2). . . H(10) 2.22(4) 
H(nl) . . . H(2b) 2.13(4) 
H(n1) . . . H(4) 2.20(4) 
H(1a) . . . H(2b) 2.29(4) 

(c) Hydrogen-bond data* (distances in A and angles in deg) 

D-H . . . A H . . . A  D . . . A  L DHA L XAH 

(C6H5)2BOCH2CH2NH2 
N-H(n2) . . .06 2.01(2) 2.896(2) 163(2) 122(1), 129(1) 

*Superscriptsrefer to atornsatpositions: '213 - x , 2 / 3  - y ,  1 /3 - z ;  '213 - y ,  113 + x  - y,  1 /3 + z ;  
'113 - x , 2 / 3  - y . 2 / 3  - z ; ' x ,  112 - y , r  - 112; 5112 - x , t / 2 + y , z ; ' x , 1 / 2  - y , 1 / 2 + z .  
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Cvstal and molecular stmebaare of 
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STEVEN J. RETFIG, JAMES  TROTTER,^. KLIEGEL, and H. BECKER. Can. J. Chem. 54,3142 (1976). 
Crystals of 8,8-dimethyl-3,5-diphenyl-2,4,6-trioxa-l-azonia-3-bora-5-boranatabicyclo[3.3.O]- 

octane are monoclinic, cr = 22.323(1), b = 9.555(1), c = 16.0027(6) A, p = 109.055(4)", Z = 8, 
space group C2/c. The structure was solved by direct methods and was refined by full-matrix 
least-squares procedures to a final R of 0.048 and R,  of 0.066 for 2629 reflections with I 2 3o(I). 
The central part of the molecule consists of two fused five-membered rings. One of them is a 
familiar BOCCN ring while the other is a novel and nearly planar BOBON ring containing one 
tetrahedral boron atom and one trigonal planar boron atom. Bond lengths are: O-B, 1.337(2)- 
1.467(2), N-B, 1.692(2), O-N, 1.440(2), O-C. 1.426(2), N-C, 1.513(2), B-C, 1.557(2) and 
1.599(2), C(sp3)-C(sp3), 1.520(2)-1.5!0(2), C-C(ar), ;1.372(4)-1.407(2), N-H, 0.89(2), 
mean C(ar)-H, 0.97(1), and mean C(sp3)-H, 1.01(1) A. The crystal structure consists of 
discrete molecules each linked to two others by N-H . . . 0 hydrogen bonds ( N  . . . O  = 
2.853(2) A). 

STEVEN J. RETTIG, JAMES TROTTER, W. KLIEGEL et H. BECKER. Can. J. Chem. 54, 3142 (1976). 
Les cristaux du dimethyl-8,8 diphenyl-3,5 trioxa-2,4,6 azonia-1 bora-3 boranata-5 bicycle- 

[3.3.0] octane sont monocliniques, a = 22.323(1), b = 9.555(1), c = 16.0027(6) A, P = 
109.055(4)", Z = 8 ;  le groupe d'espace est C2/c. La structure a etC demontrk par methodes 
directes et a 6tC aflink par la methode des moindres carris (matrice complete) jusqu'h une 
valeur finale de R de 0.048 et R, de 0.066 pour 2629 reflexions avec 12  3~(1 ) .  La partie 
centrale de la molkule consiste en deux noyaux h cinq chainons condenses. L'un des deux est 
un noyau BOCCN bien connu alors que l'autre est un nouveau noyau BOBON presque 
planaire contenant un atome de bore tetraedrique et un atome de bore trigonal plan. Les 
longueurs des liens sont: O-B, 1.337(2)-1.467(2), N-B, 1.692(2), O-N, 1.440(2), O-C, 
1.426(2), N-C, 1.513(2), B--C, 1.557(2) et 1.599(2), C(sp3)-C(sp3), 1.520(2)-1.530(2), 
C-C(ar), 1.372(4)-J.407(2), N-H, 0.89(2), moyenne de C(ar)-H, 0.97(1) et la moyenne de 
C(sp3)-H, 1.01(1) A. La structure du cristal consiste en des molkules separCes quiosont liCes h 
deux autres molkules par des liens hydrogkne N-H . . . O (N . . . 0 = 2.853(2) A). 

[Traduit par le journal] 

Introduction 
Treatment of N-(2-hydroxya1kyl)nitrones 2 

with diphenyl borinic anhydride (oxybisdiphenyl- 
borane) results in the formation of diphenyl- 
boron chelates 3 featuring a B,N-betaine struc- 
ture (1). In some cases these reactions yield 
isolatable by-products, sometimes these by- 
products being the only substances isolated (2), 
which generally have the following properties: 
(I) The ir spectrum does not show the C=N 
stretching frequency at 16 10- 1670 c m - b h i c h  
characterizes, the iminium salt structure 3 (1). 
(2) An absorption in the region of the NH/OH 
group vibrations is observed which also rules out 

chelate systems such as 3. (3) Chemical and 
spectral data indicate the loss of the nitrone 
structure. (4) Instead of the diphenylboron 
grouping, only a monophenylboron system can 
be detected by the diphenyl carbazone reaction 
(3). (5) In addition to these findings the elemental 
analysis suggests a condensation product be- 
tween I mol of N-(2-hydroxyalky1)hydroxyl- 
amine P and 2 mol of benzeneboronic acid. Con- 
densation reactions at  this molar ratio give 
compounds identical to the above mentioned by- 
products (2). 

Chemical properties and spectral data are con- 
sistent with several alternative structures 4a-f. 
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RETTIG ET AE. 

Seven-membered rings such as 4a containing a 
'pyroboronic' structure within the ring system 
were described for the benzeneboronates of uic- 
diols (4-6) and uic-aminoalcohols (6) with trans 
grouping. A similar cyclic structure 4d with an 
eight-membered ring would also be conceivable. 
In forms 4a and 4d, as well as in the five- and 
six-membered ring condensates 4f and 4c, intra- 
molecular con~plex formation is possible. O+B 
coordination in 4a and 4c would give the struc- 
ture 4b, while 4d and 4f could exist in the form 
4e by N-+B and O+B coordination respectively. 

Both 46 and 4e should display an ir low fre- 
quency shift of the N-H vibration as a result of 
quarternization of the nitrogen atom. Indeed, 
the registered absorptions at 3050-3150 cm-l 
support this consideration. Similar absorptions 
at ca. 3 100 cm-l can be observed in the ir spectra 
of 'diptychboroxazolidines' 5 (7), which are 
closely related to the structure 4e and have 
recently been shown to contain intramolecular 
N-B interactions (8). Since the investigation of 
a molecular model of 4b showed considerable 
strain, the structure 4e was favored but could 
not be unambiguously established. To this end 

an X-ray crystallographic analysis of the homo- 
logue 4 with R1 = R2 = Me and R3 = R4 = H 
has been undertaken. 

Experimental 

8,8-Dimet/1y1-3,5-dipher1yl-2,4,6-trioxa-I-aiorzia-3-bora- 
5-boranutabicyclo[3.3.O]octane 

A solution of 2-hydroxylamino-2-methylpropanol (1, 
R' = R2 = Me, R3 = R4 = H), mp 66 "C (2), (1 mmol) 
and benzeneboronic acid (2 mmol) in 10 ml of ethanol 
was refluxed for 1 h. The ethanol was removed in vacuo 
and the remaining oil treated with ether and light 
petroleum ether until crystallization took place. Re- 
crystallization from benzene-ethanol: mp 215-216 "C,  
yield: 9055. 

Anal. calcd. for C16H29%ZN03 (f.w. 295.0): C 65.15, 
H 6.49, N 4.74. Found: C 65.15, H 6.46, N 4.73. ir 
(1:300, KBr): 3070 cm-1 (N-H). 'H-nmr (60 MHz, 
DMSO-d6/TMS) T (ppm): 8.70 s (6, CH3), 6.36 s (2, 
CH2), 2.1-2.9 m (10, Ph). Mass spectrum (165 "C): 
m / e  = 295 (Mt, 23Cj,), 218 (M+ - Ph, 46%). 

X-Ray C~sfallographic Atzulysis 
Crystals suitable for X-ray analysis were obtained by 

recrystallization from acetone-chloroform. The crystal 
chosen for study was mounted with 6 parallel to the 
goniostat axis and had dimensions of ca. 0.35 X 0.45 X 
0.35 mm. Unit-cell and space group data were obtained 
from film and diffractometer measurements. The unit-cell 
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parameters were refined by a least-squares treatment of 
sin2 a values for 23 reflections measured on a diffractom- 
eter with Cu K, radiation. Crystal data are: 
C16H19B2N03 f . ~ .  = 295.0 
Monoclinic, a = 22.323(!), h = 9.525(1), c = 16.0027(6) 
A. p = 109.055(4)", V = 3225.5(4) A3, p, = 1.20 (flota- 
tion in aqueous KH), Z = 8, p, = 1.2144(j)g ~ n l - ~ ,  
F(000) = 1248 (22 "C, Cu K,, X = 1.5418 A, M = 6.6 
cm-1). Absent reflections: hki ,  11 + k # 211, h01, 1 f 211, 
and OkO, k f 2n. Space group C2/c ( c ! ~ ,  No. 15). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 dilt'ractometer, with a scintilla- 
tion counter, Cu K, (nickel filter and puise height 
analyser), and a 0-26 scan at  2' min-1 over a range of 
(1.80 + 0.86 tan 0) degrees in 28, with 10 s background 
counts being measured at each end of the scan. Data were 
measured to 26 = 146' (minimum interplanar spacing 
0.81 A). The intensity of the check reflection, measured 
every 40 reflections throughout the data collection, re- 
mained constant to within ~ 5 : ; .  The final intensity of 
the check reflection was 0.975 times the initial value. 
Lorentr and polarization corrections and check reflection 
scaling were applied, and the structure amplitudes were 
derived. N o  absorption correction was made in view of 
the low value of p. Of the 3220 independent reflections 
measured, 582 had intensities less than 3u(1) above back- 
ground where ~ ' ( 7 )  = S + B + (0.06S)Z wit11 S = scan 
count and B = time averaged background count. These 
reflections were given zero weight in the refinement but 
were included in the structure factor calculations. 

The systematic absences allow space groups Cc or 
C2/c. The centrosynlmetric space group C2/c was indi- 
cated by the E-statistics. The structure was solved by 
direct methods. Eight sets of signs were calculated for 
402 reflections with normalized structure factor ]El 2 
1.50 by a computer program which uses Sayre relation- 
ships in an  iterative procedure (9). One set of signs was 
outstanding in that it converged in 7 cycles to a set having 
the highest consistency index (9) (0.77) with 197 positive 
and 205 negative signs. The 22 non-hydrogen atoms 
accounted for the 22 highest peaks on an E-map calculated 
from this set of signs. 

Two cycles of isotropic followed by two cycles of 
anisotropic full-matrix least-squares refinement of the 
non-hydrogen atoms gave R = 0.094. A difference map 
gave the positions of all 19 hydrogen atoms, which were 
included in all subsequent cycles of refinement with 
isotropic thermal parameters. The entire structure was 
refined for 4 cycles giving a final R of 0.048 and R, of 
0.066 for 2629 reflections with 7 > 3u(1) (9 reflections 
which had IF,I - jF,I > 3u(F) were removed from thc 
data set in the final stages of refinement). 

The least-squares refinement was based on the minim- 
ization of xw[:F,; - !F,/(l + gl)l]Z where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 2.0(1) X 10-7. The scattering factors 
of ref. 10 were used for the non-hydrogen atoms and those 
of ref. 1 I for the hydrogen atoms. Anomalous scattering 
factors from ref. 12 were used for the non-hydrogen 
atoms. The anisotropic thermal parameters employed in 
the refinement are Uij in the expression: 
f = f O  exp [-2~2(U,~/z*a** + U1/22k~b*~ + L/jj/2~*2 + 

TABLE I .  Final positional parameters 
(fractional X 105, H X 103) 

with estimated standard deviations in parentheses 

Atom x .Y , 

where f O  1s the tabulated scatter~ng factor and f 1s that 
corrected for thermal motlon. The we~ght~ng scheme: 
to = l/uZ(F) where u2(F) IS der~ved from the prev~ously 
defined &(I) gave un~form average values of H ( F ,  - 
F,l)z over ranges of F,, and was employed In the final 

stages of refinement. 
On the final cycle of refinement the mean parameter 

shift was 0 . 0 4 ~  and no parameter shlft was greater than 
0 6 8 ~ .  The mean error In an  observat~on of u n ~ t  we~ght 
was I 637 and the final value of the scale factor k where 
F,, (absolute scale) = ( I  / k ) m )  was 3.171. The final 

poslt~onal and thermal parameters appear in Tables 1 
2UL21zk~*b" + 2U13hlu*c* + 2Uz3k1b*c*)] and 2 respectively. ~ e a s u r e d  and calculated structure 
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RETTIG ET AL. 

TABLE 2. Final thermal parameters and their estimated standard deviations 

(a) Anisotropic thermal parameters (Utj X 104 AZ) 

Atom UII u22 u3 3 u12 u13 u2 3 

(b) Isotropic thermal parameters (U X lo3) 

Atom U ( ~ 2 )  

factors have been placed in the Depository of Unpub- 
lished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (S) motion (13) using the 
computer program MGTLS. The rms standard error in 
the temperature factors uUij (derived from the least- 
squares analysis) is 0.0009 A2. Analyses were successful 
for the two phenyl groups: C(5)-C(10) and B(1) (rms 
AUij = 0.0913 A2) and C(l1)-C(16) and B(2) (rms AUtj 
= 0.0019 A2). Analysis of the 12 atom group O(1)-Q(3), 
N, B(1), B(2), C(1)-C(5), and C(11) (rms AUdj = 0.0034 

~ 2 )  indicated significant independent motion within the 
rigid-body, in particular the methyl groups. Since an 
analysis of the same group without the methyl carbons 
gave a non-positive definite libration tensor, corrections 
to bonds within the fused ring system were made from 
the above mentioned analysis. 

The appropriate bond distances and angles have been 
corrected for libration (14: 15), using shape parameters q2 
of 0.08 for all atoms involved. Appropriate bonds were 
corrected for independent motion based on the AUtj 
(16, 17). Corrected bond distances appear in Table 3 
along with the uncorrected values. 

]The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
K I A  OS2. 

Results and Discussion 
Figure 1 shows a general view of the molecule 

with the crystallographic numbering scheme and 
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CAN. 9. CHEM. VOL. 54, 1976 

FIG. 1. A stereo view of the 8,8-dimethyl-3,5-diphenyl-2,4,6-trioxa-l-azonia-3-bora-5-boranata- 
bicyclo[3.3.0]octane molecule. 50% ellipsoids are shown for the nonhydrogen atoms. 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a)  Non-hydrogen atoms 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b) Bonds involving hydrogen atoms 

Bond Distance Bond Distance 

Fig. 2 shows the packing arrangement viewed and Table 7 lists nonbonded contacts and details 
into b. Bond angles are given in Table 4 and of the hydrogen-bonding scheme. 
torsion angles defining the conformations of the The X-ray crystallographic analysis has shown 
five-membered rings in Table 5. Some weighted the structure 4e to  be correct. The five-membered 
least squares mean planes are given in Table 6 BOCCW ring has a slightly distorted half-chair 
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RETTIG ET AL. 

TABLE 4. Bond angles (deg) wlth est~mated standard deviations in parentheses 

(a) Won-hydrogen atoms 

Angle Angle 
Bonds (deg) Bonds (deg) 

B( 1)4(1)-B(2) 113.0(1) C(8) -C(9) -C(10) 120.0(2) 
N -0(2)-B(2) 107.5(1) C(5) -C(10)-C(9) 122.0(2) 
C(2)--0(3)-B( 1) 110.0(1) B(2) -C(ll)-C(l2) 120. S(2) 
O(2)-N -C(I) 111.9(1) B(2) -C(ll)-C(l6) 122.0(2) 
O(2)-N -B(l) 105.7(1) C(12)-C( 11)-C(16) 117.6(2) 
C(1)-N -Bill 106.0(1) C(l1)-C(l2)-C(l3) 121.2(2) 
N -C(1)-C(2) 100.8(1) C(12)-C(13)-C(14) 120.2(2) 
N -C(1)-C(3) 105.6(1) C(l3)-C(l4)-C(15) 119.4(2) 
N -C(1)-C(4) 113.7(1) C( 14)-C( 15)-C( 16) 120.7(2) 
C(2)-C( 1)-C(3) 112.0(1) C(12)-C(16)-C( 15) 120.9(2) 
C(2)-C( 1)-C(4) 112.8(1) O(1) -B(l) -O(3) 115.0(1) 
C(3)-C(1)--C(4) 111.3(1) O(1) -B(l) - N 98.9(1) 
O(3)-C(2)-C( 1) 106.3(1) O(1) -B(l) -C(5) 113.3(1) 
B(1)-C(5)7C(6) 120.8(1) O(3) -B(1) -N 100.2(1) 
B( I)-C(5)-C( 10) 122.6(1) O(3) -B(1) -C(5) 112.8(1) 
C(6)-C(5)-C( 10) 116.6(1) N -B(1) -C(5) 115.3(1) 
C(5)-C(6)-C(7) 121 .4(L) O(1) -B(2) -0(2) 114.9(1) 
C(6)-C(7)-C(8) 120.7(2) O(1) -B(2) -C(ll) 127.6(1) 
C(7)-C(8)-C(9) 119.3(2) 0(2)  -B(2) -C(11) 117.5(1) 

(b) Angles involving hydrogen atoms 

Angle Angle 
Bonds (deg) Bonds (deg) 

TABLE 5. Observed intraannular torsion angles (deg) 

Bond Angle Bond Angle 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RETTIG ET AL. 

FIG. 2. The crystal structure viewed into b. Broken lines represent hydrogen bonds. 

conformation with C(2) out of the rough plane the mean plane. The nonplanarity of the B202N 
defined by the other four atoms. Torsion angles ring as well as that of the coordination group 2f 
in the ring correspond closely to  those obtained trivalent B(2) (B(2) being displaced 0.012(2) A 
from strain energy minimization calculations for from the 0(1)0(2)C(11) plane) probably result 
cyclopentane with w l  = 25.0' (18). The novel from inter- and intramolecular steric forces. 
B202N ring is nearly, but not rigorously, pl!nar Bond distances in the five-membered BOCCN 
(see Table 6). All atoms lie within 10.01 A of ring differ significantly from those in the BOCCN 

(a)  Selected intra- and intermolecular contacts 

Intramolecular Intermolecular* 

Atoms Distance Atoms Distance 

O(1).  . . C(12) 3 .076(2) O(2) . . . C(10)' 3.314(2) 
O(1) . . . C(2) 3.088(2) O(2) . . . O(3)' 3.411(2) 
O(2) . . . C(16) 2.942(2) C( l1) .  . . C(l3I2 3.392(3) 
O(2) . . . C(2) 3.091(2) C(12). . . C(12)2 3.436(3) 
O(3) . . . C(10) 2.990(2) 
O(3) . . . C(3) 2.991(2) 
O(2) . . . H(16) 2.61(2) 
N . . . H(3a) 2.69(2) 
N . . . H(3c) 2.62(2) 
C(2) . . . H(3c) 2.68(2) 
C(3) . . . H(n) 2.43(2) 
C(3). . . H(2b) 2.67(2) 
C(3). . . H(4b) 2.69(2) 
C(3) . . . H(4c) 2.71(3) 
C(4) . . . H(2a) 2.64(2) 
C(4) . . . H(3b) 2.66(2) 
H(3c). . . H(10) 2.24(3) 

(b) Hydrogen-bond data* (distances in A and angles in deg) 

D-H . . . A H . . . A  D . . . A  L D H A  L XAH 

N-H(n) . . .0(3)1 1 .97(2) 2.853(2) 171(2) 126.7,123.0(5) 
Intramolecular C-H . . . 0 interactions 
C(4)-H(4a) . . . O(2) 2 .5  l(2) 2.750(2) 94(1) 122.6, 84.7(5) 
( 6 - ( 6  . . 0 1  2.52(2) 2.908(2) 104(1) 113.3, 81.8(5) 

'Superscripts refer to atoms at positions: '1 12 - x, y - 112, 112 - z ;  ' - x ,  1 - y .  -2, 
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rings of the 2-aminoethyidiarylborillates (19-21) 
and B-phenyldipt~cizboroxazolidine, 5 (8). The 
0-B, 0-C, @--C, C-N, and N-B distances 
are 1.45?(2), 1.426(2), 1.530(2), 1.513(2), and 
%.692(2) '4 in the present structure; and weighted 
mean values (where appropriate) are 1.4$7(7), 
1.415(4), l.519(5), 1.486(1), and 1.666(3) A for 
B-phe~zylclf~e~clzboroxazolidii~e ; and B .477(2$, 
4.412(2), 1.503(3), 1.488(1), and 1.654(1) A for 
the 2-amirroethyldiarylbori~~ates. 

Bond angles at tetrahedrally coordinated B(1) 
range from 98.9(1)" for O(1)-B(1bN to 
115.3(1)" for N-B(lFC(5). The N-B bond is 
longer while both the 0-B and C-B bonds are 
shorter than those in the related compounds 
mentioned above. The two %(I)-0 bonds 
(B(1)-0(3), 1.452(2), and B(1)-0(1), 1.467(2) 
A) are significantly different, indicative of the 
electronic differences between the two five- 
membered rings. The B ( I b C ( 5 )  distance of 
1.599(2) A i? significantly shorter than the values 
of 1.613(3) A for B-phenylc/iptychboroxazolidine 
(8), 1.618(1) A (mean of four) for the 2-amino- 
ethyldiarylborinates (19-21), and 1.63 1-1.648(8) 

for the tetraphenylborate anion (22). 
Trivalent B(2) has distorted trigonal planar 

geometry. The angle at B(2) in the five-membered 
B202N ring (O(1)-B(2)-O(2)) is 114.9(1)" and 
the exocyclic angles are 0(1)-B(2&C(11), 
127.6(1)" and Q(2)-B(2)-C(l I), 117.5(1)", the 
greater angle being associated with the shorter 
B(2)-0 bond. The difference between tke two 
B(2)-0 bonds (B(2):0(1), 1.337(2) A and 
B(2FQ(2), 1.404(2) A) is highly significant. 
Trigonal B-O distanc5s in other molecules 
rangeofrom 1.28 to 1.46 A with a mean value of 
1.36 A (23) and the 5-0 distance in the related 
compound 2-phenyl- l,3,2-benzodioxaboroi (24) 
is 1.394(3) A. The B(2)-C(ll) distance qf 
1.557(2) A lies between the values of I .537(6) A 
for 2-phenyl- 1,3,2-be~zodioxaborol (24) and 
1.571(3) and 1.589(5) A for the crystallograph- 
ically independent bonds in Ph3B (25). 

Both phenyl groups are slightly, but signifi- 
cantly, nonplanar (see Table 6). The torsion 
angles which define the orientation of the phenyl 
rings are O(l)[B(l)-C(5)]C(6), 13.6(2), 0(3)[B- 
(1)-C(5)]C(10), - 3 1.9(2), O(l)[B(2)-C(1 l)]- 
C(12), -6.7(2), and 0(2)[B(2)-@(11)]C(169, 
- 8.6(2)". As can be seen in Fig. 1, the C(I 1)- 
@(16) ring lies roughly in the same plane as the 
B202N ring, the angle between normals to the 

mean planes being 8.2". The C-C bond distances 
ip the phenyl rifigs range from 1.372(4) to 1.407(2) 
A with a mean value of 1.390 A. As in related 
compounds (8, 19-21], bond distances in the 
phenyl ring decrease as they are removed from 
the boron substltuent. The patterns of bond 
angles in both phenyl rings are consistent with 
those in related molecules (26). 

The N-0(2) bond length ofO1 .440(2) A Iles at 
the long end of the 1.26 -1.44 A range of N-O 
single bond distances (23). The three C(sp3)- 
C(sp3) single bonds range fr;m 11.520-1.530 A 
with a mean value of 1,525 A, slightly shorter 
than the usual 1.537 A (23). The geometry 
involving hydrogen atoms is as expected, 
weighted mean C(ar)-H andoC(sp3)--H distan- 
ces being 0.97(1) and 1.01(1) A respectively. 

The crystal structure consists of discrete mol- 
ecuies of 8,8-dimethyl-3,5-diphenyl-2,4,6-trioxa- 
1-azonia-3-bora-5-boranatabicyclo[3.3 .O] octane, 
each linked to two others by N-F . . . 0 hydro- 
gen bonds (N . . . O = 2.853(2) A) to form con- 
tinuous spirals about the 2, axes along b (see Fig. 
2). All other intermolecular contacts correspond 
to normal van der Waals contacts. There are two 
short intramolecular 0 .  . . H contacts listed in 
Table 7(b). 
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Acid dissocia~on constants and rates as studied by 
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LARRY W. GREEN, PEETER KRUUS, and M. JACQUELINE MCGUIRE. Can. J. Chem. 54, 3152 
(1976). 

Experimental ultrasonic absorption data on solutions of H2S04 and H3P04 are interpreted 
in terms of proton tiansfer equilibria. The acid dissociation constants obtained are compared 
with those obtained using other methods and are shown to be consistently lower. A model is 
proposed to explain this in terms of AVe and AHo involved in the steps leading to recombination 
of the proton with the anion. This model is supported by the values of the reaction distance 
parameters calculated from the value of the rate constant obtained for the recombination rate. 
The accuracy of this rate constant is dependent on the accuracy of the AVe value used for the 
equilibrium. Experimental density data are presented here as an aid in determining AVO. 
Problems involving activity coefficients in such solutions are discussed in the course of checking 
the values used for species present in sulfuric acid solutions. 

LARRY W. GREEN, PEETER KRUUS et M. JACQUELINE MCGUIRE. Can. J. Chem. 54, 3152 
(1976). 

Les risultats experimentaux de l'absorption en ultrasons de solutions de H2S04 et de I-I3PO4 
sont interpretis en termes des Cquilibres de transferts de protons. Les constantes de dissociation 
des acides sont comparees avec celles obtenues en utilisant d'autres methodes et il est montre 
qu'elles sont systematiquement plus basses. Un modele est proposC pour expliquer ceci en 
termes du AVO et du AHe impliques dans les etapes conduisant B la recombinaison du proton 
avec l'anion. Ce modkle est soutenu par les valeurs des parametres de la distance de reaction 
calculies B partir de la valeur de la constante de vitesse obtenue pour le taux de recombinaison. 
La precision de cette constante de vitesse depend de la precision de la valeur AVe utilisee pour 
l'equilibre. Des donnees expirimentales de densite sont presentees ici pour aider B la determina- 
tion du AVO. Des problemes inipliquant les coefficients d'activitk dans de telles solutions sont 
discutCs au cours de la verification des valeurs utilisees pour les especes presentes dans les 
solutions d'acide sulfurique. 

[Traduit par le journal] 

Introduction 

Ultrasonic absorption due to proton-transfer 
equilibria in solutions of larger organic mole- 
cules has received considerable study recently 
(1-3). When the species concerned are quite large, 
then the relaxation time of a dissociation 
equilibrium 

is sufficiently long that the relaxation curve 
( a / f 2 )  US. log f can be obtained completely by 
conventional ultrasonic absorption apparatus. In 
such a case, the rate constants kd and k,, and the 
AV of the equilibrium can be obtained (4). There 
is in such cases the possibility of other, e.g. 

lPresent address: Division of Chemistry, National 
Research Council of Canada, Ottawa, Canada KIA OR9. 

conformational, equilibria contributing to the 
ultrasonic absorption. 

In solutions of simple inorganic acids, it is 
unlikely that equilibria other than proton trans- 
fer contribute to the ultrasonic absorption. 
However, when the species HA, A- are small, 
then the relaxation time is sufficiently short so 
that measurements in the GHz region are 
necessary in order to obtain T directly from 
experiment. An analysis of the excess absorption 
at a single frequency as a function of concentra- 
tion of acid leads, however, to a value of kd/k ,  
(i.e. the equilibrium constant for [I]). Further- 
more, if the AVO of [ l ]  is known, the absolute 
values of kd and k ,  can also be determined (5). 

Although there are a number of ways of 
determining proton transfer rates (e.g., nmr, 
Raman spectroscopy, temperature and electric 
field jump, electrochemical with rotating elec- 
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trades, neutron scattering, etc), this indirect Density Meter DMA 02C similar to that described in 
method seems to be suitable and interesting for a ref. 8. Solutions for density measurements were made up 

by weight using freshly boiled distilled water and stock number In ref. 5, the K, kd, and kr  solutions of the above H2S04 and H3PO4 and I-'isher 
of a number of medium strong inorganic acids Certified ACS NaCl, Anachemia Reagent grade NaH2- 
were obtained using such analysis. Here, a more P 0 4 . H 2 0  and Baker Analyzed Reagent grade HCI. The 
complete analysis including the effect of activity densiton~eter was calibrated with three standard liquids 

coefficients is presented using more complete obtained from the National Research Council of Canada. 

data. 
On the basis of this analysis, a discussion is 

given of the relationship of acid dissociation 
constants as measured by ultrasonics to those 
measured by other means. Such data contribut- 
ing to an elucidation of the species present in 
aqueous solutions seem to be important in de- 
veloping a better understanding of marine and 
biological chemistry. 

Experimental 
The apparatus and procedure for ultrasonic absorption 

measurements are given in ref. 6. Measurements were 
made at the most convenient frequency. 31.6 MHz. 
Previous studies (5, 7) indicate no change in ( a / f 2 )  with 
frequency for these solutions. The materials used to make 
up stock solutions were Fisher Certified ACS H3P04 and 
HC104. and Baker Analyzed Reagent grade H2S04. The 
concentrations of these solutions were obtained by titra- 
tion with a standard NaOH solution using a p H  meter. 
Solutions for the ultrasonic measurements were obtained 
by appropriate dilutions of samples of stock solutions. 
The accuracy of the concentrations was estimated to be 
better than 2$;. 

Density measurements were made on a Precision 

Results 

Theoretical Background,for Interpretation of 
Ultrasorzic Absorption 

Derivations of the general equations for ultra- 
sonic absorption due to an equilibrium such as 
[l] are given in ref. 4. When enthalpy effects can 
be neglected, as in the case of aqueous solutions, 
then the excess absorption is: 

Here AV, AVB refer to the reaction in [I]; they 
are usually assumed identical. p is the density, v 
the speed of the ultrasound, 0 the degree of 
advancement or extent of reaction 1, w the radial 
frequency, and 7 the relaxation time. As in these 
cases w  << 1 / r  ( 9 ,  (1 + w 2 r 2 )  can be equated to 
unity. 

In [2], K, is the activity equilibrium constant, 

The form of the derivative in [2] for phosphoric acid solutions is 

while for sulfuric acid solutions it is 

In [4] and [5], c is the stoichiometric concentration of the acid, while a is the degree of dissociation 
( a  = C A - / c )  The relaxation time T in [2] is given by 

The activity coefficient y* of transition state solutions. The rate constant k, in [6] is the 
(H&It ... H2P04-) can be taken as unity for limiting value as ionic strength p + 0. Thus 
phosphoric acid solution, so that (a  In y */ = kd = &k, in this limit. 
0. However, this is not the case for sulfuric acid When the activity coefficients 7; are assumed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3154 CAN. I. CMEM. VOL. 54, 1976 

TABLE 1. Ion size parameters used in 
calculation of activity coeficients (9) 

Ion &/A 

to  follow the extended Debye-Hiickel form, 

-Az i2dP  
log -yi = 

1 + BUiz/ll 

then the derivatives in [4], 151, and [6] are 

Here A = 1.8246 X 106,'(tT)"22, B = 50.29 X 
108 / (~T)1 /2 ,  [zi is the ionic size parameter (see 
Table I), and t the dielectric constant. The ionic 
strength P = (1 + 2a)c for sulfuric acid and 
//, = ac for phosphoric acid solutions. In the 
case of sulfuric acid solutions, [ 8 ]  must be 
multiplied by a factor of 2 as d ~ , ' d O  = 2 in that 
case. 

The experimental data were analyzed in vari- 
ous ways to test the sensitivity of different 
approximations. In general, the method was to 
assume a value of K,. It was initially assumed 
that Kc = K,, and from this estimate C,,;, CA-, 
CHA, and p were calculated by solving a quadratic 
(5). Next the -yi were calculated from [7], and a 
new value Kc was calculated through [3] .  This 
iteration was repeated until Kc was constant to 
within 0.01 7,. 

With values of K,, Ci, ri known, a value of 
k,l(AV6)2 was obtained from [2] by setting 
a(C[(a'if2),,, - (a'~J"),,,c]2)/ak, = 0 and solv- 
ing for k ,  (5).  A value of the standard deviation 
a was also calculated. This whole calculation was 
repeated for a series of initial K, vaiues and the 
K, giving the lowest u was noted. 

Interpretation of Density Data 
There is considerable discrepancy in the AVO 

values quoted for the reactions concerned, espe- 
cially that for H3P04 H+ + HZP04-. It was 
therefore decided to obtain independent AVO 
values through density measurements. Density 

201 1 I I 
0 1.0 2.0 3.0 

I f i / m o l  ( kg H20)-"2 

FIG. 1 .  4, data for H3P04 and H2S04: @ H3PO4, 
? HzS04, experimental, --- refs. 13 and 12. 

data at 25 "C for H2S04 were obtained to test the 
apparatus and analysls against previously ob- 
tained data. These data, as well as other results 
which can be compared, are in good agreement 
with more precise data based on more extensive 
investigation (Fig. 1, Table 2). A more extensive 
density investigation is not warranted for this 
particular investigation, as several other sources 
of inaccuracies are present in the analysis of the 
ultrasonic results to obtain k,  values. 

The density data were converted to apparent 
molal volume data by application of the relation- 
ship (10) 

In [9], m is the molality and M the molecular 
weight of the solute. The standard partial molal 
volume of the solute, VB,  can be obtained by 
extrapolating 4,  to n7 = 0. This extrapolation 
was made from plots of 4, DS. dm, as to a first 
approximation, this results in a linear relation- 
ship for fully dissociated electrolytes. For more 
complete and accurate data, more sophisticated 
plots are warranted (11). There is difficulty in 
obtaining :he 4,' for species such as H3P04, 
H2P04-, HS04- as the degree of dissociation 
changes with m. Thus in some cases long ex- 
trapolations are necessary (Fig. 2). 

Curves of 4, us. 4n2 were obtained for the 
systems shown in Table 2. The H2S04 25 O C  data 
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are shown in Fig. I together with corresponding 
data from the literature (12, 13) and the !d3PO4 
25 "C data. Figure 2 shows the full set of +, us. 

FIG. 2. bo data for determ~nat~on of AVO of H3P04 5 
H+ + H2P04- at 10.0 "C: @ HC1,O NaCI, A NaH2P04, 

H3P04. 

din curves necessary to obtain AV6 at 10 OC for 
FI3P04 G M+ + H2P04-. The relatively large 
errors possible in some extrapolations, e.g. for 
NaM2P04, introduce an uncertainty of up to 
+ 1.4 cm3 mol-I in the A V8  value. 

Table 3 shows a summary of the V! values for 
the species of interest. The AVe values for the 
two equilibria determined from these and other 
density determinations are listed in Table 4, 
together with values obtained by other methods. 
The differences can be due partly to the large 
uncertainties in the A V, values, but they can also 
reflect the differences in the actual species dis- 
cerned by various methods of measurement. 

Sensitiuity of Results to Assumptioizs 
The values of u ,  p, and t used in the calcula- 

tions were assumed constant with concentration 
of acid. This produces an error of less than 1% 
in the product pv with c going from 0 to 0.26 
mol I-l, the extreme case. The excess absorption 
a ' / fZ  was assumed to be ( a  lf2),,, - ( a / f  2),ate,. 

For a strong acid (MC104), (a1f2),,, was essen- 
tially constant with concentration up to 0.15 
moll-I (Fig. 3). This is in agreement with pre- 
vious data on nitric, hydrochloric, and perchloric 
acids (5). Two other possib!e curves for the varia- 
tion of (a/f2),,, with perchloric acid concentra- 
tion are sketched in Fig. 3. Rows l l  and 12 of 
Table 5 show the results of calculations using 

TABLE 2. Experimental values of 4,O with comparisons 

Row T/"C System +,O/crn3 mol-1 Species Comparisons 

1 25 .O H2S04 3 4 . 7 1 0 . 3  H++HS04- 35.1 (12); 35.7 (13, 10) 
2 25 . 0  H3PQ4 4 4 . 2 k 0 . 1  H3P04 - 

3 25 .O NaH2P04 2 8 . 0 i 1 . 0  Nat+H2P04- 27.9 (10) 
4 10.0 H3pO4 4 3 . 3 1 0 . 3  H3PO4 - 

5 10.0 NaH2P04 26.7 k 0 . 7  Na++H2P04- - 

6 10.0 NaCl 1 4 . 8 5 0 . 2  Na++CI- 16.6 at 25 "C; 13.0 at 0 ° C  (lo) 
7 10.0 HCI 1 7 . 3 e 0 . 2  H++Cl- 17.8 at 25 "C; 16.5 at 0 "C (10) 

TABLL 3. Values of VtO for species concerned 

T/"C Species ViB/cm3 mol-! Source 

0 By conventiona 
14.0;15.8 (10); (15) 
35.7;31.1;34.7 (10); (15); Row 1, Table 2 
27.9;27.8 (10); Row 3, Table 2 with V,,+'= - 1 ~ 2  
44.2  Row 2. Table 2 
0 By convention 
29.2 Rows 5, 6, 7 of Table 2 
43.3 Row 4. Table 2 

"The convention V,+# = -5.4 ~ m 3  molF1 is used in ref. 14 
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TABLE 4. Comparison of AVO values for HA 5 H+ + A 

Method A V" References 

(a) HS04- = H' + S042- at 25.0 'C 
Density -20.2,-21.6,-21.7,-15.3 
Conductivity -16.4 
Pressure Raman - 10 i 3 

(b )  H 3 P 0 4  e H+ + H2P04- at  25.0 "C 
Density -16.2,-16.3 
Conductivity -15.5,-10.1-0.5 
Electromotive force - 1 4 . 9 i 0 . 3  

(c) H3PO4 e H+ f &PO4- at 10 "C 
Conductivity - 9 . 4 i 1 . 0  
Density -14 .1k1 .4  

18, Table 3 
19," 
21 

0 

Table 3 

aH. Chew, private communication. 

these curves to test the sensitivity of the assump- 
tion of setting ( a f ,Y)  = (a/f2)exp - (al f2),ater. 
The variation of the classical absorption (pro- 
portional to 77/pu3) was also neglected since in the 
extreme case (c = 0.26 mol I-'), it differs by less 
than 37, from that of pure water. 

Rows 1 to 4 of Table 5 show that the analysis 

4r o 

FIG. 3. Excess ultrasonic absorption as a function of 
concentration of acid: C H2SQ4 at 25 "C,  A HC104 at 
25 "C, H2S04 at 0 'C .  

gives consistent results up to 0.072 moll-I for 
H2S04 solutions. An increase in the number of 
data points, with the additional points at higher 
concentrations, does not change the Ka value 
obtained from the analysis until the points are at 
c > 0.072 (Fig. 3). 

Rows 5 to 9 of Table 5 show the effect of 
variation of the method of calculating activity 
coefficients. If I I  is set equal to zero, then the 7, 
are all unity and K, is considerably larger. Rows 
3,6, and 7 indicate the sensitivity of the results to 
variation of the Debye-Hiickel distance param- 
eter. If the a, are all set equal to zero (the 
limiting law) instead of the Table 1 values, then 
Ka decreases by 607,. If the a, are set equal to  
some larger values, as suggested by analysis in 
Table 8 10, aso42- = 10, a,,,,-* = 16, 
a ~ , ~ , -  = 13 A), then K, increases by 407,. Rows 
8 and 9 show the dependence of the results on the 
form of [7]. The results assuming the limiting law 
are already available in row 6. If a linear term 
O.lz,p is added to [7], then Ka changes by onJy 
127,. If next the a, are all assumed to be 3.04 A, 
the Davies form of the log y, equation is ob- 
tained (22). This changes K, by 47,. 

Row 10 shows that if K, is constrained to have 
the value suggested by emf measurements, then 
the standard deviation of the experimental points 
from the best possible curve more than doubles. 
From rows 11 and 12 it can be seen that the 
assumption (a1/  f 2, = (a/ f 2)ex, - ( a  'f2) 
can introduce an error of at most 207,. The 
changes in activity coefficients have a large effect 
on the value of k,  and kd obtained by the an- 
alysis, with a maximum change of nearly a 
factor of 3. 
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TABLE 5. Results of analysis of M2SO4 25 'C ultrasonic data using various assumptions 

Row Conditions Points ~j10-17 Ka k,i 10'0 1 mol-1 s-1 kd/108 S-1 

c < 0.017 
c < 0.033 
c < 0.072 
c < 0.135 
jl=0 
u, = 0 
n, largea 
Linear term to !og 7, 
Davies form of log ylh 

Ka fixed = 0.0105 
Assuming (b)  in Fig. 3 
Assuming (c) in Fig. 3 

TABLE 6. Summary of results of ultrasomc absorpt~on data analysrs 

T / ^ C  Data po~nts  U /  10-1' Ka h, /10'0 1 mol-1 s-1 kd/108 5-1 

(a) MS04- 
25 .0 19 0.28 0.0049 35.1 17.1 
18 1 1  0.32 0.0056 26.2 14.7 
10 16 0.29 0.0065 25.1 16.3 
0 1 1  0.44 0.0115 23.6 26.4 

( b )  H3P04 
25 .0 2 1 0.40 0.0029 13.2 3.8 
18 10 0.40 0.0057 8.9 5.6 
10 6 0.47 0.0059 7.6 3.6 
5 5 0.79 0.0075 6.2 4.6 
0 1 1  0.97 0.0069 5.3 3.6 

The y,  calculated for the species in H2S04 
solution cannot be checked directly with experi- 
nlental results. However, they can be related to  
the yi for H2SO4 which can be obtained from the 
emf values of appropriate cells (23). Such y ,  are 
defined assuming H2S04 to be a strong electolyte 
and do not involve y ~ S 0 ~ - .  In terms of the 
yi  used here 

The calculated y ,  for H2S04 assuming K, = 

0.0102 agree with the experimental (23) to within 
6y0 wen at 0.06 m concentrations, where y ,  .v 
0.3. 

The Ka and k, for the S)stems Sfudiecl 
Table 6 summarizes the results of the analysis 

for the systems studied. The K, shown are 
calculated by the initial method described. Only 

the curves for H2S04 at 0.0 and 25.0 "C are 
displayed here (Fig. 3). Analogous experimental 
curves were obtained for other systems (see also 
ref. 5). Thus no experimental data except ultra- 
sonic absorption have been utilized to obtain 
these Ka values. If the ionic strength were to be 
calculated from literature values of Ka, the Ka 
(ultrasonic) would decrease even further. If the 
a, used in [7] were larger than those in Table 1, as 
suggested by results discussed later, then the 1Y, 
(ultrasonic) would become somewhat larger. 

The values of k, in Table 6 are calculated 
assuming AV = A V 8  values of - 21.6 cm3 mol-l 
for HS04-, and - 16.2 for H3P04 at all tempera- 
tures (Table 4). The temperature variation in AVO 
is of the order of the uncertainty in the deter- 
mination of AVO (Table 4). If a value - 15.3 cm3 
mol-I were used for HSO4-, then all HS04- k,  
values would be decreased by a factor of 
(1 5.3121 .6)2 or 0.5 1, and kd values decreased by 
this same factor. 
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TABLE 7. Cornparibon of the K, for HS04- 
at 25.0 "C 

Method IC, References 

Ultrasonic 0.0019 Tliis work 
Conductivity 0.0103 26 
Electromotive force 0.0105 27 
Volume 0.0103 ! 3 
Heat of solution 0.0103 25 
Solubility 0.0103 28 
Acid cataiysis 0.010 29 
Raman 0.010 30 

TABLE 8. Distances defining the ion priir H+-A- 

"Ka from ref. 25 (HSO, 2 and rcf. 18 (PI?POI). 
OKn (ultrasonic) from Table 4 except C. 
CRaman (30). 
d ~ h i s  high value of n? may be due to  a n  ; ~ ~ ~ o m a l o u s l y  low KB value 

due to  experimental uncertaii?t)-. This possibility is supported by the 
high k ,  value as scen in Fig. 5. 

Discussion 

Cornparison qf the i";, ,from Various Methocis 
The values of Ka jultrasoiiic) as shown in 

Table 6 are in all cases smaller than those ob- 
tained using other experimental methods. This 
difference is readily seen in Tables ?, 8 and in 
Fig. 4. The values of K, obtained here are deter- 
mined primarily by the !OW concentration points. 
As a';f2 is small at low c ,  the error in a ' / f2  is 
large and the K, (ultrasonic) values cannot be 
obtained to better than k 20% using any specific 
method of analysis. Independently obtained data 
in ref. 5 for 0 and 10°C analyzed by the same 
methods gave K ,  to within this limit. As indicated 
previously, concepts such as ionic radii and ionic 
strength are also not precisely defined in this 
context. 

There have been a large number of investiga- 
tions of the K, for HS04-. Reference 22 discusses 
these results in some detail. Table 7 shows a 

0 I I J 
10 20 30 40 50 

T/OC 
FIG. 4. Teniperature dependence of K, of HS04-: 
ref. 24. A ref. 25. - from equation in ref. 22, p. 387, 

n Table 6. 

comparison of more recent determination of K, 
for the HSQ4-- dissociation using various meth- 
ods. As pointed out in ref. 31, the value of K, 
obtained in anakjisis of experimental data is 
dependent on factors such as the ion size 
parameters used in the analysis. 

The temperature dependence of the K, of 
I-ISO4- is displayed in Fig. 4. There is consider- 
able discrepancy in the value at 0.0 O C .  The K, 
valiles determined by ul'irasonics are shown to be 
consistently below the values obtained by other 
means. 'Table 8 shows that this is also the case 
for XT3POd. 

The K, (ultrasonic) values are not dependent 
on the accuracy of the A y e  values used. If AV 
varied considerably with concentration, then the 
Ka value would be affected. However, the results 
in ref. 12 show this to be unlikely. 

The lower K, obtained from ultrasonics can be 
explained by postulating that the H+-A- which 
is the reactant in [I]  is egectively an ion pair 
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TABLE 9. Reaction distance parameters calculated froin eq. 2 
-- 

T/"C DH+b,'lO-5 cn1Z S-1 DA-h; 10-5 crn2 S-1 krl 1010 1 nlolF1 S - I  P A  a ; k c  cz iAd 

(a)  HSO4- 
25 
18 
10 
0 

(h )  W 3 P 0 4  

25 
18 
10 

5 
0 

flFrom rsf. 2, p. 457. 
bUsi~ig D( = d i R T / ( F 2 )  with A* the equivalent conductance, Prom ref. 22, p. 465. 
Wsing  relation [!2:. 
during relation [[I] ,  Tab!e 8. 

separated by several water molecules. Such a 
separation would have to be greater for ultra- 
sonics than that effective in conductivity or 
electromotive force measurements. The Ka ob- 
tained from most recent Waman spectroscopy 
experiments is greeter than that obtained from 
conductivity (30), although a value of G.01 has 
been suggested in previous Raman work (32) .  
Thus for the purpose of Raman measurements, 
the Hi . A- in [I] must be a contact Ion pair or a 
covalent specles (30). 

A quantitative measure of the 'looseness' of 
the ion pair in [ I ]  can be obtained on the basis of 
the Bjerrum model of ion pairing (31). Thus the 
assumptions of spherical ions with a continuous 
solvent with a macroscopic dielectric constant 
are present. As c 0, the number of H- ions at 
a distance between al and a2 of an A- ion can be 
expressed in two ways: 

Here s = e2;(t,kT) = 7.45 k1 at 25.0 "C for 
univalent A-, and twice that for divalent 
k ~ - ( S 0 4 ~ - ) .  L is Avogadros number and K,, K2 
are the equilibrium constants defined with 
P I f ~ . ~ A -  defined as pairs where the Hi and A- 
are within a1 and a2 of each other, respectively, 

Table 8 shows the result of application of 
relationship [ I  11 to the systems studied. A range 
of distances 1s shonn for the ultrasonic results. 
correspondin_e to  the range of uncertainty in the 
analysis. It should be noted that tne sum of 
Dekye radii from Tabie I for H+ j- S042- i; only 
13 A, but that this assumes a,+ to be 9.0 A, i.e. 

it is not f2r the bare H30r ion. A distance of 
about I 1  A corresponds to two water molecules 
between the bare H30T and the A-, 14 A to 
three, 17 A to four etc. taking th: diameter of the 
water molecule to be about 2.8 A. 

Ana!ysis of k ,  Vrllues 
Table 9 shows the results of the analysis of the 

k, data from Table 6 in terms of diffusion- 
controlled rate theory which gives: 

where x = z+z-e" t,kT. 
The values of k, are determined primarily by 

the a' f values for higher c. These are more 
accurate than the low c values, but the accllracy 
of the k, are dependent on the accuracy of the 
Aye measurements. These have considerable 
vanallon, as shourl In Table 4. ROWS I to 5 of 
Tabie I0 show for the 25 "(J 'SfS04- case the 
sensitivity of the value of 'a9 calculated from 1121 

I ,me to variations in k,. Rows 2 and 3 use the ext-p 
values from Table 5, low 4 the value if AVs = 
- 15.3 cm3 mol-I and row 5 the value if AVO= 
- 10 cm3 m ~ l - ~ .  This last case, where k, = 7.5 X 
101° 1 mol-l s-I, is ~n a region where [ I  21 shows 
'a' to be extremely sensltlve to k,  

The value of 'a' subsequently calculated from 
k, is dependent on the validity of the diffusion- 
controlled rate theory As pointed out in ref. 33, 
the actual rate k, can be up to 607, srna!ler than 
that caicillated through [12] ~f the hydrodynamic 
effects are included in the theory. The h e a r  
approxirnat~on form of this theory gives the 
result (33) 
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TABLE 10. Variation of distance parameters with assumptionsa 

Row Conditions k,ilOIo 1 mol-1 s-1 a/A 

Most probable value (HSO,- at 25 "C)  
Minimum value from Table 5 
Max~mum value from Table 5 
AVO = -15.3cm3 mol-1 
AVO = -10 cm3 mol-1 
P = 0.64 (eq. 13) 
@ = 0.75 
H3PO4 at 25 ' C .  P = O 
$ = 0.64 
0 = 0.75 

aSuifuric acid solutions at 25 "C (rows 1 to 7) and phosphoric acid at  25 "C (rows 8 to 10). 

[131 k, = 4n(D+ + D-' LX{ ( exp [x/a] - 1) 
1000 

where f l  = 3a+a-/a2. Rows 6 and 7 (sulfuric 
acid) and 8,9,  and 10 (phosphoric acid) show the 
results of application of this theory with f i = 0.64 
(a+, a- from Table l), and P = 0.75, the maxi- 
mum effect possible, when a+ = a-. Since much 
of the motion of the H+ is not really 'hydro- 
dynamic', but of the Grotthus type, this theory 
seems less suitable for reactions involving H+ in 
water. This refinement still keeps the assump- 
tions of hard-sphere ions and a solvent consid- 
ered as a. continuum with a dielectric constant 6, 
obtained from macroscopic measurements. 

An Arrhenius analysis of k, (Fig. 5) gives 
activation energies of 22 kJ mol-I for &Po4 
and 11 kJ mol-I for HS04-. The magnitudes of 
these activation energies are not dependent on 
the actual values of the AVa assumed. A change 
in AVa with temperature would cause an error to 
occur, but the AVO for such equilibria do not 
seem to be strongly temperature dependent (34). 
The uncertainties in these values are quite large, 
of the order of f 40y0. The values are of the 
order of magnitude expected of diffusion-con- 
trolled reactions involving H+ ion, which has 
E,,, IV 14 kJ m01-I as obtained from the varia- 
tion of D,+ with temperature shown in Fig. 5. 

Model for the Recombination Reaction 
The distance 'a' at which, for the purposes of 

ultrasonic absorption, the reaction H+ + A- $ 

H+.A- is complete can be obtained from both 
the Ma and the kr values. Although both methods 
for determination of values of 'a' give results 
which show a large amount of uncertainty, they 

' IT/  K-" 
FIG. 5. Temperature dependence of the k, and the 

diffusion coefficient of Nt, data from Table 9: 0 k, for 
NSO4-, n k, for H3PO4, 0 DN+. 

both predict for both acids values of 'a' which 
allow several water molecules to be present 
between the H+ and the A- on formation of 
H+A-. This can be seen in the comparison in 
Table 9. 

The lower values of a for phosphoric acid may 
be due to the neglect of any 'steric factor9 in [12]. 
While there are four possible sites for the H+ to 
go to in combining with S042-, there are only 
two in theocase of H2PO4- For example, the 
value of 9 A obtained for a for at three 
temperatures from the rates (Table 9) becomes 
20 A if a steric factor 0.53 is introduced into the 
right hand side of [12]. 
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This suggests that the process may occur 
somewhat as shown schematically in [14]. Here 
only the case of two water molecules between 
H30+ and A- is schematically shown for the 
sake of simpliciJy. This would correspond to an 
'a' of about 11 A. The K, data suggest more H 2 0  
molecules to  be present between the ions. 

Equilibrium 2  $ 3  represents the orientation of 
the water molecules into a position so that the 
reaction can be completed by H-bond switching. 

Raman spectroscopy might detect the equi- 
librium between the system in state 5 and the 
system in states 4, 3, 2, 1. Conductivity might 
detect the equilibrium 5, 4 $ 3, 2, 1 and ultra- 
sonics 5, 4, 3, 2  $1 .  Ultrasonics would actually 
be sensitive only to the 1 $ 2  equilibrium, as 
equilibria 2 $ 3, 3 $4,  4 5 involve neither 
bimolecular steps nor hydrodynamic motion. 
Thus their relaxation times would be very short. 
They would not be likely to contribute notice- 
ably to ultrasonic absorption as a'/f2 is pro- 
portional to  T .  Instead, a change in 2 would 
essentially automatically be reflected in 3,4,  and 
5. This is of course not the case of ion pairing in 
aqueous solutions of Mg2+S042-, as hydro- 
dynamic motion of the Mg2+ is necesary in the 
step analogous to 3$ 4, e.g. ref. 35. It would 
also not be the case for ion pairing involving 
protons in non-aqueous solvents such as dimethyl 
sulfoxide or dimethyl formamide (20). 

Ultrasonic absorption is unique in methods 
for measuring Ka as in effect it measures directly 
the rate constants k, and kd ,  which are then 
combined to obtain K,. Other methods measure 
the concentrations or activities of the species 
concerned. The value of Ka obtained from these 

approaches should of course be the same if the 
actual equilibrium detected is the same. Thus this 
aspect should not cause the differences seen in 
Table 7. 

Ultrasonics would however detect an equilibri- 
um different from e .g .  conductivity as ultrasonics 
is in this case sensitive to a A Ve while conductivity 
is sensitive to a AHe change. Other non-kinetic 
methods would be sensitive to a AGe change. On 
the Bjerrum model, the AHe for two singly 
charged ions in water 5.07 A apart (Table 9) 
would be -3.4 kJ mol-l, which is of the order of 
the energy of thermal motion ( R T E  2.5 kJ 
mol-l). However, at a distance of 15 A, AHe N 

- 1.1 kJ mol-l. Thus when H' and A- are this 
far apart, the interaction energy is small enough 
with respect to RT that the ions can be approxi- 
mated to act independently in an electric field. 

The value of the AVO used should be reexam- 
ined in the light of the above argument. The AVe 
change in 1 6  2 is here assumed to be consider- 
ably larger than those of 2 $3,  3 = 4 or 4 S 5. 
Thus the AVe measured through density or con- 
ductivity measurements is taken to be a reason- 
able value for the ultrasonic absorption analysis. 
The K, obtained by analysis of density data 
should in such a case be of the order of that 
obtained from ultrasonics. In ref. 13, it was 
shown that the H2S04 density data could 
reasonably be fitted assuming a K, of 0.0102, i.e. 
the conductivity value, when a number of 
assumptions are made. However, these assump- 
tions and the limited accuracy of the 4, us. c 
curve may make it impossible to exclude a fit 
using the K, (ultrasonic), 0.005. Nevertheless, 
data on MgS04 also suggest that it may not be 
valid to  assume the AVO of 1 $ 2  to be the 
largest (35). 

The actual value of AVe to be used for the 
ultrasonic analysis can be experimentally deter- 
mined if k, is obtained directly by extending the 
ultrasonic measurements to frequencies > 1 / r .  
For this, reasonably accurate values of cr'/f2 
must be obtained at f > 300 MHz as r N S. 

Since the cr'/f2 is small and the systems are quite 
acidic, it is not likely that such measurements 
can be made with the necessary accuracy with 
instrumentation presently available. 

Conclusions 
The results presented show that ultrasonic 

absorption can be a useful method for obtaining 
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values of K, and ki for acids. The K, values 
obtained from ultrasonics are consistently lower 
than those obtained by other methods for both 
HS04- and H3P04. 

The analysis points out several problems in- 
volving the meaning of the sizes of aquated ions, 
ionic strength, and activity coefficients when 
results from several methods are used together. 
In the case of the FT2S04 solutions, the experi- 
mental y, does not involve the HS04- ion at ail. 
Thus the y, values obtained from emf measure- 
ments may not be proper to use in the calculation 
of colligalive properties. 

The temperature dependence of the recombina- 
tion rates show an activation energy of the same 
order of magnitude as that for hydrogen ion 
diffusion, supporting the application of diffusion 
controlled rate theory for the analysis. Absolute 
values of the rate constants are de~endent  uDon 
the accuracy and relevance of the AVB vaiues 
assumed for the equilibrium concerned. 

The results of analysis of the k,  and K, values 
obtained both indicate however that the 'un- 
dissociated acid' as detected by ultrasonic ab- 
sorption extends to a greater H-...A- distance 
than in the case of conductivity or electromotive 
force meas2rements. For MS04- the disttnce is 
about 30A,  and for H;P04 about 10A,  but 
there is a large amount of uncertainty in these 
values. 

This type of information seems of importance 
in obtaining a more complete knowledge of the 
fundamental structure and dynamics in biological 
systems as well as in marine chemistry. 
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Heats of fadrma~on of some hydrates1 

ALAN PHILLIPSON AND GORDON R. FINLAY 
Department of Cl~emi~ f ry ,  Brock Unicer~ity, St. Catlzarines, Onf., Cutzada L2S 3AI 

Received October 23, 197j2 

A L ~ N  PHILLIPSON and GORDON R. FINLAY. Can. J. Chem. 54, 3163 (1976). 
Heats of formation of hydrates may be measured by dissolving the hydrate and the corre- 

sponding anhydrate in water to attain the same final concentration and measure the difference 
in heats of solution. 

Measurements were made a t  0 'C in a modified Bunsen ice calorimeter, well insulated, and 
surrounded with an ice-water mixture. 

The data obtained are a measure of the enthalpy involved in binding a mole of water into a 
crystal structure, to shed some light on the nature and mechanism of this binding. Several 
discrepancies are noted. in particular one involving CdCI2.QH20. A method for adjusting 
calculations from 0 to 25 "C in the absence of heat capacity data is proposed. 

The following hydrates have been studied: LiC1.H20, LiBr.2H20, CaC12.2 and ,6H20, 
MnC12.l and .2H20, CdCI2 . k H 2 0 ,  MnS04. 1 and .4H20,  MgSQ4. 1, .4(?), and .7H20, and 
K2@03 .$H20. 

Additionally, the heat of hydration of hydrazine to N2H4.H2Q has been checked. 
The formation of a coordinated hydrate, from liquid water, involves a heat effect which in 

the limit approaches 3 kcal mol-1. The first mole of water added may be most strongly bonded 
(6-10 kcal), possibly since alternate sites in the coordination sphere may be available to it. 

Values which differ markedly from these levels deserve a critical examination. Higher values 
may suggest the presence of OH-, or other structural variations, errors in the published data 
or mistaken identification of the hydrate. 

ALAN PHILLIPSON et GORDON R. FINLAY. Can. 9. Chem. 54, 3163 (1976) 
Pour mesurer les chaleurs de formation des hydrates. on dissout ceux-ci et les produits 

correspondants non hydrates dans l'eau de f a ~ o n  a obtenir la m&me concentration et ainsi 
mesurer la difference dans les chaleurs de solution. 

On a effectui des mesures a 0 "C dans un calorimetre glace Bunsen, modifie, bien isole et 
entour6 d'un melange glace-eau. 

Les donnCes obtenues sont une mesure de l'enthalpie impliquee lors de la fixation d'une 
molecule d'eau dans une structure cristalline; elles fournissent un peu de lumibe sur la nature 
et le mecanisme de cette fixation. On note plusieurs anomalies; une en particulier implique le 
CdC12.$H20. On propose une mithode pour ajuster les calculs de 0 a 25 "C en l'absence de 
donnees des capacites calorifiques. 

011 a Ctudie les hydrates suivants: LiC1.H20, LiBr.2H20, CaCl2.2 et .6K20, MnC12.1 
et .2H20,  CdC12 .$H20, MnS04. 1 et .4H20, MgSO, . I ,  .4(?) et ,7H20, et KzC03 .$HzO. 

De plus on a v6rifiC la chaleur de l'hydratation de l'hydrazine conduisant B N2H4.HlO. 
La formation, a partir de I'eau liquide, d'un hydrate coordonnee implique un effet de chaleur 

qui approche la limite de 3 kcal/mol. La premike molecule d'eau additionnee peut Ctre associee 
trhs fortement (6-10 kcal); ii est possible que l'implication de ce phenomkne puisse &tre trouv6 
dans le fait que d'autres sites dens la sphkre de coordination peuvent lui &tre disponible. 

Les valeurs qui different d'une f a ~ o n  marquee de ces niveaux meritent un examen critique. 
Des valeurs plus ClevCes peuvent suggCrer la presence de OH- ou d'autres variations dans les 
structures. des erreurs dans les donnees publikes ou des identifications erronees des hydrates. 

[Traduit par le journal] 

Introduction separately from each other. The heat of solvation 

Solvates are a class of compounds formed by may be from e n t h a l ~ ~  Of 

the association, usually in a crystal structure, of formation data Or may be measured by 
molecules of and solvent, may exist measuring heats of solution for both solvate and 

ansolvate. 
'Presented at  58th Canadian Chemical Conference of Ansolvate + solvent --t Solvate in solution + AHl 

the Chemical Institute of Canada, Toronto, Ontario, 
May 1975. Solvate + solvent -+ Solvate in solution + A& 

ZRevision received June 24, 1976. AH2 - Aff~ = AHaolvation 
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TABLE 1. Thermochemical data on hydrates of copper sulfate 

Value 

Monohydrate Trihydrate Pentahydrate 
Parameter (CuS04. H20) (CuSO,. 3H20) (CuS04 .5H20) 

AH 
(kcal mol-1 H 2 0 )  -6.845 -4.418 -3.79 

A S  
(eu mol-1 H 2 0 )  -7.81 -7.75 -7.55 

AC, mol-1 H 2 0  
(cal dea-1) -9.9 -9.63 -9.35 

For 130 cases of hydrates (highest hydrate 
reported), as listed in Bichowsky and Rossini (1) 

Anhydrate + n(HzO)(g) - Highest hydrate + ~(14.0)  kcal 
(Mean deviation + 1.2 kcal) 

or 

Anhydrate + t1(H2O)(l) 7- Highest hydrate + ~f(3.5) kcal 
(Mean deviation f 1.2 kcal) 

For a typical ammoniate (e.g., SrC12.8NH3) 
(2) the corresponding calculation shows: 

Ansolvate + n(NH3)(g) - 
Highest ammoniate + ~~(10.1) kcal 

or 

Ansolvate + n(NH3)(I) - 
Highest ammoniate + n(5.35) kcal 

The case of the hydrates of copper sulfate may 
be considered typical. Good data (2) is available 
and the system has been well studied. The values 
calculated from the thermodynamic data are as 
given in Table 1. 

According to Wyckoff (3) the fifth water 
molecule is not coordinated about the cation 
but just 'tucked in' to the structure. This doesn't 
appear to affect the observed values seriously. 

Experimental 
The measurements of heats of solution were carried out 

in a Bunsen ice calorimeter, adapted from a design of 
Hieber and Miihlbauer (4). Such an instrument was used 
previously to determine heats of formation of BF3 
etherates and similar compounds (5). By careful insula- 
tion of the unit and surrounding it with an ice-water 
mixture the inward heat-leak, including the heat of 
stirring, was reduced to less than 0.1 cal rnin-1. Results 
of duplicate runs could be held within 50.25 cal (equiv- 
alent to 5 4  mg of mercury weighed). By a drop method. 
the heat capacity of 10.00 i 0.05 ml of H20 was found 
t o  be 250 k 2.0 cal. (Theoretical value, 250 k 1.3.) 

Whenever possible, we avoid the drop method by 

inserting the sample in a glass ampoule with or without 
a rubber bung closure and bringing the whole system to 
equilibrium temperature before commencing the reaction. 
By such means we are able to measure the heats of solu- 
tion of quantities of solute ranging from 0.2 to 20 mmol 
using, in the case of water, approximately one mole of 
solvent, i.e., concentrations ranging from 0.01 to 1 M. 
Most heat of formation data are listed at  25 "C 
(298.15 K). Our heats of solution are measured at  0 'C or 
273.15 K. Where heat capacity data are available, these 
may be used to correct the heat of solution from 0 to 
25 "C. If the heat capacily data are not available a rule of 
thumb correction may be made of 228 + 12cal mol-I 
which will introduce no great error. 

This correction may be justified as follows: (a) For nine 
cases of known hydrates, the decrease in heat capacity 
per mole of H 2 0  added averages 8.95 cal deg-1 or 224 cal 
over a 25 "C range. (b) For 31 cases of known hydrates 
the decrease in heat capacity per mole of H 2 0  added 
averages 9.26 cal deg-J or 232 cal over 25 "C range. 
(c) Various authors, including Ladd and Lee ( 6 ) ,  have 
suggested that the water in a crystalline hydrate may be 
considered as having a heat capacity like that of the 
vapour state. If we take the equation for the heat capacity 
of gaseous H 2 0  from Lewis and Randall (7) as: 

and solve at 298.15 "C; C, = 8.44 cal mol-I deg-1 and at  
273.15 K, C, = 8.46cal mol-1 deg-1. These values aver- 
age to give a correction of 239 cal over 25 "C range. 
( d )  The heat capacity of water in the solid state (i.e., ice) 
at  0 "C is 8.87 cat mol-1 deg-1. If we assume that the heat 
capacity of water of crystallization in a salt hydrate is 
similar to that of ice we can estimate the correction as 
228 cal over the 25 ^C range. (e) The formation of a 
crystalline hydrate from the corresponding ansolvate and 
liquid water involves a decrease in entropy which is 
commonly 7 to 8 units for each mole of water involved. 
This increase in organization may well be expected to 
decrease the heat capacity of the system by a roughly 
corresponding amount, which leads to a correction of 
about 230cal over a 25 'C range. For example see the 
data listed above for copper sulfate. 

Since the uncertainty of heat of formation data is 
seldom less than f 50 cal mol-1 and since here we are 
working by difference of two quantities, it is probably 
not worthwhile at  present to worry over discrepancies 
less than 100 cal or 5 0.1 kcal mol-1. 
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PWLLPSON AND FINLAY 

TABLE 2. Heats of hydration of magnesium sulfate 

Measured heat of Values calculated 
solvation in Other solution from 

Material Moles PI20 kcal mol-1 H 2 0  values A H  formation 

Materials 
The chemicals studied here were purchased as analytical 

reagents where possible, or dehydrated from a higher 
hydrate to a constant weight at  appropriate temperatures. 
Compositions were checked by thermogravimetric an- 
alysis and in most cases by titration with Karl Fischer 
reagent. Infrared spectra were also employed to confirm 
compositions for the sulfates and other compounds 
where feasible. 

One sample labelled 'anhydrous' actually turned out to 
be well-crystallized tetrahydrate as we belatedly dis- 
covered after finding that its heat of solution was exactly 
the same as that of the tetrahydrate. 

Results and Discussion 
The results observed by us are reported in 

Tables 2 and 3 and are compared with data 
published elsewhere. 

The values reported in Table 2 for the hydrates 
of magnesium sulfate are generally in good 
agreement with literature. Our measurements 
are in good agreement with other heat of solution 
values and are self-consistent. The notable exceD- 
tion is the heat of formation value reported 6 r  
the dihydrate, which is very much out of line. 
Taken at face value. it would seem to indicate 
that the hydrate wduld be very unstable. Un- 
fortunately we were not able to purchase nor 
produce a satisfactory sample of dihydrate. 

The rate of solution of the monohydrate at 
0 "C is rather slow, so only low concentrations 
were available for study here. Nonetheless our 
findings agree with those of others. 

The seventh water molecule is reported to fit 
into a void in the crystal structure, the other six 
being coordinated octahedrally about the mag- 
nesium ion. 

The results for MnClz again seem reasonable 

and consistent. One older value for heat of 
formation of the dihydrate (- 12.38) is obviously 
a mistake and should be rejected. The structure 
of the hydrates has been reported to  involve 
hydroxyl group coordination between adjacent 
Mn atoms, and the dihydrate, at least, shows 
extensive hydrogen bonding. Neither of these 
considerations have much net effect on the 
observed enthalpy. 

For MnS04 our results tend to be a little lower 
than those recorded in tables. Still lower are 
some results of heat of solution measurements 
reported by Jamieson et al. (13). These show 
values of - 5.02 kcal mol-I for the monohydrate, 
-2.27 for the tetrahydrate, -2.08 for the penta- 
hydrate, and - 1.87 for the heptahydrate. The 
values of Jamieson et a!. are consistently some 
500 cal mol-I lower than ours. The reported value 
for the hexahydrate again appears to be a mistake 
of some sort, since it would imply an unstable 
compound. 

For LiCI our results seem to check well and 
the other reported values are consistent. Lithium 
chloride has been widely used as a drying agent 
particularly for air-conditioning, but seems to 
conform to other hydrates insofar as the enthalpy 
considerations are concerned. 

Similar results were found for both lithium 
bromide and lithium iodide, with the heat of 
solvation increasing in this series with increasing 
size of the anion, CI < Br < I. 

In the case of potassium carbonate, the heat 
of formation data are wildly discordant except 
for the relative values of the hernihydrate and 
the sesquihydrate which fall into line. Heat of 
solvation data from heats of solution (9) at 
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- 4.42 kcal mol-I for the hemihydrate and - 4.58 
for the sesquihydrate are at least within the 
range of our finding. This hydrate is reported to 
have extensive hydrogen bonding, but this again 
seems to have little efTect on the net enthalpy. 
For our measurements, we guarded against con- 
tamination of the solution water with carbon 
dioxide by pre-boiling followed by rapid cooling. 

The most interesting case of all was that of 
cadmium chloride. When the anhydrous salt is 
dissolved, heat is initially evolved, but then 

follows a competing process which absorbs heat. 
Whereas we had reached equilibrium in all other 
cases in less than 20 min, we had to extend the 
time to 48min for this compound. This two- 
stage solution process is still not understood and 
deserves further Investigation. We believe it may 
have contributed to the difficulties of others with 
this system. 

Our values check moderately well with those 
reported by NBS (2). Lange9s (9) values from 
heats of solution, -2.38 kcal mol-"or the 

TABLE 3. Meats of hydration of several salts* 

Measured heats of Values calculated 
solvatio~l in from A H  formation 

Material Moles H20 kca! molkl H20  kcal moi-1 MIOt 
- 

CaC12 1 -6.78 (10) 
2 -3.48 -4.43 (10) 
4 -4.23 (10) 
6 -3.42 -3.62 (9) 

-3.82 (10) 
2-6 -3.39 

MnC12 I -4.61 -5.45 (2) 
-4.88 (10) 

2 -4.51 -4.67 (2) 
- 12.38 (10) 

1-2 -4.40 -3.88 (2) 
4 -- 3.75 (2) 

-4.60 (10) 

MnSQ 1 -5.58 -6.08 (2) 
-5.94 (10) 

4 -2.77 -2.96 (2) 
1-4 -1.83 -1.91 (2) 
5 -2.75 (10) 

-2.80 (2) 
6 f10.2 (1) 
7 -2.49 (2) 

1 -4.20 -4.29 (6) 
-4.16 (9) 
-4.41 (10) 

2 - 3.69 (10) 
3 -3.65 (10) 

1 -6.11 (11) 
-6.15 (10) 

2 -4.71 (11) 
-4.72 (10) 

3 -4.36 (10) 

1 -8.04 (11) 
-8.29 (40) 

2 -5.80 (11) 
-5.92 (10) 

3 -5 . I 7  (10) 
-5.09 (11 )  

1-3 -3.62 (11) 
-3.61 (10) 

3 -10.18 (10) 
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PHILLIPSOW AND FINEAY 

Measured heats of Vaiues calculated 
solvation in from AN format i~n 

Materlal ,Moles H 2 0  kcal moi H2Q kc a1 mol-1 H 2 0 t  

'We are grateful to the referee who questioned our calculations for KzC03 and CdCI?. tVe present 
them here in more detail. 

AHt" KzCQa. tH20 (9, 10) -283.40 
AHP" KzCOj (9, 14) -273.93 
AHf0 :Hz0 (9, 10, 14) -102.48 
AH.,i,,ti,, (calculated) +93.01 
AHoolvs~lan (mol-' XrOj 62.01 
A H P  KzC33,tH20 (9, 10) -210.43 
AHf" K2C03 (9, 14) -273.93 
AH[" + H 2 0  (9, 10, 14) -34.15 
Afi,,i,,ti,, (calculated) +97.66 
A H ~ o i v s t ~ o ~  (mol-' H?Oj +!95.32 
Obviously something is very wrong with one or more of these tabulated values. Quite possibly the 

KzC03 value is incorrect. The calcu!ation would seem to predict quite unstable liydr3tes. 
For the CdC12 system, we calculate siniilariy: 

Ref. 12 Refs. 2, 4 This paper 
CdC12.24HzO -252.50 -270.54 

(Reference numbers in parentheses. 

monohydrate and - 1.13 for the dihydrate (sic), 
are also at least in the neighbourhood. The 
remaining values are completely discordant. We 
are particularkj~ puzzled by the value given by 
Patil and Secco (12). This is recent work and 
seems to have been carefully done, but would 
imply a very low stability for the hydrate 
CdCl20 2 iH20.  

No structure has yet been reported for this 
hydrate, Structures are known f ~ r  &3d6I2- 2NH3 
in which the Cd is cctahedraidy coordinated to 
two C1 and four N. In C C ~ Q N O ~ ) ~ ~  2H20 the Cd 
is coordinated to  7 oxygen (15), while the 
Cd(N83)2.4H20 crystal shows Cd with a co- 
ordination number of 8 (16). The 2% hydrate 
formula is apparently not like any of these, but 
seems to be weil authenticated, and indeed the 
composition was forand to be precisely 24H20 
by both thermogravimetric methods and Karl 
Fischer analysis. 

Some other systems in which discordant data 
are observed are those involving the hydrates of 

Ca(N03)2, CrC12, KOM, NaOW, Hg2N@H, 
K2Mg(S04)2, 2nd Na2Se. 

Other solvate systems, arnenabfe to this tech- 
nique, are arnmonlates, alcoholates, and numer- 
ous other compounds or c~znplxes  in which 
molecules Day be combined. 

As a check on the technique as applied to 
liquid hydrates, we deeerrrrised the heat of 
hydration of hydrazine. This we found to be 
- 1.79 kcal mol-I in accord \with a heat of solu- 
tion of - 1.82 (1.7) and with - 1.79 (2) Gom the 
NIBS Tables (derived from the original work of 
Hughes ( 1  8)). Iacider? tally our 'anhydrous' 
hydrazine was found to anaiyse 4.77y0 H 2 0  
(Marl Fischer). 

We submit that the technique described is 
sensitive and reprodficible and recommend it 
(or analogous solution techniques) for the 
determination of heats of solvation and hence 
of heats of formation. As a practical matter, 
heats of formation of soivates seem kc be 
approximately calcsaiable by taking the heats of 
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formation of the ansolvate and the appropriate 
numbers of moles of solvating agent and adding 
an appropriate average value per mole. For 
H20,  wa would propose a nominal value of 
6 kcalmol-"for the first water molecule and 
3 kcal for each subsequent mole of water. 
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Complexes of lanthanide iodides with 3-methylpy~dine-f -oxide 
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LAKSHM~NARAYANAN RAMAKRISHNAN and SUNDARESA SOUNDARARAJAN. Can. J. Chem. 54, 
3169 (1976). 

Complexes of lanthanide iodides with 3-methylpyridine-1-oxide of the formula Ln(3-Me- 
Py0)813.xH20 where x = 0 for Ln = La and Tb, x = 1 for Ln = Pr, and x = 2 for Ln = Nd, 
Sm, Dy, Yb, and Y have been prepared and characterized by chemical analyses, conductance, 
infrared, proton nmr, and DTA data. lnfrared and proton nmr data have been interpreted in 
terms of the coordination of the ligand to the metal ion through the oxygen of the N 4  group. 
Proton nmr spectrum of the Yb(I11) complex is indicative of a restricted rotation of the pyridine 
ring about the N - 4  bond. 

LAKSHMINARAYANAN RAMAKRISHNAN et SUNDARESA SOUNDARARAJAN. Can. J. Chem. 54, 
3169 (1976). 

Des complexes des iodures de lanthanide avec l'oxyde-1 de mCthyl-3 pyridine, de formule 
Ln(3-MePy0),13.xH20 oh x = 0 pour Ln = La et Tb, x = 1 pour Ln = Pr et x = 2 pour 
Ln = Nd, Sm, Dy, Yb et Y, ont CtC prepares et caractCrisCs par analyses chimiques, conduc- 
tance, infrarouge, rmn du proton et mesures de ATD. Les donnks  d'infrarouge et de rmn du 
proton ont CtC interpret& en termes de la coordination du ligand B l'ion metallique par l'oxy- 
gbne du groupement N-0. Le spectre rmn du proton du complexe Yb(lI1) indique que la 
rotation du noyau pyridine autour du lien N-0 est restreinte. 

[Traduit par le journal] 

Introduction 

Lanthanides are known to exhibit high co- 
ordination numbers in their complexes. The 
coordination number of a lanthanide complex is 
determined by (a) the size of the cation, (b) the 
size of the ligand, and (c) the nature of the anion. 
As the size of the cation drops as one goes from 
La(II1) to Lu(III), a decrease in the coordination 
number has been observed in a few cases (1). 
Bulky ligands such as diphenylsulphoxide yield 
lanthanide complexes with relatively low co- 
ordination numbers (2). When the anion also 
competes with the organic ligand for coordina- 
tion to the metal ion, the coordination number 
of the lanthanide complex is mainly decided by 
the nature of the anion. Complexes of dimethyl- 
sulphoxide (1, 3-7) with the lanthanides provide 
a good example of the effect of anion on the co- 
ordination number of the metal ion. Recently, 
we have started a programme of preparing 
cationic complexes of the lanthanides with 
ligands of different bulk and anions with various 
degrees of coordinating ability in order to study 
their effect on the coordination number of the 
metal ion. We have already reported (8, 9) the 
complexes of lanthanide perchlorates and iodides 

'Revision received June 1, 1976. 

with pyridine-I-oxide (PyO). As a continuation, 
we have prepared and characterized complexes 
of a few lanthanide iodides with 3-methyl- 
pyridine- 1 -oxide (3-MePyO). 

Experimental 
Materials 

Hydrated lanthanide iodides were prepared by dis- 
solving the corresponding oxide (39 .95  pure. obtained 
from the American Potash and Chemicals Corporation, 
U.S.A.) in hydriodic acid and evaporating the solution 
on a waterbath. The residue was washed several times 
with benzene till the washings were colourless and dried 
on a waterbath. 

3-MePyO was obtained from Aldrich Chemical Co., 
U.S.A., and was used after distillation under reduced 
pressure (146 "C/15 mm Hg). All the solvents used were 
purified by standard methods. 

Prepararion of the Complexes 
Preparation of Pr(III), Nd(llI), Sm(III), TMIII), 

D- ill), Yb(IIl), and Y(III) Complexes 
A 0.5 g sample of the hydrated lanthanide iodide was 

dissolved in 10 ml of acetone and 1.25 g of 3-MePyQ in 10 
ml of acetone was added to it with constant vigorous 
stirring. The complex precipitated immediately. The 
solid complex was filtered through a sintered crucible, 
washed well with ice cold acetone, and dried in a vacuum 
desiccator over phosphorus(V) oxide. 

Preparation of rhe La(Il1) Complex 
The La(II1) complex could not be prepared by the 

above procedure. Hence the following procedure was 
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adopted for its preparation. Hydrated lanthanum iodide 
(0.5 g) was dissolved in 10 ml of water and 1.25 g of 
3-MePyO was added to this solution. The mixture was 
kept on a waterbath for the evaporation of the solvent. 
After evaporation was complete, the residue was washed 
several times with benzene and filtered through a sintered 
crucible. Drying of the complex obtained was effected by 
keeping it over pllosphorus(V) oxide in a vacuum desic- 
cator. 

At~alyses 
The metal content of the complexes was estimated by 

EDTA titrations using xylenol orange as indicator. The 
iodide content was estimated by Volhard's method. The 
ligand content was estimated by spectrophotometry (at 
256 nm) using the calibration curve method. The analyt- 
ical data are presented in Table I .  

Plzysical Meihods 
Molar conductance data for all the complexes were 

obtained a t  room temperature (cn. 28 'C)  in a Siemen's 
conductivity bridge using an immersion cell (type LTA) 
previously calibrated with standard KC1 solutions. The 
concentrations of the solutions used were of the order of 
0.001 M. The conductance data are presented in Table 1. 

The infrared spectra of the ligand in CS2 and of the 
complexes in Nujo!  nulls were recorded in a Carl Zeiss 
UR-10 infrared spectrophotometer. The principal ir 
bands and their assignments are presented in Table 2. 

The proton nrnr spectra were recorded on a Varian 
T-60 spectrometer (60 MHz) and for a few complexes on 
a Varian HA-100 spectrometer (100 MHz), using CDC13 
as the solvent and TMS as the internal reference. The 
proton n!nr spectra of the Yb(ll1) complex at  different 
temperatures in the range 5-75 'C were recorded on a 
Varian HA-100 spectrometer using a Varian variable 
temperature controller. The solvent used in this study 
was CD,CN and the internal reference was TMS. 

Differential thermal analyses of two of the complexes 
were carried out in a manual type DTA instrument using 
a chrornel-alumel thermocouple. The heating rate was 
adjusted to be 5 2  1 'C/min. The sample used was a 
mixture of the complex and freshly ignited alumina in the 
ratio 1 :1 by weight. 

Results and Discussion 

The analytical results show that the complexes 
have a general formula Ln(3-MePyO)s13 . xM20 
where x = 0 for Ln = La and Tb, x = 1 for 
Ln = Pr, and x = 2 for kn  = Nd, Sm, Dy, 
Yb, and Y. The complexes are soluble in di- 
methylformamide, dimethylsulphoxide, nitro- 
benzene, and chloroform and insoluble in 
carbon tetrachloride and benzene. Their solu- 
bility in acetone is appreciable. 

The thermal behaviour of two representative 
complexes, one containing water and the other 
free of water, was studied by the DTA technique. 
The Wd(I1I) complex gave an endothermic peak 
at 118 "C due to the elimination of water and 

another endothermic peak at 162 "C due to  the 
melting of the complex. Three exothermic peaks 
were obtained at 265, 332, and 438 "C. The 
Tb(III) complex showed all the above exothermic 
peaks, but showed only one endothermic peak 
due to melting at 125 "G. 

The ir spectra of the complexes do not show 
any significant dependence on the central metal 
ion. The N-O stretching vibration of the ligand 
(in CS2) occurring at 1290cm-I is shifted to 
lower frequencies by about 15-20 cm-I in the 
complexes, thus indicating the coordination of 
the ligand to the metal ion through the oxygen 
of the N-O group (11). The N-0 bending 
vibration occurring at 782 cm-I (in CS2) and 
the C-H out of plane vibration occurring at 
752 cm-I (in CS2) do not show any appreciable 
shift upon complexation. The shift in the N-0 
stretching frequency (AY,-~) of the ligand upon 
complexation is less in the present complexes 
than that observed for the corresponding 
4-MePyB and PyO complexes of the lanthanide 
iodides (3&40 cm-I). 

Comparison of the ir spectra of the Tb(III) 
complex with those of the other complexes 
shows that there is no appreciable difference 
between them in the region 708-900 cm-I where 
the rocking mode of the coordinated water is 
expected. This may indicate that the water 
molecules are not coordinated to the metal in 
the solid state. This conclusion is further sup- 
ported by the small AvN-+ values observed in 
these complexes ( I  I). 

The conductance data for the complexes in 
nitrobenzene, a solvent of low donor properties, 
show that the complexes behave as 1 : 1 electro- 
lytes in this solvent (10). But, the conductance 
data in acetonitrile, a solverlk of appreciable 
donor properties, show that the complexes 
behave as 1:2 electrolytes in this solvent (10). 
Though this data suggest that at least one iodide 
may be coordinated to the metal ion in solution, 
in view of the small AvN4 obtained in the ir 
spectra, the conductance data may be attributed 
to ion-pair formation in solution. 

The proton nmr spectrum of the ligand (Table 
3) shows a signal at 1.82 T due to 2,6-H, a signal 
at 2.77 T due to 4,5-H and a signal at 7.65 T due to 
CH3-. The assignments were made after com- 
paring the spectrum of the ligand with the spectra 
of ByO, 4-MePyO, and 2-MePyO. Among the 
complexes, only La(H1l) and Y(B1I) complexes are 
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TABLE 3. Proton nmr spectral data* (.T, ppm) 

Complex 2-H,6-H 4-H,5-H CH3- Hz0 

'60 MHz proton nmr data in CDCL3 solutions. 
tThe 2-H signal of the Sm(Il1) complex could nc 

diamagnetic and showed sharp signals; other 
complexes which are paramagnetic showed sig- 
nals which are broadened to different extent. It 
has been observed (12) that the sign of the iso- 
tropic shift changes on going from Ce(II1) to 
Yb(1II). The change in sign of the isotropic shift 
has been attributed to either the change in the 
sign of (gL - 1) where g~ is the Lande g factor 
(13) or the changes in the structure of the complex 
species on going from Ce(lI1) to Yb(II1) (14). 
The proton nmr spectra of the present complexes 
show a general down-field shift2 of the 2,6-H 
signal. While the Pr(II1) complex shows a down- 
field shift for 4,5-H signal, the Sm(II1) and Yb- 
(111) complexes show an up-field shift of this 
signal. No shift is observed for the 4,5-H signal 
in the Nd(II1) complex. The methyl signal is 
shifted to up-fields in the Pr(II1) and Nd(II1) 
complexes, while the Sm(Il1) and Yb(II1) com- 
plexes showed a down-field shift of this signal. 

Significant shifts in 2,6-H and 4,5-H signals 
(ca. 23 and 19 Hz respectively) in the diamag- 
netic complexes La (3 -h feP~O)~I~  and Y(3- 

2 H 2 0  are indicative of the deshield- 
ing of the pyridine ring protons. This deshielding 
can be attributed to the drainage of electron 
density from the ligand to the metal due to 
coordination. All the other complexes studied 
are paramagnetic and contributions to the shift 
from both contact and pseudocontact (dipolar) 
interactions are possible in these complexes (15). 
While the Yb(l1l) complex gives separate signals 
for 2,4,4,5-H (Fig. I), other paramagnetic com- 
plexes give only two signals for these protons. 
Broadening of the spectral lines has been ob- 
served due to  relaxation effects in these com- 
plexes. 

2Down-field and up-field shifts are referred to the 
diamagnetic complex La(3-MeP~o)~I3. 

)t be obtained in the available spectrometer. 

FIG. 1. Aromatic proton region of the proton nmr 
spectrum (100 MHz) of Yb(3-MePy0)813.2H20 in 
CD3CN at 30 "C. 

The signals of the Tb(II1) and the Dy(II1) 
complexes could not be observed due to excess 
broadening. In these cases even the TMS signal 
could not be identified. Signal due to water, 
which was expected in all the paramagnetic 
complexes (except the Tb(II1) complex which 
does not contain water) could not be obtained. 
This may either be due to large shifts of the 
proton signals of water which could not be 
recorded in the available spectrometer or due to 
relaxation effects which broaden the signal, and 
may indicate that the water molecules might 
coordinate to the metal ion in solution. 

Calculation of AHi/gL(gL - I)J(J $. I), where 
AHi is the isotropic nmr shift of the ith proton 
and other symbols have their usual meaning, 
does not give a constant value for the various 
paramagnetic complexes studied. This indicates 
that contribution to the isotropic shift in the 
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present complexes is not predominantly contact 
in origin (16). A dominant pseudocontact con- 
tribution to the isotropic shift demands that the 
ratios of the shifts at different proton sites in 
various paramagnetic lanthanide complexes 
should be the same or nearly the same (17). As 
these ratios are not the same for the various 
paramagnetic complexes studied, we conclude 
that the pseudocontact contribution to the iso- 
tropic shift is also not predominant. Calculation 
of the geometric factor (3 cos2 0 - 1) rW3 at vari- 
ous proton sites for both eight coordinated 
dodecahedra1 and square antiprismatic geome- 
tries using standard bond angles and bond 
lengths and allowing for free and restricted 
rotation of the ligand about the N-0 bond and 
comparison of ratios of the geometric factors at 
different sites have indicated that pseudocontact 
contribution is not the only contribution to the 
isotropic shift. Thus it may be suggested that 
both contact and pseudocontact interactions are 
responsible for the observed isotropic shifts in 
the present complexes. 

It is interesting to note that four separate 
signals are obtained for the four aromatic pro- 
tons of the ligand in the Yb(II1) complex while 
the other complexes show only two signals. The 
4-H,5-H portion of the Yb(II1) complex spec- 
trum resembles a classical AB pattern with 
JAB = 8 HZ and lvA - vgl = 32.01 Hz at 30 "C. 
Probably, 6-H is not coupled to 5-H due to the 
fast relaxation it experiences as a result of its 
proximity to the paramagnetic centre as evi- 
denced by the broadening of the 6-H signal (1 8). 
Temperature dependence of the aromatic proton 
signals of the Yb(II1) complex has been studied 
in the temperature range 5-75 "C. The chemical 
shifts of the various protons do not show a linear 
dependence on temperature (Fig. 2). But the 
difference in chemical shifts between 2-H and 
6-H, and 4-H and 5-H (Av) shows a linear de- 
crease with increasing temperature (Fig. 3). 

The inequivalence of 2-H and 6-H, and 4-K 
and 5-H, in the Yb(II1) complex, which was not 
observed in the other complexes, may be due to 
a restricted rotation of the ligand about the 
0-N bond. This will result in different dipolar 
interactions due to different (3 cos2 0 - l ) r 3  
values for the four aromatic protons, making 
them inequivalent. As the temperature is in- 
creased, the rotation becomes less hindered and 
the 2-K and 6-H, and 4-H and 5-H signals tend 

FIG. 2. Plot of chemical shifts of (a) 2-H and 6-FI and 
(b) 4-H and 5-H resonances in the Yb(II1) complex in 
CD,CN us. reciprocal temperature. 

9 ! 5 " " ' " " " " '  3.0 3.5 4.0 

n I$( 18) 
FIG. 3. Plot of the difference in chemical shifts of (u) 

2-H and 6-H and (b)  4-H and 5-H resonances in the 
Yb(II1) complex in CD3CN us. reciprocal temperature. 

to average out. Restricted rotation of the ligand 
can be possible in a situation as the present one 
where high coordination number and compara- 
tively small ionic radius of the metal ion give a 
large steric hindrance for the rotation. Restricted 
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3174 CAW. J .  CHWI. 

rotation of 3-MePyO in Co(II) complexes has 
beep sraggested by Kluiber and Horrocks (19j 
in order to  expiain the observed proton nmr 
spectra. 
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The thema1 decomposition of methane. 11. Secondary reactions, 
aatocatalrysis and carbon fsrma8-Is~a; non-Arrhenieas behaviour in the 

reaction of CH, with ethane1 
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C.4.  CHEN, M. H. BACK, and R. A. BACK. Can. J. Chem. 54, 3175 (1976). 
In the thermal decomposition of methane at  temperatures from 880 to 1103 K, hydrogen and 

ethane are the only primary products. The rate of formation of ethane falls rapidly towards zero 
as the reaction progresses until ethane reaches a steady-state concentration. This behaviour is 
interpreted in terms of a radical chain mechanism, 
[41 CH3 + C2H6 + CH4 + C2H5 
[51 C2Hs -+ CzH4 + H 
[2] H + CH4 i H2 + CH3 
Values of k4 were obtained which confirm the non-Arrhenius behaviour of this reaction at  these 
temperatures. Similar chain sequences propagated by addition or abstraction reactions of 
methyl radicals with ethylene, propylene, and acetylene can account for the formation and 
disappearance of these secondary products. 

At a later stage in the pyrolysis a marked autocatalysis is observed and the yield of ethane 
increases sharply above its steady-state value. It is concluded that this autocatalysis is largely a 
homogeneous process and is not caused by or associated with carbon formation. Deposition 
of carbon on the surface was observed at a still later stage of the decon~position, and was 
quantitatively estimated by light absorption n~easurements. Possible mechanisms for the auto- 
catalysis are discussed. 

C.-J. CHEN, M. H. BACK et R. A. BACK. Can. J.  Chem. 54, 3175 (1976). 
Lors de la decomposition thermique du methane des temperatures allant de 880 h 1103 K, 

l'hydrogbne et 1'Cthane sont les seuls produits primaires. La vitesse de formation de l'ethane 
decroit rapidement verb zero a mesure que la reaction progresse jusqu'h ce que 1'Cthane atteigne 
une concentration en etat stationnaire. On interprbte ce comportement en termes d'un mCca- 
nisme radicalaire en chaine 
[4l CH3 + CzH6 + CH4 + C2H5 
i5i C2H5 C2H4 + 
K21 H + C H 4 - i H 2  + C H 3  
On a obtenu les valeurs de k4 qui confirment. qu'a ces tempiratures la rCaction ne se comporte 
pas suivant la theorie d'Arrhbnius. Une sCrie de reactions en chaine similaires propagees par les 
reactions d'addition et d'enlkvement des radicaux methyles avec l'ethykne, le propylene et 
l'acetylkne peuvent expliquer la formation et la disparition de ces produits secondaires. 

Plus tard au cours de la pyrolyse, on observe une autocatalyse importante et le rendement 
d'ethane augmente considCrablement au dessus de sa valeur 1'Ctat stationnaire. On en conclut 
que cette autocatalyse est principalement un processus homogbne et qu'il n'est pas cause ou 
associe avec la formation de carbone. On a observe la deposition de carbone h la surface plus 
tard au cours de la reaction de decomposition et on en a effectue une Cvaluation quantitative par 
des mesures d'absorption de lumibre. On discute des mkcanismes possibles pour l'autocatalyse. 

[Traduit par le journal] 

Introduction [I] CH4 4 CH, + H 

In a previous paper (Part I) (]I)  it was shown [21 H + CH4 + CH3 + H2 

that the initial products of the methane pyrolysis [3] 2CH3 --, C2H6 
are solely ethane and hydrogen and that these are 
formed in a simple non-chain radical mechanism: Values of kl were obtained over a range of 

temperature and pressure and it was concluded 
'NRCC No. 15438. that reaction 1 was a homogeneous unimolecular 
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dissociation in its pressure-dependent region. It 
was also noted that the rate of formation of 
ethane decrea.sed gradually from its initial value 
and that ethylene, then propylene, acetylene, and 
finally carbon, together with some other prod- 
ucts, appeared successively with increasing time 
of reaction. An autocatalysis leading to sharply 
increased rates of formation of all products was 
also observed at a certain stage in the pyrolysis. 
The present paper deals with the mechanism of 
formation of the secondary and tertiary products. 
It will be seen that reactions of methyl radicals 
with ethane, ethylene, propylene, and acetylene 
can account for the products observed and 
quantitative information about some of the 
reaction rates can be obtained. The reaction of 
methyl radicals with ethane is of particular 
interest because it has been reported that its rate 
constant shows non-linear Arrhenius behaviour 
(2); the present study provides data at relatively 
high temperatures where the effect should be 
most pronounced. 

Experimental 

The apparatus and experimental procedure were 
described in Part I. The analysis procedure was modified 
to include quantitative analysis for propylene, acetylene, 
and allene, and qualitative analysis for butadiene and 
benzene by replacement of the second silica gel column 
with a 4 m column of Durapak operated at  room temper- 
ature. 

Carbon formation was studied by light absorption in a 
smaller cylindrical quartz vessel, 2.2 cm i.d. and 5.0 cm 
long, fitted with plane windows and mounted at  thc 
centre of a tubular furnace 50 cm long. Each end of the 
furnace was plugged with a similar cylindrical cell, 30 cm 
long and evacuated, t o  minimize heat loss, so that the 
reaction vessel including its plane windows was virtually 
free of temperature gradients. The vessel was connected 
to the vacuum line by small-bore tubing so that diffusion 
of particles or products into or out of the vessel should 
have been negligible. The carbon formation observed 
should thus be characteristic of the isothermal pyrolysis 
of methane at  the vessel temperature. Deposition of car- 
bon on the vessel windows during the course of the 
pyrolysis was measured by the absorption of light of 
632.8 nm from a 2 mW He-Ne laser, using several traver- 
sals and measuring the transmitted light with a photo- 
diode. In some experiments 4 additional quartz discs were 
mounted in the light path within the vessel to enhance 
the sensitivity of the measurement. In other experiments 
the laser beam was passed transversely through the 
reaction vessel through two small holes drilled in the 
tubular furnace, and the vessel was viewed from the end 
in an  attempt to observe particle formation in the gas 
phase. 

FIG. 1 .  Yield of ethane and ethylene as a function of 
time at  1038 K and 100 torr CH4. 0 C2H6: @ C2H4. 

Results and Discussion 

Reaction of' Methyl Radicals with Ethane 
A typical yield-time plot for the formation of 

ethane and ethylene is shown in Fig. 1. Ethane 
was observed to reach a fairly well-defined 
steady-state plateau, except at the highest 
temperature, 1103 K. The only important loss 
process for ethane will be attack by methyl 
radicals, since these are the only radicals present 
in appreciable concentration (C2H5 and H, for 
example, disappear rapidly in reactions 5 and 2). 
The formation and disappearance of ethane may 
be accounted for by the following reactions: 

[ I ]  CH4 + CH3 + H 

[21 H + CH4 -9 Hz + CHj 

[31 ~ C H ,  e C2H6 

[41 CH3 + C2H6 CH4 + CzH5 

[51 C2H5 -' C2H4 + H 

When the concentration of ethane has reached 
its steady-state value, 

Ro = ~ ~ ~ ( C H ~ ) ( C Z H S )  

where Ro = initial rate of formation of ethane 
when reaction 4 is not important and a = 

k5/(k5 + k-4(CH4)), the fraction of ethyl radicals 
formed in reaction 4 which decompose via re- 
action 5. Note that reaction - 3 does not lead to  
a net consumption of ethane since the methyl 
radicals formed can only combine to reform 
ethane in the present system; the reaction 
sequence, 4, 5, and 2, and similar sequences with 
ethylene (see below) do not consume methyl 
radicals. 

An estimate of a may be obtained from the 
relative rates of reactions 5 and 4. The value for 
k5 may be calculated from the RRKM equation 
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CHEN ET AL. 

TABLE 1. Kinetic and thermodynamic 
values used in calculations 

AHf (298) a So (298) 
Species (kcal/mol) (cal/deg mol) 

Reaction 
AH0 (298) ASO (298) AT, (1000-298) 
(kcal/mol) (cal/deg mol) (cal/deg mol) 

[41 CH3 + C2H6 * CH4 + CzHs -5.7 +3.3  -1 .4  
K995 = 66 

[8] CH3 + C2H4 t1-C3H7 -25.8 -31.7 +1.6  
KL038 = 4 . 2  I/mol 

[9] log kc  = 13.8 - 38 000/2.3RT 
[-81 log kc = 13.6 - 33 100/2.3RT 

avalues of AHr, So, and C, were taken from ref. 16. 
bstandard state: atm of ideal gas. 
CValues taken from ref. 17. 

of Lin and Laidler (3). At 995 K and 100 torr 
CH4, k5 = 3.26 x lo4 s-< A value of k-4 = 

9 X lo4 M-I s-I can be calculated at 995 K, 
using the value of k4 obtained in the present ex- 
periments together with the equilibrium con- 
stant. Thermodynamic quantities used in the 
calculation are given in Table 1. Thus at 995 K 
and 100torr of CH4, R ~ I R - ~ = k 5 / k - 4  
(CH4) = 2.25 X 102, and a .= 1. This will also 
be true at higher temperatures, since E5 > E-4, 
and at the highest pressures of CH4 employed, 
since the pressure-dependence of reaction 5 to 
some extent counteracts the dependence of R-4 
on CH4 pressure. Reaction -4 will therefore be 
ignored in all subsequent calculations. 

The concentration of methyl radicals is given 
by [CH3] = [(Ro + k-3[C2H6])/k3]1/2, and k4 = 

(Ro/[C2H6Iss)[(Ro + k-3[C2H61s,)/k31-1/2 where 
[C2H6Iss is the ethane concentration in the 
steady-state plateau. Note that while reaction 
-3 did not enter directly into the ethane 
steady-state expression, it must be taken into 
account in calculating the steady-state methyl 
radical concentration. 

The data from which k4 were obtained are 
given in Table 2. Values for Ro and [C2H6Iis 
were obtained from yield-time curves such as 
shown in Fig. 1. Values of k-3 were derived from 
RRKM calculations based on Model I described 
by Lin and Laidler (3) for the ethane decomposi- 

tion. The rate constant for combination of 
methyl radicals, k3, at lOOOK was taken as 
4.0 x 101° 1 molt1 s-l. While there is some dis- 
crepancy between these values for k3 and k-3 
(with respect to the equilibrium constant (4)) this 
choice for k3 is justified in the present treatment 
because we wish to compare our results with 
other values of k4 which were measured with 
respect to  the same value of k3. Values for ak4 
are given in the final column of Table 2; no 
variation with methane pressure was observed, 
supporting the previous conclusion that reaction 
- 4 was negligible under our experimental con- 
ditions. 

In a series of experiments at 880 K a small 
amount of ethane was added to the reactant 
methane and its consumption with time was 
measured. Dissociation of methane (reaction 1) 
can be neglected compared to reaction -3, and 
the methyl radical concentration will be given by 
[CH3] = (k-3/k3)1/2 [c2H6]1/2. The rate of dis- 
appearance of ethane may then be expressed as 

- d[C2H6]/dt = k4(k-3/k3)'l2 [C6H6]3/2 

Integrating from [C2H6]0 to [c2H6]t, 

A plot of the left-hand side of this equation 
against t is shown in Fig. 2. Using values for k-3 
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TABLE 2. Values of k4 

'CH, [ C Z H ~ I ~ ~  Ro k-3 ak4 
(torr) (mol/l X 108) (mol f l  s X 101O) (s-1 X lo3) (I/mol.s X 

T (K) = 995 
5 1 

108 
440 
540 
640 
741 

6.85 
8.62 
5.31 
6.46 
5.13 
7.60 

Ave. 6 r I 

14.5 
18.2 
15.1 
13.6 
13.2 
9.90 

15.0 
10.1 
10.1 

Ave. 1 3 2 3  

14.6 
15.9 
15.1 
19.5 
15.1 
17.6 
13.5 
15 .1  
13.7 
14.6 

Ave. 1 5 i 2  

and k3 obtained as before, a value of k4 = 

4.6 X lo6 1 mol-I s-l may be calculated from the 
slope of this line. 

This value of k4 together with the average 
values of k4 from Table 2 are shown in an 
Arrhenius plot in Fig. 3, which also includes 
previous measurements of k4. The values for k4 
below about 800 K were measured by standard 
photochemical or thermal techniques relative to 
the value of k3 of 3.0 X 101° 1 mol-l s-I at 298 K. 
The values measured by Pacey and Purnell (2) 
which are in close agreement with the present 
values, were obtained from a study of the 
pyrolysis of ethane in a flow system and were also 
calculated relative to this vaiut: for k 3 .  The results 
of Clark et al. ( 5 )  are direct measurements ob- 
tained by monitoring the radical concentration in 
shock tube experiments. In recent years there 
has been growing evidence that Arrhenius plots 
for some simple hydrogen abstraction reactions 

show marked upward curvature in the region 
700-1500 K so that rate constants measured at 
these temperatures are considerably higher than 
predicted from the simple Arrhenius equation 
measured at lower temperatures. This behaviour 
has been discussed by Clark and Dove (6) who 
have shown that the observed increase in activa- 
tion energy for reactions such as [2] and [4] may 
be accounted for within the framework of 
transition-state theory. The present results pro- 
vide confirmation of this behaviour for the 
reaction of methyl radicals with ethane. The 
measurements of Yampolskii and Rybin (7) 
appear to indicate values for k4 appreciably 
lower than the other data in Fig. 3. Their values, 
however. were measured relative to the rate 
constant for the reaction of methyl radicals with 
deuterium. If the temperature-dependence of the 
activation energy for the latter reaction was 
about the same as that for reaction 4, as it 
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[CzH6]o'/2 - [C2H6]11/2 
FIG. 2. Plot of 

[C2Hfil0"~[C~Hfi1t'/~ 
against t a t  880K. 

FIG. 3. Arrhenius plot of k+ The line is a smooth curve 
through the points. +, ref. 5; A, ref. 18; 0, ref. 19; ., 
ref. 20; 0, ref. 2 ;  8, this work; X ,  ref. 7. 

FIG. 4. Yield of products as a function of time at  
1038 K and 443 torr methane. 0, C2&; 0 ,  C2H4; 0, 
C3Hfi; A, C2H2; A, C3H4. 

appears to be (6), then their ratio would show no 
upward curvature in the Arrhenius plot, and the 
low values reported for k4 are explained. 

Secondary Reactions of Ethylene 
A yield-time plot for the formation of the 

main primary, secondary and tertiary products 
is shown in Fig. 4. The first secondary product 
is ethylene, followed by propylene, acetylene, 
and allene. Keaction of methyl radicals with 
ethylene will produce acetylene and propylene by 
abstraction and addition, respectively. 

161 CH3 + CzH4 + C2H3 + CH4 

[71 CzH3 + C2H2 + H 

[81 CH3 + CzH4 z=? n-C3H7 

[91 n-C3H7 + C3H6 + H 

Dissociation of C2H3 and C3H7 radicals will be 
much faster than addition or abstraction at these 
temperatures and pressures, as shown previously 
for the ethyl radical. At temperatures of about 
1000 K reaction - 8 is about 10 times faster than 
reaction 9 (Table 1) and the concentration of 
n-C3H7 radicals will be given to a fair approxi- 
mation by 

[n-C3H71 = Ks[CH31[C2H41 
where K8 is the equilibrium constant for reaction 
8. The ratio of the rates of formation of pro- 
pylene and acetylene in the initial stages of their 
formation when reactions leading to their con- 
sumption are not important, should therefore be 
,given by the expression, 
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TABLE 3. Yield of product, mol/l X 108, 1038 K ,  
443 torr CH4 

Interval Yield 
(min) CzH6 C2H4 CzH2 C3H6 

Under these conditions the yield of propylene 
was about three times that of acetylene (Table 3), 
and using the values of K g  and k g  listed in 
Table 1 a value of k6 = 1 X 106 1 mol-I s-l was 
obtained at 1038 K. This is in remarkably close 
agreement with a value of 1.5 X lo6 obtained by 
a long extrapolation of the low-temperature data 
of Trotman-Dickenson and Steacie (8) using their 
Arrhenius parameters of A = 2 X lo8 M-I s-I 
and E = 10 kcal/mol. Thus it appears that re- 
action 6 does not show the deviation from the 
Arrhenius law observed in reaction 4 and other 
simple abstraction reactions. This observation, 
together with the activation energy, which seems 
rather low for abstraction of such a strongly 
bonded hydrogen (D(C2H3-H) = 105 kcall 
mol), suggests that reaction 6 is not a simple 
abstraction, but perhaps proceeds through an 
addition complex that can lead to either addition 
or abstraction : 

From the present data the addition reaction, [8], 
is about 30 times faster than the abstraction at 
1038 K even though the former is almost 
certainly pressure dependent, well below its 
high-pressure limit. 

Seconclary Reactions of Propylene and Acetylene 
Addition and abstraction chain reactions of 

methyl radicals should also be important loss 
processes for propylene and acetylene: 

[ I l l  C3H5 + C3H4 (allene) + H 

[I61 C3Hs 4 C3H4 (methyl acetylene) + H 

Formation of butene was not observed even at 
high conversion, whereas allene was an impor- 
tant product. Thus in contrast to ethylene, it may 
be concluded that abstraction from propylene 
predominates over addition, reflecting the much 
lower C-H bond energy in propylene. Methyl 
acetylene, which could be formed through 
addition to acetylene, was also not observed, but 
the sensitivity for its detection was low in the 
analysis employed and it may have been present 
in appreciable yields. It is interesting that the 
methyl radical abstraction sequence with acet- 
ylene is blocked by the stability of the C2H 
radical. The endothermicities2 of the two pos- 
sible dissociation reactions, C2H + C2 + H 
(AH = 139 kcal/mol) and CpH + C + CH 
(AH = 200 kcal,/mol), are too large to allow 
appreciable decon~position at the temperatures 
of the present study, and reaction 14 will simply 
be reversed by back reaction with CH4. It must 
be concluded that dehydrogenation of acetylene 
is not the route to carbon formation in the 
pyrolysis of methane. Acetylene probably does 
play a part in carbon formation, but through 
condensation reactions rather than decomposi- 
tion. 

In the mechanism we are suggesting for the 
secondary reactions in the pyrolysis of methane, 
the methyl radical plays a dominant role. All 
other radicals decompose to yield hydrogen 
atoms which react with methane to regenerate 

2Based on D(HCC-M) = 1 12 kcal/mol(9). 
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'tirne,snld3 
3 

FIG. 5. Yield of ethane in packed and unpacked re- 
action vessel at  1038 K and 443 torr methane. 0, un- 
packed vessel; @, packed vessel. 

methyl radicals, resulting in efficient chain se- 
quences which consume products without loss of 
methyl. The small number of products, and 
particularly the absence of higher alkanes, reflects 
the simplicity of this methyl-radical mechanism. 

Autocataljsis, Carbon Forrimtion, and Surface 
Effects 

The autocatalysis, in which the yield of ethane 
begins to rise sharply again after the steady-state 
plateau (Fig. 4), is not predicted or explained by 
the reaction mechanism postulated above. Auto- 
catalysis is most evident in the yield of ethane, 
but affects the other products as well, although 
it is less obvious because their yields are already 
rising sharply. Autocatalysis has frequently been 
reported in the decomposition of methane, and 
under various conditions of pressure, temper- 
ature, conversion or surface, may have a variety 
of causes (10-13). It has been attributed to re- 
actions occurring on the surface of the vessel, 
possibly catalysed by a carbon film (14, 15). 

The influence of surface on the decomposition 
was investigated in several ways. Experiments 
were performed in a vessel filled with quartz 
tubes which increased the surface/volume ratio 
by a factor of 10. Figure 5 shows the yield of 
ethane as a function of time in the packed and 
unpacked vessels. As noted earlier (1) the initial 
rate of formation of ethane was not changed in 
the packed vessel but some enhancement of the 
rate occurred in the autocatalytic region. A 
comparable increase in the yields of the secon- 
dary and tertiary products was also observed. 
The effect was relatively small, however, for a 

change in S/V ratio by a factor of 10, and the 
fraction of the reaction occurring on the surface 
in the autocatalytic region in the unpacked vessel 
was probably less than 107,. 

The effect of carbon deposits in the present 
system was studied by two different approaches. 
Ordinarily, air was admitted to the reaction 
vessel after each experiment to oxidize any 
carbon that might be present, and the vessel was 
thoroughly pumped out; this procedure yielded 
reproducible results over long periods of time 
(1). In some experiments a carbon deposit was 
first laid down in the vessel by pyrolysing meth- 
ane for a few hours. Subsequent pyrolyses in the 
presence of this carbon surface showed reaction 
rates faster than normal and somewhat erratic. 
There seenls no doubt that a carbon-coated 
surface catalyses the reaction. It is not clear, 
however, at what stage of the reaction the carbon 
deposit begins to have a significant effect on the 
reaction. To test this point a series of experiments 
was performed in which the reactant and volatile 
products were removed and analysed at intervals, 
but any carbon or other nonvolatile deposit was 
retained, as the usual treatment with air was 
omitted. If a carbon deposit were formed on the 
surface during one pyrolysis interval, it should 
accumulate over the series of pyrolyses and the 
yields of products would be expected to increase 
if the deposit were catalytic. These experiments 
were done with intervals of 6, 12, 24, and 36 min 
at 1038 K and 443 torr methane. The results are 
summarized in Table 3. The time course of the 
reaction for continuous pyrolysis under the same 
conditions is shown in Fig. 4. In all of these 
experiments the yields of the products were re- 
producible within the error limits of the analysis 
and no change with successive experiments was 
observed. Even for the 36 min interval, which is 
well into the autocatalytic region, there was 
apparently no accumulation of carbon or other 
active substance on the walls of the vessel in 
sufficient quantity to affect the rate of formation 
of the products. 

The second approach to the study of the 
carbon deposit was to  measure its optical 
density. The optical density of the carbon film 
formed at 1109 K and 450 torr methane was 
measured as previously described and is shown 
as a function of time in Fig. 6. To calibrate the 
absorption measurements &ethane was pyrolysed 
to completion at 1200 M until an equilibrium 
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concentration of carbon was deposited on the 
surface. At this temperature the equilibrium 
constant for dissociation of methane into the 
elements is 62.5 atm (9), indicating that more 
than 98y0 of the methane is converted to carbon. 
The optical density of the film when this equilib- 
rium has been attained is shown in Fig. 7 as a 
function of initial methane pressure. Using this 
calibration plot, the data in Fig. 6 may be con- 
verted to a rate of formation of carbon in the 
pyrolysis, and compared to the rate of formation 
of the volatile products; this is shown in Fig. 8. 

It appears that carbon is not deposited until 

FIG. 6. log lo// as a function of time of the carbon film 
formed at  1109 K and 450 torr methane. 

CH4, torr 
FIG. 7. A plot of log loll as a function of the pressure 

of methane at 1200 K,  measured under equilibrium con- 
ditions. 

time, s 

FIG. 8. Comparison of the formation of the carbon 
film on the surface with the formation of the main 
gaseous products at  1103 K. G ,  C2Hs; Qb, C Z H ~ ;  A, 
C2H2. 

after the autocatalytic stage, a result which is in 
agreement with the 'interval' experiments and the 
lack of effect of surface on the reaction. To 
determine precisely the onset of carbon forma- 
tion, the sensitivity of the optical density 
measurements must be examined. The detection 
limit of log 1°/1 was estimated to be 0.004, which 
corresponds to a concentration of about 2 X 

mol/l of carbon deposited from the gas 
phase. By introducing four additional quartz 
discs into the reaction vessel this limit was 
lowered to I X moll-'. Below this level, 
the extent of the carbon deposit can only be 
estimated by extrapolation, indicated by the 
dotted line. The extent of the surface coverage 
at our limit of detection may be estimated by 
assuming a graphitic structure for the carbon 
film. The area of a graphite ring is 5.2 X 10-l6 
cm2 and the area per atom therefore is 2.6 X 
10-l6 cm2. In the reaction vessel in which the 
products were measured, this corresponds to 
5.5 X mol/l. Therefore the detection limit 
represents about 207, coverage of the surface 
with a monolayer, although the nature of the 
surface deposit in the early stages is of course not 
known. It is not certain what extent of surface 
coverage is necessary to produce a measurable 
effect on the reaction rate. Figure 8 shows that 
measurable carbon film formation follows the 
autocatalytic stage and is therefore not respon- 
sible for it, and the interval experiments (Table 3) 
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offer strong confirmation of this conclusion. 
Onset of carbon film formation is in fact accom- 
panied by a decrease in the yields of ethane, 
ethylene, and acetylene, presumably correspond- 
ing to an efficient conversion of these products 
to  carbon, but this occurs well after the auto- 
catalytic stage. 

It has been suggested that a fine smoke-like 
suspension of carbon particles rather than a 
surface deposit could act as a catalyst. These 
particles would have an enormous surface area 
and therefore would be much more effective than 
a surface deposit; the particles would also be 
swept out of the reaction vessel with the methane 
and volatile products, so that no cumulative 
effects would be observed in the interval experi- 
ments. To test this hypothesis, direct observation 
of carbon particles by light scattering was 
attempted. The laser beam was passed trans- 
versely through the vessel and viewed at right 
angles through the end windows. The beam was 
not visible in the vessel at any time during the 
reaction, including the autocatalysis and carbon 
deposition stages. It may be concluded that 
carbon particles of a size sufficient to cause 
appreciable scattering of visible light were not 
present in the gas phase. 

The conclusion from all these experiments is 
that homogeneous rather than heterogeneous re- 
actions must be responsible for the autocatalysis 
and that a new radical formation process must 
therefore become important in this region. Any 
Drocess which increases the concentration of 
radicals in the system will lead to an increased 
rate of formation of ethane and a corresponding 
increase in all the products derived from it. 
Under the condition; of the ex~eriments shown 
in Fig. 4, the unimolecular dissociation of 
propylene after 1800 s may be estimated to be 
about 10 times slower than the combined rates of 
formation of ethane and ethylene, using the 
value of the rate constant suggested by O'Neal 
and Benson (17), log k = 15.3 - 89 20012.3RT. 
There is sufficient uncertainty in this value, how- 
ever, that dissociation of propylene may not be 
ruled out as a significant secondary initiation. 

Simple computer simulation of the reaction 
system shows which type of reaction might have 
the right properties for secondary initiation. Dis- 
proportionation reactions between olefins and 
methane such as C2H4 + CH4 + C2Hs + CH3 

appear not to cause a sharp enough rise in the 
reaction rate, and are probably too slow. Bi- 
molecular reactions of olefins or acetylene such 
as 2C2H2 - C2H + C2H3 are more promising 
in as much as they yield autocatalysis curves of 
the proper shape, but again the reaction rates are 
probably too slow. A bimolecular reaction of 
acetylene yielding a diradical which can initiate 
radical chains would also have the right kinetic 
properties. This type of reaction would have a 
lower activation energy than the bimolecular 
reaction giving two radicals (21)  and could be 
fast enough to give the observed yields of prod- 
ucts. Diradical formation has been postulated 
in the pyrolysis of acetylene itself (22) and seems 
to offer the most plausible mechanism for homo- 
geneous autocatalysis in the present system, but 
these suggestions must be regarded as speculative. 
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LIAN SAI CHIA, WILLIAM R. CULLEN, JOHN R .  SAMS. and JAMES C. SCOTT. Can. J. Chem. 54, 
3185 (1976). 

The complexes (L-L)Fe2(C0)6 react with a range of bidentate ligands to give the complexes 
(L-L)'(L-L)Fe2(CO)4 ((L-L) = fluorocarbon-bridged ligand such as f4fars, f4AsP etc. 
(L-L)' = fluorocarbon- and hydrocarbon-brldged l~gands such as f4AsP diars etc.). Spectro- 
scopic studies, in particular n~agnetically perturbed R.lossbauer measurements, indicate thar 
(L-L)' in most complexes is chelated to one iron atom, FeA. This leaves one CO group on FeA 
cis to the FeA-FeB bond and three on FeB. A smaller class of derivatives appear to have (L-L)' 
bridging the two iron atoms cis to the FeA-FeB bond. The sign of V,, is positive at  both iron 
sites in the bridged derivatives. It is negative at  FeA ancl positive at  FeB in the other complexes. 

LIAN SAI CHIA, WILLIAM R. CULLEN, JOHN R. SAM et JAh1E.S C. SCOTT. Can. J. Chem. 54, 
3185 (1976). 

Les complexes (L-L)Fe2(C0)6 rkagissent avec une varietk de ligands bidentates pour donner 
des complexes (L-L)'(L-L)Fe2(CO), ((L-L) = ligands fluorocarbonCs pontes tels que f4fars, 
f4AsP etc., (L-t)' = ligands fluorocarbones et hydrocarbonks pontes tels que f4AsP, diars 
etc.). Des Ctudes spectroscopiques. en particulier des mesures Mossbauer, perturbkes n~agne- 
tiquements, indiquent que le ligand (1,-L)' dans la plupart des complexes est chelate 2i un 
atome de fer, FeA. Ceci laisse un groupe CO sur le FeA cis au lien FeA-FeB et trois autres sur 
FeB. Une classe plus restreinte de derives sen~ble avoir le ligand (L-L)' reliant par un pont les 
deux atomes de fer cis au lien FeA-FeB. Le signe du V,, est positif aux deux sites du fer dans 
les derives pontes. 11 est nCgatif au FeA et positif au FeB dans les autres complexes. 

[Traduit par le journal] 

We have previously reported (1) that iron 
carbonyl complexes of the type f4far~Fe2(CQ)~, 
1 

0 

0 
\ 

C 

\ A  0-C- 

1" 
/" 

0 

(2, 3) react with monodentate ligands and cer- 
tain potentially bidentate ones affording mono- 
substituted derivatives of formula L(L-L)Fe2- 

lSee footnote* Table I for ligand abbreviations. 

(CO)s where the site of substitution is trans to 
the FeA-FeB bond arid cis to the two group V 
atoms on FeA. Disubstitution by L seems to 
result in further displacement of CO from either 
FeA or FeB. The present investigation describes 
the reactions of (L-L)Fe2(C0)6 with a variety 
of bidentate ligands (L-L)'. The main product 
is (L-L)'(L-L)Fe2(C0)4 in which the ligand 
(L-L)' is either chelating on ~ e "  or bridging 
FeA and FeB. This investigation complen~ents 
our studies on ligand substitution reactions of 
other derivatives of cobalt (4, 5) and iron 
carbonyls (6). 

Experimental 

All techniques and starting materials used in this 
investigation have been described previously (1). 

Preparation of tile Dericatives of (L,-L)FE~(CO)~ 
The general procedure was as follows, specific details 

are given in Table 1. The ( L A L ) F ~ ~ ( C O ) ~  complex 
(1.0 nlmol), an equimolar amount of ligand (L-L)', and 
acetone (1 5-20 ml) were sealed under vacuum in a Pyrex 
Carius tube and irradiated for several days with a 100 W 
ultraviolet lamp placed 10 cm away from the tube. The 
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TABLE 1. Analytical and preparative data for derivatives of (L-L)Fe2(CO)6* 

Analyses(');,) 

Complex 

f4AsPCf4AsPFe2(C0)4 
f4fo~~f~AsPFe~(CO)~ 
f6farsCf4AsI'Fe2(CO)4 
f6AsPCf4AsPFe2(C0), 
f8farscfqAsPFe2(CO)4 
dlarsCf4AsPFe2(C0), 
dpamV4AsPFe2(C0)4 
dpaeV4AsPFe2(C0), 
arph~s*f~Asl'Fe~(CO)~ 
dpppbf4AsPFe2(C0), 
f4farsbf4AsPFe2(CO), 
f4AsPbf4AsPFe2(C0)4 
f8focCf4ArPFez(CO), 
dppmCf4AaI'Fe2(CO)4 
dpaeCf4AsPFe2(C0)4 
arphosCf4AsPEe2(CO), 
dppeCf4A\PFe2(C0), 
f6AsPCf6AsPFe2(C0)4 
f4Asl'Df6AePFe2(cO)4 
f4AsPbf4fosFe2(C0)4 
f4foebf4fosFe2(CO)4 
f4AsPCf6farsFe2(CO), 
f6faraCf6farsFe2(CO)4 
f4AsPCf8farsFe2(CO)4 
f8ef8farsFe2(CO)4 
d1arc~f~fosFe2(CO)~ 

Melting 
point 

Color? ("C) 

Reaction 
time 
(dl Eluent1 

C H 

Calcd. Found Calcd. Found 

Molecular weight 

Calcd. Found 

'In general a bldentate llgand (L-I.)' reactlng w ~ t h  (L-L)FC~(CO)~  gives monosubst~tuted (L-L)'(L-I.)Fc~(CO)~ and dl\ubrtltuted (I.-l.)'(L-L)Fe2(CO), derrvatives. Only the latter class are 
, -  - - 7 7- 

descr~bed here. Dela~ls  of the former have been glven prev~ou\ly (I) .  The following abbreviations are used for the l~gands (L - L): f,fars - ( C H ~ ) ~ A S C C A ~ ( C H ~ ) ~ ( C P I ) , / ~ ;  f,fos = (C~HS)ZPC CP- 
- ~- r - - 1  

(C6H5)2(CF2),/,; f,Aal' = (ChH5):PC= CAS(CH, )~(CF~) , /~ ;  dlars - I ,~-[(CH,):AI]~C,H~; dpam - [(ChHs)~As12CH~; dpae - [(C6H5)~A\CH212; dppm : [(C&~))ZP]ZCHZ; dppe = [ ( C ~ H S ) ~ P C H ~ ~ ~ ;  
dppp = (ChHr)2P(CHr),P(ChNs)z; arphos - (C6HS)2PCH2CH2A\(CH,)2. (L-I.)C 15 chelatlng on one Fe atom. ( L  L)%r idges  both Fe atoms. 1, 1s a monodentate Ilgand. 

td.b. = dark brown, r = red, p - purple. 
%Solvent key: A: l(t20% d~ethyl  ether 90-80';: petroleum ether mlxture; B: 20-50'); diethyl ether - 8&50%, petroleum ether mlxture; C :  CH2CI2; D:  acetone. The chromatographic column was 

eluted with the solvent in the following order: petroleum ether, A, B, C. and then D. 
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CHIA ET AL. 3187 

TABLE 2. Spectroscopic data for derivatives of (L-L)Fe2(C0)6 * 

Arnax(CH~C1,) 
Complex V C O ( C H ~ C ~ ~ )  (cnl-l)t (nm) (e ,o~,JS 

d ~ a r s ~ f ~ A s P F e ~ ( C O ) ~  2002(10) 
f4AsPCf4AsPFe2(CO), 2011i10) 
f4fosCf4AsPFe2(C0), 2012(10) 
f6farsCf4AsPFe2(C0)4 2007i 10) 
f6AspCf4AsPFez(CO)4 2011(10) 
fnfarsCf4AsPFe2(C0)4 2010(10) 
f8fosCf4AsPFe2(CO)4 2012(10) 
dpprnCf4AsPFe2(CO), 2004( 10) 
dpaeCf4AsPFe2(C0), 2004(10) 
arphosCf4AsPFe2(CO), 2004( 10) 
dppeCf4AsPFe2(C0), 2007( SO) 
f6AsPCf6AsPFe2(CO), 2011(10) 
f4AsPcf6farsFe2(C0), 2005(10) 
f6farsCf6farsFe2(CO), 2006(10) 
f4AsPCfnfarsFe2(C0)4 2002(10) 
fnfarsCf8farsFe2(CO)4 2009(10) 
d i a r ~ ~ f ~ f o s F e ~ ( C 0 ) ~  2009(10) 
f4farsbf4AsPFe2(C0), 1982(9) 
f4AsPbf4AsPFe2(C0), 1988(9) 
dparnbf4AsPFe2(C0), 1983(8) 
d~ae~f,AsPFe2(CO)~ 1981(9) 
a rph~s~f ,AsPFe~(CO)~  1982(9) 
dpppbf4AsPFe2(CO), 1982(9) 
f4AsPbf6AsPFe2(CO), 1985(9) 
f4AsPbf4fosFe2(C0)4 1988(9) 
f4fosbf4fosFe2(C0)4 1994(9) 
d ~ p p ~ f ~ f o s F e ~ ( C 0 ) ~  1986(9) 

'See footnote* Table 1 
tIntegers In parcntheses refer to relatlve peak he~ght 
tc , , is ,  = molar extlnctlon coefficient 

solute was isolated, dissolved in a small volume of di- including f4AsPcf4AsPFe2(C0)4, the - 1912 cm-1 
chloromethane, and chromatographed on Florisil as band is split into two at - 19 19 and - 1907 cm-l. 
indicated in Table 1. Analytical and spectroscopic data 
for all new compounds are given in Tables 1 and 2. Nevertheless the similarity of the spectra suggests 

that the second ligand is chelated to Fe" as indi- 

Results and Discussion 

Some potentially bidentate ligands react with 
(L-L)Fe2(C0)6 on ultraviolet irradiation to give 
complexes in which Fe" is monosubstituted and 
the ligand has one 'dangling' end (1). The most 
common product, however, is that reported here. 
This is one in which two carbonyl groups have 
been displaced, the resulting complex having the 
formula (L-L)'(L-L)Fe2(C0)4, Table 1. The 
crystal structure of one such complex f4AsPcf4- 
AsPFe2(C0)4 has been determined (7) and the 
second ligand is chelated to FeA with the 
(C6H5)2P moiety trans to the FeA-FeB bond. 

The infrared spectra of the new complexes in 
the carbonyl region are listed in Table 2. The 
majority of the compounds have only three bands 
a t  -2007, -1946, and -1912cm-l. In a few, 

- 
cated in Fig. 1. 

The s7Fe Mossbauer spectra of these deriva- 
tives are quite distinctive, since for most of the 
complexes there are three component peaks with 
relative areas in the approximate ratio 1 : 1 :2. A 
typical spectrum is illustrated in Fig. 1 for 
f4AsPcf6farsFe2(C0)4. For some of the com- 
pounds the highest velocity line is broadened, 
and in one case [dppmcf4AsPFe2(CO)4] a clear, 
splitting of this line was resolved. There are two 
possible line assignments for spectra of this type, 
uiz.: (a) lines 1 and 2 (reading from low to high 
velocity) to one iron atom and line 3 to the 
other, assuming line 3 to  be a singlet or narrow 
doublet; (b) lines 1 and 3 to one iron atom and 
lines 2 and 3 to the other, if line 3 consists of two 
overlapping quadrupole-split components. As 
explained in detail elsewhere (8), magnetic- 
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3188 CAN. 3. CHEM. VOL. 54, 1976 

(f4fosfi,fos Fe, (CO), 

VELOCITY ( mmls 1 
FIG. 1. 57Fe Mossbauer spectra of (f4fos)bf4fosFe2- 

(CO), and (f4AsP)Cf,farsFe~(CQ)4 at 80 K. 

perturbation Mossbauer spectroscopy enables 
one to distinguish these two cases unambigu- 
ously, since the magnetically-split spectra will be 
very different in appearance. A spectrum of 
f4AsPcf4AsPFe2(C0)4 recorded a t  4.2 M in a 
longitudinal magnetic field of 50 kG showed that 
assignment (a) above could be rejected. and the 
Mijssbauer parameters given in Table 3 have 
therefore been derived on the basis of assign- 
ment (b). This spectrum also showed that the 
sign of V,,, the z component of the electric field 
gradient (efg). at  the iron slte giving the larger 
quadrupole splitting (site I) was positive, whilst 
that at  the other iron site (11) was negative. 
Although it is difficult to obtain acc~irate esti- 
mates of the asymmetry parameters 7 from such 
spectra, best agreement between theoretically 
calculated spectra and the experimental one 
was achieved with .rl = 0 for site I .  However, the 
computed spectra were quite insensitive to the 
7 value assumed for site I1 and no reliable 
estimate of this parameter was obtained. 

It  remains to relate sites I and IH specifically to 
the iron atoms FeA and FeB of Fig. 1. With our 

previous results for (L-L)Fe2(CQ)6 (1, 2) and 
L(L-L)Fe2(CO)5 (1) complexes, this is a rela- 
tively easy task. Since in going from (L-L)Fe2- 
(CO)6 to (L-L)c(L-L)Fe2(C0)4 only the car- 
bonyls on FeA are being replaced, h e  expect 
rather large changes in the Mossbauer parame- 
ters for this iron atom, particularly in the isomer 
shift, but only modest changes in isomer shift 
for l?eB. The substitution of a carbonyl by a less 
effective rr acceptor such as an arsine or phos- 
phine invariably results in an increase in isomer 
shift, so it is clear that the larger isomer shift in 
the (L-L)c(L-L)Fe2(CO)4 complexes must be 
attributed to ~ e " .  

The quadrupole splittings for FeA in these 
compounds fall in the range i.AEQI = 0.40 to 
0.67 mm, s, similar to values observed (1, 2) for 
this iron atom in (L-Z)Fe2(C0)6 and L(i-L)- 
Fe2(C0)5 derivatives. and the sign of V,, at 
Fe" is negative in all three types of complexes. 
It thus appears that there are no dramatic 
changes in the efg at  Fe" with substitution both 
cis and trans to the Fe"-E'eB bond. The isomer 
shifts of F e v n  the (L-L)'(L-L)Fe2(C0)4 
compounds span the rather narrow range 6 = 

0.46 to  0.53 mm,'s, and are thus about 0.10 to 
0.15 mm Is larger than those for the correspond- 
ing iron atom in L(L-E)Fe2(C0)5 derivatives. 
The insensitivity of 6 to the nature of the 
chelating ligand is rather surprising since in 
most cases arsines give rise to larger isomer shifts 
than do phosphines. It seems likely that the large 
increase in 6 on replacement of the penultimate 
carbonyl when going from L(L-L)Fe2(CO)5 to 
(L-L)"(L-L)Fe2(C0)4 masks the more subtle 
differences in and n bonding characteristics of 
the ligands. 

The isomer shifts at  FeB in the (L-L)"(L-L)- 
Fe2(C0)4 class of con~pounds are in general very 
similar to those observed previously (1, 2) for 
this iron atom in (L-L)Fe2(C0)6 and L(L-L)- 
Fe2(C0)5 complexes, showing that in every case 
substitution occurs only at  Fe". On the other 
hand the FeB quadrupole splittings, which for 
the present compounds span the range 1 ~ ~ ~ 1  = 

0.80 to  1.15 mm, s, are strongly lowered com- 
pared to  the values found for the penta- and 
hexacarbonyl complexes. 

Some of the red complexes (L-L)'(L-L)Fe2- 
(COI4 have very different infrared spectra from 
the class described above. The v(CO) bands are 
a t  -1985, -1949, -1921, and -1900cm-l. 
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TABLE 3. Mossbauer parameters at 80 K for ( L - L ) c ( L - L ) F ~ ~ ( C ~ ) ~  complexes 

'See tbotnote", Table I .  
t I s o m e ~  shifts are relative to sodium nitroprusside; subtract 0.27 mm/s  to convert to iron Soil 

standard. 
f Experimental uildertainty i 0.02 mm 1s. 
$Signs of AEQ determined with source and absorber at 4.2 K. 

The highest v(CO) band in the (L--&)Fe2(CO)6 
parent molecules has been assigned to the CO 
g r o u p  on FeR (1). i t  seems that monosubstiiu- 
tion on FeA lowers v(CO),,,, by -- 25 cm-I an& 
that chelation on FeA iowers it by -54 cm-I. 
The bands at  -- 1985 crn'-l In this new class of 
connplrxes are tiue to a lowering of -74 cm-I 
in v(CO),,,. This suggests t ha t a t  least one (30 
group on FeB has been repiaced by a group V 
donor. 

The Mossbauer spectra of this class of com- 
plexes are also very ditrerent from those of the 
(L-L)"(L-L)Fe2(CO), comgiexes. Most of the 
spectra consisted of two broadened lines (see 
Fig. I )  although in some cases three or four lines 
could be resolved. Details of the line assign- 
ments leading to the parameter values given in 
Table 4 will be discussed below. 

Possible modes of ligation of the (L-L)' 
moiety in these new complexes are intermolecu- 

lar bridging, intralnolecuiar bridging between 
FeA and FeB, or chelation at either Fe" or FeB. 
Chelatioil at Fc' would have to be at the two 
positions cis to the Fe-Fe bcnd since the other 
possibie structure is adopted by (L--L)"(L-L)- 
Fei<CC3)4 complexes. However, the isomer shift 
of Fe" would still be expected to be about 
O.SOa,m/s, much larger than the values ob- 
served. For a similar reason chelation at FeB 
can also be ruled out. Altho~igh a dirne~ic struc- 
ture involving intermolecular bridging of two 
(L--I,)Fe2(C0)4 moieties is not inconsistent with 
the MBssba~rer data, rcolecular weight determin- 
ations in dichloromethane indicate monomeric 
structures. The carbonyl infrared spectrum of 
(Ph3As)2f4AsPFe2(CO)4 ( I )  is very sirnilat to 
t h ~ s e  of the present (L-L)'(&-L)Fe2(C0)4 
complexesp which tends to substantiate the 
absence of intermolecular bridging in the Latter. 

Thus, the most likely structures for these com- 
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TABLE 4. Mossbauer parameters at 80 K for (L--L)b(II,-L)Fe2(CO)4 complexes 

(LwL)~(L-L)* 6 (mm/s)i' AEQ (mni:s) r (mni/s)$ Iron atom 

(f4AsP)b(f4AsP,§ 0.30 -0 .O1 f1 .26  k0.02 0.28, 0.29 A 
0.4110.01 + 1 . 4 8 i 0 . 0 2  0.28,0.26 B 

(f4A~P)b(f6A~P) 0 . 3 5 i 0 . 0 3  1.30k0.04 0.34. 0.44 A 
0.3510.03 1 .30=0.04 0.34, 0.44 B 

(f4AsI-")b(f4fos) 0 . 3 2 i 0 . 0 2  1.35 i 0 . 0 3  0.29, 0.30 A 
0.39 1 0 . 0 2  1.48+0.03 0.29, 0.26 B 

(d~pp)~(f4AsP) 0.31 i 0 . 0 1  1 .28k0 .02  0.25, 0.25 A 
0 . 3 9 i 0 . 0 1  1 .8450 .02  0.23, 0.24 B 

( a r p h ~ s ) ~ ( f ~ A s P )  0.30 i 0 . 0 1  1 .18k0.02 0.24, 0.26 A 
0.43 10 .01  1.43 ~ 0 . 0 2  0.24, 0.23 B 

(dpa~n)~( f~AsP)  0.38 50 .04  1 .22k0.07 0.39, 0.33 A 
0.38 C0.04 1 .2210.07 0.39, 0.33 B 

(f4fars)b(f4AsP) 0 .38f0 .02  1.09=0.03 0.28,0.31 A 
0 .3850.02 1 .09r0 .03  0.28, 0.31 B 

(dp~p)~(f4fos)  0 . 2 9 r 0 . 0 1  1 .54k0.02 0.25, 0.25 A 
0 . 4 2 i 0 . 0 1  1.80f 0.02 0.25, 0.23 B 

( f 4 f ~ ~ ) b ( f 4 f ~ ~ ) §  0.3OiO.01 +1.2650.02 0.26,0.29 A 
0 . 3 8 i 0 . 0 1  -+1.35?0.02 0.26,0.29 B 

( f 4 f ~ ~ ) b ( f 4 f ~ ~ ) i l  0 . 3 4 i 0 . 0 3  1.31 i 0 . 0 5  0.29, 0.38 A 
0.3410.03 1.31 1 0 . 0 5  0.29, 0.38 B 

'See footnote*, Table 1. 
?Isomer shifts are relative to sodium nitroprusside; subtract 0.27 mm/s to convert to iron foil 

standard. 
:Experimental uncertainty i- 0.02 mm 1s. 
$Signs of AEQ determined with source and absorber at 4.2 K. 
//Fjtted assuming equibalence of the two iron atoms. Standard deviation was 15 % higher than for the 

two-slte fit. 

pounds are the ones in which the (L-L)' ligand 
is bridging Fe" and FeR intramolecularly. From 
molecular models constructed using the known 
bond angles and bond lengths of f4farsFe2(CO)6 
(3) and &A-sPcf4AsPFe2(CQ)4 (7) it is clear that 
there is no possibility of bridging from either 
apical ( i t ; . ,  trans to the Fe-Fe bond) position 
to  any equatorial ( i . ~ . ,  cis to the Fe-Fe bond) 
position on the other iron atom, nor from one 
apical position to another, as the distances to 
be spanned are too great. Thus, there remain 
only four possible bridging structures, those 
between the various equatorial positions, uiz.: 
(a) 1-1', (b)  2-2', (c) 1-2', (d) 2-1'. The latter 
two are less likely but cannot be discoun?ed with 

correspondingly larger error limits for these 
compkxes. Where three or four lines were 
resolved there was a choice as to which lines 
should be assigned to which iron atom. The 
assignments given were based on two facts which 
have been miell established in our previocs work 
on (L-L)Fe2(c0)6 and (E)(L--L)Fe2(C0)5 
complexes (1, 2 )  and the data above for the 
(L-L)"(L-E)Fe2(C0)4 compounds : (0 )  substi- 
tution of CO by a group V donor atom always 
increases the isomer shift of the substituted iron 
atom; (b)  the increase in 6 is larger for replace- 
ment of CO by an arsine than that for replace- 
ment of CO by a phosphine. Full details of the 
assignments may be found elsewhere (9). In the 

certainty, and indirect methods cannot distin- casLs where (L-L)" IS a mixed ligand such as 
guish amongst these possible structures. arphos or f4AsP, these consideratioris also lead 

In those cases where only two lines could be to the conciusion that the phosphorus atom is 
resolved in the Miissbauer sDectra there was bonded to Fe" and the arsenic atom to FeB. 
usually considerable broadening of one or both Two of these derivatives, namely Cf4fosIb- 
lines, so that the 6 and jdEQ1 values for the t ~ l o  (f4fos)Fe2(C0)4 and ( ~ ~ A S P ) ~ ( ~ ~ A S P ) F ~ ~ ( C Q ) ~ ,  
iron atoms must be slightly different. The were studied by magnetic-perturbation Moss- 
parameter values given in Table 4 therefore have bauer spectroscopy, and the spectrum of the 
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CHIA ET AL. 3191 

former complex at  4.2 K in a longitudinal mag- 
netic field of 50 kG is shown in Fig. 2. In both 
cases V,, was found to be positive a t  both iron 
sites, so that in going from (L-L)Fe2(C0)6 to 
(L-L)~(L-L)F~~(CO)~ .there is a sign reversal 
in the quadrupole coupling constant for Fe". 
The magnitude ofAEBis also substantially larger 
than in any of the other binuclear con~plexes we 
have studied (1, 2 and Table 3). These large 
changes in the efg at FeA are presumably due in 
part to the fact that substitution occurs cis to 
the Fe-Fe bond and there is no substitution 
trans to this bond. It should also be noted that 
AEQ for FeB shows much more variation in 
magnitude than it does in related complexes 
(1, 21, a fact which is consistent with substitution 
a t  this iron atom. 

Although the computed spectrum in Fig. 2 
does not fit the experimental one particularly 
well, we should point out that attempts to fit the 
spectrum assuming only one iron site required 
unrealistic values for the linewidths (I' + 0.4 
mm/s). Even so, agreement between theoretical 
and experimental spectra was less good (based 
on visual inspection) than the two-site fit shown. 

The electronic spectra of all the derivatives 
have a strong band in the visible region. This is 
present in the parent (L--L)Fe2(CO)6 complexes 
and has been tentatively assigned (1) to a U-U* 

transition involving the Fe-Fe bond. If this 
assignment is extended to the present complexes, 
the Fe-Fe bond strength apparently decreases 
as the degree of substitution increases in the 
order: 

This is not unreasonable in view of the electronic 
and steric effects resulting from substitution. 

The only anomalous complex is the sspposed 
(dppp)'(f4AsP)Fe2(CB)4 which is purple and 
which has a typical infrared and visible spectra. 
This is also the only complex nf the (E--L)b- 
(E-L)Fe2(C0)4 class for which all four com- 
ponent lines could be resolved in the Miissbauer 

T h e  complex contams the ligands L both on FeA 
(LzA) or one on FeA and FeB ( L 2 A E ) .  

1, ; 
r sad A 

~. 9 P 

7-- 

.O c 8 30 o a i 6 2 4 
VE! OCITY imrn/s! 

FIG. 2. Magnetically perturbed 57Fe Mossbauer spec- 
trum of (f4fos)bf4fosFe2(CO)4. 

spectrum, and shows the largest difference in 
AEQ values for the two sites. 

It has previously been noted that fluorocarbon- 
bridged ligands such as f4fos have the ability to 
act either as chelating or bridging ligands. This 
gives rise to isomers of compounds such as 
( f4fo~)~Co~(C0)4 ( 5 )  and f 4 f o ~ F e ~ ( S C H ~ ) ~ ( C 0 ) ~  
(6). The present con~plexes afford further ex- 
amples of this type of isomerism. Thus the com- 
pounds f4AsPbf4As~Fe2(C0)4 and f4AsPcf4As- 
PFe2(C0)4 have been isolated. An extension is 
seen in the pair of compounds f4AsPbf4fosFe2- 
(CO)4 and f4foscf4AsPFe2(C0)4. 

The authors are grateful to the National 
Research Council of Canada for financial sup- 
port of this work. One of us (L.S.C.) wishes to 
thank the International Nickel Company of 
Canada for a Fellowship. 
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Kine~c  and speetsophotometric studies of binding of iron(II1) 
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TAHIR R. KHAN and COOPER FI. LANGFORD. Can. 9. Chem. 54, 3192 (1976). 
In this report, determination of unbound aquo iron species is accomplished by a kirretic 

n~et/7oc/involving reaction with sulfosalicylic acid (SSA) on a time ssale which is very short with 
respect to reaction of SSA with the glutathione complexes of iron. The data are used to calculate 
conditional binding constants for Fe(lI1) to glutathione. Binding constants in 0.1 M ionic 
strength media were obtained between p H  1 and 2.4 by the kinetic method. and near p H  = 3 by 
spectrophotometry arrd by examillation of the ratio of rate of complex formation and dissocia- 
tion. The conditional binding 'constant' betweetz p H  1 and 3 is represented as pK = - 1.96 - 
O.5OpH. This is consistent with the importance of reactions involving only very limited proton 
release. Spectrophotometric data show that the -OH group on Fe(OH)*- is lost on glutathione 
complexing. Kinetics of the complex formation reaction between aquo iron(I1I) species and 
glutathione are slower than rates of reaction of iron(111) with simple ligands. 

The glutathione system is regarded as a model system important to natural water chemistry 
because it is a widely distributed biological sulfur-containing chelating agent. 

TAHIR R. KHAK et COOPER H. LANGFORD. Can. J. Chern. 54, 3192 (1976). 
Dans ce travail, on rapporte la dktermination des espkces aquo-ferriques non liees par line 

mPt/loi/e cittiiiqrie impliquant la rkaction de l'acide sulfosalicylique (SSA) B une Cchelle de 
temps qui est trks courte par rapport a la rCaction du SSA avec les conlplexes du glutathion avec 
le fer. On utilise ces donnCes pour calculer les constantes de liaisons conditionllelles du Fe(II1) 
avec le glutathion. On a obtenu ces constantes de liaison B une force ionique de 0.1 M ,  B des p H  
allant de 1 B 2.4 par la mkthode cinktique et prks de 3 par spectrophotometrie et par un examen 
des rapports des vitesses de formation et de dissociation des complexes. La constante de liaison 
conditionnelle entre des valeurs du p H  1 et 3 est representee par pK = - 1.96 - 0.50pH. Ceci 
est en accord avec l'importance des reactions impliquant un dkgagement trks faible de protons. 
Des donnkes spectrophotomCtriques demontrent que le groupe OH du Fe(OH)2+ est perdu lors 
de la complexation avec du glutathion. La cinktique de la reaction de formation du complexe 
entre les espkces aquo-ferriques et le glutathion sont plus faibles que les vitesses de rkaction du 
fer(II1) avec des ligands simples. 

On considkre que le systkme de glutathion est un systkme n~odkle important pour la chinlie de 
l'eau naturelle parce que c'est un agent biologique chela ta~~t  contenant du soufre qui est distribui 
trks largement. 

[Traduit par le journal] 

Introduction 
Interest in kinetic methods of analysis using 

stopped flow spectrometers has developed re- 
cently (1-3). It is useful for identification of 
individual components of mixtures where com- 
ponents can react to give an easily detectabie 
common product such that differential rutes of 
reaction to that common product allow for 
distinction among components. In particular, 
the present report illustrates the use of kinetic 
analysis to study the position of equilibrium in 
an equilibrium mixture where one conzyonent of 

1We acknowledge, with thanlts, a research agreement 
with the Inland Waters Directorate, Environment Canada. 

2Author to whom inquiries should be addressed. 

the equilibrated mixture reacts with a reagent 
giving an easily detectable product firster than 
the equilibration can responcl to the perturba- 
tion. Our subject is the equilibrium between 
aquo-Fe(lll) species and the widely distributed 
biological s~llfur containing ligand system, 
glutathione. Tn the pH  range from 1 to 3, the 
dissociation of glutathione from its complex 
with Fe(III) is relatively slow, as is the direct 
reaction of that complex with sulfosalicylic acid 
(SSA). Thus, it is possible to measure the un- 
con~plexed aquo-Fe(II1) species, Fe(Oh-12)63+ and 
Fe(OH2)50H2+, kinetically by their reaction 
with SSA before reaction occurs with iron 
glutathione. 
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KHAN AND LANGFORD 3193 

20 40 60 50 100 120 140 
mmol of NaOH x 10' 

FIG. 1. Potentiometric titration of glutathione (20 X 
10-3 n~mol) curve I. Fe(lI1) (20 X 10-3 mmol) curve 2 
and Fe-glutathione con~plex 1 : 1 (20 X 10-3 mmol) 
curve 3 against standard NaOH. pKGsH = 3.7. 

The kinetic method is especially useful for 
study of the iron(II1)-glutathione system because 
of scveral special difficulties encountered by 
more conventional methods and the present 
study serves as a convenient method of com- 
parison. The difficulties are as follows: potentio- 
metric p H  titration is of limited use because of 
the high acidity of Fe(OH2)6" (see Fig. 1); 
direct spectrophotometry is of limited utility 
because the only large difference in spectra 
between free and complexed species is in the 
region of the hydroxyl to metal charge transfer 
transition of Fe(OH2)50H2+ which is not useful 
when Fe(OH2)63+ is the dominant species (i.e. 
spectrophotomctry is useful only near p H  = 3). 
It should be noted immediately that above 
p H  = 3, precipitation is a problem. 

The application of kinetic analysis must be 
distinguished from establishing an equilibrium 
competitiort between glutathione and SSA for 
Fe(1II). In that case, the equilibrium between 
Fe(II1) and SSA must be accurately known. In 
the present case, it is only necessary to establish 
phenomenological rate constants for reaction of 
SSA with Fe(1Il) in each mediwn. The treatment 
is developed according to the approach of Wills 
et al. (1). For two Fe(II1) species rcacting with 
SSA to form the strong red colour (X,,, 500 nm) 
the observed absorbance as a function of time, 
P, is written: 

where A and B are the initial concentrations of 
two components, kl and k Z  are the rate constants 

for the respective components, t is time, and Xis  
a time independent term including background 
and any fast reacting coinponent that has formed 
the product within mixing time. If, as in the 
present case, k2 is small compared to k l ,  [ l]  
simplifies to the form: 

where A is the desired concentration of aquo 
Fe(II1) species and X is a small term indicative 
of fitting error (always < 17,). Our data, involv- 
ing 200 to 500 points for P as a function of t ,  
are fitted by a least-squares procedure to [2] 
with kl known from studies of Fe(1II) in the 
absence of glutathione. The negligible values for 
X confirm the success of the fit. Note, especially, 
that all points (and not a somewhat arbitrarily 
chosen infinity for a system which is experiencing 
a slow reaction between the iron glutathione 
complex and SSA) contribute to fixing A .  This is 
an advantage of the kinetic procedure. 

Experimental 
Stock solutions of Fe(II1) were prepared by dissolving 

an accurately weighed amount of A.R. grade metal in 
minimum 1 : 15 nitric acid, evaporating excess acid without 
drying, then diluting to required volume. The solution 
was stored in aluminium foil wrapped flasks in the dark 
and care was taken to avoid exposure to light. Stock 
sulfosalicylic acid solutions were prepared by weighing 
accurately recrystallized Baker analysed material. Stock 
glutathione (GSH) solution was prepared by weighing 
directly glutathione (GSH) supplied by Aldrich Chemical 
Company. Standardized perchloric acid and sodium 
hydroxide were used to adjust the p H  of working holutions 
whose Fe3+ concentration varied from 10-4 to 10-5 M. 
p H  control is quite precise in consequence of the use of 
stoichiometric quantities of excess strong acid, not 
adjustment to 'meter' values. Finally, all working solu- 
tions were adjusted to an ionic strength of 0.100 with 
NaC104. 

The kinetic data were obtained using a Durrum- 
Gibson stopped flow spectrophotometer interfaced to a 
PDP-I 1/10 computer using an AR-I I 10 bit analog to 
digital converter. In earlier runs at p H  above 2. the 
instrument output was stored with a Elomation 610 six 
bit digital storage device. Such spectra as were needed 
were recorded on a Cary 14 recording spectrophotometer. 
p H  values (stoichiometrically fixed) were checked with a 
Beckman Expandomatic meter. Kinetic measurements, 
and all others where T is critical, were made at  25.0 "C. 
The p H  range covered in present work ranges from 1.0 
to 3.0. p H  values of final solutions (Fe3+ or Fe-GSH 
solution mixed with SSA) were kept cot~stut~t by maintain- 
ing hydrogen ion concentration in the SSA solution 
roughly l~~rndredfolrl excess over iron. To ensure simple 
kinetics first order in Fe(LII), SSA was always also in 
100 fold excess. 
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- 0.1; 0 i4  0,;6 048 060 Q+o 0.i4 0 i.b8 l i0  
Time ( s )  

FIG. 2. Pseudo first-order plot for Fe and SSA, showing two components at  p H  above 2.4. Curve 
I ,  p H  = 2.4; curve 2, p H  = 3.0. 

In the present investigations, a quantitative appraisal 
of precision is very difficult. One of the two components 
in the analyte mixture is measured and the other is 
estimated by difference. Wills et al. (1) have made error 
analyses of the kinetic method using similar instruments 
and have shown an error function sensitive to rate 
constants. For this reason, an aquo iron reference was 
prepared for each Fe-GSH solution in a set of measure- 
ments at  a given p H  and rate constants were estimated 
for these references in conjunction with the corresponding 
analytes. The uncertainty in our rate constants leads to an 
error in free iron determination of the order of 4 5 ,  
which multiplies by a factor of 5 in calculated values of 
equilibrium constants if it is assumed that no other errors 
arise in the presence of GSH. Equilibrium constants are 
therefore given to two significant figures. 

The Fe concentrations were chosen to allow convenient 
kinetic determination. Larger values would lead to large 
infinity time absorbance in our instrument. Sensitivity is 
poor for smaller values. The GSH concentrations were 
limited to 1:l ratios to Fe(I1I) at higher pH's to avoid 
higher complex formation. 

Results 

(a) Kinetic Evaluation of Binding 
A basic requirement for the kinetic method is 

to  establish characteristic rate constants for each 
component to be analysed. Pseudo first-order 
plots on references were constructed parallel to 
each analyte solution and analysed carefully 
covering the entire p H  and concentration range. 
Representative plots of Fe(II1) reference solu- 
tions appear in Fig. 2. Curve 1 in that figure 

indicates the precision of fit. Curve 2 shows that 
two components with similar rate constants may 
be easily resolved. But, in doing so, it also shows 
that a second component appears in Fe(II1) 
solutions near p H  = 3. Only one kinetically 
distinguishable Fe3+ species is present in solu- 
tions up to at least p H  = 2.4. The complexity 
in kinetic plots might be attributed to the two 
species ]Fe(OH&j3+ and Fe(OH&0H2+, but this 
is not possible since the transfer of a proton 
attached to oxygen in a solution buffered at an 
acidic p H  will occur much too rapidly for these 
species to  depart from an equilibrium distribu- 
tion on the stopped flow time scale. The slower 
component is more likely a 'polymeric' species 
preceding the onset of hydrolytic precipitation. 
If so, this presents a very interesting problem in 
its own right. Kinetic study of species involved 
in hydrolytic polymerization is now under 
investigation in this laboratory. Kinetic analysis 
with SSA is used here up to p H  = 2.4, but 
not beyond. 

We now turn to a difficult feature of this 
presentation. If both aquo-Fe(1II) (free) and 
Fe-GSH reacted on the stopped flow time scale 
with SSA in acid, we could clearly establish 
which species was responsible for which com- 
ponent in the kinetics. However, in the present 
case, where one component of the equilibrium 
mixture, namely Fe-GSH, appears to react with 
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KHAN AND LANGFORD 

TABLE 1. Tests of the assun~ption that only free Fe is kinetically important* 

Reference Fe-GSI-I solution 

Fitting error Fitting error Free Fe 
Fe ( X lo4 Ill) ( x 106 M )  k (s-1) ( x lo6 M )  k (s-1) ( X  lo4 M) 

"The reference solutions are Fe(II1) solutions with no GSH added. The fitting error is defined by [2], 
and concentrations are estimated using [Z]. The rate constants are separately obtained for reference 
solutions and in rhis case for Fe-GSH solutions from conventional log ( A  - A,) 0s. t plots; pH = 1.00. 

§§A only slowly, we face a difficult problem. 
Can we show that, indeed, only aquo-Fe(IJ1) is 
reacting? There is the troublesome possibility 
that Fe-GSH also reacts, but at nearly the same 
rate as free iron. This unlikely and unhappy 
possibility may be ruled out only by a moderately 
elaborate demonstration depending on four suc- 
cessive points of successively increasingly com- 
pelling and convincing character. The four 
points are: 

(I) If Fe-GSH reacts at a similar but slightly 
different rate with SSA than aquo-Fe(III), the 
fitting error parameter, X, in [2 ]  would be larger 
in runs on the equilibrium mixtures of aquo- 
Fe(II1) and Fe-GSH than in the calibration runs 
on aquo-Fe(lI1). This is not observed. This 
effect would certainly appear if rate constants 
differed by 50%. It would probably be resolvable 
for even smaller differences. 

(2) Runs were carried out with excess GSH 
(10:l) for Fe(II1) concentrations of 2.02 X 

M at pH  = 2.2, 2.4, and 2.7. In this case 
there was no reaction with SSA on the stopped 
flow time scale. Slow formation of FeSSA 
occurred on a time scale of hours with non- 
simple kinetics. This may involve higher com- 
plexes (e.g. Fe(GSH)2), but it is clear that any 
remaining Fe-GSH does not react fast. 

(3) For selected runs on equilibrium mixtures 
of aquo-Fe(I1I) and Fe-GSH, kinetic data were 
analyzed to give the rate constant best fitting the 
data without imposing a rate constant from 
calibration runs. As shown in Table 1, such rate 
constants are in excellent agreement with those 
from the calibration runs done in the absence 
of GSH. 

(4) At p H  = 3, it is possible to obtain a bind- 
ing constant for GSH with Fe(II1) by entirely 

independent methods, conventional spectropho- 
tometry and the forward and reverse rates of 
the complex formation reaction between Fe(II1) 
and GSH. As noted below, the independent 
value is entirely consistent with those obtained 
by the kinetic technique. 

The length of the above four points may repre- 
sent an operational definition of 'to labour the 
obvious', but it is important to be clear that 
not only intuitive plausibility but also the indica- 
tions in points (I) and (2) and the confirmation 
in points (3) and (4) all conspire to establish that 
Fe-GSH reacts quite slowly with SSA in acid. 

With these background results in hand, the 
data on binding may be presented. The raw 
experimental form of that data is values of free 
(unbound) Fe(IZ1) concentration since this is the 
kinetically active component. Table 2 collects 
data for free Fe(II1) as a function of the total 
Fe(1II) introduced for conditions consistent with 
the limits mentioned at the end of the experi- 
mental section and covering all p H  values ex- 
amined. Calculated Fe(lII) bound and GSH 
values are included. Table 2 and Fig. 3 show 
the best values estimated for the 'observed' 
constant defined by [3]  as a function sf  pH. 

[FeGSH] 
[3 I/ 

KObs = [Fe(HI)] [GSH] 

Note that 'free' concentrations in [3] do not dis- 
tinguish between Fe(OH2)63+ and Fe(OH2)50H2+ 
nor among GSH2+, GSH, or GS-. All five of 
these are of significance in the p H  range under 
study. 

(b) Spec frophotometric Evaluation of Binding 
The spectra of solutions with fixed Fe(II1) and 

varying GSH concentrations at p H 3  gave a 
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TABLE 2. Results of kinetic analysls of Fe-GSH solutions 

Total Fe Total GSH Free Fe Bound Fe 
p H  ( X  lo4 M) ( x lo4 M) (x104  M) ( x lo4 M )  

1 .OO 2.19 11.31 1.71 0.48 
1.93 9.77 1.55 0.38 
1.57 8.22 1.37 0.30 
1.40 6.68 1.17 0.23 
1.14 5.14 0.98 0.16 
0.88 3.60 0.77 0.11 

Kobs = 285 i 19 (pH = 1) 

2.11 6.34 1.64 0.47 
1.58 4.75 1.26 0.32 
1.05 3.17 0.92 0.13 
0.70 2.11 0.62 0.08 
0.35 1.06 0.31 0.04 
0.18 0.53 0.17 0.01 

Kob, = 546 1 60 (pH = 1.5) 

2.00 2.20 1.81 0.19 
1.80 1.98 1.65 0.15 
1.60 1.76 1.43 0.17 
1.40 1.54 1.25 0.15 
1.20 1.32 1.08 0.12 
! .OO 1 . l o  0.90 0.10 
0.80 0.88 0.75 0.05 
0.60 0.66 0.53 0.07 
0.40 0.44 0.37 0.03 
0.20 0.22 0.19 0.01 

KO,, = 773 + 1 80 (pH = 2.03) 

2 .OO 2.20 1.77 0.23 
1 .80 1.98 1.59 0.21 
1.60 1.76 1.44 0.16 
1.40 1.54 1.24 0.16 
1.20 1.32 1.07 0.13 
1 .OO 1.10 0.90 0.10 
0.80 0.88 - - 

0.60 0.66 0.53 0.07 
0.40 0.44 0.35 0.05 
0.20 0.22 - - 

Kob, = 850 + 170 (pH = 2.23) 

2.00 2.20 1.58 0.42 
1.80 1.98 1.54 0.26 
1.60 1.76 1.45 0.15 
1.40 1.54 1.27 0.13 
1.20 1.32 1.08 0.12 
1 .OO 1 .10 0.89 0.11 
0.80 0.88 0.70 0.10 
0.60 0.66 0.52 0.08 

* 0.40 0.44 0.33 0.07 * 0.20 0.22 0.18 0.02 

Kobs = 1121 i 250 (pH = 2.40) 

'D~fference between free and total Fe is near the sensitivity of our method. These values are therefore 
excluded from K calculations. 

single isosbestic point (Fig. 4). This is assumed plexed Fe(II1) was calculated from data at 
to represent the formation of FeGSH given the 290 nm where there is a band due to Fe-OH 
low concentrations. The ratio of free to com- and results are given in Table 3. The average 
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KHAN AND LANGFORD 

TABLE 3. Spectral determination of binding at pH 3" 

Curve No. Absorbance Total GSH Free GSH 
(Fig. 4) A ( X lo5 mol dm-1) ( X 105 mol dm-1) K 

1 0.300 - - - 
2 0.293 1.25 1 .16 3280 
3 0.293 2.00 - - 
4 0.287 2.40 2.24 3260 
5 0.286 3.20 3.02 2650 
6 0.280 4.00 3.75 3150 
7 0.280 5.20 4.95 2380 
8 0.254 10.0 9.42 3390 

*Fel = 2.40 X 10-5; K(average) = 3020. 

-2.20- 

-2.40- 

-2.60- 

-2.80- 

PK 
-300- 

-5.20- 

-5.40 

-5.60- 

0.7 

0.6 

0.5 

0 A 
A 

- 
0.3 

I I 1 02 
1.0 z a  3.0 4.0 

P" 

0.1 
FIG. 3. Variation of pK with p H  of the binding of 

glutathione to Fe(II1). 

value of K = 3020 is in good agreement with the Wovelength (nm) 

value to be given below, which is based on a FIC;. 4. Curves showing isosbestic point for Fe(ll1) and 
kinetic study of the reaction between Fe(II1) and glutatilione system. with Fe(ll1) conceatrabion 2.4 X 

GSM. w~~~ that the disappearance of the = M (top curve) and increasing concentrations of gliiba- 
thione (lower curves). 290nm band on complexation suggests com- 

plexation replaces or leads to protonation of the 
bound -OH of Fe(OH2)50H2+. 

4 
(c) Evaluafion of Binding from CompIexation 

Kinetics 
3 

Using the band at 290 nm which makes pos- 
wa 

sible spectrophotometric determination of bind- 5 
ing, it is possible to carry out stopped flow X" 

measurements on the rate of reaction of gluta- 
1 

thione with Fe(II1) at pH 3. This study bears on 
the mechanism of the Fe(II1)-glutathione inter- 
action and is separate from the above kinetic 1 3  5 [G 7 T] x 9 1 1 1 3 1 5  excess 

analysis technique. However, the pseudo first- 
order rates of to equilibrium at pH = F I ~ ,  5, Plot showing kp kd for the reaction of 
3 as a function of excess glutathione shown in ~ ~ ( 1 1 1 )  (1.26 x lo-") and glutathione at p~ 3 and 
Fig. 5 is a straight line. The slope corresponds ionic strength 0.1. 
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to the second-order rate constant for complex 
formation (k,)  and the intercept corresponds to 
the first-order rate constant for dissociation of 
the complex (kd). If the mechanism of complexa- 
tion is not complicated, the binding constant (K) 
may be calculated as the ratio of kf;kd. Figure 5 
gives k, as 20.4 M-I s-I and kd as 6.6 X s-l. 
The ratio of these two gives 3100 as an estimate 
for the vaiue of the binding constant in good 
agreement with the value from equilibrium 
spectrophotometry. 

(d) p H  Depenclence and Comparison of -Wethods 
The dependence of the binding constants, 

determined as conditional constants at  ionic 
strength of 0.100 M on pH, are shown in Fig. 3. 
Five values ( p H =  1"0, 1.5, 2.0, 2.2, 2.4) are 
derived from kinetic analysis. The sixth ( p H  = 

3.0) is derived from spectrophotometry and con- 
firmed by mechanistic study. The inter method 
consistency is seen to be excellent, providing 
convincing support for the claims to success of 
the kinetic method. The p H  dependence is repre- 
sented as pK = - 1.96 - 0.50pH. 

Discussion 

The present study merits some at least brief 
interpretive comment at three levels: ( a )  analyti- 
cal implications, (0)  equilibrium behaviour and 
its significance for natural water chemistry, and 
finally, ( c )  kinetics and mechanism of complex 
formation. We take these up in turn. 

(a) Anniytical Implications 
A major intznt of our present program is to 

develop analytical methods based on kinetics 
that allow the determination of specific labile 
components of mixtures which would be lumped 
into ar: uninformative auanlitv such as 'total 
iron' if advantage were not taken of the oppor- 
tunity to measure rapid reaction processes. The 
present study gives a primitive example where 
the degree of success of the analvsis is hard to 

w 

specify unambiguously but is indicated to be 
promising by t42e successfUI quantitatioe correla- 
lion with other better established methods for 
measuring coizditionai binding consfants. The pre- 
cision in this study is similar to that discussed in 
the study of binding of Fe(II1) to a fulvic acid 
reported earlier (3). We have here an advantage, 
with respect to asserting reasonable accuracy, 
Wowing from the cross-check with other methods. 

(6) Bincling Eqzrilibri~rm and Natural Water 
Chemistry 

Glutathione is a widely distributed biological 
species with sulfur containing metal binding sites. 
Since the natural water chemistry of iron is 
thought to depend significantly on organic com- 
plexing using ligands of biological origin, the 
behaviour of glutathione is an interesting case. 
As indicated above, it is also dificult to study by 
the popular methods for measurement, titrime- 
try, and spectrophotometry. 

Figure 3 suggests that binding of glutathione 
to Fe(II1) is only weakly p H  dependent. This 
p H  dependence is not easily understood because 
of the complex acid-base behaviour of both 
GSH and Fe(II1) (4, 5).  In the p H  range from 
1 to 3, GSH2+, GSH, Fe(OH-J3', and Fe(OH& 
OH2- are major species and GS- is not entirely 
negligible. It is important to recognize that no 
great release of protons on binding of GSH to 
Fe(I1I) is allowed by a $ power [H+] depend- 
encc3 We can write down the following possible 
reactions (at least) for consideration: 

[51 Fe3+ + GSH FeGSH3+ 

[61 Fe3+ + GSH = FeGS2+ + H' 

[7] Fe(OH)2+ + GSH , FeGS" + H20 

If we assume that ligand deprotonation favours 
complex formation, as is usual, we must recog- 
nize that, in iron chemistry, hydrolysis resists 
complex formation. Alternatively, one recog- 
nizes that the coordinated hydroxyl group is 
'reprotonated' on complex formation (a point 
directly demonstrated in the spectrophotometric 
experiments at  p H  = 3). It is important that the 
OH group on FeOH2+ is 'displaced' by gluta- 
thione. This may either be a result of protonation 
of that -OH to give H 2 0  coordinated or to the 
displacement of that oxygen at Fe by a donor 
from glutathione. An attempt was made to dis- 
tinguish the two by examining the decrease in 
broadening of the solvent nmr signal as the 
ligand reduces exchange of protons with para- 
magnetic sites in the iron coordination sphere. 
This was unsuccessful because even limited 

3A half power [H'] dependence would become first 
power ~f binuclear iron complexes were formed requiring 
a second power dependence on free iron concentration. 
We have bested this possibility. I t  fails unambiguously. 
The iron dependence is first power. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KHAN AND LANGFORD 3199 

binding of ligands at  Fe(I1I) shortens the elec- 
tronic relaxation times and alters nmr broaden- 
ing (6). Nuclear magnetic resonance did not 
provide a probe of the number of water molecules 
remaining coordinated. 

(c)  Kinetics and Mechanism of Fornlation of 
Fe(I1I)-Glzctathione Complex 

At p H  = 3, where the hydroxyl band in the 
iron spectrum vanishes on complex formation, 
stopped flow studies allowed measurement of 
the rate of approach to equilibrium as excess 
glutathione reacted with Fe(1II). If complex 
formation is second order forward and complex 
dissociation is first order (the usual cases), the 
rate law for approach to equilibrium should be 
as shown in [8]. 

[$I Rate = (kf[glutathione] + kd)[Fe(III)] 

The data fit this expression well (Fig. 5). That 
the mechanism is simple is indicated by the 
successfui calculation of the binding constant as 

k f i k d .  The value of kd is small and typical for a 
chelating ligand. The value of kf is significantly 
less than for the simple ligand SSA. This indi- 
cates that it is not the replacement of the first 
water molecule of Fe(1II) by a ligand donor atom 
that is rate determining. Such a first step is ligand 
independent in Fe(l1l) chemistry (7). Apparently, 
some stage of ring closing of the chelate is rate 
determining in complex formation. 
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On the use of the n-propyIammonin~rm and n-buty%ammonium salts of 
dB@-camphorsuEonic acid for the calibration of spectsopolarimete~s: 

the concentration and solvent dependency of the optical rotatory 
dispersion parameters1 
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YASUSHI NAKAGAWA, MICHAEL F. GILLEN, and Ross E. WILLIAMS. Can. J. Chem. 54, 3200 
(1976). 

The utility of the title ammonium salts for the calibration of ord spectropolarimeters has been 
investigated. The solvent and concentration dependency of the measured specific molar rota- 
tions at  306 and 270 nm suggest that they may be used for calibration purposes only under 
well-defined conditions. The results of the Kramers-Kronig transformatioil of their circular 
dichroic spectra are presented and compared with the measured ord spectra. 

YASUSHI NAKAGAWA, MICHAEL F. GILLEN et Ross E. WILLIAMS Can. J. Chem. 54, 3200 
(1976). 

L'utilisation des deux sels ci-haut mentiones pour la calibration des spectropolarimktres dor a 
CtC CtudiCe. La rotation molaire specifique a 306 nm et 270 nm dependant du solvant ainsi que 
de la concentration, ces deux sels ne peuvent Stre utilises a des fins de calibration que dans des 
conditions bien definies. Les resultats obtenus par la transformation de Kramers-Kronig des 
spectres de dichroisme circulaire ont CtC compares ceux des spectres de dor. 

Introduction 
It has been previously suggested that amine 

salts of cl-10-camphorsulfonic acid (CSA), in 
particular the n-propylammonium salt of cam- 
phorsulfonic acid (n-PrA-CSA) and the n-butyl- 
ammonium salt of camphorsulfonic acid (n-BuA- 
CSA) might be of use for the calibration of 
circular dichromators (1). Unlike CSA, these 
salts are non-deliquescent, and are easily pre- 
pared, purified, and characterized. They also 
retain the desirable aqueous solubility and 
chiroptical properties of CSA itself. It is because 
of their apparent utility as circular dichroism 
(cd) standards thatwe have examined the optical 
rotatory dispersion (ord) spectra of these sails. 
In this communication the experimentaliy deter- 
mined ord values are reported and compared 
with those of CSA. 

Experimental 
Sucrose used,for ord calibration purposes was Ultra 

1NRCC No. 15461. 
2Author to whom correspondence should be addressed. 

High Purity sucrose obtained from Baker Chemical Co. 
(lot no. UBC 805). The sucrose possessed the correct 
elemental analysis and was used without further puri- 
fication. Hydrated CSA. 11-PrA-CSA, and I~-BLIA-CSA 
were prepared as previously reported (1). Water used for 
all so l~~t ions  was deionized before being distilled from 
glass. 

Stock solutions of CSA and its ialt derivatives were 
prepared for ord measurements in 50 nil volunietric flasks 
with solute concentrations of 100 i 20 mg per 50 ml. Less 
concentrated solutions were obtained by diluting 2 ml of 
stock solution to 5 ml in a 5 mI volumetric flask. A stock 
solution of sucrose in water for calibration purposes was 
prepared in a 10 ml volumetric flask (2.6 g/10 ml). 

Kramers-Kronig transformations were done on an 
IBM 360. niodel 67 computer using previously reported 
programs (2, 3). The programs were modified so that cd 
input data would be in terms of [el, the specific molar 
ellipticity (deg cm'/dmol) thus giving ord output values 
in terms of [MI, the specific molar rotation (deg cm2j  
dnlol). Circular dichroism data were inserted at  1.25 nm 
intervals. Circular dichroism data used to generate the 
ord output included only two cd bands: the 290 nrn cd 
band and the 192 nni cd band which was assumed to be 
symmetrical and Gaussran. Data input ~ncluded values 
from 330 to 150 nm. Data output included values from 
400 to 100 nm. 

Optical rotary dispersion measurements were made on 
a sucrose-calibrated Cary-Varian spectropolarimeter, 
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NAKAGAWA ET AL. 

TABLE I. Measured ord parameters for CSA and its ammonium salt derivatives 

Specific molar rotation, [MIb  
(deg cm2 per dmol) 

Concentrationa 
Compound Solvent (mg/mli 306 nm 270 nm 

CSA(hydrate) H 2 0  1.51 +4300 i 200c - 5300 i 300C 

CSA(anhydr~us)~ - - +4600 i 200' - 5700 5 300' 

t1-PrA-CSA H20 1.93 +45201-50 -5700+50 
0.77 +4320+70 -5880i50 

0 .1  NHC1 2.06 +4340 k 100 -5740 i 100 
0.82 f4.510550 -5790150 

0.1  N I-12S04 2.:1 +4550 r 50 - 5700 k 50 
0.84 +4550 150 -5700 i 5 0  

11-BuA-CSA H 2 0  1.98 +4510i50 -5680i50 
0.79 +4510+50 -5950+50 

0.1  NHCI 1.92 +440Oi-100 -5660i100 
0.77 +4350+50 -5980t50 

0 .1  N H2S04 2.10 +4490 5 5 0  - 5690 _+ 50 
0.83 +4480 1-50 -5730i60 

aSamples \+ere prepared by weighing 100 i 20 mg into a 50.0 ml volumetric flask and diluting to the 
mark with solvent. Samples were diluted by removing 2.0ml of the stock solution and diluting to 5.0ml 
wlth solvent. 

b ~ l l  values given are the simple average of at  least three measurements. Error limits given are the 
standard deviations obtained from the measured values. 

Coptical rotatory dispersion literature values: at  306 nm: 4464 (6); 4654 (4); 4480 (7); 4120 (5); at 
270 nm: -5586 (6); -5810 (4); -5700 (7); -5300 (5). 

"he results of hydrated CSA have been corrected for water content (7.3% by weight) (6). 

model 60. The specific rotation [a], for sucrose at  589 nm 
used for calibration was f66.5 (4). An instrument full 
range setting of 1' or 0.4' was used. All measurements 
were made using a quartz cell (1.0 cm path length) at a 
temperature ~f 20 I 2 'C. For each sample, a base line 
was obtained before any sample measurements were 
made. 

Results and Discussion 

The spectropolarimeter being used for the ord 
measurements was first calibrated with a sucrose 
solution. So that the accuracv of the ord values 
being measured could be fuither checked and 
any variations due to instrumental response in 
the 250-350 nm region could be eliminated, the 
ord spectrum in water of a sample of hydrated 
CSA was also measured (Table 1). When the 
specific molar rotations at  306 and 270 nm were 
compared with those found in the literature. the 
determined values were lower than those pre- 
viously reported, save for one set (5) with which 
the values were in good agreement. Correction 
of the measured values for a water content of 
7.37, by weight (1, 6) gave a set of corrected 
values (Table 1) which were in good agreement 
with those determined on the anhydrous CSA 
samples (4, 6, 7). If the values reported by 
Cassim and Yang (5) were corrected by 7.3% 

their values agree with those determined on the 
anhydrous CSA samples as well. The ord param- 
eters in water for the ammonium salt derivatives 
of CSA were then measured under the same 
conditions used to measure those of the CSA. 
The values obtained are reported in Table 1. As 
may be noted, when the concentration (by 
weight) of the ammonium salts in water was the 
same as CSA, the specific molar rotations 
measured were very similar to those of CSA 
(anhydrous). An improvement in the precision 
of the measurement was also noted. Although 
little or no effect (less than 0.67, change) was 
noted upon 25-fold dilution of the samples used 
for cd measurement (I),  a 2.5-fold dilution of the 
ord samples in water produced a variable amount 
of change in the specific rotations depending on 
the compound and the wavelength at which the 
measurements were made. Thus, with n-PrA- 
CSA, the specific molar rotation, [MI,  at 306 nm 
decreased upon dilution whereas the [MI 306 nm 
of n-BuA-CSA remained unchanged. At 270 nm 
the [MI for both compounds increased upon 
dilution. 

During the process of purification of the two 
ammonium salts it had previously been noted 
that the specific rotation, [a] ,  at 589 nm was 
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concentration dependent when the measure- 
ments were made in water. In this case it was 
assumed that the position of an equilibrium 
between the sulfonic acid and alkylamine was 
being affected and that the effect could be over- 
come if a large excess of a competing acid were 
present to completely destroy any association 
between the two components of the salt mixture. 
Indeed, it was found that changing the solvent to 
0.1 N HC1 eliminated this concentration depend- 
ency at  589 nm. However, when the measure- 
ments of the specific molar rotations at 306 and 
270 nm were made in 0.1 N HC1 the concentra- 
tion dependency persisted for both compounds 
(Table 1). Complete elimination of the concen- 
tration dependency could only be achieved by 
making the measurements in 0.1 N H2S04 (Table 
1). It will also be noted that when the concentra- 
tion dependency was eliminated the specific 
molar rotations at  306 and 270nm for both 
compounds were the same as the values obtained 
for CSA (anhydrous). 

As an additional check of the measured ord 
results, we have transformed the previously 
measured cd spectra of the ammonium salts (1) 
into calculated ord spectra via the Kramers- 
Kronig transformation and compared the results 
with the measured data. By assuming that the 
192 nm band was symmetrical and Gaussian, 
thereby extending the experimentally determined 
data into the far ultraviolet, a difference of 
$- 1.5% between the measured ord and calculated 
ord amplitudes for CSA at 306 and 270 nm was 
obtained. Using the same ploy, transformation 
of the cd spectral data of the two ammonium 
salts of CSA resulted in the calculated ord 
amplitudes being larger than the measured at  
both wavelengths, i.e. +2.4 - 4.07, at  306 nm 
and $4.2 + 5.67, at  270 nm. Further improve- 
ment of the correspondence between data sets 
would require that the influence of any un- 
measured bands be eliminated (2, 3). Unmeas- 

ured bands below 186 nm might arise from the 
sulfonic acid group's interaction with the amine 
and could be the source of the discrepancies. 
Until the size, sign, and location of such bands 
are determined further manipulation of the data 
seems unwarranted. 

In conclusion, although the ammonium salts 
of CSA appeared to be useful for the calibration 
of circular dichrometers, their use as standards 
for the calibration of spectropolarimeters would 
depend on elimination of the dependency of their 
measured specific rotations at  306 and 270 nm on 
both concentration and solvent. If these latter 
two variables are adequately controlled and 
conditions defined for their use (e.g. 0.1 N 
H2S04, 2.0 mg per ml) the ammonium salts of 
CSA might then be useful as standards for the 
calibration of optical rotatory dispersion spec- 
tropolarimeters. 
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Application of photoelectron spectroscopy to in&ramolecularly 
hydrogen-bonded systems. Part 11. On the n-E* blue shift of 

carbonyl-containing molecules 
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R .  S. BROWN. Can. J. Chem. 54, 3203 (1976). 
The photoelectron spectra of 2-hydroxycyclohexanone and 2-methoxycyclohexanone, show 

that the ionization assigned to removal of the carbonyl n-electron is 0.6 eV higher in the 
former, presumably due to the intra~nolecular hydrogen bond. The ultraviolet spectra of 
these molecules also exhibit a marked blue shift of the n + a* transition in the former of 
roughly 0.5 eV. A discussion of the observations includes consideration of the effect of the 
intramolecular hydrogen bond on the ground and excited or ion state. 

R. S. BROWN. Can. J. Chem. 54, 3203 (1976). 
Les spectres photoClectroniques de l'hydroxy-2 cyclohexanone et de la methoxy-2 cyclo- 

hexsnone montrent que I'ionisation attribuee B l'enlevement de I'Clectron n du carbonyle est 
d'environ 0.6 eV plus ClevCe dans le premier cas; ce resultat est probablement dii a l'interven- 
tion d'un pont hydrogene intramolkulaire. Les spectres uv de ces molkules montrent aussi 
un effet ipsochronie marque de la transition n + a* du premier compose; l'ordre de grandeur 
est d'environ 0.5 eV. Une discussion de ces observations comprend les considCrations de l'effet 
des liens hydrogkne intramoleculaires sur les Ctats fondamentaux et excites ou ioniques. 

[Traduit par le journal] 

The experimentally observed blue shift of the 
n-a* band of a carbonyl-containing molecule 
when placed in a hydrogen-bonding solvent was 
originally discussed by Brealy and Kasha (1) 
in terms of the stabilization of the carbonyl 
n-orbital upon hydrogen-bond (H-bond) forma- 
tion with the solvent. Later Pimentel (2) refined 
this description by emphasizing the importance 
of solvation energies in both the ground and 
excited states and the Franck-Condon principle. 
Most recently Del Bene (3) has applied ab initio 
calculations with configuration interaction to the 
formaldehyde-water dimer (3a) and acetone- 
water dimer (3b) and concluded that the experi- 
mentally observed hypsochromic shift in these 
systems is due in part to the lowering of the 
n-orbital and the additional energy required to 
break the H-bond in the lowest excited singlet 
state of the dimer. 

Our recent photoelectron spectroscopic (pes) 
investigations of intramolecularly H-bonded sys- 
tems (4) have clearly demonstrated that the 
n-orbital involved in H-bond formation appears 
at higher ionization energy (IE) than its counter- 
part in a geometric isomer in which H-bonding 
is precluded. Presumably this would be observed 
for intramolecularly H-bonded hydroxy ketones 

as well, so it seemed of interest to study the 
n-T* blue shift in these systems (5) by both uv 
and pe spectroscopy. 2-Hydroxycyclohexanone 
(1) (6) and 2-methoxycyclohexanone (2) (7) were 
chosen as the most suitable candidates (8) for 
study under the assumption that the 2-OH and 
2-0CH3 groups should exhibit similar inductive 
effects, but that only the former can H-bond 
with the carbonyl n-orbital. 

Results and Discussion 

A comparison of the uv spectra of P (A,,, 
(cyclohexane) 272 nm (4.56 eV)) and 2 (A,,, 
(cyclohexane) 306 nm (4.05 eV)) shows a signifi- 
cant n-T* blue shift of roughly 0.5 eV in the 
former which is probably a result of the intra- 
molecular H-bond (8) in this system. The pe 
spectra of 1 and 2 presented in Fig. 1 illustrate 
that the ionization energy of the highest occupied 
molecular orbital (homo) (assigned as pre- 
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3204 CAN. J. CHEM. 

16 15 14 13 12 11 10 9 

IONlZATlON POTENTIAL (sV) 
FIG. 1. The photoelectron spectra of 2-hydroxycyclo- 

hexanone (1) and 2-methoxycyclohexanone (2) using 
argon as an  internal calibrating gas. Vertical ionization 
energies are as follows: (1) C+, 9.70 eV; - 4 - H .  
10.49 eV; (2) C4, 9.06 eV; -0-CH,, 10.46 eV. 

dominantly the carbonyl n-orbital) is roughly 
0.6 eV larger for 1 than 2. Conformationally 
dependent pe spectral shifts have been observed 
in some systems (9), but such shifts are generally 
small (0.00 to 0.05 eV). Some evidence that the 
shifts between 1 and 2 do not totally result from 
axial-equatorial conformational differences at 
the a-carbon can be obtained from the nmr tech- 
nique utilized by Garbisch (10). Comparing the 
chemical shift (6 3.46, cyclohexane-dl *) of the 
conformationally mobile (cf. ref. 1 1) a-hydrogen 
of 2 with those of the relatively rigid equatorial 

and axial 2-methoxy-cis-1;decalones (12) indi- 
cates that in solution the 0 C H 3  group exists in 
an axial-equatorial ratio of 55:45. If these data 
are applicable to the gas phase, then the ob- 
served pe spectrum of 2 is a composite of both 
conformations. However, since the half-width 
(FWHM) of the n c = ~  ionization is the same for 
2 (0.60 eV) and 1 (in which the 0-hydroxy group 
is probably held equatorial by the H-bond (8)), 
it must be concluded that the n c = ~  IE for both 
conformations of 2 is identical. That this ioniza- 
tion is nearly the same as that found for cyclo- 
hexanone (IE" nc,, = 9.14eV (13)) suggests 
that substituent effects and, or 0-0 interactions 
are minimal or compensatory. We believe that 
the nc=o ionization energy difference between 1 
and 2 must therefore be a direct consequence of 
the intramolecular H-bond present in 1 (8). 

While it may be most tempting to suggest a 
correlation between the changing ncyo ioniza- 
tion energies and the n-T* blue shift in passing 
from 2 to I,  such correlations should be ap- 
proached cautiously since they contain ambigu- 
ities concerning the T* orbital energies and inter- 
electronic repulsion terms involved in the n - ~ "  
transition energies (14). H o ~ e v e r ,  if in the 
simplest analysis we were to assume the validity 
of Koopmans' theorem (15) and that the differ- 
ences in the interelectronic repulsion terms in- 
volved in the n - ~ "  transitions for both molecules 
are similar, then the observation may suggest 
that the carbonyl n-orbital in 1 is stabilized by 
0.6 eV relative to 2. If this were so, then the 
observed n-T* blue shift in passing from 2 to 1 
is a result of the stabilization of the nc=, orbital 
in 1 due to intramolecular H-bonding in the 
ground state. 

However, the experimental ionization energies 
are simply the differences in the total energy 
between the neutral molecule and the ion in a 
particular state (for example, cj. ref. 16). The 
pertinent question is how the presence of the 
hydrogen involved in the intramolecular H-bond 
in 1 will affect the total energy of the molecule 
in the ground state and ion state derived from 
ionization of a carbonyl n-electron. An extension 
of the ideas of Pimentel (2) to pe spectroscopy 
suggests that while the H-bond may be stabiliz- 
ing in the ground state, such may not be the case 
in the ion state with its new electronic distribu- 
tion. Since the Franck-Condon principle applies, 
and no nuclear reorganization occurs during 
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BROWN: I 3205 

ionization, a change in the H-bond energetics hexane solutions. Spectra were run at various concentra- 

would alter the separation of the two states. tions to ensure that concentration dependent shifts were 
absent. Compounds 1 and 2 were prepared by literature Del Be'1e has Ihe potential curve for n~ethods ((6) and (7) respectively) and spectra determined 

the first excited singlet state of the formaide- immediately after preparation. 2-tPydroxycyclohexanone 
hyde-water dimer (3a) as a function of inter- (1) showed a rapid tendency to dinierize to a nonvolatile 
molecular distance and found it to be repulsive. solid within hours of preparation as has been shown 

Her results show that while the intermolecular before ('). 

H-bond lowers the overall energy of the ground Acknowledgments 
state, it does not stabilize the excited singlet 
state of the same geometry to fie The gratefully the finan- 
separated dimer in which the H-bond is absent. cial support of the University of Alberta and the 

The observed blue shift depends on both National Research Council of Canada. We thank 

Extrapolation of these results to the pe process, Prof. J. E. for communicating her 

in which the fully charged ion states may well be prior to publication. 

more sensitive to the proximity of the h)drogen, 
indicates that ionization of the carbonyl n-elec- 
tron which connects the ground and ion states 
may well reflect the stabilization of the former 
and destabilization of the latter. Hence the 
inference that the ionization energy difference 
between I and 2 results totally from a lowering 
of the n-orbital in 1 (Koopmans' theorem) 
cannot be established at  this time without 
knowledge of the potential curves for the ground 
and ion states (4b).' 

Experimental 

Photoelectron spectra were obtained using a Mac- 
Pherson 36 photoelectron spectrometer under conditions 
previously described (4). Ultraviolet spectra were obtained 
using a Pye Unicam SP1800 spectrophotometer on cyclo- 

'Note added in proof-In intermolecularly H-bonded 
dimers, although the n-orbital of the proton acceptor 
molecule is stabilized by hydrogen bonding, no quantita- 
tive relationship exists between the degree of n-orbital 
stabilization and the magnitude of the n-K* blue shift. 
However, a comparison of the n-orbital energies of 
@-hydroxy acrolein in the non-H-bonded C,(t) form and 
H-bonded C,(c) form reveals a computed stabilization in 
the latter which is in quantitative agreement with the 
computed n-T* blue shift. Whether this relationship is 
general for intramolecular H-bonds remains to be seen 
(J. E. Del Bene, private communication). 
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Appdicatisn of photoelleeeon spectroscopy to intramoIecuIarlly 
hydrogen-bonded systems. Past IV. TC-Systems; the photcseleetron spectra of 
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R. S. BROWN. Can. J. Chem. 54, 3206 (1976). 
In an effort to determine the effect of an intramolecular hydrogen bond on the ionization 

energy of a simple a-system, the photoelectron spectra of sjn- and anti-7-norbornenol have 
been determined. The difference in the ionization energy of the a(,-,) and n;jH orbitals is 
0.30 eV for the former, and 0.85 eV for the latter. The photoelectron spectrum of the syn- 
isomer shows that the a(,-,) bond is roughly 0.2 eV more difficult to ionize than its counter- 
part in the non-hydrogen bonded geometric isomer and has been interpreted as arising from 
hydrogen bond induced stabilization of the T-bond. That the spectral diKerences in the alcohols 
is not simply due to differing orbital interactions between the two isomers can be demonstrated 
by the photoelectron spectra of s ~ , t ~ -  and rrtlti-7-methoxynorbornene. In these systems which 
allow no possibility of hydrogen bonding the a(,-,, - nijR difference is the same for both 
isomers. 

R. S. BROWN. Can. J. Chem. 54, 3206 (1976). 
Afin de pouvoir determiner l'effet des ponts hydrogene intramol6culaires sur I'energie 

d'ionisation d'un systkme a simple, on a determine les spectres photoelectroniques des nor- 
bornenols-7 sjti et ut~ri. La difference entre les energies d'ionisation des orbitales acc-o et 
nijH est de 0.30 eV pour le premier et de 0.85 eV pour le dernier. Dans le spectre photoklec- 
tronique de l'isomkre sjn on observe que l'energie necessaire pour briser le lien a(,-,) est 
approximativement 0.2 eV plus grande que celle necessaire pour briser le lien equivalent dans 
l'isomkre gkometrique ne posskdant pas de pont hydrogene; on interprete ce resultat comme 
indiquant que le pont hydrogkne induit une stabilisation du lien a .  En faisant appel aux spectres 
photo6lectroniques des methoxy-7 norbornknes s j t ~  et rrt~ri on peut demontrer le fait que les 
differences spectrales dans les deux alcools ne sont pas dues uniquement a des interactions 
orbitalaires differentes entre les deux isomeres. Dans ces systemes, ou il n'est pas possible 
d'effectuer des ponts hydrogknes, la difference a(,-,, - nij, est la meme pour les deux 
isomkres. 

[Traduit par le journal] 

Intramolecular hydrogen bonding to a-sys- 
tems, while not a common phenomenon, has 
been shown to occur in several organic molecules 
(1-6). Those molecules in which a a-bond acts as 
the electron donor terminus of the hydrogen 
bond (H-bond) generally exhibit an intra- 
molecularly bonded 0-M stretching frequency 
displaced from the fundamental by 11 to 55 
cm-I (3). While the sole criterion of the observa- 
tion of two closely-spaced infrared (ir) 0-H 
stretching frequencies as proof for the existence 
of H-bonds has been questioned (7), it seems gen- 
erally accepted that one of the best examples of 
T-H-bonding can be found in syn-7-norbornenol 
(la). I t  has been reported that the intramolecu- 
larly H-bonded 8-H stretching frequency of 
Pa occurs at  3574 cm-I while that of the geo- 
metric isomer in which H-bonding is precluded 
is at 3630 cm-I (5). 

Our recent photoelectron spectroscopic (pes) 
studies on intramolecularly H-bonded systems 
(8) have conclusively demonstrated that the 
electron pair involved in H-bond formation 
exhibits higher ionization energy than its counter- 
part in a geometric isomer in which M-bonding 
is precluded. Since this can be demonstrated in a 
variety of systems, it seemed reasonable to 
expect that similar observations might be made 
in comparing the pe spectra of alcohols l a  and 
Hb. It is important to eliminate the possibility 
that any observed spectral differences are due to 
processei which involve mechanisms other than 
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H-bonding. To this end, the 7-methoxynor- 
bornenes ( lb  and 2b) were synthesized and their 
spectra determined as models for the alcohols 
which possess similar substituent effects but in 
which H-bonding is impossible. The following 
reveals our findings concerning these questions. 

Results and Discussion 
Conformationally induced changes in pe 

spectra have been demonstrated in various geo- 
metric isomers (9). Normally these spectral 
changes are quite small (0.00-0.15 eV), but it is 
important to demonstrate that any changes 
occurring in the pe spectra of isomers l a  and 2a 
are not simply attributable to differing orbital 
interactions between the two. A suitable probe 
for the 7-norbornenols would be the correspond- 
ing 7-methoxynorbornenes ( lb  and 2b), and the 
pe spectra for these latter compounds are shown 
in Fig. 1. Perusal of the low energy regions of 
the spectra reveals that the observed splitting 
between the first two ionizations is 0.50 1. 0.02 
eV for both lb  and 26, although the absolute 
positions of the bands are roughly 0.15 eV 
higher for the anti-isomer 2b. The first band in 
both spectra is assigned to ionization from the 
T-system and is similar in value to that observed 
for norbornene (8.97 eV (10)) while the second 
is assigned to ionization of the electron pair 
predominantly located on oxygen. The important 
conclusion to be derived from the above observa- 
tion is that the orbital interactions between the 
0CH3 and n(c,c, groups as judged by pe spec- 
troscopy do not appear to be different in the two 
isomers. Hence, those mechanisms which involve 
through space or through bond orbital interac- 
tions (11) cannot be contributing to the differ- 
ences that are observed in the pe spectra of Pa 
and 2a. 

With the question of orbital interactions in 
these systems clarified, one can now turn to a 
comparison of the pe spectra of the 7-norborne- 
nols ( la  and 2a). Those spectra are displayed in 
Fig. 2 and the corresponding vertical ionization 
energies and assignments compiled in Table 1. 

Figure 2 illustrates that the pe spectra of the 
syn- and anti-alcohols are quite different particu- 
larly in the low ionization energy regions. In 
both alcohols, the first ionization is assigned to 
removal of an electron from the n-bond. while 
the second arises from the nij, orbital. A com- 

IS 14 13 12 1 1  10 9 

IONlZATlON ENERGY (eV)  
FIG. 1. The photoelectron spectra of sjn- and anti- 

7-methoxynorbornene (Pb and 2b respectively) using 
argon as an internal calibrating gas. 

parison of the spectra shows that the nc, 
- n(c=o splitting in the anti-alcohol (20) is 
0.50 eV larger than that in the syn-isomer (la). 
We feel that the differences between the first two 
bands in the pe spectra of l a  and 2a is a direct 
result of the intramolecular H-bond in the former. 
Previous ir investigations (5) have reported that 
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3208 CAN. 3. CHEM. VOL. 54, 1976 

IS 14 13 12 11 10 9 

IONIZATION ENERGY (eV) 
FIG. 2. The photoelectron spectra of atzti- and syti- 

7-norbornenol(2u and l u  respectively) using argon as an 
internal calibrating gas. 

the aizfi-alcohol (20) shows a free 0-H stretch- 
ing frequency at 3630 cm-', while the syn-isomer 
shows a bonded 0-H frequency at 3574cm-I 
as well as a free 0-H band at 3624 cm-l. Our 
present results on tetrachloroethylene solutions 
of the purified syn-isomer show only a bonded 
OK peak at 3575 cm-I and no evidence for a 
free 0-H band. By extrapolation, the ir data 

suFgests that in the gas phase, the molecule may 
exist nearly entirely (>99%) in its hydrogen- 
bonded form. Our pe data provide corrobora- 
tion for the intramolecularly H-bonded form, 
and suggest additional implications concerning 
the effect of the closely positioned hydrogen on 
the a-bond. 

Few theoretical studies have addressed them- 
selves to the question of H-bonding to a-systems 
(12). Of those that have, even those calculations 
of widely-differing sophistication seem to agree 
that there is a charge transfer of electron density 
from the a-system to the proton donor terminus 
of the H-bond which is symmetrically situated 
over the a-bond. Such would suggest that the 
a-system acquires some small (+)-charge from 
charge transfer to the proton donor, while the 
oxygen acquires excess (-)-charge. While this 
rationale is undoubtedly oversimplified (particu- 
larly with respect to charge-cloud repulsion and 
electrostatic and charge redistributions (13, 12c)) 
it is useful in predicting that the a-bond par- 
ticipating in the H-bond ought to become more 
difficult to ionize than in an isomer in which 
H-bonding is precluded. Similarly, the oxygen 
should become easier to ionize (than its counter- 
part in a non-H-bonding isomer) in full agree- 
ment with our observations and previous results 
in other intramolecularly H-bonded systems (8). 
Such spectral differences may not be totally due 
to electronic redistribution in the ground state, 
but undoubtedly arise from H-bond influences 
on the ground and ion states (8b, c). However, 
it is clear that pe spectroscopy can be used to 
detect ionization energy shifts in systems where 
9-orbitals serve as electron donors in H-bonds. 

Experimental 
Photoelectron spectra were determined at  ambient 

temperature using a MacPherson Model 36ESCA photo- 
electron spectrometer under conditions previously de- 
scribed (8). Infrared (ir) spectra were recorded on a 
Perkin-Elmer 421 grating spectrophotometer in tetra- 
chloroethylene solutions. Intramolecular could be dis- 
tinguished from intermolecular H-bonding by observing 
the diminution of the bonded 0-H stretching frequency 
attributable to the latter with increasing dilution. 

syiz- 7-Norbornenol (lu) 
This was prepared by the method of Baird (14) while 

the corresponding anti-isomer (2u) was prepared by 
LiA1H4 reduction of 7-norbornenone according to the 
procedure of Gassman and Pape (15). Recrystallization 
of the primary reaction product of the reduction from 
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TABLE 1. Vertical ionization energies IEv in electron volts (eV) and assignments 
for some 7-substituted norbornenes 

Vertical ion~zation energy (eV) 

Compound T(c1c> R A ( n 6 ~ -  T(c=c)) 

Norbornenea 8.97 
anti-7-Methoxynorbornene (26) 9.11 9.59 0.48 
syn-7-Methoxynorbornene (16) 8.95 9.45 0.50 
anti-7-Norbornenol (2a) 9.19 10.04 0.85 
syn-7-Norbornenol (la) 9.41 9.71 0.30 

hexane in our hands did not yield the pure anti-isomer 
(20) as reported (15) but rather a 1 :6 mixture of la:2a. 
Column chromatography of the mixture on Woelm 
neutral grade 111 alumina (30 X 2 cm,'gm) using an 
eluent of 15:85 ether-hexane afforded the arlii-isomer 
(2u) in >95'/; purity (glpc, 20in., 10:; U.C.W.-982 on 
80-100 mesh WAW-DCMS, 140 "C). The s),n- and urrti- 
isomers prepared as above had physical and spectral 
properties consistent with those reoorted. 

syrz- 7- Metho,~)~r~or.bor.r~erie (Ib) 
A methylation procedure formulated by Diner er ol. 

(16) performed on 2.7 g (0.025 mol) s).n-7-norbornenoI 
with 7 g  (0.05 mol) CH31 and 1.1 g (0.027 mol) NaH 
suspension (575; in oil) yielded after work-up 2.5 g (80' b) 
of the desired syz-ether: bp 100-102 "Cjl5O torr; nmr 
(CDCI,) 6 6.03 (m, 2H), 3.42 (m, IH), 3.23 (s, 3H), 2.87 
(m, 2H), 1.83-1.52 (m, 2H), 1.13-0.75 (m, 2H); ir 3060, 
2970, 2940, 2910, 2870, 2825, 1455, 1445, 1364, 1333, 
1277, 1195, 1125, 1095 cm-1; Raman (neat) 1558 cm-1 
(C=C). Exact Moss calcd. for CBHI2O: 124.08882; 
found: 124.08877. 

atlii-7-Meilrox),rlor.bor./ie,le (2b) 
Methylation (16) of 1.2 g (0.01 1 mol) at~ii-7-norborn- 

en01 (20) using 3.0 g (0.022 rnol) CH31 in 60 ml anhy- 
drous DME and 0.5 g (0.03 mol) NaH suspension (57';; 
in oil) gave after work-up 1.0g (73";) of the desired 
material (2b): bp 83-87 "C/130 torr; nmr (CDC13) 6 5.98 
(t, 2H),3.24(s;3H), 3.12(brs, IH),2.67(m,2H),2.0-1.58 
(m, 2H), 1.08-0.75 (m, 2H); ir 3130, 3060, 2975, 2935, 
2890, 2830, 1457, 1450, 1435, 1340, 1327, 1297, 1252, 
1191, 1158, 1090 (br) cm-1; Raman (neat) 1555 cm-1. 
Excrct  muss calcd. for C8H120: 124.08882; found: 
124.08870. 

Acknowledgments 
The author gratefully acknowledges the finan- 

cial assistance of the University of Alberta and 
the National Research Council of Canada. He is 
also grateful to Professor K. Kopecky for his 
generous gift of 7-norbornenone. 

1. (a) M. D. JOESTEN and L. J. SCHAAD. Hydrogen 
bonding. Marcel Dekker, Inc., New York. 1974. 

p. 274; (b) S. N. VINOGRADOV. Hydrogen bonding. 
Van Nostrand Reinhold Go., New York. 1971. 
p. 134; ( c )  G. C. PIMENTEL and A. L. MCCLELLAN. 
The hydrogen bond. W. H .  Freeman and Co., San 
Francisco. 1970. pp. 190, 202. 

2. L. JORIS, P. VON R. SCHLEYER, and R. GLEITER. J. 
Am. Chem. Soc. 90, 327 (1968). 

3. P. VON R. SCHLEYER, D. S. TRIFAN, and R. BACSKAI. 
J. Am. Chem. Soc. 80. 6691 (1958). 

4. M. ~ K I  and H. WAMURA. Bull. Chetn. Soc. Jpn. 32, 
567 (1959); M. OKI and H. I ~ A M U R A .  Bull. Chem. 
Soc. Jpn. 32, 950 (1959), M. OKI and H. IWAMURA. 
Bull. Chem. Soc. Jpn. 32, 955 (1959). 

5. R. K. BLY and R. S. BLY. J. Org. Chem. 28, 3165 
(1965). 

6. A. N. MURTY and R .  F. CURL. J. Chem. Phys. 46, 
4176 (1967). 

7. R. PICCOLINI and S. WINSTEIN. Tetrahedron Lett. 4 
(1959). 

8. (a) R. S. BROWN. Can. J. Chem. 54, 0000 (1976); 
(b) R. S. BROWN. Can. J. Chem. 54, 0000 (1976); 
(c) R. S. BROWN. Can. J. Chem. T h ~ s  Issue. 

9. R. BOTTER, F. MENES, Y. GOWNELLE, J. M. PECHINE, 
and D. SOLGADI. Int. J. Mass Spectrom. Ion Phys. 12, 
188 (1973); Y. GOWNELLE, C. MENARD, J. M. 
PECHINE, D. SOLGADI, F. MENES, and R. BOTTER. J. 
Electron Spectrosc. Relat. Phenom. 7, 247 (1975). 

10. P. BISCHOF, J. A. HASHMALL, E. HEILBRONNER, and 
V. HORNUNG. Helv. Ch~m.  Acta, 54, 783 (1971). 

11. R.  HOFFMANN ACC. Chem. Res. 4, 1 (1971); R. 
HOFFMANN, A. IWAMURA, and W. J. HEHRE. J. Am. 
Chem Soc. 90, 1499 (1968). 

12. (a) W. JAKUBETZ and P. SCHUSTER. Tetrahedron, 27, 
101 (1971), (b) G. ALAGONA, R. CIMIRAGLIA, E. 
S c ~ o c c o ,  and J. TOMASI. Theor. Ch~m.  Acta, 25, 103 
(1972), (c) S.-I. YAMABE and M. MOROKUMA. J. Am. 
Chem. Soc. 97, 4458 (1975). 

13. (a) P. A. MOLLMAN and L. C. ALLEN. Chem. Rev. 72, 
283 (1972); (b) J. E. DEL BEYE. J. Am. Chem. Soc. 95, 
5460 (1973). 

14. W. C. BAIRD. J. Org. Chem. 31, 2411 (1966). 
15. P. G. GASSMAN and P. G .  PAPE. J. Org. Chem. 29,160 

(1964). 
16. U. E. DINER, F. SWEET, and R. K. BROWN. Can. J. 

Chem. 44, 1591 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A proton magne~c resonance determination of the rotaaional barrier in 
benzyl chloride and of the low energy conformations in benzyl 

bromMe and iodide derivaaives based on motionally 
averaged spin-spin interactions 
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TED SCHAEFER, LEONARD J. KRUCZYNSKI, and WILLIAM J. E. PARR. Can. J. Chem. 54, 3210 
(1976). 

The long-range spin-spin coupling constants over six bonds between side-chain and ring 
protons in benzyl chloride derivatives are combined with solutions to the hindered rotor prob- 
lem to demonstrate that the twofold barrier to internal rotation in benzyl chloride is 2.1 It 0.4 
kcal/mol. The low energy conformation is thzt in which the C-C1 bond lies in a plane per- 
pendicular to the aromatic plane. Molecular orbital calculations at  the MIND0/3 and STO-3G 
levels indicate that the conformation in which the C-C1 bond lies in a plane having an angle of 
60' to the aromatic plane has a higher energy; comparable to k T  at ambient temperatures. The 
geometry-optimized STB-3G results agree quantitatively with the derived barrier for benzyl 
chloride. A semiempirical relationship between the long-range couplings over four bonds and 
the internal barrier for a number of benzyl compounds indicates a barrier of 3.1 kcal/mol for 
benzyl bromide and of 3.6 kcal/mol for benzyl iodide, these values being lower limits. The 
observed coupling constants are only consistent with low-energy conformations analogous to 
that for benzyl chloride, so that they contrast with the low-energy conformation for benzyl 
fluoride in which the C-F bond lies in the aromatic plane. The present method for the deter- 
mination of twofold barriers in benzyl derivatives is useful in the range from about 0.2 to 
2 kcal/mo!. 

TED SCHAEFER, LEONARD J. KRUCZYNSKI et WILLIAM J. E. PARR. Can. J. Chem. 54, 3210 
(1976). 

On combine les constantes de couplage spin-spin B longue distance travers six liaisons entre 
les protons de la chaine laterale et ceux de cycles des derive's du chlorure de benzyle avec les 
solutions aux problkmes du rotor empeche pour demontrer que la barrikre binaire a la rotation 
interne dans le chlorure de benzyle est de 2.1 ? 0.4 kcal/mol. La conformation de basse 
Cnergie est celle dans laquelle le lien C-C1 se trouve dans un plan perpendiculaire au plan 
aromatique. Des calculs d'orbitales n~oleculaires h des niveaux MIND0/3 et STO-3G indi- 
quent que la conformation dans laquelle le lien C-CI se trouve dans un plan ayant un angle 
de 6 0  par rapport au plan aromatique possede l'energie la plus elevee; cette energie est com- 
parable h k T  B des tempe'ratures ambiantes. Les resultats STO-3G pour des geometries opti- 
misees sont en Don accord quantitatif avec la barrikre dCrivCe pour le chlorure de benzyle. Une 
relation semiempirique entre les constantes de couplage a longue distance B travers quatre 
liaisons et la barrikre interne pour un certain nombre de composCs benzyliques indique une 
barrikre de 3.1 l<cal/mol pour le bromure de benzyle et de 3.6 kcal/mol pour l'iodure de 
benzyle; ces valeurs sont des linliies inferieures. Les constantes de couplage observe'es sont en 
accord uniquement avec des conformations de basse Cnergie analogues a celle du chlorure de 
benzyle; il n'est donc pas surprenant qu'elles soient en opposition avec la conformation de 
basse Cnergie du fluorure de benzyle dans lequel le lien C-F se trouve dans le plan aromatique. 
La mPthode actuelle de determiner les barrikres binaires des derives benzyliques est utile dans 
i'ecart de 0.2 h 2 kcal/mol. 

[Traduit par le journal] 

Inmtroductid~n six bonds between fluorine nuclei and/or pro- 

ln a recent (1) of the high resolution tons in the side chain and protons in the para 

nuclear magnetic resonance spectral parameters position displayed a sin2 0 dependence; 0 being 
of benzyl fluoride derivatives, it was argued that the angle defined in 1. Solution of the hindered 

the long-range spin-spin coupling constants over rotor problem, followed by the calculation of 
expectation values for sin2 0, allowed the con- 

lPostdoctoral fellow, 1974-1975. clusion that 1 is the low-energy conformation 
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SCHAEFER ET AL. 3211 

H employed initially. Geometry optimization procedures 
0 = 0" for C-F bond ----!&-+ ------ a plane were applied to the CH2C1 moiety with results to be 

H / described below. 
1 

for benzyl fluoride and that the twofold barrier 
to internal rotation is 260 1 50 cal'mol. This 
conclusion was in agreement with MINDO, 3 
and ab itzitio STO-3G molecular orbital calcula- 
tions. 

In this paper a similar study on benzyl chloride 
derivatives is reported. In addition. the low- 
energy conformations of benzyl bromide and of 
benzyl iodide are found. Previous work from 
this laboratory (2) suggested that the low-energy 
form of benzyl bromide is 2 and not 3. This con- 
clusion, although corroborated by the present 

2 3 

work, was based on an incorrect premise. 
Furthermore, an incorrect value for the barrier 
was deduced from that premise. 

Experimental 
The compounds were either obtained comlnercially or 

were prepared by standard methods. Solvents for spectral 
work were chosen so as to provide maximal spectral 
dispersion. Samples for pnlr measurements were carefully 
degassed and contained internal tetramethylsilane. The 
pmr spectra were repeatedly calibrated at  sweep rates of 
0.02 or 0.01 Hz/s in the frequency sweep mode on an 
HA100 spectrometer at  a probe temperature of 32 'C. 

Molecular orbital calculations on benzyl chloride at  the 
MINDOI3 level of approximation (3, 4) and in the ah 
irlitio STO-3G forn~ulation (5. 6) were performed on an 
IBM 3701158 system. Standard geometries (7) were 

Results and Discussion 

1. Spectral Anulyses 
These were relativelv straightforward and 

u 

were performed with the computer program 
LAME (8, 9). As an example, in Table 1 the 
spectral parameters for 4-nitrobenzyl iodide are 
given and correspond to an AA'BBfX2 or 
[AB],X, spin system. Rather than tabulate all 
spectral parameters for the many other com- 
pounds, Table 2 shows the spectral parameters 
of immediate interest in this paper: the spin-spin 
coupling constants between side-chain protons 
and ring protons. 

2. Barrier to Internu1 Rotation in 3,5-Dichloro- 
benzy l Chloricle 

( i)  UnquaIiJiecl Estirncrte 
If a value of 6J,H$CH2 at 0 = 90' can be found, 

the observed value of -0.40 Hz for 6 ~ , H , C H 2  in 
3,5-dichlorobenzyl chloride will yield an average 
value of (sin2 0) and, via the procedure men- 
tioned in the introduction and described in 
ref. 1, a barrier to internal rotation. In toluene, 
where (sin2 0) is 0.5, 9, is -0.62 Hz (10) and 
is - 0.60 Hz in 3,5-dichlorotoluene (Table I), 
corresponding to 6J ,  = - 1.22 5 0.02 Hz when 
0 = 90'. In 3,5-dichlorobenzyl fluoride 6 J p  = 

- 1.02 Hz when 8 = 90" (1). Such a value is 
supported by INDO-MO calculations (1, 11), 
suggesting polarization of the adjacent C-H 
bonds by fluorine; thereby reducing the magni- 
tude of 6J,. The electronegativity of chlorine lies 
midway between that of hydrogen and of 
fluorine. A linear dependence of 6 J ,  on the 

TABLE 1. Proton chemical shiftsr and coupling constants* of 4-nitrobenzyl Iodide 
as a 5 mol', solution in benzene-& 

Parameter Value: Parameter Value: 

V ~ ~ 2  362.6 4 J o H , C H 2  - 0.396(2) 
V 2  659.938(2) 5 J,,H.CHZ 0.309(2) 
~3 761.579(2) rms deviation 0.0135 Hz 
3 J ~ H , H  8.508(3) Largest deviation 0.048 Hz 
4 J m H 2 v H 2  2.118(3) Peaks observed 5 3  
4 J m H 3 . H 3  2.468(3) Transitions calculated§ 128 
5 J ~ H . H  0.461(3) Peaks assigned 126 

*In Hz at 100 MHz to low field of internal TMS. 
t I n  Hz. 
XThe numbers in parentheses give the standard deviations in the last place. 
§Above a relative intensity of 0.01 of the most intense peaks. 
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electronegativity of the halogen atom implies 
6 ~ p H , C H 2  = - 1.14 + 0.02 HZ when 0 = 90". 
Then (sin2 0) = 0.40 1.14 = 0.35 0.02. The 
reduced moment of inertia of 3,5-dichlorobenzyl 
chloride is 1.43 X g cmz and the hindered 
rotor treatment yields the barrier to internal 
rotation as 2.1 i 0.4 kca1:mol. 

(ii) Qual1j5cutions 
The treatment in ( i )  assumes that 4 is the low 

energy form and that the barrier to internal 
rotation is twofold, displaying a maximum in 5. 

This assumption appears reasonable in vie\v of 
the probable steric repulsion between the C-C1 
bond and an ortho C-H bond of the aromatic 
ring in 5. 

An alternative approach, based on Raman 
depolarization (12) and Kerr constant data (13), 
assumes 6 as the low energy form2. If the barrier 
is high, say 3 kcal mol or greater, then - 0.40 Hz 
= (0.75 + 0)i2 X 6 J p  (0 = 90') and therefore 

6Jp  (0 = 90') is - 1.07 Hz, a value which is not 
absurd. However, if the barrier is considerably 
smaller, the observed 6 J p  will tend towards 
- 1.07,/2 = -0.53 Hz. It follows that 6 is the 
low-energy form only if the barrier is large or if 
'jJP (0 = 90") is considerably smaller in magni- 
tude than -0.80 Hz, a value considered as un- 
reasonable in view of the spectral and molecular 
orbital data for benzyl fluoride (1). 

Similar remarks apply if 5 is the low-energy 
form. 

(iii) Molecular Orbital Calculations 
These were performed in order to confirm 4 

as the correct ground state. The MIND013 
computation on benzyl chloride, after optimiza- 
tion of the bond lengths and bond angles in the 
C-CH2C1 fragment, gave the relative energies 

2 0 n  the other hand, a more recent discussion of infrared 
and Raman spectra of 4-fluorobenzyl chloride (136) 
appears to imply the presence of 4, 5, and 6. 

of 4, 5, and 6 as 0.00, 6.06, and 1.67 kcal 'mol, 
respectively; in qualitative agreement with the 
deductions above. 

The STO-3G calculations for a standard 
geometry yielded the relative energies as 0.00, 
4.36, and 0 49 kcal mol for 4, 5, and 6. Optim- 
ization of the bond angles, but not of the bond 
 length^,^ in the C-CH2C1 group resulted in 
relative energies of 0.00,2.22, and 0.37 kcal mol. 
The predicted barrier of 2.2 kcal mol happens to 
agree quant~tatively with the barrier deduced 
from the coupling constants. 

The calculated dipole moments of the three 
conformers differed by as little as 0.2 D, imply- 
ing minimal solvation perttlrbations in the low 
dielectric constant medium. 

It may be noted that 6, suggested as the low- 
energy form on the basis of Raman depolariza- 
tion data (12), is calculated to lie only 0.37 
kcall mol above 4. Classically speaking, at 305 K 
the population of 6 is about half as large as that 
of 4, perhaps accounting for the Raman phe- 
nomena. Of course, the energy difference is so 
small that a classical interpretation becomes 
ambiguous. 

The STO-3G calculations indicate an increase 
in the C-C-C1 angle of 2" between 4 and 5, 
suggesting steric repulsion between the C-C1 
bond and the C-H bond of the ring as an 
important contribution to the barrier. 

3. The Barriers in Benzyl Bror?~icle and Iodide 
Derivatives 

The 6 ~ p H s C H 2  values of -0.32 and -0.31 Hz, 
respectively, for 3,5-dichlorobenzyl bromide and 
iodide are only consistent with a relatively large 
barrier to internal rotation, 2 3  kcal 11101; 2 and 
7 being the low energy forms. For, if 6 J p  (0 = 

90") is not snlaller in magnitude than 1.14 Hz, 

as argued for the benzyl chloride, this conclusion 
must follow. However, the hindered rotor treat- 
ment at 32 "C shows that (sinz 0) values become 
relatively insensitive to the barrier at such barrier 
values and an actual value cannot be ascertained. 

3The cpu time for one optimization was as large as 3 h. 
so that more extensive calculations become too expensive. 
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A semiempirical estimate can be made in a 
manner described below. 

The previous estimate of the barrier in 
p-methylbenzpl bromide (2) was based on an 
incorrect value for 6 ~ p H 1 " H 2  (0 = 90') of -0.84 
Hz (see next section) and is unreasonably low. 
Note, however, that 7J7CHz,CH3 is +0.34 Hz in 
this compound, thereby confirming the C-a 
electron mechanism (14) for 6JpH,C"2 in a benzyl 
bromide and hence affirming the sin2 0 depend- 
ence of the latter coupling. 

4. Tlze Ar?ornulolr~ 6JT,H3C"2 In 2,6- Dichloro 
Con~po iincls 

As discussed previously for benzyl fluoride, 
the low values of 6J,H1CH2 - -0.2 Hz for the 

8 

X = F. CI. Br. I 

conformations 8. having a high barrier to internal 
rotation (15), most likely arise from a hyper- 
conjugative interaction of the C-X bond with 
the a electron system in the aromatic ring (1). 
For  the benzyl chloride, the MINDO/3 optimi- 
zation procedures gave 91.7" for the C-C-Cl 
angle for the conformation analogous to 8, 
suggesting a hypercon.jugative stabilization of 
this small angle. As a result the methylene pro- 
tons move towards the nodal plane of the a 
electrons, the C-C-H angle becoming 123. lo  
and reducing 6J, below the magnitude expected 
for tetrahedral bond angles at  the methylene 
carbon atom. Photoelectron spectra (16), elec- 
tron spin resonance data (17), as well as EHMO 
calculations (IS), are consistent with such a 
hyperconjugative interaction in the benzyl 
halides. 

Were the value of -0.21 Hz in 2,6-dichloro- 
benzyl bromide unmodified by such stabilization, 
69pH*"H2 (0 = 90') would be -0.84 Hz. This 
assumption led to an underestimate of the barrier 
to internal rotation in p-methylbenzyl bromide 
(2). 

On the other hand, the angle optimized 
§TO-36 geometry for benzyl chloride yields 
113" for the C-C-C1 angle and 110.6" for the 
C-C-H angle in 4, in disagreement with the 

TABLE 2. Long-range splil-spin coupl~ng constants* 
between metliylene protons and rlng protonc In come 
derlvatlves of toluene and benzyl chlorrde. bromlde. 

and lodlde 

Derlvatlve 4 J H C H 2  5 J ,a,CH2 6J H.CH2 

a,2,6-tr1 CI - 0 35 -0 20 
(10 w/w' ,  CS:) 

0.3.5-tr~ Cl -0 52 -- -0 40 
(5 mol' , C6D6) 

a,2,4-trl Cl -0.49 0.34 - 

(LOmol', C6D6) 0.34 

a.2,3-trl CI 0 49 0.29 -0.35 
(10 mol' , CS2) 

a.3,4-tr1 C1 -0.53(H2) 0.28 - 
(10 mol' , CS2) -0 54(H6) 

a-Br-2,6-dl Cl - 0.36 -0 21 
(10 mol' , C6D6) 

a-Br-3,5-dl C1 -0.44 - 0 . 3 2  
(10 mol' , C6D6) 

a-Br-4-NO2 -0.42 0.26 - 

(8 molf , acetone) 

a-I-2,6-dl C1 - 0.39 -0.24 
(10 m0lcc C6D6) 

a-I-3.5-dl C1 0 40 -- -0.31 
(1 5 tTIolf, C6D6) 

CH3, 2,6-dl CI - 0.38 -0 63 
( 5  molf, CS2) 

CH3, 3.5-dl C1 -0.72 -- -0.60 
(3 m01' , C6D6) 

*In Hz, accurate to 0.02 Hz, sometimes to 0.01 Hz. 

preceding explanation. However, an optimiza- 
tion of bond lengths alzd angles in 8 itself might 
well provide support for such an explanation. 
Thus, in 4 the hydrogen atoms in the C-H bonds 
of the CH2C1 group carry a positive charge of 
0.1 electron units and the chlorine atom a nega- 
tive charge of 0.17 units. On the assumption that 
ring C-Cl bonds are similarly polarized in 8, 
electrostatic attractions will tend to increase the 
C-C-H angle towards 120". 

5. An Estimate of the Burrier in Benzyl Bromide 
urzrl Iodide Basecl on 4 ~ 0 H  FH2 

In Fig. 1, 4~ , ,H ,CH2  in 3,5-dihalobenzyl-X com- 
pounds (Table 2) is plotted us. the barrier to 
internal rotation obtained from the hindered 
rotor treatment. For X = F  and CH3 the data 
are taken from refs. 1 and 20. The barrier in 
toluene is 0.014 kcal'mol (21) and is taken as 
that in 3,5-dichlorotoluene. The arrows represent 
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FIG. 1. The coupling constant over four bonds. 
4 J o H ~ c H ~ ,  between side-chain protons and ring protons in 
a number of 3.5-dichlorobenzyl derivatives is plotted cs. 
the barrier to internal rotation, as determined by methods 
described in the text. 

the barriers of 3.1 and 3.6 kca1;'mol for benzyl 
bromide and benzyl iodide, respectively. 

INDO-MO calculations of 4J,C"3-13 in toluene 
(14) indicate a predominant CT-a contribution 
(depending on sinZ 0 in the manner of 6JpCH3*H);  

modified, however, by a CT electron contribution 
which skews the angle dependence and, in par- 
ticular, has substantial magnitudes at 0 = 0' and 
180" (C-H bond in aromatic plane). Conse- 
quently, although the rough relationship in 
Fig. 1 is plausible, the finite CT electron contribu- 
tion to V o H l C H 2  entails unknown errors in any 
hindered rotor model applied to this coupling. 

If the n electron contribution were zero, then 
-0.72 Hz in the toluene would represent half of 
4J  (0 = 90') because (sin2 0) is one-half for a 
negligible barrier. Conformations 2 and 7 cor- 
respond to a (sin2 0) of 0.25 for a large barrier 
and therefore the minimum value of 4J would 
be - 1.44,4 = - 0.38 Hz, just smaller in magni- 
tude than the observed value for benzyl iodide 
(iodine having a relatively low electronegativity). 
An average CT electron component could be sub- 
tracted, in which case the relationship observed 
in F i g  1 is certainly less than absurd. Further- 
more, note that the 6 J p H C H 2  values for benzyl 

bromide ar?d iodide are entirely consistent with 
the barrier values indicated in Fig. 1.  

6. S~ibsrituent E f e c  fs on Long-rrmge Couplings 
It is evident from the data in Tables 4 and 2 

that substituents meta or para to the CM2X 
group cause very minor changes in the long- 
range coupling constants of interest. For ex- 
ample, 4J,H,C"2 is -- 0.40 HZ in both 4-nitro- and 
in 3,5-dichlorobenzyl iodide. The presence of 
substituents, other than those placed ortho to 
the CH2X group, is an advantage because more 
precise spectral analyses are then possible. The 
accuracy of the small couplings is therefore 
higher. 

Conclusions 
The benzyl halides adopt low-energy con- 

formations in which the C-halogen bond either 
lies in a plane perpendicular to the aromatic 
plane (CI, Br, 1) or in the aromatic plane (F). 
The conformation in which the C-halogen bond 
lies in a plane at  60" to the aromatic plane has an 
intermediate energy, comparable to kT at 
ambient temperatures. The twofold barrier to 
internal rotation rises from about 0.25 kca1,'mol 
for benzyl fluoride to about 2.1 kca1,'mol in 
benzyl chloride and is very likely greater than 
3 kcal/mol in benzyl bromide and benzyl iodide. 

The derivation of barrier heights in solution 
based on nuclear spin-spin couplings over six 
bonds is reasonably reliable for barriers lying 
between about 0.2 and 2 kcal, mol. The coupling 
over four bonds gives an indication of whether 
the internal barrier is very small or relatively 
large and may prove useful for compounds more 
complex than those considered here. 
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A proton magnetic resonance and molecular orbital study sf the 
ssmforma~onal preferences of the vinygc fragment in same 

2-vinylfurans and in 2-vinylthiopheane 
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WILLIAM J. E. PAKR, RODERICK E. WASYLISHEN, and TED SCHAEFER. Can. J. Chem. 54. 3216 
(1976). 

The stereospecific spin-spin coupling constants over five bonds between the a-proton in the 
side chain and the protons in the heterocycle in 2-vinylfuran, in its @-nitro and @-aldehydic 
derivatives, and in 2-vinylthiophene are used to demonstrate the preponderance of the s-trans 
conformers in polar and nonpolar solutions. These conclusions are compared with predictions 
made by niolecular orbital theory at  the STO-3G, INDO, CNDO/Z, and MIND013 levels. 
Long-range coupling constants between the protons in the side chain and protons in the hetero- 
cycle are calculated by CNDO,'2 and INDO-MO-FPT and are compared with experiment. It is 
concluded that the five-bond couplings involving the a-proton are most sensitive to conforma- 
tion and that they are transmitted mainly via a u electron mechanism. The other long-range 
coupling constants are discussed in terms of u and T electron n~echanisn~s. The STO-3G 
calculations yield barriers to internal rotation of greater than 4.8 kcal/mol. 

WILLIAM J. E. PARR, RODERICK E. WASYLISHEN et TED SCHAEFER. Can. J. Chem. 54, 3216 
(1976). 

Afin de demontrer la predominance des conformkres s-trnrls dans des solvants polaires et non 
polaires, on fait appel aux constantes de couplage spin-spin stereospCcifiques B travers cinq 
liaisons entre les protons a de la chaine IatCrale et les protons du vinyl-2 furanne et de ses 
derivCs p-nitro. d-aldehyde, et du vinyl-2 thiophkne. On compare ces conclusions avec les pre- 
dictions faites par des calculs thioriques d'orbitales mol6culaires aux niveaux STO-3G, INDO, 
CNDO12 et MINDO/3. On a calculC les constantes de couplage a longue distance entre les 
protons de la chaine laterale et les protons des hCterocycles a I'aide des mCthodes CND0,'2 et 
INDO-.MO-FPT et on les a comparees avec les resultats experimentaux. On en conclut que les 
couplages a travers cinq liaisons impliquant le proton a sont les plus sensibles aux effets de con- 
formation et qu'ils sont transmis par I'intermCdiaire d'un mecanisnie electronique U .  On discute 
des autres constantes de couplage longue distance en termes de mCcanisn~es Clectroniques u et 
T .  Les calculs STO-3G prkdisent des barrikes a la rotation interne qui sont plus grandes que 
4.8 kcal/mol. 

[Traduit par le journal] 

Introduction 13). It has also been discussed for benzofurans 

The five bond spin-spin coupling constant, 5J, 
between side-chain protons and ring protons in 
aromatic compounds is k n o ~ n  to be highly 
stereospecific (1-7), and to be transmitted mainly 
via a a electron mechanism (2, 8) when the bonds 
containing the protons lie in the aromatic 
plane. The coupling has been used to deduce the 
preferred conformation of side-chain substitu- 
ents in benzaldehydes (2), phenols (7), styrenes 
(41, vinylpyridines (91, and in a number of furan 
derivatives substituted at  the 2-position (1, 10- 

1Postdoctoral Fellow, 1974-1976. 
2Present Address, Chemistry Department, University of 

Winnipeg, Winnipeg, Manitoba. 

and benzothiophenes (14-16). 
In this paper, the stereospecificity of 5J, 

together with the results of molecular orbital 
calculations at both the nb initio (STO-36) and 
semiempirical (MIND0,'3, CNDO/2, INDO) 
levels of molecular orbital theory is used to find 
the preferred conformation of the vinylic side 
chain in several 2-vinylfuran derivatives and in 
2-vinylthiophene. In addition, the mechanisms 
by which the various long-range couplings in 
these compounds are transmitted are discussed 
in the light of a comparison of the experimental 
values with those predicted by finite-perturba- 
tion calculations at  the INDO and CNDO/2 
levels. 
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s-cis s-trans 

1 2 
X = O ; Y = H ,  

Y = CHO 
Y = NO2 

X = S ;  Y = H ,  

The numbering scheme is shown in 1 and 2. 
A third conformer in which the X-C-C-Ha 
dihedral angle is 90" will be referred to as the 
s-90 conformer. If Y = CHO or NO2, these 
fragments are taken as coplanar with the carbon- 
carbon double bond. The aldehydic proton in 
2-furanacrolein is considered to be cis to H,, in 
line with the available information on other 
trans-substituted acroleins (16b). 

Experimental 
2-Vinylthiophene and 2-vinylfuran were prepared 

according to the literature (l6c), and the other compounds 
were of comlnercial origin. Samples containing a little 
tetran~ethylsilane (TMS) were made up to the required 
concentratio~ls and were degassed by the freeze-pump- 
thaw technique. 

Proton magnetic resonance spectra were obtained on a 
Varian HA-IOOD spectrometer operating in the fre- 
quency-sweep mode; sweep widths of 1 Hz;cm, together 
with sweep rates of 0.02 Hzls were employed. Appro- 
priate double irradiation experiments were used to obtain 

the relative signs of the long-range coupling constants. 
The probe temperature was 32 "C (305 K). 

Molecular orbital calculations at the STO-3G (17), 
MlNDO:'3 (18), CND0,/2. and INDO-MO-FPT (19) 
levels were performed on an IBM 370/158 system. Ring 
geometries used in these calculations were taken from 
microwave data (20, 21). whilst standard geometries (22) 
were used for the vinylic fragments. 

Results and Discussion 
I. Spectral Anal~>ses 

All spectra were analysed with the aid of the 
computer program LAME (23). The final chemi- 
cal shifts and coupling constants are listed in 
Tables 1 and 2. 

The spectrum of 2-vinylthiophene was strongly 
second-order in nature and the experimental 
spectrum of this compound in benzene-&, 
together with the simulated spectrum, is illus- 
trated in Fig. 1. The rms error for this simulation 
was 0.017 Hz and the largest standard deviation 
in a parameter set was 0.008 Hz. In the computer 
fit, only Jm3 was set negative. Because Jp5 and,/or 
Jy5 could possibly be negative also, simulations 
were performed with negative values for these 
couplings and are shown in Fig. 1. Inspection 
of the region at  which H5 resonates clearly 
shows that neither Jps nor Jy5 can be negative, 
although the complex nature of the spectrum 
prevented further confirmation by suitable 
double resonance experirnents. The sign of Jg4 
could not be determined. 

The ring couplings and vinylic couplings in 
these compounds were assumed positive in all 
cases, and the relative signs of the long-range 

TABLE 1.  Spin-spin coupling constants in Hz" between olefinic and ring protons in 
furan and thiophene derivatives 

2-V~nylfuran 3-N~trovinylfuran 2-Furanacrolein 2-Vlnylth~ophene 

CSPt (CD3)2C=0 CS2 (CD3)2C=0 CS2 (CD3)2C=O C6D6 (CD3)2C-0 
Parameter (20' c) (20';) (2%) (10'r) (10' L )  (24';) (20';) (30'~) 

"Estimated accuracy is 0.02 Hz, standard errors normally lying below 0.01 Hz. 
tconcentrations are given in mol%. 
$The labelling follows 1 and 2 in the text. 
$These refer to coupling of the aldehydic proton. 
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t t t f 
H5 n, H 4  Ha 

Frc. 1. The proton magnetic resonance spectrum at 100 MHz of a 20 molc, solution of 2-vinyl- 
thiophene in benzene-(I6. omitting the resonance pealts of two oiefinic protons, is shown in A. In B the 
calculated spectrum is displayed for the signs of coupling constants given ill Table 1, In C other 
possible sign combinations yield the calculated spectra in the region near the chemical shift of Hg. 

couplings were extracted on this basis by suitable 
double resonance experiments on $-nitrovinyl- 
furan and 2-vinylfuran. The vinylic protons in 
/3-nitrovinylfuran gave spectral lines ~ h i c h  were 
considerably broadened, presumably by incon?- 
pletely relaxed coupling to the nitrogen quadru- 
pole. The spectral parameters for the four 
compounds are given in Tables 1 and 2. The 
proton spectrum of @-nitroviny!furan has been 
reported (24). The signs of the long-range 
couplings were not given but the magnitudes 
agree with the data in Table 1 except for 4J,3. 

2. Calc~ilatecl Burriers to Rotation 
For all four conipounds, the STO-36 results in 

Table 3 indicate a substantial barrier to rotation 
about the carbon-carbon single bond, the s-90 
conformation being less stable by 4.5 to 8.4 
kcal mol. The energy difference between the two 
planar confor~nations in a given compound, 
however, is predicted to be quite small (< 1.0 
kcal 'mol), suggesting that both conformers are 
appreciably populated at 305 K. The s-trans 
conformation is calculated as more stable. 

In styrene ST0-3G gives the rotational barrier 
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TABLE 2. Other spectral parameters in furan and thiophene derivatives 

2-Viny lfuran 8-Nitrovinylfuran 2-F~~ranacrolein 2-Vinylthiophene 
- 

Parameter CS2 (CD3)2C-0 CS2 (CD3)2C-0 CS: (CD3)2C==O C6D6 (CD3):C=0 
- 

ye* 638.70 651.99 766.0 790.0 714.17 742.95 659.75 682.98 
Yo 557.02 560.58 736.69 756.58 643.81 651.12 547.59 552.56 
" Y  504.76 510.12 .- - 952.96 964.93 491.33 508.69 
"3 610.54 G29.95 681.29 715.07 670.17 694.63 669.99 700.15 
"4 622.90 636.74 653 .44 667.02 646.42 661.47 666.19 694.34 
~5 719.74 710.69 752.89 779.75 750.41 774.10 676.12 723.38 
3J,n 17.49 17.57 13.26 13.30 15.68 15.74 17.36 17.41 
3Jap  11.28 11 .32 - - -0.16.t -0.17t 10.85 10.89 
?Joy 1.47 1.52 -- - 7.70i  7.88P 0.80 0.85 
3J34 3.29 3 .32 3.48 3.55 3.46 3.47 3.54 3.53 
J45 1.82 1.87 1.82 1.83 1.80 1.83 5 .09 5.11 

$33 5 0.80 0.78 0 .72 0.72 0 .74 0.72 1.18 1.19 

'In Hz at 100 MHz to low field of internai TMS, concentrations as in Table 1. 
?These are couplings to the aldehydic proton. 

TABLE 3. Computed conformational energies and dipole rnorllents 

STO-3G INDO CNDO /2 MIND0/3  -- 
E M E M E P E P 

Compound (kcalmol)  (D) (kcalmol)  (D) (kcal/mol) (D) ( k ~ a l ~ r n o l )  (D) 

2-Vinylfuran 
S-~I'UIIS 
s-cis 
S-90 

p-Nitrovinylfuran 
S-iI'CIt2S 

s-cis 
S-90 

2-Furanacrolein* 
S - I ~ U I I S  

s-cis 
s-90 

2-Yinylthiophene 
s- trans 
s-cis 
s-90 

'C=O trans to olefinic C=C, other conforinatio~ls defined in 1 and 2 of the text 

as  1.9 kcal,'mol, (25) in good agreement with a 
recent measurement (26), suggesting that calcu- 
lations a t  the STO-3G level give reasonably 
reliable estimates of the rotational barriers in 
vinylic compounds. The relative energies of the 
two planar conformations are computed to  be 
similar to  those reported for vinylpyridines (9) 
and for substituted styrenes (4). STO-36 pre- 
dicts the rotational barrier to  increase in 2- 
vinylfuran derivatives as the electron-withdraw- 
ing power of substituent Y increases, understand- 
able in terms of a corresponding increase in con- 

jugation available in the planar conformations 
oniy. 

INDO calculations predict that rotational 
barriers in the vinylf~rans are rather smaller 
than those given at the nb initio level, but concur 
in finding only small energy, differences between 
s-cis and s-trnrzs conformations. Unfortunately, 
the s-cis conformers of 2-furanacrolein and P- 
nitrovinylfuran are predicted to  be a little more 
stable than the s-trans conformers; not com- 
patible with the observed stereospecific five-bond 
coupling constants (see below). This apparent 
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TABLE 5.  Calculated and estimated percentage of the rr.otI5 form 

Experimental 

Compound STO-3G lNDO CNDO,!? MIND0,'3 A* t 

2-Vinylfi~ran 7 3 44 5 7 3 65 57 
8-Nitrovinylfi~ran 8 3 63 65 17 70 63 
2-Furanacrolein 7 1 3 7 52 4 66 59 
2-Vinylthiophene 64 - 80 76 80 77(74)j 

"Based o n  the magnitudes of 5J,4 and 5J, ,  and on the assumption that J,42 and J,,' are zero and that 
J,dl = J,? S u p r s c r ~ p t s  refer to structures 1 and 2 in the text. 

tBased on the assumptloni a b o ~ e  u!th the diflerence that Ja4' = 0.75Ja12.  
:As before but J,,' = 0.61J, .2 .  

failure of the INDO method is similar to that 
reported for 2-pyridinealdehydes (27) and for 
2-furanaldoximes (13). 

The results of single geometry MINDO,'3 
calculations are not encouraging. Not only are 
the s-cis conformers of the 2-vinylfurans pre- 
dicted as more stable than the s-trans, but the 
energy difference between the two planar forms 
is indicated as !arge while the overall barrier to 
rotation is computed as relatively low. The choice 
of the s-90 conformer of 2-vinylfuran (by 
MINDO:3) and that of the s-90 conformer of 
2-vinylthiophene (by CNDO), as the most stable 
appears incorrect and is similar to other failures 
involving these methods (281, in which non- 
planar forms have been favored in conjugated 
systems. 

3. Confor~~?citionai Populations 
(a )  lnseizsiticit~~ to Solrjenl 
The long-range couplings in Table 1 are in- 

sensitive to the polarity of the solvent, e.g., 5J,4 
and SJ,5 are the same in CS2 and acetone solu- 
tions. These coupling constants are expected 
and calculated (Tabie 4) to be highly stereo- 
specific. Apparently the populations of 1 and % 
are negligibly dependent on the dielectric con- 
stant of the medium, implying that the relative 
populations will be closely the same in the gas 
phase. In terms of Abraham's solvation theory 
(291, the dipole and electric quadrupolt: moments 
of the s-cis and s-trcins conformers must therefore 
differ very little. The calculated dipole moments 
in Table 3 do indeed display a relatively small 
dependence on conformation, in generaL3 The 
insensitivity to solvent observed for the present 

3A prediction. based orL d~pole  moment measurements, 
that p-nitrovinylfuran exists predominantly in the s-trrrr1.i 
form (30) has only a tenuous basis in terms of the cal- 
culated dipole moments in Table 3. 

compounds contrasts sharply with the behaviour 
of 2-furanaldehyde (1 I), which displays widely 
different conformational populations in solvents 
of different dielectric constant. 

The insensitivity to solvent of the conforma- 
tional populations indicates that a comparison 
of experimental deductions of the populations 
(based on the data in Table 1) with molecular 
orbital calculations on the isolated molecules is 
appropriate. The following discussion assumes 
the validity of such comparisons. 

(b) Pop~llations Bused on Ja4 and J,, 
In view of the reiatively large rotational bar- 

riers calculated by STO-36, the population of 
the s-90 conformer is likely negligible at 305 K. 
Furthermore, the large barriers dictate small 
torsion amplitudes about the C-C bond con- 
necting the fragments. Under these conditions 
the molecules approximate to two rapidly inter- 
converting forms, 1 and 2. 

In styrene derivatives (4) 5 J ,  is highly stereo- 
specific and calculations (31) of 5 J ,  by INDO 
and CNDO, 2 methods show that the latter 
method is most reliable for this coupling con- 
stant. In Table 4, the CNDO,'2 results suggest 
that .J,4* and JmS1 are effectively z e r o 5 n d  that 
Jm4% = J,,2.  On that assumption, the observed 
sums of /,, and J , ,  in Table 1 yield the percent- 
age of irons populations given in Table 5 ,  where 
the MO predictions are also found. For example, 
in 2-vinylfuran So4 + Ja5 = 0.68 Hz and hence 
one has 0.441"0.68 or 65% trans form. 

On the other hand, in 2-furanaldehyde, 
admittedly a different bonding situation, J,42 
and Ja51 evidently vanish ( 1 1 )  but Ja4% = 
0.75J,52. If these conditions are taken as an 
extreme possibility for the vinyl compounds in 
Table 1, it follows that the percentage of iruns = 

4Superscripts refer to structures 1 and 2. 
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(75Jm5,'Ja4),'(1 + 0.75Ja5/Ja4). In Table 5 it can 
then be seen that the trans form is still pre- 
ponderant. 

For  2-vinylthiophene the CNDO-2 calcuia- 
tions suggest J,," 0.6iJ,,2. In that event, the 
abundance of the trans form becomes 74y0. On 
the other hand, in Senzothiophene (161, the 
coupling analogous to Ja51 is 0.03 k 0.31 HZ 
while that analogous to J,,I is 0.84 $- 0.01 I-Hz. 
The sum of these two couplings is equal 2 0  the 
sum of J,, and J,, in Table 1, siiggssting that 
the abundance of the trcrm form is nearer to 
80% (see Table 5). 

The mean value of the estimates in Table 5 
can be compared with the theoretical predictions 
of the percentage of t r m s  form. Both STO-3G 
and CNDO 2 are consistent in predicting the 
observed predonlinance of the trarts form for 
the four cornpo~ands, the somewhat Setter agree- 
ment indicated for CNDQ 2 being marred by 
the unlikely prediction that the s-90 form con- 
tributes substantially to the conformational 
equilibrium of 2-vinylthiophene. 

The apparent success of MINDO; 3 in predict- 
ing the amount of trnns conformer for 2-vinyl- 
tbiophene is vitiated by its prediction that the 
s-90 is the other abundant conformer (see Table 
31, so that s-cis is negligibly populated at 305 K. 
Such a situation is intuitively unlikely and is 
contraindicated by the observed (Table 1) and 
calculated (Table 4) values of sJcl,, and 5Ja5. 

The dominance of the trans forel for the 
sulfur conipound is similer to that found for 
2-thiophenealdehydee (33j which also exists pre- 
dominantly in the .rrrii~.; form. 

Finally, it may be noted that the predictions 
based on the MO theories, which calculate 
internal energies, can only be directly compared 
with the experimental estimates, which approxi- 
mate to free er?ergy differences, if the entropy 
and volume difr'erences betweerr the conforl~ers 
are zero. III oilr opinion the uncertainties in 
theory and experiment are s~ich that the latter 
differences can be ignored in the investigation 
described in this paper. 

4. Other Long-range Go~cpling~ 
As already indicated, the s t ro~giy stereo- 

specific five-bond couplings, J,, and JC4? are 
best reproduced by CNDO 2 calculat~ons, im- 
plying (91) that they arise from a a electron 
rnechmisrn. The INDO parameterization in- 

cludes one-centre exchange integrals and allows 
for T- electrorl contributions to the couplings. 
However, as pointed out by Peat and Reynolds 
(3 I), the difference between the values calculated 
by the two methods does not necessarily repre- 
sent the calculated T- electron contributions, 
because INDO may well give a different magni- 
tude for the u electroneffects than does GNDO/'2. 
Furthermore, INUO may well overestimate the 
T- electriij: contributions in systems of this kind 
(31). Accordingly, only a brief discussion is 
eiven of these coapling constants. 
L 2  

(a) %Ire Forir-bond Cozcpling, Jm3 
Both types of calculations indicate a smal! 

difference in the magnitudes for 4J,3 in the two 
planar forms and therefore suggest that 4J,3 
is not a good measure of conformational 
populations. 

(b) The Five-bond Coupjings, J o j  and Jy3 
CNDO, 2 predicts near zero values for' all 

conformations, whereas INDO predicts values 
only 0.1 I-im larger than observed. Furthermore, 
5J0, is apparently insensitive to conformation. 
Similar remarks apply to 5J,3. In 1,3-butadiene 
derivatives, analogous coupl~ngs over five bonds 
are apparently also dominated by a n electron 
mechanism (32). 

(c) (jJp4 and 6J,4 
6J,4 is positive and, in the s-trixs form, the 

coupled protons are situated at  the ends of an 
all-trmzs arrangement of intervening bonds. 
Fol?owing an interpretation of an analogous 
coupliilg in a styrene derivative (41, is 
attributed to a a electron mechanism. The 
CNDe),'2 caicuiations, when weighted by the 
confor~?iational populations estimated from 5JG4 
and 5J,5 ,  yieid 0.16 Hz in 2-vinylf~uran (observed 
value is 0.15 Hz) and 0.3 1 Hz in 2-vinylthio- 
phene (observed value is 0.25 Hz). 6904 is calcu- 
lated 2s less than 0.1 Hz in all conformations 
by CNDQ 2, in apparent agreement with experi- 
ment (see Tables I and 4). 

(61) 6s7Jp5 and 6,4J,5 
In 2-vinylfuran, comparison of the CNDO/2 

and iNDO predictions of J,, implies the absence 
of a a electron mechanism and, because Jg5 is 
positive, that it is transmitted via a seven-bond 
route over the ring carbon skeleton and not via 
a six-boiid route involving the oxygen atom. 
For Jafj an additioilal stereospecific B electron 
contributisa: via an all-trans arrangement of 
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~ntervenlng bonds, including C-0 bonds, is 
indicated by both types of calculat~on. 

The somewhat larger value of J,5 than of Jg5  
observed for 2-vinylth~ophene, together ulth the 
doin~nance of the s-trans form. may mply  that 
the sulfur atom 1s more eflic~ent than the oxygen 
atom In transmitting spln state information for 
the all-trans arrangement of the lntervenrng 
bonds In the s-tram form. The CN130'2 values 
in Tab12 4 miply the same conclusion 
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PI-CHANG KONG, DANIEL IYAMUKERIYE, and F. D. ROCHON. Can J. Chem. 54, 3224 (1976). 
The reaction between cis-[Pt(DMSO)zC12j and pyridine, picoline, and lutidine has been 

studied by nmr techniques. The results obtained with 4-picoline are discussed. irat1s-[P:(4-pic)- 
(DMSO)C12] is first formed and then isomerizes to a mixture of cis- and iratls-isomers. 

An effective method to prepare cis-isomers has been derived from this study. The advantages of 
the new method are discussed. 

PI-CHAKG KONG, DANIEL IYAMUREMYE et F. D. ROCHON. Can. J. Chem. 54, 3224 (1976). 
La reaction entre cis-[Pt(DMSO)zCl2] et la pyridine, picoline et lutidine, a CtC CtudiCe par 

resonance magnetique nucliaire. Les rCsultats obtenus avec la picoline-4 sont discutCs. Le 
composi trnns-[Pt(DMSO)(pi~-4)C12] est d'abord forme. I1 y a ensuite isomerisation en un 
melange d'isomeres cis et trans. 

Une mCthode efficace pour prCparer des isombes cis a CtC mise au point. Les avantages de cette 
nouvelle mCthode sont discutCs. 

Introduction 

Nucleosides (Nuc) can displace dimethylsul- 
phoxide (DMSO) rather than the chlorine atoms, 
from cis-[Pt(DI~lS0)~Cl~] in DMSC! solution to 
form first trans-[Pt(DMSO)(Nucfl2], which 
then isomerizes to the cis-compound (1). This 
lability of the DMSO group, which is co- 
ordinated to platinum through the sulphur atom, 
is quite surprising and led us to a parallel study 
of the reaction with pyridine derivatives. Trcins- 
and cis-analogous compounds of pyridine deriv- 
atives have already been prepared (2, 5). The 
study of the reaction of ~~S- [P~(DMSC!)~C~ , I  with 
these bases and of the cis-trans isomerization 
thus becomes straightforward. An effective 
method to prepare cis-isomers was derived from 
this study. 

We have used nrnr techniques to identify each 
compound formed in the system of cis-[Pt- 
(DMS0)2C12] and pyridines. Here we discuss the 
resuits of this study, and the advantages of the 
new method for preparing the cis-isomers. 

Experimental Section 
~is-[Pt(DMS0)~Cl.j was prepared according lo the 

rnethod described by Wayland and co-workers (6) and 

cis-[Pt(DMSO)zBrz] by the method described by Kukush- 
kin-et 01. (3). 

cis-[Pt(DMS0)(4-pic)C12]: 0.047 g of 4-picoline was 
added to a 3 ml DMSO solution of cis-IPt(DMS0)2Clzl 
(0.211 g). The solution was left at room temperature for 2 
days and then 1.5 ml of water was added. Needlelilce 
white crystals appeared after 1 day. The crystals were 
filtered, washed first with water, then with methanol 
(15 mi, in 3 portions), and air-dried. Yield 7557, mp 
178 "C (dec,). Anal. calcd: C 21.97, H 2.99, 1'6 7.33; 
found: C 21.87, 21.75, H 2.90, 2.88, N 7.28. 

All other ccmplexes of the type cis-[Pt(DMSO)(Py)CIz] 
(Py = pyridine, picoline, and lutidine) were prepared in a 
sinliiar way. Anal. calcd. for cis-[Pt(DMSO)(2-pic)Cu, 
rnp 180 'C (dec.), (2-pic = 2-picoline): C 21.97, H 2.99, 
N 7.33. Found: C 22.15, H 2.73, N 7.49. Calcd. for 
cis-[Pt(DMS0)(2,6-Lu)CI2], mp 184 "C (dec.) (2,6-Lu = 
2,6-lutidine): C 23.97, H 3.35, N 7.11; found: C 23.57, 
H 3.21, N 6.88. Anal. caicd. for cis-[Pt(DMS0)(2,6-Lu)- 
Br2], mp 212 "C (dec.): C 20.00, H 2.78; found: C 20.39, 
H 2.91. 

Results and Disesassion 

The reaction between c1s-[Pt(DM%0)~Cl~j and 
pyridine, picoline or lutidine has been studied in 
DMSO solution by nmr techniques. The results 
obtained with 4-picoline are discusssd below. 

The nmr spectrum of 4-picoliae (4-pic) in 
DMSO solutiols is shown on Fig. 1. The signals 
of the ortho-protons appear as a doublet at 8.37 
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shown because of its low sensitivity on com- 
plexation. 

The nmr spectra of trans- and cis-[Pt(DMSO)- 
(4-pic)C12] in fresh DMSO solution are shown 
in Fig. 2 (a) and (b) respectively. The signals of 
the ortho-protons have shifted downfield from 
those of free picoline by 0.15 ppm for the trans- 
isomer and b; 0.39 pp& for th'cis-isomer. Both 
solutions gave, overnight, an identical equilib- 

FIG. 1. Nuclear magnetic resonance spectrum of 
4-picoline in DMSO solution. 

FIG. 2. Nuclear magnetic resonance spectrum of 
(a) trat1s-[Pt(DMS0)(4-pic)Cl~] in fresh DMSO solution, 
(b) cis-[Pt(DMS0)(4-pic)C12] in fresh DMSO solution. 
(c) equilibrium mixture of cis and trans-isomers. 

ppm (6) while the upfield doublet at 7.10 ppm is 
caused by the signals of the ~neta-protons. The 
signal of the methyl group at 2.30 ppm is not 

rium mixture of cis and trans-isomers in nearly 
equal amounts. The spectrum of the mixture is 
shown in Fig. 2(c). 

c i~-[Pt(DM§0)~Cl~] and 4-picoline were mixed 
in a 1 : 1 ratio in DMSO. The nmr spectrum re- 
corded within 20 min was identical to the one 
shown in Fig. 2(n). The spectrum recorded the 
next day was the same as the one shown in Fig. 
2(c). This indicated that a tralzs-compound is 
first formed. The complex then isomerizes to a 
mixture of both isomers. The reaction is there- 
fore as follows. 

Upon addition of water to the mixture of 
isomers, the cis-compound cristallizes out and 
the above equilibrium is shifted to the right. The 
new method for synthesizing cis-compounds is 
based on this fact. Although the trans-isomer is 
first formed upon mixing ~is-[Pt(DM§0)~Cl~] 
and pyridine in DMSO solution, it cannot be 
isolated pure, being contaminated with cis- 
[Pt(DMS0)2C12] or cis-[Pt(DMSO)(Py)C12]. 

The advantages of the proposed method for 
preparing cis-[Pt(DMSO)(Py)C12] are mainly that 
the starting compound ci~-[Pt(DM§0)~Cl~] is 
easily prepared and very stable. The method can 
be used to prepare different compounds by using 
different pyridine derivatives. The final product 
is pure and no further purification is needed. At 
the moment, there are two ways to prepare cis- 
[Pt(DMSO)(Py)CI2] (Py = pyridine and pico- 
line), i.e., (a) the reaction of K[Pt(Py)Cl,] with 
DMSO in water (3); and (b) the heating of 
trans-[Pt(DMSO)(Py)CIz] to its melting point 
(4, 5). K[Pt(Py)C13] is not as easily prepared as 
ci~-[Pt(DMS0)~Cl~l  and it is not very stable in 
water. Heating trans-compounds often causes 
decomposition and the final products need 
further purification. 

It is worth noting that nucleosides, even in 
excess, displace just one molecule of DMSO from 
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C ~ ~ - [ P ~ ( D M S O ) ~ C ~ ~ ]  and that the compound 
truns-[Pt(DMSO)(Nuc)C12] isomerizes complete- 
ly to the cis-isomer (1). But pyridine can displace 
the two DMSO molecules from C~S-[P~(DMSO)~-  
C12] to form ~is-[Pt(Py)~Cl~], and trans-[Pt- 
(DMSO)(Py)C12] isomerizes only partially to the 
cis-isomer. 

cis-[Pt(DMSO)(am)Cld (am = amine) can also 
be prepared by this method, by adding water to a 
DMSO solution of truns-[Pt(DMSO)(am)w. 
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ARCEANA DASGUPTA and NANDA K.  DASGUPTA. Can. J. Chem. 54, 3227 (1976). 
The molecules acenaphthylene, pyracylene, fluoranthene, acefluoranthylene, and indeno- 

[1,2,3-cd]fluoranthene have been studied using the Pariser-Parr-Pople semi-empirical SCF MO 
method with the core resonance integral value developed by Lo and Whitehead and Dewar er a/. 
It has been found that with this core resonance integral value developed for the prediction of 
ground state properties; T* + T spectral transitions can also be predicted with reasonably good 
accuracy and the results are also compared with those calculated by using the core resonance 
integral value proposed by Yamaguchi et a/. The resonance stabilization of acefluoranthylene 
and indeno[l.2,3-cd]fluorantliene has beer, studied. The attachment of a vinyl linkage at  the 1.8 
centres of naphthalene, or similar attachment to anthracene and phenanthrene, reduces the 
resonance energy below that of the parent compounds. The resonance stabilization has been 
predicted for aceanthrylene and acephenanthrylene. 

All the molecules studied here have acenaphthylene moiety and it would be interesting to see 
whether there is any similarity in properties between acenaphthylene and other molecules or 
how the properties change with the introduction of benzene nucleus or ethylinic linkage or both 
in acenaphthylene moiety. 

ARCHANA DASGUPTA et NANDA K.  DASGUPTA. Can. J. Chem. 54, 3227 (1976). 
Les molecules acenaphtylkne, pyracylkne, fluoranthkne; acefluoranthylene et indeno [1.2,3- 

cd] fluoranthkne ont CtC Ctudiees en utilisant la mCthode semi-empirique SCF MO de Pariser, 
Parr et Pople avec la valeur de I'intkgrale de resonance du noyau dCveloppee par Lo et White- 
head et Dewar et n/. On a trouve qu'avec cette valeur de I'integrale de resonance du noyau 
dCveloppCe pour la prediction des propriktes de l'etat fondamental, on peut aussi predire les 
transitions spectrales a* c ir avec une as:ez bonne precision; les resultats sont aussi compares 
a ceux calculks en utilisant la valeur de l'intigrale de rksonance du noyau proposee par Yama- 
guchi et (11. La stabilisation par resonance de l'acefluoranthylene et 19indeno [1,2,3-cd] Ruoran- 
thkne a CtC CtudiCe. Le rattachement d'un lien vinylique aux carbones-1,8 du naphtalkne, ou un 
attachement similaire B I'anthrackne ou au phenanthrkne. reduit I'knergie de resonance en 
dessous de celle des composCs parents. La stabilisation par resonance a CtC prkdite pour l'acCan- 
thrylene et l'ackphenanthry lene. 

Toutes les molCcules CtudiCes dans ce travail ont une partie acinaphtyikne et il serait in- 
tkressant de voir s'il y a une similarit6 quelconque des proprietCs entre l1acCnaphtylkne et d'autres 
molCcules ou de voir comment changent les propriCtCs avec l'introduction d'un noyau ben- 
zenique ou d'un lien CthylCnique ou des deux dans la partie acCnaphtylbne. 

[Traduit par le journal] 

Introduction 
Recently we (1) published the results of calcu- 

lations on some nonbenzenoid hydrocarbons 
utilizing the self-consistent field molecular orbital 
(SCF MO) method. The core resonance integral 
values used there were those of Lo and White- 
head (2) (designated as SCF(a) method), Chung 
and Dewar (3) (designated as SCF(b) method), 
and Dewar and Harget (4a) (designated as 
SCF(c) method). These core resonance integrals 
were proposed to predict the ground state 

1Permanent address: Department of Chemistry, Visva- 
Bharati University, Santiniketan, West Bangal, India. 

2Revision received May 25. 1976. 

properties of the conjugated systems. It was 
observed that using those values of resonance 
integrals not only the ground state properties 
but also the n* -a spectral transitions could 
be predicted with good accuracy for some non- 
benzenoid hydrocarbons (1). Here we would like 
to report the results of our calculations on some 
more nonbenzenoid hydrocarbons such as 
acenaphthylene 1, pyracylene 2, fluoranthene 3, 
acefluoranthylene 4, and indeno[l,2,3-cd] fluoran- 
thene 5 (Fig. 1) in order to see how far the 
predicted spectral transitions could be correlated 
with the experimental ones using the resonance 
integral values suitable for the ground state 
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FIG. 1. Molecules: B acenaphthylene, 2 pyracylene. 
3 fluoranthene, 4 acefluoranthylene, Se indeno[l,2,3-cdJ- 
fluoranthene. (All bonds equal to 1.40 A and all angles in 
the hexagon are 120".) 

properties. For comparison we also performed 
calculations using the "-variable9 technique of 
Yamaguchi e f  al. (5) (designated as SCF(d))  
developed for the prediction of spectra. 

A11 these molecules have been studied earlier 

usingdifferenl sets of parameters. Acenaphthylene 
(6) and fiuoranthene (6) were studied extensively. 
The molecule pyracylene is very interesting. Bt 
obeys Hiickel's (4n + 2) rule and Craig's rule 
(9 of aromaticity. But it was observed by 
DasGupta and DasGupta (8) that the molecule 
is not aromatic and their observation is in good 
agreement with experiment ( I O U ) .  Moreover, 
pjiracylene might be treated as pentalenoid sys- 
tem (91, a perturbed [12] annulene with an 
internal vinyl cross link 4101, or a naphthalene 
unit two vinyl bridges. The molecule has been 
synthesized and the properties have been re- 
ported by Trost el ul. (40a). But according to 
Yamaguchi and Nakajima ( lob)  the molecule 2 
is not pentalenoid. A search in literature has 
revealed that the molecule 4 has not yet been 
synthesized. The molecule 5 has been synthesized 
by Stubbs and Tucker (1 1) and studied theoreti- 
cally by Ray and Sharma (12), Lo and White- 
head (131, and others (6i). The consistent kreat- 
ment of all these niolecules having acenaphihyl- 
ene nucleus is the basis of the present article. 
In this paper we would like to report also the 
effect of ethylinic linkage in naphthalene unit 
on the resonance energy of the molecules. 

Method and Parameter 

The method used here is the Pariser and Parr 
(14) and Pople (15) semiempirical SCF-ASMO 
method. The method is well known and has been 
described elsewhere (16). The mode of evaluation 
of certain integrals and choice of parameters 
were also described in our previous paper (Ib).  

Results a~ad Discussion 

S ~ ~ e c t r a ,  Ionization Energy, and EIectroiz A m i t y  
Table 1 contains exper~mental spectra of the 

molecules (1, 2, 3, and 5) along with the calcu- 
lated a* t n singlet transitions with oscillator 
strengths of all the molecu!es. For comparison 
we have also included other theoretical results. 
The oscillator strengths were calculated using 
the relation (17) 

with 5 is the transition energy in cm-I and p is 
the dipqle length for the corresponding transi- 
tion in A. 

From Tabie 1 it is clear that in all these cases 
the spectral transitions calculated by these 
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TABLE 2. Ioniratiolr potential (eV) and electron affinity (eVj 

Value 

Method Expermental Other w o ~ k  

Parameter Molecule SCF(a)" SCF(h) '  SCF(0 SQIF((l)'t Value Reference Value Reference 

potential 2 
3 

Electron 1 
affinity 2 

3 
4 
5 

8.28 8.02 22 8 .71 ,8 .43  22 
7.91 
7.99 7 .80  22 8 .36 ,8 .04  22 
7 .95  
7.92 8 .94  12  

0.95 0.88: 23 0 .98  2 3 
1.43 I .55 100 
0 .83  0 .63 ,0 .&2  he, 23 0 .92  23 
1.43 
1 .31  1.428 21.25 

*Corrected value-, of ionization potentiai are  given for t l~esc cases. 
TCcrrected values of electron affinity are  given for  this case. 
:Data in the experimental coliimn is relative eiectron affinity in T .H.F .  and  that  i : ~  the last coiumn is predicted electron affinity in gar pilase. 
8 Predicted from the half wave reduction potential deiermined by Bergman (24) .  The half &vc>ve reduction potential of Bergman has been lowered 

b y  0.52 V (25). 

methods are in good agreement with the experi- 
ment, the SGFja) and SCF(b) methods are better 
than SCF(c) and SCF(cl) methods in which case 
there is no transition corresponding to the lowest 
experimental transition. The results are com- 
parable to and in some cases better than other 
theoretical results shown in the table. 

According to ICoopman's theorem 418) the 
highest occupied orbital energy is equal to the 
ionization potential of the molecule. But ioniza- 
tion potentia! calculated in this way is I or 2 eV 
higher than the true value. For SCF(a) and 
SCF(b) methods where the i j  integrals remain 
constant we used Blosr's formula (19) for calcu- 
!sting the ionization potential (IP). For the 
SCF(d) method we used the relation of Kunii and 
Kuroda (20) for the caicuiation of ionization 
potential and electron a6nity (EA). 

Table 2 contains the corrected and uncorrected 
values of ionization potential and electron 
afinity of these molecules along with. the experi- 
mental values where available and other theoreti- 
cal results. Bus results are in good agreement 
with experimental value. Specially with SCF(d) 
method the agreement with the experiment is 
very good. 

Bond Length 
Figure 2 disp!ajs the conlparison of bond 

lengths calcuiated by the diRerent methods. It 
is seen that the predicted bond lengih of Ch-C7 
bond and other similar bonds of ail these mole- 
cules have single bond character and the value 

lies between 1.45 to 1.47 A. An interesting 
feature is seen that when a bond is common to a 
five-membered and six-membered ring the bond 
is larger than an aromatic C-C bond if it is in 
naphthalene moiety and is equal to an aromatic 
C-C bor,d if it is not in naphthalene moiety. 
For the first type the bond length lies between 
1.42 to 1.43 and examples are CI-C6 and 
C1-G9 bonds of acenaphthylene and similar 
bonds of other molecules, Exan~ples of the 
second type are C 7 - C I ~  bond of mo!ecules 3, 
4, 5, and the Ci7-G22 bond of the molecule 5. 
The valu? of the bond length lies between 1.403 
to 1.408 A. But it is found that the same type of 
bond not attached to a six-membered ring (as 
for exampie C7-G8 of acenaphthy!ene, pyra- 
cflene and CI7-Cl 8 bond of acefluorantnylene) 
has a double bond character. The pzedicted bond 
Length lies between 1.351 to 1.358 A. 

Xesonnrzce Stnbilizatiotl 
Resonance stabilization for the ~nolecules 1, 

2, and 3 has been discussed in our previous 
papers (8). Calculated heats of atomization 
(AEf, ) ,  and T bond energies for the mo!ecules 4 
and 5 have heen shown in Table 3 along with 
the resonance energy (E,) calculated by the 
methods of Chung and Dewar (31, Lo and 
Whitehead (21, Dewar and de Llano j i l ) ,  and 
Dewar and Harget (4a). An ii~teresting thing is 
noticed that the vinyi linkage in l,8 positions of 
naphthalene moiety reduces the resonance energy 
of the compound. Thus the resonance energy of 
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L,-LL-& L ' a d  ' 34~-2 2-3 3-4 4-5 1-6 5-6 6-7 7-8 1-2 2-3 3j4 i t5  114 5l6 6 - k %  8-9 9-10 7-12 

BOND BOND 

8 _ 

a B B g  

0 " 136 PYRACYLENE - cd]  F:UORANTIIEN<, 

i 
1-2 2-3 3-4 4-5 6-7 7-8 1-2 2-3 3-4 4-5 6-7 7-8 8-9 9-19 7-12 

BOND BOND 

L1-L i 
3?-z 2-3 3-4 4-5 116 514 6i7 Pl10 7Ci2 3118 1;-1, 

BOND 
FIG. 2. Comparison of bond length: SCF(u) or SCF(6) C, SCF(c) A, S@F(6) C. 

TABLE 3. Heats of atorn~zat~on ( A H a ) ,  *-bond energy (E,,): and resonance energy, Ex 
- -. - -- -- 

IFf ,  (eV) Resonance energy (eV) 
E n b  (eV) - 

Molecule Ref. 2* Ref. 4'r Ref. 3; Ref. 2* Ref. 3$ Ref. 215 Ref. 441 

Aceanthrylene 137.831 1.305 

Acephenanthrylene 138.144 1.617 

*Lo and Whitehead method (ref. 2). 
tDewar and Harget method (ref. 4). 
$Chung and Dewar method (ref. 3). 
SDewar and de Llano method (ref. 21). 
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acenaphthylene is less than that of naphthalene. 
Similarly acefluoranthylene has resonance energy 
less than that of Auoranthene. Moreover when 
there is more than one vinyl linkage in the 
naphthalene moiety these is further reduction of 
resonance energy. Thus the resonance energy of 
naphthalene. acenayhthylene, and pyracylene is 
in the order of naphthaie~e > acenaphthylene > 
pyizcylene. Froin the difxerence in ER values of 
naphthalene and acenaphthylene (0.242 eV) and 
Riiora~lthene and acefluoranthylene (0.247 eV), 
using the methcd of flewar and de Llano, we 
find that the effect of vinyl linkage in naphthalene 
is to reduce the resonance energy by 0.245 eV. -. 
I rrus the predicted resonance energy (0.836 eV) 
of pyracylene from acenaphtliylene is in good 
agreement with the ca1cula.ted value (0.767 eV). 
A similar situation is also seen in the case of 
eceanthryiene and acephenanthrylene whose 
resonarice energy is less than those of anthracene 
and phenathrene, respectively. The predicted 
values of resonance energy for aceanthrylene and 
acephenanthrylene are ! .355 and 1.688 eV respec- 
tive:) and they are in good agreement with the 
theoretical results shown i n  Table 3. 

From tile value of resonance energv Der C-C 
C ,  1 

~ O Y I ~  of acefluoranthylene it seems that the 
conipound might be an aromatic one since the 
E,,'C:--C is comparable ec that of acenaph- 
tl:ylene (8). 

The rnolecuie 5 is an  aromatic compound in 
agreement with its value of ER and ERIC-C. 
Huwever, there is a dil-Yererce in the value of 
E2:C--- C of the mo!ecule calculated by us and 
that calculated by Lo and Whitehead (13). The 
difference in the value of E, C-C of the mole- 
crife 5 may be due to the cliffesence in the assump- 
tior: of .initial geometry of the molecule. 

Onc questicn is whether the molecule 5 can 
be treaizd as naphi:halene and two benzene 
nuclei joined by single bonds or a fluoranthene 
moiety and a benzene ring joined by single 
bonds. The resonance energy calculated by 
Dewar et a / .  (21,4a) suggests that the molecule 5 
can be treated as fluoranthene 2nd benzene 
nuclei Joined by single bonds and the best result is 
obtained from an E, value calculated by the 
Dewar and Harget (4a) method. 

Csglclarsion 
In  the %Flu) and SCF(b) methods the P 

integrals have been evaluated considering a 

hypothetical thermocycle. However, in the latter 
method all /3 integrals are of equal value uhere- 
as in the former they depend on the initial bond 
length. Since the fundamental intent of the 
SCF(a), SCF(b), and SCF(c) methods is to 
predict reasonably accurate heats of atomization, 
the charge densities, bond length, T-dipole 
moment, ionization potential, and electron 
affinity predicted by these methods are all con- 
sistent with one another, although the SCF(c) 
method differs from the other two in that the /3 
and some r integrals are recalculated at each 
iteration. It is interesting to note that a method 
(SCF(a) or SCF(b)) which has been parameter- 
ised for ground state properties sho~tld predict 
results better than a method (SCF(d)) which has 
been parameterised to predict spectral transi- 
tions. 
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COLIN H. W. JONES, ROBERT SCHULTZ, WILLIAM R.  MCWHINNIE, and NIGEL S. DANCE. 
Can. J. Chern. 54, 3234 (1976). 

Mossbauer data for a wide range of organotellurium compounds are reported, including 
compounds of the type: R2Te, ArzTe, ArzTe2, R2TeX2, ArzTeXz, and ArTeX3; where R = 

alkyl, Ar = aryl, and X = C1, Br, or 1 .  The isomer shifts and quadrupole splittings are inter- 
preted in terms of the relative populations of the tellurium 5s and 5p orbitzls. The quadrupole 
splittings are rationalized in terms of a simple additive model, forn~ulated within the framework 
of the Townes and Dailey theory. 

COLIN H. W. JONES, ROBERT SCHULTZ, WILLIAM R. MCWHINNIE et NIGEL S. DANCE. 
Can. J. Chem. 54, 3234 (1976). 

On rapporte des donnies de Mossbauer pour une grande quantite de composis organotellures 
incluant des composis du type R2Te, Ar2Te, ArzTez, R2TeX2, Ar2TeX2 et ArTeX3 oh R = 

alkyle, Ar = aryle et X = CL, Br, ou I.  On interprkte les diplacements des isomeres et les 
couplages quadrupolaires en termes des populations relatives des orbitales 5s et 5 p  du tellure. 
On rationalise les couplages quadr~~polaires en termes d'iln modkle additif simple formule a 
I'intirieur de la theorie de Townes et Dailey. 

[Traduit par le journal] 

While organotin and organo-antimony com- 
pounds have been extensively studied by the 
Mossbauer effect in the past, little attention has 
been paid to similar compounds of tellurium. 
Cheyne et al. (1) have studied complexes of 
tellurium(II) and (1V) with a number of organo- 
sulphur Iigands and the present study extends 
that work to  a wider range of organotellurium 
compounds. While the present work was in 
progress, Berry et ul. (2)  reported the Mossbauer 
data for 17 aryl tellnrium(II) and (HV) com- 
pounds and Smith et a/. (3) reported measure- 
ments for the dialkyl tellurium dihalides K2TeX2 
(X = C1, Br, I). Previously a measurement for 
a-Me2Te12 made in our laboratory had been 
reported by Chan and Einstein (4). We report 
here the Mossbauer spectra of a number of 
diaryl and dialkyl tellurides. K2Te, and diaryl 
ditellurides, R2Te2, diaryl and dialkyl dihalides, 
R2TeX2, and aryltrihalides, WTeX3. The com- 
pounds TeCMpy), (p-MeOC6H4bTeC13(py), (p- 
MeOC~H4)TeCI3(tmtu), and (p-EtOc6H4)TeOCi 
have also been studied, where py is pyridine and 
tmeu is tetramethylthiourea. 

Of the classes of compounds studied here, 
crystal structures have been reported for (p- 
(MeCsH412Te (51, PhzTe;! (61, (~-ClC6&)2Te2 
(7), Me2TeC12 (8), a-Me2Te12 (4), Ph2TeBr2 (9), 
and C1CH2CH2TeC13 (10). Infrared and Raman 
studies of the diaryl tellurium dihalides (1 I), and 
the aryl tellurium trihalides (12) and their 
hydrolysis products (13), have been reported by 
McWhinnie and co-workers, while the ir spectra 
of organotellurium trihalide complexes with 
tetramethylthiourea (14) and pyridine (15) have 
also been reported. The 1: 1 and 1:2 adducts 
formed between TeC14 and pyridine have been 
investigated by Couch et ul. (16) and Beattie 
et crl. (17) respectively. 

In the present paper Mossbauer data for the 
organotellurium compounds are interpreted in 
terms of the tellurium 5s and 5p orbital popula- 
tions. It is shown that the quadrupole splittings 
for several of the compounds can be rationalized 
in terms of a simple additivity model based on 
the Townes and Dailey theory. Phis interpreta- 
tion is consistent with the structures of the com- 
pounds where known or where proposed on the 
basis of ir and Raman data. 
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JONES ET AL. 

TABLE ! . 115Te Mossbauer parameters 

6*( f 0.08) 
I /Cu A(k0.1) 2F 

Compound (mm s-l) (mm s-I) (mrn s-1) Reference? 

" 6  with 125Sb/Cu source at 80 K and absorber at 4.2 K.  Conversion from lZ5Sb/Cu to lZ51/Cu made 
by adding +0.15 mm s-1. 

tin data taken from ref. 2, the spectra were recorded with the source and absorbers at 4.2 K. The 
errors in both 6 and A in ref. 2 were k0.1 mm s-'. In data taken from ref. 3, the spectra were recorded 
with the source and absorber at 4.2 K.  Errors quoted were, for Me2TeCi2 for example, 6 (I/Cu) = 

0.644(28) atid A = 9.970(21). The 6 values were converted from Te as standard by adding +0.60 mm s-'. 

Results and Discussion 
The results of the present study, together with 

those of refs. 2 and 3, are presented in Table 1. 
A typical spectrum is shown in Fig. 1. Where 
comparisons can be made, the quadrupole 
splittings are in good agreement with those 
previously reported. A cornparisor, of isomer 
shifts is less satisfactory. In ref. 2, two sources 

were used and there are some inconsistencies in 
the 6 values reported in that work. Thus the 
difference in 6, reported relative to I/Cu, 
between (p-MeC6Hjj2Te2 (0.6 mrn s-') and (p- 
h/ie0C6H4j2Te2 (0.3 mm s-I), and also between 
(p-MeC6H4j2Te (0.7 mrn s-l) and (p-R%eO@6H4)2- 
Te (0.3 mrn s-lj, may well reflect difficulties in 
the isomer shift calibration rather than any real 
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JONES ET AL. 3237 

Townes and Dailey theory (19, 20), and a simple 
molecular orbital model, which in essence brings 
the other two theories together (19, 20). Given 
the presence of non-bonding pairs of electrons on 
tellurium in Te(I1) and Te(IV) compounds, the 
Townes and Dailey theory would appear to pro- 
vide the most satisfactory framework within 
which to discuss the 125Te quadrupole splittings. 
The basic tenets of this theory, as it is generally 
applied, are that the electric field gradient 
derives predominantly from any imbalance in 
the tellurium 511 orbital populations, and that 
lattice terms, d-orbital contributions, and Stern- 
heimer shielding and anti-shielding factors can 
all be ignored to  a first approximation. The 
quadrupole coupling constants, e2qQ, are then 
linearly related to the p-orbital imbalance, U p ,  
through the equation 

where e2qoQ is the quadrupole coupling for one 
5p electron on tellurium, which is assumed to 
remain constant with changes in oxidation state 
and has a value of ca. +24 mm s-I (1); 7 is the 
asymmetry parameter. The sign of A was not 
determined in the present experiments, but may 
be inferred from a consideration of the bonding 
in the molecule. The y-orbital imbalance is 
defined as 

The p-orbital populations U,, U,, and U, may 
be related to the bonding orbital populations 
through a consideration of the hybrid orbitals 
invoked to describe the bonding to the telluriun~ 
atom (19, 21). As will be illustrated below, a 
simple picture in which the bonding is assumed 
to occur predominantly through the tellurium 5p 
orbitals can be used to explain the general 
features of the quadrupole splitting data. 

The tellurides and ditellurides have large 
quadrupole splittings, reflecting a considerable 
imbalance in the tellurium 5p orbital populations. 
As noted above, the bond angles, where known, 
and the Mossbauer isomer shifts suggest that the 
tellurium 5s electrons participate in the bonding 
and that the bonding may be viewed as inter- 

mediate between pure p and sp3. For the te!- 
lurides, T o ~ n e s  and Dailey theory leads to the 
conclusion (20) that, assuming a suitable adnix- 
ture of s and p orbitals to generate bend angles Q 
in the range 90" 5 B 5 IC9.5" 

7 = 3 cos 0 

where B is the C-Te-C bond angle and Uc is the 
Te-C bond orbital population. However it is 
often found that by ignoring small deviations 
from an idealized geometry a more consistent 
explanation for quadrupole splittings may be 
arrived at (19, 20). In the present case the 
simplest assumption that can be made is that the 
bonding is essentialiy pure p in character (i.e., 
B = 90'). While the bond angles are known to be 
greater than 90" and the isomer shifts are rela- u 

tively small, the assumption that the q~~adrupole  
splittings can be rationalized by ignoring the 
s-character in the bonds leads to a consistent 
explanation of the quadrupole splitting data as 
will be discussed below. The lone pairs on the 
tellurium would then be visualized as occupying 
the 5s orbital and the 5p, orbital, the latter being 
directed out of the bonding plane. Since this 
would correspond to an excess of p electron 
density along the z axis, V,, the principal com- 
ponent of the electric field gradient tensor would 
be taken as negative in sign, and the e2qQ would 
then be positive, since Q the quadrupole moment 
of the $ state is negative in sign. For the tellurides 
A is the same, within the errors, for the different 
alkyl and aryl groups and the average value of 
10.6 mm s-I corresponds to an orbital popula- 
tion of ca. 1.1 for the Te-C bond. The di- 
tellurides have very similar splittings to the 
tellurides, indicating a similar covalency of the 
Te-C and Te--Te bonds. Since the bond 
orbital population for the latter is presumably 
1.0, this is quite consistent with a value of 1.1 
for the Te-C bond noted above. 

In the dialkyl (4, 8) and diary1 (9) teliurium 
In trans dihalides the halogen ligands are found ' 

axial positions, with the organic ligands occupy- 
ing equatorial positions (Fig. 2). The stereo- 
chemically active lone-pair may be viewed as 
occupying the third equatorial position in a 
distorted trigonal bipyramid. Intermolecular 
bonding through distant bridging halogens is 
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t i )  Reference 5 (ii) References 6 and 7 

(iii) References 4.8, and 9 (iv) References 10 and 12 

( v )  Reference 16 ( v i )  References 14 and !5  

FIG. 2. Idealized structural types for the compounds 
studied, showing the assumed orientation and  sign of V,,. 

also observed in the equatorial plane. The 
splittings for the compounds Me2TeX2 and 
Ph2TeX2 lie in the order C1 > Br > I. This 
trend may be readily understood if V,, in these 
compounds lies along the X-Te-X bond axis, 
and thae it is positive in sign. Thus, in the 
dichlorides the chlorine ligand may be viewed as 
removing considerable electron density from the 
tellurium 5p, orbital, leading to an electron 
deficit aiong that axis compared with the xy 
(equatorial) plane. As the electronegativity of the 
halogen ligand decreases, the occupation of the 
lelluriurn 5p, orbital would be expected to 
increase, and hence A to decrease, as is observed. 

From Table 1, it can be seen that (C6H4ClC= 
CH)2TeC12 and ( C G H ~ ) ~ ~ T ~ C ~ ~  have smaller 
spiittings than the other dichlorides, while the 
A's for the dibromides lie in the order: 

These differences in splittings may arise from 
differences in the donor characters of the organic 
ligands, changes in the sp hybrid character of the 
Te-G bonds or from variations in the degree of 
intermolecular bonding from one compound to 
another. Thus, C6F5 would be expected to be a 
poorer electron donor than Ph, and this would 

lead to a decrease in the 5p electron density in 
the xy plane, a smaller p-orbital imbalance and 
hence a smaller A in (ChF5)2TeBr2 than in 
Ph2TeBr2, as is observed. It is important to note 
that if V,',, lay through the lone-pair in the 
equatorial plane, a decrease in donor character 
of the organic iigand would lead to an increase, 
rather than a decrease, in A. In (CH2)4TeBr2 the 
stereochemical requirements of accommodating 
the tellurium in the five-rnembered ring could 
lead to a significant change in the sp character of 
the Te-C bond. 

While the quadrupole splittings of the di- 
halides span a wide range of values from 9.4 to 
5.3 mm s-l, the isomer shifts do not show any 
significant change. This reflects the fact that A is 
more sensitive to changes in they-orbital popula- 
tions (provided such changes give rise to a 
p-orbitai imbalance) than is 6. Thus, Ao,  the unit 
quadrupole splitting for one 5p electron, is ca. 
12 mm s-l? while removal of one 5p electron 
changes 6 by only ca. +0.4 mm s-I as noted 
above. 

Considering the aryltellurium trihalides, it has 
been proposed by McWhinnie and Thavornyuti- 
karn (12), on the basis of ir and Raman data, 
thae these compounds are associated in the solid 
state and have the structure shown in Fig. 2(iu). 
The crystal structure of the compound C1CH2- 
CH2TeC13 shows the tellurium to be present in a 
square-pyramidal arrangement, in which the 
GI. CH2CH2-ligand is in the axial position and 
each tellurium is bonded to two terminal and 
two bridging chiorines in a polymer chain (10). 
The ir and Raman spectra of the compound 
(pyH)+((p-EtOCGH4)TeC14)- suggest the presence 
of a square-based pyramidal anion, in which the 
p-EtOC6H4 ligand occupies the axial position, 
and, as would be expected, the latter compound 
has very similar Mossbauer parameters to those 
of the aryltellurium trihalides. 

The compounds (p-MeOC&I4)TeC13 and (p- 
Et0C6H4)TeCl3 have larger isomer shifts, but 
the same quadrupole splittings, as the corre- 
sponding dichlorides. Similarly, PhTeBr3 and 
(p-EtOC6H4)TeBr3 have the same splitlings as 
the corresponding dibromides, and (p-CH3C6- 
H4)2Te12 and (p-EtOC6H4)Te13 also have similar 
splittings. These observations may be understood 
in terms of a simple additivity model for the 
quadrupole splittings. 

In Townes and Dailey theory, considering the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JONES ET AL. 3239 

dihalides to be lrigonal bipyramidal uith nomi- 
na114 sp2 hybrids in the equatorial plane and 
axia! pd hybrids defining the z-axis, 

and 

where U,, Uc, and U2 are the Te-X, Te-C, 
and non-bonding orbital populations respec- 
tively, 7 is the asymmetry parameter, and 27 is 
the C-Te-C bond-angle (20). This formula 
will only hold if (1 - cot2 y) is small, i.e., if the 
lone-pair is predominantly 5s in character, which 
it appears to be in Me2TeC12 ( 2 ~  = 98"), 
Ph2TeBr2 (2y = 94", and a-Me2Te12 ( 2 ~  = 91 
t o  97'). For large values of 27, approaching 12O0, 

com- for the Ux and Uc values observed in thes, 
pounds, V,, would lie through the lone-pair. If 
the assumption is made that the bonding occurs 
only through tellurium 5p orbitals (27 = 90°), 
then 7 = 0 and 

The X-Te-X linkage would be viewed as a 
3c-4e bond. 

If 2~ = 120" and Vz, lies through the lone- 
pair, it may be readily shown that: 

In the trihalides, assuming the structure in 
Fig. 2 and the presence of sp3d2 hybrids, Townes 
and Dailey theory predicts: 

If the bonding is assumed to be pure p,  with 
the 5s2 electrons again present as a lone-pair, 

Up = U ~ - ~ e - ~  - U~ 

Thus, if the Te-C and X-Te-X bonds each 

have predominantly p-character and constant 
covalent character in the dihalides and the tri- 
halides, then A should have the sarne magnitude 
but opposite signs in the two cases. Since it 
would be expected that Uc > Ux-Te-X, then A 
should be negative in the dihalides and positive 
in the trihalides. The present experiments con- 
firm that the A values are the same in magnitude, 
but provide no information on the signs of 8. 
The additive model as applied here obviously has 
limited validity, since within the dichlorides, for 
example, a range of quadrupsle splittings is 
observed. 

The above analysis suggests that, where the 
model is applicable, the X-Te-X bond has the 
same covalent character whether X is terminal or 
bridging, and it is interesting to note that in 
IC12- and 12C16 e2q127Q has the same magnitude 
in the two cases, the latter molecule containing 
two bridging chlorine atoms (19). The analysis 
also suggests that, in those instances where the 
dihalides and trihalides have the same magni- 
tude for A 2  intermolecular bonding in the di- 
halides is not a major factor in determining A .  
The fact that (p-EtBC6H4)TeC13 and (pyH)+- 
((p-EtOC6H4)TeCI4)- have the same A, within the 
errors, supports the assumption that the field 
gradient derives from the valence shell orbital 
populations, and that lattice terms are not 
important. 

Thus, for the compounds R2Te, R2TeX2, and 
RTeX3 the quadrupole splittings appear to be an 
additive property of the ligands. 

The adducts of (p-MeOc6H4)TeC13 with pyri- 
dine and tetramethylthiourea, together with that 
of TeCI4 with pyridine, are of interest, since they 
provide a further test of the additivity model for 
A briefly described above. The starting point in 
this analysis is the Te-C bond orbital popula- 
tion obtained from the tellurides. From 8 for 
the dichlorides, it is then possible to estimate 
UC1-T,_C1, and, from A for TeC14(py), Up,. 
Previous data for the thiourea complexes provide 
an estimate of the orbital population of the 
Te-S bond, Us (1). This analysis is shown in 
Table 2, and leads to the conclusion that 
Uc = l , I I ,  Uc1+,,,, = 0.35 and Up, = 0.73, 
while Us = 0.70 from ref. 1. The various U 
values then allow an estimate of A to be made for 
(p-MeOC6H4)TeC13(py) and (p-MeOC6I-I4)TeC13- 
(tmtu) and, assuming the structures shown in 
Fig. 2, the values of A shown in Table 3 are 
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TABLE 2. Orbital popu!ations derived using Townes and Dailey theory 

Orbita! populations$ 
A* 

Compounds ( m n  5-1) Up? Liz U, u, 

Ar2Te (+)13.6 -0.89 1.11 1.1; 12.01 
(average) 

(p-MeOC6H.,)2TeClz - )  9.1 1 0 . 7 6  [ I  . I1  [ I  . l i ]  0.35 
(p-Me0C6I-I4)TeCl3 ( +) 9.2  - 0.76 0.35 0.35 [ I  .I!] 
TeC14. py ( f )  4 .5  -0.38 iG.351 [O. 351 0.73 
Te(thi0urea)~2'$ (-t)15.6 -1.30 0.70 0.70 [2.01 

'The signs of A assumed are shown in parentheses. 
tWhere Up = -e2qQ/e2qQo and e2qQ = +24 mm s-'. 
:The values shown in square brackets were assumed in any oile case. 
§Taken from ref. !. 

TABLE 3. Predicted and obserked 
quadrupole splittings 

n 
(mm s-1) 

Compound Observed Calculated* 

(pbfeOC6H4)TeC13. py 7 .6  (+)7.3 
(p-MeOC6N4)TeC13. tmtu 7.9 ( f 1 7 . 3  

*Allowing for 7,. 

TABLE 4. Bond orbital populations for different ligands 

Ligand U-values 

Estimator Parameter Value 

PhzTeC12 u ~ ~ - ~ e - ~  I 0 .4  
Ph2TeBr2 u ~ r - ~ e - ~ r  0 .5  
( P - C H ~ C ~ & ) T ~ I Z  C ' ~ - ~ e - ~  0 .6  
TeCl4(py) U ~ y  0 .7  
Te(thio~rea)~?+ u s  0 .7  
(CsFs),zTeBrz u ~ 6 F S  0 .8  
Tellurides UC 1.1 

arrived at. The agreement between the ca:culated 
and observed values of A is reasonable, given 
the many assumptions implicit in the analysis, 
and demonstrates that the A values are consiste~lt 
with the proposed structures. 

Table 4 gives the orbital populations for a 
number of ligands derived assuming p-bonding, 
together with the compound used for estimating 
the U value, taking Uc for the tellurides (I .  l 1) as 
the standard reference point. Given the many 
assumptions implicit in the analysis of the A 
values and the fact that e2qoQ is not known 
accurately, the U values derived here have sela- 
tive rather than absolute significance. 

The compound (p-EtOC6H4)TeOCl is of some 
interest, since here the quadrupole splitting is the 

same as that of the trichlorides, but the isomer 
shift is significantly smaller. On the basis of the ir 
and Raman data, it has been proposed that the 
tellurium in this compound is four co-ordinate, 
and a possible structure is that shown in Fig. 3. 
Such a structure would account for the observed 
complexity of the tellurium oxygen vibrations, 
the relatively high frequency of the tellurium 
halogen modes, and also the slight solubility of 
the compound (13). It is interesting that as the 
co-ordination number about the tellurium in- 
creases from four to five in going from the 
dihalides to trihalides the MGssbauer isomer 
shift increases. The relatively small isomer shift 
in (p-EtOC6H4)'FeOCl would appear to be more 
consistent with a co-ordination number of four, 
rather than five, and lends some support to the 
proposed structure for this compound. 

Conaclusiesn 

The Mossbauer isomer shifts of the organo- 
tellurium compounds suggest the presence of a 
small amount of 5s character in the Te-6: bond, 
and that halogen ligands remove predominantly 
5p electron density from the tellurium. The 
quadrupole splittings may be rationalized as- 
suming ideal geometries for the molecules and 
that the bonding occurs predominantly through 
the tellurium 5p orbitals. The Townes and Dailey 

FIG. 3. Proposed environment of tellurium in WTe- 
(0)%, and a poss~ble ring structure (13). 
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theory then predicts that the organodihalides and 
the triha!ides will have the same value for A,  as is 
observed. The A vaiiaes for (p-MeOC6H4)TeC13- 
(py), (p-MeOC6H4)TeC13(tmtu), and TeC14(py) 
are consistent with the structures which have 
been proposed for those compounds. The isomer 
shift of (p-EtOC6H4)Te(o)C1 is consistent with 
four- rather than five-co-ordination in this com- 
pound. 

Experimental 

The spectra were recorded using a 10 mCi !25Sb/Cu 
source purchased from New England Nuclear. The 
characteristics of this source have been described by 
Boolchand (22). The moving source was maintained at 
CU. 80 K,  using a cold-finger immersed in liquid nitrogen, 
while the absorbers of natural isotopic abundance were 
immersed in liquid helium in a Harwell Instruments 
Dewar. A Nuclear Science and Engineering Corpol-ation 
AM-1 constant acceleration drive system was used. The 
absorber thicknesses were adjusted in each experiment 
to give ca. 5-10 mg cnl-2 of t25Te. Air- or moisture- 
sensitive compounds were mounted in absorber holders 
in a glove box. and cooled to 80 K before being trans- 
ferred to the helium Dewar. 

The 35.5 keV resonant ?-ray was monitored using a 
Xe/C02 (2 atm) Reuter-Stokes proportional detector 
with the window set on the 6 keV escape peak. A copper 
foil was interposed between the absorber and detector to 
reduce the background under thc escape peak. 

The spectra were recorded on a Nuclear Data 2200 
series 1024 channel analyzer with a dual multi-scaler 
input. A room temperature 57Fe iron foil standard spec- 
trum was recorded on the reverse end of the drive system, 
using a 57Co/Pd (New England Nuclear) source, with 
each 12STe spectrum. Standard parameters were assumed 
for the iron foil spectra in calibrating the velocity scale 
and determining the zero velocity channel of the spec- 
trometer. The 2 X 256 channel mirror image spectra, 
accumulated using the saw-tooth drive of the NSEC 
AM-1 system, were computer fitted to Lorentzians, using 
a programme first written by Stone (Appendix to ref. 23). 

Many of the compounds studied here have previously 
been well-characterized and were synthesized using well 
established procedures (see ref. 24), and identified by 
chemical analysis and ir and Raman spectra where 
applicable. The compounds (p-MeOC6H4)TeCl,(py) (12), 
(p-MeOC6H4)TeCli(tmtu) ( l l ) ,  and TeC14(py) (13) were 
synthesized using methods described in the respective 
references. The compounds (pyH)+((p-EtBC6H4)TeC14)- 

and (o-EtOC6W4)TeOCl were prepared and characterized 
as descr~bed in ref. 13. 
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Convergence properties of the w-@-variable method 

EDUARDO ALBERTO CASTRO 
Iilstituto de Incestiguciones Fisicoquirnicas Tedricas y Aplicudas, Seccidtr Quimicu Tedrictr. 

Diago/~nl 113 rntre 63 y 64, 1900 La Plata, Argentitlu 

Received April 7, 1976 

E D U A R D ~  ALBERTO CASTRO. Can. J. Chem. 54, 3242 (1976). 
The convergence properties of the W-p-variable method are studied in order to extend some 

previous theoretical results about deviations of the electronic populations from the self-con- 
sistent final values. A linear correction for the whole effective Hiickel Hamiltonian is employed 
and the inclusion of overlap integrals is discussed. 

EDUARDO ALBERTO CASTRO. Can. J. Chem. 54, 3242 (1976). 
On a utilisC les propriktks de convergence de la mCthode des variables B w de f a ~ o n  B etendre 

quelques rCsultats thkoriques antCrieurs concernant les dCviations des populations electroniques 
des valeurs autocohCrentes finales. On utilise une correction lineaire pour l'hamiltonian de 
Hiickel complet effectif et on discute de l'introduction des intCgrales de recouvrements. 

[Traduit par le journal] 

Introduction 
Different approaches have been introduced in 

order to improve the simple Hiickel theory. In 
the w-technique proposed by Streitwieser ( I )  the 
diagonal elements Hi, of the effective Hamil- 
tonian N depend on the atomic orbital popula- 
tions qi 

where CYO and P are energy parameters and w is a 
positive constant. In the p-variable method (2) 
the non-diagonal elements Hij of the effective 
Hamiltonian depend on the overlap population 

[2] Hij = PO exp (apij + b) i # j 

where a, b,  A,  and B are constants and po is a 
reference value for the coulornbic integral. 
Equation 3 may be considered as an approxi- 
mation of eq. 2. 

In these methods, the dependence of the 
matrix elements 61i, on the density matrix 
necessitates the use of iterative techniques of 
calculation, which in turn have to be self- 
consistent. From the computational point of 
view, the principal problem to consider is that of 
convergence. When semiempirical methods are 
used, some arbitrary constants or approxima- 
tions for integrals must be changed in order to 
avoid divergences. For example, it has been 

found (4) that the w parameter must be ar- 
bitrarily changed to obtain convergence and that 
the inverse distance approximation for coulom- 
bic integrals in the Pariser-Parr-Pople method 
(P.P.P) is inconvenient in applications to poly- 
enes with several heteroatoms. It is necessary to 
consider ways to overcome this kind of difficulty. 
Goodisman (5) made an analysis of the w-  

technique and showed that, in general, with 
successive iterations, atomic populations should 
oscillate around self-consistent final values. This 
was found to be the case in earlier calculations 
(6). 

This alternation around the exact values makes 
it possible to employ, in the n-iteration, the 
n - 1 and n - 2 iteration values of net popula- 
tions in order to improve the convergence, as is 
done in several methods of calculation. In the 
present paper, we generalize the equations given 
by Goodisman, starting from a linear correction 
for Hamiltonian matrix elements, and show that 
the previous results represent a particular case. 
Furthermore, we discuss the introduction of 
overlap integrals. and show that this does more 
than simply complicate the equations without 
substantially changing the final results. Finally, 
we suggest that it is necessary to modify the 
original corrections for the Hamiltonian matrix 
elements, in order to introduce the overlap in a 
consistent way. 

General Formulation 

In the following we assume that overlap is 
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CASTRO 3243 

negligible. Then we point out in what way and 
under what conditions the inclusion of overlap 
integrals is valid. 

The secular equation takes the form 

We assume that matrix eiements Hi, change 
according to the following linear expression inpij 

where A and B are constants and pii is given by 

for real coefficients. In order to  simplify the 
equations, we assume that the occupation 
numbers are 2 or 0, so as to exclude those cases 
of molecules with an odd number of electrons or 
with excited states having singly occupied MO's. 
The MO's, as is usual in the LCAO approxima- 
tion, are given in the form 

where the +i's are atomic orbitals. The orthonor- 
malization requirement for AO's under the 
assumption of Sii = implies that 

[8l CCir;Cil = s,, 
t 

and the unitary condition implies that 

If we denote the exact or self-consistent values by 
bars, eq. 4 has the form 

Following the procedure given in ref. 5, at 
some stage of the iterative process we have 

where 6Ctk is the deviation of the coefficient C,& 
from its final value before solving the secular 
equations. 

We calculate the slew Hamiltonian matrix 
elements ITt, in accord witR eqs. 5 and 6 ,  employ- 
ing the coefficients given in eq. 1 1. The resolution 
of the s ~ u l a r  equations produces new co- 
efficients CiL 

[I21 
w 
Cti, = ciz + 8'Czk 

where 6'Ct,. indicates deviations of the co- 
efficients from their final values after solving the 
secular equations. 
Then we have the following equation to resolve 

where i = 1, 2, . . ., n and k = 1, 2, . . ., n. 
Neglecting second-order terms, we obtain 

which is simplified by eq. 10 to 

We multiply eq. 15 by Gk and sum over i. 
Then, using eqs. 10, 8, and 5, we obtain 

for the change in energy in terms of self-con- 
sistent coefficients. Substituting eq. 16 in eq. 15 
and rearranging, we get 

If we express the deviations of bond orders 
after iteration in terms of quantities before 
iteration, and neglect second-order deviations, 
we obtain 

We want to express 6'C,, in terms of c,,'s, 
and so, without loss of generality, we can write 

In order to solve for amk we substitute eq. 19 
in eq. 17, multiply by G, (m # k) and sum over 
i, and employ eqs. 8 and 10. The final result is 
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l i k  
where C" denotes C . 

1 1 

Substituting eq. 21 in eq. 18, we obtain 

which may be written in a more compact form as .- 

(unocc) 

where C"' means C . 
1 1 

Equation 23 is the desired result. It gives the 
deviations of the overlap populations from their 
final values after an iteration in terms of their 
deviations before the iteration and contains eq. 
18 of Goodisman as a special case (where 
i = j and A = -pw). 

The Closure Condition for Gtpii 

Diagonal elements of the density matrix are 
interpreted as partial electronic charges (when 
the overlap between atoms is neglected). The 
sum of these elements is equal to the total number 
of electrons considered, which is a constant. 
In such a case the following closure condition 
for 6'qi is fulfilled 

1241 C6'qi = 0 
i 

In the present more general case, a similar con- 
dition for G1pij is not valid, i.e. 

This may easily be seen from eq. 23, because if 
we ignore overlap, then we cannot interpret pij 
as a common charge between the i-atom and the 
j-atom. So the result, eq. 25, is consistent with the 
previous discussion. 

If overlap integrals are introduced, the total 
electronic charge is expressed as 

[26] 2CtCCCTiCsiST8 = Q = constant 
i r s  

and condition eq. 24 must be changed to 

Special Cases 
(A) We now look for a relation between 6'pG 

and 6pij. If we assume that the effect of 6p,, when 
V r  # i, s # j may be neglected in eq. 23, because 
of either the smallness of 6pT, or a cancellation 
between terms of different signs, then 

[28] 6'pij = - ~ A ~ ~ ~ ~ C ' C " ' ( E ~  - 
k 1 

x ( 4k2G12 + +kC,lcjkC,l 1 
In the very special case of cancellation of the 
terms within the second braces, or if their value 
is positive, then an alternation in the bond orders 
occurs after successive iterations. 

(B) The remaining options analysed in ref. 5 
cannot be treated here because they were based 
on the closure condition [24] and a similar con- 
dition does not exist in the present case. Thus 
the conclusions reached about alternation of 
signs with a linear correction will be valid only 
in the special case of a diagonal correction. 

Inclusion of Overlap 
Goodisman, in his analysis of the convergence 

in the w-technique, pointed out that the inclusion 
of overlap integrals would probably not alter the 
final results, but merely complicate the equations 
(5). If overlap is introduced and the convergence 
is studied by a perturbation treatment similar to  
that previously given, it should necessarily be 
done in a consistent and coherent way. So we 
suggest that overlap integrals must be introduced 
into the secular equations as well as in the cor- 
reactions for Hij. A closure condition would then 
be reached and a study of the convergence for 
various special cases could be made. The pos- 
sibilities mentioned could be fulfilled by employ- 
ing other semiempirical methods which include 
overlap integrals into the matrix elements, such 
as the Extended Hiickel Theory and P.P.P. 
methods. 

Conclusions 
We have shown that it is possible to extend the 

previous study on the w-technique by employing 
a variation of the whole Harniltonian matrix 
elements with the density matrix elements in a 
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CASTRO 3245 

linear form. This may be interpreted as a first- 
order approximation to the well-known exponen- 
tial variation of the p-variable method. It is 
seen that the equations obtained reduced to the 
previous particular case of diagonal variation. 
The characteristics of the convergence (alterna- 
tion around the final self-consistent values) are 
lost in the actual case, except under very special 
conditions. This is due to the loss of the closure 
condition for 6'pij, which in turn is due to the 
neglect of overlap between atoms. This closure 
condition was essential in the analysis of the 
w-technique for various special cases in order to 
produce alternations in sign for the deviations of 
net populations. It was pointed out in the pre- 
ceding discussion that in order to make an 
analysis that is in better agreement with the 
physical interpretation of the chemical bond, it 
would be necessary to introduce overlap modi- 
fications to  eq. 1 by taking into account integral 
Sij .  Perhaps a suitable approximation would be 

where A ,  B are constants and Sij is the overlap 
integral between atoms i and j. The sum could be 
extended over all the orbitals, or, more restric- 
tively, over just the nearest neighbors. 

For the particular case of the variation of 
diagonal elements in a modified w-technique, 
relation 29 would be 

or, in a more familiar expression, 

1. A. STREITWIESER, JR. Molecular orbital theory for 
organic chemists. John Wiley, New York. 1961. p. 115. 

2. G.  V. BOYD and N. SINGER. Tetrahedron, 22, 3383 
(1966). 

3. K. NISHIMOTO and L. S. FORSTER. Theoret. Chirn. 
Acta, Berlin, 3, 407 (1965). 

4. E. A. CASTRO and 0. M. SORARRAIN. J. Chim. Phys. 
3, 513 (1972). 
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Confidence in fluorescence lifetime determinations: a ratio correc~on 
for the photomultiplier time response variation with 

D. M. RAYNER,~  A. E. M C K I N N O N , " ~  A. G. S 2 . 4 ~ 0 ~  

Diuision of Biological Sciences, National Research Cotincil of Canada, Ottawa, Canada KIA OR6 

AND 

P.  A. HACKETT 
Dioision of Chemistry, Nariot~al Research Council oJ Canada, Ottawa, Canada KIA OR6 

Received April 29, 1976 

D. M. RAYNER, A. E. MCKINNON, A. 6. SZABO, and P. A. HACKETT. Can. J. Chem. 54,3246 
(1976). 

The photomultipliers used in single photon counting fluorescence lifetime systems have a 
time response function which varies with wavelength. This variation results in a reduced con- 
fidence in the kinetic parameters obtained after deconvolution of the lamp intensity decay 
profile measured a t  the excitation wavelength from the sample emission decay profile measured 
a t  the emission wavelength. Moreover in the case of multi-component decays, inaccurate kinetic 
parameters are calculated because of this PMT variation. Using weighted residual plots, we 
demonstrate how one may make a satisfactory subjective appraisal of the adequacy of the 
deconvolution and the physical model of the decay processes. We have developed a ratio 
correction technique which accounts for the PMT time response variation with wavelength. 
This technique requires no a priori assun~ption of the nature of the PMT effect. Only when the 
data are corrected using the ratio correction technique can sufficient confidence in the accuracy 
of the singlet excited state parameters and the validity of the physical model be obtained. 

D. M. RAYNER, A. E. MCKINNON, A. G. SZARO et P. A. HACKETT. Can. J. Chem. 54, 3246 
(1976). 

Les photomultiplicateurs utilisis dans les systkmes de comptage des photons uniques pour 
determiner le temps de vie de fluorescence ont une fonction de temps de rCponse qui varie avec 
la longueur d'onde. Cette variation conduit B une confiance rCduite dans Ies paramktres cinC- 
tiques obtenus aprks dCconvolution du profil de decroissance de I'intensitC de la lampe mesure 
a ia longueur d'onde d'excitation, B partir du profil de decroissance de I'Cmission de 1'Cchan- 
tillon mesurC B la longueur d'onde d'dmission. De plus dans le cas de dCcroissance B plusieurs 
composants, les parametres cinitiques qui ne sont pas justes sont calculCs 2 cause de cette 
variation PMT. Faisant appel B des courbes rCsiduelles pondCrCes, on dCmontre comment on 
peut faire une Cvaluation subjective satisfaisante de l3adCquation de la dCconvolution et du 
modkle physique des processus de dCcroissance. On a developpk une technique de correction 
par des rapports qui tient compte de la variation du temps de rCponse PMT avec la longueur 
d'onde. Cette technique ne requiert aucune hypothese a priori sur la nature de l'effet PMT. Ce 
n'est que lorsque les donnCes sont corrigCes en faisant appel B la technique de correction par des 
rapports que l'on peut obtenir une confiance suffisante dans I'exactitude des paramktres d'Ctats 
excitCs singulets et dans de la validit6 du modele physique. 

[Traduit par le journal] 

The increase in souhistication of the ~ h o t o -  multi-com~onent fluorescence decavs are likelv 
physical interpretation of excited state kinetics to be observed, demand a high degree of con- 
(1-4) and in the utilization of fluorescence life- fidence in the experimental determination of the 
times to study biological systems (5-lo), where form of the fluorescence decay function. 

In ~ u l s e  fluorimeters the fluorescence decay of 
INRCC 115449. a sample excited at wavelength A,, is measured 
2Presented in part a t  the VIIIth International Confer- 

ence on Photochemistry, Edmonton, Alberta, Aug. 1975. at decay profile, ':,, is a 
3D.M.R. and A.E.M. are NRCC Postdoctoral Fellows conv01ution5 (1 1, 12) of the true fluor€Scence 

1973-1975. Present address of A.E.M. is Respiratory decay function of the sample emission, G,",, the 
Laboratory, Princess Margaret Hospital, Private Bag, 
Christchurch, New Zealand. 

4To whom correspondence should be addressed. 
~ A B B  = ~ A ( ~ ) . B ( ,  - T ~ T .  
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RAYNER ET AL. 3247 

instrument response function, Rr,,, both at the 
emission wavelength, A,,,, and the intensity 
function of the excitation source, L,,, at the 
wavelength of excitation, A,,; 

A scatter solution or a reflector is used to 
measure an experimental lamp decay profile, 
R;,, which is a convolution of the lamp response 
function, L,,, and an instrument response func- 
tion, He,, at the excitation wavelength 

In most cases it is assumed that the instrument 
response functions, Hex and He,, are independent 
of wavelength and hence equal. Then, since the 
lamp response function, L,,, is common to both 
eqs. 1 and 2, one makes the appropriate substitu- 
tion of the measured lamp decay profile, RLx, 
into eq. 1 and deconvolves (1 1-17) to obtain the 
true fluorescence decay function of the sample, 
G:,. In this way the known (11, 12, 18-20) time 
response variation with wavelength of the lamp 
is avoided. However it is also known (17, 18, 20) 
that the detecting photomultiplier tube (PMT) 
has a time response variation-with wavelength. 
Therefore, if one desires a high degree of con- 
fidence in the adequacy of the physical model for 
the excited singlet state decay processes and the 
associated kinetic parameters which one obtains 
after the deconvolution of the measured data, 
this wavelength-time response variation of the 
PMT cannot be overlooked and Hex cannot be 
considered to be equal to  He,. 

Techniques for correcting or eliminating the 
PMT time response variation with wavelength 
have been recently described (17, 18, 20). In this 
paper we review these procedures and describe a 
ratio correction technique which overcomes 
some of the ~roblems of the earlier ~rocedures 
and satisfactorily corrects for the time response 
variation with wavelength of the PMT. 

Confidence Criteria 

We have chosen to deconvolute the measured 
decay profiles by the 'iterative convolution9 
method (12, 14), in which the parameters of an 
exponential model of the decay processes are 
estimated using weighted nonlinear least-squares. 
This decision was taken after an extensive study 
of several deconvolution methods (21). The 

iterative convolution method based on weighted 
u 

nonlinear least-squares was the most successful 
in resolving multi-component 1un:inescence de- 
cays which were of the same order as the decay 
of the excitation pulse, It is also mathematical& 
rigorous and does not require any preliminary 
smoothing or extrapolation of the data 

It is essential to have a criterion for deciding 
whether the physical model which is assumed for 
the emission decay processes of the sample and 
the caiculated kinetic parameters adequately 
describe the experimental observations, Direct 
comparison of the measured decay profile, R:,, 
with the 'best fit' decay profile obtained from the 
iterative convolution method is not sufficiently 
sensitive. Inspection of a weighted residual plot 
does, however, provide a satisfactory method of 
making this decision. The difference between the 
values of R;, and the 'best fit' decay profile for 
each channel is determined and weighTed by the 
reciprocal of the number of counts accumulated 
in that channel. The reciprocal of the number of 
counts is the best estimate of the variance of the 
measured data (12-14) in that channel. The 
weighted residuals, when plotted against channel 
number, should appear to be randomly distrib- 
uted about zero if the physical model and 'best 
fit' calculated decay processes for the emission 
decay processes are adequate. 

Various tests are available which attempt to 
give a quantitative measure of the randomness of 
residuals (12, 14, 17, 22, 23). However, they can 
be used only as a guide for accepting or rejecting 
the calculated results. We have found that 
examination of the weighted residual plots allows 
one to  make a satisfactory subjective judgement 
of the randomness of the residuals. A similar 
subjective judgement is used by others (14, 17) 
when they calculate and plot an auto-correlation 
function of the residuals. 

Parameters such as the weighted sum of 
squares of residuals (WSSR) (21) and the root- 
mean-square (RMS) derivation (7) (which is the 
square root of the unweighted sum of squares of 
residuals divided by the number of channels) 
should not be used by themselves to assess the 
adequacy of the physical model. 

Instrument Design Considerations 

The single photon counting fluorescence life- 
time system (Fig. 1) used in our experiments was 
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FIG. I .  Single photon fluorescence lifetime system; 
L, NZ lamp; A, adjustable aperture; MI, excitation mono- 
chromator, Bausch and Lomb P33-86-26-07 (fl3.5, 
7.4 nm/mm); M2 emission monochromator, Spex Micro- 
mate (f/2.5, 8 nm/mm); S, sample compartment; PI, 
'start' PMT, RCA 1P28; PZ, 'stop' PMT, RCA 8850; 
CFD, ORTEC Model 463, constant fraction discrimina- 
tor; D, delay; PA, ORTEC Model 11 3 preamplifier; SA, 
ORTEC Mode1440A, spectroscopy amplifier; SCA, 
ORTEC Model 420 single channel amplifier ; TAC, 
ORTEC Model 457, time to amplitude converter; MCU, 
motor control unit; DCT, ORTEC Mode1715, dual 
counter timer; MCA, Nuclear Data Model 4410, multi- 
channel analyzer. 

basically the same as that described by several 
other workers (11, 18, 19). However we have 
assembled our instrument using several design 
features which have not, to the best of our 
knowledge, previously been collectively incor- 
porated in any one instrument. These features 
which will now be described and discussed were 
essential to avoid additional instrumental arti- 
facts which could not be accounted for by the 
ratio correction technique developed in this 
paper. Failure to incorporate these design re- 
quirements significantly reduces the confidence 
one can have in the experimental results and in 
any correction technique. 

In order to be able to correct rigorously for 
any wavelength effect it is necessary that the 
system include both excitation and emission 
monochromators. The use of two monochro- 
mators requires a high frequency nanosecond 
flash lamp of sufficient intensity to measure an 
emission decay in a reasonable period of time. A 
free running spark gap lamp was designed to 

meet these requirements. It operated under a 
high pressure of nitrogen and at a relatively high 
power which was controlled by the charging 
resistor. The charging resistor was immersed in 
oil and externally cooled to allow its use over its 
rated wattage. Because the lamp was coaxial in 
design no R F  noise which interfered with the 
remainder of the system could be detected. Two 
methods by which the lamp decay profiles could 
be measured are the use of a glycogen suspension 
in water as a scatterer or a mirror as a reflector. 
These two different methods gave lamp decay 
profiles which were noticeably different. The use 
of the scatterer, with an optical density similar to 
that of the sample solution at the excitation 
wavelength, was favoured in agreement with 
Lewis et 01. (18) because it was felt that it 
mimicked the geometry of a sample solution 
better than a mirror. It was also found that 
satisfactory deconvolutions could only be ob- 
tained when the scatterer solution was used. 

Although two lamp profiles which were col- 
lected successively appeared to be superimpos- 
able on visual inspection, a statistical test of 
comparison (the variance test for the homogene- 
ity of the binomial distribution was used (24)) 
showed a significant difference between the two 
profiles that could not be attributed to random 
noise. This problem of lamp drift has been 
discussed by Hazan et al. (25)  and we have used 
an alternating technique similar in concept to  
theirs which satisfactorily deals with the prob- 
lem. When the lamp decay profile was collected 
alternately for periods of 30s each in two 
separate memory groups of the MCA over a 
total time of 24 h, there was no significant 
statistical difference between the profiles accumu- 
lated in each memory group. Thus the lamp 
decay profile change with time could be over- 
come by alternately measuring the lamp decay 
profile and sample emission profile for 30 s at a 
time until sufficient counts had accumulated in 
two separate memory groups of the MCA. The 
alternate collection of the lamp decay and 
sample emission profiles every 30 s required 
automated control of the sample selection, 
emission monochromator (MZ in Fig. 1) wave- 
length and lamp intensity. 

For the alternate collection of the lamp and 
sample emission decay profiles, the scatterer 
solution and sample of interest were contained 
in a sample compartment which was rotated by 
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a stepping motor. The wavelength of the emission 
monochromator was changed with another step- 
ping motor depending on whether the lamp or 
sample emission profile was being measured. 

Often it was found that the light intensity from 
the scatterer solution was greater than the 
emission intensity of the sample under investiga- 
tion. Therefore in order to alternate the data 
acquisition in the manner described above, and 
maintain good counting statistics while perform- 
ing the measurements in a reasonable period of 
time, an aperture (A in Fig. 1) was inserted into 
or  removed from the light path between the 
lamp and the excitation monochromator (MI in 
Fig. 1). This location was selected so that the 
area of illumination of the sample remained 
constant. 

The rotation of the sample compartment, 
changing of the emission monochromator wave- 
length and use of the excitation aperture were 
co-ordinated through a motor-control timing 
unit. This same unit also synchronized the 
change of the memory groups of the multi- 
channel analyzer (MCA), and the data acquisi- 
tion of the MCA with the operation of the 
various motors. 

We preferred to use an RCA 8850, twelve 
stage PMT rather than a Phillips 56 DUVP 
fourteen stage PMT because of the distinct 
photoelectron energy resolution of the former 
tube (26, 27). The broad energy distribution of 
the single photon pulses of the 56 DUVP tube 
created an additional instrumental complication. 
The 'walk' specification of the constant fraction 
discriminator (CFD) is energy dependent result- 
ing in timing errors when a broad energy range of 
pulses is received from the PMT. A variation of 
the technique described by others (26, 27) was 
used in order to ensure that only single photo- 
electron pulses were collected. 

Experimental 
Materials 

2,5-Diphenyloxazole (PPO), 2,2'-p-phenylenebis(5- 
phenyloxazole) (POPOP), 2,s-bis(5'-t-butyl-2-benzoxa- 
zoy1)-thiophene (BBOT), and anthracene were scintillation 
grade reagents purchased from Eastman Kodak Co. and 
used without further purification. 9-Cyanoanthracene 
purchased from Aldrich Chemicals Co. was recrystallized 
three times from ethanol (mp 174-175 "C lit. (28) 170- 
172 "C). 2-Napthol purchased from British Drug Houses 
was recrystallized twice from ethanol-water (mp 122- 
123 "C lit. (10) 123 "C). 3,6-Diamino-2,7-dimethylacridine 
(acridine yellow) was synthesized as the free base accord- 

ing to the method described by Ullmann and Maric (29a) 
(mp 330 "C lit. (296) 325 "C). 

The solvent ethanol (95%) was purified according to the 
method outlined in Parker (30). Cyclohexane was MC/B 
Spectroquality Grade, purchased from Matheson, Cole- 
man and Bell and used without further purification. All 
samples were degassed prior to measurement. 

Instrumentatiotz and Methods 
Fluorescence spectra were measured on a Farrand MK-1 

spectrofluorimeter. Absorption spectra were measured on 
a Cary 15 spectrophotometer. 

The single photon counting fluorescence lifetime system 
is detailed in Fig. 1 and certain features are discussed in 
the text (Instrumental Design Considerations). The free 
running lamp (L) operated at 25 kV under 400 psi of 
nitrogen gas pressure. The 10 Mn load resistor was im- 
mersed in oil and was externally cooled by water circula- 
tion. The lamp frequency, 15-30 kHz, was governed by 
the gap between the Pt electrodes, usually 1-2 mm. 

The excitation monochromator (MI) was a Bausch 
and Lomb Model 833-86-26-07, high intensity mono- 
chromator (f/3.5, reciprocal dispersion 7.4 nm/mm) 
whose slits were adjusted so that the excitation bandwidth 
was 7 nm. The emission monochromator (M2) was a Spex 
Micromate monochromator (f/2.5, reciprocal dispersion 
8 nm/mm) whose slits were set so that the emission band- 
width was 7 nm. Its wavelength could be changed as 
required with a stepping motor whose operation was 
controlled by the motor control unit (MCU). 

The sample compartment (S) held up to four 10 X 10 
mm fluorescence cells and could be rotated by another 
stepping motor. The geometry of the sample holder pro- 
vided right angle detection of the emitted or scattered 
light. 

The motor control unit which synchronized the opera- 
tion of the aperture (A), sample compartment, and emis- 
sion monochromator with the data acquisition by the 
Nuclear Data Model 4410 multichannel analyzer (MCA) 
used an ORTEC Model 715 Dual Counter-Timer (DCT) 
as the timing unit. The DCT provided a +3 V level signal 
at the 'interval out' connection when the timer was 
counting. The rise of this + 3  V signal was used to begin 
data acquisition by the MCA. After starting, the data 
acquisition time period was controlled by the MCA and it 
was set (29 s) to be slightly less than the selected time 
interval (30 s) on the DCT. After the -DCT time period 
elapsed the +3 V signal fell to 0 V. This falling edge was 
used by the NRC-built motor control unit t o  derive the 
signals which started the various stepping motors and 
changed the memory group of the MCA. The dwell time 
of the DCT was set so that further data acquisition did 
not begin until after all motor changes were completed. 

The emission was detected using an RCA 8850, 12 
stage PMT (P2), whose base was wired according to the 
circuit recommended by RCA (31) for fast pulse response 
except that the voltage on the focussing electrode could be 
adjusted with a potentiometer. The applied voltage was 
kept as low as possible (1900 V) to minimize dark current. 
Singe photon derived pulses from this PMT were used as 
'stop' pulses for the ORTEC Model 457 Biased Time to 
Amplitude Converter (TAC). The 'start' pulses for the 
TAC were obtained from an RCA 1P28 PMT (PI), whose 
base was wired for fast response characteristics. The 
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'start' PMT detected the lamp pulses via a fibre optic 
which was attached to the lamp housing. 

The following technique was used to ensure that only 
single photoelectron pulses were collected. The signal 
from the 12th dynode of the RCA 8850 PMT was ampli- 
fied by an ORTEC Model 11 3 Preamplifier, shaped by an 
ORTEC Model 440A Spectroscopy Amplifier, and passed 
into an  ORTEC Model 420 Single Channel Analyzer 
(SCA). The energy window on the SCA was set to provide 
an output pulse only when the signal from the 12th 
dynode corresponded to the energy distribution of single 
photoelectron pulses. The SCA output pulse was then 
used as an external strobe for the TAC. Thus an output 
from the TAC was obtained only when the stop pulse was 
due to a single photoelectron. The TAC output was con- 
nected to the Analog to Digital Converter of the MCA 
and the pulses were accumulated in the usual way. 

In the initial setting up of the system the linearity of the 
TAC was checked and the 'walk' of the CFDs was 
adjusted to optimum conditions according to techniques 
described in the respective component manuals. 

The time range of the TAC was set so  that adequate 
decay profile definition was obtained in the MCA. In 
most cases 512 channels per memory group of the MCA 
were used. 

The excitation and emission wavelengths for the sample 
under study were selected after comparison of the 
sample's absorption and emission spectrum with the 
emission spectrum of a calibration compound (see text). 
After this wavelength selection of the 'start' to 'stop' 
count ratio was adjusted to at  least 30:l for the lamp 
decay and samp!e emission profile in order to achieve 
good counting statistics and minimize pulse pile-up (11). 
The adjustable aperture (A) was used when it was neces- 
sary to attenuate the lamp intensity in order to obtain this 
ratio. The decay profiles were then alternately collected 
for periods of 29 s each. When approximately 10000 
counts had accumulated in both peak channels the data 
accumulation was terminated. 

The calibration compound was excited at  h, < A,, and 
its emission decay profile was measured at  A,, and he,. 

To reduce the random noise in the profiles used to 
calculate the correction ratio a large number (> 100 000) 
of counts were accumulated in the peak channel of these 
profiles. These profiles were usually measured overnight. 
The alternate collection of the decay profiles avoided any 
effects of lamp response changes over this period of time. 

The decay profiles were transferred to the IBM 360-67, 
TSS computer via a remote terminal. Thls terminal could 
also be used to direct the computation involved in the 
correction technique and deconvolution. It consisted of an 
ASR 13 teletype, a G.E.C. TDM 114B13 Data Set 
acoustic coupler, an NRC-designed interface (32) and the 
NDP 812 minicomputer portion of the Nuclear Data 
Model 4410 MCA. 

A correction ratio was calculated from the calibration 
compound's decay profiles (see text) using the fast 
Fourier Transform Algorithm (33). This ratio was applied 
to  the appropriate Fourier transform of the sample's 
emission decay profile and then the inverse of the 'cor- 
rected' emission decay was calculated. The corrected 
emission decay profile and lamp decay profile were then 
deconvoluted by the weighted nonlinear least-squares 

iterative convolution technique6 (21) to obtain the kinetic 
parameters of the sample's decay. 

The Variation of Time Response of the 
PMT with Wavelength 

Figure 20 shows the measured fluorescence 
decay profile at  415 nm (excitation at  355 nm) of 
the scintillator POPOP (1.5 X M) in eth- 
anol solution and the 'best fit' calculated fluores- 
cence decay profile. The latter was obtained by 
deconvolution using the weighted nonlinear 
least-squares iterative convolution method. It 
was assumed that He, = He, in eqs. 1 and 2 and 
that a single exponential decay model described 
the fluorescence of POPOP. The agreement 
between the best fit (7 = 1.30 ns) and the ob- 
served decay profiles particularly at  the peak 
height is not satisfactory. The weighted residual 
plot (Flg. 20) shows that the residuals were 
clearly nonrandom and emphasizes this lack of 
agreement. Non-random residuals imply either 
that the single exponential model for the fluores- 
cence decay of POPOP was inappropriate or that 
the assumption that He, = He, was invalid. I t  is 
generally accepted (34) that a single exponential 
model for the fluorescence decay of dilute solu- 
tions of POPOP is correct. It is known, however, 
that the time response of the PMT varies with 
wavelength and hence it should not have been 
assumed that He, = He,. Further comment on 
the legitimacy of a single exponential model for 
the fluorescence decay of POPOP cannot be 
made until a satisfactory correction for this 
instrumental artifact has been established. 

The variation of the PMT time response with 
wavelength has been discussed and treated pre- 
viously in the literature (17, 18, 20). Figure 3 
shows the fluorescence decay profiles for PPO 
(1.5 X M) in cyclohexane solution meas- 
sured at 355 and 415 nm using for Fig 30 a Phillips 
56 DUVP PMT and for Fig. 30 an RCA 8850 
PMT. Excitation was at  290 nm for these 
measurements. The observed differences between 
the decay profiles measured at  the two wave- 
lengths for a particular tube, while small, cannot 
be neglected in any deconvolution in which the 
lamp decay profile, RL,, and the sample decay 
profile, R; , ,  are measured at two different wave- 
lengths. It is clear that the variation of the time 

6Details of these programs are available from the 
authors on request. 
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Channe l  Width=0.121 ns  I 

Channel 

Channel 

FIG. 2. (o) Measured lamp intensity profile -; measured emission decay profile . . . ; and calculated 
'best fit' emission decay profile - - -; for the singlet lifetime determination of an  ethanol solution of 
POPOP (1.5 X M); Phillips 56 DUVP PMT; channel width 0.121 ns; A,, = 355 nm, A,, = 415 
nm. (b) Weighted residual plot for calculated 'best fit' decay profile in (a).  

response of the PMT with wavelength is different 
for each tube. For the 56 DUVP PMT the decay 
profile measured at  415 nm was broadened when 
compared to that measured at 355 nm. While for 
the RCA 8850 tube the decay profile at  355 nm 
appeared to be shifted relative to that a t  415 nm. 

In their paper which described the Laplace 
transform deconvolution method in fuller detail, 
Gafni et al. (17) have represented the time 
response variation with wavelength of the PMT 
as a pure delay function. The residual plots 
which they obtained showed that the residuals 
were more randomly distributed when a delay 
function was included in the calculations. How- 
ever for a Phillips 56 DUVP PMT such as that 
used to obtain the data in Fig. 3u the decay 
profile at  one wavelength (415 nm) was broad- 
ened when compared to that at  another wave- 
length (355 nm). The application of a delay 
function to correct for this variation is not a 
proper representation of the observed wavelength 
effect. We have found that the response differ- 
ences observed at  two wavelengths for the RCA 
8850 PMT vary depending on the wavelength 

pairs used in the measurements. Allowing the 
deconvolution computations to fit, a priori, an 
arbitrary delay function in an attempt to account 
for the PMT effect and improve the fit of the 
calculated decay profiles reduces the confidence 
one can have in the calculated kinetic parameters. 
Any small variation of the physical model for the 
decay processes can be lost in the process. 

Lewis et al. (18), using POPOP as a quantum 
counter, also demonstrated that the PMT time 
response variation with wavelength was signifi- 
cant. In their experiments a solution of the 
quantum counter and an appropriate filter was 
placed in front of the PMT. In this position the 
quantum counter acted as a wavelength shifter 
ensuring that the light incident on the photo- 
cathode had the same spectral characteristics 
irrespective of whether R:, or R", was being 
measured. They achieved a marked improvement 
in the agreement between the measured and 
calculated decay profiles using this technique. 
However, as they pointed out, the use of a 
quantum counter to correct for the PMT time 
response variation with wavelength was limited 
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Channel 

FIG. 3. Measured emission decay profile of a cyclo- 
hexane solution of PPO (1.5 X 10V M )  at 355 nm, - - -; 
415 nm, -; excitation at 290 nm; (a)  Phillips 56 DUVP 
PMT, channel width 0.121 ns; (b) RCA 8850 PMT, 
channel width 0.061 ns. 

to those determinations in which the sample 
fluoresced efficiently. 

Wahl and co-workers (20) discussed the wave- 
length dependent instrument effects in greater 
detail. They suggested that the time response 
variation with wavelength of the PMT was most 
significant in the rising part of the measured 
decay profile while the time variation with wave- 
length in the tail of the decay profile could be 
attributed to the variation with wavelength of the 
lamp decay. The results in Fig. 3 where all 
measurements were obtained using the same 
excitation wavelength indicate that the PMT 
effect does not predominate in any single portion 
of the decay curves which is also consistent with 
the convolution theorem. Wahl presented a 
correction technique in which a reference com- 
pound was selected whose singlet decay processes 
were described by a single exponential function 
and whose fluorescence lifetime had been reason- 
ably determined. Then using the same wave- 
length of excitation, A,,, the fluorescence decay 
profile of the reference compound Rim, and of 

the sample R", were both measured at the 
sample's emission wavelength. R;, can be ex- 
pressed in terms of the following convolution 
equation : 

where G,', is the true fluorescence delay function 
for the reference compound. Since GE, has been 
assumed, deconvolution of eq. 3 would give 
L,, O He,. Subsequent substitution into eq. 1 
allows deconvolution of eq. 1 to obtain GE, 
avoiding thc wavelength variation of He, and 
He,. This correction technique, while mathe- 
matically sound and experimentally convenient, 
requires that one has a high degree of confidence 
in the physical model of the decay processes and 

-41 ' ' " 
40 100 CHANNEL 200  250 

FIG. 4. Weighted residual plots for calculated "est fit' 
emission decay profile for POPOP in ethanol (1.5 X 10-5 
M )  using the reference compound technique of Wahl et al. 
(20) to correct for the time response variation with wave- 
length of the PMT; reference compound was PPO 
(1.5 X 10-5 M )  in cyclohexane solution; Phillips 56 
DUVPPMT; he, = 355 nm, A,, = 415 nm for both the 
PPO and POPOP solutions; channel width 0.121 ns; 
(a) sref = 2.00 ns; (b) sref = 1.28 ns; (c)  sref = 1.08 ns. 
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the associated kinetic parameters of the reference 
compound. 

The effect of any inaccuracy in the selection of 
the value for the fluorescence lifetime of the 
reference compound is illustrated in Fig. 4. In 
these experiments we measured the fluorescence 
decay profiles of PQPOP and PPO where the 
latter was selected as the reference compound. 
he, was 415 nm and A,, was 355 nm. The 
residuals plotted in Fig. 4 all appear to  be 
randomly distributed irrespective of the lifetime 
selected for the reference compound PPO. Thus 
assuming the singlet lifetime of PPO to be 1.08, 
1.28, or 2.00ns, values of 1.18, 1.38, or 2.13 ns 
were obtained for the singlet lifetime of POPOP 
in ethanol solution, respectively. Since sample 
purity, temperature, chemical stability, and de- 
gree of aeration can all affect the fluorescence 
lifetime of the reference compound, the confi- 
dence in the kinetic parameters calculated for the 
emission of the sample is reduced. More im- 
portant, however, is the requirement that the 
reference compound's excited singlet decay proc- 
esses must be understood. The selection of a 
single exponential model for the reference flu- 
orescence decay, which in reality is the sum of 
two exponentials, prejudices the detection of 
multi-exponential processes in the sample's emis- 
sion decay or distorts the analysis of a true single 
exponential decay in favour of a multi-exponen- 
tial result. 

Ratio Correction Technique 

The assumptions required in the correction 
methods reviewed above reduce the confidence 
which one has in the deconvoluted kinetic 
parameters. We sought and developed a tech- 
nique to  correct for the time response variation 
with wavelength of the PMT which did not 
include any critical assumptions. The mathe- 
matical principles and experimental procedures 
involved in this technique are detailed below. 
The dramatic improvement in the randomness of 
residuals when this ratio technique was applied 
to  measured experimental data of compounds 
and solutions whose singlet decay processes had 
previously been well studied not only verified the 
legitimacy of the correction but also gave us an 
exceptional degree of confidence in the kinetic 
parameters obtained. 

A fluorescent compound, preferably one with 
a high fluorescence quantum yield and short 

fluorescence lifetime, is selected whose fluores- 
cence spectrum spans A,, and A , ,  used for the 
sample under investigation. This calibration 
compound is excited at a wavelength A, less than 
the excitation wavelength A,, used for the sample. 
The fluorescence decay profile of the calibration 
compound is then measured at A,, and A,,. The 
fluorescence decay profiles of the calibration 
compound measured at A,, (R:,) and at A,, (R,C,) 
are represented respectively by the following 
convolution equations 

[41 R:, = La O Hex O G:, 

RZ, = La O He, O G,", 

where G,", and G:, are the true fluorescence decay 
functions of the calibration compound at A,, and 
A,,, respectively, and La is the lamp response 
function at A,. By appropriate substitution of 
eqs. 1,2,4, and 5 and the reasonable assumption 
that the fluorescence lifetime of the calibration 
compound is the same at the two wavelengths? 

it can be shown that 

To use eq. 7 one would take the four measure- 
ments, R:,, R:,, RE,, and R:, and numerically 
convolve R:, with RE, and R:, with R',,. Decon- 
volution of RE, O R:, from RE, O RE, yields 
G:, from which the wavelength effects of the 
instrument (PMT) have been eliminated. How- 
ever, this deconvolution cannot be carried out 
using nonlinear least-squares fitting procedures 
because the error in RE, O R:, is no longer 
random. Equation 7 can be converted to  a suit- 
able form if we take its Fourier transform which 
converts the convolutions in eq. 7 to the products 
in eq. 8 

s c 1 rEm ' reOx = gem ' rem ' l e x  

where r,",, r,",, g:,, r,",, r;, denote the Fourier 
transforms of Rz,, R:,, G:,,, R:,, R;, respec- 
tively. Equation 8 can be rearranged to give 

'In most cases this is true except where exciplex or 
excimer kinetics are applicable. Therefore the selection of 
the calibration compound should be carefully considered 
avoiding conditions where such kinetics have been ob- 
served. Short singlet lifetimes and low concentrations of 
the compound will significantly reduce this possibility. 
Generally it is found that the compounds used in scintilla- 
tion counting (34, 35) offer the best selection. 
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where the inverse transform of r~,.u,"xlr~, is the 
'corrected' emission decay function, R:,(corr) 
and r,",/r,", is the correction ratio. Taking the 
inverse transform of eq. 9 we obtain 

Deconvolution of eq. 10 then gives the kinetic 
parameters of the fluorescence decay GEm. 

It was important to show that when the alter- 
nating data collection technique is used to  
account for the lamp intensity profile drift over 
the total accumulation time that the ratio correc- 
tion procedure is mathematically sound. The 
mathematical treatment in the Appendixs con- 
firmed the above and demonstrated that the 
correction procedure is invalid only in the case 
when the PMT time response function varied 
with wavelength, when the PMT is unstable and 
when the lamp intensity profile drifts, all at the 
same time. 

The experimental procedure which is followed 
to effect this correction is straightforward. The 
four decay profiles Rz,, R:,, R: ,,,, RE, are meas- 
ured and stored in the computer. The latter pro- 
files can be stored and used for other experimerlts 
conducted at the same wavelength pair and 
instrument settings. To avoid any effects of data 
truncation on the Fourier calculations, the 
measurements Rz,, Rz,, and REx are extrapolated 
using a single exponential which is obtained by 
fitting a linear regression to the logarithm of the 
last 257,  of the measured channels. The extrapo- 
lation is carried out until the tail of the curve is 
less than 0.1 yo of the peak. We have found using 
synthetic data sets that the use of a single 
exponential for extrapolation does not adversely 
affect the results. It is used only to remove the 
effects of sudden data truncation. Any smoothly 
decreasing function would do. 

The Fourier transform of the extrapolated 
data may be efficiently calculated using the fast 
Fourier transforn~ algorithm (33). The Fourier 
transf~rrn of the corrected measured emission 
decay is simp!y r:; r,",ii.,",, whose inverse trans- 
form when calculated gives R&,Jcorr). Decon- 

Topies of the Appendix may be obtained, at  a nominal 
charge, from the Depository of Unpublished Data, 
CISFI, National Researcl-i Council of Canada, Ottawa, 
Canada KIA 052. 

volution of eq. 10 then proceeds using R:,(corr) 
and R:, in the usual manner to give the kinetic 
parameters of the fluorescence decay, G,",. 

Application of the Ratio Technique 

The emission spectrum of PPO (35) spans the 
excitation (355 nm) and emission (415 nm) wave- 
lengths used for the POPOP decay measurements 
and was therefore selected as a correction com- 
pound for this wavelength pair. The emission 
decay profiles of PPO in cyclohexane solution 
were measured at 355 and 415 nm using excita- 
tion at 290 nm. A Fourier correction ratio was 
then calculated and applied to the measured 
emission decay profile of POPOP in ethanol 
solution to give the corrected decay profile 
shown in Fig. 5. The corrected decay profile does 
not appear to be much different from the uncor- 
rected decay profile. In fact the single exponen- 
tial lifetime (7 = 1.28 ns) obtained after decon- 
volution of the corrected profile was not signifi- 
cantly different from that calculated from uncor- 
rected data (T = 1.30 ns). However, inspection 
of the residual plot (Fig. 6) which results from 
the deconvolution of the corrected data shows 
that the residuals now appear to be con~pletely 
random in contrast to  that obtained from the 
uncorrected data (Fig. 26). In this latter case the 
non-random distribution of the residuals sug- 
gested that the physical model of a single 
exponential function for the emission decay of 
POPOP was inappropriate and that some other 
physical model may apply. The random dis- 
tribution of residuals from the corrected data 
allov~s us to conieldently state that the emission of 
POPOP obeys single exponential decay kinetics. 
It also indicates that the ratio correction pro- 
cedrlre has successfully accounted for the major 
instrumental factor, which was the time response 
variation wit"nvave1ength sf  the PMT, that had 
resulted in a non-random distribution of residu- 
ais in the uncorrected data. The small differences 
noted in Fig. 3 have a significant effect on the 
level of confidence which one can have in the 
physical model and kinetic parameters for the 
emission decay. This was more dramatically 
illustrated in two component systems (vide infra). 

We also measured the fluorescence lifetimes of 
severaj other compounds at the same excitation 
and ernission wavelength pair as were used in the 
POPOP measurements, using PPO as the correc- 
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Channel Width=O.l2l  n s  1 

I 1 -  ' I I I 

100 2 0 0  
Channel 

FIG. 5. Measured emission decay profile (same as Fig. 2a) - - -; corrected emission decay profile 
using the ratio correction procedure . . . for POPOP (1.5 X M) in ethanol; A,, = 355 nm, 
A,, = 415 nm; Phi!lips 56 DUVP PMT; PPO (1.5 X 10-5 M) in cyclohexane solution used as the 
correction compound to determine the c~rrect ion ratio excited at  A, = 290nm; channel width 
0.121 ns. 

50 100 
Channel 

59 100 
Channel 

FIG. 6 .  Weighted residua! plots for calculated 'best fit9 emission decay profiles for POPOP in 
ethanol; (a) after deconvoZution of uncorrected measured emission decay profile (Fig. 2a); (b)  after 
deconvoiution of corrected emission decay profiie (Fig. 5) using the ratio correction procedure. 

tion compound. In each case the residual plots 
obtained from corrected data indicated that the 
fluorescence decay could be described by single 
exponential functions. These results are listed in 
Table 1 where they are compared to previously 
reported lifetimes. 

The measurement of the fluorescerace deca.y 
profile of acridine yellow (AP) indicated that the 

ratio correction procedure was both required and 
valid at other waveiength pairs. The emission 
profile of AY IM) in ethanol solution was 
measured at 500 nm with excitation at 440 nm. 
For this wavelength pair BBOT was used as the 
correction compound. Again application of the 
ratio correction to the measured decay profile of 
Ah' and subsequent deconvolution provided a 
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TABLE 1. Fluorescence lifetimes obtained after application 
of ratio correction technique 

With ratio 
Compoundb Uncorrected corrections Lit. value (ref.) 

POPOP (ethanol) 
POPOP 
Anthracene (ethanol) 
Anthracene 
Anthracened 
BBOT 
9-Cyanoanthracene 
9-Cyanoanthracened 
2-Napthol (pH 9.5, water) 

OPPO (1.5 X 10-5 M) in cyclohexane used as a correction compound: A,, = 355 nm, A,, = 415 nrn. 
OAll compounds In degaised cyclohexane soiutlon unless otherwise noted. 
<Not previously published. 

degassed. 

FIG. 7. Weighted residual plot for calculated 'best fit' emission decay profile for acridine yellow in 
ethanol after deconvolution of corrected emission decay profile using the ratio correction procedure. 

o 
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random distribution of residuals (Fig. 7) with a 
singlet lifetime of 4.83 ns (lit. (35) 5.1 ns). If the 
data were not corrected a non-random distribu- I o o 0  

tion of residuals resulted. I 

Table 1 indicates that the lifetimes obtained 2 

were similar whether or not the ratio correction 
0 was applied to the measured decay of a given 

compound whose emission can be described by 
single exponential decay kinetics. This suggested g 
that the correction technique was not really z" 
necessary to  obtain the correct kinetic param- 
eters except that it gave a greater confidence in 
the results obtained, since only then were the 
residuals randomly distributed. However, when 5 o 100 150 200 
the fluorescence decay of a sample whose emis- Channel 

sion is described by a multi component decay 
process was measured, the application of the FIG. 8. Measured lamp intensity profile -; measured 

emission decay profile . . . ; of a cyclohexane solution of ratio correction technique was essential to obtain POPOP ( 5  M )  and anthracene M ) ;  
accurate kinetic parameters. A,, = 355 nrn, A,,, = 415 nm; RCA 8850 PMT; chan- 

The fluorescence decay profile (415 nm) of a nel width 0.1164 ns. 
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-4 1 I 
1 1 

5 0  100 200 
Channel 

FIG. 9. Weighted residual plots for calculated 'best fit' emission decay profile for a cyclohexane 
solution of POPOP and anthracene (Fig. 8); (a) after deconvolution of uncorrected measured emission 
decay profile for two exponential decay components; (b) after deconvolution of corrected emission 
decay profile for two exponential decay components; (c) after deconvolution of corrected emission 
decay profile for only one exponential decay component. 

TABLE 2. Fluorescence decay parameters for a soiutiona 
of POPOP and anthracene 

Value 

With ratio 
Parameter Uncorrected correctionb 

"Degassed cyclohexane solutlon of POPOP (5 X M )  and anthra- 
cene (2.1 x M). 

*PPO (1.5 X 10-5 M )  in cyclohexane used as the correction compound: 
A., = 355 nm, A,,, = 415 nm. 

<Al and A2 are the pre-exponential constants in the relationship; G:,  
= A,e-i/', + A2e-l/'z, 

cyclohexane solution of POPOP (5 X M )  
and anthracene (2.1 X M) was measured 
with excitation at 355 nm (Fig. 8). Deconvolu- 
tion of the uncorrected decay data provided 
kinetic parameters for a two component expo- 
nential decay which were markedly different from 
those of the individual components themselves 
(Table 2). The non-random distribution of re- 

siduals (Fig. 9a) indicated the 'best fit' decay with 
these parameters did not satisfactorily represent 
the measured decay. Application of the ratio 
correction technique provided, however, kinetic 
parameters which were the same (Table 2) as 
those of the individual components. The random 
distribution of residuals (Fig. 9b) obtained after 
deconvolution of the corrected data for a two 
component exponential decay confirmed the 
legitimacy of the correction technique. 

The above experiment was also an excellent 
example of the utility of inspecting residual plots 
for deciding on the physical model of the decay 
processes. The residual plot (Fig. 9c) for a single 
exponential 'best fit' of the corrected decay data 
indicated that this model was inappropriate. The 
random distribution of residuals for the two 
exponential component model (Fig. 9b) provided 
the necessary level of confidence to accept this 
model and kinetic results. This experiment 
demonstrated the importance of correcting for 
the time variation with wavelength of the PMT 
in the measured data. 0therwiG one would be 
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uncertain whether a non-random distribution of 
residuals was due to the inappropriate choice of 
the kinetic model or to instrumental artifacts. 

The correction ratio's stability depends on the 
stability of the PMT. Since it has been shown 
(vide supra) that the lamp intensity decay profile 
varies over the total time of an experiment, if the 
PMT is not stable over the entire acquisition 
period then it is impossible to solve rigorously 
the time response variation with wavelength 
effect of the PMT (see A p p e n d i ~ ) . ~  Fortunately 
we have found that a correction ratio for a given 
wavelength pair, which has been determined and 
stored in the computer, can be used for a consid- 
erable period of time (usually at  least a week) 
provided that the instrument time settings and 
PMT voltages have not been changed. The 
stability of a correction function can be checked 
by measuring the emission decay of a standard 
compound and inspecting the residual plots for 
any deterioration of the randomness of residuals. 

Once the kinetic behaviour and kinetic param- 
eters have been accurately determined as we have 
now done for POPOP and BBOT, the correction 
technique described by Wahl et al. (20) for the 
PMT time response - wavelength effect can con- 
veniently be employed. It is subject, however, to 
the efTect of sample variability on the lifetime 
as discussed earlier. 

The origin of the variation of the time response 
function with wavelength of the PMT has been 
discussed and treated by several workers (18, 20, 
27). The initial kinetic energy and point of origin 
on the photocathode of the photoelectrons will 
determine their initial velocity and path to the 
first dynode which in turn affect the transit time 
of the electrons in the PMT. 

Conclusions 

It is paramount to have a high degree of con- 
fidence in the physical model of the fluorescence 
decay processes and in the accuracy of the kinetic 
parameters obtained from single photon count- 
ing fluorescence lifetime measurements. We have 
demonstrated how one may make a satisfactory 
subjective appraisal of the results obtained after 
deconvolution of the measured lamp intensity and 
sample emission decay profiles using weighted 
residual plots. Thus if the weighted residuals are 
not randomly distributed after a single exponen- 
tial model has been used in the deconvolution 

computations further deconvolution using a 
double exponential model or other kinetic de- 
scription is indicated. The inspection of the 
residual plots obtained from measurements on 
reference compounds reveals systematic or in- 
strumental artifacts in the measured decays. In 
this work it was confirmed that the time response 
function of the PMT at the excitation and emis- 
sion wavelengths was different and that this 
variation aRected the degree of confidence which 
one could have in the deconvoluted results. 
More important, in the case of multicomponent 
decays inaccurate kinetic parameters were ob- 
tained if this variation were neglected in the 
calculations. We have developed and demon- 
strated the applicability of a ratio correction 
procedure :ihich does not require any a priori 
assumptions of the nature of wavelength-time 
response variation of the PMT response function. 
Only when the ratio correction procedure was 
applied could we achieve a high degree of con- 
fidence in the accuracy of the kinetic parameters. 
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Substitneat effects on the ionization constants 
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AHMAD S. SHAWALI a ld  BAHEEGA M. ALTAHOU. Can. J. Chem. 54, 3260 (1976). 
Ionization constants, pK,. for a set of 12 phenylazobenzaldoximes (1) have been determined 

in 50 vo17, ethanol-water medium at 25 k 0.1 "C and a p of 0.1. Excellent linear correlations 
are obtained when pKa values are plotted against the substituent constant, u,, and the polar 
substituent constant. u*,,,,,, for substituted phenyl groups. The regression lines are: pK, = 
9.905 - 0 . 7 3 7 ~ ~ ;  and pK, = 10.489 - 1 . 0 1 ~ * , ~ , ~ , ,  respectively. The pK, values have also 
been correlated with the extended Hammett equation. The correlation follows the equation: 
pKa = 9.897 - 0 . 7 1 3 ~ , , ~  - 0 . 7 3 4 ~ ~ ~ ~ .  It is concluded that EE and Z E  forms of 1 exist in 
equilibrium in solution phase. 

AHMAD S. SHAWALI et BAHEEGA M. ALTAHOU. Can. J. Chem. 54, 3260 (1976). 
On a dCterminC, dans un milieu a 5OC,; par volume d'Cthanol-eau, B 25 t 0.1 "C et a un p 

de 0.1, les constantes d'ionisation, pK,, d'une sCrie de 12 phCnylazobenzaldoximes (1). On a 
obtenu d'excellentes corrClations 1inCaires entre les valeurs de pK, et les constantes de sub- 
stituants U, et les constantes de substituants polaires u * , ~ , ~ ,  pour les groupes phenyles sub- 
stitues. Les lignes de regression sont pKa = 9.905 - 0 . 7 3 7 ~ ~  et pKa = 10.489 - 1.01~*,,,,,. 
On a Ctabli une corrClaiion entre les valeurs de pKa et les valeurs de I'Cquation Ctendue 
d'Hammett. La corrClation suit 1'Cquation suivante pKa = 9.897 - 0.713~,,,- 0 . 7 3 4 ~ ~ ~ ~ .  
On en conclut, qu'en solution, les formes EE et ZE de 1 existent en Cquilibre. 

[Traduit par le journal] 

Introduction 

Although several reports (1-3) have been 
published concerning the synthesis and chelating 
properties of some arylazobenzaldoximes (I), 
no attempt has yet been made to study the 
acidities of these compounds. We wish now to 
report the preparation of a series of 12 of 1 and 

the correlation of their ionization constants with 
the simple and extended Hammett equations [I] 
and [2] respectively. 

Table 1 lists the compounds investigated, their 
mp's, and analytical and spectral data. 

'Author to whom all inquiries should be addressed. 

Resuits and Discussion 

The ionization constants (pK,'s) of l a  to 11 
were determined in 50 vo17, ethanol-water 
medium at 25 rt 0.1 "C and a p of 0.1 using a 
spectrophotometric method. 

At p H  < 8 each of the phenylazobenzaldox- 
imes studied shows an intensive a-n* absorption 
band near 305 nm. In alkaline media, the ambi- 
dent anion, ArC(:NO-)N:NPh ++ ArG(N:O):- 
NmPh, shows an intensive 9-n* band in the 
region 325-400 nm. Spectra recorded at different 
p H  values show an isosbestic point at 325 nm, 
Fig. 1. The absorbance of a freshly prepared 
solution measured at the wavelength of the 
absorption maximum of the anion plotted 
against p H  shows a dependence in the shape of 
a dissociation curve of a monobasic acid, Fig. 2. 
From the pH-absorbance data, the pK, values 
for l a  to 11 were calculated. The results are sum- 
marized in Table 2. 

Inspection of the data in Table 2 reveals that 
the pK, values of Pa to 11 are lower than those of 
the corresponding benzaldoximes (pK, = 10.695 
- 0.857~,  in water at 25 "C) (4a). The higher 
acidities of 1 as compared with those of benzal- 
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SHAWALI AND ALTAHOU 

TABLE 1. Phenylarobenzaldoximesa 

Ultraviolet maxima 

mpb Neutral fornic Aniond 
Compound ("C) A nm (log e) X nm (log e) 

l a  148-149 430(2.55), 290(4.23) 354(4.38), 228(4.26) 
l b  133-134 437(2.53), 300(4.21) 352(4.56), 240(4.25) 
IC 137-138 436(2.55), 307(4.23) 350(4.40), 237(4.31) 
Id 158-159 434(2.55), 307(4.24) 350(4.42), 275(3 .go), 240(4.03) 
l e  153-154 436(2.51), 305(4.24) 350(4.40), 275(3.9I), 244(4.01) 
lf 118-119 436(2.62), 307(4.36) 353(4.54), 275(3.95), 240(4.13) 
l g  I 10-1 11 436(2.49), 307(4.23) 350(4.42), 275/3.81), 240(4.03) 
l h  185-186 434(2.53), 307(4.32) 349(4.52), 270(4.17) 
l i  186-187 435(2.54), 305(4.40) 349(4.48), 270(4.10) 
ll 140-141 436(2.58),302(4.32) 350(4.36),290(4.00),238(4.11) 
l k  161-162 430(2.61), 310(4.46) 346(4.46), 275(3.67), 238(4.08) 
11 156-157 436(2.59), 310(4.72) 344(4.50), 265(4.06), 240(4.20) 

aAnal. calcd. for C13HloClN30 (Id): N 16.18; found: N 16.22; calcd. for C13H1oBrN30 (le):  N 13.81; 
found: N 13.74: calcd. for C I ~ H I G C I N ~ O  (If): N 16.18; found: N 16.15; calcd. for ClsH1oBrNo0 (tg): 
N 13.81; found: N 13.72; calcd.forClaH~oCINsO(lk): N 16.18; found: N 16.09; calcd. for C13Hi~N.103 
(10: N 20.73; found: N 20.65. 

OLiterature mp (1-3, 16): l b  133 "C, l c  134°C. l h  183 "C, l i  180 "C. 
CIn ethanol. 
dIn 50 vol% ethanol-water. pH 12.5. 

Wavelength nm 
FIG. 1. Absorption spectra of phenylazo-p-bromobenza].cioxirne (Be) at different pH values. l e  

3.72 X 10-5 M; in 50 vol',', ethanol-water, 25 "C. Run and pH: ( 1 )  0.97; (2) 8.47; (3) 8.74; (4) 9.06; 
( 5 )  9.18; (6) 9.47; (7) 9.65; (8) 9.75; (9) 9.86; (10) 10.06; (11) 10.15; (12) 10.27; (13) 10.46; (14) 10.70; 
(15) 11.01; (16) 11.87, 
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TABLE 2. Ionization constants, p&, of substituted 
phenylazobenzaldoxin~es and substituent constants used in their correlation 

Cornpo~inci pKaa '= x '=I,x u ~ , x  ' = * X C ~ H ~  

aStandard deviation i 0.01-0.03. 
"or the p-nitro group it was necessary to use the enhanced sigma constant, Q-. This need is un- 

duubtediy caused by the direct conjuga:ion of the negative charge on the reaction site with the sub- 
stituent. 

F:G. 2 Dependence of absorbance at  350 n n  of some 
phersyla;roben~a!dox~nies on pH. 

doxinies can be rabonahzed nn terms of the 
eiectrsnic character of the a-phenylazo sub- 
st~tuent, which has recently been reported to act 
as a -1-M group (53. Also, the data in Table 2 
show clearly that both ~nductive and conjugative 
effects of' the skibstituenfs examined are opera- 
tive. Fol a deeper arns~ght, the fit of the data to a 
free energy relationishlp was tested. 

&'hen examining the correiahioa of the dis- 
sociation constants of Pa 10 I I  with the Hammeet 

equations [I] and [2], the nature (tautomeric and 
geometric) of the phenylazobenzaldoxime sys- 
tem must be considered. An earlier spectral study 
(3) of some of the compounds investigated has 
revealed that such compounds have the azo 
oxime structure (AO); no evidence for the 
tautomeric nitrosohydrazone form (NH) could 
be obtained. The spectral data of the compounds 
l a  to PI  agree with such a conclusion. Thus, the 
electronic absorptiori pattern of 1 in ethanol was 
characterized, in each case, by two bands: a 
weak n-a* band near 430 nm (log e  < 3) and 
an intensive n-T* band near 300 nm (log e  > 41, 
Table 1. Such a pattern is similar to that of 
trans-azobenzene: X (log e )  445 nm (2,48), 319 

(4.29) (3> 6). In addition, the absorption pattern 
of 1 in the uv region was found to be nearly 
independent of the nature of the solvent, Table 3, 
indicating the presence of only one tautomer in 
the solution phase. The relatively small differ- 
ences observed are assumed to be caused by 
solute-solvent interactions (6). 

Configurations of the C=W and N=N double 
bonds of a given compound in series 1 can 
lead to four possibilities: EE, ZE,  EZ, and 
ZZ. From these only the last two structures are 
rejected a priori for steric reasons. The identity 
of the uv characteristics of 1 with those of 
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TABLE 3. Ultraviolet maxima of two phenyl- 
azobenzaldoxin~es in different solvents 

A nm (log e) 

Solvent Ib l c  

Ethanol 300(4.21) 307(4.23) 
Cyclohexane 300(4.22) 305(3.27) 
Dioxan 300(4.19) 302(4.21) 
Dimethyl sulfoxide 305(4.20) 302(4.23) 
Acetic acid 300(4.23) 310(4.19) 
Chloroform 30X4.21) 3 1 0(4.24) 
Dimethylformamide 300(4.25) 305(4.23) 

trans-azo compounds supports this exclusion. 
Furthermore, it appears that the energy barrier 
between the EE and ZE isomers is relatively low 
so that they exist in equilibrium in the solution 
phase of l .  Lower barriers are usually found 
when the double bond in question is involved in 
resonance (7). In agreement with this conclusion, 
the vibration spectra of l a  to I1 in the solid state 
and in solution as well, show the band at 
higher frequencies (1030cm-l) than that in 
hydroxylamine (vN4 912 cm-l) and its N-alkyl 
derivatives ( F ~ +  950cm-') (8). This can be 
attributed to resonance contribution from struc- 
tures of type 2, which can, in turn, permit rota- 

EE ZE 
(trans-trans) (cis-trans) 

EZ ZZ 
(trans-cis) (cis-cis) 

tion of oxime group. The equilibrium mixture 
of EB and Z B  isomers in the solution of 1 is also 
indicated by the pmr spectra of l a  and Bb in 
CDC13. Thus, the resonances of protons of the 
p-methoxyl group in l a  appear as a doublet at 6 
3.88 and 3.85 ppm. Also, the spectrum of l b  
contains a doublet at 6 2.45 and 2.41 ppm 
assignable to the p-methyl group protons. The 
magnitude of separation (in Hz) of the peaks of 
each of such doublets was found to be directly 
proportional to the applied field strength. An 

earlier report (3) has further revealed that the 
relative areas under the peaks of the doublet of 
l b  are solvent and concentration dependent. 
Other nmr evidence for the existence of cis-trans 
isomers has also been demonstrated for the 
isomeric p-tolylazobenzaldoxime (3). Unsym- 
metrical ketoximes were reported to exhibit 
similar solution equilibria of isomers which can 
be identified by their nmr spectra (9). 

In view of the nature of the phenylazobenzal- 
doxime system, the spectrophotometric acid 
dissociation constant, pKa, thus obtained, cor- 
responds to the overall acid-base reaction in 
Scheme 1. 

In such cases, the value of the overall constant, 
Ka, is related to the dissociation constants a";l 
and K2 of the EE and Z E  isomers, respectively, 
by the equations: 

[3] log K, = log 4Yl - iog (1 + KT) 

643 log Ka = log K2 - log (1 + (~/KT))  
where KT = [ Z q / [ E q .  

Analytically, the value of log K, can be ex- 
pressed by [5] derived by adding [3] and [4] and 
substituting (piax + hi) for the log Ki term. 

[51 log K, = $(PI + P~)UX + 3 ( h  + h2 - log Y) 
where 

y = (2 + ((b(TZ + ~)/KT)) 
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TABLE 4. Substituent constants 

Substituent u*,,, ,~ Substituent u X a  uxb (ref.) 

a-l'his work. 
"Literature value. 

I I I I I 

-0.3 0.0 c 8 . 3  40.6 c0.9 4 1 2  A 
Qx 

FIG. 3.  Correlations of acid dissociation constants 
(p&) of phenylazobenzaldoximes with the substituent 
constants, U,  ( A )  and u*,,,,, ( R i .  

Equation 5 is equivalent to [ I ]  with p = +Cpl i- 
pz), and h = +(h, + h2 - log Y). In deriving [ 5 ] ,  
it is assumed that the value of the equilibrium 
constant, KT, which is included in the Y term, 
exhibits insignificant variation, if any, with the 
electrical properties of the substituent. This is 
supported by the closeness of the pKa values of 
Id, If, and Pk to that for the unsubstituted com- 
pound Ic. Also, the linearity observed between 
pK, values and ax constant confirmed raposteriori 
the correctness of our assumption. 

Two ways were followed in correlating the 
p& values of series 1 with the simple Hammett 
equation [I]. In the first case, the pK, values 
were plotted 0s. the Hammett substituent con- 

stant ux of the X-substituent, Fig. 3. In the 
second case, we included the phenyl group with 
the substituent, and plotted the pKa values 
against the polar substituent constant, r*xCsH4 
for substituted phenyl groups (lo), Fig. 3. As 
shown, excellent linear relations were obtained 
in both cases when the data of compounds l a  to  
1i were utilized. The regression lines expressing 
such correlations follow [6] and [7] respectively. 

Equation 7 was utilized to calculate the 
for the 3,4-O2CH2c6H3, 2-C1C6H4, and 2- 
Q2NC6H4 groups using the corresponding pK, 
values of I j  to I1 respectively. The calculated 
values of such constants are listed in Table 4. 
From the latter values of u*, thus obtained, the 
ax constants of the substituents: 3,4-Q2CHz, 
2-C1, and 2-02N were further calculated (10); 
they are also collected, together with the litera- 
ture values, in Table 4. 

Next, the ionization constants for 1 were cor- 
related with the extended Hammett equation [2] 
by multiple regression analysis (1 1). The correla- 
tion of pKa values with [2] may be justified in a 
similar manner as above. The data used in the 
correlation are given in Table 2. For the para 
substituents, the u ~ , ~  were taken from the collec- 
tion of Taft and co-workers (12); the U R , ~  

constants were obtained from the relation: 

'JR,X = up,X - 'JI,X 

For the meta-substituents, the uR,x constants 
were estimated by the method of Charton (13), 
using the relation: 

UR,X = 0.25~- , ,~  

The up,? and r , , ~  constants were from the 
compilation of Ritchie and Sager (14). The results 
of the correlation with [2] are presented in 
Table 5. The value of the multiple correlation 
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SHAWALI AND ALTAHOU 3265 

TABLE 5. Results of correlation with [2] 

Parameter Value Parameter Value 

aMultiple correlation coefficient. 
bStandard errors of the estimates: a, 0, and h respectively. 
CNumber of points. 

coefficient of 0.999 indicates an excellent correla- 
tion. The values of a and P ,  thus obtained, indi- 
cate that for series 1 the composition of the 
electrical effect, E, defined as the ratio @ / a  has 
a value of 1.03. 

For oximes in which the substituent X has the 
anti configuration, 3, (for example, syn-aldox- 
imes and syn-phenylketoxirnes) E values of 1.18 
and 1.27 were observed (4b, 13). On the other 

\ ,  , 

hand, oximes such as anti-aldoximes and anti- 
phenylketoximes, in which the substituent X has 
the syn configuration 4, have E values of 0.27 
and 0.43 respectively (4b, 13). A comparison of 
these E values with that of 1.03 observed for 
phenylazobenzaldoximes suggests that both the 
EE and Z E  forms of 1 exist in eauilibrium in 
solution phase, in accord with the spectroscopic 
evidence presented above. 

Experimental 
Melting points are uncorrected. Infrared spectra were 

taken on a Pye-Unicam SPlOOO spectrophotometer. 
Electronic absorption spectra were measured on a Pye- 
Unicam SP8000 spectrophotometer. Nuclear magnetic 
resonance spectra were done on a Varian T-60A spec- 
trometer using TMS as internal standard. Microanalyses 
were performed by Alfred Bernhardt, Microanalytisches 
Laboratorium, West Germany. 

Phenylazobenzaldoximes l a  to 11 were prepared by 
following the procedure of Bamberger and Pemsel (1). 
Of the compounds prepared, l a  to l c  and l h  to l i  have 
been reported (1-3). The characterization data and the uv 
maxima of the compounds prepared are summarized in 
Table 1. All compounds l a  to 11 in CDCI3 show, in their 
pmr spectra, multiplet signals for aromatic protons in the 
region 7-8 ppm, and a broad NOH signal in the range 
9-12 ppm. The latter signal disappears upon shaking the 
solution of 1  with D 2 0  and a new signal due to DOH 
resonance appears near 4.6 ppm. In addition, compound 
lj exhibits a singlet at  6 6.08 (2H, 3,4-O2CH2) ppm. 

Infrared spectra of all compounds in KBr show the 
following characteristic bands: a broad band in the 
region 3200-2800 cm-1 due to a bonded OH stretch. and 
a sharp one near 1030cm-1 assignable to an N-O 
stretch. The solution phase in CHCI, or CC14 shows an 
additional sharp band near 3585 cm-1 assignable to a 
non-bonded O H  group. 

A radiometer p H  meter type 63 fitted with a combined 
glass electrode type GK2301C was employed for deter- 
mination of pH.  The instrument was accurate to t0 .01  
p H  unit. It was calibrated using two standard Beckman 
buffer solutions at  p H  4.01 and 7.00. The p H  meter 
readings (B) recorded in ethanol-water solutions were 
converted to  hydrogen ion concentration [H+] by means 
of the widely used relation of Van Uitert and Haas (15), 
namely 

- log H+ = B + log UH 

where log U ,  is the correction factor for the solvent 
composition and ionic strength for which B is read. For 
this purpose, readings were made on a series of solutions 
containing known amounts of hydrochloric acid and 
sodium chloride such that the ionic strength was equal to 
0.1 in 50 volt; ethanol-water at  25 + 0.1 "C. The value 
of log U ,  was found to be -0.25. 

The acid dissociation constants of l a  to 11 were 
evaluated spectrophotometrically. An aliquot of a stock 
solution of the appropriate phenylazobenzaldoxime in 
ethanol was diluted with aqueous hydrochloric acid and 
ethanol so that the final solution was 5 X 10-5 M in the 
azo oxime, 0.1 M in HCI, and contained 50r7, by volume 
ethanol. The test solution (50 ml) was then transferred to 
a water-jacketed thermostatted cell. The p H  of the solu- 
tion was measured and the spectrum was recorded using 
either the ionic medium or the corresponding aqueous 
ethanol as a blank. In both cases identical absorbance 
values in the wavelength range employed were obtained. 
The p H  of the test solution was increased by addition of 
small volume of concentrated carbonate free sodium 
hydroxide made up from the same solvent. Since the total 
change in volume did not exceed 1.053, no correction was 
made for dilution. After each spectral measurement, the 
p H  was checked, and in all cases, the two values before 
and after the spectral measurement were found to be the 
same within the limits of the accuracy of the p H  meter. 
Figure 1 shows the collected spectra of l e ,  taken as a 
typical example at  different p H  values. In each run 10-15 
p H  readings were taken and the value of pK, was cal- 
culated from each reading using the equation: pK, = 

pHi f log ( A b  - A1)/(A, - A,); where A, is the ab- 
sorbance of the solution at  pH, and A, and A, are the 
absorbance values of the strongly acid and alkaline 
solutions of 1 respectively. Each compound was subjected 
to three pK, determinations, and the average values, 
given in Table 2 are within 10.01-0.03 pK, units. 
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13C nuclear magnetic resonance studies. 61.' The effect of solute-solvent 
association on internal rotation in substituted benzaldehydw 

R. E. K L I N C K ~  AND J. B. STOTHERS 
Department ofchemistry, Unicersity of Wesferr1 Ontario, Lotzdon, Otlt., Cat~adu N 6 A  5B7 

Received May 7, 1976 

R.  E. KLINCK and J. B. STOTHERS. Can. J. Chem. 54, 3267 (1976). 
Complete llneshape analyses of the 13C nmr signals of the ortlio and meta carbons have been 

carr~ed out for two p-subst~tuted benzaldehydes In methylene chlor~de-d2 and toluene-d8 
solutlons over a wlde temperature range. The actlvatlon parameters have been determined for 
the formyl group rotatlon and large negatlve values are found for AS* when the latter solvent 
IS used. These results suggest that solute-solvent assoclatlon has a sterlc effect on the transltlon 
state. 

R. E. KLINCK et J. B. STOTHERS. Can. J. Chem. 54, 3267 (1976). 
On a effectuC une analyse complete de la forme des bandes des slgnaux rmn de 13C des 

carbones ortho et m6ta de deux benzaldehydes subst~tuCs en para; ces Ctudes ont kt6 effectuees 
en solutlons dans ie chlorure de mCthylkne d2 et le toluene d8 B plusleurs temperatures dlffkr- 
entes. On a diterrmne les paramktres d'actlvatlon B la rotatlon du groupe formyle et on a trouve 
de grandes valeurs nCgatlves pour le AS+ avec le dernler solvant. Ces rCsultats suggkrent que 
l 'assoc~at~on solute-solvant a un effet stCrlque sur 1'Ctat de transltlon. 

[Tradult par le journal] 

Introduction used ~n thls study are commerc~ally ava~lable and were 
purified by d~st~llation and recrystall~zat~on, respectively, 

barriers about u-bOnds possessing before use. Methylene chloride-d2 and toluene-d8 were 
some a-character have been investigated exten- obtalned from Merck. Sharp and Dohme, Canada, and 
sively (1, 2) and several such studies of sub- used wlthout further purlficatlon. Solutlon concentrations 
stituied benzaldehydes have been reported of 2-3 moIc;c were exanuned. Spectra were obta~ned wlth 

(3-13). It has been shown that complexation a Vanan XL-100-15 spectrometer, equlpped wlth varlable 
temperature accessories and operating In the FT mode. 

with BF3 (5-8) or protonation in superacids The solvent signals were used for the 2H lock. The probe 
(9-12) increases the barrier to rotation relative to temperature was monitored before and after the collect~on 
that of the free aldehyde. The utility of 13C nmr of each spectrum wlth a thermocouple placed In a sample 

spectroscopy has recently been illustrated with tube contalnlng toiuene. Temperatures should be rel~able 
to  wlthln i- 1 "C. In~tially, spectral wldths of 4000 Hz 

the free (I3). The larger them- were used to spectra from +30 "C to - 110 "C at 
ical shift differences for the non-equivalent 20 O C  Intervals. These revealed the varlatlons of the orrllo 
ortho and meta carbons com~ared  with those for and metu carbon linewidths with temperature and in- 
the non..equivalent ortho grid meta protons d~cated approx~mate coalescence temperatures. For the 

complete llneshape analysis, spectral wldths of 800Hz greatly improve the Most studies have were used for the ortlio and mera carbon regton and 500 
been conducted in 'inert' solvents such as Hz for the methyi carbon reglon. The latter spectra were 
methylene chloride, vinyl chloride, or mixtures obtalned for the purpose of evaluat~ng the effectwe 
of freons. Since our earlier proton study (4) transverse relaxation tlme, T2*. These spectra were 

indicated a significant solvent effect in toluene obta'ned from +30 "C '0 - '00 OC at a ~ ~ r o x ' m a t e l ~  
10 "C ~ntervals, wlth 5 "C intervals belng used near the 

solutions, we decided to reinvestigate this system coa~escence temperatures. 
using 13C nmr and complete lineshape analysis 
(2) to  determine if the entropy effect found in the Treatment of Experimental Data 
earlier study is indeed important. 

Complete lineshape analysis was used to  
Experimental determine the rate constant for the exchange. 

The p-methoxy- and p-dimethylaminobenzaldehydes The Eyring rate equation was used to evaluate 
the activation parameters AH*, AS*, and AG*. 

'For part 60, see ref. 20; part 59, see ref. 21 ; part 58, T~~ compoun~s, p-dimethy~iaminobenzaldehyde 
see ref. 22. 

Termanent Address: Adirondack Community College, and P - ~ ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ ~ Y ~ ~  were each studied in 
Shens Falls, N.Y. U.S.A. 12801. CD2CI2 and in C6DSCD3 solutions. The former 
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solvent was used to allow comparison of the 
results with those of earlier determinations. In 
addition the AS* values obtained provide an 
assessment of the uncertainties involved in the 
method of analysis. 

Complete Lineshape Analysis 
The complete lineshape analysis was carried 

out using a modification of the computer pro- 
gram EXCHG.3 Input includes the zero-ex- 
change chemical shifts of the two sites (vA and 
vg) and T 2 *  Initial estimates of the exchange 
time, T, are iterated to provide the best theoretical 
fit to the experimental data as indicated by a 
minimum standard deviation. Plots are then 
provided to illustrate the quality of the fit. Since 
the free induction decays were stored, any 
phasing errors could be corrected through sub- 
sequent Fourier transformations of the original 
data. 

Determination of v,i and vg 
At  sufficiently low temperatures, the rotation 

of the formyl group is essentially 'frozen' and 
distinct signals appear for each ortho and meta 
carbon. The maximum separations of the orrho 
signals and the rneta signals at  low temperature 
were initially taken as the zero-exchange separa- 
tions, Av. The appropriate separation and the 
center of the observed spectral pattern were used 
to obtain values for vA and vg at  each temper- 
ature. 

In some cases, once the zero-exchange temper- 
ature is reached, AV remains constant upon 
further decreases in temperature. In other cases 
AV continued to vary indicating that the zero- 
exchange separation is temperature dependent 
Consequently, plots of the separations below the 
zero-exchange temperature were extrapolated 
over the entire temperature range to provide 
better estimates of the Av for each temperature. 

In toluene-&, one of the slow exchange ortho 
signals was masked by solvent signals. T: obtain 
the zero-exchange separation, a plot of the 
temperature dependence of the chemical shift of 
the orlho signal above coalescence was extrap- 
olated to lower temperatures. Using this value 
and the chemical shift of the signal observed, the 
zero-exchange separation could be estimated. 

'Program EXCHG was written by Dr. Nancy K. 
Wilson of the Environmental Protection Agency, Re- 
search Triangle Park, N.C., and provides a simplified 
lineshape analysis for completely decoupled spin systems. 

Determination of T2 * Values 
The effective transverse relaxation time, T2*, 

can be obtained from the zero-exchange line- 
width, wo as follows: 

Because the linewidths of signals from non- 
exchanging carbons vary with the conditions 
under which a given spectrum is run, the methyl 
carbon linewidth was used to determine T2*. 
Above 0 "C, it was found that the ortho and meta 
carbon linewidths do not change appreciably 
relative to those of the other carbons. Therefore. 
it can be assumed that the exchange rate at  room 
temperature is too rapid to cause detectable 
broadening and that the differences in linewidths 
between the ortho, meta, and methyl carbons 
reflect the differences in T2* for these carbons. 
Using these differences and the observed methyl 
linewidths, values of wo for the ortho and meta 
carbons can be determined for each temperature 
studied. For example, for p-methoxybenzalde- 
hyde in CD2C12 at 28 "C, w(ortho) = 0.84 Hz, 
~ ( m e t a )  = 0.76 Hz, and w(methy1) = 0.63 Hz. 
Therefore 

These relations were used to obtain wo values for 
the ortho and meta carbons of p-methoxybenz- 
aldehyde in CD2C12 at the other temperatures. 
Similar expressions were obtained for the other 
solutions studied. Equation 1 was then used to 
calculate the T2* value for the complete lineshape 
analysis. It should be noted that T2* values are 
not particularly critical except in cases of ex- 
tremely fast or extremely slow exchange rates. 
Calculations showed that variations of 1&20% 
in T2* give rise to variations of < 1% in log 
kh,lkBT values used for the Eyring plots. This 
method of determination ensures that T2* values 
are well within the above limits. 

Results and Discussion 
The zero-exchange chemical shift differences, 

Av, for the ortho and meta carbons at  - 100 OC 
are listed in Table 1. In methylene chloride-d2 
solution Av was found to be temperature de- 
pendent for both carbons of p-methoxybenzal- 
dehyde and for the ortho carbons of p-dimethyl- 
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KLINCK AND STOTHERS 

TABLE 1. Zero-exchange separations and coalescence temperatures for 
the ortlio and meta carbon signals of p-substituted benzaldehydes 

meta Carbons arrlzo Carbons 

Solvent Substituent AV (HZ) 1, (:c) Av (Hz) 1, ("c) 
CD2C12 OMe 67 - 87 222 - 75 

NMe2 44 - 58 224 -41 

C6D5CD3 OMe 76 - 100 -200 - 74 
NMe2 5 3 - 70 -200 - 40 

TABLE 2. Activation parameters for formyl group rotation of 
p-substituted benzaldehydes in CD2ClZa 

A H *  AS* AG*z98 AG*, 
Substituent Carbons (kcal/mol) (eu) (kcaljmol) (kcal jmol) 

OMe ortho 9 . 1 k 0 . 2  0 . 6 i 1 . 0  8 . 9 k 0 . 5  9 . 0 + 0 . 4  
meta 9 . 3 k 0 . 2  2 . 1 i 0 . 8  8 . 6 i 0 . 4  8 . 9 k 0 . 3  
Combinedb 9 .1kO.2  1 . 2 k 0 . 9  8 . 8 k 0 . 4  

NMe2 ortho 10 .810 .3  1 . 3 i 1 . 4  10.510.7  1 0 . 6 i 0 . 6  
meta 10 .0k0 .2  - 2 . 4 1 1 . 1  1 0 . 7 i 0 . 6  10.5+0.5 
C o m b i n e d V O . 3  k 0 . 3  -0.8*1.2 1 0 . 6 i 0 . 6  

aErrors shown are standard deviations obtained from the least-squares analysis. 
DObtained from a single least-squares analysis of both orfho and mefa data. 

solvent as~ociation in t o ~ ~ e n e  solutions pro- FIG. 1. Eyring plots for the data from the meta 
posed earlier (14-16) could be responsible. carbons of p-methoxybenzaldehyde (0) andp-dimethyl- 
Solvent molecu]es associate with the more elec- aminobenzaldeh~de (@) in to1uene-d8 solution. 

aminobenzaldehyde. In toluene-d8 solution, the 
temperature dependence of Av could not be 
determined for the ortho carbons because one -80- 

signal was masked by the solvent. For the meta 
carbons, the coalescence temperature is suffi- 
ciently low that the temperature dependence of 2 
Av could not be adequately determined. In a 
given solvent the meta separation varies with -.,o.o- 

substituent whereas the ortho separation is 
reasonably constant. This is to be anticipated 
since the meta carbons are closer to the sub- 
stituent. Coalescence temperatures for the ortho 
carbon signals were the same in the two solvents, 

tron deficient region of the solute. Therefore a 

40 50 

greater solvent efect was found for those carbons 
nearest the methoxyl and dimethylamino sub- 
stituents. 

but those for the nzeta carbons differ. The solute- IIT K loJ 

The activation parameters obtained from the 
analysis of the ortho and meta carbon signals of 
the two solutes in CD2C12 solution are listed in 
Table 2. For each solute. the results obtained 
from the ortho and meta carbons are in excellent 
agreement. A least-squares analysis using the 
combined data provides as good a fit as the 

separate analyses. The results obtained compare 
favorably with those found previously (13). 
Within experimental error the entropies of 
activation are found to be close to zero. These 
results indicate the feasibility of the method 
employed and confirm the assumption of a 
negligible entropy of activation in rotations of 
this type. 

Figure 1 illustrates the Eyring plots obtained 
for the meta carbon signals of the two solutes in 
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TABLE 3. Activation parameters for formyl group rotation of 
psubstituted benzaldehydes in C6D5CD35 

AH+ AS* AG+298 ac*c 
Substituent Carbons (kcal/molf (eu) (kcal/mol) (kcal/mol) 

OMe or1110 7 . 5 k 0 . 5  - 6 . 7 k 2 . 1  9 . 4 i 1 . 1  9 . 1 f 0 . 9  
meta 6 . 5 i 0 . 2  - 9 . 4 k 1 . 0  9 .310 .5  8 . 2 1 0 . 4  

NMe2 ortho 7 . 8 i 0 . 7  - 1 0 . 7 t 2 . 9  1 0 . 9 t 1 . 6  10.711.4  
me ta 6 . 0 1 0 . 4  - 1 9 . 2 j 1 . 7  1 1 . 8 i 0 . 9  9 . 9 f 0 . 7  

aErrors shown are standard deviations obtained from the least-squares analysis. 

C6D5CD3 solution. The activation parameters the carbonyl and phenyl groups coplanar 
obtained from both carbon signals are listed in appears to be required. The present data indicate 
Table 3. Because of the difficulty in assigning Av that solvation forces can also exert a steric effect 
values for the ortho carbons, the agreement on the rotation process and, for the formyl 
between the results obtained from the two car- group at least, the activation parameters for the 
bons is not as good as that observed in the process should be determined to establish the 
CD2C12 solutions. In addition, data for the entropic contribution. 
ortho carbons are limited to temperatures above 
coalescence. For these reasons. the results from Acknowledeements 
the ortho carbon signals are not as reliable as 
those for the meta carbon signals, and a least- 
squares analysis of the combined results is not 
justified. However, the results obtained from the 
meta carbons can be considered to be as reliable 
as those obtained from the CD2C12 solutions. 
Therefore, we conclude that the large negative 
values for AS* in toluene-d8 are real, and the 
aromatic solvent is actively involved in the 
rotation process such that the transition state is 
highly ordered, and therefore less probable than 
the transition state which occurs in methylene 
chloride solution. 

Large negative entropies of activation have 
been found for a number of ring inversions in 
six-membered heterocyclic compounds (for a 
general review see ref. 17). While theoretical 
considerations indicate that some of these pro- 
cesses should have negative AS* values, in many 
cases the experimental values are considerably 
larger. This appears to occur in situations where 
steric effects may be important. In a study of 
hindered rotations of substituted biphenyls, 
Cage1 and Eyring (18) suggest that as the size of 
the ortho substituents increases, the formation of 
activated compiex becomes less probable, thereby 
leading to large negative entropies. A similar 
interpretation has been given by Gschwend (19) 
to  account for the large negative entropy found 
for ring inversion of I-oxo[2.2]metacyclophane 
relative to  that for the I-hydroxyl derivative. For 
the former a highly rigid transition state having 

- 
We are grateful to the National Research 

Council of Canada for financial support of this 
study and to Dr. N. K. Wilson for kindly pro- 
viding the EXCHG program for the line-shape 
analysis. We thank Inara Grikis and Marlene 
Brown for technical assistance. 

1. H. KESSLER and K. 0. KALINOWSKI. It2 Topics in 
stereochemistry. Vol. 7. Edited by N. L. Allinger and 
E. L. Eliel. Interscience, New York. 1972. 

2. I. 0. SUTHERLAND. In Annual reports on NMR 
spectroscopy. Vol. 4. Edited by E. F.  Mooney. 
Academic Press, New York. 1971. 

3. F. A. L. ANET and M. AHMAD. J. Am. Chem. Soc. 86, 
119 (1964). 

4. R. E. KLINCK. D. H. MARR. and J. B. STOTHERS. J. 
Chem. Soc.  hem. Comm. 409 (1967). 

5. A. GREENVALD and M. RABINOVITZ. J. Chem. Soc. 
Chem. Comm. 642 (1969). 

6. M. RABINOVITZ and A. GRINVALD. J. Am. Chem. 
SOC. 94, 2724 (1972). 

7. A. GRINVALD and M. RABINOVITZ. J. Chem. Soc. 
Perkin Trans. 11, 94 (1974). 

8. V. S. RAO and P. M. NAIR. Indian J. Chem. 82 (1973). 
9. R. JOST, P. RIMMELIN, and J. M. SOMMER. J. Chem. 

Soc. Chem. Comrn. 879 (1971). 
10. A. ELLENCWEIG and M. RABINOVITZ. Tetrahedron 

Lett. 4439 (1971). 
11. D. M. WONG. Ph.D. Thesis, University of California, 

Los Angeles. 1972. 
12. T. DRAKENBERG, S. FORS~N, and J. M. SOMMER. J. 

Chem. Soc. Perkin Trans. 11, 520 (1974). 
13. T. DRAKENBERG, R. JOST, and J. SOMMER. J. Chem. 

Soc. Chem. Comm. 1011 (1974); J. Chem. Soc. 
Perkin Trans. 11, 1682 (1976). 

14. R. E. KLINCK and J. B. STOTHERS. Can. J. Chem. 40, 
2329 (1962). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KLINCK AND STOTHERS 32'91 

15. R. E. KLINCK and J. B. STOTHERS. Can. 3. Chem. 44, 19. H. W. Csc r iw~~w.  J. Am. Ghem. Soc. 94, 8430 
37 (1966). (1972). 

116. R. E. KLINCK. Can. J. Chem. 51, 787 (1973). 20. A. S r o ~ s s ~ ,  9. 18. STOTHERS, and E. W. B. WARD. 
17. V. M. GITTINS, E. WYN-JONES, and R. F. M. WHITE. Phytochem. 15, 855 (1976). 

It2 Internal rotation in molecules. Edited by W. 3. 21. G. I. B ~ R I V B A U ~ ~ ,  C. F. HUBER, M. L. POST, 5. 43. 
Orville-Thomas. John Wiley and Sons, New Vork. STOTNERS, 5. R. ROBINSON, A. %TOES%, and E. W. B. 
1974. WARD. J. Ghern. Soc. Chem. Comrnun. 330 (1976). 

18. F. W. CAGLE, JR., and H. EYRING. J. Am. Chem. 22. J. B. STOTHERS and C .  T. TAN. Can. J. Chern. 54,917 
Soc. 73, 5628 (1951). (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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W. A. AYER, L. M. BROWNE, S. FUNG, and J. B. STOTHERS. Can. J. Chem. 54, 3272 (1976). 
A variety of substituents bonded to quaternary carbons exert marked deshielding effects at 

antiperiplanar 7 carbons. The shifts produced by methyl groups are ca. 2 ppm, whilc hydroxyl 
groups cause shifts as large as 6 ppm. These shifts are particularly clearly demonstrated by the 
C-19 shieldings in 5a-substituted steroids. For 9,IO-disubstituted decalins, the effect is such 
that cis and tratzs isomers are not easily distinguished from their 13C spectra. These shifts con- 
trast sharply with the corresponding effects found for substituents bonded to less highly sub- 
stituted carbon skeletons. 

W. A. AYER, L. M. BROWNE, S. FUNG et J. B. STOTHERS. Can. J. Chem. 54, 3272 (1976). 
Un grand nombre de substit~iants lies B des carbones quaternaires excercent des effets im- 

portants de deblindage sur les carbones 7 antipkriplanaires. Les deplacements produits par les 
groupes mCthyles sont d'environ 2 ppm alors que les groupes hydroxyles provoquent des 
deplacements qui peuvent aller jusqu'a 6 ppm. On dkmontre particulikrement clairement ces 
deplacements avec les blindages causes par le C-19 dans les stkroides substituks en 5a. Dans le 
cas des dkcalines substituies en 9,10, l'effet est tel que les isomkres cis et trans ne peuvent pas 
Stre distinguCs facilement gr2ce B leur spectre l3C. Ces diplacements sont en opposition im- 
portante avec les effets correspondants trouvis pour les substituants lies B des carbones moins 
substitues du squelette carbone. 

[T raduit par le journal] 

In the course of the structural elucidation of 
cybullol (I),  a fungal metabolite of Cyathus 
bulieri Brodie, its 13G nmr spectrum was deter- 
mined to obtain further support for its formula- 
tion as the dimethyldihydroxydecalin I, the 
structure proposed from chemical and other 
physical data. The principal point of interest 
centred on the stereochemistry of the ring 
junction and, initially, it seemed reasonable to 
expect that the shielding of the angular methyl 
carbon could settle this point directly. We had 
earlier obtained the 13C shielding data for eight 
of the nine 10-methyl-trans-decalols (2) and, 
although the desired model, 10-methyl-trans- 
decal-5-01, had not been available, it was as- 
sumed that the angular methyl carbon shielding 
would not be appreciably affected by the anti- 
periplanar hydroxyl at C-5. This assumption 
followed from the finding that although antiperi- 

'Part 62 in the series 13C NMR studies, for part 61 
see ref. 15. 

planar carbons y to oxygen tend to exhibit 
marked upfield shifts for compounds in which 
oxygen is bonded to secondary or tertiary 
carbons (3), when oxygen is bonded to quater- 
nary carbon the antiperiplanar y carbons are 
slightly deshielded as indicated by the results for 
I-substituted bicyclo[2.2.2]octanes and adaman- 
tanes (4). Data were also available for seemingly 
better models, two steroidal 5a,6-diols ( 3 ,  for 
which the 5a hydroxyl group appeared to  
deshield C-19 by 1-2 ppm. On this basis, an 
angular methyl shielding near 18 ppm was 
anticipated for structure 1 with a trans ring 

junction since there was good evidence that the 
other substituents were equatorial. On the other 
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hand, a cis ring junction for 1 would be expected 
to  shift the angular methyl carbon to ca. 22 pprn 
since in this case the y gauclze hydroxyl at C-5 
could be expected to shield the methyl carbon by 
ca. 6 pprn relative to its absorption position in 
10-methyl-cis-decalin (6). The predicted differ- 
ence for the two geometries, therefore, was 
expected to allow a clear cut assignment. Upon 
examination, the angular methyl-shielding in 1 
was found to be 21.1 pprn which strongly favored 
the cis assignment for the ring junction but, in 
fact, 1 has the trans stereochetnistry as proven by 
its conversion to the known metabolite, peosmin, 
whose structure had been established b i  stereo- 
selective synthesis (7). In view of the relatively 
low-field position of the angular methyl shielding 
of 1, several model compounds were prepared to  
examine the variation of the angular methyl 
shielding in closely related systems. These data 
establish that the antiperiplanar y effects of a 
variety of substituents are deshielding if the 
effect is transmitted via quaternary carbons, a 
result directly opposite to  that found for systems 
with less highly substituted interconnecting car- 
bons. 

From the finding that hydroxyl substitution 
at the ring junction, antiperiplanar to the angular 
methyl carbon in the methyldecalin system, 
caused a marked downfield shift of the latter, 
some simpler systems were examined to establish 
that the shift was indeed due to the hydroxyl 
group. It had been assumed that equatorial 
methyl or hydroxyl substitution at the 2- and 
6-positions would cause little perturbation at the 
angular methyl. This was found to be valid as the 
data in Table 1 attest. Introduction of the 501 
hydroxyl group in the trans-decalins causes a 
downfield shift of ca. 4.5 ppm. It is interesting 
that this effect is markedly attenuated if a second 
hydroxyl is vicinal to the 501 group; this is 
exactly analogous to the result cited above for 
the steroid models. Some 10-methyl-cis-decalins 
were also examined and the angular methyl 
shieldings accord well with expectation since 
these carbons absorb near 22 ppm or 6 pprn 
upfield from the shielding of the parent system. 
One example having an antiperiplanar methyl 
group is also included in Table 1 from which it 
can be seen that the 10-methyl carbon suffers a 
2.4 pprn downfield shift. 

As this study was in progress, the results from 
a systematic investigation of hydroxysteroids 

TABLE 1.  Angular methyl shieldings in some 
10-methyl decalins 

6, 6, 
Substitution (C-10) A (C-10) 

- 

QStereochemistry of the ring junction. 
bFrom ref. 6 .  
T h i s  compound was kindly provided by Prof. J. A. Marshall. 

were reported (8) and included the data for 
5a-cholestanol for which the C-19 signal is 
shifted to  3.9 ppm downfield from its position in 
the cholestane spectrum. Earlier, downfield shifts 
of 5.4 and 6.0 pprn had been reported for C-19 in 
the 5a-amino and 501-azido derivatives of choles- 
tane (9). To extend our examination of these 
antiperiplanar effects to other steroids, seven 
additional examples were includedZ and these 
results are collected in Table 2. As has been 
suggested (5), the introduction of the 5 a  hydroxyl 
group may tend to increase the ring flattening in 
the vicinity of the substituent thereby reducing 
the y gauche effects of the methylene groups at 
the angular methyl group and decreasing its 
shielding. However, the tabulated data indicate 
that this is a minor influence since the larger 
downfield shifts are found for the less space 
demanding groups. For example, the cyano 
group causes a shift of 8 ppm and the azido 
group 6.0 pprn while the hydroxyl group exerts a 
more pronounced effect than methyl. It seems, 
therefore, that the antiperiplanar influence of 
these substituents arises from electronic inter- 
actions rather than from steric perturbations but 

2We are indebted to Professor J. Levisalles for kindly 
providing samples of the 5a-substituted cholestan-3-ones 
and to Professor E. W. Warnhoff and Wayne Verhoff for 
preparing the 5~-halo-6-oxocholestanyl acetates for our 
use in this study. 
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TABLE 2. Anriperlplanar -y effects In some sterolas 

Parent system Subst~tuent 6, (C-19) A6, Reference 

Cholestanes Nil 
5,-OH 
5a-N3 
5,-NH2 

Cholestan-3-ones NII 
5a-OH 
5a-OMe 
5a-Me 
5a-F 
5,-CW 

6-Oxocholestan-3-yl acetates Nil 
5,-Br 
5,-Cl 

3.9 8 
6 .0  9 
5 .4  9 

This work 
4 .3  This work 
4 .6  This work 
2 .7  This work 
4 .4  This work 
8 . 0  This work 

This work 
1.5 This work 
2 .0  This work 

the sign reversal relative to that for correspond- 
ing interactions through less highly substituted 
carbons (3) is puzzling. Whi!e Eliel et al. (3) pro- 
posed a hyperconjugative interaction of the 
electron pairs on the heteroatom with the 
C,-C, bond with subsequent alternation of 
the electron density at  the y antiperiplanar 
carbon to account for the observations in the 
less highly substituted systems, this seems to be 
less likely in light of the present results. In con- 
trast to the tendencies in less highly substituted 
systems, significant shifts are not restricted to 
the first-row elements but are also apparent for 
chlorine and bromine. 

With the finding of an appreciable shift pro- 
duced by methyl substitution it was of interest 
to  check for corresponding effects in other 
carbon skeletons. From the data for a variety 
of norbornane (10, 11) and bicyclo[2.2.2]octane 
derivatives j12), it is apparent that similar shifts 
occur in these systems. One way in which this 
can be iiiustrated is to compare the observed 
shieldings for a suitably disubstituted derivative 
with the shieldings predicted by simple addi- 
tivity of the shielding eRects of the two substitu- 
ents. On this basis, difTerences of 3.3 and 1.6 ppm 
are found for the C-6 shielding of the 2,2- 
dimethyl derivatives of norbornane and bicyclo- 

b 
3 

G X = OH, 6,.(C-6) 20.0 G X = OH, 6,(C-6) 22.0 
6 X = Me, 6,(C-6) 22.4 b X = Me, 6,(C-6) 25.0 

octane, respectively, i.e., with the observed signal 
at  lower field than predicted. Alternatively, one 
can examine the shielding effect produced by the 
introduction of an antiperiplanar methyl group 
into a monosubstituted derivative. For ex- 
ample, the effect on the C-6 shielding caused by 
the following substitutions: enrlo-norbornan-2-01 
(2u) + exo-2-methyl-endo-norbornan-2-01 (3u); 
endo - 2 -methylnorbornane (26) + 2,2-dimethyl- 
norbornane (3b) (10) and 2-methylbicyclo[2.2.2]- 
octane + the 2,2-dimethyl derivative. For these 
cases, downfield shifts of 2.0, 2.6, and 3.0 ppm, 
respectively, are found. It has been recognized 
for several years that simple additivity of sub- 
stituent effects breaks down in highly substituted 
systems and that additional parameters are 
required to correlate shielding data in such 
systems (13). Initially, however, the corrections 
for the more branched systems were restricted to 
the a and p positions but in a recent compilation 
of substituent parameters (14), a factor of 2 ppm 
to account for the downfield shift of C-3 in, for 
example, 1,l-dimethylcyclohexane was included 
which could be ascribed to the antiperiplanar 
interaction illustrated by the results in this report. 

From the foregoing it is apparent that the 
shielding of a y carbon antiperiplanar to a 
nucleus other than hydrogen can experience a 
pronounced perturbation either upfield or down- 
field depending on the degree of substitution of 
the intervening carbons. Recognition of this 
phenomenon is essential for the successful inter- 
pretation of the 13C spectra of a wide variety of 
compounds and the trends offer an interesting 
challenge for theoretical description. As illus- 
trated in this report, an oversimplified approach 
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to the estimation of "C shieldings can be mis- 
leading for seemingly straightforhard stereo- 
chemical ass ipnents .  

Experimental 
The l3C spectra were obtained with a Varian XL-100- I5 

system operatiny in the Fourier transform mode. All 
compoundt were exanlined as 5-10', (u v )  solutions in 
deuteriochloroform using tetramethylsilane as an internal 
reference. Carbon types. i . ~ .  methyl, meth) lene, methine. 
and quaternary, were identified by of'f-resonance de- 
coupling and the methyl signals for compounds contain- 
ina both tertiary and secondary niethgl groupa were 
differentiated by selective decoupling at  low irradiating 
power. The precision of the shielding data is judged to 
be k0.05 ppm. 

Acknowledgements 

We wish to thank the National Research 
Council of Canada for financial assistance. 
Prof. J .  Levisalles, Prof. J .  A. Marshall, Prof. 
E. W. Warnhoff, and Wayne Yerhoff for pro- 
viding some model compounds, and Marlene 
Brown for technical assistance. 

1. W. A. AYER and M. G.  PAICE. Can. J. Chem. 54,910 
(1976). 

2. S. H. GROVER and J. B. STOTHERS. Can. J. Chem. 52, 
876 (1974). 

3. E. L. ELIEL, W. F. BAILEY, L. D. KOPP, R. L. WILLER, 

D. M. GRANT, R. BERTRAND, K. A. CHRISTENSEN, 
D. K. DALLING, M. W. DUCH, E. WENKERT, F. D.  
SCHELL, and 5. W. COCHRAN. J. Am. Chern. Soc 97, 
322 (1975). 

4. T. PEHK, E. LIPPLIAA, V. V. SEVOSTJANOVA, M. M. 
KRAYUSCHKNE, and A. I. TARASOVA. Org. Magn. 
Reson. 3, 783 (1971); G .  E. MACIEL and H. C. DORN. 
J. Am. Cheni. Soc. 93, 1268 (1971); 6. E. MACIEL, 
H. C. DORN, K. L. GREEN, W. A. KLESCHICK, M. R. 
PETERSON, and G.  U. WAFIL. Org. Magn. Reson. 6 ,  
178 (1974). 

5. S. LANG, 5. N. LINCOLN, and V. WRAY. J. Chem. 
Soc. Perkin Trans. 11, 344 (1975). 

6. D. K. DALLING, D. M. GRANT, and E. C. PAUL. J. 
Am. Chem. Soc. 95, 3718 (1973). 

7. J. A. MARSHALL and A. R. HOCHSTELLER. J. Org. 
Chem. 33, 2593 (1968). 

8. H. EGGERT, C. L. VAN ANTWERP, N. S. BHACCA, and 
C. DJERASSI. J. Org. Chem. 41, 71 (1976). 

9. Q. KHUONG-Huu, G.  LUKACS, A. PANCRAZI, and 
R. GOUTAREL. Tetrahedron Lett. 3579 (1972). 

10. J. B. GRUTZNER, M. JAUTELAT, J. B. DENCE, R. A. 
SMITH, and J. D. ROBERTS. J. Am. Chem. Soc. 92, 
7107 (1970). 

11. J. B. STOTHERS, C. T. TAN, and K. C. TEO. Can. J. 
Chem. 54, 1211 (1976). 

12. J. B. STOTHERS and C. T. TAN. Can. J. Chen~.  54, 
917 (1976). 

13. D. M. GRANT and E. G .  PAUL. J. Am. Chem. Soc. 
86, 2984 (1964); D. K.  DALLING and D. M. GRANT. 
J. Am. Chem. Soc. 89, 6612 (1967). 

14. 5. K. DALLING and D. M. GRANT. J. Am. Chem. 
SOC. 94, 5318 (1972). 

15. R. E. KLINCK and J. B. STOTHERS. Can. J. Chem. 
This issue. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Metabolites of bird's nest fungi. Part 6.' The synthesis of 
(+)-cybullol and a new synthesis of (+)-geosmin 
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WILLIAM A. AYER, LOIS M. BROWKE, and STEVEN FUNG. Can. J. Chem. 54,3276 (1976). 
The stereoselective transformation of 6,10-dimethyl-4-octal-3-one (8) to racemic cybullol ( I ) ,  

a mztsbolite of Cyur l7~~~  hlr1ler.i Brodie. is reported. The transformation 4.1O-dimethyl-4-octal-3- 
one to (i-)-geosmin (15) is described. The results of the photosensitized [4 + 21 cycloaddition 
of oxygen to a number of IO-metl1yl-2,4-hexalins are discussed. 

WILLIAM A. AYER, LOIS M. BROWNE et STEVEN FUNG. Can. J. Chem. 54, 3276 (1976). 
On rapporte la transformation stCrCosClective de la dimethyl-6,10 octal-4 one-3 (8) en cy- 

bullol racemique (I) ,  un mitabolite du Cj.utl~us bzrlleri Brodie. On dCcrit la transformation de la 
dimethyl-4,10 octal-4 one-3 en (i-)-geosn~ine (15). On discute des resultats obtenus lors de la 
cycloaddition photosensibilisCe [4 + 21 de I'oxygene B un certain nombre de methyl-I0 hexa- 
lines-2,4. 

[Traduit par le journal] 

Examination of the metabolites of some of the 
small gastromycetous fungi known as Bird's Nest 
fungi (Nidulariaceae) in these laboratories has 
led to the isolation of a variety of terpenoid 
(e.g., Cyathut helenae Brodie (I), Cyathus bulleri 
Brodie (2)) and non-terpenoid (e.g., Cyathu~ 
intermedius (3)) constituents. We now wish to 
report the stereoselective synthesis of racemic 
cybullol (I), a degraded eudesmane-type sesqui- 
terpene produced by C. hulleri (2). At the same 
time we report a new, high yield, synthesis of the 
related fungal metabolite, geosmin (4). 

Cybullol, 1, is a dimethyldecalindiol in which 
the two hydroxyl groups bear a cis-1,4-relation- 
ship in a trans-fused system. A facile synthetic 
approach to a cis-l,4-cyclohexanediol system 
involves the [4 + 21 cjlcloaddition of a 1,3-cyclo- 
hexadiene with molecular oxygen to give a cyclic 
peroxide, followed by reduction, as outlined in 
Scheme 1. 

I t  is well documented that the photooxygena- 

tion of steroidal conjugated dienes is sensitive to 
steric effects (oxygen as a dienophile, ref. 5a; 
sensitized photooxygenation of olefins, ref. 56) 
and that the endo-peroxide produced is usuall) 
on the side opposite to nearby angular methyl 
groups. However, relatively few examples of 
photooxygenation of hexalin dienes have been 
reported (6). In order to further investigate the 
stereochemistry of photooxygenation of hexalin 
systems as well as to provide a model compound 
for a 13C nuclear magnetic resonance (cmr) 
study reported elsewhere (7), we examined initi- 
ally the photooxygenation of 10-methyl-2,4- 
hexalin, 4 (Scheme 2). 

The diene 4 was prepared from lO-methyl-4- 
octal-3-one (8) by the method of Dauben et al. 
(9). Photosensitized oxygenation (5, 6) in the 
presence of eosin Y yielded the endo-peroxide 5 
and the y-hydroxyenone 6. Catalytic hydro- 
genation of the etzdo-peroxide gave a crystalline 
diol, which was assigned the relative stereo- 

'For part 5 see ref. 3. 
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AYER ET AL.: I1 

chemistry shown in 7 on the basis of pyridine 
induced shifts (relative to chloroform) of the 
methyl protons in the proton magnetic resonance 
(pmr) spectrum (2, 10). For diol 7, the pyridine 
shift is -0.04 for the C-10 methyl. Since the 
equatorial secondary hydroxyl at C-2 should not 
influence these induced shifts (lo), these data 
indicate that the tertiary hydroxyl is antiperi- 
planar to the tertiary methyl, i.e., the diol ob- 
tained has the relative stereochemistry shown in 
7. It follows that the enclo-peroxide has structure 
5 and that oxygenation occurred on the side 
opposite to the angular methyl. Interestingly the 
cmr spectrum of diol7  shows the tertiary methyl 
signal at  low field (6 21.0) similar to that ob- 
served in cybullol (6 2 1.1) and other [runs-10- 
methyl-5-decalols (2). This unusual deshielding 
(1 1) by antiperiplanar hydroxyl is discussed in 
detail elsewhere (7). 

The octalone required for the synthesis of 
cybullol, 1 (Scheme 3) is trans-6,lO-dimethyl-4- 
octal-3-one, 8. Compound 8 is not readily 
accessible by applying the usual annelation 
procedures to 2,6-dimethylcyclohexanone (ref. 
12, and references cited therein). In most cases 
low yields of 8 are obtained, or the predominant 
product formed is 1,2,5-trimethylbicyclo[3.3.1]- 
non-2-en-9-one (9). Several modified annelation 
procedures for the preparation of 8 have been 
reported (12, 13). In our hands, the method of 
Hooz and Benderley (l3u) and that of Caine and 
Tuller (136) were most convenient for large scale 
preparation. Octalone 8 was transformed to the 
conjugated diene 2 by treatment of the tosyl- 
hydrazone of 8 with n-butyllithium (9). Purifica- 

tion by chromatography over silica gel gave 
compound 2 in 507, yield. Subsequently it was 
found that compound 2 could be prepared in 
high purity and in greater than SOTc yield from 8 
by lithium aluminum hydride reduction to the 
allylic alcohol 10 followed by pyrolysis (66, 14). 

Photooxygenation of 2 did not yield the cyclic 
peroxide as readily as had been anticipated from 
the model studies: The products fromthe photo- 
oxygenation experiments varied depending on 
the conditions. For example, photooxygenation 
of a methanol-benzene solution of 2 in the 
presence of eosin Y at room temperature over- 
night gave a mixture of several compounds (thin 
layer chromatogram, tlc) from which endo- 
peroxide 3 could be isolated in low yield. Low 
temperature (-78 " C )  photooxygenation of 2 in 
the presence of eosin Y was con~plete after 8 h 
(disappearance of diene). Chromatographic sep- 
aration of the reaction mixture gave traces of 
endo-peroxide 3 along with the r-hydroxyenone 
11 (137,) and the diepoxide 12 (13%). Presum- 
ably compound 12 arises by photochemical 
rearrangement of 3 since it is known that this 
type of rearrangement occurs under both photo- 
chemical and thermal conditions (15). Lop 
temperature photooxygenation of a methanol- 
ether solution of 2 in the presence of eosin Y and 
rose bengal was complete in 2 h. The photolysis 
mixture consisted mainly of compound 3 to- 
gether with small amounts of compound 12 
(tlc). Chromatographic separation of the com- 
ponents led to isolation of endo-peroxide 3 in 
207, yield. Catalytic hydrogenation of 3 over 
platinum oxide provided in 49% yield, crystalline 
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(f )-cybullol, identical with an authentic sample 
(2). 

Hn an efl'ort to improve the overall yield in the 
sequence 2 to 1, several other synthetic routes 
were explored. T h o  chemical methods (16, 17) 
for generating the reactive oxygen species were 
investigated but neither method led to improved 
yields of compound 3. Attempted transforma- 
tion of diene 2 to etzclo-peroxide 3 by treatnient 
with a large excess of sodium hypochlorite- 
hydrogen peroxide (16) gave unreacted starting 
material. Treatment of 2 with the triplienpl- 
phosphite-ozone complex (17) gave enclo-per- 
oxide 3 in only 155i yield. Attempted conversion 
of the initially formed cyclic peroxide i~z sitic to  
the more stable allylic diol 13 by photooxygena- 
tion in the presence of thiourea (18) was un- 
successful. The crude photolysis product con- 

tained the same mixture of compounds (tlc) as 
the product obtained in the absence of thiourea. 
We also explored the use of I1 and 1% as pre- 
cursors to cybullol. Lithium aluminum hydride 
reduction of 7-hydroxyenone 11 gave a 1:2 
mixture of allplic diol 13 and its C-2 epimer, 
whereas lithiurll aiurninurn hydride reduction of 
diepoxide 12 gave a 1 :3 mixture of cybullol and 
an unidentified compound. An improved overall 
yield of 1 was obtained when it Fvas found that a 
change of solvent (ether-methanol (1 : 1) to  
methj.1ene chloride) in the photooxygenation 
reaction gave increased yields of con~pound 3. 
Thus low temperature photooxygenation of a 
methylene chloride solution of 2 in the presence 
of rose bengal led to enclo-peroxide 3 in 467, 
overall yield from 10. It was also found that a 
two step transformation of 3 to  1 proceeded 
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AYER ET AE.: I1 

more efficiently than direct catalytic hydrogena- 
tion. Treatment of 3 with aluminum amalgam 
(19) yielded the crystalline allylic diol 1 3  in 777,  
yield. Catalytic hydrogenation of 13 then gave 
cybullol (1) in quantitative yield. 

Geosmin, 15, a degradation product of cp- 
bullol, is the fungal metabolite responsible for 
the 'earthy' aroma of freshly plowed soil (20) 
and beetroot (21), and the muddy taste in surface 
water supplies (22) and trout (23). The constitu- 
tion of geosrnin was first suggested by Gerber 
(24) and the structure and relative stereochem- 
istry proven by Marshall's stereoselective syn- 
thesis (4) of the racemic form. Herein we report 
another stereoselective synthesis of racemic geos- 
min in 24% overall yield from the dimethyl- 
octalone 16 (Scheme 4). 

Oxidation of dimethyloctalone 16 (25) with 
alkaline hydrogen peroxide gave an 857, yield 
of a 6:5 mixture of a- and P-epoxy ketones, 17a 
and 176 (26). The epimeric mixture 17 was not 
separated but was reduced directly with lithium 
in ammonia. The product obtained was a viscous 
oil which partially solidified on standing. Isola- 
tion of the solid material by crystallization gave 
in 5 3 2 ,  yield a single crystalline ketol ; the mother 
liquors contained mainly unreacted epoxy ketone 
1'96. The ketol so obtained was assigned the 
relative stereochemistry shown in 18 on the basis 
of pyridine induced shifts of the C-10 methyl 
(A6 +0.04) in the pmr spectrum (2, 10, 27). 
Removal of the carbonyl in 18 was effected in 
over 95% yield by thio ketal formation followed 
by desulfurization with Raney nickel. The crys- 
talline product obtained was identical in ir, 

pmr, mass spectrum, and tlc behavior with 
(-)-geosmin (2,281. Geosmin has not previously 
been obtained in crystalline form. It is interesting 
to note that the crystalline material has the char- 
acteristic penetrating odor of natural geosmin. 

Experimental 
Mass spectra were recorded on an A E I. model MS-9 

or 'MS-12 mass spectrometer and are reported as m/e 
(relat~ve inten\rty) Unless d~agnosticallr significant only 
peaks at least 20Cc as Intense as the base peak are re- 
ported Infrared spectra were recorded on a Unlcani 
SPlOOO or a Perkin Elmer Model 421 dud1 grating spec- 
trophotometer Proton magnet~c resonance spectra were 
measured using a Varlan HA-100 spectrophotometer with 
tetramethyls~lane as rnternal standara ~'Meltlng points 
were recorded on a Fisher-Johns melting point apparatus 
and are nncorrected. 

Sllica gel tlc plates were 0 5 mni sllica gel G (E. Merck, 
Darmstadt) containing l ' ,  electronic phosphor (General 
Eiectr~c Cleveland) m a t e r ~ a l ~  were detected by sprayrng 
with 30', sulfurlc acid arld charrlilg Sllica gel (Woelm. 
less than 0 08 mm) was used for elution chromatography 

Geilerul Procediwe for. Pl~otooxj.genation 
A solution of diene and sensitizer was irradiated 

through a pyrex filter with a Hanovia 250 W medium 
pressure mercury dispersion lamp while oxygen was 
bubbled through the reaction mixture. The reaction was 
monitored by the disappearance of diene (tic). When all 
diene had been consumed, the photolysis mixture was 
concentrated and either separated or used as such in 
subsequent reactions as described below. 

lO~-Metl1yl-2a,5a-epidioxy-3-a~t~ili1, 5 
Photooxygenation of 10-methyl-2,4-hexalin (4) (8) 

(0.58 g) was carried out in benzene-methanol (1 :1,  200 
mi) containing eosin Y ( 5  mg) for 12 h. Thin layer 
chromatography (pentane-ether, 4 : l )  showed the pres- 
ence of two components ( R ,  0.41. 0.12). Elution chroma- 
tography with pentane-ether (9:l)  gave endo-peroxide 5 
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as an 011 (0.30g. 43',. RfO 41), pmr (CDCI;) 6 0.96 
(s, 3, C-10 CH,), 1.32 (d of d, 1, J = 2.2, 13 Hz, H-la),  
1 8 6 ( d o f d ,  1, J =  4, 13Hz,H-1@),4.53 (octet, 1 , J =  
1.5, 2.2, 4, 5 7 Hz, H-2p). 6.23 (d of d ,  1, J = 1.5. 8 Hz, 
H-3), 6.54 (d of d, I ,  J = 5.7, 8 Hz, H-4), double ~rradla- 
tlon at 4.53 collapses 1.32, 1.86, 6 23. 6.54 to doublets. 
ms m /e calcd. for CllHl602: 180.3 150, found: 180.1 157 
(6), 148(52), 133(27), 105(29), 97(23), 95(54), 93(25), 
91(34), 83(30). 82(55), 81(38). 79(26), 69(33), 67(58), 
56(25), 55(99), 53(27), 43(36), 41(100). Further elutlon 
gave 5a-hqdroxy-l0~-methyl-3-octal-2-one. 6 ( R ,  0.1 2), 
Ir (CHCI3) 1660 (C=Q), 1620 (C=C) cm-1, prnr (CDCI3) 
6 1.24(s, 3,C-10CH3),6.10(br s, I ,OH) ,6 .20(dofd .  1, 
J = 2, 10 Hz, H-4), 6.77 (d, 1. J = 10 Hz. H-3), ms mle 
calcd. for CLIH1602: 1801151, found 180.1158 (2), 
162(100), 147(28), 134(25), 119(48). 106(33), 305(37), 
91(78). 

10~-hlet/1yI-2a,5u-cleculit1 Diol. 7 
A solution of et~~lo-peroxide 5 (0.13 g) in ether (20 ml) 

was hydrogenated over palladium-charcoal (5',;, 10 mg) 
a t  40 psi hydrogen for 1 h. The product was filtered, 
concentrated. and p~~rified by preparative tlc (ether) to 
give crystalline diol 7 (0.07 g, 49';); mp 167-169 'C; 
ir (CHCI3) 3600. 3450 (OH) cm-1: pmr (CDCl,) 6 1.02 
(s, 3. C-10 CH,), 3.98 (septet, 1, .I = 5 Hz. H-2a); p111r 
(pyridine-d5) 6 1.06 (s, 3. C-10 CH;); n ~ s  in!e calcd. for 
C l lH2002 :  184.1463, found: 184.1466 (46), 176(73). 
151(61), 148(28). 138(35). 137(41), 128(39), 127(76). 
123(26). 122(26). 112(100), 11 1(43), 110(28), 109(63), 
108(48). 97(35). 95(39). 93(30), 85(73), 84(35), 83(50), 
82(68): 81(46). 73(52). 71(33). 69(40), 68(41), 67(46), 
57(39), 55(63), 43(65), 41(65). Ailul. calcd. for CllH2002: 
C 71.70, H 10.94; found: C 71.21, 71.09, H 10.86, 10.90. 

6a,lOB-Dimet/z!.l-2,4-hexalin, 2 
(a) Viu Tos~~lli~druzotze of 8 
6a,l0p-Dimethyl-4-octal-3-one, 8 (12u, b) (1.0 g), tosyl- 

hydrazine (1.1 g), and acetyl chloride (20 @I) in anhydrous 
tetrahydrofuran (30 ml) were heated under reflux for 
3.5 h. Anhydrous benzene (50 ml) was added and the 
solvents remo~ed by distillation until a boiling point of 
80 ' C  was reached. The reaction flask was cooled (5 'C) 
and 11-butyllithium (8 ml, 1.9 M) was added. After 
stirring overnight, the reaction mixture was diluted with 
water and sodium chloride added to saturate the solution 
which was then extracted with ether. The ether extract 
was dried (MgSQ4) and concentrated. Elution chroma- 
tography of the product (pentane) gave diene 2 (0.45 g. 
504;) as a yellow oil. 

(b) Viu Pjrolysis of' Alljlic. Alcohol 10 
A solution of octalone 8 (3.7 g) in ether (70 mlj was 

added dropwise to a cooled (0 'C) solution of lithium 
aluminum hydride in ether (70 ml, 0.5 M). The reaction 
mixture was allowed to stir at room temperature for 1 h, 
then excess hydride was destroyed and the product iso- 
lated in the usual way. 6a,lO@-Dimethyl-4-o~tal-3-01 
(3.6 g, 975;) was isolated as an oil; ir (neat) 3350 (OH), 
1655 (C=C) cm-1; pmr (CDCI,) 0.99 (d, 3, J = 7 Hz, 
C-6 CH,), 1.1 1 (s, 3, C-10 CH,), 4.2 (br S, 1 ,  H-3), 5.4 
(br s, 1. H-4); ms mle calcd. for CI2HZ0O: 180.15142, 
found: 180.15149 (1). 162(60), 147(100), 119(27). 105(45), 
91(51). 

Allylic alcohol 10 (0.5 g) was impregnated on pjridine 

treated alumina (5 g, Woelm neutral grade activity I ,  
mixed with 2'; w/v anhydrous pyridine) and loosely 
packed in a glass gas chromatography column (5 ft X 

in.). The column was placed in a gas chromatograph 
oven with one end connected to the injector and the other 
connected directly to the collector. The flow rate of 
carrier gas was set -150 ml/min: then the oven was 
heated to 250 'C. and maintained at that temperature for 
2 h. The pyrolysis product (collected in a U-shaped tube 
immersed in a dry ice - acetone bath) was obtained as a 
colorless oil (0.36g, 80'1); A,,, (EtOH) 248, 254, 266, 
274nm; ir (neat) 3020, 1640, 1585 (C=C) cnl-1; pmr 
(CDCI3j 60.98 (s, 3, C-10 CH,). 1.17 (d, 3, J = 8Hz .  
C-6 CH3), 5.58 (m, 3. H-2, H-3, H-4): ms m,'e calcd. for 
CI2Hi8 :  162.14085, found: 162.14071 (63), 147(83). 
119(34), 106(35), 105(75), 93(22), 91(100), 79(24), 77(25), 
55(24), 41(46). 

Diene 2 was characterized further as its Diels-Alder 
adduct with 4-phenyl-l,2.4-triazoline-3,5-dione (27); mp 
128-130 'C (from ether). Ailcrl. calcd. for C Z ~ H L ; N ~ O ~ :  
C 71.19, H 6.87, N 12.45; found: C 71.23. 71.17, H 6.78 
6.76, N 12.67 12.72. 

Pllotooxjgeilutioir of Dierle 2 
Photooxygenation of diene 2 (0.35 g) in methanol- 

benzene (4: l )  containing eosin Y (5 mg) overnight gave a 
crude reaction mix t~~re  which contained at least six 
components (tlc sllica gel, pentane-ether. 1 :I). Separa- 
tion of the mixture by preparative tlc (pentane-ether: 1 :I)  
led to the isolation of erlcio-peroxide 3 (0.05 g. 13';) as 
an oil. 

Photooxygenation of diene 2 (0.47 g) in methanol-ether 
(1:1) containing eosin Y (-10 mg) at -78 'C for 8 11 
gave a crude reaction mixture which contained at least 
six components (tlc). Elution chromatography of a 
portion of the product (pentane-ether. 4:l) led to the 
isolation of traces of errdo-peroxide 3 ,  (0.009g, 45;) 
y-hydroxyenone 11 (0.03 g, 13';) and diepoxide 12 
(0.03 g, 13';). 

Photooxygenation of diene 2 (0.55 g) in ether-methanol 
(1 : 1) containing eosin Y (0.005 g) and rose bengal(0.005 g) 
a t  -78 'C was conlplete in 2 h. The concentrated 
photolysis mixture was divided into two equal portions. 
One portion was purified by el~.ition chromatography 
(pentane-ether, 9:l) to yield erlrlo-peroxide 3 (0.06 g. 
20',;) as an oil. The remaining portion was dissolved in 
ether-methanol (1:1, 20ml) and hydrogenated over 
platinum oxide at 40 psi hydrogen for 1 h. The solution 
was filtered and concentrated. Elution chromatography 
gave cybullol, 1 (0.06 g, 20: ,). 

Photooxygenation of diene 2 (obtained by pyrolysis of 
allylic alcohol PO (0.50g)) in methylene chloride at 
-78 "C containing rose bengal (0.01 g) was complete in 
2 h. The crude extract showed ihe presence of mainly 2 
components (tlc). Elution chromatography (pentane- 
ether 9:l)  yielded encio-peroxide 3 (0.26 g, 46', overall 
from 10) as an oil. 

6a,IO@-Drn1etl1~1-2cu.5a-rprd~o.~-3-ortulr,l, 3 
hndo-peroxide 3 was Isolated as an 011 (Ri 0 8, pentane- 

ether 1 .I) ,  Ir (neat) 3140, 1455, 1440, 1370. 1010,970,960, 
920. 885, 870, 765, 690, 670cm-1. pmr (CDCl,) 6 0.94 
(s, 3. C-10 CH3), 1 0 0  (d. 3, J = 7 Hz, C-6 CH3), 132 
(d of d, 1, J = 3, 13 HZ, H-la) ,  1.88 (d of d,  1, J = 4, 
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13 Hz, H-ID), 4.52 (octet. 1, J = 1.5, 3, 4, 6 Hz, H-2p). 
6.44(dof d,  1, J = 1.5, 8 Hz.H-4), 6.58(dofd, 1 ,  J = 6. 
8 Hz. H-3); nis mle calcd. for C12HI802: 194.1307, 
found: 194.1313 (2). 162(100), 147(36), 119(20), 106(38), 
105(48), 92(20), 91(68), 79(20). 

6a,lO~-Dftnetl~)l-2cu,3a.4a,5a-drrpox~decul1t1,12 
Diepoxide 12 mas Isolated as an 011 ( R ,  0 5, pentane- 

ether I:]) ,  ~r (neat) 1460, 1375. 960, 950, 930, 900, 870. 
815. 740, 720 cm-1, nnir (CDC13) 6 0.72 (d, 3, J = 7 Hz. 
C-6 CH,), 1.06 (s, 3, C-10 CH3), 2.92 (q, 1, J = 5 Hz, 
H-2p), 3 20 (d of t ,  1, J = 3, 5 HZ, H-3@), 3.31 (d, 1. 
J = 3 Hz, H-4@), ms nzle calcd for Cl2Hl8O2: 194.1306, 
found. 194.1302 (5), 161(23), 126(92), 123(22), 109(52), 
107(36), 105(46), 97(28), 96(32). 95(100), 93(60), 91(53). 
84(45). 81(80). 80(25), 79(46). 77(33), 73(26). 

6a,IO~-Dirnet/1jl-5a-l1ydr.ox~~-3-octctl-2-o11e, 11 
r-Hydroxyoctalone 11 was crystalline, mp 99-102 "C 

( R ,  0.48 pentane-ether 4:l);  ir (CHC13) 3600, 3500 (OH), 
1680 (C-0), 1620 (sh, w, C-C) cm-1; nmr (CDC13) 
8 0.99 (d, 3, J = 6 HZ, C-6 CH,), 1.06 (s, 3, C-10 CH3), 
2.00 (d of d ,  1. J =  1, 16Hz, H-la), 2.67 (d of d, 1. 
J = 1; 16 Hz; H-ID), 5.95 (d of d, 1, J = 2, IOHz, H-3), 
6.96 (d, 1, J = 10 Hz, H-4); ms nzle calcd. for C12H1 8 0 2  : 
194.1307, found: 194.1305 (33); 111(72), 110(31), 93(47), 

Oxjgerzatiot7 using Tr.ip/~etr~lphosp/~ireOzot~e (15) 
Methylene chloride (35 ml) was added to a I00 ml 

3-necked flask equipped with a dropping funnel, a gas 
inlet tube, and a drying tube. This was cooled to -78 "C 
and ozone (generated from oxygen using a Welsbach 
Laboratory ozonator) was bubbled through the solution. 
Triphenylphosphite (2.8 g) in methylene chloride (20 ml) 
was added dropwise at such a rate that the solution 
remained blue at all times (-1.5 h). When addition was 
complete, the blue solution was flushed with dry oxygen- 
free nitrogen to  remove the remaining ozone. 

Diene 8 (prepared by pyrolysis of allylic alcohol 10 
(0.5 g)) in cold methylene chloride (10 ml) was added to 
the cold (-78 "C) triphenylphosphite-ozone solution. 
The reaction mixture was allowed to warm to room 
temperature. then concentrated. Elution chromatography 
led to the isolation of endo-peroxide 3 (0.08 g, 15% 
from 10). 

6a,lO@-Dimet/1yl-3-octal-2a.5cu-~liol. 13 
endo-Peroxide 3 (0.032 g) in ether (5 ml) was added to 

freshly prepared aluminum amalgam (0.2 g) (19). After 
0.5 h, the reaction mixture was filtered, the aluminum 
turnings washed with ether, and the combined ether 
extracts concentrated. Allylic diol 13 (0.026 g, 77:;) was 
obtained as colorless crystals, mp 109-111 'C; ir (CHC13) 
3600, 3440 (OH) cnl-1; prnr (CDCI,) 6 0.91 (d, 3, J = 6 
HZ, C-6 CH3), 0.98 (s, 3, C-10 CH3), 4.31 (t  of t, 1, 
J = 1.5, 2.5, 7 HZ, H-2P), 5.78 (t of d, 1, J = 1.5, 2.5, 
10 Hz, H-3), 6.00 (d of d, 1, J = 1.5, 10 Hz, H-4); pmr 
(pyridine-d5) 6 1.06 (d, 3, J = 6 Hz, C-6 CH3), 1.10 
(s, 3, C-10 CH3); n ~ s  m/e calcd. for C12H2002: 196.1463, 
found: 196.1460 (7), 178(100), 163(63), 136(35), 135(37), 
126(45), 122(22), 121(37), 109(39), 108(26), 107(72), 
105(21), 97(28), 95(44), 94(75), 91(36), 84(20), 82(33), 
81(85), 80(68), 79(60), 77(35), 71(33), 69(40), 67(50), 
57(26), 55(85), 53(33). 

6a,lO~-Dirnetl1~~ldecalin-2a.5a-diol, ((+)-Cybullol), 1 
Allylic diol 13 (0.020 g) in ether (20 ml) was hydro- 

genated over platinum oxide at 40 psi hydrogen for 1 h. 
The solution was filtered and concentrated to give 
(t)-cybullol, 1 (0.021 g, quantitative) which was re- 
crystallized from ether, mp 145-147 'C (mp for (-)- 
cybullol (2) 125-126 'C). The ir. pmr. and mass spectra 
were identical with authentic cybullol (2). Anal. calcd. for 
CI2Hz2O2: C72.68, H 11.18; found: C72.61, H 11.15. 

4,IO~-Dirnetl~jl-4,5-epox~~octul-3-one; 17 (26) 
Hydrogen peroxide (30',. 24.0 ml) and sodium hy- 

droxide (4 A', 11.6 ml) were added dropwise, and simul- 
taneously to a cooled (0 'C), rapidly stirred solution of 
dimethyloctalone 16 (25) (13.3 g) in methanol (300 ml). 
The reaction mixture was allowed to stand at 0 "C for 
1 day, then at room temperature for 3 days. The mixture 
was diluted with water and extracted with ether. The 
ether extract was washed with water, dried (MgS04), and 
concentrated to give 17 (12.3 g, 8 j r ( )  as an oil which was 
purified by distillation (bp 90-93 "C/O. I torr) : ir (neat) : 
1720 cm-1; pmr (CDCl?) 6 1.06 (3, s), 1.20 (3, s), 1.37 
(3,  s), 1.42 (3, s); 111s m/e calcd. for C12H1802: 194.1307, 
found: 194.1306 (7), 176(18), 151(20), 109(100), 81(25), 
67(37), 55(27), 43(57). 41(35). Anal. calcd. for C12H1802: 
C 74.19, H 9.34; found: C 73.87, H 9.15. 

4a,lO@-Dimet/z~~l-5-I1ydr.oxydecal-3-ot1e, 18 
Liquid ammonia (70 ml) was distilled through a tube 

containing sodium hydroxide into a dry flask containing 
epoxy ketones 17  (1.14 g). Lithium (0.2 g) was added in 
small pieces to the stirred solution. After 6 h excess 
ammonium chloride was added and the ammonia 
allowed to evaporate. Water was added to the residue 
and the resulting mixture was extracted with ether. The 
ether extract was washed with water, dried (MgS04), and 
concentrated to a viscous oil (1.06g) which partially 
solidified on standing. The crude solid was crystallized 
from Skellysolve B to give ketol 18 (0.33 g, 53% from 
17a), rnp 109-110 "C; ir (CHCI,) 3600, 1720cm-I; pmr 
(CDC13) 6 0.99 (d; 3, J = 6 HZ, C-4 CH3), 1.28 (s, 3, 
C-10 CH3); pmr (pyridine-d5) 1.26 (d, 3, J = 6 Hz, C-4 
CH3), 1.24 (s, 3: C-10 CH3); ms mle 196(19), 112(100), 
97(22), 55(27), 41(20). A n d .  calcd. for C12H2~02 : C 73.43, 
H 10.27; found: C 73.72, H 10.44. 

(+)-Geosmin, 15 
Ketol 18 (0.215 g) in glacial acetic acid (15 ml) was 

treated with ethanedithiol (I  ml) and boron trifluoride 
etherate (0.1 ml). The resulting solution was allowed to 
stand at room temperature for 15 min then quickly 
worked-up by dilution with brine and extraction with 
ether. The ether extract was washed with 4 N sodium 
hydroxide. then water, then dried (MgS04) and con- 
centrated to give thio ketal 19 (0.287 g, 965,). An an- 
alytical sample was obtained by recrystallization from 
Skellysolve B, mp 95-96 'C; ir (CHCI,) 3600 cm-I ; prnr 
(CDCI,) 6 1.07 (s, 3, C-10 CH3), 1.12 (d, 3, J = 6 HZ, 
C-4 CH3), 3.17 (m, 4); ms m/e calcd. for C14H240S2: 
272.1268; found : 272.1268 (59), 254(56), 225(49), 133(39), 
132(58), 112(100), 55(45). Anal. calcd. for C14H240S2: 
C 61.71, H 8.88; found: C 61.71, N 8.78. 

Thio ketal 19 (0.92 g), Raney nickel (W-2, 2 gl, and 
absolute etlianol (10 ml) were stirred a t  room tempera- 
ture for 1.5 h then heated under reflux for 2 h. Additional 
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Raney nickel (1 g) was added and heating continued an 
additional 2 h. The mixture was cooled, filtered, diluted 
with water, and extracted with pentane. The pentane 
extract was washed with brine, dried (MgS04). and 
solvents removed by distillation to give ( i )-geosmin 15 
(0.62 g, quantitative) as a colorless oil. On standing at 
0 - C  liquid geosmin crystallized. mp 78-82 'C. The 
spectroscopic data obtained for synthetic geosniin is 
  den tical in all respects with an authentic sample (2): ir 
(CCI4) 3630 (OH) cm-1; pmr (CDCI;) 6 0.77 (d, 3, J = 6 
Hz, C-4 CH3).  1.03 (s. 3, C-10 CHI); pmr (pyridine-ds) 
0.93 (d, 3, J = 6 Hz, C-4 CH,), 1.04 (s. 3. C-10 CI13): 
ms m / e  calcd. for C12H220: 182.1670. found: 182.1677 
(lo), 149(18). 112(100). 
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W. RONALD FAWCETT and T. MAREK KRYGOWSKI. Can. J. Chem. 54,3283 (1976) 
Characteristic vector analysis has been performed on six sets of thermodynamic data relating 

to the solvation of electrolytes, polar molecules, and single ions in pure solvents. The analysis 
shows that variation in a given thermodynamic property with nature of the solvent can be 
accounted for with two characteristic vectors and that these vectors are linearly related to 
empirical measures of solvent basicity and acidity. The results confirm that an empirical 
relation proposed earlier by the present authors can be used to describe solvation effects with 
the limitation that the basicity of strongly structured protic solvents is difficult to describe 
quantitatively. 

W. RONALD FAWCETT et T. MAREK KRYGOWSKI. Can. J. Chem. 54, 3283 (1976). 
L'analyse du vecteur caracteristique a etk effectute sur six series de donnees thermodynamiques 

en relation avec la solvatation des electrolytes, des molecules polaires et des ions isoles dans 
des solvants purs. L'analyse montre que les variations dans une propriete thermodynamique 
donnee avec la nature du solvant pouvent Etre expliquees a !'aide de d e w  vecteurs caracteris- 
tiques et que ces vecteurs sont lineairement relies a des mesures empiriques de basicite et 
d'acidite du solvant. Les rksultats confirment que la relation empirique deja proposte par les 
presents auteurs peut itre utiliske pour decrire les effets de solvatation avec la restriction que la 
basicite des solvants protiques fortement structures est difficile a decrire quantitativement. 

[Traduit par le journal] 

The description of soivent effects on physico- 
chemical properties may be classified with 
respect to two extreme viewpoints (1). On one 
hand the solvent is regarded as a continuum 
and solute-solvent interactions are considered 
to be non-specific. A well-known mode1 in this 
category is that due to Born for calculating the 
free energy of ionic solvation (2). At the 
opposite extreme, solute-solvent interactions 
are considered to  be discrete and are often dis- 
cussed with respect to the donating and accept- 
ing properties of the solvent (1). Moppel and 
Palm (1) have argued that a complete descrip- 
tion of soivent effects must consider both non- 
specific and specific effects; they proposed a 
general correlation equation which relates the 
variation of a given physico-chemical parameter 
Q with solvent to two specific and two non- 
specific properties of the solvent: 

A and B are parameters measuring the Lewis 
acidity or acceptor properties and Lewis 

'present address: Institute for Fundamental Problems 
in Chemistry, University of Warsaw, Warsaw, Poland. 

basicity or donator properties of the solvent, 
respectively. The non-specific parameters Y and 
P measure solvent polarity and polarisability: 
according to dielectric theory ( 2 ) ,  they may be 
related to the bulk dielectric constant E and 
refractive index of the solvent n by the equations 

[21 

and 

Several experimentally determined quantities 
have been proposed as measures of solvent 
acceptor and donor properties (3, 4). The most 
popular parameters for solvent acidity are the 
Dimroth-Reichardt parameter ET (5) and the 
parameter Z introduced by Kosower (6). Both 
of these parameters are based on the energy 
associated with exciting an electron in model 
compounds with a strongly dipolar ground 
state to an excited state for which the dipole 
moment is negligibly small (4). More recently, 
Mayer et al. (7) have introduced a new acidity 
parameter called the acceptor number (AN) 
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which is derived from the 31P nmr shifts 
produced in triethylphosphine oxide by electro- 
philic solvent interactions which lower the 
electron densities at the phosphorus atom due 
to the inductive effect. Solvent basicity is often 
measured using the donor number (DN) of 
Gutmann and Schmid (8) or the parameter B 
introduced by Gordy and Stanford (36), and 
recently by Koppel and co-workers (1, 9) and 
by Kagiya rt al. (37). In this case there seems to 
be some difficulty in assigning basicity param- 
eters to strongly associated solvents (4). 

Koppel and Palm ( I )  have used [I]  to analyze 
a collection of kinetic and spectroscopic data 
obtained in a wide variety of pure solvents. 
However, they were able to obtain statistically 
reliable values of the four regression coefficients 
x, p, r ,  and IT in only a few cases. An alternative 
empirical approach was proposed by the present 
authors (3, 4) in which it is assumed that only 
specific solute-solvent interactions need be con- 
sidered. The parameters chosen to describe 
solvent acidity and basicity were ET and DN, 
respectively and the solvent effect on property 
Q was written as follows: 

This equation was tested with a large collection 
of data in which solute-solvent interactions 
were of both ion-dipole and dipole-dipole 
nature, the correlation being successful in 75% 
of the cases considered (3, 4). 

Since the above approaches to describing 
solvent effects are empirical in nature, it was of 
interest to determine independently the factors 
which result in variation in a given physico- 
chemical quantity with solvent. In this regard. 
the method of characteristic vector analysis is 
ideal when a large collection of data for a 
given quantity is available. Since this statistical 
technique is not familiar to many chemists, its 
principle features are outlined in the following 
section. 

The Method of Gharacteristis Vector AwaPysis 
The method of characteristic vector analysis 

or factor analysis has been applied to the 
analysis of spectroscopic data (10-12), linear 
free energy relationships (13, 381, solvent effects 
on chemical shifts in nmr spectroscopy (14, 15), 
and to the prediction of non-electrolyte activity 
coefficients (16). In all cases the observed 

quantity was assumed to be linearly dependent 
on several independent variables. In the follow- 
ing discussion, its application to thermodynamic 
data relating to solvation will be outlined. 

It is assumed that a thermodynamic param- 
eter Q,  for example, the heat of solution, is 
measured for m solutes in each of n pure 
solvents. These data are arranged in a matrix of 
m rows and n columns where m 2 n. The 
method of characteristic vector analysis deter- 
mines the number p and form of a set of 
characteristic vectors V,(k = 1,2, . . . , p )  which, 
in linear combination, account for the varia- 
tion in Q with solvent. Having found a set of 
scalar multiples yik characteristic of a given 
solute i one can then reproduce the original 
data matrix using linear relationships of the 
form 

where Q j  is the average value of the thermo- 
dynamic property in solvent j for m solutes, and 
V,, the component of vector V, corresponding 
to solvent j. In order to determine the magnitude 
of the characteristic vectors V, 

a mean corrected data matrix is calculated by sub- 
tracting the mean row Q j  from each row in Q. 
The resulting matrix X(Xij  = Qij  - Q j )  is pre- 
multiplied by its transpose XT to obtain 
P = XT X, a square matrix of order n, which is 
directly related to the variance-covariance 
matrix. The characteristic vectors are obtained 
by diagonaiizing matrix P. When the data con- 
tain no error, the number of characteristic 
vectors is equal to the number of non-zero 
diagonal elements. Otherwise, the number of 
significant characteristic vectors can be obtained 
by analysis of the experimental error in the 
original data (17). An important property of 
these vectors is that they are orthogonal, that is, 
they represent statistically independent types of 
variability. A second important point is that 
the derivation of the vectors ensures that the 
first vector (first diagonal element) accounts 
for the largest amount of variation in the data, 
the second vector, the second largest amount, 
and so forth. Finally, the scalar multiples yLk 
can be determined from each characteristic 
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vector using the relation 

Simonds (10) has outlined a procedure for 
obtaining the characteristic vectors and scalar 
multiples which avoids matrix diagonalization. 
This procedure which is easily adapted to the 
digital computer cannot be used when the 
number of significant characteristic vectors is 
large but is ideal when they number one, two, 
or three. Otherwise, one can use a standard 
matrix diagonalization package, the charac- 
teristic vectors and scalar multiples being 
obtained from the eigenvalues and eigenvectors 
respectively. Simonds' procedure was used to 
obtain the results discussed below.2 It should 
be emphasized that the accuracy of the derived 
vectors depends on the relative number of rows 
and columns in the data matrix. The minimum 
number of rows (solutes) is equal to the number 
of columns (solvents); as the number of rows 
(solutes) increases, the accuracy of the vectors 
describing the characteristics of the solvents 
also increases. Unfortunately, it is often the 
case that only one datum is missing in a given 
potential data matrix. In order to use the data 
matrix, one must remove either the row or 
column containing the missing point, thereby 
reducing either the accuracy of the derived 
vectors or the number of solvents considered. 

Finally, since the purpose of the present study 
was to determine the number of characteristic 
vectors in the data matrices considered and to 
test whether they are related to common 
empirical parameters used to describe solvation, 
no attempt was made to normalize the resultant 
vectors to a common scale (14). Thus, the 
magnitude of a given vector common to two 
data matrices depends on the nature of the 
solutes in each matrix; in the absence of error, 
the components of the vector obtained from 
one matrix are linearly related to those obtained 
from the second so that a common scale for 
the vector can be defined by a change in coor- 
dinates. A procedure for carrying out the 
normalization has been described by Weiner 
et al. (14). 

'A copy of the computer programme used is available 
from the authors on request. 

Results and Discussion 
The solvent parameters considered in the 

following analysis are summarized in Table 1 
for common solvents of higher dielectric con- 
stant. As expected, good linear correlations are 
obtained between the two basicity parameters 
DN and B, and among the three acidity param- 
eters ET, Z, and AN (4). On the other hand, the 
basicity, acidity, polarity, and polarizability 
parameters are all linearly independent of one 
another. Thus, the four parameters chosen by 
Koppel and Palm (1) to describe solvent effects 
have one of the required properties of charac- 
teristic vectors. The question remains whether 
the experimental quantities chosen empirically 
to describe solvent acidity and basicity are the 
best possible. The relative importance of the 
four parameters must also be determined. 

The method of characteristic vector analysis 
was successfully applied to the analysis of six 
data matrices of physico-chemical quantities 
determined for a set of solutes in a given 
number of pure solvents. In all cases, more than 
90% of the observed variation in property Q 
could be accounted for using two characteristic 
vectors. In almost all cases, addition of a third 
vector resulted in explanation of the remaining 
variation; it was assumed that this vector could 
be assigned to experimental error in the data. 
The first two vectors were tested to determine 
whether they could be correlated with the 
solvent parameters discussed above. In no case 
could either of these vectors be correlated with 
the parameters P and Y. In all cases, one of the 
vectors could be successfully correlated with 
either of the parameters ET or DN (correlation 
coefficient r 2 0.85), the correlation with the 
second vector sometimes being less successful. 
The less successful correlation was usually with 
the parameter DN. It should be noted that 
three of the data matrices in Table 2 involve 
properties of single ions which have been 
calculated from thermodynamic data after 
having made an extra-thermodynamic assump- 
tion (22, 24). 

The correlations with vectors obtained from 
the analysis of data for the mutual heats of 
solution of solvent A (as solute) in solvent B 
(as solvent) (21) are illustrated in Figs. 1 and 2. 
The data were analyzed in this case to obtain 
vectors characteristic of the solute, that is, the 
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FAWCETT AND KRYGOWSKI 

I 

4 - 

- 
4 - - 

I I 

10 20 30  
D N ( A )  

FIG. 1. The components of the first characteristic vector for nine solvents as solutes determined 
from the mutual heats of solution of a given solvent A in nine other pure solvents (21) plotted against 
the donor number of the solute, DN according to Gutmann and Schmid (8). 

FIG. 2. The components of the second characteristic vector for 10 solvents as solutes determineu 
from the mutual heats of solution of a given solvent A in nine other pure solvents (21) plotted against 
the acidity of solute A as estimated by the Dimroth-Reichardt parameter, E, (5). 

component whose mole fraction is small. For 
this reason, the values of DN chosen for 
protic solvents were those characteristic of the 
isolated solvent molecule as measured by 
Gutmann and Schmid in dilute 1,2-dichlor- 
ethane solutions (8). It is apparent from the 
figures that excellent correlations hold between 
the first characteristic vector and the basicity 

parameter DN, and between the second vector 
and the acidity parameter ET. By interchanging 
rows and columns in the original data matrix 
the analysis was performed to obtain the vectors 
characteristic of the solvent. In this case the 
first vector correlates weekly with ET whereas 
a good correlation holds between the second 
vector and DN. In the latter correlation, the 
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FIG. 3. The components of the first characteristic vector for nine solvents determined from data 
for the free energy of solution of nine 1-1 electrolytes in a given pure solvent A (22) plotted against 
the donor number of the solvent, DN according to Gutmann and Schmid (8). 

FIG. 4. The components of the second characteristic vector for nine solvents determined from 
data for the free energy of solution of nine 1-1 electrolytes in a given pure solvent A (22) plotted against 
the acidity of solvent A as estimated by the Dimroth-Reichardt parameter, E, (5 ) .  

values of D N  for protic solvents were those for 
the bulk solvent as determined by Popov et al. 
The poor correlation with E, is due to large 
scatter of the points for acetonitrile, nitro- 
methane, and propylene carbonate from the 
regression line. These solvents have very low 
mutual heats of solution with aprotic solutes 
so that one might expect large errors in the 

corresponding components of the characteristic 
vectors. 

The vectors obtained from analysis of data 
for the free energy of solution of nine 1-1 
electrolytes (AgCl, AgBr, AgI, AgN,, AgSCN, 
AgPh4B, NaCl, Ph4AsPh,B, and Ph4AsI where 
Ph = phenyl) in nine different solvents (22) are 
shown in Figs. 3 and 4. In this case the first 
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characteristic vector is predominant, accounting 
for 78.9% of the trace. If one excludes the 
component for acetonitrile an acceptable cor- 
relation is obtained with the basicity parameter 
DN, the parameters chosen for proaic solvents 
being those for the bulk solvent. The departure 
of the point for acetonitrile can be attributed to 
the fact that six of the nine salts for which data 
are available are silver salts. Specific interaction 
between Ag' and acetonitrile is possible via 
the metal ion's A-electrons and iKe n-orbitals 
of the CN-group in the solvent; this interaction 
undoubtedly increases the effective donor.num- 
ber of acetonitrile for interaction with transition 
metal ions. An excellent correlation holds 
between the second vector and the acidity 
parameter E, (Fig. 4). Similar results were 
obtained with data for the heats of solution of 
1-1 and 2-1 electrolytes in six different solvents 
(22, 23). The first vector which correlates well 
with solvent basicity accounts for 96.6% of the 
trace. However, in order to achieve a good cor- 
relation, the parameters for protic solvents 
were those for the isolated molecules rather 
than those characteristic of bulk solvent. This 
result may be a reflection of the fact that some 
of the salts contain divalent cations which 
interact more strongly with solvent molecules 
in their immediate vicinity. In the Frank and 
Wen model of water structure surrounding ions 
(25), one distinguishes three types of water: 
'A' water which is strongly bound to the ion 
by ion-dipole interactions, 'B' water in which 
the normal structure is broken and neither ion- 
dipole or dipole-dipole interactions predomi- 
nate, and 'C' water in which the normal struc- 
ture is maintained through dipole-dipole in- 
teractions and hydrogen bonding. Ions with 
high charge to radius ratios such as Li+, the 
alkaline earth cations, and di- and trivalent 
transition metals ions are surrounded im- 
mediately with 'AA' water with a layer of 'B' 
water beyond the tightly bound dipoles. Cs+ 
Rbf ,  M+, C1-, Br-, and I- do not have any 
ordering effect and thus are surrounded by a 
B region only. Since the donicity of water and 
other protic solvents depends on the degree of 
structure of the solvent, the corresponding 
components of the characteristic vector will 
depend on the choice of solutes in the data 
matrix. A similar problem exists in defining the 
donicity of structbred aprotic solvents such as 

dirnethyl snlfoxide. Thus, Erlich et al. (26) 
have observed that dimethyl sulfoxide is a 
better base in pyridine solutions than as a pure 
solvent. However, the magnitude of the struc- 
ture effect is probably less than that for protic 
solvents. 

Due to the lack of complete data matrices 
the above analysis could not be carried out for 
other thermodinamic data relating to solvation 
in pure solvents. However, it was applied to 
several thermodynamic parameters derived for 
single ions on the basis of various extra thermo- 
dynamic assumptions. Somsen and Weeda (24) 
have considered the division of ionic enthalpics 
of solvation into components due to the cation 
and anion using both the continuum model 
based on the Born-Bjerrum equation and the 
discontinuous model for solvation developed 
by Buckingham (27). The data were obtained 
chiefly in protic solvents, namely, water, mesh- 
anol, ammonia, and four amide solvents, the 
only aprotic solvent being dimethyl formamide; 
the ions considered were all monoatomic (Li', 
Na+,  K+, Rb', Cs+, F-. C1-, Br-, and I-). 
The present analysis was successful for both 
sets of single ionic enthalpies, the first vector 
correlating with E, and the second with DN; 
in the case of data obtained on the basis of the 
continuum model the first vector accounted for 
78.2% of the trace whereas in the second, it 
accounted for 95.8%. The predominant in- 
fluence of solvent acidity can be attributed to 
the fact that the solvents considered were 
chiefly strongly structured protic solvents. As 
has been noted previously (3), changes in 
solvent structure which accompany ion solva- 
tion follow the corresponding change in solvent 
acidity. Single ion free energies, enthalpies, and 
entropies of transfer from water as a reference 
solvent to another solvent have been tabulated 
by Cox and co-workers (22). In this case the 
extra-thermodynamic assumption is that the 
free energy, enthalpy, and entropy of transfer 
of the tetraphenylarsonium cation are each 
equal to the corresponding quantity for the 
tetraphenylborate anion. The variation in these 
quantities with solvent was accounted for using 
two characteristic vectors (Table 2). The first 
vector which is linearly related to E, accounts 
for the majority of the variation. As pointed 
out above the relative contributions of the two 
vectors depend on the choice of solutes. In the 
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case of the free energies of transfer, the ions 
considered were Naf , K+, Rbt , Cst , Ag-. 
Ph,As+, C1-, Br-, I-, and Ph,B-. It can be 
argued that the predominance of the acidity 
vector in explaining the observed variation in 
the free energy of transfer is a reflection of the 
importance of structural effects, the majority 
of the ions being large structure breakers. 
Although insufficient data are available at 
present, careful comparison of the results of 
these analyses could be useful in assessing the 
validity of the extra-thermodynamic assump- 
tions made in deriving the above quantities. 

Solvent effects observed for the chemical 
shifts of specific nuclei in nmr spectroscopy 
have received considerable attention in the 
literature (28, 29). Buckingham et al. (30) have 
argued that the solvent effect on proton 
chemical shifts can be expressed as a linear 
combination of four terms, two magnetic terms 
accounting for bulk susceptibility of the solvent 
and anisotropy in solvent susceptibility, and two 
electrostatic terms due to van der Waals 
forces and the solvent reaction field. Detailed 
models have been developed for the electro- 
static terms; accordingly the reaction field term 
depends on the dielectric constant and refractive 
index of the solvent in a complex manner (29, 
30). By choosing a suitable reference compound 
such that only the electrostatic terms affect the 
observed chemical shifts, Weiner and Malinow- 
ski (31) have shown that the proposed electro- 
static terms do not successfully account for 
the proton shifts of polar solutes in a variety 
of solvents. They have argued that one cannot 
use the bulk dielectric constant in estimating 
the reaction field term and have proposed a 
fifth term to account for permanent dipole 
interactions. Solvent effects on the chemical 
shifts of 13C and 19F nuclei have also been 
studied (32-34). In the case of 13C chemical 
shifts for the methyl groups in methyl iodide 
and acetonitrile (32), the usual model for the 
reaction field (30) could not account for the 
observed solvent effect. Emsley and Phillips 
(33) concluded that the reaction field effect 
observed for the 19F chemical shifts of a variety 
of fluorinated aromatic compounds was directly 
related to solvent polarity [2]; however, the 
correlations between these quantities were often 
weak, this result being attributed to specific 
interactions of the reference compound, hexa- 

fluorobenzene with aromatic solvents. Taft et al. 
(34) attributed the solvent effect observed for 
the 19F chemical shifts of m-substituted fluoro- 
benzenes relative to fluorobenzene to donor- 
acceptor solvent-substituent interactions. How- 
ever, the chemical shifts observed for a given 
substituent in different solvents are not described 
by [4]. In conclusion, it is clear that a workable 
model for the electrostatic contributions to 
solvent effects in chemical shifts has not yet 
been developed. Certainly, the model proposed 
here is not expected to be generally valid when 
the effect of solute-solvent interactions pertains 
to a specific atom in the solute molecule and 
thus, is not necessarily a manifestation of the 
macroscopic effect of the interactions. Of 
course, carefully selected solutes will exhibit 
chemical shifts which can be related to the acid- 
base properties of the solvent; an example is the 
31P chemical shift in triethyl phosphine which is 
used by Mayer et al. (7) to define the acidity 
parameter AN. 

Finally, it should be noted that replacing the 
acidity parameter ET by AN or Z,  or the 
basicity parameter D N  by B does not result in 
improved correlations with the characteristic 
vectors for the thermodynamic data discussed 
above. The chief reason for using ET at present 
is that it has been measured for a larger collec- 
tion of solvents. Mayer et al. (7) have argued 
that the acidity parameters ET and Z give a low 
estimate of solvent acidity for solvents with 
dielectric constants less than 10 because the 
solvation of the polar ground state of the 
reference compounds used to define these 
parameters contains a contribution from solvent 
polarizability. This discrepancy would not have 
been detected in the present analysis since most 
solvents considered have higher dielectric con- 
stants. As pointed out above and earlier (4), 
there is a problem in defining a quantitative 
measure of basicity for protic solvents. The 
basicity parameter B of Koppel and Palm (35), 
modified recently by Koppel and Paju (9), is 
based on the difference in stretching frequencies 
of free phenol and phenol hydrogen-bonded to 
a given base in carbon tetrachloride solution. 
The parameter B always was more poorly 
correlated with the appropriate characteristic 
vector than the parameter DN. However, 
further elucidation of the problem of defining 
acidity and basicity parameters must await the 
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collection of further experimental data. In con- 
clusion, it is emphasized that the above analysis 
demonstrates clearly that only two independent 
parameters are needed to account for the 
observed variation in thermodynamic data with 
solvent. If solvent polarity and polarizability 
are truly components of the total solvent effect, 
then their contributions cannot be identified at 
present. The suggestion made previously (3, 4) 
that a structural factor should be added as a 
third parameter also cannot be justified by the 
present results. The failure of [4] to account 
for solvent effects in some cases must be 
attributed to the difficulty in accounting for 
the structural contribution to the basicity 
parameter DN. 
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R. SAVOIE, R. BROUSSEAU, and C. NOLIN. Can. J. Chem. 54, 3293 (1976). 
The infrared and Raman spectra of the four solid phases of malononitrile have been recorded. 

The crystal structures of these solids are now relatively well established from the present results 
and from previous X-ray and nuclear quadrupole resonance data. Phase I belongs to the P2,ln 
space group of the monoclinic system, with four molecules per unit cell. In phase 11, the molecules 
occupy two sets of general positions in a crystal of P2, symmetry. The molecular site symmetry 
is C, in phase I11 which is highly symmetric. The structure of the low-temperature metastable 
phase IV appears to be very similar to that of phase I. 

R. SAVOIE, R. BROUSSEAU et C. NOLIN. Can. J. Chem. 54, 3293 (1976) 
Nous avons enregistre les spectres infrarouges et Raman des quatre phases solides de la 

malononitrile. Nos resultats, ajoutes a ceux deja obtenus par diffraction des rayons-X et par 
resonance quadrupolaire, permettent de specifier assez bien les structures cristallines de ces 
solides. La phase I appartient au groupe P2,ln du systeme monoclinique, avec quatre molecules 
par maille elementaire. Dans la phase 11, les molecules occupent deux ensembles de positions 
generales dans un crystal de symetrie P2,. La symetrie des sites moleculaires est C, dans la 
phase 111 qui est hauternent syrnetrique. La structure de la phase metastable de basse temperature 
(IV) semble tres voisine de celle de la phase I. 

Introduction 
The molecular parameters and symmetry 

(C,,) of the malononitrile (CH,(CN),) molecule 
are well established from microwave data (1). 
The fundamental vibrational frequencies of this 
molecule are also well known, following various 
Raman (2 ,  3) and infrared (3-5)  investigations 
complemented by force constant calculations 
(394, 6).  

Solid malononitrile has been shown by a 14N 
pure nuclear quadrupole resonance (pnqr) study 
(7) to exist in four different forms (see Fig. I),  
although only one of the three solid-solid phase 
transitions (that from phase I1 to phase 111) 
shows a normal specific-heat anomaly (8). 
According to X-ray diffraction data (9), the 
room-temperature (phase 1) crystal belongs to 
the P2,ln (C;,) space group of the monoclinic 
system, with four molecules located on general 
positions in the unit cell. These findings are 
consistent with the results of the pnqr study 
which show that the nitrogen atoms occupy two 
different sets of sites in this solid. Furthermore, 
the recent infrared and Raman measurements 
of Castellucci and Manzelli (10) have been 
easily interpreted on the basis of this reported 
crystal structure. Phase I1 of malononitrile is 
also monoclinic, but it has not been definitely 
established whether the crystal belongs to the 

P2,lm (C;,) or to the P2,(C:) space group (9). 
Little is known of the remaining two solid 
phases, except for the number of different sets 
of sites occupied by the nitrogen atoms, as 
obtained from the nuclear quadrupole resonance 
experiments. The present study was undertaken 
in an effort to learn more about the structures 
of the various solid phases of malononitrile. 

Liquid 

31.7 '~  , 

Phase I P2, In (CZh 1 ,  Z = 4 

2 nitrogen (N)  sites 

FAST 
21 .5 '~  

PhaseI I  ~ 2 ,  (c:) or P ~ ~ / ~ ( C : ~ I .  z a 4  

4 N sites 

,FAST 1 -12 .9"~  

SLOW -+, Phase IDt 
1 N s i te  

-FAST 1 
Phase IP 
2 N sites 

FIG. 1. The solid phases of CH,(CN),. 
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TABLE 1. Atomic and molecular sites in crystalline malononitrile 

Number of nonequivalent atomic sites 

Nitrogen Hydrogen 
-- 

Structure* Molecular sitest Calc. E X ~ . $  Calc. Exp.5 

Phase I 
P21,n (C:,) 4 c, 

Phase II 

Phase 111 - 1 - 2 

- PIzase IV - 2 2 

"From X-ray diffraction data, ref. 9. 
74 C, = four molecules per unit cell on one set of sites of C, symmetry. 2 C,(N) = 2 molecules per unit 

cell located on one set of sites of C, symmetry. the nitrogen atoms being located In the planes of symmetry. 
:From the 14N pure nuclear quadrupole resonance study, ref. 7. 
§From the present results with CHD(CN), isolated In CH,(CN),. 

Experimental 
The malononitrile used in our experiments was obtained 

commercially (Aldrich Chemicals) and purified by sub- 
limation at reduced pressure. Partly deuterated samples 
(3Yoat. I)) were prepared by mixing the normal product 
and the required amount of D,O made slightly alkaline 
by the addition of a small amount of Na,CO,. The 
deuterated malononitrile was then purified by sublimation 
after evaporation of the water in the mixture. 

The infrared spectra were obtained from samples 
prepared by slow crystallization of the liquid between two 
infrared windows, which were subsequently mounted ill a 
conventional liquid nitrogen cryostat. In the 300-4000 
cm-' region, AgC1, Irtran-4, and Si windows separated 
by aluminum spacers 6-!8 pm thick were used. Much 
thicker samples, held by crystalline quartz or silicon 
windows separated by 250 Irm thick TeAon spacers, were 
needed in the far-infrared (20-400 cm-'). The spectra 
were recorded on a Perkin-Elmer Model 621 spectro- 
photometer calibrated with an indene calibration solution 
(1 1) in the 200-400 cm-' region, and with a RIIC Model 
FS-720 interferometer in the far-infrared. 

The Raman spectra were obtained with the poly- 
crystalline samples contained in a 6 mm diameter Pyrex 
cell placed inside a glass Dewar with Aat windows at the 
end. The low-temperature measurements were made with 
the samples cooled by a flow of cold nitrogen gas. As the 
transition from phase I1 to phase III normally resulted in 
breakage of the sample cell, the latter had to be first 
heated superficially so as to obtain after sublimation of 
some of the product a sample slightly smaller than the 
cell itself, to allow for the expansion of the crystal at  the 
transition. The spectra were recorded with a Spex Model 
1400 spectrometer, using the 488 and 514.5 nm exciting 
lines from a Spectra Physics Model 165 argon laser. 

The instrument was calibrated with a neon discharge 
lamp. The Raman spectra, as well as the infrared measure- 
ments, were recorded with a spectral resolution of 1 cm-' 
in most regions and the frequencies reported below are 
believed to be accurate to better than k 2  cm-' for sharp 
peaks. 

Results and Discussion 

A. Atomic and Molecular Sites 
The 14N pure quadrupole nuclear resonance 

study of Zussman and Alexander (7) has led to 
the determination of the number of sets of sites 
occupied by the nitrogen atoms in the various 
solid phases of malononitrile (see Fig. 1 and 
Table I). Equivalent results are obtainable 
spectrsscopically for the hydrogen atoms by 
using dilute solid solutions of isotopically 
substituted species. In the case of malononitrile 
deuterated to a small extent only, the D atoms 
are found almost exclusively in the mixed 
CHD(CN), species, which are relatively well 
isolated from each other in the solid CH,(CN), 
matrix. In these conditions the C-D oscillations 
are essentially free from intermolecular vibra- 
tional coupling and their frequencies depend, 
among other factors, on the local environment 
of the deuterium atoms in the crystal. The 
vibrational motions of the D atoms can there- 
fore be split in the solid, the predicted number 
of components being equal to the number of 
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Frequency (cm-') 

FIG. 2. Infrared spectra in the C-D stretching region of CHD(CN), molecules isolated in a solid 
CH,(CN), matrix. 

nonequivalent D (or W) atoms in the unit cell 
of the crystal. Such site splitting is clearly 
observed in the C-D stretching region of the 
infrared spectrum of a 150 pm thick sample of 
@H,(CN), containing 3% CHD(CN),  (see Fig. 
2). As indicated in Table 1, the results show that 
there are at least two different types of hydrogen 
atoms in phases I, 111, and IV and at least three 
different types in phase II. 

The number of different sets of sites occupied 
by the N and H atoms in crystalline malononi- 
trile is obviously related to the molecular site 
symmetry. This relation is unambiguous in the 
case of phase I where the molecules occupy one 
set of general positions in the unit cell. The 
molecular site symmetry is then C,, and 
although the positions of the four molecules 
in the unit cell can be interchanged by operations 
generated by the symmetry element of the space 
group, it is impossible to interchange the two 
nitrogen (and also the two hydrogen) atoms 
within any given molecule. Thus, there are two 
digerent types of such atoms in phase I, as 
confirmed by the pnqr measurements and the 
present results, which also show the situation to 
be exactlv the same in phase IV. 

The problem is more complex in phase %I 
which, according to X-ray diffraction data, 
belongs either to the P2,lm (C;,) or to the 
E2,(G;) space group. In the centrosymmetric 
structure, the four molecules in the unit cell 
can occupy general positions, or they can be 
located on two diEerent seas of sites of CS ssym- 

3 metry. As indicated in Table 1, none of these 

possibilities can account for both the pnqr and 
spectroscopic results. The non-centrosyrnmetric 
B2, structure is therefore the correct one, 
even though only three of the four predicted 
components have been detected in the infrared 
spectrum. 

Although the crystal structure of phase IEI 
is not known, the -pnqr measurements have 
shown that all the nitrogens are equivalent in 
this modification of the solid. This implies that 
all the molecules are equivalent in the crystal; 
that is to say, the molecules occupy only one 
set of sites in the unit cell, and the molecular 
site symmetry is other than C,, as the nitrogen 
atoms within the same molecule would be non- 
equivalent if genera! positions were occupied. 
Only the C,,, C2, and C, noiecuiar site sym- 
metries are therefore compatible with the 
nuclear quadrupole resonance results. Further- 
more, the doublet associated with the C-D 
stretching vibration of isolated CHD(CN), 
molecules in phase 111 of CH,(CN), (Fig. 2) 
indicates that the H atoms within a same 
molecule are no6 related through a C2 symmetry 
axis in this phase. The molecular site syrn- 
mecry is therefore Cs',, with further restriction 
that the CH, molecular groups rest in the 
planes of symmetry of the crystal, with the CN 
groups being symmetrically oriented on each 
side of these planes. 

B. Speckra of .Phrase I 
The infrared and Raman spectra of single 

crystals of malononitrile a t r o o m  temperature 
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Table 2 

Vibrational frequencies (in cm-l) of crystalline malononitrile. 

Phase I (25"~) Phase II (-70"~) Phase 111 (-190'~) Phase I V  (-190~~) -- 
Infrared Raman Infrared Xaman Infrared Raman Infrared Raman Aasienments 

Lattice vibrations 

CCN bend, v 
6 (%) 

CCN bend, v15 (El2) 

CCN bend, v12 ( B ~ )  

CCN bend, v 
8 (A2) 

13C (v5) 

CCC bend, v 5 (5) 

13C (v4) 

C-C stretch, v 4 

v f V  
5 15 

13C (V14) 

CH2 rock, v 
14 "2) 
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SAVOIE ET AL. 

T a b l e  2 (conc iudsd)  

Phase  I (25'6) P h a s e  L I  (-70°c) P h a s e  111 (-190°C) P h a s e  I V  (-190'~)  

I n f r a r e d  Raman I n f r a r e d  Raman I n f r a r e d  Rarnan I n f r a r e d  Raman Ass ignments  

985 984 982 983  
995sh - 987 986 987 986 990sh 985 C-C S t r e t c h ,  

992 990 9 9 4  - V1l 

1213 1213  - 1216 
1215 1216 - 1217 1228  1228  12i0 12;5 ) T o r s i o n .  v 7  (A2) 

- 1386 1387 1385 1384 
1387 - 1389sh  1389 1389sh 1388 1389?sh  - CH2 bend,  \J3 (A1) 

1395sh  1392 1393  1397 1391  1397 1 v 7  + '6 

- 2262sh 
2269 2263 2268 2265 2265 2262 2265 2265 C-N s t r e t c h ,  V 2  (A1) 

2274 2274 2273sh - C-N s t r e t c h ,  v 
2273sh 2273 2275 2273 2277 2278 2275 2275 

9 ( B l )  

2288sh 2285 2282sh - 2283 2289 - V 3  + V 4  
2296sh - 2293 2292 229b 
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Frequency (crn-'1 

FIG. 3. ( A )  Infrared and (8) Raman spectra of crystalline malononitrile in phase I1 at -70 OC. 

have been carefully recorded and analyzed by 
Castelluci and Manzelli (10). Their polarization 
measurements have made possible the observa- 
tion of most of the vibrational components 
predicted on the basis of the reported crystal 
structure of the solid. Our own spectra, although 
less detailed, are in good agreement with those 
already published and will therefore not be 
reported here. However, the frequencies given 
in Table 2 are from our own work, to allow for 
a more meaningful comparison with the cor- 

responding results on the other solid phases of 
CH,(CN),. 

C. Spectra of Phase II 
As discussed in section A, phase I1 of malons- 

nitrile belongs to the ~2 , (C i )  space group of 
the monoclinic system, with four molecules per 
unit cell. Since a general position in this space 
group has multiplicity two (12), there are two 
sets of sites of C, symmetry occupied in this 
case. The vibrational correlation diagram (13), 
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Frequency (ern‘') 
FIG. 4. ( A )  Infrared and (B) Raman spectra of crystalline malononitrile in phase 111 at - 190 OC 

TABLE 3 .  Correlation diagram for each set of sites in 
phase I1 of CH,(CN), 

Free molecule Molecular site Crystal 
c20 CI c2 Activity 

shown in Table 3, indicates that for each set 
the fundamental vibrations of the free molecule 
should give doublets in the solid-phase spectra. 

A total of four coincident infrared and Raman 
components are therefore expected for each 
fundamental. 

Four infrared and four Raman components 
are not clearly visible for each gas phase 
fundamental. As shown in Fig. 3 (see also 
Table 2), most fundamentals are split into two 
components in one type of spectrum or the other. 
However, some of the fundamentals (v,(A1), 
v,,(B,), v,,(B,)) occur as triplets in the infra- 
red spectrum. Note that this is not compatible 
with a centrosymmetric P2,lrn structure, which 
should be characterized by non-coincident 
infrared and Raman doublets, independently 
of the site symmetry. 
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The vibrational spectra of phase I1 of 
CH,(CN), are more easily interpreted by com- 
paring the crystal structure of this. solid with 
that of phase I. In the latter, the molecular 
structure departs significantly from that of the 
free molecule. For example, the C-N inter- 
nuclear distances of the two CN groups within 
the same molecule in the solid differ by approxi- 
mately 3%, as shown by X-ray diffraction (9). 
As mentioned previously, the molecules in the 
unit cell are all equivalent in phase I, but the 
nitrogen (and hydrogen) atoms within any 
given molecule are different. Furthermore, in 
phase I, the symmetry elements of the P2,in 
space group (12) are such that the four molecules 
in the unit cell are related by pairs of two 
through a center of inversion. All that is needed 
for the transition to  phase I1 to take place is a 
small reorientation or displacement of one pair 
of molecules relative to the other, so as to 
destroy the centrosymmetric nature of the 
crystal. The present results suggest that there 
is very little change at the molecular level when 
this occurs. For example, the frequencies of the 
C-D vibrations of CHD(CN), molecules iso- 
lated in a CH2(CN), matrix (Fig. 2), which 
indirectly measure the nonequivalence of the 
H atoms within the same molecule, are 21961 
2203 cm-' in phase I as compared to 219512207 
cm-' on the average in phase 11, In the latter 
phase, only three peaks are observed in this 
region although four components are predicted 
for the P2, structure. It thus seems logical to 
assume that two components are hidden in the 
2195 cm-' band, whose intensity is approxi- 
mately equal to that of the 220612208 cm-' 
doublet. By comparison with the results in 
phase I, the doublets at 219512206 cm-' and 
219512208 cm-' can be associated to the two 
different types of molecules in the unit cell of 
the crystal, which indicates that these differ 
little even if they occupy two nonequivalent sets 
of sites. The relative simplicity of the vibrational 
spectra of CH,(CN), is therefore explainable 
by the near equivalence of the molecules in the 
unit cell. 

D. Spectra of Phase III 
The transition from phase 11 to phase I11 in 

malononitrile is characterized by considerable 
changes in the vibrational spectra. The fine 
structure in the v,, v,, and v, regions of the 

Raman spectrum disappears and remarkable 
intensity changes occur in the region of the 
C-N stretching fundamentals. Simplification 
of the infrared spectrum also takes place, in 
particular in the v, and v,, regions. The vibra- 
tional spectra of phase I11 are for the most part 
less complicated than those of phase 11, and the 
very slow transition to phase 111 can be easily 
followed from the progressive disappearance 
of the triplet at 925/931/937 cm-', which is 
replaced by a single band at 947 cm-' in the 
infrared spectrum. 

As discussed above (Section A), the infrared 
spectrum of isolated CHD(CN), and the pnqr 
results on phase I11 of malononitrile are com- 
patible with a C, molecular site symmetry only. 
The vibrational spectra of phase 111 of CH,(CN), 
(see Fig. 4 and Table 2) also allow the elimina- 
tion of the C2, and C2 molecular site sym- 
metries in this modification of the solid. The 
vibrational correlation diagrams for any factor 
group chosen show that, for both site sym- 
metries, the fundamentals of A, symmetry in 
the free molecule should give only one infrared- 
active component in the sohd, whereas doublets 
are experimentally observed in all cases. The 
splitting of these fundamentals is also incom- 
patible with the space groups of the monoclinic 
system, the triclinic system being excluded as it 
cannot accommodate sites of C, symmetry. 

The small splitting of the C-D stretching 
vibrational frequency of CHD(CN), molecules 
isolated in CH,(CN), in phase I11 (2 cm-') 
compared to that in the other three phases 
(12 cm-' on the average) indicates that the two 
hydrogen atoms within the same molecule are 
much more equivalent in phase 111. This sug- 
gests that the molecules in this phase are con- 
siderably less distorted than in the three other 
solid phases. The increase in the symmetry of 
the crystal at the phase I1 to phase I11 transition 
seems to be directly related to  the appreciable 
entropy change ( - 4.8 1 J/(mol K)) associated 
with this phase change (8). The expansion of the 
solid at the transition, which often resulted in 
a broken sample cell in our Raman experiments, 
also points to an important rearrangement of 
the crystal in this process. The very sluggish 
transition from phase I1 to phase 111 is clearly 
quite different from the spontaneous transition 
from phase I to phase 11, which involves only 
minor modifications of the crystal structure 
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Frequency (cm") 

FIG. 5 .  ( A )  Infrared and (B) Raman spectra of crystalline malononitrile in phase IV at - 190 "C. 

and does not give a detectable anomaly in the 
heat capacity curve of the solid. 

E. Spectra of Phase IV 
The vibrational spectra of the low-tempera- 

ture metastable phase (phase IV) of malono- 
nitrile (see Fig. 5 and Table 2) are slightly less 
complicated than those of phase 11, except for 
an increased number of lattice modes in the 
spectra of phase IV. 

The infrared spectrum of CHD(CN), mole- 
cules isolated in GH,(CN), in phase IV (Fig. 2) 
and the 14N pnqr measurements indicate that 
the molecular site symmetry in this solid is C,, 

with only one set of molecular sites being 
occupied in the unit cell. The absence of any 
appreciable anomaly in the heat capacity curve 
at the transition temperature (8) suggests that 
the structure differs little from that of phase 11. 
The monoclinic system is therefore indicated, 
and it is conceivable that the crystal structure 
of phase IV is identical to that of phase I. 
Whatever the case may be, a combination of C, 
site symmetry and C2, C,, or C,, factor group 
shows that each fundamental should give two 
infrared and two Raman-active components in 
the spectra of the crystal. The experimental 
results can be reasonably interpreted on this 
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basis, especially in the case of the infrared 2. K. W. F. KOHLRAUSCH and G. P. YPSILANTI. 2. Phys. 

spectrum where many fundamentals occur as Chem. B-29, 274 (1934). 
3. T. FUJIYAMA and T. SHIMANOUCHI. Spectrochim. doublets. The predicted splitting is generally Acts, 20, 829 (1964), 

not observed in the Raman spectrum, but this 4. F,  HALVERSON and R. FRANCEL. J. Chem. Phys. 1'7, 
could be due to the fact that one of the two 694 (1 949). 
components is much stronger than the other 
one. This could mean that the structure of 
phase IV is centrosymmetric, as a similar 
situation was encountered in phase I. In the 
latter, only one band (due to the A,  component) 
was in general detected in our Raman spectrum 
sf polycrystalline samples, whereas the much 
weaker B, component was clearly resolved in 
the polarized Raman spectrum (10) of a single 
crystal. 
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FIG. 12. Exces ionique de surface; coordonnCes identiques celles de la fig. 8: (a)  Bu4NBr, (6)  
PrdNBr, ( c )  Et4NBr. 
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COMMUNICATIONS 

dlatalysed Diels-Alder reactions. The realization of orienta~sn control 
with a bifunetisnal aliphatic diensphile 
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Department of Chemistry, Uninicer~ity of New BYIIIIS+V~C~, Fredericton, N.B., Canada E3B 5A3 

Received July 30, 1976 

MASAT~SHI KAKUSHIMA, J E S ~ S  ESPINOSA, and ZDENEK VALENTA. Can. J. Chem. 54, 3304 
(1976). 

The Lewis acid catalysed addltion of methyl trans-4-oxobutenoate ('7) to  trans-piperylene (8) 
gives selectively product 9. SnC14 is a particularly efficient catalyst. A postulate of the preferen- 
tial formation of a complex with the formyl group is used to explain the regio- and stereo- 
specificity of the reaction. Synthetic implications of this finding are discussed, 

MASATOSHI KAKUSHIMA, J E S ~ S  ESPINOSA et ZDENEK VALENTA. Can. J. Chem. 54, 3304 
(1976). 

L'addition, catalysie par les acides de Lewis, de l'oxo-4 butanoate de mithyle trans (7) au 
pipbrylkne trans (8) conduit d'une h ~ c n  selective au produit 9. Le SnC14 est un catalyseur par- 
ticulikrement eficace. On utilise une hypothkse impiiquant la formation prefkrentieile d'un 
complexe avec le groupe formyle afin d'expliquer la re'gio- et la ste're'o-spkcificite de la reaction. 
On discute des implications en synthkse de ces risultats. 

[Traduit par le journal] 

We have recently reported an orientation 
reversal in additions of unsymmetrically substi- 
tuted 1,3-butadienes to 2,6-dimethyl- l,4-benzo- 
quinone and I ,4-toluquinone (1). For example, 
thermal addition of 1-substituted dienes pro- 
ceeded exclusively by orientation P (R = CH3 
or CH3COO) while an addition catalysed by 
BF3 or AlCl3 went quantitatively in the opposite 
sense (2). An extension of this 'guidance-by- 
catalysis' to  simple aliphatic dienophiles would 
have much wider synthetic utility. Presently, 
compounds of type 6 are not readily available 
synthetically because both thermal (2) and 
cataiysed (3) additions 3 + 4 lead predomi- 
nantly to 5. Synthetic versatility using 2-substi- 
tuted dienes (predominance of 'para' products in 
thermal as well as catalysed additions) and 
1,2disubstituted dienes is similarly lnmited. 

We now wish to report a simple method using 
the formyl group as a directing Lewis base which 
opens a way to compounds 6 .  trans-4-0x0- 
butenoate (7) was chosen as a dienophile because 
(i) it can be prepared in one step from methyl 
crotonate (4) and (ii) many methods exist to 
convert the formyl group in the adducts into H, 
CH3, or other desired substituents. Results using 

7 and trans-piperylene 8 are summarized in 
Table 1. While thermal addition produces the 
expected complex mixture1 (reaction I), an 
addition catalysed by SnC14 (5) gives adduct 9,2 
mp 35-38 "C, as the only product (reactions 4 
and 5). The desired regio- and stereospecificity 
has thus been achieved. A similar. but less 
efficient, guidance was observed with AlC13 
(reaction 2) and with BF3 etherate (reaction 3). 

The exclusive formation of 9 (out of four 
possible C=C adducts) indicates reaction geo- 
metry I 1  and is readily explained by the postu- 
late that, in the dienophile, the forlnyl group 
complexes preferentially3 (or that only the formyl 

'Dehydrogenation (10'"cd-C, 200 "C) gave a 2:3 
mixture of o- and m-toluic acid methyl esters (glc). 

2Dehydrogenation (10%; Pd-C, 200 "C)  gives m-toluic 
acid methyl ester. The coupling values in the 220 MHz 
spectrum of 9 ((F(CDCL3) 0.94 (CH3, d, J = 7 Hz), 2.90 
(GI-H, ddd, J = 10.5, 10.5, 6 HZ), 3.07 (C2-H, ddd, 
J = 10.5, 5.5, <0.5 HZ), 9.75 (-CHO, J = <0.5 HZ)) 
establish its stereochemistry, confirmed by spectra of the 
hydrogenation product of 9, mp 50-57 "C, and of the 
corresponding acid, n ~ p  102-104 "C (C=C reduced, 
CHO replaced by COOH.) 

3SnC14 forms stable bidentate complexes (7). The exact 
nature and geometry of the Lewis acid attachment in 11 
cannot be specified at present. 
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3 (R = alkyl, 4 (R' = H 5 (R' = H or 6 (R = alkyi, aryl, or 
aryi, acetoxy) or alkyl) alkyl) acetoxy; R' = M or alkyl) 

COOCH, 

O=C 
I J~~~~~~ 5 ayH3 r ~ H O  
H CM: CH I Cp!" CH3 

complex reacts) and that the charged formyl 
group determines the orientation (regiospecifi- 
city) and the more favourable erzdo state (stereo- 
specificity)? These results with $ as model diene 
indicate a general method for the synthesis of 
many substituted cyclohexenes. Based on present 
knowledge (1,2,3), 1-aikyl-, 1-aryi-, I-acyloxy-,s 
and 1,2-dialkylated 1,3-butadienes (1) can all be 
expected to add In the same sense as 8. Further- 
more, it can be predicted that a catalysed addi- 
tion of 2-substituted butadienes5 to 7 &il l  lead 
selectively to products with a 1,4-arrangement of 
the diene substituent and the formyl group. 

To show one example of the synthesis of 
"unnatural' compounds 6 ,  9 was converted into 
12 [[CHZSH)~, BF3.Et20; deactivated WaWi], 

4'rhe cis,cis-stereoisomer of 9 should thus become 
available by using the cis-isomer of 7 as the dienophile. 

5Alkolydienes polymerize too rapidly to be useful. 

not accessible in useful quantities by a thermal 
or catalysed addition of 8 to tran;\-crotonate. 

The method works equally well with ketones 
(e.g., COCH3 instead of CHO in 7) and work 
presently underway in our laboratory ind~cates 
that the formyl and keto groups even "in out' in 
cataiysed additions to dienophiles of type 13 
(E or Z ;  R = K or @H3). This constitutes a true 
violation of the normal directivity rules of addi- 
tion (2, 3). 
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TABLE I .  Diels-Alder additions of 7 to 8 in methylene chloride 

Molar ratio 
Reaction 7:R:catalyst Catalyst T ("C) Time Product(s); yield Remarks 

I 1:2.5:0 - 40 35 h ,Mixture of 3 adducts Diene polymer removed 
containing a -CHO by chromatography 
group; no 10 formed. 
Ratio 5 :3 :1 (nmr). 
Major adduct is 9 

2 1:1.01:1.01 A ~ C I ~  0 I h 405'; of 9 + 30%, of 10 Diene additions to activated 
(freshly sub- carbonyl groups are known (6) 
limed in HCI 
stream) 

3 1: l  .O3:0.85 BF3.E:20 40 10 min 555; of 9 + 5 5  of 10 2-Epi-9 is an artefact; 
(distilled) + 5% of C2-epimer o f 9  treatment of 9 with BF3.Et20 

in boiling CHzC12 for 1 h 
gives a 1 : l  mixture of 9 and 
2-epi-9 

4 i:1.15:1 SnCi4* 0 <5min  7 5 s o f 9  Yield of recrystallized 
(anhydrous) product is given; reaction 

essentially quantitative 

5 1:1.1:0.1 SnC14* 0 30 min 759; of 9 Yield of recrystallized product 
(anhydrous) 

"Obtained neat and as a 1 !A4 solution in C K I C I ~  from Alpha Products, Beverly, Mass., U.S.A. 
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The construction of the substituted denudatine system by diene addi~on  

K. WIESNER, T. Y. R. TSAI, 6. I. DMITRIENKO, AND K.  P. NAMBIAR 
Natural Products Research Center, Uniuer~ity of New Brunswick, P.O. Box 4400, Fredericton, N.B., Chtzada E3B 5A3 

Received July 30, 1976 

K. WIESNER, T. Y. R. TSAI, G. I. DMITRIENKO, and K. P. NAMBIAR. Can. J. Chem. 54, 3307 
(1976). 

A simple stereospecific synthesis of the denudatine model 20 is described. 

K. WIESNER, T. Y. R. TSAI, G. I. DMITRIENKO et K. P. NAMBIAR. Can. J. Chem. 54, 3307 
(1976). 

On dkcrit une synthkse stkrCospicifique simple du modkle 20 de la denudatine. 
[Traduit par le journal] 

We have shown recently (1) that the diene 1 
added maleic anhydride stereospecifically and 
gave exclusively the exo adduct 2. We now wish 
to report a highly efficient and simple method for 
the synthesis of denudatine and substituted 
denudatine derivatives based on this finding. We 
have synthesized small quantities of the aromatic 
intermediates 3 and 4 by methods which we have 
previously reported in detail (2). However, with 
the substitution pattern of the aromatic ring in 

3 and 4 these methods are laborious and a far 
more efficient route based on the addition of 
p-quinone and cyclopentadiene carboxylic ester 
is being worked out at present. In the meantime 
we report the construction of the denudatine 
C-D ring system on the model compound 5 
prepared from an intermediate in the synthesis 
of 3 and 4 (Scheme 1). 

Compound 5 was alkylated with bromornethyl 
acetate and potassium carbonate in acetone (3). 
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The product 6 obtained in a yield of 957, was 
used without purification.' Hydrolysis of 6 with 
3 N potassium hydroxide yielded the crude acid 
7. This material was dissolved in dichloro- 
methane and the solution was stirred with an 
aqueous solution of sodium acetate at  0-5 "C 
while a solution of N-bromosuccinimide in 
aqueous sodium acetate was added (3). 

The dichloromethane solution of the masked 
quinone 8 obtained in this manner was dried, 
evaporated to dryness, and immediately treated 
with an excess of ethyl vinyl sulfide in ether. The 
product 9 which is a mixture of the two epimers 
at  the spiro carbon was purified by recrystalliza- 
tion (mp 120-121 "C) and was obtained in a 
yield of 85% from 6 .  Hydrolysis of 9 in aqueous 
methanolic potassium carbonate yielded 92% of 
the diketone 10 (mp 92-93 "C; ir (CHC13) 2743, 
1733 cm-I (diketone); nmr (CDC13) r 8.74 (t, 
3H, J = 7, S-CH2-CH3), 4.16 (d, l H ,  J = 6, 
vinylic H)). 

The diketone 10 was treated with an excess of 
trimethylsilylmethyl magnesium chloride in tetra- 
hydrofuran (THF) (4). The product 11 was 
obtained in a yield of 757, after recrystallization 
(mp 116-1 17 "C; ir 1720 cm-I (ketone); nmr 
r 9.88 (s, 9H, -Si(CH3)3), 8.74 (t, 3H, J = 7, 
--S-CH2-CH?), 4,2 ((1, lH,  J = 6, vinylic H)). 
Desulphurization of 11 with Ra-Ni in ethanol 
under reflux gave 12 (mp 138-139 "C, ir 1718 cm-I 
(ketone); nmr (similar to 11 but -S-CH2-CH3 
missing)) in a quantitative yield. 

Treatment of compound 12 with 707, per- 
chloric acid in T H F  at 45 "C for 2 h yielded 90y6 
of the oily a$-unsaturated ketone 13 (4) (ir 1705, 
1632 cm-I (ketone, exocyclic double bond); nmr 
r 8.75 (s, 3H, C-CH3), 4.97, 4.32 (d, J = 2, 1H, 
for each exocyclic vinylic proton), 4.15 (d, 
J = 6, lFi, vinylic proton)). 

Compound 13 was treated with an excess of 
methanethiol in a mixture of water, THF,  and 
sodium borate. The pure oily product 14 was 
obtained in a yield of 907, (ir 1715 cm-I (ketone); 
nmr r 7.89 (s, 3H, -S-CH3)). Hydroboration, 
followed by hydrogen peroxide treatment (5) of 
compound 14 proceeded stereospecifically with 
respect to  the double bond and yielded two 

'All crystalline compounds gave correct elemental 
analyses. Mass, nmr, and ir spectra of all compounds 
were recorded and were consistent with the structures 
assigned. Only specially significant va!ues are reported to 
conserve space. 

products 150 and 15b epimeric at  the R2  asym- 
metric center, in a total yield of 857'. 

150 (mp 179-180 "C; nmr T 8.75 (s, 3H, 
-C-CH3), 7.82 (s, 3H, -S-CH3), 6.39 (d, 
lH,  J = 7 ,  CH-OH), 6.23 (d, IH, J=10 ,  
CH-OH)). 

15b (oily, the spectral data were similar to 
those of 150, the mass spectra of 15u and 156 
were identical). 

Both 15a and 15b were transformed separately 
into the identical intermediate 18. In order to 
conserve space we describe only the sequence 
with compound 15a. This material was ace- 
tylated with acetic anhydride and pyridine to the 
diacetate 16a (mp 106-107 "C) in a yield of 90%. 
Partial hydrolysis of 16n in an aqueoLis meth- 
anolic solution of potassium carbonate (pH 9.5) 
yielded 807, of the oily monoacetate 170 which 
was separated from some starting material 16a 
and diol 150 by chromatography on silica gel. 

The monoacetate 170 was oxidized with di- 
methylsulfoxide and dicyclohexyl carbodiimide 
to the oily ketoacetate 18 in a yield of 80Y0 and 
this material was saponified quantitatively to the 
oily ketoalcohol 19 in a mixture of T H F  and 
aqueous potassium hydroxide. 

Compound 19 was heated under reflux with 
methyl iodide and the ternary sulfonium iodide 
which resulted was stirred at  room temperature 
with aqueous potassium carbonate. 

The crystalline hydroxyketone 20 (mp 115- 
116 "C) was obtained in a yield of 867, (ir 
(CC14) 1722, 1634 cm-I (ketone, exocyclic double 
bond); nmr T 8.72 (s, 3H, C-CH3), 6.04 (d, lH ,  
J = 10, CHOH), 4.74, 3.95 (d, J = 2, 1H for 
each vinylic proton)). 

Reduction of the ketone 20 with sodium boro- 
hydride yielded a mixture of oily epimeric alco- 
hols one of which must have been analogous in 
configuration to the alkaloid denudatine 22. 
These compounds were not investigated in de- 
tail. Instead the hydroxyketone 20 was converted 
to the crystalline (mp 153-154 "C) p-bromo- 
benzoyl derivative 21 and this material was 
submitted to Dr. J. F. Blount, Hoffmann-La 
Roche, Nutley, New Jersey for X-ray structure 
determination. The result of the analysis con- 
firmed the structure and configuration portrayed 
in the formula 21. We believe that the method 
reported in this article represents not only a 
route to denudatine, but more important a very 
simple route to polysubstituted denudatine de- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



rivatives, which as we have already shown may 2. K. WIESNER, P. T. Ho. D. CHANG, Y. K. LAM, C. S. J. 

be rearranged to  alkaloids of the delphinine PAN, and W. Y .  REN. Can. J. Chem. 51, 3975 (1973); 

type (6). 
S. F. LEE, G. M. SATHE, W. W. SY, P. T. Ho, and 
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A new method of quaterdzing amines and its use in amino acid and 
peptide chemistry' 

FRANCIS C. M. CHEN AND N. LEO BENOITON 
Departmetzt of Biochemistry, University of Ottawa, Ottawa, Canada KIN 9A9 

Received July 8, 1976 

FRANCIS C. M. CHEN and N. LEO BENOITON. Can. J. Chem. 54, 3310 (1976). 
Methyl iodide and potassium bicarbonate in methanol is  presented as a mild, efficient, and 

selective reagent for the quaternization of amino groups. It does not attack hydroxyl groups. 
Its use with amino acids, derivatives of lysine, and small peptides is described. 

FRANCIS C. M. CHEN et N. LEO BENOITON. Can. J. Chem. 54, 3310 (1976). 
On propose l'iodure de mithyle et le bicarbonate de potassium dans le mithanol comme 

rhctif  doux, efficace et selectif pour la quaternisation des groupes aminCs. I1 ne rhg i t  pas avec 
les groupes hydroxyles. On dkr i t  son utilisation avec les acides aminis, des dirivis de la lysine 
et de petits peptides. 

[Traduit par le journal] 

Methods used for quaternizing primary or 
secondary amines involve alkylating agents and 
a strong inorganic base to bind the acid which is 
generated, and often prolonged reaction times 
and heat, which are conducive to  undesirable 
side-reacticns ( l ) .2$3 Compounds of biological 
interest such as carnitine (4) and N',Ne,N'- 
trimethyllysine (5-7) have been prepared in this 
manner. Diazomethane in aqueous solution has 
also been used to  prepare the latter (3 ) ,  but the 
reaction is very slow. Our realization of the 
deficiency in these methods prompted a search 
for a better one. 

We found the use of methyl iodide and the 
highly basic, sterically hindered and weakly 
nucleophiiic amine 1,2,2,6,6-pentamethyipiperi- 
dine as  hydrohalide acceptor (8) to be quite 
satisfactory for the quaternization of protected 
derivatives such as Bz-Lys-NHPh, Bz-Phe-Lys- 
OMe, and Boc-Ala-Lys-OMe; however, we were 
unable to  separate the product from the hydro- 
iodide of the base in the latter case. Furthermore, 
application of this method to  zwitter-ionic com- 
pounds was impractical, since the reaction was 

IPresented at  the 14th European Peptide Symposium, 
WCpion, Belgium, April 11-17, 1976. Supported by a 
grant from the Medical Research Council of Canada. 
N.L.B. is an Associate of the M.R.C.C. 

2Abbreviations are in compliance with IUPAC-IUB 
recommendations (2). Amino acid symbols represent the 
L-isomer. Boc = teri-butyloxycarbonyl, Bz = benzoyl, 
Bzl = benzy1,Z = benzyloxycarbonyl. 

3For example, the formation of 10:; of Bz-MeGly- 
Lys(Me3+>0- during the methylation of Bz-Gly-Lys-OH 
with dimethyl sulfate (3). 

incomplete and some quaternized base was also 
formed. 

We wish to  report the efficient quaternization 
of primary, secondary, and tertiary amines, 
using methyl iodide and potassium bicarbonate 
in methanoL4 The reaction is carried out by 
stirring 1 ml of methyl iodide, 1 g of KHC03 
and 1 mmol of substrate in 20 ml of methanol at 
room temperature, usually for 24 h. The method 
is mild,s reasonably selective, and of general 
applicability. Examples studied include various 
amino acids, peptides and their derivatives, 
derivatives and peptides containing a dimethyl- 
amino acid, and a benzylamino acid and histi- 
dine.6 Only the tritylamino group and p-nitro- 
aniline resisted, and were completely inert to 
the reagent. 

The reagent does not attack a primary, sec- 
ondary, o; phenolic hydroxyl group, a primary 
or secondary amide, an ethyl ester, or an amino 
group protected by a benzyloxycarbonyl, tert- 
butyloxycarbonyl, or p-toluenesulfonyl radical.' 

4Quaternization also occurred in 957, methanol, or 
using sodium bicarbonate, but did not using ethyl iodide 
in single experiments. 

5Boc-Ser(Bzl>OH which is susceptible to p-elimination 
was completely stable to the reagent. 

6Ac-His-OH gave three Ac-His(Mez>OH positional 
isomers. 

7Anomalous results were obtained with p-hydroxy, 
a-amino acids when the carboxyl group was an ester. 
H-Ser-OMe also underwent 0-methylation to give 
Me3+Ser(Me>OMe.I- (75%, mp 98-101 "C), and the 
aide-chain of H-Thr-OMe was cleaved. Carnitine re- 
mained inert to the reagent. 
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COMMUNICATIONS 331 1 

It also attacks sulfides and disulfides, and esteri- 
fies carboxyl groups to a small extent depending 
on their nature. The extent of esterification is 
exemplified by the following: leucine, yamino- 
butyric acid, serine, tyrosine, H-Cly-Gly-Gly- 
OH (0-3%); and 2-Ser-OH, Boc-Lys-OH, H- 
Gly-Gly-OH (8y0). 

For preparative purposes, the reaction mixture 
is evaporated to dryness, and the residue is left 
in chloroform on a mechanical shaker for 30 
min. Evaporation of the extract gives the salt- 
free quaternary ammonium compounds if they 
do not contain a free carboxyl group. Zwitter- 
ionic compounds remain in the residue, but are 
freed of undesired ester by the extraction. 
Neutralization of the residue with aqueous 
hydrochloric acid, followed by evaporation and 
extraction with anhydrous acetone, gives the 
salt-free betaines. Compounds8 prepared in this 
manner,from the corresponding unmethylatedde- 
rivative, are Boc-Ala-Lys(Me3+)-OMe. I- (from 
chloroform - ethyl acetate, 90%, mp 65-75 "C, 
[alDZ3 --30.7", C, H, N), Me3+Ser-OH-1- (48 h 
reaction time, from acetone - ethyl acetate, 90Yc, 
mp 77-79 "C, [ffIDz3 -4.6", C, H, N), Me3+Leu- 
OH-I -  (96YG, mp 182-183 "C, C, H, N), Me3l-- 
Thr-OH. I -  (85%, mp 145-147 "C), Me3+Phe- 
OEt. I- (70%, mp 224-225 "C), Me3+Gly-Gly-0- 
(go%), Me3+Gly-Gly-Gly-0- (90701, Me3~-Ala- 
Gly-0Me.I- (SO%, mp 123-125 "C), Me3+Gly- 
Gly-Leu-OMe. I- (97y0), Z-Lys(Me3')-0- H 2 0  
(from acetone containing 1 drop methanol - 
ethyl acetate, 7570, mp 199-201 "C, [aIDz3 -4", 
C, H, N), Boc-Lys(Me3+)-0- (SO'%), and Boc- 

8All compounds had satisfactory nmr spectra. Opxical 
rotations are for c = 2 in water. 

0rn(Me3+)-0- (80y0'0). The 2-derivative was 
labile to evaporation of its aqueous solution 
containing iodide, so was isolated by adsorption 
onto a cationic ion-exchange resin fo!lowed by 
elution with aqueous ammonia. The Boc-amino 
acid betaines, which were sensitive also to the 
resin treatment, were extracted into ethanol after 
removal of any ester. Final traces of inorganic 
salt were removed by extracting into cold 
ethanol again after evaporation of the mixture. 
Fine powders (hygroscopic) were obtained. 

It is hoped that this method will prove useful 
in this and other areas of natural product 
chemistry. 

1. J. GOERDELER. In Mouben-Weyl, Methoden der 
organischen Chemie, Stickstoffverbindungen II/HII. 
Vol. XI 12. Edited by E. Muller. Georg Thieme Verlag, 
Stuttgart, BRD. 1958. pp. 587-640. 

2. IUPAC-IUB Commission on Biochemical Nornen- 
clature. J. Biol. Chem. 247, 977 (1972). 

3. G. J. MOORE and N. L. BENOITON. Can. J. Biochem. 
53, 1145 (1975). 

4. F. M A Z Z E ~ I  and R. M. LEMMON. 9. Org. Chem. 22, 
228 (1957). 

5. T. TAKEMOTO, K. DAIGO, and N. TAKAGI. Yakugaku 
Zasshi, 84, 1180 (1964). 

6. B. GOFFINET and G. AMIARD. Fr. Patent No. 1, 146,- 
117 (1959); Chem. Abstr. 55, 19865 (1961). 

7. J. H. SEELY and N. L. BENOITON. Can. J. Biochem. 48, 
1122 (1970). 

8. H. Z. SOMMER, H. I. LIPP, and L. L. JACKSON. J. Org. 
Chern. 36, 824 (1971). 

9Dr. M. Kates of this department has found in a single 
experiment using tic for analysis of products. that the 
reagent converted a phosphatidyl ethanolamine ccm- 
pletely to the phosphatidyl choline, but with a small 
amount of lysophosphatidyl choiine also appearing. The 
latter could be minimized or possibly eliminated by 
shortening the reaction time. Further investigation is 
contemplated. 
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Studies in soIvolysis. Part HX. Some comments on anion-cation 
combination reactions 

KENNETH HILLIER, JOHN MARSHALL WILLIAM SCOTT, DOUGLAS JAMES BARNES, AND 

??REDRICK JOSEPH PETER STEELE 
Faculty of Medicine and Chemistry Department, Menlorial Unioersity, St. John's, N j d . ,  Canada AIC 5S7 

Received July 5, 1976 

KENNETH HILLIER, JOHN MARSHALL W~LLIAM SCOTT, DOUGLAS JAMES BARNES. and FREDRICK 
JOSEPH PETER STEELE. Can. J. Chem. 54, 3312 (1976). 

The general validity of the Ritchie equation log (k,/ko) = N+ is evaluated on the basis of the 
bimolecular rate constants for various nucleophiles attacking crystal violet, malachite green, 
and the tris-p-anisylmethyl carbonium ion. A more general form of the Ritchie equation is re- 
quired to accommodaie the data uiz. log (kn/ko) = S+N+ (Si- = constant) for the most reactive 
carbonium ion. The latter modified form of the Ritchie equation is analogous to the Swain- 
Scott equation log (k,/k,) = sn and the new form follows the usual relationship between 
reactivity and selectivity, i.e. the value of S+ for the tris-p-anisylmethyl carbonium ion is less 
than unity. 

KENNETH HILLIER, JOHN MARSHALL WILLIAM SCOTT, DOUGLAS JAMES BARNES, et FREDRICK 
JOSEPH PETER STEELE. Can. J. Chem. 54, 3312 (1976). 

On Cvalue la validit6 gCnCrale de I'bquation de Ritchie, log (k,/ko) = Ni-, en se basant sur les 
constantes de vitesses de reactions bimol6culaires de divers nuclCophiles s'attaquant au cristal 
violet, au vert de malachite et l'ion tris-p-anisylmCthylcarbonium. On doit faire appel a une 
forme plus gCnCralisCe de I'Cquation de Ritchie pour tenir compte de toutes les donnkes; par 
exemple on peut utiliser log (kn/ko) = S+NC (S+ = constante) pour le carbocation le plus 
rhctif .  Cette dernikre forme modifiCe de l'kquation de Ritchie est analogue h l'equation de 
Swain-Scott, log (ko/k,,) = sn, et la nouvelle forme suit la relation habituelle entre rCactivitC et 
sClectivitC; par exemple la valeur de S+ pour I'ion tris-p-anisylmCthylcarbonium est plus faible 
que un. 

[Traduit par le journal] 

If nucleophilic substitution reactions are con- To date two distinct and separate LFER's 
sidered to take place via the Winstein (for a list have been proposed in relation to the kl, and 
of important references and explanation of kh rate constants. Primar) centers (k,,) have 
symbols, see ref. 1) mechanism been considered via the Swain-Scott (2) LFER 

then a comparison of reactivities of nucleophiles 
reacting via the k i n  (or k2,) and the k4, steps is 
of interest. 'The problem so posed might be 
tackled by attempting to generate linear free 
energy relationships (LFER) between the k,, 
(or k2,) and kh rate constants if suitable rate 
constants are available. Since k,, (or k,,) values 
are available predominantly for primary centers 
and k4, values are only known for tertiary 
centers, a LFER between such kinetic quantities 
would be likely to demonstrate stereochemical 
limitations. 

log k/ko = sn 

for which the standard nucleophile is water and 
the standard substrate is methyl bromide. The 
empirical s values are structure-sensitive (1) 
CH3F (0.65 f 0.07); CH3C1 (0.95 0.01); 
CH3Br (1.00); CH31 (1.12 + 0.03) and signifi- 
cantly do not follow the reactivity of these 
substances with any particular nucleophile 
(CH3F < CH3C1 < CH31 < CH3Br). The devi- 
ation from the anticipated selectivity-reactivity 
sequence has been interpreted in terms of the 
Sneen (3,4) intimate ion-pair mechanism (involv- 
ing k i ,  kZP and k2,) with the condition k2 > k2n 
This provides an adequate rationalization of the 
poor correlation between reactivity and selec- 
tivity for the methyl halides. 

In contrast to nucleophilic displacements at a 
primary center, anion-cation combination reac- 
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TABLE 1. Rate constants for the reactions of nucleophiles with crystal violet, malachite green and 
tri-p-anisylmethyl cation (25 "C) 

Crystal violeta Malachite greena Tri-panisylmethyla 

Nucleophile k G, M-1 s-l log k, k,, M-1 s-1 1% ks  k,, M-1 s-1 log k, 

Water 

Dabco 

Triethylarnine 

Ammonia 

Cyanide 

Methoxylamine 

Hydroxide 

Hydroxylamine 

Hydrazine 

SulAte 

Hydrazine H +  

Hypochlorite 

QIonic strength ranged between lo-' to lo-' M when not indicated for crystal violet and malach~te green and the rates for the tri-p-anisylmethyl 
cation are In the presence of 0.05 MNaCI: see refs. 9 and 10. 

bReference 6. 
CReference 7. 
dReference 8. 
eReference 11. 
fReference 12. 
BReference 13. 
hReference 14. We do  not at present understand the source of the discrepancy between these measurements. 
(Reference 14. 
jData obtained a t  23 "C; see ref. 15. 
kData obtained at f i  = 0.60 and 1.20 M. 
ZData obtained at 30 "C;  see ref. 16. 

tions (k4J involving tertiary centers show no 
change in selectivity with change of substrate. 
Thus on the basis of an extensive series of 
measurements using water as the standard 
nucleophile and 4-nitromalachite green (or 
malachite green) as the standard substrate 
Ritchie (Part XIII, see ref. 5; for further refer- 
ences see Parts I to XII.) proposes the equation 

Dl log k/kO = N+ 

which accommodates this unusual and interest- 
ing situation. The purpose of the present com- 
munication is to establish an important exception 
to  eq. 3. In Table 1 we have collected and report 
second order rate constants for the attack of a 
wide range of charged and neutral nucleophiles 
on the triarylmethyl carbonium ions, crystal 

violet (C.V.), malachite green (M.G.), and the 
tri-p-anisylmethyl cation (T-p-AMC). The LFER 
between M.G. and C.V. (Fig. 1) is excellent and 
has a slope of 1.01 0.02 which is in agreement 
with eq. 3. However, the equally excellent LFER 
involving M.G. and the T-p-AMC (Fig. 2) gives 
a slope which is significantly less than unity 
(0.81 i 0,Ol) and thus requires a modified 
version of eq. 3 which is logically 

In the case of the tertiary centers the quantity S+ 
appears to  be a much slower changing function 
of reactivity than for the primary compounds. 
The relationship of the n and N+ scales remains 
an interesting problem as does the significance 
of eq. 4 with respect to the mechanism of these 
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FIG. 1. Rates of reactions of nucleophiles with mala- 
chite green DS. the rates of reactions of nucleophiles with 
crystal violet. Points are identified as follows: (I)  water; 
(2) hydrazine HC; (3) ammonia; (4) cyanide; (5) meth- 
oxylamine; (6) hydroxide; (7) hydroxylamine; (8) hydra- 
zine; (9) hypochlorite; (10) sulfite. 

reactions. Fuller discussions of this aspect of 
our work will appear elsewhere. 

Acknowledgement 

The authors wish to thank the National Re- 
search Council of Canada for support of this 
work. 

1. J. M. W. Scorr.  Can. J. Chem. 48, 3807 (1970). 
2. C. G. SWAIN and C. B. SCOTT. J. Am. Chem. Soc. 75, 

141 (1953). 
3. R. SNEEN and J. W. LARSEN. J. Am. Chem. Soc. 91, 

362 (1969). 
4. R. SNEEN. ACC. Chem. Res. 6 ,  46 (1973). 
5. C. D .  RITCHIE. J. Am. Chem. Soc. 97, 1170 (1975). 
6. C .  D. RITCHIE et a!. J. Am. Chem. Soc. 97, 1163 

(1975). 

log k:' + 6 

FIG. 2. Rates of reactions of nucleophiles with mala- 
chite green CS. the rates of reactions of nucleophiles with 
tri-p-anisylmethyl cation. Points are identified as follows: 
(I)  water; (2) DABCO; (3) triethylamine; (4) ammonia; 
(5) cyanide; (6) methoxylamine; (7) hydroxide; ( 8 )  hy- 
droxylamine; (9) hydrazine; (10) sulfite. 

7. C. D. RITCHIE, G. A. SKINNER, and V. G. BADDING. 
J. Am. Chem. Soc. 89, 2063 (1967). 

8. C. A. BUNTON and S. K. HUANG. J. Am. Chem. Soc. 
94,3536 (1972). 

9. D. J. BARNES, K. HILLIER, and J. M. W. Scorn. In 
press. 

10. K. HILLIER, F. J. P. STEELE, and J. M. W. Scorr.  
Can. J. Chem. To be published. 

11. E. A. HILL and W. J. MUELLER. Tetrahedron Lett. 
2565 (1968). 

12. C. D. RITCHIE. J. Am. Chem. Soc. 94, 3275 (1972). 
13. J. N. RIDE, P. A. H. WYAIT, and Z. M. Z o c ~ o w s ~ r .  

J. C. S. Perkin 11, 1188 (1974). 
14. C. A. BUNTON and S. K. HUANG. J. Am. Chem. Soc. 

95, 2701 (1973). 
15. C. D. RITCHIE and P. 0. I. VIRTANEN. J. Am. Chem. 

SOC. 95, 1882 (1973). 
16. J. E. DIXON and T. C. BRUICE. J. Am. Chem. Soc. 

93, 6592 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Canadian Journa canadien 
Chemistry 

Published by Publie' par 
THE NATIONAL RESEARCH COUNCIL OF CANADA LE CONSEIL NATIONAL DE RECHERCHE5 DU CANADA 

Volume 54 Number 21 November 1. 1976 Volume 54 numCro 2% 1 novembre 1974 

Heat capacities of aqueous electrolytes: eight 1:l elee&sIytes and 
AC: for ionizagon of water a& 298 K 

PREM PAUL SINGH,' EARL M .  WOOLLEY,~ KEITH 6.  MCCURDY, AND LOREN 6 .  HEPLER 
Department of Chemistry, University of Lethbridge, Lethbridge, Alta., Canada T IK  3M4 

Received April 29, 1976 

PREM PAUL SINGH, EARL M. WOOLLEY, KEITH 6. MCCURDY, and LOREN G. HEPLER. Can. J .  
Chem. 54, 3315 (1976). 

We have made measurements with a flow calorimeter leading to apparent molal heat 
capacities of aqueous solutions of NaC1, HCI, KBr, KCI, KOH, NaBr, HBr, and NaOH at 
298 K. Results have been used to derive apparent molal heat capacities of these electrolytes at  
infinite dilution and thence AC,o = -215.2 + 4 5  K-1 mol-1 for ionization of H20(liq) 
a t  298 K. 

PREM PAUL SINGH, EARL M. WOOLLEY, KEITH C. MCCURDY et LOREN 6. HEPLER. Can. J. 
Chem. 54,3315 (1976). 

On a fait des mesures, B l'aide d'un calorimktre B Ccoulement, qui permettent de dkterminer 
les capacitCs calorifiques molales partielles apparentes de solutions aqueuses de NaCl, HCI, KBr, 
KC1, KOH, NaBr, HBr et NaOH a 298 K. On a utilisC ces risultats pour en dCriver les capacitCs 
calorifiques molales apparentes de ces 6lectrolytes a dilution infinie d'ou on a tirC que AC,o = 
-215.2 f 4 5 k-I mol-I pour I'ionisation de HzO(1iquide) a 298 K. 

[Traduit par le journal] 

Introduction 

It has been known since 1858 when Kirchhoff 
(1) derived 

111 (aa~/ar),  = ac, 
that heat capacities are useful for classical 
thermodynamic calculations. Following Ein- 
stein's (2) application of quantum theory and 
statistical thermodynamics to the theory of the 
temperature dependence of the heat capacities of 
simple solids, there have been many instances in 
which heat capacities have been used in obtaining 
information about the microscopic properties of 

'On leave from Department of Chemistry and Bio- 
chemistry, Punjab Agricultural University, Ludhiana, 
India. 

*On leave from Department of Chemistry, Brigham 
Young University, Provo, Utah, U.S.A. 

various systems. Although generali~ations con- 
cerning the usefulness of heat capacities are 
about equally valid for solids, liquids, gases, and 
solutions, difficulties in making the appropriate 
measurements on solutions have severely in- 
hibited such investigations. 

Recent developments in calorinletry have 
diminished some of the experimental difficulties 
previously associated with measurement of heat 
capacities of dilute solutions. Nearly simul- 
taneous increased interest in the properties of 
aqueous solutions at temperatures other than 
-298 K has provided new incentive for applying 
calorimetry to  investigation of heat capacities of 
aqueous solutions with a view toward providing 
thermodynamic properties that will be useful for 
calculations leading to knowledge of aqueous 
systems at various temperatures. 

In this paper we report the results of our heat 
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TABLE 1. Apparent molal heat capacities of aqueous electrolytes at  298 K* 

Number of 
4c O Concentration concentrations 

Solute (9 K-I mol-1) B (eq. 2) ranae (m) investigated 

NaCl 
HCl 
KC1 
KBr 
KOH 
NaOH 
NaBr 
HBr 

*We use i values liere to indicate standard deviations. Limits on systematic uncertainties are dis- 
cussed in the text. 

capacity measurements on dilute aaueous solu- by careful addition of B~(OH)Z solution to precipitate 
A 2 

tions of eight important 1 : 1 electroiytes ( N ~ c ~ ,  barium carbonate. Five different stock solutions of KOH 

KBr, KC1, KOH, NaBr, HBr, and NaOH) (B.D.H. Analar) were also prepared in this way. All of 
these solutions were then standardized by titration as 

at  298 K. Part of the motivation behind these described above, 
measurements was simply to determine apparent Five HC1 (ACS reagent grade) solutions were standard- 
and partial nlo]al heat capacities of these electro- ized against NaOH solutions prepared as above, while 

lytes for subsequent thermodyrlamic calculations, one HCI ~olutio" was standardized against HgO as 
described by Kolthoff et al. (10). Stock solutions of HBr 

More we are concerned with corn- were prepared and standardized similarly; all such solu- 
bination of the results of this investigation to tions were stored in brown bottles and handled in a 
obtain ACp0 for ionization of water. partially darkened laboratory. 

Experimental 
Most of our heat capacity measurements have been 

made with a Picker flow calorimeter that has been 
described in several publications (3-7) from the UniversitC 
de Sherbrooke. Because the flow calorimeter measures 
volumetric specific heats, we have also measured densities 
of all of our solutions as previously described (8). Calori- 
metrically measured volun~etric heat capaci:ies have been 
combined with our densities and known compositions of 
solutions to obtain apparent lnolal heat capacities (+<.) as 
described previously (3, 4) and subsequently modified (7). 

Most of our calorimetric measurements were made with 
flow rate about 0.6 cc/min. Heating rates were generally 
set a t  100 mW. Measurements on solutions with concen- 
trations less than -0.15 mol/kg were made relative to 
water. Some measurements on more concentrated sclu- 
tions were also made relative to water, but most were 
made relative to more dilute solutions. 

A few heat capacity measurements on relatively con- 
centrated solutions were made with the 100 ml glass 
calorimeter of the LKB 8700 system. 

Solutions of NaCI, NaBr, KCI, and KBr were prepared 
by weight from Fisher certified analytical reagents and 
freshly degassed distilled water. 

Five ditferent stock solutions of NaOH (B.D.N. Ana- 
lar) were prepared at  different times. Carbonate was 
removed as described by Vogel (9). The resulting car- 
bonate-free solutions were standardized against potassium 
acid phthalate. All dilutions of these stock solutions were 
made with degassed water. 

One stock solution of NaOH was freed from carbonate 

Results and Discussion 

Our experimental results (compositions of 
solutions, thermal data from calorimetric meas- 
urements, and densities of solutions) have been 
combined as previously described (3-7) to obtain 
apparent molal heat capacities ( c # ~ ) . ~  The +c 
values so obtained are accurately represented by 
equations of the form 

in which +,O represents the apparent molal heat 
capacity at  infinite dilution. The coefficient of 
i d / '  is derived from the Debye-Hiickel theory 
and B is an adjustable parameter for each solute. 
We list +CO and B values for each electrolyte in 
Table I ,  along with the concentration ranges of 
solutions and statistical measures of the accuracy 
of fit of [2].  

Although our principal interest in this investi- 
gation has been the measurements on relatively 
dilute solutions in order to obtain +cO values, we 

3Complete set of the actual experimental data is avail- 
able, at a nominal charge, from the Depository of Un- 
published Data, C!STl, National Research Council of 
Canada, Ottawa, Canada K:A 0S2. 
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have made a few measurements on more con- 
centrated solutions in order to obtain some 
independent checks on the accuracy of the flow 
calorineter. To this end we have used the LKB 
(non-flow) 8700 calorimetric system for measure- 
ments leadifig to apparent molal heat capacities 
of 1.0 and 3.2 nz NaCl solutions. Details of the 
method and results will be reported later; for 
now it is suficient to state that results of these 
measurements and our measuremeats with the 
flow ca!orimeter (with caiculations done as 
described recently (7)) are in good agreement. 
Further, these results for concentrated solutions 
are also in good agreement with heat capacities 
measured by Cerutti (11). Thus we have con- 
fidence in the accuracy as well as the sensitivity 
of the flow calorimeter. 

We now turn to several com.parisons of our 
+,O values with those reported by earlier in- 
vestigators. 

Parker (12) has reviewed earlier heat capacity 
measurements on aqueous NaCl and selected 
+cO = -90.0 J K-I mol-I as the "best" value. 
Measurements of enthaipies of solution at differ- 
ent temperatures have led Criss and Cobble (13) 
to  +cO = - 79.1 .T K-I mol-l. Flow calorimetric 
measurements have led Picker et a]. (3) to 
$cO = - 82.4 J K-I mo!-I and Desnoyers and 
co-workers (4, 7) to +,O = -84.4 J K-I mol-I. 
Our $cO = - 84.6 J K-' mol-I is in good agree- 
ment with the latter two values and in fair 
agreement with the value obtained by Criss and 
Cobble (13). 

Parker (12) has selected +cO = - 136.4 5 K-I 
mol-I for aqueous HCl. Enthalpy of solution 
measurements have led Ahluwalia and Cobble 
(14) to +,O = - 127.6, while flow calorimetric 
measurements have led Desnoyers and co- 
workers (4, 7) to +,O = - 124.1 J K - h ~ l - ~ .  
Our +cO = - 127.2 J K-I mol-I for aqueous 
HCl is in especially good agreement with one of 
these values and fair agreement with another. 

For aqueous KC1 we have +cO = - 114.6 J 
K-I mol-I from Parker (12) and - 114.2 J K-I 
mol-I from Desnoyers and co-workers (4, 7), in 
excellent agreement with our - 114.1 J K-I 
mol-l. There is similar excellent agreement 
between +cO = -120.1, -118.3, and -119.1 5 
K-"01-I for aqueous KBr from Barker (12), 
Desnoyers and co-workers (4, 7), and from our 
work, respectively. 

Our +CO = - 127.0 5 K-l mol-l for aqueous 

T a a ~ r  2 ACpo values for tonlzatlon of 
IE20(I1q) at 298 K-  

' c; 0 

M+, X- (J K-1 mol-1) 

"We ure i values here to  indicate standard 
deviations. Limits on  systematic unceitaiotics arc 
discussed in the text. 

MOH is in agreement with c $ ~ ~  = - 126.8 3 K-I 
mol-I selected by Parker (12). For aqueous 
NaOH we have +cO = - 102.1, -94.6, and 
- 96.2 J K-l mol-I from Parker (12), Desnoyers 
and co-workers (7, 15), and from our work, 
respectively. 

Parker (12) has selected = -95.4 J K-I 
mol-I for aqueous NaBr. Desnoyers and co- 
workers (4, 7) have reported +cO = - 88.1 J K-I 
mol-I, in good agreement with our - 88.4 J K-I 
mol-I. 

For aqueous HBr Parker (12) has selected 
+,O = - 141.8 J K-I mol-l, while our measure- 
ments have led us to +,' = - 132.6 9 K-l mol-'. 

One of the principal purposes of this research 
has been to obtain quantities that would permit 
calculation of ACpO for ionization of water that 
we represent by 

Because +CO = c: for a solute at infinite 
dilution, we can combine our results from 
Table 1 as follows to obtain the desired AC,O of 
ionization of water: 

Using our results from Table 1 with Cp0(H20) = 

75.29 J K-'' rnol-I (16), we obtain the four semi- 
independent ACpO values that are listed in Table 
2. On the basis of all these results, we choose 
AG,O = - 215.2 + 0.8 J K-"01-I as the best 
value to be derived from our work. Here we have 
used + to indicate the standard deviation; limits 
on systematic uncertainties are discussed below. 

Our assessment of uncertainties in the various 
measured quantities and subsequent calculations 
leading to cpc and values suggests that the 
total uncertainty in each of these latter quantities 
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as listed in our Table I is about 5 3 J K-I mol-l. 
This estimate of total uncertainty is consistent 
with agreement of some of our results with 
related results of some other investigators al- 
ready cited. Because all of our measurements and 
calculations ieading r s  bC0 values have been 
carried out similarly, relative accuracies of our 
results are better than indicated by the above 
total uncertainties; we estimate that rntrrl uncer- 
tainties in differezces between any two of our 

values are about 5 % 9 K-I moi-I. We there- 
fore estimate that the rota! uncertainty in oar 
BCp0 for ionization of water is i4 J K-"01-I. 

Various previous investigations have led to 
ACP0 values for ionization of water at 298 K 
ranging from - 195 to -225 J K-I mol-4 as 
recently reviewed and calculated (17, 18). Largely 
on the basis of results from Parker (12), values at 
the negative end of this range were selected 
(17, 18) as the "'best" ones then available. We 
now suggest that these earlier values should be 
replaced by our new BCP0 = -215.2 9 K-I 
mol-I (estimated i 4 J K-I m ~ l - ~ ) ) .  
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NOTE ADDED IN PROOF: 

G. Olofsson and I. Olofsson (University of 
Lund, Sweden) have recently informed us that 
they have completed calorimetric measurements 
leading to the standard enthalgy of ionization of 

water at six temperatures from O to 50 'C. They 
have analyzed their results to obtain AC: = 

-214 k 5 9 K-I mol-"or ionization of water at 
298 M, in excellent agreement with the new value 
we have reported Inere. 
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Crysta8 structure of CaK,AsrO, and GdK2P,0, 

RQMQLO FACGIANI AND CRISPIN CALVO 
Insfitrate fur Muterials Research, k fck fas ler  University, Harnilturz, Ont., Canada E8S 4MI 

Received December 11, 19751 

R O M ~ L O  FAGG~ANI and CRISPIN CALVO. Can. J.  Chem. 54, 3319 (1976). 
Crystals of CaK2As20, and CdM2P207, both grown from the melt, areornonoclinic with 

Z = 4. The lattice parameters are a = 9.222(6), b = 5.835(3), c = 14.698(10) A, p = 105.84(5)" 
with space group P21/c for the diarsenate and a = 9.737(2), b = 5.548(1), c = 12.766(2) A, 
p = 106.50(2)" with space group C2/c  for the diphosphate. The structures were refined by full- 
matrix least-squares methods utilizing 2070 reflections (R = 0.056) for the diarsenate and 1145 
reflections ( R  = 0.067) for the diphosphate. Both structures contain pseudo-hexagonally 
packed anions, in staggered configurations, forming layers with the divalent cations in six 
coordinate sites between the layers. The average M-O bond lengths are 2.342 and 2.290 A for 
M = Ca and Gd respectively. The K ion has nine oxygen atoms with mean K-O bond lengths 
of 2.943 and 3 . q 0  A in the diarsenate in the coordination sphere. The mean of the ten shortest 
K-0 is 2.939 A in the diphosphate. 

ROMQLO FAGGIANI et CRISPIN CALVQ. Can. J .  Chem. 54, 3319 (1976). 
Les cristaux du CaK2Asz07 et du CdK2P207, ont CtC obtenus tous les deux B partir de 1'Ctat 

fondu et sont mon~cliniques~avec Z = 4. Les paramktres de la maille sent a = 9.222(6), 
6 = 5.835(3), c = 14.698(10) A, p = 105.84(5)" avec un groupe d'espace P21/c pour le diar- 
senate et a = 9.737(2), b = 5.548(1), c = 12.766(2) A, p = 106.50(2)' avec un groupe d'espace 
C 2 / c  pour le diphosphate. On a affinC les structures par la mCthode des moindres carrCs 
(matrice cornplkte) utilisant 2070 rCflexions ( R  = 0.056) pour le diarsenate et 1145 rCflexions 
( R  = 0.067) pour le diphosphate. Chacune des structures contient des ions places dans des 
positions pseudo hexagonales, dans des configurations dCcalCes, formant des couches avec les 
cations divalents places dans des sites hexacoordonnCs entre les couches. Les longueurs mo- 
yennes des liaisons M-O sont respectivement de 2.342 et de 2.290 A pour M = Ca et Cd. 
E'ion K es! liC k six atomes d90xygttne; les valeurs moyennes des liaisons K-O sont de 2.943 et 
de 3.020 A dans la sphkre de coordination du diarsenate. Qans le diphosphate, la valeur 
moyenne des dix distances K - 4  les plus courtes est de 2.939 A. 

[Traduit par le journal] 

Introduction 

At present the known structure types with 
diortho ions, X2079 and stoichiometry M3X207 
are limited. Pb3Si207, lead barysilite, is rhombo- 
hedral with space group RTc (1). A large number 
of compounds are found to crystallize in the 
akermanite structure type (2). Akermanite itself 
has the composition Ca2MgSi207s while the iso- 
structural melite (3) and hardystonite (4) have 
compositions corresponding to Ba2FeSi207 and 
Ca2ZnSi2O7 respecti~ely.~ These structuces are 
tetragonal with a near 8 A and c near 5 A. 

The structure type changes when $11 the cations 
have radii near or greater than I A. The struc- 
tures become monoclinic, as in the present cases 
and in K22rSi207 (5) and CaK2P207 (6), or 
triclinic as in Na22rSi207 (7). The unit cell 
parameters of the two diphosphates and di- 
arsenates are closely related although the space 

'Revision received July 21, 1976. 

groups differ. On the other hand, the parameters 
of CaK2P207, transformed to space gro2p 
P2,/c, are a = 9.79, b = 5.69, c = 13.57A, 
with p = 112" 11' (6) as compared with those of 
K2ZrSi207 where a = 9.54, b = 5.60, c = 14.26 
A, and p = 116.51". This suggests that these 
structures might be isostructural. 

Experimental 
C Q K ~ A S ~ Q ~  

Crystals of CaK2As207 were prepared by thoroughly 
mixing K2C03, CaO, and As205 in the molar ratios of 
1 : 1 : 1 and heating the mix in a platinum crucible held at 
700 "C for 4 h. The crucible and sample were then cooled 
to 500 "C at 3" /h  and quenched to room temperature. 
Clear, colorless, mildly hygroscopic crystals were ob- 
tained. One of these, of cylindrical shape and a radius of 
0.075 mm and length of 0.25 mm, was selected and sealed 
in a capillary tube. Precession photographs showed the 
space group to be P2,/c (OkO, k odd and h01, 1 odd re- 
flections were absent). Accurate lattice parameters were 
obtained by least-square fit to 15 well-centred reflections 
with 26 near 25". Graphite monochromatized MoKa 
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3320 C A N .  J .  C H E M .  VOL. 54. 1976 

TABLE 1 .  Atomic and thermal parameters for CaK2As20, with standard deviations in parenthesesq 

Atom x Y z UI I u22 u3 3 u12 U~ 3 U2 3 

Ca 0.7341(1) 0.2726(2) 0.13742(9) 11.1(6) 10.5(6) 11.9(5) -0.2(5) 3.7(5) 
K(1)  0.5337(2) 0.23!8(3) 0.3348(1) 17.6(7) 16.5(7) 24.4(7) - 1.W) 4.7(6) 
K(2 )  0.9669(2) 0.2558(3) 0.3879(1) 26.5(9) 28.5(8) 16.5(8) 8.8(7) 5.7(7) 
As(1) 0.31519(8) 0.2065(1) 0.02852(5) 13.3(3) 8.7(3) 10.5(3) 0.1(3) 4 . 2 2 )  
As(2) 0.17478(7) 0.2603(1) 0.19770(4) 9.9(3) 8 . 2 3 )  12.6(3) 0.5(3) 4.4(2) 
O(C) 0.1654(5) 0.3006(8) 0.0749(3) 16(2) 29(3) I7(2) 9(2) 6 0 )  
0 ( 1 )  0.2609(5) 0.0097(7) 0.2285(3) 133)  9(2) 19(2) O(2) 4(2) 
O(2)  -0.0066(5) 0.261 3 9 )  0 .  1929(4) 12(2) 32(3) 25(3) 3(2) 6(2) 
O(3)  0.2687(5) 0.4881(8) 0.2501(3) 18(3) lO(2) 21(3) --5(2) 6(2) 
O(4)  0.2743(6) -0.0681(8) 0.0017(4) 41(3) 15(2) 19(3) -4(2) 9(3) 
O(5)  0.4728(5) 0.2504(9) 0.1127(3) 17(3) 29(3) 23(2) -4(2) 2(2) 
O(6)  0.2867(6) 0.3680(4) -0.0681(3) 38(3) 20(3) 20(3) 5 0 )  142)  

"Thermal parameters appear in the thermal factor  through exp -2n2 X 10~ ' ( i i2b~ 'Ui~  + . . . + 211k61bzU12 + . . .) with the bi's 
lattlce vectors. All U's I" Az. 

(0.71069 A) at 21 "C gave the following crystal data: 
CaK2As207 fw = 292.24 
Monoclinic: a = 9.222(6), b =- 5.835(3), c = 14.698(10) 
A ,  /3 = 105.84(5)" V = 758.30A3, Z = 4, Dm = 3.31 5 
2 g/cm3, D,.,,,, = 3.340 g/cm3. The density was meas- 
ured by pycnometry with isopropyl alcohol as the 
displacement liquid. 

A total of 2070 symmetry independent reflections were 
collected within a sphere with 26',,, = 60' on a Syntex 
P1 diffractometer. A total of 1681 was considered ob- 
served (1 > 3r with c based upon counting statistic5 for 
the peak and background). The data set was corrected for 
Lorenta, polarization effects, and absorptions (pR = 
0.82 cm-1). A trial structure was obtained by direct 
methods which determined the signs of the 81 reflections 
with highest E values. The atomic parameters for the 
heavier scatterers were obtained from the E map. The 
peak heights from this map were not proportional to the 
scattering power of the atoms and therefore Ca, K, and 
As were not distinguished in the initial model. Subsequent 
difference syntheses led to the correct cationic identifica- 
tion and location of the oxygen atoms. The refinement 
proceeded by minimizing x o , ( F ,  I - F ,  i )2 using the full- 
matrix least-squares program written by J. S. Stephens 
for the CDC 6400. Scattering curves for Ca2+, K', As, 
and 0, corrected for dispersion (8) were taken from 
Cromer and Waber (9).  Weights were chosen as 

wlth coeficlents determ~ned so that w [ F ,  - FcIl2 would 
not vary wlth F J .  The final parameters are In Table 1 and 
the observed and calculated structure factors have been 
tabulated.2 R = 0.056 and 

2Photocopieu of this table are available upon request, 
at  a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 

-0.6(5) 
-2.1(7) 

3.9(8) 
0.6(2) 

-0.2(3) 
4(2) 
O(2) 
O(2) 

- (32) 
- 5(2) 
- 5(2) 

8(2) 

as rcciprocal 

In the final cycle of refinement all the calculated shifts 
were less than + of the estimated standard deviations. 

CdK2P207 
Crystals of CdK2P207 were grown by reacting stoichio- 

metric portions of CdC03, K2S04, and (WH4)2EP04. 
The sample was thoroughly mixed, heated in a Pt crucible 
to 900 'C,  and slowly cooled, at  3'/h, to below 600 'C. 
Suitable crystals were extracted from the sample. 

A crystal was ground into a cylinder, whose radius was 
0.025 mrn and height was 0.1 mm. Unit cell parameters 
were determined from fifteen 20 values lying between 20 
and 25", using MoKal radiation (0.70926 A )  and 
graphite monochromater in conjunction with a Syntex P1 
diffractometer. The crystal data at  22 "C are as follows: 
CdK2P207 fw = 364.55 
Monoclinic: a = 9.737(2), b =o 5.548(1), c = 12.766(2) 
A ,  P = 106.50(2)", V = 661.06 A3, Z = 4, Dcalcd = 3.66 
g/cm3, Dm = 3.69 g/cm3 (3). Space group C2/c, extinc- 
tions Ilk1 with 12 + k odd, h01 with 1 odd. 

The intensities of the reflections were examined in the 
angular range within 20 = 65". Those reflections whose 
intensity measure were negative after correcting for back- 
ground were discarded. Those in excess of 30, with u 
derived from the intensity statistics, were treated as ob- 
served. The entire data set was corrected for Lorentz, 
polarization, and absorption. The intensity of a total of 
1145 unique symmetry independent reflections were 
determined. - 

The structure was solved from the Patterson function 
after positioning the Cd ions on centers of symmetry and 
noting that the anion contained a crystallographic two- 
fold axis. The structure was refined by full-matrix least- 
squares methods using atomic scattering factors for 
C a p ,  K+, P, and 0 from Cromer and Waber (9).  These 
were corrected for dispersion (8).  Weights were taken as 
w = [86.4 - 1.96F0 + 0.012F0*]-I with the coefficients 
determined so that w(F, - F,)2 = 1 .  When the shifts in 
the parameters between cycles of refinement ceased to be 
significant the anisotropic components of the thermal 
parameters were allowed to vary. The R value was 0.067 
when all shifts were less than f of the estimated standard 
deviation, and the refinement was terminated. The value 
of R,  = 0.066. The atomic parameters are in Table 2. 
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FAGGIANI AND CALVO 3321 

TABLE 2. Atomic parameter for CdK2P207 with estimated standard deviations in parentheses" 

Atom Site x v z GI u22 u33 0; 2 u1 3 Liz j 

'Theirnal parameters appear in the structure factor expression ar T 
reciproc'11 lattice vectors. Ail C"s in A2. 

FIG. 1. Structure of CaK,As,O, projected onto the 
ac plane. The large circles are oxygen atoms, the small 
filled circles are As atoms, the medium sized open circles 
are K+ ions, and the lined circles are Ca2+. 

Description of the Structures 

CCIK~AS~O,  
The structure of CaK2As207 is seen in Fig. 1. 

The anions are near the levels y = + 1/4 and in 
a hexagonal layer arrangement defined by (T02). 
Calcium ions lie between adjacent layers sharing 
terminal oxygen atoms with six separate anions. 
Within a layer the anions are in chains parallel 
t o  b related alternately by two-fold screw axes 
and a center of symmetry. The potassium ions lie 
between adjacent anions within the layers. K(1) 

= exp -2i ' lO-3(C/1lh~b1~ + . . . + 2Ui2hkb1112 + . . .) with the bl;'~ as 

ions lie between the anions related by the screw 
axes and K(2) ions between those related by 
centers of symmetry. Both K(1) and K(2) also lie 
near y = i 1,4 and are each coordinated to 
nine oxygen atoms. The K(1):O bond lengths 
range from 2.819 to 3.160A whiie those of 
K(2)-0 range from 2.751 to 3.256 A (Table 3). 
K(l) shares three terminal oxygen atoms with 
each of two diarsenate ions bridging across the 
ends of these two anions. It shares an edge, 
O(4)a-0(5)a, with another diarsenate and a 
corner with a fourth anion. 

The environment of K(2) is quite different. It 
shares oxygen atoms with four separate di- 
arsenate ions. Two terminal oxygens, O(2) and 
0(4), and a bridging oxygen are shared with one 
diarsenate ion and an edge, consisting of O(2) 
and O(C), is shared with the diarsenate ion 
translated by one b axis length. Three terminal 

FIG. 2. The structure of CdK2P20, projected onto the 
ac plane. The large circles are oxygen atoms and the small 
filled circles are P. The medium sized open circles are K+ 
and the lined ones Cd2+ ions. The layers lie between 
planes normal to (100). 
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TABLE 3. Bond lengths and angles in CaKzAszO, with estimated standard deviations in parentheses" 

Length Angle Angle 
Bond (A) Bonds (deg) Bonds (deg) 

*Symmetry transformations exclusive of lattice translations a = \., 4: 2; b = x, 4 + J :  c = 5 - z; d = x, : - y ,  f C z. 

oxygen atoms, 0(1), 0(2), and 0(3), are shared 
with a third anion and the ninth oxygen atom, 
0(6), is shared w ~ t h  a fourth anion. 

The calcium ions lie between layers and are 
bonded to six oxygen atoms whose configuration 
is that of a distorted trigonal antiprism. These 
are all terminal oxygen atoms and arise fro111 six 
separate anions. The geometry of the oxygen 
atoms around thcse cations is substantially 
distorted from octahedral. 

The diarsenate ion consists of two irregular 
tetrahedra shar~ng a common corner oxygca. 
The average As-O(-As) bond length is 1.792 A 
and t i e  mean terminal As-0 bond length is 
1.660 A. The individual bridging and terminal 
As-0 bond lengths are not significantly differ- 
ent although the differences between the bridging 
and terminal As-0 bond lengths are. All the 
O(G)-As-0 bond angies are less than ideal 
suggesting that the primary distortion involves a 
motion of the As from the center of the tetra- 
hedron towards the terminal face. The anion has 

nearly staggered configuratioll with an As-0- 
As angle of 120.9". 

C C I K ~ P ~ O ~  
In CdM2P2O7 the anion also has a staggered 

configuration bur lies on crystallographic two- 
fold axes (Fig. 2). The anion form layers parallel 
to (001) with adjacent anions in the layer related 
by the two-fold screw axis. The layers propagate 
through the c glide plane with the Cd ions lying 
on centers of symmetry and sharing one terminal 
oxygen atom with each of six separate anions. 

The potassium ions are bond$ to ten oxygen 
atoms within a sphere of 3.25 A. These cations 
lie near y = 5 114, are within the layer, and are 
bonded to each of the terminal oxygen atoms of 
three half anions and to one briding oxygen 
atom. This bonding, in part, strengthens the 
interlayer interaction. 

The diphosphate anion consists of two phos- 
phate groups distorted from regularity by the 
displacement of the phosphorus atom towards 
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FAGGIANI AND CALVO 3323 

TABLE 4. Bond lengths and angles in Cd#2P2O7 with estimated standard deviations in pareiithesess: 

Length Angle Angle 
Bond (A) Bonds (deg) Bonds (deg) 

'Symmetry transformations exclusive of lattice translations, n = - x ,  y ,  ; - z ;  h = - x, -y, - 2 ;  c = x, --y, i + z; (1 = : f x, ; + y ,  z ;  
e =  : - x  . 2  L + ~  . %  L - z . , f = ~ - x  , . :  - y ,  - z ; g = + + x  l - y  9 I f z .  

the face composed of terminal oxygen atoms. 
The bond angles involving the bridging oxygen 
atom lie between 102.0 and 4 0 6 . 8 "  and those 
involvinlg only terminal oxygen atoms he be- 
tween 112.9 and 1 1 5 . 3 " .  The shorter P-O(3) 
bond, compared to that ~nvolviilg O(I) and 0(2), 
is to  be expected from the fact that the M-O(3) 
interactions are in general weaker than those 
involving eieii2r 8 j l )  or G(2). The P-3-P 
angle is 4 2 8 . 9  A (Table 4). 

The structures of these two co~npounds bear 
comparison with that sf ZrK2Si207 ( 4 )  not only 
because the stoichismetries are the same but also 
because it might correspond to the structure of 
CaM2P207. Xts structure, Fig. 3, also has layers of 
diorths groups which nearly parallel the layer 
direction. These Iayers are n c ~ m a l  to (002) and 
the anions in the layers are generated by centers 
of symmetry. Again adjacent Iayers are related 
by the c glide plane. A11 three structures have 
anions with 2 staggered conEguration with the 
smaller cation in the same type of site. The 
potassium ions lie within layers and are coordi- 
nated with eight oxygen atons. 

Layers or anions are also found in the Na4P207 
(90) and Na4As207 (1 I)  structures. In the former 
case the anions within a layer are generated by 
two-fold screw axes and a centering operation in 
the latter case. The §$paration between layers is 
of the order of 6 to 7 A as in the present cases but 
the symmetry operation re!ating layers is a c 

FIG. 3. An idealized view of C d K z A 2 0 7 ,  CdK2P207, 
and ZrK2Si207 normal to the layer. The XzO, groups are 
shown as superimposed triangles whose corner represent 
the terrninai oxygen atoms (not to scale). The cross 
hatched circles indicate either Ca, Cd, or Zr. Only the 
potassium ions, depicted by K, near the top of the layer 
are shown. Adjacent Iayers in CaRzAs2O7 and ZrK2Siz0, 
are related by centers of symmetry and by c-glide plane 
in CdKZPa07. 
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glide plane in the diarsenate and two-fold screw 
axes and centers of symmetry in the diphosphate. 
The cationic bonding differs in these sodium 
structures. It is possible that the detail of the 
potassium ion bonding determines the packing 
in the three separate structures discussed above. 

These structure types are possibly intercon- 
vertible or could invert to a similar disordered 
structure. The layers in CdK2P207 and ZrK2Si2- 
O7 are polar with the polarity determined by the 
component of the X-0-X vector along with 
the b axis. These changes would require a sub- 
stantial redistribution in the bonding of the 
potassium ions. 

Differential thermal analysis studies show that 
CaM2As207 and CdK2P207 each manifest t h o  
phase transformations. These occur near 375 and 
410 "C in the former compound and near 580 and 
680 "C in the latter. The nature of these trans- 
formations is not known. 

The geometry of the P2Q74- anion is very 
similar to that in Na2P207 (10) although the 
latter has a nearly eclipsed configuration. The 
bridging angles differ by less than 2". The average 
bridzing P-0 bopd is 1.636 A in Na4P207 com- 
pared with 1.640A in CdK2y207. The average 
terminpl bond length is 1.5 13 A in Na4P207 and 
1.510 A in CdK2P207. The diarsenate configura- 
tion also compares very well in the present 
compound and in Na4As207 (11). It is nearly 

staggered in both compounds with the bridging 
angle differing by about 3". The average bridging 
and tebrninal As-0 bond lengths are 1.782 and 
1.660 A in Na4As207, respectively. These values 
are essentially the same as in CaK2As207. 

This research was supported by a grant from 
the National Research Councii of Canada. 
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The polymerhation of apxetane with hexaflnorophssghate salts' 
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P. E. BLACK and D. 9.  WORSFOLD. Can. J. Chem. 54: 3325 (1976). 
Oxetane has been polymerized using both trriethyloxcnium hexafluorophosphate and tri- 

phenylmethyl hexafluorophosphate as initiators at  - 30 ' C .  The former gives a slow polymeriza- 
tion with a slow initiation process. The latter gives a rapid initiation and rapid initial poly- 
merization which may slow down to rates similar to those found for the former initiator. The 
results are interpreted in terms of the formation of two types of tertiary oxonium ions. One type 
incorporates the oxetane molecule and is suggested to have a very rapid reaction with more 
oxetane. The second type does not involve the oxetane n~olecule but an ether linkage, such as 
in the polymer chain, and reacts only slowly with oxetane. 

P. E. BLACK et D. J. WORSFCLC. Can. 3. Cheni. 54, 3325 (1976). 
On a polymtrisC de I'oxCtanne utilisant l'hexafluorophosphate de triCthyloxonium et l'hexa- 

fluorophosphate de triphCnylmCthyle comme initiateurs a -30 "C. Le premier conduit B une 
polymCrisation lente avec un processus d'initiation lent. Le dernier concluit B une initiation 
rapide et une polymCrisation initiale rapide qui peut ralentir jusqu'a des taux sernbiable a ceux 
trouves pour le premier initiateur. On interprkte les res~iltats en termes de la formation de deux 
types d'ions oxonium tertiaires. L'un incorpore Ia molCcu!e d'oxktanne et on suggkre qu'il rCagit 
d'une fason trbs rapide avec d'autres oxktailnes. Ee second type n'implique pas de molicules 
d'oxitanne mais plut6t un lien Cther similaire B celui de la chaine polyniCriclue; il ne rCagit que 
lentement avec I'oxCtanne. 

[Traduit par le journal] 

A detailed kinetic analysis of the poiymeriza- 
lion of oxetane by boron trifluoride based 
catalysts by Rose (1) was interpreted in terms of 
initiation, propagation, and termination reac- 
tions, with the propagating species being a 
tertiary oxonium ion. A subsequent study was 
made by Saegusa et nl. (2) who determined the 
concentration of the tertiary oxonium ions pres- 
ent and suggested that initiation was rapid and 
that the system was typical of a living poly- 
rnerizalion such as that proposed for tetrahydro- 
furan. Unlike THF, however, this reac t i~n  is 
essentially non-reversible because of the high 
heat of reaction. Later Dreyfuss and Dreyfuss 
(3 )  studied the concurrent formation of cyclic 

flusroborate ion has been shown not to be the 
most stable (5), it was thought preferable to use 
hexafluorophosphate as the counter ion. Tri- 
ethyioxonium hexafluorophosphate (TOM) was 
choser?. to be the initiator, as a one-to-one corre- 
spondence between initiator and active chain 
ends corald be expected. On closer investigation 
there appeared to be a number of dificulties with 
this simple mechanism. Later tripheny1rne:hyl 
hexafluorophosphate (T34i-B) was also wed as an 
initiator and this confirmed the non-applicability 
s f  the straightforward reaction scherne for these 
initiators. 

trirners and ietramers, but this reaction bniY 
Ail nlariipulations of reagents were gerforrned in glass occurred at  higher temperatures. vacuum apparatus. The initiators were prepared by 

Such a System, if the illterpretation of Saegusa standard purified under vacuum, and sub- 
and co-workers was correct, would seem a suit- divided in solution into fragile bulbs or tubes fitted with 
able one in which to study the equilibrium breakseals. The soivenl was always rnethylene chloride. 

between the free ion and ion pair forms of the The reactions initiated by TOH with half-lives of hours 
were foE!owed by vacuunl dilaton~erry. The faster reac- 

propagating chain end and lo the tions initiated b\; TMM. with half-life times of less ~ h a n  a 
propagation rate constants of the species, aS minute, were I";!lowed by the temperature rise method 
has been done for THF (4). Because the tetra- used by Plesch (6, 7). 

MdlecuEar weights and distrlbutions were found by 
'NRCC No. 15492. gpc using the umversal calibration method (8). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3326 CAN. J. CHEM. 

Results 

The rate of polymerization of oxetane in 
methylene chioride initiated by TOH was studied 
as a function of initiator concentration at - 30 OC. 
After the initial of reaction, which was dis- 
turbed by filling the dilatometer and temperature 
equilibration, the disappearance of monomer 
followed a first-order law for the first half- 
lifetime. Some tailing off of the rate was found 
after this period. The half-life times were several 
hours. The rate constant found, assuming a 
first-order dependence on monomer concentra- 
tion (0.565 M) and initiator, was (2.56 X 1W2) 2 
(3,3 X M-I s-l, and it showed no trend 
with initiator concentration over the range 
( 5  X - (2 X I W 3 )  M. Rates were also meas- 
ured in the presence of the salt, tetrabutylam- 
monium hexafluorophosphate, with the intention 
to repress any free-ion propagation reaction. 
The mean rate constant was (3.12 X I-t 
(2.3 X PO-3) M-l s-I, which is marginally higher 
than that in the absence of salt, with a tendency 
to higher rates at higher salt concentrations. As 
this behaviour was difierenf from that found for 
tetrahydrofuran, a closer look was taken at 
the mechanism. 

The polymers produced in some of these 
reactions were isolated and studied by gpc, 
Table 1. The polymer molecular weights are 
largely independent of [MI I [ @ ] ,  and the dis- 
tributions were wider than the Poisson distribu- 
tion expected from the simple reaction scheme. 

To ascertain whether the initiation was as 
rapid as anticipa.ted, the tertiary oxoniurn ion 
concentration was analysed by the method of 
Saegusa and Mahsumoto (91, involving reaction 
with sodium phenolate and separaring the high 
molecular weight portion by distillation (k0). 
For reactions at 0, -20, and -30 "C with 

M initiator, the total trialkyloxonium ion 
was about 8070 of the added TQH and was 
nearly constant for 24 h. This compared with 

TABLE 1. Po!ymers from :he reaction of oxeiane and 
TOH at - 30 "C 

[TOHI 
X 103 [Oxetanej fidw /Mn 

0.544 0,513 26 400 1.88 
1.37 0.513 18 900 1.63 
4.73 0.513 21 400 1,83 
I .87 0.513 22 800 1.6'7 

TABLE 2. Reaction of TMH and oxetane 

Temp. [TMH] Yield of tertiary 
("C) X102 [Oxetane] oxonium ions (%)* 

*4fter 30 min. 

99% in a comparable reaction of T H F  at 0 OC. 
After a reaction time of 5 h, the trialkyloxonium 
ions of higher molecular weight were 62, 24, and 
157 ,  of the total, respectively at the three 
temperatures above, compared with 1007, for 
THF at 0 "6. After 24 h at -20 OC the yield of 
high molecular weight oxonium ions had in- 
creased to 51%. Hence even though oxetane is 
highly basic (I  I), the initiation reaction appears 
to be slow, and although the number of polymer 
trialkyloxonium ions was increasing throughout 
the reaction, the rate of disappearance of 
monomer did not increase after the first 107, of 
reaction. The first 10yO was not followcd because 
of the time taken for temperature equilibration, 
etc. 

In order to circumvent the slow initiation 
with TOH, triphenylmethyl hexafluorophosphate 
(TMM) was used as an initiator. To determine 
whether initiation was indeed rapid, on the 
assumption that the propagation was slow, the 
tertiary oxonium ion concentration was deter- 
mined after TMH had reacted with oxctane for 
30 min. The results are in Table 2, from which it 
is evident that not all the TMH had formed 
oxonium ions at  that time under all conditions. 
Only under the conditions of the lasttwo entries 
was initiation complete as was confirmed by the 
disappearance of the uv absorption band of the 
triphenylmethyl cation. 

As icitiation appeared complete at  M 
initiator, attempts were made to measure the 
rates of polymerization at  this concentration by 
dilatometry at -- 38 "C,  but it was found that the 
reaction was more or less complete before the 
ddatorneter was filled. Analysis of the reaction 
mixture at  this point gave po!ymer yields of over 
70y0',. Reactions performed in sealed tubes at 
-78 '6 were found to be complete in 10 min. 
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BLACK AND WORSFOLD 3327 

[OXETANE]  creased and the reaction would go to completion. 
Hence, there was an initial rapid reaction fol- 
lowed by a slow reaction, the latter with the same 
time scale as the reaction initiated with TOH. 
The initial rates, although rather scattered, 
appeared close to  first order in monomer and 
initiator, with a bimolecular rate constant 
9.3 k 2.6 M-l s-I. 

Polymers isolated from the reaction mixtures 
after the fast part of the reaction were examined 
by gpc to determine the n~olecular weights and 
distributions, and by uv spectroscopy to deter- 
mine whether there was one initiator fragment 
per chain. The results are collected in Table 3. 
Two polymers were analyzed for phenolate 
groups after termination by sodium phenolate 
after long reaction times. The last entry in this 

l ~ r ~ r ~ ~ ~ t  table was the polymer obtained from an experi- 
0 1 .O 2.0 3.0 4.0 5.0 ment when the monomer was added in two 

l o 3  [TMH] batches in the temperature rise apparatus. Both 
FIG. 1. Polyoxetane yield at the end of the fast reaction additions gave a temperature rise, and the mix- 

with triphenylmethyl hexafluorophosphate as a function 
of: C oxetane concentration, 3 FMH concentration. ture was left 16 h before analysis. 

Although there is zood agreement between 

Rate measurements were then made by the 
temperature rise method at - 30 OC. 

It was found that when the initiator bulb was 
broken into the oxetane solution there was an 
immediate rapid reaction, but, except at  higher 
initiator concentrations, the reaction appeared 
t o  stop before the mononler was exhausted. The 
results are shown in Fig. 1. The yield at  this 

the molecular weights from the gpc and uv 
measurements, there is poor agreement with that 
calculated from the [MI ' [C]  ratio. The agreement 
is better at higher molecular weights, so the 
discrepancy elsewhere may in part be caused by 
loss of very low molecular weight polymer when 
the polymer is precipitated to free it from any 
triphenylmethane formed. 

point was found from the temperature rise, the 
weight of polymer, and the residual monomer Discussion 

concentration. But it was also found that al- When TMW was used as an initiator the 
though the reaction appeared completed by the propagation reaction was seen to be rapid with a 
temperature rise method, if the reaction mixture half-life of 10-20 s. From the results it is seen 
was left many hours the yield of polymer in- that at  high initiator concentrations (above 

TABLE 3. Polymers from reaction of TMW and oxetane at -30 "C 

1.85 0.068 1 800 3 900 4 000 
3.81 0.272 3 900 6 500 6 000 
1.72 0.272 7 270 12 500 11 800 
1.55 0.544 8 800 19 200 18 600 
1.37 0.476 12 000 20 500 22 000 
1.35$ 0.601 26 000 32 600 27 000 
0.991 0.459 27 000 34 700 29 000 
1.54t 0.535 18 000 16 200 

*Calculated from ratio [Monomer consumed]/[TMH], a t  end of fast reaction. 
?Polymer from reaction with two additions of oxetane. 
$Polymers terminated with NaOPh, Ma (uv) calculated from OPh absorption. 
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M) not ail the initiator was consumed to 
form oxonium ions whilst the monomer was 
completely polymerized, whereas at lower initi- 
ator concentrations, all the initiator formed 
monomer or polymer oxonium ions although 
not all monomer was consumed in the fast 
reaction. From this it may be concluded that the 
rate of initiation was comparable to that of the 
fast polymerization. Moreover, as each polymer 
chain appeared to contain one triphenjlmethyl 
group, the initiation reaction appeared to be a 
straightforward ring-opening addition of oxetane 
to TMH to form a tertiary oxonium ion with a 
second oxetane molecule as shown below. It is 
then presumably this tertiary oxonium ion which 
propagated, because if the reaction uas  ter- 
minated with sodium phenoxide, a phenoxide 
group was found for nearly all chains. 

It is also seen that although initially the 
polymerization was rapid, there was dramatic 
reduction in speed soon after all the init' , lator was 
consumed. After this point the propagation 
cont in~~ed slowly, and would go to completion 
if left long enough with apparently most of the 
oxoniuln ions still present. Moreover, even 
though the initiation continued throughout this 
rapid stage and the number of chain ends was 
increasing, no rate acceleration \\.as observed 
except during the first 2-3 s, which was the lag 
of mixing and temperature measurement in this 
particular temperature rise apparatus. 

The system behaves as if an initially very 
active chain end is formed which after a short 
period of very rapid propagation becomes 
quiescent. At high [M],'[C] ratios where much 
monomer remains after the rapid reaction, the 
M,jM, ratio at  this point would be determined 
by the process that reduces the chain activity. 
The M,/Mr, ratio would not be large, but not 
1 as in a Poisson distribution in a normal living 
polymerization. At low [MI [C] ratics the dis- 
tribution would be broader because some of the 
chains are initiated when the monomer is de- 
pleted. The variation in M,,,lM,, in Table 2 does 
follow such a trend. 

When TOH was used as an initiator the 
monomer consumption Lvas hundreds of times 
slower, as was also the initiation reaction. 
Although there was an increase in growing 
polymer chains thro~aghout the reaction, the 
rate of reaction did not seem to increase. It is 
possible to apply a silnilar scheme to that shown 

above to this initiator system also. If the freshly 
initiated chain were to have a very high activity, 
and then become more or less dormant the rate 
of disappearance of monomer would then be 
dependent on the slow initiation reaction. More- 
over, the molecular weight of the polymer would 
tend to be independent of the initiator concen- 
tration as found. The polymer would also have 
a broader distribution. In addition in such long 
term polyn~erization systems several side reac- 
tions of ether exchange can cause modifications 
and even cyc!ic polymer formation. The scheme 
proposed is Scheme 1. 

That the propagation is rapid is shown by the 
rapidity of the initial polymerization with TMH. 
The reaction of TOH with oxetane has been 
shown to be slow, hence it could be expected 
that if the dormant species 2 formed it would 
have a similarly slow reaction with oxetane to 
reform the rapidly propagating oxonium ion 1. 
'The exchange reaction between species 1 and 2 is 
the common ether exchange between oxonium 
salts and ether com~nonly postulated to occur in 
cyclic ether polymerization. 

The chain length of the polymers formed in 
the initial rapid stage when TMH is the initiator 
is an indication of the chain length of the spurt 
of propagation when the active species 1 is 
formed or reformed, if account is taken of the 
depletion of monomer in these reactions. 

The overall rates of polymerization found with 
TOH as initiator are three times faster than those 
found by Saegusa et nl. (2) using a BF3-based 
initiator. It seems possible that a similar mech- 
anism mipht apply in this system. Saegusa only 
reported the total oxonium ion concentration 
and a polymerization rate 55  min after the reac- 
tion was initiated to support this mechanism. 
Any early rapid reaction would have been lost 
under these circumstances, and because of his 
high monomer concentration (3 M) from Fig. 1 
this portion of the reaction would have been 
relatively minor. If this is the case the propaga- 
tion rate constants he found would not be the 
simple ones he thought they were, but a complex 
one involving the true propagation constant and 
the reinitiation step. The proposed scheme has 
more in common with the original scheme pre- 
sented by Rose, except the latent species is the 
tertiary oxonium ion involving the chain ether 
linkage. In Rose's study, his rates were also 
measured after a substantial part (over 507,) of 
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BLACK AND WORSFOLD 

Initiator TMH 

b + Polymer + 
C3H6 
I ether Linkage (fast) 

CH2 

?h,C(OC,W6)n- -0c3H6-O' 
/' \ 

I :slow) . . 
C3H6 
0 

f C3H60 

i 
Reinitiation 

+ C3PIsO (very fast) 

1 + C3I-160 (slow) \ 

2 
C3H6 

Reinitiation 
* 

I 

SCHEME 1. Polymerization scheme. PF6- counter ions have been omitted for clarity 

the reaction had occurred, and he could very 
well have missed any early rapid reaction. In 
fact, it might well be he was forced to miss the 
first 50YG because of the rapid reaction; his 
half-life times were of the order of minutes. 
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The app%isation sf Merative optimization techniques to chemical 
kinetic data of large random error 

Lash Miiler Chemical La5i;rarories, Deportment o/C/zernistry, Utiioe~sit,~ of Tororzto, Toronto, Ont., Canada M5S IAI  

Received November 24, 1975l 

GEORGE E, SCHMID TJi ERIA IVI. CSIZMADIA, PAUL G. MEZEY, and IMRE G. CSIZMADIA. Can. 
J. Clem, 54, 3330 (197 33. 

The possibilities of ir.~proving the computational processing of chemical rate measurements, in 
the frame of linear anc non-linear least-square fit methods, are investigated. A simple scaling 
technique to a~doid the distortion of the fitted parameters, inherent in the logarithmic trans- 
formation of the rate equation, is tested on several examples, and an iterative discarding 
method for the selection of accurate data points is recommended. 

On a CtudiC les possibiiitCs d'utilisation, par ordinateui, des mesures de vitesse rCaction & 
iqintCrieus de mCthodes de concordance linkaire el non-linCaire par la mCthode des moindre 
caries. On viiifie sur plusieurs exemples une mCthode sin~ple d'echellernent qui evite la distorsion 
des paramktres entrant en concordance qui est inhirente B la transformation logarithrnique de 
I'Cquation de vitesse; on recommande aussi une inCthode iiirative d'klimination pernlettant de 
choisir Ies points Ies plus corrects des donnks.  

[Traduit par le journal] 

Introduction constant k for a first order kinetic process 

There are many physical methods that may be 
used to follow the rate of a chemical reaction. 
Some of these are very precise (e.g. uv spectros- 
copy) but do no thave  universal applicability, 
while others are not so precise but enjoy a much 
broader applicability. 

For example, nuclear magnetic resonance 
(nmr) measurements are relatively easy to carry 
out and could represent an ideal method to 
monitor the rate of a reaction where alternative 
methods are not readily applicable. Under very 
special circumstances one might be satisfied with 
the measurement of peak heights (1) but usually 
it becomes necessary to measure the area under 
the absorption curve by integration. Nuclear 
magnetic resonance integrations are known to be 
notoriously imprecise. This lack of precision 
counterbalances the practical aspect of nmr 
spectroscopy in rate measurements. 

Though it is well known that imprecise in- 
tegration may lead to considerable error in the 
calculated rate constants, in the majority of 
kinetic studies based on nmr measurements little 
or no computatioaal effort has been made to 
minimize these distorting effects. The rate 

'Revision received May 28, 1976. 

k 
[a] M i Product 

is usually calculated from the integrated rate 
equation 

t 21 [MI = f(k9 t )  

simply by unweighted linear least-square fitting. 
In eq. 2 concentration [MI is a function of time t 
and the rate constant k is a parameter to be 
determined by the fitting. 

Since the computational work involved in a 
least-square curve fitting is predetermined by the 
functional dependence in [2], it is usual to trans- 
form the more complicated function of [2] into 
one In which only linear dependence occurs. For 
example, in the case of a first order reaction 
shown in [I] the explicit form of [2] is 

This exponential functional dependence [3] is 
usually transformed into a linear form 

before the least-square fit is attempted. 
The actual curve fitting is carried out in the log 

concentration - time space instead of the con- 
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centration-time space. For precise measurements 
the result of the least-square fit to eq. 4 is 
equivalent (in practical terms) to that to eq. 3.  
However, for less precise measurements the 
difference between the two methods becomes 
noticeable. Linear fitting methods for the direct 
determination of exponential factors (see e.g. 
refs. 2,3) are equally burdened by the imprecision 
of the experimental data. 

The purpose of the present study is to analyse 
the limits of the computational processing of 
nmr data in the hope that the optimum informa- 
tion is in fact extracted from such rate measure- 
ments through a systematic mathematical opti- 
mization of least-square fits. 

Method 

Experime~ztal 
In the present study2 we investigated a re- 

action of molecular rearrangement converting a 
Markovnikov adduct (M) of ArSCl to PhCW= 
CHCH3 to the corresponding anti-Markovnikov 
adduct (aM): 

CI ,# H k ,' , /C' 
H I ' c - ~ ~ ~ ~ ,  = Ph~c -c , , , ~ , ,~  
ph4 \ SAr k A ~ S /  \CH, 

Brythreo 

C1 ,CH3 , /Ci 
1561 H 3 h ~ - ~ ~ ~  -- $ ~ ~ c - c , I ~ ~ , , ~ ~ ,  

?h4 \ S A i  /<-P A ~ S /  b~ 

The reaction conditions (solvent, initial con- 
centration, and temperature) were selected in 
such a way that the equilibrium was never 
reached in less than 30 h. This relative slowness 
s f  the reaction is important in minimizing the 
errors. 

In the present case d4 acetic acid was used as 
solvent, the reaction was carried out at two 
different temperatures, 37.9 and 45.1 "C. The 
temperatures were maintained to the accuracy of 
10.15 OC. In order to aid further the accuracy of 
nmr measurements the initial concentrations 
were chosen to be as high as 1 M or in its vicinity. 

The actual reactions were carried out In small 

2In a subsequent paper (4) the chemical aspects of these 
reactions will be discussed in a more detailed form. 

flasks containing ZO ml reacting soirntions. 
Samples amounting to 0.5 mi were drawn from 
time to tirne and transferred quickly to an nmr 
tube. The tube was stoppered and cooled 
immediately in Dry bce-acetone. The time 
measurement was taken ah the moment the nmr 
tube was inserted in the Dry Ice bath. Since only 
that section of the specl~um which contained the 
two tertiary hydrogens was recorded it was 
possible to carry out 5 to 10 integrations in a 
period of 5 min. During this time a warming up 
occurred Gom the Dry Ice - acetone kc-,n?per- 
ature ( -70°C) to the probe temperature 
(1-30 "63). The consequence of this warming up 
may be assigned as an error in the time value 
associated with the sample point. Thus the 
individual measurements truly belong lo different 
reaction times, but it is impossible to assign a 
correct time value to the actual measurements. 
For this reason all the integrals recorded are 
assumed to have the nominal time associated 
with the freezing of the reaction, The error of t h  
nominal time is considerably less than 5 min as 
illustrated in Fig. 1. 

The measured oencentratioa for the above 
reaction may conveniently be expressed in % 

MEASURES 

-1 9mln I- 
FIG. I. The tirne error associated with a measured 

point, as resulted from the warming up of the ssrnple, 
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a !dl 
FIG, 2. Ir~terpielztion of the temx spectra of M and aM 

Isomers. 

conce~?tsac?o?, arid a % pzak area is used to 
replace ", coficentration. Since the r e a c t ~ o ~  is of 
first ordzr sxch a transformaiim rn thc concen- 
tracicn 1snlh bas no e k t  on the ne~rnerical value 
of the computed rate cons t~r t .  Pbs  l lust rated ~n 
Fig. 2 :be peaks of she ewe tertiary protons rn 
the aM isomer (product) arc considerably over- 
lapped The peak of the tertia .y prcton near the 
CM3 group in the M isomer (reactant) 1s fre- 
quently daslurbed by the side band of the solvent 
peak. For these reasocs the integral (Ihtber'zYL.c) 

of the benzylir: proton in M is taken twice in 

All measurements were taken on a Varian 
H60 NMR spectrometer. Particular attention 
was given to instrumental setting in order to 
avoid saturation of the upper spin state. 

Theoretical 
(a)  A Linear Scaled Least-Square Fit Method 
The rearrangement specified by [5a] and [5b] 

can be summarized by the following kinetic 
equation: 

The initial concentrations are labelled by [MIo 
and [aM]o, and the final ( i .e. equilibrium) con- 
centrations are specified by [MI, and [aM],, 
respectively. The integrated first order rate 
equation thus has the following form: 

where k = kl + k-,. A concentration profile 
illustrating the above notations is shown 
schematically in Fig. 3a. 

For every measured time t there is an observed 
concentration [MI that deviates from the con- 
centration [MI* that falls on the ideal concentra- 
tion-time profile. This deviation for the ith 
point is labelled by Di, 

Due to the simplicity of the linear least-square 
fit methods the experimentally observed points 
are seldom fitted to the exponential type in- 
tegrated rate eq. 8 directly (5).  Instead, a 
logarithmic transformation is usually applied, 

and the actual least-square fit is carried out on 
eq. 10. A typical log concenlratjon - time profile 
is shown in Fig. 36. The deviation of actual 
points from the ideal logarithmic profile is 
labelled by d, and it represents the digerence in 
log relative concentrations defined by eq. 11. 

- - 
order to have a measure equivalent to the integral I] d? = 
(IaAf) of the "bwo protons in the aM isomer. Thus 
the % M concentration was calculated according (In ([MIi* - [MI,) - In i WIi - VW,~) '  

u 

to eq. 6 (for further details see Fig. 2). Though it is well known that transformatioan of 
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If the actual least-square fit is carried out in 
the log concentration - time space on a linear 
function one needs to minimize the cosrespond- 
ing sum of squares of deviations: 

where n is the number of measurements. 
In order to simulate an exponential least- 

square fit in the concentration-time space (cff 
eq. $1, one should weight each of the di devia- 
tions by the factor {[MIa - [MI,]. This in fact 
leads to the approximate relation for the sum of 
squares of concentration deviations, 

that has to be minimized In the course of the 
fitting procedure. 

There is, however, another poeenriai source of 
distortion. It is necessary to assign a fixed value 
to [MI, before the linear fitting is attempted to  
eq. 10. It is clear from this equation that due to  
the logarithmic representation only those data 
points can be considered for which [MIi > 
[MI, This inequality certainly holds for the 
true concentrations, however, a considerable 
percentage of the data for the late measurements 
may fall under the true [MI, value due to 
experimental errors. Since all those data points 
for which [MIi < [MI, holds mustbe discarded 
before the fitting, the error distribution of data 
points retained for the late measurements may 
become considerably asymmetrical. This asym- 
metry results in a positive error In the caleuiated 
concensrations, i.e. an upward %shift9 in the con- 
centmiion profile, provided the arue [lid". value 
3s assumed. This particular error may be redncec! 
by taking a lower value for [Mwfl, than its true 
value, thus discarding fewer cn. no data points 
before the fitting is carried out. In fact, it is a 
common practice to take the lowest measured 
[MI value or a value close to it as [Mjm. It should 
be pointed out, however, that the entire con- 
centration profile obtained with a linear fitting 
strongly depends on the [MI, value assumed, 
and any deviation From its true v a l u ~  rjccessarily 
leads to incorrect results. In practical terms, 
whenever the experimental errors are large 
enough to allow some measured [ I+v~]~  v a 1 ues to 
fall under the true EM], value the linear least- 

square fitting is necessariiy distorted for any 
assumed value of [M],. In addition, if the meas- 
ured concentration values are subject to sys- 
tematic errors (e.g. slow side reaction) as well as 
to random errors, it is likely that [ M L  deviates 
"ce most from the ideal reactis11 profile. In fact, 
there is a considerable uncertainty in "be 
assumed [PG], value itselfi since it is chosen or 
extrapolated from the more inaccurate late 
measurements. 

For these reasons a direct fitting to eq. 8 
~.vii,bout applying the logarithmic transformation 
may appear to be more attractive, particuiarly if 
EM], is also treated as a parameter to be deter- 
mined in the course of the fitting, just as is the 
rate constant k itself. 

(b) A Nan-linear Fit iigyplyhng the Method of 
Coi2jsgckte Gradients 

Aithoragh the method discussed in the previous 
section was designed to simulate the least-square 
fit to the integrated rate equation in its original, 
exponential form in ifhe concentration-time 
space, one may undoubtedly expect the most 
accurate results from a direct non-linear fit to 
e q ~  8. For this reason we carried out non-linear 
least-square fit calculations using the method of 
conjugate gradients (8, 9). The function F to be 
miraiar~ized is given in the form 

where the square deviations Di2 are defined by 
eq. 9. En these calculations the initial concentra- 
tion the f i  ~aal concentration [MI,, and the 
rate constant ic were regarded as parameters (cfI 
eq. and fiinctiion F was optimized in a:! three 
parameters : 

[%2j F = F([IVI~~, [MIcas k )  

From the explicit forl;?ula for .D: (cf .  egs. 9 
and. 21) expressions for the componer~ts sf the 
gradient vector 

are readily available. The gradients evaluated at a 
series of points, approaching the optimum, weye 
used in a standard cofijugate gradients mini- 
mization procedure (8,9) to locate the minimum 
of F, where G = 0. - n he presest formulation of the three-param- 
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I - 
e i 6. 

Fro. 4. Relationship of individual measurements and 
their average to the concentration-time profile. 

eter, non-linear fitting problem is equivalent to 
the one proposed by Moore (10). The actual 
optimisation of the parameters [lMlo, [MI,, and 
k in the present method is, however, carried out 
with the powerful technique of c~njugate  gra- 
dients, that is superior to the least-square shift 
method applied by Moore 

(c) Iteratiue Selection of Points of Small Error 
It is a customary technique in kinetic studies to 

average parallel - conceniration measurements 
associated with a given time. This method is 
quite acceptable if the concentration measure- 
ments are accurate, such as those obtained by 
usual titrimetric or spectrophotometric exgeri- 
rnents. However, if nmr is used to monitor the 
change in concentration, one obtains a scatter 
of points hardly acceptable by normal standards. 
The simple averaging of such concentration 
values virtually guarantees that the most accurate 
measurement at  a given time is lost in the sense 
that the average will almost certainly deviate 
from it. This suggests that parallel measurements 
should be treated on equal footing in the least- 
square fit (cj: Fig. 4). 

If the average deviation (cj: eq. 21) for the 
original set of points I ([MIiR :J ] ( O )  is some 
points may deviate from the 'ideal9 concentration 

value calculated from the fitted equation by more 
than where In is a chosen parameter. The 
jth point may be discarded if D i O )  > rnD(O). 
Using illis technique we may select a subset 
{([MIi, ti)](') of the original set of points 
{('Mli, t i > ]  'O). With the new set {([MIi, ti)] a 
new least-square fit is carried out resulting in a 
new value k ( l )  for the rate constant and new Ili(l)  
deviations. For some points j of the set (([MIi, 
ti)]('), the inequality Dj(l)  > rnD(O) may hold, 
because to the new subset (([MIi, t i ) ) ( 1 )  the fit is 
different. These points may be discarded resulting 
in a further subset {([MI,, ti) 1 ' 2 ) .  The full fitting 
and discarding process can be repeated until no 
further points are to be omitted, i.e. (([MI;, 
ti) ] ( P )  = { ([MIi, ti) ( P  + I ) ,  for a given parameter 
m. With properly chosen parameter rn this 
method ensures that the most accurate points are 
retained in the final (pth) least-square fit. In the 
present study a range of 1.0 < m 5 3.5 was 
examined in some detail. 

Results and Discussion 

The rearrangement reaction of the threo [5a] 
and erythro [5b] Markovnikov adducts were 
investigated at two different temperatures, 37.9 
and 45.1 "C. The 7, concentrations [MIi, as 
derived from 7, qeak areas of the nmr spectra at 
time ti are listed in Table 1. 

The resuits of a conventional least-square fit 
of the data points to eq. 10 and those of a least- 
square fit scaled according to eq. 20 are com- 
pared for all four sets of measurements in Table 
2. In Table 2 n designates the number of points, 
k = k t  + k-I is the overall rate constant of the 
reaction, ilk is the standard deviation of k and r 
is the correlation coefficient. 

The scaling process docs not improve the 
quality of fit significantly for relatively accurate 
measurements. However, for the less accurate 
measurements the largest change in the rate 
constant is accompanied by a considerable 
improvement in the quality of fit, as shown by the 
corresponding correlation coefficients. 

Besides the results of a conventional linear 
least-square fit and the scaled linear least-square 
fit, the resuits obtained by the combined method 
of scaling and iterative discarding are also shown 
in Table 2 for a set of selected values of param- 
eter M I .  

Taking relatively large rn values, such as 3.5 or 
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3.0 only very few if any of the points are omitted 
and the discarding process terminates after few 
iterations. The remaining points result in essen- 
tially the same fitted parameters as the original 
set of points. Smaller values for m (m < 2.5), 
however, result in a significant improvement in 
the fit as is demonstrated by the improved cor- 
relation coefficients. One has to  avoid, however, 
an excessive discarding of data points using too 
low values for tn, that could result in excellent 
correlation coefficients but at the cost of losing 
information that is represented by points of 
intermediate deviations D,. Previous pilot calcu- 
lations using m < 1.0 revealed that a more 
dramatic discarding of points may considerably 

distort the fitted parameters. Assuming that the 
measurements are subject to  random errors only, 
the integration of the function of standard 
normal distribution between -171 and nz yields a 
relation between m and the percentage of the 
points omitted. For example the value m = 1.5 
corresponds to  13.4YG while m = 2.0 to 4.6y0. 
As retaining approximateiy 90y6 of the original 
points seems to  be essential, it is suggested that 
the parameter range 1.5 5 m < 2.0 represents 
the optimum compromise. 

In Table 3 the results obtained by the non- 
linear least-square fit method are summarized. 
The results of the linear fitting were taken as 
initial parameters for the non-linear least-square 

TABLE 1. Results of concentration measurements (r in s, [MI in % concentration) 

(a) Temperature = 37.9 "C 

Erythro Threo 

t [MI 1 [MI P [MI I iM1 
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FABLE 1 (Concluded) 
(b) Temperature = 45.1 "C 

Erythro Threo 

t [MI t P I 1  I [MI t [MI 

fit. Test calculations revealed that the final 
results of the non-linear fit are insensitive to the 
initial guess of parameters [MIo, [MI,, and k. 
The iterative discarding technique brings about 
a similar improvement in the fit to that occurred 
in the case of scaled linear fits. The parameter 
range 1.5 5 pn 5 2.0 seems to represent the 
optimum compromise between the opposing 
requirements of data quality and quantity. 

There is a relatively large difference between 
the experimental EM], value (27Y0'o) and the non- 
linear least-square adjusted value (33y0) in the 
case of the erythro isomer at  3'7.9 O C .  This 
suggests that in addition to random errors this 
set of measurements is probably subject to 
systematic errors as well. This 6% deviation in- 
dicates the possibility of a slow side reaction. 

It is interesting to compare the rate constants 
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TABLE 2. Comparison of results obtained with conventional and scaled linear Peast-square fit techniques 

Value 

Scaling with discarding 
T Coin- Param- Con- 

("@) pound eter ventional Scaled m = 3.5 rn = 3.0 rn = 2.5 m = 2 . 0  r n = 1 . 5  rn=1 .25  rn=P.O 

37.9 Erythro- rl 102 102 102 102 97 94 89 81. 69 
M.A. [MIrn 27 (,I& 27';; 27 % 27 %, 27';:. 27% 27 'j;, 27 (% 27(% PI 

k 3.33996E-5 3.26562E-5 3.265628-5 3.265628-5 3.32635E-5 3.35939E-5 3.35542E-5 3.33187E-5 3.30571E-5 5 
Ak 5.929538-4 2.34952E-7 2.34952E-7 2.34952E-7 2.466138-.7 2.54266E-7 2.61 130B-7 2.47137E-7 2.92367E-7 & 
r -0.994943 -0.994905 -0.994905 -0.994905 -0.996380 -0.997041 -0.994594 -0.998117 -0.998611 PI 

Threo- n 128 128 123 122 122 122 122 1.21 P 20 % 
M.A. [MI, 21% 21 (x 21% 21 %, 2 I (;';, 21% 21% 21y0 2 1 74, ,z 

k 6.6371656 B .58103E-5 1.74256E-5 1.76281E-5 1.762818-5 1.76281E-5 1.762818-5 1.766938-5 1.77385E-5 < 
Ak 8.96499E-7 1.03562E-7 1.11755E-7 1 .32805B-7 1 .12805E-7 1.12805B-7 B .12805E-7 l.13055E-7 1.14275E-7 $ 
r -0.937166 -0.961317 -0.991842 -0.995372 -0.995372 -0.995372 -0.995372 -0.995978 -0.996278 2 

45.1 Erythro- PI  154 P 54 152 152 1 50 1 44 133 123 102 - w 
M.A. [MIrn 28';'0 28% 28 % 28 'yc 28% 2nc)L 2876 28(%, 28% 4 a 

k 6.38277E-5 7.91436E-5 8.02600E-5 8.02600E-5 8.10268E-5 8.27465B-5 8.42071E-5 8.49668E-5 8.43515E-5 
Ak 5.734138-6 4.95227B-7 5.03673E-7 5.0367357 5.10115E-'7 5.272488-7 5.60909E-7 5.9407657 6.48368E-7 
r -0.967464 -0.983589 -0.986275 -0.986275 -0.987904 -0.990911 -0.993463 -0.994946 -0.996431 

Thr-eo- n 137 I37 137 134 133 131 119 105 94 
MA. [MI, 22% 2aci;, 22% 222, 220;, 22(7;, 22%) 22% 22(,7> 

k 4.67813E-5 4.67264E-5 4.67264E-5 4.71705B-5 4.72802B-5 4.72916E-5 4.68385E-5 4.70959E-5 4.70309E-5 
Ak 5.61282E-6 2.738088-7 2.73808E-7 2.800908-7 2.81857E-7 2.84891E-7 2.98931E-7 3.13602E-7 3.25523E-7 
r -0.993123 -0.995803 -0.995803 -0.996686 -0.996873 -0.997101 -0.997868 -0.99849 -0.999093 
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TABLE 4. Compaiison of rate constants* obtained using various optimization techniques 
-- 

Rate constant 
- - 

Linear least-square fit Non-linear least-square fit 

Scaling + With 
discarding Without d~scarcling 

2- (OC) Compound Conventional Scaling rn = 1.5 discarding n2 = 1.5 

* k  = k~ + k-1 in ss'. 1V k values are listed 

TABLE 5. Percent deviations of calculated rate constants from the 'most precise values' 

deviation 

Method 

37.9 "C 45.1 "C 

Erythro Threo Erythro Threo 

Non-linear with discard 0 0 0 0 
Non-linear without discard 1.2 0.9 0.1 3.4 
Linear with scaling and discard 19.3 10.7 14.5 5 ,0 
Linear with scaling 21.4 19.9 19.6 5.3 
Linear without scaling 24.4 66.4 35.2 5.2 

obtained by the five different methods of calcu- 
lation, as shown in Table 4. Though the scaled 
linear fit method combined with iterative dis- 
carding yields better results than the conventional 
fit, in some cases the results are still considerably 
different from the rate constants obtained by the 
non-linear fitting techniques. Clearly, the non- 
linear technique, optimizing all three parameters 
[M]o, [MI,, k, is expected to be superior to the 
linear fitting that optimizes one parameter, k ,  
only. Assuming that the resuits obtained with 
non-linear fitting and discarding are the most 
precise, we can restate the results for rate 
constants in terms of percent deviation from this 
'most precise value', as is shown in Table 5 .  It is 
clear that in three of the four cases considered 
the differences between Iinear and non-1' inear 
fitting are significant, and more important than 
the differences between the types of linear fitting 
in one case. This suggests that the improvement 
by scaling the deviations in the linear least- 
square framework may be satisfactory for rate 
measurements of average inaccuracy, but the use 
of non-linear fitting techniques, combined with 
iterative discarding is recommended whenever 
larger inaccuracy is suspected, as is the case for 
the majority of nmr measurements. 

Though the combination of any of the scaled 
linear or non-linear least-square fit methods and 
the iterative discarding method brings about a 
considerable improvement of the fitted results, 
it should be emphasized that both modifications 
presuppose a priori knowledge of the order of 
the reaction, i.e. the general form of the rate 
equation. The improvement is possible because 
the functional form of the rate equation repre- 
sents a relatively rigid restrictior! for the fit, 
on the basis of which it is possible to  decide 
which data points are more krroneous' and 
which are precise. Consequently, the data proc- 
essing of nmr rate measurements by the iterative 
scaled least-square fit methods is recommended 
only if the 'error' of the measured points 
originates from the imprecision of the measuring 
technique alone, and there are no inherent devi- 
ations from the assumed functional form of the 
integrated rate equation or side reactions to be 
concerned with. 
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WILLTAW T. THOMPSON and DAVID 6. W. GOAD. Can. J. Chem. 54, 3342 (1976). 
Tb.e partis! pressure of KA!F4 over K3A1F6-KA1F4 melts at  temperatures as high as 815 "C 

was measured by thermogravin~etry. Melt activities were calculated from the measurements. 
The resilts are discussed with reference to the use of this salt mixture as a flux for aluminum 
alloys. 

WILEZA.M T. Tricvr~so~ et DAVID C. W. GOAD. Can. 5. Chem. 54, 3342 (1976). 
On a mesurC, par thermogravimktrie, la pression partielle de KA1E4 au-dessus de K3A1F6- 

KAIF4 B i'ktat fondu h des temperatures allant jusqu'a 815 ' C .  A partir de ces mesures, on a 
calcuIC les activitCs du sel fondu. On discute de ces resultats en termes de l'utilisation de ce 
melange de sei comme flux pour les alliages d'aluminium. 

[Traduit par le journal] 

The properties of molten fluorides and mix- 
tures thereof are of considerable importance to  
the metallurgy of aluminum. These melts are 
employed not only as electrolytes in the Rall- 
Hkroult reduction cell but also as protective 
phases or fluxes which prevent excessive oxida- 
tion of metal during manufacturing operations 
in which aluminum or its alloys are molten. 

Molten mixtures of potassium fluoride and 
aiuminum fluoride possess properties required 
of a suitable Aux. In particular these melts are 
non-reactive with respect to  metallic aluminum 
and, as the phase diagram in Fig. 1 indicates, 
mixtures with a composition near the K3A1F6- 
KAIFd eutectic have the necessary low melting 
temperature (I). 

One of the difiiculties, ho~lever,  with the use 
of this flux is its volatility; although potassium 
fluoride and aluminum fluoride have negIigible 
vapour pressure (2) a t  temperatures as high as 
700 "@, the compound KAIF4 has a significant 
one which is important in some applications (3). 
In addition there is a tendency for AlF3 dis- 
solved in the melt to react with atmospheric 
water vapour to form aluminum oxide and 
hydrogen fluoride vapour. The latter constituent, 
even in low concentrations, presents a potential 
hazard. 

In order to  understand more fully evaporation 

'Asseciate Professor, Department of Mining & Metal- 
lurgical Engineering, McGill University, Montreal, 
Quebec. 

and hydrolysis of this flux the present experi- 
mental thermodynamic study was undertaken in 
which ihe equilibrium partial KAlFd pressure 
over K3AIF6-KAlF4 melts was determined. 
These measurements in addition to providing 
pertinent thermodynamic information necessary 
in evaporation rate calculations make possible 
the determination of the AlF3 activity required 
for thermodynanlic calculations related to  the 
hydrolysis equilibrium. 

Partial pressures were determined by the entrainment 
method (4). This technique involves determining the mass 
of fluoride vapour transported from the vicinity of the 
condensed material in a flowing inert carrier gas. Although 
this method is a dynamic one in that true thermodynamic 
equilibrium is not permitted to develop, the procedure 
nevertheless allows quite precise determination of partial 
pressures when certain conditions are satisfied. 

The essential features of the apparatus are depicted in 
Fig. 2. The main features of the experimental design are: 
the use of graphite Lo prevent volatile fluorides from 
attacking the vycor in the vicinity of the crucible; the 
small entrance and exit hole areas relative to the surface 
area of the flux (less than 15;); a fired asbestos paper 
gasket to force all of the flowing argon to pass over the 
crucible; a recording electrobalance to record weight 
changes in the crucible contents. 

With reference to Fig. 2, suppose the gas emitted from 
the lower hole in the graphite cylinder were representative 
of the composition of the equilibrium vapour. The mole 
fraction of fluoride (MA1F4) in the escaping gases, X,, 
is given by 
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To Electro balance 
Suspens~on 

20 40 8% 

K F  Mole, % AIFg 

FIG. 1. KF-AlF3 phase diagram (ref, 1). 

where li, and li, are the mol/min of argon and fluoride 
escaping from the lower hole. Equivalently ri, may be 
regarded as the loss in moles of fluoride from the crucible 
per minute when loss by diffusion through the upper hole 
is negligible. 

Regarding the gas mixture as ideal, the partial pressure 
of fluoride, P,, in the vapour is 

where P, is the total gas pressure. It follows therefore that 

where 3, is the weight loss of the crucible contents in 
g/min, M W F  is the molecular weight of the escaping 
fluoride vapour, and V ,  is the flow of argon in ml/min 
a t  standard temperature and pressure. 

The experiment, accordingly, involved the measure- 
ment of w,, VA',, and P,  for various temperatures and melt 
compositions. 

Potassium fluoride - aluminum fluoride fluxes were 
prepared by weighing the pure anhydrous fluorides in air. 
Anhydrous potassium fluoride was prepared by heating 

Oraphi te  
crucible 

-Asbestos gasket  

,G?aph~Pe cylinder 

. Malten f luor ide 

FIG. 2. Detail oi" furnace chamber. 

chemically pure KE.ZH?O at 400 'C In air for several. 
days. During this period, thc caked salt was occasionally 
crushed and pulverized in a mortar. The salt was cooled 
in an  evacuated desiccator for abobr I h prior to use. 
Sublimed alunlinum fluoride was oven dried at 100 "C for 
a few hours to remove any absorbed water. 

In a typical experiment a graphite crucible was equip- 
ped with a fixed length of Nichrome suspension wire, 
iowered illto the furnace chamber and heated to about 
800 "C for several hours in a flowing argon atmosphere 
until there was no detectable weight loss. Tile argon was 
research grade, 99.99955 pure. After cooling, the crucible 
was charged with a mixture of AlF3 and K F  powders. 
Since potassium fluoride is quite hygroscopic, the time 
required lo  weigh accurately, to mix and add the salts to 
the crucible was kept to a minimum. 

With the loaded crucible resuspended in the furnace, 
the entire apparatus was evacuated and then filled with 
dry argon. The balance was tared and the evacuation and 
argon purging procedure repeated. Prior to precise 
weight loss dererminations, the suspension wire was care- 
fully aligned so as not l o  rub on the edge of the hole in 
the top of the graphite chamber. 

For all of the measurements the electrobalance was set 
to permit determination of weight changes over a 2 g 
interval. Depending on :he sample temperature, relative 
weight changes were observed on 40, 100, or 200 mg full 
recorder scale settings. It was generally observed that h 
elapsed after each change in furnace temperature prior to 
the rate of weight loss becoming constant. In orcier to 
reduce error in determining the rate of weight loss by 
graphically determining the slope of the recorder trace, 
the time each temperature was rnaiiltained generally ex- 
ceeded 1 h. The flowing gases contribute an aerodynamic 
force to the crucible weight; however, since only rate of 
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A r ~ c n  f low rate  ml/min at S.T.P. 

FIG. 3. Test of saturation. 

weight change was significant in the present investigation, 
this effect was unimportant when the flow rate was kept 
constant. Based upon the ability to hold a constant flow, 
the noise on the recorder trace and the duration of each 
determination, it is estimated that the precision of an 
individual weight loss determination in Fable 1 is about 
1%. 

Results 

The use of eq. 3 to  calculate equilibrium partial 
pressures requires that the argon Rowing through 
the sample chamber becomes saturated with 
fluoride vapour. The usual test for this condition 
is t o  show that the rate of weight loss is propor- 
tional io  the rate of passage of the carrier gas. 
The experimental results shown in Fig. 3 indicate 
that over the Aovg range from about 60 to  
220mI/min at STP, the argon carrier gas is 
saturated, (pAkl'b@F) is constant and the implica- 
tion is, by the rearrangement of eq. 3, that the 
calculated partial pressure of fluoride vapour 
species F is independent of the flow rate. 

Partial pressures calculated using eq. 3 assum- 
ing the vapour escaping from the melt to  be 
KAiF4 monomer oniy are listed in Table 1. 
These data are displayed in Fig. 4 on conven- 

FIG. 4. Partial pressure measurements. 

tional log P - l,:T pl.ots. Excluded are measure- 
ments made on solid phase mixtures and KA1& 
solid saturated melts. T o  isolate the different 
compositions studied more effectively, the log P 
scale is appropriately broken. The lines represent 
traces of a mathematical "best fit' surface ob- 
tained by n~ultiple regression analysis, the details 
and in~plications of which appear in the next 
section. 

Two items in Fig. 4 merit attention: the magni- 
tude of the partial pressures and the lack of 
systematic deviation from linearity of the plots 
pertaining to  one phase melts (melts of fixed 
composition). The magnitude of the partial 
KAlF4 pressure over pure KAlF4)(X.41Fs = 0.5) 
a t  584 "C (the melting point or peritectic) is 
0.049 torr compared with independent mass 
spectrometric measurements extrapolated to  that 
temperature = 0.045 torr (3). Linearity of the 
plots pertaining to  melts of fixed composition is 
usually observed for systems having only one 
vapour species. Thus although the plots cannot 
substantiate the case for mainly monomeric 
vapour, the data are not inconsistent with this 
interpretation. 
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'IHOMPSON AND GOAD 

TABLE 1. Experimental results 

Argon flow Rate of Total 
(ml/min weight loss Sample pressure 
at STP) (mg/min) T ("C) (torr) X ~ 1 ~ 3  

P ~ ~ ~ ~ 4  
(torr) 

*K3AIFs saturated; composition from liquidus (ref. 1) .  
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Thermodynamic Analysis 

The following equilibrium exists between the arbitrarily selected components of the melt, KF 
and AlF3, and KA1R in the vapour phase. 

[4] KF(801,d) + A1F3(so!Ld~) = KA1F4(gas,1 a t , )  

The subscripts refer to the standard states that will be employed. At constant temperature, it follows 
that 

[51 d In PKA~F, = d In ~ K F  + d In QAIF, 

Further, the activities of KF and AlF3 are related at  constant temperature by the Gibbs-Duhem 
equation 

PI XKF d In QKI- + X A ~ F ~  d In 0 ~ 1 ~ ~  = 0 

Thus PKAIF, is related to the activity of AlF3 in the melt by 

When liquid standard states are used for melt components of a binary solution, following the 
convention of Margules, the isothermal partial excess free energy GIE may be represented by the 
empirical series 

where n is a small number. In the present case owing to the narrow composition range available for 
study and the limited precision of the KAlF4 partial pressure determinations, it is necessary to 
assume that c41F3E may be adequately represented by the expression 

- 
PI G A I F ~ ~  = RT In Y * A ~ F ~  = PXKF~ 

where r* is the activity coefficient when the liquid standard state is en~ployed. 
The coefficient P is usually a linear function of absolute temperature; however, in this analysis, to 

minimize the number of adjustable parameters, it will be taken as a constant, the implication being 
that all the excess partial free energy is lumped into the partial enthalpy. 

Since it is impractical to employ the liquid standard state of A!?3, the free energy of fusion at  
temperature T may be put into the eq. 9, to yield the activity coefficient relative to solid P-AIF3. 
Accordingly 

where AGf is essentially a linear function of T. 
Differentiation of eq. I0 and substitution into eq. 7 gives 

Integration of this equation results in 

where I is an integration constant that depends on temperature. This constant may be determined 
by realizing that eq. 12 must become 
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THOIMPSON AND GOAD 

where AHV0 and ASl? are the standard enthalpy and entropy of vaporizatnon of KA1F4 liquid when 
XAlF3 is 0.5. It follows that 

Substituting eq. 14 into eq. 12, changing to base ten logarithms, and expressing PKAlF4 in torr, 
we have 

The terms in braces were determined by performing a multiple linear regression analysis (Dataline 
Mulreg) on the experimental points shown in Fig. 4, and listed in Table I with the result that 

The standard error of estimate of log (PKAIF,/XKFXAIF,) is 0.13. The result of the regression analysis 
makes possible the construction of the best fit lines drawn through the points in Fig. 4. Although 
there is considerable imprecision in establishing the coefficients in eq. 15 these yield the following 
information for the transformation of liquid KA1E4 to vapour at  standard atmospheric pressure 

~191  A H v O  = 3 1.3 kcal/g-mol 

[20] ASvO = 17.2 cal/K g-mol 

The entropy of vaporization is somewhat lower than the Trouton value. Nevertheless these values 
arc about what might be expected and imply a normal boiling point of MAlF4 in the vicinity of 
1550 "C. From the value of ,6 it follows from eq. 10 that at 600 OC, since is unity at XAlF3 = 

0.502 (I),  

log 0 . 4 , ~ ~  = log X*1p3 - 28.3X1<p2 + 7.33 

This activity isotherm appears in Fig. 5. The activity isotherm of MAlF4 with respect to pure liquid 
is also shown. The equation for this line is based on 

hence 

It is possible to determine activity isotherms for KF and K3AlF6 consistent with those given by 
eqs. 21 and 23. These are represented in Fig. 5 but the values of a,F are so small that they cannot be 
distinguished from the lower horizontal axis. 
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'A  IF^ 

FIG. 5. Activity isotherms at 600 'C. 

' A I F ~  

FIG. 6. KA1F4 partial pressure isobars. 

Discussion 

Using the results of the regressions, it is 
poss~ble to construct partial KAlF4 isobars on 
the KF-AlF3 phase diagram. These are shown in 
Fig. 6. Since KAlF4 is essentially the only con- 
tributor to the vapour phase, these isobars may 
also be rezarded as total equilibrium pressure 
isobars. Ail of the curves pass through a mini- 
mum at the composition associated with pure 
KA1F4(0.SXA,F3) and, as a result of certain 

/ IF1ITlAL STATE EQUILIBRIUM 
I 
I 

thermodynamic assumptions detailed in the pre- 
ceding section, are s)in~metrical about this com- 
position. In the two phase regions, the isobars 
are, in keeping with the phase rule, horizontal. 
The nature of the KAlF4 melting feature is 
deliberately drawn as shown since it is not clear 
whether this compound melts congruently or 
incongruently (I). 

In a practical application, a principal factor in 
determining loss of flux by evaporation is the 
equilibrium partial pressure. Figure 7 therefore is 
useful in understanding the effects of altering the 
temperature and composition. For example, it 
shows that decreasing the temperature only 
35 "C,  from 600 "C to 565 "C (with other factors 
constant) decreases evaporation rate by about 
607,. Changing the composition from XAIF3 = 
0.5 to 0.4 at 600 "C also decreases evaporation 
rate but less drastically. 

Melts containing A1F3 are susceptible to 
hydrolysis as a resuit of the reaction 

For the standard states indicated, the standard 
free energy change at  600 "C (2) is 18.9 kcal/g- 
rnol A1203. 

This information, together with the previously 
calculated AlF3 activity, permits a calculation of 
the extent to which water vapour can react with 
the molten Aax. 

Consider the idealized system depicted in the 
upper portion of Fig. 7. A quantity of inert gas, 
n g-mo!, and I g-mol of water vapour is in 
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T!iOb:PSON AND GOAD 3349 

contact with a rela?ive!y large quantity of multen 
flux. The system is closed :o the silrruundings 
with rzsgect to rnass transfer; ten~perature ail i  
pressure are held constant (by change in vo!ume 
if necessary) while equilibrium is developing. ]In 
the initial state, 

Let a be the fraction of H 2 0  that reacts with 
AlF3. When equilibrium is established 

eqs. 26 and 17 into eq. 29 and the solution of the 
resulting quadratic equation for a. The resuits 
of such calc~!iaaions are depicted in Fig. 7 where 
it is clear that there is a decided advantage, from 
the point of view of ainimizing hydrolysis, in 
usiag fluxes with ti::: minimum AIFj content. 

The pokrive standard entropy change for the 
hydrolysis reactior: resuits in AGQbecoming more 
positive as the temperature is riecreased. The 
constant in eq. 28 beccnles therefore increasingly 
negative ;?nd she resulting fraction of H 2 0  that 
reacts becomes significantly less. The tempera- 
ture effect is illustrated in Fig. 7. 
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Electrochimie de composCs orgaaaapmCtaE2iques. I, Electrosynth2se 
de cyclopentadi6ne cyclopentadibnyl cobalt snbstituCs: 

NABIL EL MURR ET ETIENNE LAV~RON 
Laboratoire de Palarogruphie Orgar~ique associt: ail C.N.R.S. ( L A .  33), Fac~clte' des Scierzces, 

6 Boulecard Gabriel, 21000 Dijorz, France 

R e p  le 3 mai i97h 

NABIL EL MURR et ETIENNE LAVIRON. Can. J. Chem. 54, 3350 (1976). 
Des anions cobaltockne ont CtC gCnCrCs Clectrochimiquement dans le dimCthylforrnamide. 

Par rkaction avec divers Clectrophiles, on obtient avec des rendements quantilatifs des cyclo- 
pentadikne cyclopentadiCny1 cobalt substituCs, dont certains sont inaccessibles par les methodes 
usuelles. 

Des cyclopentadikne cyclopentadiinyl cobalt substituPs ont Cgalement CtC obtenus avec 
d'excellents rendements, par rCaction du cobaltockne gCnkrC Clectrochimiquement et d'halo- 
gCnures organiques. 

NABIL EL MURR and ETIENNE LAVIRON. Can. J. Chem. 54, 3350 (1976). 
Cobaltocene anions have been prepared electrochemically in dimethylformanude. Their 

reaction with various electrophiles gives, in quantitative yields, substituted cyclopentadiene 
cobalt cyclopentadienyls, some of which cannot be prepared by usual methods. 

Substituted cyclopentadiene cobalt cyclopentadienyls are also obtained in excellent yield, 
by reaction of electrochernically generated cobaltocene with organic halides. 

Introduction 

La chimie du ferrockne et celle de son analogue 
l'ion cobalticinium n'ont pas connu le m&me 
dCveloppement. Le premier a kt6 longuement 
CtudiC et un trks grand nombre de ses dCrivCs ont 
kt6 synthktisCs, alors que Irks peu d'ktudes ont 
kt6 consacrkes B l'ion cobalticinium. 

Cette diffkrence peut s'expliquer par le com- 
portement different des deux mCtallocknes vis-8- 
vis de la substitution. Le ferrockne peut Etre 
considtrk comme une molCcule aromatique 
Clectroniquement riche analogue 8 l'anisol (1): 
il donne lieu B la rkaction de Friedel et Craft (2), 
il rtagit avec les agents Clectrophiles pour con- 
duire B diffkrents dCrivks substituis et avec les 
organolithiens il forme le ferrocknyl lithium (3). 
La prkparation de dkrivis substituCs du ferrockne 
est donc trks facile, ce qui explique le dCveloppe- 
ment de la chimie de ce mCtallocbne. 

Dans le cas de l'ion cobalticinium au contraire, 
il est trks difficile d'obtenir des dkrivts substituks: 
cet ion peut &re compark B l'ion pyridinium (4); 
l'existence de la charge positive exclut la possi- 
bilitC de toute attaque klectrophile. L'action 
d'agents Clectrophiles sur le cobaltockne ne 
permet pas non plus la prtparation de dtrivts 

'Ce travail a CtC rCalisC en partie dans le cadre de la 
R.C.P. "Electrochimie organique et organornCtallique 
sClCctive . 

substituCs, car le cobaltockne est oxydC en ion 
cobalticinium dans les conditions de ces rkac- 
tions. L'action des rtactifs de Grignard, des 
organolithiens et des ions hydrures sur les sels de 
cobalticiniulll conduit B des dtrivts d'addition 
(5-7) (rCaction I) .  L'action d'halogknures or- 
ganiques sur le cobaltockne conduit au meme 
rtsultat (8-10) (rtaction 2). 

R 

Ees dirivks substituks de 19ion cobalticinium 
ont Ctt obtenus jusqu9ici soit en condensant 
directement des ions cyclopentadiknyles sub- 
stituis sur un sel de cobalt, soit en transformant 
B l'aide de rtactions classiques les substituants 
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EL MURR ET LAVIRON: I 3351 

dCj8 presents sur le squelette n~itallocinique 
(1 1-13). Dans ies deux cas les techniques opira- 
toires sont laborieuses et le nornbre de dCrivCs 
ainsi obtenus est rest6 trbs restreint. Cette diffi- 
cult6 de priparation des dCrivCs substituks du - A 

cobalticinium explique en partie le peu de 
dkveloppement de sa chimie. 

Au cours d'une Ctude Clectrochimiaue des sels 
de cobalticinium (14-15), nous avons pu mettre 
en kidence, outre le stade de rkduction de l'ion 
cobalticinium en cobaltocbne, qui Ctait dCjB 
connu (16-18). une seconde itave.de rtduction 
Comme nous l'avions proposC (15), et comme 
nous avons pu le confirmer par la suite (19), cette 
seconde Ctape correspond B la formation de 
l'anion cobaltocbne (riaction 3). 

r 1 - 

RCsultats et discussion 

Nous avons pu montrer en Ctudiant un grand 
nombre de d ~ ~ i v i s  substituis du cobaltic~nium 
que la formation de l'anion est ginirale. Dans 
le tableau 1, nous indiquons les potentiels de 
demi-vague correspondant aux deux Ctapes de 
r~duct ion de quelques dCrivCs. Une itude par 
voltammitrie cyclique montre que ces deux 
Ctapes sont rkversibles, en milieu aqueux ou non 
aqueux, m&me pour des vitesses de balayages 
infkrieures B 0. B V s-'. 

Dans ce qui suit, nous montrerons comment la 
priparation Clectrochimique du cobaltockne ou 
&lie de son anion peut ~ t t e  mise B profit pour la 
priparction de dkrivis d'addition du cobalto- 
ckne. Dans un article suivant, nous Ctudierons le 
problkme du passage par oxydation de ces 
dCrivCs d'addition aux sels de cobalticinium 
correspondants. 

I-Prdparation des cj~cloperztac/~bne cyclopen- 
tadi6tzj.l cobalt b partir du cobaltocbne 
gdnkre' e'lectrochimiquer~zen~ 

DiffCrents travaux ont montrC qu'une rCaction 
d'addition pouvait avoir lieu en mettant en 
contact le cobaltoc&ne et un halogCnure organi- 
que (8-10) (rkaction 2). A partir de deux moli- 
cules de cobaltoc2ne, on obtient une molCcule 
de cyclopentadikne cyclopentadiCny1 cobalt exo 

TABLEAU 1. Potentiels de demi-vague, en volt (e.c.s.), 
des deux vagues de reduction des hexafluorophosphates 

de cobalticinium mono- et disubstituis: [(C5H4R> 
Co(C5H4R1)]' PFs-. C = 5 X solutions dans le 

DMF; sel de fond (C4H9)4N+C104-; Electrode B 
goutte de mercare; temps de chute = 0.5 s 

( a )  D6rivCs disubstituis 

( 6 )  DCrivCs monosubstituCs (R' = H) 

'A la suite d'une erreur, les valcurs dc -0.77 et -1.73 o r ~ t  e t i  
indiquies dans la r6f. 19. 

substitui et une molCcule de sel de cobalticinium. 
Nous avons rkalid cette rkaction en utilisant du 
cobaltockne gCnkri Clectrochimiquement B partir 
de l'ion cobalticinium (schkma 1). 
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TABLEAU 2. CaractCristiques coniparCes de la prCparation chimique et Clectrochimique des 
cyclopentadikne cyclopentadiinyl cobalt 

RCaction 

Ch~mique Electrochimque 

DiripC T ( " C )  Temps fhl  Rdt. ( r ; )  T ("C) Temps (h)  Rdt. (5) 

La priparation klectrochimique de solutions 
de cobaltockne prCsente les deux avantages 
suivants. 

(u )  Le cobaltockne est dilficile B obtenir 
chimiquernent du fail de son instabilitk; Clectro- 
chin~iquement, il est extrkmement facile de 
l'obtenir A partir du sel de cobalticinium corres- 
pondant qui est trks stable, facile B prCparer (20), 
ct d'un prix de revient moins ClevC que le cobal- 
tockne. 

(6) Eors de la rCaction de dCrivCs halogenCs sur 
lc cobaltockne (riaction 2) ,  le rendement est 
nicessairement limit6 A 50%. par rapport B ce 
dernier. Electrochimiquement (schCma I) ,  on 
peut avoir un rendement de 100% puisque le 
cobaltockne est rigCnCri au fur el B mesure de la 
riaction. 

Nous avons priparC divers cyclopentadikne 
cyclopentadiCnyl cobalt par ridtiction d'un sel 
de cobalticinium en prCsence d'un composC 
halogink RX (tableau 2) .  Les rendements sont 
excellents. Un autre avantage est dans certains 
cas la rapiditt- de la rtaction qui est peut etre 
plus grande parce que la concentration en 
cobaltockne diminue moins rapidement par suite 
de sa regCnCration Clectrochimique. 

I!-Prkpuration des cyclopetzrac/ii.ne cyclopenta- 
di&tzj*l cobult 6 parlir cles anions cobalto- 
c&es 

((1) R&uction cmec l'arzh~~tlrirle carboniqlre 
Les solutions de I'anion cobaltockne ne soni 

pas trks stables ni en milieu hydroalcoolique ni 
dans le dimCthylformamide, par suite d'une 
rkaction avec l'eau ou avec les sels supports 
@itraalkylan~moni~lrn). Nous avons done gCnCrC 
l'anion en prCsence d'un reactif approprii pour 
que !a rCaction envisagee ait Iieu irz situ avant ia 
disparition de l'anion. Nous avons d'abord 
gkniri I'anion cobaltockne en presence de COz 

(schima 2); l'ktude Clectrochirnique montre 
qu'on obtient avec un rendement pratiquement 
quantitatif le sel de carboxycyclopentadi&ne 
cyclopentadiinyl cobalt 5. 

Le dirive' 5 prCsente des caractt-ristiques tlec- 
trochi~niques analogues celles du cyclopenta- 
dikne cyclopentadiCny1 cobalt (tableau 3), c'est- 
A-dire une vague anodique irreversible B 2 
Faraday et une autre cathodique Cgalement 
irreversible 2 2 Faraday; ces caractCristiques 
permettent de suivre trks facilement la rCaction 
d'addition du nucliophile sur l'anion cobalt- 
ockne. 

L'addition d'ions tl-- i la solution du dCrivC 5 
conduit B l'acide 6. Cet acide a CtC mis en 
Cvidence grBce B son polarogramme (tableau 3). 
Nous avons tent6 de l'isoler mais sa trks grande 
solubiliti dans le DMF et dans l'eau ainsi que 
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TABLEAU 3, Potentlels de demr-vague, en volt (ex.?.), 
de la vague d oxydatlon et de la vague de rkduct~on 

dts  cyclopentadiene cycIopentad16ny 1 cobalt (RCjH5)- 
Co(Cjli5). Polarogramrnes enregistrks dans le DMF: 
sel de fond (C4H9)4NCC1Q4-; Plecirode k goutte de 

mercure; temps de chute = 0.5 s 

El / 2  

R Anodique* Cathodiquet 

*Vague anodique ii.i.Bversible a 2 Faraday. 
tVague catliodiqiie irrevei-sible a 2 Fni-adny. 
%La vague catbodique, pour cc iiCribC, rst rnasquic par  la decharge 

des ioils H+ que  nous avons ajoutCs d.ins le milieu pour transformer 
COP-en COpH. 

son instabilite nous ont incitis B faire riagir 
l'anion 5 in siru avec CH31; on obtient ainsi avec 
un rendenlent quantitatif l'ester correspondant '7. 

DiffCrents travaux ont Ctk consacris B 1'Ctude 
d e  la structure des dirivCs du cyclopentadikne 
cyclopentadiinyl cobalt (6, 21, 22); la position 
exo  ou enclo des substituants a CtC longuement 
discutie. Actuellement et aprks des itudes de 
structure par rayons X, il est admis que ie 
spectre infrarouge de ees dCrivCs est rCvC!ateur 
de  leur structure; si dans le spectre ir d'un 
dCrivC substituC sur le cyclopentadikne la bande 
intense aux environs de 2760 cm-' n'apparait pas, 
ceci veut dire que le substituant occupe la 
position exo; dans le cas o b  un atome d'hydro- 
gkne occupe cette position exo l e  spectre prksente 
alors une bande intense entre 2740 et 2780 em-" 
(22). 

Les bandes les plus intenses dans le spectre ir 
du  derivk 7 sont situies respectivement 8: 2958, 
1736,1432, 1299, 1205, 1190, 1163, 1111, 1072et 
1000 cm-l. Aucune bande n'est visible dans la 
rkgion de 2760 cm-I; ceci montre que dans 7 le 
groupement C02CH3 occupe la position exo. 
Ce rksultat semble indiquer a priori que dans 
l'anion cobaltockne la charge nigative formelie 
est localisCe sur le cycle; cette conclusion mirile 
une Ctude plus approfondie et nous tentons 
actuellement la preparation de solutions stables 
de  cet anion pour les analyser par rmn. 

Jusqu'ici la synthkse des dirivks du cyclo- 

pentadikne cyclopentadiinyl cobalt a CtC efTectuie 
a partir du cobaltockne OLI de Ision cobalticinium 
non substitui, avec ia constquence que seuls des 
dirivCs menosubstituCs sur le cyclopentadikne 
ont CtC obtenus. PossCdant une technique 
opiratoire facile il nous a semblC interessant de  
gCniraliser les risultats B des dtrivis substituks 
du cobalticiniuln en vue d'obtenir des cycio- 
pentadikne cyclopentadi6rryl cobalt disubstituis 
sur le cyclopentadikne. 

Une solution d'hexafluorcphosphate de di- 
methyl- l , I '  cobalticiniu~n prksente, dans le 
dimtthylformanlide, un polarogramme similaire 
B celui du sel de cobalticinium non substituC 
(E1/2 = -0.99, = - 1.99 V e.c.s.). 

E'Clectrolyse d'une telle solution au niveau de 
la deuxikme vague ( E  = -2.1 V 2.c.s.) en 
prisence d'anhydride carbonique conduit B une 
solution rouge foilcie caractiristique des dCrives 
du cyclopentadikne cyclopentadiinyl cobalt. 
Comme dans le cas pricident nous sommes 
passks directenlent B 19ester, par traitement in situ 
par l'iodure de mithyle (schima 3). En fin de 
reaction, nous avons isoli une huile rouge 11 
trbs sensible B l'oxydation. 

Dans le cas des dCrivts symttriquement disub- 
stituks en 1 et 1' tel que 8, trois isomkres 12, 13, 
14 du dirivi 11 peuvent etre thioriquement 
obtenus (fig. 1): le groupement ester peut occuper 
soit le sommet porteur du groupement CH3 (12) 
soit les sommets a (13) ou /? (14). 

k'analyse par chromatographie en couche 
mince (gel de silice; Cther-hexane) du mtlange 
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11, bien que dClicate B cause de la destruction de 
la molCcule, nous a permis nkanmoins de dis- 
tinguer deux produits dont les R, sont trks 
proches. L'ktude du spectre de rmn d'un mtlange 
fraichement prCparC s'est rCvClCe plus concluante 
(fig. 2). Dans ce spectre on note l'existence des 
deux isomkres 13 et 14; l'isomttre 12, s'il existe, 
serait B 1'Ctat de traces (on ne trouve dans le 
spectre aucun signal correspondant B un mithyl 
fortement dCb11ndC du fait de la position enrlo et 
de l'effet du groupement ester port6 par le m&me 
carbone). 

L'intCgration, dans la rCgion de rCsonance des 
groupements mkthyle, des spectres enregistris B 
partir de diffirents Cchantillons prCparCs dans 
les m&mes conditions opiratoires, montre que 13 

est majoritaire et constitue environ 60% du 
milange. Nos tentatives de siparation de ces 
deux isomkres par diffkrentes techniques classi- 
ques ont CchoilC et ont abouti B la destruction de 
la molCcule. 

Ce mClange d'isomhres constitue k notre con- 
naissance le premier exemple de dCrivCs hCtkro- 
trisubstituks dans la sirie du cyclopentadikne 
cyclopentadiCnyl cobalt. Dans le spectre ir de ce 
mClange on note, comme pour 7, l'absence de 
bande intense aux environs de 2760 em-'; ceci 
montre que dans 13 et 14 le groupement ester 
occupe la position exo. 

(b)  Re'actions auec les haloge'nures organiques 
RX 

L'anion cobaltockne rCagit Cgalement avec les 
haloginures organiques RX. La technique opCra- 
toire consisie B gCnCrer Clectrochimiquement 
l'anion cobaltockne en prksence de RX. 

Comme le cobaltockne peut se former, tant 
qu'il reste du sel de cobalticinium en solution, par 
rCaction entre l'anion et le sel de cobalticinium 
(rkaction inverse de la dismutation), une pos- 
sibilitC de rkaction entre le cobaltockne et RX 
peut exister (riaction 2); pour Climiner ce type de 

FIG. 2. Spectre rmn de 13 + 14 (CDC13). 
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riaction, nous avons choisi des halogknures 
organiques connus pour Etre inactifs vis-8-vis du 
cobaltockne ou riagissant avec une vitesse trks 
faible. Dans eous les cas Ctudiis la riaction est 
trks rapide (environ h) et les rendements 
quantitatifs (riaction 4). 

R 

Nous avons effectui trois riactlons B partir de 
l'anion cobaltockne non substituk et avons 
obtenu les trois cyclopentaditne cyclopenta- 
diCnyl cobalt 15, 16 et 191 (15 R = C6H5; 16 
R = C2M5; 17 W = CH(CH3)2); seul 15 a i t& 
isoli et identifii B un Cchantillon obtenu par voie 
chimique. 16 et 17 trks instables, ont t t i  Ctudiks 
Clectrochim~quement et leurs caractiristiques 
sont donnCes dans le tableau 3. 

Nous abons tgalement rCalist un exemple de 
reaction d9halogCnure organique sur l'anion du 
dimCthyl- l , I '  cobaltoctne (rCaetion 5). 

k e  spectre rmn de 18 monrre que l'on obtient 
un mCiange d9isomkres 1-2 et 1-3 disubstituCs sur 
le cyclopentadikne. Ces isornkres sont en pro- 
portions igales dans le mClange et leur sCparation 
a Cgalement Cchoui parce qu'ils sont trks sen- 
s ib le~  aux oxydants et en particulies 2 I'sxygkne 
de l'air. 

Conclusion 

En rCsum6, nos rCsultats concernant 1a syn- 
thkse des dCrivis du cyclopentadi6ne cyclopenta- 
diCnyl cobalt rnontrent 1'Ctendue des services que 
peuvent apporter, dans la sCrie des organomCtal- 
liques, les diffkrentes techniques Clectrochimi- 
ques. 

Les synthkses effectukes aprts ridustion (soit 
h 1 Faraday soit B 2 Faraday) de l'ion cobalti- 
cinium non substitui sont rCalisCes avec des 

rendements presque quantitatifs alors que par 
les mCthodes classiq~ies les rendements sont au 
plus Cgaux a 5 0 7 .  

L'action de l'anhydride carbonique sur l'anion 
cobaltockne nous a permis d'obtenir des dCrivCs 
(acide et ester) dont la synthkse n'est pas en- 
vlsageable par les techniques connues jusqu'h 
prisent. Le carbomethoxycyclopentadikne cyclo- 
pentaditnyl cobalt a t t i  obtenu sous forme de 
mono cr~stal et l'itude de sa structure par rayons 
XZ nous permettra sans doute de comprendre le 
micanlsme d'attaque du C 0 2  et de prCciser la 
nature de l'anion cobaltockne; de plus elle 
pourra prisenter un cornplin~ent d'information 
concernant la substitution endo ou exo dans la 
sirie. 

Enfin, l'action de l'anhydride carbonique ou 
d u  bromobenzkne sur I'anion du  dimithyl-1,11 
cobaltoctne, nous a permis de prCparer sous 
forme d'un milange les premiers exemples d'une 
nouvelle sCrie de dCrivCs trisubstituis du cyclo- 
pentaditne cyclopentadiCny1 cobalt. Comme 
nous le montrerons dans 19article suivant de cette 
sirie, la stparation peut se faire 5. un stade 
~iltirieur; elle nous a permis d'obtenir, pour la 
premikre fois, des isomkres 1,2,11 et 1,3,1' tri- 
substituts dans la strie de l'ion cobalticinium. 

Polarograpl~ie el Plectrolyses 
Tous les poiarogrammes ont CtC enregistris l'aide 

d'un polarographe Tacussel "Tipol" i trois Clectrodes. Le 
temps de chute de I'Clectrode B goutte de mercure Ctait 
rCgulC i 0.5 s au moyen d'un marteau. 

Les potentiels sont donnCs par rapport i une Clectrode 
au ca?onel saturCe aqueuse. Le dirnCthy!formamide est de 
qualit6 H.P.; il est utilisC sans purification prCalable. Le 
seI de fond est le perchlorate de titrabutyl ammonium 
(prCparC par G. Frederick Smith Chemical Company) B 
une concentration de 0.1 M. La cellule polarographique 
est une cellule "'Metrohm" thermostatic a 20 "C. 

Le produit Ctudier est dissous B une conceiltration de 
10-3 M et la solution est dCgazCe B l'aide d'un courant 
d'argon. 

Les Clectrolyses a potentiel contrblC ont CtC effectuies 
sur nappe de mercure en utilisant un potentiostat "Tacus- 
sel ASA 100-1G" et un intkgrateur "Tacussel I 6 .5" .  Nous 
avons CtudiC les reactions, soit dans une petite cellule en 
suivant leur Cvolution par polarographie, soit dans une 
cellule d'un litre pour les Clectrolyses preparatives. Dans 
ce dernier cas les quantitCs de substance ClectrolysCe vont 
de 0.5 a 5 g. 

SynthPse des cornposPs 2a, 2b, 2c et 2d 
k'hexafluorophosphate de cobalticinium (1 g) est ciis- 

%N. El Murr et E. Laviron. travail en cours. 
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sous dans 100 ml de DMF (Ciectroiqte support LiCi a 
! M) .  01i ajoute tin excks d'haiogenure organique 
(enciron 4 n?ol de R X  pour ! mol de jC51f5)2CoPF6), Le 
potentiel impost: est de -- 1.1 (e c.s.) sauf cians le cas de 
Zc ou il est de -0.85 V (e.c.s.) i~ cause du potentiel de 
rdduction de CCI4 qui se situe lers -0.8 V ;  dans ce cas il 
h u t  ajijouter au cours de I'Clecrrolyse quelqiles inillilitres 
de CG14. 

Cornme l'un des rapporteurs !'a suggdrC, on ne peut 
totalenleilt exclure la suite de reactions: 

bien que l'action de CCI4 sur ie cobaiioc&rie conduise B 2c 
(voir rCf. 6). 

Lorsque i'Clestrijolyse est terii~inCe, on ajoute B la rolu- 
tion de DMF conteiiant le cyciopentadiene cjclopenta- 
diCllyl cobait une grande quantiti d'eau (1.5 1) et on 
extrait B 1'Cther. La phase organicjue est sCpartte puis 
lavee successivement deux fois B I'eaa, deux fois avec une 
solution de carbonate de [iotassium et enfin plusieurs 
autre? fois B l'ea~: jusq~.~'B pH neutre. La phase ether& 
est alors sechCe sur MgSOl puis Citaport'e. Les dirives 2a,  
20, Zc et Zd sont p~irlfies et identi1ii.s conime indiqui dans 
la IittCrature (6, 8, 9, 10). 

M4il1ox)~ciribotzj~i cjc/opeiztcldiPtze c~vclopetifucli4~ry/ 
cobalt 7 

Une solution de 1.7 g ~~'hexailuorophosphate de 
cobalticinium et cie 8.5 g de LiCi dans 200 mi de DMF est 
piacCe dans la celliiie d klectrolyse. 

Aprks dCsoxygCnatio~~ on fait passer u11 courant de gaz 
carbonique et on impose un poientiel de -2 V. Aprks 
enkiron I !I, I'intensitd du courant tend vers zero, on 
arr@te alors I'Clectroiyse. 011  adapte 3 la cellule un rC- 
frigtrant, une entree d9argon et une ampoule B brome B 
i'aide de laqueiie on ajoate 20 1111 d'iodure de mCthyle. 
La tempCrature est ai11enCe A 40 'C et l'agitatioil niagnC- 
tiqce i-i~aintenue pendant 4 h. i e  mCthoxycarbo~iyi cyclo- 
pentadikne cyciopentadit'nyl cobalt. est ensuite extrait 
coinme dans ie cas des composCs 2a-%d. 

On oblient 1.2 g de substance (re~demerit 9GC,). 1.e 
produit brut est chrometographi6 sur alurniiie (Alz(P3 
"Merck" activitC I i - l i i )  avec l'dther comme c'luant. La 
solution CthCree rouge est 6vaporCe et on recriiiallise dans 
uil melange d'ither el d'Cther de pCtrole, On obtient des 
aiguilies rouges pf 90-92 'C; spectre ir (CC14) bande C--~O 
B 1736 cm-' ; spectre rrni? (CDC13) 5.31 (t, protons 6 du 
cyciopentadikne:, 4.81 (s, 5H, cyslope:ltadbenyl), 3.43 (s, 
ZH, CO2CI3j, le signal nlasque ie nxltipiet correspondant 
B l'hydrogki~e e i~do)  el 2.80 pp i l~  (protons a du cyclo- 
i>entadikne). fft?al. ca!c. pour CliH1302Co: C 58.08, H 
5.28; tro?lvC: C 57.95, H 5.27 

72f~ihox~~cuibariyl-I t~P;ilyl-2 et m6ihox~~cai.hot~~i-I  
1rrPil~y1-.? cyciopeizirrciiPi7e rire'f/~y!c)~clope?z tadi6tij.! 
cobaif I 1  

Cette synthbse est eRrcti~Ce dans des conditions opCra- 
toire:; trks proches de la preckdente. 

A partir de 2 g d'hexafluorophospllate de dirnethyl-1,:' 
cobaiiicinii~m 8, on a obtenu 1.4 g du mClange 11 (rencie- 
ment 96:; ), ke  potentiel impose dans ce cas est de -2.2 V 
je.c.s.i, et 17intensitC da  courant de reduction ne tend pas 
vers zero m&me eprbs 2 B 3 h d9Clectrolyse car B ce 

potentiel i'anhydride carbonique et ies ions Li" sont 
reduits. Biex que le m6canisme de la reaction puisse &tie 
compliqui du fait de la dCcharge simultant'e de GO2, Li+ 
et 8, on obtient 11 avec L I ~  excellent iendement. 

Pour s'assurer de la fin de la reaction, des prtlbvemelzts 
sont etrectuks et anaiyses par polaiographie. Une fois la 
rCaction ternlinCe (1 :-2 h), on traite par CH31 B 40 ' C  et 
on estvait et purifie 11 conme prCcCdemment. Le spectre 
ir de B l  (dans CCi4) presente des bandes interies i 2958, 
2915, 1724, i428$ 1370, 1364, 1342, 1300, 1160, 2087, 
1015,943,926,920 et 909 cm-1. 

PJi6i1yI (:).c/r>p~i~faiiiPn cyclopet~iadilr:;I cobalt 35 
L96!ectrolyse e s ~  eEectuCe comme prCcCdemnient a 

- 1.95 V (e.c.s), en presence de C6H5& pendant environ 
30 inin. Aprks extraction, ie bromobenzbne restant est 
dlinlinC sous vide; on obtient 0,78 g de produit rouge 
(rendenlent 98' ;), qui, subiimation et recristallisa- 
tion dans le pentane donne des cristaux rouges pf 129- 
I31 "C (litt. (4) pf 128-129.5 'C). 
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Eleetrschimie de eompssCs organom6talliqnes. 11, Nouve%%e voie 
d9acc5s anx sels de cobalticipmiuin stllbstitn$sl 

NABIL EL MURR ET ETJENNE LAVIRO?. 
Luboratoii.e de Poiaiogruphie Orgar~iqrie itssociC ail C..V,R.S. {Z.A. 33), Faculrk ties Sciences, 

6 Boitlerard Gabriel, 21006 Dijon, France 

N A B ~ L  EL MUXR et E T I E ~ E  LAVIRON. Can. 9. Chem. 54. 3357 (2976). 
L'oxydation par soie electrochimique, par !'air, par lei: ions hydrog6ne et par le rirraEuorobo- 

rate de iriphCnylmCthane de divers cyclopentadikne cyciopeniadidnyl cobalt iubstituks a etC 
CtudiCe. Les derives possedant :in hydrogkne exo par rapport au metal conduisent aux sels de 
cobalticinium correspondants. Lorsque ie substituant e.xo est CH3 on C6Wlr il y a degradation 
de !a molecule. Quand le substituant exo est COzCMj, i'oxydation par le tktrafluorohorate de 
triphknylmithane s'effectue avec elinination de !'hydropbne etrdo pour conduire au sel de 
cobalticiniurn substitue avec un rendeinent quantitatif. 

NABIL EL MURR and ETIENNE LAVIRON. Can. J. Chem. 54, 3357 (1976). 
The oxidation of several substituted cyclopentadiel~e cobalt cyclopentadienyls e!ectro- 

chen~ically, by air, by hydrogen ions, and by triphenyin~eti~yl tetrafluorohorate !?as been studled. 
The derivatives with an exo hydrogen yield the corresponding cobalticinium salts. When the 
exo substituent is CH, or C6W5. a degradation occuri. If the exo substitue~lt is CC)2CH3, 
oxidation by triphenyin~ethyl tetiafluoroborate takes place with enilo hydrogen elimination, 
leading to the substituted cobalticinium salt in quantitative yield. 

Introduction 

Dans un article pricident ( I ) ,  nous avons 
dtcrit utie mCthode de synthkse des derives du 
cyclopentadikne cyclopentadiknyl cobalt a partir 
des cobaltocknes s2 ou des anions cobaltocknes 
4 et 9 ginires Clectrocbirniquernent par e'lec- 
lrolyse B potentiel impose des solutions de sels 
de cobalticinium. 

Cette technique i!ectrochimique nous a perlnis 
de priparer avec des rendements pratiquen~ent 
quantitatifs certains cyclopentadikne cyclopen- 
tadiinyl cobalt QRR'C5H,+)Co(R"C5H4) dkjh 
signalis dans Ia iitttrature (2rr-2d: R' = R" = H 
et I? = CM2C6M5, CHClC6H5, CC13, CH2Br) et 
d'autres jamais o b t e r ~ ~ ~ s  par des voies classiques, 
en particulier ceux risultafit de l'action de i'an- 
hydride carbonique sur ies anions 4 et 9 (6: R' = 

par oxydation des cyclopentadikne cyclopenta- 
ditnyl cobale; cornine nous i'avions souligni 
dans des articles pricidci~is (1-31, les voies 
d'accks B des ions cobalticiiliurn substituis sont 
limities et laborieuses et les rendements sont 
giniraiernent faibles. 

Bien que quelques travaux (4-6) sernblent 
rnontrer que l'oxydation d'un cyclopentadikne 
cyciopentadiinyi cobalt substituk par atiaque 
nucliophile sur l'ioil csbalticininrn (7)  ou radi- 
caiaire sur ie cobaltockn~e (8) ne pemette pas de 
conserver ie subsrituant, il nous a sen?biE 
intiressant de siexaminer cette question. 

Nous exposerons dans eet article les risialtats 
de cettc etude ei nous dicrlror,~ une nouveile 
voie cl'accks 5 des dCrkCs substituks du co- 
baiticinium, 

R " =  M, R = CO,W: 7 :  W t =  R " =  FT, R = RCsultats e& discussion 
C02CM3: 11: R' = R f r  = CHil R = G02CW3; 
18: R' = R" = CH3, R = C6H5). I- Bxyclatior~ c/es cyclopmntacJidne cyclopentadit!n);/ 

Nous Ctudions dans cet a-rticle la possibilitt cobalt 
d'obtenir des dtrivks substitues du cobaiticinium Pour rnieux comprendre ie comportement des 

cyclopentadikne cyciopentadiinyI cobalt sub- 
lCe travail a CtC rCalis6 en partie dans le cadre de la stituks (RR'C5H4)C~(R"C5H,+)9 nous avons pro- 

W.C.P. "'Electrochimie orgznique et organometailique Line i tude de leur oxydation au moyen de 
selective". 

T a r  souci de simplification, nous avons attribuC les divers agents oxydants. Nous avons CtudiC en 
r r u m ~ o s  pour dgsigner les msmes produits premier lieu des dCrivts dija signalis dans la 

mentiomCs dans cet article et dans l'articie prCcCdent. (1). iittirature ; Bes dCrivis 2e : R = R' = R" = H ; 
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FIG. 1. Spectre rnm de 211 + 22 (acCtone-d6):* --- 'H du solvant. 

2f:  W = H, W f  = R" = CH3; 2g: R = H, R' = 

R" = C02CM3 sont obtenus par rtduction par 
NaBH4 des sels de cobalticinium correspondants, 
et le dtrivt  2h: R = CH3, Eat = R" = H est 
obtenu par rCduction de l'ion cobalticinium par 
CH3Li. 

Les spectres ir de 2e, 2fet 2g prtsentent dans 
la rigion 294CL2780 cm-I une ban& intense 
caractkristique d9un hydrogkne en position ex0 
dans le cyclopentadikne; 19absence de cette bande 
dans te spectre IS de 2/1 semble montrer cjue pour 
ce dCrivC, c'est le groupement mtthjle qul occupe 
la position exo, l'hydrsgkne se trouvant en 
endo (9). 

Les quatre composts prtsentent, en milieu 
hydroalcoolique, une vague anodique dans !e 
domame de potentiel de l'e'lectrode 2 goutte de 
mercure. Cette vague est toutefois trks proche du 
courant de dtcharge anodique dans le cas de 2g 
en milieu acide et n'est pas visible en milleu 
basique pour 2p et 2h. Nous avons donc procCclC 
B une Ctude en utilisant une Clectrode de carbone 
vitreux tournante (tableau I). 

Dans le but de dkterminer le nonibre dq&lec- 

trons qui entrent en jeu lors de 190xydation Clec- 
trochimiq~ie des cyclopentadikne cyclopenta- 
ditnyl cobalt, nous avons rCalisC une coulomttrie 
B potentiel contrb!C pour les dCrivts les plus 
stables 2e et 2g. Dans les deux cas, certe oxyda- 
tion se fait B 2 Faraday. Ce rtsultat a Ctt Cgale- 
ment vtrifiC par comparaison des hauteurs des 
vagues anodiques celle de la prernikre vague de 

TABLEAU 1. Potentieis de demi-vague, en volt (e.c.s.j 
de la vague d'oxydation des cyclopentadibne cyclo- 

pentadiknyl cobalt. Solutions 1~ydroalcooliques B 40y0 
d'kthanol; pH rnesurks B 1'Clectrode de verre. Tampon 

Britton-Robinson; sel de fond NaCl 0.1 M 

Eiectrode de carhone 
Electrode de mercure vitreux 

Produit pH = 4.1 pH = 9.7 p H  = 4.1 p H  = 9.7 

2e -0.35 -0.42 -0.31 -0.43 
2f -0.47 -0.51 -0.41 -0.50 
2g* +0.20 - +0.22 +0.12 
2 / ~  -0.12 - -0.21 -0.25 
- 

'Eiectroljte support KzS01 0.1 A'. Pour Zg en milieu bnsique, il y a 
hydrolyre des fonctions esters. Les solutions de 2ii se degradent assez 
rapide~nent a des p H  > 9. 
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rCduction des ions cobalticiniiim (1 Faraday): 
pour une meme concentration, le rapport est de 
deux. 

L90xydation des cyclopentadibne cyclopenta- 
diCnyl cobalt peut etre effectuCe de plusieurs 
manikrcs ; nous en avons considirk trois: l'oxyda- 
tion par l'oxygbne de l'air, l'oxydation par les 
ions H+ et l'oxydation electrochimique. 

Oxydution par O2 
Les solutions hydroalcooliques des dCrivCs 2e, 

2f, 2g et 2h abandonnkes B l'action de l'oxygbne 
de l'air ne prtsentent plus de vague anodique. 
Pour 2e, 2f et 2g, cette vague disparait au profit 
de la vague de re'duction de l'ion cobalticinium 
correspondant. L'oxydation du dtrivC 2g est plus 
lente que celle de 2e et 2f mais nous n'avons pas 
fait d9Ctude cinktique prtcise du phinombne. 

Aprks passage d'oxygkne B travers les solu- 
tions de 2h, on n90bserve pas de vague cathodique 
dans le domaine de I'Clectrode B goutte. En solu- 
tion 2h n'est pas transform6 en sel de mCthyl- 
cobalticinium pa r  I'oxygkne de I'air mais subit 
probablement une dtgradation totale. 

Oxydation e'lectrochimique 
De mEme que I'oxydation par l'oxygbne de 

l'air, l'oxydation Clectrochimique de 2e, %je t  2g 
conduit presque quantitativement aux ions 
cobalticinium correspondants; ces derniers ont 
CtC isolCs B l'e'tat de sels d'hexafluorophosphate 
aprbs tlectrolyse complkte des cyclopentadikne 
cyclopentadiknyl cobalt sur tlectrode de graphite 
B +0.4 V ;  ces sels ont CtC identifies grhce 2 leurs 
polarogrammes et B leurs spectres de rmn 

La reaction d'oxydation peut s'tcrire: 

L'oxydation Clectrochimique de 2h ne conduit 
pas au sel de mtthylcobalticinium; aprbs Clec- 
trolyse, nous avons mis en evidence la presence 
de cyclopentadibne et de mCthylcyclopentadi6ne. 
11 y a done de'composition de l9exo-mCthylcyclo- 
pentadikne cyclopentadiCny1 cobalt au cours de 
19Clectrolyse. 

Oxydution par Hi 
La transformation du cyclopentadikne cyclo- 

pentadiCnyl cobalt 2e en ion cobalticinium par 
action des ions M+ a CtC d6jB signalee par Green 
et al. (lo), mais aucune Ctude quantitative n'a 
CtC effectuCe. Nous avons repris cette rCaction et 
19avons CtudiCe en detail pour les divers dCrivCs 
prCparCs. En milieu tamponne' acide (pH = 2.7 B 

4 .3 ,  la cinttique de cette rCaction a it6 suivie en 
enregistrant la diminution de la hauteur de la 
vague d'oxydation de 2e, 2j'et 2h (tlectrode de 
carbone vitreux tournante) en fonction du temps, 
B diffkrents pH. Cette etude montre que la 
reaction est du premier ordre par rapport aux 
cyclopentadikne cyclopentaditnyl cobalt pour 2e, 
2f et 2h; elle est Cgalement du premier ordre par 
rapport B H- dans le cas de 2e et 2f (log k = log 
k o  - pH); dans le cas de 2h l'ordre n'est pas 
dtfini par rapport H+. 

Le de'rive' 2g ne subit aucune transformation 
en milieu acide; (on ne note aucune kolution 
dans les solutions d9acide perchlorique 5 N ) .  La 
valeur de = +0.22 V de la vague d'oxyda- 
tion de 2g montre d'ailleurs que ce dernier est 
plus stable que les trois autres vis-B-vis de 
l'oxydation. 

Aprks reaction de 2e et 2f avec Hi, nous avons 
isole! les sels de cobalticinium correspondants. 
Cette rtaction peut s'tcrire de la f a ~ o n  suivante: 

Dans le cas de 2h, nous n90btenons pas de sel 
de cobalticinium. mais colnme lors h e  1961ec- 
trolyse, nous observons le d~composition en 
cyclopentadibne et mtthylcyclopentadikne. 

Nous avons regroup6 dans le tableau 2, pour 
deux pH, les valeurs de la constante de vitesse k. 

Les rCsultats de notre travail montrent que 2h 
a to~ijours un colnportement anormal. Des 
quatre produits ttudits, seul 2h subit une dC- 
gradation totale qilel que soit le mode d'oxyda- 
tion utilisC et est instable en milieu alcalin. La 
difference fondamentale entre 2e, 2f et 2g d'une 
part et 2/2 d'autre part est que seul le-ligand 
cyclopentadiCnique de 2h posskde un groupe- 
ment, autre que H, en position exo par rapport 
au mCtal. Cette difference est probablement B 
190rigine du comportement singulier de I'exo- 

TABLEAU 2. Constante de vitesse, k en s-1, de la 
rCaction d'attaque des cyclopentadikne cyclopenta- 

ditnyl cobalt par les ions Id+; Ctude effectute en 
milieu tamponnk hydroalcoolique, p H  mesure & 

l'Clectrode de verre 

Derive 
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mCthylcyclopentadikne cyclopentadiinyl cobalt. 
Cette prernikre itude de I'oxydation des cyclo- 

pentadikne cyclopentadie'nyl cobalt nous a per- 
mis de confirmer que colnme pour l'oxydation 
chimique, l'oxydation ilectrochimique ne per- 
~nettait  pas, tout au rnoins dans le cas des 
dCriv6s exo substituCs par des groupements 
alkyles, leur transformation en sels de cobalti- 
cinium substituis. Toutcfois, posskdant des 
dQivis '7 et I1 ayant un groupe~nent exo (COz- 
CH3) (I), il nous a sembl6 intiressant d'itudier 
leur oxydation klectrochimique. 

Dans un milieit hydroa!coolique, l'oxydation 
sur toile de carbone de l'exo mithoxycarbonyl- 
cyclopentadi6ne cyclopentaditnyl cobalt 4 nous a 
permis de mettre en ividence la formation du sel 
de mithoxycarbonyl cobalticinium; ce dernier a 
i t6 identifie par cornparaison dc son polaro- 
gramme B celui d'un Cchantillon prCpari selon la 
mCthode dCcrite par Sheats et Rausch (I  I). Bien 
que le rendemcnt de cette rtaction (--.10%,) soit 
trop faible pour &tre exploit6 pour la synthkse, 
cette oxydation est importante puisqu'elle est le 
premier exemplc dc transformation d'un dirivi  
exo substitui du cyclopentadikne cyclopenta- 
diCnyl cobalt en sel de cobalticinium substitui. 

PI-Synthdse de sels cle cobalficiniun~ substitue's 
Pour amiiiorer les rendements de l'oxydation 

d u  dCrivC '7, nous avons itudiC son conlporte- 
ment vis-a-vis des oxydants chirniques tel que le 
tttrafluoroborate de triphCnylmithane (riaction 
3). 

Par cette rkaction, on obtient 19 de f a ~ o n  
quantitative; ceci montre que le cation triphinyl 
mtthane arrache dans ce cas ~Clectivement les 
ions hydrures en position endo; un tel exemple 
de sC!ectivitC a dCjB CtC signal6 par Khand et rzl. 
(12) dans la sCrie du cyclopentadikne cyclo- 
hexadiinyl fer. 

Un lraitement analogue appliqui 2 I'exo 
phinylcyclopentadikne cyclopentadiCnyl cobalt 
15 ne conduit pas au sel de phCnylcobalticinium 
20. Dans ce cas, c'est le groupement exo qui se 

ditache (schima 1) et l'ion cobalticinium non 
substieut est isolC avec de faibles rendements; 
une digradation importante de 15 se produit au  
cours de la riaction. 

Degradation 

Appliquie aux produits obtenus par r6actlon 
de l'anhydride carbonique avec l'anion du 
dimithyl- 1,11 cobalticinium (I), l'oxydation par 
le tetrafluoroborate de IriphinylmCthane conduit 
a un rnClange de sels de cobalticinium 1,2,11 et 
1,3,L1 trisubstituks (schCma 2). 

Les rendements des rCactions du schCma 2 sont 
quantitatifs et les proportions des isomkres dans 
le milange sont conservies; d'aprks le spectre de 
rrnn (fig. 1) du milange on constate en effet que 
28 constitue environ 60 B 657, du mtlange. 

Dans un but de synthtse de nouvelles siries 
de dirivks trisubstituks du cobalticinium, il i tai t  
important de siparer les isomkres 21 et 22. La 
sCparation au niveau des dtrivCs 1 3  et 14 ayant 
CchouC (I ) ,  nous l'avons tentie sur les sels 21 et 
22. Les tentatives de skparation par les mCthodes 
classiques (recristal!isation ou chromatographie) 
se sont avCrCes infructueuses; nous avons alors 
essay6 cette siparation par voie indirecte. 

Rosenblum et al. (13) ont montrC que le sel 
de dimithoxycarbonyl- 1, I '  cobalticinium trait4 
par NaBH4 conduit 8 un seul dCrivC rCduit dans 
lequel le carbone sp3 est en a de la fonction ester 
(riaction 4). 
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Nous avons soumis le mklange de sels 21 et 
22 B l'action des ions hydrures dans ie tktrahydro- 
furane; d'aprks !es rksultats de Rosenblum et al. 
qui s'expliquent par la dCficience ilectronique, 
dans l'ion cobalticinium, des sommets a par effet 
attracteur du groupement ester, nous pouvions 
envisager la formation des isomkres 23, 24, 25 et 
26 (schema 3). 

Le milange de ddrivks obtenus est trks sensible 
B 190xydation; sa stabilitk est trks faible et ne se 
compare pas celle du dtrivC 2g. Cette insta- 
biliti est probablement due B l'effet donneur des 
groupements mCthyle: une solution du milange 
laissCe quelques minutes B 17a1r redonne les sels 
de cobalticinium de dkpart, La chromatographie 
sur couche mince de gel de silice (eluant: kther 
307,, hexane 70%) montre la prisence de trois 
produits dont les R, respectifs sont: 0.53, 0.67 et 
0.74; les deux premiers sont en quantitk plus 
importante que le troisikme. 

Les taches des dCrivCs rkduits sont de couleur 
rouge, mais aprks quelques irtstants sur la plaque 
de chromatographie, i'oxydation en sel de 
cobalticinium se manifeste par le changement de 
couleur du rouge au jaune. La chromatographie 

prkparative est trks dilicate, du fait de cette 
oxydation rapide et les deux produits migrant en 
tete sont trks ma1 skparis et au point de dkpart 
une grande partie du mClange s'adsorbe sur le 
gel de d i ce  8 :'&tat d'ion cobalticinium (melange 
de 2% et 22). MalgrC ces difficultks, nous avons pu 
rkcupirer deux fractions (B l'itat de sel de 
cobalticinium), 19une formCe du milange des 
deux fractions migrant en t&te (Rf = 0.67 et 0.74) 
et l'autre du disivC dont le Rf = 0.53. Nous 
avons effect& la dksorption de ces sels de 
cobalticinium a 19aide de l'acktone additionnke 
de quelques gouttes d'acide chlorhydrique. Aprks 
traitement adequat, nous avons pricipiti les sels 
de cobalticinium B l'itat d'hexafluorophosphate 
ou de tktraphenylborate. 

Les spectres de rmn montrent que les deux 
fractions obtenues sont pures; la premikre (R, = 
0.07 et 0.74) est identifiee au dQivk 21, la seconde 
prisente les caractkristiques du sel 1,3,1' tri- 
subskituk 22. D9apr6s cette separation, il sernbie 
raisonnabie d'admettre que dans les conditions 
opiratoires du schCrna 3, si 23 et 24 se sont 
formis, ils posskdent pratiquement le m&me 
R, = 0.53, alors que 25 et 26 se diffkrencient; ces 
produits itant instables, nous n9avons pas pu 
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effectuer une Ctude structurale pour attribuer B 
25 et 26 les R, correspondants. 

Bien que dklicate B cause de la trks grande 
oxydabilitC des dirivts rtduits, cette technique 
nous a permis de sCparer des isomkres de position 
dans la sCrie du cobalticinium; c'est la prernikre 
fois qu'une telle sCparation est effectuie et les 
sels 21 et 22 sont les premiers exemgles de 
dtrivCs trisubstituks dans la sCrie de 19ion 
cobalticinium. 

Ces dCrivCs trisubstituCs posskdent une fonc- 
tion ester facilement hydrolysable, ainsi que des 
groupements mCthyle oxydables, par KMn84,' 
NaOH, en fonctions acides. Au dipart de eels 
triacides el B l'aide de rCactions chimiques 
classiques (3), de nombreux dirivCs du cobalii- 
cinium peuvent &re obtenus et feront l'objet de 
prochaines publications. 

Conclusion 

Les cyclopentadikne cyclopentadiCnyl cobalt 
CtudiCs dans cet article geuvent se rattacher B 
deux types. 

(a) Ceux ayant un hydrogkne exo gar rapport 
au mCtal (2e, 2ji 2g, 23-26). Nous avons pu 
confirmer que pour ces composCs l'oxydation 
conduit aux sels de cobalticinium correspon- 
dants. 

(b )  Geux ayant un substituant en position exo 
(2h,  7,13,14,15). korsque le substituant est CH3 
ou C6H5, 190xydation s'accompagne d'une de- 
struction de la molCcule (une destruction de la 
molicule a Cgalement Cti signalie pour CC13 et 
C6H5C0(4)). Au contraire, si le groupement est 
C02CH3 (Ya 13, 141, l'oxydation s9effectue avec 
dkpart de l'hydrogkne endo, pour conduire au sel 
de cobalticinium substitui avec un rendernent de 
1@76. 

I1 est dificile B l'heure actuelle d'interprtter 
cette influence de la nature du substituant. Deux 
types de rtoxydation diffkrant suivant la nature 
du substituant ont CtC observCs rkcemment dans 
la strie des cyclohexaditnyl cyclopentaditnyi fer 
exo substituCs mais n90nt pu Stre expliquis (6). 

Bien qu9actuellement, la rkoxydation des exo 
methoxycarbonyl cyclopentadikne cyclopenta- 
diCnyI cobalt en sels de cobalticinium substieuts 
ne soit qu9un cas particulier, elle prCsente ran 
grand intCr&t porn la synthese dans la sCrie des 
sels de cobalticinium. Elle nous a ~errnis  de 
priparer les premiers sels de cobalticinium tri- 

substituis, qui ne peuvent &tre B l'heure actuelle 
obtenus par d9autres mithodes; les sels que 
nous avons obtenus posskdent des fonctions 
facilement transformables B l'aide de rtactions 
chimiques classiques pour donner une large 
gamme de dCrivCs trisubstituis. 

Bxydatior~ k~ectrochirnique 
&'Ctude polarographique et 1'Clectrolyse de divers pro- 

duits est effectuke B l aide de l'appareillage et selon les 
techniqucs d6jB dicrites dans notre article prCcCdent (1). 

Les courbes i = f (E)  ont CtC tracies sur Clectrode 
tournante de carbone vitreux et les Clectrolyses prCpara- 
rives ont CtC effectuCes sur une toile de carbone. 

Ees solutions de sels de cobalticinium obtenus aprks 
Clectrolyse de 2e, 2fet 2g sont concentrCes, filtrCes et Ies 
sels prCcipitCs par addition d'une solution saturCe d'hexa- 
Auoropl-iosphate de sodium. Ces sels sont identifiis par 
comparaison B des Cchantillons obtenus par voie chimique 
(3). 

Au cours de lVClectrolyse des solutions de l'exo methyl- 
cyclopentadikne cyclopentadiCny1 cobalt, un courant 
d'azote entraine les substances volatiles formCes dans un 
pikge contenant de 19Cthanol. La comparaison du spectre 
uv de cette solution Cthanolique B celui d'un mClange de 
cyclopentadikne et de mCthylcyclopentadikne dans 
I'ethanol montre qu'au cours de l'oxydation l'exo 
mCthylcyciopentadikne cqclopentadiCnyl cobalt se dC- 
grade; un dCpBt mCtallique de cobalt est Cgalement 
observC dans Ia cellule d'Clectrolyse. 

Oxjdation par 0 2  

Dans des solutions hydroalcoolique B 4Oc'2 d9Cthanol, 
on fait passer pendant quelques minutes un courant d'air; 
aprks dCgazage de la solution, les polarogrammes sont 
traces et 1'Cvolution est notCe par comparaison des 
hauteurs des vagues d'oxydation et par l'apparition des 
vagues de rCduction des ions cobalticinium pour les 
dCaivCs 2e, 2fet 2g. Les solutions du derive 217 subissent 
une degradation lorsqu'elles sont oxydCes par l'oxygkne 
de i'air. 

L'Ptude cinPtiqlre de l'attaque des ions H+ est rCalisCe 
en mesurant B un pHconstant et  B un potentiel fixe (sur le 
palier de la vague d'oxydation) 1'Cvolution du courant de 
diffusion en fonction du temps i = f ( t ) .  

Ees solutions B 407); d9Cthanol sont tamponnkes et les 
produits s'y trouvent B une concentration de 5 X M. 
Pour un m&me produit, les courbes i = f ( t )  sont tracCes 
B differents pH, compris entre 2.7 et 4.5; au-deli de cette 
derniere valeur, 19Cvolution est trbs lente et le temps de 
demi-riaction est trop important. 

MCthoxjcurbonyl cobaltici~~ium 19 
A une solution de 130 mg (5 X 10 -W)  de mCthoxy- 

carbonyl cyclopentadikne cyclopentadienyl cobalt 7 dans 
40 ml de CH2C12 anhydre, on ajoute 350 mg (10-3 M) de 
tktrafluoroborate de triphinyl mCthane. 

Aprks agitation pendant 5 min, on extrait B l'eau (40 ml) 
la phase zqueuse jaune est lavCe deux fois B 19Cther el 
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EL MURR ET LAVIRON: II 3363 

traitke au noir animal. La solution aqueuse est filtrie et le 
rnCthoxycarbonyl cobalticinium est prCcipitC en sei 
d'hexafluorophosphate par addition d'une solution de 
NaPF6. AprPs filtration du prCcipitC jaune (125 mg) ie 
reste de rnCthoxycarbonyl cobalticinium est precipitk B 
1'Ctat de sel de tCtraphCnyl borate (100 mg). Le rendement 
global est de 95';. kes deux sels obtenus soni recristal- 
lises et ldentifiis par coinparaison avec des ichantilions 
prCparCs selon une mCthode dCj8 decrite dans la litterarcre 
(1 1). 

,W@tl~ox~~carbot~yI- I dim@rlzj~l-2,1' eF m6t~1o,uycnrborzyI- 1 
dinzPthj,/-3,1' coba/iicii~iurrz $1 ei 9.2 

L'oxydation du melange de 13 et "a est eflectuie dans 
CHzCI2 anhydie, par le tCrrafluoroborate de triphinyi 
methane cornme dans le cas prCcCdent; les rendernents de 
cette oxydation sont de 95%. 

A 0.6 g du milange de 21 et 22 dans 70 n11 de THF on 
ajoute un large exces de NaBH4 (0.3 g). Aprks 20 min 
d'agitation, la couleur de la solution tourne du jaune au 
rouge ibncC, on y ajoute de l'eau et on extrait B I'Cther. 
La phase CthCrCe est lavCe B i'eau jusqu'k p H  neutre, 
sCchee sur MgS04 et filtrCe. Aprbs Cvaporation de I'Cther, 
on  obtient 0.39 g d'une huiie rouge (melange des com- 
posCs 23, 24, 25 et 16) trks sensible B I'air (rendernent 
100';). 

Ee melange des cyclopentadiene cyclopentadiCnyl 
cobalt ainsi obtenu est dissous dans 20 ml d'Cther anhydre 
puis chromatographi6 sur plaque de gel de siiice (eluant 
ether-hexane 3 :7); le rnilange doit &tie Ctendu et k?uC sur 
la plaque bees rapide-ment, sinon une importante oxyda- 
tion a iieu. En fin de chromatographie deux bandes 
rouges se detachen: nettement, elles devieonent jaunes des 
qu'on sort la plaque du bac de chromatographie: les deux 
produits ainsi skparis s'oxydent en sel de cobalticinium. 
On note Cgalement une bande jaune qui n'a pas rnigrC. 
Aprks desorption de ces dCrivCs, (dCsorbant acetone + 
MC1) on Cvapore le solvant et les rCsidus sont dissous 
dans trks peu d'eau puis prCcipitCs a 1'Ctat d'hexafluoro- 
phosphate 011 de tktraphenylborate. Les deux bandes qui 
ont n~igrC correspondent aprks oxydetion aux dCrivCs 211 
el 22; celle qui n'a pas hnigre est corisiituee du melange de 
ces detix carr,posCs, elle est dans une proportion d'environ 

60"; et eile resulte de l'oxydation du mClange de 23, 24, 25 
et 16 lors de son etalement sur la plaque chromatog- 
raphique. Ce meiange de 21 et 22 ainsi rCcupCrC est de 
nouveau rCduir par NaBH4 puis chromatographik; 
190pCrztion est rCpCtCe jusqu'8 separation to?& des deux 
isomeres 21 et 22 qui sont recristallisCs dans l'eau. 

Hexafluoropizosphalz de me'thoxycarbo~j~l-1 diint!tlzyl- 
2,!' coba/:icij~iurn 21 pf 95-97 "C. Ar~al. calc. pour 

C14W1602C~PF6: C 40.02, H 3.84; trouvt!: 6 39.89, 
3.81. 

I-Bexca~~iorophospirate de m6thoxycai~bo11yl-I dimPthyl- 
3,t' coba/ticini~im 22 pf 132-134 "C. Anal. calc. pour 

C14H1@2CoPF~: C 40.02, H 3.84; trouvk: 63 40.00, H 
3.82. 
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The tBzrermaBly induced rearrangements of 2-vi~ayloxirane 

ROBERT J, CRAMJFORI?, S T U ~ W T  r%. LUTEXER. AND ROBERT D. COCKCROFT 
Department of Chemrsfry, The Utriuersity of Alberta, Edtxotzron, Alta., Canada T6G 2G2 

R-eceived May 27, 1976 

ROBERT J. CRAWFORD, STUART B. L U T E ~ E R ,  and ROBERT D. COCKCROFT. Can. J. Chem. 54, 
3364 (1976). 

The kinetics of the gas phase thermoiysis of Zvinyloxirane (4) have been studied over the 
temperature range 270-310 "C. The racemization of chiral 4 occurs six times faster than the 
structural ison~erization to 2,3-dihydrofiran, (E)-  and (d)-2-butenai, and 3-butenal. The 
butenals undergo a slow ihermolysis to propene and carbon monoxide. cis-Deuterio- and 
frnr2s-3-deuterio-vhyioxirai1~ have been synthesized and their interconversion is slow. Deu- 
terium kinetic isotope ezects on motzo- and dideurerio-4 suggest that for the formation of the 
kutenals the rate determining step involves rupture of the oxirane C-0 bond. The dihydro- 
furan is produced by thermolysis of the oxirane C-C bond. The preferred mechanistic inter- 
pretatiur, is that a carbon-oxygen diradical serves as an intermediate for butenal formation, 
and that a carbonyi-ylide is involved in the formation of the dihydrofuran. 

Tile relative rates, at  307.4 "C,  of cis-irans-isomerizatim:diI1ydrofuran formation: racemiza- 
tion: butenal formation for 3-dcuterio-2-vinyloxirane are 1.0:0.88:40.2:5.94, respectively. 

ROBERT J. CRAWFORD. STUART B. LUTENER el ROBERT D. COCKCROFT. Can. J. Chem. 54. 
3364 (1976). 

On a CtudiC, B des ten~pCratures ai!ant de 270-310 'C, la cinktique de ia thermolyse en phase 
gazeuse du vinyl-2 oxiranne (4). La racCrnisation du composk 4 chiral se pioduib 6 fois plus 
rapidemnt que I'isorn6risation de structure en dihydro-2,3 furanne, en butkne-2 als ( E )  et ( Z )  
el en Sutkne-3 al. Les butenais subissent !me therinolybe lente conduisant au propkne et au 
monoxyde de carbone. On a aussi syntbCtisC les deutCrio-3 vinyloxirannes cis et trans et !cur 
interconversion est lente. Ees effets isotopiques cinktiques du deuterium sur les motlo- et diderlririo 
4 suggkrent que, pour la formation des butknals, I'etape dCtermiriant la vitesse de la rCaction 
irnplique la rupture du lien C--0 de l'oxiranne. Le dihydrofuranne se produit par thermolyse 
du lien C-C de i'oxiranne. L9interprCtation mkcanistique prCf6rCe implique qu'il y a formation 
d'un diradical carbone-oxygkne comnle interinkdiaire pour la formation des butenais et qu'un 
carbonyl-yfide est irnplique dans la formation de la dihydrofuranne. 

kes vitesses relatives, B 307.4 "C, pour I'isomCrisation cis-tratzs: la formation de dilvdro- 
hranne: la rackmisation: la formation de butenal B partir du de~lterio-3 vinyl-2 oxiranne sont 
respectivement de 1.0:0.88 :40.2:5.94. 

[Traduit par le journal] 

Thermal isomerizarions of strajned cyclic 
systerrls have been extensively studied in an efEort 
to elucidate the aechanistic details of bond- 
dervage processes (for reviews see ref. I). The 
thermolysis of cyclopropane and its scbstituted 
derivatives has been the focus of considerable 
attention and has resulted in the identification of 

onance interactions with the non-bonded elec- 
tron pair on oxygen. These caiculations suggested 
that the most stable intermediate is that formed 
by carbon-carbon bond cleavage of the oxirane 
ring of 1 to give the carbonyl-ylide 2 and that the 
preferred mode of ring opening is conrotatory. 
Experimentally oxiranes have been the subject of 
frcqiient studies ( 4 )  and when resonance stabiliz- 

str~ctura!, geometrical, and optical isornerization 
processes (2) .  The trimethylene diiadicai, first o+ - 
proposed as asn intermediate by Chambers and 20 2b 2c  
Kistiakowsky (31, has frequently been the subject 
of experimental tests (2 ,  4), and of extensive 
theoretical studies (5). Hoti-mann ( 5 ~ )  bas sug- 

I 
gested that an a~.aiogous biradical-like species 
exists for ihe oxirane system and that this inter- .? .* 
mediate would be stabilized by virtue of res- 3a 3b 
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CRAWFORD ET Ai. 3365 

iing groups are placed on the ring the carbonyl- 
yllde has been observed directly as an inter- 
mediate of both therma! (7) and photochemical 
processes (8). The preferred mode of ring opening 
has been observed to be conrotatory in therma! 
processes (9). The oxiranes which do not have 
groups capable of stabilizing the carbonyl-ylide 
generally show an alternative mode 016 riag 
ogeiling, that of carbon-oxygen bond cleavage. 
Whiie this mode has been necessary to rationalize 
many of the products it is not clear that a carbon- 
oxygen diradical 3a similar to the trimethylene 
dir~dica.1 is prodxed as a discrete intermediate, 
and whether 3b is a possible contributing struc- 
ture. This same question has been posed by 
Yankee and Cram (10) with respect to the 
homolytic and, or heterolytic opening of cycio- 
propanes. Evidence from their work indicates the 
awitteriori and the diradica! are species which 
behave in a different manner from one another. 
In only a few of the systems studied (6) has this 
thermal carbon-oxygen cleavage appeared to be 
competitive with that of carbon-carbon cleavage. 
Flowers arid cs-workers have evailiated the role 
of these twc modes of ring opening for 2,2,3,3- 
tetrarnethyioxirane (6a) and cis- and trans-2,3- 
dimethyloxiraze (60). Our earlier studies with 
2,3-divinyloxirane (1 l )  demonstrate that product 
studies alone are not an adequate means of 
assessing the rate of carbon-carbon ring cleavage 
because of the facile reversible ring-closure from 
"Le carbonyl-ylide intermediate 2. Oxirane race- 
mization studles give a better appraisal of the 
true case of carbon-carbon bond cleavage. 

To study the ring-opecing of oxiranes with 
carbon-carbo~r bond cleavage competitive with 
that of carboiv-oxygen bond cleavage we have 
chosen to examine the rates of racemisation and 
structural isornerization of 2-vicyisxirane alo.ng 
with some of its deiiterated isomers. 

Results 
(i) Synrhesis 

Chiral2-vrnyloxirane (a), optically pure and of 
known absolute configuration, was synthesized 
f ro~n  the isopropyiidene derivative of D-glycer- 
aldehyde, which was arepiired from commercially 
available D-mannitsl (l2), as ootlined in Scheme 
1 .  The synthesis of 2-tfinyloxzrane-3,3-d2 (5) from 
methyl-2-hydroxy-3-butenoate by lithium a!u- 
minum deuter~de reduction is outlined in Scheme 
2. Tbe preparation of cis- and trans-3-deu"Lrio-2- 

virryloxirarie (6 and 7) was achieved by the 
methcds outlined in Scheme 3. The oxiranes were 
p~r,ified by preparatiw gas chromatography and 
their soeations arid proton n~agnetic resonance 
spectra are recorded iri the experin~eniai section. 

{iz) Therrno/y~u-gr ncJLic~ Srlcdrr, 
Prehm~nary prod;-c: studies were cairxd oiii 

using sealed, degassed. dnpoules. A non-con- 
densable product I-- 196 'e') was q~iantltativ-11 : measured and ldcntlEed ah carbon n,onou~de i?y 

the use of high resfiiut:on nrlass "ptctrometry. 
T5e quant lq  produced aaried from 2 to 14% 
from samples h a t e d  in apparei~rly   den tical 
tubes at  239 "C fcr I00 min (2577, the~rcolys~s el' 
4). 111 the sarne inaxiner propme (n3t  eonden- 
sable at -78 " C )  w>s nsolated ai3J ~dentafied The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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conder?sable products were isciated and purified 
by prepsrative gas chromatograp?-(y (gc). They 
were uharacteriz-d by comparison of their 
spectral properties arid gc reteation times with 
those of a:ltherztic ccrnpounds. Thus the thermol- 
ysis ~ i '  \~inyioxirante (4.3 was shown t o  produce 

$0 H E  

,, 7 3- rd~i~y'drohrac -.i (P), 3-liu"b~ai (91, (E)-2-b!satena! 
(LO), and (Z)-2-5iiicnaI (11) along with the afore- 
mentioned non-condensaS?e gases. The latter 
materials were clyan!y se~asa ted  by gc on a 
18 fi X XB:/8 In. i.d, lo';', P,~'-,-4xj~dipropionitrile 
colxmn am $9- 100 nmesfl hi&-performance 
Ckromossrb "WAW'DMCS support. This ap- 
pears to be the Rrs t  time t h a t  the n n r  spectra, of 
rrlative?y high prtripy, of 9 asid 11 have been -. 

obtained. Careful examinations of the gc re- 
tention times and thermal stabilities of such 
materials as 2,5-dihydrofuran and cyclopropane- 
carboxyaldehyde (possible isomerization prod- 
ucts) allow us to  say that, if produced, they 
are but minor products (< 0. I Yc). 

Quantitative experiments were conducted in a 
1 Iitse static pyrex vessel a t  307 O C .  The vessel 
needed to  be conditioned to obtain reproducible 
kinetic data. On conditioning the product pro- 
portions changed; whereas upon admission of air 
t o  the system erratic kinetic data were again 
produced. The proportions of the thermo- 
dynamically less stable 3-butenal and (%)-2- 
butenal were greater than those of (E)-2-butenal 
in the non-conditioned vessel, the opposite is true 
of the conditioned vessel (see Figs. 1 and 2). Sur- 
face catalysis of oxirane tbermolysis has been 
noted by severai other workers (6). The surprising 
feature here is that what appears to be the 
kineticaliy generated produce proportions are 
being observed under conditions which render 
erratic arid catal-yzed rate data, whereas when 
our kinetic data are highly reproducible the 

TIME { m i n  1 
F~G.  1. Product distribution for the thermolysis, at 

307.4 "C,  of vinytoxirane (4) in a well conditioned vessel: 
A (E)-2-butena!. 9 propene f carbon monoxide. V 
(Z)-2-butenal, 3-butena!, and @, 2,3-dihydrofuran. 
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displayed only two distinct deuterium signals 2.3 
ppm downfield (C-l-D) acd 4.2 ppm upfield 
(C-2-01, from the reference deureriochloroform, 
in the ratio 57:43. 

A comparison of the nmr spectra of deuterated 
10 and 11 from 4 indicates that only deuterium is 
located at  the C-l aldehyde position, as evidenced 
by the absence of the aldehyde signals at  6 9.42 
and 10.04. A reduction in intensity of both the 
C-2 olefinic and G-4 methyl signals is apparent 
suggesting deuterium at both positions. These 
conclusions were confirmed by an examination 
of the 2H nmr spectra which display three distinct 
signals for each 2-butenal isomer. The 100 MHz 
lH nmr spectrum of recovered 2-vinyloxirane 
was unchanged from that of the starting material. 
Thus the deuterium distribution in the produces 
may be summarized as: 

n P 

20 40 60 80 100 120 140 160 

TliViE ( m ~ n  ) 

FIG. 2. Product distribution for the thermolysis, at 
303.4 "C, of vinyloxirane with a trace of air added. For 

o v C H 2 D ( H )  

key see Fig. 1. D(W) WHS 

product proportions more closely resemble those 
of thermodynamic control. Oniy the product 
proportions change, the same products being 
obtained from both the cond~tioned and un- 
conditioned vessels. 

After thermolysis of the 2-vlnyloxirane-3,3-4 
(5) the products were separated by preparative gc 
and their 100 MHz l H d  nrnr spectra obtained. 
Inspection of the nmr spectrum obtained from 
the 2,3-dihydrofuran produced by thermolysis of 
5 reveals the absence of the C-2 triplet at  8 4.2 
and the simplification of the C-3 multiplet 
(6 2.4), which is consistent with the location of 
both deuterium atoms at C-2. The spectrum of 
the 3-butenal produced indicates the absence of 
the C-l aldehyde signal ( 6  9.8) and a considerable 
decrease in the C-2 methylene signals intensity, 
consistent with a deuterium migration to C-2. 
The two vinyl signals at  6 5.2 and 5.9 are in the 
approximate intensity ratio of I :% suggesting 
that deuterium is not present at  C-3 and C-4. 
These conclusions were confirmed by inspection 
of the corresponding 13.81 MHz deuterium 
magnetic resonance (% nmr) spectrum which 

A significant feature discernable from the lH-% nrnr 
spectra is the fact that some deuterium has been 
lost from the 2 position of the 3-butenal produced 
from 5, i.e., the ratio of deuterium at C-l to that 
at  C-2 is 1.00 to 0.73. The feasibility of a surface 
catalyzed exchange process was established by a 
control experiment. When 2-vinyloxirane was 
allowed to undergo therrnolysis In a reaction, 
vessel, which had been pretreated with D209 a 
small amount (approximately 3 7 3 ,  as detected 
by high resolution mass spectrometry, of deute- 
rium was incorporated into the 2-butenah pra- 
duced. The reactant recovered had no deuterium 
incorporated. Ht seems probable that a slow 
tautomerism is occurring on the vessel's surface. 

The similarity of the deuterium distribution in 
the 2-butenals and 3-butenal produced from 6 
and '7 (see Table 8 )  suggests that there is no 
stereochemical preference for the mode of 
hydrogen migration. The butenal anlalyses were 
obtained on the products of runs carried to two 
half-lives at  307.4 "C. Inspection of the protons 
nmr of the recovered 2-vlnyloxirane indicated 
9% cis-trans isomerization. Thus the inter- 
conversion of 6 and 7 is too slow to account for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 54, 1976 

TAELE 1 .  The fraction of deuterium label observed, by 1 t P  and 2H nmr, at 
each position of the butena!~ produced from the thermolysis of 

5, 6, and 4 at  307.4 "C (190 min) 
- - 

Mole fraction of molecules having 19 a t  

Reactant Product @I C2 @3 C4 

"Tne absence of a pmr srgnal at  6 9 62 suggests only D at  C1 
hSarnples of (2)-2-butenai had tsomerlzed to, and were ~ d e n t ~ w i  filth, (El-2-butenal upon standlng 

In the nmr tube 

the comparable product distr~bution, and we 
conclude that the isomerization of hydrogen, or 
deuterium, is essentially independent of its 
original stereochemistry at  C-3. Due to the 
subsequent thermolysis of the butenals to carbon 
monoxide and propene we are not able to 
accurately determine isotope effects for the 
migration step 

jiii) Kinetic Dnfu 
Kinetic data for the thermolysis processes 

were obtained from a well condit~oned Pyrex 
vessel (1 litre) over the range 292 to 312 O C  
with the temperature controlled to better than 
+ 8. I "G, Dimethoxyethane was chosen as an - 
internal standard as lt has a convenient gc 
retention time between that of 3-butenal and the 
2-butenal and is thermally stable under the con- 
ditions of the reaction. Reactant samples were 
prepared by degassing a mixture of 2-vinyl- 
oxirane (140 mg) and freshly purified anhydrous 
1,2-dimethoxyethax (130 mg) in a breakseal. 
The samples were warmed to  10O0C and ex- 
panded into the reaction vessel through the inlet 
system. The thermolysis was followed by period- 
ically expanding an aliquot onto the vacuum line 
and analyzing the product on a gc system that 
was connected directly to the vacuum line. The 
product composition was determined by elec- 
tronic integration of the thermal conductivity 
detector response. Reproducible data were ob- 
tained only after the reaction vessel had been 
'aged' by treatment with light hydrocarbon 
(Skelly B) at  350 OC followed by two treatments 
with hexamethyldisilazane at 300 '6. Traces of 

oxygen rapidly destroyed the surface condition 
as has been noted by others (6). 

The rate constants for the disappearance of 2- 
vinyloxirane along with the probable errors (13) 
and activation parameters are listed in Table 2. 

The results of the product composition studies 
indicated that the 2,3-dihydrofuran warranted 
further investigation. For a compound reacting 
by simultaneous first-order processes we can 
write: 

k 2 
A - C  

and 

= knCAI 
where 

and thus 
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TABLE 2. Kinetic data for the rate of thermolysis of 2-vlnyloxlrane at 0.15 ntrn 
inlt~al pressure 

-- -- 
No. of 

Temperature (OC) runs kt x 105 (s-Q Act~vat~on parameters 

292.70 4 4.1810.13 Ea = 47.8rt1.1 kcalnol-I 
294.52 7 6 .15k0.21 log A = 14.1 1 0 . 8  
302.16 6 8 .38k0.26 ~ M * = 4 6 . 7 + 1 . l k c a l m o l - 1  
307.40 8 12.42k0.15 = +4? t 3 e u  
312.50 9 17.7 k 0 . 3  

TABLE 3. Kinetic data for the rate of formation of 2,3-dihydrofuran (8) at 
0.15 atm from 2-vinyloxirane 

No. of 
Temperature ("C) runs k8 X 105 (5') Activation parameters 

292.70 4 0 .60k0.03 E, = 50 .6k i .2kca lmol -~  
297.52 5 0 . 9 5 i 0 . 0 3  log A = 14.3k0.9  
302.16 5 1 .32 t0 .10  AH* = 4 9 . 5 i l . 2 k c a l m o l - ~  
307.40 5 1.88 f 0.05 AS*300 = +5.2+3 eu 
312.50 5 2.8210.12 

TABLE 4. Kinetic data for the observed deuterium isotope effects on the 
thermolysis of Zvinyloxiranes (4, 5, 6, and 7) at 307.40 "C 

No. of 6AG*/nd 
Oxirane runs kobs X 104 (s-') ~ E I / ~ D ~  (cal mol-'1 

@Not corrected for isotopic purity (see experimental section). 
bError at  the 90% confidence level. 
CCorrected isotopic purity using the expression k,b, = foko + /ikl + fzki wherefo./;, and f2 are the 

mole fractions of do, dl ,  and d?  compounds present and kc, k i ,  and kz are the respective rate constants. 
dWhere n is the number of deuteriuns present in 5 .  6 .  and 7. 

A plot of [B] us. [A] should therefore be linear 
and the slope given by kl/k,. Since an internal 
standard was present in the kinetic runs we can 
equally well construct a plot of IB/IDME us. 
I-&/IDhfE, where I, represents the gc integration 
count for 2,3-dihydrofuran (8) and IDME is the 
integration count for the internal standard di- 
methoxyethane. The slope was determined by 
Least-squares analysis of the data and the values 
of the rate constants for the formation of 8 are 
given in Table 3. 

The deuterated oxiranes 5, 6, and h e r e  also 
subjected to thermolysis at  307.4 "C and their 
rate constants and isotope effects are given in 
Table 4. After correction for isotopic purity the 
isotope effects for 6 and 7 are indistinguishabIe 
a t  the 90% confidence level. 

To  further delineate the mechanism of thermal. 
isomerization of 2-vjnyloxirane a study of the 
racemization of chiral 4 was undertaken. A 
preliminary experiment was conducted at  292.7 
"G in the static system by carrying thermolysis to 
one half-life and then recovering unreacted 
vinyloxirane by preparative gc. The vinyloxirane 
was found to be completely racemic. The race- 
mization process was then studied over the 
temperature range 255 to 275 "C. Aiiquots were 
periodically removed from the reaction system 
and the optical rotation determined in %-pro- 
pan01 in a thermostated 1.00 dm cell. The 
becific rotations were calculated with a cor- 
rection applied for the percentage thermal de- 
composition that had occurred. Preparative gc 
on the sample indicated that the only chiral 
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TABLE 5. Kinetic data for the rate of racemization of (f )-(S)-2-vinyloxirane at  
0.5 atm pressure 

Temperature ("C) k ,  x lo5 (s-I) Activation parameters 

1.97 k0.02 Ea = 44 .220 .7  kcalmol-1 
log A = 1 3 . 5 3 i 0 . 3  

3 .96 i0 .05  BPI* = 4 3 . 1 i 0 . 7  kcalmol-1 
3.92k0.05 AS*,, = 4-2.1 1 1  eu 

8.22+0.06 

material present was the oxirane. The first- 
order rate constants and activation parameters 
for the racemization process are listed in Table 5. 

The cis-trans isomerization of 6 and 7 was 
measured a t  307.4 "C only. After heating a 
sample of 6 to  307.4 "C for 190 min (two half- 
lives for the thermolysis process) the recovered 
oxirane was purified by preparative gc and 
examined by nmr. Integration of the signals a t  
6 2.63 and 2.95 gave a quantitative measure of 
the ratio of 7 and 6 respectively. The rate 
constant k,,, = k,,,, was evaluated by the ex- 
periment 2tk,,, = In (CJc", - C,). The rate 
cordstant k,-, was found to  be 1.7 x s-I at 
307,4 OC and starting from 7 a value of k , ,  was 
found to  be 1.8 X 10-5s-?. Because of the 
extensive thermolysis of the oxirane it was not 
feasible to  carry out the 6 @  7 isomerization 
study over a range of temperatures. The com- 
parative rate data, a t  307.4 "6, for each of the 
iscrnerization processes examined are listed in 
Table 6 .  

Experimental 
AEI b~iIing points are uncorrected. Purifications by 

preparative gc were carried out on a Nester Faust model 
850 Trepkromatic'. The coiumns used were 6 ft  biwall 
tubing packed with 20% @,@I-oxydipropionitrile (ODPN) 
or 20% Carbowax 1500 on Chromcsorb W 30-60 mesh. 
The carrier gas was helium a t  a flow rate of 500 ml min-1. 
The purity of materials was checked using a Varian model 

TABLE 6. Relative rate data, a% 307.4 "C, for the 
reactions of cis-3-deuterio-2-vinyloxil-ane (6) 

Relative 
Reaction k X 1 0 5  (s-1) rate 

-- - 

Thermolysis ( k t )  10.7 5.94 
DihydroEdran formation ( k g )  1.58 0.88 
Racemiation (k , )  9 2 . 4  40.2 
cis Fi trans isomerization (k,) 1.80 1 .O 

aExtrapolated from lower temperatures using the data from 
Table 5, for 4 and essumiilg the isotope effect on racemiat ion to be 
small since a sample of chiral 5, gave a k a / k D  value of I.01 * 0.03. 

1200 gas chromatograph with 6 ft  columns of + in. i d .  
packed with 10'; ODPN or lor; Carbowax 1500 on high 
performance Chromoscrb WAW/DMCS 80-100 mesh. 

The nuclear magnetic resonance (nmr) spectra were 
obtained using a Varian A60 or HA100 spectrometer. The 
proton decoupled deuterium magnetic resonance spectra 
were obtained using a Bruker HFX 100 spectrometer. 

Gas chromatography/mass spectrum analysis was per- 
formed on a Varian 1200 gas chromatograph coupled to 
an A.E.T. IMS 9, and an MS-50. Optical rotations were 
determined using a Perkin-Elmer model 241 polarimeter. 

Microanalyses were performed by the Microanalytical 
Laboratory of the Department of Chemistry, University 
of Alberta. 

Thermolysis Kinetics 
Quantitative rate experiments were conducted in the 

static Pyrex vacuum system constructed as shown in the 
schematic diagram in Fig. 3. The system was equipped 
throughout with Hoke stainless steel diaphragm and 
bellows valves. The reaction vessel consisted of a Pyrex 
flask (1 litre) situated in a well-insulated air bath with fast 
air circulation provided by a high-speed fan located at  the 
bottom of the bath. Main heaters controlled by a Variac 
were used to bring the temperature to about 20 "C below 
the desired temperature, and secondary heaters controlled 
by a Melabs model GTCIA proportional temperature 
controller were used to maintain the desired oven tem- 
perature. The temperature was measured by a five- 
junction ironxonstantan thermocouple which had been 
calibraied against a Hewlett-Packard (HP) model 2801A 
quartz thermometer. The temperature stability of the 
system was monitored by coupling the output of the HP  
mode1 3420B digital voltmeter to a EIP model 7100BM 
strip chart recorder. The long-term stability was better 
than 50.1  "C and was typically i 0 . 0 6  "C. 

The Hoke model 4213Q6U high temperature valves 
(VI, V2) attached to the reaction vessel were located 
inside the oven to eliminate any dead-space effects during 
the sampling procedure. The vacuum manifold valves 
(HI, M2, H3, H4) were Woke model 4251W6U stainless- 
steel bellows valves. The valves utilized for the gc sample 
injection system were quick-action Hoke model C415K 
knife-edge stainless-steel bellows valves. Heating tape was 
applied to the oven inlet system from PI3 to V 1 and main- 
tained at  100 OC. Heating tape was applied to the oven 
outlet system and gc injector system and maintained 
at  75 "6.  

Sample analysis was performed on a 6 ft  column (a in. 
id . )  of 110% ODPN on high-performance 80-100 mesh 
Chromosorb WASI DMCS with a helium gas flow rate of 
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CWAWFORD ET AL. 

FIG. 3. Schematic diagram of the static Pyrex vacuum system used in these experiments. 

25 ml min-1 coupled to a Gowmac model TRl  lB  thermal 
conductivity detector. Gas chromatographic integration 
was performed with a HP  mode1 33708 electronic 
integrator. 

A11 samples for the kinetic runs were prepared from 
materials dried by distillation from calcium hydride, and 
were degassed and transferred to breakseals by standard 
procedures. 

Kitretics of Rucemizution of 2- Vinyloxirane 
A degassed sample (1 g) was introduced into the 

1 litre reaction vessel from a heated inlet system. Recovery 
of residual sample showed that 0.8 g had been introduced 
to give an initial pressure of approximately 0.5 atm. 
Aliquots (-70 mg) were recovered periodically, analyzed 
by gc, and the optical rotation determined in a solution of 
2-propanol using a thermostated I dm cell. The specific 
rotations were calculated with a correction applied from 
the gc analysis. The rate constant (k,) was determined 
using the equation k,t = In ([a], - [a],)/[a]c - [a],). 
Since [a], was observed to be zero a plot of In ([a], /[a](]) 
cs. time gave a straight line. 

4-Chioro- I-butjne-l-d 
4-Chloro-1-butyne (60 g), prepared by the method of 

Roberts and Mazur (141, was dissolved in methyiene 
chloride (200 ml) and repeated exchanges with deuterium 
oxide (50 mi) and barium oxide (53 mg) effected by 
vigorous magnetic stirring for 24 h. Deuterium incor- 
poration was monitored by nrnr integration of an aliquot 
from the methylene chloride layer. After five exchanges 
the alkyne proton was no longer observable in the 
spectrum. The methylene chloride layer was dried over 
3 A molecular sieves and the solvent removed by spinning- 
band distillation. Distillation of the residual liquid gave 
52.7 g (87.8: ;) bp 83-84 'C; IH n m  6 TMS (CDC13) 2.67 
(t, 2H), 3.62 ( t ,  2H) and the absence of the alkyne proton 
resonance observed at  6 2.00 in the reactant. 

(2)-4-Chloro- I-huaene-I-d 
The procedure was adapted from that of Zweife! and 

Brown (15). Dlglyme and boron trlfluoride etherate were 
freshly pur~fied before use. A mlxtbre of dlglyme (150 mi) 
sodium borohyarlde (6.8 g 0.18 mol) and 2-methyl- 

2-butene (33.6 g, 0.48 mol) was stirred and cooled below 
5 '@ in an ice-salt bath. Boron trifluoride etherare 
(33.1 g, 0.24 mol) was added over a period of 2 h at a rate 
such that the reaction temperature was maintained below 
10 'C. The reaction mixture initially became hoil?ogen- 
eous and then a thick white precipitate of the organo- 
borane was produced. After stirring for an additional 
3.5 h the mixture was cooled to 0 'C and a solution of 
4-chloro-I-butyne-1-d (17.7 g 0.2 mol) in diglynle (20 ml) 
was added as rapidly as possible while controlling the 
reaction temperature below 5 'C .  The reaciion mixture 
was stirred overnight and allowed to warm to room 
temperature. After cooling to 0 'C glacial acetic acid 
(100 ml) was added at a rate such that the reaction mix- 
ture was maintained belosv 5 C .  After stirring an addi- 
tional 5 h at room temperature the mixture was added to 
ice-cold water (1500 mi) and extracted with methylene 
chloride (4 X 200 m!). The combined extracts were 
washed with cold sodium hydroxide soIution then with 
saturated sodium chloride solution until neutral and dried 
over calcium sulfate. The methylene chloride was re- 
moved by spinning-band distillation and the residual 
liquid fractionated to give 6.7 g (36.6%) bp 69-70 '63/700 
torr; !H nrnr 6 TMS (CDC13) 2.5 (q, 2H), 3.56 (t, 2Hj, 6.0 
(m, 1M) and 5.05 (d, 1H). 

cis-2-p-Chloroethji-3-deuterio-oxirane 
(Z)-4-Chloro-1-butene-1-d (6.3 g 0.069 mol) was dis- 

solved in methylene chloride (150 mi) and me?a-chloro- 
perbenzoic acid (22 g, 0.127 mol) was added in portions 
over a period of 0.5 h at room temperature. After stirring 
overnight the mixture was filtered to remove the pre- 
cipitated rneia-ch1o:obenzoic acid and then distilled at  
room temperature under reduced pressure. The distillate 
was fractionated through a Vigrraux column to remove 
the bulk of the methy!ene chloride and the residua! liquid 
fractionated to give 6.14 g (89.5Ci) bp 56-58 'C/28 torr; 
lM nmr 6 TMS (CDCI)  1.82 (q, 2H), 2.58 (d, LK), 2.88 
(q, 1H) and 3.57 (t, 2H3. 

cis-3-Deuterio-2-ci11~ioxirutze (6) 
The procedure was essentially that devised by Reppe 

(29). A mixture of cis-2-~-clzioroe?hyl-3-deuteriooxirane 
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(2.13 g. Q.02 mol) and fiaelji powdered potassiurn hy- 
droxide (5,6 g, 0.1 molj ivai graduaiIy heated to 100 "C 
and tile disiiilats coilected in a cooled receiver (1.49 g, 
1005;). Final purification was acccrnp!ished by prepara- 
tive gc on 2074 OB,P'-ox;jdipropior~itrile (ODPM) on 
Chro:i~osorb W at 40 ' C ;  'H n m  6 TMS (CDC13): 2.84 
(d, IHj, 3.20 (q, IM) and the vioyi group resonance as a 
mukiplet 5.613-5.7 (JH). Careful integration of the 
spectrum indicated 3.27' protiun~ st the labelled position. 

1-+)-is)-f)-isoprop)~iide~iee3- bufer~-i',2-&oI 
A solution of nlethyiene triphenylpkosphorane in ben- 

zene was prepared using the method of Scl~losser et a/. 
(16). -4 solution of isopropylidene D-glyceraidehyde 
(18.3 g, 0.14. mol) prepared by the method of Baer and 
Fischer (12) was dissolved in benzene (50 ml) and added 
dropwise over I h. The reaction temperature was held 
&low 10 "C by external cooling. After a further 1 h the 
excess ylide was destroyed by the addition of a solution of 
acetone in benzene unti! the reaction mixture was essen- 
tially colourless. The reaction mixture was filtered and the 
benzene removed by distillation through a Vigreaux col- 
unm. The residual oil was diluted with hexane (1000 ml), 
~ t i r red  vigorously, and then filtered to remove the pre- 
cipitated triphenylphosphine oxide. The filtrate was 
washed with water and dried over 4 A molecular sieves. 
The solution was distilled through a Vigreaux column to 
remove benzene and hexane and the residue distilled 
under reduced pressure to give 10.5 g (59.55) bp 50- 
52 "C/50 torr. An anaiytical sample was purified by 
preparative gc on ODPN. And.  calcd. for C 7 H 1 2 0 2 :  

C 65.57, W 9.44; found: C 65.39, H 9.43. [nj5s924 + 
30.95; [n]jh:'4 i105.7;  (9.8 g i l00 ml, 2-propanol); 'II 
nmr 6 TMS (CDCl,) 1.57 (s, 3H), 1.60 (s, 2H), 3.58 
(t, IK), 4.1 (q, IH), 4.5 (q, IFI), 5.1-6.2 (m, 3H). 

(-)-(S)-3-Buten-i,2-dioi 
The procedure was analogous to that of Meric and 

Vigneron (173. Dilute hydrochloric acid (3  N, 25 ml) was 
added to a solution of isopropylidene-3-buten-I,Zdiol 
(10.0 g) in 985; ethanol (1 15 m!), and the mixture refluxed 
for 1 h. It was then cooled and the excess acid neutralized 
by careful addition of soiid sodium bicarbonate. The 
mixture was filtered and the precipitate washed with 
fcesh ethanol (200 ml). The filtrate was evaporated under 
reduced pressure to give a viscous oil together with some 
inorganic salts. This product was dissolved in methanol 
(50 mi), and ether (250 mi) gradually added with vigorous 
stirring. The mixtiire was filtered to remove the pre- 
cipitated iaorganic salts and the filtrate was evaporated 
to give a clear, pale yellow oil. Residual water was re- 
moved by azeotropic distillation with benzene. The com- 
bined yield of dio! from four of the above runs was 21 g. 
Distillation under reduced pressure gave 20.4g, bp 
58-50 "G/2 torr: [n.15s922 -43.6; [a]36522 - 152.8; (4.62 
g/100 ml, 2propanolj. 

To check for any rat.-mization during the cleavage of 
the isopropylidene group, a sample of the diol was recon- 
verted to the isopropylidene derivative by treatment with 
2,2-dime1hoxypiopane in the presence of a catalytic 
quantity of pholuenesulfonic acid. The product was 
purified by preparative gc on ODPN and the rotation 
measured: [* ]58922  +i9.65 ; [a]3s522 + 100.80; (6.32 g/  
I00 mi, 2-propanol). it  was tilus concluded that less than 

rracemizaiion had occurred during the cIeavage of the 
isopropylidene group. 

j+j-jS;b?- Vii?jloxirune ('4) 
A solution of (S)-3-buten-1,2-did (2.20 g, 0.025 mo!, 

[~~]~~~?"-113.6)  in dry pqridine (25 mP) was stirred and 
cooled below 5 "C. Freshly recrystallized p-tol~enesul- 
fonyl chloride (5.25 g, 0.028 mol) was added over 10 min 
and ths mixture stir-red 18 h at 5 "C. The reaction 
mixture was poured into ice-cold wa.ter (125 mi) and 
extracted with several portions of ether. The combined 
ether extracts were washed with ice-cold hydrochloric 
acid (3 N) until the washes remained acidic. The ether 
extracts were then washed with sat~irated sodium bicar- 
bonate solution, f o l l o ~ e d  by a saturated sodium chloride 
solution and dried over anhydrous sodium sulfate. 
Evaporation of the ether at  room temperature gave a 
colourless oil 5.72 g (96";) which rapidly crystallized. 
Finely powdered potassium hydroxide (8 g) was added to 
the monotosylate thus prepared and the mixture gradu- 
ally warmed in an oii bath to 100-110 "C. The distillate 
was collected in a cooled receiver. From several runs, the 
yield averaged 1-1.5 g of 2-vinyloxirane containing a small 
amount of ether and water. The 2-vinyloxirane was 
I'ilrther purified by preparative gc on ODPN a t  40 "C:  
[ ~ u ] ~ ~ ~ 2 3  f8.306; [ ~ t ] ~ ~ ~ ~ 5  +45.883; (6.959 g/100 ml, 2- 
propanol). 

3-Buten-1,2-dioi-!,I-& 
Lithium aluminum deuteride (5.0 g, 0.12 mol, Ventron 

98.59;) was added to freshly dried ether (350 ml) under a 
nitrogen atmosphere, and the mixture cooled in ice. A 
solution of methyl 2-hydroxy-3-b~atenoate (17.5 g 0.15 
moi) in dry ether (50 mi) was added dropwise over 1 h, 
and the reaction mixture stirred an additional 40 h at  
room temperature. Ether (I00 ml, saturated with water) 
was then added dropwise, followed by a saturated solu- 
tion of sodium potassium tartrate in water. The ether 
layer was separated and the aqueous layer subjected to 
continuous extraction with ether for 3 days. The com- 
bined ether extracts were evaporated and the residual oil 
azeotroped with benzene to remove any residual water. 
The residual oil was then distilled under reduced pressure 
to give 9.9 g (73';;) bp 65-68 "C/Z torr. 

2- Vinj/oxirane-3,3-d~ 
The procedure was that described above for the con- 

version of (-)-(§)-3-buten-1,2-diol to (+)-(3-2-vinyl- 
oxirane. The nmr S TMS (CDC13) 3.35 (i, IH), 5.2-5.8 
(m, 3H). The deuterium incorporation was found lo  have 
1.5% protium at C-3 by nmr. 

(E)-4-Chloro-I-bufeile-i-d 
The procedure was essentially that previously described 

for the conversion of 4-chloro-1-butyne-1-d to (Z>4 
chloro-I-butene-1-d. 4Chloro-1-butyne was treated with 
diisoarnylborane followed by protonolysis with deuterio- 
acetic acid. The deuterioacetic acid was prepared by 
treatment of acetic anhydride with deuterium oxide 
according to the procedure of Roberts and Mazur (14). 
Tile product was purified by spinning-band distillation to 
give a 47.5C; yield cf (E)-4-chioro-1-butene-1-d; 'PI nmr 
s TMS (CDG1,) 2.5 (q, 2W). 3.55 /t: 2H), 5.5-6.2 (m, 1M) 
and 5.1 (d, 1H). 
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trans-2-P-Chlouoet!i~~l-3-deuterio-oxirane 
The synthetic procedure was the same as that previousIy 

described for the epoxidation of IZ)-4-chloro-"ibutene- 
1-d. The product was distilled under reduced pressure to 
give a 58% yield of trz!ns-2-8-chloroethyl-3-deuterio- 
cxirane; LPI nmr 8 TMS (CDC13) 2.0 (q, 2H), 3.65 
(t, 2H), 2.53 (d, 1H) and 3.05 (m, 1M). 

trans-3-Deu!erio-2-uii1:~Ioxirnne 47) 
The synthetic procedure was that previously described 

for the cocversion of cis-2-p-chloroethyl-3-deuterio- 
oxirane to cis-3-deuterio-2-vinyioxirane. The product 
(91%) was purified by preparative gc on ODPIV at 40 ' G ;  
'Zi nmr 6 TMS (CDC13) 2.50 (d with fine splitting, IH), 
3 2 0  (m, lH), and the vinyl group resonance as a mul- 
tipiet 5.05-5.7 (3M). The quartet centered 6 2.81 was 
attributed to the presence of undeuterated 2-vinyloxirane. 
Careful integration of the 1H nmr spectrum indicated that 
the product was a mixture of trans-3-deuterio-2-vinyl- 
oxirane (81.472) and non-deuterated Zvinyloxirane 
(18.6%). 

(-)-(R)-2- Vlnyloxirane 
This oxirane was prepared by partial asymmetric 

destruction of 2-vinyioxirane with di-3-pinanylborane by 
adaption of the procedure of Brown and Zweifel (18). A 
mixture of sodium borohydride (0.165 g, 0.0044mol), 
(+)-a-pinene (1.36 g, 0.01 moll Aldrich, a, +43.5", 
neat), and diglyme (10 ml) was stirred and cooled under a 
nitrogen atmosphere in an ice bath. Boron trifluoride 
etherate (0.71 g, 0.005 mol) was added dropwise over 
0.5 h at such a rate that the reaction temperature was 
maintained below 5 "C. After stirring for 4 h (below 
-5 "C) the resulting white suspension was cooled to 
-30°C and vinyloxirane (0.70, 0.01 mol) was added 
rapidly. The mixture was maintained at -10 "C for 
1.5 h and then water (0.5 mi) added to quench the reac- 
tion. I t  was then distilied at 0 "C under reduced pressure 
into a cooled receiver (acetone-CO2), and the water layer 
separated from the distillate. The oxirane was purified by 
preparative gc on a 6 ft Carbowax 1500 column at 40 OC 
to give 0.246 g (347;) of (-)-(R)-2-vinyloxirane: [a]58925 
-0.675, [a]36525 -5.040 (4.444 g/100 ml, Zpropanol). 
The optical purity was estimated to be about 953 based on 
the (+)-(S)-2-vinyioxirane obtained by synthesis from 
D-mannitol. 

(-)-(R)-2- Yinyloxirane-3,3-d2 
This compound was prepared by the partial asymmetric 

destruction of 2-vinyloxirane-3.3-d2 by the procedure 
previously described above for Zvinyloxirane. Purifica- 
tion by preparative gc on Carbowax 1500 at 40 "C gave 
0.3 13 g (43.57,) of ( -)-(R)-2-vinyloxirane-3,w: [a]58925 
-0.977, [a]36525 -5.752 (3.686 g/100 mi, 2-propanol). 

zation and not diastereornerization. This is best 
rationalized in terns of the formation of a 
carbonyl-yljde, e.g., 12, and reclosure, It is sug- 
gested that this proceeds in a conrotatory fashion 
(91, however, ai l  that is required in this case is 
that the same mode of synchronous rotation is 
used f ~ r  the reclosing as for the opening. The 
data from Table 5 indicate that the activation 
enthalpy for this process (k,) AH* is +43.1 t 
0.7 kcal mol-I, the small value for AS*, 1 2 . 1  eu, 
is reasonable since the activation process in- 
volves not only the breaking of the C-2 to C-3 
bond, a process expected to give a positive AS+ 
term, but involves the loss of rotation about the 
C-2-vinyl bond for the allylic resonance. This 
type of cleavage for oxiranes has been observed 
before and is well documented (7-1 1). 

Thern~olysis of the Oxirane C-0 Bond 
It is clear that products such as 9, 10, and 11 

result from the cleavage of the 0-C-2 bond. 
That a diradical such as 13 may be implicated 
comes from a consideration of the deuterium 
distribution in the products of therrnolysis of 
6 and 4. Table 1 indicates that the deuterium 

distribution in the products is the same for both 
the cis- and trans-deuterated oxirane, an observa- 
tion which is best accommodated by a stage 
along the reaction coordinate wherein the two 
reactants converge, and cannot be readily 
accounted for by a shift of H or D concerted 
with ring opening, e.g., 

Discussion The observed deuterium kinetic isotope effects 
Thermoly~is o j  the Oxirane CC Bond on the formation of butenals (Table 4) are small 

The most facile reaction of 2-vinyloxirane is when considered in terms of the traditional 
the racemization process observed when chira! primary deuterium kinetic isotope effects where- 
oxirane is used. The fact that this proceeds ?% in a C-H stretching mode is part of the reaction 
times faster than the interconversion of 6 to 7 coordinate (19). It has been suggested (20) that a 
indicates that the process involves enantiomeri- reduced value of the isotope effect would be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 54. 1046 

TABLE 7. isotope effects for reactions having non-linear activated complexesn 
--- 

6AG' 
Reaction k,/k, T ("C)  (cal moI-l) 

UTaken from ref. 20 
bThis work. 

TABLE 8. Infrared frequencies used to calcuiate the isotope effects for oxirane 
ring opening and hydrogen (deuterium) migration 

Mode C2W40(22) C2D40(22) GH1zN4(23) CsDj2NA23) 

CH stretch (A) 3079 2317 2955 2288 
CH stretch (S) 3019 2174 2990 21 10 
CH2 deformation 1490 1013 1455 1120 
IF:! wag 1420 970 1370 1095 
E tw~st 1143 896 1325 1000 
FZ rock 821 577 850 670 

expected for a reaction proceeding via a non- 
linear activated complex, such as that for hydrs- 
gen migration in a pinacol rearrangement. The 
free energy change for the 2-vinyloxirane- 
butenal interconversion is given in Table 7 along 
with those of other hydrogen migration proces- 
ses. While the value of 6AG* is small it is in fact 
larger than that normally observed for secondary 
deuterium isotope effects (24). A possible unique 
source of secondary deuterium isotope effects is 
that which would be observed by the changes in 
vibrational frequencies for the methyiene group 
on going from the strained oxirane ring system 
to that of the putative diradical13. An estimation 
of the magnitude of this effect was made by 
using the infrared vibrational frequencies of 
ethylene oxide and ethylene oxide-& (22) and 

for the respective methylene groups we obtain a 
value of 93 cm-6 This gives a free energy dif- 
ference of 133 cal mol-I such that k,k, = 1.12 
for the initial ring opening at  307 O C .  

If the rate determining transition state is the 
migration of a hydrogen, or deuterium, in a 
manner analogous to a twisting of the methylene, 
as in 84, then the reaction coordinate corresponds 
to the E twist mode and 6AW = 325 cm-I 
giving a free energy difference of 465 cal mol-I 
and a value of k,,/k, = 1.50 for butenal forma- 
tion at 303 "C. 

1 ,7zz 

co&paring them with {he methyiene ,&up of 
hexamethylenetetramine and hexamethylenetet- The mechanism for formation must fit 
ramine-d,2 (23). ~h~ latter was chosen because the following mechanistic constraints: (a) cis- 

the methylene group is located between atoms of trans isomerization of the deuterated oxiranes is 

electronegativity greater than tetrahedral carbon. than formation; (b) a 
The relevant frequencies are given in Table 8. If d&"tedium effect, bigger than lhat of a 

we consider the sum 6A W given by: secondary nature, is observed for the formation 
of butenass; (c) that both 6 and 4 give rise to 

SAW = [C W(C2H40) - C W(C2D40>] comparable deuterium labelling patterns in the 
- kY(C6HI2N.a) - W(C6DlaN4)l butesal products such as to imply the stereo- 
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FIG. 4. Reaction coordinate wherein a C,O-diradical is 
a post transition state intermediate which displays an 
isotope effect for H us. D migration. 

chemical equivalence of the rnethylene hydrogens 
(deuteriums) along the reaction coordinate. 

These constraints can be accolnrnodated by a 
reaction scheme involving the putative diradical 
13 as a post-transition state intermediate on the 
reaction coordinate as depicted in Fig. 4. lit can 
be shown that a deuterium isotope effect in the 
second step of the reaction would be observed in 
the overall kinetics. If we consider the data for 
the thermolysis of 6 then we can obtain an 
estimate of the difference in height of the free- 
energy barriers (6A6', Fig. 4) for the forward 
and reverse processes. df the reverse reaction is 
responsible for the cis-trans isomerization (k ,  = 

1.80 X s-l, at 303.4 "C,  see Table 6) and it is 
compared with the value for the rate of butenal 
formation (kt  - k8 = 9.112 X then 
6AG+ of Fig. 4 may be calculated as RT In 
i(9.12 X lQ-5)/'(2 X 1.8 X 10-s)] or 1.07 kcal 
mol-l. The factor of two is included since the 
molecules returning from 13 + 6 have an equal 
probability of becoming '9. Thus for every 103 
molecules of 6 per unit time being converted to 
13 we have 715 proceeding lo product and 285 
reverting to 6 + 7. Upon going to the dideuterio 
oxirane 5 we would expect the rate of production 
of 13 to drop s!ightly, because of the ring opening 
isotope effect, i.e., to 949 molecules of 6 per unit 
time, and the number reaching the product stage 
to  decrease by 1.17/1.28 to 653. For the non- 
deuterated oxirane 4 the initial barrier would de- 
crease in such a manner as to produce 1063 
molecules of 13 per unit time and the number 
reaching the product stage would similarly in- 
crease by 1.17/I.00 times that of 6 or 836 
molecules per unit time. Such a scheme is 
completely compatible with the rate data of 

'The secondary deuterium kinetic isotope effects for 
dihydrofuran formation from 5 and 6 were observed to 
be 1.30 and 1.18 respectively. 

Table 6 and the kinetic isotope effect data of 
Table 4. 

The experimental results presented are best 
interpreted in terms of a carbon-oxygen diradical 
intermediate, but the cis-trans isomerization of 
the 3-deuterio-2-vinyloxiranes could equally well 
be occurring from a carbonyl-ylide, e.g., 12, and 
not upon the reaction coordinate to butenal 
formation. If such is the case then the rate- 
determining transition state would be the same 
as suggested in our reaction model, but it is 
difficult to understand why cis-trans isomeriza- 
tion is not faster than observed. For these 
reasons we prefer the diradical 13 as an inter- 
mediate in the formation of butenals. 

The Thermochemist~y of Formation of 12 and 13 
The heats of formation of the reactant 4 

(+2.6 kcal rnol-I) and the intermediates 12 
(+42.9 kcal mol-') and 13 j+46.5 kcal mol-1) 
can be estimated by group additivities (24). The 
heats of formation of the transition states leading 
to these species are 4-45.7 and +49.1 kcal mol-I 
respectively (estimated error i. 2 kcal mol-I). It 
can be seen that the group additivities give a 
reasonable estimate for the heat of formation of 
the putative diradical 13. The data used to 
estimate the heat of formation of 12 make use of 
the heat of formation of CH30CH2. from 
09Neal and Benson (25), and do not allow for the 
resonance contributions 2b and 2c described in 
the Introduction, which would be expected to 
deepen the energy well for this type of inter- 
mediate. Probably the most significant thermo- 
chemical conclusion we can generate is that it is 
3.7 kcal mol-I more difficult to break the C-0 
bond, in vinyloxirane, than it is to  break the 
C--C. 

93.1 

0- 

46.3 

Butenal Products 
None of our data allow us to state with any 

assurance how the butenals are produced. It is 
possible that the diradical 13 produces 3-butenal 
directly by a 8,2-hydrogen shift, or that a shift to 
oxygen produces 1,3-butadien-1-01 which taut- 
omerizes by a thermochemically allowed 1,s- 
hydrogen shift to (Z)-2-butenal. It is clear from 
the product studies that the thermodynamically 
unstable 3-butenal slowly isomerizes into (E )  and 
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possibly (Z)-Zbutenal. It is also possible that the 
slow conversion of these products to propene 
and carbon monoxide occurs from 3-butenal via 
a concerted H transfer, e .g . ,  

This latter process is under active investigation. 
The small incorporation of deuterium into the 
thermolysis product of 4 suggests that surfact 
catalysis is playing a role in the final structures. 
Further studies of surface effects are required to 
elucidate this component of the reaction. 
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Synthesis of some 4-pyranones and 4-pyridones shncturally 
related to isoproterenol 
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P.O. Box 1005, Poinre Claire/Dorcal, P.Q., Carladu H9R 4P8 
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HAYDN W. R. WILLIAMS. Can. J. Chem. 54, 3377 (1976). 
The syntheses of 2-isopropyla1nino-l-(5-hydroxy-4H-pyran-4-on-2-yl)ethanol and the cor- 

responding 4-pyridone and 1-methyl-4-pyridone analogues are described. The selective reduc- 
tion of an aliphatic nitro group in the presence of a benzyl ether linkage was a key step in the 
reaction sequence. 

HAYDN W. R. WILLIAMS. Can. J. Chem. 54, 3377 (1976). 
On dCcrit les syntheses de l'isopropylamino-2 (hydroxy-5 4H-pyrannone-4 yl-2)-1 ethanol et 

des pyridone-4 et methyl-1 pyridone-4 analogues correspondantes. La reduction sClective d'un 
groupe nitro aliphatique en prCsence d'un lien Cther benzylique s'est avCrCe une Ctape cle dans la 
siquence de rCaction. 

[Traduit par le journal] 

A number of examples exist in the literature of 
compounds which influence catecholamine bio- 
synthesis or metabolism by virtue of the presence 
in the molecules of cvciic chelatinp: moieties. " 
These chelating group; presumably confer on 
the compounds affinity for the enzymes involved 
in the metabolism of svnl~athomimetic amines 
by interaction with the iatechol-binding sites in 
the enzymes. Thus Belleau showed in 1961 that 
4-methyltropolone had catechol-0-methyltrans- 
ferase (COMT) inhibitory activity (1). Isosteres 
of dihydroxyphenylalanine (DOPA) containing 
3-hydroxypyran-4-one (1) or 3-hydroxypyrid-4- 
one (2) ring systems also show COMT inhibitory 
activity (2); while the latter compound has also 
been shown to be a substrate for DOPA de- 
carboxylase (3) it is interesting to note that the 
isomeric natural product mimosine (3) (leucenol) 
is not (4). Other 3-hydroxy-4-pyranones, 3- 
hydroxy-2-pyridones, and 3-hydroxy-4-pyridones 
have been examined as COMT inhibitors (5). 

\ > 

This structural feature might also be expected 
to confer on a molecule affinity for adrenergic 
receptors and the compound would then show 
sympathomimetic or sympatholytic activity de- 
pending upon the overall molecule-receptor 
interaction. The tetronic acid derivatives 4a and 
4b related to noradrenaline and a-methvlnor- 
adrenaline were synthesized, probably on the 
basis of such considerations (6). 

This paper describes the syntheses of isosteres 
of isoproterenol containing the hydroxypyranone 

(5) and hydroxypyridone (6) ring systems which 
were made with the aim of obtaining p-sym- 
pathomimetic compounds, preferably with speci- 
ficity for p2-adrenergic receptors (for a review of 
this topic see ref. 7). A similar rationale must 
have been the motivation for the preparation of 
the isostere of salbutamoll (7) which is claimed 
to be a bronchial dilator with little cardiac 
effect (8). 

The starting material for the syntheses was 
the benzyl ether of comenaldehyde (9) which has 
been described by Thomas (9). Initially, oxida- 
tion of the benzyl ether of kojic acid (8) with 
manganese dioxide in benzene gave acceptable 
yields (ca. 66%) of 9 but this oxidation proved 
to be very dependent on the activity of the batch 
of oxidant and, as the method of Thomas (who 
percolated a solution of the alcohol down a 
colun~n of manganese dioxide) did not seem to 
lend itself to large scale preparations, an allerna- 
tive method was sought. It was found that the 
alcohol could be oxidized to the aldehyde in 
consistent yields of about 657, under conven- 
tional Pfitzner-Moffatt oxidation conditions 
(10). None of the dimeric products encountered 
when 5-benzyloxy-2-benzenesulphonyloxymeth- 
yl-4-pyrone (10) was oxidized with dimethyl 
sulphoxide (9) were observed under Pfitzner- 

12- rert - Butylamino- I - (4-  hydroxy - 3 -hydroxymethyl- 
phenyl)ethanol, a selective p-stimulant. See ref. 7 for more 
information. 
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Moffatt conditions. Base-catalyzed (Et3W) con- 
densation of 9 with 1 equiv. of nitromethane in 
tetrahydrofuran gave the bis-compound 1B2 as 
the only isolated product; but by using excess 
nitromethane as solvent, the yield of 11 could be 
kept to a minimum and the desired nitroethanol 
12a was obtained in 57% yield. The nitro group 
was reduced without conconlitant loss of the 
benzyl group by reduction with hydrogen and 

2Compound 11 was probably the racemic stereoisomer. 
See the experimental part. 

Raney nickel. The blocking group was readily 
removed by hydrogenation in the presence of 
palladium-on-charcoal as illustrated by the con- 
version of 13n to 14a. In a single experiment, 
condensation of 9 with nitroethane (in excess) 
afforded 12b in moderate yield and no bis- 
condensation product corresponding to 11 was 
observed. The same sequence of hydrogenations 
on B2b gave B4b. 

Introduction of the isopropyl group on the 
nitrogen atom was effected by reductive alkyla- 
tion with acetone and sodium borohydride. 
Such reductive alkylations had served us well in 
making secondary amines in the dihydrobenzo- 
dioxepin series (11) but the procedure was not 
entirely satisfactory here (see Experimental) and 
it is likely that the newer reagent, sodium cyano- 
borohydride, which has been described since 
this work was done, would be more effective. 
Reaction of 15 with either ammonia or methyl- 
amine gave the corresponding pyridones B6a 
and 16b, and the three compounds 15, 16a, and 
16b were debenzylated to 5, 6a, and 6b by 
hydrogenolysis over palladium-on-charcoal. 

In the event, while 5 showed potent activity 
as a P-adrenergic stimulant, it did not show the 
desired specificity that is required in a modern 
bronchial dilator drug. The pyridones 6n and Qb 
had a much lower order of a c t i ~ i t y . ~  

Experimental 
Melting points (uncorrected) were determined in a 

Thomas Hoover capillary melting point apparatus. The 
ir spectra were recorded with a Perkin-Elmer 157 spec- 
trometer and are for potassium bromide wafers. The nmr 
spectra were recorded using a Varian A60A spectrometer 
with TMS as internal standard in organic solvents, or 
DSS in D20 .  Microanalyses were performed by Organic 
Microanalyses Laboratories (Dr. C. Daessle) and mass 
spectra were provided by Morgan Schaffer Corporation. 
both of Montreal. 

5-Ber~z~lox~~-2-forn1~1-4H-pyratz-4-0ne 9 
(a )  A mixture of 5-benzyloxy-2-hydroxymethyl-4H- 

pyran-4-one (12) (30.0g, 0.129 mol), active manganese 
dioxide4 (90 g), and benzene (1.44 1) was heated under 
reflux for I h and then filtered. The filter cake was ex- 
tracted with chIoroform (200 1111) and the combined 
solution was evaporated to give 19.6 g (66r1) of 9, mp 
12Ck121 " C ;  ir v,,, 3100, 2855, 1720, 1655, 1210, 940. 
This crystalline variety of 9 was obtained from the first 

3H. M. Guirgis, R. A. Hall, and N. N. Share, un- 
published results. 

4Prepared by the method of Attenburrow et al., J. 
Chem. Soc. 1094 (1952). 
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few preparations of this compound but later a second 
crystalline form, mp 137-138 "C, (from EtOAc) was 
obtained from this reaction, and also from the Pfitzner- 
Moffatt oxidation procedure.5 

( b )  To a stirred mixture of 8 (46.4 g, 0.20 mol). pyridine 
(15.8 g, 0.20 mol), trifluoroacetic acid (1 1.4 g, 0.1 mol), 
and dry dimethyl sulphoxide (600 ml) was added a solu- 

SLiterature mp 141 "C, ref. 9. 

tion of dicyclohexylcarbodiimide (123.6 g, 0.6 mol) in 
dimethyl sulphoxide (50 ml) slowly during 1 h. The mix- 
ture was stirred for I h and left at  room temperature 
overnight. Methylene chloride (1 litref was added, and 
then a solution of oxalic acid dihydrate (75.6 g, 0.6 mol) 
in methanol (320 ml) was added dropwise with stirring. 
When gas evolution had abated the mixture was filtered 
and the filter cake was washcd with methylene chloride 
(500 ml). The combined filtrate was washed in succession 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3380 CAN. 3. CHEM. VOL. 54. 1976 

with ivater (300 ml), 5' , hydrochloric acid (200 ml), 
water (300 ml), 5' ; sodium carbonate solution (100 nil). 
and again with water (2 X 100ml). Dicjclohexyl urea 
was filtered off as necerssry to facilitate these separations. 
After drying (MgS04) the solution, it was evaporated to 
cu. 300 ml in a rotary evaporator, and then diluted with 
ethyl acetate (250 ml) before further evaporation at atmos- 
pheric pressure to ca. 250 ml which yielded 17.00 g (37'1,) 
of 9, mp 134.5-136.5 "C. A second crop of 13.90 g (30C;), 
mp 133-135 "C, was obtained by evaporating the mother 
liquor to ca. 70 ml; ir v,,, 3080, 2920, 1719, 1640, 1615, 
1205, 970. 934, 922, 778. The ir spectrum differed con- 
siderably from that of the low melting form in the 1000- 
700 cni-1 region. 

1-(5-Ber~zylox~*-?-4H-pjru1~-4-o11-2-~~l)-2-nitroeil1anol 12u 
The aldehyde 9 (13.30 g, 57.8 mmol) was suspended in 

nitromethane (10 ml) and triethylamine (0.3 ml) was 
added with stirring. The solid dissolved almost completely 
before product began to crystallize. The mixture was 
stirred at room temperature for 2 h and the solid was 
collected, washed with a little nitromethane, and dried 
at 35 "C in ~ o c u o .  Crude 12a (10.5 g,  62il) ,  mp 161-163 'C 
(dec.), was obtained. The crude product was dissolved in 
boiling acetonitrile (80 ml) and the solution was filtered 
to remove any bis-compound 11. On cooling 9.61 g (575)  
of 12a, mp 163-164 "C (dec.), was obtained. Pure 12a has 
mp 167-168 "C (dec.); ir v,,, 3210 (br), 1639, 1605, 
1550. 1377, 1210; nmr 6 (D.MSO-d6) 8.02 (s, l H ,  6-El), 7.29 
(s, 5H, aryl-H), 6.53 (d, 1H. J = 5 Hz, OH), 6.45 (s, 1H; 
3-H), 4.89 (s superimposed on m, 5H, CH20, CI-I(0H) 
and CH2N02); mle 291. Anal. calcd. for CI4Hl3NO6: 
C 57.73, H 4.50, N 4.81; found: C 57.75, H 4.78. N 5.01. 

Even slight departures from the above procedure gave 
rise to appreciable amounts of 11 which was the only 
isolated product of the procedure described below. 

1,3-Bi~(5-be11z~~lox~~-4H-pyrut1-4-o1~-2-y1)-2-nitropropor1e- 
I,3-diol Mot~ohjdmre PI 

To a stirred suspension of 9 (1.15 g,  5 mmol) in a 
mixture of nitromethane (305 mr. 5 mmol) and tetra- 
hydrofuran (10 ml) was added &thylamine (505 mg, 
5 mmol). A clear yellow solution soon formed and on 
seeding a solid crystallized, 620 mg (48C,;), mp 173- 
175 'C (dec.). The compound can be recrystallized from 
acetic acid and its crystallization is markedly speeded up 
by the addition of a little water because it crystallizes as a 
hydrate. Recovery is 70-7jC,, mp 200-201 "C (dec.): ir 
v,,, 3240 (br), 1645, 1615, 1560, 1365, 1210; nmr 6 
(DMSO-d6) 8.27 and 8.18 (25 2 X l H ,  6-H and 6'-H), 
7.40 (2s, 2 x 5H, aryl-H's), -6.88 (br s, 2 8 ,  2 X OH), 
6.52 and 6.42 (2s, 2 X lW, 3-H and 3'-H), 4.95 and 4.91 
(2s Superim~osed on in. 7H. 2 X CH?O. 2 X CH(OH) - ,  

and c~No;).  The non-equivalence of the protons in the 
benzyloxy pyranone moieties is suggested as evidence that 
the compound (which is homogeneous by tlc) is a racemic 
compound and not one of the two possible meso-com- 
pounds. litcrease of the temperature in the nmr probe does 
tend to make the signals of corresponding protons move 
towards one another, but even a t  127 'C, when decom- 
position is beginning to take place, the signals for the 3- 
and 6-protons of the pyranone rings are still separated 
and sharp: hence restriction of rotation in the molecule 

is unlikely to be a cause of the non-equ~valence.~ Mass 
spectrum m/e 456 (M+ - (HN02 + H20)), 365 (456 - 
C7H7). Arlul. calcd. for C27H23N010 .H?O : C 60.11, 
h 4.67, N 2.59; found: C 60.17. H 4.84. N 2.36. 

I-(5-Benz) lox)-4H-pi tan-4-oiz-2-J 1)-2-nrtropropnt1- 1-01 
1.26 

Condensation of 9 with excess n~troethane In place of 
nitromethane gave 6lC, of crude 12b, mp 140-145 'C. 
Recrystall~ration of the con~pound twlce from acetonitr~le 
afforded 12b of mp 164.5-166 "C, ir v,,, 3260 (br), 1637, 
1610, 1554, 1250, 1203, nmr 6 (DMSO-d6) 8.34 (s, 1H 
6-H), 7.54 (s, 5H, arjl-H), 6 80 (d, IH. J = 5 Hz, OH), 
6.65 (s, l H ,  3-H), 5 56 (s, 2H, CH20) ,  -5 (rn, 2N, 
CH(OH) and CHN02), 1.46 (d, 3H, J = 6.5 Hz, CH3). 
Anal. calcd. for CI5Hl5NO6: C 59.01, H 4.95, Pd 4.59; 
found: C 58.82, H 5.03, N 4.88. 

The stereochemistry of the side chain in 12b (also 136 
and 14b) was not determined.) 

I-(5-Benzyloxy-4H-pyr~at~-4-o11-2-~I)-2-amir1oethanoI 
Hydrocl~loride 13a 

A suspension of 12a (14.3 g, 49.2 mmol) and Raney 
nickel (ca. 8 g) in a mixture of ethanol (150 ml) and acetic 
acid (10 ml) was hydrogenated at an initial pressure of 
50 psi and at room temperature. The drop in pressure 
(1 1.2 psi from 4.34 1) was almost theoretical (11.5 psi). 
The filtered reaction mixture was acidified with a slight 
excess of 5 N ethanolic hydrogen chloride solution and 
evaporated to a syrup. The latter was dissolved in hot 
ethanol (45 ml) and the solution on dilution with 2- 
propanol(45 ml) afforded a solid, 12.1 1 g (83%), mp 181- 
182 'C (dec.). Pure 130, crystallized from ethanol, has 
mp 186-187 "C (dec.); ir v,,, 3500-2600 (very br), 1650, 
1595, 1210, 1199; nmr 6 (DbfSO-d6) 8.24 (s: lH,  6-H), 
7.39 (s, 5H, aryl-H), 6.48 (s, lH ,  3-H), 4.99 (s, 2H, 
CH20), -4.8 (m, lH ,  CH(OH)), -3.1 (m, 2H, CH2N) 
and 4 exchangeable H from 6.7-9 ppm. Anal. calcd. for 
Cl4HI5NO4.HC1: C 56.48, H 5.42, C1 4.70, N 11.91; 
found: C 56.51, H 5.00, C14.61, N 11.58. 

2-Amino- l-(5-be1zzyloxy-4H-pyran-4-o~~-2-yl)propanol 
H?;drochloride 13b 

Similarly, reduction of 12b yielded 13b in 78% yield, 
mp 214-215 "C (dec.) after recrystallization from meth- 
anol-ether; ir v,,, 1658, 1625, 1220, 989; nmr 6 (D20)  
8.13 (s, l H ,  6-H), 7.50 (s, 5H, aryl-H), 6.77 (s, l H ,  3-H), 
5.07 (s, 2H, CH20) ,  -3.6 (m, l H ,  CHN), 1.31 (d, 3H, 
/ = 6.5 Hz. CH3). The CH(0H) signal appeared to be 
under that for HDO at 4.6 ppm. Anal. calcd, for CI5HL7- 
NO4.HC1: C 57.79, H 5.82, N 4.49; found: C 57.15, H 
5.75, N 4.37. 

I-(5- Hydroxy-4H-~1yru1~-4-oiz-2-~~l)-2-aminoeth~mol 
Hydroc/lloride 14a 

A suspension of 13a (2.98 g, 10 mmol) and lOCE 
palladium-on-charcoal (300 rng) in methanol (30 ml) was 
hydrogenated at atmospheric pressure and room temper- 
ature until 256 ml of hydrogen had been absorbed. The 

6Thanks are due to Mr. Scott Williamson for his 
interest in doing the temperature variation nmr studies. 
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WILLIAMS 3381 

reactant di~solved and some product crystallized during 
the course of the reaction. The solid mixture of cataly5t 
and j)rodi!ct was filtered. boiled with methanol (100 ml), 
and the catal! st then removed by filtration. Evaporation 
of the combined methanol sol~itions to c r t .  I5 rnl induced 
crystallization of 1411. 1.10 g. 121p 203-204 ' C  (dec.) and a 
further 350 m g  of product. ni17 -195-197 'C (Jec.). aaa 
oblained by further evaporation and dilution with 2- 
propanol. Crude yield 83", . Tile salt can be recry siallized 
from n~ethanol-ether. mp 203-204 'C: ir v,,, 3240-2980 
(br bancis), 1638, 1605, 1590, i572, 1208: nmr 6 (DMSO- 
d,) -8.3 (br s. -5H, exchangeable M), 8.24 (s. 1H, 6-H), 
6.59 (s. 1H. 3-H), 4.87 (d of d.  IH: JAB = 3 HZ. J,, = 

8 Hz. CM(OH)). 3.2 (m. 3H, CH,NCPr;, !.I8 (d. hH, 
J = 6.5 Hz, 2 X CH3). Aria/. calcd. for C7H,N04.HCl: 
C 40.50. H 3.86, CI 17.08. N 6.75: f o ~ ~ i i d :  C 40.21. 
H 4.93. CI 17.09. W 7.04. 

2-Amit?o-1-(5-/ij~2'roxj~-4H-1~,~rarl-4-o1f-2-j~)propu1io/ 
Hj~drocliloride B4b 

Hydrogenolysis of 136 gave 14b in 625'; yield, n ~ p  
226-227'C (dec.) after recrystallization from 95"; 
alcohol-ether ; ir v,,, 3320, 1657: 1622, 1261. 1212; ninr 
(D20)  8.20 (s, lH,  6-H). 6.75 (s, IW, 3-W), 3.77 (m, IH, 
CHN), 1.32 (d, 3H, J = 6.5 Hz, CH3). The signal for 
CH(OH) was obscured by that for HDQ at CQ.  4.65 ppni. 
Anal. calcd. for C8H11N04.MCl: C 43.35, H 5.46, N 6.32; 
found: C 43.20, H 5.26, N 6.26. 

1-(5-Ber~z~loxj-4N-pjrun-4-or1-2-~I)-2-isopropjlur~~i~1o- 
et/ra/~ol Hjdroc/ilor.id~ 15 

A suspension of P3a (2.98 g, 10 mmol) and anhydrous 
sodium carbonate (1.06 g,  10 mmol) in 2-propanol(60 ml) 
was stirred at room temperature for 30 min. Acetone 
(638 rng, I1 mmol) was added and stirring was continued 
for 1 h. Then sodium borohydride (760 mg, 20 mmol) was 
added portionwise during 15 min and the reaction mix- 
ture was stirred for 45 min. Reaction was found by tlc 
(silica gel with 1 :50 ammonium hydroxide - Zpropanol) 
to be incomplete.7 More acetone (464 mg. 8 mmol) was 
added and after 30 min, sodium borohydride (380mg, 
10 mmol) was added in one portion. After stirring the 
mixture for I h no starting material was detected. The 
suspension was acidified carefully with -5 N ethanolic 
hydrogen chloride: and tile mixture was evdporated to 
dryness under vacuum. Extraction of the solid residue 
with boiling ethanol (3 X 30 ml) acidified with a little 
ethanolic hydrogen chloride (-1 ml in total) gave crude 
15, 1.632 g (48(;;), n ~ p  199-202 " 6  (dec.). An analytical 
specimen of 15 crystallized from ethanol in colourless 
plates, mp 204.5-205 "C (dec.), ir v,,, 1638, 161 2, 1591, 
1585, 1230, 1220; nmr 6 (ISMSO-d6) 8.37 (s, IH, 6-H). 
7.56 (s, 5H, aryl-H), 6.61 (s, 1H, 3-H), 5.08 (s on m, 3N, 
CH20 and CH(OI-I)), 3.28 (m, 2H, CH2N). /drris!. calcd. 
for C17H21N04.HCl: C 60.09, H 6.53. Ci 10.43, N 4.12; 
found: C 60.27, H 6.56, C1 10.70, N 4.08. 

I-(5-H$:drox$:-4H-p)~run-4-on-2-1.1)-2-isoprop~~~~~zino- 
efhuriol H~rlrochloricie 5 

A solution of 15 (1.50 g, 4.42 mn-101) in methanol (30 

70n one occasion the reaction did not start untii some 
methanol was added to the mixture: it then proceeded as 
described here. 

mi) was hydrogenated at room temperature and pressure 
in the presence of 10' ; palladium-on-charcoal (50 nig) 
until i 15 ml of hydrogen had been absorbed. (Theoretical 
absorption was 108 1111 at 25 'C.)  The filtered solution 
%as evaporated to  a syrup. and a 1 :! mixture of ethano! 
and 2-propanol (10 ~ ? i l j  was added. The mixture was 
evaporated again and tile residue triturated with 2- 
propanoi < l0  mi) untii solid. This crude product is 
apparently solvated, 1.43 g, mp 93-95 "C, with gas 
evolution. i f  was dissolved in boiling ethanol (20 1111) and 
the filtered solrlticn was evaporated to -5 ml, then 
diluted with Zpropanol (2 ml), and chilled at -5 O C  
overnight. The yield of 5 was 764 mg (69':,), mp 175- 
177 "C (dec.); ir v,,, 3445, 1615, 1593, 1577, 1550, 1210; 
nmr 6 (DMSQ-d6/D20) 8.14 (s, lH, 6-H), 6.57 (s, IH, 
3-H), 4.83 (d of d, lH, J,, = 3 Hz, J,c = 8 Hz, 
CM(QH)), 3.5-3.0 (m, 3H, CHzNCH), 1.18 (d, 6H, 
J = 6.5 Hz, 2 X CH3). Anul. calcd. for C10H15N04.HCl: 
648.10, H 6.46, Gl i4.20, N 5.61; found: C 47.82, 
N 6.49, Cl 14.59, N 5.82. 

1 -(5-Berzijlo,~j- I H-pj~rid-4-on-2-~~1)-2-isopro~p~'lan1irro- 
erlririiol Hj,di.oc,hloride Ida 

A nixture of 15 (1.03 g. 3.03 mmol), concentrated 
an~n~onium hydroxide (15 ml), and tetrahydrofuran 
(15 ml) was heated in a steel bomb at 100 'C for 33 h. 
The solution was evaporated to dryness in a rotary 
evaporator and the residue was treated with three 
portions of 2-propanol (25 ml plus 2 X 15 ml) and 
evaporated to dryness. The solid was collected with the 
aid of 1 : I  methanol - 2-propanol (10 ml) giving 958 mg 
(935,) of crude 16u, mp 227-229 " 6  (dec.). The greyish- 
tan solid was dissolved in hot methanol (22 ml) and the 
solutioil was treated with charcoal and filtered. Dilution 
of the filtrate with 2-propanol (22ml) induced the 
crystallization of rosettes of needles, 771 mg (755;), mp 
233-234 "C (dec.); ir P,,, 161 7, 1585, 1490. 1240; nnu 6 
(DMSO-d6) 7.95 (s, IN, 6-H), 7.57 (s, 5H, aryl-H), 6.92 
( s .  f H, 3-Pi). 5.2 (s, 2H, CH20), -5.0 (m, IH,  CH(OH)), 
-3.22 (m, 3H, CH2WCH), 1.32 (d. GH, J = 6.5 Hr ,  
2 X CH3). Two exchangeable H were located in the 
region 6.5-8.3, one near 5.1 and one near 3.2 ppm. Atral. 
calcd. for Cl7Pf22N2O3.HCl: C 60.27, H 6.84, C1 10.46, 
N 8.27; found: C60.12, 1-86.93, Cl 10.30, W 8.16. 

I-(5-Hjdroxj.-l HH~~j~r.iil-4-or~-2-j!)-2-isopropj~i~mino- 
etliunol H~~droclzloride 6a 

A mixture of 16a (442 mg, 1.3 mmoi), 10'; palladiuni- 
on-charcoal (50 mg), and methanol (10 ml) was stirred 
with hydrogen a t  room temperature and pressure. 
Hydrogen uptake was 31 ml; theoretical 33.4m1 at 
27 "C. The filtered soiution was evaporated to a gun1 
which was triturated with acetone (10 rnl) containing 
water (0.05 m1).8 The gum became semisolid during this 
treatment, and becarne completely solid on further 
trituration with 1 :I acetone-tetrahydrofuran (10 ml). 
The yield of 60 was 217 mg (63';), mp 108-111 "C; ir 
v,,, 1645, 1630, 16!2(m), 1597, 1495, 1247; nmr 6 
(DMSO-d6/D25) 7.72 (s, lH, 6-H), 6.70 (s, lH, 3-H): 
4.97 (m, 1H, CH(OH)), -3.2 (m, 3H, CW2NCH), 1.30 (d, 
6H, J = 6 Hz, 2 X CHI). At~ul. calcd. for CIOH16N203. 

SSolid isolated by anhydrous work-up deliquesces in air 
and later resolidifies. 
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HCl.H2Q: G 45.03, H 7.18, C1 13.29. N 10.50; found: 
C 45.16, H 7.01, Cl 13.1 1 ,  N 10.37. 

1-(5-Brt1~~~lo.~v-1-me1i1~l- I N-pyrih4-utz-2-~1)-2- 
isoprop~lamitloetI1ai101 Hydiorllloride I6b 

A mixture of 15 (2.04 g. 6.02 n~niol), methylamine 
(4.1 g), and tert-butanol (17.5 m1) was heated in a 
Carius tube at 100 'C for 4 h. The solution was evaporated 
to dryness and the residue was treated with two portions 
of ethanol (2 X 25 ml) and evaporated to dryness after 
each. The d i d  \vas dissolved ~n hot ethanol (25 tnl) and 
the solution was treated with charcoal and filtered. Dilu- 
tion of the filtrate with acetone (50 nil), and seeding, 
brought about the crystallization of %4b, 1.08 g (5!',,), nip 
220-221 'C (dec.). An analytical sample of PbD crysral- 
lized from ethanol-ether had the same melting point; ir 
v,,, 1619, 1560, 1292, 1237; nmr 6 (CDjOD) 7.85 (s, 
l H ,  6-H), 7.61 (m, 5H, aryl-H). 6.93 (s, IH, 3-H), 5.26 
(S  on m, 3H, CHzO and CH(OH)). 4.91 (s, 3H. MOD). 
3.97 (s. 3H, 1-CH,). -3.2-3.7 (m, 3H, CH2NCH). 1.46 
(d, 6H, S = 6.5 Hz. 2 X CH3). Atlal. calcd. for CL8H2.+- 
N2Q3 .HC1: C 61.27. H 7.14, C1 10.05, N 7.94; found: 
C 61.14, H 7.06, C1 10.39, N 7.87. 

1-(5-H)~dro.~-I-nzrti1yI-l H-pyriri-4-o11-2-)~/)-2-isoprop~l- 
atizit~oethnnol H).drocl~lor.icir Moi~otnerl~at~olate 6b 

A mixture of 15b (1.089 g, 3.09 mmol), methanol 
(25 ml). and 10' ; palladium-on-charcoal (50 nig) was 
stirred with hydrogen at room temperature and pressure. 
Hydrogen uptake was 71 ml: theoretical 74.4 ml at 21 "C. 
The catalyst was filtered off and the solution was evap- 
orated to dryness yielding a solid which was collected 
with the aid of 2-propanol (3 ml); 816 mg. mp 224- 
226 'C (dec.). Recrystallization of the crude product from 
solution in boiling methanol (21 m1) by dilution with 
acetone (30 ml) afforded 6b, 683 n ~ g  (75(,), mp 231- 
232'C; ir v,,, 3300, 1632, 1565, 1527, 1495, 1265; nmr 
8 (1420) 7.84 (s, IH, 6-H), 6.97 (s, 1H, 3-H), 5.35 (d of d, 

IH, JAB = 4 Hz, JAc = 8.5 Hz, CH(OH)), 3.93 (s, 3H, 
I-CH3), 3.41 (s s~iperlmposed on m. 6H, CH30 ,  CN2- 
WCH), 1.42 (d, 6H, J = 6.5 Hz, 2 X CH3). Atlrrl. calcd. 
for CI IHISN203~HC1~CH30M:  C48.90, H7.86. C1 
12.02, N 9.50; found: C 48.70, H 7.88, C1 11.82, Id 9.36. 
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Chromyl chloride oxidations. IV. The oxidations of cyefiohexene 
and l-methylicyc8ohe~ene~~~ 
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FRANK WILLIA~I BACHELOR and UKKEN OUSEPH CHERIYAN. Can. J. Chein. 54, 3383 (1976). 
The chromyl chloride oxidations of cyclohexene and 1-methylcyclohexene have been reexam- 

ined. The products from cyclohexene were found to be cyclohexanone, cis- and rratzs-2-chloro- 
cyclohexanols, 2-chlorocyclohexanone, cyclohex-2-enol, cqclohex-Zenone, and cyclohexene 
oxide. Treatment of cyclohexene oxide with chromyl chloride produced only tratzs-2-chloro- 
cyclohexanol and 2-chlorocyclohexanone. The products from l-methylcyclohexene were 2- 
methylcyclohexanone, 1-methylcqclopentyladehyde. cis- and irut~s-2-methyl-2-chloroc~clo- 
hexanol, 2-methyl-2-chlorocyclohexanone, 2-methylcyclohex-2-enone, and 4-methylcyclohex-2- 
enone. Treatment of 2-methylcyclohexene oxide with chromyl chloride yielded only 2-methyl- 
cyclohexanone and 1-methylcyclopentylaldehyde. The origin of the various products and 
possible mechanisms for their formation is discussed. A 1,3-cyclic addition reaction is proposed 
for the formation of the cis-chlorohydrins. 

FRANK WILLIAM BACHELOR et UKKEN OUSEPH CHERIYAN. Can. J. Chem. 54, 3383 (1976). 
On a etudie les reactions d'oxydation, par le chlorure de chromyle, du cqclohexkne et du 

n~Cthyl-1 cyclohexkne. On a trouvC que les p rod~~i t s  formCs a partir du cyclohexkne sont la cyclo- 
hexanone, les chloro-2 cyciohexanols-cis et -ir.ntjs, la chloro-2 cyclohexanone le cyclohexkne-2 
01, la cyclohexene-2 one et l'oxyde de cyclohexkne. La rCaction entre l'oxqde de cqclohexkne et le 
chlorure de chromyle ne conduit qu'au chloro-2 cyclohexanol-rt~at7s et la chloro-2 cyclo- 
hexanone. Les produits obtenus & partir du methyl-1 cyclohexkne sont la methyl-2 cqclo- 
hexanone. le methyl-1 cyclopentanecarboxaldehqde, les mithyl-2 chloro-2 cyclohexanols-cis et 
-rratzs, la methyl-2 chloro-2 cyclohexanone, la methyl-? cyclohexkne-2 one et la methyl-4 
cyclohexkne-2 one. La reaction de I'oxyde du methyl-2 cyclohexkne avec le chlorure de chromyle 
conduit uniquement & la methyl-2 cyclohexanone et au rnethyl-2 cyclopentanecarboxaldChqde. 
On discute de l'origine des divers produits et des divers inecanismes pouvant expliquer leur 
formation. On propose une reaction de cycloaddition-1.3 pour expliquer la formation des 
chlorohydrines cis. 

[Traduit par le journal] 

The results of our recent work (1) on the Table 1 lists the products found when cyclo- 
oxidation of a-pinene with chromvl chloride hexene was oxidized with chromvl chloride in 
have encouraged us to examine the scope and methylene chloride. This oxidation was carried 
mechanism of this reaction further. The oxida- out both at - 5 and - 80 "C. The results are 
tion of a-pinene with chromyl chloride demon- significantly different in yields of the various 
strated that at least three different types of 
reactions are occurring: acid-catalyzed re- 
arrangements, direct oxidation, and allylic 
oxidation. Further examination of this reaciion 
suggests that a simpler system less prone to re- 
arrangement be selected. For this purpose we 
have selected cyclohexene and l-methylcyclo- 
hexene as the olefins. Both of these cycloalkenes 
have been examined before (2-4) in this reaction, 
but we have isolated several new products from 
each oxidation, some of which are quite impor- 
tant in any attempt to interpret the mechanistic 
implications. 

'Taken in part from the thesis of U.O.C. for the Ph.D. 
degree, December 1973. 

2For part 1x1, see ref. 12. 

products. Two changes in particular stand out. 
First, there is essentially no polymeric material 
produced In the low temperature oxidation, 
whereas at -5 "C approximately 20% of the 
material remains as high boiling pot residue. This 
difference at low temperature is made up by 
increases in the chlorohydrin yields, particularly 
of trans-2-chlorocqclohexanol, and a small in- 
crease in the amount of cyclohexene oxide to a 
total of about 27,. 

We have isolated three products which were 
not previously reported by Stairs et al. (3) in this 
oxidation: 2-chlorocyclohexanone 8, 2-cyclo- 
hexenol 7, and the elusive cyclohexene oxide 2 
(5) .  Although Stairs et a!. (3) had isolated 2- 
chlorocyclopentanone from the oxidation of 
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TABLE 1. Oxidation products and yields from 
cyclohexene and chromyl chloride 

Yield (Yc) 

Product -5°C -80°C Ref.3 

Cyclohexene oxide (2) < 1 2 - 
trans-2-Chlorocyclohexanol (3) 24 42 21 
cis-2-Chlorocyclohexanol (4) 16 21 14 
Cyclohexanone (5) 4 3 5.5 
Cyclohex-2-enone (6)  8 8 17 
Cyclohex-2-enol(7) 4 4 - 
2-Chlorocyclohexanone (8) 6 6 - 

Polymeric material 20 - 21.5 
Cyclohexene (recovered) 18 14 21 

cyclopentene with chromyl chloride, they failed 
to find the corresponding product in the cyclo- 
hexene series. We found that the mixture of 
chlorohydrins obtained by fractional distillation 
contained a carbonyl ~ o m p o n e n t . ~  

We suspected that the carbonyl compound 
might be the a-chloro ketone and an authentic 
specimen was prepared. The relative retention 
time of the chloro ketone coincided with that of 
the cis-chlorohydrin, but we subsequently found 
that they could be effectively separated on a 
Poropak P-S column. The appearance of the un- 
saturated alcohol 7 is no surprise considering 
that we had found two examples of unsaturated 
alcohols in the oxidation of a-pinene (1). 

It was particularly gratifying to find cyclo- 
hexene oxide, 2, as one of the products of this 
reaction. Epoxides have long been suspected of 
being intermediates in the chromyl chloride 
oxidation of olefins (6, '7) and with the exception 
of a personal communication reference in a 
review article by Freeman (8) this appears to be 
the only report of the isolation of an epoxide in 
this reaction. Epoxides have been found in 
oxidations by chromic anhydride (9) and chromyl 
acetate (2, 10). 

Many of the products from chromyl chloride 

31x1 analyzing the chlorohydrins we found that although 
both pure isomers were stable on our analytical instru- 
ment (a Hewlett Packard mode1 402 biomedical gas 
chromatograph all glass system), isomerization of the 
cis-2-chlorocyclohexanol occurred readily on our prepara- 
tive instrument (a Varian Autoprep mode1 705, metal 
injection port). This isomerization occurred on both 
Carbowax and SE-30 columns. Pure trans-2-ch1orocyclo- 
hexanol was recovered unisornerized from the same 
system. We believe that this isomerization occurs a? the 
injection port and not on the column. 

oxidations can be rationalized by postulating an 
epoxide intermediate. In order to examine further 
the role of the epoxide as an intermediate we first 
wished to prove that the epoxide is not an arti- 
fact. The presence of the trans-chlorohydrin and 
the basic work-up procedure might lead one to 
suspect that perhaps some epoxide might be 
formed during the isolation of the products, but 
treatment of truns-2-chlorocyclohexanol with 59& 
aqueous sodium bicarbonate failed to produce 
any detectable amount of epoxide. Therefore the 
cyclohexene oxide is a direct oxidation product 
from cyclohexene. 

The secondary products from cyclohexene 
oxide were examined by oxidizing a 10: 1 mixture 
of 1-pentene and cyclohexene oxide with chromyl 
chloride. 1-Pentene was chosen as none of the 
products of its oxidation coincided with any of 
the products from cyclohexene on gas chromato- 
graphic analysis. The only products detected 
which originated from cyclohexene oxide were 
a-chloroc~clohexanone, trurzs-2-chlorocyclohex- 
anol, and a higher boiling polymeric residue. 
Oxidation of cyclohexene oxide with chromyl 
chloride and no added olefin led to exactly the 
same products. No cyclohexene oxide was re- 
covered in either of the oxidations. One would 
have anticipated the formation of cyclohexanone 
in these reactions as the Lewis acid catalyzed re- 
arrangements of epoxides to ketones is a well- 
known transformation (1 1). However, none was 
found. This strongly suggests that ketone forma- 
tion proceeds through some other intermediate. 
Since no unsaturated alcohols or ketones were 
found in the epoxide rearrangements these also 
must proceed via another intermediate and are 
undoubtedly allylic oxidations on the olefin. 

The sources of the oxygen atom and the halo- 
gen in the ~h lorohydr in~  were examined indepen- 
dently. A chron~yl chloride oxidation of cyclo- 
hexene was decomposed with anhydrous sodium 
carbonate dissolved in I8O enriched H20 .  The 
mixture of chlorohydrins was isolated and ex- 
amined by mass spectrometry. No enrichment of 
180 was found in the chlorohydrin. Therefore the 
oxygen atom in the chlorohydrins must come 
from the chromyl chloride. 

In a second reaction, the oxidation mixture 
was decomposed by adding it to an ice cold 
saturated aqueous sodium bromide solution. No  
products containing bromine were found. There- 
fore the formation of the cis-chlorohydrin and 
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TABLE 2. Ox~dation products and yields from 
I-methylcyclohexene and chroniyl chloride 

Yield (?&) 

Product -5°C Ref.4 

2-Methylcyclohexanone (10) 
I-Methylcyclopentancarbaldehyde (11) 
2-Chloro-2-methylcyclohexanone (12) 
cis-2-Chloro-2-methylcyclohexanol (13) 
2-Methyl-2-cyclohexenone (14) 
3-Methyl-2-cyclohexenone (15) 
tratzs-2-Chloro-2-methylcyclohexanol(16) 
Polymeric material 
1-Methylcyclohexene (recovered) 

the opening of the epoxide must occur by direct 
attack of chromyl chloride or one of its reduction 
products prior to the addition of water. Since a 
considerable amount of hydrogen chloride must 
be generated in this reaction this could easily 
explain the epoxide opening to the truns- 
chlorohydrin. We will say more about the forma- 
tion of the cis isomer later in this paper. 

The oxidation products of l-methylcyclo- 
hexene are listed in Table 2. Although Nenitzescu 
and co-workers (4) reported only three oxidation 
products from this reaction we have identified 
seven. There is also a considerable amount of 
high boiling residue (approximately 187,) gen- 
erated in this reaction at - 5 "G. Again, three 
types of products are recognizable; products of 
direct oxidation (12, B3), products of oxidative 
rearrangement (10, 11, 461, and products of 
allylic oxidation (14, 15). No epoxide could be 
detected in this oxidation. 

The fate of a possible epoxide intermediate 
from Zmethylcyclohexene in this reaction was 
examined by an experiment similar to the cyclo- 
hexene case. l-Methylcyclohexene oxide was 
oxidized with 1 equiv. of chromyl chloride in the 
presence of a 10-fold excess of 1-pentene. Two 
products derived from the epoxide were found. 
These were 2-methylcyclohexanone, 10, and 1- 
rnethylcyclopentylaIdehyde, 11. A non-distillable 
residue accounted for approximately 35% of the 
epoxide. No  epoxide remained and no chlori- 
nated products were formed. 

Very little trans-chlorohydrin is formed in the 
oxidation of 1-rnethylcyclohexene (< 1 7,) where- 
as the amount of cis-chlorohydrin is roughly the 
same as that produced in the oxidation of cyclo- 
hexene. This again implies that the two chloro- 

hydrins are formed by decidedly different mech- 
anisms, provided that one of the chlorohydrins 
is not selectively removed during the course of 
the reaction. Both chlorohydrins were subjected 
to  the reaction conditions in the presence of 
I-pentene. Both ch!orohydrins yielded about 97, 
of 2-methyl-2-chlorocyclohexanone, 12, and the 
remainder was recovered unreacted. This means 
that the chlorohydrins are relatively stable 
compounds yielding only the products of over- 
oxidation, the chloro ketones. In addition, 
neither isomer seems to be particularly more 
reactive than the other in this oxidation. This 
suggests that the ratio of the cis- and trans- 
chlorohydrins found is meaningful and that very 
little trans-chlorohydrin is produced initially in 
the oxidation of 1-methylcyclohexene. 

The pronounced difference in the products 
from oxidation of cyclohexene and l-methyl- 
cyclohexene is undoubtedly due to the tertiary 
carbonium ion which is produced at the tertiary 
end of the double bond in 1-methylcyclohexene 
either by opening of an epoxide or by electro- 
philic attack of a chrornium species on the double 
bond. This ion would tend to undergo more 
SKI type reactions, as is demonstrated by re- 
arrangement products. i n  the case of cyclo- 
hexene, the carbonium ion would be secondary 
and the tendency here would be to resemble 
more SN2 type products, as shown by the pro- 
duction of the trans-chlorohydrin. 

The question of how the cis-chlorohydrins are 
formed remains to be answered. Stairs et ul. (3) 
were unable to choose between three possibilities, 
an intermediate open carbonium ion which 
should lead to an equilibrium mixture of chloro- 
hydrins, a concerted attack by chromyl chloride 
similar to a 1,3-dipolar addition, or a cyclic 
oxoniurn ion. The open carbonium ion can be 
discarded because the equilibration of the chloro- 
hydrins seems to favor strongly the trans isomer. 
This can be seen from the thermal equilibration 
data from the gas chromatography results. Even 
if all of the a-chloroketone were derived from 
the lrans isomer the ratio would still be much too 
high for the amount of cis isomer present. The 
formation of approximately 127, of the cis- 
chlorohydrin and very little of the trans isomer 
in the methylcyclohexene oxidation also strongly 
militates against a carbonium ion intermediate. 
Since both chlorohydrins seem to be stable to re- 
arrangement, it is likely that the rearrangement 
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Experimental 

Rearrangement 
products 

products collie from a carbonium ion or car- 
bonium ion-like intermediate and this should not 
favor one chlorohydrin over the other, at  least 
not to the extent observed here. The cyclic 
oxonium ion would not lead to the cis-chloro- 
hydrin since it should react similarly to an 
epoxide and would lead to trans products. 

We therefore favor a 1,3-addition mechanism 
for the formation of the cis-chlorohydrin. 
Whether it be a stepwise or concerted addition 
we cannot say, but it would appear to involve 
attack of an electrophilic o: radical oxygen atom 
of chromyl chloride, which can then cyclize 
either to an epoxide or to a chlorohydrin as out- 
lined in Scheme I .  Evidence from reactions with 
norbornenes (123 seems to favor a radical 
mechanism. This will be described in detail in a 
subsequent paper. Many of the secondary 
products from this oxidation are then derived 
from the epoxide. However, the cis-chlorohydrins 
are stable and lead only to the overoxidation 
product, the a-chloro ketone. 

Methods and Measrlrements 
Unless otherwise stated a 6 ft  glass column (2 in. 

diameter) packed with 20'2 Carbowax 20M on Chromo- 
sorb W was used for analytical glc. Preparative glc was 
carried out on an 8 ft column ( 3  in. diameter) packed with 
20 or 307% Carbowax 20M on Chromosorb W;  carrier 
gas helium, flow rate 50 ml/min unless otherwise stated. 
A flame ionization detector was used for both applica- 
tions. 

Quantitative estimations are based on analytical glc 
data. The area enclosed by each peak was taken as a 
measure of the amount of the corresponding con~pound 
present, with no corrections for relative sensitivities. 

Oxidation of Cjclollexene with Cl~r.ornj1 Chloride 
( A )  Cyclohexene (41 g, 0.5 mol) was dissolved in 700 

ml of dry methylene chloride and cooled in an ice-salt 
bath to 0 to -5 "C. Chromyl chloride (78 g, 0.5 mol) 
dissolved in 250 ml of dry methylene chloride was added 
to this solution dropwise with stirring during a period of 
2 h. The mixture was then added with stirring to 13 g of 
sodium bisulphite dissolved in 250 ml of water and con- 
taining 250 g of crushed ice. The mixture was then 
extracted with ether. The lower aqueous layer was 
separated, saturated with sodium chloride, and extracted 
exhaustively with ether. The ether extracts were combined, 
washed with water, and dried over anhydrous magnesium 
sulphate and the solvents removed by slow distillation 
through a 30cm fractionating column. The crude 
products thus obtained weighed 42 g. 

Further distillation of the crude products through the 
same fractionating column over a steam bath yielded 
8.2 g of unreacted cyclohexene. The residue was distilled 
under vacuum (15 torr) through a 15 cm fractionating 
column and everything boiling under 100 "C was collected 
in a receiver cooled in a dry ice- acetone bath. This 
yielded 24 g of distillate ( A )  and left approximately 9 g of 
high boiling material in the pot. The distillate was further 
fractionated at  reduced pressure (15 torr) and three 
fractions were collected: A-1 (2.1 g), bp 60-70 "C; A-2 
(2.9 g), bp 70-80 "C; and A-3 (17.2 g), bp 80-90 "C. 

Isolatiorz o f  Cyclolzexanor~e, 2-Cyclohexenol, and 
2-Cyclolzexenone 

Analysis of fraction A-1 by glc showed one major peak, 
with relative retention time (rrt) (relative to cyclohexene) 
6.5 and a minor peak containing two partially resolved 
components with relative retention times 16.6 and 19 
(column temperature 70 "C) respectively. The major com- 
ponent was subseque~ltly separated by preparative glc 
using a 20Ye Carbowax column (column temperature 
140 "C) and found to be cyclohexanone (ir, nmr). 

Fraction A-2 was found to contain mainly two com- 
pounds with relative retention times 16.6 and 19 (column 
temperature 70 "C) respectively. Purification by prepara- 
tive glc (column, 20% Carbowax; temperature 140 "C) 
yielded a mixture of two compounds which had the 
following absorptions in the infrared spectrum (CC14): 
3680 (sharp), 3490 (broad), 3040, and 1690 cm-1. The 
2,4-dinitrophenylhydrazone was prepared. Recrystalliza- 
tion of the solid from chloroform-methanol gave red- 
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orange needles; mp 166-167 "C undepressed on admix- 
ture with an  authentic specimen from 2-cyclohexenone, 
mp I67 "6. Infrared spectra of both the solids in KBr 
were identical. 

An a-naphthylurethane derivative was prepared from 
the mixture and the solid was recrystallized three times 
from hexane, mp 153-154 "C. The 1-naphthylurethane of 
2-cyclol~exenol prepared similarly melted at  the same 
range and a mixture melting point with the former 
showed no depression. The infrared spectra of both 
compounds in KBr were superimposable. Comparison of 
the relative retention times of 2-cyclohexeno! and 2-cyclo- 
hexenone showed that the compound with rrt 16.6 was 
Zcyclohexenone and the one wit11 rrt 19 was 2-cyclo- 
hexenol. 

Identification of a-Cl~loroc~clohexa~zone and cis- and 
trans-2- Cizlorocyclolzexa~~ols 

Fraction A-3 on analytical glc showed one major peak 
containing two partially resolved components (column 
temperature 70 "C) with relative retention times (relative 
to cyclohexene) 48.2 and 52.8 respectively. This mixture 
was purified further by fractional distillation a t  15 torr 
and the fractions boiling between 85-95 "C collected. The 
infrared spectrum (neat) of the mixture showed the 
following absorptions: 3450 (broad) and 1740 cm-1 
(weak). Mass spectrum m/e ions a t  136, 134, and 132. 

An a-naphthylurethane derivative was prepared and 
recrystallized three times from hexane, mp 163-164 "C. 
The a-naphthylurethane derivative of trans-2-chloro- 
cyclohexanol was similarly prepared; the pure crystalline 
derivative obtained melted a t  the same range. A mixture 
melting point with the former showed no depression. The 
infrared spectra in KBr of both the compounds were 
identical. 

In  another experiment 2 g of the mixture were shaken 
with 100 ml of 2% aqueous sodium hydroxide solution 
and the mixture was extracted exhaustively with ether. 
The extracts were combined, solvent removed, and the 
residue fractionally distilled under reduced pressure 
(20 torr) over a steam bath to remove the epoxide. 
Further distillation of the residue at  15 torr gave a fairly 
pure compound (bp 87-88 "C at 15 torr, rrt 48.2), wllose 
a-naphthylurethane derivative, after two recrystaIlizations 
from hexane, melted at  93-94 "C. The 1-naphthylurethane 
derivative of cis-2-chlorocyclohexanol prepared similarly 
melted at the same range. A mixture melting point of the 
two compounds showed no depression. The intrared 
spectra of both the derivatives in KBr were identical. 

Comparison of the rrt of cis-2-chlorocyclohexanol and 
trans-2-chlorocycloheltai~ol with the mixture A-3 showed 
that the component with rrt 48.2 was the cis-chlorohydrin 
and the one with rrt 52.8 was the trans-chlorohydrin. 

The relative retention time of a-chlorocyclohexanone 
and the mixture 11-3 was compared on the same column 
under identical conditions (6 ft, 2055 Garbowax column; 
t in. diameter; c o l u ~ i  temperature 70 "C). The chloro 

cyclohexene) 30 and 35. Under the same conditions cis- 
and rru/~s-2-chlorocyclohexanols had the same relative 
retention time of 30 (relative to cyclohexene) and a -  
chlorocyclohexanone 35. 

To about 500 mg of A-3 three drops of a-chlorocyclo- 
hexanone were added and the infrared spectrum of the 
liquid nuxture nleasured. The spectrulll was found to be 
identical to that of the original mixture (A-3) except that 
a number of absorptions, particularly that at  1740 cm-1, 
were much stronger. 

The high boiling material from the above reaction 
distilled between 100 and 120 "C a t  0.4 torr. Analysis by 
glc (column temperature 150 "C) showed it contained 
several compounds: ir (CC14) 3045, 1725 (strong), 1690 
(weak), and 1080 cnl-1 (strong); mass spectrum mle ions 
at  220,205,200,198, and 178. The 200and 198 peaks were 
in the ratio 1 :3. 

The relative amount of each constituent in the distillate 
A was estimated by analytical glc. The area enclosed by 
each peak was taken as being proportional to the amount 
of the respective compound. The yield of each com- 
ponent was then calculated on the basis of initial cyclo- 
hexene: unreacted cyclohexene 20'1, cyclohexanone 4$;, 
2-cyclohexenol4~~, Zcyclohexenone 85:, a-chlorocyclo- 
hexanone 6%, cis-2-chlorocyclohexanol 16.4!;, trans- 
2-chlorocyclohexanol 24.8%. 

Oxidation of Cyclol~exer~e with Chromjl Chloriiie 
( B )  Cyclohexene (20.5 g, 0.25 mol) dissolved in 300 rnl 

of methylene chloride was oxidized with 39 g (0.25 mol) 
of chroniyl chloride dissolved in the same solvent at 0 to 
-5 "C. The reaction mixture was decomposed by adding 
to 300 ml of ice cold watcr. The rcaction mixture was thcn 
worked up; and the ratio of the oxidation products deter- 
mined as described above: cyclohexanone 4.27;, 2-cyclo- 
hexenol 4.1 yc, 2-cyclohexenone 8.1 yo, a-chlorocyclo- 
hexanone 672, cis-2-chlorocyclohexanol 16.6C6, trans- 
2-chlorocyclohexanol 24.3',;, and unidentified high 
boiling material 21.3(, (yields based on initialcyclollexene). 
About 205; of the cyclohexene was recovered unreacted. 

Synthesis of trans-2-Ch1oroc;~cIoIzexnnal 
This compound was synthesized from cyclohexene by 

the method described in ""Orga~lic Synthesis" (1 3). Forty 
grams of cyclohexene yieided approximately 25 g of 
trans-chlorohydrin. 

Synthesis of a-Ci~lorocyclohe.unnotze and 
cis-2-C~ilorocyclol~exand 

a-Chlorocyclohexanone was prepared by the chlorina- 
tion of cyclohexanone (14). Reduction of the chloro 
ketone with aluminum isopropoxide yielded a mixture of 
cis- and trans-cblorohydrins (15). From this, pure cis- 
chlorohydrin was separated by treatment with aqueous 
sodium hydroxide followed by fractional distillation. 
Twelve grams of a-chlorocyclohexanone thus gave 
approximately 4 g of cis-chlorohydrin. 

ketone and cis-chlorohydrin had the relative retention Isomerizarion ofcis-2-Clzlorocyciohexanoi 
limes 48.1 and 48.2 respectively. Therefore, the mixture Pure cis-2-chlorocycIohexano1 was injected on a 30% 
was analyzed at  180 "C on a 4 ft, a in. diameter, glass Carbowax preparative column (column temperature 
column packed with Poropak P-S. I t  showed two clearly 160 "C) and the sample collected and analyzed by 
separable peaks with relative retention times (relative to analytical gls. Ht was fouild to contain 23.5% trans- 
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chlorohydrin and 76.55 cis-chlorohydrin. When the 
rilixture collected was injected into the preparative system 
again the anlount of trails-chloroi~ydrin was found to 
increase to about 4SC;. 

Pure cis-2-chlorocyclohexanol was injected on an SE-30 
column (30y0 SE-30 on Chromosorb W, length 12ft ,  
diameter in., column temperature 140 ' C )  and the 
compound collected. Analysis of this compound by glc 
showed that it contained approximately 4OC;; trar~s- 
chlorohydrin. When the latter mixture was reinjected the 
amount of the trarrs-chloroiiydri~~ increased to about 60c;. 

Pure tratzs-2-chlorocyclohexanol was collected com- 
pletely unisomerized when subjected to the same treat- 
ment. 

Isolation of Cyclolrexene Epoxicie from the Prod~rets of 
Cyclohexene Oxidatiorz 

( A )  Cyclohexene (82 g; 1 mol), dissolved in 1400 ml of 
methylene chloride, was cooled in an ice-salt bath to 0 to 
-5 "C and oxidized with 155 g (1 moi) of chromyl 
chloride dissolved in 500 ml of the same solvent. The 
reaction mixture was then added with stirrinz to 2 ! of 5<'; 
aqueous sodium bicarbonate containing 500 g of crushed 
ice and the mixture worked up as described. Abo!lt 80 g 
of crude products were collected which on analytical glc 
(column temperature 70 "C) showed a minor peak with 
rrt 3 (relative to cyclohexene) in addition to the peaks due 
to the compounds already identified. I t  was found that 
cyclohexene epoxide had thc same rrt as the above com- 
pound. The crude product was slowly distilled through a 
60 cm spinning band c o l ~ ~ m n .  After most of the unreacted 
cyclohexene was removed. the temperature of the pot was 
raised slowly. About 1 n ~ l  of the distillate was collected 
before the conipounds in the pot started darkening. The 
distillation was immediately stopped. This distillate was 
found to be a mixture of cyclohexene and the new com- 
pound. The latter was separated in a pure state by 
preparative glc using a 3OCC Carbowax c o l ~ ~ n i n  (column 
temperature I20 "C). Comparison of the infrared and 
nmr spectra of this compound with those of authentic 
cycjohexene epoxide confirmed its identity \vi"ii the latter. 

The residue from the above distillation was distilled a.t 
reduced pressure (15 torr) through a 15 cni fractionating 
coluinn and the yield of each constituent in the combined 
distillates was estimated by glc: unreacted cyclohexene 
about 18';, cyclohexene epoxide -0.5",, cyclohexanone 
4Gi, 2-cyciohexenol 4 5 ,  2-cyclohexenone 85, a-chloto- 
cyclol~exanone 6',, cis-2-clilorocycloliexano! 1 6 5 ,  ira!rs- 
2-cNorocq-clohexanol 240;. and unidentified high boiling 
material 2 0 5 .  

( B )  Cyclohexene (8.2 g9 0.1 mol) dissolved in 140 ml of 
methylene chloride was cooled to 0 to - 5 "G in an  ice-salt 
bath and to this 3.1 g (0.02 rnoi) of chromyl chloride 
dissolved in 40 ml of methylene chloride were added with 
stirring all at once. The mixture was immediately added 
with stirring to I00 ml of 5' aqueous sodium bicarbonate 
containing 25 g of crushed ice. The whole operation 
lasted less than a minute. The crude products obtained 
after work-up were distilled through a 60 cm spinning 
band column to remove the unreacted cyclohexene. The 
residue amounted to approximarely 1.6 g and the unre- 
acted cyclohexene, 6.6 g. The residue was distilled in a 
microdistillation apparatus a t  15 torr pressure and the 

distillate collected in a receiver cooled In liquid nitrogen. 
The ratio of the constituents 111 the dist~llate *as estimated 
by gic. The yield of each constituent based on reacted 
cyclohexene $?as as follows c) ciohexene epoxide ~ 0 . 6 ~ 7 ; 0 ~  
cyclohexanone 4' ,. 2-cyclohexenol 4C,, 2-cyclohexenone 
7C,  , a-chlorocyciohexanone 5C,, err-2-chlorocyclohex- 
anol 17',, irarzs-2-chlorocyclohexanol 25(,, and high 
boiling mater~al 20' '. 

Oxrdntlorz of Cjc/o/zexene wrtlz C i ~ r o q l  Chlor tde at  
Lo16 Terlzperarirre 

Cyclohexene (20 5 g, 0 25 rnol) d~ssolved 111 200 nil of 
methylene chloride was coo!ed to -80 to -85 "C in a 
dry Ice - acetone bath To this 39 g (0.25 rnol) of chromj 1 
chloride in 100 ml of methylene chlor~de were added with 
stirring during the course of 3 h After the addition was 
complete the react:on mixture was decomposed by addlng 
~t to 300 mi of 10Cc aqueous sod~um bicarbonate. The 
nuxture was &hen extracted w ~ t h  ether and the solvents 
were removed by distillation as usual The crude product, 
thus obtained, was diqtilled below 100 "C at  15 torr with- 
out leaving any s~gnificant amount of residue. The yield of 
each product %as as follows: cycloheuene epoxide 2?,, 
cyclohexene 14', cyclohexanone 3',, 2-cyclohexen-1-01 
4,,, 2-c~clohexm-1-one 8' c ,  a-chlorocyclol~exai~one 6 ' ,  , 
czs-2-chlorocyclol~e~ai~cl 21' , and trans-2-chlorocyclo- 
hexanol42(, 

Action of Sodilrr?~ Biccrrbotzaie on 
trarzs-2-Clzloroc~cIoIzex~tr1ol 

Pure trurzs-2-cl~iorocyclohexanol (500 mg) was shaken 
with 8 1111 of 5"; aqueous sodium bicarbonate containing 
5 g of crushed ice for I h. The mixture was then ex- 
haustively extracted with ether and the solvent removed. 
Analysis of the product by glc showed that the tmns- 
chlorohydrii~ was completely unchanged. 

Studies otz Ai~iorr Pizcorpounriort 
Cyclohexene (21 g, 0.25 mol) was oxidized with 39 g 

(0.25 mol) of chromyl chloride at 0 to -5 "C as already 
described and the complex was decomposed by adding to 
300 rnl of ice cold saturated aqueous sodiu!:~ bromide 
so!v!tion .,,vith stirring. The prod~rcts were worked up and 
fractioneiiy distilled at reduced pressure (15 torr). An- 
alysis of the distillate failed to show any bromohydrins. 
Unreacted cyclohexeile 19CkL, cyclohexanone 4',, i-cyclo- 
hexenol 4', , 2-cy clohexenone 9C1, a-chlorocyclohex- 
anone 6L;,, c i~-2-~hloro~~cIohexanoi~e 17:',, fr.ar1s-2- 
chlorocyclohexanol 247;, and unidentified high boiling 
material 21 yi'l. 

Studies oil 1 Ifrcorporatiorz iuto the C/rlorol~~dr.itzs 
Cyclohexene (21 g, -0.25 mol? dissolved in 100 rnl of 

methylene chloride was cooled to 0 to -5 "C and oxidized 
with 39 g (0.25 moi) of chromjl chloride dissolved in 
100 .mi of the same solvent. After the addition of chromyl 
chloride was comp!ete the reaction mixture was added 
with stirring to 50 mi of 1.61-5C; lSO enriched water at  ice 
bath temperature containing 8 g of anhydrous sodium 
carbonate, and the products worked up as usual. The 
crude product was fractionally distilled at 15 torr and the 
fraction boi1in.g between 80-90 "C was collected. This 
was refractionated two times under reduced pressure 
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TABLE 3. Peak heights (mm) for normal chlorohydrin* 

137 138 138/137 

Avg. 0.0625 i 0.002 

*Calculated ( M  + 2 ) + / ( M  + I ) +  for C~HIIO~'CI = 0.0633. 

TABLE 4. Peak heights (mm) for chlorohydrin from 
H2l reaction 

Avg. 0.0625+0.001 

(15 torr) to yield a mixture containing only the cis- and 
trans-chlorohydrins. 

The heights of the 137 and 138 peaks of authentic 
trans-2-chlorocyclohexanol were measured from a mass 
spectrum under the following conditions for the mass 
spectrometer: 70 eV, -250 PA emission, Faraday coup- 
ling, pressure S 2  X torr. Four measurements were 
taken. The ions a t  masses 137 and 138, which are the 
( M  + I)+ and ( M  + 2)+ peaks of the j7C1 isotope 
molecular ion were chosen because it was easiest to 
measure these peaks without interference from other 
isotopes, namely the 37C1 isotope. 

The ratio of ( M  + 2)' to ( M  + 1)+ (Tables 3 and 4) for 
the natural abundance of 1 8 0  in the chlorohydrin can be 
calculated from the following formula (16): 

Where N,  is the number of C atoms and No the number 
of 0 atoms. 

Oxidation of I-Pentene 
1-Pentene (17.5 g, 0.25 mol) was dissolved in 150 mi of 

methylene chloride and cooled to 0 to -5 "C. To this 
39 g of chromyi chloride (0.25 mol) dissolved in 100 ml of 
the same solvent was added drop by drop during a period 
of about 2 h. After the addition was complete the reaction 
mixture was added with stirring to 200 nrl of 10% 
aqueous sodium bicarbonate solution. The reaction 
products were extracted with ether and the solvent 
removed by slow distillation through a 60 cm spinning 
band column. The crude product obtained (-12g) 
distilled completely below 70 "C at 20 torr. The distillate 
was analyzed by glc (column temperature 70 "C) and 
gave peaks with the following retention times relative to 
cyclohexene, 1.8, 2.8, 10.5, and 11. 

Rearratzgen?er~t of Cyclohexene Epoxide 
( A )  1-Pentene (175 g, 2.5 mol) and cyclohexene epoxide 

(24.5 g, 0.25 mol) were dissolved in 300 ml of methylene 
chloride and cooled to 0 to - 5 "C in an  ice-salt bath. To 
this 39 g of chromyl chloride (0.25 mol) dissolved in 
100 ml of the same solvent were added with stirring drop 
by drop during a period of 2 h. The reaction nu'xture was 
then added to 107; aqueous sodium bicarbonate and the 
products extracted with ether. The solvents were removed 
by distillation slowly through a 60 cm spinning band 
column and the crude products analyzed by glc (column 
temperature 70 "C). In addition to the peaks due to the 
products of I-pentene oxidation two peaks with relative 
retention times 48.1 and 52.8 were seen. The crude 
products were fractionally distilled at  15 torr and the 
fraction boiling between 80-95 "C collected (13.8 g). The 
distillate contained two compounds with relative retention 
times 48.1 and 52.8 in the ratio 1:4 which corresponded 
to the relative retention times of a-chlorocyclohexanone 
and trans-2-chlorocyclohexanol. respectively. An infrared 
spectrum (neat) of the mixture showed peaks a t  3450 and 
1740 cnl-1; mass spectrum, m/e ions at  136, 134, and 132. 
To about 1 g of the distillate six drops of a-chlorocyclo- 
hexanone were added and the infrared spectrum meas- 
ured. I t  was identical to that of the original distillate 
except that a number of absorptions, particularly the one 
a t  1740 cm-1, were much stronger. The l-naphthyl- 
urethane derivative of the aicohol in the mixture was 
prepared, mp 163-164 "C. 

( B )  1-Pentene (88 g, 1.25 mol) and 12.3 g (0.125 mol) 
cyclohexene epoxide dissolved in 200 ml of methylene 
chloride were oxidized at -5 "C with 19.5 g (0.125 mol) 
of chromyl chloride dissolved in 50 ml of the same sol- 
vent. The reaction mixture was decon~posed by adding it 
to 200 ml of 10% ice cold aqueous sodium bisulphite and 
the products isolated and analyzed as described above. 
These amounted to 7.6 g of a-c11Iorocyclohexanone and 
trans-2-chlorocyclohexanol in the ratio of 1 :4; the non- 
distillable residue amounted to 6.1 g. 

Action of Chrornvl Chloride orz C~cloi~exene Epoxide 
To cyclohexene epoxide (9.8 g, 0.1 mol) dissolved in 

150 ml of methylene chloride and cooled to 0 to -5 "C 
was added 15.6 g of chromyl chloride (0.1 mol) in 50 ml 
of the same solvent during the course of 1 h. The reaction 
mixture was decon~posed by adding to 250 ml of 10% ice 
coid aqueous sodium bicarbonate. The reaction products 
were then extracted with ether and the solvents removed 
by distillation through a 60 cm spinning band column. 
The crude mixture when analyzed by glc (column 
temperature 70 "C) was found to contain only two 
compounds with relative retention times 48.1 and 52.8. 
This was fractionally distilled at 15 torr. The distillate 
weighed 5.3 g and was found to contain a-chlorocyclo- 
hexanone and tratzs-2-chlorocyclohexanol approxin~ately 
in the ratio of 1 :4 by weight. The pot residue (4.6 g) had 
the same infrared and mass spectra as the nondistillabIe 
material obtained when the epoxide was treated with 
chromyl ch!oride in the presence of I-pentene. 

Oxidation of I-Metlzylcyclol~exene with Chromyl Clzioride 
I-Methylcyclohexene (24 g, 0.25 mol) was dissolved in 

200 ml of methylene chloride and cooled to 0 to -5 'C .  
This was oxidized with 39 g (0.25 mol) of chromyi chloride 
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dissolved in 100 ml of the same solvent. The reaction 
mixture was then added to 300 ml of ice cold laC; aqueous 
sodium bicarbonate and worked up as usual. The crude 
product obtained weighed 22.4 g. This was fractionally 
distilled at  atmospheric pressure to remove the unreacted 
alkene. Further distillation under reduced pressure 
(15 torr) yielded four fractions: (1) bp 40-50 "C; (2) bp 
50-65 "C; (3) bp 65-75 " C ;  and (4) bp 75-95 "C. 

When analyzed by glc, fraction 1 (column temperature 
90 "C) was found to contain mainly two compounds with 
relative retention times 1 and 2.8. Thesc were separated 
by preparative glc using a 2OC4 Carbowax column 
(column temperature 140 "C). The compound with rrt 1 
had the following spectral properties: infrared (liquid 
film) 2810, 2710, and 1740cm-1 (strong); nmr (CC14) 
7 0.62 ( lH ,  s) and 8.88 (3N, s); mass spectrum, molecular 
ion at  m/e 112. These data correspond to those of 
1-methylcyclopentyialdehyde as previously reported (4). 
All relative retention times in this oxidation are related to 
this con~pound. The infrared and nmr spectra of the 
compound with rrt 2.8 were found to be identical to 
those of 2-methylcyclohexanone. 

Analysis of fraction 2 showed mainly two components 
with relative retention times 3.8 and 4.9 in addition to two 
minor peaks with relative retention times 5.2 and 6. These 
were separated by preparative glc using a 307; Carbowax 
co!umn (column temperature 160 "C). The major corn- 
ponents collected were purified further by the same 
method. The infrared and nmr spectra of the conipound 
with rrt 3.8 were found to be identical to those of authen- 
tic 2-n~ethylcyclohex-2-enone. The other component with 
rrt 4.9 had the following physical properties: mass 
spectrum, molecular ion at  nz/e 110; infrared spectrum 
(CC14) 3020, 1685, and 950cm-1; nrnr spectrum (CCi4) 
7 4.23 (1H. m. J < 1 Hz) and 8.28 (3H, m!. These data 
fit the structure of 3-meti~ylcyclohex-2-enone. 

Fraction 3 contained one major component wlth rrt 6 
and two minor components wlth relat~ve retent~on times 
7.2 and 8. The major component was separated by 
preparative glc on a ?Or; Carbowax column (column 
temperature 160 "C) The infrared and nmr spectra of 
this^compound were found to be identical to-those of 
2-chloro-2-methyicyclohexanone. 

Fraction 4 was refractionated at  15 tor? and the 
distiliate boiling between 80-90 "C collected. Anaiysis by 
glc showed that it contained one major component with 
rrt 9.7 (column temperature 90'C) and a few minor 
components or,r of which had an rrt of 15.8. When the 
separation of the components was attempted by prepara- 
tive glc they were found to decompose on the colunln. 
Therefore, the mixture was distilled again at reduced 
pressure through a fractionating column to yield a 9 5 5  
pure sample which had an rrt of 9.7. The infrared and 
nmr spectra and rrt of this compound were found to be 
similar to those of authentic (Z)-2-chloro-2-niethylcyclo- 
hexanol. The minor component that was present as the 
main impurity had the same rrt (15.8) as (E)-2-chloro-2- 
methylcyclohexanol. 

The yield of each compoulld obtained in the above 
oxidation was found to be as follows: unreacted l-methyl- 
cyclohexene lo%,  2-methyicyclohexanone 26%, 1-methy!- 
cyclopentylaldehyde 21yC, (Z>2-chloro-2-methylcyclo- 
hexanol 127,, 2-chloro-2-rnethylcyc1ohex;bnone 5 7 , ,  

2-tnethylcyclohex-2-enone 3pc, 3-methylcyclohex-2-enone 
3' ,, the con~pound that was suspected to be (E)-2-chloro- 
2-metl~ylcyclohexanol less than lC,, un~dentified volatlle 
material 10'7, and pot res~due about lor;. The yields are 
based on reacted 1-methylcyclohexene and were calculated 
from the analytical gas chromatogram of the crude 
product. 

Synthesis of2-Cl~loro-2-metI1ylcyclohexat~o1ze and 
2-Methylcyclolzex-2-enorle 

2-Chloro-2-methylcyclohexanone and 2-metl~ylcyclo- 
hexenone were prepared according to the method of 
Vllarnhoff and Johnson (17). 

S).tzthesis of(Z)-2-Chloro-2-rnet/~ylcycIoI~exa~ol 
This was prepared by reducing 2-chloro-2-methyicyclo- 

hexanone with lithium aluminum hydride by a modifica- 
tion of the method of Bodot et al. (18). Lithium alumi- 
num hydride (3 g) was dissolved in 150 ml of dry ether and 
filtered under nitrogen. The filtrate was added with 
stirring to 15.8 g of 2-chloro-2-methylcyclohexanone dis- 
solved in 150 nil of dry ether and cooled in an ice bath 
under a dry atmosphere during the course of 1.5 h. The 
complex formed was decomposed with moist ether and 
filtered. The residue was washed with ether and the 
washings and filtrate combined. The ether solutions on 
evaporation yielded 14.6 g of crude product. This was 
fractionally distilled at  15 mm to yield chlorohydrin 
approximately 975: pure. 

Sjnthesis of I-Metl~ylc~~clohexet~e Epoxide 
This compound was prepared by the oxidation of 

1-n~ethylcyclohexene with mefa-chloroperbenzoic acid 
according to the method of Crandall and Lin (19). Thirty 
grams of olefin yielded 28 g of epoxide boiling at  132- 
134 "C. 

Synthesis of(E)-2-Clzloro-2-metl1ylcyclo~zexanol 
This was synthesized from I-methylcyclohexene epoxide 

by treating an etherial solution of the latter with etherial 
HCl in the cold as reported in the literature (18). Twelve 
grams of epoxide yielded about 13.2g of chlorohydrin. 

Xearrange?nent of I-Met/~~~lcyclol~exene Epoxide 
1-Pentene (70 g, 1 mol) and 11.2 g (0.1 moi) of 1- 

methylcyclohexene epoxide were dissolved in 200 ml of 
niethylene chioride and cooled in an ice-salt bath to 0 to 
-5 "C. To this were added 16 g (0.1 mol) of chromyl 
chloride in I00 ml of the same solvent during the course 
of 2 11. The reaction mixture was then added to 200 ml of 
100; ice cold aqueous sodium bicarbonate and worked 
up as usual. The crude product was found to contain two 
substances with relative retention times 1 and 2.8 (column 
temperature 90 "C) in addition to the products of 1- 
pentene oxidation. The crude mixture was fractionally 
distilled at  15 iorr and the fraction boiling between 
40-60 "C was collected in a receiver cooied in a dry 
ice - acetone bath. This contained all of the above two 
compounds with relative retention times 1 and 2.8. These 
were separated on a 20% Carbowax column (column 
temperature 140 "C). The two compounds were found to 
be 1-methylcyciopentylaldehyde and 2-metl~ylcyclohexa- 
none respectively. The amount of these substances in the 
distillate was estimated by glc. This was found to be 
about (3.7 g in the ratio 3:2 (a1dehyde:ketone). The non- 
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distillable material accounted for approximately 355; 
of the epoxide. 

Rearrzltlgemetzt of (Z)-2-Chloro-2-n1et/z~~I~yclo1zexat201 
(Z)-2-Chloro-2-methylcyclohexanol(11.8 g, -0.08 mol) 

and 1-pentene (56 g, 0.8 mol) were dissolved in methylene 
chloride (300 ml) and cooled to 0 to -5 'C. Chromyl 
chloride (13 g, -0.08 mol) dissolved in methylene chlor- 
ide (75 ml) was added to this mixture with stirring during 
the course of 1 h. The reaction mixture was then added to 
200 n ~ l  of 20Yc ice cold aqueous sodium bisulphite solu- 
tion and the products extracted with ether and worked up 
as usual. The crude product was analyzed by glc. In 
addition to the products of I-pentene oxidation a minor 
peak with rrt 6 and a major peak with rrt 9.7 were found. 
The mixture was fractionally distilled at  15 torr and the 
fraction boiling between 65-90 "C collected. This con- 
tained all of the above two components. Further frac- 
tionation of the distillate under the same conditions 
yielded a fraction boiling between 72-76 "C which was 
purified by glc (305,; Carbowax column, 160 "C)  to yield 
pure 2-chloro-2-metl~~lcyclohexanone. The residue in the 
flask was found to be (Z)-2-chloro-2-methylcyclohexanol. 
The amount of the chloro ketone and the chlorohydrin 
was estimated by glc. The yield of cliloro ketone based on 
the amount of the chlorohydrin reacted was 845. About 
90% of the chlorohydrin was recovered unchanged. 

Rearr angemen f of (E)-2-C/11oro-2-metl1~ lcjclolrexunol 
(El-2-Chloro-2-methylcyclohexanol (12 g, -0.09 mol) 

and 57 g of 1-pentene (-0.8 mol) were treated In the same 
manner as described above wlth 13 g of chromyl chlorlde 
(-0.08 mol) and worked up. This yielded 9% of chloro 
ketone (yield based on chlorohydrln used). About 89'; of 
the chlorohjdr~n was recovered unreacted. 
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THOMAS L. SAYER and DALLAS L. RABENSTEIN. Can. J. Chem. 54, 3392 (1976). 
The acid-base chemistry of 2,3-diaminopropionic acid (dap), 2,4diaminobutyric acid (dab), 

ornithine (orn), and lysine (lys) has been studied by 13C and proton nmr spectroscopy. Macro- 
scopic acid dissociation constants for titration of the two ammonium groups of each molecule 
have been calculated from the 13C chemical shift titration curves for the alkyl carbon atoms by 
nonlinear least squares curve fitting methods. Microscopic acid dissociation constants for the 
simultaneous titration of the two ammonium groups of protonated orn and lys have been 
obtained from their proton chemical shift titration curves and from the l3C titration curves for 
orn and dap. The results indicate that the a-ammonium group of each of these apdiamino-  
carboxylic acids is more acidic than its o-ammonium group, but that the difference decreases as 
the number of carbons separating the anlmonium groups decreases so that the acidities of the 
two ammonium groups of dap are almost identical. Results of pmr studies of the acid-base 
chemistry of glycyl-L-lysine and L-lysylglycine also are reported. 

THOMAS L. SAYER et DALLAS L. RABENSTEIN. Can. J. Chem. 54, 3392 (1976). 
On a CtudiC, B l'aide de la spectroscopie rmn du proton et du l3C, la chinlie acide-base de 

l'acide diamino-2,3 propionique (dap), de I'acide diamino-2,4 butyrique (dab), de I'ornithine 
(orn) et de la lysine (lys). On a calculC les constantes macroscopiques de dissociation acide pour 
la titration des deux groupes ammonium de chaque molCcule B partir des courbes de titration 
des dkplacements chimiques du 13C des atomes de carbone alkylCs en faisant appel ti des 
methodes non liniaires d'ajustement des courbes par la mCthode des moindres carris. Les 
constantes microscopiques de dissociation acide pour la titration simultanie des deux groupes 
ammonium de l'ornithine et de la lysine protonCes ont pu &re obtenues B partir de leur courbe 
de titration des dCplacements chimiques des protons et des courbes de titration du 13C pour 
l'ornithine et le dap. Les rCsultats indiquent que le groupe ammonium a de chacun des acides 
a,w-diaminocarboxyliques est plus acide que le groupe W-ammonium; toutefois la difference 
dirninue a mesure que le non~bre d'atomes de carbone sCparant les groupes ammonium diminue; 
ceci implique que les aciditCs des deux groupes ammonium du dap sont presque identiques. On 
rapporte aussi les risultats d'itudes rmp de ia chimie acide-base de la glycyl-L-lysine et de la 
L-lysylgiycine. 

[Traduit par le journal] 

Introduction 
The acid-base chemistry of amino acids is 

usually characterized in terms of macroscopic 
acid dissociation constants obtained from p H  
titration data. If the amino acid contains two or 
more functional groups of comparable acidity, 
the p H  ranges for titration of the two groups 
overlap and titration can occur by two inde- 
pendent pathways. In such cases, the macro- 
scopic constants are composites of the micro- 
scopic constants whicli describe the acid-base 
chemistry at the molecular level. 

Microscopic acid dissociation constants can 
be determined for such molecules if the extent 
of titration of at least one of the two acid groups 

can be measured as a function of pH. Thus, the 
microconstants of cysteine, tyrosine, and related 
molecules containing a sulfhydryl or a phenolic 
group have been determined by se1e1;tively 
monitoring the titration of the sulfhydryl or the 
phenolic group by uv spectroscopy (1-5). How- 
ever, the microscopic acid-base chemistry of 
amino acids containing two acidic groups of the 
same type is not amenable to study by absorption 
spectroscopy, and thus the only microconstants 
which have been reported for amino acids such 
as lysine and glutamic acid are those which have 
been estimated from their potentiometrically 
determined macroconstants and those of related 
molecules (6, 7). 
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SAYER AND RABENSTEIN 

FIG. 1. Microscopic acid dissociation scheme for a,w-diaminocarboxylic acids. 

Recently, we described methods for determin- 
ing microscopic acid dissociation constants by 
nmr (8). In this paper, we report the results of 
proton and 13C nmr studies of the acid-base 
chemistry of the a,a-diaminocarboxylic acids 
lysine, ornithine, 2,4-diaminobutyric acid, and 
2,3-diaminopropionic acid. The results of pmr 
studies of the acid-base chemistry of two lysine 
dipeptides are also presented. 

Experimental 
The amino acids and peptides were commercial prod- 

ucts and were used as received. 2,3-Diaminopropionic 
acid, ornithine, lysine, glycyl-L-lysine, and L-lysylglycine 
were obtained as their monohydrochloride salts. The 
2,4-diaminobutyric acid was obtained as its dihydro- 
chloride salt. No impurities were detectable in the nmr 
spectra of the amino acids and peptides. A stock solution 
of tetramethylammonium (TMA) nitrate was prepared by 
titration of a 257, aqueous solution of TMA hydroxide 
(Eastman Organic Chemicals) with HNO3 to p H  7. 

The p H  measurements were made as described pre- 
viously (8). IH nrnr spectra were obtained on Varian 
A60-D or HA-100 high resolution spectrometers a t  
25 i 1 "C. 1H chemical shifts were measured relative to  
the central resonance of the TMA triplet, but are reported 
relative to the methyl proton resonance of sodium 2,2- 
dimethyl-2-silapentane-5-sulfonate (DSS). The central 
resonance of the TMA triplet is 3.175 ppm downfield 
from the methyl resonance of DSS. Positive chemical 
shifts indicate protons less shielded than the methyl 
protons of DSS. 13C nrlx spectra were obtained on a 
Bruker HFX-90 spectrometer operating at  a frequency of 
22.63 MHz and equipped with a Nicolet 1085 computer. 
The pulsed Fourier transform mode was used with 
proton decoupling. The L9F resonance from C6F6 in a 
coaxial capillary was used for the lock signal. 13C chemical 
shifts were measured relative to  internal dioxane, with 
positive shifts corresponding to less shielding than at  the 
carbon nuclei of dioxane. The 13G nucle~ of internal 
dioxane are 67.73 ppm less shielded than those of 
external TMS. 

Solutions were prepared in distilled water and con- 

tained appropriate amounts of the chemical shift refer- 
ence compound (0.005 M TMA or 0.1 M dioxane). 
Sanlples were prepared at  closely spaced p H  intervals 
within the p H  range over which the two ammonium 
groups are titrated by adjusting the p H  of appropriate 
solutions. The p H  was adjusted with concentrated H N 0 3  
or KOH to minimize dilution. At the amino acid and 
peptide concentrations used, it was not practical to 
control the ionic strength with inert electrolyte. T o  mini- 
mize variations in ionic strength, samples were prepared 
by initially adjusting the p H  with HNQ3 or KOH to one 
end of the p H  region to be studied; samples were then 
taken as the p H  was adjusted through the p H  region of 
interest. 

Acid dissociation constants were evaluated both as 
mixed activity-concentration constants (activity of hydro- 
gen ion - concentration of acid and its conjugate base) 
and as concentration constants. Hydrogen ion concentra- 
tions were obtained from p H  meter readings using 
activity coefficients calculated with the Davies equation 
(9). (The term p H  is used in this paper to represent 
-log u,c.) The acid dissociation constants reported in 
the tables are mixed constants; factors for conversion to 
concentration constants are given in the footnotes to  the 
tables. The weighted nonlinear least squares curve fitting 
program KIWET was used to evaluate the macroscopic 
and microscopic acid dissociation constants from the 
chemical shift data (10). 

Results 

a,w-Diaminocarboxylic Acicls 
The microscopic acid-base equilibria for the 

two ammonium groups of a protonated a,a- 
diaminocarboxylic acid are shown in Fig. 1. The 
equilibrium to which a given microconstant 
refers is indicated by its subscript; the last 
number in the subscript denotes the group in- 
volved in the equilibrium to which the constant 
refers while the preceding numbers indicate 
groups which deprotonated in preceding steps. 
The carboxyl, a-ammonium, and a-ammonium 
groups are labeled 1, 2, and 3 respectively. The 
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d 6 8 10 12 14 

FIG. 2. p H  dependence of the chemical shifts of the 
alkyl carbons of 2,3-diaminopropionic acid. 0.185 M 
solution, 25 "C. 

carboxylic acid group is completely dissociated 
at  the p H  values where the ammonium groups 
deprotonate. Equations 1 and 2 relate the 
macroscopic constants to the microscopic con- 
stants. 

Titration of the two ammonium groups of 2,3- 
diaminopropionic acid (dap), 2,4-diaminobu- 
tyric acid (dab), ornithine (orn), and lysine (lys) 
was studied by 13C nmr; the 13C data is presented 
in the form of 13C chemical shift titration curves 
in Figs. 2-5. Titration of the two ammonium 
groups of orn and of lys also was monitored by 
observing the resonance patterns for the non- 
labile protons on the a-methine and a-methylene 
carbon atoms. The chemical shift titration curves 
for the protons on the a and 6 carbons of orn 
are presented in Fig. 6;  those for the protons on 
the a and c carbons of lys have been presented 
previously (8). 

P H 
FIG. 3. p H  dependence of the chemical shifts of the 

alkyl carbons of 2,4diaminobutyric acid. 0.185 M solu- 
tion, 25 "C. 

Macroscopic constants were estimated from 
each of the 13C chemical shift titration curves in 
Figs. 2-5 by nonlinear least squares curve fitting 
to [3]. 

Q H + ~ ~ H , . ~  + K 1 a H ' 8 ~ ~  + K I K ~ ~ A  
[31 6,bS = + K l a H +  + KI K2 

where 6,bS is the observed chemical shift and 
I?,,,?, 6 H A ,  and 8.% are the chemical shifts of the 
particular carbon atom for the three macroscopic 
protonation states (8). Equation 3 is applicable 
to chemical shift titration curves of nuclei whose 
chemical shifts are affected by deprotonation of 
both acidic groups of a diprotic acid. 13C 
chemical shift studies of amines, carboxylic acids, 
and aminocarboxylic acids indicate that the 
chemical shift of carbons up to five bonds re- 
moved from the amino group is dependent on 
the protonation state of the amino group (1 1). 
a,,, and 8 A  were obtained from the limiting 
shifts at  the low and high p H  ends of the titration 
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SAYER AND RABENSTEIN 3395 

FIG. 4. pH  dependence of the chemical shifts of the 
alkyl carbons of ornithine. 0.185 M solution, 25 "C. 

curves. aHA cannot be measured directly and 
thus was obtained simultaneously with Kl and KZ 
from the nonlinear least squares curve fitting. 
The results obtained from the individual titration 
curves are presented in Table 1. Also presented 
in Table 1 are the averages of the individual 
values for each molecule, each value weighted 
inversely by its standard deviation. 

Microscopic constants were calculated from 
the 136 chemical shift titration curves for dap 
and orn and from the pmr titration curves for 
orn and lys. The calculation procedure involved 
first calculating from the chemical shift data the 
fractional deprotonation of each group as a 
function of pH  with [4] and [5]. In 141, 

f2,d and f3,d are the fractional deprotonations of 
the a- and w-ammonium groups, 8i,obs is the 
chemical shift observed for the ith carbon or 
proton at the particular pH, ai,, and are the 

FIG. 5. p H  dependence of the chemical shifts of the 
alkyl carbons of lysine. 0.185 M solution, 25 "C. 

chemical shifts of the ith carbon or proton in 
the fully protonated and deprotonated forms of 
the molecule and A, is the total change in the 
chemical shift of the ith carbon due to deprotona- 
tion of the w-ammonium group. In IS] 6j,obs, 8j,p, 

and b3,d are defined as above for the jth carbon 
or proton and A, is the total change in the 
chemical shift of the jth carbon or proton due to 
deprotonation of the a-ammonium group. f 2 , d  

and f 3 , d  were obtained simultaneously from the 
chemical shift data for the ith and jth carbons or 
protons either by first setting A, and A, to zero 
to obtain initial estimates of f 2 , d  and f 3 , d  and 
then iteratively refining these values or by direct 
calculation with equations obtained by substi- 
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TABLE 1. Macroscopic acid dissociation constants calculated from I3C chemical  shift^^,^^^ 

2,3-Diaminopropionic acid 2,4-Diaminobutyric acid 

P K ~  pK3 kd pK2 pK3  HA 

C Z  6 .79 i0 .02  9 . 5 3 i 0 . 0 1  -12.2010.03 e e 

C B  6.77rt0.02 9 .5310.01 -24.07rt0.02 8 .4010.02 10.4210.01 -34.36k0.04 
c, 8 . 4 2 t 0 . 0 4  10.51rtO.18 -28.98rt0.02 
L 6  

c e 
Average 6.78 9.53 8.41 10.42 
Literature1 6.77 9.53 8.24 10.35 

Ornithine Lysine 

P K ~  P K ~  6~ 4 P K ~  PK3  HA 

Cc 8.92k0.07 10.6510.18 -11.09i0 .07 9.26+0.05 10.7910.15 -10.8610.05 
C B  8.8610.01 10.5810.04 -35.36i0 .03 9 .2910.01 10.89+0.04 -32.8810.03 
c ,  8.74k0.07 10.6510.01 -42.70+0.05 9 .3410.08 10 .99 i0 .10  -44.6310.04 
ca 8.88rt0.07 10.69i0 .03 -26.8610.03 9.41 k0.07 10.91 1 0 . 0 1  -39.31 rt0.06 
c, 9 . 5 0 i 0 . 2 0  11.0310.06 -26.88rt0.05 
Average 8.86 10.65 9.31 10.91 
Literature1 8.83 10.68 9.21 10.81 

UMixed activity-concentration constants. To convert to approximate concentration constants, subtract 0.09 from each pK. 
bThe uncertainty reported with each constant 1s a linear estimate of the staudard deviation (10). 
CConcentration of each amino acid: 0.185 M .  p 3 0.2-0.4 M for 2,3-diaminopropionic acid, ornithine, and lysine, p = 0.4-0.55 IW for 2.4- 

diaminobutyric acid. 
dppm us. internal dioxane. 
eThe standard error of the fitted constants was greater than the constants. 
(Mixed constants calculated from the thermodjnamic constants of ref. 13 for p = 0.3 M for 2.3-diamii~opropionic acid, ornithine, and lysine 

and r = 0.45 M for 2.4-diaminobutyric acid. Activity coefficients calculated wit11 the Dabies equation (9). 

tution of [5]  into [4] and [4] into [5] .  The micro- 
2.6 constants were then determined by nonlinear 

least squares curve fitting the fractional depro- 
M 
M tonation values to [6]  and [7] (8 ) .  The results 
0 2.8 
d > E61 

/'l2~,- + k 1 2 k 1 2 3  

E f2'd = aHi2 + K 2 a H +  f 4 K 3  
a 3.0 
a 

671 
k l 3 a H +  + k l 3 k l 3 2  

c-" f 3 8 d  = aH+' + K2aH- + K2K3 
Lb. 3.2 
I obtained from the proton chemical shift titration 
m curves for orn and lys and from the 13C titration 
2 3.4 curves for dap are given in Table 2. Within the 
V - standard deviation of the estimates, the values 
=z obtained for pk12 and p k 1 2 3  for orn from its 13C 

3.6 chemical shift titration curves are identical to 
93 those given in Table 2 whereas pkI3 and ~ k 1 3 ~  

both differ by 0.14 of a pk unit. 
3.8 In fitting the fractional deprotonation data to 

5 7 9 11 
[6]  and [7], the macroscopic constants were set 

l 3  equal to those obtained by combining the frac- 
tional deprotonation data to obtain the average 

FIG. 6. p H  dependence of chemical shifts of the pro- number of acidic protons per molecule, jj' 

tons on the alpha and delta carbons of ornithine in a 
0.10 M solution. 25 "@. m P = - f2,d - f3,d 
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SAYER AND RABENSTEIN 

TABLE 2. Macroscopic and microscopic acid dissociation c o n s t a n t ~ ~ ~ ~ , ~  

2,3-Diamino- 
propionic 

Lysined Ornithined acidd Glycyllysine Lysylglycine 

"Mixed activity-concatration constants. To convert to approximate concentration constants, subtract 0.10 
from each pk or pK. 

*The 11ne.r estimate of the standard deviation (10) of each pk or pK is 50 .02 .  
9.19 M lysine, 0.185 M 2,3-d~aminopropionic acid, + = 0.2-0.4 M ;  0.10 M omithine, 0.099 M glylys, and 

0.11 Mlysgly, p = 0 . 1 4 . 2  M. 
dFor lysine, A, = L = 0.017 ppm; for ornithine, A, = A, = 0.030 ppm; for 2,3-diaminopropiooic acid, 

A. = 5.23 ppm, A,  = 6.53 ppm. 

5 7 9 11 13 

P k-! 
FIG. 7. p H  dependence of the protons on the alpha 

carbon of glycine and the epsilon carbon of lysine in 
glycyliysine. 0.099 25 "C. 

and then curve fitting the p us. pH data to [93 (83, 

The values used for A, and A, in the ca!cu!ation 
of fractional deprotonations were obtained from 

chemical shift data for model compounds and 
are given in the footnotes to 'Table 2.' 

Reliable values for the microconstants could 
not be obtained from the 13C data for lysine due 
to the sensitivity of pk13 and pk132 to uncertain- 
ties in A, and A,. Microconstants could not be 
obtained from the I3C data for dab because its 
13C data is inconsistent with model compound 
data. 

L y s i ~ e  Dipepticles 
Chemical shift titration curves for the protons 

on the carbons bonded to the ammonium nitro- 
gens of glycyllysine (glylys) and lysylglycine 
(lysgly) are shown in Figs. 7 and 8. The carbox- 
ylic acid, a-ammonium, and 6-ammonium 
groups of both dipeptides are labeled 1,2, and 3 
respectively. Due to the number of bonds 
separating the ammonium groups, each of the 
titration curves reflects almost entireiy the titra- 
tion of a single ammonium group. Examination 
of the titration curves for glylys indicates that 
first the glycyl ammonium group is titrated and 
then the 6-ammonium group of the lysyl residue, 
with very little overlap of the p H  ranges over 
which titration occurs. Thus, titration of glyiys 
occurs almost entirely via the monoprotonated 
tautomer H2NCH2CONHCH(CHzCH2 CH2C - 
H2NH3+)C02- and macroconstants K2 and K3 
are essentially equal to k12 and k123. Similarly, 
there is almost complete titration of the a- 
ammonium group of lysgly before titration of 

'The values reported previously (8) for pk12 and pk123 
for lys are identical to those given in Table 2. Tnz values 
for pkI3 and pkl31 differ by 0.10 pk unit because A, and 
& had previously been assumed to be zera for lys. 
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P W  
FIG. 8. p H  dependence of the protons on the alpha. 

and epsilon carbons of the lysyl residue of lysylglycine. 
0.1 1 M, 25 "C. 

the r-ammonium group. The macroconstants 
obtained from the nmr data in Figs. 7 and 8 are 
reported in Table 2. These vaiues are also given 
in Table 2 as the microconstants for the pre- 
dominant titration pathway at the molecular 
level. 

Discussion 

a,w-Diaminocarboxylic Acicls 
As noted in the introduction, the acid-base 

chemistry of lvsine and other amino acids con- 
taining two ammonium groups has not been 
characterized at the molecular level. Edsali and 
Blanchard estimated values of 9.8 and 10.54 for 
pkI32 and pkl 23 for lysine using relationships de- 
rived from the macroconstants of model com- 
pounds related to iysine 46). Lysine and Ai- 
methylated lysine model compounds have been 
studied by Cmr by Bradbury and Brown (12). 
These authors noted a slight infection in the 
lysine chemical shift titration curves which they 

correctly attributed to a mutual interaction of 
the two lysine ammonium groups. However, they 
chose to ignore the protonation tautomer 
H2W(CH2)4CW(N M 3+)C02- and calculated a 
single pK vaiue for each of the ammonium 
groups from the chemical shift titration data. 
The p H  dependence of pM2 and pM3 for lysine, 
where pM2 and pM3 are apparent acid dissocia- 
tion constants defined as 

and 

indicate that the chemical shift titration data is 
more correctly analyzed in terms of the micro- 
scheme in Fig. 1. Other authors have assumed, in 
studies of the aqueous solution chemistry of the 
a,w-diaminocarboxylic acids studied in this work, 
that titration of the two ammonium groups pro- 
ceeds exclusively by the sequence 1 + 2 + 4 
(Fig. 1) (13). The results obtained in this work 
clearly indicate that some deprotonation occurs 
via the tautomer H2N(CH2),CH(NH3')C0223 
with the relative importance of this pathway 
increasing as n decreases. 

The results in Table 2 for the a,w-diamino- 
carboxylic acids indicate the ammonium groups 
of these molecules to be generally more acidic 
than those of typical alkyiamines. For compari- 
son, the pK of $thylamine is 10.81. The greater 
acidity of the ammonium groups of the a p -  
diaminocarboxylic acids has been attributed to 
the combined inductive effects sf the C02-,  
NX3-?, and N H 2  substituents (13-15). The effects 
of the NH;' and N H 2  subsfituents on the acidity 
of an WH3' group can be predicted from the 
microscopic constants of syrnrnebricaY diamines, 
and defined according to the scheme shown 
below, and the pK values of monoalkyiamines. 
For example, the difference between the pK of 

-i- 

HaN(CH2),NH3 
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FABLE 3. Acid dissociation constants for symmetrical diamines 

Ethylenediamine 1,3-Diaminopropane 1,4-Diaminobutane 1,5-Diaminopentane 

PKI* 7.22 8.88 9.61 10.02 
P K ~  10.03 10.64 10.82 10.96 
pklb 7.52 9.18 9.91 10.32 
P ~ I Z  9.73 10.34 10.52 10.66 
NN3+ substituent effectC -3.29 - 1.63 -0.90 -0.49 
INN;? substituent effectd -1.08 -0.47 -0.29 -0.15 

*Macroconstants from Schwarzenbach, Massen, and Ackermann (16). 
bcalculated from macroconstants, see text. 
CDefined as equal to pkl - 10.81 where 10.81 = pK of ethylamine. 
dDefined as equal to pklz - 10.81. 

TABLE 4. Predicted microscopic and macroscopic constants for a,w-diarninocarboxylic acids 

2,3-Diaminopropionic 2,4-Diaminobutyric 
acid acid Qrnithine Lysine 

t 
ethylamine and pkl of M3W(CH2),NH3+ gives 
the increase in the acidity of an NH3+ group due 
to  an NH3+ substituent 11 carbons removed, while 
the difference betwccn the pK and pk12 gives the 
effect of an NH2 group n carbons removed. The 
values calculated in this way for NH2 and NH3T 
substituent effects are listed in Table 3. The 
microconstants from which the substituent 
effects were obtained are listed in Table 3 ;  the 
microconstants were calculated from thc macro- 
constants with the relations kl = K1/2 and 
k I 2  = 2K2. 

To the extent that the effect of substitucnts on 
the acidity of the NH3+ group is additive, the 
microconstants for the NH3+ groups of the 
a,w-diaminocarboxylic acids can be predicted 
from the substituent effects in Table 3 and the pK 
values for the appropriate aminocarboxylic acids. 
For example, pk,, and pk132 of ornitkine can be 
predicted from the pK2 of 2-aminovaleric acid 
and the substituent effects in Table 3 for NM3+ 
and NH2 substituents four carbons removed. 
pkI3 and pklZ3 can be predicted in a similar way 
from the pK2 of 5-aminovaleric acid. The micro- 
constants estimated in this way for dap, dab, orn, 
and lys are given in Table 4. 

With the exception of the values predicted for 
pk1323 the predicted microconstants for orn and 
lys are within 0.1 pk units of those observed, The 

predicted values for pk12 and pk132 for dap are 
significantly less than observed. These differences 
are probably due in part to ionic strength effects. 
However, the substituent effects may not be com- 
pletely additive, possibly because of disubstitu- 
tion at  the alpha carbon; it has been observed 
that the chemical shift of the alpha carbon of 
alpha amino acids is anomalous with respect to 
the additivity of chemical shift substituent para- 
meters dcrived from the I3C chemical shifts of 
amines, carboxylic acids, and aminocarboxylic 
acids (1 I). 

Lysine Dipeptides 
The results in Table 2 indicate that conversion 

of the C 0 2 -  group of lysine to CONHCH2C02- 
increases the acidity of the lysine a-ammonium 
group by 1.56 pk units. The greater acidity of the 
a-ammonium group of lysine as compared to 
monoalkylamines is due partly to the inductive 
effect of the COz- group (14, 15). When the 
COz- is converted to CONHCH2C02-, its acid 
strengthening effect is even greater because of the 
increased inductive effect of the peptide bond and 
a decreased electrostatic effect due to the in- 
creased separation of the alpha NH3+ and the 
C02-. The acidity of the glycine ammonium 
group is increased by an almost identical amount 
by conversion of glycine to glylys (the pK2 of 
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glycine is 9.70). The acidity of the E-ammonium 
group is not significantly affected by incorpora- 
tion of the alpha ammonium group or the 
carboxylate group of lysine into peptide bonds. 
If the polar side chains of lysyl residues in pro- 
teins are a t  the protein surface and interact with 
the surrounding water, it might be expected that 
their acidity would be similar to  that of the 
E-ammonium groups of glylys and lysgly. For 
comparison, Bradbury and Brown report pK 
values ranging from 10.1 to 10.7 for the t- 

ammonium groups of the six lysyl residues of 
lysozyme (12). 
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J. M. CACHAZA, J. CASADO, A. CASTRO, and M. A. GPEZ QUINTELA. Can. J. Chem. 54, 3401 
(1976). 

The kinetics of oxidation of nitrite to nitrate by hypochlorite ions in aqueous basic solution 
(pH 2. 11) have been studied using a dynamic spectrophotometric technique. The rate law is 

At 298.0 K and ionic strength 0.40 M, d = (3.4 f 0.2) X moll-' s-1 and e = (2.8 f 
0.2) X 10" s-l. The associated activation energies are 56 + 3 and 61 + 3 k J  mol-I respec- 
tively. A mechanism is proposed involving the reversible initial step: 

NOz- + HOCl k NOzCl+ OH- 

with the NOzCl undergoing two parallel subsequent reactions, one a unimolecular decomposi- 
tion and the other an attack by NO2- on NO2Cl. 

J. M. CACHAZA, J. CASADO, A. CASTRO, et M. A. UPEZ QUINTELA. Can. J. Chem. 54, 3401 
(1976). 

On a CtudiC la cinttique de l'oxydation des nitrites en nitrates par les ions C10- en solution 
aqueuse alcaline (pH -- 11) en utilisant une technique spectrophotomCtrique dynamique. 
L'Cquation de vitesse obtenue est: 

A 298.0 K et force ionique 0.40 M; d = (3.4 + 0.2) X moll-' s-I et e = (2.8 f 0.2) X 
10" s-1. Les Cnergies d'activation associ6es sont de 56 + 3 et 61 1 3 k J  mol-1 respectivement. 
On a proposC un mkcanisme qui permet d'interpreter avec satisfaction 1'Cquation de vitesse et 
qui implique la formation de chlorure de nitrile par 1'Ctape reversible initiale: 

NO2- + ClOH Z C1N02 + OH- 

avec deux rhctions subskquentes paralleles du ClNO2: l'une, sa dkomposition unimolkulaire 
et l'autre une nouvelle attaque de I'espke N02- sur le CINOz. 

Introduction 
The kinetic study of the reactions of nitrite 

ions has been of increasing interest due to their 
biological and chemical -implications. Nitrite 
ions are common contaminants in natural waters, 
which subsequently are chlorinated for various 
uses. For this reason the kinetic studv of re- 
actions which take place when nitrite and 
hypochlorite ions exist in water is of some 
importance. Although a kinetic study of the 
reaction of chlorine with nitrite ions was done 
several years ago (1,2), it was not until the study 
by Lister and Rosenblum (3) and, more recently, 
by Pendlebury and Smith (4) that it was examined 
systematically. The former group carried out 
their research in strongly basic solution in which 
the reaction takes place slowly, whereas the latter 

worked in strongly acid solution where the 
reaction is relatively rapid, thus requiring re- 
laxation techniques for its study. In the work of 
Pendlebury and Smith, a mechanism compatible 
with those that can be postulated for the re- 
actions of other halogens with nitrite ions was 
proposed. As will be shown in this work, a 
mechanism similar to that suggested by those 
authors satisfactorily interprets the experimental 
rate law in basic solution. 

Experimental 
A dynamic spectrophotometric technique has been 

employed. Absorbance was measured at 292 nm where 
there is a maximum in the absorption spectrum of hypo- 
chlorite ions. Although nitrate and nitrite ions absorb at 
the same wave length this does not introduce great 
difficulties because (I) their extinction coefficients are 
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lower than those of the hypochlorite ion, (2) in the work- 
ing conditions employed the absorbance of nitrite ions 
may be considered either constant (high nitrite concentra- 
tion) or negligible (low nitrite concentration), and (3) the 
nitrate ion concentration is always irrelevant. 

All kinetic measurements were performed in triplicate 
with rate constants agreeing to within 75;. The ionic 
strength was maintained constant at 0.40 M by adding 
sodium chloride or sodium nitrate and no change in the 
pH was observed during a particular experiment. The 
initial p H  was measured by preparing a mixture identical 
to the reaction mixture except that no nitrite was present. 

Kinetic measurements were performed in 1 cm path- 
length rectangular quartz cells of a Pye Unicam SP 1700 
spectrophotometer with an AR 25 linear recorder and an 
SP 874 constant temperature cell holder. 

Nypochlorite solutions were prepared by saturating a 
sodium hydroxide solution with gaseous chlorine, fol- 
lowed by standardization and dilution immediately prior 
to kinetic experiments. All chemicals were Merck p.a. and 
standard analytical procedures were used for their esti- 
mation. The known extinction coefficients (5, 6 )  for the 
various anions at 292nm were checked on separate 
samples, and the following values were used in the 
calculations: 

Ion e292 (M-1 cm-1) 

All the kinetic data were analyzed by the method of 
least squares arranging the data in a linear form of 
y = a x  + b. The least-squares analyses were performed 
on an IBM 1130. 

The accepted stoichiometry for the reaction is 
given by the equation 

Generally, nitrite and chloride were present in 
large excess over hypochlorite and the p H  was 
constant in any particular experiment. Under 
these conditions In A, where A is the absorbance 
of hypochlorite ions at time t ,  was linear with the 
time for at least 80y0 of the reaction (Fig. 1). 
For each experiment a pseudo first-order rate 
constant, k,, was calculated from 

Since A is proportional to the concentration of 

lTables of data, upon which the figures are based, are 
available, at  a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 

FIG. 1. Typical pseudo first-order rate plots for the 
oxidation of nitrites by hypochlorite ion at 298.0 K and 
[NaClOIo = 3.0 X 10-3 M: (0) [NaOH] = 3.0 X lo-' 
M ,  [NaNO2! = 0.1400 M, p = 0.40; (%) [NaOH] = 
3.0 X M ,  [NaN02] = 0.0820 M ,  p = 0.18; (@) 
[NaOH] = 1.8 X 10-3 M ,  [NaNO2] = 0.0359 M, p = 

0.40. 

hypochlorite ions, it follows that the rate law is 

Confirmation that the reaction was genuinely 
first order in hypochlorite ions was obtained by 
finding that k ,  was independent of initial 
hypochlorite ion concentration in the range 
(8.&3 1.2) X M (at constant [N02-1, [Cl-1, 
pH). At constant [NO2-] and pH, k, was (Fig. 2): 
(1) independent of chloride concentration (up to 
0.3 M), (2) independent of nitrate concentration 
(up to 0.2 M), (3) independent of ionic strength 
in the range 0.15-0.40 M. k ,  was measured when 
the nitrite ion concentration was varied in the 
range 0.0329-0.1520 M (at constant pH), and it 
was found (Fig. 3) that 

For the conditions shown in Fig. 3b, a = (5.0+ 
0.4) X lod3 I mol-I s-I and b = (0.36 rt_ 0.03) IZ 
m01-~ s-I* 

At constant [NO2-], k,  was inversely pro- 
portional to the square of the hydroxide con- 
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FIG. 2. Rate of oxidation of nitrites by hypochlorite 
ion at 298.0 K :  [NaOH] = 3.0 X 10-3 M ,  [NaN02] = 

0.0820 M and [NaClOJo = 2.7 X M ;  (A) [NaCl] = 

2.7 X M ,  [PlaNQ3] = 0.3217 M ,  p = 0.40; (0) 
[NaCl] = 0.3225 M ,  = 0.40; (@) [NaCl] = 0.1725 M ,  
,u = 0.15. 

FIG. 3. Relation between the rate constant and 
nitrite ion concentration in the oxidation of nitrites at 
298.0 M and p = 0.40: (u) [NaOH] = 1.9 X 10-3 M ;  
(6)  [NaOH] = 2.7 X 10-3 M. 

centration when the pH was varied from 10.93 
up to 11.56 (Fig. 4): 

For these conditions c = (1.7 i 0.13 X mo12 
1-2 § - I ~  

FIG. 4. Effect of p H  on the rate of oxidation of nitrites 
at 298.0 K, [NaN02] = 0.0715 M ,  p = 0.40. 

Combination of [4] and [5] gives 

so that the overall rate is 

Although the values of a ,  b, and c were used 
to obtain those of d and e by [6] ,  and although 
these turned out to be fairly constant, it was con- 
sidered that this procedure did not give equal 
weight to each of the experiments performed. A 
computer program was therefore written to  
refine the values of d and e. It was considered 
that the best values of d and e would be those 
which, when substituted in [6], yielded values of 
the calculated rate constant, k, (calcd), in 
closest agreement with the 19 experiments in- 
volved. Closest agreement was defined as mean- 
ing the minimum value of the average of the 
square of the fractional deviation, E, where E is 
defined by 

n being the number of experiments involved. 
The values thus obtained at 298.0 K are: 

for which E = 4 X Equation 7 is therefore 
an adequate description of the results. 

To test rate equation 7 at  lower nitrite con- 
centrations, experiments were performed with 
[NO2-] equal to [ClO-] using initial concentra- 
tions in the range (0.8-2.7) X M. Integrat- 
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ing, for these conditions, the rate equation 7 
gives 

E being the molar absorptivity of hypochlorite 
ions and I the integration constant. 

In these working conditions it was observed 
that the second term of the left side of [9] is 
constant, thus a linear relationship should exist 
between the values of 1/A and t whose slope 
should be d/e[OH-l2 = (1.4 _f 0.1) x s-I 
(for d = 3.4 X mol 1-I s-I and [OH-] = 

2.6 X M).  Figure 5b shows that these 
expectations are fulfilled and that the value of 
this slope (1.5 X s-') agrees with the pre- 
dicted value. Therefore, the rate equation is valid 
for both high ([NO~-]/[CIO-].V 20) and low 
nitrite concentrations ([NO2-], [ClO-] = I). 

Some experiments were carried out at  different 
temperatures to evaluate the activation param- 
eters. 

The activation energy (Fig. 6c), E* = 60 3 
kJ mol-I, was obtained from a satisfactorily 
linear Arrhenius plot. Since, for these experi- 
mental conditions, both terms of the rate 
equation are comparable, the activation energy 
found belongs to the overall process. 

Experiments were carried out at  low nitrite 
concentration ([NO2-] equal to [ClO-1) and at  
different temperatures, and the parameter d was 
then obtained from [9]. From the linear Arr- 

0 0.6 1:2 
time (s) x 1c3 

FIG. 5. Pseudo second-order rate plots for the oxida- 
tion of nitrites with [NaNOzlo = [NaClOIo = 2.7 X 
10-3 M at various temperatures, [NaOH] = 2.6 X 10-3 
M, p = 0.40: (a )  0 301 K; (b)  8 298 K;  (c) * 297 K;  
(4 A 294 K ;  (e) A 292 K. 

a.4 

1 0 " ~  

FIG. 6. Plots of In k, ([NaN02] = 0.0715 M ,  [Na- 
OH] = 2.6 X 10-3 M and p = 0.40) In d ([NaCIO]o = 
[NaNO2lo = 2.7 X 10-3 Pd, [NaQH] = 2.6 X 10-3 Mand 
fi = 0.40) and In e (calculated from [6]) us. 103/T (K). 

henius plot, as shown in Fig. 6a,  it results that 
Ed* = 56 f 3 kJ mol-l. 

Knowing the values of k ,  and d at different 
temperatures, the values of the parameter e can 
be obtained from [6]. The parameter e also 
fulfils the Arrhenius law (Fig. 6b),  with an 
activation energy E,+ = 6 1 + 3 kJ mol-I .2 

Discussion 

The mechanism of Pendlebury and Smith 
(4a, 4b) for the oxidation of nitrite ions by 
aqueous chlorine and bromine interprets the 
experimental rate in a satisfactory manner: 

[lo] C10- + Hz0 k ClOH + OH- (4) 
very fast 

[ l l ]  NO2- + ClOH % NO2CI + OK- (kl, k-1) 

[I21 N02Cl + NO2- % Nz04 + C1- (k2, k-2) 

[I31 N204 + OH- -' NO3- + N02- + H+ (k;) 

[I51 NO2+ + OH- -+ NO,- + H+ (as) 

T h e  value of E,' has been proved experimentally by 
another method. Full details can be obtained by corre- 
spondence with the authors. 
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Oxidation products - [13]- N204 ---- 
r 2  [ I  "4 A, 

Nitrile chloride 

Oxidation products - NO,' l i r J  

SCHEME 1 

The rate law can be expressed as follows, 

[I61 Rate = d[N03-]/dt = k3[N204][0H-] + ks[N02+][OH-] 

Application of the steady state approximation to NO2'-, N2O4, and N02C1, leads to 

[17] Kate = 
k2k3ENOz-I[OH-l k4ks[OH-I 

(k-,[Cl-] + k3[OH-] + k-l[Cl-] + k5[OH-] X 

Although this expression of the rate equation is rather complex, some of the experimental facts 
which have been mentioned allow for the introduction of several simplifications. It is shown in 
this paper that large changes in the concentration of chloride ion have no influence on the rate of 
reaction. This can be only explained if k3[OH-] >> k-2[Cl-], and ks[OH-] >> k-d[Cl-]. 

Therefore, the rate law is reduced to 

Khkl[ClO-][NO2-] 
Rate = (k-,[OH-]i + (k2lNOz-I -t- kd)[OH-J 

where Kh = [ClOH][OH-]/[ClO-1. One of the main steps of this mechanism is the 
In a similar way, taking into account [ 5 ]  and formation of N02C1 [11]. This step can be 

Fig. 4 which show a linear correlation between understood as a migration of the nitrogen lone 
the values of k, and l/[OH-l2 (r,, = 0.9998), it pair to the chlorine atom, breaking the bond 
follows that k-l[OH-] >> k4 + k2[N02-1. Hence, between chlorine and oxygen atoms, as is shown 
the rate equation can be finally written as in Scheme 1. 

[19] d[N03-]/dt = -d[C10-]/dl = 

([Clo-][No,-]/[OH-1') X ( a  + P[NOz-I) 
where cr = Khklk4/k-, and P = Khklk2/k-1, 
this equation is identical in form to that found 
experimentally [7]. 

The above inequalities which require that the 
hydroxide ion is more nucleophilic than chloride 
or nitrite agree with the results given by other 
authors working with different systems (7, 81, 
and are in line with the hypothesis proposed in 
similar articles (4). 

The rate equation obtained in this paper is 
different from that of Lister and Rosenblum 
(rate = k[C10-][N02-]/[OH-]) for the same 
reaction in strongly basic solution. Nevertheless, 
this equation can be interpreted in the light of the 
mechanism given here. If it is assumed that when 
the p H  is increased the rate of formation of 
N02C1 becomes significantly slower than the 
other steps of the mechanism, the rate of the 
reaction will be determined by this step, and the 
rate law should become that found by Lister and 
Rosenblum, above. Moreover, if the respective 
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constants are compared: basic solutions can be explained. There is not, 
however, an obvious rationalization of why the 

k ,  >> 100 mol !-I sW1 (2i  "@, p H s  11) rate of formation of NQzCl shouid be slower 
see footnote when the p H  is increased. 

k = 27 moll-' s-I (60 "C, pH cx 13) Acknowledgment 
see ref. 3 

We wish to thank Ldo. E. Patiiio for his 
the assumption above is verified. Thus, the fact revision of the English version ofthe manuscript. 
that the rate law differs in weakly and strongly 

Taking for Ii, the value of 3.1 X 10-7 (3), from [7] 
and [I91 it follows that 

[a01 klk4 = o . I ~ - ~  

Since k-,[OH-] >> k4, the equation 20 gives 

I211 kl >> 1 / 10[OH-] 

and taking the average value of the hydroxide ions con- 
centration employed in the experiments performed 

M), leacis to 

1221 kl >> 100 moll-I s-I 
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A khetic study of the seac~jiora of adamaantanethmione 
~ t h  2-adamantanethiol1 

9. e. SCAIANO,~ J.  P.-A. TREMBLAY,~ AND K. U. INGOLD 
Division of Chemistry, National Reseurclz Council of Canada, O f t a ~ ~ a ,  Or~t. ,  Curzuda K I A  OR9 

Received April 8, 1976 

J. C. SCAIANO, J. P.-A. TREMBLAY, and K. U. INGOLD. Can. J. Chem. 54, 3407 (1976). 
The title reaction is a free radical chain process which yields di(2-adamantyl)disulfide(2). The 

kinetics of this reaction have been studied in benzene solution at  50 "C using both thermal and 
photochemical initiation. Thermal initiators which yield resonance stabilized carbon-centered 
radicals were surprisingly inefficient a t  starting the reaction. The kinetics indicate that the rate 
controlling propagation step is hydrogen abstraction from the thiol, AdHSH, by the carbon- 
centered radical, AdHSSAd'. Rotating sector studies gave a rate constant for this step, k~ = 
4 X 10%-I s-1. There is some kinetically first order chain termination, but the predominant 
termination process involves the diffusion-controlled bimolecular self-reactions of AdHSSAd' 
radicals, 2 k ,  = 1.8 X 1010 M-1 s-1. 

J. C. SCAIANO, J. P.-A. T R E ~ ~ B L A Y  et K. U. INGOLD. Can. J. Chem. 54, 3407 (1976). 
La rCaction indiquee dans le titre est un processus radicalaire chaine qui conduit au disulfure 

de di(adamanty1-2) (2). La cinCtique de cette reaction a CtC CtudiCe en solution dam le benzkne 
50 "C en utilisant les modes d'initiation thermique et photochimique. Les initiateurs thermiques 
qui conduisent B des radicaux carbones stabilisCs par resonance sont Ctonnamment ineficaces 
pour initier la reaction. La cinCtique indique que la propagation qui est 1'Ctape lente de la 
rkction se fait par abstraction de l'hydrogkne du thiol, AdHSH, par le radical carbon6 AdHS- 
SAd'. Des Ctudes de secteur tournant ont donne pour cet Ctape une constante de vitesse kz = 

4 X 104 M-1 s-1. I1 y a dans cette reaction un processus de terminaison de chaine de premier ordre 
mais le processus prCdominant de terminaison implique des reactions bin1olCculaires d'annihila- 
tion des radicaux AdHSSAd', contrblCes par la diffusion, selon 2k, = 1.8 X 101° M-1 s-I. 

[Traduit par le journal] 

A variety of free radicals have been shown to 
add to carbon-sulfur double bonds (1-4), but 
there is little quantitative information about the 
rates of such reactions. De Mayo and co- 
workers (2) have recently shown that the photo- 
reduction of adamantanethione by 2-adaman- 
tanethiol is a two-step chain process in which the 
thiyl radical adds to the C=S double bond in 
step one and the resultant carbon-centered 
radical abstracts hydrogen from the S-H bond 
in step two, i.e., 

lNRCC No. 15399. 
2NRCC Visiting Research Oficer, 1975. 
3NRCC summer student, 1975. 

We decided to examine the kinetics of this 
reaction and determine the rate constants for 
chain propagation and for chain termination by 
the photochemical 'rotating-sector' technique 
(5). Our hope was that reaction 1 would prove to  
be rate-controlling. This reaction is of interest 
both because of the paucity of rate data on 
additions to C=S double bonds and because it 
may be related to the surprisingly rapid (often 
diffusion-controlled) self-quenching of thio- 
ketones in their triplet state (2, 6-91. Un- 
fortunately, reaction 2 turned out to be rate- 
controlling which means that we have only been 
able to put a lower limit on the rate constant for 
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3408 CAN, d.  CHEM. VOL. 54. 1976 

reaction 1. The overall chain process shows a the monitoring light beam. The initiating light came from 

number of interesting features, particularly with a 250 W high-pressure mercury lamp. The optical system 
consisted of two quartz lenses which brought the light to a regard to the efficiency of thermal initiation. focus and a third quartz lens which produced a parallel 

Experimental 

Materials 
Adamantanethione and 2-adamantanethiol were pre- 

pared and purified by the methods of Greidanus (10). 
They were stored at  low temperature under argon and the 
thiol was carefully sublimed before each experiment. 

Di-tert-butyl hyponitrite was prepared by the method 
of Kiefer and Traylor (1 1) and azocumene by the method 
of Nelsen and Bartiett (12). 2,2,3,3,-Tetraphenylbutane 
was very kindly presented to us by Dr. L. R .  Mahoney. 
Azo(bis)isobutyronitrile and azo(bis)cyclohexylnitrile 
were commercial materials. 

Proced~~re 
A reaction vessel was designed which allowed the 

thione and thiol to be degassed as solids while, in a 
separate compartment, a benzene solution of the initiator 
was degassed by several freeze-thaw cycles. The thione 
and thiol could then be dissolved in the initiator solution 
under oxygen-free conditions.4 All rates were measured 
a t  50 "C and cyclopropane was used as an inert gas above 
the solution in order to prevent the benzene from boiling. 

The actual reaction cell had a square cross section and 
was made from four 1 cm X 4 cm optical quartz windows. 
It was mounted in a brass block, the body of which had 
been drilled so as to produce a number of interconnecting 
channels through which water from a heated reservoir 
(SO  'C) was circulated. This maintained the reactants at  a 
constant temperature. 

The reaction was monitored continuously by following 

beam which was passed through a 5 mm corning 7-51 
optical filter5 and onto the window in the brass block. 
For the rotating sector experiments, a 10.5 in. diameter 
wheel having two diagonally opposed 45" sectors removed 
was used to chop the initiating light beam at its focus. 
This wheel, which has a dark:light ratio, r ,  equal to 3, 
was powered by a synchronous motor which was con- 
nected by a gear train so as to obtain a variety of pre- 
cisely known chopping speeds. 

Rates of nitrogen evolution from some of the initiators 
were measured using the apparatus described previously 
(13). 

Results and Discussion 

The results of experiments with four thermal 
initiators are summarized in Table 1. Tetra- 
phenylbutane was chosen for the initial kinetic 
measurements because it is generally found to be 
a highly efficient initiator (14, 15). The overall 
rate with this initiator can be represented by 

The same kinetic expression is obeyed by re- 
actions initiated with di-tert-butylhyponitrite, - - -  

the disappearance of the thione s p e c t r o p ~ o t ~ m e t r i c a l l ~  azO(bis)isobutyronitrjle, and azocumene. The 
For this Purpose, the light from a 6 V  flashlight bulb, value of k' is, of course, a character- 
powered by a LAMBDA regulated power supply, was 
passed first through a Corning 3387 filter, then through istic of the initiator and the temper- 
the reaction cell. through a second Corning 3387 filter, ature of the reaction. 
and on to an  RCA 937 phototube (with $5 response) 
connected to a 67 V battery. The output signal from the 
phototube was zeroed against a 1.5 V mercury battery 
before each run and the resultant signal was amplified 
( X  100) and fed to a strip-chart recorder (1 mV full 
scale). This experimental arrangement allowed reaction 
rates to be measured easily for conversions well below 1 %. 
In addition, it allowed several measurements to be made 
on each sample. The noise level, expressed in terms of 
thione concentration, never exceeded 6 X 10-5 M. Blank 
experiments showed that the monitoring light beam was of 
sufficiently low intensity that it did not induce any de- 
tectable reaction. 

Reactions were initiated either thermally (with di-tert- 
butyl hyponitrite, azocumene, tetraphenylbutane, or 
azo(bis)isobutyronitrile) or photochemically using azo- 
(bis)cyclohexylnitrile as the photo-initiator. For the iatter, 
the reaction vessel was irradiated through a 1 cm X 4 cm 
window in the brass block in a direction perpendicular to 

4Unless this procedure was followed, the rate measure- 
ments were irreproducible, an  effect prev~ously observed 
by de Mayo and co-workers (2). 

The 
which 
group, 
with ex 

following simple reaction sequence, in 
Ad represents the 2-adamantylidene 

gives a rate expression in good agreement 
~periment : 

ki 
(i) Initiator + 2R' 

or 

(id K' + AdHSH + R H  + AdHS' 

[I1 AdHS' + Ad=S -+ AdHSSAd' 

k2 

[2] AdHSSAd' + AdHSH --t AdMSSHAd + AdHS' 

2k, 
[3! 2AdHSSAde Non-radical products 

SThe transmission spectra of the filters used for initiat- 
ing and monitoring the reaction were chosen so they did 
not overlap. 
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SCAIANO ET AL. 3409 

TABLE 1. Kinetic data for the thermally initiated reaction of adamantanethione with 
2-adamantanethiol in benzene at  50 'C 

[Initiator]/il.i [Thione] M 
-- 

Tetraphenylbutane 
0.001 0.06 
0.003 0.06 
0.008 0.06 
0.002 0.06 
0.002 0.06 
0.002 0.06 
0.002 0.06 
0.002 0.06 
0.002 0.12 
0.002 0.09 

tert-Butyl hyponitrite 
0.011 0.05 
0.021 0.10 
0.010 0.10 
0.010 0.10 
0.010 0.10 

Azo(bis)isobutyronitrile 
0.144 0.10 

Azocumene 
0.001 0.06 

aIn M s units. 

The overall rate can be represented by 

wheref is the overall efficiency of chain initiation. 
This expression is in agreement with the ex- 
perimental kinetic equation except for the order 
in initiator concentration (see below). The rate- 
controlling step in the chain progagation is 
hydrogen abstraction from the thiol (reaction 2), 
and chain termination occurs predominantly by 
the bimolecular self-reaction of two carbon- 
centered AdHSSAd' radicals. 

The data in Table I suggests that the hy- 
ponitrite is considerably more efficient at  
initiating this reaction than are the other three 
thermal initiators. That is, if we assume that the 
hyponitrite has its usual 967, efficiency in chain 
starting, i.e., f = 0.96 (1 1) (which is not un- 
reasonable since fert-butoxy radicals will enter 
into reaction i 2  rapidly and irreversibly), then 
the efficiencies for the other initiators can be 
calculated from the relation 

Values off are given in Table 2. The f values 
for the three initiators that give carbon-centered, 
R' radicals are significantly lower than the 
values nornlally found for these con~pounds. 
Of course, this conclusion is based on the as- 
sumption that fert-butyl hyponitrite decomposes 
at the same rate in this medium as in other 
media. This appeared probable as the hyponitrite 
is not often subject to induced decomposition 
( I l ) ,  and was confirmed by measuring the rate 
of nitrogen evolution from 0.013 M hyponitrite 
in tert-butylbenzene containing 0.1 M thione 
and 0.1 M thiol at 50°C. The rate at which 
nitrogen was evolved was identical to the rate in 
the absence of the two sulfur compounds and 
was in agreement with literature data (11). We 
therefore believe that this initiator starts chains 
at  its u s ~ ~ a l  rate in our reaction system. The low 
initiating efficiencies of the other initiators is 
probably connected with the fact that they all 
produce resonance stabilized (16) R' radicals. 
Presumably such radicals are inefficient in their 
abstraction from the thiol (reaction iZ) and in 
their addition to the thione (reaction i l ,  which 
might even be reversible). 

The results of the rotating sector experiments 
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TABLE 2. Efficiencies of thermal initiators at 50 ' C  

Initiator k ,  ls-1 at  50' k' X 103 a f 
tert-Butyl hyponitrite 5.5X10-5b 3 .4  (0.  96)C 
Tetraphenylbutane 3 .9X10Vd 0.95 0.15 
Azo(bis)isobutyronitrile 2.4X10-6 0.23 0.21 
Azocumene 4.3X10-51 1 .9  0.45 

QIn M s units. 
bReference 11. 
CAsaumed. 
*Reference 14. 
eReference 190. 
fReference 12. 

are represented in Fig. 1. In this figure, the ratio 
of the reaction rate, R, at a flash duration, A, to 
the rate under steady illumination, Ro, is plotted 
against X (5). The sectored disc used in these 
experiments had a dark:light ratio, r, equal to 
3.0, and since there was no reaction in the 
absence of illumination the rate ratio, R/Ro, 
tends to 0.25 at large values of A, i .e. for slow 
rotation. For fast rotations, R,/Ro tends to a 
limiting value of 0.44. This corresponds to a 
kinetic order in initiation of 0.59, which is in 
good agreement with the value found for the 
thermally initiated reactions. The fact that this 
order is not 0.50 must be interpreted in terms of 

FIG. 1. Rotating sector data for the reaction of 0.1 M 
adamantanethione with 0.1 M 2-adamantanethiol in 
benzene at  50 "C. At full light intensity, the reaction rate, 
Ro, is 3.1 X 10-5 IM s-1 and the rate of chain initiation is 
1.36 X 10-6 M s-1. The chain length is therefore about 23. 
Arrow A indicates the limiting value of R/& (0.44) at 
fast rotation and arrow B the limiting value (0.25) at  slow 
rotation. Following Burnett and Melville's nomen- 
clature ( 5 )  this rotating sector plot yields 7 = 0.12 and 
rn = 2.5 s for X = 0.16 s. 

a kinetically first order termination process (re- 
action 4) which occurs concurrently with the 
second order process (reaction 3) (5). 

k4 
[4] AdHSSAd' (f X?) + Non-radical products 

Analysis of the rotating sector data in the usual 
manner (5) yields the following rate constants: 

The second order chain terminating process, 
i.e., the bimolecular self-reaction of the AdH- 
SSAd' radicals, occurs at the diffusion-controlled 
limit, which is somewhat surprising for two 
large radicals (17). That is, according to the 
modified Debye equation (IS), the rate constant 
for a diffusion-controlled reaction can be rep- 
resented by 

kdiff = 8RT/30007 M-' S-' 

For benzene at 50 "C, 7 is 0.442 cP, and kdifr is 
calculated to be 1.6 X 1010 M-l s-l. 

Chain termination processes that are kinetical- 
ly first order are quite frequently encountered in 
radical chain processes (5, 19), but the precise 
nature of the chemical reaction which is involved 
is usually impossible to assess. 

We are aware of only one rate constant for 
hydrogen abstraction from an alkylthiol by a 
non-stabilized alkyl radical. This is a value of 
1.4 x lo6 M-l s-l, due to Sivertz and co-workers 
(20), for abstraction from n-butylthiol by the 
sec-alkyl radical formed in the addition of n- 
butylthiyl radicals to 1-pentene at 25 "C. The 
rate constant for reaction 2 is significantly 
smaller than this value, which presumably re- 
flects the decreased reactivity of AdHSSAd' 
radicals which result both from steric factors and 
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SCAIANO ET AL. 341 1 

from stabilization (16) of the radical by the 
adjacent sulfur atom. 

Reaction 2 was rate controlling under all 
conditions. If we assume that AdHS' radicals, 
like other thiyl radicals (21, 22), undergo their 
bimolecular self-reaction at the diffusion-con- 
trolled limit, then reaction 1 must have a rate 
constant that is at least ten times greater than 
that for reaction 2, i.e., kl >_ 4 X los M-I s-I. 
For comparison, the rate constant for self- 
quenching of adamantanethione triplets, which 
might involve formation of an intermediate S-S 
coupled biradical, is diffusion-controlled (7). 

Comparison of our results with the overall 
quantum yields reported by de Mayo and co- 
workers (2) suggests that the quantum yield for 
initiation by direct excitation of the thione was 
ca. 3 X and that their chain lengths were 
ca. 3000.6 
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Medium-sized eyciloplhanes. XX. I3C nencHear magnetic resonance of 
cyelophanes: p-orbital compression shift and orbital def ormatioral 

TETSUO TAKEMCRA~ AND TAKEO S A T O ~  
Department of C'hemistr;., Tokyo ?vfetropolitarz C'rri~.erc.ity, Setagnjir-krt, Tokyo, 158 Japarl 

Received May 3, 1975 

TETSUO TAKEXIURA and T ~ K ~ o  SATO. Can. J Chem. 54, 3412 (1976) 
The 13C nmr spectra of [2,2]meta-, metapara-, and paracyclophanes were determined. By 

comparing the chemical shifts with those of acyclic models two types of anomalies were revealed. 
(1) Bridging methylene carbon resonances for [2.2]metacyclophanes having an alkyl group 

ortho to the bridge were shifted upfield as a rcsult of van der Waals' con~pression. The upfield 
shift is much larger (5-12 ppm) for cyclophanes than for models (2-4 ppm) reflecting the rigid 
nature of the molecular geometry of the former. 

(2) Interestingly, inner aryl carbon resonances in [2,2]metacyclophanes and protonated aryl 
carbon resonances in [2.2lparacyclophanes were shifted downfield by 6-7 ppm. The com- 
plementary upfield shift of uncompressed atoms, hydrogen or carbon, connected to those 
carbons was also noticed. The downfield shift of compressed sp2 carbon results from interaction 
between two p-orbitals along the same orbital axis, p-orbital compression, and is attributable to 
decreased electron density. 

TETSUO TAKEMURA et TAKEO SATO. Can. J. Chen~.  54, 3412 (1976). 
On a dCterminC le spectre rmn du i3C des [2.2.]mCta-, niCtapara- et paracyclophanes. Une 

comparaison des dCplacements chiniiques de ces composCs avec ceux de modkles acycliques 
rCv6le la prCsence de deux types d'anomalies. 

(I) La rksonance ~ L I  carbone mCthylCnique effectuant le pont des [2.2]mCtacyclophanes pos- 
sidant un groupe alkyle en ortho par rapport au pont est dCplac6e vers les hauts champs due B 
une compression de van der Waals. Ce dCplacement vers les hauts champs est beaucoup plus 
grand (5-12 ppm) pour les cyclophanes que pour les n~odkles (2-4 ppm) et ces differences 
reflktent la nature rigide de la gComCtrie mol6culaire des premiers. 

(2) 11 est intCressant de noter toutefois que les rCsonances des carbones intirieurs du noyau 
aromatique des [2.2]metacyclophanes et les rCsonances des carbones aromatiques protonCes 
des [2.2]paracyclophanes sont dCplacCes vers les bas champs par 6-7 ppm. On a aussi not6 un 
diplacement complCmentaire vers les hauts champs des atomes non comprimCs d'hydrogkne 
ou de carbone attach& B ces atomes de carbones. Le diplacement vers les bas champs des 
carbones sp2 comprimCs provient d'une interaction entre les deux orbitales p le long du m&me 
axe orbitalaire, une compression d'orbitale p ,  qui est attribuee une diminution de la densit6 
Clectronique. 

[Traduit par le journal] 

Introduction 

The potential of I3C nmr for elucidation of 
conformational and proximity effects has been 
well established (3). It is also well known that 
there is a good correlation between electron 
density and 13C shieldings (3, 4). We determined 
the carbon resonances for a series of [2.2]cyclo- 
phanes 1-14 together with several model com- 
pounds, 15-19. We found a new spectral param- 
eter termed p-orbital compression shift, a 
paramagnetic shift of compressed aromatic car- 

'For part XIX, see ref. I.  A preliminary account of 
this work appeared in ref. 2. 

2Present address: Department of Chemistry, Science 
University of Tokyo, Shinjuku-ku, Tokyo, 162 Japan. 

3Author to whom correspondence should be addressed. 

bon resonances. We discuss it in terms of 
geometrical features associated with bridged 
aromatic systems and p-orbital deformation. 

Basic Geometrq 
The unusual geometry and the resulting strain 

of cyclophanes have been studied by X-ray 
crystallography, proton nmr, and heats of com- 
bustion (5). The crystal structure of [2,2]meta- 
cyclophane (1) revealed a distorted benzene ring 
in a shallow boat form (6). The closest benzene 
carbons are only 2.69 A apart, which is the 
shortest distance between non-bonded atoms in 
cyclophanes. With [2,2]paracyclophane (3) two 
benzene rings are held in a face-to-face geometry 
(7) in which various anomalies exist, including 
stretch of benzyl-benzyl bond, bent benzene, and 
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TAKEMURA AND SAT0 

FIG. I .  Deforlnalion of p-orbltal lobes OP Sent benzene carbons 

bond angle deformation. The shortpt distance 
between facing aryl carbons is 2.75 A. 

The p-orbital lobes on a bent benzene carbon 
are assumed to be deformed in a less symmetrical 
shape as the results of n-n repulsion and re- 
hybridization (Fig. 1). Aromatic hydrogens in 3 
and related cases, for example, are unexpectedly 
bent toward the inside (8). This causes rehybridi- 
zation on the sp2 carbon resulting in an increased 
electron density on the outside face of benzene 
rings. Aromatic carbons carrying the bridge are 
also severely distorted (angle distortion viewed 
from cross section is 11.2" (8)), and we expect the 
p-lobe to be smaller inside and larger outside. 

With 1, however, hydrogens on C-8,16 posi- 
tions are pushed away from the facing benzene 
plane as the result of extensive steric repulsion. 
This causes an increased p-lobe toward the 
inside. A severe n-n repulsion is expected at C- 
8,16 (Fig. 1). A similar argument is possible for 
[2.2]metaparacyclophane (2) (5). 

These repulsive and angle strains are reflected 
in large strain energies (9), which are 12: 23, and 
31 kcal,. mol, respectively, for 1, 2, and 3. 
Electronic interaction between aryl rings in 
cyclophanes has been studied by uv spectra with 
the aid of charge-transfer complexation tech- 
nique. While n-n interaction is insignificant in 1 
(10a) the n-basicity of 3 is strongly enhanced as 
compared with models (lob). The uv spectra of 3 
and multi-layered analogs have been extensively 
studied (1 I) .  The esr studies of anion radicals (12) 
and photoelectron spectra (13) of these com- 
pounds were also examined. 

Results 
[2.2]Cyclnphanes (Fig. 2) 

Chemical shifts for 1-3 were assigned as shown 
in Fig. 2. 

The proton noise decoupled spectra were de- 
termined by the PFT method using a Varian 

XL-100 or a Jeol FX-60 spectrometer using 
internal TMS as the reference, on solutions dis- 
solved in CDCl3 (0.2-0.3 M). Compound 1 
showed five resonances. The methylene carbon 
absorbs at  41.4 ppm. Of the four aryl carbon 
resonances, the non-protonated carbon a t  138.6 
ppm was assigned to C-3. Among the three pro- 
tonated carbons one at 125.1 ppm appeared as a 
double intensity peak and has  assignable to C-4. 

Resonances at  128.6 and 136.3 ppm were 
assigned to C-5 and C-8, respectively, based on 
the follouing evidence. In proton nmr, aryl 
protons at  the C-8,16 positions shift to upfield by 
about 3 ppm more than outer aryl protons such 
as C-4,5H. T h o  carbon resonances can be 
differentiated by comparing residual coupling 
constants in the off-resonance spectra. Also, the 
resonance for C-5 is sharper than that of C-8 
since J I S ~ - ~  > J ' 3 C C C H  > J ' 3 C C H .  (14) Sim- 
ilarly. the resonance for C-5 in 2 appeared as a 
sharp doublet at  126.8 ppm in the off-resonance 
spectrum. With these results, the peak at 133.0 

3 
FIG. 2. Chemical shifts for 1-3. 
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FIG. 3. Chemical shlfts for a l k ~ l  derlvatlves of [2.2]metacyclophanes. 

ppm is assigned to C-8. Other protonated resonances for alkyl derivatives were assigned. 
carbons showed three absorptions at 124.7,128.2, These include dimethyl 4-6, diisopropyl7 and 8, 
and 129.7 as double intensity peaks. The assign- tetramethyl 9, tetraethyl 18, tetraisopropyl 11, 
ment is straightforuard with 3. hexamethyl 12 and 13, and octamethyl deriv- 

atives 14. The preparations of the materials were 
Alkyl Deriuatives of [2.2]Metacyclopha~zes(Fig. 3) reported elsewhere (15). 

and Models (Fig. 4) Calculation using additivity parameters (16) 
Based on the chemical shifts found for 1, the was helpful for the assignment. For example, 
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TAKEMURA AND SAT0 

FIG. 4. Chemical shifts for model cotnpounds of [2.2]metacyciophane derivatives. 

calculated shifts for the dimethyl compound 4 
were within 0.2 ppm of observed values (Table 
1). Differentiation of otherwise difficult cis and 
trans isomers, 5 6 and 7,8, is possible as reported 
elsewhere (1 5). 

Resonances for acyclic models are shown in 
Fig. 4. For larger-ring analogs 17 and 18 (17) the 
lowest-field protonated carbon signal was as- 
signed to the inner aryl carbon based on the 
same method difftrentiating between C-5 and 
C-8 in 1. 

Discussion 

Two types of steric compression shifts were 
noticed for [2.2]metacyclophanes. These are the 
usual upfield shift of compressed methylene 
carbons and a downfield shift caused by direct 

TABLE 1. Comparison of calculated and observed 
chemical shifts for 4 

Shift (ppm) 

Carbon Observed Calculated* A (ppm) 

p-orbital compression between non-bonded sp2 
carbons. 

Table 2 summarizes the chemical shifts of 
bridging methylene carbons for o-alkyl deriv- 
atives and shift differences from unsubstituted 1. 
An upfield shift is the result of van der Waals' 
compression (18). This is caused by compression 
between s-orbitals of interacting hydrogens which 
induce polarization along a C-H bond (here- 
after s-orbital compression). The shift difference 
reaches 11.5 ppm with the hexamethyl derivative 
13 indicating highly overcrowded molecular 
geometry. For unsymmetrically substituted 5 two 
types of methylene carbons are clearly recognized 
(C-1,2 -6.0 ppm; C-9,10 -0.7 ppm). The mag- 

TABLE 2. Chemical shifts and van der Waals' 
shifts for bridging methylene carbons (ppm) 

- 

Compoulld C-1,2 (9, 10) Aarcp* 

- 

'Reference 16. 
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nitude of the shift is not dependent on alkyl 
groups for 9, 10, and 11 (-5.8 - 6.5 ppm), 
suggesting that the shift is caused mainly by the 
?-effect. The shift, however, is larger than the 
usual ?-shift such as that observed for the o- 
xylene-toluene pair (- 2.0 ppm) (18) or dibenzyl 
models; methylene carbons in 2,2',5,Sf-tetra- 
methyldibenzyl shift to upfield by 3.6 ppm com- 
pared with those of 3,3'-dimethyldibenzyl (15). 

Grant and Cheney (18) have computed ex- 
pected highfield shifts for various conformers of 
o-xylene based on an empirical correlation be- 
tween non-bonded repulsive energy and chemical 
shifts. The upfield shift for a geared conformer of 
o-xylene in which one of the hydrogen atoms of 
the methyl group lies in a benzene plane is com- 
puted to be -4.4 pprn. With 9 the upfield shift 
amounts to 6.5 ppm. Since the equatorial hydro- 
gens in 9 are fixed in a benzene plane a severe 
in-plane interaction is possible between methyl 
hydrogens, which causes an additional shift 
(- 2.1 ppm). 

The inner aryl carbon resonance of 1 is shifted 
to downfield from HI-xylene by 6.2 ppm or from 
the acyclic model 115 by at least 7.3 ppm. A 
similar downfield shift was observed for alkyl 
derivatives (Table 3). No such anonlalous shift is 
obtained for larger ring-sized compounds, such 
as 18 or acyclic model 19. 

With compound 3, C-4,5,7,8 resonances are 
shifted to downfield by at least 4.7 ppm com- 
pared with 16. The resonance for the C-3 carbon 
was found to be only slightly affected. With 
compound 2 the C-8 carbon resonance is shifted 
downfield by at least 4.0 pprn compared with 15. 

The origin of the downfield shift can be 
attributed to the following factors: (I) magnetic 
anisotropy of bridging methylene, (2) dia- 
magnetic ring current effect, (3) rehybridization 
due to excessive strain, and (4) direct p-orbital 
compression. 

TABLE 3. p-Orbital con~pression shifts of inner aryl 
carbon resonances relative to the corresponding 

arenes (pprn) 

Compound Alkyl benzenes a 

1 m-Xy lene +6.2  
4 Mesitylene 1 6 . 5  
5 Pseudocumene +6.1 
9 Durene $5.7 

12 Pentamethylbenzene $3 .3  
13 Pentamethylbenzene +7.4 

P 
20 

Of these the anisotropy effect can be neglected 
(19). Roberts and co-workers (20) compared the 
carbon resonances of cyclopentadecane and [12]- 
paracpclophane (20) and assigned the highest 
field methylene carbon resonance, which was 
shifted upfield by 0.7 ppm compared with that fo 
the saturated model, to the ring c~irrent effect. 
Whether this is really the case is, however, 
questionable since Kaneda, Inoue, and Misumi4 
found through extensive selective decoupling 
studies that the highest field methylene signal for 
20, as well as for other related systems, is due to a 
r-carbon. The ring current effect is not large in 
carbon resonances and probably operates in an 
opposite direction. 

Rehybridization will play an important role in 
severely distorted cases such as [2.2]paracyclo- 
phanes. multi-layered analogs, and cyclic di- 
acetylene such as 24. For protonated carbons of 
1, however, JI~~-, hybridization indices (21) are 
only slightly affected (Table 4). 

The major cause of the downfield shift of the 
compressed aryl carbon resonances, especially 
those protonated carbon resonances, in strained 
molecules, can be attributed to a decrease in 
electron density due to p-orbital compression. It 
is caused by a direct non-bonded interaction 
between two p-orbitals, and is maximized when 
these are brought together along the same 
orbital axis. Electron density increases where 
such strain is absent. A localized a-electron 
system is formed by a-electron dislocation. With 
1, a marked downfield shift (+6 -- 7 ppm, com- 
pared with 15 or m-xylene) occurs at  C-8,16. In 
turn, upfield shifts are observed for connected 
atoms; C-3,7,11,15 (- 3 ppm) and inner aryl 
protons C-8,16H (-3 ppm in pmr). The upfield 
shift of the inner aryl proton has been attributed 
to ring current effect (5) but a part of it may be 
caused by the increased shielding of the proton 
by induced polarization. 

4T. Kaneda, T. Inoue, and S. Misumi, Abstracts, 8th 
Symposium for Structural Organic Chemistry, Kyoto, 
1975. 
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TABLE 4. Coupling constants and hybridization 
indices for 1 

Carbon J 1 3 C - H  (Hz) A* * 

' A ,  the mixing coefficient which determines the p-character of the 
hybrid (s + hp)  atomic orbital bonding to carbon. 

Unlike 1, the two benzene rings in 3 are nearly 
completely overlapped and no ;-electron locali- 
zation is possible within a carbon framework. 
With protonated carbons polarization along the 
C-PI bond causes a downfield shift of carbon 
and an upfield shift of proton resonances. For 
alkylated aryl carbons, however, no efficient way 
exists to release the p-orbital compression. In 
fact, those carbons carrying the bridge are shown 
to  be unchanged. This may be due to rehybridi- 
zation effects which outweigh the deshielding 
terms. 

Misumi and co-workers observed a proton- 
ated aryl carbon resonance pseudo-geminal to 
the alkyl substituent in [2.2]paracyclophane such 
that the marked carbon in 21 is shifted downfield 
only slightly (CDC13). This can be understood by 

21 
(shift changes from 2,5-diethyl-p-xylene) 

the inhibition of polarization along the CAI-H 
bond by the presence of the pseudo-geminal 
methyl group. They also found the downfield 
shift of protonated aryl carbon resonances in a 
sandwiched benzene ring in three-decked cyclo- 
phanes5. The con~parison of bridging Inethylene 
carbon resonances of 1, 2, and 3 with those of 
models revealed the shifts of +3.5, - 1.4, and 
- 1.9 ppm, respectively. The upfield shifts found 

for 2 and 3 are due to an eclipsed conformation 
of the ethylene bridge. 

Related Cases 
A similar downfield shift of inner aryl carbon 

resonance was observed in trans-[2.2]-2,7-naph- 
thalenophane (22) compared with 7,7'-dimethyl- 
2,2'dinaphthylethane (23) (+3.6 ppm). The cis 

isomer had normal aryl carbon resonances (1) 
since two interacting y-orbitals are nearly per- 
pendicular. Compared with an acyclic model 
(25) (22), 1,5-cyclooctadiyne (24) (23) (C6Dh) 
showed a marked downfield shift of the acetyl- 
enic carbon resonance, while a higher homolog 
1,8-tetradecadiyne showed a normal acetylenic 
carbon resonance at  81.Qppm (24). Recently, 
downfield shifts of sp3 carbon resonances in 
overcrowded molecules have been reported. 
(6 or E shift) in addition to an anomalous upfield 
shift (25). These include the downfield shift of the 
methyl resonance in 1,8-dimethyl naphthalene 
compared with 1-methylnaphthalene (26). The 
deshielding 6 effect was also observed with 
o-alkyl anisoles (27) and sulfur analogs (28). A 
downfield shift, 6.6 ppm, was observed for 7,12- 
dimethylbenz[c]anthracene compared with 7- 
methylbenz[a]anthracene (29). Those involving 
perturbation in sp3 carbons appear to be more or 
less conformational in origin as observed for 
anomalous shielding in the equatorial 5-methyl 
group in I ,3-dioxane (30). 

5N. Horita, H. Tatemitsu, T. Otsubo, Y .  Sakata, S. 
Misumi, M. Mishima, and Y .  Tsuno, Abstracts, 32nd Experimental 
Annual Meeting of the Chemical Society of Japan, The compounds used in this study were obtained by the 
Tokyo, 1975. method described previously (5, 15, 17). The proton noise 
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decoupled spectra were determined using a Varian XL- 100 
or Jeol FX-60 spectrometer operating in the F T  mode. 
A11 shieldings were measured relative to internal TMS 
with 0.2-0.3 M solutions in CDC13 using 10 mm sample 
tubes. 
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Synthesis of dl-epiramulosin and the configusation of ramulosinl 
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JOHN A. FINDLAY, JOHN M. MATSOUKAS, and JIRI KREPINSKY. Can. J. Chem. 54, 3419 (1976). 
The synthesis of epiramulosin l b ,  the epimer of ramulosin, a metabolite of Pesrolatia ramu- 

losa, has been achieved via a seven step sequence from butadiene and ~"~P-l~exenolactone and 
the assignment of the relative and absolute configurations of ramulosin is achieved. 

JOHN A. FINDLAY, JOHN M. MATSOUKAS et JIRI KREPINSKY. Can. J. Chern. 54, 3419 (1976). 
On a effectuC la synthkse de 1'Cpiramulosine Pb, 1'Cpimbe de la ran~ulosine, un mCtabolite 

du Pestolatia rarnulosa, par l'intern~idiaire d'une sCquence en sept etapes a partir du butadiene 
et de la A".~-hexknolactone; on a fait les attributions de configurations relative et absolue de la 
ramulosine. 

[Traduit par le journal] 

The structure l a ,  devoid of stereochemical 
detail, was proposed by Stodola e f  (11. (1) in 1964 
for ramulosin, an optically active metabolite of 
the fungus Pestolatia rar~zulosa. We now report 
the synthesis of epiramulosin I b  providing cor- 
roboration of structure and allowing assignment 
of relative configuration to the metabolite 
ramulosin. 

The key starting material d,l-8-Aa,"hexenolac- 
tone 2 was prepared from commercially available 
hexa-2,4-dienoic acid (sorbic acid) by treatment 
with 7 equiv. of hydrobromic acid to furnish 

l a  R I  = Me, R2 ,  R3 = H 
Ib R I ,  R3 = H ,  R 2  = Me 
Ic R, = Me, Rz = H,  R, = OH 

crystalline 3,5-dibromocaproic acid which was 
treated directly with hot water to provide 2 in 
417, overall yield. This constitutes a substantial 
improvement of the method of Kuhn and Jerchel 
(2) (22% overall yield) for the preparation of the 
lactone 2. 

Attempts to effect a Diels-Alder type cyclo- 
addition reaction of the 8-hexenolactone 2 with 
I-methoxybutadiene and I-acetoxybutadiene un- 
der a broad variety of conditions were unsuc- 
cessful. Thus no product was formed when a 

4: 1 molar ratio of diene to dienophile 2 was used 
in methylene chloride, benzene, or toluene at  
temperatures between -40 and 190°C under 
nitrogen atmosphere. Only starting material was 
recovered when similar attempts were made in 
systems using catalysts such as boron trifluoride 
etherate, aluminum trichloride, nickel acetyl- 
acetonate ( 3 ) ,  and stannic chloride. 

Study of the system butadiene - b-hexeno- 
lactone 2 revealed that no reaction takes place 
much below 195 "C but at  that temperature a 
major Diels-Alder adduct (40%) is formed some- 
times accon~panied by a minor adduct (<27*). 
The spectral characteristics of the major product 
are consistent with its assigned structure 3b and 
the relative stereochemistry (hydrogens at  C-3 
and C-4a trans) is dictated by Diels-Alder rules. 
Thus the minor adduct 3a results from the less 

'This work is incorporated in the Ph.D. Thesis of 
John M. Matsoukas (U.N.B.), 1976. 
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sterically favoured approach of diene and dieno- 
phile. 

Attempted ajlylic oxidation at  C-8 of the ene 
lactone 36 was unsuccessf~~l; thus treatment with 
selenium dioxide in aqueous dioxane gave pre- 
dominantly 4 accompanied by minor amounts of 
the aromatization product 5ci and the diene 
lactone 4 .  The crystalline alcohol 4 could be 
converted into the a,B-unsaturated ketone 7 
upon treatment with Collins' reagent thus con- 
firming that C-5 was the preferred site for the 
allylic oxidation. Treatment of 36 with selenium 
dioxide under anhydrous conditions gave the 
aromatic lactone 50 as major product. 

Quantitative conversion of the ene lactone 3b 
to  the dihydro derivative 8 could be accomplished 
by hydrogenation with either Adams' catalyst or 
10% palladiunl-on-charcoal using ethanol as 
solvent. 

Functionalization at C-8a was achieved by 
bromination of 8 with pyridinium hydrobromic 
perbromide in dioxane at  85-90°C which fur- 
nished a single oily monobromination product 
in 56% yield. Assuming that the bromination 
proceeds via the en01 form of the lactone 8 tlis 
sterically preferred side for the bromonium ion 
formation would be a? hence this product is 
assigned structure 90. This is in agreement with 
the finding that the C-3 proton appears at  lower 
field (6 4.8) in the bromide 90 than in the lactone 
8 (6 4.5) indicative of deshieldiilg via a cis re- 
lationship of brorninc and the C-3 proton. Bn 
addition dehydrobromir;atim of 9a with 1,5- 
diazabicyclo[4.3.0]non-5-ene (DBN) in toluene 
a t  95 "C gave both 10 (457C) and 11 (2079. In 
view of :he ~asual trans diaxial stereoelectronic 
requirement for facile base catalysed elimina- 
tions the bromine in 9 should be trans diaxial to 

protons at C-4a and C-8 consistent only with an 
a bromine at C-8a. This is corroborated by the 
finding that treatment of 9a with either collidine 
or dimethylaniline gave almost exciusively d l .  

The structurally related a-chlorolacton:: 9b 
was prepared by treatment of 8 with sulfuryl 
chloride in carbon tetrachloride at 80 "C for 24 h 
under nitrogen. The C-3 proton in the nmr 
spectrum of 96 is also found at lower ficld (6 4.75) 
than in the lactone 8. 

The structure of the a,p-unsaturated lactone PO 
was fully supported by spectral data. Thus the 
infrared spectrum QCMC13) displays a strong 
carbonyl maximuin at  1705 em-' while the 
ultraviolet spectrum (ethanol) shows A,,, = 

225 nm ( C  4200) in agreement with the calculated 
value (A,,, = 230 5 5 nm). The nInr spectrum 
(CBCj3) shows a signal at  6 7.05 (113, complex 
rn) due to the C-8 vinylic hydrogen while the 
C-3 hydrogen is located at 6 4.6 ( IH,  complex 
m) and the three allylic protons give rise to an 
unresolved pattern between 6 2.2-2.5. 

Hydrat~on of PO with mercuric acetate using 
Brown's method (4) failed to yield any hydration 
product. Starting material was recovered and no 
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decolorization of the solution (Brown's test) 
was noted. 

Successful oxygenation of 10 was achieved by 
m-chloroperbenzoic acid in dichloroethane and 
furnished the oily epoxide I2 in 94% yield. The 
structural assignment is consistent with the 
nmr spectrum (CDC13) which shows the C-8 
hydrogen at 6 3.35 (lM, br s) and the oc configura- 
tion of the epoxide in 12 is designated in view of 
the preferred approach of peracids from the less 
hindered side in electrophilic attack on similar 
substrates (5). 

The 3-hydroxylactone 13 was obtained by 
treatment of the oxirane lactone 12 with chro- 
mous chloride in a two phase (ether-water) 
system. The a,$-unsaturated lactone 11 was also 
obtained in this reaction and this course of events 
is not unprecedented (6). Similar reactions using 
a one phase system were unsuccessful. 

Oxidation of the B-hydroxylactone 13 with 
Collins' reagent in methylene chloride at room 
temperat~~re afforded a 907, yield of a crystalline 
product (mp 64-65 "C) after chron~atography 
which proved to be closely similar but non- 
identical with natural ramulosin (mp 120-121 "C) .  
Thus the nmr spectrum (CDC13) of the synthetic 
compound displayed the C-3 methine proton 
signal at  6 4.8 (apparent sextuplet) while in 
ramulosin the corresponding signal is centred at  
6 4.45 and is more broadly split. A minor differ- 
ence (A6 0.02) is also noted in the location of the 
methyl signals in the spectra of the two epimers. 
Epiramulosin and ramulosin show identical 
ultraviolet chromophores and both show strong 
infrared absorption bands at 1650 cm-I. Minor 
differences in R, can be noted by careful thin 
layer chromatographic study. 

Thus ramulosin can now be assigned the 
relative configuration portrayed in l a  which is in 
accord with the nmr based assignment %c by 
Tanenbaum and Agarwal (7) to 6-hydroxy 
ramulosin a Pestolcltia mmiilosn metabolite not 
yet chemically correlated with ramulosin. These 
authors have obtained (-)mellein 50 both by 
dehydrogenation of 6-hydroxyramulosin Ic and 
from shake cultures of P. ranz:ilosu. Since the 
absolute configuration 5b of (-)mellein has 
been established (8) then the absolute configura- 
tion of 6-hydroxyramulosln must be as in Ic. 
This strongly suggests absolute configuration 1ci 
for ramulosin in view of the common biogenetic 
origin of the three metabolites l u ,  Ic, and 5b. 

Preliminary experiments indicate that the 
methyldihydro isocoumarin 5a inhibits the 
growth of Cercitos~~stia rllrrli (causal fungus of 
Dutch Elm disease) in plate culture. 

Experimental 
Melting points were determined on a Kofler hot stage 

apparatus and are uncorrected. Mass spectra were ob- 
tained uith an Hitachi-Perkin-Elmer RhlU-6D spec- 
trometer. Tlie nnir spectra were recorded in CDC13 with a 
Varian T-60 instrument employing tetra~nethylsiiane as 
internal standard. Line positions are reported in ppni 
frorn this standard. The ir spectra were recorded with a 
Perkin-Elmer 457 grating infrared spectrophotometer. 

3,S-Dibromol~esanoic Acidfrom 2,4-Hexacliet~oir Acid 
A two-necked 1 litre round-bottomed flask was par- 

tially filled with water (160 nil) and cooled in an ice bath. 
Anhydrous hydrobromic acid (100 g) was introduced 
through one neck within a period of 30 rnin while the 
solution was stirred vigorously. 2,4-Hexadienoic acid 
(sorbic acid) (60 g) was added through the second neck in 
small portions, followed by anliydrous hydrobroniic acid 
(200 g) over a period of 45 mill until the sorbic acid was 
con~pletely dissolved and the solution became yellow and 
transparent. Stirring was continued at room temperature 
and a few hours later the solution started to become 
cloudy and changed color. An oily liquid phase separated 
in tlie bottotn of tlie flask. After 36 h the cloudy solution 
was cooled in an ice bath (or seeded with a crystal from a 
previous preparation), whereupon large white crystals 
separated. Filtration under vacuun1 afforded 3,5-dibromo- 
hexanoic acid (137 g, quantitative yield), mp 45-52 "C. 
Mass spectrum m/e  194, 192 ( M  - HBr), 112, 94. Tlie 
nmr spectrum aTlrS (CDCI,) 1.8 (d, J h i  7 HZ, 3H, 
CH3-), 2.1-2.6 (complex m, -?-CH2-), 3.05 (d. J= 7 
Hz, 2I-1, -CH2-COON), 4.1-4.8 (complex m, 2H, 
2 X -CHBr-), 11.3 (s, 1H, -COOH). 

6-A"~U-Hexerzoinrtorle ( 2 )  from 3,5-Dibrornoi1e.uc1izoic Acid 
A solution of 3,5-dibromohexanoic acid (137 g) in 

water (1200 ml) in a 2 1 flask equipped with a condenser 
was refluxed for almost 2 h until an oily mass which was 
formed finaliy dissolved. The flask was cooled and the 
solution was extracted with portions of chloroform 
(3.5 1 total). The chloroform solution was concentrated 
to 500 ml and was washed with 2 IV Wa2C03 solution 
(3 X 150 ml). The aqueous phase was extracted with 
chloroform (2 X 200 ml) and combined with the first 
chloroform extract. The chloroform solution was dried 
over anhydrous magnesium sulphate and evaporated. The 
remaining dark liquid was filtered through a 3 in. colurri  
of silica gel (400 g, benzene as eluant) which removed 
colored impurities and gave hexenolactone (23 g, 4.17, 
yield) as a colorless liquid, homogeneous on tlc. Mass 
spectrum m,le 112 (M+), 97, 68. The n m  spectrum 6,,,, 
(CDC13) 1.45 (d, J C X  7 HZ, 3H, CH3-CHO-), 2.2-2.5 
(complex m: i H ,  -CI-12-), 4.3-4.9 (m, lH, -CHO-), 
6.0 (t's of a d, J = 10 and J -  1.5 Hz, l H ,  =CH- 
COO-), 6.8-7.15 (comp~ex m, lM, 0 =CH-). The ir 
spectrum v,,, (CHC13) 1740 cm-1 (unsaturated iactone). 
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Diels-Alder Adduct 3bfron1 6-A"~~Hexerlo1actone and 
Butadiene 

In a Pyrex tube was placed hydroquinone (10 n ~ g )  and 
hexenolactone 2 (4.5 g, 4 X 10-2mol). The tube was 
cooled in a dry ice - acetone bath and butacliene (15 nil = 
9 g = 16.6 X 10-2 mol) and then dried thiophene-free 
benzene (2 ml) was added. The solvent and reactants 
occupied of the tube space. The sealed tube was put in 
an autoclave at 195 "C for 10 h. After evaporation of 
solvent and excess butadiene, the residue was purified via 
a silica gel column (150 g packed with chloroform) 
yielding adduct 3b (2.5 g, 39';;), mp 63-64 'C, eluted 
with chloroform (sonie fractions contained the minor 
adduct 3a in admixture). Anal. calcd. for CIOHI402: 
C72.26, H8.49, 019.25; found: C71.98, H8.40, 0 
19.42. Mass spectrum m/e 166 (M-), 136, 121. The nmr 
spectrum aTl lS  (CDC13) 1.40 (d, J = 6 Hz, 3H, CH3-), 

\ 1 .7-2.5(complex poorly resolved signals, 8H, 2 X CH- 
/ 

and 3 X -CH2-), 4.6 (br unresolved m, -CHO-), 5.7 
(br s, 2H, -CH=CH-). The ir spectrum v,,, (CHC13) 
1740 cm-1 (6 lactone). 

Hjdrogenation of Adduct 3b 
A mixture of adduct (3b) (498 mg, 3 mmol) and Adam's 

catalyst PtOz (50 mg, 0.021 mmol) in ethyl alcohol 
(15 ml) was subjected to hydrogenation. The solution was 
stirred for 3 h at room temperature and normal pressure. 
Then it was filtered and the solvent evaporated yielding a 
pure oily material 8 (502 nig, quantitative). homogeneous 
to thin layer chromatography. Mass spectrum m/e 168 
(M), 153, 124. The nmr spectrum 6Tlrs (CDC13) 1.35 
(d, J = 6 Hz, 3H, CH3-), 1.3-2.2 (br unresolved signals, 
12H), 4.5 (complex m, lH,  -CHO-). The ir spectrum 
v,,, (CHC13) 1730 cm-1 (lactone). 

Brornoluctone 9a from Lactone 8 
A mixture of dihydro adduct 8 (502 mg, 3 mmol) and 

pyridiniun~ hydrobroniic perbromide (1.0 g, 3.1 mmol) in 
dried, distilled dioxane (15 ml) was stirred at 90 'C. After 
3 h, white particles appeared in the red solution and after 
a further 30 min, the solvent was evaporated and the 
residue was treated with water (15 ml) and extracted with 
chloroform (3 X 20 ml). The material obtained by 
evaporation of the chloroform was purified by chroma- 
tography with a column of silica gel (150 g, packed in 
CHC13) using benzene as eluant. The oily compound 9a, 
homogeneous to thin layer chromatography, (420 mg, 
567,  yield) was obtained. The mass spectrum m/e 204 
( M  - C02), 166 ( M  - HBr). Anal. calcd. for CI0Hl5- 
Br02 :  C 51.94, H 6.54; found: C 51.79, H 6.49. The 
nmr spectrum aTAIS (CDCI3) 1.45 (d, 3H, J = 6 Hz), 
1.4-3.3 (complex m, l lH),  4.8 (sextuplet, J =  6 Hz, lH, 
-CHO-). The ir spectrum v,,, 1760 cm-1 (lactone). 

a,/3-Utlsat1rrcrted Lactoties I 0  a t d l 1  fr.0111 B~.or~~olacior~e 9a 
A mixture of bromolactone 9a (370 mg, 1.5 mmol) and 

1,s-diazabicyclo[4.3.0]non-Sene (DBN) (500 mg, 4 mmol) 
in toluene (8 ml) was stirred at 95 "C for 24 h under 
nitrogen atmosphere. The solvent was then evaporated 
and the residue washed with dilute acetic acid (2.5 ml in 
17.5 ml H2O) to remove excess DEN and extracted with 
chloroform (3 X 20 ml). After evaporation of the solvent, 

the residue was chromatographed on a column of silica 
gel (100 g packed in CHC13) using benzene-ether (90: 10) 
as eluant. The oily compound 11 (50 n ~ g ,  20% yield) was 
recovered in early benzene-ether (90:lO) fractions. The 
mass spectrum m/e 166 (M'). The nmr spectrum 6T,Is 
(CDC13) 1.35 (d, J = 6 Hz, 3H, CH3-), 1.4-2.3 (com- 
plex m's, 10H)$ 4.5 (complex m, lH,  -CHO-). The ir 
spectrum v,,,, (CHC13) 1710 (a,$-unsaturated lactone). 
The crystalline product 10 (112mg, 45'; yield), n ~ p  
35-40 "C, was obtained in later benzene-ether (90:lO) 
fractiona. The mass spectrum nz/e 166 (MT), 151, 148, 
137. The nmr spectrum aTIIS (CDC13) 1.4 (d, J = 7 Hz, 
3H, CH3-), 1.4-2.1 (complex m's, 6H), 2.2-2.5 (poorly 
resolved m's: 3H, allylic), 4.6 (complex m, 1H, -CHOP), 
7.05 (m, 1H, -CH=C). The ir spectrum v,,, (CHC13) 
1705, 1650 (a,p-unsaturated lactone). 

Epoxylactone I 2  from a,!3-Ur~sail1rated Lacrorze I 0  
The a,p-unsaturated lactone 10 (1 12 mg, 0.66 mmol) in 

dichloroethane (10 ml) was treated with m-chloroper- 
benzoic acid (205 mg, 1.2 nimol) at room temperature for 
24 h under nitrogen atmosphere. The peracid was purified 
by washing with phosphate buffer (pH = 7.5). The 
solvent was evaporated and the residue was washed with 
a saturated solution of NaHC03 to remove excess acid 
and extracted w ~ t h  methylene chloride. After evaporation 
of solvent and purification by layer chromatography 
(benzene-ether 50:50), an o ~ l y  material 12 (115 mg, 94yG 
yield) homogeneous to thin layer chromatography was 
obtained. Anul. calcd. for C10Hl4O3: C 65.91, H 7.74, 
0 26.34; found: C 65.82, H 7.70, 0 26.63. The mass 
spectrum m/e 182 (M+), 156, 154, 139. The nmr spectrum 
8ThIS (CDC13) 1.4 (d, J = 6 HZ, 3H, CH3), 1.4-2.4 
(complex m's, 9H), 3.35 (br s, 1H, oxirane), 4.4-4.8 
(complex m, lH,  -CHO-). The ir spectrum v,,, 1755 
cnl-I (lactone). 

Hydroxylactotze I 3  from Epoxylactone 12 
To a solution of chromous chloride (5 ml) made as 

described by Hirschmann and Hirschmann (10) disodium 
phosphate (500 mg) was added. Epoxylactone 12 (122 mg, 
0.67 mmol) was dissolved in ether (30 ml) and the two 
solutions were mixed under carbon dioxide atmosphere. 
The two-phased mixture was stirred for 3 h at room 
temperature. The ether phase was evaporated and the 
residue was purified by thin layer chromatography 
(benzene-ether, 50:50), yielding a,p-unsaturated lactone 
10 (60 mg, 60';;) and the oily conlpound 13, homogeneous 
on thin layer chromatography. Anal. calcd. for CLOHlb03: 
C65.19, H8.75, 026.05; found: C64.87, H8.69, 
0 26.21. The mass spectrum m/e 184 (M+), 166 ( M  - 
H20). The nmr spectrum BTxIS (CDC13 + D20) 1.35 
(d, J . u  6 Hz, 3H, CH3-), 1.5-2.6 (complex m's, 9H), 
4.4-4.9 (complex m, 2H, -CHOH-, -CHO-). The ir 
spectrum v,,, (CHC13) 1725 cn1-1 (lactone), 3500 cm-I 
br (hydroxyl). 

Epirum~tlosirz 1 b  from Hydroxylactone 13 
A mixture of hydroxylactone 13 (45 mg, 0.24 rnmol) 

and chromium oxide pyridine complex (300 mg, 1.6 
mrnol) in methylene dichloride (10 ml) was stirred at 
room temperature for 1 h under nitrogen atmosphere. 
The solution was filtered and the solvent evaporated to 
give a residue which, after purification with thin layer 
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chromatography (benzene-ether 50:50), afforded crystal- 
line epiramulosin l b  (40 mg, 90C; yield), mp 64-65 "C. 
Anal. caicd. for CIOHI4O3: C 65.91, H 7.74, O 26.34; 
found: C 65.83, H 7.70, O 26.41. The mass spectrum 
m / e  182 (M+), 167, 163, 154. The nmr spectrum 
(CDCI,) 1.4 (d, J =  7 Hz, 3H, CH3-), 1.4-2.0 (complex 
m's, 6H), 2.3-2.6 (m9s, 3H, allylic), 4.8 (apparent sextup- 
let, lH,  -CHO-). Their spectrum v,,, 1650, 1615 cm-1 
(enol lactone), 3000-3500 cm-1 br (bonded OH). The uv 
spectrum A,,, (95% ethanol) 265 nm (E 10 000). 

This compound proved to  be simlar but non-identical 
with an authentic sample of natural ramulosin (rnp 
120-121 'C) in nmr, ir, and tlc behaviour. 

Allylic Oxidation of Adduct 3b 
A solution of selenium dioxide (55 mg, 0.5 mmol) in 

dioxane-water (2 ml - 0.5 ml) was added dropwise over 
a 2 h period to a magnetically stirred refluxing solution of 
adduct 36 (166 mg, 1 mmol) in dioxane (2 ml). The 
solution rapidly yellowed and the color intensified to 
orange and then red as selenium was deposited on the 
walls of the flask. After 24 h. the solution was diluted 
with 20 ml water and the organic material extracted with 
chloroform (3 X 20 mi). The chloroform phase was dried 
over anhydrous magnesium sulphate. The solvent was 
evaporated and the residue was purified by layer chroma- 
tography (benzene-ether 75:25) yielding a major crystal- 
line compound (73 mg, 8 0 5  yield), mp 90-96 "C. The 
mass spectrum m / e  164 ( M  - HzO), 149 (M - H20 - 
CH3). The nnlr spectrum G T R I S  (CDC13) 1.4 (d, J N  6 Hz, 
3H, CH3-), 1.4-2.8 (complex m's, 6H), 4.1 (br s, l H ,  
-CHOH-), 4.5 (complex m, lH,  -CHOP), 5.9 (br 
split s, 2H, -CH=CH-). The ir spectrum v,,, (CHC13) 
3400-3550 cm-1 (hydroxyl), 1730 cm-I (6 lactone). 

tography, was obtained (40 mg, 20% yield) and in later 
fractions, starting material 8 was recovered. The mass 
spectrum m / e  164 (M - HCl), 149 ( M  - HCI - CH3). 
The nmr spectrum 8 p l r s  (CDC13) 1.45 (d, J = 6 Hz, 3H, 
CH3-), 1.4-3.0 (complex m's, l lH) ,  4.75 (sextuplet, 
J - 6 Hz, lH,  -CHO-). The ir spectrum v,,, (CHCl,) 
1730 cm-I (6 lactone). 
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Monomeric di-oxygen adducts of high spin cobalt(II) complexes 
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G. P. KHARE, E. LEE-RUFF, and A. B. P. LEVER. Can. J. Chern. 54, 3424 (1976). 
The complexes C o ( ~ - R 2 e n ) ~ X ~  where R is Me, Et; and X is C1, Br, I ,  NCS, or N03, are 

shown to reversibly bind di-oxygen in polar solvents. Electron spin resonance and spectro- 
photometric measurements reveal the formation of 1 : 1 adducts which are fairly stable towards 
further reaction. Thermodynamic binding constants are determined and are found to be larger 
than hitherto reported for such Co(1I)-02 systems. This is ascribed to the high basicity of the 
aniines employed. Conductivity measurements reveal extensive hydrogen bonding for these 
adducts in butyronitrile. 

G. P. KHARE, E. LEE-RUFF et A. B. P. LEVER. Can. J. Chem. 54, 3424 (1976). 
On dkmontre que les complexes Co(s-R2en)2X2, oh R = Me, Et et X = C1, Br, I ,  NCS ou 

NO3 se lient d'une f a ~ m  reversible a l'oxygene moleculaire dans des solvants polaires. Des 
mesures spectrophotometriques et de rpe r6vklent la formation d'adduits 1 :1 qui sont relative- 
ment stables vis vis d'autres rkactions. Les constantes thermodynaniiques de liaison ont CtC 
diterminees et on a trouv6 qu'elles sont plus larges que celles rapportees antirieurement pour 
des systemes tels que Co(I1)-02. Ce resultat est attribui a la grande basicite des amines utilisees. 
Des mesures de conductivite revklent l'existence d'importantes liaisons hydrogene pour ces 
adduits dans le butyronitrile. 

[Traduit par le journal] 

Introduction been claimed as intermediates. However, the 
Cobalt(I1) complexes carrying n~olecular oxy- 

gen have been known since 1938 (1). Since this 
time intensive effort has been made to understand 
the structure, mode of metal-di-oxygen binding, 
and ligand requirements necessary to confer good 
carrying properties. The field has recently been 
reviewed (2) .  In recent times interest has in- 
creased because of the role played by analogous 
iron compounds in living systems. In particular 
these carriers mimic the transport proteins where 
oxygen is stabilized by binding to iron in a 
porphyrin environment. Indeed coboglobin, the 
cobalt analog of hemoglobin, has been prepared 
(3) and shown to have activity fairly similar to 
that of the iron species. In addition to transport- 
ing oxygen, some iron proteins will also catalyze 
the oxygenation of various substrates (4). Cobalt 
analogs are not known in nature but synthetic 
cobalt compounds, by analogy with coboglobin, 
might be anticipated to have some comparable 
activity. 

It is surprising to note that there are only a 
few reports dealing with the oxidase and oxygen- 
ase activity exhibited by i?zodel complexes of 
either iron or cobalt. Ternary complexes of the 
type S-CoL(Q2) or S-CoL(02)CoL, where S is a 
substrate and L are various ligands (5-7), have 

exact mechanisms for action of the enzymes or 
of model compounds are far from understood. 

We have discovered a series of cobalt oxvgen- , w 

carrying complexes which mimic the enzymes 
and will form ternary complexes, which are 
currently under investigation. In this paper we 
report details of the reaction of these complexes 
with molecular oxygen. The complexes are 
derivatives of the general type Co(s-R2en)2X2 
(s-R2en is an N,N1  symmetrically disubstituted 
alkyl ethylenediamine and, X is C1-, Br-, I-, 
NO3-, and NCS-), whose preparation of charac- 
terization have been previously reported (8). 
These compounds bind molecular oxygen rever- 
sibly in polar organic solvents yielding 1 :1 ad- 
ducts in solution. They are stable in the solid state 
in dry air, and will dissolve in many non-polar or- 
ganic solvents to yield solutions of the cobalt(I1) 
species which will not absorb molecular oxygen 
at room temperature, though there is some evi- 
dence for marginal adduct formation at  low 

L 

temperatures. If various organic substrates, such 
as ethyl p-hydroxybenzoate are added to these 
non-polar solutions, then oxygen uptake does 
take place to form complexes in which model 
complex, substrate, and di-oxygen, are simul- 
taneously bound (ternary complex). Details of 
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KHARE ET AL. 

these derivatives will be presented in due 
course (9). 

In this fashion these lrlodel con~plexes mimic 
many oxygenase enzyme systems in that reaction 
with di-oxygen only takes place aJier the sub- 
strate has been added to the system (4, 10). 
Thermodynamic data reported here reveal that 
this series of complexes form the most stable 1 : 1 
adducts with di-oxygen yet reported for 
cobalt(I1). 

Experimental Section 
Mcrterirrls 

Cobalt(I1) salts were obtained commercially and used 
without further purification. N,N'-Diethylethylenediamine 
(s-Et2en) and N,Nf-dimethylethylenediamine (s-MeZen) 
were obtained commercially (Koch-Light Laboratories 
Ltd., U.K.), but were distilled prior to use. N-Butyro- 
nitrile (Aldrich Chemical Co.) was refluxed and distilled 
from CaH2 prior to use. 

Preparation of Co(s- R2en)2X2 Cornplexes 
All preparations and manipulations of the cobalt 

complexes were carried out under an atmosphere of pre- 
purified nitrogen. The procedures followed were the same 
as previously described (8). Prior to thermodynamic 
measurements, the complexes were recrystallized to 
analytical purity using acetonitrile under a nitrogen 
atmosphere. 

Isolatiotz of Ox),gett Adducrs 
This isolation was achieved only for the complex 

C ~ ( s - M e ~ e n ) ~ C l ~ .  Pink solutions of C ~ ( M e ~ e n ) ~ C l ~  in 
ethanol, at  room temperature, were exposed to dry 
oxygen gas for 10 min in the presence of excess s-MeZen. 
T o  the red-brown solutions thus obtained was added a 
saturated solution of either NaC104, or NH4PF6 in 
ethanol. The oxygen adducts precipitate out as dark 
brown solids which were filtered and washed with 
ethanol and diethyl ether and dried it? ucrcrro. The com- 
pounds cannot be recrystallized without decon~position 
and are difficult to obtain analytically pure (see text). 
Anal. calcd. for [Co(s-Me2en)2(Cl)02]C104: Co 14.67. 
found: Co 13.66; calcd. for [Co(s-Me2en)2(Cl)021PF6: 
C o  13.08, found: Co 12.69. The dry samples decomposed 
slowly a t  room temperatuie. Electron paramagnetic 
resonance of solid samples were essentially identical to 
the spectra of other reported monomeric oxygen adducts 
in frozen solution. 

Irzsfrumetzts 
Electron paramagnetic resonance spectra were recorded 

on a Varian Associates E-4 Spectrometer. The n values 
were determined by calibration with DPPH -powder 
(2.0037). 

Conductivity measurements were made on a Wayne- 
Kerr Conductivity universal bridge model B221A. 

A Beckman Model DU Spectrometer was used for 
spectroscopic measurements, using a cell thermostated 
with a Precision Scientific Lo-Temptrol circulating bath. 

Eqrlilibririm Measurements 
The equilibrium constants K for the reaction 

were measured at  20 "C (kO.1 " C )  in butyronitrile using 
visible spectroscopy. In a typical measurement, 5.0 X 
10-5 M of Co(s-Et2en)~X2 complex was weighed into a 
reaction flask (specially designed and equipped with a 
quartz cell, 1 cm pathlength so that spectra could be 
recorded at  various stages of the experiment). The flask 
was then evacuated and filled with nitrogen gas. Freshly 
distilled and degassed butyronitrile (30 ml) was then 
introduced in the flask using a syringe. Stringent pre- 
cautions were taken to exclude oxygen from the system at 
this stage. Amine ligand s-Et2en (5.0 X 10-1 M) was 
added to the reaction flask with the help of a calibrated 
syringe and the electronic spectrum of the pink cobalt(l1) 
complex recorded. The reaction flask after connection 
to the vacuum line was cooled in liquid nitrogen to freeze 
the solvent, and then evacuated to approximately 
torr. Subsequently, after temperature equilibration, the 
contents of the flask were exposed to varying amounts of 
air at  known pressures. The pink solution on exposure to 
di-oxygen turns brown immediately. Whilst the reaction 
with di-oxygen seems essentially instantaneous, the con- 
tents of the flask were stirred for + h, in the presence of 
the known pressure of air, to ensure complete equilibra- 
tion, prior to the absorbance of the solution being 
measured. The oxygen complex, but not the cobalt(I1) 
precursor, has strongly rising absorption below 450 nm. 
Equilibrium constants were calculated from the change 
in absorption at  a specific wavelength in the range 
h = 350-450 nm. Values of K were found to be inde- 
pendent of the wavelength used. 

Results and Discussion 

(i) Octahedra!-Tetraheclral Equilibrizun 
Previous studies (8) have revealed that the 

complexes under discussion, Co(s-R2en)~X~, are 
octahedral and believed to be trans in all cases. 

In the absence of air, these complexes dissolve 
freely in most donor organic solvents yielding 
blue or pink solutions depending upon R and X. 
In general an octahedral-tetrahedral equilibrium 
is set up: 

The blue solutions have electronic spectra in the 
visible region typical of tetrahedral cobalt(I1) 
species ( I  I). Cooling of the solution or addition 
of excess amine reverses the equilibrium re- 
generating the pink octahedral species solution. 
In some solvents solvolysis of X- may also occur 
to a limited extent. Addition of excess X- to such 
solutions does not restore the octahedral species 
implying that loss of amine, rather than loss of X- 
is the principal mechanism for formation of the 
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T ~ L E  1. Equilibrium constants for C ~ ( E t ~ e n ) ~ x ~  + 0 2  S [ C ~ ( E t ~ e n ) ~ x ( Q ~ ) ] +  + X- 
reaction at  20 "C 

Complex [Added amine] log K aqa 
-5.0 X 10-5 mol Solvent (mol) (mm-1) P 0 2 , 1 / 2 i b  nC 

Co(s-Et2en)2Clz Butyronitrile 5 . 0 X 1 0 3  -1.26(4) 17.4 1.01 
Benzonitrile 5.OX10-3 - 1 . 2 1 )  16.4 1.06 

C ~ ( s - E t ~ e n ) ~ ( N C s ) ~  Butyronitrile 5 .  OX - 1 .50(3) 30.8 1 .11 
C o ( ~ - E t ~ e n ) ~ ( N 0 ~ ) ~  Butyronitrile 5 .OX 10-3 -0.59(11) 3 .4  I .O1 
Co(s-Et2en)zBrz Butyronitrile 5.OX10-3 -0.39(6) 2 .4  1.00 
Co(s-Et2en)212 Butyronitrile 5 .OX - -1 1.00 

ONumbers in parentheses are estimated standard dev~ations in the least s~gn~ficant figure. 
PBecause of very small amount of 0 1  involved for t h ~ s  meaaurmment the values for log K could not be ob- 

tained and Po,o,,, is only roughly estlmated number. 
c , ~  is the slope of the plot of log ( A  - A,) ' ( A ,  - A )  as, log p,, (13). 

tetrahedral species. This equilibrium was studied 
only in sufficient depth to provide a means of 
ensuring that our thermodynamic measurements 
were carried out in solutions containing essen- 
tially 100% of the octahedral species. The tetra- 
hedral species does not react with molecular 
oxygen. 

Using the intensity of the tetrahedral absorp- 
tion spectra as a guide, equilibrium [2] was 
demonstrated qualitatively to lie more to the 
right in the sequence: 

[31 X = NO3- < NCS- <_ I- < Br- < CI 

In the case of the nitrate complex, solutions in 
solvents such as acetonitrile and ethanol (and 
probably other solvents) contain essentially 
100% of the octahedral species as would be 
anticipated. The tetrahedral species predomin- 
ates when X = Cl-. Experiments revealed that 
addition of a 50-fold excess of amine (s-Etaen) 
was sufficient to move equilibrium [2] completely 
to  the left, in the case of X = C1-, and hence for 
all counter-ions. 

(ii) Reaction with Molecular Oxygen 
Addition of molecular oxygen to a solution 

of one of the above complexes in the presence of 
excess amine in a polar solvent such as methanol, 
ethanol, acetonitrile, pyridine, butyronitrile, etc., 
results in an immediate colour change from pink 
to brown. In the case of the nitrate and thio- 
cyanate complexes, excess amine is unnecessary 
for oxygen uptake to occur since these complexes 
are already predominantly octahedral in solu- 
tion. Similarly, cooled solutions of the halides 
will absorb oxygen. However, even in these cases, 
the presence of excess amine increases the affinity 

for di-oxygen, by a mechanism which is not yet 
understood. 

Solutions of the oxygen adduct are moderately 
stable towards further reaction. However, over 
prolonged periods of time (days), they either 
produce brown insoluble precipitates or auto- 
oxidize, forming red solutions containing Co(II1) 
amine species. Generally speaking, 1 : 1 adducts 
usually react further to yield dimeric oxygen 
bridged derivatives (2). There is no evidence that 
this happens with these species, thereby allowing 
for a thermodynamic study of the 1: 1 adducts. 
Reproducible results may be obtained over the 
time period of the experiment (hours). 

(iii) Thermodynamic Measurements 
Measurement of the absorption of the oxygen 

adduct, at fixed wavelength, as a function of 
oxygen pressure provides a means both of 
determining the nature of the adduct (from the 
stoichiometry of the reaction) and of its stability 
(from the equilibrium constant) (e .g .  ref. 12). An 
appropriate log plot (see Table 1) of a function 
of the observed absorbance versus the partial 
oxygen pressure yielded a slope of 1 for all the 
complexes studied indicating a 1 : 1 stoichiometry 
for reaction 1. Electron spin resonance spectra 
(see below) of oxygenated solutions containing 
either the s-Me2en or s-Et2en complexes con- 
firmed the presence of these 1: l  adducts, al- 
though poor solubility has so far prevented any 
thermodynamic measurements with the former 
amine. 

The equilibrium constants, and calculated 
P112 values, were obtained under identical condi- 
tions of excess amine for all the complexes 
investigated. We cannot be sure that these repre- 
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KHARE ET AL. 3427 

TABLE 2. Molar conductivity of CO(S-Et2en)2X2 complexes 

A 

Complex 
- - 

Solvent Under N2a Under N2 + amineh Under O2 + amineC 

Co(s-Et2en)2C12 Butyronitrile 
Acetonitrile 

C o ( ~ - E t ~ e n ) ~ B r ~  Butyronitrile 
Acetonitrile 

Co(s-Et2en)2(NCS)2 Butyronitrile 
Acetonitrile 

C o ( ~ - E t ~ e n ) 2 ( N O ~ ) ~  Butyronitrile 
Acetonitrile 

Butyronitrile 
Acetonitrile 

Butyronitrile 
Acetonitrile 

QMeasurement of degree of solvolysis of X in [2]. 
OMeasurement of degree of solvolysis of X in [S]. 
CMeasurement of degree of ionization in 161. 
dNot measured. 
eReactions were measured at  a 5 X 10-5 M concentration of complex with a 100-fold molar excess of sym-Et2en as indicated. Units of con- 

ductivity are mho mol-' cm-'. 

sent limiting values since further addition of 
amine tends to lead to precipitation over the 
time period of the experiment. 

The ability to bind oxygen increases in the 
sequence : 

[41 SCN- < C1- < NO3- - Br- < 1 

The ability of cobalt(I1) to bind oxygen, in the 
presence of nitrogen donor ligands, is known to 
be dependent upon the amount of electron 
density transmitted to the cobalt(I1) ion and 
hence on to the coordinated di-oxygen n~olecule 
(13). The esr data reported below confirm that 
these complexes should be regarded in the usual 
fashion as derivatives of Co(I6I) containing a 
coordinated superoxide ion (02-). The log K 
values reported in Table 1 imply that these amine 
complexes bind di-oxygen more strongly than in 
any other 1: l  adduct of cobalt(I1). Certainly 
this is consistent with the fact that these are 

the conductivity of the solution was followed as 
the reaction proceeded. 

In acetonitrile, in the absence of excess amine, 
the halogen complexes disassociate according 
to [2], yielding tetrahedral species whose conduc- 
tivity is low under a nitrogen atmosphere, due to  
some solvolysis of the halide ions (Table 2). 
When excess anline is added, the conductivity 
increases slightly due to some solvolysis of the 
octahedral species as indicated in [5]. This 
equilibrium lies incompletely to the right. When 
oxygen is admitted the conductivity rises but 
reaches a limiting value within the range ex- 
pected for a 1 : I electrolyte (15). This observation 
is consistent with [6]. 

probably more strongly basic amines than those 
hitherto investigated. The sequence [4] also In the case of X = NO3-, additional solvolysis 

occurs in acetonitrile with some dissociation of reflects increasing binding of oxygen as the 
the remaining coordinated nitrate group in [2 ] ,  counter-ion ligand donates more charge, al- [ 5 ] ,  and [6]. It seems probable that reaction l is though the position of the nitrate group seems 
driven, in part, by the solvolysis of X- creating a anomalous. 
site for molecular oxygen to bind. Thus the 

(iu) Concluctiuity Measurements oxygenation reaction takes place in donor, and 
In order to understand the role played by the necessarily polar, solvents, but not in non-donor, 

solvent in the oxygenation of the metal complex, non-polar, solvents. It will take place in propyl- 
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TABLE 3. Electron paramagnetic resonance parametersa for 02- adducts of C o ( ~ - R ~ e n ) ~ > < ~  

Compound Solvent gi80 a I 51 AtsoCo AllC0 A I C o  

Co(~-Et~en)~C12 EtOH 2.029 2. 0945 1.996 14.4 27.4 7.9 

Co(s-Et2en)2Br2 EtOH 2.017 2.079 1.986 12.6 28.25 4.8 
BuCN 2.028 2. 0765 2.003 14.6 28 .O 7.9 

Co(s-Et2en)21z EtOH 2.019 2.074 1.987 12.1b 27 .0 4.7 
BuCN 2.029 2.081 2.002 14.9 27.5 8.55 

Co(~-Et2en)~(N03)2 EtOH 2. 023C 2 .06S5 2.001 13 28.4 6 .O 
BuCN 2.078 1.97d 27.5 

Co(s-Et2en)2(NCS);? EtOH 2.024 2.072 2.000 14.4 24.0 9.4 

C o ( ~ - M e ~ e n ) ~ C l ~  EtOH 2. 03Oc 2.073 2.008 14.25' 26.4 8 . 2  

'Isotropic data collected at - - S O  "C except uhere Indicated. A n ~ i o t r o p ~ c  data collected a i  llquld nltrogen temperature. The k.1 valuea were calculalrd from 
gl,, and the well resolved ,yll spectrum. Hyperfine coupling constants in G. 

*E~ght-line spectrum poorly resolved. 
CMeasured in ethanol a t  25 "C. 
dEstimated from frozen spectrum. 

ene carbonate, which is a polar, but non-donor, 
solvent. This observation provides compelling 
evidence that solvolysis of X-, rather than co- 
ordination of the solvent to  the cobalt(l1) ion, 
is important. 

When conductivity measurements were carried 
out in butyronitrile, it was initially disturbing to 
note the very low conductivities produced 
(Table 2). For the complexes in butyronitrile, 
under a nitrogen atmosphere, and containing 
excess amine, the conductivities were, for most 
ions, much less than anticipated for a 1:1 
electrolyte (Table 2) (14). Addition of di-oxygen 
caused a small increase, but with the exception 
of the iodide, the conductivities were still 
markedly low. In the chloride complex, for 

example, the solution even after oxygenation 
was almost non-conducting. The logical explana- 
tion is that ion-pairing is occurring, even though 
butyronitrile is sufficiently polar to separate ion 
pairs at the low concentrations employed. The 
sequence of conductivities : 

[71 C1- < Br- < SCN- < NO3- < 1- 

parallels the abilities of these ions to hydrogen 
bond. It seems probable, therefore, that the 
counter-ion X is indeed being ionized, as in [6], 
but remains hydrogen bonded to the amine 
hydrogen atoms, in this solvent. 

(0) Electron Spin Resonance Data 
The oxygen adducts exhibit a fluid esr spec- 

FIG. 1. The electron spin resonance spectrum of C o ( ~ - E t ~ e n ) ~ B r ~  dissolved in ethanol at liquid 
nitrogen temperature. (Modulation amplitude 0.8 X 100 6 ;  gain 5 X lo3; field 9.150 GHz). 
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CI 

1 (pink) 

3 (pink) 4 (brown) 

trum in solution, at near ambient temperatures, 
typical of cobalt di-oxygen (Co(1II)-02-) 1 :! 
adducts, i.e. an 8-line hyperfine spectrum, due to  
I = 7 / 2  of 59Co, with a g value near 2.0 (13, 15). 
The magnitude of the isotropic coupling constant 
is also comparable to those previously described. 
Frozen or solid state samples show the expected 
anistropic, near axial, spectra (Fig. 1, Table 3). 

The parameter values are comparable with 
those previously reported, except in one respect. 
They are atypical in that the various parameters 
are much less dependent upon the nature of X- 
than would be anticipated (13). This could be 
explained if a cis structure for the complexes 
(Fig. 2) is postulated. Under such circumstances 
the unpaired electron density, lying primarily on 
the di-oxygen molecule, should be less sensitive 
to  the nature of X. The spectra are rhornbically 
distorted which would be consistent with a cis 
formulation. However, the trans isomer should 
also exhibit rhombic distortion since it can have 
a t  most D,, symmetry. Further work is necessary 
t o  clarify this conclusion. Because of the addi- 
tional solvation factors involved. the sensitivity 

methane (a non-polar solvent) show no signals 
in their esr spectra at  room temperature since 
oxygenation does not occur to any meusurable 
degree. If an organic subsirate, such as ethyl 
p-hydroxybenzoate, is added to  such a solution, 
in the presence of cii-oxygen, a strong 8-line 
signal is rapidly generatrd, showing formation of 
a I : ? adduct necessarily containing the substrate. 
Over a period of time, this collapses and is 
replaced by a i5-line sigr~al, indicative of a 
bridging superoxy species. Details of these reac- 
tions will be published inn due course (9). 
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Synthesis and vibrational spectra of some lead(I1) halide adducts with 
0-, S-, and N-donor atom ligands 
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IVOR WHARF, THOR GRAMSTAD, RAMESS MAKHIJA, and MARIO Owuszcnu~ .  Can. J. Chem. 
54, 3430 (1976). 

Lead(1I) halides (FbX2 where X = CI, Br, and I) formed five types of adducts with mono- 
dentate (L) and bidentate (LL) ligands: PbX2.L, PbX2.2L, 2PbX2.L, PbX?.LL, and PbX2. 
2LL, but not all halides and ligands produced each type. Monodentate ligands were dimethyl- 
sulphoxide, N.N-dimethylacetamide, N,N-dimethylthioacetamide, thioacetamide, 2,6-di- 
methyl-r-pyrone, N-methyl-Zpyridone, N-methyl-2-pyrollidinone, thiourea, pyridine, piperi- 
dine, and aniline, while bidentate ligands were ethylenediamine, tetramethylethylenediamine, 
I,l0-phenanthroline, and 2,2'-bipyridine. Infrared and Raman spectra are reported together 
with ligand vibrational frequencies shifted by coordination. Under similar experimental condi- 
tions qualitative trends in acceptor and donor abilities appeared to be PbI2 > PbBr2 > PbC12 
and S-donors > 0-donors, respectively. 

IVOR WHARF, THOR GRAMSTAD, RAMESH MAKHIJA et MARIO ONYSZCHUK. Can. J. Chem. 
54, 3430 (1976). 

ILRs haloginures de plomb(I1) (PbX2 oh X = C1, Br et I )  forment cinq types d'adduits avec 
des ligands ri~onodentates (L) et bidentates (LL): PbXz.L, PbX2.2L, 2PbX2.L, PbX2.LL et 
PbX2.2LL; toutefois tous les halogenures et tous les ligands ne produisent pas chaque type 
d'adduit. Les ligands monodentates sont le dimCthylsulfoxyde, la N,.V-dirnCthylacCtamide, la 
.V,N-dimCthylthioacCtamide. la thioacetamide. la dimethql-2,6 r-pyrone. la M-methylpyridone-2. 
la N-mCthyipyrollidinone-2, la thiourk, la pyridine, la pipiridine et l'aniline; les ligands 
bidentates sont l'kthylenediamine, la tCtramithylethyl~nediamine, la phinanthroline-1,lO et 
la bipyridine-2,2'. On rapporte les spectres infrarouges et Raman de m&me que les frequences 
vibrationnelles des ligands qui sont diplactks par coordination. Dans des conditions expCri- 
mentales semblables, les tendances qualitatives dans les capacites comme accepteur ou comme 
domeur semblent &tre respectivement PbI2 > PbBrz > PbC12 et les S-donneurs > les O- 
donneurs. 

[Traduit par le journal] 

In  contrast t o  the large number of tin(II) 
halide complexes which have been prepared and 
characterized, little is known about adducts of 
lead(I1) halides. Except for earlier studies on 
lead(1I) halide adducts with thiourea ( I ) ,  pyridine 
(26, aniline (3) ,  and ammonia (4), most of the 
work to  date (5-1 1) has dealt with lead(I1) halide 
adducts only in a cursory way and little vibra- 
tional data i s  available. Only the lead(I1) halide - 
thiourea system has received detailed study 
(12, 13), with a crystal structure (14) and a partial 
infrared assignment (15) of the thiourea (tu) 
adduct PbCIy 2tu having been published. In this 
work, the reactions of Iead(IH) halides with 

'Present address: Dauison College (Selby Campus), 
Westmount, Quebec. 

2On sabbatical leave from the Unrversity of Bergen, 
Norway, 1973-4974. 

various oxygen-, sulphur-, and nitrogen-donor 
ligands were surveyed to  determine adduct 
stoichiometries and auaiitative trends in adduct 
formation. Infrared and Raman data were ob- 
tained in the ligand region to  ascertain the 
coordinating atom of the iigand. 

Experimental 
Lead(I1) chloride and all ligands were of reagent grade 

and were used as obtained from commercial suppliers. 
Lead(1I) bromide and iodide were prepared by mixing 

aqueous solutions of lead nitrate with aqueous solutions 
of potassium bromide and iodide respectively. Liquid 
oxygen- and sulphur-donor ligands and soivents such as 
benzene and carbon tetrachloride were stored over 
molecular sieves, but absolute ethanol and anhydrous 
ether were used as received. Most liquid amines were 
stored over NaOH, while pyridine and aniline were used 
freshly distilled from NaOH. When necessary, liquid 
aiiphatic amines and benzene were dried prior to use by 
distillation from CaH2 under nitrogen. 

Carbon, hydrogen, and nitrogen analyses were done by 
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Chemalytics Inc., Arizona. Lead was determined gravi- 
metrically as lead sulphate. Melting points were measured 
in sealed glass capillaries using a Callenkamp apparatus 
and are uncorrected. Infrared spectra of samples as Nujol 
mulls between KBr plates were measured using a Perkin- 
Elmer 521 spectrometer, and Raman spectra of powder 
samples in glass capillaries were recorded on a Jarell-Ash 
25-300 instrument using Kr' (647.1 nm) and Ar+ (514.5 
nm) laser excitation. For sharp bands of moderate to 
strong intensity, infrared and Raman frequencies are 
accurate to k 2 cm - I .  

Preparations 
A. Adducts with Liquid Amides and Dimethylsulp/~oxide 
Lead(I1) halide (2 to 6 g) was dissolved in excess liquid 

ligand (20 to 40 ml) with warming if necessary. Addition 
of carbon tetrachloride or benzene to the filtered solution 
gave the product which was filtered and dried in a 
vacuum. Prepared in this manner were: Lead([[) bromide - 
N,N-dimerl~ylacetamide, with CC14, 525; yield, white, 
decomp. >20OCC (Found: C, 10.8; H, 1.9; N, 1.8; Pb, 
45.5. PbBr2.C4H9N0 requires C, 10.6; H, 2.0; N, 3.1; 
Pb, 45.6). Lead([[) iodide - N,N-dimetl~ylacetaniide, with 
CC14, 8 7 5 ,  light-yellow, decomp. >200 "C (Found: 
C, 8.8; H, 1.7; N, 2.1; Pb, 37.3. PbT2.C4H9N0 requires 
C, 8.8: H,  1.7; N, 2.6; Pb, 37.8). Lead(II) bromide - N- 
met/~ylp~'rollidit~otre, with CC14, 8 5 5 ,  white, decornp. 
>180°C (Found: C, 12.9; H,  1.9; N, 2.7; Pb, 44.1. 
PbBr2.C5H,N0 requires C, 12.9; H,  1.95; N, 3.0; Pb, 
4l.4). Lead(I1) iodide - N-methylpyrolliditrone, with CCi4, 
86%, light-yellow, decomp. > 180 "C (Found: C, 10.9; 
H, 1.4; N, 1.7; Pb, 36.0. Pb12.C5H,N0 requires C, 10.7; 
H ,  1.6; N, 2.5; Pb, 36.5). Lead(I1)iodide - bis(N-merhyl- 
2-pyridone), with G H 6 ,  100$<, off-white, decomp. 
> 2 3 j c C  (Found: C, 22.3; H, 2.2; N, 4.2; Pb, 29.7. 
Pb12.2C6H7N0 requires C, 21.2; H,  2.1; N, 4.1; Pb, 
30.5). Lead(II) bromide - bis(dimetl~ylsulphoxide), with 
CC14, 651;, white needles, m.p. (decornp.) -100 "C 
(Found: C, 9.3; N, 2.3; Pb, 38.5. PbBr2.2C2H60S re- 
requires C, 9.2; N, 2.3; Pb, 39.6). Lead(l1) iodide- 
bis(dimethylsulphoxide), with CC14, %?;, cream needles, 
m.p. (decamp.)-135 "C (Found: C, 8.1; H, 2.2; Pb, 
32.45. Pblz.2C2&0S requires C, 7.8; H, 2.0; Pb, 33.6). 

Lead(1I) iodide - dimethylsulphoxide. Lead(I1) iodide 
(3.2 g) was dissolved in hot dimethylsulphoxide(30 ml) 
and ethanol (80 ml) was added to the filtered solution to 
give a flocculent cream precipitate which, after filtration 
and washing with ethanol (3 X 25 mi). yielded the yellow 
mono-adduct, 97% yield, decomp. 173-178 "C (Found: 
C, 4.1; H, 0.95; Pb, 38.4. Pb12.C2H60S requires C, 4.5; 
H, 1.1; Pb, 38.4). 

B. Adducts wit11 Liquid Amines 
Lead(I1) halide (3 to 4 g) was stirred with 100 ml of a 

solution of amine (10 to 30 ml) in benzene or ethanol for a 
sufficient time (2 to 4 days) to ensure complete reaction. 
The solid product was filtered and dried in a vacuum. 
Obtained this way were: Lead([[) iodide - piperidine, 
from C6H6, 6857, yellow, decomp. >230°C (Found: 
C, 10.3; H,  2.0; N, 2.5; Pb, 37.7. PbI2.C5HI1N requires 
C, 11.0; H, 2.0; N, 2.6; Pb, 38.0). Lead(I1) chloride- 
aniline, from C6H6, 96$;, white plates, decornp. >90 " c  
(Found: C, 18.6; H,  1.8; N, 3.7; Pb, 56.4. PbC12.C6H7N 
requires C, 19.4; H, 1.9; N, 3.8; Pb, 55.8). Lead(I1) 

iodide - atliline, from C6H6, 98%, yellow, decomp. 
> 130 "C (Found: C, 12.9; H, 1.0; N, 2.45; Pb, 37.4. 
Pb12.C6H7N requires C, 13.0: H?  1.3; N, 2.5; Pb, 37.4). 
Tris(Lead(I1) bromide) - bis(aniline), from benzene, 85%, 
cream-yellow, decornp. > 123 ' C  (Found: C, 10.6; H, 
0.8; N, 2.05; Pb, 48.1. 3PbBr2 .2C6H7N requires C, 11.2; 
H, 1.1 ; N, 2.2; Pb, 48.3). Lead([[) chloride - bis(pyridine), 
from C6H6, 9 1 5 ,  white (Found: Pb, 48.4. PbCI2.2C5NSN 
requires Pb, 47.5). Lead(lI) bromide-pyridine, from 
C2H50H, 9 7 5 ,  white, decornp. >19OCC (Found: C, 
12.7; H, 1.0; N, 2.4; Pb, 46.8. PbBr2.C5H5N requires 
C, 13.5; H, 1.1; N, 3.1; Pb, 46.4). Lead(Il) bromide- 
bis(pyridine), from C6H6, 96%, white (Found: Pb, 39.6. 
PbBr2.2CSH5N requires Pb, 39.45). Lead(1I) iodide - 
pyridine, from C2H50H, 94%, light-yellow, decomp. 
>20OCC (Found: C, 11.6; H, 0.7; N, 2.5; Pb, 38.15. 
Pb12.C5H5N requires C, 11.5; H, 0.9; N, 2.6; Pb, 38.4). 

cream- Lead(lI) iodide - bis(pyridine), from C6H6, 96C', 
yellow, decomp. >95 "C(Found: C, 19.0; H, 1.2; N, 4.3; 
Pb, 33.4. PbIz.2C5H5N requires C, 19.4; H, 1.6; N, 4.5; 
Pb, 35.5). Lead(I1) chloride - bis(etl~ylenediamine), from 
CsH6, 965;, white, decornp. >215 "C (Found: C, 12.3; 
H, 3.95; N, 13.0; Pb, 51.5. PbC12~2C2H8N2 requires 6 ,  
12.05; H, 4.05; N, 14.1 ; Pb, 52.0). Lead(II) bromide - 
bis(etl~ylenediami~~e), from C6Hs, 96%, white, decomp. 
> 2 0 j C C  (Found: C, 10.3; H, 3.3; Ed, 10.1; Pb, 42.1. 
PbBr2.2C2H8N2 requires C, 9.9; H, 3.3; N, 11.5; Pb, 
42.6). Lead([[) iodide - bis(ethjlenediamine), from CsHs9 
90'/;, white, decornp. >180cC (Found: C, 8.6; H, 2.5; 
N, 9.5; Pb, 35.4. Pb12.2C2H8N2 requires C, 8.3; H, 2.8; 
N, 9.6; Pb, 35.7). Lead(1I) chloride - N,N,N1,N'-terra- 
methylethylenediamit~e, from C2H50H, 94%, white, de- 
camp. >273"C (Found: C, 18.1; N, 3.9; N, 6.2; Pb, 
52.8. PbC!2.C6HL6N2 requires C, 18.3; H, 4 , l ;  N, 7.1; 
Pb, 52.6). Lead([[) bromide - N,N,Nf,N'-tetrameihyl- 
etizylet~ediamine, from CzH50H, 95y0, white, decomp. 
>23OoC (Found: C, 14.7; H, 3.2; N, 5.1; Pb, 42.8. 
PbBr2.C6HI6N2 requires C, 14.9; H, 3.3; N, 5.8; Pb, 
42.9). Lead(l1) iodide - N,N,N',Nt-fetramethylethylene- 
diamine, from C2H50H, 97%, yellow, decomp. > 195 "C 
(Found: C, 12.4; H, 2.8; N, 4.35; Pb, 35.8. PbT2.CdI16N2 
requires C; 12.5; H, 2.8; N, 4.85; Pb, 35.9). 

C. Adducts with Solid Ligands 
Lead(l1) halide (2 to 4 g) was stirred with a solution 

(50 to 100 311) of ligand (2- to 20-fold excess) dissolved in 
benzene or ethanol for a sufficient time (2 to 5 days) to 
ensure complete reaction. The solid product was filtered 
and dried in a vacuum. Adducts obtained in this manner 
were: Lead(l1) iodide - thioacetamide, in C2H50H, 9870, 
yellow, decomp. >200 "C (Found: C, 4.4; H, 0.7; N, 3.0; 
Pb, 38.3. Pb12 .C2H5NS requires C, 4.5; H, 0.9; N, 2.6; 
Pb, 38.65). Lead(ll) bromide - N,N-ditnetl~ylthioacet- 
amide, in C2H50H, 98%, white, decornp. >212 "C 
(Found: C, 9.6; H, 1.75 ; N, 2.9; Pb, 44.6. PbBrz .C4H,NS 
requires C, 10.2; H, 1.9; N, 3.0; Pb, 44. t). Lead(l1) iodide 
- N,N-dimethylthioacetamide, in C2HSOH, 99%, yellow, 
decornp. >218 "C (Found: C, 8.4; H,  1.3; N, 2.2; Pb, 
36.5. Pb12.C4H9NS requires C, 8.5; H, 1.6; N, 2.5; Pb, 
36.7). Bis(lead(l1) bromide) - 2,6-dimethyl-r-pyrone, in 
C6H6, 977,, white, decomp. >290°C (Found: C,  9.6; 
Id, 0.8; Pb, 48.3. 2PbBr2.C,Hs02 requires C, 9.8; H, 0.9; 
P b, 48.3). Bis(lead(1l) iodide) - 2,6-dimethyl-r-pyrone, in 
C6H6> 967,, yellow, decornp. 240 "C (Found: C, 8.1; PI, 
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0.8; Pb  39.2. 2Pbaz.C7H802 requires C, 8.0; H, 0.8; Pb, 
39.6). Lead(l1) ci~loride - ~ , i ~ - p / ~ e n a ~ l t / r r o t i t ~ e .  in C6H6, 
94'6, white, decomp. >340 'C (Found: C, 31.55; H, 1.7; 
N, 5.9; Pb, 44.4. P ~ C I Z . C , ~ H ~ N ~  requires C, 31.45; H, 
1.8; N, 6.1 ; Pb, 45.2). Lead(l1) bromide - bis(l,l0-phenan- 
iirrolit~e), in C6kffi1 i ) j r  C. cream-yellow, decomp. 235 " c  
(Found: C, 30.4; H, 2.1; N, 6.6; Pb, 28.7. PbBr2. 
2C12H8N2 requires C, 39.6; H, 2.2; N, 7.7; Pb, 28.5). 
Lerid(l1) iodide - bis(i, I0-pIiei1uiithroiit1e), in C6H6, 95 'C, 
decomp. >290 'C (Found: C ,  34.85; H,  1.8: N, 6.6; Pb, 
26.1. Pb12.2C12H8N2 req~~ires  C, 35.1; H ,  1.95; N, 6.8; 
Pb, 25.2). Leuri(ll) cllloride - 2,2'-bipyridine, in C2H50H, 
91%, white, decomp. >300 "C (Found: C, 27.4; H, 1.9; 
N, 5.6; Pb, 46.7. PbC12~C1,F18W2 requires C, 27.7; H ,  
1.9; N, 6.45: Pb, 47.7). Lead(ll) bromide - 2,2'-bipyriditze, 
in C2H50PI, 96"1, cream, decomp. > 300 "C (Found: C, 
22.4; N, 1.6; N, 5.3; Pb, 39.4. PbSr2.C,,HsN2 requires 
C, 23.0; H, 1.5 ; N, 5.35 ; Pb, 39.6). Lead(l1) iodide - 2,2'- 
bipyridiire, in C2M50H, 90< ; , yellow, decomp. > 300 "C 
(Found: C, 19.6; H, 1.25; AT, 4.0; Pb, 33.1. Pb12~CLoHsN2 
requiresC, 19.45;H, 1.3; N,4.5; Pb, 33.6). 

D. Thiourea Adducts 
Lead(I1) iodide - thioilrea. Lead(l1) iodide (2.3 g) was 

stirred with a boiling solution of thiourea (7.6 g) in water 
(300 ml) for 2 h. After evaporation to 150 rnl, the hot 
mixture was filtered. The filtrate on cooling gave the 
yellow mono-adduct which was filtered, washed with a 
small amount of ethanol (10 ml) and ether (10 rnl) and 
dried in a vacuum. Yield 48< ;, mp 200-205 ' C  (decomp.). 
(Found: C, 2.2; PI, 0.6; N, 5.1; Pb, 38.1. Pbi2.CH4N2S 
requires C, 2.2; H, 0.75; N, 5.2; Pb, 38.6). 

Leud(1b) bromide - thiourea. Eead(l1) bromide (3.7 g) 
was dissolved in a boiling solution of thiourea (3.0 g) in 
water (I50 ~nl). Filtration of the boiling solution followed 
by rapid cooling of the filtrate to  room temperature gave 
fine creum needles of the mono-adkict which were filtered, 
washed with ethanol and ether, and air-dried. Yield 5 5 5 ,  
mp 193-197 "C (decomp.). (Found: C,  2.4; H, 0.7; N, 
6.3; Pb, 46.6. PbBrz.CH4N2S requires C, 2.7; H, 0.9; N, 
6.3; Pb, 46.8). 

Filtration of the solution obtained by dissolving lead(I1) 
bromide (2.2 g) in a boiling solution of thiourea (3.8 g) in 
water (100 rnl) followed by slow cooling of the hot filtrate 
gave yellow needles of leud(il) bromide - bis(thiourea) 
which was dried as for the mono-adduct. Yield 81r,, mp 
181-184 "C (Found: Pb, 39.9. PbBr2.2CH4N2S requires 
Pb, 39.6). kead(1I) chloride (2.8 g) treated in the same 
way with thiourea (3.1 g) in water (150 rnl) gave w/ziie 
needles of lead(l1) chloride - bi~(rhiourea). Yield 78'1, mp 
187-189 "C (Found: Pb, 48.3. PbCI2.2CPI4N2S requires 
Pb, 48.15). 

Rwults and Discussion 

Stoichiomehric lead(H1) halide adducts were 
successfully prepared in high yields by the direct 
reaction of donor ligands with crystalline lead(I1) 
halides using two procedures. Neat liquid ligands 
having high donor abilities, such as pyridine and 
dimethylsulphoxide, dissolve lead(l1) halides to 
give clear solutions from which adducts of 1 : I  

and 1 :2 ratios can be precipitated by the addition 
of benzene or carbon tetrachloride, 

donor 
[I] PbX2 (s) -) PbX2.xL (soln) 

solvent (L) 

cc14  
-> PbX2.nL (s) ( n  = 1,2) 
Or C6H6 

Solid ligands, taken in large excess dissolved in 
benzene or  ethanol, combine with lead(I1) 
halides in an  apparently heterogeneous reaction, 

C6Hs or 
[2j PbXL (s) + L (soln) -) PbX2 .nL(s) (n  = 1,2) 

C2H50H 

This reaction must be allowed to occur with 
rapid stirring for a sufficiently long time, usually 
2 t o  5 days, t o  ensure completion as determined 
by the constant composition of the product. 
Lead(l1) halides probably dissolve slightly under 
these conditions to  form adducts of such low 
solubility that they precipitate. 

The results of the two preparative schemes are 
summarized in Table 1 which also includes com- 
binations of reactants which did not produce 
stable stoichiometric adducts. Adducts were 
judged to  be stable if they could be stored for 
several days a t  ambient temperatures without 
loss of ligand (16). All stable adducts are in- 
soluble in common organic solvents except the 
parent ligand, if liquid. Most adducts with 
monodentate ligands lose ligand easily when 
washed with ordinary organic solvents, the most 
effective being ethanol. Microanalytical data 
could not be obtained for PbX2.2py (X = 

C1, Br) because these adducts lost ligand when 
stored a t  room temperature for 2 to 3 weeks. 

Infrared spectra3 of all adduces were meas- 
ured in thc rangc 1700-400cm-I except for 
PbX2.2mpd (X = Br, I) when the range was 
170CL1380cm-I and for 2PbX2dmp (X = Br, 
I) when the range was 1700-1 100 cm-l. Raman 
spectra3 were recorded in the same ranges for all 
adducts with 0- and S-donor ligands except 
PbX2.mpld (X = Br, I), P b X 2 ~ 2 m p d  (X = 

Br, I), and 2Pb12.dmp which gave excessive 
background fluorescence. Ligand frequencies 

3Tables of complete infrared and Raman data together 
with proposed assignments are on deposit and may be 
obtained at  a nominal charge from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada, K I A  OS2. 
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TABLE 1. Results of reactions of lead(I1) halides with various 0-, S-, and 
N-donor ligandsa 

Ligand PbClz PbBr2 Pblz 

0-Donor Ligands 
Dimethylsulphoxide (dmso) 1 :2C 1 :2b 1 :2O 

- - 1 :1  
N,N-Dimethylacetamide (drna) l : l C  1 :lo 1:lb 
N-Methyl-2-pyrrolidinone (rnpld) N.I. 1:lb 1:lh 
N-Methyl-2-pyridone (mpd) - 1 :2C 1 :2b 
2,6-Dimethyl-y-pyrone (dmp) N.1. 2:Ib 2:lb 
Acetamide - M.1. N.I. 
Urea N.I. - N.I. 

S-Donor Ligands 
Thiourea (tu) 1 :2 1 :2 - 

- 1 :1 1:lh 
N,N-Dimethylthioacetamide (drnta) M.I. 1:lb 1:l 
Thioacetamide (tam) N.I. N.I. 1 :Ib 

N-Donor Ligands 
Ethylenediamine (en) 1 :2 1 :2 B :2 
Tetramethylethylenediamine (tmen) 1:l 1:1 1 :I 
2,2'-Bipyridine (bipy) 1:1 1:l I : I  
1,lQ-Phenanthroline (phen) - 1 :2 1 :2 

1:1 - - 
Pyridine (py) 1 :2b 1 :2b 1 :2 

- 1:l 1 :1 
Piperidine (pip) - N,I. 1 :I 
Amline (an) 1 :1 3 :2 1:1 
Pyrrolidine - N.I. N.I. 
Diethy lamine - - N.I. 
N-Methylpyrrolidine - - N.I. 
n-Propylamine - - N.1. 

aRatios (m:n) give the stoichiometries of reproducible adducts mPbX>.nL. W . I .  means adducts could 
not be isolated. 

OAdduct which lost volatile ligand on storage or when washed with ethanol or knzene.  
CAdduct of irreproducible composition. 

which showed characteristic shifts on coordina- 
tion are given in Tables 2 and 3. These results 
confirm that each ligand is coordinated rather 
than merely incorporated in the crystal lattice of 
the lead halide adduct. When the ligands are 
potentially bifunctional, frequency shifts indicate 
coordination through the chalcogen atom for 
amides, thioamides, and thiourea, and through 
the carbonyi oxygen for 2,6-din1ethyl-~-pyrone. 

The parent lead(1I) halides have structures of 
mainly ionic character based on close-packing of 
the halide ions (17). In PbC12 and PbBr2 which 
are isomorphous, lead is nine-coordinate, while 
Pb12 has six-coordinate lead in a structure based 
on the Cd12 layer lattice. Since lead(I1) normally 
has a coordination of six or more in complexes 
(18), it is reasonable to consider the lead halide 
adducts reported here, noting their very low 
solubilities in many solvents and their tendency 
to  decompose rather than melt when heated, as 

having polymeric structures with halogen and 
sometimes also ligand donor atom bridges to 
enable each lead alom to achieve a coordination 
of six or more. The adducts whose structures 
have been determined by X-ray methods, 
P5Cl2 2tu (14) and PIsBr2-2dmso (191, are both 
polymeric with lead seven- and six-coordinate 
respectively. The only other lead halide adduct 
whose structure has been reported, 3PbBr20 2H20 
(unstable at room temperature) (20), has water 
molecules lodged in a distorted lead(E1) bromide 
lattice with each lead atom eight-coordinate. 

Vibrational data for PbC12- 2tu and PbBr2a 2- 
dmso are consistent with the published structures 
of these compounds. Thus for Pb@1202tu, the 
coincidence of infrared and Waman frequencies 
(within experimental error) agrees with the 
~ z , ( ~ n a 2 ~ )  space group of this compound. 
Moreover, the main skeletal vibrations of thio- 
urea are split in both infrared and Waman 
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TABLE 2. Coordination sensitive ligand frequencies (cm-1) for lead(I1) 
halide adducts with chalcogen donor ligandsi 

PbI3r~ .dma Pb12.dma 
drna 
IR IR R IR W Assignmenta 

mpld PbBr2. mpld Pb12 .mpld 
I R IR IR Assignmentb 

mpd PbBr2.2mpd Pb12. Zmpd 
IR IR IR AssignmentC 

Pb12 .dmso Pb12. 2dmso PbBr2.2dmso 
dmso 
I R I R R I R R 1R R Assignmentd 

1057s 1022111 1021w 1014m 1017sh 
1027sh 1005s 1012s 1009w V ( S = O )  

979vs 980w 992vs 979vs 976m 
954wm 954s 949m 951sh P(CH3) 

698wm 
- 678vs - 678vs - 

I + 
714m 71.5111 708w 712sm 712w 714vs v,,(SC2) 

668w 679vs v,(SC2) 

2PbBr2. dmp 
dmp 2PbI2 .dmp 
I R I R R I R Assignmente 

Pbl2.tam 
tam 
IR IR R Assignment' 

PbBr2 .dmta PbI~ .dmta  
dmta 
IR I R R I R R Assignmento 



PbBr2. tu Pb12 .tu 
tu 
IR IR R I R R Assignment 

QReferences 5, 6, and 24. 
OReference 25. 
GReference 26. 
d~eference  27. 
eReference 28. 
.fReference 29. 
QReference 30. 
hReferences 15 and 31. 
$Only the principal contribution is given in assignments. 

spectra, consistent with an interaction between 
the two crystallographically distinct thiourea 
molecules in the asymmetric unit of this crystal. 
Similarities in the vibrational spectra of Pb- 
C12- 2tu and PbBr2. 2tu, together with their similar 
needle-like crystal forms and physical properties, 
suggest that PbBr2. 2tu has a polymeric crystal 
structure like that of PbC12.2tu. For PbBr2-tu, 
v(C=S) is also split, implying that coupling 
occurs between at least two thiourea molecules, 
perhaps acting as bridges, in a structure related 
to that of PbC12.2tu. A polymeric structure 
would also account for the high melting point 
and insolubility of PbBry tu in a range of organic 
solvents. In PbBr2.2dmso and Pblz 2drns0, the 
extensive splitting of ligand bands in the S=O 
stretching region is consistent with vibrational 
coupling of two dmso molecules coordinated to  
the same lead atom, as found for PbBr2-2dmso. 
The adducts PbX2~2mpd (X = Br, I) and 
PbX2. 2py (% = C1, Br, I) may also have similar 
structures with two ligand molecules coordinated 

to each lead atom since several nondegenerate 
ligand modes are split in the infrared spectra of 
these adducts. For the remaining adducts in this 
work, no structural conclusions can be drawn 
from their vibrational spectra. 

Some tentative and qualitative trends in Lewis 
acidities and basicities are indicated by the range 
of monodentate ligand adducts isolated and 
their properties. For example, in the case of 
lead(l1) halide reactions with ethanol solutions 
of N,N-dimethylthioacetamide, PbG12 did not 
form an adduct, PbBr2.dmta decomposed when 
washed with ethanol, while PbX2~drnta was 
resistant to this treatment. These observations 
and similar ones on pyridine adducts suggest an 
apparent order of Lewis acidity of PbH2 > 
PbBr2 > PbC12, although the possibility of the 
observations being due to solubility and/or 
crystal lattice effects cannot be excluded. Changes 
in ligand v(C=O), v(C=S>, and v(S=O) fre- 
quencies due to coordination are not significantly 
different in each series of PbX2 adducts (Table 
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TABLE 3. Coordiriation sensitive ligand frequencies (cm-1) for 
lead halide - amine adductsh 

131 lrn E285w 128lw 
1273w 1268w 1265wbr CHz twist 
1256w 1254w 

I093m 1116m 1113m 1109m 
1064m 1058m v(C-C) 

-- 
Infrared 

- - 

tmen PbCi2 .emen PbBr2. tmen Pb12. tmen Assignment"' 

1097wrn 1065n 1069m 1073m n.a. 

1033vs 1030vs lO27m 1026m 
1009s 1007rn lO1Om 

933m 952s 950s 949s 
923m 920w 923m 

834m 785vs 783s 784s 

829m 767s 765m 767m -- 
Infrared 

398m 410m 409m 408m ring tors 

753vs 773vs 773vs 770vs 6(CH) out-of-plane 
991m 1006m 1008~s  

101 lvs l0lOvs loobS ] ring breathing l0 l lvs  

Infrared 

phen H 2 8  PbC12. phen PbBr2. 2phen Fb12 .2phen Assignmentd-' 
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TABLE 3 (Cotzcl~~ded) 

Infrared 

PY PbCI2. 2py PbBr2. py Pb1z.p~ Assignmente,J 

406m 406m 415m 414m 166 
415w 

605m 619s 629s 625m 6a 
629w 

990s 999s 1007s 1005vs 1 
lOlOwm 

1583vs 1594sm 1602s 1598s 8a 

Infrared 

P ~ P  PbIz. pip Assignmentf 

skel. def. 
p(NH) 
skel. def. 
P(CHZ) 

Infrared 

OReference 38. 
hOnly principal contribution is given in assignment. 
In.,. = no assignment available. 
fNomenclature for pyridine modes as given in ref. 39 

2); nor are such shifts reliable indicators of 
donor-acceptor strengths (21), especially when 
only solid state infrared data are available. 
Unfortunately, because of their insolubility, we 
were unable to make any other physical measure- 
ments on the adducts which would reflect relative 
acceptor powers on a quantitative basis. There- 
fore, it must be emphasized that the criteria used 
in this work, isolation of an adduct and its 
ability to be stored for a period of time (16), at 
best provide only a rough qualitative basis for 
proposing trends in Lewis acid-base strength. 

A qualitative comparison of adducts formed 
by ligands which differ only in the coordinating 
atom can also be made by examining the be- 
haviour of PbC12 with urea and thiourea, or of 
Pb12 with acetamide and thioacetamide. In both 
cases, under comparable experimental condi- 
tions, only adducts with the sulphur donors were 
isolated. This implies, but does not prove, that 
donor abilities are in the order S-donors > 0- 
donors toward PbC12 and Pb12. This order is not 
unexpected considering that Pb(II) is classified as 
borderline soft in the hard and soft acid-base 
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concept of Pearson (22), and therefore should 
bind inore strongly with soft S-donors than with 
hard 0-donors. Support for the borderline soft 
behaviour of Pb(I1) is also provided by our 
observation that lead(1I) halides form adducts 
with the softer ligands, aniline and pyridine, but 
not with the harder aliphatic amines. Lead(1I) is 
probably made even softer by symbiosis (23) 
with the surrounding halogen atoms, an effect 
which should decrease in the order I > Br > C1, 
and hence acceptor powers should decrease in 
the order PbI2 > PbBrz > PbC12. Bearing in 
mind the qualitative nature of our observations 
on the formation and stability of lead(1I) halide 
adducts, a more detailed analysis of Lewis 
acid-base trends is premature at this stage. 
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HEI-WUN EEUNG and ALEX 6. HARRISON. Can. J. Chem. 54, 3439 (1976). 
The HZ, Dz, CH4, and CD4 chemical ionization (CI) mass spectra of XC6H5, C6H5CHzX, and 

XC6H4CH3 (X = Clr Br, and I) have been determined. For the benzyl halides the dominant ion 
observed in all CI spectra is the m / q  91 (benzyl) ion formed by loss of HX(DX) from the pro- 
tonated (deuteronated) molecule. The CI spectra of the isomeric halotoluenes differ substan- 
tially from the spectra of the benzyl halides indicating that isomerization to a common (tro- 
pylium-like) structure does not occur in CI. In the H2 CI of XC6H4Y (Y = H or CH3) the 
major fragment ions observed are YC6H5.HC, Yc6H5f, and YC6H4+, with the relative yields 
depending strongly on the halogen substituent. Neither the YC6H5 .H+ ion, resulting from HX 
loss from the H3+.XC6H4Y complex, nor the YC6H4+ ion, resulting from HX loss from 
XC6H4Y .H+, are observed when X = I. On the other hand YC6H5+, resulting from elimination 
of X. from XC6H4Y.H+, is observed only for X = Br and I. In the CH4 CI of XC6H4Y, in 
addition to XC6)I4Y.Ht ions, CH3C6H4Y .H+ ions (HX loss from the CH5+.XC6H4Y com- 
plex) are observed for X = F and C1, while YC6H5t ions (loss of X'from XC6H4Y.H+) are 
observed only when X = I. In addition, displacement of I' by C2H5+, and by C3H5+, is observed 
in the CH4 CI of the iodo-substituted compounds. The dependency of the products observed and 
their relative yields on the identity of the halogen substituent is discussed in relation to the 
reaction energetics. 

HEI-WUN LEUNG et ALEX G. HARRISON. Can. J. Chem. 54, 3439 (1976). 
On a dCterminC les spectres de masse par ionisation chimique (IC) I'aide de HZ, D2, CH4 et 

CD4 des XC6H5, C6H5CH2X et XC6H4CH3 (X = C1, Br et I). Dans le cas des halogCnures de 
benzyle, l'ion le plus important observC dans tous les spectres IC est Pion de m/q 91 (benzyle) 
form6 par la perte de HX(DX) partir de la molCcule proton& (deutCr6e). Les spectres IC des 
divers halogknures isombres de toluene different d'une f a ~ o n  importante des spectres des 
halogknures de benzyle; ce rCsultat indique qu'une isom6risation vers une structure commune 
(ressemblant B l'ion tropylium) ne se produit pas dans le IC. Dans le cas de l'ionisation chimique 
par le Hz des XC6H4Y (Y = H ou CH3) les ions les plus importants observCs lors des frag- 
mentations sont les YC6H5 .Hf, YC6H5t et YC6H4+ et les rendements relatifs dkpendent forte- 
ment de la nature de I'halogene. On n'observe l'ion YC6H5 .H+, rCsultant de la perte de HX & 
partir de H3+.XC6H4Y et l'ion YC6H4+ resultant de la perte de HX & partir de XC&Y.H+, 
lorsque X = I. Par ailleurs on n'observe l'ion radical YC6H5t, rCsultant de 1'Climination de X 
B partir de XC6H4Y .H+, que pour X = Br et I. Dans le cas de l'ionisation chimique par CH4 
du XC6H4Y, on observe, (pour X = F et C1) en plus des ions XC6H4Y .H+, des ions de formules 
cH3C6H4Y.H+ (resultant de la perte de HX a partir du complexe CH5+.XC6H4Y) par ailleurs 
on n'observe les ions YC,H5+ (provenant de la perte de X" a partir de XC6H4Y .H+) que lorsque 
X = I. De plus, lors de 1'IC par CH4, on observe le dkplacement de I" par CzH5+ et par C3Hs+ 
des composCs substituCs par de I'iode. On discute en termes des Cnergies de rCaction, de la 
dCpendance qui existe entre la nature de I'halogbne substituant et la nature et les rendements 
relatifs des produits obsrrvCs. 

[Traduit par le journal] 

Introduction 
A recent communication from this laboratory 

(1) reported the hydrogen and methane chemical 
ionization (CI) mass spectra of fluorobenzene, 
benzyl fluoride, and the isomeric fluorotoluenes. 
It was observed that benzyl fluoride and the 
fluorotoluenes showed substantially different 
mass spectra in both the H2 and CH.4 CI pro- 
viding strong evidence that ring expansion to a 

tropylium-type structure did not occur prior to 
fragmentation of the protonated molecule. Thus, 
the behaviour of these toluene derivatives under 
CI conditions is quite different from their be- 
haviour under electron impact (EI) conditions, 
where the mass spectra are essentially identical, 
in agreement with the substantial evidence (1-3) 
that ring expansion to a symmetrical tropylium 
structure occurs under EI conditions prior to 
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fragmentation of the molecular i0n.l 
The CI mass spectra of fluorobenzene and the 

fluorotoluenes (but not benzyl fluoride) showed 
an unexpected reaction of H3+ and CH5+ with 
the neutral molecule (reaction 1, X = F) 

(where Y = H, CH3, R = H, CH3) resulting in 
elimination of H F  from the collision complex 
formed between H3+ or CH5+ and the neutral 
molecule, with formation of product ions most 
simply represented as the appropriate pro- 
tonated benzene, toluene, or xylene depending 
on the identity of R and Y. 

As an extension of this study we have deter- 
mined the H2 and CH4 CI mass spectra of the 
chloro-, bromo-, and iodo-substituted benzenes 
and toluenes and the isomeric benzyl halides. 
Both D2 and CD4 also have been used as reagent 
gases to  aid in elucidating reaction mechanisms. 
The results show interesting structural and ener- 
getics effects on the product distributions ob- 
tained and provide further evidence that ring 
expansion to a symmetrical structure does not 
occur in the chemical ionization of these halogen- 
substituted toluenes. The evidence concerning 
the possible role of ring expansion in the EI 
fragmentation of these halogen-substituted tolu- 
enes is conflicting and has been reviewed re- 
cently (4). 

Experimental 
The chemical ionization mass spectra were obtained 

using a Dupont 21-490 mass spectrometer equipped with a 
high-pressure chemical ionization source. The source 
temperature was -150 "C while the samples were intro- 
duced through a heated inlet system at -100 "C. Reagent 
gas pressures were in the range 0.3-0.5 mm. Under these 
conditions electron impact ionization of the sample was 
negligible. 

The compounds used were commercially available 
samples and showed no impurities in their El mass 
spectra. Reagent grade CH4 and Hz were obtained from 
Matheson and Co. and were used without further puri- 
fication, as was the CD4 which was obtained from Merck, 
Sharp and Dohme, Montreal. The D2 (Matheson and 
Co.) was passed through a heated palladium thimble prior 

'In the work reported in ref. 3 small differences were 
observed in the relative abundances of metastable ions 
for fragmentation of the isomeric fluorotoluene molecular 
ions. This was taken as evidence that the fragmentation 
did not occur entirely through a symmetrical tropylium 
structure, however, the small differences noted could arise 
from differences in internal energy distribution rather than 
differences in structure. 

to use to remove a low-level impurity of mass 28 (prob- 
ably Nz). 

Results and Discussion 

Chemical Ionization of Chloro-substituted 
Compounds 

The H2 and D2 CI mass spectra of chloroben- 
zene, benzyl chloride, and the three isomeric 
chlorotoluenes are shown in Fig. 1. The Hz CI 
spectrum obtained for benzyl chloride is similar 
to that of benzyl fluoride (I) ,  showing a very 
low-intensity peak for the protonated molecule, 
MHf, with the major part of the ionization in 
both cases being found at mlq 9 1, corresponding 
to formation of the benzyl cation by the facile 
loss of neutral hydrogen halide from MH+. As 
was observed in the case of benzyl fluoride, when 
D2 is used as the reagent gas there is significant 
deuterium incorporation in the fragment ion 
(resulting in formation of C7H6Df, m/q92), 
indicating some mixing of H and D in the MD+ 
ion prior to  fragmentation. However, for both 
benzyl halides, the C7H6D+ ion signal is much 
lower than that predicted for complete Hl1D 
equilibration in MD+ prior to fragmentation. 

The H2 CI mass spectrum of chlorobenzene 
is similar to the spectrum of fluorobenzene in 
that C6H5+, m/q 77 (MH+ - HX), and m/q 79 
(C6H7+) are the major fragment ions observed; 
the latter ion is the product of reaction 1 for 
X = C1, R = Y = H. However, the spectra 
differ in showing a much-reduced MH+ intensity 
for chlorobenzene compared to fluorobenzene, 
where MH+ was the base peak in the spectrum. 
Similarly, the chlorotoluenes show a much- 
reduced MH+ ion intensity compared to the 
fluorotoluenes. A further difference is that the 
major fragment ion for the chlorotoluenes is 
C7H7+ (mjq 9 1, MH+ - HCI) while C7H6F+ 
(MH- - HZ) is the major fragment ion in the 
HZ CI mass spectra of the fluorotoluenes. The 
m/q 93 (C7H9+) ion, corresponding to the prod- 
uct ion from reaction 1 (X = Cl, R = H, 
Y = CH3) is -35% of the C7H7+ base peak in 
the H2 CI of the chlorotoluenes. 

Further differences between the fluoro- and 
chloro-substituted compounds are apparent when 
the Dz  CI spectra are compared. In the D2 CI 
mass spectra of fluorobenzene and the fluoro- 
toluenes the ions, mlq 77 and m,lq 91, corre- 
sponding to loss of hydrogen fluoride from MH+, 
showed essentially no shift, indicating that in the 
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m / e  
FIG. 1. HZ and D2 CI of chloro-substituted compounds. 
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D2 CI the added deuteron was specifically lost as 
D F  from the MD+ ion. By contrast, in the D2 CI 
of chlorobenzene and the chlorotoluenes the 
MD+ - HCl (mlq 78 and m/q 92) ion signals, in 
each case, are approximately equal to the 
MD+ - DCl (m/q 77 and m/q 91) ion signals, 
indicating essentially equal probabilities for loss 
of DC1 and HC1 in the fragmentation of MDT. 
The reasons for this difference between the 
fluoro and chloro compounds are not clear. It 
should be noted, however, that complete equili- 
bration of H/D in the MD+ ion in the chloro- 
benzene system would lead to loss of HX being 
favoured over loss of DX by a factor of 5: 1. A 
further difference in the D2 Cl spectra of the 
fluoro and chloro compounds concerns the 
product of reaction 1. For fluorobenzene and the 
fluorotoluenes the product ions from reaction 1 
with D3+ as reactant showed specific retention of 
two deuterium atoms in the product ions indi- 
cating specific elimination of D F  from the 
D3+- XC6H4Y collision complex. This is not the 
case for the chloro compounds, as is particularly 
evident from the D2 CI spectrum of chloroben- 
zene where m/q 82 (C6H4D3+) is almost equal in 
intensity to m/q 81 ( C ~ H S D ~ + ) ,  indicating that in 
reaction 1 for the chloro compounds there are 
almost equal probabilities for HC1 and DC1 
elimination from the D3+. M complex. This also 
appears to be true for the chlorotoluenes, al- 
though in the D2 CI the sums of the relevant ion 
intensities (m/q 95 and m/q 96) are, in all cases, 
considerably lower than the m/q 93 intensities 
in the H2 CI spectra, indicating that the im- 
portance of reaction 1 is reduced with D3+ as the 
reactant ion. It should be noted that the apparent 
non-specificity of the reactions for the chloro 
compounds cannot be due to  specific loss of 
DC1 from the MD+ and D3+. M species followed 
by reaction of the fragment ions with the large 
excess of D2 present since such reactions were 
not observed for the same ions produced in the 
D2 CI of the analogous fluoro compounds under 
the same conditions (1). 

The CH4 and CD4 CI mass spectra of the 
chloro-substituted compounds studied are shown 
in Fig. 2. The CH4 CI mass spectrum of benzyl 
chloride, like the spectrum of benzyl fluoride, 
shows only a low abundance of the MH+ ion, 
the dominant ion in the spectrum being the 
benzyl ion (m/q 91) formed by loss of HC1 from 
MH+. However, in contrast to the benzyl fluoride 

system, the benzyl ion formed in the CD4 CI of 
benzyl chloride shows -- 12y0 deuterium in- 
corporation leading to m/q 92 (C7H6D+), indi- 
cating partial isotopic mixing in MDf prior to 
fragmentation by loss of DCl (HCI). The CH4 CI 
spectrum benzyl chloride also shows an ion 
signal at mlq 119 (shifting to mlq 124 in the 
CD4 CI) which is 87, of the m/q 91 base peak. 
This ion does not contain chlorine and we 
postulate reaction 2 to explain the formation of 
this product. The reaction is not observed in the 
CH4 CI of benzyl fluoride 

In contrast to the CH4 CI spectrum of benzyl 
chloride, the CH4 CI mass spectra of the iso- 
meric chlorotoluenes show MH+ as the base peak 
with only minor loss of HC1 from MH+ to form 
m/q 91 (C7H7+), in agreement with the spectra of 
fluorotoluenes. It is obvious that rearrangement 
to  a common (tropylium-like) structure does not 
occur prior to fragmentation in the CH4 CI of 
the isomeric benzyl chloride and chlorotoluenes. 
The CH4CI mass spectrum of chlorobenzene 
shows a low-intensity peak at m/q 93, while the 
spectra of the chlorotoluenes show low-intensity 
peaks at m/q 107 (in all cases shifting upwards 
by four mass units in the CD4 GI) corresponding 
to the RC6H4YeHf ion formed in reaction 1 
(R = CH3, X = CI). The importance of this 
reaction is much reduced compared to the 
analogous Auoro compounds (1). 

Chemical Ionization of Bromo-substituted 
Gompollnds 

The H2 and D2 CI mass spectra of the bromo- 
substituted compounds are shown in Fig. 3. The 
spectrum of benzyl bromide is characteristic of 
benzyl halides in that essentially no MH+ ions 
are observed, the only significant ion in the 
spectrum being the benzyl cation (mlq91) 
formed by loss of HBr from MH+. In the D2 CI 
spectrum approximately 257, of the signal for 
the benzyl ion moves to m/'q 92 indicating 
incorporation of a deuterium in the ion and thus 
loss of HBr from MD+. This is similar to the 
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m/9. 
FIG. 2. GH4 and CD4 GI of chloro-substituted compounds. 
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90 90 110 150 17070 90 110 150 176 

m/9 
FIG. 3. HZ and D2 CI of bromo-substituted compounds. 
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results obtained for benzyl fluoride and benzyl 
chloride. 

The H2 Cl  mass spectra of brornobenzene and 
the bromotoluenes show only weak signals for 
MHt with the Mt ion, formed by charge transfer 
from H3r, being more abundant. For bromo- 
benzene the CsH7+ (nz,q 79) ion formed by 
reaction 1 (R = H, X = Br) is the base peak in 
the spectrum, while an abundant C6Hst (ml q 77) 
ion is observed, corresponding to loss of HBr 
from MWf. An unexpected reaction product, not 
observed in the H 2 C l  of fluorobenzene or 
chlorobenzene, is the abundant m,'q 78 (C6Hsf) 
ion formed by reaction 3, involving loss of a 
bromine atom from MH+ 

the spectrum of benzyl bromide is characteristic 
of benzyl halides in showing the benzyl ion 
(m/q 9 1) as the major peak in the mass spectrum. 
By contrast the MH- ion forms the base peak in 
the spectra of the bromotoluenes and there is 
only minor loss of HBr to form C7H7L (m, q 91). 
The CI spectrum of benzyl bromide shows a low 
intensity peak at m / q  119 (shifting to n1lq 124 in 
the CD4 CI) resulting from reaction 4, analogous 
to  reaction 2 in benzyl chloride 

CzHj 

By contrast, the CI spectra of the bromotoluenes In the of the bromotoluenes (' = CH3) ail show low intensity ion signals at ,n:q 120 the ion resulting from reaction 3 (nz/q 92) con- 
stitutes the base peak in the spectra, while the (shifting to rnlq 125 in the CD4 CI) which must 

product of reaction 1, m,'q 93 (C7H9-), is of only result from reaction 5 (illustrated for the para 

minor importance and the C7H7+ (n~ ,  q 91) ion, isomer) 

resulting from HBr elimination from MHt, is C2 H.5 

the second most intense ion in the mass spectra. ~ 2 ~ 5 '  + B I ~ C H I  - 
+ D.. ~ C H ~  

The D2 CI mass spectra of bromobenzene and 
the bromotoluenes cannot be interpreted quan- 
titatively because of overlap of peaks. However, 
it is apparent that the YC6H5+H+ product of 
reaction 1 incorporates in part two deuterium 
atoms and in part three deuterium atoms, as was 
found for the chloro compounds, and is of 
reduced importance compared to the H2CI  
spectra (as was also observed for the chloro 
compounds). The product ions resulting from 
HBr loss from MH+ show significant deuterium 
incorporation in the D2 CI spectra, again in 
agreement with the results for chloro analogues. 
The YC6H5+ product of reaction 3 shows essen- 
tially a quantitative shift to YC6H4D; (mlq 79 
and m/q93) as expected from the proposed 
mechanism. This specific incorporation of deu- 
terium also is observed in the analogous reaction 
of the iodo compounds (see below). These results 
rule out the alternative mechanism involving loss 
of H(D) from the YC6H5. H+ ion produced in 
reaction 1 since in the D2 CI this route would 
lead to significant incorporation of two and three 
deuterium atoms in the product ion. 

The CHA and CDACI mass sDectra of the 
bromo compounds are shown in 'Fig. 4. Again 

In addition, the CI spectrum of brornobenzene 
shows a weak peak at m/q 93 while the CI spectra 
of the brornotoluenes show weak peaks at 
m,/q 107 (in all cases shifting upwards by 4 mass 
units in the CD4 CI) resulting from reaction 1 
(R = CH3, X = Br, Y = H or CH3). 

Chemical Ionizatiorz of Iodo-substituted 
Cornpounds 

The H2 and D2 CI mass spectra of the five 
iodo-substituted compounds studied are shown 
in Fig. 5 .  The Hz CI mass spectrum of benzyl 
iodide is characteristic of benzyl compounds in 
showing C6H5CH2+ (m/q 91) as the only signifi- 
cant ion. As was found for the other benzyl 
halides there is a partial shift to m/q 92 (C7H6Di.) 
in the D2 CI spectrum. By contrast, the H2 CI of 
the iodotoluenes, although showing no MHf ion 
signal, exhibit only minor fragmentation to form 
C7H7+, nzlq 91 (MH+ - HI). The major frag- 
mentation route for both the iodotoluenes and 
iodobenzene is reaction 6 involving loss of an 
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rn 19 
FIG. 4. CH4 and CD4 CI of bromo-substituted compounds. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

84
.2

2.
46

.9
8 

on
 0

9/
08

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



m/q, 
FIG. 5. H2 and Dz CI of iodo-substituted compounds. 
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iodine atom from MH+ giving nz,lq 78 

(Y = H) for iodobenzene and m/q 92 (Y = CH3) 
for the iodotoluenes. In the D2 CI mass spectra 
the ions resulting from reaction 6 move upwards 
by one mass unit indicating, as expected, a 
specific incorporation of one deuterium atom 
from the reactant ion in the product species. 
Abundant Mf ion signals are observed in the 
HZ  and D2 CI spectra of iodobenzene and the 
iodotoluenes resulting from charge transfer from 
H3+ (D3+). 

The CH4 and CD4 CI mass spectra of the iodo 
compounds are shown in Fig. 6. The CH4 CI 
mass spectrum of benzyl iodide again is charac- 
teristic of benzyl compounds, showing the benzyl 
ion (nllq 91) as the major ion in the mass spec- 
trum, with -- 167, D incorporation in the CD4 
CI spectrum. A low-intensity ion is observed at 
tn/q 119 (m,lq I24 in the CD4CI spectrum) 
corresponding to ethyl ion addition with loss of 
HI, analogous to reactions 2 and 4 in benzyl 
chloride and benzyl bromide. 

The CH4 CI mass spectra of the ring-substi- 
tuted iodotoluenes differ from the CM4 C1 mass 
spectrum of benzyl iodide in showing an abun- 
dant MM' ion signal, a moderately intense Mf 
ion signal, with the major fragmentation of MH+ 
leading to elimination of I' rather than HI, 
resulting in formation of C7Hs; (m q 92) as the 
base peak in the mass spectrum. The ion ( d q  
120) resulting from displacement of an iodine 
atom by CzH5- is much more intense in the CI of 
the iodotoluenes than the corresponding ion in 
the CH4 GI of the bromotoluenes, and is accom- 
panied by significant ion signals at m q 132 
(shifting to ~ n l  q 137 in the CD4 CI spectra) 
corresponding to the displacement of I' by 
C3H5+. The general reaction is shown in 171 for 
the para substituted compound. 

The CM4 and CD4 CI spectra of iodobenzene 
show the same features as the spectra of the 
iodotoluenes. A significant feature of the @HA, CI 
mass spectra of the ring-substituted iodo com- 
pounds is the absence of the product of reaction 

1 (mfiq 93 for iodobenzene, m/q 107 for the 
iodotoluenes) which is a prominent reaction 
product for the fluoro compounds but decreases 
in importance as one proceeds through the 
halogen series. 

Structural and Energetics EfSects in Chenzical 
Ioonization Spectra 

In both the H2 and CH4 chemical ionization, 
the mass spectra of the benzyl halides differ 
markedly from the mass spectra of the ring- 
substituted halotoluenes. This provides strong 
evidence that in chemical ionization, in contrast 
to electron impact ionization, rearrangement to  
a common symmetrical tropylium-type structure 
does not occur prior to fragmentation. Although 
the CI mass spectra of the benzyl halides are all 
very similar, showing the benzyl ion (m;q 91) as 
the only significant ion in the spectra, both the 
HZ and CH4 CI mass spectra of the ring- 
substituted halobenzenes and halotoluenes show 
pronounced changes as one proceeds through 
the series from the fluoro-substituted compounds 
to  the iodo-substituted compounds. 

The reactions of H3T with the halobenzenes 
lead to the protonated molecule, MH+, and three 
possible fragment ions, C6H7+, C6H6f, and 
C6H5+, as summarized by reactions 8 to 1 1. 

For the four halobenzenes studied the observed 
intensities of the product ions from these re- 
actions (expressed as percent total ionization, 
neglecting the MT formed by charge transfer) are 
summarized in Table 1. Also included in Table 1 
are the calculated reaction enthalpies. These have 
been calculated using AHf(H3*) = 266 kcal mol-I 
(PA(H2) = 100 kcal mol-I (5 ) ) ,  AHf(C6H7+) = 

200 kcal mol-I (PA(C6H6) = 183 kcal mol-' (6) ) ,  
and AHf(C6H5X-H+) derived from the proton 
affinities PA(C6H5F) = 182 kcal mol-I (6) and 
PA(c6khCl) = 182 kcal mol-l (6) and assuming 
the same proton affinities for bromobenzene and 
iodobenzene. The remaining thermochemical 
data were taken from ref. 7 except for AHf(C6Hs+) 
for which the value of 266 kcal mol-I (8) was 
used. 

Although reaction 9 is, overall, the most 
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/e 
FIG. 6. CH4 and CD4 CI of iodo-substituted compounds. 
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TABLE 1. Fractional yields and reaction thermochemistry for reaction of 
H3+ with phenyl halides (C6HsX) 

Reaction 8 Reaction 9 Reaction 10 Reaction 11 

X CaH5X*Hf AH* GH7+ AH* C.5H.5: AH* C6Hs+ AH* 

F 0.54 -82 0.27 -101 0 +12 0.19 -38 
C1 0.12 -82 0.41 -98 0 -17 0.47 -35 
Br 0.13 -82 0.33 -96 0.20 -30 0.33 -33 
I 0 -82 0 -94 1.00 -45 0 -31 

AH in kcal mol-I. 

exothermic reaction of H3+ with the haloben- 
zenes, its importance initially increases as we 
proceed from fluorobenzene to  chlorobenzene, 
decreases in importance for bromobenzene, and 
is not observed for iodobenzene. In the halo- 
toluenes the analogous reaction 1 (H3+ reactant) 
decreases rapidly in importance as one proceeds 
through the halotoluene series. It is not clear 
whether this variation in the importance of 
reaction 9 is a structural effect or is related to 
reaction competition influenced by reaction ener- 
getics. The reaction obviously requires formation 
of a complex between HjL and the neutral 
molecule and it is possible that complex forma- 
tion is in competition with simple proton trans- 
fer, which leads to formation of MH" (reaction 
8) and, by fragmentation, to the other products 
C6H6i and C6H5+. The thermochemical data in 
Table 1 show that, as we proceed from fluoro- 
benzene to iodobenzene, the difference in reac- 
tion exothermicity favouring reaction 9 over the 
simple proton transfer reaction 8 decreases, and 
this may be. the explanation for the decreasing 
importance of reaction 9 through the haloben- 
zene series. A similar rationalization can be 
advanced for the decrease in importance of 
formation of the CH3C6H5 - H t  ion in the H2 CI 
of the halotoluenes as one proceeds from the 
fluoro- to the iodo-substituted compounds; how- 
ever, quantitative calculations are not possible 
since the proton affinities of the halotoluenes are 
not known. 

Although the results in Table 1 indicate that 
the yield of C~HS+ parallels the yield of C6H7+, 
suggesting the possibility that C6H5+ may origi- 
nate by loss of H2 from C6H7+, the results 
obtained with D3+ as reactant ion appear to 
preclude this route as a major route for forma- 
tion of C6H5+. In the D2 CI of fluorobenzene 
C6HsD2+ is formed by the reaction analogous to 
[9], however, no deuterium incorporation is 

observed in the phenyl ion product as might be 
expected if C ~ H S +  originated by fragmentation 
of CsH7+. In the D2 CI of chlorobenzene and 
bromobenzene both C ~ H S D ~ +  and C6H4D3+ are 
observed, however, the phenyl ion product 
incorporates either zero or one deuterium atom 
(with roughly equal probability) again incon- 
sistent with a major route to C6H5+ being by 
fragmentation of C6H7+. Further, it should be 
noted that protonation of benzene directly by 
H3+ does not lead to formation of C6H5+. Thus 
we conclude that C6H5+ probably originates by 
loss of HX from C6HSX.HL (reaction 12). 
Similarly, the label retention results (incorpora- 
tion of one D in the D2 CI) indicate that C6H6t 
originates by loss of X' from C6H5X' HA (reac- 
tion 13) 

[I21 GjH5X .H+ -+ C6H5+ + HX 

t131 CsH5X .H+ + C6H6? $ X 

The energy requirements for these fragmentation 
reactions for ground state C6H5X. H+ are given 
by AH12 = AHl1 - AH8 and AHl3 = AHlo - 
AHs. From the thermochemical data in Table 1 
it is seen that only reaction 12 (reaction 11 
overall) is thermochemically possible for the 
fluorobenzene system. The observation of a 
significant yield of C6H5L in the H2 CI of fluoro- 
benzene must mean that an appreciable fraction 
of the C6H5F. HL ions formed in reaction 8 have 
> 44 kcal mol-l (AH1 1 - AHs) excitation energy, 
or greater than 50y0 of the reaction exother- 
micity. Both reactions 12 and 13 are thermo- 
chemically permitted in the chlorobenzene sys- 
tem, however, reaction 12 is strongly favoured 
energetically and is the only reaction observed. 
At the internal energy of MH+ necessary for 
reaction 13 to occur (>65 kcalmol-l) reaction 
12 would be much more rapid. For protonated 
bromobenzene reactions 12 and 13 have ap- 
proximately equal energy requirements and both 
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fragmentation reactions are observed, however, 
for protonated iodobenzene reaction 13 is 
strongly favoured thermochemically and is the 
only reaction observed. No C6H51a H+ ion signal 
is observed in the Hz CI of iodobenzene and this 
implies that all of the protonated molecules have 
> 37 kcal mol-I (AH,o - AHs) excitation energy. 

Although quantitative calculations are not 
possible, similar thermochemical arguments can 
be advanced to explain the shift from C7H7+ as 
the major fragment ion in the Hz CI of the 
fluoro- and chtorotoluenes to  C7Hsi  as the 
major fragment ion in the Hz CI of the bromo- 
and iodotoluenes. However, these arguments 
apply only if one assumes that the C7H7+ ions 
formed in the Hz CI of the halotoluenes have the 
methyl-substituted phenyl structure. If rear- 
rangement to a benzyl or tropylium structure 
occurs in the fragmentation reaction 14 for 
X = Br or I, 
[I41 CH3C6H4X.H+ 4 C7H7+ + HX 

this reaction should be strongly favoured ener- 
getically over formation of C7Hs:, even for the 
iodotoluenes. The fact that very little C7H7+ is 
observed in the H2 CI of the iodotoluenes and 
that formation of C7H8t competes favourably 
with formation of C7H7+ in the H2 CI of the 
bromotoluenes, provides further evidence that 
rearrangement of the molecular framework to a 
benzyl or tropylium structure does not occur 
prior to fragmentation in the H2 CI of the 
halotoluenes. 

The CH4 CI mass spectra of the halobenzenes 
and the halotoluenes also show large changes 
through the series from the fluoro compounds to 
the iodo compounds. An unexpected reaction of 
C2H5+ (reaction 15) results in the formation of 

[15] C2H5+ f XCqjH4Y --t C2H5CsH4Yf -I- X' 

C2H5C6H4Yt (Y = H or CH3) as an abundant 
product ion in the CH4 CI of the iodo-substituted 
compounds and as a minor product in the CH4 
CI of the bromo-substituted compounds. Ther- 
mochemical calculations show that reaction 
15 is 29 kcal molt1 exothermic for iodobenzene, 
14 kcal mol-I exothermic for bromobenzene, 
approximately thermoneutral for chlorobenzene, 
and 28 kcal mol-I endothermic for fluoroben- 
zene. By contrast, the simple proton transfer re- 
action 16 is -22 kcal mol-l exothermic through- 

1161 C2Hs+ + C6HsX 4 C6H5X.HC f C2H4 

out the series. Thus, reaction 15 is favoured 
energetically over proton transfer for X = I and 
competes successfully. However, reaction 16, 
along with formation of the collisionally-stabil- 
ized complex, C2H5'C6H5X+, are the major 
reaction channels for C2H5+ with the other 
halobenzenes and halotoluenes. 

The reaction of CH5+ with C6H5X and 
CH3C6H4X proceeds by two major routes, reac- 
tion 17, involving simple proton transfer, and 
reaction 18, involving complex formation with 
elimination of HX. 

Reaction 18 is important for X = F where the 
product ion accounts for -35% of the total 
ionization, is a minor reaction channel (2-5% of 
the total ionization) for X = C1 and Br, and is 
not observed for X = I. Thermochemical calcu- 
lations show that reaction 18 is -71 kcal mol-I 
exothermic for fluorobenzene, with the exo- 
thermicity decreasing to -63 kcal mol-I for 
iodobenzene, while reaction 17 is -52 kcal 
mol-I exothermic for all halobenzenes. Thus, 
this may be another example of the effect of 
differences in reaction exothermicity on the 
competition between complex formation and 
simple proton transfer. 

For iodobenzene and the iodotoluenes frag- 
mentation of MHL to yield C6H5Yt is observed. 
We calculate that the overall reaction 

is 18 kcal mol-I exothermic for iodobenzene, 
4 kcal mol-I exothermic for bromobenzene but 
endothermic for chlorobenzene (AH = +9 
kcal mol-I) and fluorobenzene (AH = +38 kcal 
mol-l). The observation of reaction 19 in the 
iodobenzene system clearly establishes that a 
significant fraction of the C6H5X. H+ ions have 
internal excitations >_ 34 kcal mol-I (AH, 9 - 

AHl7), or >65% of the exothermicity of reaction 
17. The failure to observe reaction 19 for 
bromobenzene indicates that no C6H5X. H7 ions 
have excitation energies as large as 48 kcal 
mol-I (AH, 9 - AH17 for bromobenzene). 

Loss of HX from the protonated molecule 
formed in the CH4 C1 is endothermic for all 
halobenzenes and, also, for all halotoluenes if, 
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for the latter, one assumes a methyl-substituted 
phenyl structure for the product ion. However, 
if rearrangement to a benzyl or tropylium struc- 
ture occurred, loss of HX from the protonated 
molecule would be very exothermic for all 
halotoluenes. The absence of significant yields 
of C7H7+ in the CH4 CI of the halotoluenes 
provides further evidence that rearrangement of 
the molecular framework does not occur in the 
chemical ionization of these compounds. 
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Molecular motion, phase transitions, and disorder in the 
pyridinium halides1 
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JOHN A. RIPMEESTER. Can. J. Cnem. 54, 3453 (1976). 
The solid pyridinium chloride, bromide, and iodide salts were studied using 1H nuclear 

magnetic resonance and differential scanning calorimetry. Phase transitions were observed at  
345 K for the chloride, 269 K for the bromide, and 247 K for the iodide. Well below each 
transition, the pyridinium ions are held rigidly in the crystal lattice, whereas above each transi- 
tion the ions reorientate rapidly about an  axis at  right angles to the ring planes. From the 
temperature dependence of the spin-lattice relaxation times the high temperature phase 
reorientational activation energies were determined to be 1.55, 2.30, and 4.20 kcal/mol for the 
chloride, bromide, and iodide, respcctively. 

JOHN A. RIPMEESTER. Can. J. Chem. 54,  3453 (1976). 
Les sels solides: chlorure, bron~ure et d'iodure de pyridinium ont kt6 CtudiCs en utilisant la 

resonance magnktique nuclCaire 1H et la calorimitrie B balayage diffkrentiel. Des transitions 
de phase ont etC observCes a 345 K pour le chlorure, 269 K pour le bromure et 247 K pour 
l'iodure. Bien au-dessous de chaque transition, les ions pyridinium sont tenus rigidement dans 
le reseau cristallin tandis qu'au dessus de chaque transition les ions se riorientent rapidement 
autour d'un axe perpendiculaire aux plans des cycles. A partir de la variation des temps de 
relaxation spin-rCseau avec la temperature, les energies d'activation pour la riorientation de 
phase a haute tempkrature ont CtC dCterminCes comme itant 1.55, 2.30 et 4.20 kcal/mol pour 
le chlorure, le bromure et l'iodure respectivement. 

[Traduit par le journal] 

Introduction 

Pyridine forms salts with many organic as well 
as inorganic acids. However, relatively little is 
known about the motional properties of the 
pyridinium ion in the solid state. Studies of 
motions in solids containing this ion should be of 
interest for several reasons. Even though the 
pyridinium ion is essentially planar it does not 
have the regular sixfold symmetry of benzene. 
The appearance of even an in-plane motion 
should in principle give rise to a phase transition 
(1, 2). Also it is known that hydrogen bonding 
between the pyridine nitrogen proton and the 
anion may profoundly affect the motional prop- 
erties of the ring (3). 

Various other p~tblications have dealt with 
structure and bonding in pyridinium salts. 
Variations in the N-H stretching and bending 
frequencies as measured for various salts by 
infrared techniques (4-7) have been interpreted 
in terms of differing degrees of hydrogen bond- 
ing. Single crystal X-ray results for pyridinium 
chloride (8) and nitrate (9) have been interpreted 

'NRCC No. 15415. 

in terms of static, ordered structures, with 
significant hydrogen bonding between anion and 
cation. On the other hand, X-ray studies on some 
of the hexafluoro group-V anion salts of pyridine 
(10) and pyridinium iodide (1 1) favor a sixfold 
disordered ring, with hydrogen bonding absent. 

In this work we report the results of broadline 
nmr as well as spin-lattice relaxation time mea- 
surements on the pyridinium halides. As in all 
three of the compounds studied evidence was 
found for a phase transition, differential scanning 
calorimetry was used to  measure the transition 
temperatures and heats of transition for the salts. 

Experimental Section 

(a)  Materials 
The materials used in the preparation of the salts were 

reagent grade chemicals. Pyridinium chloride and bromide 
were prepared by passing the dry hydrogen halides 
through acetone solutions of pyridine. The iodide was 
prepared by mixing pyridine with an aqueous HI solution. 
The salts were dried over P2O5 after recrystallization from 
absolute or aqueous ethanol. The samples for CW nmr 
were sealed in Pyrex tubes after heating to 100 "C under 
vacuum. The samples for the relaxation time and DSC 
studies were further purified by vacuum sublimation. 
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100 200 300 400 
T ( K )  

FIG. 1. Proton linewidths and second moments for the pyridinium halides; the vertical 
bromide and chloride have been offset by 4 units and 8 units respectively. 

Melting points for the chloride and bromide salts were 
(hterature values (4) in parentheses) 141 C (142 'C) and 
218 "C (214 "C) respectively. 

Analyses for C, H, and N were carried out for the 
iodide, which decomposed on heating. Anal. calcd. for 
Py.HI: C29.0, H2.9, N6.8. Found: C28.6, H2.9, 
N 6.5. 

(b) Equipment and Experimental Techniques 
The broadline nmr spectra were obtained using a 

Varian crossed-coil spectrometer operating at  a fre- 
quency of 16 MHz. Pulsed nrnr measurements were made 
using a Bruker SXP nmr spectrometer operating at  a 
frequency of 16 MHz. Spin-lattice relaxation times ( T I )  
were measured using 90"~-90" pulse sequences. 

Methods of temperature measurement and control, as 
well as methods of data treatment have been described 
previously (12, 13). 

Transition temperatures and heats of transition were 
measured using a Perkin-Elmer DSC 1-B Differential 
Scanning Calorimeter. Sample sizes ranged from 10 to 
50 n ~ g  and scanning rates used were 5 and 10 deglmin. 
Heats of transition were measured by comparing the 
transitional peak areas with the melting peak area for 
indium metal. 

Results and Analysis 

(a)  CW Nuclear Magnetic Resoizance Results 
Spectra recorded for the pyridinium halides 

generally were smooth, featureless curves. The 
limiting high and low temperature second 
moments of 1.2 _+ 0.1 and 6.8 _+ 0.5 G2 are in 
good agreement with those reported previously 
(3). The near-discontinuous behaviour of the 
pyridinium chloride linewidths and second 
moments (see Fig. 1) near 350 K is suggestive of a 
phase transition. 

The linewidth and second moment 0s. temper- 

scale for the 

ature curves for the bromide and iodide salts 
resemble to some extent those observed for the 
chloride (see Fig. 1). Some preliminary narrow- 
ing was evident before the resonances narrowed 
suddenly at 246 K for the iodide and 269 K for 
the bromide. Second moments for the bromide 
and iodide were 7.2 & 0.4 G2 and 7.0 & 0.3 G2 
at 77 K, and 1.35 k 0.08 G2 and 1.30 k 0.06 G2 
at room temperature, respectively. It is probable 
that the sudden line narrowing observed for 
these two compounds accompanies phase transi- 
tions. 

The room temperature crystal structure for 
pyridinium chloride is known (8) and may be 
used for second moment calculations. In aeree- 

u 

ment with a previous calculation, a rigid lattice 
second moment of 6.73 G2 is found t a k i ~ g  the 
N-H and C-H bond-lengths to be 1.08 A, and 
assuming the protons to  lie on an extension of 
the vector joining ring atoms para to each other. 

Rigid lattice second moments were calculated 
taking into account contributions rrom all 
abundant magnetic nuclei within a 6 A sphere. 
Contributions from outside this sphere were 
estimated by an integral. The chlorine and 
nitrogen nuclei were assumed to be Zeeman 
cluanyized for the second moment calculations. 
Theoretical second moments were calculated 
also for the case where the pyridinium ion per- 
formed reorientations about the axis at right 
angles to the ring plane. For this second situation 
it was necessary to assume that the crystal struc- 
ture in the high temperature phase was identical 
to the one found at room temperature. Reduced 
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TABLE 1. Summary of second moment results 

TY pe ' H  second moment (GZ) 
of 

Compound motion= Calculated Experimental 

"RL = rigid lattice, RR = ring reorientation. 

second moments due to motions were found 
under the assumption that these motions take 
place as a jumping between allowed sites. The 
approach to the problem was similar to that used 
by Miller and Gutowsky (14). The complete 
expression for motionally reduced second 
moments has been tabulated by Rigny et al. (15). 
The value calculated in this manner is 1.45 G2 in 
agreement with a value of 1.26 GZ previously 
calculated for random in-plane rotation of the 
pyridinium ion (3). The second moment data 
have been summarized in Table 1. It is evident 
that the values calculated for pyridinium chloride 
apply equally well to the bromide and iodide 
cases. 

(b)  Spin-Lattice Relaxation Times 
Spin-lattice relaxation times ( T I )  were meas- 

ured for the three salts between the respective 
phase transition temperatures and -400 K.  T I  
changes discontinuously at the phase transition, 
and increases monotonically with temperature 
(Fig. 2). 

For the fast motion case, where rc, the cor- 
relation time for the in-plane reorientations of 
the pyridinium ions, is much shorter than the 
inverse radio frequency (7, << w,-l), the ex- 
pression for TI becomes (16) 

Here it is assumed that the spin-lattice relaxa- 
tion time is determined entirely by fluctuations 
of the interproton dipolar interactions due to 

2The use of eq. 1 as taken from ref. 16 is based on an 
adjustment of the B.P.P. equation to allow for both 
anisotropic motions and intermolecular interactions. 
Derivations based on Woessner's equation (17) for 
anisotropic motions, or Anderson's treatment (18) of the 
six site in-plane rotor yield the identical equation. 

FIG. 2. Proton spin-lattice relaxation times for py- 
ridinium chloride, bromide and iodide as a function of 
inverse temperature. T.P. marks the transition tempera- 
tures. Upper insert shows DSC peaks: (a) Py.HC1, 
(b) Py .HBr, (c) Py .HI. Arrows mark transition tempera- 
tures given in Table 2. Heating rate: S0/min. 

molecular reorientations. ASM is then the change 
in the observable second moment produced by 
these reorientations. For an activated process, 
7, is written in terms of an inverse frequency 
factor TO, and an activation energy E, 

[21 rc = TO exp (E,/RT) 

In the fast motion limit, the activation energy 
can be derived directly from a log TI vs. inverse 
temperature plot, and values of 4.22, 2.30, and 
1.55 kcal/mol are found for the iodide, bromide, 
and chloride respectively. Motional correlation 
times for these salts can be estimated using eq. 1 
taking ASM to be 5.7 G2 (see Table 1). For the 
iodide, T, = 1.0 X 10-lo s at 250 K, for the 
bromide T, N 1.3 X 10-l1 s at 270 K, and for 
the chloride T, = 2.1 X 10-IZ at 346 K, so that 
evidently the ring reorientations become ex- 
tremely fast right above the phase transitions. 

(c) Dzferential Scanning Calorimetry Studies 
For each of the three halide salts a peak was 

observed in the DSC traces (see insert, Fig. 2), 
and the transition temperatures derived (see 
Table 2) agree well with those found from the 
nmr results. The transition enthalpies are 538, 
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TABLE 2. Sutnnlary of phase transition data, N-H stretch frequencies, and 
activation energies 

N-H 
stretch Transition Transition Transition Activation 

frequency temperature enthalpy entropy energy 
Compound (cm-1) (K) (cal/mol) (cal/nrol deg) (kcal/mol) 

586, and 460 ca1,'mol for the chloride, bromide, 
and iodide salts respectively, and these lead to 
transition entropies of 1.56, 2.18, and 1.86 
cai/mol deg. The uncertainty in the above re- 
sults, as judged by the scatter obtained for a 
number of runs on different samples of the same 
material is -5%. 

Discussion 

For pyridinium chloride, one short ring atom - 
chloride ion distance was assigned to be a N- 
H---Cl hydrogen bond in a room temperature 
X-ray study (8), and we can take this as evidence 
that the low temperature phases for the salts are 
ordered. Recently a room temperature X-ray 
study on pyridinium iodide (11) showed the 
pyridinium ion to be disordered. Although there 
are discrete sites for each ring atom, no distinc- 
tion between carbon and nitrogen atoms could 
be made. In the previous sections it was shown 
that the pyridinium halides undergo phase transi- 
tions from a low temperature phase with static 
pyridinium ions to a high temperature phase 
where the pyridinium rings reorient rapidly 
about an axis at  right angles to the ring plane. 
As molecular motion of the pyridinium rings 
sets in, the associated disorder requires the 
presence of a phase transition (1, 2). It is of 
interest to  attempt an interpretation of the ex- 
perimental transition entropies in terrns of a 
change in the configurational entropy, R In 
N I / N I I .  Here NI and NII  are the number of 
distinguishable allowed orientations in the high 
and low temperature phases respectively. If the 
low temperature phase is fully ordered, and the 
high temperature phase six-fold disordered as 
suggested in the iodide X-ray study (1 l) ,  NIINII  
= 6 which leads to a A S  value of 3.56 cal /mol 
deg. The experimental transition entropies lead 
to  NI /NI I  ratios between 2 and 3 if indeed the 

total transition entropies can be assigned to 
configurational changes. These relatively small 
ratios require there to be some disorder below, or 
else some residual order above the transition 
temperature. The latter case is not unreasonable 
in the sense that mutual interaction of the dipole 
moments and positive charges on the reorientat- 
ing pyridinium rings may lead to correlated 
motions and/or domain structures. 

It is interesting to note the effect of hydrogen 
bond strength between anion and cation on the 
phase transitions and molecular motion. A 
direct measure of the N-H-halide hydrogen 
bond strength is the lowering of the infrared 
active N-H stretching frequency from the free 
N-H value, approximately 3300 cmP1(4). From 
Table 2 it can be seen that as the hydrogen bond 
strength decreases on going from the chloride to 
the iodide, the transition temperature decreases 
as well. 

In contrast with the transition temperature de- 
pendence on the hydrogen bond strength, the 
pyridinium ion reorientational activation ener- 
gies decrease as the N-H---X bond strength 
increases. This suggests that localized hydrogen 
bonding does not contribute directly to the 
pyridinium ion reorientational barriers, and is 
similar to behaviour usually attributed to molec- 
ular crystals where van der Waals rather than 
electrostatic interactions determine the potential 
barriers. The trend in reorientational activation 
energies observed here may be understood in 
terms of relatively strong repulsive interactions 
between the large positively charged pyridinium 
ions which could cause rather less efficiently 
packed structure for the salts with the smaller 
anions where cation-cation contacts are more 
likelv to occur. 

From the results presented here it is evident 
that the pyridinium ring disordering process is 
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not simole or easilv described bv Barman and 6. R. FOGLIZZO and A. NOVAK. J. Chim. Phys. 66, 1539 

Brot's "all or notcing" theory <I). Additional 
understanding of the ring disordering process 
requires more experimental information, espe- 
cially on the structural properties of the pyrid- 
inium salts. 
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Vapour phase catalytic transformations of terpene hydrocarbons in the 
@,,HI, series. III. Dehydrogenation of ~L-carene over inodifiedl ehromia and 

chromia-aluimiaa catalysts1 
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V. KRISHNASAMY and E. M. YEDDANAPALLI. Can. J. Chem. 54, 3458 (1976). 
The vapour phase dehydrogenation of 3-carene has been studied over chromia, chromia- 

alumina, chromia doped with potassium, and chromia-alumina doped with potassium and 
fluoride ions. Addition of potassium to chromia and chromia-alumina up to 1'; by weight does 
not significantly affect the overall conversion of 3-carene whereas it increases its dehydrogena- 
tion top-  and rn-cymenes. Potassium ions above 15; lower both the total conversion and dehy- 
drogenation of 3-carene to cymenes. The ratio of p- to in-cymene over chromia-alun~ina is eo- 
hanced by added potassiun~ ion:, up to 2'1;. hut over chromia it remains unaffected. Addition of 
potassium to chromia decreases the formation of menthanes and menthadienes but its addition 
to chromia-alumina reduces the formation of menthanes and increases that of menthadienes. 
Impregnation of chrornia-alumina with hydrofluoric acid suppresses the formation of mentha- 
dienes and increases that of menthanes. All these are explained in terms of the effect of added 
potassium and fluoride ions on the acidity of the catalysts. 

V. KRISHNASAMY et L. M. YEDDANAPALLI. Can. J. Chem. 54, 3458 (1976). 
On a CtudiC la dCshydrogCnation en phase vapeur du A3-carene sur du chrome, du chrome- 

alumine, du chrome dopC avec ~ L I  potassium et du chron~e-alumine dope avec du potassium et des 
ions fluorures. Si l'on additionne jubqu'8 1'; par poicls de potassium au chrome ou au chrome- 
alumine, il n'y a pas d'effet si~nificatif sur la conversion globale du carkne-3 alors qu'il y 
a une augmentation de sa dCshydrogCnation en p- et 171-cymknes. Les ions potassium, au 
dessus de I:';, abaissent a la fois la conversion et la dCshydrogCnation du carene-3 en cymenes. 
Le rapport p/m.cymknes sur du chrome-alun~ine est augment6 par l'addition de potassium 
jusqu'a 2 5  mais sur le chrome ce rapport reste constant. L'addition de potassium au chrome 
abaisse la formation des menthanes et des menthadiknes mais son addition au chrome-alumine 
reduit la formation du menthane alors qu'elle augrnente celle des menthadiknes. L'imprCgnation 
du chrome-alumine avec de l'acide fluorhydriquC supprime la formation des menthadienes et 
augmente celle des menthanes. On explique tous ces rCsultats en termes de l'effet des ions 
additionnCs de potassium et fluorure sur I'aciditC du catalyseur. 

[Traduit par le journal] 

Introduction 

Chromia gel and chromia-alumina have been 
widely used in the dehydrogenation of alkanes 
and naphthenes (1). It has been shown by 
MacIver and co-workers (2) ,  working on cyclo- 
hexane, that the activity and selectivity of these 
catalysts are improved by the presence of po- 
tassium ions. Using chromia-alumina catalysts, 
Yeddanapalli and Desikan (3) have investigated 
the dehydrogenation of 3-carene with regard to 
the influence of chromium content of the 
chromia-alumina catalyst on the relative pro- 

'This paper is dedicated to the Memory of Rev. Father, 
Prof. L. M. Yeddanapalli, who died on June 6, 1970. 

2Present address: Reader in Chemistry, A.C. College of 
Technology, University of Madras, Madras 600 025. 

portions of p- and in-cymenes in the product. 
The mechanism and the nature of the active 
centres involved in the dehydrogenation of 
3-carene over chromia and chromia-alumina 
have been discussed by Yeddanapalli, Krish- 
nasamy, and Ratnasamy (4). In the present 
investigation a detailed study of the effects of 
potassium and fluoride ions on the activity and 
selectivity of chromia and chromia-alumina in 
the dehydrogenation of 3-carene to p- and 
m-cymenes in the vapour phase is reported. 

Experimental 
(I) .%faterials 

3-Carene was obtained bv fractionation of first aualitv 
A * 

turpentine oil (supplied by the Government Turpentine 
and Rosin Co., Ltd., Bareily, India) using a 152 cm 
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fractionating column packed with stainless steel helices 
containing 22 theoretical plates at reduced pressures and 
was analysed by gas chromatographic method for its 
purity. 

Chromia A (i.e., chromia gel without dope, surface 
area 14 m2/gm by BET method) was prepared by the 
usual 'gel by jelly' method as reported by Turkevich 
et a1 (5). Chromia B and chromia C (i.e., the doped 
varities) were prepared by doping chromia A with 
appropriate amounts of potassium nitrate to give respec- 
tively 1 and 254 by weight of potassium. 

Chromia-alumina D (5.785: Cr, surface area 116 n12/ 
gm by BET method) was prepared by the method adopted 
by Eischens and Selwood (6) and Yeddanapalli and Desi- 
kan (3). The alumina for the above was obtained from 
aluminium isopropoxide by hydrolysing with water. 
Chromia-alumina catalysts E, F, G, PI, I,  and J were 
prepared by impregnating chromia-alumina D with the 
requisite amounts of potassium nitrate to give respec- 
tively, 0.5, 1.0, 1.5, 2.0, 3.3, and 4.7'); by weight of 
potassium ions. Chromia-alumina K was obtained by 
impregnating chromia-alumina D with hydrofluoric acid 
(40% E. Merck) so as to give 2"; by weight of the hydro- 
fluoric acid added. Prior to each run the catalyst was 
activated by heating in a current of air for 12 h at  500 'C 
and then reduced by passing pure dry hydrogen for 6 h 
a t  the same temperature. 

(2) Apparatlrs and Procedure 
The dehydrogenation reactions were carried out in a 

fixed bed flow type reactor at  atmospheric pressure. 
Five grams of catalyst (4 X 4 mm cylindrical pellets) 
were placed in a Pyrex reaction tube of 25 cm long and 
3 cm internal diameter. Above the catalyst bed Pyrex 
glass beads (4 nlm diameter) were placed to a height of 
5 cm. The tube was inserted into the furnace (a cylindrical 
steel tube of internal diameter 4 cm. coated with a thin 
layer of asbestos and wound uniformly with nichrome 
wire) and heated electrically to the requisite temperature. 

3-Carene was passed over the catalyst using a constant 
feed-rate syringe pump that could be operated at  different 
feed rates. The liquid products collected for the first 15 
min of each run (each run of one hour's duration) were 
discarded, and analysis was made only of the products 
collected after this time. This was to ensure the attain- 
ment of a steady state for the reaction over the catalyst. 

The liquid products of dehydrogenation were identified 
and estimated using a Perkin-Elmer Infracord Model 137 
and a Perkin-Elmer Vapour Fractometer Model 154-D. 
Products other than cymenes were quantitatively esti- 
mated by a Perkin-Elmer Column K, consisting of a 2 m 
column of carbowax on chromosorb. The column 
temperature for the best resolution within a reasonable 
time was found to be 115 "C with the hydrogen inlet 
pressure of 15 psi. p- and 171-Cymenes were separated and 
estimated in a specially prepared 2 n~ column filled with 
40-60 mesh acid-washed Kiesulguhr, coated with the 
stationary liquid, consisting by weight of 9:'; Bentone-34 
and 47; Apiezon-L, heated at  108 "C with hydrogen 
passed at  a pressure of 28 psi. 

Scheme 1 shows the reaction sequence pertaining to 
the dehydrogenation of 3-carene over chromia and 
chromia-alumina catalysts. 

Scheme 2 indicates possible transformations following 
the isonierisation of 3-carene over chroniia and chromia- 
alumina catalysts. 

The total acidity of chromia and chromia-alumina was 
estimated by rz-butylan~ine titration following the method 
of Hirschler and Schneider (7) and the results are given 
in Table 1. The carbon deposited in any form on the 
surface of the catalyst during the dehydrogenation of 3- 
carene has been determined from the amount of carbon 
dioxide obtained on regeneration of the catalyst by air 
and passing the gaseous products through a heated 
platinised asbestos column at about 500 "C. The carbon 
dioxide formed was estimated by absorption in excess 
alkali of known concentration and back titration. The 
results are given in Table 2. 

Dipentene Terpinolene 1 Terpinene 1 p-Cyrnene 

Sylvestrene m-Cymene 

SCHEME 1 
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Carene 

I Isomerisation 

Menthadienes 

Dehydrogenation 

Cymenes Menthanes Carbon 

+ deposition 

cymenes 

TABLE 1. Total acidity of chromia and 
chromia-alumina 

Total acidity 
Catalyst (n-butylamine rnequiv./g) 

0 Cyrnenes 
0 C a r e n e  unreac ted  
A Menthanes  

100 a Menthadiones 

010 PoLassium Ions 

FIG. 1. Dehydrogenation of 3-carene over chrornia-gel, 
effect of potassium ions, temperature 400 'C, LHSV = 2. Chromia gel (fresh) 0.14 

Chromia-alumina (fresh) 0.64 
Chromia-alumina (used) 0.50 

TABLE 2. Estimation of carbon over chromia and 
chrornia-alumina (feed, 3-carene; LHSV = 2) 

Reaction 
Potassium temperature Carbon 

Catalyst (wt.53 ("C) (wt.%) 

Chrornia-alumina 0.0 400 4.6 
Chrornia-alumina 0.5 400 4.1 
Chrornia-alumina 1 .O 400 3.4 
Chrornia-alumina 2.0 400 3 .O 
Chrornia gel 0 .0  400 2.5 

Results and Discussion 

Dehydrogenation of 3-Carene 
Figure 1 illustrates the variations in the overall 

activity of chromia gel with 1 and 2y0 potassium 
content at 400 OC. Figure 2 shows the effect of 
potassium on the rate and reaction products of 
3-carene over chronlia-alumina at 360 "C. The 
data obtained using chromia-alumina impreg- 
nated with 27, hydrofluoric acid at temperatures 
ranging from 360 to 425 "C are summarised in 
Table 3. The results obtained at 450 OC over 
chromia gel catalyst (A) poisoned by carbon 
monoxide are presented in Table 4. The influ- 

O/o Potassium Ions 

FIG. 2. Dehydrogenation of 3-carene over chromia- 
alumina (5.78', Cr), effect of potassium ions, temperature 
360 "C, LHSV = 2. 

ence of aging the catalyst (chromia-alumina) and 
impregnating it with potassium on the ratio of 
p-cymene to HZ-cymene (p lm)  at 400°C is 
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TABLE 3. Dehydrogenation of 3-carene over reduced chromia-alu~lina, effect of hydrogen 
fluoride (2YG HF) (LHSV = 2) 

Liquid products (wt.7,) 

Temperature 3-Carene Total 
("C) reacted Menthadienes Menthanes cymenes p-Cymene m-Cyrnene 

TABLE 4. Dehydrogenation of 3-carene over reduced chromia gel, effect of carbon 
monoxide (temperature = 450 "C, LHSV = 2) 

Liquid products (wt.%) 

Mode of 3-Carene Total 
poisoning reacted Menthadienes Menthanes cymenes p-Cyrnene m-Cymene 

Prepoisoning 36 7 11 18 10 8 
Simultaneous 

poisoning 28 10 10 8 4 4 
Without 

poisoning 75 14 9 52 32 20 

Run NO. 
I 2 3 4  5 6 7  

I ' I I I I 
e A g ~ n g  - Chrornia- Aiurn~na 

E f f e c t  o f  Potassun I o n s  

3.0 A Chrornla gel 
o Chrorn~a-Alumina 

010 Potas~ium Ions 

FIG. 3. The effect of aging of the catalyst and the 
effect of impregnation with potassium ions on the ratio of 
cyrnenes (plm), temperature 400 "C. 

illustrated in Fig. 3. In the same figure is also 
represented the effect of doped potassium ions 
over chromia on theplm selectivity. The effect of 
aging on p/m ratio was not observed in the case 
of chromia catalyst. 

Pines and Chen (8) have reported that chromia 
by itself can act as a dehydrogenation and iso- 
merisation catalyst. Alumina enhances the iso- 
merisation step, though according to MacIver 
and co-workers (2) a sizeable portion of chromia- 
alumina is similar in chemical properties to pure 
chromia. Impregnation of chromia-alumina with 
potassium has been reported (1) to decrease its 
isomerisation and cracking activity without af- 
fecting its dehydrogenation ability. The decrease 
in the isomerisation and cracking activity is 
interpreted as due to the interaction between the 
acidic centres and added potassium ions. Weller 
and Voltz (9) have also observed a similar effect 
of potassium ions in chromia and chromia- 
alumina catalysts. 

The determination of acidity of pure alumina 
(alumina D) by n-butylamine titration in a 
separate experiment not shown here indicates 
that it contains a spectrum of strong and weak 
acid sites. Treatment of pure alumina with 
lithium3 removes all strong acid sites and in- 
creases the weak acid sites, whereas treatment of 
the same with HF increases the strong acid sites 
without affecting the weak sites. This would 
seem to suggest that addition of potassium and 

3V. Krishnasamy, unpublished results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3462 CAN. 1. CHEM. VOL. 54, 1976 

fluoride ions to chromia and chromia-alumina 
would have the same effect as the addition of 
lithium and fluoride ions to alumina itself. 

The total acidity of fresh chromia-alumina 
(catalyst D) and chromia gel (catalyst A) are 
found to be 0.64 mequiv.,/g and 0.14 mequiv./g 
(cJ: Table 1) of n-butylamine respectively. The 
total acidity may be due to strong as well as 
weak acid sites at  least over chromia-alumina 
since the alumina used in the preparation of 
chromia-alumina is found to contain different 
acid sites as mentioned earlier. Over the strone " 
acid sites, the menthadienes formed from 3- 
carene may polymerize or become menthanes by 
hydrogen transfer or get transformed into 
cCmeies as indicated in Scheme 2. 

Addition of potassium in small quantities to 
chromia-alumina increases the formation of 
cymenes by poisoning the strong acid sites which 
would otherwise tend to polymerise the men- 
thadienes. This is supported by the data on 
carbon estimation given in Table 2. It may also 
be noted from Fig. 2 that potassium brings-down 
the formation of menthanes which may be 
formed by hydrogen transfer as indicated In 
Scheme 2. This also would contribute to the 
increase of cymene formation. Although the acid 
sites on chromia are less numerous than on 
chromia-alumina (vide Table 1) they still cause 
polymerization. By neutralisation of these sites 
by potassium, the dehydrogenation activity of 
chromia also increases (cf. Fig. 1). Addition of 
~otass ium ions decreases the formation of men- 
thadienes over chromia, but increases their 
formation over chromia-alumina. This may be 
accounted for by the fact that potassium ions 
poison all the acid sites over chrokia (may be of 
one type) but leave unaffected the weak acid sites 
over chromia-alumina, which can still isomerise 
3-carene to menthadienes. These menthadienes 
cannot be dehydrogenated to cymenes since the 
dehydrogenation centres are blocked by suc- 
cessive addition of potassium ions (cf. Fig. 2). 
Similar results have been obtained in the pres- 
ence of pyridine (10). 

The decreased activity of chromia and chro- 
mia-alumina by a larger amount of potassium 
ions, above I%, may be due to reduction in the 
number of isomerising and dehydrogenating sites 
either by chemical combination or by physical 
blocking by potassium ions as suggested by 
MacIver and co-workers (2). 

The decrease in the activity of chromia by 
carbon monoxide may be due to two factors 
(i) the effect of partial pressure of carbon 
monoxide and (iz) the coordination of carbon 
monoxide with Cr(1I) ions. It may be noted that 
the presence of Cr(I1) ions has been reported by 
Van Reijen et al. (11) based on electron spin 
resonance and magnetic susceptibility measure- 
ments on chromia-alumina and chromia-silica 
catalysts. 

The ratio of p-cymene to m-cymene, when 
3-carene is dehydrogenated over a fresh chromia- 
alumina, is 0.66 (Fig. 3) its total acidity is 0.64 
mequiv./g of n-butylamine (Table 1). On stabi- 
lising the catalyst by alternate dehydrogenation 
of 3-carene for 1 h and regeneration with air for 
6 h, the acidity decreases to 0.5 mequiv./g and 
the p 'm attains a constant value of 1.5. This 
increase in p 'm ratio with a corresponding de- 
crease in the acidity of the catalyst seems to 
suggest that strong acid sites are responsible for 
the formation of m-isomer, assuming that the 
strong acid centres get deactivated easily during 
the reaction. 

The effect of potassium addition is to bring 
about a decrease of strong acid centres and hence 
a decrease of rn-cymene and a consequent 
increase in the p,'m ratio. For instance it can be 
seen from Fig. 3 that the plm value increases 
from 1.5 to 2.6 on addition of 27, potassium to 
chromia-alumina D. On the other hand, hydro- 
fluoric acid increases the strong acid sites and 
enhances the formation of m-cymene, decreasing 
the p/m value (cf. Table 3). 

Referring to Fig. 3 again and to Table 2 the 
p In? value of 2.3 for pure chromia does not 
change on addition of potassium and is not too 
different from 2.6 for chromia-alumina impreg- 
nated with 2% potassium. This observation is 
to be correlated with the carbon deposit of 2.5y0 
over pure chromia and the 4.67, over chromia- 
alumina and 3.0% over chromia-alumina im- 
pregnated with 27, potassium. 

When chromia was poisoned by carbon mon- 
oxide the ratio of p l m  goes down (4. Table 4) 
unlike the case of potassium where it remains 
unaltered. Carbon monoxide which can coordi- 
nate with chromium ions on the surface of the 
catalyst can give rise to carboxylate ions and 
these ions will increase the acidity of the catalyst 
and decrease the value of p/m. Clark et al. (12) 
have also reported an increase in the polymer- 
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isation activity of supported chromiuna oxide 
catalyst in the presence of carbon iuonoxide 
which was attributed by thcm as due to the 
coordination of carbon monoxide with chromi- 
um. It would therefore appear that the formation 
of in-cymene from 3-carene requires stronger 
acid sites on the catalyst surface. 

Acknowledgements 

This work was supported by the Ministry of 
Education, Government of India and the Council 
of Scientific and Industrial Research, New Delhi 
under the Research Unit "Chemisorption and 
Catalysis". V.K. thanks the Ministry of Educa- 
tion and the CSIR for Junior Research Fell I ow- 
ships. He is also grateful to Dr. K. Chandra- 
sekharan, Professor of Chemical Engineering, 
A.C. College of Technology for his valuable help 
in revising the paper. 

1. F. G. CIAPETTA, R. M. DOBRES, and R. W. BAKER. In 
Catalysis. Edited by P. H. Emmett. Reinhold, New 
Uork. 1958. p. 495. 

2. J. M. BRIDGES, 6. T. RYMER, and D. S. MACIVER. 3. 
Phys. Chem. 66, 871 (1962). 

3. E. M. YEDDANAPALLI and P. DESIKAN. J. Sci. Ind. 
Res. Sect. B, 21, 116 (1962). 

4. L. M. YEDDANAPALLI, V. KRISHNASAMY, and P. 
RATNASAMY. Indian J. Chem. 9, 131 (1971). 

5. J. TURKEVICH, El. FEHRER, and H. S. TAYLOR. 3. Am. 
Chem. Soc. 63, 1129 (1941). 

6. W. P. EISCHENS and P. W. §ELWOOD. 3. Am. Chem. 
Soc. 69, 1590 (1947). 

7. A. E. HIRSCMLER and A. SCHNEIDER. J. Chem. Eng. 
Data, 6, 313 (1961). 

8. H. PINES and C. T. CHEN. J. Am. Chem. Soc. $2,3562 
(1960). 

9. S. W. WELLER and S. E. VOLTZ. J. Phys. Chem. 59, 
569 (1959). 

10. V. KRISHNASAMY. Ph. D. Thesis, Madras University, 
Madras, India. 1968. 

11. L. L. VAN REIJEN, W. M. H. SACHTLER, P. COSSEE, 
and D. M. BROUWER. Proceedings of Third Interna- 
national Congress on Catalysis, Amsterdam. 1964. 
p. 829. 

12. A. CLARK, J. W. FINCH, and B. H. ASHE. Proceedings 
of Third International Congress on Catalysis, Amster- 
dam. 1964. p. 1010. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The basicity of aliipbatic caaboxylic acids 
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DONALD @. LEE and M. H. SADAR. Can. J. Chem. 54, 3464 (1976). 
The basicities of four aliphatic carboxylic acids (propionic, isovaleric, 3-chloropropionic, and 

3-fluoropropionic) have been investigated using nmr chernicai shift data. The results indicate 
that the protonation behaviour of the unsubstituted and the halogen substituted compounds 
are not defined by the same acidity function. 

DONALD G. LEE et M. H. SADAR. Can. J. Chem. 54, 3464 (1976). 
On a ttudiC, B I'aide de donnCes de dCplacements chiniiques en rnin, les basicitCs de quatre 

acides carboxyliques aliphatiques (ies acides propionique, isovalkrique, chloro-3 propionique et 
fluoro-3 propionique). Les risultats indiquent que, vis B vis la protonation, les comportements 
des coniposCs non substituks et des dCriv6s halogenes ne sont pas dCfinis par la m&me fonctioil 
d'acidit6. 

[Fraduit par le journal] 

Introduction (6). ethers (7). ketones (8), and esters (9). In this 

The quantitative measurement of basicity is a 
problem of continuing importance because of the 
numerous reactions in organic and biochemistry 
that are subject to acid catalysis of tile type sum- 
marized by reactions 1 and 2 (1). 

t21 BH+ + C -+ Products 

In order to understand such reactions com- 
pletely it is essential to have a rellable measure of 
the basicity constant; however, the problem of 
obtaining accurate estimates for these constants 
is complicated because although the standard 
state is dilute aqueous solutions. the bases them- 
selves are appreciably protonated only in con- 
centrated acid. Consequently, any method which 
might be devised now or in the future for basicity 
constant measurements will necessarily involve 
extrapolations. Other authors (2-5) have addres- 
sed themselves to this problem and it is un- 
necessary to repeat these discussions here, save to 
remind ourselves that ali reported pP(BH+ values 
for weak organic bases contain uncerta~nties due 
to  possible errors in extrapolation. 

In previous publications we have described in 
detail how nmr chemical shift data chn be used to 
estimate basicit) constants for aliphatic alcohols 

paper we wish to report iesults which have been 
obtained from a similar study of the basicity of 
aliphatic carboxylic acids and to compare these 
results with those which have been obtained for 
other classes of aliphatic compounds. 

Carboxvlic acids are suitable substrates for 
such a study because their conjugate acids are 
involved as intermediates in several important 
reactions including esterification (10). The basic- 
ities of several aromatic carboxylic acids have 
been determined using ultraviolet-visible spec- 
troscopy (11, 12); however, attempts to use 
similar techniques for aliphatic carboxylic acids 
have been less successf~~l (13-15), presumably 
because the results are highly dependent on the 
wavelength at  which the measurements are made 
(16). 

One of the earliest attempts to investigate the 
protonation of carboxylic acids using nmr 
spectroscopy was that of Deno, Pitman, and 
Wisotsky (17). They used chemical shift differ- 
ences in order to study the equilibrium between 
the protonated acids and their respective acyl 
cations. Siigur, Pehk, Haldna, and Lippmaa (18) 
used a 13C nuclear magnetic double resonance 
method to measure the ionization ratios of acetic 
acid in aqueous sulf~rric acid and concluded that 
the protonation behavior of this con~pound did 
not follow a sigmoidal curve when plotted -- 

'Present address: Faculty of Engineering, Middle East against No or H,: Olah and White (19) &died 
Technical University, Caziantep Extension Campus, the nmr spectra of ~ r o ~ o ~ l a t e d  acetic. propionic, 
Gaziantep, Turkey. and benzoic acids in a FS03H-SbF5 medium and 
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found that the acids were completely protonated 
and produced alkyloxocarbonium ions under 
noneauilibrium conditions. 

There has been a great deal of interest in the 
structure of cations obtained by the protonation 
of carboxylic acids. Several investigations (1 I ,  15, 
20,21) have indicated that carbonyl protonation 
takes place and nmr studies of carboxylic acids in 
superacid media at low temperature revealed 
that the positive charge was delocalized over 
both the oxygens (22, 23). 

To date, no attempt has been made to deveiop 
an acidity function for carboxylic acids. 

Experimental Section 
The carboxylic acids were obtained con~mercially and 

purified by vacuum distillation. Sulfuric acid solutions up 
to 9 5 5  were prepared by diluting reagent grade acid with 
doubly distilled water. Acid solutions of higher concentra- 
tions were obtained by addition of fuming sulfuric acid 
(20'; SO3). Standardization was accomplished by titrat- 
ing weighed amounts of each sulfuric acid solution with 
standardized sodium hydroxide solutions. The Ho values 
up to 987, H2S04 are those reported by Jorgenson and 
Hartter (24) and beyond 98:; HlS04 those of Gillespie, 
Peel, and Robinson (25). 

All spectra were obtained using a Varian A-60A 
spectrophotometer. Each measurement was made by 
adding 0.10 ml of the base to 5.0 ml of standardized acid 
in a volumetric flask. After inverting the flask several 
times to ensure homogeneity, a small portion was trans- 
ferred to an  nmr tube and the spectrum recorded a t  
37 _+ 1 "C. Since only the difference in the chemical shift 
is required, no internal standard was used. The instruinent 
was carefully tuned using TMS and chloroform as 
standards and a frequent sweep width calibration was 
done using a signal generator. 

The protonation of four carboxylic acids (propionic, 
isovaleric, 3-chloropropionic, and 3-fluoropropionic) was 
investigated in this way. 2-Chloro- and 2-fluoropropionic 
acid could not be studied because they were not fully 
protonated under attainab!e conditions. Butanoic acid 
was avoided because of its bad odor and valeric acid was 
found to give very weak signals because of its low 
solubility in aqueous sulfuric acid. 

The data obtained are summarized in Table 2 .  I t  was 
observed that the chemical shift differences were repro- 
ducible to within 0.5 Hz with somewhat better resolution 
being obtained in the region of 60-9OC, ; H2SO4. Since I is 
a ratio, [BH+]j[B] = (A - A,)/(A,,+ - A) where A, 
is the chenlical shift difference between two selected sets of 
hydrogens of the unprotonated carboxylic acid, A,,& is 
the difference between the chemical shifts of the same 
hydrogens in the completely protonated carboxylic acid, 
and A the corresponding value when the carboxylic acid 
is partially protonated, it is necessary to assume a 
possible error of i 0 . 5  Hz in both the numerator and the 
denominator and the error limits reported in this paper 
are all based on the possi'uility of errors of this magnitude 
in the values of 1. 

Results and Discussion 
Because it is known from the work of Yates 

and McClelland (26) that the protonation be- 
haviour of a wide variety of con~pounds can be 
defined, to a good approximation, by [3] plots of 
log I v s .  Ho were prepared for all four sets of data 

131 log I = - m ~ o  + p ~ ~ ~ i  

in Table 1. A summary of a least-squares analysis 
of the plots obtained is given in Table 2.2 It is 
significant to note that the results obtained for 
propionic and isovaleric acid are very similar, 
but that both 3-chloro- and 3-fluoropropionic 
acid are less basic and have lower ~7 values. The 
lower basicity of these compounds (as evidenced 
by the lower intercepts reported in Table 2) is 
related to a decrease in electron density caused 
by introduction of electron withdrawing groups 
near the site of protonation. The change in 
slopes is a consequence of the fact that an in- 
crease in the acidity of a solution is always 
accompanied by a decrease in the amount of 
water available for solvation of the species in- 
volved. Compounds which on protonation form 
conjugate acids that have high solvation require- 
ments exhibit lower nz values (6). Consequentiy, 
one may conclude that the conjugate acids of 
the halogenated conlpounds have greater solva- 
tion requirements, presumably because the 
positive charge is more highly localized. 

It is apparent that protonation of the un- 
substituted and the halogenated carboxylic acids 
define two different acidity functions. In other 
words the Hammett postulate (4) that acrivity 
coeficients can be neglected if one is dealing 
with similar conipounds does not hold for all 
carboxylic acids. Apparently, it is possible to 
define an acidity function which would be 
applicable to unsubstituted carboxylic acids, but 
the same function could not be used for hato- 
genaeed carboxylic acids. 

Before such an acidity function can be cal- 
culated, however, it is necessary to arrive at the 
best possible value for the pKBH+ of the com- 
pound on uhich the acidity function will be 

2During the preparation of these plots it was noted that 
linearity was maintained only up to an acidity of Ho = 

-8.4 (85% H2SO4). Apparently [3] does not hold for 
these compounds in very concentrated sulfuric acid 
solutions. A probable reason for this may be the alrnost 
complete lack of water mailable for solvation above 85%, 
H2SQ4 (27). 
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TABLE 1. Chemical shift data 

3-Chloropropionic 3-Fluoropropionic 
Propionic acid Isovaleric acid acid acid 

H8Q4 (70) A (HZ) log I A (Hz) log I A (HZ) log I A (Hz) log 1 

0 77.3 
8 .5  79.5 77.5 

19.2 80.0 78.5 
32.8 80.0 
34.6 80.9 79.3 
35.8 80.0 54.0 
41.8 81.5 
44.6 81.8 80.3 54.0 115.0 
47.6 81.8 80.5 53.5 114.5 
48.9 80.3 114.5 
49.1 81.9 
51.7 82.0 80.8 54.0 115.0 
53.3 81.0 -1.10 53 .O 114.5 
53.4 82.4 -1.18 
55.9 82.5 -1.13 
57.2 52.5 -1.13 
57.3 81.3 -1.02 113.5 
57.9 82.8 -1.01 81.5 -0.97 
60.2 83.0 -0.94 
62.0 82.5 -0.77 51.5 -0.89 113 .O 
62.3 83.3 -0.85 
63.7 82.8 -0.72 113.0 
66.4 83.8 -0.72 83.5 -0.62 51.0 -0.80 113.0 -0.97 
67.7 85.0 -0.50 84.0 -0.55 112.5 -0.86 
70.5 84.5 -0.49 112.0 -0.77 
70.6 85.5 -0.42 49.0 -0.53 
73.7 86.8 -0.24 86.5 -0.29 111.5 -0.69 
74.7 86.5 -0.28 48.5 -0.48 111.0 -0.62 
75.3 87.0 -0.21 88.0 -0.15 110.5 -0.55 
77.4 88.5 -0.03 89.0 -0.06 47.0 -0.33 110.0 -0.49 
80.9 88.5 -0.03 
82.8 91.5 0.35 93 .O 0.29 45.0 -0.16 108.0 -0.29 
85.4 93.8 0.75 95.5 0.55 43 .O 0.00 106.5 -0.15 
86.7 94.8 
87.7 95.0 96.5 0.69 40.0 0.24 105.5 -0.06 
88.3 95.5 98 .O 103 .O 0.15 
89.5 95.5 98.8 36.0 0.65 101 .O 0.33 
92.6 96.0 34.0 
93.7 96.0 99.3 33 .O 99 .O 0.55 
95. I 99.5 33 .O 98 .O 0.69 
95.9 99.5 
96.6 96.0 32.0 
97.6 100.0 96.5 
98.6 100.0 96 .O 

101 .O 100.3 32.0 94.5 
102.5 100.3 94.5 
103.7 94.5 

based. This may be accomplished by use of a (pKBR+ = -2.85 0.34 and slope = 0.72 f 
Bunnett-Olson plot (2) (Fig. I). The results ob- 0.06). 
lained from an anaij~sis of the Bunnett-Olson An alternative method of obtaining pKBH+ 
plots for propionic and isovaleric acid were values has been suggested by Marziano, Cimino, 
identical within the limits of experimental error and Passerini (29). Through utilization of [4], 
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LEE AND SADAR 

TABLE 2. Statistical analysis for plots of log 1 us. - Ho 

Compound Slope, rn Intercept* pK,,+T rS n§ 

Propionic acid 0 .37k0.08 -6.99k0.15 -2 .60 i0 .40  0.918 14 
Isovaleric acid 0.35k0.03 -7 .03 i0 .15  -2.46k0.23 0.968 14 
3-Chloropropionicacid 0 .25k0.02 -8.30f0.17 -2.06k0.19 0.985 10 
3-Fluoropropionicacid 0.26k0.02 -8.82k0.12 -2.30k0.20 0.992 10 

*Ho value at which the compound is one-half protonated. 
~ ~ K B H +  = slope X intercept. 
:Correlation coefficient. 
$Number of points. 

TABLE 3. Results obtained by use of Marziano-Cimino-Passerini plots* 

Compound Slope, n, PKB E+ r t  nS 

Propionic acid 2 .14k0.07 -3 .26k0.40 0.987 15 
Isovaleric acid 1.59k0.03 -2 .83f0.20 0.994 14 
3-Chloropropionic acid 1.09k0.09 -2.61 k0 .20  0.958 9 
3-Fluoropropionic acid 1.21 i 0 . 0 7  -2 .87k0.20 0.973 11 

*Equation 4 where A is ethanol and B is a carboxylic acid. 
?Correlation coefficient. 
:Number of points. 

5 

HO+ Log [H'] 
If the value of - 2.85 is accepted as the pKBH+ 

of propionic acid, an acidity function, HCA, can 
FIG. 1. Bunnett-Olson plot for propionic acid. be generated by application of [5 ]  to the data in 

- 8  

-7 

'2 
3 
+, 
I 

- 6  

- 5 -  

where A is a base of known basicity, it is possible 
to  calculate the pKBH+ of the base, B, under TABLE 4. Carboxylic acid acidity 

functions 

results obtained by use of this procedure, as 
summarized in Table 3, are consistent within the 

- limits of experimental uncertainty with those 

/ obtained by the Bunnett-Olson method and by 
use of [3]. Consequently, it would appear that 
all of the available approaches to the problem of 

- carboxylic acid basicities lead to similar con- 

// clusions and that the pKBH+ values are about 
-3. It is unfortunate, however, that at the 

- present time rather large error limits must be 
applied to these values. Development of methods 
whereby these uncertainties can be substantially 
reduced remains as an area of research that 
merits further consideration. 

[4] log IB - log [HT] = 

m~ (log IA - log [H+l - PKAH+) + PKBH+ 
consideration. In order to use this equation 
effectively, there must be a substantial range of 
acidities over which A and B are partly proton- 
ated. Consequently, an attempt was made to use 
this procedure by comparing the carboxylic acids 
with ethanol, a base whose protonation be- 
haviour has previously been studied (6). The 
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Table 1. The results obtained by drawing a 
smooth curve through a plot of the calculated 
values of HCA against %H2S04 are summarized 
in Table 4. 

In a similar way, it is possible to develop an 
acidity function, HcA1, that describes the mode 
of protonation of halogenated carboxylic acids 
such as 3-fluoro- and 3-chloropropionic acid. 
Since, for these tv, o compounds, it is in~possible 
to prepare Bunnett-Olson plots because they are 
not extensively protonated below 8 5 7 ,  M2S04 
(2) ,  the pKBH+ values reported in Table 2 were 
used. Nunler~cal values for the HCAr function 
are also included in Table 4. 

It should be noted here that if the pKBH- 
values obtained by the methods of Marziano, 
Cimino, and Passerini were used the &A and 
HCA1 values would all be reduced by about 0.5 
units. 

It seems apparent from these and a large 
number of other results (6,9, 28) that there is no 
universal acidity function applicable to all com- 
pounds as had once been envisaged. Each class of 
compounds responds in a different way to 
changes in acidity and thus generates its own 
acidity function. In fact, as this work shows, 
even compounds of the same general class are 
found to generate unique acidity functions. Con- 
sequently, each compound may have to be sub- 
jected to an individual investigation if one wishes 
to  exactly understand its basicity. 

On the other hand, it appears that within the 
limits of available experimental precision the 
protonation of most nonsubstituted aliphatic 
compounds may be described by a relatively few 
acidity functions which are dependent only on 
the nature of the functional group. Six such 
functions are compared in Fig. 2.  The dashed 
lines represent extrapolations which were made 
by assuming that all of these functions were 
approximately proportional to the Ho acidity 
function and that they must all be equal when 
Ho = 0. In other words, smooth curvcs were 
drawn from the end of the experimentally 
determined functions in such a way that they all 
became equal to p H  in dilute solutions. 

The differences in these plots are most likely 
a consequence of the fact that each protona- 
tion reaction has different solvation require- 
ments. As the concentration of H2S04 is in- 

FIG. 2. Acidity functions. Ho is the Hammett acidity 
function (4). HE is an acidity function for esters (9). H ,  
is an acidity function for ketones (8). HcA is an acidity 
function for carboxylic acids as described in this work. 
H,,, is an  acidity function for ethers (7). HRo, is an 
acidity function for alcohols (6). 

creased the acidity increases, but the amount of 
water available for solvation of the various 
species involved is decreased. Hence, if the 
conjugate acid has high solvation requirements 
as compared to the unprotonated base, the cor- 
responding acidity function will rise less steeply. 
It follows then that the conjugate acids of 
alcohols (R0H2') have high solvation require- 
ments, presumably because of the extensive 
possibilities for hydrogen bonding available to 
these ions. Ethers have slightly lower solvation 
requirements because the positive charge can be 
delocalized inductively. Carboxylic acids have 
even lower solvation requirements because the 
positive charge can be delocalized over three 

. For the same reason that 
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the ether function is steeper than the alcohol 
function, the ester function is steeper than the 
carboxylic acid function. In the case of ketones, 
the positive charge can be shared by an oxygen 

+ 
and a carbon atom (H-0=CR2 - H-O- 
L 

k 2 ) .  Since it is known from other studies that 
carbonium ions are not stabilized extensively by 
hydration (30) the involvement of the second 
resonance structure explains why these com- 
pounds define an acidity function that is steep 
compared to the other mono-oxygen compounds. 
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Photolyse du chloro-2 propane gazeux a h= 147 el 123.6-116.5 nm 

PIERRE GAGNON ET JAN A. HERMAN 
Groupe de Dynamique molPculaire, DPpartement de Chimie, U~~iuersitP Laual, QuPbec, (QuPJ, Canada GIK  7P4 

R e ~ u  le 17 octobre 19751 

PIERRE GAGNON et JAN A. HERMAN. Can. J. Chem. 54, 3470 (1976). 
La rhction de dkomposition de loin la plus importante (-70%) dans la photolyse du 

chloro-2 propane gazeux B X = 147 et 123.6-116.5 nm est celle donnant du propkne et du 
chlorure d'hydrogkne (ou du chlore et hydrogkne atomiques). L'allkne, le propyne et partielle- 
ment I'acCtylkne et 1'Cthylkne proviennent de la dCcomposition secondaire du propene excite. 
L'emploi de capteurs de radicaux a permis d'identifier certains d'entre eux: CH2:, CH3', C2H5', 
iso-C3H7', C3H4C1' et C4H9.. 

PIERRE GAGNON and JAN A. HERMAN. Can. J. Chem. 54, 3470 (1976). 
In the photolysis at  h = 147 nm and 123.5-116.5 nm of gaseous 2-chloropropane the pre- 

ponderant decomposition process (-70%) gives propene and HC1 (or H + Cl). Allene, pro- 
pyne, and a fraction of the ethylene and acetylene are formed in the secondary decomposition 
of excited propene. The use of scavengers allowed the identification of the following free 
radicals: CH2:, CH3', C2H5., iso-C3H7., C3H4CI' and C4H9.. 

Introduction 

Ce travail s'inscrit dans le programme de 
recherche de ce laboratoire sur la photolyse dans 
l'ultraviolet B vide des chloroalcanes. A notre 
connaissance la photolyse dans l'ultraviolet B 
vide du chloro-2 propane gazeux n'a pas CtC 
entreprise. Les Ctudes les plus proches sont celles 
de radiolyse du chloropropane liquide (1, 2). 
Dans ce dernier cas, la rupture de la liaison 
C-C1 domine le schCma de la dtcomposition 
des chloropropanes liquides. 

Dans cette Ctude, nous nous sommes penchCs 
sur les mCcanismes primaires de dCcomposition 
du CH3CHC1CH3 gazeux aux rayonnements 
de 8.4 eV ( A  = 147.0 nm) et 10.0 eV (A = 123.6 
nm). A ces longueurs d'onde la molCcule n'est 
pas ioniske. 

ProcCdure expbrimentale 
Les sources de lumibe ultraviolette sont des lampes 

h rayonnement de resonance du krypton, A = 123.6 
(~8597 .~ )  et 116.5 nm (-15Yc), et du xenon, X = 147 nm 
( ~ 9 8 7 , ) ,  construites suivant la description de Ausloos et 
coll. (3). Ces lampes sont munies de fenCtres en fluorure 
de lithium. Elles sont fixhs par un joint etanche B des 
cellules d'irradiation d'environ 300 ml. 

L'actinomCtrie est r6alisCe pour le rayonnement de 
resonance du krypton par la mesure du courant d'ionisa- 
tion dans les cellules d'irradiation contenant de I'oxyde 
nitrique ou de 1,isobutylkne dont les rendements quan- 
tiques de photoionisation sont connus (4-6). Pour le 
rayonnement de resonance du xCnon, le debit des photons 

'Revision r e p e  le 1 avril 1976. 

est determine en rCalisant la photolyse de l'isobutylkne 
gazeux, dont les rendements quantiques des produits de 
dCcomposition sont donnCs dans la IittCrature (5). 

Les produits organiques de photolyse sont analysis par 
chromatographie en phase gazeuse dans des instruments 
CquipCs de detecteurs B ionisation de f amme. Les produits 
sont s6parCs sur une colonne de squalane (hydrocarbures 
C, B C4 et certains produits chlorCs), tandis que le 
dichloromCthane l'est sur une colonne de Porapak Q. 
Toutes les irradiations sont faites ?i la temperature 
ambiante soit 23 + 3 "C. 

Le chloro-2 propane provient de chez Eastman Co. 
Avant son emploi, il est purifiC soit par chromatographie 
B gaz preparative (puretC obtenue >99.999%), soit par 
barbotage de YhClium dans le reactif refroidi B -77 "C 
(purete >99.99%). L'oxyde nitrique, l'hydrogkne sulfur6 
et l'iodure d'hydrogkne proviennent de chez Matheson 
Co., et ils sont purifies par des methodes standards avant 
leur emploi. 

Rbsultats 

Les rCsultats sont exprim& sous la forme de 
rendements quantiques ils sont prCsent6 au 
tableau 1. L'acide chlorhydrique qui est un 
produit majeur de la photolyse n'a pu &re 
analyst2 en raison de difficultCs analytiques (7). 
De meme les produits de condensation poly- 
haloginks n'ont pas CtC analysts. Ainsi, il ne 
faut pas s'attendre B ce que le bilan massique 
soit retrouvk. Ce~endant.  nous avons identifie, 
mais pas mesurC quantitativement, le dichloro- 
mCthane: sa production augmente avec l'energie 
des photons incidents et son rendement semble 
&tre voisin & celui du chloropropbne dans I'ir- 
radiation du C3H7C1 pur. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLEAU 1. Rendements quantiques de la photolyse du chloro-2 propane B 5 torr (dose absorbCe -8 X 1016 photons) 

X(nm) Additif C& C2H2 CZH4 c2H6 c3H6 C3Hs C3H4a CH3CI C2H3CI i-C4Hlo C4Hsb n-C4Hlo 2-C4HsC C2H5Cl C3HtiC1 

aAll&ne + propyne. 
bIso-ClHs + I-C~HE. 
Ctrans + cis 2-CrH 8 .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 54, 1976 

Nb de photons en 1016 

FIG. I. Photolyse du rhctif pur; effet de dose B X = 123.6-116.5 nm: (m) C3Hs, (A) CzH,, 
(0) C2H2 et (V) G3H4. 

Pour les irradiations B X = 123.6 nm l'effet de 
dose n'est pas perceptible jusqu'g conversion 
d'environ 0.057, du chloropropane, mais au- 
del8, il devient bien visible pour les produits 
insaturks (fig. 1). Les rendements de ces derniers 
diminuent au fur et B mesure de l'accumulation 
de ces produits. Une tendance simiIaire se 
retrouve pour les irradiations B X = 147 nm. 

Entre 1 et 20 torr il n'y a pas d'effet de pression 
marqu6 pour la majorit6 des produits formis 
pendant l'irradiation B X = 123.6 nm. Entre 1 et 
5 torr, le rendement du chloro-2 propkne aug- 

mente, tandis que celui du chlorure de mtthyle 
diminue (fig. 2). Le rendement en C2M2 diminue 
rapidement aux basses pressions ( < 2  torr 
et ensuite plus lentement avec l'augmenta- 
tion de la pression (fig. 2). Le rendement en 
C2H4 aux basses pressions (< 1 torr) n'est pas 
trks bien caractkrist, mais il semble augmenter 
pour ensuite quelque geu diminuer avec l'aug- 
mentation de la pression (fig. 2). Dans le cas des 
irradiations B X = 137 nm les effets de pression 
entre 0.5 et 20 torr sont encore moins marquis 
que pour la photolyse a plus haute tnergie. Seul 

Pression (torr) 

FIG. 2. Photolyse du rbctif pur; effet de gression h ?, = 123.6-116.5 nm: (a) G3H6, ( A )  C2H,, 
(0) C2M2, (+ CH3CI el (B) CsH5C1. 
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le rendement d i ~  CH4 diminue d'environ 505% 
entre 0.2 et 2 torr. 

Les effets des addiiifs HI, HzS et NO sont 
prisentks au tableau 1. On peut remarquer un 
rendement plus faible en propkne en prCsence 
du  H2S et du HI aux irradiations B h = 123.6 
nm. Nous reviendrons sus cet effet dans la 
discussion. 

Discussion 

Les rtsultats obtenus sont trop fragrnentaires 
pour permettre une interpretation dCtaillCe des 
processus intervenant dans la photolyse du 
chloro-2 propane. A ce stade de l'ttude nous 
pouvons tirer que yuelques conclusions par- 
tielles. 

t e  spectre d'ahsorption dans !'ultraviolet B 
vide du iso-C3H.i@l est citt par Robin (8). A 
h = 147 nm (68 027 cm-l) l'absorption se fait 
dans le continuum D re'sultant des transitions 
d'orbitales de i'atome d'haiogbne ayant peu de 

mhne aussi a des comp!ications cine'tiques. 
Signalons en juste une, celie de l'augmentqt' L. lor? 
de i'adtylbne qiii demeili-e inexpiiyuke. Pour ces 
raisons les rendements cjuanfiqu-,s en prisence 
d9intercepteurs de radicaux prkszntks au tableau 
! reilktent un espect p1111jt qualitatif qii? quanti- 
tatif des processus issus de la pi?oto&se. 

(a) Ee propPrie 
Ce psoduit est de ioir: le plus important dans 

la photolyse d ~ i  chlors.2 propane. li est formi 
avec un rendernent quantiqrte k?evt2: %(C3Hg) = 

0.47 h )\ = 147 nm et +(Citj6) - 0.76 B h -; 
123.6-1 16.5 nm. Dana les iirnites des erreurs des 
techniques expirimentales Ie renciement 3u  Fro- 
pkne ne change pas avec I'en~ploi des capkeurs de 
radicaux, donc i! proviendrait de ie d6composi- 
tion monorno1CcuEai:e: 

recouvrement avec les orbitales des groupements 
CH3. A A = 123.6 nm (80 906 cm-I) l'absorption Comme on peut s'attendre le rendement plus 

est situte dans un large continuum artribui au tlevC en propkne correspond B l'absorption de 

moins en partie au groupe alkyl du chloro-2 photons plus Cnergetiyues. Par ailleurs a m  deux 

propane. longueurs d'oncle Il y a sufisalnment d't~lergie 

L'Cnergie de dissociation de la liaison @-C1 pour que 1e p r o p h e  forme' soit excitC et qu'ii 

d u  chloro-2 propane est 73.3 1 2.3 kcal/moI et puisse se decomposer h son tour en fragments ou 

meme si les auteurs de cette de'termination con- produits stables. A h = n23.4 nm le rerldement 

sidbrent cette valeur comme possiblement trop plus bas en p r o p h e  en prksence du HI ou du 

faible (9) elle est infirieure d'au moins 15 kcal B H2S (tableau 1) peut Ctre du B une rdaciion 

1'Cnergie de liaison 13-SH (90 kca!/mol) (10). cl'addition de i'iode atomiq~re 011 du HS' seion 

Cela implique que dans le systbme Ctudii la cas sur la d o ~ ~ b l e  liaison du C3M6. 

l'emploi du HZ% comme intercepteur de radicaux (b) Le chlora-2 prop?ne 
libres peut s9avirer beaucoup moins efficace que t e s  rendements molCculaires du chioro-2 
dans des systkmes hydrocarbonks purs de m&me propkne aux deux long~:ellrs d90nde dc photolyse 
nombres d'atomes de casbone. Dans le cas du sent ceux trouv& pour ?e sjisekme iso-C3B7CI -k 
HI, dsnt  l'e'nergie de liaison est 70.4 i- 0.2 NO. I! existe ququne seuie possiba!iti your ex- 
kcat/mol ( l  I), on peut espirer que la rkaction I p!iquer ce pros!uit molicufaire: 
concurrence ezcacernent le processus d'inter- 

11 v ception des radicaux par ia molCcclle parenie 141 iso-C3H7cl -> C ~ E I ~ C I *  +- ~ - 2 ~  
(processus 2) aH4 = 34 kcal/rnol 

Dl P + M H - + R H + I e  Pal + sJ,H,Ci -b H' + H' 

121 a. -t- iso-C,H,C~ -, RCI + c3s7* aH4, = 140 kcal/rnol 

Dan§ le cas prisent jl est probable que m&me L9Cnergie accumulCe dans be chloropropknc issus 
5% dde HI ne soit suffisant pour intercepter eous de la rkactisn 4 est sufisailte pour entrainer la 
les radicaux libres (tableau 1); signalons & titre de dkcornposition d~ Cc dernier sulxia!le les pro- 
cornparaison que moiris de 17, de HI suffit pour cessus: 
capter tous les radicaux form&$ lors de La photo- js] C3H5Cl* -+ CZHZ -C CH3C! 
iyse h 8.4 et 10.0 eV du propane (12). La photo- ahr5 = 32 kcal/rnol 

lyse en prisence de fortes concentrations de HI [6] -. Autrrs prodtilts 
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FIG. 3. E'inverse des rendements quantiques du chloro-2 propkne en fonction de l'inverse de la 
pression (partie gauche) et inverse des rendements de l'acitylene et du chlorure de mtthyl en fonction 
de Ia pression (partie droite). 

La molkcule excitke, C3H5C1*, peut cependant laquelle on a port6 en fonction de P-I pour 
$tre stabilisie par collision et cet effet se fera le C3H5Ci (partie gauche) et en fonction de P 
d'autant pius sentir que ia pression est plus pour les C2H2 et CII3C1 (partie droite), montre 
tlevCe : que m&me si des relations liniaires existent le 

[MI 
rapport k7/l(k5 + k6) n'a pas la m&me valeur 

[TI C3H5C1* --+ C3H5CI pour les trois droites. En fait, il varie de deux 

comrne le tCrnoigne la fig. 2. A partir des rC- 
actions 4 ,S ,  4 et 7 on peut Csablir des expressions 
cin6tiques reliant les rendements quantiques 
CP(C~HSCI), @(C21-12) et iPjCM3C1) avec la pres- 
sion : 

oh  @"(C3H5Cl) indique le ~endernent extrapol6 
B pression trks ClevCe, tandis que G0(G2H2, 
CH3CI) sont ies rendements exerapolC B pression 
nuile. 

Suivant ce m6canisme on devrait s'attendre B 
ce que le rapport des constantes de vitesse, 
k7/(k5 + k6), soil Ie r n h e  pour les deux expres- 
sions [8] et [9], de m$me que les rendernents 
extrapolis rpo de l'acktylbne e5 du chlorure de 
rnkthyl soient Cgaux errtre eux. La fig. 3, B 

brdres de grandeur. 11 en va de m&me pour Go 
qui est diffirent pour C2H2 el CH3Gl. Ces 
rtsultais nCgatifs peuvent Stre interpr6tLs de 
deux manibres, soit que le mCcanisme proposi 
n'est pas valide, soit que ie tiaiiernent esi in- 
complet et ne tient pas compte de la possibilitk de 
formation des produits en question par d'autres 
voies que celle ind~quCe plus baut. Ee tableau 1 
montre d'ailleurs qu'une partie du C3H5CI est 
d'origine radicalaire (-0.03 a X = 123.6 nm et 
0.09 B A = 147 nm) provenant probablement 
d'une rtaction de dismutation: 

[I01 IP' + C3HsCP + RW + C3H5C1 

En effet, on peut espCrer avoir une assez grande 
quantitk du radical C3H6Cl' provenant des 
rCactions : 
[ I I j  He + iso-C3H7CI + H2 + C3H6CI' 

1121 C1' +  SO-C3H7C1 + hICl + C3H6C1' 

L'acitylbne peut aussi &ere form6 dans d'autres 
processus de dCcomposition de fragments excitCs, 
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ce qui expliquerait un rendement quantique 
initial diffirent d'avec celui du chlorure de 
mCthyl. 

(c)  L'allPne, le propyne, I'e'tlzyi2ne et I'ace'tylPne 
Les rendements quantiques de l'allkne et du 

propyne dipendent faiblement de la prCsence 
des capteurs de radicaux. Pour les deux lampes 
d'tmission employies le rendement est plus 
ClevC en prisence de NO, qu'en absence de 
capteurs de radicaux. Nous supposons que la 
vraie valeur est celle en pre'sence du NO parce 
que dans ce cas la majoriti des radicaux libres 
sont intercept& et ne rCagissent plus avec les 
C3H4 formis. En prisence du H2S ou du HI il y 
a possibilitk de rCaction du radical HS' ou 1. 
avec les C3H4, rtactions semblables a celles 

@(C2H4)123.6 > @(C2H4)147, ce qui iaisse supposer 
que le processus 14 n'est pas la principale source 
du C2H4 car une tnergie supkrieure a X = 123.6 
nm devrait Ctre en faveur d'une dCcomposition 
secondaire du C2H4 Une autre voie possible de 
formation de 1'Cthylkne est la dicomposition des 
radicaux excitis iso-C3H7* el C2H4C!* : 

observkes par Collin et Perrin (13) dans le cas 
des KS' + oltfines. La rkaction suivante peut La d6composition secondaire du C3H7' est pro- 

&re B l'origine de l'allkne et du propyne: posCe dans la photolyse du propane comme 
source du C2H4 et des radicaux CH?' 415). Si les 

[I31 
- \ ,  

C3H6* -) C3H4 + H2 (OU 2M.) re'actions 15 et 16 ont lieu nous devrions trouver 
Le processus 13 a Cti proposC par Varachek et a(CH3') = a(C2H4). Le rendement du radical 

~~~b (14) dans la phololyse du propane, Ces methyl peut etre calculi en faisant !a diffirence 

rtactions de dicomposition doivent Stre trks des rendements du CH4 dans les deux systbmes: 

rapides, puisque dans les deux cas le rendement iso-C~HTCI I HI et iso-C2H7Cl f NO. Aux 
en C3H4 ne dCpend pas de la pression, du moins deux longueurs d'onde on trouve @(CH3.)2i 

dans l'intervalle des pressions itudikes. A = 0.07. A h = 123.6-116.5 nm cela coincide bien 

123.6 nm, il a plus d3knergie disponible qu$a avec le rendement quantique du C261[4, tandis 

1147 nm, environ 37 kcal/mol, donc dicomposi- qu'8 h = 147 nm @(CH3') est plus tlevC d'en- 

tion plus importante, ce qui est corrobori par les viron 17Yo, mais cet Ccart est dans les limites des 

rCsultats expirimentaux (tableau 1). erreurs expirimentales. De plus les exptriences 

A la pression de 5 torr le rendement quantique en prCsence du HI (ou du H2S) mettent en 

de I'Cthylkne ne dkpend pas de la prisence de Cvidence I'existence du radical C2H4Cla, puis- 

capteurs de radicaux, donc il est d'origine qu'on trouve un rendement quantique plus ClevC 

moltculaire, A = 147 nm @ ( c 2 ~ 4 )  dipend de du C2HsCI en prtsence du HI. Ceci indique que 
la pression et il est infirieur au dans ce systkrne une certaine quantiti de radicaux 
rendement de 13Cthylkne a = 123.6- C2H4CI' sont thermalists B la pression B laquelle 
116.5 nm. Dans les deux cas il est probable que les One effectdes. 
c'est le processus qui mkne 2 la En raison de son caractkre insaturC I'acCtylkne 

du  c ~ H ~ ,  bien qu'h = 123,6-1 16,5 nm 13espkce peut agir aussi comme capteur de radicaux 

qui se d~~~~~~~~ posskde plus d'tnergie: la libres; nous supposons donc que les valeurs des 

rkaction de dCcomposition est done plus rapide quantiques de fornation du C2H2 

et n'est pas influencie par la pression. Une sont celles trouvies pour le systbrne iso-C3H7Cl 

premikre possibilitt de  composition primaire + NO. La formation de l'acktylkne peut rksulter 

est : de trois voies, processus 5, 17 et 18: 

hv 
1141 iso-C3H7C1 + CzH4 + CH3Ci ~171 C3&* + C2H2 + CH4 

AHl4 = 24.8 kcal/mol [I81 CZ&* + C2H2 + HZ 

Les produits provenant du processus 14 poss&- A X = 123.6 nrn +(C2H2) est plus ClevC que le 
dent beaucoup d'inergie et il est possible que rendement moltculaire du mithane; la rCaction 
1'un d9eux se dicompose encore. Par ailleurs 17 n'est pas la seule B donner 19acktylkne. 
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(a') Le chionrre ire uinylt. 
Aux erreurs d9expCrienice prks, la prCsence des 

capteurs de radicaux n'affecte pas les rendements 
quankiques du chlorure de vinyle; il est donc de 
provenance molkculaire. I1 peut &tre form6 par 
deux voies possibles : 

Le processus 19 ne peut &ere la seule voie de 
production parce que @(C2M3C1) > @(CH4), de 
mEme que la faible valeur du @JCH3*) -- 0.07 ne 
peut expliquer 8 la fois la production du C2H3%l 
et du CH4 (riactions 15 el 16). Le processus de 
dCcomposition du chloruse d9Cthyle [20] en 
chlorure de vinyle a CtC observk (7). L'absence 
du C2H5C1 A X = 123.6 nm et un faible rende- 
menk quantique (@(C2H5C1) = 0.003) 8 X = 147 
nrn plaident en faveur des processus de dC- 
composition 20. 

(e) Les butanes et Jes but&ne~ 
La formation des butanes et de butknes risulte 

de l'insertion du CH2' dans la moltcule parent. 
L'existence de ce radical est clairement dC- 
montrte B X = 147 nm par la prCsence du 
C2M5C1 molkculaire. Par analogie avec les hydro- 
carbures on peut esptrer des rtactions du radical 
CH2" avec le chloropropane: 

[21] CH2' + iso-C31i7C1 + C4 

1221 

conduisatlt B un chlorobutane eltciti qui se 
dCcompose en radical butyl et chlore atomique, 
ou directement en b u t h e  el HC1. La preuve du 
processus 21 est faite dans tes exptriences en 
prisence du gill ou du H2S qui riagissent avec le 
radical C4Hg' donnant l'iso- et le n-butane, les- 
quels ne se foment  pas en prisence d'oxyde 
nitrique. 

CsncPusion 
La photolyse du chloro-2 propane aux 

longueurs d'onde de 123.6~116.5 nm et 147 

nm indique que le processus de dCcomposi- 
tion primaire de loin le plus important est celui 
donne par I'expression 3. Une dicomposition 
secondaire du p r o p h e  et du chloropropkne 
excitis formis lors de la rupture primaire conduit 
(au moins en partie) 8 une skrie de composCs in- 
saturis en C2. L'emploi de capteurs de radicaux 
a permis de mettre en Cvidence quelques radicaux 
issus de diffkrents processus de dCcomposition 
de molCcules excities. Ces radicaux sont les 
suivants: CM2', CH3', C2H5', ~ s o - C ~ H ~ . ,  C3H4C1' 
et C4H9'. 

Nous remercions le Dr. J. Gawlowski pour les 
discussions stimulantes relatives B I'interprtta- 
tion de ces expiriences. Nos remerciements vont 
aussi au Conseil national de recherches du 
Canada pour l'aide financikre qui a permis de 
conduire ces travaux B terme. 
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H,O+ ions in aqueous acid solutions. The infrared spectra revisited 
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PAUL A. GIGUBRE and SYLVIA TURRELL. Can. 5. Chem. 54, 3477 (19763. 
We have re-examined the infrared absorption between 4000 and 80C cnl-1 of aqueous solu- 

tions of the four hydrogen halides at  concentrations up to saturation, and under better experi- 
mental conditions than heretofore. The new spectra confirm definitely our previous assignment 
of the three broad bands around 2900, 1730, and 1200 cm-1 to fundamental vibrations of the 
H 3 0 C  ion. Other proposed interpretations are shown to be untenable; in particular that of 
Ackermann, based on alleged similarities in the spectra of strong acids and bases. In hydro- 
fluoric acid, hydrogen-bonded ion pairs are responsible for the shifts of the H,O- frequencies. 
There is no ei'idence in the spectra for higher species, such as H502-  We conclude that the 
H30+  ion has an appreciably longer lifetime in concentrated aqueous ecids than in water. It 
also forms much stronger hydrogen bonds than H 2 0  because of its ionic charge. 

PAUL A. GIGUBRE et SYLVIA TURRELL. Can. J. Chem. 54, 3477 (1976). 
Nous avons repris, dans des conditions expirimentales amClior&s, 1'Ctude des spectres infra- 

rouges de solutions aqueuses des quatre halogknures d'hydrogkne a diverses concentrations 
jusqu'k saturation. Les nouveaux rksultats confirment definitivement notre premike attribution 
des trois bandes larges vers 2900, 1730 et 1200 cm-1 B des vibrations de l'ion Ii3Oi. Par ailleurs, 
les spectres de bases fortes en solutions concentrees sont nettement diffkrents de ceux des acides, 
contrairement a la conclusion d'Ackermann. Dans l'acide fluorhydrique la formation de paires 
d'ions par liaison hydrogene tres forte, F-. . .M30+, conduit des dkalages importants des 
vibrations de I'ion H30C. D'autre part, nous n'avons pas relev6 d'indices d'espkes plus com- 
plexes, comme H502+ L'ion HjO+ doit donc avoir une vie moyenne sensiblement plus iongue 
dans les acides concentres que dans l'eau pure. De plus, a cause de sa charge ionique i! forme 
des liaisons hydrogene beaucoup plus fortes que HzO. 

About twenty years ago we reported the first 
spectra of aqueous solutions of strong acids 
interpreted in terms of individual H 3 0 t  ions (1). 
At  first our interpretation was acknowledged as 
essentially correct (2), but since then it has been 
challenged on various grounds, both theoretical 
and experimental. Prominent among these was 
the argument of Ackermann (3) stressing the 
similarity of the absorption spectra of strong 
bases (NaOH) and strong acids (HCl). From this 
he concluded that the spectra merely reflected a 
perturbation of the water structure by the solute. 
It was also argued that the H30T ion in solution 
is too short-lived to have a recognizable vibra- 
tional spectrum. Actually, our lowest observed 
frequency for H30f  ( 1 2 0 0 ~ m - ~ )  implies an 
average lifetime of at least 0.3 picoseconds (ps), 
definitely longer than that derived from the 
proton mobility in water, 0.2 ps (4, 5). The same 
conclusion was reached from a vibrational 
analysis of the H30+ ion in aqueous acids (6) 
which yielded frequencies much lower than our 
experimental values. On the other hand, an 
extensive investigation of the infrared optical 

constants of strong acids and bases (7) has led to 
conclusions essentia!ly in agreement with ours. 
As a result, our assignment of the infrared 
absorption spectra of H30' ions is still a con- 
troversial question (5, 8). So much so, that in a 
recent 'comprehensive treatise' (9) the H30+ ion 
is barely mentioned! In an effort to clear up 
the situation we decided to re-examine the 
spectra of the hydrogen halides solutions, the 
simplest of the strong acids, using the latest 
improvements in materials and techniques. 

The New Spectra 
In the new spectra (Fig. 1) the characteristic 

bands of the H 3 0 L  ion at  about 1730 and 1200 
em-' stand out much clearer than in our previous 
ones (1). This was achieved by using an expanded 
ordinate scale 45X) for enhanced intensity, and a 
slower attenuator response (EO s, full scale de- 
flection) for lower noise level. The gratlng 
spectrometer (Perkin-Elmer, Model 621) was 
used in both single and double beam operation. 
Capillary films of the aqueous acids were pre- 
pared simply by pressing between a pair of 
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Frequency (cm-'1 
FIG. I .  Infrared absorption spectra of capillary films of aqueous solut~ons of the four hqdrohallc 

ac~ds  (concentrations In rnol") Expanded ord~nate scale (5X) below 2000cm-I. 

optical flats a tiny droplet of the liquid of roughly 
constant size. Due to the strong absorbancy of 
the solutions, spacers, no matter how thin, could 
not be used. Optical CaF2 is the most suitable 
window material up to its transmission limit, 
near 8 M .  In the lower frequency range, AgCl 
was used for hydrofluoric and hydrochloric acids, 
and KRS-5 with the other two acids. Commerical 
"reagent grade" solutions of the four acids were 
sufficiently pure, except for hydrochloric acid 
which sometimes contains traces of MBr. This 
causes a slight corrosion of the AgCl windows, 
as noted before (1). All concentrations are in 
rnoi%, a more appropriate unit than normality 
or weight composition. For all four acids the 

highest concentration is that of so-called satu- 
rated solutions (under atmospheric pressure): 
namely, some 37 wt. % for HC1, and nearly 
50% for the other three. 

Because the 0-M stretching bands of the ion 
are largely overlapped by those of water, they are 
hardly distinguishable in the single-beam spectra, 
even of the most concentrated solutions. In the 
differential spectra with water in the reference 
beam, the antisymmetric stretching v ~ E )  appears 
as a broad absorption region centered around 
2900 cm-l. Much better characterized are the 
two bending modes, v4E) at 1730 k 10 cm-l, 
and vZ(A) at 1208 k 50 cm-l. The wide uncer- 
tainty on the latter frequency reflects some slight 
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Wavelength p 

Wave number cm-' 

FIG. 2. Infrared spectra of Ackermann (3) reproduced from ref. 17. 

shifts with the nature and concentration of the 
acids. The 1200 cm-I band is certainly the most 
characteristic of H30f,  located as it is in a 
hindow' of the water spectrum. This is also true 
of the deuterated spectra where, in addition, the 
v2 band of D30+ at 900 5 10cm-l always 
appears more clearly than the v4 band at 1350 + 
30cm-"(1). As may be gathered from Fig. 1, 
hydrofluoric acid is markedly different from the 
other hydrohalic acids in its infrared spectra 
(10-12), as well as in its electro-chemical prop- 
erties (13). For instance, the H38+ bands are 
strongly shifted: v3, down to about 2770 cm-l, 
and more surprisingly, v4, up to 1830 + 10 cm-I. 
As for v2, its contour changes considerably with 
acid concentration.' As explained elsewhere (12) 

'An error in drawing the spectra of hydrofluoric acid 
for the preceding paper (12) has escaped notice. The 
minimum of absorption shown in the 1400 cm-1 region 
was very much exaggerated, speciailg for the most con- 
centrated solution. 

these particularities can be rationalized in 
terms of ion pairs of hydroxonium fluoride, 
H30t -  - .F-, linked by a very strong and short 
hydrogen bond. Such ion pairs can also account, 
among others, for the remarkable weakness of 
hydrofluoric acid. 

Tlze Spectra of Ackermann 
By comparison, the spectra of Ackermann (3) 

now appear to  be rather limited in their scope 
and relevance to the problem at hand. First, the 
use of CaF2 windows with cut-off at 9 .u impaired 
observation of the entire 12W cm-I band, and 
precluded confirmation of the isotope shift in 
deuterated compounds (14). More important, 
the published spectra are of rather thick samples, 
some 5 p (Fig. 2), with total absorption of the 
order of 807, or more in the regions of interest. 
Still, the tvio maxima around 4730 and 1200 cm-" 
are clearly visible. However, they have unac- 
countably disappeared in the plots of calculated 
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Frequency (cm"') 

FIG. 3. Infrared absorption of concentrated solutions of sodium hydroxide and hydrochloric acid. 

extinction coefficrents: compare Figs. 5 and 8 in 
ref. 3. But the most puzzling results are found in 
the spectrum of a strong NaOH solution, which 
st:ows an absorption band at  1200 cm-I, as in 
the acid solutions, and a broadening on the high- 
frequency side of the 1640 cm-"and of water. 
We have not been able to detect such features in 
the absorption of NaOH sol~ltions of approxi- 
lnately the same concentration (Fig. 3). Likewise, 
there is no  trace of them in the normal-incidence 
reflectance spectra reported by Williams and 
co-workers (7). On the corltrary, their spectra, 
like ours, show a rnininnurn of the absorption 
coeecient near 1200 cm-I. As for the v2  band of 
water, it is shifted, if at  aii, t o  lorzter frequency in 
solutions of electrolytes (15). Whatever the 
origin of these extraneolus features, the con- 
clusion derived from them is obviously un- 
founded. 

The .HsOzi Group 
Another peculiarity to  which Ackermann has 

drawn attention is the continuum, or increased 
background, between the various absorption 
bands In solutions of acids and bases. This 
phenomenon, first noticed long ago in the 
Raman spectrum of aqueous nitric acid (16), has 
not yet received a satisfactory explanation. 
Zundel (1'91, who has studied it extensively, 
ascribes it t o  so-called ".&02+ groupings"~ This 
new species, not to  be confused with the H502+ 
ion present in  some crys:a!line acid dihydrates 
(18, 19), is said to  be due to  "the excess proton 
tunneling along the hydrogen bond between two 
water molecules" (17). Because the latter are 
believed to  retain their individuality as vibrating 
groups, Zundel rejects our assignments of the 
H30f bands in favor of the foilowing: the bands 

a t  2900 and 1730 cm-I would be the O H  stretch- 
ing and bending respectively of peripheral 
water molecu!es in hypothetical H904+  groups; 
the 1200 cm-I band could be the overtone of the 
libration band of water. First, there is no  
experimental evidence whatsoever for distinct 
H904+ groups in aqueous acids. A priori, there is 
no  reason why such a complex species, as well as 
the above mentioned HsO2+ groupings with 
which it conflicts, should be longer-lived, and 
better characterized than H 3 0 +  ions. Further- 
more, a frequency of 1730 cm-' is far too  high 
for the bending mode of water molecules. As for 
the 1200 cm-"and, assignment to  an  overtone 
is ruled out by the following observations: ( a )  its 
intensity is too high, and it increases with 
decreasing water concentration; (b) its frequency 
a t  the maximum is often appreciably higher than 
twice the libration frequency of H 2 0  in acid 
sokutions (1,  7). At any rate, the existence of 
discrete H502+ groups in aqueous acids now 
appears very d o ~ b t f u l  in the light of recent 
findings, both theoretical and experimental. 
( a )  Extended ab initio calculations (20)  have 
estabiished the absence of a symmetric double- 
well for the central proton in such a 
hypothetical species. (b) An extensive study of 
aqueous hydrochloric acid by X-ray and neutron 
difraction (21)  has confirmed that the H3O' 
ions are hydrogen bonded to four H 2 0  molecules 
with othe same average 0 .  . 00 distance of 
2.52 A. 

As For the argument based on the lifetime of 
the H 3 0 +  ion, it was n o  doubt taken too literally. 
Calculations of the proton mobility from con- 
ductivity data necessarily involve some approxi- 
mations; For  instance, the inter-oxygen distance 
of 2.45 A used by Conway, Bockris, and Linton 
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(4) for their quantum mechanical analysis is now 
known to be too short. The proton potential is 
particularly sensitive to that parameter. Then, a 
symmetric double-minimum potential was ob- 
tained by superposition of two Morse curves. 
Recent calculations (20. 22) lead instead to a , ,  

rather flat potential for the migrating proton. 
More importantly, however, Conway, Bockris, 
and Linton (4) had shown previously that the 
rate-determining step in proton transfer is the 
rotation of adjacent water molecules to present a 
favorable orientation. Now, simply from chemi- 
cal intuition it is clear that the effective lifetime 
of the H3O+ ion must increase appreciably with 
acid concentration. Each molecule of acid added 
to water increases the number of protons waiting 
to  jump, and decreases the number of proton- 
acceptor sites. A quantitative analysis of that 
effect would be useful. It is noteworthy that in 
our spectra (Fig. 1) H30+ ions can be detected 
through their ~4 band in a solution of hydriodic 
acid of only 7 moly,; that is with twelve mole- 
cules of water available on the average for the 
hydration of each pair of ions. 

Hydrogen Bonds 
Another question on which the infrared spec- 

tra provide interesting information is that of 
hydrogen bonding in aqueous acids. From casual 
observation alone it is clear that the H30+ ion 
forms much stronger hydrogen bonds than H20.  
For instance, the 0-H stretching frequency of 
the ion is about 500 cm-I lower, and the bending 
frequency ~ 4 ,  about 85 cm-I higher than the 
corresponding vibrations in liquid water. Like- 
wise, the half-width of the H30f band at 1730 
cm-I is three to four times that of the v2 band of 
water. As explained before (23, 24) this large 
effect must be ascribed to the positive charge on 
the hydrogen atoms which makes H30+ a much 
better proton donor, and a poorer proton 
acceptor, than H20.  The reverse is true of the 
OH- anion. Newton and Ehrenson (20) arrived 
at the same conclusion from their molecular 
orbital calculations. A striking demonstration of 
the roie of ionic charges may be seen in the case 
of liquid sulfur dioxide solutions. In that solvent 
water is essentially monomeric (25), but the 
H30+ ion is strongly hydrogen bonded, not only 
to  the counterion (Cl- or Br-), but also to SO2 
(24, 26). The diffraction study of Triolo and 
Narten (21) has shown an average inter-oxygen 

distance, H20.  H30+, of 2.52 A in aqueous 
hydrochloric acid, as compared with 2.76 A in 
liquid water and ice. Such a short distance would 
correspond to an energy of the order of 10-12 
kcal mol-I according to the one-dimensional 
model of Eippincott and Schroeder (27). Al- 
though rather short, these hydrogen bonds are 
not sypmetric: nor are those, even shorter 
(-- 1.4 A?), of the ion pairs in hydrofluoric acid, 
because the end-atoms are different. 

Incidentally, these hydrogen-bonded ion pairs 
are of a different nature from the 'contact ion 
pairs' usually encountered in electrolytic solu- 
tions. Whereas the latter are of a purely electro- 
static origin, the former possess a definite 
covalent, i.e. directional character. Conceivably, 
all strong acids contain very small equilibrium 
concentrations of these H30+. . .X-  pairs, de- 
pending on the proton acceptor power of the 
anion. For instance, this could explain the 
relative strength of the four hydrohalic acids. 
Indeed, their dissociation constants, viz. pK = 

3.2 for HF, -7.4 for HC1, -9.5 for HBr, and 
-10 for HI (13) seem proportional to  the 
expected hydrogen-bond strengths. 

In conclusion, there now exists a sufficient 
body of direct experimental evidence to dispel 
any doubt about the reality of the H30+ ion as a 
dominant species in aqueous acids. Quantum 
theory shows that the proton spends only about 
1 % of its time in tunneling (4). Important as it is, 
that process must not detract from the existence 
of discrete H30' ions. Accordingly, the use of 
such notations as Ht or HT(H20), and names 
like proton hydrate should be discontinued 
because they are erroneous and misleading. Con- 
ventionally, the term hydrate refers to an ion or a 
molecule surrounded by an indefinite number of 
hydrogen-bonded water molecules. In forming 
an H30+ ion the water molecule loses its iden- 
tity. The three 0-H bonds of the ion are even 
stronger than those in H20,  and become equiva- 
lent by resonance. This is reflected in the so-called 
enthalpy of hydration of the proton, a quantity 
larger by a factor of two to three, than that of all 
other univalent ions, including OH- (8). 

Acknowledgement 

This investigation, like the original one (I), 
was made possible through the continuing finan- 
cial support of the National Research Council 
of Canada. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3482 CAN. 1. CHEM. VOL. 54. I976 

1. M. FALK and P. A. GIGUBRE. Can. J. Chem. 35,1195 
(1957). 

2. R. P. BELL. The proton in chemistry. 1st ed. Cornell 
University Press, New York. 1959. p. 22. 

3. T. ACKERMANN. 2. Phys. Chem. Frankfurt, 27, 253 
(1961). 

4. B. E. CONWAY, J. O'M. BOCKRIS, and H. LINTON. J. 
Chem. Phys. 24, 834 (1956). 

5. R. P. BELL. The proton in chemistry. 2nd ed. Cornell 
University Press, New York. 1973. p. 21. 

6. R. MORE O'FERRALL, G. W. KOEPPL, and A. J. 
KRESGE. J. Am. Chem. Soc. 93, 1 (1971). 

7. P. RHINE, D. WILLIAMS, G. M. HALE, and M. R. 
QUERRY. J. Phys. Chem. 78, 1405 (1974). 

8. G. PIMENTEL and A. L. MCCLELLAN. Ann. Rev. Phys. 
Chem. 22, 357 (1971). 

9. F. FRANKS (Editor). Water. A comprehensive treatise. 
Vol. 3. Aqueous solutions of simple electrolytes. 
Plenum Press, New York. 1973. 

10. L. H. JONES and T. A. PENNEMAN. J. Chem. Phys. 22, 
781 (1954). 

11. N. ZENGIN. Commun. Fac. Sci. Univ. Ankara, Ser. 
A l l ,  l(1961): In Chem. Abs. 57, 16008 (1962). 

12. P. A. GIGUBRE. Chem. Phys. Lett. 41, 598 (1976). 
13. F. A. C o m ~  and G. WILKINSON. Advanced inor- 

ganic chemistry. 2nd ed. Interscience Publishers, New 
York. 1966. p. 223. 

14. T. ACKERMANN. 2. Phys. Chem. Frankfurt, 41, 113 
(1964). 

15. P. RHINE, D. WILLIAMS, G. M. HALE, and M. R. 
QUERRY. J. Phys. Chem. 78, 238 (1974). 

16. L. GIOTTO. NUOVO Cimento, 15, 273 (1938). 
17. G. ZUNDEL. Hydration and intermolecular inter- 

action. Academic Press, New York. 1969. pp. 169- 
172. 

18. J. 0. LUNDGREN and I. O ~ o v s s o ~ .  Acta Crystallogr. 
23, 966 (1967); 23, 971 (1967). 

19. J. M. WILLIAMS. Inorg. Nucl. Chem. Lett. 3, 297 
(1967). 

20. M. D. NEWTON and S. EHRENSON. J. Am. Chem. Soc. 
93, 4971 (1971). 

21. R. TRIOLO and A. H. NARTEN. J. Chem. Phys. 63, 
3624 (1975). 

22. W. P. KRAEMER and G. H. F. DIERCKSEN. Chem. 
Phys. Lett. 5, 463 (1970). 

23. P. A. GIGU~RE. Rev. Chim. Min. 3, 627 (1966). 
24. M. SCHNEIDER and P. A. GIGU~RE. Compt. Rend. 

B267, 551 (1968). 
25. H. HOYER. Z. Elektrochem. 64, 631 (1960). 
26. P. A. GIGUBRE and C. MADEC. Chem. Phys. Lett. 37, 

569 (1976). 
27. E. R. L I P P I N C O ~  and R. SCHROEDER. J. Chem. Phys. 

23, 1099 (1955). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Canadian Journa Journal canadien 
of Chemistry de chimie 
Published b y  Publre' par 
THE UATIONAL RESEARCH COUNCIL O F  CAN4DA LE CONSEIL NATIONAL DE RECHERCHES DU CANADA 

Volume 54 Yumber 27, November 15. 1976 Volume 54 nutnCro 22 15 novembre 1976 

A wide-line nuclear ~nagnetic resonance study of naslecular motions in 
piperidinium salts 

MARIE-CLAUDE BEKIUARD.~ CHRISTOPHER ORVIG. AND D. F. K. GILSOK~ 
De~~artrnetlt (d Cherni.rri.)., .kfcGill Unicersity, P.O. Box 6070, Stariotr A ,  Mor~rrenl. P.Q., Carrnda H3C 3GI 

Receked June 16, 1976 

MARIE-CLAUDE BERUARD, CHRISTOPHER ORVIG, and D. F. R. GILSON. Can. J.  Chem. 54, 
3483 (1976). 

\Vide line nmr and difFerential scanning calorimetric studies confirm the existence of crystal 
phase transitions in piperidinium iodide. The highest teinperat~~re phase involves isotropic 
rotation of the piperidinium ion. No crystal structure transitions occur in the chloride, bromide, 
or hexafluorophosphate salts although these compounds undergo second moment transitions 
indicating probable rotation of the piperidinium ion abo~rt the N-C3 axis. 

Can. J. Chem. 54, 

Des Ctudes par rmn (raies larges) et par balayage calorimCtrique differentiel confirment 
l'existence de transitions de phase cristalline pour l'iodure de pipCridinium. La phase B temper- 
ature la plus ClevCe implique une rotation isotrope de l'ion pipkridinium. I1 n'y a pas de transi- 
tions de structure cristalline du chlorure, ~ L I  bromure ou de i'hexafluorophosphate toutefois ces 
composCs subissent des transitions du moment second indiquant, selon toute probabilitk, 
qu'il y a une rotation de l'ion pipkridinium autour de l'axe N-C3. 

[Traduit par le journal] 

Introduction 

The infrared spectra of solid piperidinium 
halides have been studied by Cabana and 
Sandorfy (1). The spectra of the chloride and 
bromide showed little change between room 
temperature and - 190 "C but the marked differ- 
ences in the spectra of the Iodide led Cabana and 
Sandorfy to suggest that a phase change occurred 
in the latter compound. Room temperature 
crystal structure studies of the chloride, bromide, 
and sulphide salts showed that these compounds 
are isostructural (2-5) with the piperidinium 
ring in the chair form. However, the high values 

INRCC Post-doctoral fellow 1972-1973. 
2To whom correspondence should be addressed. 

for the temperature factors reported in these 
X-ray studies indicate that some ring atoms 
undergo large amplitude thermal motions. The 
piperidinium ion is an analogue of cyclohexane 
and phase transitions and molecular motions in 
this compound have been studied by Andrew 
and Eades (6). The possibility that phase changes 
involving molecular reorientations occur in the 
piperidinium salts appeared worth examining 
and this paper reports the results of wide line 
nmr studies of piperidinium chloride, bromide, 
iodide, and hexafluorophosphate. The halide 
series represents a trend in which decreasing 
hydrogen bonding between the piperidinium ion 
and the anion occurs and the hexafluorophos- 
phate anion was included in the study since this 
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ion showed the weakest interactions in a study 
of pyridini~lrn salts (7). 

B z 
- 

8 : 

Experimental 

g 10 
V) 

The conlpounds were prepared by addition of the 
appropriate acid to piperidine followed by recrystalliza- 
tion. The nmr spectra were obtained using a spectrometer 
constructed from Varian units operating at 60 MHz for 
proton resonance. Variation of the sar~lple temperature 
was achieved by regulating the flow of heated or cooled 
nitrogen gas and the temperature measured with copper- 
constantan thermocouples placed up- and downstream 
from the sample. Differential scanning calorimetric 
experiments \?ere performed with a Perkin-Elmer DSC- 
18. 

"%! 
9-------e- 

Results 

iM) 200 300 400 

TEMPERATURE / K 

FIG. 1. Temperature dependence of the second moment for piperidinium hexafluorophosphate. 
(Error bars indicate standard deviation.) 

The behaviour of the second mo~uen t  with 
temperature was similar for piperidinium chlor- 
ide, bromide, and hexafluorophosphate ~ i t h  
extremely broad and gradual transitions cover- 
ing the temperature ranges; chloride 350-460 K ;  
bromide 240-380 K :  and hexafluorophosphate 
190-360 K. The second moment dependence is 
shown in Fig. 1 for piperidinium hexaf l~~oro-  
phosphate. In contrast the iodide, Fig. 2 ,  showed 
two sharp transitions a t  305--325 and 3841C. 
Experimental second moment values a t  various 
temperatures are given in Table 1. The dsc 
results are piven in Table 2. Apart from melting. 
no  thermal trarisitions occurred for the chloride 
and bromide whereas the iodide exhibited three 
separate transitions 

TABLE i. Experimental second moment values 
of piperidinium salts at \ arious teinperatures 

-- 

Second moment Temperature 
Comvound (G') (K) 

Chloride 19 .4k0 .8  
16.2 
8 .2  

Bromide 19 .050 .7  
17.8 
8.1 

Iodide 22 .950 .7  
17.7 
8 .5  
4 .2  
0 .5  

llexafluorophosphate 20.4 f 0.6 
20.0 
5 .9  

TABLE 2. Differential scanmng colorimetric transition 
temperatures and enthalpies in piperidinium halides 

Temperature Enthalpy 
Compound (K) (kcal/mol) 

Chloride 521 (decomp.) - 

Bromide 466 (mp) 1.73 
Iodide 315 1.27 

361 1.46 
372 0.09 
465 ( n ~ p )  1.74 
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TEMPERATURE 1 # 

FIG. 2. Temperature dependence of the second moment and dsc trace for piperidinium iodide. 
(Error bars indicate standard deviation.) 

Discussion 
Several different molecular reorientational mo- 

tions of the piperidinium ion can be considered: 
(i) rotation about the axis through the nitrogen 
atom and the opposite carbon atom C3, an  S2 
rotation, (ii) rotation about the axis perpendicu- 
lar to the ring which, if the NH2 group is con- 
sidered to  be equivalent to the CH2 groups, 
would be a C3 rotation for the rigid chair form, 
(iii) rotation about the axis through the mid- 
points of the CI-C2 and C4-C5 carbon-carbon 
bonds, a Cz rotation, (ic) the ring-puckering 
motion (which is the chair-chair interconversion 
in a six membered ring), and (u) isotropic rota- 
tion about the centre of gravity of the ion. 
Motions (ii) and ( 0 )  occur in cyclohexane (6) and 
the other possibilities reflect the difference in 
symmetry of the piperidinium ion us.  cyclo- 
hexane. 

The results of the theoretical second moment 
calculations are given in Table 3. These calcula- 
tions were based upon the X-ray crystal structure 
reported by RCrat (2) for piperidinium chlorid: 
with the assumed b o ~ d  lengths C-H = 1.096 A 
and N-H = 1.050 A. In comparing these val- 
ues with the experimental results it should be 
noted that the chloride and bromide are known 
to be isostructural and thus should have similar 
second moment values but the structures of the 
iodide and hexafluorophosphate s.1 ‘i ts are un- 
known. Thus there is some uncertainty in the 
intermolecular second moment contribution for 
these compounds. The theoretical second mo- 
ments for the ring puckering case were calculated 
using the factor ( I  - 2 sinZ2rij) given by 
Andrew and Brookeman (S), where ri, is the 
angle between the directions of the vector rij 

in the two possible conformations. 

TABLE 3. Calculated second moment values for piperidinium chloride 

Second moment ( 6 2 )  

Species Intramolecular Intermolecular Total 

Rigid 
(i) 5'2 rotation 

(ii) Cj rotation 
(iii) Cz rotation 
(io) Ring puckering 
(a) Isotropic 
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A t  the lowest temperature studied. 77 K, only 
the piperidinium iodide second moment ap- 
proaches the rigid lattice value and for the other 
three salts the agreement between experimental 
and calculated second moments favours the ring 
puckering motion. The same holds for the iodide 
salt over the temperature range 175-300 K.  
However, in the X-ray crystal structure study of 
piperidinium hexathiotetraarsenate (9) it was 
specifically noted that there \?,as no evidence of 
conformational disorder, which might be ex- 
pected if the chair-chair interconversion process 
occurred in the solid state. Furthermore, the 
temperatures at  which this process normally 
occurs in sol~ltion are much higher than 77 K 
although the potential barrier in the solid might 
be different. It appears more probable that the 
reduced second moment values at  low tempera- 
tures result from the anisotropic oscillations of 
the rigid molecule. This is supported by the 
X-ray evidence for all these compounds of large 
thermal parameters for the carbon atoms furthest 
from the nitrogen atom which also have rather 
long interatomic contact distances. 

At temperatures close t o  the melting points, 
the experimental and theoretical second mo- 
ments for the chloride and bromide are in best 
agreement for the S2 rotation. Since the nitrogen 
and Cg atoms lie on mirror planes in the unit cell 
this motion does not introduce disorder. For  the 
hexafluorophosphate a more extensive motion 
may occur, most probably the C3 rotation, since 
hydrogen bonding in this salt is weaker than in 
the chloride or bromide. The temperature ranges 
over which the transitions occur follow the 
expected trend of hydrogen bond strengths. 

The conclusion that a phase transition occurs 
in piperidinium iodide is supported by both the 
wide-line nmr and the dsc results (Fig. 2). In 
fact, three solid phase transitions occur, one of 
them with a very small transition enthalpy. The 
second moment values suggest that the first 
transition involves an  S2 reorientation of the 
piperidinium ion, and,  from the sharpness of the 
transition, a change in crystal structure must 
also occur. Additional motions of the piper- 

idinium ion follow and at  384 K a second crystal 
transition occurs to a structure in which the ion 
is capable of isotropic rotation. The low value of 
the second moment above 384 K indicates that 
the intramolecular contribution must be zero. 
The total second moment. however. is non-zero 
and therefore lattice diffusion does not occur. 
The transition temperatures observed by the 
nmr and dsc methods agree quite well but 
Cabana and Sandorfy (1) reported that the 
infrared spectra changed suddenly between - 10 
and -20°C, i.e. about 40" below the lowest 
temperature transition observed in the present 
study. 

The high degree of rotational motion in 
piperidini~lm iodide should be reflected in the 
entropy of f~lsion. From the dsc measurements, 
houever, the entropies of fusion for the iodide 
and bromide were 3.6 and 3.7 cal deg-I mol-l, 
respectively, values which are close to the 3 cal 
deg-I mol-l expected for positional disordering 
alone and higher than the entropies observed for 
~ l a s t i c  crvstals in which lattice difusion occurs. 
?he low balue for piperidinium bromide is sur- 
prising since the rotational motions in this com- 
pound are less extensive than in the iodide. 
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Enthalpies of solution and single ion enthalpies of transfer from water 
to dioxane-water mixtures 
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OM N. BHAT~AGAR Can J. Chem 54, 3487 (1976) 
Standard enthalples of solutions of sodlum bromlde, potasslum bronude, tetrabutyl phos- 

phonium brom~de, tetraphenyl phosphoniu~n bromide, and sodlum tetraphenyl boron have 
been measured In 20C,, 44 5' ,, and 64 5(, dloxane-water mlxture. On the extra thermodynam~c 
assumption AAH,(Ph4P+) = AAH,(-BPh4) slngle Ion enthalples of tranifer from water to 
d~oxane-water mixtures have been calculated for \ arlous Ions. 

OM N. BHATNAGAR. Can. J.  Chem. 54, 3487 (1976). 
On a mesurC les enthalpies standards de solution du bromure de sodium, du bromure de 

potassium, du bromure de tCtrabutylphosphonium, du bromure de tCtraphCnylphosphoniun~ 
et du tCtraphCnylbore sodium dans des mClanges dioxanne-eau k 20C$, 44.5C; et 64.5yc. En 
faisant I'hypothkse thermodynamique supplCmentaire que AAH,(Ph4P+) = a ~ H , ( - B p h ~ ) ,  on 
a calcule, pour divers ions, les enthalpies de transfert d'ions uniques de I'eau a des melanges 
dioxanne-eau. 

[Traduit par le journal] 

Introduction 

I have been interested in the study of thermo- 
dynamic properties of electrolyte solutions in 
dioxane-water mixtures for some time (1-3). 
The solvation enthalpies of some tetraalkyl 
ammonium bromides in dioxane-water mixtures 
were reported in a recent paper (3). It was shown 
that  the behaviour of these electrolytes was quite 
similar to  their behaviour in water and that the 
structure-making capacity of tetraalkyl am- 
monium ions increases with the increase in the 
size of the ion. Thus from the studv in dioxane- 
water mixtures Bu4N+ ion was found to  be the 
most active in structure promotion. I t  was 
thought to  be of interest t o  see how this be- 
haviour would change (i) by changing the central 
atom from nitrogen to phosphorus, (ii) by 
changing the nature of tetraalkyl ion from ali- 
phatic ( [ G H  9]4-) t o  aromatic ([C6H5]4-), (iii) by 
changing the small Br- ion to a bulky -BPh4 ion. 

In  this paper the standard enthalpies of solu- 
tion, AHsO, of sodium bromide, potassium bro- 
mide, tetrabutyl phosphonium bromide (BudPBr), 
tetraphenyl phosphonium bromide ([C6H5]4PBr) 
and sodium tetraphenyl boron (NaBPh4) in 207,, 
44.57,, and 64.57, dioxane-water mixtures are 
reported. In addition, an attempt has been made 
to divide the standard enthalpies of transfer 
AAH, from water to  dioxane-water mixtures into 

the single ion enthalpies of transfer using certain 
extra thermodynamic assumptions. 

Experimental 

Purificnrion of Dioxane 
The dioxane was purified according to the procedure 

given in the literature (4). The dioxane-water mixtures 
were made by weighing. 

P~lrificatior~ of Salts 
NaBr and KBr were Fisher certified grade and were 

used without further purification. These salts were dried 
at  120 'C for 24 h before using. 

Bu4PBr was twice recrystallized from acetone-ether 
mixture and dried a t  65 "C under vacuum. 

Ph4PBr was dissolved in a 9:1 (v/v) acetone - 2- 
propanol mixture and reprecipitated by the addition of an 
equal volume of benzene and dried under vacuum a t  
100 "C. 

NaBPh4 was recrystallized by the procedure given in 
the literature (5). 

The samples were made in a dry box. 

Apparcrrus and Procedure 
The measurements were made at 25 2 0.002 "C in a 

submarine type solution calorimeter, the details of 
calorimeter design, temperature measuring system, and 
operating procedure are given elsewhere (6). 

Results and Discussion 

The enthalpies of solution (AH,) for various 
electrolytes were measured as a function of con- 
centration in the concentration range of 1 X 
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t o  1 X M. All data are extrapolated to 
infinite dilutions using the extended Debye- 
Hiickel equation (3). The advantage of using this 
equation is discussed in detail by Criss and 
Cobble (7). The standard enthalpies of solution 
(AH,") of the electrolytes from this study as well 
as from previous studies are summarized in 
Table 1. The AH," for NaBr and KBr become 
less endothermic in passing from water to 64.55; 
dioxane - water mixtures. Similar behaviour was 
observed for other alkali metal halides such as 
LiCl, NaCI, and NaI in dioxane-water mix- 
tures (3, 8). The AH," for Bu4PBr become 
more endothermic in passing from water to 
6 4 . 5 5  dioxane - water mixtures; a similar trend 
was observed for tetraalkylammonium bromides 
like Et4NBr, Pr4NBr, Bu4NBr (3): and Am4NBr 
(9). The AH," values for Ph4PBr and NaBPh4 
pass through an extrema around 20% dioxane - 
water mixture. The AH," of NaBPh4 reported by 
Mohanty et 01. (10) in 20'7; dioxane - water 
mixture is lower than that reported in this paper, 
but the AH," of NaBPh4 reported by Arnett (I 1) 
in dioxane-water mixtures are closer to the 
values obtained in this study (Table l), and show 
an extrerna around 2Or; dioxane - water mixture. 
AHs0 for Me4NBr in dioxane-water n~ixtures also 
show an extrema but the position of the extrema 
is shifted towards higher dioxane content. AHs0 
composition profiles for NaBPh4 in various 
aqueous binary mixtures (1 1) show the existence 
of the extrema but the position of the extrema 
varies from solvent to solvent. Fuchs and Hagan 
(12) recently reported the extrema in the AHsO 
composition profile of DMSO-water mixtures 
for Bu4NC1, Bu4NBr. BudNI, Ph4PBr, and 
NaBPh4; these extrema were attributed to  the 
desolvation of ions. In dioxane-water mixtures 
no extrema was observed for Bu4NBr and 
Bu4PBr up to 64.5% dioxane - water mixtures 
(Xui ,,,,,. = 0.27). Mohanty et al. (10) did not 
observe any extrema in AHsO of Bu4NBr in 
dioxane-water mixture up to 0.3 mole fraction 
of dioxane. DeVisser and Somsen (13) reported 
the extrema for Bu4NBr in the AHsO composition 
profile of N,N-dimethylformamide (DMF) - 
water mixture a t  approximately 0.3 mol frac- 
tions of D M F  but did not find any extrema in 
AHT0 for formamide (F) - water and N-methyl- 
formamide (NMF)-  water mixtures, but there 
was a sharp decrease in enthalpy of solution 
when the mole fraction of F or N M F  was = 0.3. 

Maxima or minima in AH,O composition pro- 
files are generally attributed to  the changes in 
solvent properties and solvation or desolvation of 
the ions. It is well known that the addition of a 
small quantity of non-electrolyte to pure water 
frequently leads to  profound changes in solvent 
properties (14). Often the maxima observed in 
water-rich region of the aqueous binary mixtures 
are interpreted as due to an increase in water 
structure on the addition of non-electrolytes. A 
number of studies in alcohol-water mixtures 
(14, 15), DMSO-water (12). acetone-water (16) 
supports this view and suggests that a t  higher 
concentrations of non-electrolyte a progressive 
'destructurization' of the solvent takes place. The 
nature of the dioxane-water interactions in the 
water-rich region is still controversial. While 
there is arnple evidence from nmr (17), self 
diffusion (181, proton spin lattice relaxation (191, 
heat capacity ( lo) ,  and other studies (21) that in 
water-rich region dioxane actually enhances the 
water structure, there are other workers who 
disagree with these conclusions (10, 22, 23). In 
face of these controversies in dioxane-water 
mixtures it is difficult t o  draw any straightfor- 
ward conclusions for the extrema found in AHs0 
composition profile in the case of Me4NBr, 
Ph4PBr, and NaBPh4. 

It is well known that in aqueous solutions 
alkali metal and halide ions in general disrupt 
the water structure (24-29) and R4Nf ions in 
general promote it (30-35). In water the enthalpy 
of soliltion of simple electrolytes (36) and 
Me4NBr (37) (which are known to disrupt water 
structure) decreases with increasing temperature, 
while the enthalpy of solution of Bu4NBr (37), 
Am4NBr (38), salts with large complex ions ( 4 9 ,  
and neutral organic molecules (39,40) (which are 
known to  promote the water structure) becomes 
more positive with increasing temperature. By 
increasing the water temperature hydrogen bond- 
ing and dielectric constant decrease, the intro- 
duction of dioxane in water in large quantity a t  
constant temperature has an  effect similar to 
that of raising the temperature of water. Since 
the variation of AHsO of simple electrolytes and 
tetraalk\ilammonium salts (with the exception of 
Ph4PBr and NaBPh4) in dioxane-water mixtures 
is similar to the variation of AHs0 of these 
electrolytes in water with increasing temperatures 
one can conclude by implication that salts like 
Et4N+, PrdN+, Bu4N+, Bu4P+, and Am4Nt pro- 
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mote the water structure in dioxane-water mix- 
tures, while alkali halides disrupt the water 
structure in dioxane-water mixtures. From nmr 
studies of a number of inorganic salts in 507, 
dioxane - water mixtures, Fratiello and Douglass 
(50) conclude that "there is selective solvation by 
water n~olecules of cations in these binary 
mixtures, with no indication of interaction be- 
tween dioxane and either ionic species. Although 
the shift data indicate water solvation only of 
small, highly charged cations, one must consider 
that the observed shift is actually the resultant of 
both structure breaking and solvation processes. 
Thus even in systems in which a structure 
breaking process predominates, such as alkali 
halide solutions, solvations of cations by water 
must be occurring." 

Ph4Pf and BPh4- ions are believed to  disrupt 
the water structure (41-44, 51), although these 
conclusions are questioned by some workers 
(45). Since a t  present there is no  clear-cut way to  
classify solutes as structure makers or breakers, 
different approaches often lead to  different con- 
clusions. I t  is not surprising that  there is dis- 
agreement among various workers whether 
NaBPh4 and other solutes containing aromatic 
hydrocarbons are structure makers or breakers. 
I t  has been suggested that the interaction of the T 

orbitals from the phenyl group with water 
molecules leads to  the structure breaking action 
by aromatic hydrocarbons. In order to explain 
the extrema in AH,O composition profile of 
Ph4PBr and NaBPh4, if it is assumed that Ph4P+ 
and BPh4- disrupt the water structure, then a 
decrease in exothermicity of these compounds in 
passing from water to  20% dioxane - water 
mixture would indicate that the structure break- 
ing effect of phenyl group is less than the 
structure promotion effect of dioxane (in small 
quantity) and as a result a net structure promo- 
tion is observed. On increasing the dioxane 
content from 207, to 64.57, the progressive 
'destructurization' of the solvent mixture takes 
place. This, in combination with the structure 
breaking effect of the phenyl group, give rise to 
a n  overall structure breaking effect in the form 
of an increase in exothermicity in AHb0 values. 

Ionic Enfhalpies of Tratzsfer,from Wafer  to 
Dioxane- Water Mixtures 

Recently Parker and co-workers (46, 47) have 
discussed the essential equivalence of four types 

of extrathermodynamic assumptions used in the 
determination of free energies and enthalpies of 
transfer of ions from solvent to  solvent. I have 
chosen the assumption that AAH,(Ph4P7) = 

AAH,(BPh4-). 
The main reason for choosing this system is 

that the enthalpy of solution, AHhO, of Ph4PBr is 
concentration independent in water and diox- 
ane-water mixtures. A good discussion of the 
reason for choosing Ph4PBr, NaBPh4, and NaBr 
for evaluating single ion enthalpies is given by 
Fuchs and Hagan (12). The single ion enthalpies 
of transfer were determined from the following 
scheme: 

Using the above relationships the single ion 
enthalpies of transfer from water to  dioxane- 
water mixtures were evaluated. Table 1 gives a 
summary of AHsO of various electrolytes in H 2 0 ,  
207,, 44.57,, and 64.57, dioxane - water mix- 
tures as well as the enthalpies of transfer (AAH,) 
from water to dioxane-water mixtures. Table 2 
gives the single ion enthalpies of transfer from 
water to  dioxane-water mixtures. Single ion 
enthalpies of transfer for most ions become 
more exothermic in passing from 207, to 64.5y0 
dioxane - water mixtures with few exceptions 
like halide ions which show a completely op- 
posite behaviour from the alkali ions. Grunwald 
and co-workers (48) calculated the single ion 
free energies of transfer of some alkali and halide 
ions from water to  5055, dioxane - water mix- 
tures. The deviations in AAH, for the halide ions 
from the alkali ions is also reported by Grunwald 
et 01. from their stu&es. For certain other ions 
such as Bu4NT, Am4N+, and Bu4PT ionic enthal- 
pies of transfer pass through a maximum at  
44.5% dioxane content. From Table 2 it is clear 
that with the increase in ionic radii of cation, the 
ionic enthalpies of transfer become more endo- 
thermic in 2057;, 44.554, and 64.5y6 dioxane- 
water mixtures, with the exception of Ph4P- ion. 
The anions show an opposite behaviour to  that 
of the cations with the exception of BPh4- 
which also does not fit into a pattern. 
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TABLE I.= Standard enthalpies of solution (AHSO cal/mol) in water and dioxane-water mixtures and 
enthalpies of transfer (AAHS) from water to dioxane-water mixtures for various electrolytes at 25 'C 

A HSo AAH, 

Salts H 2 0  2OC1D 4 4 . 5 G D  64 . jC ;D W-20'; D W+44.5(3 D W+64.5% D 

LiCl -8850b -9140 -10160 -11150 - 290 -1 310 -2 300 
NaCl 92Sb 600 170 - 280 - 328 -758 - 1 208 
NaBrC - 144' - 895 - 1 255 -2 506 -751 -1 111 -2 362 
NaI - 1 800' - 3 220L4 950d -6 350d - 1 420 -3 150 -4 550 
KBrC 4 750h 4 025 2 300 1 030 - 725 - 2 450 -3 720 
Me4NBr 5 745e 5 860 6 070 5 100 115 325 - 645 
Et4NBr 1430e 1 870 2 065 2 395 440 635 965 
Pr4NBr -1 055e 902 2 610 3 295 1957 3 665 4 350 
Bu4NBr - 2 050e 1 075 4 680 5 540 3 125 6 730 7 590 
Am,NBr 796e 6 800e 9 400e 10 250e 6 004 8 604 9 454 
Bu4PBrC -3 160" 933 4 370 4 800 4 093 7 530 7 960 
Ph4PBrC 1 900f 5 055 4 185 3 110 3 155 2 285 1210 
NaBPh4C -48050 -2200 -7400 -13460 2 605 -2 595 -8 655 

-2300h -7250h -13000h 
- 1 949e 

nphotocopies of the numerical results niay be obtained, at a nominal charge, from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KlAOS2. All data from ref. 3 except where indicated otherwise. 

bData taken from ref. 49. 
CData from the present work. (Claimed accuracy of the data on  the average 8 cal/mol-'.) 
dData taken from ref. 8. 
eData taken from refs. 9, 10. 
/Data taken from ref. 12. 
OData taken from ref. 45. 
hData taken from ref. 11.  

TABLE 2. Slngle Ion enthalpies of transfer 
( ~ n  cal/mol) from water to dioxane-water mlxture 

20r 44.5C;, 64.jC, 
Ions Dloxane Dloxane Dloxane 

Li+ 
N a+ 
K+ 
Me4N+ 
Et4N+ 
Pr4N+ 
Bu4NL 
Am4N+ 
Bu4P+ 
Ph4P+ 
BPh4- 
C1- 
Br- 
I- 
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Nuellear magnetic resonance study of electrolytes in 
1,3=dianethyBethyleneurea 
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JOSEPH ROSENFARB and JOSEPH A .  CARUSO. Can. J. Chem. 54, 3492 (1976). 
A series of lithium, sotlium. potassium, and ammonium salts were investigated by proton 

magnetic resonance spectroscopy in 1,3-di1nethyIethylene~~rea. a relatively new non-aqueous 
solvent of high polarity and moderately high dielectric constant. The salts were found to shift 
the solvent proton peaks linearly as a function of salt concentration. Thiosulfate, perchlorate, 
and iodide salts shifted the solvent peaks downfield while tetraphenylborate salts uniquely 
shifted the peaks upfield indicating an ~ ~ n u s u a l  type of solvation behavior for the tetraphenyi- 
borates in this solvent. 

JOSEPH ROSENFARB et JOSEPH A. CARUSO. Can. J. Chem. 54, 3192 (1976). 
On a CtudiC par rmil du proton dans la dimCt11y-1-1.3 ethylkne urke un solvant non aqueux 

relativement nouveau de haute polarit6 et de constante dieiectrique modCree, une sCrie de sels 
de lithium, de sodium, de potassium et d'ammonium. On a trouve que les sels dkplacent les 
signaux des protons du solvant d'une f a ~ o n  lineaire en fonction de la concentration du sel. Les 
sels du thiosulfate. du perchlorate et de l'iodure deplacent les pics du solvant vers les bas 
champs alors que les sels du tCtraphinylborate sont les seuk B tiiplacer les pics vers les hauts 
champs; ces resultats indiquent un type particulier de colnportemene desolvatation des iCtra- 
phenylborates dans ce solvant. 

[Traduit par le journal] 

Proton magnetic resonance which has been 
used to investigate the solvation behavior of ions 
in aqueous solutions (1-4) has bcen extended to  
non-aqueous media as well (5 ) .  Recently 1,3- 
dimethylethyleneiirea (DMEU) has been investi- 
gated with regard to  somc of its fundamental 
properties (0) and to the behavior of electrolytes 
therein (7, 8). It was found that DMEU is a 
solvent of high polarity (4.09 in dioxane) (9), 
moderately high dielectric constant (37.6 at  
1 MHz) (6). and possesses good dissociative 
power towards electrolytes, comparable to that 
of hr-methyl-2-pyrrolidone and methanol. Par- 
ticularl!~ interesting kvas the property that sodium 
and potassiu:~~ salts were isoconducting in 
DMEU (7). Therefore further study into the 
nature of solvation in DMEU was indicated. 

cipitates were thoroughly washed with deionized water, 
dried, and recrystallized from acetone with water por- 
tions. All salts were finely ground and dried in the 
appropriate manner (5, 7, 10). 

DMEU was freshly prepared as previously described 
(6) and had a specific conductance of about 5 X 
ohm-' ~111-1.  

Measurenzetzts 
Chemical shift data were obtained using a Varian A-60 

nmr spectrometer. Tetramethylsilane ( 5 ' ; )  was used as an 
internal reference from which peak shifts were calculated. 
Since an internal reference was used. no bulk diamagnetic 
correctio~s were applied (11). Shift data were repro- 
ducible to t 0.3 Hz or 0.005 ppm. 

Results and Discussion 

A number of alkali halides, tetraalkylam- 
monium salts, and multivalent salts have been 
investigated in aqueous solution (1, 12). It was 

Experimental observed that a downfield (negative) shift of the 
water peak could be associated with a polariza- 

Salts arzd Solcent tion of the oxygen atom which withdrew electron 
Lithium and ammonium perchlorate (G. Frederick 

Smith) were used without further purification. Sodium (deshielded) from the The 
perchlorate (Fisher), ammonium thiocyanate (Baker opposite occurred when electron density was 
Analyzed Reagent), sodium and potassium thiocyanate increased around the h:y.drogens cal-isin an up- 
(Merck), sodiuin and ainmonium iodide (Baker Analyzed field (positive) shift. Small ions (therefore greater 
Reagent), were recrystallized from acetone with ether. 
Potassium and ammonium tetraphenyiborate were syn- charge density) for example had a more polar- 
thesized from aqueouc solutions equiri2oiar in sodium izing effect On the Oxygen as did multivalent 
tetraphenyiborate and the appropriate iodide. The pre- cations; 01' in a decreasing order of positive 
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R Riclnle 
0 3Me20x 

N-CH; DMEU 

FIG. 1 ,  Structures of 3-methyl-2-oxazolidone and 1,3- 
dimethylethyleneurea. 

shifts: LiI > NaI > KI. Similarly, the effect of 
anions of smaller size can be seen bj, the follow- 
ing order of positive shifts of the kvater peak: 
NaCl > NaI. The shift in water \vas said to be 
due to (a) the breaking of hydrogen bonds f a  ion 
solvation which would increase electron density 
around the protons and,  (6) polarization of the 
oxygen atom, which deshields the protons but 
also allows these now 'more positive' protons to 
more strongly interact with the anion. What is 
observed then. is an  overali effect on the chemical 
shift (1 ,  12), as the shift dra~vs  contributions from 
ion-solvent interaction as well as changes in 
solvent structure (13, 14). 

Non-aqueous media, such as the N-substi- 
tuted-2-oxazolidones previously studied (5) and 
DMEU, often d o  not have hydrogen bonding to 
any significant extent, but ions d o  have to  break 
dipole-dipole interactions in order to be solvated. 
DMEU and 3-methyl-2-oxazolidone (3Me20x) 
have available two and three sites, respectively, 
for ionic interactions. DMEU can interact 
through the carbonyl and nitrogens while 
3Me20x possibly could interact through the 
etherial oxygen as well (Fig. i). 

The chemical shift data for the salts studied in 
DMEU are summarized in Table 1. A compari- 
son of shifts (5) for a given salt in DMEU and 
3Me2Ox indicates that the shifts, v,hether nega- 
tive or positive, zre generally greater in 3Me20x. 
The trend for both solvents is that the N-methyl 
protons are shifted to a lesser extent than sre the 
4 and 5 position methylene protons. 

For  a given anion, the shifts in DMELJ appear 
to  remain relatively the same, that is, t o  within 
about 0.01 ppm. For example; sodium, potas- 
sium, and ammonium tetraphenylborates have 
approxi~nately the same shifts. This same trend 
also is noted for 3Me20x (5). Perchlorate and 
thiocyanate salts for a siven cation also are gen- 
erally the same, a result not seen for 3Me2Ox. 

The sodium iodide shif?s were Eound to  be the 

AND CARUSO 

1 

FIG. 2. Plot of the change in chemical shift (pprn, 6) us. 
concentration of tetraphenylborate in DMEU. 

most difi'erent with respect to the corresponding 
perchlorate and ibiocyanate salts in both DMEU 
and in 334e20x. It was observed that  iodide 
solutions in~mecliately yellowed in DMEU as 
they do in tetramethylurea and tetraethylilrea 
(7, 10, 15). Iodidei do not discolor 3Me20x 
solutions to a n j  extent. The processes whereby 
this discoloratioi~ proceeds still need to  be 
investigated, and may oFer some explanation as 
to the difrerence i n  so l~~ i ions  noted for the iodide 
salts. 

As seen for the liquid oxazolidones (51, the 
tetraphenylborates cause an upfield (positive) 
shift of the DMEU peaks suggesting that the 
tetraphenylborate aniori causes unusual solva- 
tion effects res~~l t ing  in iincreased shielding of the 
so!vent protons. A con~pleee explanation of this 
behavior ui!i reyuire Further study. These shifts 
are csmparabie to those seen for 3Me2Ox (5).  

Previous authors have pointed out that peak 
shift should be a iiriear fur:ction of concentration 
untii the solvent :~:oIeci~le is shared by more than 
one ion (5. 16). A linear piot of the change in 
pzak shift uc. concentration of salt as seen in 
Fig. 2 is typical of salts studied in LdMEU at  the 
concentrations used in this study. 

Conclusion 

It  appears likely that in DMEU the electro- 
lytes investigated are either completely dissoci- 
ated or form solvent separated ion pairs as 
siiggested by conductance measirrements (7, 8). 
Clearly, the tetraphenylborate anion shows a 
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CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Proton magnetic resonance ('H) shift data for salts in DMEU* 

Concentration 
(N-CH,) -4CH212- 

(MI 8 (ppm) A6 (ppm) 6 (ppln1 A6 (ppm) 

NaBPh4 
f-0.105 
$0.060 
$0.023 

KBPh4 
$0.098 
$0.040 
+0.010 

NH4BPh4 
f0.095 
$0.038 
+0.000 

NaSCN 
-0.017 
-0.007 
-0.005 

KSCN 
-0.017 
-0.012 
-0.002 

NH4SCN 
-0.023 
-0.012 
-0.002 

LiC104 
-0.032 
-0.008 
-0.008 

NaC104 
-0.022 
-0.013 
-0.007 

NH4CI04 
-0.020 
-0.013 
-0.012 

Nal 
-0.032 
-0.013 
-0.002 

N H ~ I  
-0.027 
-0.013 

0.000 

'Shifts are gi\en with respect to tetramethylsilane as the reference and ppm are reported using the 
b scale. + indicates sliift touards TMS. - indicates shift away from TMS. 

distinctly different solvation behavior than do discolor the solution and may solvale in a more 
the other anions studied. The iodides, which go complex fashion. Linear plots for concentration 
through a possible charge-transfer process (101, of salt us. change in peak shift for all salts 
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ROSENFARB AND CARVSO 3495 

indicate that in DMEU, as with 3Me20x, the 
solvent molecule is not shared by more than one 
ion for the concentration range considered. 
Chemical shift results compare closely to those 
seen for 3Me20x. A smaller effect for the 
N-methyl shifts compared to larger shifts for the 
4 and 5 methylene groups may be due in part to 
the methyl groups which may partially block 
direct interaction of the cation with the nitrogens. 
Finally, DMEU, a moderately high dielectric 
solvent (37.6) (6), has shown similar solvation 
behavior to 3Me20x, a comparatively high 
dielectric (77.5) (17) non-aqueous solvent. 
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Surface and kinetic effects in gas chromatographic stladies of polystyrene 
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GREGORY J. COURVAL and DEREK G .  GRAY. Can. J. Chem. 54, 3496 (1976). 
Considerable variation in the measurement of polynier-solvent interactions using gc retention 

data may occur due to kinetic factors, surface excess concentrations of probe vapour, and non- 
linear partition isotherms. The kinetic factors. which appear as a flow rate dependence of the 
retention volume. are anal) sed in terms of a previously reported theoretical model for retention 
on polymeric stationary phases passing through the glass transition. The predicted linear extra- 
polations to zero flow rate are obtained for the retention of tz-tetradecane on polystyrene. The 
variation of this flow rate dependence with temperature and with the thicknesc of the stationary 
phase are also in qualitative agreement with the theory. A simplified model for the effect of 
loading on the retention diagram is presented. Non-linear absorption and bulk sorption iso- 
therms result in a dependence of retention volume on sample size, necessitating an extrapolation 
of the measured retention volumes to zero peak height. The temperature variation of the flow 
rate dependence, the effect of loading. and the effect of sample size on retention volume are all 
further complicated by uneven distribution of polymer on suplsort. From scanning electron 
micrographs of the beads it is evident that 'beading up' of the polystyrene on the glass surface 
may occur at low loadings, resulting in a non-uniform coating with large areas of the beads 
uncoated. It is concluded that in order to obtain reliable dava on polymer-solvent interactions 
using gas chromatography, all of the above-mentioned factors must be coniidered. 

GREGORY J. COURVAL et DEREK G. GRAY. Can. J. Chem. 54, 3496 (1976). 
11 peut se produire de grandes variations dans les rnesures des interactions polymkre-solvant 

en se basant sur des donnees de retention en cpg: ces variations proviennent de facteurs cine- 
tiques, de concentrations d'excks au niveau de la surfaces et d'isothernies de partition non- 
lineaires. On analqse les facteurs cinetiques, qui apparaissent par une dependance des volumes de 
retention sur les vitesses d'ecoulernent, en termes du modi-ie thiorique rapport6 anterieurenient 
pour la retention sur des phases stationnaires sous forme de polymkre passant h travers une 
transition de verre. Comme prevu, on obtient des extrapolations lineaires sur une vitesse d'Ccou- 
lement de r i ro  pour la retention de 11-tttradCcane sur du poljst!,rkne. La variation de la vitesse 
d'Ccoulement avec la temperature et avec i'epaisseur de la phase stationnaire est aussi en accord 
qualitatif avec la theorie. On presente un modkle simplifii de 19efTet du chargement sur le dia- 
gramme de retention. Les isothernies nonlineaires d'absorption et de sorbtion de masse con- 
duisent i une dipendance du v o l ~ ~ m e  de retention sur la grosseur de l'echantillon et ceci neces- 
site une extrapolation des volumes de retention niesurCs vers Line valeur nulle pour la hauteur 
des pics. De plus la \ariation avec la temperature dc la dependance de la vitesse d'icoulement 
ainsi que I'effet du chargenient et I'eiTet de la grosseur de l'echantillon sur le volume de retention 
sont conipliques par une distribution non uniforme du polymkre sur le support. A partir de 
n~icrographes obtenus par balayage Clectronique, on peut en conclure qu'il peut y avoir 
"perlage" du polystyrkne a la surface du verre a des chargements faibles et ceci conduit B des 
recouvrements no11 uniformes laissant de vastes portions des billes sans recouvrement. 011 en 
conclut que pour obtenir dei donnees fiables concernant ler interactions polymkre-solvant en 
faisant appel h la cpg. on doit considere tous les facteurs mentionnCs plus haut. 

[Traduit par le journal] 

Introduction measuring the time required to elute a low 

~h~ use of gas chromatography as a means of molecular weight vapour. The resulting retention 

studying polylneric materials is now well estab- volunle is a measure Of the P ~ ~ Y ~ ~ ~ - ~ ~ P ~ ~ ~  
lished (1). ~ ~ i ~ f l ~ ,  the experiment consists of interaction and various thermodynamic param- 

using the pol)mer under study as the eters may be calculated from this quantity. Most 

phase in the gas chromatographic column and of the work in this area has dealt with the inter- 
action a t  effectively infinite dilution of various 

IPresent address: The Glidden Company of Canada, vaPOurS with honlopolymers well above their 
Toronto, Ontario. melting points or glass transition temperatures 
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COURVAL AND GRAY 3497 

(2-9). Conder and Purnell (10-13) extended the 
gc method so that thermodynamic information a t  
finite concentrations of the vapour phase in the 
polymer could be determined. Their technique 
has been used by Brockmeier et ai. (14, 15) to  
measure solubility isotherms of several hydro- 
carbons in amorphous and semicrystalline poly- 
mers. The most recent development (16, 17) has 
been the extension of the gas chromatographic 
method to  three compoaent systems, where the 
stationary phase consists of a blend of polymers 
or a polymer-plasticizer mixture, in order to  
determine the interaction parameters betbeen 
the two components of the stationary phase. In 
addition to  the thermodynamic parameters de- 
rived from gas chromatography, the method has 
also been used to measure glass transition tem- 
peratures of polymers (2, IS), degrees of crystal- 
linity (19), and crystallization kinetics (20) of 
polyethylene, diffusion coefficients (21), and 
various surface properties (22, 23) of polymers. 

The calculation of thermodynamic interaction 
parameters from gas chromatography requires 
that equilibrium between the bulk stationary 
phase and the vapour phase be established 
rapidly, and that all retention mechanisms other 
than solution in the polymer should be either 
negligibly small or corrected for when deter- 
mining the true bulk retention volume. For 
example, it has recently been shown (24) that the 
adsorption of polar vapours onto the surface of 
polar polymeric stationary phases may in fact 
contribute quite significantly to the measured 
retention volume. An extrapolation procedure 
using columns with different surface-to-volume 
ratios of polymer was used in order to separate 
the bulk and surface components of the retention 
volume. When the establishment of equilibrium 
between the vapour and stationary phases is not 
instantaneous. kinetic factors which alter the 
retention volume may occur. Slow diffusion of a 
hydrocarbon probe through an amorphous poly- 
styrene stationary phase has been shown (25) to 
result in skewed, broad peaks and retention 
volumes which are lower than the true thermo- 
dynamically controlled values. This is particu- 
larly true in the region of the glass transition, 
where diffusion through the bulk of the polymer 
is extremely slow. Below the glass transition, 
where the probe vapour cannot penetrate the 
stationary phase, it has been proposed (2) that 
the retention in the column is due solely to  

adsorption onto the polymer surface. Thus in 
order to derive meaningful thermodynamic in- 
formation on the bulk polymer-vapour interac- 
tion, it is necessary to work ueli above the glass 
transition temperature of the polymer. However, 
even above the glass transition temperature, 
there may be an excess concentration of the 
vapour adsorbed at the polymer, vapour inter- 
face. This surface effect would be expected to  
increase as the surface-to-volume ratio of the 
polymer is increased, i.e. as the loading of 
stationary phase on the gc support is decreased. 
In a recent paper from this laboratory (26) it was 
shown how peak shapes and some of the kinetic 
phenomena associated with polymeric stationary 
phases may be predicted, a t  least qualitatively, 
both above and below the glass transition tem- 
perature by including a term accounting for 
surface adsorption in the basic conservation 
equation of gas chromatography. The purpose 
of the present work then is to examine in greater 
detail how surface effects and kinetic factors mav 
give rise to retention volumes which are not a 
true measure of the thermodynamic interaction 
between the probe vapour and the polymeric 
stationary phase, using as an illustration the 
retention behaviour of n-tetradecane on poly- 
styrene. 

Experimental 

The atactic polystyrene (Polysciences Tnc., mw 110,000) 
was coated onto 80-100 mesh glass beads from toluene 
solution by allowing the solvent to slowly evaporate, with 
constant stirring. The loading on each sample was 
determined by soxhlet extraction with toluene of a care- 
fully weighed quantity of the coated beads. The columns 
consisted of 0.25 in. 0.d. copper tubing and were ap- 
proximately 5 ft  in !ength. A summary of the column 
characteristics is given in Table 1. The average thickness 
of the coating was calculated from the geometric surface 
area of the glass beads, assuming even coverage of the 
polymer over the entire bead. Retention times for n- 
tetradecane (Quantltits, Polyscience Corp.) were measured 
on a FIewlett-Packard Model 571 1 gas chromatograph 
equipped with dual flame ionization detectors, using 
nitrogen as the carrier gas. Peak retention voiumes were 
corrected conventional!y for column dead volume and 
pressure drop (27). After each injection, the column was 
heated to approximately 190 "C in order to rid the poly- 
styrene of any last traces of tetradecane from the previous 
injection. 

Scanning electron micrographs of the coated beads were 
taken on a Stereoscan Mark 2A (Cambridge instruments 
Co.) microscope. Samples were coated with a thin 
(approximately 20 nm) layer of a gold-palladium alloy 
prior to their being placed into the microscope chamber. 
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TABLE 1. Characteristics of polystyrene columns 

Weight of Weight of Average stationary 
glass beads (g )  polystyrene (g) c i  loading phase thickness (pm) 

49.692 0.079 0.16 0.09 
42.358 0.256 0.59 0.33 
16.168 0.164 1.01 0.56 
25.618 0.721 2.74 1.52 
23.169 1.154 4.75 2.63 

Results and Discussion 

A qualitative comparison may be made be- 
tween the effects of flow rate, injection size, and 
column loading on the observed retention be- 
haviour of tetradecane on polystyrene and the 
predictions of the simplified peak shape equation 
derived in the previous paper (26). For conven- 
ience, we will outline the basis of the equation 
before dealing with its practical implications. 
Briefly, it is assumed that a gas phase concentra- 
tion of probe vapour c (mol ml) may be related 
to a bulk concentration q (mol g of stationary 
phase) and a surface excess concentration r 
(mol, cm2 of stationary phase surface) by 

where f i  and p, are appropriate partition coeffi- 
cients for the bulk equilibrium and the instan- 
taneously achieved surface equilibrium, and K is 
a rate constant for the approach to  bulk equi- 
librium. Using these relationships in the basic 
mass balance equation of chromatography, along 
with suitable boundary conditions, the vapour 
phase concentration (per mole of probe initially 
injected) may be derived as a function of the 
volume V of carrier gas passed through the 
column. At the column outlet this defines the 
shape of the chromatographic peak. 

+ exp Vb" 
-7- X 6(V - V, - V,) 

Here V,  = a.1, Vh = nz.l.p, V,  = s.l.P,, and p i s  
the carrier gas column flow rate where a is the 
gas phase volume per unit column length, 1 is the 
length of the colun~n, 177 is the mass of polymer 
per unit column length, and s is the surface area 
of the polymer per unit column length. I, is the 
first order modified Bessel function and 6 is the 
Dirac delta function. Thus the peak shape is 
expressed in terms of V,, which corresponds to 
the gc column hold-up volume, a retention 
volume V i  which characterizes the bulk inter- 
action, and a retention volume V, which charac- 
terizes the surface adsorption. For given values 
of these retention volumes, the chromatographic 
peak shape depends upon the value of the kinetic 
parameter K , p .  If the only slow process is the 
rate of equilibration of vapour in the bulk 
polymer, then according to the simplest theory 
of chromatographic rate processes (28) 

where D is the diffusion coefficient of the probe 
vapour through the polymer and y is the layer 
thickness of the polymeric stationary phase. 

As the rate of bulk sorption tends to zero, i.e., 
K -. 0, the above model predicts gc peak shapes 
which are characteristic of adsorption of the 
vapour probe onto glassy polymer surfaces. The 
peaks should have a sharp front and a sloping 
tail because of the kinetic effects of flow diffusion 
into the bulk polymer, and should be eluted with 
a retention volume independent of flow rate, at 

In Fig. 1, peaks for it-tetradecane on poly- 
styrene a t  77 "C are found to  correspond to  this 
model. Both peaks, at 4.767, (A) and l.O1yo 
loadings (B), are essentially identical in shape 
and show the same degree of peak spreading. 
(Peak spreading in this case may be adequately 
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COURVAL AND GRAY 3499 

e-. K \ 
Cd eXp { - ?(\K - dv - vm - KIzJ 
X 
t 
0 

The position of the peak maximum, V = V*, -- 
c may be obtained by differentiating this expression 
0 
s with respect to  Y and setting aC(Vj a&/ = 0. If 
C 
Q) we then write E = V* - (V ,  + Yb + Vs), where 
t a E thus gives the deviation of the peak maximum 
---+ from its equilibr~um value, then it may be s h o u ~ ~ i  

W that for E << Vb 
CT) z 3 

[71 E^V --P,/K B 2 
€0 
W or, substituting from [3] 
c 

[81 E a - QJ"i3 
cc 
P EfSect of Flow Rate on Retetltiotz Volrrme 

The measured retention volume is thus pre- 
8 dicted to  be less than the equilibrium value by an 

L amount u hich depends linearly on the flow rate. 
Q The effect of flow rate on specific retention 

volume is illustrated in Fig. 2 for the 1.01, 2.74, 
and 4.757, loadings a t  157 "C.  These results and 

0 2 4 6 8  those reported in other work (4, 29) show a 

TIME , min linear flow rate dependence and extrapolation to  

FIG. 1. Experimental peak shapes at 77 "C for n- 
tetradecane on polystyrene for the 4 .765 (A) and the 
1.01% (B) loadings. The flow rate was 20 ml/min. 

defined as the peak width a t  half height divided 
by the total retention time.) Thus the effect of 
loading on peak shape and spreading is seen to  
be negligible below the polystyrene glass transi- 
tion temperature, as would be expected if surface 
adsorption is the only retention mechanism 100 
operating in this temperature region; 

For sufficiently large values of K Y it has been Vg'CC 4-1'  

shown that [I] reduces to a Gaussian shaped 
curve with a peak maximum at 

Thus for thin layers of polymer, where diffusion 
of the probe through the polymer is rapid, no 50 

flow rate dependence of the retention volume is 
predicted. The effect of flow rate becomes im- 
portant as the value of K decreases from that 0 10 20 30 
which gives a Gaussian peak. When the kinetic O ( c c  rnin-' ) 
effects are not too severe, 121 may be rewritten FIG. 2. Specific retention volume us. flow rate for the 
as  1.01 (A), 2.74 (c), and 4.75 (0) loadings a t  157 "C. 
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zero flow rate thus should give the equilibrium 
retention volume. Although the flow rate de- 
pendence is h e a r  over the range of flow rates 
iwestigated, a more cornplex relationship be- 
tween retention volume and flow rate may exist 
at  very low Aou rates (81, possibly due to peak 
spreading mechanisms other than slow diffusion 
In the stationary phase (26). Nevertheless the 
very low flow rate dependence for the 1.01% 
loading suggests that the specific retention vol- 
ume at zero flow rate should be an accurate 
measure of the bulk polymer-vapour inter- 
action. 

Equation 8 also predicts that the slope of the 
line relatin2 retention volume to flow rate 
should increase as the square of the layer thick- 
ness. From Fig. 2 it is evident that the slopes do 
increase with layer thickness but calculations 
show that they increase as ('J,)'.~ rather than 
@IZ. This discrepancy is probably due to the fact 
that [3] was derived for a ~tniform coating of even 
thickness whereas, as hill be shown from the 
scanning electron micrographs, the real coating 
is far from uniform. 

The effect of flow rate on retention volume will 
also be temperature dependent, since the rate of 
diffusion of the vapour througi~ the polymer 
increases with increasing temperature. This effect 
is illustrated in Fig. 3, where the specific reten- 

6) 18 20 33 
W ( GC mrn-'1 

FIG. 3. Spec~fic retention volume rs. flow rate at 139.7 
(a), 484.9 (A), and 88.8 -C (5) for the 2.7dC, loading. 

FIG. 4. Expenmental peak shapes at  157-C for the 
1.0lCc ( A )  and 4.7jC, ( B )  loadings. The flow rate was 
20 ml/rmn. 

tion volun~e is shown as a function of flow rate 
for the 2.74% loading. Belo~v T,, the tetra- 
decane is adsorbed onto the surface of the 
polystyrene, a process which is assumed to 
achieve instantaneous equilibrium, resulting in a 
retention volume which is almost independent of 
flow rate. The effect of flow rate is seen to be 
greater at  139.7 " C ,  where diffusion through the 
polystyrene is very slow. At 184.9 "C the diffu- 
sion rate has increased to the point where the 
effect of flow rate is again small. From [8] it is 
evident that E, the deviation from equilibrium 
retention volume, should vary inversely with the 
diffusion coefficient D. An attempt has previ- 
ously been made to measure diffusion coefficients 
in polymers using the flow rate dependence of 
the peak width (21). However the dependence of 
E on D suggests an alternative method of 
measuring D by gas chromatography, that is, 
from the slope of the lines relating retention 
volume to flow rate. 

The rate of approach to bulk equilibrium will 
also affect peak shapes as well as retention 
volumes. In contrast to the peaks obtained at  
77 "C shown in Fig. 1, are those obtained at 
157 "C shown in Fig. 4. The peak for the 1.017, 
loading (peak A) is very sharp and narrow, 
indicating a rapid equilibration between the 
polystyrene stationary phase and the tetradecane 
vapour. On the other hand the peak for the 
4.757, loading is seen to be very much broader 
and skewed, with a long tail. This behaviour, 
suggestive of non-equilibrium partitioning of the 
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tetradecane, is undoubtedlv due to the thicker 
coating of polystyrene on the beads with the 
higher loading. The peak shapes obtained experi- 
mentally will not correspond exactly to the 
proposed model (26) for two reasons. Firstly, it 
was assumed when developing the theory that 
peak spreading was due solely to bulk inter- 
actions of the vapour with the stationary phase. 
I t  is well known hovyever that other peak spread- 
ing mechanisms, such as longitudinal diffusion in 
the column, can increase the width of the peak. 
Secondly. from an experimental point of biew, 
working at  extremely low attenuations on the gas 
chromatograph results in background noise from 
the detector and in baseline drift which ~ e r t u r b s  
the shape of the peaks. 

Effect of Loading on Reterztiorz Vollrme 
Changing the loading of polymer on a given 

weight of support affects t h o  parameters in 141. 
Firstly, the value of K increases with decreasing 
thickness, with the attendant changes in peak 
shape and peak retention volume discussed in 
the previous paragraph. Secondly, by altering the 
surface-to-volume ratio of the polymer station- 
ary phase, the relative magnitude of V, and Vb 
will be changed. Thus for a given weight of 
polymer, doubling the weight of support on 
which it is coated will approximately double the 
surface area (30) and hence V, will also approxi- 
mately double uhile Vb remains unchanged. The 
effect of altering the surFdce-to-volume ratio of 
the stationary pfiase is illustrated schematically 
in Fig. 5 .  If there is no  adsorption of the tetra- 
decant. onto the polystyrene surface, then V, = 0 
and the retention volume will quickly drop to  
zero as the temperature decreases towards T,. 
This effect is indicated by the dashed-and-dotted 
line. As the value of V,  increases, the total 
retention volume (solid line) will change as 
shown in curves I to IV, which represent in- 
creasing surface-to-volume ratios of stationary 
phase. It is evident that the discontinuity a t  T,  
decreases as the surface retention (dashed line) 
accounts for a relatively greater proportion of 
the total retention volume. In the limit of reten- 
tion due to surface adsorption alone, i.e., 
V b  = 0,  the discontinuity of T, would disappear 
completely, as would the change in slope of the 
retention diagram on going through the glass 
transition. Decreasing the surface-to-volume 
ratio also results in the maxima in the retention 

GLASS TWMSITIBN 

I / T  
FIG. 5.  .Model of specific retention volume cs. re- 

ciprocal temperature for the polymer glass transition. 
Solid line: total retention volume; dashed line: surface 
retention volume; dashed-and-dotted line: bulk retention 
volume. 

diagrams being shifted to higher temperatures, 
since thinner layers of polymer should allow 
bulk equilibrium to be achieved at  lower tem- 
peratures. 

It is assumed here that the heat of adsorption 
of the vapour on the polymer surface is the same 
both above and below T,. Although there is n o  
experimental justification for this, with weakly 
interacting probes and polymers the heats should 
be very close to the heat of vapourization of the 
pure liquid probe. A difference in the heats would 
appear as a discontinuity in the slope of the 
surface retention diagram at  Tg.  If the heats are 
the same above and below T,, the value of the 
surface component of the retention volume 
above T, may be determined by extrapolation 
from the region below Tg, where V* = V ,  + Vs. 
By altering the loadings and extrapolating to 
infinite loading, the bulk contribution should 
also be determinable (24). In the non-equilibrium 
region near Tg ,  it should be noted that for a 
given weight of stationary phase, a decrease in 
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I/T I Q ~ ,  M - I  
FIG. 6. Specific retention volume cs. reciprocal temper- 

ature for tz-tetradecane on polystyrene at loadings of 0.59 
( O ) ,  1.01 (n), 2.74 ( O ) ,  and 4.75T; (A). A11 retention 
volumes extrapolated to infinite dilution and zero flow 
rate. 

the layer thickness will produce an increase in V* 
through the effects on both V,  and K. 

The effect of loading on the specific retention 
volume of tetradecane on polystyrene, after all 
extrapolations to infinite dilution and zero flow 
rate have been made, is shown in Fig. 6. The 
discontinuity at  Tg is seen to diminish as the 
surface-to-volume ratio of the polystyrene sta- 
tionary phase increases, in agreement with the 
model presented above. The predicted shift to 
lower temperatures of the maxima in the reten- 
tion diagrams as the loading is decreased is also 
clear. In contrast with the 1.01 q, loading, which 
shows a sharp increase in retention volume at  T,, 
the higher loadings exhibit only a very gradual 
increase over a much wider temperature interval 
until about 170 " 6 .  Above this temperature these 
three retention diagrams coincide. It is clear then 
that as the loading increases, the measured 
retention volumes are controlled more by the 
kinetics of transfer of the probe vapour between 
the stationary and mobile phases than by thermo- 

dynamic interactions. I t  is only well above T,, 
where the peak retention volume is unaffected by 
kinetic factors, that V* = V,  + Vb + V, and 
the linear combination model illustrated in Fig. 5 
should be operative. The temperature a t  which 
this occurs will of course depend upon the 
nature of the probe liquid as well as the polymer, 
as alkanes with a iower n~olecular weight than 
tetradecane will be able to  diffuse more rapidly 
through the poiystyrene. In spite of these kinetic 
effects, a value of 51 & 5 kJ1n1ol for the infinite 
dilution heat of solution of n-tetradecane in 
polystyrene was calculated from the linear por- 
tions of the 0.59 and 1.01% loading data above 
T,. This value is in reasonably good agreement 
with other recently determined data (31). 

Although the retention diagrams for the 1.01, 
2.74, and 4.757, loadings all coincide at  tem- 
peratures greater than 170 "C, that of the 0.597, 
loading occurs a t  retention volulnes well above 
the others. It would appear then that in this case 
surface adsorption must be contributing a sig- 
nificant percentage of the total retention volume. 
By extrapolating the linear portion of the 
retention diagram below T, t o  higher tempera- 
tures, 26410 of the retention volume u a s  attrib- 
utable to surface adsorption for the 0.597, 
loading at  135 "C, compared to less than 4 7 ,  for 
the l.Olyi, loading. Thus the effects of loading on 
retention, as predicted in Fig. 5 ,  are found to be 
obeyed qualitatively. Very recently, Braun and 
Guillet (32) reported extensive experimental 
results for the retention of hexadecane on 
polystyrene coated onto Chromosorb, which 
also agree well with this model-for the effect of 
layer thickness on retention close to T,. 

Effects of Isotlzerrn Curvature 
A quantitative estimation of the surface and 

bulk contributions is rendered difficult, however, 
for two reasons. Firstly, the surface area of the 
polystyrene and its variation with loading are not 
well defined, as shown by the electron micro- 
graphs to  be discussed shortly, and as shown 
frorn the discussion of Conder et al. (30) on the 
effects of loading. Secondly, the model for 
retention behaviour is derived for linear partition 
isotherms (eq. 11, which implies that the retention 
volumes are independent of the size of the in- 
jected vapour sample. This condition is satisfied 
for infinitely dilute solutions of vapour in the 
stationary phase. Since of course a finite amount 
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COURVAL AND GRAY 3503 

FIG. 7. Speclfic volulne LS. reciprocal temperature for 
the 1.0lC; loadlng at fin~te injection size (c) and for 
retention volumes that have been extrapolated to infin~te 
dilution (C). Flow rate was 20 mllmin. 

of vaDour is introduced into the column a t  each 
injection, the effect of injection size on the 
measured retention volume requires considera- 
tion. In these experiments, several retention 
volumes were measured for different iniection 
sizes a t  each temperature and flow rate, and 
extrapolated to  infinite dilution. A comparison 
of the s~eci f ic  retention volumes extraaolated t o  
infinite dilution and those obtained at  finite 
injection size is shown in Fig. 7 for the l.Olm, 
loading. It is clear that the effect is much greater 
below-the glass transition temperature than 
above and that the infinite dilution retention 
volumes are less than the finite concentration 
values above T,, but greater below T,. The size 
of the injectionmay alter the measured retention 
volume for a variety of reasons (27), of which the 
most important for the polystyrene system are 
non-linearity of the partition isotherms (with 
p or p, no longer independent of c) and adsorp- 
tion effects on uncoated support. The small but 
significant increase in retention volume with 

Y 

increasing injection size above T,  may be due to  
a curved isotherm which is anti-kangmuir in 

form (concave away from the vapour pressure 
axis when sorbed vapour is plotted against 
vapour pressure) as has been observed for ethyl- 
benzene on polystyrene (14). The more pro- 
nounced effect below T,, where injection size 
causes a decrease in retention volunle, implies 
that the adsorption isotherm is of the often- 
observed kangmuir type. This behaviour has 
previously been observed for n-decane on both 
polystyrene coated glass beads and on solid poly- 
(styrene-co-divinyl benzene) beads (23). When 
kinetic effects are absent, the dependence of peak 
shapes and retention volumes on the amount of 
injected probe has been used to  determine ad- 
sorption isotlierms on polymer surfaces (22, 
23, 33). 

If the isotherm curvature is not too severe over 
the range of vapour concentrations used, then an 
empirical linear extrapolation to zero peak 
height may be used, as in the results presented 
here. Alternatively, measurement of retention 
volumes for a constant vapour phase concentra- 
tion, or preferably for a constant surface cover- 
age (3), may be made. However, in the current 
study, where K has finite values, the shape of the 
peaks is determined both by K and p,(c), a 
complex situation not covered by [6]. 

Distribution of Poljmer on Support 
If a portion of the glass bead is uncovered, a 

further complication arises in that a second 
adsorption isotherm should hold for the glass 
surface. Although it is generally assumed that 
the stationary phase forms an even and complete 
coating on the support, in practice such a coating 
does not exist. As the amount of polymer on a 
given weight of support decreases, 'beading up' 
of the polymer can occur, resulting in areas of 
uncoated glass beads being exposed to  the probe 
vapour. Although no specific interaction would 
be expected between tetradecane and the hydro- 
philic glass surface, adsorption onto the glass 
may obscure the shape of the peak or alter the 
apparent retention volume. This may explain the 
anomalous behaviour illustrated in Fig. 8 by the 
retention diagrams for the 0.16 and 1.0170 
loadings. In contrast to the other higher loadings, 
the minimum in the 0.16Yc retention diagram 
occurs at  about 120 " C ,  i.e. roughly 20" higher 
than the other loadings. The first deviation of the 
retention diagram from linearity on increasing 
the temperature has been shown to correspond 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3504 CAN. 1. CHEM. VOL. 54, 1976 

FIG. 8. Specific retention volume cs. reciprocal temper- 
ature for the 0.16% (o) and 1.Olff0 (S) loadings. 

quite closely with the glass transition tempera- 
ture of the polymer. Since it is not likely that the 
glass transition temperature of the polystyrene 
should change for the 0.167, loading, this dis- 
crepancy must be due to  either adsorption onto 
the uncoated areas of the glass beads, resulting in 
a relatively higher contribution from V, t o  the 
total retention volume, or to 'beading up' of the 
polystyrene on the glass beads, resulting in an 
effectively lower value of the kinetic parameter 
K, which would also decrease the retention 
volume. It may be noted that even when com- 
pletely covered, the solid support may still exert 
an effect on the retention behaviour of the probe 
due to  adsorption of the probe vapour onto 
active sites on the support surface. This will lead 
to  a dependence of retention volumes on sample 
size, in this case the larger errors are for the 
smallest injections (27). Obviously this situation 
should be avoided. 

In order to determine the degree of coverage 
of the glass bead support by the polystyrene, 
scanning electron micrographs of the glass beads 
with different loadings of polymer were taken. 
A comparison of the 0.16, 0.59, and 4.75% 

FIG. 9. Scanning electron micrographs of polystyrene- 
coated glass beads. Top photograph, 0.16", loading; 
middle photograph, 0.597, loading; bottom photograph, 
4.75% loading. The scale bar represents 40 pin. 

loadings is shown in Fig. 9. The beads with the 
0.167, loading are for the most part uncoated, 
with only small 'patches' of polystyrene on each 
bead. This 'beading up' erect  may account for 
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the discrepancy in the 0.167, retention diagram, 
due to  slow diffusion of tetradecane through the 
relative thick 'patches' of polystyrene. By in- 
creasing the loading to  0.59$;, the coating has 
become more or less uniform, although some 
areas of the bead remain uncoated. The bead 
with the 4.757, loading is completely covered 
with a relatively thick, but nonuniform layer of 
polystyrene. This last micrograph clearly shows 
where this bead was at one point attached by the 
polystyrene to another bead. Although the cor- 
responding area on the other bead would be 
uncoated, one can conclude that at this loading 
most beads are completely covered with polymer. 
Altogether, it is clear from Fig. 9 that the coating 
of polymeric stationary phases on glass bead 
supports may be far from complete and uniform. 
If this is the case with a low surface area support 
like glass beads, the coating should be even less 
uniform on higher surface area supports such as 
Chromosorb. 

That the apparent discrepancy in Fig. 8 is due 
t o  incomplete coverage of the support by the 
polymer is also indicated by the peak spreading 
data shown in Fig. 10. In this diagram, the 
spreading of the peaks (measured by dividing the 
peak width at half height by the retention time) 
for the 1 .O1 and 0.16% column loadings is given 
as  a function of reciprocal temperature. In both 
cases the greatest peak spreading occurs at the 
maxima in the retention diagrams, as expected. 
More importantly, it is clear that the temperature 
a t  which peak spreading starts rising (i.e. approx- 
imately 97 "C)  occurs at the same point for both 
loadings, even though the measured peak reten- 
tion volumes for the 0.167, loading are still 
decreasing at this temperature. Thus not only 
d o  these results agree with the explanation for 
the apparent discrepancy in the 0.16% loading 
data but they also support the contention (26) 
that it is the onset of peak spreading, not the 
minimum in the retention diagram or the first 
deviation from linearity, that signals the be- 
ginning of the glass transition in poiymers as 
determined by gas chromatography. 

An interesting comparison between these re- 
sults and the recent work of Lipatov and 
Nesterov (34) can be made at this point. In their 
experiments on the retention of hydrocarbons on 
polystyrene, an increase in retention volume 
above T, with decreasing loading was found 
when the coating of stationary phase on a glass 

FIG. 10. Peak spreading as a function of reciprocal 
temperature for the 1.01 ( C )  and 0.161 (o)  loadings. 

bead support b a s  less than 0.57 pm in thickness 
(calculated assuming even coverage). This result 
is in excellent agreement with our data. Lipatov 
and Nesterov also found an increase in the glass 
transition temperature when the layer thickness 
was less than 0.28 pm. These increases in T, and 
retention volume are attributed by these authors 
to a structuring effect of the polymer molecules 
in contact with the support surface, rather than 
to adsorption of the probe vapour onto uncoated 
areas of the support surface. This leads to  an 
apparent contradiction in their explanation for 
these two effects. The glass transition tempera- 
ture is said to increase with decreasing layer 
thickness because a proportionately greater num- 
ber of polymer molecules are in contact with the 
glass surface. These molecules require more 
energy to be set in motion than those away from 
the surface, resulting in a higher T,. However 
their explanation for the increase in V, with 
decreasing layer thickness is that the adsorbed 
layer has a looser structure than the bulk poly- 
mer, resulting in a higher solubility of the probe 
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vapour. It would seem that the two explanations 
for these effects cannot both be correct. None- 
theless it is reasonable that the structure of the 
polymer on the support should have some effect 
on gas chromatographic measurements. Indeed, 
it has recently been shown (35) that retention on 
poly(methy1 methacrylate) is dependent upon the 
type of solvent used to deposit the polymer onto 
the support. The essential problem remains as 
how to differentiate b e t ~ e e n  adsorption of the 
vapour a t  the polymer - mobile phase interface, 
the polymer-support interface, uncoated sup- 
port - mobile phase interface, and the effect of 
polymer structure for very thin layers of station- 
ary phase. These four factors are also criticall) 
dependent on the distribution of the coating on 
the support. In this work we have emphasized 
the effects of adsorption at  the polymer-mobile 
phase interface. It is clear that all adsorption 
effects must be accounted for before results can 
be interpreted in terms of altered bulk polymer 
structure in thin layers. A method of preparing 
very thin, even coatings of stationary phase on 
support is required and may be the basis for 
future work. 

Summary and Conclusions 

Non-equilibrium partitioning of the probe 
vapour, isotherm curvature and adsorption onto 
the stationary phase support have been shown to 
influence the measured retention volume. We 
may summarize each of these effects as follows: 

Flow Rure Effect 
Retention volume decreases linearly with in- 

creasing flow rate in accordance with [7]. An 
extrapolation to zero flow rate is required at  all 
temperatures, but the effect is most pronounced 
in the glass transition region. The effect of flow 
rate decreases with the decreasing loading in 
qualitative agreement with [S]. It is only at  
temperatures greater than 170 "C that the kinetic 
parameter K became sufficiently large to  allow 
bulk equilibrium to  be attained for the highest 
loadings used in these experiments. 

Eflect of Loacling 
When kinetic effects are not too severe, the 

effect of changing the amount of stationary 
phase on a given weight of support is seen to  
conform qualitatively to  the model presented in 
Fig. 5. At very low loadings, adsorption onto 

the uncoated glass bead support or 'beading up' 
of the polystyrene on the support may lead to  
retention volumes which are uncharacteristic of 
the polymer-vapour interaction, particularly in 
the glass transition region. 

Effect of Injection Size 
Due to isotherm curvature, it is necessary to  

extrapolate several peaks of different size to zero 
peak height in order to obtain retention volumes 
at  infinite dilution of probe in the stationary 
phase. This effect is much more critical below T, 
than above. The exact dependence of retention 
volume on injection size is determined by the 
curvature of the solubility and adsorption iso- 
therms. 

In brief, when using gas chromatography as a 
means of studying polymer-solvent interactions, 
it is necessary to determine the extent to which 
all of the above factors influence the retention 
volume, and not to  rely on a single series of 
measurements. It is clear that in any system there 
is always a balance between using high loadings, 
where kinetic effects are large but surface effects 
minimal, and low loadings where the opposite is 
true. The present system was chosen in order to  
emphasize some of the problems involved in 
using this method. By altering the experimental 
conditions, information on the nature of ad- 
sorption isotherms and the fundamental prop- 
erties of ultra-thin layers of polymers as well as 
bulk polymer-solvent interactions may be ob- 
tained using gas chromatography. It is clear 
however that other techniques are required in 
order to  fully understand these phenomena. 

NOTE ADDED IN  PROOF: In a recent paper, 
Braun and Guillet (36) also discuss the gas 
chromatographic behaviour of polymers through 
the glass transition. They present a model in 
which the bulk retention is divided into active 
and inactive fractions, whose magnitude depends 
on the rate of diffusion of the probe through the 
polymer. If a distribution of polymer layer 
thicknesses is assumed, then their model gives 
retention data generally in agreement with this 
work. However, their model offers no interpreta- 
tion of the changes in peak shape which occur 
at  the glass transition. 
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The reaction of steroid 2,4-dienes with aceQgilenaes 
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PETER YATES AND FRANCOISE M. WALLISER. Can. J.  Chem. 54, 3508 (1976). 
Reaction of 2,4-cholestadiene. 2,4-androstadien-17-one, or 3-trirnethylsiloxy-2,4-cholesta- 

diene with dimethyl acetjlenedicarboxylate or methyl propiolate in boiling xylene results in the 
cleavage of rings A and B and the formation of 4-(2-arjlethyl)-5-isoprope1iyl-7a-methyltetra- 
hydroindane derivatives. They are considered to  be formed via Diels-Alder addition of the 
acetylene to the steroid diene followed by a retro-Dieis-Alder cleavage of the resulting bicyclo- 
[2.2.2]octadiene system. Attempts to isolate the Diels-Alder adducts by carrying out the addi- 
tions at lower temperature were unsuccessful, since no reaction occurred. However, when 2,4- 
androstadien-17-one was treated with dicyanoacetylene in boiling benzene, it was possible to  
isolate a mixture of two stereoisomeric Diels-Alder adducts containing the bicjclo[2.2.2]- 
octadiene system in ring A :  this was converted in boiling xylene to a retro-Diels-Alder product 
analogous to the products obtained with the other acetylenic dienophiles. 

PETER YATES et F R A N ~ O I S E  M. WALLISER. Can. J. Chem. 54, 3508 (1976). 
La  rkct ion  du cholestadikne-2.4, de I'androstadikne-2,4 one-17 et du trimethylsiloxy-3 

cholestadiene-2,4 avec I'acetylknedicarboxylate de mithyle ou le propiolate cie methyle dans le 
xylkne bouillant conduit B une rupture des cycles A et B et a la formation de derives (aryl-2 
Cthyl>4 isopropenyl-5 methyl-7a tetrahydroindanes. On considtre que ces composCs sont 
form& par une addition de Diels-Alder de I'acetylene au diene steroi'dal, I'addition suivie par 
une coupure du type retro-Diels-Alder du sjstkme bicyclo[2.2.2]octadiene. Des essais en vue 
d'isoler les adduits de Diels-Alder, en effectuant des reactions d'addition a des temperatures 
plus basses, n'ont pas fourni les resultats attendus puisqu'il ne se produit aucune reaction. 
Toutefois, lorsque I'on a trait6 l'androstadiene-2.4 one-17 avec le dicyanoacetylkne dans le 
benzkne bouillant, on a pu isoler un melange de deux adduits stCrCoisomkres de Diels-Alder 
contenant le systeme bicyclo[2.2.2]octadikne du cycle A ;  celui-ci peut @tre transforme dans le 
xylene bouillant en un produit du type retro-Diels-Alder qui est analogue aux produits obtenus 
avec les autres dienophiles acetyleniques. 

[Traduit par le journal] 

Solo and his co-workers ( I ,  and earlier papers 
in this series) have made extensive investigations 
of the chemistry of bridged ring D steroids, ~ h i c h  
they prepared by Diels-Alder addition of dieno- 
philes to steroid 14,16-dienes. By contrast, 
steroids with carbon-bridged rings other than 
ring D have not been studied systematically, 
although a number have been prepared. Nagata 
and co-workers (2) obtained 2,5-ethano deriva- 
tives by ring closure of a steroid with a two- 
carbon unit a t  C.5, and Kocor and Kroszczynski 
have prepared a related derivative from a steroid 
with a two-carbon unit a t  C.2 (3). However, the 
method of synthesis most frequently employed 
has again been the Diels-Alder reaction ; cases of 
the application of this method to  give carbon- 
bridged steroids are given in Table 1 .  It may be 
noted that the yields of adducts are often low, 
except when the 1,3-diene forms part of a 1,3,5- 
triene system; this reflects the circumstance that 
there is frequently severe competition from 

ene-reactions, unless steric retardation of the 
Diels-Alder reaction is ameliorated bv the 
presence of an additional conjugated ethylenic 
bond (1 1). Thus, ergosteryl acetate (1) gives with 
maleic anhydride the Diels-Alder adduct 2 
(16Yc) and in addition three ene-products of 
type 3 (7). In some cases the ene-reactions occur 
to the exclusion of the Diels-Alder reaction; for 
example, 1 and dicyanoacetylene give only ene- 
products related to  3 (1 1). We now report on an  
investigation of the applicability of the reactions 
of steroid 2,4-dienes with acetylenic dienophiles 
to the synthesis of steroids incorporating a 
bicyclo[2.2.2]octadiene sjstem in ring A. 

2,4-Cholestadiene (4) failed to react with 
dimethyl acetjlenedicarboxylate in boiling ben- 
zene or toluene, but gave a 1 : 1 adduct in boiling 
xylene. The spectra of this product (Table 2) 
showed that it was not a Diels-Alder adduct of 
type 5, but demonstrated that it was 6 ,  derived by 
a retro-Diels-Alder cleavage of the bicyclo- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



YATES AND WALLISER 3509 

TABLE 1. Diels-Alder adducts from steroid dienesa 
p-- 

Diene D~enophile Yield ( 5 ) O  Ref. 

Ring A 
2.4-Cholestadiene 

1,3,5-Cholestatrien-?-one 

Ring B 
Ergosteryl acetate 
7-Dehydrocholesteryl methyl ether 
7-Dehydrocholesteryl acetate 

Lunlisteryl acetate 
9(11)-Dehydroergosteryl acetate 

Maleic anhydride 
Benzyne 

Tetrafluorobenzyne 
Maleic anhydride 

Maleic anhydride 
Tetrafluorobenzyne 
Methyl acrylate 
Acrolein 
Maleic anhydride 
Maleic anhydride 
Dicvanoacetvlene 

2(P) 
5,7,9(1 l>Cholestatrienyl acetate Maleic anhydride 77 12 

Dimethyl acetylenedicarboxylate 35 12 
Tetrafluorobenzyne 3 5 

903) 
Ring C 
6,8(14),9(11),22-Ergostatetraen-30-yl acetate Maleic anhydride 7 1 13 

QSee ref. 1 for ring D adducts. 
ha-Adduct, unless otherwise indicated. 
CPurity and  stereochemistry of product not established. 

[2.2.2]octadiene system of 5.  Its infrared (ir) and 
ultraviolet (uv) spectra showed the presence of 
the phthalate ester moiety (cf. dimethyl phthalate 
(14): A,,, 5.81 pm; X ,,, 225 (t  8300), 274 nm 
(t  1250)), and its proton magnetic resonance 
(pmr) spectrum showed that this moiety has  
substituted at a position adjacent to one of the 
carbomethoxy groups. The presence of the iso- 
propenyl group was shown by the bands at  6.05 
and 11.15 pm in its ir spectrum and the signals at 
6 1.68 and 4.80 in its pmr spectrum (cf. 2,3- 
dimethyl-1-butene: 6 1.68 and 4.77 (15)). The 
stereochemistry depicted in 6 is assigned on the 

basis of the expectation that the configuration at 
all centers in 1, other than C.10, will be retained 
in the product. 

The formation of benzenoid systems by the 
retro-Diels-Alder cleavage of bicyclo[2.2.2]octa- 
dienes has ample precedent, and, indeed, Eckhard 
et al. (5) have previously observed the formation 
of the related con~pounds 9 and 10 upon py- 
rolysis at 250 "C of the Diels-Alder adducts, 4 
and 8, of 4 with benzyne and tetraf uorobenayne, 
respectively. The failure to isolate the Diels- 
Alder adduct 5 in the present case is attributable 
to both the lower dienophilicity of dimethyl 

AcO AcO AcO 
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TABLE 2. Spectra of retro-Diels-Alder p rod~~c t s  6 and 13 and Diels-Alder 
adducts 21 

Spectrum 6 13 21 

aSolvents: 6 hexane; 13 MeOH; 21 EtOH. 
bSuperimposed on mult~plet. 

acetylenedicarboxylate relative to the benzynes dehydration of dehydroisoandrosterone (PI) with 
and the greater facility of the retro-Diels-Alder alumina,' was found to have the same reactivity 
cleavage of 5, relative to that of 7 and 8. 'In this case, unlike that of the dehydration of choles- 

2,4-Androstadien-17-one (12), prepared by terol, no 3,s-diene was formed. 
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YATES AND WALLISER 3511 

towards dimethyl acetylenedicarboxylate as 2,4- 
cholestadiene: it failed to react in boiling benzene 
or toluene, while in boiling xylene it gave a 1 : 1 
adduct, 13, analogous to 6. The structure 13 was 
again assigned on spectroscopic grounds (see 
Table 2) and was corroborated in this case by 
ozonolysis of the adduct to give the methyl 
ketone 14 (A,,, 5.78,5.85(sh) p ~ n ;  6 2.21 (s, 3H)). 

In the cases of the reactions of both 4 and f 2 
with dimethyl acetylenedicarboxylate, all at- 
tempts to isolate, or even detect, the Diels-Alder 

adducts that are considered to be the intermedi- 
ates in the formation of 6 and 13, respectively, 
were unsuccessful. In an attempt to facilitate the 
initial Diels-Alder reaction so that it might be 
carried out at a temperature below that which 
brings about the cleavage of the adduct, the 
reaction of dimethyl acetylenedicarboxylate with 
15, the 3-trimethylsiloxy derivative of 4, was 
inve~tigated.~ However, it was again necessary 
to heat the reactants in boiling xylene in order 
for reaction to occur, and the product, isolated 
after hydrolysis of the reaction mixture, was 16, 
an analogue of 6 and 13. 

We then turned to two other dienophiles. One 
was methyl propiolate; although electronic fac- 
tors make it a less reactive dienophile than 
dimethyl acetylenedicarboxylate, it was hoped 
that its reduced steric requirements might serve 
to compensate for this. In the event, reaction of 
methyl propiolate with 12 again had to be 
effected in boiling xylene and a 7:3 mixture of 
the two retro-Diels-Alder products 17 and 18 
was formed. These showed analogous spectro- 
scopic properties to those of 13, and were 
readily distinguished from one another in that 
the pmr spectrum of 17 showed two 2-proton 
multiplets at 6 7.35 and 7.85, while that of 18 
showed a 3-proton multiplet at  6 7.35 and a 
1-proton multiplet at 6 7.85. The ratio of these 
products is determined by the ratio of the inter- 

W i t h  a similar aim, 12 was treated with dimethyl 
acetylenedicarboxylate in the presence of aluminum 
chloride at room temperature (16) but only isomerization 
of 12 to its 3,5-isomer occurred. 
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mediate Diels-Alder adducts; the predominant 
formation of 17, derived from the meta adduct 
19, rather than 18, derived from the ortho adduct 
20, is attributable to the paramount influence of 
steric factors in determining the orientation in 
the Diels-Alder reaction (17). 

The third dienophile investigated was di- 
cyanoacetylene, whose reactivity was expected to 
be high on both electronic and steric grounds 
( I  I). Reaction of dicyanoacetylene with 12 could 
in fact be effected in boiling benzene to give a 
product whose elemental composition showed it 
to correspond to a 1 : 1 adduct and whose spectra 
(Table 2) were not analogous to those of the 
products obtained with the other dienophiles, 
but were in good accord with its formulation as 
the Diels-Alder adducts 21a and,'or 218. Its uv 
spectrum was very similar to that of the Diels- 
Alder adduct, 22, of dicyanoacetylene with 9(11)- 
dehydroergosteryl acetate (A,,, 214 (t  9900), 244 
nm ( 6  6875) (11)) and differed from that to be 
expected for the ene-reaction products 23 and 24 
(cf. 25 and 26 (1 1): A,,, 227 nm (t 13 100) and 
227 om ( 6  15 400), respectively) or for a phthal- 
onitrile derivative formed by a retro-Diels-Alder 
cleavage of 21 (cf: phthalonitrile (18): A,,,, 237 
(t  10 590), 276 ( 6  1 120), 280.5 ( t  16601, 299 nm 
(t 1700)). Its pmr spectrum confirmed the ab- 

sence of a phthalonitrile moiety, and showed in 
the 6 4-7 region only a 2-proton multiplet at  
6 6.05-6.65, assigned to the vinyl protons of 21 
(cf. 22 (1 1): 6 6.06 and 6.44 (AB system, J = 7 
Hz, 2H)); this spectrum also contraindicated 
structures 23 and 24, which would be expected to 
show signals corresponding to four vinyl protons 
in the 6 5-6 region. A I-proton multiplet at 
6 3.85 is assigned to the bridgehead proton in 21, 
and the two 3-proton singlets at 6 0.88 and 1.00 
are assigned to the C. 19 and C. 18 methyl groups, 
respectively, the former being shielded relative to 
the C. 19 methyl group in 12 (6 0.95) by a bridging 
ethylenic double bond. 

Although the recrystallized adduct 21 was 
sharp rnelting and could not be separated into 
the individual stereoisomers 21a and 2113, the 
complexity of the vinyl signal in its pmr spectrum 
suggested that it might be a mixture of 21a and 
21p. That this in fact was the case was demon- 
strated by hydrogenation of 21 over platinum at 
atmospheric pressure, which led to a dihydro 
product 27. As in the case of 22 ( l l ) ,  reduction 
occurred at  the disubstituted ethylenic bond, as 
demonstrated by the absence of a vinylic proton 
signal in the pmr spectrum of 27. The upfield 
region of this spectrum showed three singlets at 
6 0.86, 0.91, and 1.1 1, clearly indicating that it C
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YATES AND WALLISER 

was a illixture of stereoisomers, 27a and 27p, and 
that the original adduct was a mixture of the 
stereoisomers 21a and 21p. The dihydro product 
could be separated by crystallization into the 
individual isomers. The preponderant isomer 
showed methyl proton signals at  6 0.86 and 1.11, 
while the other isomer showed corresponding 
signals at  6 0.86 and 0.91, and each showed a 
1-proton n~ultiplet at 6 2.9, attributed to the 
bridgehead proton in 27. The latter isomer can be 
assigned structure 27B since one of its methyl 
signals is shifted significantly to higher field 
relative to the methyl signals of the other isomer, 
indicating that the residual ethylenic bridge is 
shielding the C. 19 methyl group and thus has the 
P orientation. The preponderant isomer is then 

27a, and the preponderant isomer of the adduct 
itself is 21a, in accord with previous observa- 
tions that preferential attack by dienophiles 
usually occurs from the a side of ring A and B 
steroid 1.3-dienes (Table 1). 

Further evidence for the assignment of struc- 
ture 21 to the mixture of adducts was provided 
bv the observation that when this mixture was 
heated in boiling xylene it was converted to a 
product whose spectra showed it to be the retro- 
Diels-Alder product 28, the analogue of 13. The 
same was formed when 12 and dicyano- 
acetylene were heated together in boiling xylene. 

Thus the Diels-Alder reactions of steroid 
2,4-dienes with acetylenes are not complicated by 
the occurrence of ene-reactions as in the case of 
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steroid 5,7-dienes,"uut suffer from another 
hazard, rapid retro-Diels-Alder reaction of the 
adduct under the conditions required for its 
formation. This drawback can be surmounted by 
the use of a sufficiently activated and sterically 
unencumbered acetylenic dienophile. Finally. it 
may be noted that the retro-Diels-Alder reaction 
of the adducts provides a simple method for the 
joint cleavage of rings A and B of steroids. 

Experimental 

Melting points were determined on a Fisher-Johns 
apparatus and are uncorrected. Infrared spectra were 
recorded with chloroform as solvent unless otherwise 
specified. Proton magnetic resonance spectra were re- 
corded with deuterochloroform as solvent. Organic 
solutions were dried over anhydrous magnesium sulfate; 
solvents were evaporated with a Biichi 'Rotovapor R'. 
Unless otherwise specified, chromatographic columns 
were prepared with silica gel (N.R. Grace, Davison 
Chemical Division, 100-200 mesh, ASTM D1319-61T, 
Grade 923) as solid phase. Preparative thin layer chroma- 
tography was performed on Quanta!Gram precoated 
20 X 20 cm2 silica gel plates (thickness 2 mm), activated 
for 15 min at 130 "C. 

2,4-C/zolestadiene (4) 
(i) Del~ydrafion of Clzolesterol (cf. refs. 5 .  20) 
A stirred mixture of cholesterol (20.0 g, 0.052 mol), 

freshly activated alumina (40 g, 0.40 mol, BDH Chemical, 
heated for 24 h at 600 'C), and distilled p-cymene (300 ml) 
was heated under reflux in a Dean-Stark apparatus for 
16 11. The cold mixture was filtered and the crude product 
obtained by evaporation of the solvent was crystallized 
from acetone to give a mixture (12.0g, 63C;) of 2.4- 
cholestadiene (4) and 3,5-cholestadiene. These were 
separated by chromatography on a silver nitrate im- 
pregnated silica gel colun~n, prepared as follows. Silica 
gel (100 g) was added to an aqueous solution (180 m!) of 
silver nitrate (25 g) and the slurry was stirred for 10 min 
in the dark; the water was evaporated, first with a water 
aspirator, then in an oven at 60 "C for 14 h ;  the silica gel 
was activated at 130 ' C  for 4 h and a colun~n (diameter 
2.2cm, height 35 cm) wrapped in aluminum foil was 
filled with this w/w 4:l silica gel - silver nitrate mixture. 
The mixture of dienes (864 mg) was placed on the colurnn 
in petroleum ether (bp 60-70 'C) and the column was 
eluted with this solvent (300 ml), giving a void first 
fraction. Elution with petroleum ether benzene (99: l v (v; 
300 ml) gave 3,5-cholestadiene (258 mg). The third fraction 
obtained by elution with petroleum ether - benzene 98:7 
v/v; 600 ml). contained a mixture of unidentified nroducts 

(450 mg), mp 65-66 "C (lit. (5) mp 66-68 "C); A,,,(hex- 
ane) 266 ( t  6000), 275 nm (E  5800) (lit. (5) A,,,,,,(hexane) 
266, 275 nm (E 6100)); A,,, 6.10 (w), 6.33 (w) pm; H6 
0.63 (s, 3H), 0.83 (s, 3H), 5.2-5.95 (m, 3H). 

(ii) Via C/zolest-4-en-3-or1e (cf. re/ 21) 
In a 100 ml three-necked flask fitted with a condenser 

and a magnetic stirring bar were placed cholest-4-en-3-one 
(22) (10 g, 0.026 mol), p-toluenesulfoi~ylhydrazine (4.85 g, 
0.026 n~ol). tetrahydrofuran (40 ml), and concentrated 
hydrochloric acid (3 drops). The solution was boiled 
under reflux for 6 h, dry benzene (25 ml) was then added, 
and tetrahydrofuran was distilled at atmospheric pressure 
(bp 66-67 'C). Tlle vapor temperature then rose to 70 "C 
and the benzene-water azeotrope was allowed to distil; 
the distillation \pas continued until the vapor temperature 
was ca 80 "C. The tosylhydrazone~ which was not isolated 
was identified by its ir spectrum (A,,,,, 6.13 (w), 7.30, 8.55 
pni). The solution was cooled in an ice bath and methyl- 
lithium in ether (1.82 .W; 33 ml. 0.06 mol) was added 
dropwise with stirring over a 30min period. The ice 
bath was renioued and water (30 ml) was slowly added. 
The mixture was extracted with ether and the extract 
was dried and stripped of solvent to yield 4 (5.2 g, 63r,), 
which was crystallized from acetone, to give material, 
mp 64-66 "C. 

Reacfiorl o f 4  with Dir?zer/~~*l Acer)lerzedicarboxj~late. 
Forn~arion of 6 

A solution of 4 (100 mg: 0.27 mmol) and dimethyl 
acetylenedicarboxylate (200 mg? 1.4 mmol) in xylene 
(3 ml) was boiled under reflux for 20 h. After evaporation 
of the solvent and the remaining dienophile (0.5 torr; 
80 "C)  a yellow oil was obtained. which was purified on 
preparative tlc plates eluted twice with benzene. The 
product was recovered with ether. The solution was dried 
and the solvent was removed to yield 6 (52 mg, 4Of';), 
which was crystallized from methanol; mp 66-67 "C; 
A,,,(hexane) 232 (t 8200). 281 (E  1800), 290 nm ( 6  1600); 
A ,,.< 5.76, 6.05 (w), 6.25 (w), 11.15 pm; " 6  0.73 (s, 3H), 
0.84 (s, 3H), 1.68 (s, 3H), 3.90 (s, 3H), 3.93 (s, 3H), 4.80 
(s, 2H), 7.2-7.5 (m. 2H), 7.7-8.0 (ni, 1H); m,'e 510 (6), 
478 (49). A~zul. calcd. for C33H5004: C 77.60, H 9.87; 
found: C 77.46, H 9.76. 

2,4-Androsfadie12-17-one 112) 
The diene 19. was prepared from dehydroisoandroste- 

rone (PI) following the same procedure as for 2.4-cholesta- 
diene (method i); 82 was purified by chromatography on 
neutral alumina (Woelm-Grade 11) using chloroform as 
eluent. The diene was recrystallized from chloroform- 
pentane (v/v 3:2) (yield: 51';); mp 129-130 "C (lit. (23) 
mp 134136 "C); A,n,,(CHC1,) 267 nm (E  6000) with a 
shoulder at 272-279 nm (lit. (23) A,,, 266 ntn (t 6200) 
with a shoulder at 271-275 nm); X ,,,;,, 5.75, 6.3 (br w) 
pm: 0.95 (s, 3H), 1.00 (s, 3H), 5.4-6.0 (m, 3H); m/e  
270 (100). 

(33 mg). ElLtion with petroleum ether - benzeie (97:3 Reaction 0162 with Dinzetl7jl Acetyle~ledicarboxylafe. 
v/v; 600 ml, and 9 5 3  v/v; 100 ml) gave 2,4-cholestadiene Formation of 1.3 
(4) (567 mg, 415).  Crystallization from acetone yielded 4 A solution of 12 (270 mg, 1.00 mmol) and dimethyl 

acetylenedicarboxylate (464 mg, 5 mmol) in xylene (5 mi) 
31t may be noted, however, that 2,4cholestadiene (4) was boiled under reflux for 20 h. After evaporation of the 

gives with dimethyl azodicarboxylate both a Diels-Alder solvent and the remaining dienophile (0.5 torr; 80 "C) 
adduct (205)  and ene-reaction products (165)  (19). a yellow oil was obtained, which was chromatographed 
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(ii) h7 Boiling Xylene; Forrnatiotz o f 2 8  
A solution of dicyanoacetylene (1.88 mrnot) in an- 

hydrous benzene (1.5 ml of a 1.25 A4 solution) was added 
to a solution of 12 (325 mg, 1.20 mmol) in anhydrous 
xylene (3 ml). The mixture was boiled under reflux under 
nitrogen for 16 h. After evaporation of the solvent, a dark 
brown oil was obtained, which was purified by chroinatog- 
raphy on a silica gel preparative plate with elution 
with chloroform to give 28 (150 mg) as an oil; A,,, 
4.60 (w), 5.80, 6.21 (w), 6.42 (w), 11.20 ( n ~ )  pm; H 6  0.96 
( s ,  3H), 4.82 (s, 2H), 7.4-7.8 (m, 3H): m ! e  346. 

Compound 28 was also formed in quantitative yield 
when a solution of 21 in xylene was boiled under reflux 
for 13 h. 

Hydroget~afiotz of 21. Forrnatiotf of 27a and 27P 
The adducts 21 (275 mg, 0.80 mmol) in ethyl acetate 

(50 ml) were hydrogenated at atmospheric pressure over 
platinum (100 mg) until 1 equiv. of hydrogen had been 
absorbed (22 h). After filtration of the catalyst and 
removal of the solvent, the dihydro product 27 was 
obtained as a colorless oil (230 mg, 83';;). Fractional 
crystallization of this from methanol gave the less soluble 
p-adduct (27p) and the more soluble a-adduct (2701) in a 
ca. 1 :3 ratio. Compound 27P had mp 238-240 'C; A,,,,- 
(EtOH) 242 nm (t 8000): A,,, 5.75, 6.23 (w) pm; 0.86 
(s, 3H), 0.91 (s, 3H), 2.90 (m, IH). Compound 27n had 
mp 226-227 ' C ;  X,,,(EtOH) 242 nm (t 8700); A,,, 5.75, 
6.23 (w) pm: H 6  0.86 (s, 3H), 1.11 (s, 3H), 2.9 (m, 1H). 
At~al. calcd. for C23H2@N2: C 79.27, H 8.10, N 8.04, 
mw 348.2202; found: C 78.58, H 7.95, N 7.94. nlie 
348.2202. 
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Chemistry of amido radicals: Stereochemical ccontsds In 
BH radical reactions1 
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T. C. JC)SEPH, JOSIAH N. S. TAM, MASAYUK! KITADANI, and YUAN L. Cr~ow.  Can. J. Chem. 54, 
3517 (1976). 

The acyclic amido radicals generated from the corresponding N-bromo.AT-iert-alkylamides 
reacted like ,?'-radicals, rather than 0-radicals, and preferentially abstracted a 6-hydrogen of 
the alkyl chain, rather than a r-iiydrogen of the acyl chain. On the basis that, in these amido 
radicals, the conforn~ation of the transition state of the hydrogen transfer is a five-membered 
ring and the stereoelectronic requiren~ent for the transfer demands a colinear arrangement of 
the radical containing orbital and the C-PI bond, the results are satisfactorily rationalized by 
the n electron configuration of the amido radicals. It is also established that the chain length 
of these N-bromoamide photodecompositions increases as the intran~olecular hydrogen transfer 
of the corresponding amido radicals becomes easier; the hydrogen abstraction step must be the 
rate determining step in the chain reaction. The spontaneous formations of r-iminolactones 
from r-bromoamides indicate that the intramolecular nucleopliilic displacement by the 0- 
center of the amido group is facilitated since its transition state conformation readily accom- 
modates the stereoelectronic requirements for the nucleophilic substitution. A colinear approach 
of thep-orbital of the more nucleophilic N-center to the rear side of the yC-Br bond is shown 
to be prohibitively strained. 

T. C. JOSEPH, JOSIAH N .  S. TAM, MASAYUKI KITADANI et YUAN L. CHOW. Can. J. Chem. 54, 
3517 (1976). 

Les radicaux amido acycliques, gknCrCs B partir des N-bromo N-tert alkylamides corre- 
spondantes, reagissent comrne les radicaux N-alkyles plutBt que comme des radicaux 0-alkyles; 
ils rkagissent prCf6rentiellement pour enlever un hydrogkne en 6 de la chaine aIkylCe plut6t 
qu'un hydrogkne en 7 de la chaine acylCe. En faisant l'hypothbse que, dans ces radicaux amido, 
la conformation de 1'Ctat de transition du transfert d'hydrogene est un cycle a cinq membres et 
que les conditioils stCrCoClectroniques pour le trarsfert demandent un arrangement colinCaire 
de l'orbitale contenant le radical et du lien C-H, on peut rationaliser d'une fason satisfaisante 
les resultats par la configuration Clectronique IT des radicaux amido. On a aussi Ctabli que la 
longueur de la chaine de ces photodkcompositions de N-bromoamides augmente B mesure que 
le rransfert d'hydrogbne intramolCculaire des radicaux arnido correspondants devient plus facile; 
I'6tape de l'enlkvement de l'hydrogene doit &tre l'ktape dCterminante dans la reaction en chaine. 
Les reactions spoi~tanCes de formation de r-iminolactones B partir de r-bromoan~ides indiquent 
que le dkplacement nuclCophile intramolCculaire par l'intermediaire du centre oxygCnC du 
groupe amido est facilite puisque la conformation de son Ctat de transition accommode facile- 
ment les demandes stCrCoClectrorliques de la substitution nuclCopbile. La tension provoquCe par 
une approche colineaire de l'orbitale p du centre azote, qui est plus nuclkophile, vers la face 
arrikre du lien -y-C-Br est prohibitive. 

[Traduit par le journal] 

In recent. years, the existence of anlido radi- (81, and reaction patterns (9-13). These results 
cals3 (RCONR') as transient reactive intermedi- have stimulated considerable interest in the 
ates has been demonstrated by esr spectroscopy chemistry of nitrogen-centered radicals (14, 15), 
(2-61, fiash photolysis (7), 13C-CIDNP studies which had previously not attracted as much 

attention as oxvren- and sulfur-centered radicals 
a" 

'Part of this work was reported in a preliminary (1b9 17). From the molecular orbital point of 
comniunication (see ref. 1). 

2Revision received June 22, 1975. view,4 alnido radicals are unique in that the 
3As I N D Q  ca~cu~ations show, nature of the and unpaired electron can be accommodated either in 

W' groups may modify the electronic configuration of 
amido radicals (4, 5). The present discussion will be 4Fhe ground state geometry of the N H *  radical has 
limited to those acyclic amido radicals in which R and R' been shown to be similar to the singlet CI-12 and has I1 
are alky 1 groups. eiectronic configuration (176). 
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the y-orbital or in the sp2-orbital of the nitrogen 
center, giving rise to II ( I )  and 2 (2) electronic 
configurations respectively (2-6). A priori, the 
ordering of the energy levels of these two con- 
figurations is not readily predicted since the 
energy resulting from promotion of one sp2 
electron (in TI radicals) to the p-orbital (to form 
2 radicals) and those from the delocalization of 
the unpaired electron and the pair of electrons 
in the p-orbital of arnido radicals are not readily 
estimated. While the B and II electronic con- 
figurations in the ground state of amido radicals 
are ultimately related to the reactivity of amido 
radicals generated by various methods, scarcity 
and uncertainty of published data do not permit 
a generalization at  the present stage. Hydrogen 
abstraction, both intramolecular and intermo- 
lecular, is probably the best established reaction 
pathway among the amido radical reactions 
(7-13). Addition of N-alkylamido radicals to 
olefins has been reported only recently (18, 19). 

The ground state electronic configuration of 
amido radicals has been a controversial question. 
The recent esr work by Danen and Gellert (2) is 
generally accepted as a definitive evidence in 
favor of a IT radical configuration for N-alkyl- 
amido radicals. This has led us to speculate that 
a II amido radical may react as an N-centered 
radical (1) as well as an 0-centered radical (3), 
whereas a B radical will react predominantly as 
an N-centered species (2 and 4). In view of the 
well recognized fact that intramolecular hydro- 

gen abstraction generally occurs at  the fifth 
position from the radical center (20-22), an 
amido radical may functionalize the alkyl side 
chain at  the 8- or &position depending on the 
0- or N-radical character. It is also desirable to 
establish the preference of hydrogen abstraction 
from the acyl and the alkyl side chains in anlido 

radicals since this information may shed light on 
the electronic configuration of the ground state 
of arnido radicals. We have studied the photo- 
decomposition of N-bromo-N-alkqlamides in an 
attempt to clarify the reactivities of anlido 
radicals. 

Results 

As the possible precursors for the generation 
of amido radicals, we had chosen N-bromo 
derivatives of N-alkylarnides as the model com- 
pounds rather than the N-chloro and N-nitroso 
analogues, on account of the relatively mild 
reactivity of the bromine atom, the resulting 
counter radical generated in the photolysis. The 
other two classes of compounds are less satis- 
factory; atomic chlorine is an aggressive hydro- 
gen abstractor (23), and nitric oxide leads to an 
undesirable mixture containing . NO2 and . NO3 
(9). The desired bromoamides were prepared by 
reacting tert-butylhypobromite with the parent 
N-alkylamides. The light yellow benzene solu- 
tions of the crude bromoamides were irradiated 
in a Pyrex flask with a medium-pressure Hanovia 
mercury lamp at room temperature. All pho- 
tolyses were complete in less than an hour as 
indicated by a negative KI test and the disap- 
pearance of the yellow color. In general the 
photolysate was evaporated and the crude prod- 
uct was examined by is and nmr spectroscopy 
and was worked up accordingly. 

As an exploratory step, N-bromo and N- 
chloro derivatives of N-alkylvaleramide were 
used as model compounds to study the modes of 
photodecomposition. The results are similar to  
those published by Neale et al. (13), who have 
concluded that the presence of an N-tert-butyl 
group markedly improves the chance of the 
intramolecular halogen-hydrogen atom exchange 
reaction. We also observed that photodecom- 
position of the corresponding N-chloramides in 
a Pyrex apparatus required an induction period, 
while in a quartz apparatus equipped with a 
Corex filter the reaction proceeded immediately 
and rapidly. 

Our general strategy was to generate an amido 
radical having comparable numbers and types of 
C-H bonds at suitable positions so that com- 
petitive intramolecular hydrogen abstraction 
among these positions could be observed. For 
this pwpose, photolyses of bromoamides 5, 9, 
and I 3  were carried out in benzene. The chemical 
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JOSEPH ET AL 

transformations are summarized in Scheme 1. 
Identification of the primary rearrangement 
products was greatly facilitated by the clean nmr 
spectra of the bromo compounds 6, 10, and 14, 
which exhibited a two ptoton singlet at  T 6.4 
region for -CH2Br. While bromides 10 and 14 
could be recrystallized, bromide 6 cyclized read- 
ily to the HBr salt of iminolactone 7 on heating 
in benzene. Judging from the clean nmr and ir 
spectra, the yields of the bromides were essen- 
tially quantitative. As a comparison, the N- 
chloro analogue of 9 was also- photolysed but 
gave only 127, of 10 (Br = C1) and a large 
quantity of the parent amide. It is pertinent to 
mention that owing to the presence of neighbor- 
ing quaternary carbon centers, hydrolysis of 

amide 11 was unsuccessful, and that of 7 
required prolonged heating in 4 N aqueous HC1 
solution. 

Although there are two suitably placed sets of 
hydrogens for abstraction by the N-centered 
radical and two by the 0-centered radical in 
the amido radical generated from 9, the results 
clearly showed that the hydrogens in the alkyl 
terminal were abstracted in preference to those 
in other positions. No trace of lactone 8 was 
obtained when the photolysate from 9 was 
treated with concentrated H2S04 In all cases 
studied, there was no indication that an O- 
radical was also abstracting the /3-hydrogen 
atom of the alkyl chain. Should such an ab- 
straction mode be operative, the resulting P- 
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bromides would generate complex nmr patterns 
that would be readily recognizable. 

The lack of 0-radical reactivity was further 
supported by failure to detect formation of 
oxazoline 17  (or bromide 16, X = Br) in the 
photolysis of bromoamide 15, where no ab- 
stractable hydrogen other than the p-hydrogens 
was available for 1,5-transfer. From this pho- 
tolysis a nearly quantitative yield of N-tert- 
butylacetamide was isolated. In view of the 
reported formation of oxazoline 17 in 37% yield 
in the photolysis of chloramide 15 (X = C1) (13), 
this photolysis was repeated under comparable 
conditions. In our experiments, the parent amide 
was isolated in >90y6 yield and oxazoline 17 
was detected by the nmr signal (13) at T 6.2 in 
< 10% yield. It is most likely that chloride 16 
(X = C1) is formed via an intermolecular hydro- 
gen abstraction by chlorine atom, but not by a 
genuine intramolecular pathway. In such an 
intermolecular hydrogen abstraction. it is reason- 
able to expect that the lert-butyl hydrogens are 
abstracted by the electronegative chlorine atom 
in preference to the methyl hydrogens (23). 

The photoinduced intramolecular bromine- 
hydrogen exchange reaction is obviously a free 
radical chain process, as shown by the high 
quantum yields of the photolyses (Table 1). The 
quantum yields were determined as described in 
the Experimental section, and corresponded to 
the averaged minimum chain length. While the 
degassed solutions of N-bromoamides decom- 
posed smoothly, undegassed solutions were slow 
to decompose, owing presumably to inhibition 
by oxygen. Clearly the chain length was longer 
where there was a facile hydrogen abstraction 
pathway, e.g.,  an intramolecular &hydrogen 
atom transfer from the alkyl chain. This observa- 
tion suggests that the intramoiecular hydrogen 

TABLE 1. Quantum yield determination 

Concentration 
( X  lo2 moI/l in 

N-Bromoamide benzene) Relative @ 

5 1.74 33.9 3.5 
13 1.40 131 13.5 
P5(X = Br) 1.44 9 .7  1 .0 

aThe averaged minimum quantum yields. 

abstraction process IS the rate deternuning step 
in the bromoamide decomposlt~on. 

An applicat~on of t h ~ s  1,5-hydrogen transfer 
reactlon during N-tert-but) I-N-bromoamide pho- 
tolys~s Lrias demonstrated in the synthesis of 
in~~nolactone 19 starting from 38-hydroxy-5- 
androsten-17-cnrboxylic acid (18) in 25YG overall 
yield The percentage yield of 19 was Improved 
to better than 6OC; starting from the correspond- 

ing N-tert-butylcarboxamide. The reaction se- 
quence is described in the Experimental section 
and consists of, in addition to the standard 
processes described above, the steps of bromina- 
tion to protect the ~I~.~-olef inic  bond and zinc 
debromination to regenerate the same double 
bond. Since the C-18 methyl and the C-17 
carboxamido groups are oriented nearly co- 
planar, both hydrogen transfer as well as the 
subsequent iminolactone cjclization process must 
be very- efficient. 

Discussion 
The experimental results described above 

establish tkvo salient points, namely, (i) that the 
N-alkylarnido radicals studied so far do not 
react as 0-radicals in intramolecular hydrogen 
abstractions, and (ii) that a &hydrogen of the 
alkyl side-chain, rather than a ?-hydrogen of the 
acyl side chain, is preferentially transferred to the 
N-radical center. The lack of 0-radical reactions 
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does not prove that the electronic ground state 
of an amido radical has the S conf ig~ra t ion ,~  
since spin densities and relative reactivities of the 
N- and 0-radicals in the IT configuration are yet 
unknown. Since only one set of nmr signals is 
observed for each bromoaniide. and. in addition. 
Corep-Pauling scale models predlct considerable 
steric hindrance between the t u o  alkyl groups, 
one ~ o u l d  expect that these groups uould have a - .  

trans configuration around the amido linkage. 
This would lead to  a 2 configuration for the 
'nascent' state of the amido radical, assunling 
that the molecular geometry of brornoarnides is 
not altered drastically during the decomposition. 
Since electronic reorganization can generally 
take place in much shorter times than bond 
formation or bond breaking, it is not mandatory 
that the amido radicals maintain this Z radical 
configuration during the course of the reaction. 
If the corresponding E electronic configuration 
corresponds to  the louer-energy species, then 
rapid relaxation to thls form would precede the 
chemlcal transformation 

From their esr stud~es,  Danen and Gellert (2) 
have concluded that the unpaired electron in the 
I1 anlido radical configuration is not extensively 
delocalized to the 0-center of the carbonyl 
group. It is therefore reasonable to assume that 
these alkylamido radicals, uhile possessing a IT 
configuration, must exhibit only weak 0-radical 
character. A IT configuration for the amido 
radlcals is also suggested by the INDO calcula- 
tions6 (4, 5 )  and the I3C-CIDNP experiments (8). 
Further, INDO calculations show that the energy 
level of a n  0-amido radlcal configuration is 
higher than that of the corresponding N-radical 
by 10-20 kcal moi (4. 5) .  

The observed preferential 1,5-hydro, oen trans- 
fer from the alkyl side chains is no doubt a 

51n a previous paper describing photoreaction of N- 
nitrosamides (24), we proposed transition states embrac- 
ing the principle of a :: electronic configuration for 
ground state amido radicals. This has led others (25) to 
interpret our subsequent publications (1, 9) on anlido 
radicals in a similar sense. We wish to state that our 
earlier proposal of Z radical transition states (24) was 
in error. 

61n the recent 59th conference of the Chemical Institute 
of Canada held in London, Ontario (June 7-9, 1976), 
Professor N. C. Baird has reported that by ab itzitio 
calculations the ground state of the HCOfiH radical has 
a R electronic configuration. These studies show that the 
n configuration possesses a lower energy than the 2 
electronic configuration by 11 kcal/mol. 

result of a favored transition state geometry of 
the hydrogen absiraction process in these amido 
radicals. For  the completely flexible acyclic 
amido radicals under consideration? the transi- 
tion state model of 1,5-hydrogen transfer as pro- 
posed for aminium radical (20) and alkoxy 
radical (21) reactions will be adapted. This transi- 
tion state model assumes that the six participat- 
ing nuclei can freely rotate around the C-C 
bonds to  give a favorable transition state con- 
formation in which the radical containing orbital 
and the C-H bond to be broken are oriented 
coplanar to one another and a t  the same time as 
close to colinear as the conformational variations 
allow. In other words, it is believed that the 
orientation of the reacting orbitals for a rnaxi- 
mum overlap (qf. 26: 27) is as important a 
controlling factor as the close proximity of the 
reacting centers. In the absence of any other 
contrary evidence, it is also assumed that the 
amido radicals maintain the IT electronic con- 
figuration, but the delocalizatioli energy of the 
unpaired electron in the nitrogen 11-orbital is 
very small as discussed previously. 

Based on these assumptions, the geometries of 
intramolecular hydrogen transfers from the acyl 
and alkyl chains in amido radicals are depicted 
in 20 and 21. By using Dreiding stereomodels, it 

can be shown that in radical 231 the C-N bond 
of the alkyl side chain can rotate freely to gain a 
near colinearity of the p-orbital at  the N-center 
and a C-H bond a t  the &carbon and,  therefore, 
can achieve a maximum overlap of the p- and 
s-orbitals. On the contrary, just t o  assume a 
coplanar conformation of the y-C-H bond of 
the acyl side chain and of the p-orbital at  the 
N-center requires the rotation of the aliphatic 
chain around the C-CO bond for nearly 90" as 
shown in 20; in this geometry the three reacting 
centers are much too far apart to effect the 
hydrogen transfer. A probable alternative is the 
rotation of the N-CO bond by breaking the II 
amido radical overlap .that should bring the 
reacting centers closer and into a near colinear 
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arrangement. The energy barrier to disrupt the 
II radical overlap is probably very small, but an 
amount of 2-3 kcal mol is sufficient to retard the 
?-hydrogen transfer of the acyl chain to  the 
extent that the 8-hydrogen transfer of the alkyl 
chain is the only process observed. These arzu- 
ments are further supported by failure to 
functionalize the acyl side chain in the photolysis 
(9, 12, 13) of N-nitroso-AT-methylcaproamide, 
and N-nitroso and N-bromo derivatives of 
N-methyl~aleramide.~ The corresponding amido 
radicals undergo a bimolecular elimination reac- 
tion to form the C=N bond, which is obviously 
a lower energy pathway than the intramolecular 
hydrogen transfer (7 ,  9, 13). 

This interpretation is also consistent with the 
increased functionalization of the ?-position in 
the acyl chain in N-halovaleramide photolysis 
when the N-methyl group is substituted with an 
N-tert-butyl group (13). No  doubt. inability of 
elimination to form the C=N bond in the latter 
case is a part of the reason for the increase. In 
addition, the severe steric repulsion between the 
N-tert-butyl and the carbonyl oxygen causes 
twisting of the tert-butyl group out of co- 
planarity. This distortion from the II electronic 
configuration helps the amido radical to attain a 
proper transition state geometry and further 
facilitates the hydrogen transfer as discussed 
above. 

While the observed amido radical reactions 

colinear overlap of the attacking orbital and the 
F* antibonding orbital of the breaking bond in 
the transition state. In the present case the amide 
group i~~traniolecularly displaces the bromide 
group from the 0-center rather than from the 
more nucleophilic N-center of the amide group. 
As the electron pair of the A'-center is located in 
the 11-orbital for delocalizat~on with the carbonyl 
group, a close approach in a near colinear 
alignment of the pair with the U* antibonding 
orbital of the y-C-Br bond must experience 
considerable strain in the transition state. This 
stereochemical constraint can be seen easilv 
from the model 20 since the stereoelectronic 
situations are very similar to those of the II 
radical hydrogen transfer but a much closer 
approach of the reacting centers is necessary in 
the nucleophilic substitution. In contrast the 
oxygen center of the anlido radical can use an 
electron pair in the sp2-orbital as the nucleophile 
which can assume a geometry that can satisfy the 
stereoelectronic requirements readily to displace 
the C-Br bond. The conformation of this 
transition state is essentially the same as that of 
a B anlido radical abstraction of a 7-hydrogen 
of the acyl chain. 

Experimental 
Melting points, determined with Fisher-Jones hot 

stage, were uncorrected. Unless specified otherwise. nmr 
spectra nere obtained in CDC13 solution with TMS 
internal standard with a Variasl A56/60. and ir soectra in 

have been rationalized by the fl electronic con- films or Nujol mulls with a perkin-p her 457'spectro- 

figuration, it is also necessary to examine photometer, and mass spectra with a Perkin-Elmer 
RMU-6E mass spectrometer at  the chamber voltage of 

applicability of the alternative B radical model 80 eV, Elemental analyses were performed by A, 
in which the unpaired electron is localized in the Bernhardt, Mikroanalytisches Laboratorium, West Ger- 
 orbital, instead of in the l~-orbital. As can be many. Uliless specified otherwise, nmr signals are singlet 

seen from ~ ~ ~ i d i ~ ~  the transition state with the number of the equivalent proton given in the 

conformations for the 1 -5-hvdroeen transfers to bracket. . c. 

the B amido radical center do not show any 
significant difference whether it involves a 7- 
hydrogen of the acyl side chain or a &hydrogen 
of the alkyl chain. A 2 amido radical therefore is 
not expected to generate the discrepancies ob- 
served in the 1,5-hydrogen transfers. 

Finally, the facile cyclization of bromide 6 to 
the hydrobromide of iminolactone 7 and other 
allied cases (13, 22, 28) requires a comment. 
Mechanistically, intramolecular nucleophilic sub- 
stitutions are comn~only recognized to require a 

'The corresponding N-chloro derivatives appear to 
undergo 1,5-chlorine-hydrogen exchangc reaction; the 
yields are, however, low (13). 

Material 
The parent amides were prepared by the reaction of 

tert-butylaniine or ter-t-octylamine with the necessary 
acylchlorides and were purified by distillation. The 
sodium hqpobron~ite solution was prepared according to 
the proced~ire provided by Professor C. Walling.8 To a 
cold (0 'C) solution of sodium hypochlorite (800 ml, 0.5 
mol) containing sodium bromide (51.5 g), tert-butyl 
alcohol (48 ml, 0.5 mol) and acetic acid (30 ml) were 
added to 0 "C. After shaking for 5 min at  0 'C, the 
product was extracted with CCLk (30 ml X 3). The com- 
bined CC14 solutions were washed with water (20 mi) and 
were dried over Na2S04 to yield a 0.85 M rert-hypo- 
bromite solution (1 10 ml) as determined by iodimetry. 

awe are grateful to Professor Walling for the informa- 
tion. 
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TABLE 2. Infrared and nrnr data of haloamides 

Nuclear magnetic 
resonance 

Haloamide Infrared (cnl-1) ( T  value)" 

UAll sigiials are singlet and the numbers of protons from intrgra- 
tions arc given in parentheses. 

0Spectl.a taker1 in CCLI. 
CSoiid a t  0 ' C .  

N-Chloro- a r ~ d  h'-Brotno-IV-~l/g~Icii?iides 
An amide (ca. 1 g) and the required volun~e of the 

a b o ~ e  hypobromite solution were agitated in a shaker for 
2 h at room temperature. Carbon tetrachloride was re- 
moved under bacuum to give a yellow solid of the bromo- 
amide. If the solid showed absorption at  3300 and 1550 
cm-1 regions the procedure was repeated. The ir and nmr 
data of the broinoarn~de are given in Table 2. The yolid 
without purification was used in photolyses. 

According to the published method, rerr-butylhypo- 
chlorite was prepared. An amide (1 g), teri-butylhypo- 
chlorite (100:; excess), and Na2C03 (10 mg) in CC14 (5 
ml) were refluxed for 2 h. The CCI4 filtrate was evaporated 
under vacuum to give a colorless liquid showing no ir 
absorption at  3300 and 1550 cm-I. The ir and nlnr data 
of the chloramides are given in Table 2. 

Photolysis of the Hulour?iides 
An AT-bromoamide (-1-3 g) in benzene (100 ml) was 

irradiated in a Pyrex apparatus under nitrogen with an 
H a n o ~ i a  medium pressure mercury lamp at room temper- 
ature. The progress of the photolysis was monitored by 
the disappearance of the yellow color of bromoamide and 
with a KT-AcOH solution test. The photolysis was 
generally over in le55 than 1 11. The solution was evap- 
orated to give the C-bromo compound. 

A quartz apparatus equipped with a Corex filter was 
used for N-chloramide photolysis which was carried out 
in a similar manner. 

Reucrion of AT-B1~orno-h~-teterb-byl-3.?-drnierliylb1rtarzo- 
amide (5) 

Bromoamide 5 (2.10 g) was photolysed in 1 h to give a 
crude product of C-brorno compound 6 (2.1 g); ir 3310 
and I640 cm-I; nmr T 8.78 (6), 8.58 ( 9 ,  7.90 (2), and 
6.33 (2). 

~ h e ' c r u d e  6 (1.6 g) was boiled briefly in benzene and 
the residue was recrjstallized from a CHC13-acetone 
(1 :3) mixture twice to give the hydrobromide of imino- 
lactone 7 (1.3 g); mp  196-198 'C; ir 1675 and 1530 cn1-1; 
nmr T 8.78 (6), 8.30(9), 6.60(2), and 5.43 (2). Anal. calcd. 

for CloH20NOBr: C 48.00, H 8.06, N 5.60; found: 
C 48.07, H 7.75, N 5.74. 

Free iminolactone 7 was liberated by a treatment of the 
HBr salt with Na2C03 solution and was extracted with 
CH2CI2. The residue was distilled at  120 "C '15 torr to  
give colorless liquid: ir 1708, 1145, 1010, and 1015 cm-1; 
nmr r 8.81(6), 8.75(9), 7.83(2), and 5.97(2); ms rnle 169 
(M+), 168, 155, 154 (loo:;), 114, 84, 57, 56, 43, 41. 

lminolactone 7 (600 mg) was refluxed in 4 N aqueous 
HCl (5 ml) solution for 24 h. The aqueous solution was 
diluted with water (15 ml) and was extracted with ether 
to give a residue (170 mg). The aqueous layer was further 
basified and extracted to  afford the recovered imino- 
lactone 7. The neutral residue was chromatographed on a 
silicic acid column (1.6 X 6 cm) in which clution with 
CHC13 gave a colorless oil. This oil was distilled at 110- 
112.5 "C/14 torr to give lactone 8 (113 mg): ir (CC14) 
1785. 1365. 1418. 1282. 1155, 1035, and 1020 cm-1: llmr 7 

8.58(6), 7.48(2), and 5.87(2); 1x1s rrr/'e 114 (hf'), 70, 56, 55. 

Reacrioi1 of N-Broinounlide (9) 
The parent amide, N-(1',11,3',3'-tetramethylbuty1)-3,3- 

dimetl~ylbutanoamide, was prepared from 3,3-dimethyl- 
butanoyl chloride and rerr-octylamine to give a white 
solid; ir 3330, 1640, and 1545 cm-I; nmr T 9.01(9), 
9.00(9), 8.58(6). 8.25(2), and 8.05(2). The amide (2.02 g) 
was brominated to give bromoamide 9 (2.95 g). Bromo- 
amide 9 (2.65 g) was photolysed in 20 min to give a solid 
(2.63 g) which showed a clean nmr spectra indicating the 
presence of < 5 ( ;  of the parent amide. The analytical 
sample of 10 was prepared by percolating a CHC13 
solution of the solid througll a silicic acid column and 
was recrystallized from acetone - petroleum ether mixture 
(1 :5) to  afford a white solid; mp 75-76 " C ;  ir 3360, 1640, 
and 1545 cm-1; nmr T 9.10(9), 8.89(6), 8.61(6), 8.13(2), 
8.07(2), 6.63(2); ms nl/e 307 (M+) 305, 225, 194, 192, 169, 
154, 112, 72, 58 (lOOC;). Atzul. calcd. for C14H28NOBr: 
C 54.89. H 9.21, N 4.57, Br 26.09; found: C 53.76, H 
9.01, N 4.71, Br 26.31. 

Bromide 10 (454 mg) and t-BuOK (256 n ~ g )  in tert- 
butyl alcohol were refluxed for 2 h. The residue (335 mg) 
isolated by a usual working up was chromatographed on 
a silicic acid column to afford pyrrolidine 11 (R = 
(CH3),CCH2-, 232 mg) as a colorless liquid; ir 1650 
and 1410 cm-1; nmr 7 9.00(9), 8.90(6)$ 8.55(6), 8.34(2), 
8.00(2), and 7.20(2); ms m e  225 (.M+), 210, 169, 154, 126, 
112> 71, 57, 55. Ar~nl. calcd. for C14H27NO: C 74.61, 
H 12.08, N 6.21 ; found: C 74.77, H 11.80, N 6.29. 

Pyrrolidine 11 was heated with 70y0 HzSO4 at 150 "C 
for 3 h. The usual work-up procedure gave a black tar 
and an 'acidic fraction' but no basic extract. The acidic 
fraction was shown to be pure 3,3-dimethylbutanoic acid 
as compared with the ir spectrum of an authentic sample. 

The pyrrolidine I1 (430 mg) in ether (30 ml) was 
reduced with LiA1H4 for 24 11 at  room temperature. The 
product was distilled at I2  mm to  give a colorless oil of 12 
(R = (CH3)3CCH2-3 270 n~g) :  ir 2770, 2810, 2865, and 
1361 cm-1: nrnr T 9.02(9). 8.89(6). 8.83(6), 8.67(m. 2). 
8.37(2). 7.60(n1,2), and 7.29(2). The picrate of 12 was 
recrystallized from aqueous methanol: mp 142-143 "C. 
Atial. calcd. for C ~ O H ~ ~ N ~ O ~ :  C 54.53, H 7.16, W 12.87; 
found: C 54.63, H 7.32, N 12.72. 

Reaciiot2 of N-Brornoar77ide 13 
The yellow solid of bromoamide 13 (2.4 g) was photo- 
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lysed for 1 h i o  give a crude product, the nmr spectrum of 
which was shown to contain < l o ( ,  of the parent amide. 
Recrystallization of the crude product from acetone- 
petroleum ether (1 :9) mixture twice gave uhite crystals of 
C-bromide 14: mp 83-83.5 "C; ir 3300. 3080. 1640, 1560, 
1365, and 1300 cm-1; nmr T 8.90(6), 8.61(6), 8.10(2), 
8.13(3), and 6.67(2): ms n71e 249 (M+), 234. 232, 192. 190, 
169, 154, 126, 114, 112, 100, 98, 73; 58. Anal. calcd. for 
C,,H:,NOBr: C 38.01, H 8.05, N j.60: found: C 50.71, 
H 7.97. N 5.34. 

C-Bromide 14 (518 n~g) ,  anti t-BuOK (235 mg) in te1.t- 
butyl alcohol here refluxed for 2 h. After usual work-up, 
it afforded a colorless iiq~iid (370 mg) which was chro- 
niatographed on a silicic acid column. The product 
obtained from CHC13 elution was distilled at 110 "C,'lO 
torr to give pyrrolidine 11 as a liquid (R = CK,: 146 
mg): ir 1530 and 1400 cm-I: nnir T 8.88(6). 8.58(6), 
8.30(2), 8.12(3), and 6.79(2); ms m e 169 (M-) 154, i ! 2, 
70, 55. Treatment of 1% ( R  - CH3) with SO ' ,  H2S04 in a 
water bath gave no other isoiable protluct than the 
pyrrolidine 11 (35';) and a hard tar. 

Pyirolidine 11 (R = CH3, 440 n ~ g )  in ether (35 mi) was 
reduced with LiAlH, for 24 11 at room temperature. Upon 
usual work-up, it afforclecl a colorless liquid of 12 (R = 

CH3, 317 mg): ir 1450, 1380, 1365, 1295. 1230, 1177: 
1160. and 1035 cm-1: nn!r T 9.02(6), 8.93(6), 8.93 (t, 
J = 7 Hz. 31, 8.48(2), 7.70 (q. J = 7 Hz, 2) .  Tlie picrate of 
12 (R = CH3) \\/as recr) staliized from aqueous methanol: 
ml? 128-130 'C. AIINI. calcd. for C16H~4Pd407: C 50.00 
H 6.29, N 14.28; found: C 50.14, H 6.24, N 14.62. 

Pi~otol~s is  of S-C/zloi.o-hr-1eri-oct~~Iacetn117icIe ( l 3 ,  
Br = Cl) 

The chloraniide in benzene (50 ml) was photolysed to  
give a crude product wltich was shoivn by its nnlr spec- 
trum to be a mixture of C-chloride 14 (Br = Cl) and the 
parent amide in the ratio of 1 :7. The C-chloride showed 
nmr singlets at 7 8.93(6), 8,28(2), 9.20(3), ant1 6.62(2). 

Photolj.sis of h'-Hc~lo-rert-b~i@lucera,nide (15) 
A degassed solution and undegasied solution of IV- 

bromoamide 15 (124 mg) in benzene (6 1111) &as irrudiazed 
sin~ultaneously for ! h. Titration with Na?S203 solution 
shovied that the ciegas:ed one was corllpletely decon~posed 
while only 10:; of the I-indegassed one was decomposetl 
under the same conditions. The degassed solution \\as 
distilled on a water bath to give a residue which showed 
an nmr spectrum identical with the parent arnicit.. 

A berzene solution (10 ml) of n'cliloroamide 15 
(136 n ~ g )  was irraciizteti through a Vycor filter to g i ~ e  a 
residue which showed tlie nmr peaks of the parent amide 
and a neak peak at T 6.20. The intensity of T 6.20 peaks 
is about 55; of that of the methyl peak of the parent amide 
at  r 8.13. 

Synrlzesis of li~riizoiuctone (89) 
Acetylation of 3p-hydroxy-5-androsten-17-carboxylic 

acid (0.9 g) was follo\ved hy treatments with SOClz and 
then reif-butjlamine. The crude amide was recrystallized 
from a petroleum ether - CH2Cl2 mixture to give the 
N-ter-t-butylamide (490 mg): mp 225-226 "C; ir 3420, 
1720, 1660, 1250; nmr 7 4.67 (m, 1H). 5.42 (m, IH), 7.98 
( s ,  3H), 8.65 (s, 5H), 8.98 (s, 3H), 9.30 (s: 3H). Anal. 
caicd. for C26t141N03: C 75.14, M 9.94, bf 3.37; found: 
C 75.01, H 9.74, N 3.49. 

The arnide was treated with bromine (190mg) in 
CHC13 (5 mi) for 1 11 at room temperature. The recovered 
solid was reacted uitli reif-hutylhypobroinide in CC14 
to  give a ycllow soiid (756 nig). The solid in benzene 
(42 mi) was irradiated under nitrogen at room temper.. 
ature for 1 h and the sol~ition was briefly lleated over a 
vrater bath. The so!\eut was remobed and the residue was 
heated with zinc powder (500 mg) in AcOH for 1 h. The 
crude product was talten up in CH2Clz (40 ml) and was 
washed uith NaHCOl solution. The cr~ide product 
exhibited ir absorprion at 1720, 1700, 1670 cm-1 and two 
rert-bi~tyl signali at T 8.5 and 8.9 in a ratio of 1:3. Silicic 
acid chromatography of this oil gave the A'-re/.!-butyl- 
amide (125 mg) anit i~~iiilolactone 19 (334 mg): mp 198.- 
202 'C; ir 1725, 1735, 124C cm-1: nnu r 4.97 (m, IH), 
5.53 (m, 1 s ) ;  6.17 (AB quartet, 3 = 9 Hz), 8.05 (s, 3H), 
8.87 (s, 9H), 9.05 (s, 3H). 

Qlicrrzrllr?z Yield Deternzii~~tioil 
Beilrene solution (5 1-11) of IV-bromoamides (approxi- 

rnateiy 0.01 3.1) were pipettcd into photolysis t ~ ~ b e s  and 
degassed. For actinometry poiaasium ferric oxala,te 
solction (0.006 M) was also placed in a tube (29). The 
tuber iverc placed in a rotatir~g platform and irradiated 
with a G.E. black light lamp (FCGTP,'BL) for 10 nun. 
The consuinption of bromoamide was determined with a 
1 ,  1000,V sodium thios~lifate solution titrarion. The 
actirlometric solution has  treated as reported and the 
light energy input was calculated to be 6.9 X 10-10 
einstein s-1 tube-1. The quantum yicld is given in Table 1. 
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A pulse Fourier transform equivalent of the homonuclear 
(proton-proton) mDOR experiment1 

KLAUS  BOCK,^ ROLAND BCRTOU, AUD L A U R A ~ C E  D. HALL 
Department of Chen~z~tr \, Uflr~eisztv of Brltrslr Colurnbra, Yurz(ou~ei ,  B.C , Canada V6T I W5 

Rece~ved May 25, 1976 

KLAUS BOCK, ROLAND BURTON, and LAURANCF D. HALL. Can. J. Chem. 54, 3526 (1976). 
A simple, selective pulse sequence has been developed whereby the equivalent of a continuous 

wave INDOR nmr experiment, can be performed in the pulse Fourier transform mode of 
operation. The advantages and limitations of this approach for proton nrnr studies are demon- 
strated with four samples, uridine (I), cytidine (2), vi:~y! acetate (3), and 2,3,4,-tri-0-acetyl-I ,6- 
anhydro-p-D-mannopyranose (4). The observed responses depend upon the flip angle of the 
monitoring pulse. A small flip angle (20-30") detects responses only for those transitions having 
an energy level in common with the perturbed transition, whereas a 90.-flip angle also results in 
responses froin those transitions which have an indirect connectivity relationship. 

KLAUS BOCK, ROLAND BURTON et LAURANCE D. HALL. Can. J. @hem. 54, 3526 (1976). 
On a dCveloppC une sCquence simple B pulsation sklective par iaquelle on peut elfectuer l'tqui- 

valant d'une experience rmn INDOR en onde continue dans le mode d'opiration de trans- 
formation pulsie de Fourier. On a dimontri  les avantages el les linlitations de cette approche 
par des Ctudes rmn du proton avec quatre exemples soit l'uridine (I), la cytidine (21, l'acetate 
de vinyle (3) et le tri-0-acCty1-2,3,4 anhydro-1,6 p-D-mai~nopyral~ose (4). Les rCponses observCes 
dCpendent de l'angle de "rupture" de la pulsation examinCe. Avec un petit angle de "rupture" 
(20-30") on detecte des rCponses uniquernent pour les transitions ayant un niveau d'Cnergie en 
commun avec la transition perturbCe: un angle de 'Yupture" de 90' permet toutefois d'obtenir 
aussi des rCponses pour les transitions qui ont une relation de connection indirecte. 

[Traduit par le journal] 

Introduction responses depend on the intensity of the moni- 

Multiple resonance nmr experiments have long 
provided ( I )  an invaiuabie aid to  continuous- 
wave (c.w.1 proton nmr spectroscopy and there is 
now a pressing need for the development of 
equivalent experiments which are compatible 
with the detection of resonances in the pulse 
Fourier transform (F.t.1 mode. We now describe 
a simple pulse nrnr experiment which is equiva- 
lent in many respects to the c .n . ,  proton-proton 
INDOR experiments (ref. 20 and for review 
articles, ref. 20). This study differs significanll) 
from previous experiments with heteronuciear 
systems (3) since, as predicted by Ernst and co- 
workers (4) and by Meakin and Jesson (51, both 
the number and the intensity of the observed 

toring pulse. 
We are aware of only three previous attempts 

to  perforni proton-proton ZNDOR experiments 
in the F.t. mode. Feeney and Partington (6 )  
described a hybrid experiment in v,hich a c.w. 
perturbing pulse was used and its effect moni- 
tored with a pulse of unstated duration in the 
F, t .  mode. More recently, Kushida er al. (7) have 
described a pulse experiment n;ore simiiar to  that 
described in this study. Unfortunately both 
reports were only in the form of 'preliminary 
comn~unications', giving no experimental details. 
We shall not refer to  either paper here. Since this 
manuscript ivas written. a further preliminary 
conlmunication has been published (8) in which 
INDOW-like responses were detected in the F.t. 
mode, using s r~za l l j i p  angles 0~114. The general 

'Part 9 of a series, "Applications of pulsed N.M.R. 
spectroscopy". For part 53 see ref, 12, A full account of this of those parallel given 
study was presented at the Canadian Chemical Confer- in this paper for snlall flip angles, but do not 
ence of the Chemical Institute of Canada. Toronto. Mav inclride the extra details concernin2 90°-Ri~ , * L 

25-28, 1975. angles which \ye describe. 
2Visiting Associate Professor at  U.B.C., 1974-1975. 

Permanent address, Department of Organic Chemistry, In a c.w. IWDOR experiment, a weak, 
The Technical University of Denmark. DM-2800, Lyngby, o b s ~ v i n g ~ ~  radiofrequenc). field (al) is used to 
Denmark. monitor the intensity of a single transition and 
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(Decoupler) 
8D 7 

Lei! BP BP 

V 

F t Pulse and 
Rece~ver 

PW AT PW AT PW AT 

Selectve Pulse 

Rece~ver Polarity - -k - 

PD 

FIG. I .  Flow sheet depicting the pulse sequences used 
to  elicit responses. The sequence in A gives the entire 
nmr spectrum and the transitions which have been 
selectively perturbed appear as a negative going peak. 
The sequence shown in 5 is the difference mode of 
operation in which only those transitions whose intensi- 
ties have been changed by the selecthe pulse are observed; 
ail others are effectively cancelled. It is necessary in this 
mode of operation to specify an even set of acquisitions 
and under these conditions tile transitions being selec- 
tively perturbed give positive going peaks, 6P = width of 
selective pulse; 6D = delay between selective pulse and 
F.t. pulse; P W  = width of F.t. (monitoring) pulse; 
A T  = acquisition time for F.I.D.; PD = Pulse delay 
(four times TI value). 

(Decoupler i n PD 1 
"J 

F t  Pulse and 
Rece~ver 

PW AT PW AT _[ii PW AT 

Recelver Polar~ty i- 4- 9 

then a second radiofrequency field ( w ~ )  is slowly 
scanned through the appropriate frequency 
range. A response is produced each time this 
frequency impinges on a transition which has an 
energy level in common3 with that transition 
being monitored. 

In the eauivalent Fourier transform exveri- 
ment, the transition to be 'monitored' is irradi- 
ated uith a 180" pulse4 provided in the form of 
a weak pulse of rather long duration (commonly 
0.1-1 .O s). This pulse inverts the spin population 
of the energy levels associated with that transi- 
tion and the effects of this perturbation on the 
transition probabilities and hence on the inten- 
sities of the observed transitions, are ~nonitored 
by a non-selective pulse in the ~lsual F.t. manner, 

3The so-called 'connectivity' relationship defined by 
R. Freeman and W. A. Anderson (13). 

4The total power of a pulse can be defined in terms of 
the number of degrees (or radians) through which it will 
tip the magnetisation vector (the flip angle); this is the 
product of the field strength ( y H j 2 ~  Hz) times the 
duration of the pulse ( .T) .  The longer the pulse used to 
produce a particular flip angle, the more selective will be 
the effects af that pulse. 

as sun~n~arized in Fig. 1. It has been predicted 
(4, 5) that for strongly spin-coupled homonuclear 
systems the observed responses depend upon the 
intensity (flip angle) of the non-selective, moni- 
toring pulse. For small flip angles (ca. 20") the 
intensities of the observed transitions should 
correspond closely to those which would be 
obtained from a slow-passage c . ~ .  experiment; 
for a 90"-flip angle the relative observed inten- 
sities may differ appreciably from those of the 
c.w, experiment. 

In this paper we shall discuss a series of experi- 
ments which illilstrate the scope of the above 
phenomenon in the context of proton nlnr spec- 
tra of organic molecules in solution. We shall 
also discuss the choice of a suitably selective 
180" p~llse and the effects of changing the delay 
time (6D) between the 180" pulse and the 
monitoring pulse. Our approach has been de- 
liberately directed towards practical aspects and 
no attempts have been made to quantitatively 
document our fir~dings.~ 

Results and Discussion 
In order to minimize any confusion arising 

from possible off-resonance effects of the per- 
turbing 180" pulse, a series of calibration 
experiments were performed with uridine (1): 

the norrnal 100 MHz rlmr spectrum is s h o ~ n  in 
Fig. 2A. Three different combinations of the 
duration (6P) and intensity of the selective 
perturbing p~llse bere chosen such that in each 

5A referee expressed concern that the 'leakage' model 
given later in this paper has no theoretical basis and com- 
mented that it "may prove inadequate if it is applied to 
spin systems that are more tightly coupled than those 
discussed in the present paper". We concur completely 
with both these reservations and emphasize that our 
mode! is not proffered as a substitute for a quantitative 
theory; nevertheless we have found that it provides a 
convenient rationale and we present it as such. 
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H-E 
I 

I I 

FIG. 2. Proton nmr spectra of uridine in dimethyl 
sulphoxide-d6 (0.1 M) measured in the F.t. mode using 10 
transients and a sensitivity enhancement factor of 1.5. 
A shows the normal spectrum monitored with a non- 
selective 25" pulse. The spectrum in B shows the effect of 
selectively inverting the high field transition of H-6 with a 
180" pulse (6P = 0.1 s, 94 dB) and then monitoring the 
effect of this perturbation using a non-selective 25" pulse 
(6D = 10 ms). In C the selective pulse has been positioned 
on the lower field transition of H-6. Note the changes in 
the intensities of the H-5 transitions. 

case a 180" pulse was produced. The frequency 
at  which this pulse was applied was varied in 
]I I-lz increments through the region of the H-6 
resonance and its effects on the intensity of the 
transitions of H-5 were monitored with a non- 
selective 90" pulse. The data obtained from these 
experiments are plotted in Fig. 3. It can be seen 
that even for a wulse of 0.10 s duration there is 
discrimination between the responses elicited by 
separately irradiating each of the two transitions 
of H-6. However, increasing the pulse length to  
0.3 s provides a better discrimination, with a 
plateau of cra. 3 Hz between the responses of the 
two transitions (JjV6 = S.3 HZ). There is a steady 
decrease in the percentage enhancement pro- 
duced as the duration of the selective pulse is 
increased such that the highest frequency selec- 
tivity used (Fig. 3 0 )  results in only a 20% 
enhancement cchpared to  the 55% obtained by 
the shorter, less selective pulse (Fig. 3A). This is 
almost certainly due to  relaxation during the 

FIG. 3. Plot of the normalized intensity of the two 
transitions of the H-5 resonance of uridine (I), measured 
as a function of the frequency of a selective 180" pulse 
located near to the H-6 resonance. The data for experi- 
ments A, B, and D were monitored using a 90" pulse 
whereas a 25' pulse was used for C. The duration of the 
selective 180" pulse was as follows: A, 0.1 s (94 dB); B, 
0.3 s (84 dB); C, 0.3 s (84 dB); D, 1.0 s (75 dB). 

pulse, since the s e l e c t i ~ e ~ ~  value of H-6 is only 
0.85 s (uirle irqru). Thus the selective TI values of 
the resonances of a molecule provide an  im- 
portant practical limitation to  the frequency 
selectivity with which an  individual experiment 
can be performed. 

The above experiments were repeated using a 

61f a resonance is relaxing exclusively via the dipole- 
dipole mechanism then the TI value measured by a selec- 
tive inversion experiment will be 1.5 times the Tl value 
obtained by a conventional non-selective TI measure- 
ment (9). 
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25" monitoring pulse and the results from one of 
that series is shown in Fig. 3C; the frequency 
selectivity was found to be essentiaily the same as 
that of the 90"-pulse experiments. This is hardly 
surprising since we are only dealing here with a 
two-spin system. 

Typical spectra from the above series of ex- 
periments, using a 25" monitoring pulse are 
shown in Fig. 2B and 2C. Although the changes 
in intensity of the H-5 resonance are easily 
recognized by visual comparison of the normal 
and selectively perturbed spectra, there are some 
advantages (uicle irfrn) in using a 'difference' 
mode of display. The pulse sequence used for this 
purpose is summarized in Fig. I B and in essence 
it simply normalizes the final display by sub- 
tracting a selectively disturbed spectrum from a 
normal spectrum. In principle, the only re- 
sponses in such a difference spectrum should 
arise from resonances that have been perturbed in 
intensity; the spectra of cytidine (2) which has 

some overlap of the PI-I' and H-5 resonances 
(Fig. 4) show that this can almost be realized in 
practice, but that some small additional peaks 
also appear due to some errors in the cancella- 
tion. We find that the efficiency with which any 
two spectra can be subtracted from one another 
varies somewhat, and we do not believe that the 
reasons for this are yet known. We have often 
found it advantageous to increase the delay 
period (6D) between the selective and the moni- 
toring pulse, but this is not invariably the case. 

Attention was next directed to vinyl acetate 
(3), which gives a well resolved ABX spectrum, as 
indicated in Fig. 5A and which has the added 
advantage that now the proton TI  values are 

H-B H-X 
;c=c / 

H -A 'OCOCH~ 

FIG. 4. The 100 MHz proton nmr spectra of cytidine 
in dimethyl sulphoxide-d6 (0.1 M). A shows the normal 
spectrum measured with five transients (90") and a 
sensitivity enhancement of 1.5. The spectra in B and C 
were each measured in the difference mode (Fig. 1B) 
using 20 transients (90") and a resolution enhancement of 
1.5 and 8D = 100 ms. In B a selective 180" pulse (0.3 s, 
84 dB) had been previously applied to the low field 
transition of H-6. In C, the high field transition of H-6 
had been inverted by the same 180" pulse. 

substantially longer than the length of even the 
most selective pulse. Several, completely sep- 
arate series of experiments were performed. 

The series of experiments shown in Fig. 5, and 
summarized in Table 1, all involved the applica- 
tion of a selective, 180" pulse to the upfield transi- 
tion of H-X (X4) but the duration of the monitor- 
ing pulse was varied from 72" to 18" (the effect of 
a 90" pulse is shown in Fig. 6B).  Several impor- 
tant points deserve comment. First, we note that a 
90" (or 72") monitoring pulse (Figs. 6B and 5B) 
elicits intensity changes from all of the H-A and 
PI-B transitions, whereas a pulse of flip angle 36" 
or less (Figs. 5D and 5E) only detects responses 
from those transitions having a direct connec- 
tivity relationship with X4. This is directly in 
accord with predictions (4, 5). It is interesting 
that the responses detected by the 18" pulse 
approximate very closely to the theoretical 
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TABLE 1. Normalized intensities of the H-A and M-B transitions of vinyl acetate (3) produced by a selective 
180" pulse (0.3 s. 84 dB) applied to the high field transition of the X part of the spectrum (X4) 

followed by sampling of the entire proton spectrum with a non-selec!ive pulse of different flip angle (0) 

A B 
Flip angle 

( 8 )  I 2 3 4 tCll10 1 2 3 4 i Clllo 

FIG. 5. Partial I00 MHz proton nmr spectra of vinyl 
acetate in chloroform-d solution (0.1 M ) ;  each spectrum 
was measured using a single transient and a sensitivity 
enhancement of 1.5. A shows the normal spectrum mea- 
sured with a 72" pulse and F shows the normai spectrum 
measured with a 18' pulse. The remaining spectra 
illustrate the effect on the H-A and H-B transitions of a 
selective 180' pulse (0.3 s, 84 dB) applied to transition 
X4. B was monitored with a 72" pulse; C with a 54" pulse; 
D with a 36" pulse; and E with a 18' pulse. The normal- 
ized intensities are shown in Table I. The peak marked " 
is the proton resonance of residual CHC13 in CDC13. 

threshold with two transitions Al ,  B1 having 
their intensity doubled whilst two others, A3 and 
B3, have decreased to zero intensity. This finding 
has important practical i~nplications since this is 

now the maxilnum intensity perturbation which 
is theoretically attainable and is clearly the most 
efficient way of eliciting INDOR-like responses. 

However, the practical situation is co~nplicated 
by the fact that any spectrum excited by a 20" 
&onitorinr pulse automatically has a lower 
intrinsic s~gnal-to-noise ratio than one excited 
by a 90" pulse. If this were a normal F.t. experi- 
ment, this loss of signal could be regained with 
no loss of time because it would be possible to 
decrease the pulse delay period ( P D )  and thereby 
to acquire more transients in a fixed period of 
time, Houever, the rate limiting step of the 
experiments described here is the recovery rate 
of the transition which has been selectively 
inverted, which still requires at least four times 
the selective (10) TI period for full reiaxation, 
regardless of the flip angle of the monitoring 
pulse. That factor, coupled with the fact that one 
would have to perform two experiments equiva- 
lent to that illustrated in Fig. 5E in order to 
obtain information concerning all eight of the 
H-A and H-B transitions, compared with a single 
experiment such as that shown in Fig. 6B, pro- 
vides two reasons why one might deliberately 
choose to monitor intensity changes, and hence 
INDOR responses, with a 90' pulse. One then 
has to contend with the fact that the observed 
intensity changes are not quantitative (i.e. double 
or zero), but that  is of little moment if one is 
predominantly interested in determining transi- 
tion f i rquei lc ies and, as we discuss below, even 
the intensity changes appear to show some 
degree of consistency. 

In the second series of experiments each of the 
X transitions was individually inverted in turn 
and the effects monitored with a 90" pulse. 
Typical spectra are shown in Fig. 6. In marked 
contrast to the results obtained using the ca. 20" 
monitoring pulse, we now note that in every case 
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I 

;<x 
1 1 1  

-.,- -- 

' I *  ,--.-' ; *- ----- -----.;; ,*. "' 

FIG. 6. Partial proton resonance spectra of vinyl 
acetate measured using a single, non-selective 90" pulse 
and a resolution enhancement of 1.5. The ncimal spec- 
trum is shown in A. The selective 180' pulse (0.3 s, 84 dB) 
was followed by a pulse delay of 10 ms. The spectra in B 
to E show the effect of seleclive!y inverting with a 180" 
pulse (0.3 s, 84 dB), in sequence, X4, X3, X2, or XI, 
T i c  spectrum in F gives the resslt of simultaneously 
inverting X3 an& X4 with a 180" pulse (0.1 s, 94 dB). The 
peak marked * is the proton resonance of residual CHC13 
in CDC13. 

all the transitions of H-A and H-B give re- 
sponses, and not only those having a direct 
connectivity relationship with the perturbed X 
transition. The experimental data are sum- 
marized in Table 2 where it will be noted that the 
induced intensity changes appear to follow a 
regular, internally consistent pattern; although 
the intensity of individual transitions varies from 
one experiment to another, the normalized sum 
of the intensities of each proton closely approxi- 
mate to unity, 

The explicit theory for the intensity changes 

observed in the above experiments involves the 
density matrix treatment (4, 5) and is beyond the 
scope of the present study. However, the internal 
consistency and symmetry of these changes 
(Table 2) were sufficient to prompt us to invoke 
a simplistic rationa.le. We must emphasize that 
we do not imply that this rationale has any 
mechanistic significance. 

The intensity changes summarized in Table 2 
are consistent with a model that starts with the 
inversion of the spin-states of one transition. 
This should lead to intensity changes only for 
these transitions which have a direct connectivity 
relationship; AFz = 2, the progressive-, and 
AF, = 0 the regressive-relationship. If, however, 
some secondary rearrangement of spin-popula- 
tions could occur as a result of 'leakage' from, or 
to, the initially perturbed energy levels, then all 
of the transition intensities would be changed, 
including those corresponding to AF, = 1. Hn 
Table 2 those secondary changes are represented 
by '6'; '26' is a symbolism for those transitions 
which have secondary changes for both energy 
levels. We do not intend to imply any precise, 
quantitative function associated with this sym- 
bolism and just intend it to be used as a con- 
venient short-hand to indicate the sense of some 
secondary perturbation. , . 

Consider, for example, the erTect of inverting 
the populations of the two energy levels associ- 
ated with X4 on transitions A2, A4. Leakage of 
spins (-6) from the now depleted lower spin 
state should result in an increase in the transition 
intensity of A2 with a concomitant decrease in 
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TABLE 2 .  Spin state diagram for vinyl acetate assuming J,, and JBx positive and J,, negative. 
Table shows normalized intensities (average for two experiments) provided by a selective 180' pulse 
(0.3 s, 84 dB) to the X transitions, XI ,  X2, X3, X4. The lower line shows the nor~nalized intensities 

produced by a seiective 180- pulse (0.1 s. 94 dB) applied iimultaneousiy to the X3 and X4 transitions. 
The table also shows the AF, values, including secondary population leakage (6), which is expected from 

these selective inversion experiments (see text). The total intensity of a given proton signal ( ~ [ I I o ) / ( C A F , )  
in the horizontal direction shows the experimental error whereas the same value in the vertical direction shows 

how regularly these secondary changes are produced 

the intensity of A4 arising from the increase (+ 6) 
of the population of the upper spin-state. At this 
stage we can return again to  the intensities of the 
AF, = 0 and AF, = 2 lines, and note that these 
too  show an additional symmetry; for example 
the B1 transition increases more than A l ,  and 
A3 decreases more than B3. 

Naive as it is, the above model offers a sjs-  
tematic rationalisation for all of the experiments 

we 'nave monitored using a 90" pulse. It has the 
additional advantage of being at  variance with 
fortuitous off-resonance effects and hence pro- 
vides some circumstantial evidence against the 
occurrence of those effects. Consider for ex- 
ampie, the effect which a selective 180" pulse 
applied to X3 has on the intensities of the other 
X transitions. Transitions X1 and X4 decrease in 
intensity more than X2: this accords with the 
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population leakage model but is inconsistent 
with an  off-resonance effect, which should induce 
a maximal change in the transitions nearer to the 
180" pulse, namely X I  and X3. 

An illustration of the utility of this model 
comes from some selective, double-inversion 
experiments. Simultaneous inversion of transi- 
tions X3, X4 gave the spectra shown in Fig. 6F 
in which the intensities of transiticns 131, A2 are 
identically increased, A3, A4 are identically 
decreased, and transitions BI ,  W2, B3, B4 are 
essentiaiiy unchanged in intensity from their 
normal values. Inspection of the energy level 
diagram immediately following inversion of X3 
and X4 shows that these changes are exactly as 
they should be; note that AFz = 1 for all the B 
transitions. Note too that even &he secondary 

population changes (6) are now such that the 
pairs of transitions Al ,  A2 and A3, A4 should 
have identical intensities, and should not exhibit 
the type of differentia! which was observed to 
accompany inversion of a singie X transition. 

The long, proton spin-lattice relaxation times 
for vinyl acetate enabled us to evaluate the effects 
of relaxation during the selective pulse itself 
(6P) and during the delay period (GD), on the 
intensity of the observed transitions; this was 
most readily studied by observing the changes in 
intensity of the A and B transitions produced by 
a 180" pulse applied to X4, as a function of the 
delay time (64. Monitoring by a 90" pulse 
showed that increases in 6D from 0.1 to 30 s 
resulted in a progressive decrease in the induced 
changes; importantly, however, there appeared 

to  be no clearly defined difTerentia! between the 
responses of transitions i~avi :~g AF, = 2 or 0 
and those with Airz = 1. As expected, a 20" 
monitoring paise showed a steady decrease in the 
response intensity with i~rcrease in 6D, but, no  
'leakage' into the AE', = 1 transitions was ob- 
served. 

In thc last section of this paper h.6: shall dis- 
cuss some experiixents which wer t  perfcraned in 
order to  see how the experimerlts described e tove  
fared in the context ohan orgailic molec~de of a 
more typical c~mplexity.  The n o r ~ l a l  proton 
spectrum of 2,3,4-tri-0-acetyi- i j6-ani?>'dro-/3-~- 
rnallnopyranose (4) is shown i3 Fig. 7A.  7'~2;/(j, 

k4 
4 

selecdive inversion expcriiiients wove n?onitoied 
with 90" pulse; selective Inversion CE either BI 
(Fig. 7B) or B4 (Fig. 7 C )  prodiiced substantial 
changes in the H-5 and B3-0 resonances. Without 
giving the full details here, these respor,ses were 
cornpietelj, consistent with the model discussed 
earlier; From the practical view;mint, the changes 
seen in the H-5 resonance are more readily inter- 
preted than those of tire experiment rnonilored 
wiih a 20" pl;!se, in which fewer tracsitions 
were a k c t e d .  

The experiment shown in Fig. 7@ shows the 
clarity \ ~ N I  which the different mode of opera- 
tion car1 be used to  deteir resocances a3d the 
special a.dvantage of a double inversion experi- 
ment; here irradiation of both o l  the lovi field 
transitions of H-2 has induced responses in ali of 
the transitions of 3 - 3 .  Note that H-l does not 
prod~ace a well defined response; this is as it 
should be since, as demonstrated for vinyl 
acetate, double inversion experiments have a 
special level of cont:oi. This poirit is further 
illustrated in Fig. 7E where sirr::.~!tiineoi~s iriildi- 
ation of transitions A3, 8 4  and sampling vzith a 
25" pulse only induces responses from all of the B 
transitions and causes no cha~igc at  all in the 
H-5 resonance. The experiincni: shown in the 
insert involves the seme double inversion, hut 
now using a 30" rnoi~itoring pulse, v;rrh display in 
the difTerence rnode; the general resemblznce to a 
c,w. INDOR spectrum is now remark~ble .  
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Fra. 7. Partial 100 MHz proron nmr spectra of 2,3.4- 
tri-O-acelyl-1,6-anh;r.dircr-~-~-r1?;innopyanose (4) in ben- 
zene-d6 sc;l.iition (0.2 M )  rnezsured with a single transient 
and a se~silivity enhai~cerrient factor of 1.5, A shows the 
noirnal spectram, B shows the eKect of invertiiig transi- 
i ~ o n  B! with a scli:ct~?e 1807 pulse (0.1 s, 93 dB), as 
monitored by z SC' p?alsc. C is the Yame experiment, but 
with selective 117:ersion of BA. The spectrum in D was 
obtained by selectively irradiating the two low field 
trargsiiions L'F 13-2 (0.1 s. 93 dB) and sampling the result 
with I9 trarisients (90- pulse) in the difPerence mode. Jn E, 
transitions A3, A4 were iimaiianeously inverted (0.1 s, 
94 dB) and the effecj. rnonjtored with two transients (25" 
pulse). The insert shows the saiile experiment measured 
with fo:x transients (9C3 pu!ce) in the difference mode. 

Conclusions 
7 

nhe Fourier transforr-$1 experiment described 
here should provide a po~rerf~ul tool for struc- 
tural studies of orgenic substances by K.t. nmr 
spectroscopy. The seieitive excitation using a 
180" pulse easures an  optimal ENDOR7 response 
--- 

'Another referee suggested the term YINDOM' only be 
applied to ttisse pulse expeeirnzr,ts rxhich are displayed in 
,the "difference' mode and again we concur with that 
suggestion. 

from the nuclei being studied and the fact that 
the entire experiment is computer controlled 
ensures that it can be applied with equal ease to 
dilute so!utions where repeated time-averaging is 
required. In this regard if is noteworthy that the 
ease with which frequencies8 and pulse widths 
can be selected is also very high: and further that 
the accuracy with which the 180" pulse is posi- 
tioned is not too critical. It is possible to monitor 
the effect of the perturbing pulse in either of two 
distincrive ways, each of which has some advan- 
tages. If a s~nal l  flip angle is used, less than 30" 
say. then onlj. transitions having a direct con- 
nectivity relationship ail! be detected, and it is 
necessary to  perform several separate experi- 
ments in order to determine all of the transition 
frequencies; however, the intensities of the 
observed transitions measured under these con- 
ditions are fiell defined. Alternatively, a 90"-flip 
angie can be used for the monitoring pulse and in 
this case all the transitions of any spin-coupled 
proton may be detected, a t  least in a three-spin 
system, which is a great advantage; although the 
observed intensities do not have a simple rela- 
tionship, a qrta1itatir;e assignment can be based 
on a simpIe model invoking the equivalent of 
secondary rearrangements of spin populations. 
In practice the experiment using a 90'-flip angle 
can result in a substantial saving of time since 
more responses are detected for each selective 
inversion experiment, and their signal-to-noise 
ratio is also higher. 

Responses detected by either pulse-length can 
be displayed in a 'difference' mode in which the 
spectrum which is actually plotted is normalized 
with respect to the unperturbed spectrum. This 
form of display is equivalent to that of a C.W. 
INDOR spectrum in the sense that a spin 
coupling is used as a type of 'nuclear filter' to 
remove all resonance'signals except those which 
are spin coupled to  the resonance being moni- 
tored. Although the residual peaks remaining in 
the difference spectra shown in Figs. 4 and 7 
indicate that this normalization procedure is not 
yet perfect, there is never any ambiguity as to  
which are the systematic responses. 

The advantages of this Fourier transform 
experiment over the c.w. INDOR experiment 
are numerous and varied. Besides the obvious 
ease with which these F.t. experiments can be 
performed and time averaged, the fact that the 

8A noteworthy development in this regard is that of 
tailored excitation (10). 
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intensity changes are excited with potentially 
100Tc efficient). ensures that these experiments 
have intrinsically high sensitivity. A fi~rther 
useful experiment which has no general c.w. 
counterpart, is the double (or multiplet) inversion 
experiment; here advantage can be taken both of 
controlling the bandwidth of a 180" pulse by 
varying the duration (6P)  of that pulse, and also 
of applying several such pulses to  completely 
separate regions of the nmr spectrum. The 
experiments which we have performed are in 
complete qualitative agreement with the predic- 
tions of Ernst and co-workers (4) and Meakin 
and Jesson ( 5 ) ;  h e  have made no attempt to  
quantitate our findings and feel that any such 
attempts would require considerably more time- 
averaging than that required for our experiments. 

Experimental 
All nmr experiments were performed with a Varian 

XL-100 (15") instrument fitted with a Varian 620 L (16K) 
computer and a Linc Tape (model C0600). Modifications 
were made to  the Varian Fourier transform programme 
(994100-D/X-2) to enable the computer to gate the 
Varian Gyrocode decoupler to provide the 180" pulse, 
rather than the conventional radiofrequency transmitter; 
these changes are summarized in Fig. 1, and full details 
are available on request. 

The samples were studied as 0.1 M solutions, which 
were degassed by six freeze-pump-thaw cycles: Uridine 
(1) (Terra Marine) in dimethyl sulphoxide-il6 (99.55,  
Merck. Sharpe and Dohme), cytidine (2) (Terra Marine) 
in dimethyl sulphoxide-d6 (99.55, Merck, Sharpe and 
Dohme), vinyl acetate (3) (Aldrich Chemical Co.) in 
chloroform-d (99.8C,, Norell Chemical Co.), and 2,3,4- 
tri-O-acetyl-1,6-anhydro-/3-~-n1annopyranose (4) (1 1) in 
benzene-dh (99.5'7, Merck, Sharpe and Dohme: this 
sample was made 0.2 M). 

The operation of the spectrometer for these experiments 
is almost identical with the standard Varian option. The 
normal nmr spectrum is measured and the frequencies of 
the transitions to be selectively irradiated are counted. 
The gyrocode decoupler is then set to irradiate at  the 
required frequency, with the appropriate attenuation. An 
option is selected to  enable either the 'direct' or 'differ- 
ence' mode of display to be used (Fig. 1A or B). Thereafter 
all the standard Varian software instructions are used. i t  is 

important to  choose an even number of transients if the 
difference mode of display is to  be used (Fig. 1B). 

It is a pleasure to thank Dr .  Howard D. W. 
Hill of Varian Associates for stimulating dis- 
cussions and the National Research Council of 
Canada for their fina,ncia! support of this work 
via operating grant A 1905 (to L.D.H.). One of 
us (K.B.) wishes to  thank the Technical Univer- 
sity of Denmark, the Otto Moensted Foundation, 
and N.A.T.0. for funds for a sabbatical leave. 
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Esgmation sf the stereoselectivity of reduction of 
3,3,5,5-tetramethylcye1shexanone by sodium borohydride 
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DOYALD C.  WIGFIELD, GERALD W. BUCHANAM, CATHERINE A. ASHLEY, and STEVE FEINER. 
Can. S. Chem. 54, 3536 (1976). 
4-(l-Hydroxyeth~l)-3,3,5,5.tetramethylcyclohexanone has been prepared to serve as a model 

for 3,3,5,5-:etramethyicyc1ohexanone on which the reduction stereochemical product ratio may 
be experimentally determined. Reduction with sodium borohydride in z-propanol gives two 
epiiners in a 95.5:A.j ratio. The major isomer is shown to  be the less stable by equilibration over 
Raney nickel. Proton and '3C nmr spectra confirm that this major epimer is ch-4-(I-hydroxj- 
ethyl)-3,3,5,5-tetramethylcycIohexanol and show that this compound exists predominantly in 
the conformation with an axial hydroxyethyl group and an equatorial hydroxyl group. It is 
concluded that reduction of this model compound proceeds at  least 95.5'; by equatorial attack. 

DONALD C .  WIGFIELD. GERALD W. BCCHANAN, CATHERINE A.  ASHLEY, et STEVE FEINER. 
Cen .  J. Chem. 54, 3536 (1976). 

O n  a prepare (l'hydroxy-1 Cthyl>4 titramethyl-3,3,5,5 cyclohexanone pour servir de modkle 
pour la t6tra111ethyl-3.3,5,5 cyclohexanone; avec ce composi  le rapport stereochimique des pro- 
duits de reduction peut $Ire determine experimentalement. La reduction avec le borohydrure de 
sodium dans ie propanol.2 donne deux Cpimkres dans le rapport 95.5:4.5. Faisant appel h 
l'6quilibration slar du nickel de Raney, on montre que l'isomere prkpondkrant est le moins 
stable. Les spectres rmn du proton et du '3C confirnlent que l'epimkre form6 d'une f a ~ o n  pre- 
pondirante est (l'hydroxy-1 CthylF4 tetramethyl-3,3,5,5 cyclohexanol cis et on montre que ce 
compos6 existe d'une f a ~ o n  prefkrentielle dans la conformation avec un groupe hydroxyethyle 
en position axiale el  un groupe hydroxyle en position Cquatoriale. O n  conclut que la reduction 
de ce compost! modkle se produit avec a u  rnoins 9.5"; d'attaque Cquatoriale. 

[Traduit par le journal] 

Reduction of cyclohexanon~es with sodium 
borohydride is a reaction that displays well- 
known and interesting stereoselectivity. In 1953 
Barton was able to make the qualitative general- 
ization that unhindered cyclohexanones yield 
primarily the equatorial aicohol, but that 
hindered cyclohexanones show the opposite 
stereoselectivity, yielding primarily the axial 

FIG. I .  Axial and equatorial. bydride attack on cyclo- 
hexanones. 

alcohol (1). This generalization has since been 
amply confirmed, but in spite of the synthetic 
and mechanistic activity in this area, the origin 
of the stereoselectivity still remains in doubt. 
Among simple cyclohexanones, the ketone a t  the 
hindered extreme of the spectrum has been 
3,3,5,5-tetramethylcyclohexanone, and it has 
frequently been an  irritating point that, because 
of the symmetry of this molecule, its stereo- 
selectivity remains unknown. Estimates, in fact, 
have varied from 0.57, to  30% equatorial 
alcohol (for a discussion of these estimates, see 
ref. 2). In this paper we report the use of a 
ciosely related model compound to obtain an 
experimental value for the stereoselectivity of 
reduction of 3,3,5,5-tetramethylcyclohexanone 
by sodium borohydride in 2-propanol. 

The criterion in the selection of a model com- 
pound was clearly the introduction of a sub- 
stituent to break the symmetry of 3,3,5,5- 
tetramethylcyclohexanone, but one which would 
have the minimum perturbation on the stereo- 
chemical outcome. Substituents a t  the Zposition 
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FIG. 2. Synthetic route to model compounds. 

markedly affect the stereoselectivit~ (3); the 3- 
positions are already full, and thus a 4-substi- 
tuent is dictated. Equatorial substituents at  C-4 
have a minimal effect on the stereoselectivity; 
indeed, the product ratio from 4-methylcyclo- 
hexanone and 4-terf-butylcyclohexanone are 
essentially indistinguishable (4). An available1 
compound of this type is 4-acetyl-3,3,5.5- 
tetramethylcyclohexanone (I), but although a 

stereochemical product ratio can be obtained 
from reduction of this con~pound,  its significance 
is questionable because of the possibility of 
epimerization at  C-4. A number of attempts to 
modify the acetyl group were unsuccessful owing 
t o  its very hindered environment: indeed all such 
reactions failed with the exception of reduction 
by lithium aluminum hydride. However, this 
differential reactivity between the two ketone 
groups of 1 allov, ed the route to a suitable model 
compound (4) to be performed as shown in Fig. 
"i 
L. 

Compound 4,4-(1-hydroxyethy1)-3,3,5,5-tetra- 
methylcyclohexanone, clearly possesses the re- 
quired structural features for the stereochemical 
analysis. 

Stereochemistry of Reduction 

Mixtures of epimeric cyclohexanols from re- 
duction of cyclohexanones are most conveniently 

'We are very grateful to Roure Bertrand Fils et Justin 
Dupont for a generous sample of 11. 

analysed by glc; a number of columns have been 
used for this purpose and it is generally observed 
that the axial alcoho! of an  axial-equatorial pair 
has a shorter retention time (3, 5 ) .  The system 
with a 50 ft SCOT TCEP column previously 
used in our work has proved to be an especially 
powerful tool in this regard, giving base-line 
separation of all epimeric pairs of cyclohexanois 
we have examined (3, 4). The reduction ur?der 
present investigation, however, has some un- 
usual ambiguity; while axial attack (the expected 
minor pathway) to give trarzs-4-(1-hydroxyethy1)- 
3,3,5,5-tetran~ethylcyclohexanol ( 5 )  is straight- 
forward, the cis isomer (ti), arising from equa- 
torial attack of hydride (the expected major 
pathway), offers possible conformational com- 
plexity (see Fig. 3). The conformation 6a  pos- 
sesses a severe 1,3,5 triaxial interaction between 
the hydroxyl group and two methyl groups, and 
relief of this interaction by ring flip to conforma- 
tion 4b may more than offset the conformational 
energy of the hydroxyethyl group which must 
simultaneously change from an  equatorial t o  an 
axial configuration. Thus it is possible that the 
epimeric separation could be between two 
equatorial alcohols rather than, as usual, an 
axial-equatorial pair. 

The result of reduction of ketol 4 by sodium 
borohydride in 2-propanol was the production of 
two products in a 95.5:4.5 ratio; l.he evidence 
discussed below demonstrates these products to 
be the epimeric alcohols 6 and 5 respectively. 

Minor 

FIG. 3. Epimeric reduction products. 
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.Epimer Equiiibrarion 
Treatment with Raney nickel is known to 

cause epimerization of the hydroxyl group in 
cyclohexanols (6); application of this treatment 
to the two products from reduction of ketol 4 
resulted in a steady increase of the minor com- 
ponent at  the expense of the major. This result 
not only showed that the two products were 
interconvertible, but also provided a 99% pure 
sample of the kninor component, t o  complement 
the 95.5y6 sample of the major component for 
subsequent spectroscopic examination. 

Re-oxiclation 
Oxidation of both major and minor com- 

ponents by Jones oxidation gave diketone P as a 
single product. The combination of this evidence 
with the epimer equilibration evidence establishes 
that the two components are indeed the epimers 
5 and 6 Ieaving only the question of which is 
which. In this regard, the epimer equilibrations 
establish that the major component is the 
thermodynamically !ess stable epimer and pre- 
sumably is the cis epimer 6. Spectroscopic con- 
firnlation of this assignment and conformational 
c!arification are outlined below. 

Protorz Nucleur Magizetic Resonutzce 
Nuclear magnetic resonance analysis of the 

methine proton adjacent to hydroxyl has been a 
very usefu; method fcr determining the axial 
equatorial nature of the hydroxyl group in 
cyclohexanols (7). Examination of the methine 
signals in 5 and 6, however, were not directly 
observable because of the interference of the 
corresponding proton in the hydroxyethyl group. 
Accordingly? the appropriately deuterated ketol 
analogue 7 (see Fig. 2) was prepared by replacing 
LiAlWd in the synthetic sequence by LiAlD4. 
Deuterated ketol 7 was then reduced with NaBH4 
in 2-propanol, and epirner equi!ibration as 
described above again gave 95.5% and 997, 
purity samples of the less and of the more stable 
epil~aers respectively for nmr investigation. 

Methine signals for equatorial alcohols are 
generally at  6 3.2-3.7 and of half-width 22 Hz, 
whereas those for axial alcohols are 6 3.6-4.2 
with a haif-width of 7 Hz (7). The methine 
signals of the major and minor components of 
reduction of 7 viere remarkably similar; 6 4.1 
with half-width I S  Hz for the major component, 
and 6 4.4 with half-width I6 Hz for the minor 
component. Although the signals are a t  lower 
field than usual and of narrower half-width, the 

similarity between them (and particularly the 
higher field signal of the major component) 
makes it very improbable that there is a con- 
figurational difference at  C- 1, consistent N ith the 
idea presented above that conformation 6b is 
prevalent and that both components are equa- 
toria! alcohols. 

13c Nuclear Mugnetic Resonance 
From the proton nmr data discussed above it 

appears that the two epimers have structures 5 
and 6b, and therefore differ by virtue of being 
epimeric at  C-4 rather than at  C-1. It is well 
known that an axial substituent in a cyclohexane 
ring offers substantial shielding to the -y car- 
bons (the guliche effect) (8), and thus 13C nmr 
spectroscopy provides a means for stereo- 
chenlical distinction between epimers 5 and 6b. 
In this case the -y carbons are C2,6 and, these 
being the only methylene carbons in the epimers, 
it is possible to make rapid and positive identi- 
fication of these signals. In the minor component 
C2.6 give signals a t  6 52.4 and 6 54.7 (two peaks 
due to  asymmetry of the hydroxyethyl group), 
very close to the signal position of C2.6 in 
3,3,5,5-tetramethylcyclohexanone itself? 6 53.8 
(9). In the major component C2,6 give signals at  
6 48.6 and 6 50.2. This upfield shift of 4.2 ppm 
is clearly in accord with the presence of an axial 
substituent at  C-4 in the major component. In 
addition, consistent with the idea of 6h being the 
predominant conformation over 6a,  the shifts of 
C3,5 (7 to C-I) between the two epimers are 
much closer (1.6 ppm). 

The above data indicates that the major com- 
ponent of reduction of ketol 4 by sodium boro- 
hydride is cis-4-(1-hydroxyethy1)-3,3,5,5-tetra- 
methylcyclohexanol which exists predominantly 
as conformation 6b. Reduction of compound 4, 
a model for 3,3,5,5-tetramethylcyclohexanone: 
therefore proceeds by at  least 95.5Yc equatorial 
a t tack2 

*The conclusion that the stereoselectivity is exactly, 
rather than at least, 95.5'; would require the assumption 
that reduction occurs exclusively through the ketone 
conformation with the hydroxyethyl group equatorial. 
Reduction through the conformation with this group 
axial would be expected to give predominantly alcohol 5, 
and thus it is extremely improbable that this conformation 
plays any significant role. Additionally, the 13C n m  
spectrum of the ketone 4 shows no evidence of this con- 
formation, particularly in the complete absence of any 
gauche effect to C-2 and C-6 with respect to 3,3,5,5- 
tetramethylcyclohexanone itself. The ketone spectrum 
was unchanged at  -90 "C.  
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bicarbonate was added until the solution was neutral. 
The suspension was fi!iered and the combined filtrate and 
washings concentrated and extracted with ether. The 
combined ether exTracts were dried (Na2S04) and evap- 
orated to give a pure sample of a corr~pound shown to be 
idenxical in all respecis (spectra!, chromatographic) with 
4-acetyi-3,3,5,5-tetramethybciohexanone I.  

'l'he financial support of the National Research 
Council of Canada is gratefull!, ackno~ledged.  
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Metals intercalated in graphite. V, A concentration cell with 
intercalated bromine 

JEAN-MARC LALANCETTE AND ROGER ROUSSEL 
DPparienzeili de ckiinie, Utlicersiie' de Sizerbrooke, Sherbrooke (QuP.), Caizada J I K  2Rl 
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JFAN-MARC LAL~NCFTTE and ROGER ROUSSEL. Can. J. Chem. 54, 3541 (1976) 
Bromine intercalates can be used as electrodes in concentration cells. Voltages of the order 

of 50 mY can be obtained with thermal gradients of 60-75 "C,  in the range 0-100 "C. The cell 
can be operated on a continuous basis by allowillg the high activity electrode to distill bromine 
to the low activity electrode. 

JEAN-MARC LALANCETTE et ROGER ROUSSEL. Can. J. Chem. 54, 3541 (1976). 
Les composCs d'insertion du brome dans le graphite peuvent jouer le rBle d'ilectrodes dans 

une pile B concentration. Des voltages de l'ordre de 50 mV sont observes en appliquant un 
gradiant de 60-75 "C se situant dans la rCgion 0-100 "C. La cellule peut opCrer en continue si 
I'on permet la distillation du brome de 1'Clectrode B haut niveau d'activite vers I'Clectrode B bas 
niveau d'activiti. 

Bromine can be intercalated in graphite. This 
intercalation is spontaneous when bromine is in 
contact with graphite at room temperature, the 
intercalation being accompanied by an important 
expansion of the volume of graphite which then 
assumes a typical blue color. Rudorff (1) has 
shown, by X-ray diffraction studies, that the 
compound CsBr corresponding to the saturation 
of the lattice of graphite with bromine is, in fact, 
a stack of alternating layers of b r~mine  and 
carbon, two layers of bromine (7.05 k )  alternat- 
ing with two layers of carbon (3.38 A). 

The bromine intercalates are not stable and 
will decompose spontaneously if not left in 
equilibrium with bromine vapor. The isotherms 
of fixation of bromine by graphite have been 
reported and Hooley (2) has shown the important 
influence of the size of graphite particles on such 
isotherms. The intercalation of bromine in 
graphite is not entirely reversible, however. 
Depending on the source of graphite (3) variable 
amounts of bromine in the range of 5-107, 
remain strongly held by the lattice and can be 
removed only by strong heating, with the forma- 
tion of volatile derivatives of carbon incorpo- 
rating bromine. 

The electronic state of intercalated bromine 
has been examined by several authors. According 
to Ubbelohde and co-workers (43, at low concen- 
trations of bromine in graphite there must be a 
complete ionization of bromine. At higher con- 

centrations of bromine, only a part of the 
bromine would exist in the ionic form. For 
Hennig ( 5 ) ,  in the case of CsBr one bromine atom 
exists in the ionic form for every seven bromine 
atoms. The residual bromine remaining in 
graphite would also be present in the form 
of partly dissociated and partly molecular en- 
tities. 

This paper, as part of a study of the chemistry 
of graphite intercalates (6), reports the use of 
bromine-graphite intercalates as electrodes in 
a concentration cell. 

The characteristics of a concentration cell are 
the following. The anode and the cathode call 
upon the same reversible system and the net 
energy withdrawn from the cell comes from the 
reaction of the system used to a difference in the 
activity of a common ion at the anode and at the 
cathode. The polarity of the concentration cell 
is such as to remove the difference of concentra- 
tion existing initially between each electrode by 
discharge or removal of appropriate entities at 
each electrode and diffusion of ions through the 
bridge between the electrodes. 

We have noted that bromine-graphite inter- 
calates held at different temperatures could give 
rise to a concentration cell. Each electrode then 
represents a similar system involving the same 
species whose activities are related to their 
temperature. The overall situation is illustrated 
by ill. 
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Anode Cathode 

High activity 
of bromine / B r ~ ( v a p )  r of bromine 

Diffusion through 
the bridge 

In the case of such a concentration cell it can 
be assumed that the intercalated bromine be- 
haves as a gas held within graphite and having 
an activity related to its pressure. If a tempera- 
ture difference exists between the electrodes. the 
warmer electrode will become the anode while 
the cooler electrode behaves as a cathode. 
Providing that there exists an appropriate bridge 
between the graphite electrodes, a concentration 
cell will exist. Such a cell has been operated and 
is illustrated in Fig. 1. The pressure-temperature 
relation for bromine is known for pure bromine 
(7). 

From the existing literature cited above, 
bromine intercalated in graphite can be assumed 
to be a solution of bromine in a solid matrix of 

percentage of dissociation is related to the actual 
concentration of bromine in graphite and must 
also be influenced by temperature. Consequently, 
the factors influencing the activity of the inter- 
calated bromine at an electrode are numerous 
and complex. We have noted that the observed 
potential can be related in a first approximation 
to the difference of temperature between the 
electrodes by assuming an activity coefficient of 
one for the intercalated bromine. From [2] it can 

graphite. As indicated by Ubbelohde and Men- 
nig, the intercalated bromine is partly dis- be noted that A E  = 43 mV if the vapor pressures 

sociated within the lattice of graphite. The of pure bromine at  0 O C  (65 torr) and 50 "C 
(689 torr) are used. The variations in the dis- 
sociation of bromine resulting from the differ- 
ences in the temperature and concentrations 
lead to a calculated value of AE of 43 mV. This 
is in acceptable agreement with the observed 
value (35 mV) when it is noted that the variation 
in the activity of the bromide ion at  a concentra- 
tion of lox, as occurs in the bridge, is not 
known for the temperature range involved. 

If the temperature gradient of the cell is 
inverted, the cathode becomes the anode and the 
cell is thus reversed. This inversion of the tem- 
perature gradient gives an inversion of the sign 
of the voltage. When the warm electrode is 
operated at  a temperature not higher than 50 "C 
there is little distillation of bromine from the 
anode to the cathode. If, however, the tempera- 

I I 

fi cm ture is raised to 100°C then an a ~ ~ r e c i a b l e  
1. Concentration cell of brodne-graphite infer- amount of bromine is transferred to th;'cathode. 

calates. A situation is reached where bromiae vapor 
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diffusion compensates for the bromine loss at  
the cathode due to diffusion of the bromide ion 
t o  the anode via the bridge. This then leads to a 
closed circuit for the bromine, the different steps 
involved being diffusion of the bromide ion u 

through the bridge, oxidation of the bromide ion 
to  bromine at the anode, distillation of bromine 
as  bromine vapor to the cathode, and reduction 
of bromine to-bromide at  the cathode. As long 

k 

as an appropriate difference of temperature is 
maintained between the electrodes, the system 
will operate. 

The bromine graphite intercalates have an 
electrical conductivity which is in the metallic 
range. Consequently, the limiting factor for 
current density will probably be the transference 
properties of the bridge. As far as the diffusion 
of bromine vapor is concerned, this occurs at  a 
significant level when the temperature of the 
anode reaches the boiling point of bromine, 
around 60 "C. The work to be done in order to 
achieve this transfer of bromine involves the 
heat of desorption of bromine from graphite and 
the latent heat of evaporation of bromine. The 
process being activated by heat transfer, its 
efficiency must be governed b y  the second law of 
thermodynamics, as is that of any thermal 
process. Nevertheless, it certainly offers interest- 
ing possibilities for the recovery of 'waste heat' 
energy, or solar heat, because of the small 
difference of temperatures required to activate 
the system and the low temperature of operation. 
With electrodes of large area having good chemi- 
cal resistance to moist bromine. such a cell could 
sustain a large current with very low internal 
resistance. This would allow an arranpement of 
several cells in series to achieve practical voltages 
without undue losses by internal ohmic resist- 
ance. 

Other systems using intercalated mixed halo- 
gen, namely ICl3, IG1, and IBr have been 
examined. A somewhat similar result was 
observed, the potential being in the range of 
those observed for bromine intercalates. How- 
ever, the reversible character of the electrodes 
is lost since thermal treatment induces some 
irreversible changes in the mixed halogen struc- 
tures. Consequently these systems ar; of lesser 
interest. 

Experimental 
Cotzcentration Cells with Brornirze 

The cell used is illustrated in Fig. 1. A graphite- 

bromine intercalate (G) of composition C18Br and pre- 
pared from graphite (spectroscopic grade, finer than 20 
mesh) and bromine (reagent grade) was introduced in 
each cell (C1, C?, Pyrex). Each of the electrodes was in a 
jacket kept at  a constant temperature ( + 2 "C) by circu- 
lation of water from thermostated baths. The bridge 
solution (10% KBr solution in water and saturated with 
bromine (-35 by weight of bromine)) was introduced 
between the cells at  B and allowed to diffuse to the 
electrodes through a sintered glass ring A of porosity M 
(Corning). Initially the cells were at atmospheric pressure 
and the valve (R) could be opened or closed to allow or 
prevent diffusion of bromine vapor between the two 
electrodes. A cylindrical core made of Vycor glass wool 
(V) was placed at  the center of the electrodes to assist the 
bromine diffusion, between the electrodes. A collar made 
of the same material was placed at  the bottom of the 
electrodes to prevent heat loss. Platinum electrodes (Pt) 
were used as electrical outlets at each of the electrodes. 
C1 ,Br (25 g) was placed in each electrode. 

Two sets of experimental conditions have been studied. 
In the first series of experiment, the anode was kept at  
50 "C and the cathode at  0 'C. The equilibrium voltage, 
measured with a Syntron Donner digital voltmeter 
(model no. 900-4A), was +35 mV and this value was 
reached after 100 min following the application of the 
temperature gradient. After 180 rnin the circulation of the 
warm and cold water was inverted and the constant 
difference of potential was measured as - 35 mV. Under 
such experimental conditions, a minimal amount of 
bromine was exchanged between the electrodes. In a 
particular experiment, with the gradient 0-50 "C, it was 
noted that 0.19 g of bromine was exchanged between two 
flasks containing 20 g of C18Br and joined by a 10 mm 
tube, under a vacuum of 1 torr. 

In the second set of experiments, the arrangement was 
as above except that the anode was kept at  101 "C and 
the cathode at  8 OC. The observed voltage was $69 mV 
after 1 11 and was not as stable as in the previous experi- 
ment, the voltage increasing slowly as bromine distilled 
to the cold electrode. In a separate experiment, with two 
flasks each containing 10 g of graphite and 4 g of bromine 
and connected under vacuum by a 10 mm tube, it was 
noted that if a flask was kept at 90 OC and the other at  
25 "6, 2.0 ( k 0 . 3  g) of bromine was transferred before a 
new equilibrium was reached. 

Cor~centration Cells with Mixed Halogetts 
The preparative method used for the formation of 

mixed halogens was from Brauer (8). Using the experi- 
mental technique described above, the following results 
have been observed: with 20';; IC13 in graphite, + 11 mV 
for electrodes at 60 and 5 "C respectively; with 33.3'3 
ICI in graphite, +35 mV for electrodes at  60 and 5 "C 
respectively; 34.8C/;: TBr in graphite, $35 mV for elec- 
trodes at  60 and 5 "C respectively. The following systems 
were used as bridges. For IC1: 2.0 g of ICI in 100 ml of 
THF;  for 1C13: 2.3 g of IC13 in 100 ml of T H F ;  and for 
1Br: 3.0 g IBr in 100 ml of T H F  containing 0.2 ml 40% 
HBr. 
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Evaluation sf a spin-labeled inhibitor of aeetylcholinesterase 

CATHERINE KAVANAGH-CARON, MARCEL CARON, NORXAND BRISSON, and HERMANN DUGAS. 
Can. J. Cheni. 54, 3545 (1976). 

This paper describes the synthesis of 1, a spin-labeled alialog of N,N-dimethyl-2-phenyi- 
aziridinium chloride 2. The compound is formed iri sirlr from 36 and acts as a poor competitive 
inhibitor of bovine erythrocyte acetylcbolinesterase with a Ki value of 2.1 X M. 

CATHERIKE KAVANAGH-CAROIV, MARCEL CARON, NORMAKD BRISSON et HERVANN DUGAS. 
Can. J. Chern. 54, 3545 (1976). 

Cet article dCcrit la synthkse de 1, un marqueur de spin analogue du chlorure de N,.V-di- 
methyl pher~yl-2 aziridinium 2. Le compose est forme it1 ~ i f u  51 partir de 3b et agit comme un 
faible inhibiteur cornpetitif de I'acCtylcholinesterase d'Crythrocytes de boeuf. La valeur du 
K, est de 2.1 X 10-3 M. 

In recent years, the spin-label method has been 
applied to a wide spectrum of problems and has 
been especially successful in biochemical and 
biological applications (1-3). For example. new 
spin-labeled drugs have been synthesized to 
study the mechanism of drug action at a molecu- 
lar level and the topography of specific binding 
sites in receptor macro~nolecules (4-8). 

Acetylcholinesterase is known to  possess at  
least two important sites for substrate binding 
(9). There is an esteratic site which cleaves the 
ester bond of acetylcholine and there is also an 
anionic site nearby which recognizes the polar 
part of the substrate. Chignell and co-workers 
(5, 7) have synthesized spin-labeled choline 
esters as probes for the active site of the enzyme. 
On the other hand, no spin-labeled derivatives 
spec~fic for the anionic site are known to date. 
We would like to report here the synthesis of 1, 
a compound that could have such a property. 

The work of Belleau et al. (10-12) has shown 
that N,N-dimethyl-2-phenylaziridini~~m chloride 
(DPA) 2 is a potent anionic-site-cl~rected irre- 
versible inhibitor of acetylcholinesterase. There- 
fore, h e  decided to s)nthesize 3h, the precursor 
of 1 in sitz~. This compound is a labeled analog 
of DPA that could be used as a suitable probe 
to  monitor the enzyme structure and geometry 
at  the anionic site. 

m-Aminostyrene 4 and 3-carboxy-2,2,5,5-tetra- 
methyl-1-pyrrolidinyloxyi 5, prepared from 3- 
carbamoyl-2,2,5,5-tetramethylpyrrolidine (Frin- 

ton Lab.) according to the procedure of Rozant- 
sev and Krinitzkaya (13), were used as starting 
materials. Both compounds were coupled using 
a water-soluble carbodiimide to give the an~ide 6 
in 71 Cc yield. This compound bas  epoxidized to 
7 and then treated with dimethylamine to give 
only 30 as the ring-opening product in 80% 
yield. The presence of a peak at  n?,'e 58 for the 

'Author to whom correspondence should be addressed. 
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fragment ( C H Z N ( C H ~ ) ~ )  in the mass spectrum 
confirms thc direction of opening of the epoxide 
ring. This result agrees with the work of Chap- 
man and Triggle (14) for the synthesis of phenyl- 
ethylaminc derivatives. Treatment of 3i1 with 
n~esyl chloride in dry CHCl3 gave the expected 
hydrochloride salt of the mesyl amine 30 with a 
yield of 757,. This compound gives a typical 
three line epr signal with 00 = 15.0 G in water. 
Analogous sulfonic acid esters (15) have been 
shown to  bc active towards acetylcholinesterase 
and a compound such as 30 is expected to 
cyclize instantaneously to the aziridinium chlor- 
idc salt 1 in aqueous buffer above p H  7.0 (10). 

Kinetic nleasurenients at p H  7.4 using the 
procedure of Belleau and Tani (10) shotved that 
36 acts only as a poor competitive inhibitor of 
bovine erythrocyte acetylcholinesterase (Sigma). 
An inhibition constant Ki of 2.1 x A4 was 
calculated from Lineweaver-Burk plots. Similar 
results were obtained by Belleau and Tani (10) 
using 3'- and 4'-OCH3 derivatives of 2. 

Although this paper reports an efficient 
synthesis of a spin-labeled inhibitor of acetyl- 
cholinesterase, the conlpound will have limited 
value as a reporter group because of its low 
inhibition capacity. 

Experimental 
Melting points were determined on a Biichi type S 

apparatus and are uncorrected. Microanalyses were per- 
formed by H. Seguin of the National Research Council 
of Canada, Ottawa. High resolution mass spectra were 
measured with a Varian MS9 instrument by A. S. Blair 
and P. Coulombe at the University of Montreal. For tlc, 
commercial plates of silica gel (Eastman) were used. 
Nitroxide groups give white spots on a b l ~ ~ e  background 
with the Zinzadze reagent (16-17). 

N-(3-Curboxy-2,2,5,5-retranzerli~l-I-p~~r.rolidi11~lox)~lj- 
3-anzinost~rerre, 6 

To a solution of the acid 5 (6.51 g, 35 mmol) in 75 ml of 
dry CHCI3 at 0 "C was added I-cyclohexyl-3-(2-mor- 
pholinoethyl)carbodiin~ide metho-p-toluenesulfonate (Al- 
drich) (14.93 g, 35 mmol). The solution was stirred for 10 
min at 0 OC, then m-amino-styrene 4 (4.16 g, 35 mmol) 
was added. After 2 h, the solution was left at room tem- 
perature for 20 h. The solution was washed with water, 

dried (Na2S04), and evaporated to dryness to give a 
crude red oil. The material was chromatographed on 
silica gel and compound 6 was eluted with Et20 and re- 
crystallized in the saiue solvent. The yellow crystals 
(7.1 g, 7IC;) were judged pure by tlc; mp 139.5-140 " C ;  
uv, X ,,,,, (EtOH) 242 nm (88 400); ms, m/e 287. 

N-(3-Carbox~-2,2,5,5-retrzlr~1etl~yl-I-pyrrolidiw)~lox~l)-3- 
erhylepoxyariilirle, 7 

Compound 6 (5.74 g, 20 n~mol) was added to a solution 
of ,?I-chloroperbenzoic acid 85' ; (5.06 g, 25 n~mol) in 
125 ml of dry CHCl; at 0 'C. After stirring vigorously 
for 1 h, the solution was left aside at 4 "C for 24 11. The 
solution was washed twice with 10:; NaOH and then 
with water until neutrality. The CHC13 solution was 
dried (Na2S04), then evaporated to dryness to give a 
crude yellou~ oil a~hich showed two spots on tlc using 
Zinzadze reagent (16). The latter oily material was 
crystallized in ether (4.87 g, 80 '0  and was used as such 
for the next reaction: uv X,,,,,(EtOH) 240 nm (7200); 
nis m/e  303.1707 (C17H23N203, 303.1708). 

AT-(3-Car~bo.x~~-2,2,5,5-tet~a~netIz~l-l-pyrroIidi~z~lox~~lj-3- 
(2-/~~r/rox~-N,h~-di1~ief~1y/et/r~~ljurii/i1ie, 3u 

At 0 "C, a solution of 7 (4.54 g) in 100 1111 of dry C6H6 
was treated with a large excess of anhydrous dimethyl- 
amine. After 4 days at room temperature, the solution 
was filtered and evaporated. The red oil obtained was 
chromatographed on silica gel. The fraction eluted with 
CHC13-MeOH (8:2) contained 3.3 g of 3a and was 
crystallized with a nlixture of C6H6-Et20, mp 153-154 " C ;  
Ins 117, e 348.2286 (C19H30N303, 348.2285). The presence 
of the fragment r?z /e 58 (CH2N(CH;)2) indicated clearly 
that the epoxide ring opened only in the direction an- 
ticipated. Atla/. calcd. for Ci9H30N303: C 65.49, H 8.68, 
N 12.07; found: C 65.38, H 8.49, N 12.22. 

N-(3-Carbox)~-2,2,5,5-tetrar~zethy/-I-~1~rroliilir~loxv()-3- 
(2-riiesy~-n',lv-di~1et/1~~et~1y~)atziine H~drocliloride, 3b 

The amino-alcohol 3a (1.2 g) in 9 ml of dry C6H6 was 
added dropwise to a solution of mesyl chloride (0.39 g) 
in 7 ml of dry C6H6 at 20 'C .  The solution was stirred and 
kept at room ternperatuse for 2 h, then the yellow pre- 
cipitate formed was collected by filtration (1.17 g, 75'2). 
Recrystallization from MeOH and anhydrous EtzO 
afforded pale orange crystals of pure 3b in the hydro- 
chloride form, mp 237 'C (dec.). The compound is very 
hygroscopic and should be manipulated under nitrogen 
atmosphere. Alral. calcd. for C20H33N305C1S: C 51.91, 
1-17.13, N 9.08, C17.66, S 6.93; found: C52.14, H 7.25, 
N 9.17, C1 7.42, S 6.79. 
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Synthesis of 5,10,11,312,17,22,2.3,24-octahydrs- 
tet~abenzo[a,d~i,l]icyclobexadecene derivatives1 
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Oiuision of Cl~emistry, Ncztior~al Researclz Coiirlci! of Cc~tiadu, Ottarvtr, Carzada K I A  OR6 
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ROGER N. RENAUD and 301-IN W. BOVENKAVP. Can. J. Chem. 54, 3548 (1970). 
The reaction between 2,2'-bis(bror1io1nethyl)diphenyimetane and diethyl sodiornaionate 

gives mainly 11,11,23,23-tetracarboethoxy-5~10.~1,I~~17,22,23.24-o~tahydrotetrabenzo[u,d,~,l]- 
cyclohexaclecene together with some polymeric cornpcnnds. No eight-membered ring products 
were detected. Starting from the tetracarhoethoxy compound described above, the syntheses 
of a series of di- and tetrasubstituted te~raben~o[c~,d,i.I]cyciol~exadecenes are described. 

ROGER N. RENAUD et JOHU W. BOVENKAMP. Can. J. Cnem. 54, 3518 (1976). 
Le bis(bromomethyl)-2;2' diph6nylmkthane en presence du sodiomalollate d'Cthyle domle le 

titracarboCthoxy-1 1$11,23323 octahydro-5,10,11 ,I 2$17,22.23,23 tCtrabenzo[u,rl,i.i:c)clohexade- 
ckne. Une certaine quantiti de cornpos6.s poiymhiques est aussi form& inais aucune trace de 
composes monornCriques n'a dtC dicelie. Une serie de co!nposis di- et titrasubstitues fut 
synthetisie a partir du nouveau cyclo11exadt;ckne ainsi formE. 

During our synthetic work on elght-nlem- 
bered ring con~pounds (1) needed for conforma- 
tional studies by nmr spectroscopy (2, 31, we 
discovered a method whereby the novel sixteen- 
membered ring system, namely the 5,10,11,12,- 
17,22.23,24-octahydrotetrabenzo[u,c/, i, I]cjclohex- 
adecene l(r, could be prypared. It was observed 
that 2b in the presence of diethyl sodiomalonate 

(see Schenle 1) g~ves as the major product %a 
No eight-men~be~ed rlng compounds could be 
detected, bonever, some un~dentlfied substances 
of higher molecular we~ght were fornled Slnce 
t h ~ s  1s an entirely new ring system a number 
of octah) drotetrabei~zo[a,cl,~~l]cyclohexadecenes 
Mere prepdred start~ng from la. 

Bet gmann and P e l c h o ~  icz (1) have repol ted 
the synthesis of the isomeric tetrabenzocqclo- 

p C H 2 3 C E C H l g  cFi2R2 p C H 1 3 C K C H 2 q  NaOEt 

CHz C H z  --A 
CH2 - l a  

NaOEt 
&CH2Br B r C H 2 d  &CHlCHRz B r C H 2 d  

W R C C  No, 15489. 
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RENliUD AND DOVENK 4MP 

H 
H 
H 
H 
CHzOH 
CH2OTs *When R1 # R2, a mixture of cis and trn~zs isomers is 
C H 2 0 H  present. 

hexadecene 3c by the reaction of 2c with phei~)  1- 
lithium. Interestingly, ir  was found by these 
authors that only 2a undergoes an  intramolecular 
cycl~zatioa to form a six-membered ring com- 
pound (dihydrophenanthrene) while 26 and 2c 
undergo bimolecular cyclization to  form the 
fourteen (3b) and the sixteen (3c) iuembered 
rings respectively. An improved method of 
preparation for 3c was reported by Griffin et al. 
(5 ) .  The general ~uethod of preparation was the 
application of the Wittig reaction starting from 
o-xvlvlene dibromide. Another isomeric- tctra- 

2 2 

benzocqclohexadeccne was obtained bq the 
electrochemicaldirncrizatio~l of 1-(3,4-dimethoxy- 
pheny1)-4-(4-methoxqphen) 1)butane (6). The ap- 
proaches descr~bed by these authors \+ere not 
appropriate for the s) nthesis of I .  

Having obtained the tetraester Ya in good 
yield from 2b and ethyl sodiomalonate, it was 
found necessary to apply drastic conditions in 
order to hydrolyze it. krefluxing ethylene glycol, 
in the presence of base, only the diacid Ib was 
obtained upon acidification. We were not suc- 
cessful in hydrolyzing l a  without decarboxyla- 
tion. The diacid was successively converted to  
the diester Be, the diol Pcl, the ditosylate l e ,  and,  
finally, to the dimethyl derivative I f :  

A series of tetrasubstituted derivatives of I 
was also prepared. The tetraester l u  was reduced 
to  the t e t f ad  Ip and then to the tetratosklate Ih. 

u 

O n  reduction with iithium aluminum hydride, 
the tetratosylate l h  gave the diol l i .  The structure 

given for the diol' b a s  based on nmr and infrared 
spectroscopic data and also on the fact that it 
formed a d~tosqlate which was subseque~ltly 
reduced back to  the original diol. Thus, as has 
been observed in other sterically hindered 
tosylates (7, the S-0 bonds are broken in 1/z. 
That is, a t  C-11 and C-23, one C-0 bond and 
one S-0 bond are broken. 

Experimental 
All melting points are uncorrected. The ir spectra were 

obtained on a Perkin-Elmer grating spectrophotonleter 
and only the cliaracteristic bands are reported. Nuclear 
magnetic resonance spectra were measured using a 
Varian EM-360 spectrometer and a Varian HA-100 
spectrometer. All chemical shifts are reported on the 
6 scale. Molecular weight determinations were carried out 
either by obtaining the molecular peak with a Hitachi- 
Perkin-Elmer RMU-6D inass spectrometer or by a 
Mechrolab vapour pressure osmometer apparatus. 

2,2'-Bii(bro~nonze1lryI)dipIze1zylnzeatie (2%) 
This compound was synthesized from 5H-dibenzo- 

[a.d]cyclol1eptei1-5-one as described by one of us (2). 

Preparaiiot~ of 1 6 1  
The general procedure described by Ford and New- 

comb (8) was modified. 
To a stirred solution of sodium ethoxide in absolute 

ethanol (1.67 g of sodium (0.0726 mol) in 24 1171 of 
absolute ethanol) under nitrogen was added diethyl- 
malonatc (5.8 g: 0.0362 mol) in 87 ml of anhydrous ether. 
To this solution was added 2,2'-bis(bromomethyl)di- 

2The structure with both methyl groups on C-11 and 
both hydroxymethyl groups on C-23 is also consistent 
with the data; however, this possibility is regarded as 
unlikeiy. 
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phenylmethane (10.0 g. 0.0282 mol) in 110 ml of ether. 
The mixture was refiuxed for 11 h and then allowed to 
cool to rooin temperature. The precipitated solid was 
collected by filtration, washed with a small amount of 
ether, stirred with water (400 ml), filtered, and finally 
dissolved in chloroform. The chloroform solution was 
filtered from the insoluble fibrous material and upon 
removal of the solvent, 4.45 g of a white solid melting a t  
233-236 "C were obiained. A further 0.57 g of product 
(mp 237-239 "C) was obtained by treating the original 
solution with saturated aqueous sodium chloride, extract- 
ing with ether. and precipitating the product by reducing 
the volume of the ether extract to 50 ml and cooling to 
5 "C for 1 h. The total yield of the combined ester was 
50%. An analytical sample (mp 239-240 " C )  was pre- 
pared by recrystallization from benzene. 

The molecular weight was calculated to be 704 and was 
found to be 697 using benzene as the solvent; nmr 
(CDC13) 6.63-7.40 (161-1, m, aromatic), 4.07 (8H, q ,  
methylenes of the ethyl groups), 3.83 (4H, s, methylenes 
at  C-5 and C-17), 3.44 (8H, s, methylenes at  C-10, C-12, 
C-22, and C-24), 1.18 (6H, t ,  two methyls); ir (CMCIj) 
1722cm-1 (ester C=O). Annl. calcd. for C44H4808: 
C 74.97, H 6.86; found : C 75.05, 1-1 6.72. 

Preparation of l c  
T o  a solution of sodium hydroxide (4 g) dissolved in 

warm ethylene glycol (80 ml) was added the tetraester l a  
(4.45 g, 6.3 mmol). The mixture was refluxed for 2 h and 
then allowed to cool to room temperature. The solution 
was diluted with water and then neutralized with hydro- 
chloric acid. On filtration, followed by washing with 
water and drying, a white powder Bb melting at 370- 
374 "C was obtained in 8 6 5  yield (2.75 g). 

The diacid db (1.35 g; 2.7 mrnol) was converted to the 
diester I c  by treatment with an ethereal solution of 
diazornethane in excess. On removal of the ether, a white 
solid was obtained in 8 6 5  yield (1.23 g) melting at  276- 
280 'C. An analytical sample was prepared by recrystal- 
lization from benzene (mp 282-283.5 "C). The solvent 
was so strongly retained by this compound that it was 
necessary to grind it up and to keep it overnight at  
100 "C under vacuum in order to obtain a suitable ele- 
mental analysis: nmr (CDC13) 6.63-7.43 (16H, m, aro- 
matic), 3.78 (4H, s, methylenes at  C-5 and G-17), 3.53 
and 3.46 (6H, two s's, methyl peaks, 2.84 (IOH, br s, 
methylenes at  C-10, C-12, C-22. and C-24, and methines 
a t  C-11 and C-23); ir (CHC13) 1730 cm-I (ester C=O). 
Atral. calcd. for C36H3+jQ4: C 81.17, H 6.81; found: 
C 81.40, H 6.97. 

Prepurntion o f  11,23-Dideuterio Dericatice of l c  
The same procedure as described for the preparation 

of Bc was followed except that sodium deuteroxide in 
ethylene glycol-dz was used for the hydrolysis and 12 N 
deuterium chloride in DzO was used for the neutralization 
of the dibasic acid. The nmr spectrum of the deuterated 
compound showed that the singlet at  2.84 ppm now 
integrated for two less hydrogens and this singlet had 
sharpened appreciably due to reruoval of coupling. 

Prepi~rafiorz o j  file 5,5,11,17,17,23-Hexadeuterio 
Dericatice of dc 

Deuteration of the diacid Pb (1.14 g) was achieved by 
the procedure of Atkinson et G I .  (10). The deuterio 

diacid was converted to the diester Ic with an excess of 
ethereal diazomethane. It was shown by nnlr that the 
methine protons at  C-11 and C-23, and the methylene 
protons at  C-5 and C-17 had exchanged while the 
methylene protons at  C-10, C-12, C-22, and C-24 had not. 

Preparation of I d  
The diester I c  (1.25 g, 2.35 mmol) in anhydrous ether 

(10ml) was added slowly to a suspension of lithium 
aluminum hydride (0.42 g, 11 intnol) in anhydrous ether 
(20 ml) and heated to reflux fer 23 h. The excess hydride 
was then destroyed with water and the ether was rerrloved 
on the flash evaporator. The solid was washed with 
hydrochloric acid and then with water. The remaining 
solid was continuously extracted with ether for 3 days to 
give 1.05 g (94CI) of a white powder melting at 289- 
291 "C. 

Preparation of de 
The diol Id (1.01 g, 2.12 mmol) was dissolved in dry 

pyridine (14 1x1) and the solution was cooled to 0 "C. 
p-Toluenesulphonyl chloride (1.00 g, 5.25 mmol) was 
added and the temperature was slowly allowed to rise to 
that of the room. After stirring overnight, the solution 
alas poured into cold dilute sulphuric acid and the result- 
ant white precipitate, after being washed with water and 
dried, weighed 1.60 g ( 9 6 5 )  (mp 168-185 '(3). This 
material was purified by precipitation from a solution in 
methanol by addition of water. The white powder ob- 
tained in 495, yield (0.82 g) melted at  184-188 'C. Anal. 
calcd. for C48H4806S2: C 73.44, H 6.16; found: C 73.26, 
H 6.24. 

Preparafiorl of l f  
The ditosylate l e  (0.70 g, 0.90 rnmol), dissolved in dry 

tetrahydrofuran (10 ml), was added to a suspension of 
lithium aluminum hydride (0.10 g, 2.6 mmol) in 10 ml of 
dry tetrahydrofuran. After the mixture was refluxed 
overnight, the excess hydride was destroyed with 57,; 
aqueous sodium hydroxide solution and the solid was 
removed by filtration. The crude solid (0.36 g) obtained 
on removal of the solvent was purified by column 
chromatography using silica gel and chloroforn~ as the 
eluent. The first 20 mi of solvent eluted contained 0.22 g 
(555;) of a white solid melting at  229-231 'C. On re- 
crystallization f~.orn ethanol, the melting point rose to 
233.5-235.5 "C. Mol. Wt, calcd. for Cj4H36: 444; found 
(in benzene): 460; ms m/e  444 (Mt); nmr (CDCI3): 
6.60-7.30 (16H, m, aromatic), 3.71 (4H, s, methylenes at  
C-5 and C-17), 2.11-2.98 (81-1, two m's, methylenes at  
C-10, C-12, C-22, and C-24), 1.78 (2H, br m, methines a t  
C-11 and C-23), 0.88 (6H, d, J = 6.5 Hz, methyl). Anal. 
calcd. for C34H36: C 91.84, H 8.16; found: C 91.23, 
H 8.28.3 

3This compound very strongly retained solvents. An 
elemental analysis on the solid gave a percent carbon of 
89.38. Another recrystallization from ethanol gave the 
same melting point and elemental analysis. It was found 
necessary to grind the solid with a mortar and a pestle 
and to dry it at 100 "C under high vacuum. One applica- 
tion of this procedure improved the percent of carbon to 
90.32 and a second application with a longer grinding 
period gave the results shown. Under the circumstances, 
these were accepted. 
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Preparation of l g  
A procedure described by Ripoll (9) was modified. A 

suspension of the tetraester l a  (0.50g, 0.71 mmol) in 
anhydrous ether (2 ml) was added in portions to lithium 
aluminum hydride (0.25 g, 6.6 mmol) in anhydrous 
ether (13 ml). After a 72 h reflux, ethyl acetate (1 ml), 
water (0.5 ml), and enough hydrochloric acid (6 N) to 
obtain a p H  of 1, were successively added to the reaction 
flask. The mixture was filtered from the small amount of 
solid present. The ether layer was separated and the 
aqueous layer was extracted twice with ether. Thc ether 
extracts were combined and dried over anhydrous MgSO,. 
The solvent was removed leaving a white solid as residue. 
This product was purified by precipitation from chloro- 
form (4 ml). The product which was initially soluble 
nearly all precipitated out in 5 to 7 rnin to give a white 
powder (0.34 g, 89%) mp 241-242 "C; nmr (DMSO-d6): 
6.83-7.60 (16H, m, aromatic), 4.62 (4H, br s, four OH; 
elimination of 4H by exchange with D20), 4.27 (4H, s, 
methylenes at C-5 and C-17), 3.38 (8H, s, methylenes of 
the CHlOH groups), 2.72 (8H, s, methylenes at C-10, 
C-12, C-22, and C-24; ir (CHCh), 3620 (free OH), 3419 
(bonded OH). Ai~al. calcd. for C36H4004: C80.56, 
H 7.51 ; found: C 80.41, FI 7.39. 

Preparation of l l ~  
To a solution of the tetrahydroxymethyl l g  (0.12 g, 

0.22 mmol) in dry pyridine (2 ml) was added purified 
p-toluenesulphonyl chloride (0.22 g, 1.16 mmol) and the 
resultant solution was refluxed for 4 h. The reaction 
mixture was cooled and poured into cold dilute sulphuric 
acid. After filtration and drying, the resulting solid 
weighed 0.23 g (897;). An analytical sample was prepared 
by dissolution in a boiling mixture of methanol-benzene 
followed by addition of water until saturation was 
reached. The product came down as an oil which slowly 
solidified to a white solid melting at 162-165 "C. Atzal. 
calcd. for C64H6401ZS4: C 66.65, H 5.59; found, C 66.83, 
H 5.68. 

Preparation of l i  
The tetratosylate P/I (0.24 g, 0.20 mmol) was treated 

with lithium aluminum hydride (0.10 g, 2.6 mmol) as in 
the preparation of If. On removal of the solvent, an oily 
product (0.14 g) was obtained which was heated to 
105 "C/0.01 torr in a Spath bulb. The oil that distilled 
over was shown by nmr to contain no aromatic protons. 
The solid remaining (0.11 g) was recrystallized from a 
methanol-water mixture to give a tan coloured solid 
(0.056 g, 545$) melting at 120-130 "C to a very viscous 
oil; nmr (CDC13) 6.90-7.60 (16H, m, aromatic), 2.2-4.4 
(16H, a series of peaks representing all the methylenes), 
1.77 (2H, br s, OH;  elimination of 2H by exchange with 
DzO), 0.80, and 0.95 (6H, methyl peaks); ir (CHC13) 
3622 cm-I (free OH), 3430 cm-1 (bonded OH). Anal. 
calcd. for C36H4002: C 85.67, H 7.99; found: C 85.89, 
H 8.31. 

Discussion 

There is sufficient evidence to  establish the 
structure of the sixteen-membered ring skeleton 
of the compounds which have been synthesized. 
The elemental analysis and the nmr spectral data 

of the compounds l a  to l i  as well as molecular 
weight determinations on l a  and If are all in 
agreement with the assigned structures. Further 
evidence was obtained by partial deuteration of 
l c .  Undeuterated l c  has a broad singlet at  
3.78 ppm (4H) and a broad singlet at 2.84 ppm 
(10H). On replacing the methine protons at  C - l l  
and C-23 with deuterium4, the peak at  3.78 ppm 
is unchanged while the broad singlet at 2.84 ppm 
now represents 8H and has sharpened appreci- 
ably due to removal of coupling. This result is in 
agreement with the -CH2CHCH2- units in l c .  

I 

In another experiment, the methine protons at  
C-11 and C-23 in l c  were exchanged according 
to  the procedure of Atkinson et al. The 
nmr spectrum of this compound showed no 
peak at  3.78 ppm and a singlet at  2.84 ppm (SH), 
Therefore, under these conditions, the methylene 
protons at  C-5 and C-17, which are activated by 
two benzene rings (1 I), also exchange, while the 
methylene protons at C-10, C-12, C-22, and 
C-24 do not. Thus, these results along with the 
chemical, spectral, and analytical data all con- 
firm the assignment of the sixteen-membered 
ring skeleton 1. 

The relatively high yield of the sixteen- 
membered ring compound l a  from 2b and 
diethyl sodiomalonate was surpr i~ ing .~  It is 
known that eight-membered ring compounds 
are formed when 2b reacts with primary anlines 
(even with tert-butylamine) to give alkylated 
dibenzoazocines (2, 3). However, attempts to 
obtain 4 (R = C02Et) (Scheme 1) either by high 
dilution or by addition of two successive 1 equiv. 
quantities of diethyl sodiomalonate were unsuc- 
cessful. It is felt that the failure of the eight- 
membered ring to form in this case is due to the 
steric efyect of the two large ester groups during 
cyclization. Evidence for this was obtained with 
the smaller malononitrile which gives a high 
yield of the eight-membered ring 4 where 
R = CN (1). 

,See Experimental. 
SThe reaction mixture does contain some higher 

molecular weight compounds. Three spots with higher 
R, values than l a  were observed in the crude reaction 
mixture with the use of thin layer chromatography. A 
molecular weight determination of the reaction product 
after nearly all of l a  had been removed gave a value 
of 1029. 
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As stated under the structural diagram of 1, removed one isomer and that If (and hence I d  
all substances in which R1 # R2 can exist as and l e )  is also a mixture. 
either the cis or the trnns isomer or more likely 
as stereoisomeric mixtures. There is no reason 
to  believe that the formation of Bb from la 
would be stereospecific. This is clearly seen in 
the nmr spectrum of I c  where two sharp methyl 
ester peaks are observed (separated by 4 Hz). 
In  the crude, one methyl ester peak predominates 
somewhat over the other while, after one re- 
crystallization, the size of the two methyl ester 
peaks are approximately equal. Even after a 
number of recrystallizations a sizeable amount 
of both isomers is still present. It is the sample 
with approximately equal methyl ester peaks 
which was used to prepare Bj: In If, only one 
methyl doublet (due to  coupling with the 
adjacent methine proton) appears in the proton 
nmr and thus either the chemical shifts of the 
methyl peaks of the two isomers overlap or only 
one isomer is present. The GI3 nmr spectrum 
also sho~vs only one nlethyl peak for lf but the 
aromatic region has more than the number of 
peaks which would be expected for only one 
isomer. This would indicate that the che~uical 
manipulations from Ic to  1j' have not selectively 
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The ionization constant of heavy water 4D,O) in the temperature range 
298 8s 523 K 
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DAVID WILLIAM SHOESEVIITH and  woo^ LEE. Can. 9. Chem. 54, 3553 (1976). 
The ionization constant of liquid D 2 0  has been measured over the temperature range 298 

to 523 K using an aqueous electrolyte concentratioil cell. Values for the standard free energy, 
enthalpy, entropy, and heat capacity of ionization have been calculated. The results are com- 
pared to similar results for liquid W20. 

DAVID WILLIA~? SHOES~IITH et  woo^ LEE. Czn. J. Chem. 54, 3553 (1976). 
On a mesure la constante d'ionisation du D:O liquide B des tempCratures allant de 298 B 523 K 

utilisant une cellule B concentration d'electrolyte aqueux. 011 a calcule les valeurs pour les 
energies libres, les enthalpies, les entropies et les capacites calorifiques standards. On compare 
ces rCsultats avec des rCsultats similaires obtenus pour I'eau liquide. 

[Traduit par le journal] 

Introduction t o  obtain the ionization constant of D 2 0 ,  along 
In the ('ANDU-pHWl nuclear reactor, D 2 0  the saturation VapoUr pressure CUrle, LIP t o  

is used both as a moderator and a coolant. In the 523 K. 
coolant circuit the D 2 0  is maintained a t  temper- 
atures between 523 and 573 K.  T o  minimise 
corrosion and the spread of radioactive corrosion 
products in the coolant circuit, strict control of 
thc chen~ical conditions is necessary. At present 
a large amount of the required chemical informa- 
tion is obtained from experiments performed 
with light water systems under similar conditions. 
T o  establish a firmer basis for the ca lcula t io~~ of 
the most favourable chemical conditions for 
reactor operation it is necessary to obtain an 
accurate knolbledge of the physical chemical 
properties of D 2 0  and h o ~ v  they ditl'er from those 
of H 2 0  a t  temperatures up to  573 I<. 

One essential parameter is the ionization 
constant. This has been extensively measured for 
H 2 0  (1-13) up to 1000 "C. Thc accuracy of thcsc 
measurements has been assessed recently by 
Mepler and Wooley (14) and by Sheeton et (11. 

(1 1). The ionization constant for D 2 0  has been 
measured a number of times a t  298 K (15-20) 
but only two studies (16, 19) have investigated 
the temperature dependence of pK,,, and then 
only over a narrow temperature range. 

The present work emplo>s the high temper- 
ature aqueous electrolyte concentration cell, 

Pt /D~,DCl(ti?l),KCl(t7~z) / / K C ~ ( ~ I ~ ) , N ~ O D ( ~ I I ~ ) , D ~  /Pt 

'Canadian Deuteriuin Uranium - Pressurized Heavy 
Water. 

Experimental 
Eqlripnzen r 

The electrolyte concentration cell used in this study was 
the same as described previously by MacDonald, Butler, 
and Owen (10). The cell temperature was controlled by 
immersion in an  oil bath. The temperature was followed 
in both cell compartments and in the bulk of the oil fluid, 
using chromel-alumel t lpe  K thermal couples and a 
multi-point Leeds and Northrup Speedornax Recorder 
precalibrated for temperature measurement. The recorder 
calibration allowed resolution to t 0 . 5  K. Resolution to 
k0.1 K was achieved using a potentiometer. 

All potential measurements were made with a Dana 
Model 5330 Digital Voltineter capable of 1 yV resolution. 
Potentials were recorded after they had become constant 
to within 0.1 mV for at least 15 min. 

Cizemicals 
The D l 0  Mas supplied by AECL Cominercral Products 

and was 99.78 I O.OJ', D:O. Its specific conductance 
was 0.57 ohm c n ~  at 23 "C. NaOD (40', in D:O) and 
DC1 (38(, in D28) here supplied by ICN P11armaceut1- 
cals. The KC1 was supplied by Fisher (Certified ACS). 

Proced1ir.e 
The experiiliental procedure was essentially the same as 

previously reported (10). 
The DCI and NaOD solutions vrere made up by 

volume and the exact concentration determined by 
titration against standard HC1 or NaOH solution. The 
concentration used in the calculations was based on a 
large number of titrations with an overall reproducibiiity 
of approximately 0.1 i l. - 

1 o estiniate the degree of mixing of solutions from the 
two conlpartn~ents after experiments at  elevated temper- 
atures, the contents of each compartinent were titrated 
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after each run. The concentrations were between 5 and 
20', different from the original values. However, most of 
this mixing occurred on cooling which was uncontrolled 
and consequently fairly rapid between 523 and 373 K. 
The potential became erratic on c o o l i ~ ~ g  and the porous 
Teflon junction began to leak. Usually the titration was 
not performed until -16 h after conipletion of the 
experiment, allouing plenty of time for mixing through 
the faulty junction. That leakage was not occurring during 
the actual experiment was indicated by the stability of the 
measured potential at  elevated temperatures, and its 
reproducibility over a series of separate experiments. 
Above 473 K leaky junctions could be detected by a rapid 
drift in the measured potential. Potential values were used 
only if this drift was less than 0.1 to 0.3 mV over the 15 
min period during which values were recorded. To 
minimize this effect no more than two values were re- 
corded at  temperatures >473 K during any individual 
run. 

Results 

The potential difference bctwccn the electrodes 
in the two compartments is related to activities by 

FT here E = cell potential, ci, = activity of species 
i, T = temperature in K,  and s~~bscr ipts  1 and 2 
refer to  the outer (DCI) and the inner (NaOD) 
compartments, respectively. E, is the junction 
potential. Hence the following expression can be 
written for pKD20, 

where -y, are activity coefficients. The molalities 
nlD+ and t170,- are calculated from the molar 
concentrations a t  298 I< using the published 
densities for KC1 solutions in D 2 0  (21). In the 
experiments performed here, KC1 is always 
present in concentrations in excess of the acid 
and base concentrations and. consequently, will 
be the major factor in determin~ng the soiution 
ionic strength. Values for concentrations of KC1 
outside the published range (0.05 to 0.3 mol l k l )  
are obtained by linear extrapolation. Such an 
extrapolation is justified on the basis of the 
linear variation of density with concentration for 
KC1 in H 2 0  over the concentration range 0.067 
to  1.274 mol 1-I (22). 

The liquid junction potential can be estimated 
by means of the Henderson equation in the 
approximate form applicable to solutions of 

nearly constant cornposition (6), i.e. 

where Z, = lonsc charge The equivalent con- 
ductances, A,, for K ' ,  Na+, C1-, D-, and OD- 
in D 2 0  are known only a t  298 K (23,30). Values 
for higher temperatures are generated by two 
d ~ f f e ~ e n t  methods In the first method the known 
X, (equivalent conductance) values in H 2 0  for 
the above Ions are fitted to expressions of the 
LY P'- 

The values of the coeficients a, b, and c derived 
for the H 2 0  systenl and the measured equivalent 
conductances at 298 K for the ions in DzO are 
then used to generate a series of values of X, for 
each ion in D 2 0  as a function of temperature. 

In the second method, A, values are generated 
from viscosities ( 7 , )  using the relationship 

[51 log Xi" = (1' log 7, + bi 

The coefficients a' and b' are taken from the 
light water data of Smolyakov and Veselova (25) 
and applied to  values for the viscosity of D 2 0  as 
a function of temperature (28). The values de- 
rived by the two methods differed by 57, a t  
298 K and 7y0 at 523 K. The values from eq. 4 
are used in calculating Ej.  Since there are no 
criteria by which to compare the above two 
methods, the choice is arbitrary. 

The approximate nature of this calculation 
has only a small effect on the derived values of 
pKDzo since the liquid junction potential rep- 
resents only a minor correction to  the measured 
potential in all cases except for the solution of 
lowest ionic strength (f = 0.0285). The calculated 
effect on pKD,o of a + 10Oi change in X i  values 
is small and shows that the change is negligible 
compared to other errors in the experiments. For 
f = 0.0285 the liquid junction potential rises as 
high as 3 mV. For all other solutions the value 
of Ej never exceeds 1.3 mV and rarely rises 
above 0.8 mV. 

The activity coefficient term in eq. 2 is cal- 
c ~ ~ l a t e d  using the expression 
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SHOESMITI-I AND LEE 3555 

given by Harned and Cook (26) and used by 
Mesmer and co-~3 orkers (6, 11) and MacDonald 
et (11. (10). The coeficlents In eq. 6 are given by 

where E = dielectric constant and p = density. 

In eq. 8, a0 is the ion size paralnetcr and is 
assumed to  be independent of temperature. A 
value of 3.6 X cm is used in the present 
work. Since the dielectric constants for H 2 0  and 
D 2 0  differ only slightly (< 1%) between 298 and 
373 K ,  the expression 

based on the experimental data for I-T20, meas- 
ured by Akerlof and Bshry (27), is used to  
evaluate t n , ~ .  The densities of 1920 are taken 
from the tables prepared by Elliott (28). 

The cell voltage, as a function of temperature, 
was recorded for four different concentrations 
of KC], and pK values calculated as outlined 
above.2 Data were also recorded for f = 0.0285, 
but the pKD,, values obtained were erratic. The 
relatively large value of Ej previously mentioned 
and the errors incorporated in its calculation lead 
to  large uncertainties in the value of pK,,,. 
Consequently the va!ues for 7 = 0.0285 are not 
used subsequently. 

Interpolated values for 225 deg intervals are 
plotted as a function of ionic strength in Fig. 1. 
These plots are extrapolated to  = 0 and the 
pKD,, values obtained at zero ionic strength are 
listed in Table 1 and plotted in Fig. 2. Also listed 
in Table I are the values obtained by Covington 
el cil. (19), and the values for pKDz0 reported by 
Sweeton et (11. (1 1). 

The data of Table 1 were fitted to the expres- 
sion 

2Complete set of the actual experimental data is 
available, at  a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA 0S2. 

IONIC STRENGTH I 

FIG. 1. Variation of pKD20 with ionic strength as a 
function of temperature. 

TABLE 1. Ionization constant in molal units for 
DZO extrapolated to zero ionic strength 

298 14.957 14.958 14.955 
323 14.184 14.178 14.182 
348 13.571 13.579 
373 13.115 13.111 
398 12.746 12.744 
423 12.459 12.460 
448 12.246 12.246 
473 12.096 12.096 
498 12.004 12.004 
523 11.968 11.967 

-- 
"Experimental \slues. 
bvalues calcuiated fro:n eq. 12. 
CValues from ref. 19. 
dvaiues from ref. 1 1 .  

The values of the coefficients pl to pj are listed in 
Table 2 along nith the values derived for H 2 0  by 
Sueeton et r r l .  (1 I) .  Equation 12 fits the data with 
a standard deviation of 0.0012, and values 
calculated using this expression are also tabulated 
in Table 1.  The difference 

is plotted as a function of temperature in Fig. 3. 
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FIG. 2, Variation of pK with tempei.ature. The data for 
H20 is fro171 ref. 11. T,,,,, indicates the temperature at 
which pK passes through a minimum. --- indicates extrap- 
olated values salcuiated from eq. 12. 

TABLE 2. Values of the coefficients derived for 
a fit to eq. I 2  

Value 

Coefic~enl This work For E l 2 0  from ref. 11 
- 

p,  -35319 -33 091.6 
Pz - i04.37 - iOS.15 
1'3 0.10287 0.10757 
P4 2.612><106 2.358 :< 136  
Ps 6 7 1 . 3  670. SO 

Discassion 

The data are fitted to e q  12 rather than to  an 
equation of the form 

1141 p~ = 1167- '  + 127 + ~ I ~ T  

used by Covington ei a/.  (19) because e q  12 is 
found to  reprodace more accurately the high 
temperature thermodynamic data for ioilization 
reactions (29). Also a fit to e q  12 allows the data 
f ~ r  H 2 0  to  be extrapolated more accurately to 
higher temperatures (29) and allows a con~pari-  

323 373 423 473 523 573 

T (10 

F:G. 3. Difference in the pK values for D20 and Hz0 
(from the data of Fig. 2) plotted as a f~~nc t ion  of temper- 
ature. 

son of the thermodj namic parameters for D 2 0  
ionization ~ i t h  the corresponding values for 
HzO ( 1  1 ) .  

Co~nparison of our pKD,o values with those 
reported by Covington ei ;I. (19) using the cell 

shows excellentagreement for the temperature 
range in which the data are duplicated (Table 1). 
Some idea of the ~~ncertainties associated with 
pI(Dzo can be gained rising the maximum 
accuracy in  the measured parameters. Thus the 
effects, on pKD.,. of (i) a k0.1 m'd in E ;  ( i i )  a 
0 . 1 5  change ini ; and (iii) a IOr', variation in 
the estimated ionic eqirivalent conductances 
were computed. On the basis s f  such estilnates 
the i~ncertainties in n a y  be given as 
5;1-0009 at  298 K ,  rising to  k0.014 at  423 I( and 
0.023 a t  523 K.  

Expressions for the thermodynamic param- 
eters for D28  ionizatioi~ are obtained from eq. 
12 by the application of standard ~herrnodynamic 
relationships. Thus the standard free energy, 
enthalpy, entropy and heat capacity of ionization 
can be caicuPated from the fo!lowing expressions 
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SHOESMITH AND LEE 

TABLE 3. Tl~errnod~naniic quantities for the ionization of D20 and Hz0 at 298 K 

Value 

D20 
N20 

Parameter This work Ref. 19 Ref. 30 (Ref. 11) 

-AGO (kJ mol-1) 85.23 85.37 79.87 
AHVkJ mol-1) 60.8'7 59.88 60.62 55.82 
AS0 (kJ K-1 m01-1) -0.8175 - 0.8548 -0.8301' -0.8007 
ACpO (J K-' n1olF1) -301.9 -229.3 -231.4 
P K D ~ O  min 11.953 12.356 11.203 
Tm1n 528.5 494 518 

QCalculated from the AHo of ref. 30 and the AGO of rcf. 19. 

The values for AGO, AN0, and -TASO are 
compared to similar values in H 2 0  in Fig. 4. 
The values calculated from the data of Covington 
et al. (19) are also included for compa-' 11son. 
Some discrepancy exists between our resuits and 
those of Covington et al. around the iowest 
temperature (298 K) used in the present work. 
To facilitate this 'comparison the values for 
298 K are tabulated in Table 3 and compared to 
the calorimetric results of Goidberg and Hepier 
(30). Our value for AN0 agrees within experi- 
mental error ~irith the calorimetric value but 
differs by beheen i and 27; from that of 
Covington t.r 01. We refitted our data to eq. 14 
and obtained AHzssO = 59.31 kJ ~nol-I in close 
agreement with Covington. As expected, the 
enthalpy vaiue obtained is dependent on the 
equation chosen to fit the data. Consequently, 
our value of AH0 - 50.87 cannot be used to rule 
out the value of Covington. Since eq. 12 has been 
shown to be the most reliable fit to such data (24) 
and produces better agreement wit11 the calori- 
metric value our value would appear tc be more 
reliable. 

Figure 4 shoals that the variation with temper- 
ature for each thermodynamic parameter changes 
only slightly on going from H20 to D 2 0 .  The 
divergence of the TASO terms as the temperature 
increases over the range 273 to 373 I<, and the 
simultaneous convergence of the AHo terms 

suggests that the variations in these parameters 
account for the change in pK in this temperature 
range (see Fig. 3)). AASo  is changing more 
rapidly with temperature than AAHO suggesting 
that the major influence on ApK in this region 
is the change in ernlropy of ionization. This n a y  
be due mainly to changes in solute-solvent 

FIG. 4. Variations in the free energy (AGO), enthalpy 
(AH01 and entropy (- TISO) of ionization wit11 temper- 
ature; -- D20  (this worlc); --- Hz0 (from the data of ref. 
11); @ I 3 2 0  (from the data of ref. 19). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3558 CAN. J. CHEM. VOL. 54, 1976 

-..+ , , , , , j 
323 373 4 2 3  473 523 573 

T I K I  

FIG. 5. Variation in the heat capacity (AC,o) kith 
temperature; - DiO; ---H20 (from the data of ref. 11). 

interactions with increasing temperature, D20 
being a more structured liquid a t  low temper- 
atures than H20 .  This effect has been discussed 
in dctail by Larson and Hcpler (31) and to a 
lesser extent by Laughton and Robertson (32). 

The heat capacitl passes through a maxiinurn 
at  -370 K, Fig. 5.  The variation will; iernper- 
ature is very similar to  that of H28. The heat 
capacity is more negative for D 2 0  than H 2 0  at  
the lower temperatures (27) as cxpected. 

T o  assess the reliability of these C,O values, 
corifirmation is required from iridependent meas- 
urcmcnts. Hopcf~r!ly this will be forthconling 
from calorimetric experiments now 111 p r ~ g r e s s . ~  

Also included in Tabie 3 are estimates from 
eq. 12 of the minimum pKD,? valuc attainable 
and the ten~perature at  which it is attained. The 
value of TI,,,, is 9.5" greater than the value in 
HzO, and ( P K ~ ~ ~ ~ ~ ! ~ )  isgrcatcr than (pKR,o,,in) 
by 0.74. 
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Excess energy-vo%ame and cohesive energy density soefffciemts for 
binary systems. Comparison with constant pressure functions 

DIGBY D. MACDONALD 
~e~ar t rne r l f  ofchemistry, C7,,icersity of Calgary, Cal,yaq., Alfa., Curlada T2N IN4 

Received March 15, 1976 

DIGBY D. MACDONALD. Can. J. Cheni. 54, 3559 (1976). 
Excess energy-volume and cohesive energy density coefficients have been calculated for the 

hexane 4- perfluoro-hexane, water + DMSO, water + rert-butanol, water f methanol, water 
+ acetonitrile. and methanol + DMSO systems. These parameters are compared with other 
constant pressure excess functions of mixing for these binary systerns, and it is proposed that 
they represent additional criteria for the classification of liquid mixtures. 

DIGBY D. MACDONALD. Can. J. Chern. 54, 3559 (1976) 
On a calcule les Cnergie-volume d'exces et les coefficients de densite d'knergie de cohision 

pour les systkmes hexane + perfluoro-hexane, eau + DMSO, eau + !err-butanol, eau + 
n~ethanol, eau + acetonitrile et mCthanol + DMSO. On a comparC ces parametres avec 
d'autres fonctions d'exces a pression constante pour le melange de ces systkmes binaires et on 
sug~kre  qu'ils reprksentent des critkres additionnels pour les classifications des rnClanges 
liqu~des. 

[Traduit par le journal] 

Introduction 

The thermal-pressure coeficient, (dp, dT)V, 
and the related energy-volume coefficient (eq. I), 

[ll  ( a u ,  av), = ~ ( a p ,  dT)p- - p 

are being used increasingly in the study of binary 
liquid systems (1-10). These parameters have 
proven useful in the investigation of structural 
changes in binary systerns as a function of 
composition, in addition to their important 
application for the derivation of excess func- 
tions of mixing at  constant volume (1 1). 

Real l iq~lid nlixtures are never ideal, and the 
deviation from ideality may be classified accord- 
ing to the signs and values of the various excess 
functions of mixing. The excess functions are 
normally defined for the molar Gibbs energy 
(G), enthalpy (H), entropy (SIj and volume (V), 
although there is no  a priori reason why equally 
valid excess functions cannot be defined for 
other properties so long as the ideal parameter 
conforms to  the definition of the thermodynami- 
cally ideal mixture. 

In  this paper we define the intensive thermal- 

behaviour of other constant pressure excess 
thermodynamic functions of mixing. 

Ideal NHixtures 

The Tf1ern7ctl-Presslrre CuefJicrent 
The molar volume of an   deal mixture con- 

taming xl mole fraction of component 1 and 
x2 Inole fraction of component 2 is given by 

[21 Vmld = XI VI0 + x2V1° 

where Vt0 is the molar volume of pure com- 
ponent I The moldr kolume of the Ideal mixture 
is a funct~on of both temperature and pressure. 
Therefore, the isobaric coeffic~ent of thermal 
expanslon and the lsothermdl compresslb~l~ty 
for the ideal mixture may be defined as follows 

i31 a'd = ( 8  v ~ ; ~   IT)^ vdd 

[41 ,<ld = - (8  vdd vdd 
Substitution of eq 2 into eqs 3 and 3 yields the 
following expressions for al%nd k1%n terms 
of the properties of the pure components, 

[ 5 ]  aid = (XI a I O  VIO + y2a20 V?) (XI V1° + x2V2O) 
pressure, energy-volume, and cohesive enero sY [6] dd = (xI~I0VI0 +X~KZOVZO) (xIVIO+ x2Vz0) 
density coefficients for an  ideal binary l iqu~d  
rnixtuie. The corresponding excess funciionsAfor where a,O and K,O are the isobaric coefficient of 
six binary liquid systems are calculated from thermal expansion and the isothermal compres- 
data in the literature, and are compared with the sibility, respectively, of the ith pure component. 
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The thermal-pressure coefficient for the ideal 
mixture is, therefore, given by 

[7! @id = ,ld 

which, upon substitution of eqs. 5 and 6, yields 

[83 bid = 

(XI ,lo V10 f ~2ff2@V,~) ,  '(X~KLO V1° + X2"0 Vl0) 

The form of eq. 8 for the thermal-pressure 
coefficient for an ideal system may be compared 
\nith that assumed by Dunlap and Scott (S), 
uiz. pid = xIi310 + x2P20, where PIo and ;320 are 
the thermal-pressure coeficient for the pure 
components. Since p = (34 aV),, then the 
definition of D ~ ~ n l a p  and Scott could only be 
valid if the entropy of an  ideai system were given 
by the mole fraction average of the entropies of 
the components (i.e. slSl0 + x2Sz0). This is, of 
course, incorrect (12). 

The Energj.-VoIutne Coeficient ntzc/ Cohe~ice 
Etzergj. Den c i t j  

The energy-volume coefficient for an  ideal 
systern is defined as 

191 ( I ~ U , ' ~ V ~ ~  = 7 - p ' ~  --y 
where pid is given by eq. 8. 

By definition, ideal mixing occurs with n o  
change in the enthalpy of the system. Thus, the 
energy of vaporisation for an  ideal mixture is 
given by the following equation 

[lo] auvid = 

~ ~ l l r f f ~ , ~  + x2AHI.',, - RT + y?'mid 

where ANT.,l axid AN,,, are the enthalpies of 
vaporisation of components 1 and 2, respectively, 
t o  the ideal gas state. Division of la(iVid by the 
volume of the ideal mixture yields the cohesive 
energy density of the ideal systern. For a real 
mixture the appropriate expression for the energy 
of vaporisation becomes1 

which, upon division by V, yields the cohesive 
energy density for the real binary system. 

It has been suggested by a number of authors 
(1-3, 5 ,  10) that the ratio of the energy-volume 
coeflicient to the cohesive energy density is a -- 

'The last term has been omitted in previous publications 
(1, 2, 4, 5) since it is less than 1'; of the value of RT for 
most liquids at atinospheric pressure and at T = 298 K. 
It is included here for completeness. 

useful indication of the extent of intermolecular 
interaction in a liquid. Accordingly, the ratio for 
an  ideal system is defined as 

[12] 12,~ = ( a u  av)ld (au,.ld vmid) 

nhere (dU 8 ~ ) ' "  and ~ 0 , ~ ' ~  are given by eqs. 9 
and 10, respectively. 

The deviation in behaviour of a real mixture 
from the ideal case is normallv ex~ressed in 

d A 

terms of the excess functions, yE,  defined as 
f0ll0\5 s 

Excess energy-volume coefficients, cohesive ener- 
81 densltles and parameter ?I for the hexane + 
perfluoro-hexane (81, water $ DMSO (I ) ,  water 
+ terf-butanol(2), uater + methanol (2), water 
+ aceton~trile ( 5 ,  19), and methanol + DMSO 
(4, 20) systems b\ere calculated using eqs. 9, 10, 
11, 12, and 13, and are plotted In F ~ g s .  I t o  3. 

FIG. 1. Plot of the excess energy-volume coefficient, 
( a U l a V ) E ,  L 5 .  mole fract~on of the secoild component for 
the hexane f perfluoro-l~exane (C), water + DMSO 
(@I), water rerr-butanol (A), water + methanol (A), 
water + acetoi~itrile (V), and methanol + DMSO (V) 
systems at  298.15 K. 
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0 0.2 0.4 0 6 0 8  4.0 

x 2 

FIG. 3. Plot of the excess parameter nE us. mole frac- 
tion of the second component for various binary systems 
at  298.15 K. System identification as in Fig. 1. 

3 
XS available to permit location of the extremum in 

L 

FIG. 2. Plot of the excess cohesive energy density, the excess ;olume coefficient to better than 
( A U , / V ) ~ ,  CS. mole fraction of the second component for 1.0.05 mole fraction, there is reasonable agree- 
various binarv svstems at  298.15 K. Svstem identification ment between the extremum com~ositions for , , 
as in Fig. 1. both excess functions. It is interesting to note 

The positions and magnitudes of the extrema in 
the above excess functions are summarized in 
Table 1, together with corresponding data taken 
from the literature for other constant pressure 
excess functions of mixing. 

The essential features of the data given in 
Table I may be summarized as follows: (i) in all 
cases (dU:aV)v)c and V E  are opposite in sign, 
(ii) (AU,,l V)E and H E  are also opposite in sign, 
(iii) nE is positive, and (iv) the two systems which 
exhibit critical demixing (UCST) at atmospheric 
pressure and at temperatures not far from 298 K 
have negative excess cohesive energy densities. 

The relationship between ( d U / a ~ ) ~  and V E  
may be rationalised on the basis of the effect of 
distance on attractive intermolecular interaction 
(1, 2). Thus, for a positive V E  the average inter- 
n~olecular distance in the mixture will be greater 
than in the unmixed system, and hence (aU,laV) 
will tend to be less, i.e. (dU, aV)" is negative. 
Furthermore, given that insuficient data are 

that the greatest deviation between the extremum 
positions occurs for the two aqueous systems. 
It is possible that this is a manifestation of the 
unique structural properties of these systems 
which have been discussed at  length by Franks 
and Ives (24). 

The opposite signs for ( A U , / V ) ~  and HEcan 
be explained by dividing eqs. 10 and 11 by Vmid 
and V,, respectively, followed by substitution 
into eq. 13 to yield 

[I41 ( A  u1.1 VIE = - ( x ~ a g l v , ~  + ~ 2 A & , 2  

- R T )  ( V E /  Vm Vmid) - HPE/ Vm 

Thus, for H 2 0  + DMSO, H 2 0  + TBA, H 2 0  + 
MeOH, and MeOH + DMSO the excess vol- 
umes and enthalpies are negative, so that the 
two terms on the right hand side of eq. 14 are 
positive (note that R T  is small compared with 
the enthalpies of vaporisation). Accordingly, 
these systems exhibit positive cohesive energy 
densities. Similarly, both HPE and V E  are posi- 
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tive for C6HI4 + C6F14, SO that ( A U , / V ) ~  is 
negative. Hobever, in the case of H 2 0  + 
CHICN, HDE is positive but V E  is negative. The 
negative excess cohesive energy density exhibited 
by this system therefore arises from the domin- 
ance of the second term on the right hand side of 
eq. 14, i.e. the extra enthalpy gained by the 
system upon mixing more than offsets the con- 
tribution from a reduction in volume. One other 
combination of terms is possible, uiz. a positive 
VC but negative H,". However, none of the 
systems examined so far fall Into this class. 

An interesting feature of the itE values plotted 
in Fig. 3 is that they are positive for all systems. 
While the physical meaning of n has not yet been 
firmly established, the extensive conlpilations of 
this parameter by Allen, Gee, and Wilson (25) 
and Hildebrand (26) show that for weakly inter- 
acting fluids n .= 1. On the other hand, liquids 
which are characterised by strong intermolecular 
interaction exhibit rz values which are less than 
unity, particularly if the system is extensively 
hydrogen bonded. Positive rzE values, therefore, 
suggest that there is an overall decrease upon 
mixing in the extent of those types of interuction 
which contribute principally to the determina- 
tion of 12.  It is stressed, however, that this 
interpretation is tentative, and more detailed 
information is required as to the nature of inter- 
molecular interactions in these systems before 
the exact physical meaning of n ,  and hence nE,  
can be established. 

Finally, it is of interest to note that complete 
correlation does not exist between (dU d&', 
(aU,- V)E and nE and the traditional constant 
pressure excess functions of mixing for the sys- 
tems considered in this work (see Table 1). 
Accordingly, any models which are proposed to 
account for the behaviour of a mixture must 
explain these new excess functions as well as 
the traditional ones. In this respect, the excess 
functions which are defined in this paper repre- 

sent additional criteria for the classification of 
real liquid mixtures. 
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Through-space or proximate lVF,'"F and l"F,lH spin-spin coupling 
constants in some benzenesulfonyI fluoride derivatives 

WILLIAM J. E. P A R R ~  AND TED SCHAEFER 
Depar.rt~ienr of Cfiemistiy, Uniuersirj of Maniroha, Winnipeg,  mat^., Catlada R3T 2N2 

Received June 7, 1976 

WILLIAM J. E. PARR and TED SCHAEFER. Can. J. Chem. 54, 3564 (1976). 
The analysis of the fluorine and proton magnetic resonance spectra of 2,4,6-trimethylbenzene- 

sulfonjl fluoride and of 2,s-difluorobenzenesulfonyl fluoride yields the signs and magnitudes of 
the spin-spin coupling constants containing a through-space component. The coupling between 
the fluorine nuc!eus and the methyl protons over five bonds is +1.9 Hz, opposite in sign to the 
.-3.1 Hz observed for the corresponding coupling in 2,6-dimethylbenzoyl fluoride. The differ- 
ence of 5 Hz is possibly a consequence of the different conformational  preference.^ of the SO2F 
and COF subsiituents. The coupling over four bonds between the fluorine nucleus on the side 
chain and that on the ring is f11.6 Hz in 2,s-difluorobenzenesulfonyl fluoride. It is argued that 
this value indicates a preference of the S-F bond for a plane lying, on average, nearly 
perpendicular to the benzene ring. Similar indications are noted for pentafluorobenzene- 
sulfonyl fluoride and for pentafluorobenzenesulfi~~yl fluoride. 

WILLIAM 5. E. PARR et TED SCHAEFER. Can. J. Chem. 54, 3564 (1976). 
L'analyse des spectres rmn du proton et du fluor des fluor~ires de tCtramCthy1-2,4,6 benzkne- 

sulfonyle et de difluoro-2,s beilzenesulfonyle conduit aux signes et aux amplitudes des con- 
stantes de couplage spin-spin contenant une composante a travers l'espace. La constante entre 
le noyau de fluor et les protons du groupe ~nCthyle a travers cinq liaisons est de + 1.9 Hz, d'un 
signe oppose au -3.1 Hz observe pour le couplage correspondant dam le fluorure de dimethyl- 
2,6 benzoyle. La difference de 5 Hz est probablement une conskquence de pref6rence.s con- 
formationnelles difftrentes pour les substituants SO2F et COF. Le couplage k travers quatre 
iiaisons entre le noyau de fluor de la chaine IatCrale et celui du noyau est de t l l . 6  Hz dans le 
fluorure de difluoro-2,s benzknesulfonyle. On suggkre que cette valeur indique que le lien S-F 
prCfkre se trouver, en moyenne, dans un plan presque perpendiculaire B celui du noyau benzeni- 
que. Des indications semblables sont notees pour les fluorures de pentafluorobenzknesulfonyle 
et de pentafluorobenzenesulfinyle. 

[Traduit par le journal] 

Hntrsductisn 
It  is probable (1-8) that all large 19F,19F 

n~iclear spin-spin coupling constants, " J F J  
(where r, is rhe rormal number of intervening 
boccis), attributable to a close proximity of the 
atoms or bonds contain~ng the coupled nuclei, 
are positive. T:~us, in derrvatives of I, jJr lF '  for 
the indicated conformation Lies near +75 Hz (31, 

whiie in o-fluorsbenzotrjfluoride derivatives it 
appears (9-13) that (see 2 and 3) the through- 
space contributions to 4JF9F are 4 ~ 0 F , F  - 80 HZ. 

lPostdoctoral fellow, 1974-1976. 

J ~ 6 0 F r F  - 20 H Z ,  4 ~ 1 2 0 F ' F  - 7.4 Ha, 4J,80FbF - 0 
Hz. The actual observed couplings are averages 
over the various conformations, whose popula- 
tions are dependent on the size and nature of the 
second substituent ortho to the CF3 group. It 
should be noted that a u-a mechanism (14-16), 
operating vla the intervening a electron system, 
and other indirect (17) mechanisms, could con- 
tribute as much as 2 Hz to the observed coupling 
constants. 

With one exception (18, 191, the available 
semiempirical theories (7) and a molecular 
orbital model (6) suggest a positive sign for a 
through-space "JFvF. For the corresponding nJH*F 
values a negative sign is calculated (19-23) and 
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measured (20-23) when the hydrogen and 
fluorine nuclei lie within a distance comparable 
t o  the sum of the van der Waals radii of the 
hydrogen and fluorine atoms. More generaily 
(24) INDO-MO-FPT caiculations indicate large 
negative or positive values for "JH,", depending 
on  the relative orientation of the proximate 
bonds containing the nuclei. For exarnple, in 
4, 5 ~ H 7 3 '  is con~puted as +26 Iiz when the C-F 

and C-H7 bonds are situated in the aromatic 
plane (22) while 5 ~ ' i s , F  - 1 Hz. AS the carbonyi 
gro:ip moves out of plane, and the1" approaches 
H8, this coupling becomes large and negative. 
I t  f o l i o ~ s  that the slgns of the observed VHrF 
will depend on the relailve magnitudes of positive 
and negatike contributions, which, in turn, are 
determined by a delicate balance of the non- 
bonded interactions determining the molecular 
geometry. 

In this paper the signs and magnitudes of 
4J,"9"2" in 2,5-difluorobenzenesulfonyi fluoride, 
and of VJ,'sCH3 in 2,4,6-trimethylbenzenesulfonyl 
fluoride, are measured and discussed in terms of 
through-space mechanisms. Deductions about 
thc confonnational prcfercnces of the sulfoayl 
Ar~oride fragment are presented 

Experimental 
The trimethyl derivative was of commercial origin 

while the 2,5-difluoro derivative was prepared from p- 
difluorobenzrne via chlorosuifonation, fo1j3wed by treai- 
ment with aqueous KF. 

The proion magnetic resonance spectra of degassed 
5 molt'; solutions in CD613 were calibrated in the 
frequency-sweep mode on an HA 100 spectrometer at  
32 ' C  at sweep rates of 0.02 Hris.  The 1 9 F  magnetic 
resonance spectra were calibrated at 56.4 MHz on a 
DA60-I spectrc~meter at 29 ' C .  Double resonance ex- 
periments designed to determine relative signs of coup- 
iing constants were performed in the usua! manner (25, 
25). 

Results and Discussion 

The spectral parameters, determined in the 
accepted manner by the ~ase of the cofilputer 

programs LAME (28, 29) and NUMAR (29), 
are given in Fable 1 .  A conservative estimate of 
the errors in the spectral parameters is 0.04 Hz, 
the rms deviations between ca!cu!ated and ob- 
served transition frequencies being as large as 
0.027 Hz. The largest standard deviations in the 
LAME analyses, as high as 0.014 Hz, occurred 
for the 19F spectra. 

The two ortho methy! groups in the trimethyl 
derivative are not magnetically equivalent be- 
cause 9$ ,H!CF13  f 63vH9CH3. However, these coup- 
lings will not differ by appreciably more than 
0.1 Hz (30) so that the spectrum is insensitive to 
VH3,"5 arid sensitive only to  (4J Nb"K3 f 
6JpHbC"3), 2. The Latter parameter may contain 
a somewhat larger error than 0.04 Hz. in  any 
event, 5J,'1,C"3 is of interest and is no doubt 
accurate to a t  least 0.1 Hz. 

The signs of the coupling constants are given 
on the basis of 3 ~ , H 3 "  > 0 (31, 321, 3J,H,H > 0 
(33),  and 5 ~ v " 1 F  > 0 (34). 

(2) The Sign clnd hfngt~it~trle of 7J",C"3 

The a-T mechanism no doubt dominates this 
coupling over seven bonds, has zero magnitude 
when the S-F bond lies in the benzene plane, 
acd  very likely increases as sin2 0, where 0 is the 
angle by which the S-F bond twists out-of- 
plane. I t  is notknown what the rnaximum value 
of 7J" ,CH3 is, i.e., when 0 = 90°, but the sub- 
stantiai magnitude of +0.68 Hz (compare 
7 J C H 3 , C H 3  = fO.62 Hz in p-xylene (35, 36)) sug- 
gests an out-of-plane orientation of the S-F 
bond. 

(3) Sign and M~~gni!erde of SJ,,F~eH3 

In 2,4,6-trimethylbenzenesuIfonyi fluoride 
5J /1CH3 is +1.9 Hz, in sharp contrast to the 
- 3.1 Hz measured in 2,6-dii;~rtby!benzoyl flusr- 
ide. 11, benzoyl fluoride the COF group prefers 
an in-plane zrrangeinent by about 5 kcal/mol 
(37). As shown previously (22), the presence of 
two O Y ~ I I C  methy! groups constrains the COF 
group to an out-of-plane arrangement. The con- 
comitant close approach of the i?uorine atom to  
the hydrogen atoms of the methyl groups ensures 
that the negative through-space contributions 
dominate 59,F~CH3. 

INDO-MO-FPT calculations (381, based on 
the parameterization of Gaiasso (391, were per- 
formed on 2-methylbenzenesu1EonyI Auoride for 
a number of possib!e conformations. A standard 
geometry (40) was assumed for all but the SO# 
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TABLE 1. Chemical shift* and spin-spin coupling parameters 

H4 C'H; 
Parameter Value Parameter Value Parameter Value 

~1 3594.35'1. 4 J m H 6 F 2  5.018 YI 3823.40'1. 

4 J m H 4 F 2  3.699 

'Proton shifts and coupling constants in Hz for 5 mot% solutions in CDCI?; shifts to low field from internal tetramethylsilane at 100 MHz. 
t i n  Hz at 56.443 MHz to Ion field of Internal CFC13 for I0 mo17, solutions in CHCII. 
:In Hz at 56.443 MHz to high field of internal C F J C C I ~  for 10 mo17, solut~ons in CHCII. 

group, uhose geometry was approximated as 
follows. The bond angles and lengths of the 
chlorosulfonyl group in CH3S02C1 and 
C6H5S02C1 are the same to within experimental 
error (41). By analogy, the geometry of the 
S 0 2 F  group in the benzenesulfonyl fluoride 
derivatives was !aken as that ia CH3S02F  (4?), 
uiz., S-F (1.56 A), C-S (1.76 A),  S-O (1.41 A), 
L CSF (98. lo), L C S 0  (1 10.4"). 

The results of the calcu!aeions are not given 
here.2 However, it may be noted that they 
showed a conformational dependence similar to 
that for 2,6-dirnethylbenzoyl fluoride (22) and 
that they were consistent with a preference for 
an out-of-plane conformation of the S-F bond. 

(4) The Sign anci Mugnitzrcle of' 49uF,So2P = 4 ~ F * F  

( i )  F,F Distcnzce Dependence of 4JFrF 
Over a narrow range of F,F distances, YFF. the 

through-space 9'8" is very sensitive (1, 7, 13) to  
Hiiton and Sutcliffe (13) suggest the empiri- 

cal equation 1 

111 J",' (HZ) = 6800 exp [- 1 . 9 9 ~ " ~  (A)] 

for YFF values between 2.2 and 4 .0A.  This 
equation roughly holds for 2-fluorobenzotri- 
fluoride derivatives, yielding numbers about 10% 
too low at  srnall YFF (and large 4J'F) values and 
numbers within a few Hz of observed (deduced) 
4 ~ F F  \lalues a t  intermediate F , F  distances. 

An indication of the rough general validity of 
[ I ]  is given by the observed 4 ~ " 9 C 0 F  of 38.8 Hz in 
pentafluorobenzoylfluoride (3). If, in the lruns 
arrangement of the ring C-F and (O=)C-F 
bonds, 4J"," is no larger than 1.5 Hz (43), the 
through-space contribution to 4 ~ ' 1 C 0 '  is roughly 
75 Hz. The same COF geometry as was used for 
the calculations on 2,:-dimethylbenzoylfluoride 
(22) yields ~ F F  = 2.30 A for a rigid, planar con- 
formation having a cis arrangement of the two 
C-F bonds. Equation 1 predicts 4J"1' as 
69.6 Hz, the agreement between the observed 
(deduced) through-space contribution and the 
calculated value being as good as for the 2- 
fluorobenzotrifluoride derivatives. 

Of course, [ I ]  is based on rigid conformations 
of the latter c o m ~ o u n d s  and. apart from its , . 

2 8  referee objected strongly to the use of these numbers. empirical nature, contains the averages 
The interested reader may obtain them froin the authors. over the torsional motions undergone by the 
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CF3 group in its various stable conformations. 
The application to  the benzoyl fluoride derivative 
above is therefore consistent with the derivation 
of [I], as is the discussion of 4~"3"2r  below. 

(ii) ConJorrnational Deductions Based on 
4 J F , S ~ ~ F  

Using the geometry of S 0 2 F  described in the 
previgus section and a C-F bond length of 
1.33 A, one has possibilities described by 5 to  8 
for 2,5-difluorobenzenesulfonyl fluoride. A con- 
formation in uhich the two X-F bonds are 
situated trans to  each other has an  F , F  distance 
too  large for a significant contribution from [l]. 
O n  the other hand, an indirect contribution of 
perhaps a few Hz to VJFsF is presumably possible 
for this conformation, as \+ell as for 5 to 8. 
Therefore the following deductions are perforce 
of an approximate nature. 

The observed 1 1.6 Hz for 4 ~ F r F  in 2,5-difluoro- 
benzenesulfonyl fluoride is compatible with 
equal populations of 6 and 8, having an  average 
4J"1" of 12.0 Hz, and being about 2 kca l  mol 
more stable at  305 K than any other conforma- 
tion. On the other hand, it appears unlikely that 
8 is equal ir. energy to  6 because it brings two 
negatively charged atoms rather close to each 
other: the SL-0- and CT-F- are polarized in 
the indicated manner. A more likely situation 
involves a ground state intermediate between 6 
and 7, having an  angle of twist of the S-F bond 
of about 75" from the in-plane form 5.3 

In any event, it is clear that 5 is not a n  im- 
portant conformation and that, on average, the 

31n the gas phase the angle of twist of the S-CI bond 
in benzenesulfonyl chloride (41) lies near 75" but, of 
course, the chlorine atom is relatively large and the pre- 
ferred conformation may arise from steric repulsions 
between the S-C1 bond and the ring C-H bonds. 

S-F bond is twisted out of the aromatic plane 
by a value nearer 90" than 0". Such an average 
allows the polar C-F bond in the ring and the 
polar bonds in the S 0 2 F  a reasonable interbond 
distance and may be compared with the data 
below in (iv). 

(iii) Confirrnational Indicntions From 6~,HrSo2F 

In benzoylfluoride 6JpH,CoF is insensibly 
different from zero (16), as it is in 2,6-difluoro- 
benzoyl fluoride (3). If this coupling is dominated 
by a a-T mechanism the zero masnitudes are 
reasonable. 6~ ,H3s02F  in the 2,5-difluorobenzene- 
sulfonyl fluoride is -0.58 Hz, consistent with an  
out-of-plane conformation for the S-F group 
on the assumption that the coupling is dominated 
by a c-T mechanism. In the trimethyl derivative 
7 ~ p r , c H 3  is $0.68 Hz, consistent with a a-T 
mechanism for 6JpHl"2F; particularly if in the 
latter compound the S-F bond spends more 
time in the perpendicular plane than it does in the 
2,5-difluoro derivative. Consequently, 6 ~ p H t s o z F  

is consistent hith the deductions based on 
4 joF,S02F 

(iv) Comparison n'ith 4~" ,S02F ancl 4 ~ F 1 S 0 F  in the 
Pentr~fluorober~zenes~~Ifo~~~~l ancl Pentafluoro- 
sulj?nql Fl~torides 

In  C6F5SO2F, 4 ~ F , S o 2 F  is 15.5 Hz (44). 
Taking the positive sign because of the data in 
Table 1, one may again draw the inference that 
conformations analogous t o  5 are not appreci- 
ably populated. Rather, if a conformation 
analogous to 7 is taken as that of low energy, 
then averages of calculations based on [I] a t  
intervals of a few degrees in the angle of twist of 
the S-F bond indicate a large amplitude of 
oscillation about the C-S bond; perhaps as 
large as 40". This depiction of the conforma- 
tional behaviour in C6F5SO2F is consistent with 
the apparent failure t o  freeze out (43) one con- 
formation at  temperatures as low as - 130 "C 
because, of course, the 19F magnetic resonance 
spectrum of 7 will be qualitatively similar to the 
spectrum at  room temperature; particularly if 
the barrier to  rotation is very low, as suggested 
by the large amplitude of oscillation in 7. 

In  C6F5SOF, 4JF1So" is 1 6 . 9  Hz (44). If the 
positive sign is correct, it is interesting to  note 
that [I]  predicts this value for a conformation 
analogous to  7; assuming that r,, is similar in 
the two molecules. Certainly a large angle of 
twist from the all-planar conformation is indi- 
cated by the magnitude of 4JF9SoF, which con- 
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trasts markedly with the 3JFC0F value in 
C6F5COF. Furthermore, the coupling of i 2.7 
Hz to the purcl fluorine nucleus, 6 ~ F $ " r ,  suggests 
considerabie nonplanarity. Perhaps a conforma- 
tion analogous to 7 is indeed the low energy 
form, in which case the spectral behaviour (44) 
at - 130 "C is rational. There is also the implica- 
tion of rather weaker conjugation for the §OF 
group or perhaps of a conjugation which is not 
strongly decreased as a function of rotational 
angle. The latter situation is compatible with 
partially filled (1 orbitals on sulfur. 

We are grateful to the National Research 
Council of Canada for financial assistance. 
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Synthesis of bridged azabicyclic ketones. Solvolysis of en01 ether and 
ethylene ketal N-chloramines in acidic medium 
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ROLAKD FURSTOSS, RAHIM TADAYONI, GILBERT ESPOSITO, JEAN LACRAMPE, ANDREAS HEU- 
MANN, and BERNARD WAEGELL. Can. J. Chem. 54, 3569 (1976). 

The syntheses of 2-azabic~clo[2.2.2]octanes, 2-azabicyclo[3.2.1]octanes and 2-azabicjclo- 
[3.3.l]nonanes, by means of intramoiecular cyclizations of IV-chloramines ~lnder acidic solvolytic 
conditions, are described. The cyclization is regioselecthe for the en01 ethers and dioxolanes. 
The latter reacts in an unsaturated open form. The experimental data lead us to conclude that 
the reaction mechanism involves an electrophilic chlorination of the en01 ether double bond. 

ROLAND FURSTOSS, RAHIM TADAYONI, GILBERT ESPOSITO, JEAN LACRA~IPE, ANDREAS HEU- 
MANN et BERNARD WAEGELL. Can. 9. Chem. 54, 3569 (1976). 

Nous decrivons les syntheses d'aza-2 bicqclo[2.2.2] et d'aza-2 bicyclo[3.2.l]octanes ainsi que 
d'aza-2 bicycio[3.3.l]nonanes, reaiisies par cqclisation intramoleculaire de IV-chloramines en 
milieu acide. Ces cyclisations sont rendues regiosi.iecti\~es par l'utilisation d'ethers d'enol et de 
dioxolanes, ces derniers reagissant sous une forme "ouverte" insaturee. Les risultats expiri- 
mentaux nous conduisent a conclure que le mecanisme de la reaction implique une chioration 
electrophile de la double liaison de I'etl~er d'enol. 

Introduction 

N-Chloramines are versatile synthetic inter- 
mediates in organic synthesis. Depending on the 
reaction conditions they form chloronium ions 
(1-3), nitrogen centered radicals (4-1 I), nitrenes 
(12), or nitrenium ions (13), although interven- 
tion of the latter species in certain solvolytic 
reactions of N-chloramines has been called in 
question (10, 11). In the presence of various 
reagents, N-chloramines react with double bonds 
(1-81, aromatic rings (4, 14-17), or unactivated 
hydrogens (lo,  18) if conveniently located within 
the molecillar framework. 

The present paper describes the intramolecular 
interaction of N-chloramines with en01 ethers 
and ethylene ketals in acidic medium. Using this 
rouie bridged azabicyclic ketones bearing the 
nitrogen adjacent to the bridgehead carbon have 
been efficiently synthesized. The availability of 
this rapid synthetic method is attractive, since 
such amino ketones are building blocks of 
numerous alkaloids (19-21) as well as of deriva- 

such as aqueous silver catalyzed solvolysis of 
ethylenic N-chloramines (22), photochemical 
cyclizations of N-nitroso derivatives (23), and 
intramolecular nucleophilic opening of epoxides 
by amides (26, 27). However, the method pro- 
posed here is often more unequivocal, straight- 
forward, and efficient, since it avoids the 
difficulties involved in the oxidation of amino 
alcohols (28) or hydrolysis of oximes. In the 
reaction described, the en01 ether or the ethylene 
ketal is the precursor of the keto group in the 
azabicyclic derivative. These groups sirnultane- 
ously protect the carbonyl group and insure 
regiospecificity in the chlorination reaction which 
is essentially electrophilic in nature. 

I t  is noteworthy that this process, which is 
currently considered as an  undesirable side reac- 
tion in radical reactions, has not been used 
extensively for synthetic purposes. In fact, we 
show that in the case of the en01 ether and 
ethylene ketal N-chloramines, it provides an  
excellent route to bridged bicyclic amino ketones. 

lives with potential pharmacological properties. 
This process is complementary to other reactions Synthesis o f  Enol Ethers and 

yielding functionalized azabicyclic derivatives Ethylene Glycol Ketals 
All N-chloramines used in this investigation 

'Revision received July 6, 1976. have been prepared by treating the corresgond- 
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3 R = OEt 
4 R = NHCH3 

ing amines with I M sodium hypochlorite solu- 
tion. A general route has been developed, which 
allows the synthesis of en01 ether chloramines 6, 
11, and 14 and ethylene ketal chloramines 10, 
13, 16, 18, and 19 (see Scheme 2) using suitable 
substituted phenol derivativesZ as starting ma- 
terial. The synthesis of chloramines 6 (enol 
ether) and 18 (dioxolane), shown in Scheme 1, 
illustrates this synthetic pathway. 

Catalytic hydrogenation of ethyl-4-hydroxy- 
phenyl acetate yields the cis and trans alcohols 1 
which give ketone 2 by potassium dichromate 
oxidation. Reaction of 2 with trimethyl ortho- 
formate in presence of potassium hydrogen 
sulfate affords en01 ether 3. Treatment of the 
latter with a methanolic solution of methylamine 
gives amide 4, which is reduced by lithium 
aluminium hydride to amine 5. 

The corresponding dioxolane derivative 9 is 
easily obtained by treatment of ketone 2 with 
ethylene glycol in the presence of p-toluene- 
sulfonic acid, followed by treatment with methyl- 
amine to yield 8 and lithium aluminium hydride 
reduction, yielding the amine 9. 

7 R = OEt 
8 R = NHCH, 

( I )  LiAlH4 
( 2 )  NaOCl 

1 

The preparation of N-chloramines 11 and 13 
have been described elsewhere (29, 30). 

Gyclization of Enol Ethers 

( I )  Cyclizntion irz Pure Trij7uoroacetic Acid 
In contrast to a genuine Hofmann-koeffler- 

Freytag reaction, in which an N-chloramine is 
irradiated by uv light in order to initiate a radical 
reaction, we found that solvoLysis of N-chlor- 
amines 6, 11, and 14 in pure trifluoroacetic acid 
leads respectively to bicyclic amino ketones 20, 
12, and 15 without irradiation3 (respective yields 
77, 15, and 75Cc). See Scheme 2 and Table 1. 
In the case of chloramine 6, en01 ether 21 is 
additionally obtained as a cyclization product 
(19%). The additional products obtained by 
solvolysis of 11 have been described previously 
(30). 

(2) In Methanol 
The striking difference arising from the use 

of methanol as a solvent (instead of pure 
CF3COOH), is the formation in high yields of 
epimeric chloro ketals 17 and 22. These can be 

2In the case of the orrho-chloramine 18 the synthesis 
may start with commercially available 2-carbethoxy- 'All experiments described were carried out without 
cyclohexanone. irradiation. 
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0 1  
CI 

Complex 

f i ( C H d n - A - C H ,  - reaction 
mixture 
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TABLE 1. Cyclization of enol eihers and ethylene ketals 

Starling Reaction Reaction 
material conditions" products Yields (<  ;) 

A 20 + 21 77 19 
C 20 + 21 20 50 
D 21 T 22 8 85 

A 20 10 
B 20 - 21 50 30 

A 12 - other IS  
compuuad, (30) 

A 12 5 
B 12 60 

A 15 35 
B 15 + 87 10190 

A 85 26 
B 15 50 

A Complex reaction mixture 
B 

A Complex reaction rn~xture 
B 

'A = CFJCOOH (pure): B = CF3COBH-MeOH; C = MeOH 
(with acidic treatment before isolation); D = MeOH (wi thout  acidic 
treatment before isolation). 

cyclized by acidic hydrolysis followed by base 
treatment, to ketones 15 and 20 respectively. A 
similar result has been obtained by Dygos for 
solvolysis of 14 in pure methanol (3 1). However, 
in the case of chloro ketal 22, this treatment 
predominantly affords the elimination-cycliza- 
tion product 21. 

Interestingly, solvolysis of chloramine 14 in 
an anhydrous mixture of MeOH-CF3COOH 
(7:3), leads to the same chloro ketals 17 (907, 
of the product), but the reaction time is dramati- 
cally shortened compared to the non-acidic con- 
ditions (5 min instead of 15 h). 

These results clearly emphasize the important 
role of the wucleophilic character of the solvent, 
as well as the influence of its acidity on the 
reaction rate. 

Obviously the enol ether provides an  activa- 
tion of the a position of the carbonyl group from 
which it was generated, as well as protection of 
this group. Based on these considerations we 
were led to  a study of another protecting group, 
namely the ethylene ketal (in 10, 13, and 16). 

Gyclization of Ethylene Ketals 

( I )  Ia Pure CF3;;G02H 
Solvolysis of IV-chisramines 10, 13, and 16 in 

pure trifluoroacet~c a c ~ d  gwes rlng closure 
products 20 (1073, 12 (see), and 15 (267,) in 
low y~elds accompanied by polymeric products 
and tars In the case of 10, four detectable com- 
pounds were formed beslde 20 Analysis by glc 
coupled wlth mass spectra, shows that n o  
bridged amino ketones such as 23 were formed 
(Scheme 4). 

(2) i ~ z  Tab.lj7uoroacetic Acid - Methanol 
Hn addition to these results obtained with pure 

CF3COOH, solvolysis of N-chloramines 10, 13, 
and 16. in an anhydrous trifluoroacetic acid - 
methanol solution leads to amino ketones 20,12, 
and 15 with comparatively higher yields and 
better selectivity. (Respective yieids of 50, 60, 
and 507, compared to  10, 5, and 267,.) The fact 
that enol ether 21 is obtained as a reaction 
product (10-307,) in the solvolysis of N- 
chloramine 10 gives an important clue concern- 
ing the reaction mechanism (see Discussion). 

Surprisingly enough, solvolysis of N-chior- 
amines 18 and 19, does not lead to the expected 
amino ketones 33. This can be rationalized in 
terms of steric arguments as will be discussed 
later. 

Dkcussion of Mechanisms 

As a result of the nature of the N-CI bond, 
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FURSTOSS ET AL. 

N-chloramine decomposition may follow various 
mechanistic pathways. In acidic medium it is 
possible to consider: ( i )  radical reactions involv- 
ing either addition of an aminium radical 
( ~ ~ f i h )  to a double bond (4, 5) or hydrogen 
abstraction from a saturated carbon atom, i.e., 
the Hofmann-Loeffler-Freytag reaction (18); 
(ii) ionic reactions such as electrophilic chlorin- 
ation (1, 3) or possibly nitrenium ion additions 
(13). 

The cyclization mechanism of 6 and 10 will be 

discussed extensively since it is representative 
for the mechanism occurri~lg in the case of 11, 
13, 14, and 16 (Scheme 4). 

( I )  Cyclizaiion of Erzol Ether N-Chlorarnines 
A highly exothermic reaction is observed 

when N-chloramine 6 (as well as 11 and 14) is 
dissolved in trifluoroacetic acid: this might be 
taken as an argument in favour of a thermally 
initiated aminium radical formation. 

This radical could then give rise: (i) to a 
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Hoftnann-Loeffler-Freytag reaction or (ii) to an 
addition reaction to the en01 ether double bond. 

However, the experimental conditions, i.e., 
presence of oxygen, short reaction time, immedi- 
ate disappearance of the N-chloramine proven 
by iodometric analysis, are not in favour of the 
implication of such a radical. This is confirmed 
by the fact that the cyclization definitely does 
not occur in 6 position relative to the nitrogen, 
(which is the normal course of the Hofnlann- 
Loeftler-Freylag reaction) to give 23.4 This 6 
position is particularly suitable in this case, as it 
is thermodynamically favoured (allylic position). 

We have verified that such a skeleton is by no 
means difficult to form, as 31 readily cyclizes to 
32, interestingly with a cis ring junction (32).5 

In addition, the fact that we observe a strong 
solvent effect, as evidenced in going from pure 
trifluoroacetic acid to a mixture of CF3C02H- 
MeOH, supports an ionic process rather than a 
radical pathway. 

Finally, the possible radical processes are 
excluded by the formation of high yields of the 
chloro ketals 22 in the presence of methanol. 
This actually also excludes the implication of 
nitrenium ions in these solvolyses. 

31 32 

The mechanism we propose involves chloron- 
ium ion addition to the en01 ether double bond 
of N-chloramine 6 to form the methoxy stabil- 
ized carboniuln ion 25 (Scheme 4). The latter can 
either undergo elimination to 26 or be attacked 
by the solvent to give an intermediate of type 28. 
The direct pathway from 25 to 26 does not look 
too reasonable as it involves the elimination of 
the less acidic hydrogen. Accordingly, 26 is much 
more likely to be formed via 28 followed by a 
kinetically controlled base e l imina t i~n .~  Inter- 

jIt should be noted that in chloran~ine 11 the double 
bond can isomerize. The 6 position relative to the nitro- 
gen then becomes aliylic. However in this case as well as 
(301, the cyclization does not occur at  this carbon and the 
formation of 6-azabicyclo[3.2.l]octan-he was never 
observed. 

5We thank Professor Mokotoff (University of Pittsburg 
U.S.A.) for the physical data relative to 32. 

6We thank one of the referees for this suggestion. 

mediate 28 (S = 0CH3)  can be isolated in good 
yield when the solvent contains a good nucleo- 
phile such as methan01.~ The latter derivative 
can then undergo: (i) a base initiated elimination 
leading to 26 which cannot be isolated as it 
immediately undergoes a base induced cycliza- 
tion to the bicyclic derivative 21; (ii) a hydrolysis 
to 30 which could not be isolated as it cyclizes 
very easily to 20 in basic medium. 

All these data, and especially the fact that 28 
(S = OMe) could be isolated and characterized 
as the free amine 22 (Scheme 2), are strongly in 
favour of the process involving the electrophilic 
chlorination of the enol ether double bond. It is 
interesting to note that the ratios of cyclized 
products 20 (ketone) and 21 (enol ether) are 
inverted, in going from solvolysis of en01 ether 
N-chloramine 6 in pure CF3COOH (20 21 = 

80:20), to basic cyclization of the intermediate 
22 (20 21 = 20:80). This is probably due to 
different reactivities of compounds 28 S = 0 C H 3  
and S = OCOCF,. In the case of the dimethyl 
ketal 28 (S = 0 C H 3 )  elimination of MeOH is 
favored, giving higher quantities of en01 ether 
21, whereas the use of pure CF3COOH in the 
solvolytic mixture results in predominant forma- 
tion of 20 after hydrolysis of the more stable 
trifluoroacetoxy intermediate 28 (S = 0COCF3). 

Similar cyclization processes will occur for 
11 and 14. 

(2) Cjclizations of Ethylene Ketal N-Chlorarnines 
In contrast to the case of en01 ether chlor- 

amines, ethylene ketal chloramines dissolve in 
trifluoroacetic acid non-exothermically. How- 
ever, as shown by the reaction products-(~cheme 
2 and Table l), the behaviour of N-chloramines 
10, 13, and 16 is rather similar to that of the 
corresponding enol ethers 6, 11, and 14, espe- 
cially when the reaction is carried out in a 
trifluoroacetic acid - methanol mixture. No com- 
pounds which could arise from a Hofmann- 
Loefier-Freytag process have ever been ob- 
served (29, 33). 

This leads us to postulate open forms of the 
corresponding dioxolanes as intermediates in 
the reaction, although u e  have not been able to 
isolate them. In fact, it is known that, in acidic 
medium, dioxolanes are in equilibrium with 

'When the solvent is pure trifluoroacetic acid, it can be 
understood that the reaction proceeds less satisfactorily 
because of the poor nucleophilic character of the acid. 
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open forms such as 24. These forms are actually 
postulated as intermediates in bro~nination 
reactions of dioxolanes (34), and have been used 
as key intermediates in alkaloid synthesis by 
Wenkert (35) or in transannular aminations by 
Johnson (36). 

Accordingly, the same mechanism involving 
electrophilic chlorination (see Scheme 4) of the 
thus formed double bonds would apply to these 
derivatives and explain the observed products. 

Furthermore, formation of 307, of 21 by 
solvolysis of 10 in a trifluoroacetic acid - meth- 
anol mixture, definitely shows that methanol 
must be involved in an intermediate such as 
29 (S = OMe) (Scheme 4). 

As noted earlier, N-chloramines 18 and 19 
(Schemes 2 and 3) do not cyclize to the expected 
azabicyclic ketones 33. This can be easily under- 
stood on the basis of the mechanism proposed. 
In fact, Gaudry and Marquet (34) have shown 
that, in the presence of methanol, bromination 
of ethylene ketals always occurs at the less substi- 
tuted carbon. However, in acidic medium, the 
bromide rearranges to the more substituted 
carbon. Accordingly, 34 which would result 
from the initiaI chlorination of the enol ether 
structure, should rearrange to 35. 

These derivatives could not cyclize because of 
the strain involved in the three or four membered 
spiro systems which would be formed. 

Structure Determination and Spectroscopic Data 
All new structures described above have been 

determined on the basis of their spectroscopic 
data (ir, nmr, mass) reported in the experimental 
section or in previous papers. Some points of 
interest will be discussed below. 

( I )  Mass Spectroscopy 
Fragmentation processes in mass spectroscopy 

are particularly characteristic of the various 
bicyclic structures, as was shown earlier in the 
azabicyclo[3.2.l]octane series (39). In the case 
of compounds 36 and 37, for instance, the base 
peak (10076) is located at  m,'e 96, a feature 
which is in perfect agreement with the proposed 
structures. It should be pointed out, however, 
that such fragments also appear, but not as 
base peaks, in the mass spectra of different 
bridged azabicyclic derivatives (10). 

(2) Infrarecl Spectroscopj) 
As shown by Leonard and co-workers (40,41) 

in medium ring amino ketones such as 38, the 
interaction of a nitrogen with a carbonyl group 
lowers the stretching frequency of the carbonyl 
(to 1681 cm-I in 38). The carbonyl frequencies 
observed in our molecules ranging from 1707 to 
1720 cm-I (for 12, 15, 20, and 39) indicate that 
there is no marked interaction between the 
nitrogen and the carbonyl group (vc=o is about 
1710 cm-I for the parent ketones). 

(3) Ultraviolet Spectroscopy 
Heteroatoms such as C1 or N can induce 

bathochroniic and hyperchromic effects in the 
n +  a* band of carbonyls and, in some cases, a 
new band can appear at  220 nm (42-44). 

Shifting toward longer wavelength (batho- 
chromic effect) would be due to coupling of the 
carbonyl a and a* energy levels with the free o 
and a* energy levels of the C-N bond (45). 

In the case of bicyclic cr and P amino ketones it 
is possible to obtain stereochemical information 
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TABLE 2. Ultraviolet data 
-. 

12 15 20 39 40 

A,,, (nm) 320 318 322 310 280 
Emax 490 395 318 80 80 

from these data (35, 46). Bathochromic and 
hyperchromic effects can be observed in a- 
amino ketones if the nitrogen lone pair is trans 
antiparallel relative to the CrCO bond. In 
such a configuration, the non-bonding part of 
the lone pair can overlap with the y-orbital of 
the carbonyl carbon (W configuration). 

The molecules which we have studied (12, 15, 
20, 39, and 40) definitely exhibit noticeable 
effects (see Table 2) especially for 12, 15, and 20. 

Although it is difficult, on this basis, to define 
which conformation is the most favourable, it is 
clear that the nitrogen lone pair does rapidly 
invert, so that both conformations are populated. 

Conclusion 
The work which we have described shows that 

ionic intramolecular electrophilic chlorination of 
activated double bonds or ethylene ketals pro- 
vides an interesting synthetic pathhay toward 
bridged azabicyclic ketones. 

Experimental 
Infrared spectra were recorded on a Perkln-Elmer 

Model 257 using CC14 or CHCl3 as a solvent. n m  spectra 
were obtained on a Varian A-60-A (60 MHz Hmr), all 
chemical shifts are reported in ppni downfield from In- 
ternal TMS. Ma\s spectra were recorded on a Varlan 
MAT CH5 at 70 eV Product ratios were determ~ned by 
glc analys15 on Aerograph 90 P 4 or lntersmat IGC 12 
h1B using hydrogen as a carrler gas The following 
(packed) columns (2-4 in) have been emplojed. (a)  Car- 
bowax 20M (10-3Of,) on Chromosorb P (washed wlth 
5 ' (  KOH-,MeOH), (b)  SE-30 (10-30(,) on Chromosorb 
P (washed wlth jCc KOH-MeOH). 

The picrates have been prepared by adding the amlne 
(50 mg) to a saturated solut~on (10 ml) of picric acid In 
ethanol The precipitate was filtered and recrystallized 
twice from ethanol 

( I )  Et/1yI-4-/1ydrox~;ahe11,vl Acerute (47) 
A solution of 3-hydroxyphenylacetic acid (50 g, 0.328 

mol) and concentrated sulfuric acid (3  nil) in ethanol 
(150 ml) was refluxed for 3 h. The cooled solution was 
evaporated, and the residue combined with water 
(200 mi) and extracted with ether. The ethereal extracts 
were washed with sodium bicarbonate solution, dried 
(MgS04), and concentrated. Distillation of the crude 

reaction product yielded the liquid ester (54.5 g, 9256) 
bp 138 'C,'0.5 torr (lit. (47) bp 156-157 'C/ 1.5 torr); ir 
(CCI,) 3600. 3400 (OH), 1700-1740 (ester), 1100cm-1 
(C-0); nmr (CC14) 6 1.16 (t, 3H), 3.41 ( 3 ,  2H), 4.06 
(q, 2H), 6.55-8.05 ppm (m. 5H); ms MA 180 (CIOH1ZO3). 

(2) Et/1y1-4-llqdroxycjc~o~1ex~l Acefrlte 1 (48) 
A slurry of ethyl-4-hydroxyphenyl acetate (50 g, 0.31 

n~ol)  sodium ethoxide (3 g), Raney Nickel (4-5 g), and 
dry ethanol (170 ml) were placed in an autoclave with 
agitation and hydrogenated at 150-160 "C. 125-140 kg 
pressure obernight. The cooled solution was filtered, 
concentrated, and the residue taken up in ether and 
washed with a small amount of brine. The dried ethereal 
solution was evaporated and distilled to yield 1 (34 g,  
64';): bp 106'C/0.3 torr (lit. (48) bp 115-116"Cj0.4 
tor;); ir (CCI,) 3610. 3390 (OH), 1730 cm-1 (ester); nmr 
(CCl,) 6 1.21 (t ,  3H), 1.41-2.3 (in. 12H), 3.0 (s, IH), 4.48 
ppm (q, 2H); nls MT 186 (CloH1803), base peak mle  98. 

(3) Et/1yl-4-oxoc)c/o/1e.~y/ Acefure 2 
A solution of potassiun~ dichron~ate (18 g) in water 

(90 ml) and concentrated sulfuric acid (13.5 ml) was added 
slowly to ethyl-4-hydroxycyclohexyl acetate 1 (31 g,  
0.16 mol) dissolved in ether (80 ml) at a rate such that 
gentle refl~~xing of the reaction mixture was maintained. 
Refluxing was continued for I5 11. The two phases were 
separated and the aqueous layer extracted with ether. 
The combined ethereal layers were hashed with sodium 
bicarbonate solution and brine, dried over MgS04, and 
the solvent evaporated. Distillation of the crude reaction 
product yielded ketone 2 (27 g. 88',): bp 110-1 I5 'C/1 
torr; ir (CCI,) 1710-1740cm-1 (C=O); ninr (CCld 
6 1.23 (t. 3Hj, I .52-2.5 (m, 1 lH),  4.1 ppm (q, 2H); ms 
My 184 (Cl0HI6o3),  base peak m / e  96. 

(4 )  Ef/1yl-4-i?~er/1oxj~-3-c~~clo/1exenj~l Acetate 3 
A solution of ethyl-4-oxocjclohexyl acetate 2 (30 g,  

0.16 mol) and p-toluenes~~lfonic acid (200 mg) in dry 
methanol (27 ml) was placed in a distillation apparatus 
equipped with an addition funnel. After dropwise addi- 
tion of triniethyl orthoformate (21 g, 0.198 mol) the 
reaction flask was heated in order to distill the methanol 
at atmospheric pressure, followed by reduced pressure 
distillation. Yield of 3 25 g (777,); bp 84-85 'C10.5 torr; 
ir (CCI,) 1730 (CO). 1665 (C=C), 1210 cm-1 (0-CH3); 
nmr (CCI,) 8 1.21 (t, 3N). 1.53-2.4 (m, 9H), 3.41 (s, 3H), 
4.1 (q, 2H). 4.4 ppm (in, 1H): ms M+ 198 (C11H1803). 

(5) 1V-Merhyl-4-mer/1oxy-3-c).cl0/2exe~~yl Aceroxumide 4 
About 30 g (-1 mol) of methylamine was condensed 

into a 500 ml flask, fitted with a dry ice condenser, which 
contained methanol (100 ml), sodium methoxide (4 g), 
and ethyl-4-n1etl~oxy-3-cjclohexe11j1 acetate 3 (15 g, 0.075 
rnol). The flask was stoppered and stirred n~agnetically 
for 72 h, at room temperature. Methanol and remaining 
methylamine were evaporated and the white, solid residue 
dissolved in CHlC12 (100 rnl) containing a small amount 
of water. The two layers were separated and the CH2Ci2 
phase was washed uith a sinall volunle of brine. The 
aqueous layers were extracted with CHzClz and the 
combined organic layers dried and evaporated. The 
residue 4 (13 g. 92' ,) was recrystallized from cyclo- 
hexane: mp 105-105.5 'C; ir (CHC13) 3450.3320 (N-H), 
1660 (C=O, C=C), 1170 cm-I (OCH3); nmr (CDC13) 
6 1.2-2.4 (m, 9H), 2.8 (d, 3H), 3.5 (s, 3H), 4.6 (m, IH), 
6.1 pprn (br s, IH). 
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(6) 1-Methox~-4-(N-n1etl1j~l~i1~1i11oetIr~~I)cj~clol1exeire 5 
A'-Methyl-4-niethoxy-3-cyclohexeny 1 acetoxamide 4 (1 2 

g, 0.069 tnol) dissolved in dry THF (100 ml) was added 
slowly to a rapidly stirred slurry of LiA1H4 (4 g, 0.1 mol) 
in THF (135 ml). Stirring was continued and the mixture 
heated to reflux for 10 h. After cooling in an ice bath the 
mixture was carefully hydrolyzed by adding dropwise: 
water (4 mi), NaOH solution ( I5 / , ,  4 rnl), and water 
(12 ml) followed by further rapid stirring for 15 min. The 
solution was filtered and the remaining residue carefully 
washed with ether. The cornbined organic layers were 
dried (:MgSO,) and evaporated, and the residue ( l o g ,  
85' 2) distilled in 3 g portions in order to avoid excessive 
polymerization. Yield of 5 7.2 g (60 '0:  bp 60-61 'C:0.1 
torr: ir (CCI,) 1668 (C-C). 1210 cm-1 (0-Me); nmr 
(CCl,) 6 1.05-2.3 (m, 9H), 1.15 (s, lH),  2.35 (s, 3H): 2.56 
(t, 2H), 3.43 (s, 3H), 4.48 ppni (m, IH). ms M+ 169 
(CloH19NO), base peak m/e 44. 

(7) I-Mef/io.uy-4-(N-cli/oro-N-~ne1l~y/u~~1ii1oefl1yI)- 
cyclohexeire 6 

Yield 93' ; ; ir (CC14) 1665 (C=C) 1210 cm-J (0- 
CH?);  nmr (CCJ,) 6 1.2-2.3 (m. 9H). 2.9 (s, 3H and 
m, 2H), 3.4 (s, 3H), 4.5 ppm (m, IH). 

II. Prepiircitioi~ of Dioxoliri~e .N-Clilorcii~iii~e 10 
(I) 1,4-Dioxiispiro[4.5]de~ci1ie-8-etl1y/ Acettrtr 7 
Ethyl-4-oxocyclohexyl acetate 2 (27 g. 0.146 mol), 

ethyleneglycol (1 4 g,  0.226 mol), benzene (100 ml), and 
p-toluenesulfonic acid (50 mg) were dehydrated by means 
of azeotropic distillation in a Dean-Stark trap over a 
period of 10 h. The cooled solution was washed with 
sodium carbonate solution and brine, dried (MgSO,), 
and evaporated. Distillation gave pure 7 (28 g. 83' , ) :  
bp 95-98 "Cj0.3 torr ; ir (CC14) 1730 (C=O), 1100 cm-1, 
(C-0); nmr (CC14) 6 1.23 (t, 3H). 1.4-2.3 (m, 1 1H), 3.81 
(s, 4H), 4.08 ppm (q, 2H); ms M- 228 (C12H2004) base 
peak m;e 99. 

(2) I,4-Dioxc~spiro[4.5]decaiie-8-(N-it7efliyI) 
Acefoxirmide 8 

1,4-Dioxaspiro[4.5]decane-8-ethyl acetate 7 (25 g, 0.109 
mol). methylamine (40 g, 1.3 mol) dissolved in methanol 
(200 ml), and sodium rnethoxide (0.5 g) were transformed 
to 8 (22 g, 94' ,) in the same manner as described for the 
en01 ether aniide 4: mp 102 'C; ir (CHCIj) 3480 (N-H), 
1660 (C=O), 1100cm-1 (C-0); nmr (CDCI,) 6 1.46- 
2.18 (m, 12Hj. 2.80 (d, 3Hj, 3.91 ppm (s, 4H). 

(3) 1,4-Dioxc~spiro[4.5]-8-(N-n1ef/1jlumiiroet/ij~/)- 
deccitre 9 

1,4-Dioxaspiro[4.5]decane-8-(N-methylj acetoxamide 8 
(20 g: 0.098 mol) was reduced by means of LiAIH, 
(4 g, -0.1 mol) in THF (100 ml) in the same manner as 
described for amine 5 to yield 9 (I5 g, 75';) (this product 
does not tend to polymerize during dist~llation): bp 
94-98 'Ci0.3 torr; ir (CCl,) 1100 cnl-1 (C-0); nmr 
(CCI,) 8 1.10-1.86 (m, IIHj,  1.23 (s, IH). 2.35 (s, 3H), 
2.40-2.72 (t, 2H), 3.81 ppm (s; 4H); ms Mf 199 
(Cl1H2~NO2), base peak nzje 44. 

(4) 1,4-Diox~1spiro[4.5]-8-(N-cl1loro-N-177et/1j~lur,1iiio- 
etlryl)decni~e 10 

Yield 93(,,; nmr (CCl,) 6 1.16-1.61 (m, IIH), 2.86 
(s, 3H), 2.68-3.0 (t; 2H), 3.82 pprn (s, 4H). The prepara- 
tion procedures for the iV-chloran~ines 11, 14, 13, 16. 18, 
and 19 as well as for the corresponding arnines, are 

identical to those described for 6 and 10. 

111. 1-~'l.let/1o.uy-3-(IV-c/1loro-~Y-~11~r/iyl~rt~1i~io~1zetIz~l)cyc/o- 
Irexriie I1 

The synthejis of 11 is dexrihed elsewhere (30. 49). 

IV. I-~Vet/1oq~-4-(N-c/1loro-~\~-i?zt~~liylrmii1ornet/1yl)cycIo- 
llexeire 14 (31) 

Compound 14 war synthesized by identical procedures 
to those described for 6. The physical data for the 
synthetic intermediates are the following. 

(I) Etlz~~l-4-/1ydro,~~~rj~c/olic~x)l Curbo.xy/~te 
Yield 85' ; ; bp 100 C;0.5 tort (lit. (32) bp 142-145 'Cj 

15 torr); ir (CCI,) 3620 and 3450 (OH). 1730cm-1 
(C=O); nmr (CC1,) 6 1.25 (t, 3H). 1.4-2.5 (ni, 10H), 3.7 
(5, IH), 4.12 ppm (q. 2H). 

(2) Etl1~~l-4-oxoc)~clo/1ex~~l Curhoxylute 
Yield 90' c ;  bp 118 Ci5  torr; ir (CC14) 1710-1730 

cnl-1 (C=O); nmr (CCI,) 6 1.26 (t: 3H), 1.5-3.0 (m, 9H), 
4.16 ppni (q. 2H). 

(3) Erl1jl-4-niet/1oxy-3-cycIo/1e.ueire Ctirbosylnfe 
Yield 8j i , ;  bp 73 'C 0.45 torr; ir (CCI,) 1730 (CO), 

1670 (C=C), 1200 cm-I (ORle); nnir (CCI,) 6 1.3 (t, 3H), 
1.7-2.5 (m, 7H), 3.45 (s, 3H), 4.1 ((I. 2H). 4.5ppni 
(large t, 1H). 

(4) N-;Mrr/1jl-4-r11ef/zoxj-.~-c~'clu/ze.ueiie Ctrrbo~cii~~iiie 
Yield 97' ; : mp 98-99 'C (recrq stallired from cyclo- 

hexane); ir (CHC13) 3460, 3350 (NH), 1660 (C=C), 1170 
cm-1 (01Me): nmr (CDCI,) 6 1.7-2.5 (m, 7H). 2.85 
(d, 3H). 3.55 (s, 3H), 4.6 (m. lH),  5.8 ppm (m, IH). 

(5) 1-l~er/1o.~y-4-(1\'-~11et/1y~~imi~roi11et/1)~/)cj~c/o/1exe~le 
Yield 70' : bp 47 -C,:0.3 torr; ir (CCI,) 1660 cm-1 

(C=C): nmr (CCI,) 60.8 (s, IH), 1.2-2.2 (m, 7H), 
2.4-2.6 (m, 2H). 2.35 (s. 3H). 3.45 (s, 3H), 4.5 ppm 
(m, lH). 

(6) I-iVfc~t/1o.~y-4-(h'-cI1loro-N-1n~~ti1~~I~1n1ii1oi11etI1yI)- 
c~.clo/iexer~e 1 4  (31) 

Yield 935c. 

V.  1,4-Dioxir.~piro[4.5]-7-(1V-clrloro-N-mer/1yIi1n~iiro- 
meflrj,l)d~ctriie 13 (29) 

The physical data for the synthetic interniediates 
leading to 13 have been described elsewhere (29). Yield 
94 ' ' :  nmr (CDClj) d 1.15-2.1 (m, 9H). 2.75 (cl, J = 
10 Hz, 2H), 2.93 (s, 3H), 4.0 ppm (s; 4H). 

VI .  1,4-Dioxtispiro[4.5]-8-(~V-cI1Ioro-1Y-1tietI1y1c1i~1ii1o- 
nzet/i~'I)decuire 16 (33) 

The phjsical data of the synthetic intermediates 
leading to 16 have been described else~vhere (33). Yield 
91'1; nnir (CCI,) 6 1.0-2.0 (m, 9H), 2.68 (d. J = 6 Hz, 
2H), 2.89 (s. 3H). 3.86 p p ~ n  (s. 3H). 

VII .  S),irt/ie~is mrd C)~clizatioii of N-Clzloro-N-i~~erliyl- 
cycloheq~/ef/~j~lcii?iiiie 

(I) N- .Wet/~ylcyc/o/~es?.( Acetoxamitle 
Ethylcyclohex)lacetic acid (Fluka) was treated with 

methylamine in methanol to give N-methylcyclohexyl 
acetoxamide. Yielcl 79'; ; mp 94-96 'C :  ir (CHC13) 3460 
(N-H), 165Ocn1-1 (C=O): nmr (CDCI,) 60.4-2.8 
(m, 13H), 2.81 (d. 3H), 5.5 ppm (br s, 1H). 

(2) ~-~~~~t/~~~/cyc/o/~exy/er/~)~/tii~iiie 
Yield 86',;; nmr (CC14) 6 0.91 (s. IH). 1-2 (in, 13H), 

2.4-2.73 ( n ~ .  2H), 2.39 ppnl (s, 3H). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3578 CAN. J. CHEM. VOL. 54, 1976 

(3) N-Metl~yloctcil~~~droi~~ciole 32 (cis-N-Metl~yi- 
7-azrrbicyclo[4.3.~1o11~111e 32) 

N-Chloro-A'-niethylcyclol~exylethylamine 31 (4.7 g, 
0.026 mol) in CF3COOH (80 nil) was irradiated by 
means of a Hanovia lamp (150 W) for 4 h. The reaction 
was continued and the product isolated as was described 
for the sol\olysis of enol ether lV-chloran~ines in trifluoro- 
acetic acid. Yield 2.4 g (64' ;); bp 52 'C/5 torr: nmr 
(CCl,) s 1-2.6 (m. 13H), 2.15 (s. 3H). 3.12 pprn (ni; IH) ;  
ms M+ 139, base peak nl/e 96; mp of the picrate 195- 
212 'C (dec.). 

VIII. Preparution of N-Cl~lom~niizes (Gei~ernl Procedire) 
A heterogeneous rnixt~~re of amine (0.006 mol). CH2CI2 

(4 ml) and l ;\I sodium l~ypochlorite solution (12 ml, 
0.012 mol) was vigorouslj stirred for 90 min at  room 
temperature in the absence of Ilght. The two phases were 
separated and the aqueous layer was extracted with 
CH2C12. The combined dichloroniethane solutions were 
washed with brine. dried (MgSO,), and evaporated 
without heat and light. Yield 90-95'); crude reaction 
product. The chloramines were subjected to cyclizarion 
conditions without further purification, the purity being 
monitored by nlnr spectroscopy (N-CH;). 

IX. Solvob.sis of E~rol Ether N-Clrloriin~i~~es 
(Genrrcil Procedrres) 

(1) 111 Pure CF3COOH 
The en01 ether ~l~-chloramine (5-10 mniol) was added 

dropwise to a ten fold quantity (10-20 ml) of cooled 
(0 "C) and stirred anhydrous CF3COOH, lodometric 
titration revealed, that the N-chloraniines. had disap- 
peared immediately. The mixture was warmed to room 
temperature and the acid evaporated ilz ~-uc~ro. The brown 
residue was dissolved in methanol (10-20 nil) and solid 
potassium bicarbonate (1-2 g) was added portionwise to 
p H  10. After refluxing for I 11 the methanol was evapo- 
rated witl~out heating, and a small portion of water was 
added and the mixture was extracted with methylene 
chloride (3-4 times). The combined organic layers were 
dried (MgSO,). the solvent evaporated, and the residue 
distilled ill cacuo or simply filtered on alumina by means 
of a short chromatographic column to remove polymeric 
products before being analyzed by glc. 

(2) III CF3COOH-MeOH 
The enol ether N-chloramine (5 nlmol) in dry nieth- 

anol (10 ml) was added dropwise to a stirred anhydrous 
CF3COOH (5 ml) (distilled over PzO,) at  0 "C. The 
solution was warmed to room tenlperature and neutral- 
ization was acconiplished by refluxing the reaction 
mixture with powdered potassium carbonate for 30 min. 
Methanol was evaporated. the residue taken in a small 
portion of water and extracted with ether. Evaporation 
of the combined and dried (MgS04) ethereal solution 
yielded the products which were subjected to  glc analysis. 

(3) 111 Metl~cinol 
A solution of the h'chloraniine (5  mniol) in absolute 

methanol (50 ml) was refluxed until no more N-C1 was 
detectable by iodometric titration (15-20 h). Methanol 
was evaporated and the residue treated with dilute HCI 
(5%, 20 ml) by stirring rapidly for I h. The aqueous 
solution was made basic with 50% sodium hydroxide and 
extracted with ether, the combined ether layers were dried 
(MgS04) and the solvent evaporated. 

X. Solvol~~si.~ of Dioxolclne iV-Clrlortrmir~es 
(Ge~leriil Procedltres) 

(I) III Pure CF3COOH 
The saliie proced~~re  was applied as was described 

for the reaction of en01 ether .W-chloramines in pure 
CF3COOH (iX-I). The lower reactivity of dioxolanes 
requires a reaction time of about 2 11 after the addition of 
the IV-chloramine to trilluoroacetic acid had been com- 
pleted. 

(2) 111 CF3COOH-.14eOH 
A solution of the dioxolane AT-chloramine (20 mmol) in 

methanol (30 ml) was added dropwise to rapidly stirred 
CF;COOH (7 nil) at  O'C. The reaction mixture was 
warmed and refluxed ~ ~ n t i l  all N-C1 had disappeared 
(iodometric test) (-90 niin). After cooling. potassium 
carbonate (10-12 g) was added and refluxing was con- 
tinued for f h in order to neutralize the acid and to 
achieve cjclization. hlethanol was evaporated, the residue 
taken up in a small quantity of water, and the products 
isolated by ether extraction in the usual manner. 

XI. Reuctioli Prodiicts 
(I) N-Metl1~l-2-crz~ibic)~clO[Z.2.2]octut1-6-ot1e 12 
The physical data of 12 have been described elsewhere 

(30, 49, 50). 
(2) ~V-1Merlryl-6-cizr1bie~~clo[3.2.I]octcirl-4-or1e 15 
The physical data of 15 have been described elsewhere 

(38). 

Infrared (CC14) 1660cni-1 (C=C) l2lOcm-1 (OMe); 
nmr (CCI,) 6 1 .lo-2.64 (m. 9H). 2.1 1 (3, 3H), 2.95 
(br t ,  IH), 3.43 (s, 3H); 4.70 ppm (br t: 1H); ms M+ 167 
(CloHI,NO). base peak m/e 110. 

21 is easily hydrolyzed to 20. The product mixture 
(gof); 21  and 20'; 20) (300 mg) and hydrochloric acid 
(5'4. 10 nil) were rapidly stirred and heated to 40 "C for 
20 h. The mixture was neutralized with KOH (50';). the 
p r o d ~ ~ c t  extracted with ether, and the ether solutions dried 
and evaporated. Yield 350 n ~ g  (95%) of 20. 

(4) N-Merl1yi-2-azubicyclo[3.3.l]notz~11-8-ot1e 20 (38,52) 
Infrared (CCl,) 1707 cm-1 (CO); nnlr (CC14) 6 1.5-3.0 

(ni, with a br s at  1.95. 12H), 2.18 ppm (s, 3H); rns M- 153 
(C9HI5NO) base peak nl;e 96; picrate nip 212-214cC 
(dec.) (lit. mp (52) 218-219 'C). 

20 can be hydrogenolyred (30) to  the parent hydro- 
carbon N-methyl-2-azabicyclo[3.3.l]nonane (80%;): nmr 
(CCl,) 1.4-2.0 (m. 1 IH), 2.3 (s, 3H), 2.7 ppm (m, 3H); ms 
M+ 139 (C9H17N), base peak nl,e 96. 

XII. Isolcrtiot~ of tile Dicl~loro Ketrrl Il~ternledinfe 22 
(4,4-Di1~1etl1oxj~-3-cl1loro-(N-111etl1j~Ianir1oetl~y/)- 
cyclolrexn~ze) by S o l v o l ~ ~ z i ~ ~ ~  6 ill M ~ f l ~ a ~ r o l  Without 
Acidic Treatmerzr 

(I) Prepurutior~ of 21 crr~d 22 
1-Methoxy-4-(N-cl~loro-N-metl~ylan~inoethyl~cyclohex- 

ene 6 (0.9 g, 4.5 mniol) in methanol (50 nil) was refluxed 
for 15 h (negative iodometric test). Methanol was 
evaporated. the residue was taken up with water and 
extracted with ether, the ethereal solutions dried, and the 
solvent evaporated. Yield 93Yc: glc (1.1 g (99'jo mixture 
of 22 (90'/1) and 21 (10%). 22 (two isoniers with the same 
mass in a ratio of 1:4): nnx (CC14) 6 1.0 (s, lH ,  NHd, 
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1.1-2 irn, 9H), 2.36 (s. 3K, N-CH3), 2.55 it, J = 7 Hz. 
2H,  N-CH:), 3.14 and 3.17 (2s. 6H, Ohre), 3.1 ppm 
(br s, IH. C1-C--H); rns m e 44 (100). 137 (20), 168 (14). 
220 (12). 222 (4) (M-CFij). 
(2) C~'c/izulioll o/'4.4-Dii?1el~lo~-3-c/1io1'o-(~\~-i71e1/1~/- 

iii?~iiioer/i~/)c~c/o/~e.~iii~e 22 
The niixture containing 22 (90 '0  and 21 (10' ;) (800 

nig, 3.4 mmol) was stirred in presence of HCI (5 ' ,  , 20 ml) 
for 1 11. The niixture was neutralized :.*,it11 NaOI-1 (50' ,) 
and the products extracted wit11 ether. Yield 600 mg 
( 7 3 ' 0 :  20 (20 ' ' )  and 21 (80'() .  The product\ thu\ ob- 
tained were identical to those generated by solvoljsis of 
N-chloramines 6 and 10. 
(3) 1~oI~itio11 ( f  4.4-Dii i~e~l10.~-3-c/1/oro-(~\~-~~1et /1~~1- 

ntiii/~on~eri~j~i)cyc~o/~~~xii~~e 17' (3 I )  
1 - Methoxy -4-~~Y-cliloro-!V-11ietliylaniinon~etl~yl)cyc~o- 

hexene 14 was solvolyzetl in rigorously dried niethaiiol 
and CF3COOH (procedure IX-2) to give a mixture of 
epiniers 17 (90',) and 15 (7-10'1). 17: nmr (CCI,) 
6 1-2.2 (m.  10H). 2.35 (s. 3H; N-CH3), 3.16 and 3.18 
(2s. 6H. 0CH3). 4.14 ppm (br s. IN. CH-CI). 67 was 
identical in all respects to the product described by 
Dygos (31). 
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Hydrogen for~~~gng reactions of thermal electrons in hydrogen halides: 
kinetics and thermodynamics 

SURJIT S. N . ~ G R A  AND DAVID ANTHONY ARMSTRONG 
Depori171ent of C!zel?iisti.j. Ut~icersitj of Calgirr.y, Cu(gn~;~,, Alra., Cc12ada T2.M 1iV4 

Received May 14, 1976 

SURJIT S. NAGRA and DAVID ANTHONY ARMSTRONG. Can. J. Chem. 54, 3580 (1976). 
New competition kinetic studies of electron reactions in HCl and HBr in the 10Is to 1020 

molecule cm-3 concentration region are reported and shown to support the findings of earlier 
investigations. The capture of thermal electrons by (HX): dimers is examined from a kinetic 
and thernrodynamic point of view. The (HX)2-'"intermediate previously proposed by several 
groups is considered to be involved in both systems. Differences in the magnitudes and con- 
centration dependences of the rates can be explained, if reaction 5b is fast (k56 = 1013 s+) in 

[jb] (HX)2-4 H + XHX- 

HBr but relatively slow in HCl < 2 X 109 s-1, where [6u] and [6b] are the major product- 
forming reactions. Thern~ochemical data show [5b] to be strongly favoured energetically in 

HBr, and close to thermoneutral in HC1. Reaction 6h is energetically favourable in HC1. The 
present data require an autoionisation life-time of -10-l2 s for (HX)I-'". From other con- 
siderations that of HX-" is expected to be 2 10-1". This means that formation of (HX)2-* 
must take place by collisions of electrons with HX molecules which are in effect already inter- 
acting. Production of stabiiised HX- from (HX):-* does not appear to contribute in HC1, but 

may occur in other HX systems. The general implications of the mechanism for electron 
capture in HF and HX mixtures with other polar vapours are mentioned. 

SURJIT S. NAGRA et DAVID ANTHONY ARMSTRONG. Can. J. Chem. 54. 3580 (1976). 
On rapporte de nouvelles Ctudes cinitiques par des rkactions de compitition d'electrons dans 

HC1 et HBr dans 1'Ccart de concentration de 10's a 10'0 niolCcules par cm-3; on montre que ces 
Ctudes sont en accord avec les resultats obtenus anterieurement. On examine la rCaction de 
capture d'klectrons therrniq~~es par des dimkres (FIX): partir de point de vue cinitique et 
thermodynarnique. On considkre que l'intermediare (HX)2-:\ qui avait ete propose antirieure- 
ment par plusieurs groupes, est iniplique dans chacun des systkmes. On peut expliquer les 
amplitudes et les dependances des vitesses sur la collcentration si la reaction [jb] est rapide 

(k5b % 1013 s-1) dans FiBr rnais relativement lente dans HC1 < 2 X lo9 s-I, oh [6n] et [6b] sont 
les riactlons majeures conduisant a des produits. 

Les donnCes thermodynamiques montrent que [5b] est particulitrement favoris6 du point de vue 
Cnergktique dans le cas de HBr et pratiquement therrnoneutre dans HC1. Au point de vue 
CnergCtique, la reaction [6b] est favorable dans le cas de HCl. Les donnCes actuelles in~posent 
un temps d'autoionisation de -1 0-I2s pour A partir d'autres considCrations, on croit 
que celui de HX-* est <_ 10-13 s. Ceci signifie que la formation de (HX):-:' doit se produire par 
des collisions d'electrons avec des n~olCcules HX qui sont en fait dejB en interaction. I1 ne 
semble pas que la production de HX- stabilisi B partir de (HX)2-* contribue dans HCI; 
toutefois il peut se produire dans d'autres systkmes. On mentionne les implications generales du 

mecanisme pour la capture d'electrons dans les melanges de H F  el de MX avec d'autres vapeurs 
polaires. 

[Traduit par le journal] 
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Introduction 

Electron capture reactions in gaseous hydrogen 
haiides have been studied by physical (1, 2 )  and 
chemical (3-7) methods. In HI dissociative 
capture 

[I]  e- + HX - H + X- (X = F, C1, Br, I) 

has a large cross section (1) and zero energy 
threshold, which means that it is undoubtedly 
the main reaction of low energy electrons in this 
gas (8). As one proceeds to  the halides of lower 
molecular weight the threshold energy of [ I ]  
becomes progressively larger (see comparative 
data on AE0298,[,1 in Fig. la) and the cross 
sections smaller (I), making it a less and less 
likely process for electrons of thermal energies. 
In fact from previous radiation chemistry studies 

REACTION NUMBER 

REACTION NUMBER 

FIG. 1. Energy changes calculated for various electron 
capture reactions in hydrogen halides. C HF, 0 HCI, 
A HBr; filled points are AEo2,,, open ones AGoz9,; 
reaction numbers are given on the abscissa. 

(3-8) with the con~petition kinetic technique this 
reaction appears to be relati\.eiy unimportant in 
HBr arid HCl. However, in the 0.1 to 4 atni 
pressure region there is evidence for a different 
thermal electron capture mechanism with a rate 
which is second order in hydrogen halide con- 
centration. In  general terms it can be described 
by one or a combination of the three overall 
processes [2u]. [2b], and [2c]. 

[2al e- + 2HX H2 + X2- 

t2bl e- + 2HX = EI + XHX- 

PC] e- + 2HX HX + HX- 

The rate in HBr is much larger than in HC1, 
where it is also sensitive to total gas pressure 
(6, 8). However, careful consideration1 of the 
results and conclusions in refs. 1, 3, 4, 5 , 6 ,  and 7 
has led us to  propose a common mechanism for 
capture in the two gases. This is based on reac- 
tions 3 through 7. 

The present publication begins by exploring 
the feasibility of the above mechanism. Subse- 
quently we reexamine the conclusions of the 
earlier competition kinetic studies in the light of 
new results from similar experiments and of 
recent work (9) on electron thermalisation rates. 
The mechanism is then shown to  be capable of 
explaining the results of the earlier studies and 
those reported here, provided kr is much larger 
for HBr than for HC1. Finally the general 
implications of these findings are discussed. 

'This research was supported by NRCC Grant No. 
A3571. A preliminary report was given at Colloque Weyl 
IV. See J. Phys. Chem. 79, 2875 (1975). 
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Experimental 

114ateriuls 
Hydrogen chloride (electronic grade), hydrogen bro- 

mide (99.8";), carbon dioxide (99.6';), and sulphur 
hexafluoride (99.99:;) were all obtained from the 
Matheson Company. Propane (research grade) was 
obtained from the Phillips Petroleum Company. Hydro- 
gen chloride was purified by -,-irradiation as a liquid at  
Dry Ice temperature and several distillations through 
copper turnings and a trap (ethanol-nitrogen slush) at  
170 K.  Hydrogen bromide was purified by irradiating the 
gas at room temperature with X-ray followed by distilla- 
tion through copper turnings and a trap at 170 K. 
Purified HBr and HCl were stored at  liquid nitrogen 
temperature. All other gases were purified in the vacuum 
line by trap-to-trap distillation from 170 to 70 K. Middle 
fractions were stored in bulbs attached to the mercury- 
free preparation line. 

Apparatus and Procedure 
The radiation source, cell, and preparation procedures 

were essentially as described in ref. 7. The low temper- 
ature experiments with HBr were carried out by placing 
the cell in an insulated vessel containing Dry Ice (for 
200 K), and ethanol-water (56:44 by volume for 243 K) 
freezing mixtures. For high temperature radiolysis the 
reaction cell containing HBr was heated in an aluminium 
container wrapped with an  electrothermal heating tape 
and placed in a well insulated fibre glass container. The 
temperature as measured with an iroll-constantan ther- 
mocouple was maintained constant within x 1 deg 
during irradiation (30 min) by regulating the variac 
power supply. Mixtures of HCl and buffer gases were 
irradiated at  room temperature only. 

Product analysis was as previously reported (7). 

Dose Rate Determinatiorzs 
Ionization measurements have been previously dis- 

cussed in detail (7). The dose rate Dm in eV2 per hour for 
each mixture was calculated from the sum of the dose 
rates of all the components each taken as (3600IS W/e) 
where IS is the saturation ionization current for the re- 
quired partial pressure of that component, e is the electron 
charge, and W, the energy In eV required to create an ion 
pair in the pure component. For two gases 1 and 2, the 
W values, ionization currents per unit pressure (or J 
values) and F12, the weighed mean stopping power ratio 
for the spectrum of energies of the electrons traversing 
the Pyrex chamber, are related by the expression 

Using our measured J values and stopp~ng power ratios 
given In the tables of Huyton and Woodward (10) we 
calculated W values of HC1 and SF6 as 25.5 and 34.97 eV, 
re~pectively.~ These are in good agreement with the 
literature values of 25.0 (1 1) and 34.9 (12) for HC1 and 
SF6 respectively. The magn~tude of W for propane 
(23.45 eV) was taken from ref. 11. All others were as used 
in ref. 7. 

20ne eV = 1.60 X 10-19 J and one eV per molecule = 

96.49 kJ mol-1. 

Results and Dissussion 

( I )  Proclltction of ( H X h - *  
Although the existence of HX- ions does not 

appear to  have been confirmed by experiment, 
calculations by a variety of methods (13-15) 
suggest that some H X  molecules may have a 
positive electron affinity. For  this reason we 
included reaction 5c in the mechanism. Further, 
some theoretical studies (cf. ref. 15, curve D in 
Fig. 2 of ref. 16, and the potential energy (PE) 
curves in Fig. 1 of ref. 14 imply that in these 
instances a large part of the potential energy 
curve of HX- may lie below the zero point 
vibrational level of FIX in the Frank Condon 
region, making transitions of the type: 

highly probable. As originally recognized by 
Chen and Armstrong (3) one must therefore con- 
sider the possibility of the (HX)2-* intermediate 
being formed in reactions 8 and 9 as an  alterna- 
tive to [3] and [4]. 

We now examine evidence relating to the 
magnitude of k-s ,  which appears in the ex- 
pression for the rate of formation of the inter- 
mediate via [8] and [9], oiz: d[(HX)2-*]/dt = 

k9k8k-8-1[HX]2[e-]. This rate constant can be 
identified as the reciprocal of T,, the autoionisa- 
tion lifetime for HX- 2 z ~ i o n s  in vibrational levels 
correlating with HX '8' (u  = 0) and electrons of 
thermal energy (-0.04 eV). The magnitude of 
ra. will be equal to  firHX-', where rHX is the 
entry width for the capture reaction in Breit- 
Wigner formalis~n (17, 18). Since the H X  orbital 
into which the extra electron goes is a u orbital, 
its coupling with s-wave electrons is not for- 
bidden by symmetry (16). Thus, as previously 
pointed out (14, 16), rRX is expected to  be 
large and 7, relatively small, smaller for example 
than 2 X 10-l2 s observed (19) for 02-*(211s) + 

02(3z)  + e- where d-wave electrons are in- 
volved and the angular momentum barrier has an  
appreciable effect (16, 17). 

Estimates of r ,  for electrons of kinetic energy 
near AEoO for reaction 1 are accessible from 
experimental data. For  example the fact that the 
reverse reaction for HCl(20) has a cross section 
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NAGRA AND ARMSTRONG 3583 

close to the Langevin value means that auto- 
ionisation must occur in a period much shorter 
than the time a rebounding H and X- pair would 
spend in the potential well of HX, 5 4  X 10-l4 s. 
This observation agrees with the fact that 
Christophorou, Compton, and Dickson (1) re- 
ported T, - 4 X 10-Is s from their study of 
dissociative attachment in HCl and HBr. An 
even shorter T, (< 10-Is s) is obtained from 
r,, = 1.8 eV, which was used by Fiquet- 
Fayard to obtain a theoretical fit to structure in 
the energy dependence of the dissociative capture 
cross section for HCI (16). For electrons of 
thermal energy T, should be larger than the 
above estimates, because r usually decreases with 
decreasing energy.3 If we assume a half power 
dependence on KE, which seems reasonable for 
an s-wave electron (18), and take AEo298 = 0.82 
eV for HCI and 0.39 eV for HBr then, it follows 
that T, for thermal energy electrons (-0.04 eV) 
should be < 10-l3 s. 

The average velocity of HC1 molecules at 
298 K is -4 X lo4 c n ~  s-I and that of HBr is 
less. Thus the distance between an HX-* ion and 
an HX molecule could only change by about 
4 X 10-gcm or about one-tenth of the MX 
collision diameter (21) during the average life- 
time of HX-*. Since HX molecules with that 
separation would already be interacting with 
each other (re in the intermolecular potential is 
3.7 X lop8 cm (22)) and because the de Broglie 
wavelength X of a 0.04 eV electron is 68 X 
cm, the concept of [8] and [9] occurring as 
separate processes is somewhat unreasonable. 
The production of the (HX)2-* intermediate via 
[3] and [4] is therefore to be preferred over [8] 
and [9]. This is of course equally true if the 
potential energy curve of HX- lies above the zero 
point level of HX and reaction 8 is unfavourable. 

(2)  Thernzoclj~namic Considerations 
The (HX):! dimer molecules formed in reaction 

3 are assumed to be bound by relatively weak 
hydrogen bonding or dispersion forces. As such 
they belong to the general class of weakly bound 
dimers known as van der Waals molecules (22). 
The equilibrium constants estimated for HC1 
and HBr from PVT data (23) using methods 
given in ref. 24 are both in the range 2.5 to 
3.0 X cm3 molecule-' at 298 K.  (An identi- 

3See ref. 67 for evidence of this in more complex 
molecular systems. 

cal value was derived for HC1 on substituting 
the magnitudes of re and E k from ref. 22 in the 
statistical mechanics equation and plot in Fig. 
8.2 of ref. 24).) For the nonpolar molecular gases 
in which dimer molecules have been studied in 
some detail the equilibrium constants from such 
calculations are in reasonable agreement with 
experimental dimer populations found in mass 
spectrometric studies (22,25). For HX molecules 
one must recognize that the intermolecular 
potential will not be isotropic and hydrogen 
bonding interactions will lead to preferred orien- 
tations. In the case of H F  spectroscopic studies 
(26) and several different theoretical calculations 
(27, 28 and references therein) agree on a linear 
F-H . . F  arrangement with the second F-H 
bond at an angle of about 160" to this axis as 
being the most stable configuration. AE,31 for the 
H F  dimer lies in the range -21 to -29 kJ 
mol-I (27, 28). Discrete lines in the infrared 
spectrum of HC1 have also been attributed to a 
hydrogen bonded dimer (29, 30) and from the 
temperature dependence of the integrated ab- 
sorption intensities AEr3] was estimated to be 
9.0 kJ mol-I.4 A slightly higher value of 11.3 kJ 
mol-I uas  obtained in a CNDO calculation for a 
linear dimer (3 1). We found no published values 
of AE,,, for HBr, but one would expect it to 
become progressively smaller in the series HF, 
HCI, HBr due to the decrease in polarity. 

The average of the two AEf3] values for HC1 is 
- 10 + 1.3 mol-I giving AH0298,[31 = - 12.6 kJ 
mol-I. If one con~bines the values of AG0298 
calculated from K for HC1 at 298 K with this, 
then AS0298,131 = -83 J K-l mol-I. Noting that 
earlier estimates of standard entropies of di- 
merisation are near - 109 J K-I mol-I for H 2 0  
(32) and H F  (33). where AErsI - -20 kJ mol-I 
(34), and change t o ~ a r d  - 80 for more weakly 
bonded dimers with AE near - 12 kJ mol-I, the 
above result for HC1 is entirely reasonable. For 
HBr the decrease in entropy may be smaller, 
since (HBr)2 is likely to be less tightly bound. 
However, subsequently we use the same param- 
eters for reaction 3 in HBr as in HCI. We also 
use a published (33)value of AS0298 ,~31  = - 108 
J K-I mol-I in HF, and do not consider the 

4Actually this was interpreted as the value of AHI3,. 
However since the experiments were run at  constant 
density we interpret it as a AE,3.. Also because of the 
- 5  105, uncertainty we make no distinction between 
AEOo,,,, and AE298,i31 here or for HF.  
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TABLE 1. Spectroscopic parameters for X 2  and XHX- ions 

Value 

Parameter BrZ- BrHBr- C12- ClHC1- F2- FHF- 

I /  10-3 cm2 g-1 (calcd.) 4.70 7.35 
vl/cm-l 1 70a 170d 
vz/crn-1 -580d 
v3 /c~n-l 670d 
EA of Xy/kJ mol-1 242" 
D298,XHx-/kJ m0l-I 75t 

g, = 2 for X2- and 1 
for XHX- 

~ - ~~-~ - ~ 

aReference 36. 
bReference 37. 
CReference 38. 
dReferences 29-41, 
?Mean of 220 (36) and 260 (38). 
fReference 42.  
QReference 43. 
hReference 44. 
(Reference 45. 
lReference 46. 

higher polymers, which are knoun to exist (27). 
When reaction 4 is taken in sequence with 

each of [5a], [5b], and [5c]. the reactions 5'c1, 5'b, 
and 5'c 

[5'nl e- + (HX)2 i=' H2 i- X2- 
t5'bl e- + ( H X ) ~  c H + XHX- 

[s'cl e- + (HX)2 = HX + HX- 

are derived. Likewise combination with [3] ulzd 
[4] leads to  the overall capture reactions 2a, 2b, 
and 2c given in the Introduction. We begin our 
analysis of the thermodynamic feasibility of the 
mechanism by calculating AGOz9*, and 
A f f o 2 9 *  for these overall processes. 

The magnitudes of were calculated 
from A H o 2 9 *  and A S 0 2 9 8 .  The electron affinities 
of the X atoms used in calculating A H o 2 9 *  and 
thence A E 0 2 9 8  were the ones recommended by 
Christophorou (1 I) .  The bond dissociation en- 
ergies of H z ,  HX, and X2 molecules were from 
ref. 35. The H X  electron affinities were from 
ref. 13 (see comment on HF in section 7). 
The magnitudes and sources of corresponding 
parameters for the X 2 -  and XHX- ions are 
given in Table 1. Expressions for AS0 were 
obtained from d(RT In Q)/aT, where R T  ln Q is 
defined via the standard expressions A G O  = 

- RT In K = AEoO - R T  In Q (24, 47). The sta- 
tistical weights, vibrational frequencies, and 

moments of inertia used for the atomic species 
and HX and H2 molecules in the partition 
functions for deriving & were taken from refs. 48 
and 49. Those for the XHX- and X2- ions are 
listed in Table 1 along with their sources. The 
X2- ions were considered to  be in their 2B,+ 
ground states (38). The contributions of vibra- 
tional modes with frequency > 500 cm-I to 
vibrational partition functions a t  298 K were 
taken as unity. The partition function for the 
free electron was based on Boltzman statistics, 
which are appropriate for our very low electron 
density (5104). A S o 2 9 *  was found from a(RT 
In Q )  a T  on substituting T = 298 K. Due to its 
low mas9 the entropy loss on removal of the 
electron is relatively small (12 J K-I electron-'; 
see Sackur Tetrode equation (24)). Thus the net 
entropy losses which arise from the efTect of this 
and of changes in the rotational partition func- 
tions are not large, for example, -26, -44, and 
- 12 5 K-I mol-I in HBr for [2a] ,  [2b], and [2c] 
respectively. For HC1 and H F  they are smaller 
and we have not reported AS per se. However, 
the calculated values of and 
which are subject to  an  uncertainty of +25 kJ 
mol-I, are presented in Fig. la. 

When allowance is made for the loss in entropy 
due to removal of e- reaction 2c has a negative 

for any HX with an  electron affinity 
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NAGRA AND ARMSTRONG 3585 

greater than 1.3 k J  m ~ l - ' . ~  Reaction 2a is seen 
to  be strongiy endothermic in HF. Reaction 2b 
would be close to therrnoneutral (see the lower 
points of joined pairs) if the large (-213 kJ 
mol-l) theoretical and experimental (46) values 
of D298,X--EIX were correct. I-iowever, from 
their systematic studies of gas phase ion binding 
Yamdagni and Kebarle (45) state that the bond 
energy should be close to 125 k J  mol-I, in which 
case [2h] is strongly endothermic. Thus present 
data in Fig. l a  show no favourable channels for 
HF.  The thermodynamic feasibility of thermal 
electron reactions other than [2c] in HBr is con- 
firmed by the fact that [2a] and [2b] are exother- 
mic and exhibit negative AG0298va1~~es. In HC1 
[2a] is energetically favourable and [2b] close to 
thermoneutral. 

The above findings for HBr and HC1 are highly 
significant to the present investigation, but we 
are also particularly interested in the thermo- 
chemistry of reactions 5a, 5b, and 5c. Since the 
total internal energy of the (H)O2-* con~plex is 
unaltered between its formation in reaction 4 and 
the instant at which one of [5n], [5b], or [5c] 
occurs, the AE0298 values for the latter reactions 
will be the same as for [5'ci], [5'b], and [5'c] re- 
spectively. The magnitudes of A Eo29 for these 
three reactions were obtained from those of 
[2a], [2b], and [2c] by subtracting the AE0298,[31 
values given above. They are presented in Fig. 
16, where a more expanded scale is used than in 
Fig. In. These results are considered further in 
section 7. 

(3) Hydrogen Forrnatio~z ancl Competition 
Kinetics 

The irradiation of gases with 60Co y-rays or 
other ionising radiation leads to the formation of 
electrons, positive ions, and neutral excited 
species. The reactions of ions and neutral excited 
species in hydrogen halide systems have been 
discussed elsewhere (8, 50), and here we shall 
concentrate entirely on hydrogen forming reac- 
tions of electrons. 

Previous radiation chemical studies (4-6, 51) 

5This was calculated from the loss in translational 
entropy of e-, and So2$,, was assumed to be the same for 
HX- and HX. The result is a maximum loss in entropy, 
since the entropy of HX- is likely to be greater than that 
of HX due to:  (a) a gain in rotational entropy arising 
from the probably larger value of re,  and (b) a larger 
vibrational contribution due to lower vibrational fre- 
quencies. 

have sho~vn that electron scavengers reduce 
hydrogen forn~ation in irradiated HC1 by an 
amount, which correlates uith the >ield of 
electrons from ionisation measurements. A simi- 
lar correlation exists for HBr when allowance is 
made for the small but significant proportion of 
electrons captured in [ l ]  during thern~aiisation 
(3,7). Frorn the si~nilarity of results with different 
electron scavengers (HBr with CC14 ( 5 2 ) h n d  
SF6 (3,7), and HCI with SF6, CCL, and C7F14 (6)) 
and the known fact that SF6 cannot compete for 
kI  atoms undergoing reaction 10 in I-ICl and 
HBr (8, 501, it appears that they do not interfere 

with hydrogen forming reactions other than 
electron capture by HX. When the hydrogen 
halides are added to gases whose molecules are 
unreactive to thermal electrons the yield of 
hydrogen is usually enhanced and, more im- 
portantly, G,, w-hich is the maximurn reductio~l 
in G(H2) on the addition of other electron 
scavengers, generally corresponds closely to 
the electron yield calculated froin Gionisation 
(= 100,'W) for the sjrstem. The values of the 
total hydrogen yield and G, from present experi- 
ments with HC1-propane mixtures, which are 
plotted as a function of stopping power fraction 
of HCl (Z,,,)' in Fig. 2> serve to illustrate this 
point. G, rises with ZHCl and is w i t h i ~ ~  10% of 
Gionisatiorl for ZIIcl = 0.2, which corresponds to 
30 moi7, of HC1. Similar results were obtained 
in the present study for mixtures of HC1 with 
C 0 2  and C2F6 and have been reported pre- 
viously for HBr with C 0 2 ,  G2F6, and Xe (7) ,  and 
with H2S (53). With HBr the scavenging of 
thermal electrons is usually complete at much 
lower [HX] (e.g.: < 10 molr< in C 0 2  (7)). 

The foregoing observations lead to the con- 
clusion that one molecule of hydrogen is pro- 
duced for every electron reacting with HCI or 
HBr. This requires that each 11 atom from [5b] 
and [6b] undergoes [lo]. Also each (FIX);?- pro- 
duced in [6a] and [7] must form a molecule of 
hydrogen. This would probably occur, after 
further clustering by HC1 (4), through [11] 

61n this system the CKC13 yield from e- + CC14 + 

C1- + CCI3. and CCl,. + HBr -, CHCI3 + Bra was also 
observed and found to be equal to the r e i o n  in G(H2). 

7As defined in ref. 7 Z = (1 + P*HX Pt/PH,,)-l, 
where P ~ H X  is the weighted mean stopping power 
ratio. 
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FIG. 2. Ionization yields and hydrogen yields plotted 
as a function of stopping power fraction Z for mixtures 
of HCI and propane at  298 K. I=, total hydrogen yields; 
A, hydrogen yields due to electron reactions. The dashed 
line shows GioniZation Dose rates varied from 2.23 X 101" 
to 3.0 X 1018 eV g-1 h-1 for mixtures with total pressure 
8.00 X lo4 to 26.67 X 104 N nl-'. 

followed by [lo]. Similar reactions must occur 
for HX- if it is formed in [5c]. 

When HX is made to  compete with known 
concentrations of an added electron scavenger, 
S, the results may be plotted in accord with 
expression 12 (7). The rate of electron capture 
per unit concentration of electrons (=(rate of 
electron capture by HX)[e-]-I) 

(rate of e capture by HX) 

k13[e-I 

can then be obtained from the product of the rate 
constant k13  and the slope over intercept for this 
plot. The remainder of the present discussion is 

confined to results for S = SF6, which by virtue 
of its high vapour pressure can be used over a 
wide range of temperatures. Also information 
concerning secondary reactions of the SF6- and 
SF5- ions formed by electron capture is available 
from ion cyclotron resonance experiments, which 

FIG. 3. Typical plots of reciprocal of the reductions of 
hydrogen yield c.5. the reciprocal of the pressure of SF6 
for mixtures of HC1 and propane at 298 K. Q, pressure of 
HCl; 5.33 X 10" N - ~ ,  total dose rate = 2.23 X 1018 eV 
g-1 h-1; A, pressure of HC1 and propane each equal to 
5.33 X 10" m-2, total dose rate = 2.71 X 1018 eV 
g--1 h-1; S , pressure of tlCl and propane equal to 5.33 X 
104 N m-2 and 21.33 X 104 N m-2respectlvely, total dose 
rate = 2.99 X loL8 eV g-1 h-1. 

have shown that these ions are rapidly converted 
to XHX- in reactions with HC1 and HBr (54). 
Since XHX- ions are probably the main long- 
lived negative ion species in the absence of SF6 
(see below), the use of this scavenger should have 
the advantage of not affecting ion recombination 
reactions. This conclusion is supported by the 
fact that the recombination coefficient in HC1 is 
unafl'ected by SF6 (55). It may be noted that 
rates of HX capture calculated from previous 
results with CC14 and C7FI4 (4, 6) are within a 
factor of two of those for SF6. In the present 
study k13  was taken as 2 X cm3 molecule-I 
s-I independent of the gas mixture (56). Figure 3 
shows examples of results from the present study 
plotted in accord with expression 12. 

It can be shown that rates of capture from 
experiments where HX fails to completely sup- 
press electron-ion recombination and electron- 
product reactions will be high by a fraction 
approximately equal to  (Gionisation - G,),;G,. 
Since this correction is somewhat uncertain we 
have avoided experiments where it exceeds 10%. 
The usual uncertainty in the measured rates as 
judged by the standard deviations of points from 
plots like those in Fig. 3 was f 107 , .  

(4) Rates of Electron Capture and 
Therr71alisation 

Figure 4 shows a comparison on a log-log 
scale of the hydrogen halide concentration de- 
pendences of the capture rates for HBr and HC1 
(see the upper and lower solid lines respectively). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NAGRA AND ARMSTRONG 3587 

Warman and Sauer (9) have recently given 
rate coeflicients for the thermalisation of elec- 
trons ( K U )  in a number of gases. Where com- 
parisons can be made (e.g. for C02, C2H4, and 
certaln hydrocarbons) t h e ~ r  results give experi- 
mental thermalisatlon t ~ m e s  ~{h ich  tend to be 
shorter, but generally agree within a factor of 
tivo with those calculated by Christophorou, 
Gant,  and Baird (57) from the data of drift 
experiments. The lower dashed line in Fig. 4 is 
the rate of thermalisation due to  hydrogen halide 
calculated by the method of Warman and Sauer 
and assuming a rate coefficient for HX equal to 
that of C 0 2  ( K ,  = 6 X cm3 molecule-' SF'). 

18 2 186 19 o 194 198 2 0 2  We regard this as a l o ~ + e r  limit t o  the thermalisa- 
log [HX] tion rate. slnce ~e have evidence (7) that HBr is 

FIG. 4. Electroll reaction and thermalisation rates as a 
function of HX concentration in molecules ~ m - ~ .  Lower 
solid line: Electron capture rate sml in HC1. Pure HC1: 
C ref. 6 ,  O ref. 8 ;  @ ref. 4: present data; mixtures of 
5.3j X 104 N ~ n - ~  of HC1 with 10.6, X 104 N nlm2 of: 

C3H8, @ c2F6,  3s COz. Upper solid line: electron 
capture rate s-1 in HBr. Pure HBr: 0 ref. 7, 8 ref. 3; 
mixtures: with C2FSr COZ, and Xe, 0 and A from ref. 7, 
1.33 X 104 N nl-' HBr with 25 .3 ,  X 104 N m-2 CO2 this 
study +. Electron thermalization rate for HX with K, = 
3.6 X 10-8, -----. Electron thermalization rate for HX 
with K, = 6 X lom9, The points A and * are total 
thern~alization rates for 7.20 X 10" mm2 COz + 1.60 X 
lo4 N m-2 HBr and 10.67 X lo4 N m-2 C 0 2  + 5.33 X 
lo4 N m-2 HCI respectively. 

\ ,  

about six times better than C 0 2  as a n  electron 
moderator in the 0.15 to  0.7 eV range. The 
uppermost dashed line was obtained on that 
basis i.e. K, for HX = 3.6 X cm3 mole- 
cule-' s-'. Some thermalisation rates for specific 
buffer gas - HX mixtures were calculated with 
the contribution of the buffer gas included and 
these are also shown. Except at  the very highest 
HX concentrations with no buffer the thermalisa- 
tion rates exceed the observed rates of capture 
by a large factor and it is evident that the 
electrons are reacting at  energies in the thermal 
range near 0.04 eV. 

( 5 )  Analj.sis of the HCI Data 
Application of the steady-state approximation to  reactions 3 through 7 and I3 leads to  1141, 

{ k ,  + k,[HX] + ~ , " [ M ] ) K ~ , [ H X ] ~  1 

{ k ,  + k ,  + kk,[HX] + k , " ' [ ~ l ]  k l i  m] 
which is equivalent to  expression 12 with g,, the yield of scavengable electrons in the system, replacing 
G, and with: 

- ( k ,  + k,[HXl + k,"[Mj 1 K ~ , [ H X ] ~  (Rate of e capture by WX)[e]- - 
jk, + k,  + k,[HXl + k,"I[Mll 

On imposing the conditions k ,  >> k,"[M] I ks[HX]  > k,  [15] becomes: 

[I61 (Rate of e capture by HX)[e]-' = ( k ,  + k,'\'[M] I[HX]] Kk,k,-'[HXI3 

The experimental rates from the various studies 
of HC1 which fall on the lower solid l ~ n e  in Fig. 4 
were all obtained in the absence of buffer gas 
i .e.  for  [MI = 0. In agreement w ~ t h  [16] and the 
conclusions of refs. 5 and 6 the slope of the 
line through them is 3. When divided bq [HClI3 
these rates, except for the highest [HCI] which 
may involve some non-thermal electrons and 

was not included, lead to  k,Kk,.k,-I = 10.4 + 
0.7 X cm9 nmolecule-I s-I. The excellent 
agreement of the data from the two laboratories 
involved is demonstrated by the fact that this 
average is the same as the value given by the 
original data of Johnson and Redpath alone (6) 
and reported as their k7. 

As shown by the points for added C s H s ,  
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FIG. 5. Rate:[HC1]3 cs. [iM]/[HCI] at  298 K for rnix- 
tures of varying coniposition: Cm. HCI and propane; @, 
MC1 and CO:. Pressure of HC1 was varied between 2.67 X 
104 to 16.0 X 104 N m-2 and that of the buffer gas 
between 2.67 X lo4 to 21.33 X 104 N m-'. 

C2F6. and CO, in Fig. 4 the addition of buffer 
gases enhances the rate of capture in HCl, a 
feature which is in accord with the ksA1[M] [HX] 
term on the right side of [16]. In their study 
Johnson and Redpath investigated the depend- 
ence of the electron capture rate on [HCI] in the 
presence of excess propane. They used N 2 0  as an  
electron scavenger and showed that the order in 
HC1 was reduced to  t h o ,  which agrees with [ i 6 j  
for [MI >> [HX]. However, because the N 2 0  
capture is a three body process and the rate 
coeflicient for N 2 0  as a third body was unknown, 
the rate coefficient for HCI under these condi- 
tions could not be obtained. We have determined 
rates of electron capture in HCl-propane mix- 
tures of several compositions with SF6 as  
scavenger. From the linearity of the plot in 
Fig. 5 these are seen to conform to expression 17, 
which is a simple rearrangenzent of [16]. 

[I71 (Rate of e capture b j  HX)[e]-1[HX]-3 = 

I," 
[ h 3  + kSL1 kXj -< .I. 

The ratio of the slope over intercept gives 
I(,C3Ha kS = O.Sg. The similar but less extensive 
data for C 0 2  %ere also in accord nith [I?] and 
showed that kSCoz A. = O.gO 

The use of ion-nolecule reaction rate theory 
(58) leads to values of 1.2 X 1.1 X 
and 0.8 x cm3 molecule-I s-"or k k  kk,C3Hs, 
and h b C " ~  respectively From these Ne find 
kSC3"8 k S  = 0.9, and ASC0z k ,  = 0 67, In reason- 
able agreement uleh the experimental ratlos. 
Accepting h ,  2 cm3 molecule-l s-I and K = 

3 >( an3 molecule-', the11 from h,Kk,- 

/c,-l = 10.4 x cm9 molecule-3 ss-I one ob- 
tains k,k,-I = 3.5 X lO-I9 cin3 molecule-'. As 
stated in Section 1 a large entry width is expected 
for reaction 8. The entry width for capture of 
electrons by the (HX), dimes should therefore 
also be large (17) and the cross section for reac- 
tion 4 close to  the theoretical n~aximum value of 
X2(4r)-"I, 59). Taking k, = i5 X X2(4n)-I, where 
6 is the relative velocity of' the electrons and 
(HX)2  dimers, its magnitude is found to  be 
ry3 X 10-7 cm3 ~nolecule-I S-I a t  298 K. Hence, 
k, --hj kC1'3.5 x 10-l9 2 iOIZ s-l, and T, for the 
(HX)2-* ion is about 10-l2 s. The enhancement 
over T, for the monomer HX-" (5!O-13 S, see 
above) is in keeping with the fact that auto- 
ionisatio~l lifetimes increase with the number of 
internal degrees of freedom in structurally related 
molecules (59). 

The fact that the HCl results conform to 
expression 17 indicates that reactions 50: 5b, and 
5c are negligibly slow. The sum of their rate 
constants k ,  must be less than - 2 0 5  of the 
lowest k,[HX] value used here, which is 2 X lo9 
s-I. Once this condition is accepted then, as the 
above discussion shows, the observed rates can be 
accounted for by individual rate coefficients w ~ t h  
reasonable magnitudes. 

(6) Analysis of the HBr Data 
The [HBr] dependence of the rate of electron 

capture (see upper solid line in Fig. 49 differs 
from that for HC1 in that the rate in the concen- 
tration range studied is: ( a )  inuch larger, (b )  de- 
pends on the square rather than the cube of 
[HX], and ( c )  the points obtained with and 
without buffer gases lie on the same line, indi- 
cating no significant effect of buffer gas on 
capture rates. As previously shown the kinetics 
can be represented by expression 18. With 
K = 3 X c1n3 molecule-], the value of 
Kk, = 1.0 X lo-" ccm6 molec~~le-2 s-I calculated 

1181 (Rate of e capture by HX)[e]-I = Kk,[HXI2 

f r o n  the results in Fig. 4 for a temperature of 
298 K requires kc -?r. 3 X em3 molecule-3 
s-l. This is the same as used in the above dis- 
cussion for the HC1 system. Also, if k, c~ 1012 
s-I as estimated for iiC1, then the condition for 
the overall rate expression 15 to become simpli- 
fied to  [18] is k, >> k, > k , [ H X ]  + k,"'[Ml. In 
other words either one of reactions 5u through 
5c or a combination of them is now faster than 
the autoionisation of (HX)2-*. 
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2 3 4 5 
--?/q0-3 

FIG. 6.  Arrhenius plot for (Kkck13-1) for the thermal 
e!ectror, capture in MBr sybtem in the temperature range 
200-393 K. 

When applied to [14] the same condition leads 
to: 

By studying the magnitudes of (slope)(inter- 
cept)-l from plots of ey. 19 for data at different 
temperatures we obtained the temperature de- 
pendence of Kkck13-l. The results are presented 
as an Arrheni~ls plot in Fig. 6 .  The slope of the 
solid line (least mean squares fit) corresponds to 
Ec - EII3, + AEL3] = - 3.74 kJ mol-l. 

From work elsewhere (60) the temperature 
dependence of k l  3 in the range used here appears 
to be small, though one might expect a small 
negative dependence on T due to the inverse 
dependence.of the capture cross section on mean 
electron energy, which has been observed in drift 
experiments (1 1). Actually this type of energy 
dependence (i.e. energy exponent near - 1) of 
cross sections is frequently observed for mole- 
cules with capture cross sections approaching 
the maximum of X2(4n)-I (11). Since the magni- 
tude of Kk, can oniy be explained for a, near 
X2(4a)-I (see above) one must assume that the 
temperature dependence of k,  would be similar 
to that of k l i  and therefore 8E13] must be near to 

-3.7 kJ mol-I. This is somewhat less than the 
average of the literature values for HCi(- 10 kJ 
mol-I), as would have been expected. 

A further point of interest derived from the 
experiments at different temperatures was that 
G(H2) from HBr in the absence of scavenger was 
within experimental error ( i 0 . 2  molecules per 
100 eV) the same over the range 200 to 394 K. 
This agrees with the fact that C(F12) from HC1 has 
previo~isly been shown to be the same at 200 and 
298 K (4). Unfortunately the greater complexity 
of the capture mechanism and the fact that 
minute traces of chlorine scavenge (HX),- (4) 
make determinations of Ec - E1131 + El,, irn- 
practical in that system. 

(7) Cnirr/1l2arisotzs of' Dlf i ren t  HX Systems 
The discussion in the preceding sections has 

shown that the mechanism based on reactions 3 
through 7 is able to account for the capture rates 
observed at 298 K over the concentration ranges 
1018 to 2 X IQl9 molecilles cm-3 in HBr and l0l9 
to loz0 molecules cm-I in MCi. It also holds over 
the temperature range 200 to 394 K in HBr. The 
change in the magnitude of k ,  from 5 2 X lo9 
s-I in HC1 to > 1012 s-I (i.e. > k,) in HBr is the 
only alteration in the kinetic parameters required 
to explain the difference in behaviour for the two 
gases. The sma!l value of k,  in HC1 indicates that 
even the clearly exothernlic reaction 5a does not 
proceed readily. Since it requires the two H 
atoms aizd the two X atoms to approach each 
other, its slowness may be explained by their 
electrostatic repulsions, which ~ o u l d  mitigate 
against this geometry in the dimer and iead to 
the preferred linear hydrogen bonding interac- 
tion. The absence of reaction 5c in HC1 may be 
due to the fact that dissociation of (HCi)2-* does 
not give stabilised HCl-. Therefore it cannot be 
taken as direct evidence against the existence of 
this species. The uncertainties in our calculations 
are such that aE0298,rsbl may be slightly positive 
in HC1. Alternatively the slowness of [5b] in this 
system may be due to a small activation energy 
barrier. The present results and those of ref. 6 
support reactions 6rs and 6h as the rate con- 
trolling processes in HCI, while other work 
(4, 61) implies that k6ak6h 22 1.7 in HCl and 
E 3.4 in DCl. If reaction 20 is taken in sequence 
with [5'b] one obtains [6'b]. 

1201 XHX- $- HX X-.2HX 

[6'b] e- + (HX)2 + HX H + X-.2MX 
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This would have the same AEo2g8 as [6bj. Using 
Yamdagni and Kebarle's thermochemical data 
for X-.2HX ( 4 9 ,  we find BEo2g8 [6b1 = - 52 kJ 
mol-1 for HC1. Given that exothermic ion- 
molecule reactions normally have low activation 
energy and are rapid, there is therefore a 
reasonable probability of [6b] competing with 
the stabilisation process [6a] and proceeding with 
khb near cm3 molecule-l s-I. 

The evidence for prod~lction of clustered 
(HX),- via [6u] was based on the effects of 
chlorine (4). The assumption that chlorine did 
not compete with HC1 for thermal electrons was 
based on mass spectrometric observations (4). It 
is borne out by a recently reported rate coefficient 
for thermal electron capture by chlorine (62). 
The small value of 3 X lop1' cm3 molecule-I s-I 
means that for the conditions where scavenging of 
(HX),- was observed in refs. 4 and 61 ([HCl] = 

2 X 1019 and [C12j 5 1017 molecules ~ m - ~ )  the 
rate of electron capture by chlorine would have 
been "<3 X lo7 s-I, which is an order of magni- 
tude less than that by HCi (see Fig. 4). The 
experiments of ref. 62 also showed that the 
effective two body rate coeficient for capture of 
electrons by HC1 is < 2  X 10-l3 cn13 s-I in a 
flow system a t  a total concentration of --1016 
molecule cmW3 and with [HCl] - 2 x 10lS mole- 
cule ~ m - ~ .  If we neglect (k,[HX] + kSMl[M]) and 
assume k,  -- 2 X 10g ss-I and k,Kk,-I = 

cm6 molecule-2 from section 5, the present 
mechanism predicts an  effective two body co- 
efficient of < cm3 molecule-I s-I. Values 
above this would imply the occurrence of 
processes not detected in our pressure regime, 
and may indicate that stable ions can be formed 
through capture of electrons by interacting 
H C l -  buffer gas n~olecules in the flow system. 

On grounds similar to those stated above for 
HCl, the geometry of the dimer species is also 
likely to favour [5b] over [5uj in HBr. Given that 
[5b] is exothermic (see Fig. Ib), the dissociation 
of (HBs)~-* to H and BrHBrp resembles the 
dissociation of HI-* to M and I-. The fact that 
the latter process competes favourably with 
autoionisation /cT[,, in HI  h. X2(4n)-I (1)) pro- 
vides a rationalisation for the large value of 
kSb  ^V 1013 s-l, which is required to accornmo- 
date the HBr results. The data in Fig. Ib suggest 
that reaction 5c may also occur, but as stated 
above stable HBr- ions have not been observed 
and this reaction is less certain than [5b]. 

As shown in Fig. lb the product channels for 
(MFI2-* are much less favourable than are those 
for HCI.$ Thus if electron capture occurs via the 
dimer mechanism one must expect it t o  proceed 
through reactions 611 and 7 as in HC1, and lead 
to clustered (HF),-. The situation is complicated 
by the fact that in this system hexamers and 
other polymeric species may take part in electron 
capture. However, pulse radiolysis investiga- 
tions \vould be useful for determining whether 
clustered negative ions with significant lifetimes 
were formed. and uhether their structure was 
similar to that of the solvated electron in dense 
ammonia and hater vapour (63). 

In closing we wish to point out that a modified 
form of the present mechanism should apply to  
mixtures of the hydrogen halides with ea te r  (64) 
or hydrogen sulfide (53, 65). Thus Huyton and 
Woodward (65) attributed elec:ron capture in 
HC1-M2S mixtures to  reaction 21 and a more 
rapid capture was observed in HBr-M2S mixtures 

[211 e + HCI + HzS 4 Products 

(53). We suggest that HX---H2U complexes are 
involved in these systems. Furthermore we would 
point out that formation of linear dimers and 
higher polymers of polar molecules, which d o  
not individually possess a positive electron 
affinity, will lead to dipole moments greater than 
those of the monomers. This should strongly 
increase the interactions with electrons (see dis- 
cussions of the effect of dipole moment in ref. 66 
and earlier references cited in ref. 11), and may 
provide a nucleus for initial electron localisation, 
which could be followed by clustering and 
permanent solvation. 
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The xenon sensitised radiolysis of HBrl 

Received June 15. 1976 

SURJIT S. NAGRA and DAVID ANTHONY ARMSTRONG. Can. J. Chem. 54, 3592 (1976). 
The 60C07,-radiolysis of mixtures of HBr with Xe has been investigated at  room temperature. 

lonisation measurenlents and hgdrogen yields provide strong eLidence for energy transfers 
between the two components. The small but  significant decrease in ionisation yields at  low 
HBr:Xe is independent of total pressure and consistent with a competition between HBr and Xe 
for the Hornbeck-hlolnar states of Xe. The increase in ionisation lields at  higher HBr:Xe 
( Z  above 0.2) is probably due to  collisionally-induced ionisation or chemi-ionisation reactions 
of highly excited states of HBr.  

As in pre~iously reported experiments with W2S the hydrogen yields from HBr are strongly 
enhanced in the presence of Xe. The maximum sensitisation of 4 inolecules of H ?  per 100 eV 
can be explained by energy transfer froni excited states of Xe (G - 2.5) and subexcitation 
electrons having energy between 4.3-8.3 eV (G - 1.5) in Xe. The results obtained from thermal 
electron scavenging with SF6 confirin previous findings that inert gases are inefficient a t  moderat- 
ing electrons to thermal energies. At Iligh [SF6] [HBr]. SF6 interferes with hydrogen-forming 
reactions other than those of electrons. 

SURJIT S. NAGRA et DAVID ANTHONY ARMSTRONG. Can. J. Chem. 54, 3592 (1976). 
O n  a etuciie, h temperature de la piece, la radioiyse 7 par le60Co de nltlanges de HBr avec du 

Xe. Les rnesures d'ionisation et les rendemcnts hydrogene fournissent de bons arguments en 
faveur d'un transfert d'energie entre les deux composants. La diminution faible niais significative 
dans le rendenient d'ionisation a des rapports faibles de HBr:Xe est independante de la pression 
totale et en accord avec les conipCtitions entre HBr et Xe pour les etats Hornbeck-hloliiar du 
Xe. L'augmentation des rendements d'ionisation a des rapports plus ClebCs de HBr:Xe ( Z  au- 
dessus de 0.2) est probablement due a des ionizations induites par des collisions ou des reactions 
de chemi-ionisation des etats hautenient excites du HBr.  

Comme dans les cas rapportes anterieuren~eilt avec HIS. les rendeineiits en hydrogkne B 
partir de HBr sont grandement augn~entes par la presence de Xe. On peut expliquer la sensibiii- 
sation maximum de quatre niolec~~les de H2 par 100 eV par un transfert d'energie B partir des 
etats excites du Xe (G - 2.5) et par des tlectrons subexcites ayant des energies eiitre 4.3-8.3 eV 
( G  -- I .5) dans le Xe. Les resultats obtenus B partir d u  piegeage des Clectrons thermiques par 
SF6 confirn~ent les rtsultats ohtenus anterieurement B l'effet que les gaz inertes sont inefficaces 
pour modkrer des electroils aux energies thermiques. A des rapports de concentration d e  
[SF6]/[HBr] Clevis, SF6 interfere avec des rtactions produisant de l'hpdrogkne mais n'impli- 
quant  pas des electrons. 

[Traduit par le journal] 

Bntroductian Experimental 
A recent publication from this laboratory (1) Xenon research grade (99.995';, purity) was obtained 

reported on electron capture and hydrogen- from the ,Matheson Company. It was further purified in 
the vacuum line by trap-to-trap distillation froni 170 t o  

forming reactions of HBr irradiated in mixtures 70 K ,  gas stored in a bulb attached to the 
with a number of gases. With CzFs and COz the mercury-free preparation line. Details of other materials 
ionisation and product yields were linear func- ~ ~ s e d ,  purification metliods. irradiation procedures and 

tions of the power fractions of H B ~  e q u ~ p n ~ e i i t ,  Ion current measurementi. hgdrogeil analysis 

and the added gas, Ho15e\.er. for HBr-Xe and dosin~etry determlnat~ons were essentially the same as 
described pre\iousl) (1). 

mixtures there was a departure from this rela- 
tively straightforward behaviour and evidence Results 
for energy -transfer bet~veen excited species of Iorzisation Yields the two components was obtained. Here we The yields of ions per 100 eV of radiation 
present and discuss for the energy in the HBr-Xe nlixturei, G;,, 
mixtures in detail. are plotted in Fig. 1 as a function of 2, the 

1Research supported by NRCC 3571. stopping power fraction of HBr. As used in 
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NAGRA AND ARMSTRONG 

0 0.2 0.4 0.6 0.8 1.6 
Z 

FIG. 1. Ionization yields, G;, in Xe-HBr mixtures p!otted as a function of Z, the stopping power 
fraction of HBr: 0. Xe 550 torr and HBr 10-550 torr: V, Xe 400 torr and HBr 25-675 torr: A, Xe 
200 torr and HBr 1G480 torr; 0, Xe 100-450 torr and HBr 300 torr: m, Xe 25-200 torr and HBr 
500 torr; A, Xe 10-500 torr and HBr 200 torr; @, pure components. 

ref. 1 and previously - defined (2) this quantity is - 
equal to (1 + p ~ B r P x , / ~ H B , ) - ' .  Here pFB, is 
the ratio of the weighted mean stopping powers 
of xenon and HBr taken from ref. 2, while the 
quantities Px, and PHBr are the partial pressures 
of xenon and HBr in the mixture. 

The complex variation of Gf, with increasing 
Z in Fig. 1 is in marked contrast to the linear 
dependence on Z,  which was observed for G&, in 
HBr-C02 and HBr-C2F6 mixtures with the 
same apparatus (1). Its interpretation in terms 
of interactions between highly excited states of 
xenon and HBr is given in the Discussion section. 

Hjdrogen Yielcls 
The points on line A in Fig. 2 are total hydro- 

gen yields plotted against Z.  Since every electron 
produced by ionisation forms a molecule of 
hydrogen (3), one can obtain the yields of 
hydrogen from species other than e by subtract- 
ing the values of G& in Fig. 1 from the total 
hydrogen yields for the same Z.  These yields are 

shown by the points on line B in Fig. 2 .  The 
significance of the other lines is explained later. 

Effects of SF6 

As shoun in ref. I the rate controlling step in 
the mechanism through which thermal electrons 
form hydrogen is second order in HBr. It  can be 
represented by [I], 

[ I ]  e + 2HBr + H + BrHBr- 

since hydrogen atoms react stoichiometrically 
with HBr to form HI2 and Br. The contribution 
G(H2),,, of thermal electrons to hydrogen produc- 
tion in the presence of an electron scavenger S, 
like SF6, is given by expression [%] 

[2] G(I12),,, = Gk ( 1 $- k 3 [ S l / k , [ ~ ~ r l z  J -" 
where Gk is the yield of thermal electrons in the 
mixture and k3 the rate constant of reaction 3. 

[31 e + S + S -  

Due to this competition G(H2) from HBr-Xe 
mixtures is suppressed to a plateau for [SF,j]/ 
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3594 CAN. J. CHEM. VOL. 54. 1976 

TABLE 1. Hydrogen yields from reactions of hot and thermal electrons in mixtures of HBr with xenon 

Fraction of 
H2 molecules per 100 eV from subexcitation 

electrons 
[HBrl Hot Thermal (= GL)O thermalised 

(molecules ~ m - ~ )  [Xe]. [HBr] ([4] e+HBr+) ([1] e+2HBr+) Total (= G&)* (= G&/ G,) 

6 to 22X 1018 0 1 . 1  3 .0  4.09 0 .  73  
6 X  1018 0 .6  1 .8  2 . 7  4.50 
3.9X1Ol8 

0 61 
0 .8  1 . 5  3 0 4 47 0 67 

1.6X101s 4 1 6  2 . 8  4 43 0.63 

aDetermined from scavenging experiments with [SF81 /[HBr] in the range 0 to 5 X lo-'. Uncertainties are k0.2 
per 100 eV. 

Wncertainties are i O . 0 2  per 100 eV 

FIG. 2. Hydrogen yields, G(H2) in Xe-KBr mixtures 
plotted as a function of Z,  the stopping power fraction of 
HBr : A, total H2 4 ield; B, total Hz - G', : C ,  H z  yield in 
HBr alone from processes other than electron capture; D, 
net H2 yield from sensitisstion by Xe, obtained by subtract- 
ing C from B. 

[HBr] = 0 to 0.01 as exemplified in Fig. 3(a), 
the data for which are taken from ref. 1 for 
[HBr] and [Xe] = l.62 X 1018 and 6.48 X 10ls 
molecules ~ m - ~ ,  respectively. The net reduction 
is less than the total yield of electrons given by 
GL, because the cross section for reaction 4 is 
large enough that about 30y6 of the subexcita- 

tion electrons with initial kinetic energy above 
the reaction threshold are captured before they 
cool to thermal energy (-0.04 eV at 298 K). In 
this study we investigated the effect of [Xe]/ 

[HBr] on this fraction. Gi, was determined from 
experiments with SF6, corrections being made 
for the removal of hot electrons by this scavenger 
(1). The results are presented in Table 1. 

As shown by the data in Fig. 3(a) SF6 scav- 
enges essentially all thermal electrons for 
[SF61 [HBr] about 0.02 and thereafter G(H2) 
decreases only slowly up to [SF6] [IIBr] = 0.05. 
In this study higher [SF61 /[HBr] ratios aere  used 
to determine whether reaction 4 could be sup- 
pressed as well as [I]. The results for a mixture 
with [HBr] and [Xe] equal to 1.3 X 1018 and 
1.78 X 1019 molecules ~ m - ~  respectively are 
shown in Fig. 3(b). The upper dashed line at a 
C(H2) value of 5.3 molecules per 100 eV is the 
yield expected for complete scavenging of 
thermal electrons. The lower dashed line shows 
the yield calculated by subtracting G& from the 
total G(H2) and is the residual hydrogen when 
reactions 1 and 4 are both supprcsscd. I t  is seen 
that SF6 was able to reduce G(H2) below 5.3 
molecules per 100 eV, which implies that it does 
compete with [4]. Howcver, the points for 
[SF61 [HBr] 2 0.48 lie substantially below the 
lower dashed line, indicating that hydrogen 
forming processes other than [ I ]  and 141 are also 
effected at these large SF6 concentrations. We 
shall return to this point later. 

Discussion 

Ionisafion Processes 
Ionisation in the inert gases arises mainly from 

transitions of the monatomic species to ionic or 
auto-ionising states (4, 5). For xenon repre- 
sentative equations are 
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NAGRA AND ARMSTRONG 

FIG. 3. Effect of SF6 on hydrogen yields for m~xiures of Xe and WBr: G(W2) rs. [SF6]/[HBr] for: 
( a )  200 torr Xe and 50 torr HBr, dose rate = 2.4 X 1018 eV g-1 h-1, and (b) 40 torr HBr and 550 torr 
Xe at  hlgher SF6 concentrations. 

[71 Xea- Xe' + e 

where Xea symbolises an auto-ionising state. 
Dimer ions can be formed in three body reac- 
tions 

for which k8  = 3 X cm6 molecule-l s-I in 
xenon (6) .  However, some dimer species are also 
produced by the Hornbeck-Molnar mechanism, 
involving reactions 9 and 10 (7). 

For xenon [9] has a threshold of 11.16 eV (4) .  
The cross section for Xe*" production by elec- 
tron impact peaks sharply about 2 eV above this 
and then falls, until above 60 eV it decreases 
only slowly with electron energj (8) .  The magni- 
tude of klo from mass spectrometric measure- 
ments ( 8 )  is 9 X I0-l4/cr for 70 eV impacting 
electrons and 9 X /a for 13 eV impacting 
 electron^.^ Mere cr is gg '(us + f f 6 ) .  If one assumes 
cr cx 0.003 and cx 0.03 for 70 eV and E maximum 
respectively as in argon (8) then k lo  rr 3 X 10-l1 
cm3 molecule-' s-l. 

2Photoionisation studies indicate a Large number of 
Hornbeck-Molnar states with varying magnitudes of k lo  
(7) and excitation cross sections. The values from electron 
impact excitation would be weighted mean values and are 
more appropriate to radiation chemistry. 

In the presence of HBr electrons will be cap- 
tured in reactions 1 and 4 and HBr+ ions will be 
produced both directly and by auto-ionisation 
processes (9). The HBri ions may also be expected 
from the charge transfer reaction 11, since the 
ionisation potentials of xenon and HBr are 

[ I l l  Xe- + HBr + Xe + IHBr' 

respectively 12.13 ( 4 )  and 11 .62 eV (10). Since 
the ionisation potential of XeZT (11 11.2 eV (4)) 
is too small for charge transfer to HBr, these 
ions probably become clustered. However, if kl l  
is of the order of a typical ion molecule rate 
constant and greater than 10-lo cm3 molecule-I 
s-I, it can be shown that reaction 11 would 
dominate over [8] for all the mixtures used here. 
Because of this and the fact that the Hornbeck- 
Moinar states are quenched by HBr (see below), 
the ions undergoing recombination in the pres- 
ence of xenon under our conditions should be 
the same as those in pure HBr except that 
clustering would be less extensive. 

We turn now to the quenching of the Horn- 
beck-Mo!nar states and other processes which 
may affect the total yields of ions in the system. 
Previous observations of decreases in G& for 
the other rare gases in the presence of molecular 
gases at low stopping power fraction have been 
attributed to quenching of the Hornbeck-Molnar 
states (1 1). Following Klots9 treatment the cor- 
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responding reactions in the xenon-HBr system 
are 

[I21 xe* * + HBs + Ion pairs 

[I31 )<eW + f Br + Neutral products 

with kI3 obviously finite. Also the magnitude of 
G i  should be given by expression [14] 

which can be rearranged to [15j with GE replac- 
illg ( G S e Q e  + GbBrcHBr). 

Application of [15] to  the results for Z < 8.1 in 
-. 
big. 1 necessitxtes the calculation of the effective 
electron fractions EX, and €HBr Klots used a 
"'fitting procedure" to obtain the best values of 
these functions, g(Xe**)kl 3(k12 + kls ) -hand  
k10(kl2 + k13)-' from his observations, but the 
behaviour of G& above Z = 0.2 is too complex 
for that procedure to  be effective here. Two 
different approaches were therefore used: (a) ex, 
was taken as  unity and E H B ~  as zero, which is not 
a serious approximation, since Z is 5 0.11 for 
the [Web [HBr] range used, and (b)  eXe and ~ H B ~  

were assumed to  be equal to the stopping power 
fractions ( i  - Z )  and Z respectively. Figure 4 
presents the results plotted in accord with the 
first approach. The fact that the data for the 
three pressures are accommodated on the same 
!ine is consistent with a competition between 
HBr and xenon for the excited Xe** species. If 
for example HBr were competing against reac- 
tion '7 for Wea, pressure independent plots would 
not be expected. 

The intercept in Fig. 4 leads to g(Xe**)ki3 X 
(kl? + k13I-I = 0.z8, while that from the plot 
using the second approach was 0.2,. Thus, given 
that ki3(k12 + lc1 3)-I 5 I ,  g e e * * )  is > 0.20. 
Since the value of a is expected to  be small we 
may assume it to be equal to  g(Xe**>/Gk,, 
which in fact gives the weighted mean value for 
the electron energy distribution in the present 
radiolysis. Thus from the present data a > 0.2 X 
4 . 6 '  or > 0.04, which may be conlpared bith 
cr 2 0.27, > 0.04, and > 0.1 1 reported by Klots 

FIG. 4. Reciprocal of (G&, - G',) CS. [Xe],'[HBr] for 
mixtures of Xe and HBr with different pressures of Xe; 
C. 550 torr; A, 400 torr: C. 200 torr. 

for neon, argon, and krypton respectively. From 
the ratios of the slopes to  the intercepts in 
Fig. 4, k10(ki2 + k13)-l was 0.1 and approach (b)  
gave the same value. This ratio lies in the same 
range (0.06 to  0.7) as those reported for quench- 
ing of the corresponding states of the other rare 
gases (1 1). Also, if one assumes klo .v 3 X lo-" 
cm3 molecule-I s - ~  as estimated above, then 
(klz + kI3) cx 3 x 10-lo cm3 s-l, 
which is simi1a.r to 5 X 10-lo cm3 molecule-I s-I 
for quenching of the Xe*(3P2) metastable by 
HBr (12). 

The broad maximum in G:, occurring near 
Z = 0.5 is more difficult to  interpret than the 
decrease in ionisation for Z in the range 0 to  0.1. 
Taken a t  face value it suggests that a highly 
excited state of HBr with a yield of about 0.2 
per 100 eki produces neutral products, but is 
capable of forming ions in the presence of xenon. 
This could involve either a chemi-ionisation 
reaction with xenon or collisionally induced 
ionisation of the HBr excited state. The present 
data do not permit further conclusions, but an 
investigation of the ion yields by the more 
precise method of total absorption of a or P 
particles (see, for example, ref. I l )  might reveal 
further details relating to these processes. Also a 
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NAGRA AND ARMSTRONG 3597 

mass spectrometric search for chemi-ionisation 
v~ould be of interest. 

Hj-clroge~z Yielcls,froin Electron Cuptlrre Reactions 
As stated in the Results section some sub- 

excitation electrons form hydrogen via reaction 4 
while cooling through the 0.8 to 0.15 eV range 
where the cross section for resonance capture is 
significant. The remainder are captured in [I] 
after thermalisation. As seen from Table 1 the 
fraction of electrons G:, 6, reacting a t  thermal 
energies does not increase with addition of 
xenon as it did for addition of COz, where 
( G i ,  Gh,) rose from 0.73 for pure HBr to  0.80 for 
[COz], [HBr] = 4 (1). This was attributed to  the 
additional moderating effect of CB2. The lack 
of evidence for a moderating effect by xenon is 
in keeping with the large mass and absence of 
degrees of freedom which the electron could 
excite. It is also consistent with the almost 
negligible electron thermaiisation rates observed 
(13) in the heavy inert gases. 

At this poini it is important to  recognize that 
Eo, the energy of the lowest excited state, lies at  
8.31 eV in xenon (4) while in HBr it is a t  about 
4.3 eV (14). Thus the energy spectrum of the 
subexcitation electrons is expected to be different 
in the two gases. For - example, using the ap- 
proximate formula SE = Eo { 2 + E0,'I) -l (151, 
where I is the ionisation potential, one finds aver- 
age subexcitation energies of % = 2.5 eV in 
HBr and 3.1 eV in xenon. The shift toward 
higher energy in xenon should lead to a small 
increase in the yield per 100 eV of subexcitation 
electrons with energy above the 0.3 eV maximum 
of the cross section for reaction 3, and this is 
probably the reason for the fact that G;,'Gi in 
Table ! in fact shows a slight tendency to 
rlecre~~se with [Xe]![HBr]. 

Hylrogen Yields ,fiorn Srrbexci!ation Electrons 
\t.ith Initial Kinelic Energy between 4.3 and 
8.3 e V nrzd,fro~~z Xerion Excited States 

Line C in Fig. 2 is the yield of hydrogen 
expected from processes other than electron 
capture occurring in HBr calculated on the 
assurnption that the energy absorbed by the 
HBr molecules in the mixture is a linear function 
of Z.  These other processes are mainly dissocia- 
tions of excited species (9). Curve B is the yield 
actually observed in the mixtures. The difference, 
which is shown by curve D, is the net extent of 
sensitisation by xenon. 

Because the energy dependence of excitation 
cross sections I-na:, be complex and because of 
the significant roles of secondarl and tertiary 
electrons, the partitioning of energ) in a twb 
component mixture need not necessarily be !inear 
in Z calculated for the initial electron energy 
spectrum as for line C.3 However, the extent of 
sensitisation observed here is too large to be due 
simply to  a failure of Z t o  describe the energy 
partitioning. In cur view it must be attributed 
primarily to energy transfer to HBr from neutral 
xenon excited states and to the excitation of 
HBr by electrons uhich are below Eo for xenon 
but above it for HBr. Using the experimer;tai 
points from Fig. 6 of Opal, Peterson, and 
Beaty (16) it was estimated that roilgh!y 257 ,  
of the electrons formed by ionisation of xenon 
with 500eV eIectrons \.vould have energies in 
that range. Thls percentage corresponds to a 
yield per 100eV of I.?.  A higher yield of elec- 
trons in the 4.3 to 5.3 eV reglon may occur rn 
the radiolvsis due to the iresense- of lower 
energy secondary and tertiary electrons in the 
degradation spectrum (see, for example, the d i s  
cussion of the importance of excitations b! siouz 
electrons in ref. 15). However, it seerns very 
unlikely that this would exceed 2 per 100eV. 
These electrons ivould be expected to possess 
relatively large cross sections (cJ: data for WCl 
(17)) for exciting the low lying Q 3Ul, 2nd 
3110+ states of HBr (18-%0), 

which dissociate (18) and produce hydrogert 
through reaction 18 (9). 

A yield of I to 2 molecules per l00eV may 
therefore result from [16] through [18]. 

A rudimentary estimate of the total number 
of xenon excited states formed per 100 eV may 
be gained from the energy balance (15). Thus, 
taking Gk, = 4.566, the average energy of transi- 
tions to ionic states (includizg those via [6]-[7] 
and [9]-[lo] as 13.4 eV and St = 3.1, the energy 
consumed in ionisations in pure xenon is 7 5  eV 
(= 4.566 X (13.4 + 3. l)), per total energy ex- 
penditure of 100 eV. Since the mean energy per 

3See ref. I I and references cired therein for discussions 
of energy depositivrr in mixtures. 
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XENON HBr 

Meta Resonance ions Neutral ions D~ssociation 
Stables States  States Products 

- ----------  *p3/2 - 
W o r w k k  sglolnos States 2nq/2= -- -------- VIE+ 312 

- 3 '$1 
and other 

Po - - states kc4 
3 3 
P2 P, 

-:- c ln  (Mafly - - 
-I- ~ l n  Predissociot~ons) - 

FIG. 5. Energiec of xenon and HBr. Data for xenon from ref. 4 and for HRr from refs. 9. 14, and 
18 to  20. 

excitation must be near 9 eV the total number 
of excited states should be about 2.7 per 100 eV. 
This is much lower than -5.0 assumed in ref. 21, 
but in better agreement with 1.9 per lO0eV 
(g(sing1ets) e 1.5 and ~(tr iplets)  -- 0.4) esti- 
mated by Sato, Okazaki, and Ohno using binary 
encounter theory (22). As shown in Fig. 5 the 
energies of all the neutral excited states are large 
enough to cause dissociation of FIBr and hydro- 
gen formation. The maximum sensitisation of 
4 molecules of hydrogen per 100 eV seen in 
Fig. 2 can therefore be explained by g(sing1et) $ 
 triplet) - 2.5 and g~u,,,, (4.3 to 8.3 eV) 2 1.5 
per 100 eV in xenon, provided the energy trans- 
fers f ~ o m  Xe* to  HBr are sutficiently rapid. If 
the transfer cross sections for all xenon states 
are similar to 6 X 10-1° cm3 molecule-I s-I 
measured for Xe 3Po quenching by HBr (12), 
then the xenon excited state lifetimes at  [HBr] = 

3 X 1018 niolecules cm-"vould be -0.6 ns, 
which is about one fifth of the radiative lifetimes 
of the singlet states (-3.5 ns (4, 23)). On these 
grounds energy transfer is therefore likely to  be 
by far the most important mechanism of Xe* 
loss. It will be made more efficient by radiation 
trapping (4, 24). 

Beyond the maximum, curve D in Fig. 2 runs 

linearly down to C(H2) = 0 a t  Z = 1, which 
indicates the decreasing contribution of xenon 
states to the radiolysis. The overall behaviour of 
curve D in Fig. 2 bears a strong resemblance to 
that of the H2S-Xe system, uhere the maximum 
G(H2) from energy transfer is near 5 for both 7 
(21, 25, 26) and a radiolysis (27). The tendency 
for a slightly higher value than in HBr may be 
due to a contribution from reaction 19 

which is energetically feasible (25) and would lead 
to two molecules of hydrogen per Xe* (27). 
However, the general similarities of the H2S- 
and HBr-Xe systems imply [g(Xe*) + 
(4.3 to 8.3 eV)] = 4 to 5 per 100eV. 

As pointed ou t  in the Results section the 
values of G(H2) for [SF6], [HBr] > 0.48 show 
that SF6 is interfering with hydrogen-forming 
reactions other than [ l ]  and [4]. Thus when it is 
used as an  electron scavenger in the inert gas 
systems its concentration must be low relative 
to HBr (or other substrate molecules), and not 
just low relative to [Xe]. The present experiments 
d o  not show whether SF6 is competing with 
HBr for Xe* states or for electrons in the 4.3 to 
8.3 eV range. More information on their quench- 
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NAGRA AND ARMSTRONG 3599 

ing cross sections for Xe* states (the quench- 
ing cross section of HBr is about twice that of 
SF6 for Xe*(3P2) (12)) and electron impact spec- 
tra near threshold should help to resolve this 
point. Competitions between H2S and SF6 for 
Xe* have already been considered in the 
H2S-SF6-Xe system (25). 
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Thermodynamics of basic ionkation of some aminoethers in water 
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SHEILA TERESA LOBO and Ross ELMORE ROBERTSON. Can. J. Chem. 54, 3600 (1976). 
Basic ionization constants ( K b )  of 2-methoxyethylamine, 3-methoxypropylamine, and 

bis-2-methoxyethylaniine in water have been measured as a function of temperature between 
5 and 45 ' C ,  thus enabling values of AGbO, AHbo. ASbo. and ACpbO to be calculated. The results 
conform with the ability of the ether function to destroy hydrophobicity in water. 

SHEILA TERESA LOBO et Ross ELMORE ROBERTSON. Can. J. Chem. 54, 3600 (1976). 
On a mesure, en fonction de la temperature entre 5 et 45 "C, les constantes d'ionization 

basiques ( K b )  de la methoxy-2 ethyiamine, de la methoxy-3 propylamine et de la bis-methoxy-2 
<thylamine dans I'eau; on a donc pu calculer les AGbO, AHbO. AS,o et aCpbU.  Les rCsultats sont 
en accord avec l'habilitk de la fonction ether de detruire I'hydrophobicite de l'eau. 

[Traduit par le journal] 

Introduction 

Some time ago Rossall and Robertson (1) 
reported that the substitution of a y - M e 0  group 
in benzenesulfonyl chloride resulted in a more 
positive temperature coefficient of the enthalpy 
of activation (AC,') of the solvolysis reaction in 
water than would be expected from other data 
(2). This positive shift in AC,* was attributed to 
a temperature dependent solvation effect, a 
rationalization supported by reference to cor- 
responding effects found for ACPao for the 
aqueous ionization of anisic acid (3, 4). Further 
support for this view is apparent in the hydrolysis 
of 3-methoxybenzyl nitrate (5). 

We were unable to find corresponding evi- 
dence for the ionization of aminoethers, although 
there had been an extensive investigation of the 
amino acids beca~lse of their obvious relation to 
biological processes (3,6). Beyond the latter, and 
certain simple alkyl amines, careful investigations 
of the thermodynamics of ionization of substi- 
tuted amines in water appear to be limited to 
certain diamines and amino-alcohols. Values of 
AG:, AH,', and AS,' have been reported for 
1,2-, 1,3-, 1,4-, 13 - ,  and I ,6-diaminoalkanes by 
Paoletti and co-workers (7). Everett, Landsman, 
and Pinsent (8) determined the thermodynamic 
parameters for the ionization of 1,2- and 1,6- 
diaminohexane in water, while a similar study of 
amino-alcohols has been made by Bates and 
co-workers (9-12) and by Timimi and Everett 

(13). The latter found AC,: values to be less 
positive for amino-alcohols than the correspond- 
ing alkylamines, a result which was consistent 
with the expected antagonism of the hydroxyl 
group to hydrophobic hydration (14). However, 
some amino-alcohols gave unexpectedly large 
negative AC,," values which were not explained. 
Intramolecular hydrogen bonding has been sug- 
gested, without proof, as a possibility for the 
reduced value of AC,: for 2-hydroxyethylamine 
compared to  ethylamine. In view of the proposed 
temperature dependent solvation effect on the 
MeO-group observed in our kinetic studies noted 
above and in the ionization of substituted ben- 
zoic acids (3), the temperature dependence of 
the ionization of three aminoethers, i.e. 2- 
methoxyethylamine, 3-methoxypropylamine, and 
bis-2-methoxyethylamine, were studied to  deter- 
mine the corresponding value of AC,; in water. 
In the kinetic examples and in the substituted 
benzoic acid equilibria the MeO-group was 
attached directly to a mobile system and changes 
in the interaction between water and the methoxy 
group with temperature were transmitted more 
directly to the seat of reaction than in the present 
series. The consequence of this structural differ- 
ence on AC,: was not foreseen. 

We report here the results of the determination 
of pKb for the noted aminoethers and the derived 
thermodynamic parameters AG,~, AHbo, AS,', 
and ACPbo between 5 and 45 "C. 

lPresent address: Tstituto di Chimica Fisica, UniversitB Experimental 
di Pisa, 56100 Pisa, Italia. Details of the apparatus and technique of the con- 
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LOBO AND ROBERTSON 3601 

ductance-dilution method used have been described 
elsewhere (15, 16). 

The aminoethers used were commercially available 
(Chemicals Procurement Laboratories Inc.) and were 
purified by standard methods before use. This involved 
refluxing over calcium hydride for 48 h, distilling under a 
nitrogen atmosphere, and redistilling the middle fraction 
under nitrogen. The purity of the amines was checked 
by gc using three different types of co lun~ns :  ( u )  6 ft X 

in. Chromosorb 103 (specifically useful for amlne 
analysis), 80, 100 mesh, ( b )  6 ft X : in. 20Tc Triton-x/305 
o n  High Performance Chromosorb W. 801 100 mesh. 
( c )  6 ft  X i in. UCW98 o n  High Perforn~ance Chromo- 
sorb W, 801100 mesh. Mass spectral and nmr analyses 
were also carried out  and compared with literature kalues 
where possible. In no  case were significant impurities 
found. 

The determination of Kb involves the use of limiting 
equivalent conductances, ao, for the aminoether hydro- 
chlorides. The hydrochlorides were prepared by passing 
dry hydrogen chloride gas  latheso son of Canada Ltd.) 
through a n  ethereal solution of the pure aniine. Since the 
salts were very deliquescent, they were transferred to a 
rotary evaporator to  remove most of the ether. The last 
traces of ether and water were removed by short path 
distillation under high vacuum. Tn the case of the salt of 
bis-2-methoxyethylan~ine. recrystallization was attempted 
from a toluene-ethanol mixture under anhydrous con- 
ditions. Large needles were obtained. A special apparatus 
was used for filtration under anhydrous conditions. The 
last traces of toluene were removed by high vacuum. Mass 
spectral, gc, and nmr analyses of the hydrochlorides 
showed n o  traces of impurities. 

Results and Discussion 

In Table 1 we report2 Kb as a function of 
temperature for 2-methoxyethylamine as a typi- 
cal data set. Although Kb values were determined 
on the molar scale, they were converted to the 
molal scale (17). The yc difference reported in 
column 3 is 

where Kb(calcd.) is obtained by fitting the experi- 
mentally determined Kb values and temperatures 
to  an equation of the type 

[21 log Kb = A + B;T + Clog T 

using the method of Clarke and Glew (18). The 
method of evaluation of K, from the Shedlovsky- 
Kay equation (19) has been given elsewhere 
(15-17). In Table 2 are reported the values of the 

'Corresponding data for the ionization of bis-2- 
metlioxyetl~ylamine and 3-niethoxypropylamine are avail- 
able, at a nominal charge, from the Depository of Un- 
published Data, CISTI. National Research Council of 
Canada, Ottawa, Canada K I A  0S2. 

TABLE 1. Ionization constants for 
2-methoxyethylamine for a series of temperatures 

in water by a conductance method 
- 

Kb(obsd.) X 10" 'j0 (@LJ~& #-J, 
T ("C) (molal) '7. difference (cm2 a-1 mol-1) 

constants of [2]. The thermodynamic parameters 
AGbO, AHbO, ASbO, and ACPbo, derived by use of 
[2] for 2-methoxyethylamine, bis-2-methoxy- 
ethylamine, and 3-methoxypropylannine are re- 
ported in Table 3. Except for pK, values for 
2-methoxyethylamine and 3-methoxypropylam- 
ine, no thermodynamic parameters were avail- 
able in the literature foi comparison. It was of 
interest to compare the parameters of the amino- 
ethers with related substituted amines, e.g. 2-OH- 
ethylamine and ethylenediamine as well as simple 
aliphatic amines. The relevant data are reported 
in Table 4. As most of the data reported in the 
literature are for the acid ionization process it 
was necessary to convert the data obtained by 
us to that for the corresponding acid ionization 
process 

by combining thermodynamic parameters for the 
dissociation of water with those for the basic 
ionization process. The values used for water 
were from a critical assessment of data by 
Olofsson and Hepler (20). The temperature 
chosen for comparison is 25 "C,  because most 
data have been measured at this temperature. 
We are aware of inversion of acidities of car- 
boxylic acids with increase in temperature (21) 
and of triethylamine compared with cyclohexyl-, 
hexyl-, and di-n-propylamines (22), but in lieu 
of a better alternative, 25 "C seems to be the best 
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TABLE 2. Empirical constants" for interpolation of basic ionization constants 

Amine A B C 
-- - 

2-Methoxyethq lamine 66.36874 -3394.104 -24.08398 
Bis-2-methoxyethylan~ine 82.45507 -4518.317 - 29.37656 
3-Metl~oxypropylamine 72.49270 - 3497.024 - 26.16898 

"For the equation loglo Kb = A + BIT + C loglo T where T is In K and between 5 and 45 "C. See 
footnote, Table 2 of ref. 17. 

TABLE 3. Thermodynamic parameters for the basic ionization of an~inoethers in water as a 
function of temperature 

T AG,o A Hho AShO A c p b O  

Anline ( '4 (cal mol-1) (cal mol-1) (cal mol-I deg-1) (cal mol-1 deg-1) 

TABLE 4. A comparison of thermodynamic parameters for the acidic ionization 
of certain amines in water at  25 'C 

AGaO* a Hao SaO* aCpaO 
Amine pKa* (cal mol-1) (cal mol-I) (cal moi-1 deg-1) (cal mol-1 deg-I) Reference 

Ethylamine 11.155 15219 13 710 -5.06 7 . 4  26 
2-Methoxyethylamine 9.867 13461 12 079 - 4.64 -5.8 This work 
Ethylenedia~nine 10.404 14 194 11 940 -7.56 9 . 4  26 
Ethanolamine 9.975 13608 12 080 -5.13 - 1 . 2  9 

Propylamine 11.046 15069 13 840 -4.12 7 . 6  26 
3-Methoxypropylamine 10.486 14 305 12 843 -4.90 - 1 .7  This work 
Propanolamine 10.434 14234 12 698 -5.15 17.5 26 

Diethylamine 11.316 15438 12 730 -9 .08  15.1 26 
Bis-2-methoxyethylan~ine 8.910 12 155 10071 -6.99 4 . 6  This work 
Diethanolamine 9.180 12523 I0 010 -8.43 12.1 26 

Piperidine 11.429 15592 12 642 -9.89 18 .O 27 
Morpholine 8.793 11 995 9 331 -8.93 11.5 26 

*Corrected for symmetry. 

compromise. This should be noted when examin- 
ing small fluctuations in thermodynamic parame- 
ters. Another point worth mentioning before 
further discussion is the statistical or symmetry 
factor (231, because the higher the number of 
equivalent protons in the ammonium ion, the 
greater the probability of losing one. This correc- 
tion only applies to pKa, AC,O, and ASaO values 
and with its inclusion only the intrinsic proper- 
ties of the molecules and ions and their inter- 

action with water are reflected in the ionization 
process. 

Comparison of pKa values of the aminoethers 
with related unsubstituted compounds (refer to 
Table 4) shows that the methoxy group has a 
weakening effect on basicity, as might be ex- 
pected (24), and this effect is reduced with 
increasing separation from the amino group. 
Houever, a comparison uith the effect of the 
hydroxy group on the amine is not as predicted 
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LOB0 AND ROBERTSON 

FIG 1. Plot of AH,o cs. ASaO for selected anlines. (A)  Primary amines ( I ,  methylamine; 2, ethyl- 
amine; 3.  propylarnine; 4, isopropylarnine; 5,  11-butylamine; 6, cqclohexylamine; 7, terr-burylamine). 
(u) Secondary amines (8, dimethylamine; 9, diethylamine: 10, piperidine; 11, di-n-propylamine; 12, 
diisopropylamine; 13. di-11-butylamine). (2) Tertiary amines (14, triethylenediamine; 15, trimethyl- 
amine; 16, triethylamine; 17, quinuclidine). (0)  Substituted ethylamines (18, ethylenediamine; 19, 
ethanolamine; 20. 2-rnethoxyethylamine). 

by the inductive effect. Although, on the basis 
of U,  values (24), the 2-OH-ethylammonium ion 
is expected to be a stronger acid than the 2- 
MeO-ethylammonium ion, this was not found 
( p K a  9.975 us. 9.867). The difference is admittedly 
small and could be caused by the better solvation 
of the O H  group, a suggestion consistent with 
solvent-sensitive substituent effects (25). 

Since AG:, AH:, AS:, and AC,: values for 
several aliphatic amines have been critically 
assessed by Jones and Arnett (26), an attempt 
(16) was made to correlate these parameters for 
simple aliphatic amines, some cyclic amines 
studied by us (27), and related substituted 
amines, after making corrections for symmetry. 
The latter was necessary because without it no  
distinct correlations have previously been made 
for the aqueous ionization of substituted anilin- 
ium ions (281, of substituted benzoic acids (29, 
4), of phenols (31, of carboxylic acids (30), of 
thiols (31), or of amines (6), for AGaO us. AH:, 
AGaO us. AS:, and AHaO us. AS:. N o  significant 
correlation was found for seven primary alkyl- 
amines or for six secondary amines for a AGaO 
us. A H 2  plot. However, an excellent correlation 
was obtained for five tertiary amines (correlation 
coefficient r = 0.998) and for three related sub- 
stituted ethyl amines (-OMe, -OH, and 
-NH2) with r = 0.98. The amines correlated 

are cited in the caption below Fig. 1 which is a 
plot of AHaO us. AS:. The values of the thermo- 
dynamic parameters of the amines have been 
taken from the review article by Jones and 
Arnett (26), except for ethanolamine (9) and the 
cyclic amines (27), and have been corrected for 
symmetry where relevant. The lack of correlation 
in the primary alkylamines with respect to AG: 
us. AH: is mainly due to  AS: differences arising 
possibly from chain-stiffening (32). This usually 
gives rise to  compensating changes in AHC and 
AS0, a trend revealed in a plot of AH: us. AS:, 
for primary, secondary, and tertiary amines and 
substituted ethylamines (Fig. 1). Only in the case 
of the primary amines is there almost complete 
compensation which is evident from the slope of 
the plot (292 K). In contrast t o  the primary 
alkylamines which give no correlation for AG,O 
us. AH:, the substituted ethylamines give good 
correlations for both A G 2  us. AH: and AG: 
us. AS: in spite of large AS: differences. 
Interestingly, the slope of the AGaO us, ASaO plot 
is - 248 K, which is close to -218 K,  a value 
predicted by the Bjerrum electrostatic model 
(33) for proton ionization processes in water. 
This has not been found for substituted anil- 
inium ions by Liotta and co-workers (28) who 
obtained a value of 2087 K, or by Christensen 
et al. (6) who obtained a value of -41 K for the 
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ionization of a variety of different primary 
ammonium ions, both values being nowhere 
close to the predicted value of -218 K.  The 
failure of the Bjerrum model has been attributed 
( 6 )  t o  a very small contribution from electro- 
static effects and more important ones from 
specific sol.vation eKects in  the case of the 
ammonium ions. Since. in the dissociation of 
ammonium ions, the electrostatic contribution 
is primarily a result of charge-dipole interaction 
between the dissociating proton and the electric 
dipole of the neutral species, the presence of 
substituents should affect this interaction con- 
siderably and probably be a more dominant 
factor than s~eci f ic  solvation effects. This is 
evident for the' substituted ethylamines from the 
good agreement with the prediction based on 
Bjerrurn's model. The relationship of these amines 
to the unsubstituted primary amines and other 
aliphatic anlines is illustrated in Fig. 1 .  From this 
figure and Table 4 a decrease in AHaO is noted on 
progressing from the primary to the secondary 
to the tertiary amine, both for the substituted 
and unsubstituted amines, a trend in agreement 
with the inductive effect. The inductive effect of 
the methoxy and hydroxy groups is also evident 
in a comparison of the substituted amines with 
corresponding unsubstituted amines. 

If, according to evidence cited by Timimi and 
Everett (l3), solvent effects cause entropy to vary 
in an  opposite sense to heat capacity, examina- 
tion of ACPa0 in Table 4 should lead us to expect 
large increments in ASaO compared to the un- 
substituted compounds for the aminoethers, 
diamines, and amino-alcohols. Ethylenediamine 
and propanolamine definitely d o  not conform 
with this idea. As for the hydroxylamines, the 
results have been rationalized by Everett et al. 
The entropy value of morpholine compared to 
piperidine can also be explained. However, the 
methoxy group in 2-methoxyethylamine shows 
an unusually large negative value of -5.8 cal 
mol--I deg-I compared to the small positive 
increment in AS: of 0.42 cal mol-I deg-I found 
for ethylamine. I t  is apparent from the AC,; 
values that whereas ethylammonium ion be- 
comes a weaker acid with increasing temperature. 
the 2-methoxyethylammonium ion becomes a 
stronger acid with respect to A H 2 .  In the work 
s f  Rossall and Robertson ( I )  ~ h i c h  prompted 
this investigation, the effect of the methoxy 

group on the rate of hydrolysis of p-methoxy- 
benzenesulfonyl chloride decreased uith temper- 
ature: in the ammonium ion ionization the cor- 
responding effect is increased with temperature. 

Before attempting to rationalize the opposed 
effects of temperature on AH2 and AH= it will 
be useful to examine the corresponding effect In 
the case of the tneta- and para-methoxy substi- 
tuted benzoic acids. Relative to the parent com- 
pound, the titeta-methoxy acid is a stronger acid, 
with a AC,: value of -23 cal mol-I deg-I, and 
becomes increasingly so with a rise in tempera- 
ture. The AC,: value for the unsubstituted 
benzoic acid is -38 cal mol-I deg-I (3). The 
ineta-methoxy group introduces some factor 
which increases the AC,2 value. Rossall and 
Robertson have suggested that such a factor was 
a logical consequence of the effect of temperature 
on water structure and the reasonable assumD- 
tion that the methyl group would tend to inter- 
fere with the interaction of water with the un- 
shared electrons on the methoxy oxygen atom 
(35, 36). It is generally accepted that as the 
temperature increases, there is a gradual break- 
down in water structure, with an  increase in the 
number of unbonded water molecules (36). 
Accordingly, the methyl group in -OMe will 
offer less steric hindrance to  the solvation of the 
oxygen atom in -0Me with an increase in 
teriberature. Hence the interaction of -0Me 
with water will increase with temperature, and 
the effect of the group on the ionization process 
will decrease. This will result in the enhanced 
acid strength of the meta-methoxy benzoic acid 
relative to benzoic acid in the lower temperature 
range, this difference being reduced with a rise 
in temperature. In the case of the p-methoxy 
benzoic acid, the same change in the solvation 
effect with rising temperature will reduce the 
electromeric supply of electrons to  the carboxylic 
acid group via the phenyl ring, hence a more 
negative AC,: would be expected. This is found. 

If an attempt is made to apply this special 
temperature dependent solvation effect of -0Me 
to  the ionization of 2-methoxyethylammonium 
ion, the weakening of the inductive effect of the 
methoxy group with increasing temperature 
would be expected to bring about just the 
opposite effect on AC,: to that observed above 
(i.e. AC,,O value should be more positive for 
2-meti~oxyethylammonium ion than that for the 
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ethylammonium ion). This result pointed to a 
factor overiooked in our inltial consideration. 

While a part of the difference can be attributed 
to  the more effecthe operation of the methoxy 
group on an aromatic system. with amines, the 
predominant, effect of -OMe on ACp',,O appears 
to arise from the structure-breaking effect of 
-0Me on the hydrophobic bonding about the 
n e ~ ~ t r a l  anline. This conclusion is based on the 
following consideration. In the ionization of the 
subst~tuted ammonium ions, hydrophobic bond- 
ing makes an exothermic contribution to the 
overall value of AH2. If the extent of hydro- 
phobic bonding about the neutral amine is 
reduced, for example, by the presence of an 
interacting group such as -OMe, then the effect 
of temperature on the hydrophobic solvation 
will be reduced and the observed AC,: will be 
less positive than otherwise. This effect will be 
expected to be greater when the methoxy group 
is closer to the nitrogen atom since this is the 
voiume most influenced by charge. Thus for 2- 
methoxyetl~ylamine, AC,,O = 5.8 cal mol-I deg-', 
whereas for 3-methoxypropylamine, AC,: = 

- 1.7 cal mol-I deg-l . Bis-2-methoxyethylamine 
showed a similar reduction (AC,,O = 4.6 cal 
mol-l deg-l) relative to the unsubstituted amine, 
diethylamine (AC,: = 15. l cal mol-I deg-I). 
The ether function reduces the AC,: value in 
cyclic systems, as well. Thus, morpholine, with a 
AC,: value of 11.5 cal mol-I deg-I (refer to 
Table 4) shows a reduction in AC,: relative to 
the unsubstituted cyclic amine, piperidine (AC,,O 
= 18.0 cal mol-l deg-I). These reduced AC,: 
values, due to the presence of the ether function, 
support evidence cited for the structure-breaking 
effect of this group (37-40). A similar but re- 
duced effect is shown by the -OH group, con- 
sistent with the ability of this group to fit into 
water structure. Further support for believing 
the special solvation effect is not important here 
may be seen in the good agreement of the slope 
of the AGaO us. AS," plot with predictions based 
on the simple B~errum model. 

These results may be summarized by noting 
that in the amino ethers the dominant effect of 
the MeO-group on AC,," appears to be on the 
hydrophobic hydration shell. This effect is un- 
doubtedly present in the kinetic examples cited 
in the Introduction and for anisic acid as well, 
but in these latter cases the internal transmission 

of electronic effects is more effective and in 
these cases is dominant. 
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Thermodynamic parameters for the basis ionization of some 
cycliic amines in water 
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SHEILA TERESA LOBO, TANIKELLA S. S. R. MURTY, and Ross ELMORE ROBERTSON. Can. J. 
Chem. 54, 3607 (1976). 

The thermodynamic parameters defining the basic dissociation in water of diethylamine, 
cyclohexylamine, piperidine, and quinuclidine have been determined by a dilution method 
based on conductance measurements. The values of AS,O and AC,,O for the acid ionization of the 
corresponding ammonium ions at 25 'C are ASaO - 8.08, - 1.24, -8.51, - 13.65 cal deg-1 mol-1 
and 1C,,0 13.9. -2.7, 18.0, 4.2 cal deg-I mol-1. The relation between these derived values and 
solvation changes are discussed. the apparent anomalous values of ACPaO for cyclohexylami~le 
and quinuclidine being noted. but not rationalized. 

SHEILA TERESA LOBO, TANIKELLA S. S. R. MURTY et Ross ELMORE ROBERTSON. Can. J. Chem. 
54, 3607 (1976). 

Les paramktres thermodynan~iques dkfinissant la dissociation basique, dans l'eau. de la 
diethylamine, de la cyclohexylamine, de la pipCridine et de la quinuclidine ont CtC determinis 
par une mkthode de dilution basCe sur des mesures de conductivitCs. A 25 ^C, les valeurs de 
ASaO et de ACPa0 pour l'ionisation acide des ions ammonium correspondants sont ASaO -8.08, 
-1.24, -8.51, -13.65 cal deg-I molkl et ACPa0 13.9, -2.7, 18.0, 4.2 cal deg-1 mol-1. On 
discute de la relation entre ces valeurs dCriv6es et les changements dans la solvation: on note les 
valeurs apparemment anormales du ACDaO de la cyclohexylan~ine et de la quinuclidine mais on 
ne peut les rationaliser. 

[Traduit par le journal] 

Introduction 
In this paper we report the thermodynamic 

quantities defining the ionization of certain cyclic 
amines in water and note the relationship be- 
tween these quantities and structure. 

The search for structure-reactivity relation- 
ships for the ionization of amines in water has a 
long history (1-8). The simple approach, based 
on a comparison of pKa values, led to the well- 
known amine anomaly (9, 10) where R2NH > 
R3N > RNH2, an order contrary to normal 
expectations based on inductive effects. It was 
subsequently found that the expected order was 
followed in the gas phase (1 1-14) and hence the 
anomaly could not be attributed to steric effects 
(15, 16) or to other internal factors (17) but 
rather mas associated with solvation. 

The clue to the anomaly was recognized by 
Everett and Wynne-Jones when they determined 
AS2  and AC,: for the methylamines in water 

IPresent address: Istituto di Chimica Fisica, UniversitB 
di Pisa, 56100 Pisa, Italia. 

2Present address: Carothers Research Laboratory, E. I. 
Dupont de Nemours & Company, Wilmington, Delaware, 
U.S.A. 19898. 

(18), following their classic study of the ioniza- 
tion of carboxylic acids (19). They found that in 
such equilibria the solvation of the neutral 
species and solvent-solvent interaction were not 
small compared to  the contribution arising from 
ion-solvent interaction with respect to these 
parameters. It was also evident that A S 2  and 
A C P 2  were better indicators of solvent reorgan- 
ization than pK, but the experimental require- 
ments were more stringent. For the latter reason 
it may not be surprising that the notable publica- 
tions in this area are limited. Of course AHaO 
and AC,2 can be determined now more directly 
by modern precision calorimetry and more data 
in this area are becoming available through this 
approach. 

The importance of the solvation of the neutral 
amine in determining the value of AC,: is 
generally recognized to depend on the unique 
propensity of water to form three-dimensional 
dynamic structures, a phenomenon frequently 
referred to as hydrophobic hydration (20). The 
nature of this structural solvation is not singular 
and this characteristic necessarily introduces un- 
certainties in attempts to interpret solvation 
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changes reflected in A S 2  and AC,,O. The first 
step in achieving a better understanding of such 
solvation changes is to obtain reliable data for 
a range of amines with differing but related 
structural features. This need prompted an exten- 
sion of our earlier work to an examination of 
the ionization of cyclic amines. The latter struc- 
tural feature was expected to provide a predict- 
able change in surface area which might then be 
expected to provide recognizable differences in 
the corresponding values of AS: and AC,:, 
granted the above hypotheses applied. Diethyl- 
amine was studied for comparison with piperi- 
dine. 

Well after this study was in progress, cer- 
tain thermodynamic results obtained by other 
methods here published (Table 4). It is gratify- 
ing, if not surprising, to note good agreement 
between our results and those obtained by 
alternative techniques. 

The work reported here exploits a convenient 
dilution technique in conjunction with the con- 
ductance method described earlier (21) to obtain 
pK,, AGaO, AH2, AS2,  and AC,,O. 

The abilitv to determine conductances at a 
series of concentrations for a given temperature 
without opening the system has a particular 
advantage in studies of the ionization of amines, 
where the introduction of traces of GO2 must 
be avoided. 

Experimental 
The conductance method, used for the determination 

of ionization constants, dictated stringent experimental 
conditions with respect to purity of materials, quality of 
water, temperature control. accuracy of conductance- 
concentration measurements. and exclusion of carbon 
dioxide from solutions. Details of the experimental set-up 
and technique have been described elsewhere (21). 

All amines used were con~mercially available samples. 
The purity of the amines was checked by glc using three 
different types of colunlns: (a) 6 ft X 2 in. Chromosorb 
103 (specifically useful for analysis of amines), 80i100 
mesh; (b) 6 ft X t in. 20'; Triton - x,'30j on High Per- 
formance Chromosorb W, 801 100 mesh; (c) 6 ft X t in. 
UCW98 on High Performance Chromosorb W, 80,100 
mesh. Mass spectral and nnir analyses were also carried 
out and the spectra compared with those in the literature. 
In no case were significant impurities found. 

With the exception of quinuclidine. which is a solid, all 
the amines were refluxed over calcium hydride and the 
middle fraction obtained on distillation was redistilled 
under a nitrogen atmosphere. Piperidine was checked for 
pyridine impurity by uv. I t  showed no band at 260 nm. 
Quinuclidine was obtained from the commercially avail- 
able quinuclidine hydrochloride (Eastman White Label) 

which was recrystallized from absolute ethanol. The free 
anline was prepared by the method used by Brown and 
Eldred (22). 

In order to measure the dissociation constant, Kbr the 
limiting equivalent conductance. -lo, for the amine hydro- 
chloride is essential. The hydrochlorides of the anlines 
were prepared by passing dry hydrogen chloride gas 
(Matlieson of Csnada Ltd.) through an ethereal solution 
of the pure amine. After washing the hydrochloride with 
ether, the salt was dried in a rotary evaporator under 
vacuum and subseqirently in a vacuunl desiccator over 
silica gel. ?'he purity of the salt was checked by mass 
spectral analysis and also by reconverting the hydro- 
chloride to the amine and rechecking the purity of the 
amine as noted above. Quinuclidine hydrochloride was a 
commercially available sample; recrystallized from ab- 
solute ethanol and dried under vacuum. 

Potassium chloride used for the determination of cell 
constants was of analytical grade, recrystallized from 
conductivity water twice and fused in a platinurn boat in 
an electric furnace (23). 

K, was determined at  5 cleg intervals and .lo at 10 deg 
intervals between 5 and 45 ' C .  

Results and Discussion 

The concentration-conductance data obtained 
were fitted to the Shedlovsky-Kay equation (24): 

where 

and 

Since the equilibrium of interest is 

So(BHT OH-) values used in [I] are obtained as 
follows: the value ofA,(BH- C1-) for each amine 
is determined experimentally, and by using 
ho(OH-) and ii0(C1-) values from the literature in 
the Kohlrausch equation (25) 
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TABLE 1 .  Ionization constants for diethylamine for a 
series of teiiiperatures in water by a conductance 

metllod 

T ~ { ~ ( o b s d . )  x 10" .I~(BH-FCH",S 
(^c) (molal) ' , difference (cml a-1 nlol-1) 

5.079 8.817 +0.13 155.5 
5.117 8.786 -0.27 155.6 

10.706 9.444 f 0  .28 177.3 
10.750 9.436 +0.15 177.6 
14.997" 9.742 -0.68 194.6 
15.045- 9.870 +0.59 194.8 
19.897 10.13 -0.36 215.4 
20.278 10.15 -0.40 216.9 
24.913 10.45 +0.16 235.5 
24.914 10.46 +0.26 235.5 
29.976 10.64 f 0 . 4 1  256.0 
29.977" 10.69 f0 .87  256.0 
30.080 10.57 -0.27 256.4 
33.916" 10.56 -0.87 273.2 
33.990 10.64 -0.13 273.4 
40.061 10.62 -0.01 300.2 
40.079 10.64 LO.18 300.3 
44.923 10.52 +0.18 322.4 
44.928 10.47 -0.29 322.4 

*These values \rere nor included in the evaluation of the constants 
in 191. 

[3] AO(BHp OH-) = 

-Io(BH- Cl-) + iio(O H-) - Aio(Cl-) 

we obtain3,(BHi OH-), the quantity to be used 
in [lj. A linear least-squares analysis of the 
concentration-conductance data in [l]  gives a 
straight line, from the slope of which K, can be 
calculated. The values of K, so determined for a 
series of temperatures are reported in Table 1 
for die th~lamine.~ The ,lo values reported, at the 
temperatures at which K, were determined, are 
for the amine hydrou&5 and are interpol- 
ated from large-scale plots of&, us. temperature. 

3Corresponding data for cqclol~euylan~ine, piper~dine, 
and q u ~ n u c l ~ d i n e  are aba~lahle. a t  a nominal chdrge. from 
the Depo~i tory  of Unpublished Data.  CISTI. Nat~onal  
Research Council of Canada. Ottawa. Canada K I A  0S2 

The 7, differences reported in these tables are 

\+here Klj(calcd.) is obtained from fitting 
Kb(obsd.)-temperature data to an equation of 
the type 

[5] l o g K b = A + B  T + C l o z T  . . .  ( T = K )  

using the method of Clarke and Glew (26)  in 
order to obtain the thermodj namic parameters 
4Gb0, AH?, ASi;'. and ACPb0. Although the 
experiinentally measured Kb values are on the 
niolar scale, they have been converted to the 
~nolal scale by the relation 

where (c) and (m) designate molarity and 
molality respectively and r/, is the density of 
water, values of which were obtained from 
tabulations by Kell (27). 

The empirical constants of [ 5 ]  for the amines 
are reported in Table 2. These are useful in the 
interpolation of Kt, values at an j  des~red tem- 
perature between 5 and 45 "C.  The thermo- 
dynamic parameters AGbO, A w ,  ASbO, and 
AC,,O are listed at 5, 25, and 45 "C in Table 3 
along with the standard errors. 

Thermodynamic parameters for the ionization 
of amlnes are frequently reported for the fol- 
low~ng equilibrium : 

In order to facilitate comparison of the values 
obtained in this work with those available in the 
literature, the thermodynamic parameters for the 
ionization of water are required. Subtraction of 
the values of the paranieters for the basic 
ionization process from those corresponding to 
the ionization of water lead to the thermodyna- 
mic parameters for acidic ionization represented 
by [7].  The values chosen for pK,, AGwO, AH;, 

TABLE 2. Empirical constants" for interpolation of basic ionization constants 

Arnine A B C 

Diethy lamine 96.52296 - 4562.903 -34.02811 

Cyclohexylamine 70.63409 -3153.478 -25.64113 

Piperidine 102.5219 -4821.366 -36.05758 

Quinuclidine 83.46892 - 4250.075 -29.12139 

*For  151 between 278-3 15 K. The constants in this table are  cmpirical and  when used \re are  left with 5 
figure logarithms, which adinittedl) contain a guard figure. 
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TABLE 3. Thermodynamic parameters for the basic ionization of aniinei in water as a function of temperature 

T AGbO A Hbo ASbO AcpbO 
('(4 (cal mol-1) (cal n~ol-1) (cal mol-1 deg-1) (cal mol-1 deg-1) 

Cyclohexylamine 5 
?i 

Piperidine 5 
25 
45 

Quinuclidine 5 
25 
45 

TABLE 4. Coniparlson of tliermod~namlc parameters for the acldlc ~onlzation of anilnes In watel at  25 "C 

AG,O A H,O ASaO LC,,o 
Amlne P K ~  (cal mol-1) (cal mol-1) (cal mol-1 deg-1) (cal mol-1 deg-1) Reference 

Diethy lamine 11.018 15 031 

Cyclohexq laniine 10.609 14 473 
10.58 14 429 
10.62 14 494 

Piperidine 11.128 15 181 
11.1236 15 175 
11.06 15 083 
11.18 15 252 
11 .OO 15 006 

Quinuclidine 11.154 15 217 
10.95 14 938 
10.74 14 652 

T h ~ s  work 
28 
29 
30 
3 1 

This work 
3 2 

1 
28 
3 3 

This work 
34 
35 
36 
37 
46 
38 
3 1 

This work 
1 

39 

AS:, ACpW0 for the ionization ofwater are based 
on a recent critical evaluation of the available 
data by Olofsson and Hepler (40). In Table 3 the 
thermodynamic parameters for acidic ionization 
in hater at 25 "C are reported on the molality 
scale for the amines studied in this investigation. 
Also a comparison of the thermodynamic 
parameters hith literature values is made for the 
same amines. Where con~parison was possible 
all values of the thermodynamic parameters 
measured in this work are in good agreement 

with those in the literature (Table 4), except 
for the value of AC,,O for c y c l ~ h e x ~ ~ l a m i n e . ~  

In the interpretation of the thermodynamic 
results reported in Table 3 it is obvious that these 
quantities include both internal and external 
effects; the former include polar, inductive, and 
where present resonance effects of both the ion 

4After completion of this work. we received a preprint 
from Dr. L.  6. Olofsson, University of Lund, Sweden. 
reporting a AC,,O value for cyclohexylamine of 5.7 cal 
deg-1 mol-1 (33). 
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and the neutral amine and the latter the differ- 
ence of the interaction of these species with water. 
We  assume that the external effects of charge 
development are reflected in changes in the solva- 
tion sheli and are larger than internal effects. 
As noted above, the aqueous solution of the 
weakly polar alkyl group will have that special 
character associated with the term 'liydrophobic'. 
I t  would now seem that this term must include a 
range of structural features (as yet undefined) 
depending on the nature of the adjacent solute 
surface. Thus Friedman and Krishnan (41) make 
a distinction between this type of solvation when 
adjacent to  an alkyl group and ~111en adjacent 
to a rare gas molecule, though both types of 
solvation share the common feature in gas -. 
aqueous solution equilibria of producing large 
positive heat capacity differences which are pre- 
sumed to reflect temperature effects on adjacent 
water structure. A further complication can be 
recognized in that the amines have the possibility 
of hydrogen bonding to water in the neutral state, 
a factor which will alter through primary, 
secondary, and tertiary types (42). There will be 
differences also in the substituted ammonium 
ions arising from structural interference with 
solvation in the inner sphere (43) and correspond- 
ing modification of the second-sphere disruption, 
again modified by the presence or absence of 
adjacent groups. 

These potentia! complexities obstructing inter- 
pretation should be reduced by examining 
changes in ASaO or AC,2 for related structures. 
This is the approach used by Cox, Everett, 
Landsman, and Munn (44). That alkyl and cyclic 
amines can be expected to be solvated to a cer- 
tain extent hydrophobically is supported by such 
physical evidence as ACPzO values, i.e. partial 
molal heat capacities at  infinite dilution for 
alkylamines (3 1, 45), the increasingly negative 
values for entropies of hydration (46), the tem- 
perature of maximum density shifts for second- 
ary amines (47), and the ultrasonic effects on 
dilute solutions of diamines (48). However, the 
dispersal of hydrophobic bonding by charge 
development accompanying ionization is not 
sufficient to account for observed differences in 
the parameters defining ionization. It is reason- 
able to expect that the transfer of a proton to 
nitrogen will break down the hydrophobic struc- 
ture in the immediate neighbourhood, and bind 
nearest neighbour solvent molecules, while dis- 

rupting outer layer structures. If water is already 
hydrogen bonded to  the nitrogen (42): the 
entropy and heat capacity change a t  the nitrogen 
atom due to addition of a proton need not be 
large compared to the disruptive effects of the 
charge. Since the effect of charge falls off as the 
square of the distance, the hydrophobic solvation 
shell about larger arnine molecules will be altered 
only partially by ionization and may not be 
altered a t  all beyond three carbon atoms. This 
would suggest predictable changes in AC,,O 
where we compare cyclic and straight chain 
alkyl amines. 

An examination of ASaO for the cyclic amines 
(Table 4) shows that cyclohexylamine has the 
least negative value and quinuclidine the largest 
negative value of ASaO, consistent with the view 
of Trotman-Dickenson (49) for solvation in the 
ionization of the methyl substituted amines. In 
considering such differences we lilust bear in 
mind that the effect of charge on the hydrogen 
bonding ability of the nitrogen atom (49) may 
be more important than hydrophobic solvation 
in determining AS:. The value of A S 2  for 
piperidine is more negative than that for diethyl- 
amine but here the minor variation may be due 
to an extra CH2 group us. the possible effect of 
chain stiffening (50), a factor not important in 
the cyclic anline. However, if the latter effect is 
important, it is not reflected in a comparison of 
triethylamine with quinuclidine where the AS,' 
values are - 14.43 and - 13.65 cal niol-I deg-l. 
The chain-stiffening effect should be absent in 
quinuclidine; hence in the absence of some 
compensating effect this positive contribution to 
ASaO is small. 

That the AC,: values are generally positive 
and larger for tertiary aniines than secondary 
amines and these in turn more positive than 
primary alkyl amines in the simple aliphatic 
series is recognized (9). In  this investigation we 
found a value of - 2.7 cal mol-I deg-I for cyclo- 
hexylamine, a value in disagreement with the 
above generalization. However, there appears to 
be a difference outside experimental limits be- 
tween this value and that reported by Bergstrom 
and O l o f s s o ~ ~  (33) (5.7 cal mol-I deg-I), al- 
though there does not appear to be a large dis- 
crepancy with respect to  AHaO values (Table 4) 
a t  25 "C.  The value of AC,: for piperidine 
reported here is in fair agreement with that of 
Bates and Bower obtained by an  emf method 
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(34). Cabani and co-~vorkers (31) report a more 
recent value of 15.8 cal nlol-' deg-I and these 
autllors choose a value for AC,2 of 18 z 2 cal 
mol-I deg-I as normal for the secondary amines, 
which includes the AC,,O value obtained here. 

That the AC,2 value of piperidine (18 cai 
mol-I deg-l) is hlgher than that of the open chain 
analogue, diethylamine (13.9 cal mol-' deg-I), is 
surprising. Evidence (31, 51) exists in the litera- 
ture to support the view that the open chain 
compounds have a higher s t r u c t ~ ~ r e  promoting 
ability than their cyciic analogues, a consequence 
of the larger hydrocarbon surface than the 
former exposed to  the solvent through less 
restricted motion. Thus @C,(CH2) = 22 + 2 cal 
mol-I deg-I for open chain compounds but 
18 i- 2 cal deg-I mol-l for cyclic compounds 
(31). Also, the restricted rotation in the cyclic 
molecule could afford a more exposed positive 
charge in the ion to the water structure which 
could compete with hydrophobic hydration and 
thus increase ACT: for the cyclic molecule over 
the value for the open chain compound. Since 
the ionization of the amine consists of contribu- 
tions due to the neutral and charged species, it 
is difficult t o  say which factor is the more 
important, the disruption of water structure by 
the positive charge or the formation of structure 
by the neutral species. An objection may be 
raised to  this comparison in that diethylamine 
and piperidine are not strictly analogous because 
of the extra methylene group in the latter, How- 
ever, using pyrrolidine as a strictly analogous 
molecule, the value of ACp2 is higher for the 
cyclic molecule (16.6 cal deg-I mol-I (9)). 

We may contrast the above cornparison with 
the value of AC,2 found for triethplan~ine and 
for quinuclidine. The value of AC,: for tri- 
ethylamine is approxin~ately 40 cal mol-I deg-l. 
Everett and co-workers report a value of 44.7 cal 
mol-' deg-I (44); Bergstrom and Olofsson 36.1 
cal rnol-I deg-l (33), Jones (29) 38.4 cal mol-I 
deg-'. Whatever the true value, there can be no 
doubt that it is widely different from the va!ue of 
4.2 cal mol-l deg-I reported here for quinucli- 
dine. This barrel shaped rnolecule could be 
compared to the similar shaped triethylenedi- 
amine (NEt3W) molecule. Wen et 01. (52) have 
measured limiting partial rnolal volumes, V20, 
and visccsities of aq~leous solutions of NEt3N 
a t  two different p H  values to obtain the effect 
of the neutral (NEt3N) and charged species 

(NEt3NIH+) on water structure. On the basis of 
viscosity 8 coefficients: dB, dT, and values 
for the two species, these authors conclude that 
NEt;N is a strong structure-maker in water and 
that NEt3NH+ is either a very weak structure- 
maker or has no net effect on water structure. 
This would lead to the prediction of a small 
AC,,O valuc for NEt3N, much smaller than that 
for triethylamine because in NEt3N the three 
hydrocarbon chains are pinned back and so 
hydrophobic structure formation should be less. 
Quinuclidine. with one less hydrophilic centre 
than NEt3N, should be a better structure- 
promoter in water and hence have a larger 
AC,,O than NEt3N but smaller than that for 
triethylamine. Preliminary results (53) for the 
first ionization step of NEt3N indicate a AC,: 
value of 14 & 3 cal mol-I deg-I at  25 "C, a value 
definitely lower than that for other tertiary 
amines, butt surprisingly, higher than the value 
of 4.7 cal mol-l deg-I for quinuclidine. A similar 
trend is noted for ethylenediamine with respect 
to the unsubstituted parent compound ethyl- 
anline (9.4 cal mol-' deg-' cornpared to 7.4 cal 
mol-I deg-I (9)). Ho\vever, the cyclic n~olecule 
piperazine when compared to piperidine does 
not follow this trend (AC,,O = 20.2 cal mol-l 
deg-I coinpared to 17.9 cal molkl deg-' (9) or 
7 cal mol-I deg-I (54)). It is of interest that the 
ASaO values for the pairs of compounds cited 
above are more negative for the nitrogen ana- 
logues. Thus for quinuclidine and NEt3N, ASao 
is - 13.65 cal mol-I deg-I and - 16.17 cal mol-I 
deg-' (9); for ethylamine and ethylenediamine 
the values are -2.88 and -5.38 cal mol-' deg-I 
(9): for piperidine and piperazine -8.51 and 
- 10.15 cal mol-' deg-I (9). If there is a general 
rationale which will encompass the difference 
in ACPa0 and ASaO for these pairs of compounds 
we have been unable to  find it. 
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The hydrolysis of substituted benzyl nitrates in water. II. 
Effect of ovtho-substitution 

KALAVELIL MATTHEW KOSHY,~ ROSS ELMORE ROBERT SOU,^ GEORGE STANLEY DYSON, 
AND SURENDRA S I P I G H ~  
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KALAVELIL MATTHEW KOSHY, ROSS EL"~IORE ROBERTSON, GEORGE STANLEY DYSON, and 
SURENDRA SINGH. Can. J. Chem. 54, 3614 (1976). 

The relative effects of methyl substitution on the rates of hydrolysis of benzyl nitrates in 
water showed but small differences from earlier reports in \o l~ing the displacement of C 1  in 
mixed solvents. The values of the a-deuterium isotope effects for the hydrolysis of the 2,4- and 
2.6-dimethyl hornologs were similar to that for the p-methylbenzyl nitrate suggesting an 
approach to limiting hybridization in each case. In spite of this similarity, there was a large 
negative shift in the value of AC,'for the hydrolysis of the 2,6-dimethylbenzyl nitrate compared 
to the values for the 2-methyl and 4-methyl members of the series. The value of LC,* for the 
3-methyl was about the same as for the uns~~bstituted member. The mechanistic implications of 
these results while in agreement with the Swain-Thornton reaction rule emphasize the impor- 
tance of external as well as internal factors in the determination of charge de\elopment and 
separation at the transition state. Steric hindrance or charge dispersal in the cation, or both, in 
limiting the rate of product formation, delay the attainment of the transition state and hence 
favor more negative values of LC,*. 

KALAVELSL MATTHEW KOSHY, ROSS ELMORE ROBERTSON, GEORGE STANLEY DYSON et 
SURENDRA SSNGH. Can. J. Chem. 54, 3614 (1976). 

Les effets relatifs de substitution par des groupes methyles sur les vitesses d'hydrolyse de 
nitrates de benzyle dans l'eau ne rnontrent que des differences faibles par rapport aux donnees 
rapportees antkrieurement et irnpliquant le dCplacement de CI- dans des solvants nixtes. Les 
valeurs des effets isotopiques du deuterium en cu sur l'hydrolyse des homologes dimethyl-2.4 et 
2,6 sont semblables a ceux observCs pour le nitrate de p-rnethylbenzyle et ceci suggkre une 
approche a l'hybridisation limitante dans chaque cas. MalgrC cette similitude, on a observe un 
tres grand dCplacement negatif dans la valeur de LC,' pour l'hydrolyie du nitrate de dimkthyl- 
2.6 benzyle compare aux valeurs des derives methyl-2 et mkthyl-4 de cette serie. La valeur de 
AC,* pour le methyl-3 est approximativement la mtnie que celle du derive non-substituk. Les 
impliquations lnecanistiques de ces resultats. m@me si elles sont en accord avec les rkgles de 
Swain-Thornton pour ces reactions, mettent en relief l'importance de facteurs externe\ aussi 
bien qu'internes dans la determination du dCveloppement et de la separation de la charge dans 
l'ktat de transition. Des effets steriques ou de dispersion de charge sur le cation, ou les deux, 
dans I'etape determinante de la formation du produit ralentissent l'atteinte de 1'Ctat de transition 
et favorisent donc des valeurs plus negatives du aC,*. 

[Traduit par le journal] 

In solvolytic reactions, the degree of charge attempts to find underlying principles with pre- 
development and separation at  the transition dictive value for characterizing the transition 
state depends on several factors including the state. In this connection the temperature coeffi- 
structure of the particular reactant and the cient of the AH' (AC,*) for ionogenic reactions 
ionizing and nucleophilic properties of the sol- of the SN type in water has been found to be a 
vent (1). Such postulates as those of Hamn~ond useful guide to the degree of charge developn~ent 
(2) and of Swain and Thornton (3) represent or more precisely, a measure of the external 

IPresent address: Department of Chemistry. Scar- effects of charge development. Indications derived 
borough College. Un~bersity of Toronto. Toronto. from ACD* values for the hydrolysis of a series 
~ n t a r l % .  

- 
of substituted benzyl n~trates (4)-show that this 

2Author to \%horn all correspondence should be series tends to follow the Swain-Thornton reac- 
addressed. 

3Present address Department of Chenxcal Engtneer- rather than that of Hammond. Since 
ing, McMaster Un~rerslty, Han~llton, Ontarlo. the values of AC,' in such a series depend on the 
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TABLE 1. Empirical constants for the interpolation of rates* 

Compound A I -A2  -A3 

o-~Meth) Ibenz) 1 nltrate 138.1137 11 214.991 42.243 1 
nz-Methy Ibenzy I nitrate 149.8946 12 119.904 46.1540 
2,6-Dimethylbenzyl nitrate 208.8562 13 925.92 66.5687 
2,4-D~methylbenzyl nitrate 576.419 29 334.66 194.008 

*For  the equation loglo k = A1 + A2IK + A3 

external effects of charge, it was of interest to 
examine the question of why the product- 
forming step is delayed in the more reactive 
homologs. 

Koshy and Robertson (4) shoued that the 
value of AC,* obtained for the hydrolysis of a 
series of substituted benzyl nitrates varied in a 
systematic fashion from a minimal value of 
about -30 cal mol-I degP1 for the 4-nitro- and 
4-trifluoromethyl substituted benzyl nitrates to 
- 101 cal mol-I deg-I for the 4-methylbenzyl 
nitrate. The range of val~les began at about 
- 30 cal deg-I mol-I for the corresponding chlor- 
ides (5) but was significantly less negative for the 
4-methylbenzyl chloride (- 80 cal mol-I deg-l). 
The latter differences could arise from the 
property of the nitrate ion to be a more effectke 
structure breaker than the chloride ion as claimed 
by Kay (6). Alternately there was the possibility 
that other factors could be responsible, such as 
reaching the transition state at a different degree 
of charge development (7, 8) or a different 
tendency of the partially solvated ion-pair to 
return to the initial state and thus make varying 
anomalous contributions to AC,* (9, 10). We 
consider these alternatives unlikely. Here the 
relative values of AC,* are used as a basis for 
examining the probable effect of methyl substi- 
tution on the degree of charge separation at  the 
transition state and how this charge development 
relates to the overall rate of hydrolysis. 

Specific rate constants were determined by the 
same conductance method used in previous 
studies (I 1) and the same precautions were 
observed with respect to supersaturation, tem- 
perature measurement and control. The rate data 
obtained over the range of temperature in neces- 
sarily dilute solutions ( < 1  X M) in all 
cases conform to strict first-order requirements. 
These specific rate constants were fitted by an 
LMS program to  the empirical equation log 
k l  = Al + A 2 / T  + A3 log T. The coefficients 
so derived are given in Table 1 and provide a 

method for calculation of rate constants at  
temperatures within the noted range and estima- 
tion outside that range. If the conventional 
assumptions are accepted regarding the equilib- 
rium condition of the transition state, corres- 
ponding values of the apparent AH*, AS*, and 
AC,+ may be derived from these constants (1 1) 

' 

(Table 2). It is worth noting that the significance 
of such terms depends very much on these 
assun~ptions. The further assumption that 
dAH d T  is invariant with temperature to 0 K is 
surely arbitrary but this fact in itself need not 
vitiate the ~otent ia l  value of this coefficient as a 
probe for characterizing certain properties of 
the transition state not otherwise available. The 
rates of hydrolysis at  40 OC and relative rates 
compared to that for benzyl nitrate are given in 
Table 3. The effect of methyl substitution in this 
system is found to be different from results found 
by earlier workers for displacement of the C1- 
ion in mixed solvent but the differences are not 
remarkable (12, 13). Here the summed effect of 
the 2- and 4-methyl substitution is greater than 
the combined effect by a factor of less than 2, 
while Charlton and Hughes reported (12) that 
for solvolysis of the corresponding chlorides in 
50,50 ethanol, water, the combined effect of 
these substituents is greater by about the same 
factor. The k,lk, ratio for the nitrates is 0.21 
while the ratio for the chlorides in the noted 
solvent mix is 0.54, a difference which might be 
taken as an indication of a greater degree of 
steric hindrance in the former (14) even though 
ionizing conditions were better. The accelerating 
effect of the 2-methyl is less than that of the 
4-methyl by a factor of about 4.8 and the 2,6- 
dimethyl less effective than 2,4-dimethyl by a 
factor of about 2. While there may be some small 
steric acceleration in these reactions (which on 
the basis of a-deuterium isotope effects (Table 4) 
approach limiting mechanism (21, 22)) steric 
hindrance to 'nucleophilic attack' appears to be 
a significant source of difference in reactivity of 
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TABLE 2. Derived quasi-thermodynanlic values for the hydrolysis of a series of substituted benzyl 
nitrates in water* 

A S =  AH* ACD* X I  (T0C)  
Nrtrate (cal mol-1 deg-I) (cal rnol-1) (cal mol-1 deg-I) (s-l) Reference 

Benzyl 1.11010.12(50) 239600140 -58 k 3  1 .55X (50) 4 
- 3 . 2 = 0 . 1 3 ( 7 5 )  2 3 5 0 0 ~ 5 0  2 52X 10-3 (75) 

4-Methy lbenzy 1 1 1 7 i 0 . 1  (25) 254600130 -101 k 5  4.84X (25) 4 
3 . 5 2 ~ 0 . 3  (50) 22920=100 1 .24 X (50) 

3- R.lethylbenzy1 2 .57i -0 .14(50)  2 4 8 7 0 ~ 5 0  5 4 5 5  3.72X 10-"50) This work 
-1 .3  i 0 2  (75) 235001 80 6 .0  X (75) 

2-Meth) Ihenz) 1 8 8 i - 0 . 2  (25) 2 5 6 6 0 ~ 5 0  - 8 6 ~ 8  1 .OO x 10-4 (25) Thls work 
1 .84k0.50(50)  2 3 5 1 0 ~ 7 5  2.71 x 10-3 (50) 

2,6-DimethyIbenzyl 1.61 i O . l  (10) 25 700 k 28 - 1 3 4 i 4  2 . 8 0 ~  10-4 (10) This work 
Y l 0 1 5 ( 2 )  2 3 6 9 0 k 4 5  2.70 x 10-3 (25) 

2.4-Dit~~ethylbenzql 21 .8 1 0 . 3  (5) 26 440 + 100 - 5.58X10-4 (5) T h ~ s  work 

'The numbers  in parentheses indicate 'C. 

TABLE 3. Relative rates for the solvolysis of 
s~~bsti tuted benzyl nitrates in Ltater at  40 'C 

Coinpouild X (s-1 X 10" Relative rate 

Benzyl nitrate 0.4339 1 
2-Methylbenzyl nitrate 8.019 18 
3-Methylbenzyl nitrate 1.011 2 .3  
4-Methylbenzyl nitrate 37.53 86 
2.6-Dimethylbenzyl nitrate 178.0 410 
2,3-Dimethylbenzyl nitrate 361.6 833 

TABLF: 4. Kinetic a-deuterium isotope effects for 
the solvolysis of benzyl nitrates in water 

!I, h, (per two 
deuterium Temperature 

Compound atoms) ( c) 
Benzl 1 nltrate 1 . 2 4 9 ~ 0 . 0 0 3  50 
2-Metl~ylbenzyl nitrate 1.324 1 0 . 0 0 3  40 
4-Metlly1benz)l n~t ra te  1.392 50.003 25 
2,6-D~rnethylbenzj 1 

nltrate 1 . 3 6 6 ~ 0 . 0 0 3  25 

the corresponding pairs. The addition of a second 
ortho-methyl is seen to increase the rate some- 
what more than the first (k2,6-dli\1e/ k~ : (k~-x2~  k ~ ) '  
= 1.27:l) suggesting the presence of a small 
degree of steric acceleration (15-17) but this 
factor would not be expected to account for the 
large negative shift in AC,* found for the 2,6- 
dimethyl homolog. This negative shift in AC,* 
can be explained by a delay in the product form- 
ing step, the most evident cause being a relatively 
larger steric effect to the nucleophile than in the 
case of the 2-methyl but one which does not 
cancel out the possibility of steric acceleration. 
Obviously this explanation is not unique. 

Considering the traditional view that solvation 
changes tend to bring about compensating 
changes in AH* and AS* ( 1 8 ,  19) and the large 
negative values of AC,* (Table 2)  which may be 
taken as evidence of considerable changes occur- 
ring in solute-solvent interaction in the activa- 
tion process, it is perhaps surprising that no 
correlation was found between AH* and AS*. 
A non-linear correlation was found between 
log k,,, k ,  and AAH* and between AC,* and 
AAH* for the methyl substituted benzyl nitrates 
(Fig. 1). That internal stabilization of the cation 

4 0 0 ~ 0 0  1200 3200 4800 

-AAH' cal rno1-l 

FIG. 1. log h, k ,  r F. AAH* ---, AC,? L F .  ALH* -: 
( I )  ben~y l  nltrate. (2) 3-methylbenzyl nitrate, (3) 2- 
met11ylbenz)l nitrate, (4) 4-methylbenzyl nitrate, (5) 2.6- 
d~methylbenzyl nrtrate. 
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should lower the activation enthalpy is to be 
expected and that internal dispersion of the 
positive charge on the cation should enhance 
the external effects of the forming anion is 
logical. if, in addition, it is recognized that such 
dispersion tends to  postpone the product form- 
ing step. The conclusion that the Inore reactive 
the solute, the greater the charge on the anion 
and the later the transition state along the reac- 
tion coordinate seems to  be supported by the 
experimental facts in this series. A similar delay 
could be obtained through steric hindrance to  
nucleophilic attack or through the equivalent 
anchimeric interaction. These results are seen to  
be in accord with the "reacting-bond rule" pro- 
posed by Swain and Thornton (31, though it does 
not follow that that particular rule is a necessary 
rationalization for the present ~ y s t e m . ~  The 
trends evident in Table 2 and Fig. 1 show that 
with increasing electron release, more negative 
values of AC,p are obtained, as was also found 
by Koshy and Robertson (4), and this result is 
consistent with greater charge on the NO3- 
group at  the transition state and presumably a 
longer C. . . O  bond. If we ask why the transition 
state should be delayed in the very cases where 
bond breaking was made more favourable, then 
it seems reasonable to conclude that the reason 
is related to  the product forming step which in 
these cases is related to delocalization of the 
positive charge. While this conclusion is not 
inconsistent with the Swain-Thornton rule it 
shifts the emphasis to the decreasing probability 
of nucleophilic interaction. An obvious corollary 
is that the longer the reacting bond, the greater 
the solvent interaction with the developing anion, 
hence a reduction in the internal electrostatic 
interaction as a consequence of the dispersal of 
the positive charge. The latter fact provides 
further indirect support for the claim that in the 
hydrolysis of halides and nitrates, the interaction 
of solvent with the anion is the main contributor 
to  AC,* (20). This of course is consistent with a 
large body of observations with respect to the 
relative effect of solvent polarity and reaction 
rates (1, 21). This again is consistent with the 
claim (20) that those reactants which hydrolyse 
with a AC,+ of about - 30 cal mol-I deg-I d o  

4According to this rule, "the greater the electron 
density, the longer the bond should be when the free 
energy for bond breaking i~ reached". The alternative 
explanation given above is based on a quite different 
argument. 

not appreciably disturb water structure adjacent 
to  the quasi-anion a t  the transition state. This 
may be the consequence of charge dispersal in 
the anion (the sulfonates (1 1)) or internal cancel- 
lation (20) or simply a lou degree of charge 
develo~ment  on the anion a t  the transiton state. 
I t  is to be regretted that the experimental tem- 
perature range available does not permit a 
determination of AC,= for the hydrolysis of the 
2,4-dimethyl homolog, thus a distinc- 
tion between the possible importance of steric 
and electronic influence on AC,* in the case of 
the 2,6-hornolog. The possibility of introducing 
an  electron withdrawing substituent in the 2,4- 
dimethylbenzyl nitrate was considered, but while 
this approach would permit AC,* to be deter- 
mined, the change in electron distribution would 
also alter AC,* (4). 

A consideration of the a-deuterium isotope 
effects for the hydrolysis of methyl-substituted 
benzyl nitrates (Table 4) shows that while small 
differences in k,, kD are apparent, there is no  
evidence of important differences in hybridiza- 
tion a t  the transition state between the 2-, the 
4-, and the 2,6-substituted homologs. This evi- 
dence may be taken as support for the conclusion 
that the differences in the values of AC,* 
(Table 2) arise from external effects of the dis- 
placed anion. The mere addition of a methyl 
group (3-methyl), while increasing the bulk of 
the forming cation, is known to have little effect 
on the electron distribution. It is wholly con- 
sistent with the interpretation presented here 
that  no  appreciable change would be expected 
in charge development at  the transition state and, 
since steric effects are unlikely, hence no change 
in the value of AC,'.5 

The AC,* values found for the hydrolysis of 
substituted benzyl nitrates here and in our 
previous paper (4) are seen to bear a relationship 
to the conceived electron distribution in the 
cationic moiety (Fig. 1) and to the consequent 
probability of nucleophilic attack on the a -  
carbon, i.e. on the delocalization of a positive 
charge and on steric considerations (e .g.  
k4-n1? :k2-;\1e :k2,6-di~~e, Table 2). This conclusion 
provides support for the claim of Sneen and 
Larsen (24) that "all nucleophilic substitutions 

5The value of AC* for 3-tr1fl~1oro1nethylbenzyln1trate 1s 
-54 k 16 cal mol-I deg-1 abo~l t  the same as found for 
the 3-methylbenzylnitrate and suggesting about the same 
degree of charge develop~nent at the transition state. The 
rate, relatlve to benzyl.nitrate at 40 "C ( = 1). 1s 0.035. 
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at  a saturated carbon atom proceed via an ion- 
pair" and would seem to  counter the classical 
concept of the SN1 mechanism (24) in which the 
rate of the product forming step was neglected. 
Of course the gradation of mechanism recog- 
nized by Sneen and Larsen was already implicit 
in modifications of the original (1) and further 
developed and made explicit by Winstein and 
co-workers (26). Our results support the concept 
of the ion-pair intermediate but fi~rther require 
that the rate of product formation is still a sig- 
nificant factor even where by other tests the 
mechanism might be expected to  conform t o  
SKI  characteristic^.^ The variety of evidence for 
the ionic intermediates postulated by Winstein 
and co-workers (26) was obtained in acetic acid, 
which is a poor nucleophile; in water which is a 
fair nucleophile and a very good solvent, the 
existence of ions beyond the tight-ion-pair seems 
less likely. Finally we would disagree with the 
suggestion of Sneen and Larsen that the classical 
mechanistic distinction is without utility (24). 
Notwithstanding recognized simplifications, the 
Sxl-SK2 dichotomy still provides a useful if 
rough guide in postiilating probable pathways. 

Experimental Detail 
o-Metl~ylbeiiz~pl Nirruie 

o-Methylbenzoic acid was converted to the chloride 
(using thionyl chloride) before reduction with LiA1H4. 
The resulting o-methylbenzyl alcohol was converted to 
o-methylbenzyl chloride using thionyl chloride which in 
turn was converted to the nitrate by dissolving 10 g (0.07 
mol) of the chloride in dry ether with 23.8 g (0.14 mol) of 
powdered silver nitrate and stirring together for 48 h at  
room temperature. The precipitated silver chloride was 
removed by filtration and the filtrate was poured into 
250 ml of ice cold water. Organic and aqueous layers were 
separated. The aqueous layer was extracted with 25 ml of 
ether and the combined organic layer was dried over 
anhydrous Na2S04. The product on fractional distillation 
under reduced pressure gave 6.1 g of o-methylbenzyl 
nitrate, which was further purified by distillation on a 
micro spinning band column, bp 70-71 C . 3 - 4  rnm: 
nmrThIs (CC14) 6 7.25 (s, 4H. aryl), 5.43 (s; 2H, -CH2-). 
2.40 (s, 3H, -CH3); ms parent peak at rt7,'e 167. base 
peak at nz/e 91, and significant fragments at in /e 120, 119. 
101, 77, 65, 39. 

o-Merl1~1betz:yl Nifrclfe (a-D2) 
The reaction sequence was exactly as described above 

6The exceptional cases for hydrolysis in water will be 
those which because of steric hindrance (e.g. 2,6-dimethyl- 
benzyl nitrate or 1-adan~antyl structure or possibly some 
form of neighboring group participation) the rate of front 
side displacement of the anion exceeds the rate of the 
product forming step. 

except that the LiAIH4 was replaced by LiAID4, product 
bp 45 C 4 mm , nnlr,r,,s (CC14) 6 7.27 (s, 4H. aryl), 2.39 
(5. 3H, -CH3), n ~ s  parent peak at m,e  169, base peak at 
m e 91, and s~gnificant fragments at  n7,e 121. 119, 107, 
106, 92, G5. 

m-.lleil~j~lbei~zyl Nifrute 
Reduction with LiA1H4 was done on nt-methylbenzoyl 

chloride, which in turn was obtained from m- 
toluic acid (99", Aldrich). using SOC12. The resulting 
m-methylbenzyl alcohol was then converted to the 
chloride using SOCI2. The heterogeneous method was 
~rsed to prepare the nitrate from the chloride, as described 
in case of o-rnethylbenzyl nitrate, bp 90 -C/4-5 mm; 
nmrThls (CCI4) 6 7.22 (s: 4H, aryl), 5.37 (s, 2H, C H 2 - ) ,  
2.40 (s, 3H, -CH3); ms parent peak at  mle 167, base 
peak at  in e 91, significant fragments at m,'e 120, 119, 
105, 77, 65, 39. 

2,6-Di1?1rrl1!~lhe1izyl Mitruie 
2,6-Dimethylbenzoic acid (Frinton Laboratories) was 

reduced to 2,6-dimethylbenzyl alcohol by reacting 5 g 
(0.033 mol) of the acid with 1 g (0.026 mol) of lithium 
aluminium hydride in ether (50 ml) at room temperature 
for 4 h followed by treatment with 30 n11 of 10' sul- 
phuric acid. The alcohol was recovered from the organic 
layer by evaporating o f  the solvent. after drying with 
anhydrous .MgS04; yield 3.5 g, rnp 82 'C.  The alcohol 
was converted to the chloride using the method of Swain 
and Langsdorf (27). Distillation of the product in a 
semi-micro spinning band column under reduced pressure 
gave 2 g of 2,6-dirnethylbenzyl chloride; bp 65 -C  (0.8 
mm). The nitrate was obtained from the chloride by 
treating 2 g (0.013 mol) dissolved in dry ether with 4 g  
(0.023) of powdered silver nitrate for 24 h at  room 
temperature. The product was recovered as described 
earlier; bp 60 ?C/0.1 mm; nrnr,,,~ (CC14) 6 7.1 (m, 3, 
aryl), 5.6 (s. 2, methylene), 2.35 (s, 6, methyl). 

2,4-Din1erl1~~lbei1:~1 h'itririe 
2,4-Dimethylbenzoic acid was prepared from 2,4- 

dimethylacetophenone (28). 2,4-Dimethjlbenzyl nitrate 
was prepared in a normal procedure described for 2,6- 
dimethylbenzyl nitrate: 2,4-dimeihylbenzoic acid bp 
125 'C. 2,4-dimethylbenzyl alcohol bp 120 -C/55 mm, 
2,4-dimethylbenzyl nitrate bp 70 'C/2 mm: nmr of 2,4- 
dimethylbei~zyl nitrate: nmrThls (CC14) 6 6.76-7.12 (m, 
3H. aryl), 5.20 (s, 2H, -CH2-), 2.22 (s, 6H, -CH3); 
n ~ s  parent peak at mte 181, base peak at nz/e 105, and 
significant fragments at  r?lje 135, 134, 133, 119, 91, 79. 
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Hydsazine derivatives. 111. A study of aIkylation of gnanazole 
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Jose J. FUEKTES and JACQUES A. LENOIR. Can. J. Chem. 54, 3620 (1976). 
Spectroscopic resi~its from mono- and dibenzylidene derivatives of I-alkylg~~a~iazoles 

establih that alkjlation of 3,5-diamino-1.2,3-triazole (guanazole) qith a l k ~ l  halides in basic 
non-aqueous media occurs at  position N-1. 

Josi J. FUENTES et JACQUES A. LEKOIR. Can. J. Chem. 54, 3620 (1976). 
L'examen spectroacopique de derives mono- et dibenzyliden~ques des alcoyl-1 guanazoles 

dCmontrent que l'alcoylation du diamino-3.5 triazole-1.2.4 (guanazole) par I'intermCdiaire 
d'lialogen~~res d'alcojlei en milieu basique et non-aquenx s'etyectue a la position N-1. 

In  view of the promising future of guanazole 
(3,5-dia1nino-1,2,4-triazole) and its derivatives 
(11, a study of the base-cataljzed alkylation in 
non-aqueous medium of guanazole itself was 
undertaken. However, a mixture of ethyl chloro- 
acetate in ethanol-hater solution and sodium 
hydroxide reacted ~ i t h  guanazole at  both its 
exocyclic nitrogens by amrnonolysis of the ester 
to  form a diamide (2). Monosubstitution occurs 
only at  position N-l with various alkyl halides in 
absolute methanol in the vresence of sodium 
methoxide. Even using ethyl monobromoacetate 
as the alkyl derivative the corresponding N-1 
acetate derivative of guanazole is obtained. Mass 
spectrometry was used to  establish the structure 
of the above compound as (3,5-diamino-1,2,4- 
triazolyl-l)acetic acid formed by the base- 
catalyzed alkylation of g~ilanazole with ethyl 
bromoacetate in non-aqueous solution and 
hydrolyzed to  the corresponding acid (Table I). 
The fragmentation pattern has bee11 rationalized 
from previously reported nlass spectra of 1,2,4- 
triazoles (6, 7) (Scherne 1). 

Evidence for monosubst~tution at  N-1 is 
affozded through the dibenzylidene derivatives of 
I-alkyl substituted guariazoles by proton mag- 
netic resonance and elemental analysis (Tables 
2-5). 

The report (4) that 3,5-diamino-4-phenyl- 
methylol- l,2,4-triazo!e (I) forms with 33-di- 
amino-l,2,4-triazole and benzaldehyde in boiling 
ethanol has not been verified by the present 
authors, even after many experimental varia- 
tions. Evidence for the hydroxyl group was never 
observed. Instead, the condetlsation always gave 

'Author to whom correspondence shouid be addressed. 

TABLE 1. Isotopic analysis for (3,5-diamino-1,2,4- 
triazolyl-1)acetic acid 

H ~ Y H ~  
N-N 

'CH~-CO~H 

m/e Found C4H7N502 (theor.) 

benzylidene derivatives involving the exocyclic 
amino groups. 

The mono- and dibenzylidene derivatives of 
guanazole and N-1 alkylated guanazoles are 
unstable in the presence of small amounts of 
mineral acids even a t  room temperature (3). 
These benzylidene derivatives are formed with 
basic catalysts such as sodium acetate and in 
more diflicult cases, piperidine. Stability of the 
dibenzylidene derivatives towards alkaline re- 
agents as reported (3) was verified but some 
decomposition was observed after 24 h, and in 
the case of 1-n-propylguanazole 10 days at  room 
temperature were required for complete de- 
composition of its mono- and dibenzylidene 
derivatives. 
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FUENTES AND LENOIK 

H ~ N ~ N , ~ N H J +  <- d 
N-N 

*.**' N-N - CH2N2 
d' I 

I /  
CH2 

CH2 

b 
H transfer 

b --- ------ - 
- C ~ H S N ~  

CH, 4 C 0 2 H  

Tables 4 and 5 ,  respectively, contain the com- 
plete chemical shift values for the benzylidene 
protons of the mono- and dikenqlidene deriva- 
tives of the alkyiation products; the values in 
Table 5 indicate that alkyiation occurred a t  N-I. 

Although two isonleric monobenzjiidene derik- 
atives are possible, only one isomer h a s  isolated. 
This could be explained by the difference in 
reactivity of the two primary amino groups in 

the original 1-substituted guanazoles. A similar 
behavior has been observed in the reaction of 
monoamino- 1,2,a-triazoles in which only the 
3-amino derivatives reacted iiith an excess of 
diformylhydrazide; the 5-arnino derivatives failed 
to give the reaction under the same conditions (5). 
The difference in chemical shifts, albeit smail, in 
the dibenzyiidene protons shows a non-equiv- 
alence only in I-substituted guanazoles. 
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TABLE 2. Monobenzylidene derivatives of subbtituted guanazoles 

H:NyNkN =CH a 
N-N 

R' 

Melting 
N (5) 

R point ( -C)  Rfa Formula Calcd. Found 

H a 235-237C 0.21 - - - 

CH;d 130-132 0 .21  CloHllNj  34.80 34.74 
CH2CH2CH3b 205-207 0 .40  CIz-Fi1jNj 30.54 30.46 
C 6 H ~ h  230e 0.57 Ci5H13Nj 26.14 26.59 
CH2C6Hsb 135-1 39 0.46 C16H15N5 25.25 24.85 
CH2C02CH3b 168-169 0.38 Cj2Hl;Ns02 27.02 26.23 

aSilica gel tlc plates, solvent: ethyl acetate. 
bRecrystallized from the reaction mixture. 
CMelting point 228-233 ' C ,  ref. 3; nip 234 "C, ref. !0. 
dRecrystallized fi-om ethyl acetate: hexane. 
Welting point 228 "C,  ref. 11. 

TABLE 3. Dibenzjlidene derivative, of s~lbstituted guanazoles 

@c~=h-y,~~N=cH--@ 

N-h 
R' 

Melting 
N ((0) 

R point ( C) Rfa Formula Calcd. Found 

H b 207-210' 0 63 - - - 

CH3d 145-147 0.75 Ci7H15NS 23.20 24.46 
CH2CH2CH3e en 70 0 73 Ci9Hl9NS 22 06 22 55 
C6Hsf 132 0.85 C Z Z H I ~ N ~  19.92 19.31 
CH2CSHjg 142-113 0 .83  C23H1yN5 19.16 18.97 
CHZC02CH3h 81  0 .83  Cj9H17Ns02 20 11 18.82 

USilica gel tlc plates, solient: ethyl acetate. 
hRecrystallized from the reaction mixture. 
CMelting point 206-209 "C, ref. 3. 
dRecrystallized from hexaiie. 
EOil that cr)stailized on standing; rinsed with cold hexane. 
fRecr)staIlized from ether - pctroleuni ether. 
gpurified from the monobenzylidene deri\ati\e by silica gel dr) column; solvent: eth>l acetate. 
hRecrystallized from ether-hesane. 

Experimental 
The infrared spectra were taken on a Perkin-Elmer 

Model 257 grating infrared spectrophotometer. The 
samples were prepared in the form of discs with dry 
potassium bromide.2 The proton magnetic resonance 
spectra were obtained on an EM 360 nmr Varian Anaspect 
spectrometer. The samples were dissolved in DMSO-d6, 
unless otherwise specified, using TMS as internal standard. 
The chemical shift values were expressed in ppm units 
from the TMS peak. The ultraviolet spectra were taken 
on a Perkin-Elmer Model 202 ultraviolet-visible spectro- 
photometer. The samples were dissolved in absolute 
ethanol. The mass spectrum was performed by Morgan 

2Infrared spectra are available upon iequest to J.A.L. 

Schaffer Corporation, Montreal, Quebec. The elemental 
analyses were carried out by Galbraith Laboratories, Inc., 
Knoxville, Tenn. Thin layer chromatography was per- 
formed on Eastman Kodak silica gel fluorescent-indicator 
plates. The eluting solvents used were: (A) ethyl acetate: 
ethanol (1:2, v:v); (B) methanol:chloroform:concen- 
tratcd ammonium hydroxide (4:4:1, vlvjv); (C) ethyi 
acetate. The plates were developed in the appropriate 
solvent. The solvent was removed by hot air and the 
plates were placed in an atmosphere of iodine vapors. 
Guanazole and the substituted guanazoles gave brown 
spots. The benzylidene derivatives were visible under the 
ultraviolet light. Authentic samples of guanazole, 1- 
methjlguanazole, and 1-phenylguanazole were prepared 
according to Kaiser acd Roerner (8). 
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FUENTES AND L5NOIR 

TABLE 4. Monobenzylidene derivatives of substituted guanazoles. Proton 
nuclear magnetic resonance apectra 

n 

R Chemical shifts (ppm)O 

H 7.20-8.40 (ni. 5) 6.20 (s. 2 exch.) 
9.20 (s, I) 12.23 (br, 1 exch.) 

CH3 3.60 (s.3) 6.40 (7, 2 exch.) 
7.30-8.30 (m. 5) 

9.13 ( c ,  1) 

CH2CH2CH3 0.90 (t, 3) 6.43 (s, 2 exch.) 
1 .78 (sextet, 2) 
3.93 ( t ,2)  

7.33-8.40 (m, 5) 
9.13 ( > , I )  

C6H5 7.26-8.30 (m. 10) 6.70 (s, 2 exch.) 
9.26 ( s , l )  

CH2C6H 5.28 (s, 2) 6.66 (s, 2 exch.) 
7.50(s) + 7.60-8.03(nl)(10) 
9.20 (s, 1) 

3.76 (s, 3) 
4.91 (s, 2) 

7.35-8.25 (m, 5) 
9.13 (s, 1) 

6.55 (s, 2 exch.) 

nSolvent: DMSO-(16, TMS as internal standard. Abbreviations: s = singlet; br = broad; t = 
tripiet; m = muitiplet; exch. = exchangeable. 

Alkylatiorl Reactioizs of Guanazole 
A typical procedure is illustrated with methyl iodide. 

Sodium methoxide (0.6 g, 0.011 niol) was added to a 
stirred solution of guanazole (I g, ca. 0.01 mol) in 
methanol (100 ml). The solution thus obtained was heated 
under reflux and a solution of methyl iodide (1.72 g, 
0.012 mol) in methanol (1 5 ml) was added dropwise over a 
period of 30 min. The reaction mixture was refluxed for 
an  additional 20 rnin. The reaction mixture was then 
cooled and sodium niethoxide (0.6 g, 0.011 mol) was 
added followed by the addition of a solution of methyl 
iodide (1.72 g, 0.012 mol) in methanol (15 ml). This new 
mixture was then refluxed for 3 h. The methanolic 
solution was evaporated. Ethanol was added to the semi- 
solid residue which was then neutralized with 2 N hydro- 
chloric acid. A solution of picric acid (3.4 g) in a minimum 
amount of hot ethanol was added to the neutralized 
ethanolic solution. Upon cooling, the picrate (2.35 g, 
68.75)i) of the product melting at  253-258 "C was ob- 
tained. Two recrystallizations of a sample of the crude 
picrate raised the melting point to 266-267.5 "C (lit. (9) 
mp 273-274 "C). The compound was identified as 1- 
methylguanazole. The infrared spectrum was identical to 
that of the picrate of the product prepared from cyano- 
guanidine and niethylhydrazine dihydrochloride: prnr 
3.43 (s, 3), 7.75 (s, exch.), 8.65 (s: aromatic protons of 
picric acid). The picrate was dissolved in hot water and 
absorbed on AG-1, X-8, 100-200 mesh, anion exchange 

resin column in the acetate ion form, which retained the 
picric acid. The colunm was rinsed with water and the 
effluent was evaporated. The oily residue from the 
evaporation was dissolved in benzene and this solution 
was then evaporated to dryness. This process was repeated 
three times with the result that traces of water were 
eliminated. This final residue was crystallized from 
methanol - diethyl ether to give the free base correspond- 
in5 to 1-methylguanazole (0.75 g, 66.3' () melting at  
142 'C (lit. (9) mp 157-159 -C). The infrared spectrum of 
this product was identical to an authentic sample of 1- 
methylguanazole prepared from cyanoguanidine and 
methylhydrazine dihydrochloride. Proton magnetic 
resonance, ultraviolet, and infrared spectroscopies, and 
thin-layer chromatography confirmed the above results. 

The following guanazole derivatives were similarly 
prepared. 

(a) 1-11-Propylguanazole, 30C', yield; picrate, mp 194- 
195 "C; free base, mp 110-112 "C (from ethanol-ether); 
uv (A in nm, log t) (213, 3.8); R, 0.35 (solvent A); pmr 
0.80 (t, 3), 1.56 (sextet, 2), 3.60 (t, 2), 4.66 (br, 2 exch.), 
5.86 (s, 2 exch.). Ai~ul. calcd. for C5HllN5: N 49.65; found: 
N 49.04. 

(b) I-Benzylguanazole, 40C; yield; picrate, mp 212- 
215 "C;  free base, mp 169-170 "C (from benzene); uv 
(X in nm, log E )  (210. 4.1); R, 0.43 (solvent A); pmr 4.90 
(s, 2), 7.30 (s, 5), 4.76 (br, 2 exch.), 6.08 (s, 2 exch.) Anal. 
calcd. for C9HllN5: N 37.38; found: N 37.38. 
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T,\RI-F 5. Dihenzylidene derivatives of substituted gilanazoles. Proton 
nuclear magnetic resonance spectra 

R Che~nical shifts (ppm)" 

H 

CH; 

7.25-8.53 (111. 10) 

4.01 ( 5 .  3) 
7 40-8 46 (m, 10) 

0.93 (t. 3) 
1.90 (sextet, 2) 
4.40 (t. 2) 

7.30-8.35 (m, 10) 

1 .oo (t, 3) 
2 05 (~extet .  2) 
4.42 (t, 2) 

7.23-8.50 (m. 10) 

0.98 (t, 3) 
1 .98 (sextct. 2) 
4.31 (t, 2) 

6.98-8.61 (XI,  10) 

7.36-8.36 (m, 15) 

7.26-8.36 (m, 15) 

5.66 ( s ,2 )  
7.46(s) $- 7.60-8.55(m)(l5) 

1.26 ( t .3)  
4.30 (q, 2) 
5 .40  (s, 2) 

7.32-8.17 (n?. 10) 

9.50 is, 2) 

9.36 (s, 1) 
9.40 (s, 1) 

9.40 (s, I) 
9.45 (s. 1) 

9.26 (s, 1) 
9.30 (s, 1 )  

9.45 (s, 1) 
9.52 (s, 1) 

9.46 (s, 1) 
9.53 (s, 1) 

9.40 (s, 1) 
9.50 (s, 1) 

9 .42  (s, 1) 
9.48 (s, 1) 

"Solvent: DMSO-da, ThlS as i~ltcrnal standard unless otherwise specificd. Abbreviations: s = singlet; 
d = daublet; t = triplet; q = quartet; rn = n~ultiplet. 

boivent:  CDCII, TMS ,is interndl standard. 
CSol\ent: CD:CIz, TMS as internal standard. 

(c) Methyl (3,5-cliamino-l,2,4-triarolyl-1)acetate. 3 5 5  
yield: picrate, mp 235-237 "C; free base, mp 179-181 'C; 
uv ( A  in nm, log E )  (215, 3.8); R, 0.35 (solvent A); pmr 
3.71 (s, 3), 4.58 (s, 2): 4.81 (br, 2 exch.), 6.06 (br, 2 exch.). 
Anal. calcd. for C5H,N502: N 40.92; found: N 40.44. 

( d )  (3.5-Diamino-1,2.4-triazolyl-1)acetic acid, from 
alkaline hydrolysis of ( c ) ;  100"; yield; mp 295 "C; uv 
(A in nnl, log e )  (215, 1.4); R, 0.21 (soivent B); pnu 4.81 
(s, 2) (solvent D.MSO-d6 + DCI/D20). Anal. calcd. for 
C,H7N5O2.~H20:C30.57,H5.13,N42.15;found:C3l.07, 
H 5.68, N 42.80. 

Preparation o f  the hfonobenzyliderre Dericatices of 
Gua~zuzole aild I-Substituted G~iatinzoles 

Equimolar amounts of guanazoles (where R = H, 
CH,, CH2CH2CH3, C6K5, CHzC6H5, CH2C02CH3 at  
position 1) and benzaldehq.de were stirred in ethanol for 
several hours at  room temperature in the presence of 
sodium acetate. In most cases, the product crystallized 
from the reaction mixture. Alternatively, the reaction 

mixture was evaporated to  dryness. The residue thus 
obtained was partitioned between chloroform and water. 
The organic layer was rinsed with water and dried over 
anhydrous sodium sulfate. The dried solution was filtered 
and the filtrate was evaporated to  dryness. The crude 
rnonobenzylidene d e r i ~  atives were recrq stallired from the 
appropriate solvents as shown in Table 5. 

Pi,epai.nriorl q f f h e  Diberiz~liderle Der.icuti~es of Guur~uzole 
irt~d I-Substir~lteci Gllanu:oles 

The guanazoles and excess benzaldehyde in absolute 
ethanol were refluxed for several hours (when R = H,  
the reaction was completed in 1 h as shown by thin layer 
chron~atography) in the presence of anhydrous sodium 
acetate, piperidine, or both basic catalysts. The resulting 
yellow solution was evaporated and the residue was 
partitioned between chloroform and water (in the case of 
euanazole itself. the dibenzylidene derivative crystallized 
From the reaction mixture). The cilloroform layer was 
rinsed with aater and dried over anhydrous sodium 
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FUENTES A i i D  LENOIR 3625 

sulfate. The dried solution was filtered and the filtrate 
was evaporated to  dryness. The dibenzylidene derivative 
was obtained by recrystallization of the residue from the 
appropriate solvent as shown in Table 3. 
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Etude dn mkcanisme de Ba formation de phosphates d'enols a partir de compos6s 
earbonyles ee-halog6nCs et de trialcoylphssphites 

fnsritut U~icersilaa're de Technologic de Marseille, rue des Geraniums, 13337 Marseille Cedex 3, France 
ET 

JEAN-PIERRE BIANCHINI 
Ecoie Suptrieure de C3hi.?iie de Marseille, rue Henri Poincare, 13397 Marseille Cedex 4,  France 

Requ le 13 janvier 1976 

EMLE M. GAY DO^ et JEAN-PIERRE BIANCHINI. Can. J. Chem. 54, 3626 (1976). 
Bes etudes cinetiques de o-chloro- et w-bromoacetophenones meta- et para-substitutes sur 

divers trialcoylphosphites ont ete effectuees en w e  d'elucider le mecanisme de la formation 
des phosphates d'enols correspondants. Les valeurs pour les energies d'activation, les entropies 
d'activation, ainsi que les constantes p de Hammett ont ete determinees. Le mecanisme de la 
reaction est discute en tenant compte par ailleurs de la stereochimie des produits obtenus dans 
le cas d'aldehydes et de mkthylcetones r-halogenires diversement substitues. 

EMILE M. GAYDOU and JEAN-PIERRE BIANCHINI. Can. J. Chem. 54. 3626 (1976). 
Kinetic studies of the reactions of meta- and para- substituted o-chloro- and w-bromo- 

acetophenones with various trialkylphosphites were done in order to elucidate the mechanism 
for the formation of the corresponding enols. Values were determined for the energies and 
entropies of activation as well as for the Hammett p constants. The mechanism of the reaction 
is discussed taking into account also the stereochemistry of the products obtained in the case 
of aldehydes and of variously substituted u-halogenated methylketones. 

[Journal translation] 

Ees reactions faisant intervenir un phosphore 
trivalent sglr un compose carbonyle a-halogene, 
ont fait 190bjet de nombreux travaux (1-4). 
&'action d 9 w  trialcoylghosphite sur une cetone 
a-halogknke peut conduire a un melange de 
phosphates d'knols (reaction de Perkow) et de 
P-cktophssphonates (reaction d'Arbuzov) sui- 
vant la nature du phosphite, de l'halogene, du 
cornpod carbony16 el des conditions opkratoires. 

Nos etudes cinetiques (4) ainsi que celles 
eEectdes par d'autres chercheurs (5, 6, 8) sont 
en faveur d'une attaque prkferentielle sur 1e 
carbone de la fonctisn carbonyle. Toutefois, il 
parait dificik, B l'aide de ces seula donnees 
cinetiqua de discuter de la nature de 1'Ctat de 
transition. 
La stCrkoskPectivitC de la reaction de Perkow 

(1 5,  16) apparait cornme une methode elegante 
pour aborder ie probleme de son mecanisme. 
En efiet, i? est possible dans certains cas d'ob- 
tenk 1es dew isomeres gkomCtriques E et 2:  

L'influence de X (chlore ou brome) sur le 
rapport EIZ (15) nous a conduit a effectuer de 
nouvelles etudes cinetiques sur des o-chloro- 
et des o-bromoacetophenones diversement s u b  
stituees, bien que cette etude ait deja ete partielle- 
ment abordee par Arcoria et Fisichella ( 5 )  dans 
le cas d'o-chloroacetophenones para-substi- 
tuees. 

Nous avons rassemblk dans les tableaux 1 et 
2 les differents composts carbonylks a-halogenes 
et les differents phosphites utilises. 

Resultats 
Etude cinetique 

Nous nous sommes proposes d'etudier la 
cinetique de la formation des phosphates d'enols 
a partir d'une serie d'o-haloacetophenones 
diversement substituees. Dans le cas ou I'halo- 
gene est un atome de chlore il ne se forme que 
le phosphate d'enol. Lorsque l'halogene est un 
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GAYDOU ET BIANCHINI 3427 

atome de brome, il est possible d'isoler un Dans toutes les reactions de cinktiqtles ou de 
melange de cetophosphonate A et de phosphate competitions envisagkes, nous avons vkrifii. que 
d'enol P. la formation du melange viriylpkosphate-cito- 

CH2 

X = Br (Ro):P-O-!!-+f?& c-cH2x<T; 0 I I P Y 

Y 
I I 
0 0 

(RO):P-CH2-C 
X = Br, C1 I I - 

0 i/ 

TABLEAU 1. Composes carbonyles r-halogenes utilises 

R'-CXH-R" 
I l  I 
0 X 

Compose" X R ' R" 

§a C1 
56 Br CH3 CH, 

l l a  C1 
llib Br c6H5 

l4a C1 m-BrC,H4 H 

156 Br p-BrC,H4 H 

1Qa C1 m-N02C6H4 H 

17b Br P - ~ O ~  c,H4 H 

"Indlce o pour bs  derives chlores, b pour les der~ves bromes 

phosphonate depasse 98-957;. La dktesmina- 
eion du rapport [vlnylphosphate]/[cktophos- 
phonate] a CtC efFectuee B I'aide de Irk chromato- 
graphic en phase gazeuse. L'ibentification des 
produits formes est aisCe en rksonance mag- 
netique nuclkaire (18-12). En e.fft.t, Ies protons 
vinyliques des phosphates d9Cwols apparaissent 
vers 5 a 6 ppm, alors que ie ~zethyiPae du ctto- 
phosphonate se situe vers 3.2-3.6 ppm. 

kes cinetiques dans !e cas des halogknures de 
phenacyle Pla et I l b  sur les iriaicoylphosphites 
ont ete dtterrninkes en rksoaance magnkiique 
nucleaire. 

Nous avons vkrifik que la rkaction $e Pe-k 1 0%; 

est du premier ordre par rapport B la &tone 
r-halogenee et au phosphite. La vitesse de la 
reaction est donnke par la relation: 

( A )  Influence du so1l:anr 
E'influence du soSvant ayant kt6 CQudiOc dans 

lle cas des cktones a-chior6t.s ('7) noras ne  ]*avoas 
abordte que dans Ie cas parlicu?er $:z bn~r- iure  
de phknacyl:: 12b ssr ie sriitky?phozph.i:e 19 
(tableau 3). On pent observer que la vjtesse de 
la reaction de Perkow est peu modifiie Lorsq:i,e 
I'on change la polarit& du solvant. EIIe passe en 

TABLEAU 2. Phosphites ~?III IS~S:  
( R O ) , P 4 R '  

-- 

Composk W R ' 

18 CR, CHj 
19 C2H, C i H j  
20 I-C,H, f-C,H, 
21 n-C4H, :2-C,H, 
22 p-GH3C,H4 CH, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J.  CHEM. VOL. 54. 1976 

TABLEAU 3. Influence du solvant sur la reaction du 
triethylphosphite 19 sur le bromure de phenacyle Plba 

Constante 
dielectrique lo5 k ,  

Soivant (25) k ~ i k ~  (I mol-' sf1) 

Benzene 2 . 3  1.032 10.15+0.03 
Chlorobenzene 5 . 6  1.182. 14.53+_0.08 
Acetonitrile 37.5 0.583 20.0 kO.1  

"Concentration ~nltlale: [(C,H,O),P] = 0.102 mol I-': [C,HjCOCH,Br] = 
0.155 mol I-'. Temperature: 40.1 "C. k,  = constante de vitesse de la reaction 
d2 Perkow; k ,  = constante de vltesse de la reaction de Arbuzov. 

TA~LEAU 4. Influence du groupement R du phosphite sur la reaction (RO),P + halogenure de phenacyle dans 
le benzenea 

"Concentration initiale. 0 1 M pour chaque constituant. Temperature: 40.1 ' C .  

effet de 10.15 dans le benzene 20.0 dans lures (tableau 5). Nous avons calculi les 
19aci.tonitrile. ka vitesse de la reaction d'Arbuzov parametres d'activation correspondants. Les 
est beaucoup plus sensible a cette variation (23) energies d'activation sont faibles et sont de 
ce qui se traduit par un changement important I'ordre de grandeur de celles deja connues pour 
du rapport des constantes de vitesses de Perkow la reaction de Perkow (6, 7). Les entropies 
et d'Arbuzov k , / k ,  qui passe ainsi de 1.03 dans d'activation sont fortement negatives (-44.5 
le benzkne a 0.58 dans I'aceionitrile. et 49.0 ue). 

( B )  Influence des groupements R du phosphite 
Les mesures ont CtC faitw avec les phosphites 

88, 19 et 20, el les cktones 11a el B%b (tableau 4). 
On peut remarquer que la. vitesse augmente, 
dans ie cas du chlorure de phknacyle Illa en 
r n h s  tsmps que la constante a' (22). Ce 
phCnsrn6ne await dkja 6eC observe par l'un de 
nous (79. Par contre la vitesse de la reaction 
diminue clans le cas du bromure de phknacyle 
1Eb. Un rksultat analogue a ktt signal6 avec 
des isobutyrophenones a-brornkes par Borowitz 
ef al. (6). 11 s'en suit que le rapport k,,,'k,, est 
trks sensible a la nature des groupements R 
$1.9 pbssphite. 

(0 Influence sle Ia lemp@rat~re 
La mesures ont Cte effectuites avec des trikthyl 

et triisopropyl phosphites 19 et 23 sur le 
brornure de phknacyle Blb et a trois tempera- 

( D l  Influence des groupements subslitues 
de la cttone 

(a) Cas des cktones ci-bromees-Cette ktude a 
kte realisee dans le benzene a 40 "C a des 
concentrations de 0.1 mol 1-' en phosphite et 
en cetone. La determination des produits 
resultant des reactions de Perkow et d7Arbuzov 
nous a permis de calcuier le rapport des 
constantes de vitesse k,,/k,, de ces deux 
reactions pour chaque constituant Y et les trois 
phosphites 18, 19 et 20. Nous avons effectue des 
reactions de competition entre une w-bromo- 
acCtophCnone para-substituee et le bromure de 
phknacyle pour un phosphite donne. Dans ces 
conditions, il est possible de calculer le rapport 
des constantes de vitesses globales k,/k,. Une 
partie de ces resultats ayant etk publite (17, 23) 
dans le cas de la reaction d'Arbuzov, nous 
n'avons rassernble dans les tableaux 6, 7 et 8 
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TABLEAU 5. Influence de la temperature et parametres d'activation pour la reaction de Perkow relative a 
l'action des trialcoylphosphites 19 et 28 sur le bromure de phenacyle llb dans le benzene" 

Parametres d'activation de la reaction 
de Perkow 

Temperature lo5 x kp Ea  AH'^ AS*' 
R ("c) k ~ l k ~  (1 0 1  s )  (kcal mol-') (kcal mol-') (ue) 

"Concentration initiale: [(RO),P] = 1.02 mol I-' ; [C,H,COCH,Br] = 1.55 mol I-' 
bDeterminees par la methode des moindres carres i 1.0 kcal. 
'Determinees par la methode des moindres carres i 4 ue. 

TABLEAU 6. Action du trimethylphosphite 18 sur les w-bromoacetophenones para-substituees. 
Determination du rapport des constantes de vitesse relatives a la reaction de Perkow kpY/kpH 

a u+ 
Compose Y k ~ l k ~  kpylk,Y k p ~ l k ~ ~  log ( k ~ ~ l k ~ ~ )  (21) (20) 

TABLEAU 7. Action du triethylphosphite 19 sur les w-bromoacetophenones 
para-substituees. Determination du rapport des constantes de vitesse relatives a la 

reaction de Perkow kpY/kpH 

Compose u k ~ l k ~  ~ P Y ~ ~ A Y  kP~/kPH log (kPY/kPH) 

9b CH30 0.630 
1Qb cH3 0.738 
Plb H 1 .oo 
126 F 1.05 
13b C1 1.54 
15b Br 1.50 
lirb NO2 9.48 

que les resultats qui permettront de determiner 
les rapports des constantes de vitesses relatives a 
la reaction de Perkow pour ie trimethyl, triethyl 
et triisopropylphosphite 18, 19 et 20. 

(b) Cas des cktones a-chlorkes-Les rkactions 
de competition ont ttk effectukes dans le ben- 
zene a 40.0 "@ a des concentrations de 0.1 
mol 1-' en phosphite et en cetone. Dans tous 
les cas envisages il ne se forme que le produit 
resultant de la reaction de Perkow. Nous avons 

rassemblk dans le tableau 9 les rapports des 
constantes de vitesses pour les phosphites 18, 
19 et 20. 

(c) Essai de correlafion-Si l'on porte sur un 
graphique log (k,,/k,,) en fonction des con- 
stantes o > 0 (21), on obtient une bonne cor- 
rklation pour chacun des trois phosphites 
(tableau 10). Un traitement statistique nous a 
permis de determiner les valeurs des constantes 
p de Hammete ainsi que les coeRcients de cor- 
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GAYDOU ET BIANCHINI 

TABLEAU 11. Reaction de 

E Z 

Phosphate 
Essai 

no Phosphite Aldehyde R ' E (%I z (%I 

relation r. La valeur de p varie de 1.45 a 2.17 
lorsque l'on passe du trimethyl au triisopropyl- 
phosphite, dans le cas de cetones a-chlorees. 
I1 est a noter que la valeur de p que nous 
obtenons pour le triethylphosphite (1.88) est 
tres proche de celle obtenue par Arcoria et 
Fisichella (5) puisqu'ils trouvent 1.89. Dans le 
cas des cktones bromees, les valeurs de p sont 
plus faibles et sont comprises entre 1.31 et 1.83. 
Si l'on tient compte de l'ensemble des valeurs 
de a (positives et negatives) les coefficients de 
correlation sont d'une faqon generale plus 
faibles. 

On peut remarquer que ce coefficient de 
correlation s'amtliore lorsque l'on passe d'une 
part du trimethyl au triisopropylphosphite et 
d'autre part des cktones a-chlorees aux cetones 
a-bromkes. Une meilleure correlation est ob- 
tenue en utilisant les constantes o+ (20), mais en 
revanche r devient moins bon lorsque l'effet 
donneur d'electrons des groupements alcoyle 
du phosphite augmente et lorsque l'on passe des 
cetones a-chlorkes aux cetones a-bromees. D'une 
faqon gentrale on observe une bonne correlation 
avec a+ dans le cas des cktones a-chlorees avec 
le trimethyl ou le triethylphosphite et une bonne 
correlation avec o dans le cas des cetones 
a-bromees avec le triethyl ou le triisopropyl- 
phosphite. 

Stereost.lectivite de la reaction de Perkow 
Nous avons aborde la stereoselectivite de la 

reaction de Perkow en faisant intervenir d'une 

part l'encombrement stkrique au niveau des 
composes carbonylts a-halogenes, d'autre part 
en envisageant l'influence de la nature de 
l'halogene (chlore ou brome) et l'encombrernent 
sterique au niveau du phosphite. Lorsque l'on 
fait varier ces differents facteurs, il est possible 
d'observer Ia formation de phosphates d'enols 
Z et E. Les proportions des differents produits 

R ' R' 
I 

(Ro),P-O--C=c-H ( R o ) , P - d = c - w  
/ I  
0 

I 
R 

I /  
0 

I 
H 

ont tte determinees par rrnn ou par cpg (lo), 
l'analyse en spectrometrie de masse se revelant 
assez delicate pour identifier les deux isomeres 
geometriques (14). 

( A )  Cas des aldehydes a-halogenis 
Dans tous les cas envisages, le phosphate 

d'enol E est preponderant (tableau 11). On peut 
constater, par ailleurs, que le rapport E/Z 
varie tres peu suivant la nature du phosphite 
et de I'halogene. La temperature et le solvant 
n'ont que tres peu d'influence sur ce rapport aux 
erreurs d'expkrience pres. 

(B)  Cas des methylcetones or-halogPn6es 
Lorsque l'halogene est un atome de chlore, 

on constate la formation preponderante du 
derivk E (tableau 12). La variation du sub- 
stituant R' de la cetone (CH,, C,H,, C02C2H,) 
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TABLEAU 12. Reaction 

H 
I 

CH3 
I 

CH3 
I 

(RO),P + CH3-C-C-X - (RO)2P-O-C=C-R + (RO)2P-O-C=C-H 
I /  I -RX 
0 R 

I I 
0 

I 
H 

I 
0 

I 
R" 

E Z 

Phosphate 
Essai 

no Phosphite Cetone R E (7%) z (%I 

TABLEAU 13. Influence de R sur la reaction 

(RO),P + CH,-C-C-CH, (sans solvant) T = 100 "C 
I /  I 
0 X 

- - 

Phosphates (%) 
Essai 

no R X E Z 

TABLEAU 14. Influence du solvant sur la reaction 

H 

(CH30),P + CH3-C-C-CH3 
I I 
0 X 

--- - - 

Phosphates (5%) 
Essai 

no Solvant X E Z 

n'affecte que tres peu le rapport EIZ,  pas plus 
que la nature du phosphite (tableau 13), que la 
reaction ait lieu avec ou sans solvant (tableau 
14). Dans le cas des cetones a-bromees, c'est 
le derive Z qui est preponderant, excepte pour 
l'cc,a-dibromoacetone 8b (essai 18). En effet, 
dans le cas de compose carbonyle fortement 
encombre, la formation du phosphate d'enol 
correspondant resulterait d'une attaque du 
phosphite sur 17halog6ne (16). Dans le cas des 
phenylcetones, le phosphate d'enol Z est 
gkneralement preponderant (1 1 b, 15) cependant 
on peut remarquer que le rapport E I Z  est tr6s 
sensible a la nature du phosphore trivalent 
(tableau E 5). 

10 Sans C1 75 25 
11 ( T  = 100 "C) Br 35 65 
23 Dioxanne C1 72 28 
24 a reflw Br 35 65 
25 Acetonitrile C1 75 25 
26 a reflw Br 36 64 

TABLEAU 15. Influence des groupements R et R' 
du phosphore trivalent sur la reaction (1 lb) : 
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GAYDOU ET BIANCHINI 3633 

1 / Rapide t 

/ I  -RX 
J (RO)2P-OC=C, c-- (RO)3P-O-C, 
' C -  

/ 

Effet sterique 
d'approche 

I t  

Discussion des rbsultats 
I1 est admis que la reaction d'addition d'un 

nucleophile sur un groupement carbonyle est 
reversible (19, 31). Le phosphite peut donc 
s'additionner sur le carbone du carbonyle 
suivant une reaction d'addition reversible dont 
la constante de vitesse apparente est k ,  . L'inter- 
mediaire [A] forme se decompose ensuite suivant 
une reaction, dont la constante de vitesse est k,, 
pour donner le sel d'enol phosphonium (schema 
1). Dans ces conditions, il est possible d'en- 
visager un etat de transition situk entre les 
riactifs et le compose [ A ]  et un autre, entre ce 
dernier et le sel d'enolphosphonium. De ces 
d e w  etats de transition celui qui determinera 
la sterkochimie de la reaction, dependra de la 
valeur du rapport k ,  l k , .  

Dans le cas oh k, > k- , ,  la premiere ktape 
de la reaction ne sera pas reversible, la struc- 
ture de l'etat de transition sera proche des 
reactifs (32). 

Dans le cas oh k,  < k-,  , la premiere Ctape de la 
reaction sera reversible et la nature des produits 
formes dependra de la structure de [ A ]  dans 
l'etat de transition (30). I1 est difficile d'kmettre 

une hypothese en ce qui concerne la structure 
de [A]. On peut envisager un heterocycle a trois 
atomes de type oxaphosphoriranne [A,], faisant 
intervenir un atome de phosphore penta- 
coordine. I1 est possible d'envisager aussi un 
dQive oxanionique [A]  ou carbanionique [A , ] .  
Ces trois intermediaires pouvant conduire, par 
une reaction d'elimination anti-periplanaire au 
sel d'enolphosphonium (schema 2). 

En effet, bien que les reactions d'elimination 
syn-periplanaires soient possible (33, 34) nous 
avons constate que ce type d'elimination ne se 
produit pas en etudiant la reactivite des phos- 
phites sur des cktones bicycliques a-halogknees 
dont les conformations bloquees sont deter- 
minees sans ambiguite (18). 

La litterature est assez riche en ce qui con- 
cerne l'analyse conformationnelle des aldehydes 
et des cetones a-halogenees (24). I1 s'en suit 
que l'on peut envisager deux attaques du 
phosphite sur le compose carbonyle a-halogene 
(schema 3). 

Les rtsultats consignes dans les tableaux 11 
a 14 montrent que la formation du phosphate 
d'enol E est preponderante dans le cas des 
aldehydes a-halogenes et des methylcetones a- 
chlorees. La formation des phosphates d'enol 
Z est preponderante dans le cas des methyl- 
cetones a-bromees et des phenylcetones a- 
halogenees. I1 semble donc possible d'envisager 
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deux etats de transition [E+] et [Z*] (schema 
3). Quelle que soit la structure exacte de l'etat 
de transition, il apparait clairement que les 
contraintes steriques d'approche et de torsion 
seront plus importantes dans [E*] que [Z*] (15). 
L'effet sterique d'approche dans le cas des 
methylcetones a-chlorees, sera compense par 
l'effet inducteur de l'atome de chlore. Dans le 
cas des methylcetones a-bromees l'interme- 
diaire [Z*] sera preponderant car l'effet in- 
ductif de l'atome de brome est insuffisant bien 
que l'attaque ait lieu sur la conformation 
preponderante (24). 

Les energies d'activation que nous obtenons 
(10.7 et 9.32 kcal mol-' pour les triethyl et 
triisopropylphosphites) sont plus faibles que 
celles obtenues pour la reaction d'Arbuzov 
(23). Les entropies d'activation sont fortement 
negatives et on peut supposer que ceci est dii 
a l'encombrement du phosphite. En effet, AS 
passe de - 38.2 ue (7) dans le cas de la reaction 
du trimethylphosphite sur le chlorure de phena- 
cyle a -49.0 ue (tableau 5) dans le cas du triiso- 
propylphosphite sur le bromure de phenacyle. 
On peut penser que l'angle des liaisons 0 - P - 4  
augmente lorsque le transfert de charge s'effectue 
au niveau de l'atome de hosphore (23) et que 2 l'etat de transition [ ] est assez avance, 
proche d'un carbone sp3 (15) ou d'un inter- 
mediaire de type carbanionique ce qui expli- 
querait la participation des electrons du cycle 
aromatique et une meilleure correlation avec oi. 

L'etat de transition [Z*] (cas des phenyl- 
cetones et des methylcetones a-bromees) sera 
plus proche des produits de depart ce qui 
explique que la participation des electrons du 
noyau aromatique dans le cas des acetophenones 
a-bromkes est difficile a mettre en evidence 
puisque l'on observe une meilleure correlation 
avec a. Ceci peut s'expliquer aussi par le fait 
que le depart d'un atome de brome est beaucoup 
plus rapide que celui d'un atome de chlore. 

Partie ex@rimentale 
I. Produits 

Composes carbonyles a-halogenes 
Les prkarations des composb la,  46, §a, &, 96 et lob 

ont etk dkribes prkMemment (13a, 13b et 23). Les com- 
posb  Ib (25), 2b (26), % (27), 6b (29), 76 (28) ont ete 
obtenus par bromation directe des aldehydes, cetones ou 
esters correspondants. Les autres produits sont com- 
merciaux. Les w-bromoacktophenones commerciales ont 
Ctk recristallisees plusieurs fois dans l'ethanol a 95% 
jusqu'a ce que l'on obtienne un seul spot en ccm. 

Phosphites 
La preparation du c o m p o i  22 a etC decrite precedem- 

ment (13a). Les autres rrialcoylphosphites utilises sont 
commerciaux. 11s ont tte debarrasses des dialcoylphos- 
phites correspondants par action du sodium en solution 
etheree. Apres plusieurs distillations on obtient des 
produits purs. 

11. Cinetiques 
Les cinetiques ont ete effectuees a l'aide de cellules com- 

portant deux compartiments dont I'un contient la cetone 
bromke et I'autre le phosphite. L'ensemble est maintenu 
sous atmosphere d'azote. Apres mise en temperature, le 
melange est realist par agitation. Les concentrations 
utilisees sont indiquees dans les tableaux. 

(a) Cinetiques par resonance magnetique nuclkaire 
Cette technique a eti utilisk dans le cas des halogenures 

de phenacyle l l a  et 11b sur les phosphites 18, 19 et 20. 
Les prelevements sont effectub a intemalles reguliers a 
l'aide d'une seringue. Pour chaque determination de con- 
stante de vitesse 10 a 12 prelevements ont ete effectues 
dans la zone correspondant a la formation de 20 a 70% 
de produits. La reference interne est le p-xylene pour tous 
les solvants utilises, sauf dans le cas de I'acetonitrile oh 
nous avons choisi le triphenylmethane. La determination 
du degre d'avancement de la reaction est effectuke en 
comparant les rapports d'integration desprotons vinyliques 
et de la reference. Chaque prelevement est dilue (ce qui a 
pour effet de stopper la reaction) puis enregistre d e w  fois 
sans TMS et on effectue quatre integrations de plus 
grande amplitude possible. 

Dans le cas de la cetone bromk l lb ,  la determination 
du rapport [enolphosphate]/[cetophosphonate] a I'aide 
de la chromatographie en phase gazeuse nous permet de 
calculer d'une part les constantes de vitesse globale et 
d'autre part les constantes de vitesse relatives aux reactions 
de Perkow et d'Arbwov. Les calculs ont ete effectues par 
voie statistique (7). La precision des resultats obtenus est 
indiquk dans chaque tableau. 

(b) Reactions de competition 
Ces reactions ont ete etudiks a l'aide de la chromato- 

graphie en phase gazeuse. Les surfaces des pics ont ete 
corrigees a I'aide de coefficients de reponse determines par 
etalonnage avec des produits purs. L'appareil utilise est 
un Intersmat I.G.C. 12, detecteur a ionisation de flamme, 
colonne $ in. x 2 m phase silicone S.E. 30 a 5%, support 
Chromosorb WAW D.M.C.S. 80/100 mesh; gaz vecteur 
azote U, debit 20 cm3/min; temperature du four 180 a 
240 "C suivant 1es produits; intkgrateur: Autolab. 

Dam tous les cas envisages, lorsqu'il se forme un 
phosphonate (cas des acetophenones a-bromees), le 
temps de retention de ce dernier est superieur a celui du 
phosphate d'enol correspondant. On utilise la relation (3 1) : 

Par ailleurs, ia determination des rapports k p Y / k A y  = a' 
et kPH/kAH = a nous permet de calculer la valeur des 
rapports : 

k y p  k y  1 + ]/a 
- = -- 
k H p  kH 1 + ]/a' 
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Chaque reaction de competition a kt& effectuee au mini- 
mum d e w  fois, et l'analyse du milieu reactionnel quatre 
fois. La reproductibilite des mesures est de I'ordre de 2%. 
Les calculs et la determination des constantes p de 
Hammett ont etC effectuees par voie statistique (7). 
Les valeurs des constantes a utilisees sont indiquees dans 
les tableaux. 

111. Determination des pourcentages E et Z des produits 
de reaction 

Elle a ete effectuke par chromatographie en phase 
gazeuse. Les conditions, I'appareil utilise ainsi que la 
reproductibilite des mesures sont celles decrites au para- 
graphe 11-b. Un bon accord est obtenu avec le dosage 
des protons de l'enchainement vinylique par resonance 
magnetique nucleaire (appareil Varian A60). L'identifica- 
tion des composes E et Z a etC effectuke par resonance 
magnetique nucleaire du 'H (10 a 12). Divers essais 
d'isomerisation E s Z ont ete effectues sur quelques 
i.chantillons a l'etat pur ou sur le melange reactionnel. 
L'isomerisation thermique est extrsmement lente et ne se 
produit pas dans l'appareil de cpg. 

Mode operatoire utilise 
Les produits sont fraichement distilles ou recristallises 

avant la manipulation. Les solvants utilises sont rigou- 
reusement anhydres et les manipulations sont effectuees 
sous atmosphere d'azote purifie. 

(a) Sans solvant-Le phosphite (0.05 mol) et le com- 
posk carbonyle a-halogene (0.05 mol) sont melanges, 
sans solvant et portes a une temperature de 100 a 150 "C 
(13) pendant 0.1 a 0.5 h. Le melange residue1 est ensuite 
analyst.. L'identification est effectuee a l'aide de produits 
de references prealablement synthetises. 

(b) Acec soluant-A 15 cm3 de solvant, on ajoute la 
cetone (0.05 mol) et le phosphite (0.05 mol). On porte a 
reflw pendant 1 a 2 h. Le melange est ensuite analyst. 
apres avoir chasse le solvant. 
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A. JOHN ELLIOT and JEFFREY K. S. WAN. Can. J. Chem. 54, 3637 (1976). 
The equilibrium between the cis and the trut~s isomers of the biacetyl radical anion has been 

studied by esr spectroscopy. The dependence of this equilibrium on the solvent composition and 
temperature was followed. 

A. JOHN ELLIOT et JEFFREY K. S. WAN. Can. J. Chern. 54, 3637 (1976). 
On a CtudiC. gr2ce B la rpe, l'equilibre entre les isomkres cis et trar~s du radical anion du 

biacetyle. On a Ctabli la relation entre cet Cquilibre et la con~positioll du solvant ainsi que la 
temperature. 

[Traduit par le journal] 

Introduction 
The ketvl radicals which are formed when 

biacetyl is photoreduced in alcoholic solvents 
have their electron spin states abnormally 
populated so that the esr spectrum s h o ~ s  
emissive initial (triplet mechanism) polarization 
in addition to the expected emissive-absorptive 
(radical-pair mechanism) polarization (1). The 
presence of the initial polarization is surprising 
because the slow rate of hydrogen abstraction by 
thc triplet biacetyl from alcohols should have 
permitted any non-thermal population distribu- 
tion within the triplet manifold. the origin of this 
polarization (2) ,  to have disappeared. To probe 
this anomaly, we have been looking into the 
photoreduction of biacetyl in the presence of tri- 
ethylamine (TEA) which is considered (3) to be a 
more effective quencher. However, because TEA 
is a base. the semidione radical anion of biacetvl 
is formed in these experiments rather than thc 
ketyl radical. Furthermore, it has been reported 
(4,5) that this radical anion can exist in both the 
cis and trans configuration: 

trans cis 

Our preliminary experiments confirmed the 
existence of these isomers and we found that the 
ratio of cis to trcins isomer changed depending on 
the solvent used, the temperature, and the TEA 
concentration. Before any CIDEP studies could 
be undertaken, we have had to characterize this 
cis-trans isomerization of the semidione radical 
anion of biacetyl. 

Russell and co-workers (4) studied the isomers 
in DMSO at 25 "C.  They considered the isomers 
to be in equilibrium with a constant K = [cis]/ 
[frans] = 5 X lop2. However, they reported that 
the equilibrium was shifted towards the cis form 
when sodium or lithi~lm ions were added to the 
solution due to the formation of chelating ion 
pairs. 

Norman and Pritchett (5) have studied the 
isomers in aqueous solutions at p H  = 7. When 
the radical anipn was generated by reduction of 
biacetyl with CH20H, the ratio of cis to trarzs 
form was -5 X However, when the radical 
anion was forined by the reaction of hydroxyl 
radicals with acetoin, the ratio was unity. As one 
or both of these systems appeared not to be in 
thermodynamic equilibrium, they suggested (5) 
that the approach to equilibrium was kinetically 
controlled and it had not been reached under 
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their experimental conditions in which the 
radicals resided in the cavity for only about 0.1 s. 

Experimental 
The radicals were generated photolytically in the cavity 

of a Varian E-3 esr spectrometer with light from a 200 W 
high pressure mercury lamp. The temperature was varied 
by flowing therniostated nitrogen past the sample. In 
those experiments where the temperature was changed, 
the solutions were photolyzed in Pyrex cells and were not 
flowed. In these static samples, the biacetyl concentration 
(1.8 mol dm-3) was sufficiently high to ensure depletion 
did not occur during the experiments. A lower biacetyl 
concentration (0.2 mol dm-3) was used in those experi- 
ments where the solution was photolyzed as it flowed 
through a flat quartz cell in the cavity. All solutions were 
deoxygenated by bubbling with nitrogen. 

In some experiments the biacetyl radical anion (BA-) 
was generated by photolyzing biacetyl (BA) dissolved in 
an alcohol in the presence of TEA. The TEA concentra- 
tion was always sufficient to ensure the triplet state of 
biacetyl (BA*) was quenched by the amine and not the 
solvent (3): 

[21 BA + hv W BA* 

TEA 
[31 BA* - BA- 

The anion was also produced by photolyzing a slowly 
flowing phosphate buffered ( p H  7) aqueous solution con- 
taining 0.2 nlol dm-3 biacetyl and 1 mol dm-? 2-pro- 
panol. Here the triplet biacetyl was quenched by the 
2-propanol 

2-propanol 
141 BA* - BA- 

There were probably two mechanisms for the formation 
of the biacetyl radical anion when phosphate buffered 
(pH 7) aqueous solutions contain 2 volt); hydrogen 
peroxide and 0.2 mol dm-3 acetoin were photolyzed: 

and 

The second radical formed in reaction 8, CH~CHOHC- 
(OH)CH3, is not normally seen when acetoin is photo- 
lyzed (6). 

Although all organic cliemicals were distilled before 
used, it was conceivable that when the biacetyl radical 
anion was generated from acetoin, we were actually 
photolyzing biacetyl as an impurity (6). To check this 
possibility a Pyrex filter was inserted into the light beam 
to prevent light with x < 300 nm from entering the 
cavity. The esr signal disappeared completely confirming 
reactions 5-7. When the Pyrex filter is placed into the 
light beam in the biacetyl experiment, the signal intensity 
is only reduced by half since biacetyl has a photoactive 
absorption near 400 nm. 

The two forms of the radical anion of biacetyl have 
different hyperfine coupling constants. By comparison to 
the earlier publications (3, 5) we have assigned the larger 
coupling constant to the cis form of the anion. In the 
three alcoholic solvents we used (rliethanol, ethanol, and 
2-propanol) the proton coupling constants were 0.79 n1T 
for the cis form and 0.68 mT for the trans form. The 
splitting constants did not vary over the temperature 
range -30 to +20LC. Our values for the splitting 
constants in aqueous solutions of u , , , ~ ~ '  = 0.82 mT and 
a,,,,,,H = 0.71 niT are in good agreement with those of 
Norman and Pritchett (5). 

To determine the ratio of the cis to the tratls form, the 
ratio of the peak heights were used as the spectral line- 
width of both forms were equal at any given temperature. 

Results and Discussion 
When biacetyl was photolyzed in alcoholic 

solutions containing TEA, both the cis and the 
trcilzs isomer of the radical anion were observed 
(Fig. 1). However, the ratio of the two forms 
varied with the concentration of TEA, the solvent 
and the temperature. For a given alcohol, the 
ratio of the cis to the trarz;\ form increases as the 
amine concentration is increased. For a given 
amine concentration and temperature, the cis- 
trans ratio increases in going from methanol, 
ethanol to 2-propanol (Fig. 1). Furthermore, for 
any solution, the cis-trans ratio (K) decreases as 
the temperature is lowered. In all cases In K 
was found to be a linear function of reciprocal 
absolute temperature as shown in Fig. 2. This 
suggests both isomers may be in equilibrium with 
each other. 

Because Norman and Pritchett found a non- 
equilibrium situation when they generated the 
anions in a flow system (5), we decided to 
photolyze an ethanol solution containing 0.2 
mol dm-3 biacetyl and 0.2 mol dm-3 TEA as it 
flowed through the cavity and measure K as a 
function of flow rate. For all flow rates up to  that 
which gave a cavity residence time of 2 s (the 
fastest flow studied), K was found to  be constant, 
which does suggest we are dealing with an 
equilibrium under our conditions. 

From the linear relationship between In K and 
T-l we can estimate AH0 for reaction 1 .  For all 
solutions studied AH0 fell in the range 9.2 to  
12.5 kJ mol-l. AH0 increased slightly as the 
concentration of TEA was increased, e.g. with 
ethanol AH0 rose from 10.0 to 12.1 kJ mol-I 
when the TEA concentration was increased from 
0.23 to 3.0 in01 dm-3. From these results and 
those shown in Table 1 it is obvious that the 
major contribution to shifts in K is the change in 
the entropy rather than the enthalpy term. 
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ELLIOT A N D  WAN 

FIG. I .  The esr spectra showing the cis ( C )  and rrarzs (T )  conforn~ers of the biacetyl radical anion 
formed when solutions of ( a )  methanol and (b) 2-propanol each containing 1.8 n ~ o l  dm-3 biacetyl 
and 0.23 mol dm-3 TEA are photolyzed at  - 12 ' C .  

3 . 2  3.6 4 . 0  4 . 4  4 . 8  

1 OI T-'/rl 
FIG. 2. The plot of In K against reciprocal temperature for 2-propanol (V), ethanol (a), and 

methanol (A). The biacetyl concentration was 1.8 and the TEA concentration was 0.23 mol dm-3. 

The photolysis of aqueous solutions containing in 2-propanol, were slowed down by lowering 
biacetyl and TEA could not be undertaken as the the temperature of the sample. 
two solutes reacted with each other. These re- To study the radical anion in an aqueous solu- 
actions, presumably base catalyzed condensa- tion, a phosphate buffer (pH 7) was used to keep 
tions, also occurred to a much lesser extent in the the p H  above the pK-k (=4.4) of the radical 
alcoholic solutions. However, these reactions anion (5, 7). The radical anion was generated 
which proceeded more rapidly in methanol than from biacetyl and from acetoin as described in 
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TABLE 1. AH0, AS0, and K for reaction 1 during the 
photolysis of alcoholic solutions containing 1.8 mol 

dm-' biacetyl and 0.23 rnol dm-3 TEA 

Alcohol A H o  (kJ niol-1) AS0 (J mol-1) K (261 K) 

2-Propanol 10.9 44.3 1.35 
Ethanol 10.0 20.5 0.12 
Methanol 9.2 12.9 0.07 

the Experimental section. Regardless of which 
method was used, a value of K = 4 X was 
always obtained. Changing the buffer concentra- 
tion from 5 X lo-' to 2.5 X mol dm-3 also 
did not change K. These results again support 
our premise that we are studying an equilibriunl. 

The most probable reason why the systems of 
Norman and Pritchett (5) did not have the same 
cis-to-trans ratio is that one of the reagents or 
products in the Ti(II1) system interacted with the 
anion as to shift the position of the equilibrium 
or to slow down its djnamics. This is not un- 
reasonable since Russell and co-workers (4) 
found the position of the eq~lilibriun~ is in- 
fluenced by the presence of the metal ions. In our 
work, we have considered the possibility that we 
might be photolyzing the radical anion which 
has a X,,,, = 310 nm and a €310 = 3 X lo3 
mol-I cm-l (7). The observed equilibrium 
could then be brought about by the rapid 
photoisomerization if the radical anion is 
initially formed preferentially in one form. To 
test this possibility we photolyzed a solution of 
2-propanol containing 1.8 ~ n o l  d m 3  biacetyl 
and 0.55 mol dm-3 TEA at - 15 OC with and 
without a glass filter which cut off light with 
X < 450nm. With the filter in place, only the 
biacetyl will be photolyzed. The value of K with 
and without the filter was the same although in 
the latter case the spectral intensity was reduced 
about twenty-five times. 

Regardless of what the rnechanism of the 
interionversion between the two isomers is, the 
process has to be 'slow' compared to the hyper- 
fine coupling constant (expressed in s-l) of the 
radicals since both forms are observed. The 
large enthalpy factor excludes any efiicient 
thermal acti~ation. Electron transfer from the 
anion to a neutral molecule could be the mech- 
anism (4) but the fact that biacetyl appears to 
exist in the trans configuration in solution (5, 8) 
seems to mitigate against this mechanism. A 
more promising mechanism is one involving the 

kety! radical as an intermediate: 

It is not unreasonable to expect the ketyl radical 
to have a lower barrier to isomerization (i.e. less 
double bond character) than the anion since the 
hyperfine coupling indicates the methyl groups 
are quite inequivalent (5). Most probably the 
rate limitins step for the interconversion is the 
protonation of the anion. For those experiments 
where the proton source was NEt3HL we are 
unable to estimate this rate. However, for the 
aqueous solutions we can attempt an estimate. 
If we assume the protonation is diffusion con- 
trolled (k, = lo9 mol-' dm3 s-'), then with a 
hydrogen ion concentration of mol dm-3 
(i.e. p H  = 7) the psuedo first order rate constant 
(kD[Hi])  will be lo2 s-I. This implies a half life 
about s which is rapid enough to set up an 
equilibrium under our conditions where the 
radical anions are very long lived. 
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J. GUILLERMO CONTRERAS and DENNIS G. TUCK. Can. J. Chem. 54, 3641 (1976). 
Anionic complexes of cadmium, of the type [CdXzYI-, where X and Y are chlorine, bromine 

or iodine, have been prepared as the tetra-tz-propylamn~onium salts. Raman spectra have been 
recorded, and serve to establish that these anions have Cz,, syn~n~etry in the solid state. Force 
constants calculated on the Urey-Bradley approximation are correlated with previously re- 
ported results for CdX3- species. 

J. GUILLERMO CONTRERAS et DENNIS G. TUCK. Can. J. Chem. 54, 3641 (1976). 
On a prepare, sous forme de sels de tetra-rz-propyl ammonium. des complexes anioniques du 

cadmium du type [CdXzYI-, ou X et Y peuvent &tre egal B CI, Br et I. On a enregistrC les spectres 
Raman de ces anions; ces donnCes ont permis d'attribuer B ces entitCs une symetrie Czv BI'Ctat 
solide. On a effectue une correlation entre les constantes de force calculCes d'aprks l'approxima- 
tion de Urey-Bradley et les resultats rapport& antkrieurement pour les especes CdX3-. 

[Traduit par le journal] 

Introduction 

Anionic halide complexes of cadmium are 
known t o  extend over a range of coordination 
numbers and stereochemistries (1-5). The tri- 
coordinate halide com~lexes have been the sub- 
ject of a number of studies involving vibrational 
spectroscopy. Davies and Long (5) assigned the 
Raman spectra of aqueous and non-aqueous 
solutions in terms of planar (D3J CdX3- anions. 
Sanyal and Singh (6) later carried out force 
constant calculations based on these results. 

In a previous paper (7) ,  we reported the 
preparation of the tetra-n-propylammonium salts 
of the trihalogenocadmate(I1) anions CdX3- 
(X = Cl, Br, I )  and showed that the Raman 
spectra of these salts imply the presence of dis- 
crete anions of C2% symmetry. Force constant 
calculations supported the assignments. The dis- 
tortion from the expected D3,, symmetry. 
ascribed to  lattice effects, was most pronounced 
for CdC13-, with Cd13- being closest to  the 
D3, situation. 

In view of this conclusion. it seemed worth- 
while to  investigate the properties of mixed 
halide complexes of the type CdX2Y-. Each of 
the six possible anions with X # Y = C1, Br, I 
has now been prepared, again as the tetra-n- 

propylammonium salts. The Raman spectra of 
the solids, and force constant calculations, can 
be interpreted in terms of anions of CZa sym- 
metry, and the values of the force constants 
compared with those reported earlier for CdX3- 
species (7). 

Experimental 
Getzeral 

The Raman spectra were recorded on a Laser He/Ne 
Cary 81 spectrometer. Cadmium analyses were by 
atomic absorption. 

Prepara t ice 
The general preparative method used throughout this 

work was similar to that described earlier (7). Cadmium 
dihalides were either dissolved or suspended in anhydrous 
methanol, a stoichiometric quantity of the appropriate 
tetrapropylammonium halide added, and the solution 
stirred for 3-4 h at  room temperature. The solvent was 
pumped off and the resulting solid dissolved in a 1 : l  
mixture of either acetoneiacetonitrile or methanol/ 
acetonitrile. Slow evaporation yielded colorless crystals 
which were recrystallised twice from the same solvent 
mixtures. 

Analytical results, and molar conductivities which 
show that the compounds are 1 :1 electrolytes in acetoni- 
trile, are given in Table 1. 

Calc~rlations 
The calculations were carried out as described pre- 

viously (7). Since no experimentally determined molecular 
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3642 CAN. J. CHEM. VOL. 54, 1976 

TABLE 1. Analytical results and conductivity measurements for the salts n-Pr4N[CdXzY] 

Observed ( C ,  ) Calculated (' ;) 

Anion ~ " ~ 2 ~  C H N Cd C H N Cd 

CdIzCl 103 24.9 4 .3  2.1 19.4 24.5 4.8 2.4 19.1 
CdlzBr 129 22.5 4.3 2 .3  17.8 22.8 4 .4  2 .2  17.8 
CdBr2Cl 120 29.2 5 .7  2.8 22.3 29.2 5.7 2.8 22.8 
CdBr2I 126 24.7 4.9 2 .3  19.0 24.6 4 .8  2 .4  19.2 
CdC12Br 117 32.9 6 . 4  3 .O 25.4 32.1 6 .2  3 .1  25 .O 
CdCl21 129 29.8 5 . 9  2 .9  22.9 29.0 5 .6  2.8 22.6 

OMoIar conductivity In aceton~trile, for approximately m'lf solutions. 

TABLE 2. The Raman spectra of crystalline 11-Pr4N[CdX2Y] saltsa 

Frequency 

(C3H7)4NCdC13b (C3H7).,NCdC12Br (C3H7)4NCdC121 AssignmentC 

Frequency 

(C3H7)4NCdBr2CI (C3H7)4NCdBr3b (C3H7)4NCdBr21 AssignmentC 

314m 164s 126s vl  (Ad 
166s 187m 173w v2 ( 4 )  
75m 77mw 74mw v3 (A11 

197s 20 1 ms 192m v4 (B2) 
62w 58w 66w v5 (B2) 

135mw 1 4 3 ~ ~  d v6 (Bl) 

Frequency 

(C3H7)4NCd12C1 (C3H7)4NCdT2Br (C3H7)4NCd13h AssignmentC 

QFrequencies in cm-'. 
bSpectra from ref. 7 
CAssignment based on C ~ V  molecular symmetry. 
dNot observed. 

structure parameters are available for these anions, bond together with previous results for the CdX3- 
lengths were taken from the literature (7, 8). Values of species for ~i~~~~ 1 shows a typical 
230, 240, and 258 pm were used for the Cd-C1, Cd-Br 
and cd-I respectively; a l l  x-cd-y and X-C~-X spectrunl, that for [CdCl2Il-. The first implica- 
angles were assumed to be 120", as required by the C1" tion of these data is that the [CdX2Yl- anions 
symmetry assignment (see below). are indeed present, since the spectrum of (say) 

[CdC12Br] is not simply the appropriate sum 
Results and Discussion of the spectra of CdC13- and CdBr3-. The 

The Raman spectra of the tetra-n-propylam- Raman spectra of these C d X 3  salts lead us to 
monium salts of [CdX2Y]- are given in Table 2, conclude that the anions are present as discrete 
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CONTRERAS AND TUCK 3643 

b3 (cm-'1 
FIG, 1. The Raman spectrum of (n-Pr4N)[CdC121] 

between 350 and 40 cmpl (conditions: region (a )  slit 
width 5, slit length 5 ,  sensitivity 100, period control 5 ;  
region (b) slit width 8, slit length 10, sensitivity 300, 
period co~ltrol 15). 

units in the crystalline lattice rather than the 
chain structure identified in MCdC13 (M = K, 
Rb, NH4) salts (8, 9). A similar conclusion as to  
the nature of the lattice, stemming from the 
presence of the large Pr4N7 cation, appears valid 
in the present case. Preliminary assignment of 
the spectra were therefore in terms of CZr sym- 
metry for discrete CdX2Y- anions: it should be 
emphasized that C2, cannot be distinguished 
from C, on the basis of these spectra, although 
the former is intuitively the more appealing. 

Certain systematic variations can be seen in 
the values in Table 2. In the CdCI2Y- species, 
there is an appreciable decrease in v l ,  the Cd-Y 
stretching mode, with the increasing Inass of Y. 
There is a very small monotonic decrease in v2, 
the v, (CdClz) stretch, but the frequencies of the 
other modes are almost independent of Y. A 
different situation holds for the CdBr2Y- anions, 
with v l  decreasing in the order C1 > Br > 1, but 
v2 showing the sequence C1 < Br > I .  For 
Cd12Yp, the decrease in vl parallels that for the 
other two groups of anions, whereas v2, the 
v(Cd12) stretch, is reduced by approximately 
40 cm-I when either chloride or bromide is substi- 
tuted for iodide. In no case is there any dramatic 
change in the frequency of the bending modes on 
substitution. 

All the compounds studied show low fre- 

quency bands in the range 55-80cm-l. These 
are evidently not associated with the Pr4N+ 
cation, and are assigned as vs (Table 2). 

Force Constant Calculntions 
The potential function for the force constant 

calculations was assumed to  be of the form 

where Ar, and A,, are the valence bond stretches 
and angle bends respectively, and Aq,  denotes 
the changes in nonbonded interatomic distances. 
The scaling bond lengths r, were taken as 
r,,-, for all angles. The out-of-plane deforma- 
tlon mode belongs to a different class and has 
not been included in the calculation; in any case, 
the results in Table 2 show that \ve were not able 
to observe this rather weak emission from each 
anion. 

The potential function contains eight force 
constants, but all of these cannot be determined 
from only five vibrational frequencies. By follow- 
ing the usual assumption that F' = -0.1F, the 
number of parameters to be determined is re- 
duced to six, and if a value is assumed for any 
one of these, the remaining five can then be 
evaluated. We have explored the consequences of 
transferring values of either F,, or HI,  from 
previous calculations on CdX3- species (6, 7). 
The choice of F,, yielded unrealistic values in 
the calculations, and the final calculations were 
made after including HII (HsJIx) values for the 
CdX3- anions. Table 3 gives the calculated force 
constants for the five in-plane normal modes of 
the CdX2Y- anions, and the potential energy 
distributions amongst these force constants are 
shown in Tables 4-6. The results are in agree- 
ment with the presumed C2L symmetry of the 
anions. 

The calculated eigenvectors, and the potential 
energy distribution amongst the force const?nts, 
show that vl(AI) is essentially the pure v(Cd-Y) 
stretching mode in each case, except in the case 
of Cd12Br-. A comparison of the values in 
Table 6 with those published previously reveals 
that the contribution of K,, to vl decreases from 
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3644 CAN. J. CHEM. VOL. 54, 1976 

TABLE 3. Urey-Bradley force constants for C d X l Y  co~nplexes (X # Y = C1, Br, I )  
(values 111 10' dyn cm-I) 

Value 

Synibola Description CdCI?Br- CdC12I CdBr:Cl- CdBrzl- Cd12CI- Cd12Br- 
- -- -~ -- ~p 

KI K(Cd-Y) 1.024 0.435 1.439 0.473 1.515 0.902 
KI 1 K(Cd-X) 1 ,308 1.284 0.836 0.792 0.728 0.764 
HI H(X-Cd-Y) 0.004 0.005 -0.003 0.005 0.013 0.016 
H n b  H(X-Cd-X) 0.023 0.023 0.010 0.010 0.057 0.057 
FI F(X. . .Y )  0.134 0.132 0.121 0.155 0.091 0.081 
FI 1 F ( X .  . .X)  0.139 0.130 0.083 0.148 0.032 0.127 

"K  = stretcliing. H = bending; F = r epu l s i~e  force constants. The subscripts I and I1 disti~iguish Cd-X and Cd--Y modes (c . j :  column 2 ) .  
bForce constants trnnsferrsd from ref. 7. 

TABLE 4. The vibrational spectra and potential energy distribution (70) 
amongst force constants for the CdCl2Y- (Y = Br, 1) anions 

Frequency (cm-1) 

Anion Observed Calculated KI KIT HI HI, F, FII 

CdC12Br- vl 202 202 85 - - 1 12 
v2 292 294 3 8 2 - -  4 
v j  107 105 - - 2 26 28 
vq 313 31 1 - 97 - - 4 
v5 79 81 - 1 8 -  9 1 

CdC121- v1 126 127 70 - - 7 12 
v2 286 288 - 84 - - 5 
v3 103 101 5 - 2 22 37 
v4 310 309 97 - - 4 
vs 76 77 1 11 - 88 - 

TABLE 5. The vibrational spectra and potential energy distribution (yo) 
amongst force constants for the CdBr;Y- (Y = C1, I) anions 

Frequency (cm-1) 

Anion Observed Calculated KI K,, HI HI ,  F, FI, 

297, In Cd13-, through 127, for Cd12Br- to  17 
In Cd12C1-, so that the extent of coupling 
depends sharply on the species Y In Cd12Y- 
For the CdBr2Y- system, the only significant 
coupl~ng is In the symmetrical CdBr3- ( 9 5  
contribution), while In the CdCl2Y- series, the 
contribution of KIL to vl  is aluaqs less than 4 7  
A simllar s~tuatlon 1s found on examlnlng the 
contribution of K, to  the symmetric CdX 

stretching mode (vz) of CdX2Y-: only for the 
two iodobron~o species is there any significant 
coupling (-- lo?;,). The antisymmetric Cd-X 
stretching mode ( ~ 3 )  is a pure vibration in every 
case, involving no contribution from K I ;  the 
potential energy distribution shows that the KII 
makes a contribution of over 95y6 throughout. 
In general, then, we conclude that there is rela- 
tively little coupling between the stretching 
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COh7TRERAS AND TUCK 

TABLE 6. The vibrational spectra and potential energy distribution (47,) 
amongst force constants for the CdlzY- (Y = CI, Br) anions 

Frequency (cni-1) 

Anion Observed Calculated K, K I I  H, HI ,  FI F,, 

vibrations in CdX2Y-, in contrast to the situa- 
tion with the symmetrical CdX3- anions of the 
same symmetry. 

Finally we note that the assignment of the low 
frequency bands as v j  yields a sensible set of 
force constants, thus supporting the assignment 
to  internal modes of the CdX2Y- anion rather 
than to lattice vibrations. 

Bond Clznracter in CclX2 Y- 
The results of force constant calculations have 

been used to establish the ionic character of the 
bonding in halide complexes of cadrnium (71, 
indium (lo), and tin (11). In particular, the 
dependence of the stretching force constants 
upon electronegativity differences (Xhalogei, - 
Xmetal) and charge distribution have supported 
such arguments. 

The present results are qualitatively in agree- 
ment with an ionic bonding model for CdX2Y-. 
We note firstly that the average values for KII 
are close to those in the CdX;- anions. From the 
results for CdC12Br- and CdC121-, KIr, the 
average force constant for the Cd-Cl stretch, 
is 1.30 (the mean of 1.308 and 1.284): the 
analogous values for Cd-Br and Cd-I are 0.81 
and 0.75. The values for KII in the CdX3- 
anions are 1.35, 0.88, and 0.77, and it seems 
reasonable to deduce that the bonding character 
is very similar in both groups of anions. 

A more detailed consideration of the depend- 
ence of both K1 and KII on ligand electronega- 
tivity in related pairs of anions leads to some 
interesting relationships. For example, the small 
decrease in KII in the Cd12X- anions with respect 
to  the value for CdI3- can be rationalized as a 
weakening of the Cd-I bond due to the substi- 
tution s f  one iodine by a more electronegative 

bromine or chlorine. In agreement with this, 
there is a concomitant increase in KT for the 
same anions. Such a trend is not, however, 
shown by the dibromo and dichloro complexes. 
Simplified calculations based on Sanderson's 
approach (12, 13) show an almost linear rela- 
tionship between KII and the partial charge on 
the cadmium atom for the dichloro and diiodo 
anions, but for the dibromo species a plot of KI, 
against the calculated cadmium charge has a 
maximum at CdBr3-. Such calculations there- 
fore lend qualitative support to the similarity in 
ionic character in CdX;- and CdX2Y- anions, 
but more sophisticated charge calculations, and 
other experimental data, are required for further 
exploration of this problem. 
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Reduction of sulfates by hydrogen 
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FATHI HABASHI, SHAHEER A. MIKHAIL, and KIM VO VAN. Can. J .  Chem. 54, 3646 (1976). 
The initial stage of reduction of anhydrous sulfates by Hz may lead to the formation of any 

of the following: (1 )  sulfates at lower valency, e.g., reduction of CuS04, HgSO4, FedSon),; 
(2) metals, e.g., CuzSO,, AgzS04; (3) sulfides, e.g., NiS04, CoS04, CdS04, CaS04, %SO4, 
BaSO,, and alkaline metal sulfates; (4) oxides, e.g., A12(S03)3r MgSO,, BeS0,; (5) a mixture of 
oxide and sulfide, e.g., FeS04, MnSO,, ZnS04. PbS0,. While CuS04, Ag2S04, and PbSOj are 
the only sulfates that yield metals on reduction, CuSO, is the most interesting because it yields 
the metal at  350 "C. PbS0, is reduced to metal at  about 800 ^C,  and Ag2S04 already yields the 
metal by thermal decomposition above 800 "C. 

FATHI HABASHI, SHAHEER A. MIKHAIL et KIM VO VAN. Can. J. Chem. 54, 1646 (1976). 
La premike itape de la reduction des sulfates anhydres par H z  peut conduire a la formation 

de n'importe lequel des composes suivants: (I)  des sulfatcs un etat de valence inferieur, e.g. 
reduction du CuS0,. HgSO,. Fe2(S0,)3; (2) des metaux, e.g., Cu2S04, Ag2S04: (3)  des sulfures, 
e.g. NiSO,, CoSO,, CdS04, CaSO,, SrSO,, BaSO, et les sulfates de mktaux alcalins: (4) des 
oxydes, e.g., AIL(SO~)~,  MgS04, BeS04: ( 5 )  un mdlange d'oxyde el de sulfure, e.g., FeS04, 
MnSO?, ZnSO,. PbSO,. Alors que CuSO,, AgzS04 et PbS04 sont les seuls sulfates qui con- 
duisent a des metaux par rCduction, CuSO., est le plus interessant parce qu'il conduit au metal 
a 350 'C. PbS0, est reduit en metal B environ 800 C et Ag2S04 conduit deja au metal par 
dCcomposition thermique au deisus de 800 'C. 

[Traduit par le journal] 

Introduction 
The reduction of CuS04 by H2 I S  of potentlal 

technical importance because the sulfate 1s re- 
duced to metal at  d fdirly moderate temperature 
(350-400°C) (1, 2) .  Also, it was s h o ~ n  that 
C L L ~ S O ~  was formed as an lntermedlate product 
durlng reduction and SO2 and H 2 0  are the on14 
gaseous products ( 2 ,  4): 

2C0S04 + 2H2 - Cu2SOj t SO2 + 2H20  

Cu2S04 + 2H2 + 2Cu + SO2 t 2HzO 

ments were available. A Fisher 10-560-100 assembly with 
a Cahn R G  electrobalance: the heating system consisted 
of a vertical tube furnace connected to the model 360 
linear temperature programmer which provided a linear 
heating rate. A heating rate of 10 -C;min was us-d. An 
X-Y recorder Honeywell Elcctronik 19 was connected to 
the system. The sample was about YO mg. The other 
instrument was a Stanton model in which the weight of 
saniple was about 200 mg. The Fisher instrument was 
suitable for conducting dynamic tests. i.e.. increasing the 
temperature at a constant rate and getting a continuous 
plot of the change in weight while the Stanton was 
suitable for conducting tests in which the heating could be 
interrursted and the residue couid be collected and an- 

T o  foilow up this work, it \vould be inlerestiilg alyzed by X-ray diffraction. For the X-ray ailalysis, a 

to know the behavior of other sulfates on reduc- Nordco X-ray diffracto~neter with CuK, radiation was 
used. it consisted of Diffraction unit  type 12045-12046, 

tion, a topic on which little is written. Thus, in wide range Goniometer 42201-42202, ~ l ~ ~ ~ ~ ~ ~ i ~  
Grnelin (5) there is some information on the Circuit Panel type 12048-12049. and AMR Focusing 
reduction of alkaline metal an'[ alkaline earth Monochromator Modei 3-202 with a graphite crystal. 

sulfates but worthwhile on the other Finely ground reagent grade sulfates were used in all tests. 

sulfates. For  these r&sons, the present study was 
undertaken to  examine the reduction of a num- 
ber of metallurgically important sulfates, and to  
know whether other sulfates are also reduced to 
metal like the case of CuS04. 

Studies were conducted using thermogravin~etric 
analysis (TGA) and X-ray diffraction. Two TGA instru- 

Results and Dissussion 

TCA plots of the reduction of various sulfates 
by Pi2  are given in Fig. 1. The intermediate and 
final products of reduction are also shown on 
these diagrams. The arrows indicate the tem- 
perature at  which the reaction was interrupted 
and the products were identified by X-ray 
diffraction. The products are indicated in their 
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HABASHI ET AL. 

2 0 0  300 400 500 600 700 800 9 0 0  

T E M P E R A T U R E  , O C  

T E M P E R A T U R E  , O C  

2 0 0  300 400 500  600 700 800 900  

T E M P E R A T U R E  , " C  

FIG. 1. Reduction of sulfates by Hz using TGA. The arrows indicate the temperature at which 
the reaction was interrupted and the products identified by X-ray diffraction analysis. 
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TABLE 1. Starting temperature of reduction of different sulfates by Hz as 
determined by TGA, and products of reduction at higher temperatures as 

determined by X-ray 

Starting Reduction products at 
temperature higher temperatures 
of reduction 

Sulfate ( - c )  T ('C) Major Intermediate Minor 

Cu1S04 (ref. 3) 120 300 Cu - - 

CUSO, 230 270 CuSO, Cu2S04 CU 
400 - - Cu 

HgSO4 240 300 Hg2S04 - - 
430 - - -z  

AglS04 260 425 Ag - - 
N1SO4 340 550 N13S2 - - 

750 Nl3S2 - - 
CdS04 340 530 CdS - - 

900 - - -* 
C0SO4 400 510 Co9O8 - - 

900 CogOs - CO 
ZnS0, 400 680 ZnO ZnS - 

900 (Zn)* - ZnS 
Fe2(S04)3? 400 450 Fe2(S04)3 FeS04 - 

500 FeS0, Fez(S0413 (Fe304) 
PbS04 420 650 PbS Pb PbS04 

710 Pb PbS Pb0.PbS04 
900 Pb - - 

Al2(S04)3 430 900 A1203 - - 
FeSO, 440 500 FeS0, Fe304 FeS 

600 Fe FeS - 
900 Fe FeS - 

MnS04 540 800 MnS MnO - 

MgS04 670 900 MgO - - 

Na2S04 (ref. 5) 700 900 Na2S - - 

*E\aporat~on 
tReduct~oii conducted In n boat heated In a tube furnace. 

order of increased occurrence. Table 1 shous all 
this information together with the temperature 
at  which reduction starts. From these data the 
initial stage of reduction can therefore be 
summarized as follows: 
(1) Reduction to lower valency 

CuS04, HgSO4, and Fe(SO4)j are reduced to 
Cu2S04, Hg2S04, and FeS04 respectively. I<g2- 
SO4 volatilizes during reduction ~ h i l e  the reduc- 
tion of Fe2(S04)3 is only partial and it turns 
black. 
(2) Reduction to metal 

Beside the reduction of Cu2S04 to Cu, it was 
also found that Ag2S04 is reduced to Ag. 
(3) Reduction to sulfide 

Nickel. Co, and Cd sulfates are reduced to 
sulfides according to: 

At high temperature a small amount of metallic 
Co is formed in the case of CoS04 while CdS 
volatilized. 
(4) Reduction to oxide 

Aluminium and Mg sulfates are reduced to 
oxides according to: 

A l ~ ( S 0 4 ) ~  + 3Hz + Al2O3 + 3S02 f H 2 0  

MgS04 + H2 4 MgO + SO2 + Hz0 

( 5 )  Reduction to oxide and sulfide 
Manganese, Zn, Pb, and Fe(I1) sulfates are 

reduced to a mixture of oxides and sulfides 
according to the equations: 

2MnS0, + 5H2 4 MnO + MnS + SO2 + 5H20 

2ZnS04 + 5Hz 4 ZnO + ZnS f SO2 4- 5H20 

2PhS04 + 5H2 + PbO + PbS + SO2 + 5H20 

4FeS04 + 6H2 --t Fe304 + FeS + 3SO2 + 6H20  

In the case of ZnSO4, ZnO is reduced further to 
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HABASHI ET AL. 

TABLE 2. Reduction of FeS04 by H 2  at 500 "C. Products identified by 
X-ray diffraction analysis 

Reduction products 
Time 
(min) Major Intermediate Minor Color 

5 FeS04, Fe30, FeS Black, white 
8 FeO, FeS Fe Black 

10 Fe, FeS FeO Black 
20 Fe, FeS FeO Black 
30 Fe, FeS Black 

120 Fe, FeS Black 

TABLE 3. Thermal decomposition of anhydrous sulfates in air. All sulfates 
behave similarly in an inert atmosphere except Cu2S04 and FeS04, for this 

see Table 4 

Starting Temperature of 
temperature energetic 

of decomposition decomposition 
Sulfate ("C) ('c) Products Reference 

CuO, CuS04 
Cu0.CuS04 
c u o  
Cu0.CuS04 
CuO 
HgO.HgS04 
2Hg0.HgS04 
Ag 
NiO 
2Cd0.CdS04 
CdO 
Co304 
2Zn0.ZnS04 
ZnO 
Pb0.PbS04, 
2Pb0.PbS04, 
4Pb0.PbS04 
PbO 
A1203 
Fe20(SO4)2* 
Fez03 
Mn304 
MgO 
No decomposition 

*Formed as a result of oxidation: 2FeS0, + :0? i FezO(S04)~. 

metal while ZnS remains unchanged. The reduc- 
tion of PbS04 leads to PbS and apparently PbO 
which is rapidly reduced to Pb. At about 720 "C 
an oxysulfate phase, PbO.PbS04, appears to- 
gether with Pb and PbS. Finally, above 800 "C 
only metallic lead remains. 

The reduction of FeS04 has  studied in some 
detail by heating a sample in a boat at  500 O C  in 
H Z  atmosphere for different periods of time and 
examining the products by X-ray diffraction and 
wet chemical analysis and also analyzing the exit 

gases. The results showed that SO2 was the only 
gaseous product during the initial stage of 
reduction and was followed later by a small 
amount of H2S. Magnetite and FeS were the 
initial solid reaction products; Fe304 was subse- 
quently reduced to FeO and then to Fe (Table 2). 
The molar ratio Fe FeS at the end of reaction 
was about 2.5 as determined by wet methods, 
thus indicating that the overall reaction is 
approximately : 

4FeS04 + lOHz + 3Fe + FeS + 3S02 + 10H20 
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TABLE 4. Thermal decomposition of Cu2S04 and FeS04 in an inert atmosphere 

Starting Temperature of 
temperature energetic 

of decomposition decomposition 
Sulfate ("C) ( 'c)  Products Reference 

Cu2S04 220 300 CU, CuS04 3 
650 Cu0.CuSO4, CuzO 
800 c u o  

FeS04 475 575 Fe202S04 13 
675 Fez03 

The reduction of FeS04 represents a unique case Conclusion 
in which a part of the metal ion undergoes an 
increase in valency, i.e., oxidation during the 
initial stages of reduction. However, this is not 
surprising since during its thermal decomposi- 
tion in an inert atmosphere, FeS04 yields Fe203  
(Table 4). 

It is interesting to mention that data in the 
literature ( 5 )  reveal that BeS04 and MgS04 
behave differently from the other alkaline earth 
sulfates; they are reduced to oxides while SrS04 
and Bas04 are reduced to sulfides. CaS04 is 
partially reduced at 700 "C to CaS and above 
900 "C to CaO. It is believed that at  high tem- 
perature an interaction between CaS and CaS04 
takes place leading to the formation of CaO 
as follows: 

CaS + 3CaSO4 - 4Ca0 + 4SO2 

On the other hand, alkali metal sulfates are all 
reduced to sulfides according to: 

M2SO4 + 4H2 + M2S + 4H20 

where M is an alkali metal. The reduction of 
Na2S04 is of historical interest since it was a 
major step in the manufacture of Na2C03 by 
LeBlanc Process. 

I t  is evident from the present work that 
CuS04, PbSO4, and Ag2S04 are the only sulfates 
that yield metals on reduction. Silver sulfate, 
however, decomposes to metal by heating above 
790 "C (Table 3) and PbSO4 is reduced to Pb 
above 800 "C. For comparative purposes, data 
on the thermal decomposition of some sulfates 
compiled from different sources (5-12) are given 
in Tables 3 and 4. 

Various products can be obtained on the 
reduction of metal sulfates; these can be sulfates 
at  lower valency, metals, sulfides, oxides, or a 
mixture of oxide and sulfide. Of these, the reduc- 
tion of CuSO4 is of significant technical im- 
portance since it yields metallic Cu at a moderate 
temperature of 350-400 "C. 
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FATHI HABASHI and SHAHEER A. MIKHAIL. Can. 3. Chem. 54, 3651 (1976). 
The reduction of a binary sulfate mixture cannot be predicted from the behavior of the 

individual components. Thus, while CuS04 is reduced to Cu at 400 ' C  and NiS04 is reduced 
to Ni3S2, the sulfate mixture yields Cu, Ni3S2, and Cu2S. Also while FeSO, is completely stable 
in HZ at 400 'C, (Cu,Fe) S o 4  yields Cu and Cu5FeS4 .The formation of Cu2S in the first case and 
CuSFeS4 in the second was unexpected. On the other hand, (Cu,Mn)S04 is stable in H2 up to 
550 "C although pure CuS04 is contpletely reduced at 400 'C.  CoS04 also interferes when re- 
duced in presence of CuS04, while Na2S04, MgS04, A12(S04)3, ZnS04, CdS04 do not interfere 
within limited temperature range. Of these only Na2S04 forms a complex sulfate with CuS04. 
No Cu2S04 was identified when CuS04 was reduced in presence of other sulfates although it is 
an  intermediate product during the reduction of pure CuS04. 

FATHI HABASHI et SHAHLER A. MIKHAIL. Can. J. Chem. 54, 3651 (1976). 
Le cours de la riduction d'un melange binaire de sulfates ne peut pas Ctre predit partir du 

comportement des composCs individuels. Par exemple, alors que le CuS04 est rCduit en Cu a 
400 "C et le NiS04 est rCduit 8 Ni&, le melange de sulfates conduit 8 du Cu, du Ni3S2 et du 
Cu2S. Aussi alors que le FeS04 est complktement stable vis-8-vis du H2 a 400 "C, (Cu,Fe)S04 
conduit a du Cu et du Cu5FeS4. La formation du Cu2S dans le premier cas et du CusFeS4 dans 
le second Ctait inattendue. Par ailleurs (Cu,Mn)S04 est stable vis-a.vis du Hz jusqu'a 550 'C 
m&me si le CuS04 pur est complkternent rCduit B 400 "C. Le CoS04 interfere aussi lorsqu'il est 
rCduit en presence de CuS04, alors que Na2S04, MgS04, f%12(S04)3, ZnS04, CdS04 n'inter- 
fkrent pas 8 I'intCrieur des limites de tempirature. Parmi ces composCs, il n'y a que le Na2S04 
qui forme un sulfate complexe avec le CuS04. On n'a pas pu identifier de Cu2S04 quand le 
CuS04 a CtC rtduit en presence d'autres sulfates quoiqu'il soit un produit intermediaire lors de 
la reduction du CuS04 pur. 

[Traduit par le journal] 

Introduction 

Studies on the reduction of CuS04 were under- 
taken in connection with a proposed method for 
copper recovery which would compete with other 
methods, e.g., electrolysis or precipitation by HZ 
under pressure (l,2). In this process, CuS04.nH20 
is crystallized from solution, dehydrated, then 
reduced by H2 at 350-380 "C or by CO at about 
500 "C to yield metallic copper according to the 
overall equations: 

Solutions containing copper may be obtained by 
leaching low-grade oxide ore, sulfide concen- 
trates, or scrap metal. It is evident that the 
purity of the copper produced will depend on the 
behavior of impurities in solution during crystal- 
lization and reduction. Sulfates that are insoiuble 
in CuS04 solution such as CaS04, BaS04, 
PbS04, and Ag2S04, or those that undergo 

hydrolysis, e.g., Ti(S04I2 and SnS04, will not 
interfere during the crystallization process and 
therefore can be eliminated. 

It is also expected that the sulfates that 
accompany CuS04, but are reduced at a much 
higher temperature such as MgS04 and Na2SO4 
(starting reduction temperature 670 and 700 "C 
respectively (3)) would not cause contamination 
problems. However, it is not certain whether the 
formation of solid solutions or complex sulfates 
will influence the reduction process. Also, it is 
not known what would be the product of reduc- 
tion of CuSO4 containing impurities such as 
NiS04, CdS04, CoSO4,ZnS04, Al2(S04I3, FeS0'{, 
and MnS04 whose starting temperature of reduc- 
tion is in the range 340-540°C (3); can tfrc 
products of reduction be predicted from the 
behavior of the individual sulfate? 

Solubility data of binary sulfates containing 
Gus04 as one component are available in litera- 
ture (4) and from these data it can be concluded 
that during crystallization the following cases 
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will arise for the hydrated crystals: (I) Sulfates 
that form complex salts with CuS04: Na2S04, 
K2S04, Wb2S04, (NH4)2S04, and T12S04. (2) Sul- 
fates that form solid solutions with CuS04: 
MgS04, ZnS04, MnSO4, NiS04, CaS04, and 
FeS04. (3) Sulfates that do not form complex 
salts or solid solutions with CuS04: Li2S04, 
BeS04, A12(S04)3, and CdS04. On dehydration. 
it is not certain that the above classification hill 
still be valid since the con~plex sulfates may de- 
compose, and the solid solutions may interact 
or breakdown due to a difference in structure in 
the anhydrous form. 

The present work was therefore undertaken to  
study the role of metal sulfates during the 
crystallization of an aqueous solution of CuS04 
and their effect on its dehydration and reduction. 

Experimental 
Finely ground reagent grade sulfates were used in all 

the tests. Aluminum sulfate was chosen as a representative 
of the group of sulfates that do not form complex salts or 
solid solution, Na2S04 as a representative of the group of 
sulfates that form complex salts, and finally all sulfates 
that form solid solutions with CuSO, were studied. 

The general procedure for preparing a sample was as 
follows. A solution nearly saturated with respect to 
CuS04 was prepared, then crystals of the other sulfate 
added to it portionwise with continuous stirring until thc 
solution became saturated with respect to the added 
sulfate. Dissolution was usually conducted while heating, 
and the crystals were obtained on cooling to room 
temperature. In the case of CuS04-FeSQ4 special pre- 
cautions had to be taken to prevent the reaction: 

The sulfate mixture was prepared at  room temperature' 
and was deaerated and kept under inert atmosphere to 
prevent oxidation of Fe2+ ion; also few drops of H2S04 
were added to prevent its hydrolysis. Crystallization took 
piace by cooling the solution in an ice bath. The crystals 
were collected, dried between tissue paper, and kept in 
desiccator. They were later dehydrated by heating in inert 
atmosphere then examined by X-ray diKraction method. 
Reduction by Hz was performed at  different temperatures 
and the products were examined by X-ray diffraction. 

A Worelco X-ray diffractometer with CuK, radiation 
was used. It consisted of: Diffraction Unit type 12045- 
12046, Wide Range Goniometer type 42201-42202, 
Electronic Circuit Panel type 12038-12049, and AMR 
Focusing Monochromator Model 3-202 with a graphite 
crystal. The diffraction patterns of reaction products 
obtained were compared with those in the ASTM card 
index and their contents were classified qualitatively as 
major, intermediate, and minor depending on the height 
of the major peaks. 

'Oxidation of Fez- by Cu'+ takes place to a minor 
extent on boiling. 

Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) were also used. The TGA 
instrument was a Fisher 10-560-100 assembly with a 
Cahn RG electrobalance. The heating system consisted 
of a vertical tube furnace connected to the model 360 
linear temperature programmer which provides a linear 
heating rate. A heating rate of 10 "C,'min was used. An 
X-Y recorder Honeywell Electronik 19 was connected to 
the system. The sample was about 20mg. The DTA 
instrument was a Stanton model 6-25 with a non-magnetic 
stainless steel sample holder, and platinum-rhodium 
crucibles with control base recess. Calcined A1203 was 
the reference material. 

Results and Discussion 

Cr~~stalliza fiorz and Dehj.dration of Binar): S~llfates 
When the binary sulfates were crystallized 

from solutioll. hydrated crystals were obtained, 
which in most cases were homogeneous on 
microscopic examination but sometimes had 
colors different from the mechanical mixture of 
the individual hydrated components. For ex- 
ample crystals obtained from the CuS04-FeS04- 
H 2 0  system were very pale blue although 
CuS04.5H20 is dark blue and FeS04.7H20 is 
pale green. Further, in some cases when the 
hydrated crystals were heated in inert atmos- 
phere at 300 OC to remove the water, the color 
of the anhydrous mixture was unrelated to the 
color of the individual anhydrous salts. Thus 
anhydrous C L I S O ~  and FeS04 are hhite, but the 
anhydrous mixture obtained by dehydrating the 
mixture obtained from solution was vi01et.~ This 
intense coloration can be an indication of a 
partial valence change during heating, probably 
to Cu+ and Fe3+. No attempt at present is made 
to identify these species; this will be the subject 
of a future study. More data on the color of the 
sulfate systems studied is given in Table 1. 

When the anhydrous sulfate mixture was 
examined by X-ray diffraction method, there 
was a difficulty in identifying mixed crystals 
because most of the anhydrous sulfates studied 
showed nearly similar X-ray diffraction patterns. 
The following statement. however, can be made: 
( I )  An anhydrous complex sulfate was confirmed 
in the case of CuSO4-Na2S04. (2) The presence 
of anhydrous solid solution was positive in the 

'The same violet color was obtained when chalcopyrite, 
CuFeSz. was oxidi~ecl by concentrated H2S04 at 200 "C 
to form anhydrous sulfates, a process once seriously 
considered by the Anaconda Company in Tucson, 
Arizona and Treadwell Corporation for recovering 
copper from concentrates. 
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HABASHI AND MIKHAIL 3653 

TABLE 1. Color of the individual sulfates and their binary mixtures with CuS04 
- 

Color of the Color of the Color of the Color of the 
anhydrous hydrated binary hydrated binary anhydrous 

Sulfate sulfate sulfate mixture withCuS04 mixture with CuSQ4 

White 

White 

Pink 
Dark blue 
Yellow 
White 
White 
White 
White 
White 

(5H20) dark blue 
(2H20) pale blue 
(7H20) pale green 

(HzO) pink 
(7H20) red 
(6H20) green 
(7H20) white 
(7H20) white 
(10H20) white 
(7H20) white 
(19Hz0) white 

(rzH20) pale blue 
(2HzO) beige 
Very pale blue 
Purple 
Verj pale green 
Very pale blue 
Very pale blue 
Turquoise 
White + blue* 
Pale blue 

violet 

Canary yellow 
Purp!e 
White 
White 
White 
White 
White 
White 

*Heterogeneous mixture as re~ealed b j  microscopic examination. 

case of CuS04-FeS04 and CuS04-MnS04.3 
(3) The presence of anhydrous solid sollition was 
doubtful in case of CuS04-CoS04, CuS04- 
NiS04, CuS04-ZnS04, and CuS04-MgS04. (4) 
No anhydrous solid solutions were present in the 
systems CuS04-A12(S04)3 and CuS04-CdS04. 

Reduction of Bina~y Su~fcifes 
The simplest systems in which no complex 

sulfates or solid solutions are formed were 
studied first; these are CuS04-A12(S04)3 and 
CuS04-CdS04. It was found that A12(S04)3 had 
no effect on the reduction of CuS04 up to 
400 "C, and CdS04 had no efTect up to 320 "C 
but traces of CdS were formed at 400 "C. In both 
cases metallic Cu was obtained together with the 
unreacted sulfate which could be removed by 
leaching with water. 

The effect of formation of complex sulfates was 
studied next; this is the case of CuS04.Na2S04. 
It was found that CuS04 was reduced selectively 
at 300-400 "C, i.e., Na2S04 had no effect on the 
reduction and the complex sulfate behaved as if 
it were a mechanical mixture of CuS04 and 
Na2S04. This is contrary to expectation since the 
formation of a con~plex sulfate was thought to 
influence the reduction because a new crystal 
structure was formed. The salt CuS04.Ma2S04 is 
stable in inert atmosphere up to 470 "C. 

The effect of formation of solid solutions was 
studied in two systems in which solid solutions 

3Although CuSQ4 and FeS04 are not isostructural and 
are therefore not expected to form a solid solution over 
the whole range, yet, apparently there is a limited solu- 
bility of one in the other. 

with CuS04 were positively identified. These 
were CuS04-FeS04 and CuS04-MnS04. 

CuS04-FeS04 
Crystals obtained from a solution saturated 

with CuS04 and FeS04 gave a distinctive X-ray 
diffraction pattern. This material is identified here 
as (Cu,Fe)S04.nH20. When heated in argon, 
another crystalline form was obtained at 200 "C: 
having the composition (Cu,Fe)S04.nzFH20. The 
amount of water of crystallization was deter- 
mined experimentally and m was found to be 
equal to 2. The latter material was beige in color 
with a slight orange tint. Since its X-ray diffrac- 
tion pattern is not indexed by the ASTM systerr,, 
it is given here in Table 2. When heated further 
to 300 "C, it lost its water of crystallization to 
ibrm (Cu,Fe)S04 which has a vio!et color. 

The results of the thermal decomposition of 
(Cu,Fe)S04.nH20 are summarized in Table 3. It. 
can be seen that the anhydrous material is stable 
in inert atmosphere up to 500 "C. Above this 
temperature, there is a gradual decomposition to 
give CuS04 and Fe203. In the region 600 to 
'+ 

700°C, CuS04 gradually decomposes to CuO 
while Fe203 is partially converted to Fe304. No 
DTA peaks were observed in the temperature 
range 500 to 700 "C but rather a gradual endo- 
thermic effect (Fig. 1). Also it is remarkable that 
no oxysulfate, CuO.CuS04, is formed as is the 
case when pure CuS04 is decomposed. TGA 
curve for heating the crystals in argon is shown 
in Fig. 2. 

When heated in H2 atmosphere, (@rr,Fe)- 
S04.2H20 was stable up to 2.10 "C (Table 4 and 
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TABLE 2. >(-Ray diffraction pattern of (Cu,Fe)S04.2H20 
(Cu K, radiation) 

Fig. 1). Above this temperature, however, the 
fo!lowing observations were made: ( I )  At 210 "C 
the crystals lost their water of hydration to form 
(Cu,Fe)S04 as indicated by the X-ray pattern. 
No Cu2SOl was identified at 230 "C as in the case 
whe~l  pure CuSO4 was reduced. (2) At 300 "C the 
individual diffraction patterns of CuS04 and 
FeS04 appeared as hell as that of Cu. Under the 

microscope Cu appeared as whiskers. The ma- 
terial was soluble in water leaving Cu metal. 
(3) Bornite, CusFeS4, appeared a t  350 "C among 
the reduction products. (4) The sulfates disap- 
peared completely at 425 "C and two new phases 
appeared, namely, Fe304 and CuFeSz in addition 
to  bornite and Cu although the temperature a t  
which pure FeS04 starts to be influenced by H2 is 
440 "C and the products of reduction are Fe304 
and FeS. (5)  At 500 "C. CuFeSz decomposed and 
the reduction products were: Fe, CusFeS4, Cu, 
and FeS. 

For comparative purposes, three sets of ex- 
periments were conducted on a mechanical 
mixture of CuS04 and FeS04. The first set 
consisted of the reduction of different CuS04:Fe- 
SO4 ratios by H2  at  500 "C. Different samples 
were prepared with molar ratios ranging between 
pure CuS04 and pure FeS04. It was found that 
in addition to  Cu and Fe, bornite formation was 
evident in all experiments. Equimolar mixture of 
CuS04 and FeS04 was chosen to carry out the 

A R G O N  

705OC e x o t h e r m i c  

endothermic 

H Y D R O G E N  1. 
360°C 480" 

580°C e x o t y r m i c  

1 
e n d o t h e r m i c  

- 

FIG. I. Differential thermal anaiysis curves of (Cu,Fe)S04.nH20 crystals in argon and in Hz. 
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HABASHI AND M I K K I L  

TABLE 3. Thermal decomposition of (Cu,Fe)SO,.rrH~O in argon* 
-- 

Reaction products 
Temperature 

(=C) Major Intermediate Minor Color 

200 (Cu.Fe)SQ4.2H20 Beige 
300 (Cu,Fe)S04 Violet 
500 (Cu,Fe)SO, Violet 
600 CuS04 Fe203 Red-brown 
700 Fe304. CuO FeZ03 Red-black 

*Heating in a boat for 1 11. Products identified b) X-1.3). diffracrioii analisis 

TABLE 4. Red~~ct ion of (Cu,Fe)SO4.nH20 by Hz in a boat for I hq 

Reduction products 
Temperature 

('c) Major Intermediate ,Minor Color 

(Cu,Fe)S04.2H20 
(Cu,Fe)SQ4 
(Cu,Fe)S04 
Cu 
Cu 
Cu 
Fe304, CuFeS2 
~ e ~ 0 ,  
Fe. CujFeS4 

CuS04 
Cu 
Cu 

FeS04, CuS04 
FeS04, CuSO, Cu5FeS4 
FeS04 CuS04, CujFeS, 
CujFeS4 Cu 
CuFeSz, CujFeS4 Cu 
Cu, FeS 

Beige 
Beige 
Beige 
Black 
Biack 
Black 
Black 
Black 
Black 

"Products identified ti) X-ra) diffrdction nnal>sis. 

second set of experiments to sttidy the kinetics of 
the reduction at  50Q°C. I t  was found that 
bornite formation was evident in case of the 
mechanical mixture as well. The third set of 
experiments was carried out to study the effect of 
reduction temperature. The results showed that 
up  to 400 "C the mixture behaved in an additive 
way; thus Cu2S/34 was identified when reduction 
took place at  280°C, the product u a s  white in 
color and showed X-ray diffraction patterns due 
t o  CuS04 and FeSQ4. At 500"C, however, 
bornite formation Lvas evident. 

It seems that it is not a question of presence of 
solid soiution because a i-i~echanica! mixture of 
CuS04 and FeS04 behaves similarly to the solid 

FIG. 2. Therniogravimetric analysis curve for the 
thermal decomposition of (Cu,Fe)S04.nHz0 in argon. 

solution with the exception that a slightly higher 
temperature is needed for the bornite phase to 
appear. This shows that in this case the solid 
solutions are iess stable than the individual 
sulfates. Probably the proposed reaction in the 
solid state between Cu2+ and Fez+ lending to  the 
partial formation of Cu- and Fe3+ is responsible 
for the early appearance of metallic Cu during 
heating in H2, because of the ease of reduction 
of Cu- to Cu. 

Since not much information is availabie on the 
crystals (Cu,Fe)S04.ilH20, DTA curves are pre- 
sented in Fig. 3 for their decomposition in air. It 
can be seen that decomposition starts a t  595 OC, 
but there are two sma!l changes in the heating 
curve at  222 and 520 "C which were reproducible 
and could not be explained, as well as a small 
endatherm starting a t  290°C, which is appar- 
ently due to the loss of the last molecule of H20.  
In this respect the behavior of this material is 
different from the component sulfates. Thus, the 
exothermic peak that starts a t  475 "C due to the 
formation of ferric oxysulfate, h;e20(S0& (Fig. 
36, is absent, and decomposition goes directly to 
Fe203  a t  about 400 "C while CuS04 remains 
unreacted. 
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EXOTHERMIC 

FIG. 3. DiFferential thermal analysis curve for heating 
(Cu,Fe)S04.nH20 and FeS04 in air. 

CuSO4-MnS04 
The reduction of pure MnS04 is noticeable at 

540°C. When the solid solution was heated in 
HZ at 400 OC, excess CuS04 in the mixture was 
reduced to Cu while excess MnS04 remained 
unchanged together with the solid solution. At 
500°C, the reduction products were the same 
except traces of Cul 9gS appeared. At 550 "C the 
solid solution was still present. It is evident, 
therefore, that CuS04 bound with MnS04 in the 
solid solution is resistant to reduction. Contrary 
to the previous case, this example shows that 
solid solutions can be more stable than at least 
one of the individual sulfates. 

400°C, the binary mixture CuS04-CoS04 is 
already reduced at 380°C, i .e., the reduction 
temperature of CoS04 is lowered by at  least 
20 "C in the presence of CuS04. Similar observa- 
tion was found for the reduction of the binary 
mixt~lre CuS04-NiS04 with the difference that 
beside the expected products Cu and Ni3S2, 
some Cu2S was also formed. On the other hand, 
when the binary mixtures CuS04-ZnSOj and 
CuS04-MgS04 were reacted with H2 a t  380 OC, 
only CuSO4 was reduced, i.e., ZnSO4 and MgS04 
do not interfere. 

Since the systems CuSO4-NiSO4 and CuS04- 
FeSOj proved to be the most complex with 
reduction products and the reduction tempera- 
tures different from those of the individual 
sulfates, it was decided to search for another 
system that might lead to similar reduction 
behavior. The system FeS04-NiSO4 was chosen 
since it is known that hydrated solid solutions 
are formed in this system. I t  was found that there 
was a similarity in the X-ray diffraction patterns 
between the crystals obtained by crystallizing 
then dehydrating a FeSO4-NiS04 mixture and 
the individual anhydrous sulfates and it could 
not be ascertained whether or not anhydrous 
solid solutions existed. The results of reducing 
these crystals are shown in Table 5 ,  from which it 
can be seen that the reduction temperature of 
FeS04 is decreased by at least 40 "C in presence 
of NiS04 and that the complex sulfide pent- 
landite, (Fe,Ni)9S8, was formed and no FeS 

Other Syster?~s could be detected although the latter is a major 
I t  was not possible to ascertain on basis of reduction product of FeS04. 

X-ray diffraction whether or not solid solutions 
existed in the following systems: CuS04-C'oS04, 
CuS04-NiS04, CuS04-ZnSO4, and CuSO4-Mg- Conclusions 

SO4 because of the similarity of the patterns of 41) The X-ray diffraction patterns of anhy- 
the individual sulfates. For this reason, they are drous Fel', Co, Ni, Mn, Zn, and Cd sulfates 
presented together. resemble to a great extent that of CuSO4 and in 

While pure CoS04 is reduced to CogSg at most cases it was not possible to decide whether 

TABLE 5. Reduction of FeS04-NiS04 (mixed) crystals in H2* 

Reduction products 
Temperature 

("c) Major Intermediate Minor Color 

300 FeSB,, NiSQ4 - - Green 
400 Ni& FeS04 (Fe,Ni)gS8 Black 
500 Ni3S2 -. Fe Brass 

( F ~ , N I ) ~ S S  

'Products identified by X-ray diffraction analysis. 
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anhydrous solid solutions were formed or not 
when CuS04 and another sulfate were crystal- 
lized from solution, then dehydrated. Anhydrous 
solid solutions were only positively identified in 
the systems CuS04-FeS04 and CuS04-MnS04 
while an anhydrous complex sulfate was identi- 
fied in the case of CuS04-Na2S04. 

(2) The reduction of a sulfate mixture pre- 
pared by crystallization from aqueous solution 
then dehydrated may be different from that of 
the individual anhydrous sulfates. When CuS04 
is reduced at 380°C in presence of another 
sulfate it was found that the following sulfates 
d o  not influence the reduction : Na2S04, MgS04, 
A12(S04)3, ZnS04, and CdS04. On the other 
hand CoS04, NiS04, FeS04, MnS04 interfere in 
the following manner: C0S04 and NiS04 are 
reduced a t  a lower temperature than expected 
and in the latter case a Cu2S phase appears. 
FeS04 is also reduced at a lower temperature 
than expected and a complex sulfide phase, 
CujFeS4, is formed. MnS04 forms a stable solid 
solution with CuS04 which is reduced at a 
temperature higher than that expected. 

(3) The formation of a complex sulfide phase 
during the reduction of a sulfate mixture was also 
observed during the reduction of FeS04-NiS04. 
In  this case pentlandite (Fe,Ni)9S8 was observed. 

(4) No Cu2S04 was formed as intermediate 
product during the reduction of CuS04 in ad- 
mixture with another sulfate although it was 
identified during the reduction of pure CuS04. 

(5)  The formation of solid solutions or com- 
plex salts might be expected to  alter conditions; 
it does in some cases but not in every case. Thus, 

CuS04 and Na2S04 form a complex salt but the 
presence of one sulfate does not influence the 
other during reduction. On the other hand, when 
solid solutions are formed the reduction products 
may be different from that of the individual 
components as indicated earlier. 

(6) There are indications that the anhydrous 
solid solution (Cu1',~e")S04 may be partly 
transformed into (Cu1,Fe1")S04; this is based on 
the color change, X-ray diffraction, behaviour 
during oxidation, reduction, and thermal de- 
composition. 

(7) To  get pure metallic Cu by reduction of 
CuS04, the impurities Fe, Co, and Ni must be 
absent from the solution before obtaining the 
sulfate crystals. Other sulfates such as Na2S04, 
M3S04, A12(S0&, ZnS04, CdS04, and MnS04 
may be tolerated and would be removed from 
metallic Cu by leaching with water, provided the 
reduction temperature does not exceed 380 "C. 
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Cine6que chhique ea milieu mieellaire. Relation entre vitesse 
de rCaction et s&ucQnre du mi&eul 

Laboratoire de Thermod~numique et Cingtique Ckimique, Groupe de CChirnie Pizysique, U.E.R. des Sciences 
Exacres et Naturelles, B.P. 45, 63170 Aubihre, Fratzce et Ecole .Vatiotlule Slrpe'rielire de Cl~imie, 

Bouleoard C6le-Blatin, 63000, Clermont-Ferrund, Frunce 

R e ~ u  le 3 mai 1976 

GENEVIEVE ROUX et ANDRE VIALLARD. Can. J. Chem. 54, 3658 (1976). 
Une reaction a CtC rCalis6e entre deux rhctifs dont l'un, ionique, est dissous dans une phase 

aqueuse, l'autre, le solubilisat, est reparti entre la phase aqueuse et une phase micellaire. L'Ctude 
cinktique de cette rkction a permis la rnise en evidence de differents regimes de reaction. 

Suivant les conditions expirimentales, on peut avoir, soit un Cquilibre du solubilisat entre 
phase aqueuse et phase micellaire, soit une limitation de la vitesse de rhction par la vitesse de 
diffusion de ce r h c t ~ f  de la phase micellaire B la phase aqueuse. 

On montre alors que de telles Ctudes cinetiques permettent de determiner quantitativement la 
repartition du solubilisat entre ies diffkrentes phases et B I'intCrieur mCme des micelles. 

GENEVI~VE ROUX and A N D R ~  VIALLARD. Can J. Chem. 54, 3658 (1976). 
A reaction has been studied between two reactants where one, ionic, is dissolved in the 

aqueous phase and the other, nonionic, is distributed between the aqueous phase and a micellar 
phase. The kinetic study of this reaction has helped to elucidate the mechanism of the reaction. 

Depending on the experimental conditions, it is possible to have either an equilibrium of the 
nonionic solute between the aqueous and micellar phases, or a reaction rate limited by the rate 
of diffusion of this reactant from the micellar phase to the aqueous phase. It will be shown that 
such kinetic studies can be used to determine quantitatively the distribution of the solute 
between the various phases and even inside the micelles. 

[Journal translation] 

Introduction 
Depuis une dizaine d'annies, la chimie des 

tensio-actifs et ses applications, diverses et nom- 
breuses, connaissent un essor important. Lors- 
qu'on dissout un tensio-actif dans UII solvant 
tel que l'eau, ses solutions peuvent presenter des 
structures t r t s  particulikres suivant la concen- 
tration. Corrilativement, eiles peuvent $tre le 
sikge de  phtnomknes assez inattendus. Aussi, 
industriels et chercheurs, chirnistes et bio- 
chimistes s'inttressent-ils de  plus en plus B ces 
milieux. 

Lorsque la concentration en tensio-actif est 
faibie, ces solutions sont dites micellaires. Bien 
que d'aspect homogbne, elles sont ht5ttrogknes a 
I'Cchelle subrnicroscopique. En effeet, les moli- 
cules de tensio-actifs se regroupent spontant5- 
ment en agrigats appelts rnicelles. Ces micelles 
sont formies d'un "coeur" compost5 des parties 
srganiques et du  "manteau" qui entoure le 
""coeur". Ce manteau contient ies parties hydro- 

1Ce travail constitue une partie de la thkse de doctorat 
de G. Roux B 1'UniversitC de Ciermont-Ferrand, France. 

philes, il est de ce fait responsable de la solu- 
biliti des ln~celies dans l'eau. 

Ces micelles ont la propriiti de solubiliser des 
molicules qui sans elles seraient insolubles, 
permettant ainsi le diroulement de certaines 
riactions chimiques. Elles peuvent avoir des 
effets catalytiques, mais aussi bloquer certaines 
riactions et, au  total, donc en permettre le 
contrBle, B condition de parvenir B une entikre 
maitrise de cette technique. 

Actuellernent, les physico-chimistes s'intkes- 
sent d'un point de vue plus fondamental au  rBle 
catalytique des micelles. Une synthkse de nom- 
breux travaux di ja  effectuis est d6jB publike 
(1-3). Les micelles ioniques ont fait l'objet des 
premikres Ctudes, car avec elles, les rnithodes de 
mesure sont plus facilement mises en oeuvre. 
Maintenant, l'intirst se porte vers les riactions 
se diroulant dans des milieux contenant des 
molt5cules tensio-actives non ioniques. L'itude 
de processus chimiques se diroulant dans ces 
milieux entre un composi solubilisi dans les 
micelles et un autre dissous dans la phase con- 
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tinue nous a paru devoir Etre particuli&rement 
intkressante. 

Nous nous sommes intiressis B ce type de 
rkaction dans le cas particulier de l'hydrolyse 
alcaline d'esters peu solubles dans l'eau. On a 18 
une rkaction entre des espkces chimiques rela- 
tivement simples, de plus, cette rkaction est bien 
connue en milieu homogbne en l'absence de 
tensio-actifs. 

Dans un tel systkme, l'ester est partiellement 
solubilis6 dans les micelles, la soude est dans la 
phase aqueuse. On peut admettre que la rCaction 
se dkroule au  sein de celle-ci. L'ester, pour etre 
hydrolysi, devra donc diffuser B l'intirieur des 
micelles et  des micelles vers la phase aqueuse. 
On peut donc penser qu'il devrait Stre possible, 
selon les conditions expkrimentales, de mettre en 
Cvidence une limitation de la riaction chimique 
par la diffusion. 

Les vitesses de diffusion seront conditionnies 
par les interactions solubilisat tensio-actif. Selon 
la nature de l'ester utilisC, la nature et la structure 
du  tensio-actif, ces interactions seront plus ou 
moins importantes. La localisation de I'ester a 
I'intkrieur des micelles sera elle aussi fonction 
de leur nature et de leur intensiti. On peut donc 
penser pouvoir ainsi, grsce B des Ctudes cink- 
tiques dans ces milieux, acqukrir un certain 
nombre de  donnies dans ce domaine. 

Une methode conductomCtrique a permis de suivre 
1'Cvolution de la riaction. Sa description et celle du 
dispositif experinlental utilise ont CtC faites dans un 
travail antirieur (4). 

(1) Conditions ercpPrimentales 
L'ester choisi est le benzoate de mithyle purifik par 

chromatographie en phase vapeur sur Carbowax 20 M. 
Les tensio-actifs non ioniques utilises sont des con- 

densats d'alkyls phenols (nonyl phenol) sur un nombre 
variable de molCcules d'oxyde d'ethylene. Ce sont des 
produits commerciaux "Sinnova", de purete 9957, nous 
les avons donc utilises tels quels. 

Leur formule gCnCrale est 

On les representera ti l'aide du symbole NPn. 
Les hydrolyses sont realisees B 25 ' C  en presence de 

soude de concentration initiale de l'ordre de 0.01 M en 
general, avec un excks d'ester. La concentration en 
tensio-actif est relativement faible, variant de 10-3 B 
10-2 M. Elle est irks superieure a la concentration critique 
micellaire qui est de l'ordre de M. Un certain 
nombre de paramktres sont variables: structure et con- 

centration du tensio-actif, volume initial de l'ester intro- 
duit, concentration initiale en soude. 

Rertlarqlre 
Lorsque nous nous sommes intCressCs B la structure du 

tensio-actif, nous avons fait varier uniquement la longueur 
de la chaine ethoxylie. En presence de tensio-actif, la 
solubilit6 de I'ester est augmentke; elle dipend de la 
nature et de la concentration du tensio-actif. Ceci permet 
de travailler dans un plus large domaine de variation de 
la quantite d'ester introduit qu'en milieu homogkne, 
sans tensio-actif. 

(2) Rb~iitats expe'rimenta~rx 
Les vitesses instantanks de riaction sont dCterminks B 

partir des concentrations B l'aide de la methode differen- 
tielle de Broche et Gibert (5). Les concentrations des 
riactifs, elles, sont calculees B partir des valeurs expCri- 
mentales de la conductibilite ilectrique du milieu. On 
utilise pour cela, une loi lintkire pour la variation de la 
conductivitk en fonction de l'avancement de la riaction. 
Une telle loi est suffisante ici pour une Ctude comparative. 
On peut alors traduire l'evolution de la riaction par des 
graphiques en coordonnks (c/x, x )  ob c est la vitesse de 
rtkction -dx/dt, x Ctant la concentration instantanie 
en soude. 

Sur les figs 1 et 2, nous avons donne quelques exemples 
de courbes obtenues en faisant varier les differents 
paramktres envisages. I1 faut noter que la reaction d'hy- 
drolyse de l'ester en milieu homogkne, sans tensio-actif, 
est du second ordre, representee par une droite dont la 
pente est egale B la constante de vitesse et dont I'ordonnCe 
B l'origine est proportionnelle B la concentration finale de 
I'ester en excks. 

Figure 1, on verra l'influence de la nature et de la 
concentration du tensio-actif. Pour une concentration 
constante en tensio-actif (2 X 10-3 M), une concentration 
initiale en soude identique de l'ordre de 0.01 M et pour 
une concentration initiale en ester de 12.5 X 10-3 M, 
les courbes a', b' et c' sont representatives respectivement 
des hydrolyses rialiseks en prCsence des tensio-actifs 
NP 12, NP 15 et NP 30 et de m&me pour une concentra- 
tion initiale en ester de 22.5 X M, les courbes a, b, c 
representent respectivement I'influence des tensio-actifs 
NP 12, NP 15, NP 30. Ees courbes n et d pour le NP 12 
et b et e pour le NP 15 traduisent, elles, l'infiuence de la 
concentraticn du tensio-actif pour des concentrations 
initiales en soude et ester identiques. On notera la position 
de la droite (courbe s') reprksentative de la riaction 
d'ordre deux, en milieu homogkne, en l'absence de 
tensio-actif, lorsque la concentration initiale en ester est 
de 12.5 X 10-3 M, celie en soude de 0.01 M. La solubilitC 
de l'ester dans I'eau pure est de l'ordre de 15 X M. 
La courbe s represenre la riaction d'hydrolyse pour une 
concentration initiale en ester de 22.5 X 10-3 M en 
I'absence de tensio-actif. Pour des concentrations en ester 
superieures B sa soiubilitC, la rtkction est du premier 
ordre (6 ) ,  L'/X reste constant. Au-dessous de la valeur de la 
solubilite de l'ester dans l'eau, la rtkction est du second 
ordre et c/x varie lintkirement avec x. 

La fig. 2 traduit i'influence de la concentration initiale 
en ester (courbes u, b, c) et de la concentration initiale en 
soude (courbes c et d )  pour le tensio-actif NP 12 pris B la 
concentration de 2 X 10-3 M. 
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FIG. 1. Influence de la nature et de la concentration 
du tensio-actif sur la vitesse d'hydrolyse du 

benzoate de mithyle: 

[Ester] [Soude] 
Courbe ( M )  ("4) 

L'examen de cet ensemble de courbes montre que 
systematiquement la vitesse de rhction est ralentie par la 
presence du tensio-actif. Dans la representation choisie, 
les courbes C/X = f(x) ne sont plus des droites, la rkction 
n'est donc plus globalement du second ordre. La vitesse 
dCpend de tous les paramktres CtudiCs. 

Si la concentration initiale en ester est faible (1Cger 
excks par rapport la soude), le rapport c/x diminue 
lorsque la chaEne hydrophile de la molkule de tensio- 
actif s'alionge; par contre, si I'excks d'ester est important, 
la concentration initiale en ester Ctant telle que les micelles 
sont proches de la saturation, le rapport cjx augmente 
avec I'allongement de la chaine. 

Si on augmente la concentration du tensio-actif, la 
valeur du rapport c/x diminue. Des risultats analogues 
ont CtC obtenus par Mitchell, dans le cas de I'hydrolyse du 
benzoate de propyle (7). 

Lorsque la quantitC d'ester introduit augmente, le 

rapport c/x croit aussi, et la forme des courbes c/x = 

f(x) dCpend de la quantite introduite. clx diminue aussi si 
la concentration initiale en soude croit. 

Si v/x represente effectivement la concentration de 
l'ester dans la phase aqueuse, il apparait donc que, en 
prCsence de tensio-actif, cette concentration est toujours 
inferieure ce qu'elle serait en son absence. 

En particulier, en fin de rtkction, la concentration de 
I'ester en excks dans la phase aqueuse, libre de riagir avec 
les dernikres traces de soude, est infkrieure a celle que 
devrait donner l'excks total d'ester dans le milieu. 

On peut donc penser que l'ester est piCgC dans les 
structures micellaires forrn6es par le tensio-actif que, de ce 
fait, il n'est pas libre de reagir avec la ioude et qu'il doit. 
pour y parvenir, diffuser des micelles vers la phase 
aqueuse. L'exploitation des courbes C/X = f ( x )  devrait 
permettre de mettre en evidence ces phenomenes de 
diffusion. 

0 

(3) Exploitation des rbulrats 
Nous utiliserons le modele suivant. La rCaction 

d'hydrolyse est une rhction du second ordre se dCroulant 
dans la phase aqueuse avec une constante de vitesse k 2 .  
L'ester est reparti entre micelles et phase aqueuse et 
diffuse des micelles vers la phase aqueuse. Dans ce cas, 
la concentration y;,, de I'ester en phase aqueuse s'obtient 
aisiment a partir de la vitesse de rhction v et de la 

. . . . . . . . . , . . . . .  b 
5 l o  xX1o3 M 

FIG. 2. Influence des concentrations initiales en 
ester et en soude sur la vitesse d'hydrolyse du 

benzoate de methyle ([NP 121 = 2 x 10-3 M): 

[Ester] [Soude] 
Courbe ( M )  ("4) 
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concentration en soude x. On a y,, = k2-I(cix). On peut 
donc determiner I'Cvolution des quantites d'ester TI,, et 
n,, (nombres de moles) prksentes respectivement en phase 
aqueuse et dans les micelles tout au long de la reaction, 
en fonction de la quantite totale d'ester tr,. 

Les couples de valeurs (!I,,, ,I, et tl,,, t7,) dCterminCes 
pour chaque hydrolyse sont alors representatives de 
I'evolution de la composition des phases aqueuse et 
micellaire au cours des reactions. 

On constate alors, qu'8 la precision experimentale pres, 
pour un m&me tensio-actif B concentration donnee, 
I'ensemble des valeurs n,, et tr,,, correspondant k des 
hydrolyses realisees, soit avec des volun~es initiaux d'ester 
diffkrents, soit avec des concentrations initiales en soude 
differentes, se place sensiblenient sur deux courbes 
>I,, = f(tlt) et lr ln  = g(ir,). Ceci signifie que, dans les cas 
CtudiCs, les fonctions f et g representatives des lois 
d'evolutioa des quantites d'ester reparties en phase 
aqueuse et dans les nlicelles sont spicifiques en premikre 
approximation de la nature et de la concentration du 
tensio-actif. 

Les courbes f(tlt) et g(trt) obtenues pour les tensio-actifs 
NP  12, NP 15 et NP 30 sont tracees sur les figs 3 et 4, 
soit pour les trois tensio-actifs B concentration constante 
(2 X 10-3 nl), soit pour NP 12 pris B deux concentrations 

L'allure de ces courbes est comparable; elle est rep- 
resentee fig. 5. 

I1 semble exister deux domaines. 
Dans le domaine I, lorsque la quantite totale d'ester 

prCsente dans le milieu est grande (proche de la saturation 
des micelles) la quantite d'ester dans la phase aqueuse 
varie peu au cours de I'hydrolyse, alors que celle contenue 
dans les micelles decroit rapidement. 

Ensuite, avec l'avancement de la reaction, lorsque la 
quantiti totale d'ester dans la phase aqueuse atteint une 
certaine valeur, les valeurs trn, et tin, dCcroissent de f a ~ o n  
sensiblement lineaire avec la quantiti totale d'ester 
prisente; c'est le domaine 11. 

Considirons le rapport C, = n, , i t~ , , .  C, est le co- 
efficient de repartition de l'ester B un instant donne entre 
les phases micellaire et aqueuse. On constate que, dans le 
domaine I, ce rapport varie de f a ~ o n  sensiblement lineaire 
avec la quantitC d'ester presente dans le milieu, alors que, 
dans le domaine 11, il reste sensiblement constant. 

Interprktation des r&sultats - discussion 

Les risultats prisentks ci-dessus permettent 
d e  constater que, selon la quantiti totale d'ester 
prtsent (domaine I ou 11) les quantitks d'ester 
dans chaque phase varient de fason diffirente. 

Nous avons interpri t i  ces risultats de la fason 
suivante. Etant donni  la plus grande solubilitk 
de  l'ester dans les hydrocarbures que dans i'eau 
(miscibiliti totale dans un cas, trks faible dans 
l'autre), on peut penser que l'ester est prifiren- 
tiellement solubilisi dans le "coeur" organique 
micellaire. Cependant, le caractkre polaire de 
son groupement hydrophile lui donne une cer- 
taine solubiliti dans le "manteau" qui est la 

phase "aqueuse" de ia micelle. Si donc la 
riaction a lieu en phase aqueuse vraie, les 
~nolicules d'ester doivent diffuser, les unes du 
"manteau" vers la phase aqueuse, les autres 
depuis le "coeur" vers le "manteau" puis vers 
la phase aqueuse. 

Les interactions ester - partie hydrophobe, 
ester - partie hydrophiie du  tensio-actif sont 
d'importance inigale. Ii semble donc raisonnable 
de penser que les vitesses de diffusion des moli- 
cules d'ester seront diffirentes selon leur localisa- 
tion dans les micelles. 

( I )  Mise  erz e'uict'e~zce cles uitesses de  dlfl~rsion 
Etant donn i  qu'il existe deux rigions diffi- 

rentes de variation des quantitis d'ester solu- 
bilisi dans les micelles et en phase aqueuse, il 
doit donc y avoir deux rigimes diffirents de 
"riaction". 

(u) Dans le domaine I, la quantiti d'ester en 
phase aqueuse varie lentement en dipit  de la 
riaction chimique. On en diduit que si elle varie 
peu, c'est que la vitesse de diffusion de l'ester ne 
limite pas la riaction chirnique (4). L'iquilibre 
des concentrations en ester entre phases est alors 
le facteur responsable de la vitesse globale 
d'ivolution de la riaction; la ligkre variation de 
la quantiti de l'ester en phase aqueuse est due 
au  diplacement de l'iquilibre par suite de la 
reaction. Par contre, la quantiti d'ester contenue 
dans les micelles diminue rapidement, de faqon 
a compenser sensiblement celle disparue par 
riaction dans la phase aqueuse: c'est bien dire 
que, dans ce domaine, la vitesse de diffusion ne 
limite pas la riaction chimique. On pourrait 
alors difinir un coefficient de partage de l'ester 
entre phases: 

o h  J, et y,, sont les concentrations de l'ester 
dans les phases micellaire et aqueuse de volumes 
respectifs u,, et u,. 

Malheureusement, le volume de la phase 
micellaire est dificilement accessible. Lorsqu'on 
tente de telles estimations, soit a partir de 
modkles de structure, soit B partir de risultats 
de mesures par diverses mithodes, l'expirience 
montre que les risultats sont trks divers, donc 
trks incertains. 

(b) Dans le domaine 11, les quantitis d'ester 
dans les micelles et  en phase aqueuse dCcroissent 
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lineairement en fonction de la quantiti torale 
d'ester. Celie-ci, et de ce fait celle dans les 
rnicelles, est plus faible, il y a alors changemen: 
dc regime. 11 n'y a plus iquilibre de l'ester entre 
les phases. la quantiti d'ester contenue dans la 
phase aqueuse dinlinuant rapidement. On peut 
donc penser que, dans ce cas, la vitesse de 
diffusion de  l'ester des micelles vers ia phase 
aqueuse limite ceiie de la riaction chimique. 

Puisque le coeficiene de ripartition C, reste 
sensiblement constant, on aura pour le dibit de 
matikre dii B la diffusion: 

La variation de la quantitt d'ester en phase 
aqueuse i tant  due a la riaction et B la diffusion, 
on a :  

vaqdyaq = ~,,(dy), - dn, 

On disigne par dy,, la variation de concentration 
de l'ester en phase aqueuse et par (dj), la contri- 
bution de la riaction chimique cette variation. 

Si l'on pose V, = (dy), dt, on en diduit que: 

Dans ce domaine, le dibit de diffusion de 
l'ester est donc proportionnel au dibit  de l'ester 
consommC par riaction chimique en phase 
aqueuse. 

Le coefficient de proportionnalitt dipend du 
coefficient de  ripartition de l'ester, donc de la 
nature et de  l'intensiti des interactions ester- 
tensio-actif et, par consiquent, de la nature et de 
la concentration du  tensio-actif. 

Ce changement de rCgime au cours de l'avance- 
ment de la riaction, selon la quantiti totale 
d'ester peut s'interpriter B I'aide de considera- 
tions sur la structure du milieu. 

Lorsque les micelles sont proches de la satura- 
tion (4 grand) l'ester est riparti entre "coeur" 
et "manteau". La structure du "coeur" est dense, 
19ester y est forternent retenu; par contre, la 
structure du "manteau" est beaucoup plus l2che 
et l'ester est peu lii. Les molicules d'ester, peu 
retenues dans l'enchevitrement des chaines 
hydrophiles vont pouvoir en sortir facilement 
pour remplacer celles qui disparaissent par reac- 
tion chimique en phase aqueuse; le "manteau" 
s9appauvrit donc en ester. Cet appauvrissement 

dtclenche alors ie prosessus de diffusion de 
l'ester du "coeur" vers le "manteau"; l'ester 
t tant  plus retenu dans le coeur, cette vitesse est 
beaucoup plus lente, et lorsqu'il n'y aura plus 
d'ester dans le manteau, cette vitesse limitera 
alors la riactinn chimique. La phase aqueuse 
s'appauvrira B son tour en ester el. il n'y aura 
plus iqililibre. 

(2) Rkpariition de i'esrer clans les nzicelles 
Si l'on admet ce processus de diffusion, lente 

du "coeur" vers le "manteau" et rapide du 
"manteau" vers la phase aqueuse, la courbe 
reprtsentant l'ivolution de la quantiti d'ester 
dans les micelles permet alors de prtvoir la 
ripartition de l'ester k l'intirieur des micelles 
entre "coeur" et "manteau". Son i tude apporte 
donc des informations sur l'intensiti des interac- 
tions ester-tensio-actif, interactions qui dipen- 
dent de la nature du tensio-actif. 

Soit n,,,(c) la quantiti d'ester solubilisi dans 
le coeur et n,,,(m) celle dans le manteau. Si le 
domaine II correspond B la diffusion lente de 
l'ester du "coeur" vers la phase aqueuse, la 
quantiti d'ester n, s'identifie a nn,(c). 

Dans le domaine I ,  o h  il y a simultaniment 
diffusion rapide et diffusion lente, n ,  est igale 
2 ia sornme n,,(c) + rln,(m). Si la quantiti 
d'ester n,(c), dans ce domaine, varie to~ijours 
liniairement avec n,, n,(m) est alors reprisentie 
par la diff'irence entre la courbe d'ivolution de 
n,, et la droite representative de celle de n,(c). 

Pour une q~ ian t i t i  totale d'ester donnie, il est 
donc possible d'estimer la ripartition de l'ester 
dans le milieu: d'une part entre la phase aqueuse 
et les micelles, d'autre part B l'inttrieur des 
micelles. Pour un ester donne, cette ripartition 
dCpend de la nature et de la concentration du 
tensio-actif. 

, , 

Nous nous sommes intiressis plus particu- 
likrement aux tensio-actifs N P  12, N P  15 et 
N P  30, pour lesquels la chaine hydrophile est 
suffisamment longue pour permettre une bonne 
solubilisation de l'ester et offrir un domaine 
micellaire assez large pour qu'il soit possible d'y 
rialiser des hvdrolvses. 

Sur ia fig. 3, on trouvera les courbes n?,, = 
,f(n,) et n, = g(n,) pour ces trois tensio-actlfs a 
m&me concentration (2 x M ) .  Bien que 
leur allure soit comparable, 1'Cvolution de na, et 
n, prisente des diffirences selon la nature du 
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5 10 

FIG. 3. Variation des cluantites d'ester } I , ,  et r z , ,  en fonction du nombre total de moles d'ester present 
1 1 ,  dans 500 cm3 de solution obtenue avec les tensio-actifs NP 12, NP 15 et NP 30 B la concentration de 
2 x 10-3 M. 

tensio-actif et selon le domaine de variation de 
ces grandeurs. 

Tout d'abord, on observe que la quantiti 
totale d'ester susceptible d'&tre "solubilisC" aug- 
mente lorsque la longueur de la chaine hydro- 
phile diminue. Par exeniple, pour une concentra- 
tion en tensio-actif de 2 X M ,  les concen- 
trations de l'ester B saturation sont respective- 
nient de 27.4 X M, 26 X M et 23 X 

M pour les tensio-actifs NP 12, NP 15 et 
NP 30. En l'absence de tensio-actif, la solubiliti 
est de 15 X M. 

Dans le domaine I, pour une mEme quantiti 
totale d'ester, n,, augmente de NP 12 B NP 30 
et corrtlativement n,, diminue. 

Par contre, dans le domaine 11, pour n, donne, 
l'allongement de la chaine provoque une diminu- 
tion de la quantitC d'ester en phase aqueuse et 
une augmentation dans les micelles. C,, qui dans 
ce domaine reste constant, augmente donc quand 
on passe de NP 12 B NP 30. Les valeurs sont 
respectivement de 0.2, 0.21 et 0.28 pour les 
N P  12, NP 15 et NP 30. 

On peut donc penser que, si la prtcision 
exptrimentale autorise que l'on attribue une 
signification B la position relative de ces diffC- 
rentes courbes, l'allongement de la chaine hydro- 

phile modifie la ripartition de l'ester dans les 
phases et B l'intkrieur des micelles. Mais, au 
total, elle se traduit toujours par un accroisse- 
ment de la quantitC d'ester pikg6 dans le coeur 
micellaire. 

Dans le domaine I, 11 y a un appauvrissement 
en ester des micelles au profit de la phase aqueuse 
et, dans les micelles, un appauvrissement du 
manteau au profit du coeur, tandis que, dans le 
domaine 11, il y a appauvrissement de la phase 
aqueuse par rapport aux micelles, au binCfice 
du coeur. 

I1 semble aue l'examen de la structure des 
solutions micellaires de ces diffkrents tensio- 
actifs permette de donner une interprktation de 
ces phCnoni2nes. 

En effet, d9aprks Schick et a]. (8), pour une 
sCrie de tensio-actifs de m&me reste hydrophobe, 
mais de longueur de chaine CthoxylCe croissante, 
le nombre d3agrCgation (nombre d e  monomtres 
par micelles) diminuerait; il passerait de 100 pour 
le NP 12 B 44 pour le NP 30; le volume du 
"coeur" serait peu modifii, la taille des micelles 
varierait peu, ce qui semble indiquer une struc- 
ture moins Ctirie des chaines lorsque diminue le 
nombre d9agrCgation. 

considCr~ns-donc deux solutions des tensio- 
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dans 

actifs (I)  et (2): si n, est le nombre de rnoltcules 
du tensio-actif i ,  h', le nombre de  micelies et a, 
le noinbre d'agrtgation, on a pour (I)  rz l  = a lN l  
et pour (2)  n2 = a2N2. 

Soit u,, le volume du coeur dans une micelle 
de i et V,, celui total des "coeurs" dans la 
solution de i. On aura: 

avec nl = n2 = n si les concentrations des 
tensio-actifs sont identiques et u,, = u,? si le 
volume du coeur est peu affect6 par le nornbre 
de molCcules par micelle. Soit: 

Les volumes des "coeurs" micellaires varieraient 
donc cornme l'inverse des nombres d'agrtgation. 

Si donc le nornbre d'agrtgation diminue 
lorsque s'allonge la chaine CthoxylCe (a2 < a, ) ,  
le volume de la phase "coeur" doit augmenter. 

A cet accroissement de volume de la phase 
"coeur" s'ajoute une diminution de sa "densitt". 

I1 doit en rksulter une plus grande capacitt de 
cette phase B dissoudre le solutt (ester). Les 
systkmes eau ester hexane dans lesquels nous 
avons fait des etudes cinttiques (4) peuvent B cet 
igard &[re considirks comme des modkles de ces 
systkmes eau ester "coeurs" m~cellaires. Nous 
avons vu au  cours du travail citt ci-dessus que 
l'dccroissement du volume de  phaae orgdnlque 
se traduit, pour une quantitk donnte de solutC, 
par un accroissement de la quantitk solubiliste 
dans cette phase (c'est le phtnornkne ut i l~s i  dans 
l'extraction). 

(b) Concentration dl( feizsio-actif 
Nous avons aussi Ctudik l'influence de la 

concentration du  tensio-actif sur le dtroulement 
de l'hydrolyse et sur la rCpartition de l'ester 
entre les dlffkrentes phases. Le tensio-actif Ctudit 
est le N P  12. On trouvera fig. 4 les courbes 
traduisant l'tvolution de n,, et tz, en fonction de 
la quantitt totale d'ester pour der:x concentra- 
tions diffirentes du  tensio-actif. 

Un examen de cette figure montre que la 
quantit6 d'ester solubilist dans les micelles aug- 
mente et que cette augmentation est due B celle 
de la quantitt solubiliste dans les coeurs, au  
dktriment du manteau et de la phase aqueuse 
pure. 

Or, lorsque la concentration en tensio-actif 
augnlente, la composition d'une micelle est peu 
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'D 

nt 
FIG, 5. Allure de variation des courbes n,, = 

n, = g(n,) et C, = lz(nt). 

modifiee, c'est le nombre de micelles dans la 
solution qui augmente (9). Comme nous l'avons 
vu ci-dessus, le volume total des "coeurs" aug- 
mente avec le nombre de micclles et correlative- 
ment avec lui, la quantit9 d'ester solubilisC dans 
les "coeurs" pour une quantite totale d'ester 
donnee. 

Re~narque 
Les raisonnements dtveloppes ici ne s'appli- 

quent qu'8 des solutions diluies de tensio-actifs. 
En effet, si la concentration en tensio-actif aug- 
mente beaucoup, la structure des micelles est 
modifiee et on ne peut plus supposer un volume 
"coeur" micellaire constant. Alors, le volume 
total des "coeurs" ne variera plus proportion- 
nellement B la concentration du tensio-actif. 

Conclusion 

I1 ressort de cette ttude cinitique de l'hydro- 
lyse alcaline des esters en milieu micellaire, que 
dans certaines conditions expCrimentales, la 
vitesse globale de cette riaction peut resulter 

d'une limitation de la reaction chimique par des 
phenomknes de diffusion. 

Pour un ester donne, les facteurs susceptibles 
de modifier la vitesse globale de la riaction sont 
avant tout la structure moliculaire et la concen- 
tration du tensio-actif. Ces facteurs dtterminent 
aussi la ripartition de l'ester entre les diffkrentes 
phases et B l'intirieur des micelles, entre les 
diffirentes parties de celles-ci. On notera le r61e 
fondamental que les interpritations avancies 
conduisent 8 donner au coeur micellaire qui 
constitue ainsi la phase organique du milieu. La 
phase aqueuse micellaire (manteau) jouerait un 
r61e interrnidiaire entre phases organique et 
aqueuse, mais assez secondaire, puisque son 
volume ne semble pas &re un paramktre qu'il 
soit nicessaire d'introduire. On peut donc penser 
que cette phase est riche en eau au point de 
differer assez peu de la phase aqueuse pure. 

Quand bien mtme toutes ces conclusions ne 
seraient que provisoires, des etudes cinitiques 
sont susceptibles d'apporter des donnies sur les 
interactions entre le solubilisat (l'ester ici) et les 
differentes parties de la molecule de tensio-actif 
B l'intirieur des micelles. 
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The proton magnetic resonance spectra of phenol in the absence 
of intermolecular proton exchange 
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TED SCHAEFER, J. B. ROWBOTNAM, and KALVIN CHUM. Can. J. Chem. 54, 3666 (1976). 
The proton magnetic resonance spectra in the absence of inter~nolecular proton exchange for 

0.27, 0.59, and 0.79 1l4 solutions of phenol in CC14 are analyzed. The long-range coupling over 
five bonds between the hydroxyl and ring protons is estimated as 0.33 Hz in the monomer and 
as 0.20 Hz in the trimer of a monorner-trimer model. Support for the decrease in the coupling 
011 trilnerization is found in CNDO/2 and INDO MO FPT calculations. The long-range 
coupling over six bonds is unobservable, consistent with conformations of the trimer in which 
the phenol molecules remain planar. Water catalyzes the intermolecular proton exchange and, 
in its absence, the transfer of hydroxyl protons from ~nolecule to molecule within the associated 
species is inefficient. 

TED SCHAEFER, J. B. ROWBOTHAM et KALVIN CHUM. Can. J. Chem. 54, 3666 (1976). 
On a analysC les spectres de rCsonance magnetique nucleaire du proton en l'absence d'echange 

protoilique intern~oleculaire pour des solutio~ls 0.27, 0.59 et 0.79 M de phenol dans CC14. On a 
estimd que les coupiages a longue distance a travers cinq liaisons entre I'hydroxyle et les protons 
du cycle est de 0.33 Hz dans le monomkre et de 0.20 Hz dans le trimkre d'un modkle monomere- 
trimere. On trouve un support pour la diminution de la constante de couplage lors de la trimeri- 
sation dans des calculs CNDO,/2 et INDO MO FPT. On n'a pu observer de couplage a longue 
distance travers six liens; ce resultat est en accord avec les conformations du trimkre dans 
lequel les molecules de phCnol restent dans un plan. L'eau catalyse l'echange protonique inter- 
moleculaire et en son absence le transfert de protons hydroxyliques d'une molicule a l'autre 2 
l'intkrieure des especes associees est ineflicace. 

[Traduit par le journal] 

The ring proton resonance spectrum of phenol 
dissolved in CC14 was first analyzed precisely by 
Castellano et crl. (1). Long-range spin-spin 
couplings between the hydroxyl proton and the 
ring protons were not observed, no doubt 
because of relatively rapid intermo!ecular proton 
exchange. Such coupling constants are easily 
observed when strong intramolecular hydrogen 
bonding to carbonyl or nitro groups exists (2-4). 
More recently, stereospecific long-range coup- 
lings involving the hydroxyl proton have been 
used to deduce the relative strengths of intra- 
molecular hydrogen bonds to halogen substitu- 
ents (4-6). 

In this paper experiments are described which 
succeed in reducing the rate of intermolecular 
hydroxyl proton exchange in CCI4 solutions of 
phenol to the extent that long-range couplings 
to the ring protons become observable. Self 
association of phenol in CC14 has been exten- 
sively investigated (7-111, so that the present 

[Research assoclate. summer 1975. 

coupling data throw some light on the con- 
formation of the phenol molecule in the associ- 
ated state and on the perturbation of the 
couplings caused by self association. Some infer- 
ences about the mechanism of proton exchange 
in nonaqueous solutions are also made. 

Experimental 
The assumption that water catalyzes the intermolecular 

proton exchange in CC14 solution dictated the method of 
sample preparation. Zone refined phenol from Aldrich 
Chemical Co., rated at 99.9(+)',; purity, with an mp of 
40.68 C, and CC14 from Fisher, containing 0.02', of 
water (certified A.C.S.), were used in the following 
procedure. 

Sample tubes, stopcock attachments for purposes of 
degassing by the freeze-pump-thaw technique, pipettes 
containing small wads of white Kleenex tissue, and 5 ml 
vials containing molecular sieve, were kept in beakers on 
a hot plate in a dry box. The temperature at  the bottom 
of the beaker ranged from 180 to 210-C. After 3 days 
~ ~ n d e r  these conditions, solutions of phenol in CC14, con- 
taining a littlc tetramethylsilane and prepared on a 
balance outside the dry box. were added to the vials 
containing the rnolec~rlar sieve. These vials were stoppered 
and left for a day in the dry box, well away from the hot 
plate. The solution was then transferred (in the dry box) 
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SCHAEFER ET AL 

TABLE 1 .  Proton chemical shifts* and coupling conitanti7 for a 0.79 111 
solution of phenol in CCl j  

Parameter Value Parameter Value 

"OH 

v2.6 

Y3,j 

v4 
3 J 0 H 2 t H 3  
3 j o H 3 , I 5 4  

SJ,H2.H6 

4 ~ ~ ~ ~ 2 . ~ 4  

4 J m H 3 , H 5  

5 J  H , H  

4 J o H , O H  

5 J m H , 0 H  

G J  H . O H 1  

rms de\ ~ a t ~ o n  
Largest deblat~on 
Peaks obser\ ed 
T r a n s ~ t ~ o n s  calculated 
I'eaks as51gned 

*In Hz at  100 MHz to low field of internal tetramethylsiinne at  32'C. 
?In Hz. 
:Numbel-s in parentheses g i \ c  standard deviations in  the last i~urnbcr. 
$ A  low intensity peak. 

to the sample t ~ ~ b e  in such a manner as to filter it through 
a wad of tissue, a stopcock asseinbly \ \as  attached to  the 
sample tube. and the final assembly was removed from 
the dry box to  a \acuutn rack for clega~ting. The ianiple 
tube contained a few pellets of cnolecular sieve. The 
flame-sealed sample t ~ ~ b c  \va\ left for a few da)s before 
spectral work began. 

T h e  precautions ensureci that ~oirle samples gave 
proton niagnetic resonance ipectra tlisplaqinfi long-range 
c o u ~ ~ l i n g  to  the ring protons. The concentrations of 
phenol are not exactly ltnown but can be deciuced from 
the h ~ d r o x y l  proton shifts. Of course, concentration5 
were such that reliable spectral analyses coulcl be per. 
fortiled. 

The proton niagnetic re5onance spectra were calibrated 
o n  a HAlOO spectrometer in the frequency sbieep niocle 
a t  a temperature of 305 K. ,MO calci~lation\ were per- 
formed on a n  I B M  370 158 system. 

Results and Discussion 

Sample Concentrtrtions 
Loss of solvent during the elaborate sample 

preparation procedure introduced an uncertainty 
into the concentrations. However, these Inay be 
deduced from previous work (8, 9, 11) on the 
chemical shift of the hydroxyl proton in CCI4 a t  
temperatures between 20 and 50 "C. The three 
solutions which yielded proton magnetic reso- 
nance spectra of analytical quality had concentra- 
tions of 0.27 k 0.01, 0.59 2 0.02, and 0.79 & 
0.02 M. These numbers are deduced from an 
infinite dilution hydroxyl proton shift in CC14 of 
4.25 ppIn a t  32 "C and a shift for the co~npletely 
trimerized phenol of 7.96ppm, relative to 
internal tetramethylsilane. 

0.79 M solution are given in Table 1, the ring 
proton coupling parameters comparing well with 
those obtained for 10C; w ' w  soliltions in CC14 
and in C6DG (1). Decoupling of the hydroxyl 
proton showed that 6 ~ J , " ~ 0 "  5 0.03 Hz and re- 
peated simulations of the hydroxyl and ring 
proton spectra in the absence and presence of 
decoupling showed that " J , " ~ ~ "  \vas k0.07 k 
0.02 Hz, where the negative sign is probably the 
correct one. 

Repeated measurements of the splittings due 
to SJ,,'190'x in the Ineta proton spectral region, 
which is \\ell-separated from the ortho and pcrra 
proton regions, indicate that 5JmHloH is known 
to an accuracy of 0.01 Hz. The standard devia- 
tion in the LAME analysis was 0.006 Hz and 
should presumably be multiplied by about 3. 
However, the standard deviation is that found 
in conjunction with the values given for all the 
other parameters in Table 1. Figure 1 displays 
an isolated doublet in the nzeta proton region, 
illustrating the method of calibration. 

Degree of Arsocicrtior7 in Solzrtion 
In Table 2 the concentrations, hydroxyl proton 

chemical shifts, and the extent of association are 
tabulated for the three solutions in CC14 which 
gave reliable spectra. From the work of Dale 
and Gramstad (1 1) at 20,35, and 50 "C, and from 
the relatively close agreement of this work with 
that of other workers (7, 8, 10), it can be con- 
cluded that K3 for the monomer-trimer equilib- 
rium for phenol in CC14 is 2.7 1' ~nol-2 at 32 "C. 

Spectral Analyses Furthermore, a t  this temperature, the shift of 
These were performed ~ i t h  the computer the monomer is 4.25 pprn and the shlft of the 

prograln LAME (12, 13). The results for the trimer is 7.96 ppm relative t o  internal tetra- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3668 CAN. J. CHEM. VOL . 54, 1976 

FIG. 1 .  A doublet of the meia proton resonance 
centered at 719.05 Hz from internal tetramethylsilane for 
a 0.29 .If solution i11 CC14, illustrating the method of 
calibration. The four values for the splittings are 0.?02. 
0.302. 0.292. and 0.29, Hz, ha\'ing a mean value of 0.29, 
Hz. Siiiiilar calibrations of other isolated ilouhlets 
yielded, finally, an average value of 0.2g4 Hz with a 
standard deviation of less than 0.01 Hz. 

methylsilane. The concentrations and the extent 
of association then follow as in Table 2. 

Confortiiutional Itidrcutions frorn 
The magnitude of 6 ~ , H l o H  is less than or equal 

t o  0.03 Hz. If, as for 6 ~ , H , C H  in toluene (141, this 
coupling follous a sin2 0 relationship where 0 is 
the angle by ~ h i c h  the 0-H bond twists out of 
the aromatic plane, one may  rite 

In [1],6J90 is the maximum magnitude of 6JpHloH. 
The observed value depends on the average 
value of sin2 0 which, in turn, depends on the 
temperature, the reduced moment of inertia, and 
on the magnitude of the two-fold potential 
hindering the internal rotation of 11) droxy 1 
group abo i~ t  the C-O bond (15). 

TABLE 2. Hydroxyl proton chemical shifts.* coupling 
constants.+ and degee of association for some 

phenol solutions in CC14 at 32 C 

 concentration^ Associated: 
( 111) Y O H  5JnLHf0* (%I 

0 . 2 7 i 0 . 0 1  5.16 0 .291 26 
0 .59L0 .02  5 .89  0.268 47 
0.7910.02 6.16 0 .257 54 

"In ppm relatibe t o  internal tetmrnethylsilanc. 
?Ill Hz to an  accuracy of 0.01 Hz. 
$On the basis of 4.25 ppm for the monomer, 7.96 ppm for  the 

trimer, and a self association constant of 2.7 i2/rno12 (11). 

The magnitude of 6J90 can be approximated 
from the value of 38 G (16) for the h~perconju- 
gative interaction constant, QHcoH, in radicals 
of phenol derijVatives. QHccH is 52 G (17), so 
that (18) 

It follows2 that (sin2 0) is about 0.033 and the 
procedure described recently (15) then yields a 
two-fold barrier of greater than 3 kcal, mol. In 
the gas phase (22-24) the internal barrier is 
3.4 + 0.2 kcalYmo1. It appears reasonable that 
in the trimer the energy of hydrogen bonding will 
increase the effective barrier to internal rotation, 
the enthalpy per hydrogen bond being near 
3 kcal, mol (1 1). It has been suggested (1 1) that 
phenol forms a hydrogen bond to CCl4 whose 
enthalpy of formation is - 2.3 kcal. mol, al- 
though in our opinion this includes general 
dispersion forces (25). 

It appears that the very small magnitude of 
6 ~ , H ~ 0 1 ~  is consistent with all these data. 111 par- 
ticular, it indicates that hydrogen bond forma- 
tion does not cause a large (say 20" or more) 
out-of-plane twist of the hydroxyl group in the 
associated state. If the trimer is cyclic and, 
furthermore, if the hydrogen bonds are largely 
electrostatic in nature, an in-plane conforn~ation 
is entirely reasonable. 

Corformufional Indications from 5JmH,oH 
In Fig. 2 are shown plots of 5J,,H,oH US. the 

hydroxyl proton shift, YOI-I, and US. the fraction 
of associated phenol molecules. Extrapolation 
to monomer shift and to zero concentration 
yields 5 ~ m " v o H  as 0.33 i 0.01 Hz for a phenol 
molecule surrounded by CC14 molecules a t  32 "C. 
Extrapolation to the trimer shift yields 5J,,HroH 
as 0.20 i 0.01 Hz. The extrapolations are some- 
what lengthy but are believed to be reliable. 

Partial support for these variations in 5.Jm14-013 
comes from CNDO, 2 and INDO MO FPT (26) 

might ha\e been argued that a decrease in 0 implies 
an increase in the colljugation or the oxqgen atom with the 
rr system of the ring. A K electron lnechanism operating 
\ ia the partial]) do~lble C=O bond would then enhance 
the magnitude of 6JDH,oH at 0 = 0'. However, the 
opposite occurs in aniline, benzalcIehq.de. henzo~ 1 fluoride, 
and in their desi~ativei;6J,H~xH,6JpH~CH~,and6JpH~CF0 
being nonzero only for conformations in wh~ch the 
N-H. C-H(O), and C-F(0) bonds do not lie in the 
aronlatic plane (19-21). 
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3 
calculations on the structures 1, 2, and 3. A 
standard geometry (27) mas assumed for the 
phenyl grpup. The C-O bond length was taken 
as  1.375 A (23) and the 0-H bond length \\as 
0.944 A (23). The CCO angle has been estimated 
to  have values of ca. 120" (24), 122.5" (22), and 
125.2" (23). while the COH angle has been given 
as 109" (22) and as 113.5" (23). 

The angle dependence of the calculated long- 

range coupling constants for a planar conforma- 
- tion 1 was small. Thus, CNDO, 2 gave 5J,,H$0H = 

(s~3H,011 + sJ5Hs0H), 2 as 0.360 Hz at  120°, 108"; 
and gave 0.379 Hz at  125.2", 114.45". The cor- 
responding INDO values mere 0.433 Hz and 
0.471 Hz. Theory indicates an  insensitivity of 
sJmH~O" to  the two bond angles. 

In the absence of other sharp criteria, the 
INDO conformation of !owest energy, cor- 
responding to  a CCO angle of 122.5" and a COH 
angle of 112" (CNDO 2 gave 110") was used in 
the calculations on 3 and 3, mhere the water 
molecules have an HOH angle of 103.5". 

In 2 the projection of one of the 0-H bonds 
of the water molecule, intended as a simulation 
of intermolec~~lar hydrogen bonding in phenol, 
bisects the COH angle. The intern~olecular H,O 
distance \vas varied between 1.3 and 2.0 A. 
~vi th  the result that the CNDO 2 energy mini- 
mum occurred a t  1 . 6 ~  corresponding to  a 
5 ~ m H , 0 H  of 0.365 Hz and comparing to 0.371 Hz 
for 1 in this geometry. Accordingly. 5~,,H,011 is 
predicted as insensitive to the association repre- 
sented by 2. 

I 
400 8 0 6 0 4 0 20 0 

'10 ASSOCIATION 

FIG. 2. The  coupling over five bonds between the hydroxyl proton and the ring protons i? plotted 
cs. the shift of the hjdroxyl proton (0) and cs. the percentage as5ociation of the phenol (@): the 
coupling scale for the latter plot being on  the right. Extrapolations of both plots agree that for the 
monomer in CC14 a t  32 ' C  the coupling is 0.33 = 0.01 Hz and is 0.20 k 0.01 Hz for the trimer. 
See text. 
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The distance of 1.5 A in 2 was then fixed for 3 
and ihe distance between the phenol proton and 
the oxygen atom of a second wales niolecule 
was vari5d betibeen 1.3 and 1.9 A. CNDO, 2 
gave 1.6 A a t  the minirnilni enersy and 5~,,H80H 
as 0.315 Hz, wherejis INDO found a niiriimum 
energy of 3 at  1.5 A and a V,,"~olr of 0.329 Hz. 

In other words, INDO predicts a decrease of 
0.124 Hz for 5 ~ , i , H 3 0 1 1  betueen B and 3. CNDO 2 
giving a decrease of 0.056 Hz. The extrapolated 
experimental decrease of 0.13 Hz between the 
0.33 Hz  of the monomer and the 0.20 Hz of the 
trimer is in qualitative agreement with the calcu- 
lations. Of course, the monomer in solution is 
surrounded by CC14 molecules with which it may 
associate (I l ,25),  but presumably not as strongly 
as with other phenol niolecules, so thr t  the calcu- 
lations are only a partial simulation of the actual 
situation. 

Parenthetically, it may be noted that 
was calculated as less than 0.03 Hz for 1, 2, and 
3, i .e. ,  for planar conforn~ations, and INDO gave 
4 J ITSOH = 4 J H,OH + 4 j6H,0H), 2 as - 0.043 H~ - (  2 

a t  the n~ininiuni energy of 3 and as - 0.11 8 Hz 
for the minimurn energy of 1, consistent with an 
observed value of 50 .07  + 0.02 Hz. 

Iiztert~iolec~clar Exch~irzge 
The exchange of hydroxyl protons between 

phenol molecules is catalyzed by water. The 
observation of long-range coupling constants to  
the hydroxyl proton in the presence of phenol- 
tr in~ers sneans that the exchange is very slow 
within the complex, because a nlean preexchange 
lifetime of much less than approximately 1 s 
would entail the absence of observable couplings. 
Ho~vever, the trimerization causes a decrease of 
0.13 Hz in the observable long-range coupling. 
In  principle such a decrease is compatible with 
a very slow rate of exchange within the trimer, 
any broadening of spectral peaks being hardly 
noticeable under such conditions. However, the 
MO calculations suggest that the decrease arises 
from electronic perturbations caused by self 
association and we prefer this explanation. 

Caveat 
The extrapolation to  infinite dilution of the 

5J ,~o ,  plot in Fig. 2 is independent of the asso- 
ciation nlodel and,  if tlie extrapolation is valid, 
the value for 5J,,H,oH of 0.33 i_ 0.01 H Z  in the 
monomer is also independent of the association 
model. Although its magnitude nnirst clear!y be 

less than in the monomer, the value of 5J,nHs0H 
for the associated species depends on the asso- 
ciation model in that the model determines the 
value of v,,, for complete association. 

The number of parameters in the equations 
relating an observable to the equilibrium con- 
stants and to tlie concentrations of the various 
species in a ni~rltispecies equilibriunl is too large 
for a unique solution. It is kno~vn,  however, that 
a monomer-trimer model gives a good fit t o  the 
observed shifts over a large concentration range 
(8), whereas monomer-dimer and monomer- 
tetranier models d o  not. However, dinierization 
constants between 0.7 and 1.5 1, mol have been 
reported (28, 29) at  concentrations bet~veen 0 
and 0.25 M. The cheniical shift for the lowest 
concentration in Table 2, con~binecl with the 
shift-concentration data in ref. 9, yields a dimer 
shift of 6.94 to 8.37 ppm depending on which of 
the dimerization constants is employed. From 
Fig. 2 it then fo!lows that 5~,1'301' is 0.20 + 0.03 
Hz for the dimer in a monomer-dimes model. 

Nevertheless, we favor the monomer-trimer 
model because the nionorner-dimer nlodel gives 
a poor fit to the observed shifts at  low phenol 
concentrations (8) and, perhaps, because the 
lNDO calculations of 5~,n14*o" are consistent 
with the monomer-trimer model. 

Conclusions 

The long-range coupling constants between 
the hydroxyl and ring protons in pheslol indicate 
that self association in CC14 solution does not 
produce conformations in which the hydroxpl 
group is twisted substantially out of the plane 
of the aromatic ring. Both experiment and theory 
suggest that self association of phenols causes a 
noticeable decrease in the coupling over five 
bonds and that in the monomer its magnitude 
is very sim~lar to that observed for the analogous 
couplings in benzaldehyde (30), aniline (191, 
and in toluene derivatives (3 1) in solution. 
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Pulse radiolytic formation of Na- from alkali metal - sodium 
ion solutions in ethylaminel 
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WILLIAM ARTHLR SEDDOU, JOHN W A L L ~ C E  FLETCHER. and FRED CHARLES SOPCHYSHYN. 
Can. J. Chem. 54, 3672 (1976). 

The forination of Na- from K, Kb, Cs, or Li ethylamide solutions containing small atnounti 
of Na- ha> been obser\ed bq p ~ ~ l s e  radioljsis. in K. Rb. or Cs solutions eiidence is presented 
which shows that the prodiict~on of Na- occurs via the corresponding alltali anions K-. Rb-, or 
Cs-. Honever solutions containing Li behave much differellti) and indicate that Na- is 'com- 
pleued' or associated with Li+ ions. Probable reaction mechanisms are discus~ed. 

WILLIA\~ ARTHUR SEDDOV, J O H ~  WALLACE FLETCHER et FRED CHARLES SOPCHYSHYY. Can. 
J. Chem. 54, 3672 (1976). 

On a observk, par radiolyhe piilsee, la forination de Na- B partir de ioluliolls ii'ethg.l&narnide 
de K ,  Rb. Cs ~ L I  Li contenant de petites quantites de Na+. Dans Ie cas des solutions de K.  R b  ~ L I  

Cs, on  presente des donnees qui montrent clue les Na- se produisent par l'interrnediaire des 
anions alcalins correspondants K-. Kb- ou Cs-. To~itefois les solutions contenant du Li Le 
comportent d'une facon tr&s differente; il hernble que le Na- est complex6 ou associe a\ec les 
ions Li+. O n  discute des mCcanismes probables pour ces reactions. 

[Traduit par le journal] 

Introduction 

Extensive investigations on the opt~cal ,  mag- 
netic, and conductance properties of alkali metal 
solutions in amines and ethers (refs. 1-3 and 
references therein) have demonstrated that in 
general three species: the solvated electron e,-, 
ion-pairs (M+, e,-) or 'monomers' MO, and 
alkali anions M-, coexist in equilibrium. 

With the exception of Li solutions, which d o  
not appear to form Li- (3 ) ,  the equilibria in 
ethylamine are predominantly in favour of M- 
with Na- being the least dissociated of the series 
(4). More recently, pulse radiolysis studies (5-7) 
have also indicated the importance of reaction 3 

[31 MO + h 1 0 e  M- + &I-- 

Using a variety of solvents, Hurley et 01. 
(8,9) were the first to demonstrate that regardless 
of the alkali metal in solution the presence of 
trace amounts of Na- from the Pyrex reaction 
vessels also resulted in the formation of Na-. 
This leaching process is sufficiently rapid that, 

for K solutions in ethjlenediamine (lo), contact 
for as little as 10 s is sufficient to  produce Na-. 
Because of such contamination earlier flash 
photol~s is  studies in ethers (1 l), and ethylamine 
(12), need reinterpretation. 

In this paper we describe our observations on 
the processes leading to the formation of Na- 
in K,  Rb, Cs, and Li eth)lamide solutions con- 
taining added NaT. Correlations with flash 
photolysis studies are also discussed. 

Experimental 
Detailed dexriptions of the experimental techniques 

and facilities have been given previously (4, 13-1 5). 
Briefl), solutions were irradiated kvitii 0.3 ps pulses from a 
2.5 MeV Van de G r a a f  electron accelerator and transient 
signals recorded using fast infrared detectors (16). Alkali 
metal eth)larnicle solutions were prepared from the pure 
metals with NaC present either in the form of the ethyl- 
arnide or  a \  Nal .  The effect of Na- was monitored by 
observing the formation and decay of e,- and 'monomer' 
species. (M+, e,-) or Mo, at  1400-1500nrn and the 
growth of Na- at  700 nm. The formation and decay of 
K-. Rb-. o r  C s  were also obser\ecl at  890. 950. and 
1100 nrn. respectively. 

Results 

For a detailed description of the results 
obtained in solutions containing the pure alkali IAECL No. 5582. 
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2 5  immediately after the pulse is relatively weak 
with ;\,,,,, > 180011m. During the next 5-lops 

2 0  
the intensity increases producing a strong 
absorption with A,,, = 1400 nm. This absorp- 

a - tion then subsequently decays to form a long- 
I  s lived species with a characteristic band peaking - +. w7 = a t  930-950 nm (9, 12) now assipned to the 

w m 

-I I 0  
species Rb-. 

" +. The addition of M NaI  produces an - 
CX 
m effect very similar to  that observed in KNHEt  

s solutions. The rate of decay of the infrared 
band remains unafTected \\-hereas the Rb- now 
decays rapidly and is accompanied by a cor- 

0  
V O O  6 0 0  8 0 0  l 0 0 C  1 2 0 0  I L ( 0 0  1 6 0 0  I 8 0 0  2 0 0 0  

), I".. 
responding growth in the Na- absorption. 

FIG. 1. Optical absorption spectra observed in -2.5 X 
10-4 :it RbNHEt  solutions, A immediately after the 
pulse: after -5 ps: after 400 ps. Dose '  pulse ~ 3 . 7  X 
1019 eV 1-1. Optical densities are norrnali\ecl to a dose of 
2.3 X 10'8 eV 1-I in a I cm cell. 

metal ethylamides (Li, Na,  K. and Cs) the reader 
should refer to our earlier paper (4). In the 
present study we chose initial concentrations of 
K, Rb. or  Cs such that the formation of the 
parent alkali metal 'monomer' was essentially 
complete hithin 1-10 ps after the pulse (4, 6, 7). 
The effect of [Na+] u a s  then followed uith 
reference to  such solutions. 

Potussiun~ 
Solutions containing -5  X M potassium 

ethylamide (KNHEt) were investigated as a 
function of NaNHEt or Nal  with such concen- 
trations ranging from -- to 2 X or 

to 10-I M, respectively. In all cases the 
decay of the 1400nm ('monomer') band was 
second order and,  within experimental error, 
independent of [NaT]. As noted previously (4), 
the absorbance a t  1400 nm decays to a finite 
value the magnitude of which decreases pro- 
gressively with increasing [NaL]. 

Concomitant with the 1400 nm decay a build 
up  of the K- band is observed a t  890 nm. This 
in turn is follo\ved by a mixed first and second 
order decay, with the subsequent formation of 
Na-. The rate of decay of K- increases with 
[Na+]. 

Rubirlilun 
F i g ~ ~ r e  1 shows the optical spectra obtained 

as a function of time in M RbNHEt 
solutions. In  common with the other alkali 
metal ethylamides (4), the spectrum observed 

Cesiil17i 
Solutions containing 5 3  X lop3 M CsNHEt 

were investigated as a function of [NaT] from 
to lo-' Nal. Again the predonlinant eRect 

is that the otherwise 'stable' Cs- band (7) decays 
with the concomitant formation of Na-. Both 
the rate of formation of Na- and the rate of 
decay of Cs- increase with [Na+]. 

Lithiu~li 
Solutions containing 0.1 M LiNHEt were in- 

vestigated in the presence of to 10-I M Nal .  
These mixtures do not exhibit the features com- 
mon to the K, Rb, or Cs systems. 

In pure LiNHEt solutions a slow growth 
producing a long-lived absorption with a rnaxi- 
mum a t  -1600nn1 is observed on a nls time 
scale (4, 6). The addition of Na+ enhances both 
the rate of formation and the ultimate intensity 
of this absorption band (4). The band eventually 
decays producing, at  the same time, a growth in 
Nap. It is significant, however, that the rate of 
formation of Na- is much slower than is ob- 
served for comparable NaL concentrations 
present either in NaNHEt so l~~ t ions  or in mix- 
tures containing K.  Rb, or Cs ethylamides. 
Both the decay of the infrared band and the 
formation of Na- appear to  be second order. 

Discussion 

Qualitatively a considerable degree of agree- 
ment is evident between our work and earlier 
flash photolq sis studies of alkali metal solutions 
in ethylamine (I?) ,  pro\ ided that the latter study 
is reinterpreted in  terms of current knowledge 
regarding the nature of the specles in solution. 
In  both series of experiments it is clear that K, 
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Rb, or Cs 'Na mixtures behave similarly whereas 
Li Na n~ixtures are con~pletely different. 

Quantitative comparisons are more difficult. 
For  example, the flash photolysis studies were 
restricted to  wavelengths < 1000 nnl and,  to 
minimize solution decomposition, were mainly 
conducted a t  - 80 "C. The initial solutio~ls also 
contained a significant concentration of Na- in 
equilibrium with e,- and 'monomer' species. 
F ~ ~ r t h e r m o r e  it n2as not recognized until recently 
that both e,- and the 'n~onomer'  species absorb 
in the infrared but with a significant cliff-erence 
in X,,,,, (4). 

In qeneral the kinetic analysis of these svstems 
is very complex. This is particularly ivident 
concerning M- tvhere coilcurrent build up  and 
decay processes, coupled with extensive spectral 
overlap, make detailed analysis impractical. 
Observations on the decay of the infrared band 
and the build up of the Na- band are the most 
clear cut. However, even a t  these wavelengths 
the final absorption represents an equi l ibr i~~m 
condition which must be taken into account in 
order to deduce the appropriate rate constant. 
Care must also be taken to  miilimize the dose 
effect which otherwise leads to  competing radical 
processes (4, 17). 

Poinss~rrrl?, Rubldlil~?~, Cetrrrn? Socllirii~ Sol~rirons 
I11 K, Rb, or Cs Na solutions lt 1s evident that 

the forrnat~on of Na- occurs predom~nantly via 
the correspondlng M- specles with M- belng 
formed initidlly from the 'n~onorner' specles (4). 
T h ~ s  observatlon agrees w ~ t h  the conclusion 
reached from photolqsis s tud~es  (12) that the 
regeneratlon of Na- (formerlq descr~bed as the 
V band) occurred predonllnantly vla the cor- 
respond~ng K-. Rb-, or Cs- (R band) species 

In  some cases an  equallj good fit for the 
formation of Na- can be obtained with elther a 
first or second order plot Howecer, decreasing 
the dose pulse and progressing down the serles 
K-  - Rb- -- Cs- ~nlproves the second order 
quality and self consistent) of the second order 
'rate constant' K~netically, then, the forrnat~on 
of Na- appears as a mixed order process wdh 
the relat~ve contr~butions from first and second 
order components dependent on the dose pulse 
and the nature of the nilxed metdl systeln 

A mechanism composed of reactions 1 to 3 
and 1 to 8 is compat~ble v,ith our observatlolls 

[41 e,- + Na-  S NaO 

If k , [ M ~ ' ]  >> 1c4[Na-r] and equilibria 2 and 3 lie 
well t o  the right then reaction 5f is the rate con- 
trolling process and the Wa- formation will 
appear pseudo first order. At lower dose rates 
the equilibriun~ concentrations of e,- and M0 
become more significant. Assuming reactions 3 
and 6-8 occur concurrently then an  increase in 
the second order component would be expected. 
Likewise, if equilibria 2 and 3 shift more to the 
left with a c h a n ~ e  in the nature of M-, then a 
further increase In second order character ~vould 
be anticipated. This latter type of behaviour is 
observed (see later) and is consistent with the 
increased dissociation of M- in the order 
Na- < K- < R b  < Cs-. 

Based on the above rcactioil sequence we have 
utilized the computer program \hlR 20 ( IS)  t o  
simulate the results obtained in I('Na solutions. 
Rate constants were first estimated fro111 the 
experimental data and then varied to obtain 
the best fit. Corrections for spectral overlap 
were included in the calculations. The concen- 
trations of the mixture were such that the 
equilibriurn position of reactions 1 and 4 lie well 
t o  the right and hence reactions 2 and 6 are of 
little importance under our experimental condi- 
tions. From the kinetic treatment we deduce that 
k-3 << k 5 ,  k - ~  << kg.  k-7 << k 4 ,  k3, k 7 ,  and k s  - 
2 x 10'0 M-1 s-I, k j  -, 1 X lo9 M-I s-l, and 
the e q u i l i b r i ~ ~ n ~  constant Ks -- 2 X lo4. On this 
basis calculated rates of decay for K and K- 
and formation for K- and Na- are consistent 
with experiment. In general, however, the sys- 
tems are too complex to justify extensive curve 
fitting procedures of this type. 

For purposes of comparison Table 1 sum- 
marizes the observed rate constants expressed 
as a 'second order' constant, kK,-,-, consistent va+ 
with the overall process e,- + e,- + Na-, 
together with the second order constant k ( -Rr~)  
for the decay of M0 in the same system. The rate 
constants were calculated as in our previous 
paper (4) assuming eiqa- and ello t o  be 8.5 X lo4 
and 2.7 X lo4 MM-I cnl-l, respectively (6). 11 
should be noted that k S a  for K ' N a  mixtures 
is less than the values of k3,  k7, or ks required in 
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SEDDON ET AL. 3675 

TABLE I .  'Second order' rate constants for the 
formation of Na- and clecay of \ l o  i l l  mixed-nietal 

ethy lamide iolutions containing 2 X 10--h:M NaNHEt  
and 'or Nal .  See text for details 

Second Coilce~itration I<(,,-, X 10FO k(-,,o, X 10-10 
metal ( If) (.If-[ 5-11 (.\jf-l s-1) 

Nil 0 . 8  0 . 8  
K 5 X  10-3 -0.8 0 . 8  
Rb 2x10-4 -- 0 . 8  0 . 8  
CS 3 x 1 0-3 0.Z5 0.34 

3 X lo-" 0 .  66 0 . 7  
Li 1 X 10-1 -0.1 -0.1 

the computer calculations. This is simply a 
consequence of the slower rate controlling reac- 
tion 5. Nevertheless the experimental values 
calculated as 'second order' do  give a measure of 
the relative differences between the various 
mixed-metal systems. 

Flash pliotolysis studies (12) are also entirely 
consistent with this mechanism. For example, 
reinterpretation of the spectrum observed in 
po tas s i~~m,  ethylamine solutions shows that Na-, 
with A,,, at  675 nm, is the predominant species 
but with K- (910 n n ~ )  present as a minor com- 
ponent. Pliotolysis at 660 nm bleaches the Na- 
band in accordance with reaction 9 (19). 

The subsequent growth of an absorption in the 
'infrared' (monitored at  5 1000 nm) is then 
explicable by reaction 1 (where M+ = K-) with 
the ICo species becoming the precursor (formerly 
postulated as species X) of K- via reactions 2 
and 3. The decay of K- and concomitant forma- 
tion of Na- as shown in Figs. 3 and 4 of reference 
12 can then occur as discussed above. A similar 
sequence is evident from a n  analysis of the 
cesium ethylarnine solutions but is more difficult 
t o  establish because of the extensive spectral 
overlap a t  the wavelengths investigated. 

L ithiunz/ Sorliun? Solzit ions 
In these solutions the conversion process to  

form Na- is very much different than the 
features common to K ,  Rb, and Cs. It is signifi- 
cant that the rate of formation of Na- is. in all 
cases, much slower than would be anticipated 
for a similar Na+ concentration in either pure 
NaNHEt solutions or in mixtures viith K ,  Rb, 
or Cs. In the latter cases the obserked 'second 
order' rate constant for Na- formation, ks,- is 

proportional to  [total Na]1/2 and hence con- 
sistent with the dissociation of NaNHEt or NaI 
in the mixture. Ho~vever, in Li, Na mixtures 
k,,- is proportional to [total Na]ll3. It appears 
therefore, in the Li Na mixtures that the 
NaNHEt is associated or complexed with the 
excess Li ethylamide. In this way the effective 
[Nai-] is significantly reduced, with the Na- then 
being formed a t  a rate dependent on the es--MO 
equilibrium characteristics of the overall system 
and the dissociatio~i constant of the aggregate 
or complex. 

For  exanlple, in pure lithium solutions equilib- 
riuni 1 lies predominantly to the right. However, 
in the presence of Na+ the rate of forination of 
the 1400-1600 nm 'monomer' band is noticeably 
greater than in pure lithium solutions, but much 
less than in pure sodium solutions (4). Since 
both Li and Na 'monomers' absorb a t  about 
the same wavelength this suggests the formation 
of NaO from the equilibrium mixture via reac- 
tion 4 rather than via a subsequent step such as 
reaction 10. 

The Na- formation then presumably occurs via 
reactions 6-8, with the overall intensity gradually 
increasing with [Nay]  to that observed in 
NaNHEt solutions or in mixtures containing K ,  
Rb, or Cs. 

Effect of'[Nrr+] on f l ~ e  Overull Equilibriu 
Table 2 sum~narizes the effect of [Na+] on the 

equilibrium ratios of M ,  M-, and Na- in mix- 
tures containing Li, I<, Rb, or Cs. Equilibrium 
concentrations were estimated from the plateau 
optical densities (OD), measured -1 ms after 
the pulse, for M, M-, and Na-. For comparative 
purposes these values are expressed in terms of 
KA4 = (ODhf-'ODNa-)Y1/2 and Kg = (ODAlo/ 
0D,,-)Y1/2 where Y = [Na'] '[M-] is used to  
normalize the ratios for differing Na- and M+ 

TABLE 2. Effect of Na+ concentration on the overall 
equilibria in Li, K.  Rb .  and Cs solutions 

Second Concentratioll 
metal (!Ill) I(A KB 

"Assuming Cs-/CsO is the same as in pure CsNHEt solutions (7). 
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concentrations. Because of spectral okerlap KAi and L. R.  Kestner. Springer-Verlag, \Vest Berlin. 

can onl) be estimated for Rb and Cs Na mix- 1973. p. 77. 
4. J. W. FLETCHER, W. A. SEDDON, and F C. SOPCHI- tures. 

SHIV.  Can. J. Cl~ern. 51, 2975 (1973). 
The significant feature to note IS that the final 5, G, A, s ,,,,,,. w A s ,,,,,. and J, w. FLETCHER 

eauilibrium fakours N a  in all cases but to a Can. J. Chem. 52. 3259 (1974). 
progressively srnaller extent in progressing dou n 
the series Li, I<, R b, ancl Cs. For all the species 
under consideration the trend in stability in- 
creases in the order es- < LiO < NaO < KO < 
RbO < CsO < C s  < Rb- < K < Na-. These 
observations are in general, consistent with the 
qualitative trends noted by Dye et (11. (20), that 
Kl decreases in the order Cs, Rb, K,  N a  (Li), 
whereas for K2 the reverse is true. 

Summary 

In  K. Rb, or Cs solutions containing Na-, 
the forruation of Na- occurs via a rapid mixed 
order process via the corresponding K-, Rb-, or 
Cs- species. With Li solutions the Na- appears 
to  be associated or complexed with the Lif- ions 
thereby effectively restricting the con~petition 
for the parent e ,  and subsequent conversion 
to  Na-. 
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Proton and deuteron nuclear magnetic resonance study of host and 
guest motions in ethylene oxide-d, clathrate hydrate1 

JOHN A. RIPMEESTER 
Dicisior~ of C/iri?~i~ii?, .  .Vatior~u/ Re.reorc11 Coio~c,i/ of' Coriiitio. Ortcin,ir. Orll.. Ciriintici K I A  OR9 
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JOHN A.  RIPI\IEL~TER. Can. J. Chem. 54. 3677 (1976) 
The motions of water molecules in ethblene oxide-i/; clathrate hlclrate h a \ e  been studied 

between 200 and 280 K using conti~luous and pulsed 1H nmr nlethotls. The ' H  second 
monlent and rotating fraiiie relaxation tiine \ariation with tenlperaturc she\\ that reorientation 
and dilrusion of water iiiolecules occur as t \ \o  distinct pI.oce\\es. From the relaxation time data. 
activation energies of 8.15 and 12.0 ltcal iiiol are found for reorientation and dilTusion. re- 
spectivel>. 

From the non-zero guest molecule D quadruyole coupling constant ob\er\eci b e t ~ e e l i  -100 
and 280 K.  it is e\ident that there is 5onie net orientation of the guest molecules in the hldrate 
cagei at  all teiliperatures. Also, there is a slon niotional aieraging superimposed on  the rapid 
guest molecule reorientation Lvhich can be described a[-rprosiniately 17) the saine paraiiieterh as 
the water molecule reorientation. 

JOHN A. RIPMEESTER. Can. J .  Chem. 54. 3677 (1976). 
On a etudie, entre 200 et 280 K ,  et faisant appel aux methodes rmn du proton en o~ides  con- 

tinue ou pulv2e. les mou\ements deb molecules d'eau dans uli hhdrate clathrate d'ox! tie d'eth- 
ylkne-d4. Les variations avec la temperature du nioment second du proton et du temps de relaxa- 
tion du cadre tournant iiiontre~st que la riorie~station et la diffusion des molecules d'eau se 
produisent par deux processu> distinct,. A partir des dolillees de tenips de relaxation, on a 
trou\C que les energies d ' ac t i~a t ion  pour la reorientation et la diffusion solit respecti\ement de 
8.15 et 12.0 kcal mol. 

En se basant sur les constantes de couplage quadrupolaire de 'H, qui sont differentes de zero, 
pour les n~olecules hates entre -100 et 280 K, il est evident yu ' i l )  a une : Corientation nette des 
molecules hBtes dans les cages d'hydrate a toutes les temperatures. De plus il s'etablit lentement 
une niobenne des niouvenle~its qui est superposCe a la reorientation rapide des nlolecules hates 
et que I'on peut dicrire approxi~nativerne~st par les nlCmes paramktres que la reorientation des 
molCcules d'eau. 

[Traduit par le journal] 

Introduction 

In a previous publication (1) evidence \vas 
presented that in the tetrahydrofuran (THF) 
clathrate hydrate the reorientation of the water 
molecule rate is somewhat faster than the 
translational diffusion rate, a result opposite to 
that  found for ice itself. The clear resolution of 
the change of proton second moment and of the 
rotating frame relaxation times observed for 
THF-c18 hydrate into distinct reorientation and 
diffusion contributions was limited by the 
relative closeness of the reorientational and 
diffusional correlation times: these differed by a 
factor of -- 10 at  253 K.  

Dielectric relaxation measurements (2) show 
that the water reorientation rate in ethj,lene oxide 
hydrate is faster than in THF hydrate. The 

greater difference between reorientational and 
dift'usional correlation times expected in EO 
hydrate should help to resolve the contributions 
to the motional reduction of the second moment 
and to the rotating frame relaxation time. 

Ethylene oxide (oxirane) forms a structure I 
clathrate (3) of composition E 0 . 6 . 9 H 2 0  (4). 
The dielectric properties of EO hydrate and the 
CW nmr spectra of the guest n~olecules in the 
D 2 0  hj,drate have been studied between 2 and 
270 K (2). Recently, guest ~nolecule spin-lattice 
relaxation times ( T I )  of EO deuteriohydrate have 
been reported betkveen 77 and 280 K (5). 

l H  second nio~nents, spin-lattice relaxation 
times (TI), and rotating frame relaxation times 
(TI ,)  were measured for a clathrate of composi- 
tion of EO-NI.I.7H20 to elucidate the motions of 
the water molecules. In addition, deuteron nmr 

' N R C C  No. 15503. 
measurements revealed some significant features 
of the motion of the guest molecules. 
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T E M P  I K i  

FIG. 1. Second moment r s .  teniperature for EO- 
r/4.7H10, Inset i h o ~ v s  typical spectral lincshapes at 
various temperatures. 

Experimental Wiiethods 
The hydrate of EO-L4 was prepared b) sealing in glass 

tubes quantitiei of EO-c/, and concluctivitb water to give a 
compo\~t ion  of EO-O4,7H2O. The samples u\etl for 
relaxatioii time liieasilrerneiits were ciegasietl t h o r o ~ ~ g h l y  
by nieans of f r e e z e - ~ L I I - h a  c)c!e\. T o  ensure good 
theriiial contact between the sample and the glasi tube 
walls, a low presbure of helium gas wa:, atl~iiitted to each 
tube before sealing. After quenching iii l i q ~ ~ i d  nitrogen, 
the sa~iiplea were annealed at  -5 C for seberai days. 

The margi~lal oscillator ~ised to  obtain the 'H  CW 
spectra, the means of teniperature nieasuremeiit and 
control. and the niethods of secollcl nioiiient calculation 
have been described pre\iously (2). A Brulier SXI' spec- 
trometer operating a t  a frequency of 9.2 XlHi u a s  used 
for the pulsed nmr measurements. 1H and D TI mea5ure- 
melits were macle ~1si11g 90--r-1)0 ~ ~ u l s e  scqucnccs: IH 
Tl,'s were measured by means of a 90 pulse fol!owecl by 
a variable length pulse shifted iii phase by 90- t ~ i t h  
respect to the lirst. 1H T2 values \+ere fount1 by fitti~ig a n  
exponential curve to  the initial portion of the free 
induction d e c a ~ , .  Since the IH line shape beco~iies 
Lorentzian on14 a b o i e  -250 K ,  these T2 \ a l ~ ~ c i  are only 
approximate and are ~i ieant  to  ilii~strate the changes of 
T2 with teinlxrature. D quadrupole echoes were generated 
using 90'-r-90 900 pulse sequences. The paramcteri used 
to clescribe the shspe and decal of the echo are diac~~ssed 
in a later section. 

A Digital Equipnient Corporation PDP-SL coliiputer 
and peripheral eiluipnient were used to  enhance signal- 
to-noise ratios by means of time a\eragi~ig atid to  calcu- 
late tiine constants froni magnetization recover) curves 
and free induction decays. 

Results and Discussion 

' I f  Lineshupes aizcl Second A40111ents 
Figure I shows a piot of the E0-cI4.7.0H20 

proton second moments cs. temperature. At 

--40IC the second inonlent has a value of 
33.3 + 0.6 C', and at  this temperature both the 
second inonlent and lineshape (see inset, Fig. I )  
resemble the corresponding properties observed 
for TI-IF-(I8. 17H20 ( I )  and ice lh (6, 7) at !ow 
temperatures. Sat~lration problems such as 
encountered for various ices (6,8) at  1 0 ~ .  temper- 
atures were not encountered for this hydrate. 
(Near -40 K the D spin-lattice relaxation time 
is quite short, and the water proton inagrieliza- 
tion can relax via the proton-deuteron dipolar 
cross-relaxation mechanism.) 

There are two distinct regions of motional 
narrowing, centered a t  -210 and -250 K 
(Fig. 1). Although there is some overlap of the 
two regions, a distinct plateau occurs a t  -225 K 
a t  a second molllent value of 6.5 G2. From the 
dielectric relaxation study of EO hydrate (21, and 
by analogy with the ninr study of THF hydrates 
(i) ,  the low temperature line narrowing region 
corresponds to random reorientation of water 
mo!ecules, a motion which reduces the theoretical 
observable second moment to -7 G2 (1). 

The secotlcl motional narrowing region then 
corresponds to centre-of-mass difTusion of the 
water molecules. The predicted observable 
second molnent drops to zero for this motion, a 
value approached above -0 "C.  The lineshape 
is essentially Lorentzian at this temperature, as 
expected in the extreme nlotional narrowing 
limit. 

IN Rel~rxatiofz Ti:r~es 
The elitire proton TI curve (Fig. 2) can be 

attributed to  water molecule reorientation. The 
straight line portion of the log TI-ii~verse 
temperature plot gives an activation energy of 
7.7 kcal, mol, a value identical to the one derived 
for dielectric relaxatior: of the water molecules 
(2) .  

Quantitative interpretation of the relaxation 
time data is complicated by the presence of a 
distribution in reorientational correlation times 
of the water molecules. The water dielectric 
relaxation in EO hydrate could be roughly 
described (2) by a Cole-Cole distribution with 
the width parameter a varying from 0.07 at 
-40 "C to 0.14 a t  - 130 " C ,  although the 
experimental results indicated that the distri- 
butions were more sha-rply cut-off than the 
Cole-Cole distribution. 

The low temperature T,, ~liinimum ( F i s  2), 
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1 ' 1 ' ' 1 " ' 1 ~ 1 ' 1  

_ EO-d4.7H20 A- 3 
- 9.2 M H z  D/fl 

/"" 
..d" 

.o. 

dB .D T, 
.p" 

',..' 
- 

,.o'. 
F q.." - 

3.5 4.0 4.5 5.0 

IOOO/T ( K-') 
FIG. 2. IH static and rotating frame spin-lattice relaxa- 

tion ti~iies (TI ,  T,,). spin-spill relaxation tinie (T2), and D 
spin-lattice  elax ax at ion times s h o ~ i l  as  a function of 
inverie temperature for EO-tL, .7H20. 

clearly assignable to  reorientation of water 
molecules, is too shallow to be interpreted in 
terms of the BPP equation with a single correla- 
tion time. Several functions, including the Cole- 
Cole and the Frohlich, or rectangular, distribu- 
tions were incorporated in the BPP expression 
(9) and fitted to the TI and T I P  data by assuming 
a simple temperature dependence of the distri- 
bution width parameter. Although neither of 
these functions describes the data accurately, the 
rectangular distribution appears to  be some~vhat 
better over the temperature range in question. 

Incorporation of this distribution i ~ i  the TI 
expression gives 

In order to  account for the temperature de- 
pendence of the TIP data, diffusion of the water 
~nolecules nlust also be taken into account. It is 
assumed that tu-o mechanisms contribute to  
TI, according to  

[2] TI,-' = TI,-' (reorientation] 

+ TI,-' (diffusion) 

where the dift'usional contribution is treated as 
before (1). The reorientational contribution in 
the ~veak co!lisioa limit is 

[3] TIP-' = 2AM1[2.5f(uo,b,~) +,f(2wo,b,a) 

4- 1.5j'(2wI,h,i~)] 3 In (blu) 

The dotted line in Fig. 2 was calculated using 
eqs. I to 3 and 

AMz(reorientation) = 23.4 G2 

T = 9.40 X I0-l5 exp (4102 RT) 

AM2(diffusion) = 6.5 G2 
and 

T = 1.35 X 10-l5 exp (6040 R T )  

The width parameter, b, 'a ,  was assumed to vary 
inversely with temperature from a value of 4 at  
280 K to a value of 21 at  200 I<. This choice of 
parameters, although not unique, 1-ields a 
reasonable reproduction of the TI data and the 
T,,  data abo;e about 215 I<. 

The proton T2 temperature dependence (Fig. 
2) reflects the line narrowing which accompanies 
the reorientational and diff~lsive motions. Near 
the hydrate decon~position temperature TZ 
approaches TIP,  again as expected in the extreme 
motional narrowing limit. 

Water niolecule motional parameters for 
TMF-(IK 17H20,  EO-c/4.7H20, and ice I,, are 
summarized in Tables 1 and 2. The marked 
increase in reorientational mobility of the 
clathrate water molecules compared with those 
in ice I,, stands out, as does the corresponding 
decrease in reorientational activation energies. 
On the other hand, the diffusion process appears 

[ I ]  TI-' = 21M2lf(~,,.b.a) to  be much the same for the three "ices" con- 
s~dered here The results suinmarized in Table 1 

+ 1f(2i07b'ii)1 l n  (b support the contention that reorlentatlon and 
where f(w,b,u) = (tan-' w b  - tan-' &a) w. AM2 dlffus~on of water molecules are dist~nct and 
is the second moment averaged b) the water independent processes (10, 11) 
reorientatloa, and the cut-of7 tlrnes a and b are Water molecule reorientat~on In Ices IS usually 
related to  T, the center of the rectangular distrl- ass~lmed to  dccornpanq the d~ffusion of Bjerrum 
bution by T = tm ~ l t h  b > T > a defects The low actnatlon energy for water 
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T ~ B L F  I. Water iuolecuie rnotlonai paranleters 

Compound \?orion ro (5) E, (hcai mol) 

€0. 7 H 2 0 n  Reorientation C).10>; 10-15 8.15 ( 7 . 7 ) d  
Diffusion 1.3jXl0-15 12.0 

THF . I 7HZ06 Reorientation 1 .93 x 10-13 7 . 2  (7.4)d 
Difusion 1 .41  X 10-16 12.0 

Ice IhC Reorieiltation 5 . 3  X10-'6 12.25 
Di t fu~ion  2 . 0  ~ 1 0 - 1 7  13.9 

QThis  norh .  
hRcfsrrnce 1. 
cRefi.1-ences 23, 2 4 .  
~l\'alucs durited from clielsctric relaxation measurements, refs. 2, 25 

TABLE 2. Motional correlation times at 0 ' C  

Compound 

EO h) dratea 

THF h j  drateb 

Ice 

\PJater on  charcoald 
Water on  zeolite 13XC 
Water on  cell ~vallsf 

Reorientation 
Ditfusioil 
Reorientation 
Diffusioil 
Reorientation 
Dilfusioil 

aThis work. 
hReference 1. 
CReferences 2 3 ,  2 4 .  
%Reference 13 .  
eRefcrence 14 .  
fReferencs 1 5 .  
Q\'alues deriied from dielectric relaxation measurements, refs. 2, 2 5 .  

reorientation in EO and T H F  hydrates as well 
as several other clathrates (11, 12), which was 
shown to depend on the degree of polarity of the 
guest molecule, and possibly also on the occur- 
rence of oxygen atoms in the guest, must then 
reflect the facile formation of such defects. 

Finally, for T'HF and EO hydrates there is 
excellent agreement between results obtained 
from nnlr and dielectric relaxation for the water 
nlolecule reorientational paralueters (Tables i 
and 2). 

In Table 2, clathrate h~.dra te  water molecule 
motional parameters at 0 O C  are compared with 
nlotional jump times for water molecules ad- 
sorbed on various substances (13-16). These 
latter jump times are assumed to characterize 
both reorientation and diffusion, as no distinc- 
tion bet\veen the t \ + ~  processes can be made. 111 
all cases the mean niotional jump times for 
sorbed water molecules are faster than either the 
reorientational or diffusive correlation times for 
the ices. It may well be that the presence of 

unique reorientation and diffusion processes is a 
primary difference between the true ices and 
sorbed water, where the absence of water 
nlolecules with 'ice-like' mobility reflects the lack 
of a 3 dimensional H-bonded lattice. 

In light of the results reported here, the usual 
assunlption that rotational and translational 
lifetimes for water molecules in both ice and 
water are about equal (17) should be treated 
with caution. 

Delriero~z TI N~rclear Magneiic Resorzc~nce 
Silrclies 

Deuteron spin-lattice relaxation times of the 
guest n~olecules are shown in Figs. 2 and 3. At 
temperatures below the TI ~naximurn a t  184 K 
the log Tl us. inverse te~i~pera ture  plot is linear 
and an activation energy of 0.89 kca! mol can be 
derived fro111 the slope. The relevant relaxation 
process here is the rapid fluctuation ( w ~ ,  << 1) 
of the electric field gradients (efg) at the deuteron 
sites brought about by the fast guest molecule 
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EO-  d4 .7 H 2 0  - lo-' 
'n - D-9.2 M H z  

s 1 

FIG. 3. D >pin--lattice relaxation times (TI). linewidth 
parameter ( T 2 C )  and spin echo decaj time ( T I E )  plotted 
a s  a function of tetiiperature. 

reorientation. The activation energy is in good 
agreement with the value of 0.9 kcal rnol found 
by Hayward and Packer (5) from proton spill- 
lattice relaxation times on E 0 7 D 2 0  (4), but is 
appreciably loher than the dielectric relaxation 
value of 1.4 kcal mol (2). The lower nmr 
activation energy possibly reflects reorientations 
about the EO polar axis which the dielectric 
method does not detect. 

Above 184 K the D T1's decrease with increas- 
ing temperature and become nearly parallel to 
the proton Tl's (Fig. 2). Therefore, it is tempting 
to  attribute these two time constants to the same 
motional mechanism. Just as thc proton Ti's are 
governed by water n~olecule reorientation, the 
deuteron spins can be relaxed by fluctuations in 
the D-'H nuclcar dipolar interactions. In the 
slow  notion limit ((w,~,)', ( w , ~ , ) ~  >> 1) and 
with w, >> a,, the appropriate expression for Tl 
is (ref. 18, p. 295). 

A t  250 K T, for water n~olecule reorientation is 
1.26 X lod7 s. The change in the proton contri- 
bution to the deuteron second moment due to  
water molecule reorientation, ASM(D - 'H), is 
calculated to be 0.48 G2 for isotropic guest 
molecule reorientation. From the lH second 
moment studies of E 0 . 7 D z 0  (4) ASM(D - lH)  
probably should be about twice as large as this 
calculated value, presun~ably because of less 
than isotropic reorientation of the guest mol- 

ecules. The Tl value calculated from eq. 4 is then 
17.3 s, about 40 times larger than the experi- 
mental value. 

The relatively short D Tl's above 200 K must 
then be due to a quadrupolar mechanism, which 
ma)., or may not, be related to water n~olecule 
reorientation. This implies that a t  slightly lower 
temperatures there is a non-zero D quadrupole 
coupling constant which is at  least partially 
averaged when the appropriate motion becomes 
fast enough. The magnitucle of the fluctuating 
component of the electric field gradient can be 
estimated from (e2qQ h),ff, the effective quad- 
rupole couplinr constant in the Tl expression 
(ref. 18, p. 313). 

If again use is made of the uater reorienta- 
tional correlation time for T, and the experi- 
mental TI value at  2501<, (e2yQ I I ) , ~ ,  = 12.5 
kHz. 

Deirteroiz Q~rntli~cpole Echo Sturlies 
Significant information should also be con- 

tained in the D nmr lineshapes. In  the study of 
anisotropic motion in ~nolecular solids, com- 
pl ica t in~ intermolecular interactions are much 
less important in D nmr, where the lineshape 
determining interaction is between the nuclear 
electric quadrupole moment and the electric 
field gradient at  the nucleus, than in 'H nmr, 
where many internuclear dipolar interactions 
must be accounted for. 

For a D nucleus in a ~nolecular C--D bond, 
the quadrupole coupling constant e2qQ,'h gives 
the magnitude of the quadsupole coupling tensor 
principal component. The asymmetry parameter 
17 measures the departure from cylindrical 
symmetry of the efg tensor. For C-D bonds 7 is 
usually small (< 0.1) and here will be taken to  be 
zero. 

In  po~vdered samples, the variation of crystal- 
lite orientation in the magnetic field gives rise to  
the familiar spin 1 powder doublet with a 
characteristic doublet splitting 

Here, 8 is the angle betueen the principal axis of 
the efg tensor and any molecular axis about 
~ h i c h  reorientation is sufficiently rapid. In 
pulsed nnlr experiments, the fine structure 
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manifests itself as a rllodulation of the free 
induction decay (fid) a t  the frequency I;. When 
the fid decays in a time of the same order as the 
instrunlent recovery time, the line shape in- 
formation can be obtained from the quadrupole 
echo generated by an appropriate pair of pulses 
(19). For a D nucleus the expression for the 
quadrupole echo following a 90°-~-90"90~ pulse 
sequence is 

where f(c1) is the distribution function for the 
quadrupole frequency a. 

In the case of EO-~I4.711~0, well defined 
modulation of the quadrupole echo can be 
observed below -2.5 K.' The modulation fre- 
quency of -120 kHz leads to  a quadrupole 
coupling constant of -160 kHz and can be 
assigned to  EO-rI4 guest molecules held rigidly 
in their cages. 

Above -70 K, the guest molecule motions 
are quite rapid (T, << lous s), but far from 
random, and, as judged from the absence of 
well-defined quadrupole frequencies, the quad- 
rupole echo should be interpreted in terms of a 
distribution of such frequencies. In turn this 
suggests that the axes of preferred reorientation 
of the guest molecules vary from cage to  cage. 

For EO-c14.7H20, the quadrupole echo shape 
could be analyzed in terms of a Gaussian func- 
tion according to 

A typical plot of S(t) us. ( t  - 27)' is shown in 
Fig. 4A for t 2 27.  Alternatively TZG could be 
obtained from tIl2, the echo half width at half 
maximum, from 

TZG values derived from EO-d4 7 H 2 0  are plotted 
as  a function of temperature in Fig. 3. The rms 
quadrupole frequency (Z2)'/2 (in Hz), as ob- 
tained from 

was found to be 13.9, 2.34, and 1.46 kHz 
respectively at 100, 210, and 270 K (see Fig. 5). 
These values should be compared bith the 

2UnpubIished results. 

quadrupole frequency for an EO-(14 n~olecule 
held rigidly in the clathrate cages, namelq 120 
kHz,  as found for T < 25 K.' 

Between -160 and 209 K a quadrupole echo 
cannot be observed for times T significantly 

Frc;. 4. Typical plot of spin echo amplitude S( t  - 27) 
as a function of ( 1  - 2 ~ ) ~  ( A )  and spin echo maximum 
S(27)  as a function of pulse spacing 27 (13) ( T  = 241 K). 

lo3' I d o l  140 ' ' 180 ' ' 220 ' ' 260 ' ' ' 
T (  K )  

FIG. 5. 1H rms linewidths (62)1/2 for EO-d4.7H20 and 
E 0 . 7 D 2 0  and D rms quadrupole frequency (n2)l/2 for 
EO-d4 .7H20 plotted as a function of temperature. 
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greater than --T2G. In this temperature region 
there is a relatively slow motional averaging of 
the guest molecule residual orientation which 
causes ( ~ s " ) " ~  to be decreased from -7.5 kHz 
at 160 K to 2.34 kHz at 210 K. 

The effective fluctuating quadrupole coupling 
constant of 12.5 kHz (see eq. 5) can be ident~fied 
approxinlately with the change in width at half 
height of the D llneshape function on going from 
160 to 110 K ;  this change in width is given by 
(8 In 2)li2n ( ~ ~ 2 ) ~ ' ~  and has a value of 12.2 kHz. 

The decrease in echo amplitude with increasing 
pulse spacing 7 in the 9 0 " - ~ - 6 ~ ~  pulse sequence 
is due to spin-spin relaxation. In general, the 
time constant for the echo amplitude decay 
depends on the turning angle P of the second 
pulse (20). For EO-c14.7H20 the turning angle 
was always 90" and the decays were approxi- 
mately exponential according to 

A typical plot is shown in Fig. 4B. The T,, 
obtained in this manner are shown in Fig. 3 as a 
function of temperature. Note that T,, drops 
between -140 and 210 K and for a temperature 
range centered at 180 K an echo with T2E > T2G 
cannot be observed. This effect is analogous to 
the line broadening and fade out observed in 
CW D nmr studies (21) when T,, the correlation 
time for the motion is about equal to (2nlvl - 
v2/)-l. Here vl and vz are the quadrupole transi- 
tion frequencies for a stationary deuteron. In 
absence of well defined frequencies vl and v2, we 
can identify ' v l  - v 2  with the rms width of the 
D resonance line just below the fade out temper- 
ature at 160 K, about 7.5 kHz, and this leads to a 
correlation time 

7, - (2n (a2 = 2.1 X s 

From dielectric relaxation measurements (22) 
the mean water molecule reorientational cor- 
relation time is 2.5 X s at 177 K, a temper- 
ature well within the fade out region. This 
again illustrates that the efg fluctuations and 
water inolecule reorientations have sirnilar 
correlation times. 

We can also attempt to interpret the T,, 
values observed well away from the region where 
motional effects occur in terms of nuclear 
dipole-dipole interactions. Below -- 140 K the 
main interaction of this type will be between 
rigidly held water molecule protons and guest 

deuterons. The second moment calculated for 
this interaction with isotropically rotating guest 
n~oleculcs is 1.7 G2. By comparing experimental 
proton second moments ~ i t h  calculated values 
for E 0 7 D 2 0  (21, it is evident that the 1.7 G 2  
should be doubled to take into account non- 
random reorientation. Assumption of gaussian 
lineshape and a second moment of 3.4 G 2  leads to 
a T2 value of 1.65 X lo-" s, close to the experi- 
mental T2, value of 3.1 X 10-% derived for a 
Lorentzian lineshape. Both the longer time 
constant and the lineshape for EO-c&. 7 H 2 0  may 
be understood in terms of an averaging of the 
proton local field at the deuteron sites (ref. 18, 
p. 123). A quasi-lorentzian lineshape with a 
half-maximum width much less than the rms 
width is expected for heteronuclear dipolar 
broadening of a set of I spins by a set of S spins if 
(rs'rI)2 is a large number. 

The increase in T2E with increase of temper- 
ature above -220 K is mainly due to an averag- 
ing of water proton- guest deuteron nuclear 
dipolar interactions as the water molecules start 
to  diffuse through the lattice. The limiting high 
temperature value for the deuteron dipolar 
second moment will be determined by inter-guest 
D-D interactions, as all lH-D dipolar inter- 
actions are averaged by the sufficiently rapid 
water molecule reorientation and diffusion. For 
randomly reorientating guest molecules the D 
second moment will be 1.1 X G2. This 
leads to a T2 value of 2.0 X s for a Gaussian 
lineshape. The experimental value, derived from 
an exponential decay, is -1.35 X s, still 
somewhat short of the calculated value. The 
difference could again be accounted for by a less 
than random guest molecule reorientation. 

The D echo decay times T2, prove to be a 
useful parameter to monitor low frequency 
( T ~  - lods s-l) guest molecule motions. Temper- 
ature regions where low frequency efg fluctua- 
tions take place are easily distinguished from 
those where only nuclear dipole-dipole inter- 
actions are averaged. 

The D nmr studies demonstrate that re- 
orientation of most EO-cl4 molecules is non- 
random in the structure I cages at  all temper- 
atures. The small degree of residual orientation, 
and any change therein, is much better defined 
by D than 'H measurements. This is illustrated 
in Fig. 5 which shows lH rms linewidths (62)1/2, 
defined by (62)"2 = y&/2.rr where HL is the 
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proton local field (ref. 18, p. 547) for EO- 
d4.71i20 and E 0 . 7 D 2 0  and also (a2)1'2, the 
rms quadrupole frequency for EO-cl4. 7H20. 

Above -0 "C relatively rapid reorientation 
and diffusion of the host water molecules takes 
dace.  so that the residual orientation of the 
A ,  

guest n~olecules in the hydrate cages probably 
reflects the aspherical nature of the van der 
Waals interactions between the cage walls and 
the guest molecules. T h ~ s  is consistent with the 
average symmetry of the large structure I 
hydrate cages, (42/71), which, according to the 
composition E0.6.89H20 (4), contain up to 
90yc of the EO molecules. These symmetries are 
attained only when rapid water molecule re- 
orientation causes the different cage configura- 
tions resulting from the disordered hydrogen 
bonding scheme to be averaged over the re- 
orientational motion of the water molecules. 
When water molecule reorientations slow down. 
the many possible cage configurations freeze in 
and the sites available to  the guest molecules 
become energetically different, thus restricting 
the guest motional freedom. In this sense the 
high temperature guest molecule motion and the 
water molecule reorientation are intimately 
connected. 

At high temperatures, where the structure I 
hydrate cages have well-defined average sym- 
metries, one might expect that EO molecules in 
the large and small cages have different residual 
orientations. In this study we did not see separate 
signals for the guest n~olecules in the large and 
small cages. Houever, direct observation of the 
D free induction decay, or quadrupole echo, is 
not the best way of looking for fine structure. 
Ex~eriments t o -  obtain decaiied D nmr line- 
shapes in the high temperature region are in 
progress. 

It should be possible to correlate any net 
orientation effects observed by D nmr at high 
temperatures with those suggested in the X-ray 
structural study ( 3 ) ,  and also with calculations 
of the potential energy as a function of orienta- 
tion for an EO molecule in the structure I large 
cage (2). 
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Kinetics and mechanism of substitution reactions of 
(dimetEnylsulfoxide)pentaamminecobalt(III) iorm in dimethylsulfoxide 

solvent: complications due to redox and conjugate base processes 

S. T. DANNY LO, EVELYN bf. OUDEMAN, JEAN C. HANSEK~ AND THOMAS W. SWADDLE' 
Depurrr71er7i of Clrer77isr~~., The L'riicet..\i!, of Culgar!,, Calgurj.. Altu., Cur7adu T21\' I N 4  

Received June 17, 1976 

S. T. DAKNY LO, EVELYN M. OUDEMAN, JEAN C. HANSEX, and THOMAS W. SWADDLE. Can. 
J. Chem. 54, 3685 (1976). 

Siniple anation and solvent exchange reactions of Co(NH3)jDMSO3+ in DMSO are acconi- 
panied by reactions in which the conjugate base of this coniplex undergoes either internal redox 
to cobalt(11) or relatively rapid substitution. These conjugate base reactions are eliminated by 
addition of H+, although a minor redox pathuay persists Llithin ion pairs of C O ( N H ~ ) ~ D M S O ~ +  
with chloride or bromide. The latter pathway is evidently not niechanistically related to the 
solvent exchange or anation reactions. which proceed by dissociative interchange ( Id)  according 
to the acti\ation parameters (\olun~e of activation = +10 cm3 mol-1 for DMSO exchange; 
enthalpy of activation = 123. 121, and --I26 kJ mol-1 for DMSO exchange and bromide and 
chloride anation respectively). Enthaipies of activation for solkent exchange and for the Iiniiting 
anation rate are shown to be better criteria of rnechanianl than the corresponding rate co- 
eficients. 

S. T. DANNY LO, EVELYN M. OUDEMAN, JEAN C. HANSEN et THOMAS W. SWADDLE. Can. J. 
Chem. 54, 3685 (1976). 

Les reactions d'anation simple et d'Cchange de solvant du C O ( N H ~ ) ~ D M S O ~ +  dans le DMSO 
sont accon~pagn&s par des rCactions dans lesquelles la base conjuguee de ce complexe subit soit 
une reaction redox interne conduisant B du cobalt(l1) ou des reactions de substitution relative- 
ment rapide. On elitnine ces reactions des bases conjuguees par addition de H+; toutefois un 
chemin mineur de rCductio11 persiste St l'interieur des paires d'ions du C O ( N H ~ ) ~ D M S O ~ +  
avec le chlorure ou le bron~ure. I1 est evident que cette dernitre voie n'est pas reliee 
d'une fafon mCcanistique avec 1'Cchange de solvant ou les reactions d'anation qui precedent 
par un echange dissociatif ( Id )  si l'on se fie aux parametres d'activation (volume d'activation = 
+10 cn13 mol-1 pour 1'Cchange DMSO; l'enthalpie d'activation = 123, 121 et -126 kJ mol-1 
pour les Cchanges avec le DMSO et d'anation du chlorure et du bromure). On montre que les 
enthalpies d'activation pour l'echange du solvant et pour la vitesse limite l'etape determinante 
de I'anation sont des meilleurs critkres pour Ctablir 1e micanisme que les coefficients correspon- 
dants de vitesse. 

[Traduit par le journal] 

Introduction 

We recently summarized (1) the evidence 
which indicates that, when water is the solvent, 
simple substitution reactions of cobalt(lI1) 
ammines 

KIP 
[ I ]  CofNH3)5(sol\ent)3- + Yn-  + 

/C~(NH; )~( so l \ en t ) ;~ ,  Yn-) 

ILi 
C O ( N H ~ ) ~ Y ( ~ - ~ ) +  f solvent 

proceed by a dissociative interchange (Id) mech- 
anism (2), that is, one in which Co-solvent bond 
breaking within the ion pair or encounter com- 
plex (C~(IaiH~)~(solvent)~+,  Yn-) is the rate 

1 Author to whom correspondence should be addressed. 

determining process. We also pointed out, 
however, that cobalt(I1I) complexes may be 
anomalous in this respect, since the evidence 
collected to date suggests that, in general, 
octahedral cationic complexes of other trivalent 
transition metals M(II1) undergo simple ligand 
substitution by an associative interchange (I,) 
mechanism, in which bond making by Yn- 
within the encounter complex is involved in the 
rate determining process (1). 

We now report on our attempts to extend the 
data available for reaction 1 to include dimethyl- 
sulfoxide (DMSO) as the solvent. This solvent 
was chosen, partly because of the considerable 
recent interest (3-10) in the complex C O ( N H ~ ) ~ -  
D M S 0 3 ~  in itself, but mainly because the lower 
dielectric constant of DMSO relative to water 
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was expected to allow ion pairing to  proceed 
essentially to  co~npletion a t  practical concentra- 
tions of Y7'- and so permit the limiting first order 
rate coefficients ki to be measured directly, this 
being inlpossible in water for rnononega- 
tive Y-. Moreover, conlplexes of the type 
Iv I (NH~)~Y(~-" )+  are known for a wide variety 
of M(III), and it was intended that the present 
study would form the basis of an  extended 
comparative study of ligand s~~bst i tu t ion mech- 
anisms in nonaqueous solvents in relation to  the 
nature of M. In addition, there was the possi- 
bility that the predominant mechanism of reac- 
tion 1 might change on changing the solvent. 

Finally, the relatively large size and bulky 
shape of the DMSO molecule raise the possi- 
bility that the need for a refinement of the 
Langford-Muir criterion of an Id mechanisni 
(1 I )  might become apparent for reaction 1 when 
DMSO is the solvent (footnote 3 of ref. 12). 
Where the solvent molecules (e.g. water) are 
small, movements to  and from the reaction site 
are relatively free, and Co-solvent bond breaking 
will generally lead either to net exchange with 
the ubiquitous solvent molecules or to unseiec- 
tive scavenging of Yn-  within the encounter 
complex. One may therefore expect, with Lang- 
ford and Muir (1 l) ,  that ki will be about the 
same for all Yn-  in a given solvent, and less than 
(or, at  most, equal to) the first order rate coeffi- 
cient k,, for solvent exchange in free CO(NI-T~)~- 
(~olvent)~', in the absence of some general 
labilization of the complex on forming an ion 
pair. These expectations may not, however, be 
realized if the bulkiness of the solvent molecules 
resulted in a high probability of recombination 
with the same solvent molecule, rather than a 
dijferent one, after cobalt-solvent bond fission, 
so  that the measured value of k,, would be con- 
siderably lower than the true bond breaking rate 
coefficient. Similarly, access to the reaction site 
would be easier for small than for large Yn-. 
Thus, ki could vary somewhat with the nature 
of Yn- and could exceed k,,, especially when 
Yn- is small, even though the mechanism re- 
mained strictly Id. These complications are seen 
t o  be essentially statistical, i.e., entropic, in 
origin, and serve to emphasize that the ger~eral 
kinetic charucteristic of cin Id nzechanism is the 
conslaizcj of rhe enfha!pj of actirjation clssociutecl 
with the rate cocficietlrs k, ~ n c l  k,, throughout 
a series of reactions such as reaction I in which 

Yn-  is varied. This is because the enthalpic part 
of the free energy of activation is alwiys that 
required to break the same metal-solvent bond, 
within a given Id series; clearly, no such con- 
stancy of enthalpies of activation would be 
expected for an I, process, and indeed the latter 
behavior characterizes 1, substitution at  
chromium(1II) centers (12). 

We present here evidence that the mechanism 
of reaction I does remain Id on going from water 
to DMSO as solvent, and that refinement of the 
Langford-Muir criterion in terms of enthalpies 
of activation does appear to be necessary for 
DMSO. Unfortunately, our experiments were 
complicated by unexpected conjugate base reac- 
tion pathways and redox phenomena, but these 
are of interest in thenlselves and are of import- 
ance in considering past and future studies in 
this field. 

Experimental 

.?.Ii~ierials 
Tetraethylammonium ciiloride anci broniide (Baker 

Cheni. Co.) ucre recrystallized from hot tlimethyl- 
formamide (DMF)  by adding ether, anci were dried ~ ~ n d e r  
Iiigh \ acuuni. Anal) tical reagent grade p-tolue~iesulfonic 
acid hydrate (Fisher Scientific Company) was used 
without further recry~tallization. Dirnetli) lsulfoxide (ACS 
grade, Fisher Chemical Corp.) and DbISO-c16 (Merck, 
Sharp and Dohme Canada Ltd.) \\ere puritied by a 
methoci analogo~ti  to  the purification of D M F  as de- 
scribed elsewliere (13). 

[Co(NH3)5D.LISO](C104)3 . 2 H Z 0  was prepared anti re- 
cry5tallized by the method of Mac-Coll ant1 Beyer (10). 
[Co(NH3)jCI](C104)2 and [ C O ( N H ~ ) ~ B ~ ] ( C I O , ) ~  were pre- 
pared as deicrihed previously (14). The purity of these 
coniplexei wa5 clieclted by micioa~ialysis. 

Ki/i~~iic rZ1~~1~1it~rnle~ifs 
The progress of the exchange reaction between the co- 

ordinated D hfSO-i16 in [ C O ( W H ~ ) ~ D ~ I S O ] ~ +  with D.\lSO- 
r i6 solbent u a s  follo~ved by remo\ing samplcs at  appro- 
priate intervals from thermostatted solutions of the 
perchlorate salt. freezing then? ~111til required, and re- 
cording the pnir spectra of the thawed sample5 with a 
Varian A-60 spectrometer at  roorii temperature. The 
height of the coordinated DMSO-/i6 peak (7 = 7.27 ppm) 
was nieasured relative to  that of the NH3 resonance 
(7 = 6.07). The pressure dependence of the reaction rate 
was similarLy measured by removing samples from a pre- 
pressurized syringe, as  described previously (14). 

The progress of the anation  reaction^ \$as f o l l o ~ e d  
spectropiiotometr-icaliy using a Cary Model 17H spectro- 
photometer as  described elsewhere (12).  The relevant 
molar absorptivity (t) data are recorded in Table I .  

Cohiilr(1l) A1ia1j.sc.s 
The concentration of cobait([ l)  in the reaction mixtures 

was determined ipectroscopicaily a i  either CoCI4'- 
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TABLE I .  Ylolar absorpti~i t ies  (in din; mol-1 cni-1) of perchiorate 
sa!ts of pentaan~n~inecobalr(lll) coniplexes in DI\ISO 

hIolar absorptivity at  wa\elengli~ inrn) 
- 

Coniplex 312 419" 5 0 j a  544" 2 54Ab j80b  

"[cornpiex] = [p-toluci~csulfon~c acid] = ( I  to 2) X 10F3 n?ol d,n-3: [CI-1 -- ~[cuniplex] .  
ii[con~plexl = [p-tolucnc~ulfonic acid] = (1 to 2) X mol dm-" [[Br-] -- ijcrn:?>;,icr] 

(ah\orption maximum in DMSO at 6 8 3  nni  u'ith t = 30-1 
dm; i~lol-1 cm - 1  j or CoBr4'- (n:axini~ii?? ii: DXlSO at  703 
nil? ~ ~ i t l l  t = 108.9 dm3 moi-1 cin-1). In some cases, rile 
cob;ilt(il) content was determined gravirnetricall~ a s  
clit!lioc) anatotetra~~yridinecobait(11 j ( I  5 ) .  

Results 
In preliminary experiments, the anat; 1011 reac- 

tion (reaction 1 ,  with Yn- = Cl-, Br-: NCS-; 
solvent = IIMSO) was follo\a;ed spectrophoto- 
metrically (at 340, 580, and 3 12 nm, respectii,eiy) 
at  45 ' C ,  ~lsing only [CO(NI-I~)~DMSO](CIO~)~ 
and excess (C2H j)&C1, (C2615)~NBr, or KNCS 
as solutes. In no case was the expected first order 
depmckiice on [CO(NH~)~DMSO~']  observed 
beyond a few percent reaction; rather, the reac- 
tion appeared to be autocatalytic (see, for 
example, Fig. l), most notably when Yn-  was 
NCS--, and also was slightly accelerated by 
exposure to  the room lights at ieast when - f v L -  

was Br-. Nevertheless, the initial rates of the 
reactions in the dark suggested apgroxinlate 
~ a l ~ ~ e s  of the limiting first order rate coeficient 
ki of (1.6, i .0, and 1.2) S 10-4 s-I at 45 "C for 
Yn- = C1-, Br-, and NCS-. 

Closer examination of the prodilc?~ of reac- 
tion 1 arter completion at 45 'C, however, 
revealed the presence of 97; and 7% cobalt(i1) 
along with C O ( N H ~ ) ~ Y ( ~ - " ) -  for Y1+ = Cl- and 
Br- respectively. while, over the same tirile but in 
the absence of other solutes, CO(NH;)~L)MSO~+ 
and C O ( N H ~ ) ~ E ; ~ ~ +  perchlorates yielded 1 I yc 
and 4 7  cobalt(I1) respectively in DMSO at 
45 "C. Great care was taken to free the starting 
materials of cobalt(1B) by recrystallization, and 
it was established that the reaction rates were 
independent of the mode of purification of the 
solvent and of the presence or absence of added 
water or [ C O ( D I ~ ~ S ~ ) ~ ] ( C I O ~ ) ~ .  Thus, neither 
cobalt(i1) zlorle nor trace contaminants were 
responsible for the autocatalytic substi"itio11 and 

redox decompositinn p h e n o n ~ e ~ ~ a .  The additin11 
of hjdrogen icin !as ilie poorly con-~plexirig 
p-toluenesulfonic or trifiuoror?~ethrrnes!~lfnnic 
acids), however, eliniil?attcl cnbal!i!l) formatior;, 
except where chloride or bromide ions uere 
present, in which crises reduction of the cobalt 
center \,bas still greatly diminiilred. Tile relative 
amount of cobalt(il) present in  tiles.- latter cases 
at tile end of the subsiitilrioll reactions incrcascd 
with increasing halide ion conch-ntrntisn, hut 

0.6 L- i. ____- I 

0 50 900 
Time ",min l 

FIG 1. Reaction of Co(Nh';jjDMSO3- (2.0 r~imoi 
dm-3) with E r  (15.0 rn111oi cim-3) ill EXZSO ar 45.0 -C  
without added acid. Optical zbiorliar?ce; A, n~easured at 
580 nm. 
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TABLE 2 Relati\e aniounts of Co(l1). Co(NH3),DMS03'. and C O ( N H ~ ) ~ Y ' ~  n j f  pre5ent at the 
completion of reaction 1 in DMSO solbent at 50 7 C 

.- - 
ln~t ia l  Initial Initial Final Final Final 

[ C O ( N I H ~ ) ~ D ~ ~ S O ~ - ] ~  [CH3C6H4S03H] [(C2H5)4NY] [Co'-]b [ C O ( N H ~ ) ~ D M S O ? - ]  [ C O ( N H ~ ) ~ Y ' + ]  
y TL - (nimol dm-3) (nirno! dm-?) (mrnol dnir3)  (7,) (%,) (77,) 

"As perchlorate snit. 
hDetermined spi-ctrophotometrically a s  CoY,I- ;  uncertainty, k 10%. 
CUsing [Ca(h'I-li)jYl(C!O~): a s  starting ma te r~a ! ,  1.0 mmol dm-'. 
~ [Co( r ;H~) jC l ]C12 ,  which h a s  piecipitdtcd on  completion o f  the reaction, was removed by filtration before determination of Co(l1). 
eAt 80.0 "C, 

was independent of [HA] so long as this was on 
the order of the initial [Co(lll)], and did not 
increase further after the end of the substitu- 
tion reaction; it was shown separately that 
Co(NH3)CI2- and C~(Tzd id~)~Br~+  did not under- 
go reduction ur;der these experimental condi- 
tions. These observations, ~ h i c h  were quanti- 
tatively reproducible, are summarized in Table 2: 
and indicate that reduction of cobalt(1ll) takes 
place primarily through a conjugate base species, 
presumabi) Co(N%-f3)4jNHz)DMSOi-, H hich can 
be expected also to undergo substitution rela- 
tively rapidly (1 ,  2, 46). 

Reduction to cobalt(l1) results in labilization 
of the cobalt center leading to ammonia release 

[3] C O ~ N H ~ ) ~ ( N H ~ ) D M S O ? '  -> 

Co2' $ 5NM3 + oxidized DblSO 

which forces reaciion 2 to the right and so is 
autocatalytic. The persistence of a small degree 
of cobalt(1l) folrnation under acidic conditions 
when Ci- or Br- were present bas  significant 
orily at  the lower reaction temperatures, and it 
was shown that the presence of small amounts 

of cobalt(I1) did not affect the rate of reaction 1. 
In the light of these findings, all further rate 

measurenlents were carried out with the addition 
of acid. For the anation reactions (reaction 1, 
y n -  - - Cl- or Br-, solvent = DMSO), plots of 

In (A, - A,) us. time t ,  where A, is the optical 
absorbance at  time 1 ,  were then linear over the 
first 505; reaction for 'in- = Br- (later, A,  
changed slightly 1c.s.~ rapidly than the first order 
rate law required), and over the first 6 5 4 0 %  for 
y n -  - - Cl-. Exposure to the room lighting did 

not affect the reaction rates. The anation reac- 
tion proceeded effectively to completion for 
Yn- = Cl-, so that the observed pseudo-first order 
rate coefficient kobs equalled the anation rate 
coeficient k,,,, but for Yn- = Br-, anation was 
not quite complete (cf :  Table I) ,  and kobs was 
the sum of k,,, (which was directly estimable 
from the initial reaction rate, on the assumption 
of eventual complete reaction) and the reverse 
(solvolysis) rate coeficient, k,,,. These data are 
collected in Tables 3 and 4. 

The values of k,,, indicate limiting values ki 
at  45 "C of approximately 1.4 X s-I for 
Yn- = CI-and, by interpolation, 4.2 X s-I 
for Yn- = Br-. The latter value is less than half 
that observed in the absence of added acid, which 
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LO ET AL. 3689 

TABLE 3. Pseudo-first order rate coeffic~ents Lobs, Lan, and k,,, the format~on of C O ( N H ~ ) ~ B ~ "  
from Co(NH,)5D.MSO?+ and Br- In DMSO 

[ C O ( N H ~ ) ~ D ~ ~ S O ~ * ] ~  [CH3C6H4S03H] [ ( C Z H ~ ) ~ N B ~ ]  Temperature 105h,byh I 05(X,, 1 O5kSold 
(mmol dm-') (nimol dnir3) (rnmol dm-?) ( c C )  (5-I1 (5-1 ) (sSi) 

1 . 0 l5  1.053 117.9 55.7 19 .0  + 0 . 2  
18 .5  5 0 . 2  

60.8 37 .5  5 0 . 7  
40.0 1 ,9510.03 
50.7 10 5 1 . 0  

85 .9  10.1 rk0.2 1 1 . 2 = 0 . 2  1 . 1  
57.6 9.01 10.2 10.310.2 1 .3  
29.7 7 . 5  ~ 0 . 2  9 . 3 5 0 . 2  1 .8  
19.0 5 . 6  k 0 . 1  7.410.2 1 .8  
9 . 2  4.310.08 5 . 4 ~ 0 . i  I . I  

aAs the perchlorate salt. 
bFrom initial reaction rate, assuming 100% co(NH3)1Br'- a t  infinite time. 
CFrom plots of in ( A  - A t )  us. t ,  using experimental A m ;  represents sum of forward (ksn) and back (h,,i) reaction rate coefficients. 
dBy difference. 

TABLE 4. Pseudo-first order rate coeficlents Lobs for the forniatlon 
of C O ( N H ~ ) ~ C I ~ -  from C O ( N H ~ ) ~ D M S O ~ -  and Cl- In DbISO 

[ C ~ ( N H ~ ) S D ~ ~ S O ~ - ] ~  [CH3C6H4S0,H] Temperature [(C2H5)4NC1] 105X,hsb 
(rnniol dm-3) (rnmol dm-)) ( C) (rnn~ol dm-') ( > - I )  

'JAs the perchlorate salt. 
bExperimenta1 uncertainty 1 2 % .  

indicates that a major portion of the bromide 
anation reaction proceeds via the conjugate base 
species of reaction 2 ~vhen no acid is added. The 
value of ki for chloride anation is also slightly 
less than in the absence of added acid. The ki 
data for Yn- - Br- gave a linear Arrhenius 
plot with activation energy E, - 123 kJ mol-I 
(corresponding to AHi* = 121 2 3 kJ mol-I, 
ASi* = +51 i- 9 J K-I mol-I); the correspond- 
ing data forYn- = Cl- are not available because 
of the poor solubility of [Co(NH3)5CI]C12 at  high 
[Cl-1, but the temperature dependence of kOb, 
over a limited (10 " C )  range at  [Cl-] = 0.02 mol 
dm-3 indicates AHi* - 126 kJ mol-I. 

The solvent exchange reaction (Yn- = solvent 
= DMSO in reaction 1) proceeded according 
to first order kinetics over 60-80% reaction, in 
the presence of added p-tol~~enesulfonic acid, 
and no cobalt(I1) could be detected even after 
10 half-lives of the exchange reaction. The values 
of the rate coefficients k,, listed in Table 5 were 
obtained from the first order rate equation with 
a standard deviation of about 47;, on the aver- 
age, but reproducibility was about i9$, .  Plots 
of In k,, against 1; T and against pressure P 
were linear within the experimental uncertainty; 
the relevant parameters and their standard errors 
are AHe,* = 123 F 2 kJ mol-l, ASe,* = 61 _+ 6 
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TABLE 5.  Pseudo-first order rate coefficients for the mechanism (12). It would also see111 that the 
exchange of DhfSO-ci6 between Co(NH,)5DMSO-~i637a expressed in the ~ ~ , t ~ ~ d ~ ~ t i ~ ~  and 

and DlbiSO-h6 solvent in the presence of 
p-toluenesulfontc acidD elsewhere (121, regarding the relative valucs of 

_ _ _ _ -  k,, and the various ki in an I, mechanism in a 
'Temperature Freisare los~,,d solvent such as DMSO, are justified, since, a1 

("4 (MI'a)c (s-1) 45 OC, ki for chloride anation exceeds k,, for -- solvent exchange by a factor of 2.2 and the 
55.7 (3. I 
50.7 29" 1 4 . 8  

interpolated k, for the larger anion, bromide 
45 . O  6 ,35  (4.2 x 10-"-I), by a factor of 3.3. Similar 
35 .O 1 .  studies of reaction 1 with D M F  as solvent, 
45.0 50.7 5.14 which we wil! report later, confirm that equality 

101.3 4 . 3 8  of AHi* and AH,,", rather than a close inter- 
202.7 2.Y3 

-- - relationship of ki and k,,, is characteristic of 
aConcentration 0.39 i 0.01 mol dm-'. 
bConcentration 0.41 5 0.01 mol dm-'. 

an Id prccess. 
c0.1 M P R  = 1 bar = 3.9869 a tm.  The foregoing conclusions refer to reaction 1 
dStandard deviations typically lt 4%;  reproducibility, i 9 %. in DMSO solvent to which acid has been added, 

J M-I mol-l, and AY,,* = + 10.0 rt_: 1.2 cm3 
nol- l .  The value of k,, a t  45 OC and 0.1 MPa is 
less than one-fifth of that reported by Reynolds 
et al. (8) for the same conditions but without 
added acid. This discrepancy is attributable t o  
the incursion of the conjugate base pathway in 
Reynolds9 experiments. The data of Table 2 
ind~cate  that it is Co(NH3)5DMS03-, and not 
C O ( N I - I ~ ) ~ C ~ ~ -  or Co(IUH3)5BrzL, which is 
susceptible to  redox deco~nposition ; accordingly, 
'autocatalysis' of solvent exchange can be ex- 
pected t o  be even more marked than that of 
anatiorr, and it may be significant that Reynolds 
et al. (8) quote an  unusuallji large experimental 
uncertainty (>20%) in k,,. 

The strongly positive value of Aye,*  leaves 
little doubt that Co-DMSO bond breaking is 
the rate determining process in the solvent 
exchange reaction ( I ) ,  and hence consideration 
of the generalized reaction 1 in the light of the 
principle of microscopic reversibility, together 
with experience with other systems (121, leads 
to  the expectation that the anation reactions will 
also proceed via an Id mechanism in DMSO just 
as in water in the absence of interfering effects 
(see below). This inference receives strong sup- 
port from the fact that AHi*  for anation by 
bromide and (with less certainty) chloride, and 
A&,* for the solvent exchange reaction, are the 
same within the experimental error, whereas 
they differ markedly for the analogous reactions 
of CI'(DMP;')~" in D M F  solvent, a syste1-n in 
which substitution evidently proceeds by an  I, 

and appear to answer the questions originally 
posed. Unfcrtunately, the fact that conjugate 
base and redox reactions can be important, 
while of interest in itself, obliges us to reexamine 
those sinlplistic conclusions. 

Diniethylsuifoxide is somewhat more basic 
towards PI- than is water, but much less acidic 
(17, 181, and accordingly its a~~toprotolysis con- 
stant is about to  (18-21).2 It is 
difficult to generalize about the strengths of 
electrically neutral acid ~nolecules in DMSO, 
but it appears that the intrinsic basicity of the 
solvent, favoring ionization, is offset by the 
relatively low dielectric constant, so that most 
inorganic acids and organic oxyacids are sorne- 
what less dissociated in DMSO than in water 
(20-24). Protonic cations such as Co(NH3)5- 
DMS03+, however, should be more acidic in 
DMSO than in water, since the lower dielectric 
constant should f l ~ a o r  proton release on the 
basis of electrostatics. In retrospect, therefore, it 
is not surprising that cobalt(1II) ammine conju- 
gate base formation (reaction 2) makes signifi- 
cant contributions to the kinetics of the anation 
and solvent exchange reactions in 'neutral' 
DMSO. These effects are absent from the 
Cr(DMSO)63+, DMSO, Vn- system (25,26), and, 
while recognizing that cobalt(ll1) is more sus- 
cqt ib le  to conjugate base effects than is chromi- 
unl(III), one may reasonably suppose that the 
conjugate base of C O ( N H ~ ) ~ D M S O ~ +  forms by 
deprotonation of an N H 3  ligand, rather than 
the DMSO, but an  ambiguity does exist. 

>The value of 5 X 10-18, giken by KolthofF anti Reddy 
(17), seems to be anomaious. 
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LO ET AL. 3691 

I t  is also clear from the data of Table 2 
that  the conjugate base species provides the 
main redox pathway, although reduction of the 
cobalt(l1I) center occurs to a minor extent in the 
presence of excess bromide or chloride ions. 
Neither C O ( M F I ~ ) ~ C ~ ~ +  nor Co(NH3)5Br2+ yielded 
cobalt(II), ho~vever; this shows that the reduc- 
tion of the cobalt(iI1) center is effected by 
cooi~clit~atecl DMSO, although it u a s  not possible 
to  determine the ultimate fate of the DMSO 
ligand. Furthermore, the minor degrees of reduc- 
tion of C O ( N H ~ ) ~ D M S O ~ ~  observed in the 
presence of free C1- or Br- are not attributable 
t o  direct reduction of cobalt(1il) by these halide 
anions. This latter possibility may also be dis- 
counted on the grounds that chloride is thermo- 
dynamically a poorer reductant than bromide, 
yet is at  least as effective in promoting reduction 
of cobalt(ll1) amnlines in DIvISO.~ 

The reduction of cobalt(il1) ammines by 
DMSO in the presence of CI- or Br- is reminis- 
cent of the catalysis by mildly reducing anions 
of topological changes in cobalt(ll1) complexes 
containing quadridentate or bidentate arsine 
ligands reported by Bosnich et ul. (27, 28), who 
attribute this catalysis to  the formation of a 
labile, transient, but undetected coSalt(I1) inter- 
mediate. Similarly, catalysis of the aquation of 
cobalt(I11) ammines through reduction to co- 
balt(I1) by hydroxide ion has been invoked by 
Gillard (29) as an  alternative to the now generally- 
accepted conjugate base mechanism (16). We 
have argued previously (30) against Giliard's 
proposal, partly on the basis of the complete 
lack of correlation of the catalytic power of 
various anions with their thermodynamic reduc- 
ing power (as above), and indeed Gillard ef al. 
have recently reported failure to detect any 

3At the same stoicI?iometric halide concentratic;ns, 
chloride produces more cobalt(l1) than does bromide 
(Table 2 ) ,  but the yields of cobalt(1l) are equal for the 
same extents of ion pairing of ColNH3),DMS03-- by C1- 
and Br-. The data of Tables 3 and 4 relate to  various 
ionic strengtiis. so tliat constant KIP values (eq. I )  cannot 
be obtained from them. but we can say that ion pairing is 
(for example) 50"; complete when kohs = 0.50ki. This 
occurs (at 50.7 " C )  when [CI-] 5 mmol dm-j, or when 
[Br-] - 17 mnlol dm-3, and Table 2 s h o ~ s  that the yields 
of cobalt(l1) a t  these concentrations are the same (0.7- 
0.8';;) within the experimental uncertainty. Anation 
within the ion pairs, however, is 3.3 times faster for Cl- 
than Br-, so that redox must be correspondingly faster in 
the chloride ion pair, since it ceases on  completion of the 
anation reaction. 

cobalt(I1) intermediates in the base hydrolysis 
of C O ( N H ~ ) ~ C ~ ~ '  (3 1). Thus, although redox 
catalysis by halide ions of simple cobalt(II1) 
substitutions has been suggested previously, 
there is no  direct evidence that it actually occurs, 
and, conversely, where some reduction of 
cobalt(1iI) accompanies substitution, as in the 
present case, it does not follou that the substitu- 
tion mechanism involves redox processes in any 
way. Indeed, the fact that ki for Yn-  = C1- is 
more than three times that for the stronger 
reductant Br- in reaction 1 in DMSO is clear 
evidence against redox caealjrsis of substitution 
in these systems. 

The observations that conjugate base forma- 
tion (reaction 2) provides the most favorable 
pathway for redox (reaction 3), and that a 
numerical connection seems to exist between 
redox rates relative to anation within the differ- 
ent ion pairs,3 suggest that halide ion catalysis 
of redox may operate through an internal 
conjugate base process cvitliin the ion pairs, 
since neither HBr nor HCl is completely dis- 
sociated in DMSO (22, 23). This process, a 
proton transfer from Co(NI-J3)5DMS03-- to the 
halide ion, would be similar in esser,ce to that 
believed to occur in reactions of anions of weak 
acids with complex ions in water ( I ) .  It could 
also explain (16) why ki for { CO(NFI~)~DMSO~-- ,  
C1-} is more than twice k,, for the free complex 
ion, and more than three times ki for the 
bromide analog (HCL is a t  least 10 times weaker 
than HBr in DMSO (22)). The close similarity 
between AHi* for C1- and Br- anation and 
AH,,* for solvent exchange, however, would 
seem to rule out this attractive alternative to the 
sirnple Id mechanism, since AH* values associ- 
ated with internal conjugate base processes are 
much higher than for simple interchange proe- 
esses, a t  least for water as solvent (1). Thus, the 
function of C1- and Br- in promoting tile redox 
reaction may involve nucleophilic attack of 
halide on the coordinated (and therefore polar- 
ized) DMSO molecule, much as the attack of 
iodide on doubly-protonated DMSO in acidic 
aqueous DMSO initiates redox processes (32). 

In summary, although conjugate base phe- 
nomena and redox processes complicate the 
observation and interpretation of the kinetics of 
reaction 1, where the solvent is DMSO and '2'"- 
is Cl-, Br-, NCS-, or DMSO itself, the substitu- 
tion processes observed in the presence of 
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p-toluenesulfonic acid are evidently of the simple 
Id type. The strongly positive AV,," value, and 
the apparent equality of AH,.x* with AHi*, sup- 
port this. 

Finally, in view of the large effect of conju- 
gate base pathwaqs on the rates of reaction 1 
in DMSO, a check was made on the effect 
of added acid on the DIMSO exchange rates 
reported by Lantzke and Watts (33) for cis- 
C O ( ~ ~ ) ~ C ~ ( D M S O ) ' ~ .  It was found that the 
exchange rates were virtually unaffected by the 
addition of acid in that case: the reasons for this 
contrast with solvent exchange between 
C O ( N H ~ ) ~ D M S O ~ +  and DMSO may lie simply 
in a markedly lower acidity of the dipositive 
chelate complex relative to the tripositive 
ammine. In any event, it appears that our present 
findings do not detract from the usefulness of 
the extensive contributions of Watts' school 
(13, 33-37) and others (e.g., 11) in this field, but 
future work should include routine checks for 
con.jugate base and redox pathways. 
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Optical spectra of eliectrons solvated in liquid ethers: temperature eEectsl 
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FANG-YUAN JOG and GORDON R. FREEMAN. Can. J. Chem. 54, 3693 (1976). 
The optical absorption band of electron> solvated in ethers has an approximately Gaussian 

shape on the low energ) side of the absorption maximum. The high e n e r g  side is ivider and has 
an approximately Lorentzian shape down to A A,,,, = 0.3. then extends into a long tail to 
high energies. The energy at the absorption maximum E,,,, and the Gau5bian and Lorentzian 
dispersion parameters g and I are reported as functions of temperature for electrons in dieihql 
ether (DFF),  di-,I-propyl ether (DPE), di-11-butyl ether (DBE), and tetrahydrofuran (THF). 
The values in eV of the parameters at 180 K are: EA,,, = 0.76 in TMF, 0.67 in DEE. 0.65 in 
DPE and DBE: I = 0.32 In THE, DEE, and DPE, 0.39 in DBE; g = 0.19 in all the ethers. The 
temperature coetiicients of E,,,, are - 2  X eV K,  those of 1 are - ( 1  = 1)10-4 eVIK,  
and those of g are +4 X 10-4 eV ' K .  The band becomes less asqmmetrical as the ten~perature 
increases. To make progress in the theoretical treatment of solvated electron spectra attention 
shouicl be focussed on the separate values of g and I and their temperature dependences; the 
width at half height LP'1~2 thereby loses theoretical significance. The decadic molar abiorbancy 
em,, (.W-1 cm-1) is 2.9 X I01 in DEE and DPE, 2.6 X 105n  DBE, and 2.1 X 10511 THF. The 
oscillator strengths f are 0.7 in the 11-alkql ethers and 0.6 in THF. The value of E.4;,,,, in p- 
dioxane is 0.1 eV greater than that in T H F  and about 0.2 eV greater than those in the open chain 
ethers. This agrees with a prediction based upon the relative mobilities of electrons in the ethers. 

FANG-YUAN JOU et GORDON R. FREEMAN. Can. J. Chem. 54, 3693 (1976). 
La bande d'absorption optique des electrons solvates dans l'ether posskde une forme qui est 

approximativement Guassienne dans la region d'energy au dessous le maximum d'absorption. 
Dans la region d'energie au dessus le maximum d'absorption, la bande est plus large et posskde 
approximativement une forme Lorentzienne jusqu'a AiA,,, = 0.3 alors qu'elle se poursuit 
vers les fortes energies sous forme de longue queue. On rapporte, en fonction de la tenipCrature, 
l'energie d'absorption maximum E,,,, et les parametres de dispersion Gaussien et Lorentzien, 
g et I, des electrons dans I'Cther Cthylique (EDE). l'ether propylique (EDP), l'ether 11-buty!ique 
(EDB) et le tktrahydrofuranne (THF). A 180 K ,  les valeurs des parametres exprimks en eV 
sont: E,,,, = 0.76 dans le THF, 0.67 dans le EDE, 0.65 dans le EDP et EDB; 1 = 0.32 dans 
THF,  EDE et EDP et 0.39 dans EDB; g = 0.19 dans tous les Cthers. Les coefficients de tempi- 
rature de E,,,,,, I et g sont respectivement de --2 X 10-3 eV/K, -(1 5 1) X eV/K et 
+4 X lo4 eV/K. La bande devient moins asymetrique a mesure que la temperature augmente. 
Afin de faire des progrks dans le traiternent theorique des spectres d'electron solvate, on doit 
porter une attention particulikre aux valeurs respectives de g e t  1 ainsi qu'a leurs relations avec 
la temperature: la largeur a denii hauteur, W1/2, perd alors de son importance theorique. L'ab- 
sorbance molaire decadique, em,, (IM-1 cni-1) est de 2.9 X 104 dans EDE et EDP, 2.6 X 104 
dans EDB et de 2.1 X lo4 dans le THF. Les forces de l'oscillateur,f sont de 0.7 dans les Cthers 
lineaires et de 0.6 dans le THF. La valeur de E,,,,, dans le p-dioxane est de 0.1 eV plus grande 
que celle dans le T H F  et environ 0.2 eV plus grande que celles des ethers lineaires. L,es resultats 
sont en accord avec la prediction qui peut &tre faite en se basant sur les mobititis relatives des 
Clectrons dans les ethers. 

[Traduit par le journal] 

Introduction 

It has recently been noted that there is a 
similarity between the thermal activation energy 
for electron migration in diethyl ether and the 
optical absorption energy of solvated electrons 
in that liquid (1). It therefore became desirable 

'As~isted financ~ally b) the National Research Council 
of Canada. 

to measure the temperature dependence s f  the 
position and shape of the optical spectra of elec- 
trons in a number of ethers in which the mobili- 
ties had been determined. That was the main 
purpose of the present work. 

The relatively low mobility of electrons in 
p-dioxane led to  the prediction that the optical 
absorption energy of electrons in p-dioxane 
would be greater than that in diethyl ether (1). 
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iN169 

FIG. 1 .  l a m p  po\ver supply and pulser. Power s u p p l  1 - Sorenson SRL-40-50, 40V,  50 A. 
Power supplj. 2 = Power Designs Inc. model IOjTA, 80-100 V :  it ii  used in the silicon controlled 
rectifier turn-off circuit and to  trickle charge the batteries. The fuse is four strands taken from 820 
stranded wire, 10 cm long. 

This is opposite to the relatiye values that would was sealed with a flame after the gas pressure In the 

be expecth;l on the basis of the dielectric constants syste'n had been to lorr. 
T o  minimize contaniinatlon of the system, glass blow- of the iiquids, which are 2'2 and 4'4 ing was done with nitrogen rather than with breath, 

at 293 M. The prediction has been fulfilled. 

Experimental 

iZIct tericil~ 
The diethyl er l~er (DEE) was Mallinckrodt anhydrous 

analytical reagent grade: di-)I-propyl ether (3PE)  was 
Aldrich gold label (9Y+'7ij); di-ji-butyl ether (DBE) and 
tetrahydrofuran ( T X F )  were BDH reagent grade; p- 
dioxane (FD: was Baker analyzed reagent (99.9';). 

Lithium aluminuril hydride powder was obtained from 
Ventron Corp. The potahsium thiocjanate was Fisher 
certified reagent. 

BDH dry sodium (99.3';) was cut into lumps and 
stored in Fisher certitied grade 11-hexarie (39',). BDH 
pota~s ium \$as remo\ed from thc liquid parafin in which 
i t  wai pi~rchaied, washed with 11-hexane, placcd in fresh 
tz-hexane and the surface cut oft', tlirn placed in fresh ,I- 
hexane for 1 week. i: was t l ~ e ~ ?  placed in fresh hexane for 
another week before use. 

Each ethe:. was refluxed for at  least 2 h over lithiun? 
aluminum hjdride, under an atnioiphere of ultrapure 
argon (Li~lde). The ether was then distilled under vacuum 
and the middle portion collected over freshly prepared 
sodium-potassium (-1 :3 by volume) alloy. After 
magnetic stirring for 1 day with the alloy the ether was 
degassed by pumping for  about 2 min on  the !iquid 
without previously cooling ~ i .  The required amount of 
ether was furtlier degassed by distillation into a trap at  
77 M, the exit side of viflich was continuously open to  the 
high vacuum line. Tile saniple was illen distilled into a 
bulb at  77 K attached to  the optical cell. Finally, the bulb 

Appiirnrirs rrt~cr' Teclrtrique 
I'i~lses of 1.8 MeV electrons at  a current of about 80 mA 

were obtained from a \iin de Graaft' accelerator. The 
absorption band shapes were measured ~ i t h  1.0 ps 

pulses, while 30 ns, 100 ns, and 1.0 ps pulhcs \\ere used 
for Gt deterniination: G is the solvated electron yield 
(e-,ol,,~lOO eV) and t is the decadic niolar absorbancj 
(1b1-1 cnl-1). 

Each ~ L I I X  \ \as  measured by a secondary emission 
monitor connected to  a n  integrator. The monitor was 
calibrated a g a i n ~ t  dose received in the optical cell, using 
aqueous 5 m3.1 KCNS saturated with oxygen as a 
dosimeter. I t  was assumed that G((CNS):-) = 2.8 and 
ed80 nm = 7500 M-1 cm-1 (2-4). The dosin~etrq was cor- 
rected for the electron density of the samplea. 

The light source was a Xe arc (Osram XBO 900%') in a n  
Oriel Optics Corp. model C-60-50 lanip housing. A J'yrex 
f l ter  preceded the quartz collimating lens to remole light 
with A < 320 nm. Thib prevented ozone forn~ation in the 
room. The lamp was run at 650 W and pulsed to 15 kW 
for 2 r n s  %he11 an absorp t~on  measuren~ent was desired. 
The pul5ing circuit i.; shown in Fig. 1.  

Two Bausch and L o n ~ b  monochromator housings of 
type 33-86-25 were used with three different gratings, 
typei 33-86-02 (100-800 nm), -03 (700-1200 nni): and 
-78 ( 1  100-2300 nm). Tlie light beam could be switched 
from one monochromator to  the other by a moveable 
mirror. The grating\ were ca!ibrated with a He-Ne laser 
using h = n X 632.8 nm, 17 = 1, 2, 3, and the Xe lamp 
spectrum (peaks from 450 to 2100 nm). The light intensity 
reaching the detector was controlled by adjust~ng the 
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SGD 

TOTAL LIGHT 
C 

-44L ABSORPTION 

-1SV 

-". 
FIG. 2. A~nplifier circuit for the visib!e light detector. 

slits on the n~onochroniator. The bandpass was 3 + 1 nm 
for -02 and -03 gratings and 40 x 10 nnl for -78. 

Appropriate filters were used to eli~ninate second order 
diffraction and stray light. For infrared measurements a 
Corning CS7-56 was always placed between the lanip and 
the cell. The filter placed in front of the  non no chroma tor 
was 7-56 for 1000-1500 nrn, 7-56 plus 4-67 for 1500- 
1800 nm, 7-56 plus 3-71 for 1800-1900 nm, 7-56 plus 
4-97 for 1900-2000 nm and 7-56 plus 4-72 for 2000-7250 
nm. For visible light a filter was always placed in front of 
the monochromator, and in front of the lamp only for the 
lower temperature samples: CS 3-97 for 400-500 nm, 
3-72 for 380-700 nm, and 2-64 for 700-1 100 nm. 

The infrar-ed photocell was a Barnes Engineering A- 
IOD OlOS InSb diode. It was cooled to 77 K in a Dewar 
havine side view sai2uhire windows. The detector was 
used ;!per the wavLiengt11 range 800-2300 nrn. The 
amplifier had a gain of 2700 olim/V, with a 40 ns rise 
time (10-90' ;) and a linear dynamic output range from 0 
to 10 V. At each wavelength setting the incident light 
intensity was offset by a Tektronix 7A13 plug-in so that 
the output signal could be displayed on a Tektronix 7623 
oscilloscope. The combined cell and ainplifier rise time 
for 3 to 97' , response was measured by Cerenkov emis- 
sion frorii 11-pentane to be 600 ns, independent of wave- 
length. 

The silicon visible light detector covered the wavelength 
range 400-1100 nm. The system was the same as that 
described earlier (3), with a modification of the amplifier 
(Fig. 2) to accominodate the rapid increase of incident 
light from the pulsed lamp. The overall rise and fall 
times for 3 to 97:; response of the detector, amplifier, 
and 7623 oscilloscope was 90 ns with 5 MHz band-width 
in the 7A13 plug-in. 

Sample photographs of signals obtained with the two 
detector systems are shown in Fig. 3. The linearity of these 
systems was evaluated by measuring the lo dependence of 
the absorption of (CNS)Z- at 480 nln in a KCNS solution 
at  298 K, of ecs0,, at  1000 nm in pure water at 298 K, and 
of e-s,l, at  1600 nm in diethyl ether at  155 K.  They were 
linear within the 2C, average error of the light input, from 
0.1 to 5.0 V for the visible detector and from 0.1 to 2.5 V 
for the ir detector. 

The optical cell holder and low temperature bath were 
similar to those described earlier (3) with the following 
modifications. The Styrofoam walls were 5 c n ~  thick. The 
'window' for the entrance of the electron beam was a 3 cm 
deep pit in the outside of one of the \+ails. Warmed air 
was blown on the outsides of the electron and optical 
windows to keep them frost free. The copper-constantan 
thermocouples were calibrated using liquid nitrogen (77 

K), "pasty slushes (5)" of n-pentane (142 K), toluene 
(178 K), and rr-octane ( 1  17 K), as well as ice,)water 
(273 K) and boiling water (372.6) K.  

The optical slit in the cell holder was adjusted so that 
the transmitted beam excluded light that had penetrated 
the irradiated front face of the cell. 

The sample cells were made of Spectrosil. The optical 
path lengths used were 15 mm for 400 < X < 1650 nm 
and 3 Inn1 for 800 < X < 2300 nm. 

Plzysicrtl Properfie5 of flie Liqlricls 
The densities d (6) and dielectric constants D, (1, 7) of 

the liquids were taken from the references indicated. The 
normal melting point of THF is approximately 165 K, in 
agreement with that reported in ref. 8;  the value 208 K 
recorded in refs. 6 and 9 is wrong. 

Results 

Spectr~irn Shcipe, Temperature Dependence 
Optical absorption maxima could only be 

measured with confidence when they fell a t  
wavelengths 5 2.1 pm (EAmax 2 0.6 eV). In all 
the ethers this occurred only a t  temperatures 
below room temperature. The optical spectra of 

t ( 2  f i s f d i v )  t j i p s / d i v j  

FIG. 3. Examples of absorption signals obtained with 
the ir (a, c )  and visible light (b ,  ii) detectors. Di-n-butyl 
ether at  177 K :  (a) X = 1950 nm; (b)  X = 995 nm. 
Di-n-propyl ether at  298 K: (c) h = 1003 nm; (d) X = 
1000 nm. 
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FIG. 4. Effect of temperature on the optical absorption spectrum of liquid THF 
pulse of 1.8 MeV electrons. Normal meiting point = 165 K. 

after a 1.0 ps 

FIG. 5.  Effect of temperature on the optical absorption spectrum of liquid DEE after a 1.0 ps 
pulse of 1.8 MeV electrons. Normal melting point = 157 K .  

solvated electrons were therefore measured at 
the temperatures ranging from that at  which 
A,,,, = 2.1 Fm down to the supercooled liquid. 
When the sample froze light was not transmitted, 
and this limited the lowest temperature studied 
for each ether. 

Spectra obtained for solvated electrons in 
T H F  are shown in Fig. 4. The absorption maxi- 
mum falls at  0.61 eV at 273 K and shifts to 0.84 

that in THF.  The energies at the absorption 
maxima at a given temperat~~re occur at  louer 
energies than in THF. 

At the higher temperatures where the observed 
decay was first order, the absorption Aobs at the 
end of a pulse was corrected for decay during 
the pulse using [I]. 

eV in the supercooled liquid at 154 K. The main where A, is the corrected absorbance, t ,  is the 
body of the band is moderately skevred towards pulse duration time, and k = (0.69, t I l 2 )  is the 
high energy and the high energy tail is even decay constant. The correction uas  negligible 
longer than one would expect from the skew for t ,  = 100 ns and was normally <207, for 
of the peak. t ,  = 1.0 ps. 

The spectra of solvated electrons in the liquids At absorption energies > 1.7 eV ( A  < 700 nm) 
DEE, DPE, and DBE (Figs. 5-91 are similar to the signal half-life increased with increasing 
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JOU AND FREEMAN 3697 

I I I I I solvated electrons was calculated from [2]: 

FIG. 6. Effect of temperature on the optical absorption 
spectrum of liquid DPE after a 1.0 ~s pulse of 1.8 MeV 
electrons. Normal melting point = 151 K. 

energy (Fig. 8). This indicates that other species 
such as radicals or ions contribute to the 
absorption at high energies. It was assumed 
that the solvated electron absorption decays a t  
the same rate a t  all wavelengths under the 
present conditions of temperature and time 
scale. The absorbance a t  high energies due to  

where AXl l2  is the absorbance a t  wavelength X at  
a time equal to the half-life a t  X = 1.0 pm 
(E = 1.24 eV). Figure 9 illustrates the shape of 
[2] for T H F  at 174 K. 

The energy a t  the band maximum EAkmax and 
the width a t  half height W,/ ,  were determined 
from a least-squares fit of Lorentzian and 
Gaussian shape equations to the measured 
absorbance A (10). Convenient forms of these 
equations for curve fitting are [3] and [4]. 
Lorentzian, 

[31 A/&,, = 1 1 + [(E - E,,a,)/1l2 1 -' 
E > E~max 

Gaussian, 

where A,,, is the maximum absorbance and I 
and g are the portions of the width at half-height 
on the Lorentzian and Gaussian sides, respec- 
tively. In curve fitting, [3] and [4] were treated 
separately, using A,,,, I, and g as variables and 
E,,,, as an adjustable parameter. The degree to 
which [3] and [4] fit the spectra is illustrated in 
Fig. 9. The main peak portion is satisfactory, 
but the high energy tail is longer than predicted 
by the Lorentzian. In determining I, only experi- 
mental values ( A  /Ama,) > 1 3 were used. 

The temperature dependences of E,,,,, I, g, 

I I I I 

1 .O 1.5 2 .O 2.5 3.0 

E (eV1 
FIG. 7. Effect of temperature on the optical absorption spectrum of liquid DBE after a 1.0 ps 

pulse of 1.8 MeV electrons. Normal melting point = 178 K. 
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FIG. 8. Decay half life of optical absorption signal in 
THF at 174 K, as a function of photon energy. 

FIG. 9. Normalized optical absorption spectrunl of 
liquid THF at 171 K after a 1.0 ps pulse of 1.8 MeV 
electrons. C ) ,  experimental; --- eq. 2 ;  - .-.-, eq. 3: . . . eq. 4. 

and W,,, = (I + g)in T H F  are shown in Fig. 10. 
The values of E*,,, and I from ref. 9 are included. 
The value of E,,,, increases somewhat more 
than linearly with decreasing temperature; the 
average rate over the range is -1.8 X LO-3 
eV/deg. The value of I in the normal liquid 
increases slightly with decreasing temperature, 
while g decreases at  about the same rate. The 
temperature independence of W I l 2  therefore 
appears to be accidental. The decrease of I, and 
hence of W,,,, in the supercooled liquid might be 
due to glass formation. 

The temperature dependences of the solvated 
electron spectrum parameters in the open chain 
ethers were similar to those in THF (Fig. 11). 

w e n  The values of g in all the liquid ethers at  a L' 
temperature are the same within i-0.01 eV 
(Figs. 11 and 12). The values of 1 are nearly 
equal in THF,  DEE, and DPE, but are 0.06 eV 

150 200 250 300 

T ( K )  
FIG. 10. Variation of EA ,,,, W 1 / ~  = ( I  + g) ,  I and g 

with temperature in THF. The filled points are data from 
ref. 10. 

larger in DBE. The spectra were remeasured in 
DBE and the large 1 is real. The values of E,,,, 
in THF are about 0.1 eV greater than those in 
DEE; the latter are 0.02 eV larger than those 
in DPE and DBE. 

The change in the temperature dependence of 
I in DPE at T 5 120 K (Fig. 11) might be due 
to glass formation. Curiously, the change is in 
the opposite direction to that in THF. 

GE,,,, T i t m  Deperlclence 
The value of G%,,, was estimated indirectly. 

The absorption maximum of electrons solvated 
in ethers lies in the ir. The response time of the 
ir detector circuit was 600 ns, whereas that of 
the visible light detector circuit was 90 ns. The ir 
detector response characteristic5 and the electron 
decay times were independent of wavelength 
over the time and wavelength regions concerned. 
The ratio A,,,iAl,op, was measured over as 
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- J 
m P 
b 

v n  0 
0 - I I t t l  I I I 

100 140 180 220 

T ( I 0  
FIG. 11. Variation of EA,=,,,. Wip = ( I  + :), I and i' 

with temperature In DEE (a), D P E  (V). and DRE (0). 

wide a temperature range as possible in each 
ether. The value of G E ~ , ~ ~ ,  at the end of the 
100 ns pulse was then measured with the visible 
light detector and multiplied by Am,,,.'Al.o ,, to 
obtain Gt,,,,. The value of GE,,, increases with 
decreasing temperature in each ether, but goes 
through a maximum in supercooled DPE (Fig. 
12). The ~nax in~um might indicate glass forma- 
tion at the lowest temperatures. 

Values of GE,,, in DPE were si~nilarly deter- 
mined for 30 ns and 1.0 ps pulses. The former 
were essentially the same as those at  100 ns, due 
to  the 90 ns response time of the visible light 
detector circuit. The 1 . 0 ~ s  pulses gave lower 
values of Gt,,, at T > 130 K ;  at T < 130 K 
the values were the same (Fig. 12), which further 
indicates a solvent structural change with greatly 
increased viscosity at  about 130 K .  

The difference between the 100 ns and 1 .O ps 
curves in Fig. 12 reflects the amount of geminate 
neutralization that occurred during the 900ns 
time interval (1 1). The relative amounts of decay 
that occur on a microsecond timescale after a 
100 ns pulse in DPE at different temperatures 
are shown in Fig. 13. First order plots (log A 
against t) of these traces and of others taken at  
slower sweep speeds were similar to those in 

01 ' I 4 I 
100 150 200 250 

T ( K )  

FIG. 12. Temperature dependence of Gt,,, for solbated 
electrons in liquid ethers. For D P E  30 ns (A), 100 ns (V), 
and 1.0 ps (A) radiation p ~ ~ l s e s  here used, while for the 
other ethers the pulse length was 100 ns. At low temper- 
atures where F increased with time. the maxin~um value 
of t was chosen. The arrows inark the normal melting 
points. It was not  possible to  supercool DBE. 

ref. 11. A relative]) rapid initial decay portion 
corresponds to geminate neutralization of solv- 
ated electrons, and the longer, first order tail of 
the decay represents reaction of the 'free ion' 
solvated electrons (11). An initial rapid decay 
was barely discernable in DPE at 298 K,  so 
geminate neutralization was nearly complete in 
100 ns. The portion of geminate electrons 
observable at  100 ns increased with decreasing 
temperature and dominated the measurements 
at  T < 212 I<; in Fig. 13 the free ion portion 
corresponds to A 5 5 X 1 0 - h t  t = 0 at all 
temperatures. The rate of geminate neutralization 
decreases with temperature due to the decreasing 
mobilities of the ions and electrons (1). 

Specfr~c~lz Shift ,t'itlz Tirue 
The rounding of the left shoulders of the 

traces for T < 150 K in Fig. 13 signifies a shift 
of the absorption spectrum with time. Spectra 
measured in DPE at 109 K at different times 
after 1.OPs pulses are shown in Fig. 14. The 
absorbance grows at E > 0.62 eV and diminishes 
at lower p110ton energies. The spectrum parame- 
ters are listed in Table 1. 

When no optical filter &as placed in front of 
the cell, absorption on the lob energy side of 
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Para-rlioxane 
o 83 It was not possible to measure the optical 

o 62 spectrum of solvated electrons in pure liquid PD, 
because the freezing point is high (12 "C)  and 
the free ion yield is low (0.08 (1)). Therefore, PD 

0 0 
was added to T H F  and the spectrum shift was 

3 1 measured relative to the spectrum in T H F ;  PD 

5 0 
shifted the spectrum to higher energy. A plot of 

4 E,,,, against volume % of PD is shown in 
2 Fig. 15. Although extrapolation to pure PD 

misht not give accurate results, a similar plot 
o o for electrons in ethylenediamine, hexamethyl- 

7 0 8 6 phosphoric triamide solutions was linear (12). 
Thus the optical absorption energy of electrons 
in PD is 0.1 eV greater than that in THF, which 
is in turn greater than those in the open chain 
ethers. These results agree with the prediction 

o o based upon the relative mobilities of electrons in 

t ( P S I  the ethers (1). 
FIG. 13. Oscilloscope traces of optical absorbance of 

electrons sol~ated in DI'E durin: and after a 100 ns Discussion 
pulse of 1.8 MeV electrolls (1.5 X 1016 eV '2). W a ~ e -  SPecrrcrrll shape ,  T eI?71, er.ature ~~~~~~l~~~~ 
length = 1.Opm: visible light detector: optical path 
length = 1.5 cm. The skew of the absorption band towards high 

energies is reasonably interpreted by bound- 
the spectrum was larger than that shown in continuum transitions (13-15). Lugo and Dela- 
Fig. 14; electrons ivere being photoexcited out of hay (14) proposed the relation 5 for the high 
deeper traps and relocalized in shallower traps. energy tail, based upon a hydrogen-like model of 

Shifting of the spectrum in DPE took place photoionization. 
during 20 ,US at 123 K and 150 ,US at  115 and 

[51 A !A,,, cc E- 8 /3  
108 K, although nearly all of the shift occurred 
during the first 30YG of the stated period. Figure 16 displays plots of A,.'A,,, against 

4 

3 

Q 
0 2 
52 

1 

0:.5 1.0 I 1.5 I 2 I .O 2.5 1 

E (eV)  
FIG. 13. Optical absorption spectra of localized electrons in DPE at 109 K at different times 

after 1.0 ps pulses of 1.8 MeV electrons (1.3 X 10'7 eV 'g). Absorbance normalized to 0.3 cm optical 
path length. 
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JOU AND FREEMAN 3701 

T ~ B L E  1. Change of e-,,l, optlca! spectrum 
parameters with tlme In DPE at  109 K after 

a 1 0 ps g e n e r a h e  pulse 

t ( ~ s )  E,,,,, (eV) WI/L. (eV) 1 (eV) g (eV) 1 : 

"Several forms of Gaussian function are in frequent usc. The form 
[4] is conienient in the discussion of Gaussian-Losentzian bdnd 
shapes because the sum of g and I equals the band uidth a t  lialf height. 
More frequently used forms in otiier areas are  (17, 18): 

In F = -[(E - E,,) 1 ~ ~ 1 2  
a n d  

In F = - [ (E  - E ~ ) ~ , , ~ ? I  

The relationsh~p bctween the dispersion parameters are UI  = 1.41az = 

1.20g. 

for electrons solvated in DEE a t  three tempera- 
tures. The behavior is distinctly nonlinear at  
143 K,  but the extent of deviation from linearity 
decreases with increasing temperature. The same 
trend occurred in the other ethers. The signifi- 
cance of the change in band shape with tempera- 
ture is not known. The decrease of the average 
slope with increasing temperature is due to the 
shift of E,,,,. 

We d o  not take the lack of linearity in Fig. 16 
to  support the suggestion (16) that excitation to  
higher states beyond 2p is unlikely. I t  ~ o u l d  
have been surprising if structures as complex as 
solvated electrons had been accurately described 
by a hydrogen-like model. 

06 b 20 A0 60 80 100 

Vol % PD 

Fic. 15. Energies of optical absorption ~naxinia for 
solvated electrons in liq~rid THF-PD s o l ~ ~ t i o n ~  at  different 
temperatures. The n~axirnum concentration of PD attain- 
able at  a given temperature was limited by the freezinz of 
the solution. 

( e ~ - " ~ )  

FIG. 16. Plot of &A,,, against E-%/3 for the high 
energq side of the absorption 5pectrurn of electrons 
iolvated in DEE. Temperature: 3, I43 K :  @. 183 K ;  
A. 211) K. The long-li\ed c o n t r i b ~ ~ t i o n  to the absorbance 
at  hlgh cnergie, ( C  "3 < 0.3) Lbas remo\ed using [ 2 ] .  

The Gaussian shape of the low energy side of 
the absorption band might reflect a random 
distribution of trap depths. The full width of 
the Gaussian distribution at  half height is 2g. 
which represents about two thirds of WlI2 (Figs. 
10 and 11). The distribution of trap depths 
could therefore account for the main portion of 
the band width. The values of g in all the liquid 
ethers are satisfactorily represented by [6]. 

r.61 g = 0.12 + 4 X 10-4TeV 

The increase of g with temperature is attributed 
to thermal agitation of the ground and excited 
energy levels of solvated electrons, changes in 
the ground levels being the greater. The tempera- 
ture coefficient in [6] corresponds to  about four 
times Boltzmann's constant. 

The magnitude of g is similar to  that of the 
thermal energy fluctuations (17, 18) in systems 
comprised of several molecules in the liquid a t  
100-300 K .  However, the two q~~an t i t i e s  are not 
the same. Thermal fluctuations extrapolate to  
zero a t  T = 0, whereas g does not (eq. 6). The 
constant term on the right hand side of [6] may 
be attributed to an  irreducible structure. 

The temperature dependence of I tends to be 
of the opposite sign to that of g, and smaller. 
The values of 1 in the liquids DEE, DPE, and 
T H F  are described by [7]. 

The larger values of I in DBE may be due to  a 
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structure effect caused by the large butyl groups. 
This type of efl'ect will be sought in other systems. 

The changes in g and I mean that the band 
beco~nes less asynlruetrical as the temperature 
increases. 

By focussing attention on the separate values 
of g and I ,  that of W,,, loses theoretical signifi- 
cance. Attempts to  theoretical!^ interpret W I l 2  as 
a unit have been unsatisfactory and should be 
abandoned. We encourage theoreticians to  try 
to explain the val~les of g and then I .  

The variation of E,,,, with temperature is 
nonlinear when the temperature range is great 
enough. The values for electrons in T H F  (Fig. 
10) correspond to [8]. 

For  DEE (Fig. I I )  one has 

which is quite well represented by the linear 
equation [9'] (19) over the experimental tern- 
perature range. 

For  the liquids DPE and DBE the results in 
Fig. 11 follow [lo]. 

Current theoretical models for the interpreta- 
tion of E.l,,,,, (20) are sufficiently crude and 
flexible that they agree readily with experiment. 
Further work should await satisfactory explana- 
tion of the values of g and I .  

Solvated electrons in radiolysis systems are 
formed by the localization of de-energized elec- 
trons. After the initial localization of an  elec- 
tron in a potential fluctuation in the liquid, 
molecular polarization and rearrangement occur 
about the charge center. These processes alter 
the energy levels of the electron, hence its optical 
absorption spectrum. In low temperature alco- 
hols (21), spectra generated by 10 ns pulses of 
radiation decay rapidly in the infrared and grow 
in the blue. Although the present equipment had 
a time resolution of only 90-600ns, spectral 
shifts were observed for electrons in low tem- 
perature ethers (Fig. 14 and Table 1). Both 1 and 
g decrease as the spectrum approaches its 
equilibrium position. The decrease of g repre- 

0 6 12 18 

t ( P I  
FIG. 17. First order plots of optical absorbance decay 

a t  1.0 pni ill DPE at  I53 K (0) and 176 K (A).  The linear 
tails were extrapolated to  zero time to  obtain absorbances 
equivalent to  the free ion.yields. Time was measured from 
the end of the 1.0 ps radiation pulie. 

sents deepening of the shallower traps by the 
polarization processes. Although g decreases 
more than I ,  the decrease in I and the constancy 
of E,,,, (Table 1) are not understood. The 
narrowing of the band indicates that the environ- 
ment of the electrons becomes more uniform. 

GE,,,, E,naz 

Optical measurements give values of GE. An 
independent value of G is needed to obtain E. 

T o  this end the contributions of the 'free ion' 
and 'geminate' solvated electrons were distin- 
guished kinetically. 

The solvated electrons react with geminate 
cations and with impurities. The geminate reac- 
tion does not follow a simple order (22), but 
when it is complete what remains is a pseudo 
first order reaction between 'free ion' solvated 
electrons and impurities (Fig. 17). The first order 
portion was extrapolated to  zero time to obtain 
the absorbance equivalent to the free ion yield. 
Values of Gfic,,, so  obtained are listed in Table 2. 
The free ion yields have previously been meas- 
ured by the charge clearing method (I), so the 
molar absorbancy E,,, of e-,,i, in the ethers can 
be determined. Values lie in the region 2-3 X 
104 M-I cm-l, which is between those for elec- 
trons in ammonia (23) and water (24, 25). The 
data are summarized in Table 2. 

Values of em,, for electrons in a number of 
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JOU AND FREEMAN 

TABLE 2. Optical absorhancy ern,, anti osci1l;~tor strength f of e-,,,, in liquid ethers 

Ether T (K)  Giieniax Gi,* tmns ( 103 111- cm-I) f 
DEE 1 60 15700 0.58 27 0.71 

170 14500 0.57 27 
190 17500 0.54 30 
21 1 16 100 0.51 3 2 

Ave. 29 12 

DPE 140 6 300 0.21 29 0.70 
153 7200 0.22 33 
176 7 400 0.23 32 
212 6 300 0.26 24 

Ave. 2 9 x 3  

DBE 178 5800 0.21 28 0.70 
192 5 300 0.21 25 
21 1 5 500 0.22 25 

Ave. 26 + 1 

THF 174 15200 0.68 -- 3 3 0.60 
190 14700 0.68 22 0.59 
211 13 800 0.72 19 0.56 

Ave. 21 "1 

NH3 t 203-240 48 2 2  0 .6610.03 
H20:S 269-363 1 9 ~ 1  0.75 L0.02 
CH30H# 176-423 10 0.47 
C2H50H# 161--418 9 0.49 

'Reference 1.  
tRefeience 23. 
$Values foi- Gilrinsl 21-e firom ref. 2 1  and of Gr, = G(F-)/6 in 1 mdf SFe firom ref. 25 .  
SRefei-eiice 3. We  h a i e  remo\ed the correctioir for the internal field of tile solient, bccausc its true value 

is uncertain (30). 

ethers a t  room temperature were reported earlier 
(lo), but the value used for Gii was only b' 'iven 
for THF.  A meaningful comparison can there- 
fore only be made for that ether. The value 
of Gfitn1,, in T H F  was 15 600 M-I cm-I (lo), 
similar to that found in the present work (Table 
2). The a ~ ~ t h o r s  (10) chose the value Gii = 0.39, 
estimated by applying the Schuler equation to 
the optical absorption of the pyrenide ion in 
pulse irradiated pyrene solutions. They dis- 
favored Gii = 0.69 obtained from the nitrogen 
yields in nitrous oxide solutions (26). The charge 
clearing method (1) favors the latter value, 
which would have given E,,,, = 2.3 X 10d M-I 
cm-I in agreement with that in Table 2. I t  
appears that the molar extinction coefficients 
(absorbancies) and oscillator strengths listed in 
Table 1 of ref. 10 are too high. 

The oscillator strength f can be estimated 
from [ l  11 (27). 

where EE (M-I cm-l) is the decadic molar 
absorbancy at  photon energy E (eV). The previ- 
ously applied (3) correction for the internal field 
due to polarization of the solvent molecuies 

surrounding the absorber (28) is apparently not 
adequate (27, 29, 30). Equation 11 is reconi- 
mended when an accurate erilpirical equation is 
not available (30). However, values offestimated 
from [ l l ]  may be wrong by 20-30% (29, 30), 
which reduces their usefulness as quantities for 
conlparison with theoretical calculations. 

Curves similar to those in Figs. 5-8 were 
extrapolated to  zero absorbance by using the 
Gaussian equation on the low energy side and 
by linear extrapolation to A = 0 at  E = 4.0 eV 
on the high energy side. Integration under the 
curves, then multiplying the results by 3.5 X 
lop5 t,,, gave f '  = 0.7 for the open chain ethers 
and 0.6 for THF.  The values are similar to  those 
obtained in other polar solvents (Table 2). 

The maxin~um yield of solvated electrons 
observed was that in DPE a t  135 K ;  it reached 
G(e-,,l,)=3.0. The decrease in yield a t  
T < 135 K was probably due to geminate 
neutralization occurring before solvation. Sirni- 
lar observations have been made in 1-propanol 
(31). It would be valuable to know whether, 
with a much shorter resolution time, higher 
values of G(e-,,,,) than 3.0 could be observed 
a t  T > 135 K. 
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f I I 1 I I I 1 
4 a 12 16 

D, 
FIG. 18. Plot5 of E,,,,,, against the static dielectric 

con5tant D,. The dielectric con\tant of each ether wa5 
changed by changing the temperature. 

Va~*iation of'EA,,, ,vit/z Static Dielectric 
Corzsl~nt D, 

As the temperature of each ether decreases its 
dielectric constant increases. Plots of E,,,,, 
against D, are shown in Fig. 18. ?'he optical 
transition energy increases roughly linearly with 
D, in each ether, but the lines d o  not coincide. 
For  a piven D, the value of E,,,, increases in 
the order T H F  < DEE < DPE < DBE. This 
reflects the influence of solvent structure upon 
solvated electron energy levels (32). 

The dielectric constants of n-alkanes are about 
2. Extrapolation of the ether curves to D, = 2 
(Fig. 18) indicates that electron excitation ener- 
pies in /?-alkanes should be 0.1-0.2 eV smaller 
than those in the ethers. This agrees with deduc- 
tions based upon the relative mobilities of elec- 
trons in the liquids (18). 

PD is anomalous because it contains internally 
cancelling dipoles. Assuming that the oxygen 
atom is the nepative end of a dipole in ether, the 
CH2 groi~ps in PD will be more positive than 
the C2Hj groups in DEE. One can therefore 
imagine a deeper trap in liquid PD than in DEE. 

CH2-CH2 
/ \ 

0 0 
/CH2-CH3 

0 
\ 
CH2-CH2 

/ \ 
CH2-CH3 

PD DEE 
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Charge-transfer interaction of bithienyls and some thiophene 
derivatives with electron acceptors 
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RAFIE Asu-EITTAH and FAKHREIA AL-SUGEIR. Can. J. Chem. 54, 3705 (1976). 
The charge transfer complexes of 2,2'-bithienyl, 5,j'-dimethyl-2.2'-bithienyl, and some 

thiophene derivatives as donors with tetracpanoethylene as an acceptor have been studied 
spectrophotometrically. In addition, complexes of the first donor with chloranil and iodine 
have been studied. The formation constants and extinction coefficients of the molecular com- 
plexes formed have been determined by graphical as well as iterative methods. From measure- 
ments at different temperatures, the thermodynamic functions of the complex formation have 
been calculated. The ionization potentials of the donors have been obtained from the energies 
of the charge transfer transitions. 

RAFIE ABU-EITTAH et FAKHREIA AL-SUGEIR. Can. J. Chem. 54, 3705 (1976). 
On a etudii spectrophoto~~~Ctriquen~ent les complexes de transfert de charge du bithienyl-2,2', 

du dimethyl-5,5' bithiethyl-2,2' et de quelques derives thiophiniques comme donneurs et du 
tCtracyanoCthyltne comme accepteur. De plus on a etudie les con~plexes du premier donneur 
avec du chloranil et l'iode. On a determine, par des mkthodes graphiques ainsi que par des 
methodes itiratives. les constantes de formation et les coefficients d'extinction des complexes 
moleculaires formes. A partir de mesures a diverses temperatures. on a calcule les fonctions 
thermodynamiques pour la formation des complexes. Les potentiels d'ionisation des donneurs 
ont Cte obtenus a partir des energies de transition des transferts de charge. 

[Traduit par le journal] 

Introduction 
Thiophenes as well as bithienyls can give n as 

well as n charge transfer complexes when mixed 
with electron acceptors. It has been shown that 
thiophene and some of its polynuclear derivatives 
give 1:l charge transfer T-a* and n-T* com- 
plexes when they interact with iodine and tetra- 
cyanoethylene (1-4). Electron-impact studies 
have shown that the highest occupied orbital in 
sulphur-containing hetero-aromatics is a n orbi- 
tal (5). On the other hand, pyridines are predomi- 
nantly n donors (6). Charge transfer con~plexes of 
substituted phenj.1 sulphides and thiophenol ~vi th  
iodine have been examined (7, 8), and the donor 
site is concluded to  be the sulphur a tom;  the 
ionization potential of the donors have been 
calculated (9). The formation constant, Kc,. of 
cyclopentadithiophene complexes with 1,3.5- 
trinitrobenzene are much higher than the corre- 
sponding constants when bithienyls are the 
donors (10). This increase is accounted for as 
arising from the inductive effect oftheCH2-group. 

The formation constant, Kc,, and the molar 
extinction coefficient, t,,, for a given donor- 
acceptor system are usually determined graphi- 

cally. The results obtained often show a n  
apparent dependence of Kc, on the donor and 
acceptor concentrations (1 1) or the wavelength 
of measurement (12). These anomalies have been 
mainly attributed either to deviation of Beer's 
law (13), solvation of the complex, or to  concen- 
tration requirements that have to  exist in order 
to minimize the error in the calculated t,, or Kc, 
(14). Iterative procedures are not widely used for 
evaluation of such parameters; Farrel and Ngo 
(15) used such procedure to compute the forma- 
tion constants of the "anilines-tetracyanoethyl- 
ene" charge-transfer complexes. The nature of 
bonding in the charge transfer con~plexes has 
recently been discussed (16). 

In this work the complex formation of 2,2'- 
bithienyls and some thiophenes with iodine, 
chloranil, and tetrac!.anoethylene are investi- 
gated. Numerical values of Kc, and E , ,  are 
computed graphically and using Rosenbrock and 
Storcy (17) iterative techniques. From measure- 
ments a t  difTerent temperatures, some thermo- 
dynamic functions are computed. The ionization 
potentials of the donors are calculated from 
energy of the ct transitions. 
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TABLE 1. Charge-transfer absorption maximum, nm, of 
the studied conlpounds with TCNE,  CHL,  and 12 at  25 " C  

2,2'-Bithien) 1 
5,5 -Dimethyl-2,2'-bithienyl 
2- Methq Ithiophene 
2-Bromothiophene 
2-Chlorothiophene 
2-Iodothiophene 
Tetrahydrothiophene 

Absorption 

T C N E  C H L  I2 

650 565 390 
750 

410,500 
370,474 
465,365 

500 
510 

Experimental 

Moterials 
Tetracyanoethylene (TCNE Fluka AG purum grade) 

was recrystallized from chlorobenrene. Chloranil (CHL)  
Merck reagent grade was recrystallized from benzene 
whereas iodine (May and Baker resublimed grade) was 
purified by sublinlation. Cl~loroform (B.D.H. Analytical 
reagent) was used without further purification. Bithienyls 
were prepared as in previous work (18) whereas the 
studied thiophenes (Koch-light) were purified by vacuum 
distillation. 

Meas~~remetzis 
Absorption spectra were determined using a Unicam 

SP 700 spectrophoton~eter with therniostated cell corn- 
partment and 1.0 crn fused silica cells. The spectra were 
scanned in the region needed to  include the whole ct  band. 

Results and Discussion 

Wavelength nm 

FIG. 1. Absorption spectra of pure T C N E  A = 0.0021 
M and 2,2'-bithienyl D = 0.0643 M and their mixed 
solutions a t  17 'C. The concentrations of 2,2'-bithienyl 
are (1 )  0.0081 M ,  (2) 0.0161 Ad, (3)  0.0242 M ,  (4) 0.0322 
IM, (5) 0.0402 M ,  (6) 0.0482 M ,  (7) 0.0564 M, (8) 0.0643 
M. Pure A and D show n o  absorbance. TCiUE = 0.0021 
Ad in all solutions. 

where A,  D, and A D  are. respect~iely, the 
acceptor, the donor, and the 1:  1 charge transfer 
complex. The spectroscop~c detertnlnat~ons of 
Kc, and ec, are usually carsled out u ~ t h  the donor 
concentrat~on [Dl0 > [Ale or w ~ t h  cqu~molar 
concentrations. If only the complex, AD,  ab- 
sorbs at  the uavelength of measurement and 
Beer's law 1s obeqed, an alternative of the 
or~ginal  Be11es1-H~ldebrand (19) equatlon will 
then be (20) 

Bci~ztl hf(ixit?111/11 qf'tlze Chcirge-trcinsfer Coinpleses 
The absorption spectra of the ct complexes of 

2,2'-bithienyl, 5,5'-dinlethyl-2,2'-bithienpl, some 
halothiophenes, 2-methylthiophene, and tetrahy- 
drothiophene ~vith various electron acceptors 
(TCNE, CHL,  and 12) are given in Table 1. 

In the region 330-800 nrn, some of the ob- 
served complexes exhibit a single ct transition 
while the others show two ct bands. If the two 
bands correspond to two difl'erent complexes 
(e.g. one n the other T complex) we ~vould expect 
a 1 : 2  donor:acceptor complex. This was not the 
case as observed from the linearity of the modi- 
fied Benesi-Hildebrand plots for a wide range of 
the donor concentrations. Thus, the two bands of 
the ct complex are two ct transitions for one 
molecular complex. 

E q l ~ i l i b ~ i i l ~ ~ ~  Stu~fies 
The interaction between the electron donor 

and acceptor is represented by the equilibriuni 

where X is the concentration of 1: 1 ct complex. 
Neglecting the last term, a plot of [AIo[Dlo OD 
us. [Ale + [Dlo gives a straight line, if [A10 = [Dlo 
and against [Dlo gives a straight line if [Dlo > 
[Ale. In this work, depending 011 the system under 
study, both alternatives were used. 

The spectra of series of solutions containing 
excess var!,ing donor (2,2'-bithienyl) concentra- 
tion (6.5 X lo-'- 0.8 X 10-9 and a constant 
small acceptor (TCNE) concentration (21 X 

were scanned against the solvent (chloro- 
form) as a blank. 

Molec~rlcir Cofnplexes oJ 2,2'-Biflzienjl 
The spectra of the ct complexes of 2,2'- 

bithienyl and TCNE are shown in Fig. 1 and 
application of eq. 1 to the results is shown in 
Fig. 2. Frorn the slope and intercept of the 
straight lines of Fig. 2, the numerical values of 
Kc, and E ~ ,  are calculated. The same procedure is 
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I 
160 2bO 300 400 660 600 7 6 0  ' 

'CA.CO' lo4 

FIG. 2. Relation between C, C,/OD and C, + C ,  
for 2,2'-bithienyl-TCNE systelm. 

repeated at  different temperatures and using the 
other acceptors, chloranil and iodine. The prop- 
erties of the complex formed are expected to varq 
according to the type of the acceptors orbital 
T* or u * ~  

The values of Kc, and %, determined graphi- 
cally are approximate and may show some 
discrepancies i.e. either be dependent on the 
donor concentration or the wavelength at  which 
comp~ltations are carried out (the cornputations 
are carried out at A,,,,, of the ct band). T o  get 
reliable values, iterative procedures (Rosenbrook 
optimization method) were used to compute Kc, 
and tc,. This procedure depends on minimizing 
the sum of the squares of the differences between 
OD observed and O D  calculated as outlined. 
Sincc the absorbance, O D ,  is only due to the 
formed complex, eq. 1 can be rearranged as 

Equation 2 is second order in OD and can be 
solved by the usual procedure if Kc, and ect are 
knoun. The function Y(Kct,tc,) is defined such 
that 

where n is the number of experimental data. The 
values of Kc, and tct which give the minimum 
value of the function Y are the most likely 
formation constant and molar extinction co- 
eflicient of the formed charge transfer complex. 
An extended precession program is used to solve 
eq. 2 iterativelq, to get values of Kc, and ect which 
minimize the function Y. The entry values of Kc, 
and cc, are the ones obtained from the graphical 
method. The results of computation are given in 
Table 2 and the iteratively comp~ited values are 
considered more reliable than the graphical ones. 
In the derivation of the Y function (eqs. 2 and 3) 
the concentration of the charge transfer complex 
was not neglected. Acc~lracy of the iterative 
procedure is indicated by the resulting value of 
the lninirnun~ function Y. 

The reproducibility of the results, as given in 
Table 2, seems to be quite satisfactory. Thisis 
seen from the variation of Kc, and the product 
Kt. ec, with temperature. 

The stability of the molecular co~nplex formed 
between 2,2'-bithienyl and the used acceptors (as 
judged by the value of Kc,) is in the order 
TCNE > I 2  > CHL. In complexes with C H L  
and TCNE the acceptor orbital is T* but with I 2  
it is the a* one. Molecular coinplexes of a type 
are expected to be more stable than those of the T 

type. However, the nature of both the donor 
orbitals, n or T ,  and the acceptor orbitals seems 
to  affect significantly the stability of the molecu- 
lar complex (21, 22). Hexamethylbenzene (pure 
T donor) gives a molecular complex with TCNE 
whose Kc, is 148 whereas its coinplex with I 2  has 
a Kc, value of 1.35. The order is reversed with 
pure n donor (pyridine), Kc, with TCNE is 0.77 
and with I 2  is 151. Referring to Table 2, the 
values of Kc, for the molecular complex of 
bithienyl + TCNE and bithienyl + I2  makes it 
hard to decide whether the donating orbital is an 
n or T orbital. As a result we suggest that the 
donating orbital has both n and n properties. The 
n character comes from the contribution of the 
sulphur p orbital in the donating molecular 
orbital of bithienyl. This means that the 11 elec- 
trons (unshared) of sulphur atom are not com- 
pletely delocalized in forming the n system of 
bithienyl but they stili possess an  apparent n 
character. The mixed n and T character of the 
formed ct complex was also suggested when 
Aloisi et (11. investigated the molecular complexes 
of some sulphides (9). The greater electron 
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TABLE 2. Values of Kc, and E,, obtained from both graphical and iterative methods for the 2,2'-bithienyl and 
some electron acceptors 

~ ( O D , , ,  - 0Dc,I,)2 Temperature 
Acceptor Methoda KC,. CC, Kc t (M-I ) cct (,W-1 cm-1) X 104 ("J 

TCNE G r  
I 
Gr  
I 
G r  

CHL 

aGr ,  grapliical; I, iterative. 

affinity of TCNE than that of chloranil accounts 
for the higher stability of the 'bithienyl + TCNE' 

- - i 2 .  B , ~ ~ , ~ ~ ~ ~ + ~ ~ , ~ ~  complex. i 2 ~ ~ , r h i ~ ~ i . ~ h l ~ r a n ! i "  

For a given donor, the ct maximum follow the 
order expected from the equation 

[41 (hvc,)1 - (hv,,)2 = 0 5 . 4 1 2  - (EN1 
which relates the energies of the ct of co~nplexes 
between the same donor electron affinities of two 
acceptor. Using the results of Table 1 and sub- 
stituting in eq. 4 a value of 0.28 eV is computed 
for the difference between the electron afinities 
of TCNE and CHL. Using a value of 1.37 eV for O 

electron affinity of CHL (23), one gets 1.65 eV 
for the electron affinity of TCNE. This compares O 0  

satisfactory with the value previously reported 
(23, 24). 

The values of the iteratively computed Kc, 
were used to compute AH0 and AS0  of the 
molecular complexes formed from a plot of 
R In Kc, us. 1, T (Fig. 3), results are given in -", 
Table 3. It is interesting to find that the reaction 
of bithienyl with I2 is more exothermic than its i l l T ! l o  

reaction with TCNE. Also, AS' for the first reac- FIG. 3. The relation between R In K,, and 1!T for 
tion is more negative than that for the second. some charge transfer complexes. 
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ABU-EITTAH AND AL-SUGEIR 3709 

TABLE 3. Therlnodynamic parameter of the studied n~olecular coinplexes 
- 

Acceptor 

TCNE 12 CHL 

Donor - A H O  - AS0 - AN0 - AS0 -AHO - AS0 

2,2'-Bithienyl 5 . 9 ~ 0 . 1  1 8 . 5 k l . 3  8 . 8 ~ 0 . 6  27 .712 .1  7 . 2 1 0 . 6  25 .4k2 .1  
5,jf-Dimethyl-2,2'-bithienyl 4 . 4 ~ 0 . 3  11 .9*0.8  
2-Methylthiophene 7 . 3 ~ 0 . 4  2 4 . 8 k 1 . 4  
2-Iodothlophene 3 . 7 k 0 . 4  1 3 . 3 ~ 1 . 6  
2-Bromothlophene 5 . 8 + 0 . 4  2 1 . 1 i 1 . 4  
2-Chlorothlophene 4 . 6 k 0 . 4  1 7 . 6 ~ 1 . 2  
Tetrahydrothiophene 3 . 4 ~ 0 . 3  12.3+1.1  

Con~~.'lexes qf' 5,j'-Dirnet/~I-2,2'-bitl1ie~1~~1 oncl 
Sotne a-Slrbstiturerl Thioyl~enes rcitlz TCNE 

To  confirm the results obtained with 2,2- 
bithienyl the molecular complex of 5,5'-dimethyl- 
2,2'-bithienyl with TCNE was investigated by the 
same procedures; results are given in Table 4. 
The con~plex formed proved to be more stable 
than that of the bithienyl complex. The equi- 
librium constant, Kc:, for the complex of 5,5'- 
dimethyl-2,2'-bithienyl with TCNE is almost 
twice as large as that of the 2.2'-bithienyl with 
the same acceptor. This increase results from the 
inductive efi'ect of the methyl groups. 

It seemed ~ ~ s e f u l  to extend the investigation to 
the complexes of some a-substituted thiophenes. 
Comparison of the results of this series of com- 
pounds with those of 2.2'-bithien11 will give a 
deeper insight on:  the effect of conjugation of the 
sulphur 11 electrons of the compound on the 
complex formed and the possibility of getting 
more stable conlplexes with bithienyl than with 
substituted thiophenes. The same procedure Lvas 
followed and the results are gi\,en in Table 4, the 
only acceptor used was TNCE.  The trend of the 
variation of the product K?,. t,, as given in 
Table 4 seems to be in the right direction. The 
values of the minimum function of eq. 3 suggest 
that the computed K,, and t,, are reliable. It is 
interesting to compare the value of Kc, and ec, of 
'bithienyl + TCNE' complex with that of ' 2 -  
methylthiophene + TCNE' complex. It is seen 
that Kc, for the bithien1.l conlplex is at  all 
temperatures larger than that of the ?-methyl- 
thiophene complex. This is in accord uith the 
variation of Kc, of benzene + TCNE and bi- 
phenyl + TCNE (2). The value of Kc, for 
2-methylthiophene molecular complex is about 
twice that of thiophene and this has been inter- 

preted to be due to the inductive effect of 
CH2-group. Therefore, conjugation of the two 
thiophene rings in 2,2'-bithien! l increases the 
basicity of the donor more than the inductive 
effect of the CI-12-group. The values of Kc, for 
'a-halothiophenes + TCNE' are dependent on 
the inductive effect of the halogen. That of the 
2-iodocomplex is the highest and that of the 
2-chloro-complex is the lowest. 

The complexes of tetrahydrothiophene -+ 
TCNE have been investigated hoping that the 
formed n co~ilplex will have significantly different 
Kc, from the other con~plexes, this u a s  not the 
case and as a result the nature of the formed 
nlolecular complexes of bithienyl + TCNE and 
thiophenes + TCNE cannot be assigned as pure 
n or pure T complexes. However, intensity of ct 
transition when tetrahj.drothiophene is the donor 
is significantly higher than when the donor is any 
of the studied hetero-aromatics. 

Iorl~ztliron Pote i~t~ul  o j  tile Donor 
The ernplr~cal relat~ons d e n ~ e d  by Alo~si  

and Pignataro (4) 

(A) iP  (eV) = 2.9 + 1.89 X 10-"ijIz (cm-l) 
(B) IP (eV) = 5.00 + 1.53 X 10-Jvr,I, (em-I) 
( C )  1P (cv) = 5.21 + 1.65 X 1 ~ - ' v T c l E  (cm-') 

were used to estimate the ionization potential of 
the donors used. The results are given in Table 5 
and seem to be satisfactor! as compared with the 
experimental ones. Though the above equations 
were applicable for complexes of simple thio- 
phene derivatives yet their application to co111- 
plexes of b~ t l i~en j l s  and tetiah!drothiophene 
appears to be reliable, thouph the latter is an  n 
donor. N o  data is available in the literature for 
the IP of 2-iodothiophene, tetrahydrothiophene, 
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TABLE 4. Numerical values of Kc, and e,, obtained from d~fferent methods for some of the studied donors with TCNE 

E(OD,,, - ODCa1,)2 Temperature 
Donor Method K c , .  e,, K c ,  (M-1) t,, (W-1 cm-1) X 104 ('c) 

5,5'-Dimethyl- 
2,2'-bithien41 

'-Methyl- 
thiophene 

2-Chloro- 
thiophene 

2-Bromo- 
thiophene 

2-Iodothiophene 

Tetrahydro- 
thiophene 

2,2'-bithienyl, or its 5,5'-dimethyl derivative yet ing to  the lower energy trar-rsition. The double 
our values deterinined from ct studies seem to be peak bands have been observed for ct complexes 
consistent. The nlolecular con~plexes of 2-methyl, of TCNE with thiophene (4), with thiophenols 
2-brorno, and 2-chlorothiophene show two ct and related cornpounds (25). This has been 
bands corresponding to two electronic transi- interpreted as due to transitions from two orbi- 
tions. Ionization potentials calculated from ct tals of the donors to the same orbital of the 
data and given in Table 5 were those correspond- acceptor. This appears to be a reasonable as- 
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ABU-EITTAH AND AL-SUGEIR 

TABLE 5. Ionization potentials of the studied donors from transition energies of 
the charge transfer complexes and from electron impact method 

First ionization potential (eV) of donor 

Donor 
Electron 

12 CHL TCNE impacta 

2,2'-Bithienyl 7.75 
5,5'-Dimethyl-2,2'-bithienyl 
2-Methylthiophene 
2-Iodothiophene 
2-Bromothiophene 
2-Chlorothiophene 
Tetrahydrothiophene 
Thiophene 

sumption for TCNE, since an  energy difference 
of 2.07 eV is calculated between the lowest and 
second loivest empty n~olecular orbitals (26). 
The difference between the two ionization poten- 
tials, as computed from the two ct bands 
(Table l) ,  is 0.72, 0.95, and 0.93 eV for 2-bromo- 
thiophene and 2-chlorothiophene respectively. 
For  thiophene the two ionization potentials, as 
determined from the two photoelectron bands, 
d i fer  by 0.62 eV (27) which compares well with 
the difference between the energies of its two 
ct transitions. 

The appearance of two ct bands in the spectra 
of complexes having substituted benzenes as 
donors has been associated with the formation 
of two isomeric complex configurations (28, 19). 
Even with this rationalization, the two ct transi- 
tions are suggested to originate from the El level 
of benzene after removing its degeneracy O j .  
substitution. The formation of at least two 
definite molecular configurations: in which the 
CZ axes of TCNE and thiophene Lire paralje! or 
perpendicular, is quite feasible and :he appcar- 
ance of two ct bands may be attributed to their 
formation. However, it is found that tile energy 
differences between the two highest occupied 
MO's of some 1ieterocjcIes (thiophene, furan. 
and pyrrole) correlate weil with the energy 
differences between the two ct bands in the 
spectra of their complexes (30). This favours the 
suggestion that the appearance of t u o  ct bands 
in the spectra of some of the molecular com- 
plexes under investigation is due to transitions 
from the two highest occupied MO's of the 
donor to  the same vacant MO of the acceptor. 
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Studies in the usnic acid series. 11.' The condensation of 
(+)-usnic acid with hydroxylamine 
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JAMES P. KUTNEY, IGNACSO H. SANCHEZ, and TREVOR YEE. Can. J. Chem. 54, 3713 (1976). 
The results of the reaction of uinic acid (1) with hydrox)laniine are presented. Four producti. 

two iioineric isoxaroleb ( 2  and 4). a no\el  oxazocine structure ( 3 ) .  and A2,1'-enaminousnic acid 
(5) were isolated and characterized. These data clarify the earlier publ~shed results in this area. 

JAMES P. KUTNEY, TGNACIO H. SANCHEZ et TREVOR YEE. Can. J. Chem. 54, 3713 (1976). 
On prCsente les resultsts de reaction de I'acicie u s n i q ~ ~ e  (1) avec l'hqdrox> larnine. a n  a isole et 

caractkriie quatre prod~litb: deux isoxaroles iionikres ( 2  et 4). une ~iouvelle structure oxaroclne 
( 3 )  et l'acide A'ail knaniinouinique (5). Ces do111iCes permettent iie clarifier des resultats p ~ b l i e s  
anterieurement dans ce domaine. 

[ T r a d ~ ~ i t  par le journal] 

During our synthetic approaches towards the 
laboratory preparation of usnic acid biodegrada- 
tion products, it became essential to prepare 
derivatives in which the sensitive $-triketone 
system in ring C of (+)-usnic acid (1) was fully 
protected touards a variety of experimental 
conditions. Having previously determined (21) 
that in the reaction of 1 with a series of ainines, 
attack of the arnlno group occurs preferent~allq 
a t  the C-2 acetyl s ~ d e  cham In rlng C, it u a s  of 
Interest to study further the format~on of stable 
heterocyclic systems, such as isoxazoles: as pos- 
sible protecting groups for the ketone system 
in the ~ ~ s n i c  acid series. 

The facile synthesis of 1,2-isoxazoles from a 
variety of starting materials is a bell documented 
process (1-6). Furthernlore the reductive cleav- 
age of the N-0 bond in the isoxazole ring to 
provide the vinylogous amides (9-ketoenamines) 
and thereby facile regeneration of the original 
1.3-dicarbonyl system prompted us to s t~idy in 
detail the synthesis of such materials. 

Earlier workers (7-9) reported the formation 
of the so-called "usnic acid oxime anhqdride", 
mp 230 "C, molecular formula Ci  j06N, in 
the renctlon of racemic usnic a c ~ d  ulth hydroxql- 
amlne acetdte in dlcoholic solut~on. T o  0111 

surprise, u e  found thdt (+)-usnic acld (1) does 
not react ~11th hqdroxqlan~~ne hydrochlor~de in 
9 5 7  ethyl alcohol. and ~t u a s  therefore dec~ded 
to attempt first the formation of the correspond- 
ing oxime by standard techn~ques folloued by 

~ t s  thermal cqcl~zatlon to the desired heterocyclic 
s) stem. 

Thus, mhen 1 was reacted ~ l t h  h~droxylamlne 
hydrochlor~de (1.5 eqLuv ) In drq pqrid~ne at  
room temperature. complete coniersion to the 
des~red "oxime" as promptlc obserked. HOM - 
ever, ~ t s  thermal cqclization (absolute ethql 
alcohol, reflux) led to the forrnat~on of not one 
but four different products (Fig. 1). 

The least polar product, 2, isolated as bright 
yellow prisms (or needles). mp 230-23 1 "C: pos- 
sessed the molecular formula C 1 ~ H ~ 5 0 h N ,  as 
determined by elemental analysis and high 
resolution mass spectronietry, thereby corres- 
ponding to the material originally isolated by 
Widinan (7). Its ultraviolet spectrunl (A,,, 374, 
329, 281, and 219 nm) showed maxima corre- 
sponding to  a substituted 4-ketoisoxazole, a 
system known to absorb in the 210-230nm 
region (10) while in its infrared spectrum only 
those absorptions corresponding to the C-1 
carbonyl group (16SOcn1-l) and the chelated 
aromatic methyl ketone (1625 cm-I) were ob- 
served. Its pmr spectrum (Table 1) was most 
informalike and showed that uhile all other 
signals remained approxin~ately constant, as 
compared to  those of (+)-usnic acid 1 (1 l), 
the C-11 methyl zroup (the isoxazole ring 
methyl group) and the olefinic proton at  C-3 
appeared shifted to 6 2.51 and 6.45 ppm, respec- 
tively. Moreover, the characteristic signal for 
the chelated enolic hydroxyl function at  C-3 
(usual range 6 18-19 ppm) u-as not observed. 

'For part I ,  see ref. 21. Compound 3, of intermediate polarity, was 
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CAN. J. CHEM. VOL. 54, 1976 

FIG. 1. The condensation products of (+)-usnic acid (1) with hpdroxjlaniine and their reductive 
cleavage. 

isolated as colourless needles, m p  260-261 "C, 
[a],'6 (CH3CN) +244O, and also possessed the 
n~olecular forniula C18H15o6N. While its ultra- 
violet (A,,,, 326, 281, and 233 nm) and infrared 
(1660. 1620, 1580cm-l) spectra proved quite 
similar to those of other ~lsnic acid - amine 
monocondensation products (21), its pmr spec- 
trum (Table 1) yielded definitive evidence as to 
the type of oxygen-nitrogen bond which was 
involved. Thus in addition to a new broad one- 
proton signal at 6 4.38 ppni, a resonance well 
within the range for unsaturated hq.droxylamines 
(12), a higher field signal for the (3-11 methyl 
group (6 2.48 ppm) was observed. Moreover, the 
lack of the characteristic signal for the C-9 
phenolic hydroxyl group (usual range 6 10-11 
pp~n) ,  indicates that it is this oxygen atom that 
is involved in the intramolecular cyclization, 
thus producing a novel 8-membered ring hetero- 
cyclic system, the oxazocine 3. This postulate is 
in agreement with our previous observations (21) 
that reaction occurs primarily at  the C-2 acetyl 
grouping and that the initial condensation 
products (imines) suffer rapid tautomerization 

to  the more stable enamine system. 
Conlpound 4, yellow crystals, m p  178-179 "C, 

[aIDZ6 +85 lo,  niolecular formula C l 8 H I 5 o 6 N p  
proved to be the third product obtained in this 
reaction. Its ultraviolet (A,,, 390, 336. 282, 258, 
and 222 nm) and infrared (1675, 1620 cm-l) 
spectra here quite similar to  those of the 
isoxazole 2, with the small differences arising 
mainly from a change in substitution pattern, 
a situation often observed in the isoxazole series 
(10). The difference in the subst i t~~t ion pattern 
was also observed in the pmr spectrum of this 
product which showed the C-11 methyl group 
(isoxazole meth>.l group) resonance and the C-4 
olefinic proton at  6 2.60 and 6.36 ppm, respec- 
tively (Table 1). 

The complex mass spectra of isoxazoles 2 and 
4 ( ~ n  e 341, 326, 313. 312. 298, 285, 273, 272, 
260, 257. 244, 232, 217 and 341, 326, 313, 298, 
272, 256, 244, 217 respectively) are indicative of 
the electron impact-induced isoxazole + azirine 
-- oxazole rearrangements postulated for the 
series (13-15) and are reminiscent of their 
photochemical behaviour (16). A similar pattern 
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KUTNEY ET AL.:  I 3715 

TABLE I .  The proton magnetic resonance data of the usnic acid - h ) d r o x y i a ~ ~ ~ i n e  conden\ation products 

Functio~~ali ty 

C0m;lound Cgb-CH3 C8-CH3 Cj [-CH3 C6-COCHi C4-H Cs-OH C3-OH N - H  

b 6 
c 

FIG. 2. The postulated equilibration of (+)-usnic acid 
oxime (6). 

was observed for the oxazocine 3 (mt e 341, 326, 
308, 298, 280, 260, 232, 217). Although thc 
behaviour of oxazocines in the mass spectrome- 
ter has not yet been studied, we feel that ring 
opening and recyclization to  isoxazole deriva- 
tives are important characteristics in the present 
series. 

The fourth and final component to  be isolated 
was shown to be identical in all respects with 
(-)-A2,11-enan~inousnic acid (S), the product 
resulting from the condensation of (+)-usnic 
acid (1) with aqueous ammonia (21). Its forma- 
tion is probably due to  traces of ammonia 
present as an impurity in the hydroxylamine 
hydrochloride. 

Under the described conditions, the formation 
of such materials can be rationalized as arising 

from the s,~>n-methyl oxime 40 (Fig. 21, the initial 
condensation product, which subsequently equili- 
brates with the isomeric syn-methyl oxime 4b and 
with the unsaturated hydroxylamine derivative 
4c. Thermal cyclization of such intermediates 
uould then produce the isolated products. It is 
interesting to mention that thin layer chromato- 
graphic investigation of the crude "oxime" reac- 
tion mixture prior to any attempts to perform the 
cyclization revealed variable amounts of the 
final products, thus indicating an inherently facile 
cyclization process. 

Based on this postulate we have also studied 
the modification of relative yields and product 
distribution caused by changes in the parameters 
governing the thermal cyclization of intermediate 
6.  The results are summarized in Table 2. Thus, if 
cyclization is carried out in a basic solvent 
(Experiment I), without isolation of 6 ,  the main 
product is the oxazocine 3, suggesting that under 
such conditions 6c must be the predominant 
species. However, if protonation of the inter- 
mediate occurs (Experiments I1 and III), regard- 
less of solvent and temperature, the lsomeric 
isoxazole 4 is the main product. Experiments I1 
and I11 indicate the im~ortance of the C-9 
phenolate anion on the formation of 3. 

It should also be mcntioned that all attemwts 
to further increase the yield of the isoxazole 2 
by the use of protected species such as the 
diacetate 7 wcre unsuccessful, resulting only in 
partial deacetylation to  (+)-usnic acid mono- 
acetate (8). 

Further structural proof for the proposed 
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TABLE 2. The thermal cyclization of (-)-usnic acid oxinle (6) 

Yields of ~bolated materials 
(' C)  Total 1 ieid 

Exoeriment  condition^' 2 3 4 ('0 

I u. c 21 60.5 5 . 5  87 
1 ! a ,  h,  c 20 2 56 .5  79 
111 u. b, d 16 21 5 8 95 
I V r 30.5 f 

* a ,  oximc formation in p~r id ine  (1  h ,  rt): h, nork-up and isolation of the "oxime": c, thermal c)cliza- 
tion in absolute ethyl alcohol ( I  h, 90 " C ) ;  (1, thermal cycl~z~ttion in anh)drous pyrldine (I h, 110 "C): 
e ,  oxime iorrtiation - thermal cqclization (one-step reaction) in I : I  dry p)ridlne - absolute ethql alcohol 
(1.5 11, 80 "C) .  

tNot  determined. 

11 

KOH - 
0 N H 

3 10 

FIG. 3. The reactions of isoxazole 2 and oxazociile 3 with strong base. 

structures 2-4 was obtained from experiments 
involving their reductive cleavage (Hz PtO,) 
(1-3, 17, 18) to 5 (21) (Fig. 1). The latter sub- 
stance, behaving as a vinylogous amide, was 
easily hydrolyzed to the parent ketone I under 
both alkaline (1.2 N NaOH) and acidic (goyc 
HOAc) ('7) conditions. Although the former con- 
ditions were app!ied successfully to several mem- 
bers of the series, with complete retention of 
optical activity (211, the latter system resulted in 
racemization (7, 19). Strong alkaline treatment 
(2055 KKO) (20) of 2 and 3 produced the car- 
boxylic acids 9 and 10 (36 and 28Yc yield respec- 
tively) corresponding to nucleophilic cleavage a t  
the nonenol-izable G-I carbonyl group in these 
compounds (Fig. 3). The acid 9 was further 
characterized as its methyl ester 11. 

In conclusion these studies have clarified the 
results previously reported with usnic acid (1) 
and hydroxylamine. The significance of these 
results as they pertain to biodegradation studies 
in the usnic acid series, will be presented in 
future publications. 

Experimental 
Meltiilg points were determined on  a Kofler block dnd 

are uncorrected. 
Ultraviolet ( u \ )  spectra ue ie  recorded on  a Car) 14 

ipectrophotometer 111 methanol sol~lt ioa (unless other- 
bcise noted) and the absorption maxima are reported In 

nm. 
Infrared (ir) ipectrd were measured 111 chlorofornl solu- 

tion on  Perkin-Elnier model 710 or 357 5pectrophotom- 
eters and the absorption inaxinla are quoted in wabe 
numbers (cnl-1) 
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Proton magnetic resonance (pmr) spectra were meas- 
ured in deuterochloroform (CDC13) solution (unless 
otherwise indicated) at  room temperature. Routine spec- 
tra v,ere recorded at 60 ,MHL on a Varian T-60 spectrom- 
eter, and analytical or comparison spectra at 100 MHz 
on either a Varian HA-I00 or a Varian XL-100 spec- 
trometer. Line positions are given in the 6 (ppnl) scale 
using tetramethjlailane (TMS) as internal standard. The 
integrated peak areas, multiplicit), and proton asiign- 
lnents are indicatecl in parenthesea. 

Low resolution mass (111s) spectra were determined at 
70 eV on either an AE1-902 or an Atlas CH-4B mass 
spectrometer, \\bile high resolution mass spectra were 
recorded exclusi\ely on an AEI-MS-902 niasa spec- 
trometer. 

Circular dichroiml (cd) spectra were obtained on a 
Jasco model 5-20 spectropolarimeter in methanol solution 
(unless otherwise indicated). The wavelength of the 
absorption maxima is reported in nm. The differential 
molar extinction coeficient ( A t )  and the sign of the 
observed Cotton etfect are indicated in parentheses. 

Optical rotations ([a]D) were measured on a Perkin- 
Elmer inodel 141 polariineter at the sodium D line In 
chloroforlll solution (unless otherwise noted) using cell5 
with a 0.1 dm path. 

Microanalysec were performed by Mr. P. Borda of the 
Mlcroanalytical Laboratory, University of British Colum- 
bia. 

Merclc silica gel G (acc. to Stahl) impregnated with 
oxalic acld (2%)) and with 2'6 fluorescent indicator added, 
was used as adsorbent for thin layer chromatography 
(tlc), unless other~vise noted. The tlc plates were activated 
in an  oven at  90 C for 4 h before use. For qualitative 
chromatogiaphy layers of 0.3 mm thickness were used and 
the spots were bia~~alized by viekving under ultraviolet (uv) 
light or spraying with a I(,:, ethanolic ferric chloride 
solution. For preparative (plc) chromatography large 
(20 X 20 and 20 X 60 cm) plates with a thicker layer 
(0.7 mm) were used. The developing systems were A. 
petroleum ether (30-60 'C) - acetone (4: I), and B, 
chloroforn~ - ethyl acetate (3 :2), unless otherwiae in- 
dicated. 

Column chromatography was performed on either 
Mackerey-Nagel (0.2-0.5 nlrn grain size) or Merck 60 
(0.063-0.2 n ~ n i  grain size) silica gel. 

The uanic acid utilized throughout the course of this 
study wa5 obtained from Koch-Light 1-aboratoriea, 
England. as the optically active dextrorota:ory isomer. 
(+)-usnic acid, isolated from ichen sources (C;\rieu 
harhrrrci). 

In order to present in a coherent manner the character- 
istic spectroscopic data for those compounds that are 
formally derived from usnic acid and retain its basic 
skeletal features, we ha\e  decided to maintain through the 
course of this work the numbering system recommended 
for the parent molecule (i.e. the approved dibenzofuran 
numbering (22)) instead of using those arising from the 
corresponding sqstematic names. In all other instances 
the latter numbering systems will be used. 

Corldeirsciiior~ oj'(+)- C'st~ic Ac,id ( I )  witli ~ ~ d r o . y I u n : i t ~ e  
H~~irocliloriclr - Experinret~r I 

A solution of (+)-usnic acid (1) (10.0 g, 29.069 mmol) 
in dry pyridine (30 ml) was treated with hydroxylamine 

hydrochloride (3.0 g, 43.165 mmol) ant1 stirred at room 
temperature under a nitrogen atmosphere for 1 h.  The 
reaction mixture was then diluted with absolute ethjl 
alcohol (200 ml) and heated to reflux under nitrogen for 
1 h. The resulting dark brown iolution was then concen- 
trated under reduced pressure to a thick syrup. acidified 
with 1 h hjdrochloric acid. and thoroughlj extracted with 
ethyl acetate (3 X 150 nil). The comblned extracts \+ere 
washed with water, dried over anhydrous sodium sulfa~e, 
and evaporated under reduced pressure to produce a crude 
crystalline product ( 1  1.8 g). which was purified by colun~n 
chromatography on Macherej-Nagel silica grl (500 g) to 
afford the following pure components. 

Fr.ucrior~ I. (+)-IsoxuzoI[rl.5-b];i~11ic Aciti(2) ( U ~ ~ i i c  Acid 
Oritlie Ai~/~~.dritle) (IO-Acerj~l-6.Ciil-dii1j~riro-7~Y- 
clil1~~i/ro,~~~-5,6cie.8-rri1i:e~~1~~1-6-~~,~oisox~:o10[4~5-b]- 
c/iber~xjlrrcoi) 

Bright qellow needles from ethyl acetate (2.10 g, 6.i58 
mmol: 2 1 ' 0 ;  mp 230-231 C (lit. (7) mp 230-C): [oiID2? 
+669- (c 0.060): uv A,,, (log t)  374 (2.66). 329 (3.69). 281 
(3.76), 219 (4.63): ir v,,, 3600-2600 (OH, chelated), 1680 
(C-0,  enone system). 1625 (C=O, chelated aromatic 
acetyl; C-C, enol ether), 1600 ( C - C ,  aromatic ring): 
prnr (CDC1;-DMSO-d6) 6 1.80 (31-1. s, C,,-CH;), 2.08 
(3H, 5 ,  Cs-CH;), 2.51 (3H, s, CII-CH;). 2.70 (3H, S, 
C6-COCH;), 6.45 ( IH,  s, C4-H), 10.55 ( l H ,  s. C9-OH). 
13.30 ppm (113. s. C,-OH): 111s mle 341 (hf-. base peak), 
326 (111 - Is), 313. 312; 298, 285. 273, 272, 260. 257, 244, 
232, 217. Airill. calcd. for CISHI5O6N: C 63.34, H 4.43, 
N 4.10; found: C 63.42. H 4.51, N 3.95. High resolution 
n~olecular height determination: calcd.: 341.090: found: 
341.090; cd A,,, (At) 373 (+6.88). 334 (+13.23), 285 
(+9.26): 255 (-11.41), 229 ( -  15.77). 

Fr.uciioti I I .  (+)-2H-[I.2]1IOxozocir~o~~iC Acid (3) 
(l-ilceryl-8-l1~droxy-3n,4,10h.l I-~eirull~.tlro-3,9.l0hcu- 
tr.itnerlrj.1-4.1 I-riioxo-2N-4,5-dil:j~dro[l.2]oxiizocit1o- 
[4,5.6.7.8-ic,m,l,X]tiibet~;ofuruti) 

Colorless needles from ethyl acetate (6.00 g, 17.595 
nimol: 60.5' ,), nip 260-261 C:  (CH3CN) f244' 
((0.5725): uv A,,,, (log e )  326 (2.83), 281 (4.24). 233 
(4.45); ir (Nujol) v , , ,  3200-2900 (OH, chelated), 1650 
(C=O, diketoellamine system). 1620 (C=O, chelated 
aromatic acetyl grouping: C=C. en01 ether, aromatic 
ring), I580 (C-(9, chelated ketocnaniine system); pmr 
(CD3COCD,-DMSO-d6) ij 1.87 (314. s, C9,-CH?). 2.12 
(3H, s. C8-CH3). 2.48 (3H. 5 ,  CIi-CH3), 2.74 i3M, s, 
C6-COCH3), 4.38 ( I K .  131, N-H), 6.13 ( lH ,  s, C4-Fi), 13.61 
ppm (1M.  s. C,-OH); mi  n; e 341 (.Mf). 326 (Af - 15, 
base peak), 308, 298, 280. 260, 232. 217. Arrcil. calcd. for 
CI8Hl jo6N:  C 63.34. N 4.43, N 4.10: found: C 63.49, 
H 4.29, N 3.91. High resolution molecular weight deter- 
mination: calcd. : 341.090; found: 341.093. cd A,,, (At) 
345 ( f  9.20), 332 (4-9.40), 320 (+9.60), 268 (-7.44), 235 
(-5.09), 222 ( 11.75). 

Frucriori 111. (+)-1soxu:olo[5,4-u]~i~11ic Acid (4) 
(7-Acer.i.1-4, Iiib-iiilydio-8.iii-cii/i~~rlro.~~~-3,9.1Obe- 
rr.it~zerl1yl-4-oxoi.ro~~~1:olo[5,4-u]~li/~eti:o/1~rc~~1~ 

Yellow crystals from ethyl acetate (0.55 g, 1.612 mmol: 
5 . j r  ,), mp 178-179 '(3: [cY],~? +851- ic 0.1315): uv A,,, 
(log t) 390 (3.34). 336 (3.73). 282 (4.23), 258 (3.1 I), 226 
(4.48); ir v,,, 3-100-2900 (OH, chelated). 1675 (C=O, 
enone system), 1620 (C=0, chelated aromatic acetyl 
grouping; C-C, enol ether, aromatic ring); pnir ij 1.80 
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(3H, S, Cgb-CM;). 2.10 (!H? S. C8-CH;), 2.60 (3H, S, 
CII-CH;), 2.68 (31-1, S, C6-COCH3), 6.36 ( l H ,  S, C4-H). 
10.89 ( I N ,  s, C9-OH), 13,40 ppin ( I H ,  \, C7-OH): Ins 

171 e 341 (M+, base peak), 326, 313, 298, 272, 256, 244, 
217. Arlo/. calcd. for C18Hlj06N: C 61.34. H 4.43, N i . 1 0 ;  
found: C 63.31, 1-i 4.50, N 3.92. High resolution mo1eci1- 
lar weight determination: calcd.: 341.090: found: 341.089. 

Friictioi~ IV. 1-)-l?~~~-Eiinr~zii1(1iis11ic i l c i ~ I ( 5 )  (6-Ace/>,/- 
7,9-tlii1yiiro.~~~-8.9h~1-~!ii~1eii1~~i-7-efI1~/id-, 11-eire-Il- 
iii?lii1o-1,96,2.3-1e:ri1ii~ dro- 1,3-~iio.~odibeii~o/i!r(11~) 

Pale )ellow prisms from ethj l  acetate or chloroforni 
(82.5 mg. 0.240 nimol: 0.82' ,); m p  253-254 ' C ;  mixed 
with ( - ) - l ~ , l l - e n a t i ~ i n o ~ i s ~ ? i c  acid 252-254 C ;  [a]," - 

223' ((. 0,087); chroinatographic (silica gel -- oxalic acid 
plates. solvent slstems 11 and B) and spectroscopic ( U L ,  Ir, 
prnr) popert ies  were identical with those of pure (-)- 
A2sll-enaminousnic acid (5) obtained previously (21). 

C~~ricieii.~iifiori q j  (i)- Crtiic A(,ic/ (1) n.iii~ Hj~dr.ox>~lui?~iiie 
Hviirocilloriile - Esj~rrin~etir I I  

A solution of (4-)-usiiic acid (1) (5.0 g, Il.534 mniol) 
and h y d r o x j l a n ~ ~ n e  hydrochloride (1.5 g, 21.582 mmoi) 
in dry pqridine (20 1n1) was siirred at  room temperature 
under a nitrogen atmosphere for 0.5 h.  The reaction 
mixture was cooled in an ice bath, acidiiied with I A 
hydrochlor~c acid, and extracted with ethj l  acetate 
(3 X 70 ml). The combisled orgaillc extracts were thor- 
oughly hashed ui th water, dried over anhydrous sodium 
sulfate, and eiaporated under reduced pressure. The 
crude oxinie (5.413 g )  was then disbohed in absolute ethyl 
alcohol (I50 mi) and heated to  reflux under nitrogen for 
I h .  The solvent Lvas eliminated by evaporation under 
reduced pressure. and the residue (5.320g) purified by 
column chromatograph) o n  Woelni silica gel (200 g, 
activity 1) to  atford 2 (20: ,), 3 (2' ,), and 4 (56.ji ( j .  

Coi~cieiisution o j  (+)- L!\rlic Acid ( I )  it,itir Hj.ilr.o.xj~lan~ine 
~ ~ c i r o c i ~ l u r i ~ l e  - Experit?~<~ilf LIZ 

A solution of (+)-usnic acid ( I )  (5.0 g, 14.534 mmol) 
and hqdroxylamine hydrochloride (I  .50 g: 21.582 mmol) 
in dry pyridine (20 inl) was stirred a t  room teinperature 
under a nitrogen atmosphere foi  0.5 h. After cooling in an 
ice bath the reaction n~ixture was acidified with 1 I"\ 

hycirochloric acitl and extracted with ethyl acetate 
(3 X 70 ~ n l ) .  The combined extracts Mere washed ~vi th  
water, dried o\<er ailhydrous sodium sulfate: and evap- 
orated under reduced pressure. The crude oxime (5.432 g) 
wah dissolved in dry pyridine (150 mi) and heated to 
110 ' C (oil bath temperature) under nitrogen atmosphere 
for 2 11, The cold reastioil mixture was acidilied with 1 ?i 
hydrochloric acid. extracted with ethyl acetate ( 3  X 
80 ml). and  ihc combined extracts hashed with water, 
dried over anhydro~rs sodiilm sulfate, and evaporated 
under reduced pressure. The residue (5.852 g) was purined 
by column chromatography o n  Macherey-Nagel silica gel 
(300 g) t o  afford 2 (16'%), 3 (21YG), and 4 (5X1/,). 

Corz~le~~su:ior~ o/ (+)- C:\rlic. Acid ( I )  witii fij.~iroh-,~I~i~iziile 
Ffydt.oc/l!or.ir!e - Eqerinzeilt IV 

A suspension of (+)..usnic acid (1) (25.0g, 72,674 
mmol) in dry pyiidine (50 ml) and absoltite ethy 1 alcohol 
(50 n ~ l )  was treated with hydroxylanune hydrochloride 
(5.6 g. 80.57 mmoi) and heated a t  80 -C (oil bath tem- 
perature) under a nitrogen atmosphere for 1.5 h. Upon 
cooling a deep yellow crystailine product formed and the 

reaction nlixture was diluted 4,ith cold distillecl nater  
(200 rill), ac~d~fict l  with I A' hydrochloric acid, and ex- 
tracted with ethl l  acetate (3 X 200 ml). The conibined 
rxtractb were ~horoughly washed with water, dried over 
anhydrous magnesium sulfate. and evaporated under 
reduced pressure. The crystalline residue (25.820 g) was 
purified by column chromatograph) o n  Cvlerck silica gel 
(400 g) eluting with benzene - ethyl acetate (5' ,) to  pro- 
duce 2 in 30.5', yield. The other coniponents isolated 
during the chromatographic p~lrification were not in- 
vestigated further. 

Acid C~itn/>~zeil Hj,i/ro/y~ib of ( - ) - A ~ ~ ~ ~ - E r i ~ i i i ~ i ~ ~ o ~ i s i ~ i c  
Acid (5). For.ii7citiorz o/ (k)- CS~ric Acid ( I )  

A suspension of ( - ) - i ~ ~ ' ~ - e n a n i i n o u s ~ ~ i c  acid (5) 
(20 mg, 0.058 rumol) in XU', acetic acid (0.5 ml) was 
heated to  retlux uncler a nitrogen atmosphere for 8 h. The 
brown solut~osi \\as then diluted with distillecl water 
(10 1111) and extracted with benzene (3 X 5 ml). The com- 
bined organic extracts here \\ashed with water, clried o w r  
anhydrous sociiuni sulfate, and evaporated under reduced 
pressure. The re\idue (18.9 mg) bvas crystallized from 
benzene - eth) l alcohol to produce ( I)-usnic acid (1) 
(15.0 tng. 0.043 mmol; 7 5 ' 0 ,  yellow neetlles nip 195- 
197 C (lit. (8) n ~ p  193-194 LC); mixed mp with authentic 
(1)-usnic acid 194-196 C ;  [a],'6 0 ( c  0.081). The 
chromatographic and spectroscopic properties of this 
sample were itlentical to  those of ( s ) -usn ic  acid (coni- 
mercially available). 

B u e  Cutu~'zei1 Hvti/.ol~..sis of ( - ) -A~~~~-E~rr i r i l i r ro~ lsr~ ic  
Acid (5). Foi.r~iofioir oJ (+)- L'.srzic Acid ( I )  

A solution of (-)-A2.l'-enamitiousnic acid (5) (50 mg, 
0.145 mmol) in freshly prepared 1.2 N sodium hyclroxide 
(10 nil) was stirred at  room temperature under nitrogen 
atmosphere for 0.5 h .  After acidiiication \+ith 1 !V hydro- 
chloric acid, the reaction mixture was extracted with e th j l  
acetate (3 X 8 ml), and the combined extracts washed 
with water, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure. Crystallization of the 
residue from chloroforl~i-methanol produced pure (+)- 
usnic acid ( I )  (42 mg. 0.122 rnmol: 84' ,), bright jellow 
needles, m p  202-204 "C; mixed mp with authentic (+)- 
usnic acid 202-204 'C: +49OZ (c 0.095). All the 
spectroscopic characteristics of this sample showed 
identity with those of pure (+)-usnic acid (1). 

Reih ic t i~ .~  Cleucuge of (+)-lsoxri.zo/u[4,5-bJ~i~ilic Acid (2). 
Forr?latiotz (I/ ( - ) - l ? ~ ~ ~ - E r l ~ i ~ ? ~ i t i o ~ ~ s i i i c  Acid (5) 

A suspension of (f )-isoxazolo[4,5-hlusnic acid ( 2 )  
(130 mg, 0.381 ti~rnol) in 95', ethyl alcohol (9 mi) was 
hydrogenated over Adam's catalyst (Pt02, 30 mg) a t  
atmospheric pressure. After the uptake of 1 mol equiv. of 
hydrogen (9.31 mi at  25 -C) the reaction mixture h a s  
filtered through Celite and the solvent evaporated under 
reduced pressure to afford a colorless residue (135 mg) 
which \%as p ~ ~ r i f i e d  by preparative laqer chromatography 
(silica gel plates, ethyl acetate) to  give pure (->12Jl- 
enarninousliic acid (5) (125 mg, 0.364 nimol; 96',(), pale 
)ellow plates from chloroform, mp 252-253 'C: mixed 
mp with authentic sample of (-)-A2J1-enaminousnic acid, 
252-254 'C; -233- ( c  0.095). This material was 
identical in all respects (chromatography, spectroscopy) 
with (-)-A2.il-enaminousllic acid (5), the condensation 
product of ( f  )-usnic acid (1) with aqueous ammonia (21). 
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Studies in the usnic acid series, 111.' The base catalyzed usnic 
acid - isousnic acid rearrangement. The synthesis of (+)-isousnic acid 

JAMES P. KUTNEY, IGNACIO H. SANCHEZ, AND TREVOR YEE 
Departt7zrtlr of C / 7 r t n i ~ r ~ , .  Ciiice~..iirj of firiri~ll Col~rt?~bicl. 2075 IVc.sb~.ooii Plnce, Vcitlcolrrer. B.C.. Catlado V6T I WS 
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J A ~ I F S  P KCTUEY, IGNACIO H SAICH~Z, and T R E ~ O R  YEE Can J Chem 54. 3721 (1976) 
Investigations concerning the alkaline cleavage of (+)-i~oxazolo[4.5-hlusnic acid (8) are 

described. During these studies a no\eI rearrangement from the 'norn~al '  (usnic acid) to  the 
'iso' (isousnic) series was revealed. The rearrangement process was then utilized in the synthesis 
of (+)-isousnic acid (3). 

JAMES P. KUTNEY. I G ~ ~ C I O  H. SSUCFIEZ et TRFVOR YEE. Can.  J. Chem. 54. 3721 (1976). 
O n  decrit des etudes concernant la coupure alcaline de l'acide (+) isoxazolo[4,5-b] usnique 

(8). Au cours de ces etudes, on  a decouvert un nouleau rearrangement perniettant de passer de 
la sCrie norniale (acide ~lsnique) a la sCrie i \o (isousnique). On a ~ ~ t i l i s e  ce rearrangement dans la 
synthese de l'acide (+) isousnique (3). 

[Traduit par le journal] 

During our synthetic investigations leading 
towards the synthesis of (+)-6-desacetylusnic 
acid (2u), a biodegradation product of (+)-usnic 
acid,2 we have discovered a novel base-cat- 
alyzed usnic acid - isousnic acid rearrangement 
which eventually led to  the preparation of 
optically active (+)-isousnic acid (3) (2-5)1 the 
natural isomer of 1 .  The results of these investi- 
gations are discussed and, in addition, some 
clarification of previously published chemistry 
in the ~lsnic acid area is provided. 

Barton and Bruun (6) first studied the be- 
haviour of (+)-usnic acid anhydrophenylhy- 
drazone (4) (7) with methanolic potassium hy- 
droxide and \vere able to isolate a material, 
m p  206-207 "C, having the molecular formula 
C23H2205N2 for which the structure 5 (referred 
to  as the 'normal' series in this present dis- 
cussion) was postulated. Moreover, under more 
vigorous conditions (aqueous or ethanolic po- 
tassium hydroxide) the high melting. optically 
inactive pyrazole-4-carboxylic acid (6) was ob- 
tained. More recently, compound 5 has been 
similarly prepared by Takahashi ef al. (8) via 
(-)-usnic acid isomethoxide monoacetate (7) (9). 

A l t h o ~ ~ g h  the preparation of 5 according to 
the Barton conditions (6) could be readily 
achieved in our laboratory, the regeneration of 
the @-triketone system characteristic of 1 from 
the N-phenyl pyrazole moiety proved trouble- 

'For part 11. see ref. 1. 
2J. P. Kutney, I .  H. Sanchez, and T. Yee, manuscript 

in preparation. 

some and could not be achieved to any satisfac- 
tory degree. In our search for suitable compounds 
that \vould allow such a regeneration at  appropri- 
ate stages in the synthetic pathway, we prepared 
the alkali-stable isoxazole derivative 8 (1) (Fig. 
1). While the original cleavage conditions (6) 
employed ~ \ i t h  8 resulted in severe decomposi- 
tion and less than 55;;; of the desired deacylated 
material, the required reaction was successfully 
carried out in a water -ethyl alcohol mixture at  
70°C for a short period of time. From the 
complex reaction mixture, three different types 
of products were isolated: type I, those resulting 
from solvent addition to the C4-Cda double 
bond (9 and 10); type 11, those obtained from 
solvent addition, removal of the aromatic acetyl 
group and rearrangement to the 'iso' series (11 
and 12), and type 111, representing cleavage of 
the C-ring in the present skeleton (13). 

The recognition of the interesting base-cata- 
lyzed rearrangement from the 'normal' to the 
'iso' series (8 - 11 and 12) was made possible 
from an extensive analysis of spectroscopic data 
which were not available to  the earlier workers 
(6, 8) in this area. In particular, nuclear magnetic 
resonance (nmr) and circular dichroism (cd) data 
could be effectively utilized for this purpose and 
some specific comments concerning these results 
are appropriate. 

The postulated structures for the compounds 
in the normal series (type 1. 9 and 10; type 111, 
13) are based, in part, on previous observations 
by Asahina and Okazaki (lo), Dean and Robert- 
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H 

R OH HQ 

COCH, CH,CO 
OH 0 

1 2 3 

I 
KOH - H,O,A 

I 

KOH /CH,OH 

A 
lp 

son ( l l ) ,  and Shibata and co-workers (12, 13), 
but primarily on a careful analysis of the typical 
chemical shifts observed in the nmr spectra of 
the normal and iso series (Tables 1 and 2) and 
the cd data (Table 3). 

Table 1 illustrates the characteristic chemical 

OH 

COCH, 

shift for the ring A acetyl group which, inde- 
pendent of any modification in ring C, always 
occurs at  lower field (Ab 0.05-0.16 ppm) for the 
compounds in the iso series. 

Furthermore, the chemical shifts observed for 
the C4-methylene protons in the Cda-a- (com- 

TABLE 1 .  The observed chemical shifts for the a c e t ~ l  groups in the usnic (normal) and isousnic acid (iso) series 

Chemical shift. ppni (6 units) 

iVonnol series 
(+)-Usnic acid ( 1 )  
(+)-Isoxazolo[4,5-blusnic acid (8) 
(-)-Dihydrousnic acid (21) 
(+)-Usnic acid anhydrophenylhydrazone (4) 
Cleavage product (10) 
Cleavage product (13) 

Isu 5et.ie.r 
(+)-lsousnic acid (3) 
(+)-Isodihydrousnic acid (22) (5) 
(+)-lsousnic acid anhydrophenylhydrazone (23) (5) 
(-)-Placodiolic acid (14) ( 1  5) 
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KUTNEY ET AL.: I1 

I 
Yield '10 
2 .2  

9 

13 

FIG. 1 .  The alkaline cleavage of (+)-isoxazolo[4,5-blusnic acid (8). 

pounds 10, 12 and 21) and @-series (compound 
11) can be used as characteristic in assigning the 
configuration of the C4,-substituent, since we 
have noted that for the a-series they consistently 
occur at  a higher field than those for the p-series 
(Table 2). These assignments were made only 
after careful examination of molecular models 
which revealed that only in the C4,-a-series is the 
B-hydrogen of the C4-methylene group seen to be 
directly above the plane of the aromatic ring A, 
thus experiencing an anisotropic shielding (14). 
From entry 5 in Table 2, showing the reported 

data for (-)-placodiolic acid (14) (15), we were 
able to extend our observations to  the enantio- 
meric series derived from (-)-usnic acid (15) (3) 
and show that in this case the opposite reasoning 
applies. 

Finally, the angular methyl group (C9,-methyl) 
is also responsiire to the change in conformation 
brought about by the introduction of a sub- 
stituent a t  the C,,-position, occurring at  lower 
field for the a-series (cis-Bi'C junction, for 
example 10 and 12) than for the $-series (trnns- 
B,'C junction, for example, 11) in both the 
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TABLE 2. The observed chemical shifts for the C4-methqlene protons and the 
C,,-methyl group in the normal and iso series 

Chemical shift, ppm (6  units) 

Compound 

(-)-Dihqdrousnic acid (21) 
Cleavage product (10) (D-OEt) 
Cleavage product (12) (a-OH) 
Cleavage product (11) (@-OH) 
( -)-Placodiolic acid (14) (1 5) 
(+)-lsodihvdrousnic acid (22) (5) 

C4,-Meth) lene group C,,-Methyl group 

3.10 1.70 
3.17 1.93 
3.08 1.88 
3.53 1.68 
3.37 1.46 
3.10 1.70 

TABLE 3. The circular d~chroism properties of the cleavage products of 
(+)-isoxazolo[4.5-blusnic acid (8) 

Compound Circular dichroi~ni  properties. A,,, ( A c )  

HO OH HO OH 

W 3 C 0  COCH3 COCH 
OH 0 

normal (entries 1 and 2 in Table 2) and iso 
compounds (entries 3, 4, and 6) as well as the 
enantiomeric family (entry 5). 

Similar differentiation between the normal and 
iso series can be made from analysis of the cd 
characteristics of the various compounds (Table 
3). 

The next step in our synthetic scheme (Fig. 2) 
was the dehydration of the C,,-hydroxy deriva- 
tives 11 and 12 and,  although a variety of 
dehydrating agents were studied, the best ex- 
perimental conditions were those employed by 
Barton and co-workers (6) in their synthesis of 
(5)-usnic acid, namely a 0.5CG (v v) solution of 
concentrated sulfuric acid in acetic anhydride at  
50°C under a nitrogen atmosphere. In this 
manner the desired unsaturated diacetate 14 was 
obtained in over 90(1, yield. In the nmr spectrum 
of 14, the aromatic proton was seen as a singlet 
a t  6 6.72. The lack of correspondence with the 
normal series, suggestive of a rearrangement, was 
first noted at  this point since the aromatic proton 
in (+)-6-desacetylusnic acid diacetate (2b) (I), a 
normal series derivative, resonates at  6 6.81. 
Additional evidence for this rearrangement was 

obtained through saponification (1 N NaOH) to 
the diphenol 15, which showed, in its nmr 
spectrum, the aromatic proton at  6 6.31. This 
proton signal is usually observed at  6 6.20 in the 
normal series (for example, in diphenol 20). 
Treatment of 15 with acetyl chloride - boron 
trifluoride etherate in dichloromethane (17) re- 
generated 14 in 87% yield thereby excluding any 
possibility of rearrangement during this con- 
version. 

Regeneration of the protected $-triketone 
system was carried out by hydrogenolysis (1) 
(H2-Pt02 EtOH) of the isoxazole 0-N bond in 
14 to produce, in 95YC yield, the expected diace- 
tate 16. Alkaline treatment (1 N NaOH) of 16 
furnished, in 75%, yield, (+)-8-desacetylisousnic 
acid (17), the synthetic isomer of the biodegrada- 
tion metabolite (2u). Significant differences be- 
tween these two materials ( i .e.  normal 6s. 

iso-series) were observed in both their nmr 
(Table 4) and cd spectra (Table 5). 

In order to complete the synthesis of (+)- 
isousnic acid (3) from the synthetic intermediate 
17, it is necessary only to introduce an acetyl 
group at  the 8-position. Although the base- 
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AcO 
N -KOH---, 

H -eAcCL- 

14 / 15 

d - 

OH 
I.ALC13 

COCH 3 
'€iH5 NO2 

FIG. 2. The synthesis of (+)-isousnic acid (3). 

catalyzed acetylation (pyridine-Ac20) of the 
diphenol 17 produces the desired diacetate 18 in 
only 35Yc yield, it was observed, and this is a 
general characteristic of the usnic acid series ( 2 ) ,  
that  acidic conditions (H2S04-Ac20) greatly 
increased the yield of the diacetate (877,). 
Finally, the diacetate 18 was treated under the 
Fries rearrangement conditions (IS) (anhydrous 
aluminum trichloride in anhydrous nitrobenzene) 
to  produce, in 62% yield, synthetic (+)-isousnic 
acid identical in all respects with an authentic 
sample kindly provided by Professor S. Shibata. 

Table 6 presents a comparison of the nmr data of 
(+I-usnic acid (1) and (+)-isousnic acid (3). 

The final point of interest was then to deter- 
mine whether the rearrangement has indeed 
occurred during the base-catalyzed aromatic 
deacylation ( i . e .  8  4 11 and 12). In consideration 
of our synthetic scheme (Figs. 1 and 2), we 
decided to look into the other possible conver- 
sion where rearrangement could have occurred, 
namely the acid-catalyzed dehydration of the 
hemiacetals 11 and 1 2 ( i . e .  11 and 12 -, 14). Thus 
a sample of 12 was acetylated (Pyr-Ac20> at  
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TABLE 4. Proton magnetic resonance data of (-)-8-desacetylisou511ic acid (17) and 
(+)-6-desacetylusnic acid (20) and their corresponding diacetates (in ppnl. 6 scale) 

17 
2~ 18 26 

Functionality CDC13 C6D~-CDCI;  CDC13 CDCl j  CDCI? 

C9b-CH3 1 . 7 0  1.72 1 .70 1.80 1.78 
Ch-CH3 2 .07  2.13 - 2.13 - 

C8-CH3 - - 2.11 - 1.97 
C7-0COCH3 - - - 2.31  2 .31  
Cs-OCOCH3 - - - 2.40  2.43 
C2-COCH3 2 .59  2.65 2.61 2.54 2.52 
C4-H 5 . 8 0  5 .89  5 . 6 2  5 .87  5 .81  
Cs-M - - 6.26 -- 6.81 
C8-PI 6 .23  6 .22  - 6.69  - 

C7-OH 8.85 5.90 5.67 - - 

Cs-OH 9.71 9.95 10.23 - - 

CT-OH 18.71 18.65 18.64 18.25 18.41 

TABLE 5. Circular dichroism data for (+)-6-desacetj lusnic acid (24) and 
(+)-8-desacetylusnic acid (17): A,,,, (.It) 

20 17 

CH3OH CH3OH - KOH CH3OH C H 3 0 H  - K O H  

TABLE 6.  Proton magnetic resonance data of 
(+)-usnic a c ~ d  (1) and (+)-isousnic acid (3) 

(+)-Usnic (+)-lsousnic 
Functionality acid (1) acid (3) 

room temperature to produce 19, for which the 
retention of configuration of the C,,-substituent 
was deduced from its nmr spectrum (C4-methyl- 
ene protons occurring a t  6 3.38 as an AB quartet, 
J = 18 Hz). This material, when reacted under 
dehydration conditions (16) identical to those 
employed earlier produced, in 707, yield, the 
diacetate 14, suggesting that the epimeric hemi- 

acetals 11 and 12 must already exist as rearranged 
species. Moreover, if the rearrangement was to 
occur at  this stage, polyacetylated compounds 
derived from the ring-opened intermediates 
should also be present in the reaction mixture, 
as has been demonstrated (19) in a similar series 
of compounds. However, since even after careful 
analysis of the reaction products no such 
materials have been found, we postulate that the 
rearrangement occurs during the alkaline treat- 
ment. On this basis, we propose the corrected 
structure 20 ( i . e .  iso series) for compound 5, 
obtained during the methanolic potassium hy- 
droxide treatment (6) of (+)-usnic acid anhydro- 
phenylhydrazone (4). 

It must be mentioned here that the only other 
case in which such an interconversion has been 
reported (12, 13, 20) involves the pyrolytic 
transformation of (-)-dihydrousnic acid (21) 
into (+)-isodihydrousnic acid (22), which, as 
expected, reverts to  the normal series 21 even 
during recrystallization. 
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OH 

HO A@-Py AcO 

H 
rt 

H 

1 l9 
I 

HO 

CH,CO 

23 

I n  conclusion, these studies have clarified some (50 mg, 0.146 n-rmol) in dry n2ethanol (10 ml) was added 

of the interesting chemistry inherent in the usnic powdered potassium hydroxide (500 mg) and the reaction 
mixture refluxed under a nitrogen atmosphere for 3 h. acid series a'1d have provided evidence for a Examination b) thin layer chromatography (silica gel - 

novel rearrangement Process. The results of these oxalic acid, solvent system B )  revealed mostly dark brown 
investigations and their relevance to biodegrada- decomposition products. Therefore. the reaction mixture 
tion studies in this area will form the subject of was not inveaigated further. 

future publications. Base Cleaciige of (+tIsoxa~olo[4,5-b]~istzic Acid (8) - 
Experirnet~r I1 

A suspension of (+)-isoxazolo[4,5-blusnic acid (8) 
Experimental (4.0 g, 11.73 mmol) in ethjl alcohol (20 ml), and distilled 

All details concerning spectral measurements, chroma- water (60 ml) was treated with a solution of potassium 
tographic separations, etc. are provided in the accom- hydroxide (40 g) in distilled water (120 ml) and heated at 
panying publicatioll (1). The numbering system elnploqed 70 'C (oil bath tenlperature) under a nitrogen atmosphere 

is that approved for the dibenzofuran series (21). for 25 min. The resulting dark brown solution was diluted 
with cold distilled water (200 ml), acidified with 1 N 

Buse Cleacage of (+)-Isoxuzolo[4,5-b]ust1ic Acid (8) - hydrochloric acid, and extracted with ethyl acetate 
Experit?le~~t I (3 X 20 ml). The combined extracts were washed with 

To a suspension of (+)-isoxazolo[4,5-b]usnic acid (8) water (2 X 100 ml), dried over anhydrous sodium sulfate, 
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and ecaporated under reduced preisure. The brown foam 
(4.090 g) obtained uas purlfied b> colunin chromatogra- 
ph) on sil~ca gel hle~clc (400 g) The folloc\~ng producta 
here ohtallled 

fiuctioiz 1. j+)-ru-Hj.rli.o.~j i.coxci:o/o[4.5-bJ~iist~ic~ Acid (9) 
jlO-Acr/> i-lc1.2,6.hii-/e~rci/z~~tiio-/iia.7.9-~ri/ij~i/i~oxj~- 
.5.6na,8-/riirieii~~/-6-o.xoi~o.~ii~o!o[4.5-I?]ciibeiizojiii.ri 

Colorles> prisin~ from chloroform-ether, nip 202- 
201 -C:  (0.100 g. 0.2780 mrnol: 2.2';): [ i r lD25  (CH30H) 
t 4 3 5 -  (c 0.092); uv A,,,,, (log e )  330 (3.27), 286 (3.79). 223 
(3.91): ir (KCr) s,,, 3600-3100 (OH, chelated), 1680 
(C=O, enone system), I620 (C=O. chelated aromatic 
acetSl: C=C, aroniatic ring); 111s m ' r  359 (bkr), 302, 236, 
85, 83 (base peak). Aiitr!. calcd. for Cl 8H1707W: C 60.1 7. 
H4.77, W 3.90; found: C60.22. H1.69, W 3.91. High 
resol~~tion nlolecular weight deterrnlnation: calcd.: 
359.100: found: 359.104. cd A,,, (A€) 280 ($6.08), 251 
(+8.42), 225 ( -  14.51). 

Frucrioiz If. (+)-a-Er/1ox~.isoxnzoio[4,5-b]ii~11ic Acid (10) 
(/O-Acetji-Icicu-e~/1oxj.-7,9-di/rjdr.ox~~- 1a,_'.6.6ci- 
rerici/ij~d~.o-5.6iia-8-rrir~1et/g~l-6-oxoisoxazolo[4.5-/1]- 
diberiz(~firr~c117) 

Colorless hexagonal prisms from benzene (0.145 g, 
0.374 mrnol: 3.1' ,), nip 219-220 -C;  [ajD26 (CH;CN) 
$218- ((, 0.1235); uv A,,, (log t) 330 (3.54). 285 (3.93), 
223 (1.00); ir v,,,,, 3500-3200 (OH, chelated), 1695 
(C=O, enone system), 1620 (C=O: chelated aromatic 
acetjl), 1595 (C==C, aromatic ring): pmr 6 1.18 (2H. t, 
J = 7 HZ, C4,-aOCH2CH3). 1.94 (3H. S, C9b-CH3). 2.03 
(3H, s. C,-CH,), 2.42 (3H, s. Cl1-CH,), 2.55 (3H, s, 
C6-COCH;), 3.17 (2f-I; AB q. J = 18 HZ, C4-HZ). 3.74 
(2M. q ,  J = 7 Hz, C4,-OCH2CH3), 6.58 (I H; br, Cg-OH), 
13.36 ( l H ,  s, C7-OH); in5 r n  ' e  387 (Mf. base peak), 372. 
235, 233, 217, 154, 82. Arlo/. calcd. for CL~HZIO,N:  
C 62.01, H 5.46. N 3.62: found: C 62.10, H 5.44, N 3.69. 
High resol~~tion rnolec~~iar weight determination: calcd.: 
387.132; found: 387.1315. cd A,,, (At) 279 ( + l l . l l ) ,  
250 (+11.10), 226 (-26.87). 

Frucriori 111. (+)-~-H~~ilr.o,x~~&sucef~ii~oxci~olo[4~5-b]- 
i.~oii~/iic Acid (11) (/ci,.?.6,6ci- Te/rn/z~,rlro-Iiifi,7,9- 
tr.i/1~.c/ro.x~,-5~6iia, lV-fri~i1e1/zj~i-6-oxoisoxc~zolo[4,5-b]- 
dibe/izojiriiiz) 

Colorles.; prisms from benzene containing traces of 
ethyl acetate (0.856 g, 2.7 mrnol; 23'?,), mp 176.5- 
177.5 -'C: [a],26 (CH3CN) +193- ((,0.031): uv Amas 
(log t) 329 (2.3s), 260 (2.30), 223 (4.06): ir (KBr) u,,~,, 
3600-3200 (OH, chelated), 1665 (C=O, enone system). 
1620 (C-LC, aromatic ring): pmr (CDC13-DMSO-d6) 
6 1.68 (3H, 5 ;  C9b-CHj), 1.91 (3H; S. C6-CH;), 2.39 (3H, 
s, CII-CH3), 3.53 (2H, AB q ,  J - 18 HL; C4-HZ). 6.06 
( lH,  s. C8-H), 7.10 (1H. br, C4,-$OH): 7.72 (IH, br. 
C7-OH), 8.49 pprn (1H: br, Cg-OM); ins 112 'e 317 (&I+, 
base peak), 194, 193, 178. 124, 79, 52. Atlul. calcd. for 
CI6Hl5O6N: C 60.56, H 4.77: N 4.41 ; found: C 60.50, 
M 4.69, N 4.39. High resolution molecular weight deter- 
mination: calcd.: 317.090; found: 3 17.088. cd A,,, (Ae) 
330 (+2.64). 276 (-0.61), 236 (+11.89). 

(30-60 -C) (0.997 g, 3.145 nilnoi; 27%), mp 224-226 C:  
(CH3CN) +307- (c 0.0325); L I ~  A,,,,, (log t) 286 

(3.08), 262 (3.20). 221 (3.83); ir v ,,,, 3600-3100 (OH, 
chclated): 1690 (C=O, enone sj,stem), 1640. 1600 
(C=C); pmr (CDC13-DMSO-d6) 6 1.88 (6H. s, C9,- and 
C6-CH3), 2.37 (3H. 5 ,  CII-CH3), 3.08 (ZH, AB q. J = 18 
Hz, C4-H2). 5.94 (IH: br. C4,-nOH); 6.00 ( IH,  s, Cs-H). 
7.61 (1H. br, C,-OH). 8.00 ppm (1H. br. C9-OH); nis 
r ? ~  e 317 ( t l f .  baie peak). 275, 260. 246. 219. 194. 178. 
Aiiiii. calcd. for Ci6HIjObN: C 60.56. H -1.77. N 4.41; 
found: C 60.17. H 4.72. N 4.45. High re\olution molecu- 
lar weight cietermination: calcd. : 3 17.090: found: 3 17.087, 
cd A,,, (At) 295 (74.21). 267 (+9.92). 239 ( 1.97). 

Fi.iic/i(~ti I/. _7-(7-il~e~~~/-4.6-di/1j~d~o,~j~-3,5-cii~?7~~/ij~~- 
be~1zojiriar1ji)-5'-(4'-ccii'b~~x~~-3'-~i7er/1~~/i~oxci~oij~l)- 
riier/iciile (13) 

Long fluffy needles fro111 methanol ( l . j20g,  1.2333 
rnmol; 36' ,), nip 258-259 'C: [a],26 (CH30H) 0-  C 
(C 0.205): u\' Amax (log e) 350 (3.33), 302 (3.85), 242 
(4.02); ir (Nujol) u,,, 3500-3000 (OH, COOH): 1720 
(C-0, isoxazole carboxylic acid) 1610, 1600 (C==C, 
aroniatic ring. isoxazole); pmr (CDC1;-DMSO-(16) 6 2.08 
(3M, S, C5-CH3), 2.35 (3H. s. C3-CH3). 2.40 (3H, s. 
C3,-CH3), 2.66 (3H; s, C7-COCH3), 4.50 (3H, 5, -CH2), 
8.92 (2H, br, C4-OH, C4,-COOH), 12.72 ppm (IH,  s, 
C6-OH): ms i71, e 359 (M+,  base peak), 313, 298, 286, 272, 
257, 233, 217, 215, 161, 126, 91, 83, 43. Arlul, calcd. for 
CIsH1707N: C 60.16; H 4.77, N 3.90; found: C 60.20. 
H 3.78. N 3.88. High resolution n~olecular \\eight deter- 
mination: calcd. : 359.100; found: 359.103. 

Acid Ccrfu!),zed De/zjdrcitioir of(+)-a-H~,dr.os~,des-ucef)I- 
i.coxnzoln[4,j-b]i~o~r~i1ic Acici (12). Formritiorr o j  
(f )-Drsrrc~~iisosir-o/o[4,5-b]i~o~is~1ic Acid Dicicetnte 
(14) (7,9-Diti(~e~u.xj~-6~6ci-di/1~~/ro-5.6u~,IU-rrir~1ef/1~~1- 
6-o.xoi~oxcr~o/o[4,5-b]c/iberzz~fiir~cir1) 

A solution of (+)-a-hydroxjdesacet~lisoxazolo[4,5-bj- 
isousnic acid (12) (41 1 nig, 1.296 mmol) in a mixture of 
concentrated sulf'uric acid in acetic anhydride (0.5(,, , 
4 ml) was heated at 50 C (oil bath temperature) under a 
nitrogen atmosphere for 1 h. The resulting light brown 
solution was poured onto crushed ice (I5 g), stirred at 
room temperature for 1 h, and then extracted with ethjl 
acetate (2 X 20 ml). The combined extracts were washed 
with water, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure to afford a colorless 
foam (530 mg), which was purified by column chroma- 
tography on Macherey-Nagel silica gel (25 g) to yield pure 
(+)-desacetj lisoxazolo[4,5-bjisous~iic acid diacetate (14) 
(458.5 mg. 1.195 mmol; 93' ,); colorless prisms from chlo- 
roform-methanol or ethyl alcohol, nip 148.5-149.5 'C; 
[aJD2(j (CH3CN) +250- (c 0.024); uv A,,l,, (log e) 300 
(3.31), 245 (3.75). 216 (4.21); ir v,,, 1770 (C4, ace- 
tates). 1675 (C=O, enone sybtem), 1620-1600 (C=C); 
pmr 6 1.83 (3H, s, C,b-CH3), 2.16 (3H, s, C6-CH3). 2.32 
(3H, S, C7-OCOCH;). 2.49 (3H. S. Cg-OCOCH;), 2.53 
(3H. s, CII-CHI). 6.00 ( lH ,  s. C4-H), 6.72 ppm (IH,  s, 
Cn-H); ms m ,  e 386 (hl-?, base Deal<). 343. 302. 260. 218. 

Frucriuil IV. (+)-a-~~tli~~ixjdr.scice~jliso.~iiz~~Io[4~5-b]- 2f7, 190, 135, 44. Anal. calcd. 'for c ~ ~ H ~ ; o ~ N :  C 62.22, 
isor~rlic Acit/(lZ) (lu,2,6,6u-Tefru/1~~clro-lcta,7,9- H 4.47, N 3.65; found: C 62.72, H 4.50, N 3.57. High 
tri/~yclroxj-5,6ua.I0-tri/i~ef/yl-6-oO~oi~oxuzoIo[4,5-bJ- resolution molecular weight determination: calcd.: 
dibetlzqfirrrirz) 386.100; found: 386.099. cd A,,, ( A t )  330 (+18.45), 265 

Colorless prisms from chloroform - petroleum ether (-5.88), 225 ( -  15.73). 
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KUTNEY ET AL.: II 3729 

Acid Crrra/j.zed Dellj.drrifioi7 of (+)-p- Hj.di.o.y~'desacely/- 
i.soxazoio[4.j-h]i.so11~1liic. Aiicl (11). Fbr.tnuriotz of 
(+)-De~iicer!~li~oxcrzolol;l,5-b]iso11.tzic Acicl Diucetcire 
(14) 

A solutioii of (+)-p-hydroxydesacetylisoxazolo[3,5-b]- 
iso~isnic acid (11) (200 mg. 0.630 mmol) in a mixture of 
concentrated sulfuric acid in acetic anhydride (0.5'0; 
2 1111) was heated at 50 "C (oil bath temperature) under a 
nitrogen atmosphere for 1 h. The reaction mixture was 
poured over cracked ice (10 g) and extracted with ethyl 
acetate (3 X 10 1111). The combined extracts \+ere washed 
with water ( I  X 5 rnl), dried over anhydrous sodium 
sulfate, and evaporated ~ ~ i i d e r  reduced pressure to afford 
a colorless foam (278 mg) which was purified by colunin 
chromatography on ~Machrreq-Nagel silica gel (10 g,) to 
produce pure (+)-dcsacetylisoxarolo[-1,5-bJisousnic acid 
diacetate (14) (232 mg, 0.605 mniol: 96' ,), colorless 
prisms from ethyl alcohol, mp 148-149 'C ;  mixed mp 
with authentic (+)-desacetylisoxazolo[4,5-h]isousnic acid 
diacetate, 148-150 C. Both samples showed identical 
spectroscopic properties. 

Ac,icl Clirirlyzed Delrj~drirriorr of ii :Ilixirrre of (+)-a- utltl 
(+)-B- H)~di~ox~clesu~'erj~~i~oxazolo[4.5-b]i.roir~r~ic 
Acid (12 ~ I I C I I I )  

A mixture of a-hydroxydesacetyl (12) (22-1 nig, 0.706 
mmol) and ~-l~ydroxydesacetylisoxazolo[4,5-l~]iso~1snic 
acid (11) (216 mg, 0.681 nimol) was dissolved in a solution 
of concentrated sulfuric acid in acetic anhydride (0.5',, 
4 nil) and heated at 50 'C (oil bath temperature) under a 
nitrogen atmosphere for 1 h. The resulting solution was 
poured onto cracked ice (25 g) and extracted with ethyl 
acetate (3 X 30 rnl). The combined extracts were thor- 
oughly washed with water, dried over anhydrous sodium 
sulfate. and evaporated under reduced pressure. The 
residual foam (417 mg) was purified by colun~n chroma- 
tography on Macherey-Nagel silica gel (20g) to afford 
pure (+)-desacetylisoxazolo[4,5-blisousnic acid diacetate 
(14) (387.5 mg. 1.011 mmol; 73',), colorless prisms froni 
ethyl alcohol, nip 147-149 'C; mixed n ~ p  with an authen- 
tic sample from previous experiments, 147-149 "C. 

Basic Hydrolysis o f  (+)-Desrtceryli.~oxuzolo[4,5-b]iso~rstzic 
Acid Diucefare (14). Prepurwriorl of (+)-Desucer~l- 
isoxii-olo[4,5-b]iso~rs11ic Acid (15) (6,6u-Dillj.r/r.o- 
7,5-di/1~~c/roxy-S,6a~,IO-trin~er/~)~l-6-oxoisoxiizolo- 

[4,S-b]dibe11zofum) 
A solution of (+)-desacetylisoxazolo[4,5-blisousnic 

acid diacetate (14) (320 mg. 0.535 mmol) in freshly pre- 
pared 1 N sodium hydroxide (4 nil) and tetrahydrofuran 
(1 ml) was stirred at  room temperature under a nitrogen 
atmosphere for 1 h. The reaction niixture was diluted with 
cold distilled water (5 ml), acidified with 1 N hydro- 
chloric acid, and extracted with ethyl acetate (3 X 10 ml). 
The combined extracts were washed with water, dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure to afford a colorless foam (272 mg). 
Purification by column chromatography on Macherey- 
Nagel silica gel (30 g) produced (+)-desacetylisoxazolo- 
[4,5-hJisousnic acid (15) (214 mg. 0.715 mrnol; 86C;), 
colorless needles from chloroform-benzene, mp 140- 
142 "C;  [aID26 (CH3CN) +25jc (c  0.0235); uv (CH3CN) 
A,,, (log e )  301 (3.40), 222 (4.18); ir (Nujol) v,,, 3500 
(OH), 3450-3100 (OW, chelated), 1660 ( C 4 ,  enone 

system), 1630 (C=C, aromatic ring); pmr (CDC13- 
DMSO-d6) 6 1.80 (3H, s, C9,-CH3). 2.14 (3N, s, C6-CH3), 
2.46 (3H, s, CII-CH3), 5.95 ( IH ,  s, C4-H), 6.31 (IN. s, 
C8-H), 8.59 ppm (2H, br, C7-OH and Cg-OH): ins r?z/e 
299 (M+), 284. 256, 243, 231, 218, 202, 190, 184, 43 (base 
peak). Anal. calcd. for C 1 6 H 1 3 0 5 N . : ~ 2 0 :  C 62.33, H 
4.57, N4.54; found: C62.41, M4.40, N4.44. High 
resolution molecular weight determination: calcd.: 
299.079 ; found : 299.079. 

At rerizpted C-Acj.lariorz of (+)-Desucefyli~o.x~~olo[4,5-b]- 
iso~isr~ic Acicl(15) 

A solution of (+)-desacetqlisoxazolo[4,5-blisousnic 
acid (15) (100 mg, 0.334 mmol) in freshly distilled acetyl 
chloride (3 nil) was treated with boron trifluoride etherate 
(0.05 nil) and heated to reiiux under a nitrogen atmos- 
phere for 3.5 h. Excess acetyl chloride was removed by 
evaporation under reduced pressure to give a brown glass 
(135 nig) purified by preparative layer chromatography 
(silica gel - oxalic acid plates, solvent system A)  to afford 
pure (+)-desacetjlisoxazolo[I,5-hlisousnic acid diacetate 
(14) (1 12 mg, 0.292 mmol; 87' ;), colorless prisms from 
ethyl alcohol, n ~ p  145-146 - C ;  niixed mp with the 
authentic diacetate, 144-146 'C. All other spectroscopic 
properties proved identical as well. 

Rechicrice I~oxazole Ring Opeilir~g o f  (+)-De~ctceij.1- 
isoxazoIo[4,5-b]i~o~1siiic Acid Diuceiiire (14). 
firtizuiioi~ of (+)-Desaceij~l-l2~~~-er1urnir7oiso~lsrlic 
Acid Diurerute (16) (7,9-Diuceroxy-6,6b~r-dit?zet/zj~l- 
2-er/1j~licl-2,Il-etre-l l-un~ir1o-l,5b,2,3-ietra/~ydro- 
1,3-dioxoclibetzzofiiru11) 

(+)-Desacetylisoxazolo[4,5-b]isousnic acid diacetate 
(14) (212 mg, 0.554 mniol) in absolute ethyl alcohol 
(20 nil) was hydrogenated over Adam's catalyst (PtO,, 
20 nig) at atmospheric pressure. After the uptake of 
1 ~ilol  equiv. of hydrogen (13.5 in1 at 25 -C) the reacticn 
mixture was filtered through Celite and the filtrate 
evaporated under reduced pressure to afford a pale brown 
glassy material (238 mg), purified by preparative layer 
chromatography (silica gel plates, solvent system B)  to 
produce pure (+)-desacetyl-A2.l'-enaminoisousnic acid 
diacetate (16) (203 mg, 0.527 mniol; 95' ,) as a colorless 
glass that could not be induced to crystallize. [aJD26 
(CH3CN) +243" ( c  0.0205); uv A,,, (log e )  328 (3.42), 
284 (3.85), 268 (3.93, 204 (4.16); ir vma, 3500 (N-H), 
3400-3200 (N-H, chelated), 1770 (C==O, acetates), 1700 
( C 4 ,  ketoenamine system), 1630 (C=C), 1580 (C=O, 
chelated ketoenainine system); pmr 6 1.71 (3H, s, 
Cgb-CH3), 2.08 (3H, s, Ca-CH3), 2.28 (3H, s, C7- 
0COCH3), 2.35 (6H, s. CII-CH3 and C9-0COCH3), 5.65 
( lH ,  s, C4-H), 6.40 ( IH,  br, N-H), 6.57 ( lH ,  s, C8-H), 
10.56 ppni ( lH ,  br, N-H); ms m,'e 385 (M+), 302, 260, 
218, 190, 119, 85, 83 (base peak). 43. Anal. calcd. for 
C20H1907N: C 62.33, N 4.97, N 3.63; found: C 62.52, 
H 5.01, N 3.65. High resolution molecular weight deter- 
mination: calcd.: 385.116; found: 385.114. cd Xmax ( A t )  
330 (+7.5), 290 (-3.03), 270 (-1.36), 244 (+5.19). 

Hydrolysis of(+)-Desaceryl-A2s11-ei~amii~oisomic Acid 
Diucetare (16). Formation of (+)-8-Desacetjlisoust~ic~ 
Acid (17) (2-Acei~~l-I,9b-dil~dro-6,9bu-dirnerl~~l- 
3:7,9-tr.ill).droxy- I-oxodibenzo/i~r.ar~) 

A solution of (+)-desacetyl-A2-11-enaminoisousnic acid 
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3730 CAN. J. CHEM. 

diacetate (16) (180 n ~ g ,  0.467 mniol) in tetrahqdrofuran 
(1 mi) was treated with freshly prepared 1 ,V sodium 
hydroxitle solution (10 mi) and stirred at room tempera- 
ture ~ ~ n d e r  a nitrogen atmosphere for 1 h. The reaction 
mixture b+ab then acidified with I /V hydrochloric acid and 
extracted uith e t h ~ l  acetate (3 >< 10 ml); the cornbined 
extracts Mere waihed with water, drred o\er anhydrous 
sodium iulfate and ebaporated under r ed~~ced  pressure 
to produce a yellow glasby material (I55 ~ng) .  T ~ I S  
p r o d ~ ~ c t  was purified by colurn~i chron~atographq on 
Merck silica gel (15 g) to yield pure (4-)-8-desacetyliso- 
usnic acid (17) (106 mg, 0.350 mnrol: 75' ,), bright qellow 
small needles from chloroform - light petroleutn ether, 
nip 210-21 1 'C (melts partiallj at 183-384 - C  a i th  change 
of crystalline form to thick prismatic needles); 
$605: (c 0,06525): uv A,,, (log t) 325 (3.22), 267 (3.82). 
231 (4.01); uv (CH30H + NaOH) A,,, (log t) 330 (3.32), 
268 (3.82), 244 (4.04): ir v,,, 3600-2700 (OH, chelated), 
1680 (C=O. enone system), 1640, 1620 (C--C, enol ether. 
aro~natic ring), 1540 (C-0, chelated tricarboilyl system); 
pmr (CDCI3-Di\;lSO-(I6) 6 1.70 (3H, s, C9,-CH3). 2.07 
(3H, s, C6-CH3). 2.59 (3H, s, C2-COCH3), 5.80 ( lH ,  s, 
C4-H), 6.23 ( IH.  5. C8-H). 8.85 ( l H ,  s, C7-OH), 9.71 ( lH ,  
s, C9-OH), 18.71 ppm (IM, s. C3-OH); pmr (CDC13- 
C6D6) 6 1.72 (3H, 5 ,  Cgb-CH3), 2.13 (3H. S, C6-CH3), 2.65 
(3H, s. CL-COCH;), 5.89 OH. s. C4-H), 5.90 ( IH ,  br, 
C7-OH). 6.22 ( l H ,  s, C8-H), 9.95 ( IH ,  s, Cg-OH), 18.65 
ppm ( lH.  s: C3-OH); ms i??,'t> 302 ( ) M i )  218. 206, 191, 105 
(base peak). 78, 43. Ailril. calcd. for Cl6HI4o6:  C 63.57, 
H 4.66: f o ~ ~ n d :  C 63.55. H 4.69. High resolution molecu- 
lar weight determ~nation: calcd.: 302.079; found: 
302.072. cd A,,, (At) 325 (+9.43), 282 (-6.73), 261 
(-5,661, 238 ( f  12.40); cd (CH30H + KOH) A,,, (At) 
342 (+7.81), 309 (+6.20), 235 (-1.61 j, 266 (-13.74), 
237 (+5.93). 

Acelj.Iuiioi~ of ' ( f ) -8-Dr.s i1crt~~lis i1~1~11ic Acid (17). 
Foriiirriiorr of (+)-8-L)r~c1~~er~~iis~~11si1ic' Acid Diacerirrr 
(18) (2-Acetj.1- 7,9-diiiceroxj,- 1,96-~iil1j,tli,o-6,9ba- 
( / ~ I ~ I ~ ~ / ~ I ~ ~ - ~ - / I ~ ~ ~ / ~ O X J -  I-osoc/ibei~zo$rrui~) - 
E.~p~~rinreilr I 

A solutio~l of (+)-8-desacetylisousnic acid (17) (50 rng, 
0.166 mmol) in I : 1 mixture of acetic anhydride - pyridine 
(1 1111) was allowed to stand at room temperature over- 
night. The resulting dark reci so i~~ t ion  was poured onto 
crushed ice (5 g) and extracted with ethyl acetate (3 X 10 
ml). The combined extracts were thoroughly washed nith 
water, dried over anhydrous sodium sulfate, and evap- 
orated ~ ~ n d e r  reduced pressure to yield a dark orange 
glassy material (65.5 mg) which up011 purification by 
preparative laqer chromatography (silica gel - oxalic acid 
plates, solie~lt  system A) yielded the pure (+)-8-desacetyl- 
isousnic acid diacetate (18) (35.3 mg, 0.091 n~lnol ;  55' ,), 
pale yellow crystalline product from ethyl alcohol, mp 
150-152 'C: [a],26 t 2 7 5 -  (c 0.02); uv A,,,, (log t) 325 
(3.39), 280 (3.75), 259 (3.93), 219 (4.1 1); ir v,,, 3300-3000 
(OH, chelated), 1770 (C=O, acetates), 1690 (C-0, 
enone system), 1630 (C=C, enol ether. aromatic rlng). 
1540 ( C 4 ,  chelated triketone aystemj; ptnr 8 1.80 (3H, 
h ,  C9,,-CH3), 2.13 (3H, S, C6-CN3), 2.31 (3W, S, C7- 
OCOCH;), 2.40 (3H, s, C9-OCOCH,), 2.54 (3H, S, 
C2-COCH3), 5.87 ( IH ,  s, C4-H). 6.69 ( l H ,  s, C,-W), 18.25 
ppm ( IH ,  s, C3-OH); riis r?l;e 386 (M-, base peak), 344; 
302, 260, 233. 218, 191. Ailiri. calcd. for C L ~ H 1 8 0 8 :  
C 62.17, H 4.69; found: C 62.20, H 4.69. High resolut~on 

molecular weight determination: calcd.: 386.100: found: 
386.099. 

Aceij /cr/ioi~ of (+)-R-D~sctct./~li.\oi1si~i(~ A(,id (17). 
For.iirnrioi1 oJ (+)-8-Descicr~~/isoi1~11i(~ Acid Di~icetuir 
(18) - Esperiinei~t II  

(+ )-8-Desacetylisousnic acid (17) (18 mg, 0.0597 n~rnol) 
was dissolved in a solution of concentrated sulfuric acid in 
acetic anhqdride (0.5' ,. 2 ml) and alloaed to  stand at 
room temperature overnight. The reaction mixture was 
poured oilto c r ~ ~ s h e d  ice (5 g). extracted with ethyl 
acetate (3 X 5 ml), and the combined extracts washed 
\vith uater, dried over a~ihytirous sodium sulfate, and 
evaporated ~ ~ n d e r  reduced presaure to afford a pale yellow 
residue (25.2 mg). Piir~fication by preparative layer 
chroniatographj (silica gel - oxalic acicl plate,, solvent 
system A) afforded the pure (+)-8-desacetylisous~iic acid 
diacetate (18) (20.2 mg, 0.052 mmol; 87"), pale yellow 
crystals from ethyl alcohol, rnp 350-352 'C; mixed tnp 
with an authentic sample from previous experiments, 
151-152 'C. 

Fries Rrurruirger?lei~r 011 (+)-8-Desuce!,~Ii.~o~1s~ii~~ Acid 
Diuceriite (18). I.rolu/iorr qf (+)-lsorrsiric .Ic,ici (3) 
(2,8-Diirceryl-1,9b-rli/lydro-6,9ba-di1?1rf/1~~i-3,7,9- 
rri/~~~tIrox~~-l-oxodihei~~ojirrc~ir) 

A iolution of (+)-8-deiacetyliio~isnic acid diacetate 
(18) (25 mg. 0.065 mmol) and anhydrous aluminum 
trichloride (34.42 nig, 0.26 mmol) in dry nitrobellzene 
(0.5 ml, distilled Gom calcium hydride) \%as heated at 
60 ' C  (oil bath temperature) under a nit[-ogen atmosphere 
for 1 h. The cold reaction mixture was d~luted with 
chlorofor~n (3 ml), treated with a freshly prepared sodium 
hydroxide solution (2",. 1 ml) and stirred at room 
temperature for 1 h. The hqdrolysis mixture was trans- 
ferred to a separatory funnel, the aqueous layer removed, 
and the organic layer washed twice with 1 h' sodium 
hydroxide solutio~l (2 X 2 1111). The combined aqueous 
f rac t io~~s  were acidified with 1 N hydrochloric acid, 
extracted with ethyl acetate (3 X 5 mi). and the com- 
bined extracts washed with water, dried over anhydrous 
sodium sulfate. and evaporated under reduced pressure. 
The resid~ie was immediately purified by preparative layer 
chromatography (silica gel- oxalic acid plates, solvent 
system A) to afford pure (+)-isousnic acid (3) (13.8 mg, 
U.040 mmol: 62C:;), yello~v prisms from chloroform- 
methanol, mp 152-153 -C  (lit. (3; 4) mp 152-153 'C); 
[nixed n ~ p  with authentic (+)-isousnic acid (3), 152- 
I53 C ;  [ c Y ] ~ ? ~  -505 (~0.02275) (lit. (3,4) +5003); 

LIL A,,l,, (log t )  336 (3.651, 285 (4.21): 232 (4.17); ir v,,, 
3400-2400 (OH, chelated), 1690 (C=O, enone system), 
1630 (Cd, chelated aromatic acetyl: C-C, en01 ether, 
aromatic ring). I540 (CEO, chelated triketone system); 
pmr 6 1.85 (3H. s. Cgb-CH3), 2.10 (3H, s, C6-CH3), 2.68 
(3H, s, C2-COCH;), 2.77 (3H, S ,  Cs-COCH,), 5.96 ( IH,  S, 
C,-H), 11.28 ( lH .  s, C9-OH), 11.35 ( IH ,  s. C7-OH), 18.81 
ppni ( IH ,  s, C3-OH); ms iiz e 344 (M'), 260 (base peak), 
233, 217. Aizcil. calcd. for Cl8Hl6O7: C62.78, H4.69; 
found: C 62.75, H 4.73. H ~ g h  resol~itio~i inolecular weight 
determination: calcd.: 344.089: found: 344.090. cd A,,,, 
(At) 355 (+5.60). 293 (+14.29), 266 (-15.18), 244 
(+9.58). 

Bow H~i/ro(l.si.r oJ (+)-8-lle.siicr/j~iiso11st1ic Acid Diucetnfe 
(18). P~.ep~rr~itioi~ OJ (-f)-8-De.sucer~~li.\o11~\1iic Acid (17) 

A solution of (f )-8-desacetylisousnic acid diacetate 
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The conductances and viscosities o f  aqueous solutions sf  indium 
tribromide, indium nitrate, and aluminum bromide at 25 "C 

ALAN N. CAMPBELL 
De/xli.lvwnt of Clic~iiii\ii:~~. L7iiicc,i..\ir~. (!/ .21(1iiiroh(c. M'ii~iripe~y. .Lfiiii.. C N I ~ ( I ~ U  R3T 21\3 

Received April 23. 1976 

AL,XN N.  CAMPBELL. Can.  J. Chem. 54. 3732 (1976). 
The specific and equivalent conductalice\ of aqueous solutionh of indiuni tribromide. alu- 

minuni tribromide. and indium nitrate at  25 C h a \ e  been deternl~neil at conccntrat ion~ ranging 
from 4.771 t o  0.00577 11'. The results for indium tribromlde are in good agreement \cith those of 
Heqd\+eiller (for IS C), the onl) pre\ious figures, and which are I~mited to the relatixely con- 
centrated range. Belo\\ a concentration of 0.005 .\, results for indliim tribroniidc are \ alueless. 
because the conductance increases with time. oning to  progresii\e h>drol>si\. I t  is therefore not 
poasible to  determine the limiting conductaiice of indium tribromide experiment all^. Although 
the aluminum trichloride results are independent of time, there is probably also a certain aniount 
of hydrolysis at  extreme dilution. 

The t r a n ~ p o r t  number of In j+  in InBr3 was determined at  different conceritrations: using the 
Hittorf ntethod. The liiiiiting \slue of the transport number, obtained by extrapolation to  zero 
concentration. was 0.454. Thls leads to  values of 62.1 nihos for :In?+ and 140.5 mhos for .iO 
for flnBr;. These \slues are \er) dilferent from those pre\iousiy obtained (1). nhich here 
founded on  an assumption which now appears t o  be untenable. 

The viscosities of aqueouh solutions h a \ e  also been deterniined and the results for the dilute 
region fitted to  the Jones and Dole rule. 

A L ~ N  N. CL\~IPBFI>L. Can.  J .  Chem. 54, 3732 (1976). 
Les conducti\ites specifiques et equikalentes de solutions aqueuses de tribromure d'lndium, 

de tribroiiiure d'aluniiniun~ et de nltrate d'indium. a 25 'C, olit etC dkterminees B des con- 
centrations allant de 3.771 0.00577 IV. Les resultats obtenus avec le tribroniure d'indium sont 
en accord avec ceux de He) d\\eiller (2 IS C) qui etaient les seules valeurs rapportees antirieure- 
ment et qui Ctaient limitees i des ecarts de concentration relatix'ement faibles. A des concentra- 
tions plus b a s e \  que 0.005 .Y. ies resultats pour le tribronii~re d'lndlum \ant sans valeur dfi au 
fait que la conducti\ite augmente akec le temps a cause d'une hydrolyse progressive. 11 n'est 
donc pas possible de determiner experiiiielltale~nent la conducti\itC limite du tribromure d'in- 
d i ~ ~ n i .  Quoique les resultats obtenus avec Ie trichlorure d'aluminium soient independaiits du 
temps, il 1 a probableinent aussi une certaine quantitk d'hydro1)se i dilution extr&nie. 

Le riombre de transport de In3+ d a ~ i s  InBr3 a 616 determi116 B d i ~ e r s e s  concentrations utilisant 
la methode de Hlttorf. La valeur liiiiite du nombre de transport, ohtenue par extrapolation a 
concentration zero, est de 0.454, Ceci conduit a des valeurs de 62.1 nthos pour +In3+ et 140.5 
nihos pour i0 de 1 n B r 3 .  Ces valeurs differents de celles rapport& antCrieure~nent (1) qui 
a\alent ete etablies en f a i ~ a n t  une hjpothtse i l~i i  sen~ble a~ljourd'hui intenable. 

O n  a aussi deterniine les viscosites des \elutions a q u e u s e  et les resultats obtenus dana la 
rigion diluee solit en accord avec la regle de Jones et Dole. 

[Traduit par le journal] 

Introduction 
In  a series of papers (1-3), the author has dealt 

~vi th  the chemistry of indium trichloride. It was 
thought that it would be interesting and of value 
to repeat these observations on indium bromide. 
Despite the similaritl bet~veen the halide salts of 
the sarne metal. the properties of indium chloride 
and of indium broruide are not identical. 

The principal work reported in this paper deals 
with the conductance (specific and equivalent) of 
indium bromide solutions from a concentration 
of 4.771 N d o u n  to  0.005 A', below which con- 

centration the readings become uncertain be- 
cause of hydrolysis. As a standard of cornparison 
the conductance of alun~inum tribronlide was 
also determined, over the same concentration 
range, the assumption being that aluminum 
bromide behaves 'normally'. If it is assumed that 
all trivalent electroll tes ionise in stages, then the 
difl'erence bet\veen 'normal' and 'abnormal' elec- 
trolyes should consist in the 'normal' electrolytes 
existing principally as M3' at  all concentrations, 
while the 'abnornlal' ones would give appreci- 
able amounts of the conlplex ions, MC12T and 
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'BELL 

MC12+, a t  all concentrations except high dilution. 
The fact that, in the dilute region, the con- 

ductance of indium bromide solutions increases 
with time means that any attempt to determine 
the limiting conductance, AO, of indium tri- 
bromide (or, for that matter, of indium tri- 
chloride) by extrapolation, graphical or alge- 
braic, must be abandoned. The remaining nieth- 
o d  of determining iiO is through the transport 
number. Since the a ~ ~ t h o r  is himself sceptical of a 
method which he previously used to obtain ,lo 
and ~vhich, even a t  the time, he described as 
"one which may be open to criticism", he was 
led in the present \\ark to redetermi~le the 
transport number at  different concentrations 

Experimental 

~Ll(lfet.i(ll~ 
The starting materials \$ere nietallic indiuin (09.99:/,) 

for which I a m  indebted to  the generosity of Cominco, 
of Trail. B.C., anct reagent grade hydrobromic acid. 
Indium tribromide was prepared by refluxing tnetallic 
indium wlth excesi hytlrobromlc acid until the metal 
dissolved completely. The product was evaporated t o  
dryness on  the steani bath. The iolid p r o d ~ ~ c t  contains 
10' ; water, despite the fact indiunl trlbi.oniide is an- 
hydrous (5). The solid was redissolved in Mater, when the 
solution was found to  he q ~ ~ i t e  acidic (about 1 .W). Air 
was then bubbled through the solution over-night. The 
solution was then concentrated by boiling down in 
presence of a fragment of nietallic indium: bubbles of 
hydrogen were given ol'f fro111 the indium in this process. 
Finally the product was brought to  solidification on  the 
steani bath. This process was repeated several times. The 
final product h a s  greyish in colour but  dissolved t o  a 
colourless solution having a p H  of 5. This 'dirty' colour 
has been observed by other workers and seems to  be 
characteristic of the compound. Purification by recrystal- 
lization is practically impossible because of the high 
solubility ( 8 5 ' , )  of the salt. Indium nitrate is prepared 
verj  readily by solution of metallic indium in excess 
nitric acid (501 ;), followed by evaporation to  dryness and 
rccrjstallization from water. 

Proceriures 
The experimental procedures have been described pre- 

viously ( 1 4 ) .  I n  thc conductance nicaauremcnts. every 
solution was analyzed gravin~etrically by precipitation as 
silver bromide. d o h n  to a concentration of 0.01 iV. 
Concentrations below thii were. of necessity, obtained by 
weight dilution with conductance water. Indium nitrate 
solutions were also analyzed d o n n  to  0.01 N concentra- 
tion, using as niethod of analysis precipitation of indium 
a s  In(OH),, followed by ignition to  In1O3. 

The Hittorf method was used for the determination of 
transport numbers. The niethod is well known and there- 
fore need not  be described, but the cell was modified 
as shown in Fig. I ,  which gives the main diniensions. 
These dimensions were chosen so as to  allow relatively 

FIG. I. Apparatus for transport number determination. 

large concentration changes a t  the anotle and cathode. 
uithout danger of change occ~lrring in the centre conipart- 
ment. The centre conipartment was aI\%ays analyzed but 
no  change in concentration was ever detected. Current 
was obtained from a constant current apparatus built b! 
the Department of Electrical Engineering of the National 
Research Council of Canada. In ditTerent experinients. 
the current \%as varied between 0.002 and 0.015 amp. The 
two glass spoons in the anode and cathode conipartnicnts 
have platinum mires sealed into them. They were filled 
with molten indiuin and allowed to cool. 111 thii way good 
contact between indium and platinum Mas obtained; it is 
not easy to  machine a rod of indium or to  obtain good 
electrical contact with it. 

The results obtained were not always consistent, nor 
did the anode result almajs agree perfectlj with the 
cathode result. The reasons for this are not obvious. 
Passivity and over-voltage to  indium deposition are 
practically absent. The results were plotted and the best 
curve dra\r'n. 

Results and Discussion 

If the three conductance curves of aluminum 
tribromide, indium tribromide, and indium 
nitrate are compared, the differences are striking. 
In the more concentrated regions, the conduc- 
tance of AlBr3 1s from two to three times as great 
as that of InBr3, while that of In(NO)3 lies 
between the two. 

In a previous paper (4) the author succeeded 
in calculating the ionisation constant for the 
first stage of the ionisation of InC13, assuming it 
t o  be 

The existence of the 1[nCl2- ion has been demon- 
strated by Ferri (5) and by Jarv (6). If the figure 
for ,lo for InBr3 of 143.2, or any other figure for 
that matter, is accepted, a similar calculation 
applied to  the present figure gives 
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3734 CAN. J .  CHEM. VOL. 54. 1976 

I t  appears that the tendency for indium nitrate to  
form complex ions of the In(N03)2+ and 
In(NO3)'- types is distinctl) less than that of 
InC13 and InBr3 to form the corresponding 
complexes. 

Very fair constancy exists between 1.59 and 
0.953 M (4.77 and 2.859 N), folloued by a rapid 
decrease in the value of K, uith further dilution, 
as with InCI3. Considering that the above calcu- 
lations are founded on the impossible assumption 
that the only ionisation present in these solutions 
is first stage, the results are surprising. 

TABLE 1 .  Teniperature 
coefltcient~ of conductance 

a125 ' C  - 
\G .I18 OC: 

Since it is impossible to determine liO for the 
indium tribrorilide by conductance measure- 
ments, the transport number remains the on14 
practical solution to the problem. Using the 
apparatus pre\iously described the follo~ving 
results here obtained by interpolation 

N % '.T Tralisport No. of :In3+ 

When the values of the transDort number are 
plotted against \IT, the extrapolated value for 

= 0 is 0.454. This lcads to  values of 65.0 
~ n h o s  for Xo for :In3+ and 143.2 for An for InBr3. 
The curve of transport number us. square root of 
concentration is unusual in two ways: (I) the 
transport number decreases nunlerically with 
dilution; (2) the change ui th  concentration is 
unusually great. Both effects, however, are to  be 
expected as the necessary result of the shift in the 
equilibria among the co~nplex ions with dilution. 

Thc only prcvious work on the conducta~lce of 
indium bromide is that of Heydweiller (7) carried 
out at  18 "C. These results, together with those 
of the present paper, are expressed graphically in 
Fig. 2. For comparable concentrations, the 
temperature coefficients are given in Table 1: my 

I I I I 
1 .o 2 .o 

A 
FIG. 2. Equivalent coilductance c ~ .  square root of equivalent concentration. 
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TABLE 2. Some physical properties of InBr,, A1Br3. In(N03)? 

Specific 
Concentratioll conductance, Equivalent Relative 

(equiv. 1-1) K conductallce Density viscosity 
c l/F (mho cm-1) A (g cc) (H20 = 1) 
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results being interpolated to Heydweiller's con- 
centrations. On the supposition that the variation 
is largely due to the uncertainty of graphical 
interpolation. it is permissible to take the 
mean of the ratios - i z s a c  as 1.149. The tern- 
perature coefficient of fluidity of water, between 
18 and 25 " C ,  is 111.91 94.71 = 1.182, fairly 
good confirmation, if any were needed. of 
Heydweiller's results and my own. Below a 
concentration of 0.005 N ,  results are valueless, 
because the conductance increases with time; for 
example, the resistance of a 0.0047 N solution of 
InBr3 fell from 14 04i to  11 392 ohms in 20 h. 
After 24 h,  a white deposit appeared. Obviously, 
hydrolysis is taking place. At higher concentra- 
tions, the conductance is constant although 
hydrolysis must still take place. If, however, the 
equilibrium concentration of III(ON[)~ (or other 
hydrolysis product) is calculated from the hy- 
drolysis constant given in a previous paper (4) 
and conlpared with the concentration given by 
the solubility product of indium hydroxide the 
former will be seen to  be less than the latter, in 
other words, hydrolysis equilibrium is estab- 
lished. Similar considerations apply to  the 
hydrolysis of aluminum bromide. Since the con- 
ductance is constant with time at  all concentra- 
tions, however small, hydrolysis eq~~i l ibr ium 
must always be established. According to  Parsons 
(8) the limiting conductance of +A13" is 63 at  
25 "C, but he gives no reference. If this figure is 
correct. the limiting conductance of gAlBr3 
should be 141.2, a t  25 "C.  If the results of this 
work are plotted on a fine scale, as li us. a, it is 
seen that the curve becomes a straight line at  
concentrations less than t T  = 0.06 (N = 0.0036) 
but the intercept for trg = 0, gives ha = 153 
(approx.). The value of X0 for +Al3-, viz. 72, 
seems rather high. The average of trivalent ions 
given in Robinson and Stokes (9) is 67.57 i- 2. I t  
seems more probable that hydrolysis accounts 
for some of the increase in conductivity at  very 
high dilutions. 

Vl scoslt~ 
The viscosity of the more concentrated solu- 

tlons are glten In Table 2 b ~ i t  because of the 
interest 111 the ~ u l e  of Jones and Dole (lo), 
according to a hich 

77(H20 = 1) = 1 + Av'; + BC 

where A and B are constants, it was necessary to 
determine viscosities of dilute solutions of indium 
bromide and for this purpose a Cannon and 
Fenske viscometer with a water run-time of 
465.2 s h a s  used. The results were 

Concentration (mo l  1-1) x '37 (q - 1 j/%'% 

When these figures are plotted in the form of 
(?? - 1) &V us. 4X, they are found to  lie on a 
straight line with intercept A = 300 X lod4 and 
slope B = 0.556. The figures d o  not differ 
greatly from those of Jones and Stauffer (1 1) for 
lanthanum chloride, as indeed, according t o  
theory, they should not ;  electrolytes of similar 
type should have closely similar, though not 
identical. A and B values. 

1. A. N. CAMPBELL. Can. J. Chem. 51. 3006 (1973). 
2. A. N. CAMPBELL, E. M. KARTZXIARK. and 0 .  N. 

BHATXAGAR. Can. J. Chem. 52. 1954 (1974). 
3. A. N. CA&IPBELL. Can. J.  Chem. 52, 3769 (1974). 
4. A. N. CAMPBELL. Can. J. Chern. 53. 1761 (1975). 
5. D. FLRRI. Acta Chem. Scand. 26. 733 (1972). 
6. T. J m v .  M.Sc. Thesis. University of Waterloo, 

Waterloo. Ontario. 1975. 
7. A. HEYDWEILL~R.  Z. Auorg. Chem. 88, 104 (1914). 
8. R. PARSONS. Handbook of electrochemical constants. 

Butterworth's Scientific Publ~catioils. London. 1959. 
9. R. A. KOBINSOI~ and R .  H. STOKES. Electrolyte solu- 

tions. 2nd ed. B~~tterworth Sci. Publ. London, 1959. 
p. 463. 

10. G. JONES and M. DOLE. J. Am. Chem. Soc. 51, 2950 
(1929). 

11. G. JONES and R. E. SCHAUFFER. J. Am. Chem. Soc. 
62, 335 (1940). 
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A Mossbauer study of organotellurium compounds. Part II. Halides, 
acetates, and benzoates 

FRANK J.  BERRY' A K D  COLIN H.  W.  JONES 
Departn~erlt of Chemist,:,., Sinlor2 Fraser Utricer.rit?., Brtrtruby, B.C., Cntrada V5A IS6 

Received July 9, 1976 

FRANK J. BERRY and COLIN H. W. JONES. Can. J. Chern. 54, 3737 (1976). 
I25Te Mossbauer data, measured at 3.2 K, are reported for a number of organotelluriun~(lV) 

compounds, including ArzTeF?, ArTeF3, Ar:Te(OCOCHj).. ArlTe OCOC~HS):. where Ar = 
Ph, p-EtOC6H4, p-MeOCsH4. p-C7H7. and the con~pounds Ph2(CH3)Tel and Pli(CH3):TeI. 
Ecidence is prehented that while the difluorides appear to be aimilar in structure to the other 
dihalides (X = C1. Br, I), in the trifluorides the co-ordination about the tellurium is significantly 
different to that found in the other trihalides (X = C1. Br. I). The iodides studied have param- 
eters consistent with their formulation as Pli2(CH3)Tefl and Ph(CH3)2Te+l-. The dicar- 
boxylates have parameters similar to those of the dihalides. although the diphen~l tellurium 
diacetate and dibenzoate have relatively small A's in comparison with those of tlie other 
derivatives studied and it would appear that subtle changea in the co-ordination about telluriuni 
occur with changes in the aryl ligand. 

F R A ~ K  J. BERRI et COLIN H. W. JONES. Can. J. Chern. 54. 3737 (1976). 
On rapporte des donnees de Mossbauer 12'Te, mesurees B 3.2 K. pour un certain nonibre de 

composCs organotellures(1V) incluant ArlTeF2, ArTeF3. Ar2Te(OCOCH3)2. Ar2Te(OCOC6H5)2 
oh Ar = Ph. p-EtOCbH4. p-MeOC6H4. p-C,H, et les composes I-'hl(CH3)Tel et Ph(CH3)2- 
Te!. On presente des donnees indiquant que les derives difluores sernblent avoir des structures 
semblables aux autrea derives dihalogCnCs (X = C1. Br. I ) ;  par ailleurs la coordination autour 
du tellure dans les derives trifluores serait trks differelite de celle trou\+e dam les autres derives 
trihalogenes (X = C1, Br, I).  Les deri~es iodes etudies ont des paramktres qui sont en accord 
avec des forniules telles que Ph:(CH;)Te'I- et l 'l~(CH~)~Te-l-. Les dicarboxqlates ont des 
paramktres seniblables B ceux des dCri\Cs dihalogenes: toutcfois le cliacetate et le dibenzoate 
de diphenyltellure ont des A qui sont relativement faibles si on les compare a ceux des autres 
derives Ctudies et il semble que des changements subt~ls dans la coordination autour du tellure 
se produisent avec des changenients dans le ligand aromatique. 

[Traduit par le journal] 

Introduction The a r ~ l  tellurium diacetates and dibenzoates 

A number of studies have recently been made 
of the 125Te Mossbauer spectra of organotelluri- 
um compounds (1-3). The present paper extends 
the previous investigations of organotellurium- 
(IV) halides to include tlie difluorides and tri- 
fluorides. A simple additivity model has been 
used to interpret the quadrupole splittings in the 
other dihalides and trihalides (3) and it was of 
interest t o  determine whether or not the splittings 
for the fluorides would be consistent with that 
model. 

The iodides PhMeTeI2, Ph2MeTeI, and Ph- 
Me2TeI have also been studied. The latter t\vo 
compounds were of particular interest, since they 
presumably contain three co-ordinate telluriun~ 
in the R3Tef cation (4). 

'Present address: The University Chemical Laboratory, 
Lensfield Road, Cambridge, England. 

have previously been investigated by ir spectro- 
scopy ( 5 ) .  The conlpound Ph2Te(OCOCH3)2 was 
found to  have a relatively simple is spectrum 
whereas (p-EtOC6H4)Te(OCOCH3)2 and Ph2- 
Te(OCOPh)2 gave more complex spectra, which 
were interpreted as evidence for either the 
coupling of vibrations of different carboxylate 
groups in the same molecule or the presence of 
L 

both uni- and bidentate carboxylate groups. I t  
was felt that the Mossbauer data, and in particu- 
lar the quadrupole splittings, might provide 
further information about the environment of the 
tellurium atom in these compounds. 

Results 

The 125Te Mossba~ler parameters for the com- 
pounds investigated in this work are given in 
Table 1 .  A number of diaryltellurium(1V) di- 
halides (X = C1, Br, I) have been studied pre- 
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TABLE 1. 125Te Mossbauer parameters 

6 * A r 
Compound (mm s-I) (mm s-1) (mm s-1) 

* 5  a i t h  respect to  'ZJI/Cu. The conversion from '15Sb/Cu \%as inads by adding i0.15 mm s-' 
Absorbers were a t  4.2 K and  the source at  80 K.  

- 
- iooo -15.00 -10.00 -5:m 0.60 +5.00 +id00 +IS:OO +2b.00 

VELOCITY (mm/s )  
FIG. 1. The spectrum for Ph2Te(OCOCH3)2. 

viously (1, 3). The compounds ( P - M ~ O C ~ H ~ ) ~ -  
TeX2 (X = Cl, Br, I), which were not previously 
studied, were included here to provide internal 
standards and were found to have parameters in 
excellent agreement with those of other simple 
diaryltellurium dihalides. A sanlple spectrum is 
shown in Fig. 1. 

Discussion 

The Arjlfelluriru?~(IV) Fl~rorides 
The three difluorides studied have similar 

isomer shifts and quadrupole splittings, con- 
sistent with the previous observation that the 

Ph, [)-ivleOC6H4, and p-EtOC6H4 ligands have 
essentially the same influence on the tellurium 
orbital populations (3). The quadrupole splittings 
for the dihalides are observed to  lie in the order 
F > C1 > Br > I. Thus with increasing electro- 
negativity of the halogen there is an increasing 
/)-orbital imbalance on the tellurium as measured 
by A .  The structures of the diorganotellurium 
dihalides (X = C1, Br, I) may be viewed as 
$-trigonal bipyrarnidal (Fig. 2) with the lone-pair 
occupying the fifth co-ordinate position in the 
equatorial plane (6, 7). However, the relatively 
srnall C-Te-C bond angles for the dihalides, 
ranging from 91 to  9g0, and the positive Moss- 
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BERRY AND JOKES 

TABLE 2. Average Mossbauer parameters for the dihalides and trihalides 

F C1 Br I 

Compound* 6 a 6 A 6 a 6 A 

Ar2TeXa 0.47 10.2 0.62 
ArTeX3 0.58 8 .6  0.97 

* A v e r a ~ e  6 and A \.slues, in mrn s-', for the di, 
taken from this work and refs. I and 3. 

FIG. 2. Co-ordination about the tellurium in the di- 
halides and trihalides (X = C1, Br, I). 

bauer isomer shifts suggest that the lone-pair 
has predominantly 5s' character. The bonding to 
telluriun~ in these molecules may therefore be 
considered to be predominantly 5p in character 
and V,,, the principal component of the electric 
field gradient, would then lie along the X-Te-X 
bond axis and would be positive in sign, the 
halogens removing more 5y electron density from 
the tellurium than the Te-C bond. The increase 
in A with the electronegativity of X is consistent 
with an increased removal of p-electron density 
along the z axis. The difluorides clearly follow 
this trend and the Mossbauer data are consistent 
with the difluorides having a similar structure to 
that of the other dihalides. 

The difluorides have the largest A of the 
dihalides, suggesting that fluorine is very effective 
in removing 511-electron density from the tel- 
lurium. Since removal of 512 electrons should 
lead to a deshielding of tellurium 5s2 electrons, 
and hence an increase in the s-electron density at  
the nucleus, the difluorides might be expected to 
have the most positive of the isomer shifts of the 
dihalides, ARiR being positive for 1 2 T e  (8). 
However, 125Te isomer shifts are small in com- 
parison with the broad natural linewidth and 6 
is not very sensitive to small changes in the 
p-orbital populations. The dihalides are all 
observed to have similar isomer shifts and the 
difluorides appear to have 6,'s which fall at the 
lower end of the velocity range observed (Table 
2). This suggests a marginally greater stereo- 
chemical activity of the 5s electrons in the 
difluorides than in the other dihalides. 

9 .2  0.61 7.9 0.55 6.3 
9 .3  1.0 7.9 1 .0  5.2 

~ryltelluriurn dihalides and aryltellurium trihalides, 

It may be noted that for the Te(lV) tetra- 
halides, TeX4, the isomer shifts for X = C1, Br, I 
are all conlparable (9) and for the antimony(II1) 
trihalides, SbX3, the s-electron densities at the 
nucleus lie in the order SbI3 > SbBr3 -- SbC13 - 
SbF3 (10). The range of isomer shifts observed 
for 12'Sb is of course generally much greater than 
that for 125Te, as a result of a much larger 
AR;R. The relative constancy of +,(0)i2 within 
each series for SbX3, TeX4, and R2TeX2 suggests 
that the stereochemical activity of the lone-pair 
in each case changes in a complex way with 
changes in the electronegativity of the halogen 
and possible changes in co-ordination number 
about the antimony or tellurium. 

The trifluorides have isomer shifts comparable 
to those of the difluorides and smaller quadru- 
pole splittings. This contrasts with the behaviour 
of the other trihalides (X = C1, Br, I), for which 
6 was found to be greater than that of the 
corresponding dihalides while the quadrupole 
splittings were the same in magnitude for C1 and 
Br (see Table 2). The structure which has been 
proposed (1 1, 12) for the trihalides is shown in 
Fig. 26. On the basis of the structures shown in 
Fig. 2,  and noting that the halogens remove pre- 
dominantly y-electron density from the tellurium, 
it would be expected that the trihalides would 
have more positive isomer shifts than the di- 
halides. Moreover a simple additivity model 
would suggest that, assuming predominantly 
p-bonding, for any one halogen the dihalide and 
trihalide would have the same magnitude for A, 
although they would differ in sign (3). These 
trends are followed for the chlorides and bro- 
mides if not for the iodides. 

However, the Mossbauer parameters of the 
trifluorides are clearly quite different from those 
of the other trihalides. The relatively small 
isomer shifts of the trifluorides could be ex- 
plained by a greater participation of the 5s 
electrons in bonding, i.e., a greater p-character 
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for the lone pair. However, with reference to  
Fig. 2b this would imply a greater A than that of 
the difluorides, rather than the smaller A which 
is observed. Thus it appears that the co-ordina- 
tion about the tellurium in the trifluorides must 
be significantlj, diff'erent from that in the other 
trihalides. This is not ~~nexpected since TeF4 (13) 
has a str~lcture which is significantly different 
from that of Tee14 (13) or Tel4 (15), while SbF3 
(16) also diff'ers in structure, and in its Mossbauer 
parameters, from that of the other antimony(II1) 
trihalides. 

Ar~~l~ilkj~l~ell~rri~rnz Ioclicles 
The compound Ph(CH3)Te12 has precisell the 

same Mossbauer parameters as (p-CH30C6H4):- 
Te12, although a somewhat srnaller A than 
a-Me2Te12 (7.1-7.6 mm s-I) (2, 3). Thus the 
presence of both alkyl and arj.1 substituents on 
the tellurium atom does not lead to an>. unusual 
or unexpected r e s ~ ~ l t s  and,  as previously ob- 
served, the alkyl and aryl ligands have very 
siniilar properties. 

The con~pounds Ph(CH3)2TeI and Ph2(CH3)- 
TeI in all probability contain the Ph(CH3)?Te7 
and Ph2(CH3)Te-L cations. There is X-ray struc- 
tural evidence that Ph3SeC1 contains the Ph3Se- 
cation (4) and the ir spectrum of (CH;);Se' has 
been interpreted as evidence for (CH3)3SeA (17). 
Conductance measurements in a variety of 
solvents on the co~npounds R3TeX (R = Me, 
Ph:  X = C1, Br, 1) including the compound 
Ph2(CH3)TeI, also support their form~llation as 
R3Ted-X- in s o l ~ ~ t i o n  (18-20). 

As would be expected, Ph(CH3)2Tel and 
Ph2(CH3)Tel have the same Mossbauer param- 
eters. The small isomer shifts of these com- 
pounds are quite consistent with the presence of 
R3Te- cations, since the co-ordination of 1 to the 
tellurium ~vould have been expected to lead to  a 
more positive 6 .  The isomer shifts of Ph(CH3)2- 
TeI and Ph2(CH3)Tel are more positive than 
those of the organotellurides R2Te, for which 
6 = 0.2 mm s-I (1, 3). It is clear that the co- 
valent Te-C bond must have significant s -  
character but that the removal of s a n d p  electron 
density is such as to lead to a small net increase 
in :$,(0)12 through deshielding of the remaining 
5s electrons at  the nucleus. The small quadrupole 
splittings of these compounds are also consistent 
with s-character ill the Te-C bonds, since this 
necessarily implies some p-character of the 

lone-pair. Other possible contributions to the 
electric field gradient at  the tellurium could arise 
from ineq~lalities in the Te-C bonds in the 
Ph2MeTe+ and P ~ I ( C H ~ ) ~ T ~ +  cations or from 
lattice terms, although the lone-pair will in all 
probability be the main contributor. 

It is interesting to note that the q~iadrupole 
splittings of cil. 5.5 mm s-' for Ph2(CH3)Tel and 
Ph(CH3)2TeI correspond to a c o ~ ~ p l i n g  constant 
of 350 MHz, assuming 7 = 0. L\ hile the coupling 
constant for PhjSb is 530 MHz (10). Taking the 
ratio of the principal components of the field 
gradient tensor per 5p electron for antinionq and 
tellurium to be 0.87 (21), the ratio of the coupling 
constants corresponds to a ratio of Qg,,ci(lrlSb) 
Qe,(lZ5Te) of 1.7, which is not inconsistent with 
previous estimates of the magnitude of the 
quadrupole moments of these t u o  states (10, 22). 
Thus the magnitudes of the q~~aclrupole splitting 
for Ph2(CH3)TeI and Ph(CH3)?TeI are con- 
sistent with those compounds containing pyra- 
midal Ph2(CH3)Te+ and Ph(CH3)?Tet cations 
which are iso-electronic and iso-structural ~ i t h  
Ph3Sb. 

Diacet~ltes ancl Dibenzoiifes 
The ir spectra of the dicarboxylates have been 

interpreted as evidence for a $-trigonal bi- 
pyramidal geometry for these n~olecules, the 
carboxylate ligands occupying frrins axial posi- 
tions (5). The Mossbauer data for these com- 
pounds are generally consistent ~ , i t h  that struc- 
ture, exhibiting isomer shifts and quadrupole 
splittings generally comparable ivith those of the 
dichlorides. However, it is clear that the phenyl 
compounds exhibit much smaller quadrupole 
splittings than the other derivatives. The is 
spectrum of (p-EtOC6H4)2Te(OCOCH3)2 was 
found to be more coniplex than that of Ph2Te- 
(OCOCH3)2. suggesting the possible presence of 
both uni- and bidentate carboxylate ligands in 
the former case and only unidentate in the latter. 
The different quadrupole splittings of (p-Me- 
0C6H4)2Te(OCOCH3)2 and Ph2Te(OCOCH3)2 
are certainly consistent with a different environ- 
ment about the tellurium in those two com- 
pounds. 

The compound Ph2Te(OCOPh)2 was found to 
have a complex is spectrum sirnilar to that of 
( ( I - E ~ O C ~ H ~ ) ~ T ~ ( O C O C H ~ ) ~  rather than that of 
the diphenyl diacetate. However, the Mossbauer 
data suggest that the tellurium environments in 
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BERRY AND JONES 

TABLE 3. Bond orbital populations, U,, for different ligallds 

Estimator UL UL value Reference 

Organotellurides 
Ph2TeC12 
PhzTeBrz 
(p-CH3C6H4)TeI? 
Ph2TeF2 
(p-MeOC6H4)TeF3 
P I I ~ T ~ ( O C O C H ~ ) ~  
( ~ - M ~ O P ~ I ) ~ T ~ ( O C O C H ~ ) ~  
Ph2Te(OCOPh)2 
( ~ - M ~ O P I I ) ~ T ~ ( O C O P I I ) ~  

3 
3 
3 
3 

This work 
This work 
This work 
This work 
This work 
This work 

the diphenyl diacetate and dibenzoate are very 
similar. Thus the ir and Mossbauer data are not 
wholly consistent, but both s u g e s t  that the 
structures of the diacetates and dibenzoates may 
show subtle differences with changes in the aryl 
ligands. A more full interpretation of the 
Mossbauer data must a~vai t  structural studies on 
the  carboxylates. 

The Acklitici fy Model 
It has previously been shown (3) that a simple 

additivity model, based on Tohnes and Dailey 
theory, works surprisingly well in accounting for 
the main features of the quadrupole splitting 
data for the con~pounds  R2Te, R2TeX2, and 
RTeX3 (X = C1, Br) and the compounds Te- 
C14 py, RTeXy tmtu. and RTeX3. py. The model 
was used to estimate the tellurium p-orbital 
population in the bond to the ligand concerned, 
UL. Thus for R2Te, assuming as an approxima- 
tion that the lone-pairs have 5s2 and 511,. 
character, where the z-orbital is directed out of 
the bonding (.xJ') plane, Townes and Dailey 
theory allows a simple estimate of U,, the 
tellurium p-orbital population in the Te-C 
bond. This then allows estimates of the other 
tellurium-ligand y-orbital populations to be 
made. Using this same approach, ligand U 
values may be arrived at  for the compounds 
studied here and representative values are given 
in Table 3. The difference in the UF-Te-i, value 
for Ph2TeF2 and (p-MeOC6H4)TeF3, for ex- 
ample, is simply a restatement of the failure of 
the additivity model, the probable reasons for 
this having been discussed above. 

Experimental 
The compounds studied were prepared as described in 

the literature (23-27) and characterized by melting points, 
analytical data, and proton nnu spectra. 

The Mossbauer spectra \?-ere recorded on samples of 
natural isotopic abundance at 4.2 K using an "5SbCu 
source at  C N .  80 K as previously described (3). The 
absorbers contained 5-10 mg c n r 2  I2'Te. Mirror image 
256 channel spectra were recorded and average v a l ~ ~ e s  of 
6 ,  A. and 2r were calculated. In all cases the spectra were 
found to give statistically acceptable fits with X2:!l' 
values lying \!ithin the 5' ; confidence limit. 

Conclusions 

The present study has extended the range of 
organotellurium con~pounds studied using the 
Mossbauer effect and has identified a number of 
conipounds, namely the organotelluriu~n tri- 
fluorides and the diphenyltellurium-diacetate and 
dibenzoate, where the simple additivity model 
breaks down. 111 these compounds the co- 
ordination about the te l lur i~i~n would appear to 
difl'er significantly from that in the other organo- 
tellurium trihalides, or the other dicarboxylates, 
respectively. The Mossbauer parameters for 
the mono-iodides support their formulation as 
R2R1Te+I-. 
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CinCtique de l'interaction des complexes Cu(1I)-oxine, Cu(II)-biuret 
e& Gu(I1) - acide salicylique avec I'EDTA 

ELISABETH MALLARET-GOUT ET MIKLOS ZADOR 
Dlpirrfer71e/ir c/e Chitwie, L1/ricrr.rirP de Afo/~ire'ul, C.P. 6210, .l40l0lrft.@uL1I, (QuP.), CUIII(I/CL 

K e ~ u  le 23 decembre 1975' 

ELISABETH MALLARET-GOUT et MIKLOS ZADOR. Can. J. Chem. 54, 3743 (1976). 
La cinttique de l'iilteraction des complexes Cu(1l)-biuret, Cu(l1)-oxine et Cu(I1) - acide 

salicyliq~~e a\ec L'EDTA a i t6 etudiee. Le rnkcanisn~e de la reaction inlplique un transfert de 
protons lent suivi de la reaction rapide du complexe protone avec I'EDTA. La constante de 
vitesse comprend la contribution de diverses espkces de I'EDTA en solution ainsi que de H z 0  et 
de H30+.  L'importance relative des divers termes varie toutefois d'un sqstkme B l'autre. 

ELISABETH MALLARET-GOUT and MIKLOS ZADOR. Can. J. Chem. 54, 3743 (1976). 
The kinetic> of the interaction of the complexes Cu(ll)-biuret, Cu(1I)-oxine, and Cu(l1) - 

salicyclic acid with EDTA has been studied. The ~nechanisni of the reaction involbes a slow 
transfer of a proton followed by the rapid reaction of the protonated complex with EDTA. The 
rate constant contains contributions from the various forms of EDTA in solution as well as 
those from H 2 0  and H30+ .  H o w e ~  er, the relative importance of the various terms varies from 
one system to another. 

[Journal translation] 

Introduction 
Le mecanisnle de dissociation de divers com- 

plexes du Cu(1I) peut @tre Ctudii en faisant 
re'agir ceux-ci avec 1'EDTA. Ce derriier forme 
avec le Cu(I1) un complexe trks stable (K = 

1018,7 (1)). Un grand nombre de complexes se 
dicomposent d'aprks l'tquation globale 1 : 

[ I ]  CuL, + EDTA -4 CuEDTA + HL 

Le micanisme de cette reaction peut @tre assez 
complexe, comme l'indiquent les Ctudes ant& 
rieures. En particulier, il a i t6 montrC par 
Margerum et coll. que la forme protonke, 
H2EDTA2-, agit comme agent de transfert de 
proton B l'azote peptidique, ce qui entraine la 
dissociation et un riarrangement du lien cuivre- 
triglycine (2). L'EDTA a Cgalement CtC utilisi 
pour determiner la constante de dissociation des 
complexes Cu(l1)-adinine (3) et Cu(I1)-adCno- 
sine (4). 

Ce travail est consacre B 1'Ctude de l'interac- 
tion de 1'EDTA avec trois complexes, soit 
Cu(I1)-biuret, Cu(1I)-oxine et Cu(1lj - acide 
salicylique. 

Partie expbrimentale 
Re'i~?iiJs 

Le hlilret (J. T.  Baker. "Baker Grade") et l'ox~ne. 
(hydroxy-8 qu~nole~ne. B.D.H. "Analar") ont etC ut11isCs 

tels quels. L'acide salicylique (Eastman) a it6 recristallisC 
d'un niClange eau-ethanol. La solution de perchlorate 
cuivrique a kt6 obtenue en disiolvant l'oxq.de dans l'acide 
perchlorique. L'EDTA utilisC est cle Fisher Scientific Co. 

La force ionique dei solutions a ete maintenue cons- 
tante (0.5 :M) en utilisant le perchlorate de lithium (Alfa 
Inorganics); la contribution des diverses espkces de 
I'EDTA a la force i o n i q ~ ~ e  a Cte calculee en tenant co~npte  
des Cq~~ilibres acide-base aux p H  consideres en ~~til isant 
les constantes de la litterature ( I ) .  

,M@tl~oc/es citilriyues 
La cinetique des reactions a ete etudiee en utilisant Lln 

sqstkme a flux htoppC Durrum-Gibson, de la compagnie 
Durrum Instrument Co.: L'appareil a ete thermostat6 a 
25.0 F 0.1 'C. 

Une des seringues de l'appareil contient la solution du 
Cu(1l) et du iigand dans des conditions de concentration 
et de pH oh le complexe a une concentration appreciable. 
L'autre seringue contient I'EDTA. Dans les cas oil la 
vitesse de reaction ne peut &tre mesuree dans ie domaine 
de p H  ou le colnplexe domine, Ie p H  des deux sol~~t ions  
est different; le p H  de l'experience est celui ohtenu apres 
melange. 

La rCaction s'acconipagne d'une variation de I'absor- 
bance ce q ~ ~ i  donne un signal au photo~nultiplicateur. Ce 
signal est introduit dans une mClnoire reliee par une 
interface a Line calculatrice programmable Tektronix 3 1. 
Le systkme de memoire perrnet d'accumuier 256 donnkes 

intervalle de temps choiai. A la fin de chaque expirience, 
ces donnees sont directenlent interpretkes en utilisant un 
programme de rigression approprie. La valeur de la 
constante cle vitesse est la moyenne de six experiences. La 
description detaillee du systeme memoire-interface que 
nous avons mis au point, fera l'objet d'une publication 
ulterieure. 

Les longueurs d'onde choisies varient d'un systkme a 
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l'autre. On a ci?oici, respecti~ement:  X = 510 nni pour 
Cu(1l)-biuret, X = 360 nin pour Cu(I1)-oxine et X = 100 
nm pour Cu(l l)  - acide sal ic~lique.  La concentration des 
solutions en complexes est de 3 >< 10-1 B 4 X 10-3 .\I de 
f a ~ o n  B obtenir des absorhances raisonnables. 1.a con- 
centration en EDTA varie de 5 X 10-3 B 5 X 10W2 
Dans tous les cas la disparition du complexe entraine la 
d in i in~~t ion  de l'absorbsnce. Dans les cas des systkrnes 
Cu(1l)-oxine et Cu(ll)-biuret, l'apparition clu complexe 
Cu(l1)-EDTA a 6salcment pu etre obser~Ce,  la lo~ig i~eur  
d'onde de 720 nm. Dans cliaq~ie cas L'EDTA etait pris en 
grand excts par rapport au complexe et on obtenait dei 
cinetiqueh d'ordre un. 

I .  Sj.\i.?rne CL/(II)-biliref 
Le biuret (NH2CONHCONH2 ou BH2) forrne 

deux conlplexes avec le Cu(I1). Ces con~plexes 
ne se forment qu'en milieu trks basique, Ctant 
donnt qu'ils ~rnpliquent des groupes -NH2 
dissocits. D'aprks les donntes de la littkrature 
(5) on a les rtactions suivantes: 

Le dernier complexe, CuB2'-, est l'espkce domi- 
nante en presence d'un grand excks de ligand en 
milieu trks basique (pH = 12.8, B, Cu = 20). 

L'interaction du coillplexe  CUB^^ avec 1'ED- 
TA n'a pu Etre Ctudite qu'h des p H  > 9. En effet, 
B des p H  plus acides la rtaction est trop rapide 
pour &tre ttudiCe par le "flux stoppt". L'Ctude 
a CtC effectute B six p H  diffCrents (entre p H  = 

9 et p H  = 12.8) et B quatre concentrations de 
L'EDTA. Les rtsultats ont CtC obtenus en mClan- 
geant la solution de CuB2'- ( p H  = 12.8) avec 
la solution de I'EDTA de p H  plus faible pour 
donner le p H  requis aprks rnklange. 

Le cornplexe  CUB^^- se dissocie d'une part B 
cause du saut de p H  et, d'autre part, B cause de 
la rtaction d'Cchange avec I'EDTA. Le produit 
de la reaction est le complexe CuEDTAZ- en 
Cquilibre avec CuEDTAOH3-, en proportion 
variable d9aprks le p H  final ([CuEDTAOH3-] - 
[CuEDTAZ-][OH-] = lQ2.4 (1)). 

Le fait que la dissociation du complexe 
CuB2'- (A = 510 nm) se fait avec la mcme 
vitesse que l'apparition de CuEDTA (A = 720 
nm) indique que les deux processus ont la meme 
Ctape diterminante. 

La constante de vitesse d'ordre un, k,,,, de la 
rtaction ( i )  augmente linkairenlent avec la con- 
centration en EDTA h p H  constant et, (ii) 
l'augmentation de la concentration en HL 

FIG. I .  Variation de la'constante iie vitesse du systkme 
CuB22---EDTA a \ec  la concentration en EDTA B divers 
pH. T = 25 'C:  force ioniqiie = 0.5 ,M: [CLI(II)] = 

1.0 X 10-3 2.1, [bi~iret] = 2.0 X 10-2 .\I; ( 1 )  pH - 9.0: 
(2) pH = 9.5; (3) pH = 10.3; (4) p H  = 12.3. 

entraine aussi l'augmentation de k,,, conlme le 
montre la fig. 1. Ces risultats indiquent claire- 
merit que la dissociation de CuB2'- inlplique 
une catalyse acide. 

L'interprCtation des r t s ~ ~ l t a t s  est b a s k  sur 
l'expression de vitesse [2] qui irnplique une cata- 
lyse acide gkntrale telle qu'observie par Pagen- 
kopf et Margerum pour la dissociation du 
cornplexe Cu(l1)-triglycine (2). 

Ce type d'iquation est suggtrt par le fait que 
d'autres acides faibles catalyscnt tgalement la 
transformation. Ainsi, B p H  constant, la con- 
stante de vitesse expirimentale varie Ilntaire- 
nlent avec la concentration en H3B03 et en 
NH4-, ce qui a permis de dCterrnrner les con- 

- stantes catalytiques pour ces acides: kH3B03 - 
4 x 103 M-l S-1 ; khH4i = 1.3 x 104 M-1 s-l B 
25 "C. 

Les paramktres de 19Cq. 2 ont Ctt dtterrnints 
par une mtthode de rkgression multiple pon- 
der&. A chaque p H  on calcule d'abord la con- 
centration de d~verses espkces de 1'EDTA en 
solution en utilisant les valeurs des constantes 
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d'aciditi de la littirature (1) et on les introduit 
dans l ' iq. 2.  Seuls les termes dont la contribution 
B la vitesse est significative son1 retenus. 

I1 ressort de l'analyse, qu'aux p H  trks basiques 
(pH -- 12.4, courbe 4,. fig. 1) seule EDTA4- 
contribue, en plus de ko, B la riaction d'kchange. 
La diminution de p H  augmente la contribution 
d e  HEDTA3-, qui devient pripondkrante h 
pH = 11.4. 11 est h souligner que de p H  = 9.5 
a p H  = 9, la concentration de HEDTA3- ne 
change pratiquement pas et riialgri tout on 
observe une augmentation iniportante de k,,, 
(courbes 2 et 1, fig. 1); ce fait est attribuk 
H2EDTA2-, dont la contribution devient pri-  
ponde'rante B p H  = 9. 

En ternles quantitatifs, l'interpritation des 
rksultats conduit k 1'Cq. 3. 

La contribution d'un terme, k,-[H-] n'est pas 
significative aux p H  Pt~ldiCs ( p H  2 9), ce qui 
impl~que que la valeur de kH+ ne dkpasse pas - 109 M-' S-I. 

2. Sj.~tPt??e Cu(I1;)-oxine 
L'hydroxy-8 q~~inolCine (ou oxlne) forme deux 

complexes avec le Cu(II), d'aprks les iqulllbres 
suivants (6): 

CuOx- + OxH CuOxZ + H- 

Le complexe 1:2 est trks peu soluble (K,, = 

10-29.6 (7) et prCcipite dans les conditions de 
p H  OLI il pre'dornine. En efi'et, dG B la dissociation 
de l'oxine d'aprks l'iquilibre 

on  peut voir qu'8 des concentrations en Cu(l1) 
et en oxine de l'ordre de lo-%, la prkcipitation 
a lieu B des p H  > 5. 

En milieu plus acide, par contre, il y a proto- 
nation du ligand libre: 

OxH + H- OxH2- 

et des p H  < 2 ceci cause la dissociation des 
complexes. 

Le complexe 1 : 1, CuOx+, domine vers p H  = 

3-3.5 en presence d'un excks de  Cu(l1) (Cu /Ox = 

F I G .  2. Variation de la coi~jtante de LItesbe du sistkme 
CLIOX--EDTA abet In conceiitratioil en EDTA :I iii\crs 
pH. T = 25 ~ C :  force ioiiiil~le - 0.5  '11: [Cu(II)] - 
6.0 >: 10-4 .\I; [oxine] = 3.0 X 10-4 ( 1 )  pH = 5.9:  
( 2 )  pH - 6.2;  (3)  pH - 6 . 5 ;  ( 4 )  p t f  - 7.0; ( 5 )  pH = 8.0. 

2). Sa riaction avec I'EDTA a pu @tre i tudiie 
entre p H  = 5.9 et 8. A p H  < 5.9, elle est trop 
rapide tandis qu'B p H  > 8 elle est trks lente et 
le signal devient trop faible pour conduire B des 
risultats fiables. 

La prkcipitation de CuOx2 n'a pas lieu B ces 
pH,  due B la rCaction rapide de CuOxi avec 
l'EDTA, aprks le saut trks rapide de p H  lors 
du mClange des solutions. Le saut du p H  pour- 
rait par ailleurs entrainer la formation transitoire 
de complexes hydroxylis mixtes bien qu'en 
ginkral ils ne soient forrnis qu'a des p H  Clevis. 
Aucune ividence directe n'est disponible B ce 
sujet, ce qui est dG a u  fait que l'espkce le plus 
stable B ces p H  est CuOx?. 

L'ensemble des risultats est illustri par la 
fig. 2.  On constate que k,,, augmente (i) avec 
la concentration en EDTA et (ii) avec l'aciditk 
cle milieu, donc on a affaire B une catalyse acide. 
L'interpritatinn des risultats a kt6 faite de 
nianikre analogue au  cas clicrit plus haut;  elle 
c o n d ~ ~ i t  B l'kq. 4. 

[4] k,,, (s-I) = 1.3 X 106[H+] 
+ 1.6 X 10S[H3EDTA-] 

+ 2.1 X 10'[H2EDTA2-] 
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Le terme indipendant de 1'EDTA (ordonnie a 
l'origine de la fig. 2) est dO B HT; le terme ko 
n'est pas significatif aux p H  itudiis. Parmi les 
termes dipendant de I'EDTA la contribution la 
plus importante est de H2EDTA2-; celle de 
H3EDTA- devient significative aux p H  les plus 
faibles (-2SL2 B p H  = 5.9). 

La catalyse par d'autres acides faibles a i t6 
virifiie a l'aide de l'acide malkique (MaH2, karaH- 
= 3.4 X lo2 M-I s-I) et l'a-picoline H- (k,.,,+ 
= 40 M-I s-I). Conin~e pour le systkme prici- 
dent, la disparition de CuOxT (A = 360 nm) cor- 
respond B l'apparition de CuEDTA2-, donc il y 
a une mCme itape diterminante pour ces 
processus. 

3. Sj.st dine Ci,(II) - ucide sulic,~~Iique 
L'acide salicylique (SH2) forme un complexe 

1 : 1 avec le Cu2+: 
Cu?- + SH2 = CLIS f 2H' 

La constante de stabiliti du complexe est donnie 
par la relation (8): 

K = [CuS] [Cu2'][S2-] = 1010.6 

Ce complexe est stable entre p H  = 5 a 7. A 
pH > 7 il y a pricipitation de CU(OH)~ ,  tandis 
qu'a des p H  < 5 il n'y a pas suflisamnient de 
complexe. La cinitique d'intiraction avec 
1'EDTA a pu Ctre itudiie entre p H  = 9 13, en 
milangeant la solution du complexe ( p H  - 5-7) 
avec une solution d'EDTA de p H  plus ilevi. 
11 est B noter que le saut de p H  est trks important 
dans ce cas. Au p H  de l'expirience il est probable 
que des composis hydroxylis, tels CuSOH- ou 
CUS(OH)~'- existent et soient ail moins en partie 
responsables des cinCtiques observies. Ceci rend 
donc l'extrapolation des risultats aux p H  oh le 
complexe CuS est stable ( p H  = 5 2 7) peu 
certain. 

La constante de vitesse est indkpendante de la 
concentration en EDTA pour'toutes les expk- 
riences; elle augmente liniairernent avec la con- 
centration en H'. On obtient done une relation 
simple pour la constante de viiesse. 

A des p H  < 9 la vitesse de riaction est trop 
grande pour Ctre itudiie, dO 21 la valeur tres 
Clevie, 8.5 X 10'' M-Is-I de la constante kH+. 

Ctre comparis B ceux obtenus par Margerum et 
coll. qui ont t tudii  le micanisnie de transfert de 
p o t o n  dans le systkme Cu(1l)-triglycine--EDTA 
(2) : 

11s ont observt une catalyse acide ginirale, avec 
une constante de vitesse du type k = Ck,,[HX]; 
la constante de vitesse est constituke de la con- 
tribution de tous les acides (HX) dans le milieu. 
Ceci a conduit B la conclusion que le transfert de 
proton est l'itape lente de la riaction. 11s ont 
montri que, dans le cas de l'EDrI'A, seule 
l'espkce H2EDTA2- est riactive, mtnie dans les 
conditions o h  HEDTA3- domine. 

Done I'EDTA ne riagit pas avec Cu(I1)- 
triglycine en tant que nucliophile, lnais plut6t 
comme agent de transfert de proton. 

La dissociation des complexes C L L B ~ ~ -  et 
CuOXT semble s'effectuer par un micanisme du 
mCnie type. Cependant, dans notre cas plusieurs 
espkces de 1'EDTA et d'autres acides faibles 
contribuent aux constantes de vitesse. La nature 
et le nombre de termes apparaissant dans l'iqua- 
tion de vitesse dipendent et du systkme considirk 
et de la gamnie de p H  itudiie. 

Le cas du complexe CuS semble Ctre diffirent 
i tant donnt que la riaction est indkpendante de 
1'EDTA. Ce systkme est de plus affect6 d'incerti- 
tildes, quant la nature exacte des espkces a p H  
ilevi o h  des complexes hydroxylis peuvent 
exister. Dans les cas de  CUB^^- et de CuOxf les 
risultats suggkrent un micanisme avec transfert 
de proton lent: 

lent 
[612 CuL f HX CuLH' $ X 

rapide 
[7IL CuLH+ + EDTA -> CuEDTA + L + H' 

Le transfert de proton lent implique la rupture 
simultanie d'un lien Cu-N (ou possiblenient 
Cu-0 dans le cas de CuOx-). La forme ainsi 
obtenue riagit ensuite avec 1'EDTA. L'Ctape 7 
peut aussi s'effectuer en deux Ctapes: dissociation 
prialable de CuLH-, suivie de la riaction 
connue comme trks rapide (9), de 1'EDTA avec 
le CLI(II) libiri. 

Un autre micanisme est cependant compatible 
avec les risultats. Celui-ci implique Cgalelnent 
l'affaiblissenient ou la rupture du lien de coordi- 

Discussion 
Les risultats obtenus dans ce travail doivent 

'Pour fins de simplicite la charge exacte des complexes 
est omise. 
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nation entre le Cu(I1) et le ligand par fixation 
rapide d'un proton sur le ligand (Cq. 8). Le 
complexe proton6 rCagit ensuite avec les diverses 
espkces de 1'EDTA en solution (Cq. 9). 

rapide 
181 CUL + H+ ,-: CULH+ 

kn 
[9] CuLH+ + H,EEITA?-~- CuEDTA + L + 

lent 

Ce type de lntcanisme a t t i  proposC par 
Margerum et coll. pour l'interaction du com- 
plexe Cu(1I) - glycyl glycyl-L-histidine avec divers 
ligands (10). 

Ce rnicanisme conduit, en ce qui concerne les 
termes dipendant de l'EDTA, B l'tquation: 

A cause de l'iquilibre de protonation: 

17Cq. 10 ne peut pas Stre distinguie cinktiquement 
de la catalyse acide gCnCrale (Cqs 6 et 7) qui 
conduit 8 1'Cq. 1 1. 

Le choix entre ces deux mCcanismes est Cvide- 
ment assez dificile B faire. I1 diffkrent par le 
choix de 1'Ctape dkterminante mais sont en 
accord sur le fait que la protonation du com- 
plexe est indispensable. 11 n9y a pas encore 
suffisamment de donnies dans la littirature pour 
un appui massif pour l'un OLI pour l'autre. 

Dans nos cas l'eret catalytique des acides 
faibles autres que dCrivant de I'EDTA milite en 
faveur de la catalyse acide gCntrale sans toutefois 
Ccarter ca t~gor l~uement  - l a  contribution de 
l'autre mCcanisme. 

Dans le cas de  CUB^^- des valeurs trks ClevCes 
de constantes catalytiques sont obtenues qui 
sont inhabituelles pour un transfert de 
"lent". La valeur de kNZEDT-i~- 2.2 X lo6 M-l s-' 
est cependant d'un facteur de 10' plus faible 
que les constantes de vitesse de transfert de pro- 
ton d'un acide de force comparable, tel le 
p-nitrophknol, B des bases faibles telle l'imida- 
zole (1 1). 

Ce rksultat est donc en accord avec deux 

hypothkses: ( 1 )  basicitt ClevCe de l'azote terminal 
du biuret sur lequel le proton se fixe et en plus 
( i l )  grande facilitt de rupture du lien Cu-N, 
par rapport aux systkn~es similaires CtudiCs. 

Le meme raisonnement s'applique 8 HEDTA3- 
(k = 2.2 X lo3 M-l s-l) qui est un acide encore 
plus faible ainsi qu'8 l'acide borique et l'ion 
ammonium (kH3B03 = 4 x lo3 M-l ss l .  k K H ~ +  

= 1.3 x 104 M-I S-1 1. 
L'augmentation des constantes avec la force 

des acides est en accord qualitatif avec une rela- 
tion de type Bronsted ou, avec la thtorie de 
transfert de proton de Eigen (11); l'interprkta- 
tion quantitative ne serait cependant pas signifi- 
cative due B la complexitt du systkme et le 
nombre restrelnt d'acides itudiis. 

L'interprttation des risultats d'aprks l'iq. 10 
conduit Cgalement B des constantes ClevCes. Pour 
le terme [H+][HEDTA3-] on aurait une valeur 
maximum de k K  = 3.1 X 1012 M-' S-I, et pour 
[H-][EDTA4-] k K  = 3.6 X 1013 M-' S-I. Des 
valeurs de cet ordre de grandeur ne donnent des 
constantes, k, de la rCaction 9 raisonnables que 
si K  est trks ClevC. Ceci implique une basicit6 
relativement grande du complexe, hypothkse 
identique B celle qui permet de rationaliser la 
catalyse acide gCnirale. 

Les valeurs elevCes dans les deux cas sont la 
consCquence logique de deux faits simples: (i) 
vitesses de riaction ilevtes et (ii) catalyse acide 
a des concentrations en HT de B 10-l2 M 
(oh seuls les acides trks faibles existent en 
concentrations appriciables). 

Le complexe  CUB^^- riagit aussi directement 
avec EDTA4-, probablement par un micanisme 
SN2. Cette rCaction n'intervient cependant 
qu'aux p H  les plus ClevCs. La constante relative- 
ment faible (37 M-' s-') est une indication du 
fait que I'EDTA, B cause de l'encombrement 
stCrique est un nuclCoph11e mkd~ocre. Ce point 
a CtC soulignC par Margerum et coll. (10) qui, 
dans le cas de Cu(I1)-triglycine ont obtenu une 
constante de 600 M-I s-I pour l'EDTA, ce qui 
est trks faible par rapport B celle du trien (1.1 X 
lo7 M-l s-l) qui est un bon nuclCophile. 

La discussion prtcidente concernant la cata- 
lyse acide s'applique aussi au cas de CuOxL, 
mais il y a nCanmoins certaines particularitks B 
souligner. 

D'abord dans ce cas les termes impliquant 
EDTA4- et HEDTA3- ne sont pas significatifs, 
dG 2 la gamme de p H  plus acide ob ces espkces 
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sont pratiquement absentes. Les diverses con- 
stantes de vitesse augmentent tgalement avec la 
force de l'acide, en accord qualitatif avec les 
connaissances acquises en catalyse acide gCnCrale. 

Dans ce cas, le-terme k,+[H+] a une contribu- 
tion significative; il y a donc une voie riaelion- 
nelle independante de l'EDTA, ce qui sugg,&se 
tvidemment que 1'Ctape lente prtckde la rtaction 
avec I'EDTA. Dans le n~Ccanisme suggtrt, ceci 
correspond B la protonation "lente" de CuOx-, 
avec rupture d'un lien de coordination Cu-N 
ou Cu-0. 

Toutefois m2me dans ce cas-ci, il reste une 
alternative, notamment protonation rapide de 
CuOx- suivie de la ruDture lente d'un ou de 
deux liens Cu(I1)-oxine, conduisant B une 
espke  pouvant riagir rapidement avec 1'EDTA. 

Dans le cas de CuOx+ le ligand n'occupe que 
deux sites de coordination ~ L L - c ~ ( ~ I )  laissantles 
autres libres B l'attaque par 1'EDTA. I1 est trks 
significatif que la protonation du ligand sortant 
soit necessaire pour la rupture des liens Cu(1l)- 
oxine et pour que la rtaction d'tchange soit 
complkte. Ceci est cependant dG au fait que 
1 'EDTA4 est un nucltophile mediocre, ce qui 
est encore plus vrai pour H2EDTA2- qui est 
l'espkce dominante vers p H  - 6. 

La constante de vitesse de dissociation de 
CuOxf, k d ,  peut $Ire estimte B partir de la 
relation k f i k d  = K = 1012.6. 11 est B toute fin 
pratique certain, vu l'ensemble des connais- 
sances acauises sur 1'intCraction du Cu2-. avec 
divers ligands, que la constante de vitesse de 
formation de CuOx' B partir de Cu2+ et de Ox-, 
ne dtpasse pas une valeur maximum de kfmB, - 

lo9 M-' s-l. La limite suptrieure de kd est donc 
-10-3.6 s-l. Cette valeur est de loin inftrieure 
aux constantes k,,, mesuries dans toute la 
ganlnle Ctudite. Ceci implique que la dissociation 
"non-catalytique" de CuOxt, qui pourrait 2tre 
suivie d'une reaction trks rapide de Cu2- avec 
l'EDTA, est ntgligeable par rapport aux proces- 
sus catalysts. 

Les auteurs remercient le Ministkre de 1'Edu- 
cation du QuCbec pour l'octroi qui a rendu 
possible la realisation de ce travail. Le Conseil 
des Arts du Canada est remerciC pour la bourse 
d'ktudes accordte (E.M.-G.). 
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Flash tlaermolysis: mud~ple sigmatrspic reamangemerats in 
sukho-substituted aromatic compounds1 
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PIERRE DE CHAMPLAIN. JEAN-LOUIS LUCHE. ROBERT A.  MARTY, and PAUL DE MAYO. Can. J 
Chem. 54, 3749 (1976). 

A number of o-disubstituted benzenoid substances on flash thermolysis undergo 1,6elimina- 
tion of water or alcohols to  yield o-quinonoid derivatives. Those products po~sessing a penta- 
dienyl hydrogen subsequently undergo a 1,5-sigmatropic rearrangement: in many cases the 
rearrangement product undergoes yet further transformations, such as addition or hydrolysis, 
and such resctions h a ~ e  been used for their characterization. Included are: the conversion of 
N-methyl anthranilate esters to  o-aminobenzaldehyde; o-(Ar-n1ethyl)benzyl alcohol and methyl 
ether to o-toluidine; o-methoxyn~ethylformanilide to o-tolyl isocyanate: and o-carboxyrnethyl- 
formanilide to a-aminobenzaldehyde. 

PIERRE DE CHA\IPLAIK, JEAN-LOUIS LUCHE, ROBERT A. MARTI et PAUL DE MAYO. Can. J. 
Chem. 54, 3749 (1976). 

Sous l'influence de la therrnolyse eclair, un certain nombre de dirives benziniques o-disub- 
stitues perdent de l'eau ou des alcools, par Climinations-1,4, pour conduire B des derives o- 
quinonoldes. Les p rod~~ i t s  possedant un hydrogene pentadi6nyle subissent un rearrangement 
sigrnatropique-1,j: dans plusieurs cas. le produit de rearrangement subit des transformations 
subsequentes, cornme des reactions d'addition ou d'hydrolyse. et on a utilise ces reactions pour 
fins de caracterisation. On a e t~~diC les conversions: des esters du I\'-niethyl anthranilate en 
o-aminobenzaldehyde; de l'alcool o-(N-mCthy1)benzilique ou de son ether methylique en o- 
toluidine: de 1'0-mCthoxymethylforrnani1ide en isocyanate d'o-tolyle: et de I'o-carboxyn~Cthyl- 
formanilide en o-aminobenzaldehyde. 

[Traduit par le journal] 

Some time ago (1) we reported that the flash 
thern~olysis of o-nitroanisole yielded benzalde- 
hyde, together with, in smaller amount, salicyl- 
aldehyde. The route to these products was shown 
to  be that indicated in Scheme 1 by the genera- 
tion of the various radical intermediates (a, b) by 
alternative pathways. The results were those to 
be expected from Scheme 1 and, in addition, 
substitution of deuterium in the methoxyl group 
of 4-methylnitroanisole gave the deuterated tolu- 
aldehyde expected. 

A natural extension of this work was the study 
of the nitrogen equivalent of the substance 2; 
that is, the ester 3, which might be expected to 
give benzaldehyde as the pioduct. 1n fact, a 
different pathway was followed during the 
thermolysis which it is the purpose of the present 
paper to describe. 

lFlash thermolysis, part 12. 
2Present address: Department of Chemistry, Algonquin 

College. Ottawa, Ont.. Canada KlS  OC5. 
3Present address: CERMO, UniversitC Scientifique et 

Medicale de Grenoble, 39031 Grenoble, France. 
4Present address: The School of Mines and Industries, 

Ballarat, Mt. Helen 3350, Victoria, Australia. 

Thermolysis at  770 "C gave a new product 
tentatively assigned the structure 4. Hydrolysis 
gave o-aminobenzaldehyde in -60Yc yield. It 
was characterized as the phenylhydrazone. Repe- 
tition using the methyl ester gave the same result, 
and this substance, 5, was used in all subsequent 
experiments. 

The spectroscopic evidence for the structure of 
4 is as follows: the pmr spectrum showed a 
singlet at  6 9.9 and a broad peak at -8.9 ppm 
(exchangeable in D20) assigned to the amine. 
Absorption at  4.8 ppm was assigned to  the 
methylene group. 

Thermolysis and collection of the product on a 
cryostat on a sodium chloride plate (the appara- 
tus has been described elsewhere (2)) permitted 
the recording of the infrared spectrum at liquid 
nitrogen temperature. Bands at  1680 and 1660 
cm-I were observed. The former vanished by the 
time the temperature - 115 "C was attained and 
the spectrum then resembled that obtained at  
room temperature. An additional intermediate 
of high reactivity was therefore required and is 
believed to be the imine 6. With traces of water 
and partial hydrolysis the aminal could be easily 
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OCH, OCH: H2C-0 CHO & - a-"' * Q'H - b-"' 
Po -< LH, OCH; H2C-0 CHO 

& - - & ~ - b  b C 

I 

COO Ally1 

CHO 
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DE CHAMPLAIN ET AL. 3751 

obtained. Under these circ~amsta~ices the pro- 
vision of a better nucleophile should resrilt in 
preferential trapping of the imine. Co-deposi- 
tions of thiophenol and of thioglqcollic ester, 
dur i~ig  the thermolysis, were successful in trap- 
ping the intermediate, and the products 4, 
R = Ph, and R = CH2COOEt, were obtained. 

The mechanism indicated is reasonable and 
has an analogy for Its sequential individual steps. 
Thermal I , +  elimination of alcohols is not un- 
common. and there are other routes to the 
so-obtained o-rnethylene qr~inones (for examples, 
for instance, see ref. 3). The ketene 8 does not, 
apparent!y, survive the therrnolytic condition 
since a ketene band was not observed in the 
cryostat. However, 1,5-sigmatropic hydrogen 
shifts are notoriously facile and there is close 
analogy for the conGersion of 8 to 6 i11 that of 
9 + 10 (4) and 11 4 12 (5). 

In the absencc of the AT-methyl group 8 ev- 
idently could not undergo a sigmatropic hl-dro- 
gen shift. On the other hand, the elimination to u 

give the eqriivalent of 8 shoiild occur and its 
characterization would provide further evidence 
for the overall schen~e. As in the previous case, 
the keteile 13 c o ~ ~ l d  not be expected to be isolable 
under normal conditions. TKO experiments were 

performed \I hich indicated its iransieni existence. 
Thermolysis of 14 at  810 "C ~ i t h  the sirnbl- 

taneous introduction of ethanol between the 
furnace and the cold finger gave in low yield a 
mixture of antliranilate esters shown to be a 7 :  1 
ratio of ethyl to  nleri~yl derivatives. The forma- 
tion of the starting materiai is possibly due to the 
co-deposition of tilt: e1i;nima:ed i-i~ethanol ir, the 
proximity of the kctel~e, or may simply be un- 
thermolyzed starting rnaieiial. Co-deposition of 
thiophenol gave a 2Y.; yield of 15. Analysis of 
the therrnolysate (875 " C )  in the absence of 
additional trapping agent at  iiquid nitrogen 
temperature in tile cryoslat gave an infrared 
spectrum showing bands at 2220, 2080, 1825, 
1790. and 1710 cm-'. Gradual  arming resulted 
in the earl) disappearance of the bands at  2080 
and 1710c1n-~ (- 150°C). The bands at  1825 
and 1790 cm-I disappeared near -40 "C.  We 
assign the first set to the ketene and irnine ( 6 ,  7). 
Tlle second set is probably to be attributed to 
the $-lactam 16. For the same subs ta~ce  Zicgler 
and Sterk (7) report 1510 em-' (gas phase). The 
equivalent thiolactone (97) is also unstable at 
- 30 "C (6). 

The band at  2220cmp1 is associated with a 
comparatively stable entity since it  srirvived at  
room temperature, although it gradually de- 
creased with t ine ,  Carefill exaniination of the 
nlaterial obtained using thiophenol as the trap- 
ping agent aliowed the isolation of a new 
substance which was identified as 18 (see Experi- 
mental). This is evidently a procli~ct of the 
addition of rhiophenol to cyclopentadienyl ni- 
trile, the latter being the spccies responsible for 
the band at 2220 cmpl in tile cryostat. This nitrile 
is the kiao\vn rearrangement product of pyridyl 
carbene and phen:\-l nitrene, a transforn?atiori 
first reported by Crow ancl Wentrup (83 and since 
extensively studied (9). The rosite from 13 to the 
surface containing pyridyl carbene and phenyi 
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nitrene may be rationalized by postulating the 
ioss of C 8  followed by rearrangement of 19, the 
derived carbene. 

In the scheme shown for the elimination of 
methanol to  give 13 the carbonyl group did not 
play an obvious function. The question then 
arose as to  whether the replacement of this by 
sp3 carbon would affect the cause of the reaction. 
Accordingly the ether 28 was thermolyzed in the 
presence of tniophenol. The thioether 21 was 
obtained in yieids of over 50% and its properties 
and those of its benzoyl derivative corresponded 

with those in the literature (10). The role of the 
azetidine 22, if any, in this sequence is unknohn. 
The sp2 carbon is therefore, as expected, not 
required for the elimination. It remained to be 
seen whether, in this system, the ketene was 
required for the subsequent sigmatropic shift in 
those molecules where it was possible. Both the 
ether 23 and the alcohol 24 were accordingly 
prepared. The alcohol was thermolyzed a t  
800 "C.  In the absence of added trapping agent 
the pmr spectru~n showed peaks a t  4.30 and 
2.2 ppm consistent with structure 25. It could 
not be obtained pure, but on steam distillation 
gave 65Cc of o-toluidine. In the presence of 
thiophenol as trapping agent an adduct was 
obtained having all the spectroscopic properties 
expected of 26, but attempts to  obtain it in pure 
form were unsuccessful. That it was most 
probably 26 was shown by acid hydrolysis to 
formaldehyde, this being identified as the 2,4- 
dinitrophenylhydrazone (80%). in addition, de- 
sulphurization with Raney nickel gave N-methyl- 
o-toluidine. With this evidence we feel confident 
of the correctness of our interpretation. Ther- 
molysis of 23 also led to 25 in an  estimated yield 

only requirement for this elimina- 
20 2 1 tion-rearrangement sequence is the presence of a 

leaving group in the benzyiic position adjacent to  
the amine. It was presumed that the amine itself 
was necessarv to increase the aciditv of the 
departing hydrogen, but no  acidity was required 
for the subsequent sigmatropic shift. Hence 
hydrogen sources other than methyl groups could 

22 be envisaged. One such was the formanijide, 27, 
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DE CHAMPLAIN ET AL. 3753 

where the predicted product of such a sequence 
would be o-tolyl isocyanate. Thermol) sis (800 " C )  
gave material in which the expected band in the 
infrared spectrum Lvas readily visible (2260 cm-l). 
Warming with methanol gave the urethane, but 
better yields of the urethane were obtained by 
co-deposition of the thermolysate with methanol 
(89Yc) or ethanol. In another experiment the 
thermolysate was distilled, after deposition, at  
-45 "C (chlorobenzene - liquid nitrogen slurry) 
which remo\,ed the methanol (identified spectro- 
scopically), and which left the isocyanate. This 
was also identified spectroscopically. 

We were thus encouraged by this success to 
attempt the thermolysis of the ester 28. Follow- 
ing a similar sequence the presently unknown 
o-form) 1 isocyanate 29 ~vould be expected in the 

NHCHO 

H 
0 

CHO 

thermolysate. The product of thermolysis how- 
ever did not contain an isocyanate band and its 
mass spectrum showed it to be isomeric with the 
starting material. A methoxyl group (3.64 ppm) 
was present, and a single proton singlet at 6.06 
ppm. An NH broad singlet appeared at  9.76 ppm 
and was exchangeable with DzO. However, 
prolonged treatment with D 2 0  led to  decomposi- 
tion, and from the product o-aminobenzaldehyde 
could be isolated. 

On this basis we are led to assign the structure 
30, R = Me, to the thermolysis product, and its 
formation may be a consequence of a further 
pericyclic transformation in the isocyanate to 

give 31 which would be expected to react 
rapidly with alcohols. Alternatively, 30 may be 
formed directly from the hemiacetal of 29. Other 
mechanisnis are conceivable, as, for instance the 
point of attachment of the alkoxyl group is the 
same in the starting material and the product, it 
can be argued that the C-0 linkage is never 
broken. Such a process is indicated in Scheme 2. 

RO H 
OMe 

A rigid decision is not possible on the available 
evidence. Co-deposition of ethanol does indeed, 
as n.ould be expected from the first sequence, 
lead to the formation of 30, R = Et, and does, 
we believe, favour this route. But exchanse in 31 
prior to reaction cannot be excluded. The yields 
of the methyl derivative reached 605;, yet 
attempts to trap 31 by the formation of a 
Diels-Alder adduct with acetylenedicarboxylic 
ester were ~iniformly ~~nsuccessful. 

Finally, the question posed itself as to the 
degree of acidity necessary in the hydrogen 
constituting the hydroxyl of the eliminated '1 , 1 CO- 

hol. Was it necessary that it be in the acidity 
range expected nhen attached to a heteroatom, 
or would activation by an adjacent carbonyl 
function be sufficient? Of the possible starting 
materials the ester 32 seemed attractive. The 
known acid, more stable than the literature had 
led us to expect (1 11, was easily converted to the 
esrer with diazornethane. This polynlerized even 
in dilute solution on keeping, and so was pre- 
pared just prior to use. Thermolysis afforded 
isocoumarin. By analogy a pathhay via the 

CHO 
32 33 
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ketene can be envisioned, and seems most 
appropriate to  a holnogeneous phase process. 
We have, h o ~ e v e r ,  shown that some a exchange 
in cyclohexanone may occur, presumably through 
an en01 (12, 13) formed on the walls of the 
furnace. We cannot, therefore, exclude with total 
conviction the attack of such an en01 intra- 
molecularly on the ester function to  give, re- 
versibly, 34. The latter wouid then lose methanol 
to  give the isocoa~rnarin. In any event it appears 
that under our conditions the hydrogen is 
sumciently activated for elimination. 

Experimental 

Geileriil P~ocediir.i.s 
All melting poillts were taken on  a Kofler hot  stage and 

are uncorrected, All m a s  spectra were obtained on  an 
M-66 spectrometer. The thermolysis apparatus has 
already been describeci (14). Con~pounds  were introduced 
directly into the f ~ r n a c e  (except for methyl toluate) prior 
to  evacuation and hearing of the ther-molysing section of 
the oven. Trapping agents were allowed to enter the 
system between the oven and the cold finger and were 
deposited 5irnilltaneouily with the thermolysate. The rate 
was controllecl by a Teflon stopcock. and the partial 
pressure recorded. 

Mureriuis 
)!'-Methyl anthranilic acid was converted to  the isatoic 

anhydride and thence, by the decarboxylation~~terif ica- 
lion procedure of Stai;er and Miller (15) to  niethyl 
IV-methyl anthranilate (5). Other esters of anthranilic acid 
were prepared similarly. o-Methylaniinobenzyl alcohol 
(24) was prepared froni the acid by the method of Lora- 
Taniay o ef ul. (16). Methyl IV-formyl anthranilate (28) 
was prepared by the method of Mehner (17), mp 52- 
53.5 C. 2-Acetoxy-1-indanone was hydrolyzed by the 
method of Ishiwara (18) and the product cleaved with 
periodic acid to give o-carboxjphenylacetaldehyde, m p  
95.5-96 ,C  (from ether-pentane) (lit. ( 1  I ) 98-99 - C  from 
water). The  ester 32 was prei~ared with diazomethane. 

Tlie T/1?1'1?10/)'~i.~ (!f'Dihe~i;~.l Erher 
The ether (283 rng) was thermoikzed at  900 C. Analysis 

of the mixture of products (nmr) indicated the presence of 
dibenzyl (IS",), toluene (24",), dibenzyl ether (24"1), and 
benzaldehyde (405,). Treatment of the mixture with 
2,4-dinitrophenylhydrazir~e gave the derivative of benz- 
aldehyde, identified by cornparison with a n  authentic 
specimen. 

The Thr i ino4~1,  of 4-~~1e~lii/-2-111~10~1111~ol~ 
The anisole (323 mg) wa\ thermolyzed a t  900 C. The 

phenolre fraction (17', j was separated by tlc to  glve 
2-hydroxy-4-niethylbenraldehyde (4'7) ~dent~f ied  by coni- 
parison wlth an au thent~c  speclnien (mp 268-269 c). In a 
rlmllar experiment (263 mg of the alilsole), the neutral 
volatile f rac t~on  (42',), obtalned together with the in- 
volatile and phenoilc niaterial, was converted to  the 
2,$.d1n1trophenylhydra~one. Thlri-layer chroniatography 
gave th t  derivative of p-tolualdehyde (37'h). 

The equi~a len t  but deutelated anisole (295 mg, pre- 
pared by methylatlon v i~ th  CD,l)  g a e .  \~nillarly, tolu- 
aldehyde. The nmr spectrum r~idrcated the absence of the 
a l d e h j d ~ c  proton and integratlon re\ealecl the abience of 
one (11 rho proton. 

o-~Mrrl~?.lii~~~iizobe~!z~I IWer/l).i Er/le1.(23) 
In a typical experiment dimethyl sulphate ( 1  ml) was 

added to o-aminobenzyl methyl ether dissolved in a 
mixture of dieth>l ether (20 ml) and water (20 nil). The 
mixture %as stirred for 15 min and the product isolated 
with ether. Extract~on into acid and recovery after 
neutralization gave a mixture containing about 35' ,, 
methylation products with the nionomethyl preponderat- 
ing over the diniethyl derivative in the ratio of cii. 4:I .  
Chromatography on  alumina (eluent: petroleum ether - 
b e n ~ e n e ,  3 :  1 )  ceparated the methylated arnines from the 
starting material, but did not  effect a separation of the 
former. The methylated amines (250 rug) Mere added to  
freshly prepared carbobenzyloxy chloride (0.75 ml) in the 
presence of aqueous sodium hydroxide (3 N ,  30 ml). The 
mixture was shahen on  the steam bath for 15 min, and 
then allowed to  starid overnight. The neutral niaterial 
was isolated in the usual way, and 65 rng were added to  a 
solution of potassium hydroxide in ethylene glqcol (3  N ,  
50 ml). The mixture was stirred at  140 C for 12 h and the 
basic niaterial isolated with hydrochloric acid followed 
by neutralization to  give o-niethylaminobenzyl liiethyl 
ether as  an o ~ l  bp (bath temperature) 90 C 10 torr. 
6 (CDCI3) 2.80 (3H, s). 3.20 (3H: 5 ) .  3.38 (2H, s), 4.64 
( I H ,  ArNH);  m!e  151 (M+, 70";), 136(26), 120(39), 
119(?0), 118(100). Ex(ic.~ /nus$ calcd. for C 9 H I 3 0 N :  
151.099: found (171.e): 151.096. 

o - F o ~ ~ n , ~ l a ~ t ~ i ~ ~ o b r i ~ ~ l  Merl~yl Erller (27) 
o-Aminobenrjl niethyl ether ( 1 . 7 4 ~ ~ )  was added to 

ethyl formate (20 ml) and the mixture heated under 
refiux for 5 days with the further addition of ethyl forniate 
(5 rnl) every day. The fornlate was then removed under 
reduced pressure and the neutral material isolated in the 
usual way. The product was obtained as an oil (bp 80 ' C  
(bath temperature)/0.8 torr) (1.36 g) which crystallized 
from ether-pentane, nip 49-49.5 ' C ;  v,,,, (CCI,) 3380, 
2840, 2790, 1705 cni-1; 6 (CDCI,) 3.35 (3H, s), 4.51 
(2H. s), 8.2 and 8.6 (2W, m,  NMCHO); n , ' e  165(Mf, 
1007,). 150(27), 132(39). 122(50). 104(36), 78(27). A~~cil. 
calcd. for C 9 H l 1 0 2 N :  C 65.44, H 6.71, N 8.48; found: 
C 65.65, H 6.89, N 8.40. 

T/lerrr7o!,..r i s  of :\lerl!~,l ~V-~'bl~ri~). l  A~~r l l ra~~i lure  (5) 
(i) The above-named compound (449 mg) was thermo- 

iyzed a t  800 C and 0.03 torr. A residue from the cold 
finger of 396 mg was obtained. A portion (125 mg) was 
used for aldehyde estimation after the addition of a 
weighed quantity of toluene, by pmr spectroscopy: 
estimated yield. 34"; based on starting material. This 
same fraction on  tlc (elution with benzene) gave 58 mg 
recovered starting material. 

The remainder of the thermolysate was steam-distilled 
and cooveried into phenylhydrazone (108 nig) n ~ p  220.- 
221 - C  identical in all respects with an authentic specimen 
of o-aminobenraldehyde phenylhydrazone. In other, 
similar, experiments the infrared spectrum of the aldehyde 
itself was compared and found identical with that of an 
authentic specimen. 
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(ii) The anthranilate (373 mg) was thermolyzed at  
800 'C under a partial pressure of 0.03 torr and an equal 
pressure of ethqi thioglycollate as trapping agent. After 
the terr~iillation of the thermolysis the residue on  the cold 
finger was distilled into the manifold until a residual 
pressure of 0.015 torr \\as attained. From the distillate. 
by tlc, 37 nig of starting material were recovered. 

T o  a portion (97 nig) of the total residue on  the colt1 
finger (364 ing) toluene (10.5 n ~ g )  wai added and the alde- 
hyde content (33' ,) estimated by pmr spectroscopy. This 
solution and the remainder of the residue gave (tlc. 
double elution with benzene) starting material (30 mg) 
and the aldehyde 7. v,,, (CHCl;) 3330, 2860, 2775, 1730, 
1660 cn7-1 ; 6 (CDCI,) 1.21 (3H. t). 3.1 1 (2H. s), 4.09 
(2H, q); 4.57 (ZH, d ,  HNCH:-S). 8.77 ( I H ,  hr t), 9.75 
( I H ,  s). Irradiation of the 8.77 tr-iplet caused collapse of 
the doublet ( J  = 6.8 Hz) at  4.57. The compound (238 
mg, 48' ; based on recovered starting material) could not 
be crystallized and was characterized as the phenyl- 
hydrazone, mp 103-105'C (CH:C12/hexane). Atrcil. 
calcd. for Cl8HZIO1N3S: C 62.96, H 6.16, N 12.24, 
S 9.32: found: C 63.15, H 6.20, N 12.04. S 9.48. 

(iii) A siriiilar therrnolysis of anthranilate bvas carried 
out  in the presence of thiophenol as trapping agent. The 
yield of aldehyde was estimated by pmr using toluene as 
calibrant. Chromatography (tlc) then gave diphenyl 
disulphide (70 mg) starting material (13 rng) and a jellow 
solid (244 mg) which was crystallized froni hexane and 
froni CH2C12-hexane, n?p 85-85.5 - C ;  v,,, (CHCI;) 
3320. 2820. 2740. 1660 cni-I; A,:,, (MeOH) 370 (3.70). 
265 (inf. 3.94). 232 n1-n (log E 4.33); 6 (CDCI;) 4.63 (2H, 
d): 8.70 ( I H .  br t), 9.76 ( I H ,  3) .  Double irradiation of the 
8.70 triplet caused the collapse of the doublet ( J  = 7.2 
Hz) at  4.63. The signal at  8.70 disappeared on  exchange 
with D l 0  and was accompanied by the disappearance in 
the splitting of the doublet at  4.63. Atral. calcd. for 
CI,H130NS: C 69.12. H 5.39, N 5.76, S 13.15; found: 
C69.21,  H5.36 ,  N5.86 ,  S 13.11. 

(ic) Thermolysis of the anthranilate at  850 'C and 
collection o n  a sodium chloride plate at  77 K gave 
niaterial showing a strong band at  1680 cm-1. At - 115 - C  
this band had essentially disappeared and a strong band 
was observed a t  1660 cm-1. 

Tlierr~~oljsis of hletlryl Atrilrrnrriluie (14) 
(i) The ester (373 mg) was therniolyzed at  800 C at  

0.15 torr and the product condensed in the presence of 
thiophenol (0.02 torr). The excess thiophenol was re- 
moved by distillation, and the residue o n  the cold finger 
washed with ether. After remokal of the ether the residue 
(187 mg) was subjected to tic. Diphenyl disulphide was 
obtained, followed by the thiophenyl ester 15 (87 mg) 
identified by coniparison ksith an authentic specimen. 
The thlophenol distillate was redistilled at  room teniper- 
ature (0.2 torr) and the residue subjected to  tlc. Aside 
from disulphide (I08 mg) and starting rnaterial (35 mg) an 
oil (18, 72 mg) was obtained which was distilled, bulb-to- 
bulb, (70'C,0.01 torr) v,,, (CHCi3) 2240, i620, 1480 
cm-1 ; 6 (CDCI3) 2.2-3.4 (4H, complex), 3.90 ( I H ,  ni), 
6.53 (1H. m): rn ' e  201(.LIf. 47), 1 10(100), 92(24). Arlnl. 
calcd. for C12HIINS:  C 71.62, H 5.51. N 6.96, S 15.90: 
found:  C 71.81, H 5.61, N 6.96, S 16.07. 

N o  reaction between the ester and thiophenol occurred 
at  room temperature in 90 min. 

(ii) A similar therniolysis (830 C :  0.01 torr) but using 
ethanol ga \e  a low yield (9 ' ' )  of anthranilate esters. This 
was shown b j  pnir spectroscopy to  be a 7: l  ratio of ethyl 
to niethyl ester. No exchange occurred in the absence of 
therniolytic condition. 

T/rer.r~~olj,sis of o - A n ~ i r ~ o b e t ~ ~ j ~ I  .Merlc.l Erlrer (20) 
The ether (272 mg) was thern~olyzed at 800 -6 and 0.03 

torr in the presence of thiophenol (0.03 mm). In a similar 
way 32 nig here reco\ered by tlc. together i+ith diphenyl 
disulphide and o-arninobenzyl phenyi s~ilphide (21. 197 
mg). mp 78-79.5 C (lit. (10) 81 C) characterized as the 
benzoyl deri~ative,  m p  170-170.5 - C  (lit. (10) 172 'C). 
N o  reaction occurred between the reagents in 3.5 h at 
room temperature. 

Tlzert17olj~~i~ of o-Meti1~.lctr17irrohr11~~~/ Alcoliol (24) 
(i) Thermolysis of this alcohol (224 nig) at  800 C at 

0.015 torr gabe a residue of 229 mg (6 (CDCI,) 4.30, 2.2). 
Steam distillation then gave o-toluidine (108 nig: 6 2 ' 0  
characterized as the benzoq 1 deli\ ative. 

(ii) The alcohol (300 nig) was thermo1)zed at  800 ' C  at  
0.005 torr and the product collected in the presence of 0.01 
torr thiophenol. Thiophenol &as remo\ed with baie, and 
the residue (435 nig) separated by tlc. A fraction (1 I2 mg) 
apparently corresponding to  26 was obtained (w,,, 
(CHCI;) 3430, 900 cm-I ; 6 (CDC13) I .9 (31-1, s), 3.95 (111, 
br)) but its purity could not  be assured. A portion (1 12 
mg) of such material was treated with 2,4-dinitrophenyl- 
hydrazine in phosphoric acid. The derivative of fornialde- 
hyde was obtained in 86'; yield. Another portion of 
similar rnaterial (204 mg) was treated with Raney nickel 
(from 6 g alloy) and refiuxed in benzene for 18 h. N- 
Methyl-o-toluidine (61 mg. 5 7 ' , )  was obtained and was 
characterized as the p-toluenesulphonyl derivative. 

Tlrerrno1j~~i.s of o-Mefl!,.lurni~~ol,r,l Meflrj~l Eilrer (23) 
(i) The ether (226 nig) was thermolyzed at  800 'C and 

0.01 torr t o  give a residue on  the cold finger of 193 mg. 
The product was steani distilled and the basic niaterial 
isolated. Thin-layer chromatography gave 4 rng of start- 
ing niaterial and 105 mg o-toluidine characterized as the 
benzoyl derivative, both substances being compared with 
authentic speciniens. 

(ii) The ether (204 nig) was thermolyzed at  800 'C and 
0.01 torr and co-deposited with thiophenoi at  a partial 
pressure of 0.01 torr of thiophenol. The product exhibited 
the same properties as  the rnaterial obtained from the 
alcohol (24) .  

Tl1ern7oljsis of o-Fot~ni~~lcrr~ri~~obet~~j~I I"ri/r~.i Erhcr (27) 
(i) The ether (205 mg) was thermoiyred at  800 ' C  at  

0.01 torr and co-deposited with methanol at  a partial 
pressure of 0.02 torr. The residue on the cold finger was 
209 mg. Preparative tlc gave 8 n1g starting niaterial and 
the urethane (174.8 mg) mp 59-60 - C  (lit. (19) 60-60.5 "C) 
whose other physical properties compared well with those 
recorded (19) except for the methyl frequency of the 
carbomethyl group (3.71 ppm) the literature value (3.17) 
probably being a typing error. In another experiment 
where ethyl alcohol was ~ ~ s e d ,  the uretllane obtained had 
rnp 44-44.5 ' C  (lit. (20) 45-46 "C). 

(ii) The ether (166 mg) was therrnolyzed at  800 ' C  and 
at  0.01 torr. After the furnace had cooled the product 
was disti!led froni the co!d finger lo a n  attached U-tube 
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cooled in liquid nitrogen. Raising the temperature of the 
U-tube to  the temperature of a chlorohenzene slurry 
(-45 -C)  allowed the dtstillat~on of the more Lolatile 
material which wa5 collected in a second receiber cooled 
to liquid nitrogen temperature. The reiidue in the U-tube 
waj  then distilled into a third recetver. 

The more volatile material v.ai eiientially methanol. 
The less lolatile material n a i  identified as o-toljl iio- 
cyanate: v,,, (ga\)  2280 cm-I. v ,,,, (CCI,) 2275. 3570. 
1495. 1180. 1170. 1130 cm-1: 6 (CC14) 2.32 (31-1. 5); H I  c 
I??('Ct-. 100). 10457). 132(53). 78(35). and 105(2?). 

T11e1.1llo1,~ .\ic o f  ,2fcil1.vl .\'-Fo~.i~~i I Atrilr~iit7ilciie (28) 
( i )  The anilide (99 mg) was therrnoljzed at 950 ' C and 

at  0.015 torr 2nd co-depo\ited ~ i t h  methanol at a 
partial pre\sure of 0.01 torr. A re\idue on  the cold finger 
of 74 tng waj  obtained. IPreparatl\e tlc (ether-benzene: 
1 :3) gave 30. K = l f e  (72 nig, 5IG&), v ,,,, (CHCIj)  3400. 
1725 clli-1: 6 (CDCIj)  3.64 13H. 5).  6.06 ( I H ,  s). 9.76 ( I H .  
br). The last peak di\appeared on exchange ul th DzO 
and ha5 folloued bq the appearance of a new peah (sharp) 
at 9.83 ( C H O ) .  A peak at 3.47 (b leOH)  appeared at  the 
espen,e of those at 3.63 and 6.06. ,41r(il. calcd. for 
CsH9NO: C 60.33. H 5.06, N 7.82; found: C 59.88. 
H 5.33. N 7.86. 

(ii) A \imilar experiment uiing ethanol gave the ethj l  
derivati\e. 30. K - Et, nlp 130-131 ' C .  117 e 120(100). 
93(88), 1-18(84). 179(66). Y2(58). 139(55). 1 Ic)(54). E.~iic.i 
n7u.i~ calcd. for C I O H 1 1 0 3 N :  193.073: found 077 e): 
193.076. 

Tl~r~.~iio/j..ti., o/ o-Crr~.ho~~rcilro.\> Pllr~lj l~c.cttrlc/c~l~j~rlc. (32) 
The aldehkde 11 67 nig) wai thermoljzed at 800 " C  and 

at 0.01-0.15 torr. I'rotoli magnetic rehonance analhsis of 
the re41due (CH2C12 callbrant) indicated the lpre\ence of 
61 'z, i5ocoumarin. I'reparative tlc (CH2CI2 - lrght petro- 
leum 30 -60 ,C. ? : I )  ga\e 45 mg \tarling material and 
58 rng iiocournarin. njp (after crqitallization from ethyl 
acetate- hexane) 42.5-44 C (lit. 121) mp fronl benzene 
46-47-'C). The Ir, u i .  and pmr 5pectra were ident~cal 
with thoje of i\ocoumarin. 
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Chemical and biological studies on B,2-dihydro-s-tiazinesS XIXS1 
A nuclear magnetic resonance investigation sf hindered internal 

rotation in 1-asyl derivatives 
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L ~ W R E N C E  D. COLEBROOK, H. GWYNNE GILES, ANDRE ROSOWSKY. WESLEY E. BENTZ, and 
JAMES R .  FEHLKER. Can. J. Cheni. 54, 3757 (1976). 

Substantial barriers to internal rotation about aryl C-W bonds have been detected by pmr 
methods in a series of 2-methyl- and 2,2-dimethyl-substituted 4.6-diamino-1-arqi-1,2-dihydro-s- 
triazines. In most of the 2,2-dimethyl conlpounds the barriers are too high to  be measured by 
the pnir lineshape method. When the blocking groups on  the aryl moieties are large the barriers 
may be measured in the 2-methyl series by following the equilibration of diastereomeric 
rotamers. When the blocking groups o n  the hetero rings are sufficiently small, rate constants 
may be measured by pmr lineshape analysis. A substantial barrier to  rotation has been measured 
in the absence of bulky block in^ groups on  the aryl ring. 

LAWRENCE D. COLEBROOK, H. GWYNNE GILES, ANDRE ROSOWSKY, WESLEY E. BENTZ et 
JAMES R .  FEHLKER. Can. J. Chem. 54,  3757 (1976). 

O n  a detect6 plusieurs barrieres importantes a la rotation interne autour des liens C(ary1e)-N, 
par des niethodes de rmp. dans les series methyl-2 et dimCthy1-2,2 diamino-3,6 aryl-l dihydro-1,2 
s-triazines substitues. Dans la plupart des composes dimethyles en position 2,2, les barrikres 
sont trop ClevCes pour &tre mesurees par la mCthode des formes des raies de rmp. Quand les 
groupes bloqueurs de la portion aromatique sont volumineux, les barr ihes peuvent &tre 
mesurees dans la sCrie rnethjlee en position 2 en suivant l'iquilibration des rotamkres diaste- 
reomktres. Quand les groupes sur ies h6tCrocycles sont sufisamment petits, on  peut mesurer les 
constantes de vitesse par I'analyse des formes des raies de rrnp. O n  note une barrikre importante 

la rotation lorsqu'il n'y a pas de groupe bloqueur important sur les cycles aromatiques. 
[Traduit par le journal] 

In the course of studies of restricted internal 
rotation about C-N bonds in aryl substituted 
heterocyclic compounds we have previously 
reported evidence for high internal rotational 
barriers in 4,6-diamino- l,2-dihydro-2-methyl- 1 - 
(0-tolyl)-s-triazine (I, Ar = o-tolyl, R = H) (2), 
and in 4,6-diamino- 1,2-dihydro-2,2-dimethyl-I- 
(0-naphthyl)-s-triazine (I, Ar = p-naphthyl, R = 

CH3) (3). We now report the results of a more 
extensive pmr study of a series of 4,6-diamino-1- 
aryl-1,2-dihydro-s-triazines with 2-methyl (I, 
Ar = aryl, R = H) and 2,2-dimethyl (I, Ar = 

aryl, R = CH3) substitution (Table 1). 

' For  part XVIII ,  see ref. 1. 
ZRevision received August 6, 1976. 

A feature of particular interest concerning 
these compounds has been the relationship 
between molecular configuration and biological 
activity. It has been reported, for example, that 
the ability of 4,6-diamino- 1 -aryl- 1 ,2-dihydro-s- 
triazines to interfere with bacterial and mam- 
malian cell growth depends markedly upon the 
location of substituents in the aryl moiety (4). 
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Ta1i1.r 1 .  Chemical shifts of ?-methyl protons in 
4,6-dimiino- l-aryl- 1,2-dih) dro-2-methyl- and 

,? -d i rne th j  I-5-triarines5 

1 Phenqi C H 3  
2 o-Fiuorophenq I CH3 
3 p-Fluorophenj l C H 3  
4 u-Xlethoxqphenyl C H 3  
5 rit-li1eth~x)phenyI C H 3  
6 p-bfethoxy p h e n  I C H 3  
7 o-Chlorophen) 1 
8 rn-Chioroiiher~)i C N 3  
9 p-Chlarophenjl C H 3  
BO o-Bromophenyl C H 3  
I1 rn-i3romophenyl CW; 
12 p-Broinophenyl CH3 
33 u-lodophenyi C H 3  
14 o-Tolji CW3 
I5  m-Toljl CH; 
15 /~-Toiyl (333  
17 a-Naphthji  C H I  
88 p-Naphthyl CH3 
19 2,OD1rnethylphenyl CH3 
20 o-T0l) 11 H 
21 o-Chloror~henilQ H 

aSpectra iiere determined at  60 MHz in  trifluoroacetlc acid a t  a 
uniform 0.3 M concc~itratiori, unless olhcrwise noted. Cliemlcnl shifts 
arc  cx~ressed  as  DDm from tetrametli~lsildne as  a n  internal 5tandard . . 
(6 values). 

bCWjO protons absorbed at  6 3.99, single peak. 
CCH,O protons absorbed a t  6 3.98, single peak. 
dAroinatic CH3 protons absorbed at  6 2.40, single peak. 
EAiomatic CH3 protons absorbed at  6 2.50, single peak. 
frao M N Z  spectrum. 
0100 M H z  spectrum, perfluoropropionic acid solution. 

In  antibacterial and marnmaliall cell culture 
assays, cc~mpounds containing an ortho-sub- 
stituted pbenyl riilg normally exhibit much 
lower activity than their n~eta-  orpura-substituted 
counterparts, regardless of the nature of the 
atoms or groilps involved. (The opposite effect 
has been noted in a different biological system; 
see ref. 5 . )  This finding has led to the hypothesis 
that non-borrded interactions between bulky 
ortlzo substituents and groups at  positions 2 and 6 
of the triazine ring hinder the attainment of a 
planar configuration when the inhibitor molecule 
is bound to the enzyme dihydrofolate reductase, 
apparently a requisite for maximum activity in 
bacteria and mammalian systems (6). 

The present s t~ldy \vas undertaken with the 
aim of ( I )  demonstrating by physical means the 
existence of a significant energy barrier to free 
internal rotation in ortho-substituted, 4,6-di- 
amino- I-arj-I- l,2-dih:ydro-s-triazines and (2) as- 
sessing quantitatively the effect of substituent 
bulk upon the magnitude of this barrier. The 
information thus obtained was expected to be 
useful in aiding the understanding of the 
biological activity of these compounds. 

An effective method for demonstrating hind- 
ered rotation in biphenyl-type compounds, i.r. 
compounds exhibiting atropisomerism, and for 
measuring the heights of the barriers to rotation, 
is nuclear magnetic resonance spectroscopy (7). 
The 2-methyl moiety in the 4,6-diamino-I-aryl- 
1,2-dihydro-2-methyl- and 2,2-dimethyl-s- tri- 
azines studied provides a very convenient probe 
for the investigation of hindered rotation by this 
approach. 

If it is assumed (7) that steric interference 
betheen the ortho substituents of the 1-aryl 
group and the groups in the 2- and the 6- 
positions of the hetero ring prevents co-planarity 
of the two rings in the conformational ground 
states, the compounds with unsyn~metrically sub- 
stituted aryl groups may be classified into two 
stereochemical groupings, depending upon the 
nature of the 2-substituent of the hetero ring 
(Table 1). 

When the aryl group is unsymmetrically sub- 
stituted and R = CFI3 (con~pounds 2, 4, 5, 7, 8, 
10, 11, 13-15, 14, 18) the stereoisomers, I1 and 
111, resulting from restricted internal rotation 
about the C-N pivot bond between the aryl 
and the heterocyclic moieties are enantiomers 
which have indistinguishable nmr spectra in 
achiral media. However, the geminal 2,2- 
dimethyl groups are diastereotopic (ref. 8, p. 19) 
and are expected to give rise to a doublet pro- 
vided that rotation about the C-N bond is slow 
on the pmr time scale and that the chemical shift 
difference between the methyl groups is adequate. 
If rotation about the C-N pivot bond were fast 
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COLEBROOK ET AL. 

on the pmr time scale the doublet would collapse 
to  a singlet. 

When R = H (20 and 21) the rotational 
isomers, I1 and 111, are diastereomers and are 
expected to  have distinguishable spectra, of 
unequal intensity a t  conforniational equilibrium, 
provided that the conditions for slow rotation 
and chemical shift differences are met. Each 
diastereomeric rotamer can exist as an enantio- 
lneric pair (corresponding to inversion of con- 
figuration a t  C-2), the members of which are not 
distinguishable by nmr using achiral media. Each 
diastereomeric rotamer should give rise to a 
2-methyl doublet resulting from spin coupling to  
the proton on C-2. Under conditions of fast 
rotation the time averaged spectrum should be 
obtained so that the pair of 2-methyl doublets 
should collapse to  a single doublet. 

In principle, rate constants for rotation about 
the pivot bonds should be obtainable by line- 
shape analysis (9) of the signals arising from the 
diastereotopic 2,2-diniethyl groups of those 
compounds with unsyn~metrically substituted 
aryl groups and from the non-equivalent 2- 
methyl groups of the diastereomeric rotamers of 
20 and 21, provided that the rate constants under 
the conditions which lead to  partially collapsed 
spectra fall within the region accessible by the 
pmr technique. Rate constants for internal 
rotation should also be obtainable by measuring 
the rate of equilibration of one stereoisomer of 
20 and 21, provided that isolation of one isomer 
in a state of substantial isomeric purity is 
feasible. 

Survey spectra (60 MHz) of all the compounds 
were determined a t  normal probe temperatures in 
trifluoroacetic acid. The dihydrotriazines prob- 
ably exist in this solvent in a diprotonated form 
consisting of two adjacent, resonance-stabilized 
amidinium ions, as shown in structures a-d. 
Solutions of uniform concentration (0.3 M) were 
used in order to minimize possible effects due to  
solvent-solute interaction. 

A series of nineteen previously synthesized (10) 
4,6-diarnino- 1 -aryl- 1,2-dihydro-2,2-dimethyl-s- 
triazines (Table 1) was examined, including 
phenyl derivatives with halogen, methoxy, or 
mcthyl substituents in the ortho, I?~eta, and para 
positions, and also the unsubstituted phenyl, 
a-naphthyl, and p-naphthyl compounds. Two 2- 
monomethyl compounds were also synthcsizcd 
specifically for this study (Table 1). 

Results and Discussion 

Sharp, readily identifiable signals were ob- 
served for the methyl protons of the 2-methyl and 
2,2-dimethyl systems. The chemical shifts of the 
2-methyl protons in all of the compounds 
exanlined in this work are listed in Table 1. 

It is clear from these data that the compounds 
fall into two groups, depending upon whether 
the 2-methyl protons give rise to  a single signal 
or to  two chemically shifted signals. When the 
phenyl ring contains a meta or a para substituent, 
only a single signal is observed. The P-naphthyl 
compound, 18, which can be considered as a 
meta substituted compound, is an exception (see 
later). In the case of thep-substituted derivatives, 
the chemical shifts are essentially constant (6 
1.79-1.80) and independent of the nature of the 
substituent. In the m-substituted compounds, the 
position of the 2-methyl signal appears to  be 
somewhat substituent-de~endent. but the effect 
is small. When the phenyl ring contains an ortho 
substituent, on the other hand, two distinct peaks 
of equal area are invariably observed for the 2,2- 
dimethyl compounds, as expected if rotation is 
highly restricted and the molecules are con- 
strained to  adopt non-planar conformations. 
The mean value for each vair of ~ e a k s  in the 
o-substituted series of 2,2-dimethyl compounds 
falls in the range 6 1.85-1.79, which corresponds 
closely to  the range of values observed in the m- 
and the p-substituted series. The separation 
(A6) between each pair of peaks appears to  be 
strongly substituent dependent (Table I), varying 
from 0.06 ppm for the o-fluoro derivative to  
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0.38 ppm for the o-methyl derivative. The 
magnitude of A6 increases in the order F < 
M e 0  < C! < Br < I < Me, whereas the order 
predicted on the basis of Taft steric substituent 
constants, E,, is M e 0  < F < Cl < Br = Me < 
1 (11). Thus, to a first approximation, there 
appears to be a correlation between A6 and the 
steric requirements of the ortho substituents in 
these compounds. 

The data obtained with naphthyl-substituted 
2,2-dimethyl compounds (Table 1) are of interest 
in two respects. The a-naphthyl derivative, 17, 
shows the largest A6 value (0.48 ppm). The 8- 
naphthyl derivative, 18, which shows a A6 value 
of 0.06 ppm is of interest since, of the compounds 
in which the ortho position is not substituted, 
this is the only one that gives nmr evidence for 
restricted rotation. 

At normal probe temperatures in trifluoro- 
acetic acid solution, the 2-methyl protons of the 
o-tolyl 2-methyl compound, 20, gave rise to two 
well resolved doublets of unequal intensity, the 
splitting of each doublet (J = 6.1 Hz) resulting 
from spin coupling to the C-2 protons. The 
2-methyl doublet of the thermodynamically more 
stable diastereomeric rotamer absorbed at 6 1.76, 
while the 2-methyl doublet of the other isomer 
appeared at 6 1.58 (A6 = 0.18 ppm). The C-2 
proton quartets for these two diastereomers were 
centered at  6 5.47 and 6 5.69, respectively. At 
equilibrium, the ratio of integrated intensities of 
the 2-methyl doublets was 1.6, the rotamer with 
the lower field 2-methyl doublet and the higher 
field C-2 proton quartet having the higher 
intensity. 

Similarly, the 2-methyl group of the more 
abundant (at equilibrium) diastereomeric 
rotamer of the o-chlorophenyl 2-methyl com- 
pound, 21, gave rise (perfluoropropionic acid 
solution) to a doublet at  6 1.34 (J = 6.1 Hz) 
while the corresponding doublet of the less 
abundant rotamer appeared at 6 1.32 (J = 6.0 
Hz), the two doublets overlapping (A6 = 0.04 
ppm). The C-2 proton signals of the two di- 
astereomers appeared as overlapping multiplets 
at  6 5.45-5.85. At equilibrium (1 13 "C, per- 
fluoropropionic acid solution) the rotamer 
population ratio was 1.5. 

The chemical shift data of the ortho substituted 
compounds are consistent with the assumption 
that the aryl and the triazine rings adopt a 
twisted rather than a co-planar arrangement in 
two ground state conformations. If it is assumed 

that the chemical shift difference between the 
geminal methyl groups in the 2.2-dimethyl corn- 
pounds, and between the methyl groups in the 
diastereomeric rotational isomers of the 2- 
methyl compounds, arises mainly from the 
magnetic anisotropy of the phenyl group (with 
additional contributions from the orrho sub- 
stituents) then the chemical shift difference, A6, 
should be a function of the dihedral angle 
between the rings. The dihedral angles in the 
conformational ground states should be dr- 
pendent on the steric requirements of the ortlio 
substituents. The observed approximate cor- 
relation between A6 and the Taft E, values is 
consistent with this interpretation. 

A consideration of the chemical shifts and 
relative intensities of the 2-methyl and 2-methine 
proton signals of the 2-methyl compounds (20 
and 21) provides some information on the ground 
state conformations of the diastereomeric ro- 
tational isomers of these compounds. For steric 
reasons, it is to be expected that the rotational 
isomer with the bulky ortho substituent transoid 
to the 2-methyl group (111, R = H) would be 
thermodynamically more stable (and hence be 
present in higher concentration at equilibrium) 
than its rotamer (11, R = H), since non-bonded 
interactions between the substituents on the two 
rings would be minimized. The most probable 
conformations of the two isomers, I1 and 111, 
which minimize steric interaction between the 
ortho substituents and the groups in the 2- and 
the 6-positions of the hetero ring may be 
estimated with the aid of molecular models. This 
leads to the conclusion that the 2-methyl group 
should be more shielded by the aryl group in the 
cisoid form, 11, than in the transoid form, 111. 
Conversely, the 2-methine protons should be 
more shielded in the transoid than in the cisoid 
isomer. The observed relative intensities and line 
positions are in agreement with these predictions. 

Meus~rrenzent of B~irriers to Rotation 
Since the pmr spectra of all of the ortho sub- 

stituted, and the @-naphthyl 2,2-dimethyl com- 
pounds indicated that rotation about the C-N 
pivot bond was slow on the pmr time scale at 
normal probe temperatures, a study was under- 
taken to measure the barriers to internal rotation 
by line-shape analysis at elevated  temperature^.^ 

T h e  stabilities of these con~pounds under ordinary 
conditions, and their thermal rearrangenlent reactions. 
have been investigated previously (100). 
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TABLE 2. Activation para~neters for restricted internal rotation in some 4,6-diarnino-1-aryl-1.2-dihydro-2-methyl- 
and 2,2-di111ethyl-~-triazines~ 

Teniperature 
Compo~ind Sol~ent ('c) ac' A H *  AS* 

7 I'erfluorobutqric acid 132.5 >20.4 

97 Perfluorobutqric acid 128 > 19.6 

18 Perfluorobutyric acid 141 23.1" 

20 Trifluoroacetic acid 25 2 4 . 4 k 0 . 1  2 2 . 9 k 2 . 8  - 4 . 8 k 9 . 1  
2 4 . l k 0 . 1  2 2 . 9 k 2 . 8  - 3 . 7 k 9 . 1  

21" Perfluoropropionic acid 125 2 2 . 4 k 0 . 1  1 9 . 2 k 2 . 8  - 8 . 3 k 7 . 0  
22 . l i - 0 .1  19.8 + 1 .9  - 5 . 7 k 4 . 7  

~EI- rora  are 90% confidence lirnits. 
b ~ a t e  constant at coalescence point obtained by computer simulation of the line shape. Estimated error is +0.1 kcal/mol. 
CRate constants obtained by equilibration. 
dRate constants obtained by complete line-shape analbsis. 

Attempted measurement of the activation 
parameters for restricted internal rotation in the 
2,2-dimethyl compounds containing 1-(a-naph- 
thyl) and 1-(0-chlorophenyl) substitution (17 and 
7, respectively) failed. At the normal probe 
temperature, the two methyl groups of 17 in 
perfluorobutyric acid absorbed a t  6 1.56 and 
6 2.03 (A6 = 0.47). At 128 O C ,  the highest 
temperature at which the spectrum was recorded 
(near the boiling point of the solvent) the line 
separation was greater than 0.4 ppm and the 
spectrum showed no sign of incipient collapse, 
indicating that internal rotation was slow on the 
pmr time scale a t  this temperature. Had the 
coalescence point been reached a t  128 "C the 
free energy of activation (AG*) would have been 
19.6 kcalimol (calculated using the mean life- 
time at an assumed coalescence point of 128 "C; 
see ref. 12). Presumably the true AG* is sig- 
nificantly higher than this minimum figure. The 
chemical shifts of the diastereotopic 2,2-dimethyl 
groups of 7 in perfluorobutyric acid solution are 
b 

6 1.66 and 6 1.93 (A6 = 0.27 ppm). At the highest 
temperature attained, 132.5 O C ,  the chemical 
shift difTerence was reduced to 0.20 ppm but no 
collapse or appreciable exchange broadening of 
the doublet had occurred. Some decomposition 
of the sample occurred a t  this temperature. A 
minimum value for AG* is reported in Table 2. 
Temperature dependence of the chemical shifts 
resulting from such factors as changes in solva- 
tion may have contributed to  the decrease in line 
separation with increasing temperature. 

These results indicate that steric restriction to  

rotation about the C-N pivot bond in ortho 
substituted 1-aryl-2,2-dimethyl compounds of 
this type is high, and that conformational 
stabilities comparable to  those reported for 
highly hindered biphenyls (13) might be expected. 
These compounds have bulky blocking groups on 
both the aryl and the heterocyclic rings which 
evidently cause severe steric interactions in the 
approximately planar transition states for in- 
ternal rotation. 

The 2,2-dimethyl-I-(p-naphthyl) compound, - .  

18, is unusual in that the diastereotopic geminal 
dimethyl groups are anisochronous (ref. 8, p. 23) 
at normal probe temperatures, even though the 
aryl group lacks a bulky ortho substituent. Of the 
2,2-dimethyl compounds investigated a t  elevated 
temperatures, this was the only one to  show a 
temperature dependent spectrum. At 109 "C 
(perfluorobutyric acid solution) the diastereo- 
topic methyl groups gave rise to  two lines, with a 
separation of 0.032 ppm, indicating slow rotation 
about the C-N bond. At 141 O C  the spectrum 
collapsed reversibly to a singlet. since some 
decomposition occurred near this temperature, 
complete line-shape analysis was not attempted. 
The rate constant a t  the coalescence ~ o i n t  was 
obtained by matching computer simulated 
spectra to  the experimental spectra, making 
allowance for natural line widths. The AG* at  
the coalescence point was calculated to  be 23.1 
kcaljmol. 

It is noteworthy that the barrier to  internal 
rotation in this compound is quite high even 
though the small size of the hydrogen atoms in 
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the ortho positions renders them poor blocking 
substituents. However. the barrier mav be some- 
what higher than that t o  be expectded for an 
unsubstituted phenyl group since the steric re- 
quirements of one of the ortho hydrogen atoms 
may be increased by buttressing with the adjacent 
fused ring. Compensation for the small size of 
the ortho substituents on the aryl group is pro- 
vided by the bulk and the geometry of the sub- 
stituents in the 2- and the 6-positions of the 
heterocyclic group, so that steric interaction 
between the two moieties is severe in the tran- 
sition state for internal rotation. Other examples 
of substantial barriers to  internal rotation about 
C-N bonds occurring in aryl substituted 
heterocyclic compounds lacking bulky orfho 
substituents have been reported (3, 14). 

The high rotational barrier to  internal rotation 
measured for compound 18 suggests that the 
other n7eta and the para substituted compounds 
and, indeed, the phenyl derivative itself, 1, may 
also be sufficiently highly hindered that rotation 
is slow on the pmr time scale at normal temper- 
atures. Insufficient aryl group anisotropy to  
induce a detectable chemical shift difference 
between the gem dimethyl groups is presumably 
responsible for the lack of observed splitting in 
the other n~e ta  substituted compounds. The get71 
dimethyl groups of the compounds containing 
symmetrically substituted aryl groups are neces- 
sarily isochronous in achiral media so no 
information on hindered rotation is obtainable 
under the conditions of the experiments. (In 
principle, hindered rotation in symmetrically 
substituted compounds might be detectable in 
chiral media : see ref. 15.) 

Since, with the one exception noted, measure- 
ment of the rotational barriers of the 1-aryl-2,2- 
dimethyl compounds did not appear to be 
feasible by the pmr method (in part, because of 
sample decomposition a t  high temperatures), an  
investigation of the effect of a reduction in the 
steric requirements of the blocking groups on the 
heterocyclic moiety was undertaken. Rotational 
barriers in the 2-monomethyl compounds 20 and 
21, which were expected to  be less highly hindered 
than the 2,2-dimethyl compounds, were suffi- 
ciently low that a complete set of activation 
parameters could be obtained. 

Rate constants for internal rotation in the 1- 
(0-chloropheny1)-2-methyl compound, 21, were 
measured over the range 113-138 "C by com- 

plete line-shape analysis of the temperature de- 
pendent spectrum arising from the 2-methyl 
groups of the diastereomeric rotational isomers. 
The rotamers were in thermodynamic equilibri- 
um before the start of the measurements. Acti- 
vation parameters are reported in Table 2. 

The 1-(o-toly1)-2-methyl compound, 20, was 
first examined as a solution in the high boiling 
solvent ~erfluorooctanoic acid. The two doublets 
observed for the 2-methyl group had not col- 
lapsed a t  155 "C. At higher temperatures, thz 
compound decomposed and new, interfering, 
signals appeared, making study of the rotational 
barrier between the two diastereomers impossible 
by the line-shape method. 

Recrystallization of 20 from ethanol, following 
work-up of the reaction mixture, yielded a solid 
containing 88% of the thermodynamically 
favoured diastereomer (as determined by pmr). 
The ratio of the two diastereomers present in this 
mixture after recrystallization was a function of 
time and of temperature of storage in solution, 
until thermodynamic equilibrium has  attained. 
At equilibrium, the mixture contained 62TG of the 
thermodynamically more stable rotamer. 

Rate constants for interconversion of the 
rotational isomers of 20 in trifluoroacetic acid 
solution were measured by following the 
equilibration of the initially predominant isomer 
over the temperature range 22.5-52 "C. The rate 
of change in the relative intensities of the 2- 
methyl doublets of the two isomers was measured 
by repeated integration of the 100 MHz pmr 
spectrum, the equilibration process being fol- 
lowed until the mixture of diastereomers was 
very nearly at thermodynamic equilibrium. Acti- 
vation parameters for the forward and the 
reverse reactions are listed in Table 2. 

The 2-monomethyl compounds, 20 and 21, 
exhibit steric barriers to rotation similar to those 
reported for many 2,2'-substituted biphenyls (13). 
High conformational stability resulting from 
restricted rotation about an ar\il C-N bond has 
also been observed in a &mber of ortho- 
substituted N-acyl-N-alkyl derivatives of aniline 
and 1-naphthylamine, using polarinietric meth- 
ods (for leading references, see ref. 16). Very 
substantial barriers (AG* > 20 kcal/mol) to  
rotation about aryl C-N bonds have also been 
detected by the pmr method in 3-(a-naphthy1)-5- 
methyl-2-thiohydantoin (2), 3-(2-bronlopheny1)- 
5-methyl-2-thiohydantoin (17) (using the equili- 
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bration technique), and in a number of ortho 
substituted 3-aryl-2-benzyl-4(3 H)-quinazolinones 
(14). 

The barriers to rotation of the corresponding 
ortho substituted 2,2-dimethyl compounds are 
presumably significantly higher than those of the 
2-monomethyl compounds 20 and 21. It is 
probable that the 2-monomethyl dihydrotriazine 
moiety can relieve steric strain in the transition 
state for rotation by puckering in such a way that 
the C-2 hydrogen rather than the C-2 methyl 
group is presented to the aryl group. such 
transition state strain relief is not possible in the 
2,2-dimethyl compounds, which must always 
present 2-methyl groups to the aryl substituent. 
Thus, in view of the measured barriers for 20 and 
21, the true values of AG* for the 2,2-dimethyl 
compounds 7 and 17  must be much higher than 
the minimal estimates quoted in Table 2. 

The relative rotational barriers ( A L ~ G * ~ ~  = 

2.7 kcal mol) of the I-(o-tolyl) and I-(o-chloro- 
phenyl) compounds 20 and 21, respectively, are 
in agreement with the common observation (18, 
19) that a methyl group exerts a steric effect 
greater than that of a chlorine atom in restricting 
internal rotation in biphenyls (18) and in 1- 
arylhydantoins (20) (an exception has been noted 
in the case of 3-arylhydantoins (20)). This order 
is also consistent with Taft steric substituent 
constants ( l l ) ,  and with the relative van der 
Waals radii of these groups as determined by 
X-ray crystallographic measurements (21). 

Although the quantitative data obtained in 
this study are limited, since they could be ob- 
tained only on the least conformationally stable 
compounds in the series, they are sufficient to 
indicate that optical resolution via salt formation 
with an optically active acid (the theoretical 
possibility of resolving highly hindered dihydro- 
s-triazines into optical isomers has been suggested 
independently, see ref. 22) should be feasible for 
some of the more highly hindered 2,2-dimethyl 
compounds. Thus, the o-tolyl, o-bromophenyl, 
o-iodophenyl, and a-naphthyl compounds P4,10, 
13, and 17, respectively, should have sufficient 
conformational stability to permit resolution at 
normal temperatures. Rate constants and activa- 
tion parameters for rotation should be obtainable 
following resolution by measuring the rates of 
racemization of the optically active isomers, 
using the usual polarimetric methods (see, for 
example, ref. 23). 

Experimental 
All the 2.2-dimethyl dihydro-s-triatines reported here 

are known compounds and were synthesized previously 
from the appropriate arylamine hydrochloride. dicyandi- 
amide. and acetone (three-component method) (100, c), 
or from the corresponding arylbiguanide hydrochloride 
and acetone (two-component method) (lob). 

The 2-monomethyl con~pounds, which had not been 
synthesized previously, were prepared as follows. 

4,6- Diumit1o-1,2-di/z~~dr.o-2-n1et/i~l-I-(o-tol~l)-s-triazi~1e 
Hjdrocl~loride (20. HCI) 

A mixture of o-toluidine (21.4 g, 0.2 mol), cyano- 
guanidine (17.2 g, 0.2 mol), water (60 ml), and concen- 
trated hydrochloric acid (16.7 ml) was stirred under 
reflux for 2 h (positive biguanide test) (10) and stored 
over the week-end at 0 C .  The pale violet solid was 
collected, washed with acetone, and recrystallized from 
water with the aid of decolorizing carbon. The product, 
lVl-(o-tolyl)biguanide hydrochloride, was obtained as 
colorless crystals, mp 241-241.5 "C: yield 22.5 g (49.5';). 
This material was suspended in a mixture of absolute 
ethanol (SO ml) and concentrated hydrochloric acid 
(8.2 ml) and cooled in an ice bath while redistilled 
acetaldehyde (1 1.2 ml) was added dropwise with stirring. 
When addition was complete the mixture was heated 
under reflux for 1 h (negative biguanide test) (10) and 
stored overnight at 0 ' C .  Filtration, washing with absolute 
ethanol, and drying yielded the first crop as a white 
powder (l5.2g). The mother liquor was reduced in 
volume, adjusted to p H  6 with ammonia. and stored at 
0 'C in order to precipitate a second crop (5.9 g). Re- 
crystallization of the combined tirst and second crops 
from water (ca. 100 ml) with the aid of decolorizing carbon 
afforded 15.7 g (62(,) of analytically pure colorless crys- 
tals of 20 .HCI, mp 246.5-248 'C (dried 20 h at 70 'C;0.01 
torr over P205j.  Atiul. calcd. for C11H15N5.HCI: C 52.06, 
H 6.35, C1 13.97, N 27.60; found: C 51.81, H 6.41, Cl 
14.1 1, N 27.45. 

4,6-Diami~1o-I-(p-chlor.opl1erijl)-1,2-dil1~dro-2-mei/1~yl-s- 
triazit~e Hjdroch1or.ide (21 . HCI) 

A mixture of o-chloroaniiine (25.5 g, 0.2 mol). cyano- 
guanidine (17.2 g. 0.2 mol). water (60 mi), and concen- 
trated hydrochloric acid (16.7 rnl) was stirred under 
reflux for 2 h (positive higuanide test) (10) .ind stored 
overnight at  0 ',C. Filtration, washing with acetone, and 
drying under reduced pressure !ielded 37.2 g ( 7 5 ' ; )  of 
white powder, mp 245-219 -C. This solid (Ni-(o-chloro- 
phenyljbiguanide hydrochloride) was suspended directly 
in a mixture of absolute ethanol (85 ml) and concentrated 
hydrochloric acid (12.5 inl) and cooled in an ice bath 
while redistilled acetaldehyde (16.9 mi) was added drop- 
wise with stirring. When addition was con~plete the 
mixture was heated under reflux for 2; h (negative 
biguanide test) (10) and stored overnight at 0 'C. Filtra- 
tion, washing with absolute ethanol, and drying under 
reduced pressure yielded the first crop as a white powder 
(20.4 g). The mother liquor was concentrated to a smaller 
volume, adjusted to p H  6 with ammonia, and stored at  
0 ' C  until a second crop crystallized out (14g). Re- 
crystallization of the combined first and second Crops 
from water (100 ml) with the aid of decolorizing carbon 
afforded 27.7 g (567;) of analytically pure colorless 
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nuclear magnetic resonance spectra of steroids: the assignments 
sf chemical shifts for C-15 and @-I6 in 176-acetyl steroids 

DONG JE KIM, LAWRENCE D. COLEBROOK, AND T. J .  ADLEY' 
Depcirrmr~lt o j  Clienli.rir:i, Sir George Wiilicin:~ Ccit71p~l.s. Cot~cordia C'II~L-er.rit,v, 

.'Llot~ri.eul. P.Q., Cci,liidii H3G l M 8  

Recelved Rlay 31, 1976 

DONG JE KIM, LALVREYCE D. COLEBROOK, and T. J. ADLLI. Can. J. Chem. 54; 3766 (1976). 
Previously reported '3C cheniical shift assignments for C-15 and C-16 of a r:un?ber of l7$- 

acetjl steroids related to progesterone have been shoiin to  be reiersed. Ra& on  the r e ~ l s e d  
assignment the effect of bromo- and hydroxl-substitution at C-17 on C-12. C-13, C-15, and 
C-I6  is assessed. 

DOUG SE Kmi. L ~ ~ R E ~ I C E  D COLEBRGOK et T J. ADLEY. Can. S. Chem. 54, 3766 (1976) 
On dernontre qu'il faut renverser Ics attribution5 rapportees anterieurement pour les deplace- 

lnents chin?iqueh des C-15 et C-16 d'une serie de s te ro ide  relies la progesterone portant une 
chaine acetyle en position 176. En ie  basant sur ies attributions rebiiees. on  etal?lir I'effet que 
produit une subhtitution par un b r o n ~ e  ou un groupe hydrox)le en position C-17 ~ u r  lea C-12, 
C-13. C-I5 et C-16. 

[Traduit par le journal] 

Introduction 
Recently a renewed interest has been evinced 

in the I T  chemical shifts of various hydroxylated 
steroids and the results have been rationalized in 
terms of a ,  3. 7 :  and 6 substituent effects (1). In 
our investigation of s~ibstituent efyects in hy- 
droxylated 17$-acetyl steroids, we observed the 
need for a reinvestigation of some of the 13C 
chemical shift assignments of certain D-ring 
atoms. We uish now to present evidence that the 
assignruent of signals attributed to C-15 and 
C-14 methylene groups have in previous reports 
been either reversed (26 ,  c), or otherwise incor- 
rectly assigned (2~1) .  

Resuhts and Discussion 
The chemical shirts of C-14 and 61'-15 which 

are loca.tcd ,y to the bromine atom i n  39-ace- 
toxy-17a-bromopregnan-20-one (3h) have been 
observed by Las to be respectively substanei- 
al!y shielded (- 5.7 ppnl) and negligibly shieided 
( - 0 . 2  ppm) relative to the analogous chemical 
shifts reported for C-atoms in 17a-H compounds 
(26 ,  c), similar to 316. The effect of the introduc- 
tion of a hydroxy! group at  the 17$ position in a 
number of sterolds ($a,  5a ,  5b) with (3 D rings 
ruili~~-fused has been reported (3) to be shielding 
at  the r-located C-12, 93-14, and C-15 positions. 
A similar shielding effect for these ?-carbons has 
also been reported (3, 2d)  for the epirneric 17a- 

'Author to uhoni  all correspondence should be 
addressed. 

I 2 
a, R i  = R 2  = R ,  = R4 = H rr,R = H 
b, RI = OH, R2 = R3 = R.4 = I( 6, R  = Ac 
C, R 2  = OH, RI = W 3  = R.4 = Ii 
d, R3 = OH, R] = R 2  = R4 = H 
e ,  Rq = OH, Rl = Rz = R ,  = K 
/; R2 = R3 = OM, R l  = R4 = H 
g, R2 = R4 = OH, R l  = R3 = ti 
h ,  R3 = R.4 = OK, R l  = R 2  = H 
1, R Z  = R3 = Mia = OH, R I  = H 

1 4 

(i, R I  = R Z  = H 0 ,  Rl = R 2  = H 
b, R l  = H. K 2  = Br b, R I  = OH, R 2  = H 
c, P.' = R 2  = D C,  R 2  = OH,  R I  = M 
d, R., = Cs, R 2  = Bi 

hqdroxj steroids (4b, Sc, 6b, 76) uith the sicgie 
exceptlon2 ~f C 15 of  Tb (Table a )  

'If, as s~~gges ted  by Larig ci a[. ( 2 4 ,  a reieried assign- 
ment for C-15 and C-16 of rhe compound 3(1 i >  taken, 
C-I5 is shielded by 0.3 p l m .  
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TABLE 1. The effect of 1 7 ~ -  or 17p-hydroxy substitution on 13C 
cheniicai sh~f t s  (pprn) 

A 6 

Compounds C- 12(>) C- I 4i1) C-l5(?) C- 16(3! Refereme 

a ln  CDC1:-CDiOD solution. 
[ 2 H r ] p j r i d i ~ ~ c - [ W ~ ] ~ ~ e f ~ ~ l e  (4: l)  solution 

TABLE 2. Reported (2O. 0) and corrected ( in  parentheies) I3C 
chemical ihift differetlcei 

A6  

-- 

1701-01 Ill-BU -5 .6  -5 .5  0 .8( -0 .7)  8 . 3  (9.8) 
PfPc -7 .5  -5 .4  1.4(-0.7) 8.0(10.1) 
a h - l e  -4 .1  -5 .4  0.9(-0.7) 8 . 2  (9.8) 
l i - lg  -7 .8  -5 .6  I .3(-0.9) 8.7(10.9) 
36-3a ( - 3 . 3 )  ( -5 .7)  ( 1.6)  (13.0) 

The effect of the 17-hydroxyl group on the 
y-carbon atoms corresponds in sign (but not in 
magnitude) to the ?-effect reported for cyclo- 
pentanol (- 1.9 ppm) and its derivatives (4). 
The difference in magnitude of the ?-shielding 
effect observed for the 17a- and 173-01s and for 
cyclopentanol may be attributed to a puckered 
conformation for the steroidal D ring with C-13 
and C-15 upward and C-14 down~vard when C 
and D rings are trrlns-fused. 

However, in 17B-acetyl steroids, i.e., pro- 
gesterone ( P L I )  and related compounds (Ic, l e ,  
Pg), the y-Socated C-12 and C-14 were reported 
(20, (1) to be shielded upon the introduction of a 
l7a-hydroxyl group, while the ?-situated C-15 
was reported to be deshielded (0.8-1.4 ppm, 
Table 2). It has been reported that  the degree of 
deshielding at  C-17 upon the introduction of the 
17a-hydroxy function depends in some measure 
upon the nature of the 178-substituent (2cl). 
However, the effect of the latter upon C-15 does 
not appear to be particularly marked. 

The various shielding and deshielding effects 
reported for C-15 in 17-substituted steroids 
prompted us to re-examine chemical shifis for 
D ring carbon atoms with special reference to 
the ambiguities surrounding C-15 and @-I6 

a ,  R I  = Rz = R3 = H a , R =  H 
b, R1 = OH, R 2  = W, = H b,  R = OH 
c ,  R z  = OH, R I  = R3 = H 
ti,  R 3  = OH,  R1 = R 2  = H 
e ,  R I  = R, = OW, R 2  = H 
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assignments. The 16~1~17~-dideutereo steroid 3c 
was prepared from the AI6-steroid. The proton 
decoupled spectrum of 3c showed, upon com- 
parison with the corresponding grotio-steroid, 
(30) greatly diminished peaks at  6 23.5 ppm and 
61.0 ppm. The latter resonance is assigned to 
C-17, whiie the former, previously assigned 
(2b, c) to C-15, we now attribute to  C-16. The 
C-15 signal of 3c appears at  24.9 ppm, somewhat 
broadened and with slightly decreased intensit).. 
Isotope effects for C-I6 resonances were also 
observed for 17a-deuterated-178-acetyl steroids 
l a ,  Bb, l c  (W3 = D) and 3a. Experiments in 
various solvent systems (dioxane, CDC13, and 
DMSO-C/~) indicate that the A6  values shown in 
Table 2 d o  not change significantly at  the un- 
functionalized positions C-15 and C-16 nor have 
we observed any transposition of signals a t  
these sites with change of solvent (2b,7). 

With this revised assignment, as would be 
anticipated, the addition of the shift reagent 
Pr(fod)3 (5) to 30 now shields C-16 more highly 
than C-15. It is generally true that the signals for 
C-16 appear at higher field than those for C-15 
in the 179-acetyl compounds which we have 
examined (la, Ib,  Blc, 3a, 3c, $a-e) as well as in 
the 20-keto-21-hydroxy steroids l e  and lg. 

With this revised assignment a more consistent 
picture emerges. The introduction of a 17a- 
bromo substituent now has a stronger shielding 
effect (- 1.6 ppm) on the y-located C-15 relative 
to  the 17a-H substituted compound, compared to  
only -0.2 ppm if the original assignments for 
C-15 and C-16 are employed (2b, c). 

With the new assignments the effect of the 
17a-hydroxy group in progesterone derivatives 
Id, B f ;  l/z, l i  also causes a shielding effect 
(Table 2) at  the ?-located C-14 (-5.4 to -5.6 
ppm) as well as at  y-located C-15 (-0.7 to 
-0.9 ppm). 

Experhenatal 
All 13C nmr spectra were recorded at  25.2 MHz using 

a modified Varian HA-100 spectronieter operating in the 
Fourier transform mode. The spectra were determined at  
35 'C as 0.4 M solutions in dioxane. The effect of solvent 
on  chemical shifts was examined in CDCl3 and DMSO-r/6. 
The spectrometer was interfaced to  a Digilab gated power 
amplifier and a Hewlett-Packard 21 14A computer and was 

operated with an internal homonuclear lock on  the broad 
band decoupled solLent signal. Approximatelq 9000 
transients were a ~ e r a g e d  using 4K data p o ~ n t s  and a block 
averaging technique. 

The thift reagent experiment \+as carried out  in CDCI3 
with cniiimercial grade I'r(fodj3 nhich n a s  not h r t h e r  
purified. 

33-~~lce!ox~i~-i7a-hrot~70-5a-pre,y~i(i~r-20-o/1e @I,) 
Irradiation of a CCl, solution of 3P-acetoxy-5a-preg- 

nan-20-one with a tungsten 1OOO W light source in the 
presence of exce55 NUS provlded 3ri in approxiniatelj 
quantitative ~ i e l d :  nip 152-153 - C  (6). 

33-Aceroxb -i6~u.I7~~-~!i~!e11t~'ie0-5~-p~~~;~~~i1~1-20-0/7~~ (31) 
38-Acetoxy-5a-pregnan-16-ene-20-one was dissolved 

in ethyl acetate, treated wlth deuterluni In the presence 
of 5. Pd C catalyst to  yleld the tltle compound 

3,3-Acerosj.- I6a-d(~~r!er.ro-I 7a-hroino-5a-preg/1~~7-20-0/7e 
( 3 4  

Biomination of 3c with excess NBS following the 
method deicribed for the preparation of 3h ga \e  3rl. 

Delrrerc~rioiz oj Bri. Ph, u t ~ d  l c  
Deuterium exchange zt C-2, C-17, and C-21 was con- 

ducted in a nitrogen atmosphere with DzO - sodium 
methoxide in dioxanc at  65-75 -C.  After 10 h the reaction 
mixture was poured into ice and was rapidly extracted 
with ether. The combined ether extracts were washed 
succesiively with aqueou\ jL; HCI. 5 ' '  sodium bl- 
carbonate solution, and finally with water. Evaporation 
of the solvent gave products which shoued deuterium 
incorporation at  C-2. C-17, and C-21 (but none at  C-6). 
If the exchange is carried out at  room temperature very 
little incorporation at  C-2 is observed. 
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Orthokinetic colKsions of hard spheres in simple shear Asw 
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12. A. ARP and S. G. MASON. Can. 3. Chem. 54, 3769 (1996). 
From the rigorous hydrodynamic interaction theory of a pair of neutral hard spheres of 

radius b in a viscous fluid undergoing simple shear flow: the two-body collisioil theory has been 
developed which corrects the c!assical SmoluchowsI<i theory based on rectilinear approach by 
applying the modern rigorous (and experimentally verified) curvilinear theorj, of approach. 
The difficulties in defining a collision are eliminated by defining a curvilinear collision sphere of 
radius p, around a reference sphere. In this way correction factors for the area of the collision 
cross-section, the collision frequency, the average doublet life time. and the steady-state doublet 
concentrations of separating (or transient) doublets have been calculated as a function of p,,. 

The results show that the two theories are compatible for a p,,,/b close to 2.38. 

P. A. ARP et S. G. MASOK. Can. 3. Chem. 54, 3769 (1976). 
A partir de la thCorie rigoureuse des interactions hydrodynamiques pour une paire de 

sphkres dures et neutres de rayon b dans un liquide visqueux subissant un dcoulement de 
scisaillement simple, on a dCveloppC la thdorie des collisions de deux corps qui corrige la thCorie 
classique de Smoluchowski basee sur une approche rectiligne en appliquant la thkorie rigoureuse 
moderne (et vCrifiCe experimentalement) curvilinkaire de I'approche. On Climine les diEcultCs 
inherentes B la definition d'une coliision en dkfinissant une sphbe dc collision curvilinCaire bz 
rayon p, autour de la sphere de rCf6rence. De cette maniere on a pu caiculer des facteurs de 
correction pour la surface de la section droite de collision, la frequence de collision, le temps de 
demi-vie moyen du doublet, et les concentrations des doublets B i'etat stationnaire des doublets 
qui separent (ou internlkdiaires); tous ces calculs ont CtC faits en fonction de p,,. Ees rCsultats 
indiquent que les deux theories sont compatibles lorsque p,/b est prks de 2.38. 

[Traduit par le journal] 

Introduction 
An approximate theory of two-body collisions 

of neutral hard spheres of equal radius O and 
with negligible thermal (Brownian) motion in a 
dilute fluid suspension of number density 110 

undergoing simple shear flow was first developed 
by Smoluchowski (1) and later extended by 
Tuorilla ( 2 ) ,  Muller (3), and Mason and co- 
workers (4-7). Collisions caused by highly 
ordered flow fields are termed "orthokinetic" to  
distinguish them from 'perikinetic" collisions 
resulting solely from random Brownian motion. 
The approximate orthokinetic theory for simple 
shear flow (1-7) was based on the assumption 
that two spheres in a favorable geometry when 
far apart will continue to  approach each other 
on rectilinear paths until they make contact to  
form a transitory doublet which rotates as a 
rigid body until it is oriented in the mirror-image 
of initial contact and then separates. From this 
simpie concept, equations were derived for 
quantities such as the collision frequency ,fc per 

unit vo!ume, the average doublet life time ?, and 
the steady-state doublet concentration ~ h i c h  
in many aspects resembles the equations of the 
classical kinetic theory of gases (8). Values of.fc, 
7, n2, and related quantities were confirmed 
experimentally with reasonable accuracy cven 
though it was known that the paths of approach 
and recession were curvilinear and that true 
contact did not occur (4-9). 

We now wish to examine these asDects of 
orthokinetic collisions in the light of the rigorous 
theory of the two-sphere encoueters (10) which 
predicts curvilinear trajectories and no contact 
and which we have confirmed experimentally in 
considerable detail (1 1). 

As will be seen, difficulties arise regarding the 
precise definition of a collision. This problern, of 
course, is not new in co!lision theory. It also 
occurs in calculating the collision cross-section 
for bimolecular coi!isions in a gas or the 
neutron-capture cross-section of an atomic nu- 
cleus, to  name two familiar cases. En these 
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1 

'L REFERENCE 

CURVILINEAR 
COLLfSlOFl WERE COLLlSlON SPHERE 

FIG. 1. Definition of the curvilinear collision parameter p, (using an equatorial collision in the 
x2xj plane as an exarnple of the general case), which is the radius of the collision sphere in the shear 
u3 = -Gx2  centered at the origin 0. Shown are also the rectilinear collision sphere of radius 30, and 
the two colliding spheres (marked ( I )  and ( 2 ) ,  with the reference sphcrc (I) at the origin). Whereas 
rectilinear approach would lead to contact at the point C, curvilinear trajectories can penetrate the 
curvilinear collision sphere at  (p,,, $I). Curvilinear collision doublets are therefore defined to be 
those for which r. _< p,,. 

The coordinate axis xl (normal to the figure) is the polar axis of the angular coordinates el, 61; for 
the example shown, O1 = 90". 

exanlples the concept is based on rectilinear 
approach of pairs of particles which in fact 
approach on curvilinear paths especially when 
they are in close proximity. 

We have surmounted this difficulty by defining 
a "curvilinear" collision sphere of radius p, 
centered around the "rectilinear" collision sphere 
of radlus 2b (Fig. 1) and allowing p, (>2b) t o  
vary arbitrarily. The rectilinear collision sphere 
(4-7) is that region of space around a reference 
sphere which cannot be penetrated by the centre 
of other spheres because of geometrical ex- 
clusion. By contrast, limited entry into the 
curvilinear collision sphere is allowed from which 
we can calculate f,, r, and nz as functions of p,. 
As will be seen this exact theory can be reconciled 
to  a considerable extent with the approximate 
rectilinear theory. 

The concepts to  be discussed are of basic 
importance to the rheology and the stability of 
suspensions and colloidal sols and have been 
used in recent work (1 1-13). 

Rectilinear Collision Theory 
T o  determine the two-sphere collision rate in 

simple shear of rate G it is convenient to locate a 
reference sphere (No. I in Fig. 1) at the origin 0 
of a Cartesian coordinate system xi ( i  = 1 ,  2, 3) 

in which the particle-free fluid velocity com- 
ponents ui are 

[I] 111 = u2 = 0, u3 = -Gx2  

Assuming rectilinearity all the sphere centres 
passing through a circle of radius 2b drawn 
normal to  the x3 axis lead to  collision. We call 
this circle the collision cross-section for recti- 
linear approach so that the corresponding colli- 
sion cross-sectional area is 

We wish to emphasize that the collision cross- 
section defined here is not the same as the capture 
cross-section defined in refs. 12 and 13, when 
interparticle attractive forces of various kinds 
exist which may lead to  the formation of per- 
manently touching doublets. This possibility does 
not occur in the systems considered here (10, 11). 

The rate f, per m i t  volume of suspension a t  
which the spheres pass through C, was derived in 
(4-7) from simple geometric considerations; -? 
was obtained by averaging the individual doublet 
life times T(O,, $,)corresponding to initial contact 
and final separation a t  angles (01, and 
(01, - $,), respectively (Fig. 1). 

During apparent contact betueen and 
the doublet was considered to rotate with angu- 
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ARP AND MASON 

TABLE 1. Comparison of rectilinear and curvilinear collision theories 

Rectilinear theory Curvilinear 
correction 

Quantity Formula Equation Reference factors* 

*Numericnl ralues of the a,'s are listed in Table 2 and plotted in Fig. 3 
jDetermined numerically; a acmicmpirical folmuln is gl ten b> [ 2 6 ] .  
fa; = a2aj (see text). 

lar velocities dOl/dt and d+l ,  dt calculable from 
JeKery's equations (14) for rigid, prolate sphe- 
roids on the reasonable (and experimentally 
confirmed) assumption that the equivalent sphe- 
roidal axis ratio of the transient collision doublet 
is re r~ 2.0 (6, 7). The steady-state doublet nuni- 
ber concentration was then calculated from 

The resulting equations for CT,, f,, 7, and 1i2 

(i.e.,  eqs. 2, 4, 5 ,  and 6) are listed in Table 1. 

spheres moving w ~ t h  C < 0, 1 e , in closed 
trajectories, are des~gnated "permanent" dnd 
those w1t11 C > 0 (open trajectories) "sepdrat- 
tng" doublets The analys~s presented below 1s 
restr~cted to scpardtlng doublets, slnce the 
quant~ties \\e ~ ~ s h  to calculate are meaningless 
for permanent doublets (15) 

The funct~onsf({) and / I ( { )  are monotonically 
decreasing wit11 Increasing {; In parttcular, 
when 5 Q. (10). 

Curvilinear Theory 1101 
16 

h({) = 9 t-3 + . . - 
Using the exact interaction theory (10) to take 

account of the curvilinear approach paths we It from L71 to [lo]: 
employ the trajectory equations (eqs. 28, 29 of ~ 1 1 1  lim xl = k b B  
ref. 10)l for the sphere centres from which we , +m 

obtain the following relationships for the tra- and 
jectories of sphere 2 (Fig. 1) relative to the centre 
of the reference sphere: [I21 lim xz = i b c  

5-m 

C ~ I  xt = 5 Brf(t) It is convenient to use the cylindrical polar 

[81 ~2 = i ~ f ( E )  dh(5) + C coordinates (p ,  43, ,x3) for the centre of sphere 2 
(Fig. 2), where 

where r is the centre-to-centre distance and 
whose d~mensionless value is .$ = r b ;  B (LO) P = 4x1' + 72' 

and C(z0)  are trajectory-defining constants and 
which are closed when C < 0 and open when s I 
C > 0: B = 0 and B > 0 corresoond. ressec- [I41 cos 43  = - 

, A 

tively, to equatorial and non-equatorial colli- P 

sions: f'(0 and / I ( { )  are known functions which Substituting [7] and [8] in [13] and [14] yields 

have been evaluated numericall) (10). Pairs of [is]  ,,' = r2f2({)[B' + c + /2(t)] 

'Compare with eqs. 28 and 29 in ref. 10, where the and 
origin is taken midway between the two spheres; as a 
result the r.h.s. of [7] and [S] are doubled. [16] c o s + 3 = I B / d B Z + G + h ( t )  
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COLLISION SPHERE I 
FIG. 2. Tllustration of the three-dimensional character of the curvilinear collision process in one 

octant of the xl-coordinate system. Also shown is the collision-defining trajectory surface axisym- 
metric about the x j  axis with p = p,, at xj  = ice and p = p,, at x j  = 0. All trajectoriesfor which 
(B2 + C) = (p,,,,lb) = constant lie on this surface; examples are the 3-dimensional curves I and II 
corresponding to B > 0 and B = 0 given by [7] and [8]. Note that for I, 43 increases steadily as x3 + 
0; for I I ,  63 remains fixed at  90'. Also shown is the surface element dA used to calculate the particle 
flux through the curvilinear collision sphere of radius p,,. Note that here the xl axis (normal to the 
sheet in Fig. 1) is vertical. 

For  a glven (B2 + C), [15] describes a surface of 
revolution about the 1 3   XIS \+hose radius p in- 
creases touards ,\; = 0 where it leaches its 
lnaximuln value, as A ;  --. m ,  p decreases to  the 
asjniptotlc value p, obta~ned from [ I  I ]  and [12]: 

We note that every trajectory of the same 
lB2 -t Cl must lie on this surface so that all the 
associated trajectories have identical p at  a given 
~ 3 ;  houever, as is evident from [16], $3  does not 
remain constant b ~ i t  increases to a maximum a t  
X; = 0 except for equatorial encounters (B = 0) 
when it remains a t  T 2 ;  encounters for which x2 
passes through 0 are permanent doublcts (10) 
consideration of which is omitted from this 
treatment for reasons stated earlier. Examples of 
two trajectories (one for B = 0, the other for 
B > 0) are shown schc~natically in Fig. 2, where 
the axisymrnetric character of the surface de- 
fined in 1151 is also illustrated. 

Since none of the trajectories defined by [7] and 
[8] can lead to contact (lo), and since the surface 
given by [15] can never intersect the rectilinear 
collision sphere at  x3 = 0, \ve now define a 
collision to occur whenever a trajectory pene- 
trates the curvilinear collision s ~ h e r e  of radius 
p,. The li~niting collision trajectories will em- 
brace this sphere and have a limiting value of 
p,, at  x j  = m which therefore becomes the 

radius of the collisiorl cross-section of area 

where is a correction factor to  be applied to 
the rectilinear theory given by [2] and which is 
calculable for a given p, (Table 2 and Fig. 3). 

T o  calculate f ,  u e  note that the particle flux 
into the curvilinear collision sphere is given by 
that into the circle of radius p,, a t  x3 = j,. 
Hence J, can be evaluated by considering the 
flux d N  of spheres passing through the surface 
element dA (Fig. 2) towards the xlx2 plane in 
unit time: 

On integrating [19] over 4 octants (Fig. 2) we 
obtain the total number N passing through G, in 
unit time 

and consequently ,fc for all spheres with pm 5 
p , ,  is given by 

We note that j, depends strongly on p,,,, and 
that fc = 0 when p,,, = 0. To  compare [21] 
with f, from the rectilinear theory, it is convenient 
to introduce the correction factor 
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ARP AND MASON 

TABLE 2. Numerical correction factors from exact, theory*' 

~ r n l b i -  P a1 a? ..:S a 4 #  1.e11 

* - Ilie n,', are obtained fro111 eq i ,  18. 22. 26,  and 27, reipecti\cl). urin? thi: theor) in rsf. I0 (see leu!) 

+Taken iron1 Table iV. (10)l. deiipnatlni! Table V in ref. 10. 
:Note froni 1171 tha; p,;, - h,E--? 
$Since r is calculated from 1231. contribution\ from jicrrnanent doubleta becoiiic r~gnificant ivlien p,,, h - 2. 

permanent doublcl\ are includcd In [?i] bccau,e tlie limit, of ~ntegration extend over one complete octacit of the 
cur\iIincar coili \~on iplierc For the \slues \hobin. contribution, 1,) n ;  and a ,  i r o n  pernianent doublet\ are neg- 
Iielblc. 

I/lnterpolaled frorii Table [VI, (IOI] for ,C = p,,, h. 
TICorre\pondiing to 11. C = 0. i c.. i h ~  \tilalleht p,,, for separating doubict, (Table [ \ .  (1011 

FIG. 3. Correction factors a, (i = 1 to 4) to be applied to the rectilinear equations listed in Table I 
for various values of the collision defining parameter (p,,,/D). Note that al,  az, and a4 are 0 at  p, /b  - 
2 = 4.2 X 10-5 which corresponds to the minimum approach of the limiting trajectory (C = 0) 
between permanent and separating doublets (see text). 

by which [4] (Table 1) must be multiplied to  yield 
[21]. Again (as for a,): a2 depends on p ,  as 
sho~vn by the ilumerical values in Table 2 and 
in Fig. 3. 

T o  calculate the average collision doublet life 
time 7 (i.e., the average time that transient 
doublets spend inside the curvilinear collision 
sphere) we consider the expression 

1231 = lr'21''2 p('Jl, O I ) T ( ~ ~ ,  dl)  doI dm1 

where Ol and 41 are spherical angles relative to  
xl  as the polar axis (Fig. 1) where the trajectories 
enter the sphere p,,,; [23] is analogous to  the 
relation used in ref. 4 to  define ;i- which must now 
depend on p , .  We recall from ref. 4 that the 
fraction of collisions occurring in the interval 
dB1, d41 a t  01, $I over the ranges Bl, = 0 to 
n 2 i s  

[24] p(Bl, $l)dOld41 = 3 sin3 B1 sin cos 

&Ye have evaluated [23] by numerical analysis 
for various p ,  and we have expressed our results 
in the form 
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where a 3  is the correction factor for the recti- 
linear collision theory (see ref. 6 and Table 1). 
As shown in Table ? and Fig. 3, a3 is nearlj. 
constant and close to unity. 

I t  has been sho~vn (10, 15) that at  any instant 
a pair of spheres has an assignable I., which 
satisfies Jeffery's e q ~ ~ a t i o n s  (14), and depends 
only on [; thus it varies continuously with time 
except when [ = 2, i.e.> when the spheres touch 
(10). We have found it convenient to calculate 
the instantaneous value of re when ( = p,, b 
(Table 2). Analysis of the values of a 3   sing these 
values of re yields the follo~ving semi-empirical 
relationship 

T o  calculate the steady-state doublet concen- 
trations of the separating doublets /z2 from curvi- 
linear theory ~ v e  use [3] and obtain 

where a 4  = a 2 a 3  is the correction factor for 
curvilinearity (Table 2 and Fig. 3). 

Concluding Remarks 

As expected (Fig 3), curvlhnear~ty results In 
collision behac~our w111c11 is dependent on the 
choice of (p, b )  Characterist~cally, a ~ ,  a2, and 
a 4  dpprodch zero as (p, 6 )  --> 2 : more precisely, 
these coeficients are zero Lvhen p,, b - 2 = 

4.2 X \\hich corresponds to the closest 
possible dpprodch for separdtlng doublets (10) 
We emphasize agaln that  all the re la t~onsh~ps  
developed here are valid only for sepdrating 
doublets which do,  however, cover the range of 
pa from 0 t o  p,,, 

From these calculations it 1s remarkable that 
the coll~sions observed v~sually are reproducible 
w ~ t h  d~fferent observers (4-7). and that f,, 7, 112, 

and other measured quantities were obtained in 
surprisingly good agreement with the rectilinear 
coilision theory. All of this suggests that the 
minimum distancc of approach for a collision 
to be recognized experillientally (preferably along 
the x2-axis (6)) is around p,,, b = 2.38 as may be 
seen from Fig 3 M here the various a,'s are near 
unity; this corlesponds (Fable 2) to p,,,, h = 

2 000. so that in the experiments the observers 
saw M hat corresponded to rectilinedr collis~ons 

Wc nott  that in ref. 7 ,  because of experimental 
diRiculties, n2 b a s  not measured d~rectl l  , instead 
the sum of IZZ and that of permanent doublets 
(n,) was measured giving values about tcvice 
those calculated from [6] for a 4  = 1. From this 
observation it was concluded (7) that 112 IX 11,. It 
should be pointed out that even when p, is 
specified the theoretical rz, is indeterminate for 
various reasons (15) among which is the forma- 
tion of permanent doublets from t~-body (n > 3) 
coll isio~s as was shown experimentally by 
Darabaner and Mason (16). 
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Isotopic exchange reactions of aminesel Part I. An 2H nuclear magnetic 
resonance study of the amino to n~ethyl group deuteron 

exchange in methyBamine2 
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JAMES D. HALLIDA). and PATRICK E. BIKDKER. Can.  J .  Chem. 54. 3775 (1976). 
Deuteron exchange kinetics between the methyl and amino group5 in rnethqlanline, catalyzed 

by potas\iurn methylamide (PMA),  have been studied by 2H nmr. 

Typical values of hob% the observed pseudo first-order exchange rate, are 1.0 \ 10-5 s-J at  
0.21 31 PMA and 325 K. ElTects of added potassium niethylamiile and temperature are de- 
scr~hed.  The rate i i  unafected by the thermal deconiposition product of PMA and there is little 
o r  no  cataljsis by an equilibriuni mixture of the solvated electroi1 species e-, (e-K-). and K-. 
The active cataljst in solution is shown to  be monomeric I'hZA in equilibrium nith relati~el! 
inactive dirners. . . .. 11-mer>. A mechaniim that describes the exchange and relatea it to the 
thermal deco~uposition of the amide is discussed. 

JAMES D. HALLIDAI. et I'ATRICK E. BINDNER. Call. J. Chem. 54. 3775 (1976). 
Utilisant la rmn d u  213, o n  a CtudiC la cinCtique de I'Cchange; catalysee par le rn6thylanlidure 

d e  po tas~ium (PMA), du deuterium entre les proupes methi lc et amino de la methylamine. 

A 0.21 M de I'MA et k 323 K.  on observe une constante, /cob,, pour la vitesse d'echange du 
pseudo premier ordre de 1.0 \ 10-5 s-1. On clecrit ies effets produits par I'addition de PMA 
ou par une variation de la t empera t~~re .  La vitcsse n'est pas i~lfliiencee par le produit de la 
d i c o m p o ~ i t i o ~ ~  therinique du PMA; de plus il n'y a l x a t i q ~ ~ e m e n t  pas de catalyse par un 
melange en Cquilihre des espkces Clectroniqueb solvatees, e--, (e-K+) et K-. O n  dernontre que le 
catalyseur actif en solution e5t le I'11A s o ~ ~ s  forine de mono~nkre qiii est en equilibrc avec des 
di-. . . . 11-mkres relati\eniecit inacrifs. On disciite d'un micanisme qui dCcrit L'Cchange et qui 
le relie avec la dicoinposition t h e r i ~ l i q ~ ~ e  de l'amide. 

[Traduit par le journal] 

Introduction 
lsctopic exchange reactions in strongly basic 

non-aqueous solutions, such as potassium amide 
in liquid ammonia, have been widely reported. 
Shatenshtein pioneered the use of KNDz ND3 to 
partially or corllpletely deuterate many hydro- 
carbons ( I ) .  Streitwieser ef al., using lithium 
cyclohexylarnide (LCMA) in cyclohexylamine 
(CHA), demonstrated by exchange measure- 
ments that the kinetic acidities of many very 
wea.kly acidic hydrocarbons could be determined 

]Presented in part a t  the Canadian Chemical Con- 
ference of the Chemical Inbtitute of Canada. Toronto. 
May 1975. 

2AECL No.  5592. 
3Revision rece i~ed  July 19, ?976. 

(2) Another strongly bas~c,  non-aqueous sq stem, 
potasslum methylamlde (PMA) in methq1dm:ne 
(MA), has been under investigatlo~ in these 
laboratories in support of the d e ~ e l o p ~ ~ i e n t  of a 
bitherma1 deuteriun~ extraction process based on 
the   so topic exchange betbeen 11) drogen gas and 
the dmino protons of methyldmlne (3) 

A homogeneous isotopic exchange reaction in 
PMA MA, first obserked bq Butler and den 
Warfog4 :n these labordtorles, that cannot occur 
In MND2 ND3 and v ~ h ~ c h  has not been reported 
in LCHA CWA, 1s the PMA catal) zed exchange 
of deuterons b e h e e n  the amino and ~nethyl 
groups of the sollent, methylamine 

". P. Butler, private communication. 
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This paper describes the dependence of the 
exchange rate for this reaction on catalyst 
concentration and temperature. 

Experimental 
( A )  Reuge>i~r.r. 

~ \ l e i / ~ j ~ / ~ ~ / : ~ i i ~ e - ( / ~  
This material was prepared from Mathchon C H 3 N H 2  

containing ariimonia; tlime!hylarnine, and water as  
impurities. The protiateci aniine was first treated with 
lithium nietal' to remove the amrnoaia and water by 
forniation of insoluble LiNH2 and LiOH. After filtration 
and vacuum distillation the residual NH; concentration 
was < 100 ppm bq weight and the dimethylamine con- 
centration was <I000 ppln by weight. The purified 
methylamine was refluxed with a large excess of >99.8 
atom percent (at1 ,) D2Q and separated by vacuulii distil- 
lation. Five passe,  sing fresh D 2 8  Lvere required to 
achieve a n  isotopic purity >99.2 a t ' ,  D in the amino 
position, as  determineti by colnparison of the resicluai 
aniino proton'a nn1r peak with the high-field l3C satellite 
froin the methyl group. The CM3ND2 was dried over 
lithium metal and then \acuruii distilled froni the blue 
solution. 

Poln~.!ilrrn r:~c,ri// 
AIfa Product\ potassium metal, puritj 99.95" . sealed 

under argon in g l a s  arnpo~iles equipped with breakseals 
was used. The potassii~ni war melted and transferred 
~ l n d e r  vacuurn and used without further purification. 

(63) Sample Preparafioil 
Soiutions of potassium methyiamide in nlethylamine 

are extreri-iely reactive to 0 2 .  CO?, and ALO. Therefore 
vacuurn line techniques were ~ ~ s e d  throughout this work. 
T o  help prevent isstopic dilution from adborbed species 
during distillation of iiotopically substituted materials. 
the surface in contact \vith thc g a  was signilical~:l> re- 
duced by u4ng a pretreated short glass n?anifoId isolated 
from :he rest of the vacuuin line. 

Special vacuum sealing materials had to iie used with 
these stroi-iglj baiic so iu t ion~ since Teflon and nriost 
rubber O-rings are chemically attacked. %laterials found 
suitable for modifling .T. Young Ltci. glav, valves were 
ethyienepropylene for the O-rings and polyethylene for 
the valve stem%. 

Kinetic samples were niade by siphoning a sinall 
quantity of a stock I'MA in M A  solution through a 
rigoroucly dricd itainless steel transfer line into a 5 rnrn 
nrnr t ~ ~ b e  (Wiln~ad 507 or  Koiites 260 attached to  a 
J .  Young valve) ~ h i c h  had been evacuated after pretreat- 

ment with ailhycirous methylamine. The niethylanriine 
solvent was removed bq vacuuni distillation and the 
residue 117 the illbe bveighed. Dried C H 3 N D 2  \bas added in 
the required amount and the sample reweighed. The I%lA 
concentrationi \+ere determined froni the weights and 
converted t o  ~nolarities (IM). After preparation the 
saniples were f r o ~ e n  in li:juid N, and pernianentiy sealed. 
Samples were kept frozen until the initial spectra were run. 
The deuteron dilution in the CH,ND2 froni the proton on  
the added PR4A \bas measured by IH nlnr. 

(C) "v~uc/etr/. .2f(~lfir1riic Resot~or~cr Spectra 
All nrnr hpectra were obtained on  a CW Brulter HX90 

spectro~neter equipped with a Br~llier bariable temper- 
ature controller ( k 0 . 5  K )  and a Nicolet lr320A signal 
averager. Deuteron spectra were run at 13.82 blWz in a 
field of 2.1 14 T.  

(L)) Trecirrner~t of Dura 
The initial stages of the exchange reaction may be con- 

sidered as 

which ss ailalogou, to  the iiotopic exchange reaction (4, 5) 

in which the niolar concentrations of the t \ \o species are 
equal i.c,. [AH] = [BD]. 

The net rate of deuterium atom tranafer Into the methyl 
groups can thus be represented as the difference of the 
gross forward, R,, and reverse, rates of transfer 
weighted in terms of the probahilitics of their occurrence 
(3, 5) .  Since the atoni fraction of deuteriunl in the a ~ n i n e  
group is deterniined directly from the nrnr spectra no  
distinction ic made between single and n~ultiple deutera- 
tion of the amino group and the gross forward rate thus 
repreients the totality of deuterium transferred from 
the amino to the methyl group. 

v~here % = numbel- of cieuteriuni atoms t ransfer r~d~l i t re  
of iolutioil, Y = aroni fraction of H in the n:ethyi group, 
X = atom fractlon of D in the amino group. (1 - 1') = 

atom fraction of D in the ~nethyl  group. ( 1  - A') - atom 
fractioii of El in the a!-n~no group, K = R, R, = ecjuilib- 
rium deuterium fractionation coi-ihtant, d = iiiilial con- 
cetitration (.If) of rncthylan11ne-tl2. ([CH3WD2]o). Equa- 
tion 4 define\ the exchange rate per atom site, allows for 
the back ieaction. and account.; for changes in the 
forward and reverse rates due to changes in the isotopic 
co~nposition of the solvent with time. 

The integrated soliltion to  [4] is [ j l  

5R. P. DenauIt, private communication. 
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HALLIDAY AND BINDNER 3777 

Within experimental error there is no  equilibrium 
isotope effect measured for deuterium fractionation 
between methyl and amino groups in this system so a 
statistical distribution of deuterium is obtained a t  
eqililibriun~. The lack of an equilibrium isotope effect was 
also observed b j  Streitwie5e.r c.t ul. (2) in their studies of 
the  dedeuteration of toluene-a-cl in LCHA CHA.  Thus 
the  deuterium fract io~lat io~l  constant K, may be taken as 
unity and it follows that Rf = R,. Thii  allows simplifica- 
tion of the solution to  a first-order form [6] and the 

exper~mentallj obtarned first-order rate coefficient, A,,,, 
can be related d~rectlq to the forward rate of exchange, Rf .  

Results 

The amino to methyl group deuteron exchange 
is sufficiently slow to allow the nmr integrals of 
the  deuterated species formed in solution as a 
function of time to  be determined. 

Deuteron nmr was selected initially in antici- 
pation of determining the rates for formation of 
the individual species in solution. These data can 
be more easily obtained from the deuteron 
spectra than from the proton spectra, since there 
are no obscured resonances, Fig. 1. The proton 
spectrum shows the effect of the coupling with 
the spin I = 1 deuterons. A 1 :2:3:2: 1 quintet 
and a 1 : 1 : 1 triplet are produced that significantly 
overlap with each other and the larger CH3 
singlet. The deuteron spectra are much simpler 
with a 1 :2: 1 triplet, doublet, and singlet, all well 
resolved. However, such a detailed spectral 
analysis has not been attempted in this initial 
report which has been confined to the more 
general features of the total transfer of deuter- 
ium. An additional complication characteristic 
in these solutions concerns the loss of catalj,sr 
due to its thermal decomposition. Raylo Chemi- 
cals Ltd.6 have shown that ?MA therr~~olytically 
decomposes to potassium N,2"d1-dimethylforrr~a- 
midide (PDMFA) a t  323 K with a rate constant 
a t  high concentration =1.2 X 1OWG sr l .  This 
decomposition rate is sufficiently fast to reduce 
the catalyst concentration during the reaction 
t i n e  required for the amino to  methyl group 
exchange to achieve ecluilibrium. 

In contrast Streitwieser reports little dificulty 
in preparing stable cesium cyciohexylamide,/ 

6Rajlo Chem~cals  L t d .  Edmonton, Alberta, un- 
pubhshed work under Atomlc Energy of Canada Ltd 
contract. 

FIG. 1. (.A) Methyl region 'H nrnr bpectrum of mixed 
de~lterated niethplaminei. (B) Methyl region IH nmr 
spectrum of nlixed protiated ~iiethqlamine,. Line spectra 
are inclucied to  indicate the location of obic~lred reson- 
ances. Amino spectra (not shoun)  to  high Geld. 

cyclohexylamine solutions for kinetic studies. 
Control runs with added potassium N,N'- 
dimethylformarnidide (the ultimate decomposi- 
tion product) in amounts equal to the initial 
catalyst concentration showed it had no influ- 
ence on the exchange rate. Moiectllar hydrogen 
is aiso generated but its pressure and solubility 
at  these temperatures is negiigibly small. 

The potassium methylamide catalyst used in 
these kinetic studies was prepared by the re~lction 
between poiassiilm metal and methy!an~ine. The 
resulting blue soiution contains a ~nixture of 
solvated electrons (e-), potassium cation - solv- 
ated electron ion pairs (e-I<'), and potassium 
anions (6) rvhich s!owiy react to form PMA. 
Such blue solutions were found to  be relatively 
ineffective in promoting the amino-methyl 
deuteron exchange. The exchange rate observed 
for a solution prepared by adding CH3ND2 to  
potassium metal instead of to  prefornled PMA 
gave exchange rates which increased oi11y slouly 
with time and reached a rnaximu~n when the 
solution turned yellow. Thereafter the exchange 
rate was constant and representative of the PMA 
concentration present. This behaviour cat1 be 
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FIG. 2. A typical kinetic run for the exchange of 
deuterons betueen the a~i i ino  and n ~ e t h l l  groups of 
~nethylarnine catalyzed by potassium methl laniide. 
Temperature: 313 K ,  c 0.045 IM, Rf 5.41 X M s ~ l .  

The loner graph shows a magnified plot of the initial 
linear portion. 

attributed to the slow dissolution of the metal 
and to the gradual formation of PMA in the 
blue solution. 

The results have been analyzed using the 
pseudo first-order expression [6] from which the 
gross forward rate of deuterium transfer from 
the amino to the methyl group can be extracted. 
This expression is not limited to  low deuterium 
ieveIs and therefore is applicable to the relatively 
high deuterium levels used in the present experi- 
ments. It is derived with the assumption that 
the deuterium concentration a t  a given site 
remains statistical throughout the time course 
of the experiment, which is consistent with the 
observed equilibriu~n isotope distribution, K = 1 
( 5 ) .  The forward rate of exchange R, does not 
contain any additional assumption about the 
detailed pathway of the reaction. 

Satisfactory linear plots werc only obtained 
for kinetic data taken over a limited time interval 
(Fig. 2).  Data taken over extended time periods 
showed significant departures from [6] and no 
improvement in linearity was obtained by re- 
plotting the data in secorlci-order form. Data 
were therefore confined to the initial rates of 
exchange and Fig. 3 shows the initial experi- 
mental forward rates, kobs, determined for the 

- C O N C E N T R A T I O N  P M A  ( m a 1  1 ' )  - 
FIG 3. Experlnientally deterlnlned pseudo first-order 

rate constants for the exchange of anifno and methpl 
deuterons in niethjlarn~ne as a f u ~ l c t ~ o ~ l  of p o t a w u m  
methq laniide concentratlon and temperature. 

amino to  methyl group exchange as functions of 
initial catalyst concentration and temperature. 

The ranse of temperatures available for these 
experiments (303 t o  323 K )  was limited by the 
slowness of the exchange reaction below 303 K 
and by the decomposition rate of the catalyst 
and the vapour pressure of the amine present in 
the sealed glass nmr tubes above 323 K. 

Discussion 

The use of [6] to extract values of the gross 
forward rate of exchange of deuterium from the 
amino to  the methyl group would appear at  first 
sight to be of limited applicability in view of the 
pronounced departure of Fig. 2 from the ex- 
pected first-order behaviour. Deviations of the 
rates of isotopic exchange reactions from the 
first-order behaviour expected from the McKay 
lais have been used as a probe for mechanistic 
detail (4, 5). Thus both associative and dissocia- 
tive exchange mechanisms have been examined 
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HALLIDAY AI' ID  BINDNER 3779 

for their effect upon departures from first-order 
kinetic behaviour. Following Bunton el al. it has 
been assumed that the distribution of labels 
within each of the sites (amino, methyl) is 
random not only a t  equilibrium but throughout 
the exchange. This implies that the rate at  which 
a n  aton1 detaches itself from or attaches itself t o  
a given site within the molecule is not a function 
of the isotopic nature of the rest of the molecule. 
Any secondary isotopic effects have therefore 
been neglected. Streitwieser has shown that in 
the dedeuteration of toluene-a-cl that substitu- 
tion of a second deuterium atom at  the reacting 
carbon site may decrease the exchange rate by 
about 25-307,. In contrast they report a primary 
kinetic isotope effect of k H  ' k D  h. 10 for reaction 
of the methyl group. Similarly large isotope 
effects appear to be operative at  the methyl 
group in the PMA,.'MA system since preliminary 
experiments with CD3NH2 indicate initial ex- 
change rates which are an order of magnitude 
slower. 

This fact coupled with the significant departure 
from first-order kinetic behaviour (Fig. 2) sug- 
gest that a dissociation mechanism is involved 
in the exchange reaction (5). Such a large devia- 
tion cannot be accounted for on the basis of an  
associative mechanism which might be envisaged 
as  involving a simultaneous movement of bonds 
in both the methyl and amino groups in the 
transition state. Streitwieser has also rejected 
such concerted transition states in the LCHA! 
C H A  system. 

The large deviation from first-order behaviour 
can therefore be considered indicative of a dis- 
sociative exchange mechanism possibly involving 
intermediate carbanion-like fragments. On this 
model the observed experimental rate is related 
directly to the rate of deuterium transfer into the 
carbanion-like intermediate. 

Under these circumstances the observed ex- 
change rate will depend upon the relative magni- 
tude of the rate ratio k H l k D  where the rate 
constants refer to  the transfer of hydrogen and 
deuterium into the intermediate. Since this 
ratio would appear to be -10 with Yo = 1 it 
follows from the analysis given by Bunton et al. 
that  deviations from pseudo first-order behaviour 
greater than 20% could be expected. Conse- 
quently the discussion will be confined to  the 
initial rates of exchange only. The present 
experiments do not permit the ratio k,/kD t o  be 

determined directly, but the significant departure 
from first-order behaviour and the large differ- 
ence in the reactivities of CM3ND2 and CD3NH2 
strongly suggest dissociation of methylamine by 
the catalyst is responsible for the observed 
transfer of deuterium. 

The active catalytic species in these solutions 
is assumed to  be related to  the stoichiometric 
concentration of PMA added. It has been shown 
that the solvated species e-, e-Kt, and K- pres- 
ent during formation of PMA from potassium 
metal are not effective in catalyzing the exchange 
reaction [I]. These species bill be present in 
much reduced equilibrium concentrations in the 
san~ples prepared from the preformed PMA used 
for the kinetic measurements. 

It has been suggested that PMA exists in solu- 
tions almost entirely as ion pairs (7). Therefore a 
reasonable assumption is that the dissociated 
methylarnide ion formed by the reaction 

where Kdiss is the dissociation constant, might be 
the active catalyst. 

Shatenshtein (ref. 1, p. 104) has shown this to 
be the case for deuterium incorporation into 
benzene from the KND2 ND3 system. For the 
PMA,:MA results a graph of ln Rf;[CH3ND210 
us. In PMA concentration should give a straight 
line with a slope between the limits 0.5 and 1, 
depending on whether the dissociation constant 
kdlss is << 1 or >> 1. This plot (Fig. 4) gives a line 
that has marked curvature: in fact at  low catalyst 
concentrations the slope tends towards 1 and at  
high concentrations the slope tends towards 
zero. The dissociated lnethylamide catalyst 
hypothesis cannot predict this behaviour. 

Streitwieser ef al. (2), in their studies of the 
dedeuteration of toluene-a-din the LCHA,CHA 
system, found concentration dependencies of 
their measured rates similar to  those under dis- 
cussion in this paper. They showed that the 
active catalyst was a lithium cyclohexylamide 
monomer in equilibrium with relatively inactive 
dirners, . . . , n-mers. 

Application of this model (2) to  the PMA/MA 
system gives 

CH;NHK + CHjNHK -fjl' (CHjh'HKiz 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3780 CAN. J. CHEM. 

I I I I 
- 6 .  0 - 9 . 0  - 2 . 0  0 

- In C O N C E Y T R A T I O H  P11A ( m o t  1 . ' )  - 
FIG. 4. A In-ln graph of the stoichiornetric concentra- 

tion of potaisiuni methylamide c. us. the first-order rate 
constants, k = R,. [CH3ND& determined from [6]. The 
solid lines are the theoretical curves calculated from [I31 
using the indicated values of k2 and K, for each temper- 
ature. 

By making the simplifying assumption that 
Kl = K2 = . . . = K,, an  expression relating 
the concentration of potassium methylamide 
monomer, CH3NHK, present to the stoichio- 
metric concentration, c, of PMA in this infinite 
series can be written (2 ,  8, 9). 

[lo] c = [CH3NHK] '(I - Kl[CH3WHK]) 

Rearrangement of [lo] yields 

The derivative of this expression with respect to 
c satisfies the experimental boundary conditions 
of zero at  high and of one at  low PMA stoichio- 
metric concentrations, respectively. 

If it is further assumed that reaction 1 is first- 
order each in PMA monomer and in CH3ND2,  
i .e.  second-order overall, it follows that the 
initial forward rate in [6] is 

[12] Rf = k2[CH3NHK] [CH3ND2] 

where k2 is a second-order rate constant (M s-I). 
Rearrangement of [12] and substitution for 
[CH3NHK] gives 

[13] k2 = 2 ~ k K ~ ~ ~ ( 2 ~ K 1  + 1 - -\i4cK1 + 1 )  

where k = Rf, [CH3ND210. 

FIG. 5.  Temperature dependence of the second-order 
rate constant. k2. 

A relationship has now been indicated be- 
tween the initial forward rate of exchange, R,, 
and the stoichiometric catalyst concentration, c. 
The experimental data were fitted to expression 
[13]. Individual values for k2 were calculated for 
each R, measured by assuming values for K l .  
Using the average value of k2 so obtained for 
each temperature the dependence of k on c was 
calculated as a function of K1.  The solid lines in 
Fig. 4 are the calculated best fits with the values 
of k2 and Kl indicated. The reported values of 
k Z  at  the given temperatures varied by no more 
than 5 loC; over the entire concentration range. 
For the 303 K and 313 K results, changes of 
1 1  in K l ,  and for the 323 K results, changes of 
& 2 in K l ,  gave significant shifts from the best fit. 

An Arrhenius plot of the second-order rate 
constants, k2, gives an  activation energy of 
Ea = 117 kJ mol-I (Fig. 5). This yields the acti- 
vation parameters AH* = 114 kJ mol-I and 
AS* = 10.3 eu. Bimolecular reactions normally 
show - -20 eu for AS' due to the loss of 3 
degrees of translational freedom (10). However, 
if the transition state were less highly solvated 
than the reactants, a positive AS* would be 
obtained (1 1). 

The temperature dependence of the catalyst 
association constant Kl yields an  enthalpy of 
association for PMA in methylamine, AH0 = 

18.1 kJ mol-"(Fig. 6). The positive value of AHo 
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TABLE 1 .  Percentage monomer present In PMA-MA 
solut~ons 

P M A  monomer ( C , )  

Mechanism 

A mechanism for this exchange reaction that 
incorporates the previously discussed evidence 
for a carbanion like internledlate, and also 
provides a reaction path for the t1,:rmal de- 

2 7 3 ~  composition of the catalyst, is suggested by the 
- ( I  / T , )  x 103 - following equations. 

FIG. 6. Temperature dependence of the catalqst asso- 
ciation constant. I<,. 

indicates a n  endothermic association. This result 
is in contrast to that reported for the dedeutera- 
tion of toluene-a-c13 in the LCHA C H A  system 
of Streitwieser ef ul. (10) where the monomer-n- 
mer equilibrium constant, K1 = 60, showed no 
temperature effect. Since the cyclohexylamine 
system has a lower dielectric constant (4 to 5.4, 
323 to 252 K) (12, 13) than the methylamine 
system (9.3 at  298 I<) (14) a higher degree of ion 
association and a larger K, would be expected. 
Detection of temperature effects a t  larger values 
of K, is more dificult than for smaller ones since 
changes in the dependence of k on c as a function 
of K, are much reduced. This may account for 
the absence of a temperature effect in the 
LCHA CHA system. 

Extrapolation of the line in Fig. 6 for the 
temperature effect on K1 to 273 K predicts a 
value of K, N 0.2. Calculated (eq. I I )  percent- 
ages of monomer present in 0.2, 0.02, and 
0.002 M stoichiometric PMA solutions a t  273 K 
and the temperatures of the exchange experi- 
ments are given in Table 1. 

The proposed model predicts that at  273 K 
P M A  should be present almost entirely as a 
monomer over a very wide concentration range. 
This is in excellent agreement with the value for 
the degree of association calculated from vapour 
pressure measurements of PMA-MA solutions6 
which indicates that PMA exists as the monomer 
at 273 K. 

CHzDNDz + CH3NHK 
Amino-methyl group 
deuteron exchange CH2=ND + KD + CH3NDH 

First step in the 
thermal decmnposition 

of the catalyst 

We are proposing that the monomer, 
CH3NHK,  is the active catalyst. There is a high 
degree of association in PMA solutions due to 
the low dielectric constant of methylamine and 
the high negative charge density on the nitrogen 
(10). Therefore, the PMA monomer is probably 
a 'tight' ion pair. Introduction of a solvent 
n~olecule to form a 'loose' ion pair can bring 
the two reactant species into intimate contact 
in a reactive configuration and allow the forma- 
tion of a carbanion-like moiety by extraction of 
a proton frorn the solvent methyl group. The 
charge on this intermediate would now be 
stabilized in part by proximity to  the electro- 
negative amino substituent. This could lead to 
a less highly solvated transition state and result 
in a positive AS+  (11). Evidence from Shaten- 
shtein (1) and Streitwieser (2) in the potassiun~ 
amide ammonia and l i t h i~ ln~  cyclohexylamide 
cyclohexylamine systems respectively indicates 
that the isotopic exchange with hydrocarbons 
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goes through a carbanion-like intermediate, 
\./here the degree of carbanion-like character for 
each hydrocGbon is dependent upon the system 
used. The proposed carbanion-like moiety 
formed in the reaction can react further and 
capture a deuteron frorn the rapidly exchanging 
solvent amino substituents (analogous to  the fast 
exchange in the KNH2/NH3 system (15) thereby 
effecting the amino to methyl group deuteron 
exchange. Alternatively the carbanion can elimi- 
nate a deuteride ion and form highly reactive 
methylenimine and potassium deuteride which 
have-been postulated as transient intermediates 
in the thermal decomposition of PMA (6). 

The rate controlling step for the exchange 
cannot be identified with the mesent data. ~ o k -  
ever, exchange studies with different cations 
should further elucidate the effects of ion pairing 
and helr, t o  determine whether the rate con- 
trolling step is the formation of the loose ion 
pair or the abstraction of the proton from the 
solvent methyl group. 
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Selective, reductive dectalorination of chlorodeoxy sugars. 
Structural determination of chlorodeoxy and deoxy sugars by 

I3C nuclem magnetic resonance spectroscopy1 
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WALTER A. SZAREK. ALLKSANDER z4110JSK1, ALAN R .  G I B S O ~ ,  DOLATRAI M.  V Y ~ S ,  and 
J. K. N. JONES. Can. J. Chem. 54, 3783 (1976). 

The reductive dechlorination of chlorodeoxy sugars by hydrogenation over Raney nickel in 
the presence of potassium hydroxide or  triethylainine has been investigated: a selective de- 
chlorination was observed in most cases with triethylamine. Several new,'chlorodeoxy furanoid 
derivatives have been synthesized by the use of triphenylphosphine - carbon tetrachloride. 
" C  magnetic resonance spectroscopy has been emploled for the assignment of structure t o  the 
chlorodeoxy sugars and the corresponding reduced products. 

WALTER A. SZAREK, ALEKSANDER ZALIOJSKI, ALAN R .  GIBSON, DOLATRAI M. VYAS et 
J .  K. N. J o u ~ s .  Can. J. Chem. 54. 3783 (1976). 

O n  a Ctudie la dechloruration reductive de sucres de type chlorodeoxy par hydrogenation sur 
d u  nickel de Kaney en presence d'hydroxyde de potassium ou de triethylarnine; on  a observe 
une dechloruration selective dans la plupart des cas avec la triethylamine. O n  a synthetise 
plusieurs nouveaux derives furanoides de t j  pe chlorodeoxy en faisant appel a u  couple triphinyl- 
phosphine - tetrachlorure de carbone. O n  a utilise la rmn du 13C pour attribuer les structures 
des sucres de type chlorodeoxy et des produits reduits correspondants. 

[Traduit par le journal] 

Introduction Results and Discussion 

In  an earlier publication (1) it was reported 
that methyl 4,6-dichloro-4,6-dideoxy-a-D-galac- 
topyranoside was converted into methyl 4,6- 
dideoxy-a-D-xjlo-hexopyranoside by hydrogena- 
tion over Raney nickel in the presence of potas- 
sium hydroxide; however, when triethylamine 
was substituted for potassium hydroxide, a 
selective, reductive dechlorination occurred a t  
C-4 to give methyl 6-chioro-4,6-dideoxy-a-D- 
xylo-hexopyranoside. The observed selectivity is 
potentially of considerable significance in syn- 
thesis. One example of the ~ ~ t i l i t y  of the procedure 
was provided by the ready synthesis of a 4- 
deoxyhexose ( 2 ) .  The present article describes the 
results of an  investisation of the scope of the 
selective dechlorination, in the presence of 
triethylamine, of chlorodeoxy pyranoid and 
furanoid derivatives. 

'Part  XI in the series "Synthesis and reactions of 
chlorodeoxy sugars". For part X. see ref. 11. 

'On leave (1971-1972) from the Institute of Organic 
Chemistry, Polish Academy of Sciences, Warsaw, Poland. 

Methyl 3,6-dichloro-3,6-dideoxy-/3-~-allopy- 
ranoside (I) and methyl 4,6-dichloro-4,6-di- 
deoxy-@-D-galactopyranoside (4) were readily 
obtained by way of the reaction of methyl 
p-D-glucopyranoside with sulfuryl chloride (2). 
Hydrogenation of 1 over Raney nickel in the 
presence of potassium hydroxide afforded crystal- 
line methyl 3,6-dideoxy-P-D-ribo-hexopyranoside 
( 2 ) ,  whereas hydrogenation in the presence of 
triethylamine led to methyl 6-chloro-3,6-dideoxy- 
(3-D-ribo-hexopyranoside (3) (Scheme 1). Thus, 
the observed selectivity in the latter experiment, 
namely, preferential dechlorination at  the secon- 
dary position, is the same as that found (1) in the 
case of the hydrogenation of methyl 4,6-dichloro- 
4,6-dideoxy-a-D-galactopyranoside in the pres- 
ence of triethylamine. However, in the case of 
methyl 4,6-dichloro-4,6-dideoxy-P-D-galactopy- 
ranoside (41, under these conditions, a mixture of 
methyl 4-chloro-4,6-dideoxy-p-D-galactopyrano- 
side (6) and methyl 6-chlor0-4,6-dideoxy-/3-11- 
xylo-hexopyranoside (7) was obtained, with the 
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Me H2,  Raney Ni, 

Q"' 
"2, 

e 

H HO 
OH GI OH OH 

former preponderating (Scheme 2). The 4-chloro 
derivative (6) could be isolated by crystallization 
from ethyl acetate - hexane, and its structure 
was established by pmr and 13C magnetic 
resonance (cmr) spectroscopy (see below). Al- 
though the 6-chloro derivative (7) could not be 
isolated in a pure state by preparative tlc or 
column chromatography, its presence in the 
mixture was clearly evident from the cmr spec- 
trum of the mixture. In view of the selective 
dechlorination at  secondary positions in the 
cases of methyl 4,6-dichloro-4,6-dideoxy-a-D- 
galactopyranoside and methyl 3,6-dichloro-3,6- 
dideoxy-P-D-allopyranoside (I), the formation of 
the 4-chloro-4,6-dideoxy derivative (6) from 
methyl 4,6-dichloro-4,6-dideoxy-p-D-galactopy- 
ranoside (4) was surprizing. Hydrogenation of 4 
in the presence of potassium hydroxide gave the 
expected product, namely, methyl 4,6-dideoxy- 
p-D-xylo-hexopyranoside (5). 

The reductive dechlorination, in the presence 
of triethylamine, of several chlorodeoxy furanoid 
derivatives has also been investigated. Treatment 
of 1,2-0-isopropylidene-a-~-glucof~lranose (3) 
(8) with triphenylphosphine in carbon tetra- 
chloride (see pp. 246-249, ref. 4) for 18 h at  
reflux temperature afforded 5,6-dichloro-5,6- 

dideoxy- 1,2- 0-isopropylidene-8- L-idofuranose 
(9) and 3,6-anhydro-5-chloro-5-deoxy-1,2-O-iso- 
propylidene-p-L-idofuranose (10) (Scheme 3). 
Chiu and Whistler (5) have obtained 3-0-  
benzoyl- 5,6 - dichloro - 5,6 - dideoxy - 1,2 - 0 - iso - 
propylidene-8-L-idofuranose in 727; yield from 
the 3-0-benzoyl derivative of 8 by using this 
reagent; the L-ido configuration in the product 
was established through its conversion into 5,6- 
dideoxy-5,6-epithio- 1,2- 0-isopropylidene- a-D- 
glucofuranose. Hydrogenation of cornpound 9 
over Raney nickel in the presence of triethyl- 
amine did not result in a discrimination between 
the primary and secondary, chlorinated posi- 
tions; instead, the fully reduced product, namely, 
5,6-dideoxy- 1 ,2-0-isopropylidene-a-D-xfi-hex- 
ofuranose (6) (11) was obtained. Compound 10, 
under these conditions, afiorded 3,6-anhydro-5- 
deoxy- 1,2- 0-isopropylidene- a-D-xjlo-hexofur- 
anose (12). 

3-Chloro-3-deoxy- 1,2:5,6-di-0-isopropyli- 
dene-a-D-glucofuranose (7) (13) was prepared, by 
the reaction of 1,2:5,6-di-0-isopropylidene-a-D- 
allofuranose with triphenylphosphine - carbon 
tetrachloride, and reduced, in the presence of 
triethylamine, to 3-deoxy- l,2:5,6-di-0-isopro- 
pylidene-a-D-ribo-hexofuranose (7-9) (14); a 

CHzCl 6 
C1 0 0 M e  e"' - H ,  R a w  Ni, Hz, Raney Ni. - 

KOH Et3N 
i- 

OH OW 

5 4 
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SZAREK ET AL. 

partial, acid-catalyzed hydrolysis of 14 afforded 13-15 were employed in cmr-spectral studies (see 
3 -deoxy - 1,2- O-isopropjlidene- a-D-ribo-hexo- below): also, compound 13 was ut~lized for the 
fiiranose (7-9) (15) (Scheme 4). Compounds synthesis of some new, chlorodeoxy sugars. 
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A partial, acid-catalyzed hydrolysis of 13 gave 
3 - chloro - 3 - deoxy - l ,2 - O - isopropylidene - a - D - 
glucofuranose (16). Treatment of 16 with tri- 
phenylphosphine in carbon tetrachloride for 18 h 
a t  reflux temperature afforded 3,5,6-trichloro- 
3,5,6-trideoxy- 1 ,2-0-isopropylide~le-P-L-idofur- 
anose (BY), whereas, when a reaction time of 
-5  h was employed, 3,6-dichloro-3,6-dideoxy- 
1,2-0-isopropylidene-a-D-glucofuranose (18) was 
obtained. The constitution of 88 was established 
by cmr spectroscopy (see below). and the con- 
figuration at  C-5 in 14 was assigned on the basis 
of the results of Chill and Whistler (5) (see 
above). Hydrogenation of the dichloro com- 
pound 18 over Raney nickel in the presence of 
trieth\/lamine yielded 6-chloro-3,6-dideoxy- 1,2- 
0-isopropylidene- a-D-ribo- hexofuranose (21); 
this result is another example of selective de- 
chlorination at  a secondary position. However, 
in the case of the trichloro compound 14, under 
these conditions, 3-chloro-3,5,6-trideoxa2-0- 
isopropylidene-a-D-xj.10-hexofuranose (19) ancl 
3,5,6-trideoxy- 1 ,2-0-isopropylidene-a-D-er;l'thr.o- 
hexofuranose (20) were produced, Clearly, the 
selectivity observed in the formation of 19 from 
17 is the reverse of that observed in the formation 
of 21 from 18. 

The work described in this article demonstrates 
that, although hydrogenation of a sugar deriva- 
tive, containing chlorine atoms a t  primary and 
secondary positio~is, over Raney nickel in the 
presence of triethylamine can result in a regio- 
selective dechlorination, the relative reactivities 
of the chlorine atorns are unpredictable. Never- 
theless, once the reactivity order has been 
established, the result can be of immense value 
in carbohydrate synthesis. Thus, for example, a 
facile synthesis of the antibiotic sugar purpuros- 
arnine C (and of epipurpurosamine C) has been 
achieved by application of this approach.Wiher 
examples of selective dehalogenation in the 
carbohydrate field have been reported (10). 

The assignment of structure to the chlorodeoxy 
sugars and the corresponding reduced products 
was aided in the present work by cmr spectros- 
copy. It has already been demonstrated ( I  1) that 
the regiochemistry and stereochemistry of halo- 
gen substitution on a sugar molecule can be 
readily determined by this technique. The 13C 
chemical shifts of some pyranoid derivatives are 

3W. A. Szareli. A.  Zamojski, C. Depew, and 5. K .  N.  
Jones: to he published. 

documented in Table 1.  The effects on the chemi- 
cal shifts resulting from the replacement of a 
hydroxyl group by a chloro group or a hydrogen 
atom are discussed on the assumption that all of 
the molecules have the C'~(D) conformation. 
The signal assignments were made by a com- 
parison of the spectra of appropriate sugars with 
each other, and also on the basis of the general 
shieldin! properties associated with the various 
interactions observed by Perlin et 01. (12) i n  the 
monosaccharide series. 

A comparison of the chemical-shift data 
reported (1 1) for methyl 9-D-glucopyranoside 
(22) with that of methyl 3,6-dideoxy-,3-~-ribo- 
hexopyranoside (2) permitted the assignment of 
signals in the spectrum of the latter compound. 
The outstanding features of the spectrum of 2 
compared to that of 22 are as follo\vs. In the 
case of 2, there are large ~~pf ie ld  shifts of the C-6 
(43.5 pprn) and C-3 (36.7 p p n )  signals; these 
shifts may presumably be attributed to a differ- 
ence in inductive effects between a hydrogen 
atom and a hydroxyl group. The C-4 signal in 
the spectrum of 2 is shifted upfield b) only 0.6 
ppnl relative to the corresponding signal in the 
spectrum of 22, whereas there is a 5.9 pprn- 
upfield shift of the C-2 signal in the spectrum of 
2; this difference in the magnitudes of the upfield 
shifts must clearly be a reflection of the different 
interactions between H-4 and the methyl group 
a t  C-5 in compound 2, and M-4 and the hydroxy- 
methyl group at  C-5 in conlpound 22. It is 
noteworthy that the C-1 signal in  the spectrum 
of 22 is shifted upfield by 2.0 pprn relative to the 
corresponding signal in the spectrum of 2, 
although the configuration at  the anomeric 
center in each of the compounds is 8. If the two 
compounds d o  in fact exist in the GI(D) con- 
formation, then the observed shielding may 
presumably be attributed to the anti-periplanar 
relationship of @-1 and 0 - 3  in 22; Eliel et al. 
(13) have shown that a carbon atom that is rrrzti 
t o  a second-row heteroatozn (N,  0, F) in the 
-y position generally resonates at  significantly 
higher field than an analogous carbon anti to a 
methyl or methylene group or to a third-row 
heteroato~n (S, Cl). On the basis of the con- 
clusion reached by Eliel ct (11. (13) the C-5 signal 
in the spectrum of 22 should be shifted upfield 
relative to the C-5 signal in the spectrum of 2, 
since in connpound 22 (in the 6 1 4 ~ )  conforma- 
tion) C-5 and 0 - 3  are anti-periplanar, whereas 
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SZAREK ET AL. 

Coti i j~o~~nd 1 2 3 

hle 

2 105.9 67 .5  40.1 

OH 

C H  Cl 

3 105.8 67.0 39.8 

OH 

CH OH eve 2 2 b  103.9 73 .4  76.8 
HO 

OH 

CH Cl 

40 104.4 69.8 71.2 

OH 

aIn pprn downfield from internal tetramethglsilnne (TMS) in  methgi suifoxide-ile 
bChemica1-shift dar.1 ;ire tliose reportcd in ref. 1 I .  
CChemical-shift data ohrained from hpcctruni of a mixture o f 6  and  7. 
d A a s ~ ~ ~ i r n e n t s  for tlieae peak positiol~s ma) bc reversed. 

in compound 2 C-5 1s dnti-periplanar to  the 
equatorial hydrogen diom at  @ - 3 ,  houever, the 
C-5 signal in the spectrum of 22 h a s  actuallj 
obserked to  be sh~fted downfield by 1.5 ppm, 
presulndbly because of the clesh~elding effect of 
the hydroxyl group dt C-6 

The 13C spectrum of methyl 6-chloro-3,5- 
d ~ d e o x ~  -d-D-rlbo-hexop) ranoside (3) could be 
readily analbred b) comparison ui th  the 
spectrum of methyl 3,6-dideoxy-$-D-rho-hexo- 
pyranoside (2) The C-4 signal in the spectrum of 
3 1s shifted upfield by 4 4 pprn relative to the 
correspond~ng s~gna l  In the spectrum of 2 as a 
result of the shielding 7 lnterdction bet~+cen the 
axial H-4 dnd the chlorlne atom a t  C-6 In com- 
pound 3 The d~fference between the substltuents 
a t  C-6 in compounds 2 and 3 (H 1x1 2 and Cl in 3) 

is also reflected by the upfield shifts in the 
spectrum of 2 of the C-5 (3 4 ppm) and C-6 
(27 2 ppni) signals 

It bias mentioned earl~er In thls article that 
hydrogenation of methj l 4,6-d~chloro-4,6-di- 
deoxj-@-D-galactopyranos~de (4) in the presence 
of t r~e th j l an~ ine  afforded a mlxture of methyl 
4-ch1oro-4,6-dldeoxj4$-~-gi~lL~~topy~anos~de (6) 
and met111 I 6-chloro-4.6-dideoxy-$-~-lij lo-hexo- 
pyrdnoslde (7') from \vh i~h  on14 compound 6 
could be Isolated In a pure state, nevertheless, 
the structures cf both 6 and 7 could be established 
b) crnr spectroscop) Thus, for example. the 
63-5 s~gnal  in the spectrum of 4 is shlfted doun-  
field by 4 4 ppm relative to the corresponding 
signdl In the spectrum of 6, a result attributable 
to  the 3 effect of the chlorine dtom at  C-6 in 4, 
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T ~ R L F  2. IjC chemical-shift dataa of furanoicl derivatives 

Carbon 

Compound 1 7 3 1 5 6 hIe2-OCO Me's 

CI$ti. 

15 104.9 80.0 33.3 78.3 71.9 63.2 109.9 26.1,26.7 

0-CLle, 
HOCH 

HCCI 0 

V? 17 103.6 85.8 61.0 80.1 60.3 46.2 111.9 26.1, 26.3 

0 - C M e l  
CICH: 

HCH 0 

W? 19 103.6 85.7 63.4 80.0 22.5 9.7 111.1 26.1, 26.2 

0-CMe, 
Me 

HCH 

r;;b 20 104.9 79.9 37.9 78.3 26.4b 10.0 109.6 26.0b, 26.6b 

0-CMe. 
CICH: 

QIn ppm downfield from internal tetramethylsilane (TMS) in methyl sulfoxide-da. 
aAssignments for these pedk positions may be reversed. 
CChemical-shift values for spectrum measured in chloroform-d are reported in ref. 14. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SZAREK ET AL. 3789 

whereas the C-4 signal in the spectrum of 6 is 
shifted downfieid by 3.9 ppm as a consequence of 
the diniinished r interaction resulting frorn 
replacenlent of chlorine by hydrogen at  C-6. 
Also: as expected? the chen~ical-shift difference 
between the C-6 signals in the spectra of 4 and 6 
is almost the same as that betv,een those in the 
spectra of 3 and 2. Chemical-shift data for 
melhq'i 6-chloro-4,6-dideoxy-$-D-.~j,Io-hexopy- 
ranoside (7) were obtained by cornparison of the 
spectrum of a mixture of c o m p o ~ ~ n d s  6 and 7 
with that reported (1  1) for inethyl 6-chloro-4,6- 
dideoxy-a-D-,x)lo-hexopyranoside (23). One sa- 
lient feature is that the chemical shifts of the 
C-4 and C-6 signals are respectively almost 
identical in the spectra of the anomers 7 and 23. 
As expected, on the basis of the presence in 23 
of shielding, 1,3-diaxial nonbonded interactions 
(compare refs. 11 and 12) between the methoxyl 
group a t  C-1 and the hydrogens at  C-3 and C-5, 
the C-1, C-3, and C-5 signals in the spectrum of 
23 are shifted upfield relative to the correspond- 
ing signals in the case of 7. Also, the C-2 signal 
in the spectrum of 23 is shifted ~ipfield by 1.3 
ppni: this observation is another example of the 
increased shielding experienced by a I T  nnl~cleus 
adj'acent to an axial C-0 bond (12). 

The 13C chemical-shift data for the chloro- 
deoxy- and deoxy-hexofuranoses reported in the 
present article are documented in Table 2 ;  in- 
cluded also are data (14) for 1,2:5,6-di-0- 
isopropylidene-a-D-@ucofuranose (24) and 1,2- 
0-isopropylidene-a-D-glucof~~ranose (25) which 
aided the signal assignrl1ents in the spectra of the 
new compounds. In the case of the filranoid 
derivatives the signal assignments were readily 
made by a comparison of the spectra of the 
parent isopropylidene derivatives, the chlorinated 
analogs, and the reduced products. Hence, the 
sites of chlorination and reduction a t  either the 
exocyclic carbons (C-5 and C-6) or the endocyclic 
carbon (C-3) could be established on the basis of 
the chemical-shift diRerences arising from the 
substitution of a hydroxyl group by a chloro 
group or a hydrogen atom. The effects of change 
in substitution on lT shieldings are sunlmarized 
in Table 3. 

Replacement of the hydroxyl group a t  C-3 by a 
chloro group results in a large (-lOppm) 
upfield shift of the C-3 signal (compare the 
chemical shifts in the spectra of 25 and 16, 1 4  
and 19, and 24 and 13) and a relatively small 
(-1.5 ppm) upfield shift of the C-4 signal; in 

contrast. the C-2 s i ~ n a l  experiences a very minor 
(-0.5 ppm) downfield shift, and the C-5 signal 
is shifted doivnfield by -- 1.5 ppm. It is difficult t o  
attribute these chemical-shift differences to one 
particular interaction or factor. Thus, for 
example, a change in substitution at  C-3 may 
alter the rotamer population of the C-5-C-6 
fragrnent and. consequently. aflrect the 13C 
shieldings of C-3, C-4> and C-5. 

Characteristic shifts were also observed on 
replacement of the chloro group a t  C-3 by a 
hydrogen atom. Thus. there is a large (-27 
ppm) upfield shift of the C-3 signal (compare the 
chemical shifts in the spectra of 16  and 15, 19 
and 20, and 13 and 14); much smaller upfield 
shifts are experienced by the C-2 and C-4 signals. 
Also, the C-5 signal is shifted downfield by 
-3 ppm, an  effect that is reflective of the 
diminished cis-1,3 interaction between the C-3 
and C-5 substituents. 

In the cases of the replacement of the hydroxyl 
group by a chloro group at  the prirnary carbon, 
namely, C-6, the rnain change in the ciur spectra 
was the large (-- 15 ppm) upfield shift of the C-6 
signal (compare the chemical shifts in the spectra 
of 15 and 21, and 16  and 18). 

In the earlier study (11) concerned with cmr 
spectroscopy of chlorodeoxy pyranoid deriv- 
atives, the data obtained suggested that the 
changes in 13C shieldings resulting from the 
replacement of a hydroxyl group by a chloro 
group are configuration dependent. With the 
compounds available in the present work, such a 
dependency was difficult t o  establish in the 
fi~ranoid series. 

The structural assignments made for the 
chlorodeoxy- and deoxy-l,2-0-isopropylidene- 
hexofuranoses have been corroborated by mass 
spectral ~ t u d i e s . ~  

Experimental 
Melting points were determined with a Fisher-Johns 

apparatus and are uncorrected. Optical rotations were 
measured with a Perkin-Elmer   nod el 141 automatic 
polarinieter at  23 t 3 'C .  Thin layer chromatography 
was performed on silica gel G containing 1-3:; of 
L.uniilux Green ZS (Brinkniann): the air-dried plates were 
spraqed ni th 10% aqueous sulfuric acid containing I(/, of 
cerium sulfate and 1 . 5 q  of niolybdic acid. and heated at  
-150 -C. Coliirnn chro~liatography wax performed on 
silica gel 60 (70-230 mesh. Merck). Distillation of 
products was performed with a Kugelrohr apparatus. 

4W. A. Szarek. A. Zaniojski, and D. M.  Vyas; to  be 
pubiished. 
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TABLE 3. Effect of change of substituents on 13C shieldingsa in furanoid derivatives 

M(ppm) for co~lversions 

Conversionsb Carbon A B 

HOCH. 

HOCH: 

a(+) denotes shielding and ( -) denotes deshielding. 
bThc indicated conversions do  not  necessarily impl) direct chemical tmnsformation. 

Hydroge~lations were performed with a Parr apparatus; 
the cataljst was a W-4 Raney nicltel catalyst prepared by 
the procedure described by Pavlic and Adkins (15). 

The ir spectra were recorded 011 a Unicam SF 1000 
spectrophotometer. Proton magnetic resonance spectra 
were recorded at 60 MHz in chloroform-d with tetra- 
methylsilane (TMS) as the internal standard. unless other- 
wise stated. 1" nmagnetic resonance spectra ivere recorded 
in methyl sulfoxide-~/~ on  a Brulter HX-60 spectrometer 
equipped with a FT6OM Fourier transform accessory a t  
15.1 MHz, u i th  T M S  as the internal standard; chemical 
shifts are given in parts per million d o ~ n t i e l d  from TMS. 

(bp 60-80 "C), 2 : l  (vlv)) shoned that the starting 
material ( R ,  0.42) had all reacted and revealed the 
presence of a new component having R, 0.14. The 
catalyst was removed by tiltration. and the filtrate was 
neutralized with .V sulfuric acid. The mixture was 
filtered through Celite, and the dried (MgS04) filtrate 
was concentrated to  yield a yellow oil (1.2 g), which was 
distilled a t  90-100 - C  I torr ;  the colorless distillate 
(0.81 g, 77 ' ; )  crystallired on  standing. Recrystallization 
from ethyl acetate - petroleum ether (bp 60-80 'C) af- 
forded rnethj l 3,6-dideoxy-3-D-ribo-hexopyranoside (2) as 
colorless crystals (0.65 g. 62 '0 ,  m p  62-64 -C.  
-65.j3 (c 1.2 in water); pmr data (deuteriun~ oxide, 
external TMS) T 3.26 (d, 1H. JI,l = 8 Hz: H-I) ,  5.60-6.40 
(?H,  H-2. H-4. H- j ) ,  5.97 (s, 3H, Oble). 7.20 ( lH,  H-3eq), 
8.10 (IM, H-3ax), 8.26 (d: 3H. J,,,,j = 6 H z .  CMe). 
A!~irl. calcd. for C 7 H I 4 o 4 :  C 51.8, H 8.7; found: C 52.3, 
H 9.0. 

(6) 01 tile Pre.tetlce of Ti.irr/~~lrc~nir~e 
A solution of compound 1 (2) (1.0 g) in ethanol (30 ml) 

containing V6'-4 Raney nickel catalyst (20 m1 ethanol 

H?iirogenillior~ o j  itferl~yi 3,6-Di(.l1ioro-3,6-~ii(iro,~)~-~-~- 
ol lop~~rc~~~os idr  (1) 

( A )  111 rile Presrtlce of Pofccs~ii/nz H?~ilroxirir 
A solutioll of con~pound 1 (2) (1.5 g) in ethanol 

(150 ml) containing W-4 Raney nickel catalyst (30 rnl 
ethanol slurry) and potassium hydroxide (1.5 g) was 
subjected to  a hjdrogen pressure of 45 psig for 4 h .  Thin 
layer chromatography (ethyl acetate-petroleum ether 
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SZAREK ET AL. 3791 

slurry) aiid triethylalnine (1.3 1111) was subjected to a 
hydrogen pressure of 45 psig for 36 h. Thin layer chroma- 
tography (ethyl acetate - petroleum ether (bp 60-80 'C), 
2 : l  (v v)) showed that the starting material (KF 0.42) had 
all reacted aiid revealed the presence of a new component 
having R, 0.23. The filtered solution was concentrated to 
a syrup. which was chromatographecl on silica gel, with 
ethyl acetate as eluant. Methyl 6-chloro-3.6-dideoxy-fi-D- 
ribo-hexopyranoside (3) was obtained a i  a colorless syrup 
which crystallized 011 standing; >ield 0.68 g (80f,) .  mp 
41-43 -C. [a], -57.3" (c 1.2 in water); pmr data (dcu- 
terium oxide. external TMS) T 5.20 (d, 1H. .llS2 = 8 Hz, 
H-1). 5.30-6.40 (5H, H-2. H-4, H-5. 2 H-6's). 6.00 (s, 3H, 
OMe), 7.20 ( l H ,  H-3eq). 8.03 (1H: J3sx,3eq = 13 Hz, 
J33x,2  = J3ax,4 = 9 Hz, H-3ax). Atriil. calcd. for C7H13- 
04Cl :  C42.8, H6 .6 ,  C118.1; found: C42.5,  H7.0,  
CI 17.8. 

Hyrii.oget1urioir of ;Llerl!\.l 4,6-Dic/~lor.i1-4,6-diiieox)~-~-~- 
guluctopj,atzosirle (4) 

(A) 1t1 tile Presetii,e of Poicrsaiuriz Hidroxicle 
A solution of compound 4 (2) (0.5 g) in ethanol (50 ml) 

containing W-4 Raney nickel catalyst (10 ml ethanol 
slurry) and potassium hqdroxide (0.5 g) was subjected to 
a hydrogen pressure of 45 psig for 5 h.  Thin layer chroma- 
tography (ethyl acetate) showed that the starting material 
( R ,  0.57) had all reacted and revealed the presence of a 
new component having RF 0.35. The catalyst was remo1,ed 
by filtration, and the filtrate uas neutralized with dilute 
hydrochloric acid. The mixture was evaporated, and the 
residue was extracted with hot ethyl acetate ( 2  X 30 nil); 
conceiltration of the extracts yielded a white solid 
(0.5 g, 86' 1). Recrystallization from ethyl acetate 
hexane afforded methyl 4,6-dideoxy-P-D-xj.10-hexopq- 
ranoside (5) as white needles (0.17 g. 49[(), 1x13 103- 
105 -C, [a], -55.8' (c 1.1 in water): pnir data T 5.90 
(d, lH, J1.1 = 7 Hz, H-1) 6.00-7.00 (5H, H-2, H-3, H-5, 
2 OH'S), 6.50 (s, 3H. OVle), 8.00 (IH. H-4eq), 7.80-9.00 
( IH ,  H-Jax), 8.73 (cl, 3H, J I I e , 5  = 6Hz .  CMe). At~ol. 
calcd. for C7Hl4O4: C 51.8, H 8.7: found: C 52.1, H 8.7. 

(B)  111 /Ire Prr~rtice of Trirrlr! Iri~?iitie 
A sol~ition of compound 4 (2) (1.0 g) in ethanol (30 ml) 

containing W-4 Raney nickel catalyst (20 1111 ethanol 
slurry) and triethylamine (1.3 ml) was subjected to a 
hydrogen pressure of 45 psig for 36 h.  Thin layer chroma- 
tograph) (ethyl acetate - chloroforni; 3 : 1 (v , v)) showed 
the presence of some starting material (RF 0.33) and a 
new component having RF 0.21. The filtered solution was 
concentrated to a syrup, which wab chromatographed on 
silica gel. with the same solvent as employed for tlc as 
eluant. to aflford the component having RF 0.21 as a \\bite 
solid (0.55 g). Crystallization from ethyl acetate - hexane 
afforded niethjl 4-chloro-3,6-dideoxy-fl-~-galacto~1yraiio- 
side (6) as white needles (0.18 g. 21 t;), mp 152-1 54 -C, 
[a], -68.4- (c 0.9 in water): pmr data (deuterium oxide, 
external TMS) T 5.06-5.33 (2H, H-1. H-4). 5.33-6.00 
(3H, H-2, H-3. H-5). 6.00 is, 3N, OMe), 8.16 (d. 3H, 
J,,,,5 = 6 H z ,  CMe). Airill. calcd. for C7HI3O4C1: 
C42.8,  H6.6,  CI 18.1: found: C42.7, H6 .7 ,  C1 18.2. 

The mother liquor from the above crystalliratiou \vai 
evaporated to give a ~ h i t e  solid (0.37 g) whose cmr 
spectrum (see Table I )  suggested that it was a mixture of 
compound 6 and rneth)l 6-chloro-3,6-dideoxy-p-D-xjlo- 
hexopyranoside (7), with the former preponderating. 

Reocriotz of /.2-O-lsopi~op)~~idet1e-~~-~-,~ii1cofi11'ut1ose (8) 
>t,itlr Cui.bot~ Terr.aclrloride utid Tripliet~~~lpliospl~i,re 

To a suspension of compound 8 (3) (3.0 g) in carbon 
tetrachloride (300 nil) was added triphenylphosphine 
(10.0 g), and the mixture was heated at  reflux temperature 
with stirring for 18 h. Thin layer chromatography 
(benzene - ethyl acetate; 4 :  1 (1,; v)) showed that the 
starting material had all reacted and revealed the presence 
of two new components having RF 0.31 and 0.75. The 
reaction mixture was cooled. diluted with petroleum 
ether (1 litre), and kept at 0 C overnight; the precipitate 
was retiloved by filtration, and the filtrate was evaporated. 
The residue was chromatographed on silica gel, with, 
initially. benzene and, finally, benzene - ethyl acetate, 
4 : l  (v:v), as eluants. The slower-moving conipound 
(5,6-dichloro-5.6-dideoxy- 1,2- 0-iso~~ro~~ylideiie-p-L-ido- 
filranose (9)) (1.57 g, 45' ;) was sublimed at  115 'C,'20 
torr to afford colorleis crystals, mp 114-1 15 'C, [a], 
-15.5' (c 1.3 in chloroforn~): pnir clata r 4.00 (d, 1H, 
J,,, = 3.7 HZ, H-I),  5.45 (d, 1H, H-2), 5.55-5.75 (3H, 
H-3, H-4. H-5). 6.00-6.15 (ni, 2H. 2 H-6's). 8.52 and 8.70 
(s's 3H, CMe2). Atrul. calcd. for C9H1404C1~ : C 42.0, 
H 5 S .  CI 37.6: found: C42.1. H 5.5. C127.6. 

The faster-nioving compound (3,6-anhydro-5-chloro- 
5-deoxy-1.2-0-iaopropylidene-~-~-idofural70se (PO)) (0.59 
g, 20' , ) was sublimed at 60 ' C ,  30 torr to afford crystals, 
mp 58-61 C ,  [cY], t 47 .6 '  (c 2.3 in chloroform); pmr 
data 74.15 (d, l H ,  J L , l  = 3.5Hz. H-I),  5.20 12H, AB 
pattern, = 3.5 Hz, H-3, H-4), 5.38 (d, IH, H-2). 
5.5-6.0 (3H. ABX pattern, H-5, 2 H-6's), 8.55 and 8.70 
(s, 3H, Chicle2). Airul. calcd. for C9HI3Q4C1: C 49.0. 
H5.9,  C1 16.1: found: C39.1. H 5.9, C1 16.0. 

Hj,rirogetzntiotz of 5. 6-Diclzlor.o-j,6-ilideox).-1,2-0-iso- 
pro/1~~liii~~t1e-/3-~-icIofi11'iiilo.1r (9) 

A solution of compo~~i id  9 (0.87 g) in ethanol (80 inl) 
containing W-3 Raiiey nickel catalyst (30 nil ethanol 
slurry (-4.5 g of catalyst)) and triethylamine (2.1 ml) 
was subjected to  a hydrogen pressure of 45 psig for 20 h. 
Thin layer chromatography (chloroforn~ - ethql acetate, 
4:1 (\ljv)) showed that the starting material had all been 
converted into a single component having RF0.20. The 
catalyst was removed by filtration through Celite, and the 
filtrate was evaporated. The residue was dissolved in 
ethyl acetate (jOml), and the solution was washed 
successi\ely with 0.2 N sulfuric acid. a saturated, aqueous 
soiution of sodium hydrogen carbonate, aiid Lbater; the 
organic so l~~ t ion  was dried (,MgSD4) aiid evaporated. 
Recr>stallization of the residue (0.60 g, 9ilC;h) from ethyl 
acetate - hexane afforded 5,6-dideoxy-1.2-0-isopropj li- 
dene-a-D-x~lo-hexofnranose (11) a\  colorless needles, 
n ~ p  76.5-77.5 C ,  [ a ] ,  -23.8 (c 1.6 in chloroform); pmr 
data7 4.12 (d. 1H. J1,3 = 3.8 Hz, H-I) .  5.50 (d, 1H. H-2); 
5.66-6.17 (m,  ZH, H-3: H-3), 8.52 and 8.72 (s's, 3H, 
Chle-). 9.0 (t. 3H. J5,6 = 6.5 Hz, Me). For conlpound P I .  
nip 77-78 C aiid [cY],?~ -22 I I ' (c  4.5 in chloroforn~) 
have been reported (6). Ai~ul. calcd. for C9H1604: 
C 57.5. H 8.5: found: C 57.7, H 8.6. 

Hyc(i.ogrr~nrioil of 3,6-Aiil1~~~1ro-5-clzl~~~~1-5-i~~~oxj-l.2-0- 
isopropylidi.t~e-W-icli! fi1rcit10.1 e (10) 

A solution of compound PO (1 10 mg) in ethanol (10 nil) 
containing W-4 Raney nickel catalyst (4 ml ethanol 
slurry (-0.4 g of catalyst)) and triethylamine (0.26 ml) 
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was subjected t o  a hydrogen pressure of 43 psig for 48 h ;  
tlc (benzene) indicated that all of the starting material had 
been consumed. The catalyst was removed hy filtration. 
and the filtrate was evaporated: ether was added to  the 
residue. and the mixture was filtered. The filtrate was 
concentrated to  yield an oil (82 mg), whlch was chro- 
matographed on  silica gel with ether - petroleum ether 
(bp 60-80 'C) 3:7 (viv) as eluant. 3,6-Anhydro-5-deoxy- 
1,2-0-isopropy l i d e n e - a - D - x @ - h e x o f o e  (12) was ob- 
tained in crystalline form (52 n ~ g ,  57 '0,  and,  after 
sublimation a t  40 C10.05 torr. had mp 34-36 C. The 
pmr spectrum was identical with that  obtained for 
conlpound 12 by Kitchie and Szarek (16). AIICII. calcd. for 
C9H1404: C 58.0, H 7.6; found: C 58.2, H 7.6. 

3-Deo,~>,- 1,2 :5.6-rli-O-i.\opropjlic/eire-a-~-ribo- 
l~cso/ir,airose (14) rrirti 3-Deo.q.-I,Z-O-i~(111rcjpj./i- 
ric,irc,-a-~ -i.iho-hr.uclfiorinose (15) 

A solu t~on  of 3-chloro-3-deoxy-l,2:5,b-di-O-iiopro- 
pylidene-a-n-glucofura~~ose (7) (13, 1.0g) in ethanol 
(30 ml) containing W-4 Raney nickel catalyst (20 ml 
ethanol 5lurry (-2 g of catalyst)) and triethylaniine 
(1.3 nil) was subjected to a hydrogen pressure of  38 psig 
for 40 h.  The catalyst was removed by filtration, and the 
filtrate was evaporated; ether was added to  the residue, 
and the mixture was filtered. The filtrate was concen- 
trated, and the residual oil was distilled at  92 -C,  0. I3 torr 
to  aff'ord compo~ind  14 as a colorless oil (0.8 g, 9 2 ' 0 .  
RF 0.30 (tlc, chloroform - ethyl acetate, 4:1 (v jv)), 
[elD -7.2 (c 4.2 in chloroform). The pmr spectrum was 
collsistent with the spectral data reported for 14 by 
Haylock er 01. (7). For compound 14, [a], -2.75 
(C 0.4 in chloroform) (7). [aIDr8 -8.6 (c 3.7 in ethanol) 
(8), and [a], -5.78' (c4.2 in ethanol) (9) have been 
reported. Ailrrl. calcd. for C12H300j: C 59.0; H 8.2; 
found: C 59.1, H 8.2. 

Partial, acid-catalyzed hydrolysis (9) of cornpou~ld 14 
afforded the mono-0-isopropylidale derivative 15 as a 
syrup, [u] ,  - 13.3 ' (c I .2 in water); v,,,, (film) 3450 cnl-! 
(OH);  prnr data r 3.80 (d. IH. Jl,? = 4.0Hz.  H-1). 5.25 
(apparent t. 1H. H-2), 5.6-6.6 (6H, H-4, H-5, 2 H-6's, 
2 OH'S), 7.6-8.2 (2H. 2 H-3's), 8.50 and 8.70 (s's, 3H. 
CMe?). For compound 15. mp 82 C and [aIDZ4 -15.0' 
(c 1.3 in water) have been reported (7). 

3-Cl1loi~o-3-~leo.u~~-I,Z-O-i~op1'o~1~~li~/~~~~e-a-~-gli~co- 
firi.rri~o~e (16) 

A solution of 3-chloro-3-deoxq- l,2:5,h-di-0-isopro- 
pylidene-N-D-glucofura~lose (7) (13, 4.47 g) in methanol 
(45 ml) was treated with 0.8' , aqueous sulfuric acid 
(25 ml), and the solution was kept for 48 h at  room 
temperature; tlc (benzene - ethyl acetate, 3:1 ( v ~ v ) )  indi- 
catecl that all of the starting material had been consumed. 
The reaction mixture was lieutrali~ed with barium car- 
bonate, filtered, and the filtrate was evaporated. The oily 
residue was dissolved in carbon tetrachloride, anhydrous 
tnagneri~rm sulfate \+\.as added, and the mixture was 
filtered; evaporation of the filtrate afforcled the mono-0- 
isopropylidene der iva t i~e  86 as a syrup (3.8 g, 9 9 ' 0  
which crystallized on  standing. Sublilnatio~l at  115 C 
0.01 torr ga \e  crystals, nip 73-74.5 C ,  [el, - 14.3- (c 3.5 
in chloroform); v,,, (KBr) 3450 cm-1 (OH);  pmr data 
74 .1  (d, IH,  JlI2 - 3.5 Hz, H-I), 5.3 (d, IH, H-2), 5.5 
(d, IH, J3,, = 2.5 Hz,  M-3), 5.6-6.4 (6H, W-4, H-5, 

2 H-6'5, 2 OH'S), 8.5 and 8.7 (5's. 3H. C'v'e2). Aizal. calcd. 
for C9HljO5CI: C 45.3. H 6 3, CI 14.9, found: C 45.4. 
H 6.3, C1 15.1. 

Reczcfiot7 ~ ~ ~ ~ - C ~ ~ ~ ~ I ' O - ~ - ~ / ~ ~ O . Y ~ ~ - I , ~ - ~ - ~ J O ~ I ' ~ I ~ J ~ I ~ ~ I P I I ~ - C Y - D -  
gl~rcofirrrolose (16) vt~iilr Ti~ipliet~j~l~~l~o,rp/~i~e iil 
Curboil Terrnchloride 

( A )  A solution of con~pound 16 (0.30 g) ancl triphenyl- 
phosphilie (1.6 g)  in carbon tetrachloride (20 1111) \has 
heated a t  retl~lx telnperature for 5 h :  tlc (chloroform - 
ethyl acetate. 4:1 (v, r)) indicated that all of the starting 
material had been consumed. Ethanol ( 5  rill) was added, 
and heating was contillued to  convert the excess of 
triphellylphosphine into its oxide. The solution \+as con- 
centrated to half-volume, petroleum ether (bp 60-80 C)  
(30 ml) was added, and the ~iiixture was kept at  5 C ;  the 
precipitated triphenqlphosphirle oxide was removed by 
filtration. The filtrate was e ~ a p o r a t e d ,  and the residue 
was triturated with 3 portions of petroleum ether. The 
residue was diisolveci in a minimum quantity of a ho t  
mixture of carbon tetrachloride-petrole~tm ether, and 
the solution was cooled; the precipitate was rcmoved by 
filtration, and the filtrate and the petroleum ether 
triturates were evaporated. The crude product was 
chromatographed on  sllica gel. with chloroforrn - ethyl 
acetate, 8: l  (v;v), as  eluant. to  afford 3,h-dichloro-3,6- 
dideoxy- 1 .2-0-i5opropylidene-ci-D-glucofuranose (18) a s  
a pale yellow syrup (0.32 g. 60' ,), R, 0.64 (tic, chloro- 
form-ethyl  acetate, 4:I (v/v)); [a], -9.5 (c 1.1 in 
chloroform); v,,, (film) 3500 ~111-1 (OH);  prnr data 
74.05 (d, IH,  JI,2 = 3.5IHz, H-I), 5.3 (d, IH,  H-2), 5.5 
(d, lH, JjS4 = 2.5 Hz. H-3), 5.7-6.5 (4H, H-4, H-5, 
2 H-h's), 8.5 and 8.7 (s's, 3H, CMe2). Airul. calcd. for 
C9H1404C12: C 42.0, H 5.5, C1 27.6: f o ~ l l d :  C 41.8, 
H 5.3, C1 27.7. 

( B )  A solution of coml~ound 16 (1.15 e) and trlnhenvl- . L ,  . , 
phos;hine (5.0 g) in car'bon tetrachloride (100 ml) was 
heated at  ref ux temperature for 18 h. Thin layer chronia- 
tography (chloroform - ethyl acetate, 4 :  l (vjv)) indicated 
that, within -5 h ,  the starting rnaterial had been con- 
vertecl into the dichloro cotnpound 18;  on  further heat- 
ing, cotiipound 18  was converted into a component 
having RF 0.60 (tlc, chloroform). Ethanol ( I 0  ml) was 
added, and heating was continued for a few hours. The 
bulk of the triphenylphosphine oxide was removed by 
precipitation with petroleum ether. The crude product 
was chromatographed o n  silica gel, bvith benzene a s  
eluant, t o  afford 3,5,6-trichloro-3.5.6-trideoxy-l,2-0-iso- 
1~ropylidene-8-L-ictofuranose (17) in crystalline form 
(0.85 g. 64',,). Recrystallization from hexam gave color- 
less needles, m p  97.5-99 -C,  [elD t 2 . 4 '  (c 5.1 in chloro- 
for~-ii); n o  absorption attributable to  O H  in ir spectrum; 
pmr data T 4.0 (d, IH,  J 1 , ~  = 3.0 Hz. H-I), 5.25 (d, IH, 
H-2), 5.45-5.9 (3H, H-3, H-4, H-5), 6.0-6.2 (ni, 2H, 
2 H-6's), 8.5 and 8.7 (s's, 3H, Cblez). Ai~ul. calcd. for 
C9H1303C13: C 39.2, H 4.7, C1 38.6; fou11d: C 39.1, 
H 4.6, CI 38.6. 

H!~tlroge~rutiot~ of 3,6-Dichlo1~o-3,6-r/i~teo,~~~- I ,2-0- 
i s o ~ ~ ~ ~ ~ o p ~ ~ i i r l e t r e - ~ - g l ~ ~ c o f i r r i ~ ~ r o s e  (18) 

A solution of conipound 18  (0.62 g) in ethanol (50 ml) 
containing W-4 Raney nickel catalyst (20 ml ethailol 
slurry (-3 g of catalyst)) and triethylamine (1.0 ~ n l )  was 
subjected to a hydrogen pressure of 45 psig for 18 h ;  tlc 
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(chloroform - ethyl acetate: 4 :  1 (v/v)) indicated that the 
starting niatel.ial hat1 all been convertecl into a component 
having R, 0.65. The filtered solution was evaporated. and 
the residue was triturated with ether: the triturate was 
concentrated to a yellow oil. Distillation at 70 'C ,  0.1 torr 
afforded 6-chloro-3,6-dideoxy- 1,2-0-isopropy lidene-a-D- 
iibo-hexofi~ranose (21) as a colorless oil (0.33 g, 61';). 
v,,,, (film) 3170 cm-1 (OH). Atliil. calcd. for C9HI5O4C1: 
C 48.6, H 6.8. Cl 15.9; found: C 48.5, H 6.8, CI 16.0. 

Hj.dioge17crrio11 of 3.5,6-Tricl7ioio-3,5.6-tr.ic/rox~~-I,2-0- 
~ . s o p ~ ~ o p ~ ~ l i c l c . t ~ ~ ~ - ~ - ~ - i c ~ o / ~ ~ ~ ' ~ ~ ~ ~ o ~ s  (17) 

A solution of cornpounil 17 (0.58 g) in ethanol (50 ml) 
containing W-4 Kanep nickel catalyst (25 nil ethanol 
slurrq (-4.3 g of catalyst)) and triethylamine (0.8 nil) was 
sul>jected to a hydrogen pressure of 50 psig for 24 h. The 
filtered solution was evaporated, and the residue was 
triturated with ether: the triturate was concentrated to a 
pale )ellow oil. Thin layer chromatography (benzene) 
indicated the presence of a major coniponent having 
R, 0.19 and lesser amounts of starting material (R, 0.51) 
and a component having R, 0.41. Chromatography on 
silica gel. with chloroform - ethyl acetate, 10:l (v, v), as 
eluant. aforded the major component (0.21 g) and a 
fraction (0.13 g) ~vhich was a mixture of starting material 
and the other component. Distillation of the major cotii- 
ponent at 90 C '20  torr gave 3,5,6-trideoxy-1.2-0-iso- 
~~ropylidene-a-D-e~ilrm-hexofi~ra~iose (20) as a colorless 
oil (50r ,), [a], - 1 4 . 2  (c  0.7 in chloroform): pmr data 
~ 4 . 0 9  (d. IH. Jill  = 3.7Hz. H-I). 5.28 (d of d l .  IH, 
J Z s 3  = 4.7 Hz. H-2), 5.85 (rn. IH. H-4), 7.62-8.07 (4H. 
2 H-3's. 2 H-5's). 8.48 and 8.66 (s's. 3H. CMe?), 9.03 
(t. 3H, J5,6 = 6.5 Hz. Me). Atlcrl. calcd. for C9HlhO3: 
C 62.8. H 9.4; found: C 62.8. H 9.4. 

The mixture of starting material and the other com- 
ponent wa3 fractionated on silica gel. with benzene as 
eluant. to afford a homogeneour sample of the latter 
(0.02 g). Distillatio~l of this sample at  98 C / 2 0  torr gave 
3-chloro-3,5.6-trideoxy- I .2-0-isopropylidene-a-D-xylo- 
hexofuranose (19) as a colorless oil, [a] ,  - 16.6' (c 2.8 in 
chloroform); pn?r data7 4.05 (d. 11-1, J , ,?  - 3.6 Hz. H-I), 
5.27 (d. 1H. H-2), 5.77 (ZH, H-3. H-4). 7.77 (m, 2H. 
2 H's), 8.49 and 8.70 (h's. 3H, CMe2). 9.03 (t. 3H. Jj,j = 
7.0 Hz. Me). Atrcri. calcd. for C9Hl5O3C1: C 52.3. H 7.3, 
CI 17.2: found: C 52.2, H 7.7, C1 17.1. 
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PhotosoIvation of [Co(CN),]3-, awns-[Cr(NH,),(N@S),1-, and 
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CARL FOOK CHOW WONG and ALEXANDER DAVID KIRK.  Can. J. Chem. 54, 3791 (1976). 
Photosolvation of [C~(cN)~] j - ( l ) ,  frur1s-[Cr(NHj)~(NCS)~]-(2) and tratls-[Cr(en),NCSF]+(3) 

has been studied in various water;methanol, ethanol. acetonitrile. eth1,lene gllcol, glycerol, and 
acetone mixtures and in aqueous solutions of pol~\ii~ylp)rolidolle. The quantun~ yield for 
thiocyanate loss from 3 was found to be fairly independent of solveiit, while for thiocyanate loss 
from 2. large, and at higher concentrations of organic solvent, specific reductions of quantum 
yield were observed. The study of 1 using spectrophotometric analysis for [CO(CN)~H~O]'-  
yielded similar data to some in the literature. but the larger range of bysteins studied here did not 
support the reported reduction of quantum yield with bulk vixosity. Furthermore evidence 
from this and other work suggests that niany of the obserbed quantum jield red~~ctions are only 
apparent, based on a false assutnption that the photo~olvatioii is cjualitativeiy the same in all 
mixtures. The data are reinterpreted in terms of competitive sol\ation by both solvent com- 
ponents. It is argued that this study supports a dissociative model of reaction for 1,  but an 
associative model for the chroniium con~plexes 2 and 3. 

CARL FOOK CHOW WONG et ALEXANDER DAVID KIRK. Can. J .  Chem. 54, 3791 (1976). 
On a 6tudiC la photosol\ atation du [CO(CN)~]'-(~),  [Cr(NH3)z(NCS)4]-it.ii~~s (2) et [Cr(en)2NC- 

SF]+ rrutl~ (3) dans divers inelallges d'eau methanol, Cthal~ol; acetonitrile, ethylene glycol, 
glyckrol et acetone et dans des solutions aqueuses de polyvinylpyrolidone. On a trouve que le 
rendenlent quantique pour la perte du thiocjanate B partir de 3 est pratiquement independante 
du solvant alors qu'il y a une grande dependance pour la perte du thiocyanate ?I partir de 2;  
de plus on a observe qu'a des conceatration:, plus Clevees cle solvanti organiques, des rCductions 
specifiques du rendelnent quantique peuvent Ctre observees. L'Ctude de 1> en faisant appel a 
l'analyse spectrophotometrique de [CO(CN)~H~O]~- ,  aconduit B des donnees semblablec celles 
que 1'011 peut retrouver dans la littirature; toutefois les etelldues plus grandes des systkmes 
CtudiCs dans le present travail n'apportent pas de support pour la reduction des rendetnents 
quantiques qui a CtC rapportees en fonction de l'augmentation de la viscositC globale. De plus 
des donnees rapportee dans ce travail et dans d'autres travaux suggkrent que pl~lsieurs reduc- 
tions dans les rendements quantiques ne sont qu'apparentes et basees uniquement sur I'hypo- 
thkse fausse que la photosolvatation est qualitativement la m&me dans tous les melanges. On 
rCinterprkte les donnees en terme de solvatation compktitive par les deux composants du solvant. 
On prCsente des arguments suggirant que notre etude supporte un modkle dissociatif pour la 
reaction de 1 mais un modkle a,sociatif pour les complexes 2 et 3 du chrome. 

[Traduit par le journal] 

Introduction Scandola et al. (7, 8) have reported large solvent 
The large majority of studies of ligand photo- effects on photolysis of some cobalt complexes. 

substitution processes of coordination corn- These they correlated with solvent viscosity and 
pounds have been carried out in water as explained in terms of a photoinduced heterolytic 
solvent ( l , 2 ) .  In recent years, however, a number bond fission to produce a five coordinate species 
of experiments have extended the range to non- 
aqueous, and mixed aqueous solvent systems. 
The influence of solvent on excited state proper- 
ties (3) and on photocheclical behaviour (4) is 
clearly not well understood a t  present. Thus, 
while Langford and Tipping ( 5 )  and the authors 
(6) found evidence only for minor solvent effects 
for [Cr(RNH2)5C1]2- photolyses in DMSO water 

and solvent separated ligand, with subsequent 
competition between solvent substitution and 
cage recombination. 

It is these latter observations, the apparent 
differences in observed bellaviour. and the 
important implications for theoretical models of 
transition metal photochemistry that prompted 
this investigation of solvent effects for two 

and acetone water respectively, in contrast chromium complexes, similar but of opposite 
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WONG AND KIRK 

Ethylene glycol 

TABLE 1. I'hotochetnical yields as a function of mediun-i 

Wt. 
4 .  GoC 

v 
Water: ((  X H ~ O  (cP) la 2 b  3C 

Glycerol 10 0.98 i . 3  0.93 0.93 - 

20 0.95 1.7 - - 0.93 
24 0 .91  2 .0  0.79 0 .83  - 

10  0.88 3.7 0.62 0 .63  0 .90  
48 0.85 5 .6  0.51 0 .53  - 

56 0.80 8 . 3  0.31 0 .36  - 

60 0.76 10.7 - 0.85 
61  0.74 13.6 0.32 0 .39  - 

16 0.95 1.5 0 .86  0 .83  - 

32 0 .88  2 .3  0 .72  0 .65  - 

48 0.79 3 .5  0.59 0 .53  - 

60 0.70 5 .0  0 .46  0.46 - 

70 0.60 6 .8  0.36 0.40 - 

80 0.46 9 . 5  0.30 0.37 - 

Ethallol 7 . 5  0 .97  1 .4  0.92 - - 

15.3 0.9? 1 . 9  0.86 0.78 0.95 
27.5 0.87 2 .6  0.82 - - 

40.5  0 .99  2 .8  0.79 0.59 0 .93  
54.2 0.68 2 .8  0 .78  - - 

68.9 0 .54  2.1 0.77 0 .55  - 

hlethanol 30 0.81 1.8 - - 0.93 
60 0.54 1 .9  - - 0.95 
75 0.37 1 . 2  0.81 - - 

Acetone 20 0.93 1 .5  - 0.73 - 

30 0.88 1.6 - - 0.99 
10  0.83 1 . 6  - 0.63 - 

60 0.68 1 . 2  - 0.61 1 .O 

Acetonitrile 20 0.90 1.1 0.56 0.85 0 .97  
40 0.77 0 .95  0 .45  0 .80  1 . 0  
60 0 .60  0.73 0.43 0.79 - 

Polyvinylpyrolidone 0 . 5  1 . 6  0.92 - - 

1 .O 2 . 3  0 .90  - - 

2 .0  4 .3  0.86 - 0.99 
3 .0  7 .2  0.84 - - 

1 .0  10.6 0.82 - 0.96 

aCalculated from absorbance at  380 nm o n  assuniption that  sole product was [Co(CN)jH2OI2-; see 
text. Measured a t  20 "C, h, ,,,, i = 31 3 nm. 

"Quantum yield for thiocyanate release. Measured a t  20 "C, X,,,,, = 546 nm. 
CQ = quantum yield in solvent, 40 quantum yield 111 pure water, see text. 

charges, and a re-investigation of solvent efTects 
for [Co(CN)6]3- photolysis. 

Results and Discussion 

Table 1 sho\vs the quantum yields of photoly- 
sis of the three complexes [CO(CN)~]" (I); 
trur~.s-[Cr(NH3)2(NCS)4]-(2),  and r~a~zs-[Cr(en)2- 
NGSFI- (3), relative to the quantum yields in 
pure uater a t  20 "C, namely 0.313? 0.262, and 
0.266 respectively, a t  irradiation wivelengths of 
313 nm for 1 and of 546 nm for 2 and 3. The 

quantum yields for 1 were determined spectro- 
photometrically a t  380 nm follouing Scandola 
et 01. (7) (that is, assuming that [Co(CN)SH20]'- 
is the sole photo product), ~vhile for 2 and 3 the 
yields are based on direct measurement of 
reieased thiocyanate. For 3 a small yield of 
ethylenediamine aquation, 4 = 0.09, also occurs, 
but can be neglected for the purposes of this 
u ork. 

In brief, the results reveal large solve~lt effects 
for the two negative ions (but see later discussion 
for [Co(CN)6j3-) b u t  the efTects on the positive 
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ion are much smaller. in most cases on the order 
of the cumulative experimental uncertainty. 

[c~(civ)fj]~- 
The results for this compound, 1, while agree- 

ing with those of Scandola ei d., encompass a 
larger range of solvents and of composition, 
and it becomes apparent that the correlation 
with viscosity observed by those workers was 
more apparent than real. Thus small, but signifi- 
cant, differences are observed between the 
ethylene giycol, bvater system and glycerol ~ a t e r  
systems. The most dramatic departures, how- 
ever, are for polyvinylpyrolidone, uhich in- 
creases bulk viscosity markedly at  low mole 
fraction; similar observations by Natarajan (9) 
have been discounted by Scandola cr ul. (7, 
who interpret them to indicate only that the 
relationship between bulk viscosity and structure 
of the solvent cage may be different for viscous 
polymer solutions and for mixed solvent sys- 
tems; and most in~portantly for acetonitrile 
which gives a marked lo\$ering of measured 
quantum yield in solntions of redirced viscosity. 
We conclude that the viscosity correlation 
observed (7) was fortuitous aiid is not supported 
by our larger data set. 

Since the experimental phase of this work was 
completed, Nakamaru et trl. (10) have pub- 
lished a study of the photochemistry of % in 
water, acetonitrile: dimethyi formamide, meth- 
anol, ethanol, and some other solvents, which 
shows rhat a [Co(CN)5SI2- solvent n~onosubsti- 
t~ l ted  product is formed in each case, with 
quantum yields in the range 0.28 + 0.32, that is, 
roughly the sanie as that in water. They also 
find that for water ethanol mixtures the propor- 
tions of ethanol and water subst~tution var) in 
parailcl n ~ t h  composition as might bc cxpcctcd. 

Thus the spectropholometric calculations used 
in d e n v ~ n g  the Table 1 data for 1 are almost 
certa~nly in crror, since the p r o d ~ ~ c t  is likely to 
be an  u n k n o ~ n  mixture of [CO(CN)~I-I~O]~-  
and [Co(CN)5SI2- rather than purely the former 
a s  presumed. 

The data for the acetonitrile water systein 
support such an interpretation 15ell. From a plot 
of q u m t u n ~  yield u,. mole fraction of water a 
lower limit quantum yield of about 0.125 appears 
to  be reached at  high acetonitrile concentrations. 
If this is due to  product [ C O ( C N ) ~ C H ~ C N ] ~ -  
being produced with C$ = 0.28 (10) one can 

calculate its molar absorptivity at 380 nn! (the 
analysis wavelength) to be 135 I mol-I cm-I. 
This is in good agleement with the value calcia- 
!ated by us f r o n  the publ~shed spectrum of this 
compound (I I),  namely I30 1 mol-I cm-I For 
the single methanol polnt of ocr work, assunling 
the lob  lln:lt apparent quantum ~ ~ e l d  has been 
reached (this secms reasonable as X H ~ ~  has been 
reduced to 0 3. ~ h i l e  for aceton~tr~ie  uatcr and 
ethanol uater mixtures the quantum jield 
approaches the linlitlng value at  XI,,,, as hlgh as 
0.6) one ca!culates t3so -- 230 1 molP1 cm-I again 
111 agreement with the lalue u e  calculate from 
Wakarnaru's spectrum, 220 I ~ n o l - ~  cm-I. For 
ethanol there is a d~screpancy: €380 [Co(CN)5- 
C2tI50Hl2- 230 1 mo!-I cm-I (our uo ik )  us. 
170 I niol-I c r ~ i - ~  (Nakan~aru data. our calcula- 
tion). Hoi$ever, note that Unkamaru"s niolar 
absorptivlties for the ethanol monosubstituied 
compound are quite 101% compclred to the 
methanol analogue so the former might be sub- 
ject to some error In order to  explaln the 
apparent quantum q~elcl decredse for the 
elycerol ndter dnd ethqleile glqcol hate1 qys- 
u 

tems In the same uaq requires the hypotheticai 
monosubstituted products to have molar absorp- 
tivltles at  380 nrn of about 60 and 75 1 inol-I cm-' 
respectivelj These are rather low values and 
suggest that for these molecules some or all of 
the apparent decrease 111 quantum yleld ulth 
increased concentration of oiganic component 
maq be real 

For acctonitrilc. methanol, dnd probdbl) 
ethanol, ho~xever. fie beliebe that the quantum 
yield of reaction remains approximatel) con- 
stant, and uith incrcascd concentration of 
organic solvent substitution by the organic coin- 
poneni successf~~lly competes with water substi- 
tution. The measured absorptivities at  380 nm, 
together with the published spectra of the I-!lono- 
substituted products, enables one to calculate 
tllc proportion of aquo and solvento-rnono- 
substit~ited products as a function of solvent 
composition. The data are not sufficiently ample 
or reliable to investigate the dependence of the 
proportion on composition (mole fraction) but 
it reveals the interesting result that acetonitrile 
preferentially photosubstitutes over water by a 
considerable factor, about 40. Methanol appears 
favored b\ a factor of about t h o ,  while ethanol 
appears to be on an approximately equal footing 
with water. Whether these results reflect prefer- 
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ential solvation effects or rates of substitution is 
uncertain. The favoring of the \+eak nucleophile 
acetonitrile, hobvever, suggests that preferential 
solvation (or greater mobility due to lack of 
hydrogen bonding) rnust provide the explana- 
tion. Preferential solvation by acetonitrile would 
be favored by the similar nature and polariz- 
ability of acetonitrile and I. Yakamaru et ( [ I .  (10) 
noted spectral evidence for strong, polarizability 
effects in [Co(CN)6I3- acetonitrile solutions; 
some charge transfer interaction is even possible. 

In summarv, this analvsis of the data indicates 
that many quantum yield changes observed for 1 
(7) were only apparent based on an  incorrect 
a s sum~t ion  as to the nature of the ~ r o d u c t .  The 
data for polyvinylpyrolidone solutions and pos- 
sibly for glycerol and ethylene glycol d o  suggest 
some residual composition dependence but not 
well correlated with bulk viscosit~.  The case for 
cage recombination is not established by the 
data since other explanations for such solvent 
effects exist: such as c h a n e s  in the extent of 
solvent structure (1 1) and preferential or mixed 
solvation with consequent alteration of effective 
water activity in the solvation shell of the ion. 

tr~ns-[Cr(NH~)~(NCS)41- cmd Ircms- 
[Cr(en)2NCSF]+ 

Table 1 shows that definite changes of +xcs- 
occur as a function of solvent composition for 2. 
Since these yields were directly determined there 
is no  doubt about their magn i t~~de  and the 
reality of the variations observed, although we 
did not, due to the experimental difficulty 
involved, attempt to determine the nature of the 
solvent substit~i&xl proclucts. 

The changes in quantum yield observed for 2 
d o  not correlate with solvent viscosity, and again 
the data for acetonitrile are a good ili~lstration 
of this. A plot of relative quantum yield for 
thiocyanate from 2 us. mole fraction water, 
X H ~ ~  (Fig. 1) shows that for each solvent ex- 
amined a different limiting quantum yield is 
approached at  high mole fraction organic sol- 
vent. For very much lower mole fractions of 
water a further change in quantum yield might 
occur, as water was progressiveljr excluded from 
the .system. Such a regime might not be acces- 
sible due to  solubility problems. However, a t  
high rnoie fraction water ( 2 0 . 9 )  the relative 
quantum yield is close to the sanle linear f l~nc- 
tion of X g z ~  for all soivents except acetonitrile. 

FIG. 1.  Relatibe quantum yields for photosolvation of 
thiocyanate ion from I ~ I I I ~ . S - [ C ~ ( N H ~ ) ~ ( N C S ) ~ ~ -  as a 
function of aqiieous niixed \ol\ent conipo\ition. + = 

ql~antum yield for thiocya~nate in inixed solvent. 40 = 

qLiantum lield for thioc).anate in water. x,,, = mole 
fraction water in iolution. Legend. 0, acetonitrile; [7. 
acetone: 3, ethanol: A, ethllene glycol; @, glycerol. 

This suggests a similar lowering of water activity 
a t  low conceritratior~s of o-ganic solvent, with 
the appearance of specific solvent effects a t  
hieher concentrations. u 

In contrast the data for the unipositive 
ion, 3, show only small effects of solvent com- 
position. This parallels earlier data (5, 6) for 
[Cr(RNH2)5CI]"+ photolyses and suggests a 
charge eirect; that perhaps generally, positively 
charged chromiurn complexes show little sensi- 
tivitp of quantunl yield-to solvent composition 
in aqueous non-aqueous media. 

These observations can be rationalized in 
terms of a model which considers the variation 
of the composition of the primary solvation 
sphere, the effectiveness of the components as 
nucleophiles, the steric constraints on substitu- 
tion and the influence of solvent structure includ- 
ing hydrogen bonding. From the point of view 
of predictive po\+er a model with so many 
variable parameters is bound to leave something 
t o  be desired, but it dces seem from the data 
obtained here, and from studies of solvation and 
solvent structure (1 1 and references therein), 
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that all of the above factors might be expected 
to  play a role. 

Since. for chromium complexes, the lifetime 
of the excited quartet state leading to  reaction 
(12-15) is iikely to be only a few picoseconds 
(16), the quantum yield of substit~ltion can be 
expected to depend on the rapid availability of 
a suitably oriented nucleophile. For a positive 
ion the primary solvation sphere, which is 
almost certain to contain a t  least one water 
molecule even in a fairly dry organic solvent, 
has the water n~olecules oriented with the oxygen 
lone pair suitably placed for nucleophilic substi- 
tution. Thus one may understand that substitu- 
tion is facile and little change in quantum yield 
occurs on addition of organic solvent to the bulk 
solvation sphere, that is, until the obvious limit 
of extremely low mole fractions of water is 
reached. (Such a limit might, in practice, be 
beyond reach due to insolubility.) 

In coiltrast, for a ncgativc ion, the water in the 
solvation sphere is inappropriately oriented for 
nucleophilic substitution and must rotate (or 
pseudo rotatc) in order to substitute. Since 
molecular rotational relaxation times are of the 
order of 5 X 10-12 s for water and longer for 
organic solvents, this can bc expected to  be a 
non-trivial part of the substitution mechanism. 
It is known that as organic solvents are added 
to  water initially an  incrcasc in structuring and 
hydrogen bonclinz of the water occurs relatively 
independent of the nature of the organic com- 
ponent. If water molecules in thc s01vcnt sphere 
are participating in such stri~ctural changes this 
couid be expected to decrease the rate of water 
substitiition. Furthermore a t  significant mole 
fractions of organic solvent it will ccmpete for 
sites in the solvation sphere, as shown by the 
results for [CO(CW)~]~-,  and this could also lead 
to  a decrease in the rate of substitution. 

Consideration of the data on this basis sug- 
gests that the early linear portion of Fig., I 
corresponds to an increase in hydrogen-bondlng 
of solvation sphere molecules, with decrease in 
quantum yield due to their decreased mobility 
enabling radiationless decay to compete better 
with nucleophilic substitution involving the 
excited state. At higher concentrations of organic 
solvent conlpetition for sites ir, the solvation 
sphere may begin to be important, Thc limiting 
quantum yields achieved, Fig. 1, may then be 
determined by the ability of the organic solvent 

to substitute on chromium in place of water. 
Such an  explanation suggests the-order of substi- 
tution efficiency to be acetonitrile > acetone > 
ethanol > ethylene glycol > glycerol, certainly 
not an  order of nucleophiiicity but quite reason- 
able as a sequence of mobility. iif this illode1 is 
correct, and we hope in future to be able to 
undertake analytical work to investigate this, it 
will dramaticallv illustrate the imwrtance of 
specific solvation and structural effects in 
chromium photochem~stry in mixed solvents, a t  
least for negative ions. 

This analysis of the data suggests a real ditfer- 
ence between the behaviour of the cobalt corn- 
plex, 1 ,  and the chron~ium complex, 2. For I, the 
data suggest the quantum q ie ldrema~ns  constdnt 
Independent of the substituting iigand (w~th  the 
posslbllitj of small viscoslt) mob~llty effects) 
Ironicallq this supports the o r ~ g ~ n a l  proposed 
d~ssociatrve mechanism involv~ng interruedldte 
[Co(CN)51Z-. followed by complete scavenging. 

In contrast the neeatlve chrornlu~n(lEl) Ion sho~vs  
discrin~ination between entering nucleoph~les. 
This might be argued also to support a dissocla- 
tike mode of reaction with incomplete scaveng- 
ing. However there is no evidence for such a 
cage mechanism and it would not explain the 
contrast in behaviour of the negative and positive 
ions. In fact one ~vould expect recombinations to 
competc Il7oi.e favorably in the case of the 
positive ion, 3, where the fragments are of 
opposite charge. The observations better support 
an associative mode of reaction in which nuclco- 
philic substitutions must compete uith non- 
reactive degradative processes of the reactive 
excitcd state. 

Experimental 

.&fuirr.inls 
K I C O ( C F ~ ) ~  \\a, hindl? donated by A. Ludi. University 

of' Bern, Switrerlasld. The spectroscopic data for the first 
ligand field band \+ere h ,n,, - 310 nm. t,,, = 192 1 
11101-1 ~ 1 1 1 - 1  (lit. ( 1  7) A,,, = 3 13 I I ~ ,  t,,, = 170 1 mol-1 
cm-I). K[ t r i~ /~ . \ - [Cr( idH~)~~NCCi)~]  \\as prepared from 
arnmoliiun? reinecltate (18) (DDH). 

ti.i1iis-[Cr(en)~(NCS)F]C1C~~: a 10g  sample of ti.ii/ls- 

[Cr(en)2H?OF] (Clod):. pr-epared as described by Vaughn. 
ei i i l . ,  (19) was vigoro~~sly 5tirreci with 5 g  of dried 
NH4NCS ( 1  h at 100 (3) in 50 mi of acidified (0.2 ml of 
3 M HCIO,) methanol in the dark at  40-45 C for 24 h. 
The solid residue \\as collected bq filtration. mashed with 
niethanol. and air-dried. The crude complex was re- 
crystallized from water by drop-\vise addition of 60'2 
HCIB4 to  the cooled solutioi~. The orange crystalline 
prociuct was filtered off, washed with methanol, and dried 
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it1 cclccro. Yield 5SC1. Allni. calcd for Cr(enj2(NCS)F- 
(C104):: Cr 14.92. C 17.20, N 20.10. H 4.60: found: 
C r  15.1, C 17.3, N 20.0, H 4.7. 

The identity of the product is suggested by its rnethod 
of preparation and was confirmed by elemental analysis 
and  the LIV-viiible spectrum. The preparation of rrr111.r- 
[ C ~ ( ~ I I ) ~ X F ] -  (X = Cl, Br) by aiiation of trails-[Cr- 
( ~ I I ) ~ H ~ O F ] ' -  in methanol is weli-known (20), and 
generally, only the stereoretentive product is easil) 
isolable. The elemental ana lp is  is in good agreement n i th  
the nioiecular formula and the LIV-visible spectrum 
confirms that it is the ti.iit~s isomer. The spectral charac- 
teristics, particularly the molar ahsorptivities (t), are 
significantly different fro111 those for the (,is isomer 
(namely A,,, = 375 nm ( t  = 33.9) and 509 n m  ( t  = 

41.2) for the above conipound but A,,, 375 nni (t = 52) 
and  500 nn1 ( t  = 85) (19) for the c , i~  isomer. 

Pl~orob,.ti~ A/,i,iiriir~i.t r~iril P~.oc.c.tlcrre 
A PEK air-cooled 203-1004 200-W high pressure 

rnercury lamp with a Bausch and Lamb grating niono- 
chromator (set for 20 nn1 spectral band width) yielded 
light at  3 13 and 546 nm,  with effective line half-widths of 
about  5 and 9 n11n respectively. In each case appropriate 
hloclting filterb (Corning) were ~ ~ s e c i  to  renioLe higher 
energy scattered light. Light ll~lxes were measured either 
by ferrioxalate (21) (313 nm) or reineckate (18) actino- 
metry. I11 addition a coiistaiit fraction of the light beam 
was continuously lnonitored by a photo-tube d~lring 
phorolys~s runs so  that intensity fluctuation5 or drifts 
were eaiily observecl and correctctl. 

Sample\ were photolyied in thermostatted 1 cni path 
length rectangular g l a s  spectrophotonietcr cells, n i th  
continuous magnetic stirring. 

RIIII Piocet1~rre.r ritlcl Ai~ci/~..sis 
A solution of the desired complex, 6 X :M for 

K3Co(CN)6 ancl 1.0 X 10-2 34 for rruil.s-K[Cr(NH3):(N- 
CS)4] and r i c i i l . , - [CT(~~)~NCSF]CIQ~ .  was niacie LIP under 
dim red light in the appropriate rtocl< solution. Two 3-nil 
aliquots were pipetted into I-cm path spectrophotometer 
cells and after thermal eili~ilibration (5 min) one saniplc 
was photolyzed to  give about j', ( K 3 C o ( C N ) ~ )  or 2.5( ,  
conversion. 

For K,Co(CN), the extent of reaction was determined 
by measuring the absorbancei of the dark aiid photolyzed 
soli~tions a t  380 nm ( E  = 298 I 11101-~ ctn-I) (22). The 
extent of reaction for K-reinecitatc and t~.ut~,t-[Cr(ei~)~PdC- 
SF]CI04 was determined by riieasurii~g  he releasetl 
thiocyanate as tlescribcd by Wegner and Adanison ( 18). 
Corrections for thernial reaction were appliecl by means 
of the data on  the dark iolutions. 
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NICOLE DESROSIERS AKD JACQUES E. DESKOYERS~ 
De~~iir t~netlr  of Cher?ii.srr:,,, i't~icersire' de SIier.h~.ook~~. Sl~erb~.ookr.  P.Q.. CUIIULII .IIK 2 R I  

Received July 12, 1976 

NICOLE DESROSIERS and JACQUES E. DESNOYERS. Can. J. Cheni. 54, 3800 (19761. 
The enthalpies. heat capacities, and volumes of transfer of the tetrabutjlammoniuni ion from 

water to  urea-~+ater, 1ei.t-butyl alcohol - water, and sodium chloride - hater  mixtures have been 
calculated at  25 C ~ ~ s i ~ i g  the scaled-particle theor). In general, the signs, magnitudes. and 
overall trends in the cosolve~lt concentration dependence of the properties are predicted from 
the cavit) contributions only. T h e x  calculations are found to  be very sensitive to  the diameters 
chosen for the various species. 

For these calculations it was necessary t o  liieasure with a dilatometer the coefticients of 
therlnal expansion of re1.r-butql alcohol- water niixtures as a function of concentration and 
temperature. 

NICOLE DESROSIERS et J A C Q U E ~  E. D E \ ~ Y E R S .  Can. J. Cheni. 54. 3800 (1976). 
Les enthalpies, capacitis calorificl~~es et volumes de transfert du cation tCtrabutylanimoiiium 

de I 'ea~i aux melanges eau-uree, eau - chlorure de s o d i ~ u n  et eau-r~i.t-b~~ta!ioI ont  Cte c a l c ~ ~ l e s  a 
25 ' C B I'aide de la theorie des particules calibrees (scalecl-particle theory). En general, les signes, 
les ordres de grandeur et les tendances deb dilYerentes propriet6s en fonction tie la concerltration 
en co\olvant sont predits h partir des tcrmes relatifs 2 la formation de cavitC seulenient. Ces 
calculs sont trks sensibles a u  choix des diametres des dilferentes espkces en solution. 

Pour ces calculs il a etC nCcessaire de mesurer au moqen d'un dilatomktre les coellicients de 
dilatation cubiclue des melanges eau-rerr-butanol en fonction de la co~lcentrat io~l  et de la tem- 
perature. 

Introduction 
The scaled-particle theory (SPT), developed by 

Reiss and co-workers (1-4), \$>as first applied, in 
a semi-empirical form, to aqueous solutions by 
Pierotti (5). He predicted surprisingly well the 
enthalpies, entropies, volumes, and heat capaci- 
ties of some nonpolar gases in water by con- 
sidering the process of solution in two steps: the 
creation of a cavity in the solvent to accom- 
modate the solute and the interactions of the 
solute molecule ~ i t h  the solvent. Since then, 
Lucas and co-kvorkers (6-81, Masterton et cil. 
(9, 10): and Shoos and Gubbins (11) have 
extended these calculations to  the solubility of 
gases in aqueous electrolyte solutions. Lucas u 

et al. (12-14) have also applied the SPT to the 
heats and entropies of nonpolar gases in some 
aqueous solutions of t e t r a a l k y l a n ~ n ~ o n i ~ ~ n ~  halides 
(R4NX) and alcohols. Recently, Philip and 
Jolicoeur (15) have calculated the thermo- 

\ ,  

dynamic functions of transfer of some arbitrary 
cavities from water to heavy water and from 

' T o  whom corre\pondence should be addressed. 

methanol to  deuterated methanol as a function 
of cavity size. They assumed that the similarity 
of the solvents for each transfer would cause a 
cancellation of the interaction terms thus imply- 
ing a good prediction of the transfer properties of 
hydrophobic solutes from the cavity formation 
contributions alone, contributions calculated 
from the SPT. The predicted trends Lvere quite 
good. Finally, Lucas and co-uorkers (16, 17) 
have extended such a study of solute size using 
the SPT modified by Stillinger (18) in order to  
account Inore explicitly for the structure of water. 
They have shown that the results of the modified 
SPT were similar to those of the original SPT for 
the enthalpies and entiopies of relatively small 
solutes (diameter < 4  A) but were significantly 
different for larger solutes. Unfortunately the 
modified version of Stiliinger does not allow us 
to predict volumes and heat capacities in water 
since the higher derivatives of the distribution 
function are presently not available. Lucas has 
indicated, however, that some large solutes could 
possibly be treated with success with the original 
SPT if they can be considered as an assembly of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DESROSIERS AND DESNOYERS 3801 

small spherical parts such as the alkyl chains, 
\I hich perhaps cun~ulate the effects of methylene 
o r  met\yl groups the size of uhich are smaller 
than 4 A. 

The SPT has been mainlq applied to  s o l ~ ~ t e s  
such as nonpolar gases and hydrocarbons, but it 
has also proven to be applicable to hydrophobic 
ions such as the tetrabutyla~nmonium, the 
charge of which is probably diffuse enough to 
consider it as an alillost neutral entity. The salts 
of this ion are ofteii considered model hydro- 
phobic solutes, and recently much data have been 
accumulated on the properties of R4NBr in 
water and in mixed aqueous solvents. The 
classical interpretation of thermodynamic data in 
mixed aqueous solvents is usually either in t e r~ns  
of preferential hydrophobic hydration (19, 20), 
of structural hydration interactions between the 
solute and a pseudo-uniforn~ mixed solvent con- 
sidered more or less structured than pure water 
(21), or of pair and triplet interactions between 
the electrolyte and the cosolvent, the whole 
solution being then described as a ternary system 
(22, 23). On the other hand, the SPT oflers 
another interpretation approach in that it relates 
the transfer functions of the hydrophobic solute 
from water to a mixed aqueous solvent to the 
difference of the properties associated with the 
formation of a cavity in the mixed and pure 
solvents without expficitly taking into account 
what are classically called 'structural' effects. 

Therefore, we have applied the original version 
of the SPT to the prediction of the transfer 
f~lnctions of the cation tetrabutylammonium 
from water to some mixed aqueous solvents of 
different 'structural' types, trying to find out to  
what extent the cavitv formation terms contribute 
to  the whole properties for these particular 
transfers. 

The cosolvents of water (W) mere tert-butyl 
alcohol (TBA), considered as an hydrophobic 
solute, urea (U), described as a statistical struc- 
ture breaker in hater,  and sodiuill chloride 
(NaCl), a typical hydrophilic electrolyte. The 
properties examined \+ere enthalpies. volunles, 
and heat capacities since reliable data are avail- 
able and these properties are often used as 
evidence for structural hydration effects. 

The solvents studied are far from being hard 
spheres but, following Reiss (4), we will consider 
that the soft part of the intermolecular potential 
of the real solvents acts primarily to establish the 

densitv: the solvent molecules then confined to a 
pseudo-container of defined volume constitute 
approximately a hard sphere fluid susceptible to 
treatment by the SPT. This is done by entering in 
the equations of the SPT the experimental density 
and its derivatives with pressure and temperature 
for the real solvent. The solute, on the other 
hand, is considered as an  almost hard sphere. 
This assumption shoi~ld not be too drastic for 
the study of transfer functions since the inter- 
actions of the real solute, interactions arising 
from dispersion, inductive, and repulsive forcei, 
as a first approximation should be similar in 
water and in the aqueous mixsd solvent, since 
the dielectric properties of the latter are not too 
different from those of water. 

These SPT calculations require the knowledge 
of various parameters for the solvents. While 
most of these are available in the literature. the 
coefficient of thermal expansion and its temper- 
ature dependence have not been measured 
directly for the TBA-W systems and the indirect 
results derived from the densities (24) do not 
seem accurate enough. They were therefore 
measured directly with a dilatometer. 

Experimental 
The coeficients of thermal expansion, cu, were measured 

for aqueous solutions of TBA from 0.7 to  4.5 mol kg-' a t  
15, 25. and 35 ' C  using the dllatometric technique de- 
scribed by Desrosiers er (11. (25). The results are given in 
Table 1 .  The temperature derivatives, dAa;'dT at  25 ' C ,  
derived from the difference in ACC at  15 and 35 "C ,  and the 
apparent molal expansibilities, +,, calculated from ~u and 
the apparent ~nola l  volumes of Avedikian er (11. (22) ,  are 
also given in Table 1. 

Results and Discussion 

The SPT relates the thermodynamic f~tnctions 
of cavity formation to  the diameters of the cavity 
and of the solvent and to the molar volume v. 
the coeficient of thermal expansion a ,  its 
temperature dependence (da  dT),, and the co- 
efficient of isothermal compressibility p of the 
solution. The basic equations for a cavity in a 
pure solvent have been derived by Reiss et ul. 
(2, 4) and have been extended to ternary systems 
by Lebo~vitz et ul. (26, 27) and by Lucas and 
c o - ~ o r k e r s  (8, 12, 28, 29). A summary of these 
equations for the free energy 6,, the enthalpy 
Hc, the volun~e v,, and the heat capacity c, of 
cavity formation is given in the Appendix. 

The parameters a ,  da /dT,  and ,O were taken 
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TABLE I .  Coefficients of thermal expansion of aqueouy  solution^ 
of rrrt-butyl alcohol at 15, 25, and 35 C 

0.7086 16.2 21.7 36.6 1 .0 0.055 
1.3165 64.4 70.3 76.6 0 . 6  0.082 
1 ,9740 146 .0  149.5 159.2 0 .7  0.111 
2.6790 267.9 262.6 253.9 -0 .7  0.143 
3.3446 403.7 363.8 332.9 -3 .5  0.163 
4.5530 554.4 469.9 413.2 -7 .1  0.168 

*Am E a - ao ao = 150.73, 257 05, and 345 71 X 10-6 K-' at  15, 25, and 35 "C respcctlrely (35). 

from Desrosiers et a/ .  (25, 29) for the system 
LJ-W. For NaCI-W, the data of Gibson (30) and 
Gucker (31) were used for a and /3. Finally, the 
a and d a j d T  of TBA-W mixtures are froin 
Table 1 while the P are those of Bertrand and 
Smith (32). 

The main problem for the application of the 
SPT seems to be the assignment of the diameter 
of each species in solution. The SPT is very 
sensitive to the choice of these diameters since 
they are raised to the sixth power in the calcula- 
tions. In principle, these are not adjustable 
parameters; effectively, it is possible to detes- 
mine the diameter of a molecule from gas phase 
studies using, for exan~ple, the second virial 
coefficients. However, for water, the different 
values of diameters obtained from various tech- 
niques range from 2.50 t~ 2.93 A: the average 
value being close to 2.7 A (5). It appears also 
quite difficult to assign a diameter to an ion or a 
solute in solution. 

Recently, Desrosiers and kucas (34) applied 
the SPT to the compressibilities of solutes in pure 
or binary solvents and derived diameters for each 
species in solution. As this presents a simple and 
self-consistent method of predicting the diam- 
eters of molecules, it has been used with the 
present systems. To have a more complete set 
of diameters we have extended the calculations 
to the diameters of water over a certain range of 
temperature and to the diameters of the homo- 
logous series R4N' (W = methyl + butyl). even 
if we do not need all these parameters for the 
present study. Masterton et ill. (10) have also 
calculated some ionic radii of the R4Nt solutes 
using the equations of the SPT applied to the 
salting coefficients of nonpolar gases in aqueous 
electrolyte solutions; as it will be shown, there is 
some discrepancy of diameters between the two. 

TABLE 2. Diameter of water at various 
temperatures" 

'Using eq. 18 of ref. 34. 

Diar~zeters of Water 
The diameters of water at various temperatures 

were calculated from thc density and com- 
pressibility data of pure water (35, 36) in a way 
similar to Mayer (37) but using the Carnahan 
and Starling's (38) equation of state of a hard 
sphere fluid. They are found in Table 2. The 
present results are slightly different from Mayer 
(37) but the trends reported are quite similar. 
The difference probably arises since Mayer used 
the equation of state of Reiss et al. (1) which 
differs from that of Carnahan and Starling by a 
term -j3 ; this may cause differences of the 
order of 0.01 to 0.02 A on the diameters. As we 
are looking for precise parameters, it seems 
appropriate to use the Carnahan and Starling's 
equation of state which gives the best fit to 
computer simulation results for hard sphere 
Auid~.~Then,  at 25 "C the diameter calculated, 
2.733 A, is in excellent ageement with the value 
of 6owlinson (391, 2.73 A, and the mean value, 
2.7 A, previously mentioned. 

Dianzeters of the R4Nf Iorzs 
The diameters of the R4Nf cations can be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DESROSIEKS AND DESNOYERS 

TABLE 3. Dlanseters of RjN- 111 water at 25 C. In A 

Dlarneter 

Techriiq~~e .Me4Wi- Et4N+ Pr4W- Bu4Ni Pen4N+ 

Bollti lengths (44) 6.94 8.00 9.04, 9.88 
Collductance (35) 4.94 6.10 7 . i 4  
Parachor (46) 5 .4  6 .4  7 .4  8 .2  
I'ariial molal volume5 (47) 5.70 6.96 7.96 8.74 
SPT-salting coefficients (10) 5 .02 6.16 6.98 7.62 8.16" 
SPT-conipressihilities 5.54 6.84 7.92 5.73 9.50" 

estimated from the apparent mold  compres- 
sibilities, as described by Desrosiers and Lucas 
434). The apparent molal isothermal compres- 
sibilities +, of the R4NBr were calculated from 
the adiabatic ones (40), the apparent molal ex- 
pansibilities cPE (41~1)~ and hcat capacities 
(410) following the method of Desnoyers and 
Philip (42). From and the corresponding 
apparent molal volumes 6\. in water (410), the 
diameters of the R4N+ can be calculated if a 
value is assumed for tbe Br-. The diameter of 
Br- was taken as 3.95 A (34, 43) but its valu: is 
not too critical since if it is v$ried by 0.20 A it 
causes a change of only 0.04 A on the diameter 
of R4W+. Dctails of the calculations are given 
elsewhere (29). These radii are compared in 
Table 3 with some literature data of which the 
first three series are probably not very reliable. 
The agreement between the present calculations 
and the radii derived from the standard partial 
molal vcluine 7 0  is rernarkab!~ good, especially 
with the larger hornologs. This probably occurs 
since, with our SPT techniques, the standard 
partial mola! compressibility is related to the 
radii of the various co~~stituents through Po. 

The radii calculated from the SPT using the 
salting data ( iO)  difTer significantly from the 
present calculations. This map be due in part to 
the paucity of reliable salting data with simple 
solutes and in part to the technique itself. 

With this technique, the solute is a nonpolar 
gas while R4NBr is the cosolvent of water. As 
the apparent moial volumes of the W4NBr in 
water appear in these SPT equations, we may 
assume that most of the soft part of the mixed 
solvent potential is then taken into account. On 
the other hand, for the nonpolar soiute, Master- 
ton et al. (10) had to estimate some inductive and 
dispersion terms. These latter calculations may 
be fairly uncertain especially in the presence of 

the higher homologs R4NBr where the dispersion 
forces may play an important role. With our 
compressibility technique, the solute is R4NBr 
and the solvent pure water. As we have to use in 
the equation the density of water and the 
apparent molal volume of 6341dBr in water, we 
may assume that the soft part of the potential of 
both the solute and the solvent is accounted for 
to a large extent. This conlpressibility method 
which is therefore more emvirical due to its 
excess function character (34j probably suffers 
from less uncertainty in the determination of the 
effective radii of RdN+ since we do not have to 
correct explicitly for the dispersion and inductive 
forces. 

Diumeters o f  Mixed Solvents 
Two approaches will be used for the calcula- 

tion of the diameters of the mixed solvent. The 
mixed solvent can be considered as a pure 
'uniform' solvent characterized by some mean 
diameter or it can be treated as a binary system 
characterized by two diameters, one for each 
species (three for the mixture NaC1-W). 

In the fi rst approach we calculate mean diam- 
eters for the mixed solvents from the isothermal 
compressibilities in the same way we did for pure 
water. The compressibility data used for U-W 
mixtures are those of Mathieson and C O - W O ~ ~ ~ F S  
(25, 481, for NaCl-W those of Gucker (311, and 
for TBA-W those of Bertrand and Smith (32). 
The corresponding density data are from Des- 
rosiers et a/. (25) for U-W, from Fortier et al. 
(49) for WaCI-W, and from Desnoyers et ul. (23) 
for TBA-W. 

Bn the second approach, the system water- 
cosolvent is considered as a binary system and 
the SPT compressibility method of Desrosiers 
and Eucas (34) is used. The diameter of pure 
water is previously determined and that of the 
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3804 CAN.  J. CHEM. 

FIG. 1. Standard enthalpies of transfer of Bu4N+ from 
water to  urea-water mixtures at  25 'C: data from Cassel 
and Wen (33). 

cosolvent (considered as a solute) is derived from 
the colnpressibility technique, the concentration 
dependence of the various functioils being taken 
into account through the number densiiy terms. 
The d i p e t e r s  then obtained ?re 4.40s A for U,  
1.8& A for Nai, and 3.792 A for C1- (34). For  
TBA the value of 6.15 a derived by Aveyard and 
Heselden (50) for rz-butanol was used since the 
dependence on the concentration of the experi- 
mental 13 available was not accurate enough to  
apply our compressibility technique. 

Preclictecl Stanclard Transfer Functioizs 
From the knowledge of the various diameters 

and the experimental properties of the solvents, 
the standard thermodynamic properties of trans- 
fer of Bu4N+ from water to  the mixed aqueous 
solvents can be calculated. The standard enthal- 
pies of transfer of Eu4NBr from water to  U-W, 
NaCI-W, and TBA-W are given as a function of 
cosolvent molality in Figs. 1 to 3. T o  compare the 
experimental data with the calculations we need 
to  estimate the ionic contributions to the transfer 
functions. Two methods can be used to  estimate 
these values. Fortier et 01. (51) and Desrosiers 
et nl. (25) have shown that the transfer functions 
of alkali halides from H 2 8  to I420 and from W 
to  U-W mixtures d o  not vary much for alkali 
halides. As a first approximation, we can assume 
that the transfer function of Br- can be taken as 
one-half that of any pair of alkali halides which 
does not show any specific interactions with the 
solvent. Secondly, it is often assumed that Et4WL 
has little overall effect on the structure of water, 
its hydrophobic character beifig compensated by 
the field effect; the transfer functions could be 

FIG. 2. Standard rnthalp~es of transfer of Ru4N+ from 
water to  N a C I - ~ a t e r  mlxtures at  25 C: data from 
Chawla and Ahluwalia (41b). 

0 1 2 3 4 5 8  
ni mol  kg-' 

T B A  

FIG. 3. Standard enthnlp~es of transfer of Bu4N+ from 
water to  feu-hutyl alcohol - aa te r  m~xtures at  25 C :  data 
from 'vfohantj et ul. (410. 

considered close to zero with this ion and an  
estimate of the transfer function of Bu4NT can 
be obtained by subtracting from the data for 
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talc.-- ldiam. 

-- 
_ ._ . . . . . ' .  

\ ' - .  

m ma! kg': 
NaC I 

FIG. 4. Standard volumes and hea? capacities of I-, +4 
tsailsfer of B L I ~ N +  from water to urea-water mixtures at "E 
25 ' C :  data from Person et ul. ( 4 1 ~ )  and Desrosiers et al. 5 (25) .  

cia114 with tire syster-iis NaC1-W and TBA--W, 
we can con~clude that the SPT predicts correctly 

of cosolvent molality. As expected, the agree- 0 2 4  2 b. 
01 

T B A  
m91 kg-: 

ment with the two estimations of the ionic 
experiments! enthalpies of transfer is better than 

lei, h. Standard umes and heal capni;ries of 
with the total enthalpies of transfer. Both transfer of Bu4N~-  f r o m  water to :ri.r-bulj.J alcohol - -,yater 
approaches to the SPT calculations either with mixtures at  25 C:  cinta froni Avedil;ian e: :ti. (22 ) .  

one diameter for the mixed solvent or with one 
diameter for each species involved give vcry 4 to 6. Here again the signs zind trends are 
similar results for the enthalpies of transfer. The geiierally predicted correctly in ail rases iavesti- 
more noticeable difcrerlce with ~ g o ( W  -;. gated. The ca1ci:latjons of LiF1<W - W + U) 
W + TBA) could well arisc from thc cxperi- using one mean di:?meter for th; :i:i::ed s u l ~ e n t  
nlental uncertainty in some of the parameters or the mixture approach with a dialmeter fur each . . 
used in the calculations. species have opgoslte signs -. but it is not c>bvio:\s 

Similar plots are shown for the standard if the experimental ionic A k-o(W - -  %V --I.- U) arc 
volumes and heat capacities of transfer in Figs. positive or ilega'tive. In the case of 9VOvJ + 
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FIG. 7. Depci:dence of standard transfer functions on 
the dial7iere; of the ~ar io i l ,  specits in solution: r i ,  de- 
pendeilce on ilieall dianierer of the mixed solvent or DzO: 
b, depencicnce on diameter of the solute.. . . experimental 
reslilts for B L I ~ N B ~ ,  - - -  experiniental result5 corrected for 
qFdaC1. - .- expe~.imental results corrected for Et,NBr. 
The cros? p o i i ~ t ~  of !lilei i! and b are the calculaticns given 
in p r e v i o ~ ~ s  i igure~.  

W + TBA) the :KO diameters approach seems to 
overestimate the cosolvent concentration de- 
pendence but this could be attributed to a small 
error in the estin~ate of the diameter of TBA 
since vaiumes are very sensitive to the choice of 
the diameter. 

The standard heat c:upacities of transfer were 
also calc~ilated with Ele)'s classical theory for 
,avi::y forx~at io :~  (52::. Here again the sign is 
predicted correctly but ~ c , o j ~  i W + U )  is 
underestimated and the c:)siilvf:nt concentration 
depei?iii:!~ce of ~c~o(iR' -. '$4 4- TBA) is not as 
good a s  in the case of the Sk'B. 

Fina!iy, wc have checked the sensitivity of the 
calculaticjns to  the diameters of the various - 
components. I his was achieved by keeping the 
diameter of one soivent consldnt (e.g. water) and 
changing the diameter of tht. other solvent by 
small a.ncnnt> (fixed RyN-  diameter). In a 
second series of calculations thc diameters of the 
K4NC a::: assuiged to be slightly different in both 
solvents, Ihe diameters ef these being then fixed. 
Both scts of calculatioias (29) are conlpared with 

the experimental data for the volumes and heat 
capacities of transfer from H 2 0  to D20,  from 
W to W + U and from W to  W + TBA in Fig. 
7. As we can see in the case of heat capacities the 
SPT calculations are not too sensitive to the 
choice of solute diameters but arc vcrj sensitive 
to  that of the solvent. For volumes. the calcula- 
tions are verj sensltlve to  the d ~ a n ~ e t e r s  of both 
the solute and the solvent and a small change In 
dlameter may easily change the sign of the 
volume of transfer. Of course the SPT calcula- 
tions are much less sensitive to the choice of 
diameters if the diameters of both solvents or of 
solutes in both solvents are changed simul- 
taneously. Also the calculations are less sensitive 
to the solvent diameters if two (or three) diam- 
eters are used to characterize the binary solvent 
mixture. 

Conclusion 

The SPT has been used successfully to predict 
the signs. magnitudes. and trends in the co- 
solvent concentration dependence of the en- 
thaipies, volumes, and heat capacities of transfer 
of B U ~ N ~  from water to aaueous mixed solvents 
using cavity terms onlj . This success is s~lrprising 
at  first sight since no modification of the struc- 
ture of hater by the solute or  by the cosolvent 
and no attractive or repulsive forces between the 
solute and cosolvent are explicitly assumed in the 
present calculations. Actually. Bu4NBr is ex- 
pected to be salted out by NaC1 and salted in 
by TBA. For example, the concentration de- 
pendence of the various thermodynan~ic proper- 
ties of TBA in u;ater are rather similar to those 
of surfactants in water (22). Therefore at  high 
TBA concentrations some form of aggregation 
between TBA ilioiecules is expected. The transfer 
of BuaNBr from water to TBA-W mixtures is 
qualitatively similar to the excess functions of 
TBA in W or Bu4NRr in W (54) suggesting that 
Bu4NA forms a mixed niicelle ivith TBA. The 
structure of water or of the mixed solvent is 
obviously taken into account in the experimental 
parameters U, doc, dT, and 9 and part of the 
solute-solvent interactions may be absorbed in 
the various diameters since the diameters were 
in fact derived from the SPT. Therefore, the 
empirical use of the SPT reduced it mostly to a 
correlation device betueen the density (and its 
derivatives) of the solvent and mixed solvent and 
the thermodynamic properties of the solutes. 
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DESROSIERS AND DESNOYERS 3807 

Although the SPT cannot give us much molecu- 
lar insight on the interactions in solution, it 
appears as a useful predicting device for transfer 
functions. 

Despite the limitations of the SPT some useful 
implications can be drawn from its application 
to  hydrophobic solutes in aqueous solutions. 
This theory does not rule out any changes in the 
properties of water near hydrophobic solutes but 
it does suggest that such structural changes, if 
they exist, must either be small or be propor- 
tional to  the extent of structure of the liquid 
before the addition of a solute. A similar con- 
clusion had been reachedforthe transfer functions 
of structure-breaking alkali halides from H 2 0  to  
D20 (51) and from W to W + U (25) using a 
phenomenalogical representation of the Frank 
and Wen mode1 (55). 
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Appendix 

Basic Scaleci-particle Theory Eqirations,for C'uaily Formation 
The molar fiee energy of formation of a cavity of diameter b in a mixed solvent is given by 

where 

and in is the number of species in the mixed solvent, p, is the number density of the species i of diam- 
eter ii,, k has rhe values 1, 2, or 3, N is Avogadro's number, P is the pressure, and R the gas constant. 

The corresponding enthalpq, volume, and heat capaciiy of cavity formation are 

where a is ihe coefficien: of thermal expansion of the mixed solvent. (For & the term involving the 
pressure is negligible and omitted.) 

where B is the coeficient of isothermal compressibility, and 

(The pressure term is also negligible here and omitted.) 
These equations reduce to the binary equations of Pierotti by setting n1, the number of species in 

the mixed solvent, equal to  unity. 
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Highly stereoselective H-D exchaaage sf diastereotcspic protons in 
4 ' , l " - d i m e t h y l - l ~ 2 ~ 3 , 4 - d i b e n z y l c y ~  

ROBERT R FRASEX 4UD PHILIPPE J CI-IA\IP~GPIE 
Deparrmetit of Cltenzlstr), Ctilcet~lt~ ofOtta+ta, Ottawa, Op~t., Ca-zada KIV 6115 
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ROBERT R. FRASER and PHILIPPE J. CH~IIPAGNE. Can. 3. Chem. 54, 3809 (1976). 
The rates of base-catalyzed 13-D exchange of the diastereotopic methylene protons adjacent 

to the carbonyl group in the title compound have been measured in methanol-0-d. Sodium 
methoxide as catalyst produced a rate ratio of 73:l. Reasons for the large increase in stereo- 
selectivity over that encountered in the exchange of 4-terr-butylcyclohexanone are proposed. 

ROBERT R. FRASER et PHILIPPE J. CHAMPAGNE. Can. J. Chern. 53, 3809 (1976). 
On a mesure les vitesses d'echange H-D, catalysks par les bases dans le n16thanol-0-d, des 

protons methylCniques diastereotopes adjacents au groupement carbonyle du cornposC men- 
tionnC dans le titre. Le methylate de sodium comme catalyseur produit un rapport de vitesse 
de 73:l. On propose une rationalisation pour expliquer la grande augmentation dans la stCrCo- 
sClectivitC par rapport celle observie lors de l'echange de la [err-butyl-4 cyclohexanone. 

[Traduit par le journal] 

The base-catalysed H-D exchange of protons 
a t o  the carbonyl group in cyclic and bicyclic 
ketones has been the subject of extensive study 
(1-3). In a number of cases involving bicyclic 
ketones the difference in reactivity of a pair of 
diastereotopic protons was very high, for ex- 
ample in norbornanone k,,,:k,,,d, was found to  
be 680: 1.  This stereoselectivitv was most reason- 
ably attributed to differing steric environments 
of the t ~ o  protons. In contrast, 4-tert-butyl- 
cyclohexanone, a ketone free from strong steric 
influences, has shown little stereoselectivity, the 
rate ratio for exchange of the axial us. equatorial 
protons being 5: 1 (4). The preference for axial 
exchange was interpreted as arising from stereo- 
electronic control (5 ) .  That the stereoelectronic 
factor should produce only a five-fold rate 
difference is perhaps surprising when crb irzitio 
calculations suggest much higher selectivities 
sllould be possible (6). In this paper we wish to 
report the observation of a substantially larger 
stereoselectivity than any previously attribut- 
able to stereoelectronic control, specifically that 
the ketone under study, 4', 1 "-dimethyl- 1,2,3,4- 
dibenzcyclohepta- l,3-diene-6-one, 1, underwent 
base-catalysed H-D exchange of its methylene 
protons in methanol-0-d with a stereoselectivity 
of 73:1. 

As a consequence of the lack of rotation about 

the biaryl bond in 1 (7) the methyiene protons are 
diastereotopic and give rise to an A 3  quartet in 
the 100 MHz spectrum of P !in CDC13, 6R = 

3.497; 6, = 3.295; 6,, - 14.9 Hz). Assignments 
of these signals as given in Fig. 1 are based on 
two criteria. Firstly, the line widths of tiR and 
Hs differ appreciably being 1.6 Hz an6 1.2 Hz 
respectively. Extensive studies by Schaefer ei nl. 
(8) have clearly estabiished that the magnitudes 
of long-range couplings between aromatic and 
benzylic protons are dependent upon the orien- 
tation of the benzylic C-13 bond with respect to 
the plane of the benzene ring. The sum sf the 
ortho, tnera, and y a ~ z  coupling constants to  a 
benzylic proton is sigrlificantly greater when the 
C-W bond is perpendicular to tile plane s f  the 
ring. We therefore assign the broader low-field 
absorption to the proton having this orientationl 
(i.e., HR in Fig. 1). 

FIG. 1. A three-dimensional representation of 4',11'- 
dimethyi-1,2,3,4-dibenzylcyslohepta-I,3-diene-ri-one, I. 
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TABLE 1. Rates of exchange of diastereotopic protons of 1 in methanol-0-d 

Base Concentration (M) k ,  (s-I)* ks  (s-I)* k ~ / k s  t 

CH30Na 0.0029 8.2X10-3 1.13X10-5 7 3 
C6fijOWa 0.0029 3.5X10-3 1.18X10-5 30 

"All rate constants, reported as  pseudo first-order constants, were measured a t  29.0 "C. Aliquots of 
the solution of ketone, 0.17 .M in CH,OD (+ base), were quenched a t  appropriate intervals to  glve one 
sample for measurement of loss of the fast proton, a second for measurenient of loss of the slow proton. 
The proton content, determined by integration of the nmr spectra us~i ig borh a T-60 and an  HA-100 
spectrometer, was further checked b) examination of the 100 MHz spectrum with deuterium spin- 
decoupiing. The spectra showed the presence of deuterium in place of tlie fast proton only in those 
samples used to measure h ~ .  Samples used to measure As shohed the amount  of resldudi proton In the 
fast position to be a t  the level of the solrent pool. For  the rates obtained, those isomer distributions 
agree with those calculated using the equations of Hunter  and Mair ( l6) .  The precision in  rate constailts 
thus obtained 1s considered to be i 3 %. 

?Integrals obtained from ' H  nmr analysis with deuterium decoupling of a single sample exchanged 
for the appropriate time using sodium 2,6-dimethylphenoxide as  base, showed the selectivity, k n  j ks ,  
to  be 7.8. 

Table 1 presents the rates of isotopic exchange 
of FIR and Hs under a variety of condit~ons. One 
trend apparent from these data is the obvious 
increase in selectivity as the bulk of the attacking 
base is reduced. This indicates the more labile 
proton to be in a more hindered environment. 
Since a e  have shown the environment analogous 
to that of FIR is more hindered in the structurally 
similar thiepin dioxide, 2,  (9) the data in Table 1 
also support the proton assignments. 

In order to interpret the selectivity data it is 
necessary to assume that no internal return 
occurs during the exchange process.' Several 
authors have previously made this assumption 
(1, 2) on the basis of the experimental evidence 
of Bordweil and Almy (10). Further support for 
its absence in  the exchange of 1 is provided by 
the survey of Hunter, from which he concludes 
that in methanol the likelihood of internal return 
is slight (1 1). 

of HR, the 73 : 1 rate ratio represents a lower limit 
to the stereoelectronic f a ~ t o r . ~  This rate ratio 
reflects a difference in transition state free 
energies of 2.6 kcal'mol. This is significantly 
greater than the 1.0 kcal mol difference in the 
exchanges of 4-tert-butylc~clohexanone, in spite 
of the fact that the orientation of the methylene 
protons with respect to  the carbonyl is the same 
in both ketones. 

It is instructive to  consider the structural 
differences between 1 and 2 which would explain 
the contrast in stereoselectivity. House et ul. 
have offered a plausible accounting for the weak 
selectivity in the electrophilic substitution of 
enolates of cyclohexanones (14). 

Attack of an electrophile on the planar enolate 
leads to formation of an  axial bond while main- 
taining overlap in the C z C - 0  system through- 
out the course of reaction. However, attack 
leading to  equatorial substitution is energetically 
disfavored since, in order to maintain delocaliza- 
tion of the enolate in the transition state, a boat 
conformation must be produced. The difference 
in free energies of the two transition states turns 
out to  be very small since they both will differ 
little from the enolate itself in an  exothermic 
protonation and also since the boat conforma- 
tion of a cyclohexanone is only about 2.7 

Zone additional factor, the difference in stabilization 
T& highest selectivity observed in the ex- by the adjacent benzene ring. can be shown to be neg- 

change of 1 occurred when the least bulky base, ligible. In a separate experiment, the benzylic protons of 
1-phenylpropanone exchanged 10 times faster than the was e n n ~ ' o ~ e d .  Since methoxide may methyl protons. I f  one third of this 1.4 kcal/mol of 

too suffer fr9m steric s ~ p p f e s ~ i o n  for abstraction stabilization is inductive (12) and the remaining 0.95 
~ - 

kcal/mol is available through overlap as a funccon of 
'Equzl amounts of internal return for both protons cos 8, (13) the difference in stabilization of H, (d = 45") 

would also permit interpretation. us. Hs (4 = 75") would be no more than 0.4 kcal/mol. 
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kca1,'mol less stable than the chair form (15). In 
the exchange of I a strain-free enolate is again 
assumed to be involved and deuteration to give 
D, proceeds readily, while maintaining overlap. 
But for deuteration of Hs to occur via a transi- 
tion state maintaining delocalization of the 
partial negative charge, the molecule must adopt 
a more highly strained conformation than that 
for eq~latorial attack of a cyclohexanone enolate. 
This conformation. from examination of Dreid- 
in& models, appears to possess considerable bond 
angle strain as it lies on the pathway to inversion 
of the biaryl chirality. 

If the above explanation is correct, it should 
be possible to encounter still greater stereo- 
selectivity in ketones having larger strain de- 
stabilization of the type proposed above. In a 
slightly different way, high stereoselectivity could 
also be encountered in very rigid structures 
which, as suggested by Wolfe and co-workers, 
would be forced to undergo exchange via non- 
planar enolates (6). 
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The X-ray photoelectron spectrum of hydrogen peroxide 

M. S. BANNA, D. C. FROST, C .  A.  MCDOWELL. AND B. WALLBANK 
Depurimr~rt of Cilemisrrj., L'iiirrnrit~, of Br i t i~I~  Col~i i~bi ( i ,  V N I I C O I I L . ~ ~ . .  R.C.. Cu~~(idi i  V6T 1 W5 

Received August 3. 1975 

M. S. BANXA. D. C. FROST. C. A. MCDOWELL, and B. WALLBANK. Can. J. Chem. 54. 3811 
(1976). 

The oxygen Is photoelectro~l spectrum of hydrogen peroxide in the gas phase has been 
investigated using AiKn radiation. The binding energy has been found to be 1.8(1) eV lower than 
the oxygen Is level in carbon monoxide. as expected from simple electrostatic considerations. 

M. S. BAKNA: D.  C. FROST, C.  A. MCDOWELL et B. WALLBANK. Can. J. Chenl. 54. 3811 
(1 976). 

Utilisant une radiation AIKm, on a examine le spectre photo~lectronique 1.v de l'oxjgkne du 
peroxyde d'hydrogkne en phase gazeuse. On a trouv6 que l'energie de liaison e ~ t  1.8(1) eV plus 
basse que le niveau Is de l'oxygene du rnonoxqde de carbone et ces resultats correipondent 2 ce 
qui est attendu a partir de considerations ilectrostatiques simples. 

[Traduit par le journal] 
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kca1,'mol less stable than the chair form (15). In 
the exchange of I a strain-free enolate is again 
assumed to be involved and deuteration to give 
D, proceeds readily, while maintaining overlap. 
But for deuteration of Hs to occur via a transi- 
tion state maintaining delocalization of the 
partial negative charge, the molecule must adopt 
a more highly strained conformation than that 
for eq~latorial attack of a cyclohexanone enolate. 
This conformation. from examination of Dreid- 
in& models, appears to possess considerable bond 
angle strain as it lies on the pathway to inversion 
of the biaryl chirality. 

If the above explanation is correct, it should 
be possible to encounter still greater stereo- 
selectivity in ketones having larger strain de- 
stabilization of the type proposed above. In a 
slightly different way, high stereoselectivity could 
also be encountered in very rigid structures 
which, as suggested by Wolfe and co-workers, 
would be forced to undergo exchange via non- 
planar enolates (6). 
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The X-ray photoelectron spectrum of hydrogen peroxide 
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M. S. BANXA. D. C. FROST. C. A. MCDOWELL, and B. WALLBANK. Can. J. Chem. 54. 3811 
(1976). 

The oxygen Is photoelectro~l spectrum of hydrogen peroxide in the gas phase has been 
investigated using AiKn radiation. The binding energy has been found to be 1.8(1) eV lower than 
the oxygen Is level in carbon monoxide. as expected from simple electrostatic considerations. 

M. S. BAKNA: D.  C. FROST, C.  A. MCDOWELL et B. WALLBANK. Can. J. Chenl. 54. 3811 
(1 976). 

Utilisant une radiation AIKm, on a examine le spectre photo~lectronique 1.v de l'oxjgkne du 
peroxyde d'hydrogkne en phase gazeuse. On a trouv6 que l'energie de liaison e ~ t  1.8(1) eV plus 
basse que le niveau Is de l'oxygene du rnonoxqde de carbone et ces resultats correipondent 2 ce 
qui est attendu a partir de considerations ilectrostatiques simples. 

[Traduit par le journal] 
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It is high!y desirable to be able to  study 
transient and unsfabie spccies by means of 
photoz!cctrcr~ spectroscopy. Considerable work 
in  ;his fi.~li! has alrcadj been carried out using 
He1 radialioi7.l 'Phe coiiibinatior, of high count 
rate; snc? i?igil resolutior: liiakes UPS well suited 
for sacil studies. The potential of X P S  as a tool 
for srudying ~idr:sicnts is not as weil tinderstood, 
however, since ~ii:ly a few cases h ~ v e  been in- 
vestigatcd to da:c (for example the core spectrum 
of NF2 has been st~idied (see ref. 1)). 

The yielti of transierlt speciescan be increased 
by intrcducing the sample in the form of a 
moieciila; beam. This seri.es to reduce the 
number of collisions, resulting in longer lifetimes. 
Anotiier complementary approach is the use of 
fast p u i ~ i p i ~ g  to remove tlie gas before decom- 
positioi~ 11a.s occurred. The spectrometer used in 
the present stiidy possesses the latter feature. -- 
i h e  sample is introduced into a copper cell 
where it is irradiated with A!Ka (1486.6 eV) 
X-rays. A high-speed liquid nitrogen-trapped 
diffusion pump reinoved the gas from the 
ionization region throuz'n 21. mesh, which is 
necessary to preserve field honlogeneity inside 
the gas ccll. Photoelectrons are retarded between 
the ionization cliamber and an  electrostatic lens 
system, then focussed into a 2Gcrn-diameter 
electrostatic hemispherical analyzer. A more 
detailed discussion of the apparatus will be given 
elsewhere. 

Fiydrogen peroxicie provides a good test case 
for the study of unstable species since it de- 
composes upon contact wit11 metal surfaces. 
Starting Lvith a 30% aqueous solution, the sample 
was enriched by distillalion a t  50 "C in a glass 
manifold. 11 was then introduced into the 
spectrometer at room temperature through a 
Teflon nozzle. Cai.bo11 monoxide was bled in 
siniu!taneousiy as a caiibrant. A typical spectrum 
is showii in Fig. 1(a). The oxygen i s  binding 
energy shift bctween carbon monoxide and 
water has been rlleasilred by several workers. 
Davis et N/ .  ( 2 )  obtained 2.94(10) eV (EB(CO) - 
EB(I-120)) whilc Siegbahn et ul. (3) reported 
2.4 eV. Our owc measurement gave 2.7(1) eV. 
The latter xzalue was used to determine the posi- 
tion of  tfle hater peak in the spectra of Fig. 1. 
Since water has a higher vapor pressure than 
hj.cirogr1 peroxide at  room temperature, most 

ID. C. Frost and N. P. C. Westwood. 7'0 be p~ibli\hed. 

Binding energy (eV) 
Fic,. I. Oxygen Is photoelectron spectra of progres- 

sively enriched hjdrogen peroxide 5amples with carbon 
monoxide as a reference. 

of the peak on the right of Fig. 1 ( ~ )  is due to the 
oxygen 1s of water. As the sample is enriched 
further, spectrum (b) is obtained, in which the 
shift with respect to  CO has decreased. The 
oxygen Is of \trater is now seen as a shoulder to  
the right of the main peak. Further purification 
yields spectrum (c) which contains little or n o  
contribution from water. At this stage the 
CO-H202 shift was found to  be 1.8(1) eV, as 
determined by curve fitting two Lorentzians to 
the experimental points. h typical spectrum from 
high-purity samples is shown in Fig. 2. From the 
known 02-CO and CO-H202 shifts (41, the 
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Binding energy (eV) 
FIG. 2. The oxygen I s  spectrum of a high-purity 

hydrogen peroxide saniple. 

position of the oxygen 1s peaks of 0 2  can be 
determined in the spectra of both Figs. 1 and 2.2 
This enabled us to assess the degree of clecom- 
position of our sample. It is seen that H 2 0 2  is 
obtained in good yield. 

The binding energy trend CO > H 2 0 2  > H 2 0  
can be expected on the basis of decreasing 
charge withdrawal by the oxygen in going from 
H 2 0  to H 2 0 2  then CO (for example, POLY- 
ATOM double zeta calculations yield the 
following oxygen charges: CO (-0.20), H 2 0 2  
(-0.42), and H 2 0  (-0.77). See ref. 5) .  Multi- 
configuration self-consistent-field calculations on 
CO (6) predict further charge transfer from the 
oxygen to the carbon. Smith and Thomas (7 )  
estimated a positive contribution of -- 1 eV to the 
binding energy of oxygen 1s in CO from differ- 
ences in the correlation and relativistic energies 
between the ground and ionized states. This 
value was reached by comparing the absolute 
binding energy measurements with a calculation 
employing a large enough basis set to be close to 
the Hartree-Fock limit. Thus the 1.8 eV shift 
between C 0  and H 2 0 2  is in line with expecta- 
tions. 
- - 

?There is some disagreement in the l i terat~~re about the 
02-CO binding energy shift. Reference 3 gives 1.2 eV 
(using the weighted mean of the two 0 2  oxygen peaks), 
while ref. 3 gives 0.9(1) eV. The 1.2 eV results of Siegbahn 
et ui. is supported by the lneasurenlent of ref. 4. 

From the oxygen 11. binding energy value of 
542.57 eV in CO (7), u e  compute 541.8(1) for the 
binding energy in H202 .  The majority of the 
ab irzitio SCF calculations performed on this 
molecule yield a Koopmans' Theorem energy 
around 561 eV.3 As observed in numerous other 
systems, ground state energies yield values that 
are too high due to the neglect of relaxation. If 
we assume no change in relativistic and correla- 
tion energy upon ionization, we obtain an 
approximate relaxation energy of 19.3 eV for core 
ionization in hydrogen Cambray et al, 
(8) obtained 20.24 eV for oxygen in carbon 
monoxide (Koopmans' Theorem binding energy 
minus A SCF energy). Schwartz (9) similarly 
obtained 20.0 eV for oxygen 1s ionization in 
water. 

A preliminary investigation of oxygen 2s 
orbitals revealed a separation of no more than 
-5 eV bet~veen the 2b, 2a pair, which disagrees 
with the recent theoretical value of 8.01 eV (10). 

This work suggests the possibility of investi- 
gating the core spectra of numerous other 
unstable molecules by means of XPS. Efforts in 
this direction are now underway in our labora- 
tory. 
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MOHAMMED S. RAI-~AMAN and STEPHEN M. KORENKIEWICZ. Can. J. Chern. 54, 3815 (1976). 
Electronic and Raman spectra of adrenalin-copper(1l) complexes and copper catalyzed 

compounds have been studied. Adrenalin reacts with copper(l1) ion at p H  9.2 and higher to 
produce a very short lived ciolet free radical, a brown adrenochrome, a yellow conjugated salt, 
indolyl-indoquinone, and melanin. Results indicate that copper does not form complexes with 
adrenalin in basic solution. Between p H  6.5 and 8.5 adrenalin transfornis into adrenochrome in 
presence of copper. The adrenochrorne in 1.5 hi hydrochloric acid produces the conj~lgate salt 
that is produced in the solution of high pH. At low p H  values, between pH4.0 to 5.5, adrenalin 
forms a brown complex with copper(l1). Copper is entirely chelated to the phenolic groups of 
the amines. The complex in 1.5 N hydrochloric acid produces a black polymeric pigment. 

MOHAMMED S. RAHAMAN et STEPHEN M. KORENKIEWICZ. Can. J. Chem. 54, 3815 (1976). 
On a 6tudiC les spectres electroniques et Raman de complexes adrCnaline-cuivre(l1) et de 

composes obtenus par catalyse par le cuivre. L'adrenaline reagit avec l'ion cuivre(11). B des p H  
de 9.2 ou plus Cleve, pour conduire un radical libre violet de tres courte duree de vie, a un 
adrknochrome brun, un sel conjuguC jaune, a une indolyl-indoquinone et a la melanine. Les 
resultats indiqueilt que le cuivre ne forme pas de complexes avec l'adrenaline en solution 
basique. A des p H  allant de 6.5 a 8.5, l'adrenaline se transforrne en adrenochrome en presence 
de cuivre. Dans l'acide chlorhydrique 1.5 I\;, 1'adrCnochrome conduit au sel conjuguC qui est 
produit en solution B des p H  plus ClevC. A des valeurs de pH plus faibles, entre 4.0 et 5.5, 
l'adrenaline for~ne un complexe brun avec le cuivre(l1). Le cuivre est complktement chelate 
par les groupes phenoliques des amines. Dans l'acide chlorhydrique B 1.5 N, le complexe 
produit un pigment noir de nature polymerique. 

[Traduit par le journal] 

Introduction 

Copper (ref. 1, pp. 443-452), manganese (2) ,  
and possibly nickel (3) ions play important roles 
in the reactions of catecholamines and catechol- 
amino-acids in the neurological system (4). 
Copper ion is involved in the catalytic $-hydrox- 
ylation of phenylamine and also forms complexes 
with the amines in biological systems (1). The 

'Present address: P. P. G. Industries, Coatings and 
Resins Division, Springdale Research and Development 
Center, Springdale, PA 15144. 

coordination chemistry of these compounds is 
complicated by their ability to act as bidented 
and bridging ligands (5, 6). Metal ion catalyzed 
oxidation of the amines, formation of metal 
complex intermediates, rearrangement into diol 
system, and finally the polymerization are all 
complex phenomena. 

The mechanism of oxidation of adrenalin, 
catalyzed by ferritin, has been reported and the 
reason for the loss of its vasoconstrictor activity 
has been discussed (7). The formation of melanin 
from adrenochrome in aqueous solution has been 
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Gee11 

Yellow Form I1 

Bro\+n 

Yellow 

Brown 

Brown 

TABLE !. Some of the properties of copper-adrenaline complexes and copper catalyzed compounds of adrenaline 

p H  Form Dehcriptior; 

2 9 . 2  Violet A short lived ""Lolet for~il" is probabl) a n  crganlc "free radical" 
formed by copper-aihiated oxidation of adrer~aiine. 

Brown A non-identified hart lived ' ' bro t i .~  forr,~'' is reported (Fig. I .  curve I ) .  
i t  quickly cha i~ze i  to  the keilow form belo\v. spectra look like rhat 
of adrenochrome. 

Yello~v Forni I The above bronn  form of the Cu(II) adrenaline system is changed 
to  a yellokv form (Fig. 2. c:ir;.e 2). However. Fig. I ,  cur;es 2, 3, 4, 
aild 5 suggest rhib yellow form is a mixl~!re. Resulk fail to  prove 
complex formation. 

Stable green form results in two hours (Fig. i ,  cur\es 6. 7. and 8).  
Results fail to  prove coniplex formation. Probablq this is one of 
the pol) meric forms. 

Another yellow compound resulted at  p H  9.5 from adrenaline in the 
absence of Cu(11) ion. The spectra of Fig. 1 cur\es 9, 10, and l i  
suggest that this is nielanin. 

A stable brown conipound results in the system. Figure 2, curve 3 
and Fig. 4. curve 3 suggest rhat this is not  a copper complex. 
Spectra represe~ited by Fig, 6. cur \e  4 (A,n,, = 480 nni, em,, = 

3900) ant1 Fig. 3 are similar to  the spectra of adreiiochrome. 
Figures 3 and 5 suggest that on:). olie conipound is formed. 

The brown adrenochrome gives a yellom' compoui~d  in I .2 N WCI. 
This is identified as a conjugated salt (2. f i g .  7, cur \e  2). 

The b r o ~ x n  coiupoul~d in the Cu(1l) adrenaline systeni is identified 
as adrenochrome. 

The brown coiiipound i i  identified as copper-adrenaline coniples. 
Figure 2, curve I and Fig. -i curves 1 and 2 suggest the composition 
is 2: l  adreilaline:copper(lI). (A,,, = 500 nm. E,,, = 3800; 
additional peaks at  583, l i O ,  300. and 220 nl~l) .  Kanlan spectra, 
Fig 8, suggest copper is coordinated through phenolic groups of 
adrenaline and 1 in01 of animonium is coordinateii. 

Blue The brown coinplex in 1.2 h' HCI transforms to  a bluish colored 
system. Spectra (Fig. 7, curve 3) of this system are not comparable 
with the other forms so  far obtained. This form probably is an 
unidentified polymer. 

Black Pigment The bluish form on  standing produces a black pigment insoluble in 
strong acid. Identified a \  a polyli~eric form. 

studied by spectrophotomctric 111cthods (8). 
Gorton and Jameson have suggested that poly- 
nuclear copper-catecholan-~ine cornplex forma- 
tion is possiblc (5, 6). Copper adrenalin com- 
plexes and the interreaction of catecholarl~ines 
with ceruloplasmin have been s t ~ ~ d i e d  by analyz- 
ing ultravioiet and electron spin resonance 
spectra in neutral and basic so!utions (ref. I ,  
p. 539). There is some confusion as to whether 
copper ion, in fact, forms complexes or acts as a 
catalyst for indolization. 

%r, the present work the effect of copper(l1) ion 
on adrenalin in acidic, neutral, and basic solution 
has been studied spectrsphotometricaIly3 and the 

Rama11 spectra of the corr,plcxes have been 
analyzed. Our findings indicate that metal- 
complex formation is possible in acidic solution 
whereas, in neutral and basic solution the 
oxidized forms, their rearranged forms and 
polynleric forms are the products rather than the 
metal complexes. 

Experimental 
Reczgrrrfs 

Adrenalin hitartrate and adrenalin free base were 
obtained from Sigma Chemical Cornpan). Stoclc solu- 
tions in 0.1 A' hydrochloric acid were prepared from the 
amines as received. The solutions were stored under 
refrigeration 2nd replaced every week, 
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FIG 1. Time dependent spectra of adrenaline-copper system at  p H  9.5. Curbei 1-8: adrenaline 
1 x 10-"M. copper 1 >: 10-2 ,M. and 0.04 .M amnioniuni chloride. Curvei 9-1 I : adrenaline 1 X 10-4 
M and 0.04 '24 amnioniun~ chloride. (I) Brown-yellow. recorded 2 rnin after mixing. (2) Yellow, re- 
corded 9 min after ~iiixiiig. (3) Yellow. recorded I5  mi11 after mixing. (4) Yellow, recorded 28 min after 
mixing. (5) Yellow-green, recorded 43 rnin after mixing. ( 6 )  Green, lecorded 2 h and 43 ~ n i n  afier mix- 
ing. (7) Green, recorded ? h and 53 riii~i after [nixing. (8) Green. recorded 5 h and 38 inin after niix- 
ing. (9) Yellow (no copper). recorded 30 mi11 after mixing. (10) Yellow (no  copper), recorded 2 h after 
mixing. ( I I )  Yellow (no copper), recorded 5 h and 38 niin after mixing. 

C o p p u  rsulphate stock ~ o l u t ~ o n  was prepared from 
copper sulphate and the copper concentrat~on ~ v a s  
analqzed electrolqt~cally by ca thod~c  d e p o s ~ t ~ o n .  

All other chem~cali  here reagent grade. 

Appurutic~ 
Cary 14 Spectrophotometer was used to  record ultra- 

violet and ~'isible spectra. All p H  measureiiients were 
made with Leeds and Northrup p H  meter. A Spex 1301 
double r i io~~ochromator.  a cooled KCA C31034A photo- 
multiplier. and both direct current and photon counting 
detection systems here used for Raman spectronletric 
studies. Excitation source was a Coherent Radiation 
CR-5 argon ion laser. Melting point capillaries were used 
as sample contai~icr with t r a n s e r r e  excitation and 
observation at  90 -C to  the incident rad~atioii. The slit 
width h a s  200 p. 

Procerlrire 
Copper adrenalin complexes and other fornis of the 

amines were sttidied in aqueous solution containing 0.04 
M anilnonium chloride. The p H  was adjusted ~ i t h  
ammonium hydroxide ui th the exception of a few cases 
where the p H  was adjusted with sodium hydroxide. 

Hydrochloric acid wab used to  maintain the desired acid 
concentration in the system. Ranian scattering intensities 
were nieasuretl by exciting h i th  496.5 and 388.0 nni lines 
of the laser. 

Results and Discussion 

Some of the important properties of the 
compounds formed frorn adrenalin with copper- 
(11) ion are summarized in Table 1. The electronic 
spectra of these compounds are shoun in Figs. 1 
to 7 and Raman spectra are s h o ~ n  in Fig. 8. 

Elt~cfr.otz Spectra 
>pH 9.2 
Adrenalin on reacting uith copper(I1) ion in 

presence of ammonium ion produces a stable 
green compound. This green form results 
through three intermediate forms: a very short 
lived violet compound, a brown form, and a 
yellow form. The violet, form in about 2 s is 
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i I 
0.1 0 2  0.3 0.4 0.5 0.6 0.7 0.8 0.9 

L- 
A d  r C v  

FIG. 2. Job's plot of continuous variation. copper-adrenaline system. Absorbance measured at 
460 nni. (I)  p H  5.5, brown complex. total concentratioli was I X M .  (2) p H  9.5, yellow complex, 
total concelitratioll was 1 x 10-"hi. (3) pH 8.0, brown-red compound, total concentration was 
2 X 10-4 M. 

changed to the brown form. This violet form is 
probably a free radical caused by the initial 
attack of the copper(l1) ion on the dihydroxy- 
indole that results from adrenalin. This free 
radical is comparable to a free radical reported 
to result from adrenochrome by reacting kith 
ceruloplasmin (ref. 1. p. 539). The spectra of the 
brown compound (Fig. 1, curve I) have a maxi- 
mum at 485 nm and compare well with that of 
adrenochrome (1). This brown form is also short 

with adrenalin in basic solution. Our analysis of 
the yellow compound by Job's method and by 
the mole ratio method does not support the 
published results. Job's plot, Fig. 2, curve 2, does 
not give strong support in favor of 1 : 2  copper(11) 
adrenalin complex formation and the mole ratio 
method failed to give any indication of metal 
complex. Its formation and disappearance are 
independent of both adrenalin and copper con- 
centrations. The spectra of this compound com- 
pare well with that of the paraquinone (3) and 

lived and in about 2 min is transformed into a 
yellow compound. A new peak at 445 nm appears 
and the intensity at 485 nm is decreased. The 
curves 1, 2, 3, and 4 in Fig. 1 represent the 
change in the spectra with time and the isosbestic 
point at 450 nm suggests a mixture of two com- 
pounds, bromn and yellow. The yellow com- 
pound changes slowly to the green form. The 
curve 5 of Fig. 1 was recorded after 43 min of the 
reaction. I t  does not intercept at  450 nm as the 
intensity in the visible decreases and that in the 
lower wavelength increases. Walaas et ul. (9) 
suggested that copper(l1) forms a 1 :2 complex 

most likely this is a conjugate salt represented by 
2, resulted from adrenochrome. A yellow com- 
pound identical to the compound in the present 
system has been reported to form from adreno- 
chrome at pH 2.0 and has been suggested to  be 
the conjugate salt (8-10). The disappearance of 
the yellow compound is slower than its forma- 
tion. In about 2 h it is completely transformed to 
the green form. The change in spectra with time 
is represented by curves 5. 6, 7, and 8 of Fig. 1. 
Although the spectra of the green solution are 
similar to that of melanin formed by oxidation 
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RAHAMAN A N D  

of adrenochroine with ferritine (7), its higher 
absorbance at around 460 and 600 nm and an 
isosbestic point at  420 nm suggest the system 
contains more than one compound. In the 
process of melanin formation a by-product 
quinone has been observed to form (11) and a 
blue-green compound prepared from adreno- 
chrome in acid solution was identified as a 
quinone (8). In the present system an eq~iilibrium 
exists beheen melanin and indolyl-indoquinone 
(4) hhich has the same properties of indoly- 
napthaquine (5). 

In the absence of copper(I1) ion at  p H  9.2 to 
10.5 adrenalin transform to brown adreno- 
chrome which in 30min produces melanin 
(Fig. 1, curves 9, 10, and 11). The mechanism of 
the reaction of adrenaline with copper(I1) ion in 
the p H  range of 9.2 to 10.5 can be outlined as: 

adrenalin + an unidentified free radical - adrenochrome 
+ conjugated salt (2) + indolyl-indoquinone (4) 4- mel- 
anin 

pH 8.0-8.5 
Adrenalin reacts with copper(I1) ion to pro- 

duce a brown compound. The spectra of the 
solution (Fig. 6, curve 4). with a maximum at 
480 nm ( 6  = 3900) compare well with that of 
adrenochrome. Job's method and mole ratio 
method were performed by measuring the 
absorbance at 460 nm. I t  is evident from Fig. 2, 
curve 3 and Fig. 4, curve 3, that the compound 
is not a copper(I1) complex with adrenalin. The 

FIG. 3. Adrenaline-copper system at p H  8.5. Adren- 
aline 2 X 10-4 'M, 0.04 M ammonium chloride ant1 trace 
amount of copper. Spectra recorded every 6.0 min after 
mixing. 

absorbance at  460 nm was recorded with time by 
mixing 2 X M adrenalin and 1 X M 
copper(I1). Figure 3 shows that only one com- 
pound is formed and the kinetics is pseudo first 
order (Fig. 5) with a rate constant of 1.96 X 
min-l. The results led us to forlnulate the com- 
pound as adrenochrome. 

pH 6.5-7.5 
When the p H  of the system containing adren- 

alin and copper(I1) is adjusted to the region of 
6.5 to 7.5, the same brown compound as ob- 
tained at  p H  8.5 is produced. It can be con- 
cluded that at  the normal physiological p H  
adrenochrome is the only compound that can be 
formed in presence of copper(I1) ion (see Fig. 6, 
curve 3). 

pH 4.0-5.5 
A brown compound is formed when the p H  

of the acidic solution of adrenalin-copper(I1) 
mixture is increased with base. The absorption 
spectra of this co~npound (Fig. 6, curve 3) have a 
maximum at 500 nm with two peaks in the visible 
region at  420 and 580 nm. It is evident from Job's 
plot of continuous variation (Fig. 2, curve I) and 
from mole ratio plot (Fig. 4, curves 1 and 2) that 
copper(I1) forms a complex where the copper: 
ligand ratio is 1:2. These results are in favor of 
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. -  
2 3 

M O L E  R A T I O  fi - 
C u 

FIG. 4. Acirenaline-copper system containirig 0.04 .Zf 
a m m o n i ~ ~ n i  chloride. Variation of absorbance at  460 n m  
with concentration. ( I )  pH 5 .5 ,  brown complex. \ariation 
of adrenaline concentration. 0.5 X 10-A :31 copper. (2) pH 
5.5, bro\+n conipiex, variation of copper concentration. 
adrenaline 1 X 10-4 .If, (3) p H  8.0. brown-red compound. 
variat~on of acirenaline concentration. 

-3.0 
0 5 10 15 

t (rnjn) ---c 

FIG. 5 .  Pse~ldo first order kinetics plot of adrenaline- 
copper sgstem at p H  8.5. (I) 66 X 10-+ M adrenaliile and 
0.34 X 10-521 copper. Meahured at  460 nm. Rate 
constant = 1.96 X 10-2 min-I. 

complete chelation and are in agreement with 
the interpretation of the thermodynamic prop- 
erties of the system (12). The complex at p H  5.5 
in presence of amnlonium chloride (Fig. 6, 
curve 3) has a higher absorbance than the com- 

plex formed at this p H  in the absence of am- 
moni~im chloride (Fig. 6, curve 2). The am- 
monium chloride has no influence in the reaction 
of adrenalin with copper(I1) in basic solution. 
Thus, it seems that NM3 is also ligated to the 
metal ion in the complex at  low p H  values. The 
molar extinction coefficients on the basis of 
adrenaline concentration are 3800, 800, and 1900 
at 500, 580, and 410 nm respectively. Since the 
con~plex is 2 : l  adrenalin:copper(II), the values 
for the cornplex are half of those calculated from 
the adrenalin concentration. The high intensity 
at  500 nm is possibly caused by the overlap of the 
charge transfer band on the rl-d band. In the 

u 

ultraviolet region the compound has peaks at  
220 and 300 nrn that are assigned to electron 

transfer bands of 'c==o and ligand-to-metal 
/ 

charee transfer band. It is obvious that the 
u 

copper site of the adrenalin is not the only 
chromoplloric center of the molecule. For cupric 
ions, lines in the visible region can arise only 
from a transition betueen d orbitals whose 
degeneracy has been removed by the ligand field. 
However, the excited T-level is at low energy and 
can overlap on the d-d band. Campbell et al. 
have observed high molar absorptivity in the 
visible region of copper complexes with 3-ethoxy- 
butane. 1-2 one bis(thiosemIcarbazone) and suh- 

u 

gested 'the possibility of overlap of t'he charge 
transfer bands on cl-d bands (13). High molar 
absorptivity in the visible spectra of copper com- 
plexes of biomolecules, such as ceruloplasmin 
(141, and stellacyanin (rhus vernicifera blue) (15), 
has been reported. Presumably, low site sym- 
metry could be another reason for the strong 
intensity and can be compared with published 
results (16). The water solubility of the complex 
mav be due to a 5-coordinated com~lex  forma- 
tion like many other copper complexes in the 
biosystem (17). 

The bro7nn complex at p H  5.5 in 1.5 N hydro- 
chloric acid transforms to a bluish form (Fig. 7, 
curve 3) which on standing gives a black pigment. 
The black pigment is insoluble in strong acid and 
identified to be a polymer similar to that ob- 
tained by Bu'Lock (8). In 1.5 W hydrochloric 
acid the brown compound formed from adren- 
alin copper(l1) at pH 9.5 produces a yellow 
color. The spectra of this solution (Fig. 7, curve 
2) suggest that the compound is the conjugated 
salt represented by 2. 
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RAHAMAN AND KORENKIEWICZ 

FIG. 6. Adrenaline-copper system; adrenaline 1 X 10-4 11~1, copper 1 X lo-' .1f. (I) p H  9.5, green 
conlpound containing 0.04 M ammonium chloride. (2) p H  5.5, brown compound without ammonium 
chloride. (3) pH 5.5.  brown compound containing 0.04 M ammonium chloride. ( 4 )  pH 8 .5 ,  brown-red 
compound containing 0.04 M amn~oniurn chloride. (5) p H  9.5, yellow conlpound containing 0.04 M 
ammonium chloride. ( 6 )  Adrenochrome formed by oxidizing adrenaline ( 1  X IOWA 'M) with potassium 
ferricyanide. (7) p H  7.0, brown compound containing 0.04 .21 ammonium chloride. 

Raman Spectra 
The Raman spectra of 1 X M adrenalin 

and 2 X M copper(l1) system at p H  5.5 are 
shown in Fig. 8. The band at 1680 cm-I is 
assigned to a stretching vibration of aliphatic 
carbonyl group (4). Heacock and co-workers 
noticed that the infrared spectra of iodoadreno- 
chrome and adrenolutin have the absorption at  
this frequency and they assigned this band as 
aliphatic carbonyl stretching (18). Since indoxy 
carbonyl groups have stretching frequencies be- 
tween 1750 and 1710cm-' and acetophenone 
carbonyl absorbs at 1686cm-I (18, 19) the 
Raman scattered peak in the copper(l1) adrenalin 
complex cannot be due to311e carbonyl group in 
the aromatic ring. I t  is also possible that aliphatic 
carbony1 frequency, which, should be at 1680 
cm-I, has been shifted by the hydroxy groups in 
the benzene ring. 

The adrenolutin, 6, is the possible state that 
forms complexes with copper(I1) at  p H  5.5. The 

1640 cm-I band was not found in the infrared 
spectra of adrenochrome but in an aqueous 
solution of adrenochrome this band appears (20). 
We observed that in D 2 0  this band disappears, 
indicating that this band may be due to the 
bending mode of water and not from C=N 
stretching. This further supports the presence of 
6 that enables the phenolic groups to coordinate 
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FIG. 7. Adrenaline-copper \yitern: copper 1 X ,Vf, adrenaline 1 X 1W4, and 0.03 1t.I am- 
~iionium chloride. ( / )  Adrenaline only at  p H  5.5 (1 X 10-"M). (2) Yellou compound at  1 . 5  h'hydro- 
chloric acid obtained on acidification of brown compo~ind  at  p H  8.5. (3) Bluish compound at  1.5 N 
hydrochloric acid obtained on  acidification of b roun  con~pound at p H  5.5. 

11 lov9 AMP 

14 -i 

FIG. 8. Resonance Raman spectra of copper-adrenaline complex at  pH 5.5. Adrenaline 1 X 
hi', copper 1 x 10-2 .M, and 0.04 A4 ammol~ium chloride. he, = 496.5 nm. Spectrometer band pass = 
4 . 5  cm-1. Rise time = I0 s. Slit ~ i d t h  = 200 p. 

with copper. The bands of conjugated double the C-N stretching is at 1435 cm-l. These bands 
bond of the six ~nember ring at 1558 cm-l are show no isotopic change on deuteration and are 
hidden under the uater band but appear in D20.  comparable uith other reported results (21). The 
The C-N stretching band of copper adrenaline C-N band in the Raman spectra of cystene has 
is at  1480 cm-I whereas in copper noradrenaline, been found in this region (22). The contribution 
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RAHAMAN AND KORENKIEWICZ 3823 

of CH3-N is important and it seems that the 
interaction of C-N stretching with this kind of 
motion raises the frequency as high as 1480 cm-I 
in adrenalin copper. It is conlparable with the 
results of N-methyl compounds (23). No such 
interaction can take place in noradrenaline 
copper system which has no methyl group. The 
bands at  1460 and 1435 cm-I in copper adren- 
aline conlplex are assigned as CH3-N asym- 
metric bending and CH3-N symmetric bending 
frequencies. 

The copper bonded phenolic C-O band 
appearing at  1390 cm-I suggests a coordinated 
phenol rather than a bridging phenoxide (24,25). 
The band at 1325 cm-I could be assigned as 
N-H in plane bending arising from coordinated 
NH3. The M-N stretching band arising from 
the coordinated NH3 appears at  512 cm-I and 
the M-O stretching band at 3 10 cm-I. There are 
a large number of bands between 400 and 325 
cm-I which can hardly be explained. However, 
similar bands have been observed in the Raman 
spectra of coat proteins of pfl and fd virions and 
it has been suggested that these bands arise from 
alanine residue in the right handed a-helical 
form (26). The complexes of copper adrenalin 
and noradrenaline at p H  5.5 can be represented 
by 7, which is comparable with L-Dopa copper 
complex at p H  6.4 (27). 
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The use of polymer supports in organic synthesis. V1I.I Polymer-basand 
1,3-disls as monoblocking agents of symmetrical dia%dehydes2 

CLIFFORD C. LEZNOFF AND SHAFRIRA GREENBERG 
Department of'Cl~emis!r.~, York ti~iicersifj,, Do,vt~sciew, Ot~t. ,  Cc~tzada M3J IP3 

Received June 14, 1976 

CLIFFORD C. LEZNOFF and SHAFRIRA GREENEERG. Can. J. Chem. 54, 3824 (1976). 
Two different 2' ; cross-linked divinylbenzene-styrene copolymers incorporating 1,3-diol 

groups were prepared. The symmetrical dialdehydes terephthalaldehyde and o-phthaialdehyde 
were attached to these polymers through acetal formation, shouing that even hindered o-aro- 
matic dialdehydes can be ino~loblocked by the use of polymer supports. The free aldehyde 
eroup of polymer-bound terephthalaldehyde reacted with Wittig reagents to give I-p-forrnyl- 
ihenyl-4-phenyl- l,3-butadiene and p-forn~yistilbene. Similarly, pol-ymer-bound o-phthalalde- 
hyde gave o-formylstilbenes. 1301ynier-bound 1,3- and 1,'-diols did not form acetals of aliphatic 
dialdehydes and formed ketals of symmetrical diketones in bery low yield. 

CLIFFORD C. LEZNOFF et SHAFRIRA GREENBERG. Can. J. Chem. 54, 3824 (1976). 
On a prepare deux copolymkres differents de divinylbenzkne-styrk~~e reticults B 2 5  et 

incorporant des groupes diols-l,3. On y a attach6 les dialdehydes symetriques terephtalique 
et o-phtalique par formatiort d'acetai; ces rCsultats demontreni que, m&me dans le cas de 
dialdehjdes encombres, on peut bloquer un seul groupe carbonyle en ~~til isant des supports B 
base de polymkres. ke  groupe aldehydique libre du tCr6phtalaldehqde reagit avec les reactifs 
de Wittig pour conduire au  p-formylph6nyl-1 phenyl-4 butadikne-i,3 et au p-formylstilbene. 
De la n i h e  manikre 1'0-phtalaldehyde lie au polymbe conduit au o-formylstilb6ne. Les diols- 
I ,2 et -1,3 lies au polymkre ne forment pas d'acCials avec les dialdehytles aliphatiques alors que 
les cCials de dicetones synietriques ne se forment qu'avec de faibles rendements. 

[Traduit par le journal] 

Insoluble polymer supports have shown prom- 
ise as monoblocking agents of symmetrical diols 
(1) and symmetrical aromatic dialdehydes ( 2 ,  3). 
Furthermore, the free functional group of the 
polymer-bound symmetrical difunctional corn- 
pound was available for synthetic elaboration 
with organic reagents to provide formylstilbenes 
(4) and insect sex attractants (53. 

A!thoough we had previously prepared a poly- 
mer-bound i,2-diol, I, by the reaction of 
Merrifield's chloromethylated polymer ( 4 )  with 
the sodium salt of isopropylidene glycerol (fol- 
lowed by hydro!ysis), and had monoprotected 
terephthalaldehyde, 2, and isophthalaldehyde 
with 1 (21, we have not previously reported 

'For part V I  see ref. 5 .  
T a k e n  from the M.Sc. Thesis of S. Greenberg, York 

University, Downsview, Ont., 1976. 

attempts to monoprotect hindered symmetrical 
aromatic dialdehydes such as o-phthalaldehyde, 
3, aliphatic dialdehydes, and symmetrical di- 
ketones 

Recent reports on the syntheses of o-formyl- 
stilbene. 4, (7) from o-phthalaldehyde, 3, and a 
thieno[2,3-D]pyrrok derivative from 3,4-thio- 
phenedialdehyde (8) illustrate the difficulties 
encountered rn preparing products from reac- 
tions of only one aldehyde group of unprotected 
aromatic orlko dialdehydes. We thus attempted 
to monoprotect one aidekyde group of 3 kith 
oar previously prepared polymer P ( 2 )  in order to 
synthesize o-formylstilbene, 4, more readily. 

All attempts to attach 3 to polymer 1 through 
formation of a five-membered ring cyclic acetal 
by methods previously described ( 2 )  failed and 
we attribute this faiiure to steric hindrance 
inherent in o-aromatic dialdehydes. It has been 
shown that six-membered ring cyclic acetals are 
more stable than five-membered ring cyclic 
acetzis (9, 10) and hence we thought that a 
polymer-bound 1,3-dio! may be successful in 
monoblocking hindered o-aromatic dialdehydes 
even though polymer 1 failed. 
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I - e c H 2 0 - c ) - I I - c - c H 2 ~  
I 

CH; 

8 

The reaction of a ch1orornethy:ated Merrifield 
polymer, 5 (61, containing 2.2 rnmol of -CH2G1 
groups, g of resin, with the sodium salt of 
2,2,5-trimethyl-t~1-dioxane-5-met11anoi~ 6, in an- 
hydrous tetrahydrofuran (THF) gave a polymer- 
bound ketai, 7, which on acid hydrolysis yielded 
the desired polymer-bound 1,3-dioI, 8, as shown 
in Scheme 1 .  Resin 8 did not contain any 
residual amountof  chloride as deterrniced by 
the modified Volhard analysis ( I  I> .  

Similarly, polymer 5 reacted with the sodium 
sail of 1,3-0-befizylidene glycerol, g j  in an- 
'irydroi~s benzene to give a new polyner-bound 
keaai, 10, w'nici~ on acid hydrolysis gavezi  
poiyrnei:- bonnd I ,3-diol, II., as shown ;IT Scheme 
1 

Before attempting to monoprotect o-aromatic 
dialdehydes with resins 8 and 11. it  was necessary 
to  determine the ca-pacity of these resins and to 
test their r,eactii:ity in comparison to the previ- 
ously reported po1ynx:er h (2). Thus treatment of 
resins 8 and 11 :8.iih ter~phihalaldehyde~ 2, as 
before ( 2 )  gave resins I2 and 13 containing 2 
monoblocked by the resins through a six-mem- 
bered ring cyclic acetsl. The ir spectra on12 end 
13 exhibited typical a!dehyde absorption at ?690- 

1 7 0 0 ~ m - ~ ,  showing the presence of monopro- 
tected sylllmetrical dialdehyde. Both resins 12 
and 13 contained 0.38 mmol of 2 per gram of 
polymer, which represent slightly higher capaci- 
ties than that of poly-mer 1 for terephthalaide- 
hyde, 2 (2). The Wittig reactions of resins 1% and 
13 with cinllamyltriphenylp~~osphonium chloride, 
44, and 14 or benzyltriphenylphosphoni~~m chlo- 
ride, 15, yielded resins 16,17, and 18 respectively, 
which on acid hydrolysis, gave l-p-formylphenyi- 
4-phenyl-l,3-butadiene, 19, in 90yG yield from 
resin 12 and 19 and p-formylstilbene, 20, in 94 
and 895% yields respectively froin resin 63 .  These 
very high yields of Wittig products derived from 
P2 and 13 via 8 and 11 represent a substantial 
improvement in the yields of 49 and 20 prepared 
via poly~ner 1. Thus a polymer-bound six-mem- 
bered ring acetal formed from 1,3-primary diois 
represents a less sterically hindered configuration 
than a five-membered ring acetal forined from a 
polymer-bound I-primary alcohol, 2-secondary 
alcohol and hence the Wittig reaction car, pro- 
ceed more readily. Although chemical reactions 
of benzaldehyde irz solirtion may not be affected 
by steric effects of p-substit~lents, it is possible 
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that when the p-substituent is a macromolecular 
resin, small differences in stereochemistry of 
p-substituents can be magnified to give the effects 
outlined here. Resins 8 and 11 represent slightly 
different 1,3-diol resins in that the 1,3-diol of 
resin 8 is further extended from the polymer 
backbone than that in 11 and hence might be 
more accessible to chemical reactions. In any 
event both resins were very similar in all their 
chemical reactions. 

Since we were encouraged by the results of the 
reactions of resins 8 and 11 with terephthalalde- 
hyde, 2, we treated resins 8 and 11 with excess 
o-phthalaldehyde, 3, in anhydrous dioxane to 
give monoblocked polymer-bound o-phthalalde- 
hyde resins 21 and 22 respectively. The ir spectra 
of 21 and 22 showed typical aldehyde absorption 
at  1690-1700cn1-~ showing the presence of 
monoprotected symmetrical dialdehyde. Resins 
21 and 22 reacted with benzyltriphenylphos- 
phonium bromide in anhydrous dimethylforma- 
mide (DMF) and sodium methoxide to give 
stilbene resins 23 and 24, which on acid hy- 
drolysis, gave o-formylstilbene, 4, in 100% 
yield as a mixture of cis and trans isomers as 
shown in Scheme 3. The nmr spectrum of 4 was 
consistent with the assigned structure and showed 
a cis:trcins ratio of 1 :2. The high yields of 19, 20, 
and 4 and the unobserved recovery of 2 and 3 
from acid cleavage of the polymer-bound 
products lead us to believe that 2 and 3 are 
bound to polynlers 8 and 11 almost exclusively 
at  one end only. 

As described previously (2) used polymer 1, 
obtained after acid cleavage of polymer-bound 
products with HCl in dioxane, can be reutilized 
in synthetic schemes without loss of capacity. 
Unfortunately, resins 8 and 111, recovered from 
the acid hydrolysis of the Wittig reaction 
products were shown to contain up to 2.0 mmol 
C1-/g of resin. Thus, unlike the polymer-bound 
1,2-diol the HC1 cleavage of resins 8 and 11 
resulted in the formation of primary alkyl 
chlorides. Treating the used resins 8 and 11 with 
5% sodium hydroxide in ethanol-dioxane (1 : I )  
for 16 h gave resins 8 and 11 which did not con- 
tain residual chloride. When resins 8 and 11 were 
subjected to the reaction sequence described in 
Scheme 3 using 3 and benzyltriphenylphos- 
phonium bromide, 4 was obtained in only 5054 
yield from resin 11 and in Oyo yield from resin 8. 
Hence resin 8 is unsuitable for regeneration and 

12 tn = 1, R  = CH,, X  = CHO,  Y  = H  
P 3 m = O , R = H ,  X = C H O , Y = H  
21 m  = 1 ,  R  = CH,, X  = H ,  Y = CHO 
2 2 r n = O , R = H ,  X = H ,  Y = C H O  

resin 11 can only be partially regenerated. 
The protection of one aldehyde group of 

completely symmetrical aliphatic dialdehydes 
was attempted using polymer 1 and polymers 8 
and 11. Adipaldehyde (12), 1,8-octanedial (131, 
and 1,12-dodecanedial (14) were treated with 
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resins 8 and 11 but no attachment to the polymer 
occurred. Certainly it is well known (12) that 
adipaldehyde and even I,8-octanedial polyn~erize 
under the acidic conditions needed for acetal 
formation but 1,12-dodecanedial is quite stable 
and was recovered unreacted after the attempted 
formation of its acetal on the polymer. The 
failure of 1,12-dodecanedial to form acetals with 
polymers 1, 8, and 11 is surprising as heptanal 
forms an acetal with polymer 

The possibility of using insoluble polymer 
supports as monoprotecting groups for sym- 
metrical diketones has been investigated some 
time ago in our laboratory using polymer 1. Thus 
1 fornled ketals in only very low yield with the 
symmetrical diketones acetonylacetone, p-diace- 
tylbenzene, 1,6dibenzoylbutane, cyclohexane- 
1,4-dione, 2,2,4,4-tetramethylcyclobutane- 1,3-di- 
one, or the monoketones acetophenone and 
12-tricosanone under conditions normally used 
for ketal f ~ r m a t i o n . ~  Unlikc acctals, five-mcm- 
bered ring ketals are more stable than six- 
membered ring ketals, due to unfavourable 
l,3-interactions in the six-membcrcd ring (10). 
We wished to confirm, however, that our pre- 
vious observations were not confined to that 
polymer alone and hence we examined the 
reaction of resin 11 with the symmetrical di- 
ketones p-diacetylbenzene and decane-2,9-dione. 
Resin 11 yielded monoprotected diketones con- 
taining only 0.07 and 0.01 mmol of the above 
diketones g of resin. The low capacity of resin 11 
for ketones precluded further studies in that 
direction. 

We have demonstrated that polymer-bound 
1,3-diols can be used to monoblock symmetrical 
o-aromatic dialdehydes which can then undergo 
Wittig reactions leading to a selective synthesis 
on one aldehyde group only. The monoprotec- 
tion of symmetrical diketones, hornever, requires 
further development of new polymers or new 
procedures. 

Experimental 
All melting points were determined on  a Kofler hot  

stage and are uncorrected. The ir spectra were recorded 
o n  a Unicam SPlOOO ir spectrophotometer using KBr 
discs unless otherwise stated. The nmr spectra were 
measured on a Varian Ah0 spectrometer using tetra- 
methylsilane as a n  internal standard ( 6  = 0 ppni) and 
deuterochloroforin as solvent. Mass spectra were recorded 
o n  a Hitachi-Perkin-Elmer KMU-6 mass spectrometer. 

35. Y .  Wong and C. C. Leznoff, unpublished results. 

The number in parentheses after the indicated ion shows 
the percentage of the base peak represented by that ion. 
Silica gel was uied for thin and thick layer chromatog- 
raphy. blicroanalyses mere performed by Dr.  C .  Daessle 
of Montreal. Filtering procedures were done under 
vacuum ~ising a sinter-glass funnel. All the stirring 
described below was performed using a Fisher magnetic 
stirrer. 

Prepui.arior~ of Po!),iner 7 
Sodium (I  g, 0.04 niol) was added to  39 g of 2,2,5- 

triniethyl-171-dioxane-5-n~ethanoi (15) (0.24 mol) in anhy- 
drous THF.  After all the sodium had dissolved, the 
Merrifield resin (20.0 g) (2' , cross-linked polystyrene 
beads with 2.2 mol of-CHzC1 per gram resin) was added. 
The mixture was stirred at  room temperature for 24 h 
and at  80 "C for 23 h .  The resin was collected by filtration 
and washed three times with T H F ,  six times with water, 
three times with ethanol-water ( I  : I ) ,  three times with 
ethanol, and three times with dry ether t o  give 22.0 g of 
polymer 7: ir spectrum; u,,, 1130-1050 crn-1 (C-0-C). 

Prepcirnrio~~ of'Pol,vt?ter 8 
Polymer 7 (22.0 g) was suspended in a mixture of 

dioxane and I hl hydrochloric acid (1 :I. 200 ml). The 
mixture was stirred for 48 h at  rooni temperature. The 
resin was filtered and washed six time5 with water, once 
with acetone. three times with ethanol, and three times 
with dry ether to give 20.9 g of polymer d io l8 :  ir spectrum 
v,,, 11 30-1050 cm-I (C-0-C). 

Prepurutiolr oj' Pul~rner  I 1  
A mixture of cis- and trizns-1.3-0-benzylideneglycerol 

(16) (6.4 g, 35 mmol) in 150 ml benzene was boiled under 
reftux for 48 h in the presence of sodium metal (1.8 g 
78 mniol). T o  the cooled and decanted solution 20 g of 
the Merrlfield resin was added (2 ' ,  cross-linked poly- 
styrene beads with 2.2 n i n ~ o l  of -CH2CI per gram of 
resin) and the mixture was stirred for 48 h at  room 
temperature then at  100 -C for 24 h.  The resin was 
filtered and washed three times with benzene, six times 
with water, three times k i th  ethanol. and three times with 
dry ether to  give the resln 10 (22.6 g): ir spectrum, v,,, 
1260-1050 cn1-1 (C-0-C). A suspension of 10 (22.5 g) 
was stirred In a mixture of dioxane and 1 !CI HCI (1:1, 
150 ml) for 48 h at  room temperature. The resin was 
filtered and washed six times with water. once with 
acetone, three times with ethanol, and three times with 
dry ether to give 21.7 g of polynier 1.3-diol 11: ir spec- 
trum, u ,,,,, 1260-1 050 cm-' (C-0-C). 

Preparario~~ of I-p-For.~~~~~lp/~er~yl-4-p/~e11~~1-1.3-b~iradietre, 
19, cia Re~iirs 8 (11111 11 alzd p-For171~,lsrilbet1e 20 cia 
Resill I 1  

The above con~pounds  here  prepared by the Wittig 
reactions. A typical example is given for the preparation 
of p-formqlstilbene 20 via resin 12. 

Pol)-nier-bound dialdehydes 12 and 13 were prepared 
by a method identical t o  the preparation of 1 (2). The ir 
spectra of both resins 12 and 13 exhibited typical aldehyde 
absorption a t  1700 cm-1. The arilount of aldehyde 
attached to  the polymer was determined by acid hydroly- 
sis of 12 and 13 with dilute HC1 in anhydrous dioxane to  
yield terephthalaldehyde, 2.  Thus both resins 12 and 13 
contained 0.38 mmol 2 per gram. 
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T o  a solution of benzyltriphenylphosplronium bromide 
(4 g, 9.2 mmol) in 60 1121 dimethqlfornianiide (DMF), was 
added s o d i ~ ~ m  methoxide (2.5 g, 46 niniol). After stirring 
for 5 n ~ i n ,  d u r i n ~  which time the solution turned orange, 
resin 13 (5.8 g)  was added to  give. after stirring for 48 h 
at  room temperature. the resin 18. Resin 18 Mas separated 
b) filtration and ~ a i h e d  three times with DbIF ,  three 
times ~ $ i t h  DMF-water ( I  : I ) ,  three times ui th water, 
three times with ethanol. and three times ~ i t h  water, three 
times with ethanol, and three tiiues ui th dry erher. 
Acid hqdrolysis of re4n 18 and usi~lg an identicai work-up 
as described previoi!sly (2) gave used resin 11 and crude 
p-fornijlstilbene. 20. Further purification by preparative 
tic on  silica gel (eluant 10' CNC13:90'; C,H,) g a \ e  
0.400 g of analj  tically pure 4 in 89' , yield. 

Similarly. 1 .p-forn~ylphenyl-4-phe11yI-1.3-butadiene, 19, 
was obtained in 90 and 94'; yield from 16 and 17 via 
resins 12 and 13 respectively 

The physical and spectral data of 19 and 20 were 
identical to  the c!ata in the iiterat~lre (2). 

Prepir~.ii:iot~ of Pob.tlzers 21 i i r d  22 
The aboke polymers were prepared by treating pol? mer- 

bound 1.3-diols 8 and 11 uith u-phthalaldehyde. 3, in a 
manner similar to  the reaction of 2 with pollmer 1 (2). 
The ir spectra of polyniers 21 and 22 exhibited a tj-pica1 
aldehyde absorption at  1690-1700 cm-1. The amount of 
aldehyde attached to  the polymers was determined by 
acid hydrolysis of 21 and 22 ni th  0.35 4 i H C 1  in anhy- 
drous dioxane to yield 3. It was thus shown that resins 
24 anti 22 both contained 0.15 inniol of 3 per gram. 

Prepiirci:iorr of o-Forr71~.i.\:ilbe,le, 4, uin R e ~ i ~ r s  21 ~rrri/ 22 
The a b o l e  con~pouncl \va> prepared via resin 21 in a 

manner aimilar to  the preparation of p-formylstilbene 
from resin 1 (2). Clea\'age from the polymer was accom- 
plished by suspending 1.93 g polymer in anhydrous 
dioxane containing 0.35 M HC!, to  give in 100', yield 
0.124 g of pure 4 (7) as  a n  oil: mass spectrum. rri e 
208( 100). 207(33), 206(58). 179(40), 178(55): ir spectrum. 
v,,, (neat) 1735 (-C=O ci.s isomer). 689 (-CN-CH- 
cis ibonier). 1698 (-C=O tra~rs isomer), 969 (-CM- 
CH- rrcitls isomer). 2730 cm-I : nnlr spectrum 6 10.4, 
10.32 (IH), 6.9-7.25 (11M). The nmr spectrum sho~vetl 
the ratio of c,is::rcor.\ isomers to be 1 :2 respectively. 

Similarly. resin 22 (2.27 g) gave 0.090 g of 4 ill 10OC, 
yield. In both case, no starting o-phthalaldeh\de, 3, h a s  
detected in the product. 

Regriiri.uiio~r of Pol,i.tliri..s 8 ar~ci 11 
In a typical procedure. 5 g of a once uaed polymer was 

suspended in 60 ml ethanol - dioxane - 5', NaOH 
(1:1:!). The mixture wa, stirred ~ inder  reflux overnight. 
The11 the resin was filtered and ~ + a s h e d  three tiriies ~ i t h  
dioxane. six tinies with water. three times uirh ethanol- 
water ( !  : I ) ,  three t in~es  wrth ethanol. and at  least three 
times with dry ether, There was n o  detectable amount of 
chloride Icft. 

P~.epni.cifiorl of Po!\~i~ic~r-boio~i' I(c.:o/~ea 
All polqnier-bound ketones \%ere prepared in a manner 

similar to  the preparation of polyruer-bound p-diacetyl- 
benzene. A suspension of polymer 8 or B d  (5.13 g) in 

anhydrous benzene was treated with p-diaceiylbenzene 
(1.7 g, 0.01 n ~ o l )  and 0.1 g 11-toluenesulfonic acid. The 
mixture usas heated under refiux for 48 h in the presence 
of molec~ilar sieves (type 3A, g i n .  pellets) in a Soxhlet 
extractor to  ahsol-b the liberatcd uater  and gave polymer- 
bound p-cliacet) lbenzene (5.34 g ) ~  The ir spectrum of the 
polyn~er-hound p-diacetylhenzene exhibited a typical 
carbonql absorption at  1655-1680cni-1 (medium). The 
amount of ketone attached to  resin 1% mas determined b j  
acid hydrolysis of the polymer-bound ketone using ( I  :1) 
1 kl HCL - dioxane and !ielded y-diacetylbenzene (0.07), 
decane-2.9-dione (0.01) benzqlacetone (0.03). 12-tricosan- 
one (0.01), acetophenone (0.12), and cyclododecano:?e 
(0.16 n ~ m o l )  from their respectile polynner-bound ketone. 

Arrerilpreti Afrcic.l~~ttct~t o/ illipl~cific Diul~/e'el~~.&s ro Poljmer 
Dio1.i 1 ci~iti 11 

The aliphatic d ia ldeb  des. adipaldehq de, 1.8-octane- 
dial, ant1 1.2-dodecanediai Mere treated ni th resins 1 and 
I1 as described for aromatic dialdehjdes (2) or a s  
described above for the attachment of ketones to resin 11. 
111 all cases n o  attachment occurred. Man) other condi- 
tio11s were tried in ~bhich the acid, the drj ing agent, the 
iolvent, the reaction time, and reaction teinperature were 
varied and in n o  case was a n  zliphatic diaidehyde 
attached to  the resin (17). 

The authors wish to thank the National 
Research Councii of Canada for a grant in aid 
of this research. 
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Situselective a'-acetoxylation of some a,@-enones by 
manganic acetate oxidation 

GAYNOR J. WILLIAMS AND NORMAN R. HUNTER 
Depurtmetlt of Clrerrzistr),, C't~irersitj~ uf Manitoba, Wit~izipeg, Murz., Cutlado R3T 2N2 

Received June 14. 1976 

CAYNOR J. WILLIA>~S and NOR>~AN R. HUKTER. Can. J. Chem. 54, 3830 (1976). 
Heating 5,s-dimethylcyclohex-2-en-I-one, 1, with manganic acetate in acetic acid yields 

6-acetoxy-5,j-dirneth,lcyclohex-Zen-I-one, 2. as the only isolated product. Reaction of 3- 
meth~lcyclohex-2-en-I-one (3) or (+)-pulegone (5) under similar conditions yields the anal- 
ogous 6-acetoxy-3-methq.lcyclohex-2-en-I-one (4) and cis- (6) and trutrs-2-acetoxypulegone (7) 
respectively. 

G A ~ N O R  J.  WILLIAMS et NORMAN R.  HUNTER. Can. J. Chem. 54, 3830 (1976). 
Le chauffage de la dimkthyl-5,j cyclohexkne-2 one-1, 1, avec de 1'acCtate manganique dans 

l'acide acCtique conduit a 1'acCtoxq-6 dimethyl-5.5 ~~clohexene-2 one-1, 2;  c'est le seul produit 
qui a ete isole du mClange r6actionnel. Les reactions de la mCthql-3 cyclohexkne-2 one-1 (3) ou 
de la (+) pulegone (5) dans des conditions semblables, concluisent respectiven~ent aux produits 
analogues acitoxy-6 mCthyl-3 cyclohexkne-2 one-1 (4) et acCtoxy-2 pulegone cis ( 6 )  et rratls (7). 

[Traduit par le journal] 

In the course of work directed toward the TABLE 1. Products from nianganic acetate oxidation 

development of a sequence for the regioselective 
fusion of a y-butyrolactone ring to the a,@- Enone Product(s) Yield* (5':) 
positions of an enone (Scheme I ) ,  we investigated 
the reaction of manganic acetate with several 45 1 Acfl 2 3 5 selected a-@-unsaturated ketones. 

Previous workers (1) have shown that man- 
ganic acetate will convert simple alkenes into 
substituted y-butyrolactones upon thermolysis 
in acetic acid. Mechanistically this reaction 
probably proceeds by addition of carboxyrnethyl 
radical to the alkene, followed by oxidation of 
the radical to a cation and ring closure (1). We 
anticipated that any generated carboxymethyl 
radical alight interact with the double bond 
portion of the enone system. 

When 5,5-dimethylcyciohex-2-en-1-one, 1, was 
treated with 4 mu1 equiv. of manganic acetate in 
glacial acetic acid, containing sodium acetate to 
raise the temperature of reflux, the only product 
isolated was 6-acetoxy-5,5-dimethylcqclohex-2- 
en-2-one, 2.' Clearly the ketone had not reacted 

*Yields are based on isolated and purified products. No attempts 
haie been made to optimize yields. 

at the double bond but a to the carbonyl to give 
the product of situselective at-a~etoxylation.~ 

Several more enones were examined under the 
same conditions and again the only isolated 
products were from at-acetoxylation2 (Table 1). 

The two products isolated from oxidation of 

'The structures of compounds 2, 4, 6 ,  and 7 were 
established on the basis of the spectroscopic and analytical 
data recorded in the Experimental section. 

'Since only one acetoxylated product was isolated the 
reaction is clearly situselective; the low mass balance, 
however, prevents any claim of situspecificity. 
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OAc 

(+)-pulegone are the same C-2 isomers of 2- 
acetoxypulegone as obtained by oxidation of 
pulegone with mercuric acetate (4). The ratio of 
the two products (as determined by gc analysis) 
changed during the course of the oxidation as the 
cis-isomer 6 epimerized to the conformationally 
more stable trrzns-isomer 7. 

One can envisage several mechanisms for 
oxidation of the enones to the a'-acetoxyenones. 
For example, the formation of a metal enolate 
with acetate transfer (Scheme 2) analogous to 
the lead tetraacetate oxidation of enones (3) is 
possible. 

However, since previous oxidations of car- 
bony1 con~pounds with manganic acetate (1,2,5- 
9) have probably all involved t he intermediacy of 
an a-keto radical resulting from the oxidation of 
an en01 or enolate anion by Mn(III), it is possible 
that our a'-acetoxylation reaction also proceeds 
via a-keto radical formation followed by ligand 
transfer oxidation to the product (1 1). Oxidation 
of the a-keto radical to the carbocation by 
electron transfer is not favoured due to the 
adjacent electron-withdrawing carbonyl group 
(12) (Scheme 3). 

Synthetically the acetoxylation of enones by 
manganic acetate oxidation offers an alternative 

0 0 

Mn(OA.1: 

Ligand R 
transfer R 

to the more commonly used lead tetraacetate 
oxidation (3). While the yield for the former 
oxidation is low it may be the procedure of 
choice for compounds which are not compatible 
with lead tetraacetate. This oxidation represents 
an added feature to the chemistry of manganic 
acetate. 

Experimental 
Infrared spectra were recorded with a Perkin-Elmer 

1700 spectrophotometer. Proton magnetic resonance 
spectra were recorded with a Varian EIV-360 spec- 
trometer, using tetraniethylsilane as internal standard 
and deuterochloroform as solvent Mass spectra were 
measured with a Finnigan 1015 quadrupole mass 
spectrometer. Melting points (uncorrected) were deter- 
niined 011 a Fisher-Johns melting point apparatus and gas 
chromatographic analyses were done using a Hewlett- 
Packard 700 chromatograph with flame ionization detec- 
tion. Microanalyses were by Chemalytics, Inc., Tempe, 
Arizona. All extracts were dried over magnesi~un sulfate 
and solvents removed in L.UCUO using a rotary eI'aporator. 

Prepararion of Hxdrated Matrgurric Acetnre 
The following procedure represents a slight niodifica- 

tion of the literature preparation (2). The product pre- 
pared by this method gave cleaner reactions and higher 
yield of product. The number of moles of water of hydra- 
tion has not been determined for our product. 

Acetic acid (500 1ii1) and rnanganous acetate (Mn- 
(OAc)2 .4H20)  (48 g) were heated under reflux for 20 min. 
Potassium pern~anganate (8.0 g) was then slowly added, 
and the mixture heated under reflux for a further 20 min. 
After stirring at ambient temperature overnight, water 
(80 ml) was added and after an additional 30 min the 
precipitate was filtered off, washed with glacial acetic 
acid, and air-dried (58 g). 

a'-Acetox,vlution of a.6-C'rrsui~rrated Kerorles 
In a typical experiment a solution of the cr,,8-unsatur- 

ated ketone (4 nimol) and sodium acetate (16 g) in glacial 
acetic acid (100 ml) was heated under a nitrogen atmos- 
phere to the reflux temperature (i20-135 ' C ) .  Manganic 
acetate (1 g) was added and refluxing continued until the 
brown colouration disappeared (about 5 rnin). Further 
1 g portions of manganic acetate were added to obtain a 
total of 4 g (15 nimol). After an additional 10 min 
under reflux, gas chromatographic analysis indicated the 
complete disappearance of the starting enone. The re- 
action was diluted with water (100 mi) and filtered. The 
filtrate was extracted with chloroform (3 X 50 mi) and 
the combined chloroform extracts were washed succes- 
sively with water (2 X 100 ml), 10'; sodium bicarbonate 
(2 X I00 ml), and water (2 X 50 ml). 

Drying and removal of the solvent gave viscous oils 
which were purified by preparative thin layer chrorna- 
tography (silica gel) and /or sublimation. 

6-Acerox)~-5,5-Din1etl1~lc~clo/rfx-2-enl-ote, 2 
From 5,s-dimethylcyclohex-2-en-1-one: I, (0.500 g, 

4 mmol) (10) was obtained, after sublimation (100 "63, 
12 torr), 0.255 g (1.4 mmol, 35%) of 6-acetoxy-5,5- 
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dime"rylcyclohex-2-ei1-I-o11e~ 2, mp 84-85 "C. Ailnl. 
ca!cd. for CI&1140j: C 05.93, M 7.69; found: C 65.64, 
H 7.67. Mass spectrum for CI0Hl4o3 requires mje 182: 
found: in/e 182, I40 (ioss of CH2-C=G), 122 (loss of 
CHjC02H); base peak 43 (CH3-CEO+). Infrared 
spectruni (CNClj) 1675, 1750 cin-1; pinr spectrum 
(GDCI,) T 8.95 (3H. s, CH3), 8.85 (3H, s. CN3), 7.8 

8 
I I 

(3H, s, CH3-C-0-). 7 54 (2Pi, m, G4-M's), 4 71 J IH,  
s, C6-H), 3.45 ( IH,  iud. C2-H), and 3.20 ( lH,  md, C;-H) 

tcAcetoxy-3-ntefli~~i~c!ohex-2..e~i- 1-otre, Q 
From 0.440g (4 ~nmci)  of 3-methylcyclohex-2-e1~-1- 

on?, 3. (Aldrich) was obtained, after preparatike thin 
Layer chron?a;ography (silica gci; 207; ether-hexane) and 
sr:bli!na.iion (100 'C, 14 torr), 0.169 g (0.95 mmol, 24'1) 
of 6-acetoxy-3-methq~~~qclohex-2-en-l-one, 4. mp 60- 
62 C .  Aiiul. caicd, for C9Hl2O3: C 64.29, H 7.14; found: 
I64 .10 ,  H 7.03. hfass spectrum for C9HlZo3 requires 
r?;/e 168; fo~~i l i l :  :?7:e 168, 126 (!ass of C H 2 = C 4 ) ;  108 
(!oss of CH3C02H), base peak 43 (CH3-C4i-). Infra- 
red spectruili (CHC131 1670, 1750 cm-1; pmr spectrum 

0 
I /  

(CDC13) 1 8.05 (3M, b 5, CN;), 7.8 ( 3 H ,  S, CM3-C-0-). 
7.45-8.0 (41-1, b rn, C4 and C5-M's), 4.68 ( lH,  dd, C6-H), 
and 4.15 (IN, b s, C2-H). 

cis a d  rr.at~s-2-.Acc~tox~'p~~/ego11e. 6 a i ~ d  7' 
From 0.500 g (3.3 n?n:oi) of (+)-pulegone, 5, (Aldrich, 

Technical) was obtained 0.270 g of a niixture of 6 and '7 
Separation by preparative thin layer chromatography 
gave 7 (O.120 g, 0.57 mmoi, 1 7 x )  and 6 (0.049 g, 0.19 
ninml, 6:;) as viscous liquids. Both 7 and 6 were chrorna- 
tographically pgre (tlc and gc) and their spectra agreed 
completely with literature spectral assignments (a). 
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Forma~onm and photslysis of alkyl and geroxy radicals in 
dilute glass matrices 
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FRANK CUTHBERT ADAM and IAIN R. H. MARSHALL. Can. J. Chem. 54, 3833 (1976). 
The use of molecular oxygen as a spin trap in rigid glassy hydrocarbon media at  77 K is 

investigated. By slight warming of the matrix, oxygen is found to effectively scavenge the 
isolated alkyl radicals produced by ?-irradiation to give Role, but does not react with radical 
pairs lying in the ionization tracks. The >ield of scavengable radicals in 3MP is determined and 
compared to  the findings of other workers. The butyl radical yields for ?-irradiated 1.0 rnol 1-1 
butyl chlorides in 3MP are found to be: r-KuCl, 5.8; i-BuC1, 5.1 1 2-BuC1, 4.9: and I-BuCI, 2.2. 
Alkyl radicals cannot be recovered from either R 0 2  or Bu02 by uv photolysis due to solvent 
abstraction reactions, or because of photon induced reactions of the alkyl radicals. Photol~sis 
of the butyl radicals themselves at 253.7 nnl give rise to decomposition and solvent abstraction 
reactions. 

FRANK CUTHBERT ADAM et IAIN R. FI. MARSHALL. Can. J. Chem. 54, 3833 (1976). 
On a Ctudie l'uti!isation de I'oxygene moldc~ilaire comlne piege a spin dans des milieux de 

verres hydrocarbonds rigides a 77 K .  En rechaufant lentement la matrice, on a trouve que 
l'oxygene piege d'une facon efficace les radicaux aikyles isoles; produits par une irradiation 7, 

pour conduire a ROz- : toutefois il ne rdagit pas avec les paires de radicaux se trouvant dans les 
trajectoires de I'ionisation. Le rendenlent en radicaux, pidgeables dans le 3MP. peut &tre 
determine et compare avec les resuitats obtenus par d'autres chercheurs. On a trouvC que les 
rcndernents en radicaux butylcs dans le 3MP, pour des chlorures de butyle 1.0 mol IF1 et 
sounlis 2 une irradiation 7. sont: r-BuC1, 5.8; i-BuCI, 5.1; Cl-2 Bu, 4.9; et CI-1 Bu, 2.2. Partant 
soit du ROz, ou du BuOz, on ne peut pas r6cupCrer les radicaux alkyles par photolyse uv; ce 
resultat est dfi a des reactions d'enlevement sur le solvant ou 2 des reactions induites par les 
photons sur les radicaux alkyles. La photolyse des radicaux alkyles eux-rn@nies a 253.7 nrn 
conduit a des reactions de decomposition et d'enlevement sur le solvant. 

[Traduit par le journal] 

Introduction 
It  has been known for some time that molecu- 

lar oxygen reacts ~vith free radicals produced by 
high energy radiation in the liquid phase (1) by a 
simple addition process [I] to give peroxy 
radicals ROz 

The same reaction has been observed to occur 
on the surface of single crystals of leucine which 
have been bombarded by H atoms. The resulting 
leucine radicals were allowed to react subse- 
quently with molecular oxygen (2) and the 
peroxy radicals so produced had an epr spectrum 
characteristic of an axial g-tensor with g ,  li 
2.035 and g,= 2.003 at low temperatures. At 
higher temperatures, or in the liquid state, a 
rotationally averaged value of g--. 2.015 is 
usually obtained. Similar radicals can be gener- 
ated by uv photolysis of alkyl peroxides (3) or 
hydroperoxides (4). The tertiary peroxy radicals 

are very stable below - 1115 "C but dimerize to 
give a tetroxide (5) in the liquid phase. 

Reaction 1 is also thotight lo account in part 
for the 'oxygen effect9 in the irradiation of living 
cells (6) whereby the radiation damage to physio- 
logical materials is augmented by formation of 
peroxy radicals which are relatively long lived 
and not readily repaired by normal biological 
processes. 

Our interest in peroxy radicals stems from the 
fact that R 0 2  was observed in the low tempera- 
ture photolysis of divalent sulfur compounds in 
dilute rigid glasses which had not been properly 
degassed. Apart from causing a certain amount 
of difliculty in the interpretation of these spectra, 
it also suggested thai reaction 1 was extremely 
efficient even in the rigid glassy state. We there- 
fore undertook a detailed investigation of the 
spin-trapping process. Since molecular oxygen is 
a normal constituent of living cells, it was felt 
that the results might have general applicability 
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to the broader area of radiation biology. 
One difficulty of using oxygen as a spin trap 

is that the alkyl peroxide radicals exhibit no 
proton hyperfine structure, so the identity of 
the particular alkyl function is distinguished in 
neither the epr nor the optical spectrum of the 
radicals. For this reason we also studied the 
feasibi!ity of reaction 2 in rigid 3-methyl pentane 
(3MP) a t  77 K, 

i1v 
[21 ROz. -+ R. + 0 2  

since many alkyl radicals can be identified by 
their epr hyperfine spectrum when trapped in a 
solid matrix (7). The effect of 253.7 nm radiation 
on the alkyl radicals themselves was also 
investigated. 

Experimeratai Procedures 
While it would have been desirable to add niolecular 

oxygen to the rigid glass following the creation of the 
radical centres at  77 K,  it was clear after a number of 
preliminary experiments that the microscopic transport of 
oxygen from either the liquid or vapor phase into the 
3MP glass at  any temperature between 76 and 90 K was 
too inefficient to compete with the other radical annihila- 
tion processes which occur in the body of the solid 
within this temperature range. As has been found by other 
workers who have attempted similar experiments (8) it is 
a necessary condition that the oxygen be dissolved in the 
medium before it solidifies in order that reaction 1 be 
observed. Because we were working with deuterated 
solvent (3MP-d14, >98(, D from Merck, Sharpe and 
Dohme, Montreal) as well as normal 3MP, the following 
procedure was developed to employ the minimum amount 
of solvent. Each epr cell consisted of a 2 cm3 Pyrex bulb 
attached by graded seal to a length of 3 mm id Suprasil 
tippit material which in turn was joined by graded seal to 
a high vacuum capillary stopcock attached to the high 
vacuum line. A sufficient pressure of dried and purified 
solvent was metered to the vacuum manifold to give on 
condensation a known volume (0.3 ml) of liquid in the 
inverted sample cell. Purified alkyl halide could also be 
introduced at this point. Air or oxygen was then metered 
into the manifold, and admitted to the cell by momentarily 
opening the capillary stopcock. The sample was then 
warmed to room temperature for a sufficient time to 
establish vapor-liquid equilibrium, refrozen, and the 
pressure again equalized between the sample and the 
manifold. The cell was then separated from the manifold 
by sealing off the tippet end. The cell was again equil- 
ibrated at room temperature and then frozen to 76 K 
preparatory to irradiation. The oxygen concentrations 
were determined using Henry's law coefficients given in 
ref. 9 assuming the room temperature distribution is 
"rozen in' at  77 K. Radiolysis was carried .out using 
aoCo ?-rays in a Gammacell 220 from Atomic Energy of 
Canada Ltd. at  a dose rate of 3.8 X 1016eV g-1 min-1. 
The photolytic procedures have been described elsewhere 
(10) as has the epr spectrometer used ( I  I). 

Results 

The experiments involve four main steps: 
(a) The creation of solvent radicals M. or alkyl 
radicals R. by ?-radiation of 3MP glasses con- 
taining various amounts of dissolved molecular 
oxygen, with or without the appropriate halide 
RC1. (b) The glasses were then warmed toward 
85 K to  allow diffusion of molecular oxygen 
through the matrix. This solid state titration 
results in the loss of the hyperfine structure of M. 
or R. and growth of M02.  or R02 .  by reac- 
tion 1. (c) The resulting alkyl peroxy radicals 
were then photolysed with 253.7 nm light, a t  
77 K. Wavelengths > 300 nm are ineffectual in 
this regard. (d) Following complete photolytic 
destruction of the peroxyl radicals, the matrices 
were again warmed to 85 K to determine 
whether M02.  or R02 .  was reformed from the 
photolytic products. Specific radicals R. were 
created by y-irradiation of 3MP glasses con- 
taining the corresponding alkyl chloride, utilizing 
the well-known (7) electron capture process [3] 

[31 RCl + em --t Re + C1- 

Photolysis of the unirradiated 3 MP or 3 MP- 
RC1 glasses with or without added oxygen 
produces relatively few radicals on the time 
scale of interest here. 

The results which will be discussed immedi- 
ately below relate primarily to the use and 
efficiency of oxygen as a spin trap agent and to  
the effects that O2 and MOz. have upon the 
radiochemical processes which normaliy occur 
in rigid hydrocarbon glasses. Of equal concern 
is the photochemical stability of M02.  and M. 
radicals to 253.7 nm light. 

(A)  Pure 3MP Glasses 
Irradiation of pure 3MP glasses gives a broad 

six line epr spectrum of the solvent radical M. 
as in Fig. la ,  with a G = 3.0 + 3 (i.e. radicals 
per 100 eV absorbed per gram) (12). Photolysis 
of these irradiated samples at 253.7 nm gives 
about a twofold increase in epr signal peak 
heights, due partly to a narrowing of the hyper- 
fine lines, as shown in Fig. 16. Although the 
spectrum retains the same basic six line structure, 
some incompletely resolved hyperfine detail can 
be observed. These changes have been attributed 
to  the formation of CH3. (13) or C21f5' (14) 
from M. by photolytic action. The spectrum of 
Fig. Ib is typical of M. produced through 
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FIG. 1. (a) Hyperfine spectrum of radiolized 3MP. 
(b )  Same sample photolyred at 253.7 nm for 30 min. 
(c) Radiolized 3 M P  containing 130 torr air. warmed to 
85 K.  Spectrum of R02. run at 77 K .  ( d )  Spectrum of 
sample (c) following 15 min 253.7 photolysis. 

photolysis of RSH, H2S (lo), or R2S (15). 
3MP-d14 gives initially a broad peak on y-irradia- 
tion which upon photolysis becomes an incom- 
pletely resolved multiplet of 7-9 lines with a 
3.5 G separation. Wavelengths greater than 
300 nm do not produce line sharpening in 3MP 
although near uv causes electron detachment 
from the carbanion M- (16). 

( B )  3MP wit11 Aclrlecl Oxygen 
r-Radiolysis of 3 MP which has been equili- 

brated with various pressures of air or oxygen 
give epr spectra at  76 K which are superpositions 
M. and MOz. with the relative proportions of 
each depending upon the particular oxygen 
pressure involved. As the samples are warmed 
toward 87 K, the hyperfine peaks of Me decrease 
and the M02.  peaks increase. The MO?. signal 
heights obtained when M. is completely removed 
(Fig. lc) are plotted in Fig. 20, for constant dose, 
as a function of the partial pressures of air 
equilibrated with the solvent at  room tempera- 
ture. It is apparent from this figure that the 

DOSE I h i  

, 1 I ! J 
0 2W 100 Ma 8a) 

TORR NR 

FIG. 2. ( a )  Yield of RO2. cs. pressure of air equilibrated 
with a 3MP glass. Dose, 1.4 X 10'9 eV g-I. ( h )  Yield of 
KO2. cs. radiation time in hours. Samples warmed to 
85 K at 2 h intervals (@). Sample given single continuous 
dose (A). 

intensity of the M02.  is limited at  high pressures 
by the radical concentration, and at  low pressures 
by the oxygen concentration. Below 0.05 atm of 
air it is necessary to warm to -90 K to get rid 
of all the residual hyperfine structure of the 
excess M. through the annihilation process 

141 2M. + diamagnetic products 

and possibly 

151 M. + M02. i MOOM 

The points in Fig. 2a were from samples which 
had received fairly uniform treatment, with a 
5 h time lapse between the conclusion of irradia- 
tion and the warmup procedure. Samples which 
have been 'rested' for 30 h give slightly higher 
results (l&157c) while freshly irradiated samples 
tend to give slightly lower results. 

Experiments were carried out to determine 
whether the presence of R 0 2 -  or oxygen alters 
the radiation induced solvent damage in any 
way. In the first instance, the irradiation was 
broken into several intervals between which the 
samples were uarmed to produce KO2.. The 
ROz. peak heights so obtained were then 
plotted as a function of dose as in Fig. 2b. No  
differences were observed between these samples 
and those which had received the same dose 
without intermediate harming. That dissolved 
oxygen also has little effect was determined by 
comparing the peak height of the first upfield 
hyperfine line of Mo in degassed 3MP with a 
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sample equilibrated with 41.8 torr of air. As a 
function of dose this ratio is a constant. As 
expected it is only slightly greater than unity, 
since a small proportion of the Me produced is 
converted to  R 0 2 -  in the latter case. 

The effect of photolysis following y-radiolysis 
but before warmup was also investigated for 
3MP samples containing -50 torr air. One 
sample was photobleached at  300-600nm to  
remove M-. On subsequent warming this gives 
an  M 0 2 .  signal 91% that of an  unphotolysed 
sample. A second sample was photobleached a t  
253.7 for 30 min, giving an  intensified M. epr 
spectrum as in Fig. lb. There resulted a 17% 
loss of M 0 2 .  signal relative to the unphotolysed 
sample. This suggests that 253.7 nm photolysis 
of M *  does not create a large number of addi- 
tional radicals, but that the signal intensification 
is largely due to creation of new species with 
narrower hyperfine lines, and that in fact there 
may be a small reclliction in the total number of 
radical species present in the glass. 

Photolysis of the various samples of M 0 2 .  a t  
253.7 nm resulted in immediate decay of the 
peroxy radical and regeneration of the M. spec- 
trum; not that originally observed as in Fig. l a  
but that of Fig. Id,  which is even more structured 
than that of Fig. 16, and contains many features 
of the ethyl spectrum. In addition, short ( < 8  
min) photolysis times yielded a small peak with 
a g value of 2.044 which has no apparent high 
field counterpart. This featlire is eventually 
obscured by growth of the hyperfine spectrum 
of Ma or  Et. with continued photolysis. It is 
removed by photolysis in the visible region, and 
is not observed in a perdeuterated 3MP matrix. 

When the photolysed matrices are warmed 
again toward 85 K,  M02 .  is regenerated in the 
oxygen rich media with an  epr signal intensity 
which is reduced from that obtained before 
photolysis; a 45Cc loss appears typical for a 
15 min photolysis of MOz- The residual radicals 
have slightly broader linewidths which presum- 
ably results from the fact there are now several 
different alkyl peroxides present (i.e. M020, 
EtOz.) with slightly different g-values a n d  or 
unresolved hyperfine couplings. For the samples 
with the lowest oxygen content, M 0 2  is not 
regenerated, but the hyperfine structure of 
Fig. Id decays away. With this reduction in 
radical concentration, the part of the spectrum 
assigned to  Et. (the fine structure) is reduced 

more than that of Ma so that the line shape alters 
from Fig. lcl through l b  as the smaller species 
diffuse away. The reconstitution of R02.  may 
not occur in this case due to the unfavourable 
competition between reactions 4 and 5 relative 
to  [I]. 

(C) BuCI-3MP Glasses with Oxygen 
As can be seen from the previous section, spin 

trapping by oxygen is not completely photo- 
reversible since solvent radicals M. are modified 
at  some point to give different radical species. 
To  ascertain whether these changes occurred 
before, during, or following the formation of 
M 0 2 .  and its subsequent photolysis, a more dis- 
tinctive radical species of more certain structure 
was required. Accordingly the four isomeric 
butyl chlorides were y-irradiated in 3MP glasses 
a t  77 K to give the analogous biltyl radicals 
Bu.. These radicals are sufficiently large that one 
can assume that molecular oxygen is the only 
mobile component in a solid 3MP matrix which 
leads to  reaction 1 below 85 K. The concentra- 
tions (1.0rnol-l) had to be large enough to 
effectively preclude the formation of Me during 
the y-radiolysis, but low enough (13 mol%> so 
that solute-solute interactions could be avoided 
(17-19). The chlorides were selected because they 
show relatively little photolytic activity a t  
253.7 nm, and scavenge electrons by process [3] 
more efficiently than do the other halides (7). 
Samples that were equilibrated with -- 1,'10 atm 
of air and irradiated to a constant dose of 4.6 X 
1018 eV g-I gave a pale coloration of orange 
through pink. This can be ascribed to alkyl 
chloride cations, BuCIC (19). Except for the 
superposition of the BuO2. signal, the epr spec- 
tra were identical to those obtained by Ayscough 
and Thomson (7) and others (20). lsobutyl 
chloride is the only Bus radical which gives an  
odd line spectrum (aB = 39.4 C). Warming of 
each of the matrices toward 85 K gave Bu02. as 
anticipated. The initial coloration is maintained, 
which suggests that BuCl+ is not involved in 
reaction with oxygen. The epr signal intensities 
of the isomeric Bu020 radicals relative to M02 .  
for equivalent dose are 1-Bu02., 3.58; i-BuO-p, 
3.17; 2-Bu02-, 3.00; l-Bu02., 1.37. 

A 10-15 min photolysis at  253.7 nm of the 
BuO2- samples a t  77 K removed most of the 
coloration, as well as the epr spectrum of the 
BuO2. radicals. I t  is replaced in the main by the 
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structured spectrum of M., Fig. lb,  along with 
a single epr absorption at  g = 2.044 as was also 
found in the 3MP 'oxygen system. Only in the 
case of i-Buoy was there any indication that R. 
might be obtained by reaction 2. Small amounts 
of this radical would be observed in the presence 
of M- only by virtue of its odd line hyperfine 
structure. Prolonged photolysis results in loss of 
the small peak a t  g = 2.044 and the overall 
spectrum becomes even more like that of Fig. lb. 
Warming the matrix regenerates a peroxy radi- 
cal. The recovery of R 0 2 -  is typically about 855; 
of the original B1102. following a 15 min photoly- 
sis. 

( D )  BuCI-3MP Glns~es,  No 0s j .gen  
With the rather disappointing result that 

photolysis of the isomeric BuO?. radicals pro- 
duced little more than solvent radicals, it seemed 
advisable to  determine the eRect of 253.7 nm 
radiation on the alkyl radicals then~selves. Com- 
pletely degassed samples were irradiated and 
photolpsed for successively longer times. Pho- 
tolyses of 15 min were sufficient to remove all 
detectable amounts of the original radicals, and 
Bu. was also replaced by the solvent radical Me 
of Fig. 10. The isobutyl radical proved to be 
somewhat more resistant to photolysis, and 
could be still observed after a 60 min photolysis, 
along with M., both with somewhat reduced 
intensity. The t-butyl radical demonstrated par- 
tial conversion to  i-Bu. as observed by Iwasaki 
and Toriqarna (18) but in our case there was an 
overall loss of radicals as the photolysis pro- 
ceeds. At no time was a peak at  g=2.044 
observed in the absence of oxygen. 

Discussion and Summary 

It appears from the results given above that 
molecular oxygen can be made to act as a 
reasonable spin trap for alkyl radicals in a glassy 
medium at  temperatures about SO K .  The result- 
ing peroxy radicals are sufficiently large that 
they do not diffuse or dimerize below the melting 
point of the matrix. The R 0 2 .  spectrum is largely 
independent of the nature of the alkyl group, 
and does not readily saturate a t  microwave 
powers below 1 mW. The spectrum is not highly 
detailed and can be readily integrated by hand. 

The curve of Fig. 20 is typical for radical 
scavengers. A least-squares fit t o  the low pressure 
data  suggests that the knee of the curve occurs 

when p(air) = 44.2 torr which at  77 K cor- 
responds to  an  oxygen concentration of 3.16 X 

mol I-'. This should equal the concentra- 
tion of scavengable radicals with [M-1, = 1.95 X 
10-4G, in mol I-'. The radiochemical yield 6, 
works out in this case to be 1.62. This is sub- 
stantially lower than the total radical yield 
G, = 3.0 obtained by Perkey and Willard (12). 
However, the latter value is due to two radical 
populations; 57% of the total decay by a rapid 
"composite first-order decay" due to intraspur 
recombinations, while 43Yc decay by a slower 
second-order process involving "isolated" radi- 
cals (21). I t  is apparent that oxygen scavenges to  
a large extent the latter population, but diffusion 
is not rapid enough to compete with intraspur 
and other cage processes. By the nature of their 
formation, the yield of "isolated" radicals in the 
BuCl 3MP glasses is much larger, and this is 
reflected in the higher Bus and Bu02. yields. 
The G, for 1.0 mol I-' butyl chlorides in 3MP 
are;  t-BuC1, 5.8; i-BuC1, 5.1; 2-BuC1, 4.9, and 
1-BuCI, 2.2. 

Not all paramagnetic species are trapped by 
0 2 ,  however. In addition to  BuCl+ and geminate 
radical pairs, which are not trapped, we have 
observed no signals due to  H 0 2  (22), 0 2 -  (23), 
O H  (24), or R 0 3 .  (25) before, during, or follow- 
ing photolysis. This implies that thermal H and 
electrons are not effectively trapped by O2 at  
the concentrations used here (< mol I-'), 
and that atomic oxygen is not produced as a 
result of photolysis. 

While molecular oxygen may prove useful as 
a spin trap, it does not appear as if the trapped 
species can be regenerated by photolytic action. 
The photon necessary for fragmentation of ROz. 
is also sufficiently energetic to  cause isomeriza- 
tion and disproportionation of larger alkyl 
groups, and to  destroy species such as RC1+. 
From the evidence we have, it is not possible to 
say whether reaction 2 occurs or not, and the 
data does not discriminate between process 
occurring at  77 K such as 

12 v 
BuO2. + BuOl-' 

then 
Bu02* + Bu- + OL 

followed by 
11 v 

Bu. --+ Bus* 
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or alternately 

Warming to  85 K gives either 

A demerit for the first scheme is that i-Bu. can- 
not be observed in the photolysis of t-Bu02, 
although t-Bus readily isomerizes to  i-Bu- when 
no oxygen is present. Furthermore i-Bu. is rela- 
tively stable toward photolysis. On the other 
hand, t-BuOOH itself shows photolytic activity 
a t  253.7 and gives t-BUOY and Ms. Its presence 
could therefore give rise to  a growth rather than 
loss of radicals during photolysis. 

The small peak a t  g = 2.044 was originally 
thought to  be RO., produced from R02.,  but 
the fact that it is bleached by visible light and is 
not seen in the deuterated matrix suggests rather 
that it is the sharp low field resonance of HCO. 
It is not obtained in high yield, so that one can 
never pick out the high field line, which is 
asymmetrically broadened (26). The outer com- 
ponents of the DCO triplet can be observed in 
the deuterated matrix with a 40 G spread. Its 
precise mode of formation is unclear, but may 
result from rearrangements of Bu02* or M 0 2 * ,  
or, more probably from reactions of CH302 
where methyl arises from the photolysis of Bu. 
or M. as the case may be. 

Regardless of what the mode of photodecom- 
position of KO2- proves to be, it is apparent that 
great care must be taken in the formation and 
the subsequent reactions of alkyl radicals pro- 
duced by photolytic action in the far uv since 
the larger radicals appear to be very labile, prone 
to rearrangement and solvent abstraction reac- 
tions with the result that the identity of the 
original radical may be lost. 
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J. CORISH, BRENDA M. C. PARKER, and P. W. M. JACOBS. Can. J. Chem. 54, 3839 (1976). 
Various models for the interionic potential in the alkali metal chlorides have been examined. 

The parameters in these potentials have been determined by fitting the equilibrium, elastic and 
dielectric properties of each substance. The potentials are compared graphically with each other, 
with the theoretically derived potentials of Kim and Gordon (1,  2) and with a potential derived 
earlier by Catlow, Diller. and Norgett (3) by fitting the properties of sixteen alkali halides 
simultaneously. Intrinsic defect properties of the four chlorides have been calculated from these 
potentials. The results show that while it is possible to derive adequate two-body potentials for 
these salts from fitting their bulk properties, it is concluded, as found earlier by Catlow, Diller, 
and Norgett (3), that such potentials need to have the anion-cation interaction hardened by 
neglecting completely the Van der Waals interaction between nearest neighbours. Inclusion of 
non-central forces does not improve the potential, as judged by the criterion of the results of 
defect calculatians. 

J. CORISH, BRENDA M. C. PARKER et P. W. M. JACOBS. Can. J. Chem. 54, 3839 (1976). 
On a examine divers modkles pour les potentiels interioniques dans les chlorures de metaux 

alcalins. On a determine les parametres de ces potentiels en les ajustant aux proprietes d'equi- 
libre, elastiques et dielectriques de chaque substance. On a compare, d'une fafon graphique, 
les potentiels entre eux, avec les potentiels obtenus d'une fafon theorique par Kim et Gordon 
(1, 2) et avec le potentiel obtenu anterieurernent par Catlow, Diller et Norgett (3) en les ajustant 
aux proprietis de 16 haloginures alcalins d'une fason simultanee. On a calculi les propriktes 
de defauts intrinskques des 4 chlorures B partir de ces potentiels. Les resultats montrent qu'il 
est possible de deriver des potentiels B deux corps adkquats pour ces sels en les ajustant B leurs 
proprietes macroscopiques; toutefois on en conclut, comrne l'ont trouve anterieurernent 
Catlow, Diller et Norgett (3), que pour de tels potentiels on doit durcir l'interaction anion- 
cation en negligeant complktement les interactions de Van der Waals entre les voisins les plus 
prks. Si I'on en juge par le critkre des resultats de calcul de defauts, l'inclusion des force non 
centrales n'amCliore pas le potentiel. 

[Traduit par le journal] 

Introduction 
Modern work on the pair potential in ionic 

crystals may be said to have started with the 
extensive and thorough investigations of Fumi 
and Tosi (4, 5) on the cohesive energy of alkali 
halide crystals. They concluded that the optimum 
form of the pair potential was what we shall 
refer to as the Buckingham form: an exponential 
repulsive term, an r-I Coulombic term, and 
rP6,  r-8 dispersion terms corresponding to the 
dipole-dipole and dipole-quadrupole terms of 
the multipole expansion. In this expression the 
r-6 and r-s terms represent an approximation 
that is only accurate at long range, while the 
exponential term is an attempt to take account 
of short-range charge overlap and exchange 
interactions. Because of the extremely long range 

of the r-I Coulomb interaction the other terms 
are referred to here as the 'short range potential'. 
The potential parameters derived by Fumi and 
Tosi (4, 5 )  from thermodynamic data gave an 
extremely good fit to the cohesive energy of the 
alkali halides but failed to reproduce the experi- 
mental values of the elastic constants satisfac- 
torily (6). Fumi and Tosi (4, 5) employed the 
Van der Waals coefficients deduced by Mayer 
(7). In a re-analysis of this problem using 
Mayer's method, Lynch (8) has suggested that 
the Mayer values may be in need of revision 
and Ree and Molt (6) concluded that the failure 
of the Fumi and Tosi (4, 5) potential parameters 
to give satisfactory elastic constants was due to 
too soft a repulsion and too weak a Van der 
Waals attraction between + - or - - ions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3840 CAN. 1. GHEM. VOL. 54. 1976 

The next logical step was to devise a method of shell model (14, 15) and two of the four models 
determining potential parameters that satisfied were developed in both central-force and non- 
the equilibrium properties (lattice constant, co- central force (B3 # 0) versions. The Buckingham 
hesive energy, and equilibrium condition) and potential in its simplest form is 
the elastic constants simultaneously. 

Analysis of the dielectric properties of ionic [I] 4,: = A$, exp (-rtj,'ptj) + vij,.!rfP 

= 4tF + +ij  
v 

crystals and of pllonon dispersion curves deter- 
mined by neuiron scattering had, however, 
shown the inadequacy of a rigid ion model and 
led in turn to the simple shell n~odel  (9) and the 
breathing shell model (10). Thus an adequate 
interionic potential should be capable of fitting 
the equilibrium, elastic, dielectric, and the lattice 
dynamical properties of the crystal. The com- 
plex problem of fitting the properties of all 
sixteen alkali halides simultaneously was re- 
solved by Catlow, Diller, and Norgett (3) by 
separating the least-squares calculation into two 
parts: the elastic and equilibrium properties 
were fitted first and then the dielectric properties. 
In order to get the second-neighbour interactions 
more-nearly correct (which previous work on 
the alkaline earth fluorides by Catlow and 
Norgett (11) had shown to be a necessary 
feature of successful defect calculations) these 
authors utilized a theoretical method (12) of 
calculating the second-neighbour repulsion. The 
resulting potential is very successful in reproduc- 
ing theuproperties of the alkali halide crystals 
and when employed in defect calculations it 
yields results that are in good general agreement 
with available experimental data (13). But be- 
cause of the predicted similarity between anion 
and cation migration energies which is not in 
accord with experimental data as currently 
anulyzed, and because the techniques employed 
in deriving the potential parameters (Wedepohl 
calculations of repulsive parameters and a multi- 
substance least-squares fitting procedure) will 
not generally be available when new substances 
are investigated, we decided to attempt to derive 
potentials of the Buckinghaln form by fitting 
simultaneously the dielectric, elastic, and equilib- 
rium properties of a single substance at  a time. 
The alkali metal chlorides were used as test 
substances for this purpose. 

The Model Potentials 

Four basic model potentials were tested. These 
were all variants of the Buckingham potential. 
All four models were based on the breathing 

where +,"enotes the short-range potential 
between ions ij separated by a distance r,. 4," 
is the repulsive part of this interaction and is 
represented by a single exponential function 
containing two parameters, the repulsive parame- 
ter A, and the hardness parameter pij. 4,' is the 
attractive (Van der Waals) part of the short- 
range interaction and this is approximated by a 
single r-6 term which corresponds to the dipole- 
dipole part of the interaction only, higher multi- 
poles being neglected. As the Vij coefficients are 
going to be determined empirically there will be 
no need to separate this term later on into the 
product of a coefficient depending on ion-type 
and a lattice sum. 

If we limit the repulsive interactions to nearest- 
neighbour (nn) and next-nearest neighbour 
(nnn) interactions only, then the total short- 
range contribution to the potential energy of 
the pure perfect crystal with the NaCl structure is 

where 1 denotes the cation species, 2 the anion 
species, and the lattice sums for the Van der 
Waals interactions are absorbed into the V, 
coefficients. This potential contains nine parame- 
ters: 3A,, 3p,, and 3V,. There are, in addition, 
the 6 parameters of the breathing shell model: 
the ion charge 2, the shell charges Y I  and Y2, 
the isotropic force constants Kl and K2 that 
couple the shells to their respective cores, and 
Sangster9s (14) y parameter which is 

where GZ is the breathing force constant for the 
negative ion. The ion deformations are limited 
to the A,, breathing mode and to the negative 
ions only. The nn and nnn radial force constants 
are defined by 
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where 1.0 is the np, distance and 1.1 = y91'o is the 
nan distance. K = (47r~0)Zu / t~  is a scaling factor, 
a being the volan~e of the unit cell (= %ro3). 
The tangential force constants are 

and the nn non-central force constant B3 is 
defined by 

The total number of parameters to be assigned 
is thus 16. 

The conditions that the potential and its 
derivatives must satisfy are the following. 
Qi) The cohesive energy 

U, is the cohesive energy (= - UL,  the lattice 
energy) and U ,  is the vibrational energy of the 
crystal at  the temperature at which the com- 
parison with experimental data is made. 
(ii) The equilibrium condition 

where is the Madelung constant. 
(iii) The elastic constants 

(iu) The static relative permittivity 

measured in a static or low frequency field, an 
the static po:arizabjlity of the crystal, 2nd R is 
the 1x1 overlap force constant given by 

(o) The high-frequency relative permittivity 

em is the high-frequency re!a:iue permittivity and 

(ui) The anion polarizability 

(oik) The transverse optical mode frequency 
at q = 0. 

,U is the reduced mass of the cation, anion pair 
and ut is the frequency of the transverse optical 
mode at the centre of the Brillouin zone. Note 
that equations 8-17 are written in dimensionless 
'crystal units': charge in units of the proton 
charge \el ,  length in units of ro, energy in units 
of e2,'(4~co)ro, polarizability in units of ~ ( ~ T E Q ) ,  
force constants in units of e2;'23(4,~rco), and 
elastic constants in units of ei,'t.ro(4aeo). 

The expressions for the elastic constants, 
wlrhout 7 a n d  B3, were obra~ned from the equa- 
tions of motlon by Cowley (10). The gamma term 
was added by Sangster (14) who, In a iater paper 
(IS), also allowed fbr ~ o n  defocrmmat~ons of Eg 
symmetry whlch we have not ~ncluded. The 
explicit formulae for a i~ ,  a,, pt2, and ct2 were 
obtalned by d~rect  solution of the equations of 
motion and checked by evaluating Cochraneys 
(17) matrix expressions. 

Eqcations 7-12, 14, 14, and i 7 represent nine 
conditions which the aotential can be made 
satisfy, provided that the necessary experimental 
data are avaliabie which they are for the alkali 
metal chlorides examined in this paper (Table 1). 
Since we have 16 parameters an$ only 9 condi- 
tions, 7 of the parameters must be eliminated or 
fixed by model building. eo is the relative permittivity ("dielectric constant9) 
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TABLE 1. Data for the alkali metal chlorides used in the calculation of 
interionic potentials, all numerical values are for low temperatures 

except those for the cohesive energy 

Value 

Parameters LiCl NaCl 

Lattice constanta ( r g : ~ )  
Elastic constanisb 

Cll/lO" dyn cm-2 
CI2/1011 dyn cm-2 
C44/1011 dyn cm-2 

Cohes~ve energy at 
298.15 K, U,JkJ mol-1 

Relative permittivity 
,od 
emC 

Transverse optical mode 
frequencye W, /lo13 s-1 

RbCl 

3.259 

UGhate (20). 
bFor LICL, NaC1, RbCl from Lewls, LehoczLy, and Brlscoe (21), for KC1 from Norwood and Brlscoe 

(22) 
CTosi (18). 
dLowndes and Martin (23). 
eLowndes and Martin (24). 

The first approach tried was to use a common 
value for the hardness parameter 

[I81 Pi j  = P 

and to represent Aij by 

El91 A, = D P t ,  exP [-(rt  + r j ) /~I  

where P,, are the Pauling factors (18) and r,, r, 
are the radii of the ith and jth ions respectively. 
This reduces the number of parameters by 2 and 
adds one extra condition since r l ,  r 2  must satisfy 
the radius condition 

Pol r~ + r 2  = YO 

Examination of eqs. 10, 11 shows that r and B3 
are not independent parameters for they must 
satisfy the condition 

1 B3 = c 4 4  - G12 - Y 

The Van der Waals coefficien: V22 was fixed at  
the Mayer (7) value of 75 eV A6 for CI--C1- and 
Vll was scaled to this value by the factor 
(aE/1a2)3/2 which simply recognizes the relation 
between polarizability and the dipole-dipole r-6 
coefficient which is implicit in a simple shell 
model. Because the r-6 coefficient is quenched 
somewhat as r decreases VI2 was either set equal 
to zero (potential V) or treated as a variable 
parameter (potential Y) .  With V there are now 
10 unknown parameters and 10 conditions on 

the potential so that a least-squares (LS) fitting 
procedure can be adopted. With potential Y 
there is still one undetermined parameter so the 
ionic charge Z was fixed at  a series of reasonable 
values and the remaining parameters fitted by 
a LS calculation. 

Because it is hard to justify the use of a com- 
mon value for the hardness parameter, other 
than by tradition, we next retained A,,, p ,  as 
variable parameters. With judicious fixing of 
other parameters a LS analysis was attempted 
but the calculation proved to be very unstable. 
It seems that some relation between the A's and 
p's  must be provided. In their first potential 
(here called W) Catlow, Diller, and Norgett (3) 
fitted the equilibrium and elastic properties of 
all sixteen alkali halides with the NaCl structure 
simultaneously using a potential of the BM form 
in which the second-neighbour repulsions were 
determined theoretically (12), thus ensuring the 
necessary stability. Since our object was to 
determine if a useful potential could be obtained 
by fitting the properties of single substances, and 
since, in many future calculations, theoretical 
estimates of the repulsive potential will not be 
available, an alternative source of stability had 
to be sought. This was provided by constraining 
All and p l l  so that the geometric mean prescrip- 
tion 

[22] 41 z" = ($1 1 ~ 4 2 2 ~ ) ' ' ~  
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TABLE 2. Comparison of potential parameters for the alkali metal chlorides: lithium chloride 

Value 

Parameter W Y V X u1 u2 Units 

Z 0.9953 
v11 0.3445 
v12 0 
V2 2 0.3445 
D 0.1566 

0.1364 
0.2786 
0.3214 

RI 0.6000 
R2 1.9309 
All 1153.75 
A12 1380.62 
A22 1227.18 
AI 8.9108 
A2 0.7548 
31 -0.9778 
B2 -0.0673 
8 3  0 
R 13.9106 
Y 0.0249 
yl 0.7094 
KI 7.9888 
YZ - 2.4850 
K2 29.3814 

was satisfied. VZ2 was also treated as a variable 
parameter but Vll was set by requiring that 

In potential U ,  V12 = 0 and in potential X 

Each of these models uas  tested in two versions: 
XI, U1 had B3 = 0 and so were central-force 
potentials while with X2 and U2, B3 was made 
to  satisfy eq. 21. These two n~odels still have t h o  
excess parameters so in the LS calculations two 
of Z, Yl, Vz2, and -y were varied in turn with the 
other two fixed. As an alternative, the expression 
for A2-B2, obtained by eliminating B1 betheen 
eqs. 8 and 11, was fitted instead of C44 but this 
appeared to make little practical difirence to 
the parameters. 

Results 
The best-fit values of potential parameters for 

Y, 2, U1, U2,  and Xz (= X) for LiC1, NaC1, 
KCI, and RbCl are shown in Tables 2-5. The 
non-central force version of X, XI is not given 
since it was not used extensively in defect calcu- 
lations, trial calculations having shown that XI 

was inferior to U l .  The colun~n headed W shows 
the parameters obtained by Catlow, Diller, and 
Norgett ( 3 )  for their poterltial I. This was based 
on a theoretically derived anion-anion interac- 
tion; V12 was set equal to zero and the remaining 
parameters were obtained by fitting the elastic 
properties and then the dielectric properties of 
all 16 alkali halides with the NaCl structl~re 
simultaneously. Apart from the potential param- 
eters the tables show the force constants Al, A2, 
B1, B2, and R and the value of y .  B3 = 0 shows 
a central-force model. The units adopted are 
the '~a tu ra l '  solid state units of eV for energy 
and A for length except that force constants are 
given in units of e2,/2u(4rto) to facilitate com- 
parison with lattice dynamical values which are 
generally quoted in these units. The number of 
figures quoted for any parameter does not, of 
course, reflect the 'accuracy' with which it is 
known; rather sufficient figures are quoted so 
that any one else would be able to reproduce the 
defect energies calculated later, should they 
desire to do so. Although V22 was varied in 
potential X the best fit was in fact obtained with 
the Mayer values. 

The nn short-range interaction +12S, plotted 
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TABLE 3. Comparison of poientiai parameters for the alkali metal chlorides: sodium cl-iloride 

Value 

Parameter W Y V X U1 u2 Units 

TABLE 4. Comparison of potential parameters for the alkali metal chlorides: potassium chloride 

Value 

Parameter W Y V X CI & Units 
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TABLE 5. Comparison of potential parameters for the alkali metal chlorides: rubidium chloride 

Value 

Parameter W Y V X 6'1 u2 Units 

RI 
R2 
All 

A12 

' 4 2 2  

A1 
A2 
B1 
B2 

B3 
R 
Y 

as a function of r;lro, is shown graphically in 
Figs. 1-4 for Li+Cl-, NayC1-, KTC1-, and 
Rb'C1-. The continuous lines (marked K) in 
these figures show the theoretical calculations of 
Kim and Gordon (1,2). +12S is also shown for 
potentials W, X, and U1 but not for the other 
models so as to avoid overloading the figures. 
We note that U 1 ,  which has practically the same 
form as W ( i .e .  is a central-force potential with 
nn Van der Waals coefficient set equal to zero 
but with A I 2 ,  p12 fixed empirically) agrees very 
well with W except for NaCl. All four potentials & 
are in close agreement for LiCl and only below 
r = 0.85~0 are any differences discernable. For 
LiCl, B3, even when varied, ended up very close 
to zero so non-central forces are evidently not a 
factor in LiCl. For NaCl the X potential is 
closest to and lies slightly above the Kim and 
Cordon potential, but for both KC1 and RbCl 
the empirically fitted potentials lie above K. 
For r  > 0 .8~0 ,  X lies closer to K than do W and 
Ul .  It seems to make little difference to the 
quality of the LS fit whether A2-B2 or C44 is r/r, 
used as one of the conditions that the parameters FIG. 1. Nearest neigl~bour short-range potentials for 
must satisfy. However, fitting A2-B2 emphasizes Licl. 
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FIG. 2. Nearest neighbour short-range potentials for 
NaCl. 

0.7 1.0 1.3 1.6 
r/ro 

FIG. 3. Nearest neighbour short-range potentials for 
KCI. 

FIG. 4. Nearest neighbour short-range potentials for 
RbCl. 

the second neighbour force constants and so 
presumably helps to get the nnn interactions 
more nearly correct. 

Calculation of Defect Parameters 
for Pure Crystals 

The energy to form Schottky defects (us), 
Frenkel defects on the cation (ur+) and anion 
(uF-) sub-lattices, the energy of migration for 
cation (Au+) and anion (Au-) vacancies, and the 
migration energies of interstitials by the direct 
(Auid), collinear interstitialcy (Ay , )  and non- 
collinear interstitialcy (Au,,,) mechanisms have 
been calculated using the HADES (19) program 
and the results are collected in Tables 6-9. The 
potentials are identified by the letters introduced 
in the model potentials section where they are 
described in detail. Also given, strictly for com- 
parison purposes, are the results obtained earlier 
with potential W (13). All the numerical values 
quoted are in eV. A dash signifies that the 
parameter was not calculated and a blank that 
the calculation failed to converge within a 
reasonable number of iterations. 
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TABLE 6. Intrinsic defect parameters for LiC1. All entries in the 
table are in units of eV 

Value 

Parameter W Y V X UI u2 

TABLE 7. Intrinsic defect parameters for NaC1. all entries in the 
table are in units of eV 

Value 

Parameter W Y V X u I ti2 Expt. 

aAllnatt, Pantelis, and Sime (25). 
bBiniere, Chemla, and B6niere (26). 

TABLE 8. Intrinsic defect parameters for KCI, all entries in the 
table are in units of eV 

Value 

Parameter W Y 

us 
All, 

au- 
UF+ 

42- 
'iui,+ 

Allld- 

Au,,+ 

dl/,,- 
Allinc+ 

A1ii~C- 

U2 Expt. 

2.52 
0.76 0.67a 
0.84 0.890 
4.77 
2.91 
0.25 

-0.27 
0.07 

-0.97 
0.38 

aJacobs and Pantelis (27). 
3Fuller Marquardt, Reilly, and Wells (28). 
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TABLE 9. Intrinsic defect parameters for RbCl, all entries In the 
table are in units of eV 

Value 

Parameter W Y V X UI U2 Expt. 

aGannon and Jacobs (29). 

Discussion 
Figure 1 shows that the potentials X and U1 

for LiCl are very similar to W and to K and a 
similar remark holds for the other potentials that 
are not illustrated. It is not surprising therefore 
that the defect energies of Table 6 vary relatively 
little with the potential. The Schottky defect 
formation energy is smallest for Ul  and the 
largest for U2 and this appears to  correlate with 
the small differences that exist in +12S,  the more 
repulsive potential giving the higher us. The 
interstitial formation energies z i p  and UF-  gener- 
ally show greater variations than us and this 
eEect is shown by the LiCl results. We may 
correlate this with the greater variations in 
and +22S, particularly below ro, than are found 
in +12S .  This is not a surprising feature of fitted 
potentials since the fitting procedure depends 
heavily on equilibrium properties and therefore 
on the values of the short-range potentials and 
their first and second derivatives at ro. Apart 
from the similarity between the activation ener- 
gies for cation and anion motion noted earlier 
(13) there are similar trends in the activation 
energies for interstitial motion and it is apparent 
that the motion of Lif interstitials by the direct 
and the collinear interstitialcy mechanisms might 
have to be considered in analyzing the transport 
properties of LiC1. 

The potentials illustrated for NaCl are also 
quite similar except for differences in curvature 
in the region of ro. The defect energies in Table 7 
are also relatively insensitive to the potential, 
the biggest changes being in tip It is for KC1 
and RbCl that the greatest variations both in 

the magnitude of ~ $ 1 2 ~  and its curvature are 
observed (Figs. 3, 4) and it is also for these two 
salts that significant variations in the defect 
energies are obtained. The X potential + l z S  is 
softer (less repulsive) than U1 or W for r > 0.8ro 
and the Schottky defect formation energy is 
larger, as are the vacancy migration energies. 
Similar observations hold for RbC1. Now X 
included a non-central force constant in the 
fitting procedure but the defect calculations use 
only A , ,  p,, V,,, and Z. Thus although the 
numerical values of the elastic constants indi- 
cate that non-central forces are a significant 
factor in determining the properties of KC1 and 
RbCl it seems better to set B3 = 0 in determining 
the parameterised potential. In this way some 
of the effect of the non-central forces is absorbed 
into other parameters and a better effective 
potential for defect calculations results. For 
example, potential U2 (which is a non-central 
force potential) is unsatisfactory because it gives 
unphysical values for Auld and Azi,, for KC1 
(Table 8). 

Because of the implications of recent defect 
calculations for the analysis of experimental 
data on transport properties (13) it seems that 
there are very few experimentally derived defect 
properties that one can use with assurance at 
present. One such parameter, however, is Au+ 
since this determines the slope of the conduc- 
tivity curve (log ~ T v J .  T-I) of uery lightly doped 
crystals in the extrinsic region. Thus the experi- 
mental kalues quoted for Au+ for NaC1, KC1, 
and RbCl are almost certainly reliable and are 
the only parameters that are independent of the 
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detailed models used in analyzing the transport 
data. The 'best' potential using this criterion is 
W9 the Catlow, Dilier, and Norgett (3) potential. 
Very similar is U s .  The features of these poten- 
tials are B3 = 0 (i.e. they are central force 
potentials) and Vi2 = 0, i.e. + S l S  is made as 
hard as possible by omitting the Van der Waals 
attraction between unIikc ions compietely. Ul is 
also more flexible than Y and V in having four 
independent A,,, pij parameters but this seems 
not to be a crucial feature (cJ: U2 and X) unless 
combined with V!z = 0, B3 = 0. 

Conclusions 
It is possible to derive an effective potential of 

the Buckingham form for defect studies by fitting 
simultaneously the bulk elastic properties and 
dielectric properties of the alkali metal chlorides. 
The best potential, as judged by the criterion of 
yielding a cation migration energy in agreement 
with experimental values for NaCI, KCl, and 
RbC1, is one which ignores non-central forces 
and which hardens the short-range anion-cation 
interactions by completely damping the Van 
der Vi'aals interactions. Only further work on 
other materials can establish whether these 
principles have any general validity. 
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Trarasfert du champ de forces de Bi9isotEmiazole: Ctode des vibrations 
moleculaires des dCrivCs de 19isotEmiazole monosubstitn6s 

era position 3, 4 on 5 
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THIERRY AVIGNON ET LCC BOUSCASSE 
Factrife4 des Sciences de I'Ciricersiik cl'Ais-:bl~irsei//e PIP, L.A. 126 C.X.R.S.,  
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Resu le 1 juin 1976 

GILBERT MILLE, JACQUES CHOUTEAU, THIERRY AVIGNOU et LUC B o u s c ~ s s ~ .  Can. J. Chem. 
54. 3 8 5 0  (1976). 

L'itude des niodes normaux de vibration des derives de l'isothiazole ino~losubstituCs en 
positioii 3 .  4 ou 5 111eiiCe dans I'hypothkse du transfert du champ de force5 de l'isothiazole a 
permis d'obtenir des rCsultats theoriqties confirniant les attributioiia expPrinientales et per- 
lnetta~it de preciser la nature des divers niodes. 

GILBERT  MILL^, JACQUE CHOLTEAU, THIERRI A\ICNON, and Luc B o u s c ~ s s ~ .  Cali. J.  Chem. 
54, 3 8 5 0  (1976). 

The study of iiornial vibrations of 3-. 4-, or 5-~i ionos~~bst i t~~ted isothiazole derivatives, 
assun1iiip traniferabilitp of the valence force field of isothiazole, gives results which agree with 
the experimental data and ~ h i c h  permit the assignmelit of the various vibrations. 

I. Introduction 

Dans un mimoire pricident (1) nous avons 
dCtermini un champ de forces permettant de 
rendre compte de f a ~ o n  satisfaisante des spectres 
de vibrations moliculaires (mouvements dans le 
plan et hors du plan) de l'isothiazole et de trois 
de ses dirivis deutiriis. 

Dans l'hypothkse d'un transfert possible de ce 
champ de forces, nous avons entrepris un calcul 
des modes normaux de vibration pour quelques 
composks de l'isothiazole lnonosilbstituis en 
position 3, 4 ou 5, C3NSH2Y (U = CI-13, CD3, 
C1, Br ou I), afin de kirifier ou de priciser les 
attributions expkrimentales que nous avons 
proposies antirieurement (2-4). 

Le calcul des modes normaux de vibration a 
i t6 entrepris avec le m&me formalisme que lors 

1Ce travail constitue une partie de la these de Doctorat 
d'Etat, no d'ordre CNRS A0 10862, de M. Gilbert Mille 
soutenue en 1975 B Marseille. 

de l'itude de l'isothiazole et de ses dirivks 
deutirits (1). 

II. Conditions de calcul 

I .  Structure ye'on~e'trique 
La structure giomitrique des dirivis de 

l'isothiazole monosubstituis en position 3, 4 ou 
5 n'itant pas expirimentalement connue, il nous 
a paru logique de conserver, en premikre 
approximation, pour le squelette hitirocyclique 
les paramktres structuraux adoptis pour la 
molicule d'isothiazole. Pour les substituants tels 
que CH3, CD3, Br, Cl et I, une analyse biblio- 
graphique (5-10) nous a conduit B retenir Les 
valeurs moypnes  suivante;: C-C (1.53 b), 
C-Cl(1.72 A), C-Br (1.86 A) et C-I (2.03 A). 

Pour les groupements mtthyle ou trideutirio- 
mithyle, les distance; C-H ou 41-D ont CtC 
prises @gales B 1.09 A et les angles autour de 
19atome de carbone considiris comme titra- 
Cdriques. 

2. Coorclomie'e~ internes 
A partir de I'ensemble des coordonnies in- 

ternes (fig. 1) dijB utilisies pour l'isothiazole et 
les deutirio-isothiazoles (I), nous avons conduit 
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MILLE ET AL. 3851 

dans le plan hors du plan 

FIG. 1. CoordonnCes internes utiliskes pour le calcul. 
(Les atomes de carbone en position 3, 4 et 5 sont liis Zi 
H et Y suivant le type de substitution indiquk dans le 
tableau 1.) 

l'analyse vibrationnelle en utilisant des com- 
binaisons liniaires de ces coordonnies dont les 
definitions sont analogues a celles proposies 
pour l'isothiazole a savoir: 

Pour les mouvements dans le plan: 

@$ = ( f i ~ - ~ ( $ t '  - 

Pour les mouvements hors du plan: 

Les coordonnies internes choisies pour reprt- 

senter les vibrations du groupement ~nithyle ou 
trideutiriomithple, sont donntes sur la fig. 2 et 
sont analogues-8 celles indiqutes par   or el et 
coll. (1 1) pour la molicule d'acetone. 

3. Champ de,fouces 
L'analyse vibrationnelle a i t6 menee en 

admettant qu'en premiere approximation le 
champ de forces des dirivts de l'isothiazole 
monosubstituts en position 3, 4 ou 5 rksultait de 
la superposition du champ de forces trouve pour 
l'isothiazole et de celui relatif au groupement 
C-Y. Ce dernier i tant dans un premier calcul, 

FIG. 2. Description des coordonnkes internes relatives 
au groupement nlethyle ou trideutkrionlkthyle. 

TABLEAU 1. Constantes de force relatives aux vibrateurs CY pour les derives 
de l'isothiazole monosubstituis en position 3, 3 ou 5 

TABLEAU 2. Constantes de force pour les groupements 
mkthlle OLI trideuter~omkthqle 

Gonstante Valeur Constante Valeur Constante Valeur 
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TABLEAU 4. Frequences observCes et calculees pour les dCriv6s 
de l'isothiazole monosubstituCs en position 3 

Methq 1-4 isothiazole Broino-4 isothiazole 

FrCquences Friquences 

Exp. Calc, Attributions* Exp. Calc. Attributions* 

A' 3102 3109 v c 5 ~  3108 3109 v c 5 ~  

3038 3059 v c 3 ~  3065 3060 v c , ~  

1548 1547 v N ( v C Z H )  1484 1491 
1384 1394 V ~ ( V ~ = ~ )  1370 1389 u ~ ( v ~ = ~ )  

1333 1346 v , v ( ~ c - c )  1298 1285 v , - ( v ~ - ~ )  

1228 1230 1203 1222 - 6 C J H + c C S ~  

1132 1129 6 c g K  1082 1085 d C S H  

964 958 Y C C H ~ ~ ~ ~  894 893 V ~ ( V C - S ) + = + ~ N  

853 859 U ~ ( V ~ - ~ )  841 837 ~ x ( ~ c - s ) + ~ s ( ~ s - s )  

784 795 U ~ ( V S - ~ )  771 777 V ~ ( V ~ - ~ )  

692 680 v ~ ( v ~ - ~ ) + &  657 660 6N 

556 536 Y C C H ~ + &  321 321 vC-Br+dN 

320 306 G C C H 3  237 234 Gear 

A" 880 890 y c 3 ~  878 892 yc3* 

776 773 y c 5 ~  775 776 r c 5 ~  
603 593 c c H 3 -  595 595 + , c n r + w  
485 477 ~~~~i~ 481 485 7,,,1, 

239 225 yccI-13+ 7cucle  209 205 *,CBI. - + ~ ~ ~ c i e  - 
*Voir ligende tableau 3. 

bast sur les donnkes de la litterature (5,6, 12, 13). 
Le champ de forces final pour chacun des 
dQivks est obtenu par un raffinement de toutes 
les constantes de force likes au vibrateur C-Y. 
Les valeurs des constantes de force ainsi obtenues 
sont consignkes dans le tableau 1. 

Un premier calcul sans raffinement laisse 
apparaftre pour quelques frtquences un k a r t  
important entre les vale~irs expkrimentales et 
calcultes. L'examen des termes de la matrice 6, 
d'une part, et certains rtsultats bibliographiques 
concernant les mkthyl-2 et chloro-2 thiazoles, 
d'autre part ( 6 ) ,  nous ont conduit a introdulre 
des constantes d'interaction du type f r ,  et frR 
pour les mouvernents dans le plan et la constante 
y ~ y r  pour les mouvernents hors du plan. Pour 
un composC substitut en 4, par exemple, nous 
avons psis les constantes d'interaction suivantes: 

Ees valeurs des constantes de force pour le 
groupement mtthyle ou trideuttriomtthyle sont 
proches de celles trouvtes dans la litttrature ( I  I ,  
14, 15) eb sont consigntes dans le tableau 2. Elles 

ont kti ajustkes de manitre B rendre compte des 
rksultats exptrirnentaux relatifs aux mkthyl-3, 
mtthq 1-4, methyl-5 et trideutkriomtthyl-5 isothia- 
zoles. 

111. Discussion et analyse des rksultats 
Les rksultats, frtquences et attributions, sont 

donnis dans les tableaux 3 a 7. Le transfert du 
champ de forces, dttermint pour l'isothiazole 
( I ) ,  aux dknvts monosubstituis de l'isothiazole, 
a permis d'obtenir des frkquences calculkes dont 
les valeurs sont en assez bon accord avec les 
valeurs exptrirnentales. 

Pour chaque dtrivk, et pour chacune des 
frkquences. l'analyse de la distribution d'tnergie 
potentielle permet de dtfinir la nature des modes 
normaux de vibration. 

Entre 3150 et 3000 cnl-l, on retrouve les 
frtquences assocites aux vibrations des liaisons 
CH et l'on peut noter qu'elles sont proches de 
celles observies dans la molicule non substituke 
(1). On retrouve tgalement 190rdre expkrimental 
des frkquences B savoir: vc,a > uC4H > v c 3 ~ .  
Ces modes vca ne sont pratiquement pas couplks 
et la proximiti d'un gsoupement CH3 ou CD3 ou 
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MILLE ET AL. 

TABLEAU 6. FrCquences observiev et calculkes pour les dirivCs de 
l'isothiazole i11onosubstituCs ell position 5 

MLZCthyI-5 isothiazole 

FrCquence\ 

Exp. Calc. Attr~but~ons" 

A' 3088 3090 v c 4 ~  
3059 3059 v c 3 ~  
1524 1544 v ~ ~ Y ~ , ~ )  
1421 1405 Y ~ ( v ~ = ~ )  
1296 1270 Z ~ , - ( V ~ = ~ ) + Z ~ ~ ( V ~ - ~ )  
1233 1218 f i C 3 H ~ 6 C 4 ~  - 
1164 1180 v ,v(~c s)+ sCH) 

TrideuteriomCthyl-5 isothiazole 

Frequences 

Exp. Calc. Attributions* 

A" 900 905 r c 3 ~  903 906 Y c 3 ~  
805 822 rc4rr 785 808 iC4Hi i .~CD3 

589 594 T,~- ,~ ,  573 589 rcycle 

499 484 T ~ ~ ~ I ~ + ~ c c H ~  - 383 473 T C ~ C I ~ + Y C C D ~  

240 227 YCCH,+ Tcycle 232 212 Y ~ ~ ~ ~ ~ T ~ ~ ~ I ~  -- 

* Voir li-gende tableau 3. 

d'un ha loghe  n'a pratiquen~ent pas d'influence 
sur ces vibrations. 

Pour chacun des dirivks, les trois friquences 
situkes entre 1550 et 1300 cm-I doivent @tre 
rattachies B des mouvements de valence du  
noyau isothiazolique. La plus haute correspond 
B une vibration faisant intervenir, en rnajeure 
partie, la liaison C=C. celle vers 1400 cm-I la 
liaison C=N et la plus basse, la liaison C-C 
(tableaux 3-6). Les friquences de ces trois 
vibratioils dCpendent du substituant en position 
3, 4 ou 5 .  Elles dkcroissent lorsque la nlasse du 
substituant augmente. Entre 1300 et 1000 cm-l , 
on observe pour les dirivks de I'isothiazole 
monosubstituks en position 3, 4 ou 5 ,  deux 
frCquences devant Etre relikes B des modes 6cH. 
Les mouvements 6c4H et 6cj,, apparaissent assez 
couplks entre eux dans les composks substituks 
en 3. Par contre dans les dCrivCs substituks en 5 ,  
un couplage assez important se manifeste entre 
I'oscillation 6c3H et le mouvement de noyau w3 

faisant principalenlent intervenir le vibrateur 
C-C. Pour les molkcules possidant un sub- 

stituant en position 5 on note un couplage cntre 
la vibration de noyau impliquant le vibrateur 
C-S et I'oscillation de valence vC,-,. C'est 
donc effectivement le mode no t i  wq, dans 
I'isothiazole, qui, dans les dirivks de l'isothiazole 
monosubstituks en 5, se couple ar7ec les modes 
de valence CS-V. Pour les dirivCs monosubsti- 
tuCs en position 3 ou 4, on observe igalement 
un couplage entre un mouvement de diformation 
angulaire du noyau et les modes de valence 
C3-'Y' et C4-Y. Les conclusions diduites de 
1'Ctude expirimentale des spectres de vibration 
des derivCs monosubst i t~~is  de I'isothiazole se 
trouvent ainsi parfaiternent justifiies (3, 4). Tous 
les dkrivCs prksentent en outre, vers 820 cm-', 
une bande q ~ i i  peut &tre attribuie B un mouve- 
ment de squelette affectant en grande partie la 
liaison S-N. Cette vibration peut Ctre rap- 
prochie du mode de l'isothiazole. U n  autre 
n ~ a x i m u ~ n  entre 700 et 650 cnl-I se retrouve dans 
tous les composis et risulte d'un mouvement de 
diformation angulaire du  noyau impliquant en 
particulier l'angle I CSN. 
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TABLEAU 7. Friquences observies et calculCes pour ies groupernents mithyle et trideutCriomCthyle 
L'attr~but~on a Cti f a t e  B paitir de l'analvse de la D.E.1'. 

MCthy1-3 ith." M[Cthyl-4 ith. Methyl-5 ith. TrideutCriornethyl-5 isothiazole 

FrCquences FrCquences Friquences FrCcluences 

Exp. Calc. Exp. Calc. Exp. Caic. Attributions Exp. Calc. Attributions 

*ith. = isothiazole. 

Au-dessous de 400 cm-I apparaissent les frt- 
quences dues aux mouvements de diformation 
6,-, qui sont pratiquement purs. 

Pour les vibrations de symttrie A", les frt- 
quences the'oriques et exptrimentales sont en bon 
accord et l'examen des rtsultats dans la base des 
coordonntes internes de groupe choisies met en 
Cvidence l'existence de couplages importants. On 
peut ntanmoins rattacher B chaque friquence un 
mode de vibration, ce qui rend possible la 
comparaison avec les re'sultats exptrimentaux. 

Pour les de'rivts mtthylks ou trideuttrio- 
mtthyle's, les frtquences propres aux substituants, 
ainsi que 19attribution dtduite de l'examen de la 
D.E.P. sont rCunies dans le tableau 7. 

Les frCquences exptrimentales et the'oriques 
sont assez voisines et pour chacune d'elies 
19analyse de la D.E.P. montre que les mouve- 
ments sont purs, B l'exception toutefois des 
modes et r c ~ ,  du trideute'riome'thy!-5 
isothiazole. 

IV. Conclusion 

Le calcul des modes normaux que nous avons 
effectue's nous a permis d'apporter une justifica- 
tion thtorique B l'ensemble des attributions que 
nous avions formule'es d'aprts l'analyse ex- 
pirimentale des spectres infrarouges et Raman 
de ces molicules (2-4). 

De plus, le bon accord observe entre les 
risultats thioriques et les donntes exptrimentales, 
indique que la possibiliti d9un transfert du champ 
de forces de la moltcule d9isothiazole aux 

dkrivts monosubstituts est une hypothtse raison- 
nable. 
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Eathallpies of transfer 0% aliphatic compounds from vapor 40 solvents. 
Steric hindrance to functional group solvationl 
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RICI~ARD FUCHS and PREETPAL S .  SALUJA. Can. J .  Clrem. 54, 3857 (1976). 
Enthalp~es of transfer from the vapor to solution (AH(v --t S ) )  in cqclohexane are ~n11lar for 

alkenes and the correspond~ng alkanes. The transfer from vapor to dlmethylforrnamide 1s about 
0.6 kcal/mol more exotherm~c for 1-alkenes. whlch results from the dipole-~nduced dipole inter- 
actlon of the solvent d~pole wlth the 71 system. When the ethylen~c bond 15 h~ndered by large 
adjacent groups (rrur15-1,2-dl-felt-butylethylene) to the approach of solvent d~poles, LH(v i 
D M F )  becomes sinlliar to that of the correspond~ng alkane (1,2-d:-:eir-b~1tyIethane) S!inllarly 
the Interaction of dl-tert-butyl ketone wlth DMF 1s 0.7 kcal, mol weaker than that of the less 
hindered isomer, 2-nonanone. 

RICHARD FUCHS et PREETPAL S. S A L U J ~ .  Can. J .  Chern. 54, 3857 (1976). 
Des enthalpies de transfert de l'etat vapcur a l'itat solution (AH(v i S)) clans le cyclohexanc 

sont semblables pour les alcknes et pour les alcanes correspondants. Le transfert de la vapeur 
vers la dimkthylformamide est d'environ 0.6 kcai:mol plus exothermique pour les alcknes-1; 
cette diffkrence provient d'une interaction dipole-dipole induit du dipoIe du solvant avec le 
systeme Z-. Quand la double liaison est empEchee par des groupes adjacents volumine~~x (di- 
rer:-butyl-1,2 Ctbylene t r - r i i r ~ )  2 I'approche des dipoles du solvant, le AH(v + D M F )  devient 
semblable B celui de l'alcane correspondant (di-rerr-butyl-i,2 Cthane). De la m@me manikre 
l'interaction de la di-ter-t-butylcetone avec la DIMF est environ 0.7 kcal/mol plus faible que 
celle de I'isonikre nioins empechi, la nonanone-2. 

[Traduit par le journal] 

Important insights into solution reactivity and 
equilibria have recently resulted from studies of 
gaseous state behavior, in combination with 
measurements of the interactions of the gaseous 
species with solvents (see. for example, refs. 1 
and 2). Measurements of these interactions in 
appropriate systems can also contribute to  an 
understanding of the intermolecular forces which 
become operative as gaseous molecuies interact 
with solvents (3). Based on heat, of solution 
measurements of a variety of benzene derivatives 
(4) there appears to be no evidence for sub- 
stactial hindrance to solvation by adjacent sub- 
stituents on the arorcatlc nng. Kouever, a recent 
report (2) has brought out the importance of 
steric hindrance to solvation in determining 
acidities in solution. 

We have recently been interested in the extent 
t o  which the hydrocarbon and functional group 
portions of aliphatic molecules interact with 
polar and non-polar sol-~ents, and the nature of 

'Thic work was supported by the Robert A. Welch 
Foundatlon (Grant E-136). 

'Department of Chemistry, University of Alberta, 
Edmonton, Alta., Canada T6G 262. 

the ~ntermolecular (soluee-solvent) forces which 
are involved. The presun~ptlon IS made that the 
interactlon of alkanes w ~ t h  polar or non-polar 
solvents is due almost entirely to dispersion 
lnteractlons, that highly polarizable and polar 
solutes interact wlth the solvent cyclohexane 
almost entirely by dispersion interactions, but 
w ~ t h  the polar solvent N,N-d~methylformamide 
(DMF) by dipole-~nduced d~pole  and dipole- 
dipole forces, respect~vely. as well, and that a 
given hydrocarbon group will make the same 
cor,tribut~on to dnsperslon interact~ons tegardless 
of the nature of the molecule of which ~t 1s a part. 

One may then questlon whether the inter- 
actions of dipolar solvents w t h  polarizable 
funct~onal groups are a function of the steric 
envlronrnent of the group We have approached 
t h ~ s  through a con9lderation of the entbalples of 
transfer of appropriate compounds from the 
vapor to the solvents cqclohexane and D M F  
(AH(v + S)) These values have been calculated 
from expenmental heats of solut~on (AH,) and 
pubhshed values of heats of evaporation at 
25 "C (A%) by the equatlon 

BB-B(v + S) = AB-P,(S) - AHv 
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TABLE 1.  Heats of solutiona and enthalpies of transferb from the vapor to solution of 
some hydrocarbons and ketones 

Compound AHs(c-C6HIZ) AHs(DMF) AHvC AH(v + C-C6H12) AH(V - DMF) 

11-Decane 0.59 3.26 12.28 -11.69 -9.02 
1-Decene 0.52 2.48 12.16 -11.64 -9.68 
t-Bu-CH2CH7-t-Bu 0.22 2.95 9.81 -9.59 -6.86 
t-Bu-CH=CH-t-BU 0.21 2.89 (9. 8)d (-9.6)e (-6.9)e 
2-Nonanone 1.99 1 .00 13.48 -11.49 -12.48 
tz-Nonane 0.50 2.86 11.10 -10.60 -8.24 
t-Bu-CO-t-BU 1.03 0.93 10.84 -9.81 -9.91 
~-Bu-CHL-~-BU 0.10 2.67 9.11 . -9.01 -6.64 

QIn kcal /mol It 0.05. 
b1n kcal/mol k0.10. 
CHeats of evaporation a t  25 "C (6-8). 
dEstirnated value (see text). 
eBased on estimated value of AHv.  

The values of AH, and AH(v + S) are listed in 
Table 1. 

In Table 1 the value of AH,, has been estimated 
for trans-di-tert-butylethylene (2,2,5,5-tetra- 
methyl-3-hexene) based on the observation that 
the values for alkenes are within 0.5 kcal 'mol 
of, but are not greater than, AH, of the cor- 
responding alkane. The discussion will not de- 
pend on the exact value; the estimated value is 
used only for illustrative purposes. 

The enthalpies of transfer of a series of 1- 
alkenes and alkanes from the vapor to cyclo- 
hexane are, within experimental error, the same. 
However, AH(v - DMF) is about 0.6-0.7 kcal 
mol more exothermic for the alkenes. From the 
data of Table 1 it is seen that AH(v + C-C6HI2) is 
identical for tert-Bu-CH-CH-feri-Bu and 
tert-Bu-CH2CH2-fert-Bu (2,2,5,5-tetramethyl- 
hexane), and that AH(v + DMF) are also the 
same for both. This most likely results from steric 
hindrance to the approach of D M F  dipoles to 
the a orbital of tert-Bu-CH=CH-tert-Bu, and 
the absence of the usual dipole-induced dipole 
interaction with alkenes. Alternatively, one may 
consider the quantity AHs(DMF) - AH,(c- 
C6HI2), which is independent of the value of 
AH,. The quantity is positive for alkanes and 
alkenes, presumably because of the higher energy 
of cavity formation in DMF. The values are n- 
decane, 2.7; I-decene, 2.0; tert-Bu-CH2CH2- 
tert-Bu, 2.7; and tert-Bu-CH=CH-tert-Bu, 
2.7 kcal, mol. Clearly, I-decene has an inter- 
action with D M F  which is lacking in the 
hindered alkene. 

In the ketone series one finds (Table 1) that 
AH(v + DMF) for the relatively unhindered 2- 

nonanone is about 1 kcal'mol more exothermic 
than the corresponding transfer to cyclohexane. 
This is in spite of the larger expenditure of hole 
energy in DMF. How ~ o u l d  AH(v 3 DMF) and 
AH(v 4 C-C6HI2) for 2-nonanone compare if the 
dipole-dipole interaction between D M F  and the 
carbonyl group were inoperative? An approxi- 
mation can be made by examining the values of 
n-nonane (Table l), which reveal that the transfer 
to D M F  is about 2.4 kcal mol less exothermic. 
This implies that the energy required to form 
cavities in the solvent to accommodate rz-nonane 
(or 2-nonanone) is 2.4 kcal mo! greater in D M F  
than that in cyclohexane. From this viewpoint 
the total enthalpy of interaction of 2-nonanone 
with D M F  must be 3.4 kcal mol more exother- 
mic than the interaction with cyclohexane, in 
order to give the observed value of - 1 kcal/mol 
for AH(v + DMF) - AH(v - C-C6H12). 

Comparison of vapor to  solvent transfers of 
di-tert-butyl ketone (2,2,4,4-tetramethyl-3-pen- 
tanone) and the corresponding hydrocarbon, di- 
tert-butylmethane (2,2,4,4-tetramethylpentane) 
should then reveal the extent to which the polar 
interactions of D M F  and the carbonyl dipole are 
inhibited by the steric hindrance of the tert-butyl 
groups attached to the latter. The hydrocarbon 
AH(v + DMF) is about 2.6 kcal mol less 
exothermic than AH(v-C-C6HI2), and the 
corresponding ketone value is 0.1 kcal, rnol more 
exothermic. The ketone therefore has an inter- 
action with D M F  2.7 kcal/mol stronger than 
with cyclohexane. This interaction is, however, 
0.7 kca1,'mol weaker than that of the less 
hindered isomer, 2-nonanone. The results are 
essentially unchanged if n-decane and 2,2,5,5- 
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FUCHS AND SALUJA 3859 

tetramethylhexane are used as the hydrocarbon 
models. 

It is of interest to compare the present results 
with those of Jolicoeur and Lacroix ( 5 ) ,  who 
examined free energies and enthalpies of transfer 
of ketones from H 2 0  to D 2 0 .  The aqueous 
solvents are highly structured, much more so 
than cyclohexane and DMF. The introduction of 
hydrocarbon molecules or groups into water may 
promote solvent structure in the vicinity of the 
solute, which is reflected in large entropy as well 
as enthalpy changes. This effect is small or 
absent in organic solvents. In both studies 
differences in the enthalpy of cavity formation 
within the solvent is an important consideration 
( D 2 0  > H 2 0 ;  D M F  > c-CgHI2). The transfer 
of an unbranched ketone from a less structured 
to a more structured solvent was found to be 
more exothermic than the transfer of a highly 
branched solute in both studies; although 
probably for somewhat different reasons. Evi- 
dence was presented indicating that steric factors 
are not important in the polar interactions of 
water with ketones, which is reasonable for a 
solvent with the very small hydroxyl group. In 
the present study only DMF is capable of a polar 
interaction with the carbonyi group, and steric 
hindrance to solvation of di-tert-butyl ketone is 
to  be expected. The use of a hydrocarbon model 
has permitted us to allow for differences in the 
enthalpy of cavity formation for the unbranched 
and branched ketones, and to separately evaluate 
the loss in polar solvation (in DMF) due to 
steric hindrance. While a substantial steric 
hindrance to solvation has been demonstrated 
for only two compounds (trans-di-tert-butyl- 
ethylene and di-tert-butyl ketone), these are the 
only compounds of a sizable group examined in 

which the functional group is flanked by two 
bulky alkyl groups. 

Experimental 
The calorinietric measurements were carried out in a 

vacuum jacketed vessel fitted with a Teflon covered 
thermistor probe (2 kQ at  25 "C). Calibration heating 
curves used a timed constant current source which 
furnished a current of 19.30 mA to a 320 ohm heater 
(0.12 W) made from a W low temperature coefficient 
metal film resistor Teflon covered. Sample addition was 
made from a 20 p1 or 50 pl sqringe into 70 nil of solvent 
which was magnetically stirred. The new baseline was 
normally attained within I min. The calorimeter was 
immersed in a constant temperature bath at 25 'C, 
regulated to i0 .002 'C. Temperature change in the 
calorimeter was detected by the thermistor which was an 
arm of a Wheatatone bridge. The bridge output was 
amplified by a Keithley model 160 digital niultimeter 
(which also served as null detector). and recorded at an 
overall sensitivity of 200 pV (or 0.02 "C) full scale. A 
typical heat of solution involved a temperature change of 
0.003-0.01 'C, and a heat change of 0.1-0.4cal. The 
values in Table 1 are averages of 3--6 determinations in 
the concentration range 1-10 X 10-3 ?M. No dependence 
of AH, on concentratio~i was noted. Hydrocarbon and 
ketone saniples obtained from Chemical Samples Co. 
were of 99-99.9(; purity. 'Reagent grade solvents were 
dried uith 4A molecular sieve. 
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R .  T. LALONDE, C. F. WONG, A.  I-M. TSAI, J. T. W R ~ B E L ,  J. RUSZKOWSKA, K. KABZINSKA, 
T. I.  ARTIN IN, and D. B. MACLEAN. Can. J. Chem. 54, 3860 (1976). 

The sulfoxide configurations of neothiobinupharidine a- and p-sulfoxides have been deter- 
mined through a 13C nnir investigation. The 13C nmr sulfoxidation incren~ents = 

6c.,S-0 -,6c.,S) for all carbons in 2.2,?,4-tetramethylthiolane sulfoxide have been determined. 
Sulfox~dation increments for the C-2 methyl groups, the indicator carbons, were found to be 
similar in sign and magnitude to the increments reported for methyl groups in penicillin sulf- 
oxides, wherein methyl groups cis to the sulfoxide oxygen show larger sulfoxidation increments 
than do the trictl~ methyl groups. The sign and magnitude of the sulfoxidation increments for 
C-6 and C-8, the indicator carbons in the neothiobinupharidine sulfoxides, have been deter- 
mined and compared with those of the model 2,2,4,4-tetramethylthiolane and those of the 
penicillins. The C-6 increments were -9.9 and -5.6 ppin respectively for the solid and liquid 
neothiobinupharidine sulfoxide. Therefore the solid suifoxide is assigned the @-configuration 
and the liquid sulfoxide the a-configuration as a result of these studies. 

R.  T. LALONDE, C.  F. WONG: A.  I-M. T,SAI, 1. T. W R ~ B E L ,  J. RUSZKOWSKA. K .  KABZINSKA, 
T. I. MARTIN et D. B. MACLEAN. Can. J. Chem. 54, 3860 (1976). 

On a determine les configurations des sulfoxydes a et p de la neothiobinupharidine en faisant 
appel a la rinn du 13C. On a determine les increments, en rrnn du 13C, dus a la sulfoxydation 
(A6,-, = 6c-,S-0 - pour tous les carbones du sulfoxyde de titramethyl-2,2,4,4 thiolane. 
On a trouvk que les incrkments dus a la sulfoxydation, pour les groupes methyles en C-2, les 
carbones indicateurs, sont de signes et d'amplitudes senlblables aux incrknlents rapportes pour 
les groupes methyles des sulfoxjdes de pknicilline oh les groupes methyles cis par rapport B 
l'oxygene de sulfoxyde ~uontrent de plus grands increments lors de la sulfoxydation que les 
groupes mCthyles rruns. On a determine le signe et l'amplitude des increments dus B la sulfoxyda- 
tion pour les a;omes de carbone C-6 et C-8, les carbones indicateurs dans le sulfoxyde de la 
nkothiobinupharidine, et on les a comparks avec ceux du n~odele tCtramCthy1-2,2,4,4 thiolane et 
ceux des penicillines. On a trouvC que les increments pour le carbone C-6 sont respectiven~ent de 
-9.9 et cle -5.6 ppm pour les sulfoxydes solides et  liquides de la nCothiobinupharidine. On en 
conclut que l'on doit attribuer la configuration p au sulfoxyde solide et la configuration a au 
sulfoxyde liquide. 

[Traduit par ie journal] 

A neothiobinupharidine sulfoxide, isolated 
from Nt~plzar. luteutn was the subject of an earlier 
report (1). H o ~ e v e r ,  the question of suifoxide 
stereochemistry was left unans~ered.  We have 
undertaken the resolution of this problem by 
13C nmr and report our results herein. 

The neothiobinupharidine sulfoxide in ques- 
tion melted at 240-242 "C and, as previously 
reported (I),  may be prepared from neothiobinu- 

pharidine, 1, by oxidation of the latter with 30% 
hydrogen peroxide in glacial acetic acid. On 
reinvestigation of this oxidation, we observed 
that the reaction product also contained lOy0 of 
a second sulfoxide which was a viscous liquid. 
The liquid sulfoxide comprised about 30% of 
the sulfoxide product when the oxidation of 1 
was carried out with sodium metaperiodate in 
aqueous methanol. As be  shall demonstrate, the 
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LALONDE ET AL. 3861 

CIS 

FIG. 1. Conforn~ations of some getn-dimethyl sub- 
stituted, cyclic sulfoxides showing the dihedral angles 
between methyl groups. oxygen, and  the non-bonding 
electron pair. 

capability of preparing the second neothiobinu- 
pharidine sulfoxide in quantities sufficient for 
13C nmr spectra greatly aided the investigation 
since comparison of the 13C properties of both 
isomers now could be made. 

We viewed the neothiobinupharidine sulfox- 
ides, 2 and 3, as con~plex analogs of 2,2,4,4- 
tetrarnethylthiolane-I-oxide, 4, with y and 6 
carbons cis or trans to the sulfoxide oxygen atom. 
We also considered the methyl carbons, or 
hydrogen, in 4 and carbons 6, 6', 8 and 8', or 
attached hydrogens, in 2 and 3 as potential 
indicators of the sulfoxide oxygen configuration, 
provided the time average conformation of the 
five-membered ring was such that the dihedral 
angle between sulfoxide oxygen and the cis 
methyl was different than the dihedral angle 
between sulfoxide oxygen and the trans methyl. 
Two such conformations, shown in Fig. 1, 
illustrate the relation of sulfoxide oxygen to y 
methyl groups. When incorporated into a five- 

I ,  X = Y = electron pair; R I  = R 2  = H 
2, X = 0 ;  Y = electron pair; R1 = R 2  = H 
3, X = electron pair; Y = 0 ;  R I  = R 2  = H 

11, X = Y = electron pair; R ,  = R 2  = D 
12, X = Y = electron pair; R l  = H; R 2  = D 
13, X = 0 ;  Y = electron pair; R ,  = R 2  = D 
14, X = 0 ;  Y = electron pair; R 1  = D ;  R 2  = H 
15, X = electron pair; Y = 0 ;  R I  = R 2  = D 
16, X = electron pair; Y = 0 ;  R ,  = H ;  R 2  = D 
17, X = Y = electron pair; R I  = R 2  = a or DOH 
18, X = Y = electron pair; R I  = a or DOH; R2 = H 

membered ring these conformations are not 
interconvertible through C-S bond rotations. 

Our first inclination was to compare the lH 
nmr spectra of the neothiobinupharidine sulfox- 
ides with that of the parent sulfide using the 
changes in the C-6 and C-6' equatorial proton 
chemical shifts to point to the cis or trans rela- 
tion of the sulfoxide oxygens. Equatorial protons 
at C-6 and C-6' had been differentiated in the 
1H nmr spectra through deuterium labelling 
carried out in connection with the structure 
studies of 6- and 6'-hydroxyneothiobinupharidine 
(2-4). Both magnitude and sign of the lH nmr 
sulfoxidation chemical shift increment (A6?-.I = 
bH-?-O - of -y and 6 protons in a thiabi- 
cyclooctane system reflect in a regular manner 
the s j ~  or anti configurational relation of sulfox- 
ide oxygen to the 7 and 6 indicator protons (5). 
However, when we compared the C-2 methyl 
chemical shifts in several penicillins and penicil- 
lin sulfoxides (6) we found that the sulfoxidation 
chemical shift increment is not correlated with 
the simple cis, trans relation of sulfoxide oxygen 
to the methyl groups. The lack of a genera! cor- 
relation between sulfoxide configuration and the 
lH nmr increment of protons attached to the y 
and 6 carbons led us to examine the 13C nmr of 
2,2,4,4-tetramethylthiolane-I-oxide for sulfoxi- 
dation changes. The results were compared to 
those from reported studies of penicillin sulfox- 
ide and then applied to the problem of the 
neothiobinupharidine sulfoxide configuration. 

Chemical Sh f i  Assignments and Sulfoxidation 
Increments (A6c, = 6C-F-o - bC-?) of Tetra- 
mefhjlthiolanes and their Sulfoxides 

The 13C nmr chemical shift values and assign- 
ments for the 2,2,4,4- and 2,2,5,5-tetramethyl- 
thiolane and the corresponding sulfoxides are 
presented in Table 1. The assignments for 2,2,4,4- 
tetramethylthiolane, 5, were discussed earlier (7). 
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TABLE 1. Chemical shifts, in ppm (from TMS, 6 0.0 ppm) multiplicities (singlet, triplet, or quartet) and sulfoxidation increments in ppm 
0 (As,, = 6,,5-0 - 6c-,s) for two tetramethylthiolanes (5 and 6) and their sulfoxides (4 and 7). Chemical shift, multiplicity, and 

sulfoxidation increment for the carbon number indicated 2 - 
0 

Compound C-2 ASc-2 C- 3 Asc-3 C-4 AJc-4 C-5 As,., C-2CH3 A s C a c H 3  C-4CH3 A8c.4cH3 5 
6 55 . I  (s) 44.9(t) 44.9(t) 55. l(s) 32. h(q) 

5 
7 63.2(~)  +8.1  39.4(t) -5.5 39.4(t) - -5 .5  63.2(~)  +8.1 26.0(q) -6 .6  c 

21.8(q) -10.8 
5 53.5(s) 59.4(t) 45 .9(s) 47.3(d) 33.7(q) 29. o(q) VI P 

1 64.6(~)  +11.1 53.9(t) -5.5 41 .7(s) -4.2 63.4(t) +16.1 25.4(q) -8.3 33.3(q) +4.3  5 
2 2 . 2 ( ~ )  - 11.5 32.1(q) +3.1 2 
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LALONDE ET AL. 

The assignments for 2,2,5,5-tetramethylthiolane- 0 
1-oxide, 4, are made on the basis of the lH off- 
resonance decoupled spectrum. For this sym- A C H N q ~ y  

metrical tetramethylthiolane sulfoxide, the 13C x / S ~ ~ ~ ~ ~ ,  

sulfoxidation increments, ~ l 6 ~ . , ,  are respectively 
+8.1 and -5.5 ppm at C-2 and C-3. Sulfoxida- 8, x = Y = electron p a ~ r  
tion increments for the two pairs of C-2 methyl 9. x = 0 ,  Y = electron palr 

groups, cis and trans to sulfoxide oxygen, are 10, X = electron pair, Y = 0 

different; for one pair it is -6.6 ppm and for the 
other ~t is - 10.8 ppm. 

The assignments for 2,2,4,4-tetramethylthio- 
lane-1-oxide, 4, were made with the aid of the 
'H off-resonance decoupled spectrum. But pairs 
of singlets and triplets were distinguished on the 
basis of chemical shift and by comparisons of 

values with those of sulfoxide 7. Thus the 
singlet at  64.6 ppm displayed by 4 is close to  the 
63.2 ppm chemical shift asslgned to C-2 in 7; 
moreover the sign and magnitude of A6c-, for 4 
(+ 11.1) agrees with that (+8.1) of 7. Therefore 
the singlet at 64.6 ppm is assigned to C-2 and 
that at 41.7 ppm to C-4 by default. Similarly, 
the triplet at 63.4 ppm exhibited by 4 is assigned 
to  C-5, the methylene carbon adjacent to the 
sulfoxide group, since the efTect of sulfoxidation 
is deshielding as demonstrated by the sign of 
A6c-2 for both sulfoxides 4 and 4. Therefore 
the triplet at 63.4 ppm is assigned to C-5 and 
that at 53.9 ppm to C-3 by default. Support for 
this last assignment comes from the agreement 
of Aac-3 for 4 and 7 which is - 5.5 ppm for both. 

As previously mentioned, both the methyl 
groups crs and trail5 to the sulfoxide oxygen in 7 
are shielded relative to the methyl groups in the 
thiolane 6: h6c.2cH3 values are - 10.8 and -6.6 
ppm. The chemical shift values assigned to the 
C-2 methyls of 4 must be such that A6c-2ca3 for 4 
and 7 agree in sign and magnitude. This is the 
case when the C-2 methyl groups of 5 are 
assigned a chemical shift of 33.7 ppm and those 
at  C-2 of 4 values of 22.2 and 25.4 ppm. The 
resonances at 33.3 and 32.1 ppm are therefore 
assigned to the C-4 methyls by default. 

We conclude from the foregoing analysis that 
the sulfoxidation of 5 to 4 results in both methyls 
a t  C-2 becoming shielded, one by - 11.5 and the 
other by -8.3 ppm, and both methyls at C-4 
becoming slightly deshielded, one by +4.3 and 
the other by f3 .1  ppm. 

The values of A6C-2CH3 (- 8.3 and - 11.5 ppm) 
agree generally with the y-sulfoxidation effect 
values observed for six-membered ring sulfides 

(8a, b) but, more importantly, also agree with 
those observed by Archer et al. (8c) for penicillin 
8 and its a-, 9, and /3-, PO, sulfoxides. The 2a- 
and 2p-methyls are shielded by - 8.5 and - 11.3 
ppm respectively in the /3- sulfoxide, PO, relative 
to penicillin 8. In like manner the 2a- and 2P- 
methyls are shielded by - 10.8 and -6.6 ppm 
respectively in the a-sulfoxide, 9, relative to  
penicillin 8. More recently similar observations 
have been made for some 2-chloromethyl deriva- 
tives of penicillin and penicillin sulfoxides (9). 
Apparently, the magnitude of the shielding steric 
-y effect is inversely proportional to the dihedral 
angle between the methyl group and the sulfoxide 
oxygen. In the a-sulfoxide 9, the S-O-/3-CM3 
dihedral angle is 85", the conformation corres- 
ponding to that shown in Fig. lb. In the 6-  
sulfoxide 10, the S-0-P-CH3 dihedral angle 
is 60" in a conformation similar to that shown 
in Fig. l a  (8). Therefore in conformationally 
restricted cases, it now appears that real differ- 
ences in the sulfoxidatlon increments can dis- 
tinguish the cir-trans relation between the 7 
carbon indicator and the sulfoxide oxygen. In 
the specific casc of the tetramethylthiolanes, the 
methyl group cis to the sulfoxide oxygen has a 
larger negative sulfoxidation increment than the 
methyl group which is trans. 

Chemical Shift Assignments and Sulfoxidation 
Inc~etnents for Neothiobintrphariclines 

Selected chemical shifts for the a-, 3,  and 
P-, 2, neothiobinupharidine sulfoxides are given 
in Table 2 and compared with those of the parent 
sulfide, 2 ,  in Fig. 2. Figure 2 includes only the 
lines of 1 in the 25.0-70.0 ppm region which are 
most pertinent to the problem of sulfoxide 
configuration; the full spectrum has already been 
presented (7). Correlation lines are drawn for 
the four pairs of carbons 6 and 8, 6' and 8', 
7 and 7', and 12 and 12', the first two pairs 
corresponding respectively to C-2 methyls and 
C-4 methyls in 4 and 5. C-7, C-7', G-12, and 
C-12' in the neothiobinupharidine derivatives 
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CAN. J.  CHEM. VOL. 54, 1976 

TABLE 2. 13C chemical shifts in ppm (from TMS, 6 0.0 ppm) and multiplicities 
(singlets, doublets, and triplets) of selected lines in the spectra of 

neothiobinupharidine a-3 and 0-2 sulfoxides 

Neothloblnupharldine sulfoxide 
Carbon 

No. P-2 a-3 

"One of the given chemical shifts represents the carbon(s) indicated. 
?Enhanced intensity suggesting coincidental lines. 

correspond to C-2, C-4, C-3, and C-5 respec- 
tively in 4 and 5. 

The chemical shift assignments for the parent 
neothiobinupharidine have been discussed earlier 
(7). Assignments for the signals of C-6 and C-6', 
two of the four indicator carbons, now have 
been confirmed since the totally lH decoupled 
"3G nmr spectrum of neothiobinupharidine-6,6'- 
d2, 11, showed a low intensity, complex signal 

FIG. 2. Chemical shift correlation of neoth~obinuphari- 
dine (I), a-3 and 6-2 sulfoxides. Chemical shifts in ppm 
from TMS. 

for the 63.0 and 65.3 ppm lines while only the 
former line appeared as a low intensity complex 
signal in the spectrum of neothioblnupharidine- 
6'-dl, 12 (Fig. 30). 

The assignments of the same indicator carbons 
in the sulfoxides were made in a similar manner. 
When the neothiobinupharidine sulfoxide melt- 
ing at  240 O C  was labelled with deuterium at C-6 
and C-6' (compound 13), the signals present at  
55.4 and 65.4 ppm appeared as low intensity 
multiplets (Fig. 3b). The corresponding mono- 
deuterated sulfoxide, 14, labelled only at (2-6, 
gave a spectrum in which the 55.4 ppm line was 
a low intensity complex signal (Fig. 3b). There- 
fore, the 55.4 and 65.4 ppm llnes were assigned 
to G-6 and C-6' respectively. The 64.7 ppm line 
found in the spectrum of the unlabelled sulfoxide 
was absent in the spectra of the 6'-d and 6,6'-d2 
labelled sampies and therefore this line can be 
assigned to C-6'. The C-6 spectral line at  59.7 
ppm was flanked ciosely by two nearby Iines in 
the spectrum of the unlabelied liquid sulfoxide 
and therefore its disappearance was somewhat 
more difficult to observe. Nevertheless this line 
appeared in the spectrum sf  the 6'-dl labelled 
sample in the same manner as it had in the 
spectrum of the unlabelled sample, but in the 
spectrum of the 6,6'-d2 labelled sample only the 
outer two flanking lines remained. Therefore the 
spectral line at  59.7 ppln was assigned to C-6 of 
the liquid sulfoxide. Accordingly the spectral 
line at  64.7 pgm exhibited by the liquid sulfoxide 
was assigned to C-6'. 
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The deuterium labelled neothiobinupharidines 
and their suifoxides were obtained in the follow- 
ing ways. 6,6'-Dihydroxyneothiobinupharidine, 
17, and 6-hydroxyneothiobinupharidine, 18, were 
reduced with sodium borodeuteride as previously 
described 43,4). Oxidation of the resulting singly 
and doubly labelled neothiobinupharidines with 
hydrogen peroxide in acetic acid led to the cor- 
responding mixtures of the labelled e- and P- 
sulfoxides from which the doubly labelled 
p-sulfoxide (131, the doubly labelled a-sulfoxide 
(Is), and the P-sulfoxide singly labelled at  C-6 
(14) were separated. Reduction of 6'-hydroxy- 
neothiobinupharidine (4) with sodium boro- 
deuteride gave neothiobinupharidine-6'-dl, 12. 
The latter was oxidized with sodium meta- 
periodate in methanol-water to obtain a mixture 
rich in the a-sulfoxide singly labelled at  C-6', 16, 
which was separated by elution chromatography. 

Signals were assigned to the remaining three 
pairs of pertinent sulfoxide carbons (C-12,12', 
C-7,7', and C-8,8') with the assistance of the 
off-resonance decoupled spectra and the sign and 
magnitude of the tetramethylthiolane 4bC-i. Due 
to the symmetrical nature of the neothiobinu- 
pharidine skeleton, assignments of C-8' in the 
spectra of the two sulfoxides was assisted also 
by the rigidly established 86c-61. Since the sulf- 
oxidatior, effect on C-12' is deshielding, C-8 
must be moving upfield upon sulfoxidation of 
neothiobinupharidine. At present its exact loca- 
tion in the two sulfoxide spectra is not certain. 
In the case of the liquid sulfoxide spectrum, C-8 
would appear to be the third line in the 27.5-29.1 
ppm region and for the solid sulfoxide is one of 
the seven lines in the 32.0-36.5 ppm region. 

Co@gurations of the Neothiobinupharidine 
Sirlfoxides 

On the basis of the above assignment, L L ~ ~ ,  
were calculated for both indicator pairs, C-6,8 
and C-6',8', and these are given in Table 3. 
Clearly, b3C.6 is a larger negative value for one 
sulfoxide than the other. In accord with the 
results from the model thiolanes, the sulfoxide 
with the larger negative A6c.6 value is given the 
0-sulfoxide configuration, 2. This sulfoxide is 
the 240-242 "C melting isomer. The sulfoxide 
with the smaller negative 86c.6 value is given the 
a-configuration, 3. This sulfoxide is the liquid 
isomer. Supporting these configurations is the 
observation that the more negative 636c.6 value 

TABLE 3. 13C nmr sulfoxidation increments 
(-16c-r = 6,.,so - f,-,s) for indicator carbon atoms 

in neothiobinuphar~dine a - 3  and 13-2 sulfoxides 

.16,4* 

Conipound C-6 C- 8 C-6' C-8' 

"Calculated uslng: 6c-6s = 65.3 p p r n .  6c-6.s = 63.0 p p r n ;  ac-,!8 = 36.5 
p p r n ;  ac-ss  = 40.8 p p m .  

+A range based on the hrghest and lowest field r~gnals in g r o u p  contalnlng 
C-8. 

is associated with the less negative A6c-s and 
vice uersa. 

Experimental 

~Measltren~ents 
Spectra were determined as follows: mass spectra (ms) 

on a Hitachi-Perkin-Eln?er R M U 6 E  using an all-glass 
heated indirect inlet: chamber temperature and voltage 
200 'C and 70 eV, respectnely; infrared spectra (ir) as  
indicated on  a Perkin-Elmer 137 spectrometer; 1W nmr 
at  100 or 60 MHz as indicated in CDC13 solution in 5 rnm 
tubes ( i ' ;  TMS, 6 0.00) on Varian A60 and XL-100-15 
spectrometers, the latter controlled by a VFT-100 com- 
puter and operating in the F T  absorption mode (m, s, 
and d referring to  niultiplet, singlet, and doublet respec- 
tively); 13C nmr in CDCI3, used also to  furnish a secon- 
dary reference (77.2 ppni from T M S  at  6 0.0 ppm) and 
the deuterium resonance for field-frequency lock, on  a 
Varian XL-100-15 operating at  25.16 ,MHz in the F T  
absorption mode employing 8192 data points. Fully 1H 
noise decoupled and off-resonance decoupled 13C nmr 
spectra of the two tetranlethylthiolane sulfoxides and 
neothiobinupharidine p-sulfoxide were obtained on  
1 .O-1.2 n ~ l  solutions containing 20-40 nig of sample in 
12 m m  tubes using froni 3K-7K transients. The fully 
decoupled spectra of neothiobinupharidine-6a,6'au(/z a -  
sulfoxide and neothiobinupharidine-6a-dl were obtained 
on  1-2 mg samples in 0.15 n11 of aolution in a 5 nim (od) 
micro cell from nearly 2OOK transients. Fully decoupled 
spectra of neothiobinupharidine-6a,6'&, neothio- 
binupharidine a-sulfoxide, neothiobinupharidine-6a-dl 
p-sulfoxide, neothiobinupharidine-6a,6'a-dZ a-sulfoxide, 
and neothiobinupharidine-6'a-dl a-sulfoxide were ob- 
tained on  3-10 mg samples in 0.30 ml solution in 5 m m  
tubes from 22-91K transients. In all cases 13C spectral 
widths were 5000 H z  and acquisition times were 0.8 s. 
Pulse widths for all spectral determinations ranged from 
65-75 ps. 

2,2,5,5- Teiturnet/~~ lt/i~ulat~e-I- ox^/ (7) 
A solutlon contalnlng 160 mg of 2,2,5,5-tetramethyl- 

th~olane (7) (1.1 mmol) and 225 mg of 85' ,  m-chloro- 
perbenzolc acid In 5 ml of rnethjlene chlor~de u a s  s t~r red  
at  amblent temperature for 1 week. The methylene 
chlorlde so lu t~on  was then washed wlth aqueous s o d ~ u m  
bicarbonate, drled over anhjdrous sodluni sulfate, con- 
centrated o n  the rotary evaporator, and chromatographed 
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on 10 g of alumina (activity 2) first with about 50 ml of 
hexane to remole uncon~er ted  thiolane and then with 
100 nil of ether to retnoke the desired 7: ir (liquid film) 
6.90, 7.25 and 7.36, 7.82, 8.84. 9.24, 9.65 (S-0), 9.93 
pm: IH nmr (60 MHz) 6 1.24 (s, 6H,  CH3). 1.35 (s, 6H, 
CH3),  1.90 (in: 1 H ,  AA1BB'CH2CH2); ms. 171 e (relative 
intensity) 160(MA, 17), 91(100). 69(42), 55(41), 43(24), 
41(39); 13C nmr,  see Table 1. At~ul. calcd. for C8H16SO: 
C 59.95, H 10.06, S 20.01; found: C 59.85, H 10.17, 
S 19.81. 

2,2,4,4- Tetrumerl~~l i l~ io l i~~~e-  I-oxide (4) 
A solution of 341 nig of 2,2,4,4-tetramethylthiolane (7) 

and 455 mg of 85' ; 171-chloroperbenzoic acid in 3 ml of 
methylene chloride was stirred at  ambient temperature for 
3.5 h. The reaction mixture was then processed as 
described in the case of 7. Chromatography of the con- 
centrate on  10 g of alumina (activity 3) was done using 
90 ml of hexane followed by 90 ml of ether. Thirty 
millilitre fractions were taken. The first 30 nll hexane 
fraction atyorded 140 nig of unconverted sulfide and the 
first 30 nil ether fraction yielded 161 mg of 4: ir (liquid 
filni) 6.89, 7.24 and 7.35, 9.05, 9.35, 9.69 (S-O), 9.93 prn; 
I H  nmr ( I00  MHz) 6 1.31 (s. 3H, CH3), 1.35 (s. 3H, CH3), 
1.37 (s, 3H, CH3), 1.40 (s, 3H, CH3),  1.81 (d, I H ,  A or B 
of ABq no. I), 2.29 (d, IH,  B or A of ABq no. I), 3.78 (d, 
A o r  B of ABq no. 2), 5.98 (d,  B or A of ABq no. 2); nis 
m/e (relative intensity, ' ,) 160(22), 129(16). 113(22), 
102(20), 97(67), 69(23), 57(22), 56(37), 55(100), 43(37), 
41(35); '3C nmr, see Table I .  Atrul. calcd. for C8HI6SO:  
C 59.95. H 10.06; found: C 59.90, H 10.15. 

Oxiduiiol? of Neot/riobi~~liphuri~/i~~e wit11 Hj.droget1 
Prroxirie ill Acetic rlciil 

According to  a previously disclosed procedure ( lo) ,  
82 mg of neothiobinupharidine in 3 ml of acetic acid was 
treated with 43 mg of 30' hydrogen peroxide at  ambient 
temperature for 1.5 h.  The solution was then diluted with 
15 ml of water, made alkaline with a pellet of sodium 
hydroxide, and extracted three times with benzene. 
Removal of the benzene on the rotary evaporator gave a 
solid whose tlc (alumina, benzene-chloroform 1 : 1) 
indicated the presence of nearly 50( ;  of the starting 
neothiobinupharidine. Therefore the solid was redissolved 
in 3 nil of acetic acid, treated wlth 30 mg of hydrogen 
peroxide, and the resulting solution was kept at ambient 
temperature for 2.5 h. Processing in the manner just 
described gave a solid which was chromatographed on  
13 g of alumina containing 5' 1 water using the following 
eluting solvents in the amounts and order indicated: 
100 1111 benzene: 100 nil 10' ; chloroform in benzene; 
200 ml benzene-chloroform 1 : I ,  I00 ml chloroform. 
Thirty-five millilitre fractions were collected. Fractions 2 
and  3 combined yielded 14 mg of unconverted neo- 
thiobinupharidine. Fraction 9 consisted of 21 mg of 
colorless oil (tlc alumina, twice developed with benzene- 
ether, R, 0.21 and 0.38). Fractions 10-12 combined 
yielded 57 mg of neothiobinupharidine P-sulfoxide: tlc 
alumina, twice developed with benzene-ether, R, 0.21 ; 
and identical with authentic sample (1). 

A 17 mg sample of fraction 9, was chromatographed on  
15 g of neutral alumina (activity 2) with chloroform in 20: 
1, 3, and 2 ml fractions. The 3 ml fraction gave 6.8 mg of 
neothiobinupharidine a-sulfoxide: tlc (alumina, twice 
developed with bznzene-ether, 1 :1) Rf 0.38; tlc (alumina, 

three times developed w ~ t h  chloroform) (R, 0.44), ir 
( X I 4 )  9.70 ( S - a ) ,  11.47 pni (3-fury]), IH nmr (CDC13, 
100 MHz) 6 0 85 and 0 88 (d's, 6H),  2.14 (br d,  J = 12 
Hz,  IH) 2.39 (d of ABq, J = I5 Hz,  I H ,  CH2SO), 
2.66-2.91 (m, 4 H ,  C-6, C-6', C-4, C-4'H), 3.03 (d of 
ABq, J = 7.3 Hz, IH,  CH2SO), 6.20 (apparent d of m, 
J = 5 Hz, 2H, 3-furjl-dH), 6 98-7.28 (m, 4H, 3-furyl- 
a H ) ,  ms m/e (relative Intensity, ' ,) 510(6)(M+), 494(37), 
493(100). 448(3), 145(2), 357(4), 232(23), 230(51), 216(2), 
202(2), 200(1), 188(3), 178(17), 176(2), 164(2), 163(1), 
162(2), 161(1), 149(2), 148(3), 147(2), 146(3), 137(2), 
136(5), 135(4), 107(22). 96(9), 97(10), 94(12), 91(5), 81(18), 
13C nmr see Table 2. 

Oxidui io~~ of 1\'eothiobit1~rp/1~11'i~li11e wit11 Sodiut71 
lMetuperiodute 

A 17.7 mg sample of neothiobinupharidine in 2.5 ml of 
methanol was treated with 16.2 mg of sodium meta- 
periodate at  0 'C for 20 h. The solvent was removed a t  
reduced pressure at  0 - C  and the residue was treated with 
10 nil of water and then extracted with methylene 
chloride. Thereafter the aqueous lajer  was extracted 
several times u i th  10 nil quantities of chloroform and the 
combined organic extracts were dried over anhydrous 
sodium sulfate. Removal of the solvent at  reduced pres- 
sure gave 20 n ~ g  of oil which was chromatographed on  
2 g of neutral alumina (activity 2) and eluted successively 
with 100 ml of benzene, 50 1111 of benzene-ether (7:3), and 
50 n11 of chloroforni. The benzene fraction gave 3.4 mg 
of unconverted neothiobinupharid~ne, the benzene-ether 
( 1 : l )  fractions yielded 8.5 mg of neothiobinupharidine 
a-sulfoxide. and the chloroform fraction yielded 3 mg of 
neothiobinupharidine $-sulfoxide: tlc (alumina twice de- 
veloped with benzene-ether 1 : I )  R, 0.21, R, 0.38, and R, 
0.77, corresponding respectively to  R, values of neothio- 
binupharidine P-sulfoxide, neothiobinupharidine a-sulf- 
oxide, and unconverted neothiobinupharidine as deter- 
mined by co-chromatography experiments. 

~%otl1iobit1~ip/lur.idit1e-6,6'-d~ 
A 58 nig sample containing bis- and monohen~iaminal 

thiaspirane Nuphar alkaloids. obtained from a methanol 
fraction yielded by a n  earlier chromatography of Polish 
plant material ( I ] ) ,  was chromatographed on  5 g of 
neutral alumina, containing 5 ' '  water, with 20 1n1 of 
benzene, 20 ml of benzene-ether (8:2), and 50 ml of 
methanol. A 1 rng portion of the methanol fraction (30 
nig), after treatment with methanolic sodium boro- 
hydride, afforded neothiobinupharidine (tic (alumina, 
hexane-ether 8:2) R, 0.4) and other more polar com- 
pounds. Therefore the remainder of fraction 3 in 0.5 ml 
of methanol was treated with 40 mg of sodium b o r e  
deuteride in methanol at  ambient temperature overnight. 
The solvent was removed under a gentle stream of 
nitrogen and the residue was shaken with 5 ml of water 
and 5 ml of methylene chloride. The aqueous layer was 
separated and extracted repeatedly with methylene 
chloride. The combined organic extracts were dried over 
anhydrous sodium sulfate. Evaporation of the solvent at  
reduced pressure gave 35 nig of a glass-like material 
which was chromatographed on  2 g of neutral alun~ina,  
containing 5' , water, with 10 nil of hexane-ether (9:1), 
20 mi of benzene, and 20 ml of methanol. Fraction 2, 
10 mg, was necthiobinupharidine-6,6'-d2 : tlc (alumina, 
hexane+ther 8:2) Rf 0.4; ms m/e 496 (relative intensity, 
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3868 CAN. J. CHEM. VOL. 54, 1976 

8";); IH nmr (CDC13, 100 MHz) 6 0.87 (d, J = 5 Hz,  methanol-water by the methods and procedures given 
6M, C-i  CH,) 2.70 (apparent s, CH2S), 2.67 and 2.93 above for the unlabelled samples. 
(C-6 eq and C-6' eq H ;  appearing as singlets but as 
doublet of doublets in the unlabelled spectrunl), 6.38 Acknowledgments 
(m, !H, 3-furyl-PH). 6.56 (ill, 1M. 3-furyl-pH), 7.23-7.40 Three of the authors (R.T.L., C.F.W., and 
(m, 4H, 3- fur~ l -nH) :  I3C nmr (CDCI3) 6 63.0 and 65.3 A.1-M.T.) are grateful to the National Institutes 
present in the unlabelled spectrum ( 7 )  are absent. of Health, U.S. Public Health Service, for sup- 
Neorhiobi~~~rpiiiir.idit~e-6-4 u12d!Veorl1iobi1z~rpi1crl.idit1e-6'-d~ port ( ~ ~ ~ ~ t  N ~ .  AI- 101 88) of the portion of the 
The first of the title compounds was obtained from a 

previous studj  (4). The second was obtained from 6,6'- performed at  the 'late University of New 
dihydroxyneothiobinupharidine by sequential partial re- york, College of Environmental Science and 
ductions, first ui th sodium boroh!dride then with sodium Forestry. Mr. L. McCandless, of the latter insti- 
borodeuteride, according to  the foliowing procedure. A tution, is credited with determining the 13C nmr 
70 mg chron1atographic fraction containing 6.6'-dlhyd- spectra. ~h~ work at  M ~ M ~ ~ ~ ~ ~  university was rovyneothiobinupharidine was treated with small portions 
of sodium borohydride at  0 C in 9 j c c  ethanol until the the Research of 
first trace of neothiobinupharidine was detected by tlc Canada and their assistance is gratefully 
(alumina, hexane+ther 3 2 )  Rf  0.81. The reaction mixture acknowledged. 
was treated immediately with 0.5 ml of acetone to destroy 

J ,  T, WRi)BEL. A, TWANOW, J ,  SZYCHOWSKI, J. 
uriconverted sodium borohqdride, solvents were evap- 

POPLOWSKI. C, K ,  YU, T, I, and D, B. 
orated at  reduced pressure, the re5idue was taken up in 

MACLEAN, Can, J ,  Chem, 1968 (1972), 
5 ml of chlorofor~n. the resulting mixture was f ltered 2, C, F, WONG and R,  T, LALONDE, Experientia, 31, 
through 0.5 g of neutral alumina (activity 2). the solvent (1975), 
was removed from the filtrate at  reduced pressure, and 3, J. T, WRi)BEL, A, IWAhOW, and K,  wOJTASIEWICZ, 
the residue was chromatographed on  10 g of neutral Bull, Acad. Pol, Sci, Ser, Chim, 23, 735 (19751, 
alumina (activity 2) eluting successively with hexane- 4. R. T.  LALONDE and C. F .  WONG. J. Org. Chem. 41, ether ( 9 : l )  in 15, 50, 150, and 200 ml portions (fractions 291 (1976), 
1-4) and k i th  50 ml of methanol (fraction 5). Fraction 4, 5, A,  B, FOSTER, J ,  M. DUXBURY. T, D, INCH, and J ,  M ,  
comprking of 14 mg of 6'-hydroxjneothiobinupharidine: 

WEBBER, Chem. Commun, 881 (1967), 
tlc (alumina, hexane-ether 3:2) Rf 0.21 g was treated with 6, p, V ,  DEMARCO and R,  NAcuRAJAN, Cephalosporins 
30 mg of sodium borodeuteride in 1 n ~ l  of methanol at  and penicillins, 4,. E, H,  Flynn, Academic 
25 '63 for 30 min. The solvent was evaporated at  reduced Press, New N,Y. 1972, pp, 311-369, 
pressure, the residue \\as taken up in chloroform, the 7, R,  T, NDE, T, N, and A, I-M. TSAI, 
resulting mixture was filtered through 0.5 g of neutral Can, J ,  Chem, 53, 1714 (1975), 
alumina (activity 2), the solvent was removed from the 8. (u )  G,  W, BUCHANAN al,d T, DuRsT, Tetrahedron 
filtrate, and the residue wa5 chromatographed on alumina Lett, 1683 (197j); (b )  J,  R ,  WISEh,AN, H, O, KRAFFEN- 
(activity 2) with hexane-ether in two 50 nil fractions. The HOFT, and B, R,  SON, J ,  Org, 41, j18 
second fraction consisted of 10 mg of neothiobinuphari- (1976); (c) R. A. ARCHLR, R .  D. C .  COOPER, P. V. 
dine-6'-(1,: 'PI nmr (CDCI,. 100 MHz)  6 2.67 (s. I H ,  DEMARCO, and L. F. JOHNSON. Chem. Commun. 1291 C-6'H but appearing as a doublet in unlabelled compound (19701, 
(4)!, 2.94 (d. IH,  C-6H);  n1s t77:e (relative intensity) 9, K,  TORI, T, TSuSHIMA. Y,  TAMURA, H, SHIGEMOTO, 
495(25). 178(100) and 179(23): '3C nmr, see text. T.  TSUGI, H .  ISHITABI, and H. TANIDA. Tetrahedron 

Deuteriunl-Labellc~~l R'eo~hiobit~~rphr~r~idit~e Suljoxirles Lett. 3307 (1975). 
The conversion of neothiobinupharidine-6,6'-(I2* neo- 10. T. I. MARTIN. Ph.D. Dissertation, McMaster Uni- 

thiobinupharidine-6-4, and neothiobinupharidine-6'-d, versity, Hamilton, Ontario. 1974. 
to  0- and a-sulfoxides was efTected, respectively, by hydro- I I .  R .  T.  L A ~ N D E ,  C. F. WONG, and K .  C. DAS. J. Am. 
gen peroxide in acetic acid and sodium metaperiodate in Chem. Soc. 95, 6342 (1973). 
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A psac$jical synthesis of cis-jasmone from levnliinic acid 

J. A. BULAT AND H. 3. Liul 
Departmenr of C/~erni.rrr~,, Cilicersiry qf A1brt.r~. E~inloriror~, Alm., Carzada T66 2EI 

Received June 17, 1976 

J. A. BULAT and H. J. LIW. Can. J. Chem. 54. 3869 (1976). 
A pract~cal total sq nthcsis of cls-jasmonc (1) has been achie~ ed in SIX steps and in an o\ era11 

yield of J9', from lecul~nlc acid 

J. A. BULAT et H. J. LIU. Can. J .  Cheni. 54, 3869 (1976). 
On a rCiissi une syiithese totale et pratique de la jasmone-cis (1) qui utilise l'acide lCvul6nique 

comme produit de dCpart et qui implique six etapes avec un rendement global de 4954. 
[Traduit par le journal] 

cis-Jasmone (I), the primary odorous principle 
of the flouer oils of several varieties of jasmin 
(I),  is an important ingredient both in the pro- 
duction of high grade fragrances in the perfume 
industry and as an  enhancing agent for spear- 
mint and peppermint flavors in the food industry 
(2, 3). Because of its commercial importance and 

inexpensive and readily available, in six simple 
steps and in an overall yield of 49Yc. 

Treatment of levulinic acid with an excess of 
ethylene glycol in benzene in the presence of a 
catalytic amount of p-toluenesulfonic acid gave 
rise to a 87% yield of ketal ester 2 as a result of 
concomitant ketalization and esterification. Sub- 
sequent reduction of 2 with lithium aluminum 

limited availability from natural sources as well 
as its quite unique structural features, cis-jasmone 
has d ra~vn  much attention to its synthesis in the 
last few decades2. Many of the existing syntheses 
are, however, mainly concerned with the develop- 
ment of new or improved methods for the con- 
struction of 1,4-diketones and cyclopentenones 
using cis-jasmone only as a testing model for 
their synthetic applicabilit>.. Often these proce- 
dures, as well as being lengthy, require costly 
and/or dificultly accessible chemicals and thus 
are not economically viable for the large scale 
production of cis-jasmone. Consequently. there 
is a continuous demand for the development of 
its effective synthesis. We wish to report a practi- 
cal synthesis of P from levulinic acid,3 which is 

'Author to  uhoni correspondence should be addressed. 
'For extensive reiieus of the sjtlthetic works prior to 

1974 see refs. 4 and 5. For subsequent sqntheses see 
refs. 6-13. 

3Concurrent with and after the completion of the 
present work, three syntheses of 1 from levulinic acid 
and its derivatives via different routes have been reported 
(10, 13> 14)~ 

hydride resulted in the formation of ketal alcohol 
3 in 84C&, yield. The structural assignments of 2 
and 3 follow rigorously from their ir and nmr 
spectra and elemental a n a l y ~ e s . ~  In the mass 
spectra, 2 and 3 showed no molecular ion peaks 
but prominent peaks at  189.0772 and 13 1.0706 
respectively corresponding to, in each case, a 
loss of a CH; unit. This fragmentation pattern 
is in accord with the general observation for 
2,2-dialkyl dioxolanes (15). 

Oxidation of 3 using Collins reagent (16) pre- 
pared in sitlr (17), gave, in 92Yc yield, ketal 
a!dehyde 4 %hose ir and nmr spectra were found 
to be in good agreement with those reported 
previously for the compound prepared via differ- 
ent routes (18). Metal aldehyde 4 proved to be 
very unstable. Its purification by either column 
chromatography or distillation could not be 
achieved without substantial loss of material. 
The instability was further indicated by the fact 
that when 4 was exposed t o  chlorinated solvents 

4See Experimental section for details. 
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for two days, it was converted near-quantitatively 
to the isomeric keto acetal s5.  In as much as the 
unpurified 4 was shown to be homogeneous by 
gc and tic, it was used directly for the subsequent 
transformation. 

The conversion of 4 into dione 4, the well 
estabiished immediate synthetic precursor of 
cis-jasmone (191, was carried out in two stages. 
Grignard reaction of 4 with cis-3-hexylmag- 
nesiunl bromide in ether resulted in the formation 
of ketal alcohol 6 which, without purification, 

was treated immediately with Jones reagent (20) 
which effected its deketalization and oxidation 
simultaneously giving dione 7 in a 90% yield 
from 4. Final cyclization of 4 under the descr~bed 
conditions (19) afforded a 81% yield of cis- 
jasmone. Its nmr (8), ir (21), and mass spectra 
(22) and the rnp of its 2,4-DNP derivative (23) 
were found to  be dentical with those cited in 
the L~terature. 

Experimental 

Generul 
Elemental analyses were performed by the micro- 

analytical laboratory of this department. Melting points 
were determined on  a Kofer  hot stage apparatus and are 
uncorrected. Infrared (ir) spectra were recorded on  a 

5The structure of 5 was evident from its spectral data. 
In the ir spectrum (film) the absence of aldehydic absorp- 
tions at 2820, 2720, and 1720 cn1-1 was couvled with the 

Perkin-Elmer model 457 or  337 grating infrared spec- 
trophotonieter. The spectra were calibrated using the 
1601.3 cnl-1 band of polystyrene. Nuclear magnetic 
resonance (nmr) spectra were recorded on  a Varian Asso- 
ciates model A50 60 spectrometer with tetraniethylsilane 
as internal standard. The following ahbre\.iations are 
used: s = singlet. d = doublet. t = triplet, q = quartet. 
and ni = niultiplet. Mais spectra were recorded on a 
AEI model MS-2 or AEI model MS-9 mass spectrometer. 

2 - H ~ d ~ o . ~ e l / z ~ ~ l  4.4-E1l1~~lrtze~lio,~j~p~~tt1i1t1oafe (2) 
To a solution of 50 g (0.43 n ~ o l )  of l e~ul in ic  acid in 

500 nil of benzene. were added 200 g (3.22 mol) of ethq lene 
gljcol and 1 g (5 mmol) of p-toluenesulfonic acid mono- 
hydrate. The resulting mixture was refluxed with a 
Dean-Stark water separator under a nitrogen atniosphere 
for 24 h. Benzene was partially (ca. 200 ml) renio\ed bq 
distillation and the remaining mixture after cooling to  
room temperature was poured into .XI0 nil of ice-cold 
saturated sodium bicarbonate solution. The benzene layer 
was separated and washed with saturated aqueous sodium 
chloride. The combined aqueous solution was extracted 
with chloroform (4 X 300 nil) which was washed with 
aqueous sodium chloride. The organic solutions were 
combined, dried (MgSO,), filtered. and concentrated. 
The oily product b\as distilled a t  90-92 'C 0.05 torr to  
give 76.35 g (87' ; yield) of 2 :  nmr (CCI,) 6 1.27 (s, 3 H ,  

I 

-CH3), 1.97 (t, 2 H ,  J = 7 HZ,  C H 2 C H ~ C = O ) ,  2.34 

(t, 2 H ,  J = 7 HZ. -CH2C=O), 3.31 (s, 1 H ,  -OH), 3.68 
(t, 2 H ,  J = 6.5 HZ, -CH20H), 3.89 (s, 4 H. -0CH2- 
CH20--), and 4.1 1 (t, 2 H ,  J = 6.5 Hz,  - C H I C H ~ O H ) ;  
ir (film) v 3445 (alcohol) and 1725 cm-1 (ester); Inass 
spectrum m,'e (M - 15) 189.0772 (calcd. for C8H1305:  
189.0763). A I I N / .  calcd. for C 9 H I 6 o 5 :  C 52.93, H 7.90; 
found: C 53.01 52.67, H 7.91 7.78. 

4,4-Eil1~~letrec/iox~pe11ii1- 1-01 (3) 
At 0 'C, a solution of 40.8 g (0.2 mol) of ketal ester 2 

in ether (250 ml) was added tlropwise o \ e r  a 1.5 11 period 
to  a suspension of lithium aluminum hydride ( l o g :  
0.263 mol) in 150 ml of ether. The reaction mixture was 
stirred at  room temperature under a nitrogen atniosphere 
for 16 h.  After cooling to  0 - C  ethanol and water were 
added sequentially to destroy excess lithium aluminum 
hydride. The organic layer was separated and the aqueous 
solution extracted with ether (3 X 500 rnl) rind chloro- 
form (2  X 500 ml). The combined organic solution was 
dried over magnesium sulfate, filtered and concentrated. 
The crude oil after distillation at  62-64 'C, 0.04 torr gave 
24.5 g (84' ; yield) of 3: nmr (CCI4) 6 1.26 (s, 3 H ,  CH3-), 
1.63 (m, 4 H ,  -CH2CH2CH20H),  3.40-3.62 (m, 2 H ,  
-CH:OH), 3.75 (s, 1 H, -OH), and 3.88 (s, 4 H, 
--OCH2CH20-): ir (film) v 3415 cm-1 (alcohol); mass 
spectrum: in 'e  ( i l f  - 15) 131.0706 (calcd. for C6HI1O3: 
131.0708). Atral. calcd. for C 7 H I 4 o 3 :  C 57.53, H 9.65; 
found: C 57.71, H 9.66. 

appearance of a new carbonyl band at  171 0 cm-I. 4,4- E!l1~~let~ediox~.petziu11i11(4) 
In the nmr spectrum (CC14) a triplet a t  6 9.40 for the The oxidation was carried out using the procedure of 
aldehydic proton and a methyl singlet at  6 1.14 previ- Katcl~lTe and Rodehorst (17). At 0 'C ,  chromium trioxide 
ously obierved for 4 shifted substantially to  5 4.78 and (60 g; 0.6 mol) was added to  a stirred solution of pyridine 
2.07 readily accounted for by the methine proton of the (94.9 g: 1.2 mol) in 1200 ml of niethylene chloride under 
acetai group and the three hydrogen atoms of the methyl a nitrogen atmosphere. The resulting mixture was warmed 
ketone respectively. to  room temperature and stirred for an additional 15 min. 
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At the end of this period, a solution of ketal alcohol 3 
(14.5 g :  0.1 mol) in 50 ml of methylene chloride was 
added in one portion. The mixture was stirred at room 
temperature for 20 rnin and water (300 mi) was added. 
The  niethylene chloride solution was separated and the 
aqueous phase extracted with methylene chloride (3 X 
300 ml). The organic s o l ~ ~ t i o n s  were washed successively 
with the follo\!ing ice-cold solutions: 2 N sodium hydrox- 
ide (500 ml). 2 N hydrochloric acid (2 X 500 nil). 
saturated aqueous sodiuni bicarbonate (500 mi), and 
water (500 ml). Drying (iblgS04), filtration, and concen- 
tration gave 13.2 g (92' ( yield) of 4; which was shown to 
be honlogenous by tlc and gc. An analytical sample 
obtained by Kugelrohr distillation at  50 -C;2.5 torr 
showed the following spectral data: n n ~ r  (benzene-(I6) 
6 1.13 (s, 3 H ;  -CH;), 1.67-2.20 ( m ,  3 H ,  -CH2CH2- 
CHO),  3.50 (s, 3 H ,  -0CH.CH:O-), and 9.32 (t. 1 H ,  
J = 2 Hz, C H O ) ;  ir (film) v 2880, 2720, and 1720 cm-1 
(aldehyde). 

C~J-8-  C'/1r/i.c,r11r-2.5-diii11e (7) 
T o  a stirred suspension of 486 nig (20g-atom) of 

magnesium turnings in 25 nil of ether containing a 
cataljtic amount of methyl iodide (1 drop), was added 
dropwise a solution of 3.26 g (20 niniol) of cis-l-bronio- 
3-hexene (prepared from ci~-3-hexen-1-01 (Aldrich Chenii- 
cal Company) according to  the described procedure (19)) 
in 5 ml of ether over a 1 h period. After stirring at  room 
temperature for a n  additional 1 h,  ketal aldehqde 4 
(2.16 g ;  15 rnniol) was added dropwise over a period of 
20 min. Stirring was continued for an additional 30 min 
and  methanol and then Lvater mere added. The resulting 
mixture was txtracted with chloroform (4 X 50 ml) and 
washed with saturated aqueous ammonium chloride 
(50 nil) and saturated aqueous sodiuni chloride (50 nil). 
The  chloroforni solution after drjing over magnesium 
sulfate was filtered and concentrated to yield 3.37 g of 
2,2-ethylenedioxy-8-undecen-5-01 (6) which was found to  
be unstable and was used in the ensuing reaction without 
purification. 

T o  a solution of 2.5 g (1.1 mmol) of 6 in 75 ml of 
acetone at  0 C was added 50 ml of 8 1V Jones reagent (20) 
dropwise over a period of 30 niin. The resulting mixture 
after stirring for a n  additional 1.5 h was poured into 
100ml  of water and extracted with chloroforni (4 x 
100 mi). The chloroform solution was dried (MgSO,), 
filtered, and concentrated to  give an oil which was sub- 
jected to sllica gel column chroiiiatographj. Elution with 
a solution of 5 ' ,  ether in benzene gave 1.82 g ( 9 0 f ,  yield 
from 4) of '7: nnir (CDCI;) 6 0.95 (t, 3 H. J = 7 Hz,  
CH3CH2-), 1.82-2.48 (m, 6 H ,  -COCH2CH2CH= 
CHCH2-), 2.15 (s, 3 H. CH;CO-), 2.67 (s, 4 W, 
-COCH2CH2CO-), 5.33 (m, 2 H .  -CH-CH-); ir 
(film) v 1715 cm-I (ketones): mass spectrum: Mi 182.1 308 
(calcd. for Cl  lH1 8 0 2  : 182.1306). 

cis-Jrrsrnot~e ( I )  
A solution of 1.10 g (6 mniol) of diketone 7 in 3 mi of 

95'; ethanol and 10 ml of 0.5 A' sodium hydroxide was 
refluxed under an atmosphere of nitrogen for 5 h.  The 
reaction mixture was cooled to  room temperature and 
extracted with chloroform (4 X 100 mi). The chloroform 
solution was washed with saturated aqueous sodium 
chloride, dried over magnesium sulfate, filtered, and 
concentrated. Column chromatography of the oily prod- 

uct on silica gel. using a solution of 5'' ether in benzene 
as eluent, gave 800 nlg (81', yield) of cic-jasmone (1): 
nnir (CDCI;) a 0.96 (1, 3 H J = 7.5 Hz  GH3CH2-), 

2.03 (s. 3 H ,  CHIC=), 2.83 (d, 2 W ,  J = 5 . 5 H r .  

-CCH2CH=-), 5.20 (m, 2 H ,  -CH=CH-); ir (film) v 
1685 (conjugated ketone) and 1645 cm-I (double bond); 
mass spectrum: M+ 164.1 197 (caicd. for C l I H l 6 O :  
164.1201): 2.4-DNI': m p  118 ^ C  (lit. (23) m p  117.5 C ) .  
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HARRY HORI~I\GS, DOUALD S. SCOTT and JOHN R \ V Y \ ~ U \ ~ C K Y J .  Can J. Chem. 54, 3872 
(1976) 

Heat of reaction and free energy of forniat~on at  25 C were deternilned from exper~nienldl 
equ~l~br ium y l t l d ~  for the reactlon 

in an aqueous solution. 
The values are 5045 and 1927 cal, mol respecti\ely. Equilibriunl constants for the reaction 

were determined over a temperature range from 20 to 193 'C. 

HARRY MORLINGS, DONALD S. SCOTT et JOHN R .  WYNNYCKYJ. Can. J. Chem. 54, 3872 
(1976). 

On a determine la chaleur de la rCaction et I'Cnergie libre de formation, B 25 "C, B partir des 
rendements dVCquilibre obtenus experimentalement, pour la reaction 

en solution aqtleuse. 
Les vaieurs sont respectivement de 5045 et 1927 cal/mol. On a dCterniinC les constantes 

ci9Cqullibre de la skaction des tempkratures allant de 20 B 193 -C. 
[Traduit par le journal] 

Introduction 
Equilibrium constants were experimentally 

determined for the replacement reaction 

over a range of temperatures from 20 to  193 "C. 
Other workers (1-5) reported no thermodynamic 
a~a lys i s  of the reaction when interpreting 
experimental results. Ipalieff and Freitag ( 6 )  
determined the effect of different gases and the 
sodium carbonate to barium sulphate ratio on 
the reaction yleid at  a fixed reaction time. 
Milicev and Siftar (7 )  studied the kinetics of the , , 

above reaction using potassium carbonate in- 
stead of sodium carbonate over a temperature 
range of 15 to 45 OC. An activation energy of 
26 kcal/mol and a rate dependence on the 
carbonate ion to the power 2.5 were reported for 
the reaction. Meloga and Constantinescu (8) 
extensively studied the reaction cieterrnining 
optimal operating conditions by varying carbon- 
ate to barium sulghate ratios over limited ranges. 

It is a characteristic of re~lacement  reactions of 
this type that the free energy change of reaction 
is srnai?, while the free energies of formation of 
individual reactants or products are large. As a 
conseqtaence, small uncertainties in values of 

free energies of formation lead to  unacceptably 
large percentage errors in calculating the 
equilibrium constant for the overall reaction, 
and hence in the calculation of equilibrium re- 
action yields. This is the case for the present 
reaction where AGO values calculated from free 
energies of formation available from different 
literature sources range from 80 to  1900 calimol 
a t  25 "C. For example, some of the most care- 
fully evaluated data, that given by the National 
Bureau of Standards (9, lo), result in a value 
for A62980 of 1900 cal mol for a standard state 
of unit molality with a minimum probable error 
of 1507, and a maximum possible error of 
several hundred percent, although individual 
va!ues of free energy of formation of the re- 
actants and products have a minimum error of 
about Similarly, the same sources report a 
standard heat of reaction of 5920 cal/ 
mol, which is subject to  similar errors. 

The present work was undertaken to obtain 
reliable experimental values for the equilibrium 
constant of this reaction over a suitably wide 
temperature range of engineering usefulness. 

Experimental Procedure 
The reaction vessel was a 2000 ml Parr series 4500 
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TABLE 1. Solubility of NazCO, and Na2S04 in 
water in moles per I000 g of water 

(from International Critical Tables (1928)) 
- 

Solub~lity 

Temperature ('C) Na2C03 NazSO, 

30 4.77 - 
40 4.61 3.40 
60 4.38 3 .19  
80 4.28 3.05 

100 3.26 2.97 

pressure reaction apparatus. The reaction mixture, con- 
sisting of known weights of sodium carbonate and 
barium sulphate (Baker analyzed reagent grade powders) 
in 1 1 of distilled water, was well agitated. The tempera- 
ture was autoniatically controlled to better than 12 ' C  
and measured independently by a second chromel-aluniel 
thermocouple connected to a recorder. 

The reactant concentrations which can be used are 
limited by the sol~~bility of sodium carbonate and sodium 
sulphate (Table 1). 

Upon addition of barium sulphate to a solution of 
carbonate ion, the reaction will proceed to the right as 
long as the ratio of sulphate to carbonate ion is less than 
K or until all the barium sulphate is consumed. For a 
solution which initially contains no sulphate ions. the 
required mole ratio of sodium carbonate to barium 
sulphate, n, for complete conversion can be shown to be 
given bv 

This relation was used to estimate the composition of 
reaction nlixtures. Actual weights of the reactants 
charged to the reactor are listed in Table 2, columns 3 
and 4. and the value of 11 is in column 5. 

At temperatures below 100 "C, representative slurry 
samples were withdrawn under a slight pressure, immedi- 
ately filtered, and analyzed for the species of concern. At 
higher temperatures, after the reaction reached equi- 
librium. which was usually within 2 h, stirring was 
stopped and solids were allowed to settle. The clear 
s~lpernatant liquid was withdrawn and analyzed for 
soluble ions. In a few tests at  high temperatures, the 
slurry was sainpied when well stirred by withdrawing it 
into a large quantity of cold water and immediately 
filtering. Since only the sulphate:carbonate ion ratio was 
required for calculation of the equilibrium constant, this 
technique was satisfactory where knowledge of the exact 
solution concentration was deemed to be unnecessary. 

Concentrations of species were determined by the 
following methods: insoluble barium carbonate by reac- 
tion with an excess of hydrochloric acid and back- 
titration with sodium hydroxide: sodium ion by atomic 
absorption spectroscopy using the less sensitive wave- 
length of 3302 A ;  soluble carbonate ion by titration with 
hydrochloric acid; and soluble sulphate ion by the 
gravinietric method of weighing as barium sulphate. 

Results and Diseussion 

For the replacement reaction 

the equilibrium constant can be expressed as 

where a and y are the activity and activity 
coefficient of the ion respectively. For any 
specific reaction conditions, the ionic strength 
of the reaction mixture remains constant since 

TABLE 2. Summary of experimental data (all experiments done with 1 1 of 
distilled water initially added) 

Equilibrium 
Initial composition 

T charge (g) (molil) 

Run ("C) Bas04 Na2C03 r l f  SO4=- COj2- K 

'Ratio of SQaz-/C032-. 
TWeights of BaCO? and NalSQ4 and mole ratio BaCQ3/Na2SO,, 
$Initial mole ratio NaCOs/BaSO,. 
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the reactant and product ions have the same 
charge, and for each reacted C032- ion, one 
5042- ion is produced. In the absence of other 
evidence, equal activity coefficients for carbonate 
and sulphate ions were assumed, and their 
ratios in eq. 3 were then taken as unity at all 
temperatures. This is a somewhat uncomfortable 
assumption which, however, is partly justified by 
our present results. Therefore, eq. 3 was simpli- 
fied to 

and the reported K values as well as the derived 
thermodynamic data are subject to this un- 
certainty. 

Columns 6 and 7 of Table 2 give the measured 
concentrations of the S042- and C032- ions, 
respectively, and column 8, the value of K, 
calculated according to eq. 4. 

Run 1 1 ,  at 193 "C,  was carried out using 
barium carbonate and sodium sulphate as initial 
reagents, instead of sodium carbonate and 
barium sulphate. Also the initial concentration 
was varied, runs 4, 5,  9, and 10 (Table 2), by a 
factor of two for both initial reagents. Consistent 
equilibrium constants were produced in all cases. 

In Table 2, the carbonate ion analyses are 
estimated to contain a maximum error of + 27,. 
In principle. if the initial charge and the density 
are known, this is the only analysis necessary. 
However, at temperatures above 100 "C ,  densi- 
ties were not known accurately, and so an 
independent gravimetric determination of soluble 
sulphate was also carried out. A probable 
maximum error of &370 is estimated in these 
values. The possible error due to the k2 "C 
uncertainty in temperature is on the average 
k3%. All these factors lead to a maximum 
possible error of *7-87, in values of K. These 
estimates are consistent with the scatter of 
replicate experimental measurements at  110 "C 
(runs 5,  6 ,  and 7 ) .  Errors in the three values of K 
found deviate -5.27,, -0.27,, and +6.67, 
from the average. The equilibrium constants 
were plotted as log K against the inverse absolute 
temperature in Fig. 1. The solid line is the least- 
squares fit to the experimental points. The fact 
that a rather good straight line is obtained is 
some confirmation of the validity of the earlier 
assumption that the ratio Y S O ~ ~ - / ' Y ~ O ~ Z -  is 
indeed constant at  or near unity at  all temper- 
atures, within the experimental error of the 

EXPERIMENTAL VALUES 

\ 
IPATIEFF + FREITAG (61 

CALCULATED FROM DATA OF (I1 ) 
\ 
\ 

--- CALCULATED FROM DATA OF (12) 

FIG. 1. Equilibrium constants for the con~ersion of 
BaS04 to BaC03. 

measurements. Fair agreement was obtained 
with the lpatieff and Freitag result at the lower 
of the two temperatures and a long retention 
time (6). Two data points obtained by C .  Bell in 
another laboratory, at long reaction times, are 
also included and they agree well with the present 
work. 

The equilib-ium constant is related to the 
standard heat and free energy change of the 
reaction, respectively, through the equations 

[61 AGO = - RT In K 

Using eq. 5 and the slope of the solid line in 
Fig. 1, the value of A H 0  was calculated as 5045 f 
160 cal/mol. Using eq. 6 and the value of K at 
298 K yielded 8 6 2 9 8 '  = 1927 + 25 cal/mol. The 
uncertainty range is based on the 7 7 ,  probable 
error in K. 

From the compilations of critically assessed 
thermodynamic data (9-13), A G 2 g g 0  values for 
the reaction ranging from 80 to 1900 cal/mol 
and AH0 values ranging from 3600 to 5920 
cal/'mol, depending on the source, can be 
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calculated. All of them bear a percent possible 
error, based on the stated uncertainty of the tabu- 
lated data of over 100%. As pointed out earlier 
the large error limits arise from the subtraction 
of quantities of the order of 300 kcal mol. 
Accordingly the present results are in quite good 
agreement with the thermochemical data but are, 
of course, significantly more certain and useful 
for engineering purposes such as process design 
and conversion calculations. 

Conclusions 

The equilibrium constant for the barium sul- 
phate reaction to  barium carbonate in an 
aqueous sodium carbonate solution in the tem- 
perature of 20 to 193 "C is given by the relation 

where T is the temperature in K. AGO and AH0 
for the reaction a t  298 K are 1927 & 25 and 
5045 1 160 cal/mol, respectively. 
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JOHN E. DRAKE, CHRIS RIDDLE, H. ERNEST HENDERSON, and BORIS GLAVINEEVSKI. Can. J. 
Chem. 54, 3876 (1976). 

Core-level binding energies of all atoms are reported for the bromo(methy1)-silanes and 
-germanes Me,MBr4-, (M = Si, Ge;  n = 0 + 3) and the iodo(methy1)-silanes and -germanes 
MenMT4-, (n = 2, 3). Measured binding energy shifts correlate well with values predicted from 
atomic charge calcuIations using an electronegativity-equilisation procedure. 

JOHN E. DRAKE, CHRIS RIDDLE, H. ERNEST HENDERSON et BORIS GLAVIN~EVSKI. Can. J. Chem. 
54, 3876 (1976). 

On rapporte des Cnergies de liaisons au niveau du noyau pour tous les atomes des bromo- 
rnCthyl silanes et germanes Me,MBr4-, (M = Si, Ge;  n = 0 + 3) et des iodomkthyl silanes et 
germanes Me,(M14-, (n = 2, 3). I1 y a une bonne corrklation entre les diplacements mesurCs 
pour les Cnergies de liaisons et les valeurs que l'on peut prCdire 2 partir des calculs de charge 
atomique en faisant appel a une procedure d'egalisation des Clectronegativites. 

[Traduit par le journal] 

In Part I (1) we reported core-level binding 
energies for two series of compounds, Me,M- 
C4-, and Me3MX (n = 0 + 4, M = Si or Ge, 
X = F, C1, Br, I). Binding energies for each atom 
in every compound were correlated with the 
partial charges on those atoms. The charges were 
calculated using the electronegativity-equalisa- 
tion method of Huheey (2) which, in turn, is 
based on the Hinze-Jaffk method (3-5). We 
introduced the concept of allowing for s-orbital 
participation in the bonding orbital of the 
halogen atom, designating the method EESOP 
(electronegativity-equalisation with s-orbital 
participation). 

Because excellent correlations were obtained 
for the Me,MCl4-, series, we have used the 

related plots (Fig. 1) as established reference 
bases for the series Me,MX4-, (X = Br, I) re- 
ported in this paper. Thus, the partial charges on 
carbon 6c, germanium, aGe, silicon, as,, bromine, 
bBr, and iodine, 61, are calculated by our EESOP 
method. Then the previously established cor- 
relations (Fig. 1) are used to read off a predicted 
binding energy for each of the EESOP-calculated 
partial charges. Therefore, all of the halogeno- 
series MenMX4-,, M = Si, Ge;  X = C1, Br, I, 
are assumed to obey the same linear relationship 
between partial charge and binding energy. 
These calculated binding energies are tabulated 
together with the experimental binding energies 
in Tables 1 and 2. 

As we found previously, by allowing for 

TABLE 1. Comparison of calculated and experimental core-electron binding energies* (BE) 
for bromo- and iodo(methy1)germanes 

Germanium Carbon Halogen 

Compound 6 7  BE(ca1cd.): BE(expt.) 6 BE(ca1cd.) BE(expt.) 6 BE(expt.) 

'The experimental binding energies of C Is and I 3dj/? are corrected relative to Ar 2pi/2 = 248.63 eV (1 I), uncertainty 10.05 eV; those of 
Ge 3d and Br 3d5,'r are reported relative to Ne 2s a t  48.47 eV (I 1 j, uncertainty 10.05 eV. 

tPartial charges, 6, calculated by EESOP (1) assuming that germanium is using sp3 hybrid orbitals, xo, = 8.07 + 6.82aG,; that the carbon 
atom is treated as an 'unbonded tetrahedral carbon atom' using xc = 7.98 + 13.276c; and that there is 16% and 19% s-character on bromine 
and iodine respectively, using X B ~  = 9.98 + 9.1 l aBr  and x ,  = 9.54 + 8.296,. 

$Binding energies are calculated by reference to the plots of BE(expt.) us. 6 for the chloro(methyl)germanes assuming that there is 11 % s- 
character for the bonding CI orbital (I). 
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DRAKE ET AL. 3877 

TABLE 2. Comparison of calculated and experimental core-electron binding energies* (BE) 
for bromo- and iodo(niethy1)silanes 

Silicon Carbon Halogen 

Compound 6 t  BE(ca1cd.): BE(expt.) 6 BE(ca1cd.) BE(expt.) o BE(expt.) 

*The experimental binding energies of C Is arid 1 3ds/2 are  corrected relative to Ar 2p;/2 = 248.63 eV(I  I) ,  uncertainty 10.05 eV;  those o f  
Si 2p and Br 3ds/: are reported relative to Ne 2s at  48.47 eV (I I), unc?r.tainty t 0.05 eV. 

?Partial charges, 6, calculated by EESOP ( I )  assumitig that silicorl is using sp3 hybrid orbit;ils, x s ,  = 7.30 + 9.04Ssi that the carbon atom is 
treated as an  'unbonded tetrahedral carbon atom'  using xc = 7.98 + 1 3 .276C;  and that the]-e is I1 % atid I5 7, r-character o n  bromine and iodine 
respectively, using xer = 9.49 + 9.26,, and = 9.24 + 8.476t. 

f Binding energies are  cdlculated by reference to the plots of BE(expt.) us. 6 for  the chloro(mettiyl)silanes assumirig that there is 5 %  s-character 
for the bonding CI orbital (I). 

differing degrees of s-orbital participation, it is 
possible to reproduce the experimentally ob- 
served binding energies. In the germane series, 
Me,MX4-,, s-orbital character needs to be 167, 
(X = Br) and 19C% (X = I) to match the 
reference base 11% (X = Cl). In comparison, 
s-orbital participation is reduced in the silane 
series to 11 % (X = Br) and 155: (X = I) with a 
reference base of 5 %, (X = Cl). 

The self-consistency of the calculations is 
demonstrated in Fig. 2. The plot of experi- 
mentally observed bromine 3d512 core-level bind- 
ing energies for both series against the calculated 
charge on bromine (F ig  2A) has a coefficient of 
correlation of 0.997. Unfortunately, because the 
tri- and tetra-iodo silanes and germanes are of 
low volatility, less data are available for the 
corresponding correlation of iodine 3&l2 binding 
energies (Fig. 2B),  a correlation coefficient of 
0.91 is achieved however. 

In conclusion, the data reported in this paper 
extend the applicability of our simple EESOP 
model. The ability of this model to relate partial 
charge to binding energy appears to be as good 
as more sophisticated models which allow for 
relaxation energy and potential terms (see ref. 6 
and references therein)-~n any of the MenGeX4-, 

FIG. I .  G e  3r1, Si 2p, and C 1s core-level binding Series of that we have studied, the 
energies (eV) for the chloro(meth) I)-germanes and -siianes 
a s  a function of the calculated charge on germanium, core-1eve1 binding energies Of Is Or Ge 3c1 are 
a,,. silicon, a,,, and carbon, a,, respecti\-cly, A: GeCI4 fairly similar for each value of ?I regardless of the 
(4), MeCeCI3 (3), MelGeC12 (2), Me3GeCi ( I ) .  1: nature of the halogen, X: when X = C1, Br, or I. 
~ e , G e .  a: Sic14 (43, MeSiCI3 (3) .  ILlezSiC11(2), Me3SiC1 This is also t r~ le  for the C Is or Si 2p levels for 
(1). C': Icle4Si. This assumes 1 I '/, .>-character on  CI for 
bonding to  G e  and j', .>-character on Ci for bonding to the Me,SiX4-,, series. Thus, the halogens appear 
Si. Linear regressioll analysis gives coefficients ofcorrela- to have fairly similar electronegativities. This is 
tion of 0.999 (Ge), 0.998 (Si), and 0.957 (C) .  consistent with the steady increasing s-orbital 
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3878 CAN. J .  CHEM. 

FIG. 2. ( A )  Br core-level binding energies (eV) for 
the bromo(methj1)-ger1iiii11es and -silanes as a function 
of the calculated charge on bromine, c ? ~ , .  (See Tables 1 
and 2.) A :  GeBr, (4). MeGeBr, (3), MelGeBr: (2), 
Me3GeBr (I). @ :  SiBr4 (4) ,  MeSiBr3 (3), MelSiBr2 (2), 
Me3SiBr (I). ( B )  I 3 ~ / ~ / 2  core-level binding energies (eV) 
for the iodo(methy1)-gernianes and -silanes as a function 
of the calculated charge on iodine, 6,. (See Tables 1 and 
2.) A: MelGell (2). Me;C;eI ( I ) .  @ :  MezSil2 (2). Me3SiI 
(I). Linear regression analysis gives coetlicients of 
correlation of 0.997 (Br) and 0.910 (I) .  

participation by the halogen along the series 
C1 > Br > 1 indicated bv our EESOP model. 
Although the amount of this s-orbital partici- 
pation is uncertain in absolute terms, the relative 
changes have the efl'ect of reducing differences in 
the electronegativities of the halogens. Thus, 
changes in core-level binding ener,' are more 
sensitive to the t z u ~ ~ b e r  of halogens present than 
to the rzature of the halogen. 

Experimental 
Core-electron bind~ng energies wele determ~ned on a 

McPherson ESCA-36 photoelectron spectro~iieter, using 

magnesliim K a  X-radiat~on (1253 6 eV) for photoelectron 
excltat~on Samples here ~ntroduced in the kapor phase at 
pressures close to 5 X 10F torr Argon gas was bled ~n to 
form 20', of the total \ample Rlndlng enelg~es were 
referenced to the argon 2 1 1 ~ ~ ~  l a e l  at 248 63 eV (C 1s and 
I 3d5/2) or the neon 25 level at 48 47 eV (Ge 3d, S1 2p and 
Br 3d512) (11). Detalls of the data-accumulation pro- 
cedures and the curve-fitt~ng program are glven 111 Part I 
(1). 

~Wateriiils 
Triniethylbroniogerlnane, dilnethyldibromogermane, 

methyltribroniogermane and tetrabromogermane were 
obtained com~nercially (Laramie Chem. Co.) as was 
tetrabromosilane (Ventron Corporation, Alfa Products). 
Trimethyliodoaila~ie, diniethyldiiodogermane, and tri- 
rnethqlbromosilane were prepared by the reaction of the 
parent hydride with iodine or bromine (based on details 
giken in ref. 7). Triinethyliodoger~nane was prepared by 
the exchange reaction of hydrogen iodide and trimethyl- 
broniogermane (based on details given in ref. 8). The re- 
action of dimeth:, lsilane and methy lsilane with hydrogen 
bromide in the presence of aluniinum tribromide pro- 
duced dimethyldibroiiiosila~le and niethyltribromosilane 
(based on details given in ref. 9). Dilnethyldiiodosilane 
was prepared by the action of hydrogen iodide on 
dimethylsilane and alurninuni triiodide (10). 

All samples were distilled on the vacuum line before 
use and their purity checked by 1H nmr, infrared and 
Raman spectroscopy. 

Charge Calculations 

The previously described (1) mode of EESOP 
calculation is based on the relationship 

relating the orbital electronegativity of an 
element, x , ~ ,  to the charge, 6,, on that element 
(2). Rather than derive a and b values graphically, 
we have interpolated between limiting values, 
thus, e.g., for bromine a = 8.4 and b = 9.4 for 
100% y-character and a = 18.29 and b = 7.57 
for 100% s-character. Hence for 167, s-character, 
a = (8.4 X 0.84 + 18.29 X 0.16) = 9.98 and b = 

(9.4 X 0.84 + 7.57 X 0.16) = 9.1 1. Otherwise, 
the calculations were performed as in Part I. 
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The reaction of some Eneterscyclic thisnes with ethyl azidoformate 
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MOHINDER S. CHAUHAN and DAVID M. MCKINNOS. Can.  3. Chem. 54, 3879 (1976). 
A number of heteroc)clic thiones react with ethyl azitloforniare in boiling carbon tetra- 

chloride to  yield the corresponding i~ninocarboxylic esters. 4-Phen?l-1 .'-dithiole-2-thione is an 
exception and yield? both a I ,2,?-dithiarine der iva t i~e  and a urethane t j  pe product. 4-Phenyl- 
1,2-dithiole-3-one y~elded a n  isothiarolin-3-one product. The mechanisms are discu~hed briefly. 

MOHINDER S. CHAUHAN et D A ~ ~ I D  M.  MCKTNNON. Can. J. Chem. 54, 3879 (1976). 
U n  certain nombre de thiones hCt6rocycliques rtagissent avec I'azidoforn~ate d'ithyle dans le 

titrachlorure de carbone bouillant pour conduire aLrx esters iminocarhoxy lique., correspondants. 
La ph6n)l-4 dithiole-1.2 thione-2 est ilne exception et conduit a deux prodiiiti soit un dtr ivt  
diathiazine-1.2,3 et a un produit du type urithane. La phinyl-4 dithiole-1,2 one-3 conduit uni- 
quement un produit isothiazolinone-3. O n  discute brievernent des mtcanismes de ces riactions. 

[Traduit par le journal] 

While the reaction of many substrates with 
organic azides, or their derived nitrene species 
has been studied extensively (1, 2), reports of 
their reactions with compounds containing thione 
functions appear to be more limited. There 
are no reports of nitrene-thione products in 
certain reactions where it is conceivable that both 
such functions might be present simultaneously 
(3-9), but thiobenzophenone and carbon disul- 
fide both reacted with phenplazide (10, 11) to 
give products which are at least formally derived 
by combination of 1 molecule of thione with 
1 molecule of nitrene, less 1 atom of sulfur. 
Thioacylazides exist as their cyclic isomers, the 
1,2,3,4-thiatriazoles (12). 

We have therefore examined the reaction of a 
number of stable heterocvclic thiones with ethvl 
azidoformate (ethyl ckbazidate) in boiliig 
carbon tetrachloride. These thiones included the 
thiopyran-2-thiones (10, b,  c), the 1,2-dithiole-3- 
thiones (2a-cl), the 1,3-dithiole-2-thiones (30, b, 
c), the isothiazolin-5-thione (4n), and the 1,2,4- 
dithiazolin-3-thione (5a). In al! cases examined 
except 2d, products were obtained whose 
elemental analyses and mass spectra indicated 
that they had been formed by reaction of 1 mol 
of thione with 1 mol of azidoester. less 2 atoms of 
nitrogen and 1 atom of sulfur. 

Many reaction possibilities are open. but 
evidence of reaction of the heterocycles on the 
exocvclic thione function with the azide to form 
eventually the corresponding iminocarboxylic 
esters (I&-f, 2e-g, 3d-f, 4b, 5b) was found. 

1 
( I ,  RI = R4 = Ph, Rz = R3 = H, X = S 
b, Rz = Rq = Ph, RI = R3 = H. X = S 
C. R , .  Rz = R3, R4 = (-CHLCH-)~. X = S 
(1. R I  = R4 = Ph, R2 = R3 = H, X = NC02Et 
e,  R2 = R4 = Ph. Rl  = R3 = H. X = YCOzEt 
f; R I .  Rz = R3. R4 = (-CH-=CH-)z, X = NCOzEt 
g ,  RI = R4 = Ph,  R z  = R3 = H. X = O 

2 
( I ,  R, = Ph. R 2  = H, X = S 
b.  R I  = Rz = Ph,  X = S 
C ,  R i  = H, Rz = Ph,  X = S 
tl, RI = C6H4-,)-OMe, R2 = H. X = S 
e ,  RI = Ph,  RZ = H ,  X = N(.'02Et 
/. RI = R2 = Ph. X = NCOzEt 
g ,  RI = C6H4-p-OMe. R2 = H, X = NCO,Et 
h. R, = YHC'02Et, R, = Ph. X = S 
i, R l  = H ,  Rz = Ph,  X = O 

Exdmination of the pmr spectra ~ndicated that 
the aromatic rings were Intact, and acid hydrol- 
ysis of the ester Icl afforded 3,6-dlphenyl- 
thiopqran-2-one (Ig), demonstrating that in this 
case the heterocyclic rinz ~5 as Intact. The Infrared 
(ir) spectra of the products obtalned showed 
absorptions around 1625 cni-l, to  which are 
assigned the ester function. While this frequency 
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o, R I  = Ph. R 2  = H ,  X = S 
b, R I .  Rz = (--C'll-;CMc--CH -C'i-i--). X = S 
c ,  R I  = R 2  = Ph,  X = S 
d, Rl = Ph. R 2  = H.  X = NCOzEt 
e, R I ,  Rz = (--CH=CMe-CH-CH--), X == NC02Et  
1; R , ,  Rz = Ph.  X = i%COzEt 

is considerably displaced from that normally ex- 
perienced, a literatxre search revealed that it is 
in accord with other acyliminocon~pounds, espe- 
cially for heterocyclic sulfur con~pounds (13-15). 
The displacement may be due to interaction of 
the sulfur or other ring heteroatom with the 
carbonyl group. 

Various modes of attack of the azidoester on 
the thione function are open ; ( i )  a dipolar type of 
attack of the azide group on the thione to gener- 
ate a spirothiatriazolidine ring (lo), with sub- 
sequent elimination of nitrogen to  produce a 
thiaziridine; (ii) nucleophilic attack by the azide 
on the thione carbon, then cyclization with 
elimination of nitrogen to  form the thiaziridine; 
(iii) thiophilic attack of the azide on the thione 
sulfur, then cyclization with nitrogen elimination 
to the thiaziridine; (ic) nucleophilic attack of the 
sulfur on the azide with concerted loss of nitrogen 
to produce a zwitterion, followed by cyclization 
to the aziridine (Scheme 1); or ( 0 )  direct attack 

of a nitrene species on the thione function to 
produce the thiaziridine. Such a thiaziridine 
itself would readily extrude sulfur to give the 
corresponding iminocarboxylic ester similarly to 
known reactions of various episulfides (161, 
especially acylepisulfides (17). While another 
type of product which possibly could be formed 
in the reaction is the ethoxyspirothioxazole type 
(6 )  formed by reaction of the thione function 
with a dipolar nitrene derived species, no such 
compounds were isolated from these reactions. 

In contrast to the above reactions which 
afforded only one product each, the reaction of 
4-phenyl- l,2-dithiole-3-thione (2c) with ethyl 
azidoformate afforded two products, whose mass 
spectra and elemental analyses indicated that 
they had been formed by combination of 1 
molecule of thione with 1 molecule of the azide, 
less 1 molec~lle of nitrogen, and with retention 
of all s~ilfur atoms. One of these compounds ~vas  
also converted to the other by treatment with 
acid. Consideration of both thiaziridine or 
thioxazoline type products is therefore precluded, 
and attack appears to have occurred at other 
than the thione function. In addition, examina- 
tion of the 1 3 C  nmr spectra of the initial com- 
pound and the acid rearranged product revealed 
absorptions at  185.0 and 208.6 6 respectively 
which are comparable to those observed for 
many thiones (18). On the basis of its ir spectrum, 
which demonstrates both C=O and NH absorp- 
tions, and of its partially coupled 13C nmr 
spectrum, which shows all the heterocyclic 
carbon atoms as singlets, the acid rearranged 
compound is assigned the urethane structure 2h. 
In addition, the C 4  carbon atom, previously in 
4-phenyl-l,2-dithiole-3-thione (2c) at 6 149.2, is 
shifted upfield by the a-substituent effect to  
132.7 6 .  On the basis of this evidence, we propose 
the dithiazine structure 7 for the other adduct, 
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C H W U E I A ~  AND MCKIWNON 388 1 

which could have been formed by reaction of Experimental 
nitrene (actual or potentiai) Mith the thione 2c 
a t  the I-sulfur atom. Wl-iile an azide could 
attack the dithiole at  carbon, rather than a t  
ring sulf~lr, in accord with the normal nucleo- 
philic attack on 1,2-dithioles ( IO) ,  reaction of a 
nitrene a t  ring sulfur is a possibility. Certainly 
sulfur conlpounds are efficient nitrene traps, but 
few concl~isions can be d raun  from the reactions 
of nitrenes with various sulfides (3, 20-22). 

The difference in reactivity betueeil 4-phenyl- 
1,2-dithiole-3-thione (2c) and the other thiones, 
especially the other 1,2-dithiole-3-thiones is 
surprising, but attack on the th: lone a t  the 5- 
carbon or 1-sulfur is certainly much more 
stericallq possible in 2c than in all other cases. 

To  obtain more information on the reaction, 
4-phenyl-l,2-dithiole-3-one (2i) was treated with 
ethyl azidoformate under the same conditions as 
above. Once more a product was obtained whose 
properties indicatedthat it was formed by com- 
bination of 1 molecule of dithiole-3-one with 1 
molecule of azide, less 1 molecule of nitrogen, 
and,  surprisingly, less I atom of sulfur. This 
compound Mas assigned the isothiazolin-3-one- 
2-carboxylic ester structure (8) rather than 
the isomeric isothiazolin-5-one-2-carboxylic ester 
structure (9). which would have shown a 
broadening of the heterocyclic proton singlet at  
8.26 6 due to  coupling with the adjacent nitrogen. 
This broadening was not observed, however. 
Also, the compound exhibited two carbonyl 
frequencies at  1603 and 1760 cm-I. The former 
appears to  be in the ~isual  range for the ester 
carbonyl of an acylurethane (23), and the latter 
in the region observed fro111 isothiazolin-3-ones 
(24). Isothiazolin-5-ones, or related compounds 
o n  the other hand appear to  exhibit carbony] 
frequencies a t  lower values (25). This compound 
could have been formed by reaction of the 
dithiolone with a nitrene (or precursor) on the 
1-sulfur atom, as for the thione 2c, follovied by 
intramolecular nucleophilic attack by nitrogen, 
then extrusion of sulfur. Why this is different 
from the thione 2c is unknown, but could be 
explained by different sites of the attack, attack 
of nitrogen at  the 5-carbon atom in the case of 
the thione and at  3-carbon atom in the case of 
the dithiolone, possibly because of different ease 
of formation of 5p3 hybridized intermediates at  
the 3-carbon atom. This method could be a useful 
synthesis of certain N-carbetlroxyisothiazoles 
and of isothiazoles themselves. 

Chromatography was perforrncd on  I mrn thick 
'Camag' silica gel type D.S.F.5 supplied by Terochem 
Laboratories. Development of plates mas perforn:ed, 
uliless otherwise stated, in benzene. The ir ipectra were 
obtained on  a Perkill-Elmer moiiel 337 spcctrophotom- 
eter. and nmr spectra, unless otheruise stated, 011 a 
Varian model 56!60A \pect;omeicr in dei~teriochloro- 
for111 ~ising tetran?eihyisilane as a n  internai standard. 
The 13C nmr spectra were obtained on a Varian Asiociates 
XL-100-15 machine with tetramethjlsilane as the internal 
standard. Mass spectra were obtained on  a Finnegan 1015 
quadrupole mass spectron~eter and ineiting points were 
obtained on a pre-calibrated 'Thern~opan'  apparatus. 
Microanaljses were performed by Chemalyrics Inc. 
Tempe. Arizona. 

Reiiciioir of Ei11j.l A~ i ( l q f i r i ?~a i~  ~ i . i f / ~  Hefer~(:).clic T/lioile~ 
General procedure. The thiones ~ indcr  study (I mmol) 

in rei'luxing carbon tetrachloride (20 mi)  under nitrogen 
were treated with an excess (-6.5 nil) of ethyl azido- 
formare. After 23 h a further 0.5 ml was added, and 
ref-lux maintained. Usually reaction co~i~ple t ion  was 
evident after 38 h b j  the disappearance of the dark color 
of the atarting thione. Solutions were evaporated directly 
and the products either purified by recry>talliration, o r  by 
chro~iiatographj  . The results are summarized in Table 1. 

Rructioi~ oj 4-Pl1rt1~-1-I,2-dit/1i~1le-3-ti1i011e ii.it11 Eflijl 
Azitlofor.ti7rtir 

The reaction was performed as a b o ~ e ,  and chroniatog- 
raphy ubing benzene-chloroform (10: 1) as  a n  eluent gave 
two products. In  order of el~ition these were ethyl 5- 
phen~l-6-thio-!,2.3-dirhiaz1ne-3-carboxyate (7) (57c;) 
and ethy1(4-pheiiqi-3-thio-1.2-dithiol-5-ylaniate (2h)  
(10';). The products were fu.rther puritied by recrystai- 
lization from benzene - petroleurn ether (1  : I ) ,  (57' ,) rnp 
195 ' C  and (10' ( )  mp 131-132 'C  respectivelj-. 

Conipound 7. Atriil. calcd. for C,:H1jS,NO:: C 48.48, 
H 3.70, N3.71,  S 32.32: found: C38.18. H 3.38, N4.58 ,  
S 32.21. The nrnr spectrum. 8 8.67, 6.71 (3H t, 2H q, 
ethyl protons). 3.75 ( I H  s, hetero ring proton), 2.56 (5H 
s, aroi l~atic  protons). Mass spectrum calcd.: 297; found: 
M+ 297. 

C o r n p o u ~ d  211. At~iil. calcd. fol- C I ~ W l I S 3 N O Z :  C 48.48, 
I-1 3.70, N 4.71. S 32.32: found: C 48.26. H 3.69, W 4.75, 
S 32.06. The a m r  spectrum. 6 8.68, 6.68 (3N t, 2H q, 
ethj l  protons). 2.75-2.19 (6H bands, aromatic and NH 
protons). Mass spectrum, calcd.: 297; found: M- 297. 

Compound 7.  I jC  nrnr 185.0 (s, C=S), 165.6 (5, ester 
C-:(I), 135.0 (s. C--5), 132.1 ( 5 ,  phenyl C-I). 130.9-128.3 
(rn. C-4 and other aromatic carbons), 63.2 (t. CH:). 14.3 
(q. CH,) .  Compound 2h. I jC n n ~ r  6 208.6 (s, C=S), 163.2 
(s, ester C-0). 152.9 (5. C-5). i 22.7 (s, C-4); 131.2-128.5 
(m. aromatic carbons), 63.0 (t .  CH:), and 14.2 (q, CH;). 

Aciii Cotn1~:ed Reurr~ui~gernei~t of Efl7j,l 5-Pl~er?yl-6-tllio- 
I,2,3-ditl1iiizii1e-3-~~1rh0~j~Iiite (7) fo  Erlr~~I(4-pl1et1jl- 
3-tl1io-1,2-dithiol-5-~~i)carbamate (211) 

The dith~azine (14.85 mg. 0.05 mmol) and 2 0 f ,  
hydrochloric acid (5 nil) were refluxed for 7h. The sus- 
pension was cooled and the precipitate collected. I t  was 
identical (mixture nip, ir, and R,) to  ethyl(4-phenyl-3- 
thio-l,2-dithiol-5-y 1) casbamate (211) (90:;). 
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TABLE 1. Reaction of heterocyclic thiones with ethyl azidoformate 

Analysis (( ;,) 

Calculated 1:ound 
Melting o 

Thione Reference Product Yield (', h) point ("C) Forri i~~la C H N S C H N S 5 
C 

l a  26 I d  57 93-95 C20Hl,N02S 71.64 5.07 4.18 9.55 71.88 5.26 4.05 9.32 0 
Bh 27 dr 2 1 116--118 C2,H1,N02S 71.64 5.07 4.18 9.55 71.32 4.93 4.06 9.29 
I c  28 !/ 3 1 13 1-133 CI6HI3NO2S 67.84 4.59 4.95 11.31 67.61 4.44 4.83 11.09 
2a 29 2e 6 1 108-109 CL2HIIN02S2 54.34 4.15 5.28 24.15 54.64 4.19 5.14 24.46 
26 30 2f 56 173-176 CL8NI5NOZS2 63.34 4.40 4.11 18.77 63.38 4.56 4.03 18.60 

3 1 2c See cxpcrimental w 

2d 32 2,Y 34 150-151 Cl3HI3NO3SL 52.88 4.41 4.74 21.69 52.98 4.35 4.83 22.07 
3u 3 3 3d 4 1 122124 C I ~ H l l N 0 2 S 2  54.34 4.15 5.28 24.15 54.47 4.05 5.68 24.65 5 
36 34 3 ~ .  55 108-109 C l l H l l N O ~ S Z  52.17 4.35 5.53 25.30 52.11 4.31 5.41 25.22 a 

3c * 
3f' 68 127-128 C18H15NOZSZ 63.34 4.40 4.11 18.77 63.22 4.49 4.17 18.61 

4a 3 5 4h 43 J29--131 ClsHloNzOzS 66 .67 4.94 8.64 9.88 63.43 4.91 8.68 9.99 
5u 36 5h 68 152-154 CI~H12N20~S3 51.43 4.29 10.00 22.86 51.29 4.20 9.72 22.56 

'19. M. McKinnon, unpublished results. 
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CHAUHAN AND McKINNON 3883 

H!,drolysi.r of Etl11.l 3,5-Diplierij~lrhio~1yr~11i-2-ir11ir~o- 
corbos,~~/iire (Id) to 3.5-Diplrei1~~ltlii(1p~~r~r11-2-or1e 

The ester (102 :ng. 0.3 mniol) was refluxed mith 20"; 
hydrochloric acid for 5 h. Cooling aiid filtering afforded a 
yellow precipitate which was identical (~iiixture mp and 
ir) to 3.6-diphenylthiopqran-2-one (72[,) (26). 

Reacrior~ of 4-PIiet1~~/-1,2-diii1iole-3-o,le (29 tt.ii// Erlr~./ 
Aziciofi~~r~~iire 

The reaction was performed as \\ith the thiones 
Evaporation afforded an oily solid \vhich was collected 
by filtration and recrystallized from toluene as colorless 
prisms mp 196 C (sublimes above I50 C )  (61' b). Atrcii. 
calcd. for C12Hl lN03S:  C 57.45. H 4.41. W 5.61. S 12.86; 
found: C 57.47, H 4.09, N 5.39, S 13.01. The iimr 
spectrum. n' 8.58, 5.50 (3H t, 2H q. ethyl protons). 2.74- 
2.51 and 2.29-2.08 (5H bands, aromatic protons), 1.74 
(1H s, heteroc~clic proton). The ir spectrum 1663 and 
1760 cm-1, the  reth thane aiid heterocyclic C=O ctretch 
respectively. Mass spectrum. calcd.: 239; found: MT 249. 
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Water-solable lysine-containing polypeptides, III. 
Sequential lysine-glycine polypeptides, A circular dichroism and 

electron microscopy study of annealed complexes with DNA, 
sonicated DNA, and denatured DNA1 

L)ir;i~ioti of Biological Scietrces, Natiot~nl Re\earclz Co~ltzcil of Cunacia, Otfawa, 0t11., Catzada KIA OR6 
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SANDRA L. KIELLAND and ROSS E. WILLIAMS. Can. J. Cheni. 54, 3884 (1976). 
Circular dichroic spectra, turbidity n~easuren~ents, and electron micrographs have been 

taken of annealled complexes of native, sonicated. and denat~~red DNA's in association with 
several sequential lysine-glycine copolypeptides. The results indicate that: (I) the n~olecular 
weigh: and strandedness of the DNA influences not only the assymmetric orgaiiization of the 
DNA in the complexes but also the size and shape of the complexes formed; (2) the hydro- 
phobic nature (or sequence) of the polypeptide influences the shape of the complexes formed. 

SANDRA L. KIELLAND et Ross E. WILLIA~IS.  Can. J. Chem. 54, 3884 (1976). 
Des spectres du dichroi'sme circulaire, des rnesures de turbidit6 ansi que des micrographics 

electroniques cle complexes entre 1'ADN (nature!, trait6 aux ultrasons et denature) et quelques 
poljpeptides lysine-glycine de sequence regulikre ont CtC pris. Les rCsultats niontrent que: 
(I) la presence de cleux chaines associees dans la molCcule de 1'ADN ainsi que le poids mol6cu- 
iaire de celle-ci influence non seulenient l'organisation asymetrique de 1'ADN dans les com- 
plexes mais aussi la grandeur et la forme de ces derniers; (2) la forme des complexes dCpend 
de la nature hydrophobique (ou i6quence) du polypeptide. 

Introduetisn 
The interactions of proteins and nucleic acids 

play important roles in maintaining the integrity 
of cellular structures such as ribosomes, and 
nucleoprotein cornplexes such as chromatin and 
viruses. An understanding of the factors control- 
ling the formation of complexes betueen the two 
components can be derived by using material 
derived from two different sources: (a) the intact 
or native systems, i.e. systems isolated from 
natural sources; (b) model systems, i.e. systems 
synthesized to not only mim~c, but also simplify 
the molecules found in nature. In this laboratory 
the latter approach has been used to  investigate 
factors controlling the interactions betbeen posi- 
tively-charged lysine-containing pol) peptides and 
deoxyribonucleic acid (DNA). The interaction 
of calf thymus DNA with several Iqsine(LYS)- 
glycine(6EY) copolypeptides has been investi- 
gated (1). The polypeptide model systems have 
the following structures: 

4 (GLYLYSGLYGLY)tz 
poly-(-glycyl-L-lysylgljcj Iglycine) 

where n is approximately 50. 
From the results of a circular dichroic (cd) 

study of the polypeptide-DNA complexes 
formed by annealing the components from high 
salt concentrations it has been suggested that 
polypeptide conformational flexibility, hydro- 
phobicity, and sequence all seem to play a role 
in the generation of changes observed in the cd 
spectrum of DNA (1). 

In the present study the effect of changes in the 
double-stranded nature of the DNA and molecu- 
lar size of the DNA have been investigated. 
Circular dichroic spectroscopy has been used 
to investigate the state of DNA in the solutions 
containing the anneal complexes. Electron micro- 
graphs (em's) of the fixed, dehydrated, and 
stained con~plexes have also been used to investi- 
gate the appearance of the aggregates formed. 

1 (LYS)tz poly-(-L-lysine) Experimental 
2 (LYSGLY)II poly-(-L-lysylglycine) Reagent-grade chemicals and cacodylic acid (dimethyl- 
3 (LYSGLYGLy)rl pol),-(-~-fysylgljcylgl?cine) arsenate) for buffer preparation were obtained frorn 

cornrnercial sources and were ~ ~ s e d  as received. All water 
INRCC No. 15512. used was deionized and distilled from glass. Dialysis 
2Author to whom correspondence should be addressed. tubing with a 3500 molecular weight cutoff (Spectropor 3) 
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KIELLAND AND WILLIAMS 3885 

was obtained from Science Essentials. Anaheim. Cali- 
fornia, U.S.A. and treated before use as directed (sodium 
sulfide and dilute sulfuric acid treatments) (i). Polypep- 
tides were prepared and characterized as previously 
described (2). Polypeptide stock solutions (approxiniately 
4 X 10-3 ;M I>sine) were prepared in sodium cacodylate 
buffer (0.01 $1, pH7.0) and analyzed as p r e ~ i o ~ ~ s l y  
described (2). Highly-polymerized calf thymus DNA 
(Worthington Biocheniicals, Freehold. N.J.) wai treated 
as pre\iously described (3). DNA stock solutions (ap- 
proximately 3 X 10-3 1v1 phosphate) were prepared in 
sodium cacodylate buffer (0.01 >\.I, p H  7.0) and analyzed 
as previously described (2). Sonicated DNA stock  sol^!- 
tions (approximately 3 X ;M phosphate) were pre- 
pared by sonicating a sample (5 nil) of the DNA stock 
solution at ice temperature for given periods of time 
(10-80 s) with a Branson Soliifier model W-185, operat- 
ing at 70 W and equipped \\ith a microtip probe. Heat- 
denatured DNA stock solutions (approximately 3 X 
10-3 M phosphate) here prepared by heating a saniple 
(5 ml) of the DNA stock solution in a boiling water bath 
for 5 min then quickly quenching the sample in an ice 
bath. 

Complexes between the polypeptides and the various 
DNA samples were prepared in 0.15 1Vf NaCI. sodium 
cacodylate, 0.001 M, p H  7.0 by back dialysis of the com- 
ponents from aqueous 1.5 !bf NaCl as previously de- 
scribed (1, 4. 5). 

Circular dichroic spectra were taken on a Cary- 
Varian spectropolarimeter, model 61 and the data was 
treated as previously described (1). Ultraviolet and kisible 
absorption spectra were taken on a Cary-Varian spec- 
trophotometer, model 14. as previously described (1). 
Sample turbidities were expressed as dA.fo0 = A,,,"O - 

Ao-'oQ, where A,,,400 is the absorbance at 400 nm of the 
complexetl DNA solution and Aomo i i  the absorbance at  
400nm of the equivalent unconiplexed DNA solution. 
Electron micrographs were taken at  a n~agnification of 
5000X on a Siemens Elmiskop, model 101 (70 kV). 
using Kodak Electron Image Plates. The plates were 
processed in Kodak D-19 developer. Samples for electron 
microscopy were prepared as follows: An aliquot (100 pl) 
of the solution containing the annealed complcx was 
fixed by addition of aqueous fornialdehyde (37' ,) (2.5 ,~ l ) .  
After 1 niin, an a l i q ~ ~ o t  (20 pl) of the fixed solution was 
placed on a carbon and forni~ar  coated copper grid 
(200 mesh, PolySciences Iac.. Warrington. Peniisllvania, 
U.S.A.) which was sitting on a piece of parafin film 
(Parafilm. Fisher Scientific. Ottawa, Canada). The >ample 
was dried down onto the grid at room temperature 
(20-25 ' C )  in air (relative humidity less than 60' ,) or in a 
desiccator containing calcium chloride (20 meh) .  After 
drying (24 h) the grids were stained uith an aqueous 
uranyl acetate solution ( l ' ,  LG. v.  p H  5.G adjusted with 
aqueous NH,OH) (30 i treatment), rinsed with distilled 
water, dried again, and examined. 

Results and Discussion 
Poly-(-L-lysine) (1) has been extensively used 

as a model of the protein component of niodel 
systems which have been designed to study 
protein - nucleic acid interactions (see refs cited 

in ref. 1). When poly-(-L-lysine) - calf thymus 
DNA con~plexes are formed by annealing the 
two components from solutions containing high 
salt concentrations, where no interaction be- 
tween components is observed, to physiological 
salt concentrations (0.15 M sodium chloride) 
where interaction is maximized, a cd spectrum 
of DNA different from that observed in uncom- 
plexed DNA results ( 1 ,  5) (Fig. 1). The resulting 
spectra in the complexed state is unlike any of 
the spectra generated by the usual conforma- 
tional states of DNA, i.e. the A, B, or C con- 
formational states (6, 7). This characteristic cd 
spectrum is also produced when DNA is dis- 
solved in water soluble organic polymers, such 
as polyethylene oxide (PEO) (8-14). It is also 
found in dehydrated films of DNA (15), in 
con~plexes of DNA with several random and 
sequential lysine-containing polypeptides (i6- 
221, and in complexes of histone H-1 (F-1) with 
DNA (23-26), This characteristic cd spectrum 
has beer! said to be produced by $-state DNA 
(8). Several explanations of the way it is pro- 
duced have been offered. The>- are: 41) polypep- 
tide prornoted solvent excl~lsion from the DNA; 
(2) polypeptide promoted induction of long- 
range order in the DNA: (3) polypeptide pro- 
moted increases in the helix-helix interactions 
of the DNA brought on by aggregation of the 
DNA; (4) polypepticte promoted increases in the 
production of a liquid crystalline state in the 
complexes (14, 23). 

In order to  extend our previous investisations 
using the sequential lysine-containing polypep- 
tides 1-4 (1). we have carried out a series of 
experiments aimed at determining the role 
played by DNA ~nolecular size and strandedness 
in the for~nation of the #-state DNA spectrum. 
Annealed complexes &ere prepared between the 
polypeptides 1-4 and calf-thymus DXA, soni- 
cated calf-thy~nus DNA: and heat-denatured 
DNA. Circular dichroic spectra and turbidity 
measurements were lnade on the solutions of 
the cornplcxes and em's Mere taken of the fixed, 
dehydrated, and stained complexes. 

Circular Dicl~voic Spectra 
Circular dichroic spectra were taken of the 

solutions of the annealed complexes in order to  
monitor the production of the $-state DNA. As 
noted previously, the incorporation of DNA into 
the complexes led to the production of a $-type 
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1 1 I l / / l / / / l  I 
2 20 260 300 340 

X,nm 
FIG. 1. Circular dichroic spectra of poly-L-lysine - DNA 

complexes: (-) native calf thymus DNA; (-.-.-) de- 
natured calf thymus DNA; (----) poly-(-L-lysine) - native 
calf thymus DNA complex, lysine - DNA phosphate 
ratio, 0.50; (.  . .) poly-(-L-lysine) - denatured calf thymus 
DNA complex. ly5ine - DNA phoiphate I-atio, 0.50. 
Experimental conditions: DNA-phosphate concentra- 
tion, 1.70 X M ;  sodium chloride, 0.15 :M, sodium 
cacodylate, 0.C010 IW, p H  7.0. 

D N A  spectrum (Fig. 1) (1). Monitoring the 
ellipticity (EL - ER) at 275 nm us. the lysine - 
DNA phosphate (L,'P) ratio (Fig. 2) showed 
that: (I) a maximum in the change of ellipticity 
occurred around an L /P  ratio of 0.5-0.6 for 
poly-(-L-lysine) (1) whereas this maximum 
occurred around an L/P ratio of 1.2-1.5 with 
the other lysine-glycine copolymers (2-4); (2) 
the distortion to the DNA spectrum was less 
with poly-(-L-lysylglycine) (2) than any of the 
other polymers. These two observations were 
assumed to indicate that polypeptide conforma- 
tional flexibility and either polypeptide sequence 
or hydrophobicity were important factors in 
controlling the polypeptide - nucleic acid inter- 
actions (1). 

The effect of molecular size on both these 
factors was investigated by sonicating the DNA, 
a process known to reduce the molec~dar weight 
of the DNA (27). The formation of annealed 
complexes between poly-(-L-lysine) and calf 
thymus DNA which had been sonicated for 
various times showed that a maximum change in 
the distortion of the DNA cd spectrum was 
elicited when the DNA had been sonicated for 
40 s at  ice t e m p e r a t ~ ~ r e . ~  A similar observation 
has been made on solutions of polyethylene 
oxide and DNA which had been sonicated for 
various times (14). 

When annealed complexes were formed be- 
tween the polypeptides 1-4 and a DNA sample 
which had been sonicated for 40 s, the charac- 
teristic +-type DNA cd spectrum was formed in 
all cases. Plotting the ellipticity, (EL  - ER), at 
275 nm us. the L,'P ratio (Fig. 3) gave very simi- 
lar results to those observed with the unsoni- 
cated DNA sample (Fig. 2). That is, the maxi- 
mum in the change of ellipticity at 275 nm 
occurred at  the same L, P ratios and the unique 
behaviour of complexes incorporating poly- 
(-L-lysylglycine) (2) was preserved. The major 
difference between the complexes incorporating 
unsonicated DNA and sonicated DNA occurred 
in the magnitudes of the ellipticity at 275 nm. 
Although no appreciable difference was noted 
between the cd spectra of the uncomplexed 
DNA's, their incorporation into the annealed 
complexes led to an ellipticity decrease from 
- 12.5 to -47.5 when unsonicated DNA was 
replaced by sonicated DNA in the annealed 
complexes with poly-(-L-lysine) (L,'P approxi- 
mately 0.5). These results, along with those 
obtained using DNA's sonicated for different 
times, show that lowering the molecular weight 
of the DNA leads to the formation of a greater 
degree of asymmetry in the con~plex and that a 
point can be reached beyond which further 
sonication or lowering of the molecular weight 
results in the generation of less order in the 
system. These results are very similar to those 
obtained with polyethylene oxide solutions of 
DNA (14) and with histone H-1, DNA com- 
plexes (25). 

Heat-denaturation of either the sonicated or 
unsonicated DNA sample and incorporation 

3S. Kielland, unpublished results. Equilibrium sedi- 
mentation of DNA which had been sonicated for 40 s 
indicated that the rnw had been reduced from > 2  X lo6 
to approximately 0.5 X lo6. 
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KIELLAND AND WILLIAMS 3887 

lysine /phosphate 
FIG. 2. Variation of the molar ellipticity ( E L  - En) at 

275 nm with the 1ysine;DNA phosphate ratio in coni- 
plexes between the I) sine and lysine Iglqcine polypeptides 
and native calf t11y111us DNA and between poly-(I--1ysine) 
and denatured, native DNA ( X  X X). No corrections for 
sample t~~rbidity habe been made. Experimental condi- 
tions: DNA-phosphate concentration. 1.70 X 10-4 IW: 
sodium chloride, 0.15 M; sodium cacodylate, 0.0010 M, 
p H  7.0. 

into annealed complexes with polj-(-L-lysine) 
(I) and the other lysine-glycine copolymers 
(2-4) led to only minor changes being observed 
in the cd spectra (Fig. 1). Thus, only relatively 
minor changes in the ellipticity at 275 nm 
occurred regardless of the L P ratio (Fig. 2). 
The presence of double stranded character in 
the DNA then, must be a prerequisite for the 
production of the characteristic $-type DNA cd 
spectrum in annealed complexes of the polypep- 
tides 1-4 and DNA. This was also previously 

10 
poly(lys)yicatad,denatured DNA I 

lysine /phosphate 
FIG. 3. Variation of the molar ellipticity (EL  - ER) 

at 275 nm with the lysine DNA phosphate ratio in com- 
plexes between the Iqsine and 1ysine:glycine polypeptides 
and sonicated calf thymus DNA (30 s sonicate). No 
correctioils for sample turbidity have been made. Experi- 
mental conditions: as for Fig. 2. 

observed by Evdokimov et 01. in solutions of 
polyethylene glycol and DNA (1 1). 

Sollct~on T~rrbiclity Measurements 
The development of the characteristic $-type 

DNA cd spectrum was accompanied by increas- 
ing solution turbidity. Solution turbidity, as 
monitored by changes in the visible spectrum 
absorption at 400nm, increased as the L/P 
ratio increased (Fig. 4). Little difference between 
complexes containing unsonicated or sonicated 
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CAN. J ,  CHEM. VOL. 54, 1976 

FIG. 4. Variation of the sample turbidity. dA400, ~ i t h  lysine,'DNA phosphate ratio in complexes 
between the Iysine and lysine glqcine polypeptides and the various samples of calf thymus DNA: 
(( I )  poly-(-L-l>sine) conlplexes (-1 native DNA; ( .  . .) ionicatcd DNA: (---) denatured DNA: (b )  
poly-(-L-!ysyIgljcine) con~piexes; curve designations as in ( I :  (c) pol>-(-L-l~sylglycylglycine) com- 
plexes; cur\.e designations as in i i :  i t / )  poiy-(-glycyl-L-I>~ylglyc~lglycine) complexes; curve designa- 
tions as in ri. Experimental conditions: as for Fig. 2. 

DNA ivas noted. i n  both, the turbidity increased 
towards a maximum at  higher P ratios. The 
approach to a maximum in turbidity was found 
t o  parallel the onset of the ciistortcd $-type D N A  
cd spectram. For example, the approach to a 
maxi i~~urn in turbidity of complexes of po!y- 
(-L-lysine) (1) and doiible-stranded DNA, either 
unsonicated or sonicated: paralleied the increase 
in L, P ratio and the production of the charac- 
teristic $-type DNA cd spectrum (compare 
Figs. 2, 3, and 3). l t  may also be nored that, at 
a n  L ' P  ratio of 1.0, the amount of turbidits as 
measured by dA400, fell from 0.33 to 0.07 as the 
polypeptide was changed from pol>,-(-L-iysine) 
(1) to  poly-(-gljcyl-~-!ysylg1ycyIglj.zine) (3). This 
would seem to indicate that a change in the size 
or shape of the complexes was occurring. 

Complexes ~ncorporat~ng heat-denatured DNA 
also showed d sirnllar trend 111 incredsing solut~on 
turbldrtj as the L P ratlo ~ncredsed Sorne differ- 
el:ces :n turbldi~> beti+een cornplexes u ~ t h  the 
~~cr rnd!  DNA dnd the denatured DNA were 
noted For  exdlnple n o  change In the solution 
turbidrtj of complexes contairling heat-denatured 
DUA and the lysine-glycine copolymers (2-4) 
occ~irred until an L P ratlo above 0 8 !\as 
rcachcd From thesc results and thc ones ob- 
t a ~ n e d  with double-stranded D Y A  1% aould  seem 
tildt the forrnatlon of solut~on trlrb~clity or, per- 
haps, dgglegation IS not sufiicicnt in .Iself t o  
i r l d ~ ~ i e  formation of the $-t>pe DNA. The 
increases I n  turbiditj or aggregation must also 
be accompan~ed by the presence of double- 
stranded character an the DNA. 
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Electroiz Microscopy 
Electron micrographs (em's) were taken of 

the complexes so that changes occurring in the 
size, shape and degree of internlolecular aggre- 
gation in the complexes might be examined. A 
direct correlation between observations made on 
complexes in solution and those made on com- 
plexes in a formaldehyde-fixed, dehydrated, and 
uranyl acetate stained state are at  best tenuous. 
However, if the methods of forming, fixing, 
dehydrating, and staining remain constant 
throughout the experiments. then changes in the 
size, shape, and degree of intermolecular aggre- 
gation should reflect only those changes made in 
each of the components of the complexes being 
examined. Thus, changes in the structure of the 
polypeptide or the structure of the D N A  should 
be reflected in changes observed in the em's. 

A check of the effect of adding formaldehyde 
to  the solution of the complexes was made. 
Only small changes (< 105;;) in the cd spectrum 
ellipticity a t  275 nm bere noted. This is unlike 
the observations made on chromation in solu- 
tion (28). 

The em's of native calf thymus D N A  presented 
a uniformly stained background (Fig. 5, section 
10) with no outstanding features at  the magnifi- 
cation used (5000X). Electron rllicrographs of 
the polypeptide - native DNA con~plexes had 
clumps of heavily stained material in them. 
Their appearance depended not only on the 
polypeptide used to  make the complex but also 
on  the U P  ratio in the complex. Complexes 
between DNA and poly-(-L-lysiilej at  a low 
L/P ratio (Fig. 5, section 11) appeared to co;- 
sist of a series of circular structures 2500-5000 A 
in diameter which had been joined together to 
form a series of branched, filamentous chains. 
The presence of circular structures was even 
more evident in the em's of the low L;P ratio 
conplexes formed between the ijsine-giycine 
copolypeptides and the DNA (Fig. 5. sections 
21, 31: 41). From these results it wouid seem 
that as the mole fraction of glycine increased in 
the polymers or, alternately, as the charge 
separation increased, the depree of intermolecu- 
lar aggregation fell while the size and shape of 
the compiexes remained constant. It should also 
be noted tliat, at  these low L 'P rarios: a distinct 
shift in the degree of interrnolecuiar aggregation 
occurred upon changing the poly-(-L-lysine) (1) 
in the complex to  poly-(-L-lysy!glycine) (2). This 

shift may be connected with difference in the 
conformational flexibility of the polymers. This 
explanation would be much the same as used to 
explain the cd results (see above, (1)). 

At higher L''P ratios (Fig. 5, sections 12, 22, 
32, 42) all complexes appeared to be very highly 
aggregated although the con~plexes containing 
the lysine-giycine polypeptides 2-4 appeared 
somewhat less condensed. 

Employing sonicated calf thynius D N A  (40 s 
sonicate) in place of the native D N A  in the 
formation of the complexes resulted in distinct 
changes in the size and state of intermolecular 
aggregation being noted (Fig. 4). Little or no 
observable difference between the fixed, de- 
hydrated, and stained samples of the uncom- 
plexed DNA's was noted (compare Fig. 5, 
section 10 and Fig. 6, section 10). At low L/P 
ratios the con~plexes of poly-(-L-lysine) and the 
sonicated DNA appeared to be less filanlentous 
and more compact than those in which native 
DNA was used (compare Fig. 5, section I 1  and 
Fig. 4, section 11). In addition, the conlplexes 
incorporating sonicated DNA, little or no evi- 
dence of the formation of circular structures was 
present. In complexes of the lysine-glycine copoly- 
peptides 2-4, on the other hand, unaggregated, 
circular structures were again observed (Fig. 6, 
sections 21, 31, 41). The size of the circular 
structures h a i  also doubled (average diameter, 
5000-10 000 A). At higher L:P ratios (Fig. 6, 
sections 12, 22, 32, 42) the complexes changed 
from ones which were highly aggregated, i.e. 
poly-(-L-lysine) complexes (Fig. 6, section 12) to  
ones which were much less aggregated, i.e. 
poly-(-gljlcyl-L-lysylglycylglycine) (Fig. 6 ,  section 
421, although the latter appeared joined by thia 
threads of stained material about 100-200 A 
wide. The distinct difference between the highly 
aggrzgated poly-(-i-lysine) compiexes (Fig. 6, 
section 12) and the less aggregated complexes 
of the lysine-glycine copolypeptides (Fig. 6, 
sections 22, 32, 42) was even more evident. 

Denaturing the native calf thymus DNA 
resulted in em's with little or no observable 
diflcrence betu een it and the native, or sonicated 
native DNA (compare Fig. 7, section 10 and 
Figs. 56. sections 10). Incorporating the de- 
natured D N A  into low L P ratio complexes 
with tlie various pol~,peptides resulted in the 
formation of large aggregates with no distinctive 
form. The circular structures, evident when 
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FIG. 5.  klectron nilcrographs of formaldehyde-fixed, dehydrated, and stained DNA complexes: 
10, native DNA: If, poly-(-L-iysine)-native DNA; L . P  = 0.32; 12. poly-(-L-1ysine)-native DNA, 
L/P - 0.97; 21. poly-(-L-1ysylglycine)-~iati~re DNA, L P = 0.36; 22, poly-(-L-1ysylglycine)-native 
DNA, L /P  = 1.08; 3I. poly-(-L-1ysylglyqlgljcine)-native DNA, L, P = 0.49; 32, poly-(-L-lysylgly- 
cy1glycine)-native DNA, L P = 0.98; 41,  poly-(-glycql-L-1ysylgi~cylglyciae)-native DNA. L /P  = 
0.40; 42, poly-(-glycyl-L-1~sylglqcylglycine)-native DNA. LIP = i.20. Experimental conditions: 
DNA-phosphate concentration. approximately 1.70 X M.  Complexes were fixed before drying 
in 0.15 M sodium chloride, 0.001 M sodium cacodylate, -I.Or; formaldehyde. Complexes were 
staiiied with aqueous uranyl acetate. The bar indicates a distance of 3 micromeires (pm). 
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KIELLAND A N D  WILLIAMS 

FIG. 6. Electron micrographs of formaldehyde-fixed dehydrated and stained polypeptide/sonicated 
DNA complexes: IO, sonicated DNA; I I :  poly-(-L-1ysine)-sonicated DNA, L/P = 0.32; 12, poly- 
(-L-1ysylglycine)-sonicated D N A ,  LIP = 0.97; 21, poly-(-L-lys>lglycine)-sonicated DNA, L/P  = 

0.36; 22, poly-(-L-1ysylglycine)-sonicated DNA, L;P - 1.08; 31, poly-(-L-lysylglycy1glycine)-sonicated 
DNA, L/P = 0.19; 32, poly-(-L-1ysylglycylglq.cine)-sonicated DNA: L/P = 0.98; 41, poly-(-glqcyl- 
L-1ysylglycylglycine)-sonicated DNA, k/P = 0.40; 42, poly-(-glycyl-L-lysyIglycylg1ycine)-sonicated 
DNA, L/P = 1.20. Experimental conditions: as for Fig. 5. 
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FIG. 7. Electron niicrographs of formaldehyde-fixed dehydrated and stained po1ypeptide;denatured 
DNA complexes: 10, denat~~red DNA: I I ;  poly-(-L-lysine)-denatxed DNA, L, P = 0.32; 12, poly- 
(-L-lys1ne)-denatured DNA, L / P  = 0.97; 21, poly-(-L-1ysylglycine)-denatured DNA, LIP = 0.36: 
22, poly-(-L-1ysylglycine)-denatured DNA, L 1 P = 1.08 ; 31, poly -(-L-lysy lgl) cylg1ycine)-denatured 
DNA, L IP  = 0.49; 32, poly-(-~-lysylgIycylglycine)-de11at~1red DNA, L 'P = 0.98; 41. poly-(-glycyl- 
L-lysylglycy1glyci11e)-denatured DNA, 1./P = 0.40; 42, poly-(glycyl-L-lysy1glycylglqcine)-denatured 
DNA, LIP = 1.20. Experinlental conditions: as for Fig. 5.  
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double-stranded DNA was used to form the 
low L/P ratio complexes, were absent (Fig. 7, 
sections 11, 21, 31, 41). At higher L,tP ratios a 
limited tendency towards the formation of circu- 
lar structures was observed (Fig. 7, sections 12, 
22, 32, 42). Only the complexes containing poly- 
(-L-lysine) and the denatured DNA appeared to 
be the same as those formed between poly-(-L- 
lysine) and the native DNA (Fig. 5 ,  section 12). 

Conclusions 

From the foregoing cd spectral results, it may 
be gleaned that the double-stranded character of 
native DNA is necessary for the production of 
the $-state DNA when complexes with lysine- 
containing polypeptides are made. The observa- 
tion is similar to that obtained from X-ray 
analysis of DNA-poly-(-L-lysine) con~plexes 
(29). The cd spectral results also show that the 
previously suggested dependence of the $-state 
DNA on conformational flexibility and poly- 
peptide hydrophobicity (or sequence) (1) is not 
substantially altered by changes in the moiecular 
size of the DNA. It is also evident from the cd 
results that the molecular size of the DNA affects 
the magnitude of asymmetry introduced into 
the DNA. This observation is in line with the 
increase in the DNA cd spectrum obtained by 
solubilizing sonicated DNA in PEO solutions 
(14). In this latter case it was observed that a rise 
and fall occurred in the asymmetry induced in 
the DNA cd spectra as the concentration of 
PEO in solution increased. It was a!so suggested 
that the $-state DNA cd spectrum resulted from 
the formation of a liquid crystalline array of 
D N A  helices and that some optimum length of 
the DNA helix might be required before a maxi- 
mum in the formation of this liquid crystalline 
state could be achieved. Such seems to be the 
case with the various lysine-containing polypep- 
tides studied here. 

The em's of the various complexes seem to  
corroborate the facts that double-strandedness 
in the DNA and polypeptide conformational 
flexibility and hydrophobicity (sequence) both 
affect the way in which the complexes aggregate 
and that the molecular size of the DNA influ- 
ences the size of the cornplexes formed. In the 
latter instance the inverse relationship between 
the molecular size of the DNA and the size of 
complexes might be a reflection of the necessity 

of some optimum DNA size requirement for the 
production of the $-state DNA. 

The coincidence of the maximum production 
of the $-state cd spectrum, the production of 
large amounts of turbidity in the solution, and 
the concomitant production of the intermolecu- 
bar aggregates in the em's suggest that the 
simplest explanations of solvent exclusion and/or 
induction of long-range order in the DNA as 
promotors of the production of the $-state in 
DNA do  not, in themselves, seem to explain the 
observations (5). Thus the alternate explanations 
that aggregation and, thereby, an increase in the 
helix-helix interactions of the DNA and/or the 
production of a liquid crystalline state of DNA 
cause the production of the $-state DNA are left 
as the only reasonable a!ternatives for explaining 
the production of fi-state DNA. 

Finally, the above results and observations 
suggest that many factors may be important in 
the protein-initiated packaging of DNA into 
biological structures such as viral particles, and 
related nucleoprotein complexes sr~ch as ribo- 
somes and chronnosomes. 
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The metal complex catalyzed reactions of anils. 1. The reaction 
of acetone with anilines 

A. R. BOATE AND D. R. EATON 
Department of Chen~istr:,., klcMaster Unicerc.if~,, Hcrrnilio,~, Orlt., Cur~acla L8S 41MI 

Received June 30, 1976 

A. R .  BOATE and D. R .  EATON. Can. J.  Chem. 54, 3895 (1976). 
It has been shown that the formation of anils from anilines and aliphatic ketones is homo- 

geneously catalyzed by a variety of metal complexes. The products of the reactions have been 
unambiguously identified by preparing the anils using other synthetic routes. The catalysis is 
quite general and the system is therefore suitable for a systematic catalytic study varying both the 
catalysts and the substrates. The related reactions of anil hydrolysis and transimination may also 
be studied. The catalysts used, thiourea complexes of Co(II), Ni(ll), and Zn(II), vary in their 
effectiveness by more than two orders of magnitude. In the present paper experiments defining 
the catalytic system are described. The equilibrium constants for the complexation of all the 
substrate molecules have been determined. Qualitative rate data 011 various ligand exchange and 
proton transfer steps is presented to demonstrate that such reactions cannot be rate determining 
in the overall catalytic reactions. 

A. R. BOATE et D. R. EATON. Can. J. Chem. 54, 3895 (1976). 
On a demontre que la formation d'anils, B partir de l'anilines et de citones aliphatiques, est 

catalyses d'une f a ~ o n  homogkne par une variete de complexes mCtalliques. On a identifie les 
produits des reactions d'une f a ~ o n  non ambigue en prkparant les anils en faisant appel B 
d'autres routes de synthkse. La catalyse est assez gCnCrale et le systkme est donc susceptible d'&tre 
utilise pour une etude systimatique de la catalyse en faisant varier les catalyseurs et les substrats. 
On a aussi etudie les reactions relikes d'hydrolyse de l'anils et de transimination. L'efficacitC des 
catalyseurs utilises, des complexes de la thiouree avec le Co(ll), le Ni(I1) et le Zn(II), varient par 
plns de deux ordres de grandeur. On a aussi determine les constantes d'iquilibre pour la com- 
plexation de tous les substrats. On presente des donnCes qualitatives concernant les vitesses de 
divers etapes d'echanges de ligands et de transferts de proton afin de demontrer que de telles 
reactions ne peuvent pas determiner la vitesse globale des reactions catalysees. 

[Traduit par le journal] 

Introduction 
In recent years homogeneous catalysis by 

metal ions, metal complexes, and metallo- 
enzymes has been extensively studied. The mech- 
anisms involved tend to be complex and their 
complete elucidation is at best a difficult and 
tedious process. These reactions are necessarily 
multistep processes involving at least three steps; 
i.e. (a) coordination of the substrate molecule 
or molecules, ( b )  reaction of the coordinated 
substrate(s), and (c) dissociation of products, 
leaving the metal ready to undergo another 
catalytic cycle. If the catalysis is efficient many 
of these steps are rapid and correspondingly 
difficult to study in detail. In the present series of 
papers we will report a detailed study of some 
rather simple catalytic reactions. The system 
chosen is particularly suitable for this purpose. 
It  has proved possible to obtain at  least qualita- 
tive equilibrium and rate data on all the steps. 
Furthermore the catalysis is not particularly 
specific, i .e, a wide range of catalysts are effective 

and systematic modification of the substrates is 
also -possible. The opportunity is therefore 
presented for a detailed investigation of the 
factors conducive to efficient catalysis. This 
initial paper will describe a series of experiments 
definini the catalytic system and some further 
experiments designed to obtain some necessary 
information on lipand exchange equilibria. Sub- 
sequent papers -will describe more detailed 
investigations of the mechanism. 

The reactions of interest involve the formation 
and hydrolysis of anils, i.e. 

The catalysts used are Co, Ni, and Zn complexes 
of thiourea (tu) and related ligands. Studies have 
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keen carried out starting with aniline and acetone 
or with anil and water or with equilibrium mix- 
tures. A second closely related reaction also 
occurs, namely transimination, i.e. 

This reaction is also catalyzed by the metal 
complexes used. 

The acid catalyzed formation and hydrolysis of 
anils has been widely studied in aqueous solbl- 
tion (1). The mechanism is well understood and 
involves the intermediate formation of a carbin- 
olimine, i .e. 

R', 5,' R H20 
C=N-.,R" y- e:= ?;+ -- 

R " R ' 'R" Base 

There Is a change in the rate determining step 
which occurs between pH2  and p.H5. Below 
this pH ",he attack or loss of water is fast and 
the attack o; loss of amine is rate determining. 
Above this pH the situation is reversed. 

The iizEi.ience of metal ions on inline formation 
has been investigated by Eichhorn e f  a;. ( 2 ,  3). 
Most of the examples studied have involved 
imines capable sf cheiatiorr with the metai ion. 
In these circumstances tile product imine remains 
coordinated tc the metal and the reaction is 
metal ion promoted rather than catalyzed. There 
has keen much discussion in the literature con- 
cerning the possibility of "template" effects ( 4 )  
in these reactions, Typical of these studies is the 
work of L~ussirig and co-workers (5-7) on Schifi- 
base formation from glycine and pyruvat: in 
the pressr~ce of Zn(ll) and from glycine and 

salicylaldehyde with Ni(II), Cu(Il), and Zn(I1) 
ions. In the latter case it was concluded that there 
is a fast equilibrium forming a ternary conlplex 
in wh~ch the ligands are independently bound, 
followed by a first order rate determining reac- 
tion to give the complexed Schiff base. It was 
suggested that the term "promnastic" be applied 
to describe a catalyst which forms a labile 
ternary complex with two substrates, but which 
imposes minimum steric constraint on them. 

The present study differs from those described 
above in several respects. It is a catalyzed rather 
than a promoted reaction. Metal complexes in 
non-aqueous solution rather than metal ions in 
aqueous solution are involved. This factor repre- 
sents a considerable simplification since most of 
the reactions alluded to above are very p H  
dependent and extensive investigation of the 
nature of the protonated species has been neces- 
sary to elucidate the mechanisms. Finaiiy. the 
nature of the reactions are such as to make them 
amenable to study by a variety of nmr techniques 
hhich provide more detaiied information on the 
molecular processes involved than do the spec- 
trophotometric techniques most commonly util- 
ized in aqueous solution studies. 

The Reaction of Acetone with Anillnes 

The synthesis of anils from anilines and aro- 
matic ketones has been in common use for many 
years. It was originally reported by Reddelien (8) 
who used zinc chloride as a heterogeneous cata- 
lyst and the conditions employed invo!ved pro- 
longed heating at 170 O C .  If acetone is used in 
thc above process a product is obtained which 
was formerly known as "acetone anil" but which 
was later established (9) to be a more complex 
condensation product 1,2-dihydro-2,2,4-trimeth- 
ylquinoline. The true acetone anil may be pre- 
pared indirectly (see below) and it has been 
stated that "acetone anil cannot be obtained by 
direct reaction of the components" (10). 

In the course of some studies of the ligand 
exchange reactions of transition metal thiourea 
complexes additional peaks were observed in 
the nmr spectra of anilines and Co(II) thiourea 
complexes in deuteroacetone solution. The set 
cf spectra in Fig. I illustrates these observations. 
The following observations have been made: 
41) Similar additional resonances are observed 
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BOATE AND EATON 

ID 9 0 7 b 5 4 3 2 L O W  

FIG. 1. Nuclear n?agnetic resonance spectra ofp-toluidine in acetone-d6. (A), assignment high field 
to low field, acetone-d5, p-CH3, MDOIH~B, NH2, or.rllo and nzetu. ( R ) ,  Plus CotuzClz, showing 
additional anil peaks. (Q, As B plus morep-toluidine. (D), As B plus excess thiourea. ( E ) ,  y-Toluidine 
+ Zntu2Ci2. Assignment, acetone-d5, p-CH3 ofp-toluidine, y-CH3 of anil, M20, HDO, WH2, ortho of 
p-toluidine and anil (o\'erlapped), tneia of p-toluidine, mrra of anii, NM2 of thiourea. ( F ) ,  Spectrum of 
B at -90 'C showing complexed aniline and anil peaks, slow exchange. 
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with zinc thiourea complexes. The spectra differ 
from those with cobalt. com~lexes onlv insofar 
as the lines are not shifted by the paramagnetism 
of the metal ion (see Fig. 1). (2) Similar addi- 
tional resonances are observed if the p-toluidine 
is replaced by aniline, p-anisidine, p-chloroanil- 
ine, m-toluidine, or p-fluoroaniline. (3) No addi- 
tional resonances are observed with N-methyl- 
aniline or with N,N1-dimethylaniline. (4) Similar 
additional resonances are observed if the acetone 
solvent is replaced by diethylketone or methyl- 
ethvlketone. ( 5 )  No additional resonances are , , 
observed if the acetone is replaced by acetonitrile 
or other non-ketonic solvents. (6) The intensity 
of the additional resonances is independent of 
the metal com~lex  concentration. ~t very low 
metal complex concentrations the additional 
lines do not reach their full intensity until the 
solution has been allowed to stand for a while. 
(7) Addition of either more aniline or of excess 
thiourea to solutions containing paramagnetic 
cobalt complexes shohs that both the aniline and 
the species producing the additional lines form 
metal complexes which are in fast cxchange with 
free ligand on the nmr time scale (see Fig. 1). 

All of the above observations are consistent 
with the metal complex catalyzed formation of 
anils (reaction 1) and the nmr spectra of Fig. I 
are assigned on this basis. In order to  confirm 
this conclusion a number of anils have been 
synthesized indirectly (see Experimental section) 
and their nmr spectra compared ivith the addi- 
tional lines observed in the above experiments. 
In al! cases the agreement is excellent. Thus the 
meta resonance in the spectrum of N-isopropyli- 
dene p-toiuidine coincides with the extra aro- 
matic doublet observed on the addition of 
Zntu2C12 to p-toluidine in acetone-(I6 and the 
p-methyl peak coincides with the extra one 
observed in that region. Similarly the 19F spec- 
trum of the PJ-isopropylidene p-fluoroaniline 
gives a chemical shift identical with that of the 
additional "9F resonance observed in mixtures 
s f  p-fluoroaniline and acetone with a little 
Zeatu2C12 added. The nmr spectra of the synthe- 
sized anils also agree with those reported for 
anils in the Literature (1 1, 12). The catalyzed 
reaction of reaction 1 is therefore clearly demon- 
strated. 

The Role of the Metal Complex 

The metal thiourea complexes are very eficient 

catalyses for these anil formation reactions. In a 
subsequent paper we will report quantitative 
kinetic data on the reactions and show that the 
rate of the reaction is directly proportional to 
catalyst concentration at  low catalyst concentra- 
tion. An indication of their efficiency is provided 
by the observation that for an acetone solution 
0.2 M in p-toluidine and 4 X M in Zu(tu)4- 
(C104)2 the anil peaks reached half their equilib- 
rium intensity in 2.25 min. Initially it is desirable 
to obtain an estimate of the rate of the uncatal- 
lyzed reaction. Three samples 0.2 M in freshly 
sublimed p-toluidine in acetone-c16 here prepared 
using carefully cleaned nmr tubes. The samples 
here kept in the dark at room temperature and 
periodically the nmr spectra were run to monitor 
anil forn~ation. After 200 h some Z~l(tu)4(C104)~ 
was added which quickly completed the reaction. 
Initial rates of formation of anil of 1.33 X lo-', 
6.4 X and 8.3 X moll-I s-I were ob- 
tained for these samples. It is quite likely that 
these rates reflect contamination by traces of 
metal ions or metal complexes in the tubes or 
reagents. In any event thcy arc negligible com- 
pared to the rates of the catalyzed reaction and 
the contribution of an uncatalvzed reaction to 
the overall rate can be safely neglected. 

A similar experiment demonstrated that thiou- 
rea itself was not a catalyst. However, a wide 
variety of metal complexes proved effective. These 
included simple salts such as Ni(CI04)2.6H2O9 
RhCI3.xH20, phosphine complexes such as 
[P(C6H5)3j2NiCl2 and [P(C6H5)3]ZNi(SCN)29 and 
a variety of thiourea complexes of Co, Ni, and 
Zn. Non-labile chelate complexes such as 
Co(II)bispyrazolylborate or Ni(1I)aminotropone- 
imineates do not cataljse the reaction. Many 
simple salts such as GoCI2 or C0(C104)~ are 
ineffective due to the immediate precipitation of 
insoluble metal aniline comalexes. The efTective- 
ness of a catalyst can be almost completely 
destroyed by adding a chelating ligand such as 
I,l0-phenanthroline. Thus it appears that the 
main function of the thiourea is to keep the 
metal ion in solution but at the same time to 
undergo facile ligand exchange. 

In order to obtain some idea of the relative 
effectiveness of different metal complexes, a 
series of Co(I1) and Zn(HI) thiourea complexes 
were used as catalysts in the reaction of p-fluoro- 
aniline and acetone. The compounds were mostly 
Gs(HI) complexes because the equilibrium con- 
stants for the dissociation of these complexes in 
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BOATE AND EATON 3899 

TABLE 1. Comparison of the efficiency of various 
catalysts in the reaction of p-fluoroaniline 

with acetone 

Catalyst Relative rate KD ( x lo4)* 

'Dissociation constants from ref. 13. 

acetone had previously been determined (13). 
The reaction was followed by repeatedly integrat- 
ing the aniline and anil signals in the 19F nmr 
spectrum until equilibrium had been reached. As 
all the samples contained the same concentration 
of p-fluoroaniline the equilibrium position was 
the same and thus tl/z, the time for the fraction 
of anil t o  reach one-half its final equilibrium 
value, is a valid measure of the rate. The results 
were plotted as the fraction of anil i.e. Anili(Ani1 
+ Aniline) against time elapsed after the addi- 
tion of catalyst. The relative rates (relative to  
ZntuzC12 a t  the concentration it was used) are 
given for a series of complexes in Table 1 along 
with the dissociation constants for the complexes 
in acetone. There is clearly a correlation between 
relative rate and dissociation constant indicating 
that  replacement of thiourea by one or more of 
the reactants is a prerequisite for catalysis. 

Catalysis by Acids 
Many reactions involving carbonyl compounds 

and anlines are catalyzed by acids (1). It seemed 
desirable therefore to examine the effects of acids 
on the present reaction. Figure 2cr shows the 
nmr spectrum of p-toluidine in acetone-&. 
Figure 2b shows the same sample immediately 
after the addition of trifluoroacetic acid making 
the  solution 1 M in acid. Figure 2 shows the 
same spectrum 13 h after the addition of acid. 
The assignments of the lines are given in the 
figure caption. On the addition of acid the 
intensity of the acetone-r& peak increases rapidly. 
Deuterium exchange through the en01 form of 
the acetone is indicated. The changes in the 
aromatic region and the shift of the methyl 
resonance may be ascribed to protonation of the 
amino group. On standing additional resonances 
assignable to a protonated anil appear. The 
conversion of peak A to  peak B was followed by 

P.P.M. FROM TMS 

FIG. 2. (a). Nuclear magnetic resonance spectrum of 
/~-toluidine in acetone-&. (b) ,  As (a) after addition of 
CF3COOH. Note increase in acetone-d, peak at high 
field end of spectrum. Peak A,  CH3. Peak C, aromatic. 
(c), AS (b) after I $  h. Note appearance of anil peaks B 
and D. 

nrnr a t  a t112 value of 26 rnin obtained. This may 
be compared with the value of 2.25 rnin for 
4 x 10-% i$i"n~u2(Cl04)~ as the catalyst with 
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the same concentration of p-toluidine. Thus on 
a molar basis the metal complex is a t  least lo4 
times as efficient as acid but this comparison is 
not directly meaningful since the reactions un- 
doubtedly involve different mechanisms. How- 
ever the rapid proton exchange of the acetone-& 
provides a clear criterion for acid catalysis and 
the absence of such exchange is taken to  indicate 
that catalysis is not proceeding due to  the 
adventitious presence of acid impurities. 

Equilibrium Constant Measurements 

Detailed kinetic studies of these catalyzed 
reactions hill require a knowledge of a number 
of equilibrium constants. Thus it would be 
desirable to  know the equilibrium constants for 
the overall reaction 1 and also the equilibrium 
constants for the ligand exchange reactions of 
the type 

[31 Mtu2X2 + L hltuLXl + tu 

where L can be any one of the four reactants 
aniline, acetone, anil, and water. Given this 
information the concentration of any species 
containing complexed reactants or products can 
be calculated and correlated with observed rate 
data. It is also desirable to  have a t  least qualita- 
tive rate data on the ligand exchange reactions 
and also on certain proton transfer reactions in 
order to demonstrate that these processes are 
too fast to be involved as rate determining steps. 
The present section describes experiments de- 
signed to  obtain this data. - 

The Overall Reaction 
The equilibrium constant for the overall reac- 

tion is defined as: 

aniline. If 19F nmr is used acetone-h6 may be 
employed as the solvent. This is convenient 
since there are some problems in determining 
the water content of acetone-c16 (see below). For 
acetone-h6 the water content may be determined 
using 'H nmr by integrating the H 2 0  signal 
against the 13C satellite peak of the acetone 
resonance. In the case of the acetone used in this 
experiment the water content was found to be 
1.29 X lop3 as a fraction by weight of the 
acetone. Samples were then prepared by weighing 
p-fluoroaniline and acetone-h6 into nmr tubes 
and adding a small quantity of Z n t ~ ~ ( C 1 0 ~ ) ~  
When the reaction had reached equilibrium the 
ratio of aniline to anil was measured by integra- 
tion of the 19F nmr spectrum. The concentrations 
of aniline, anil, acetone, and water at  equilibrium 
were then calculated, and the equilibrium con- 
stant obtained. Results are shown in Table 2. 
The first three of the samples listed in this table 
were prepared as described above and then, after 
the measurements had been made, a further 
quantity of water was weighed into two of the 
samples giving the results listed as samples 4 and 
5. The conclusion to  be drawn from these 
results is that K is not a constant. The apparent 
K varies linearly with the water concentration. 
There is no  obvious trend with the concentra- 
tions of any of the other species. I t  would seem 
that the activity of water in acetone in the range 
of concentrations studied is not directly propor- 
tional to  its concentration. This conclusion is 
substantiated by results obtained for the equilib- 
rium constants for ligand exchange reactions 
involving water (see below). However, these 
results enable us to  estimate an  effective equilib- 
rium constant for the overall reaction a t  a given 
water concentration. 

Acetone as a Ligand 
Our main requirement for this equilibrium Nuclear magnetic resonance provides a very 

constant was for the interpretation of certain convenient probe for the study of ligand ex- 
double resonance experiments using p-fluoro- change reactions of the type shown in reaction 3 

TABLE 2. Equilibrium constant for the formation of anil from p-fluoroanlline in acetone 

Sample p-fluoroaniline* Acetone* p-f uoroanil* H20* K 

1 4.0 X10-4 5.22~10-3 1 .63X10-4 1 .85X10-" 1 .44X10-2 
2 1.17~10-3 4.08X10-3 2.85X10-4 3 . 0 3 ~ 1 0 - ~  1.81 X10-2 
3 1.71 x 10-3 5.35~10-3 4.02~10-4 4.26~10-4 1.87X10-2 
4 5.1 x10-4 5.35x30-3 5.55x10-4 1 . 4 4 ~ 1 0 - ~  2.98X10-2 
5 1.92x 10-3 5.55~10-3 1.95X10-4 1.80~10-3 3.29X 

'Moles of reagent present in sample of constant volume. 
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in cases where the metal ion is paramagnetic 
leading to  large isotropic shifts for the complexed 
ligand. It is difficult to obtain reliable data with 
diamagnetic complexes since the chemical shifts 
are small. The present measurements have there- 
fore been confined to Co(1I) thiourea complexes. 
We anticipate that the Zn(I1) thiourea complexes 
would behave in a qualitatively similar manner A, 
although the numerical values for equilibrium 
constants will obviously be different. 

Equilibrium constants for the replacement of 
thiourea by acetone have previously been re- 
ported for a series of Co(I1) complexes (13). 5600 

We note here that acetone is the poorest of the 
five ligands involved with K for reaction 3 being 
of the order The rates of the ligand ex- 
change reactions have also been studied (14, 15)' 
Typical second order rate constants for the 
associative step are: 

CotuzCI2 + Ac + Cotu2AcC12 

h = 1.8 X 10' mol-1 s-1 

CotuAcClz 4- tu + Cotu2AcCI2 FIG. 3. Concentration dependence of thiourea chemi- 
k = 3.4 x 107 mol-1 5-1 cal shift of Cotu2Clz in acetonitrile. 

Both of these processes are too rapid to play a 
part as the rate determining step in the catalytic 
reactions. 

Anilines and A~zils as Ligands 
Two solvents have been used in the course of 

the study of these catalytic reactions. The forma- 
tion of anils is conveniently examined in acetone 
as described above since an excess of acetone is 
required to form the anil in conveniently 
measurable quantities. The hydrolysis of the 
anils and some of the transimination reactions 
can be more conveniently studied in acetonitrile 
solution. The equilibrium constants for aniline 
complexation are most si~uply obtained in 
acetonitrile since the presence of both aniline 
and anil causes some con~plications. 

The following procedure proved convenient. 
A k n o ~ n  quantity of Cotu2C12 was dissolved in 
5.0 ml of acetonitrile-(13 and this was used as a 
stock solution. Thc position of the thiourea 
resonance was measured in this solution. Samples 
containing various anilines a t  0.2 M concentra- 
tions uere prepared using this stock solution and 
the position of the thiourea resonance measured 

*Reference 1 5  reports approximate ligand exchange 
rates for zinc thiourea complexes. 

for each sample. In each case the resonance had 
moved towards the free ligand position due to 
displacement of thiourea by aniline on the com- 
plex. This information suffices to  determine the 
equilibrium constants for complexed anilines 
provided the chemical shift of thiourea fully 
complexed to  the cobalt is known. An initial 
experiment to  determine this quantity is there- 
fore necessary. 

The thiourea complexes are partly dissociated 
n solution. If the degree of dissociation is small 

it may be shown that: 

&here Av, is the chemical shift of the complexed 
thiourea, KD is the dissociation constant, and 
c is the concentration of the cobalt complex. 
Av, may therefore be obtained as the intercept of 
a plot of Avo,, us. 1 c. This procedure was 
successfully used in previous studies of Co(1I) 
thiourea complexes in acetone (13). A plot for 
Cotu2C12 in acetonitrile is shown in Fig. 3. It 
may be noted that this plot becomes non-linear 
a t  high concentrations of complex. This be- 
haviour was not observed in acetone but soiu- 
bility factors in this case prevented data being 
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TABLE 3. Equilibrium constants for the replacement of thiourea by anilines* 

Aniline 
concentration Shift of Free 

Aniline (mol I) tu t [tul K3 

None 0 . 0  3046 0.0161 - 

p-Toluidine 0.203 2817 0.0237 1 .7  X10-2 
p-Anisidine 0.198 2666 0.0287 3 .4  X10-* 
p-Nitroaniline 0.199 3041 0.0163 2 .8  X10-4 
p-Chloroaniline 0.198 2986 0.0181 3 . 7  ~ 1 0 - 3  
p-Bromoaniline 0.201 3009 0.0173 2 . 2  X10-3 
Aniline 0.202 2937 0.0197 7 . 0 6 ~  10-3 

'All sampler were 5.8 X 10-1 M in Cotu2C12 and the measurements were carried out at 35 ' C .  
Solvent CHiCN. 

t I n  Hz at I00 MHz measured from the free ligand position. 

obtained a t  the concentrations showing non- 
linear behaviour in acetonitrile. A number of 
explanations were considered, the most likely 
one being small changes in the magnetic axes 
affecting the dipolar isotropic shifts occurring 
through concentration dependent solvation 
effects. In any event the linear portion of the 
curve can be extrapola~ed to a shift of 4013 Hz 
a t  100 MHz corresponding to AY, = 3534 Hz 
(relative to free ligand). This may be compared 
with BY, = 3842 Hz in acetone. Equilibrium data 
derived from this value may be unreliable a t  
metal complex concentrations greater than 0.1 M .  
The experiments referred t o  in the previous 
paragraph were therefore carried out with rela- 
tively dilute solutions of metal complex 
(-0.05 M). 

Knowing AY, the observed shifts may be used 
to calculate the concentration of free thiourea 
ligand in solution. For solutions without aniline 
added this leads to  the equilibrium constant K2 
for replacing thiourea by acetonitrile. A value of 
K2 = 1.37 X 1 0 - 5 s  obtained. (Note that K2 = 

KDI'[CH3CN] and that the value obtained is 
approximately one order of magnitude greater 
than the corresponding value for acetone.) For 
solutions with aniline added it may be shown 
that the free thiourea concentration-is given by: 

where M is the concentration of metal complex 
and K3 is the required equilibrium constant for 
the replacement of thiourea by aniline. In this 
equation 

a = [An] 
b = [tu] + K2[AN]  

05 10 
u 

FIG. 4. Correlation of the log of equilibrium constants 
for the displacement of thiourea by a substituted aniline 
with the Hammett u value for aniline. 

where tu - thiourea, AN - acetonitrile, An = 
aniline. Equation 4 may be solved for K3. 
Table 3 presents data for a number of substi- 
tuted anilines. The equilibrium constants vary 
from lo-' to l op4 .  The anilines are clearly much 
better ligands than acetone. As expected electron 
donating substituents increase K3. Figure 4 
shows that there is a good correlation between 
log K3 and Hammett u values. This behaviour 
may be contrasted with the results of Rakshys 
(16) who found a poor correlation between the 
equilibrium constants for the formation of 
adducts between anilines and Ni(I1) acetylace- 
tonate and the Wammett u values for the anilines. 

We turn now to the equilibrium constants for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOATE AND EATON 

TABLE 4. Ligand exchange equilibria in acetone-[I6 

Value 

Parameter 

Initial weight of Cotu2Clz 
Initial \$eight of p-toluidine 

added 
Ratio [Anil] [p-toll (by integration) 
Shift of tu peak from free ligand position 
Shift of p-toluidine r?lefii si;nal* 
Shift of anil metal signal" 
Fraction of tu  in CotuzClz displaced 
Fraction of anil complexed 
Fraction of p-toluidine complexed 
Calculated value of Av, for p-toluidine 
Kaui~ 
Kn-cOl 

Sample b 

'Measured from the corresponding peaks in a s 
obtained at 27 "C aud at 56.4 MHz. 

anilines and anils in aceione solution. This situa- 
tion is more complicated since it is not possible 
to  examine each ligand separately; in the pres- 
ence of metal complex there will be an equilib- 
rium mixture of aniline and anil. The above 
method therefore does not suffice since it pro- 
vides only one piece of data to  calculate two 
equi l ibr i~~m constants. It is therefore necessary 
to  obtain the limiting shift Av, for either the anil 
or  the aniline separately. This may be accom- 
plished by examining the spectra a t  low tempera- 
ture such that the ligand exchange involving the 
anil is slow. Figure 5 shows a set of lgF nmr 
spectra for p-fluoroaniline solutions which illus- 
trate this possibility. p-Fluoroaniline alone shows 
a single resonance; on the addition of Zntu2C12 
a second resonance due to the anil appears. With 
CotuzClz there are again two lines both shifted 
relative to their positions in the previous spec- 
trum due to complexing ~ i t h  the paramagnetic 
cobalt compound. On lowering the temperature 
the anil peak broadens and eventually reappears 
as separate free and ,--s~nplexed ligand peaks. In 
the low temperature region the shift of the 
complexed anil peak has a 1 T (Curie law) 
temperature dependence. A value for Av, at  room 
temperature may therefore be obtained by 
extrapolation. Exchange of the aniline is obvi- 
ously faster than that of the anil. At the lowest 
temperatures the aniline peak is significantly 
broadened but it is not possible to  reach a suffi- 
ciently low temperature to observe separate free 
and comp!exed aniline peaks. Examination of 
the spectra in Fig. 1 shows that the behaviour 

olution with Z~tu iClz  replacing Cotu2C12. Spectra 

of p-toluidine in acetone is entireiy analogous 
although the situation is somewhat complicated 
by the multiplicity of proton resonances. 

Equilibrium constants can now be obtained 
from the rooni temperature spectra. The concen- 
tration of free thiourea is found from the 
thiourea shift. The concentration of complex 
anil is found from the measured anil shift and 
the extrapolated Av,. It is assumed that thiourea 
not replaced by anil is replaced by aniline. This 
gives the fraction of aniline complexed. This data 
allows the caiculation of equilibrium constants 
for both anil and aniline. Two sets of data for 
11-toluidine solutions are shown in Table 4. The 
limiting shift Av, for aniline (which cannot be 
measured directly) is also obtained from this 
experiment. The two values obtained at  different 
11-toluidine concentrations agree very well as d o  
the two values for both equilibrium constants. 
The value of K for y-toluidine in acetone (3.7 X 
10-9 may be compared with K for p-toluidine in 
acetonitrile (1.7 X Bt is apparent that K 
for the anil (2.1 X 10-l) is about one order of 
magnitude greater than for the aniline; anils are 
the most favoured substrate ligands. 

These experiments aiso provide qualitative 
data on the rates of ligand exchange. At the 
coalescence temperature for the nmr resonances 
the lifetime of a ligand coordinated to the metal 
is of the order (1 2n)Au s. At room temperature 
the lifetime must be less than this quantity. In 
this manner we estimate that the lifetime of a 
complexed anil molecule at  30 O C  is not longer 
than s and of a complexed aniline molecule 
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5m HZ 

FIG. 5. 19F nmr spectra of p-fluoroaniline. (A), p-fluoroanikine in acetone. ( R ) ,  plus Zntu2C12, anil 
peak to low field. (C) ,  I'lus CotuzCl,. (D), ( C )  at -20 'C. ( E ) ,  ( C )  at -90 ' C .  (F), Expanded sweep of 
(E). High field to low field, average of free and cornplexed aniline, free anil, complexed anil. 
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BOAT& AND EATON 3905 

not longer than s. Both of these Iifetimes 
are sufficiently short to  rule out either of the 0002.  

ligand exchange steps as rate determining proc- 
esses in the catalytic reactions. 

Water as a kigand 

The equilibrium constant for v~ater may be 
determined in a manner analogous to  that 
described above for aniline in acetonitrile. There 
is however an initial problem. Acetone always 
contains some water as an impurity and it is first 
necessary to  determine this concentration. This 
may be accomplished directly for acetone-h6 as 
described above but is more difficult for ace- 
t o n e - ~ / ~  since most of the water is present as 
D20  which is not easily observable by nmr. 
However, if an aniline such as p-toluidine is 
added to  the acetone-d6 equilibrium between the 
NH2 protons and the D 2 0  is rapidly attained. 
The water then gives rise to  two nnir resonances, 
a singlet due to H 2 0  and a triplet (arising from 
H-D coupling) due to  HDO. A typical spec- 
trum is shown in Fig. 6. If the equilibrium 
constant for the reaction: 

is known then integration of nmr spectra such 
as that shown in Fig. 6 allows the D 2 0  concen- 
tration to  be calculated. Statistically this equilib- 
rium constant should be four. It has been found 
t o  be 3.94 k 0.12 a t  20 "C using an nrnr method 
(17). The total water concentration in the 
acetone-c16 is now known. In the sample used in 
the experiments described below it proved to 
be 0.21 0.02C0 by weight. 

The positioil of the thiourea resonance in a 
sample of Cotu2C12 dissolved in acetone-d6 of 
known water content was measured. Water 
(20 p1) was added in 2 p1 portions and the shift 
of the thiourea peak monitored. These measurc- 
ments enabled us to calculate the concentration 
of free thiourea and hence of complexed water 

FIG. 6. IN nmr spectrum of H20/HDO at 105 MHz. 

FIG. 7. Dependence of "equiiibrium cons~anr" for 
replacenlent of thiourea by water 311 watcr conceiltration 
with CotuzCiz in acetone-d,,. Concentrations in mol,'l. 

providing the equilibrium constant for the re- 
placement of tliiourea by acetone is known. This 
leads to  the equilibrium constant for the repiace- 
ment of thiourea by water. This quantity proved 
not to be constant but t o  depend on the water 
concentration. The variation is showri in Fig. 7. 
It increases from around 4 X 10-Qo 2 x 
as the water concentration rises to  2 M ,  This 
behavioar parallels that of the eqililibrium 
constant for anil formation described above. It is 
consistent with previous observations of the 
shift of the water resonance in Co(!?) thiourea 
solutions (13) and hit11 the results of Shu19man 
ef (11. (18) who found by an electrochemical 
method that the relative ccnnplexing abiiities of 
tu and H 2 0  in aqueous acetone depend on the 
dielectric constant of the solution. The data of 
Fig. '7, however, enable us to estimate an effec- 
tive equilibrium constanr for compiexing of 
water at any concentration of viater. 

Previous results (13) have shown that free and 
complexed water are in fast exchange at room 
temperature but that complexed water appears 
with a large isotropic shift of around 7000 Hz 
at  - 80 "C. This ligand exchange process is again 
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too fast to  play a rate determining role in the 
catalytic reactions. 

Hydrogen Exchange Reactions 

The observations that ligand exchange is rapid 
on the nmr time scale reported above have 
eliminated a number of steps as possible rate 
determining processes in the catalytic reaction. 
It is possible to eliminate proton exchange steps 
by a similar argument. Figure 80 shows the nmr 
spectrum of p-toluidine in moist acetone-[I6. 
Separate resonances for the NH2 and the H20  
protons are clearly visible. Figure 8b shows the 
same sample after addition of Znt~ . (C104)~  to 
make the solution M in catalyst. An 
averaged resonance for NH2 and H 2 0  is now 
observed. Application of the coalescence formula 
leads to a maximum lifetime for the protons on 
either water or aniline of lou3 s. The lifetime 
may well be much less than this upper limit since 
slow exchange spectra are not obtained at  lower 
temperature. In order to form anil from acetone 
and aniline it is necessary to  transfer protons 
from nitrogen to oxygen. This may or may not 
take place in two discreet steps with the forma- 
tion of an intermediate carbinolimine. In any 
event the above result makes it clear that proton 
transfer steps are not likely to be rate determining 
in the overall catalytic mechanism. It may be 
noted that fast exchange is never detected 
between the amino protons of the thiourea and 
those of either water or aniline. This observation 
may be correlated with the fact that both water 
and aniline bind to the metal through the atom 
to which hydrogen is attached whereas thiourea 
is bound through sulphur. 

In experiments involving hydrolysis of p- 
toluidine anil in acetone-c16 three rate processes 
may be observed in the methyl region of the 
spectrum. There is the disappearance of anil 
methyls and the appearance of acetone-h6. This 
measures the rate of anil hydrolysis. Secondly 
and slower is the incorporation of CD3 groups 
into the anil methyls. This measures the rate of 
conversion of acetone to anil and is SIOMJ because 
the initial concentration of p-toluidine is very 
small. The third process, which is much slower 
again is an exchange of hydrogen and deuterium 
leading to an increase in the intensity of the 
acetone45 quintet. This reaction is very slow 
and is distinguished from the second process by 

the fact that CD3 is converted to CD2H rather 
than to CH3. The fact that this third process is 
much slower than the first or second puts a 
number of constraints on the mechanism of anil 
formation and hydrolysis. 

Conclusion 
The present paper has two objectives. First of 

all we have demonstrated the existence and scope 
of reactions involving the metal complex cata- 
lyzed formation and hydrolysis of anils. The 
nature of the products of the reaction between 
acetone and anilines has been demonstrated by 
independent synthesis of the anils. The reaction 
has been shown to be truly catalytic and not 
promoted. The rate of the catalyzed reaction is 
very fast compared to any uncatalyzed reaction. 
It is a convenient reaction to study since both 
the forward and back reactions can be followed 
by nmr. It  is catalyzed by a variety of thiourea 
complexes but their effectiveness varies over 
three orders of magnitude. Inhibition by thiourea 
and by chelating ligands has been demonstrated. 

Secondly, a number of experiments are re- 
ported which lay the foundation for a more 
detailed kinetic and mechanistic study. Equilib- 
rium constants for complex formation involving 
all four of the reactant and product molecules 
have been obtained. These data provide the input 
information for computer calculations of the 
concentrations of the various metal complexes 
in reacting solutions. Ligand exchange and pro- 
ton transfer reactions have been shown to be 
too fast to be involved as rate determining steps. 
With this background subsequent papers will 
proceed with a more detailed study of the 
mechanism. 

Experimental 
Nuclear magnetic resonance spectra were obtained on  

Varian DP60 and HA100 spectrometers with normal 
probe telnperat~lres of 35 and 27 ^C respectively. All 
apparatus was kept scrupulo~~sly clean and where 
possible solutions were prepared directly in the nmr 
sample tube. 

The metal thiourea cotnplexes used as catalysts were 
prepared in a manner similar to that prekiously described 
(13).  fn a tlpical preparation, stoichiornetric quantities of 
the metal halide and ligand were each dissolved in a 
minitnum quantity of hot  alcohol, usually 11-butyl alcohol. 
The solutions were mixed, cooled, and the product 
collected. The conipoutids were recrystallized from 
alcohol and pumped dry on a vacuum line. 

The deuterated solvents used in this study were obtained 
from ~Merck, Sharp and Dohrne. The extent of deuteration 
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BOATE AND EATON 

FIG. 8. Effect of catalyst on proton exchange between p-toluidine and water. (a), 1M spectrum of 
p-toluidine in acetone-d6. (b), Immediately after addition of 10-5 M Z n t ~ ~ ( C 1 0 ~ ) ~  
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was 99Yc or better. The aniiines were obtained com- 
mercially and were either sublimed or distilled before use. 

Two methods Lvere used to prepare the anils. The first 
method (19) involved the reaction of 2.2-diethoxypropane 
with an aniline at high temperature. 

In a typical experiment 3.3 g of 11-fluoroaniline and 
5.0 g of 2,T-diethyoxypropane were slowly heated or, an 
oil bath to 185 'C.  A gentle stream of nitrogen removed 
the ethanol formed. After about 10 niin the flask was 
cooled under a stream of nitrogen and the contents 
distilled under vacuum. This method yields a mixturc of 
p-fluoroaniline and its acetone anil. The two compounds 
have very similar boiling points. The products were 
identified by theii nmr spectra using the assignments 
reported by Curtin er 01. (1 I). 

A more satisfaciory method for preparing anils is 
suggested by the work of Muhn and Schretzmann (20). 
This method uas used to prepare the p-toiuidine anil. 
Firstly, a complex 

was prepared by dissolv~ng 10 g of p- to lu~d~ne h>dro- 
~ o d ~ d e  and 20 g of Agl In the minimum quantity of hot 
d~methylformamlde (-40 rnl) and then adding a large 
~ o l u m e  (-4 1) of acetone to the cooled solut~on The 
complex slowly crqstalilzed out and ylelded about 15 g 
( 5 0 r ( )  of an alr stable wh~te solid. The free anil was pre- 
pared b j  relluxlng 12 g of the Agl complex with 80 ml of 
10'; Et3N in benzene, removing sol\ent, and finally 
dlstllllng the an11 In Lacllo. The nmr spectrum of the 
product ~ndlcated that ~t contalned about 5 ( ,  p- tolu~d~ne 

I .  W. P. JENCKS. Catalysis in chemistry and enzyniology. 
McGraw-Hill, N.Y. 1969. 

2. G. L. EICHHORN and J. C. BAILER. J. An?. Chem. Soc. 
75, 2905 (1953). 

3. G. L. EICHHORN and T. M. TRACHTENBERG. J. Am. 
Chem. Soc. 76, 5183 (1954). 

4. M. C. THOMPSON and D. H. BUSCH. J. Am. Chem. 
SOC. 86, 213 (1964). 

5. D. L. LEUSSING and C. K. STANFIELD. J. Am. Chem. 
Soc. 88, 5726 (1966). 

6. K .  S. BAI and D. L. LEUSSING. J. Am. Chern. Soc. 89, 
6126 (1967). 

7. D. HOPGOOD and D. L. LEUSSIKG. J. Am. Chem. Soc. 
91, 3740 (1969). 

8. 6. REDDELIEN. Ber. 42, 4759 (1909): 43, 2471 (1910); 
46, 2718 (1913). 

9. 6. REDDELILN and A. THURM. Ber. 65, 1511 (1932). 
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J. Am. Chem. Soc. 88, 2775 (1966). 
12. H. STAAB. Ann. Chem. 708, 36 (1967). 
13. D. R. EATON and K. ZAW. Can. J. Chem. 49, 3315 

(1971). 
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as the only detectable itnpllvity. 
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The solubility of water in low-dielechic solvents 

JITKA KIRCHNEROVA AND GENILLE C. B. CAVE 
Deparrrnet~r of Cliemi~fr j ,  McGill Ut~ieeraifj, ~Llonfteul, P.Q., Cr~nrmdu H3C 3Gl 

Received November 21, 19751 

JITKA KIRCHNEROVA and GLNILLE C. B. CAVE. Can. J. Cheni. 54, 3909 (1976) 
The solubility of water has been measured in several low-dielectric solvents at 25 'C. and the 

values in the no~ipolar  solvents are treated by uaing a modification of the Scatchard-Wildebrand 
equation. The water-solcent interaction parameter in this equation is represented by a new 
relationship inuolcing the separate cont r ib~~t ions  due to  diipersion and polar interactions. A 
new method is give11 for calculation of the dispersion component of the solubility parameter 
of a polar species. Formation constants are reported for 1 :1 water-solvent complexes in carbon 
tetrachloride, benzene. toluene, and p-xylene. 

JITKA KIRCHNEROVA et GENILLE C. B. CAVE. Can.  J. Chem. 54, 3909 (1976). 
O n  a niesure, B 25 C :  la solubilite de l'eau dans plurieurs solvants presentant une faible 

constante dielectrique et on  a traite les valeurs dans ces iolvants nonpolaires en utiiisant une 
modification de l'equation de Scatchard-Hildebrand. O n  reprksente les parametres d'inter- 
actions eauisolvant dans cette equation par une nouvelle relation iinpliquant les contributions 
separees dues aux interactions de dispersion et polaire. O n  donne une n o ~ ~ v e l l e  riiethode pour 
calculer la conipoiante de disper3ion d u  para~nlltre de solubilite d'une espllces polaire. O n  
rapporte les constantes de formation des cornplexes 1 : I  eau iolvant clans le tetrachlorure de 
carbone, le benzene, le tolukne et le p-xylkne. 

[Traduit par le journal] 

Introduction 
Numerous experimental data have been re- 

ported (1-6) for the solubility of water in organic 
solvents, but there have been few attempts to 
provide a quantitative interpretation of these 
solubilities. Black, Joris, and Taylor (7) applied 
the Scatchard-Hildebrand equation (8, 9) to 
the solubility of water in several structurally 
different hydrocarbons, saturated and ~lnsatur- 
ated, in order to  calculate the solubility parame- 
ter of the water (henceforth abbreviated to  6,). 
These calculated values agreed reasonably well 
with the value of 23.33 call/' cm-v2 a t  25 "C 
obtained from the energy of vaporization of 
water, except when olefinic hydrocarbons were 
the solvents, in which case the values of 6, 
were lower. 

Wing and Johnson (lo), and Jones and Monk 
(11) also used regular-solution theory t o  inter- 
pret the sol~~bi l i ty  of uater in a number of 
aromatic hydrocarbons having either alkyl 
groups or halogens as substituents. Their calcu- 
lated values for 6, in these solvents at  25 "C 
ranged from 23.9 call/' ~ r n - ~ / '  when benzene 
was the solvent, t o  25.4 call.'' ~ r n - ~ / '  when it 
was o-dichlorobenzene. 

'Revision received August 26, 1976. 

Hildebrand and Scott (9) have discussed these 
various values of 6 ,  as calculated from regular- 
solution theory. 

Goldman (6) and Kirchnerova (12) deter- 
mined the solubility of water in several nonpolar 
and halogenated aromatic solvents, at  several 
water activities by using the isopiestic equilibra- 
tion method. Goldman found, in agreement with 
others (10, l l ) ,  that the solubility of water de- 
creased in the order benzene > chlorobenzene > 
o-dichlorobenzene. This order was the reverse 
of that found for some other compounds such as 
metal 8-quinolinates (13). 

The demonstrated inadequacy of the Scat- 
chard-Hildebrand equation for the calculation 
of 6, is not unexpected, because the equation 
was intended for nonpolar systems. Anderson 
and Prausnitz (14) extended the treatment 
empirically, t o  account for the behaviour of 
nonpolar solutes in polar solvents. 

The present report proposes a somewhat 
direrent approach to the quantitative interpre- 
tation of uater solubilities in low-dielectric 
solvents. I t  uses a modification of the Scatchard- 
Hildebrand equation, in order to calculate the 
nonspecific (dispersion, dipole-dipole, and di- 
pole - induced dipole) interactions between water 
and solvent. I t  also provisionally makes use of 
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the concept of a single complex (WS) being 
formed from water (W) and some nonpolar 
solvents (S). 

Thus, the modified regular-solution equation 
is used to calculate the contribution of the non- 
specific interactions to the solubility of hater in 
a given solvent. The difference between this 
calculated contribution and the measured solu- 
bility is then used to calculate the formation 
constant of the WS species. For this treatment, 
reliable published values of water solubility 
(1, 2, 6) were supplemented by values measured 
in the present work. 

Experimental 
Materruls 

Cqclohexane (Fisher C-555), p-xy lene (Fssher 277), and 
benzene (Fisher B-245) were further pur~fied bb double 
crystallization. Carbon tetrachloride  ishe her- C-199), 
chlorobeilzelle (Fijher B-255). and o-dichlorobenzene 
(Fisher 494) were washed successively with concentrated 
sulfuric acid, twice with distilled water, l o f ,  aqueous 
solution of K2CO3. and finally several times with distilled 
water. The products were dried over silica gel. then 
fractio~ially distilled under nitrogen, using a onc-metre 
distilling column packed uith Raschig rings. During the 
distillation, cuts were monitored by gas chromatography, 
and the cut of best quality retained for use. The densities 
of these retained cuts at 25.0 k 0.02 'C  were found to be: 
cyclohexane, 0.7734 = 0.0001 (lit. (15) 0.77391); carbon 
tetrachloride, 1.5844 +- 0.0001 (lit. (15) 1.58439); p- 
xylene, 0.85655 5 0.00006 (lit. (15) 0.85669); benzene, 
0.87378 + 0.00005 (lit. (15) 0.87368): chlorobenzene, 
1.1009 1 0.0001 (lit. (15) 1.10082); o-dichlorobenzene, 
1.30024 1- 0.00008 (lit. (15) 1.30033). The purity of the 
purified cyclohexane was estimated by gas chromato- 
graphic analysis of impurities to be 99.6'; : and that of the 
other solvents to be better than 99.8";. 

Distilled, deionized water was used for the solubility 
studies. The calcium chloride dihydrate was Fisher C-79, 
certified grade. 

Apparatus and Procedrires 
Isopiestic Equilibrariot? 
The equilibration vessels were in some cases 250-nil. 

conical. ground-glass stoppered iodine flasks, and in 
other cases 250-ml conventional, ground-glass stoppered 
reagent bottles. Approximately 50 n11 of the organic 
solvent were placed in the vessel. A 10-cm X 1-cm test 
tube containing 6 ml of water or of a standardized 
aqueous solution of CaC12 was then placed in the vessel 
so that the rim of the test tube rested against the upper 
inside wall of the vessel. The vessel was then stoppered, 
placed inside a plastic bag, and the jacketed vessel was 
submerged up to its neck in a water thermostat at 25.0 f 
0.1 "C. Care was taken to ensure that the water level was 
above the bottom of the stopper in the equilibration 
vessel. Trials had shown that the stoichiometric concen- 
tration of water in the solvent became constant within 
2 days. 

Ten-millilitre aliquots of the water-saturated solvent 
were transferred to a dried Karl Fischer titration vessel 
for a determination of the water content. The transfer was 
made by means of a special pipet. which had a water 
jacket through which water at 25.0 + 0.1 'C was circu- 
lated. The dried pipet was always prerinsed with the 
water-saturated solvent. 

Karl Fischer Titrariotl ,for Tofal Water 
The stoichionietric concentration of water in each 

water-saturated solvent was determined by a conven- 
tional Karl Fischer dead-stop back-titration. A standard, 
completely closed Radiometer Titration Assembly (type 
TTAI) with a special custonl-made titration cell uas used. 
This cell had a glass T side-tube. One arm of the T served 
as a sample-injection port that could be closed by an 
attached rubber sleeve and a clamp. The other arm was 
an inlet for a stream of dried nitrogen gas. A F 32/40 
joint accommodated the removable glass head of the cell. 
Two platinuni electrodes sealed in this glass head were 
coilllected to a Beckman Zeromatic I1 potentiometer, and 
polarized by a 10-pA current. The upper opening of the 
automatic buret holding the Karl Fischer reagent was 
protected by a P2O5 tube. To pump this reagent into the 
buret from its reservoir, a rubber bulb was used with its 
air-intake protected by a P2O5 tube. To ~ ) L I I I I ~  the 
standard water solution from its reservoir into the other 
buret. a r~ibber bulb was used with its air supply being 
prewashed with niethanol. 

The Karl Fischer reagent (Fisher SO-K-3) was diluted 
with diluent (Fisher SO-K-5) which had heel1 pre-dried 
with Linde A-type ~ilolecular sieves. 

The solubility of water in each solvent and for each 
water activity of the CaC12 solutions was determined in 
triplicate. 

Results 

The mean value found in the present work 
for the solubility of water at  unit activity in 
each solvent at  25 "C is entered in Table 1, 
together with selected literature values for several 
solvents. The table also lists the molar volume 
(V,) and the solubility parameter (6,) of each 
solvent. 

The solubilities at  several different water activi- 
ties weLe also measured both during the present 
work with the complete data reported elsewhere 
(12), and also by the other investigators listed in 
Table 1. The isopiestic equilibration method was 
used. These data showed that in the first eight 
solvents listed in Table 1: water obeyed Henry's 
law. However, in the last three solvents in the 
table this law was not obeyed, and the solubility 
of water was much high& than in solvents ha;- 
ing comparable solubility para~neters and polari- 
ties. These higher solubilities have been attributed 
(1, 4) to the existence of water trimers, a conclu- 
sion which has been further supported by infra- 
red (16) and proton magnetic resonance studies 
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TABLE 1. Solubility of water in selected solvents, molar volume (V,) and solubility parameter (6,) 
of each solvent, at 25 -CS 

Solvent 

Solubillty of water Reference 
v s  6s for rolubillty 

(mi, mol) (call/: cn1-3/2) mol I mole fraction data 
~ - 

Hexadeca~le 292.8 8.01 0.0029 0.00085 1 

Gyclohexaiie 108.7 8.19 0.0029 0.00032 - 7 
0.0030 This work? 

CCI4 97.1 8.58 0.0087 0.00085 1 
0.0087 This work? 

p-Xylene 123.9 8.77 0.0217 0.00269 This work? 

Toluene 106.9 8.91 0.0270 0.00283 - 7 
0.0265 4 

Benze~ie 89.4 9.16 0.0349 0.00312 1 
0.0349 This work? 
0.0345 6 

Chlorobenzene 102.2 9.68 0.0290 0.00297 6 
0.0290 0.00297 This workt 

o-Dichlorobenzene 113.1 10.05 0.0230 0.00271 6 
0.0240 0.00271 This work? 

Chloroforin 80.7 9.49 0.0738 0.00596 3 
0.0732 5 

I ,2-Dichloroethane 79.3 9.78 0.1262 0.01010 1 
0.1264 3 

1,1,2,2-Tetrachlaroethane 105.8 9.80 0.1010 0.01070 1 

*Values of V. were from densities (151, and those of 6, were calculated with R T  correction, from values of A H P I I S  in ref. 15. 
fThe standard deviation of the water determination was 0.OU02 M ,  for n = 5. 

(5, 17). The solubilities for both polar and non- 
polar solvents are compiled in Table 1 for 
comparative purposes, but in the present report 
only the data on the nonpolar solvents are 
quantitat~vely interpreted. 

Treatment of the Data 

In its general form, and with the Flory- 
Huggins size-correction term added, the Scat- 
chard-Hildebrand equation for the activity co- 
efficient of a solute (subscript 2) a t  infinite 
dilution (-yzm) in a solvent (subscript 1) can be 
written (18) as 

where Vl and k-2 are the molar volumes, and 
Cll and C22 are the cohesive energy densities of 
the pure liquids 1 and 2, respectively. It is usual 
to  write 

VICI1 = &Elv = Vl/1612 

where AElv is the molar energy of vaporization 
of liquid 1 ,  and 8, is by this definition its solu- 
bility parameter; similarly for C2z. The parame- 
ter C12 reflects the pair interaction between 
solute and solvent. For both components non- 
polar, Scatchard proposed C122 = CllC22. 

This geometric-mean approximation has proved 
useful for binary nonpolar systems; but experi- 
mental data (19, 20) indicate that even then it is 
not strictly valid for many such systems. Empiri- 
cal corrections to the geometric mean have been 
proposed (18) by using an empirical binary 
coefficient. In addition, there have been theoreti- 
cal calculations (21, 22) of these deviations of 
C12 from the geometric-mean value. However, 
a method of general validity based on some 
macroscopic properties of the components is still 
not available. 

The application of [I] to polar-nonpolar 
binary systems is more complicated. One ap- 
proach (18) has been to let CI1 = d612 + P612 
and C22 = 822. Here, 9, is the nonpolar com- 
ponent and P61 the polar component of the 
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solubility parameter of the polar liquid 1. and 
2 is the nonpolar liquid whose total solubility 
parameter is f i 2 .  The value of C12 &'as assumed 
to be given by 

where #12 takes into account the dipole - induced 
dipole interactions between liquids I and 2. 

In the present report, a modified method is 
proposed for estimation of the contributions 
which the nonspecific molecular interactions 
make toward CI1, C22, and GI*. The treatment is 
intended for polar-nonpolar binary mixtures. 
As an example, it is applied in the present paper 
to  saturated solutions of water in nonpolar 
solvents. 

Extension of the proposed method to include 
polar-polar binary mixtures is under study, but 
is not yet at the point where, for example, the 
solubility of water in polar solvents (Table 1) 
can be treated. 

Superscripts d,  p, and h will denote the 
contribiltions to a given parameter, due to dis- 
persion forces, polar forces (dipole-dipole and 
dipole - induced dipole), and hydrogen bonds 
respectively. Subscripts w and s will denote the 
components water and solvent, respectively. 
Superscript v will denote vaporization. 

Hansen (23) wrote 

for iiquid water, where the terms on the right 
denote the contributions to energy of vaporiza- 
tion, due to the designated forces. He did not 
give explicit definitions of A1'E, and A"E,,. We 
shall need to do so, in a way that will ensure 
they are independent of each other. For this 
purpose the model of Scheraga and co-workers 
(24) of l i q ~ ~ i d  water will be invoked, i.e. hydro- 
gen-bonded aggregates with a size distribution. 
One may then suppose that a two-stage process 
occurs: first, all the hydrogen bonds in every 
aggregate are broken to leave a hypothetical 
liquid of dipolar monomers. Then, this hypo- 
thetical liquid is vaporized to  produce real 
water vapour (which is more than 95% mono- 
meric). Thus, for one mole 

AhEw 
[3] Real liquid - Hypothetical liquid 

water of dipolar monomers 

AdE, + ADE, 
A Real monomeric vapour 

A quantitative treatment and applications sf  this 
concept to water-alcohol-solvent systems will be 
the subject of a separate report. 

From [2], the totai solubility parameter 6, of 
water may be represented in terms of its con- 
tributing parts: 

141 g w 2  = d 6  W + ,2 + h6$ 

but those parts are defined by process [ 3 ] ,  above. 
Guided by the well-known equations of 

Debye and Keesom for the averaged dipole - 
induced dipole interactions and the dipole- 
dipole interactions of a pair of like nlolecules 
having a permanent dipole moment p in a dilute 
gas, it is convenient to define the polar solu- 
bility parameter P 6  of a pure liquid as 

where 6 is a parameter that is a function of p2. 

Thus, the term 2kC'60 is intended to represent the 
induced dipole (proportional to d 6 )  - dipole 
(proportional to 6) contribution to the cohesive 
energy density of a pure liquid. The factor k 
compensates for the change in the potential 
energy formulae on which [5] is based, on going 
from a two-body interaction in a dilute gas to 
the many-body interactions in the liquid. This 
factor also includes the change in dipole moment, 
a matter discussed by Bottcher (25). 

It is next assumed that for any binary system 
the solute-solvent pair interaction parameter C12 
in [l] can be represented by the sum of the 
contributions arising from nonspecific (disper- 
sion and polar) interactions, and specific (e.g. 
hydrogen-bond) interactions. Then for the sys- 
tem water-solvent 

[61 C,, = dC,, + PCWs + CC\vS 

where superscript c replaces h merely to indicate 
a complex. 

It will further be assumed, as usual (l8), that 
the geometric-mean approximation is adequate 
for d ~ W s ,  

[71 
d d 

d ~ , S  = 8 ,  8 ,  

For the case of a polar solute (water here) 
&here Henry's law is obeyed in a nonpolar 
solvent. the rationale used to construct [5] is 
used to define PC,,. Then 

P I  PCw, = kd6,0, 

and, with [6] and 671 
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FIG. 1. Relationship between the solubilit> parameter 
(6) and refractivity (R)  of selected liquids. ( a )  )I-alkanes: 
( b )  }I-1-alkenes; (c) 2-methyialltanes ; ( d )  2.2-dimethyl- 
alkanes; ( e )  2.2,3-trii-rtethylalkanes; (I) cyclopentane: 
(2) cyclohexane: (3) benzene; (4) toluene; ( 5 )  carbon tet- 
rachloride; (6) hexafluorobenzene; (7) 2,2,4,4-tetrameth- 
ylpentane; (8) 2,2.3,3-tetramethylpeatane. 

E91 C,, = d6wd6, + kdasO, + 'CW., 

where "C,, is the contribution due to  any 
solute-so!vent complexes in the binary mixture. 

In order to make use of [9], it is necessary to  
have an  independent means of evaluating d6 for 
pure liquids. Previously proposed methods em- 
ployed the homoinorph concept (14, 26). A 
convenient alternatike method is now proposed. 

Evaluarion of "6 
The term d6 in [4] represents the contribution 

made by London dispersion forces t o  the total 
solubility parameter of a liquid. This term 
would be expected to be a function of the 
polarizability of the molecule, ~vhich in turn is 
known to  be a function of the refractive index 
of the liquid. Scatchard (27) had in fact observed 
that  the solubility parameters of straight-chain 
hydrocarbons were closely related to the refrac- 
tivity values, R, of the liquid hydrocarbons 

where nd is the refractive index of the liquid. 

Therefore, we have re-investigated the rela- 
tionship between solubility parameter and refrac- 
tivity, in our search for a method of evaluating 
d6. First, the values of G(tola1) and R at  25 "C 
were calculated and tabulated for more than 
150 liquids (nonpolar and polar, including water 
and alcohols), from the i i t e ra t~~re  data (15, 28). 
The values of the refractivities and solubility 
parameters for 40 nonpolar hydrocarbons are 
plotted in Fig. 1. Data for these and an  additional 
110 liquids are tabulated elsewhere (12). 

Each line in Fig. 1 represents a honlologous 
series. The six isolated points to  the right of the 
n-alkane line belong to carbon tetrachloride and 
cyclic hydrocarbons: hexafluorobenzene, cyclo- 
pentane, cyclohexa~le, benzene, and toluene. 

The points for polar and associated liquids lie 
much further to  the right, and are not shown in 
Fig. 1. 

For a polar component of a binary solution it 
is proposed that it be assigned a value for d6  
equal to  that of its equistructural hydrocarbon, 
namely the one having the polar group replaced 
by a methyl group. For example, the value of d6 
for 2-chloroheptane ~ ~ o u l d  be taken as being the 
value of d 6  for 2-methylheptane, found by 
referring the refractivity of 2-methylheptane to  
the line for the 2-methylalkanes (b of Fig. 1). 

The Sjstem U'uter - Nor~poiclr Solcent 
For those saturated solutions of water in 

nonpolar solvents (i.e. the solution is in equilib- 
rium with pure water), kvhere the water obeys 
Henry's lau (-y, = r,") and its standard state 
is pure water, then if x, is the mole-fraction 
solubility of water, [I] can be re-written as 

The values of C,, for six water - nonpolar 
solvent mixtures were calculated by using [lo] 
and the data for x,, V,v, V,, and 6, given in 
Table 1, together with the value of 23.43 
~ m - ~ / '  for 6, found from its molar energy of 
vaporization. The resulting values of C , ,  are 
found in Table 2. 

On re-~+riting [9] as 
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TABLE 2. Interact1011 parameters C,, and cC,, These calculated contributions are found in 
for i ~ x  water - nonpolar solvent nxxtureh at 25 C ~ ~ b l ~  3. ~h~~ the difference between the experi- 

c,vs C,s,'6s Ccvs  
Solvent (cal,'cm3) (call/', crn'/" (cal/cm3) 

Hexadecane 160.3 20.0 Nil 
Cqclohexane 160.3 19.6 Nil 
m i 4  181.1 21.1 11.2 
p-Xy lene 198.3 22.6 24.6 
Toluene 202.4 22.7 25.8 
Benrene 208.7 22.8 27.5 

and noting that in Table 2 all the solvents are 
nonpolar, so that 6, = d6,, then C,,,%, may be 
evaluated. The results are in Table 2. Based on 
the known mean deviation of the measured 
values in Table 1 for the solubility of water in 
hexadecane and cyclohexane, the mean deviation 
in C,, would be approximately 0.3. Conse- 
quently. in Table 2 the values of C,, for 
hexadecane and cyclohexane are considered to  
agree, and their mean value of 19.8 cm-3/2 
is used. Further, it is assumed that for these two 
solvents water-solvent complexes are not formed 
(cCC,, = 0). Then from [ l  11 

Then from [6], [ l l] ,  and [12] 

The values of (C,, - 19.86,) for carbon tetra- 
chloride, p-xylene, toluene, and benzene are 
given as "C,, in Table 2. They are taken to indi- 
cate the presence of water-solvent complexes. 
In  addition, the values of (dC,, + PCws) for a 
system are seen from [13] to  be given by 19.8~6,. 
These values for four systems are entered in 
Table 3 ;  and substitution of them in lieu of the 
term C,, in [lo] permitted calculation of the 
contribution (I,) of the nonspecific water- 
solvent interactions to  the solubility of water. 

mental (i.e. total) solubility (x,) of water 
(Table 3) and the balue of 1, is assumed t o  be 
due to  a 1 : l  water-solvent complex having a 
concentration xu, inole fraction in the particular 
solvent. In making this assumption it is recog- 
nized that the only excess entropy term that has 
been taken into account is the difference in 
molar volumes of solute and solvent. The calcu- 
lated contributions in Table 3 would by this 
assumption then be the mole fraction 2, of free 
water in the saturated solution. For the case 
where all activity coeflicients are unity, the 
formation constant K,, of the 1:1 complex is 
given by 

where x, is the mole fraction of the solvent. The 
reference states for water and the con~plex are 
taken to be infinitely dilute solutions, and that 
of the solvent to  be the pure solvent. The solu- 
tions were sufficiently dilute for all activity 
coefficients to be taken as being unity. The values 
calculated for K,, are in Table 3. In view of the 
approximations used throughout, these values 
can only be estimates. 

The deviations between calculated and experi- 
mental solubilities admittedly d o  not constitute 
unequivocal evidence of complex formation. 
However, the formation of complexes between 
water and some aromatic solvents has previously 
been proposed on several grounds: solubility 
data (9, 29, 30), solvent-extraction data (31), 
partial molar volumes (32), and particularly the 
shift in infrared stretching frequencies (33-36). 
However, formation constants have not previ- 
ously been reported. 

Complexes have also been reported between 

TABLE 3. Calc~~lated values for the formation constants (K,,) 
of a proposed 1 : 1 water-solvent complex in four solvents at  25 ^C 

Solubility of water ( X 105) (mole fraction) 
dCws + PC., 

Solvent (cal, cmi) Calculated" Experimental KLVs 

cc14 169.9 43 
p-Xylene 173.6 60 
Toluene 176.4 58 
Benzene 181.4 60 

*Based on the contribution of the nonspecific water-solvent interactions only. 
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TABLE 4. Literature values for the formation constant 
KAs for 1 :I co~nplexes between phenol and solvent, 

and rei.1-butyl alcohol and solvent 

KAS 

Phenol tert-Butyl alcohol 

Mole Mole 
Solvent 1 /mol* fraction? 1.111011 fractionj 

p-Xylene 0.39 3 . 2  0.20 1 .6  
Toluene 0.39 3 .6  0.19 1 .8  
Benzene 0.33 3 .7  0.17 1 .9  

'Values at 29 "C, from ref. 37. 
t!/mol values reported in refs. 37 and 38 converted to mole-fraction 

bass. 
f Values at 26 O C ,  from ref. 38. 

alcohols and aromatic solvents, and several 
formation constants are available. For example, 
Table 4 gives the values reported for 1 :  1 com- 
plexes between the solvents p-xylene, toluene, 
and benzene with phenol (37)  and with tert- 
butyl alcohol (38) ,  as determined from infrared 
measurements. That tert-butyl alcohol has much 
lower values than phenol is presumably due to 
the louer acidity of the former solute. The acidity 
of water is slightly louer than that of phenol so 
that the values of K,, in Table 3 should reflect 
this difference, and they do. Thus, our proposal 
of 1 : l  complexes, and the estimates of their 
formation constants appear to  have some basis, 
and may be useful in the prediction of water 
solubilities. 

Based on dissolved water interacting with the 
inert solvents hexadecane and cyclohexane only 
by dispersion and polar forces, a value of 19.8 

cm-3/2 was found above for the sum 
(d6,  + kt),), of [ l l ] .  For solutions where TC,, 
is negligible, the value 19.8 caI1l2 ~ m - ~ "  may 
be used with a known value of d6, ,  to  estin~ate 
from [9] and [ l o ]  the solubility of water in non- 
polar solvents. In addition, the demonstrated 
relationship betueen d 6  and the refractivity of a 
nonpolar liquid leads to  a value of 6.8 
cm-3/2 for d6,. Therefore, kt), uill then be 
13.0 ca11/"m-3/2. This value indicates that 
dipole - induced dipole interaction is stronger 
than current theory supposes, because it is 
larger than would be theoretically predicted (39). 

A theoretical method for the calculation of k 
is not yet available. As an approximation, it uill 
be supposed that its value is independent of the 
solvent, and u e  shall try k = 1 .  Then for liquid 
water, substitution of k0, = 13.0 and d 6 ,  = 6.8 

into [5] gives = 346 cal ~ m - ~ .  Therefore for 
the vaporization of a mole of liquid water 
present in a hypothetical state in which it con- 
sists solely of dipolar monomers (step 2 in eq. 3) ,  
AE' will be (d6,2 + P6$)V,v. This value is 7.1 
kcal;'n~ol at 25 "C. Now Scheraga and 0wicki2 
calculated by using their latest model of liquid 
water that AE' for this hypothetical step is 
8.32 kcal/mol a t  25 "C. Alternatively, use of this 
latter value leads t o  k = 0.84. This value may 
be compared with the range of values 0.42-0.57 
for six polar, nonhydrogen-bonding organic 
solutes in n-heptane, found recently by Milanov6 
(40)  and soon to  be reported and discussed. In 
the present paper k has not been assumed to  be 
constant for all solutes. Milanovi's results show 
that even among simple polar solutes a variation 
in k is to  be expected. Therefore, for a solute 
such as hater a value of 0.84 does not seem 
surprising. These results are considered to lend 
credibility to [8] ,  and therefore to  our method of 
calculating the value of the parameter Clz for 
dilute solutions of a polar solute in a nonpolar 
solvent. The substitution of this calculated value 
for CI2 in [l] allows the activity of the polar 
solute in such a solution to be estimated. 

An additional use of the concept of hypotheti- 
cal states for the water is to  consider the process 

1 E I V  
Hypothetical vapor of 

Real liquid , the same 11-mers as were 
[Ii1 water in the real liquid, and 

in the same proportion 

Scheraga and 0wicki2 calculated AEl ' to be 
5.36 kcal mol. Now if the Scatchard-Hildebrand 
equation or a modification of it is to  be used in 
order to  calculate, for example, the solubility of 
an inert solute in uater as the solvent, the value 
which should be used for the total solubility 
parameter 6 ,  for the water is not 23.43 
cm-3/2, because the solution process would not 
be expected much to reduce the n-mer d~stribu- 
tion in the water. Instead, the solubility parame- 
ter corresponding to [15] would be used. 
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Association and hydration sf alcohols in low-dielectric sollvents, 
1. ~t.Butanol 

JITKA KIRCHNEROVA AKD GENILLE C. B. CAVE 
Depat ir?zet~t of Cllemlstty, ~McGlll Utllrerslij. ;Motltr eal. P.Q., Carzach H3C 3GI 
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JITKA KIRCHVEROVA and GFUILLF C. B. CAVE. Can. J. Chem. 54, 3917 (1976). 
Formulae and thermodynamic formation constants of the aggregates of 11-butanol and their 

hydrates in six low-dielectric solvents have been deduced by using an iterative mathematical 
treatment of distribution and isopiestic data. The solvents were cyclohexane. carbon tetra- 
chloride, p-xylene, benzene, chlorobenzene, and o-dichlorobenzene. 

JITKA KIRCIINEROV.~ et GESILLE C. B. CAVE. Can. .I. Cheni. 54> 3917 (1976). 
On a dCduit les fortnules et les constantes de formation thermodynan~iques des aggregats du 

11-butanol et de leurs hydrates dans six solvants de constante diklectrique faible; ces risultats 
ont ete obtenus k l'aide d'un traitement mathkniatique itiratif de donnCes de distribution et 
isopiestique. Les solvants choisis Ctaient le cyclohexane, le tetrachlorure de carbone, le p-xylkne, 
le benzene, le chlorobenzkne et o-dichlorobeuzene. 

[Traduit par le journal] 

Imtroduction 
The subject of hydrogen bonding of hydroxylic 

compounds in solutions continues to  be actively 
studied (1-3). Although the self-association of 
alcohols and the con~plexes of water with polar, 
nonhydroxylic organic con lpo~~nds  have been 
investigated, very little is known about the 
hydrates of alcohols and their aggregates. It is 
the subject of the present report. 

The self-association of alcohols and of water 
in dilute solutions in organic solvents has been 
studied by several classical physico-chemical 
methods, and spectroscopic techniques, mainly 
infrared and nmr (3-7). The interpretation of 
these data resulted in a variety of models being 
postulated for alcohol association. Most of them 
assume an equi l ibr i~~m between the alcohol 
monomer and a single 11-mer; but some disagree- 
ment exists about the size and structure of this 
n-mer. (Hereinafter, the term rz-mer ~ v i l l  be used 
instead of the term aggregate, but its use is not 
intended to imply necessarily a linear chain.) 
Most reports propose a tetramer for n-alkanols 
and a trimer for sterically hindered alcohols or 
phenols (8, 9). Some infrared data have been 
interpreted in terms of monomer-dimer equilib- 
ria (lo), or monomer-dimer-11-mer (1 1) Lvhen 
extended to hisher conce~itrations of ethanol. 
However, recent vapor pressure data for the 
system methanol-hexadecane were best explained 

lRevision received August 26, 1976. 

by a monomer-trimer-octamer model (12). 
Moreover, combined vapor pressure, infrared, 
and nmr data on the association of tert-butyl 
alcohol in C16H34 and in C16D34 led to a mono- 
mer-trimer-hexamer being proposed for that 
system (13). Earlier (141, a similar model had 
been proposed for the association and hydration 
of phenol in carbon tetrachloride. 

The present report is on tz-butanol. A second 
one will be on other alcohols. Their purpose is t o  
extend our knowledge of the association of 
alcohols and of the hydrates of the rnonomer and 
co-existing rz-mers in low-dielectric solvents, 
particularly to try to understand the effect of the 
structure of the alcohol and the nature of the 
solvent on the degree of aggregation and hydra- 
tion of alcohols. The use of higher alcohols in the 
solvent extraction of metals makes this knowl- 
edge a contribution to that field. For experi- 
mental methods, extraction (distribution) and 
isopiestic water-solubility techniques were used. 
The combined use of these t\vo kinds of data has 
previously been suggested by Johnson et al. (15) 
as a means of studying association phenomena. 

Most association studies have used a solution 
model in \vhich each species is assumed to  form 
an ideal solution. This restricts studies to dilute 
solutions. In order to be able to  detect higher 
aggregates which may in many cases be neglected 
at  low alcohol concentrations: concentrations of 
alcohol were in the present work extended to 
approximately 1 M. Accordingly, estimates were 
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required of the activity coefficients of the various 
species, and of the variation of those coefficients 
with the concentrations of alcohol and water. 

The solution model used in the present study 
is a real associated mixture consisting of mono- 
mers and n-mers of the alcohol and their hy- 
drates, in the solvent. The activity coefficient y, 
of each of these species (r)  in the equilibrium 
solution h a s  estimated by using a generalized 
regular-solution equation (16): 

Here, the standard and reference states of 
species r is the pure liquid r ;  V,  is the molar 
volume of r, and 4, is its volume fraction defined 
by 

where 5, is the true mole fraction of r ,  to be de- 
fined below. The terms a,,, represent the inter- 
action-energy parameters (a,, = a,,, a ,,,, = 

a,, = 0). Subscripts r, m, and tz denote any of 
the species in the solution, including the solvent. 

Experimental 
Materials 

The solvents (cyclohexane, p-xylene, benzene, carbon 
tetrachloride, chlorobenzene, and o-dichlorobenzene) 
were purified as described elsewhere (17). 

The 11-butanol (Fisher A-384,99 molt; pure) was dried 
over molecular sieves for about 2 weeks, then fractionally 
distilled under nitrogen by using a previously described 
distillation column and procedure (17). The density of the 
purified product at 25 "C was 0.8058 + 0.0001 (lit. (18) 
0.80576). Its purity calculated from a gas-chromato- 
graphic analysis of the impurities was better than 99.75";. 
Its water content was determined by a Karl Fischer 
titration to be less than 0.1',;. 

Disirihutiorz Meas~rrernents 
The distribution ratios of tl-butanol between water and 

the organic solvent were measured at  25.0 i 0.1 'C. 
Each system consisting of water and a solution of ?I- 

butanol in the solvent, was equilibrated by using a pre- 
viously described technique (19). Then samples of each 
equilibrated phase were analysed in replicate for n- 
butanol, by gas chromatography. The detector was a Pye 
Series-104 flame-ionization detector coupled to a Research 
Specialties Co. Model 1605-5 electrometer, its o u t p ~ ~ t  
being recorded by a Sargent Model SRL potentiotnetric 
recorder with a Disc integrator, Model 204, Series D. The 
columns and other parameters chosen were as follows: 

(I) for n-butanol in the aqueous phase and in thep-xylene, 
chlorobenzene, and o-dichlorobenzene phases, a ;-in. 
diameter column 1 m long, packed with Silicone oil 
D C  710 (15 wt.';) on Chromosorb G, 70-80 mesh, a t  
80 "C; (2) for n-butanol in the cyclohexane and carbon 
tetrachloride phases, a similar column 2 m long; (3) for 
n-butanol in the benzene phase, a +-in. diameter column 2 
m long, packed with Carbowax 20 M (12 wt.51;) on 
Chromosorb G, 70-80 mesh, at 75 "C. 

On using 1-2 samples of the organic phase and 1-4 
samples of the aqueous phase, the response of the flame- 

ionization detector was linear over the range 0.01-0.5 M 
of alcohol concentrations. In that range, the precision of 
the alcohol determination was approximately 1 5  except 
when the solvent was benzene, in which case, particularly 
for dilute solutions, precision was 1.5-2cs. Samples 
higher than 0.5 M in n-butanol were diluted to about 
0.4 M with the appropriate solvent, prior to analysis. 

Water-solubility Measuremer~ts 
Standard solutions of tz-butanol in the organic solvent 

were equilibrated with the water vapour from an adjacent 
standard aqueous solution of CaC12, in closed thermo- 
statted vessels. Details of this isopiestic equilibration pro- 
cedure and subsequent determination of the water content 
of the equilibrated organic phase have been described 
elsewhere (17). 

Each standard solution of 11-butanol in the organic 
solvent was prepared by weight. The density of each 
solution at 25 "C was also found. 

In the case of the more concentrated solutions of 
alcohol (0.5-1 M), up to 14 days were required for 
isopiestic equilibrium. 

The water content of the equilibrium organic phase was 
determined by a Karl Fischer titration, and the n-butanol 
content was determined by the above-described gas- 
chromatographic analysis. When a solution of CaC12 was 
used as the aqueous phase. the chloride content was 
determined by an argentometric titration. During the 
isopiestic equilibration of the systems, the chloride content 
did not change by more than I(;;. 

Results 

The distribution ratio of n-butanol between 
the aqueous and the organic phases was deter- 
mined for six organic solvents, over a concentra- 
tion range of 0-1 M of 12-butanol in the organic 
phase. The corresponding concentration range of 
iz-butanol in the equilibrium aqueous phase was 
found to  be approximately 0-0.66 M, respec- 
tively. It has been reported (20, 21) that in this 
concentration range aqueous solutions of n- 
butanol can be considered as being ideal ones. 

The measured molarities of rz-butanol in the 
t h o  eq~~ilibrium phases were converted to mole 
fractions. The distribution ratios of n-butanol 
were then calculated as its stoichiometric mole 
fraction in the organic phase, to that in the 
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FIG. 1. Distribution ratio (D) for 12-butanol between FIG. 2. Distribution ratio (D) for n-butanol between 
three solvents and water rs. mole fraction of 11-butanol three solvents and water cs. mole fraction of n-butanol in 
in the aqueous phase (x'-xA) at  25 'C. Points are experi- the aqueous phase (\%-I,) at 25 'C .  Points are experi- 
mental: (u) cyclohexane, (b) carbon tetrachloride, (c) p- mental: (a) benzene, (h)  ch!orobenzene, (c) o-dichloro- 
xylene. Literature values: + (23), @ (24). Curves are benzene. Literature values: A (23), i (25). Curves are 
calculated for the final association-hydration model calculated for the final '. sociation-hydration model 
(Table 4). (Table 4). 

aqueous phase. The plots of all distribution ratios 
us. mole fraction of n-butanol in the aqueous 
phase are shown in Figs. 1 and 2 for the six 
solvents. Tables of these data are available else- 
where (22). Available literature data (23-25) are 
also shown in Figs. 1 and 2. The curves were 
calculated from the final solution models and 
formation constants deduced in the present u ork. 

Isopiestic Water-solubilitj~ Stildies 
The solubility of water in each organic-solvent 

solution of n-butanol was determined isopiesti- 
cally in replicate for a t  least three different water 
activities. For each water activity, the water 
solubility was measured for 8 to 25 different con- 
centrations of n-butanol in the organic phase. 
The average precision of the water determination 
was 1.0-1.5%. 

It has been shown (21) that the change in 
activity of the water in the aqueous phase due to  
absorption of small amounts of n-butanol and 

solvent during the iscpiestic equilibration is 
negligible. Therefore thc activity of water in the 
calcii~m chloride solutions could be found 
directly from literature data (26). The accuracy 
of these values is estimated to be better than 1 yc. 

The water solubilities were measured in 
molarities, but converted for f~lrther treatment 
into mole fractions by using an appropriate con- 
version factor (22). The resulting data are shown 
graphically in Figs. 3 to  8 inclusive where the 
water solubility for the several water activities is 
plotted against the mole fraction of 12-butanol in 
the organic phase. Tabulations of all these data 
are available elsewhere (22). 

Treatment of the Data, and Conclusions 

The B a ~ i c  Relationships 
The organic phase of the distribution and the 

isopiestic systems was a three-component solu- 
tion: n-butanol (A), water (W), and a solvent (S). 
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FIG. 3. Solubility of wat& (mole fraction x,) in FIG. 4. Solubility of water (mole fraction x,) in 
solutions of t7-butanol in cyclohexane at various water solutions of 11-butanol in carbon tetrachloride at varlous 
activities (alv), at  25 'C. Points are experimental. Data water activities (u,), at 25 "C. Points are experimental. 
are for: ( ( I )  cr, = 1.000; ( b )  ii\r = 0.926; (c) n ,  = 0.662; Data are for: (a) 1 2 ,  = 1.000; (b) a, = 0.904; (c) n, = 
(d) rrlv = 0.545. Curves are calculated for the fil~al 0.585; (d) a,,- = 0.416. Curves are calculated for the 
association-hydration model (Table 4). final association-hydration model (Table 4). 

In the present treatment it is assumed that the 
alcohol and water form n-mers and hydrates in 
an inert medium 

K1 j 
iAl -+ jW1 AiW, 

where A, represents the alcohol monomer, W 1  
the water monomer, and A,Wj the hydrate of the 
alcohol 12-mer. The thermodynamic equilibrium 
constant K,  is given by 

where N is the activity, 4 the true mole fraction, 
and J'the activity coefiicient. The reference state 
of each species AiW, (i = 0, . . ., k ;  j = 0,  1, . . ., 
I )  is taken to be its infinitely dilute solution in the 
pure solvent, with the hypothetical pure liquid 
A,W, on the Henry's law line being taken as its 
standard state. Subscript ij denotes species A,W, 
(e.g. i O  represents the anhydrous alcohol mono- 
mer, and 01 the water monomer). 

The stoichiometric number of moles (n,) of all 
components in the organic phase is 

E31 nt = 71s + n~ + nm- 

where ns,  n,~, and 12,- are the number of moles of 
solvent, alcohol, and uater, respectiveia . More- 
over. 

' 1 

141 n~ = 2 C in,, 
e = o  , = o  

and the true number of moles (nT) in the organic 
phase is 

Then the stoichiometric (x,)  and the true (l,) 
mole fractions of any species AiW, are x, = 

n,./n, and Et j  = nij,'nT, respectively. Then 
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FIG. 5. Solubility of water (mole fraction x,) in 
solutions of ti-butanol in p-xylene at various water 
activities (a,.). at 25 'C. Points are experimental. Data 
are for: (CI )  a ,  = 1.000; (b) (1,- = 0.558; (c) cz ,  = 0.333. 
Curves are calculated for the final association-hydration 
model (Table 4). 

In an associated mixture the chemical potential 
of a component equals the chemical potentia! 
of its monomer (27);  and \+hen the reference 
states are chosen to  be infinitely dilute solutions 
their standard chemical potent~als also are equal. 
Thus, in the organic phase 

VI x.41.k = E ~ o f i o  

for the alcohol, and 

for  the water: where XA and xiv are the stoichio- 
metric mole fractions of alcohol and of u,ater (as 
components) respectively, in the organic phase. 

When aqueous solutions of a given water 
activity are in equilibrium with the pure solvent 
on the one hand, and separately with an  a!cohol- 
solvent mixture respectively, then 

e91 ~ O ~ S O I  = *tol *fol 

0 2 4 6 8 10 
$. lb 

FIG. 6. Solubility of water (mole fraction x,) in 
solutions of 11-butanol in benzene at various water 
activities (aTT-), at 25 'C. Points are experimental. Data 
are for: (a) a,- = 1.000; (h) alv = 0.926; (c) rr, = 0.581 ; 
(d) aw = 0.301. Curves are calculated for the final 
association-hydration model (Table 4). 

where the * superscript indicates that the water 
is in the pure organic solvent. Now the solubility 
of water in the six solvents used in the present 
work obeyed Henry's law (17). Therefore vfb = 

1, and *tol = *xol ,  where '"xol is the stoichio- 
metric solilbility of hater in a given pure solvent. 
Then tol fol = *xol.  

For an alcohol distributed between water and 
an  organic solvent, the partition coefficient P of 
the alcohol considered as a component equals 
the partition coefficient Plo of its monomer, and 

E i o f i o  xa f i  
[I01 P = P1o = ,, = J- 

X.k f;l 
where " x k  and f denote the mole fraction 
and the actlritq coefficient respectively, of the 
alcohol in the aqueous phase In dilute, aqueous 
solutions where the alcohol obeqs Henry's law, 
r5 f 4  will be unlty 

The measured stoichiometric concentrations of 
alcohol (xA) and of water (xw) in a given phase 
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FIG. 7. Solubility of water (mole fraction xTv) in 
solutions of ,I-butanol in chlorobenzelle at various water 
activities (a,.), at 25 'C.  Points are experimelltal. Data are 
for: (a) a\-,. = 1.000; (b a ! ~  = 0.553; ( c )  (in- = 0.383. 
Curves are calculated for the final association-hydration 
model (Table 4). 

are related to  the concentrations of the cor- 
responding monomers (xlo, xol) in that phase, 
as follows: 

1, 1 

I x.4= C C ix,, 
i= o  J = O  

By combining [7], [lo], and [ll], the distribu- 
tion ratio of the alcohol ( D  = X A ,  ITxA) can be 
expressed as 

Equations 11, 12, and 13 are the sought-for 

FIG. 8. Solubility of water (mole fraction .uw) in 
solutions of tl-butanol in o-dichlorobenzene at various 
water activities ((I,\-), at 25 'C.  Points are experimental. 
Data are for: (a) a, = 1.000; (b )  a, = 0.662: (c) a15- = 

0.553. Curves are calculated for the final association- 
hydration model (Table 4). 

basic relationships for the treatnlent of the 
distribution and isopiestic data. Their solution 
would allow the best association-hydration 
model for the alcohol in the organic solvent to be 
deduced, and the equilibrium constants Kij (and 
partition coeflicient PI t o  be evaluated. How- 
ever, the activity coefficients f must first be 
estimated. The usual expedient of assuming that 
they are unity is avoided in the present work. 

These activity coefficients f m a y  be expressed as 

 here y,,, and for infinite dilution, are the 
activity coefficients of species A,W, when its pure 
liquid is chosen both as the standard and the 
reference states. 

Equation 1 may be used to  express y,, (= y,) 
By assuming that 

and by using [4] and [6] ,  the volume fraction 4, 
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of species r Substitution of [6], [17], [IS], and (6, - 8)2 for 

can  be written as 

where V,  and x, denote the molar volume and 
the mole fraction, respectively, of the organic 
solvent. 

For the systems studied Vlo = Vs, XA never 
exceeded about 0.1, and XTT- never exceeded 
about 0.02. Therefore it was safe to take 

and at  infinite dilution 

El81 4,- = 5 ira v, 
By invok~ng regular-solution theory, the Inter- 

action parameters In the term ~ , , ~ , , ( o c , ,  - 
$a,,)r#~,,@,, of [ I ]  were exp~essed (28) by a,,, = 

(6, - 6n,)2. Then the double-summation term 
reduces to (6, - 212, v, here 6,1s the convent~onal 
H~ldebrand solub~lity parameter of the solute 
and -8 is the average solubility parameter of the 
solutlon : 

1, 1 

~ 9 1  2 = c +,sn, = 4,sS + c c 4,,s,, 
m z = o 3 = 0  

When the concentrations of alcohol and water 
in the organic-solvent phase are very low, i .c. 
X , N  l , t h e n 6 =  6,. 

The above treatment can strictly be applied 
only for mixtures of nonpolar molecules. HOW- 
ever, the use of [I]  has been shown to  be reason- 
able even for numerous solutions with polar 
components (28). It is further to  be noted that it 
is the value of,Lj which is required. Inspection of 
[14] sl-~o\vs that although the \-alues of y may be 
only moderately good estimates, the errors in r 
should partially cancel in the ratio. 

the double-summation term into [I] gives, with 
[I41 

[20] 111 I, = (In + 

Although the value of solubility parameter 6, 
of the solvent is in many cases available, that of 
6,, is not, and it presents a problem. Harris and 
Prausnitz (16) estimated the solubility parameter 
of a complex BC formed in solution from non- 
selfassociating liquid components B and C to  be 

by assuming that (i) the molar energy of vapor- 
ization of BC is the sum of the corresponding 
molar energies of B and C and (ii) the molar 
volume of BC is the sum of the molar volumes 
of B and C. 

By se sing the same approach and assumptions, 
the solubility parameter of A,W, in the present 
systems can be expressed as 

where 610 and 601 are the solubil;t)~ parameters of 
hypothetical monomeric liquid alcohol and 
water, respectively. The known value 8.4 cal1I2 
cm-jI2 for the solubility parameter of n-butyl 
chloride, the polar honiolog of n-butanol, was 
used as an  estimate of The value of 17.2 
cal1I2 cm-jl2 was used as an  estimate of a&). 
This value was calculated from a value provided 
by Scheraga and 0wicki2 for the molar energy of 
vaporization of real water a t  25 "C,  t o  produce a 
hypothetical vapor having the same polymeric 
composition that Scheraga and co-workers (29) 
have calculated to describe the polymeric com- 
position of real liquid water. 

Equation 21 can be rearranged and a quan- 
tity T,, defined: 

ZM. A. Scheraga and 9. Owicki, private communication. 
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Then [I l l ,  [12], and [13] give 

1251 

where 

[261 

In eqs. 23-25, XA, xlv. D,  "xA, and *xol \+ere 
the quant~ties measured in the present work. In 
eqs, 26-28 the concer~tration-dependent quanti- 
ties gai, glT, and F,, could be estimated by an 
iterat~ve nlethod (22). 

Calculations ancl Conclirsions 
Closed-form polynomials were selected from 

the general polynomials of eqs. 23-25, and solved 
simultaneously by a general iterative least- 
squares method (30), to give the best statisticai 
fits to the distribution and isopiestic data 
(illustrated in Figs. 1-8). As a beginning, several 
plausible sets of these closed-form polynomials 
were tried with the data, with most of them 
systematically being eliminated. 

However, this nlethod first required rough 
estimates of the sought-for parameters. These 
estimates were obtained by deducing from the 
distribution data alone a preliminary association 
model of the alcohol in each solvent, without 
separating the hydrates from the anhydrous 
n-mers. Thus, for gAk = gw = Fi, = 1, [25] 
reduces to 

k 

~291 D = c a:TxAt-' 
2 -  1 

where the values of i and o, are given by 

and represent all the n-mers of the alcohol with- 
out delineatins their various degrees of hydra- 
tion. Equation 29 allou-s a simple least-squares 
fit of the distribution data alone to be made. 
Guided partly by the findings in the literature on 
alcohol association (7, 9, 10, 12, 13, 15, 31, 32) 
and partly by the shapes of the distribution 
graphs (Figs. 1 and 2), various combinations of 
two, three, and in some cases four a, parameters 
in [29] were tried. Table 1 contains the least- 
squares results of this screening step. In it, each 
association model is represented nun~erically; 
for example, the rilodel rnonon~er-trimer-octa- 
mer in equilibrium is denoted by 1-3-8. The 
values of the mean squares, and the least- 
squares values of the intercepts for Figs. 1 and 2 
(i.e. the value of the distribution ratio (Dm)""' at  
infinite dilution of the alcohol) are tabulated. All 
of the following criteria were then taken 'into 
account in judging which models represented the 
data very well: (i) all a, parameters must be 
positive and have acceptably low errors; (ii) 
mean squares, and the regression coefficient (not 
reported in Table 1) were considered jointly 
although it happened that the mean squares alone 
led to the same models: (iii) of lesser importance, 
agreement within about 57, between the least- 
squares value of D" and the value of this inler- 
cept by extrapolation of each graph in Figs. 1 
and 2. 
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TABLE 1. Results of polynomial linear least-squares fils to the 
distribution data for n-butanol 

Mean Mean Mean 
Model Intercept squares Intercept squares Intercept squares 

Carbon tetracllloride 
1.95* 
1.916 0.01332 
2.085 0.01086 
2.221 0.01821 
2.431 0.037057 
1.863 0,01839 
2.337 0.01642 
2.356 0.02237 
2.172 0.05252 
2.323 0.01875$ 
1.271 0.031 17 
0.753 0.10269 
3.149 0.46316 
3.627 1.31109 

Chloroberzzerle 
3.82" 
3.991 0.00878 
4.088 0.01782 
4.164 0.02694 
4.218 0.02763s 
3.965 0.00880/1 
4.289 0.02776 
4.289 0.03299 
4.179 0.04330 
4.144 0.02673 
3.505 0.01519 
3.196 0.03585 
4.873 0.27377 
5.205 0.68776 

'Graphical extrapolation. 
tNegati\,e rrt was found for the trimer. 
:Negative at was found for the dimer. 
$Error in at of lower n-rner was too large. 
IIError in at of higher n-rner was too large. 

The association model monomer-trimer-oc- 
tamer was judged the most reasonable one for 
n-butanol in all the solvents except benzene and 
carbon tetrachloride. In these two, both the 
monomer-trimer-octamer and the monomer- 
trimer-hexamer were retained for the next step 
in the treatment. The least-sauares values of u; 
for these retained models are available elsewhere 
(22). 

In these choices of models and later choices of 
their hydrates, uniqueness is not claimed. For 
one thing, the number of parameters was kept to 
a minimum consistent with good fits to the data. 
In addition, judgment was exercised in rejections. 
For example, it might be argued that the model 
monomer-trimer-nonamer could have been re- 

tained for carbon tetrachloride, benzene, and 
o-dichlorobenzene. It was not retained because 
it did not seem very reasonable to retain a model 
for benzene and o-dichlorobenzene, which was 
clearly unacceptable for chlorobenzene. 

The model monomer-trirner-octamer was de- 
duced by Tucker et ul. (12) for the association of 
methanol both in its vapour and in hexadecane, 
although it is at variance with other literature 
(7, 33) which includes the tetramer in two- 
parameter models. 

The final stages in the present treatment ex- 
tended the above-noted models 1-3-8 and 1-3-6 
so as to specify the coexisting hydrates of these 
species. The computational procedures were 
lengthy and involved, and are given elsewhere 
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TABLE 2. The range of values for g,, FII, and F84  for tion, to obtain final values for the thermo- 
.n-butanol in six solvents dynamic constants K,, and P. 

-In  step 3 the estimates of Kt, obtained in step 2 
Solvent g~ FII F84 provided the starting point for the iterations, and 

Cyclohexane 1-0.926 1-0.903 1-0.631 all the distribution and isopiestic data for each 
Carbon tetrachloride 1-0.927 1-0.956 1-0.816 system were used. However, a final decision was 
p-Xy lene 1-1.017 1-0.815 1-0.399 now needed on how many hydrates to allow. 
Benzene 
Chlorobenzene The literature is sparse, but Johnson et nl. (15) 1-1.071 1-0.900 1-0.616 
o-~ichlorobenzene 1-1.169 1-0.809 1-0.3~3 found for phenol in carbon tetrachloride that the 

model 10-11-30-31-61-64 gave an excellent fit 
to their data (each two-digit number represents a 

(22) in detail. They consisted in the necessarily species A,W,). In the present work it was assumed 
stepwise refinement of crude initial estimates of that the alcohol monomer can form at most two 
K, and P, for each solvent system. Thus, the 
following steps were carried out sequentially: 
(I) preliminary estimation of Kll and P by using 
for Kll the isopiestic data on water solubility 
(x,) at unit activity of water as a function of 
the stoichiometric concentration (xA) of alcohol, 
and for P the extrapolated values ( D m )  of D at 
XA = 0 in [25]; (2) preliminary estimates of all 
K, for the above-noted models; (3) simultaneous 
solution of eqs. 23-25 for all Kij and P by 
assuming g~~ = g~ = Ft, = 1 ; (4) simultaneous 
solution of eqs. 23-25 taking into account the 
activity coefficients as a function of concentra- 

hydrates, and each of the two alcohol n-mers at  
most three hydrates. 

The computational procedures provided root- 
mean-squares, and estimates of the standard 
deviations for each of the evaluated parameters 
Kt, and P, for the chosen association models. 
For some models, the values of Kt, proved to be 
negative, so that less than the original 11 param- 
eters were retained in eqs. 23-25. 

Step 4 consisted in a repetition of step 3, by 
re-testing the models retained in that step, but 
this time including the activity coeficients ex- 
pressed in terms of glv, gA, and F,,. As examples 

TABLE 3. Final results of least-squares fits of polynomials to the distribution and water-solubility 
data for ti-butanol - organic solvent systems at  25 'C 

Water solubilitv Distribution 
data data 

Solution model Degrees 
Root-mean of Sum of No. of Sum of No. of 

Solvent squares freedom squares points squares points 

Cy clohexane 

Carbon tetra- 
chloride 

p-Xylene 

Benzene 

Chlorobenzene 

o-Dichloro- 
benzene 
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of the variation in these parameters with the com- 
position of the alcohol-water-solvent mixtures, 
the ranges for gh, FI1, and F 8 4  are given in 
Table 2. The results of these final calculations in 
step 4 are in Tabie 3. 

These results, dakex in conjunction with those 
in Tabie 1, indicate that the basic association 
model 1-3-8 Is the preferred one for n-buta~iol in 
ail the solvents. Although Table 1 alone suggests 
that i n  carbon tetrachloride and benzene, models 
1-3-6 and 1-3-8 are equally good, Table 3 
shows that model 1-3-8 is superior. This !atter 
model was also deduced by Tucker et al. (12) for 
methanol in hexadecane. 

In considering now the complete association- 
hydration models, inspection of Table 3 shows 
that it is not possible to make an unequivocal 
choice for all solvents, or even for any one 
solvent except ir. the cases of carbon tetrachloride 
and p-xyle~e. However, the model 10-1 1-30-3 1- 
80-81-84 does provide a very good fit for all the 
solvents except cyclohexane. In this latter solvent 
the species 31 appears to be absent. Moreover, 
inspection of Table 3 shows that the extent of 
hydration of the basic 1-3-8 model varies only 
siightly from mode! to model. 

Table 4 lists the values calculated for the 
formation constants of each of the species 
belonging to a given association-hydration 
model. For each of the solvents cyclohexane, 
benzene, chlorobenzene, and o-dichlorobenzene 
two models in Table 3 appeared statistically to be 
almost equally good. Therefore both are listed in 
Table 4 and are designated as first and second 
choices. 

Attention is drawn to Figs. 1-8, where the 
solid least-squares curves in each case represent 
the first-choice nlodels listed in Table 4. These 
models clearly fit the distribution and isopiestic 
data very well. 

A discussion and interpretation of the resuits 
in the present work will appear in a forthcoining 
communication, when corresponding results for 
two other alcohois wii! be presented. 
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Association ahad hydration of alcohols in Bow-dielectric solvents. %I, 
8ert-BndyI alcohol and cyclshexanol 

JITKA K:RCHVEROV,~ and GLUILLE C. b. CA\E. Can. J. Chem, 54, 3929 (1976). 
Formulae and thernlodynanlic formation constants of the aggregates of tert-butyi a.lcohol 

and of cyclohexanol and their hydrates in six low-dielectric solvents have been deduced by using 
an iterative mathenlatical treatment of distribution and isopiestic data. The solvents were 
cyclohexane, carbon tetrachloride, p-xylene, benzene. chlorobenzene, and o-dichlorobenzene. 
These results and those previously obtained for rz-butanol in the same six solvents are discussed 
in a qualitative way. 

JITRA KIRCHKEROVA et GEUILLE C.  B. C ~ V E .  Can. J. Chern. 54. 3929 (1976). 
On a dCduit les formules et les constantes de formation thermodynamiques des agregats du 

rerr-butanol et du cyclohexanol et de leurs hydrates dans six solvants de constante dielectrique 
fzible; ces rCsultats ont ete obtenus en eRectuani un traitement mathCmatique itCratif de 
donnCes de distribution et isopiestique. Les solvants utilises Ptaient le cyclohexane, le tetra- 
chlorure de carbone, lep-xylkne, le ben~kne, le chlorobenrkne et 1'0-dichlorobenrkne. On discute, 
d'une faqon qualitative, de ces resultats et d'autres obtenus anterieurement pour le n-b~~tanol  
dans les six ni@mes solvants. 

[Traduit par le journal! 

Introduction Experimental 

This report describes a study to identify the 
co-existing n-mers of terl-butyl alcohol and 
cyclohexanol and their hydrates in six low- 
dielectric solvents, and to determine their 
thermodyna~nic formation constants. Recently 
(1) we reported the results of a similar stud). 
on 71-butanol in the same solvents. A com- 
parison of the results on all three alcohols is 
then made in the present report, which begins to 
aliow some conclusions to be dra\vn on the 
roles that the structure of the alcohol and the 
nature of the solvent play in the self-association 
and hydration of the alcohol tvrners (the use of 
the term n-mer is not necessarily intended to 
imply a linear chain). 

As in the case of n-butanol ( i ) ,  the experi- 
mental data were obtained from distribution 
(solvent-extraction) and isopiestic water-so!+ 
bility methods, the concentration of alcohol in 
the solvents extended to 1 M in order to  be able 
to detect higher it-mers, and activity coefficients 
were estimated for the various species. The 
mathematical treatment of these experimental 
data was also entirely similar to that used and 
described (1) for the 12-butanol systems. 
-- 

'Revision received August 26, 1976. 

Materials 
The solvents (cyclohexane, p-xy!ene, benzene, carbon 

tetrachloride, chlorobenzene. and a-dichlorobenzene) 
were purified as described elsewhere (2). 

The rerr-butyi alcohol (Fisher A-401) was further 
purified by refluxing it for 6 h over anhydrous KzC03, 
then fractionally distilling the product under nitrogen, by 
using a previously described distillation column and prc- 
cedure (2 ) .  The distillate was monitored at 100-20Om! 
intervals by gas-chroma.tographic analysis, and the best 
cut fias rstained for u x .  its purity calculated from a gas- 
chromatogra.phic analysis of the in~purities was better 
than 99.8 n?olr,. Its water content was determined by a 
Karl Fischer titration to be 0.12:;. Its density at  30 "k 
was 0.7758 10.0001 (!it. (3) 0.7557). 

The cyclohexanol (Fisher C-558, reagent-grade) was 
further purified by refluxing it over CaO for 12 h, then 
fractionally distilling the product under nitrogen as with 
the terf-butyl alcohol. The middle-third cut was fraction- 
a111 distilled under nitrogen, and the middle third retained 
for use. lis purity calculated from a gas-chromatographic 
analysis of the impurities was 99.1 moir,. Its water 
content was determined by a Karl Fischer titration to be 
0.20r;. i t s  density at  30 -C was 0.9415 i 0.0001 (lit. (3) 
0.93155). Since the maximum concentration of cyclo- 
hexanol in the experiments was 0.1 mole fraction, this 
degree of purily was considered acceptable. 

Procediires 
The distribution ratios of the alcohols between water 

and the organic soivent were measured at 25,O i 0.1 "C. 
The procedure has been previously described (1). 

The procedure for the isopiestic water-solubility rnea- 
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surements has also been described ( I ) ,  but in addition the 
concentratior, of the relatively volatile [err-butyl alcohol 
was determined in the equilibrium organic phase. 

The gas-chromatographic analyses for terr-butyl al- 
cohol in both phases of the distribution systems, and in 
the equilibrium organic phase of the isopiestic system 
were carried out by  sing the following colunins and 
other parameters: (I) for rert-butyl alcohol in cyclo- 
hexane and carbon tetrachloride, a 1116-in. diameter 
stainless-steel column 1.2 m long packed with 120-150 
mesh Porapak Q, at  140 "C; (2) for tert-butyl alcohol in 
the other sol~ents  and in aqueous solutions, a ;-in. 
diameter copper column packed with 70-80 mesh 
Chromosorb G coated with 15:; by weight of Silicone oil 
DC 710, at 65 "C. 

For the corresponding gas-chromatographic analyses 
for cyc!ohexanol, the colunlns and other parameters were 
as follows: (I)  for cyclohexanol in chloroben~ene, a ;-in. 
diameter copper column 2 m long packed with 70-80 
mesh Chrornosorb G coated with 17 wt.", of Carbowax 
20 M,  at 170 "C; (2) for cyclohexanol in cyclohexane, 
carbon tetrachloride, p-xylene, o-dichlorobenzene, and 
aqueous solutions, a $-in. copper column 1 m long 
packed with 70-80 mesh Chromosorb G coated with 
15 wt.', of Silicone oil DC 710. at 120 "C; (3) for cyclo- 
hexanol in benzene, a column similar to ( 4 ,  above, 
except 2 m long. 

Results 
Distribution Studies 

The distribution ratio of each alcohol between 
the aqueous and the organic phases was deter- 
mined for each of the six solvents, with some 
28-35 concentrations being used for each, to  
cover a range of 0-1 M of alcohol in the organic 
phase. The corresponding range in the equilib- 
rium aqueous phase was found to  be 0-1.8 M for 
tert-butyl alcohol, and G0.18 M for cyclo- 
hexanol. It has been reported (4, 5) that over the 
former range aqueous solutions of tert-butyl 
alcohol can be considered as being ideal. It was 
assumed that in the latter range the cyclohexanol 
solutions could safely be considered ideal. 

Each distribution ratio was obtained from the 
mean of 4-6 replicate analyses for the alcohol in 
each phase, as determined by gas chromatog- 
raphy. The percent standard deviations of the 
ratios were 1 .O-1.5. Concentrations were con- 
verted from molarities to mole fractions, for the 
distribution ratios. The complete data are avail- 

FIG. 1. Distribution ratio (D) for tert-butyl alcohol 
between three solvents and water cs. mole fraction of 
re1.r-butyl alcohol in the aqueous phase (Ivx,) at  25 "C. 
Points are experimental: ( u )  cyclohexane; (b )  carbon 
tetrachloride; (c) p-xylene. Literature values: + (7), @ 
(8). Curves are calculated for the final association- 
hydration model (Table 4). 

FIG. 2. Distribution ratio (D) for tert-butyl alcohol 
between three solvents and water CS. mole fraction of 
rerr-butyl alcohol in the aqueous phase (Jvx,) at 25 "C. 
Points are experimental: (u) benzene; (b )  chlorobenzene; 
(c) o-dichlorobenzene. Literature values + (7). Curves are 
calculated for the final association-hydration model 
(Table 4). 
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FIG. 3. Distribution ratio (D) for cyclohexanol between 
three solvents and water cs. niole fraction of cyclohexanol 
in the aqueous phase ("x,) at 25 ^C. Points are experi- 
mental: (u) cyclohexane: (b) carbon tetrachloride; (c) p- 
xylene. Curves are calculated for the final association- 
hydration model (Table 6). 

able elsewhere (6), but plots of the distribution 
ratio us. mole fraction of alcohol in the aqueous 
phase are shoun in Figs. 1 and 2 for tert-butyl 
alcohol, and in Figs. 3 and 4 for cyclohexanol. 
The curves shown were calculated for the final 
association-hydration models found to be the 
most reasonable ones. 

Isopiestic Water-solubilit~ St~lclies 
The solubility of water in each organic-solvent 

solution of the alcohol was determined isopiesti- 
cally in triplicate for at  least three different water 
activities. For each water activity, the water 
solubility was measured for 6-15 different con- 
centrations of the alcohol in the organic phase. 
The average precision of the water determination 
was 1 .O-1 .5Yc except for very low concentrations 
of alcohol in cyclohexane, in which cases the 
error was up to 10%. The activity of water in the 
calcium chloride solutions was found directly 
from the literature (9). The water-solubilities 
were converted from measured molarities into 
mole fractions for use, and all these data have 

FIG. 4. Distribution ratio (D) for cyclohexanol between 
three solvents and water cs. mole fraction of cyclohexanol 
in the aqueous phase (XX,) at 25 "C. Points are experi- 
mental: (a) benzene; (b) chlorobenzene; (c) o-dichloro- 
benzene. Curves are calculated for the final association- 
hydration model (Table 6). 

been tab~ilated elseu here (6). They are illustrated 
graphically for cyclohexane, benzene, and o- 
dichlorobenzene in Figs. 5-7 for tert-butyl 
alcohol, and Figs. 8-10 for cyclohexanol. They 
are plots of water solubility for several water 
activities r;s. mole fraction of the alcohol in the 
organic phase. The curves are calculated for the 
final assoc~ation-hydration models found to  be 
the most reasonable ones. The agreement with 
the final models b a s  equally good with the other 
three solvents. 

Treatment of the Data 
The distribution and isopiestic water-solu- 

bility data were used jointly, in order to  deduce 
the most reasonable association-hydration models 
for the alcohols in each solvent. The treatment 
consisted of fitting three previously derived 
poljnomials (eqs. 23-25, ref. 1) to these data. 

As before ( I ) ,  
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FIG. 5. Solubility of water (mole fraction x,) in 
solutions of tert-butyl alcohol in cyclohexane at varlous 
water acthities (a,), at 25 ' C .  Points are experimental. 
Data are for: (a) a ,  = 1.000; (b) a, = 0.926; (c) a, = 
0.662: (ci) alT = 0.545. Curves are calculated for the final 
association-hydration model (Table 4). 

for the reaction iA1 + j W 1  = AiWj, where Ai 
represents the alcohol monomer, W1 the water 
monomer, AiWj the hydrate of the alcohol 
aggregate, { the true mole fraction,f the activity 
coefficient, and subscript ij the species A,Wi. The 
reference and standard states of each species 
AiWj are those previously ( I )  specified. 

The activity coefficients of the coexisting 
species were taken into account by using a pre- 
viously described method (see eqs. 22, 26-28 In 

ref. 1). For this purpose, a value of 17.2 
cm-3/2 was used for tio1 (= 6 ~ ) .  For ierr-butyl 
alcohol, a value of 7.6 c a ~ ' ' + m - ~ / ~  was used for 
610. It is a value of 6 calculated (6) for tert-butyl 
chloride. For cyclohexanol, a value of 8.9 cai1I2 
cm-3/2 was used for Since the value of 6 for 
chlorocyclohexane was not available, t iL0 for 
cyclohexanol was estimated from estimates for 
cyclohexanol of the dispersion contribution d6 
and the polar contribution Q t o  the total 
solubility parameter, according to  a previously 

FIG. 6. Solubility of water (mole fraction x,) in 
solutions of ieri-butyl alcohol in benzene at various water 
activities (a,), at 25 "C. Points are experimental. Data 
are for: (a )  a, = 1.000; (b) a, = 0.926; (c) a,. = 0.581 ; 
(d)  a, = 0.383. Curves are calculated for the final 
association-hydration model (Table 4). 

described (2) formula 6102 = P6102 + d6102. The 
value of d610 was found from the refractivity of 
cyclohexanol to be 8.4 call" cm-3/2, and P610 
was estimated from the value for the chloro- 
benzene to be 3 cal1I2 ~ r n - ~ / ~ .  

The step-wise operation of fitting the three 
polynomials to the distribution and isopiestic 
data has been described in detail elsewhere (1, 6). 
For  the first step, plausible models were chosen 
without segregating the anhydrous monomer and 
n-mers from their hydrates. Then for each model 
the corresponding closed form of eq. 29 in ref. 1 
was fitted by least-squares to the distribution data 
alone. The results of these fits are given in Table 1 
for [err-butyl alcohol, and in Table 2 for cyclo- 
hexanol. A model is represented numerically. For 
example, the model of monomer-trimer-hexamer 
(of alcohol) co-existing in the solution is denoted 
by 1-3-4. The values found for the mean squares, 
and the least-squares value of Dm (i.e. the value 
of the distribution ratio at  infinite dilution of the 
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FIG. 7. Solubility of water (mole fraction x,) in 
solutions of tert-but41 alcohol in o-dichlorobenzene at 
various water activities (a,). at 25 'C Points are experi- 
mental. Data are for: (a) aIy = 1.000; (b) crrv = 0.662; 
(c) a, = 0.553. Curves are calculated for the final 
association-hjdration rnodel (Table 4). 

alcohol), as well as the values of Dm found by 
extrapolation of the graphs in Figs. 1 to 4 are also 
reported in these tables. The same criteria 
described and used previously (1) were then 
taken into account in selecting from the tables 
those models which represented the data very 
well. 

The treatment next extended these chosen 
models, by d e d u c i n ~  the co-existing hydrates. 
For  this purpose, the three polynomials (eqs. 
23-25, ref. 1) were solved simultaneously and 
iteratively, by using jointly the distribution and 
isopiestic data. Each model was arbitrarily re- 
stricted to one in which the alcohol monomer 
could form a t  most two hydrates, and each of the 
n-mers at  most three hydrates. The results of the 
least-squares treatment are in Table 3 for fert- 
butyl alcohol, and Table 5 for cyclohexanol. The 
models are represented numerically, with species 
AiWj being denoted simply by ij (e.g. the mono- 
hydrate of the alcohol trimer is 3 1). 

0 2 4 6 x,.ld 
FIG. 8. Solubility of water (mole fraction x,) in 

solutions of cyclohexanol in cyclohexane at various water 
activities (u,~) .  at 25 'C. Points are experimental. Data are 
for: (a) a\,- = 1.000; (b) a ~ v  = 0.662; (c) (1, = 0.545. 
Curves are calculated for the final association-hydration 
model (Table 6). 

For each model listed in Tables 3 and 5, the 
root-mean squares, and the sums of squares 
separately for the distribution and isopiestic data 
are given. These, and the corresponding regres- 
sion coefficients (not listed in Tables 3 and 5) 
were used for choosing the most reasonable 
models. 

For fert-butyl alcohol (Table 3) in cyclo- 
hexane, carbon tetrachloride, benzene, and o- 
dichlorobenzene, the basic association model 
monomer-trimer-hexamer (1-3-6) gave the best 
fit to the distribution and isopiestic data. This 
model n7as also the one deduced by Tucker and 
Becker (10) from vapour-liquid equilibria, for 
reil-butyl alcohol in  anhydrous hexadecane. For 
the solvents p-xylene and chlorobenzene the 
statistics in Table 3 indicate that while the basic 
model 1-3-6 fits the data very well, the models 
1-3-8 and 1-2-6 are statistically preferable. 

Finally, the hydrates associated with the basic 
models are considered. It is evident from Fable 3 
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0 2 4 6 8 10 0 2 4 6 8 10 
x,.id xA .~d 

FIG. 9. Solubility of water (mole fraction xn) in FIG. 10. Solubility of water (mole fraction xw) in 
solutions of cyclohexanol in benzene at various water solutions of cyclohexanol in o-dichlorobenzene at various 

activities (a,.), at 25 'C. Points are experimental. Data water activities (a,): at 25 'C. Points are experimental. 
are for: (a) u ,  = 1.000; ( b )  (I ,  = 0.545; (c) a,- = 0.383. Data are for: (a) a, = 1.000; (b)  a, = 0.662; ( c )  a, = 

Curves are calculated for the final association-hydration 0.545. Curves are calculated for the final association- 
model (Table 6). hydration model (Table 6). 

that for a given basic association model in a 
given solvent, slight variations in the extent of 
hydration amongst the monomer and 12-mers d o  
not change significantly the goodness of fit in 
some of the systems. That is, an unequivocal 
choice of a complete association-hydration 
model is not possible from the present data.  
Accordingly, Table 4 gives the set of thermo- 
dynamic K, values calculated for each of the t u o  
or three most acceptable association-hydration 
models (designated by A, B and by A, B, C re- 
spectively). 

For  cyclohexanol (Table 5 ) ,  the basic associa- 
tion model 1-3-8 fits the data well except in the 
case of chlorobenzene for which this model is 
unacceptable. Instead, the 1-4-8 model is the 
best choice for that solvent. However, certain 
other models are also acceptable in these solvents, 
and they vary somewhat from solvent to  solvent. 
Specifically, the 1-3-9 model in carbon tetra- 
chloride, the 1-4-8 model in p-xylene and ben- 

zene, the 1-3-6 model in chlorobenzene and 
o-dichlorobenzene, and the 1-4-6 model in 
chlorobenzene are all acceptable, although for 
chlorobenzene the 1-4-6 model is a third choice, 
and for o-dichlorobenzene the 1-3-6 model is a 
second choice. It is to be noted that a real 
difference in the models may indeed exist from 
solvent to solvent due to the cyclohexanol exist- 
ing as an  equilibrium mixture of two conformers. 

A S  in the case of tert-butvl alcohol, an  un- 
equivocal choice of a complete association- 
hydration mode! is not possible for cyclo- 
hexanol. Therefore. Table 6 gives the set of 

u 

thermodynamic KG values calculated for each of 
the two or three most acceptable models (desig- 
nated by A,  B a n d  A,  B, C respectively). 

Discussion 
The results previously reported (1) for n- 

butanol, together with those for fert-butyl 
alcohol and cyclohexanol in the present report 
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TABLE I. Results of polynomial linear least-squares fits to the 
distribution data for tert-butyl alcohol 

Mean Mean Mean 
Model Intercept squares Intercept squares Intercept squares 

Beizzetre 
1.320* 

1-3 1.255 0.00537 
1-3-4 1 .3 11 0.00272$'1 
1-3-5 1.312 0.00244 
1-3-6 1.310 0.00234 
1-3-8 1.306 0.0027311 
1-3-9 1.308 0.0020111 
1-4 1.438 0.00899 
1-4-6 1.376 0.00566i 
1-4-8 1.394 0.00687; 
1-2-4 1 ,239 0.00272 
1-2-6 1.156 0.00398 
1-2-8 1.114 0.00536 
1-6 1.630 0.04692 
1-8 1.727 0.08327 

'Graphical extrapolation. 
?Negative value for ae. 
:Negative value for as .  
SError in a ,  of lower n-mer was too large. 
1Error in a ,  of higher n-mer was too large. 

will be considered together in a qualitative way. 
A quantitative interpretation, particularly of the 
values of the partition coefficients of these 
alcohols in the six solvents will be given in a 
future communication. 

The partition coefficients (P) are considered 
first. For convenience they are collected in Table 
7. They represent the ratio of the activity of the 
monomer in the organic phase to that in the 
aqueous phase, on a mole fraction basis. The 
activity of the monomer in the organic phase 
consists only of the activity of the anhydrous 
monomer, and of any anhydrous solvates of the 
alcohol monomer with the organic solvent. 

Table 7 shows that for each solvent the parti- 
tion coefficient of the alcohol increases in the 
order tert-butyl alcohol < n-butanol < cyclo- 
hexanol. Since - R T  ln P represents the standard 
free energy change of transfer, a rigorous ex- 
planation for the increase in P from left to right 
requires consideration of the changes in AN0 and 
AS0 in that direction. However, for the present 
purpose we present the following , qualitative 
argument. The lower the solubility of the 
alcohol in water, and the larger the van der 
Waals interactions between the alcohol and the 
organic solvent, the greater will be the value of P. 
Now the solubility of the alcohol in water does 
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TABLE 2. Results of polynomial linear ieast-squares fits to the 
distribution data for cyclohexanol 

Xlean  mean Mean 
Model Intercept squares Intercept squares Intercept squares 

'Graphical extrapolation. 
tNegatiie value for a,. 
1Negntii.e value for a?.  
§Error in a ,  of loner 11-mer was  too large. 
/ E r r o r  iri a ,  of hig!ler n-mer was too large. 

decrease in the order teir-butyl alcohol (in- 
finitely miscible) >> n-butanol > cyclohexanol. 
The va!ues of P for. a given solvent are indeed in 
the reverse order to chis. In addition, calculations 
have shown (6) that the van der Waals inter- 
actions betueen a given solvent and the three 
alcohols are not very different, and d o  not 
compensate for the efi'ect of the gross differences 
in the soiubility of the alcohols in water. 
A third factor that would increase the value of 

P is the existence of complexes between the 
alcohoi and the organic soivertt. In cyclohexane 
such coiilplexes may be considered to  be absent: 
but for the other solvents it is shown below that 

their existence is very plausible. In those cases, 
the increase in P from tert-butyl alcohol through 
to cyclohexanol in a given solvent will also 
depend on the individual stability constants of 
those complexes. 

Table 7 also shows that for a given alcohol, the 
partition coefficient in general increases vertically 
downwards from cyclohexane through to chloro- 
benzene, then drops somewhat for o-dichloro- 
benzene (there is a minor exception for n- 
butanol going from benzene to chlorobenzene). 
The following qualitative explanation is proposed 
for  this general trend. For  a given alcohol, the 
change in the value of P with solvent must be due 
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TABLE 3. Final results of least-squares fits of polynomials to the distribution and water-soiubility 
data for tert-butyl alcohol - organic solverlt systerns at 25 ' C  

Water solubility Distribution 
data data 

Solution model* Degrees 
Root-mean of Sum of No. of Sum of No. of 

Solvent squares freedom squares points squares points 

Cyclohexane 

Carbon 
tetrachloride 

p-Xylene 

Benzene 

Chlorobenzene 

0-Dichloro- 
benzene 

"For species in parentheses the standard deviation in t l ~ c  value of the corresponding K, ,  is equal to or exceeds the balue itself. For species in 
square brackets the standard debiation is approximately one-half the value of the K,,. 

t o  a corresponding change in the solute-solvent interactions to  the partition coefficients. For each 
interactions in the organic-solvent phase. These of the alcohols, this contribution was found to 
interactions are conveniently classified lnto two increase only slightly from cyclohexane through 
possible types: (i) nonspecific, 1.e. van der Waals to benzene, then to increase sharply for chloro- 
interactions and ( 1 1 )  specific alcohol-solvent benzene, and even more for o-dichlorobenzene. 
complexes. Estimates exist (6) for the contribu- Alcohol-soivent co~nplexes are considered to be 
tion made by van der Waals alcohol-solvent absent in cyclohexane, but to exist in. the other 
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TABLE 5. Final results of least-squares fits of polynomials to the distribution and water-solubility 
data for cyclohexanol - organic solvent systems at 25 "C 

Water solubility Distribution 
data data 

I Solution model*--------, Degrees 
Root mean of Sum of No. of Sum of No. of 

Solvent I 1 squares freedom squares points squares points 

Cyclohexane 

Carbon 
tetrachloride 

p-Xylene 

Benzene 

Chlorobenzene 

o-Dichloro- 
benzene 

"For species in parentheses the standard deviation in the value of the corresponding K,, is cqual to or exceeds the value itself. For s p e c i ~  in 
square brackets the standard deviation is approxitnntely otie-half thc valuc of the K,j. 

five solvents. Moreover, the formation constant 
of the 1 : 1 alcohol-solvent complex is expected 
(6) to increase from carbon tetrachloride through 
to  benzene, then to decrease through to o-di- 
chlorobenzene. Consequently, for carbon tctra- 
chloride, y-xylene, and benzene, complexes are 
considered to be the major factor in the increase 
in the value of P in these solvents, over its value 
in cyclohexane. For chlorobenzene, and more so 

for o-dichlorobenzene the contribution to P due 
to  complexes decreases, and that due to  van der 
Waals interactions increases over the correspond- 
ing contributions in the other three solvents. 

Inspection of Tables 4 and 6 shows a general 
decrease in the values of a given KG, on going 
from cyclohexane through carbon tetrachloride, 
p-xylene, benzene, chlorobenzene, to o-dichloro- 
benzene. The following explanation is proposed. 
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TABLE 7. The partition coefficients of three alcohols between 
six organic solvents and water, at 25 ' C  

Partition coefficient 

Solvent trrt-Butyl alcohol ti-Butanol Cyciohexano! 

Cyclohexane 0.48 0.73 3.70 
CC14 0.83 2.00 7.85 
p-Xylene 1.22 3 . I 2  12.32 
Benzene 1.22 4.05 13.36 
Chlorobenzene 1.26 3 .78 14.60 
o-Dichlorobenzene 1.04 3.31 11.44 

The activities of the alcohol and water monomers 
in the denominator of the expression for each 
formation constant include any alcohol-solvent 
complexes and water-solvent complexes, respec- 
tively. In the case of cyclohexane these cornpiexes 
are considered to be absent. For the other 
solvents, water--solubility data have been inter- 
preted (2) as being due in part to the existence of 
water-solvent com~lexes  in the other five solvents. 
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Solvolysis of isopropyl bromide in ethanol-water mixtures. Dissection 
into initial state and transition state contributions 
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WIENDELT DRENTH and MICHAEL COCIVERA. Can. 9. Chem. 54, 3944 (1976). 
Rates were determined for the solvolysis of isopropyl bromide in ethanol-water mixtures 

(20 to 80'; by volume of ethanol) at 50 and 75 'C and the corresponding activation parameters 
calculated. From the partial vapor pressure of isopropyl bro~nide over the various solutions at  
50 and 75 "C ,  the variations in its initial state thermodynamic parameters were calculated. 
Thus. the \ariation in the activation paraineters with solvent composition could be analyzed in 
terms of initial and transition state contributions. The initial state variation dominates accord- 
ing to a uniniolecular as well as to a bimolecular treatment of data. 

~YIEKDELT DRENTH et MICHAEL COCIVERA. Can. J. Chem. 54, 3944 (1976). 
On a dCterniinC les vitesses de solvolyse du broniure d'isopropyle dans des ni6langes eau- 

Cthanol (20 B 80(, par volurne d'ethanol) a 50 et 75 "C, et on a calculC les parametres d'activa- 
tion correspondants. A partir des pressions de vapeur partielles du broniure d'isopropyle 
au-dessus de diverses sclutions B 50 et 75 'C. on a calculC des variations de ses parametres 
thermodynaniiques clans 1'Ptat initial. Ainsi la variation dans les paraniktres d'activation avec 
la compositjon de solcant peut @tre analysCe en iermes de contribution de l'etat initial et de 
1'Ctat de transition. Que I'on traite la reaction conime unimoleculaire ou biniolCculaire, la 
variation dani l'etat initial domine. 

[Traduit par le journal] 

Introdustion 

The solvent dependence of the rates of a 
variety of reactions have been ana!yzed in terms 
of the transition state parameters, AG*, A F ,  
and AS*. Since these parametprs correspond to 
differences between the transition state and the 
initial state, any solvent dependence may result 
from effects on the transition state and, or the 
initial state. Therefore, to ascribe the solvent 
effect correctly, it is necessary to dissect these 
parameters into their initial and transition state 
components. Only in a few cases has this dissec- 
tion been made (1-5). In this paper, we present a 
dissection of AC* and AHq for the solvolysis of 
isopropyl bromide in ethanol-water mixtures 
ranging from 30 to 80 volcz of ethanol. This 
dissection was accon~plished by measuring the 
rate of solvolysis and the Iienry's law constant 
for isopropyl bromide at  50 and 75 "C for each 

'This work was performed at the University of Cali- 
fornia, Lo5 Angeles, CA, under the guidance of the late 
Professor Saul Winstein. 

solvent. Arnett et al. have obtained the heat of 
solution at 25 "C for a number of compounds in 
aqueous ethanol mixtures and dissected AN* 
into its initial and transition state components 
for tert-butylcl~loride and dimethyl-tert-butyl- 
sulfonium iodide (1). 

Results and Discussion 
The first-order rate constants for the solvolysis 

of isopropyl bromide are listed in Table 1 at  50 
and 75 "C for a number of ethanol-water mix- 
tures. These data were used to calculate the 
values for AG*, AH*, and TAS* that are listed in 
the table also. The value for TAS* is obtained as 
the difference between AH* and AG*. For the 
Gibbs free energy, the initial state component 
AGfind the transition state component G,B are 
obtained relative to isopropyl bromide vapor 
using the equations, 

Gi0 = R T l n  kH + A 
and 

G: = Ci8 + AG* 
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DRENTH AND COCIVERA 3945 

TABLE I .  Rate constants. Henry's law constants lc,, and transition slate paranleters 
for lsopropyi bro~nlde in alcohol-i5ater 

kn  X 105 
AG'" - TAS*c k, 

Solcent 5- ' AH*r J/ mol 
cornposition Mol fract~on ------- kJ, moi kJ1mo1 

(volr, alcohol) H20 at 25 C 50 C 75 ' C  50 C LJ, mol 50 "C 50°C 75 "C 

nRoot mean square error not exceeding 2% 
bAccurate to z0 .04  kJ/moI. 
CAccurate to +(O.S-2.1) kJ/mol. 

TABLE 2 Therrnodjnarn~c parameters for isopropyl bromide In nlitlal state and 
transition state. Data are 111 kJ/rnoi and are relat~ve to the ~ a l u e  at  80 f ,  alcohol 

v o l C L  A G ~ ~ ~  - TAS," AGtU - TASt0 
alcohol at  50 C AHi0"t 50 C at 50 C .iHt0 at 50 "C 

QAccuracy approximately 0.1 kJ/mol 
bAccuracy 2-5 kJ /mol. 

in which R is the gas constant: T is the absolute 
temperature, and k H  is the Henry's law constant, 
defined as vapor pressure divided by the con- 
centration. Values of k H  are listed in Table 1 for 
isopropyl bromide in each solvent ~nixture at  50 
and 75 "C .  Although Henry's law constant has 
been defined in ternls of concentration rather 
than mole fraction, the error due to variation of 
concentration u ith temperature is negligible over 
the 25 "C range employed. The constant A is the 
Cibb's free energy of isopropyl bromide in the 
vapor phase and,  therefore, is independent of 
solvent composition. Consequently to ascertain 
the eft'ect of solvent composition on C: and GtB9 
we use the 805; ethanol mixture as a reference 
and define 

in which GIR is the value for any soivent mixture 
and (61e)80 is the \ alue for the 80'; ethanol mix- 
ture. A similar expression is used t~ obtain ACte, 
and values are listed in Table 2. 

For the enthalpy, I f i s  and Nt are obtained 
using the equations 

and 

H: = Hio + AH* 

Thc constant B is independent of solvent com- 
position and consequently, AHis and AH:, 
uhich are listed in Table 2, are obtained using 
the 80FC ethanol solvent rnixturc as thc reference 
in the same manner described for the Gibbs 
functions. Each value of TAS listed in Table 2 
for the initial and transition state is obtained 
from the difference between AN and AG. 

The data in Tables 1 and 2 show that the 
variation in AC* with solvent composition is 
almost entirely the result of a change in the 
Gibbs filnction of the initial state AGisR whereas 
the Gibbs function of the transition state AG,B 
remains almost unchanged. This almost con- 
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TABLE 3. R/lolr; of i-PrOEt and i-PrOM arising from soivolysis of i-PrBr in 
ethanol-water mixtures at 50 and 75 ' C  

Moil, i-PrOEt Mol(,, i-PrOH 
voir;  ,S/iolc; 

EtOE at 25 ' C  H 2 0  at  25 ' C  50 "6 75 cG 50 "G 75 cC 

80 44.7 51.9;-3.0 53 .251 .0  98 .150 .9  4 6 . 8 i 1 . 0  
70 58.1 4 3 . 0 ~ 0 . 8 0  43.010.80 5 1 . 0 i 1 . 2  57.0f1.2  
50 68.4 33.610.66 34.1 *0.66 6 6 . 4 i 1 . 2  6 5 . 9 ~ 1 . 3  
50 76.4 21.5k0.55 27.0k0.50 72 .5k1 .4  73 .051 .2  
40 82 .9 20.5k0.40 20.2+0.40 79.5k1.6  79.8k1.6  
30 88.3 14.9k0.28 11.7k0.28 8 5 . I i 1 . 7  8 5 . 3 i 1 . 6  
20 92.8 8 .7k0.17 9 .1k0.18 91 .3k1 .8  9 0 . 9 i 1 . 8  

stancy of the transition state value in the range 
froni 80-2042 alcohol is probably the result of a 
coinpensation of a decrease due to a better 
solvation of the partly ionic transition state by 
an  increase due to a less favourable interaction 
between methyl groups and a more aqueous 
solvent. 

The variation in Gibbs fi~nctions AG? and 
AGt8 is composed of much larger, partly com- 
pensating changes i n  cnthalpy and entropy terms. 
In the solvent range investigated, the variation 
of enthalpj, as bell as of entropy with solvent 
composition is quite similar for initial and 
transitiori state, indicating that the eft'ect on 
initial state and on transition state in aqueous 
alcohol is sinlilar to a lar, me extent. 

In the foregoing disc~ission isopropyl bromide 
solvolysis is treated as a unirnolecular reaction. 
Actually, isopropyl bromide is classified as a 
borderline case between unimolec~~lar and bi- 
inolecular solvoljsis (6). In bimolecular reactions 
the initial and transition states not only involve a 
substrate rnolecule but also a molecule of sol- 
vent. Reaction of isopropyl bron~ide with ethyl 
alcohol gives ethyl isopropyl ether, while reaction 
with nater gives isopropyl alcohol. In order to  
know the percentages of isopropyi bromide that 
react with alcohol and water, i\e determined the 
product composition by gas-liquid chromatog- 
raphy (Table 3). It appears that the composition 
of the products in a given solvent is the same a t  
both temperatures. Moreover, the ratio, alcohol,' 
ether. for product is alinost equal to  the ratio, 
water, ethanol for the bulk solvent. 

Assuming t1j.o parallel birnolecular reactions, 
the observed first-order rate constant k can be 
dissected into a rate constant for alcohol forma- 
tion, ,j&,oHk. and a rate constant for ether 
formation, j~ri.oEtl<, J' being the product inole 

f r a c t i o ~ .  The second-order rate constants  ere 
calculated bq d~viding these partial first-order 
rate constants by the appropriate concentrations 
of v;ater and alcohol. Since the ratio of ~ r o d u c t s  
is almost equal to the ratio of bulk water and 
alcohol (Table 31, the partial second-order rate 
constants for alcohol and ether formation are 
almost equal. an t h ~ s  treatment the transition 
state contams an ~sopropyl bromide molecule 
and one solvent molecu!e. Consequently, the 
initial state must be defined as an isopropyl 
molecule plus one lnolecule of solvent, and the 
initial state thermodynamic parameters are ob- 
tained by adding the values-for isopropyl bro- 
mide (Table 2) to the corresponding values for 
the solvent coniponents. 

Partial asressures P of alcohol and water a t  
50 "C were calcuiated from the vapour pressures 
of the pure liquids Po (7, 8 )  and activity data 
published b~ Kharrn et ul. (9) using the equation, 
u = P Po in which u is the activity of the com- 
ponent. These vapor pressures nere used to 
calculate kg and AGB for hlcohol and for water 
relative to 80 volt; alcohol in the same manner 
as described above. The total value for 1 mol of 
isopropyl bromide and 1 mol of solvent dGis, 
which is given in Table 4, is obtained by adding 
AGE for the solvent component to the corre- 
sponding value given in Table 2. Using these 
values for AGis, AG," is obtained as described 
above. 

A similar calculation has been performed for 
the corresponding enthalpy values. In this case, 
the partial inolar enthalpy of each sohent com- 
pcnent was not obtained from the temperature 
dependence of the Henry's law constant. Instead, 
~t was obtalned directly from a plot of the heat of 
mixlng a t  50 "C (9) or.  mole fraction of solvent 
component for solvent mixtures containing no 
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DRENTW AND COCIVERA 3947 

TABLE 4. Total Gibbs functions for isopropyl bromide 
plus one solvent molecule at 50 "C. Data are kJ, mol 

and are relat~ve to the value at SO', alcohol (except AG') 

Biniolecular reactloll Blniolecular reactloll 
w ~ t h  EtOH w ~ t h  H 2 0  

V0lCC 
EtOH aG= A G , ~  AG,"G+ aGio AG," 

TABLE 5. Total enthalpy Lalues for ~sopropyl bromide 
plus one solLent molecule at  50 C. Data are ~n kJ/niol 

and are relatlhe to the value at SO', alcohol (except AH*) 

Biniolecular reaction Bimolecular reaction 
with EtOH al th  H 2 0  

V0lCC 
EtOH A *  AH,' AH,' AH* AH,' AHt' 

isopropyl bromide. Values for AHlQ and AH: 
calculated in t h ~ s  manner for a mechanism 
invo l~  ing one molecule of solvent plus isopropql 
bromide are giken in Table 5 .  

In this bimolecular treatment, the variation in 
AG* parallels the unimolecular case and is 
mainli the result of the variation in the initial 
state Gibbs function. The variations in AH: and 
AH: are much larger than in AN'. The same 
applies to the entropies ~ h i c h  can easily be 
calculated from the data in Tables 4 and 5 .  Since, 
qualitatively, the same conclusion is reached in 
the uni~nolecular and birl~olec~ilar treatn~ents for 
this reaction, we believe that the change in 

L 

reactivity as a function of solvent composition is 
determined mainly by the initial state variation. 

Experimental 

Compo~lnds 
Commercial isopropyl bromide (Eastnian Kodak White 

Label) was distilled twice, bp 58.9 "C at 751 torr, nDz5 
1.4224, d4'5 1.3046. 

Batches of anhydrous ethyl alcohol (1.5 1) were boiled 
for 4 h with 15 g potassium hydroxide. After distillation 
the alcohol was dried by treating it twice with magnesium 
ethylate according to Lund and Bjerrum (10). I t  was 
directly distilled into the storage bottle. Karl Fischer 
titration indicated a water content <0.04r1 ; bp 77.8 "C 
at 747 iorr, dd2j 0.7853. 

Two litres of distilled water were fractionated in an  
all-glass apparatus after addition of 3 drops of concen- 
trated sulfuric acid. 

Alcohol-water mixture5 were made up by mixing 
pipetted amounts of both components at  room tem- 
perature. 

Kitwrir Mens~rt~er?ierzts 
Rates were measured by the sealed ampoule technique 

and potentionletric titration of 5 cm3 aliquots for bromide 
ions. These aliquot7 were diluted with 15 cm3 of 95th 
ethyl alcohol anh 1 cn13 of a 2 M 1 : 1 acetic acid - sodium 
acetate buffer. 

Jn calculating the rates, 'infinity' titers were used. No 
appreciable drift in rate was observed. Straight lines were 
fitted to the points of a plot of log c rs. time. The rate 
constants were obtained from the slopes of these lines by 
least-squares calculation. 

Herlty's Law Cot~star~ts 
The partial vapour pressure of isopropyl bromide was 

deternlined by measuring the difference in vapour pressure 
over the solutions and the pure solLent at the required 
temperatures after careful degassing. Correctiolls were 
applied for the solvolysis preceding pressure reading as 
well as for the decrease in the partial pressure of the 
solvent in the solution compared with the pressure of the 
pure solbent. The latter correction was negligible for the 
50 "C data. For the 75 "C data it increased from 0.0 torr 
for 2Of,; alcohol up to 0.7 torr for 80'; alcohol. 

Gas-Llqurd Cl~r otnatogr rzppl~i 
Deta~ls of this are ava~iable In ref. 1 I. For product 

analys~s a 4 m column of : In A1 tub~ng wa5 used a t  
80 C ,  inlet I20 C, m~th  He as carrler gas. The fire brlck 
support was loaded oker 2 n~ wlth 30' glycerol and over 
the remaliilng 2 n~ a i th  1OC, cetjl anline and 10% 
9.p'-i~ninodiprop~oi~itrile Water and ethanol had much 
longer retention times than the solvolys~s products and 
d ~ d  not Interfere In order to speed the remohal of water 
and alcohol from the c o l ~ ~ m n ,  back flush~ng was applled. 
Tetrahydrofuran was used as Internal standard. 

We thank Dr. A. Schuijff for discussing some 
thermodynamical details. 
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Hydrogenolysis of organometallics and the acidity of hydrogen1 

ERWIN BCNCEL .4ND BALACHANDRAN C .  MENON 
Department oj Cl~emistry: Qrreerz's Ut~icersity, Kingston, Ot~t., Canada K7L 3N6 
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ERWIN BUNCEL and BALACHANDRAN C. MENON. Can. J. Chem. 54, 3949 (1976). 
The hydrogenolysis of a series of alkylcesiums in cyclohexylamine solvent has been studied 

spectrophoton~etrically. The cesium salt of p-phenyltoluene reacts with H2 (1 atm, room tem- 
perature), but the cesium salts of di-2,4-xylylmethane and of diphenylrnethane are unreactive. 
The results show that the acidity of Hz is intermediate between those ofp-phenyltoluene and of 
di-2,4-xylylniethane in this reaction system. Possible effects of ion association phenomena on 
the equilibrium processes are considered. 

ERWIN BUNCEL ei BALACHANDRAN C. MENON. Can. J. Chem. 54, 3949 (1976). 
On a etudie spectrophotometriquement I'hydrogCnolyse d'une serie d'alkylcesiuni dans la 

cyclohexylan~ine cornme solvant. Le sel de cesium du p-phenyltolukne reagit avec H2 (1 atm, B 
temperature de la piece) mais ies sels de cesium du dixylyl-2,4 methane et du diphenylmethane 
ne reagissent pas. Les resultats montrent que. dans ce systkme de reactions, l'acidite de Hz est 
intermediaire entre les acidites du p-phCnyltolukne et du dixylyl-2.4 methane. 0 1 1  considkre les 
effets possibles du phenomkne d'association des ions sur les processus d'equilibration. 

[Traduit par le journal] 

The pK, of molecular hydrogen, or deuterium: 
is of fundamental importance to  the interpreta- 
tion of the effect of structural changes on acidity 
(1-4). Literature estimates of this pKa vary 
between 29 and 38 ( 5 ,  6), although no experi- 
mentally determined value has been given. 

In relation to our studies of isotopic exchange 
of molecular hydrogen (deuterium) in strongly 
basic systems (7-9), it was of interest to  have 
direct knowledge of the acidity of H2  (El2), in 
order to  be able to relate the kinetic and th, errno- 
dynamic acidity parameters. 

Our approach to  the determination of the 
acidity of hydrogen is based on quantitative 
measurements of the equilibrium between H2 
and an organometallic indicator: 

I t  is clear from the reaction depicted in [I ]  that if 
Id2 is a stronger acid than RH the equilibrium 
will lie to the right hand side, and vice versa. 
Thus, by studying a series of hydrocarbons of 
increasing p&, a break in reactivity should be 
observed. When the pK, of the hydrocarbon RH 
is within 1-2 pK units of that of H 2 ,  the reaction 
[ l ]  will proceed to equilibrium and the equilibri- 

'Carbanion mechanisms. Part V. The previous parts in 
the series are considered to  be those in ref. 26. These 
publications concern the carbanions derived from i,3,5- 
trinitrobenzene (26a), 2,4,6-trinitrotoluene (26b), 1,3-di- 
nitrobenzene (26c), and dimethyl sulfoxide (26d). 

urn constant (Krel) will be related to  the Ka's of 
H Z  and of R H  via [2] and [3]: 

The method for pKa determination of H2 out- 
lined above is analogous in principle to  the 
method originally put forward (10) for pKa 
determination of carbon acids, via [4]: 

When the anions R1- and W2- have character- 
istic spectral absorptions in the ultraviolet or 
visible region, the position of the equilibrium in 
[4] is conveniently measured spectrophotometri- 
cally. In the present system, though one of the 
anionic species (H-) in [ I ]  has no absorption in 
the uv-visible, the spectrophotometric method is 
still applicable, as can be seen from [ 5 ] :  

Of the concentration terms occurring in [ 5 ] ,  the 
equilibrium carbanion concentration [RM], is 
directly measurable, [RH], is known from the 
weighed quantity of RH initially introduced and 
the value of [RMIe, ~ h i l e  [MH],, the extent of 
reaction, is given by [RMIo - [RM],. The [Hz], 
term in the present case will simply be given by 
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the solubility of hydrogen in the solvent since 
e q u i l ~ b r ~ u n ~  betueen gaseous Hz (at l atm 
pressure) ancl the dissolved H2 1s n~aintaliled so 
that the concentration of H 2  in solution remains 
efTectivelv constant. 

The literature already contains one report 
pertinent to the present uork ,  on the hydro- 
genolysis of organornetallic compounds. Ciilman 
et crl. (11) found that several organometalllc 
con~pounds here reduced by molecular hydro- 
gen. Thus the alkali metal derivatives R M  ~vhere - 

W = methyl, n-butyl. n-lauryl. 13-tolyl, a-naph- 
thyl, and phenyl, in benzene solution, reacted 
under atniosphcric pressure of H 2  in the absence 
of catalyst. The reactions ae re  relatively slov~, 
requlrlng generally some hours to go to com- 
pletion A noteworth) aspect L$as the increased 
reactn it) uith increasing atomic number of the 
alkali metal Thus phenylsodrum req~ured 1.9 h 
for 90C; reduction to benzene uhile only 0 2 h 
&as needed in the case of phenylcesium Al- . . 

though these preparative type of experiments are 
unsuitable for evaluation of acidity, a very 
approximate upper value for the pKa of El2 in 
the region of -42 uould follow froin the 
observation of the KCs + H2 reaction with 
R = a -naph t l~y l .~  This estimate, ho~vever, disre- 
eards possible medium and ion pairing effects on 
L. 

the pKa (13-17). Ion association phenomena and 
their efect  on calculated pKa values must be 
considered in relation to [I]-[5] as will be shown 
in the Discussion section. 

Results and Discussion 

The solvent ~lleclium chosen for the determina- 
tion of the acidity of H 2  was cyclohexylaniine 
(CHA). with alkylcesi~ims (RCs) being used as 
the organometallic indicators. The RCs CHA 
system has bee11 used extensively by Streitwieser 
and co-workers (13. 18) in their stirdies of the 
acidities of hydrocarbon acids and the pP(, scale 
pertaining to this system has been reliably 
established for a series of hjdrocarbon acids 
(13, 19). The availability of a series of hydro- 
carbon acids of known and increasing pKa is 
central to the design of the present study. 

The series of hydrocarbon acids used in this 

T h e  pK, of benzene in the cesiulll cyclohexylarnidei 
cyc lohex~lami i~e  system is taken as 43 (12), and since 
isotopic exchange for the a-naphthyl hydrogen is about 
10 times grcatcr than for benzenc ( l3 ) ,  this would indicate 
that naphthalene has a pKa of -42. 

work, given in order of increasing pK, and 
including an abbreviated notation. is as follows: 
diphenylmethane (DPM, 33.1). di-2,4-xylylmeth- 
ane (DXM, 36.3), 11-phenyltoluene (PPT, 38.7), 
and toluene (TOL, 41.0). The pK, data are taken 
from ref. 19. 

Diphenylnietliane Dl-2.4-xylylrnethane 
DPM (33.1) DXM (36.3) 

/I-Phenyltoluene 
PPT (38.7) 

Toluene 
TOL (41.0) 

Our general approach towards study of re- 
action I is to generate the alkylcesium deriva- 
tive RCs by reaction of the hjdrocarbon RH 
with cesium cjclohexylarnide in cqclohexylariline 
(CsCHA CMA) and then to allow reaction vYith 
H2 to  occur. (In the procedure adopted, a 
deficiencv of CsCHA is used so that the R H  is 
partially converted to RCs, see Experimental.) 
The RCs concentration is measured spectro- 
photolnetrically both before and after reaction 
i i t h  H2, using a reaction vessel sealed to a 1 mm 
quartz cuvette. Reactions were carried out under 
strictly anhydrous conditions. The details of the 
procedure and the apparatus used are given in 
the Experimental section. 

The hydrocarbon toluene (pKa 41) seemed a 
suitable starting point for our investigation, since 
toluene is more acidic than the hydrocarbons 
used in Cilman's work (1 1). It was found, how- 
ever, that CsCHA C K A  incompletely converts 
toluene into the cesium salt. In fact the spectral 
measurements indicated that only about lC& of 
C6H5CH2Cs was present at  equilibrium: 

If the reaction betbeen C6H5CH2Cs and H 2  did 
proceed then the mobile equilibrium according 
to  [6] ~ o u l d  restore the concentration of 
C6H5CH2Cs, uhile there is also the possibility of 
a reaction between CsI\JHC6Hi1 and H2. Either 
or both of these circilmstances could lead to n o  
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BUNCEL AND MENON 3951 

TABLE I .  Reaction between alkylcesiums and hydrogen (I  atm) in cyclohexylamii~e at room temperature 

Time of Percent- 
[RHjo [H2]oa reaction [RCs]oh [RCs], [RCsIo - [RCs], ([RCsIo - [RCS],)~,,,, age 

RH Run XI03 hf X103 hf (h) X103 M X I 0 3  M X103 M x l 0 j  .21 reaction 

PPT 1 0.429 6.3 330 0.780 0.082 0.698 0.601 77d  
PPF 2 0.517 6.3 336 0.696 0.186 0.5iO 0.439 63d 
PPT 3 0.703 - 336 0.560 0.483 0.077 - - 

DXM 4 0.288 6.3 336 0.323 0.318 0.005 - 2 
DPM 5 0.133 6.3 336 0.341 0.326 0.015 - 4 

aObtained from solubility of H: pus,  measui-ed accordin& to I-ef. 25.  
hCarb;inion concentrationa calculated using the following extinction coefficient (\\n\elengtli) data  for RCs: PPTCs 21 400 (472 nm), ref. 20; 

DXMCs 46 400 (444 nm),  ref. 19; DPlICa 47 100 (440 nm), ref. 20. 
C([RCs]o - [ R C S ] ~ ) ~ , . ~ ~  = ([RCsIl - [RCs],) - 0.14([RCs]o - [RCaIt). The second (correction) term in this equ,~t ion represents the 'blank' 

reaction, run 3, in khicli the extent of dcconiposition is 147,. 
d o n  prolonged reaction tunes ( 3 5 0 0  h) the reaction with PPT \%as founcl to  proceed to completion but only liegligible reaction occurred in 

the case of DXM and DPM. 

net decrease in [ C ~ H S C H ~ C S ] .  In practice, there 
was no appreciable decrease in [C6H5CH2Cs] 
after introducing H z  into the C6H5CH3 CsCHA 
CHA system. According to the above argument, 
n o  significance could be attached to  this result. 
The present method requires that the solvent 
must have a larger pK, than the hydrocarbon 
used to prepare the cesium salt. This condition 
apparently does not hold in the case of toluene 
as hydrocarbon and cyclohexylamine as solvent 
(20). 

p-Phenyltoluene (PPT, pK, 38.6) was the next 
hydrocarbon in the series to  be examined in the 
reaction with H2. The cesium salt (PPT-Cst) 
was partially generated from the hydrocarbon, 
by adding a deficiency of CsCHA CHA, which 
was followed by the introduction of H 2  to 1 atm 
pressure. On shaking ihc reaction vessel a t  room 
temperature, and monitoring the reaction by 
uv-visible spectroscopy, a gradual decrease in 
PPT-Cs'- concentration was found to occur. In 
time, the characteristic carbanion absorption 
disappeared entirel).: showing that the reaction I 
went to completion. A control (blank) experi- 
ment was run sim~~ltaneously (i.e. PPTpCs+ in 
CHA but in absence of Hz) and showed only a 
relatively sinall decrease in carbanion concen- 
tration, which was taken into account when 
estimating the extent of reaction at a given time. 
A representative run is described in detail in the 
Experimental section and the data are sum- 
marized in Table 1 .  

The hydrocarbon of next Io~ver pKa in the 
series being di-2,4-xylylmcthane (DXM, pKz 
36.3): u e  examined therefore the reaction of 
DXM-Cs+ with H2 in CWA solvent. The results, 
given in Table I ,  show that there is negligible 

reastion (<2Yc) between DXM-Csi- and HZ, 
under the conditions where extensive reaction 
occurred between P P T C s T  and H2. 

111 order to corroborate the significance of the 
result with DXMpCs+, we examined also the 
reaction of the cesium salt of diphenylmethane 
(DPM, pb(, 33.1) with Hz. The results (Table 1) 
show that, once more, negligible reaction (-4%) 
occurs between DPM-Cs! and H 2  under the 
conditions where PIST-Cs- and H2 react accord- 
ing to  [I]. 

From the above experiments one can draw 
certain conclusions. The results of this work 
show that while PPTpCs+ in CHA reacts with 
H 2  (1 atm, room temperature), DXM-Cs' and 
DPM-Cs- d o  not react under the conditions. 
Consideration of [ I ]  for the PPTpCs+:'H2 system 
shows that since the reaction proceeds to the 
right, therefore El2 must be the stronger of the 
two acids in this sj.stem. Since the reaction goes 
to  completion (albeit slowly), this would suggest 
that Hz has a pP(, at  ieast 1-2  nits smaller than 
the hydrocarbon PPT (pK, 38.7). Moreover, an 
extremely slow reaction rrlight also have been 
expected between DXM-Cs- and Hz, though the 
slow competitive cjecomposition of the carbanion 
could have precluded its observation. As is 
known from Eigen's work (21), the rate of proton 
transfer betiveen RIP and R2H depends on the 
relative acidities of R!H and R2H, and the 
greatly diminishing reactivity of RpCs+ ~vith H2 
along the series Ph-Cs+, PPT-Cs+, and ISXI\/%-- 
Cs+ is expected on this basis. 

The above discussion would lead one to con- 
clude that the pK, value for hydrogen in cyclo- 
hexylamine is -37. However, an  uncertainty as 
to  the validity of this conclusion arises from 
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possible effects of ion association phenomena 
(14) in the system. In a solvent of low polarity 
such as cyclohexylamine the ionic species KM 
and MH in jl] are not expected to  be present in 
dissociated form and the degree of association 
into ion pairs or aggregates may differ for the 
species RM and MH.3 In such situatiol~s caution 
is required when assigning pK, vaiues (14). 

Mou~ever, we have independent evidence con- 
cerning the relative acidities of Hz and the 
hydrocarbons in question. This evidence has 
been obtained by approaching the equilibrium 
of reaction I from the right hand side, which was 
effected using the series of hydrocarbons (RH) 
and potassium hydride (MH) in tetrahydrofuran 
in the presence of 18-crown-6 ether (22). The 
reacti\.ity order which we observed was DPM > 
DXM >> PPT, the latter being unreactive under 
the conditions. That this order of reactivity is the 
reverse of the one described in the present work 
for the RCs + Hz system is noteworthy and is in 
accord with Eizen's theory (21). Althougll the 
natures of the medium and of the counterion in 
the two studies are not identical, which makes an  
exact correspondence between the systems not 
possible, the resuits from these studies reinforce 
one another regarding the relative acidities of 
hydrogen and the hydrocarbons examined. 

In conclusion, there appears to  be sufficient 
uncertainty about the effect of ion association 
phenomena in this system, and especially about 
the state of aggregation of cesium hydride, so as 
not to  warrant a definite estimate of the pK, of 
H Z  to  be rnade at  this time. It is significant, 
nevertheless, that the relative acidity of H2 has 
been shown to be bet~veen those of the hydrc- 
carbons 11-phenyltoluene (PPT) and 2,4-clixylyl- 
methane (DXM) in this reaction system. This 
-- 

3The possibility that the solubility limit of CsH in the 
CHA solvent was reached, or that a super-saturated 
solution was present, cannot be eliniinated even though 
the overall concentrations used were small (10-"10--' M). 
A coniplicating feature in the system is the occurrence of 
a minor deconlposition process (see Experimental) which 
causes the solution to be Inore strongly colored as the 
reaction proceeds and this could well obscure any minor 
precipitation if such had occurred. It is evident frorn con- 
sideration of [ I ]  that if precipitation of CsH did occur f.his 
would lead to an  increased apparcnt acidity of Hz. [ t  is 
noteworthy, howel.er, that the solubility of potassium 
hydride in cycIohexylarnine has been found to be 
7 X 10-3 M ,  which exceeds the value of the cesium 
hydride concentration expected to be presrct in the 
PPT-Cs+ f H2 system, 

FIG. I .  Apparatus for preparation of cesium cyclo- 
hexylarnide,'cyclohexylamine with ampoule containing 
cesium in place prior to crushing. 

result shous  that Pearson and Songstad's (5) 
estimate of the pKa (H,) as being 29 is on the low 
side and suggests that the estimate by O'Donnell 
et al. (6), pK, (H2) -38, is much closer to the 
actual value of the pK, of H2. 

Experimental 

1740 terials 
Cesium metal was purchaced from IMSA Research 

Corp., as sealed glass anipoules containing I g of the 
metal. Cyclohexylaniine was distilled from calcium 
hydride and qtored over lithiuni cyclohexyiamide, ob- 
tained by addition of butyllithiun~ (Ventroll Corp.) to 
cyclohexylarnine. Addition of a few mg of triphenyl- 
methane to the LiCHA/CHA solution served as an  
indicator, via the trityl anion. DXhl was prepared 
according to ref. 23 while the other hydrocarbons were 
commercially procured. 

Cesium cyclohexylaniide was prepared by the following 
method. The ampoule containing the cesium was intro- 
duced into a glass vessel (Fig. I )  consisting of a SO ml 
round bot ton~ flask with a long neck (25 cm) fitted with a 
greaseless Rozaflo stopcock and an '0' ring joint, and 
containing 1 g of platinum wire. The dimensions of the 
apparatus were such that it needed to be severed along 
the cylindrical neck portion for introduction of the 
arnpo~lle and Pt wire and the two parts were then rc- 
sealed. The vesse! \\/as evacuated by connecting the '0' 
ring joint to a vacuum nlanifold and the ampoule crushed 
by action of the Rotafo stopper. The flask was inverted 
and dry CHA distilled in (-25 ml). During reaction with 
the Cs, Hz was vented from time to time; reaction was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUNCEL AND MENOW 3953 

\/ I1E;XION VESSEL 

Fic. 2. Assen~bled apparatus for transfer of ceslum 
cyclohexylamide/cyclohexjlain~ne from storage tube (B) 
into reactloll vessel (A). 

complete after -36 'n. The resulting pale ye!!ow-green 
soltition of CsCHAICHA was transferred into the 
storage tube B (which was then in an inverted position 
relative to the drawing in Fig. 2) via the atlaptor C. For 
standardization, a known weight of the CsCHAjCHA 
solution was added to nlethanol and? after evaporation to 
dryness, the aqueous so1~l:ioi-i of the residue was titrated 
with standard potassium hydrogen phthalate solution. 

Procedure 
Reactions were performed in a cylindrical vessel (A, in 

Fig. 2) of capacity -120 ml. equippcd nith one side-arm 
to  which a 1 mm quartz uv cell was attached. and a second 
side-arm consisting of a Rotaflo stopcock attached to an  
'0' ring joint. This reaction lessel was made to fit into the 
cell compartment of a Unicam SF800 spectrophotometer. 

The hydrocarbon was first introduced into the reaction 
vessel. by weighing it into a small glass ampoule, placing 
this into the arm fitted with the '0' ring joint, capping ?he 
latter with a rubber septum. flushing \+ith nitrogen, and 
allowing the ampoule to enter the evacuated vessel -via the 
Rotafl o stopcock. Solvent (CNA) was transferred under 
vacuum into the reaction vessel by distilkition from a 
stock LiCHA/CHA solution. The apparatus shown in 

Fig. 2 was then assembled, and the CsCKA/CHA ictro- 
duced from its storage reservoir, 3 ,  which allowed the 
transfer to be made in an evacuated system. The total 
amount of GsCHA,'CHA added was -0.2 ml of a 0.4 M 
solution, which resulted in a concentration of RCs of 
-10-3 11f. corresponding to an absorbance of -1.0-1.5 
at  A,,, for the organometallic. For introduction of H2, 
the vessel A was attached to the vacuum line and pressur- 
ized with H2 gas from a small cylinder. The H2 gas was 
dried by passage through two traps containing glass 
beads cooled to liquid nitrogen temperature. 

A summary of the observations in a given experiment is 
given for run 1 in Table 1. The weight of hydrocarbon 
taken was 3.12 mg and the volu~ne of CNA distilled into 
the reaction flask was 15.4 ml. yielding an initial hydro- 
carbon concentration of 1.209 X M. The CsCHA/ 
CHA was added ~ ~ n t i l  an absorbance of 1.67 was obtained 
at 472 nm, the for PPTCs. This corresponds to 
[PPTCsIo = 0.780 X 10-3 M (using €472 = 21 400 (20)) 
so that [PPTIo = (1.209 - 0.780) X 10-3 IM = 0.429 X 
10-3 '.f After introducing HZ (1 atm): and agitating on a 
mechanical shaker, the spectrum was scanned periodi- 
cally. The absorbance decreased to -50r; of the original 
v a l ~ ~ e  after 100 h, -20' ; after 330 h and -0'; after 
500 h. Si~nultaneously a small rise in absorbance occurred 
at  longer wavelengths (A570 = 0.19 after 330 h), pre- 
sumably due to minor decomposition products. or to 
polyn~erization (24). (In a second run of the PPTCs/ 
CHA/H, reaction, the decrease in the absorbance after 
336 h was 63(,.) A blank (control) run, performed in an 
identical manner but in the 'bsence of hydrogen, is given 
under run 3 in Table 1. In this case the absorbance due to 
PPTCs decreased from an initial value of 1.20 to :he value 
1.04 after 336 h, corresponding to [PPTCsIo = 0.560 X 
10-3 IM and [PPTCs], = 0.483 X 10-3 M. The difference 
in these [PPTCs] values. i.e. 0.073 X 10-3 M (which 
corresponds to a 14' ; correction), was subtracted (on a 
percentage basis) in runs 1 and 2 in reckoning the cor- 
rected value of the extent of reaction ivith hydrogen 
during the time interval of 336 h. Therefore, the corrected 
extent of reaction for the PPTCs/H, system after 330 h is 
7 7 5  in run I and 63' ; in run 2. A noteworthy point in the 
control run was a small increase in absorbance in the 
570 nrn region, as had also bee11 observed with PPTCs/ 
CHA/H2 (runs i and 2): which tends to  discount the 
possibility that this absorption signifies other than a 
minor decomposition product. Szwarc and co-workers 
(24) observed the formation of a long wavelength ab- 
sorption in the spectra of benzy! sodium in tetrahydro- 
bran on standing for prolonged periods and ascribed this 
t o  the formation of polymeric species formed by ion pair 
association. 

The detailed results in the experiments performed 
bztween DXAICs and HZ, and between DPMCs and HZ, 
are recorded in Table i .  It is seen that in these systems 
there was no significant decrease in RCs concentratioil 
after prolonged reaction periods. 

In the experiments with benzylcesiurn the technique 
used was similar to that described above, b ~ l t  a much 
larger PhCHzCs concentration was required. For ex- 
ample, addition of 1 ml of 0.4 11fCsCHAjCHA to a 
0.283 M solution of PhCN3 in CHA led to an absorbance 
of only 0.46 at  470 nm. This corresponds to a concentra- 
tion sf 3.0 X 10-3 M for PhCH2@s, assuming a e470 value 
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of 1500 (20), i.e. the extent of conversion to PhCH2Cs is 
1.06(,;. (The absorption maximum of PhCHzNa occurs 
at  355 nm in tetrahydroforan (E = 12 000 (23)) but in 
CHA interference from the solvent absorption allows one 
only to view the shoulder absorption ill the 450-500 nm 
region). The reaction of PhCH2Cs/CHA with H2 showed 
negligible change in absorption even on heating (40 ' C  
for 17 h). 
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The synthesis of spiro[bieyslo[2.2~1]heptenee7~1P-cy~1~alkan]B2~-one~ 
and related benzobicyclo[2.2.1]heptene derivatives 

Lasli Milier Clletiiicul LoDor.citorirs, L:niuersiij of Tot.otlto, Torotiro, Otlf., CLL~IUNIO .V15S I A I  

Received June 21, 1976 

N. F. FEI&ER, G. D. ABRAMI. and PETER YATES. Can. J. Chem. 54, 3955 (1976). 
7-Norbornenone gives on treatment with diphenylsulfoniurn cycloprop>lide an epoxide that 

rearranges thermally to a mixtilre of sj.tr- and uirii-spiro[bicyclo[2.2.l]heptene-7.I'-cyclobutan]- 
2'-ones. Treatnient of 7-norbornenone with cyclobutylide1letri~>he11ylphosphorane gives 7- 
cyclobutylidenenorbornene, which on epoxidation and rearrangement gi\es sjn-spiro[bicyclo- 
[2.2.l]hepte11e-7.l'-c~clopenta11]-2'-one. This is also forn~ed on treatment of sj,ti-spiro[bicyclo- 
[2.2.l]heptene-7,l'-cyclobutanl-2'-one with rei.1-butyl diazoacetate and triethyloxonium fluobo- 
rate followed by decarboalkoxylation. Similar homologation of irtlii-spiro[bicyclo[2.2.1]- 
heptei1e-7,l'-cyclobutan]-2'-one affords ~t7ri-spiro[bic~clo[2.2.l]heptene-7.1'-c~clopenta11]-2'- 
one. 7-lsopropylidenebe~~zo~~orbornene with acetyl chloride and aluminum chloride gives 
7-.sjtl-acetjI-7-nriri-isopropei1ylbenzonorbornene, which on dibronlination followed by con- 
densation with isopropylidene malollate gives a dispiro ketone related to these spiro ketones. 
The stri~cti~res of the spiro compounds have been establiihed by infrared and nuclear magnetic 
resonance spectroscopy and by studies of their reactions. 

N. F. FEINER. G. D. ABRAMS et PETER YATES. Can. J.  Cheni. 54, 3955 (1976). 
Le traitement de la norbornCnone-7 par le cyclopropylure de diphenylsulfoniun~ conduit B 

un epoxyde qui se rearrange sous l'influence de la chaleur pour conduire un melange de spiro- 
[bicyclo[2.2.l]heptene cyclobutane-7,1']-ones-2' .s?n et anti. La reaction de la norbornenone-7 
avec le cyclobutylidenetriphei~ylphosphoranne cond~rit au cyclobutylidkne-7 norbornkne qui 
par Cpoxydation et rearrangement fournit la spiro[bicyclo[2.2.l]heptene cyclopentane-7,1f]- 
one-2' syn. Ce colnposi se forme ausai par traitenient de la spiro[bicyclo[2.2.1]heptene cyclo- 
butane-7,1f]-one-2' syiz avec le diazoacitate de tert-butyle et le Ruoroborate tie triCthyloxoniuin 
s~rivi par une decarbonlltoxylation. Une hon~ologation du ni&me type de la spiro[bicyclo[2.2. I]- 
heptene cyclobutane-7,1i]-one-2' anti fournit la spiro[bicyclo[2.2.1] heptene cyclopentane-7,1']- 
one-2' anti. La rCaction de l'isopropylide~~eben~onorl~or~~ene-7 avec le chlorure d'acetyle et le 
chlorure d'alurniniurn conduit a I'acCtql-7 sjti isopl-openyl-7 anti benzonorbornkne qui par 
dibroniation suivie par une condensation avec le malonate d'isopropylidene conduit a une 
dispiro-cktone reliie a ces spiro-cetones. On a Ctabli les structures des composes spiro par 
spectroscopic infrarouge et de resonance magnetique nucleaire et par une etude de leurs 
reactions. 

[Traduit par le journal] 

Unsaturated carbonyl compounds that are 
formally unconjugated, but in which interaction 
can occur between the carbonyl and ethylenic 
groups, have long been of interest in respect to  
the effect of such interaction on both their 
spectroscopic properties and their reactivities 
(c j : ,  for example, ref. 1). Of particular interest 1 2 
among such systems are those in which the 
carbonyl and unsaturated groups are held in a 
fixed geometrical relationship to each other, for s 

A it is then possible to make unambiguous interpre- 
tations of the properties of the compounds in 
terms of orbital overlap. In 1961 Winstein et al. 
(2) described a series of unsaturated ketones of 
type 1 and 2, whose lack of conformational 
mobility defined a unique geometry that had the 3, n = l  4, n = l  
consequence of bringing lobes of the olefinic 5, n = 2  6 ,  n = 2  
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and ketonic a-orbitals into close proximity en- 
suring strong o~er lap ,  while placing thep,, orbital 
on oxygen orthogonal to the KCC orbital, 
resulting in zero I I ~ - ~ ~ ~  overlap. These ketones 
thus represent one type of limiting case of the 
class of orbitally interacting nonconjugated 
enones We have undertaken the synthesis of 
unsaturated ketones that represent the diametri- 
cal type of limiting case, mz.. rigid systems in 
which there is strong overlap betueen the p,, 
orbital and the TCC orbital, but where the latter 
is orthogonal to the KCO orbital. We no\\ report 
the synthesis and proof of structure of two such 
ketones, 3 and 5, and their anrl isomers, 4 and 6. 
We also discuss related s~nthet ic  studies in the 
benzonorbornene series. 

syn- and antt-Spiro[bic~clo[2.2.l]hepte11e-7,1'- 
cjcloblrtcm]-2'-orze 

Treatment of 7-norbornenone (7) with cyclo- 
propyldiphenylsulfoniurn fluoborate (8) and 
commercial potassiiin~ hydroxide (containing 
15% water) by the method of Trost (3) gave the 
epoxide 9 accompanied b) diphenyl sulfide (LO). 
Although the epoxide was not separated from 
10, the spectra of the mixture established its 
gross structure. The infrared (ir) spectrum 
shoued no carbonyl absorption and the proton 
magnetic resonance (pmr) spectrum showed a 
sharp triplet at  6 6.00 (J,,, = 2 Hz)l attributable 
to the two equivalent olefinic protons, and mul- 
tiplets at 6 0.7-1.3, 2.0-2.3, and 2.5 assigned 
to  the cyclopropyl and enclo C-5 and C-6, exo 
C-5 and C-6, and bridgehead protons, respec- 

'This is a not uncommon feature of the signal of chemi- 
cally equivalent vinyl protons in norbornenes, with 
JaDP = i ( J 2 1  + J24) ( c .  ref. 4). 

TABLE I .  Rearrangement of 9 

Product composltlon (' ,) 

5' ,  aqueous NBF4 Et10 83 17 
LlC104 C6H6 (reflux) 75 25 
S102 column EtzO 68 3 2 
110 C 63 3 7 
175 C 55 45 
175 ̂ C NaHC03 50 50 

tively. Although the latter spectrum suggested 
that a single stereoisomer had been formed, it 
did not reveal the configuratio~i of this isomer. 
Ho\riever, this can be assigned as in 9 based on 
the expectation that attack of the ,lid derived 
from g~v111 occur on the iess h~ndered s ~ d e  of the 
carbonql group of '7, as B1j and Bly have 
observed In the case of attack of dlmethyloxo- 
sulfonil~m methyllde on 7 (5). 

Rearraiigcment of 9 occurred under a variety 
of condlt~ons (see Table 1) to give a in~xt~kre of 
the splro ketones 3 and 4. These could be 
separated from cach other and from LO by 
column chromatographj on sillca Filrther pun- 
ficat~on by moleciilar cl~stillation gave 3 (327, 
from 4)  and 4 (33% from 7) as colorless 011s.~ 

The gross structures of 3 and 4 were established 
by their spectra (Table 2) and the conversion of 
a 5:l  mixture by hydrogenation over pal- 
1adium:'charcoal to a single product, 11, which 
was also obtained by siniilar hydrogenation of 
3 alone. In accord with expectation, exposure of 
3 to methanol-d containing a trace of sodium 
methoxide resulted in rapid exchange of two 
hydrogen atoms to give a didecterated product 
whose pmr and mass spectra Fvere in accord with 
structure 12. 

2These y~clds corrc:pond to those from the thermal 
rearrangement of 9 at 170 -C. 
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FEiNEX ET AL. 

TABLE 2. Spectra of 3 and 4 

Spectrum Assignment* 3 4 

h,,,iCC14) C-0 5.63. 5.65 gm 
€T~CDC13 Hs,.H,, 1 .OS(n1) 

H5z.HSzlM!o 1.7j(in) 
H 9 2.7?it, / = 9.5 Hz) 
MI.H~ 2.88(br s) 
H233  6.09(t, Ja,, = 2 Hz)? 

CSCDC'3 CiO 20. 5(t) 
C5,c6 23.4(t) 
c g  41 .3(1) 
C I . ~ ~  47.7(d) 
c7 85.8(s) 
C?,c3 l33.8(d) 
CY 212.7(5) 

5.65 srn 

1 .O(ill) 
1 .9(m) 
2.65(t, J = 9 H z )  
2.85 (br s) 
5.00(t. J,,, = 1 .5 H L ) ~  

18.6(t) 
23 .3(t) 
30.3(tj 
48.9(6) 
82.  j(s) 

133.7(d) 
211.7(s) 

*n = endo, x = exo. 
?See footnote 1 in text.  

Reduction of a 5:1 mixture of 3 and 4 with 
lithium alumin~lrn hydride gave a corresponding 
mixture of the cyclobutanols 13 and 14; similar 
reduction of pure 3 and 4 gave 1 3  and 14, respec- 
tively. Treatment of the 5:1 mixture of 1 3  and 
14 with mercuric acetate in a variety of solvents 
(tert-butyl alcohol, dichlorometbane, acetone, 
pentane) led to rapid reaction of the major 
component only. Stereochemica-l assignments as 
in 3 and 4 could then be made based on the 
expectation that intramolecular oxyn~ercuraeion, 
analogous to that observed by Bly and Bly 
(5) for syn-7-(hydroxymethyl)norborne11e (159, 
would preferentially remove tile syn-alcohol 13, 
as the adduct 16. 

Isolation of the product from the reaction of 
pure 3 with mercuric acetate showed that in fact 
it is a diacetate of type 17 or 18 (X,,,(CHCI~) 
2.8-3.1, 5.80, 6.15, 6.25 pm; H ~ c U C ' 3  2.00 (s, 3H>, 
2.10 (s, 3H), 4.0 (br s, IH;  absent after DzO 
treatment)). It may be concluded that the high 
degree of strain in 16 has resulted in a secondary 
reaction involving attack by acetic acid.3 The 

absence of skeletal rearrangement in the forma- 
tion of 17 (18) was indicated by the conversion 
of the product to 13 by treatment with 5Yc 
hydrochloric acld. 

B 6 17, X = Ac, Y = H 
18, X = PI, Y = AC 

T h e  possibility exists that direct addition of mercuric Further evidence for these stereochemical 
acetate to the ethylenic doubie bond of 23 or I4  gave rise 
to 17 (18), thus vitiating the steseochemicai assignment on 

assignments derives from a coinparison of the 

this basis; however, such a reaction would be, as far as M e  pmr Spectra of I3 and The groton 
are aware, without precedent (cf. ref. 6). signal in the former has vi /2  = 20 Hz, while in 
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the latter it has v 1 l 2  = 5 Hz, in accordance with 
the expected greater nonequivalence of the vinyl 
protons in 13. These assignments are also in 
accord with the circumstance that the mono- 
meric hydroxyl-stretching band in the ir spec- 
trum of 1 3  occurs at  longer wavelength than 
that of 14 as a result of intramolecular hydrogen 
bonding to  the ethylenic double bond (cf: 15 (5 ) ) .  
Final confirmation for the assignments comes 
from ring expansion experiments (vide iilfra). 

The conversion of 9 to  3 and 4 is highly 
regioselective in  the sense that it involves only 
cleavage of the 0-C.7 bond; the stereochemis- 
try and the effect of the reaction conditions on 
the product ratios of the stereoisomers are dis- 
cussed below in relation to the formation of 5. 

r j ~ z -  aizii ~ilzti-Spir0[bi~~c!o[2.2.Ifieptene-7,1'- 
c j  cl0~1e~~furiJ-2'-0tze 

Attenlpts to add cyclobutylmagnesium bro- 
mide to '?-norbornenone (7)  led only to  reduction 
of 7 to arzti-7-norbornenol (19), as shown by the 
pmr spectrum of the product and its reconversion 
to 7 on oxidation with chromium trioxide. 

Warkentin (7) has found such reduction of 4 
to  be comnlon with Grignard reagents having a 
P-hydrogen atom. 

Treatment of 7 with cyclobutylidenetriphenyl- 

TAZLE 3. Spectra of 28 

Spectrum Assignli~ent* 2 1 

1 . O(n1) 
1 .4-2.0(1n) 

2.55(t. J = 8 Hz) 
3 .0(n1) 
6.10(t, JapU = 2 Hz)? 

17.3(t) 
25 .O(t) 
28 .8(t) 
41.4(d) 

1 13.2(s) 
136 .O(d) 
144.8(s) 

phosphorane (20) (8) gave 21 as a colorless oil 
in 857 ,  yield, whose structure is securely based 
on its pmr and 13C nuclear magnetic resonance 
(cmr) spectra (Table 3). Epoxidation of 21 with 
an  equimolar quantity of m-chloroperbenzoic 
acid at  0 O C  gave what is considered to  be a 4:l  
mixture of 22 and 23. This mixture showed n o  
carbonyl absorption in its ir spectrum; its pmr 
spectrum was insufficiently resolved t o  permit 
any conclusion to  be d rav~n  about the stereo- 
chem~cal course of the epoxidation, but the area 
ratio of the vinyl proton signal (6 6.0-6.4) to the 
remaining signals (6 0.8-3.2) indicated an 8076 
s ~ t e  selectivity in the desired sense (with perben- 

' r a  = endo; x = exo. 
?See footnote 1 in text. 
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ET AL. 3959 

zoic acid the selectivity was 907,). Attempted 
separation of the mixture by thin layer chroma- 
tography on silica gave rise to threc spots, one 
of which was formed on the plate from another. 
We tentatively conclude that only two epoxides 
are formed in the peracid reaction, although it 
cannot be excluded that both stereoisomeric 
forms of 22 are formed. The anti-stereochemistry 
assigned to 22 is based on analogy with thc 
stereochemistry of epoxidation observed for 24 
(80% mti) (fiicle itzf'ra) and 25 (loo?; anti) (9). 
Preferred attack by the peracid on the anti face 
of the exocyclic double bond is considered to 
result from participation by the endocyclic 
double bond or benzene ring, which overrides 
the steric factor favoring s jn  a t t a ~ k . ~  

When a 4: 1 mixture of 22 and 23 was placed 
on a silica colurnn, 22 slowly gave rise to the 
spiro ketone 5 while 23 remained unchanged; 
elution after several hours gave a mixture of 5 
and 22, from which 5 was isolated in 50Yc yield 
(based on 21) by the use of Girard-T reagent. 
Rearrangement of 22 could also be effected by 
boron trifluoride etherate in benzene, but in this 
case 5 was accompanied by another rearrange- 
ment product, 26; chronlatography of the prod- 
uct mixture from a 9 : l  mixture of 22 and 23 
gave a 697, yield of 5 and 77, of 26 (Scheme 1). 

SCHEME l 

4An alternative interpretation, for which we are 
indebted to a referee. is that there is considerable oxirane 
character at the transition state for epoxidation and, in 
cases such as 24 where the steric situation a t  the two faces 
of the double bond is not drastically different, the reaction 
is under product development control, favoring the ut~ri 
product. 

The assignment of structure 26 to the minor 
rearrangement product is based on spectroscopic 
data (see Table 4 for comparison with data for 
bicyclo[2.2.2]oct-5-en-2-one, 27) and the observa- 
tion that this compound, unlike 27, failed to 
undergo exchange on treatment with methanol-ri 
containing a catalytic amount of sodium methox- 
ide, and that a peak at r1z 'e 134 in its mass 
spcctrum corresponded to the loss sf  ethylene. 

The assignment of structure 5 to the major 
rearrangement product is of pivotal importance 
since it serves as the structural reference point 
for all the novel spiro[bicyclo[2.2.I]-7,I'-cyclo- 
alkanl-2'-ones prepared in the present investiga- 
tion. The assignrncnt is in complete accord with 
the spectroscopic data (Table 5) and has been 
confirmed by the transformations depicted in 
Scheme 2. Hydrogenation over palladiun~/char- 
coal led to the rapid consumption of 1 mol 
equiv. of hydrogen and the formation of the 
saturated spirocyclopentanone 28 (X,,,(GCI4) 
5.78 pm). 

Wolff-Kishner reduction of 5 gave the hydro- 
carbon 29, whose identity was cstablished by 
comparison with an authentic sample prepared 
by oxidative bisdecarboxylation of the diacid 
30. Reduction of 5 ~ i t h  lithium aluminum 
hydride gave a single alcohol 31, which reacted 
rapidly with mercuric acetate in tert-butyl alco- 
hol to give 32; this was precipitated as the 
insoluble chloro derivative 33 on addition of 
aqueous sodium chloride. Treatment of 33 with 
aqueous acid returned 31. 

Other transformations of 5 that corroborate 
the syn relationship of the carbonyi and ethyl- 
enic groups in this compound are shown in 
Scheme 3. Treatment with bromine in dichloro- 
methane gave the adducf 34, which was rapidly 
converted by atmospheric moisture to the bromo 
ketol 35; this reverted to 5 on treatment with 
zinc and acetic acid. Solution of 5 in cencen- 
trated sulfuric acid followed by quenching with 
cold aqueous sodium bicarbonate gave a hydra- 
tion product that exists mainly as the hemikehal 
36 in equilibrium in solution with a small 
amount of the corresponding ketol 37, as indb- 
cated by weak bands at 5.75 and 5.79 pm im its 
ir spectra in carbon tetrachloride and chloro- 
form, respectively. It is of interest to note that 
although the henliketal 36 is greatly favored at  
equilibrium in solution, this is not the case for 
35, where the ketol form is greatly favored. 
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TABLE 4. Spectra of 26 and 27 

Spectrum Assignment 26" --- 
h,,,(CCla) C 4  5.8Gpin 
XjCUCi,  

HT-11 1 .2-2.41nl) 
P f 3  

- 

H I . H ~  2.8-3.2(m) 
Hs,MG 6.0-6.7(m)S 

eficDci3 c7-! I 15.2,19.7.23.2, 
28.4,31 .G(all t) 

c4 42 . j ( c i )  
ci 48,5(c?> - 
i 3  49 . 4(s) 
C9c6 128.3(d). 135.9(61) 
cz 216.2(s) 

"Nurnberirg is nonconventional, but corresponds to that in 27. 
IPi-epared (31) b) Dr. R. J. Crsnrhrd. 
$H;, Ha. 
SWcll rcsoibed complex muliipiet closely analogous to tiic corresponding multiple; in the spectrum 

of 27. 
PCi, Co. 

TABLE 5. Spectra of 5 and 6 
-- 

";a = endo. .x = exo. 
.?See f'ooi:?otc I in teal. 
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FEINER ET AL. 3961 

The third type of reaction of 5 shown in 
Scheme 3 involves its photocqclization to  the r 

oxetanc 38. This product was difficult to purify 
and was not fully characterized. The relationship Hz0 

of its pinr spectrum to that of the photocycliza- 
tion product 40 fornled by irradiation of the 
spiro[bicyelo[2.2.1]heptene-5,1'-cyclopentan]-2'- Br 
one 39 (103 is in accord with the structural 

34 
assignment. 

Pb(OAc), 
* 

29 
30 

I N z H j  KOH 

( I )  LiAlH4 
( 2 )  H3O' 

3 8 3 7 

SCHEME 3 
Hg(OAc)? 

With the structure of 5 firmly established, we 
turn to a discussion of its formation from 22. 

goAc The highly regioselective and stereoselective 
31 32 formation of 5 is analogous to the formation of 

\\\ bicyc!o[2.2.lfheptene-?-~yy1-carDoxaldehyde (42) 
aCI as the only product or? acid-catalyzed or thermal 

rearrangement of the epoxide 41 ( 5 ) .  The high 
selectivity in the formation of 5 can be interpreted 
in simiiar terms to  those proposed by Bly and 
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or Lewis acid ::6; ~4 
Bly (5) to  account for the formation of 42, aiz., 
participation of the olefinic T electrons in the 
formation of the bridged intermediates 43 and 
4-4 (Scheme 4). 

Yn these terms it remains to  explain the low 
stereoselectivity in the formation of 3 and 4 
from the epoxide 9. We suggest that this can be 
interpreted as resulting from competition be- 
tween a stabilization of the positive charge by 
the olefinic a electrons as in 45 (cf. 433) and u 

stabilization by the cyclopropane ring (cf. ref. 
11) as in 44; while 45 leads via rotamer 46 to 3, 
47 gives both 3 (via rotamer 48) and 4 (Scheme 
5).  The effect of reaction conditions on the 
stereoisomer product ratio may be accommo- 
dated in terms of Trost's proposal (3) that 
reduction in stereoselectivity is favored by 
increased covalent character in the bond formed 
between the epoxide oxygen atom and the acidic 
catalyst. 

The sytz-spirocyclopentanone 5 was also ob- 
tained by ring expansion of the syn-spirocyclo- 
butanone 3, confirming the structural assignment 
to  the latter. Treatment of 3 in dichloromethane 
with teri-butyl diazoacetate and trieehyloxonium 
fluoborate (cf .  ref. 12) gave a mixture of the 
0-keto esters 49 and 50, which gave in boiling 
toluene containing a catalytic amount of p- 
toIuenesulfonic acid a 4: 1 mixture of 5 and 51%.5 
The latter compound, whose spectra are listed 
in Table 6 ,  was also obtained in low yield when 

T h e  pmr spectrum of the mixture of 49 and 50 showed 
signa!s at 6 1.45 and 1.43 in a 4:1 ratio in accord with a 
4:1 mixture of these isomers. 

the hydrocarbon 52, obtained by reaction of 3 
with triphenylphosphonium methylide, was 
treated with thallium trinitrate (cf. ref. 13) 
(Scheme 6). 

The formation of 5 from 3 served both to  
confirm the structural assignment to  the latter 
and to  hold promise that the remaining target 
compound, 6, could be prepared by ring expan- 
sion of 4. In the event, reaction of 4 with tert- 
butyl diazoacetate f o l l o ~ e d  by treatment of the 
resulting mixture of 53 and 54 (Scheme 7) with 
a catalytic amount of p-toluenesulfonic acid in 
boiling benzene gave a 2:l  mixture of 6 and 55. 
The latter compound, which was not fully 
characterized. she-ed, as does 51, a singlet in 
its pmr spectrum attributable to  the isolated C-8 
methylene group (Table 6). The structure of 
compound 6 was established by its spectra 
(Table 5) and by its conversion on hydrogenation 
over palladium charcoal to  the saturated spiro- 
cyclopentanone 28 obtained by hydrogenation 
of 5. 
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FEINER ET AL. 

TABLE 6. Spectra of 51 and 55 

Spectrum Assignment* 51 55 

H6CUCl3 H5n,H6n 1 .O(m) l . l ( m )  
HSz,H6z,H11 1.6-1 .9(1n) 1 .5-1.9(rn) 
Hlo 2.0-2.4(m) 1 .9-2.4(rn) 

2.13(s) 2.10(s) 
 HI.^^ 2.4(rn) 2.5(m) 
H2.H3 5 .gO(t. J,,, = 2 Hz)+ 6.05(t, J,,, = 3 Hz)? 

* r z  = endo, x = exo. 
+See footnote 1 In text. 

Bei7zonorbortze17e Deriaatiaes 58. The major product is assigned structure 57 
Treatment of 7-isopropylidenebenzonorbor- since the get??-dimethyl signal in its pmr spec- 

nene (56 -- 24) with in-chloioperbenzoic acid trum (6 1.23) occuis at higher field than that in 
gave a 4 . 5 : l  mixture of labile epoxides, 57 and the spectrum of the minor product (6 1.321, a 
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circumstance readily attributable to  shielding of 
the methyl protons in 57 by the benzenoid ring. 
The predominant formation of 57 can be 
interpreted in similar terms to those invoked 
above in the assignment of the atzii-stereoche~nis- 
try to  the epoxide 22. Although 57 could be 
separated from 58 by a combination of sublima- 
%ion and low temperature crystallization, it 
could not be fully purified because of its lability. 
Upon being chromatographed on basic alumina 
it was converted to the rearrangement products 
59 and 68. The forme: was also formed by treat- 
ment of 57 with boron trifluoride etherate, 
while the latter was formed on pyrolysis of 57 
(Scheme 8). 

The structure of 59 follou-s from its ir and 
gmr spectra, which show the presence of a 
carbonyl group (5.80 pm), two tertiary methyl 
groups (6 0.70 (s, 3 H ;  s)tn to benzenoid ring) and 
1.20 (s, 3H;  anti to benzenoid ring)), and two 
non-equivalent bridgehead protons (6 2.9 (m, 
BH) and 3.45 (m, lH)). These data together with 
the failure of this product to  give an  iodoforrn 
test exclude a structure of type 61, analogous to 

the ketones 3-5 obtained by rearrangement of 
the epoxides 9 and 22. The gross structure of 60 
follows from its spectra, which show the presence 
of a hydroxyl group (2.79 pm), an isopropenyl 
group (6.07 (w), 11.05 pm;  6 1.65 (m, v1/2 = 

3 Hz, 3H), 4.6 (m, 1H), 4.75 (m, IH), and two 
equivalent bridgehead protons (6 3.1 ! (distorted 
t ,  Ja,,, = 2 Hz, 2H)).6 Its stereochemistry is as- 
signed on the basis of the expectation that the 
configuration of the spiro carbon atom of 57 
will be retained. 

The formation of 59 on acid-catalyzed re- 
arrangement of 57 may be contrasted with the 
formation of 5 as the major product from a 
similar rearrangement of 22 together with 26, 
the a n a l o g ~ ~ e  of 59, as a minor product (cf. 
Scheme 1). The formation of 59 must occur by 
the route shown in Scheme 9 with exclusive 
cleavage of bond u in 62 to give 63 and thence 
64; cleavage of bond 0 ,  which would give 61 
via 65, does not occur. The formation of the 
minor product 26 from 22 involves c!eavage of 

T h i s  bridgehead signal pattern is also observed in the 
spectra of other benzonorbornenes, such as 56 and 5'7. 
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FEINER ET AL. 

the type a bond, but the formation of the major 
product 5 involves cleavage of the type b bond. 
In the case of 57, exclusive formation of 63 can 
be attributed to destabilization of 65 relative to 
63 resulting from the situation of the positive 
charge at  the C.7 position of a norbornane sys- 
tem (14). In the case of the corresponding inter- 
mediates from 22 this effect is largely offset both 
by stabilization of the analogue of 65 involving 
delocalization of the ethylenic double bond as 
in 43 (Scheme 4) and by destabilization of the 
analogue of 63 by the situation of the positive 
charge at  a cyclobutyl carbon. Although stabili- 
zation of 65 by the aromatic ring in an analogous 
fashion to the stabilization by the ethylenic bond 
in 43 can occur, such stabilization would be 
expected to be less important in the case of the 
aromatic ring (15). 

In the case of the acid-catalyzed rearrange- 
ment of the epoxide 41 a further factor inter- 
venes, uiz., cleavage of type u would give rise to 
a primary carboniurn ion. Thus in this case 
exclusive cleavage of the type b bond occurs to 
give 42 as the only product ( 5 ) .  

The thermal conversion of 57 to 60 involves - cjg bond a cleavage as in its acid-catalyzed re- 
arrangement to 59, however here the ring opening 
is presumably initiated by hydrogen removal 
Gom a methyl group, a process that may well 
involve base catalysis by the glass vessel. Such 
catalysis is clearly operative in the formation of 
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60 from 57 on basic a l ~ m i n a . ~  A product, 69, 
analogous to  68, is formed on acid treatment of 
the epoxide 4 7  prepared from 66 (itself pre- 
pared by treatment of 1,2,3,4-tetrachloro-7- 
norbornenone with 28). This reaction presum- 
ably proceeds via the intermediate 68 (Scheme 
10), analogous to 63, which loses a proton rather 
than undergoing rearrangement to a product 
analogous to  59 because of inhibition of the 
latter process by the electron-withdrawing 
chlorine substituents. 

The propensity of the benzonorbornene sys- 
tem to  maintain sp3 hybridization a t  the C.7 
carbon that was demonstrated in the reactions 
of 54 suggested that treatment of 56 with an 
electrophilic alkylating agent (Rf) would lead 
specifically to products derived from 70 rather 
than 48 and thus provide a route for the con- 
struction of a spiro ring system at  C.7. In the 

'The additional formation of 59 under these conditions 
may perhaps result from the amphoteric properties of 
alumina. 

sThe stereochemistry of this epoxide is u n k n o ~ n ;  
steric approach control would favor the stereoisomer 
represented by 67 (participation by the electron-poor 
dichloroethylenic double bond should be minimal); 
however, product developrrient control4 would favor the 
utzri-epoxide. 

event, treatment of 56 with acetyl chloride and 
aluminum chloride in dichloromethane gave a 
product that is assigned the gross structure 42 on 
the basis of its spectra, which showed the 
presence of an  acetyl group (5.87, 7.41 (m) pm; 
6 1.80 (s, 3H)), an isopropenyl group (6.1 1 (w), 
11.10 p m ;  6 1.72 (m, v1/2 = 3 Hz, 3H), 5.05 
(m, 2H)), and two equivalent bridgehead hydro- 
gen atoms (3.60 (distorted t ,  J,,, = 2 Hz, 2H)).6 
The stereochemistry assigned at  C.7 in 72 is 
based primarily on the position of the acetyl 
methyl signal in the pmr spectrum (6 1.80), 
which shows that this methyl group is signifi- 
cantly shielded by the benzene ring.' This assign- 
ment is in conformance with the anticipated 
intermediacy of 70. Hydrogenation of 72 gave 
a dihydro compound, 73, whose spectra con- 
firmed the presence of an  acetyl group (5.89, 
7.37 (m) pm;  6 1.73 (s, 3H)),9 an  isopropyl group 
(7.19(w),7.28(w)pm; 6 0.96(d, J = 7 Hz, 6H)), 
and two equivalent bridgehead hydrogen atoms 
(6 3.43 (distorted t ,  J,,, = 2 Hz, 2H)).6 The 
position of the acetyl methyl pmr signal (6 1.73) 
again reflects shielding of the syn stereoisomer 
by the benzene ring; the further upfield shift 

9The posltlon of the carbonyl-stretching band In the Ir 

spectrum may also reflect the ~ ~ t z  stereochemlstry. 
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FEINER ET AL 

relative to  the corresponding signal in the spec- 
trum of 72 is attributable t o  the removal of 
slight deshielding of the acetyl methyl group s f  
72 by the isopropenyl group. 

Attempts to convert 72 to a spirocyclopen- 
tanone analogous to  5 were unsuccessful. It was 
found possible, however, t o  convert 72 to the 
dispiro compound 74 by the route shown in 
Scheme 11. Bromination of 72 with N-bromo- 
succinimide gave 74, which was converted with 
pyridinium hydrobromide perbromide to  the di- 
bromo compound 75.1° Treatment of this with 
isopropylidene malonate (76) and silver oxide in 
acetonitrile gave 77, whose spectra showed the 
presence of an isopropylidene malonate moiety 
with non-equivalent methyl groups (5.63, 5.74 
pm;  6 1.66 (s, 3H), 1.78 (s, 3H);  cf: 76: 5.60 (sh), 
5.67 pm), a ketonic group (5.81 pm (sh)), a 
vinylidene group (6.09 (w) ym;  6 5.10 (s, v l l z  = 

2.5 Hz, lH), 5.23 (s, v l l 2  = 2 HL, IH)), and t u o  

lONeither 44 nor 75 were obtained in highly purified 
form; their structures are assigned on the basis of their 
spectra (see Experimental). 

equivalent bridgehead hydrogen atoms (6 3.80 
(distorted t ,  J,,, = 2 Hz, 2H)).'j Hydrogenation 
of 77 gave a dihydro con~pound 78, whose 
spectra confirmed the presence of an isopropyli- 
dene malonate moiety with ta o non-equivalent 
methyl groups (5.62, 5.74 pm; 6 1.66 (s, 3M), 
1.81 (s, 3H)), a ketonic group (5.82 (sh) pm), a 
secondary methyl group ( 6  1.07 (d, 9 = 7.5 Hz, 
3M)), and two non-equivalent bridgehead hydro- 
gen atoms (6 3.45 (m, 1H), 3.75 (m, 1M)). 

Experimental 
Melting polnts are uncorrected Infrared spectra were 

recorded w ~ t h  carbon tetrachlor~de as solvent, unless 
otherwise speclhed Nuclear magnetic resonance spectra 
were recorded with de~~terochloroforn~ as sollent, unless 
otherw~ie speclhed Vapor phase chromatographrc anal- 
yses were carried out on the folloning columns (A),  15'; 
Carbowax 2091 W on 60180 Chrolnosorb 'A1. 6 f l  X 
0.125 in , copper, (B), 5 7  UCON 50-KB-2000 on 60180 
Chromosorb CI-DIWCS-A W,  10 f t  X 0 125 I n ,  stainless 
steel, (C), 5', Carbowax 1500 on 80/T00 Chromosorb P, 
10 ft X 0 125 In .  copper, (D), j(, UCON 50-HB-2000 
on 60 80 Chromosorb G-DhlCS-A, W, 13 EL i( 0 25 In ,  
alurmnum. Thln layer chromatographc analyses were 
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FEINER ET AL. 3969 

ceiztration at  atmospheric pressme gave 200 mg (63r; )  
of %I that was free from ketal. Tilis product exhibited 
ir and pmr spectra essentially identical to those of the 
product resulting from hydrogenation of the inixiure of 
3 and 4, And. calcd. for CloHI4O: C 79.95, H 9.39, n ~ w  
150.1045; found: C 79.58, M 9.56, mie 150.1045. 

( J d l  
A solution of sy:-syclobutanone 3 (100 mg, 0.68 mnlol) 

in methanol-d ( 5  mi) was treated with sodiurn methoxide 
(3 mg, 0.057 iilmol). The colorless soiiition ivas stirred 
for 2.5 h at rooni temperature. i t  was poured into D2e? 
(30 ml), and tile mixture was extracted with ether (3 X 
20 mi). Drying (Na2S04) and concentration in cucrio left 
100 nig (100';) of a yellow oil; thls was molecularly 
distilled at  110-120 "C/13 torr giving 90 rng of 1% as a 
colorless oil. This was indistinguishable from 3 by ir, tlc, 
and vpc (B.  175 'C) anaiysis; 1.0 (m, 2H), 1.8 (m. 4H), 
2.9 (br s, 2H), 6.01 (t, J,,, = 2 Hz, 2H); m;e lSO(22). 

sy~~-Spiio(bicycl0[2.2.l]/~~ptei1e-7, I'-cyciob11fa11]-2-0/ (13) 
Under anhydrous conditions a stirred slurry of lithium 

aluminu~ii hydride (170 nig, 4.5 mmoi) in ether (5 ml) was 
treated with a solution of syz-cyclobutanone 3 (292 mg, 
!.97 mmol) in ether (5 ml). 'The mixture was boiied under 
reflux for 2 h, cooled, and treated caref~:lly with aqueous 
10';L sodium hydroxide until a white graniilar precipitate 
had just formed. The colorless supernatant was separated 
by filtration, dried (MgS04), and concentrated at atmos- 
pheric pressure, giving 275 mg (94' ,) of 183 as a colorless 
oil; hm,,2.80fim; IT6 1.0(m.2H), 1.2-1.9(m,6H), 2.45 
(br s, iH), 2.80 (br s, IH), 3.15 (s. 1H; absent after D:O 
treatment), 4.1 (m, IH), 5.72-6.18 (m. 2H); m,'e 150(14). 
Airal. calcd. for CIOHI4O: C 79.95: 1-1 9.39; found: 
C 79.85, H 9.40. 

~nti-Spivo[bicycloj2.2.1]lrep1rt1e-7,1'-c~clob~~fa~7]-2-ol(~4) 
Under anhydrous conditions a stirred slurry of lithium 

aluminum hydride (100 mg. 2.6 mmol) in ether (10 rnl) 
was treated by syringe ilijection with crtzii-cyclobutano~le 4 
(50 cu. 0.3 mmol). The mixture was stirrcc! for 4.75 h 
a t  room temperature. Work-up as above gave 33 mg 
(665;) of 14 as a white waxy solid, mp 62-63 "C; A,,, 2.75 
pm;H61.0(m,2H), 1.4-2.2(m,6M),2.50(br s,IW),2.75 (s, 
1H; absent after D l 0  treatment) 2.83 (s, 1H), 3.9 (m, 
1H), 5.80-6.05 (in, 2M). Anal. cslcd. h r  C 1 0 ~ 1 4 0 .  
C 79.95, H 9.39, lnw 150.1045 ; found: C 79.72, H 9.35, 
m/e 150.1045. 

Treuf:?zerri of SJII- (ii~il ailti-Spirocyclobiitairo/~ I3  aild 64 
with 12rleiclrr.ic Aceiaie 

Under anhydrous conditions a solution of a 5 : I  mixture 
of cyclobutanones 3 and 4 (2.96g, 20 mmol) in ether 
(25 ml) was added to a stirred slurry of lithium aluminum 
hydridc (750 mg, 20 mmol) in cthcr (25 ml) at room 
temperature over 2 h. After an additional 2.5 h at  room 
temperature, work-up of the reaction mixture as above 
gave 2.90 g (977;) of a pale yellow oil. Vapor phase chro- 
matography (B ,  175 "C) showed this to be a. 5.5:l mixture 
of alcohols 13 (retention time 5.1 min) and 14 (retention 
time 6.8 min), respectively; no 3 (retention time 6.0 min) 
or 4 (retention time 3.7 mini remained. The mixture of 
alcohols was cleanly resolved b) tic with elution with 2:l  
ethyl acetate - cyclohexane into its syiz-component 13 
(Rt 0.57) and atzri-component 14 (I?, 0.64). A solution of 

the alcohol mixture (50 mg, 0.33 mmol) in dichlnrometh- 
ase  (2 ml) was tieated with mercuric acetate (110 mg, 
0.35 mmol). After 15 mi!? of stirring at room tcmperature 
rlc as above re\'ea!ed colnpleie consui~~ption of 13. ARer 
2 h the spot for 84 pe:.si>ted. Repetition of this experiment 
in reit-but.i.1 alcohol, acetone, and pentane led to the 
same result. 

Rerrciion ~y'.i'~i~-Spi!.oc~c!obirtc~~~oi 13 ~.ii l i  Af'ercrlric 
Acezate. For/ira!iotz o/ 17 (18) 

A stirred suapensio~i of mercuric acetate (255 mg, 
0.800 mmol) in dichlorornctl~ane ( 5  ml) was treated with a 
solution of ~ ~ ~ n - c ~ c l o b i ~ t a ~ ~ o l  13 (132 n:g, 0.880 mmol) in 
dichloro~nethane (6 mi) at room temperature. After 45 
mill aii the mercuric aceiate had dissolved; the cloudy 
solution was stirred overnight at room temperature under 
nitrogen. Concentration of the colorless solution irr cucrio 
and trituration of the residue with pentane afforded white 
crystals of 17 (I$), 168 mg (45',)$ mp 78-82'C; A,,, 
(CHC13) 2.8-3.1, 5.80, 6.15: 6.25 pm; 0.8-2.4 (m, 
10H), 2.00 (s: 3H). 2.10 (s, 3H), 2.6 (m, IH), 3.0 (br s, 1H; 
absent after D20  treatment), 4.6 (m, IH), 5.0 (m,  1H). A 
portion of the product was recryatallired fro111 dichloro- 
methane-pentane giving white cubes, mp 137-142 'C.11 
A:~al. calcd. for C14R20HgOj: C 35.86, PI 4.30; found: 
C 35.84, H 4.48. 

Reger~erurioii of s)~tl-~pi~~oc~clob~fiu?ioi $5 frowz 17 (18) 
The crude oxynlercurate 1'7 (18) (48 mg, 0.102 mmol) 

was stirred for 2 h at room temperature with 50; hydro- 
chloric acid ( 5  nil). The cloudy solution was extracted 
with pentane (2 X 10 ml), and the extracts were washed 
with water (10 mi) and dried (MgS04); concentration at  
atmospheric pressure yielded 11.5 rng (75(,,) of 13 as a 
cloudy oil. The ir spectrum and tlc behaviour of :his 
material were identical with those of authentic syiz- 
alcohol 13. 

Reacriot~ oJ 7-~Yo~~borne~~otze (7) iviilr Cyriob~rtylinug!:esium 
Bromide. Fornz~iriot~ ofarzri-7-h'orbovt1erroi (19) 

Cyclobut~Iniagnesium bromide was prepared under 
anhydrous conditions by addition of a solution of cyclo- 
buiyl bromide l 2  (2.75 g, 22 mmol) in ether (20 ml) over 
30 rnin to a stirred suspension of magnesium turnings 
(486 mg, 20 mmol) ir? ether (20 mi) containing a trace of 
l,2-dibromoethane and boiling under refiux i'or an  addi- 
tional 3 h. To the greeniat grey solution a solution of 7 
(16) (2.00 g, 18.5 rnrnol) in ether (10 ml) was added over 
LO min. After 3 h at reii~ix the reaction mixture was 
quenched with saturated aqueous ainmonium chloride 
and the insoluble magnesium salts were removed by 
filtration. The coloiless ethereal solution was dried 
(Na2S04) and concentrated at  atmospheric pressure to 
yield 2.0 g of a pale yellow oil. Vapor phase chromatog- 
raphy (C ,  170 -C) showed a single component. This was 
shown to bc cinti-7-norbornenol(7) (100:; yieid) by direct 
comparison of its pmr spectrum (8 0.9 (m, 2H), 1.7 (m, 
2H), 2.45 (br s, 2H), 3.48 (br s, IH), 4.33 (br s, 1H;  
absent after D 2 0  treatment), 5.90 (t, J,,, = 2 Hz, 2H)) 
and a spectrum of authel~tis sjt7-7-norbornenol (6 0.9 (m, 

!lPresumably the mercuric acetate reaction gives rise to 
a stereoisomeric mixture which is resolved to some 
extent on recrystallization. 

' T h e  cyclobutyl bromide was prepared by the pro- 
cedure of Cason and Way (18). 
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2H). I .8 (m, 2H), 2.73 (m, 2H), 3.0 (br s, 1 H;  absent after 
D 2 0  treatment), 3.75 (br s, IH), 6.05 (m, 2H)), and 
comparison of both spectra with those previously reported 
for these two isomers (190). 

Oxidurioi~ of c1nri-7-h'orboi.i1i~1101. Fornrutior~ of 7 
A solution of ntlii-7-norbornenol (540 mg, 5.0 mniol) 

in d~chloromethane (2 nil) mas added to a solution of 
pyridine (3.13 g, 40 mniol) and chromium irioxide (2.00 g, 
20 niniol) in dichloroiiiethane (50 nil) (cf. ref. 19b). After 
20 n ~ i n  the clear orange supernatant was decanted and the 
blaclc residue was washed with ether (70 ml). The com- 
bined organic solations were washed with aqueous 5'; 
sodiunl hydroxide (3 Zc, 35 ml), aqueous 5' ; hjdro- 
chloric acid (40 ml), aqueous 5' sodiuni bicarbonate 
(40 nil), and saturated aqueous sodium chloride (40 ml) 
and dried (MgS04). Concentration i i ~  cucuo gave 380 n ~ g  
(75',) of 7-norbornenone (7, identified by ir and pnir 
spectroscopic comparison uith an authentic sample. 

7-~~clob~rr~/iiiei1ctr~~i'bor1zeire (21) 
Under anhydrous conditions a stirred suspension 

of (4-bromobutyl)triphenylphosphonium bromide (20) 
(143.4 g. 300 mmol) in ether (1300 mI) was treated 
rapid11 aith a 7:3 benzene-ether solution of phenjl- 
lithiurnl3 (1.4 :M9 425 ml, 595 n~niol) via syringe. Slight 
refluxing acconipanied the formation of a deep red 
solution. This was stirred okernight at rooln temperature, 
giving a red solution with considerable undissolved 
solids.lV-Norborneno~ie 7 (21.6 g, 200 rnniol) was in- 
jected and the resulting light orange mixture was stirred 
and boiled under reflux overnight. The reaction mixture 
was quenched with water (150 mi), and the precipitate 
was removed bq filtration and washed with ether. The 
conibiiied ethereal solutions wcre washed with water until 
the washings were neutral (3 X 200 ml), dried (MgSO,); 
and concentrated iii cuciro. The residue was freed of tri- 
phenylphosphine oxide by trituration with pentane 
(500 nil), removal of the precipitate by filtration, and 
passage of the filtrate through a silica gel plug (125 g) 
with suction and washing w ~ t h  additional pentane (200 
ml). Renioval of solvent iir c~ic~ro and distillation of the 
residue through a short Vigreux column gave, after a 
short forerun, 24.8 g (85 '0  of 21 as a colorless oil bp 
62-68 -C;2 torr: iq 'e 116(21). Airul. calcd. for Cl1Hl4: 
C90.35, NY.65; foulid: C90.66, H9.63. 

Spiroi).clobr~fj~l Epoxii/e.r 22 iiilrl 23 porn Oxirl~riiul~ o,f 21 
(i) Wirlz in-Chioroperbrir--oic Acid 
A solution of diene 21 (10.95 g, 75 mrnol) 111 dichloro- 

methane (750 ml) was stirred and cooled to 3 "C with an 
ice-salt bath and treated with a solution of n~-chloro- 
perbenzoic acid (82' ; 15.75 g, 75 mmol) in dichloro- 
methane (1875 mi) over I00 rnin at this temperature. The 
consumption of peracid was shown by starch-iodide 

' 3 1 t  is important that good quality phenyllithium be 
used. On one occasion significant contamination of diene 
21 resulted because of considerable biphenbi present 111 

the commercial phenjllrthiuni. This impurity co-distilled 
with 21: and had to be removed by filtration through a 
column of powdered charcoal. 

14C'. ref. 8; we have found it unnecessary to isolate the 
intermediate cyciobutyltriphenylphosphonium bromide. 

paper to be instantaneous. The colorless solution was 
washed with aqueous 5 ' ,  sodium bicarbonate (400 nil. 
240 mniol), the aqueous washings \$ere backwashed with 
dichloromethane (2 X 100 ml), and the combined organic 
solutions were hashed with saturated aqueous sodium 
chloride (100 ml) and dried (Na2S04). Concentration at 
atmospheric pressure left 12.4 g (cu. 100' ;) of a pale 
yellow oil, shobvn by pmr spectroscopy to be a 78:22 
mixture of epoxides 22 and 23: 116 0.8-3.2 (m, 120 
integral ~~n l t s ) ;  6.0-6.4 (ni. 15 integral units). 

(ii) Wirh Perbcirzoic /Icici 
A stirred solution of diene 21 (7.30 g, 50 mmol) in 

benzene (100 1171) was cooled to 5 "C with an ice bath and 
treated with a freshly prepared and standardized solution 
of perhenzoic acid in benzene (21) (0.714 .M; 70 ml, 50 
nimol) over a 30 lnin period. An additional 3 h at 5 'C 
was required to complete oxidant consumption. The 
resulting colorless sol~~t ion was washed with saturated 
aqueous sodium bicarbonate (200 ml) and dried (K2C03) 
to give a solution of a 9:l mixture of 22 and 23 as shown 
by pmr spectroscopj . 

Spiro[bir~~c1o[2,2./]/1epte11e-7J'-cc1pec1]-2-o1e (5) 
fro117 Rei~ri.ciirgerwei~t of Lposiiie 22. C oircomitui~r 
F U I . I J I N ~ ~ O I ~  o/ Spi1.o[hic~c1o[2.2.2]uctei1r-2,1)-c~~clo- 
buttrir]-3-oi7e (26) 

(1) With Silica Gel 
The crude epoxide ni ix t~~re  from procedure i above was 

dissolved in pentane (223 ml) and added to a silica gel 
column (125 g) over 1 h. Considerable heat was generated. 
After 2 h, elution with pentane (1250 ml) removed a small 
quantity (820 nig) of diene 21. After 10 h the column was 
eluted with 20' ; ethereal pentane (1700 mi). Concentration 
of the eluate in circrro left 14.3 g of a pale yellow oil, 
shown by tlc to be a mixture of epoxide 23 ancl ketone 5. 

The oil was added to a solution of Girard-T reagent's 
(28.6g. 170 mn~ol )  and glacial acetic acid (14.3 rnl, 250 
mmol) in absolute ethanol (280 ml), and the resulting 
solution was refluxeci for 1 h. It was then poured into 
water (1250 ml), and the mixture was extracted with ether 
(5 X 300 ml). The aqueous Payer uas acidified (pH 3) 
with concentrated hjdrochloric acid and vigorously 
stirred overnight in contact with ether (900 ml). The 
aqueous layer was extracted with additional ether (2 X 
300 ml). The combined ethereal solutions were washed 
with saturated aqueous sodium bicarbonate (300 ml), 
dried (MgSO,), and concentrated it1 cucuo to give 6.85 g 
of a yellow oil. Vacuum cliitillatioii of this nlaterial gave 
4.92 g (50' , based on epoxide 22) of ketone 5 as a color- 
Le>s oil, bp 90-93 C 1 torr: nl!e 162(81). Atzal. calcd. for 
CllH140: C 81.44, H 8.70. niw 162.1045, (M  - C2M4)+ 
134.0732; found: C'8!,50, H 8.63, mle 162.1042, 134.0732. 

(ii) Wirl~ Roroti Trifiiroride Erherure 
The solution of epoxides from procedure ii above was 

f ~ ~ r t h e r  dried by distillation of benzene (cu. 50 rnl) from 
it at atmospheric pressure. The residual colorless solution 
(ca. 300 rnl) was cooled to 20 'C, put under n~trogen, and 
treated with boron trifluoride etherate (300 PI, 2.44 nimol) 
by injection. This caused rapid darkening and a tempcr- 
ature rlse to 28 -C.  After 8 min the dark brown solution 
was poured into aqueous 10' ; sodium bicarbonate 

J5Cf. ref. 6, pp. 410-41 1. 
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FEINER ET AL. 3971 

(100 ml). The pale yellow benzene solution was washed 
with water (100 nil), dried (MgS04), and concentrated at  
atmospheric pressure under nitrogen yielding 12.4 g of a 
light yellow oil. This was charged onto a silica gel column 
(366 g, 480 X 40 mm) and eluted with lo',, ethereal 
pentane. Fractions of 200 ml were collected, concentrated 
on the steam bath, and examined by tlc. 

Combination of fractions 6-10 and concentration in 
cucllo afforded 500mg (75; based on 22) of bicyclo- 
octenone 26 as a colorless oil: m/e 162(19). Atzul. calcd. 
for C l l H I 4 0 :  mw 162.1045, ( M  - C2H4)+ 134.0732; 
found: mle 162.1045, 134.0732. 

Combi~iation of fractions 11-15 and 16-18 (1000ml 
each) afforded 5.0 g (69', based on 22) of the sjn-cyclo- 
pentanone 5 as a colorleaa oil. This material was identical 
with the product from the silica gel reaction i as shown by 
ir, pmr, and tlc comparisons. 

Demonsrration of t/le Absence of Acidic Prorot~s itz 
~ i c ~ c ~ o o c r e r ~ o t ~ e  26. Reference Experirnenr ~t. i t /~ 
Bicjclo[2.2.2]oct-5-ei1-2-one (27) 

A solution of bicyclooctenone 26 (50 mg, 0.310 mmol) 
(Table 4) in methanol-d (5 ml) was treated with sodium 
(2.6 mg, 0.1 1 mmol) and stirred for 3.5 h at room temper- 
ature. The yellow solution was poured into D 2 0  (25 ml) 
and, after addition of some sodium chloride, extracted 
with pentane (3 X 10 ml). Drying (Na2SQ4) and con- 
centration in caclro (<25 "C, > 100 torr) left 39.5 mg 
(79:;) of a colorless oil that had ir and pmr spectra and 
tlc behaviour identical with those of the starting ~naterial. 

A solution of bicyclo[2.2.2]oct-5-en-2-one (27) (freshly 
sublimed at  75 "C/15 torr; 72 mg, 0.590 mmol) in 
methanol-d (10 ml) was treated with sodium (8.3 clg, 
0.360 mmol) and stirred for 2.5 h at  room temperature. 
The colorless solution was poured into D 2 0  (35 ml) and, 
after addition of some sodium chloride, extracted with 
ether (3 X 10 ml). Drying (Na2S04) and concentration in 
cucuo left 46 n ~ g  (635;) of a white solid. Although this 
displayed an ir spectrum and tlc behaviour identical with 
those of the starting material, its pmr spectrum differed 
from that of 27 in lacking the narrow two-proton multiplet 
at  6 2.0. 

Hydrogenation of 5. Fornzatiot~ of Spirn[bic~clo[2.2.1]- 
l1eprut1e-7,l'-c~clopet1rut1]-2'-or1e (28) 

A solution of ketone 5 (106 mg, 0.654 n~mol)  in ab- 
solute ethanol (5 ml) was hydrogenated over Pd/C 
(10 mg) at  room temperature and atmospheric pressure; 
16 ml(0.715 mmol, cu. 100',) of hydrogen was taken up 
in 15 mill. No further gas absorption was observed in the 
next 20 min. The catalyst was removed by filtration and 
the ethanol by distillation at atmospheric pressure. 
Molecular distillation (12OCC/10 torr) of the residue 
gave 70 mg (65' ;) of 28 as a colorless oil; A,,, 5.78 pm; 
H6 0.8-2.4 (m); m/e 164(42). Anrrl. calcd. for Cl lH160:  
C 80.44, H 9.83; found: C 80.31, H 9.98. 

Wolff-Kisllner Reducriot~ of5. Formutiot~ of Spiro- 
[bic~clo[2.2. Ijlleptene- 7,1'-c~~clope111~11e] (29). 

A solution of ketone 5 (500 mg, 3.0 mn~ol),  95'; 
hydrazine (400 p1, 12.0 mmol), and potassium hydroxide 
(85;; ; 660 mg, 100 mmol) in diethylene glycol (6 ml) was 
stirred under nitrogen at 150 'C for 5 h in a flask equipped 
with a reflux condenser. The flask was then fitted for 
distillation under nitrogen and heated at  200 "C for 6 h. 

The remaining solution was poured into water (35 ml), 
and the mixture was acidified and extracted with pentane 
(5 X 15 ml). The distillation assembly was rinsed with 
pentane, and the combined organic solutions were 
washed with saturated aqueous sodium chloride (60 ml) 
and dried (MgS04). Concentration at at~nospheric pres- 
sure yielded 440 mg of 29 as a colorless oil; 0.7-1.0 
(m, 2H), 1.0-1.8 (ni, lOH), 2.3 (m, 2H), 6.00 (t, J,,, = 1 
Hz, 2H), the spectrum showed the presence of a smal! 
amount of pentane; m/e 118(74). The material was 
purified for analysis by filtration through silica gel (44 g) 
with pentane (250 rnl), concentration, and molecular 
distillation (1 10 'C/10 torr). Atrrrl. calcd. for CIIHl6: 
C 89.12, H 10.88; found: C 88.37, 61 11.21. 

Forrnrrriotl of29 b). Oxirlurice Uisdecarboxjlrrrio~ of 
Dicurbox~~lic Acid 30 

Dry oxygen was passed through dry pyridine (20 ml) 
for 15 min in a flask protected by a silica gel drying tube. 
Dicarboxy lic acid 30 (22) (1.0 g, 4.2 mmol) and lead 
tetraacetate (5.6 g, 12.6 mmol) were introduced and the 
drying tube was replaced by a connection leading to a 
gas bubbler. The flask was placed in an  oil bath at 70 'C 
and the contents were stirred while a slow stream of 
oxygen was passed thrcugh.16 After a few minutes a 
temporary halt of the oxygen flow showed that gas 
evolution from the reaction had conimenced. The rnixture 
turned red and then brown; gas evolution continued for 
12n1in. The resulting brown mixture was added to 
aqucous 3 114 nitric acid (125 ml), and the aqueous mix- 
ture was extracted with ether (3 X 35 n~l) .  The combined 
extracts were washed with saturated aqueous sodium 
bicarbonate (50 nil) and saturated sodium chloride (50 
ml), dried (MgS04), and concentrated in cnclio to give 
430 mg of a brown oil. This was filtered through silica 
gel (5 g) with pentane (100 ml) and the concentrated 
eluate (120 n ~ g )  was molecularly distilled (80 'C/l torr) 
yielding 40 mg (8';) of 29 as a pale yellow oil, which 
displayed ir, pmr, and mass spectra and vpc (D, 185 "C) 
behaviour identical to those of the material from the 
Wolff-Kishner reduction of 5. 

sjn-Spiru[bic~~clo[Z.2.I]/1eptet?e-7,1'-c~~clopmtrm]-2'-o1(3H) 
Under anhydrous conditions a solution of AJII-spiro- 

cyclopentanone 5 (486 mg, 3.0 nin~ol) in ether (10 ml) 
was added to a stirred slurry of lithium aluminum hydride 
(500 n ~ g ,  13 n~mol) in ether (10 1111). The mixture was 
refluxed for 3 h and then hydrolyzed and worked-up as 
described for compound 13 to yield 540 mg of 31 as a 
pale yellow, cloudy oil. This material was purified by 
molecular distillation (65 "C/O3 torr) with dry ice - 
acetone cooling of the distillate, which crystallized on 
standing at room temperature to a soft white solid, mp 
35-39 "C; A,,, 2.85 pm; H6 1.0 (m, 2H), 1.2-1.9 (m, 8H), 
2.3 (br s, 2H; 1H after D20 treatment), 2.6 (br s, lH), 
4.02 (t, J = 3 Hz. lH), 6.05 (t, J,,, = 1.5 Hz, 2H); m/e 
164( 13). At~ul. calcd. for CllH160: C 80.44, H 9.83 ; 
found: C 80.37, H 9.95. 

Reucrion ofsj,t~-Spirocj~clopet~tunol 31 with Mercliric 
Aceture. Fort?znrion of32 und 33 

A stirred solution of crude sjn-alcohol 31 (165 mg, 1.0 
mol) in terr-butyl alcohol (2 ml) was treated with mercuric 

16CJ ref. 23 and references quoted therein. 
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acetate (319 mg, 1.0 mmol). After 30 min at room temper- 
ature a tlc examination of the mixture revealed no mobile 
components. Concentration it7 zacun and trituration with 
pentane afforded 398 rng of 32 (94' ;) as a white crystalline 
solid contaminated with mercuric acetate; A,,, 6.22, 
6.31 pni; "6 1.0-2.4 (m, 12H), 2.0 (s, 3H). 2.8 (m, IH). 
4.1 (m, iH). 

In another ruli the /err-butyl alcohol solution was 
gravity filtered instead of being concentrated and treated 
with a solution of sodium chloride (100 rng, 1.7 mmol) in 
water (5 mlj to give a dense white precipitate. Isolation 
after 10 min by suction filtration gave 250 mg (62',) of 
33. Sublimation gave a hard, white, crystalline solid. nip 
252-252.5 'C. Ailcrl. caicd. for C11Hi5ClMgO: C 33.09, 
H 3.79; found: C 33.07, H 3.83. 

R e g e ~ ~ e r r i ~ i o ~ ~  of .~j~ir-Spir.oc~~clopet~iii~~oI 31 ,froin 33 
A mixture of crude 33 (100 mg, 0.25 inmol) and 

aqueous 5'; hyclrochloric acid (5 mi) uas  stirred over- 
night at  room temperature. The resulting mixture was 
extracted with ether (3 X 5 ml), and the extracts were 
washed with water (5 ~ n l j  and sa t~~ra t ed  aqueous sodium 
chloride ( 5  ml) and dried (MgSQ4). Concentration at 
atmospheric pressure afforded 40 mg (100';) of 31, 
shown to  be identical \+ith an authentic >ample by ir, tlc, 
and vpc (A, 190 'C) comparison. 

Bioniit7niiot7 of s~~~~-Spir.oc,~~clope~~ru~zo~~e 5.  For.t?~n/io~~ of 
34 izlld 35. 

Under anhydrous conditions a stirred solution of 
ketone 5 (167 mg, 1.03 nimol) in dichloromethane (10 ml) 
was cooled to -78 'C and treated with a standardized 
solution of bromine in dichloromethane (assayed by 
iodonietric titration: 0.103 .M: 10.0 rnl, 1.03 mmol) over 
69 min; bromine consumption was instantaneous. After 
an additional 30 min at -78 'C the solution was allowed 
to warm to room temperature and concentrated it1 ccrcrro 
to give a light brown cil that was found to be 34 by 
spectroscopic exam in at:^ :,i the absence of moist air; 
A,,, 2.3, 5.83 pm (a/::i;>~l;ed t o  partial hydrolysis); H6 
1.2-2.6 (in, 12H), 4.22 (d, J = 0.5Mz, IH), 4.75 (d; 
J = 5 Hz, 1H). 

Solutions of a-bromo ether 34 rapidly lost hydrogen 
bromide on exposure to moist air, giving rise to bromo- 
hydrin 35. It was found more convenient to repeat the 
above preparation without rigorous exclusion of water 
(but under nitrogen); washing the warmed dichloro- 
methane solution with water (15 ml), aqueous 5'; 
sodium bicarbonate (15 ~n l ) ,  aqueous 2 N hydrochloric 
acid (15 ml). and saturated aqueous sodium chloride 
( I5  ml), drying (MgS04), and concentration ill cczc~to 
gave 238 mg (92' ,)  of 35 as light brown crystals. After 
three sublimations (60-65 'C/0.5 torr) white crystals mp 
74-75 ^C, were obtained; A,,, 2.9, 5.83 pm; 1.2-2.5 
(m, 12H), 3.65 (d of d, J = 4. 12Hz. 1M; d ,  J = 4 H z  
after D20 treatment), 4.40 (t, J = 4 Hz, IH), 4.80 (d, 
J = 12 Hz, 1H; absent after D2Q treatment); i t :  e 261(2); 
260(2), 259(2), 258(2). Atlul, calcd, for C11Hi5BrOI: 
C 50.97, H 5.85; found: C 50.91; H 5.81. 

Regenercirio~~ o f  ~~n-Spir.oc~clope~~iutr~~~e 5 fioti~ 35 
A mixture of bromohydrin 35 (50 mg, 0.193 mn~ol)  and 

activared zinc dust17 (256 mg. 3.92 mniol) in glacial acetic 

J7Cf. ref. 6, p. 1276. 

acid (5 ml) was refluxed for 2,75 h under nitrogen. The 
solids were removed by filtration, and the acetic acid 
solution was diluted with water (50 mi) and extracted 
with ether (2 X I5 ml). The combined extracts were 
washed with aqueous 5:; sodium bicarbonate (40 ml), 
dried (MgS04), and concentrated i i ~  c u c ~ ~ o  giving 16 mg 
of a colorless oil. The presence of sytr-cjclopentanone 5 
in this product was demonstrated by tlc. and pmr and ir 
spectroscopic comparison. 

Reacriot~ of ~~~t~-Spir.oc~cl~~et~ru~~otie 5 )~,irll C o t ~ c e i ~ / ~ . ~ / e d  
Sulf~rric Arid. For.illurioi~ of36 

Ketone 5 (lOP1, ca. 0.062 mmol) was injected into 
stirred, concentrated sulfuric acid (369 mg, 7.5 mequiv). 
The dull orange solution was stirred at room temperature 
for 30 min and then poured into a 125-m! flask containing 
sodium bicarbonate (865 mg, 10.3 mmol) mixed with ice 
and uater (15 ml). The resulting solution was saturated 
with sodium chloride and extracted with hexane (4 X 5 
rnl). The combined extracts were washed with water 
(5 nil), dried (Na2S04), and concentrated itz ciirlro to give 
10.2 mg (90';) of 36 as a white solid; h,,,(CCI4) 2.75, 
3.0, 5.75 (w) pm: A,,,(CHC13) 2.80, 2.9, 5.79 (w) pni; 
H6 1.2-2.6 (m, 1413), 3.6 (in. 1H: absent after D 2 0  
treatment), 4.3 (m.  1H); mle 180(10). A sample of 36 was 
sublimed twice at 60 'C10.l torr to give an analytical 
sample. mp 98-lIOzC. Atlul. calcd. for C11H160Z: 
C 73.30, H 8.95; found: C 73.11: H 9.01. 

Irraciicrtior~ of s~r~-Spirocyclopetztci~~ot~e 5.  Forriintiotr of 38 
A solution of ketone 5 (127 mg, 0.79 mmol) 111 benzene 

(10 ml) in a Pyrex photolysis tube was deoxygenated by 
passage of dry nitrogen for several hours. Yhe solution 
was irradiated with a 450 \V medium pressure Hanovia 
mercury lamp at  cu. 20 "C for 14.5 h. Removal of the 
solvent in ~ N C L I O  left 125 mg of a pale gellow oil. This was 
purified by molecular dist~llation at 25 'C, 2 X 10-4 torr 
on to a dry ice - acetone-cooled cold finger, giving 86 mg 
(68'1) of 38 as a colorless oil; H6 1.2-2.4 (m, 1 IH), 2.55 
(d, J = 4 Hz, lH), 3.43 (t, J = 3 Hz. iH),  4.37 (m, 1H): 
n7;'e 162(36). 

Repetition of the irradiation in methanol, as above. or 
under-triplet-sensitized conditions (be~izene~quartz tube/ 
2537 A) led to the same product. 

Trierlr~~loxot~ii~m Fiuobornte18 
Under anhydrous conditions a stirred .irolun1e of ether 

(5-10 ml) was treated sequentially by syringe injection 
with freshly distilled boron trifluoride etherate (126 
142 mg, 1.0 mmol) and epichlorohydrin (59.5 MI, 70.0 mg, 
0.75 mmol). A cloudy soliition formed. Boiling under 
reflux and stirring for 1.5 11 produced a clear solution con- 
taining a coagulated white lump of triethyloxonium 
fluoborate. The ethereal solution was removed b j  syringe. 
and the Meerweiii salt was washed with fresh ether (3 >( 
10 ml) by successi~e addition. trituration, and removal by 
syringe (the ether was conveniently heid in a pressure- 
equalized addition funnel above the reaction fiaslc during 
the formation of the salt). Foilowing removal of the last 
portion of ether, dichloroniethane (10-20 ml) was in- 
jected, giving a colorless solution of the hleerbvein salt 
(0.65-0.725 m~nol).  which was used directly. 

'SThis is a modification of hleerwein's procedure (24) 
that avoids dry box manipulation of the air-sensitive salt. 
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FEINER ET AL. 3973 

The procedure was used for the preparat~on of from 
one quarter to four tunes the abobe quantity of the 
Meerwein salt, III each case the \olumes of ether ~ ~ s e d  
were s ~ m ~ l a r .  

Ring Expu~zj io~~ of s~.n-Spir.ocl)clo/~~itci~~ot~e 3. Forr??urio~z 
o j  5 U I Z ~  51 

A solution of triethyloxonium fluoborate (2.75 nimol) 
in dichloromethane (5 ml), prepared as above, was treated 
under anhydrous conditions at 25 'C sequentially with 
sy/~-cqclobutanone 3 (250 CU. 1.7 nlmol) and ~ e r - ~ - b ~ i t > l  
diazoacetate (25) (300 MI, 339 mg. 2.38 mmol) (cf. ref. 12). 
Within 10 mi11 nitrogen ebolution had ceased, and a 
colorless solution was formed. The reaction was quenched 
after 40 mi1119 by addition of saturated aqueous sodium 
bicarbonate (5 mi) and stirring for 30 min. The dichloro- 
methane solution was dried (Na2S04) and concentrated 
it1 criclro to yield 494 mg of a crude nlixture of 6-keto esters 
49 and 50 as a colorless oil; A,,, 5.70, 5.80 pm; "6 
1.0-2.3 (m, 8H), 1.43 and 1.45 (two s ( 1  :4), 9H), 2.5-3.2 
(m, 3H), 6.1 (m, ZH), plus impurities at 3.4-4.4; n7lr 
262(5). Attempted ~ n o l e c ~ ~ l a r  distillation of the mixture 
(1 10-120 -C/0.2 torr) led to extensive decomposition. 

A solution of the crude 6-lteto ester mixture (50 ~ n g )  in 
toluene ( I0  ml) containing 11-toluenes~~lfooic acid (3.2 mg) 
was boiled under r e f l ~ ~ x  for 4 h under nitrogen (ef. ref. 26). 
The resulting colorless so l~~ t ion  was mashed nith aqueous 
2 N sodium carbonate (10 mi), dried (MgSO,). and con- 
centrated it7 UCICIKJ ( <35 C) giving 27 mg of a pale yellow 
oil. Vapor phase chro~natographic analysis ( A ,  175 'C) 
showed that this contained the two s~.tz-spirocyclo- 
pentanones 5 (retention time 5.4 niin) and 51 (tide itfi.u: 
retention time 6.2 min) in a ratio of 4 : l .  

Z'-s~t~-~~fef/1~~let~e~pir0[bi~~~l~~[2.2.ljhepter~e-7.1'- 
c~clob~rtut~ej (52) 

Under anhydrous conditions a stirred suspension of 
~nethyltriphenylphosphonium bromide (7.14 g, 20 mniol) 
in ether (50 ml) was treated with a hexane solution of 17- 
butyllithi~un (1.97 :)I; 10.0 ml, 19.7 nimol). The resulting 
orange solution containing a small amount of solid was 
stirred for 25 mi11 at room temperature: then SJII- 
spirocyclobutanone 3 (2.0 g, 13.5 n1moI) was injected. 
The mixture that formed was stirred for 30 min and then 
refl~~xed for 2 h. The pale orange mix t~~re  was treated with 
water (1 ml) and the colorless ethereal supernatant solu- 
tion was decanted from the gel-like precipitate, which was 
washed with ether. The combined ethereal iolutions were 
washed with water (2 X 50 ml), dried (MgS04), and 
concentrated at atmospheric pressure. The pale yellow 
residual oil was charged onto a silica gel column (25 g) 
and eluted in three fractions with 20 i (  ethereal pentane 
(3 X 100 ml). Thin layer chromatography showed that 

19The progress of the reaction can be followed by 
direct ir spectroscopic inspection of aliquots of the re- 
action solution. Disappearance of the diazo ester (4.75, 
5.85 Mm, of eqliul intensity) is monitored. The Meerwein 
sait damages sodi~im chloride cavity cells; this process 
may be delayed by brief wabhing of the cells with methanol 
after use, followed by vacuum drying. but e\entually the 
cells become useless. The salt also tends to plug micro 
syringes permanently. These must be well washed with 
water immediately after use. 

the last two fractions contained no product. The first 
100 nil of eluate was concentrated at atmospheric pres- 
sure ancl the rehidual colorless oil (1.14 g) was molec- 
ularly distilled (100 C i 2 5  torr) to yield 610 nlg (3lC;) of 
52 as a colorless oil: A,,, 5.63 (vw), 5.97 (w), 6.14 (vw), 
11.28 (m) pm; 0.8-1.1 (ni, ZH), 1.5-1.9 (in, 4H), 
2.2-2.6 (m, 2H). 2.7 (m. 2H) 4.60 (t, J = 1.5 Hz, lH), 
4.95 (t, J = 2 Hz. IH), 6.00 (t, J,,, = 2 Hz. 2H). AIIU~. 
calcd. for CIIHI4:  C90.35, H 9.65: found: C90.22, 
H 9.58. 

Oxiri(!fio~~ of Dietze 52 ri,iil~ Tl~r~l l i~rn~ Tt,i~~irr.cire. Fornzu- 
riot1 of .s~ir.-3'-.cpir.oc~~cIope11r~111o11e 51 

A stirred solution of diene 52 (1.16 mg, 1.0 mmol) in 
tetrahydrofuran (5 1111) was cooled to 3 C and treated 
with a solution of thallium trinitrate trihytirate (27) 
(444 nig, 1.0 mmol) in aqueous 2 ' ,  nitr~c acid (5 ml) 
(cf ref. 13). After 45 niin tlc showed no remaining 52. 
The colorless supernatant solution was decanted from the 
insoluble thalliuni(1) nitrate and added to water (25 nil). 
Ether extraction (3 X 10 mi) and washing of the extracts 
with aqueous 5'; sodium bicarbonate (10 ml) and water 
(10 nil) gave, after drying (R.lgS04) and concentration at 
atmospheric pressure, 180 nig of a yellow oil. Vapor 
phaae chroniatography (A. I50 -C) shoned a single 
product, ditferent from SJ.II-sp~rocyclopentanone 5. The 
product was purified by preparatike tlc (s~lica gel, 2 X 
200 X 200 mm; 200, ethereal pentane), lieiding 18 mg 
(11';) of crude s~~11-3'-spirocyclope1itanone 51 as a pale 
yellow oil; A,,, 5.73 pm; "6 1.0 (m, 2H), 1.6-1.9 (m, 
4H), 2.0-2.4 (m, 2H), 2.13 (s, 2H); 2.4 (111, 2H), 5.90 (t, 
Jan* = 2 Hz, 2H). 

Ring Expritt~ion of ic~rii-Spir.oc~ciob~!fu~~o~~r 4. Forrt1~1rio11 
oJ 6 u t~d  55 

A solution of triethyloxoni~im fluoborate (0.157 mmol) 
in dichloromethane (5 nil). prepared as above. was in- 
jected at room temperature ~ ~ n d e r  anhydrous conditions 
with the uf~ri-cyclobutanone 4 (200 MI, 232 mg. 1.57 
mruol). After 10 min the colorless solut~on was treated all 
at once with rerr-butyl diazoacetate (394~1,  445 mg, 
3.14 mmol). The jellow solution, which evolved nitrogen 
only very slowly, was stirred for 2 days at room temper- 
ature, when ir spectroscopic inspection of the reaction 
solution,l9 no~v  pale yellow. s h o ~ e d  no cyclobutanone 
and a trace of diazo ester. Saturated aqueous >odium 
bicarbonate (5 ml) was added. Work-up as above af- 
forded 416 rng (cu. 100(,) of a crude mixture of the p-keto 
esters 53 and 54 as a pale yellow oil; A,,, 5.70, 5.80 hm; 
its pnir spectrum was very similar to  that of the crude 
mixture of 49 and 50 but the impurity content was lower. 

A solution of the crude 6-keto ester mixture (398 mg, 
1.52 mmol) and 11-tol~ienesulfoiiic acid monohydrate (40 
nig, 0.210 mniol) in benzene (20 ml) was stirred and boiled 
under reflux ~ ~ n d e r  nitrogen for 12 h. The cooled, light 
brown so l~~ t ion  was washed \vith saturated aqueous 
sodium bicarbonate (5 nil) and water (5 ml). dried 
(Na2S04), and concentrated in uuc~to ( <30 ^ C .  > 100 torr) 
to  a light brown oil. This was subjected to n~olecular 
distillation (85 'C118 torr) affording 119 nig (37',) of a 
mixture of the cirlti-spirocyclopelitanones 6 and 55 as a 
clear, colorless oil. Vapor phase chromatographic 
analysis (A, 205 ^ C )  showed these to  be in a ratio of 7:3; 
they were accompanied by 25 of unti-cyclobutanone 4 
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and small amounts of three unidentified impurities 
(relative retention times: 4, 5.25 inin; 6 ,  8.25 min; 55, 
13.5 min. 

anti-Spir.o[bic~~clo[2.2./]lreptei~-7,I'-q~clopetrtiii1]-2'-one (6) 
atld crt11i-Spiro[hic~~clu[2.2. I]Ir~p~et1-7.I'-c~~c loper~rut~j- 
3'-olrr (55) 

A mixture of the u)~ti-cyclopentanones 6 and 55 (660 
mg) obtained as a b o ~ e  was charged onto a colunin of 
silica gel (33 g) and eluted with 5 ' ,  ethereal pentane. 
Fractions of 25 rnl were collected, concentrated on the 
steam bath. and examined by tlc. Combination of frac- 
tions 3-9 and concentration it1 caclio ( <25 "C, >90 torr) 
left a colorless oil. Molecular distillation (1 10 "C i l5  torr) 
afforded 294 mg (27'; from (iirii-cyclobutanone 4) of 6 
as a colorless oil; itlie 162(98). Airal. calcd. for C l lH140 :  
C 81.44. H 8.70, mw 162.1045; found: C 81.23, H 8.79, 
rn/e 162.1045. 

Conibination of fractions 20-40 and concentration 
(<25 'C, >90 torr) gave a pale yellow oil. Molecular 
distillation (1 10 ? C / l 5  torr) afforded 146 mg (13" from 
4) of 55 as a colorless oil; m/e 162(100). 

H),dr.ogrirarioir of 6. For.r?larioir of 28 
A so l~~ t ion  of the ui~ti-cjclopentanone 6 (54.2 mg, 

0.334 niniol) in methanol (10 1111) was hydrogenated over 
Pd /C  (8.5 mg) at room temperature and atmospheric 
pressure. After 1 h the catalyst was removed by filtration 
and the methanolic solution was diluted with ether (10 ml) 
and washed with water (2  X 10 ml), dried (MgS04). and 
concentrated at atmospheric pressure to yield 28 as a 
colorless oil (31 nlg. 5 7 ' 0  which exhibited identical ir 
and pmr spectra and vpc behaviour (A.  208 -C) to those 
of the product from hydrogenation of the s~,ir-cyclo- 
pentanone 5. 

7-Cycloh~tf~-lidei1e-l,2,3,4-tetr-~1cl1loot1oi-bot1rt1 (66) 
To  a stirred ethereal solution (60 nil) of cqclobutylidene- 

triphenylphosphoraile (20; prepared from cyclobutyltri- 
phenylphosphoni~~ni bromide (8) (1.024g, 2.58 mmol)) 
was added 1,2,3,4-tetrachloro-7-norbornenone (28) (523 
mg, 2.13 mmol) i11 ether (6 1111); the color of the reaction 
mixture changed from deep red to tan brown with the 
precipitation of solid. The iiiixture was stirred overnight 
at room temperature, then boiled under reflux for 1.5 
days. Water was added to the reaction mixture. and the 
aqueous phase mas separated and extracted three times 
with chloroform. The combined ethereal and chloroform 
solutions were dried (MgSO,) and filtered, and the solvent 
was evaporated to yield a brown oil that partially solidi- 
fied on standing. The crude product was digested with hot 
benzene, the mixture was cooled and tiltered, and the 
residue was washed with fresh benzene. Evaporation of 
the combined benzene filtrates gave a hro~vn oil that 
partially solidified on standing. The aemisolid n'as 
chroniatographed on silica gel (21 g): packed in petrolcum 
ether. Elution with petroleum ether gave in the first two 
fractions (ca. 200 nil eluate) an oil (387 ~ng) .  whlch \\as 
molecularly dibtilied (105-11OPC, 1 torr) to yield 66: 
X,,,(filn~) 6.29 ~111; HbCC14 1.7-2.5 (nl. 6H), 2.85-3.35 
(in, 4H). Two further molecular distillations (100-1 10 - C  
0.5-1 torr) gave an analytical sample. AIIL~I. calcd. for 
CIIHIOC14: C 46.52, H 3155. C1 49:94; found: C 46.82. 
H 3.55, C149.80. 

Epoxidutioi~ of 66. Spiroepoxide 67 
To a stirred solution of the diene 66 (118 mg. 0.415 

nimol) in dichloromethane (6 ml) cooled in ail ice-water 
bath was added 111-chloroperbenzoic acid (8 j c  ; 86.7 mg, 
0.426 nimol) uith swirling. The reaction mixture was 
warmed to room temperature and then allowed to stand 
for 2.5 days. Thc mixture was diluted with clichloro- 
methane, and the solution was washed once with aqueous 
bisulfite, once with aqueous sodium bicarbonate, and 
once with saturated brine, and dried (MgS04). Evapora- 
tion of the solvent gave an oily residue (120 mg) that 
solidified after the removal of residual solvent under 
reduced pressure. Sublimation of the crude product 
(65-67 'Cj0.6-0.7 torr) gave 67 as a white solid (103 
mg), mp 63-72 -C.  Two further sublitiiatio~ls (70-75 - C i  
0.6-0.9 torr) gave material nip 70-74.5 - C ;  A,,, 6.31 pni; 
H6CC14 1.6-3.2 ppm (complex in). 

Acid Treati?lrizt of67. Fo1.171utio11 of 69 
Treatment of 67 with boron trifluoride etherate in 

benzene or a saturated solution of aiihyclrous hjdrogen 
bromide in chlorofor~ii for 15 min, followed by dilution 
of the mixture with water, extraction with chloroform, 
washing uith aqueous 5 ' ,  sodium bicarbonate, and 
isolation in the usual manner gave 69 as an oil; A,,, 
2.82. 2.86 (sh), 6.24 ir~u;.H6 1.1-1.4 (ni): 2.3-2.7 (m), 6.27 
(narrow ni) 

Epoxid~itioil of 56. E I JOX~L~S 57 ciilr/ 58 
m-Chloroperbenzotc acid (85'' : 320 mg, 1.57 111mol) in 

dichloromethane (25 1111) was adclecl over a period of 5 niin 
to a stirred sol~ltion of 7-isopropylideiiebenzoi~orbornene 
(29) (56; 262 mg. 1.42 mniol) in dichloromethane (25 ml) 
cooled in an ice-water bath. The solution was stirred at 
0 'C for 10 min, then allowed to warm to room temper- 
ature and stirred for a f ~ ~ r t h e r  2 h. 

The reaction mixture was extracted once with aqueous 
5 ( ,  sodium bicarbonate, and the aqueous layer was ex- 
tracted once with dichloromethane. The combined 
organic extracts were dried (MgSO,), and the sol\ent was 
evaporated under reduced pressure to give a mixture of 
57 and 58 as a solid (270 mg); the ratio of 57 to 58, 
estimated approxiiiiately from the peak heights of the 
pmr signals at 6 1.23 and 1.32 ppm, was 6.5:l. 

A mixture (625 mg) of epoxides obtained in another run 
was fractionally sublimed at  water punip pressure. A first 
cut (27.5 mg) was obtained (45-50 C: 19.5 torr) that was 
enrichcdin 58; the ratio of its pmr signals at 1.23 and 1.32 
was cu. 1.3 : 1. Continued sublimation (65-68 -C;  16.5 torr) 
gale 57 (489 rug), whose pmr spectrum shoued that it was 
free of 58. Crystallization from ethanol at -20 'C gave 
crystalline 57 (223 nig) w ~ t h  a wide melting range that was 
little sharpened by recrystallization; =aCC14 0.9--1.5 (m, 
ZH), 1.23 (5, 6H), 2.0-2.4 (m, 2H), 2.83 (distorted t, 
J,,, = 2 Hz, 2H), 7.07 (m, V , / Z  = 2 Hz, 4H). 

Reiirrcii~gemer~r of 57. 6,6-L)i1~ierl~~lbe11zobicy~~Io[2.2,2]- 
ocretz.5-otze (59) utld 7-ccnli-H~dr.ox~~-7-~~11-isoprop- 
et~ylberzzoizo~bo~'~~etie (60) 

(i) 011 L;(isic AIIII~I~IIU 
Epoxidc 57 (149 mg) was chroniatographed on a 

column of Woelni Activity I basic alumina (5 g) packed 
in carbon tetrachloride. Fractions of cn. 5 nil were 
collected with an autoiilatic fraction collector. The first 
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fraction was void, and the second contained epoxide 57 
(70 ~ng) .  Contin~ied elution gave, over seven fractions 
(35 nil). a mixture of the alcohol 60 and the ketone 59. 
Further e:urion (fractions 10-55; 230 1111) gave a white 
solid (76 mg), which Mas dissolved ill warm hexane. 
Filtration of the solution, evaporation of the solvent, and 
three sublimations of the residue (95 v14-15 torr) gave 
60 (30 mg) as a ~ h i t e  solid. nip 119-126 'C: two re- 
crystall~zations from hexane gave material: mp 127- 
128 C ;  h,,, 2.79. 6.07 (w). 11.05 pm: H6Gc:14 1-1.3 (tn. 
2M), 1.46 is, IH), 1.65 (m. u1/2 = 3 Hz. 3H), 2.1-2.3 (m, 
2H), 3.1 1 (distorted r, Jal,, = 2 Hz. 2M), 4.6 (m ,  IH), 
4.75 (m. 1H). 6.95 (m. u,,, = 2 Hz, 4H). Resnbliruation 
of the crystalline material gave an analytical sample, 
mp 127-1 28 'C .  Airri!. calcd. for Ci4H160 : C 83.96, 
H 8.05; found: C 83.69, H 8.06. 

('[I) Bl Pj 1011 51s 
A small sample of epoxtdc 57 was 5ealed 111 a glass tube, 

and the tube wac imme~ied 111 an 011 bath at 134 C for 
1 h .  The Ir spectrum of the pyroljiate iho~ved that the 
epox~de had been co~ner ted  to  the alcohol 60. 

(iii) 4' Boroti Trijctoric!e Eriierure 
T o  a mixture (9 ~nig) of epoxides 57 and 58 in the 

approximate ratio of 5 :  I dissolved in benzene (4 ml) was 
added freshly distilled boron trilluoride ctherate ( 5  drops). 
The rnixt~~re was smirled and then allowed to stand at  
room temperature for 9.5 h. it \+as diluted uith benzene, 
washed once with aqueous 5' , sodium bicarbonate, 
once with water, allti once with saturated brine, and 
dried (LlgSO,). Evaporation of the solvent gave 59 as a 
colorless oil (10 mg), ~ h i c h  was purified by tlc on East- 
man Chrornogram Sheet (silica, with fluorescent indi- 
cator) with developnient with carbon tetrachloride. 
Meton? 59 (6 mg) was obtained as an oil from the major 
band; A,,, 5.80 pn?; H8cC14 0.70 (5. 3H). 1.20 (s, SH), 
1.3-2.3 (m, 4H), 2.9 (distorted t. J,,, = 2 Hz, IH),  3.45 
(distorted t, J,,, = 2 Hz. lH), 7.15 (5,  4H). This material 
gave a negative iodoform test. Sublimation at water pump 
pressure gave a solid, mp ca. 41 ' C .  A~rii!. calcd. for 
C l 4 H I b 0 :  niw 200.1201 ; found: m e 200.1 198. 

Aceij%ritioir oj"56. 7-.5?.ir-Acerj~l-7-ciirii-i.iop1.ope1r~.l- 
bei~zotiorhor~rrire (72) 

T o  a stirred suspension of aluininum chloride (233 nig, 
1.75 mmol) in dichloromethane (5 ml) mas added a 
solution of acetyl chloi-ide (152 nig. 1.94 mmol) in 
dichloromethane (5 1111): most of the aluminum chloride 
dissolced. The stirred solution \\a:; cooled in an ice-salt 
bath to ca. - 15 C; and to this mixture &,ah then atided 
7-isopropy1itienebenronorhor.nene (56) (286 mg. 1.55 
mmol) In dichlorotnethalie (10 1111) over cn. 15 min. 
Addition of the olefin reii~lted in the immediate formation 
of a deep red-brown color. After con~pletion of the 
addition the mixture mas ,timed at - 10 C for 5 min. 
Lt \vas then poured onto ice and a little concentrated 
hjdrochloric acitl, and the mixture \\as diluted f ~ ~ r t h e r  
with clichloro~nethane. After the ice had melted the 
phases Mere beparateti, and the aqueous layer was ex- 
tracted t\iice \\ith dichloroniethane. The combined 
dichloroniethane solution:, were washed with aqueous 5' , 
sodium bicarbonate and dried (MgS04). Evaporation of 
the solvent froni the filtrate gave a yellow oil (0.37 g), 
most of which crysiallized on being seeded with crystals 

obtained in another run in which the crude reaction 
product had solitlified on prolonged standing and had 
then been suhliined and recrqstallired from ethanol. The 
crude product was chromatographed on a colun~n pre- 
pared iiot11 sllica gel (20g) packed in petroleu~rl ether. 
Fractions of cci. 25 mi were collected. After elution with 
I : 1 petroleutn ether - benzene ( I5 fractions), and 1 :3 
petroleum ether - benzene (4 fractions), elution with 
benzene gave 72 in nine fractions. Evaporation of the 
solvent left a slightly yellow solid (168 mg), which was 
sublimed (80 C / 5  torr) to give 72 as a white solid (144 
mg, 41' ;), nip 101-105 C ;  crjstallization from ethanol 
at -20 ' C  gave 72 (105 mg. 30' 0. nip 106-108 'C; Amax 
5.87, 6.1 l (w), 7.41 (m), I l . lOpm; H6cC14 1.0-1.2(m, ZH), 
1.72 (m, vl/:" 3 Hz, 3H), 1.80 (5, SH), 1.85-2.15 (m, 
2H), 3.60 (dihtorted t, J,,, = 2 Hz. 2H), 5.05 (m, 2H), 
6.9-7.1 (m, 4H); r?z/e 226. Atrcil. calcd. for C16H180: 
C 84.91, H 8.02; found: C 84.67, H 8.24. 

Hjdi.ogenaiiotz of 72. 7-~yir- Acerj I-7-crirri-i~opropyi- 
berr:oizorhortrem (73) 

Conlpound 72 (210 mg) in ethyl acetate (25 ml) was 
hydrogenated at atmospheric pressure over platinum 
oxide (25 tng). F~ltration of the niixture and evaporation 
of the solvent gave crude d i h ~ d r o  ketone 73 (178 mg). 
Recrystallization from ether at dry ice - acetone temper- 
ature, sublimation (70-85 C : 5  torr), and recrystalliza- 
tion from aqueous acetone gave crystalline 73, n ~ p  
98-99.5 "C: A,,, 5.89, 7.19 (w), 7.28 (w), 7.37 (111) pm; 
H6cc14 0.8-1.3 (nl. with prominent d at 0.96. J = 7 Hz, 
SH), 1.73 (s. 3H), 1.6-2.2 (m, SH). 3.43 (distorted t, 
Ja,, = 2 Hz, 2H), 6.9-7.1 (111, 4H). Anal. calcd. for 
C16H200: mw 228.1514; found: iti;e 228.1514. 

Bt.omitrcrrio/r of 72. lMotr(jh/.(~nzo Co/npolltid 74 ii~zdDibron~o 
Conzpoir~rd 75  

Compound 72 (3.12g, 13.8 mmol) and AT-bromo- 
succinirnide (2.70 g. 15.2 mmol) in carbon tetrachloride 
(187 nil) were siirretl and heated under reflirx for 3.5 h ,  
at which time a positive starch-ioclide test was obtained. 
Heating was continued for a further 0.5 h; and the mix- 
ture was allov.ed to cool to room temperature with 
stirring and has then kept at 5 ̂ C for 2 days. The inixture 
was filtered. and the filtrate was washed twice with water 
and dried (hlgSO,). Evaporation of the solvent gave a 
crjstalline so l~d ,  which uas  recrystallized fro111 7:3 v/v 
9 j r ,  ethanol-water (80 ml) to g i ~ e  74 (3.10 g, 74',), mp 
85.5-90 ' C ,  after drying it, rciciro oker potassium hydrox- 
ide pellets. Reworking the mother liquor ga\,e a second 
crop (0.39 g). mp 70-83 'C. which \\,as recrystallized from 
aqueous ethanol to  give further 74 (0.18 g, 4C;), mp 81- 
89 C :  A,,, 5.88. 6.09-6.15 ( u .  br) pm: H6cc14 1.0-1.4 
(m, 2H), 1.81 (s, SH), 2.0-2.3 (m, 2H), 3.72 (distorted t, 
J,,, = 2 Hz. 2H). 3.97 (narrow m, v i j z  - 3 Hz. ZH), 
5.54 (s, I W),  5.76 (narrow rn; v l l 2  = 4 Hz, IH),  7.0-7.2 
(m, 4H). 117 e 704. 306. 

A niixture of 74 (3.26 g. 10.7 mmol) and pjridinium 
hydrobromide perbromide (4.10 g, 12.8 mmol) in glacial 
acetic acid (110 ml) was stirred at  room temperature for 
2.25 h and then allowcd to stand for an additional 4.25 h. 
The reaction mixture was poured into water (en. 300 ml), 
and the aqueous mixture was extracted three times with 
chloroform. Water was added to the rapidly stirred 
combined organic extracts, and portlons of solid sodium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3976 CAN. J. CHEM. 

carbonate were added until the aqueous phase was 
slight!y basic. The chioroforln layer was separated, 
washed once wilh water. and dried (MgSO,). The solvent 
was evaporateti to yieltl an oil (4.82 g) that solidified on 
seeding and removal of the last traces of solvent under 
suction. (Seed crystals were obtained in an earlier run in 
which the crude reaction product. which had partially 
solidified after prolonged standing, had been recrystal- 
lized from hexane). The crude solid product was dissolved 
in boiling hexane (200 inl)? and the solution uas  decanted 
froni iniolubie impurities. concentrated, seeded, allowed 
to coo! to room teinperaiure, and then chilled at  5 'C. 
Filtration gave 75 as a crystalline solid (2.11 g, 51' ,), mp 
110-131 - C ;  concentration of the mother liquor, seeding, 
and cooling gave a second crop (0.64 g, 16(;;), n ~ p  109- 
126 'C. A sample (200 mg) of the first crop, mp 110- 
131 'C, was purified by preparative tlc on three silica G 
plates de\'eloped with benzene. The major band was 
isolated. and 75 (174 mg) was obtained by slurrying with 
dichloromethane. After one recrystallization from cjclo- 
hexane: and one from hexane at 5 "C, crystalline 75 
(51 m_r) was obtained as a white solid, mp 135-137 ',C; 
h,,,(CHCl3) 5.82 pm; "6 1.1-1.4 (m. 2H), 2.0-2.3 (m,  
2H), 3.83 (distorted t, J,,, = 2 Hz, 2H), 4.00 (s, 2H), 
4.03 (d, J = I Hz, 2H). 5.64 (s. IH), 5.84 (1, J = 1 Hz, 
IH),  7.1-7.3 (m. 4H); in,r 382, 384, 386 in the approxi- 
mate ratio 7 :12:7. 

Cot~c/ei~surioi~ o f 7 5  wit/z Isopropj.lidet~e Malonufe (76). 
Dispiro C~tilpoliild 77 

To a stirred solution of 75 (1.00 g, 2.60 mmol) and 
isopropylidene malonate (30) (76; 0.434 g, 3.01 mmol) in 
acetonitrile (50 ml), cooled in an ice-water bath, was 
added freshly-prepared silver oxide (0.416 g, 1.79 mmol), 
and the mixture was allowed to warm to room temper. 
ature. Stirring was continued for 24 h, following which 
the black niixture was filtered, yielding an orange- 
brown solution. The solvent was removed, and the 
residue was taken up in chloroform. The chloroforin 
solution was washed with aqueous 5'; sodiu~u bicar- 
bonate, and the aqueous layer was washed with chloro- 
forru. The combined organic phases were dried (MgSO,), 
and the solvent was evaporated to give a r e d - b r o ~ n  
flaky solid (0.827 g). 

The crude material was chromatographed on a colunln 
of silica gel (ca. 75 g) that had been packed in benzene. 
Fractions of ca. 100 nil each were collected. Elution with 
benzene (6 fractions; cii. 600 ml) gave 105 n ~ g  of a niixture 
that was not investigated further. Elution with ether 
(2 fractions; err. 200 ml) gave a mixture (565 mg) that on 
crystallization from benzene gave 77 (1 80 n ~ g ,  19(, !. 
Samples of purified 77 did not melt sharply; deconipos~- 
tion began at  about 200 -C. and continued over a wide 
range above that teii~perature. An analytical sample of 
77 was obtained by preparative tlc of the crude reaction 
product. followed by two recrystallizations from benzene- 
cyclohexa~le: X,,,(CHCl,) 5.63, 5.74, 5.81 (sh), 6.09 (w), 
6.23 (w)prn: H6 1.1-1.4 (n?, 2H), 1.66 (s, 3H), 1.78 (s, 3H), 
2.1-2.3 (m, 2H). 2.75 (s, v l j 2  = 2Hz,  2H), 3.04 (s, 
vl/z = 3 Hz: 2H), 3.80 (distorted t. J,,, = 2 Hz, 2H), 
5.10 (s, I J ~ / ~  = 2.5 Hz, 1H), 5.23 (s, v , j 2  = 2 Hz, IH), 
7.0-7.3 (m, 4M); nI/e 366. At~al. calcd. for CZ2H:205: 
C72.11, H6.05; found: G71.99, H6.12. 

Hydrogenufioi~ oJ'77. Di!~ydro Dispii.0 Compound 78 
The dispiro compound 77 (I00 nlg) in ethyl acetate 

(25 nil) was hydrogenated over platinum oxide (25 mg) 
at  atmospheric pressure. Filtration and evaporation of the 
solvent gave a white solid residue, which was crystallized 
from benzei~e-cyclohexane to give 78 (66 mg): a second 
crop (10 nig) was obtained Gom the mother liquor. The 
combined crops were recrystallized from bcnrcne, yield- 
ing needles that decomposed above 210 "C; X,,,(CHC13) 
5.62, 5.74, 5.82 (sh) pn?; H6cC14 1.07 (d, J = 7.5 Hz, 3H), 
1.66 (s, 3H): 1.81 (s, 3H), 3.19 (d: J = 14Hz, IH), 3.45 
(ni. lH), 3.75 (in, IH), 7.1-7.4 (m, 4H); m/e  358. Aiiul. 
calcd. for C22H2405: C 71.72. H 6.57; found: C 71.59, 
H 6.52. 
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Nitration of p-teut-bntyltoluenae in acetic anhydride. 1,2 and 1,4 adducts 

ALFRED FISCHER AND ROLF WODERER 
Depar.imerzr of C l ~ e m i s t ~ ,  Lit~icersitj of Victoria, Victoria, B.C., Ca~zuda V8 W 2Y2 
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ALFRED FISCHER and ROLF RODERER. Can. J. Chem. 54, 3978 (1976). 
Nitration of p-rert-butyltoluene in acetic anhydride gives 5-rert-b~1tyl-2-n1ethyl-2-nitro-1,2- 

dihydrophenyl acetate (43', ), ci.s- and frntrs-I-terr-b~1tyl-4-methyl-4-nitro- 1,4-dihqdrophenyl 
acetate (16'i) and 4-rerr-butyl-2-nitroroiuene (41' ;). Reaction of either of the 1,2 or 1,4 nitro- 
acetoxy adducts with hydrogen chloride gives a mixture of the 1,2 and 1.4 nitrochloro adducts. 
The 1,2 (secondary) acetate adduct eliminates nitrous acid to form 5-rert-butyl-2-methylphenyl 
acetate under mildly acidic conditions. Under more vigorously acidic conditions 4-tert-butyl-2- 
nitrotoluene is formed. The same products are formed from the 1,4 (tcrtiary) acetate adducts but 
p-tolyl acetate is also obtained. The 1,2 and 1,4 adducts couple with anisole to form 5-tert-butyl- 
4'-methoxy-2-methylbiphenyl. 

ALFRED FISCHER et ROLF WODERER. Can. J. Chen~.  54, 3978 (1976). 
La nitration du p-tert-butyltolukne dans l'anhydride acitique conduit B l'acitate de tert-butyl- 

5 methyl-2 nitro-' dihyclro-1,2 phenyle (33';), aux acetates des rerr-hutyl-1 rnkrhyl-4 nitro-4 
dihydro-1,4 phinyles cis et frl7rf.s (16', ) et au tert-butyl-4 nitro-2 toluene (41:;). La reaction soit 
des adduits nitroacetoxy-1,2 ou - 1 , 1  evec I'acide chlorhydrique conduit B Lln melange d'adduits 
nitrochloro-1,2 et 1,4. L'adduit acCtate 1,2 (secondaire) ilimine de I'acide nitreux pour conduire 
B l'acetate de [err-butyl-5 methyl-2 phknyle dans des conditions acides trks douces. Si l'on 
utilise des conditions plus acides, il y a formation de tert-butyl-4 nitro-2 tolukne. T I  y a formation 
des mCnies p rod~~i t s  B partir des adduits acetates i ,4  (tertiaire) nlaib on obtient aussi l'acetate de 
p-tolyle. Les adduits 1,2 et 1,4 se couplent avec I'anisole pour former le ierf-butyl-5 mCthoxy-4' 
mCthyl-2 biphCnyle. 

[Traduit par le journal] 

Introduction 
Addition of acetyl nitrate (as nitronium ace- 

tate) to  appropriately substituted arenes, ini- 
tiated by addition of the nitronium ion at  an 
ipso (1) position, is well established (2-4). The 
present study is a continuation of our investi- 
gations of the formation and rearomatization 
reactions of adducts of 4-alkyltoluenes. Previous 
papers have dealt with y-xylene (5),p-cymene ( 6 ) ,  
and, in a preliminary communication, p-terl- 
butyltoluene (7).  A distinguishing feature of this 
series is that the adducts are tertiary acetates. 
Other arenes which have been shown to give 
tertiary acetate adducts are 1,2,4-trimethyl- 
benzene (pseudocumene) (8) and the tetramethyl- 
benzenes (2) .  Toluene (9) and o-xylene (10) give 
secondarv acetate adducts. The dominant re- 

dride gave 59y0 of diene adducts and 4176 of 4- 
tert-butyl-2-nitrotoluene. Low-temperature chro- 
matography of the product afforded the 4-rert- 
butyl-2-nitrotoluene, one diastereoisomer of 
5-tert-butyl-2-methyl-2-nitro- 1,2-dihydrophenyl 
acetate (I), and the separated diastereoisomersl 
of 1-  tert- butyl-4-methyl-4-nitro- 1,4-dihydro- 
phenyl acetate (2) .  

action of these adducts is 1,4-elimination of 
nitrous acid to form the aryl acetate. This facile The and adduct isomers and were 
Peactioll cannot occur with tertiary acetate readily distinguished and identified by their nmr 
adducts and these have a more exotic chemistry. spectra, s l l ~ ~ o r t e d  by the Llv spectra. Amax (200 

nm) for each of the 1,4 adducts is clearly ap- - - 
Results and Discussion propriate for a non-conjugated diene and close 

Nitration rind Fonnrrtion of Addircts 'Individual members of a pair of diastereoisomeric 
Nitration ofp-iert-butyltoluene in acetic anhy- adducts are designated as a and b. 
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FISCHER AN1 

TABLE 1. Relative gradients (gradient 1-0COCH3 = 
1.00) of proton chemical shifts for diene adducts 

resulting from the addition of E ~ ( [ * H ~ ] f o d ) ~  

1 2a 

Relative Relative 
Assignment gradient Assignment gradient 

1 -H 1.43 l-C(cH313 0.40 
2-CH3 0.23 2-H 0.92 
3-H 0.26 3-H 0.44 
4- H 0.20 4-CH3 0.18 

to that for other 1,4 adducts (5, 9), whereas the 
value for the 1,2 adduct (255 nm) is in the range 
expected for a conjugated diene. The 'H spectrum 
of each of the 1,4 adduct-diastereoisomers ex- 
hibits the vinyl region quartet of triplets2 in- 
tegrating for four hydrogens, characteristic of an 
AA' BB' spin system in which JpB > JAiA - 
JBB > JABf (1 1). is 10 Hz, diagnostic of 
adjacent vinyl protons. The 13C spectru~n of the 
major diastereoisomer shows only two alkene 
carbon absorptions, confirming the presence of 
two pairs of symmetry equivalent alkene car- 
bons. Confirmation that the acetate group is ipso 
to  tert-butyl and, therefore, that nitro is ips0 to 
methyl, is provided by the effect of the shift re- 
agent iris - (1,1,1,2,2,3,3 - heptafluoro - 7,7 - [ZHG] - 
dimethyl - 4,6 - [W~3]octanedionato)europium(III) 
{ Eu(['Hg]fod)s). For the major diastereoisomer 
the absorptions arising from the protons of the 
rert-butyl group moved faster downfield than 
those of the 4-methyl group, indicating that the 
former rather than the latter are closer to the 
europium, which is conlplexed at the acetate 
group (Table 

The vinyl region of the nmr spectrurn of the 1,2 
adduct is quite different from that of its 1,4 
isomers, the absorptions being appropriate for 
a n  ABXY spin system. The AB (J.4B = 10.3 Hz) 
and X Y  (Jxy = 5.6 Hz) parts of the spectrum 
appear as quartets, each half of each quartet 
integrating for one proton. The A lines are 

=In the calculated spectrum. the triplets are actually 
quartets. However, the central lines of each quartet are 
not resolved. 

3The effect of shift reagent on the minor diastereo- 
isomer was anon~alous since the absorptions of the acetate 
protons moved more slowly downfield than those of all 
other protons. 

further split by two additional couplings of 1.2 
( J A Y )  and 0.8 Hz (J.ix) and thus appear as 
triplets."he 5 lines are split by a 1.6 Hz 
coupling (JBx) and appear as doublets. The X 
lines are spllt by coupli~lgs of 0.8 (JAix) and 1.6 
Hz (JBX) and appear as quartets. The Y lines 
appear as doublets split by a coupling of 1.2 Hz 
(JL4,). The 10.3 Hz splitting indicates that the 
A and B protons are vinylic and adjacent whereas 
the X and Y protons must be the other vinylic 
and its adjacent allylic proton. The methyl group 
is not split and therefore is not attached to a 
double bond. It follows that the tert-butyl group 
must be attached to a double bond and that the 
adduct must have structure B or its locational 
isomer in which the positions of nitro and 
acetoxy groups are interchanged. The isomeric 
structure is unlikely on chemical grounds and, 
appropriately, no adduct has ever been isolated 
which contains a secondary nitro group.5 
Further, addition of shift reagent moved the 
proton absorptions downfield in the order 
Y > X > A > 5,  consistent with structure 1 
and the assignments Y = 1-H, X = 6-H, A = 

3-H and B = 4-H, but inconsistent with the 
structure of the locational iso~ner of 1. 

The 1,2 adduct 1, for~ned in 43% yield, was 
the predominant diene. The 1,4 adducts were 
formed to  the extents of 15% of 20 and -1% 
of 2b. Two reasons have been suggested for 
the hitherto exclusive formation of 1,4-adducts 
(5) .  The greater positive charge a t  the porn 
position of the cyclohexadienyl cation (12) 
should favour attack at this position and the 
(planar) I,2 adduct should be destabilized by 
eclipsing interactions between adjacent sub- 
stituents at the 1 and 2 positions. These inter- 
actions would be minimized in an appropriately 
puckered ring but this would require the sacrifice 
of some of the stabilization energy of the con- 
jugated diene system. Attack of the nitronium 
ion a t  the ips0 methyl position of p-terf-butyl- 
toluene generates a cyclohexadienyl cation with a 
4-terr-butyl substituent. Addition of acetate a t  
the 4-position gives the 1,4 adducts. However, 
the addition of acetate a t  the 4-position should be 
subject to  steric hindrance from the tert-butyl 

4Each A line should appear as two pairs of doublets but 
the inner lines are not resolied. 

5Loss of acetic acid from such an adduct would be 
extremely facile. 
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group6 and the otherwise less favoured attack at  
the less h~ndered 2-position can compete. In the 
11,4 adducts it is likely that there would be steric 
interaction between the 4-fert-butyl group and 
the cis nitro or methyl substituent a t  position 1. 
In the 1,2 adduct the ferf-butyl subst~tuent lies in 
a quasi equatorial position in \+hich steric inter- 
actions should be m i n i m i ~ e d . ~  

From partial rate factors for attack at  the 
nuclear positions of toluene (13, 14) and terf- 
butylbenzene (14) it may be calculated that 
attack at  the nuclear positions of p-terr-butyl- 
toluene should occur in the relative amounts 1 
(ipso to  methyl), 55cc; 2, 427,; 3, 37,. The 
excellent acreenlent between calculated and ob- " 
served amounts of ipso attack is partly fortuitous 
since the partial rate factors are not k n o ~ n  with 
the precision that the agreement would imply. 
No  - 4-tert-butvl-3-nitroiol~iene was obtained 
although the sniall amount expected could have 
escaped detection. N o  adducts resulting from 
attack of the nitronium ion ipso to the fert-butyl 
group \\ere obtained, nor was any p-nitrotoluene 
formed. The position i l~so to the fert-butyl group 
is too hindered for attack of the nitronium ion 
to be competitive with attack at  the other nuclear 
positions (15). i n  contrast p-cymene does 
undergo attack ipso to the isopropyl group, both 
on reaction with nitric acid in acetic anhydride 
(6, 16) and with nitronium tetrafluoroborate in 
tetramethylene s~llfone (15), and p-nitrotoluene 
is formed. N o  side-chain (benzylic) products 
were obtained. This is in accord with expectation 
since benzylic derivatives are only formed at  the 
benzylic carbon which is para to the position of 
@so attack by the nitronium ion (2, 8. 17). In p -  
tert-butj~ltoluene this is a quaternary carbon and 
cannot therefore be substituted by a mechanism 
which involves loss of a proton fro111 this 
carbon (5). 

Itzterconuersion Reucfions qf Arlclucts 
Tertiary acetate adducts undergo exchange of 

6Steric hindrance to attack at  the position ipso to teri- 
butyl is shown by the absence of ally products resulting 
from such attack by nitronium ion in the nitration re- 
action (see below). The ipso fei.1-butyl position should be 
as activated as the ipso methyl position. 

'Both a kinetic and a thermotlynamic argun~ent are 
offered to explain the general preference for 1.4 addition 
and the specific preference for 1.2 addition in the case of 
p-tert-butyltoluene. I t  is not known whether adduct 
formation is subject to kinetic or product-development 
contro!. 

acetate for other nucleophiles when treated with 
the appropriate n~ildly acidic reagents (5, 6, 8). 
These reactions presumably involve the inter- 
mediate formation of the ipso cpclohexadienyl 
cation and its combination with the new nucleo- 
phile: an Sp; 1 (and A.4L 1) reaction. Both 1 and 2 
react with hydrogen chloride in ether to give a 
nfixf~tre of 1,2 and 1,4 chloronitro adducts, the 
intermediate cation adding chloride at  the 2 and 4 
positions, respectively. Reaction of the 1:4 
chloronitro adducts with silver acetate in acetic 
acid gave a mixture of the 1,2 and 1,4 acetoxy- 
nitro adducts 1 and 2. Adduct 2 exchanged 
acetate for methoxide on reaction with methanol 
containing sulfuric acid whereas the secondary 
acetate 1 formed only the aryl acetate. This is a 
particularly clear illustration of the greater 
tendency of tertiary acetate adducts to form the 
ipso-cqclohexadienyl cation by loss of acetic acid 
and of secondary acetate adducts to eliminate 
nitrous acid. Such preferences may be noted in 
the reactions of other secondary and tertiary 
acetate adciucts and are further discussed, for 1 
and 2, below. 

Rearot~iatizcitiotz Reuctiorzs of Aclcllrcts 
The 1,2 and 1,4 add~icts of y-tert-butyltoluene 

provide a unique opportunity to study the re- 
aromatization reactions of isomeric secondary 
and tertiary acetate adducts. 

Rearomiitizufion of1 
Secondary acetate 1,4 adducts readily eliminate 

nitrous acetate to form the aryl acetate (10). 
C'nder strongly acidic conditions protonation of 
the acetate group and loss of acetic acid to  form 
the ipso-nitrocyclohexadienyl cation occurs. The 
subsequent 1,2 shift of the nitro group followed 
by loss of a proton yields the nitroarene (4). 
These are also the predominant reactions of the 
1,2 adduct 1. Thus, 5-iert-butyl-2-methylphenyl 
acetate (3) was the only product obtained from 
reaction of I in aqueous acetic acid, acetic acid 
containing 1 7,, trifluoroacetic acid, and methanol 
containing 0.2FC of sulfuric acid (Table 2). It was 
the major product, and 4-tert-butyl-2-nitro- 
toluene (4) the minor product, from reaction of 1 
in deuterochloroform containing 20Yc trifluoro- 
acetic acid, 207; titanium tetrachloride, or 2OY0 
stannous chloride. Under the Inore acidic condi- 
tions of deuterochloroform containing 2OY0 
aluminum chloride or 20% borontriiluoride 
etherate, lesser amounts of the acetate were 
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TABLE 2. Yields(c,) of productsa of rearomatization of adducts of 
p-rert-butyltoluene 

Substrate 1 Substrate 2n 

Reagent/conditions 3 4 Other 3 4 5 Other 

CD3C02D (reflux) 100 
LOC; D 2 0  in CD3C02D 100 
lC, CF3C02H in CD3C02D 100 
20CL CF3C02H ~n CDC13 77 23 
20' SnClz in CDCL3 96 4 
20'; TiCI4 in CDC13 91 7 
2OCc A!C13 In CDCI3 15 64 21h 
2 0 5  BF, EtzO in CDCI3 17 83 
0 . 2 5  H2S04 111 CD30D 100 
10% BF3 .E t20  in anlsole 30 70d 
4 5  NaOCI-13 ~n CD30D 37 63e 
Thermolysls 36 640 

US-tert-Butyl-2-methylphenyl acetate ( A ) ;  4-rert-but>]-2-nitrotoluene (4); p-tolyl acetate (5). 
04-tert-Butyi-2-chlorotoiuene. 
cMet!?oxynitro diene adducts. 
d5.tert-But~.l-4'-methox~-2-methyibiphenyl. 
e5-tert-Butyl-2-metilS.lphenol. 
f l -tert-But~l-4-metIiyl-4-nit1-o-i,?-dihydrop!ienol, 
Qp-teri-Butbltoluene; thern~olysis of 26 gave 63% p-mi-butyltoluene, 4% 3, 20% 5, and 137' of an 

unidentified product. 

obtained and the nitroarene became the major 
product. All of these observations are in accord 
with the picture of two competing reactions, one 
involving the elimination of nitrous acid and the 
other, favoured at  high acidities, involving 
elimination of acetic acid accompanied by 
migration of the nitro group. The reaction with 
borontrifluoride in anisole, which led to 5-tert- 
butyl-4'-methoxy-2-methylbiphenyl, is also a re- 
action of the illso-nitrocyclohexadienyl cation 
(18). A sirnilar pathway could account for the 
formation of 4-tert-butyl-2-chlorotoluene in the 
reaction with alunlinum chloride. In this case 
the ipso-nitrocyclohexadienyl cation is inter- 
cepted by a chloride ion to  give the chloronitro 
1,2 adduct. Elimination of nitrous acid gives the 
chloroarene. Reaction of B with sodium methox- 
ide in methanol resulted in the elimination of 
nitrous acid and partial hydrolysis so that both 
5-tert-butyl-2-methylphenyl acetate and the cor- 
responding phenol were formed. 

Thermolysis of 1 gave p-tert-butyltoluene and 
the aryl acetate. Clearly thermolysis involves a 
different mechanism from those of the reactions 
in solution. Thermolysis of the chloronitro 1,2 
adduct gave a mixture of 4-rert-butyl-2-nitro- 
toluene and 4-[err-butyl-2-chlorotoluene. 

Rearot?zatizaiion of 2 
The typical rearomatization reactions of 

tertiary acetate adducts are the formation of 

nitroarene by a mechanism similar to that 
described for the secondary acetate adducis, 
formation of side-chain (benrylic) derivatives, 
and formation of aryl acetate by 1,2 migration of 
the acetoxy group accompanied by the elimina- 
tion of nitrous acid. Side-chain derivatives are 
formed only at  the a carbon of the alkyl group 
ipso to acetate in the adduct (8). No  such prod- 
ucts were obtained from 2 since this a carbon 
is a quaternary carbon. 5-tert-Butyl-2-methyl- 
phenpl acetate (3) 4-teri-butyl-2-nitrotoluene (a), 
andp-tolyl acetate (5) were obtained on rearoma- 
tization of 2 under most conditions (Table 2). 
Under comparable conditions 2 gave relatively 
more 4 and less 3 than did 1. This is not surpris- 
ing since formation of 3 from 1 involves the 
simple 1,2 elimination of nitrous acid, whereas 
formation of 3 from 2 is a more complicated and 
slower process involving migration of the 
acetate group as well as elimination of nitrous 
acid. Furthermore, formation of the nitroarene 4 
should be faster in 2, involving ionization of a 
tertiary centre, than in 4 ,  where ionization occurs 
at  a secondary centre. What is surprising is that 
2 gives the same acetate as 1, i.e. that there is a 
1,3 migration of the acetate group rather than a 
1,2 shift. In the tertiary acetate adducts pre- 
viously studied only 1,2 acetate shifts were 
observed. One possible explanation for the 
formation of 3 from 2 is that 2 is first converted 
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into 1 which then eliminates nitrous acid to form 
3. An attractive hypothesis would make 1 and 2 
inconvertible through the reversible formation of 
the ips(>-nitrocyclohexadienyl cation. However, 
the reversible process does not occur under the 
conditions of rearomatization investigated since 
the product distr ib~tions were quite different 
from I and 2 (Table 2). Moreover, the arj.1 
acetate isolated on rearomatization of 1 in 
perdeuteroacetic acid did not contain [2H3]- 

acetate, as the reversible interconversion of 1 and 
2 would require. In the reactions carried out in 
acetic acid containing trifluoroacetic acid traces 
of I were evident in the nmr spectrum of the 
rearomatizing 2, but 2 was not detected when I 
was rearomatized. Thus, a t  least under these 
conditions, 2 could form 3 via 1. An alternative 
pathway for the conversion of 2 to 3 involves a 
1,3 acetate shift in the illso-acetox~~cyclohexa- 
dienyl cation formed by ionization of nitrite 
anion.8 l ,3 Acetate bridging occurs facilely in 
saturated 6-membered rings (19). In the cation 
the preference for the 1,3 shift, rather than the 
expected 1,2 shift, may be attributed to the 
transition state steric interactions involving the 
bulky felt-butyl group being smaller for the 
1,3 shift. 

The 11-tolyl acetate formed on rearomatization 
of 2 is formally obtained by the eliinination of 
tert-butyl nitrite. The mechanism likely involves 
the loss of nitrite anion and tert-butyl cation. 
I t  is the relative stability of the tert-butyl cation 
which accounts for this process appearing in the 
case of 2 when it is not observed with other 
tertiary adducts previously studied. 

The formation of 4-iert-butyl-2-chlorotoluene, 
which occurs in the reactions with t i t a n i ~ ~ m  and 
alun~inum chlorides, can be understood in terms 
of the generation of the i11.so-nitrocyclohexadienj 1 
cation, its reco~nbination with chloride at  the 2 
position and the elimination of nitrous acid from 
the seconclarq chloride adduct. Formation of 5- 
tert-butyl-4'-niethoxy-2-rnethyIbiphen)l on re- 
action of 2 with borontrifluoride in anisole 
likewise involk-es the combination of the ilxo- 
nitrocqclohexadienyl cation with a nucleophile 
(anisole) at the 2-position. In the reactions 
involving formation of the illso-nitrocyclo- 

8P. C. Myhre (personal con~nlunication) has proposed 
an El mechanism, involving initial ionization of nitrite, 
for the formation of aryl acctates from secondary acetate 
adducts. 

hexadienyl cation the nitroarene 4 is also ob- 
tained since the nitro group migration in the 
cation is competitive ~ i t h  other reactions of the 
cation. 

Reaction of 2 with sodium methoxide in 
methanol resulted in hydrolysis at  the acetate 
group (BAc2 inechanisn~) to  form the hqdroxy- 
nitro adduct. which slowly lost the elements of 
tert-butylnitr~te to form p-cresol. This is an  
interesting contrast to the reaction of the p- 
cymene adduct. which resulted in a 1,2 shift of 
the isopropjl group and the formation of 2- 
isopropyl-4-methylphenol. The tert-butyl group 
is less prone to migrate than to eliminate. In  the 
transition state for the migration the tertiary 
carbon would have three full and two partial 
bonds, an unlikely situation resembling an  S,2 
type substitution. In the transition state for the 
elimination the tertiary carbon would have three 
full and one partial bond, a situation resembling 
an S,1 type substitution and correspondingly 
favoured. 

Experimental 
General experimental methods have been described 

previously (2). p-Tolyl acetate was obtained by acetylation 
ofp-cresol; nmr (CDC13) .T 2.90 (d, 2, 2-H and 6-H), 3.08 
(d, 2, 3-H and 5-H), 7.72 (s, 3, 4-CH3). 7.80 (s, 3, OCO- 
CH3). 2-Chloro-4-ter-r-butyltoluene was prepared by re- 
duction of 2-nitro-4-rert-butyltoluene (see below) to 
2-methyl-5-tert-butylaniline which was in turn diazotized 
and reacted with cuprous chloride. 2-Methyl-5-tert- 
butylphenol was obtained by hydrolysis of the diazotized 
aniline and had the same retention time on gas-liquid 
chromatography as the phenol obtained by hydrolysis of 
2-methyl-5-tert-butylphenyl acetate (see below) followed 
by chromatography on silica gel, and which had nmr 
CDCl, T 2.97 (d, I ,  3-H). 3.13 (d of d, 1, 4-H), 3.19 (d, 
1, 6-H) ,  4.46 (OH), 7.80 (s. 3, 2-CH;), 8.36 (s, 9, C(CH;)3). 

Nirratiotl of p-rrrt-B~lt~~ltolirene it1 Acetic At717~~dride 
Preliminary nmr tube experiments indicated that the 

most favourable reaction temperature was 0 'C when 59:; 
of adducts and 41 r; of substitution products were formed 
after 15 niin. A cold solution of nitric acid (15.8 cm3, 0.38 
niol) in acetic anhydride (50 cm3) was slowly added with 
stirring to p-rrr-t-butyltoluene (37 g, 0.25 mol) in acetic 
anhydride (100 cm3) at  -70 'C. The solution was allowed 
to warm to 0 "C.  held at  that temperature for 20 min, 
and cooled again to -70 "C. Ether (100 cm3) was added 
and am~nonia condensed into the stirred solution. Excess 
ammonia was removed with an aspirator, and the mixture 
quenched with ice water. The ether extract was washed 
and dried (MgSQ4) and the ether evaporated at 14 "C to 
give a brown oil (64 g). Integration of the nmr spectrum 
of the crude reaction mixture revealed the presence of 
60:; of diene adducts. 

Chromatography of the oil (30 g) at  -45 'C on 37 ,  
deactivated alumina and elution with pentane and 10% 
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FISCHER A 

ether-pentane gave 2-nitro-4-tert-butyltoluene (8.1 g: 42 
mmol); ir (film) 1530 and 1350 (NO,); nrnr (CDC13) r 2.04 
(d, 3-H), 2.60 (d of d,  J 3 5  = 3 HZ. J56 = 8.3 HZ. 5-H), 2.76 
(d, 6-H),  7.50 (s, CH3), 8.68 (s, C(CH;),. Elution with 
20C; and 30" ether-pelitane yielded a mixture (13.6 g, 
0.13 mol) of two adducts which were separated by frac- 
tional crystallization in pelltane and ether-pentane. The 
adduct formed in greater amount was eluted more 
rapidly. It was 5-ter.r-butyl-2-methyl-2-nitro-1,2-dihydro- 
phenyl acetate (I), nip 51-52 "C; uv (CH3OH) 255 (580), 
203 nm (820 m2 mol-1): ir (Nujol) 1745 and 1265 (OCO- 
CH3), 1550 cm-1 (NO,): nmr (CDCi3) 7- 3.62 (m, 1, 3-H), 
3.76 (d of d. l,4-H), 4.26 (111, l,6-N). 4.47 (d of d ,  1, I-N). 
(J13 = 1.2, J16 = 5.6. J34 = 10.3, J36 = 0.8, Jd6 = 1.6 
Hz), 8.05 (s, 3, OCOCH3). 8.33 (s, 3, CH3), 8.93 (s, 9, 
C(CH3)3: 13C nmr (CDC13) 6, (TMS) 21 (OCOCH,), 23 
(2-CH3). 28 (C(CH3),), 34 (C(CH3)3), 71 (C-I), 88 (C-2), 
114 (C-6), 125 (C-4). 127 (C-3), 147 (C-5), 169 ppm 
(OCOCH3); mass spectrum (chemical ionization, me- 
thane) m/e (relative intensity) 207(5, M - NO,), 194(20, 
M - 0COCW3), 151(90), 148(100, M - CH,COON02), 
133(60), 109(15). Anal. calcd. for CI3Hl9NO4: C 61.64, 
H 7.56, N 5.35; found: C 61.72. H 7.62, N 4.96. 

The second adduct, one diastereoisomer of 1-tert- 
butyl-4-11iethyl-4-nitro-I,4-dihydrophenyl acetate (2a), 
had mp 82-83 'C (ether-pentane); uv (CH30H) 200 nni 
(1450 mhiol-1); ir (Nujol) 1750 and 1260 (OCOCH3), 
1550 cm-1 (NO*); nmr (CDC13) T 3.79 (d, 2, J 2 3  = 10.3 
Hz, 3-H and 5H). 2.97 (d. 2, 2-H and 6-H), 8.02 (s. 3, 
0COCH3), 8.25 (s, 3. 4-CH?), 9.07 (s, 9, C(CH3)3); 13C 
nmr (CDCI3) Jc: (TMS) 22 (OCOCH3), 25 (C(CH3)3), 26 
(4-CH3), 39 (C(CH3)3). 79 (C-I), 85 (C-4). 128 (C-2 and 
C-6), 131 (C-3 and C-5) 170 ppm (OCQCH3); mass 
spectrum (chemical ioliization) t?~/e (relative intensity) 
207(1. M - NO,), 194(2, M - 0COCH3), 151(100), 
148(12, A4 - CH3COONO,), 109(3). At~al. calcd. for 
Cl3HI9NO4: C 61.64, H 7.56, N 5.35; found: C 61.26, 
H 7.51. N 5.32. 

~urt 'her elution with 407; and 60'; ether-pentane gave 
pure diene 2c1(1.4 g. 6 mmol) and in the 70', fraction, the 
other diastereoisomer of I-terr-b~1tyl-;Cniethq.l-4-nitro- 
1,4dihydrophenyl acetate (2b. 0.3 g, 1 mmol), mp 132- 
135 "C (CHCli-pentane); uv (CH3OH) 200 nm (1580 
m2 mol-I); ir (Nujol) 1735 and 1265 (OCOCH;), 1550 
(NO2). 1020 cm-I; nmr (CDCli) T 2.66 (d, 2, J2: = 10.6 
Hz. 3-H and 5-H), 2.96 (d, 2, 2-H and 6-H), 8.05 (s, 3, 
OCOCH,), 8.30 (s, 3, CH3). 9.04 (s, 9, C(CHA)~) ;  mass 
spectrum (chemical ionization. methane) m/e (relative 
intensity) 194(6, IW - OCOCH,), 151(100), 148(30, 
iM - CH3COON02). 109(5). Anal. calcd. for C,,HL9- 
NO4: C 61.64, H 7.56, N 5.35; found: C 61.23, H 7.55, 
N 5.12. 

4-tert-B~ctyl-2-r/1Ior0-l-t~itr.0-1,2-di/1yc/r0fole1e anci 
4-tert-B~iryl-4-cf1loro-l-r1itro-I.4-dii1j~iirotol~~rne 

Adduct 2 was added sloivlj to a solution of hydrogen 
chloride in ether and the solution stirred at ambient 
temperature for 30 niin. After evaporation of ether and 
excess hydrogen chloride ~lnder reduced pressure the nmr 
of the residue showed that exchange of chloride for 
acetate had occurred and that both 1,2 and 1,4 type 
adducts were present in approximately equal amounts. 
The 1,2 nitroacetoxy adduct 1 also reacted with hydrogen 
chloride in ether to give a mixture of 1,2 and 1,4 chloro- 

nitro adducts together with 5-tert-butyl-2-niethylphenyl 
acetate (30';). Adduct 1 was less reactive than adduct 2 
and it was necessary to bubble hydrogen chloride con- 
tin~~ously through the solution in order to complete the 
reaction in 3 h. Fractional crystallization of the chloro- 
nitro adduct mixture from pentane gave each isomer con- 
taminated by only a niinor amount of the other. 

4-tert-Butyl-2-chloro- l -nitro- 1 $2-dihydrotoluene had 
nnir (CDC13) T 3.43 (d of q. 6-H), 3.69 (d of d, 5-H), 
4.18 (d of q ,  3-H), 5.09 (d of d,  2-H), ( J 2 3  = 6.3, J2i, = 1.7, 

4-ierr-Butyl-4-chioro- 1-nitro- 1,4-dihydrotoluene had 
ir (Nujol) 1540 cn-I (NOz). nnlr (CDC13) 7 3.68 (d, J = 
10.5 Hz, 2.H and 6-H). 3.88 (d, J = 10.5 Hz, 3-H and 
5-H). 8.23 (s. 1-CH;). 8.91 (s, C(CH3I3). AIIUI. calcd. for 
CIlH,,CINO2: C 57.52, H 7.02, N 6.10; found: C 57.40, 
H 7.10, N 6.03. 

Reaction of the 1,4 nitrochloro adduct with an equi- 
molar amount of silver acetate in ['H4]acetic acid gave a 
mixture of [?H,]-1 (40' ,) and [2H3]-2 (6051). 

Reactiotz of Add~rcts ioirlz Acetic Acid 
A solution of diene 1 (100 mg) in [2H4]acetic acid (0.5 

cm3) was heated for 0.5 h in a boiling water bath. De- 
composition started immediately as indicated by evolution 
of brown fumes of nitrogen dioxide. After work-up 5-tert- 
butyl-2-niethylphenyl acetate was obtained and identified 
by nlnr and glc. No ['H4]acetate was incorporated. 

Diene 2 deconiposed more slohly under these condi- 
tions. Fumes of nitrogen dioxide appeared after about 
10 min. After work-LIP the nmr and glc showed 677; 
p-tolyl acetate, 19'; 5-tert-b~1tyl-2-methylphenyl acetate, 
and 14'; 4-trri-butyl-2-nitrotoluene. The identity of the 
compounds was confirnled by glc - mass spectrometry. 

Reaction of Adducts nif/z Aqueous Acidic Acid 
The nlnr spectrum of a solution of diene 1 (100 nig) in 

[2H4]acetic acid (0.5 cm3) and water (0.05 cm3) was re- 
corded at intervals over a period of 1 h. The half time of 
the decolnposition was about 20n1in and the only 
product formed was 5-rert-butyl-2-niethylphenyl acetate, 
identified after work-up by nmr and glc. No [2H4]acetate 
was incorporated. 

Under the same conditions diene 2u decomposed very 
slowly with a half time of about 48 h. The reaction was 
complete after I week and the products were 83' ; p-tolyl 
acetate and 17 ' ,  5-rrt,t-butyl-2-methylphenyl acetate. 

Reactiot1 of A(1d~ict.s i i ~  Acetic Acid Cotztaittit~g Trijluoro- 
ucetic Acid 

A solution of diene 1 (100 mg) in [2H4]acetic acid (0.5 
cm3) was treated with successive amounts (20 mm3) of a 
30:; solution of trifluoroacetic acid in [2H4]acetic acid 
and the nnir spectrum recorded after each addition. The 
only decomposition product was 5-tei-I-butyl-'-methyl- 
phenyl acetate. confirmed by glc. 

Diene 2a decomposed under these conditions much 
more slowly into 87'; 5-tert-butyl-2-niethylphenyl ace- 
tate, 6'c p-tolyl acetate; and 7:; 4-tert-butyl-2-nitro- 
toluene. 

Reuctiotz of AtMlcts with Tri'uoroacetic Acid 
A solution of diene B (100 mg) in CDCI3 (5.5 cm3) was 

cooled to -78 "C and trifluoroacetic acid (0.1 cm3) 
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added. The inlxture was allowed to warm up to room 
temperature aild fumes of NO2 developed After work-up 
nrnr and glc showed 77 ; 5-teit-butyl-2-~nethylphen~l 
acetate and 23', 4-lei t-butyl-2-~i~trotoluene 

Under the same condit~ons dlene 2a yielded a mixture 
of 11'. 5-ter 1-butyl-2-methylphe~iyl acetate, 1 l C ,  p-toljl 
acetate, and 7gr, 4-lei t-butyl-2-nltrotoluene. 

iZeacrioi~ of Adducts M rr/l Leic rs Acrdc 
Recrcrroit ~ v ~ f h  Star~irolrs C/lIo: rcie 
A solutlon of dlene l (100  mg) In CDC& (0 5 cm3) was 

treated with powdered SnCi2 (100 nig) arld kept at 35 C 
overn~glit after whlch t ~ m e  the deconlposltio~i \\a? corn- 
pleted into 96(, 5-rert-b~1tyl-2-mcthjIphenyl acetate and 
4?, 4-teir-butyl-2-nltrotoluene. The product fro111 dleiie 
2a on n~s-glc. at  140-200 "C on SE 30 showed peaks in the 
folloning order  I8', 11-tolyl acetate (M+ 150), 10', 5- 
ter t-buiy l-2-methylphenyl acetate (MA 206), 52,, 4-lei i- 
butyl 2-nltroioluene (MT i93) 

Reuctrorr ~t rrlr T~tniiium Terr~chlorrde 
A solution of dielie H (I00 mg) In CDC13 (0.5 cm3) was 

cooled to -78 C and neat TiC14 (0 1 cn13) added. After 
warming to room temperature and work-up 91(, 5-terr- 
butyl-2-methylpheny! acetate and 9 ( ,  4-terf-butyl-2- 
nitrotolut~ie \\ere identified by glc and nnlr. 

Under the same conitlt~ons dlene 2a decomposed Ento 
9' '  5-tei t-butyi-2-riiethj lphenj 1 acetate. 31'' 4-reit-butjl- 
2-nitrotoluene aiid 5Si,  4-tert-butyl-2-chlorotoiuene, 
characterized by nrnr, glc, and ms-glc Orl il~$-glc at 
140-200 C on SE 30 peaks appeared I L ~  the r^ollowmg 
order. 4-re: t-but) 1-:-metby lphenyl acetate ( M +  206), 4- 
tert-butyl-2-nitrotoluene (M+ 193) The spectrum of the 
4-tert-butyl-2-chlorotol~~ene peak was identical wlth that 
of an authentic sample 

Reac rroiz M zflt Allrin~~zlim Chlo~ lde 
A solui~on of dlene P (100 mg) In CDC1, (0.5 cm3) wac 

treated at room temperature w ~ t h  powdered AICl, 
(100 mg) The product was 15', 5-fer t-butyl-2-rl~ethyl- 
phenjl acetate, 4-teif-buty!-2-nltrotoiuene, arid 21', 
4-ter t-butll-2-chlorotoluene 

Dlene 2a ga\e 4', 5-teif-butyI-2-il.,ethylphenjl acetate, 
4 ,  p-ioiyl acetate. 68 4-iei t-butyl-2-nitrotoluerre, aad 
24', 4-ter t-but) 1-2-ciilorotoiuene. 

Reaclrorr i~itir Boi(,:~ Ti~flllorlde 
A solutlon of ci~ene 1 (100 mg) in CDC13 (0 5 cm3) \?as 

cooled to -78 C and treated wlth boron trlfluor~de 
etherate (0.1 cm3) and warmed to room temperature. 
After W C ~ L - L I ~  the mixture was found to consist of 17', 
5-ter t-butyl-2-n1eth)iphenyl acetate and 8 j C  4-ter i-butyi- 
2-nltrotoluene 

Dlene 2a gake 3 (<  5-tert-butyl-2-methglphenyl acetate, 
85, p-tolyl acetate, and 89C, 4-rerf-butyi-2-nlt~otoluene. 

Reactiorz of Addlicfs in Methanol Contuinitrg Sliifrriic Acid 
Sulfuric acid (1 mm)) was added to a solutioil of diene 1 

(103 mg) in [~i?l~]~nethanol (0.5 cn13), Only 5-tc~rr-butyi-2- 
metkylpheayl acetate was formed 

When diene Za was reacted under similar conditions, 
the AB pattern of the oiefinic protons changed, indicating 
the formation of the cis- and trai1s-i-tert-butyl-4-n1ethyl- 
4-nitro-1,4dihydro phenyi methyl ethers in a I :I ratio. 

Reactiot~ of Addlicts rvith Borniz Trij~ioride in Anisole: 
5-rert-B~rt~~:~l-4'-mefho.~-2-111et/1~lbip/;eiz)~l 

Boron trifluoride etherate (0.2 cm3) was added to a 
solution of dieiie 1 (0.5 g) in anisole (2 cm3) at  7 8  "C. 
The mixture turned dark brown and on warming to room 
temperature, bright blue. After work-up and evaporation 
of the excess anisole there was obtained a mixture of 30';; 
4-terr-butyl-2-nitroioluene and 70C; 5-te7.t-butjl-4'-me- 
thoxy-2-methylbiphen>l, nmr (CDC13) 7 2.68-3.15 (ni, 7, 
A r M ) .  6.18 (s. 3, OCff,), 7.78 (s, 3, CH3), 8.68 (s, 9, 
c ( c w ~ ) ~ ;  in,'e 253.170 ('Mr (12Cls1H22160) 254.167). 

When diene 20 in anisole was treated with borontri- 
f l~~or ide  etherate. 10'; of 4-teit-b~ltyl-2-nitrotoluene and 
90'; of the biphenyl were formed. 

Reaciior? of Adduct 20 u.i/lz Boi.011 Trijuoride in 
Me.rir,vle:le 

Boron trifluoride etherate (0.1 cm3) was added to a 
solution of diene 2a (0.1 g) in inesitylene ( I  cm3) at  
-78 "C and the mixture allowed to warm to room 
temperature. After work-up tic showed that 4-rrrt-butyl- 
2-nitrotoluei-ie had been formed and no biphenjl coupling 
product could be detected. 

Reactio:~ of Ac1dlicr.s wit11 Sodiiinl hfethoxide it1 ~Methnt~ol 
A solution of diene 1 (100 mg) in [?H4]rnethano! (0.5 

cm') was treated with an equimolar amount of sodium 
methoxide (20.5 mg). The mixture turned at once bright 
orange. The diene was decomposed after 45 mill into two 
conipounds, which, after work-up, were identified by 
nmr, glc, and n~s-glc to be 37 ' ;  5-rerl-butyl-2-methyl- 
phenyl acetate and 63', 5~t~rt-b~1tyl-2-11ietl1ylphenol. 

Diene 211 was coii\~erted by sodium methoxide after 
45 min conipletely into the 1-iert-butyl-4-methyl-4-nitro- 
1,4-dihydrophenol which, after further addition of sodium 
methoxide, (20.5 ing), decomposed in two weeks into 
p-cresoi as shown by glc and nmr comparison with an 
authentic sample: nmr (CDC13) r 3.24 (d, 2, 2-H and 6N), 
3.04 (d, 2, 3-N and 5-H), 4.42 (s, ON),  7.76 (s, 3, CH3) .  

PJI  01, JlS of '/re A d c f ~ ~ t ~  
A I C ,  solution of diene 1 In acetone was injected lnto 

the inlet of a pas chromatograph at  260 C. The products 
were 64, 4-ter r-butqitoiuznc and 16r, 5-re, i-butyl-2- 
methylphznyl acetate, identified by injection of authentic 
samples and cornparison of the retention times. 

Dlene 2n ga\e under the same conditions three prod- 
ucts. 64,, 4-re! i-b~tyltoluene, 12', 5-tert-butyl-2-methyl- 
phenyl acetate, and 24', p-tolyl acetate. 

Dlene 2b decomposed Into four compounds: 63% 
p-tet 1-butyltoluelie, 4 ' ,  5-rer r-Sutyl-2-methylphenyl ace- 
tate, 20C, p-toly! acetate, and 13', of an unldentlfied 
product. 

The 1,2 chloronitro adduct gave 4-teit-butyl-2-chloro- 
toluene (39C,) and 4-re? t-butyl-2-nltrotoluene (61r,). 
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Ethyl 4-isdo-2,3,4-tridesxy-a-~-$h~eo-hex-2-enopy~anoside: 
synthesis and dehydsoisdinatiod 

MARK BERNARD YUNKER* AND BERT FRASER-REID 
Gi~el~~lr-lt/nrerloo Cer~ire,for. Gririilccire Work iiz Cl7er7ii.triy. Waterloo Cntnp~rs, 

Depaitnletrt of Cl7en1i~ri:i., Ci~irersirj of W(1ier.100, Wriic~r.100. Otri., C(ii~utlrr h'2L 361 

Received December 17, 1973' 

MARK BERNARD YUNKER and BERT FRASER-REID. Can. J. Chem. 54, 3986 (1976). 
Iodinolysis of ethyl ti-O-benzoyl-4-O-methqlsulfonyl-2.3-dideoxy-u-u-er:) tllro-hex-2-enopy 

ranoside in the presence of pyridine gives the expected of inveriion, ri:. the 4-iodo- 
2,3,3-trideoxy-a-n-r/1i~eo congener (8). If, however, the pyridine is omitted, 8 rearranges to give 
ethyl 6-iodo-4-O-be1~zoyl-2.3,h-trideoxy-~-~-~1~~ii1~o-hex-2-e1opyraoside. Reduction of 8 with 
lithium aluminum deuteride takes three courses: allylic deuterolysis in the expected S,2' sense, 
deuterolysis at C-4 with retention of configuration, and a ring opening reaction giving deuter- 
ated hexa-2.4-dien-l,6-diol. Dehydroiodination of 8 \+ith diazabicyclononene gave I-benzoloxy- 
6-ethox)--3(E),5(Z!-hexadiene-2-one in 86' , ield. 

MARK BERNARD YUNKER et BERT FRASER-REID. Can. J. Chem. 54, 3986 (1976). 
L'iodinolyse du 6-0-benzoyl-4-0-mCthylsulfony1-2,3-di-ran- 

noside d'Cthyle en prCsence de pjridine conduit au produit d'inbersion attendu a aavoir !a 
congenkre 4-iodo-2.3.3-trideoxy-cu-rirrPo (8). Si toutefois on omet la pyridine, 8 se rearrange 
pour conduire B La 6-iodo-3-O-benzoyl-2.3,6-trid~oxy-u-~-lr~il~r~o-Bex-2-Ctiopyrannosid~ 
d'kth! le. La I-educt~on de 8 par LAD conduit trois types de reaction: une deuterolyse allylique 
suivant LILI mecanisme S,2', la deuterolyse en C-4 avec retention de configuration ct une r6ac- 
tion d'ouberture CILI cycle conduisant B I'hexadikne-2,3 diol-1;6 deutkrC. La dehydroiodination 
de 8 par le diazabicyclononkne conduit la benzoloxy-1 Cthoxy-6 hexadiene-3(E),j(Z) one-2 
avec LIII rendenlent de 86' c .  

[Traduit par le journal] 

The use of carbohydrate derivatives as chiral 
synthons for the synthesis of optically active 
natural products is an area of interest in these 
laboratories ( I )  and in connection with these 
studies we hished to prepare the optically-active 
2N-pyran 1. Normally 2H-pyrans readily under- 

3 alkql alkyl alkjl alkyi 4 

go cycloreversion to  the related dienones (e.g. 2) 
except when a 4-alkyl substituent (e.g. in 3) is 
present, in which case the cyclic isomer becomes 

'Falten from the Ph.D. Thesis of M.B.Y. (1975), 
University of Waterloo. 

'Holder of NRCC Studentships 1972-1975. Present 
address: Chesnisrry Department, University of Hawaii, 
Honolulu, Hawaii. 

3Revision received August 26, 1976. 

the stable entity. This generalization follows 
from extensive studies by Dreux and co-workers 
(2), and is based on systems (3  fs 4) in which the 
substituents are all alkyl. The ~nolecule of interest 
to us, 1, is an acetal, and we wondered whether 
this structural feature would afTect the position 
of equilibrium between 1 and 2.4 In this paper 
we describe our efforts directed tomard this 
objective, and also report on the unexpected 
behavior of sonre of the intermediates en- 
countered in this studv. 

The moiecule sought as the precursor of 1 
 as the iodide 8 which u e  attempted to prepare 
(Scheme 1) by iodinolysis of the rnesylate the 
latter being obta~ned from the diol 5 via the 
monobenzoate 6. Treatment of 7 with sodium 
iodide in methyl ethyl ketone gave rise to two 
products, R, 0.48 and 0.56, in the ratio of 311. 
These were separated chronlatographically, and 
characterized as 8 and 12 respectively. 

4Prof. Dr. A. Zarnojski has inforrned us privately that 
he has synthesized the achiral analogue of 1 in which W 
is carbethoxy. A system related to 1 hearing a methoxy 
substituent at carbon-3 has also been reported by 
BeMiller and Kumari (20). 
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YUNKER A N D  FRASER-REID 

TABLE 1. Proton magnetic resonance parameters of some 
ethyl 2.3-dideoxy-a-~-tl1r.ro-hex-2-enopqranosides* 

Chemical shifts ( 6 )  J values (Hz)? 

Compound H- 1 H-2 H-3 H-4 H- 5 J34  J45 J56a Js6b 

8 5.17 5.66 6.25 4.73 3.58 5 .5  2 .5  4.75 7 . A  
9 5 ~ 1 4  5 .63  6 .26  5.12 3.23 5 . 0  2 .5  5 . 2  7 . 3  

10 5 16 6 .05  6.28 5.36 4.76 5 . 0  2 . 0  - - 

*Determined at 220 MHz In CDCII (TMS). 
f J  ~ a l u e s  \\ere read d~rectiy fiom spectra run at 250 Hz sweep w ~ d t h .  

for axially-oriented 4-0-methanesulfonate esters 
(5). Furthermore, we realized that the nmr 

R R" 
5 H H 
6 PhCO H 
7 PhCO CH~SOZ 10 OCOPh PhCO 

The structure of the major product as 8 was 
not immediately apparent. The signal for M-5 at 
3.58 ppm (see Table l) ,  so recognized by double 
irradiation of H-4, was mixed in with the signals 
for the methylene group of the aglycon even at 
220 MHz. The assignment \%-as verified by com- 
puter simulation of the pertinent portion of the 
spectrum by assuming that the proton concerned 
was coupled to H-4, H-6, and H'-6 (Fig. 2). With 
the debenzoylated material 9, the signal for H-5 
was clearly visible at 3.32 ppm (Fig. Ib). 

The resonances for M-5 in 8 and 9 (Table 1) 
were at  unusually high field when compared 
with 4.30 ppm in 6 (3) or 4.76 ppm in 10 (4).5 
This observation caused us some concern owing 
to  the possibility that during the iodinolysis of 7, 
the ring could have undergone contraction to the 
furanoside 11. This process is well precedented 

T h i s  phenomenon was not due to any shielding effects 
of the benzoate group, since on deesterification, the pI-5 
resonance moved further upfield (cf. Fig. 1A and 1B). 

8 R = COPh - 

I 

I I - - - I I 
PPM I 

7.8 6.0 5.0 4 .O 3.0 

FIG. 1. 220 MHz nmr spectra of ethyl 4-iodo-2,3,4- 
tr~deoxy-a-D-tlzreo-hex-2-enopyranoside (9), and its ben- 
zoate ester (8). Spectra were run In GDC13 (TMS) at 
2500 Hz sweep wadth. 
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4.5 4.0 3.5 
FIG. 2. Some nmr studies on ethyl 6-0-benzoyl-4-iodo-2,3,4-tr1deoxy-a-~-threo-hex-2-enopyran- 

os~de  (220 MHz, CDCI,, TMS). The simulated spectra here obtained using a mod~fied LACOON 111 
programme. ( A )  Simulated spectrum of H-5. (B) Simulated spectrum of 0-CH2-CH3 ( C )  Siillulated 
spectrum of (A) + (B). (D) Observed spectrum (250 Hz sweep w~dth). 

assignment of H-5 in the preceding paragraph 
would be equally valid for either 8 or 11. 

The 13C nmr data are shown in Table 2. The 
peak positions were obtained using proton noise 
decoupling, and the asslgnrnents here made via 
off-resonance decoupling of selected lH reso- 
nances (6) The chemical shifts are qualilatlvely 

6We are grateful to Professor J B Stothers of the 
Un~vers~ty of Western Ontario for determlnlng and 
Interpreting the 13C pmr spectrum 

what are to  be expected for 8 (61, but owing to  
the unavailability of suitable model compounds 
these assignments could not be corroborated. 

Chenlical proof of structure was therefore 
desirable. However, solvolytic type experiments 
had to be avoided in view of the above-mentioned 
possibility of ring contraction. Reduction with 
lithium aluminum deuteride was undertaken in 
the hope of substituting deuterium for iodine. 
Instead, the reaction gave rise to three com- 
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YUNKER AND FRASER-REID 4989 

TABLE 2. 13C magnetic resonance parameters for 
ethyl 6-0-benzoyl-4-iodo-2;3.4-trideoxy-a-~-ihreo-hex-2- 

enopyranoside, 8 

Chemical shift 
Carbon (ppm from ThIS) 

C- 1 
C-2 
C- 3 
C-4 
C-5 
C-6 

CM2 of OEt 
CH3 of OEt 
Aromatics 

Quaternary 
or.tllo and rnero 
ULiriI 

pounds which were isolated as the benzoate 
esters 18, 19, and 21) in 1 l ,  16, and 297, yields 
respectively. 

Compounds 18 and 19 were readily identified 
by direct comparison ~ i t h  analogous compounds 
prepared in this laboratory (7). The major com- 
pound 20 was hydrogenated and correlated with 

the dibenzoate of hexane-1, 6-diol. The con- 
figurations of the double bonds in 20 were 
apparent from coupling constants: JZ3 = 10.7 
Hz; 4, = 15 HZ. 

The formation of these products (Scheme 2) 
may be rationalized by assunling that the first 
event is ester cleavage followed by formation of 
the alkoxy-aluminum complex 14. This assump- 
tion seems justified since the debenzoylated com- 
pound 9 when treated with lithium aluminum 
deuteride gave the same products in the same 
ratio. Compound 18 may be formed by ailyiic 
rearrangement as expressed in 15. Regarding 
compound 19, the oxoniurn ion 16 may be in- 
voked to account for retention of configuration 
at  carbon-4 (5 ) .  Ion 16 could form with great ease 
from 14. A route to the acyclic diol 20 is sug- 
gested in 17; the bonds being broken are all 
antiparallel and, furthermore, the process ac- 
counts for the geometry of the double bonds 
in 20. 

The results of the lithium alumirturn deuteride 
reaction, unexpected though they were, did 
favour the pyranoside 8 over the furanoside PI 

( I )  LAD 

- 
3 2 
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as the product of iodinolysis of 7. Finally, con- 
firmation was sought by X-ray a n a l y ~ i s ; ~  but 
here again problems were encountered as the data 
were of poor quality. However, they were good 
enough to indicate that the compound was a 
six-membered ring having the OH5 conformation 
(9) thereby confirming 8. 

The structure of the minor product from the 
iodinolysis of 7 (Scheme 11, was immediately 
deduced to be 12 owing to the observation, that 
Raney nickel hydrogenolysis gave rise to a sub- 
stance having a methyl doublet in the nmr spec- 
trum. The latter was identified as 13 by direct 
comparison with an authentic sample prepared 
in this laboratory by an a!ternative route (10). 
The methyl a-L-enantiomer of 13 has been 
prepared by Bock et ul. (1 1). 

I t  was found that if 3 equiv. of pyridine were 
added to the iodinolysis of 7, rearrangement to 
12 was suppressed, and the desired iodide 8 was 
the sole product. In seeking an explanation for 
this phenomenon, we thought that the iodide 12 
might have been formed by the rearrangement 
expressed in 21. However, this was rejected 
since it was found that when pure 8 was heated 

with sodium iodide in methyl ethyl ketone, 12 
was not detected. Again, the action of the added 
pyridine in suppressing formation of 12 would 
seem to  suggest that the rearrangement 8 - 12 
was an acid-catalyzed process. However when 7 
was treated with sodium iodide and methyl ethyl 
ketone with and without the addition of p- 
toluenesulfonic acid, the amounts of 8 and 12 
formed in both experiments were not noticeably 
different. We are therefore at  a loss to rationalize 
the role of the pyridine. 

However, with the iodide 8 now available, 
dehydrohalogenation was effected using diaza- 
bicyclononene in tetrahydrofuran at room tem- 
perature. The reaction afforded a crystalline 
product in 8 6 5  yield, for which either structure 
1 or 2 was possible on the basis of the elemental 
analysis. However, that it was the dienone 2 
was evident from the absorption at  306nrn 
(calculated for 2, 312 nm). Chemical proof was 
obtained by hydrogenation to the keto-diol 22, 
which was then reduced and cleaved to the 
known aldehyde 23 (12). 

In order to make assignments of the double 
bonds in 2 we drew upon the analyses of nmr 

SCHEME 3 

7We are indebted to our colleagues Professor P. 61. Chieh and Dr. R. Stockhuyzen for the X-ray analysis ( 8 ) .  
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YWNKER AND FRASER-REID 

1 Rotation 

spectra of dienones by Kluge and Eillya (13), 
which show that the chemical shifts of the olefinic 
protons when used jointly with the vicinal coup- 
iing constants, provide a basis for making struc- 
ture assignments. In the 220 MHz spectrum of 2, 
H-3 was recognized at 6.28 ppm as a doublet of 
triplets arising as a result of coupling across the 
carbonyl (J13 = 0.5 Hz). Assignment of H-4, 
H-5, and H-6 at 7.35, 5.71, and 6.96 ppm, 
respectively, was readily made from the usual 
irradiation experiments. These chemical shifts 
and the related coupling constants (J34 = 15, 
J45 = J56 = 12 HZ), when compared with the 
literature values (13) enabled the assignment of 
2 as the fra/zs,s-trans,cis compound. 

A possible mechanism for the formation of 2 
from 8 via the pyran intermediate 1 is shown in 
Scheme 4. The intermediate stages are based 
upon the work of Duperrier and Dreux (2a). On 
this basis, we would have to conclude that the 
2H-pyran (2) readily opens to the dienone form 
(2) in agreement with previous studies (2).  
However in the present case, an alternative route 
from 8 to 2 is possible (Scheme 4) in which the 
dihydropyran is not an intermediate. Prcscnt 
sesulks do  not a l l o ~ i  us to distinguish between 
these two possibilities. In any event, the route 
explored here did not afford the desired sub- 
stance, 1, as an isolable substance. This aspect 
of the instability of 1 will have to  be considered 
in any other synthetic approach. 

Experimental 
Geizerul 

Melting points were determined on a Fischer-Johns 
heating stage or a MeI-Temp apparatus, and are uncor- 
rected. The pmr spectra were determined, unless other- 

wise stated, in deuterochloroform containing 1 5  teira- 
niethylsilane as internal standard with either a Varian 
T-60, or a Varian HA 100. Coupling constants were 
obtained by measuring spacings of spectra judged to be 
first-order. 

Thin layer chromatography (tlc) was performed on 
glass plates coated with silica gel (HF-254, E. Merck) to 
a thickness of 0.3 mm. The chroniatograms were first 
viewed under ultraviolet light, then exposed to iodine 
vapor, and finally sprayed with concentrated sulfuric acid. 
Heating in an oven was required for complete visualiza- 
tion. For column chromatography, E. Merclc silica gel 
(0.05-0.20 mm, 70-325 mesh A.S.T.M.) was used. 

E t / ~ j l  6-0-Betzzo~~I-4-iodo-2,3;4-trideox~-ol-~-threo- 
/1ex-2-ei1op~r.unoside, 8 

The diol 5 was selectively benzoylated as described 
previously by Fraser-Reid and Boctor (14) and the 
product 6 converted to the methanesulfonate ester 7 in 
the usual way (14) and used without further purification. 

Compound 7 (-40 mmol) was dissolved in methyl 
ethyl ketone (600 ml) and dry pyridine (10 ml; 120 mmol) 
was added ,follu~r.eil 4,. sodium iodide (1 1.1 g ; 74 mmol). 
After refluxing for 4.5 h ,  tlc indicated that the reaction 
was complete: the mixture was filtered and the filtrate 
was evaporated to dryness. The solution of the residue in 
ether was extracted with aqueous sodiurn thiosulfate, 
saturated sodium bicarbonate, and water and then dried 
(Na2S04). On evaporation the residue was decolourized 
arid then set to crystallize from methanol. Several crops 
of crystals totalling 6.88 g were obtained (3SC); from 
diol 5). R, 0.48 (petroleum ether - ethyl acetate (4:l)); 
mp 11 1-1 11.5 'C; [ a I D 2 3  - 327.3' (c 4.17, CHC13). Atzul. 
calcd. for C15H17041: C 46.41, H 4.41, 1 32.69; found: 
C 46.55, H 4.23. 1 32.51. Note: excessive heat should be 
avoided in handling 8 and it must be stored in the cold. 
Spectral data: ir (CH2C12, cm-1) 1725 (benzoate), 1605 
(olefin); nmr (CDC13, 8) (220 MHz): H-l 5.17 (lH, d,  
J l z  = 3.0 Hz): H-2 5.66 ( l H ,  dd, J23 = 9.5-10.0 Hz), 
H-3 6.25 ( l H ,  dd, J 3 4  = 5.5 HZ), H-4 4.73 ( IH,  dd, 
Jh5 = 2.5 Hz), H-5 3.58, ( l H ,  ddd, buried under 0 C H 2  
of ethoxy), M-6a 4.37 (IH, part of AB, dd, J,,, = 4.75, 
J,,,, = 11.1 Hz); H-6b 4.35 (lki, part of AB, dd, J56b = 
7.4 HZ), 0CH2CH3 1.21 (3H, t, J = 7.0 HZ), 0CHzCH3 
3.56, 3.87 (2H, dq, J = 9.5Hz), OBz 7.45, 7.55, 8.53 
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(5H, n). Irradiation at  H-5 (3.58) collapses the EI-6s' 
(4.37, 4.53) to  an AB quartet; irradiaiion at H-4 (4.73) 
coliapses the M-3 (6.25) to a doublet and the r;~liilrip!er 
a.t 6 3.5 containing H-5 changes. 

Ethyl 4-O-Bein:o;~i-2.3,6-fi'idroxy-~~-~-e~i'o- 
kex-2-ei10p~r.ir+z0~ide~ 13 

If, in the jodinolysis o f 7  described above, pyridine was 
cinitred, the iodide 12 was produced along with 8, the 
ratio of the two bang 1:3 respectkdely. The two iodides 
were separated by chron~atography on a silica column 
using petroleum ether - ethyl acetate (4:l  j. In this sol\'ent 
system. Rp of t k  = 0.56. Spectral data: nmr (CDCI,. 6 )  
(220 MHz): H-? 5.12 (IF;, m). Pk-2 5.89 (1P-8. ddd, J i2  = 

i . j 9  %f13 = 10.25* '24 =; 2.5 HZ), H-3 5.94 (1H. dd, Jli < 
0.5, J 3 4  = 1.25 Hz), (H-2 and H-3 exhibit AB character). 
14-4 5.44 ( lH,  ddd. jkj = 8.5-8.75 HZ),  H-5 4.1 1 (113, dt), 
M-6a 3.18 (lM, dd. JS6, = 2.5, J6a6b = 10.75 Hz), H-hb 
3.25 ( IH ,  dd, /56b -- 8.5 Hz, H-6a acd H-6b form an AB), 
0CH2CHj  4.1 1, 3.64 (2M. dq, JAB = 9.5 Hz), 0 C H 2 C H j  
1.27 (3H. t. J = 7 Hz), OBZ 7.44, 7.50, 8.00 (5H, m). 

The iodide 12 (0.1 13 g ;  0.27 n~mol)  was dissolved in 
acetone 15 m!, and ka4-2 Raney nickel was added in 
poriiolls until tlc shomed the absence of 12 (-2 days). 
The product a a s  identified by direct comparison of 
spectra and R, values uith an authentic sample prepared 
by another route in our (10) and other (15) laboratories. 

Eti~j.i 4-~oL?o-2,3,~-t~ick~,~j'-u-~-I/?re~-/?eX-~- 
et!opjratzosidr, 9 

Tbe benzoate 8 (0.400 3, 1.0 mmol) was dissol~ed in 
dry methanol (25 ml) and sodium carbonate (0.31 g, 
3.0 mnioi) was added with stirring. After 5 h the solution 
was decanted and the solvent evaporated under reduced 
pressure. The r e s id~~e  was tiissolved in chioroform and 
water, and the aqueolli layer was extracted three times 
with chloroform, The combined chloroforn~ extracts 
were dried over sodium sulfate, and the solvent evapo- 
raied to give 9 as a crystalline product (0.284 g). The 
materia! was recrystallized froin ether - petroleum ether: 
rnp 115.5-1 17 'C .  R: (ELOAC - petroleun; ether 1 :4) 0.18. 
Spectra! data: nmr (CDCII, 6) (220 MHz): H-1 5.14 
(1H: d ,  JI2 = 3 Hz),  H-2 5.62 (1H, dd, .r23 = 13 EL),  
H-3 6.26 ( lH.  dd. .Ij4 = 5 1-Iz), H-4 5.12 ( iH,  dd). EI-5 
3.23 ( i H ,  ddd. Ja5 = 2.5, 956;r. = 5.2. ~ ~ 5 6 ~  = 7 . 2 W ~ ) ,  
H-6a 3.62 (IR. part of AB, dd, ./6a6L, = 11.5 HZ). H-6h 
3.87 (1H, part of ikP. ddj, 8CIg2CId3 3.58, 3.89 (2E, dcl, 
Jm = 9.5 Hz), 0Ch2C'H3 1.23 ( 3 3 :  t ,  J = 7.0 HZ). 

P;erlucrion of8 n, i t i~  Liililirm Al~ imin~ in l  Deute~iuk: 
A crystal:inr sampie of the iodide, 8 (0.400 g, 1.0 micoi), 

was dried by azeotropgg twice with dry benzene, and 
then dissolved in dry etner (15 inl) and lithium aluminum 
deuteride (0.084 g, 2.0 mrnoi) was added with stirring. 
After 3 h erhyi acetate (5 mi) was added dropwix fol- 
lowed after lij min by a few drops of water. The mixture 
was filtered through Celite and the liltrate was evaporated 
to  dryness and dried by azeotroping 'with benzene three 
times. The resid~ie was dissolved in dry pyricii~e (7 m!), 
and benzoyi chioride (0.88 mi. 7 equic.) added at - 15 ' C .  

16 h the product was isolated in the uiua! way. --. in in  layer chromatography (10:; ether ii-. benzene) 
showed three uv fluorescent spots of R, 0.59, i),45, and 
0.40. These when isolated by silica column chromatog- 

raphy weighed 0.088 g (29'; yieid), 0.027 g (llx), and 
0.040 g (165,) respectively. 

I I)e~~fero-I,6-c/iibeet~zo~loxy-2(Lj.4(Ej-/~exadietre, 20 
The product of Rt 0.59 from the LAD reduction was 

recrystallized from ether - petroleum ether as a white 
powder, mp 69-64.5 - C ;  [a]," +3.9' (c 3.56, CMCi3). 
Atzul. calcd. for C20P11,D04: C 74.284, H /D  5.923: found: 
@ '74.18, M,D 5 96. Spectral data: nmr (CDC!;, 6) 
(220 MHz): H-1 4.98 ( I E - 9 :  d. J I 2  = 7.0, Jld < 1 HZ), 
M-2 5.75 (1H, dd, = 10.75 Hz), H-3 6.28 (lM, t ;  J 3 4  = 
11.25, Ji3 < ? H Z ) ,  H-4 6.79 ( l H ,  ddd, t ,  JjS = 15.0, 
A4,  Jd6 = 1.25 Hi), M-5 6.01 ( IH ,  dt, Jj6 = 6.25 HZ), 
H-6a.6b 4.90 (2H, d). 087 centered at 7.4, 7.6, 8.1 
(10H, m). The mass spectrum shows a parent ion at ))zle 
323 (2.2'; of the base peak at 777. e 105) which loses 
phenyl(77) to  give i?l,  e 256(5(;), benzoji(l05j to give 
m,'e 218(5' ,) and benzo~c acid(122) to give mle 201(18' ,) 
(16). 

Et/zyi 6-O-Befz~oyl~-2-~-de~/fe1~a-2,3,4-i1~ii/eox~-n-~-~/ireo- 
i1ex-3-et~o~1ytat10~i~~e, 18 

The product of Rt 0.45 was characterized as the title 
compound by comparisoiz to  the correbponding 6-0- 
acetate and 6-0-trityl analogues prepared in this labora- 
tory by an alternative route (7). Spectral data: nmr 
(CDCli, 6) (220 MHz): H-l 5.06 ( IN,  br s, J I ~  < 1.0 HZ), 
H-2 210  ( l H ,  m), H-3 5.88 (IH,  ddd, Jzi = 4.5, J34 = 
10.0, J 3 5  = 2.0H~: ,  PI-4 5.77 (1W. dt ,  J 2 4  = 1.5, Jd5 = 
1.5 H z ) ;  H-3 and H-4 form an AB), H-5 centered at 4.56 
( lH,  br m), H-6 about 4.44 (2H, d, Jj6 = 5 Hz), 
0 C H 2 C N j  1.23 (3H, t. J  = 7.0 HZ), 0C&CH3 3.58, 
3.88 (iM, dq. JAB = 9.5 Hz), OBz centered at 7.4, 7.8, 
and 8.2 (SW, m). Irradiation at H-2 (2.10) sharpened H-1 
(5.06) to a singlet and W-4 (5.77) to a broad doublet 
W-3 became a doublet of doublets. 

Etityl 6-O-Beti;oy~-4-~-i~eiiter0-2,3,4-tr.ic/rox~-u-~-fizreo- 
hex-2-e~1opyrairosicie, 19 

The product of R, 0.40 (19) was correlated with the 
inethyl 6-0-trityl analogue prepared by Fraier-Reid 
rt a/.  (71, Spectral data: nmr (CDCIj; 6) (220 MHz);  H-I 
5.34 (IH, d ,  J12 = 2.75 Hz), H-2, 5.80 ( iH,  dtld, J2,  = 

10.0, = 1.5 HZ), H-3 6.04 (!H, ddd. ~'34 = 5.7, dl3 = 
1.01 H L ;  H-2 and H-3 form an AB), H-4 2.04 ( lH, m), 
H-5 4.32 (!H, m, J4j = 2. Jj6 = 5 HZ,  couplings from 
double resonance. approximate only), 4-1-5's 4.42 (2H, d), 
0CH2CN3.  1.23 (3H, i, J = 7.0 Hz), OC1f2CH3 3.55, 
3.88 (2H, dq,  = 9.5 Hz), OBz centered at  7.4, 7.6, 
and 8.0 (SH, mj. Irradiatiol~ of H-4 (2.04) collapses H-3 
and H-2 (6.04 and 5.80) to dd and 8 - 5  (4.32) to a triplet. 
Irradiation at  H.-3 (6.04) only sharpened M-4 and no fine 
structure appeared. 

1,6-Dihe11roy!o,~;~Izexarlc 
(a )  Muconic acid (3.0 g )  (17j, dried by areotroping 

twice with benzene. was suspended iil dry tetrahydrofuran 
(40 mi) a ~ l d  the mixture cooled in ice. Lithiurn aluminum 
hydride (1.6 g) was added gradually and after 30 mir! the 
mixture was brought to  retlux. ARer 21 h, ethyl acetate 
was added to destroy the excess hydride, and the n~ixture 
was diluted with methanol. The solids were removed by 
filtration, the filtrate was evaporated, and the residue 
dried by azeotropiag with benzene. Pyridine (70 ml) and 
benzoy! ch!o;ide (8 ml) were added and the solution 
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allowed to stand in the refrigerator overnight. The solvent 
was removed and the residue taken up in a mixture of 
aqueous sodium bicarbonate and ether. The ether phase 
upon washing and drying, afforded 0.112g of material 
which, from the nmr spectrum, was judged to be a mixture 
of mono-olefiils.8 The product was dissolved in methail01 
(30 mi) and hydrogenated at atmospheric pressure (10' ; 
PdiC)  to civc the dibenzoate of hexane-l,6-diol, nip 
(correcred)?5,5-56.0 'C (lit. (19) mp 55.5-56.0 -C).  

(b)  Compound 20 (88 mg) was siissolved in ethanoi 
(30 ml) and hydrogenated ( lof  Pd;C) at atinospheric 
pressure until no more hydrogen was consumed. The 
product, isolated in the usual way. nas  identical to that 
prepared in part u. 

I-Beiizoyio,xy-6-eri1ox,.-3(E).5(Z)-/ic,xadieti-2-oe, 2 
The iodide 8 (0.400 g, 1.0 n ~ n ~ o l )  was dried by azeotrop- 

ing three times with dry benzene and taken into the dry 
box where 1,5-diazabicyclo[4 3.0jnonene-5 (12.4 rill of a 
solution of 2.0 g in 100 nil dry THF;  2,0 mmol) was 
added. After 9 h stirring at room temperature under 
nitrogen, aqueous ammonium chloride was added, the 
mixture shaken in a separatory funnel, and the aqueous 
phase extracted twice with ether. The ether was washed 
twice with aqueous ammonium chloride, once with water, 
dried over sodium sulfate, and decolourized. After filtra- 
tion and concentration the material crystallized 0.22 g 
(86! yield). After recrystallizatioil from mcthanol mp 
98.5-99 'C; [ u I D 2 3  0.00- ( C  2.95, CHC13). Atial. calcd. for 
CL5HI6O4: C 69.22, H 6.20: found: C 69.20. H 6.38. 
Spectral data: ir (CHLCIZ, cm-1) 1730 (benzoate), 1703 
(w), 1630, 1615 (doublet), (conjugated olefin), 1595; uv 
(ELOH, nm) 306 (calculated for 2; 312), 230 (benzoate; 
nrnr (CDCI,, 6) (220 MHz): H-! 5.02 (2H, s), H-3 6.19 
(1H. dt. J13 = 0.5, J34 = 15.25 Hz), H-4 7.37 (1H. ddd, 
J4? = 11.7. J46 < 0.75 HZ), H-5 5.69 ( IH ,  I. Js6 = 12.25 
Hz), H-6 6.99 (1H, br d), 0CI-12CH3 1.30 (361, t, J = 

7 Hz), 0CH2CH3 3.90 (261, q). OBz centered at 7.4, 7.6, 
8.1 (5H. ni). Irradiation of H-5 (5.69) chailged both Hi-4 
(7.37) and H-6 (7.00). The mass spectrum shows a m i e  
260 parent ion (0.9' , of the m,'e 98 base peak) and loss of 
benzoic acid(lP2) to give PI. e I38(1.7' 1) and benzoyl(l05) 
to give m/e 155(1.7' , ) followed hj ethoxy(45) to give 
m,'e IlO(1.6';). The parent also loses ethoxy and then 
benzoyl 10 givc 1 7 1 , ~  215(!.jC,) and tiz;r 110. 

l-Be:~zo~loxj~-6-erI1ox~~l~e,~a11-2-01ie, 22 
The dienone 2 (0.166 g, 0.64 mniol) uas  dibsolved in 

ethyl acetate !I5 mi) and cthanoi (10 ml) and hydrogen- 
ated (1.2 equiv. Hz) over 20 h using a catalytic amount 
of l o ' ,  palladium-on-charcoal. After filtration and 
coilcentration the syrup weighed 0.164 g ; R, (EtOAc - 
petroleum etherj 0.55. Spectral data: ir !CM2C12, cm-1) 
1725, 1600 (benzoate): nrnr (CDClj. 6): 13-1 4.92 (261, s), 
H-3 2.58 (2H, mj, W - J  W-5 centered at 1.7 (1H, m), 1-1-6 
0CH2CH3 centered at 3.5 (4W, m), 0CK2CH; 1.18 (3M, 
t, J = 7 Hz), OBr centered at 7.6. 8.2 ( j H ,  m). The mass 
spectrum showed a t71,'e 264 parent (0.2' ; of the 105 base 
peak) and loss of benzoyl(l05) to  ii1,e 159(0.3<;) and 
ethoxy(4j) to rn ' e  219(0.3',). a-Cleavage of the ketone 
(ref. 16, p. 135) led to  BzOCH2 (135, 0.8%) and CO- 

8Hydrogenation of allylic alcohols by lithium alu- 
minum hydride is a known reaction (18). 

(CI-H2)?0Et (129, 56r;) and BrOCM2CO (163, 1';;) and 
(CH2140Et (101. 56' ;). 

Compound 22 was characterized as the 2,&dinitro- 
phenylhydrazone and recrystallized from ethanol (yellow 
plates); mp 81-83.5 C.  Aticii. calcd. for C21H2407N4: 
@ 56.74, H 5.44, N 12.60; found: C 56.61, H 5.37, 
N 12.50. 

5-E:hox)pe:zfaiial, 23 
Slrupj  22 (0.161 g ,0 .6  nniiol) was reduced with lithium 

aluminum hydr~de in ether ir-I the uiual way. The product 
was isolated by silica cnlumn: R, (EtOAc - petroleum 
ether) 0.05. Spectral data: iinir (CDCI,. 6): H-I,  H-!', 
H-2, H-6, M-6', 0CHzCH3, OH 3.1-4.3 (9H, m), 2 (H-3, 
Pi-4. H-5) centered at  1.19 (6H, m), OCMzCHj 1.18 (?H,  
t, J = 6 Hz). 

This material (0.048 g) was partitioned between water 
and chloroform (10 n11 of each) and sodium metaperiodate 
(0.127 g, 0.6 mmol) was added with stirring. (Use of 
ethanol-water as solvent resulted in loss of the ~ola t i le  
23 during work-up). After 9 h the chloroform !ayer was 
separated, the aqueous layer washed -with chloroform 
and the ch!oroforn~ washing? dried over sodium sulfate. 
After filtration, the chloroform was distilled off on a 
steam bath at atmospheric pressure; Rf (EtOAc- 
petroleum ether) 0.46. Spectral data: nmr (CDC1, 6): 
61-i 9.86 ( lH ,  t ,  ~ ' ~ 2  = 1.5 Hz), H-2. W-2' centered at  2.5 
(LM, mj, W-2, H-2', H-3, H-3' centered at  1.66 (4H, m), 
11-5, H-5', 0CH2CH, 3.3-4.3 (4H. m)? QCHzCfi  1.20 
(31-1, t ,  J = 6 Hz). 

For the 2.4-dinitrophenylhydrazone: mp (corrected) 
79.5-80 'C (lit. (12) 111p 79-80 'C). 
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